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ABSTRACT
We present a study correlating the spatial locations of young star clusters with those of
molecular clouds in NGC 5194, in order to investigate the time-scale over which clusters
separate from their birth clouds. The star cluster catalogues are from the Legacy ExtraGalactic
UV Survey (LEGUS) and the molecular clouds from the Plateau de Bure Interefrometer
Arcsecond Whirpool Survey (PAWS). We find that younger star clusters are spatially closer to
molecular clouds than older star clusters. The median age for clusters associated with clouds
is 4 Myr, whereas it is 50 Myr for clusters that are sufficiently separated from a molecular
cloud to be considered unassociated. After ∼6 Myr, the majority of the star clusters lose
association with their molecular gas. Younger star clusters are also preferentially located
in stellar spiral arms where they are hierarchically distributed in kpc-size regions for 50–
100 Myr before dispersing. The youngest star clusters are more strongly clustered, yielding
a two-point correlation function with α = −0.28 ± 0.04, than the giant molecular cloud
(GMCs) (α = −0.09 ± 0.03) within the same PAWS field. However, the clustering strength of
the most massive GMCs, supposedly the progenitors of the young clusters for a star formation
efficiency of a few per cent, is comparable (α = −0.35 ± 0.05) to that of the clusters.
We find a galactocentric dependence for the coherence of star formation, in which clusters
located in the inner region of the galaxy reside in smaller star-forming complexes and display
more homogeneous distributions than clusters further from the centre. This result suggests a
correlation between the survival of a cluster complex and its environment.

Key words: ISM: clouds – galaxies: individual (NGC 5194, M 51) – galaxies: star clusters:
general – galaxies: star formation – galaxies: stellar content – galaxies: structure.

1 IN T RO D U C T I O N

A central tenet of our understanding of star formation is that stars
form in stellar aggregates (e.g. Lada & Lada 2003; Portegies Zwart,
McMillan & Gieles 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 as-
sociations (e.g. Gomez et al. 1993; Zhang, Fall & Whitmore 2001;

� E-mail: kathryn.grasha@anu.edu.au

Oey, King & Parker 2004; de la Fuente Marcos & de la Fuente Mar-
cos 2009; Karampelas et al. 2009; Bianchi et al. 2012; Gouliermis
et al. 2015, 2017; Grasha et al. 2015, 2017a,b; Sun et al. 2017a,b;
Gouliermis 2018; Rodrı́guez, Baume & Feinstein 2018), providing
overwhelming evidence for the coherence of star formation over
multiple scales and across most 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, Sánchez & Combes 1996;
Kuznetsova, Hartmann & Ballesteros-Paredes 2018) and turbulence
(e.g. Elmegreen & Scalo 2004; Federrath, Klessen & Schmidt 2009;
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Girichidis et al. 2012; Hopkins, Narayanan & Murray 2013; Gusze-
jnov & Hopkins 2016), and other feedback processes that act to sup-
press star formation (e.g. Krumholz 2014). The hierarchical fractal
structure of the interstellar medium (ISM) results in a power-law
distribution of the ISM components from which we can measure the
fractal dimension of the distribution (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
hierarchy of gas (e.g. Elmegreen & Falgarone 1996; Stutzki et al.
1998; Sánchez et al. 2010; Miville-Deschênes et al. 2010; Elia et al.
2018) 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; Sun et al. 2018).

Star clusters, identifiable in galaxies up to distances of ∼100 Mpc,
are born at the densest peaks of the hierarchy (Elmegreen 2008)
and provide a sensitive and direct observational signature of the star
formation process. The hierarchical distribution of star clusters 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 &
Bastian 2008; Bastian et al. 2009; Davidge, Puzia & McConnachie
2011). Despite their exceptional tracers of recent star formation,
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 out-
standing issues need to be properly addressed in order to accurately
characterize the connection between star formation occurring at the
scales of individual stellar aggregates, with the global scaling re-
lation between star formation and gas reservoirs of entire galaxies
(Kennicutt 1998; Kennicutt & Evans II 2012).

M 51 (NGC 5194 and NGC 5195) is part of the Legacy Ex-
traGalactic UV Survey1 (LEGUS, HST GO–13364; Calzetti et al.
2015a), a Cycle 21 HST treasury programme 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
data sets so far include support for a hierarchical star formation
process (Elmegreen et al. 2014; Grasha et al. 2015, 2017a; Goulier-
mis et al. 2017) with the age and size distribution of the hierarchies
driven by turbulence (Gouliermis et al. 2015; 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 (IMF) of
star clusters (Krumholz et al. 2015; Ashworth et al. 2017); test spi-
ral density wave theory (Shabani et al. 2018); and extinction maps
using stellar catalogues to investigate variations in the dust-to-gas
ratio with metallicity (Kahre et al. 2018). In this work, we perform
a cross-correlation analysis between the star clusters from the LE-
GUS catalogue and the GMC catalogue from the PAWS project in
M51. Very little exists in the literature, with the only other analysis
having been performed in the flocculent spiral NGG 7793 (Grasha
et al. 2018).

The cluster catalogue of M51 covers a much larger portion of the
galaxy than the catalogue of NGC 7793. Thus, M51 is an excellent
benchmark to investigate the clustering nature of star clusters as
a function of galactocentric distance in a grand-design spiral, in
addition to the connection of the young stellar clusters with maps

1https://archive.stsci.edu/prepds/legus/

of molecular clouds, both investigated 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 re-
duction process are described in Section 2. The cluster selection
and identification process are described in Section 3. The results
are described in Section 4, where Section 4.1 briefly introduces
the molecular gas data and the two-point correlation function is
described in Section 4.2. We discuss our results concerning hier-
archy of the stellar clusters and the connection to the gas reser-
voirs in Section 5. We summarize the findings of this study in
Section 6.

2 SAMPLE SELECTI ON AND DATA
R E D U C T I O N

In this paper, we select M 51 (NGC 5194 with its smaller interact-
ing companion, NGC 5195, collectively known as the Whirlpool
galaxy) from the LEGUS survey due to the large number of cluster
candidates over a large observed field with strong spiral features.

NGC 5194 is relatively large in size (angular size of
∼11 arcmin × 7 arcmin and stellar mass M� = 2.4 × 1010 M�),
and combined with a star formation rate SFR(UV) = 3 M� yr−1,
this system provides a large and robust number of young clusters.
NGC 5194 has a relatively low inclination (22◦; Colombo et al.
2014b), mitigating projection effects, and a distance of 7.66 Mpc
(Tonry et al. 2001), sufficiently nearby to lessen confusion between
stellar systems and individual stars.

The LEGUS data set of NGC 5194 provides five pointings in
the NUV (F275W) and U (F336W) broad-bands, observed with
WFC3/UVIS. The new UV/U data consist of four 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) im-
ages with ACS/WFC (GO–10452; PI: S. Beckwith) cover the entire
NGC 5194 + NGC 5195 system with six 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 Fig. 1), 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 (e.g. Anders et al. 2004;
Chandar et al. 2010; Adamo et al. 2017).

