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Abstract

Galaxies are fundamental constituents of the Universe, evolving through the process of star
formation by consuming gas inside giant molecular clouds (GMCs). Recent observations
and numerical simulations have suggested that cloud-cloud collisions (CCCs) play a crucial
role in compressing gas at collision fronts, leading to the efficient formation of massive stars.
In this study, we perform numerical hydrodynamical simulations of isolated disk galaxies
with sufficiently high resolution to resolve individual GMCs. We investigate the impact
of star formation triggered by CCCs on the global star formation in isolated disk galaxies
and the GMC properties. Our study is summarised as follows.

Cloud-cloud collisions triggering star formation in galaxy simulations
(Chapter 3)

Aim. Previous studies on CCCs in galaxy simulations relied on post-processing analysis,
lacking the ability to self-consistently consider the promoted star formation and the sub-
sequent stellar feedback. In our approach, we address this limitation by detecting CCC
events on-the-fly in galaxy simulations with the prescription of star formation and stel-
lar feedback. Through this novel methodology, we explore the effect of star formation
triggered by CCCs on galaxy evolution and GMC properties.
Methods. We develop an on-the-fly CCC identification algorithm for the simulation
code Gizmo, which encompasses the solver for gravity and Lagrangian hydrodynamics.
In addition, we make a model of star formation triggered by CCCs based on insights
obtained from previous simulations of CCCs. Using the CCC identification algorithm,
we perform two simulations of an isolated disk galaxy – one with and one without the
star formation model. Our investigation focuses on the impact of CCC-triggered star
formation on star formation rates (SFRs), the Kennicutt-Schmidt (KS) relation, and GMC
properties. Furthermore, we explore the differences in CCC properties between post-
processing and our on-the-fly identification of CCC events.
Characteristics. This work marks the pioneering effort to establish a connection between
CCCs and induced star formation within galaxy simulations. The implementation of our
on-the-fly CCC identification algorithm enables us to investigate the importance of CCCs
in the context of galaxy simulations.
Results. In the simulation with the CCC-triggered star formation model, ∼ 70% of
stars are born in colliding GMCs, while in the simulation without the model, the fraction
is ∼ 50%. The KS relation exhibits a steeper slope in the simulation with the model
due to the promoted star formation in colliding GMCs. When CCCs are identified using
the on-the-fly algorithm, CCC properties such as collision speeds and frequencies are not
significantly impacted by the star formation model. However, the collision frequencies
computed through the post-processing analysis can be underestimated by a factor of ∼ 8
compared to the on-the-fly analysis. Given these findings, we recommend investigating
CCC-driven star formation and galaxy evolution in simulations using the on-the-fly CCC
identification algorithm.
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Chapter 1

Introduction

Astronomy and astrophysics encompass the exploration of celestial objects and associated
phenomena. Their scopes extend to include asteroids, planets, stars, nebulae, star clusters,
galaxies, galaxy clusters, and large-scale structures of the Universe. Owing to the immense
scales of these celestial bodies and their vast distances from Earth, it can be challenging
for individuals to fully appreciate the significance of astronomy and astrophysics in the
context of human society. Nevertheless, the study of the Universe unveils novel physical
laws that govern cosmic phenomena and imparts knowledge that has the potential to foster
breakthrough technologies. Hence, these scientific fields are essential contributors to the
progress and development of our society.

A galaxy is one of the most fundamental constituents of the Universe, primarily com-
prising dark matter, gas, and stars. Stars are born in molecular clouds, which are dense gas
regions in the interstellar medium (ISM) . Inside stars, nucleosynthesis occurs to produce
metals1. Massive stars with ≳ 8M⊙2 unleash intense radiation that heats surrounding gas
Eventually, these massive stars meet their end as supernovae (SNe), polluting ambient gas,
imparting energy and returning gas mass to it. These mechanisms collectively constitute
what is known as stellar feedback, leading to the diffusion of gas in the ISM. Subsequently,
through physical processes like self-gravity, this diffuse gas gradually coalesces into molec-
ular clouds, setting the stage for the formation of new stars. Therefore, star formation
is a significant process for understanding the formation and evolution of galaxies. In my
research, I investigate the role of star formation in the evolution of galaxies by conducting
numerical simulations considering star formation triggered by collisions of clouds. I believe
this work contributes to our comprehension of the formation and evolution of galaxies.

This chapter serves as a concise introduction to the background and physics pertinent
to our studies. The first section provides a brief overview of the processes governing galaxy
formation and the various morphological types of galaxies (Section 1.1). In the second
section, I delve into the physical characteristics of the ISM (Section 1.2). Subsequently,
the third section focuses on the processes associated with star formation in galaxies (Sec-
tion 1.3). The fourth section gives a brief summary of stellar feedback (Section 1.4). The
last section of this chapter outlines the primary objectives and scope of this dissertation
(Section 1.5).

1Heavier elements than He are called ‘metals’ in astronomy and astrophysics.
2M⊙ means the solar mass of 1.989× 1033 g.
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2 — CHAPTER 1. INTRODUCTION

1.1 Galaxies

Galaxies are important astronomical objects for investigating the evolution of the Universe.
We also live in the galaxy called the Milky Way3 (MW). In this section, I briefly introduce
the formation and evolution of galaxies, including theoretical frameworks and observational
insights, in Section 1.1.1. I also present the properties and morphological aspects of
galaxies in Section 1.1.2.

1.1.1 Galaxy formation and evolution

The Universe in the early epoch was almost uniform and included very small density
perturbations. As the cosmic evolution unfolded, these perturbations underwent amplifi-
cations driven by gravity, eventually giving rise to the cosmic structures that characterise
the Universe in the present day. The Universe consists of three principal components:
baryon4, dark matter, and dark energy. According to Planck Collaboration et al. (2020),
the fractions are ∼ 4.9% for baryon, ∼ 26.5% for dark matter, and ∼ 68.4% for dark
energy (see also Smoot et al. 1992; Bennett et al. 2003; 2013; Planck Collaboration et al.
2014; 2016). The results of Planck Collaboration et al. (2020) suggest that the Universe
adheres to the Λ-Cold Dark Matter (ΛCDM) model5.

Drawing from observations of extragalactic objects, Hubble (1929) found that the
speed, v, at which these objects move away from the Sun is proportional to their distance,
D, from the Sun:

v = H0D, (1.1)

where H0 is the Hubble constant6. This observational result serves as proof that the
Universe is expanding. Lemâıtre (1927) also suggested the expanding Universe and this
relation is commonly referred to as the ‘Hubble-Lemâıtre law’. According to Planck Col-
laboration et al. (2020), the Hubble constant is7

H0 = 67.32 km s−1Mpc−1. (1.2)

The value of H0 has the unit of the inverse of time and the time to travel distance D at
speed v is 1/H0. Hence, the inverse of H0 is a guide to the age of the Universe:

1

H0
∼ 14.5Gyr. (1.3)

Since the speed of light c is constant, the radius of the observable region of the Universe
is estimated as

c

H0
∼ 4.45Gpc. (1.4)

The age of the Universe is sometimes parameterised by redshift z. This is defined as

z =
λobs
λem

− 1, (1.5)

3MW is sometimes called ‘our Galaxy ’ or ‘the Galaxy ’.
4‘Normal ’ matter, i.e. (roughly speaking) matters that we can observe in electromagnetic methods.

Dark matter is not baryon since it cannot be observed in this way.
5Λ is the cosmological constant in Einstein’s equation of Rµν − 1

2
Rgµν +Λgµν = 8πG

c4
Tµν , where gµν is

the metric tensor, Rµν is the Ricci tensor, R = gµνRµν is the Ricci scalar, and Tµν is the energy-momentum
tensor (Einstein 1916)

6Although this is named ‘constant’, in practice, it is the time-dependent Hubble parameter H = H(t).
The Hubble parameter for the current Universe is called the Hubble constant H0.

71 pc = 3.085678× 1018 cm.



1.1. GALAXIES — 3

where λobs is observed wavelength and λem is wavelength emitted in a rest frame. The
scale factor, a, is a crucial index for understanding the expansion of the Universe and
corresponds to the ratio of λem to λobs. Therefore the redshift, z, can also be written as

z =
1

a
− 1. (1.6)

For the current Universe, z = 0 or a = 1. A higher value of z or a lower value of a means
the earlier epoch of the Universe.

Thanks to the recent development of observational equipment, many high-z galaxies
have been found, such as Bouwens et al. (2014, z ∼ 4− 8), Whitler et al. (2023, z ∼ 6.8),
Stark et al. (2017, z ∼ 7 − 9), Hashimoto et al. (2019, z ∼ 7.15), Ellis et al. (2013, z ∼
8.5−12), Oesch et al. (2018, z ∼ 10), Castellano et al. (2022, z ∼ 9−15), Naidu et al. (2022,
z ∼ 10−12), Yan et al. (2023, z ∼ 11−20), Harikane et al. (2022, z ∼ 12−16). Investigating
star formation activity in these galaxies is important for understanding galaxy formation
and evolution through cosmic evolution.

The activeness of star formation at various epochs of the Universe is shown by the
cosmic star formation history (see Figure 9 of Madau & Dickinson 2014) Peak star for-
mation activity was observed around z ≈ 2, after which it started to decline. The star
formation rate density in the current Universe is comparable to that at z ≈ 7. Since the
environments surrounding galaxies vary with the epoch of the Universe, star formation
activity also varies. The environmental factors influencing galaxies play an important role
in understanding the overarching concept of unified star formation.

In the pursuit of understanding galaxy formation and evolution through theoretical
frameworks, two primary approaches are commonly employed: semi-analytical models and
numerical hydrodynamic simulations. In semi-analytical models, the initial step involves
conducting a cosmological simulation that exclusively considers dark matter since it serves
as the principal source of gravitational influence for structure formation. This simulation
explores structure formation from the early epoch to the current universe (e.g. Nagashima
et al. 2005; Makiya et al. 2016; Ishiyama et al. 2021). Using this simulation result, the
physical processes related to baryons in galaxies, such as gas dynamics, star formation,
black hole growth, and so on are examined in a phenomenological manner (e.g. Kauffmann
et al. 1993; Enoki et al. 2003; Lagos et al. 2008; Shirakata et al. 2019; Oogi et al. 2020).
The advantages of this method are that it saves on computational costs and that it allows
for the generation of a substantial number of samples.

On the other hand, numerical hydrodynamic simulations of galaxies are also a powerful
tool for studying galaxy formation and evolution. In cosmological simulations, we can
study how galaxies form with an evolving universe, by incorporating subgrid physics8 such
as gas cooling and heating, star formation, stellar feedback, and so on (e.g. Vogelsberger
et al. 2014; Hopkins et al. 2014; Schaye et al. 2015; Pillepich et al. 2018; Hopkins et al.
2018b; 2023). In non-cosmological simulations, galaxies evolve over timescales shorter
than the age of the Universe (typically ≲ 1Gyr). These simulations typically focus on
isolated galaxies or merging two galaxies (e.g. Tasker & Tan 2009; Agertz et al. 2013;
Kim et al. 2016; Renaud et al. 2015; Pettitt et al. 2020). By concentrating on one or
two galaxies, simulations can achieve significantly higher spatial resolutions, enabling an
in-depth exploration of physical properties such as those related to molecular clouds (e.g.
Dobbs & Pringle 2013; Fujimoto et al. 2014a; Pettitt et al. 2018; Grisdale 2021). Although
numerical hydrodynamic simulations may not encompass as expansive regions as semi-
analytical models due to their high computational costs, they possess the capability to

8In numerical simulations, physical phenomena below resolution scales cannot be spatially resolved.
Such phenomena which are small but play major roles are modelled and treated as ‘subgrid ’ physics.
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resolve the internal structures of galaxies and self-consistently model baryonic physics
such as gas-to-star conversion and the impact of stellar feedback on surrounding gas.

1.1.2 Properties and morphology of galaxies

Galaxies are mainly composed of dark matter, stars, and the ISM such as gas and dust. In
the MW, the total mass of each component is ∼ 1012M⊙ for dark matter (see e.g. Klypin
et al. 2002; Boylan-Kolchin et al. 2013; McMillan 2017), ∼ 5× 1010M⊙ for stars (see e.g.
Bovy & Rix 2013; Licquia & Newman 2015), ∼ 7× 109M⊙ for gas (see e.g. Draine 2011;
Heyer & Dame 2015; Nakanishi & Sofue 2016), and ∼ 107 − 108M⊙ for dust (see e.g.
Draine et al. 2007; Draine 2009; Rémy-Ruyer et al. 2014). In addition, most galaxies are
thought to have black holes with > 106M⊙ (so-called supermassive black holes, SMBHs)
at their own centres (e.g. Kormendy & Richstone 1995; Kormendy & Ho 2013) and they are
strongly related to galaxy formation and evolution (e.g. Magorrian et al. 1998; Ferrarese
& Merritt 2000; Häring & Rix 2004; McConnell & Ma 2013) (see also Eisenhauer et al.
2005; Event Horizon Telescope Collaboration et al. 2019; 2022).

Dark matter constitutes the most massive component within the composition of a
galaxy’s dark matter halo. The halo of the MW, for instance, has a radius of ∼ 200 kpc and
follows the Navarro-Frenk-White (NFW) density profile (Navarro et al. 1997). Without
dark matter, rotation curves of disk galaxies expected from visible components (i.e. stars
and the ISM) are inconsistent with observational results that have suggested that rotation
speeds are less sensitive to galactocentric radii (e.g. Rubin et al. 1980). The presence of a
dark matter halo is pivotal in reconciling the actual rotation curves (e.g. Freeman 1970;
Persic et al. 1996; Sofue & Rubin 2001). It is worth noting that galaxies with little dark
matter have recently been discovered (e.g. van Dokkum et al. 2018; Mancera Piña et al.
2019; Guo et al. 2020).

Star formation stands as one of the most important processes in the baryon cycle within
galactic dynamics. Star formation rate (SFR) is an indicator to estimate the level of star
formation activity. This value is usually expressed with units of M⊙ yr−1, indicating how
many stars are on average born in a year. However, I note that this measurement does
not imply that stars are forming on timescales as short as ∼ yr. The actual star formation
timescale is a few Myr (see Section 1.3.2). Observationally, SFRs are estimated using Hα
line9, free-free emission, radial recombination line, far-ultraviolet (FUV), and far-infrared
(FIR) emissions (Calzetti et al. 2005; 2007; Kennicutt et al. 2007; Rieke et al. 2009; Hao
et al. 2011; Murphy et al. 2011; Kennicutt & Evans 2012; Casasola et al. 2017). For
example, the SFR in the MW is estimated to be ∼ 2M⊙ yr−1 (e.g. Murray & Rahman
2010; Robitaille & Whitney 2010; Chomiuk & Povich 2011; Licquia & Newman 2015; Elia
et al. 2022). Galaxy mergers and interactions are expected to trigger bursty star formation.
Galaxies which are undergoing much higher SFRs than the long-term average or those in
most other galaxies are called starburst galaxies. Such galaxies are, for example, M82 (see
e.g. Barker et al. 2008), the Antennae Galaxies (see e.g. Whitmore & Schweizer 1995).

Despite the relatively small quantity of dust in the ISM, it is well-known that dust
plays a key role in astrophysics. Ishiki & Okamoto (2017) and Ishiki et al. (2018) found
the importance of radiation pressure on dust grains in star-forming regions. Dust grains
interact with photons by scattering and absorbing them, rendering their presence observ-
able as dark lanes or dust lanes in the MW or extragalaxies. Infrared re-emission from
dust is used to estimate SFRs (e.g. Calzetti et al. 2007). Gas in the ISM is heated up via
photoelectric grain heating (Draine 1978, see also Section 1.2.4). Molecular hydrogen (H2)

9One of the spectral lines of atomic hydrogen. When its electron is de-excited from a principal quantum
number of n = 3 to n = 2, Hα is emitted, corresponding to a wavelength of 656.3 nm
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is the most abundant molecule in the ISM and is formed on surfaces of dust grains (e.g.
Gould & Salpeter 1963).

Galaxies exhibit a diverse array of morphological types, which have been systematically
classified based on their optical images (Hubble 1926). The main classes include spiral,
barred spiral, elliptical, and irregular galaxies. Spiral and barred spiral galaxies are in-
cluded in a class of disk galaxies whose disk shapes are supported by their rotational speed.
Irregular galaxies are ones that cannot be classified into spiral, barred spiral, and elliptical
galaxies due to their complex appearance. There is a class of lenticular galaxies that have
disk structures without spiral or bar structures. I briefly introduce the characteristics of
spiral, barred spiral, merging, elliptical, and dwarf galaxies below.

Spiral galaxy

Spiral galaxies are disk galaxies with spiral structures and are classified in detail into Sa,
Sb, and Sc based on the tightness of the spiral arms. A spiral galaxy with relatively
tightly wound arms is Sa. As the pitch angle of their arms becomes larger, the galaxies
are classified as Sb and Sc. In the central region of a spiral galaxy, there is a spheroidal
component called a bulge. The bulge is typically composed of old stars (see e.g. Minniti
& Zoccali 2007). For the MW bulge, the age is ∼ 10Gyr (e.g. Ortolani et al. 1995; Zoccali
et al. 2003; Sit & Ness 2020).

The precise mechanisms underlying the formation of spiral arm structures in galaxies
remain a subject of ongoing research and are not yet fully understood. It is well-known
that if stars are arranged along spiral arms permanently, the pitch angle of the arms would
become very small as the galaxy rotates since the angular speed of rotation of the galactic
disk depends on the galactocentric radii. If this is true, almost spiral galaxies should have
very low pitch angles. However, such galaxies are very rare in the Universe. To solve this
so-called winding dilemma, Lin & Shu (1964) suggested the density wave theory10 that
since stars travel along elliptical orbits, which vary smoothly and gradually with distance
from the galactic centre, spiral density waves of stars in the disk are observed as spiral
arms. This theory is consistent with that nearby spiral galaxies do not have too low pitch
angles. Theoretical works have shown that when dwarf galaxies or dark matter subhaloes
interact with a disk galaxy, tidal interactions induce two-armed spirals (e.g. Toomre &
Toomre 1972; Donner et al. 1991; Salo & Laurikainen 2000; Oh et al. 2008; Dobbs et al.
2010; Struck et al. 2011; Chakrabarti et al. 2011). Moreover, gas flowing into spiral density
waves is expected to experience shocks, leading to star formation (Fujimoto 1968; Roberts
1969).

Barred spiral galaxy

Barred spiral galaxies are also categorised as disk galaxies, featuring a central bar structure
adjacent to the galactic bulge and spiral arms extending from the ends of the bar. De-
pending on the shape of the bars, the barred galaxies are further classified into SBa, SBb,
and SBc. About two-thirds of spiral galaxies have bars (Eskridge & Frogel 1999; Eskridge
et al. 2000; Laurikainen et al. 2004; Lee et al. 2012; 2019). The MW is also thought to
be a barred spiral galaxy11 (e.g. Georgelin & Georgelin 1976; Fux 1999; Churchwell et al.

10This is sometimes described as a traffic jam on a motorway. In the jam, vehicles are densely concen-
trated. A vehicle does not permanently stay in the jam but moves slowly, and eventually passes through
the jam. The places where the traffic jam occurs are comparable to the spiral arms.

11No human being knows the true morphology of the MW. This is due to the fact that we live inside the
galaxy and the difficulty in measuring distances. This is similar to the fact that it is difficult for people
inside Hokkaido University to imagine its shape and map without a bird’s-eye view.
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2009; Baba et al. 2010; Pettitt et al. 2014; Bland-Hawthorn & Gerhard 2016; Sanders et al.
2019; Clarke & Gerhard 2022).

When perturbations are applied to a gas or stellar disk, instability to form a bar
structure is analytically solved by Ostriker & Peebles (1973). This is called bar instability.
Assuming that gas is distributed in the Maclaurin disk, which is the thin disk with the
surface density profile of

Σ(R) = Σ(0)

(
1− R2

Rdisk

)1/2

, (1.7)

whereR is the radius in the cylindrical coordinate and Rdisk is the disk radius, the condition
of bar formation in this disk is given by

Krot

|W |
> 0.2738, (1.8)

where Krot is a rotational kinetic energy and W is a gravitational energy of the disk. For
stars in the Kalnajs disk, which is the thin disk with the same surface density profile as
Equation (1.7), the condition of bar formation in this disk is given by

Krot

|W |
> 0.1286. (1.9)

By adding gravity due to an external field to increase |W |, the disk becomes stable without
forming a bar. In fact, almost all spiral galaxies are embedded in dark matter halo and not
all the spirals have bar structures. It is known that the transfer of angular momentum of
the disk to the dark matter halo is important for bar formation and growth (e.g. Debattista
& Sellwood 1998; Athanassoula 2003; Dubinski et al. 2009; Saha & Elmegreen 2018; Jang
& Kim 2023).

