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ABSTRACT

Recent cosmological hydrodynamical simulations are able to reproduce numerous statistical properties of galaxies that are
consistent with observational data. Yet, the adopted subgrid models strongly affect the simulation outcomes, limiting the
predictive power of these simulations. In this work, we perform a suite of isolated galactic disc simulations under the SMUGGLE
framework and investigate how different subgrid models affect the properties of giant molecular clouds (GMCs). We employ
ASTRODENDRO, a hierarchical clump-finding algorithm, to identify GMCs in the simulations. We find that different choices of
subgrid star formation efficiency, €, and stellar feedback channels, yield dramatically different mass and spatial distributions
for the GMC populations. Without feedback, the mass function of GMCs has a shallower power-law slope and extends to higher
mass ranges compared to runs with feedback. Moreover, higher e results in faster molecular gas consumption and steeper mass
function slopes. Feedback also suppresses power in the two-point correlation function (TPCF) of the spatial distribution of GMCs.
Specifically, radiative feedback strongly reduces the TPCF on scales below 0.2 kpc, while supernova feedback reduces power on
scales above 0.2 kpc. Finally, runs with higher e exhibit a higher TPCF than runs with lower €, because the dense gas is depleted
more efficiently, thereby facilitating the formation of well-structured supernova bubbles. We argue that comparing simulated and
observed GMC populations can help better constrain subgrid models in the next generation of galaxy formation simulations.
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1 INTRODUCTION

During the last few decades, cosmological hydrodynamical simu-
lations have become one of the most powerful tools to study the
formation and evolution of galaxies (see Vogelsberger et al. 2019,
for a recent review). Due to ever increasing computing power, both
large-scale (e.g. Dubois et al. 2014; Vogelsberger et al. 2014; Schaye
et al. 2015; Davé, Thompson & Hopkins 2016; Tremmel et al.
2017; Springel et al. 2018; Davé et al. 2019) and zoom-in (e.g.
Guedes et al. 2011; Hopkins et al. 2014; Wang et al. 2015; Wetzel
et al. 2016; Grand et al. 2017; Henden et al. 2018) cosmological
simulations have made rapid progress in reproducing various types
of galaxies and several galactic scaling relations. This success is
partly due to more accurate treatments of complex astrophysical
processes, such as gravity, gas dynamics, and radiative heating and
cooling. However, the most significant advances have been a result of
novel implementations that describe physical processes that cannot
be spatially or temporally resolved in these simulations, such as star
formation (e.g. Cen & Ostriker 1992; Katz 1992; Navarro & White
1993; Springel & Hernquist 2003; Li et al. 2017) and stellar feedback
(e.g. Stinson et al. 2006; Agertz et al. 2013; Vogelsberger et al. 2013;
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Ceverino et al. 2014; Hopkins et al. 2014; Smith, Sijacki & Shen
2018; Marinacci et al. 2019) subgrid models.

These subgrid models are typically calibrated by the observed
properties of galaxies, such as the galaxy luminosity functions, star
formation histories (SFHs), and Kennicutt—Schmidt relation. How-
ever, it is unsettling that simulations with disparate and sometimes
contradictory subgrid models produce galaxies with similar global
properties by fine-tuning their model parameters, thus reducing
their predictive power (Naab & Ostriker 2017). Moreover, even
though these simulations reproduce many galactic properties, it is
still unknown whether they capture the small-scale structures of
the interstellar medium (ISM) properly. As the spatial and mass
resolutions of the simulations, especially the zoom-in ones, are
approaching the size and mass of individual star-forming regions
(e.g. Wetzel et al. 2016; Li et al. 2017; Hopkins et al. 2018; Lahén
et al. 2019; Wheeler et al. 2019; Agertz et al. 2020), it is urgent to
test these subgrid models using observables on similar scales.

Most stars in galaxies are formed in star clusters, which emerge
from cold and dense giant molecular clouds (GMCs). The observed
linear correlation between molecular gas and star formation surface
density (e.g. Kennicutt 1998; Gao & Solomon 2004; Genzel et al.
2010; Garcia-Burillo et al. 2012; Tacconi et al. 2013) suggests that
molecular gas is a direct indicator of star formation activity in
galaxies. Over the past few decades, many observational studies have
already been conducted to systematically investigate the statistical
properties of GMCs in both the Milky Way (see a recent review
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Heyer & Dame 2015) and nearby face-on galaxies (e.g. Engargiola
et al. 2003; Rosolowsky 2005; Rosolowsky & Blitz 2005; Hughes
et al. 2013; Meidt et al. 2013). Most recent sub-mm surveys of
nearby galaxies, such as PHANGS-ALMA (e.g. Sun et al. 2018)
and ALMA-LEGUS (Grasha et al. 2018, 2019), have delivered
detailed molecular gas distributions with unprecedented resolution
and sensitivity that can resolve individual GMCs of mass ~ 10* Mg
and size ~10 pc, coincident with the resolutions of the most recent
galaxy formation simulations. Comparing the simulations with these
sub-mm observations offers a great opportunity to improve subgrid
implementations in cosmological simulations that aim at resolving
the multiphase ISM and star-forming regions.

Indeed, different types of galaxy formation simulations have
investigated the properties of GMCs, such as mass function, velocity
dispersion, and virial parameter, during the part decade. Previous
isolated galactic disc simulations focused on how galactic envi-
ronments affect the evolution of GMCs and how galactic shears
and cloud—cloud collisions provide turbulent energy for individual
clouds (e.g. Tasker & Tan 2009; Dobbs, Burkert & Pringle 2011;
Tasker 2011; Dobbs & Pringle 2013; Ward et al. 2016). Moreover,
the inclusion of molecular chemistry in the simulations was also
shown to be an important factor for direct comparison with sub-
mm observations (e.g. Khoperskov et al. 2016; Duarte-Cabral &
Dobbs 2017; Nickerson, Teyssier & Rosdahl 2019). However, most
of these simulations did not include localized stellar feedback from
multiple feedback channels that help disrupt GMCs and maintain
a multiphase ISM. These feedback processes are demonstrated
to be essential to the prediction of the ISM structure and cloud
properties (e.g. Hopkins, Quataert & Murray 2012; Grisdale et al.
2018; Benincasa et al. 2020). On the other hand, several recent
cosmological simulations have explored the effects of star formation
and stellar feedback subgrid models on the properties of molecular
gas and star clusters. In Li, Gnedin & Gnedin (2018), we investigated
how the subgrid star formation prescriptions affect the various
properties of young massive clusters. We showed that the initial
cluster mass function and the cluster formation efficiency depends
strongly on the choice of the local star formation efficiency per free-
fall time, €. Using a subset of NIHAO simulations, Buck, Dutton
& Maccio (2019) showed that the choice of star formation density
threshold changes the spatial clustering of young stars and favours a
high values for the threshold.

