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ABSTRACT

We investigate the connection of the regulation of star formation and the cycling of baryons within

and in and out of galaxies. We use idealized numerical simulations of Milky Way-mass galaxies, in

which we systemically vary the galaxy morphology (bulge-to-total mass ratio) and stellar feedback

strength (total eight setups with 80 simulations). By following individual gas parcels through the disk,

spiral arms, and massive star-forming clumps, we quantify how gas moves and oscillates through the

different phases of the interstellar medium (ISM) and forms stars. We show that the residence time

of gas in the dense ISM phase (τSF), the nature of spiral arms (strength, number), and the clump

properties (number, mass function, and young star fraction) depend on both the galaxy morphology

and stellar feedback. Based on these results, we quantify signatures of the baryon cycle within galaxies

using the temporal and spatial power spectrum density (PSD) of the star formation history (SFH).

Stronger stellar feedback leads to more bursty star formation while the correlation timescale of the

SFH is longer, because stronger feedback dissolves the dense, star-forming ISM phase, leading to a

more homogeneous ISM and a decrease in τSF. The bulge strength has a similar effect: the deep

gravitational potential in a bulge-dominant galaxy imposes a strong shear force that effectively breaks

apart gas clumps in the ISM; this subsequently inhibits the fragmentation of cool gas and therefore

the star formation in the disk, leading to a decrease in the spatial power on scales of ∼ 1 kpc. We

conclude that measurements of the temporal and spatial PSD of the SFH can provide constraints on

the baryon cycle and the star formation process.

Keywords: galaxies: evolution – galaxies: star formation – galaxies: ISM – ISM: evolution – stars:

formation

1. INTRODUCTION

Star-forming galaxies are dynamic ecosystems in

which gas cycles in and out of the disk, governed by

a wide range of physical processes that act from stel-

lar to cosmological scale: the growth of the large-scale

structure, the cooling and heating of interstellar medium

(ISM), and the formation of stars and central black holes

and their associated feedback processes. Regulator mod-

els provide a holistic view of galaxy evolution using a
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simple fundamental continuity equation for the content

of gas and stellar mass. Based on the balance between

gas inflows, outflows, star formation, and recycling, this

model reproduces global scaling relations of galaxies for

the overall baryon content of galaxies (Bouché et al.

2010; Davé et al. 2012; Dekel & Mandelker 2014), the

fundamental metallicity relation (Lilly et al. 2013), and

evolution with oscillations along the star-forming main

sequence (Tacchella et al. 2016). Despite the success of

this model, we still lack detailed understanding of how

star formation and feedback operate from the stellar to

the cosmic scale.
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Numerical simulations are a powerful tool for explor-
ing the details of how star formation and feedback pro-
cesses interact within galaxies and their surrounding
gas. Cosmological hydrodynamic simulations demon-
strate how baryons cycle throughout the galaxies' cos-
mic evolution: galactic gas accretion (Kere�s et al. 2005;
Faucher-Gigu�ere et al. 2011; Putman et al. 2012; Frater-
nali 2017), galactic out
ows driven by stars and black
holes (Oppenheimer & Dav�e 2008; Veilleux et al. 2005;
Heckman & Thompson 2017; F•orster Schreiber et al.
2014; Angl�es-Alc�azar et al. 2014; F•orster Schreiber et al.
2019) and re-accretion back onto galaxies (Oppenheimer
et al. 2010; Christensen et al. 2016; Angl�es-Alc�azar et al.
2017) all play a fundamental role in the growth of galax-
ies. For those cosmological simulations, however, feed-
back models are implemented using subgrid approaches
that include free parameters, such as hydro-dynamically
decoupled wind particles (Hopkins et al. 2012; Fielding
et al. 2017; Li & Tonnesen 2020), e�ective ISM equation
of state (Yepes et al. 1997; Springel & Hernquist 2003;
Braun & Schmidt 2012), or the temporary shutdown of
cooling (Dalla Vecchia & Schaye 2012a; Stinson et al.
2013), to name a few.

Non-cosmological, idealized simulations o�er the pos-
sibility to inspect the interplay of gas and stellar feed-
back in galaxies in a more controlled environment with
a signi�cant higher resolution (by a factor � 10 � 100).
The typical astrophysical conditions, including shocks,
shear, and multi-phase ISM, are resolved and fewer sub-
grid models are required (McKee & Ostriker 2007; Kim
& Ostriker 2015). The molecular cloud physics (Padoan
& Nordlund 2002; Kim et al. 2003; Bate & Bonnell 2005;
Hennebelle & Chabrier 2008; Guszejnov et al. 2021;
Dobbs et al. 2022), photo-ionization and photo-electric
radiation pressure (Kim et al. 2013; Hu et al. 2017; Em-
erick et al. 2018) can also be modeled, which are impor-
tant since they control the star formation and the ISM
turbulence. Moreover, the dynamical and morphological
structure, including spiral arms and bars, naturally arise
and can enhance and quench the star formation (Martig
et al. 2009; Elmegreen 2011; Gensior et al. 2020; Dobbs
et al. 2022).