The non-axisymmetric gravitational potential of the bar structure decreases the an-
gular momenta of gaseous components and transfers them into the galactic centre (e.g.
Athanassoula 1992; Downes et al. 1996; Reynaud & Downes 1998; Wang et al. 2012; Cole
et al. 2014; Iles et al. 2022; Schinnerer et al. 2023). Therefore, the bars play important
roles in star formation in the nucleus regions (see e.g. Longmore et al. 2013; Armillotta
et al. 2019; Fazeli et al. 2019). The central region of the MW is known as the region where
star formation is suppressed despite high gas density (e.g. Yusef-Zadeh et al. 2009; Immer
et al. 2012; Barnes et al. 2017). However, what suppresses star formation in the region is
not well understood yet.

Merging galaxies

Galaxy mergers represent a crucial and impactful process in the evolution of galaxies.
Mergers are anticipated to trigger intense bursts of star formation and are linked to the
formation of elliptical galaxies. These galaxies are one of the starburst galaxies (see
Whitmore & Schweizer 1995; Renaud et al. 2015).

Galaxy mergers are divided into two categories according to the size of the galaxies
(see e.g. Man et al. 2016; Ventou et al. 2019). When a larger galaxy merges with a smaller
one, typically with less than ∼ 1/4− 1/10 of the mass of the larger galaxy, this merger is
called a ‘minor ’ merger. The MW also has experienced minor mergers (see e.g. van Loon
et al. 2003; Sancisi et al. 2008). On the other hand, when the mass ratio is ∼ 1 − 1/4,
it is a ‘major ’ merger. The Antennae galaxies are undergoing a major merger which is
expected to form an elliptical galaxy.



1.2. INTERSTELLAR MEDIUM — 7

Elliptical galaxy

Elliptical galaxies are classified into En with n = 0, · · · , 7. The number n is determined
by the ratio of the major axis and minor axis. An E0 galaxy is the closest to a spherical
appearance on the celestial sphere. While the shapes of disk galaxies are maintained by
the rotation velocity of gas and stars, those of elliptical galaxies are supported by the
velocity dispersion (e.g. Faber & Jackson 1976).

Galaxies are considered collisionless systems, meaning that the exchange of kinetic
energy of stars in a galaxy due to gravitational force takes a long time for the system to
reach equilibrium. The relaxation time, trelax, is roughly computed as

trelax = N⋆
Rgal

v⋆
, (1.10)

where N⋆ is a number of stars, Rgal is a size of the galaxy, and v⋆ is typical speed of stars.
Using the MW values of N⋆ ∼ 1011, Rgal ∼ 15 kpc, and v⋆ ∼ 200 km s−1, we get12

trelax ∼ 1010Gyr, (1.11)

which is much longer than the age of the Universe (see Equation 1.3). This result means
that it is impossible for isolated disk galaxies to be elliptical galaxies without distinctive
structures over the evolution of the Universe. The formation of elliptical galaxies has
been proposed to occur through a process called ”violent relaxation,” as suggested by
Lynden-Bell (1967). In this scenario, the gravitational potential of the galaxy undergoes
rapid and significant changes, often as a result of galaxy mergers. The violent changes in
gravitational potential energy cause random perturbations in the motion of stars, resulting
in random orbits of these stars. I have estimated the relaxation time of merging MW-
like galaxies via violent relaxation and found that trelax is an order of 0.1Gyr which is
considerably shorter than the age of the Universe. Therefore, galaxy merger is a potential
process to form an elliptical galaxy.

Dwarf galaxy

Galaxies that have less than a few billion stars are called dwarf galaxies. Their morpholo-
gies are various, i.e. spirals, ellipticals, or irregulars. Dwarf galaxies often exist around
large (i.e. non-dwarf) galaxies. For example, the Large Magellanic Cloud (LMC) is one of
the satellite dwarf galaxies of the MW. It is noted that star formation in dwarf galaxies
can be suppressed by photoelectric grain heating (e.g. Forbes et al. 2016; Hu et al. 2017).

Dwarf galaxies are important in the cosmological context. The ΛCDM model predicts
a larger number of satellite galaxies around massive galaxies like the MW than what
observations have found. This is called the missing satellite problem (e.g. Klypin et al.
1999; Moore et al. 1999; Simon & Geha 2007; Homma et al. 2018). It is not well understood
whether there are many dark matter subhalos which are not yet observed or whether there
are problems in the cosmological theory.

1.2 Interstellar medium

The interstellar medium (ISM) plays a vital role within galaxies, as gas is the material for
star formation and is influenced by stellar feedback. In this section, I briefly introduce the
properties of the ISM in Section 1.2.1, the physical properties of giant molecular clouds
(GMCs) in Section 1.2.2, metals in Section 1.2.3, cooling and heating processes in the ISM
in Section 1.2.4, magnetic fields in Section 1.2.5, and turbulence in the ISM in Section 1.2.6.

12This is a very rough estimate. When we consider the effect of close encounters of stars, trelax ∼ 108 Gyr.
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1.2.1 Physical properties

The gaseous component of the ISM primarily comprises hydrogen, followed by helium and
metals. The fractions by mass (by number) are 70.4% (90.8%) of hydrogen, 28.1% (9.1%)
of helium, and 1.5% (0.12%) of metals (Ferrière 2001).

The phase diagram of gas in the ISM, the temperature, T , as a function of the hydrogen
number density, nH is often studied (see e.g. Figure 1 of Myers 1978). Hot ionised
(colonial) gas has nH ∼ 10−2 cm−3 and T ∼ 106K and is formed by SNe. Inter-cloud
gas is composed of warm atomic and ionised gas with T ∼ 6 × 103 − 104K and n ∼
0.1 − 1 cm−3. Diffuse gas is made of neutral hydrogen, denoted as HI. The temperature
and density are ∼ 100K and ∼ 1 cm−3, respectively. Such diffuse gas cools down via
radiation and becomes denser by gravity, forming GMCs. They have T ∼ 10− 100K and
n ≳ 100 cm−3. The region with T ≈ 104K and n ≳ 100 cm−3 is called the HII region.
HII means ionised hydrogen. Since the HII regions are formed by strong radiation from
young massive stars born in GMCs, they are sometimes used to estimate SFRs and GMC
lifetimes (e.g. Kawamura et al. 2009; Kennicutt & Evans 2012; Miura et al. 2012).

1.2.2 Giant molecular clouds

Observations have investigated the physical properties of GMCs in the MW and nearby
galaxies (e.g. Larson 1981; Dame et al. 2001; Rosolowsky 2005; 2007; Heyer et al. 2009;
Muraoka et al. 2009; Gratier et al. 2012; Colombo et al. 2014; Miville-Deschênes et al. 2017;
Maeda et al. 2020a) Miville-Deschênes et al. (2017) showed the histograms of physical
properties of GMCs in the MW. The GMC masses Mc are most probable at ∼ 105M⊙,
extending out to ∼ 107M⊙, with the power-law spectrum of dNc/d logMc ∝ M−2.0

c in
the high mass regime13. The GMC radii are from ∼ 1 pc to a few 100 pc with a peak at
∼ 30 pc. The velocity dispersion of the GMCs σc are typically a few km s−1. The virial
parameter of the GMCs is a dimensionless parameter and is defined as

αvir =
5σ2cRc

GMc
, (1.12)

where G is the gravitational constant. If αvir is less than an order of unity, the GMC is
judged to be gravitationally bound. Therefore the virial parameter is sometimes used as
an indicator of star formation. The values of αvir of the MW clouds have a peak at ∼ 4.

Numerical simulations of galaxies are also a powerful method to investigate the physical
properties of GMCs since they can trace the time evolution of GMCs. Tasker & Tan
(2009) and Tasker (2011) studied formation and evolution of GMCs in a simulated MW-
like galaxy. Fujimoto et al. (2014a) performed a barred spiral galaxy modelled from
M83 to study how GMC properties depend on galactic structures. Dobbs et al. (2015)
computed the frequency of cloud mergers in a simulated spiral galaxy. Pettitt et al. (2018)
investigated GMC evolution in tidally interacting galaxies. Grisdale (2021) studied how
GMC properties are affected by the choice of star formation model. There are many
other studies on GMC properties and evolution in galaxy simulations (e.g. Dobbs et al.
2006; Dobbs 2008; Dobbs et al. 2011b; Fujimoto et al. 2014b; Benincasa et al. 2020;
Guszejnov et al. 2020). Our research also investigated the physical properties of GMCs in
our simulated galaxies (see Chapter 3).

GMCs form via the agglomeration of gas and are diffused by GMC interaction, stellar
feedback, etc (e.g. Kolesnik 1991; Inoue & Inutsuka 2009; Vázquez-Semadeni et al. 2010;
Fujimoto et al. 2014a; 2016; Kruijssen et al. 2019; Fujii et al. 2021). Observations statisti-
cally have estimated the lifetimes of GMCs, from their formation to their destruction, and

13In this dissertation, ‘log’ denotes ‘log10’, while ‘ln’ means ‘loge’.
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found that the lifetimes are a few 10Myr (e.g. Engargiola et al. 2003; Kawamura et al.
2009; Miura et al. 2012; Kruijssen et al. 2019). In comparison, previous numerical simula-
tions of galaxies produced the lifetimes of ∼ 6Myr on average (e.g. Dobbs & Pringle 2013;
Grisdale et al. 2019; Benincasa et al. 2020). This discrepancy can be attributed to various
factors, including how to define the ‘birth’ and the ‘death’ of GMCs in simulations, which
have a high degree of freedom of choice of parameters such as how to deal with collisions
of clouds, how much mass is lost before it is considered destroyed, etc.

Not only galaxy-scale simulations but also cloud-scale simulations have also been per-
formed. Although modern galaxy-scale simulations cannot spatially resolve cloud cores
which are seeds of stars due to high computational costs, simulations of individual GMCs
can employ a much higher spatial resolution that can resolve cloud cores. Idealised GMCs
such as spherical mass distribution are often used for initial conditions and physical phe-
nomena in highly resolved GMCs such as turbulent motion, star formation, and radiative
feedback effects are studied (e.g. Woodward 1976; Phillips & Monaghan 1985; Vanhala &
Cameron 1998; Klessen 2000; Attwood et al. 2009; Walch et al. 2012; Shima et al. 2017;
2018; Fukushima et al. 2020; Fukushima & Yajima 2021).

Observations have reported that empirical correlations between GMC masses Mc,
GMC radii Rc, and the velocity dispersion of GMCs σc (e.g. Larson 1981). These re-
lationships are called Larson’s law. The law can be written as:

σc ∝ Ralarson
c , (1.13)

σc ∝M blarson
c , (1.14)

ρ̄c ∝ Rclarson
c , (1.15)

where ρ̄c is the mean mass density of GMCs and alarson, blarson, and clarson are the power-law
indices. If we assume two of Equations (1.13), (1.14), and (1.15), the other is automatically
derived. Miville-Deschênes et al. (2017) showed the relationships between the physical
properties of MW clouds. They found the correlations of Mc ∝ R2.2±0.2

c , σc ∝ R0.63±0.30
c ,

σc ∝ M0.27±0.10
c , and σc ∝ (ΣcRc)

0.43±0.14, where Σc is the surface density of GMCs.
Numerical simulations of galaxies have also reproduced similar correlations between the
physical properties of GMCs (e.g. Fujimoto et al. 2014a; Pettitt et al. 2018; Grisdale 2021).

1.2.3 Metals

When the Universe was born, there was only hydrogen (H), helium (He), and a tiny
amount of lithium (Li) (e.g. Alpher et al. 1948; Fields 2011). Metals are predominantly
generated through stellar nucleosynthesis, which is the energy source for stars to shine
(e.g. Eddington 1920). The mass fraction of metals is called metallicity and is denoted as
Z in astrophysics14.

Bethe (1939) proposed two processes as sources of stellar energy. The first one is the
proton-proton (p-p) chain reaction, which involves the conversion of hydrogen into helium
and is the main energy source in stars with ≲ 1M⊙. The p-p chain reaction also produces
Li, beryllium (Be), and boron (B) (Iliadis 2015). This reaction is written as follows:

1H + 1H −→ 2H + e+ + νe (1.16)

where 1H is a hydrogen atom (i.e. proton), 2H is a heavy hydrogen (deuterium), e+ is a
positron (antielectron), and νe is an electron neutrino. The positron will soon annihilate
with an electron (e−) into two gamma rays:

e+ + e− −→ 2γ + 1.02MeV (1.17)

14Mass fraction of hydrogen is X and that of helium is Y . Therefore X + Y + Z = 1.
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The deuterium produced in the first step (1.16) fuse with another proton to be an isotope
of helium:

2H + 1H −→ 3He + γ + 5.49MeV (1.18)

After this, there are three paths to generate 4He: p-p I, p-p II, and p-p III branches. In
the p-p I branch, 4He is produced from two 3He:

3He + 3He −→ 4He + 1H + 1H + 12.86MeV (1.19)

This branch is dominant at temperatures of ∼ 1 × 107 − 1.8 × 107K. Below ∼ 107K,
4He is rarely produced in the p-p chain. In the p-p II branch, 4He is generated via the
production of Be and Li:

3He + 4He −→ 7Be + γ
7Be + e− −→ 7Li + νe
7Li + 1H −→ 4He + 4He

(1.20)

This branch is dominant when the temperatures are between ∼ 1.8× 107 and 2.5× 107K.
The last one, the p-p III branch produces 4He, 7Be, and 8B:

3He + 4He −→ 7Be + γ
7Be + 1H −→ 8B + γ

8B −→ 8Be + e+ + νe
8Be ←→ 4He + 4He

(1.21)

If the temperature is above ∼ 2.5 × 107K, this branch is dominant. In the Sun, 83.3%,
16.68%, and 0.02% of 4He are generated via the p-p I, II, III branches, respectively. It
takes an order of 1Gyr to complete the p-p chain reaction on average.

The second process is the carbon-nitrogen-oxygen (CNO) cycle which gives dominant
energy to stars with ≳ 1M⊙ (e.g. Pagel 1997). This reaction is written as follows:

12C + 1H −→ 13N + γ + 1.95MeV
13N −→ 13C + e+ + νe + 1.37MeV

13C + 1H −→ 14N + γ + 7.54MeV
14N + 1H −→ 15O + γ + 7.35MeV

15O −→ 15N + e+ + νe + 1.86MeV
15N + 1H −→ 12C + 4He + 4.96MeV

(1.22)

The 12C generated in the last reaction is again fused with a hydrogen atom, making the
whole a cycle reaction. The CNO cycle is driven at temperatures of ∼ 1.5×107−3×107K.
Since the CNO cycle generates ∼ 25MeV in one cycle over ∼ 380Myr, which is more
efficient than the p-p chain reaction. Burbidge et al. (1957) reviewed how elements from
C to iron (Fe) are synthesised. There are no C, N, and O elements in the early stage of
the Universe, the CNO cycles are thought not to occur in stars in the epoch. In the stars,
C is produced from He by the triple-alpha process (e.g. Timmes et al. 1995):

4He + 4He ←→ 8Be + γ − 91.78 keV
8Be + 4He −→ 12C + γ + 7.367MeV

(1.23)

Metals inside stars are returned to the ISM when they become planetary nebulae or
explode as SNe. In addition, a neutron-neutron star merger is expected to be a process
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to form rare metals such as gold (Au) and platinum (Pt) (e.g. Tsujimoto & Shigeyama
2014; Beniamini & Piran 2019). In the MW, the metallicity is higher around its centre
and decreases around its edges since there are more stars around the centre (e.g. Wolfire
et al. 2003). The solar metallicity is Z = Z⊙ = 0.0142 (Asplund et al. 2009).

1.2.4 Cooling and heating

Gas cooling and heating in the ISM are also important processes in star formation since
cooling weakens gas pressure against self-gravity and heating suppresses star formation.
Here, I introduce the cooling and heating processes in the ISM.

1. Collisional excitation and ionisation (see e.g. Katz et al. 1996): Atoms are ionised by
photons from massive stars and electrons are stripped away. The emitted electrons
can collide with atoms or ions and excite them. Hydrogen and helium atoms can
also excite molecules via collisions. When these excited atoms, ions and molecules
decay, they emit photons. In addition, free electrons can collide with atoms to ionise
them by stripping formerly bound electrons away. The energy of the free electrons
is taken via this ionisation.

2. Recombination (see e.g. Verner & Ferland 1996): When a free electron recombines
with an ion, the difference between the kinetic energy of the free electron and the
transitioned level is radiated away.

3. Free-free emission (bremsstrahlung) (see e.g. Rybicki & Lightman 1986): When a
charge is accelerated by the Coulomb field of another charge, a photon is emitted.
This typically occurs between free electrons and ions and is important in the ionised
ISM. The cooling rate is proportional to T 1/2.

4. Metal-line, fine-structure, and molecular cooling (see e.g. Wiersma et al. 2009; Fer-
land et al. 1998): Gas including metals quickly loses its internal energy since there
are more available transitional levels of atoms and molecules. Fine-structure cooling
by C II, O I15, and so on and molecular cooling by rotational and vibrational tran-
sitions in molecules such as CO and H2 are important in the neutral medium and
GMCs.

5. Dust collisional cooling/heating (see e.g. Meijerink & Spaans 2005): Thermal energy
can be transferred by collisions between gas atoms/molecules and dust grains. The
interstellar dust grains emit infrared rays. This is important in high-density regions
such as GMCs.

6. Cosmic ray heating (see e.g. Guo & Oh 2008): Cosmic ray can penetrate high column
densities such as GMCs and transfer energy to gas by ionisation and excitation, and
to free electrons by Coulomb interactions.

7. Photoelectric heating (see e.g. Wolfire et al. 2003): The dust grains absorb the UV
photons from massive stars and a part of the photon energy is used to strip elec-
trons away by overcoming the work function. The emitted electrons heat up gas by
colliding with other particles.

8. Stellar feedback : The ISM is heated up by stellar feedback such as SNe, strong radia-
tion from massive stars, and stellar winds. I introduce these processes in Section 1.4.

1.2.5 Magnetic field

There are magnetic fields in the ISM, whose strength16 is ∼ 1 − 10µG (e.g. Ruzmaikin
et al. 1988; Crutcher 1999; Widrow 2002; Kulsrud & Zweibel 2008; Jansson & Farrar 2012;

15C II is single ionised carbon (C+) and O I is neutral oxygen.
161G = 10−4 T
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Crutcher 2012). The origin of the magnetic field is expected to be the dynamo effect of
galaxies (e.g. Kulsrud & Anderson 1992) but is not well understood yet. The magnetic field
is observed using the synchrotron emission, the Faraday rotation, the Zeeman splitting,
and the polarization of optical starlight (Heiles 1976; Kazès & Crutcher 1986; Crusius
& Schlickeiser 1986; Ostriker et al. 2001; Carilli & Taylor 2002; Beck & Krause 2005;
Bonafede et al. 2010, see also Widrow (2002)). Magnetic fields play dominant roles in star
formation since self-gravity needs to overcome magnetic pressure to form stars in dense
gas regions (e.g. Girart et al. 2006; Price & Bate 2007; Girart et al. 2009; Seifried & Walch
2015; Krumholz & Federrath 2019). In magnetised clouds, if the clouds have masses above
the critical mass of

MΦB
=

ΦB

2π
√
G
, (1.24)

where ΦB is the magnetic flux (Nakano & Nakamura 1978), the self-gravity overcomes the
magnetic fields to form cores and then stars.

1.2.6 Turbulence

The ISM is known to be supersonically turbulent (e.g. Larson 1981; van Zee & Bryant
1999; Tamburro et al. 2009; Burkhart et al. 2010; Caldú-Primo et al. 2013; Meidt et al.
2013; Pety et al. 2013; Arribas et al. 2014; Green et al. 2014; Moiseev et al. 2015). Several
physical processes are thought to be the nature of the turbulent motion in the ISM. SNe
feedback gives energy to ambient gas to churn up it on scales of ∼ 100 pc (e.g. Wada &
Norman 2001; Dib et al. 2006). Magnetic fields in the ISM may drive turbulence through
galactic differential rotation (e.g. Sellwood & Balbus 1999). Self-gravity may also play an
important role in driving turbulence (e.g. Wada et al. 2002; Krumholz & Burkhart 2016).
However, the origin of supersonic turbulence is still a matter of debate.

