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ABSTRACT

We present a study correlating the spatial locations of young star clusters with those
molecular clouds in NGC 5194, in order to investigate the time-scale over which cluste@
separate from their birth clouds. The star cluster catalogues are from the Legacy ExtraGalaciic
UV Survey (LEGUS) and the molecular clouds from the Plateau de Bure Interefrometel
Arcsecond Whirpool Survey (PAWS). We nd that younger star clusters are spatially closer t6
molecular clouds than older star clusters. The median age for clusters associated with clo@s
is 4 Myr, whereas it is 50 Myr for clusters that are suf ciently separated from a moleculas
cloud to be considered unassociated. Afted Myr, the majority of the star clusters lose g
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 502
100 Myr before dispersing. The youngest star clusters are more strongly clustered, yieldi R
a two-point correlation function with = S 0.28 + 0.04, than the giant molecular cloud =
(GMCs) ( =S 0.09+ 0.03) within the same PAWS eld. However, the clustering strength of g
the most massive GMCs, supposedly the progenitors of the young clusters for a star formatign
ef ciency of a few percent, is comparable = S 0.35+ 0.05) to that of the clusters. 5
We nd a galactocentric dependence for the coherence of star formation, in which clusteg‘é
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 suggesf§ a
correlation between the survival of a cluster complex and its environment.

e@:sdny wouy pspeojumoq

u

Key words: ISM: clouds—galaxies: individual (NGC 5194, M 51)—galaxies: star clusters:
general —galaxies: star formation — galaxies: stellar content— galaxies: structure.
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Oey, King & Parkei2004 de la Fuente Marcos & de la Fuente Mar-
€0s2009 Karampelas et aR009 Bianchi et al.2012 Gouliermis
A central tenet of our understanding of star formation is that stars et al.2015 2017 Grasha et al2015 2017ab; Sun et al.2017ab;
formin stellar aggregates (e.g. Lada & L&2{203 Portegies Zwart, Gouliermis2018 Rodrguez, Baume & Feinsteip018, providing
McMillan & Gieles 2010 that we call ‘clustered star formation’. In ~ overwhelming evidence for the coherence of star formation over
such a distribution, individual components of a population are more multiple scales and across most galactic environments.
likely to appear near other members than if they were randomly  This hierarchical distribution of star formation is understood as
distributed. Observations have directly measured the correlation ina consequence of dense gas concentrated primarily within giant
the spatial distribution between young stars, stellar clusters, and as-molecular clouds (GMCs) that undergo fragmentation (Carlberg &
sociations (e.g. Gomez et 4993 Zhang, Fall & Whitmore2001; Pudritz 1999 McLaughlin & Pudritz1996, under the in uence
of both gravitational collapse (de Vegaar®&hez & Combe&996
Kuznetsova, Hartmann & Ballesteros-Pare2@$8 and turbulence
E-mail: kathryn.grasha@anu.edu.au (e.g. EImegreen & Scae004 Federrath, Klessen & Schmig009

1 INTRODUCTION
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Girichidis et al.2012 Hopkins, Narayanan & Murra013 Gusze- of molecular clouds, both investigated in this paper. The former
jnov & Hopkins2016), and other feedback processes that act to sup- has been the main topic of two previous papers (Grasha2@ 85
press star formation (e.g. Krumhd@®14). The hierarchical fractal 20173, but notyet performed in such a cluster-rich galaxy to explore
structure of the interstellar medium (ISM) results in a power-law trends at sub-galactic scales.

distribution of the ISM components from which we can measurethe  The paper is organized as follows: the galaxy selection and re-
fractal dimension of the distribution (e.g. Elmegreen & Falgarone duction process are described in Section 2. The cluster selection
1996 Roman-Duval et al2010. Within this framework, young and identi cation process are described in Section 3. The results
star clusters should inherit their clustered distribution from the ISM are described in Section 4, where Section 4.1 brie y introduces
structure from which they are born; observations corroborate the the molecular gas data and the two-point correlation function is

hierarchy of gas (e.g. EImegreen & Falgardr$®6 Stutzki et al. described in Section 4.2. We discuss our results concerning hier-
1998 Sanchez et aR01Q Miville-Deschénes et a201Q Elia et al. archy of the stellar clusters and the connection to the gas reser-
2018 as well as protostellar cores (Johnstone e8DQ 200 voirs in Section 5. We summarize the ndings of this study in

