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1 INTRODUCTION

ABSTRACT

We present an investigation of the relationship between giant molecular cloud (GMC) proper-
ties and the associated stellar clusters in the nearby flocculent galaxy NGC 7793. We combine
the star cluster catalogue from the HST LEGUS (Legacy ExtraGalactic UV Survey) pro-
gramme with the 15 pc resolution ALMA CO(2-1) observations. We find a strong spatial
correlation between young star clusters and GMCs such that all clusters still associated with
a GMC are younger than 11 Myr and display a median age of 2 Myr. The age distribution
increases gradually as the cluster—GMC distance increases, with star clusters that are spatially
unassociated with molecular gas exhibiting a median age of 7 Myr. Thus, star clusters are able
to emerge from their natal clouds long before the time-scale required for clouds to disperse. To
investigate if the hierarchy observed in the stellar components is inherited from the GMCs, we
quantify the amount of clustering in the spatial distributions of the components and find that
the star clusters have a fractal dimension slope of —0.35 = 0.03, significantly more clustered
than the molecular cloud hierarchy with slope of —0.18 + 0.04 over the range 40-800 pc.
We find, however, that the spatial clustering becomes comparable in strength for GMCs and
star clusters with slopes of —0.44 £ 0.03 and —0.45 =+ 0.06, respectively, when we compare
massive (>10° M ) GMCs to massive and young star clusters. This shows that massive star
clusters trace the same hierarchy as their parent GMCs, under the assumption that the star
formation efficiency is a few per cent.
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etal. 2000, 2001; Sanchez et al. 2010), is believed to be imposed by
the hierarchical nature of turbulence (Elmegreen & Efremov 1996,

Star formation is a hierarchical, scale-free process in both space
and time (Efremov & Elmegreen 1998) spanning from individual
stars to entire star-forming galaxies, and is a consequence of gi-
ant molecular clouds (GMCs) converting their molecular mass into
newly formed stars via fragmentation. The observed hierarchical
distribution of stars, star clusters (e.g. Gomez et al. 1993; Zhang,
Fall & Whitmore 2001; Odekon 2008; Gouliermis, Hony & Klessen
2014; Sun, de Grijs & Subramanian 2017; Sun et al. 2018), and pro-
genitor clouds/cores (e.g. EImegreen & Falgarone 1996; Johnstone
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1997; Padoan & Nordlund 2002; Hopkins 2013a,b) throughout the
interstellar medium (ISM).

The Legacy ExtraGalactic Ultraviolet Survey! (LEGUS, HST
GO-13364; Calzetti, Lee & Sabbi 2015), a Hubble Space Telescope
(HST) Treasury program of 50 local (<18 Mpc) galaxies observed in
the UV and optical regimes have enabled unprecedented investiga-
tions into the star formation hierarchies across a diverse population
of galaxies, improving our understanding of the processes of star
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formation in the local universe (Elmegreen et al. 2014; Gouliermis
etal. 2015, 2017; Grasha et al. 2015, 2017a,b).

The dynamical structure of a galaxy is capable of impacting the
local star formation process (e.g. Renaud et al. 2013), and conse-
quently, the overall organization and survival of star-forming struc-
tures. As such, high-resolution studies of local galaxies are ideal
to study the complex interplay between gas and the subsequent
impact on star formation. Early results from the Plateau de Bure
Interferometer Arcsecond Whirlpool Survey (PAWS; Pety et al.
2013; Schinnerer et al. 2013) reveal that the spiral structure of M
51 impacts the gas density of the local environment, which alters
the properties of the GMCs. This inevitably impacts the overall or-
ganization and structure of the ISM at scales of individual GMCs
(Hughes et al. 2013) and the resulting products of star formation
(Messa et al. 2018b).

This paper focuses on the flocculent galaxy NGC 7793, one
of the closest galaxies in the LEGUS sample. A primary science
goal of LEGUS is to further our understanding of the connection
between localized sites of star formation and the global star for-
mation process. LEGUS has vastly increased the number of high-
quality catalogues of young star clusters over a broad range of
galactic environments, improving our understanding of the param-
eters responsible for star cluster formation and evolution in a ho-
mogeneous and consistent manner (Kim et al. in preparation). The
lifetimes of the star-forming complexes were previously investi-
gated for NGC 7793 in Grasha et al. (2017a,b), where we find rela-
tively small size scales of 200 pc for the correlation length of star
formation.