It is known that the probability density function (PDF) of gas density in the isothermal
ISM can be written as a lognormal distribution:

ps =
1√
2πσ2s

exp

{
−(s− s0)2

2σ2s

}
, (1.25)

where s = ln(ρ/ρ̄), s0 is the mean of s related to the standard deviation σs, ρ is gas mass
density, and ρ̄ is the mean density (e.g. Vazquez-Semadeni 1994; Nordlund & Padoan 1999;
Ostriker et al. 1999; Klessen 2000; Ostriker et al. 2001; Li et al. 2003; Kritsuk et al. 2007;
Glover & Mac Low 2007; Beetz et al. 2008). The width σs can be described as

σs = ln
(
1 + b2turbM2

)
, (1.26)

whereM is the Mach number (e.g. Padoan et al. 1997; Mac Low et al. 2005; Kowal et al.
2007; Federrath et al. 2008). The forcing parameter bturb is defined as

bturb =

√
χ

1 + χ
, (1.27)

where the compressive ratio χ is

χ =
⟨ṽ2

comp⟩
⟨ṽ2

sol⟩
. (1.28)

Here, ṽcomp and ṽsol are the compressive and solenoidal components of the turbulent
velocity field, respectively (Pan et al. 2016) and ⟨x⟩ denotes the average of a given property
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x. Each velocity component is derived with the Helmholtz decomposition in the Fourier
space as

ṽcomp(k̂) = (k̂ × ṽ)× k̂

ṽsol(k̂) = (k̂ · ṽ)k̂,
(1.29)

where k̂ is the unit wavevector and ṽ is the velocity field in the Fourier space (see also
Kobayashi et al. 2022). If bturb ≈ 1/3 and bturb ≈ 1, they mean purely solenoidal
(divergence-free) and compressive (curly-free) forcing of the turbulence, respectively (e.g.
Federrath et al. 2008; Seifried et al. 2011; Micic et al. 2012). Previous numerical studies
showed that bturb = 0.5 gives good representations of the density PDF data (Padoan et al.
1997; Mac Low et al. 2005).

The turbulent flow is not constant and includes both large and small scales. Energy
input by external forces or flows is transported from larger whirlpools to smaller ones. This
transfer process is called an energy cascade. For incompressible turbulence, the energy
spectrum is described as

E(k) ∝ k−5/3, (1.30)

where k is the wave number of the turbulence (Kolmogorov 1941; 1991). However, the
ISM is a compressible fluid and does not follow Equation (1.30). For such compressible
turbulence, the energy spectrum follows

E(k) ∝ k−2. (1.31)

Observations and numerical simulations of the ISM have obtained consistent relations with
Equation (1.31) (e.g. Larson 1981; Heyer & Brunt 2004; Bournaud et al. 2010).

1.3 Star formation in galaxies

In this section, I introduce star formation in galaxies, which is the main topic of our
research in this dissertation. Physical processes of instabilities to form dense gas are
described in Section 1.3.1. GMCs as stellar nurseries are introduced in Section 1.3.2. In
addition, I introduce cloud-cloud collisions (CCCs) in Section 1.3.3 that are expected to be
an important process for forming massive stars and the main subjects of our research. The
initial mass function (IMF) of stars and an empirical relation of galactic star formation,
the Kennicutt-Schmidt (KS) relation, are presented in Section 1.3.4 and 1.3.5, respectively.

1.3.1 Instabilities

Gas conversion into stars requires density increases of ∼ 20 orders of magnitude. Gas in
the ISM pulls each other by self-gravity but repels each other by their pressure. If the
self-gravity overcomes the pressure, the gas becomes gravitationally unstable to be denser.
Here, I introduce the Jeans instability and Toomre’s stability criterion (Toomre 1964).

Jeans instability

The Jeans instability is one of the basic theories for gravitational instabilities and tells us
the condition for instabilities in self-gravity systems (Jeans 1902). By adding small per-
turbations into hydrodynamic equations with gravity, we can know how the perturbations
evolve. The continuity equation of fluid, the equation of motion of fluid, and the Poisson
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equation of gravity are given by

∂ρ

∂t
+∇ · (ρv) = 0, (1.32)

∂v

∂t
+ (v ·∇)v = −1

ρ
∇P −∇ϕ, (1.33)

∆ϕ = 4πGρ, (1.34)

respectively17, where ρ is the mass density of the fluid, t is time, v is the velocity field of
the fluid, P is the pressure of the fluid, and the ϕ is the gravitational potential. Here we
assume isothermal fluid:

P = c2sρ, (1.35)

where cs =
√
kBT/µmp is the sound speed, µ is the average molecular weight, and mp

is the proton mass. We substitute the physical properties which can be separated into
non-perturbation terms (subscript 0) and perturbation terms (subscript 1):

ρ = ρ0 + ρ1(r, t), (1.36)

v = v0 + v1(r, t), (1.37)

ϕ = ϕ0 + ϕ1(r, t), (1.38)

where v0 = 0. The perturbation terms are functions of the position r and t. If we ignore
terms obtained by multiplying perturbation terms since they are very small, we get18

∂ρ1
∂t

+ ρ0∇ · v1 = 0, (1.39)

∂v1
∂t

= − c
2
s

ρ0
∇ρ1 −∇ϕ1, (1.40)

∆ϕ1 = 4πGρ1. (1.41)

This process is called the ‘linearisation’. From these equations, we get

∂2ρ1
∂t2

= c2s∆ρ1 + 4πGρ0ρ1. (1.42)

We here take a plane wave for the perturbation:

ρ1 ∝ ei(k·r−ωt), (1.43)

where ω is the angular frequency and k is the wave number vector, and substitute this
into Equation (1.42), giving the dispersion relation:

ω2 = k2c2s − 4πGρ0, (1.44)

where k = |k| is the wave number. When ω2 > 0 in Equation (1.44), the perturbation
oscillates. On the other hand, when ω2 < 0, the solution (1.43) gives us the mode in which
the perturbation exponentially grows. This is the Jeans instability.

The wave number k which leads the boundary between the stable and unstable modes
(ω2 = 0) is given by

kJ =

(
4πGρ0
c2s

)1/2

. (1.45)

17∆ = ∇ ·∇ is the Laplacian.
18We here assume that the density perturbation only causes gravitational pull.
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We here define the Jeans wavelength as

λJ =
2π

kJ
=

(
πc2s
Gρ0

)1/2

. (1.46)

In addition, the Jeans radius is defined as

RJ =
λJ
2

=

(
πc2s
4Gρ0

)1/2

∝
(
c2s
Gρ0

)1/2

. (1.47)

Finally, the Jeans mass is defined by the mass within RJ as

MJ =
4π

3
ρ0R

3
J =

(
π5c6s

36G3ρ0

)1/2

∝
(

c6s
G3ρ0

)1/2

. (1.48)

If the perturbation is more massive than the Jeans mass, it grows up via gravitational
instability.

Let us consider a gas sphere with a uniform density ρ0 and without pressure. The time
from a state of rest to the radius equal to 0 (i.e. free-fall time, see also Section 1.3.2) is

tff =

(
3π

32Gρ0

)1/2

. (1.49)

The Jeans wavelength can be approximated as

λJ ∼ cstff . (1.50)

Therefore, the condition that the density perturbation becomes unstable is

λJ
cs

≳ tff , (1.51)

where λJ/cs is the sound-crossing time over which the perturbations propagate as sound
waves. In other words, the Jeans instability occurs when gas contracts by self-gravity
faster than the oscillation as sound waves.

Toomre’s stability criterion

Disk galaxies are in differential rotation in which Toomre’s stability criterion plays an
important role to know gravitational instability (Toomre 1964). In an axisymmetric thin
disk, the continuity equation, the equation of motion, and the Poisson equation in the
cylindrical coordinates (R,φ, z) are given by

∂Σ

∂t
+

1

R

∂

∂R
(RΣvR) +

1

R

∂

∂φ
(Σvφ) = 0, (1.52)

∂vR
∂t

+ vR
∂vR
∂R

+
vφ
R

∂vR
∂φ
−
v2φ
R

= − ∂ϕ
∂R
− c2s

Σ

∂Σ

∂R
, (1.53)

∂vφ
∂t

+ vR
∂vφ
∂R

+
vφ
R

∂vφ
∂φ
− vRvφ

R
= − 1

R

∂ϕ

∂φ
− c2s
RΣ

∂Σ

∂φ
, (1.54)

∆ϕ = 4πGΣδ(z), (1.55)

respectively, where Σ is the gas mass surface density19, vR and vφ are radial and rota-
tional velocities, respectively, and δ(z) is the Dirac delta function. Here we again assume
isothermal fluid:

P = c2sρ. (1.56)

19Here we assume that the disk is enough thin with the thickness of ∆z. The surface density is given by
Σ = ρ∆z.
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The physical properties can be written using the non-perturbation and perturbation terms:

Σ = Σ0(R) + Σ1(R,φ, t), (1.57)

vR = vR0 + vR1(R,φ, t), vR0 = 0, (1.58)

vφ = vφ0(R) + vφ0(R,φ, t), vφ0(R) = RΩ(R), (1.59)

ϕ = ϕ0(R) + ϕ1(R,φ, t), (1.60)

where Ω(R) is the angular velocity. I note again that we here assume the axisymmetric
distribution of matters, leading to the non-perturbation terms independent of φ and t.
Using the non-perturbation terms (subscript 0), Equations (1.53) and (1.55) become

−RΩ2 = −∂ϕ0
∂R
− c2s

Σ0

∂Σ0

∂R
, (1.61)

∆ϕ0 = 4πGΣ0δ(z). (1.62)

By substituting Equations (1.57)-(1.60) into Equations (1.52)-(1.55), ignoring the second-
order perturbation terms, and combining with Equations (1.61) and (1.62), we get

∂Σ1

∂t
+

1

R

∂

∂R
(RΣ0vR1) +

Σ0

R

∂vφ1
∂φ

+Ω
∂Σ1

∂φ
= 0, (1.63)

∂vR1

∂t
+Ω

∂vR1

∂φ
− 2Ωvφ = −∂ϕ1

∂R
− c2s

Σ0

∂Σ1

∂R
+ c2s

Σ1

Σ2
0

∂Σ0

∂R
, (1.64)

∂vφ1
∂t

+Ω
∂vφ1
∂φ

+
κ2

2Ω
vR1 = −

1

R

∂ϕ1
∂φ
− c2s
RΣ0

∂Σ1

∂φ
, (1.65)

∆ϕ1 = 4πGΣ1δ(z), (1.66)

where κ is the epicyclic frequency:

κ2 = 2Ω

(
2Ω +R

dΩ

dR

)
=

2Ω

R

d

dR

(
R2Ω2

)
= 2

(vφ0
R

)2(
1 +

R

vφ0

dvφ0
dR

)
.

(1.67)

Now we assume that spiral arms with the pitch angle αp work as the perturbation in
the disk. The pitch angle is given by

tanαp =

∣∣∣∣ 1R dR

dφ

∣∣∣∣ . (1.68)

The function f(R, t) that determines the shape of the spirals is satisfied with

f(R, t)−mφ = const, (1.69)

where m is the number of the spiral arms. From Equations (1.68) and (1.69), we get

tanαp =

∣∣∣∣mR
/
∂f

∂R

∣∣∣∣ . (1.70)

The separation between the spiral arms λ satisfies

∂f

∂R
λ = 2π. (1.71)
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Therefore, the wave number is

k(R, t) =
2π

λ
=
∂f

∂R
. (1.72)

This leads Equation (1.70) to

tanαp =
∣∣∣ m
kR

∣∣∣ . (1.73)

When the spirals tightly twine around, tanαp ≪ 1 and the dependence of R on Σ becomes
important. Therefore, the change of Σ1 with R is more dominant than that of Σ0:∣∣∣∣ 1Σ0

∂Σ1

∂R

∣∣∣∣≫ ∣∣∣∣Σ1

Σ2
0

∂Σ0

∂R

∣∣∣∣ . (1.74)

In addition, the terms with 1
R

∂
∂φ can be negligible because of the tight spirals. In the

tightly winding approximation, we ignore the third term on the left side of Equation (1.63),
the third term on the right side of Equation (1.64), and the terms on the right side of
Equation (1.65):

∂Σ1

∂t
+

1

R

∂

∂R
(RΣ0vR1) + Ω

∂Σ1

∂φ
= 0, (1.75)

∂vR1

∂t
+Ω

∂vR1

∂φ
− 2Ωvφ = −∂ϕ1

∂R
− c2s

Σ0

∂Σ1

∂R
, (1.76)

∂vφ1
∂t

+Ω
∂vφ1
∂φ

+
κ2

2Ω
vR1 = 0. (1.77)

Let us obtain the gravitational potential generated by the spiral density perturbation
of

Σ1(R,φ, t) = A(R, t)ei(f(R,t)−mφ). (1.78)

By approximating f(R, t) to the first order by using Taylor expansion around R = R0 and
combining with Equation (1.72), we get

f(R, t) ≈ f(R0, t) + k(R0, t)(R−R0). (1.79)

Therefore, Equation (1.78) around (R,φ) = (R0, φ0) is

Σ1(R,φ, t) = Σke
ik(R0,t)(R−R0), (1.80)

where Σk = A(R0, t)e
i(f(R0,t)−mφ0) and φ0 is φ corresponding to R = R0. This equation

means that the spiral density perturbation is a local plane wave.
Here we solve the Poisson equation (1.66). Assuming that the perturbation component

of ϕ1 is proportional to ei(ωt+k·r−mφ), at z ̸= 0, Equation (1.66) gives us

−k2ϕ21 +
∂2ϕ1
∂z2

= 0, (1.81)

where the wave number k = kR̂ and R̂ is the unit vector of the radial direction (i.e.
k · r = kR). The solution that does not diverge at infinity is

ϕ1 = ϕke
i(ωt+k·r−mφ)−|k||z|, (1.82)

where ϕk is the constant of integration corresponding to k. By integrating the Poisson
equation (1.66) with z over [−0,+0], we get(

∂ϕ1
∂z

)
z=+0

−
(
∂ϕ1
∂z

)
z=−0

= 4πGΣ1. (1.83)
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Since Equation (1.82) gives us (∂ϕ1/∂z)z=+0 = −|k|ϕ1 = −(∂ϕ1/∂z)z=−0, we get

ϕ1 = −
2πGΣ1

|k|
. (1.84)

We again assume that other perturbations also proportional to ei(ωt+k·r):

vR1 = vR,ke
i(ωt+k·r−mφ), (1.85)

vφ1 = vφ,ke
i(ωt+k·r−mφ), (1.86)

Σ1 = Σke
i(ωt+k·r−mφ), (1.87)

where vR,k, vφ,k, and Σk are also the constants corresponding to k. Substituting Equa-
tions (1.84)-(1.87) into Equations (1.75)-(1.77) leads to20

A

vR,k

vφ,k
Σk

 = 0, (1.88)

where

A =


i(ω −mΩ) −2Ω i

(
|k|c2s
Σ0
− 2πG

)
κ2

2Ω
i(ω −mΩ) 0

|k|Σ0 0 i(ω −mΩ)

 . (1.89)

In order to get the non-trivial solution of Equation (1.88), detA = 0 is required. Therefore,
we get the dispersion relation:

(ω −mΩ)2 = c2sk
2 − 2πGΣ0|k|+ κ2

= c2s

(
|k| − πGΣ0

c2s

)2

+ κ2
(
1− 1

Q2

)
,

(1.90)

where Q is the Toomre value defined as

Q =
κcs
πGΣ0

. (1.91)

If Q < 1, ω2 can be negative, in other words, the gas disk is gravitationally unstable.
Equation (1.90) tells us interesting regions. By solving Equation (1.90) for |k|, we

obtain
|k|
kT

=
2

Q2

[
1±

√
1−Q2(1− ν2)

]
, (1.92)

where

kT =
κ2

2πGΣ0
, (1.93)

and

ν =
ω −mΩ

κ
=
m(Ωp − Ω)

κ
. (1.94)

Here Ωp is the angular speed of the spiral pattern. The radii that are satisfied with ν = ±1
are called the inner and outer Lindblad resonance (ILR and OLR). At the ILR and OLR,
the orbiting matter orbits so that it encounters the density wave at the same point in each
orbit of its rotation, resulting in resonance. At the ILR, the matter moves faster than the
perturbation, while at the OLR, it is slower than the perturbation. There is also the radius
for ν = 0, the co-rotation radius (CR), where the matter rotates with the perturbation.

20Due to the locality of the plane wave, we here assume that partial derivatives operate only on the
perturbation parts, i.e. ∂(RΣ0vR1)/∂R = RΣ0∂vR1/∂R.
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1.3.2 Giant molecular clouds

Physical properties of giant molecular clouds (GMCs) are discussed in Section 1.2.2. In
this section, I introduce the properties of GMCs as stellar nurseries.

It is important to know how long it takes for gas in a spherical cloud to fall to its centre
due to self-gravity since this is a good guide to knowing the timescale of star formation.
Here I derive the timescale known as the free-fall time, tff (Spitzer 1978). We assume
that the spherical gas cloud is uniform, and initially has a radius r0, the gas elements are
initially stationary, and the gas pressure is negligible compared to self-gravity. Therefore,
the initial density is given by

ρ0 =
3M0

4πr30
, (1.95)

where M0 is the mass of the cloud. The equation of motion is written as

d2r

dt2
= −GM0

r2
, (1.96)

where r is the radius of the cloud at time t. By multiplying dr/dt by both sides in this
equation, we get

d

dt

{
1

2

(
dr

dt

)2
}

= − d

dt

(
GM0

r

)
, (1.97)

Since r = r0 when t = 0, by integrating this equation, we get(
dr

dt

)2

=
2GM0

r0

(
r

r0
− 1

)
. (1.98)

Since we now consider the cloud falling to the centre, dr/dt < 0,

dr

dt
= −

{
2GM0

r0

(r0
r
− 1
)}1/2

. (1.99)

We here use the change-of-variables method as r/r0 = cos2 θ and get

2 cos2 θ
dθ

dt
=

(
2GM0

r30

)1/2

. (1.100)

Since when t = 0, r = r0, and θ = 0, integrating this equation with t gives us

θ +
1

2
sin 2θ =

(
2GM0

r0

)1/2

t. (1.101)

Since when t = tff , r = 0 and θ = π/2 by definition, we get

π

2
=

(
2GM0

r30

)1/2

tff . (1.102)

Therefore, the free-fall time is

tff =
π

2

√
r30

2GM0
=

√
3π

32Gρ0
, (1.103)

where we apply Equation (1.95) to the second equal sign. The free-fall time can be
rewritten using hydrogen number density, nH, as

21

tff = 4.5Myr
( nH
100 cm−3

)−1/2
, (1.104)

21In this dissertation, we assume that 76% of the ISM consists of hydrogen, unless otherwise stated.
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implying that the timescale of star formation in a typical GMC with nH of 100 cm−3 is
∼ 5Myr.

How efficiently star formation occurs in GMCs is estimated by the star formation
efficiency per free-fall, ϵff (e.g. Krumholz & Tan 2007; Lada et al. 2010; Murray 2011; Lee
et al. 2016; Barnes et al. 2017; Utomo et al. 2018). This is defined by

ϵff =
tff
t⋆,y

M⋆,y

M⋆,y +Mc
, (1.105)

where M⋆,y is the total mass of stars younger than t⋆,y in a given GMC and Mc is the
GMC mass and t⋆,y is the lifetime of young stars. Lee et al. (2016) adopted t⋆,y ≈ 4Myr.
Lee et al. (2016) showed the observational results of ϵff in MW GMCs. The values of ϵff
are widely distributed from ∼ 10−4 to 1. In addition, Lee et al. (2016) found that ϵff is
weakly negatively correlated with the total mass of GMCs, Mtot = Mc +M⋆,y. However,
there may be a sampling bias for GMCs with lower both ϵff and Mtot (see also Grisdale
et al. 2019). Other observations also show that ϵff cover a wide range. For example, in the
MW clouds, Krumholz & Tan (2007) found ϵff ≈ 0.01, while Murray (2011) showed that
the range of ϵff is from ≈ 10−3 to 0.59 with an average of 0.14. In extragalactic GMCs, the
median value of ϵff is found to be between 3× 10−3 and 2.6× 10−2 (Utomo et al. 2018).

1.3.3 Cloud-cloud collisions

Recent observations and numerical simulations have suggested that in the process of clouds
colliding with others, gas is compressed, leading to the efficient formation of stars. This
process is called a cloud-cloud collision (CCC). Since the 1970s, CCCs are observed in the
MW and nearby galaxies (e.g. Loren 1976; Hasegawa et al. 1994; Homeier & Alves 2005;
Looney et al. 2006; Stolte et al. 2008; Torii et al. 2011; Fukui et al. 2014; Torii et al. 2015;
Fukui et al. 2016; Dewangan & Ojha 2017; Torii et al. 2018; Nishimura et al. 2018; Tsuge
et al. 2019; Finn et al. 2019; Muraoka et al. 2020; Fujita et al. 2021; Kohno et al. 2021;
Beltrán et al. 2022; Maity et al. 2022; Ma et al. 2022, see also the review by Fukui et al.
(2021)).

The collision velocities (i.e. relative velocities between colliding clouds) in observations
are estimated by the velocity separation in the position-velocity diagram (Takahira et al.
2014; Haworth et al. 2015a;b; Torii et al. 2017) and widely span from ∼ 1 km s−1 to
> 100 km s−1 (see Table 1 in Fukui et al. 2021, for reference). Therefore, CCCs typically
occur at supersonic speed since the sound speed of clouds is typically ≲ 1 km s−1. In
addition, Enokiya et al. (2021b) found positive correlations between the collision velocity
and column density and between the number of massive stars and column density. This
result suggests that a higher column density is required to form massive stars in CCCs
with a greater collision velocity.