Reduced science frames are drizzled to a common scale reso-
lution, corresponding to the native WFC3 pixel size (0.0396 arc-
sec pixel−1). The frames have all been aligned and rotated with
north up. Detailed descriptions of the standard data reduction of the
LEGUS data sets are available in Calzetti et al. (2015a).

3 CREATI NG THE VI SUALLY I DENTI FI ED
STAR CLUSTER CATA LOGUES

A detailed description of the cluster selection, identification, pho-
tometry, and spectral energy distribution (SED)-fitting procedures
for the LEGUS galaxies is presented in Adamo et al. (2017). The
production of the cluster catalogue and completeness tests applied to
NGC 5194 are detailed in Messa et al. (2018a) 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 sum-
marize here briefly the aspects of Adamo et al. and Messa et al. that
are important for the current paper.
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Correlations of star clusters with GMCs in M51 4709

Figure 1. The V-band ACS image of NGC 5194 overplotted with the location of the class 1 (left; red) and class 2 (right; green) star clusters. The star clusters
are coloured according to their ages with dark colours corresponding to younger ages and all clusters older than 1 Gyr are shown as white. The black outline
shows the UVIS footprint. Cluster classifications are based off of morphology and our morphological cluster classification is a good approximation to also
a dynamical classification (Adamo et al. 2017; Grasha et al. 2017a; Ryon et al. 2017). The typical ages of class 1 clusters are older and show median ages
of 90 Myr than the median age of 20 Myr for the class 2 clusters. The class 1 sources are much more uniformly distributed, while the class 2 clusters are
predominantly tracing the spiral arms and the centre region. The youngest clusters of both classes are mostly concentrated along the spiral arms.

Procuring cluster catalogues is a multistep process: extracting
the cluster candidates (Section 3.1) through an automatic catalogue
and then performing visual inspection of this catalogue to remove
contaminants (Section 3.2). Completing these steps results in our
final robust cluster catalogue.

3.1 Star cluster selection

The automated catalogue 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 10σ detection in a
minimum of 10 contiguous pixels. This automatic procedure returns
the positions of candidate clusters within the image and the con-
centration 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 dis-
tinguish between unresolved sources (stars) and resolved sources
(candidate clusters) within NGC 5194 is 1.35 mag. There are 30 176
sources satisfying the CI cut-off 1.35 mag that make the automated
catalogue. At the distance of NGC 5194, the pixel resolution is 1.47
parsec pixel−1.

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 in at least two contigu-
ous bands (the reference V band and either B or I band). Standard
aperture photometry is performed for each cluster candidate us-
ing 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 cor-
rections to account for missing flux are based on isolated clusters
(see Messa et al. 2018a) 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 photometric error ≤0.3 mag undergo SED-fitting proce-
dures to procure the age, mass, and colour excess E(B − V) of each
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source. The SED-fitting analysis is performed with deterministic
Yggdrasil single stellar population models (Zackrisson et al. 2011).
The Yggdrasil spectral synthesis code is based on Starburst99 (Lei-
therer et al. 1999) stellar population spectra with the photoionized
nebula predicted by Cloudy (Ferland et al. 1998, 2013). All cluster
catalogues 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 thermally pulsating asymptotic giant branch
stars (Vazquez & Leitherer 2005) and the starburst attenuation curve
(Calzetti et al. 2000).

The fitting algorithm is based on a χ2 approached as described in
Adamo et al. (2010) and the error analysis is described in Adamo
et al. (2012). The SED-fitting method procedure produces average
uncertainties of 0.1–0.2 dex in both the cluster ages and masses.
As our cluster photometry is produced with average aperture cor-
rections derived from observed clusters in each band, only the nor-
malization of the cluster SED will be affected while the intrinsic
shape of the SED as well as the intrinsic colours of the clusters are
preserved. As a result, average aperture correction may affect the
mass estimates of sources; however, any uncertainties in the mass
introduced from aperture corrections will be within the typical 0.1–
0.2 dex uncertainty measurements.

We assume a fully sampled IMF for the derivation of our star clus-
ter properties; however, star clusters below ∼3000 M� are subject
to stochastic sampling of the IMF. The inclusion of the NUV stellar
continuum in the SED fitting provides more photometric stability
(by a factor of ∼3.5–4) relative to the H α emission (Calzetti et al.
2010; Andrews et al. 2013). This enables derivation of relatively
accurate ages and masses of young (<10 Myr) star clusters down to
∼500 M� in our catalogues. The U–B colours provide an effective
age indicator for the star clusters and the information provided at
the NUV wavelengths discriminate between young and dusty clus-
ters and old, dust-free clusters (Chandar et al. 2010). Calzetti et al.
(2015b) show detailed SED fits for a range of star clusters in the
LEGUS galaxy NGC 5253, demonstrating the fainter NUV flux
and higher U–B colours in older star clusters compared to younger
clusters.

3.2 Visual inspection and star cluster classification

After the first step – extraction of the clusters from an automatic
catalogue 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 catalogue. The magnitude limit
is defined by the detection limits of the LEGUS sample, which
enables selecting down to a ∼1000 M�, 6 Myr old cluster with
E(B − V) = 0.25 (Calzetti et al. 2015a). A total of 10 925 cluster
candidates brighter than our magnitude cut off pass all the criteria in
the extraction process (Section 3.1). Of these, 2487 candidates were
inspected visually as described above, and the remaining candidates
were inspected through a bagged decision tree Machine Learning
algorithm trained to reproduce the results of the human classifiers
using the visually classified subset of class 1, 2, 3, and 4 as a training
set (Grasha 2018).

The visual inspection step, either by humans or by a trained al-
gorithm, is the only way to reliably remove non-cluster interlopers
within the automatically extracted catalogue to ensure the robust-
ness of the final cluster catalogue. 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, foreground
stars, or background galaxies as those types of interlopers are not
standardized in size or colour.

The human 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 morphology and colour,
each source gets classified under one of four classes as defined by
the LEGUS collaboration (see Adamo et al. 2017):

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

Class 2: Compact, asymmetric star clusters with some degree
of elongation. Usually uniform in colour.

Class 3: Compact associations that show multiple-peaked pro-
files 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 inspection of 2487 cluster candidates in the UVIS coverage
(see Fig. 1) was performed by members of the LEGUS team, with a
yield of 1226 (49 per cent) considered class 1, 2, or 3 clusters. The
resulting agreement between classifiers is around 70–75 per cent.
For large disagreements between the LEGUS classifiers (more than
one class discrepancy between the classifiers), additional classifiers
are involved, until a consistent classification for the candidate is
achieved. This level of agreement between classifiers for LEGUS
star clusters is the approximately the same accuracy as the visual
classification of galaxies the CANDELS fields (Kartaltepe et al.
2015) of ∼70 per cent.

The visually classified catalogue was then used as a training set
for the Machine Learning algorithm, which then proceeded to clas-
sify the remaining candidates in the automatic catalogue (Grasha
2018). Our final cluster catalogue contains 3374 star clusters, and
is publicly available.2 In the remaining of this paper, we will con-
centrate on the properties of class 1 and 2 clusters, while classes
3 (compact associations) and 4 (contaminants) will no longer be
considered. There are a total of 2989 class 1 and 2 clusters in our
final catalogue.