The goal of this paper is to investigate the connection between
molecular gas and associated stellar populations, building upon
the seminal work of Leisawitz, Bash & Thaddeus (1989) where
they studied the effect of stars on the molecular clouds within the
Milky Way. We previously examined the star cluster and GMC
association in another LEGUS galaxy, the interacting spiral sys-
tem NGC 5194 (Grasha et al. in preparation). This paper com-
plements the NGC 5194 study with recent CO (J = 2-1) obser-
vations of NGC 7793 (Bittle et al. in preparation) from the Ata-
cama Large Millimeter/submillimeter Array (ALMA), serving as
an excellent comparison to connect the properties of star clusters
and molecular gas to the spiral structure in two different galactic
systems.

NGC 7793 has 25 arcsec resolution CO (J = 3-2) observations
with the Atacama Submillimeter Telescope Experiment (Muraoka
et al. 2016); the 0.85 arcsec resolution provided by ALMA al-
lows us to resolve down to sub-GMC scales and examine the
molecular gas at scales comparable to the star clusters. NGC 7793
is a cluster-poor flocculent galaxy, which makes it an interest-
ing system to study the properties of star clusters in the context
of their connection to the spiral structure and the time-scale for
star formation to remain associated with molecular clouds. These
results are quite relevant to the longstanding issue of molecular
cloud lifetimes, both before and during star formation, and its re-
lation to the environment (e.g. Kawamura et al. 2009; Miura et al.
2012; Whitmore et al. 2014; Heyer & Dame 2015; Kreckel et al.
2018).

The paper is organized as follows. The galaxy selection and re-
duction process and the acquisition and reduction of the ALMA data
are described in Section 2. The cluster selection and identification
process is described in Section 3. The correlation of the star clusters
to the molecular gas is described in Section 4 and we quantify the
hierarchy of the star clusters and the GMCs in Section 4.4. Finally,
we summarize the findings of this study in Section 5.
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2 NGC 7793

2.1 The HST UV/optical observations

In this paper, we select NGC 7793 from the LEGUS survey and
observe the molecular gas with ALMA (Section 2.2) to study the
impact of spiral arm structures on the properties of both star clusters
and the molecular gas reservoir. NGC 7793 is a nearby (3.44 £ 0.15
Mpc assuming a distance modulus of 27.68 £ 0.09; Pietrzyhski et al.
2010) SAd flocculent galaxy in the Sculptor group. It is character-
ized by diffuse, broken spiral arms, has no bar, and a very faint
central bulge (Fig. 1). It has a relatively low star formation rate
[SFR(UV) 0.52 M yr™; Calzetti et al. 2015], a central oxygen
abundance of 12 + log (O/H) = 8.50 % 0.02 and an oxygen abun-
dance gradient of —0.0662 % —0.0104 dex kpc™* (Pilyugin, Grebel
& Kniazev 2014). Kahre et al. (2018) finds a small dust-to-gas ra-
tio that does not change with galactocentric distance. NGC 7793
has a stellar mass of 3.2 x 10° M and is inclined 47° (Carig-
nan & Puche 1990), has an isophotal R,s radius of 4.65 kpc and a
maximum rotational velocity of 116 kms™* (Dicaire et al. 2008).

The HST observations of NGC 7793 cover two pointings, the
western and eastern part of the galaxy. The eastern pointing is ob-
served in all five bands (F275W, F336W, F438W, F555W, F814W)
with the WFC3. The west pointing is observed in only three bands
(F275W, F336W, F438W) with the remaining two bands (F555W,
F814W) taken from archival ACS observations (GO-9774; P.I. S.S.
Larsen). All archival ACS images are re-reduced using the same
pipeline as the UV and U images with WFC3/UVIS from the LE-
GUS project. Reduced science frames are drizzled to a common
scale resolution, to match the native WFC3 pixel size (0.0396
arcsec pixel™?!), corresponding to a resolution element of 0.66
pc pixel~1. The frames have all been aligned and rotated with North
up. We refer the reader to the detailed descriptions of the standard
reduction of the LEGUS data sets in Calzetti et al. (2015).

Fig. 2 shows the grey-scale V-band image of both the east and
west UVIS pointings overlaid with the positions of the GMCs and
ALMA coverage (Section 2.2) and the star clusters (Section 3).