To systematically investigate the effects of subgrid models on the
properties of molecular gas in galaxy formation simulations, in this
paper, we perform a suite of high-resolution simulations of isolated
Milky Way-sized galaxies using the Stars and MUItiphase Gas
in GaLaxiEs — SMUGGLE model, an explicit and comprehensive
stellar feedback framework (Marinacci et al. 2019, M19) for the
moving-mesh code AREPO (Springel 2010). We run the simulations
starting from the exact same initial conditions but with different
variations of subgrid models and parameters. We study the mass
and spatial distribution of GMCs as identified by the hierarchical
clump-finding algorithm, ASTRODENDRO. This paper is organized as
follows. In Section 2, we briefly summarize the physical processes
involved in the SMUGGLE model, describe the setup of different
model variations, and illustrate the workflow to identifty GMCs from
the simulation snapshots. In Section 3, we show the similarity and
differences of the various properties of the molecular gas, such as
the gas density profile, mass function, and two-point correlation
function (TPCF) of the model GMCs, for different model variations.
In Section 4, we compare our results with some previous studies
and discuss a few caveats in our numerical experiments. Finally, we
summarize the key results of the paper in Section 5.
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2 METHODS

In this section, we first recap some key physical ingredients of the
SMUGGLE model and provide the information on the initial condi-
tions, simulation resolutions, and different variations of subgrid star
formation and stellar feedback models. We also describe the analysis
procedure for identifying GMCs from the simulation snapshots using
the hierarchical clump-finding algorithm, ASTRODENDRO.

2.1 Isolated Milky Way-sized galaxy with SMUGGLE

The simulations presented in this paper are performed with the
moving-mesh finite-volume hydrodynamic code AREPO. In AREPO,
the control volumes are discretized by a Voronoi tessellation, which
is generated from its dual Delaunay tessellation determined by a set
of mesh-generating points. Our simulations include hydrodynamics,
self-gravity, radiative heating/cooling, star formation, and stellar
feedback using the SMUGGLE model. The model incorporates
explicit gas cooling and heating over a large range of temperatures
between 10-108 K so that the thermodynamical property of the ISM
is modelled explicitly.

More importantly, SMUGGLE adopts physically motivated star
formation and feedback subgrid models. Star particles are formed
from cold, dense, and self-gravitating molecular gas at a rate that
depends on the star formation efficiency per free-fall time M, =
€it M gas / Tir, Where M,, My, and 7y are the star formation rate (SFR),
gas mass, and free-fall time-scale of a given Voronoi cell above the
star formation density threshold, ng, = 100cm ™. All relevant stellar
feedback processes, such as photoionization, radiation pressure,
energy and momentum injection from stellar winds and supernovae
(SNe), are included. Because each star particle in the simulations
represents a single stellar population, the mass, momentum, and
energy deposition rates are determined by the IMF-averaged values
assuming a Chabrier (2003) IMF. SN events are sampled discretely
via a Poisson process with a rate determined by the IMF and SN
progenitor mass. Unless the cooling radius of the SN remnants is
resolved locally, the PdV work in the Sedov—Taylor phase is modelled
via direct momentum deposition. Feedback energy and momentum
from young star particles are deposited to 64 nearest gas cells in a
solid angle-weighted fashion. Momentum feedback of fast and slow
winds from OB and AGB stars is deposited in a similar fashion. While
the simulations do not include direct treatment of radiative transfer,
we treat photoionization around young star particles by imposing a
temperature floor of 1.7 x 10* K to the nearby gas cells stochastically
based on the total budget of ionizing photons. We refer the reader
to the flagship SMUGGLE paper, for a detailed description of
the numerical implementation. This model successfully reproduces
the multiphase ISM structure, generates galactic fountain flows
self-consistently, and maintains feedback-regulated inefficient star
formation that is consistent with observations.

The initial conditions used in this paper are the same as that of M 19.
It contains a Milky Way-sized galaxy of total mass of 1.6 x 10'> M,
which consists of a stellar bulge and disc, a gaseous disc, and a
dark matter halo, whose masses are similar to the Milky Way. The
gaseous disc has a total mass of &~ 9 x 10° Mg, and initially has an
exponential profile with a scale length of 6 kpc. This initial setup
gives a gas fraction around 10 per cent within R, = 8.5 kpc. In order
to resolve molecular clouds more massive than ~ 10* M, the mass
resolution of the simulation is around 1.4 x 10® Mg, per gas cell,
which corresponds to that of the highest resolution runs in M19.
The gravitational softening for gas cells is adaptive, with a minimum
softening of about 3.6 pc for all simulations presented in this paper.
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Table 1. Summary of the six model variations in this paper. The column ‘SN’
means the SN energy and momentum feedback, while ‘Radiative’ means both
the photoionization and radiation pressure from young stars.

Name €ff SN Radiative
SFE1 0.01 Yes Yes
SFE10 0.1 Yes Yes
SFE100 1.0 Yes Yes
Nofeed 0.01 No No
SN 0.01 Yes No
Rad 0.01 No Yes

2.2 Model variations

Starting from the same initial conditions, we vary the star formation
and stellar feedback subgrid models to investigate how they affect
the properties of the GMCs in the isolated Milky Way-sized galaxy.
We change the value of €5 from 0.01 to 1 to study how the rate
of local star formation efficiency affects both the properties of the
galaxy and individual star-forming regions. We switch on and off
different stellar feedback channels, e.g. SN and radiative feedback,
to study how different forms of feedback influence the properties of
molecular gas on different scales. Below, we describe the six different
model variations in detail and list the key parameters in Table 1. For
other model parameters that are not mentioned here, we use the same
values as the fiducial run (High) in M19.

