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ABSTRACT

In the hierarchical view of star formation, giant molecular clouds (GMCs) undergo fragmentation to form small-scale structures
made up of stars and star clusters. Here we study the connection between young star clusters and cold gas across a range of
extragalactic environments by combining the high resolution (1”) PHANGS-ALMA catalogue of GMCs with the star cluster
catalogues from PHANGS-HST. The star clusters are spatially matched with the GMCs across a sample of 11 nearby star-forming
galaxies with a range of galactic environments (centres, bars, spiral arms, etc.). We find that after 4 — 6 Myr the star clusters are
no longer associated with any gas clouds. Additionally, we measure the autocorrelation of the star clusters and GMCs as well
as their cross-correlation to quantify the fractal nature of hierarchical star formation. Young (<10 Myr) star clusters are more
strongly autocorrelated on kpc and smaller spatial scales than the > 10 Myr stellar populations, indicating that the hierarchical
structure dissolves over time.

Key words: galaxies: star clusters — galaxies: star formation.

1 INTRODUCTION

Galaxies serve as the stellar factories of the universe, churning out
stars formed from the gravitational collapse of the densest regions
of molecular clouds inside the interstellar medium. This process
depletes a galaxy of gas, which can be replenished through galactic
mergers or by the infall of external gas from the circumgalactic
medium. In turn, star formation is a catalyst of galaxy evolution by
injecting metals, energy, and momentum back into the interstellar
medium and intergalactic medium, while regulating galaxy growth
by exhausting the supply of gas. Star formation may shape a galaxy’s
evolution, but what triggers the formation of stars? There are many
physical processes that can create the dense molecular cloud envi-
ronment favourable for star formation (Mac Low & Klessen 2004
McKee & Ostriker 2007; Dobbs et al. 2014). On scales of kiloparsecs
and larger, there is a measured correlation between the available gas
reservoir and the rate at which a galaxy forms stars (the Kennicutt—
Schmidt relation; Schmidt 1959; Kennicutt 1998; Kennicutt & Evans
2012). However, on small-scales, this relation breaks down with
a disconnect between the physical locations of the star clusters
formed and the remaining molecular gas clouds (Onodera et al. 2010;
Schruba et al. 2010; Boquien, Buat & Perret 2014; Kruijssen &
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Longmore 2014; Pessa et al. 2021). This breakdown is a direct
probe of the cloud-scale physics of star formation (Chevance et al.
2020a).

Zooming in from a global view of star formation, we can begin to
break down star formation into individual constituents and processes.
The cold molecular gas is hierarchically structured and at the
peak of the hierarchy, i.e. the densest regions, the star clusters are
formed from fragmentation and collapse of the cold, molecular
gas (Elmegreen & Falgarone 1996; Elmegreen 2008; Kruijssen
2012). The star cluster population therefore inherits the hierarchical
distribution from their natal giant molecular clouds (GMCs; e.g.
Lada & Lada 2003; Grasha et al. 2018, 2019; Ward, Kruijssen &
Rix 2020a). These small-scale structures — young stars and clusters —
represent the top of the stellar hierarchy that includes large structures
like associations and cluster complexes (Zhang, Fall & Whitmore
2001; Gouliermis et al. 2010; Sanchez et al. 2010; Gouliermis
2018; Menon et al. 2021). The structure is likely a consequence
of the hierarchical nature of turbulence throughout the interstellar
medium (Elmegreen & Efremov 1996; Hopkins, Narayanan &
Murray 2013). The hierarchical structure of the stellar distributions
(and the interstellar medium in general) can be described with a
power-law, hence it is scale-free (Grasha et al. 2018, 2019). Over
time, this inherited hierarchical distribution is dissipated as found
by Gieles & Bastian (2008) and Bastian et al. (2009) for the stellar
populations of the Small Magellanic Cloud and Large Magellanic
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Cloud, respectively, which lost their structured distributions on the
time-scale of each galaxy’s crossing time.

Recent observations and data sets like those from the PAWS CO(1—-
0) survey of M51 (Pety et al. 2013; Schinnerer et al. 2013) and now
the PHANGS-ALMA CO(2-1) survey (Leroy et al. 2021b) allow
for studying the hierarchical structure of star formation at the scales
of individual molecular clouds. Combining these ~1 arcsec CO
maps with high-resolution (~0.05 arcsec) Hubble Space Telescope
(HST) observations of young star clusters like from LEGUS (Adamo
et al. 2017) and PHANGS-HST (Lee et al. 2022) provides an
unprecedented look at the connection between individual clouds
and the products of star formation. The quantification of how star
clusters and molecular gas are structured across spatial scales is
still in its infancy. Recently, Grasha et al. (2019) combined the
PAWS CO map of M51 with the LEGUS star clusters and found
that after 6 Myr the star clusters were no longer associated with their
natal GMCs. Additionally, the authors quantified the hierarchical
distribution of the clusters and molecular gas using angular two-
point correlation functions. This powerful analysis afforded by the
high-resolution data allows us to study how the stars and gas are
organized in multiscale structures, how those structures evolve in
time, and measure some of the time-scales of star formation — how
long do star clusters stay associated with their natal gas clouds?

Kruijssen & Longmore (2014) and Kruijssen et al. (2018) in-
troduced a method to statistically correlate star-forming regions
within galaxies from small-to-large spatial scales. This ‘uncertainty
principle for star formation’ empirically measures star formation
efficiencies and the time-scales for gas clouds to collapse, form
stars, and provide stellar feedback without the need for individual gas
clouds to be resolved, and has been successfully applied to a sample
of nearby star-forming galaxies (Kruijssen et al. 2019; Zabel et al.
2020; Chevance et al. 2020b; Ward et al. 2020b; Kim et al. 2021).
These studies have provided detailed measurements of the time-
scales involved in star formation. Chevance et al. (2020b) find the
molecular cloud lifetime to be short at 10-30 Myr and star formation
efficiencies are measured ranging from a few to 10 percent. The
duration of the embedded phase of star formation lasts 2—7 Myr
(Kim et al. 2021), and after the onset of star formation, the parent gas
clouds are dispersed within 1-5 Myr, which suggests that early or pre-
supernova stellar feedback (like stellar winds and photoionization)
are a driving factor in the dispersal of the gas clouds (Chevance et al.
2022).

In this study, we follow similar methodologies as Grasha et al.
(2018, 2019) to constrain the time-scales of star formation as well as
the evolution of the structured distributions of gas and star clusters.
We utilize the PHANGS-ALMA GMC catalogues (Rosolowsky et al.
2021, Hughes et al., in preparation) generated from the PHANGS—-
ALMA CO(2-1) data (Leroy et al. 2021b, a) along with the star
cluster catalogues from PHANGS-HST (Thilker et al. 2022; Deger
etal. 2022; Lee et al. 2022). By connecting the star clusters with their
natal gas clouds, we are able to provide an independent measurement
of the cloud dispersal time-scale that can be compared to the results
from Chevance et al. (2020b, 2022).

