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ABSTRACT

THE CLUSTERING OF YOUNG STELLAR CLUSTERS
IN NEARBY GALAXIES

MAY 2018

KATHRYN A. GRASHA
B.A., UNIVERSITY OF COLORADO BOULDER
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST

Directed by: Professor Daniela Calzetti

Star clusters form the basic building blocks of galaxies. Star clusters span a wide
range of ages, from a few million years to billions of years, making them exceptional
tracers of the star formation histories of their host galaxies. Star formation is the
process by which galaxies build up their stellar populations and their visible mass
and occurs in a continuous, hierarchical fashion across a large dynamical range, from
individual stars up to kiloparsec-scale correlated ensembles of stellar aggregates. It
is the formation, evolution, and eventual destruction of these large hierarchical star-
forming complexes that provide an essential role in understanding the mechanism,
process, and dynamical evolution of star formation on sub-galactic scales.

In the first part of this dissertation, we use a sample of eight local galaxies and
find that young star clusters are reliable tracers for the hierarchical patterns of star
formation. We characterize the correlation using a two-point statistic, which allows us

to analyze global correlations. We find that star formation is coherent over scales of
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a few hundred parsec up to a few kpc depending on the galaxy, and in all cases, these
hierarchies are short lived and unbound, dissolving in a few tens to a hundred Myr.
The recovered correlations between the spatial separations and ages of star clusters
contained within these unbound hierarchical structures are consistent with theoretical
expectations of arising from a turbulence-driven interstellar medium (ISM). More
importantly, we found evidence that the maximum size of correlated star formation
is driven by galactic shear. This work represents the first large-scale study of its
kind outside of the Local Group to characterize turbulence as the physical driver of
correlated star formation and marks a turning point in the effort to link local star
forming structures to those that are common at high redshift.

In the second part of this dissertation, we combine our star cluster catalogs with
exquisite molecular gas observations to connect the detailed stellar population infor-
mation to the natal gas from which it formed. In a study of two galaxies, we find
that the timescale for star clusters to lose association with their natal clouds is of
order a few Myr, a result that is independent of the spiral structure of the host galaxy.
These works represent the first such large-scale cross-correlation between star clusters
and molecular gas outside the Local Group and provide vital theoretical guidance to
connect gas to stellar components.

We also introduce initial work that employs the use of machine learning as a pro-
cess to identify star clusters, a quicker and more homogeneous method to implement
than the traditional visual classification technique employed for most of the stellar
cluster catalogs.

This dissertation is based on three papers that have appeared in the peer-reviewed

literature with two more papers submitted to peer-reviewed literature!.

!These papers are Grasha et al. (2015, 2017a,b, 2018a,b). One other paper unrelated to the topic
of this dissertation has also been written during the course of my graduate career (Grasha et al.,
2013).
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INTRODUCTION

Virtually all the light originating from outside Earth is created via a nuclear fusion
process in the center cores of stars, nearly perfect spheres of hot plasma in hydrostatic
equilibrium, a complex interplay between the outward push of photon energy and
inward gravitational energy. The light from our nearest star, the Sun, is responsible
for the creation of the energy that sustains life on Earth. The collective light from
nearby stars create recognizable patterns in the night time sky that have captured
the imagination and creativity of individuals and cultures for many millennia.

The Milky Way? galaxy is composed of billion stars in a variety of masses, which
determines the size, luminosity, and lifetime of a star. It was not until the 1920s that
observations revealed that the Milky Way is just one of many galaxies throughout
the universe (Hubble, 1925), solving the so-called ‘Great Debate’ (Shapley & Curtis,
1921) on the extragalactic nature of ‘spiral nebula’ outside the Milky Way. It is stars
that form the basic building blocks of the visible matter in all these galaxies.

Understanding the nature of how the vast diversity of galaxies form and evolve is
a major outstanding topic in modern astronomy. Star formation is ultimately respon-
sible for giving rise to the variety of observed stellar population ages of these galaxies
and is a signpost of their formation history. Due to the scale-free, hierarchical nature
of star formation, large-scale structures within galaxies such as spiral arms, circum-
nuclear rings, etc., are built upon the accumulation of smaller, denser components

of star clusters and individual stars (Elmegreen & Elmegreen, 1983). The highly

2The term Milky Way is a translation from Latin via lactea, from the Greek phrase galazias
kyklos — milky circle.



ordered star formation process at the individual stellar scale will inevitably impact
the global morphology of a galaxy, and a vast amount of effort has been invested
in the theoretical understanding of the underlying physics (Hopkins, 2013a; Hopkins
et al., 2013; Krumholz, 2014), but an adequate and comprehensive connection over a
wide range of scales has yet to be observationally achieved to help guide theories. A
detailed understanding requires characterizing the physical dependencies of star for-
mation within the changing environment of individual galaxies across galaxy-scales.
The results presented in this dissertation represent ongoing efforts to connect the
scales of star formation, with a particular emphasis on the role star clusters play in
tracing the star formation patterns within galaxies and to quantify how the clustering

of star formation evolves both in space and in time.



CHAPTER 1

OVERVIEW OF YOUNG STAR CLUSTERS AS
TRACERS OF RECENT STAR FORMATION

This chapter introduces the background material relevant to the research pre-
sented in this dissertation and includes: an overview of star clusters and their proper-
ties, methods for quantifying the process of star formation and its patterns, and the

molecular reservoirs from which star clusters originate.

1.1 Introduction to Star Clusters

The majority of stars do not form in isolation but instead are believed to form
in coeval groupings called star clusters (Lada & Lada, 2003; Portegies Zwart et al.,
2010). Star clusters come in all shapes and sizes and are composed of a few hundred
to tens of millions of individual stars, with typical sizes of one to tens of parsec (pc)
and total stellar masses of 100 — 107 My, (Portegies Zwart et al., 2010). These stellar
systems, from ~0.1 — 1000 stars/pc?®, form at the same time within their parent
cloud of gas and dust!. Only a small fraction, order ~5%, of these dust-embedded
stellar groupings will remain gravitationally bound and emerge as long-lived star
clusters (e.g., Goddard et al., 2010; Adamo et al., 2011; Johnson et al., 2016). Long-
lived star clusters are fundamental laboratories for studying stellar evolution, star
formation history of a galaxy, and the shape of the stellar initial mass function (IMF;

e.g., Salpeter, 1955; Kroupa, 2002; Bastian et al., 2010), a method to parameterize

'Recent observations, however, have demonstrated that star clusters are not composed of single
stellar populations and provide evidence of multiple generations of star formation (see, e.g., Piotto
et al., 2005; Villanova et al., 2007; Peacock et al., 2013).



the relative number of stars as a function of their mass at the time of their initial
formation.

This dissertation focuses on young (<100 Myr) star clusters as tracers of recent
star formation. As young stars are typically associated with the interstellar medium
(ISM), the vast majority of star formation, and thus the clusters themselves, will be
located within the disk of a galaxy. Due to the dust extinction present in the Galactic
plane, which hinders our ability to detect stellar systems outside the small volume
of the Milky Way near our Sun, studies of young star clusters are primarily reserved
for external galaxies? to mitigate this effect. This is in contrast to globular® clusters,
old and massive stellar clusters that primarily reside in the halo of galaxies and do
not trace recent star formation. Figure 1.1 shows the spatial distributions of known
Milky Way star clusters, demonstrating the distinct spatial location of observed young
clusters, also referred to as “open” clusters because they are gravitationally unbound,
versus globular clusters. Figure 1.2 shows R136, a very young and massive star cluster
in the Large Magellanic Cloud (LMC; distance 50 kpc), as well as a zoom in of M 83,
a nearby galaxy (distance 4.5 Mpc), where the star clusters are clearly seen emerging

from their natal clouds within the spiral arms of the galaxy.

1.2 Overview of Stellar Population and Galaxy Properties
There are numerous physical properties that can be measured in stellar pop-
ulations and galaxies. Parameters listed here are relevant to the research in this

dissertation.

2Notable examples of Milky Way studies of star clusters are Evans et al. (2009); Gutermuth et al.
(2009); Lada et al. (2012), among others. These studies employ near-infrared wavelengths to identify
the star clusters where extinction is less severe.

3Derived from the Latin word globulus — a small sphere.
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Figure 1.1. Distribution of star clusters in the Milky Way. The upper panels show
an edge-on view of the Galactic plane whereas the lower panels show the face-on
view. Left: The spatial distribution of young (<100 Myr; blue dots) open (unbound)
star clusters are preferentially located in or near the Galactic plane compared to the
distribution of old (>3 Gyr; red squares) clusters. The excess of points near the Sun is
a selection effect. The center of the Galaxy is labeled “GC”. Right : globular (bound)
clusters (green dots) are typically located in the bulge and halo. Image adapted from
Portegies Zwart et al. (2010).



R136 M83

Figure 1.2. Examples of resolved young star clusters. (a) A 50x50 pc? region around
the 10° Mg, star cluster R136 in the 30 Doradus region of the Large Magellanic Cloud
(blue objects; distance of 50 kpc). (b) Young star clusters forming in the spiral arms
of M 83 (blue objects; distance of 4.5 Mpc). Young stars emit a large quantity of
high energy radiation, which ionizes the surrounding molecular medium (called H 11
regions, denoting the hydrogen is ionized), giving rise to the distinctive pink regions
that surround young clusters. Image adapted from Portegies Zwart et al. (2010).



e Luminosity L),. Quantifies the total amount of energy per unit time per unit
wavelength emitted by a source at a specific wavelength A. As astronomical
objects are located at a distance D from Earth, the observed flux (i.e., apparent

brightness) is the intrinsic luminosity decreased by a factor of 4w D?.

e Magnitude. Integrated fluxes from astronomical sources are typically quoted
in magnitudes, a logarithmic measure of the brightness of an object in a defined
transmission curve!. The integration over the reference intensity in a given

transmission curve is then related to a magnitude m via:

Jy TNT(N)dA ) + mo, (1.1)

= mablos (fo“’ To(NT (V)X

where I(\) is the intensity received as a function of wavelength, Iy(\) the ref-
erence intensity that depends on the adopted photometric system and trans-
mission curves, T'(\) is the transmission efficiency for the filter as a function
of wavelength, and myq is the reference magnitude, the magnitude for a flux
through the filter equal to the reference flux. The magnitude scale is designed
such that brighter objects have smaller numbers; an increase in magnitude by
2.5 means that an object is a factor of 10 fainter. The factor of —2.5 is present

for historical reasons®.

When a magnitude is calculated using its luminosity distance (i.e., the apparent
brightness of the source as viewed from Earth), the magnitude is called an ap-
parent magnitude, m. Apparent magnitudes are used to quantify the brightness

of sources at specific wavelengths and the measurement of apparent magnitudes

4Also called filters, passbands, or just bands.

®The magnitude system was invented in the 2nd century BCE by Hipparchus and is based on the
fact that our naked eyes detect light with a logarithmic scale of intensity. Nowadays, it mostly serves
to confuse people. Astronomers have been migrating towards more physical systems of measuring
the intensity or luminosity of a source.



is known as photometry. The absolute magnitude M is defined as the appar-
ent magnitude if the object were viewed at a distance of 10 parsec (32.6 light
years). Placing all objects at a standard distance allows for a direct comparison

between the absolute luminosities of the sources.

Color. The difference in the magnitude measured between two wavelengths
(i.e., passbands) is referred to as the color of the object. Younger sources
have correspondingly bluer colors, resulting from the majority of the emission
arising at bluer (shorter) wavelengths, compared to older, redder sources. If
the passband at a shorter wavelength has a corresponding lower magnitude
(a brighter object with more flux) than the magnitude measured for a longer

wavelength passband, the color will be referred to as “blue”.

Star formation rate (SFR). Quantifies the rate that the gas mass is converted
into stars within a galaxy per unit time. There are numerous ways that this
quantity can be estimated, most commonly with direct tracers such as stellar
light, or indirect tracers, such as inferring the reprocessed light from interstellar
dust by young stars. The conversion from light to SFR implies an assumption on

the mass distribution of the stars, both detected and undetected components.

Stellar population age. Refers to the luminosity-weighted average age of a
stellar population. This age measurement is typically estimated from broad-
band photometry (Section 1.3), though it can also be measured from specific
spectral features (e.g., Ha emission of photospheric absorption lines) that serve
as indicators of stars of a certain spectral type. Accurate measurements of the
age of stellar populations is vital to this work. For galaxies, the mean stellar
population age is closely related to the star formation history (SFH), which

describes the time-dependent evolution of the SFR.



e Dust Extinction and Color Excess E(B—V). Dust within a galaxy is effi-
cient at attenuating light, with the strongest impact occurring in the UV (bluer
wavelengths) and the attenuation efficiency decreasing towards longer (redder)
wavelengths (Draine, 2003). For this reason, dust attenuation will tend to make
spectral energy distributions (SED) appear artificially redder relative to the in-

trinsic SED of their stellar population.

The effects of dust can be modeled as an extinction curve, which applies the
modification to the spectrum of a galaxy as a function of wavelength. The color
excess of the nebular gas emission, E(B-V), is used as a measurement of the
amount of dust extinction. It corresponds to the change in color between the
B and V passbands that arises as a result of dust, with values of E(B-V) = 0

corresponding to dust-free systems.

To calculate the change in observed flux from the intrinsic flux, the following

equation is usually used:

F,(\) = F;(\)10704 EEV) k) (1.2)

where F,()) is the observed (reddened) flux, F;()\) is the intrinsic (unreddened)
flux, E(B-V) is the color excess, and k(\) is the relative change in absorption

due to dust as a function of wavelength.

1.3 Deriving Star Cluster Properties with Spectral Energy
Distribution Fitting

Star formation occurs in the heart of molecular clouds, collapsing from gravita-
tional fragmentation and forming hundreds to millions of stars that are gravitationally
bound (McKee & Ostriker, 2007). Under the assumption that the formation of the

stars occur at the same time, all stars within a cluster are treated as a single stel-
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Figure 1.3. Spectral energy distributions between 1 Myr and 1 Gyr of various
extinction. Left: The different colors show different SEDs for dust-free single stellar
population (SSP) from Starburst99 models (Leitherer et al., 1999) without nebular
emission. The strong dependency of the UV emission (A < 3000 A) as tracers of the
massive, short lived stars that identify young stellar populations is evident from the
steep decrease in the luminosity of these shorter wavelengths with increasing age. The
HST transmission curves are shown with labels on the bottom axis. Right: The effect
of dust on the SED of a 1 Myr SSP model assuming a starburst attenuation curve
(Calzetti et al., 2000) with color excess E(B-V) values of 0 to 1. The degeneracy in
SED shape between increasing age and dust (e.g., compare 50 Myr curve on left to
E(B-V)=0.5 curve on right) necessitates the inclusion of the NUV and U bands to
provide leverage in distinguishing these effects.

lar population (SSP). A SSP is the combination of all the light from the stars in
the population and their initial mass distribution is parameterized by a chosen IMF.
The resulting SED of the SSP will evolve with time as the stars themselves evolve
(Figure 1.3).

The primary source of emission at UV (100 to 3000 A) through near-infrared
(NIR; 7000 Atol mm) wavelengths arises from the stellar populations in a galaxy.
Massive, short-lived stars produce a copious amount of ionizing photons and are the
primary source of emission at UV wavelengths, and thus signify recent <100 Myr star

formation activity. In comparison, less massive and longer lived stars dominate at
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IR wavelengths and are reliable indicators of the total stellar mass (Kennicutt, 1998;
Kennicutt & Evans, 2012).

The HST NUV and U bands, illustrated in Figure 1.3, are both blueward of the
Balmer break at 4000 A, a sensitive indicator of the age for young (<1 Gyr) stellar
populations as the strength of the Balmer absorption lines is strongly age dependent
(Bruzual, 1983). The NUV and U wavelengths are essential in order to help constrain
the observed degeneracy between age and extinction (Anders et al., 2004) that causes
a young, dusty stellar population (or galaxy) to mimic an older, dust-free population,
as shown in Figure 1.3 (e.g., Witt et al., 1992).

To derive the properties (age, mass, and extinction E(B-V)) for a set of photo-
metric data points, a grid of models is constructed and then convolved with the same
broad band filters as the observations. It is imperative to account for the missing
UV flux and correct for dust effects (Eq. 1.2) in order to accurately derive properties
from SED fitting. A best-match is then found between the convolved model data and
observations through minimizing the summed squares of the residuals to the model.

Figure 1.4 shows an example of SED fitting performed for a galaxy.

1.4 The Hierarchical Patterns of Star Formation

The formation of a star is a seemingly minor, but important, event that occurs
during the lifetime of a galaxy. The events of star formation never occur in isolation,
but instead are a component in the complex network of the star formation process
(Elmegreen, 2011). Star clusters form in patterns and groupings with each other in
what we call hierarchical star formation; this “social” formation process leads to the
assembly of structures composed of young stellar components in varying degrees of
sizes and gravitational boundness, with the individual components serving as part of
the larger grouping, connected in both space and time (see Elmegreen, 2010). This

observed hierarchy in star formation has important implications in the evolution of
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Figure 1.4. Best-fit Starburst99 SED for a galaxy. The wavelength coverage is from
the FUV to the Ks bands. The black spectrum represents the synthetic Starburst99
spectrum, the red points represent the galaxy observations with accompanying lo
errors, the eight dotted lines represent the filter transmission curves for the FUV,
NUV, U, B, V, J, H, and Ks bands, and the solid green circles represent the convolved
flux values of the Starburst99 curve with each transmission curve. Matching stellar
models to the observed SED allows for estimation of physical properties of the galaxy.
Image adapted from Grasha et al. (2013).
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galaxy structure, the buildup of a galaxy’s mass, and may have a role in determining
the IMF itself (Larson, 1982).

The observed hierarchy is a result of stellar or gas kinematics with velocity dis-
persions that scale with a fractional power of the size of the region, which relates to
the duration of star formation within a region of a given size (Figure 1.5). This is
an expected result from fragmenting molecular clouds, and the resulting star clus-
ters should reflect the same spatial distribution as inherited from their natal clouds.
A schematic of how cluster formation and the formation of larger structures arises
from a hierarchical star formation process is shown in Figure 1.6. The dispersion
of unbound, large-scale hierarchical groupings of stellar aggregates occurs in a grad-
ual fashion. Characterizing the parameters that drive the dissolution is the main
scientific driver for this work and is presented in Chapter 2 and Chapter 3. In Chap-
ter 4, we present a study aiming at characterizing the physical driver of the observed

hierarchies.

1.5 The Molecular Interstellar Medium

The cores of giant molecular clouds (GMCs), extended and short-lived structures
formed by molecular and neutral gas and dust (McKee & Ostriker, 2007), are the
seeds of star formation. GMCs are constantly evolving objects and show a strong
coupling with their environment (Krumholz et al., 2014; Klessen & Glover, 2016),
revealing the important implications this has on the resulting star formation. At
large scales, GMCs are spatially organized in complexes with filamentary and highly
structured morphology (Figure 1.7), and are usually located in regions of high den-
sity, such as spiral arms (e.g., Grabelsky et al., 1987; Wilson et al., 2005; Goodman
et al., 2014; Zucker et al., 2015) with the densest regions always clustered with other
regions. As GMCs represent dense peaks within the distribution of gas in the ISM,

the efficiency of star formation is enhanced within these clouds (Elmegreen, 2008),
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Hierarchical fragmentation Sub-cluster formation Hierarchical assembly
into subclouds and stars and stellar feedback and gas blowout

Gravitational collapse

Figure 1.6. Model of cluster formation from hierarchical star formation. Far left:
An unstable molecular cloud undergoes gravitational collapse. Center left: The grav-
itational instability causes hierarchical fragmentation, producing a hierarchy of sub-
clouds that eventually fragment into individual stars. Center right: Stars that frag-
mented out of the same sub-clouds form in sub-clusters. Feedback from massive stars
starts to evacuate gas locally. Far right: The sub-clusters merge hierarchically into a
single cluster as stellar feedback blows out any remaining gas. Fragmenting molecular
clouds result in the products of star formation — stars and star clusters — that are
hierarchical (i.e., are correlated with each other in time and in space). Image adapted
from Grudi¢ et al. (2017).

giving rise to ensembles of star formation products that appear to be directly asso-
ciated with GMCs. The efficiency of star formation is always highest in the densest
region, and thus, the majority of star formation occurs within GMCs and these, as
well as star clusters, will usually trace the spiral arms in the disk of spiral galaxies
(see Figure 1.2). However, the overall efficiency of star formation process is low, with
empirical measurements for Milky Way and extragalactic clouds being of order a few
percent (e.g., Leroy et al., 2008; Murray, 2011; Usero et al., 2015).

Since the seminal work of Wilson et al. (1970), carbon monoxide (CO) emission is
used as the primary tracer of molecular gas. It has a crucial role in the investigation
of the physical foundation of star formation, tied to the process of galaxy evolution

6

via the amount, distribution, and kinematics of the molecular gas®. Physical cloud

61deally, we would study molecular gas by studying the line emission from molecular hydrogen Hj.
Unfortunately, the temperature within these clouds is too low to excite even the lowest accessible
rotational transition of Ho, forcing us to rely on information provided by other, indirect, observational
tracers. CO is the second most abundant molecular species within typical molecular clouds, and
thus is a widely used tracer despite not being a perfect tracer of Hy (Tielens & Hollenbach, 1985).
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parameters, such as the mean density and turbulent Mach number, link star formation
to molecular clouds, affecting the ability of a gas cloud to fragment and collapse to
form stars and star clusters (Krumholz & McKee, 2005; Hennebelle& Chabrier, 2013).
Thus star clusters present an approach to examine the link between star formation
and gas physical conditions.

Gravity plays an indisputable role in shaping the structure of molecular clouds.
Turbulence is also thought to play a fundamental in governing and shaping the over-
all properties of molecular clouds, gas dynamics, and the ISM as well (Mac Low &
Klessen, 2004; McKee & Ostriker, 2007). Turbulence occurs when the inertial forces
in a fluid are much greater than its viscosity, resulting in large-scale instabilities that
cascade energy down to smaller spatial scales. Turbulent motions within molecu-
lar clouds are often greater than the sound speed c¢,” in the medium, resulting in
supersonic shocks that create regions of enhanced density. Supersonic turbulence
within the ISM can result in density fluctuations over a wide range of spatial scales,
and if the density enhancements are significant enough, they may be susceptible to
gravitational collapse. However, unlike gravity, turbulent motions may not always be
conducive to forming structures, acting to disrupt the density structure of the gas and
suppress star formation. This complex interaction between turbulence and gravity in
the ISM is fundamental in regulating its density structure, which in turn controls the
star-forming potential of molecular clouds, and thus, plays a vital role in the overall
efficiency and structure of star formation (Padoan & Nordlund, 2002, 2012; Krumholz

& McKee, 2005; Federrath, 2013; Federrath & Klessen, 2013).

"The sound speed ¢, is the speed that pressure disturbances travel through a medium. It depends
on the pressure P and mass density p, defined as ¢s = 0P/0p. For isothermal gas in a neutral
medium, ¢, = \/kyT/pn ~ 1 km s=1, where p is the mean molecular weight and k;, is the Boltzmann
constant which relates the average kinetic energy of particles in a gas with the temperature of the
gas.
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Figure 1.7. Molecular gas map of the integrated intensity of 2CO emission toward
the California cloud. The color scales show the velocity-integrated intensity of the
CO(1-0) transition line, with star formation efficiency highest in the densest regions
(red/white in color; left image). Image adapted from Lada et al. (2009). Right: A
cartoon display of a molecular cloud showing hierarchical structures inside the cloud.
The figure shows the cloud, clumps, filaments, cores, and envelopes, with typical size
scales listed. The image is not drawn to scale. The scale-free nature of star clusters
is believed to be inherited from the scale-free nature of the density clustering within
the original cloud, with the clustering at the core-scale manifesting itself to create
kpe-scale star formation structures. Image adapted from Pokhrel et al. (2018).

The time that a molecular cloud remains a coherent entity, capable of undergoing
star formation, is a key factor in accurate descriptions of star formation and galaxy
evolution. The cloud lifetime, how long a cloud can form stars, and how long a cloud
remains associated with its stars, are still open questions related to star formation
(Heyer & Dame, 2015). Whether or not the stellar correlations are inherited from
the originating molecular clouds and the timescale for association between molecular

clouds and star clusters are investigated in Chapter 5 and Chapter 6.

1.6 The Need for Space-Based Observations

The first known globular star cluster, M22, was discovered in 1665 by Abraham
Ihle, a German amateur astronomer. However, it was not known that star clusters
were composed of individual stars until Charles Messier observed M4 in 1764 with

sufficient resolution to identify the individual stellar components (Boyd, 2008). Since
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then, significant progress has been achieved in characterizing young star clusters
and the process of star formation, also thanks to the launch of the Hubble Space
Telescope (HST) in 1990. The combination of HSTs relatively large imaging field of
view (2.77 x 2.7”), superb angular resolution (0.04” /pixel), high throughput at blue
and ultraviolet (UV) wavelengths, and exquisite photometric stability is unrivaled
by any other current telescope. HST observations provide the UV observations to
accurately break the age/dust degeneracy (Figure 1.3) as well as sufficient resolution
to distinguish star clusters from individual stars. HST has unarguably ushered in a
new era in the field of star cluster research by enabling statistically large and reliable

studies of young star clusters in nearby galaxies.

1.7 The Legacy ExtraGalactic Ultraviolet Survey

All of the work in this dissertation is drawn from the Legacy ExtraGalactic Ultra-
violet Survey (LEGUS; Calzetti et al., 2015) a Cycle 21 HST program that imaged
50 nearby (~3.5-16 Mpc) galaxies with the UV and optical (UVIS) channel on the
Wide Field Camera 3 (WFC3). Each pointing is covered by five broad band fil-
ters: NUV (F275W), U (F336W), B (F438W), V (F555W), and I (F814W), with the
WFC3/UVIS. If already observed, we leveraged the existing observations taken with
the Advanced Camera for Surveys (ACS) using the Wide Field Channel (WFC) as
to not duplicate observations.

The set of five broad band filters (Figure 1.3) for the LEGUS observations is

dictated by three necessities:
(1) Separate bright stars from faint star clusters.

(2) Derive accurate (time steps of 47 < 10 Myr) star formation histories (SFHs) of

stars.
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(3) Obtain extinction-free ages and masses for clusters with age accuracy of 0.2 dex

at intermediate ages, and mass accuracy of 0.3 dex.

The aim of the LEGUS survey is to investigate the relation between star formation
and its galactic environment in nearby galaxies, over the range from individual star
systems to galaxy-scale (a few kpc) structures. These data allow the study and
investigation of the evolution of star formation within galaxies, both spatially and
temporally, and is helping to paint a more accurate picture for theories of galaxy
evolution, the physical underpinning of the gas-star formation relation, and the nature
of star formation at high-redshift®. The work in this dissertation represents attempts
in the effort to link local star-forming structures to the remarkably different and
clumpier structures that are observed to be common in galaxies at high-redshift (e.g.,
Conselice et al., 2004; Elmegreen et al., 2007; Forster Schreiber et al., 2011; Guo

et al., 2012, 2018; Soto et al., 2017).

8Redshift z is a unitless quantity that corresponds to the shifting of a spectral features due to the
expansion of the universe. Redshift is measured from the difference in the observed and rest-frame
wavelength, z = (Aobs — Avest)/Arest- Redshift relates non-linearly to the age of the universe, where
z = 0 describes the present day universe. All galaxies in this dissertation are considered “local” and
are assumed to be at z ~ 0.
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CHAPTER 2

THE SPATIAL DISTRIBUTION OF THE YOUNG
STELLAR CLUSTERS IN THE STAR FORMING
GALAXY NGC 628

This chapter! focuses on characterizing the function form of the correlation func-
tion and analyzing the errors. This will enable star clusters as a tracer for the hier-

archy of star formation.

2.1 Abstract

We present a study of the spatial distribution of the stellar cluster populations
in the star-forming galaxy NGC 628. Using Hubble Space Telescope broadband
WFC3/UVIS UV and optical images from the Treasury Program LEGUS (Legacy
ExtraGalactic UV Survey), we have identified 1392 potential young (<100 Myr) stel-
lar clusters within the galaxy using a combination of visual inspection and automatic
selection. We investigate the clustering of these young stellar clusters and quantify
the strength and change of clustering strength with scale using the two-point corre-
lation function. We also investigate how image boundary conditions and dust lanes
affect the observed clustering. The distribution of the clusters is well fit by a broken
power law with negative exponent . We recover a weighted mean index of ~—0.8 for
all spatial scales below the break at 3.”3 (158 pc at a distance of 9.9 Mpc) and an in-

dex of ~—0.18 above 158 pc for the accumulation of all cluster types. The strength of

IThese results are based on research published by Grasha et al. (2015), and is reproduced by
permission of the AAS.
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the clustering increases with decreasing age and clusters older than 40 Myr lose their
clustered structure very rapidly and tend to be randomly distributed in this galaxy,
whereas the mass of the star cluster has little effect on the clustering strength. This is
consistent with results from other studies that the morphological hierarchy in stellar

clustering resembles the same hierarchy as the turbulent interstellar medium.

2.2 Introduction

Star formation leads to the creation of stellar clusters (Lada & Lada, 2003) and
most, if not all, stars form in some type of clustered structure. Observations of local
star forming regions have shown that clustering is a common feature, resulting from
the fractal properties of the interstellar medium (ISM) under the effects of turbulence
(Elmegreen & Efremov, 1997; Elmegreen et al., 2014). As a result, gravitationally
bound clusters occupy the smallest and densest regions of the hierarchy of giant
molecular cloud (GMC) complexes forming on the larger scales (~1 kpc).

As clusters can be observed to greater distances than individual stars, young
stellar clusters provide an excellent means to investigate the connection between the
continuous distribution of star formation on small scales to galactic formation at
large scales. While studies on the hierarchical clustering of stellar populations have
become more sophisticated over time (e.g., see the early papers of Payne-Gaposchkin,
1974; Efremov, 1995), whether or not the stars and the clusters are mapping the
same type of hierarchy (i.e., the dense peaks are randomly distributed within each
hierarchy or they are a biased representation of each hierarchy) is still a question
that needs to be answered. The answer will help understand the role of cluster
formation and evolution that is complementary to studies of the cluster formation
efficiency. The spatial distribution of newly formed stars is also important as it
provides insight not only on the processes of star formation, but also on the evolution

and environmental dependencies within stellar clusters and their migration from their
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clustered complexes. For instance, we expect that the observed hierarchical clustering
disappear with age (Elmegreen et al., 2006; Elmegreen, 2010): the densest regions
with the shortest mixing timescales lose their substructures first, whereas the larger,
unbound regions will lose their substructure over time owing to random initial motions
and tidal forces. The migration timescale for which stars and clusters ‘abandon’ their
clustered natal structure is not well constrained for most systems, but such knowledge
is vital toward understanding how star formation evolves in both space and time.

One of the most powerful ways to probe the clustering distribution of galactic
components is with the two-point correlation function (Peebles, 1980; Zhang et al.,
2001; Odekon, 2006, 2008), a statistical tool to quantify the excess probability of find-
ing one object within a specified distance of another object against that of a random,
unclustered distribution. Applying correlation functions to study the clustering of
clusters will provide insight to the (1) physical process of cluster formation; (2) the
extent that formation of clusters is hierarchical; and (3) whether or not the clustered
distribution of young stellar clusters reflects the fractal structure of the interstellar gas
(Efremov & Elmegreen, 1998; Elmegreen & Efremov, 1996; Elmegreen & Elmegreen,
2001; Bastian et al., 2007).

Few studies have been done on the clustering distribution of stellar clusters thus
far, showing the need for a systematic approach to the problem across a wide variety
of galaxies and environments. In one of the first studies on the hierarchy occurring
within stellar cluster ensembles, Zhang et al. (2001) found that a power-law correlation
function well described the clustering hierarchy up to 1 kpc for the star clusters within
the Antennae galaxies. Scheepmaker et al. (2009), in a study of the stellar clusters
in M 51, found that clusters showed an age-dependency in their degree of clustering,
where the youngest clusters were more clustered compared to older clusters.

Investigations of clustering behavior across time and scale lengths on stellar sys-

tems have been performed in a few local galaxies in recent years as well. In a study
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of the stellar samples of M 31, Gouliermis et al. (2014) found that the youngest
(<25 Myr) stars were more clustered than older stars (<300 Myr) and that the ob-
served clustering changed within different regions of the galaxy. Studies of the stellar
structures in both the Large Magellanic Cloud (LMC) and Small Magellanic Cloud
(SMC) have shown that stars are born highly fractal and evolve toward a uniform
distribution within the crossing time of the galaxy (~ 175 and 80 Myr for the LMC
and SMC, respectively; Gieles et al., 2008; Bastian et al., 2009; Bonatto & Bica,
2010). Within NGC 1313, Pellerin et al. (2007) found that infant mortality — the
process by which most clusters do not survive the death of the most massive stars
in the cluster, forcing the remaining unbound clusters to dissolve over a short period
of time (< 10 Myr: Lada & Lada, 2003; Fall et al., 2005; Bastian & Goodwin, 2006;
Chandar et al., 2010) — is an efficient process in disrupting, and therefore, destroying
stellar clusters by showing that B-stars can be found outside of star clusters. These
unbound stars in the diffuse field can account for a large portion of the UV light from
a galaxy (Meurer et al., 1995; Tremonti et al., 2001; Hoopes et al., 2001; Crocker
et al., 2015) and the disruption and dissolution of clusters is crucial in populating
the diffuse stellar field. The evolution of the clustering of star clusters with time will
thus depend on the combination of two factors: how fast the cluster migrates within
a galaxy and how long the typical star cluster survives.

If the cluster dispersion timescale has a dependency with galactic environment, we
would expect to see their age distribution change over different ambient environments
within a galaxy. Indeed, in a study by Sanchez-Gil et al. (2011), the young stellar
populations within NGC 628 exhibited age gradients across the spiral arms, with the
youngest star formation regions concentrated along the center of the spirals, and an
age gradient from the inner to the outer parts of the galaxy. Radial stellar migration
can further flatten the observed age gradient, implying steeper age gradients than

those measured. Additionally, Bastian et al. (2011a) have found strong dependency
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of clusters age with galaxy position, where the age distribution varies as a function
of galactocentric distance, becoming shallower toward the outskirts of the galaxy.
Theoretical work (Elmegreen & Hunter, 2010; Kruijssen et al., 2011) suggests that
the age distribution of clusters do vary with environment and that it can influence the
dissolution timescale, with clusters disrupting faster when the gas surface density Ygas
is high and living longer when ¥, is low. On the other hand, if cluster dispersion is
independent of environment, the age distribution of all clusters should be the same,
regardless of position within a galaxy. Studies of both LMC and SMC have shown
that there is a flat age distribution of clusters, concluding that cluster disruption
does not significantly affect the age distribution and that there is little dependence
on environment for the first ~200 Myr (Gieles et al., 2007; Baumgardt et al., 2013).
Early results of the Panchromatic Hubble Andromeda Treasury (PHAT; Dalcanton
et al., 2012) survey show that the clusters of M 31 show no evidence for cluster
dissolution at early times (30-100 Myr). Using the first PHAT clusters catalog of
601 clusters, Fouesneau et al. (2014) confirms that cluster disruption has little to
no effect prior to the timescale of 100 Myr in Andromeda. The spatial correlation
between clusters will allow us to study the extent of evolution in the clusters and
whether or not the formation of clusters is hierarchical (Efremov & Elmegreen, 1998;
Bastian et al., 2007).

Ambient environment is crucial for how clusters form, and quite possibly, it is
even more critical to investigate if stellar clusters trace star formation. Studies on
the clustering of stars have revealed important information on the nature of the star
formation process itself. The recent results of Gouliermis et al. (2015a) show an
environmental dependence in the clustering distribution of stars in the nearby spiral
M 31, where stars in the outer regions of the galaxy experienced less disruption and
larger amounts of clustering compared to stars located in the inner regions. This

agrees with the work of Silva-Villa et al. (2014), which showed an environmental
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dependence on the cluster population within M 83, where the clusters in the outer
region showed less disruption and flatter age distributions compared to clusters in the
inner region. Work by Gouliermis et al. (2015b) for NGC 6503 shows that younger
stars follow a hierarchical distribution whereas older stars display a homogeneous,
less clustered distribution. By comparing the clustering results within this work to
the clustered results of stars, we will be able to infer if and how star clusters also
trace star formation.

The nearby spiral galaxy in this study, NGC 628, was observed as part of the
Legacy ExtraGalactic UV Survey? (LEGUS; Calzetti et al., 2015), a Cycle 21 Hubble
Space Telescope (HST) program which has imaged 50 nearby (~3.5-12 Mpc) galaxies
in five UV and optical bands (NUV,U,B,V,I) with the UV /Visible (UVIS) channel
on the Wide Field Camera 3 (WFC3). The aim of LEGUS is to investigate the
relation between star formation and its galactic environment in nearby galaxies, over
scales ranging from individual star systems to kpc-sized structures. NGC 628 is a
face on grand design spiral galaxy with a large number of star clusters to provide a
statistically powerful test for changes in clustering strength with scale. The occurrence
of hierarchical structures within NGC 628 was already investigated by Elmegreen
et al. (2006) using ACS data in B, V, I, and Ha bands. These authors examined the
distributions of size and luminosity of star-forming regions, finding that both of these
were well described with a power law, indicative of a hierarchical structure of stellar
components within the galaxy.

The work herein primarily focuses on describing the two-point correlation function
as a tool to study the clustering properties of the young stellar clusters. For this
goal, we use the galaxy NGC 628 as an example. We hope to address the following

points once the clustering properties of a larger number of LEGUS galaxies have

Zhttps://legus.stsci.edu/
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been studied: (1) whether stars clusters are clustered and how strongly; (2) how the
clustered distribution of stars compare to that of star clusters; (3) how the clustering
depends on age and environment and the dissolution timescale of the clusters; and
(4) whether or not clusters can be used to trace the structure of star formation.
The galaxy selection and cluster identification process is described in Section 2.3.
The methodology of two-point correlation function is introduced in Section 2.5. In
Section 2.6, we describe the results and analysis and how we use the correlation
function to draw conclusions about the properties of our star clusters. We discuss
our results concerning hierarchy of the stellar clusters in Section 2.7. Finally, we

summarize the findings of this chapter in Section 2.8.

2.3 NGC 628

We study the face-on grand design spiral galaxy NGC 628 located at a distance of
9.9 Mpc (Olivares et al., 2010) with no apparent bulge. NGC 628 is the largest galaxy
of the M 74 galaxy group and has a global SFR(UV) of approximately 3.7 M yr—*
(Lee et al., 2009). The stellar disk appears largely undisturbed in studies of the
gas kinematics with optical and UV imaging (Herbert-Fort et al., 2010) and has a
disk thickness of 0.25 kpc (Peng, 1988). We select this galaxy primarily due to the
low-inclination angle (25 degrees), relatively large angular size (10°.5 x 9°.5), clearly
defined spiral arms, and high number of clusters available for analysis.

The images of NGC 628 for our analysis were obtained in five broad band filters,
NUV (F275W), U (F336W), B (F438W), V (F555W) and I (F814W) in October
2013 with the UV-optical channel (UVIS). Observations of NGC 628 consist of two
pointings, one towards the center of the galaxy, NGC628c, and one towards the
galaxy’s eastern region, NGC628e, adjacent to the first pointing. All five filters in
both pointings are aligned and referenced to the UVIS/F336W filter. Both pointings

are combined into a single mosaic for analysis, shown in Figure 2.1. The images have
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Figure 2.1. Mosaic images of the five broad band filters of NGC 628. All images
are rotated with North up. The bottom right shows the RGB color composite mosaic
UVIS/F275W and UVIS/F336W (blue), UVIS/F438W and UVIS/F555W (green),
and UVIS/F814W (red). The white line outlines the central pointing, NGC 628c,
and the green line outlines the east pointing, NGC 628e. The white horizontal bar in
the upper left denotes the length scale of 60”7, 3.3 kpc at the distance of NGC 628.
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a scale of 0.04 arcsec per pixel, corresponding to a pixel resolution scale of 1.9 pc at
a distance of 9.9 Mpc. A general description of the standard data reduction of the
LEGUS datasets is available in Calzetti et al. (2015).

2.4 Cluster Selection and Identification

Stellar clusters within NGC 628 are identified by first undergoing an automated
process using SExtractor (Bertin & Arnouts, 1996) that avoids background sources
and single, bright stars. Each catalog includes sources which satisfy the two following
conditions: (1) the V band concentration index (CI) must be greater than the stellar
CI peak value (CI=1.4 and 1.3 for the inner and outer pointing, respectively, in order
to make the selection criteria more uniform between the varying pixel scales of the
cameras); and (2) the source should be detected in two contiguous bands with a
signal-to-noise greater than 3.

As stars appear unresolved even at the highest HST resolution power, their CI
will vary little and their CI distribution will be highly picked around an average value
typical of a stellar PSF. On the other hand, clusters are partially resolved and their
sizes can vary, therefore, they generally have CI larger than that of stellar values.
Using CI distributions of the extracted cluster candidates, we selected the smallest
CI value that would allow us to remove the bulk of the stellar interlopers from our
catalog. Since the resolution power is also dependent of the HST camera used, the
values used for the inner and outer frame of NGC 628 are different. Simulations
of CI as function of effective radius of the clusters show us that the chosen limits
corresponds to Reg = 1 pc at the distance of NGC 628.

In order to secure reliable measurements from SED fitting, each source is required
to have a 30 detection in at least four of the five photometric bands, necessary to ad-
equately break the age-extinction degeneracy. The physical properties of each cluster

(ages, extinctions, masses) have been derived using deterministic stellar population
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models (Yggdrasil; Zackrisson et al., 2011) and a x? fitting approach as described in
Calzetti et al. (2015), which includes uncertainties estimates (see Adamo et al., 2010).
In this paper we use standard catalogues which contains cluster physical properties
derived with deterministic models with solar metallicity for both stars and gas, an
average covering factor of 50%, and a Milky Way extinction curve (Cardelli et al.,
1989) with a foreground E(B-V)= 0.06. Photometry is performed with a circular
aperture of 4 pixels in radius, with the background measured within an annulus of
7 pixels in inner radius and 1 pixel in width. Single stellar populations are used to
determine the ages of our clusters; for clusters that are better described with multiple
stellar populations, our reported age is recovering the mean age of the cluster.

The uncertainties we derive in age, mass, and extinction are about 0.1 dex. Within
the LEGUS collaboration we are also undertaking cluster analysis based on stochas-
tically sampled stellar libraries and Bayesian approaches (Krumholz et al., 2015a). A
comparison between the standard approach based on Yggdrasil deterministic models
(Zackrisson et al., 2011) and the analysis performed with SLUG models (da Silva
et al., 2012) shows that the average derived cluster properties do agree down to clus-
ters masses of 5000 M. Below this mass range we observe the largest uncertainties in
derived ages, masses, and extinctions because, as already widely discussed in the liter-
ature (e.g., Cervino & Luridiana, 2004), deterministic models are not able to correctly
interpret the large scatter in color caused by the stochastic sampling of the cluster
IMF. However, in this analysis, we are mainly focusing on a morphological division
of the cluster catalogues, based on visual inspection. We will also explore the change
in clustering using two age ranges (i.e., 1 to 40 Myr and larger than 40 Myr) and two
mass ranges (below and above log(M) = 3.6 My). A realistic error to associate to
the value of 40 Myr is the average uncertainty of 0.1 dex observed in deterministic

cluster properties; this corresponds to 40(+20/ — 10) Myr. The low mass range will
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be affected by stochastic effects and indeed we will discuss this point in Section 2.6.3.
More details will be given in a forthcoming paper (Adamo et al., 2017).

Each object within the cluster catalog that has an absolute magnitude brighter
than —6 mag (well within the 90% completeness limits) in the V band is then visually
inspected and assigned one of four categories: (1) a symmetric, centrally concentrated
cluster; (2) a concentrated cluster with some degree of asymmetry; (3) a multiple
peaked system; or (4) a spurious detection such as a foreground /background source,
single bright star, bad pixel, or a source that lies too close to the edge of the chip.
Class 4 objects are excluded from the final cluster catalog. Figure 2.2 shows what a
typical cluster looks like for each classification. Classifications 1, 2, 3 are considered to
be genuine star clusters or associations. The classification of each object is compiled
from visual inspection from at least four independent members of the LEGUS team.
The final cluster catalog is compiled by comparing all the results from each individual,
after checking for consistency.

The distribution of masses and ages of the clusters is shown in Figure 2.3, with
the three classes identified by different colors. In the same figure, the selection limit
of Mpsssw = —6.0 mag (apparent magnitude of 23.98 mag) for the clusters is shown
by a continuous line, which follows the characteristic age-mass correlation for ages
> 107 yr. General properties of the three cluster classes that will be detailed below
include that class 3 clusters tend to be on average younger and less massive than
Class 1 and Class 2 clusters.