Numerical simulations of CCCs are also one of the most powerful methods to inves-
tigate star formation in colliding clouds. First simulations of CCCs were performed by
Stone (1970a;b). Since then, numerous simulations of CCCs had been performed to study
star formation, evolution of clouds, physical properties of clouds, etc (e.g. Lattanzio et al.
1985; Nagasawa & Miyama 1987; Lattanzio & Henriksen 1988; Habe & Ohta 1992; Anath-
pindika 2010; Takahira et al. 2014; Wu et al. 2017a; Shima et al. 2018; Takahira et al. 2018;
Liow & Dobbs 2020; Sakre et al. 2021; 2023; Hunter et al. 2023). Their simulations often
adopted collisions between non-identical clouds, assuming that such collisions are typical
in the ISM. Takahira et al. (2018) simulated various types of CCCs such as different mass
pairs and different collision velocities and analysed the core formation by CCCs. They
showed that gas is compressed by collision at supersonic relative speeds and eventually,
ark-like structures are formed, in which dense core formation occurs. They found that the
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fraction of dense core mass to the total cloud mass decreases as collision velocity increases.
This result implies that collision velocity plays a key role in star formation in colliding
clouds, although their simulations did not include star formation prescription.

Galaxy-scale simulations are also a nice method to examine CCCs. It is important
to know how often clouds collide since CCCs are expected to promote star formation. In
simulations of pure-disk galaxies (i.e. no spiral and/or bar structures), the frequency22 is ∼
30−40Gyr−1 corresponding to∼ 1/5−1/4 of orbital time (Tasker & Tan 2009; Tasker 2011;
Dobbs et al. 2015). When spiral and/or bar structures are imposed, the frequency goes up
by a factor of ∼ 10 (Fujimoto et al. 2014a; Dobbs et al. 2015). It is also crucial to know
collision velocities since they may be a key factor for star formation in colliding clouds.
Fujimoto et al. (2014b) and Fujimoto et al. (2020) found the environmental dependence
of the collision velocities. The collision velocities in the bar regions tend to be faster
than in the other, possibly due to the higher velocity deviation in the bars. This may be
able to explain the cause of the suppression of star formation in bars (see Section 1.3.5).
However, all previous galaxy simulations to analyse CCCs did not link star formation
and CCCs. If CCCs do indeed promote star formation, their stronger stellar feedback
could affect the ambient gas, and consequently CCCs themselves. Moreover, such a self-
consistent relationship may impact star formation on galactic scales. The main topic of
this dissertation is to investigate galaxy evolution with the star formation prescription
directly linked with CCCs in simulations (Chapter 3).

1.3.4 Initial mass function

The initial mass function ξ (IMF) is an empirical function that describes the PDF of
stellar masses at birth. There is no significant difference in the IMF between one group
of stars and another although some observations suggest that a different IMF is seen in a
different environment (e.g. Conroy & van Dokkum 2012; Geha et al. 2013; Li et al. 2023).
The number of stars at birth in the range of M⋆ to M⋆ + dM⋆ is given by ξ(M⋆)dM⋆ and
ξ(M⋆) is known to be proportional to M−η

⋆ , where η is the dimensionless power-law index.
I introduce the popular IMFs as follows. These IMFs are very similar to each other for
M⋆ ≳ 1M⊙, whilst there are different distributions for M⋆ ≲ 1M⊙.

The Salpeter IMF (Salpeter 1955) is the firstly advocated one and is expressed with

ξ(M⋆) ∝M−2.35
⋆ . (1.106)

The Kroupa IMF (Kroupa 2001) is described with three domains as

ξ(M⋆) ∝


M−0.3

⋆ (0.01M⊙ ≤M⋆ < 0.08M⊙)

M−1.3
⋆ (0.08M⊙ ≤M⋆ < 0.50M⊙)

M−2.3
⋆ (0.50M⊙ ≤M⋆)

. (1.107)

In the Chabrier IMF (Chabrier 2003), ξ(M⋆) is given by a combination of a log-normal
function for M⋆ < 1M⊙ and a power-law relation for M⋆ ≥ 1M⊙:

ξ(M⋆) =


0.158

M⋆ ln 10
exp

{
(logM⋆ − log 0.079)2

(2× 0.69)2

}
M⊙

−1 pc−3 (M⋆ < 1M⊙)

4.43× 10−2

ln 10
M−2.3

⋆ M⊙
−1 pc−3 (1M⊙ ≤M⋆)

, (1.108)

whereM⋆ is in units of M⊙. I note that this Chabrier IMF is written in units of M⊙−1 pc−3,
therefore ξ(M⋆)dM⋆ denotes the number density in the range of M⋆ to M⋆ + dM⋆ instead
of just the number. In our research, we employed the Chabrier IMF (see Section 2.4.1).

22This is defined as how many times a cloud experiences collisions per a unit of time
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1.3.5 Kennicutt-Schmidt relation

The Kennicutt-Schmidt (KS) relation is an empirical relationship between the surface gas
density (Σgas) and the surface SFR density (ΣSFR) of galaxies (Schmidt 1959; Kennicutt
1998b). This is described as

ΣSFR ∝ ΣNKS
gas , (1.109)

where NKS is the power-law index. For NKS = 1, stars simply form in proportion to gas
mass density, indicating that star formation is triggered by gravitational instability. If
NKS = 2, star formation is controlled by the square of gas mass density, implying that gas
compression by CCCs, for instance, is dominant for star formation. On the other hand,
the power-law relation between the volume densities of gas and SFR, instead of the surface
properties, is called the Schmidt law:

ρ̇⋆ ∝ ρnS , (1.110)

where ρ̇⋆ is the volume SFR density, ρ is the volume gas density, and nS is the power-law
index. If gas is assumed to be converted into stars over free-fall time, we get

ρ̇⋆ ∝
ρ

tff
∝ ρ1.5, (1.111)

where we adopt Equation (1.103). Kennicutt & Evans (2012) showed the relationship
between the disk-averaged surface gas and SFR density. The values of ΣSFR are strongly
correlated with those of Σgas over five orders of magnitude. The power-law index is
NKS = 1.4, which is close to the power-law index in the Schmidt law (Equation (1.111)).
Indeed, when we multiply Equation (1.111) by the thickness of galaxies, we get the similar
one to Equation (1.109). However, I note that this ‘derivation’ is too simplified since the
spatial scales of galaxies and star-forming regions are different from each other by many
orders of magnitude and galaxy-wide gas cannot be directly connected to star formation.

Although we saw the KS relation for disk-averaged properties for galaxies above, similar
relations are also seen in spatially resolved regions in a given galaxy(e.g. Bigiel et al. 2008;
Momose et al. 2010; Liu et al. 2011; Espada et al. 2011; Boquien et al. 2011; Casasola
et al. 2015; Rebolledo et al. 2015; Morokuma-Matsui & Muraoka 2017; Morselli et al.
2020; Kaneko et al. 2022; Maeda et al. 2023). Momose et al. (2010) showed the spatially
resolved KS relation for the nearby barred galaxy NGC4303 at the resolution of ∼ 500 pc.
This galaxy was found to have NKS = 1.18 using all the data23. We here define star
formation efficiency (SFE) as

SFE =
ΣSFR

Σgas
. (1.112)

This is an estimator indicating how efficiently stars form in a given region24. When SFE is
lower, star formation is more inefficient. Interestingly, in NGC4303, SFE in the bar tends
to be lower than that in the spiral arms (see also Yajima et al. 2019). There are some
barred galaxies that show a similar trend (e.g. Tubbs 1982; Sheth et al. 2000; Muraoka
et al. 2016; Pan & Kuno 2017; Maeda et al. 2020b; 2023). However, what causes the
suppression of star formation in the bars is still under discussion. Strong shear motion
along bars could destroy GMCs before star formation happens (e.g. Athanassoula 1992;
Reynaud & Downes 1998; Downes et al. 1996; Schinnerer et al. 2002). GMCs in bars would
be supported by strong turbulence (e.g. Sorai et al. 2012; Meidt et al. 2013; Nimori et al.
2013). GMCs in a bar might be gravitationally unbound, suggesting that the CO-to-H2

23When the data in the nucleus region are excluded, NKS = 0.67.
24The depletion time is also used and defined as τdep = 1/SFE.
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conversion factor25 in the bar is lower than in the spirals (Sorai et al. 2012). Clouds in
a bar region are expected to collide with each other typically faster than those in spiral
regions and the high-velocity collisions might prevent the formation of many massive stars
(Fujimoto et al. 2014b; Yajima et al. 2019; Maeda et al. 2021). Recent observations have
reported that gas in the bars is diffuse compared to in the spirals, in which CCCs may
occur to make gas diffuse (Yajima et al. 2019; Maeda et al. 2020b).

1.4 Stellar feedback

After stars are born, they give energy, momentum, mass, and metals to the surrounding
gas. This process is called stellar feedback. Since stellar feedback has a strong effect on
gas dynamics, it also has a significant effect on star formation. I briefly introduce the
properties of stellar winds (Section 1.4.1), radiative feedback (Section 1.4.2), and SNe
(Section 1.4.3).

1.4.1 Stellar winds

A stellar wind is a flow of ejected gas from the stellar atmosphere. The two important
parameters for a stellar wind are the mass loss rate, Ṁ⋆, and the terminal velocity, v∞
(see Lamers & Cassinelli 1999). The former describes the amount of mass that the star
lost per unit of time, while the latter is the velocity of the stellar wind to escape from the
star. From these values, the amount of kinetic energy that a stellar wind gives to the ISM
per unit of time is

Ėw =
1

2
Ṁ⋆v

2
∞. (1.113)

The typical value of Ṁ⋆ is ∼ 10−7 − 10−5M⊙ yr−1 (e.g. Deutsch 1956; Morton 1967;
Höfner et al. 2003; Mattsson et al. 2010). The value of v∞ ranges from ∼ 10 km s−1 for
cool stars such as AGB stars26 to ∼ 3000 km s−1 for massive hot stars (e.g. Morton 1967;
Castor et al. 1975; Dupree 1986). One the origin of a stellar wind is thought to be Alfv́en
waves (e.g. Parker 1965; Weber & Davis 1967; Alazraki & Couturier 1971; Belcher 1971)
rather than gas pressure gradients (Parker 1958).

1.4.2 Radiative feedback

Strong radiation from massive stars affects surrounding gas by giving momentum and
energy. I here introduce radiation pressure and HII heating as radiative feedback.

Radiation pressure results from the momentum of photons. The luminosity of a star
with a radius, r0, and surface temperature, T , is given by the Stefan-Boltzmann law:

L = 4πr20σSBT
4, (1.114)

where σSB is the Stefan-Boltzmann constant:

σSB =
2π5k4B
15c2h3

= 5.67× 10−5 erg s−1 cm−2K−4, (1.115)

25Although H2 molecules are dominant in the ISM, they are not appropriate for low-temperature gas
in GMCs since the H2 emission requires T ≈ 500K at least (Dabrowski 1984). On the other hand, CO
molecules have a low excitation temperature of T ≈ 5.53K, meaning that CO is easily excited in GMCs.
The factor predicting the total amount of H2 molecules from CO emission is the CO-to-H2 conversion
factor (see Bolatto et al. 2013, for details).

26Asymptotic giant branch (AGB) stars are cool and luminous stars. All low- and intermediate-mass
stars (< 8M⊙) evolve into this stage late in their lives.
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where kB is the Boltzmann constant, c is the speed of light, and h is the Planck constant.
The energy flux, the energy passing through a unit area at a point, r, away from the centre
of the star per unit of time, is given by

F =
L

4πr2
. (1.116)

Since a photon with energy, Er, has the momentum of Er/c, the pressure by the radiation
at the point, r, away from the centre of the star is given by

Pr =
F

c
=

L

4πr2c
. (1.117)

Alternatively, by assuming that the luminosity does not change over a timescale, ∆trad,
the total momentum by the radiation is expressed with

pr =
L

c
∆trad. (1.118)

When dust grains are included in the ISM, they play an important role in radiation
pressure. Okamoto et al. (2014) performed galaxy evolution simulations and suggested
that radiation pressure feedback that depends on dust grains is necessary to explain the
observational results of the mass-metallicity relation (see also Mannucci et al. 2009; Zahid
et al. 2012; Yabe et al. 2014; Zahid et al. 2014). Observations and simulations showed
that radiation pressure removes dust grains in HII regions, in which relative motion of gas
and dust is important (Draine & Salpeter 1979; Inoue 2002; Akimkin et al. 2015; 2017;
Ishiki et al. 2018).

Gas surrounding young massive stars is ionised by their strong radiation. I here intro-
duce the size of a HII region, so-called the Strömgren radius (see also Ward-Thompson &
Whitworth 2015). A photon with an energy of 13.6 eV can ionise atomic hydrogen. We
here denote ṄH as the number of ionising photons emitted from a massive star per unit
of time, RHII as the Strömgren radius, np as the number density of protons, and ne as
the number density of electrons and assume the uniform density distribution around the
star. Since in the HII region, the numbers of recombination and ionisation of protons and
electrons per unit of time are comparable to each other, we get

ṄH =
4πR3

HII

3
α∗
H(T )npne ≈

4πR3
HII

3
α∗
H(T )n

2
p, (1.119)

where we assume that the number of protons is comparable to that of electrons since they
come from atomic hydrogen and α∗

H(T ) is the recombination coefficient of hydrogen being
approximated as

α∗
H(T ) ≈ 2.6× 10−13

(
T

104K

)−0.85

cm3 s−1. (1.120)

Therefore we obtain

RHII =

[
3ṄH

4πα∗
H(T )n

2
p

]1/3
. (1.121)

By applying the typical temperature of ∼ 104K in the HII region (e.g. Myers 1978), the
Strömgren radius can be scaled as

RHII = 6.8 pc

[
ṄH

1050 s−1

]1/3 [ nH
102 cm−3

]−2/3
, (1.122)

where we employ the number density of hydrogen, nH, instead of np.
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1.4.3 Supernovae

Supernovae (SNe) are one of the most powerful phenomena releasing the intensive energy
of ∼ 1051 erg to the surrounding gas (e.g. Woosley & Bloom 2006; Janka 2012). SNe are
classified as Type I, which does not show the Balmer series of hydrogen in their spectrum,
and Type II, which does (Minkowski 1941; Filippenko 1997). Especially, Type I SNe that
have a strong silicon ionised absorption line are called Type Ia. Type Ia SNe are triggered
by runaway reactions of carbon, while the others are caused by core collapses in massive
stars.

The core-collapse SNe (CCSNe) are expected to occur when massive stars (≳ 8M⊙)
die (e.g. Baade & Zwicky 1934; Iben & Renzini 1983; Woosley et al. 2002; Heger et al.
2003). In such a star, iron (Fe) elements are formed by nucleosynthesis at its centre. Since
Fe is stable, heavier elements are not created. Thermal energy generated by the nuclear
reaction is reduced as more Fe is formed, and then the pressure is overcome by gravity.
When the core mass exceeds the Chandrasekhar limit27 of ∼ 1.4M⊙ (Chandrasekhar
1931b;a; 1935), pressure by electron degeneracy also no longer counter gravitational pull,
triggering a core collapse. The collapse is halted by neutron degeneracy, and a reactionary
outward explosion occurs. The CCSNe potentially form neutron stars and black holes as
parts of the remnants (e.g. Woosley et al. 2002; Heger et al. 2003).

The Type Ia SNe, on the other hand, result from the violent explosion of a white
dwarf28. When a white dwarf that has a mass less than the Chandrasekhar limit and a red
giant star form a binary stellar system, matter flows from the surface of the red giant into
the white dwarf. The mass of the white dwarf increases, reaching the Chandrasekhar limit,
and then it becomes unstable. Runaway nuclear reactions in its core occur and result in a
violent explosion (e.g. Woosley & Weaver 1994). However, whether Type Ia really occurs
through this process is not well understood (see e.g. Hillebrandt & Niemeyer 2000; Mazzali
et al. 2007). Since the absolute magnitude of typical Type Ia SNe is empirically known
(e.g. Khokhlov et al. 1993; Hillebrandt & Niemeyer 2000), they are used to investigate the
high-z Universe (e.g. Riess et al. 1998; 2004; Komatsu et al. 2011).

It is well known that the effect of a SN on surrounding gas can be analytically solved
by treating it as a point-source explosion in uniform-density gas. This is known as the
Sedov-Taylor solution (Sedov 1946; Taylor 1950a;b; von Neumann 1963), which shows
how the shock behaves if an instantaneous strong energy is injected into a given point.
By assuming that the shock flow generated by the explosion is spherically symmetric and
adiabatic, the equation of motion, the continuity equation, and the energy conservation
are written as

∂v

∂t
+ v

∂v

∂r
+

1

ρ

∂P

∂r
= 0, (1.123)

∂ρ

∂t
+ v

∂ρ

∂r
+ ρ

∂v

∂r
+

2ρv

r
= 0, (1.124)

∂

∂t

(
P

ργ

)
+ v

∂

∂r

(
P

ργ

)
= 0, (1.125)

respectively, where r is the radial distance from the centre of the explosion, t is the time,
v is the radial velocity of the fluid, ρ is the density of the fluid, P is the pressure, and γ
is the adiabatic index.

27The upper mass limit that the pressure of degenerate electrons can resist gravitational collapse.
28A white dwarf is mainly composed of electron-degenerate matter and one of the stages that stars

become at the end of their evolutionary life. A white dwarf is very dense: its mass is comparable to that
of the Sun, although its volume is comparable to that of the Earth (see e.g. Fontaine et al. 2001).
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We denote the explosion energy as E0 and the initial density as ρ0. The solution
is expressed with E0, ρ0, r, and t. Equations (1.123)-(1.125) can be described using a
dimensionless quantity of

ξ =

(
ρ0
E0

)1/5 r

t2/5
. (1.126)

The radius of the shock wave front, rs(t), is given by using the specific value of ξ = ξ0:

rs(t) = ξ0

(
E0

ρ0

)1/5

t2/5, (1.127)

where ξ0 is numerically determined later (Equation (1.144)). The speed of the shock wave
front is given by

vs(t) =
drs(t)

dt
=

2

5
ξ0

(
E0

ρ0

)1/5

t−3/5. (1.128)

Here we define the normalised variable λ and the dimensionless functions V (λ), Ω(λ), and
Π(λ) as follows:

λ =
ξ

ξ0
=

r

rs
=

1

ξ0

(
ρ0
E0

)1/5 r

t2/5
, (1.129)

v(r, t) =
r

t
V (λ), (1.130)

ρ(r, t) = ρ0Ω(λ), (1.131)

P (r, t) = ρ0
r2

t2
Π(λ). (1.132)

The area through which the shock wave passes is 0 ≤ λ ≤ 1. The partial derivatives of t
and r are rewritten as

∂

∂t
−→ ∂λ

∂t

d

dλ
= −2

5

λ

t

d

dλ
, (1.133)

∂

∂r
−→ ∂λ

∂r

d

dλ
=
λ

r

d

dλ
. (1.134)

From the equations and relations (1.129)-(1.134), the basic equations (1.123)-(1.125)
become

V (V − 1) +

(
V − 2

5

)
dV

d lnλ
+ 2

Π

Ω
+

1

Ω

dΠ

d lnλ
= 0, (1.135)

3V +

(
V − 2

5

)
d lnΩ

d lnλ
+

dV

d lnλ
= 0, (1.136)(

V − 2

5

)
d lnΠ

d lnλ
−
(
V − 2

5

)
γ
d lnΩ

d lnλ
+ 2(V − 1) = 0. (1.137)

The boundary conditions for these differential equations are given by the Rankine-Hugoniot
relation29 (Rankine 1870; Hugoniot 1887; 1889) at λ = 1:

V (λ = 1) =
2

γ + 1

2

5
, (1.138)

Ω(λ = 1) =
γ + 1

γ − 1
, (1.139)

Π(λ = 1) =
2

γ + 1

(
2

5

)2

. (1.140)

29The relationship between the physical properties on both sides of a shock wave.
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Equations (1.136) and (1.137) tell us a equation:

(1− γ)d lnΩ
d lnλ

+
d ln(V − 2

5)

d lnλ
+
d lnΠ

d lnλ
+ 5 = 0. (1.141)

Integrating this equation leads to

Ω(1−γ)Π

(
V − 2

5

)
λ5 = const. (1.142)

Although it is possible to analytically solve Equations (1.135)-(1.137) with the boundary
conditions (1.138)-(1.140), the solutions are very complicated. It is easier to numerically
solve V , Ω, and Π by adopting Equation (1.142) to guarantee the calculation.

The value of ξ0 is obtained from the energy conservation law. Since the SN energy is
distributed within the radius of the shock wave, the law is written as

E0 =

∫ rs

0

(
1

2
ρv2 +

P

γ − 1

)
4πr2dr. (1.143)

By introducing the dimensionless functions of V , Ω, and Π, we get

1 = ξ0
5

∫ 1

0

(
1

2
ΩV 2 +

Π

γ − 1

)
4πrλ2dλ. (1.144)

Numerically integrating this equation enable us to know the value of ξ0, such as ξ0 = 1.15
for γ = 5/3 and ξ0 = 1.03 for γ = 7/5.