(1) ‘SFE1’: fiducial run (High) in M19 with e = 0.01 and full
suite of stellar feedback mechanism.

(i1) ‘SFE10’: the same as ‘SFE1’ except with €5 = 0.1.

(iii) ‘SFE100’: the same as ‘SFE1’ except with e = 1.

(iv) ‘Nofeed’: the same as ‘SFE1’ but with no stellar feedback.

(v) ‘Rad’: the same as ‘SFE1’ but with only radiative feedback
(photoionization and radiative pressure).

(vi) ‘SN’: the same as ‘SFE1’ but with only SN feedback.

2.3 GMC identification with ASTRODENDRO

To quantify the effects of subgrid models on the properties of
GMCs, we need to establish a robust way to identify GMCs from
the simulation output. We adopt the methodology used by previous
observations and focus on the GMC identification in 2D molecular
surface density maps.

We first generate the molecular gas surface density projection
along the z-axis for a given snapshot, corresponding to a face-on
orientation in our simulations. The molecular gas density for each
cell is estimated based on the prescription of McKee & Krumholz
(2010) and Krumholz & Gnedin (2011), where the molecular fraction
depends on the metallicity and gas surface density. We focus
on the central 40 x 40kpc region of the galaxy and resolve it
with 10000 x 10000 pixel, therefore the size of each pixel in the
projection map is 4 x 4 pc. To better mimic the resolution of recent
ALMA observations, we smooth the projection maps with a Gaussian
kernel! of similar size as the ALMA beam used in observations
(Grasha et al. 2018). As an example, the left-hand panel of Fig. 1
shows one representative projection map after smoothing for SFE1
run at 0.5 Gyr.

'We vary the size of the Gaussian kernel between 4 and 16 pc and find that the
density projection and the properties of the identified GMCs are not sensitive
to the choice of the kernel size.

MNRAS 499, 5862-5872 (2020)

After the molecular gas surface density map is prepared, we iden-
tify dense structures as GMCs using ASTRODENDRO, a dendrogram-
based clump-finding algorithm that has been used extensively to
identify molecular clumps in observations for various astronomical
purposes, e.g. finding molecular cores in star-forming regions and
GMC:s in different galaxies (Rosolowsky et al. 2008). Different from
other clump-finding tools, ASTRODENDRO is based on local segmen-
tation and reveals the hierarchical relationship among clumps and is
demonstrated to identify reliable structures in both position—position
and position—position—velocity data structures (for a comparison of
different clump-finding algorithms, see Li et al. 2019).

The same as other clump-finding algorithms, ASTRODENDRO
requires a few parameters to define the boundaries of structures
of interests: min_value (0 pase, min,» the minimum value of the field
to be considered as an overdensity), min_delta (o gelta, min, MiNiMumM
significance for structures to avoid including small local maxima
caused by fluctuation), and min_npix (Npix, min, the minimum number
of pixels of a clump to be identified). How to choose the values
of these parameters is somewhat subjective. To better compare our
simulation results with observations, we decide to use the values
that are adopted from observations as a guideline. When analysing
observational data with ASTRODENDRO, O pase. min COITEsponds to
the minimum signal-to-noise ratio above which the clumps are
considered. The noise level of observation depends on the sensitivity
of the telescope. In Grasha et al. (2018), they reported a noise
level around Iéafm,ise ~ 4mJybeam~! with a velocity resolution
of 1.2 kms™. Giving their angular resolution of 0.85arcsec, a
conversion factor between CO(1-0) and CO(2-1) (e.g. Sakamoto
et al. 1999; Sawada et al. 2001), and an X-factor (e.g. Solomon
et al. 1983; Dickman, Snell & Schloerb 1986), the corresponding
noise level of the molecular gas surface density is oapma ~ 9.2 X
10° Mg kpc 2. We use Opgee min = 18.4 x 10° Mgkpce ™2 as our fidu-
cial value, which basically means a 20 a1 ma significance. Moreover,
we used Odelta,min = 9.2 x 10° MOkpC72 (1o arma) and Npix, min = 64
to avoid any insignificant and unresolved clumps, similar to the values
used in a few ALMA observations. To systematically investigate the
sensitivity of the properties of the identified GMCs to the choice of all
three parameters, we vary each parameter around the fiducial values
and compare the mass function of GMCs in different combination
of the three parameters. We find that varying the three parameters
only changes the distribution of GMCs at the low-mass end (e.g.
< 10*Mg,) but does not change the results much for more massive
GMCs, see Appendix A for details. As the low-mass GMCs are close
to the resolution limit of the simulations, for all quantitative analysis
below, we simply discard all GMCs less massive than 10* M.

The middle panel of Fig. 1 shows the distribution of the identified
GMCs run using the fiducial ASTRODENDRO parameters described
above. We find that ASTRODENDRO does an excellent job on identify-
ing GMC:s in different environments, such as in the galaxy nuclear,
spiral arms, and inter-arm regions. In the right-hand panel, we show
the molecular gas distribution for the inner 4 x 4 kpc region of the
galaxy together with the isodensity contours of individual clumps and
the best-fitting ellipses that represent the first and second moments
of the clumps. As expected, most of the GMCs follow the spiral
structure of the host galaxies; some of them are actually beads along
the rings of superbubbles. Most of the GMCs are not spherical in
shape. The major axis of the best-fitting ellipses largely follows
the orientation of large-scale filamentary structures, suggesting that
dense gas is stretched along the spiral arms and is compressed in
perpendicular directions. As we will see later, the properties of the
identified GMC populations depend strongly on the choice of subgrid
models in the simulations.
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Figure 1. Identification of GMC candidates from the molecular surface density projection using the ASTRODENDRO algorithm. Left-hand panel: face-on
projection of molecular surface density for the whole galactic disc in SFEI run at 0.5 Gyr. Middle panel: spatial distribution of the identified GMCs indicated
with red circles. Right-hand panel: The identified GMCs are shown as green iso-density contours, while the best-fitting ellipse of each clump is overplotted as
red ellipse. The physical size of these three plots are 40, 16, and 4 kpc on a side, respectively. All panels share the same surface density scale as shown in the

colour bar on the right-hand side.