Cluster candidates that meet the requirements of a minimum cutoff of CI > 1.4
(CI > 1.3 for the clusters in NGC 628¢) and detection in at least four filters but are
fainter than an absolute V-band magnitude of —6 are not visually classified; however,
these unclassified sources are still added to the cluster catalogs, labeled as Class 0
cluster candidates. We are greatly interested in the faint cluster candidates in order

to increase our sample, especially at the low-mass end (Krumholz et al., 2015a).
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Figure 2.2. LEGUS classification system for the star clusters. An example is shown

for Class 1 (symmetrical), 2 (asymmetrical), 3 (multiple peak), and 4 (star or spurious
object) in the F555W filter.
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Figure 2.3. Age-mass diagram for star clusters in NGC 628. The colors represent our
different cluster classifications: Class 1 (symmetrical, red circles), 2 (asymmetrical,
green circles), 3 (multiple peak, blue circles), and 0 (selected as fainter than Mpsss =
—6.0 mag, orange circles). The solid line is the 90% completeness limit.
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Because these are not visually inspected sources, we acknowledge that there will be
contamination of spurious objects in this class. We impose additional constraints on
the Class 0 (not visually inspected) objects by analyzing those with CI < 1.6 mag
separately from those with CI > 1.6 mag. This additional criterion of selecting the
broadest of the Class 0 sources will increase our chance of identifying genuine clusters
within the classification (see Section 2.6.2 for a more detailed discussion). For all
Class 0 sources, we place a limit on the broadest CI of 4 to exclude background
galaxies that may be included in the catalog. We have identified 345 Class 0 cluster
candidates. For the 128 Class 0 candidates with CI > 1.6 mag, we performed a visual
check to quantify the accuracy of these objects being clusters. The results can be
found in Appendix A, where we find that the contamination rate of non-clusters in
the Class 0 is as high as 57%.

NGC 628c(e) has a total of 1019 (245) star clusters classified as Class 1, 2, or
3 and 345 (39) Class 0 cluster candidates with more than four filters available. We
combine both pointings for our analysis, resulting in a total of 1264 genuine (Class 1,
2, and 3) and 384 Class 0 cluster candidates. There are 17 clusters in the overlapping
region of the east and central pointings that are present in both catalogs; we have
removed the duplicate clusters within the NGC 628e catalog. The breakdown of all
the classifications in age, mass, CI, and color excess E(B-V) are shown in Figure 2.4.
Figure 2.5 shows the breakdown of only Class 0 objects with a CI cut at 1.6 mag,
where we expect the sources with the broadest CI indices to exclude all non-cluster
objects. As expected, the clusters that are classified as multiple peak sources (Class
3) have the largest CI value on average. Class 1 (centrally concentrated) clusters
have larger masses and older ages when compared to the rest of the clusters in the
galaxy. The stellar clusters (Class 1, 2, 3) show small extinction, with an average color

excess of E(B-V) ~ 0.15. On the other hand, Class 0 candidates exhibit moderate
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extinction, with an average of E(B—V) = 0.46, which remains roughly the same for

all Class 0 clusters, independent of CI.

2.5 The Two-Point Correlation Function

Correlation functions provide statistical means by which to measure and provide
detailed quantification on the clustering distributions of galaxy constituents. One of
the most commonly used quantitative measure of clustering structure is the three-
dimensional two-point correlation function, £(r), which measures the magnitude of
clustering as a function of scale size.

Originally defined by Peebles (1980) as dP = n?[1 +&(r)] dVidV; for cosmological
applications, the two-point correlation function £(r) is defined as a measure of the
probability of finding a neighboring object, above what is expected for an unclustered
random Poisson distribution, in a shell element with volume element dV at a distance
r from any object with mean number density of the galactic structure, n. The two-
point correlation function, £(r), is usually fit as a power law, &(r) = (r/rg)~7, where
ro is the characteristic scale-length of the clustering, defined as the scale at which
&(r) = 1. The correlation function has been observed to have the same slope 7y across
galaxy and cluster systems (e.g., Peebles, 1975; Postman et al., 1998; Daddi et al.,
2000; Brodwin et al., 2008); the uniformity of the measured indices seem to suggest
a common underlying dynamics on all scales.

The spatial distribution of galactic components can also be measured in two-
dimensions as projected onto the plane of the sky. In our study, we measure the two-
dimensional projected angular correlation function w(f), defined as the probability
above Poisson of finding two star clusters with an angular separation 6 as dP =
N2[1 + w(0)] dQ1dQq, where N is the surface density of clusters per steradian with

two infinitesimal elements of solid angle d€2; and d{2,, separated by angle 6.
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Figure 2.4. Histograms of age, mass, CI, and E(B-V) for the star clusters in
NGC 628. The colors represent the cluster classification as defined in Section 2.4:
Class 0 sources are orange, Class 1 are red, Class 2 are green, and Class 3 are blue.
The distribution of E(B-V) for Class 0 sources is notably different from the genuine
star clusters. The open star symbols at the bottom of each plot show the median
value for each cluster classification.
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Figure 2.5. Histograms of age, mass, CI, and E(B-V) for the class 0 star cluster
candidates in NGC 628. Class 0 clusters candidates with a CI > 1.6 mag are in black
and the clusters with CI < 1.6 mag are shown in orange. The open star symbols at the
bottom of each plot show the median value for each cluster classification. While the
average value of mass or E(B-V) does not change between the sources with broader
profiles compared to those with narrower profiles, there is an age difference in that
CI<1.6 have a tail at larger ages.
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To measure w(f), pairs of stellar clusters are counted as a function of separation,
compared by what is expected for an unclustered distribution. A random catalog
(in x, y position) of sources must be produced, populating the same sky coverage
and geometry (e.g., edges, masks) as the data with randomly distributed points. We
define masks as areas that exclude all data, such as the ACS chip gap, or a reduction
in the observed surface area of available data with respect to the global average, such
as dust lanes or interarm regions of the galaxy. We account for masks in the random
catalog that are present in the real data. The ratio of pairs of clusters observed in the
data relative to pairs of points in the random catalog is then used to estimate w(f). In
this study, we will implement the Landy & Szalay (1993, LS) estimator, which cross-
correlates the data and random catalog to minimize edge and mask effects, written

| DD(6) — 2DR(6) + RR(6)
RR(0) ’

where DD is the number of data-data pairs, DR is the number of cross-correlated

st(Q) = (2.1)

data-random pairs, and RR is the number of random-random pairs with the same
mean density and sampling geometry with separation between 6 and 6 4 06. The

pairs are computed as,

DD(6) = N]?])V#(—H)l)
DR(0) = P]@?\g) (2.2)
)= vaﬁ;(e—) 1)’

where N and Ny are the total number of data and random points in the survey volume,
respectively and Ppp(6), Ppr(#), and Pgrgr(f) represents the total pair counts in each
separation 6 £+ 06 bin for the data-data, data-random, and random-random pairs,
respectively. The size of the bin is determined by the sample size; we calculate our
correlation function with eight spatial bins, spaced logarithmically between 0.16” (4

pixels) and 200”7 (5000 pixels), corresponding to spatial scales of 4.8 pc to 9.6 kpc,
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the largest scale we can investigate with our data. Bin numbers were selected as a
compromise between resolution and total number of clusters available to be sampled
within each bin. When computed as above, a random distribution of an unclustered
population will result in a flat correlation w(f) = 0, while a clustered distribution will
have w(f) > 0. For hierarchical structuring, a general trend of decreasing 1 + w(#)
with radius is expected (Gomez et al., 1993; Larson, 1995). This correlation function
has also been successfully used for characterizing the clustering behavior of both
stars and stellar clusters (e.g., Gomez et al., 1993; Zhang et al., 2001; Scheepmaker
et al., 2009; Gouliermis et al., 2014, 2015b) in several nearby galaxies. Although the
formulation in Eq 2.1 is optimized for taking into account edge effects, we still attempt
to reproduce as closely as possible the geometry of the galaxy region sampled. As
NGC 628 is nearly face-on, we do not need to take into account deprojecting the data
before computing the correlation function.

It is also important that the random catalog must be large enough to not introduce
Poisson error in the estimator. This is checked by ensuring that the RR pair counts
in the smallest bin are high enough such that Poisson errors are negligible in the total
error budget. As a result, the number of random points need to be greater than the
data points. We achieve this for a random catalog that is 100 times greater than the
size of the cluster sample. The uncertainties in the measurements of w(f) in each

radius bin are estimated as a Poisson error.

2.5.1 Application of the Clustering Estimator

Applying the two-point correlation function to our star clusters helps us to iden-
tify common age structures and derive the correlation length as a function of age and
location. Figure 2.6 shows the correlation function for both pointings of NGC 628
as well as the mosaic. It is interesting to note that the Class 1 (centrally concen-

trated) clusters have a nearly flat relationship across all spatial distributions, while
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Figure 2.6. Two-point correlation function 1+w(€) for the clusters in NGC 628. The
central pointing, NGC 628c (top left), east pointing, NGC 628e (top right), and the
mosaic, NGC 628 (bottom) are all displayed a function of angular distance (arcsec).
The colors represent the classification of each cluster, as defined in Section 2.4. The
numbers in parentheses show the number of clusters in each classification.

the strongest clustering is seen in Class 3 (multiple peak) sources. The correlation
for Class 0, which potentially may include also spurious sources, is flatter than that
for our most structured cluster but still has a distribution that is more fractal (i.e.,
a steeper exponent) than class 1. We will discuss in Section 2.6.1 and Section 2.6.2
the differences between the correlations for the separate classes of clusters, and how
we will attempt to single out the Class 0 clusters without visual inspection.

As mentioned above, the LS estimator is minimally sensitive to the random sample

size and is effective at handling both edge and masking effects, as found in Landy &
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Szalay (1993) and Kerscher et al. (2000). Using the central pointing, NGC 628¢c, to
test how changing the geometry and masks within the random data sample is going
to affect the results, we found that a random catalog of the same observing geometry
as the real data with a random sample size of 10,000 objects already converges to
the same correlation function values as a random catalog with 500,000 sources. As
a sanity check, we create random fields with 1200 and 70,000 objects and compute
the correlation function between the two catalogs and find that the computed w(#)
is zero across all angular scales.

We also verify that the LS correlation function is only minimally sensitive to
the presence of masks within the data. After populating the random catalog for
NGC 628c, we first remove the small chip gap (see Figure 2.7a) of several hundred
pixels that runs across the length of the detector from the random catalog. In order
to test how missing data alters the correlation function, we simulated dust lanes in
the random catalog that coincide with the spiral arms in the galaxy where there
is a dearth of observed star clusters. Adding anywhere between a single dust lane
(about 6% of the total area) up to four dust lanes (13% of the total data area) have a
negligible effect on the resulting correlation function, shown in Figure 2.7b. However,
the clusters are already under sampled in the interarm regions and their removal
along with the random objects in the same region, as expected, does not affect the
results. Removing the random sources from these under sampled regions results in an
expected decrease of the observed clustering at small scales as it removes the data-
random cross correlation count pairs for the clusters that reside next to these regions
but does not have other major effects.

To test the effect of masks in regions that are not under sampled, we take a
random catalog with the same geometry as covered by the real data and remove
regions from the random catalog that cover 10 or 20% of the total area within the

galaxy and recompute the correlation function. We keep all the data and just remove
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Figure 2.7. Testing the effect of geometry, random catalog size on the resulting
correlation function for NGC 628¢c. Plot A (top left): Class 1 objects are shown in red,
Class 2 are shown in green, Class 3 are shown in blue, and Class 0 are shown in orange.
The numbers in parentheses show the number of clusters in each classification. The
solid black line in the bottom right represents the spatial scale of 1 kpc at the distance
of the galaxy. The two solid black lines denote the ACS chip gap and the magenta
lines show the regions where we removed objects from the random catalog in order to
simulate masking of dust lanes. Plot B (top right): Two-point correlation function
1 4+ w(#) when data are removed to simulate dust lanes. Removing an increasing
amount of data does negligibly decrease the value of w(f) at small radii. Plot C
(bottom left): Two-point correlation function 1 + w(#) where we mask regions from
the random catalog that corresponds to either 10 or 20% of the total area covered
by the data. Shown is the correlation result from averaging the output from 10
realizations, each with random regions excluded from the galaxy. Plot D (bottom
right): Two-point correlation function 1 4+ w(f) where we alter the coverage of the
random catalog area to be 10% and 20% larger than the real data. In both cases,
the number of sources in the random catalog is scaled accordingly to account for the
increase in area coverage in order to maintain a constant surface density. When the
random catalog is larger than the area covered by the data, the correlation strength
is artificially increased.
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the region from the random field. We perform this test 10 times, moving the region of
missing data around the galaxy, and take the average resulting correlation function,
shown in Figure 2.7c. For areas that are outside of the dust lanes (i.e., we are
not selecting regions where the clusters are particularly under sampled), we observe
a slight decrease in the clustering at small spatial scales and a transition toward
increased clustering at larger spatial scales. As we are removing regions that are
populated more than the dust lane regions, this can be best understood as an extreme
example of removing data in regions that are not under sampled. The increase of
clustering strength at the largest spatial scales is similar to what is observed when
we artificially increase the random catalog size. These differences are not particularly
significant from the statistical point of view.

We finally test the case of a random catalog with area that is 10% or 20% larger
than that of the actual data (Figure 2.7d). For this test, we normalize the number of
objects within the random catalog with the size of the random field geometry so that
each field has the same surface density of random sources. In this case, we observe an
increase in the strength of the clustering (higher values for the two-point correlation
function). Likewise, a random catalog that has a smaller area than the coverage of
the real data will result in a decrease in clustering across all scales. The effect of
matching area and shape becomes especially important for galaxies that do not span
the entire width of the chip and have to be described with ellipses for a subset of the
chip coverage. While not applicable to NGC 628, it does affect other LEGUS galaxies

in the survey.

2.6 Results and Analysis
2.6.1 Quantifying the Correlation Strength
The projected angular two-point correlation function (Eq. 2.1) is usually well

described with a power-law,
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w(h) = A0°, (2.3)

where the slope a measures the strength of the clustering and the amplitude A mea-
sures the correlation length of the clustering; we use both to determine if the clustering
is consistent with being scale-free. In a fully hierarchical model, the clusters will be
correlated with other clusters from other groupings on larger scales, together forming
a group higher up in the hierarchy of star formation. This would result in a smooth
decline of 1 + w(f) in both radius and age. Figure 2.8 shows the two-point corre-
lation function after combining both pointings in NGC 628. Figure 2.8 also shows
each cluster class in a separate panel, and fit each correlation function with a broken
power law (except for Class 0 and 1 which are better fit with a single power law). We
compute the fit and determine the slopes using the Levenberg-Marquardt non-linear

least square minimization fit, where the functional form is given as,

log[1 + w(0)] — Aq + aq log(0) :log(f) < B (2.4)
Ay + (o — ) B + azlog(0) :1og(d) > B,

and where the breakpoint 3 is the logarithm of the position of the separation break
along the x-axis (spatial scale), A; and A, are the clustering amplitudes before and
after the break, and a; and ay are the slopes to the power law before and after the
breakpoint, respectively. Slopes, amplitudes, and break-points are free parameters in
the fit. The fitted parameter results for NGC 628 are listed in Table 2.1.

For a hierarchical (scale-free or self-similar) distribution, the total number of clus-
ters N within an aperture increase with radius r as N o< 7272, where « is related to
the (two-dimensional or projected) correlation fractal dimension D2 = o + 2 (e.g.,
see Falgarone et al., 1991). The distribution of star formation and interstellar gas
over a large range of environments is observed to show a (three-dimensional) fractal
dimension of D3 ~ 2.3 (e.g., Elmegreen & Efremov, 1996; Elmegreen & Elmegreen,

2001), in agreement with the predicted fractal dimension for the density structure of
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a turbulent ISM (Federrath et al., 2009). Projection of this three-dimensional fractal
on a plane will result in a two-dimensional fractal dimension D2 = D3 — 1 if the
perimeter—area dimension of a projected 3D structure is the same as the perimeter—
area dimension of a slice of the structure (Elmegreen & Scalo, 2004). The two-point
correlation function results are qualitatively identical to a power spectra analysis.
However, as shown in simulations by Gouliermis et al. (2014), the D2/D3 conversion
is not trivial.

As can be seen in the power law fits to NGC 628 in Figure 2.8, the power law
index recovered ranges from o = —0.14 to —1.51, covering spatial scales from 5 pc to
nearly 5 kpc. If we take the weighted mean of the measured indices before the break
point at 3”7.3, we recover an average slope of a ~ —0.8, in agreement with what is
expected from a hierarchical distribution of gas. After the break point, we observe a
dramatic decrease in the fractal distribution, informing us that the spatial distribution
of the clusters (excluding Class 1 and 0 sources) is systematically less clustered at
larger spatial length-scales. Results of a study of the hierarchical structure of star
formation within a subset of 12 LEGUS galaxies by Elmegreen et al. (2014), suggests
that hierarchically structured star-forming regions are common unit structures, which
can be several hundred parsecs, but also that observed self-similarity of young stellar
structures down to parsec scales is indicative that individual star clusters form stellar
groupings on larger scales.

Given the 2.7 FOV of WFC3/UVIS, the largest physical size that can be probed
for a single pointing in NGC 628, is 7.8 kpc. A pixel scale corresponds to a physical
size of 1.90 pc at the distance of 9.9 Mpc, with a typical star cluster around 5-10 pc in
diameter. Each of the classes is best-fit with a broken power law at 3”.3, corresponding
to a spatial scale length of 158 pc at a distance of 9.9 Mpc, except for Class 1
clusters, best-fit with a single power law. The break in the power law corresponds

to the observed line-of-sight thickness of the galactic disk (see Section 2.6.1.2 and
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Figure 2.8. Two-point correlation function 1 + w(f) for the clusters of NGC 628
a separated into the individual classes. The fitted broken power laws, given as a;
and as along with uncertainties to the power law slope, are listed in each panel. The
bottom left shows all the Class 0 sources (yellow) and only those limited to CI > 1.6
(black). We also report the power law fit to the correlation function for Class 1, 2,
and 3 clusters (bottom panel, middle) and all of the clusters with CI > 1.6 (bottom

right plot).
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Table 2.1. Two-Point Correlation Function Power Law Parameters of NGC 628

Class Number Aq aq 8 Ay oo
(arcsec)
Class 1 420 2.24(3) —0.14(3) .
Class 2 432 531(3) —0.82(10) 33  276(2) —0.17(2)
Class 3 412 817(7)  —151(13) 1.2 34(2)  —0.37(5)
Class 0 384 3.44(5)  —0.20(2)
Class 0; CI> 1.6 128 48(12) —0.31(5)
Class 1, 2, 3 1264 3.91(19) —0.65(9) 33 2.29(2) —0.18(2)
Class 1,2,3; CI> 1.6 575 3.9(3)  —0.75(5) 3.3 2.26(2) —0.161(14)

Notes. Columns list the (1) Classification of stellar clusters — Class 1: symmetrical
clusters; Class 2: asymmetrical clusters; Class 3: multiple peak clusters; and Class 0:
non-visually identified clusters, (2) Number in each classification, (3) Amplitude A,
of the angular correlation function before the breakpoint, (4) Slope «; of the angular
correlation function after the breakpoint, (5) Location of the break point 5. Cluster
classifications that are best-fit with a single power law do not have a breakpoint, (6)
Amplitude A, of the angular correlation function past the breakpoint, and (7) Slope
ap of the angular correlation function after the breakpoint. Numbers in parentheses
indicate uncertainties in the final digit(s) of listed quantities, when available.

Section 2.7 for discussion). Class 3 clusters exhibit the break below the rest of the
clusters at 1”7.2 in addition to exhibiting a much steeper slope across all scale lengths.
The exact location of the breakpoint naturally depends on the number of bins used
to calculate the correlation function (See Section 2.4). Past the 37.3 break, all the
classes show a correlation function with a power law index of av ~ —0.2, indicating
that any occurring clustering has considerably weakened by this length scale, lasting
until a few kpc. The clustering observed increases below this breakpoint, albeit
to varying degrees between the cluster classifications. These results indicate that
star formation is clumpy and the stellar clusters form highly clustered distributions
for spatial separations of r less than the break point. For spatial scales above the
breakpoint, the clustering observed becomes more homogeneous and less clustered.
In order to address how clusters behave versus associations, we compare Class

142 (bound) clusters to just Class 3 clusters in Figure 2.9. We believe that Class
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Figure 2.9. Two-point correlation function 14 w(#) for the bound cluster classifica-
tions compared to the global behavior in NGC 628. Class 1 and 2 (bound) are shown
in magenta and compared against the combination of all the Class 1, 2, and 3 (black)
clusters.

1 and 2 are gravitationally bound clusters in different states of relaxation whereas
Class 3 (multiple peak) clusters quite possibly be unbound associations. We see that
the clustering behavior of the Class 142 is different than what is observed for just the
Class 3 clusters alone. These results indicate that bound clusters (class 1 and 2) have
a correlation behavior that is weaker, corresponding to a different spatial distribution
when compared to what we observe for Class 3 and the compilation of Class 1, 2, and
3 clusters combined. This strengthens our results that as (bound) clusters relax, they

become less clustered and behave differently than what is observed for associations.
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2.6.1.1 Break in the Power Law

Excluding Class 0 and 1 sources, distributions are described with a broken power
law with the break point occurring at 158 pc averaged between all the genuine clusters
(class 1, 2, and 3), though Class 3 clusters lose their self-correlation at much shorter
scale lengths — 58 pc. In fact, we may expect a smaller characteristic scale for the
younger clusters and a larger one for older clusters, if clusters and stars represent the
same hierarchy (Efremov, 1995). Class 1 clusters are the least self-correlated of all the
cluster morphologies with a nearly flat exponent, implying that the distribution of
these clusters is nearly uniform across all scales. The flattening of the exponent found
after the break point for classes 2 and 3 is comparable to the uniform distribution
of Class 1, implying the loss of self-correlation distribution for these types of clusters
after the break point at the larger scale. For the cumulative correlation function of
class 1, 2, and 3, we still see strong self-correlation with a break point below 158 pc,
suggesting that the Class 2 and 3 clusters are dominating the small-scale correlation.

A similar break in power spectra within other galaxies has been observed and
interpreted as due to the line of sight thickness of galactic disks (Lazarian & Pogosyan,
2000; Elmegreen et al., 2001; Odekon, 2008; Block et al., 2010) when the line-of-sight
depth is smaller than the transverse size. A study of the brightest stars in the LMC,
M 31, and M 33 by Odekon (2008) identified a transition in the correlation function
to a higher correlation dimension (weaker clustering), with the transition marking
the large-scale regime where disk geometry and dynamics set the scale for structure.
This transition from the small-scale three-dimensional turbulence to large-scale two-
dimensional disturbances in the disk, observable with a transition to a more shallow
power law at the transition, has been detected for the HI gas in the LMC with a
transition occurring at 180 pc by Padoan et al. (2001); Elmegreen et al. (2001) and
290 pc by Kim & Park (2007). We may very well be seeing the analogous transition

within our young stellar populations.
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2.6.1.2 Dependency of Results on Bin Numbers

The choice of annuli width used to calculate the correlation function in Eq. 2.1
will naturally influence the results and the exact location of the breakpoint of the
correlation behavior. In order to ensure adequate sampling of clusters in each bin
across the scale length that we are investigating, our bin numbers were selected such
that the smallest angular bin contained a minimum of two clusters, as the smallest
separation size is where our data are the sparsest. Figure 2.10 shows how changing the
bin size from five bins to 20 bins moves the location of the breakpoint, averaged over
Class 1, 2, and 3 clusters, between 2 to 14 arseconds (96 pc to 672 pc, respectively).
Decreasing the bin numbers aids to smooth out occurring variations at both small and
large angular separation. We can see that the break point only starts to disappear
at the coarsest sampling of 5 bins, highlighting that galaxies with a large number of
clusters available are needed to provide statistically sound results. In order to see the

breakpoint at the disk thickness, we need to be able to resolve the equivalent scale.

2.6.2 Age and Concentration Index

The correlation function of Class 0 objects tends to be very shallow, confirming
that Class 0 objects contain a compilation of every possible object available. In order
to attempt to identify only the star clusters within Class 0 objects, we take very
conservative cuts in CI and then further divide into age bins. The youngest objects
that are genuine star clusters should exhibit an increase the strength of the power-law
in the correlation function. We see this in the correlation function for Class 3 clusters,
which on average are younger and more clustered compared to Class 1 clusters. In
order to test if the correlation does change with cluster age, we divide our clusters
by age, starting at 10 Myr, and recompute the correlation function. Figure 2.11
shows the correlation function for all cluster classifications as well as only the clusters

within each classification that are younger than 40 Myr, which is the age where we
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Figure 2.10. Correlation function computed using different widths of annuli. We
vary the spatial scale from 5 to 20 bins to inspect the impact of the size of annuli on
the breakpoint. The star symbols show the location of the breakpoint for each result.
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see the most noticeable transition from clustered to non-clustered. Excluding Class
0 and 1 clusters, the correlation function does increase when we only consider the
youngest clusters in each class. Separating the broadest sources (CI > 1.6 mag) for
the combination of the Class 1, 2, and 3 sources from their narrower counterparts (far
right, bottom panel of Figure 2.11) only marginally increases the clustering strength.
The shallowness of the slope for the Class 1 sources is not entirely surprising as these
are the oldest and most massive clusters in the galaxy, where we possibly are viewing a
subset of clusters that have dispersed and have lost their clustered, non-homogeneous
distribution. Class 3 sources, which are on average the youngest in the galaxy, are
systematically the most clustered class observed.

As can be seen in our analysis, at 20 My we see a transition at which the clustering
structure disappears and the clusters display a more homogeneous, non-clustered
distribution, in place by ages of 40 Myr. However, the clustering strength of Class 3
clusters are only minimally effected with an increase in age. All star clusters regardless
of their classification tend to be randomly distributed above this age, where random
motions and shear effects can explain the observed data trends. The flatness of the
correlation function of the age distribution for Class 1 clusters as compared to Class
3 clusters can be evidence of cluster dissolution as we see a dramatic decrease in the
total strength of the clustering with increasing age.

We also show the Class 0 sources in Figure 2.11 divided into concentration index
bins above and below CI of 1.6 mag, where the broader sources (CI > 1.6 mag) do
show evidence of increased clustering. We do not show the Class 0 sources for ages
older than 40 Myr as there is a dearth of available data. When we combine the
youngest and broadest sources, limiting our selection to our very conservative cut of
CI > 1.6 mag and divided into extremely young (< 10 Myr) and young (< 40 Myr)

age bins, we do not see a difference in the strength of the clustering. However, out of
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Figure 2.11. Two-point correlation function 1+w(f) in NGC 628 divided by cluster
types and by cluster age. The strength of clustering increases when we only consider
the youngest clusters within each classification. For Class 0 sources, we also show
how the CI (compact vs broad) values influence the clustering, where the broad Class
0 sources (CI > 1.6 mag) appear to have a slight increase in the clustering strength.
Diving the genuine clusters (i.e., Class 1, 2, and 3) by CI value does not change the
amount of clustering.
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Figure 2.12. Correlation function for Class 0 sources, divided into bins by their CI
value. We classify compact clusters as those with a CI mag less than 1.6 and broad
clusters as those with a CI> 1.6 (top). The compact clusters show less evidence
of clustering with increasing spatial scale for where we have data, which is to be
expected if the broadest objects are clusters. Bottom: The two-point correlation
function 1 + w(f) for Class 0 clusters that are above a CI cutoff of 1.6, divided into
bins of ages below 10 and 40 Myr. While genuine clusters should be identified as
the younger clusters of the broader CI objects, showing more evidence of clustering
at smaller spatial scales, the lack of older clusters in the CI > 1.6 bin makes the
correlation function nearly identical between all the ages.

all the CI > 1.6 mag sources (128), 98% have ages of < 40 Myr, which indicates that
sources with high values of Cls are sources with younger ages.

As we saw in the power law fits of Section 2.6.1, Class 0 sources are described
with a fairly shallow power law of index av = —0.20, which is not as steep as expected
if the objects are part of a larger hierarchical distribution. However, the clustering
does increase when we limit our selection to class 0 clusters with CI > 1.6, as can be
seen in Figure 2.12. If we repeat the power law fits to the CI > 1.6 clusters, we find
the power law index increases to a = —0.31, up from o = —0.20. This is still not as
steep as the slope observed for Class 2 or 3 clusters, however, it compares to slopes
measured by other star cluster studies in the range of —0.4 to — 0.8 (Scheepmaker
et al., 2009) and —0.7 to — 1 (Zhang et al., 2001).

The age where we start to see a decrease in the clustering of stellar clusters,

40 Myr, is significantly younger than the age at which the clustering structure of
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Figure 2.13. Two-point correlation function 1+w(f) for all the cluster classifications
in NGC 628 divided into mass bins. Clusters with masses below log(M /M) = 3.6
are shown in the dashed line and above are represented by the dotted line. For the
Class 0 sources, the sources with CI > 1.6 mag are shown in orange, where we see a
large increase in the clustering for the massive sources.

stars starts to dissipate (300 Myr, for eg., Bastian et al., 2011b). The difference in
age can be explained if clusters lose their substructure through a combination of both
dissolution and the migration. While stars maintain their individuality over their
lifetime, clusters can dissolve or evaporate over a much shorter timescale, implying

that a cluster may lose its identity while the stars that compose it do not.

2.6.3 Mass
We investigate the role that the mass of stellar clusters play in the hierarchy,

formation, and dispersion of stellar structures.
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Figure 2.13 shows how the clustering changes when we divide the clusters in the
sample into bins of high and low mass, where we choose the value of log(M /M) = 3.6
to have adequate numbers of clusters sampling each bin across all cluster classifica-
tions. For Classes 1 and 2, we notice slightly stronger correlations for the lower mass
clusters, where the correlation strength starts to increase for the lower mass clusters
at the smallest spatial scales. The strength of the clustering for different masses is not
significantly different for Class 3 clusters. Combining all the genuine clusters (bottom
middle and right panels in Figure 2.13) accentuates the increased clustering strength
for lower mass clusters. We do recognize that clusters with log < 3.6 M, may be
biased by stochastic IMF sampling, resulting in unreliable mass measurements at the
low-mass end. This makes it difficult to draw specific conclusions on how the mass
affects clustering and is further compounded by the fact that we lack clusters popu-
lating the lowest spatial scales on the correlation function. For the Class 0 sources
that are limited to CI > 1.6, a large increase in clustering is observed for the large
mass bin of log(M /M) > 3.6. If we consider all the class 0 sources regardless of CI
value, this same jump is not seen and there is no significant difference between the
low and high-mass sources. This increase in clustering for the more massive clusters

is not seen for any of the other cluster types within NGC 628.

2.7 Discussion

The hierarchical morphology in stellar ensembles has been investigated by Elmegreen
et al. (2014) with 12 LEGUS galaxies, including NGC 628. The power laws of star
forming regions suggest that hierarchically structured regions are represented with
a common unit length of a few hundred parsecs. The observed power law of hier-
archical structure of star forming complexes observed in galaxies is consistent with
the model that star formation is regulated by turbulence where gas compression form

successively smaller clouds within larger clouds (see Vézquez-Semadeni et al., 2009;
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Elmegreen, 2010; Kritsuk et al., 2013; Elmegreen et al., 2014). The hierarchical na-
ture of star formation will likewise drive the observed hierarchy of young stars, and
therefore, the distributions of young stellar clusters. The same processes will likely
form a secondary correlation for age, making larger regions older in proportion to the
turbulent crossing time (Efremov & Elmegreen, 1998). These results indicate that the
young stellar clusters that we observe should also be imprinted with the hierarchical
structure of the natal cloud structure from which they are born. The influence of
the self-similar nature of star formation is demonstrated on the distributions of re-
solved massive young stars on galactic scales and the power laws in their parameters
correlations, as shown for NGC 6822 (Gouliermis et al., 2010) as well as with the
much deeper LEGUS data for NGC 6503 (Gouliermis et al., 2015b). Our results are
consistent with the study of the luminosity function of the young stellar populations
in NGC 628 by Adamo et al. (2017), found to be well-described by a power law dis-
tribution with index close to —2, suggesting that clusters form in a turbulence-driven
fractal ISM.

Excluding Class 0 and 1 sources, our correlation functions for NGC 628 are best
described with two power laws connected at a break point corresponding to 158 pc,
though this break is much shorter for Class 3 clusters. The thickness of the galactic
disk of NGC 628 is around 0.25 kpc (Peng, 1988; Ma et al., 1998), a factor of two
different from our measured break point in the power spectrum. Previous results of
power spectra in galactic observations have shown that breaks in the power law are
related to the line-of-sight thickness of galactic disks. Observations of the LMC disk
with IR emission by Block et al. (2010) show a two component power spectrum with
a break at 100-200 pc, occurring at a depth that is comparable to the disk line-of-
sight thickness. The same break in the power spectra for the LMC at 100 pc is also
seen with HI observations (Elmegreen et al., 2001), interpreted as the line-of-sight

thickness. If the line-of-sight thickness is responsible for the observed break in power
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spectra, dwarf galaxies could lack the break as the line-of-sight depth is comparable
to the transverse length (Westerlund, 1997; Roychowdhury et al., 2010). Increasing
the scale height results in an increase of chance alignment along the line of sight,
serving to decrease both the clustering scale length and magnitude of clustering.

Interestingly enough, the youngest population (< 10 Myr) of star clusters observed
by Scheepmaker et al. (2009) were observed to have the shallowest slope (o = —0.4),
where their oldest star clusters (30 < Age(Myr) < 400) have the steepest slope of
a = —0.8. Our youngest clusters on average (Class 3) display the most prominent
clustering behavior whereas the oldest clusters on average (Class 1) systematically
show minimal clustering with a very shallow slope. Despite being fairly flat, the
clustering results of our young clusters within Class 0 which have not been visually
classified and could still include non-clusters, appear to be consistent with other
observations, even if they fall short of the measured slopes of & ~ —0.8 by Zhang
et al. (2001). While these early results seem to suggest that the correlation function
of young clusters may be similar between different galaxies (i.e., it hints toward a
universal fractal dimension of hierarchical star formation), more studies of different
galaxies are necessary to determine the validity of this statement.

As shown in Figure 2.11, the strength of the clustering decreases with both in-
creasing spatial scale and increasing age, excluding our multiple peak clusters (Class
3), though the increase in the clustering is only marginal for the symmetric clusters
(Class 1). At ages younger than 20 Myr, we see a transition from the stellar clusters
displaying a highly clustered distribution toward a flat, non-clustered distribution for
ages greater than 40 Myr. This is consistent with star clusters born within a highly
clustered structures and the clustering dissipating in a little as a few Myr after the
formation from random motions of the clusters and shear effects.

We see a slight increase in clustering with decreasing mass (Figure 2.13), predom-

inately only affecting the smallest spatial scales. This is not an expected result as in
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a hierarchy/turbulence model universe, everything is self similar so there should be
no mass dependency on the clustering results. We know that there is an age effect
on the clustering correlation and to understand if there is a bias present that makes
our selection of low-mass clusters younger; Figure 2.14 shows clusters younger than
40 Myr divided into high and low mass bins. When only considering our youngest
clusters, the dependency of the mass of a cluster on the clustering strength disappears
and we can see that the correlation is nearly identical for clusters above and below
our mass bin of 3900 M. Thus the mass dependence seen in Figure 2.13 is probably
an age effect (i.e., low mass clusters tend to be younger and more correlated than
high mass clusters). We lack number statistics in NGC 628 to be able to investigate
how mass influences the clustering behavior for clusters older than 40 Myr and we
defer it to future studies.

We see that the opposite behavior occurs for the broadest Class 0 candidate cluster
sources as there is a steep rise in the clustering for massive clusters (Figure 2.13 and
Figure 2.14). However, as we are dealing with small number statistics (there are
only two objects within the first two bins of the CI > 1.6 and mass > 3900 Mg
bin) the clustering strength increase is accompanied with large error bars, making
any conclusion unreliable at best. With greater cluster numbers, we will be able to
statistically investigate if the properties of the star clusters change as a function of

environment and if this is reflected in a change of the observed clustering properties.

2.8 Summary and Conclusion

In this paper, we present a technique to investigate the spatial clustering of the
young stellar clusters in the LEGUS galaxy NGC 628 with UV and optical data taken
with WFC3/UVIS from HST. The inclusion of NUV observations within this study

provides reliable measurements of both the age and masses of the clusters, giving us
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an unprecedented, high-angular resolution view of the clustering in a way that has
not been possible before.

Through visual inspection, we have identified 1264 stellar clusters within the
galaxy that have an absolute V-band magnitude brighter than —6, CI > 1.4, and
detection in at least four filters. For the fainter (V-band magnitude fainter than —6)
clusters that did not undergo visual inspection (a total of 384 objects) that still have
detection in at least four filters, we take cuts in both concentration index and age to
separate out possible cluster candidates from spurious, non-cluster candidates. Us-
ing this method, we identify 128 possible clusters of out a total of 384 faint sources,
increasing the number of possible stellar clusters available for analysis to 1392.

We implement the two-point correlation function to describe and study the amount
of clustering occurring within all our cluster candidates. We find that the clusters
of NGC 628 have correlation functions that can be well described with a power law
slope consistent with what is expected if the clustering is part of a hierarchy and that
the observed clustering strength increases within younger clusters. Our results reveal
the internal hierarchical morphology present in the spatial distribution of the stellar
clusters. We find that the general observed hierarchy of the young stellar clusters
decreases monotonically across the dynamical range of the galactic disk from 7 —
10 kpc.

Our clusters with centrally concentrated light profiles have the highest average
mass and oldest ages and show the flattest power law slope of o ~ —0.14 across all
spatial scales. Our multiple peaked clusters have the steepest slope of a ~ —1.51
and correspond to the clusters with the lowest average masses and youngest ages in
the galaxy. The asymmetrical clusters display a slope of a ~ —0.82. The weighted
average of the measured power law slope for the combination of all the genuine clusters
is @ ~ —0.8. These results from the correlation function reveal that our cluster

population is part of a self-similar distribution with an average two-dimensional fractal
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distribution D2 = 1.2. This fractal distribution is consistent with the hierarchical
morphology of star forming structures formed from fractal gas that has undergone
turbulent fragmentation.

Both the asymmetrical and multiple peaked sources show a break in their power
law, at 3”.3 and 1”.2 respectively, corresponding to a spatial scale length of 158 pc and
58 pc; the average slope at length-scales beyond the breakpoint is aw ~ —0.24. These
results suggest that the stellar clusters do form in clustered structures at the small
spatial scales, while the clustering is erased and the spatial distribution is observed to
be more homogeneous at larger spatial scales beyond the break at 37.3. Conversely,
the symmetrical clusters have a single shallow slope of o ~ —0.14, indicating nearly
uniform distribution across all scales. The measured slope for the faint non-visually
classified sources have a power law slope of a ~ —0.20; when we exclude sources with
measured CI values less than 1.6, the slope steepens to a ~ —0.31, which is still below
what we find for the average of the genuine clusters in the survey. The asymmetrical
and multiple peak clusters dominate the observed clustering structure.

In addition to the clustering strength decreasing with increasing spatial scale, we
also find that the clustering strength decreases with increasing age, consistent with
the fractal distribution being erased as the clusters age. We find a dramatic decrease
in the clustering at a timescale of 40 Myr. We find that dividing up clusters by
mass has a minor influence on the clustering behavior, however, the low-mass bin
(< 4000 My,) is subject to stochastic IMF effects and as such, these masses are highly
uncertain. The mass dependency on the clustering behavior vanishes when we only
consider the young clusters below 40 Myr.

Future investigations of a larger sample of LEGUS galaxies will provide a better
understanding of whether there is a common correlation length observed in the stellar
clusters across galaxies and if the clustering depends on the ambient galactic envi-

ronment. The clustering nature of the young stellar clusters will not only provide a
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window to investigate whether or not star formation occurs in hierarchical patterns in
both space and time, it will also inform us on the clustering properties of stars at the
time of their formation, providing important information on the nature of the star
formation process itself. If stars and clusters map the same type of hierarchy, this
would allow the use of observations on the clustering distribution of stellar clusters to
trace and study star formation, providing a way to understand the cluster formation

efficiency in relation to the star formation efficiency.
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CHAPTER 3

THE HIERARCHICAL DISTRIBUTION OF THE YOUNG
STELLAR CLUSTERS IN SIX LOCAL STAR FORMING
GALAXIES

This chapter! focuses on expanding the results as laid out in Chapter 2 to a sample
of six galaxies. This will enable us to find a dependence of the clustering of the young

star clusters on galaxy environment.

3.1 Abstract

We present a study of the hierarchical clustering of the young stellar clusters in
six local (3-15 Mpc) star-forming galaxies using Hubble Space Telescope broadband
WFC3/UVIS UV and optical images from the Treasury Program LEGUS (Legacy
ExtraGalactic UV Survey). We identified 3685 likely clusters and associations, each
visually classified by their morphology, and we use the angular two-point correlation
function to study the clustering of these stellar systems. We find that the spatial
distribution of the young clusters and associations are clustered with respect to each
other, forming large, unbound hierarchical star-forming complexes that are in gen-
eral very young. The strength of the clustering decreases with increasing age of the
star clusters and stellar associations, becoming more homogeneously distributed after
~40-60 Myr and on scales larger than a few hundred parsecs. In all galaxies, the as-

sociations exhibit a global behavior that is distinct and more strongly correlated from

!These results are based on research published by Grasha et al. (2017a), and is reproduced by
permission of the AAS.
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compact clusters. Thus, populations of clusters are more evolved than associations in
terms of their spatial distribution, traveling significantly from their birth site within
a few tens of Myr, whereas associations show evidence of disruption occurring very
quickly after their formation. The clustering of the stellar systems resembles that of a
turbulent interstellar medium that drives the star formation process, correlating the
components in unbound star-forming complexes in a hierarchical manner, dispersing
shortly after formation, suggestive of a single, continuous mode of star formation

across all galaxies.

3.2 Introduction

Star clusters are gravitationally bound stellar structures, with radii between 0.5
to several parsecs and masses between 10° and 10" M, (Portegies Zwart et al., 2010).
Because most, if not all, stars form in some type of stellar aggregate (Lada & Lada,
2003), stellar clusters are a direct product of the star formation process within galax-
ies. Compounded by the fact that young stellar clusters are intrinsically brighter
than single stars, star clusters become important tracers of the recent star formation
history in galaxies beyond which individual stars cannot be detected.

Within the hierarchical model, star formation occurs within structures that have
smoothly varying densities and sizes that range from pc to kpc scales, with denser
regions nested within larger, less dense areas (e.g., Elmegreen et al., 2006; Bastian
et al., 2007). Bound star clusters form at these peak densities within the hierar-
chy. Most structures within the hierarchy are themselves gravitationally unbound
and the stellar components are expected to inherit their clustered substructure from
the molecular clouds from which they are born (Scalo, 1985). Recent analyses of 12
local galaxies (Elmegreen et al., 2014) found that the clustering of star formation
remains scale-free, up to the largest scales observable, for both starburst galaxies and

more quiescent star-forming galaxies. This result is consistent within the framework
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where the self-similar structure of the interstellar medium (ISM), regulated by turbu-
lence, is believed to be the primary driver for the hierarchical nature of star formation
(Elmegreen & Efremov, 1996; Elmegreen et al., 2014). Thus, extensive star-forming
regions of several hundred parsecs or larger are expected to represent common struc-
tures, related in both space and time in a hierarchical manner that determines the
structure and morphology of all galaxies.

The evolution and erasure of the unbound hierarchical structures has been the
focus of investigation in recent years, where observations of local galaxies support
an age-dependent clustering of the stellar components (e.g., Pellerin et al., 2007;
Bastian et al., 2009; Scheepmaker et al., 2009; Gieles et al., 2011; Pellerin et al., 2012;
Baumgardt et al., 2013; Gouliermis et al., 2014, 2015b; Grasha et al., 2015), and the
clustering becomes progressively weaker for older populations. Hierarchical clustering
is expected to dissipate with age (Elmegreen et al., 2006; Elmegreen, 2010) as the
densest regions with the shortest mixing timescales lose their substructures first,
whereas the larger, unbound regions will lose their substructure over longer periods
of time owing to tidal forces and random velocities (Bate et al., 1998), dispersing
over time to form the field population. Characterizing the clustered nature of star
formation provides insight into how star formation is organized across a galaxy, by
correlating local environmental conditions at sub-galactic scales — such as feedback
and turbulence — to the global properties — such as dynamics and morphology — of
entire galaxies and constrain the migration timescale for which stars and clusters
abandon their natal structure. This will in-turn provide a vital connection between
the inherently different processes of clustered star formation seen within local galaxies
and the large kpc-scale star-forming structures that appear to be common at high-
redshift (Immeli et al., 2004; Elmegreen et al., 2009; Forster Schreiber et al., 2011;

Guo et al., 2012).
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In this paper, we study the young stellar cluster populations of six galaxies as part
of the Legacy ExtraGalactic UV Survey? (LEGUS; Calzetti et al., 2015), a Cycle 21
Hubble Space Telescope (HST) program with images of 50 nearby (~3.5-15 Mpc)
galaxies in five UV and optical bands (NUV,U,B,V,I) with the UV/Visible (UVIS)
channel on the Wide Field Camera 3 (WFC3) and re-using archival ACS images when
appropriate. The aim of LEGUS is to investigate the relation between star formation
and its galactic environment in nearby galaxies, over scales ranging from individual
star systems to kpc-sized structures. These data will help to establish a more accurate
picture of galaxy formation and the physical underpinning of the gas-star formation
relation. The relatively nearby location of these galaxies provides us with the high-
angular resolution needed to acquire large numbers of star clusters to perform statisti-
cally accurate tests for changes in clustering strength across a representative range of
galactic environments. Investigations of a few galaxies from the LEGUS project have
already observationally demonstrated the relatively young (~40-60 Myr) dispersal
timescales of star-forming structures (Gouliermis et al., 2015b; Grasha et al., 2015).