In Section 2, we discuss the two data sets and the 11 galaxies
used in this study. In Section 3, we explain in detail the analyses
— a nearest-neighbour analysis, how we associate star clusters with
GMCs, angular two-point correlation functions, and angular cross-
correlation functions — using the galaxy NGC 1566 as an example.
We then present the results for all 11 galaxies in our sample and
discuss the results in Section 4. We conclude with a summary in
Section 5.

PHANGS star cluster and GMC correlation
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2 DATA

The PHANGS—-ALMA survey is a large CO(2—1) mapping program
of 90 nearby galaxies with resolutions at GMC size scales of ~100 pc.
The sample selection and properties of the galaxies are described
in Leroy et al. (2021b) and the data processing and pipeline are
described in Leroy et al. (2021a). In addition to CO(2-1) maps,
PHANGS-ALMA produces a catalog of GMCs in each galaxy
using the methods detailed by Rosolowsky et al. (2021) and Hughes
et al. (in preparation). The GMC catalogues include cloud positions,
velocities, radii, masses, and luminosities. For this study, we use the
‘native resolution” GMC catalogues which have been constructed
with the best available resolution and noise for each galaxy. This
leads to heterogeneous limits across the sample (see e.g. Rosolowsky
et al. 2021).

The cloud radii are measured as an average of the deconvolved
major and minor axes of the elliptical profile as output by CPROPS,
a decomposition algorithm for identifying GMCs in molecular-
line observations (Rosolowsky & Leroy 2006; Rosolowsky et al.
2021). This assumes a spherically symmetric cloud that can become
inaccurate if the cloud sizes approach the scale height of the
molecular gas disc in the galaxy. Therefore, the clouds are modelled
to be oblate spheroidal if the spherical radius exceeds the assumed
scale height (100 pc for the PHANGS-ALMA sample). Across the
ensemble of galaxies in our sample, the mean GMC radius is 61.5 pc,
median is 62 pc, minimum is 8 pc, and maximum is 132 pc.

The PHANGS-HST star cluster catalogues provide a robust sam-
ple of compact star clusters across 38 nearby spiral galaxies within
the PHANGS-ALMA sample (Lee et al. 2022). Star clusters are
identified and classified in the five-band (NUV-U-B-V-I) HST images
(Thilker et al. 2022) and aperture photometry is performed (Deger
et al. 2022). Spectral energy distribution fitting provides the cluster
ages, masses, and dust reddening, with respective 1o uncertainties
of ~0.3 dex, 0.2 dex, and 0.1 mag for the PHANGS-HST pilot study
focused on NGC 3351 (Turner et al. 2021); systematics include un-
certainties in the photometric flux calibration (~5 per cent), incom-
plete/incorrect priors, and SED templates. The compact star cluster
catalogues thus include cluster positions, aperture photometry, ages,
stellar masses, and reddening, as well as visual classifications (for a
subset of the sample), neural network morphological classifications
(Wei etal. 2020; Whitmore et al. 2021), and a variety of concentration
index values that indicate the difference in magnitudes for different
aperture radii (Thilker et al. 2022; Deger et al. 2022). For this
paper, we focus on star clusters that have been visually classified
as either Class 1 (symmetric and compact), Class 2 (asymmetric
and compact), or Class 3 (multipeaked compact association). The
Class 3 compact associations, which are typically young, prove to
be difficult to model given their potential for containing multiple
ages within a single association, which causes large uncertainties in
their age measurements. In order to better capture the young stellar
populations, Larson et al. (in preparation) have developed a method
to select stellar associations using a watershed algorithm. PHANGS—
HST provides a stellar association catalogue similar to the compact
cluster catalogue (Lee et al. 2022).

Table 1 gives an overview of the galaxy sample used in this study
and Fig. 1 shows the spatial distribution of the star clusters and GMCs
within each galaxy. As the development of the PHANGS—-HST cluster
catalogue and PHANGS-ALMA GMC catalogue pipelines are still
on-going, we focus on 11 PHANGS-HST galaxies that currently
have completed cluster and GMC catalogues.

For reference, the PHANGS-HST stellar cluster catalogues go
much deeper than the PHANGS-ALMA GMC catalogues, at least

MNRAS 516, 4612-4626 (2022)
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Table 1. Galaxy coordinates are from Lee et al. (2022), Rys sizes, star formation rates, and stellar masses are from Leroy et al. (2021b), and the

J. A. Turner et al.

distances are from Anand et al. (2021). Optical morphologies from Dale et al. (2017). The number of star clusters include Classes 1, 2, and 3.

Table 1. Galaxy sample

Galaxy RA Dec. Distance Rs Optical SFR log M, # of # of star

(J2000) (J2000) (Mpc) (kpc) Morph. Mg yr™ 1) (log M) GMCs Clusters
NGC 0628 01h36m41.75s  +15d47m01.2s 9.84 14.1 SAc 1.7 10.34 811 789
NGC 1365 03h33m36.37s  —36d08m25.4s 19.57 342 SBb 17.4 11.00 1091 789
NGC 1433 03h42m01.55s  —47d13m19.5s 18.63 16.8 SBab 1.1 10.87 356 293
NGC 1559 04h17m35.77s ~ —62d47m01.2s 19.44 11.8 SBcd 4.0 10.37 725 927
NGC 1566 04h20m00.42s  —54d56m16.1s 17.69 18.6 SABbc 4.6 10.79 1127 851
NGC 1792 05h05m14.45s  —37d58m50.7s 16.20 13.1 SAbc 3.7 10.62 533 675
NGC 3351 10h43m57.70s  +11d42m13.7s 9.96 10.5 SBb 1.3 10.37 369 468
NGC 3627 11h20m14.96s  +12d59m?29.5s 11.32 16.9 SABb 39 10.84 984 958
NGC 4535 12h34m20.31s ~ +08d11m51.9s 15.77 18.7 SABc 22 10.54 640 452
NGC 4548 12h35m26.45s  +14d29m46.8s 16.22 13.1 SBb 0.5 10.70 236 271
NGC 4571 12h36m56.38s  +14d13m02.5s 14.90 7.7 SAd 0.3 10.10 214 262

NGC0628 NGC1365 NGC1433 * NGC1559

NGC1566

— HST s—— HST e . HST o SR ) .
Skpc ALMA 5 kpc é ALMA 5 kpc & ALMA 5 kpc ALMA
NGC1792 NGC3351 NGC3627

. HST

5 kpc ALMA

— HST — HST HST
5 kpc ALMA 5 kpc ALMA ® ALMA
NGC4535 '. NGC4548 NGC:

HST

“Skec ALMA

Figure 1. The PHANGS-ALMA footprints and the size and location of GMCs are shown in red. PHANGS-HST F336W observation footprints and the location
of Classes 1, 2, and 3 star clusters are shown in blue. Background images are from the Digitized Sky Survey.

in an absolute mass sense. Rosolowsky et al. (2021) show that the
50 per cent completeness limit, where 50 per cent of mock GMCs
injected into signal-free regions are recovered, is 4.7 x 10° M, for the
PHANGS-ALMA data cubes that are homogenized to uniform noise
properties and to a common 90 pc resolution. By comparison, the
PHANGS-HST stellar cluster mass limit is ~10°~10* M, depending
on cluster age (Thilker et al. 2022), but a thorough description of

MNRAS 516, 4612-4626 (2022)

the PHANGS-HST cluster sample completeness will be provided
in a future paper. However, an informed comparison of these two
mass limits requires additional information. Analysis of PHANGS—
ALMA star formation and molecular cloud time-scales shows that
the star formation efficiency per star formation event is 4-10 per cent,
and the star formation efficiency per molecular cloud-free fall time
is lower by a factor of a few (Chevance et al. 2020b). In other words,
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Figure 2. Histograms of the nearest neighbour separations for star clusters
in NGC 1566. The star cluster sample is split into two age bins — 10 Myr
and younger (blue) and older than 10 Myr (red). The distribution for all
the star clusters is in grey. Dashed lines mark the median nearest neighbour
separations.

any ultimate comparison of the relative depths of the stellar cluster
and GMC catalogues must keep in mind the few per cent efficiencies
in converting molecular gas mass to stars.