The physical quantities (density, velocity, pressure, temperature) behind the shock
wave front are summarised as

ρ(rs, t) = ρ0Ω(1) =
γ + 1

γ − 1
ρ0, (1.145)

v(rs, t) =
rs
t
V (1) =

4

5

1

γ + 1
ξ0

(
E0

ρ0

)1/5

t−3/5 =
2

γ + 1
vs, (1.146)

P (rs, t) = ρ0
r2s
t2
Ω(1) =

8

25

ρ0
γ + 1

ξ0
2

(
E0

ρ0

)2/5

t−6/5, (1.147)

T (rs, t) =
µmH

kB

P (rs, t)

ρ(rs, t)
=
µmH

kB

8

25

γ − 1

(γ + 1)2
ξ0

2

(
E0

ρ0

)2/5

t−6/5, (1.148)

where µ is the average molecular weight.
After a SN occurs, the SN remnant undergoes the following phases.

1. Free expansion phase: When a SN occurs, a mass of Mej ∼ 1− 10M⊙ is ejected into
the ISM with a speed of Vej ∼ 104 km s−1. In this phase, the released matter expands
radially at a constant speed since it has a large momentum. When the mass of the
swept ISM becomes larger than that of the released matter, the phase transition
to the next. We here estimate the radius rF and timescale tF to move to the next
phase. When the mass of the released matter Mej is equivalent to the mass of the
swept ISM, Mej = (4π/3)r3Fρ0. Since the released matter moves at a constant speed
Vej, rF = VejtF. The radius and the timescale are estimated as

rF =

(
3Mej

4πρ0

)1/3

= 1.9 pc

(
Mej

1M⊙

)1/3 ( nH
1 cm−3

)−1/3
, (1.149)

tF =
rF
Vej

= 1.9× 102 yr

(
Mej

1M⊙

)1/3 ( nH
1 cm−3

)−1/3
(

Vej

104 km s−1

)−1

. (1.150)

It takes ∼ 102 yr to transition to the next phase.
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2. Sedov phase: In this phase, the ISM follows the Sedov-Taylor solution. The tem-
perature cools adiabatically down rather than radiative cooling. When γ = 5/3, the
radius, the speed, and the temperature of the shock wave are given by

rs(t) = 12.7 pc

(
E0

1051 erg

)1/5 ( nH
1 cm−3

)−1/5
(

t

104 yr

)2/5

, (1.151)

vs(t) = 4.95× 102 km s−1

(
E0

1051 erg

)1/5 ( nH
1 cm−3

)−1/5
(

t

104 yr

)−3/5

, (1.152)

T (t) = 2.79× 106K

(
E0

1051 erg

)2/5 ( nH
1 cm−3

)−2/5
(

t

104 yr

)−6/5

, (1.153)

where we assume that the ISM affected by the SN is fully ionised and µ = 0.5 for
simplicity.

3. Radiative cooling phase: Radiative cooling becomes more dominant than cooling by
adiabatic expansion. When the expansion speed becomes comparable to the motion
of the ISM of ∼ 10 km s−1, it moves on to the next phase.

4. Pressure-driven snowplough phase : The expanding shell has a high density and a low
temperature due to radiative cooling, while the inner region has a higher pressure
because of its low density and higher temperature. In this phase, the higher pressure
pushes the shell outwardly.

5. Momentum-driven snowplough phase : After the inner region cools down, the pressure
becomes negligible. The SN remnant expands with the momentum left in the shell.
When the expansion speed becomes comparable to the sound speed of the ISM, the
remnant mixes with the ISM.

1.5 Aim of this dissertation

Star formation stands as one of the pivotal processes in the realm of galaxy formation and
evolution. Consequently, understanding gas dynamics associated with star formation is
also essential for unravelling the intricacies of galaxy formation and evolution. My ultimate
goal is to gain insights into galaxy formation and evolution through star formation.

CCCs are recently expected to be one of the most important processes for forming
massive stars. Therefore, CCCs may play a key role in galaxy evolution via the triggered
star formation. Although some previous studies of CCCs in galaxy simulations have
revealed properties of CCCs and potential CCC-triggered star formation (e.g. Fujimoto
et al. 2014b; Dobbs et al. 2015), their analyses were carried out in the post-processing
way. This means that CCCs were identified by analysing simulation snapshots and star
formation by CCCs was not solved in a self-consistent manner. To investigate galaxy
evolution and CCC-triggered star formation, it is required to identify CCCs in an on-the-
fly way and to include CCC-triggered star formation in galaxy simulations.

In this dissertation, after the numerical methods are introduced in Chapter 2, I show
our studies on galaxy simulations with CCC-induced star formation in Chapter 3. In
Chapter 3, I introduce the development of an algorithm to find CCCs at each time-step
in galaxy simulations and the star formation model based on CCCs. We have performed
simulations of isolated galaxies with and without the star formation model to investigate
the importance of star formation triggered by CCCs in galaxy evolution. We have found
that CCC-triggered star formation influences the global SFR, the KS relation, and star
formation efficiency in GMCs. These results suggest the importance of CCC-triggered star
formation in galaxy evolution.
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I conclude this dissertation and give ideas for further research on CCCs-triggered star
formation and galaxy evolution in Chapter 4. I believe that this work will be helpful in
understanding galaxy formation and evolution through star formation.





Chapter 2

Numerical simulations of galaxies

Numerical simulations stand out as one of the most potent methodologies for investigat-
ing galaxy formation and evolution, as solving nonlinear differential equations analytically
poses significant challenges. Galaxy simulations provide valuable insights into addressing
fundamental questions: How do galaxies form? What are galaxies? How are galaxies
evolving? There are many simulation codes for galaxy formation and evolution, for ex-
ample, Art-I/II (Kravtsov et al. 1997; Khokhlov 1998; Kravtsov et al. 2002; Rudd et al.
2008), Enzo (Bryan & Norman 1997; O’Shea et al. 2004; Bryan et al. 2014), Gadget-2/3
(Springel et al. 2001; Springel 2005), Ramses (Teyssier 2002), Gasoline (Wadsley et al.
2004), Arepo (Springel 2010; Weinberger et al. 2020), and Gizmo (Hopkins 2015; Hop-
kins & Raives 2016). How the results differ between simulation codes has been studied in
the AGORA project (Kim et al. 2014; 2016; Roca-Fàbrega et al. 2021). In this chapter, I
briefly introduce how gravity (Section 2.1) and hydrodynamics (Section 2.2) are solved in
Gizmo1, which is used in our simulations. How to determine time-steps of simulations in
Gizmo is shown in Secion 2.3. We cannot properly resolve physical phenomena below nu-
merical resolution scales such as individual star formation and SNe. I, therefore, introduce
how we employ the effect of unresolved physics as subgrid physics in galaxy simulations
as well in Section 2.4. The galaxy models in our simulations are presented in Section 2.5.

2.1 Calculation of gravity

Gravity drives the formation and evolution of galaxies and GMCs. In Gizmo, the collision-
less matter, such as dark matter and stars, and the gaseous fluid are represented as finite
mass particles. The (Newtonian) gravitational accelaration for ith particle is computed
with

agrav
i = −

N∑
j ̸=i

Gmj(rj − ri)

|rj − ri|3
, (2.1)

where N is the total number of particles in a simulation, mj is the mass of jth particle,
and rj is the position of jth particle. When we solve the motion of all particles following
Equation (2.1), the calculation time is O(N2). This means that the simulation cost be-
comes highly expensive as N is increased by running a simulation at a higher resolution
and/or in a larger simulation box. To solve such a N -body problem, the calculation of
gravity needs to be optimised. The Gizmo code includes the Tree algorithm, which is
inherited from Gadget-3 (Springel 2005).

The Tree method was originally developed by Barnes & Hut (1986). This method first
divides the simulation box into cubic cells recursively using an oct-tree, which is a tree

1Gizmo is publicly available at http://www.tapir.caltech.edu/~phopkins/Site/GIZMO.html.
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data structure in which each internal node has exactly eight child nodes. Ultimately each
cell contains no more than a given number of particles. Interactions between particles in
nearby cells are calculated for each finest cell, while the contributions from distant cells
are treated as single large particles centred at the centres of mass of particles in the cell
or the multipole expansion of the potential generated by the particles in the cell. A given
cell is judged to be distant from a given particle when the following equation is satisfied:

ltree
dtree

< θtree, (2.2)

where ltree is the length of a side of the cubic cell, dtree is the distance from the particle to
the centre of mass of the cell, and θtree ∼ 1 is a fixed accuracy parameter. Using smaller
θtree enables us to calculate gravity more accurately but the calculation cost becomes
higher as is to be expected. We have chosen θtree = 0.7, the same as the default setting
in Gizmo, in our simulations. This method allows us to reduce the calculation time to
O(N logN), which is reasonably fast.

The Tree is also used for the search of neighbour particles following Hernquist & Katz
(1989). The neighbour search is essential, especially in the calculation of hydrodynamics.
By utilising the Tree structure, we can obtain information regarding particles within cells,
enabling us to gather data about particles within a specified radius around a designated
target location.

Gravitational interactions between too-close particles may be too strong. In N -body
simulations, it is necessary to soften the gravity force to prevent the collisions of particles
from causing numerical artefacts. To avoid such an interaction, we soften gravity by
employing the adaptive softening length for gas particles (Price & Monaghan 2007) and a
fixed softening length of 10 pc for star particles.

The Tree-Particle-Mesh (TreePM) algorithm is also included in Gizmo. This method
is a combined method of the Tree and Particle-Mesh (PM) methods. In a broad overview,
the Tree method calculates gravitational interactions from nearby particles, while the
contributions from distant are computed by the PM approach. The PM method involves
generating a mesh structure to compute the gravitational potential by solving the Poisson
equation using the fast Fourier transform (FFT). This is recommended for cosmological
simulations but is not used in our non-cosmological simulations. I hence refrain from
introducing the details of the TreePM in this dissertation (see e.g. Xu 1995; Bode et al.
2000; Bagla 2002; Bagla & Ray 2003, for details).

It is sometimes required to make groups of numerical particles in order to know the
physical properties of dark matter halo (e.g. More et al. 2011), star clusters (e.g. Jeffreson
et al. 2021), and GMCs (e.g. Dobbs et al. 2015), for instance. One of the methods to make
such groups is a Friends-of-Friends (FoF) algorithm, which uses the neighbour search.
When we make groups of a given type (i.e. dark matter, star, gas, etc.) of particles using
the FoF, the key parameter is the linking length llink. Figure 2.1 shows the schematic
illustration of the FoF algorithm. Nearby particles within llink of a given particle are
defined as ‘friends ’. If a friend has their own ‘friends ’, it is possible to know the ‘friends ’
of the ‘friends ’ of the particle. By linking the friend particles, the groups are identified.
The groups are referred to as a dark matter halo, a star cluster, or a GMC, depending
on the choice of particle type. There are additional parameters to find groups such as
the minimum number of particles compositing the group so as to exclude unresolved
groups, and the density threshold to find groups with density comparable to observations.
We also employed these parameters to find GMCs in our simulations and analysis (see
Section 3.3.1). The FoF is one of the popular methods to analyse the physical properties
of GMCs (e.g. Pettitt et al. 2018; Benincasa et al. 2020). Another method is a clump-
finding algorithm, which is a grid-based method (e.g. Tasker & Tan 2009; Fujimoto et al.
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Figure 2.1: Schematic illustration of how to identify groups of particles using a FoF algorithm.
(a) Particles of a given type (dark matter, star, gas, etc.) are distributed as black circles. (b) We
find ‘friends ’ which are defined as nearby particles within the linking length. The lines denote the
link between friends. If particles have mutual friends, they are connected by the same coloured
lines. (c) Particles that are connected to each other by the same coloured lines are identified as
a group. Two groups are shown in the illustration since the composite particles of the groups are
far enough away from each other. The physical properties of each group can be computed using
those of the compositing particles.

2014a; Dobbs et al. 2015; Grisdale 2021). The clump-finding method identifies GMCs by
connecting adjacent cells above a given density threshold (see e.g. Tasker & Tan 2009;
Dobbs et al. 2011b). When we apply this method to particle-based hydrodynamic codes,
like Gizmo, it is needed to divide the simulation box into cells in order to compute the
density of the cells using gas particles. Although the clump-finding has a high affinity
with grid-based hydrodynamic codes by nature, applying this method to particle-based
simulations may result in incorrect GMC identification. Dobbs et al. (2015) found that
GMCs identified by the clump-finding have apparently different morphology in just a few
moments of evolution while the FoF does not show.

2.2 Calculation of hydrodynamics

The Gizmo code includes several numerical particle-based methods for hydrodynamics,
such as smoothed particle hydrodynamics (SPH), meshless finite volume (MFV), and
meshless finite mass (MFM). While SPH is zeroth-order spatial accuracy (e.g. Gingold
& Monaghan 1977), MFV and MFM are first-order accuracies2. In our research, we
employ the MFM method as it offers superior capabilities in tracing gravitational collapses
(Yamamoto et al. 2021). In this section, I introduce MFM in Section 2.2.1, the gradient
estimator in Section 2.2.2, and the solver for the Riemann problem in Section 2.2.3.

2The Gizmo paper (Hopkins 2015) claims that MFV and MFM are second-order accuracies, but they
in practice are first-order as shown in Section 2.2.1.
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2.2.1 The meshless finite mass method

The MFM is a mesh-free method that does not require any mesh in the simulation domain.
To solve the hydrodynamic equations numerically, we have to make them discrete. To do
so, I first make a preparation following Lanson & Vila (2008a;b) and Gaburov & Nitadori
(2011).

An interpolation function ψi is defined using a function W as

ψi(r) =
1

ω(r)
W (|r − ri|, hsml(r)), (2.3)

where

ω(r) =
∑
j

W (|r − rj |, hsml(r)), (2.4)

and r is the position, and ri is the position of particle i. The smoothing length (kernel
size)3, hsml, is quantitatively defined so as to include the neighbour particle number of
Nngb = 32. The function W is called a kernel function4 and is defined as the cubic spline
in our simulations (Morris 1996):

W (r, hsml) =
8

π
×


1 + 6(u− 1)u2 (0 ≤ u < 0.5)

2(1− u)3 (0.5 ≤ u < 1)

0 (1 ≤ u)
, (2.5)

where u = r/hsml. The term ω(r) is given by the sum of W of particles within hsml(r)
around r. Therefore, Equation (2.3) is obviously normalised as

1 =
∑
i

ψi(r). (2.6)

We apply this to a volume integration of a given function f(r):∫
f(r)d3r =

∫
f(r)

∑
i

ψid
3r =

∑
i

∫
f(r)ψid

3r. (2.7)

The Taylor expansion of f(r) around r = ri is given by

f(r) = f(ri) + (r − ri) · (∇f)r=ri +O(h2), (2.8)

where |r − ri| ∼ O(h) since W is compact support. Therefore, Equation (2.7) becomes∫
f(r)d3r =

∑
i

f(ri)

∫
ψi(r)d

3r +
∑
i

(∇f)r=ri ·
∫
(r − ri)ψi(r)d

3r +O(h2) (2.9)

≡
∑
i

fiVi +O(h), (2.10)

3TheGizmo code originally employs Nngb as the ‘effective’ number defined by Nngb = 4π
3
h3
sml

∑
j W (|r−

ri|, hsml(r)). This is different from the actual number of nearby elements described in the main text. Hence,
when Nngb is treated as the effective number, the actual neighbouring elements within hsml can be lower
than the number we set. However, we have found that even when we define hsml within which the actual
number of Nngb is included, the results do not change significantly and the calculation becomes twice as
fast as that with the effective number. We, therefore, have adopted the ‘actual’ number of nearby elements.

4A kernel function W needs to be 1) normalised, 2) compact support (i.e. W = 0 for r ≫ hsml), and 3)
δ(r) for hsml → 0, where δ(r) is the Dirac delta function.
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where fi = f(ri) and

Vi =

∫
ψi(r)d

3r (2.11)

is the effective volume. Since we discretise the hydrodynamic equations by using Equa-
tion (2.10), it results in the discrete equations having a first-order accuracy5.

The conservative form of the basic hydrodynamic equations in a frame moving with
vframe is given by

∂U

∂t
+∇ · (F + vframe ⊗U) = 0, (2.12)

where U is the state vector of conserved variables:

U =

 ρ
ρv
ρe

 =

 ρ
ρv

ρu+
1

2
ρ|v|2

 , (2.13)

ρ is mass density, v is velocity, e is the total specific energy, u is the specific internal
energy, and F is the flux tensor:

F =

 ρv
ρv ⊗ v + PI
(ρe+ P )v

 , (2.14)

where ⊗ is the tensor product, P is the pressure, and I is the identity tensor. We here
multiply an arbitrary function ϕhydro that satisfies

ϕhydro → 0 for r →∞ (2.15)

dϕhydro
dt

= 0 (2.16)

with Equation (2.12) to get

∂U

∂t
ϕhydro + ϕhydro∇ · (F + vframe ⊗U) = 0. (2.17)

By integrating this equation over all of space, we get

0 =

∫ {
∂U

∂t
ϕhydro + ϕhydro∇ · (F + vframe ⊗U)

}
d3r (2.18)

=

∫ {
∂U

∂t
ϕhydro + ϕhydrovframe ·∇U

}
d3r +

∫
ϕhydro∇ · F d3r (2.19)

=

∫
dU

dt
ϕhydro d

3r +

∫
ϕhydro∇ · F d3r, (2.20)

where we apply the Lagrange derivative:

d

dt
=

∂

∂t
+ vframe ·∇ (2.21)

to the third equal. The integration by parts of the second term of Equation (2.20) leads
us to ∫

ϕhydro∇ · F d3r =
∫

∇ · (ϕhydroF ) d3r −
∫

F ·∇ϕhydro d
3r. (2.22)

5The Gizmo paper claims that MFM has a second-order accuracy but the second term in Equation (2.9)
never vanishes since ψi is not spherically symmetric.
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Thanks to the Gauss theorem, the first term of the right side of this equation vanishes:∫
∇ · (ϕhydroF ) d3r =

∫
ϕhydroF · dS = 0 (∵ Equation 2.15), (2.23)

where dS is the vector surface element. Therefore, Equation (2.20) becomes

0 =

∫
dU

dt
ϕhydro d

3r −
∫

F ·∇ϕhydro d
3r. (2.24)

Equation (2.16) gives us

0 =
d

dt

∫
Uϕhydro d

3r −
∫

F ·∇ϕhydro d
3r. (2.25)

Let us make these volume integrations discrete by using Equation (2.10), then we get

0 =
d

dt

∑
i

ViUiϕ
i
hydro −

∑
i

ViFi · (∇ϕhydro)r=ri (2.26)

=
∑
i

[
ϕihydro

d

dt
(ViUi)− ViFi · (∇ϕhydro)r=ri

]
, (2.27)

where ϕihydro = ϕhydro(ri). To go further, a gradient estimator is required.
The gradient in Gizmo is computed by the matrix gradient operators at second-order

accuracy. The α-component (α = x, y, z) of a gradient of a quantity f is expressed with

(∇f)αi =
∑
j

∑
β=x,y,z

(fj − fi)Bαβ
i (rj − ri)

βψj(ri) (2.28)

≡
∑
j

(fj − fi)ψ̃α
j (ri), (2.29)

where fi = f(ri)

ψ̃α
j (ri) =

∑
β=x,y,z

Bαβ
i (rj − ri)

βψj(ri) (2.30)

and the matrix Bi is obtained from another matrix Ei (i.e. Bi = E−1
i ). The matrix Ei is

defined as
Eαβ

i =
∑
j

(rj − ri)
α(rj − ri)

βψj(ri). (2.31)

The condition number is defined using this matrix Ei as
6

Ncond,i =
1

3

(∥∥E−1
i

∥∥ · ∥Ei∥
)1/2

, (2.32)

where

∥Ei∥ =
∑
α,β

∣∣∣Eαβ
i

∣∣∣2 (2.33)

Equation (2.29) gives us∑
i

ViF
α
i (∇ϕhydro)

α
r=ri =

∑
i

∑
j

ViF
α
i (ϕ

j
hydro − ϕ

i
hydro)ψ̃

α
j (ri) (2.34)

= −
∑
i

ϕihydro
∑
j

[
ViF

α
i ψ̃

α
j (ri)− VjF α

j ψ̃
α
i (rj)

]
, (2.35)

6The coefficient 1/3 corresponds to the number of dimensions, i.e. this is replaced by 1/2 for 2D and 1
for 1D simulations.
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where I note that an Einstein summation convention over α is used. By substituting
Equation (2.35) into Equation (2.27), we get

0 =
∑
i

ϕihydro

 d

dt
(ViUi) +

∑
j

[
ViF

α
i ψ̃

α
j (ri)− VjF α

j ψ̃
α
i (rj)

] . (2.36)

Since this must hold for an arbitrary ϕhydro, we find

d

dt
(ViUi) +

∑
j

[
ViF

α
i ψ̃

α
j (ri)− VjF α

j ψ̃
α
i (rj)

]
= 0. (2.37)

We here replace the fluxes Fi and Fj , the fluxes between ith and jth fluid elements,
with the solution of the Riemann problem F̃ij , which is the flux in the frame moving with
the face between particles i and j. Equation (2.37) becomes

d

dt
(ViUi) +

∑
j

F̃ α
ij

[
Viψ̃

α
j (ri)− Vjψ̃α

i (rj)
]
= 0. (2.38)

Now, we define the ‘surface’ vector as

Aα
ij = Viψ̃

α
j (ri)− Vjψ̃α

i (rj). (2.39)

We finally get
d

dt
(ViUi) +

∑
j

F̃ij ·Aij = 0. (2.40)

The surface vector Aij can be flexibly determined. The MFM method chooses Aij so that
the mass flux becomes zero.