This work builds on our previous paper (Grasha et al., 2015) on a study of the
nearby star-forming galaxy NGC 628 using the two-point correlation function as a
tool to quantify the clustering properties of the young stellar clusters, finding that the
youngest clusters are spatially clustered within unbound, star-forming complexes that
disperse with time. In this work, we expand our sample to investigate the clustering
distribution of the stellar clusters within a larger sample of galaxies and a wider range
of galactic environments. We will use the correlation function to identify common
age structures, the extent that the distribution of clusters is hierarchical, on which

timescale it disperses, and the dependencies of global properties (galaxy type) has on

Zhttps:/ /legus.stsci.edu/
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the clustering results, if any. This will in turn inform on the nature of local, resolved
star formation.

The galaxy selection is described in Section 3.3 and the cluster identification
process is described in Section 3.4. The methodology of two-point correlation function
is introduced in Section 3.5. In Section 3.6, we describe the results and analysis and
how we use the correlation function to draw conclusions about the properties of our
star clusters. We discuss our results concerning hierarchy of the stellar clusters in

Section 3.7. Finally, we summarize the findings of this study in Section 3.8.

3.3 Sample Selection

In this paper, we select six local (<13 Mpc) galaxies, ranging from dwarf to
grand design spirals, with visually identified stellar cluster catalogs available (see
Section 3.4), from the LEGUS survey. The galaxies and their general properties are
listed in Table 3.1 and shown in Figure 3.1 along with the clusters. All galaxies were
observed in five broad band filters: NUV, U, B, V, and [; the list of filters used can
be found in Calzetti et al. (2015). Both NGC 628 and NGC 7793 have two pointings,

combined into a single mosaic for analysis; the remaining galaxies have one pointing.

3.3.1 NGC 7793

NGC 7793 is a spiral galaxy in the Sculptor group at a distance of 3.44 Mpc
classified as morphological type SAd. With an angular size of 9’.3 x 6’.3, both a west
and east pointing were observed to cover a significant portion of the galaxy. A study
of the resolved stars has found that the radial profile exhibits a break at 5.1 kpc;
beyond the disk break, the younger populations exhibit a steeper profile, indicative

of high levels of stellar radial migration (Radburn-Smith et al., 2012).
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Figure 3.1. V-band images of six LEGUS galaxies overlaid with the positions of star
cluster and association candidates. The cluster color corresponds to the morphological
classification as described in Section 3.4. The numbers in parenthesis represent the
total number of clusters within the classification. The solid black line in the bottom
right of each figure represents the spatial scale of 1 kpc at the distance of that galaxy:.
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Table 3.1. Properties of Six LEGUS Galaxies Sample

Name Morph. T Inclin. Dist. SFR(UV) M. 3XSFR Ras Scale Clcut
(deg) (Mpe)  (59) Mo) (52 (@rem)  (pe/) (mag)
NGC 7793 SAd 7.4(0.6) 47.4 3.44 0.52 3.2x10° 0.00907 4.67 16.678  1.3(e)/1.4(w)
NGC 3738 Im 9.8(0.7) 40.5 4.90 0.07 2.4x10% 0.01187 1.26 23.756 1.4
NGC 6503 SAcd 5.8(0.5) 70.2 5.27 0.32 1.9%10° 0.00620 3.54 25.550 1.25
NGC 3344  SABbc  4.0(0.3) 23.7 7.0 0.86 5.0x10° 0.00558 3.54 33.937 1.35
NGC 628 SAc 5.2(0.5) 25.2 9.9 3.67 1.1x10%° 0.00444 5.23 47.956  1.4(c)/1.3(e)
NGC 1566 ~ SABbc  4.0(0.2) 37.3 13.2 5.67 2.7x10%° 0.01285 4.16 64.995 1.35

Notes. Columns list the (1) galaxy name (ordered in increasing distance); (2) mor-
phological type as listed in NED, the NASA Extragalactic Database; (3) RC3 morpho-
logical T—type as listed in Hyperleda (http://leda.univ-lyonl.fr); (4) inclination, in
degrees; (5) redshift-independent distance in Mpc, (6) star formation rate (Mg yr—'),
calculated from the GALEX far-UV, corrected for dust attenuation as described in
Lee et al. (2009); (7) stellar masses (M) obtained from the extinction-corrected B-
band luminosity and color information as described in Bothwell et al. (2009); (8) star
formation rate surface density Ygpr; (9) optical radius of the galaxy Rgs from de
Vaucouleurs et al. (1991) in arcmin; (10) scale in pc arcsec™'; and (11) concentration
index (CI) cutoff between stars and star clusters (see Section 3.4). Both NGC 7793
and NGC 628 were observed with two pointings and the different CI cutoff for each
pointing [central (c), east (e), or west (w)] is given.
3.3.2 NGC 3738

NGC 3738 is an irregular dwarf galaxy that makes up part of the Messier 81 group,
located at 4.9 Mpc. NGC 3738 is a very small system with an apparent size of 2’.6 x

2.2 and is the only Irregular galaxy in this study.

3.3.3 NGC 6503

NGC 6503 is a ring dwarf spiral galaxy of morphological type SAcd located at a
distance of 5.27 Mpc. The region of intense star formation in the galaxy is sufficiently
compact to be fully covered with a single pointing and is observed to be organized
into a ring (Knapen et al., 2006). Work by Gouliermis et al. (2015b) shows that
younger stars are organized in a hierarchical distribution whereas older stars display

a homogeneous, less clustered distribution with a structure dispersion timescale of

~ 60 Myr.
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3.3.4 NGC 3344

NGC 3344 is an isolated barred spiral galaxy with a morphological classification
of SABbc, located at a distance of 7 Mpc. With apparent dimensions of 7.1 x 6.5,
we have a single pointing of NGC 3344 that covers most of the inner region of the
galaxy. There is a presence of ring-like morphological features at 1 kpc and 7 kpc,

with a small bar present within the inner ring (Verdes-Montenegro et al., 2000).

3.3.5 NGC 628

NGC 628 is a morphological type SAc face-on grand design spiral galaxy located
at a distance of 9.9 Mpc with no apparent bulge. The largest galaxy of the M 74
galaxy group with an angular size of 10’.5 x 9’.5, a central and east pointing were
obtained. The clustering of the young stellar clusters in this galaxy was investigated
in an earlier paper by Grasha et al. (2015), where an age dependency for the clustering
strength was found with a randomization time scale of ~ 40 Myr, after which the

clusters displayed a flatter, more homogenous distribution.

3.3.6 NGC 1566

The most distant galaxy in our sample and the brightest member of the Dorado
group, NGC 1566 is a face-on spiral galaxy with an intermediate-strength bar type
classified as a SABbc. NGC 1566 is shown to host a low-luminosity AGN (Combes
et al., 2014) with a star forming ring at 1.7 kpc (Smajic¢ et al., 2015). We acknowledge
that the distance of NGC 1566 is uncertain in the literature; in this work, we adopt

the value of 13.2 Mpc, as reported in Calzetti et al. (2015).

3.4 Cluster Identification, Selection, and Characterization
A general description of the standard data reduction of the LEGUS datasets is
available in Calzetti et al. (2015). A detailed description of the cluster selection,

identification, photometry and SED fitting for the LEGUS galaxies is presented in
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Adamo et al. (2017). Here we summarize the aspects of that paper that are relevant
for the current analysis.

Stellar clusters within each galaxy are identified first through an automated pro-
cess using SExtractor (Bertin & Arnouts, 1996) from the white-light image produced
with the five standard LEGUS bands (see Calzetti et al. (2015) for the method used
to produce white-light images). The configurations of SExtractor are optimized to
detect a minimum of a 40 source in at least 5 contiguous pixels within a region
30x30 pixels in size. These initial catalogs are visually inspected to see if any obvious
clusters are excluded, improving on the initial SExtractor parameters.

The photometry within each band, for all sources, is corrected for foreground
Galactic extinction (Schlafly & Finkbeiner, 2011). With the exception of NGC 7793,
photometry is performed with a circular aperture of 4 pixels (3.8 to 10 parsecs) in
radius, with the background measured within an annulus of 7 pixels (7-18 parsecs)
in inner radius and 1 pixel in width. NGC 7793 uses an aperture radius of 5 pixels
(3.3 parsec). Each automatic catalog includes sources which satisfy the two follow-
ing conditions: (1) the V band concentration index (CI; difference in magnitudes
measured with an aperture of radius 1 pixel compared to the magnitude within 3
pixels) must be greater than the stellar CI peak value; and (2) the source must be
detected in at least two contiguous filters (the reference V band and either B or I
band) with a photometric error oy < 0.35 mag. The first condition above is intended
to minimize stellar contamination from the automatic generated cluster catalog. The
second condition corresponds to cluster candidate with a signal-to-noise greater than
3; this is imposed to obtain reliable constraints on the derived cluster properties (age,
mass, and extinction). The median errors on the photometry of the star clusters in
NGC 628 are in the range 0.04-0.08 mag.

As stars are unresolved even at the highest HST resolution power, their CI will

vary little and their distribution will be highly peaked around an average value typical
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of a stellar PSF within the same galaxy. Additionally, stellar clusters are partially
resolved and their sizes can vary, therefore, on average, they will have larger CI
values than stellar values. Using CI distributions of the extracted cluster candidates,
we select a CI value that separates cluster candidates from the bulk of the stellar
interlopers within each system. As the resolution power is dependent on both the
HST camera used and the distance of the galaxy, the values used for the CI cutoff
will vary from galaxy to galaxy and for different HST cameras. Table 3.1 lists the
cutoff CI values between stars and clusters for each frame.

The LEGUS automatic cluster catalog is further down-selected based on the avail-
ability of SED fitting and visual classification outcome. In order to secure reliable
measurements from SED fitting, each source is required to have a detection in at least
four of the five photometric bands, necessary to adequately break the age-extinction
degeneracy. The physical properties of each cluster (age, extinction, and mass) are
derived using deterministic stellar population models (Yggdrasil; Zackrisson et al.,
2011) and a x? fitting approach which includes uncertainty estimates (see Adamo
et al., 2010). The uncertainties of the age and mass estimates have errors of ~0.1
dex. To analyze the cluster populations, we use models with solar metallicity for both
stars and gas, an average covering factor of 50%, and a starburst attenuation curve.
The Appendix B details how the adopted attenuation curve affects the derived ages
for the star clusters, however, the adoption of different curves only minimally impacts
the clustering results.

Within each galaxy, we visually inspect the subsample of the automatic cluster
candidates that have an absolute magnitude brighter than —6 mag in the V band
(excluding NGC 1566, where the detection limit is —8 mag). The magnitude limit
is introduced according to the detection limits of the LEGUS sample, which enables
selecting down to ~1000 Mg, 6 Myr old clusters with color excess E(B-V)= 0.25

(Calzetti et al., 2015). The magnitude cut is imposed on the aperture-corrected
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F555W magnitudes for all the LEGUS galaxies, with the exception of NGC 1566,
which we applied an absolute V magnitude of —8, required to reach the same detection
limits compared to the rest of the sample. At the distance of NGC 6503, an absolute
magnitude limit of M, = —6 mag corresponds to a visual apparent magnitude of
22.6 mag. At the distance of NGC 1566, the equivalent visual apparent magnitude
at My = —8 mag is also 22.6 mag.

The visual inspection is performed in order to minimize the contamination within
our final cluster catalogs, necessary to produce robust star cluster catalogs. Each
inspected object from the automatic cluster catalog is assigned one of four classifica-
tions: (1) a symmetric, centrally concentrated cluster, usually displaying a homoge-
neous color; (2) a concentrated cluster with elongated density profiles and less sym-
metric light distribution, usually displaying a homogeneous color; (3) a less-compact,
multiple peaked system that is blue in color, on top of diffuse light; or (4) a spurious
detection such as a foreground /background source, single bright star, bad pixel, or a
source that lies too close to the edge of the chip. Class 4 objects are contaminants
and excluded from the final cluster catalog. Table 3.2 lists the median UV and opti-
cal colors for each cluster class as well as the compactness, measured by the median
CI value, for each galaxy. In general, class 3 associations exhibit bluer colors in all
bands across all galaxies and are marginally more extended compared to class 1 and
2 clusters.

The visual classification of each object is performed by at least three indepen-
dent members of the LEGUS team and the final visually classified cluster catalog is
compiled by comparing all the results from each individual. Figure 3.2 shows the
fractional distribution of cluster types (classes 1, 2, and 3) within each galaxy. The
observed increase in the fraction of class 1 clusters, and, to a minor extent, of both
class 1 and 2 relative to the total, for increasing distance may be an effect of decreasing

spatial resolution at larger galaxy distance as clusters are not fully resolved and our
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Table 3.2. Color and Compactness of Cluster Classes

Class myy —my My —mp my — Mg CI
(mag) (mag) (mag) (mag)

NGC 7793

Class 1 —0.29 —0.64 0.53 1.57(0.18)

Class 2 —0.35 —1.12 0.57 1.57(0.19)

Class 3 —0.46 —1.29 0.28 1.62(0.21)
NGC 3738

Class 1 —0.14 —0.22 0.57 1.72(0.21)

Class 2 —0.52 —0.62 0.47 1.67(0.18)

Class 3 —0.57 —0.86 0.56 1.76(0.11)
NGC 6503

Class 1 —0.36 —0.48 0.67 1.50(0.17)

Class 2 —0.53 —0.67 0.51 1.53(0.17)

Class 3 —0.56 —0.99 0.57 1.56(0.23)
NGC 3344

Class 1 —0.21 —0.58 0.68 1.50(0.12)

Class 2 —0.38 —1.28 0.40 1.51(0.13)

Class 3 —0.50 —1.46 0.13 1.60(0.16)
NGC 628

Class 1 —0.039 —0.38 0.71 1.57(0.14)

Class 2 —0.20 —0.85 0.59 1.57(0.14)

Class 3 —0.30 —1.18 0.52 1.62(0.18)
NGC 1566

Class 1 0.065 —0.38 0.64 1.48(0.11)

Class 2 —0.21 —1.02 0.53 1.50(0.14)

Class 3 —0.29 —1.28 0.42 1.57(0.17)

Notes. Columns list the (1) Classification of stellar clusters; (2) median UV color
Mporsw — Mpszew; (3) median optical color mpssew — mrpazsw; (4) median optical
color mpsssw — mrs1aw; and (5) median concentration index. Numbers in parentheses
indicate uncertainties in the final digit(s) of listed quantities, when available.
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Figure 3.2. Fractional distribution of cluster types within each galaxy. The color
represents the cluster classification and the galaxies are ordered in increasing distance,
listed on the top of each bin.

ability to recover their morphology is dependent on both the distance of the galaxy
and the severity of crowding where the individual clusters are located. However, this
is a small effect, especially when class 1 and 2 sources are considered together and
compared with the frequency of class 3 sources.

The main difference between the classifications is linked to the morphology of the
systems. Classifications 1 and 2 are considered to be compact star clusters candi-
dates, and for brevity, we will refer to these as star clusters throughout this paper
(Adamo et al., 2017). It is very challenging to constrain the dynamical state of young
stellar clusters; we are not able to determine whether or not the star clusters are

actually gravitationally bound. Class 3 objects may constitute a different type of

5



source compared to class 1 and 2 clusters, where their multi-peak and asymmetrical
morphology suggest that they are likely stellar associations, dissolving on short time
scales due to being gravitationally unbound (Gieles & Portegies Zwart, 2011); we
refer to class 3 sources as ‘associations’ throughout this work. Due to the nature in
the difference of the physical properties (see Section 3.4.1 and Section 3.4.2) of class
1 and 2 clusters versus the multi-peak associations, throughout our analysis we quite
often examine the (possibly bound) class 1 and 2 clusters together and compare their
clustering results separately to that of the class 3 associations.

Detailed descriptions of the completeness tests, applied to NGC 628 as a test
source, and how the impact of the assumptions and the selection criteria affect the
LEGUS cluster catalogs can be found in Adamo et al. (2017). In brief, at the distance
of NGC 628 (9.9 Mpc) and a CI cutoff of 1.4 mag for the central pointing, we are
unable to resolve very compact clusters with a size of Reg = 1 pc and smaller. We
are not worried about missing clusters in our analysis as the size distribution of
clusters within NGC 628 peaks at values around 3 pc (Ryon et al., 2017), well above
our completeness limit of 1 pc. The magnitude limits corresponding to 90% recovery
range from 22.6 to 24.3 mag, depending on the band. Additionally, clusters older than
~300 Myr are affected by incompleteness due to evolutionary fading, however, only
the very youngest clusters < 100 Myr have the strongest influence on the clustering
results, and thus, we are not heavily concerned with incompleteness affecting the
results and analysis. We investigate selection effects due to stochastic sampling of
the IMF and the impact on the derived cluster ages in Section 3.5.1 and the impact

on the clustering results and analysis when applying mass cuts to the sample.

3.4.1 Age Distribution
Figure 3.3 shows the distribution of the stellar cluster ages for each galaxy broken

down by cluster classification along with the median age. Class 1 clusters (symmet-
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rical) have the oldest median age and the median age of the population decreases for
class 2 (asymmetrical) clusters and class 3 (multiple peak) associations, respectively.
A notable feature is the flat or decreasing distribution toward larger ages, especially
visible in the class 3 associations, consistent with cluster disruption on timescales of
a few tens of Myr or less; cluster fading can compound this effect as well. The class
3 population does behave distinctly differently compared to class 1 and 2 clusters:
in addition to a decrease in their numbers at ages older than a few 10 Myr, their
clustering properties in NGC 628 behave quite differently than class 1 and 2 clusters
(Grasha et al., 2015), and their disruption rate is significantly higher compared to
class 1 and 2 clusters (Adamo et al., 2017). Thus, we maintain that the class 3 associ-
ations represent a distinct type of system and appear to be born with lower densities
than class 1 and 2 clusters and are not the remnants of dispersed/disrupted class 1

or 2 clusters.

3.4.2 Mass Distribution

Figure 3.4 shows the distribution of the cluster masses within each galaxy, divided
by cluster classification. The clusters display mass trends across all six galaxies
that are dependent on their classification, similar to what is observed for the age
distributions (Section 3.4.1): class 1 clusters, on average, are more massive compared
to the rest of the clusters and the class 3 associations are the least massive. The
three morphological categories of cluster candidates, once we take into account their
different age and mass properties, also reinforces the physical differences between
the classifications, as discussed in Section 3.4.1. Class 1 clusters are older and more
massive stellar clusters, indicative of evolved systems that are relaxed and have likely
already survived disruption. Class 3 associations, on the other hand, are clusters that

are much younger and less massive compared to bound stellar clusters.
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Figure 3.3. Distribution of the star cluster ages for each cluster class in all the
galaxies. The clusters are separated by class type: Class 1 (red; symmetrical), 2
(green; asymmetrical), and 3 (blue; multiple peak). The open star symbol shows the
median mass of each distribution. Class 1 clusters are always older whereas class 3

associations are always younger.

78

log Age (yr)



log Number

log Number

N

log Number

log Mass (M)

79

_|| LI | LI | T ] [T | T T T | T T T | T ]
- NGC 77931 [ — NGC 3738 3
- 4 1.5 -]
- 1 f ]
- 4 1F E
= Jos5 [ -
D, S o =g T
2 4 6 2 4 6
_|| LI | LI | T ] [T | T T T | T T T | T ]
- NGC 65031 <[ NGC 3344
- J15[ =
- 1 :
- 405 F =
: I Sﬁ”}I I ] 0 f_ I o I I :
2 4 6 2 4 6
o1 r rr 1171 1] LI I R LI I N B B
I . NGC 628 | NGC 1566 -
L ] - 2L ]
- 1 1r .
| I | Iﬂﬁﬁlrsﬁ(I 11 | I | | O | I | | Iﬁﬁfrﬁl( | | I | |
2 4 6 2 4 6

log Mass (M)
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3.4.3 Deprojection of the Galactic Disk

In order to assess the spatial distribution of the young stellar clusters free from
the effect of projection of the galactic disk. We deproject the stellar cluster positions
from the plane of the sky to the plane of the galaxy using the simple assumption that
each galaxy can be described with an axisymmetric flat rotating disc.

The positions of star clusters are corrected for the inclination ¢ of the galaxy in
a two step process. First the intrinsic z,y detector coordinates in the plane of the

galaxy are rotated as

2’ = xcosf+ysind
(3.1)

/ —

Yy = —xsinf + ycosb,
where 2,9y’ are the rotated coordinate axes and the position angle 6 is determined
by the orientation of the observed field of view. The rotated pixel coordinates are
then deprojected for the line of sight inclination angle as ' and '/ cosi. We have
found that for galaxies with an inclination angle below 40°, correction for projection
has a minimal impact on the relative position of the clusters, and therefore, does
not influence the clustering results. Figure 3.5 shows the spatial distributions of the
stellar clusters, where the positions of the clusters in three galaxies with 7 > 40° have
been deprojected, NGC 7793, NGC 3738, and NGC 6503. For all calculations in
this paper, we use the deprojected positions of the star clusters for the above three
galaxies. Due to the low inclination of NGC 628, NGC 3344, and NGC 1566, the
star cluster positions are not corrected for projection effects and we use the cluster

positions as shown in Figure 3.1.

3.5 The Two-Point Correlation Function

We implement the angular two-point correlation function, w(6), as projected onto
the plane of the sky, to measure the magnitude of clustering as a function of scale size

for the young stellar clusters in six nearby galaxies (Table 3.1). The two-dimensional

80



NGC 7793 NGC 3738 NGC 6503
T T L I e — T

———— — —
Class'1 [ Class 1
Class 2 L i I Class 2
8000 |- Class 3 — L o 4 L Class 3
[ ’ 0~ . x T 4000 . e
%y *x
£ 6000 - 4 = [ g oy | 5
2 L 2 r . ’*@3\; x x 2 N
g g [ L wEE ] 3 g RS
= r 2 -1000 |- o BT i 2. 2000 |- gk . |
™ a000 - 2% ST B F < 1 > s :%;‘,g R
[ - TR A
I * ¥ xEx x x
r L Class 1 x xig' *
2000 - . _2000 - Class 2 * i 0 - . N
« — L Class 3
Lo b e b o P T I S S S| n n n 1 n n -] n n n 1 n
2000 4000 6000 8000 4000 5000 6000 0 2000 4000 6000

X position X position X position

Figure 3.5. Deprojected pixel positions for highly inclined galaxies. Clusters are
color coded by the classification: class 1 clusters are shown in red, class 2 clusters are
shown in green, and class 3 associations are shown in blue. NGC 628, NGC 3344,
and NGC 1566 are not corrected for inclination as the deprojection is a small effect
for these galaxies. The solid black line in the bottom right of each figure represents
the spatial scale of 1 kpc at the distance of that galaxy.

correlation function 1+w(#) is defined as the probability above Poisson of finding two
star clusters with an angular separation 6 as dP = N?[1 4 w(6)] dQ;d€dy, where N is
the surface density of clusters per steradian with two infinitesimal elements of solid
angle d2; and d€y, separated by angle 6 (Peebles, 1980). For truly random Poisson
distribution, the two-point correlation function will be flat across all scales, such that
1+ w(f) =1 and a clustered stellar sample will have 1+w(#) > 1 at small values of 6,
declining with increasing scales toward that of a flat, non-clustered distribution. The
correlation function of a fractal (self-similar) distribution is described with a single
power-law as 1 + w() = (r/ro)~7, where rq is the characteristic scale-length of the
clustering and v describes the hierarchical ordering (see Section 3.6.1).

To measure w(#), pairs of stellar clusters are counted as a function of their sep-
aration (deprojected if necessary), compared to what is expected for an unclustered
distribution. The unclustered distribution (in x, y position) of sources must populate
the same sky coverage and geometry (e.g., edges, masks) as the observational data.
We define masks as areas that exclude all data, such as the ACS chip gap or areas

with dust lanes, where there is a reduction in the observed number of clusters with
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respect to the global average. We reproduce, as closely as possible, the geometry of
the galaxy region sampled for each random catalog. The ratio of pairs of clusters
observed in the data relative to pairs of points in the random catalog is then used to
estimate the correlation function w(#). In this study, we implement the Landy-Szalay
estimator (LS; Landy & Szalay, 1993), as described in Chapter 2. The size of the bin
is determined by the sample size, selected as a compromise between resolution and
total number of clusters available to be sampled within each bin. The formulation in
Eq 2.1 is optimized to mitigate edge effects and systematic errors on the computed
correlation function, necessary to alleviate unrealistic calculations of w(f) at large
spatial scales due to the deviation from a random distribution which can arise from
a limited field of view and edge effects. In Grasha et al. (2015), we investigate the
influence of the random catalog size and geometry on the outcome of the two-point
correlation function.

Figure 3.6 shows the correlation functions for all six galaxies, calculated for the
entire sample of star clusters and divided by their cluster classification. As expected
for star-forming structures formed hierarchically, there is a systematic decrease in
the clustering with increasing spatial scales across all galaxies. Additionally, the
clustering strength of the class 142 (bound) clusters across all the systems is much
weaker than what is observed for the class 3 associations alone. Thus, the bound
clusters — for all ages — have a more homogeneous and relaxed distribution throughout
their galaxy at a given spatial scale compared to the (highly clustered) distribution
of associations. This can result from either different formation/evolutionary paths
between bound and unbound clusters and/or an age dependency of the clustering
strength, as found in Grasha et al. (2015) and investigated further in Section 3.6.2

and Section 3.6.4 for these systems.
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Figure 3.6. Two-point correlation function of the clusters for the six galaxy study.
The plows are displayed as a function of angular distance (arcsec) and the top axis
showing the corresponding spatial scale at the distance of the galaxy. The colors
represent the classification of each cluster, as defined in Section 3.4: class 142 clusters
are shown in magenta, class 3 associations are shown in blue, and all clusters are
shown in black. The numbers in parentheses show the number of clusters in each
classification. The 1o uncertainties are the sample standard deviation of bootstrap
resamples within each bin.
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3.5.1 Selection Effects

At the distance of NGC 628 (9.9 Mpc), the LEGUS cluster catalogs are complete
down to 5000 My, (Adamo et al., 2017). As outlined in Section 3.4, we do not consider
stochastic sampling of the IMF when deriving the mass and age of the clusters, which
becomes increasingly important for clusters with masses below ~ 5000 M. However,
as found in simulations by Krumholz et al. (2015a), the properties of the cluster
population as a whole are relatively similar between both conventional deterministic
and stochastic fitting procedures. A comparison of the cluster ages show that there
is no difference in the results for ages that are derived with stochastic versus non-
stochastic models (Grasha et al., 2017b). As the clustering results is most heavily
influenced by the youngest clusters (<100 Myr; see Section 3.6.2 as well as Grasha
et al., 2015), which may lie below the mass limit of 5000 My (Adamo et al., 2017),
it is important to examine how mass-cuts influence the clustering analysis to ensure
that our results are not biased against the detection limitations.

Figure 3.7 shows the clustering correlation for the young (< 100 Myr) clusters in
NGC 628 with mass cuts applied at both 3000 and 5000 M. For both cases, the
clustering strength does not change when applying a mass cut and the correlation
functions are in agreement with each other and with the entire cluster population.
The reason there is no change to the observed correlation function for high /low mass
clusters is easily understood if we consider that low-mass clusters ought to be pop-
ulated throughout the galaxy in a similar manner as the entire cluster population.
Consequently, incompleteness effects will not manifest themselves in a way that miss-
ing clusters (in this case, low-mass clusters) are preferentially located within one
region of a galaxy, affecting the global clustering distribution. Missing low-mass clus-
ters evenly throughout a galaxy only acts to reduce the total clusters available for

analysis, and if anything, serves to artificially reduce the observed global clustering.
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Due to this negligible effect, we do not perform a mass cut on any galaxy and have

no need to worry about selection effects affecting the clustering results.

3.6 Results and Analysis
3.6.1 Quantifying the Correlation Strength

In a two-dimension (projected) self-similar distribution, the total number of clus-
ters N increases with radius r as N o 2, where D, is the two-dimensional fractal
dimension (Mandelbrot, 1982). Fractal distributions exhibit a power-law dependency
of the correlation function 1+ w(#) with increasing radius of the form 1+ w(f) o< r®
(Calzetti et al., 1989; Larson, 1995) and the number of clusters for every radial aper-
ture will increase as N oc r® x r? oc r**2. Thus, we can then relate the power-law
slope a from the correlation function 1 +w(#) to determine the two-dimensional frac-
tal dimension as Dy = a + 2. A flat, non-clustered distribution of o = 0 will result
in a fractal geometric dimension of Dy = 2; a derived steep (negative) slope will be
indicative of a clustered distribution, resulting in a fractal dimension less than 2. We
determine the slope « from the correlation function 14 w(f) at small scales in log-log
space through a Levenberg-Marquardt non-linear least square minimization fit that
is the same as in Chapter 2, Eq. 2.3.

Often, the correlation function is best described with a double power law as
opposed to a single slope (e.g., Larson, 1995; Gouliermis et al., 2014), determined
through minimizing y2. For those cases, we determine two slopes using the same
two-component power low as 2.4. As is in Chapter 2, both slopes and the breakpoint
are free parameters in the fit.

For a hierarchical model, the distribution of star formation and interstellar gas,
over a large range of environments, is shown to exhibit a projected, two-dimensional
fractal dimension of Dy ~ 1.2-1.6 (e.g., Beech, 1987; Falgarone et al., 1991; Elmegreen
& Falgarone, 1996; Sanchez et al., 2005; Elmegreen et al., 2006; Sanchez & Alfaro,
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Figure 3.7. Two-point correlation function 1 + w(#) of NGC 628 showing the effect
of a mass cutoff. The colors represent different age and mass ranges and the numbers
in parentheses show the number of clusters in each age/mass bin. For all clusters with
ages less than 100 Myr, the correlation function does not change for different mass
cuts. Thus, we are not worried about selection effects affecting the clustering results
and analysis. However, there is a pronounced decrease in the clustering strength for

clusters older than 100 Myr; this effect of age on the clustering strength is discussed
in Section 3.6.2.
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2008). Smaller values of the fractal number D, correspond to higher fractal di-
mensions (i.e., systematically more clustering) and steeper slopes for the correlation
function. These values for the 2D fractal dimension are in agreement with the pre-
dicted fractal dimension for the three-dimensional, D3, density structure of the ISM
(Federrath et al., 2009) in a turbulent medium. Often, the connection between the
three-dimensional fractal dimension D3 and the projected two-dimensional fractal D,
is assumed to be Dy = D3 — 1 (Mandelbrot, 1982). However, the conversion between
Dy and Dj is not straightforward (Gouliermis et al., 2014).

Table 3.3 lists the distribution of power law slopes and amplitudes for all the
clusters in each galaxy. All galaxies are best-fit with a single power law, excluding
NGC 628 and NGC 3344, which are best-represented by a double power law. We
fit over the dynamical range up to the scale where the correlation function becomes
flat (Ro, the correlation length) as values of 1 + w(f) = 1 corresponds to a random
(non-clustered) distribution. Similar breaks in the power-law have been observed in
both the correlation function of young stars in M 31 (Gouliermis et al., 2015a) and in
the spectral correlation function of the Large Magellanic Cloud (LMC; Padoan et al.,
2001), attributed to the disk scale height and corresponding to the transition between

turbulent motions at small scales to disk dynamics at large scales.

3.6.2 Age Effects

The general distribution of stellar clusters across all the galaxies displays a fairly
consistent picture: class 3 associations are very strongly clustered at the smallest
spatial scales (Figure 3.6) and in general, have a younger median age distribution
in comparison to the class 1 and 2 clusters (Figure 2.4). In order to investigate
an age-dependency to the star-forming structures and the timescale over which the
clustered substructures disperse, we divide the clusters by age to recover where the

difference in clustering is maximal. We then recompute the correlation functions
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Table 3.3. Power-Law Parameters for the Six Galaxies

Class Number Aq o1 154 As s
(arcsec)

NGC 7793

Class 1,2,3 350 14.0(6)  —1.16(5)
NGC 3738

Class 1,2,3 281  3.27(3) —0.394(12)
NGC 6503

Class 1,23 298 3.97(19)  —0.46(6)
NGC 3344

Class 1,23 391 47(3) —168(13) 1.3 3.37(13) —0.42(3)
NGC 628

Class 1,2,3 1264  4.81(5) —0.75(4) 3.3  2.39(5) —0.16(2)
NGC 1566

Class 1,2,3 1101 6.06(6) —0.492(13)

Notes. Power law fits for separations measured in angle (6).
Classification of stellar clusters; (2) Number in each classification; (3) Amplitude A,
of the angular correlation function before the breakpoint; (4) Slope a; of the angular
correlation function before the breakpoint; (5) Location of the break point 5. Cluster
classifications that are best-fit with a single power law do not have a breakpoint; (6)
Amplitude A, of the angular correlation function past the breakpoint; and (7) Slope
ag of the angular correlation function past the breakpoint. Numbers in parentheses

indicate uncertainties in the final digit(s) of listed quantities, when available.
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in these different age bins, determined individually within each galaxy, to explore
how the age influences both the size and the clustering strength of the star-forming
complexes within each galaxy.

Figure 3.8 shows how the clustering strength depends on the age of the clusters.
For all galaxies and cluster classifications, there is a clear dichotomy between younger
and older clusters, with clustering decreasing in strength for clusters older than 20—
60 Myr. This timescale for the transition from a clustered distribution of the clusters
at the youngest ages to a more smooth, homogeneous distribution occurs very rapidly,
and in agreement with similar studies where the observed clustered distribution is
slowly lost as the clusters/stars age. (e.g., Scheepmaker et al., 2009; Sanchez &
Alfaro, 2009; Gouliermis et al., 2015b).

While small numbers for most of the galaxies is a limiting factor in our analysis,
NGC 3738 shows the most striking influence of age on the clustering strength, where
there is a dramatic decrease in the observed clustering for all the clusters within
the irregular galaxy. NGC 628 and NGC 1566 also exhibit a substantial decrease in
clustering with increasing cluster ages. NGC 7793, NGC 6503, and NGC 3344 only
exhibit a slight change in the clustering with age, and within each of the cases, there
are a lack of any older (250 Myr) clusters at the smallest spatial scales. Thus, the
amount of clustering occurring at small spatial scales is very uncertain for the older

clusters in most of the galaxies.

3.6.3 The Effect of Global Galactic Properties on the Correlation Length
Ry

To compare the clustering results between the galaxies, we convert the length

scales in arseconds to a spatial scale (parsec). We see in Figure 3.9 that the strength

of the clustering for a fixed physical scale within each galaxy reflects the difference

in structure of the galaxy, where bigger /brighter galaxies are associated with a larger
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Figure 3.8. Two-point correlation function 1 + w(f) for all six galaxies divided by
ages below/above specific age divisions determined by requiring that the clustering
among the young star clusters is maximized. The strength of clustering increases when
we consider the youngest clusters within each classification and affects the smallest
spatial scales first within all galaxies.
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Figure 3.9. Combined two-point correlation functions 1 + w(f) as a function of
physical scale. The plots are divided by cluster class: the class 1 and 2 clusters (left),
the class 3 associations (middle), and all clusters (right). The numbers in parentheses
show the number of clusters in each classification.

amplitude for a fixed distance between cluster pairs. The larger clustering amplitude
of NGC 1566 compared to the rest of the sample is quite possibly observational and
not physical, and much of the discrepancy may be due to adopting a distance that is
further than assumed as the distance to the galaxy is quite uncertain.

To investigate the individual galactic properties on the clustering results, we com-
pare the correlation length Ry to different physical properties of each galaxy for all
cluster classifications. The correlation length Ry is defined where the correlation
function flattens (w = 0), i.e. the distributions of star clusters become uncorrelated.
The correlation length Ry can describe the size of the typical star-forming complexes
within a galaxy where the youngest star clusters were born and still reside. Thus,
in addition to Ry having an age-dependency, the correlation length may also depend
on global galactic properties or any processes that influence the global star formation
within these clustered star-forming structures.

Figure 3.10 shows the correlation length of each galaxy compared to different
physical properties: morphological T-type, SFR, star formation rate surface density
Ysrr, and the stellar mass. In general, larger and brighter galaxies exhibit larger

correlation lengths than smaller galaxies. This implies that the distribution of star-

91



forming regions within larger galaxies are hierarchical over longer spatial scales, both
in the strength of the observed clustering and the extent of the complexes ability to
survive over larger scales compared to what is observed in smaller galaxies. Galaxies
with higher SFRs and lower morphological T numbers also have a general trend for
larger correlation lengths. This indicates that the young stellar clusters in flocculent
and dwarf/irregular galaxies with lower SFRs are distributed more homogeneously at
the same spatial scales as observed in spiral galaxies, and thus, these systems globally
have smaller star-forming complexes. There is no trend on the SFR surface density
Ysrr of the correlation length, which is surprising as recent observations suggest that
the SFR efficiency scales with the SFR surface density (Cook et al., 2016). While
these observed trends are weak, limited by the small sample sizes, future studies with
the full LEGUS sample of galaxies will help improve these trends and investigate why
galaxies with larger SFRs correlate with large correlation lengths but no such trend

is observed with the Xgpg.

3.6.4 Combined Age Results

In order to compare the results and analyze how all clusters behave globally across
all galaxies, we combine each cluster class across all galaxies by summing the weighted
number of pairs as a function of physical separation, as shown in Figure 3.11. The
improved statistics from the increase in clusters per class permits to better investigate
common age effects among the galaxies. We fit a power law to each cluster class
to the total sample of clusters and to the clusters above/below an age of 40 Myr,
where that choice in age comes from the typical median age where each galaxy shows
maximal clustering (see Figure 3.8). Table 3.4 shows the power law fits for the
weighted average correlation for each class. Up to a breakpoint of 112 parsecs, the
entire cluster population averaged over all siz galaxies has a recovered power law

slope of @« = —0.83, very similar to the fractal dimension of both stars and local
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Figure 3.10. Correlation length R ,_y as a function of various galactic parameters.
R,—o is where the correlation function (Figure 3.9) becomes flat (w = 0), displayed
as a function of the morphological type, star formation rate surface density Xgpg,
the SFR, and the stellar mass of each galaxy. The galaxy names are shown with
their numbers only (without the leading NGC). There are general trends for larger
correlation lengths in galaxies that are larger/brighter, have stronger spirals, and
bigger SFRs. A larger sample of galaxies is necessary to more accurately describe
how trends of galactic physical properties influence the clustering results. No trend

is seen between the correlation length Ry and Ygpg.
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interstellar clouds (see, e.g., Falgarone et al., 1991; Elmegreen et al., 2006; Sanchez
& Alfaro, 2008), inherit their hierarchy at birth and preserve the natal gas pattern
for a few tens of Myr. The global slope for all clusters is very similar to the slope
recovered for the class 2 clusters of @ = —0.85, whereas the combined 142 clusters
have a shallower slope of &« = —0.57 and class 1 clusters have a very shallow, single
slope of @ = —0.18 across all spatial scales, despite the steep upturn at the smallest
spatial scales, which arises from small numbers within that bin (see Figure 3.11 for
the scatter). Associations, on the other hand, exhibit a much steeper slope with
a=—1.12.

As can also be seen in Figure 3.11, every classification is observed to display a
broken power law, which is not necessarily true for each individual galaxy (Figure 3.6).
The reason behind this is that we are increasing statistics by combining clusters from
numerous galaxies, which enables us to recover more subtle effects. This is best
described in Figure 3.9, where, for example, the correlation function for NGC 6503 and
NGC 3738 becomes flat at a smaller spatial scale than what is observed for NGC 628,
likely a difference that arises from the global galactic properties (see Figure 3.10). As
a result, when the correlation function for all the galaxies are averaged together, there
is a general break around 100-200 pc for all cluster types, where the slope beyond
the break for all cluster types is nearly uniform (o ~ —0.2) and only varies at the
smallest spatial scales before the breakpoint.

Figure 3.12 shows how the ages of clusters influence the global weighted average
correlation function across all six galactic environments. We divide the clusters into
their class and further separate into age bins of older/younger than 40 Myr and
compute the correlation function for each trial, taking the weighted average across
all galaxies. As can be seen, for each class of cluster, the strength of the clustering

disappears for clusters of older ages. While there is large scatter between all the
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Figure 3.11. Weighted two-point correlation functions 1 + w(#) for all six galaxies
as a function of physical scale (parsec) separated by cluster class. The solid line
shows the weighted average of each class, weighted by number of pairs in each data
point. The size of the data points represents the number of pairs for each point and
the shaded region represents the 1o scatter. We represent power-law fit for the class
1 clusters at short separations with a dashed line as we are limited by very small
numbers within that bin for those clusters.
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Table 3.4. Power-Law Parameters for Weighted Average

Class Ay o 15} As o
(arcsec)
All Ages
Class 1 62(2) —0.86(2) 59 3.2(3) —0.14(3)
Class 2 63(3)  —0.73(7) 112 48(3)  —0.18(3)
Class 3 463(40)  —1.13(7) 112 6.6(4)  —0.23(07)
Class 1,2 25(4)  —0.58(4) 93 3.6(2)  —0.15(2)
Class 1,23 69(5)  —0.77(7) 112 4.0(3)  —0.17(4)
Age <40 Myr
Class 1 52(10)  —0.66(14) 128  6.4(3)  —0.23(3)
Class 2 119(15)  —0.83(3) 112 8.1(5)  —0.26(2)
Class 3 565(18) —1.15(13) 112 7.3(4) —0.232(16)
Class 1,2 39(2) —0.60(3) 186 3.51(13) —0.139(19)
Class 1,23 115(6)  —0.85(3) 112 5.6(3) —0.21(2)
Age > 40 Myr

Class 1 2.45(14) —0.13(2)

Class 2 3.98(10) —0.160(18)
Class 3 3.3(3)  —0.161(14)
Class 1,2 2.90(13) —0.130(18)
Class 1,2,3 2.61(15) —0.164(6)

Notes. Columns list the (1) Classification of stellar clusters; (2) Amplitude A; of
the angular correlation function before the breakpoint; (3) Slope ay of the angular
correlation function after the breakpoint; (4) Location of the break point /3 in parsecs;
(5) Amplitude A, of the angular correlation function past the breakpoint; and (6)
Slope ay of the angular correlation function after the breakpoint. All values are
derived by using as independent coordinate R in parsecs. Numbers in parentheses
indicate uncertainties in the final digit(s) of listed quantities, when available.
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Figure 3.12. Weighted two-point correlation functions 1 + w(f) divided by age for
each cluster class. The solid line (and circle symbols) show the weighted average
of each class, weighted by number of pairs in each data point, the dotted line (and
square symbols) shows the weighted average for clusters with ages less than 40 Myr
and the dashed line (and star symbols) represents clusters older than 40 Myr. The
size of the data points represents the number of pairs for each point. We represent
the class 1 clusters at short separations with a dashed line as we are limited by very
small numbers within that bin for those clusters. The last panel shows all the trends
for clusters older/younger than 40 Myr.
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galaxies, by ages of 40 Myr, the clustering strength has already decreased across all
systems.

What is significant is that the behavior of the class 1 and 2 clusters older than
40 Myr show an appreciable flattened distribution out to small spatial scales (~10 pc),
indicating that the clusters that survive past 40 Myr become randomized at all spa-
tial scales. The class 3 associations, on the other hand, show an absence of older
(240 Myr) clusters within <100 pc of each other, suggesting early dissolution. We
conclude that the observed decrease in clustering strength is an effect of the clus-
ter classes marking an age sequence in the cluster classes. More importantly, this
common behavior is observed in six different galaxies characterized by quite different
environments, as defined by their morphologies, which ranges from Sbc to Irregular,

indicating that the clusters randomize on fairly short timescales.

3.6.5 Binary Clusters

The hierarchical structure of star formation results in the highest efficiency of
star formation occurring within dense, crowded environments at the smallest scales.
This has the possibility in resulting in binary or groupings of multiple star clusters
at small scale lengths that are capable of interacting with other. The existence of
binary star clusters have been observed in the LMC (Bhatia & Hadzidimitriou, 1988;
Dieball et al., 2002) and the MW (Subramaniam et al., 1995; de la Fuente Marcos &
de la Fuente Marcos, 2009).

Most cluster pairs are observed to have projected separations less than 20 pc,
relatively young ages, and show small age differences between the pairs, indicative
that the pair was formed at birth. Thus, binary star clusters are believed to be
short-lived, with lifetimes of 10-100 Myr (Bhatia, 1990; de la Fuente Marcos & de
la Fuente Marcos, 2010; Priyatikanto et al., 2016). Within the Magellanic Clouds,

between ~10-20% of clusters are potentially part of a binary/multiple system (see
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Dieball et al., 2002, and references therein). The MW shows a lower prevalence of
binary star clusters, however, this could be an observational effect, resulting from the
relatively short lifetime of binary star clusters compounded by the paucity of young
star clusters observed within the MW (Portegies Zwart et al., 2010).