3 ANALYSIS

In this section, we detail the methodology of the analyses employed
in this study. NGC 1566 is used as an example in this section, while
Section 4 gives the results for all 11 galaxies and discusses the results.

3.1 Associating star clusters with GMCs

In order to accurately match the star clusters with their nearest
neighbour and/or natal GMC, we first find the region of overlap
between the HST and ALMA footprints and only consider clusters
and clouds that lie within this overlap region. Then, as a first step
in correlating the star clusters and GMCs, we perform a nearest
neighbour analysis to find the separations between star clusters and
the nearest GMC centres. In this analysis, the sizes of the GMCs
are not taken into account. We then split the clusters into two age
bins — 10 Myr and younger and older than 10 Myr. Fig. 2 shows the
distribution of the first nearest neighbour separations for NGC 1566.
We also test the second and third nearest neighbour separations (not
shown) and find the same trend.

Next, we search for star clusters potentially associated with GMCs
by looking for line-of-sight overlap of clusters and clouds. Consistent
with Grasha et al. (2018, 2019), in this analysis the radius of a GMC is
considered, which allows for a cluster to be classified as either: within
the radius of the closest GMC; within 1-2 radii of the closest GMC;
within 2-3 radii of the closest GMC; or beyond which we consider
to be ‘unassociated.” These radial bins provide a rough indication
of the relative distance a star cluster has travelled since birth or
the extent to which they have cleared away their parent cloud’s
molecular material. We only allow a star cluster to be associated
with a single GMC; individual GMCs can still have multiple star

PHANGS star cluster and GMC correlation 4615
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Figure 3. Histograms of the star cluster ages sorted according to association
with GMCs in NGC 1566: all star clusters (grey), within one GMC radius
(blue), between 1 and 2 GMC radii (green), between 2 and 3 GMC radii
(orange), and beyond 3 GMC radii which is considered unassociated (fuchsia).
Vertical-dashed lines mark the median cluster age for each distribution. A
10 km s~ velocity cutoff is applied to minimize counting clusters that have
random alignment with the GMCs.

clusters associated them. In cases where a star cluster is aligned
with multiple GMCs, we opt for the most massive GMC to be the
associated one. In terms of the typical physical extent of the GMCs
in this sample of 11 galaxies, the median radius is 60.5 pc with a
16"-84™ percentile range of 40.6-79.7 pc.

We then look for trends in cluster ages as a function of spatial
association with GMCs. The distributions of the cluster ages for
NGC 1566 are shown in Fig. 3. With the distributions of the cluster
ages seen in Fig. 3, we also calculate the median ages for the
distributions as a means for tracking the difference in cluster ages
given their association with a GMC. We calculate the uncertainty
on the medians via bootstrapping the cluster ages included in the
PHANGS-HST catalogue. Analysis of these trends for the full
sample is provided in Section 4.1.

3.2 Angular two-point correlation functions

For the next step of the analysis, we study the distribution of both the
star clusters and the GMCs with two-point correlation functions or
autocorrelation functions. Autocorrelation functions help to quantify
the excess probability of spatial clustering of the star formation
components over a random, uniform distribution. Peebles (1980) first
applied two-point correlation functions in a cosmological context to
statistically measure the clustering of mass in the large-scale structure
of the universe. For such a case, the amplitude of clustering, as a
function of scale, &£(r), is defined to measure the excess probability
above a random Poisson distribution of finding a galaxy—galaxy pair
in the volume dV at a separation r. In other words, if a galaxy is
chosen at random from the full sample, the probability of finding a
neighbouring galaxy at a distance r within the volume dV is

dP =7 [l +£&(r)]dV (1

where 71 is the mean number density of the galaxy sample. In this
case, the autocorrelation functions are defined over a 3D volume since
the galaxy redshifts are known. On smaller scales, autocorrelation
functions have been used to measure the spatial distribution of pre-
main sequence stars within the Milky Way (Gomez et al. 1993;

MNRAS 516, 4612-4626 (2022)
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Larson 1995), the distribution of resolved stellar populations in
the Large Magellanic Cloud and Small Magellanic Cloud (Bastian
et al. 2009; Gouliermis, Hony & Klessen 2014) and NGC 6503
(Gouliermis et al. 2015), and the distribution of stellar clusters in
a sample of local star-forming galaxies (Grasha et al. 2015, 201,7,
2019). In these cases, only a 2D autocorrelation function is needed,
which can be achieved by deprojecting the positions of the stars or
clusters on to a 2D surface (the plane of the galaxy disc) given the
inclination of the galaxy. Our sample of galaxies has moderate-to-low
disc inclinations (<60°), and thus correcting for disc inclination has
minimal impact and does not change our conclusions. Equation (1)
can be redefined to be angular so that, if an object is chosen at random
from the full sample, the probability of finding a neighbouring object
at an angular separation 6 within the solid angle d<2 is

dP = N[1+4+ w(®)]d2 (2)

where N is the mean surface density of the sample and w(0) is the
amplitude of the clustering as a function of angular scale. Note that
using the mean surface density implies that any large-scale gradient
in the distribution of molecular gas or stars will manifest as an
anticorrelation. The expected or mean number of neighbours within
the angular separation 6 of a randomly chosen object is

0
(N)p = N/ [1+ w()]dS2. 3)
0

With this definition, a random distribution will give 1 + w(f) = 1
and a clustered distribution will give 1 4+ w(0) > 1. An anticorrelated
distribution will give 1 4+ w(0) < 1.