To constrain the physical properties of galaxy evolu-
tion, it is necessary to comprehend the star formation
history (SFH) of galaxies, which is the temporal and
spatial record of the various physical processes on star
formation and galaxy growth. To quantify the variabil-
ity of SFHs in galaxies, Caplar & Tacchella (2019) pro-
posed the use of the power spectrum density (PSD) of
the SFH and presented a �rst measurement of the PSD
in local, Milky Way-like galaxies. Wang & Lilly (2020)
investigated the observational constraints of SFH PSD

based on SDSS-IV MaNGA data. Tacchella et al. (2020)
studied how distinct physical processes give rise to dif-
ferent SFH PSDs by extending the regulator model by
Lilly et al. (2013) to the giant molecular cloud (GMC)
scale. Together with Semenov et al. (2017, 2018), a pic-
ture arises where star formation variability directly re-
lates to the characteristic timescale of the baryon cycling
driven by stellar feedback and the creation and destruc-
tion of GMCs. Additionally, Iyer et al. (2020) examined
the PSDs of SFHs extracted from cosmological simula-
tions, zoom-in simulations, and semi-analytical models.
They reported vast discrepancies in PSDs between sim-
ulations on short timescales (� 100 Myr), which indi-
cates that the star formation rate (SFR) 
uctuations on
short timescales are sensitive to the implemented sub-
grid physics and also highlights that we do not well un-
derstand the small-scale baryon processes at present.

Motivated by Iyer et al. (2020), we focus in this work
on how the physical processes drive star formation vari-
ability, inspecting the detailed gas 
ows within galaxies
using a suite of idealized simulations of Milky Way-mass
galaxies. We take advantage of the particle-based nature
of our smoothed particle hydrodynamics (SPH) simula-
tions to track and study gas particles' movement in and
out of the disk. Varying the stellar feedback energy and
morphology of the galaxies, we correlate the spatial and
temporal PSD features with their underlying physical
mechanisms.

The remainder of the paper is structured as follows.
In Section 2, we describe the simulations that we have
carried out for this study to explore the connection be-
tween the baryon cycle and stellar physics across dif-
ferent galactic environments. In Section 3, we compare
our simulations to key observable properties (such as
spiral arms and star-forming clumps) and analyze the
spatial distribution of gas and stars in di�erent setups.
In Section 4, we analyze how baryons cycle by tracking
individual gas parcels through the galaxies and quantify
the movement of gas in the temperature-density phase
diagram. Then, we measure the temporal PSD of the
SFH and study the connection between the gas dynam-
ics and star formation in di�erent simulated setups. In
Section 5, we discuss the observable properties related to
our work, explore the implications of this study, and ad-
ditionally state the caveats of our simulations. Finally,
we present a summary of our conclusions in Section 6.

2. SIMULATIONS

This section describes the simulations we have carried
out for this study. Section 2.1 details the initial condi-
tions, and Section 2.2 summarizes our simulation setup
and baryon physics related to the thermodynamics of the
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gas and stellar evolution. We present a suite of 80 simu-
lations with a range of stellar feedback implementations
(variation in supernovae energy input) and di�erent ini-
tial conditions (variation of the bulge strength relative
to the disk) in Section 2.3.

2.1. Initial Conditions

We use an initial condition provided by the AGORA
Project (Kim et al. 2016), which contains an isolated
disk with the characteristics of a Milky Way-mass galaxy
at z � 1 with M 200;crit = 1 :074� 1012 M � . Speci�cally,
an exponential disk and a stellar bulge following the
Hernquist pro�le (Hernquist 1990) are embedded into a
dark matter halo that follows the Navarro{Frenk{White
pro�le (NFW; Navarro et al. 1997). The galaxy consists
of a dark matter halo that has a mass of 1.25� 1012 M � , a
stellar component with a mass of 3.87� 1010 M � (M disk +
M bulge ), and a gas disk with a mass of 8.59� 109 M � . We
assume a disk scale radius ofr d = 3.43 kpc, a disk scale
height of zd = 0.1 r d , and a stellar bulge with a scale
radius of 0.4 kpc.

To explore the impact of galaxy morphology on the
baryon and star formation properties, we vary bulge
strengths, while �xing the total stellar mass ( M disk +
M bulge ) and the scale lengths of the disk and bulge.
We set the AGORA initial condition (B =T = 1/9) as
our �ducial setup and test B =T ratios of 1/30 ( B0.3),
1/3 ( B3) and 2/3 ( B6). Fixing gas and dark matter
components inAGORA initial condition, we regenerate
the position and velocity distributions of disk and bulge
components in a dynamical equilibrium usingDice code
(Perret 2016) under the same mass resolution of stellar
particles. We employ 105 particles for both the dark
matter and the gas components, and use 1.13� 105 par-
ticles for the collisionless stellar component. Each type
of particle has a mass ofmDM = 1.26� 107 M � , m? =
3.44� 105 M � and mgas = 5.93� 103 M � . The galaxy
also includes a hot gaseous halo|4� 103 gas particles
following the NFW pro�le, which is necessary for con-
structing the hot phase in the galaxy in particle-based
codes (Shin et al. 2021). We set an initial metallicity of
Zdisk = 0 :02041 in the disk andZhalo = 10 � 6 Zdisk for
the gas halo.