Assuming a maximum cluster pair separation of 20 pc is required for a binary
system to be bound and interacting, this separation is smaller than the closest cluster
pairs we observe at ages older than 40 Myr (Figure 3.12, dashed lines in the bot-
tom right plot). We conclude that none of our clusters reside in bound binaries or
groupings at these separations past this timescale.

When we consider clusters with ages less than 40 Myr, about 6.5% of our total
cluster sample (241 clusters out of 3685 total across all six galaxies) includes pairs
closer than 20 pc, and could be binary clusters. Recent results of young star clusters
in the same LEGUS galaxies show that pairs of clusters with small separations are
more likely to be coeval and exhibit similar ages (Grasha et al., 2017b). The same
findings of similar ages with small separations for pairs of clusters is also observed in
the MW (Efremov & Elmegreen, 1998) and the LMC (de la Fuente Marcos & de la
Fuente Marcos, 2009). Similar ages for small separations is an expected result from
turbulence driving the hierarchical structure of the ISM (Elmegreen & Efremov, 1996).
These complementary studies indicate that clusters favor being born close together
at roughly the same time within groupings of multiple star clusters, resulting in the
observed strong clustering at the youngest ages and the smallest separations. The
clustered complexes disperse with age, effectively decreasing the observed clustering
and removing the cluster pairs at the shortest separations (Figure 3.12). However, we
are unable to dynamically constrain if close cluster pairs are gravitationally bound to

each other, or if they will simply disperse with age.
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3.7 Discussion

In this work we have identified stellar clusters and associations to investigate, their
clustering properties with respect to the rest of the stellar clusters in each galaxy, and
the timescale over which the clustered substructure that these clusters reside in dis-
sipates. For a hierarchical star formation model, the turbulent-driven ISM induces
scale-free star formation across all spatial scales, resulting in the clustering of star
clusters and creating substructure on pc-scale scale lengths, dispersing and distribut-
ing over wider areas as they age (Portegies Zwart et al., 2010). Amid this general
framework (e.g., Zhang et al., 2001; Gouliermis et al., 2015b), there are still many
unanswered questions relating the properties of star clusters to the process of star
formation, including (1) the timescale for the survival of the substructure; (2) the ex-
tent that the environment influences cluster formation, evolution, and disruption, and
hence, these hierarchical star-forming complexes; and (3) how gravitationally bound
stellar systems behave compared to loosely bound stellar systems (associations), as
dense cloud systems and associations may differ as early as birth (see, e.g., Wright
et al., 2014).

The two-point correlation function provides a means to investigate and quantify
the stellar aggregate distribution within extended star-forming structures and accu-
rately determine the randomization timescale for the components to become uncorre-
lated relative to each other. We find that the young clusters are clustered with respect
to each other and that the distribution randomizes with increasing age. Despite span-
ning different environments, with morphological types from Sbc to irregular, similar
dispersion timescales of a few tens of Myr are observed in all six galaxies.

The visual identification technique we implement allows us to distinguish between
class 1 and 2 clusters, which are potentially gravitationally bound stellar systems,
and class 3 associations, providing us the ability to investigate how these two differ-

ent types of stellar aggregates evolve over time. The young age distribution and the
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morphology, characterized by multi-peaks and asymmetries in the light distribution,
indicates that these clusters are most likely stellar associations, unbound stellar sys-
tems that evaporate and disperse on short time scales (tens of Myr; Gieles & Portegies
Zwart, 2011). This is additionally supported by Adamo et al. (2017) for star clusters
in NGC 628, finding that class 3 associations tend to be systematically younger and
to have a steeper mass function than class 1 and 2 clusters. We find that associations
behave differently in their clustering properties compared to the class 1 and 2 com-
pact clusters across all galaxies. Class 1 systems have relatively weak clustering and
in general are the most massive cluster type and exhibit older ages. At the other end
of the spectrum, class 3 associations display a very young age distribution and exhibit
very strong clustering within each galactic system. In addition, class 3 associations
display a steep decrease in their numbers with increasing age and exhibit a median age
that is always below 10 Myr (Figure 2.4). The short timescales of survivability fur-
ther reinforce the idea that these stellar systems are not likely gravitationally bound
systems and they disrupt soon after formation, and thus, are still located near their
birth sites, in agreement with the observed increase of clustering for class 3 sources.
For a cluster of mass 10* Mg, and a radius of 5 pc, the crossing timescale within that
cluster is a few Myr. Hence, for class 1 and 2 clusters with an average population
age = 10 Myr, the crossing time is shorter than the age, and we can consider these
clusters as potentially gravitationally bound systems.

Recent work on the number densities of the young stellar clusters in NGC 628 by
Adamo et al. (2017) also shows a rapid decline in class 3 associations, disappearing
on time scales of ~50 Myr, comparable to those of hierarchically structured star-
forming regions that we find in this study. Furthermore, class 1 clusters appear
to already be less clustered at birth compared to the class 3 associations (Wright
et al., 2014; Adamo et al., 2017), as seen in Figure 3.12: when we only consider

clusters less than 40 Myr, class 1 clusters still display a flatter clustered distribution
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compared to what is observed for class 3 associations. Thus, class 1 clusters do
not trace the multi-scale hierarchy as directly as the associations, which may reflect
the distribution of the densest peak (the putative birth sites of the bound clusters)
within the ISM hierarchical structure. The increased clustering observed with young
clusters — of all morphologies, though the clustering strength is strongest for the
associations — supports the idea that all recently born stars and star clusters are
formed within hierarchical star-forming complexes and their distribution reflects the
fractal patterns of their parent molecular clouds. The relatively quick dispersal time of
the associations could provide a significant contribution to the stellar field population
of their host galaxies (see, e.g., Maiz-Apellaniz, 2001).

Studies to constrain the properties of young star clusters, connecting them with
their surrounding environment, are reasonably straightforward and achievable with
extragalactic studies. It is more difficult to conduct studies of young star clusters
within the disk of the MW galaxy, as the observations face complications such as fore-
ground /background confusion, distance uncertainties, and severe line-of-sight redden-
ing, which makes it arduous to detect young stellar systems. Despite these challenges
in detecting and interpreting the observations of stellar clusters in the MW galaxy,
the young stellar clusters within 2 kpc of our Solar System exhibit evidence of for-
mation within hierarchical structures from the observed correlation of their age and
separations, possibly driven by a turbulent ISM (de la Fuente Marcos & de la Fuente
Marcos, 2009). The same observational signature is also present in the age and posi-
tions of the young star clusters in the LMC (Efremov & Elmegreen, 1998) and other
local galaxies (Grasha et al., 2017b). Additionally, local star-forming environments
in the MW display distributions that are consistent with predictions of hierarchically
structured star-formation (Bressert et al., 2010) that is also observed in extragalac-
tic studies, arising from the molecular cloud hierarchical structure (Elmegreen, 2008;

Elmegreen et al., 2014).
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This study finds that the youngest clusters (<50 Myr) primarily trace the spiral
arms while older clusters are more randomly distributed throughout the galaxy. We
conclude that star-forming complexes are relatively young, predominately located
within the spiral arms of their galaxies, and are among the largest scales of the
star formation hierarchy. The total amount of global star formation captured within
clustered structures versus the amount of star formation that is ‘unclustered’ (i.e., the
stellar field population) has important consequences on the mode (i.e., one universal
mode or multiple, distinct modes) of star formation. We will investigate and address
these issues in a forthcoming paper.

If star clusters have a velocity dispersion of ~1 km s~ (Larson, 1981) typical of
their birth clouds, the clusters are capable of traveling 1 parsec per Myr. Shear effects,
spiral motions, and colliding GMCs can compound the initial random motion, capable
of boosting the velocity up to 10 km s™! (see, e.g., Whitmore et al., 2005; Gustafsson

I can travel

et al., 2016). Stellar systems with a total random motion of 10 km s~
100 pc within 10 Myr, making a 50 Myr timescale for randomization of star clusters
within star-forming substructures entirely reasonable, resulting in a correlation length
of a couple hundred of parsecs over that time period consistent with our findings.
The amplitude in the correlation function reflects the difference in structure be-
tween the galaxies, the amplitude scales with the magnitude of the host-galaxy: for
a fixed scale, the faintest galaxy, NGC 3738, has the smallest value of w4+ 1, and the
brightest galaxy, NGC 1566, has the largest value (Figure 3.9). The different slopes
and clustering strengths exhibited by the different classes and ages of clusters imply
different fractal dimensions and hierarchies for different galaxies, suggesting that each
galaxy has its own influence in the formation and survival of star-forming structures.
Despite the significant variations in the power-law slope — a proxy for the fractal

dimension — among the galaxies, a global average over all galaxies with o = —0.83

is consistent with the stellar clusters forming from fractal gas in a hierarchical star
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formation framework. While we have found that the local environment does influence
the distribution of the stellar systems — larger galaxies with higher SFRs have larger
clustering correlation lengths — the exact influence of the local environment on ob-
served differences in the global clustering results and on the nature of the 20-60 Myr
randomization timescale — requires a larger sample of galaxies that span a broad range

of physical parameters.

3.8 Summary and Conclusion

We present a study of the clustering of the young stellar clusters in six nearby
galaxies, drawn from the LEGUS sample of 50 local star-forming galaxies with UV
and optical data taken with WFC3/UVIS from HST, with the addition of archival op-
tical ACS images. Taking advantage of both the high-angular resolution observations
and the reliable measurements of ages and masses, we identify and visually classify
the brightest star clusters (luminosities in the V-band brighter than —6 mag). All
stellar clusters are divided into two broad categories of morphology: compact cluster
candidates — according to our classification scheme, we consider these to be bound
cluster candidates — and multi-peak systems, likely expanding or loosely bound stel-
lar associations. In total, we identify 2323 compact clusters and 1362 associations,
resulting in a total of 3685 stellar clusters in six galaxies of varying distance from
3.44 Mpc to 13.2 Mpc. Multiband cluster photometry is combined using determinis-
tic single stellar population models to derive an age, mass, and color excess E(B-V)
for every star cluster with errors of 0.1 dex or less for all derived measurements.

We implement the angular two-point correlation function to quantify the clustering
of star clusters within each galaxy, finding that the correlation functions are well
described with a single power-law slope, and in some cases, a double power-law. The
general observed correlation between young stellar clusters decreases monotonically

as a function of separation, as expected in hierarchical structures. We also find that
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the clustering strength is stronger for the younger clusters compared to the older
ones at the same separation lengths, which tend to be weakly or non-clustered within
each galaxy and across all cluster types. Generally, the mass of the star clusters has
little effect on the clustering strength; it is primarily governed by age. The near-flat
slopes measured for the older clusters corroborate the effectiveness of the two-point
correlation function to differentiate between a randomly distributed population from
that of a clustered, fractal distribution.

We conclude that the observed decrease in clustering strength is the result of
the clusters taking on more uniform positions throughout their galaxy, erasing the
observed substructure with time. The timescale for the clustering erasure for the
hierarchical clustering begins around 20-60 Myr, and the characteristic size of the
clustered structures is about 100-300 pc across different galaxies. Thus, these iden-
tified star-forming complexes are very young.

The morphological classifications — compact clusters and stellar associations —
not only provide robust cluster catalogs free of stellar contaminants, but also yield
insight into the properties of the stellar systems. While both the stellar clusters and
associations inherit the imprints of the hierarchical structure of the ISM at birth,
their evolutionary paths differ from each other after their formation. The compact
stellar clusters survive for longer time periods, with median ages of 9-40 Myr (and
their ages are likely to become older, but we are limited by selection effects, see
Adamo et al., 2017), whereas associations display very young median ages between
2-10 Myr. The difference in the physical properties of the bound stellar systems
compared to the associations has an important impact on the clustering properties
of the two stellar systems: associations are very strongly clustered in all six galaxies
and in comparison, the (older) compact stellar clusters are less strongly correlated in
their spatial distributions. We conclude that clusters display a more homogeneous

distribution as a result of their birth sites being more homogeneously distributed.
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Finally, we take the weighted average correlation of all the star clusters across all
six galaxies as a function of spatial scale to investigate the average global clustering
observed across the different environments. We fit a power-law to the weighted av-
erage correlation function of all the clusters in all the galaxies and measure a slope
of —0.77, expected for a star formation process dominated by turbulence. The age-
dependency to the clustering of star clusters found for individual galaxies becomes
notably compelling when averaged across all galaxies: for all clusters with ages less
than 40 Myr, we find that the clustering slope is flat and uniform, with values between
—0.13 and —0.16, regardless of cluster type. This indicates that star clusters rapidly
disperse from their hierarchically organized star-forming regions regardless of the
galaxy type or size of the region. There are a large range of slopes for each individual
galaxy, especially observed in the distribution of the youngest (age <40 Myr) clus-
ters, indicative that there is a range of fractal hierarchies between galaxies and that
the local environment can influence the initial formation of star clusters within the
clustered structures. Indeed, initial results do suggest that larger correlation lengths
and stronger clustering is exhibited in galaxies that are larger and have higher SFRs.
Identifying the exact physical nature for the randomization timescale — and how the
local and/or global environment, such as the difference in timescales for spirals versus
ellipticals or the inner versus outer regions of a galaxy, influences the results — is an

important goal for future work when a larger sample of galaxies becomes available.
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CHAPTER 4

HIERARCHICAL STAR FORMATION IN TURBULENT
MEDIA: EVIDENCE FROM YOUNG STAR CLUSTERS

This chapter! characterizes the correlation between the age and separation. This

will enable us to test if the spatial distributions observed are driven by turbulence.

4.1 Abstract

We present an analysis of the positions and ages of young star clusters in eight
local galaxies to investigate the connection between the age difference and separation
of cluster pairs. We find that star clusters do not form uniformly but instead are
distributed so that the age difference increases with the cluster pair separation to
the 0.25-0.6 power, and that the maximum size over which star formation is physi-
cally correlated ranges from ~200 pc to ~1 kpc. The observed trends between age
difference and separation suggest that cluster formation is hierarchical both in space
and time: clusters that are close to each other are more similar in age than clusters
born further apart. The temporal correlations between stellar aggregates have slopes
that are consistent with predictions of turbulence acting as the primary driver of star
formation. The velocity associated with the maximum size is proportional to the
galaxys shear, suggesting that the galactic environment influences the maximum size

of the star-forming structures.

!These results are based on research published by Grasha et al. (2017b), and is reproduced by
permission of the AAS.
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4.2 Introduction

Star formation is believed to be hierarchical in space and time as a result of tur-
bulence and self-gravity (Scalo, 1985; Li et al., 2005; Elmegreen, 2010; Kritsuk et al.,
2013) within the interstellar medium (ISM). The largest scales of the hierarchical
structure are star-forming disks and within them are the accumulation of smaller
components in the hierarchy: unbound cluster and stellar complexes, star clusters,
and individual stars. Stars mostly form together in some sort of ensemble of clusters
and associations (Lada & Lada, 2003) and it is currently thought that they rarely
form in isolation (see, however, Lamb et al., 2016). Furthermore, star clusters are
clustered with respect to each other (Efremov, 1978) in large complexes, imprinted
with the fractal structure of the Giant Molecular Clouds (GMCs) from which they
are born (Scalo, 1985; Elmegreen & Falgarone, 1996; Sénchez et al., 2010), slowly
dispersing as the clusters age. Characterizing the correlation behavior of star forma-
tion across a range of galaxy properties provides a validation of this picture and a
crucial understanding of how star formation progresses in both space and time across
galactic scales.

Within the framework of star formation models that are regulated by turbulence,
gas compression will break larger clouds into successively smaller ones, giving rise to
the observed hierarchical structure (Elmegreen, 1999; Vazquez-Semadeni et al., 2009;
Hopkins, 2013a). Such turbulent fragmentation processes, in addition to creating
a hierarchy in the distribution of star clusters’ properties (e.g., mass, size), will also
create correlations with star cluster ages; in a structure where clusters have formed out
of the same GMC, clusters that form close together will have closer ages compared
to clusters that are further apart. Coeval cluster pairs have been observed both
within the Large Magellanic Cloud (LMC; Bhatia & Hadzidimitriou, 1988; Dieball
et al., 2002) and the Milky Way (MW; De Silva et al., 2015). Thus, within this

picture, larger structures display older ages. This is interpreted as the duration of

108



star formation proceeding faster in smaller regions than in larger ones (Efremov &
Elmegreen, 1998), in proportion to the turbulent crossing time.

Turbulence-driven star formation predicts that the age of star-forming structures
will increase in proportion to the square root of the size (Elmegreen & Efremov, 1996).
If the age-separation effects were driven simply by the stellar drift of the structure,
a linear relation between the structures would be expected (Blaauw, 1952; Zwicky,
1953). A diffusion-driven expansion would produce a squared relation between age
and size, in agreement with expectations from a random walk: the total distance
traveled by a random scattering process is related to the square root of the number of
random steps taken, where the number of steps is proportional to the time. These are
testable predictions, when the ages of the structures can be determined with sufficient
accuracy.

The age-separation distribution of star clusters was originally investigated within
the LMC by Efremov & Elmegreen (1998), finding that the average age difference
between pairs of star clusters increases with their separation as At( Myr) ~ 3.3 x
S(pc)0-35£005 up to 780 pe. In a similar venue, de la Fuente Marcos & de la Fuente
Marcos (2009) found local MW cluster pairs to also exhibit age differences with their
separation with a 0.40 40.08 power once the effects of incompleteness and cluster dis-
solution are taken into account. These relationships are similar to the size-linewidth
relation of GMCs that show that the crossing time in a GMC increases as the square
root of the size of the star forming region (Larson, 1981; Elmegreen & Efremov,
1996). Numerical simulations investigating the propagation of star formation in a
turbulent medium by Nomura & Kamaya (2001) derive an age-separation relation to
the 0.5 power for star clumps with separations >50 pc, comparable with the relation
seen in both Efremov & Elmegreen (1998) and de la Fuente Marcos & de la Fuente
Marcos (2009). The hierarchy in the star cluster structures is expected to have an

upper limit in size; beyond this, separate regions form independently from one an-
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other (Elmegreen et al., 2014), where turbulence can no longer regulate the cluster
positions. Thus, the cluster relation should flatten at the maximum size of a galaxy’s
star-forming region, resulting in a turnover where the age difference between cluster
pairs becomes a random function of the separation.

In this chapter, we analyze the average age difference between pairs of star clus-
ters in eight local galaxies to investigate their hierarchical distribution, generalizing
previous results beyond the MW and LMC. Our galaxy and cluster sample selection
is described in Section 4.3. The age difference versus separation for cluster pairs is
presented in Section 4.4. We discuss our results in Section 4.5 and summarize the

findings in Section 4.6.

4.3 Sample Selection

The eight galaxies analyzed here were observed as part of the HST Treasury pro-
gram Legacy ExtraGalactic UV Survey? (LEGUS; Calzetti et al., 2015), a Cycle 21
survey of 50 nearby star-forming galaxies observed in NUV, U, B, V, and I with
WFC3/UVIS. The galaxy images have all been drizzled to a common scale resolution
of the native WFC3 pixel size (0.0396 arcsec per pixel). The eight galaxies of this
study (seven spirals and one irregular dwarf) are those for which star cluster cata-
logs have been produced by the LEGUS team at the time of this writing. General
descriptions of the LEGUS survey, observations, and data products are available in

Calzetti et al. (2015).

4.3.1 Star Cluster Identification and Selection
A detailed description of the cluster selection, identification, photometry, and SED
fitting is presented in Adamo et al. (2017). We summarize here briefly the aspects

that are important for the current paper.

Zhttps://archive.stsci.edu/prepds/legus/dataproducts-public.html
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Catalogs of candidate stellar clusters are first identified using SExtractor (Bertin
& Arnouts, 1996) on a white-light image generated by using the five available photo-
metric bands. This automated process produces a list of clusters with their position in
pixel coordinates, number of filters the source was detected in, and the concentration
index (CI; difference in magnitudes measured with an aperture of radius 1 pixel and
an aperture of radius 3 pixels) of the source. The candidate clusters must satisfy two
criteria in this automated process: (1) the CI in the V-band must exceed the stellar
CI peak value; and (2) photometric error of oy < 0.35 mag in at least two bands (the
reference V band and either B or I band). Corrections for foreground Galactic extinc-
tion (Schlafly & Finkbeiner, 2011) are applied to the photometry. The concentration
index cutoff between stars and star clusters are determined independently for each
galaxy and for each pointing.

Before photometry is performed, the automated cluster candidates are down-
selected through excluding any sources that are not detected with a 30 detection
in at least four of the five available photometric bands. The cluster candidates then
undergo SED fitting to measure their physical properties (age, color excess E(B-V),
and mass) using deterministic stellar population models (Yggdrasil; Zackrisson et al.,
2011). The conditions placed on the photometry result in uncertainties of the ages
and masses of ~0.1 dex. The cluster SED fitting implement Padova isochrones, solar
metallicity, and a range of extinction/attenuation curves. For this analysis, we select
the SED fits performed with the starburst attenuation curve (Calzetti et al., 2000),
which provides reasonable fits for both spiral and dwarf galaxies.

The sources in the automated catalogs include sources that are not star clus-
ter candidates, such as background galaxies, foreground stars, multiple star pairs in
crowded regions, and bad pixels and/or edge effects. To remove these contaminants,
we visually inspect each cluster candidate that has an absolute magnitude brighter

than —6 mag in the V-band. Each source is assigned one of four possible classifica-

111



tions: (1) class 1 clusters are compact and symmetrical, displaying a homogeneous
color and a FWHM that is more extended than the stars within the galaxy, (2) class
2 clusters are compact and elongated, displaying elliptical light profiles; (3) class 3
clusters are non-compact and reveal multiple peaks on top of diffuse emission; and
(4) class 4 sources are contaminants within the catalog; we remove these interlopers
from the final visually inspected cluster catalog. The final cluster classifications are
based on inspection by three separate individuals within the LEGUS team, excluding
NGC 1566, where 368 of the clusters (33% of the total) were identified with only one
human classification.

The clusters in this study comprise clusters with class 1, 2, and 3, which we
further down-select to include only clusters with ages less than 300 Myr to ensure
that we are not strongly affected by incompleteness due to evolutionary fading (see
Section 4.4.4) or cluster dissolution. Table 4.1 lists the galaxies and number of young
cluster candidates (< 300 Myr) within each galaxy.

We exclude the clusters within the strong star-forming region in the north-east
corner of NGC 5194 to avoid introducing bias from the structure, bringing the total
clusters with ages <300 Myr from 1171 to 821. A detailed investigation on the star
clusters of NGC 5194 will be performed in a forthcoming paper (Grasha et al., 2018a;
Messa et al., 2018).

4.3.2 Incompleteness and Selection Effects

Completeness tests are performed and discussed in Adamo et al. (2017) on NGC 628
at a distance of 9.9 Mpc; we briefly summarize those tests here. Completeness tests
on the cluster catalogs show that the catalogs are complete down to the CI cutoff
of each galaxy, as listed in Table 4.1, corresponding to clusters with Rz ~ 1 pc at
10 Mpc. With the exception of NGC 1566, NGC 628 is the most distant galaxy in

our list (Table 4.1), thus we expect the other catalogs to be complete to a smaller ef-
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Table 4.1. Galaxy Properties for the At-R Study

Galaxy Morph Dist. Ros Morph. SFRyv Nclusters Clcut Scale Incl. P.A.
(Mpc) (kpc) Mg yr—h) (mag) (pe/px)  (deg)  (deg)
NGC 7793 SAd 3.44 1.65(0.11)  7.4(0.6) 0.52 343 T.3(e)/1.4(w) 0.66 7.4 90
NGC 1313 SBd 4.39 5.8(0.3) 7.0(0.4) 1.15 673 1.4 0.83 40.7 39
NGC 3738 Im 4.90 1.78(0.08)  9.8(0.7) 0.07 254 1.4 0.94 40.5 141
NGC 6503 SAcd 5.27 5.44(0.13) 5.8(0.5) 0.32 283 1.25 1.1 70.2 120
NGC 3344 SABbc 7.0 7.23(0.17) 4.0(0.3) 0.86 388 1.35 1.3 23.7 140
NGC 5194 SAbc 7.66 12.5(0.3) 4.0(0.3) 6.88 821 1.35 1.5 51.9 163
NGC 628 SAc 9.9 13.1(0.4)  5.2(0.5) 3.67 1205 1.4(c)/1.3(e) 1.9 25.2 25
NGC 1566 SABbc 13.2 15.9(0.8) 4.0(0.2) 5.67 1099 1.35 2.5 37.3 32

Notes. Columns list the: (1) galaxy name, ordered by increasing distance; (2)
morphological type as listed in NED, the NASA Extragalactic Database; (3) distance
from Calzetti et al. (2015); (4) optical radius of the galaxy Ros from NED; (5) RC3
morphological T-type as listed in Hyperleda (http://leda.univ-lyonl.fr); (6) Star
Formation Rate (SFR), calculated from the GALEX far-UV, corrected for dust
attenuation as described in Lee et al. (2009); (7) number of star clusters with ages
< 300 Myr; (8) concentration index (CI) cutoff between stars and star clusters (see

Section 4.3). NGC 7793 and NGC 628 have different CI cutoffs for each pointing
[central (c), east (e), or west (w)], labeled separately; (9) pixel resolution in parsec
pixel™; (10) inclination, in degrees, from Calzetti et al. (2015); and (11) position
angle (P.A.), measured in degrees (0 to 180) from the North to the East. A P.A.=0
corresponds to a galaxy with the longest axis oriented along the North-South
direction. Numbers in parentheses indicate 1o uncertainties in the final digit(s) of
listed quantities, when available.

fective radius. A CI cut is necessary in order to remove stellar contaminants from the
catalog. Size distributions of star clusters have been shown to display a log-normal
distribution that typically peaks around 3 parsecs across galaxies (Ryon et al., 2017),
and hence, we do not expect any bias within the catalogs as the typical cluster radius
is well above the detection limit of 1 parsec. As a result, the distance of the galaxy
is not expected to impact the cluster recovery fraction. Crowding effects between the
inner and outer regions of a galaxy is also negligible on the cluster catalogs.

In addition to using deterministic models to deriving the physical properties of
the stellar clusters, the cluster properties are also derived using a Bayesian anal-
ysis method to stochastically-sample cluster evolutionary models, as performed by
Krumholz et al. (2015a) through implementation of the Stochastically Lighting Up
Galaxies (SLUG; da Silva et al., 2012; Krumholz et al., 2015b) code. Stochastic ef-

fects of the IMF become progressively more important for deriving accurate ages and

masses for clusters with masses below ~5000 M. Krumholz et al. (2015a) finds in
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both NGC 628 and NGC 7793 that the global properties of the cluster populations
are relatively similar between the conventional deterministic and stochastic fitting
procedures. Section 4.4.6 shows how our main results are nearly the same when the
cluster properties (age and mass) are derived with stochastic models. As the biases
between the two methods (deterministic and stochastic) of deriving the cluster prop-
erties averages out for the mean of the entire population (Krumholz et al., 2015a),
our results are fairly insensitive to the assumption of incomplete sampling of the IMF
at the low-mass cluster range with deterministic fitting.

The LEGUS cluster catalogs are fundamentally luminosity limited, as seen in the
rising top envelope of the age-mass diagram of clusters (Grasha et al., 2015; Adamo
et al., 2017), biasing the catalogs towards younger clusters. However, as shown in
Adamo et al. (2017) for NGC 628 and NGC 5194, a cut in absolute V magnitude of —6
mag is more conservative than the depth of the V-band image, i.e., —6 mag is more
luminous than the detection limit. In some parts of this paper (e.g., Section 4.4.2)
we apply mass cuts to the clusters, as a mass-limited sample will prevent bias in the
age distribution caused by a luminosity-limited sample of young clusters. At 10 Mpc,
an age limit of 200 Myr yields a complete cluster sample down to masses of 5000 M,
(Adamo et al., 2017), i.e., close to the mass limit where stochastic sampling of the
IMF begins to become important. Our absolute V magnitude limit is determined by
the detection limits of the LEGUS sample, which aims at selecting down to ~1000
Mg, 6 Myr old clusters with color excess E(B-V)= 0.25 (Calzetti et al., 2015). The
only exception to the above is NGC 1566, located at a greater distance than NGC 628.
For NGC 1566, a higher absolute V magnitude cut of —8 mag needs to be applied,
resulting in a smaller age range for which our catalogs are complete to 5000 M.

In Section 4.4.2 below, we test for selection effects by repeating our analysis after
making mass cuts at both 3000 My and 5000 Mg, which yield complete samples up

to ages of 100 Myr and 200 Myr, respectively. If completeness affects or drives the
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maximum possible age of a star-forming region, we would expect to see that in the
results because the age limit changes as a function of the mass cut (see Figure 3 of
Grasha et al., 2015), and thus, we would expect a correlation between the age to which
the sample is complete and the maximum age in the observed At — R correlation. In
Section 4.4.2, we find that the effect of mass cuts on the results is negligible and well
within the uncertainties of the data. Therefore, all analyses throughout this paper
include all clusters < 300 Myr and we do not apply a mass cut in order to strengthen
available statistics, as our results are not affected by completeness issues, either in

age or mass.

4.3.3 Deprojection of the Galactic Disk

It is essential to properly account for and deproject the positions of the star
clusters to accurately use their spatial distributions free from the effect of projection.
We deproject the pixel coordinate positions of all the stellar clusters in each galaxy by
assuming that each galaxy can be well-described with an axisymmetric flat rotating
disc. The deprojection of the cluster positions is performed in a two step process.

The x and y pixel coordinates are first rotated by the position angle o, determined
by the orientation of the observed field of view for each galaxy. The rotated coordi-
nates ' and ¢ are determined as ' = zrcosa + ysina and y' = —xsina + y cos a.
The rotated coordinates are then deprojected by the inclination angle ¢ of the galaxy
as Tdeproject = T aNd Ydeproject = Y’/ cosi. We use the deprojected coordinate posi-
tions Tdeproject @A Ydeproject, converted to a physical scale within each galaxy, for all
calculations involving the positions of the clusters using the spatial resolution of a

pixel at the distance of each galaxy, as listed in Table 4.1.
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4.4 Analysis and Results
4.4.1 At — R Relation

Following the work of Efremov & Elmegreen (1998), we consider all clusters
younger than 300 Myr within each galaxy, and compute the absolute age difference
At between each pair as a function of their deprojected (see Section 4.3.3) physical
separation (R) for nine equally spaced separation bins in log space. We allow pair
separations up to 8000 parsecs in each galaxy, performing a least-squares fit to the

data following a double power-law as,

A X R(pe)® R < Rpax
At( Myr) = (4.1)
Ay x R° R > Roax.

with « the slope before the breakpoint at a maximum separation R, where the age—
separation trends flatten and A; and A, the intercept before and after the breakpoint,
respectively. We force the slope at scale lengths larger than R, to zero and the loca-
tion of R.ay is a free parameter in the fit, determined where chi-squared is minimized.
We take into account and propagate the uncertainties of individual cluster ages for
each cluster pair for the At calculation when making the mean age-difference at each
bin. The number of bins are chosen as a compromise between available statistics,
where we require a minimum of 10 data points in each bin, and resolution, though
on average, the smallest bin for each galaxy has over 20 pairs. The influence of the
choice of bin size is investigated further in Section 4.4.5.

Assuming that cluster pairs are members of the same region, the observed turnover
is a measure of a galaxy’s maximum star-forming region size, and the age differences
at the same separation can be used as proxies for the duration or lifetime of star
formation within the region. Table 4.2 lists the power-law fit parameters for each

galaxy.
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Table 4.2. Age Difference and Spatial Separation Results

Galaxy Intercept Slope Max Age Riax Velocity vg
(A1) (@) (Myr) (pc)  (kms™') (kms™!)
NGC 7793  4.0(0.3) 0.47(0.06)  48(19) 203(30)  4.0(1.1)  2.0(1,2)

NGC 1313 16(1)  0.26(0.08)  85(26)  585(183) 6.1(1.4)  2.4(3)
NGC 3738  9.0(0.5) 0. 24(0 04)  45(9)  869(152)  15(2) 5.0(4)
NGC 6503 1.7(0.3)  0.6(0.2)  62(21)  275(104) 5.7(25)  1.9(5)
NGC 3344 1.0(0.2)  0.6(0.2)  41(14) 338(131) 8.5(3.1)  3.7(6)
NGC 5194  6.8(1.0) 0.36(0.07)  83(20)  947(231)  13(3) 5.5(7)
NGC 628 4(0.6)  0.33(0.07)  66(18)  788(179)  13(4)  6.9(7.8)
NGC 1566 2.3(0.2) 0.41(0.14)  30(9)  508(179)  20(7) 10(9)

Notes. Power-law fits for the equally spaced separation bins in log space for the
galaxies in Figure 4.1. Columns list the: (1) galaxy name, ordered by increasing
distance; (2) intercept A; from Eq. 4.1; (3) slope « from Eq. 4.1; (4) As, the average
age difference between cluster pairs at the turnover; (5) size Rpax of the star forming
region at the turnover; (6) traveling velocity (size/average age) of the region at the
turnover; and (7) average shear velocity between cluster pairs at Rp,.x and references
for the rotation curves used to derive the shear. Numbers in parentheses indicate 1o
uncertainties in the final digit(s) of listed quantities, when available.

References for rotation curves: (1) — Carignan & Puche (1990); (2) — Dicaire et al.
(2008); (3) — Ryder et al. (1995); (4) — Oh et al. (2015); (5) — Greisen et al. (2009);
(6) — Verdes-Montenegro et al. (2000); (7) — Daigle et al. (2006); (8) — Combes &
Becquaert (1997); (9) — Agiiero et al. (2004).
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Figure 4.1. Age difference between cluster pairs as a function of separation between
the cluster pairs. The black data points and error bars show the average age and
lo spread for each cluster pair in each separation bin. The bins are logarithmically-
spaced, which provide optimal sampling (see Section 4.4.5). The average age differ-
ence between cluster pairs increases systematically with their separation, indicating
that the duration of star formation is longer for larger regions and that younger star-
forming structures are less extended than older regions. A linear fit to the At — R
relation is shown in the solid black line and the dotted line shows where the relation-
ship is flat beyond the breakpoint R,,... The lower right hand corner of each panel
lists the average velocity at the breakpoint in the double power law.

Figure 4.1 shows the average age-separation as a function of increasing separation
between cluster pairs in addition to the power-law fit to each galaxy (eq. 4.1). The
maximum separation of correlated cluster pairs corresponds to sizes ~200-1000 pc
and average age separations of ~20-100 Myr.

From Figure 4.1, we calculate a velocity from the ratio of the size of the turnover
R..ax to the average age difference at that size. This velocity is the average speed at
which turbulence moves through the star-forming region. The velocity is listed in the

lower right hand corner of each panel in Figure 4.1.

118



4.4.2 Impact of Mass Cuts on the At — R Relation

If completeness in age and /or mass drives the observed separation of cluster pairs,
we would expect to observe a correlation between the limiting age we are sensitive
to at a given mass cut and the maximum age at the turn over point. We repeat the
analysis in Section 4.4.1 after applying different mass cuts for the galaxies with enough
statistics to do a proper study: NGC 1313, NGC 5194, NGC 628, and NGC 1566
to see if we see a trend for an increase in the age accompanying increases in the
mass cut. Figure 4.2 shows negligible increase in the maximum age of the At —
R relation, about 10% or less, which is well within the errors. We do note that
NGC 628 does show a higher increase in Ry, at the largest mass cut, about 25%.
However, this is still within the error bars, and, as shown in Section 4.4.7, the At — R
correlation for NGC 628 disappears when we randomize the clusters positions and
ages, demonstrating that the correlation is not an effect of selection biases.

Additionally, for all the galaxies in Table 4.2, the maximum age is always shorter
than the completeness age limit of 200 Myr at the mass cut-off of 5000 M,. We
conclude that the luminosity-limited nature of our catalog, and therefore, potential

biases induced by this on the ages, are not driving the observed At — R correlation.

4.4.3 Shear and Global Galactic Properties

To better understand the impact of galactic shear on the turbulent velocities, we
remove the effect of shear in all galaxies at the turnover separation R,,., between all
clusters in all galaxies. First, we calculate the angular velocity as Q = Vo1 /R, where
Viot 1s the rotational velocity at the galactocentric position R, of each cluster. Then
we take the average galactocentric distance R, multiplied by the difference in angular
rates, AQQ, for each pair of clusters within the R,,,, separation bin. This is the relative
velocity from shear for each pair, Vg, which we subtract from the turbulent velocity

to get a velocity that is corrected for the effect of shear. The relative velocity from
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Figure 4.2. Maximum age for each galaxy at different mass cutoff limits normalized
by the nominal maximum age. These results are derived for a minimum mass limit
of 500 My, (Table 4.2) as a function of the cutoff mass at 1000, 3000, and 5000 M.
If the At — R relation is a result of the luminosity limit of the sample we would
expect an increase in the maximum age as we increase the mass cutoff. There is
a slight upward trend, but the values are well within the errors, implying that the
catalog completeness is not responsible for driving the At — R relation. The points
corresponding to different galaxies are shifted slightly along the x-axis as to not lie
on top of each other.
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shear for each galaxy is listed in Table 4.2 along with the references from which the
rotation curves are taken. Vg quantifies the average difference in azimuthal velocities
on the scale of the largest separation and informs on how much shear influences the
relative velocity at the edge of a star-forming region. We find that in general the
contribution of shear to the measured velocity between cluster pairs is at most only
slightly greater than the 1o error of the velocity.

The velocity from the At — R relation, when normalized to the velocity component
produced by shear (Figure 4.3), is independent of the turnover size Ry.,. Thus the
maximum speed associated with the largest structure of star formation in a galaxy is
linked directly to the velocity difference from shear within the same structure. These
results indicate that while turbulence is quite possibly the dominant process defining
the At — R relation, there are dependencies on the environment of the host galaxy,
which affect the measured maximum sizes, age-differences, and velocities.

Figure 4.4 shows the trend of the velocity at Ry, for each galaxy with the dust-
corrected star formation rate (SFR), Ros optical radius, and morphological Hubble
T—type. We find that larger spirals (correlation coefficient r = 0.98) with higher SFRs
(r = 0.86) and smaller T—type morphologies (r = 0.83) exhibit larger Ry,.x velocities,
although the trends with SFR and T-type are weak. This is not unexpected as larger
galaxies are known to have larger star-forming complexes (Elmegreen et al., 1996).
The irregular galaxy, NGC 3738, does not follow the trend that we observe for spirals.
Because the cluster catalogs are complete to clusters more extended than Repy ~
1 parsec (Adamo et al., 2017) at a distance of 10 Mpc, and we expect this to apply
to all galaxies excluding NGC 1566 (13 Mpc), we do not expect any significant bias
in our cluster analysis due to the distance of the galaxies. The apparent correlation
between an increase in the velocity (or maximum size R,.x) with increasing galaxy
distance (Table 4.2) is an observational bias in our sample as the smallest galaxies in

our sample are at the closest distances (Figure 4.5).
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a function of the turnover size between cluster pairs Ry.x. The ratio Velocity/Vs is
independent of R, implying that shear is responsible for determining the maximum
size of star-forming regions. Error bars display the standard 1o error in the mean.
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Figure 4.5. Ry5 radius as a function of the distance for each galaxy. The largest
galaxies, and therefore, the largest traveling velocities calculated from the At — R
relation, are found at the largest distance within our survey.
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4.4.4 Cluster Evolution

Clusters are disrupted rapidly due to evaporation, merging, and tidal field inter-
actions (for a review, see Portegies Zwart et al., 2010), removing up to 90% of clusters
within each age dex. At older ages, cluster samples start to suffer from incompleteness
due to evolutionary fading and rising mass completeness limits at ages older than a
few hundred Myr (e.g., Fouesneau et al., 2014; Adamo et al., 2017). Incompleteness
due to embedded clusters, confusion with associations, and infant mortality is im-
portant in the age range 1-10 Myr (Gieles et al., 2011). We can test the impact of
cluster evolution on our results by inspecting the At — R relation for clusters with
ages above ~10 Myr and for ages up to 100 Myr compared to 300 Myr. We compute
the At — R relation in this manner for four of our galaxies with the most populous
cluster catalogs in our sample with the best number statistics available: NGC 1313,
NGC 5194, NGC 628, and NGC 1566.

Based on the considerations above, we expect that clusters with ages of 10—
100 Myr are those for which the effect of both cluster disruption, fading, and dy-
namical mass loss will have minimal impact on the At — R relation. Figure 4.6 shows
this along with the At — R relation for the age range 1-300 Myr and 1-100 Myr.
Table 4.3 lists the power-law fits of the four galaxies available for all the different age
ranges using logarithmic bins like in Figure 4.1. The best-fit values (e.g., Ryax) do
change between the two binning methods of Figure 4.1 and Figure 4.6, but the values
are well within the error. The scatter is significant in the age range of 10-100 Myr
because of small number statistics, and the correlation should be represented with
a single power-law. However, we elect to keep the double power-law fit in order to
enable easy comparison of this age bin with the other two.

Evolutionary effects on the clusters already appear to have impacted the age—
separation results by 300 Myr, flattening the slopes and increasing the characteristic

star formation timescale compared to clusters that are only 100 Myr old in NGC 628,
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NGC 5194, and NGC 1313. On the other hand, NGC 1566 shows a different trend
where the measured slope decreases when we lower the age limit from 300 to 100 Myr.
However, the slope of NGC 1566 marginally increases when we further decrease the
age limit to the range 10-50 Myr, the only system were we have enough statistics
to test the relation in the range for clusters in this smaller age range. The ability
to perform tests that pinpoint the age where evolutionary effects become important
depend on the size of the available catalog. Not accounting for the effect of cluster
evolution may act to decrease the underlying slope.

An inspection of the clusters in the range 10-100 Myr compared to 1-100 Myr
in Figure 4.6 — effectively removing clusters that are subject to violent gas expulsion
(e.g., Baumgardt et al., 2013) — show that the At — R relation becomes shallower as
clusters younger than 10 Myr are removed. The relation steepens marginally within
NGC 1566, but as the total age range is narrow, the scatter is considerable and we
do not consider it a significant effect.

The clusters in the range 10-100 Myr for both NGC 1313 and NGC 5194 show an
extremely shallow relation compared to what is observed for the rest of the systems.
We are limited by small number statistics for these two systems for this age range,
having only 228 and 253 clusters, respectively, compared to 447 and 545 clusters for
NGC 628 and NGC 1566, respectively. Thus, the scatter is significant and part of
the observed shallowing of the slope is likely due to small number statistics for the
shortest spatial scales with the youngest age differences.

In general, the slope steepens when we reduce the upper age limit. de la Fuente
Marcos & de la Fuente Marcos (2009) also found that the MW cluster pairs exhibit
a steepening slope after correcting for cluster dissolution and incompleteness. Our
catalogs are most sensitive to clusters with young ages: between 45%-66% of the
star clusters in each galaxy have ages <10 Myr. The effect of removing clusters with

ages <10 Myr impacts the age—separation relation in each galaxy differently, but in
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all cases, it is apparent that the youngest, most recent star forming regions drive
the observed At — R relation at the smallest scales. While the initial star cluster
formation may be driven by turbulence, after the star clusters have aged just a few
tens of Myrs, the imprint of turbulence on their age—separation relation appears to
have diminished.

The recovered slope of NGC 628 exhibits a significant flattening for clusters older
than 100 Myr which is not observed for the other galaxies. This agrees with the
findings of Adamo et al. (2017) that cluster disruption is not important for ages
between 10 and 200 Myr in NGC 628, hence the dramatic change in the slope from
100 to 300 Myr. Both NGC 5194 (Gieles et al., 2005) and NGC 1566 (Hollyhead
et al., 2016) also show slow dissolution rates of ~ 100 Myr for their cluster populations,
unlike NGC 1313, which exhibits a fast cluster disruption timescale of 25 Myr (Pellerin
et al., 2007).

Figure 4.7 shows the ratio of the traveling velocity to the velocity difference due
to shear Vg as a function of the turnover size for the different age ranges of Figure 4.6.
The four galaxies with enough clusters to perform an analysis of the dependence of
the At — R relation with age are also the largest galaxies with the largest derived
Rinax value. While there is a general trend for a higher ratio of V/Vs at the turnover
point when tracing younger star-forming regions within a given galaxy (i.e., a lower
contribution of shear within the youngest, smallest complexes), selecting the same
age range for all galaxies results in a flat trend between V/Vs and Rp.x. As long
as we compare the results using the same age range for the clusters, the ratio V/Vs
appears to be constant across the selected cluster age range.

The difference in the observed slopes or maximum age is not an artifact of galaxy
distance because, comparing Table 4.1 and Table 4.2, there is no correlation between

maximum correlation age and distance. Shear inside the galaxy may be an important
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factor in determining the duration of star-formation and size of regions, as shown in

Section 4.4.3 and Figure 4.3 and Figure 4.7.

4.4.5 Binning Method and the Dependence of R,,,, on Age

In this section, we investigate the choice of bin size and method of binning on the
At — R results, specifically the sensitivity of the location of the turnover point R,.
to the binning selection.