2.2.2 The slope limiter

When gradients are estimated using Equation (2.29), numerical instabilities may occur
at discontinuities. Therefore, the gradients are required to be replaced by a slope-limited
gradient (∇f)lim. In Gizmo, the modified gradient follows Balsara (2004) and is expressed
by

(∇f)lim,i = αi
slope(∇f)i, (2.41)

where

αi
slope = min

[
1, βi

slopemin

(
fmax
i,ngb − fi
fmax
i,mid − fi

,
fi − fmin

i,ngb

fi − fmin
i,mid

)]
. (2.42)

The values of fmax
i,mid and fmin

i,mid are the maximum and minimum of the following value for
all neighbours of particle i, respectively:

frec,i = fi +
1

2
(rj − ri) · (∇f)i. (2.43)

However, in Gizmo, the quantities fmax
i,mid− fi and fi− fmin

i,mid are replaced with the value of
∥fi∥ · ∥rface,ij − ri∥ (where ∥rface,ij − ri∥ is the distance between the particle and face for
the pair ij), since Hopkins (2015) found that this choice is slightly more stable. Although,
when 0.5 ≤ βislope ≤ 1, the slope limiter is a second-order accuracy (Balsara 2004), Gizmo
adopts

βislope =


4 (Ncond,i ≤ 100)[
min

(
0.5, 0.25×

Ncond,i

100

)]−1

(Ncond,i > 100)
, (2.44)
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where Ncond,i is the condition number if particle i defined in Equation (2.32). Hopkins
(2015) found that this expression of βislope is slightly more accurate. Numerical simulation
codes other than Gizmo should also include their own slope limiters although they may
be different from the Gizmo one.

We have found that star formation recipes using the velocity gradient tensor (e.g.
Hopkins 2013) may affect star formation activity in galaxy simulations due to the presence
of the slope limiter. At points with velocity discontinuities, this slope limiter sometimes
produces unphysically low values of the velocity gradient tensor. We have to take care of
the slope limiter when using the gradients for star formation recipes in galaxy simulations.

2.2.3 The Riemann solver

A Riemann problem is a specific initial value problem where values differ from left to
right side bounding on a certain surface. As a simple example, I show the 1-dimensional
Riemann problem in isothermal fluid (see Toro 1999, for details). The initial condition is
given by(

ρ
v

)
= UL =

(
ρL
vL

)
for x ≤ 0 and

(
ρ
v

)
= UR =

(
ρR
vR

)
for x > 0, (2.45)

where x = 0 is the boundary of two different states. The linearised hydrodynamic equa-
tions are

∂ρ1
∂t

+ ρ0
∂v1
∂x

= 0 (2.46)

∂v1
∂t

+
c2s
ρ0

∂ρ1
∂x

= 0, (2.47)

where ρ1 and v1 are the perturbation terms of density and velocity, respectively, cs is the
sound speed, and ρ0 is the non-perturbed density (i.e. = ρL for x ≤ 0 and = ρR for x > 0)
(see Section 1.3.1 for reference). We can now rewrite these equations as

∂U

∂t
+ C

∂U

∂x
= 0, (2.48)

where

U =

(
ρ1
v1

)
, C =

(
0 ρ0

c2s/ρ0 0

)
. (2.49)

The eigenvalues of C are λ1 = −cs and λ2 = cs, giving the propagation speed of the fluid.
The corresponding eigenvectors are given by

K1 =

(
ρ0
−cs

)
, K2 =

(
ρ0
cs

)
. (2.50)

Due to the continuity of the solution, the left state UL gives

UL =

(
ρL
vL

)
= a1K1 + a2K2. (2.51)

The solution for a1 and a2 is

a1 =
csρL − ρLvL

2csρL
, a2 =

csρL + ρLvL
2csρL

. (2.52)

Similarly, we get

UR =

(
ρR
vR

)
= b1K1 + b2K2, (2.53)
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where

b1 =
csρR − ρRvR

2csρR
, b2 =

csρR + ρRvR
2csρR

. (2.54)

In the domain between the two characteristics t = |x|/cs, the solution is given by

U∗ =

(
ρ∗
v∗

)
= b1K1 + a2K2 = b1

(
ρR
vR

)
+ a2

(
ρL
vL

)
. (2.55)

The piecewise constant solution in the entire domain can be written as

U(t, x) =

(
ρ(t, x)
v(t, x)

)
=


UL (0 < t ≤ −x/cs)
U∗ (0 ≤ |x|/cs < t)

UR (0 < t ≤ x/cs)
. (2.56)

The Gizmo code solves the Riemann problems between particles i and j to obtain the
fluxes F̃ij . The code employs the approximate HLLC Riemann solver (Toro 1999) instead
of the exact solver (Godunov 1959) since there are no significant differences in the test
problems (see Hopkins 2015) and the HLLC solver is faster7.

2.3 Time-stepping

For the time integration, Gizmo follows the individual time-step, which imposes different
time-step for each particle and discretise time-steps into a power-of-two hierarchy (see
also Springel 2010). The time-step of particle i is chosen to be the largest power-of-two
subdivision shorter than the time-step locally calculated by the following criteria. The
first criterion is the Courant-Fridrisch-Levy (CFL) time-step (Courant et al. 1928):

∆tCFL,i = 2CCFL
hsml,i

|vsig,i|
, (2.57)

where CCFL = 0.4 (the same as the default setting in Gizmo), hsml,i is the smoothing
length of a gas particle i, and the signal velocity is

vsig,i = max
j

[
cs,i + cs,j −min

(
0,

(vi − vj) · (ri − rj)

|ri − rj |

)]
, (2.58)

where maxj refers to the maximum over all neighbouring fluid elements j of i (Whitehurst
1995; Monaghan 1997). We also impose a kinetic criterion:

∆tkin,i =

√
2αkin

ϵgrav,i
|ai|

, (2.59)

where αkin = 0.02 (the same as the default setting in Gizmo), ϵgrav,i is the gravitational
softening length, and ai is the total acceleration of particle i (Power et al. 2003). The
difference in time-steps between a particle and its neighbours is kept within a factor of 4
(i.e. two power-of-two subdivisions) following Saitoh & Makino (2009).

Due to Equation (2.40), the time integration of the hydrodynamic value Qi = (ViUi)
is given by

Q
(n+1)
i = Q

(n)
i +∆ti

dQi

dt

(n+1/2)

= Q
(n)
i −∆ti

∑
j

Aij · F̃ (n+1/2)
ij , (2.60)

7When magnetohydrodynamics is turned on, Gizmo uses the HLLD Riemann solver (Miyoshi & Kusano
2005). However, we do not use this in our simulations because magnetic fields are not included.
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where ∆ti is the time-step of particle i, the superscripts (n) denotes the nth time-step
and (n + 1/2) means the values of half time-step shifted. This expression gives us the
second-order accurate time integration (Colella 1990; Stone et al. 2008).

On the other hand, the time integration of the motion of particles follows the leapfrog
method. The position, velocity, and acceleration of particle i are computed by

r
(n+1)
i = r

(n)
i + v

(n+1/2)
i ∆ti (2.61)

v
(n+1/2)
i = v

(n−1/2)
i + a

(n)
i ∆ti (2.62)

a
(n)
i = a

(n)
i (r

(n)
i ), (2.63)

where we use the half time-step shifted velocity and the acceleration as a function of
the position due to gravitational and hydrodynamic forces. The Gizmo code employs
Equations (2.61)-(2.63). By erasing the half time-step shifted values, these equations can
be rewritten as8

r
(n+1)
i = r

(n)
i + v

(n)
i ∆ti +

1

2
a
(n)
i ∆t2i (2.64)

v
(n+1)
i = v

(n)
i +

1

2

(
a
(n)
i + a

(n+1)
i

)
∆ti. (2.65)

The leapfrog method is a second-order accurate time integration scheme that preserves
energy conservation. For this reason, this method is often used in N -body gravity simu-
lations (see e.g. Binney & Tremaine 2008).

2.4 Subgrid physics

In our simulations, the finest spatial resolution is set to 1 pc, yet the physical scale of
molecular cores, which serve as the seeds of stars, is ∼ 0.1 pc (Bergin & Tafalla 2007), and
individual stars have scales on the orders of R⊙9. As a result, we need to develop and
incorporate subgrid physics to account for unresolved physical processes in our galaxy-
scale simulations. Furthermore, from a computational perspective, there is a challenging
issue related to the direct solution of cooling and heating processes within the ISM in
our simulations. I refer to the main subgrid physical models in our galaxy simulations:
star formation in Section 2.4.1, stellar feedback in Section 2.4.2, and cooling and heating
processes in the ISM in Section 2.4.3.

2.4.1 Star formation

SFR density in galaxy simulations often follows the Schmidt law-like estimate (Equa-
tion 1.111), as

ρ̇⋆ = ϵSF
ρ

tSF
, (2.66)

where ρ is local gas density, tSF is the star formation time scale, and ϵSF is the star for-
mation efficiency per the star formation time scale parameter (e.g. Schmidt 1959; Springel
2000; Springel & Hernquist 2003; Marri & White 2003; Tasker & Bryan 2006; Saitoh et al.
2008; Agertz et al. 2013; Kim et al. 2013; Semenov et al. 2016; Hopkins et al. 2018b; Bassini
et al. 2020). Since our simulations have adopted tSF = tff =

√
3π/32Gρ, ϵSF becomes the

star formation efficiency per free-fall time parameter, ϵff,SF:

ρ̇⋆ = ϵff,SF
ρ

tff
. (2.67)

8In this form, the time-steps are required to be constant to maintain stability.
9The radius of the Sun R⊙ = 6.96× 1010 cm.
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Some galaxy simulations employ a constant ϵff,SF (e.g. Hopkins et al. 2012), while others
uses a variable ϵff,SF based on physical properties of gas (e.g. Semenov et al. 2016; 2021).
Our galaxy simulations have also adopted variable ϵff,SF based on CCCs (see Section 3.3.2).
In our simulations, star particles are stochastically converted or spawned from gas particles
following Okamoto et al. (2017). If the mass of a star-forming gas element, mgas, is more
massive than 1.5mspawn, where mspawn is the spawned stellar mass, the probability of
spawning a star particle during a time-step, ∆t, is given by

P =
mgas

mspawn

[
1− exp

(
−
ϵff,SF∆t

tff

)]
. (2.68)

We compute a uniform random number P ′ ∈ [0, 1) for each star-forming gas element at
each time-step. When P ′ < P, the gas element spawns a new star particle with mass
mspawn. On the other hand, when mgas is less massive than 1.5mspawn, we compute the
probability with which the gas element is converted into a star particle

P = 1− exp

(
−
ϵff,SF∆t

tff

)
. (2.69)

When P ′ < P, the gas element is converted into a new star particle with the mass of mgas.
We set mspawn to be the initial gas element mass of 250M⊙.

When a star formation model following Equation (2.66) is applied to all gas elements
inside the simulation box, stars may form from gas that is too diffuse or too hot. In order
to avoid such unphysical star formation, additional conditions are often employed in galaxy
simulations. For example, star formation is only allowed in converging flow (e.g. Okamoto
et al. 2014), Jeans unstable gas (e.g. Hopkins et al. 2018b), locally self-gravitating gas
(e.g. Hopkins et al. 2013), gas with a temperature lower than a threshold temperature
(e.g. Benincasa et al. 2016), or gas denser than a threshold density (e.g. Pettitt et al.
2017). These conditions are often used in combination. In our simulations, star formation
takes place in gas elements whose hydrogen number density is larger than 100 cm−3 and
temperature is below 100K, unless otherwise stated. Hopkins et al. (2013) found that the
galactic morphology strongly depends on the choice of the star formation models. On the
other hand, Grisdale (2021) argued that the models are insensitive to the morphology of
simulated galaxies.

Since the mass resolution of a star particle in our simulations is ∼ 250M⊙ (see Sec-
tion 3.3.3), we cannot resolve individual stars. Consequently, we have assumed that star
particles are a simple stellar population (SSP), which consists of stars with the same age
and metallicity. The SSP follows the Chabrier IMF (Chabrier 2003, Equation 1.108) whose
lower and upper mass limits are 0.1 and 100 M⊙, respectively, in our simulations (see also
Section 2.4.2).

2.4.2 Stellar feedback

Stellar feedback is one of the key factors in simulations of galaxy formation and evolution.
Previous studies have shown that stellar feedback from young stars effectively destroys
surrounding dense gas and suppresses star formation (e.g. Hopkins et al. 2011; 2014;
Agertz et al. 2013; Goldbaum et al. 2016; Hu et al. 2017; Colling et al. 2018; Chevance
et al. 2022). In addition, galactic morphology is sensitive to stellar feedback (e.g. Okamoto
et al. 2005; Scannapieco et al. 2008).

Since SN remnants cannot be spatially resolved in typical galaxy simulations, it is
necessary to treat SNe by a subgrid model that gives mass, momentum, energy, and
metals to ambient gas elements (see e.g. Katz 1992). There are many models of how to
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implement stellar feedback in galaxy simulations (e.g. Springel 2000; Springel & Hernquist
2003; Joung & Mac Low 2006; Agertz et al. 2013; Martizzi et al. 2015; Hopkins et al. 2018a;
Shimizu et al. 2019; Fujimoto et al. 2019; Marinacci et al. 2019; Oku et al. 2022).

In galaxy-scale simulations, it is impossible to directly compute ionising photons emit-
ted from individual stars, and the released mass, momentum, and energy from SNe or
AGB stars since calculating them is highly costed. However, stellar feedback plays an
important role in galaxy evolution and formation as mentioned above. To account for the
feedback from star particles in our simulations, we have tabulated the number of ionising
photons, SNe, and AGB stars.

In our simulations, after star particles are born, they chemically and dynamically affect
surrounding gas elements through stellar feedback, including stellar winds, CCSNe and
Type Ia SNe, stellar mass loss from AGB stars, and radiation from massive stars. We have
adopted the metallicity-dependent stellar lifetime by Portinari et al. (1998) to compute
timed release of mass, metals, and energy from a star particle.

We compute the energy released as stellar winds by using tables generated by Star-
burst99 (Leitherer et al. 1999). Note that here we ignore the mass-loss of massive stars
as it is included in the ejecta mass of the core-collapse SNe (CCSNe) in the yield tables
compiled by Nomoto et al. (2013). We also tabulate the number of ionising photons and
the luminosity of an SSP as a function of its age and metallicity by using a stellar popu-
lation synthesis code Pégase.2 (Fioc & Rocca-Volmerange 1997) to implement radiative
feedback. For CCSNe, we compute the released mass, metals, and energy by using the
yield tables complied by Nomoto et al. (2013). In Nomoto et al. (2013), stars from 13 to
40 M⊙ (from 13 to 300 M⊙ for the zero metal stars) are assumed to explode as CCSNe.
We lower the minimum mass to a canonical value of 8 M⊙ by extrapolating the tables.
As a result, the number of CCSNe from a star particle is twice as many as the original
assumption. For Type Ia SNe, we assume a power-law form of the delay-time distribution
function taken from Maoz & Mannucci (2012) for a star particle older than 4 × 107 yr.
We employ the metallicity-dependent yield as the N100 model of Seitenzahl et al. (2013).
For the AGB yield, we combine the yield tables by Campbell & Lattanzio (2008), Karakas
(2010), Gil-Pons et al. (2013), and Doherty et al. (2014), as in Saitoh (2017).

Supernovae feedback

Following the method of Hopkins et al. (2018a), we first calculate a vector weight wαj

between a star particle, α, and a gas particle, j. The vector weights have the following
properties: ∑

j

wαj = 0, (2.70)

∑
j

|wαj | = 1, (2.71)

|wαj | = wαj ≃
∆Ωαj

4π
, (2.72)

where the sum is taken for all neighbouring gas elements coupled to this feedback event
and ∆Ωαj is the solid angle occupied by the effective hydrodynamic interface between
the source α and its neighbouring gas element j. We define the coupling radius so that
it effectively contains 64 nearest gas elements as neighbours. Using these weights, a star
particle gives mass, energy, and metals to neighbouring gas elements in a single SN event.

The energy added to a gas element, j, from the star particle, α, is given by

∆Eαj = |wαj |Eα. (2.73)
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The mass added to a gas element is also calculated in a similar way:

∆mαj = |wαj |M ej
α , (2.74)

where M ej
α is the ejecta mass. As above, we employ pure thermal feedback to model the

SNe feedback. Although the cooling radius is not fully resolved with the resolution10 of
mgas = 250M⊙, pure thermal feedback has a noticeable effect (see e.g. Fig. 2.5). We,
however, note that our simulations may underestimate the feedback effect.

Radiative feedback

A young stellar population, characterised by a young star particle, emits ionising radiation.
This radiation creates an HII region and may affect the star formation. We model the
formation of HII regions in a similar way to Marinacci et al. (2019), instead of solving the
radiation transfer equation with resolved HII regions.

By using lookup tables created by Pégase.2 (Fioc & Rocca-Volmerange 1997), we
calculate the number of ionising photons, Nγ

α , during a time-step, ∆tα, by a star particle
α. The ionising photon rate is, hence

Ṅγ
α =

Nγ
α

∆tα
. (2.75)

Just as we do for the SN feedback, we calculate weights for neighbouring gas elements
(Equation 2.72). The available ionising photons per unit of time are assigned to each
neighbouring gas element j, as

ṅγαj = wαjṄ
γ
α . (2.76)

The number of ionising photons per unit of time needed to keep the gas element ionised
is

αrecn
2
H,j

mj

ρj
= αrecn

2
H,jVj , (2.77)

where αrec = 2.6 × 10−13 cm3s−1 is the hydrogen recombination rate at 104 K and Vj =
mj/ρj is the volume of the gas element.

We then assign a probability for a temperature floor of 104 K to be imposed on the
gas element:

Pαj =
ṅγαj

αrecnH,jVj
. (2.78)

When the random number is smaller than Pαj , we forbid heated gas to cool below 104K
until the end of the time-step of the young stellar particle or the occurrence of the first
supernova of the massive star, whichever comes first.

The radiation from a young stellar population also has an additional impact on the
surrounding gas (Hopkins et al. 2011; Agertz et al. 2013; Okamoto et al. 2014; Ishiki &
Okamoto 2017). In our simulations, we inject momentum around a young star particle of
the form:

pradα =
Lα

c
(1 + τIR,α)∆tα, (2.79)

where pradα is the total radial momentum injected by the star particle over the time-step
∆tα, Lα is the luminosity of the star particle, c is the speed of light and τIR is the optical
depth of the surrounding gas to infrared radiation. The optical depth is calculated as
τIR,α = κIRΣgas,α where κIR and Σgas,α are the opacity in the infrared wavelength and

10The kernel size of a gas cell at the star formation threshold density (nH = 100 cm−3) is ∼ 8 pc, while
the cooling radius at this density is ∼ 4 pc.
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the gas column density respectively. We employ κIR = 10(Z/0.02) cmg−1 (Hopkins et al.
2018b). The column density is estimated by a local Sobolev approximation at the position
of the star particle:

Σgas,α = ρα

[
hα +

ρα
|∇ρα|

]
, (2.80)

where ρα, ∇ρα, and hα are the gas density, gas density gradient, and inter-element spacing
around the star particle estimated by using a standard SPH approach (Hopkins et al.
2018b). We add momentum to the neighbouring gas elements in exactly the same way as
the SN feedback:

∆prad
αj = wαjp

rad
α . (2.81)

2.4.3 Cooling and heating

If we properly simulate cooling and heating processes in the ISM, we should solve the
steady radiation transfer equation for a given frequency ν:

dIν
dτν

= −Iν + Sν , (2.82)

where Iν is the specific intensity, Sν is the source function, and τν is the optical depth.
However, it is necessary to run an iteration to solve this equation. Therefore, solving Equa-
tion (2.82) for gas elements at each time-step in galaxy-scale simulations incurs consider-
able costs. In order to avoid such costs in our simulations, we have adopted pre-computed
tables of cooling and heating in the ISM.