3.3 Comparison of the visual-identified clusters to the
machine learning clusters

Here, we briefly compare the properties of the visually identified
star clusters to the ML-selected star clusters to demonstrate that
the ML star clusters show the same properties as the visual star
clusters.

3.3.1 Mass function of visual versus ML star clusters

As the luminosity is an observed quantity, it can be quantified
without any assumption of stellar models and/or SED fits. The
luminosity function of young star clusters is generally described
by a power-law function dN/dL ∝ L−α , with an almost universal
index of α ∼ 2 as observed in local spiral galaxies (e.g. Larsen
2002; de Grijs et al. 2003). Using the same method of Messa
et al. (2018a), we have computed the luminosity function of the

2https://archive.stsci.edu/prepds/legus/dataproducts-public.html
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Correlations of star clusters with GMCs in M51 4711

visual star cluster catalogue and the ML star cluster catalogue be-
tween magnitudes of 18.5–23.25 on the V-band filter for the class
1 and 2 clusters of NGC 5194, finding that the clusters are well
described with a single power-law fit with evidence for a steepen-
ing of the power-law slope at the high-luminosity end, suggesting a
truncation in the mass function (see Haas et al. 2008; Messa et al.
2018a). The recovered single power-law slopes are 1.96 ± 0.04 for
the visual cluster catalogue and 1.92 ± 0.03 for the ML cluster
catalogue. These are both consistent within the errors and demon-
strates that the ML process does not penalize or misclassify clus-
ters with specific luminosities. The lower luminosity limit as re-
ported in Messa et al. (2018a) of 23.25 mag is the same for both
catalogues.

In order to explore the properties derived from SED fits to en-
sure we are not introducing biases in the ML catalogue, we cal-
culate the mass function using the mass-complete sample (clusters
with masses above 5000 M� and ages less than 200 Myr). The fit
is performed both with a single power law and a truncated mass
function; the latter serves to test the effect of random sampling
from the mass function as such an effect can produce a trunca-
tion (see da Silva, Fumagalli & Krumholz 2012). For the single
power-law mass function, we recover slopes of −2.12 ± 0.05 for
the visual cluster catalogue and −2.18 ± 0.02 for the ML cluster
catalogue. These slopes are consistent with the canonical −2 power
law commonly seen in star cluster studies (e.g. Battinelli, Brandi-
marti & Capuzzo-Dolcetta 1994; de Grijs et al. 2003; Adamo et
al. 2017).

When fitted with a Schechter function with a truncation mass,
we recover a slope of −1.85 ± 0.05 with a truncation mass at
1.42 ± 0.21 × 105 M� for the visual catalogue. The ML catalogue
is best fit with a slope of −1.88 ± 0.03 and a truncation mass of
1.39 ± 0.14 × 105 M�. We show the mass functions from both
methods in Fig. 2 along with simulated mass functions. The simula-
tion mass functions are obtained via a bootstrapping technique from
1000 Monte Carlo trials as described in Messa et al. (2018a). We
show the median expectation, the 50 per cent, and the 90 per cent
limits of the simulated function results.

As the mass functions of ML and visual classified star cluster
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.

3.3.2 Age function of visual versus ML star clusters

Our last check to ensure the robustness of our ML catalogue is
to compare the age functions of the catalogues. We use the same
method as implemented in Messa et al. (2018a) 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 (Fig. 3). The points
are fitted with a simple power law dN/dt ∝ t−α up to log(age yr−1)
= 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 −0.35 ± 0.17 for the vi-
sual catalogue and −0.44 ± 0.05 for the ML catalogue. For both
methods, the differences are within the uncertainties. Our final con-
clusion is that the visual and ML catalogues are indistinguishable
in terms of luminosity, age, and mass distribution properties of the
identified star clusters.

3.3.3 Contamination of stars in the cluster catalogue

Fig. 4 shows the distribution in colour–colour space that separates
single stars from star clusters, using the method by Whitmore et al.
(2010). In our catalogues, the colour–colour space occupied by
single stars and clusters is well-separated and the contamination rate
of individual stars in the ML cluster catalogue is low, ∼2 per cent.
This demonstrates that our visual classification procedure, as well
as the ML procedure, is successful in differentiating between star
clusters and contaminants. However, colour–colour cuts alone do
not suffice to differentiate star clusters from stars and the class 4
non-cluster contaminants occupy much of the same space as the
star clusters (Whitmore et al. 2010). The inability to discriminate
between faint clusters and massive stars necessitate the addition of
cuts in the size (CI) as well as visual morphology to create robust
and reliable star cluster catalogues.

4 R ESULTS AND A NA LY SIS

4.1 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 catalogue (Colombo et al. 2014a) from the Plateau de Bure
Interferometer Arcsecond Whirlpool Survey (PAWS; Pety et al.
2013; Schinnerer et al. 2013). PAWS mapped the molecular gas
in the central 9 kpc of NGC 5194 using the 12CO(1–0) line emis-
sion at a cloud-scale resolution of ∼40 pc. The GMCs identified
by Colombo et al. (2014a) account for about half (54 per cent) of
the flux in the PAWS map. The remainder lies in structures that are
blended, continuous, diffuse, low S/N or otherwise intractable by
their cloud-finding approach. By construction, the GMCs represent
significant peaks in the CO emission, and assuming that these cor-
respond to the cluster-forming structures seems reasonable. Fig. 5
shows the inner region with the star clusters and GMCs that lie
within the footprint coverage of both UVIS and PAWS, for a total
of 1268 class 1 and 2 star clusters and 1316 GMCs.

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 time-scale
for most clusters to become exposed and lose association with
their molecular gas is as early as 2 Myr within M83 (Hollyhead
et al. 2015) to ∼5 Myr from studies of the Antennae galaxy (Whit-
more et al. 2014). We perform multiple tests to correlate the lo-
cation of star clusters with the molecular clouds to investigate if
star clusters become less associated with molecular clouds with
age.

4.1.1 Distance of star clusters from molecular clouds

In our first test, we take the star clusters within the PAWS coverage
and calculate the distance to the centre of their nearest GMC (Fig. 6).
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 1σ 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 centre 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 dis-
tance less than 2.7 kpc are substantially closer to their nearest GMC
at 66 ± 2 pc, whereas the shortest distance between all cluster–
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Visual Catalog ML Catalog

Figure 2. Observed mass function (blue) for the visual catalogue (left column) and the ML catalogue (right column). Monte Carlo simulations are performed
1000 times and are shown as black lines. The median mass distributions (solid lines) and the limits within 50 per cent (dashed) and 90 per cent (dotted) of
the simulations are plotted. The single power-law fits and simulations are shown on the top row and the Schechter mass functions are on the bottom. The
differences observed between the two catalogues are consistent within the uncertainties.