The total spread of possible age differences between cluster pairs is significant,
especially at the largest separations. While the upper envelope of age differences only
increases with increasing separation, there will always be cluster pairs with At = 0
values at all separations. As performed in both Efremov & Elmegreen (1998) and
de la Fuente Marcos & de la Fuente Marcos (2009), we bin the data, finding that
the best representation of the underlying distribution is when the binning method is
performed in equal logarithmic-spacing, as shown in Figure 4.1. However, in order
to fully understand how our choice of binning methods may potentially impact the
location of Ry,.y, which drives the resulting velocity at that location, we also compute
the At— R correlation for regular intervals of separations of 20 parsecs for our selected
age range of 1-300 Myr.

Figure 4.8 shows the results: as expected, when we increase the number of bins,
the scatter between individual bins increases. Additionally, choosing the bins such
that they are for regular intervals of separation greatly limits the resolution at small
separations due to sparse numbers of clusters. The derived values of R, remain
consistent relative to those listed in Table 4.2. The At — R relations in Figure 4.6
for different age ranges can be used to investigate the dependency of the size of a
star-forming region, Rax.

For all galaxies, when the maximum age of the clusters is lowered and we only

consider clusters younger than 100 Myr for the At— R relation, we find that the size of
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Figure 4.6. Three different age ranges to test for the effect cluster evolution on the
At — R relation for an aging cluster population. We do this by computing the age
difference between cluster pairs as a function of separation in logarithmic scale be-
tween the cluster pairs of four galaxies, divided into: 1-300 Myr (black), 1-100 Myr
(green), and 10-100 Myr (purple). NGC 1566 contains enough clusters to also in-
vestigate the trend at ages 10-50 Myr (blue). The range 10-100 Myr is selected to
avoid the effects of violent gas disruption (ages <10 Myr) and cluster dissolution and
fading (ages = 100 Myr). A fit to the At — R relation is performed and the numbers
to the right of each age range show the value of the slope «, with the full power-law
fits listed in Table 4.3. The scatter present in the 10-100 Myr range is significant and
should be represented with a single power-law; however we perform the fits in this age
using a double power law like in the other cases, to enable direct comparisons among
the three age ranges considered. Older clusters result in larger, more extended star-
forming sizes, increasing the size of R,.x. Cluster dissolution and fading also has the
greatest impact for clusters older than a couple hundred Myr, increasing the average
separation between pairs and flattening the slope in the At — R correlation as clusters
age.
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Figure 4.7. Velocity at R.. divided by the velocity difference due to shear Vg
calculated at the different age ranges from Figure 4.6. The black symbols show the
V/Vs ratio for clusters in the age range 1-300 Myr, green show the range range
1-100 Myr, purple show the age range 10-100 Myr, and blue show the age range 10—
50 Myr (only for NGC 1566). Individual galaxies are represented by different symbols:
NGC 628 (squares), NGC 1313 (circles), NGC 5194 (triangles), and NGC 1566 (stars).
The range 10-100 Myr would be better represented by a single power-law (Figure 4.6);
however, we elect to fit that age range with a double power-law to enable direct
comparison with the other two age bins. We highlight this choice for the 10-100 Myr
age bins by marking the error bars for this age bin with lighter lines. For a given
galaxy, younger (i.e., smaller) star-forming regions have a total traveling velocity
which is a few times larger than the shear, while approaching the Vg value as the
maximum region size increases. Within each age range, however, V/Vg remains
constant from galaxy to galaxy. Error bars display the standard 1o error in the
mean.
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Table 4.3. Age Difference and Spatial Separation Results for Varying Age Ranges

Galaxy Ay Slope Max Age Riax V/Vg
(Myr) (a) (Myr) (pc)
1050 Myr
N1313
N5194
N628

N1566  1.3(0.3)  0.40(0.09) 1.:;,.(3) 326(72)  4.2(1.2)

10-100 Myr!
N1313 9(2) 0.24(0.06)  34(8) 239(57)  3.4(0.9)
N5194 16(4)  0.13(0.03)  33(9) 258(68)  3.3(1.0)
N628 5.0(1.3) 0.40(0.11)  35(10)  141(40) 3.7(1.2)
N1566 ~ 2.4(0.5) 0.35(0.07)  20(4) 408(93)  3.0(0.8)
1-100 Myr
N1313  4.8(1.3) 0.34(0.07)  40(11)  486(132) 3.7 (1.2)
N5194  2.8(0.7) 0.43(0.08)  33(6) 294(77)  2.9(0.7)
N628 2.2(0.6)  0.49(0.13)  31(8) 211(56)  3.8(1.1)
N1566 ~ 3.0(0.4) 0.28(0.04)  18(2) 493(73)  2.9(0.5)
1-300 Myr
N1313 16(3)  0.28(0.07)  96(23)  560(132) 1.9(0.5)
N5194  10.0(1.3)  0.34(4) 99(13)  842(180) 2.3(0.5)
N628 7.8(1.2) 0.31(0.05)  64(10)  736(114) 1.7(0.4)
N1566 ~ 2.1(0.4) 0.40(0.07)  26(5)  590(136) 1.9(0.5)

Notes. Power-law fits for the logarithmic separation bins for the galaxies in Fig-
ure 4.6. Columns list the: (1) galaxy name, ordered by increasing distance; (2)
intercept Ap; (3) slope «; (4) As, the average age difference between cluster pairs at
the turnover, Ry (5) size Rpyax of the star forming region at the turnover for the
age range from Eq. 4.1; and (6) the ratio of the traveling velocity to the velocity
different from shear (Figure 4.7). Each value is listed for four different age ranges:
10-50 Myr, 10-100 Myr, 1-100 Myr, and 1-300 Myr. Only NGC 1566 was investi-
gated for the range 10-50 Myr. Numbers in parentheses indicate 1o uncertainties in
the final digit(s) of listed quantities, when available.

!The clusters in the 10-100 Myr range of Figure 4.6 are best-described with a nearly
flat, single power-law with slope with no breakpoint. However, in order to compare
the ratio of the velocity from shear in Figure 4.7, we keep the double power-law fit.
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the star-forming region R,,.x decreases (Figure 4.6 and Table 4.3). This is expected
as the youngest clusters will trace the regions of the most recent star formation,
occurring at the smallest size scales. Thus, increasing the age of the star-forming
region increases the extent of the structure that the star clusters are tracing, and as
expected, increases the maximum age of the region as well. Only half our sample
have large enough cluster catalogs to investigate the age-dependency on the At — R
relation. The changing of the At — R relation with different age ranges provides
important insight on the effect of cluster dissolution and fading on the results, as

discussed in the previous section.

4.4.6 Sensitivity of the At — R Relation on Stochastically Derived Prop-
erties

As mentioned in Section 4.3.2, the cluster properties for two of the LEGUS galax-
ies, NGC 7793 and NGC 628, have been derived through the implementation of SLUG
(Krumholz et al., 2015a). SLUG provides stochastically derived posterior probability
distribution functions (PDFs) for ages, masses, and extinctions of the clusters, as-
suming different priors for both the cluster mass function and dissolution rate. We
utilize the full posterior PDFs of the cluster candidates in NGC 7793 and NGC 628 to
investigate the implications on the At — R relation of deriving the ages stochastically
compared to traditionally deterministic SED modeling. We ensure that the under-
lying physical assumptions (e.g., metallicity, dust attenuation models) are consistent
between the two codes.

Figure 4.8 shows the At — R relation for NGC 7793 and NGC 628 where the ages
are determined both from deterministic techniques and with the stochastic modeling
code SLUG (Krumbholz et al., 2015a). We take the stochastic age of each cluster as

the peak of the marginal posterior probabilities.
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We find that the global trends from ages determined stochastically are similar
to what is observed for cluster properties derived from traditional SED fitting tech-
niques. There is a slight decrease in the average age separations for clusters with prop-
erties derived stochastically within NGC 7793 and no difference is observed within
NGC 628. Any difference is well within the uncertainties on the age differences as
determined from deterministic models. We conclude that there is no concern of any
bias introduced in our results that is caused by the traditional deterministic fitting

procedures.

4.4.7 Randomization Tests
4.4.7.1 Shuffling the Ages

We perform two tests to assess whether the correlation found between the age and
separation of cluster pairs is truly statistically significant or is an effect of our sample’s
luminosity-limited selection. In the first test, using the 1205 star clusters in NGC 628,
we keep the real cluster positions and shuffle the ages randomly and recompute the
At — R relation, using the same bin choices as Figure 4.6 for the 1-300 Myr clusters.
Figure 4.9 shows 50,000 iterations of randomly shuffling the ages and keeping the
separations the same. We see that the act of shuffling the ages causes the correlation
to disappear, implying that the observed At — R relation is statistically significant
and is not a random effect.

For each iteration, we also determine the slope, where we only fit cluster pairs up
to 500 pc to remove any uncertainty in the location of R,... In the 50,000 trials,
there was never a random trial with a slope in agreement within 1o of the slope
obtained for the real data of NGC 628 (0.33 £ 0.07). This provides further evidence
of a physical effect where clusters tend to form coevally, while distant pairs tend to
form at different times; the effect is not the result of chance alignment or biases in

the survey selection.
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Figure 4.8. Testing the effect of stochastic versus deterministic models on the At—R
relation. The age difference between cluster pairs as a function of separation of the
cluster-rich galaxy NGC 628 (top) and the cluster-poor galaxy, NGC 7793 (bottom).
The average age difference At is shown as a function of their physical separation R for
linear intervals of separation of 20 parsecs. The black points show the results if the
ages are determined with deterministic models and the red points show the results for
the ages derived with stochastic modeling (Section 4.4.6). The bottom right shows
the average error for each point. The difference between the At — R relation for the
stochastic models are well within the scatter of the deterministic models.
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Figure 4.9. At — R trend for NGC 628 with randomized positions and shuffled ages.
The plots show the age difference between cluster pairs as a function of separation in
logarithmic scale between the cluster pairs of NGC 628. Blue points show the trend
for the real data of NGC 628. Top left: One example of the At — R relation where we
randomly shuffle the ages among the real cluster positions. Top Right: One example
with randomizing the cluster positions within NGC 628 (see Section 4.4.7.2). Bottom
Left. The gray points show 50,000 iterations where cluster ages are shuffled randomly
among the real cluster positions, and the red points show the average of the shuffled
points with the 1o error in the mean. Bottom Right: The gray points show 15,000
iterations when cluster positions are randomized within the galaxy, and the red points
show the average of the randomized points with the 1o error in the mean. There are
a lack of close cluster pairs with randomized positions as real cluster positions are
highly clustered, especially at young ages. The correlation disappears for randomized
ages and positions across all pair separation lengths, suggesting that the At — R trend
found in Figure 4.1 and shown in blue for the clusters is statistically significant and
determined by a real physical effect.
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4.4.7.2 Randomizing the Positions

The second test we perform to check whether the age distribution is driving the ob-
served behavior is assigning a random spatial position within the footprint of NGC 628
to each of the fitted cluster ages. Figure 4.9 shows the At — R relation results for
15,000 iterations of randomizing the positions of the star clusters. This test of ran-
domizing the positions is more involved than simply shuffling the ages as we have
to ensure that enough cluster pairs are within the smallest separation bin in Fig-
ure 4.9. Because we use the actual cluster positions when we randomize the ages in
Section 4.4.7.1, we did not have this problem in that first test.

The observational bins in NGC 628 contains 58 cluster pairs within the smallest
separation bin centered at 10 pc, and 86 cluster pairs with separations in the 20 pc
bin. We place the requirement of a minimum of 25 pairs in the least populated
bin, though the results do not change if we lower the threshold. In an initial run of
50,000 iterations, using the same bin sizes as Figure 4.6, only two trials populated
the minimum of 25 cluster pairs in the 10 pc bin, far short from the 58 cluster pairs
that are observed in the true cluster positions of NGC 628 in the same bin. We
already infer from this that the positions of the clusters are not random and the
At — R relation cannot be the result of a statistical effect and the probability of a
chance alignment is nearly negligible. Indeed, the clusters of NGC 628 do show a very
clustered distribution, especially at young ages, compared to randomized populations
(Grasha et al., 2015).

To ease computational time and deal with the dearth of close cluster pairs in the
randomized positions, we decrease the number of bins by half, increasing the average
separation of the smallest bin centered at 10 pc to around 20 pc. We still require the
minimum of 25 clusters in the smallest bin. On average, only 5% of the iterations
have enough close clusters such that 25 points populated the smallest bin at 20 pc,

i.e., in order to obtain 15,000 successful runs with enough clusters populating the
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right panels of Figure 4.9, we performed over 300,000 trials. This is a significant
result as well, even after requiring a minimum of 25 points with separations around
20 pc, still substantially less than what is observed in real clusters of NGC 628 with 86
cluster pairs at these separations, the cluster positions are not driven by randomized
processes.

With similar findings with the shuffled age test, we find that the correlation dis-
appears when the positions are randomized, suggesting that the At — R correlation is
not a statistical effect. This is further reinforced by the lack of multiple cluster pairs
at short distances in the randomized data compared to the presence of a significant
number of close, young clusters pairs observed between real clusters. For 15,000 suc-
cessful trials of randomizing the positions, the probability of a random trial having
a slope in agreement within 1o of the value obtained for the real At — R correlation
of NGC 628 (0.33 + 0.07) is 0.02% (3 out of 15,000 trials). The cluster positions,
combined with their ages, are indeed imprinted with information on the physical
mechanism that drives cluster formation and the At — R correlation is statistically

robust.

4.4.7.3 Unbinned Results

As briefly discussion in Section 4.4.5, the scatter in the intrinsic At — R across
all separation lengths is considerable and the clusters will gather in rows along the
y-axis owing to the discrete ages resulting from SED fitting. Figure 4.10 shows the
unbinned distribution for all the cluster pairs in NGC 628. We compare it to the one
of the 15,000 trials where the clusters are assigned randomized positions (top right
panel of Figure 4.9). The cluster ages are the same in both cases, only the positions
are changing between the two panels of Figure 4.10. There is a noticeable increase in
younger cluster pairs at small separations of less than a few hundred parsecs in the

real data that is not present in the randomized trial, which becomes more apparent
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Figure 4.10. Unbinned At — R relation for NGC 628. The age difference between
cluster pairs as a function of separation between the cluster pairs without any binning
for NGC 628 and the random cluster position trial in Figure 4.9. There is an excess
of clusters at smaller separations for smaller age differences in the actual data that is
not recovered in the simulations.

when we bin across spatial separations in Figure 4.9. In the real data, the majority of
clusters with separations less than 50 pc are generally less than ~30 Myr old, while in
the random trial, there is no trend in age for clusters pair separations less than 50 pc.
Therefore, despite the scatter present, the unbinned data support the inference from
the binned data, that the At — R relation is statistically robust, further supporting
our results from the previous section using both randomized ages and randomized

positions.

4.5 Discussion

Larson (1981) was the first to establish that turbulence is responsible for the
observed velocity dispersion and size correlation of GMCs, where the line widths
increase as a power of their radius: ¢ oc R® with 8 = 0.38. This relation indicates
that turbulence is faster in larger regions. The slope for the size—velocity dispersion
relationship is now believed to be slightly steeper: 8 o 0.5 (e.g., Solomon et al., 1987;

Rosolowsky et al., 2008; Rice et al., 2016). Our results show that the duration of star
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formation within star-forming regions in eight galaxies is At oc R[*2%06] suggesting
that the At — R cluster relation is consistent with resulting from turbulence. For a
hierarchical ISM arising from turbulence, the velocity difference Av between points
separated in space by Az varies as Av o< Az? and the crossing time At over that
distance varies as At oc Ax/Av o< Azt=#. Thus, our slope « equals 1— £ for slope 3 in
the size-linewidth relation of interstellar turbulence. For a turbulent model, 5 ~ 0.5
(Rice et al., 2016), results in o ~ 0.5. This value of « is consistent with observations
in the LMC (Elmegreen & Efremov, 1996; Efremov & Elmegreen, 1998), the MW (de
la Fuente Marcos & de la Fuente Marcos, 2009), and with our sample. Furthermore,
correctly accounting for the effects of cluster evolution brings the observed slopes
closer to the expected value of 0.5 from turbulence (see Section 4.4.4 and de la Fuente
Marcos & de la Fuente Marcos, 2009).

The change from a power-law distribution to a flat distribution in the At — R
cluster relation may describe the transition from a scale-free turbulent motion at
small-scales to uniform large-scale galactic dynamics, occurring around 0.5-1 kpc
(Elmegreen et al., 1996; Sanchez et al., 2010; Dutta et al., 2013). It is likely related
to the maximum size of a coherent star-forming region, which may be the turbulent
Jeans length, expected from self-gravity on the largest scale (Elmegreen & Elmegreen,
1983), or the length given by galaxy rotation (Escala & Larson, 2008). The separation
sizes are also similar to the maximum correlated size of cluster complexes as probed
using the two-point correlation function in the same galaxies (Grasha et al., 2015,
2017a).

While the age and separations of the youngest clusters can be well-described with
a turbulent model, a better understanding on the effects of cluster evolution and
survival can help improve our understanding of turbulent-driven star formation and
unravel whether the observed deviations of the slopes from the theoretical 0.5 value

are the results of other evolutionary or environmental effects. The maximum size of
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a turbulent cell appears to be limited by shear: we find a tight relation between the
maximum turbulent velocity and the average velocity difference due to shear at the
size of the largest correlated star-forming region (Figure 4.3).

The combination of both the galaxy size and the shear determines the average age
of star-forming regions in the At — R correlation, varying by a factor of five across
the sample. Larger galaxies exhibit larger star-forming complexes, impacting the
size of Ry, and within each complex, the age difference of a sub-region scales with
roughly the square root of the size of the sub-region (Figure 4.1). Shear limits the
average ages of the regions by limiting the ratio of the maximum size to the average
age. The duration of star formation within a region is proportional to a few crossing
times and the recovered velocities are similar to the turbulence motions of the ISM
(~ 10 km s™'; Heiles & Troland, 2003).

Clusters formed together in groups that exhibit similar ages is an expected out-
come of hierarchical star formation model (Bhatia & Hadzidimitriou, 1988; Dieball
et al., 2002; De Silva et al., 2015). The relation between time and distance we find
implies that young clusters born together in close pairs (or groupings) do indeed show
similar ages, providing further support that star formation, as traced by these young
stellar clusters, is organized in a hierarchical manner (e.g., Hopkins, 2013a). The
At — R relation is statistically robust and significant, the correlation disappearing
when both the ages and positions are randomized within each galaxy (Section 4.4.7).
Star formation is not a random process: both the positions and ages are consistent
with being driven by turbulence and it is unlikely to have a random process give rise

to the large number of close-age cluster pairs observed in local galaxies.

4.6 Summary and Conclusion
In this work, we investigate the relation between age difference and the separation

of young (<300 Myr) cluster pairs in eight local galaxies to investigate whether a
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correlation exists between the duration of star formation and the size of the star-

forming region. Our main results can be summarized as follows:

1. Clusters that are born closer to each other exhibit smaller age differences com-
pared to clusters that are born further apart. This time-distance correlation
among young clusters implies that on average younger star-forming structures

are less extended than older regions.

2. The average age difference between pairs of clusters increases with their separa-
tion as the 0.25 to 0.6 power. The duration of star formation and the size of the
star forming regions are consistent with expectations from turbulence: larger
regions can form stars over longer timescales as the duration of star formation
scales with the square root of the size over longer timescales as an effect of tur-
bulence cascading down to smaller size regions. The slopes we recover tend to
be closer to 0.5 if only clusters younger than ~100 Myr are considered, indicat-
ing that the hierarchical distribution, inherited by a turbulent ISM, dissipates

with time.

3. The power-law relation reaches a maximum size where the age difference be-
tween pairs becomes constant. The maximum size increases with galaxy size,
and the ratio of the maximum size to the average age difference — values that
are similar to the turbulent speed of the ISM — increases with galaxy shear.
These results imply that star formation proceeds hierarchically in giant star
complexes with a duration on small scales that is proportional to the local

turbulent crossing time. The complexes are then dispersed by shear.

4. For the spiral galaxies in our sample, the maximum velocity marginally cor-
relates with the galaxy’s size; weaker correlations are found with the galaxy’s
SFR and morphology. The dwarf galaxy in our sample does not fit the trend of

the spirals.
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At small scales, turbulence appears to be a primary candidate driver of the spatial
and temporal scales for star formation processes although other potential drivers, like
self-gravity (Li et al., 2005) will need to be further investigated. Future studies and
improved simulations over an expanded range of galactic parameters that also consider
cluster feedback into the ISM will help provide the necessary insight to the secondary
processes that impact the overall organization of star formation across a wide range

of scales.
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CHAPTER 5

CLASSIFYING STAR CLUSTERS WITH MACHINE
LEARNING TECHNIQUES WITH LEGUS:
CORRELATING YOUNG STAR CLUSTERS WITH
MOLECULAR CLOUDS IN M 51

This chapter! presents the machine learning (ML) identification process to produce
the star cluster catalogs and correlates the star cluster catalogs with that of GMCs
within the grand design spiral NGC 5194 in order to quantify the association timescale

of star formation with molecular gas.

5.1 Abstract

We present a pilot test using machine learning (ML) to generate homogeneous,
self—consistent, and repeatable catalogs of star clusters. The ML technique is ap-
plied to NGC 5194, a nearby galaxy that is part of the Legacy Extragalactic UV
Survey (LEGUS), and compared against clusters that are visually confirmed. Using
an existing Bagged Decision Tree algorithm, we achieve a good agreement between
the clusters with both identification methods: the visual identification yields about
75% agreement between different human classifiers, while the overall accuracy of the
ML classification achieves 67% agreement with the visual classifications. Outside the
footprint where visual classification is available, compact and centrally concentrated
clusters are readily identified, while asymmentrical systems with multiple peaks (e.g.,

stellar associations) are generally missed. Post-facto visual inspection of the ML-only

!These results are based on research published by Grasha et al. (2018a), and is reproduced by
permission of the AAS.
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classification still finds ~70% recovery rate for centrally concentrated clusters. We
use these clusters for our investigation of NGC 5194. We compare the distribution of
star clusters relative to molecular gas in the inner 9 kpc, where CO measurements are
available, finding that younger star clusters are spatially closer to molecular clouds
than older star clusters. We also find that a significant fraction of young star clusters
are still associated with a molecular cloud (i.e., located within the footprint), with
median ages of 4 Myr whereas unassociated star clusters are significantly older at
40 Myr. Lastly, we find that younger star clusters are preferentially located within
the stellar spiral arms and are hierarchically distributed within star-forming regions
of ~1 kpc in size that disperse after 50-100 Myr; the fractal dimensions of the clus-
ters are steeper than those of the GMC hierarchy. Given the distance to their nearest
GMC, this timescale for disassociation corresponds to traveling velocities for the star

cluster of 10 km s~ 1.

We find evidence for a galactocentric-dependence on the co-
herence of star formation, where clusters located near the inner region of the galaxy
reside in significantly smaller star-forming complexes and display a more homoge-

neous distribution compared to star clusters further from the center, suggesting a

correlation between the survival of a cluster complex and its environment.

5.2 Introduction

A central tenet of our understanding of star formation is that it is correlated in
such a way that stars form in stellar aggregates (e.g., Lada & Lada, 2003; Portegies
Zwart et al., 2010) that we call ‘clustered star formation’. In such a distribution,
individual components of a population are more likely to appear near other members
than if they were randomly distributed. Observations have directly measured the
correlation in the spatial distribution between young stars, stellar clusters, and asso-
ciations (e.g., Gomez et al., 1993; Zhang et al., 2001; Oey et al., 2004; Scheepmaker
et al., 2009; Gouliermis et al., 2014, 2015b, 2017; Grasha et al., 2015, 2017a,b; Sun
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et al., 2017a,b), providing overwhelming evidence for the coherence of star formation
over multiple scales and within an extensive variety of galactic environments.

This hierarchical distribution of star formation is understood as a consequence of
dense gas concentrated primarily within giant molecular clouds (GMCs) that undergo
fragmentation (Carlberg & Pudritz, 1990; McLaughlin & Pudritz, 1996), under the
influence of both gravitational collapse (de Vega et al., 1996) and turbulence (e.g.,
Elmegreen & Scalo, 2004; Federrath et al., 2009; Girichidis et al., 2012; Hopkins et al.,
2013; Guszejnov & Hopkins, 2016) and other feedback processes (e.g., Krumholz,
2014) that act to suppress star formation. Such hierarchical fractal structure in the
interstellar medium (ISM) results in a power-law distribution of the ISM components
from which we can measure the fractal dimension, or the strength of clustering (e.g.,
Elmegreen & Falgarone, 1996; Roman-Duval et al., 2010). Within this framework,
young star clusters should inherit their clustered distribution from the ISM structure
from which they are born; observations corroborate the clustering of molecular gas
(e.g., Elmegreen & Falgarone, 1996; Sanchez et al., 2010; Miville-Deschénes et al.,
2010) as well as protostellar cores (Johnstone et al., 2000, 2001; Enoch et al., 2006;
Stanke et al., 2006; Young et al., 2006) and young stellar objects (Bressert et al.,
2010). The hierarchical distribution is slowly lost with time, either due to random
motions that remove the fractal imprint, becoming more uniformly distributed with
age, or due to the merging of sub-clusters into larger clusters (e.g., Gieles et al., 2008;
Bastian et al., 2009; Davidge et al., 2011).

Star clusters, identifiable in galaxies up to distances of ~100 Mpc, are born at
the densest regions of the hierarchy (Elmegreen, 2008) and provide a sensitive and
direct observational signature of the star formation process. Despite this, it is not
well understood to what extent the galactic environment, both locally and globally,
influences the evolution and survival of star clusters or the complexes from which

they are born. These outstanding issues need to be properly addressed in order
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to accurately characterize the connection between star formation occurring at the
scales of individual stellar aggregates, with scaling laws that are uncorrelated with
the molecular clouds below ~100 pc (e.g., Onodera et al., 2010; Schruba et al., 2010),
and the global scaling relation between star formation and gas reservoirs of entire
galaxies (Kennicutt, 1998; Kennicutt & Evans, 2012).

Within the local universe, star clusters are more extended than point sources
(individual stars) in Hubble Space Telescope (HST) imaging, although the ability
to discriminate between stars and star clusters decreases with increasing distance,
higher stellar background/crowding, and lower resolution at different bands. Com-
pounded with the diversity of star cluster properties (radii of 1-10 pc and masses of
100 — 10" M,; Portegies Zwart et al., 2010), it is difficult to optimize a set of param-
eters for a ‘one size fits all” automated identification approach. Because of this, the
most common procedure used to secure catalogs of star clusters is through visual in-
spection. The difficulty in identification is further compounded by the absence of any
discernible features; this is opposite to galaxies, that often have substructures, like
spiral arms, that make crowdsourcing a viable option with, for example, the Galaxy
Zoo project (Lintott et al., 2008, 2011). The subjective judgment from visual identi-
fication often produces inhomogeneous results and inconsistent cluster classifications
between different galaxies and different classifiers as there is no obvious definition of
a star cluster, especially when the clusters are unresolved. This has resulted in con-
flicting results within the literature, where separate teams produce different cluster
catalogs using varying criteria for what constitutes a star cluster from the same images
(see, e.g., Adamo et al., 2015; Chandar et al., 2015). Furthermore, as astronomical
data sets become increasingly larger and substantially more complex to process and
analyze, implementing automated classification techniques becomes a promising and

necessary approach. Manual classification is time-consuming, requiring a significant
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amount of time in order to recreate catalogs as our understanding of the physical
properties of star clusters evolves (Portegies Zwart et al., 2010).

In this paper, we present a pilot experiment of off-the-shelf ML algorithms ap-
plied to the galaxy NGC 5194, in order to test the effectiveness of these algorithms in
identifying young stellar clusters in nearby galaxies. ML approaches are both faster
and more efficient than the traditional approach of visual identification. A common
‘supervised learning’ ML algorithm implements the use of decision trees to perform
feature recognition (Breiman, 2001; Kotsiantis, 2007), a parameterization approach
where the classification is a two step process: (1) a training or learning step, where
a classification model is constructed based on data with known labels (i.e., telling
the ML algorithm what is and what is not a cluster), searching for similarities in the
source data with the same labels; and (2) a classification step, where the training
model is used to predict the class label for unlabeled data. Supervised learning algo-
rithms require a pre-existing catalog of images, where each image contains a single,
centered source with a pre-determined label, and thus, still requires human interven-
tion for creating the training set catalogs. The accuracy of the results depends on the
size and accuracy of the labels in the training set. Much like human identification,
distinguishing sets of objects, such as stars (point-like sources) from star clusters
(more extended than a point source or made of multiple, connected point sources)
becomes increasingly difficult as the sources become fainter, due to either a loss of
spatial resolution and/or a decrease in the signal to noise, or location in crowded
environments, making it harder to distinguish the object in question from numerous
nearby neighbors or contaminants. Thus, ML algorithms are expected to suffer the
same limitations as human classifiers, but have the advantage of higher speed and ef-
ficiency. For instance, ML algorithms applied to astronomical data has been used to

measure the morphological parameters and features of galaxies (e.g., Storri-Lombardi
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et al., 1992; Ball et al., 2004; Banerji et al., 2010; Beaumont et al., 2014; Dieleman
et al., 2015; Huertas-Company et al., 2015; Xu & Offner, 2017).

This paper is part of a broader goal of creating high-quality star cluster catalogs
at exquisite resolution to provide a more comprehensive understanding of cluster
formation, evolution, and dissolution. M 51 (NGC 5194 and NGC 5195) is part
of the Legacy ExtraGalactic UV Survey? (LEGUS, HST GO-13364; Calzetti et al.,
2015), a Cycle 21 HST treasury program of 50 nearby (~3.5-16 Mpc) galaxies in
five UV and optical bands (NUV, U, B, V, and I) with the goal of investigating the
connection between local star forming regions — as traced with young stellar clusters
— and global star formation within the nearby universe. Results with the LEGUS
datasets so far include support for a hierarchical star formation process (Elmegreen
et al., 2014; Gouliermis et al., 2017; Grasha et al., 2015, 2017a) with the age and
size distribution of the hierarchies driven by turbulence (Gouliermis et al., 2015b;
Grasha et al., 2017b), investigation of the effect on the evolution of galaxies from
the radiative and mechanical feedback of star clusters (Calzetti et al., 2015b), tests
for variations in the initial mass function of star clusters (Krumholz et al., 2015a;
Ashworth et al., 2017), and generated extinction maps using the stellar catalogs to
investigate variations in the dust—to—gas ratio with metallicity (Kahre et al., 2018).
We apply this new, automatically produced catalog to a cross-correlation analysis
comparing star clusters to the GMC catalog from the PAWS project; this is the first
such large-scale cross-correlation outside the Local Group.

In the pre-LEGUS epoch, only a handful of statistically robust cluster catalogs
existed for local galaxies (see Adamo et al., 2017, and references therein). The LEGUS
dataset is increasing the number of young stellar clusters in the nearby universe by

ten-fold, where the addition of the UV and U filters below the Balmer break are

Zhttps://archive.stsci.edu/prepds/legus/
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critical for the derivation of accurate physical properties of each star cluster (e.g.,
Anders et al., 2004). Consistency in the cluster candidate classification between
galaxies is crucial in order to provide a common ground on which to investigate and
compare results to current theories of star formation. While most of the LEGUS
cluster catalogs have been produced with the standard visual inspection technique,
this paper explores the possibility of expanding the number and depth of the catalogs
via ML.

M 51 is an excellent benchmark to investigate the clustering nature of star clusters
as a function of galactocentric distance in addition to the connection of the young
stellar clusters with maps of molecular clouds; both of these investigations are pre-
sented in this paper. The former has been the main topic of two previous papers
(Grasha et al., 2015, 2017a), but not yet performed in such a cluster-rich galaxy to
explore trends at sub-galactic scales. The paper is organized as follows: The galaxy
selection and reduction process are described in Section 5.3. The cluster selection
and identification process are described in Section 5.4. The ML methodology and
procedure are outlined in Section 5.5. The results are described in Section 5.6, where
Section 5.6.1 briefly introduces the molecular gas data and the two-point correlation
function is described in Section 5.6.2. We discuss our results concerning hierarchy of
the stellar clusters and the connection to the gas reservoirs in Section 5.7. Finally,

we summarize the findings of this study in Section 5.8.

5.3 Sample Selection and Data Reduction

In this paper, we have selected M 51 (NGC 5194 with its smaller interacting
companion, NGC 5195, collectively known as the Whirlpool galaxy) from the LEGUS
survey as an optimal target to experiment with ML identification as a complement

to the visual classification of star clusters.
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We select NGC 5194 due to its large size (angular size of ~11" x 7’ and stellar mass
M, = 2.4 x 10'% M) and a star formation rate SFR(UV) = 3 M, yr~!, providing a
large and robust number of young clusters. NGC 5194 has a relatively low inclination
(22°; Colombo et al., 2014b), mitigating projection effects, a distance of 7.66 Mpc
(Tonry et al., 2001), sufficiently nearby to mitigate confusion between stellar systems
and individual stars.

The LEGUS dataset of NGC 5194 provides 5 pointings in the NUV (F275W) and
U (F336W) broad-bands, observed with WFC3/UVIS. The new UV /U data consist
of 4 pointings from LEGUS, covering the arms and outskirts of the galaxy with a
deeper exposure covering the central nucleus of the galaxy (GO-13340; PI: S.Van
Dyk). Archival B (F435W), V(F555W), and I (F814W) images with ACS/WFC
(GO-10452; PI: S. Beckwith) cover the entire NGC 5194+NGC 5195 system with
6 pointings, re-reduced using the same pipeline with the UV and U WFC3/UVIS
images from the LEGUS project. The UVIS data only cover a portion of the galaxy
(see Figure 5.1 as well as Figure 1 of Messa et al., 2018), and as a result, our clusters
are only located within the footprint of the UVIS data as these blue wavelengths are
necessary in order to break the age/dust degeneracy and accurately derive the ages
of the young stellar clusters.

Reduced science frames are drizzled to a common scale resolution, corresponding
to the native WFC3 pixel size (0.03962 arcsec/pixel). The frames have all been aligned
and rotated with North up. Detailed descriptions of the standard data reduction of

the LEGUS datasets are available in Calzetti et al. (2015).

5.4 Creating the Visually-Identified Star Cluster Catalogs

A detailed description of the cluster selection, identification, photometry, and SED
fitting procedures for the LEGUS galaxies is presented in Adamo et al. (2017). The

production of the cluster catalog and completeness tests applied to NGC 5194 are
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Figure 5.1. NGC 5194 showing the location of the visually identified class 1, 2, 3
clusters (left; Section 5.4.2) and ML-identified clusters (right; Section 5.5) over the
V-band ACS image. The black outline shows the UVIS footprint. Cluster classifi-
cations are based off of morphology and our morphological cluster classification is
a good approximation to also a dynamical classification, with class 1 and 2 being
gravitational-bound sources whereas class 3 clusters are stellar associations (Grasha
et al., 2015; Adamo et al., 2017; Ryon et al., 2017). Clusters were only visually identi-
fied in four select regions (the northern spiral arm, inner arm regions, and the galaxy
center) and these were used as the training set for the rest of the galaxy. The ML
process is able to reproduce the original class 3 associations from the sub-set of visual
classifications but vastly under predicts the total occurrence of class 3 associations in
the global sample.
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detailed in Messa et al. (2018) and the completeness limit in the five broad bands
and across the various environmental sub-regions are further detailed in Messa et al.
(2018b). We summarize here briefly the aspects of Adamo et al. and Messa et al.
that are important for the current Chapter.

Procuring cluster catalogs is a multi-step process: extracting the cluster candi-
dates (Section 5.4.1) through an automatic catalog and then performing visual in-
spection of this catalog to remove contaminants (Section 5.4.2). Completing these

steps results in our final robust visually identified cluster catalog.

5.4.1 Star Cluster Selection

The automated catalog of star cluster candidates is extracted from the V-band
image with source extractor (SExtractor; Bertin & Arnouts, 1996). For NGC 5194,
the SExtractor input parameters are optimized to extract sources with at least a 100
detection in a minimum of 10 contiguous pixels. This automatic procedure returns
the positions of candidate clusters within the image and the concentration index (CI;
magnitude difference of each source within an aperture of 1 pixel compared to 3 pixels)
of each source. The CI is related to the size of stellar systems (Ryon et al., 2017)
and can be used to differentiate between individual stars and stellar clusters; stars,
in general, have narrower light profiles, and therefore, smaller CI values compared to
star clusters. The CI value that separates stars from star clusters within each system
and image is determined through an iterative inspection of the CI distribution from
the output of the SExtractor parameters. The CI reference value used to distinguish
between unresolved sources (stars) and resolved sources (candidate clusters) within
NGC 5194 is 1.35 mag. At the distance of NGC 5194, the pixel resolution is 1.47
parsec/pixel.

All candidate clusters must satisfy two criteria in the above automated procedure:

(1) the CI in the V-band must exceed the stellar CI peak value; and (2) be detected
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in at least two contiguous bands (the reference V band and either B or I band).
Standard aperture photometry is performed for each cluster candidate using a fixed
science aperture of 4 pixels in radius with a local sky annulus at 7 pixels (1 pixel
wide) in all five filters. Aperture corrections to account for missing flux are based on
isolated clusters (see Messa et al., 2018) and calculated by subtracting the standard
photometry in the fixed science aperture from the total photometry inside a 20 pixel
radius with a 1 pixel sky annulus. Corrections for foreground Galactic extinction
(Schlafly & Finkbeiner, 2011) are applied to the photometry.

Following this step, all cluster candidates detected in at least four bands with pho-
tometric error o < 0.3 undergo spectral energy distribution (SED) fitting procedures
to procure the age, mass, and color excess E(B-V) of each source. The SED fitting
analysis is performed with deterministic Yggdrasil single stellar population (SSP)
models (Zackrisson et al., 2011). The Yggdrasil spectral synthesis code is based on
Starburst99 (Leitherer et al., 1999) stellar population spectra with the photoionized
nebula predicted by Cloudy (Ferland et al., 1998, 2013). All cluster catalogs for the
LEGUS galaxies use a Kroupa (2001) universal IMF (but see Ashworth et al. (2017)
for a generalization to a variable IMF). The cluster properties in this paper are derived
using Padova isochrones that include TP-AGB stars (Vézquez & Leitherer, 2005) and
the starburst attenuation curve (Calzetti et al., 2000). The x? fitting procedure is
described in Adamo et al. (2010) and the error analysis is described in Adamo et al.

(2012).

5.4.2 Visual Inspection & Star Cluster Classification

After the first step — extraction of the clusters from an automatic catalog and
SED fitting — all clusters with an absolute magnitude brighter than —6 mag in
the V-band undergo visual inspection by a minimum of three independent classifiers

within the LEGUS team to produce the final visual catalog. The magnitude limit is
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defined by the detection limits of the LEGUS sample, which enables selecting down
to a ~1000 Mg, 6 Myr old cluster with E(B-V) = 0.25 (Calzetti et al., 2015). A total
of 10925 cluster candidates brighter than our magnitude cut off pass all the criteria in
the extraction process (Section 5.4.1) and undergo the visual classification procedure,
although only 2487 cluster candidates actually underwent the visual classification
process, selected within four bands across the UVIS footprint (Figure 5.1). The
regions were selected to cover the northern spiral arm, inner arm regions, and the
very center of the galaxy.

The visual inspection step is necessary and currently the only way to remove
non-cluster interlopers within the automatically extracted catalog to ensure the ro-
bustness of the final cluster catalog. While creating more conservative cuts in the
automatic extraction parameters such as raising the CI value (i.e., selecting only the
most extended sources) may exclude stellar contaminants, it is difficult to remove
bad pixels, MW stars, or background galaxies as those types of interlopers are not
standardized in size or color, and indeed CI cuts alone are inadequate at procuring
reliable star cluster catalogs (Grasha et al., 2015). As a result of the vast diversity of
star clusters, there is no unique combination of criteria that will lead to the detection
of all bona-fide clusters while at the same time not introducing false detections. This
is detailed in Appendix C and necessitates the (albeit subjective) visual selection
process that goes into the creation of most star cluster catalogs.

The visual classification is performed using a custom interactive tool that utilizes
DS9 with V-band and red-green-blue (RGB) composite images. Based on the mor-
phology and color, each sources gets classified under one of four classes (see Adamo

et al., 2017):

Class 1: Symmetric and centrally compact star clusters. Usually uniform in

color.
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Class 2: Compact, asymmetric star clusters with some degree of elongation.

Usually uniform in color.

Class 3: Clusters that show multiple-peaked profiles on top of an underlying

diffuse emission.

Class 4: Non-clusters, including but not limited to foreground stars, asterisms,

background galaxies, saturated pixels, etc.

The initial visual classification procedure of 2487 cluster candidates in the four
regions across the UVIS (see Figure 5.1) was performed by members of the LEGUS
team, with a yield of 1226 (49%) considered class 1, 2, or 3 clusters. Each source is
inspected by at least three classifiers, and we find that the classification is often sub-
ject to human interpretation. The resulting agreement between classifiers is around
70%—75%. For large disagreements (more than one class discrepancy between the
classifiers), additional classifiers are involved, until a consistent classification for the
candidate is achieved. Due to the time required to make the final robust catalog of
the initial star clusters, only about 25% (2487 out of 10925) of the cluster candidates
are visually inspected.

NGC 5194 has been the subject of numerous studies and multiple catalogs have
been produced for the young star cluster populations at varying resolutions and cov-
erage of the galaxy disk (e.g., Bastian et al., 2005; Lee et al., 2005; Gieles et al., 2005;
Scheepmaker et al., 2007; Chandar et al., 2016). The predominant disparities in most
catalogs results from morphological differences as opposed to the extraction process
for clusters in overlapping regions between prior studies. A comparison of our cluster
catalogs derived using the standard LEGUS process relative to previous catalogs is

detailed in Messa et al. (2018) and will be further addressed in Chandar et al. (in

prep).
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5.5 Machine Learning

The application of ML algorithms to identify star clusters promises to be an
optimal and fast solution to attain homogeneous and internally-consistent catalogs of
star clusters without the need for human intervention. Using the LEGUS four-class
classification, we run our pilot test using ML to automate the classification procedure

and the clusters that have been visually classified as a training set.

5.5.1 Machine Learning Method

Our ML classification employs existing algorithms that implement feature learning
through execution of decision trees on raw pixel values from the reduced and aligned
mosaics of NGC 5194; all cluster classification with ML is performed using only color
and flux as training features. Decision trees fall under the category of ‘ensemble
learning’ algorithms: a supervised ML procedure in which a number of constraints is
implemented at each step before leading to a decision and assigning a final classifi-
cation. For our star clusters, the ML algorithm is first trained on the sub-sample of
pre-classified clusters from human-identification before application to the unclassified
data without a human classification. We refer the reader to previous work on the
detailed methodology of decision trees by, e.g., Breiman (1984) and Freund (1995);
Freund & Schapire (1999). The ML procedure as applied to the star clusters in this

study is outlined in the following steps.

e Creating the image patches. We extract 15 x 15 pixel image patches (22 x 22
parsec) centered around the coordinates of all 10,925 cluster candidates in the
automated catalog (Section 5.4.1) from the full mosaic of NGC 5194 in three
colors (F336W, F55W, and F814W). The classification uses raw pixel values as
features, resulting in a collection of 1 x 675 dimensional feature vectors from
each image (a 15 x 15 vector per color). The ML algorithm does not implement

any use of color features, i.e., our features are a 1D vector. A full utilization
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of the 2D structure inherent to image data and the role of color in the ML

classification is a goal for future development.

To augment the dataset, each image patch is repeated with a rotation of 90,
180, and 270 degrees. The rotation serves to both increase the size of the
training samples and to ensure that the machine learns to recognize objects

independently of orientation.

Defining the training set. The 2487 sources that have visual classifications
(Section 5.4.2) are each represented by a single feature vector; the canonical task
of ML is to separate clusters (i.e., a set of feature vectors) from non-clusters
(another set of feature vectors), where the cluster feature vectors are further
classified into one of three classifications and similarities among objects of the
same class are identified and ‘trained’ from the vector features. Commonalities
encompass the color (e.g., class 3 associations are typically bluer in color than
class 1 or 2 clusters), shape (e.g., class 1 clusters are nearly always symmetric
in shape whereas class 2 clusters have some degree of elongation) and number
of peaks, among other quantities. The success of the ML performance depends
on both the fidelity and number of training examples. Inconsistencies in the
classifications from the visual procedure naturally introduce inaccuracies in the

ability for ML to identify commonalities between the features of each class.