2.2. Simulation Setup

The simulations described in this paper are run with
the Gizmo code (Hopkins 2015) and we analyze the sim-
ulated data with the yt -toolkit (Turk & Smith 2011).
The hydrodynamics is solved with Lagrangian frame-
work using the Pressure-Smoothed Particle Hydrody-
namics (Pressure-SPH) scheme (Hopkins 2013). We
implement the cubic spline kernel (Hernquist & Katz

1989) for the softening of the gravitational force with
Nngb = 32 for the desired number of neighboring parti-
cles. We set the Plummer equivalent gravitational soft-
ening length � grav to 80 pc and the minimum hydrody-
namic smoothing length to 0:2� grav .

2.2.1. Cooling, heating, pressure 
oor

Radiative cooling is modeled using the Grackle-
chemistry and cooling library (Smith et al. 2017), which
solves non-equilibrium primordial chemistry and cooling
for a given metallicity of the gas. The library also in-
cludes tabulated rates of metal cooling calculated with
the photoionization code Cloudy (Ferland et al. 2013)
and photoheating and photoionization from the ultra-
violet background (UVB) radiation. We adopt the UVB
value at z = 0 from Haardt & Madau (2012). We apply
a non-thermal Jeans pressure 
oor that forces the local
Jeans length to be resolved to avoid arti�cial numerical
fragmentation (Truelove et al. 1997; Kim et al. 2016):

PJeans =
G

�

N 2
Jeans � 2

gas� x2; (1)

where the adiabatic index 
 = 5/3, the Jeans number
NJeans = 6.31, G is the gravitational constant, � gas is the
gas density, and � x is the radius of the e�ective volume
of a cell, given by (4�= (3Nngb ))1=3hsml , where hsml is
the smoothing length.

2.2.2. Stellar physics

Gas parcels that are denser than a threshold,
� SF;thres = 1 :67 � 10� 23g cm� 3 (nH = 10 cm� 3), form
stars at a rate following the local Schmidt-like relation

d� �

dt
=

� � � gas

t �
; (2)

where � ? is the stellar density, t � = (3 �= (32G� gas))1=2

is the local free-fall time, and � ? = 0 :01 is the star for-
mation e�ciency per free-fall time.

Star particles inject thermal energy, mass, and metals
into their surrounding ISM 5 Myr after their formation,
in an attempt to describe Type II SN explosions. Fol-
lowing Chabrier (2003) initial mass function (IMF), we
assume that for stars with a mass range of 8 { 40 M� , a
single supernovae event occurs per every 91 M� of stel-
lar mass formed releasing 2.63 M� of metals and 14.8
M � of gas (including metals). For the Fiducial run,
we inject thermal energy of 1051 ergs per SN event, and
we boost the thermal energy by a factor of 2 to 10 to

1 We adopt N Jeans = 6.3 rather than usual 4, based on the di�erent
de�nition of hsml in Gizmo code.
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Table 1. List of simulations and key parameters.

Setup name Stellar feedback Bulge mass disk mass

[1051 erg/SN] [10 9 M � ] [109 M � ]

Fiducial 1 4.3 34.4
FB2 2 4.3 34.4
FB3 3 4.3 34.4
FB4 4 4.3 34.4
FB10 10 4.3 34.4
B0.3 1 1.29 37.4
B3 1 12.9 25.8
B6 1 25.8 12.9

Note |List of simulations with di�erent bulge strengths
and thermal stellar feedback energy. Each simulation
setup is run 10 times with varying initial random seeds,
leading to a total of 80 simulation runs.

investigate how the feedback strength a�ects star for-
mation and the baryon cycle within galaxies (see Table
1 and Section 2.3 for more details). Although such a
thermal feedback model is known to su�er from arti�-
cially enhanced cooling loses, we still �nd a signi�cant
e�ect of the feedback boost factor on the SFR magni-
tude and burstiness. Thus, this thermal feedback model
is su�cient for exploring the e�ects of feedback strength
qualitatively. Feedback implementations that are less
severely a�ected by the over-cooling would produce even
stronger e�ects.

2.3. Suite of simulations

We summarize our suite of simulations in Table 1.
We test eight di�erent kinds of setups with �ve di�erent
stellar feedback parameters (1051 (Fiducial ), 2� 1051,
3� 1051, 4� 1051, and 1052 erg/SN) and four di�erent
B=T ratio (1/30, 1/9 ( Fiducial ), 1/3 and 2/3). Varying
the stellar feedback energy and the B=T ratio, which di-
rectly a�ect the thermodynamical structure of the ISM
and the gravitational potential in the galaxy, respec-
tively, we study how the baryon cycle depends on those
e�ects. Moreover, both parameters are expected to im-
pact star formation e�ciency, so these variations also
allows us to approximate the dependence of star forma-
tion e�ciency on these parameters in the simulations.
We also implement ten di�erent initial random seeds for
each setup (i.e. we run a total of 80 simulations) in or-
der to assess the impact of the stochasticity introduced
by the numerics (Keller et al. 2019). The time interval
of snapshots is � t = 10 Myr, while the entire simulation
time is 1 Gyr. An exception where we only focus on a

single run per setup is for the analysis in Section 4.2; we
extract 1000 snapshots with a time interval of � t = 1
Myr.