The clustering amplitude w(#) is measured by taking a catalogue
of real objects (e.g. the star clusters) and a catalogue of randomly
positioned objects, and then counting the number of pairs of real
objects (DD), number of pairs in the random catalogue (RR), and
the number of pairs with one real object and one random catalogue
object (DR) with separations within some angular separation bin. The
number of pairs are normalized by the total number in that catalogue
so that

number of real object pairs

DD = , 4
NpNp
number of random catalogue pairs
R = , (5)
NrNR
number of real-random catalogue pairs
DR = , (6)
NpNr

where Np is the total number of objects in the real catalogue and Ng
is the total number of objects in the random catalog. w(6) is then
estimated using the Landy & Szalay (1993) estimator of the form

. (D

0= |ppee) (VR ’ 20r@) [ M*) 1 RRE6
w()—m ()(ATD)— ()<N7D)+ @)

The estimation of w(@) is dependent on the quality of the random
catalogue and how it emulates any data sampling effects in the
observations. One potential issue is the impact of crowding on
identifying and classifying the star clusters in the HST imaging.
However, the cluster candidate selection process demands a stringent
signal-to-noise cut of 10 (Thilker et al. 2022) and Whitmore et al.
(2021) explains that PHANGS-HST clusters are consistently clas-
sified to within 70 per cent even for the most crowded regions. The
characteristics of the GMC catalogue are also unlikely to significantly
skew the estimation of w(f): the noise of the ALMA cubes varies
only mildly (<20 per cent) over the spatial and spectral axes within a
galaxy, and crowding of the GMCs is not a concern (Rosolowsky

MNRAS 516, 4612-4626 (2022)
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Figure 4. Angular two-point autocorrelation function 1 4+ @(0) as a function
of spatial scale for NGC 1566. The function for all the star clusters is black,
for clusters 10 Myr and younger is blue, for clusters older than 10 Myr is red,
and for GMCs is orange. The horizontal grey line marks a uniform, random
distribution at 1 + w(0) = 1. The vertical grey line marks the median radius
of the GMCs of NGC 1566. Uncertainties are bootstrap estimates.

et al. 2021; Leroy et al. 2021a). In order to minimize errors in
the generation of the random catalogue, we only place the random
objects within the region of the HST and ALMA footprint overlap
and ensure the random catalogue has a similar sample size as the
real catalogues. To measure the autocorrelation functions, we use
the ASTROML function bootstrap_two_point_angular on
both the star cluster and GMC catalogues. In order to avoid edge
effects, we drop the largest-scale angular bins that correspond to
pairs of objects with separations on the order of the size of the
field of view. In addition to the full star cluster catalogue, we also
estimate the autocorrelation functions for the clusters split into two
age bins: <10 Myr and >10 Myr. We then fit power-laws to the
autocorrelation functions using a Levenberg—Marquardt non-linear
least-squares minimization, because in a fully hierarchical (or fractal)
distribution, a smooth power-law decline is expected and indicates
a scale-free distribution (Calzetti, Giavalisco & Ruffini 1989, see
Section 4.4). We test the effects of angular bin sizes by running
the analysis with 5, 10, 15, 20, and 25 angular bins and find the
same trends for each galaxy; see Fig. 4 for NGC 1566 for a typical
example. With fewer bins (i.e. 5 or 10) the main differences are the
correlation that cannot be measured at small angular scales because
the bin size is greater than the angular scale and the autocorrelation
functions are lower resolution. With 25 bins, we do not gain any
greater resolution at the small angular scales because the bin size is
smaller than the actual separation between star cluster pairs. Utilizing
15 or 20 bins appears to provide the optimal spatial resolution for our
galaxy sample. In this figure and the following correlation function
figures, the angle 6 is converted to a spatial scale, r, in units of parsecs
based on the distance to the galaxy. The analysis of these trends for
the full sample is provided in Section 4.4.

3.3 Angular cross-correlation functions

For the last step in the analysis, we quantify the excess probability
of the clustering of the star clusters with GMCs over a random
uniform distribution by estimating the cross-correlation functions
following the methodology outlined in Section 3.2. We generate
random catalogues for both the cluster and the cloud populations,
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Figure 5. Angular cross-correlation estimate, 1 + ¢(0), of the star clusters
and the GMCs with 10 angular bins for NGC 1566. The function with all star
clusters is black, for clusters <10 Myr is blue, and for clusters >10 Myr is
red. The horizontal grey line marks a uniform, random distribution at 1 +
£(6) = 1. The vertical grey line marks the median radius of the GMCs of
NGC 1566. Uncertainties are bootstrap estimates.

and measure the total sample sizes within each catalogue:

Npsc = Number of real star clusters
Npgme = Number of real GMCs
Ngrse = Number of random catalogue star clusters

Nrgme = Number of random catalogue GMCs.

The Landy & Szalay (1993) estimator for the cross-correlation is

Dscngc(e) - DscRgmc(Q) - Rscngc(e) + RscRgmc(e)

(o= R Rome ()

(®)

where Dg.Dgpc(f) is the number of pairs consisting of one real
cluster and one real cloud with a separation 6, Dy.Rgnc(0) is the
number of pairs consisting of one real cluster and one random cloud,
Ry.Dgp(0) is the number of pairs consisting of one random catalogue
star cluster and one real GMC, and Ry.Rgnc(6) is the number of pairs
consisting of one random catalogue star cluster and one random
catalogue GMC. All pair counts are normalized by the total number
of objects in the given sample, e.g. DscDgme/NpseNpgme- Applying
these normalizations to equation (8) and simplifying yields

é‘(@) — (NRSCNRng % Dscngc(g)) _ <NRsc DscRgmc(9>

NDsc Nngc Rsc Rgmc(e) NDsc Rsc Rgmc(e)
_ < NRgmc % Rsc ngc(9 ) (9)
Nngc Rsc Rgmc(e)

Similar to the autocorrelation analysis, we estimate the cross-
correlation functions of all the star clusters with the GMCs, clusters
<10 Myr with the GMCs, and clusters > 10 Myr with the GMCs. The
largest angular bins are dropped in order to minimize edge effects.
We also test the cross-correlation estimations using 5, 10, 15, 20,
and 25 angular bins. As with the autocorrelation functions, we find
the same general trends for each galaxy regardless of the number of
angular bins. Fig. 5 shows the cross-correlation for the star clusters
and GMCs of NGC 1566 with 10 angular bins. In contrast to the
20 bins used for the autocorrelation functions, 10 bins were chosen
here because there are less data (i.e. fewer star cluster—-GMC pairs
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compared to cluster—cluster pairs). The higher resolution when using
more bins does not provide any additional information.

4 RESULTS & DISCUSSION

4.1 Nearest neighbour analysis

Fig. 6 shows the histograms of the separations between the star
clusters and the nearest neighbour GMC for all 11 galaxies. Included
for each galaxy is the histogram for all star clusters and for the
clusters split into the two age bins: <10 Myr (blue) and >10 Myr
(red). For all star clusters, the median separations Ar to the nearest
neighbour GMC range from ~1.8 arcsec (NGC 1559) to 4.9 arcsec
(NGC 4571). In all galaxies, except NGC 4571, the young clusters
are found to be closer to their nearest neighbour GMCs than the older
populations. The ‘signal to noise’ in these median separations can be
estimated via

Arold - Aryoung

s
/52 2
o1d + Jyoung

where 0 g1¢ and o young represent the standard deviations in the median
values for 1000 bootstrapped samples for the older and younger
age bins, respectively. Except for NGC 4571, the S/N values lie in
the range 4-8. In NGC 4571, the median separations for the three
histograms are nearly the same. This result is due to the flocculent
nature of NGC 4571 — unlike the other 10 galaxies in this sample,
where the CO emission tends to align with the spiral arm structures
that dominate the optical morphologies, the GMCs and stellar clusters
in NGC 4571 exhibit much patchier and more spatially uniform
distributions. NGC 1433 and NGC 3351 have the greatest differences
in separations between the young and old populations. Both of these
galaxies show evidence of recent star formation at their centres with
a strong CO concentration there.