The training set is further augmented through inclusion of the LEGUS visual
cluster catalogs from NGC 628, NGC 3344, NGC 6503, and NGC 7793, adding
~3300 more visually-identified sources (Grasha et al., 2017a). Table 5.1 lists
all the galaxies, their distances, and their visually identified clusters that are in
our training sample. Each source from the additional cluster catalogs are also
augmented with rotations of 90, 180, and 270 degrees. In total, the visually-

identified sources of NGC 5194 make up 38% of the all training dataset we
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use. The inclusion of the other visual cluster catalogs serve to help even out the
distribution of cluster classes as 50% of the sources in NGC 5194 are non-cluster
contaminants (Figure 5.3). The ability to accurately transfer the classification
model of clusters across galaxies will likely only be effective when each galaxy
is at approximately the same distance (3.5-10 Mpc) and the star clusters are
visually comparable (i.e., we do not include semi-resolved clusters within diffuse,

nearby dwarf systems in the training set of unresolved clusters as found in

NGC 5194.

e Implementing the decision trees. We implement a Bagged Decision Tree
algorithm?®, a structured classifier that makes step-by-step choices based on the
value of the feature vectors. Decision trees operate by continually splitting
the data into two subsets through binary decisions until all star clusters in the
subset are of the same class. For example, starting with the first classification,
all input clusters are separated into two possible outcomes, belonging to class
1 or not, repeating for all four classifications. We then carry out an ensemble
of 100 bagged trees* before assigning the final class to a cluster, i.e. we train
separate trees on subsamples of the entire dataset, arriving at the classification
for each individual object by the majority vote over the hundred iterations in
the ensemble, selecting a random subset of predictors to use at each decision
split. The proportion of trees agreeing on the most popular vote corresponds to
the confidence of that ensemble classifier. The confidence in the classification
increases with the number of trees used; the machine algorithm always converges

to an internally accurate final classification after 100 trees. The final four-class

3We use the TreeBagger function from the Statistics and Machine Learning Toolbox in Matlab.

4The ensemble number 100 was chosen as a convenient end-point for the algorithm for this test,
although other tests show that error minimization was achieved already after 50 or 60 bagged trees.
See Appendix D and Figure D.1.
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classification assigned to each individual object is the classification of the most

confident of the four binary classifiers.

Determining accuracy. We exclude a randomly selected 10% of the training
dataset out of the training process for evaluation purposes, repeating this step
10 times, to increase statistics. The results from the trained data are then
compared to the excluded clusters for computing classification accuracy and
confusion matrices from the known visual classifications. This is done for each
decision tree that is computed. The accuracy (also known as precision) is the
fraction of relevant instances (i.e., true positives) among the retrieved 10%
instances. Our final reported accuracy is the error obtained with a 10-fold
cross-validation. Cross validation combines the average measures of a fit to

derive a more accurate estimate of the prediction performance of a model.

When using the visually identified sources in NGC 5194 alone as training sets, we
achieve a 4-class accuracy of 62%. Increasing the training sample to include the
LEGUS spirals listed above increases the accuracy to 67% (Figure 5.2). The fact
that the accuracy increases with the additional training samples demonstrates
the ML’s ability to transfer the trained models to classify objects in different

galaxies at varying distances and/or environments.

5.5.2 Comparison of Visual-Identified Clusters to Machine Learning Clus-

ters

Figure 5.3 shows the number of clusters between the four-classifications for the

two identification methods: the ML algorithm run on the entire ensemble of cluster

candidates and the visual inspection performed on about 25% of the total ensemble.

The percentage of ML class 1 or 2 clusters remain roughly the same between the two

subsamples, indicating that the ML is able to correctly reclassify and identify new

class 1 or 2 clusters. A post-ML visual inspection performed by one of the LEGUS
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Table 5.1. Galaxies and Star Clusters in the Training Sample

Galaxy Distance N1 NQ N3 N4 Ntotal
(Mpc)

NGC 5194 7.7 360 501 365 1261 2487
NGC 628 9.9 418 434 412 658 1922
NGC 3344 7.0 134 119 138 75 466

NGC 6503 2.3 72 96 130 168 466
NGC 7793 3.4 65 137 148 97 447
Total 1049 1206 1193 2259 5788

Notes. Columns list the galaxy, its distance in Mpc, and number of visual clusters
with classifications 1, 2, 3, and 4 used as the training sample in the ML algorithm.
human classifiers on one of the regions without previous visual clusters confirms that
the recovery rate for class 1 and 2 clusters is around 70%. In other words, the
human classifier agrees with the ML classification in 70% of the cases (see details in
Section 5.5.4). The dearth of class 3 associations indicates that the ML method is
unable to recognize new class 3 associations. We do not observe an excess of class
1 and 2 clusters in the region outside the regions with visually classified clusters,
leading us to conclude that the ML considers almost all class 3 associations as class
4 contaminants. This results in a larger percentage of class 4 non-clusters in the ML
catalog compared to the visual catalog under the assumption that the total sample
is similar to the human-classified sample in its distribution of classes. This informs
us that the ML procedure can identify single peak, compact clusters (i.e., class 1
or 2) whereas it is unable to distinguish between multiple peak systems that are
clusters from the chance alignment of unrelated stars. The cause for this is further
investigated in Section 5.5.3.

In Appendix E, we compare the mass and age function of the visual cluster catalog

to the ML cluster catalog calculated according to the method of Messa et al. (2018).

159



We find that both the age and mass functions are consistent between the two catalogs
within their uncertainties. Thus, using the ML procedure to classify star clusters
compared to the traditional visual approach does not introduce biases in any part of

the cluster parameter space.

5.5.2.1 Contamination of Stars in the Cluster Catalog

Figure 5.4 shows the distribution in color-color space that separates single stars
from star clusters, using the method as demonstrated by Whitmore et al. (2010).
In our catalogs, the color-color space occupied by single stars and clusters is well-
separated and the contamination rate of individual stars in the ML cluster catalog is
low, ~2%. This demonstrates that our visual classification procedure, as well as the
ML procedure, is successful in differentiating between star clusters and contaminants.
However, color-color cuts alone do not suffice to differentiate star clusters from stars
(Whitmore et al., 2010). Size also is not sufficient in differentiating between stars and
star clusters (Whitmore et al., 2010; Grasha et al., 2015). The inability to use color
and size cuts to cull stars from star cluster catalogs necessitates the visual identifica-
tion step in creating robust and reliable star cluster catalogs. We demonstrate this

in Appendix C.

5.5.2.2 Comparing Properties of the Visual versus ML Clusters

Figure 5.5 shows the distribution of ages and masses for each classification. There
are differences in the properties of the different cluster classes: class 1 clusters are the
oldest and most massive out of the three labels in the classification, where the clusters
decrease in both age and mass for class 2 clusters and 3 associations, respectively. The
difference in the observed age and mass properties of the LEGUS classification has
been demonstrated in other LEGUS galaxies (see Adamo et al., 2017; Grasha et al.,
2017a), showing the validity in the ML classifications compared to the visually identi-

fied clusters. For all the analysis throughout the paper, we typically group class 1 and
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Figure 5.2. Confusion matrix for the cluster class agreement between the visual
and the ML classes, built from all LEGUS spiral galaxies for which we have visual
classifications. Each color patch shows the fractional overlap between the visual
and ML catalog; a perfect agreement would have a 1 to 1 correspondence along the
diagonal. The cross validation results give an overall accuracy for the ML technique
to identify and reclassify the four classes of 67%. The confusion of class 3 associations
and class 4 contaminants is easily seen.
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Figure 5.3. Histograms of star clusters identified by humans and by our ML method.
We list the number of clusters of each classification from the visual identification
procedure (left column) and all the ML classified clusters (right column) along with
the relative percentage of each class. The relative number of class 1 (red) and 2 (green)
sources increases (roughly) proportionally between the two identification methods but
there is a severe dearth of class 3 (blue) clusters identified outside of human-classified
clusters, which instead are categorized into the class 4 non-clusters (gray). In total,
the number of star clusters in the ML catalog is 2.7 times larger than the visual
identified sample.
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Figure 5.4. U-B versus V-I colors for the total ML cluster catalog of NGC 5194.
Shown is the visual catalog (left), ML-only clusters (middle), and the total cluster
catalog of NGC 5194 (right). The clusters are color coded by the different regions
that deliminate in color space stars versus star clusters from Whitmore et al. (2010).
The numbers in parenthesis list the total number of sources within each region. We
also list the fraction of each subregion compared to the total star cluster sample in
each panel. The ML procedure does an exceptional job at identifying star clusters
from individual stars and the contamination is only ~2 % for the star clusters, com-
parable to the contamination in the visually identified star cluster catalog. The arrow
marks reddening corresponding to Ay = 1 mag (E(B-V) = 0.25 assuming a starburst
attenuation curve).
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2 together into a single group and compare them against the properties of the class
3 associations. This division is physically motivated, as class 1 and 2 clusters appear
to be genuinely bound star clusters and are distinct in their properties, compared to
class 3 systems, which we consider associations (see Adamo et al., 2017; Ryon et al.,
2017). The division is also motivated as class 3 associations are underrepresented
compared to the total number of clusters recovered by the ML procedure.

As shown in Figure 5.5: the properties of the ML clusters that do not have a
visual classification (purple line) are in general slightly older and more massive than
the clusters that are visually identified (pink line), but consistent with each other at
the ~ 20 level. This suggests that the star clusters identified by humans are younger,
and due to the luminosity-limited nature of the catalogs, younger clusters have a
statistically higher chance of being less massive. This is also potentially impacted by
the fact that the vast majority of the visual clusters are identified in the northern
arm. Work by Messa et al. (2018b) in NGC 5194 demonstrates that the environment
increases not only the physical properties of the clusters but also their survivability.
This issue can be avoidable in future work by ensuring that the training sample spans

the full extent of the galaxy to mitigate any environmental biases.

5.5.3 Limitations and Failure Examples

Visual classification utilizes multiple parameters to classify a star cluster: RGB
colors, surface contours, radial profiles, and surface plots (for visual representations,
see Adamo et al., 2017). Radial profiles and surface plots aid in separating individual
stars from clusters; in general, even the most compact clusters are more extended
than individual stars. RGB images help to separate background galaxies, which
tend to be redder in color compared to those displayed by clusters. Color also helps

discriminate class 3 associations from asterisms composed of individual stars, often
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Figure 5.5. Distribution of cluster ages (top row) and masses (bottom row) for each
class type (1, 2, 3) for the visual clusters (pink), total ML catalog (black), and ML
clusters without a visual classification (purple). The star indicates the median of
each distribution. There is a decreasing age and mass distribution for the class 1,
2, and 3 clusters, respectively. Additionally, there is a general trend for the clusters
with a visual classification (pinks) to be both younger and less massive than the
general population of clusters as found with the ML process that do not have a visual
classification (purple), however, the distributions of visual and ML cluster properties
are consistent with each other. Symbols that overlap are given an vertical offset for

clarity.
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distinct in color. Surface contours help in discriminating circular class 1 clusters from
asymmetric class 2 clusters.

In our current experiment, the ML algorithm only implements color features (i.e.,
flux values) and does not directly utilize radial profiles or surface contours/plots. The
lack of additional parameters beyond color to train the ML algorithm partly plays a
role in the dearth of recovered class 3 sources in the automated catalog. As a whole,
class 1 and 2 clusters are fairly uniform and have minimal variation compared to the
general category of class 3 sources, which encompass a diversity of compactness and
number of peaks. The ML procedure appears to suffer from confusion between the
non-uniformity of class 3 and that of class 4 non-clusters, further compounded with
noisy labels whereas the commonality in the class 1 and 2 clusters are more easily
defined.

Figure 5.6 displays RGB patches for a small subset of clusters that are assigned the
same class from both the visual and ML process. Figure 5.7 displays the same except
for a subset of failures where sources were visually identified as a cluster (class 1, 2, or
3) but labeled as a non-cluster (class 4) by the ML. In a large number of cases, nearby
single stars, which are easily identifiable by eye as not part of the cluster in the center
of each image patch, act to confuse the ML algorithm, classifying it as a multiple
peak (or non-cluster) when in reality the stars are simply a chance alignment, which
is currently unrecognized by the ML. Uneven background is a changeable parameter
in the interactive visual identification tool, but constant in all cluster images that
are evaluated by the ML algorithm. This is another problematic issue as reliable
identification becomes especially arduous in regions with high background due to loss

of signal to noise but which can be fixed by improvements in the ML algorithm.
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Figure 5.6. RGB images (50 by 50 pixels; 74 parsec in length) for clusters in
NGC 5194 with an agreement between the visual classification and the ML classifi-
cation for class 1 (left), 2 (middle), and 3 (right) clusters. The contrast levels are the
same for all the images, which remains fixed for the ML classification, as opposed to
the visual classification, where the user has the option to change the contrast levels.

Figure 5.7. Same as Figure 5.6, but for clusters with a disagreement between the
visual classification and the ML classification. Top row: Visual class 1 (left), 2
(middle), and 3 (right) clusters that were classified as non-clusters (class 4) with
the ML. Bottom row: Class 4 non-clusters from the visual identification that were

classified as class 1 (left), 2 (middle), or 3 (right) by the ML.
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5.5.4 Spot Checks of the ML Catalog

An independent analysis is performed on 337 star clusters (14% of the training
sample) within the training regions to compare the ML procedure classifications to the
visual classifications. The aim of this spot check is to better understand if the ML is
producing star clusters that align with the visual classification procedure. The results
of this manual check recover fractions of clusters in the visual training set that reflect
the agreement between experts (~70-75%; Section 5.5.2). The agreement rate for the
checks performed on the ML classifications are 3-5% lower than what is recovered for
the manual checks of the visual classifications. This level of agreement is what we
expect given the accuracy of our ML procedure (Figure 5.2) and demonstrate that
the ML procedure is recovering clusters that are consistent with the LEGUS visual

procedure based off of the morphology of the star clusters.

5.6 Results and Analysis
5.6.1 Correlating the Young Star Clusters to Molecular Gas

To connect the young star clusters to their environment, we compare the cluster
locations to the location of molecular gas. We use the GMC catalog (Colombo et al.,
2014a) from the Plateau de Bure Interferometer Arcsecond Whirlpool Survey (PAWS;
Schinnerer et al., 2013; Pety et al., 2013). PAWS mapped the molecular gas in the
central 9 kpc of NGC 5194 in its 2CO(1-0) line emission at a cloud-scale resolution of
~40 pc. The GMCs identified by Colombo et al. (2014) account for about half (54%)
of the flux in the PAWS map. The remainder lies in structures that are blended, con-
tinuous, diffuse, low S/N or otherwise intractable to their cloud-finding approach. By
construction, the GMCs represent significant peaks in the CO emission, and assuming
that these correspond to the cluster-forming structures seems reasonable. Figure 5.8

shows the inner region with the star clusters and GMCs that lie within the footprint
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Figure 5.8. Location and sizes of the GMCs and star clusters in the central region
of NGC 5194. The black line shows the outline of the PAWS coverage for the GMCs
and the gray line shows the UVIS coverage for the star clusters. The numbers listed
are the star clusters and GMCs within each footprint. Star clusters and GMCs that
are not located within the PAWS and UVIS footprint are shown in light pink and
light gray, respectively, and excluded from all star cluster-GMC comparisons.

coverage of both UVIS and PAWS, for a total of 1368 class 1, 2, and 3 star clusters
(1268 class 1 or 2) and 1316 GMCs.

Previous observations show that stars and star clusters quickly become unassoci-
ated with the GMCs from where they are born, either due to drift or from blowing
out the gas. The timescale for most clusters to become exposed and lose association
with their molecular gas is as early as 2 Myr within M 83 (Hollyhead et al., 2015) to
~5 Myr from studies of the Antennae galaxy (Whitmore et al., 2014). We perform
multiple tests to correlate the location of star clusters with the molecular clouds to

investigate if star clusters become less associated with molecular clouds with age.
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5.6.1.1 Distance of Star Clusters from Molecular Clouds

In our first test, we take the star clusters within the PAWS coverage and calculate
the shortest distance to the center of their nearest GMC (Figure 5.9). For the entire
sample, the median of the shortest distance for the closest star cluster—-GMC pair
is 87 £ 2 parsec. For comparison, the median diameter of GMCs in this galaxy is
72 pc. The 1o errors are bootstrap estimates based on 10,000 samples. We divide the
star cluster sample into half, corresponding to a galactocentric distance of 2.7 kpc,
to investigate if distance from the galaxy center or age of the clusters is the primary
driver in the change of distance between pairs of star clusters and GMCs. Star clusters
at galactocentric distance less than 2.7 kpc are substantially closer to their nearest
GMC at 6612 pc whereas the shortest distance between all cluster—-GMC pair doubles
to 132 £+ 6 pc at galactocentric distances greater than 2.7 kpc. We further separate
the two radial bins into two age bins, older and younger than 10 Myr. We find that
for galactocentric distances less than 2.7 kpc, the younger clusters are separated from
their nearest GMCs by 59 + 2 pc, and the older clusters are separated from their
GMCs by 74 + 4 pc. Similarly, at galactocentric distances larger than 2.7 kpc, the
younger and older clusters are separated from their nearest GMCs by 118 £ 9 pc and
143 £ 7 pc, respectively.

When only considering age, the star clusters younger and older than 10 Myr
exhibit median distances of 71 + 3 parsec and 107 + 4 parsec, respectively, which
are different separation at a 7—o level significance. The median radius of the GMC
population in NGC 5194 is 36 parsec, thus star clusters that are younger than 10 Myr
lie at distances twice the size of the cloud’s radius whereas clusters older than 10 Myr
are found at median distances three times the size of the molecular cloud.

While on average younger star clusters are closer in proximity to their nearest
GMC, the galactocentric distance is a stronger predictor of the trend for increas-

ing distance between clusters and GMCs. Both the aggregate midplane pressure
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(Elmegreen, 1989) and the thermal gas pressure (Wolfire et al., 2003) are expected to
fall with radius in disk galaxies. Both the surface density and velocity dispersion of
the gas are observed to decrease with radius in NGC 5194 (e.g., Schuster et al., 2007;
Tamburro et al., 2009), as does the mean volume density of the gas (Chen et al.,
2015; Bigiel et al., 2016). In this case, one explanation for our observation would be
that in the lower density and environment at larger galactocentric radii, there simply
are less clusters and molecular clouds in total, leading to a lower chance of young
clusters that are associated with their parent cloud. Star clusters and their unbound
complexes do respond to the environment that they live in; we find that clusters at
distances in the outer region of the galaxy reside in complexes significantly larger
than clusters closer to the galaxy center, an effect of the increased shear, midplane
pressure, and turbulence present. We investigate this further in Section 5.6.2.3. These
results do not inform us if a star cluster is actually associated with the closest GMC;

we investigate this more in the next section.

5.6.1.2 Star Clusters Associated with GMCs

In our next test, we examine the properties of the young star clusters that are
still associated with a molecular cloud. We define the association of a star cluster
and a GMC as cases where the position of the star cluster falls within the footprint
of the GMC. Likewise, a cluster becomes unassociated (i.e., “detached”) from its
parental GMC when it has drifted away from its natal environment. In addition to
detaching via drift, clusters are capable of photo-evaporating and blowing away via
stellar feedback/winds the ambient molecular gas; these cases reveal themselves as
holes in the GMC but are indeed still associated with the ambient molecular gas (see,
e.g., Hony et al., 2015). We treat the GMCs as ellipses and even if there are clusters
that have evacuated their surrounding material, blowing out holes in the adjacent gas,

these cases would still be considered associated, since they fall within the footprint

171



0.40- | g0 oMo *—— < 2.7 Kkpc (688) ]
........ < 10 Myr (376
0.35F ’ - 7o)
. 0O==-- > 10 Myr (312)
g 0.30L ¥—— > 2.7 kpc (680)
= Q s < 10 Myr (225)
= 0.25} O=== > 10 Myr (455) 4
pd
'@ 0.20F .
o
(@] N R
B 0.5k T
O 1
S -
@ o104 | T[] 7
0.05[_ -
L ! — T,
o.oob—L o T _—

0 100 200 300 400 500 600 700
SC-GMC Separation (parsec)

Figure 5.9. Fractional distribution of the shortest distance for each star cluster to the
closest GMC broken into two radial bins and age bins. The symbols show the median
value for each distribution. Star clusters less than a galactocentric radius of 2.7 kpc
(purple) are 66 + 2 pc from the nearest GMC, with ages less than 10 Myr (dotted
line) showing slightly shorter distances of 59 4+ 2 pc compared to ages greater than
10 Myr (dashed line) at 74 & 4 pc. Star clusters at galactocentric distances greater
than 2.7 kpc (green) are 13246 pc from the nearest GMC, with distance dropping for
the youngest (<10 Myr; dotted line) to 118 +9 pc and increasing to 143+ 7 pc for the
older clusters (>10 Myr; dashed line). On average, younger star clusters are closer in
proximity to a GMC than older star clusters although the distance from the center of
the galaxy has a bigger impact, with the average SC-GMC distance increasing with
increasing galactocentric distance. The 1o errors are bootstrap estimates based on
10,000 samples. The vertical line shows the median GMC radius of 36 pc.
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of the GMC ellipse. Figure 5.10 shows an example of star clusters that are located
within the 1 Rgumc ellipse footprint of a GMC in a zoom in of the galaxy. We repeat
the analysis for star clusters within an annulus between 1 and 2 Rgwmc, between 2
and 3 Rgwmc, and those beyond 3 Rgyve distance.

We expect that if star clusters do disperse from their GMCs with time, clusters
that lie further than 3 Rgyme will be older than those within 1 Rgye. When counting
the star clusters that lie within a GMC, we only allow each cluster to be assigned
to a single GMC. In situations where multiple clouds lie on top of each other and a
star cluster can potentially be paired up with more than one cloud, the star cluster is
assigned to the most massive GMC. If we instead assign a star cluster to the closest
GMC regardless of its mass, the results remain robust as only 3% percent of the
star clusters lie on top of more than one cloud, and in many situations, the closest
cloud is still often the most massive as well (see further discussion in Section 5.6.1.3).
We perform the search in order of increasing distance from any GMC such that all
star clusters that reside within 1 Rqyc are assigned to their associated cloud before
moving onto star clusters that reside in the annuli between 1 and 2 Rgye and 2 and
3 Rgwme, respectively.

We find a total of 143 star clusters that lie within the footprint of 118 GMCs
(<1 Rgme). An additional 356 clusters are between 1 and 2 radii of a GMC center and
227 clusters are between 2 and 3 radii of a GMC, leaving 642 star clusters unassociated
with any cloud (> 3Rgmc). Figure 5.11 shows the distribution of the cluster age and
masses. The median age of all clusters in NGC 5194 is 305 Myr, significantly older
than clusters located within one radius of a GMC with median ages of 475 Myr. Of
the clusters still within a GMC radius, nearly 40% have ages less than 3 Myr. The
median age rises slightly for clusters between one and two radii of a GMC with a
median age of 673 Myr, and clusters that are between 2 and 3 radii from a GMC
010

have median ages of 2 Myr. Star clusters that are unassociated with any GMC
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have median ages of 4072° Myr. The 1o uncertainties are bootstrap estimates based
on 10,000 samples; the age trend is significant at the 6-c level.

More massive star clusters are only marginally more likely to be found within
a GMC: the median cluster mass is 10450 + 1090, 9480 + 840, 7180 + 800, and
7680 4+ 860 My, for clusters within 1 Rgwme, 2 Ramce, 3 Ramc, and unassociated,
respectively, although the difference is not significant given the scatter. Table 5.2
lists the properties of the star clusters and, in addition, is divided by the region —
center, spiral arm, and interarm — of the galaxy as defined by the PAWS dataset
(Colombo et al., 2014a). We are limited by incompleteness within the very center
of the galaxy due to the high background and we do not detect sources older than
~10 Myr due to the blending of older sources with similar color to the background
light. The cluster catalogs of Chandar et al. (2017) also show a dearth of clusters in
the inner ~1 kpc of the galactic center. This appears to not affect the clusters in the
central GMC region that are within 1 Rgyc where the completeness age is typically
older than the age of clusters that are still associated with a GMC (~4 Myr), though
it begins to impact the results for clusters with distances greater than 2 Rguc as
those systems are typically older than the completeness age within the center.

We find average E(B-V) values of 0.21, 0.24, 0.24, and 0.25 for clusters within
1 Rame, 2 Rave, 3 Rovme, and unassociated, respectively. For a starburst attenuation
curve, these correspond to Ay ’s of 0.83, 0.89, 0.96, and 1.0, respectively. The scatter
in E(B-V) for a given age range is significant and it does not correlate strongly with
age (Messa et al., 2018). Clusters closer to a GMC do not appear to be any more
embedded than those further from a GMC, as indicated by their E(B-V) values.
The difference in age between star clusters inside/outside GMCs therefore cannot be
explained by significantly higher extinction affecting the star clusters within the spiral

arms or GMCs. If anything, we would expect the youngest clusters to be embedded

within the clouds, and therefore not to be recovered by our inspections that rely on
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Figure 5.10. Diagram showing how we define associated star clusters. Associated
star clusters located inside 1 Rgye (turquoise), 1-2 Rgue (orange), and 2-3 Rauc
(purple) while unassociated star clusters are shown in pink. We consider star clusters
to be associated with a GMC if they lie within the footprint of the molecular cloud.
GMCs that have a corresponding cluster are outlined in the same color as the radial
location of the cluster.

detection of UV /blue emission from the clusters. This consideration further reinforces

the significance of our result, that the youngest clusters are recovered in proximity of

GMCs.

5.6.1.3 Are Massive GMCs more likely to Host Multiple Star Clusters?
We also examine if more massive GMCs are statistically more likely to host mul-
tiple star clusters. Figure 5.12 shows the distribution of the mass of GMCs as a

function of number of star clusters located within its footprint, for both star clusters
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Figure 5.11. Histogram of star cluster ages as a function of distance from their near-
est GMC. Left: Distribution of the ages of star clusters for the entire sample (black),
star clusters located <1 Rgmc (turquoise), star clusters within 1-2 Rgye (orange),
2-3 Rgme (purple), and star clusters unassociated with a GMC (>3 Rgmc; red).
The stars show the median age of each distribution (3073 Myr, 475 Myr, 673 Myr,
2011° Myr, and 4072° Myr, respectively) and the 1o errors on the median are boot-
strap estimates based on 10,000 samples. Star clusters located within a GMC are
generally much younger than star clusters that are further away from a GMC and
the age progressively increases with increasing distance from the GMC. Right: Dis-
tribution for the masses of the star clusters. The stars show the median mass of each
distribution (8300 £ 750 Mg, 10450 + 1090 M, 9480 + 840 M, 7180 + 800 M,
and 7680 £ 860 My). The mass distribution of star clusters located within a GMC
(turquoise) is statistically the same as the mass distribution of star clusters that are
unassociated with a GMC (red). The 1o errors from bootstrap estimates based on
10,000 samples are not shown in the plot as the uncertainties are ~10% of the median
value.
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Table 5.2. Associated Cluster Properties of NGC 5194

Region Ngme Nsc  Median Age  Median Mass
(Myr) (Mo)
Within 1Rgye 118 143 473 10450(1090)
Center 35 40 41 10360(1510)
Spiral Arm 53 63 473 12640(2480)
Inner Arm 30 40 312 7050(2280)
Within 2Rgme - 250 356 673 9480(840)
Center 62 96 4705 12250(2020)
Spiral Arm 98 140 1518 10700(1560)
Inner Arm 90 120 72 7570(1140)
Within 3Rqmce 175 227 20110 7180(800)
Center 53 43 3102 6690(1310)
Spiral Arm 29 88 3515 7290(1610)
Inner Arm 93 96 3015 7120(960)
Unassociated 924 642 40120 7680(860)
Center 239 26 373 8470(2760)
Spiral Arm 383 124 5073 11430(1440)
Inner Arm 302 492 4018 6940(430)
Total 1316 1368 3079 8300(750)
Center 335 205 385 9750(1140)
Spiral Arm 540 415 4018 10480(870)
Inner Arm 441 748 40 2 6990(720)

Notes. Properties of star clusters depending on their association with a GMC or lo-
cation within different regions of the galaxy as defined in the PAWS dataset (Colombo
et al., 2014a). Columns list the: (1) location of the star cluster; (2) number of GMCs;
(3) number of star clusters; (4) median age of the star clusters; and (5) median mass
of the star clusters. The 1o uncertainties are bootstrap estimates based on 10,000
samples. Numbers in parentheses indicate uncertainties in the final digit(s) of listed
quantities, when available.
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found within 1 Rgume and those found within 2 Rgye. There is a marginal statisti-
cally insignificant trend for more massive GMCs to host multiple star clusters. As
the number of associated star clusters increases, the total spread in the mass of the
host GMC does decrease.

Star clusters that lie on top of multiple GMCs can potentially impact this result
as we always assign a cluster to the most massive GMC in such an event. However,
there are only four star clusters (3%) within one radius of a GMC that have the
possibility of being paired up to more than one cloud. For all four cases, these star
clusters were the only clusters associated with either GMC. Changing the associated
GMC for these clusters away from the most massive GMC only moves four data points
downward and both the median and the quartiles remain unchanged (Figure 5.12a).
For the star clusters within 2 radii of the center of a cloud, 52 (15%) lie ontop of
two GMCs and three clusters (0.8%) lie on top of three clouds. We randomly assign
these clusters to different clouds and recompute the values in Figure 5.12b and we
find that the effect is minimal and that the median value always falls within the first
and third quartiles. Additionally, we find no evidence for more massive GMCs to be

hosts of more massive star clusters.

5.6.2 The Two-Point Correlation Function

We implement the angular two-point correlation function w(f) to measure the
magnitude of clustering as a function of projected distance between the star clusters.
A detailed description of the formalism and methodology of the two-point correlation
function as applied to star clusters within other LEGUS galaxies can be found in both
Grasha et al. (2015) and Grasha et al. (2017a). The correlation function provides a
way to identify common age structures to derive the randomization timescale for when
the coherence of star-forming hierarchies becomes uncorrelated (Section 5.6.2.1) as

well as the correlation length — the size scale for the star-forming regions — as a
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Figure 5.12. Boxplots of the GMC masses for the number of associated star clusters.
The purple points show the underlying distribution for individual GMCs, with the
total number listed in the middle of each box, and the green line shows the median
of the GMC masses. The box encloses 50% of the distribution (the first and third
quartile) and the whiskers extend to the minimum and maximum. The left figure
shows the distribution for the 118 GMCs with 143 star clusters within one radius of
the cloud and the right figure shows the distribution of all star clusters within two
radii of each cloud.

function of age and location within a galaxy (Section 5.6.2.3). Here we list the details
necessary for the application to the star clusters and the GMCs within NGC 5194.

The correlation function (Peebles, 1980) is defined as a measure of the probabil-
ity of finding a neighboring object, above what is expected for an unclustered ran-
dom Poisson distribution. In this study, we implement the angular two-dimensional
correlation function w(#), as projected onto the plane of the sky, as the probabil-
ity above Poisson of finding two star clusters within an angular separation 6 as
dP = N?[1 + w(f)] d;dQs, where N is the surface density of clusters per stera-
dian with two infinitesimal elements of solid angle d€2; and df2,, separated by angle
6.

The original work of Peebles (1980), along with the application to stellar popula-
tions by Gomez et al. (1993) and Zhang et al. (2001), fits the power law distribution
to w(#). Following the convention of Scheepmaker et al. (2009) and Gouliermis et al.

(2015b), we fit the power law distribution to 1 + w(#), similar as well to the work of
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Odekon (2008). For values of w(#) >> 1, the power law fit will be the same regardless
for the two methods. We calculate w(f) the same way as introduced in Chapter 2.

The physical motivation for applying the power law to 1 + w(€) is that in a fully
hierarchical (fractal) model, the distribution will have a smooth power law decline
of 1 +w(f) ox w* (Calzetti et al., 1989) with increasing separation between pairs
until they reach the correlation length of the hierarchy, where the clustering becomes
consistent with being random (1 + w(f) = 1). Inside such a distribution, the number
of star clusters inside an annulus increases with the radius r as N = r® x r? oc r®*+2,
relating the slope a measured from 1 + w(#) directly to the two-dimension fractal
number of the hierarchy as D2 = a + 2, the fractal dimension for a distribution of
objects that lie in the plane of a galaxy. We might expect the slope of 1 + w(6) to
change on scales smaller than the thickness of the disk but we do not have enough
clusters to see the effect. Interstellar gas has a hierarchical morphology structure with
a typical fractal dimension of D2 ~ 1.5 (Elmegreen et al., 2006).

Figure 5.13 shows the two-point correlation function for the visually identified
clusters, the subset of the ML clusters that is located within the visual regions, and
the entire ML cluster catalog excluding the 132 clusters in NGC 5195. The random
catalog for the visual clusters follows the same regions where the visual star clusters
reside whereas the entire ML catalog follows the UVIS footprint and excludes the
region of NGC 5195. We find a smooth and steady decline with increasing radius, well
described with a power law. This behavior is expected for a hierarchical distribution
and has been observed in the distribution of star clusters and stars within other
galaxies (Gomez et al., 1993; Zhang et al., 2001; Odekon, 2006, 2008; Scheepmaker
et al., 2009; Gouliermis et al., 2014, 2015b).

Similar to previous studies we have performed on the clustering of the star clusters
in LEGUS galaxies (Grasha et al., 2015, 2017a), there is a significant difference in the

distribution of each class of clusters. The class 1 clusters of NGC 5194 reveal a nearly-
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flat distribution, indicating that these clusters have a more homogeneous and uniform
distribution and are less likely to reside within larger unbound star-forming structures
compared to class 2 and 3 clusters. Class 3 associations, for a given spatial scale,
have a much stronger clustering strength compared to the class 1 or 2 clusters. In
Grasha et al. (2017a), we detailed how the morphological classification quite possibly
reveals implications on the dynamical state of the clusters; class 1 and 2 have ages and
properties that suggest they are gravitationally bound clusters whereas the properties
of class 3 associations indicate that they are short-lived systems, possibly dispersing
soon after formation, if not already unbound at the time of their formation. The
observed differences in the spatial correlations between possible clusters and unbound
associations is further supported by the difference in the luminosity functions of the
two types of stellar systems, indicating that the classifications are not an evolutionary
sequence but delineate distinct physical systems (Adamo et al., 2017).

When we compare the visual and the ML catalog across the entire galactic system,
we see that for class 1 and 2 clusters, the amplitude and slope are slightly decreased.
This may simply be a result of the ML clusters having slightly older ages compared
to the visual clusters (Figure 5.5); there is a strong age-dependency to the clustering,
with the strength decreasing with age, investigated further in Section 5.6.2.1. The
correlation function for the class 3 associations for the entire ML catalog is noticeably
different compared to the distribution of the class 3 associations in the visual catalog.
The reason for the extreme amplitude is a result of the ML procedure being unable to
recognize and reclassify new class 3 associations outside of the original visual sample;
only 42 new class 3 associations (12% more) were identified even though the visual
regions encompass only 28% of the entire area of the UVIS coverage for NGC 5194.
As a result, the strength of the signal observed is not physically meaningful but rather
the result of artificial clustering resulting from correlating the clusters located in a

small region of the galaxy with a random catalog that encompasses a much larger
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Figure 5.13. Two-point correlation function 1 4+ w(f) for the visually identified
clusters (left) and the entire ML-classified clusters (right) as a function of physical
scale for NGC 5194. The numbers in parentheses show the number of clusters in each
classification. The dearth of class 3 associations in the ML catalog outside the visual
regions (Figure 5.1) give rise to the artificial clustering occurring within those sources,
represented with a dashed line. The 132 clusters within NGC 5195 are excluded from
the clustering analysis.

region. The lack of new class 3 associations, which tend to be younger, may help
explain the shallowing of the slope for the entire ensemble of clusters compared to
the visual sample. Table 5.3 lists the power law fits to the distributions. We only
fit the power law over the dynamical range where the correlation function is above
1, where we define the correlation length. We additionally only list the power law
functions for combination of the class 1, 2, and 3 correlations as that distribution is
statistically the same as the class 1 and 2 distribution due to the small number of

class 3 associations.

5.6.2.1 Age Effects
The star clusters in NGC 5194 are preferentially associated with the spiral arms of

the galaxy (Figure 5.1). As shown in Messa et al. (2018), the concentration within the
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spiral arms is particularly noticeable for the very young clusters (<10 Myr), though
the clustering persists for clusters up to ages of ~100 Myr before diminishing. Thus,
the hierarchical distribution slowly dissipates with time as the result of star clusters
randomizing throughout the galaxy, creating a decline in 1+ w(6) with increasing age
in addition to length scale.

Figure 5.14 shows the correlation functions for different age ranges. We see a
significant decrease in the slope and the amplitude of the clustering with an increase
in the age of the clusters. The youngest clusters (<10 Myr) exhibit a slope of —0.50+
0.03, significantly different from the global measurement of —0.32+0.02. 50-100 Myr
after their formation, the recovered slope is nearly flat at —0.11; the star clusters that
are able to travel from their star-forming complexes take on distributions that are
consistent with being randomized. Thus, clusters become less correlated with each
other and the coherence of star formation as traced with star clusters subsides after
50-100 Myr; this randomization timescale is consistent with what we find in other
local galaxies (Grasha et al., 2017a). While the randomization timescale is as short
as 50 Myr, structures with lower fractal dimensions still survive for longer periods,
as e.g., is found for stars in M 31, where structure survives for at least 300 Myr
(Gouliermis et al., 2015a), in accordance to what we found in NGC 6503 (Gouliermis
et al., 2015b).

The lack of any signal in the class 1 clusters across the entire galaxy is easily
understood in comparing the distribution and ages of the clusters in Figure 5.17.
The center, inter arm, and arms are clearly visible in the distribution of the class 2
clusters whereas there is no structure present in the distribution of the class 1 clusters.
The class 2 clusters are additionally significantly younger than that of class 1 clusters.
The trend of younger — in this case, class 2 — clusters still residing within their star-
forming hierarchies predominantly within the spiral arms is expected as clusters form

preferentially within the spiral arms.
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Figure 5.14. Age dependency of the two-point correlation function 1 + w(6) for
the clusters as a function of the spatial scale. The numbers in parentheses show
the number of clusters for each age range. There is a strong age dependency to
the clustering, becoming consistent with a randomized distribution after 100 Myr.
Additionally, there is a lack of clusters older than 50 Myr at small separation lengths
compared to what is seen for younger clusters, further supporting that older clusters
are less correlated with each other.
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Table 5.3. Power Law Parameters of NGC 5194

Class Nsc A e} R,
() (pe)
Visual
Class 1,2,3 1226 25.2(1.5) —0.43(0.02) 1940(150)
ML!

Class 1,2,3 3242 10.6(0.8) —0.32(0.02) 1440(150)
<10 Myr 1297 48(4) —0.50(0.03) 2200(220)
10 < Myr <50 603 25(3) —0.44(0.04) 1330(190)
50 < Myr < 100 470  2.7(0.3) —0.11(0.03)  8460(2640)
>100 Myr 872 1.93(0.16) —0.06(0.02) 26900(11800)
< 4 kpc 1396  5.8(0.8)  —0.32(0.08) 250(70)
> 4 kpc 1846 14.9(0.9) —0.34(0.02) 3070(270)

Star Clusters in PAWS field

Class 1,2,3 1368  5.6(0.5)  —0.27(0.04) 551(96)
<10 Myr 601  36(7)  —0.55(0.10)  633(170)
GMCs
GMCs 1507 2.3(0.2)  —0.09(0.03)  5040(1400)

Notes. Columns list the (1) Classification of stellar clusters — Class 1: symmet-
rical clusters; Class 2: asymmetrical clusters; and Class 3: multiple peak clusters;
(2) Number of star clusters in each classification; (3) Amplitude A of the angular
correlation function; (4) Slope « of the angular correlation function; and (5) Corre-
lation length R, when the function becomes consistent with a random distribution
(14+w(f) = 1). Numbers in parentheses indicate uncertainties in the final digit(s) of
the listed quantities, when available.

! Excludes the star clusters in NGC 5195
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5.6.2.2 Comparing the Clustering of Star Clusters to Molecular Clouds

Under the assumption that the young star clusters inherit their initial distribution
from their natal clouds, we expect the initial stellar configurations to reflect the highly
structured nature of the ISM gas. We again use the PAWS GMC catalog (Colombo
et al., 2014a) to calculate the clustering present in the distribution of the molecular
clouds within the inner 9 kpc. Figure 5.15 shows the resulting correlation functions,
for all the molecular clouds and the subset of clouds only located within the UVIS
field, though the distribution between the two subsets of GMCs is nearly identical.
This allows us to compare the distribution of the latter to the star clusters that are
also located at the intersection of the PAWS and UVIS fields.

The largest difference between the distribution of the star clusters and the GMCs
in Figure 5.15 compared to the global sample in Figure 5.13 is the correlation length
where the function becomes consistent with a random distribution. The star clusters
within the inner 9 kpc have correlation lengths (14+w(f) = 1) of a few hundred parsec,
significantly smaller than what is observed for the entire sample (Figure 5.15). Beyond
this, the correlation signal is consistent with being random. The GMCs show a fairly
large correlation length of ~5000 pc, but part of this is due to the shear shallowness
present in their distribution.

The measured slope for the GMCs (Table 5.3) from the correlation function is
—0.10 £ 0.03, significantly shallower than the subset of star clusters located within
the PAWS region at —0.27 4+ 0.04, where we only measure the slope for the GMCs
at distances greater than the median radius of 36 pc. The difference in the measured
slopes between star clusters and GMCs additionally increases when we only consider
the youngest ages, where the hierarchy becomes substantially more clustered for clus-
ters with ages less than 10 Myr old (Figure 5.15). The clustering of the GMCs is
exceptionally flat compared to that of the star clusters, although it is consistent with

that of star clusters older than 100 Myr. There is an excess in the clustering of the
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GMCs around a few hundred pc, arising due to substructure present in the galaxy.
While we expect the hierarchy of the youngest star clusters to mirror that of the
GMCs, we find that this is not the case and that the slopes greatly deviate for the
youngest clusters.

The same trend for an observed shallowing of the GMC distribution compared
to the young star clusters is also observed within the flocculent galaxy NGC 7793
(Grasha et al., 2018b). The results from these two galaxies illustrate that the excess
in the distribution of the star clusters must arise from an inherently more clustered
distribution compared to that of GMCs, indicating GMCs may produce more than one
star cluster, where the production of star clusters is sequential as not simultaneous.

To investigate this further, we compare the distribution of the youngest and most
massive star clusters to the most massive GMCs (Figure 5.16). In attempt to match
the mass limit between that of star clusters and GMCs, for a given cut in the star
cluster mass, we assume a star formation efficiency (SFE) of 1% and use that to
estimate the resulting stellar mass for a given GMC mass limit. SFE is expected to
be of order a few percent in nearby galaxies (Leroy et al., 2008; Usero et al., 2015).
There is a general increase in the slope of the GMC distribution with increasing mass,
signifying that when we include all the molecular clouds in the correlation function,
there is a washing out of the clustered signal as observed for stellar products. The
most massive molecular clouds (> 5 x 10° M) start to show a significantly more
clustered distribution, albeit with a slightly different distribution than that of the
star clusters, however, we can only do the comparison for GMCs with a masscut at
> 3 x 10° M, as we have inadequate young, massive star clusters above that value.

The increased clustering for increasing GMCs mass implies that our optically iden-
tified star clusters arise from a specific subset of molecular clouds, partly explaining
the difference in the spatial distribution in Figure 5.15. We conclude that it is the

most massive clouds that are more likely to produce star clusters, given the compar-
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Figure 5.15. Two-point correlation function 1+ w(6) for the GMCs and the clusters
that are located within both the UVIS and PAWS footprints. The numbers in paren-
theses show the number of clusters in each classification and the vertical dashed lines
show the median radius of the GMCs at 36 pc. The GMCs have minimal structure,
reaching a flat distribution accompanied by a slight excess at ~800 pc. We per-
form the fits such that the slope for the GMC is measured for all scales greater than
~40 pc. The star clusters, compared to the global sample in Figure 3.6, show dis-
tributions that exhibit slopes suppressed and show much shorter correlation lengths.
The youngest (<10 Myr) star clusters do not mirror the observed slope of the GMCs
and the clustering is quickly lost around 50 Myr. The dearth of class 3 clusters give
rise to the artificial clustering and the excess of class 2 over class 1 is an age effect
(see Figure 5.17).

ison in their spatial distributions, although an improvement can be made in further
studies with an increase in resolution of the CO gas to examine the relations at smaller

spatial scales below our current resolution.

5.6.2.3 Radial Trends

To investigate a potential radial dependence of the star cluster hierarchies, we
divide the star clusters of NGC 5194 into two galactocentric bins, separated by the
corotation radius of ~4 kpc (Querejeta et al., 2016), and computing the correlation
function for the clusters in these two radial bins. Figure 5.18 shows that the clus-
tering does indeed depend on the position of the clusters within the stellar disk. For

a given spatial scale, the clustering amplitude is significantly stronger for clusters
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Figure 5.16. Two-point correlation function 1+ w(f) with mass cuts for the GMCs.
We compare the distribution of the most massive and youngest star clusters to the
most massive GMCs on the far right panel. We show star clusters (dashed purple
line) with mass cuts at 5000 M, (dashed blue line) and 3 x 10* My, (dashed green
line). We also show the equivalent GMC distribution (solid lines) assuming a 1%
SFE. The clustering in the distribution of the GMCs increase with mass, but at a
given mass cutoff, the slopes are different from that observed for the youngest star
clusters. The observed slope for the GMC distribution stars to increase for masses
greater than 5 x 10¢ Mg, (yellow line), but there are not enough clusters to compare
this distribution to assuming a SFE of a few percent.
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Figure 5.17. Class 1 (left) and 2 (right) clusters shown over the V-band image of
NGC 5194. The star clusters are colored according to their ages with dark colors
corresponding to younger ages and all clusters older than 1 Gyr are shown as white.
The class 1 sources are much more uniformly distributed while the class 2 clusters
are predominantly tracing the spiral arms and the center region. The typical ages
of class 1 clusters are much older than the ages of the class 2 clusters (Figure 5.5).
We do not show the class 3 associations. Clusters are mostly concentrated along the
spiral arms, which is particularly noticeable for the youngest clusters of both classes.
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located at distances greater than the co-rotation radius than for clusters within the
co-rotation radius. More notably, the correlation length is also significantly larger,
around ~2 kpc, for clusters outside the co-rotation radius whereas the size of the
structures for the clusters within the co-rotation radius is ~200 pc. One of the
biggest drivers of the observed difference is the lack of strong stellar spiral features
within the inner region of the galaxy, resulting in significantly smaller star-forming
complexes (Section 5.6.2.2 and Table 5.3).