We use pre-computed tables to calculate radiative cooling and heating following Hop-
kins et al. (2023), which is the updated version of Hopkins et al. (2018b). We include
the fine-structure and molecular cooling down to 10K, the cooling rates dependent on
the metal species lines (Wiersma et al. 2009), and the dust-gas collisional heating and
cooling (Meijerink & Spaans 2005) as in Hopkins et al. (2018b). The molecular hydro-
gen fractions are estimated according to Krumholz et al. (2009). We take into account
the self-shielding from the UV background by using the fitting function of Hopkins et al.
(2023) (see also Rahmati et al. 2013). A pressure floor is added to prevent gas elements
from collapsing to very high densities beyond the threshold density for star formation.
The minimum pressure is calculated as Pf = P0(nH/n0)

γ , where P0 is the pressure of the
gas with temperature T = 100K and the hydrogen number density nH = n0 = 100 cm−3,
and γ = 5/3 is the adiabatic index. Note that this pressure floor is only applied to the gas
with nH > n0 to prevent star forming gas from collapsing in dynamical time. Furthermore,
it should be emphasised that this pressure floor is unlikely to have a significant effect on
the formation of giant GMCs, since it applies exclusively to high-density gas. In addition,
we have confirmed that the internal velocity dispersion of GMCs is typically much larger
than the sound speed calculated from the imposed pressure. As a result, we expect that
the properties of GMCs, such as their sizes and virial parameters, are not strongly affected
by the pressure floor.

Metals play an important role in gas cooling. The MFM used in our simulations
has no advective fluxes between the boundaries of two neighbouring gas elements. In
order to consider the unresolved diffusion of metals between gas elements under the finite
resolution, we employ the explicit metal diffusion following Colbrook et al. (2017) and
Hopkins et al. (2018b).

We also take photoelectric heating into account in our simulations. We implement a
constant photoelectric heating rate of 8.5 × 10−26 erg s−1 per hydrogen atom for all gas
elements for simplicity, as in Fujimoto et al. (2019). This value corresponds to that around
the Sun (Wolfire et al. 2003; Tielens 2005; Tasker & Tan 2009).
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Figure 2.2: Left: Gravitational logarithmic potential map (Binney & Tremaine 2008). Darker
colour indicates deeper potential. Right: Rotation curve of the logarithmic potential (Equa-
tion 2.84).

2.5 Galaxy model

Since galaxies are mainly composed of dark matter, stars, and gas, numerical simulations of
galaxies usually require particles representing them. Gravitational potentials are generated
from the distribution and dynamics of these particles. Initial conditions of disk galaxies
including various types of particles are sometimes created using an open public code such
as Galic (Yurin & Springel 2014) and Galactics (Deg et al. 2019). By contrast to such
‘live’ disk galaxies, some galaxy simulations employ analytical galactic potentials without
dark matter and star particles (e.g. Tasker & Tan 2009; Tasker 2011; Pettitt et al. 2014;
2017; 2020; Benincasa et al. 2016). The advantages of using such potentials are lower
computational costs and higher resolution of gas particles.

We have also adopted a galactic potential in our simulations. The form of the potential
is written as

Φ(Rgal, zgal) =
1

2
v20 ln

(
R2

gal +R2
0 +

z2gal
q2Φ

)
, (2.83)

where Rgal and zgal are the galactocentric radii and the vertical height, respectively, v0 =
220 km s−1, R0 = 1kpc, and qΦ = 0.35 (Binney & Tremaine 2008). Figure 2.2 shows the
galactic potential on the zgal = 0 plane. The rotation curve is given by

Vc =

(
Rgal

∂Φ

∂Rgal

)1/2

= v0
Rgal√

R2
gal +R2

0 + z2gal/q
2
Φ

. (2.84)

The gravitational acceleration by the potential is computed by a = −∇Φ and the com-
ponents are

aR = − ∂Φ

∂Rgal
= −v20

Rgal

R2
gal +R2

0 + z2gal/q
2
Φ

(2.85)

aθ = −
1

Rgal

∂Φ

∂θgal
= 0 (2.86)

az = −
∂Φ

∂zgal
= −v20

zgal/q
2
Φ

R2
gal +R2

0 + z2gal/q
2
Φ

, (2.87)

where θgal is the tangential component. This logarithmic potential enables us to simulate
a galaxy with a MW-like flat rotation curve without including dark matter particles.
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Figure 2.3: Initial radial profile of the gas surface density Σgas. The profile is computed by
distinct Toomre Q values in three regions. The big changes at Rgal = 2, 13 kpc are due to the
choice of higher Q values.

We have created the initial condition by distributing gas elements within the galac-
tic potential. We determine the initial position of each gas particle using the total gas
mass, Mtot, and a pseudorandom number generator, the Mersenne Twister (Matsumoto
& Nishimura 1998). Given a random real number P ∈ [0, 1), the radial position R′

gal is
computed so that a fraction of the mass within R′

gal, M(< R′
gal), to Mtot corresponds to

P. In other words, we find R′
gal that satisfies the equation:

P =
M(< R′

gal)

Mtot
=

1

Mtot

∫ R′
gal

0
Σgas × 2πRgal dRgal, (2.88)

where Σgas is the radial gas surface density. In our initial condition, we distribute the
gas elements so that the gas surface density follows the Toomre Q values (Toomre 1964,
Equation 1.91) as a function of the galactic radii as follows:

Q =


Q1 (Rgal < 2 kpc)
Q2 (2 kpc ≤ Rgal < 13 kpc)
Q3 (13 kpc ≤ Rgal < 14 kpc)

=


20 (Rgal < 2 kpc)
1 (2 kpc ≤ Rgal < 13 kpc)
20 (13 kpc ≤ Rgal < 14 kpc)

. (2.89)

This initial setup is similar to the previous simulations of isolated galaxies (e.g. Tasker &
Tan 2009; Fujimoto et al. 2019). From Equation (1.91), the initial gas surface density can
be computed by

Σgal(Rgal) =
κ(Rgal)cs
πGQ(Rgal)

, (2.90)

where Equation (1.67) gives the epicyclic frequency:

κ =
√
2
Vc
Rgal

(
1 +

Rgal

Vc

dVc
dRgal

)1/2

=
√
2
v0
R0

√
2 + r2

1 + r2

(
∵ Equation (2.84) and r =

Rgal

R0

) (2.91)

assuming zgal = 0. Therefore, the total gas mass is calculated by

Mtot =

∫ R3

0
Σgas × 2πRgal dRgal = I1 + I2 + I3, (2.92)
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Figure 2.4: Face-on (left) and edge-on (right) views of the projected gas density of the initial
condition. Each panel is 26 kpc across.
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Figure 2.5: Face-on (left) and edge-on (right) views of the projected gas density at t = 300Myr,
until which the galaxy was simulated with ϵff,SF = 0.01. After this, the CCC-triggered star
formation model is turned on.

where

I1 =
2
√
2v0csR0

GQ1

∫ r1

0

r

1 + r2

√
2 + r2dr

I2 =
2
√
2v0csR0

GQ2

∫ r2

r1

r

1 + r2

√
2 + r2dr

I3 =
2
√
2v0csR0

GQ3

∫ r3

r2

r

1 + r2

√
2 + r2dr

(2.93)

assuming that the initial sound speed cs is the same across the simulated galaxies (i.e. the
same internal energy) and ri = Ri/R0. The integration can be computed using∫

r

1 + r2

√
2 + r2dr = s+

1

2
ln

∣∣∣∣s− 1

s+ 1

∣∣∣∣ where s =
√
2 + r2. (2.94)

The initial total gas mass in this research isMtot = 8.6×109M⊙ and the number of the gas
elements is 34.4 million, giving a gas mass resolution of 250M⊙. From Equations (2.92)-
(2.94), the initial sound speed of gas is computed to be ∼ 5.4 km s−1, corresponding to a
temperature of 2540K. The radial profile of the gas surface density is shown in Figure 2.3.
The initial radial position of each gas element is determined following Equation (2.88) using
Newton’s method iteratively.

The initial vertical position z′gal of each gas particle is also determined so that an
integration of a given vertical gas distribution between zgal = z′gal and zgal = −z′gal,
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M(z′gal), to Mtot corresponds to P ∈ (−1, 1):

P =
M(z′gal)

Mtot
. (2.95)

We have chosen the initial vertical profile to follow11 sech2(zgal/zh) with the vertical scale
of zh = 0.4 kpc. Therefore, Equation (2.95) becomes12

P =
M(z′gal)

Mtot
=

∫ z′gal

−z′gal

sech2
(
zgal
zh

)
dzgal∫ ∞

−∞
sech2

(
zgal
zh

)
dzgal

= tanh

(
z′gal
zh

)
. (2.96)

Then we get

z′gal =
1

2
zh ln

(
1 + P
1− P

)
. (2.97)

Since our galaxies of initial conditions are axisymmetric, the initial tangential compo-
nent of each gas particle is simply computed by a uniform random as θ′gal = P ∈ [0, 2π).
Figure 2.4 shows the face-on and edge-on views of the projected gas density of the initial
condition.

We first run only the simulation with ϵff,SF = 0.01 for 300Myr to evolve the galactic
disc. Figure 2.5 shows the projected gas density at t = 300Myr. After this, we turn on
the various models of star formation to investigate the relationship between star formation
triggered by CCCs and galaxy evolution (Chapter 3).

11sechx = 1/ coshx = 2/(ex + e−x)
12tanh x = sinh x/ coshx = (ex − e−x)/(ex + e−x)



Chapter 3

Cloud-cloud collisions triggering
star formation in galaxy
simulations

3.1 Abstract of this chapter

Cloud-cloud collisions (CCCs) are expected to compress gas and trigger star formation.
However, it is not well understood how the collisions and the induced star formation af-
fect galactic-scale properties. By developing an on-the-fly algorithm to identify CCCs
at each time-step in a galaxy simulation and a model that relates CCC-triggered star
formation to collision speeds, we perform simulations of isolated galaxies to study the evo-
lution of galaxies and giant molecular clouds (GMCs) with prescriptions of self-consistent
CCC-driven star formation and stellar feedback. We find that the simulation with the
CCC-triggered star formation produces slightly higher star formation rates and a steeper
Kennicutt-Schmidt relation than that with a more standard star formation recipe, al-
though collision speeds and frequencies are insensitive to the star formation models. In
the simulation with the CCC model, about 70% of the stars are born via CCCs, and
colliding GMCs with masses of ≈ 105.5M⊙ are the main drivers of CCC-driven star for-
mation. In the simulation with the standard star formation recipe, about 50% of stars
are born in colliding GMCs even without the CCC-triggered star formation model. These
results suggest that CCCs may be one of the most important star formation processes in
galaxy evolution. Furthermore, we find that a post-processing analysis of CCCs, as used
in previous studies in galaxy simulations, may lead to slightly greater collision speeds and
significantly lower collision frequencies than the on-the-fly analysis. This chapter is based
on Horie et al. (2024).

3.2 Introduction

Cloud-cloud collisions (CCCs) are expected to be a process that not only grows clouds
but also efficiently compresses and triggers star formation. Since star formation is one of
the most fundamental processes in galaxy formation and evolution, CCCs may play an
essential role on them. However, there is still a lack of understanding of how CCCs affect
star formation activity in galaxies, how CCC-driven star formation affects properties of
giant molecular clouds (GMCs), and whether CCCs are actually important for galaxy
evolution.

Recent observations have provided substantial evidence supporting the hypothesis that

49
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CCCs play a significant role in triggering massive star formation (e.g., Hasegawa et al.
1994; Homeier & Alves 2005; Looney et al. 2006; Stolte et al. 2008; Torii et al. 2011;
Fukui et al. 2014; Torii et al. 2015; Fukui et al. 2016; Dewangan & Ojha 2017; Torii et al.
2018; Nishimura et al. 2018; Tsuge et al. 2019; Finn et al. 2019; Muraoka et al. 2020;
Fujita et al. 2021; Kohno et al. 2021, see also Table1 in Fukui et al. (2021)). In these
observations, CCCs are identified through the presence of a bridge feature in position-
velocity diagrams, which represents a connection between different velocity components
(Takahira et al. 2014; Haworth et al. 2015a;b; Torii et al. 2017). Collision velocities between
clouds exhibit a wide distribution, ranging from a few to a few tens of km s−1, and in one
case, even exceeding 100 km s−1 (see Table 1 in Fukui et al. 2021). The observational study
conducted by Enokiya et al. (2021a) has revealed positive correlations between collision
velocities and peak column density, as well as between the number of massive stars and
peak column densities. These findings suggest that higher column densities are necessary
for the formation of massive stars in colliding clouds with higher collision velocities.

Numerical simulations of CCCs have been carried out to study star formation activity
and physical properties of gas in colliding clouds (e.g. Habe & Ohta 1992; Takahira et al.
2014; Wu et al. 2017a;b; Shima et al. 2018; Wu et al. 2018; Takahira et al. 2018; Wu
et al. 2020; Liow & Dobbs 2020; Sakre et al. 2021; 2023). Habe & Ohta (1992) simulated
head-on collisions at supersonic relative velocities between clouds of different sizes and
densities. Their finding revealed that the shock resulting from the collision compresses
the gas at the collision surface, leading to the formation of dense, gravitationally-bound
clumps. Takahira et al. (2018) also simulated collisions between non-identical clouds with
various collision velocities ranging from 5 to 30 km s−1. Although their simulations did
not include a prescription of star formation, they found that the fractions of the total
dense core mass formed by collisions to the total mass of the colliding clouds decrease
with increasing collision speed, suggesting that star formation in colliding clouds is less
effective at higher collision speeds. This is consistent with the observational implication
of Enokiya et al. (2021a).

Galaxy simulations have also been used to investigate activities of CCCs on galactic
scales (e.g. Tasker & Tan 2009; Tasker 2011; Fujimoto et al. 2014a;b; Dobbs et al. 2015;
Fujimoto et al. 2020; Skarbinski et al. 2023). In simulations without spiral and/or bar
structure, the frequency of CCCs (i.e. how many times a cloud experiences collisions
per unit of time) is 30 − 40Gyr−1 (∼ 1/5 − 1/4 of the orbital time, Tasker & Tan 2009;
Tasker 2011; Dobbs et al. 2015), whilst with imposed spiral arms and/or bar structure
the frequency go up to a few hundred Gyr−1 (Dobbs et al. 2015; Fujimoto et al. 2014a).
However, in a simulation of a barred spiral galaxy by Fujimoto et al. (2020), the collision
frequency is 10 − 20Gyr−1, which is much lower than in other simulations. This may be
due to the different galaxy models or the different definitions of clouds, such as density
thresholds.

Fujimoto et al. (2014b) analysed a simulated barred spiral galaxy and found that the
collision speed between colliding clouds are more widely distributed in the bar region than
in other regions. In addition, by assuming that the star formation efficiency in colliding
clouds varies with collision speed, they reproduced the suppression of star formation in
the bar region as reported by the observations (e.g. Momose et al. 2010; Hirota et al. 2014;
Yajima et al. 2019; Maeda et al. 2020b). Star formation triggered by CCCs, hence, could
play an important role in galaxy evolution.

By solving the evolution equation for the mass function of GMCs, a CCC process
in galaxies is also studied. Kobayashi et al. (2017) found that CCCs are less dominant
in determining the GMC mass function, but star formation triggered by CCCs is not
included in their equation. Kobayashi et al. (2018) improved the equation in Kobayashi
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et al. (2017) by taking the star formation in colliding clouds into account and found that
a few tens of per cent of the total star formation rate (SFR) in the Milky Way (MW) and
nearby galaxies could be driven by CCCs.

While CCCs have been extensively studied in galaxy simulations, their identification
has primarily relied on post-processing analysis. However, if CCCs are indeed capable of
promoting star formation, it is reasonable to expect that they would significantly influence
the characteristics of subsequent CCCs through stellar feedback. This effect would likely
differ from situations where the influence of CCC-induced star formation is not taken into
account.

To study the effects of CCC-driven star formation on galaxy evolution, we need to
identify CCC events at each time-step, rather than in a post-processing analysis. Moreover,
the finest spatial resolutions in galaxy simulations are typically on the order of pc, which
cannot spatially resolve dense cores whose sizes are ∼ 0.1 pc (Bergin & Tafalla 2007). It is
therefore necessary to develop a model that specifically accounts for CCC-triggered star
formation and apply it to the CCC events detected on-the-fly during galaxy simulations.

One method for identifying GMCs and CCCs is the Friends-of-Friends (FoF) algorithm.
The FoF is often used to find groups of neighbouring dense gas elements in post-processing
analysis of particle-based hydrodynamical galaxy simulations and enables us to investigate
the physical properties of GMCs and cloud collisions (e.g. Dobbs et al. 2015; Pettitt et al.
2018; Benincasa et al. 2020). Some studies have used an alternative grid-based clump-
finding algorithm to identify clouds from snapshots of (particle-based) galaxy simulations
(e.g. Dobbs 2008; Dobbs et al. 2011a). However, Dobbs et al. (2015) pointed out a problem
in GMC identification with this approach. If we compare GMCs identified by the grid-
based algorithm at slightly different times in particle-based simulations, their morphology
can be quite different. On the other hand, the shapes of GMCs identified by the FoF do
not change significantly over a very short time-scale. The FoF is, hence, deemed better
suited to GMC and CCC identifications than the grid-based method for these kinds of
studies in Lagrangian hydrodynamic simulations.

Consequently, in this research, we first develop an algorithm to identify CCCs at each
time-step of galaxy simulations. We then build a model of star formation in colliding
clouds from the results of Takahira et al. (2018), who studied the relationship between
the fraction of the core mass in colliding clouds and the collision speed. We perform
hydrodynamic simulations of isolated disc galaxies with the on-the-fly CCC identification
algorithm and the CCC-triggered star formation model. By comparing the simulation
results with and without the CCC-triggered star formation model, we investigate how the
CCC-triggered star formation impacts star formation in the galaxy and physical properties
of GMCs.

This chapter is organised as follows. In Section 3.3, we describe the details of our hy-
drodynamical simulations of isolated galaxies. In particular, we introduce how to identify
CCCs at each time-step in galaxy simulations and the model of star formation triggered
by CCCs. We present our findings in Section 3.4 and give discussions of our results in
Section 3.5. Section 3.6 concludes our study in this chapter.

3.3 Methods

3.3.1 On-the-fly identification of CCCs

In order to apply the star formation model induced by could collisions to galaxy simula-
tions, it is necessary to find CCCs at a given time, t. To this end, we first develop an
on-the-fly GMC identification algorithm using the FoF at each time-step in galaxy simula-
tions. We run the FoF algorithm to group neighbouring gas elements with densities above
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a threshold hydrogen number density, nH,min, within a linking length, lmin. If a group con-
tains at least Nmin gas elements, it is identified as a GMC. We employ nH,min = 100 cm−3,
lmin = 10pc, and Nmin = 40 elements. We have confirmed that even when these param-
eters are varied by a factor of two, there are no significant changes in the distribution of
physical properties of GMCs, except for the minimum GMC mass and the total number
of GMCs. However, the properties of CCCs depend on the choice of Nmin, since the total
number of GMCs, and hence the number density of GMCs, strongly depends on Nmin.
We define the global properties of each identified GMC. The position of a GMC, r̄c, is the
centre of mass of all the gas elements composing the GMC. The bulk velocity of a GMC
is computed by

v̄c = ⟨v⟩M , (3.1)

where ⟨X⟩M denotes a mass-weighted average of a given physical property X, v is the
velocity of composite gas elements in a GMC. The total mass of a GMC, Mc, is the sum of
all the gas element masses. The radius of a GMC, Rc, is defined as the radius of a uniform
density sphere with the same moment of inertia (Guszejnov et al. 2020) using composite
gas elements:

Rc =

√
5

3
⟨d2⟩M , (3.2)

where d is the distance of the particle from r̄c. We define the 1D velocity dispersion of
gas in a GMC, σc, as

σ2c =
1

3

(
⟨(v − v̄c)

2⟩M
)
. (3.3)

The sound speed of a GMC, cs,c, is given as

cs,c =
√
γ(γ − 1)⟨u⟩M , (3.4)

where u is the specific internal energy of composite gas elements in a GMC and γ = 5/3
is the adiabatic index. We also define the virial parameter, αvir, of a GMC as

αvir =
5(σ2c + c2s,c)Rc

GMc
, (3.5)

where G is the gravitational constant (Bertoldi & McKee 1992). The minimum mass of
the identified GMCs is ∼ 104M⊙ with the original mass of a gas element, 250M⊙ (see
Section 3.3.3), and Nmin = 40. This is a typical mass of the smallest GMCs which hosts
star formation (e.g. Williams et al. 2000; Inoue & Fukui 2013; Kobayashi et al. 2017) and
is sufficiently low to investigate the star formation in the colliding GMCs (see Section 3.4.1
and 3.4.2).

To identify CCCs on-the-fly, we need not only the information of GMCs at time t, but
also the information at the previous time-step t−∆t, where ∆t represents the time-step1.
To find GMCs at t−∆t, we store the physical properties of gas elements such as positions,
velocities, masses, densities, and internal energies at t−∆t for all gas elements2. Once we
have identified the GMCs at time t, we apply the FoF algorithm to the positions of the
gas elements at t−∆t in order to find the GMCs at time t−∆t. We, hence, have to run
the GMC identification algorithm twice at every time-step. In this paper, the physical
properties of GMCs found at t − ∆t are denoted with a superscript p (e.g. r̄pc , v̄

p
c ,M

p
c

etc.). By comparing the identified GMCs at t and t −∆t, we can determine how GMCs
have evolved, i.e. whether the GMCs collide or not. To determine CCCs, we impose two
criteria as follows.