Finally, we include in certain subpanels of Fig. 6 theoretical
estimates for the expected nearest neighbour separations r,,. Broadly
following the approach described in Kruijssen et al. (2019) and the
parameter values presented in (Chevance et al. 2020b), the expected
separations are r,, &~ 0.4431, /Tty Where A is the typical separation
between independent star-forming regions, T is the evolutionary
time-scale for star formation overall, and 7, is the time-scale for the
molecular clouds in particular. The correction factor /7 /s, (R1.1)
accounts for the fact that we specifically require the neighbour to be
a GMC, which only covers part of the region timeline described in
Chevance et al. (2020b). The medians for the distributions presented
in Fig. 6 are somewhat larger than the theoretical expectations,
presumably because the GMC catalogues have lower effective spatial
resolution than the maps themselves.

We check the second and third nearest neighbour separation his-
tograms and find the same trends where the young stellar populations
lie closer to the GMCs than the older clusters.

S/N(Ar) = (10)

4.2 Star clusters associated with GMCs

In Section 3.1, we describe our method for associating the star
clusters with GMCs while taking into account the sizes of the GMCs.
Fig. 7 shows the distribution of the star cluster ages split by how the
clusters are associated with the closest GMC and Table 2 shows the
median cluster ages.! Across all galaxies, the median cluster ages

'We have incorporated a 10 km s~! velocity cutoff in our analysis to account
for clusters that may have drifted during their lifetime into a chance line-

MNRAS 516, 4612-4626 (2022)
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Figure 6. Histograms of the separations between star clusters and the centre of the nearest neighbour GMC for each of the 11 galaxies and an ensemble of
all the galaxies. The distribution for the full sample of star clusters is shown in grey, for clusters <10 Myr is blue, and for clusters >10 Myr is red. Median
separations for each distribution are marked with dashed lines. Theoretical estimates for the nearest neighbor separations for NGC 0628, NGC 3351, NGC 3627,
and NGC 4535, and the ensemble are provided by green-dotted lines (see text). The histograms are normalized by the total number of counts and the bin width

for each histogram.

are consistently the youngest when within the radius of the closest
GMC. As the clusters increase in distance from the closest GMC,
the median ages increase. For clusters between 2 and 3 GMC radii,
the median ages are no greater than 6 Myr across all galaxies (the
range is 4-6 Myr, with uncertainties for a given galaxy on the order
of 0.5 Myr; see Table 2). Given these results, after about 6 Myr, the
star clusters have had enough time to no longer be associated with
their natal GMCs. This result is consistent with the measurement
from Grasha et al. (2019) in M51 using the LEGUS star clusters

of-sight alignment with a non-natal GMC; we require all cluster-GMC
associations to satisfy v x t(age) < 3Rgmc. We acknowledge, though, that
this is a coarse approximation and is limited by the fact that GMC radii are
highly related to the resolution of the CO data, and the spatial resolution of
the CO data affects the minimum peak spacing. Moreover, the GMCs crowd
on few hundred parsec scales and given their typically sizes, there may be
multiple associations for a given cluster. In these cases, we opt for the most
massive GMC to be the associated one. These are the issues that make this
inherently complicated.

MNRAS 516, 4612-4626 (2022)

and CO(1-0) maps from PAWS. Similar time-scales were found by
Kawamura et al. (2009) for the Large Magellanic Cloud and Corbelli
et al. (2017) for M 33 for the duration of GMCs being associated
with non-embedded stellar clusters.

This time-scale is related to the feedback time-scale f, — the time it
takes for feedback mechanisms to disperse the natal gas after stellar
clusters first become visible (unembedded). This feedback time-scale
is not a measure of the GMC lifetime, which is found to be short,
on the order of 10-30 Myr, but the time it takes for star clusters
to no longer be associated with their natal GMCs. Given the short
lifetimes of GMC:s, finding younger star clusters closer to their natal
GMCs implies that the stellar hierarchical distribution is inherited
from the GMCs and the interstellar medium. Our measurement tracks
well with the measurements from the ‘uncertainty principle of star
formation’ for NGC 0300 (Kruijssen et al. 2019) and the samples
of nearby galaxies studied by Chevance et al. (2020b) and Kim
et al. [2021; four of the nine galaxies analysed by Chevance et al.
(2020D) are also in our sample]. As described above, for our ensemble
of 11 galaxies, the clusters are typically on the cusp of no longer
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Figure 7. Histograms of the star cluster ages split on how the star cluster is associated with the closest GMC: within 1 Rgmc (blue), between 1 and 2 Rgmc
(green), between 2 and 3 Rgmc (orange), or beyond 3 Rgmc, which is considered unassociated (fuchsia). The distribution of the ages for all star clusters is in
grey. Median ages for each distribution are marked with dashed lines. An assumed velocity cutoff of 10 km s~ is applied to minimize the chance alignment of
clusters with GMCs if the clusters have had enough time to cross into the line of sight. The histograms are normalized by the total number of counts and the
bin width for each histogram. For reference, we include for specific targets plus the ensemble the estimated feedback time-scales (Chevance et al. 2020b) for
dispersing the natal gas after stellar clusters first become visible (vertical dotted orange lines).

Table 2. All cluster ages given in Myr. Uncertainties on the medians are bootstrap estimates based on the uncertainties of the cluster ages. The number
of clusters in each sample is given in parentheses.

Median star cluster ages

Galaxy All SCs 0 <r/Rgme <1 1 < r/Rgmc <2 2 <rlRgmc <3 Unassociated

NGC 0628 09 4+ 0.32 (684) 01 £0.33 (33) 02 £ 0.32 (092) 05 4+ 0.44 (142) 018 + 2.54 (266)
NGC 1365 70 £ 4.96 (633) 04 +£0.92(11) 05 £ 0.38 (054) 05 £ 0.54 (098) 095 £+ 7.23 (264)
NGC 1433 07 £ 0.62 (293) 01 4 0.60 (09) 01 4+ 0.56 (023) 05 4+ 1.39 (025) 007 £ 0.67 (219)
NGC 1559 21 £ 1.24 (926) 01 £0.25(22) 04 £ 0.56 (087) 05 £ 0.54 (160) 040 £ 2.43 (387)
NGC 1566 37 £2.31(838) 01 £0.25 (43) 04 £ 0.61 (081) 05 £ 0.60 (134) 101 £ 6.28 (335)
NGC 1792 48 £+ 3.25 (669) 02 £ 0.63 (22) 05 £ 0.58 (094) 06 £ 0.46 (147) 135 £ 23.8 (067)
NGC 3351 06 + 0.41 (396) 01 4+ 0.65 (18) 04 4 0.45 (056) 04 4+ 0.62 (061) 007 £ 0.39 (221)
NGC 3627 37 4+ 1.46 (948) 01 £0.42 (28) 04 £ 0.43 (100) 06 £ 0.53 (164) 076 £+ 3.71 (287)
NGC 4535 28 £3.25 (411) 01 £0.51 (26) 04 £ 0.85 (039) 04 £ 0.60 (063) 095 £ 8.41 (185)
NGC 4548 10 + 3.49 (237) 01 £0.76 (14) 03 £ 0.74 (022) 04 £ 0.48 (034) 076 £ 13.1 (131)
NGC 4571 05 £ 0.29 (213) 01 &£ 0.90 (06) 04 £ 0.79 (018) 04 £ 0.88 (013) 005 £ 0.54 (164)
Ensemble 19 £ 0.61 (6248) 01 £0.18 (232) 04 £ 0.17 (666) 05 £ 0.18 (1041) 046 £+ 1.53 (2526)