Figure 1 and 2 present two axes of our study: the
impact of stellar feedback energy and morphology (B=T
ratio) on the baryonic system in the galaxy.

Figure 1 displays the face-on projections of gas surface
density and the density-weighted gas temperature att =
500 Myr for di�erent stellar feedback runs. In all runs,
hot bubbles are visible between cold, dense spiral arms.
However, the thermal and morphological feature of ISM
is signi�cantly a�ected by the stellar feedback strength.
The region where surface density is above 102 M � pc� 2 is
signi�cantly reduced in the higher stellar feedback runs.
Thermal feedback occurs in the core of the dense and
cold regions; the stronger stellar feedback e�ciently dis-
rupts these dense ISM region. The amount of thermal
energy determines the balance between formation and
destruction of the dense gas clump and directly a�ects
the amount of star formation.

Figure 2 presents the edge-on projections of bulge and
disk stars in the disk with di�erent B =T ratio and their
face-on projections of gas surface density att = 500
Myr. One can note that the morphological structure of
ISM is signi�cantly a�ected by the B =T ratio. The disk-
dominated galaxy has fewer but denser arms (see also
Figure 3). The bulge-dominated galaxy presents strong
fragmentation in the ISM, exhibiting a higher number
of massive gas clumps than the bulge-dominated galaxy
(see also Figure 4). For the bulge-dominated galaxy,
the deep gravitational potential in the center enhances
the tidal forces and the ISM experiences a strong shear.
The massive bulge also reduces the turbulence of the
ISM and achieves gravitational stability (high Toomre
Q parameter), which reduces star formation in the disk
and consistent with the idea of morphological quenching
(Gensior et al. 2020).

3. SPATIAL DISTRIBUTION OF GAS AND STARS

To further investigate the di�erences in the spatial dis-
tribution of the gas and stars between the simulations
presented in Figure 1 and 2, we analyze the properties
of spiral arms (Section 3.1) and massive gas clumps
(Section 3.2) in the galaxies. Next, in Section 3.3,
we measure the spatial clustering of the gas and stars
(grouped into age bins) highlighting how the stellar feed-
back strength and the morphology of the galaxy in
u-
ence both the clustering of star formation and the spatial
distribution of stars.

3.1. Spiral arm properties

We measure the amplitude and number of spiral arms
following the procedure described in Yu et al. (2018).
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Figure 1. Maps of gas surface density (top panels) and density-weighted gas temperature (bottom panels) of our isolated Milky
Way-mass galaxy simulations with di�erent stellar feedback energies. All simulations have the same initial conditions and all
panels show the snapshot at t = 500 Myr. The stellar feedback strength increases from left to right: 10 51 erg/SN ( Fiducial ),
2 � 1051 erg/SN ( FB2), 4 � 1051 erg/SN ( FB4), and 1052 erg/SN ( FB10). See Table 1 and Section 2.3 for the details of the runs.
The simulations with higher stellar feedback energy show more di�use and hotter spiral arms, and fewer gas clumps.

Figure 2. Edge-on projection of the stellar particles in the top panels and the face-on projection of the gas surface density in the
bottom panels. Increasing bulge strength is shown from left to right: B =T = 0 :03 (B0.3), B=T = 0 :11 (Fiducial ), B=T = 0 :33
(B3), and B=T = 0 :66 (B6), as speci�ed in Table 1 and Section 2.3. In the top panel, the blue and black points represent stellar
particles in the disk and the bulge, respectively. All panels show the snapshot at t = 500 Myr. The shape of the spiral arms
and the number of gas clumps in the disk depend on the bulge mass: the disk-dominated galaxy (left panels) has sharp and
high-density spiral arms and more gas clumps than the bulge-dominated galaxy ( right panels).
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Figure 3. Dependence of the spiral arm shape of the galactic disk on stellar feedback strength and bulge strength. We plot
the spiral arm strength ( left panels) and the number of spiral arms weighted by the spiral arm amplitude at t = 200 Myr ( right
panels) and r = 4 kpc as a function of stellar feedback strength ( top panels) and B=T ratio ( bottom panels). Stronger stellar
feedback signi�cantly reduces the spiral arm amplitude, but the number of spiral arms stays approximately the same. Increasing
B=T ratio both decreases the spiral arm amplitude and increases the number of spiral arms. See Section 3.1 for details.