Figure 3. Age function of the visually identified star clusters (H: green) and
the ML star cluster (blue). Dashed lines represent the best-fitting curve for
the bins in the range log(age) = 7–8.5 yr. The grey shaded areas mark the
part of the functions excluded from the analysis due to incompleteness (old
ages) and possible contamination by unbound sources (young ages). The
differences in the slopes for the relations derived from the two catalogues
are within the uncertainties. The visually identified data and relation have
been shifted upwards by 1.5 dex for clarity.

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 sepa-
rated 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 pc and 107 ± 4 pc,
respectively, which are different separation at a 7–σ level signif-
icance. 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 predic-
tor of the trend for increasing distance between clusters and GMCs.
Both the aggregate mid-plane pressure (Elmegreen 1989) and the
thermal gas pressure (Wolfire et al. 2003) are expected to fall with
radius in disc galaxies. Both the surface density and velocity dis-
persion of the gas are observed to decrease with radius in NGC
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Correlations of star clusters with GMCs in M51 4713

Figure 4. U–B versus V–I colours for the star clusters with visual identification (left) and ML identification (right) for the star clusters in NGC 5194. The
clusters are colour coded by the different regions that deliminate in colour 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 sub-region 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 per cent, comparable to
the contamination in the visually identified star cluster catalogue. The arrow marks reddening corresponding to AV = 1 mag [E(B − V) = 0.25, assuming a
starburst attenuation curve].

Figure 5. Location and sizes of the GMCs and star clusters. The black line
shows the outline of the PAWS coverage for the GMCs and the grey 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 grey, respectively, and excluded from all star cluster–GMC
comparisons.

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 is that in
the lower density and environment at larger galactocentric radii, the
number density of clusters and molecular clouds is lower than at
small galactocentric distances, leading to a lower chance of young
clusters to be associated with their parent cloud. Star clusters and
their unbound complexes do respond to the environment that they
live in; we find that clusters in the outer region of the galaxy reside
in complexes significantly larger than clusters closer to the galaxy
centre, an effect of the increased shear, mid-plane pressure, and tur-
bulence. GMCs are also more effectively dispersed within the inner
region of NGC 5194 due to the increased shear (Meidt et al. 2015).
We further investigate the effect of the environment on star-forming

complexes in Section 4.2.3. 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.

4.1.2 Star clusters associated with GMCs

In our next test, we examine the properties of the young star clus-
ters 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 addi-
tion to detaching via drift, clusters are capable of photo-evaporating
and blowing away via stellar feedback/winds the ambient molec-
ular 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 of the GMC ellipse.
Fig. 7 shows an example of star clusters that are located within the
1RGMC 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
2RGMC, between 2 and 3RGMC, and those beyond 3RGMC distance.

We expect that if star clusters do disperse from their GMCs with
time, clusters that lie further than 3RGMC will be older than those
within 1RGMC. 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 per cent 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 4.1.3). We perform the search in order of increasing
distance from any GMC such that all star clusters that reside within
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4714 K. Grasha et al.

Figure 6. Fractional distribution of the shortest distance for each star clus-
ter 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 galac-
tocentric 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 ± 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 (orange) are
132 ± 6 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 centre of the galaxy has a bigger impact, with the average SC–GMC
distance increasing with increasing galactocentric distance. The 1σ errors
are bootstrap estimates based on 10 000 samples. The vertical line shows
the median GMC radius of 36 pc.

Figure 7. Associated star clusters located inside 1RGMC (turquoise), 1–
2RGMC (orange), and 2–3RGMC (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 colour as the radial location
of the cluster.

1RGMC are assigned to their associated cloud before moving on to
star clusters that reside in the annuli between 1 and 2 RGMC and 2
and 3RGMC, respectively.

We find a total of 129 star clusters that lie within the footprint
of 112 GMCs (≤1RGMC). An additional 334 clusters are between

1 and 2 radii of a GMC centre and 203 clusters are between 2
and 3 radii of a GMC, leaving 602 star clusters unassociated with
any cloud (≥3RGMC). Fig. 8 shows the distribution of the cluster
age and masses. The median age of all clusters in NGC 5194 is
30+6

−6 Myr, significantly older than clusters located within one radius
of a GMC with median ages of 4+1

−2 Myr. Of the clusters still within
a GMC radius, nearly 40 per cent 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 6+2

−1 Myr, and clusters that are
between 2 and 3 radii from a GMC have median ages of 30+7

−10 Myr.
Star clusters that are unassociated with any GMC have median
ages of 50+20

−10 Myr. The 1σ uncertainties are bootstrap estimates
based on 10 000 samples; the age trend is significant at the 6σ

level. There is an insignificant difference in the cluster mass with
respect to its distance to the nearest GMC: the median cluster mass
is 10450 ± 1090, 10490 ± 940, 7620 ± 820, and 8090 ± 910
M� for clusters within 1RGMC, 2RGMC, 3RGMC, and unassociated,
respectively. Table 1 lists the properties of the star clusters and, in
addition, is divided by the region – centre, spiral arm, and interarm
– of the galaxy as defined by the PAWS data set (Colombo et al.
2014a). We are limited by incompleteness within the very centre 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 colour to the background light. The average completeness
in the centre of the galaxy is 1.08 mag higher than in the galactic
disc, a difference of 0.42 mag in the UV band, 0.96 mag in the U
band, and 1.52 mag in the B band, 1.39 mag in the V band, and
1.09 mag difference in the R band (Messa et al. 2018a). The cluster
catalogues of Chandar et al. (2017) also show a dearth of clusters in
the inner ∼1 kpc of the galactic centre. This appears to not affect the
clusters in the central GMC region that are within 1RGMC 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 2RGMC as those
systems are typically older than the completeness age within the
centre.

We find average E(B − V) values of 0.21, 0.22, 0.24, and 0.25 for
clusters within 1 RGMC, 2RGMC, 3RGMC, and unassociated, respec-
tively. For a starburst attenuation curve, these correspond to AV’s of
0.85, 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. 2018a). 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 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.

The trend for younger clusters to lie near GMCs is anticipated as
4 Myr old stellar systems are expected to have already evacuated
their surrounding cloud material (Hollyhead et al. 2015), but
have not lived long enough to have travelled far enough to
become separated with their birth location. The ages we recover
here are younger than typical GMC dissolution time-scales 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; Jeffreson & Kruijssen
2018). We can calculate the travelling velocity of the star clusters at
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Correlations of star clusters with GMCs in M51 4715

Figure 8. Left: Normalized distribution of the ages of star clusters for the entire sample (black), star clusters located ≤1RGMC (turquoise), star clusters
within 1–2RGMC (orange), 2–3RGMC (purple), and star clusters unassociated with a GMC (>3RGMC; red). The stars show the median age of each distribution
(30+6

−6 Myr, 4+1
−2 Myr, 6+2

−1 Myr, 30+7
−10 Myr, and 50+20

−10 Myr, respectively) and the 1σ errors on the median are bootstrap 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: Normalized mass distribution of the star clusters. The stars show the median mass of each distribution
(8780 ± 840 M�, 10450 ± 1090 M�, 10490 ± 940 M�, 7620 ± 820 M�, and 8090 ± 910 M�). 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 1σ errors from bootstrap estimates
based on 10 000 samples are not shown in the plot as the uncertainties are ∼10 per cent of the median value.