3 RESULTS

We run the simulations from the same initial conditions of an isolated
Milky Way-sized galaxy with all six model variations described in
Section 2.2. All simulations are run for 1 Gyr. Since the gas disc needs
sometime to relax and settle down to a new equilibrium configuration,
we analyse all properties of GMCs after 0.4 Gyr when the multiphase
ISM is fully developed with the help of initial star formation and
stellar feedback activities. As can be seen below, after this epoch the
SFR becomes fairly stable for most of the runs. We utilize the clump-
finding algorithm, which is described in Section 2.3, on simulation
snapshots between 0.4 and 1 Gyr with a separation of 50 Myr for each
run and quantify the variation of the GMC properties over a long
period of simulation time. Although the actually snapshot storage
frequency is much higher (every 1Myr), we choose this 50 Myr
separation for analysing GMC properties to avoid identifying the
same GMCs of different evolution stages across multiple snapshots.

3.1 Star formation histories

Before investigating the properties of GMCs, we first examine the
changes of SFH for different model variations. Fig. 2 shows the SFHs
of the Milky Way-sized galaxy in six model variations during the
first 1 Gyr. The SFR is averaged over 10 Myr so that the stochasticity
caused by individual star-forming regions is smoothed out while the
galactic-scale variation is captured.

Without feedback, as expected, the Nofeed run reaches a much
higher SFR, > 30Mg yr'!, after the first dynamical time of the
simulation due to the initial gravitational runaway collapse. The
SFR gradually decreases after 0.2 Gyr because the initial starburst
consumes a large fraction of gas mass in the galactic disc. Although
the fast decreasing gas mass, the SFR in the Nofeed run is still
always higher than all other runs with stellar feedback throughout
the whole simulation period. In contrast, runs with stellar feedback
shows a fairly low SFR around a few Mg yr~!, consistent with the
current value of the Milky Way, although SFR declines slightly as a
function of time. This decline is likely due to gas consumption via star
formation and no replenishment of gas from accretion because of our
idealized setup. As described in the above section, we identify GMCs
in many snapshots between 0.4 and 1 Gyr and report the summary
statistics of GMC properties to minimize the stochasticity from
individual snapshots. For runs with higher €, the SFR rises more

102 T T T T

—— SFE1

—— SFE10
SFE100
Nofeed

0.0 0.2 0.4 0.6 0.8 1.0
t (Gyr)

Figure 2. Star formation histories (SFHs) of the simulated galaxy during
the first 1 Gyr in all model variations: SFE1 (blue), SFE10 (yellow), SFE100
(green), Nofeed (red), SN (purple), and Rad (brown). The details of the model
variations are described in Section 2.2.

dramatically during the first 0.2 Gyr. This is because the conversion
from gas to star is faster with higher €5 and, because the galaxy is still
settling down to a new equilibrium, stellar feedback does not have
enough time to react and regulate star formation. After 0.4 Gyr, runs
with different e have similar average SFR, although higher € runs
exhibit more burstiness. The SN run has a significantly higher SFR
during the first few hundred Myr, but gradually reach a stable SFR
that is similar to the SFE1 run. The Rad run shows similar behaviour,
but with a SFR always slightly higher than than other runs with SN
feedback, though the SFR in Rad is still in a reasonable range for a
Milky Way-sized galaxy.

3.2 Visual impression of the gaseous disc in different runs

As discussed in the previous section, with the exception of the Nofeed
simulation, the galactic SFR is not dramatically different between

MNRAS 499, 5862-5872 (2020)
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Rad

Figure 3. Face-on view of the gas surface density projection at 0.5 Gyr for all model variations, whose names are labelled at the lower left-hand corner of each

panel. The physical size of each projection is 40 x 40 kpc.

the runs. This means that the global star formation activity is not
very sensitive to the choice of different subgrid models/parameters
for Milky Way-sized galaxies. We now investigate the properties of
the ISM and examine the similarities and differences for different
model variations. Before presenting the quantitative results, we first
give some visual impression of these simulations and describe the
characteristic features of the gas distribution qualitatively.

Fig. 3 shows the gas surface density projected along the z-axis
(face-on view) at 0.5 Gyr when all model variations reach a roughly
stable SFR. In all runs, the dense gas tends to distribute along the
spiral structures as well as the central region of the galaxy. We find
that, although the galactic SFR for all runs (except Nofeed) is similar
at this epoch, the gas distribution differs strikingly.

In SFEI, the gas disc is well-structured, consists of dense gas
clumps along the spiral arms and many low density, high temperature
cavities that are created by SN explosion from young massive star
clusters. The spiral arms are not persistent but short-lived, and are
constantly disrupted by various feedback processes launched from
dense star-forming regions. The feedback bubbles compress the
ambient ISM and trigger the formation of dense gas clumps along
the edge of the bubbles.

In contrast, in the Nofeed run, a large fraction of gas mass is con-
centrated in several large and massive gas clumps. These clumps orbit
around the galactic disc, accrete gas mass, and carve out kpc-scale
low density regions. Because there is no stellar feedback to terminate
the gas accumulation on to these clumps, the mass of these clumps
is only limited by star formation and the large-scale galactic shears.

Compared to SFE1, the Rad run does not show many low density
cavities. Instead, the gas disc is dominated by several prominent and
long-lasting spiral arms where massive GMCs are located. The lack
of cavities and the existence of long spiral arms suggest that radiative

MNRAS 499, 5862-5872 (2020)

feedback alone is not able to create kpc-scale superbubbles and
puncture holes through the galactic disc vertically. The suppression
of star formation happens locally within the scales of individual
star-forming regions, where dense gas is heated and dispersed by
photoionization and radiation pressure.

The gas surface density distribution for runs with different ey,
SFE1, SFE10, and SFE100, is quite similar, but there are some subtle
differences. For example, in SFE100 run, dense gas is organized into
many shell-like structures of similar sizes along the spiral arms.
These shells are well-arranged across the whole disc and most of
the dense gas is distributed along the edge of the bubbles, where it
is compressed by shocks from different directions. The regularity of
the shell structure in SFE100 is not seen in SFEI. Instead, in SFE1
run, low-density bubbles have dramatically different sizes and are
much less-organized. The possible explanation of this difference is
the following. Higher e leads to faster gas consumption and shorter
lifetime of dense gas. Therefore, the gas density distribution cuts off
to much lower density for higher €. This means the environment
that SN feedback acts on to has narrower dynamical range for the
gas density. The similarity of the density of star-forming regions
leads to a similar size of the SN-driven bubbles. In contrast, in low
€ case, because of the broad range of cell density in star-forming
regions, SN explosions in different locations trigger superbubbles
with dramatically different sizes.