Figure 4. Mass distribution functions of gas clumps in the galaxy and dependence of the number of gas clumps and fraction
of young stars in clumps on stellar feedback and bulge strength. We plot the time-averaged mass distribution functions of gas
clumps in the galaxy ( left panels), time-averaged number of clumps (middle panels) and the ratio of young star mass (< 10 Myr
from the clump identi�cation; right panels) in the clump and young star mass in the galaxy as a function of stellar feedback
strength ( top panels) and B=T ratio ( bottom panels). The gas clump is identi�ed by Hop halo �nder algorithm for t = 200 {
1000 Myr snapshots with 100 Myr timestep. Increasing feedback strength and higher B =T ratio both suppress the formation of
gas clumps. Higher B=T ratio also reduces the fraction of star formation in clumps, while changing feedback strength does not
a�ect this fraction. See Section 3.2 for details.
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Speci�cally, we perform the Fourier decomposition up to
modem = 6 and neglect higher order modes. We imple-
ment the Fourier �tting based on the following equation:

I (r; � ) = I 0(r ) +
6X

m =1

I m (r ) cos(m� + � m ); (3)

where I (r; � ) is the azimuthal pro�le at a radius of r as
a function of angle � , I 0(r ) is the azimuthally averaged
intensity, I m (r ) is the amplitude of cosine, and� m is the
phase angle. We measureI m at �xed radius r = 4 kpc
(where the bulges end). We de�ne the spiral arm am-

plitude, I tot = f
3P

i =1
I 2

m i
g1=2, and count the amplitude-

weighted mode of spiral arms,Nspiral =
3P

i =1
(I 2

m i
mi )=I 2

tot ,

where mi :i 2f 1;2;3g are the �rst three dominant Fourier
modes of the spiral arm.

Figure 3 presents the spiral arm strength (I tot ) and
amplitude-weighted number of spiral arms (Nspiral ) in
the galactic disk as a function of feedback strength and
B=T ratio. The error bars indicate the 16th to 84th per-
centiles obtained from the 10 simulations with the dif-
ferent random seeds. The spiral amplitude strictly de-
creases with the feedback strength, however, the num-
ber of the spiral arms stays constant, 4, independent of
the feedback strength. This indicates that SN thermal
feedback e�ciently suppresses the power of spiral arms
without a�ecting their overall structure. In contrast,
the number of spiral arms depends on the B=T ratio.
The number of spiral arms increases with B=T ratio,
particularly at low B =T ratios. A massive bulge causes
a steeper gravitational potential and increases the an-
gular velocity toward the galactic center. Therefore, it
increases the azimuthal direction velocity and the shear
force tears o� the gas clump and spiral arm, enhancing
the gravitational stability. This quenches star formation
within the bulge by preventing the gas from collapsing.

3.2. Massive clump properties

In order to identify gas clumps, we utilized the Hop
halo �nder algorithm (Eisenstein & Hut 1998) using gas
particles. We only consider clumps with a radius of less
than 0.5 kpc and which are beyond 5 kpc from the galac-
tic center in order to exclude large structures, such as
the bulge or spiral arms.

Figure 4 presents the time averaged mass function
(left panels), the median number of gas clumps iden-
ti�ed (middle panels) and the mass ratio of young-star
(< 10 Myr) in the clumps and the whole galaxy (right
panels) for t = 200 { 1000 Myr. In the runs that possess
many clumps|weak feedback runs or disk-dominated
galaxies|the mass function decreases with mass, and

the overall slope of the function is approximately � 0:5.
A clear dependence ofNclump on the strength of feed-
back and bulge emerges. Both stronger feedback and
a more prominent bulge inhibit the fragmentation of
the disk and the formation of gas clumps. The feed-
back strength does not signi�cantly a�ect the slope of
the clump mass function, while bulge-dominated galax-
ies lack massive and low-mass clumps. This implies that
the strong bulge suppresses the formation of a massive
clump and also inhibits the survival of a low-mass clump.

As presented in the right panels, the fraction of young
stars in clumps, an indicator for the importance of star
formation in clumps, is for all runs of the order of
0:1 � 1%. There is a weak trend of a decreasing ra-
tio with B =T, indicating that the sites of star formation
in the galaxy depends on the bulge strength while being
invariant to the change of feedback strength.

3.3. Spatial PSD of the SFH

In Figure 5, we show thet= 500Myr face-on maps of
the gas and stars in di�erent ages forFiducial run. We
classify the stars by their ages with following criteria2:

ˆ young stars: < 10 Myr (roughly probing H � -based
SFRs)

ˆ intermediate-aged stars: 10� 200 Myr (roughly
probing UV-based SFRs)

ˆ old stars: > 200 Myr

Considering large scales, all maps of gas and stars of
di�erent ages exhibit similar centrally concentrated pro-
�les. The distribution of young stars are identical to the
dense region in the maps of gas, showing many small
scale structures, such as clumps and spiral arm. While
younger stars show signi�cant clustering, older stars are
distributed more uniformly, indicating that young star
clusters are quickly dispersed:

t relax � 1Myr
�

R
10pc

� 3=2 �
N
103

� 1=2 �
lnN
ln103

� � 1=2

(4)

whereR is the radius of star clusters andN is the num-
ber of particles in the system. Sincet relax is on the � 1
Myr, the stars in the clump older than 100 Myr experi-
ences hundreds oft relax , relaxed and evaporate from the
birth regions.

Figure 6 displays the time-averaged spatial PSDs of
gas and stars of di�erent ages and shows the impact
of feedback strength and morphology. The solid line

2 We only consider newly formed stars and exclude the stars in the
initial condition
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Figure 5. Face-on maps of gas (left most panel), young stars (< 10 Myr; 2nd panel), intermediate-age stars (10 � 200 Myr;
3rd panel), and old stars (> 200 Myr; right most panel) for Fiducial run at t = 500 Myr. The map of young stars follows dense
regions in the gas distribution, displaying a number of small scale structures, such as clumps and spiral arms. As the age of the
stars increases, sizes of star clumps become more dispersed. See Section 3.3 for details.