Table 1. Properties of star clusters depending on their association with a
GMC or location within different regions of the galaxy as defined in the
PAWS data set (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 1σ

uncertainties are bootstrap estimates based on 10 000 samples. Numbers in
parentheses indicate uncertainties in the final digit(s) of listed quantities,
when available.

Region NGMC NSC Median age Median mass
(Myr) (M�)

Within 1RGMC 112 129 4+1
−2 10 450(1090)

Centre 33 36 4+1
−1 10 830(1510)

Spiral arm 51 57 4+2
−2 11 190(2480)

Inter arm 28 36 3+2
−1 7559(2280)

Within 2RGMC 242 334 6+2
−1 10 490(940)

Centre 57 86 4+0.5
−1 13 680(2020)

Spiral arm 96 135 15+8
−5 10 920(1560)

Inter arm 89 113 7+2
−4 8100(1140)

Within 3RGMC 168 203 30+7
−10 7620(820)

Centre 31 37 3+0.5
−0.5 7280(1310)

Spiral arm 75 79 50+12
−9 8710(1610)

Inter arm 62 87 50+10
−6 7790(960)

Unassociated 934 602 50+20
−10 8090(910)

Centre 245 25 4+3
−2 8850(2760)

Spiral arm 385 122 50+13
−15 11 680(1440)

Inter arm 304 455 50+6
−8 7300(430)

Total 1316 1268 30+6
−6 8780(840)

Centre 335 184 4+1
−0.5 10 660(1140)

Spiral arm 540 393 50+8
−7 11 130(870)

Inter arm 441 691 50 +5
−5 7540(720)

distances less than 3RGMC, assuming they originate from the centre
of the nearest cloud, by dividing the shortest distance between each
star cluster – GMC pair by the measured age of the star cluster. We
find that the average velocity required for a star cluster to travel

to its current location relative to the centre of the nearest GMC is
9.5 km s−1. This velocity is a result of ionization that erodes the
cloud near the cluster also combined with actual motion of the
near-edge of the GMC in an expanding H II region, and motions
induced by dynamical effects in addition to drift of the cluster as
well. These results provide direct measurements of the age and
velocity necessary for the dissociation of clusters from their natal
clouds, in agreement with the ISM velocities required to randomize
star clusters from their hierarchical complexes (see Sections 4.2
and 5).

4.1.3 Are massive GMCs more likely to host multiple star
clusters?

We also examine if more massive GMCs are statistically more likely
to host multiple star clusters. Fig. 9 shows the distribution of the
mass of GMCs as a function of number of star clusters located within
its footprint, for both star clusters found within 1RGMC and those
found within 2RGMC. There is a marginal statistically 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 mas-
sive GMC in such an event. However, there are only three star
clusters (3 per cent) within one radius of a GMC that have the pos-
sibility of being paired up to more than one cloud. For all three
cases, these star clusters were the only clusters associated with ei-
ther GMC. Changing the associated GMC for these clusters away
from the most massive GMC only moves that data points down-
wards and both the median and the quartiles remain unchanged
(Fig. 9a). For the star clusters within two radii of the centre of a
cloud, 48 (14 per cent) lie on top of two GMCs and three clusters
(0.9 per cent) lie on top of three clouds. We randomly assign these
clusters to different clouds and recompute the values in Fig. 9(b) 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
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4716 K. Grasha et al.

Figure 9. Box plots of the GMC masses versus the number of associated star clusters. The numbers listed in the middle of each box show the total number
of each GMC for a given number of associated star clusters and the pink line shows the median of the GMC masses. The box encloses 50 per cent of the
distribution (the first and third quartiles) and the whiskers extend to the minimum and maximum. The left-hand panel shows the GMC mass distribution for
the 118 GMCs with 129 star clusters within one radius of the cloud, the middle panel shows the mass distribution for the 242 GMCs with 334 star clusters
between and two radii of each cloud, and the right-hand panel shows the mass distribution for the 168 clouds with 203 star clusters between two and three
radii.

evidence for more massive GMCs to be hosts of more massive star
clusters.

4.2 The two-point correlation function

We implement the angular two-point correlation function ω(θ ) to
measure the magnitude of clustering as a function of projected
distance between the star clusters. A detailed description of the for-
malism 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 correla-
tion function provides a way to identify common age structures to
derive the randomization time-scale for when the coherence of star-
forming hierarchies becomes uncorrelated (Section 4.2.1) as well
as the correlation length – the size scale for the star-forming regions
– as a function of age and location within a galaxy (Section 4.2.3).
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 mea-
sure of the probability of finding a neighbouring object, above
what is expected for an unclustered random Poisson distribution.
In this study, we implement the angular two-dimensional corre-
lation function ω(θ ), as projected on to the plane of the sky, as
the probability above Poisson of finding two star clusters within
an angular separation θ as dP = N2[1 + ω(θ )] d�1d�2, where
N is the surface density of clusters per steradian with two in-
finitesimal elements of solid angle d�1 and d�2, separated by
angle θ .

To calculate ω(θ ), we count pairs of star clusters as a function of
separation and compare that to what is expected for an unclustered
distribution. A clustered distribution has an excess of pair counts
at small separations, resulting in ω(θ ) > 0 at small length scales
whereas random distribution of an unclustered population results
in a flat correlation with ω(θ ) = 0 at all length scales. We sup-
plement the cluster data with a catalogue of random sources that
populates the same sky coverage and geometry (e.g. edges, masks)
as the real data. The ratio of pairs of clusters observed in the data
relative to pairs of points in the random catalogue is then used to
estimate ω(θ ) with the Landy & Szalay (1993) estimator. We fit
the projected angular two-point correlation function with a power

law,

1 + ω(θ ) = Aωθα, (1)

where the slope α measures the strength of the clustering and the
amplitude Aω measures the correlation length of the clustering; we
use both to determine if the clustering is consistent with being
scale free. We determine the exponent α of the correlation function
through a linear regression on the log–log plots of all of our cor-
relation functions by applying a Levenberg–Marquardt non-linear
least-squares minimization fit.

The original work of Peebles (1980), along with the application to
stellar populations by Gomez et al. (1993) and Zhang et al. (2001),
fits the power-law distribution to ω(θ ). Following the convention of
Scheepmaker et al. (2009) and Gouliermis et al. (2015), we fit the
power-law distribution to 1 + ω(θ ), similar as well to the work of
Odekon (2008). For values of ω(θ ) > > 1, the power-law fit will
be the same regardless for the two methods. The distribution of star
clusters in the galaxy disc is not homogeneous and their density
depends on the galactocentric radius (see Section 4.2.3). We do
not have adequate numbers to divide our star cluster population
by radius and age, and as such, all of our plots show the average
correlation function between star cluster pairs averaged over the
entire galaxy.