3.3 Surface density profiles of molecular gas

We now analyse the molecular content of the galaxy. Fig. 4 shows
the molecular gas surface density profiles of the gaseous disc from
different model variations. The profiles are centred at the centre-of-
mass of the gas disc and extend to 15 kpc. For all model variations,
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Figure 4. Surface density profiles of molecular gas for the central 15 kpc for
different runs. Each line represents the mean profile across many snapshots
between 0.4 and 1 Gyr. The variance around the median profiles is around
0.2-0.5 dex and we do not show this variance for the clarity of the figure.

the molecular gas surface density is between 10° and a few times
10’ Mg pc~? and decreases with increasing galactocentric radii,
consistent with observations. In the Nofeed run, because of the lack
of stellar feedback, the initial star formation burst consumes a large
fraction of gas mass during the first few hundred Myr and leads to
a deficit of both atomic and molecular gas after 0.4 Gyr. Therefore,
the profile for the Nofeed run is systematically lower than other
runs. There is another trend that runs with higher €5 show lower
molecular gas density profiles. Interestingly, the total gas masses in
SFE1, SFE10, and SFE100 runs are very similar. Therefore, the lower
density profiles in higher e runs are not due to the lack of total gas
mass, but the faster consumption of molecular gas by star formation.

3.4 GMC mass function

Following Section 2.3, we identify GMCs from many simulation
snapshots between 0.4 and 1.0 Gyr. The identified GMCs span a
wide range of mass from ~ 107 M, all the way down to the resolution
limit of the simulations around several 103 M. Fig. 5 summarizes
the cumulative mass functions of the model GMCs for all runs. As
discussed in Section 2.3, the shape of the mass function at the low-
mass end (<10* My) is sensitive to the choice of ASTRODENDRO
parameters. So here, we only show results above this mass limit.
Fig. 5 also shows the scatter of the mass function for different
snapshots over time. We find that the scatter for all runs is relatively
small, indicating that the GMC population is in a steady state. This
means that the statistically properties of these model GMCs are
meaningful and do not depend strongly on the specific epoch of the
simulations.

In general, we find that the mass function of model GMCs can be
described by a power law,

am o MF, (D

where B is the power-law slope. We fit the mass function with
equation (1) and obtain the slopes using the maximum likelihood
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Figure 5. Cumulative mass function of the identified GMCs in different
runs. Each solid line shows the median value of the mass function while the
error bars enclose its range across many snapshots from 0.4 to 1 Gyr. The
mass function of Galactic GMCs (Fukui & Kawamura 2010) is overplotted
as black diamonds for comparison. Here, we only include GMCs with mass
higher than 10* M, therefore all cumulative mass functions are normalized
at 10* Mg . Mass functions of different slopes, 1.5, 1.7, and 2 are overplotted
as dotted lines for reference.

Table 2. Best-fitting power-law slopes of the GMC mass function in six
model variations. B, Binner» and Bouter are the mean slopes for the overall
GMC sample, GMCs in the inner disc (<5 kpc), and GMCs in the outer disc
(>5kpc), respectively. The standard deviations of the slopes derived from all
analysed snapshots are also listed here for reference.

Name B Binner Bouter

SFE1 1.78 £ 0.01 1.54 £ 0.02 1.95 + 0.01
SFE10 1.95 £ 0.04 1.81 £ 0.07 2.01 £0.03
SFE100 2.08 £+ 0.04 1.94 + 0.07 2.14 £ 0.04
Nofeed 1.67 £ 0.02 1.45 £ 0.06 1.70 £ 0.02
SN 1.78 £ 0.02 1.56 + 0.05 1.93 +0.03
Rad 1.77 £ 0.04 1.58 £ 0.03 1.91 £ 0.05

estimation method for all GMC catalogues at different snapshots.
The mean and standard deviation of the slopes for each run are listed
in Table 2.

It is clear that, in the Nofeed run, the mass function is systemati-
cally shallower and extends to larger masses than all other runs with
stellar feedback. Moreover, it also shows a statistically significant
exponential cutoff at high-mass end. Considering this cutoff and
fitting the mass function with a Schechter function, the power-law
slope is even shallower than the one that is obtained from pure power-
law fit. As we discussed before, because of the lack of stellar feedback
to terminate gas accretion on to GMCs, a large fraction of molecular
mass is concentrated on a few very massive GMCs, producing an
excess number of high-mass GMCs.

On the other hand, the mass functions of SFE1, Rad, and SN runs
are not so different from each other and are all very similar to the
observed GMC mass function in our Galaxy. The SN run extends to
a slightly higher GMC masses, although the difference is within the
uncertainty of the time variation during the course of the simulations.
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Figure 6. Same as Fig. 5, but for GMCs in two groups separated by their
galactocentric radii: inner (<5 kpc, solid) and outer (>5 kpc, dashed).

Interestingly, we find a systematic trend that higher € leads to steeper
slope of the mass function and smaller maximum GMC mass. These
trends are caused by the fast gas consumption and short molecular
gas lifetime in high e, also seen in Section 3.3.

3.5 GMC mass function at different galactocentric radii

Recent observations of the Milky Way and nearby galaxies have
revealed a systematic variation of the shape of the mass function for
GMC s from different locations in the galaxies. GMCs that reside
in the inner gas disc tend to have shallower mass function than the
ones in the outer disc (e.g. Rosolowsky 2005; Rice et al. 2016).
Here, we explore the spatial variation of the GMC populations in
our simulations.