MNRAS 516, 4612-4626 (2022)
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Figure 8. Same as Fig. 7, except star clusters are grouped by their location with the galaxies: galaxy centre, bars, interarm, spiral arms, and disc. Median cluster

ages are marked with dashed lines. A 10 km s~! velocity cutoff is applied.

being associated with GMCs after ~6 Myr. By comparison, Kim
et al. (2021) find ~3 Myr for the typical embedded phase (see also
Benincasa et al. 2020) and Chevance et al. (2020b) and Kim et al.
(2022) find 5, ~ 3 Myr for the unembedded phase, for a total of
~7 Myr spanning the embedded and unembedded phases; accounting
for uncertainties and intrinsic variation between galaxies, our inferred
ensemble-wide time-scale for clusters is consistent with the sum of
the embedded and unembedded time-scales found by Chevance et al.
(2020b) and Kim et al. (2021, 2022).

For the clusters lying beyond three GMC radii from the GMC
centroids, the median ages range greatly across the 11 galaxies
from 5 Myr (NGC 4571) to 136 Myr (NGC 1792). Interestingly, the
galaxy in our sample with the sparsest (lowest surface density) CO
distribution, NGC 4571, has unassociated stellar clusters that skew
youngest compared to the other galaxies. Similarly, in NGC 1433
and NGC 3351, where the CO is concentrated in the centres, the
median unassociated cluster age is younger (7 Myr) than the rest of
the galaxies. In all galaxies, the median unassociated cluster age is
still greater than the median age of all clusters. However, we must
acknowledge that this trend is influenced by our implementation of
a velocity cutoff.

4.3 Dependence on galactic environment

We can study how the galactic environment of the star clusters
and GMCs affect the time-scales of star formation by using the
environmental masks developed by the PHANGS collaboration.
Details on how the masks are produced are given in Querejeta et al.
(2021). In short, discs and bulges are identified using 3.6 um images
from the Spitzer Survey of the Stellar Structure in Galaxies (S*G)
pipeline or ancillary Spitzer images following Salo et al. (2015)
and Herrera-Endoqui et al. (2015). Near-infrared images are used
to identify bars and rings, and spiral arms are defined by fitting a

MNRAS 516, 4612-4626 (2022)

log-spiral function to bright regions along the arms. Arm widths are
defined by the CO emission measured in PHANGS-ALMA maps.
For this study, we choose to use the masks that separate the galactic
environments into the centre, bar, interarm, spiral arms, and disc.
The masks do provide further differentiation of environments for
example, bars and bar ends, but we opt for the more simplified
masks.

Fig. 8 shows the distribution of star cluster ages across the
five environmental masks and Table 3 gives the median ages with
uncertainties. Across all five environments, the median cluster age
is 5 Myr for clusters between 2 and 3 GMC radii. This is consistent
with the time-scale for a cluster to disassociate from its natal gas
cloud as found in Section 4.2.

Galaxies with a centre region identified are NGC 0628, NGC 1365,
NGC 1433, NGC 1792, NGC 3351, NGC 3627, NGC 4535,
NGC 4548, and NGC 4571. The clusters that lie in the centres
are found to be young (<10 Myr) and the trend of cluster age
increasing with distance from closest GMC is seen. There are only
12 unassociated clusters that have a median age of 300 Myr; this
is significantly older than the unassociated population of the other
environments and any single galaxy. These old unassociated clusters
are likely old globular clusters which reside in the stellar bulges.
For the star clusters of NGC 3351, Turner et al. (2021) identify
globular cluster candidates in the bulge and show the SED fitting
return underestimated ages for the globular clusters. Ages around
10 Gyr are expected while the SED fitting gives ages of a few
100 Myr. This is likely why the clusters identified here are as old as
expected if they are indeed globular clusters.

For clusters in the bars of the barred galaxies (NGC 1365,
NGC 1433, NGC 1559, NGC 1566, NGC 3351, NGC 3627,
NGC 4535, and NGC 4548), the median age is relatively old at nearly
100 Myr. Clusters associated with GMCs are still found to be the
youngest. Similar to the centre clusters, the unassociated population
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Table 3. All cluster ages given in Myr. Uncertainties on the medians are bootstrap estimates based on the uncertainties of the cluster ages. The
number of clusters in each sample is given in parentheses.

Median star cluster ages by galactic environment

1 < r/Rgmec <2

2 <r/lRgmc <3

Unassociated

Environment All SCs 0 <7r/Rgmc <1
Centre 07 £ 2.59 (0377) 04 £ 0.67 (16)
Bar 95 + 5.01 (0693) 01 £0.93 (14)
Inter arm 32 £+ 1.37 (1654) 01 £0.29 (43)
Spiral arm 09 + 0.30 (1420) 01 £0.21 (93)
Disc 10 £ 0.90 (2077) 01 £ 0.25 (66)

04 £ 0.26 (074)
04 £ 0.52 (500)
03 £0.34 (117)
03 £ 0.22 (206)

05 +0.44 (110)
05 +0.51 (110)
05 4+ 0.41 (180)
05 4 0.32 (306)

301 £ 138.6 (012)
168 & 10.7 (301)
053 +2.51 (969)
053 + 3.43 (388)
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is old with median age of 169 Myr. The bar clusters trending old
is mostly likely due to a lack of recent star formation as bars act to
funnel gas into the centres of the galaxies that trigger star formation
there.

The environmental masks show that all galaxies except NGC 4571
have spiral arms or, in the case of NGC 3351, a ring. For clusters in
both the interarm regions and spiral arms, we see the same trend with
the youngest clusters (~1 Myr) associated closely with GMCs and
trending slightly older as they move away from their natal gas clouds.
Unassociated clusters in both regions give a median age around
50 Myr. However, spiral arm clusters are found to be younger on
average than the interarm clusters due to more recent star formation
occurring directly within the spiral arms. The difference in the median
ages of spiral and interarm clusters suggests it takes ~20 Myr for
clusters to migrate out of the spiral arms.

Finally, clusters in the outer discs of the galaxies are found to
be mostly young with a median age of 10 Myr. The same trend of
cluster age increasing with distance to associated GMC is seen again.
Interestingly, the unassociated clusters in the discs have a very similar
age distribution to the full sample of disc clusters and a median age
just under 10 Myr. This distribution is likely skewed young because
of NGC 4571 where essentially all clusters are considered to be in the
disc and the relative lack of CO means most clusters are unassociated
with a GMC.