2.2 The ALMA CO observations

A detailed quantification of the data acquisition, reduction, and
creation of the GMC catalogue, along with the properties of the
molecular clouds (mass function, power spectrum, etc.) and how
they depend on their location within NGC 7793, are described in
Bittle et al. (in preparation). We list here the details necessary for
this study.

We observed the CO (2-1) transition with ALMA band 6
(230.36366 GHz) inthe inner 180 arcsec < 114 arcsec (3 %< 2 kpc) of
NGC 7793 (ALMA programmes 2015.1.00782 and 2016.1.00674;
PI: K. E. Johnson). The total integration time is 3 h with the 12-m
array with 149 pointings at 72.6 s of integration per pointing with
a mosaic spacing of 12.9 arcsec between pointings. Our angular
resolution of 0.85 arcsec allows us to resolve sub-GMC sizes (8 pc
scales) and we are sensitive to emission on scales as large as 11 arc-
sec (175 pc), which allow us to recover the largest molecular
complexes in the galaxy. We have sufficient sensitivity to detect
molecular clouds with masses of 10* M . We also achieve a
velocity resolution of 1.2kms™, sufficient to resolve individual
clouds with expected velocity dispersions of order 2-3kms™. The
final rms noise of the observations is 4 mJy per beam. The non-
detection of spatially extended emission should not affect any of
the results presented in this paper.
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Figure 1. LEGUS colour composite mosaic of NGC 7793: UVIS/F275W and UVIS/F336W (blue), UVIS/F435W and UVIS + ACS/F555W (green), and
UVIS + ACS/F814W bands (red). The outlines show the HST/WFCS3 field of view, with the east pointing (NGC 7793-E) shown in white and the west pointing

(NGC 7793-W) shown in yellow. The red cross marks the centre of the galaxy.
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Figure 2. Positional location and sizes of the GMCs (blue ellipses, minimum mass 3650 M, maximum mass 8.4 x 10° M ) and star clusters (circles) in
NGC 7793 over the UVIS/F438W image. The star clusters are coloured according to their ages, where the youngest are darker pink and the oldest are white.
The yellow star shows the centre of the galaxy. The grey rectangle shows the outline of the ALMA coverage. Star clusters not located within the ALMA

coverage are excluded from all star cluster-GMC comparisons.

2.3 Creating the GMC catalogue

We create the GMC catalogue from the CO(2-1) position—position—
velocity data with the CPROPS segmentation algorithm for spectral
line emission (Rosolowsky & Leroy 2006). After identifying a typi-
cal cube rms noise, local maxima are identified above 4. Emission
above 20 that lie in at least two continuous velocity channels around
an identified peak is then assigned to that peak. For a local maximum
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within a kernel range of another local maximum, we define a shared
contour level. If the peaks both lie above 3.50 of the isophote, they
are determined to be unique entities and the emission is separated
appropriately. From these finalized identifications of clouds, we are
able to measure properties such as size (Rgmc), line width (o), and
luminosity (Lco) for each identified cloud.

By construction, the GMCs represent significant peaks in the
CO emission and we assume that these correspond to the cluster-

8102 Joquiadaq 90 uo Jasn G| Big AT T4IHO Ateiqr] Ad 921890G/9101/L/1810SAE-9[0IE/SEIUW/WO0"dNO"0jWapede//:Sdny WOy papeojumoq



Downloaded from https://academic.oup.com/mnras/article-abstract/481/1/1016/5068176 by Library CHIFLEY Blg 15 user on 06 December 2018



Downloaded from https://academic.oup.com/mnras/article-abstract/481/1/1016/5068176 by Library CHIFLEY Blg 15 user on 06 December 2018



Downloaded from https://academic.oup.com/mnras/article-abstract/481/1/1016/5068176 by Library CHIFLEY Blg 15 user on 06 December 2018



Downloaded from https://academic.oup.com/mnras/article-abstract/481/1/1016/5068176 by Library CHIFLEY Blg 15 user on 06 December 2018



Downloaded from https://academic.oup.com/mnras/article-abstract/481/1/1016/5068176 by Library CHIFLEY Blg 15 user on 06 December 2018



Downloaded from https://academic.oup.com/mnras/article-abstract/481/1/1016/5068176 by Library CHIFLEY Blg 15 user on 06 December 2018



Downloaded from https://academic.oup.com/mnras/article-abstract/481/1/1016/5068176 by Library CHIFLEY Blg 15 user on 06 December 2018