This suggests longer lived star-forming regions reside at larger galactocentric radii.
This is likely a result of lower shear within the outer regions of the galaxy, allowing
clusters to live longer than in regions near the center of the galaxy. The effect of the
local ambient environment in also driving the maximum correlation size is further

discussed in Section 5.7.

5.6.2.4 Comparison to Previous Work

The clustering of the star clusters in NGC 5194 using the two-point correlation
function was performed in a study by Scheepmaker et al. (2009) using star clusters
derived with WFPC2 U and B, V, and I bands with ACS. Their final luminosity-
limited cluster catalog contains 1580 clusters that range from 2.5 Myr to 500 Myr
and is not visually inspected for contaminants. Their clustering shows a smooth
decline with scale size and age, exhibiting recovered slopes of —0.4, consistent with
projected fractal dimension of 1.2 in the young clusters (<30 Myr) with the slope
becoming more shallow as the clusters age. We recover a slope of —0.3 for the whole
sample, rising to —0.5 for the youngest clusters, consistent within the errors. The
correlation lengths between the two studies are similar, becoming flat around a few

kiloparsecs.
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Figure 5.18. Two-point correlation function 1+ w(#) for star clusters at galacto-
centric radii greater/less than 4 kpc. The numbers in parentheses show the number
of clusters in each classification. Star clusters further from the center of the galaxy
reside in larger hierarchies, exhibiting greater, but shallower, correlation lengths than
star clusters near the center.
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5.7 Discussion

The physical mechanisms that give rise to the shape of the hierarchical structures is
believed to be a direct consequence of turbulence in the ISM operating self-similarly
at a range of scales (Elmegreen et al., 2000; Mac Low & Klessen, 2004; Hopkins,
2013a; Guszejnov et al., 2017), and responsible for triggering the fragmentation of
large clouds into smaller fragments. We find that GMCs that reside within a spiral
arms are more likely to host a star cluster (45%; Table 5.2) compared to those in
the interarm (25%). This suggests that the majority of recent star formation is more
likely to occur within GMCs located in the denser regions of stellar spiral arms and
the association with star formation lasts for about one crossing time.

The correlation for star cluster complexes within the central 9 kpc exhibit corre-
lation lengths of a few hundred parsec. By ~50-100 Myr, the clustering signal has
dispersed and is statistically the same as a random distribution, requiring a cluster
velocity of only ~1 km s™! to achieve randomization within this timescale. The clus-
tering scale length in the inner 4 kpc is significantly shorter than the clustering scale
length of 2 kpc for clusters located beyond 4 kpc (Figure 5.18).

The shorter correlation sizes near the center are likely a result of the ambient
environment that can influence the dissolution of individual clusters and unbound
complexes through shear and pressure. The clustering becomes consistent with ran-
dom at much smaller sizes in the inner region of the galaxy. This is consistent with
the observed radial trend of clusters in the outer regions of NGC 5194 experiencing
significantly less disruption (e.g., Silva-Villa et al., 2014; Messa et al., 2018b). The
decrease of shear, turbulence, and ISM mid-plane pressure with increasing distance
from the galaxy center also increases the survivability of bound clusters, and hence,
the lifetimes and sizes of the complexes in which they reside (e.g., Kruijssen, 2012;
Johnson et al., 2016). Indeed, simulations do show that star and star cluster formation

depends on the shear content in pre-collapse GMCs and that presence of shear in disk
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galaxies impedes the formation of very massive clusters, preferentially forming sys-
tems of smaller clusters and structures (Weidner et al., 2010). We would expect that if
clusters cannot form, neither can clustering persist. While there is an age dependency
on the amplitude of the clustering, younger star-forming regions do not necessarily
exhibit shorter correlation lengths than older clusters (Figure 5.14). A recent study
in NGC 2336 found that UV-bright star-forming knots also show evidence for older
star-forming regions at larger radii compared to the central part of the galaxy, quite
possibly arising from the lower tidal shear present at larger galactocentric distances
(Rahna et al., 2018).

Through an analysis of average age between pairs of star clusters in Grasha et al.
(2017b), we find that the global average of young (<300 Myr) star-forming regions
in NGC 5194 is ~950 pc in size with average ages of 83 Myr, similar to the size scale
recovered with the two-point correlation function in this work. From the parameters
derived for a typical star-forming region of NGC 5194, the velocity for a single crossing
time is 13 km s~!. This is consistent with the estimated velocity of 9.5 km s~! we find
that is required for star clusters to disassociate from their nearest molecular cloud
given the distance and their current age from the closest GMC (Section 5.6.1.2). A
study by Whitmore et al. (2014) in the Antennae galaxy shows that the timescale
needed for GMC complexes with a radius of 200 pc to diffuse in a crossing time is
~10 Myr. The results from Whitmore et al. are comparable to the values we derived
in this work, with proportionally larger complex sizes and diffusion timescales within
NGC 5194.

The typical crossing timescale for an arm GMCs from PAWS, with a radius of

! results in a crossing timescale of

40 parsec and a velocity dispersion of 8 km s~
5 Myr (Schinnerer et al., 2017). This is comparable to the 4-6 Myr timescale we
derived for when star clusters are still associated with their progenitor clouds. This

suggests that the internal velocity, and thus, the crossing time scale of molecular

194



clouds may determine how long a star cluster remains associated. The natural time
unit for a GMC is the free-fall time and describes the timescale for which the cloud
experiences no other forces outside of its own gravitational collapse. The free-fall
timescale only depends on the density p of the molecular gas, t¢; = \/m and
places a lower limit on a given cloud lifetime (Heyer & Dame, 2015). The lifetime of
a typical GMC is expected to be a few free-fall timescales; observations show GMC
lifetimes of ~20-30 Myr (Meidt et al., 2015) within NGC 5194. The short timescales
for clusters to become visible from their GMCs compared with the longer time-scales
for which the clouds are destroyed is also expected from simulations (e.g., Dale et al.,
2015). The 4-6 Myr timescale for the disassociation of star clusters from molecular
gas will thus arise from both the relative time at which the young star clusters emerge
due to cluster motions as well as a dependency on the timescale for star clusters to
erode cavities within their molecular reservoirs from feedback effects (i.e., ionizing
winds). Star clusters are small in comparison to the angular extent of the GMCs,
and GMC ‘destruction’ remains a local process that does not encompass the GMC as
a whole.

Molecular clouds are observed to evolve over time and exhibit different levels of
star formation activity, such as in the LMC, where not all GMCs show evidence of
star formation and more evolved and older clouds are more likely to be associated
with optical stellar clusters Kawamura et al. (2009). The same study derives a dis-
assocation timescale between star clusters and GMCs of ~ 7 — 10 Myr, however, no
significant difference is observed in the properties (size or line width) between the
varying evolutionary stages of the GMCs. Within this proposed picture for the evolu-
tionary sequence of GMCs, most active star formation will lead to the dispersal of the
cloud. However, the cloud population of NGC 5194 appears to undergo regrowth and
transformation rather than a complete dispersal after star formation (Meidt et al.,

2015), which suggests that the observed spatial separation between older star clusters
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and GMCs cannot arise solely from GMC dissolution and must require a component

of motion that acts to separate star clusters from their natal clouds.

5.8 Summary and Conclusion

The LEGUS project (Calzetti et al., 2015) is producing an extensive suite of high-
quality, homogeneous, and accurate properties of clusters in nearby galaxies, which
are crucial in order to address the role of star clusters in the star formation process
in a consistent manner across galaxies. In this work, we present the methods used to
test an off-the-shelf ML procedure to identify and create catalogs of star clusters for
LEGUS, which we have adapted to galaxy NGC 5194. The goal is to decrease the
time and increase the efficiency required for identification and classification of star
clusters in nearby galaxies, currently performed via time-intensive visual inspection.

Our main results can be summarized as follows:

1. We use the LEGUS 4-class cluster classification of the visually identified star
clusters as a training set to teach the ML algorithm to distinguish between
different classes of clusters based on their features. These learned decision
features are then applied to the remaining clusters that have no classifications.
The ML techniques identify an additional 2148 clusters from a training set of
1226 star clusters that have been visually identified, thus bringing the total to
3374. Cross validation of the ML algorithm on the visually inspected catalog
indicates that the ML has an overall (4-class) accuracy of 67%. For comparison,
human classifiers agree among each other about 70%-75% of the time. This
suggests that an off-the-shelf ML algorithm is already effective at providing
classifications that are close to the accuracy rate of humans. However, outside
this overlap region, the success of the ML algorithm decreases for certain classes
of clusters, depending on the morphology of the cluster. Single peak, extended

clusters are reliably identified at similar rates as observed in the visual training
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sample whereas associations, which typically exhibit multi-peaked structure and
color gradients, are not identified at the same rate and are interpreted as non-
cluster contaminants. Thus, further developments of ML algorithms will need
to investigate methods to bring the accuracy to higher levels for all classes, but

specifically for the multi-peak clusters/associations.

. The locations of the youngest star clusters are highly correlated with the molec-
ular gas (Figure 5.11) from the GMC catalog from PAWS data. Star clusters
that are associated (i.e., located within the footprint of a GMC) are significantly
younger — median ages of 4 Myr — than star clusters that are unassociated with
molecular clouds, which have median ages of 40 Myr. For the star clusters lo-
cated within three radii of a GMC, we derive an ISM velocity of ~10 km s!
required for them to become dissociated from their natal clouds. We find no
significant evidence that more massive GMCs are more likely to host multiple
star clusters (Figure 5.12). The average distance between a star cluster and the
nearest molecular cloud increases with galactocentric distance, corroborating a
picture in which the separation of clusters from their birth locations is due to
random motions (Figure 5.9). Furthermore, clusters that are at least as old
as the lifetime of molecular clouds (~20 Myr) or older are typically located at
distances of at least three radii from their nearest GMC. Thus, the timescale
for cluster disassociation (~4-6 Myr) is mainly driven by the random motions
that move the clusters away from the GMCs, and only partially impacted by

GMC dissolution effects.

. We implement the two-point correlation function to quantify the time-scale for
the survival of star-forming hierarchical structures and to determine the sizes
of the clustered regions. We find that the amount of clustering of star clusters

decreases with increasing spatial scale (Figure 3.6), consistent with star clus-
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ter formation occurring within hierarchical star-forming complexes of ~1 kpc
in size. The power law slope of the distribution, depending on the method of
cluster identification, ranges from —0.3 to —0.4, where the clusters identified
with the ML process exhibit a shallower distribution. The clustering depends
strongly on the age of the clusters (Figure 5.14), indicative that star-forming
hierarchies disperse with time, with randomization timescales of ~50-100 Myr.
The size and the strength of the clustering also depend on the galactocentric ra-
dius; larger clustered star-forming regions are preferentially located further from
the galaxy center (Figure 5.18). This environmental dependence of the cluster-
ing of the star clusters is consistent with clusters near the center experiencing
increased disruption. This is in agreement with the strong age-dependency of
the survival of the cluster complexes with complexes near the inner region of
the galaxy being smaller and showing distributions that are close to random.
The correlation function for the GMCs shows a power law slope of —0.10, very
shallow compared to the star clusters, consistent with being nearly random-
ized. This may suggest that the structure of GMCs is more easily randomized

compared to that of star clusters.
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CHAPTER 6

CONNECTING YOUNG STAR CLUSTERS TO CO
MOLECULAR GAS IN NGC 7793 WITH ALMA-LEGUS

This chapter! presents initial ALMA-LEGUS observations of NGC 7793 that

correlates the star clusters at sub-GMC resolutions of ~15 pc.

6.1 Abstract

We present an investigation of the relationship between cloud properties and the
associated stellar clusters in the nearby flocculent galaxy NGC 7793. We combine
the star cluster catalog from the UV /optical HST LEGUS (Legacy ExtraGalactic
UV Survey) program with the ~15 parsec resolution of CO(2-1) observations from
ALMA of the inner ~ 2 x 3 kpc of NGC 7793. We find a strong spatial correlation
between young star clusters and giant molecular clouds (GMCs) such that all clusters
still associated with a molecular cloud (i.e., located within the physical footprint)
are younger than 11 Myr and display a median age of 2 Myr. The age distribution
increases gradually as the star cluster-GMC distance increases, with star clusters
that are spatially unassociated with molecular gas exhibiting a median age of 7 Myr.
Thus, star clusters are able to emerge from their natal clouds long before the timescale
required for clouds to disperse. To investigate if the hierarchy observed in the stellar
components is inherited from the GMCs, we quantify the amount of clustering in

the spatial distributions of the components and find that the star clusters within the

!These results are based on research published by Grasha et al. (2018b), and is reproduced by
permission of the AAS.

199



ALMA coverage exhibit a fractal dimension slope of —0.61 4+ 0.03, twice as steep as
the observed molecular cloud hierarchy with slope of —0.28 + 0.04. This is among
the first observational studies to examine the temporal association between GMCs
and star clusters, and while we find enhanced spatial correlations between clouds
and young stellar clusters on scales <40 pc, there is a lack of mirroring between the
observed hierarchies of star formation and GMCs with the star clusters exhibiting a
significantly more fractal distribution. We find, however, that the spatial distribu-
tions are consistent with each other when comparing the most massive GMCs to the
youngest and most massive star clusters when assuming a star formation efficiency
of a few percent. This suggests that it is important to match the mass limit star
clusters and GMCs to properly compare how clusters and GMCs respond to cluster-
ing. The analysis of the association between GMCs and star clusters provides reliable
estimates of their temporal association and the evolutionary timescales to better our

understanding the gas and star formation cycle across galaxies.

6.2 Introduction

Star formation is a hierarchical, scale-free process in both space and time (Efremov
& Elmegreen, 1998) spanning from individual stars to entire star-forming galaxies, and
is a consequence of giant molecular clouds (GMCs) converting their molecular mass
into newly formed stars via fragmentation. The observed hierarchical nature of stars
and star clusters (e.g., Gomez et al., 1993; Zhang et al., 2001; Odekon, 2008; Goulier-
mis et al., 2014; Sun et al., 2017a,b), inherited from their progenitor clouds/cores (e.g,
Elmegreen & Falgarone, 1996; Johnstone et al., 2000, 2001; Séanchez et al., 2010), is be-
lieved to be imposed by the hierarchical nature of turbulence (Elmegreen & Efremov,
1996, 1997; Padoan & Nordlund, 2002; Hopkins, 2013a,b) throughout the interstellar
medium (ISM).

200



The Legacy ExtraGalactic Ultraviolet Survey? (LEGUS, HST GO-13364; Calzetti
et al., 2015), a Hubble Space Telescope (HST) Treasury program of 50 local (<15 Mpc)
galaxies observed in the UV and optical regimes have allowed for unprecedented in-
vestigations into the star formation hierarchies across a diverse population of galaxies,
improving our understanding of the processes of star formation in the local universe
(Elmegreen et al., 2014; Gouliermis et al., 2015b, 2017; Grasha et al., 2015, 2017a,b).
Extending these studies of the characteristic size of star-forming structures to higher
redshifts, where the vast majority of stars seen today were formed (Madau & Dick-
inson, 2014), is the only way to differentiate if the observed clumpiness arises from
in-situ structure formation from instabilities within the galactic disk (e.g., Dekel et al.,
2009; Bournaud et al., 2014) and/or as a result of galaxy interactions (e.g., Di Mat-
teo et al., 2008) through exploring the relation between clump sizes and galactic
properties (e.g., Wisnioski et al., 2012).

The dynamical structure of a galaxy is capable of impacting the local star forma-
tion process (e.g., Renaud et al., 2013), and consequentially, the overall organization
and survival of star-forming structures. As such, high-resolution studies of local galax-
ies are ideal to study the complex interplay between gas and the subsequent impact
on star formation. Early results from the Plateau de Bure Interferometer Arcsecond
Whirlpool Survey (PAWS:; Schinnerer et al., 2013; Pety et al., 2013) reveal that the
spiral structure of M 51 impacts the gas density of the local environment, which al-
ters the properties of the GMCs, and thus, star-formation. This affects the overall
organization and structure of the ISM at scales of individual GMCs (Hughes et al.,
2013), which will inevitability impact the products of star formation (Messa et al.,
2018b).

Zhttps:/ /archive.stsci.edu/prepds/legus/
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The work in this paper focuses on the flocculent galaxy NGC 7793, one of the
closest galaxies within the LEGUS. A primary science goal of LEGUS is aimed to
further our understanding of the connection between localized sites of star formation
and the global star formation process of entire galaxies. LEGUS has vastly increased
the number of high-quality catalogs of young star clusters over a broad range of
galactic environments, improving our understanding of the parameters responsible
for star cluster formation and evolution in a homogeneous and consistent manner
(Kim et al. in prep).

The goal of this paper is to investigate the connection between molecular gas and
associated stellar populations, a topic previously examined in another LEGUS galaxy,
the interacting spiral system NGC 5194 (Grasha et al., 2018a) with molecular CO
data from PAWS (Colombo et al., 2014a). This paper complements the prior study
with recent CO observations for NGC 7793 (Bittle et al., 2018) with the Atacama
Large Millimeter /submillimeter Array (ALMA) and serves as an excellent comparison
to connect the properties of star clusters and molecular gas to the spiral structure in
two different galactic systems. The lifetimes of the star-forming complexes were pre-
viously investigated for NGC 7793 in Grasha et al. (2017a,b), where we find relatively
small size scales of ~200 parsec for the coherence of star formation, consistent with
expectations for flocculent galaxies. NGC 7793 is additionally a cluster-poor system,
which makes it an interesting system to study the properties of star clusters in the
context of their connection to the spiral structure and the timescale for star formation
to remain associated with molecular clouds. These results are quite relevant to the
longstanding issue of molecular cloud lifetimes, both before and during star forma-
tion, and its relation to the environment (e.g., Kawamura et al., 2009; Miura et al.,
2012; Whitmore et al., 2014; Heyer & Dame, 2015).

This Chapter is organized as follows. The galaxy selection and reduction process

as well as the acquisition and reduction of the ALMA data are described in Sec-
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tion 6.3. The cluster selection and identification process is described in Section 6.4.
The correlation of the star clusters to the molecular gas is described in Section 6.5
and we quantify the hierarchy of the star clusters and the GMCs in Section 6.5.4.

Finally, we summarize the findings of this study in Section 6.6.

6.3 NGC 7793
6.3.1 The HST UV /Optical Observations

In this paper, we select NGC 7793 from the LEGUS survey and observe the
molecular gas with ALMA (Section 6.3.2) to study the impact of spiral arm structures
on the properties of both star clusters and the molecular gas reservoir. NGC 7793 is
a nearby (3.44 4+ 0.15 Mpc assuming a distance modulus of 27.68 + 0.09; Pietrzyriski
et al., 2010) SAd flocculent galaxy in the Sculptor group, with a relatively low star
formation rate (SFR(UV) ~ 0.52 M, yr~!; Calzetti et al., 2015), and a central oxygen
abundance of 12 + log (O/H) = 8.50 £ 0.02 and an oxygen abundance gradient of
—0.0662 £ —0.0104 dex/kpc (Pilyugin et al., 2014).

The HST observations of NGC 7793 cover two pointings, the western and east-
ern part of the galaxy. The eastern pointing is observed in all five bands (F275W,
F336W, F438W, F555W, F814W) with the WFC3. The west pointing is observed in
only three bands (F275W, F336W, F438W) with the remaining two bands (F555W,
F814W) taken from archival ACS observations (GO-9774; P.I. S.S. Larsen). All
archival ACS images are re-reduced using the same pipeline as the UV and U images
with WFC3/UVIS from the LEGUS project. Reduced science frames are drizzled to a
common scale resolution, to match the native WFC3 pixel size (0.0396 arcsec/pixel),
corresponding to a resolution element of 0.66 parsec/pixel. The frames have all been
aligned and rotated with North up. We refer the reader to the detailed descriptions

of the standard reduction of the LEGUS data sets in Calzetti et al. (2015).
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Figure 6.1. Positional location and sizes of the GMCs (blue ellipses) and star clusters
(circles) in NGC 7793 over the UVIS/F438W image. The star clusters are colored
according to their ages, where the youngest are darker pink and the oldest are white.
The gray rectangle shows the outline of the ALMA coverage. Star clusters not located
within the ALMA coverage are excluded from all star cluster—-GMC comparisons.

Figure 6.1 shows the gray-scale V-band image of both the east and west UVIS
pointings overlaid with the positions of the GMCs and ALMA coverage (Section 6.3.2)

and the star clusters (Section 6.4).

6.3.2 The ALMA CO Observations
A detailed quantification of the data acquisition, reduction, and creation of the
GMC catalog, along with the properties of the molecular clouds (mass function, power

spectrum, etc.) and how they depend on their location within NGC 7793, will be
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described further in Bittle et al. (2018). We list here the details necessary for this
study.

We observed the CO (2-1) transition with ALMA band 6 (230.36366 GHz) in
the inner 180”x114” (3 x 2 kpc) of NGC 7793 (ALMA programs 2015.1.00782 &
2016.1.00674; PI: K.E. Johnson). The total integration time is 3 hours with the 12-m
array with 149 pointings at 72.6 seconds of integration per pointing with a mosaic
spacing of 12.9” between pointings. Our angular resolution of 0.85” allows us to
resolve sub-GMC sizes (8 pc scales) and we are sensitive to emission on scales as
large as 11”7 (~175 pc), which allow us to recover the largest molecular complexes in
the galaxy. We have sufficient sensitivity to detect molecular clouds with masses of
~10* Mg, matching the associated mass scale of the stellar clusters with >10% M.

We also achieve a velocity resolution of 1.2 km s™!

, sufficient to resolve individual
clouds with expected velocity dispersions of order 2-3 km s~*. The final rms noise of

the observations is ~4 mJy/beam.

6.3.3 Creating the GMC Catalog

We create the GMC catalog from the CO(2-1) position-position-velocity data with
the CPROPS segmentation algorithm for spectral line emission (Rosolowsky & Leroy,
2006). After identifying a typical cube rms noise, local maxima are identified above
4-0. Emission above 2-0 that lie in at least two continuous velocity channels around
an identified peak is then assigned to that peak. For a local maximum within a kernel
range of another local maximum, we define a shared contour level. If the peaks both
lie above 3.5-0 of the isophote, they are determined to be unique entities and the
emission is separated appropriately. From these finalized identifications of clouds,
we are able to measure cloud properties such as size (Rga¢), line width (o,), and

luminosity (Lco) for each identified cloud.
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Table 6.1. Global Properties of the GMCs in NGC 7793

M R Leco Oy
(10*Mg)  (pc)  (10°* Kkm s7! pc?)  (km s™!)
All 3.2737 134485 5.2+60 2.6707
<1kpc 3478 134762 5.5 26707
>1kpe 29726 135179 48141 27708

Notes. Columns list (1) Environment, either all, < 1 kpe, or >1 kpe; (2) M, the virial
mass in Mg; (3) R, the deconvolved effective radius in pe; (4) Leo, the integrated
CO luminosity in K km s pc?; and (5) o,, the deconvolved velocity dispersion in

km s~!. We report the median, lower quartile (Q25) and upper quartile (Q75) of the

distributions.

By construction, the GMCs represent significant peaks in the CO emission and we
assume that these correspond to the cluster-forming structures. Using the position
angle, radius, and semimajor axis, we represent the GMCs as ellipses in Figure 6.1.
Table 6.1 lists the general properties of the GMCs in NGC 7793 for the entire popu-
lation as well as those that lie at distances less/greater than galactocentric distances

of 1 kpc (Figure 5.9).

6.4 Creating the Visually-Identified Star Cluster Catalogs
A detailed description of the cluster selection, identification, photometry, spectral

energy distribution (SED) fitting procedures, and completion limits for the LEGUS

galaxies is presented in Adamo et al. (2017). We summarize here briefly the aspects

that are important for the current paper.

6.4.1 Star Cluster Selection
The LEGUS process of producing cluster catalogs is a multi-step process, with an
initial automated extraction of the cluster candidates (Section 6.4.1), followed by a

visual identification of a sub-sample of the brightest clusters to remove contaminants
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(Section 6.4.2) in order to create the final science-ready, visually identified cluster
catalog.

The initial automated catalog of star cluster candidates is extracted from a white-
light image generated by using the available photometric bands (see Calzetti et al.,
2015) with source extractor (SExtractor; Bertin & Arnouts, 1996). The SExtractor
parameters are optimized to extract sources with at least a 30 detection in a minimum
of 5 contiguous pixels. This automatic procedure returns the positions of candidate
clusters within the image and the concentration index (CI; magnitude difference of
each source within an aperture of 1 pixel compared to 3 pixels). The CI is related
to the size of stellar systems (Ryon et al., 2017) and can be used to differentiate
between individual stars and stellar clusters. Star clusters, in general, have more
extended light profiles, and therefore, larger CI values compared to individual stars.
The CI reference value used to distinguish between unresolved sources (stars) and
resolved sources (candidate clusters) within NGC 7793 is 1.3 mag; we disregard any
sources with a CI value less than this reference value.

Standard photometry is performed on the cluster candidates using a science aper-
ture radius of 5 pixels and a sky annulus at 7 pixels with a width of 1 pixel. Average
aperture corrections are estimated using a cluster control sample (see Adamo et al.,
2017), estimated as the difference between the magnitude of the source within a
20 pixel radius with a 1 pixel sky annulus minus the magnitude of the source at the
science aperture. These average aperture corrections in each filter are applied to the
standard photometry of all the clusters. Corrections for foreground Galactic extinc-
tion (Schlafly & Finkbeiner, 2011) are also applied to the photometry. All positions
are corrected for an inclination of 47.4 degrees.

All cluster candidates detected in at least four of the five bands with photometric
error o < 0.3 undergo spectral energy distribution (SED) fitting procedures and error

propagation as described in Adamo et al. (2010, 2012) to extract the age, mass, and
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color excess E(B-V) of each source. The SED fitting analysis is performed with
deterministic Yggdrasil single simple stellar population (SSP) models (Zackrisson
et al., 2011). The Yggdrasil spectral synthesis code is based on the Starburst99
(Leitherer et al., 1999) stellar population synthesis models with the photoionized
nebular emission predicted by Cloudy (Ferland et al., 1998, 2013). All cluster catalogs
for the LEGUS galaxies implement a Kroupa (2001) universal initial mass function
(IMF), but see Ashworth et al. (2017) for variable IMF cases. For NGC 7793, the
cluster catalog SED is derived using the Padova-AGB SSP stellar isochrone tracks
(Vazquez & Leitherer, 2005) and a starburst attenuation curve (Calzetti et al., 2000)
with the assumption that stars and gas undergo the same amount of reddening. For
wavelengths longer than ~ 3000 A, attenuation and extinction dust models are similar
in shape and normalization, and thus, the adopted dust model does not greatly impact
the results (Grasha et al., 2017a).

The star cluster properties of NGC 7793 are also derived using a Bayesian analy-
sis method with stochastically sampled cluster evolutionary models (Krumholz et al.,
2015a) using the Stochastically Lighting Up Galaxies (SLUG; da Silva et al., 2012;
Krumholz et al., 2015b) code. SLUG returns the full posterior probability distribu-
tion function (PDF) of the physical properties of each cluster rather than a single
best fit. This approach does not assume a fully sampled IMF, which becomes es-
pecially relevant for the accurate derivation of cluster properties in cluster masses
below ~103® M, (Cervifio & Luridiana, 2004), which is near the completeness limit
of our catalogs for cluster ages up to 200 Myr at distances of ~10 Mpc (Adamo et al.,
2017). NGC 7793 is located at 3.4440.15 Mpc, and as a result, we expect the cluster
catalog to be complete to significantly less massive clusters. We do find that the rel-
atively nearby distance of NGC 7793 results in a catalog with cluster properties that
are predominately younger and less massive compared to the more distant LEGUS

galaxies (see Grasha et al., 2017a). Indeed, the cluster population shows a median
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age of 7 Myr and a median mass of only 1080 M. We do not impose a mass cut
to account for a stochastically sampled IMF and/or completeness issues as only 63
clusters in our sample are more massive than 5000 M. We examine the effects that
the method of deriving the ages has on our results and find that the global properties
of the entire ensemble of clusters are consistent between the two methods and the
science results appear to be relatively insensitive whether the properties are derived
deterministically or stochastically. We do perform checks by repeating calculations
with placing mass cuts and find that our results are not biased with the inclusion of

low-mass clusters.

6.4.2 Visual Inspection and Star Cluster Classification

After the extraction of the clusters and the SED fitting procedure, all clusters with
an absolute magnitude brighter than —6 mag in the V-band undergo visual inspection
by a minimum of three independent classifiers within the LEGUS team to procure
the final visual catalog. This —6 magnitude limit is defined by the detection limits
of the LEGUS sample and enables selection down to a ~1000 My, 6 Myr old cluster
with E(B-V) = 0.25 (Calzetti et al., 2015). Only 484 cluster candidates are brighter
than the magnitude cut off to undergo the visual classification procedure.

The visual classification is performed within ds9 on a V-band and three-color
composite image in addition to the surface contours, radial profiles, and surface plots
of each source (see Adamo et al., 2017). The LEGUS cluster classification is based
on the morphology and color of each source and is necessary in order to exclude
non-cluster contaminants within the automatically extracted catalog to ensure the
robustness of the final cluster catalog. Each sources gets classified under one of four
classes: (1) symmetric and centrally compact star clusters, usually uniform in color;
(2) compact, asymmetric star clusters with some degree of elongation, usually uniform

in color; (3) multiple-peaked profiles that show an underlying diffuse emission, color
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gradients are common; and (4) non-clusters, including but not limited to foreground
stars, asterisms, background galaxies, saturated/bad pixels, etc. The final cluster
catalog for NGC 7793 contains 370 clusters of class 1, 2, and 3.

In general, class 1 and 2 clusters are older and are potentially gravitationally bound
systems with ages greater than their crossing time (Ryon et al., 2017) whereas class
3 objects are in general much younger, and due to their multi-peak nature, we refer
to these systems as compact associations. Initial work in other LEGUS galaxies show
that the morphological classification may contain information about the dynamical
state of the clusters as well (Adamo et al., 2017; Grasha et al., 2017a). The class 3
compact associations have spatial distributions that are significantly more structured
compared to the distribution of class 1 and 2 clusters as a result of the younger age
distribution of class 3 associations. In this work, we compare the total star cluster
sample to that of the GMCs and we refer the reader to Grasha et al. (2017a) for a
more detailed discussion on the impact of the classification, thus age-dependency, on
the dissolution of the large-scale clustering observed for the star clusters. NGC 7793
is one of the closest galaxies in the LEGUS sample, and as such, we have sufficient
resolution to resolve down to very compact or loose associations that may otherwise
be missed in more distant systems. 42% of the clusters in the NGC 7793 catalog are
class 3 associations, among the highest rate out of all the LEGUS cluster catalogs
(see Figure 2 of Grasha et al., 2017a). Thus we are confident that we are efficient
at identifying what may be considered young and loose stellar aggregates within

NGC 7793.

6.5 Results and Analysis
6.5.1 Separation of Young Star Clusters and GMCs
To connect the young star clusters to their environment, we compare the projected

spatial locations of the clusters to the projected location and sizes of peaks in the
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molecular gas. Previous observations show that stars and star clusters quickly become
unassociated with the GMCs from where they are born, either due to drift or from
blowing out the gas. The timescale for most clusters to become exposed is as early as
2 Myr within M 83 (Hollyhead et al., 2015), ~5 Myr from a study of the Antennae
galaxy (Whitmore et al., 2014), and within M 33, star exposed clusters show a peak
around 5 Myr with an embedded phase that lasts only 4 Myr (Corbelli et al., 2017).
Within Milky Way molecular clouds, the lifetimes of various star formation phases can
be exceptionally short, <1 Myr (Battersby et al., 2017). In this study, our primary
science goal is to determine the timescales for the association of GMCs with star
formation and how quickly star clusters move away from their natal origins. If a star

cluster and a GMC overlap in projection, we consider that pair an association.

6.5.1.1 Shortest Distance between Clusters and GMCs

We take all the star clusters within the ALMA coverage, reducing the total clusters
in the catalog from 370 to 293, and measure the shortest distance to the center of the
nearest GMC. Figure 4.8 shows the distribution of the shortest star cluster - GMC
distance. For the entire sample, the median of the distances is 5345 pc. The youngest
star clusters (ages less than 10 Myr) have a median star cluster-GMC distance that
drops to 41 4+ 4 pc and the remaining star clusters that are older than 10 Myr have
a median cluster-GMC pair distance of 66 £ 5 pc. Younger star clusters are closer
in proximity to a GMC than older star clusters despite the small numbers of star
clusters and GMCs in NGC 7793.

In Figure 6.2 we also show the expected distribution expected if the same number
of the star clusters are randomized within the ALMA field of view. There is a clear
excess in the distribution of the youngest clusters with ages <10 Myr exhibiting strong

spatial correlations with the GMCs. The older star clusters (>10 Myr) show much
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weaker correlations, with distributions that are almost consistent what is expected
from a random cluster population.

The galactocentric distance rge of the closest star cluster/GMC pairs has a bigger
influence on the age difference and we investigate this affect by dividing the sample
in half at 1 kpc. Clusters located closer than rgc < 1 kpc have a median SC-GMC
separation of only 39+4 pc, rising to 64+ 7 pc for clusters beyond 1 kpc (Figure 6.3).
In general, we do expect more things to be located in the central kpc of a galaxy, so it
may not be surprising that statistically separations are closer within the inner region
of the galaxy. However, this does not explain the trend for an increasing star cluster —
GMC separation with increasing age, also demonstrated in NGC 5194 (Grasha et al.,

2018a). We further quantify this in Section 6.5.2.

6.5.2 Properties of Star Clusters Associated with GMCs

Under the clustered star formation model, with the proper multi-wavelength ob-
servational data set, we can quantify the timescale of emergence, and thus the velocity
required for star clusters to disassociate from their natal molecular clouds. We in-
vestigate the disassociation timescale by tracking how the distribution in the age of
the cluster populations changes as a function of the distance to the center of every
GMC. As star clusters do disperse from their GMCs with time (Grasha et al., 2018a),
isolated clusters will exhibit significantly older ages compared to clusters that are
located within, or even in close proximity to, a GMC. We do not allow double count-
ing and each cluster can be assigned to only one GMC. In situations where multiple
clouds lie on top of each other, the star cluster is assigned to the closest GMC, and
in most cases, that is always the most massive one as well.

Within NGC 7793, we find 13 star clusters (4%) lie within the extent of 12 GMCs
(2%). 31 clusters are located at distances just outside their nearest GMC (1 X Rguc),

but less than 2 radii of a GMC center. 26 star clusters located at distances greater
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Figure 6.2. Fractional distribution of the shortest distance for each star cluster
to the closest GMC for NGC 7793. The clusters are divided into two age bins for
ages. The star symbols show the median value for each distribution along with the 1o
uncertainties from bootstrap estimates based on 10,000 samples. The global average
(dashed gray) for the shortest distance between each star cluster to the closest GMC
is 5345 parsec. Star clusters with ages less than 10 Myr (pink) show shorter distances
of 4144 pc versus 38 £4 pc compared to ages older than 10 Myr (green) at 66 +5 pc.
Younger star clusters are closer in proximity to a GMC than older star clusters and
the difference is significant given the scatter and there is a clear excess observed for the
youngest (<10 Myr) star clusters given the expected distribution if the star clusters
were distributed randomly (thin black line, median value of 67 + 4 pc).
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Figure 6.3. Fractional distribution of the shortest distance for each star cluster to
the closest GMC broken into galactocentric radial bins and age bins. The symbols
show the median value for each distribution. Star clusters less than a galactocentric
radius of 1 kpe (pink) are on average 39 + 4 pc from the nearest GMC with ages less
than 10 Myr (dotted pink line) showing slightly shorter mean distances of 36 + 4 pc
compared to ages greater than 10 Myr (dashed pink line) at 58 + 10 pc. Star clusters
at galactocentric distances greater than 1 kpc (green) are on average 64+7 pc from the
nearest GMC, with mean distance decreasing for the youngest (<10 Myr; dotted green
line) to 53 +9 pc and increasing to 81 + 8 pc for the older clusters (>10 Myr; dashed
green line). On average, younger star clusters are closer in proximity to a GMC than
older star clusters although the distance from the center of the galaxy has a larger
impact with the average SC-GMC distance increasing significantly with increasing
galactocentric distance. Errors are bootstrap estimates from 10,000 samples and are
not shown on the plot.
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than 2 but less than 3 radii away from their nearest GMC. The remaining 224 star
clusters (76%) are unassociated with any cloud (i.e., located at distances greater than
3 X Rayme from the center of their nearest GMC). We select 3 X Rouc as the definition
of an “unassociated” as that is the distance where the star clusters show median ages
that are above that of the global stellar population.

Figure 6.4 shows the distribution of the cluster ages for those with and without
associations to GMCs. The median age of all clusters is 6 Myr, which is 3 times
older than clusters located in proximity to GMCs at both <1 Rgumc and 1-2 Rgumc.
Clusters that are between 2 and 3 radii from a GMC have median ages of 3 Myr. Star
clusters that are unassociated with any GMC are on average older than all clusters
and those associated with GMCs. The small range in age sampled by the cluster
population makes the distribution uncertain for increasing distance from a GMC,
but the clear excess in the youngest clusters (Figure 6.4) at the shortest distances
(Figure 6.3) spatial correlation of clouds and young stellar clusters that is lost rapidly.
The young (< 5 Myr) star clusters in this study can have age uncertainties that are
a considerable fraction of the actual assigned value. It is difficult to assess a true
difference between 2 Myr and 3 Myr old clusters given our age uncertainties, but the
fact that the median age changes dramatically from clusters closest to a GMC of 2—
3 Myr to 7 Myr for those greater than 3Rgy\c is a reliable measurement. We estimate
the 1o uncertainties on the median age estimates from bootstrap measurements based
on 10,000 samples. The relatively low scatter given the small age range corroborates
the significance in the observed age trend (significant at the 3.4-o level due to very
small cluster numbers).

Table 6.2 lists the properties of the star clusters given their distance from the
nearest GMC. The trend for younger clusters to be in close proximity to molecular
clouds is expected as these exposed stellar systems have started to evacuate their

surrounding natal material, but have not lived long enough to either traveled far
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enough to have erased the imprint of their birth location or to completely clear away
the molecular material in their immediate vicinity (e.g., Corbelli et al., 2017). The
ages we recover here are younger than typical GMC dissolution timescales of ~10—
30 Myr from both observations and theoretical expectations (e.g., Engargiola et al.,
2003; Murray, 2011; Dobbs & Pringle, 2013; Heyer & Dame, 2015; Meidt et al., 2015;
Grudié¢ et al., 2018; Jeffreson & Kruijssen, 2018).

We find that distribution of E(B-V) values for a given star cluster are unaffected
by their proximity to a GMC. The global median for all star clusters has an Ay of 0.49
assuming a starburst attenuation curve. Star clusters that are still associated with
a GMC exhibit median Ay ’s of 0.45 whereas star clusters unassociated with GMCs
(> 3Ramce) actually show slightly larger values of 0.51. The scatter in E(B-V) for a
given age range is considerable and correlates poorly with age (Bastian et al., 2005;
Adamo et al., 2010; Messa et al., 2018). The difference in age between star clusters
inside/outside GMCs therefore cannot be explained by significantly higher extinction
affecting the star clusters within the spiral arms or GMCs as the star clusters are
already exposed, as shown by the resulting Ay values, indicating the significance of
this result.

We take all 69 star clusters located at distances less than 3 Ry and find that
the average velocity required for a star cluster to travel to its present location given
its age, assuming it started from the center of its nearest cloud, is 6.2 & 0.9 km s~
This velocity is larger than the velocity dispersion in individual GMCs (Table 6.1).
These direct measurements of the age and velocity for the dissociation of clusters from
their natal clouds are in agreement with expected ISM velocities and timescales for
the dissolution of clusters from their natal hierarchical complexes between 40-60 Myr
within NGC 7793 (see Section 6.5.4 and Grasha et al., 2017a).

The young star clusters will naturally erode the GMCs in which they are embed-

ded, creating growing cavities caused by the winds and ionizing radiation of their
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Table 6.2. Associated Cluster Properties in NGC 7793

Region Nse¢ Name  Age Massgc E(B-V)
My) (M) (mag)

< 1Ramc 13 12 2(1)  540(280) 0.45(0.15)

1-2 Rewe 31 22 2(1)  1100(370) 0.53(0.17)

23 Rewo 25 20  3(2)  690(490) 0.32(0.15)

(1) (0.04)

(1) (0.04)

Unassociated 224 492 7(1 1150(260) 0.51(0.04
Total 293 534 6(1 1040(212) 0.49(0.04

Notes. Properties of star clusters depending on their association with a GMC.
Columns list the: (1) radial distance of the star clusters from a GMC; (2) number of
star clusters; (3) number of GMCs; (4) median age of the star clusters; (5) median
mass of the star clusters; and (6) median E(B-V) values. The 1o uncertainties are
bootstrap estimates based on 10,000 samples.

massive stars (see, e.g., Lada, 1987). However, these are effects visible in the vicinity
of the clusters while the remainder of the GMCs is not affected. The clusters are
small in comparison to the angular extent of the GMCs, and thus the destruction of
the GMC by the young star clusters remains a local process that does not encompass

the GMC as a whole given the timescales we measure and the typical lifetimes of a

cloud.

6.5.3 Comparison between NGC 7793 and NGC 5194

In Grasha et al. (2018a) we performed a similar study to constrain the timescales
of the association of GMCs and star clusters in NGC 5194 (7.7 Mpc) by combining the
LEGUS cluster catalog (~ 1300 star clusters) with the GMC catalog (~1300 GMCs)
at 40 pc resolution (Colombo et al., 2014a) in the inner 6 x 9 kpc of the galaxy with
the Plateau de Bure Interferometer Arcsecond Whirlpool Survey (PAWS; Schinnerer
et al., 2013; Pety et al., 2013) dataset. NGC 5194 is a grand design spiral galaxy that
is currently interacting with its smaller companion, NGC 5195.

The median age of the star clusters in NGC 5194 is 30 Myr, five times older than

the median population in NGC 7793. The increase in the total number of clusters
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Figure 6.4. Distribution of the ages of star clusters from a GMC for NGC 7793.
Displayed is the trend for the entire sample (black), star clusters located <1 Rguc
(yellow), within 1-2 Rgye (orange), 2-3 Raue (pink), and star clusters unassociated
with a GMC (>3 Rgmc; purple). The stars show the median age of each distribution
(6+£1 Myr, 24+ 1 Myr, 24+ 1 Myr, 3+ 2 Myr, and 7 £ 1 Myr, respectively; offset
in the y-direction) and the 1o uncertainties are bootstrap estimates based on 10,000
samples. Star clusters located within a GMC are generally much younger than star

clusters not within close proximity to a GMC and the age increases with increasing
distance from the GMC.

218



by 4.7 times allows for a clearer trend and a stronger constraint on the disassociation
timescale albeit in a vastly different galactic environment. In NGC 5194, the clusters
located <1 Rgnmce exhibit median ages of ~4 Myr, rising to ~6 Myr and ~15 Myr when
located in annuli between 1-2 and 2-3 Rgmc, respectively. Star clusters unassociated
with any GMC (>3 Rgmc) exhibit ages 10 Myr older than the global median.

The difference in the association timescale recovered between the two systems can
partly arise from resolution effects: at about half the distance, the spatial resolu-
tion of NGC 7793 is twice that of NGC 5194, with a UV /optical resolution element
of 16 pc/arcsec compared to 36 pc/arcsec in NGC 5194. The resolution for the
GMC catalog corresponds to physical scales of ~ 20 pc compared to ~40 pc within
NGC 5194. This allows the catalogs of NGC 7793 to be complete toward the more
common lower mass clusters and GMCs down to masses of ~ 10*M, whereas the
PAWS survey was limited to only the most massive GMCs > 2.5x10° M.

The difference in the association timescale between star clusters and GMCs, 2 Myr
in NGC 7793 versus 4 Myr in NGC 5194, and unassociation cluster ages, 3 versus
15 Myr, can also arise partly from the inherently different cluster, GMC, and ISM
properties between the two galaxies. If we reconsider the age of clusters still associated
with GMCs in the two galaxies as percentages of the global median age, by the time
the star clusters have traveled a minimum of 2Rgyc, they are half the median age
of the total population in their respective systems. In addition to the association
timescale that is twice as large, the velocity necessary to disassociate star clusters

! nearly 50% faster than what we observe in

from their birth places is ~9.5 km s~
the star cluster — GMC pairs in NGC 7793 at 6.2 & 0.9 km s~!. Thus the difference
in the timescales may simply be a result of a slower shear allowing the star clusters
to remain associated with their host GMCs for longer periods of time.