Enoch et al2006 Stanke et al2006 Young et al2006 and young Section 6.
stellar objects (Bressert et 201Q Sun et al2018.
Star clusters, identi able in galaxies up to distances 400 Mpc,
are born at the densest peaks of the hierarchy (Elmedée§ 2 SAMPLE SELECTION AND DATA
and provide a sensitive and direct observational signature of the stalREDUCTION
formation process. The hierarchical distribution of star clusters is |n this paper, we select M 51 (NGC 5194 with its smaller interact-
slowly lost with time, either due to random motions that remove the ing companion, NGC 5195, collectively known as the Whirlpool
fractal imprint, becoming more uniformly distributed with age, or  galaxy) from the LEGUS survey due to the large number of cluster

due to the merging of sub-clusters into larger clusters (e.g. Gieles & candidates over a large observed eld with strong spiral features.
Bastian2008 Bastian et al2009 Davidge, Puzia & McConnachie NGC 5194 is relatively large in size (angular size of

2011). Despite their exceptional tracers of recent star formation, 11 arcminx 7 arcmin and stellar magd = 2.4x 10°M ),

it is not well understood to what extent the galactic environment, and combined with a star formation rate SFR(U¥)3 M yrS?,

both locally and globally, in uences the evolution and survival of  this system provides a large and robust number of young clusters.

star clusters or the complexes from which they are born. These out-NGC 5194 has a relatively low inclination (22Colombo et al.

standing issues need to be properly addressed in order to accuratelp014b), mitigating projection effects, and a distance of 7.66 Mpc

characterize the connection between star formation occurring at the(Tonry et al.2001), suf ciently nearby to lessen confusion between

scales of individual stellar aggregates, with the global scaling re- stellar systems and individual stars.

lation between star formation and gas reservoirs of entire galaxies The LEGUS data set of NGC 5194 provides ve pointings in

(Kennicutt1998 Kennicutt & Evans [12012). the NUV (F275W) andU (F336W) broad-bands, observed with
M 51 (NGC 5194 and NGC 5195) is part of the Legacy Ex- WFC3/UVIS. The newJV/U data consist of four pointings from

traGalactic UV Survey (LEGUS,HSTGO-13364; Calzetti et al. ~ LEGUS, covering the arms and outskirts of the galaxy with a deeper

20153, a Cycle 21HSTtreasury programme of 50 nearby 3.5~ exposure covering the central nucleus of the galaxy (GO-13340; PI:

16 Mpc) galaxies in ve UV and optical bandslQV, U, B, V, and S. Van Dyk). ArchivalB (F435W),V(F555W), and (F814W) im-

) with the goal of investigating the connection between local star- ages with ACS/WFC (GO-10452; PI: S. Beckwith) cover the entire

forming regions — as traced with young stellar clusters —and global NGC 5194+ NGC 5195 system with six pointings, re-reduced

star formation within the nearby universe. Results with the LEGUS ysing the same pipeline with théV andU WFC3/UVIS images

data sets so far include support for a hierarchical star formation from the LEGUS project. The UVIS data only cover a portion of

process (Elmegreen et @014 Grasha et a015 2017 Goulier-  the galaxy (see Fidl), and as a result, our clusters are only located
mis et al.2017) with the age and size distribution of the hierarchies - within the footprint of the UVIS data as these blue wavelengths are
driven by turbulence (Gouliermis et 015 Grasha et a20170; necessary in order to break the age/dust degeneracy and accuratel

investigation of the effect on the evolution of galaxies from the derive the ages of the young stellar clusters (e.g. Anders20@d
radiative and mechanical feedback of star clusters (Calzetti et al. Chandar et al201qQ Adamo et al2017).

20151); tests for variations in the initial mass function (IMF) of Reduced science frames are drizzled to a common scale reso-
star clusters (Krumholz et &2015 Ashworth et al2017); test spi- lution, corresponding to the native WFC3 pixel size (0.0396 arc-
ral density wave theory (Shabani et 2018; and extinction maps  sec pixef!). The frames have all been aligned and rotated with
using stellar catalogues to investigate variations in the dust-to-gasnorth up. Detailed descriptions of the standard data reduction of the

ratio with metallicity (Kahre et aR018). In this work, we perform LEGUS data sets are available in Calzetti et 201(53.
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 3 CREATING THE VISUALLY IDENTIFIED
having been performed in the occulent spiral NGG 7793 (Grasha STAR CLUSTER CATALOGUES

etal.2018. ) A detailed description of the cluster selection, identi cation, pho-
The cluster catalogue of M51 covers a much larger portion of the tometry, and spectral energy distribution (SED)- tting procedures
galaxy than the catalogue of NGC 7793. Thus, M51 is an excellent for the LEGUS galaxies is presented in Adamo et 201(). The
benchmark to investigate the clustering nature of star clusters asproduction of the cluster catalogue and completeness tests applied to
a function of galactocentric distance in a grand-design spiral, in NGC 5194 are detailed in Messa et 20183 and the completeness
addition to the connection of the young stellar clusters with maps jimit in the ve broad-bands and across the various environmental
sub-regions are further detailed in Messa et 2018H. We sum-
marize here brie y the aspects of Adamo et al. and Messa et al. that
Ihttps://archive.stsci.edu/prepds/legus/ are important for the current paper.
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