4.3.1 Dependence on spiral arm structure

As shown Fig. 8, clusters residing in spiral arms are found to be very
young and closely associated with GMCs. We check for dependence
of this trend on the spiral arm structure, specifically on the pitch angle
of the spirals. Generally, galactic spiral arms are well-approximated
by logarithmic spirals (Kennicutt 1981). The logarithmic spirals are
of the form

R = Roe"™"? (11)

where R is the radius of the spiral, 6 is the azimuthal angle, Ry is the
initial radius at & = 0, and ¢ is the pitch angle. Equation (11) can be
linearized to the form

In(R) = In(Ry) + 6 tan(¢b). (12)

The environmental masks in Querejeta et al. (2021) provide the slope,
0, and intercept, In (Ry), of best-fitting logarithmic spirals for each
of the identified spiral arms which we then used to obtain the spiral
arm pitch angles. There are six galaxies with identified spiral arms
— NGC 0628 (6 arms), NGC 1365 (1 arm), NGC 1566 (4 arms),
NGC 3627 (4 arms), NGC 4535 (3 arms), and NGC 4548 (5 arms).

Across the galaxy sample, we check the star cluster age and star
cluster—GMC separation for all clusters that lie within a spiral arm;
results are shown in Fig. 9. Spiral arms are split by pitch angle at 20
degrees. We find that the star cluster age histograms are essentially no

04 +£0.29 (219) 05 £ 0.36 (335) 009 £ 0.28 (829)
T T T T
5H Pitch Angle < 20°] [ g (1) z Eii: i ; 4
D 2 < Rame <3
4+ 1F Pitch Angle > 20°
3 - - L .
2 N - .
1F 4 F J
1
0 0 1 0 1

Star Cluster log(Age) [Myr]

Figure 9. Histograms of star cluster ages for all clusters which lie within a
spiral arm with pitch angle less than or equal to 20 degrees (left) and greater
than 20 degrees (right). Histograms are colour-coded by how the star cluster
is associated with the nearest GMC following the same scheme as Figs 3, 7,
and 8.

different between spiral arms with tighter and looser pitch angles. A
division at 30 degrees was also checked and showed no dependence
on the pitch angle dividing threshold. We limit this analysis to only
clusters found within spiral arms as the pitch angle of spiral arms
within individual galaxies can range significantly. For example, the
six spiral arms measured in NGC 0628 have pitch angles ranging
from 11 to 30 degrees. This greatly confuses the analysis if it is to be
applied to star clusters outside of the spiral arms. Given these results,
we find no dependence of star cluster age and star cluster—-GMC
separation on the spiral arm pitch angle.

4.4 Angular two-point correlation functions

We quantify how clustered the spatial distributions of the star clusters
and GMCs are using two-point autocorrelation functions as detailed
in Section 3.2. Fig. 10 shows the autocorrelation functions for each
galaxy broken down as: all star clusters, clusters <10 Myr, clusters
>10 Myr, and all GMCs.? In all galaxies, except for NGC 4571,
the young clusters are found to be more highly correlated over small
spatial scales than the older populations. At larger scales on the order
of several kiloparsecs, the correlation functions for both the young
and old cluster populations become essentially equal. This means
the correlation lengths, the scale at which the distribution is random
(1 4+ w(0) = 1), are equal for both populations. Given these results,
the young populations still show fractal nature of hierarchical star

2No significant differences are found if the age threshold is lowered to 5 Myr.

MNRAS 516, 4612-4626 (2022)
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Figure 10. Two-point (auto) correlation functions for all star clusters (black), clusters <10 Myr (blue), clusters > 10 Myr (red), and GMCs (orange). The line at
1 4+ @(6) = 1 marks were a uniform, random distribution. Twice the median radius of the GMCs in each galaxy is shown as the vertical grey line. Uncertainties
are bootstrap estimates. The thick grey line marks the distance range over which the power-laws are fit; the best-fitting power-law slopes are given in Table 4.
Correlation functions that exhibit anticorrelation (1 + w(f) < 1) are most likely artefacts of the random sampling i.e. there are more random points than data
points for that angular bin. In which case, correlation at these bins can be considered consistent with a random distribution.

formation, which dissolves with time as shown by the autocorrelation
functions of the older cluster populations.

Table 4 gives the best-fitting power-law slopes for each of
the measured autocorrelation functions. For the total star cluster
populations across all galaxies, reasonably smooth power-law fits
are found, which demonstrates the scale-free, hierarchical (or fractal)
structure of the stellar distribution. Except for the flocculent galaxy
NGC 4571, each galaxy shows a steeper power-law slope for the
younger clusters than for the older clusters. The galaxies with the
largest difference in slope between the young and older populations,
for the selected spatial ranges for the fits, are NGC 1566, NGC 3351,
and NGC 4535. These three galaxies all possess very distinct spiral
arms and rings where the GMCs and younger clusters are mostly
concentrated.

Since the higher correlation of the young clusters is thought to
be a result of inheriting the hierarchical structure of the interstellar
medium, we expect the GMCs to show equally high correlation.
However, in most cases, the distribution of the GMCs is found to

MNRAS 516, 4612-4626 (2022)

be much less correlated; the GMCs seem to be closer to randomly
distributed. Grasha et al. (2019) note a similar result for the GMCs
observed in M51. This suggests either (1) there are GMCs that
have not yet formed star clusters and are therefore dampening
the correlation signal; or (2) the ultraviolet-optical HST data are
insensitive to clusters less massive than ~103-10* M, (see Section 2)
or to heavily buried stellar clusters (a follow-up project with the
James Webb Space Telescope has been approved for 19 PHANGS
targets, to uncover and characterize such embedded systems).

In a number of galaxies, the GMC correlation is roughly random
at the smallest scale, then increases with scale length until a peak
at intermediate separations, then declines again. This peak in the
correlation most likely results from CPROPS combining overlapping
GMC s into a single GMC (if they have similar velocities), which
prevents us from finding a significant number of GMCs with
separations less than twice the typical GMC radius. The value of
2Rgmc is presented in each panel of Fig. 10, where we would
expect to start noticing the impact of the cloud identification on
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Table 4. A Levenberg—Marquardt non-linear least squares minimization is used to fit a power-law of the form A6¢ to the autocorrelation functions shown
in Fig. 10. The power-laws are constrained to the distance ranges marked by the thick grey lines in Fig. 10.

Two-point autocorrelation functions: best-fitting power-law slopes and amplitudes at 300 pc

Galaxy All SCs SCs <10 Myr  SCs >10 Myr GMCs All SCs SCs <10 Myr  SCs >10 Myr GMCs
o o o 1+ w() 1+ w(®) 1+ w(®) 1+ w(0)