We split the whole GMC sample into two groups, inner (<5 kpc)
and outer (>5 kpc), based on their galactocentric radii. Fig. 6 shows
the median of the mass functions of the two groups from many
snapshots for all runs. Although the shape of the mass function
varies in different model variations as discussed in Section 3.4,
all models show the same trend that GMCs in the inner disc have
shallower mass functions than that of the outer ones, consistent with
observations. We tried different galacto-centric radii from 3-8 kpc to
split the GMC sample and found that the trend is robust to choice of
this value in this range. For example, in SFE1 run, the slope is 1.54
for the inner group of GMCs and 1.95 for the outer group. These
slopes are also quantitatively consistent with the observations of our
Milky Way (Rosolowsky 2005). The mean and standard deviation
of the power-law slopes for inner and outer samples for all model
variations are listed in Table 2. Moreover, we find that the mass
functions for inner GMCs show a clear cutoff at high mass end,
while the outer ones are best described by pure power law without a
statistically significant cutoff (e.g. Rice et al. 2016). The difference
in the mass function between inner and outer disc suggests a strong
environmental effects on gas fragmentation by a combination of
galactic shear and external pressure, see also Ward et al. (2016) and
Jeffreson & Kruijssen (2018).
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Figure 7. Probability density function of the GMC shape indicator, the ratio
between semi-minor and semi-major axis, for all GMCs with mass higher
than 10* M, in different runs. The same as previous figures, each solid line
shows the median value of the distribution across many snapshots from 0.4 to
1 Gyr. We do not show the variance around each line in the figure for clarity
as the variance is very small, <0.1 dex.

3.6 Shape of GMCs

Asdiscussed in Section 2.3, ASTRODENDRO identifies GMCs based on
the isodensity contours of the molecular map and organizes the GMC
sample in a hierarchical way. After the envelop of an identified GMC
is determined, ASTRODENDRO also models the best-fitting ellipses,
which can be used to study its intrinsic shape in 2D. In Fig. 7,
we show the distribution of the ratio between semiminor (b) and
semimajor axis (a) of all GMCs larger than 10* M, in different runs.
We find that stellar feedback not only changes the baryon cycle of
star-forming regions but also reshapes the morphology of individual
GMCs. In Nofeed run, the shape distribution peaks towards b/a ~ 1,
suggesting that a large fraction of the GMC:s are spherical. However,
once stellar feedback is included, even in Rad or SN runs, the shape of
GMCs deviates from spherical with a distribution of b/a peaks around
0.5. Revisiting the right-hand panel of Fig. 1, we can see that the most
of the GMCs are distributed along the filamentary structure of the
gas disc. The direction of the semimajor axis is mostly parallel to the
orientation of the filaments. The existence of the filamentary struc-
tures is due to the feedback-induced superbubbles that constantly
compress the gas around different star-forming regions. GMCs in
Rad run shows a slightly more spherical shape than those in other runs
with SN feedback, possibly because SN feedback creates bubble-like
structures more easily in the gas disc than the radiative feedback. To
better quantify the difference of the distribution of GMC shapes in
different runs, we calculate the Kolmogorov—Smirnov statistics and
obtain the p-values for each pair of model variations. The p-values
between the distributions in SFE1, SFE10, and SN are all above 0.1
suggesting that the GMC shape is statistically indistinguishable. The
GMC shape in SFE100, although similar by eye, shows significant
difference compared to those in other SFE runs, with p-values
1.26 x 107> (versus SFE1) and 0.007 (versus SFE10). Finally, the
GMC shape in Nofeed and Rad runs are dramatically different with
respect to all other runs, with p-values almost zero.
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Figure 8. Top panel: TPCF of the GMCs in different mass ranges in SFE1
run. Blue line shows the TPCF of the whole GMC sample (>10* Mo),
while yellow, green, and red lines show the GMCs in different mass bins,
as described in the legend. More massive GMCs are more strongly clustered
on smaller scales, a trend that exists in all our feedback runs. Bottom panel:
TPCF of the whole GMC samples in all six runs. As in Fig. 5, each solid line
shows the median value of the TPCF while the errorbars enclose its range
across many snapshots from 0.4 to 1 Gyr. For comparison, we overplot the
observed TPCF for GMCs identified from NGC 7793 (Grasha et al. 2018).

3.7 Two-point correlation function of the GMC spatial
distribution

The spatial distribution of GMCs reflects the degree of clustering and
dynamical interaction among different star-forming regions across
the whole gaseous disc. One of the most common spatial statistics
that characterizes the spatial correlations across various length scales
is the TPCE. To compare with recently observations, such as Grasha
et al. (2018), here, we only consider the TPCF in 2D.

We calculate the TPCF from the 2D position of the identified
GMC:s over the scales between 0.05 and 20 kpc. The upper panel of
Fig. 8 shows the TPCF of the GMCs in the SFE1 run. We find that
the TPCF decreases with increasing correlation length: the GMC
distribution shows a strong clustering on 0.1 kpc scales and almost
no clustering on scales larger than 1kpc. Moreover, we split the
GMC sample into different mass bins and investigate how the TPCF
changes with GMC masses. We find that more massive GMCs
tend to be more clustered compared to less massive ones on scales
below 0.2 kpc. This mass segregation is consistent with the recent
spatial analysis of the GMC distribution in NGC 7793 (Grasha et al.
2018) and M51 (Grasha et al. 2019). We repeat the same procedure
for all model variations and find that this trend exists for all runs,
suggesting that the mass-dependent clustering is a general feature
of hierarchical fragmentation.
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On the lower panel, we systematically study the TPCF of GMCs
in all model variations. We find a distinct difference of the TPCF
for different models. Nofeed run shows the strongest correlation
among all models over a wide range of length scales below 3 kpc.
This suggests that fragmentation of the cold gas leads to a strong
clustering of GMC distribution, and, without stellar feedback, the
clustered cold gas is unable to be dispersed to reduce the level
of correlation. With stronger feedback, the amount of clustering
is reduced as star-forming regions are continuously disrupted on a
time-scale much shorter than the dynamical time of the gas disc. Cold
gas that is not forming stars is quickly recycled back to the ISM and
is redistributed on different scales depending on how far the effects
of stellar feedback may reach out.

We note that even in Rad or SN runs where only a subset of stellar
feedback mechanisms is turned on, the level of correlation is notably
reduced compared to the Nofeed run. Interestingly, Rad run shows
stronger correlations on scales >0.2 kpc but weaker correlations for
<0.2kpc than the SN run. This result is consistent with our physical
intuition that radiative feedback can disperse cold gas on scales of
star-forming regions but cannot easily affect the gas distribution over
kpc scales, while SN feedback can generate large-scale superbubble
but cannot reduce the small scale clustering because the dynamical
time of the star-forming regions are usually shorter than the lifetime
of the massive stars for SN explosions. As expected, when both
the radiative and SN feedback channels are included (SFEL), the
correlation is reduced simultaneously in both scales.