The physical motivation for applying the power law to 1 + ω(θ ) is
that in a fully hierarchical (fractal) model, the distribution will have a
smooth power-law decline of 1 + ω(θ ) ∝ ωα (Calzetti, Giavalisco &
Ruffini 1989) with increasing separation between pairs until they
reach the correlation length of the hierarchy, where the clustering
becomes consistent with being random [1 + ω(θ ) = 1]. Inside
such a distribution, the number of star clusters inside an annulus
increases with the radius r as N = rα × r2 ∝ rα + 2, relating the slope
α measured from 1 + ω(θ ) directly to the two-dimension fractal
number of the hierarchy as D2 = α + 2, the fractal dimension for
a distribution of objects that lie in the plane of a galaxy. We might
expect the slope of 1 + ω(θ ) to change on scales smaller than the
thickness of the disc 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 2006; Sánchez &
Alfaro 2008). It is important to note that the fractal number does not
uniquely describe a structure and it is difficult to distinguish true
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Correlations of star clusters with GMCs in M51 4717

Figure 10. Two-point correlation function 1 + ω(θ ) for the star clusters
across the entire disc of NGC 5194 (black line) as a function of physical
scale. The star clusters are additionally divided into age ranges (pink lines;
Section 4.2.1). The numbers in parentheses show the number of clusters in
each age group. There is a strong age dependence 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.

multiscale fractal sub-clustering from the slope of the correlation
function alone (Cartwright & Whitworth 2004; Gouliermis, Hony &
Klessen 2014; Lomax, Bates & Whitworth 2018). However, for a
scale-free distribution, the correlation function will have the form of
a power law (Odekon 2008). The correlation function thus allows
us to constrain the difference in the clustering present between
samples, where steeper slopes are consistent with expectations of
fractal sub-structuring.

Fig. 10 shows the two-point correlation function for the star
clusters across the disc of NGC 5194, where we exclude the 127
clusters in NGC 5195 (clusters above y-pixel values of 11 500 in
Fig. 1), reducing our total catalogue from 2989 to 2862 star clus-
ters. We find a smooth and steady decline with increasing radius,
well described with a power law. Younger star clusters show spa-
tial distributions that are distinctly different than older star clusters,
where the younger star clusters are more clustered than the older.
The correlation function of star clusters older than ∼50–100 Myr,
being almost flat, demonstrates that these clusters are more dis-
tributed than their younger counter parts. This behaviour is consis-
tent with a hierarchical distribution and has been observed in the
distribution of star formation, 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, 2015; Ali et al.
2017) as well as the star clusters in other LEGUS galaxies (Grasha
et al. 2015, 2017a). The 1σ errors for the correlation functions are
bootstrap estimates based on 1000 samples and are not Poisson
errors due to the correlation between the errors; Poissonian approx-
imations of the errors will underestimate the uncertainties in the
parameters.

4.2.1 Age effects

The star clusters in NGC 5194 are preferentially associated with the
spiral arms of the galaxy (Fig. 1). As shown in Messa et al. (2018a),
the concentration within the spiral arms is particularly noticeable

for the very young clusters (<10 Myr), though the clustering per-
sists for clusters up to ages of ∼100 Myr before diminishing. Thus,
the hierarchical distribution slowly dissipates with time as the re-
sult of star clusters randomizing throughout the galaxy, creating
a decline in 1 + ω(θ ) with increasing age in addition to length
scale.

Fig. 10 shows the correlation functions for clusters of differ-
ent 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
−0.40 ± 0.05, significantly different from the global measurement
of −0.21 ± 0.03. 50–100 Myr after their formation, the recov-
ered slope is nearly flat at −0.12 ± 0.04; the star clusters that
are able to travel from their star-forming complexes take on distri-
butions 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 time-scale is consistent with what we find in
other local galaxies (Grasha et al. 2017a). While the randomization
time-scale is as short as 50 Myr, structures with lower fractal di-
mensions still survive for longer periods, as e.g. is found for stars in
M31, where structure survives for at least 300 Myr (Freeman et al.
2015), in accordance to what we found in NGC 6503 (Gouliermis et
al. 2015).

4.2.2 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 catalogue (Colombo et al. 2014a) to
calculate the clustering present in the distribution of the molecular
clouds within the inner 9 kpc. Fig. 11 shows the resulting correlation
function for all the molecular clouds. The most noticeable difference
between the clustering distribution of the star clusters and that of
the molecular clouds is how the GMCs are located in a much more
spatially homogeneous distribution compared to highly clustered
distributions of the star clusters, a similar result found in simulations
by Parker & Dale (2015).

The second largest difference between the distribution of the star
clusters and the GMCs in Fig. 11 compared to the global sample
in Fig. 10 is the correlation length where the function becomes
consistent with a random distribution. The star clusters within the
inner 9 kpc have correlation lengths (1 + ω(θ ) = 1) of a few hundred
parsec, significantly smaller than what is observed for the entire
sample (Fig. 11). 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 shallowness present in
their distribution.

The measured slope for the GMCs (Table 2) from the correlation
function is −0.10 ± 0.03, significantly shallower than the subset
of star clusters located within the PAWS region at −0.28 ± 0.04,
where we only measure the slope for the GMCs and the star clusters
at distances between 100 and 3000 pc, as these scale lengths are
covered fully by all our subsets. 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 clusters with ages less than 10 Myr
old (Fig. 11). The clustering of the GMCs is exceptionally flat
compared to that of the star clusters, although it is consistent with
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4718 K. Grasha et al.

Figure 11. Left: Two-point correlation function 1 + ω(θ ) for the GMCs and the clusters as a function of the spatial scale (parsec) that are located within
both the UVIS and PAWS footprints. The numbers in parentheses 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 separate
the star clusters present in the PAWS coverage by age, finding that 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 star clusters within the PAWS field show shallower slopes and smaller correlation lengths (see also Fig. 12)
compared to the entire star cluster population in Fig. 10. Right: A comparison between the distribution of the most massive and youngest star clusters to the
most massive GMCs. We show star clusters (dashed purple line) with mass cuts at 5000 M� (dashed blue line) and 3 × 104 M� (dashed green line). We also
show the equivalent GMC distribution (solid lines) assuming a 1 per cent SFE. The clustering in the distribution of the GMCs increase with mass and starts to
resemble the distribution present in the star clusters, but at a given mass cut-off, the slopes of the GMCs are still different and significantly shallower from that
observed for the youngest star clusters. The observed slope for the GMC distribution stars to increase for masses greater than 5 × 106 M� (yellow line), but
there are not enough clusters to compare this distribution.

Table 2. Power-law parameters of the two-point correlation function.
Columns list the (1) subset of star clusters or GMCs; (2) number of star
clusters or GMCs in each subset; (3) amplitude A of the angular correlation
function; and (4) slope α of the angular correlation function. Numbers in
parentheses indicate uncertainties in the final digit(s) of the listed quantities,
when available.