NGC 0628 —0.28£0.02 —0.39+0.05 —0204+0.03 —0.24£0.04 2.20 +0.20 246 +0.35 1.86 £0.37 2.15+0.19
NGC 1365 —0414+0.03 —0.66+009 —-033+0.02 —047=£0.11 5.75£0.53 9.98 £2.10 5.04 £0.63 497 £0.28
NGC 1433  —-038+£0.02 —-055+0.02 —-028+0.17 —-0.82+0.14 2.86 £ 0.66 443 £1.19 1.44 £1.48 7.96 £ 1.15
NGC 1559 —-0324+0.02 —-049+£0.03 —-0.224+0.02 —0.22+0.02 3.51+0.26 3.77+£0.34 3.05£0.26 1.88 £0.18
NGC 1566  —044+£0.02 —-0.73+0.05 —0364+0.02 —0.26+0.03 3.64 £0.28 5.52 +0.81 292 +0.42 2.19 +£0.18
NGC1792 —-0364+0.06 —051+£005 —0324+0.06 —0.49+0.06 3.29+0.28 343 £0.58 2.78 £0.33 227+£0.29
NGC 3351 —-0.73+0.10 —-0.84£0.15 —-029+0.11 —0.76 = 0.02 3.12+0.53 3.85£0.70 1.61 £ 0.65 1.83 £0.23
NGC3627 —0384+0.01 —047+£0.03 —-038+0.02 —0.08+0.02 2.84 £0.16 3.28 £0.36 273 £0.25 1.60 £0.12
NGC4535 —041+0.04 —-073£006 —-025+£0.03 —0.23£0.02 1.90 £0.35 2.89 £ 0.76 1.52 £ 045 1.90 £ 0.20
NGC 4548 —0.344+0.03 —050£0.04 —-0.24+0.02 —0.16=+0.04 2.33 £0.60 299 £1.28 1.89 £ 0.96 2.44 £ 0.69
NGC 4571 —0.11 £0.03 —0.14£0.08 —0.28 £0.11 —0.59 £0.11 1.36 £ 0.39 1.23 £ 0.50 226 +1.25 2.67 £0.48

the autocorrelation function (and thus explains the downturn in the
GMC autocorrelation function at small scales in most galaxies). In
NGC 1433, the GMCs are concentrated at the centre of the galaxy and
at the end of the bars. This leads to high correlation at small scales.
Although NGC 3351 has a similar CO distribution as NGC 1433,
the GMC autocorrelation function in NGC 3351 is unexpectedly
less correlated at small scales. This is possibly due to the GMCs
that populate the ring of NGC 3351, which may be more uniformly
distributed radially around the ring.

4.5 Cross-correlation functions

We quantify the cross-correlation between the star clusters and GMCs
using the methodology given in Section 3.3. Results are shown
in Fig. 11. The cross-correlation functions prove to be difficult to
interpret but, in most cases, the young star clusters spatially correlate
with GMCs at small spatial scales and the older population is less
correlated. Over time, the fractal distribution is dissipated as star
clusters migrate away from their natal GMCs and the GMCs are
disrupted. In some of the cross-correlation functions, there is a ‘gap’
resembling a piece-wise function. This is because there are no star
cluster—GMC pairs found with separations that fall in that bin.

As mentioned in Section 4.4, the GMCs are not as highly
autocorrelated as the stellar clusters. This may also be affecting
the measured cross-correlation functions by lessening the cross-
correlation with the young clusters.

5 CONCLUSIONS

We present the results of a study combining the PHANGS-ALMA
GMC catalogues with the star cluster catalogue from PHANGS—
HST for a sample of 11 nearby star-forming galaxies. We spatially
correlate the two catalogues first with a simple nearest neighbour
analysis, which reveals that star clusters with ages <10 Myr are found
to lie closer to GMCs on average than the older cluster populations.
This follows the trend expected for hierarchical star formation where
the clusters inherit the hierarchical distribution of the interstellar
medium. Next, we expand the analysis by including information
on the sizes of the GMC. We look for a line-of-sight alignment of
clusters with GMCs and determine if a cluster is within the radius
of the nearest GMC, between 1 and 2 radii of the GMC, between 2
and 3 radii, or beyond which we consider unassociated. To minimize
chance alignment, we apply a 10 km s~! velocity cutoff. Clusters
that are closely associated with a GMC (within the GMC radius)

are found to be very young with a median age of 1 Myr for most
of the galaxies. After ~6 Myr, the clusters are no longer associated
with their natal gas clouds. This time-scale is a measure of the time
it takes to dissipate the gas cloud after the onset of star formation.
Our analysis follows similar methodology as Grasha et al. (2019)
and we find good agreement with their results in M51. These results
also serve as an independent confirmation of the feedback time-
scale measured using the ‘uncertainty principle of star formation’ in
Chevance et al. (2020b). Specifically, combining the ~4 Myr time-
scale for embedded star formation (Kim et al. 2021) with the ~3 Myr
time-scale for the exposed or unembedded phase of star formation
(Chevance et al. 2020b) yields a total of ~7 Myr, consistent with our
finding of ~6 Myr for age until dispersal.

We perform this same analysis broken down by galactic envi-
ronment and find the same trend where clusters closely associated
with GMCs are ~1 Myr, and beyond ~5 Myr clusters are no longer
associated with GMCs. The unassociated clusters found in the centres
of the galaxies are measured to be older than 300 Myr on average.
This suggests these clusters could be old globular clusters that reside
in the stellar bulges. Turner et al. (2021) note that there are likely
globular clusters in the centre of NGC 3351 but the SED fitting
performed on the PHANGS-HST clusters does not recover ages as
old as expected (~10 Gyr) for these globular clusters, due to the
limiting assumption of solar metallicity for all sources. The median
age for all clusters within spiral arms is 9 Myr, while clusters in
interarm regions are ~32 Myr old. This suggests it takes, on average,
~20 Myr for a cluster to migrate out of a spiral arm, or that many
young clusters are disrupted within ~20 Myr.

Autocorrelation functions are measured in Section 4.4 and show
the young clusters are more highly autocorrelated at small spatial
scales compared to the older cluster populations. We find the GMCs
to be nearly uniformly distributed across spatial scales. Power-
law fits show that galaxies with distinct spiral arms and rings —
NGC 1566, NGC 3351, and NGC 4535 — have the largest difference
in autocorrelation function slopes between the young and older
clusters. We also measure the cross-correlation functions and find
that the young clusters track well with the GMCs. However, the cross-
correlation functions are difficult to interpret given poor statistics in
a few of the galaxies. Our interpretation is that stellar clusters form at
the density peaks of the hierarchy, and are thus likely more strongly
clustered than all levels of the hierarchy. But the overall picture is
modulated by the sensitivity to galactic morphological properties,
which drives global correlations that impact the level of correlation
between stellar clusters and GMCs.
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Figure 11. Cross-correlation functions for the GMCs with all star clusters (black), clusters <10 Myr (blue), and clusters >10 Myr (red) for each galaxy. The
horizontal grey line marks a uniform, random distribution at 1 + ¢(6) = 1. Twice the median radius of the GMCs in each galaxy is shown as the vertical grey

line.

We plan to expand upon the analysis described in this study as
more PHANGS-HST star cluster catalogues are produced for more
galaxies. This expansion will allow us to build out the statistics
for more galaxies and therefore more star clusters. Additionally,
a machine-learning algorithm is being developed to aid in the
identification and classification of PHANGS-HST star clusters (Wei
etal. 2020; Thilker et al. 2022). This will greatly increase the number
of identified star clusters within each galaxy, allowing for much
better statistical analysis. Finally, a stellar association catalogue for
PHANGS-HST is being developed (detailed in Larson et al., in
preparation), which provides a better way of identifying the youngest
stellar populations that are not captured in the traditional cluster
catalogue. Performing the analysis presented here on the stellar
associations should reveal an even stronger correlation between the
young stellar populations and their natal gas clouds.
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