Figure 6. The time-averaged spatial PSD of gas and stars (classi�ed by their age) with various feedback strengths ( top panels)
and bulge masses (bottom panels). Left most panel presents the spatial PSD of gas and the age increases from left to right: young
stars (< 10 Myr; 2nd panel), intermediate-age stars (10� 200 Myr; 3rd panel), and old stars (> 200 Myr; right most panel). The
solid lines indicate median PSD of t = 10 { 1000 Myr. The shaded regions show 16th to 84th percentiles in all panels. The star
marks presented in the 2nd panels indicate the location of break of PSD ( � break ). The strong feedback suppresses the surface
density 
uctuation on all spatial scales, while the dependency on bulge mass emerges on scales of about 1 kpc. See Section 3.3
for details.

represents the median spatial PSD fort = 100 { 1000
Myr with 10 Myr timesteps (i.e., 90 snapshots), and the
shaded regions display the 16th and 84th percentiles.
Three features emerge in all plots: (1) the constant noise
on small scale (< 300 pc); (2) small bump around � 1
kpc scale, which associates the clumps and spiral arm;
and (3) the steady increase at& 10 kpc which corre-
sponds to the size of the disk. The spatial PSD of gas
exhibits a strong correlation at > 10 kpc scale, while
that of stars become 
attened at 10 kpc, which results
from the con�ned range of stellar distribution; gas & 30
kpc and star � 10 kpc. Due to the absence of small
scale structure in the distribution of old stars, the 1 kpc
bump does not exist for the old stars.

The stronger stellar feedback suppresses the power on
all scales and also inhibits the formation of 1 kpc bump,
which corresponds to spiral arms and clumps (see Fig-
ure 3 and 4). In the distribution of the stars, the 1 kpc
bump is hardly observed in the higher feedback strength
runs than the FB2 run. We can observe that for the
plateau at the 1 kpc scale for the gas, the location of
the break|where the slope changes to constant, shown
as star mark|slightly moves to the longer scale due to
the larger feedback strength, which e�ciently destroys
dense clumps and causes di�use spiral arms.

For the bulge strength test, a great convergence can be
observed on small and large scales, but large variations
in the 0.3 { 5 kpc range. As the age of the star increases,
the 
uctuation power on the 10 kpc scale increases while
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the 1 kpc scale 
uctuation decreases. Note that the lo-
cation of the break moves to the smaller scale. The
huge gravitational potential at the center in the bulge-
dominated disk allows the large angular momentum with
a large Toomre Q factor and highly inhibits the forma-
tion of substructures and tears the dense structure into
small scales (Gensior et al. 2020).

4. HOW GAS CYCLES THROUGH THE GALAXY
AND FORMS STARS

In this section, we track individual gas parcels mov-
ing inward, outward, and within the simulated galaxies.
We start by studying the residency time of the gas in
the dense and the di�use phase in Section 4.1. In Sec-
tion 4.2, we generalize this approach and investigate the
evolutionary tracks of the gas parcels. Finally, in Sec-
tion 4.3, we show how the variability of the SFR|an ob-
servable in principle|can be used to infer the residency
time of the gas in the dense phase via the measurement
of the temporal PSD of the SFH.

4.1. Residence time in dense versus di�use regions

We now proceed with a detailed analysis on how gas
evolves and forms stars, and how the stellar feedback
strength and galaxy morphology a�ect this baryon cy-
cle. We randomly sample 104 gas particles (10 per-
cent of the entire gas content) in the galaxy and track
them with a time resolution of 1 Myr for the period of
t = 750 � 1000 Myr. We divide the gas states into the
di�use and dense phases, setting the boundary to the
star formation threshold density, � SF;thres , and measure
the periods spent in these phases for each gas parcel
during the 250 Myr.

The left panels of Figure 7 present an example of a
gas density history for t = 750 � 1000 Myr. The mid-
dle and right panels show the histograms of the times
spent in the dense (top panels) and di�use (bottom pan-
els) phase, as a function of stellar feedback strength and
morphology, respectively. The histograms present clear
trends in both dense and di�use phases with di�erent
strengths of feedback. The period in the dense phase
decreases in the runs with the stronger feedback energy,
and the reverse is true for the di�use phase. Injection
of higher feedback energy increases the turbulence in
the ISM and inhibits the gas from residing in the dense
phase. Contrarily, the e�ect of the bulge strength is
only mild: stronger bulge slightly increases the duration
of dense phases and does not have any systematic e�ect
on the duration of di�use phase.

4.2. Tracking individual gas parcels

Now we focus on the gas cycle within the galaxy, track-
ing the density history of gas particles. The tracks of

gas densities show a signi�cant diversity as gas transits
between dense and di�use phases multiple times with
a range of pathways, which is challenging to classify.
Therefore, we employ the Umap algorithm (McInnes
et al. 2018) for classifying the evolutionary histories of
individual gas particles. Umap, which stands for `Uni-
form Manifold Approximation and Projection', catego-
rizes given samples by learning their geometrical struc-
tures on anN -dimensional manifold using the simplicial
complexes concept.Umap illustrates the resulting clus-
ters on the reduced dimensional axes of the manifold,
suggested by the algorithm3.