Class NSC Aω α

All star clusters in NGC 5194
Star clusters 2862 5.4(0.5) −0.21(0.03)
≤10 Myr 1031 23(3) −0.40(0.05)
10 < Myr ≤ 50 548 13(2) −0.34(0.05)
50 < Myr ≤ 100 439 2.7(0.2) −0.12(0.04)
>100 Myr 844 2.1(0.2) −0.07(0.03)
≤4 kpc 1308 4.5(0.8) −0.23(0.04)
>4 kpc 1554 14.9(0.9) −0.32(0.02)

Star clusters in PAWS fieldb

Star clusters 1268 4.1(0.8) −0.19(0.05)
≤10 Myr 536 8(1) −0.28(0.04)
≤10 Myr & Mass >

5 × 103 M�
330 10(1) −0.31(0.04)

≤10 Myr & Mass >

3 × 104 M�
72 43(15) −0.46(0.13)

GMCsb

GMCs 1507 2.3(0.2) −0.09(0.03)
Mass > 5 × 105 M� 1070 2.5(0.3) −0.11(0.04)
Mass > 3 × 106 M� 338 8.4(1.0) −0.27(0.04)
Mass> 5 × 106 M� 169 20(3) −0.35(0.05)

Notes.aExcludes the star clusters in NGC 5195.
bThe star clusters and the GMCs in the PAWS field are fit over the range
100–3000 pc.

that of star clusters older than 100 Myr. There is an excess in the
clustering of the GMCs around a few hundred parsec, 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 shallower GMC distribution
compared to the young star clusters is also observed within the
flocculent galaxy NGC 7793 (Grasha et al. 2018). The results from
these two galaxies illustrate that the excess in the distribution of the
star clusters must arise from an inherently more clustered distribu-
tion compared to that of GMCs, indicating that not all GMCs result
in a star cluster, and those that do must produce more than one star
cluster, where the production of star clusters is sequential and not
simultaneous. This comparison may be further hindered by our lack
of sensitivity to the dense peaks of CO-dark molecular gas, making
it difficult to detect the location of the dense ISM where the vast
majority of H2 may be actively forming (e.g. Grenier, Casandjian &
Terrier 2005; Wolfire, Hollenbach & McKee 2010; Glover & Smith
2016).

To investigate this further, we compare the distribution of the
youngest and most massive star clusters to the most massive GMCs
(right-hand panel of Fig. 11). 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 cluster formation efficiency (SFE)
of 1 per cent and use that to estimate the resulting stellar mass for a
given GMC mass limit. SFE is expected to be of order a few per cent
in nearby galaxies (Leroy et al. 2008; Usero et al. 2015). There is a
general increase in the slope of the GMC distribution with increas-
ing 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 × 106 M�) start to show a significantly more clus-
tered distribution, albeit with a slightly different distribution than
that of the star clusters. However, we have inadequate numbers
of young, massive star clusters above that value (star cluster mass
>5 × 104 M� for an assumed SFE of 1 per cent); we can only do
the comparison for GMCs with a masscut at >3 × 106 M� (star
cluster mass >3 × 104 M� for an assumed SFE of 1 per cent). We
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Correlations of star clusters with GMCs in M51 4719

Figure 12. Two-point correlation function 1 + ω(θ ) for star clusters at
galactocentric radii greater (orange dash line) or less (purple dot line) than
4 kpc. The numbers in parentheses show the number of clusters in each
classification. Star clusters further from the centre of the galaxy reside in
larger hierarchies, exhibiting greater and slightly less shallow, correlation
lengths than star clusters near the centre.

should note, however, that young star clusters are always signifi-
cantly more clustered than massive GMCs (the right-hand panel of
Fig. 11).

The increased clustering for increasing GMCs mass implies that
our optically identified star clusters arise from a specific subset of
molecular clouds, partly explaining the difference in the spatial dis-
tribution in Fig. 11. We conclude that it is the most massive clouds
that are more likely to produce star clusters, given the comparison
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 res-
olution as well as the inclusion of dense gas tracers (e.g. Watanabe
et al. 2016).

4.2.3 Radial trends

To investigate a potential radial dependence of the star cluster hier-
archies, we divide the star clusters of NGC 5194 into two galacto-
centric 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. Fig. 12 shows that the clustering does in-
deed depend on the position of the clusters within the stellar disc.
For a given spatial scale, the clustering amplitude is significantly
stronger for clusters 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 struc-
tures 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 4.2.2 and
Table 2).

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 centre of the galaxy. The effect of the local ambient

environment in also driving the maximum correlation size is further
discussed in Section 5.

5 D ISCUSSION

A comparable spatial distribution between the star clusters and
molecular gas in the two-point correlation function would suggest
an inheritance of the hierarchy between the components. Indeed, as
shown in Section 4.1.2 and Fig. 8, star clusters that are still associ-
ated with molecular gas are 10 times younger than star clusters that
are spatially separated from molecular gas. As shown in Fig. 11,
despite the close association in time between GMCs and star for-
mation, the hierarchy of the entire GMC catalogue is very shallow
compared to that of the star clusters. Not all GMCs are actively star
forming (Kawamura et al. 2009) and we find that the distributions
between the star clusters and the molecular gas become more sim-
ilar under the assumption of a star formation efficiency of only a
few per cent. This mismatch between the star clusters and molecular
gas was also demonstrated in the galaxy NGC 7793 in Grasha et al.
(2018). While requiring a small SFE identifies the molecular clouds
that are more likely currently forming young star clusters, multi-
ple effects are probably at play to result in the difference observed
in the distributions. Turbulence may play a role in modifying the
shape of the correlation function (Federrath et al. 2009). Feedback
effects are also important and quite possibly influence the distribu-
tions of star clusters differently from that of CO clouds, erasing any
spatial correlation between the star clusters and the molecular gas
on short time-scales. The importance of feedback and turbulence at
different length and time-scales on the clustered distributions will
be investigated in detail in future work.

The local environment and location within the galaxy also im-
pacts sizes of star-forming complexes. The correlation for star clus-
ter complexes within the central 9 kpc exhibit correlation lengths
of a few hundred parsec, significantly shorter than the clustering
scale length of 2 kpc for clusters located beyond 4 kpc (Fig. 12).
By ∼50–100 Myr, the clustering signal has dispersed and is sta-
tistically the same as a random distribution, requiring a velocity
of only ∼1 km s−1 to achieve randomization within this time-scale.
The shorter correlation sizes near the centre 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 random 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 expe-
riencing 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 centre
also increases the survivability of bound clusters, and hence, the
lifetimes and sizes of the complexes in which they reside (e.g. Krui-
jssen et al. 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 disc galaxies
impedes the formation of very massive clusters, preferentially form-
ing systems of smaller clusters and structures (Weidner, Bonnell &
Zinnecker 2010). We would expect that if clusters cannot form, nei-
ther can clustering persist. While there is an age dependence on the
amplitude of the clustering, younger star-forming regions do not
necessarily exhibit shorter correlation lengths than older clusters
(Fig. 10). 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
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arising from the lower tidal shear present at larger galactocentric
distances (Rahna et al. 2018).