Interestingly, we find that runs with higher ey show stronger
correlation than the lower €4 ones, see the results for SFE1, SFE10,
and SFE100 runs on the lower panel of Fig. 8. As we discussed in
Section 3.2, higher e leads to smaller dynamical range of gas density
in star-forming regions as the densest gas is consumed more quickly.
Therefore, stellar feedback launched from these regions affect clouds
with densities in a narrower range than feedback in the low e case,
explaining the better-ordered bubbles of similar sizes in high € runs.
GMCs are then distributed along the edge of the overlapping bubbles
of similar sizes, which leads to a higher level of clustering on scales
below the bubble size (<0.5 kpc, scale length of the gas disc).

The sensitivity of the TPCF on the choice of different subgrid
models makes it a powerful observable to calibrate these subgrid
models. Here, we compare our results to the recent ALMA-LEGUS
observations. Grasha et al. (2018) obtained a relatively weak corre-
lation for the spatial distribution of GMCs in NGC 7793, which
can only be reproduced by our SFEI1 run, albeit with a slight
overestimation of the correlation on scales <0.5 kpc. We hasten to
add that, although insightful, the comparison with NGC 7793 cannot
be used to directly assess whether SFE1 is the best run among all
models. Besides the fact that these measurements correspond to a
single only galaxy, NGC 7793 has also a different size and mass
compared to our Galaxy. The changes on TPCF for different types of
galaxies can be dramatic. Another galaxy in ALMA-LEGUS, M51,
shows an extremely flat TPCF with almost no correlation across all
scales (Grasha et al. 2019).

4 DISCUSSION

4.1 Feedback-regulated star formation activities

In Section 3.1, we find that the Rad run with only radiative feedback
shows a systematically higher SFR compared to all other runs that
have SN feedback throughout the course of the simulations. As
demonstrated in M19, momentum injection from radiative feedback
is only 5-10per cent of the one from SNe. The overall momentum
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feedback budget and the ability of generating large-scale galactic
winds are largely dominated by the SN feedback. Still, the SFR
in Rad run is not dramatically different from other feedback runs,
suggesting radiative feedback alone is also able to keep the SFR
within a reasonable range. We emphasize that the similarity of the
SFR in all feedback runs is only applicable to the current initial
condition of a Milky Way-sized galaxy with relatively low gas
fraction. In galaxies with higher gas fraction or more compact gas
distribution, which are commonly seen in high-z galaxies, the star
formation activity can be dramatically different when using different
feedback channels.

4.2 Comparison to previous simulations

During the last decade, a number of studies have investigated the
effects of star formation and stellar feedback models on the structure
of the ISM using different numerical simulations. Hopkins et al.
(2012) performed a suite of isolated galaxy simulations with various
stellar feedback prescriptions. They did not find a dramatic difference
of the mass function when switching on and off radiative or SN
feedback, consistent with our result. However, the mass function
from all of their runs extends to much higher masses than that in our
simulations and in observations. The difference may be caused by the
use of different GMC identification methods. Hopkins et al. (2012)
used SUBFIND, a halo finder commonly used in galaxy formation
simulations, to identify the bound overdensities of gas particles.
This approach can only be applied to numerical simulations and
cannot be used in observations, which do not have the full 6D
information. In contrast, we adopt the ASTRODENDRO algorithm
described in Section 2.3 and try to mimic the observational approach
and identifies GMCs from 2D molecular gas projections. As shown
in Grisdale et al. (2018), the properties of GMCs vary dramatically
depending on whether they are identified in 2D or 3D. In terms of the
spatial distribution of neutral gas, Grisdale et al. (2017) found that the
density power spectra of HI gas is much higher in the no feedback
run than that in full feedback runs (see also Combes et al. 2012;
Walker et al. 2014), because stellar feedback injects turbulent kinetic
energy and reduces the strength of correlation below the scales of
~1kpc. In Section 3.7, we find that stellar feedback also affects the
distribution of dense molecular gas on a similar fashion and reduces
the correlation on similar scales (<1 kpc).

In Section 3, we showed that both the mass function and TPCF of
the model GMCs depend strongly on the choice of g, suggesting that
these observables may be used to constrain the appropriate value of
€. In fact, similar efforts have been made from our previous work,
where we used the properties of young star clusters to constrain
e (Li et al. 2018). Based on a novel implementation that treats
star cluster as a unit of star formation in cosmological simulations
(Li et al. 2017), we found that a high efficiency (e > 0.1) is
needed to reproduce the observed correlation between SFR surface
density and star cluster formation efficiency. This conclusion seems
in contradiction to the results we show in this work, where we find
that e = 0.01 best reproduces the mass function and TPCF of
GMCs. However, we emphasize here that Li et al. (2018) performed
the test of e in high-z galaxies, which is typically much more gas-
rich and turbulent-supported (Meng, Gnedin & Li 2019) than the
L, galaxies on the star formation main sequence at z = 0. It is
possible that the efficiency changes with the physical condition of
the gas components in different types of galaxies. Actually, several
numerical explorations suggest a variable efficiency that depends on
both the Alfvén and sonic Mach number (e.g. Federrath & Klessen
2012; Padoan, Haugbglle & Nordlund 2012; Semenov, Kravtsov &
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Gnedin 2016). Exploring this environment-dependent star formation
efficiency, however, is beyond the scope of this paper.