We extract the gas density histories for 250 Myr|
roughly the dynamical time for a Milky Way-mass
galaxy|and inserted an additional tag for the gas par-
ticles which become stars. We run theUmap algorithm
with all of the samples from each setup, the density his-
tories of 104 gas particles for eight setups (8� 104 gas
particles) in order to apply a single kind of classi�cation
criteria. When we consider a speci�c density history of
gas particles, which is regarded as a continuous function
in time, there exist many other gas particles which have
similar evolutionary trends. These density history func-
tions are locally connected in the manifold and become
a group in the Umap analysis.

4.2.1. Examining of physical quantities of various gas
cycles in Umap classi�cation

Figure 8 presents the result of theUmap clustering.
Each data point represents a single gas particle carry-
ing the entire evolutionary information in density for
250 Myr and the hexagonal histograms of 8� 104 data
points are displayed with the 2-dimensional axes sug-
gested by the Umap algorithm. Many clusters in the
Umap projections are presented, including a large clus-
ter located in the center and several small clusters. Gas
particles in the disk have many other gas particles which
are similar or continuously varying history in density in
the disk; therefore, the disk gas becomes the huge clus-
ter in the Umap classi�cation. On the other hand, the
gas that turns into stars or out
owing gas will exhibit
clear trends|i.e., signi�cant change in density. These
gas can then be classi�ed as distinct small groups.

To understand the characteristics of this Umap pro-
jection, we investigate the distribution of the following
physical quantities: the median density during the 250
Myr, the median distance from the galactic center (R),
the time in the star-forming state ( � SF ), the number of
cycles across the density threshold (Ncycle ), deviations of

3 For more information about the Umap algorithm, see https://
umap-learn.readthedocs.io/en/latest/index.html.
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Figure 7. Measurement of the period of gas in the dense (top panels) and di�use ( bottom panels) ISM phase. An example of
gas density history during t = 750 � 1000 Myr is plotted in the left panels. The horizontal red lines mark the threshold density
(� SF ;thres ), the boundary between the dense and di�use phases. The shadedblue and orange regions highlight the period when
the particle resides in the dense and di�use phase, respectively. The middle and right panels present the histograms of the
period in the dense (top) and di�use ( bottom) phase as a function of feedback and bulge strength, respectively. The vertical
lines represent the median of the period in the dense (or di�use) phase. Stronger feedback reduces the lifetime of gas in the
dense star-forming state and causes the gas to reside longer in the di�use phase. The period of the gas in the di�use or dense
phase does not signi�cantly depend on the bulge mass. See Section 4.1 for details.

maximum and minimum heights from the galactic plane
(� jzj), the fraction of out
ow ( f out
ow ), in
ow ( f in
ow ),
and re-accreted (f reacc ) material, and plot these quanti-
ties in the 2-dimensionalUmap projection.

To classify the out
ow, in
ow, and re-accreted gas,
we check whether the gas is `in' or `out' of the disk at
initial ( t = 750 Myr) and �nal ( t = 1 Gyr) timestep,
and classify the gas using the following criteria: (i) out-

ow gas: `in' ! `out', (ii) in
ow gas: `out' ! `in', (iii)
re-accretion gas: `in' ! `out' ! `in'.4 For this clas-
si�cation, we de�ne the disk as the region where the
radial distance from the galactic center is less than 15
kpc (� 5r d ) and the height from the galactic plane is
less than 1.5 kpc (� 5zd ).

First, we �nd a strong correlation between the den-
sity and the distance from the center (R): gas in the
central region is denser than on the disk outskirts. This
result suggests that gas density tracks imprint informa-
tion about gas location in the disk. The number of cy-
cles of gas between star-forming and non-star-forming
states, Ncycle (also see Section 4.1), is large (> 5) in the

4 Note that in the complete classi�cation, `in' ! `in' and `out' !
`out' cases exist, which we do not plot.

middle of the main clump, while it is low for the other
parts of the diagram. � jzj and f out
ow also show signif-
icant correlation across di�erent Umap components as
regions with large di�erences in jzj values are associated
with gas out
ows from the disk. Comparing the bot-
tom panels reveals that the majority of the gas has been
re-accreted. This is dependent on the de�nition of the
disk|a cylinder with 5 times both the scale radius and
height, but the result indicates that the majority of the
gas deviate by �ve times the scale lengths and re-accrete
to the disk.