The origin of the grand design spiral arms in NGC 5194 is the direct result of

an interaction with its smaller companion, NGC 5195. For this system, the GMCs
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are primarily in the arms and there is almost no age trend as a function of distance
across the arm. This lack of an age trend across a spiral arm is seen observationally
(Shabani et al., submitted) as well as in numerical simulations (Dobbs et al., 2017).
In comparison, NGC 7793 is a flocculent spiral arm system, and thus star formation
it is not as well organized as what is observed in systems with stronger and more
well-defined arms. This potentially will also work to impact the differences observed
in the time scales and distances between GMCs and star clusters between these two
systems.

Within the SMC, Mizuno et al. (2001) found a positive correlation between young
HII emission objects that trace star formation timescales of <6 Myr and CO clouds,
where ~35% of their sample of young emission objects are found to be associated with
molecular clouds. Older, emissionless stellar objects (ages ~ 6—100 Myr) did not show
a strong correlation, with only ~ 14% of this older sample showing any type of spatial
association with a molecular cloud. This suggests that CO clouds quickly dissipate
after the formation of their star clusters and any correlations for older clusters can be
the result of chance alignment. This temporal timescale for the spatial association of
young star clusters with with CO clouds is in agreement with results in the LMC with
disassociation timescales of < 10 Myr (Fukui et al., 1999; Yamaguchi et al., 2001).
Within the LMC, Kawamura et al. (2009) finds a disassocation timescale between
clusters and GMC of ~ 7 — 10 Myr and there is no significant observed difference in
the size or line width between the varying evolutionary stages of GMCs. We derive
timescale of 2 — 3 Myr within NGC 7793 is smaller than those measured in either
NGC 5194 or the LMC and SMC, but in all cases, the estimated lifetime for the
GMCs is at least a factor of two greater than the estimated star cluster temporal

assoclation.
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6.5.4 The Two-Point Correlation Function

We implement the angular two-point correlation function w(f) to measure the
magnitude of clustering as a function of projected distance between the star clus-
ters above that of the global background. A detailed description of the formalism
and methodology of the two-point correlation function as applied to star clusters
within other LEGUS galaxies can be found in both Grasha et al. (2015) and Grasha
et al. (2017a). The correlation function provides a method to identify the sizes of
star-forming regions as well as common age structures to derive the randomization
timescale for the coherence of star-forming hierarchies. Here we list the details nec-
essary for the application to the GMCs within NGC 7793. We have previously com-
puted the correlation function for the star clusters in NGC 7793 and will compare
those results to the distribution we find for the GMCs within the ALMA coverage.

The angular correlation function w(€) is the probability of finding a neighboring
object within an angular separation 6 above what is expected for a random Poisson
distribution dP = N?[1+w(0)] d©;ds, where N is the surface density of clusters per
steradian with two infinitesimal elements of solid angle d©2; and d§2, (Peebles, 1980).
A clustered distribution has an excess of pair counts at small separations, resulting
in a declining power law distribution of 1 + w(#) toward larger length scales whereas
a random distribution of an unclustered population results in a flat correlation at all
length scales.

We estimate the correlation function using the Landy & Szalay (1993) estimator by
counting pairs of star clusters (or GMCs) in increasing annuli and comparing those
cluster counts to expectations from unclustered distributions. We supplement the
GMC data with a catalog of sources that are randomly populated with the same sky
coverage as the ALMA observations. The correlation function of stellar components
has been demonstrated to be well-described with a power law 1 + w(f) = A0

following the convention of Calzetti et al. (1989), where the slope o measures the
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strength of the clustering and the amplitude A, measures the correlation length of
the clustering. Interstellar gas exhibits a hierarchical morphology structure with a
typical fractal dimension of D2 = o + 2 ~ 1.5 (Elmegreen et al., 2006), allowing the
projected correlation function to serve as a direct comparison of the distribution of
individual GMCs and star clusters to the expected hierarchical distribution of the
ISM.

Figure 6.5 shows the two-point correlation function for the GMCs and the sub-
set of clusters located within the ALMA coverage. The random catalog follows the
outline of the ALMA coverage in Figure 6.1. The star clusters exhibit a smooth and
steady decline with increasing radius, well described with a power law which is nearly
identical to the global star cluster distribution (see Grasha et al., 2017a), expected for
a distribution that is hierarchical. We perform single power law fits in log-log space
to both distributions over scale lengths <100 pc when 1+ w(#) > 1. We recover a
slope of —0.61 £ 0.03 for the star clusters whereas the GMCs exhibit a considerably
shallower slope of —0.28 + 0.04.

The distribution of the GMCs is significantly flatter than the star cluster distri-
bution, a result also seen in NGC 5194 (Grasha et al., 2018a). The close association
in time between GMCs and star formation suggests that the hierarchy of star clusters
should be reflected by the GMCs (see, e.g., Dobbs et al., 2014), however, mirroring the
exact spatial distribution would indicate that each GMC can result in the creation
of only one star cluster. The observed excess in the clustering of the star clusters
compared to the distribution of the GMCs in NGC 7793 and NGC 5194 strongly
suggests that the natal distribution of star clusters must be more structured than
that of the GMCs. This could arise from requiring a GMC to produce more than
one star cluster, though the production of star clusters does not need to be simulta-
neous but could be sequential, and/or indicates that not all individual GMCs form a

star cluster. Molecular clouds do evolve over time and exhibit different levels of star
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formation activity (e.g., Yamaguchi et al., 2001; Kawamura et al., 2009; Ochsendorf
et al., 2017). In particular, Kawamura et al. (2009) found that not all GMCs show
evidence of star formation and more evolved clouds appear to be associated with op-
tical stellar clusters, and thus, we may be sampling star formation regions in different
evolutionary states where exposed star clusters reside in regions where the molecular
gas reservoir has already disrupted.

Not all GMCs will form a star cluster; the inclusion of the entire GMC population
in the calculation for Figure 6.5 may quite possibly be erasing the clustered distri-
bution of the GMCs that are most likely forming the star clusters. To more fairly
compare the distributions of the star clusters and GMCs, we limit the star clusters to
those more massive than 1000 M. and match the mass limit between the star clus-
ters and GMCs by assuming a star formation efficiency (SFE) of 1% and 3%. This
allows us to exclude low mass GMCs that are most likely not actively undergoing star
formation.

There is a general increase in the slope of the GMC distribution with increasing
mass although we are unable to compare the distribution of the massive GMCs below
scales of ~40 pc due to their small numbers. The increased clustering for increasing
the GMC mass implies that our optically identified star clusters arise from a specific
subset of molecular clouds. We conclude that it is the most massive clouds that are
more likely to produce star clusters.

Despite the similar spatial distributions between the most massive GMCs to the
youngest and most massive star clusters, the clustering observed in the GMCs is still
weaker than that observed for the star clusters. Star clusters originate in group-
ings within clustered GMCs and a stronger excess of close neighbors increases when
considering the youngest clusters of the hierarchy (Grasha et al., 2015, 2017a). The
different lifetimes of star clusters and GMCs may impact the dispersal timescale from

the structures, and hence, the survival of the large scale hierarchies. The cluster age

223



distribution for NGC 7793 suggests the presence of disruption (Mora et al., 2009;
Silva-Villa & Larsen, 2011). Thus the cluster dissolution timescale will have some
degree of impact on the clustering results as the estimated randomization timescale
for the dispersion of the hierarchies is fairly short, ~40-60 Myr (Grasha et al., 2017a).
On the other hand, the lifetimes of GMCs, upwards of tens of Myr depending on the
system, are significantly shorter than the derived lifetimes of star-forming complexes.
As a result, the hierarchical structure present in the spatial distribution of the GMCs
disappears even quicker due to their rapid destruction.

A steeper star cluster distribution compared to the GMC distribution could be
the result of the formation of a star cluster triggering the additional star formation of
other clusters within a cloud (Elmegreen & Lada, 1977). Elmegreen (2018) shows that
the power law in the two-point correlation function for clusters is a result from the
accumulation of different generations of star formation. This would imply that the
shallow slope observed for the GMC clustering can be the result of a single generation
of star formation. This may be further exasperated by not being sensitive to the dense
peaks of CO-dark molecular gas, making it difficult to detect the structures of the
dense ISM where the vast majority of Hy may be located and where stars are actively
forming (Grenier et al., 2005; Wolfire et al., 2010; Glover & Smith, 2016).

The two-point correlation function is a global statistic and does not allow an
analysis of the individual complexes, which is instead particularly suited to analyze
variations in the complex clump size between a large sample of galaxies. While we
have heavily implemented the use of young star clusters, other tracers of star forma-
tion such as Ha emission, HI, and CO will be particularly insightful to explore the

variations in the time and size scales across galaxies with varying physical conditions.
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Figure 6.5. Two-point correlation function 1 + w(#) for NGC 7793 comparing the
star clusters to the GMCs. The star clusters are shown in dotted lines and the GMCs
are solid lines. The black line shows the global average for both the star clusters
and the GMCs that are within the ALMA coverage (gray box of Figure 6.1). The
numbers in parentheses list the number of objects. The power law relation is expected
for a hierarchical distribution and is consistent with the distribution of star clusters
and stars within other galaxies. The observed clustering is very flat for the GMCs
given the strong age-dependency to the clustering. To compare how GMCs and star
clusters respond to clustering, we show the distribution of the most massive and
youngest star clusters to that of the most massive GMCs. We show the star clusters
with a mass cut at 1000 M, (dashed pink line) and the equivalent GMC distribution
with mass cuts assuming a 3% SFE (solid pink line) and a 1% SFE (solid teal line).
The clustering in the distribution of the GMCs increase with mass, but at a given
mass cutoff, becoming similar to the distribution of the youngest and most massive
star clusters.
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6.6 Summary and Conclusion

The impact of spiral structure and feedback from stellar populations on molec-
ular clouds has broad-ranging implications for star formation in the local universe.
The high-quality homogeneous star cluster catalogs from the HST LEGUS project
(Calzetti et al., 2015) with reliable age measurements down to a few Myr, combined
with exquisite molecular CO data (Bittle et al., 2018), are both essential in addressing
the relationship of star clusters with the properties of molecular gas in a consistent
and precise manner. In this work, we present a study on the connection between the
star clusters in the flocculent LEGUS galaxy NGC 7793 with high-resolution molec-
ular gas from ALMA at ~20 pc, resolving down to individual GMCs. We compare
the locations of star clusters to that of GMCs to investigate the age at which star
clusters remain associated with their molecular gas, complementing a similar study
we performed in the grand design spiral system NGC 5194 (Grasha et al., 2018a) to
investigate the impact of spiral structure on the organization of star formation.

Our main results are summarized as follows.

1. We combine the LEGUS star cluster catalog with ~20 pc resolution observations
of CO(2-1) with ALMA of the inner ~2x4 kpc of NGC 7793 to study over what

timescales the products of star formation are still associated with molecular gas.

2. The youngest star clusters are predominately located in close vicinity to a
GMC, showing an enhanced spatial correlation between the molecular clouds

and young stellar clusters (<10 Myr) on scales <40 pe.

3. Star clusters that are still associated with a GMC (i.e., located within the
footprint of a GMC) exhibit median ages of 2 Myr compared to the global
median age of the clusters at 6 Myr. Star clusters that reside at distances
> 3Ramc to the nearest GMC are considered unassociated with any molecular

cloud and exhibit median ages of 7 Myr. These age estimates approximate
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the erosion of molecular gas from the young star clusters, helping to constrain
their dissolution time scales in environments with recent massive star formation.
Thus, in NGC 7793, star clusters disassociate from their natal clouds is short

timescales of 2-3 Myr.

4. We implement the two-point correlation function to compare the hierarchical
distribution of the GMCs to that of the star clusters. The star clusters are
well described with a decreasing power law with increasing spatial scale, with a
slope of —0.61 0.03. The GMCs show a significantly flatter distribution with
a power law slope of —0.28 £ 0.04 over the same scale lengths, signifying that
star clusters are born more structured compared to the distribution of GMCs
or are simply able to retain their structure for longer timescales. This suggests
that not all GMCs form a star cluster and those that do most likely form more
than one star cluster. The shorter lifetimes of GMCs compared to the stellar
hierarchy, which persists for ~40-60 Myr before dissolving, may also compound

enhanced clustering present in the star cluster hierarchy.

5. The clustering observed for the star clusters and GMCs become similar to each
other when comparing the most massive GMCs to the youngest and most mas-
sive star clusters. This shows the importance of matching the mass limit for star
clusters and GMCs through assuming a SFE of a few percent. This allows for
a better identification for the subset of GMCs that are most likely responsible
for the formation of the current population of star clusters in order to compare

the clustering present in the distribution of the star clusters and GMCs.

In the future, we aim to broaden this method to a larger range of galactic environ-
ments to determine the exact nature of the local environment on the disassociation
timescale between star clusters and GMCs. We also seek for further improvements

in deriving the disassociation timescales at different GMC evolutionary stages, ex-
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panding the exposed star formation stage we currently implement with UV /optical
clusters to also include the embedded star formation phase with IR-selected clusters.
The exact differences in the structure or other properties of the GMCs as a function

of the age of the associated star clusters is also a further avenue to explore.
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CHAPTER 7
CONCLUSION AND FUTURE WORK

7.1 Summary of this Dissertation

The focus of this dissertation has been on developing methods that improve our
ability to trace the hierarchy of star formation, with a focus on using star clusters to
derive the size and timescales of the unbound, large-scale hierarchies. The scientific
novelty of this thesis is the use of star cluster catalogs from the LEGUS survey. These
catalogs provide a well-characterized census of the star cluster population in the local
universe, obtained in a high-resolution and homogeneous fashion across a diverse
range of systems and environments. The LEGUS cluster catalogs increased the total
number of available clusters in extragalactic galaxies by a factor of 10, allowing for
the exploration of a parameter space in galaxy properties that have not been possible
before.

In Chapter 2, we showed a proof of concept of using the projected two-point corre-
lation function to characterize the observed correlations between stellar populations
of NGC 628. The two-point correlation statistic performs a global average of the
enhancement in clustering observed in the star clusters above that of the randomly
distributed background. We find that the younger the star clusters, the more con-
centrated and clumped in groups their spatial distribution is, a natural expectation
for star formation that proceeds hierarchically, showing fractal distributions that are
consistent with observations of stellar distributions and hierarchy (Gouliermis et al.,

2014, 2015a,b). This demonstrates that star clusters are indeed reliable tracers of the
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scale-free nature of star formation and using correlation functions is a reliable method
to constrain the global star formation patterns within a galaxy.

Performing the above analysis in a statistical and global manner, as opposed to
inspecting individual clusters and star-forming complexes, is ideal for large samples
of galaxies that cover a range of masses and galaxy types, and is essential in order
to quantify galaxy-to-galaxy variations in a way that reduces noise levels that would
otherwise make it difficult. Additionally, a statistical analysis of the star cluster
population as a whole is one way to reduce the stochastic and highly variable estimates
that come with inspecting properties of individual star clusters, such as stochastic
IMF sampling and uncertainties in SED fitting from limited available bandpasses.

In Chapter 3, we applied the two-point correlation method to six galaxies in
order to better understand the environmental dependence on the structure of star
formation in a diverse range of galaxies. The stellar populations in these systems are
well characterized with power laws, with a wide range of correlation lengths, from
200 pc up to 2000 pc. Despite the broad range observed for the correlation length of
star formation, the dispersal timescales observed across all galaxies cover a much more
limited range, about a factor 2 variation, from ~40-100 Myr. Past the distance scale
marked by the correlation length, the components are observed to have a random,
homogeneous distribution. This indicates that there is a common physical mechanism
that disperses star-forming structures across galaxies that may be independent of the
exact environment and is determined by a common, underlying physical mechanism.

In Chapter 4, we constrain the physical mechanism that gives rise to the observed
power law correlations between cluster ages and their separations. We measure the
age difference between cluster pairs as a function of their separation, finding a power
law with indices consistent with theoretical expectations from turbulence as Age
o y/Separation. In all systems, the star clusters show a transition from this expected

power law distribution to that of a flat distribution. This break point is represents
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the transition from 3D hierarchical motions to 2D bulk galactic dynamical motions
and is interpreted as the maximum size of star-forming region. Shear of the host
galaxy appears responsible for determining this maximum size over which correlated
star forming regions can remain coherent although limits due to scale heights of the
galaxies can still play a role.

In Chapter 5, we correlate the star clusters and the molecular gas from IRAM
observations within NGC 5194 to constrain the timescale of association between star
formation and the natal molecular reservoir. This represents the first study of its kind
outside the Local Group to relate star clusters with high-resolution CO observations
at resolutions of roughly the scale size of GMCs in an extraordinarily cluster-rich
galaxy. We show that there is a dramatic difference in the age of star clusters that
are still in association with a molecular cloud, showing ages of ~5 Myr compared to
typical ages of ~50 Myr for clusters unassociated with a GMC. This galaxy uses a
cluster catalog that is primarily identified with a newly developed machine learning
process, compared to the traditional visual identification approach. The machine
learning approach shows to be a promising avenue for future studies as it is unwieldy
to classify massive samples by visual inspection.

In our concluding Chapter 6, we combine ALMA CO observations of NGC 7793
to correlate the star clusters to sub-GMC molecular gas at a resolution of ~15 pc.
This galaxy complements the study of Chapter 5 as NGC 7793 is a flocculent system
whereas NGC 5194 is a grand design spiral galaxy, allowing for an excellent compari-
son on the influence of spiral dynamics on star formation hierarchies and the possible
impact on the timescale of the association between star formation and molecular gas.
NGC 7793 shows a slight decrease in the age of the star clusters that are still associ-
ated with their natal GMC, but more importantly, the two-point correlation function
reveals a more strongly clustered distribution in the star clusters than what is ob-

served for the GMCs. Such findings indicate that GMCs must give birth to multiple
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star clusters in order to create a more clustered spatial distribution. When we match
the mass limits of the GMCs and star clusters by assuming a star formation efficiency
of a few percent, the spatial clustering present of the most massive and youngest star
clusters start to reflect that of the most massive GMCs. This highlights the impor-
tance of comparing star clusters to the GMCs that are more likely resulting in active
star formation.

The most important implications derived from this dissertation work that have

added to the knowledge of the field of astrophysics are listed below.

1. The rapid dispersal of star-forming complexes as traced with star clusters cor-
roborates a single, clustered mode of star formation, with the stars and star
clusters dispersing between a few tens to one hundred Myr to form the galactic

field population.

2. The relation describing the two-point correlation function remains a power law
with increasing stellar population ages. This implies that the components are
distributed in a scale-free manner and that the dispersal of these large-scale
structures occurs via a scale-free process as well (i.e., the dispersal process
is independent of scale). Numerical simulations (Elmegreen, 2018) rule out
random stellar motions as the dispersal mechanism, as that would cause a dearth
at the smallest scales first and erase the observed power law. A more detailed

investigation into this is an area for future endeavors (Section 7.2.3).

3. Shear appears to be the mechanism determining the largest scale for the coher-
ence of star formation. This dominates over the effect of local environment in
regulating the size and survival of star-forming structures and instead reveals

the importance influence of the global (large-scale) environment.

4. Star clusters show evidence of disassociating from their natal molecular ma-

terial rapidly after their formation, ~4-6 Myr. This migration timescale of a
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few Myr is consistent with the clouds’ crossing time with traveling velocities of

5-10 km s~ 1.

5. Star clusters show clustered distributions that are stronger than that of GMCs,
however, the spatial clustering present in the most massive GMCs is very similar

to that of the youngest and most massive star clusters.

7.2 Future Work

There are several promising future research directions that build on the frame-
work developed over the course of this dissertation. Future directions will take full
advantage of the homogeneous and high-quality nature of the LEGUS datasets and

catalogs as probes of the star formation process in local galaxies.

7.2.1 Environmental Influence on Cluster and Star Formation Structural
Parameters

The LEGUS cluster catalogs represent a major step forward in the quantity and
diversity of galaxy environments over which to investigate and characterize the stellar
populations and their connection to the star formation process. One future project
is to extend the studies of star clusters and their hierarchical distribution to dwarf
galaxies. These systems represent a significantly different physical environments than
the spiral galaxies that are primarily focused on in this work. A substantial portion
of the LEGUS sample is dwarf galaxies, so a large and robust sample of clusters is
attainable for such a project. This would provide an exceptional test of the environ-
mental influence on the self-similar nature of the patterns of star formation in lower

density systems.
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7.2.2 How Turbulence and Dynamics Shape the Clustered Behavior

Some of the largest improvements to be made in future endeavors will be on the
theoretical aspect of star formation. Current observations are unable to discriminate
among different models for the underlying physics that is ultimately responsible for
how star formation proceeds. Star formation theories that are regulated via super-
sonic turbulence (Mac Low & Klessen, 2004; Krumholz & McKee, 2005) create a
cascading series of density fluctuations, where long-lasting high density fluctuations
gravitationally collapse and form the observed hierarchical fragmentation and struc-
ture. On the other hand, in star formation theories that are regulated via self-gravity,
the structured hierarchy can be explained due to gravity rather than turbulence (Li
et al., 2005; Ballesteros-Paredes et al., 2011). In reality, it could a combination of
multiple mechanisms, gravitational instability, turbulence, and stellar feedback, with
different mechanisms dominating at different scales.

Stronger observational constraints can help clarify current theoretical expecta-
tions. Current observational uncertainties are substantial, limited in almost every
case by small number statistics, but the observed power law for the AR — ¢ relation
(Chapter 4 and Figure 4.1) show indices that deviate from what is expected if aris-
ing solely from turbulence (however, the observations are consistent with the errors).
This indicates that gravitational instabilities may also play a role in driving the age
and size correlations between newly formed star clusters (Li et al., 2005). The correla-
tions may also be different in different galactic environments. While the work in this
dissertation only included young star clusters (i.e., UV emission) as tracers of recent
star formation, future research can exploit other indicators of star formation as well,
such as Ha ionized gas emission. Multi-wavelength studies with the inclusion of IR
to constrain the youngest, embedded star clusters, and sub-mm and radio bands to
constrain the gas reservoirs at scales similar to those of individual clusters, will help

break these degeneracies to accurately model and constrain the physical mechanism
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of star formation. Such data also allow for more detailed exploration of the interplay

between star clusters and their immediate environmental surroundings.

7.2.3 The Physical Mechanism that Drives the Scale-free Dispersal

Another area that needs to be set on a stronger foundation is the characterization
of the dispersal mechanism of these hierarchical structures. The two-point correla-
tions of star clusters display distributions that are characterized by power laws, with
a strong age-dependency to the steepness of the relation, decreasing for older cluster
ages and becoming nearly flat at ~100 Myr, at which point the excess in cluster-
ing has disappeared. Because the distribution remains consistent with a power law
with stellar population ageing implies that the dispersal mechanism of hierarchical
complexes is a scale-free process as well, regardless of if the hierarchies are 200 pc or
2 kpc.

This cannot result solely from random motions as that would preferentially remove
only the smallest scales. The work in this dissertation and in other studies (e.g.,
Gieles et al., 2008; Bastian et al., 2009; Gouliermis et al., 2015b) instead corroborate
a steady decrease in the power law with stellar population age, indicating that all
scales must be erased simultaneously. Simulations show that the inherent nature
of continuous star formation may give rise to the age-dependent scale-free dispersal
(Elmegreen, 2018), caused by the continual buildup of hierarchical stellar structures
and the overlap of distinct regions with a mixing of younger stars forming out of a
different hierarchy of interstellar gas compared to that of older stellar populations.
Implementing observational tests of this will move us forward in understanding the

physical evolution of star-forming structures and patterns.
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7.2.4 Redshift Evolution of Star Formation: Implications in the Era of
JWST

With the launch of the James Webb Space Telescope (JWST) observatory, we
will start to observe the very first galaxies in the early universe. Star clusters provide
an indispensable component in regulating the star formation cycle and in governing
the evolution of galaxies, two of the primary science themes of the JWST mission.
The spectroscopic and photometric capabilities of JWST will allow for the charac-
terization of the properties of young stellar systems and their dependence on their
immediate surroundings with resolution and sensitivity that is unrivaled by any other
current observing facility. JWST will be able to resolve star-forming complexes at
high-redshift, determine the factors that drive the largest galactic scales on which star
formation is coherent, and discover how these scales may evolve with redshift, allow-
ing a framework to compare the physics and properties of high-redshift star-forming

clumps and construct a complete picture of star formation over all of cosmic time.

7.3 Closing Remarks

Like all great scientific endeavors, sometimes the questions we set out to answer
are more complex than we originally envisioned. With the answer to each question
solved, a new and intriguing problem always arises to take its place. The work I have
begun here is not complete and I take pride in contributing toward the greater sum

of humanity’s knowledge, no matter how small my niche may seem.
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APPENDIX A

CLUSTER IDENTIFICATION WITHIN CLASS 0

In order to ensure that our method selecting the broad (CI > 1.6) sources within
the Class 0 candidates accurately identifies genuine star clusters, we visually checked
the 128 Class 0 sources with CI > 1.6, finding that 73 are true star clusters (57%).
While this is a high contamination rate and does affect our cluster results, placing a
limit for sources at CI > 1.6 does improve the blind selection of clusters and allows
us to identify a correlation at a much higher degree of confidence than without the
selection (dotted orange versus black in Figure A.1). Additionally, small numbers
limits our results of NGC 628 and we will only fully be able to investigate more
significant results when we employ the galaxies within a larger selection of the LEGUS

sample.
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Figure A.1. Correlation function for the non-visually identified Class 0 sources,
divided according to CI values. The black line shows the Class 0 sources that have
been visually checked to verify that they are genuine clusters.
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APPENDIX B

THE EFFECT OF DIFFERENT DUST MODELS ON THE
CLUSTERING RESULTS

We use the photometric catalogs to derive the ages of our star clusters using a
SED fitting algorithm, which we will touch upon below, but are available in detail
in Adamo et al. (2017). The clusters in this paper for their SED fits assume a single
stellar population (SSP) using two stellar libraries to create two sets of SSP mod-
els, Padova AGB and Geneva tracks without rotation, both available in Starburst99
(Leitherer et al., 1999). We assume the initial mass function (IMF) is fully sampled
and adopt a Kroupa IMF, with stellar masses between 0.1 and 100 M. The models
are reddened prior to SED fitting the photometry and the grid includes increasing
internal reddening of E(B-V) = [0.0, 1.5] with steps of 0.01 mag. The fit incorpo-
rates three different extinction and/or attenuation laws: (1) the Milky Way extinction
law from Cardelli et al. (1989); (2) the starburst attenuation law by Calzetti et al.
(2000), assuming the stars and gas suffer the same reddening; and (3) the differential
starburst attenuation law where we assume the gas emission suffers higher extinction
than the stars.

In total, there are 12 star cluster catalogs available for each galaxy, produced
with deterministic models and fitting procedures: a combination of the two photo-
metric approaches for aperture correction (average based and CI based; see Adamo
et al., 2017, for a detailed analysis and treatment on how these two approaches af-
fect the derived properties), two stellar libraries (Geneva and Padova AGB), and
three extinction/attenuation curves (Milky Way, Starburst, and the differential Star-

burst). For a few galaxies, there are also catalogs based on using a Bayesian analysis
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method together with stochastically sampled cluster evolutionary models, presented
by Krumbholz et al. (2015a) using the Stochastically Lighting Up Galaxies (SLUG; da
Silva et al., 2012) code. We do not incorporate the stochastic models in our results
and refer the reader to Krumholz et al. (2015a) for a detailed analysis on how the de-
terministic approach affects the derived cluster properties compared to the stochastic
approach.

Of the 12 deterministic models available, our reference cluster catalog uses the
Padova stellar evolutionary models assuming solar metallicity and the starburst at-
tenuation law. As different flavors of stellar libraries and assumptions in the dust
geometry used to build cluster evolutionary tracks are bound to influence the derived
cluster properties, we check here how our results depend on the assumptions made
to derive the physical properties from the cluster photometry. Because our primary
science goal is determining the timescale for which the hierarchical cluster structures
randomize and dissipate, happening on scales of a few tens of Myr, we examine the
effect that the different models will have on the derived age of our stellar clusters.

The two-point correlation functions of Figure 3.6, Figure 3.9, and Figure 3.11 are
independent of derived cluster properties as they only take into account the location
of each cluster within the host galaxy. The cluster properties only start to influence
the results when we make bins in age, looking at the clustering as a function of both
spatial scale and age, as we do in Figure 3.8 and Figure 3.12. Figure B.1 shows the age
of the clusters within each galaxy, derived using our reference starburst attenuation
model, as a function of age of the clusters determined using both the differential
starburst and Milky Way extinction law. We also show the line that delineates where
we make our age bin for clusters older/younger than 40 Myr for Figure 3.8 and
Figure 3.12. Ideally, we want to avoid models where the clusters appear in the upper
left hand or lower right hand part of each plot, as these clusters will move between

the old /young age bin depending on which dust model is assumed. The starburst and

240



T T T T T T T T T T T T T T T T
__10° | NGC 1566 o 4100k o 1 _ 100 NGC3344 °Jwel © 4
o o
> o° oo® > & g&s”
10° L 4 10°L e} 4 10° L 4 10°L ¢} 0 E
2 Wi o Q 2 [©)
) () 8
> 107 rg 410" ko E 2 107 | 410" ko 3
< % o < o RO
188F8 L e o \
10 FQ OO CpOOAmMy 1l 3 10 FQ mOA 1l 1l 3 10 FQ O 1l n 1l 1l 3 10 FQ O O 1l OA 1l 1l 3
10° 107 10° 10° 10° 107 10° 10° 10° 107 10° 10° 10° 107 10° 10°
T T T T T T T T T T T T T T T T
10° L NGC 3738 1l ° 1 10° L NGC 6503 © 11wl ° ]
= (&9 o T d&@ 8%
> (¢} o@p > o
1% o d@ 4 10° o o ® E "éloar 63@ 4 10° 3
2 %) o8 A e ﬁ
% 107 18 00 410" ¢ (S} E gﬁ 107 rg 410" ¢ E
< o %) & ® o < Oo @oo
. 8 o w190 100 ol @
EQ L i R EQ L i L. .3 Eut L i L3 Eut R L ..3
10° 107 10° 10° 10° 107 10° 10° 10° 107 10° 10° 10° 107 10° 10°
T T T T T T T T T T T T T T T T
(¢] 0
10° | NGC 628 1wl © Og 8’ 10° | NGC 7793 0° 1ol ° 0%
— e} @ —
5 o y o & o
Z 10° °© 10° Z 10° © 10° g °
210 &> 100 8e o#8° S SRR * 1 P 3
el e} O w
) )
> 107 410 ko o E 2 107 | 410" ¢ I°E
3 8% . g 2 6 ® o
.18 .8 o fo fod
10° 9 00 Q0 . 4 10° O O qo®O . 3 10°LQ 0.0 . 3 10°EQO QP . 4

L L L L
10° 107 10° 10° 10° 107 10° 10° 10° 107 10° 10° 10° 107 10° 10°

Agegp qipp (YT) Age,py (yr) Agegp gipr (YT) Age,y (yr)

Figure B.1. Ages of the star clusters as determined with different attenuation curves.
The y-axis shows the age of the star clusters, as determined using a starburst (SB)
attenuation curve, as a function of the age as determined with a differential starburst
attenuation curve (SB diff; left column) and a Milky Way extinction curve (MW;
right column), for all six galaxies in the sample. The horizontal and dotted lines
delineate an age cutoff of 40 Myr. The one-to-one correlation in the ages deviates
most at the youngest ages (primarily below ~ 10 Myr), which is expected, as the
shortest wavelengths are where the different dust models have the greatest deviation
from each another.

differential starburst laws show fairly consistent one-to-one relations in the recovered
ages, where the greatest deviations are at the youngest ages, primarily confined to
ages below ~10 Myr. The youngest ages will have the biggest flux contribution from
the shortest wavelengths (i.e., UV) and subject to the larger effects from attenuation,
responsible for the increase in age spreads at younger ages. The starburst and Milky
Way derived-ages deviate more relative to each other, and across a larger age range,
especially within NGC 628 and NGC 3738.

To better understand the exact influence of the different models on the derived
properties, we recompute the two-point correlation function analysis for NGC 628

using the Milky Way extinction curve and NGC 3738 using the differential starburst
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curve attenuation curve, and compare them to the results in Figure 3.8 using the
starburst model curve. A large number of sources moving between the age-separation
at 40 Myr will have a substantial effect on the clustering results.

Figure B.2 shows the impact that different ages have on the two-point correla-
tion function for NGC 3738 when calculated using the starburst attenuation curve
(Figure 3.6; our reference model), compared to the differential starburst curve (as
NGC 3738 has about a quarter of the metallicity of the Milky Way galaxy, we do not
consider the Milky Way extinction curve). The differential starburst law gives a total
of four clusters with ages younger than those recovered with the starburst attenuation
curve. The class 1 clusters show the greatest difference in the results, a result of class
1 having the least number of total clusters compared to the total number of class 2
and 3 clusters.

Figure B.3 shows the two-point correlation function for NGC 628 estimated using
the Milky Way extinction curve compared to our reference starburst model. There
are a total of nine clusters that jump between the age bin of lower/higher than 40 Myr
when derived with the Milky Way curve. While there is a large spread in the ages
(seen in Figure B.1 for the Milky Way versus starburst curve, the large number of
clusters means the results are fairly insensitive to any particular model. The only
difference is a minor increase in the slope at the lowest spatial bin for the youngest
clusters in class 1.

While the derived ages determined with different models from the SED fits do
influence the overall properties of the star clusters, the adopted dust curve does not
make a statistical impact on our results nor does it prohibit the comparison of results

if the data set is analyzed using two different sets of models.
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Figure B.2. A demonstration on how the different ages impact the two-point corre-
lation function for NGC 3738. We show the starburst attenuation law (left; same as
Figure 3.8), which is our reference, compared to the differential starburst attenuation
law (right) for the three classifications of clusters.
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Figure B.3. A demonstration on how the different ages impact the two-point cor-
relation function for NGC 628. The reference starburst attenuation curve (left, same
as Figure 3.8) is compared against a Milky Way extinction curve (right) for all the
classifications of clusters. The correlation function for the clusters whose properties
are determined with a starburst attenuation law versus a Milky Way extinction law

does not change.
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APPENDIX C

THE REQUIREMENT OF VISUAL IDENTIFICATION TO
DISTINGUISH INDIVIDUAL STARS FROM STAR
CLUSTERS

C.1 Color Alone is not Sufficient to Differentiate between

Stars and Star Clusters

One of the primary challenges in observations of unresolved star clusters is the
difficulty to distinguish faint, young star clusters from those of individual stars (Fig-
ure C.1). The fact that star clusters are composed of stars, the light in a single cluster
may be dominated by a single red or yellow supergiant, especially in low-mass clusters
(Silva-Villa & Larsen, 2010), introducing scatter into the typical color space occupied
by star clusters (Whitmore et al., 2010). Discreteness in sampling of the IMF can also
strongly affect integrated properties (e.g., colors, magnitudes, ages, masses Cervino &
Luridiana, 2006; Maiz Apelldniz, 2009) and may contribute to the observed color scat-
ter, especially within unresolved, low-mass (10* M) systems (Silva-Villa & Larsen,
2011). Photometric uncertainties also make it difficult to distinguish stars from star
clusters for systems that are fainter than M, ~ —7 (Whitmore et al., 1999, 2010).
In addition to confusion with individual stars, background galaxies also act as inter-
lopers in cluster color space and these objects are only removable from automated
catalogs via visual inspection (Larsen, 2004; Annibali et al., 2011).

It is expected though that most star clusters, even globular clusters, will exhibit
colors bluer than V' — I of 1.5 (Forbes et al., 1997; Larsen, 2001; Santiago, 2008)

although reddening due to dust can act to push clusters past this limit. Even if such
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Figure C.1. U-B versus V-I colors for the class 4 cluster contaminants. The left
shows the clusters from the visual identification and the ML-only clusters are on the
right. The regions are the same as shown in Figure 5.4 from Whitmore et al. (2010).
The numbers in parenthesis list the total number of sources within each region and
also show the fraction of each subregion compared to the total sample in each panel.
We keep the axis range the same as Figure 5.4 to ease comparison with the actual
star cluster sample. Despite the vast majority of the non-cluster contaminates falling
in the star cluster color-color subspace, the sources with visual identification are not
clusters. The sources with ML-only identification show the same fraction within each
subregion. It is possible that in some clusters, the light from a single supergiant star
will dominate the light profile, creating confusion in the observed colors. The high
rate of contaminants showing the same color as star clusters is why color alone is
insufficient at distinguishing between star clusters and stars (or other contaminants,
such as background galaxies), necessitating the need for visual identification.

a cut in color space is performed on our catalog, this will only exclude ~2% of the

objects from the total catalog, revealing the difficult in identifying star clusters via

color alone.
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C.2 Size Alone is not Sufficient to Differentiate between Stars

and Star Clusters

The creation of any star cluster catalog almost always undergoes an initial CI
cut to help in culling individual stars from the automated catalog (e.g., Bastian
et al., 2005; Scheepmaker et al., 2007; Mora et al., 2009; Silva-Villa & Larsen, 2010;
Whitmore et al., 2010; Bastian et al., 2012; Chandar et al., 2014; Adamo et al., 2017).
It is still common, however, to have foreground stars or background galaxies that can
be larger than the CI cutoff, requiring visual inspection to remove these from the
catalog.

In Grasha et al. (2015), we sought to identify cuts in CI values to reliably extract
star clusters while at the same time excluding contaminants without the need for
visual identification in NGC 628 (distance of 10 Mpc). We find that there is too
much overlap in the sizes of clusters with contaminants, most commonly foreground
stars, unassociated stellar asterisms, and background galaxies. The overlap present
in the sizes between clusters and contaminants is why size alone is inadequate as a
parameter to identify clusters is demonstrated in Figure C.2).

Due to the vast diversity of star clusters, there is no unique combination of criteria
that will lead to the detection of all bona-fide clusters in a galaxy while at the same
time not introducing false detections. The inability to easily separation stars from
star clusters based off their color or size, the two most obvious parameters to investi-
gate, necessitates the additional process of visual inspection on top of an automated
procedure. Even with sufficient resolution to identify individual stars in each star
cluster, the cluster catalogs of M 31 still underwent the visual identification process
for their selection (Johnson et al., 2012, 2015). The visual inspection of cluster can-
didates does introduce a level of subjectivity in the final product, and as a result,
the clusters catalogs of the same galaxy can vary from different authors (see, e.g.,

Adamo & Bastian, 2015, for a summary). Typically, the vast majority of the dif-
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Figure C.2. Fractional histogram of the concentration index of the star cluster
catalogs. Both class 142 star clusters (purple) and class 4 non-cluster contaminants
(orange) for sources with visual identification (left) and ML identification (right) are
shown. While CI cuts are a reliable way to separate individual stars from star clusters
at very local distances, many contaminants overlap and show similar size distributions.
Therefore, size alone is not sufficient in order to to differentiate between stars and
clusters. Many clusters are compact enough such that they remain indistinguishable
from stars even at the resolution provided by HST imaging.

ferences that arise between different catalogs are mostly due to source classification
and the morphological definition of a cluster. This is why the LEGUS classification
delineates between clusters based on their morphology in order to ease comparison

with previous studies and as well as future studies.
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APPENDIX D

ACCURACY IN THE PERFORMANCE OF THE ML
ALGORITHM

Tree bagging (Bootstrap Aggregation) is a simple ‘ensemble learning” ML algo-
rithm, ideal for when a goal is to reduce the variance of a decision tree. Several subsets
of data from training samples are chosen randomly with replacement and each col-
lection of subset data is used to train their decision trees. This method creates an
ensemble of different models and the average of all the predictions from different trees
are used is more robust than a single decision tree.

Typically 50-150 decision trees are implemented before assigning a class to a
candidate where the classifier error decreases with the number of grown trees. We
implement 100 trees in our method, a compromise between computational time and
algorithm performance (see Figure D.1).

The only hyperparameter we vary is the number of decision trees in the TreeBagger
function in Matlab. We use the default parameters for the rest of the hyperparameter
inputs: minimum number of observations per tree leaf is 1, sample with replacement,
Gini’s diversity index for the split decision, and always implement a 10-fold cross-
validation. By default, TreeBagger bags classification trees.

The performance of a classifier can be visualized and analyzed with the receiver
operating characteristic (ROC) curve which compares the fraction of true positives
versus that of true negatives. The closer the points in a given curve to the top left
corner, the better the performance of the classifier and signifies a better predictive

performance. The optimal point is the value for which the point on the ROC curve
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Figure D.1.

Cross-validated fractional error in the performance of the bagging

classifier as a function of the number of bagged trees. Colors show different cluster
classifications.

has the minimum distance to the top left corner. Figure D.2 shows the ROC curves for

each class and the ROC curves predict each class versus the rest (e.g., class 1 vs class

2, 3, and 4). The error and 99% confidence thresholds for each cluster classification

in the final catalog are 0.103+0.016 for class 1, 0.175£0.017 for class 2, 0.147+£0.018

for class 3, and 0.182 £ 0.011 for class 4.
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Figure D.2. ROC curves of the four cluster classifications. Shown is the true positive
rate as a function of the false positive rate. The performance for class 1 clusters can
easily be seen as the best out of all the classifications. The ML performance for class
1 has an accuracy of .897, class 2 accuracy of 0.825, class 3 accuracy of 0.853, and
class 4 accuracy of 0.818. The red circle on each curve is the optimal ROC point.
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APPENDIX E

MASS AND AGE FUNCTIONS OF VISUAL VERSUS ML
STAR CLUSTERS

As the luminosity is an observed quantity, it can be quantified without any as-
sumption of stellar models and or SED fits. The luminosity function of young star
clusters is generally described by a power law function dN/dL o L=%, with an almost
universal index of a ~ 2 as observed in local spiral galaxies (e.g., Larsen, 2002; de
Grijs et al., 2003). Using the same method of Messa et al. (2018), we have computed
the luminosity function of the visual star cluster catalog and the ML star cluster
catalog on the V-band filter, finding a power law fit with slope 1.96 + 0.04 for the
visual cluster catalog and 1.92 4+ 0.03 for the ML cluster catalog. These are both
consistent within the errors and demonstrates that the ML process does not penalize
or mis-classify clusters with specific luminosities.

In order to explore the properties derived from SED fits to ensure we are not
inaccurately classifying and introducing biases in the ML catalog, we calculate the
mass function using the mass-complete sample (clusters with masses above 5000 Mg,
and ages less than 200 Myr). The fit performed both with a single power law and
truncated mass function which serves to test the effect of random sampling from
the mass function as such an effect can produce a truncation effect (see da Silva
et al., 2012). For the single power law for the mass function, we recover slopes of
—2.1240.05 for the visual cluster catalog and —2.18+0.02 for the ML cluster catalog.
These slopes are consistent with the canonical —2 power law commonly seen in star

cluster studies (e.g., Battinelli et al., 1994; de Grijs et al., 2003)
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When fitted with a Schechter function with a truncation mass, we recover a slope
of —1.85+0.05 with a truncation mass at 1.4240.21 x 10° M, for the visual catalog.
The ML catalog is best fit with a slope of —1.88 4+ 0.03 and a truncation mass of
1.39+0.14 x 10° Mg. We show the mass functions from both methods in Figure E.1
along with simulated mass functions. The simulation mass functions are obtained
via a bootstrapping technique from 1000 Monte Carlo trials as described inMessa
et al. (2018). We show the median expectation, the 50 %, and the 90 % limits of the
simulated function results.

As the mass functions of ML and visual classified populations are consistent with
each other within the uncertainties, we conclude the ML procedure is not introducing
any bias in the mass parameter space of the clusters.

Our last check to ensure we are not misclassifying or missing certain populations
of the clusters with the ML procedure is to compare the age functions of the catalogs.
We use the same method as implemented in Messa et al. (2018) by dividing the
sample in age bins of 0.5 and normalizing the number of sources in each bin by the
age range spanned by each bin (Figure E.2). The points are fitted with a simple power
law dN/dt o< t— up to log(age/yr) = 8.5, where incompleteness starts to affect the
results. We exclude sources in the fit of the age function that are younger than 10 Myr
as they potentially contaminate our sample due to the rapid decline in the number
of clusters surviving past ~10 Myr (see Lada & Lada, 2003).

We recover a single power law fit to the age function for both classification method,
with a slope of —0.3540.17 for the visual catalog and —0.444-0.05 for the ML catalog.

For both methods, the differences are within the uncertainties.
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Figure E.1.

Log(Mass/M )

The mass functions for the star clusters in NGC 5194. Show are star

clusters (blue) in the visual catalog (left column) and the ML catalog (right column).
Monte Carlo simulations are performed 1000 times and are shown in the black lines.
The median mass distributions (solid lines) and the limits within 50 percent (dashed)
and 90 percent (dotted) of the simulations are plotted. The single power law fits and
simulations are shown on the top row and the Schechter mass function are on the
bottom. The differences observed between the two catalogs are consistent within the

uncertainties.
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