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 from Grasha
et al., the velocity for a single crossing time is 13 km s−1. This is
consistent with the estimated velocity of 9.5 km s−1 required for star
clusters to disassociate from their nearest molecular cloud given the
distance and their current age from the closest GMC (Section 4.1.2).
A study by Whitmore et al. (2014) in the Antennae galaxy shows
that the time-scale needed for GMC complexes with a radius of
200 pc to diffuse within 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
time-scales within NGC 5194.

The typical crossing time-scale for spiral arm GMCs from PAWS,
with a radius of 40 parsec and a velocity dispersion of 8 km s−1 is
5 Myr (Schinnerer et al. 2017). This is comparable to the 4–6 Myr
time-scale we derived for star clusters are still associated with their
progenitor clouds. This suggests that the internal velocity, and thus,
the crossing time-scale of molecular 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 time-scale for which
the cloud experiences no other forces outside of its own gravita-
tional collapse. The free-fall time-scale only depends on the density
ρ of the molecular gas, tff = √

3π/32Gρ 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 time-scales; ob-
servations show GMC lifetimes of ∼20–30 Myr within NGC 5194
(Meidt et al. 2015). The short time-scales 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, Haworth & Bressert 2015). The ∼6 Myr time-scale 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 secular motions as well as a dependence on the time-scale
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 ‘destruc-
tion’ remains a local process that does not encompass the GMC as
a whole (Ochsendorf et al. 2016).

An increase in the mid-plane pressure in the disc of a galaxy,
corresponding to a higher surface density, can act to constrain the
winds and movement of the star clusters, resulting in a longer time-
scale of association between the star clusters and gas. In Grasha
et al. (2018), we combine the star cluster catalogue of the floccu-
lent galaxy NGC 7793 with ∼15 pc CO resolution from ALMA
observations. Within NGC 7793, Grasha et al. finds a shorter time-
scale of association between star clusters and GMCs of 2–3 Myr
compared to the ∼6 Myr time-scale we recover for NGC 5194 in
this work. We conclude that the longer disassociation time-scale in
NGC 5194 is a result of an increase in the mid-plane pressure in the
disc compared to a lower surface density galactic system like NGC
7793. In agreement with our results, hydrodynamic simulations by
Kim, Kim & Ostriker (2018) show that cloud destruction takes
∼2–10 Myr after the onset of massive stellar feedback, with the
disassociation time-scale increasing with the gas surface density.

It is clear that the onset of star formation and the dispersal of
the immediate molecular material from the stellar radiative feed-
back occurs rapidly, on time-scales less than 10 Myr (Clark et al.

2005; Hollyhead et al. 2015; Corbelli et al. 2017; Kim et al. 2018;
Matthews et al. 2018; Miura et al. 2018), where our results show
that the environment can play a role in the time-scale for clusters
to clear away their gas. Despite the stark differences between these
two galactic systems, NGC 5194 in this study and NGC 7793 in
Grasha et al. (2018), the relative differences in the age of the star
clusters as a function of distance from their nearest GMC remains
the same; by the time a star cluster is within 2 radii of its nearest
GMC, the star clusters will be half the age of the global star cluster
population (fig. 7 of Grasha et al. 2018), a result of the increase in
the surface density raising the time-scale that star clusters remain
associated with their molecular gas.

In a study of the Antennae galaxy, Matthews et al. (2018) finds
that by 5 Myr, star clusters will start to lose association with their
molecular gas and by 30 Myr, the majority of star clusters have lost
all association with their molecular material. The Antennae galaxy
is a similar system to NGC 5194 and thus it is expected for these
systems to exhibit similar, albeit higher, time-scales compared to
what is seen in NGC 7793 (Grasha et al. 2018). Molecular clouds
are observed to evolve over time and exhibit different levels of star
formation activity. In the LMC, not all GMCs show evidence of
star formation; more evolved and older clouds are more likely to be
associated with optical stellar clusters (Kawamura et al. 2009). The
same study derives a disassociation time-scale 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 evolutionary sequence of GMCs, most active star formation
will lead to the dispersal of the cloud. 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 and GMCs cannot arise solely from GMC dissolution
and must require a component of secular motion that separates star
clusters from their natal clouds.

6 SU M M A RY A N D C O N C L U S I O N

The LEGUS project (Calzetti et al. 2015a) has produced an exten-
sive 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 paper, we combine the LEGUS star
cluster catalogue in NGC 5194 with the GMC catalogue from the
PAWS survey (Schinnerer et al. 2013) to study the time-scale of
association between the star clusters and the molecular gas.

Our main results can be summarized as follows:

(i) The locations of the youngest star clusters are highly cor-
related with the GMC catalogue from PAWS data. Star clusters
that are associated (i.e. located within the footprint of a GMC) are
10 times younger with median ages of 4 Myr than star clusters
that are spatially unassociated with molecular clouds, which exhibit
median ages of 50 Myr.

(ii) Clusters that are at least as old as the typical lifetime of
molecular clouds (�20 Myr) or older are located at distances of at
least three radii from their nearest GMC. Thus, the time-scale we
derive for the disassociation of star clusters with molecular clouds
(∼4–6 Myr) is impacted by both the overall dissolution of the GMC
and the secular motions that move the clusters away from their
initial birth locations. We also find no significant evidence that more
massive GMCs are more likely to host multiple star clusters (Fig. 9).
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(iii) We derive 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, allowing us
to constrain the typical lifetimes of z ∼ 0 star-forming regions.
We find that the amount of clustering of star clusters decreases
with increasing spatial scale (Fig. 10), consistent with star cluster
formation occurring within hierarchical star-forming complexes of
∼1 kpc in size. The power-law slope of the distribution of the star
clusters across the galactic disc is α = −0.21 ± 0.03. The clustering
depends strongly on the age of the clusters, with the clusters younger
than 10 Myr showing a slope of α = −0.40 ± 0.05, indicative that
star-forming hierarchies disperse with time, with randomization
time-scales of ∼50–100 Myr within NGC 5194.

(iv) The correlation function for the GMCs shows a power-law
slope of −0.09 ± 0.03, very shallow compared to the star clusters,
consistent with being nearly randomized (Fig. 11). The GMCs are
distributed in a more homogeneous spatial manner than the star
clusters; this may suggest that the large-scale structure of GMCs
is more easily randomized compared to that of star clusters. When
we match the mass limit of the star clusters to that of the GMCs
by assuming a star formation efficiency of a few per cent, we find
that the clustering present in the GMCs increases to −0.35 ± 0.05
for the most massive GMCs (>5 × 106 M�). This allows for a
better identification of the subset of GMCs that are forming the
current population of star clusters and that the clustering present
in the youngest and most massive star clusters better reflects the
clustering present in most massive clouds.

(v) The size and the strength of the clustering also depend on
the galactocentric radius; larger clustered star-forming regions are
preferentially located further from the galaxy centre (Fig. 12). This
environmental dependence of the clustering of the star clusters is
consistent with clusters near the centre experiencing increased dis-
ruption in a region with higher turbulence, mid-plane pressure, and
shear. This is in agreement with the strong age dependence 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.
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