4.2.2. Evolution of density, temperature, and position of
di�erent gas cycle within galaxies

Based on Figure 8, we categorize 8� 104 gas particles
into six groups: `Core/clump', `Dense', `Spiral', `Dif-
fuse', `Out
ow1, 2, 3', and `Star'. In Figure 9, the top
left panel exhibits our identi�cation of the gas parti-
cle groups. The group colored in grey is the gas parti-
cles turning into star particles during the 250 Myr. We
identify out
ow gas based on f out
ow projection, and
name them as `Out
ow1, 2, 3', in order of the time
when the out
ow occur. We categorize the remaining
large group, which corresponds to the gaseous disk, into
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Figure 8. Gas cycle classi�cation using the Umap algorithm. We track 8 � 104 gas particles for t = 750 { 1000 Myr and
use their density histories as the input to the Umap algorithm. Top left panel presents the result of the Umap clustering
with 8 � 104 data points on the 2-dimensional Umap axes. Each point in the maps represents a trajectory of a gas particle
density over 250 Myr. We then plot the projections on the Umap space colored with the median density (top right panel), the
median distance from the galactic center (R; 2nd row right panel), average time period in star-forming phase, (� SF ; 3rd row left
most panel), number of cycle across star-forming and non-star-forming phase (Ncycle ; 3rd row middle panel), height di�erence
(� jzj = jzjmax � j zjmin ; 3rd row right panel) for t = 750 { 1000 Myr, fraction of out
ow ( f out
ow ; bottom left most panel), in
ow
(f in
ow ; bottom middle bottom middle panel), and re-accreted gas (f reacc ; bottom right most panel) in the bin. We can interpret
what each cluster represents using the physical properties found in this analysis (see Figure 9). See Section 4.2.1 for details.

`Core/clump', `Dense', `Spiral', `Di�use' groups based
on the median density shown in Figure 8.

The two bottom panels in the Figure 9 presents evo-
lution of the density and temperature of individual
gas from each group fort = 750 { 1000 Myr. The
highlighted lines are examples of the evolutionary his-
tory from each groups. Gas density shows signi�cant
variations with its range depending on the environ-
ment: `Core/Clump' group with 10 � 23 � 10� 21g cm� 3,
`Dense' group with 10� 24 � 10� 22g cm� 3, `Spiral' group
with 10 � 25 � 10� 23g cm� 3, `Di�use' group with 10 � 27 �
10� 24g cm� 3. The gas in denser phases is colder, and
vice versa. Therefore, the histories of density and tem-

perature evolves in the opposite direction: the majority
of gas in `Core/clump' and `Dense' group resides in the
cold phase (� 102 K) while the gas in `Spiral' and `Dif-
fuse' spends more time in the warm phase (� 104 K).
The timescale on which gas densities and temperatures
change is the shortest in `Core/clump', and becomes
longer in the `Dense', `Spiral', and `Di�use' groups in
that order. This trend re
ects longer dynamical and
cooling timescales in lower density environments. In
contrast to these steady oscillations, the gas in the out-

ow group shows a dramatic change in density and tem-
perature with time; it is initially dense and cold but
then its density dramatically decreases and temperature
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Figure 9. Classi�cation of gas density trajectories based on the correlations in the Umap space presented in Figure 8. We
classify gas particles into `Core/clump' ( blue), `Dense' (orange), `Spiral' ( green), `Di�use' ( red), `Out
ows1, 2, 3' ( brown, purple,
pink, respectively), and `Star' ( grey) groups and plot the trajectories of a selected gas particle for each group on the x-y plane (top
middle panel) and the density-temperature plane ( top right panel). We display the density ( middle panels) and temperature
histories (bottom panels) for individual particles ( thin lines) of each groups, while the highlighted lines are the evolutionary
histories for the selected gas particle (from Fiducial run) presented in top right panel. The density threshold line is shown with
the black dashedline. See Section 4.2.2 for details.

increases following an out
ow episode. We can observe
that right before the out
ow happens, the density of the
`Out
ow' group reaches that of `Core/clump' gas. This
is consistent with our understanding that the out
ow
happens in the dense ISM nearby young stars.

For `Core/clump', the oscillation period is around 10
Myr, which is the crossing time of star cluster,5

� clump � 10 Myr
�

M
108 M �

� � 1=2 �
R

0:4 kpc

� 3=2

(5)

The gas in the outskirts enters and exits a spiral
arm causing density oscillations, whereas the cycles in
`Core/Clump' group are una�ected by the spiral arm.
The period of density oscillation is primarily determined
by the length of time of the gas between successive pas-

5 In our simulations, the internal dynamics of such clumps is not
resolved and therefore their lifetimes are expected to be even
shorter.

sages of spiral arms:

� arm � 110 Myr
�

R
7 kpc

� �
Narm

4

� � 1 � vrel

100 km s� 1

� � 1

(6)
where R is orbital radius, Narm is number of spiral arm
(we choose 4, see Figure 3) in the disk andvrel is the
relative velocity of the gas and spiral arm pattern vrel =
jvgas � vpattern j (see also Semenov et al. 2017).6 Based
on the orbital radius shown in the top middle panel,
the equation explains the density oscillation period in
`Dense' (� 50 Myr), `spiral' ( � 110 Myr) and `Di�use'
(& 240 Myr).7

6 It is di�cult to quantify the velocity of the spiral arms due to
their short lifetime ( � 100 Myr), but the average period can be
well explained by the relative movement of gas against the spiral
arm. The quanti�cation of the density wave of spiral arm is
possible using spatio-temporal PSD-SFR (Shin et al. in prep).

7 Note that we track the density oscillation for 250 Myr; the os-
cillation periods larger than this scale are not fully measured in
this work.
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