4.3 Caveats

We note that there are a few caveats in the simulations as well as the
analysis methods. First, for all simulations presented in this work,
the radiative feedback, such as photoheating and radiation pressure,
is not modelled with direct radiative transfer but is based on an
effective subgrid model. Therefore, the effects of radiative feedback
can be either over- or underestimated. Secondly, as the simulations
do not follow the chemical network of molecular hydrogen formation
and destruction, the distribution of H, is calculated based on a
subgrid model described in McKee & Krumholz (2010). In realistic
astrophysical environments, the molecular fraction depends strongly
on the local radiation fields, which are largely affected by the adjacent
star-forming regions. This missing physics in our current model can
lead to inaccurate results, especially for molecular gas around young
star clusters. A self-consistent radiation hydrodynamics simulation
(e.g. Wiseetal. 2012; Rosdahl etal. 2015; Lietal. 2017; Kannan et al.
2020) is needed to accurately estimate the mass budget of molecular
gas in the galaxy. Lastly, in this work, we focused on studying an
isolated L, galaxy at z = 0. Therefore, the conclusions are mostly
limited to this type of galaxies. Future works on simulating different
types of galaxies, such as high-z gas-rich analogs, merging systems,
and low mass dwarfs, are needed to investigate the molecular gas
properties on a wide range of galaxy types (Li et al. in preparation).

5 SUMMARY

We performed a suite of isolated galaxy disc simulations with
different subgrid models and parameters under the framework of
the AREPO/SMUGGLE model. We identified GMC candidates using
the hierarchical clump-finding algorithm, ASTRODENDRO, and inves-
tigated various properties of the GMC populations, such as mass,
shape, and spatial correlations, in six model variations. We found
that, although the SFH of the galaxy is not sensitive to the choice
of different subgrid models (except for the no feedback case), the
properties of the identified GMCs vary significantly. Below, we list
our main findings.

(1) The SFR of the simulated MW-sized galaxies is around 1-
10 Mg, yr~! for runs with stellar feedback, while for no feedback run,
the rate reaches > 30 Mg, yr~! during the first few dynamical times.
We also notice that, even for runs with only radiative or SN feedback
alone, the star formation activities can still be regulated to a similar
level as the full feedback case.

(i1) We identify the GMC populations from the 2D molecular gas
surface density distribution. In general, the mass function of GMCs
can be described as a power law. The power-law slopes for the
full feedback, radiative-only, and SN-only runs with e = 0.01 are
around 1.78 4= 0.01, consistent with observations. However, without
feedback, this slope is systematically shallower and the mass function
extends to much higher masses.

(iii) Runs with higher € tend to have less amount of molecular
gas reservoir because of faster gas consumption rate due to star
formation. This trend in turn affects the shape of the GMC mass
function: runs with higher €5 have steeper power-law slopes. In the
extreme case when e = 1.0 is adopted, the slope is as steep as
2.08 £ 0.04.

(iv) The GMC mass function shows a systematically shallower
power-law slope for GMC:s in the inner part of the galaxy than those
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in the outer part, a trend that appears on all model variations. In
particular, the simulations with ex = 0.01 reproduce the observed
slopes of mass function for both inner and outer part of galaxies.

(v) We obtain the best-fitting ellipses for each individual GMCs
by estimating the first and second moments of the structure with
ASTRODENDRO. We find that most of the GMCs are highly non-
spherical in all feedback runs, with a distribution of the ratio between
semiminor and semimajor axis peaked around 0.5. In contrast, GMCs
in the no feedback run are mostly spherical.

(vi) We calculate the TPCF of the spatial distribution of the GMCs.
In general, GMCs have stronger spatial correlations on smaller scales.
Moreover, we find a clear trend indicating that GMCs with higher
masses are more correlated than the lower mass ones on scales
smaller than 0.3 kpc. Both trends exist in all model variations and
are qualitatively consistent with observations.

(vii) Without feedback, the TPCF is systematically higher than
all feedback runs. Stellar feedback destroys individual star-forming
regions, redistribute molecular gas across the galactic disc, and
reduces the correlation strength. Interestingly, different stellar feed-
back mechanisms control the GMC correlation on difference scales.
With radiative feedback, the TPCF is reduced most significantly
on scales below 0.2 kpc, while with SN feedback on scales larger
than 0.2 kpc.

(viii) Moreover, higher e leads to higher TPCF on scales <1 kpc
since higher €5 helps remove dense gas faster and facilitates SNe
blowing out well-organized bubbles of similar sizes more easily.

Overall, we highlight that the properties of GMCs are strongly
affected by different choices of subgrid models. By comparing the
simulation results, such as mass functions and TPCF, to sub-mm
observations of nearby galaxies, the subgrid models can be better
constrained. Future observations of molecular gas distributions in
nearby galaxies will provide us with great opportunities to improve
galaxy formation simulations that are aimed to resolve the star-
forming regions and multiphase ISM.
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APPENDIX A: GMC MASS FUNCTIONS UNDER
DIFFERENT ASTRODENDRO PARAMETERS

As described in Section 2.3, for all GMC samples identified in the
main text, we use the ASTRODENDRO parameters that best mimic
the recent ALMA observations. The fiducial values of the three
parameters are O min = 2O‘ALMAs Odelta = O ALMA> and Npix, min —
64. To test the sensitivity of the choice of ASTRODENDRO parameters
on cloud identification, we show how mass function changes as we
vary these three parameters around the fiducial values in Fig. Al.

We find that higher o ,;, suppresses the number of identified low
mass clouds. With an extreme value o ,;, = 8, almost no cloud less
massive than 10* M, is identified. This is because (1) less massive
clouds whose surface density are below this threshold are completely
removed from the sample, (2) the boundary of massive clouds shrinks
and therefore the total mass of the identified clouds is less than that
is estimated in lower o ;, case. Similar behaviour is also seen when
changing Npix, min. Moreover, the smaller the value of o ge1a» the easier
larger GMC complexes are split into smaller pieces. Therefore, the
mass function with o 4., = 1 extends more at the lower mass end
while shows a slight deficit around 10° Mg compared to the o geja
= 2 case. Despite all the above chances, the high mass end of the
mass function, i.e. M > 2 x 10* Mg, does not change much as we
vary these parameters over a reasonable range, suggesting that the
identified GMCs are robust to the choice of these ASTRODENDRO
parameters when we focus on massive GMCs that are well-resolved
by the gas cells.
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Figure Al. Mass function of identified clumps using different parameters described in Section 2.3. Varying three parameters, o pase, min (left-hand panel),
O delta, min (middle panel), and Npix, min (right-hand panel), results in some differences in clump mass function. Fortunately, all three parameters affect mostly
the mass distribution of clumps in low mass end. The high mass clumps with mass larger than 2 x 10* Mg, are not largely affected by the choice of these

parameters over a wide range.
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