1The time-step ∆t in this dissertation indicates the system time-step as the minimum of the hierarchical
time-steps of all particles. The time-step in our simulations is ∼ 100− 1000 yr.

2We store the drifted values at t−∆t for inactive gas elements.
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1. We determine whether a GMC qualifies as a merging cloud at a given time, t,
using the methodology employed by Dobbs et al. (2015) in their post-processing
analysis. When examining each GMC detected at time t, we first define fi as the
fraction of that GMC that is derived from a cloud identified at a previous time-step,
specifically t−∆t. We then arrange these fi values in descending order, ensuring that
f1 ≥ f2 ≥ f3 . . . . If both f1 and f2 have non-zero values (indicating the presence of
at least two progenitors), we classify the GMC as a candidate of a merging cloud.3 To
prevent the misclassification of a GMC as a merging cloud when the contributions
from GMCs at t − ∆t are minimal, we have implemented additional criteria for
identifying GMCs as merging clouds:

f1Mc ≥ fthMp
c,1 (3.6)

and
f2Mc ≥ fthMp

c,2, (3.7)

where fth = 0.5 is the threshold fraction and Mp
c,1 and Mp

c,2 denote the progenitor
GMC masses at t−∆t that contribute the mass fractions f1 and f2 to the GMC at
time t, respectively. These criteria ensure that at least half of the progenitor mass
is contained within the cloud identified as a merging cloud.

2. When two GMCs collide in a grazing manner, the gas within the merging cloud is
unlikely to be compressed sufficiently to induce intense star formation. Since one of
our goals in this study is to find GMC mergers that would lead to star formation in
galaxy simulations, we now impose an additional criterion for finding such mergers.
Fig. 3.1 shows the schematic illustrations of how to determine a GMC merger that
would lead to star formation. We assume that GMCs just before merging (i.e. at
t−∆t) are spherical and denote a GMC with larger and smaller Rp

c as the subscripts
L and S, respectively. We calculate the relative position of GMCs at t−∆t as

∆r = r̄pc,S − r̄pc,L. (3.8)

The cloud collision velocity, vcoll, is calculated from the velocities of the GMCs at
t−∆t, v̄p

c,L and v̄p
c,S:

vcoll = v̄p
c,S − v̄p

c,L. (3.9)

We are now able to define the collision angle, θcoll, as

cos(π − θcoll) =
∆r · vcoll

∆r vcoll
, (3.10)

where ∆r = |∆r| and vcoll = |vcoll|. We, here, define the distance from the centre of
mass of the larger GMC to the line along the collision velocity, D, as

D = ∆r sin θcoll. (3.11)

If D < Rc,L, this merger is expected to compress the composite gas and form stars
since the centre of mass of the smaller GMC can penetrate the larger one assuming
linear motion (see Fig. 3.1a). Otherwise, the GMCs would just scratch each other
and gas would not be compressed sufficiently to trigger star formation (see Fig. 3.1b).
Although we discuss above how to identify GMC mergers that trigger star formation
as if ∆r > Rp

c,L, where the GMCs appear to be separated at t − ∆t, ∆r < Rp
c,L is

possible in this estimate due to the assumption that both GMCs are spherical. In this
case, we employ the criterion, θcoll < π/2, to reflect that the GMCs are approaching
each other, instead of D < Rc,L.
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Figure 3.1: Schematic illustrations of how to determine a colliding GMC which would trigger
star formation in our galaxy simulations. A collision is determined using the physical properties of
merging GMCs at t−∆t, assuming that the GMCs are spherical and move linearly. The subscripts
L and S denote GMCs with larger and smaller GMC radii Rp

c , respectively. To identify a collision,
we calculate the following values: ∆r is the distance between the centres of mass of GMCs, vcoll is
the collision velocity, θcoll is the collision angle, and D is the distance from the centre of mass of the
larger GMC to the line along the collision velocity. (a) The case identified as a colliding GMC for
∆r > Rp

c,L. The centre of mass of the smaller GMC penetrates the larger one and the composite
gas is expected to be compressed sufficiently to trigger star formation. How far the centre of mass
of the smaller GMC passes through the larger one, lpath, is calculated by using ∆r, θcoll, R

p
c,L, and

D. We then define the collision time-scale ∆tcoll = lpath/vcoll, during which we apply the model
of star formation triggered by CCCs. (b) The case not identified as a colliding GMC. Although
these GMCs could also become a merging GMC at t by the first criterion for determining a CCC,
they would just scratch each other and we assume that sufficient gas compression does not occur.

GMCs that fulfil the above two criteria are identified as colliding GMCs in which star
formation would be promoted. To determine how long a collision event lasts, we define
lpath, which denotes how far the centre of mass of the smaller GMC passes through the
larger one assuming linear motion. If ∆r > Rp

c,L, lpath is calculated by

lpath = 2

√(
Rp

c,L

)2
−D2, (3.12)

while if ∆r < Rp
c,L, lpath is computed as

lpath = ∆r cos θcoll +

√(
Rp

c,L

)2
−D2. (3.13)

During ∆tcoll = lpath/vcoll or until the colliding GMC is destroyed, we apply the star
formation model by CCCs to the gas elements making up the colliding GMCs. We output
the information on the physical properties of colliding GMCs at t and GMCs just before
collisions at t − ∆t when collisions are detected. This enables us to analyse the actual
collision properties and the differences between the properties of CCCs identified by the
on-the-fly algorithm and those found by the post-processing analysis.

3.3.2 Modeling star formation triggered by CCCs

Since dense cores and individual stars in colliding GMCs cannot be spatially resolved in
our galaxy simulation, we need to model star formation triggered by CCCs. In galaxy-scale
simulations, star formation is often parameterised by

ρ̇⋆ = ϵff,SF
ρ

tff
, (3.14)

3Figure 3 of Dobbs et al. (2015) may help to understand this procedure.
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Table 3.1: Numerical simulation results of CCCs used for modelling star formation (compiled
from Takahira et al. 2018, Table 2). The column denoted as ‘Cloud1-Cloud2’ shows the models
of colliding clouds: clouds with small (S), medium (M), and large (L) sizes and a uniform-density
cloud (Const). The collision speeds vcoll were set between 5 and 30 km s−1. The third column
shows the fractions of the total core mass formed by the collisions Mcore,tot to the total cloud
masses Mc,tot, where a core is defined as gas denser than ρcore = 5 × 10−19 g cm−3. When we
make a model of star formation triggered by CCCs, we assume that half of the total core mass is
converted into stars.

Cloud1-Cloud2 vcoll [km s−1]
Mcore,tot

Mc,tot

1

2

Mcore,tot

Mc,tot

S-M 10 0.288 0.144

S-L 10 0.166 0.084

S-L 20 0.11 0.055

M-M 10 0.36 0.18

M-L 5 0.464 0.232

M-L 10 0.288 0.144

M-L 20 0.076 0.038

M-L 30 0.046 0.023

Const-L 10 0.201 0.1005

Const-L 20 0.097 0.0485

for star-forming gas elements, where ρ̇⋆ is the SFR density, ρ is the local gas density,
tff =

√
3π/32Gρ is the free-fall time, and ϵff,SF is the star formation efficiency per free-

fall time parameter. In many previous studies, a constant ϵff,SF is adopted in galaxy
simulations (e.g. Agertz et al. 2013; Okamoto et al. 2017; Hopkins et al. 2018b), while
some employed a variable ϵff,SF in isolated disk galaxy and cosmological simulations (e.g.
Semenov et al. 2016; Li et al. 2018). In this research, we develop a simple model of a
variable ϵff,SF that reflects the triggered star formation in colliding GMCs.

Takahira et al. (2018) simulated the colliding clouds with a relatively wide range of
collision velocities from 5 to 30 km s−1. They found that the fractions of the total dense
core mass formed via collisions to the total cloud mass at the converging points tend to
decrease as the collision velocities increase (see Table 2 in Takahira et al. 2018). However,
their simulations did not include a prescription of star formation. On the other hand,
Shima et al. (2018) also simulated colliding clouds at 10 and 20 km s−1 collision speeds,
including the formation of sink particles to represent star formation. They found that in
the 10 km s−1 case, the fraction of the total mass of the sink particles to the total mass
of the cloud is ∼ 10% at 6Myr after the collision, which is approximately equal to the
free-fall time of typical GMCs. This fraction is about half of the core mass fraction in
Takahira et al. (2018), although the time-scale is different. We, hence, assume that 50%
of the dense core mass is converted into stars per free-fall time and make a model of ϵff,SF
by fitting the result of Takahira et al. (2018) with an exponential function of the cloud
collision speed vcoll using the least squares method (see also Table 3.1 and Figure 3.2).
Then we get4

ϵff,SF = 0.32 exp
(
−0.093 vcoll

1 km s−1

)
, (3.15)

4We obtain Equation (3.15) by fitting the results of Takahira et al. (2018) with ln(ϵff,SF), which is a
linear function of vcoll. The correlation coefficient for this best fit is −0.92.
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Figure 3.2: The star formation efficiency per free-fall time parameter ϵff,SF as a function of
collision speeds vcoll in colliding clouds. We assume that ϵff,SF corresponds to half ofMcore,tot/Mc,tot

in the right column of Table 3.1. The green dots present the values of half of Mcore,tot/Mc,tot as a
function of vcoll. The dotted blue line shows the exponential function of ϵff,SF = 0.32 exp(−0.093×
vcoll/1 km s−1), which is obtained using the values (green dots) with the least squares method. The
correlation coefficient of rcorr = −0.92.

with a coefficient of determination of 0.85. To avoid star formation in colliding GMCs
whose collision speed is not high enough to sufficiently compress the composite gas, we
impose the lower limit for vcoll, vcoll > cs,c, where cs,c is the sound speed of a GMC at t. The
sound speed cs,c is typically ≲ 1 km s−1, which is usually slower than the collision speed
(see Section 3.4.2). While the simulations of CCCs by Takahira et al. (2018) covered the
collision speeds between 5 and 30 km s−1, we apply this ϵff,SF to gas elements in colliding
GMCs even when the collision speeds are beyond the range. Although other factors, such
as density structure, morphology, turbulence of the GMCs etc., may affect star formation
in colliding GMCs, we here take into account only vcoll for simplicity. For dense gas
elements which are not members of colliding GMCs, we take ϵff,SF = 0.01 since this value
is comparable to previous galaxy simulations (Okamoto et al. 2017; Fujimoto et al. 2019).
We note that ϵff,SF is different from the star formation efficiency per free-fall, ϵff , which is
estimated for star-forming GMCs (see also Grisdale et al. 2019). Our model is designed to
account for the promoted star formation in colliding GMCs depending on collision speeds
in galaxy simulations.

In our simulations, gas elements with temperature T < 100K and hydrogen number
density nH > 100 cm−3 are stochastically converted into star particles using ϵff,SF, following
Okamoto et al. (2017) (See also Section 2.4.1).

3.3.3 Numerical simulations

Initially, we conduct a simulation with ϵff,SF = 0.01 over a timespan of 300,Myr to allow
for the evolution of the galactic disk (See Section 2.5). We then turn on the on-the-fly CCC
identification algorithm and the model of star formation triggered by CCCs introduced in
Section 3.3.1 and 3.3.2 until t = 500Myr. This simulation is denoted as ”Coll”. We also
run the simulation with a constant ϵff,SF of 0.01 even if gas elements are parts of colliding
GMCs, which is denoted as ”Const”. In the Const simulation, we turn on the on-the-fly
CCC identification algorithm as well, in order to obtain information about CCCs in the
galaxy without the star formation model of CCCs. By comparing the results of the Coll
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Figure 3.3: SFRs from 350− 500Myr in the Const (left) and Coll (right) simulations. The SFRs
are calculated from young star particles with ages < 1Myr. The thick solid lines are the SFRs
calculated from all young star particles (Total). The dashed lines are from young star particles
born in colliding clouds (CCC). The SFRs from young star particles born outside the colliding
clouds are indicated by the thin dotted lines (Non-CCC).

and Const simulations, we investigate how star formation triggered by CCCs affects galaxy
evolution and GMC properties. We analyse the data between t = 350Myr and 500Myr
to avoid starbursts just after turning on the star formation model of CCCs in the Coll
simulation. Our analysis is restricted to the main disc region of 2 kpc < Rgal < 13 kpc
to prevent the effect of the artificially lowered gas surface density in the initial condition.
However, its impact on our results is small. All simulations include the prescriptions of
star formation, stellar feedback, and radiative cooling and heating described in Section 2.4.

3.4 Results

3.4.1 Star formation

Star formation rates

We first show the effect of star formation triggered by CCCs on the SFRs of the sim-
ulated galaxies. Figure 3.3 shows the time evolution of the SFRs in the Const and
Coll simulations from t = 350 − 500Myr. We denote the three types of SFRs as Total,
CCC, and Non-CCC. The first one (SFRTotal) is obtained from all young star particles,
and the second (SFRCCC) is estimated using young stars born in colliding GMCs. The
last one (SFRNon−CCC) represents star formation occurring outside the colliding GMCs
(i.e. SFRNon−CCC = SFRTotal − SFRCCC). The SFRs are calculated using star particles
younger than 1Myr. We find that the Coll simulation produces slightly higher Total SFRs
than the Const simulation, suggesting that CCCs promote star formation activity on galac-
tic scales. The Total SFRs in both simulations gradually decrease by ∼ 1.0− 1.3M⊙ yr−1

over the analysis period of 150Myr. On average, these values are ∼ 1.7M⊙ yr−1 in Const
and ∼ 2.0M⊙ yr−1 in Coll. This means that approximately ∼ 20% more stars are born
when CCC-triggered star formation is taken into account. However, this change does not
suggest that 20% of stars are born via CCCs.

Focusing on the CCC SFRs, the values in Coll appear to be higher than those in
Const. The CCC SFRs in the Const and Coll simulations are on average ∼ 0.77M⊙ yr−1

and ∼ 1.4M⊙ yr−1, respectively. Although the CCC SFR is ∼ 0.6M⊙ yr−1 higher in Coll
than in Const, the difference in the Total SFR between the simulations is smaller than
in the CCC SFRs. This result suggests that star formation is self-regulated by stellar
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Figure 3.4: Face-on (top) and edge-on (bottom) views of the gas surface density maps of the
galaxies at t = 500Myr for Const (left) and Coll (right). Each panel is 26 kpc across.

feedback. Previous studies have shown that stellar feedback from young stars destroys
surrounding dense gas and suppresses star formation (e.g. Hopkins et al. 2011; Agertz
et al. 2013; Colling et al. 2018; Chevance et al. 2022). The feedback regulation of star
formation probably weakens the dependence of Total SFRs on the star formation model
of CCCs.

The fractions of the CCC SFRs to the Total SFRs are ∼ 50% in Const and ∼ 70%
in Coll. The fraction in the Const simulation is consistent with the previous study of
Kobayashi et al. (2018), who solved a modelled equation of GMC evolution including
star formation driven by CCCs and found that CCCs could cover 20 − 50% of galactic
SFRs. On the other hand, the fraction in the Coll simulation is ∼ 20 − 50% higher than
the estimate from the semi-analytical evolutionary GMC description. We note that our
simulations and Kobayashi et al. (2018) use different methodologies, such as numerical
methods, parameters, star formation models, and so on. These differences could affect the
fractions of CCC SFRs in various scenarios. Since exploring such differences is beyond
the scope of this work, we here just mention that the Coll simulation produces a higher
fraction of the CCC SFRs by a few tens of per cent than the previous study.

Interestingly, the fluctuations in the Total SFRs in both simulations closely mirror
those in the CCC SFRs. Throughout the analysis period, the Non-CCC SFRs exhibit
minimal immediate fluctuations. This result suggests that CCCs play an important role
in determining large instantaneous changes in the galactic total SFRs. Regardless of
whether the CCC triggering star formation model is employed, gas is compressed through
the CCC, leading to a sudden SFR increase.

In Figure 3.4, we show the face-on and edge-on views of the gas surface density of
the simulated galaxies at t = 500Myr. They are visually very similar, including spiral
arms, sizes of cavities (∼ kpc), and gas scale height. This similarity implies that the
CCC-triggered star formation model has little impact on the gas distribution at galactic
scales. In the Coll simulation, the Total SFR surpasses that of the Const simulation by
a mere 20%, indicating that enhancement of the stellar feedback appears to be relatively
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Figure 3.5: Total masses of stars born between 350 − 500Myr in colliding GMCs as a function
of the mass of the host colliding GMCs.

insubstantial.

In Figure 3.5, we show the total masses of stars born in colliding GMCs, M tot
⋆,coll, as a

function of the masses of the colliding GMCs where the stars are born, Mc. In the range
of Mc ≲ 106M⊙, the colliding GMCs in Coll form several times more stars than in Const.
The distributions have the peaks of M tot

⋆,coll ∼ 2 × 107M⊙ at Mc ∼ 105.7M⊙ for the Coll

simulation and M tot
⋆,coll ∼ 107M⊙ at Mc ∼ 106.2M⊙ for the Const simulation. In the range

above the peak in each simulation, M tot
⋆,coll steeply declines due to the smaller number of

massive GMCs (see Section 3.4.2). It is important to note that the Const simulation uses
a fixed value of ϵff,SF = 0.01, but the choice of this parameter can have a discernible effect
on the star formation activity within colliding GMCs. Li et al. (2020) found that using
a higher value of ϵff,SF reduces the likelihood of producing larger GMCs. Consequently,
an increase in ϵff,SF may result in a reduced number of stars being born within the more
massive colliding GMCs, potentially leading to a decrease in the fraction of CCC-induced
SFRs relative to total SFRs.

Kennicutt-Schmidt law

We show the relationship between the area-averaged SFR, ΣSFR, and the gas surface
density, Σgas, (so-called the Kennicutt-Schmidt (KS) relation, Schmidt 1959; Kennicutt
1998a) at t = 500Myr in Figure 3.6. The ΣSFR and Σgas values are estimated in 750 pc×
750 pc pixels, the sizes of which are comparable to the observational and theoretical studies
(e.g. Bigiel et al. 2008; Fujimoto et al. 2019). In these plots, we calculate SFRs by counting
star particles younger than 10Myr since this time-scale is comparable to that used in
observations to determine SFR (e.g. Koda & Sofue 2006; Kennicutt et al. 2007). In
addition, we use gas elements with nH > 10 cm−3 for the estimation of Σgas in order to
remove gas which is too diffuse from the analysis. We fit the results on ΣSFR as a function
of Σgas with a power-law relation ΣSFR ∝ ΣNKS

gas .

The top panels in Figure 3.6 show the KS relation for the SFRs calculated using all
young stars. We find that the power-law index, NKS, for the Coll simulation, NKS =
5.31 ± 0.26, is slightly larger than that for the Const simulation (NKS = 5.70 ± 0.28).
Comparing our simulated galaxies with the best-fit observational result from (Bigiel et al.
2008), the NKS values are significantly higher in both simulations, probably due to the
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Figure 3.6: Dependence of star formation in colliding GMCs on the Kennicutt-Schmidt relations.
The left side and right side panels show the Const and Coll results at t = 500Myr, respectively. The
area-averaged SFR, ΣSFR, and the gas surface density, Σgas, are calculated in 750 pc×750 pc pixels.
The SFRs in these plots are calculated using star particles younger than 10Myr. We estimate SFRs
in the top, middle, and bottom panels with all young stars, young stars born in colliding GMCs,
and those born outside the colliding GMCs, respectively. The values of Σgas are computed with
gas elements denser than nH = 10 cm−3. We fit the results to ΣSFR ∝ ΣNKS

gas and NKS for each
analysis is listed in the legends. For comparison, we show an observational result (Bigiel et al.
2008, B08), depicted as orange dotted lines and accompanied by orange shading denoting the 1σ
error. The vertical black solid lines at Σgas = 9M⊙ indicate the gas surface density threshold that
marks the transition between HI and H2 dominance according to Bigiel et al. (2008, B08). Grey
solid lines indicate the contours of SFE of 101, 100, and 10−1 Gyr−1.

fact that our data points are mostly distributed around the threshold surface density of
Σgas ≃ 9M⊙ (Bigiel et al. 2008).

To investigate what makes the KS relation for Coll steeper than for Const, we show
the KS relation with SFRs calculated using young stars born in colliding GMCs in the
middle panels of Figure 3.6. In these plots, the power-law indices for both simulations
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are much higher than the cases of all young stars: NKS = 7.85 ± 0.87 for Const and
NKS = 6.37 ± 0.52 for Coll. Although the value of NKS for Coll is smaller than that
for Const, there are data with higher ΣSFR in Coll than that in Const for a given Σgas,
especially at ΣSFR ≳ 10−2.5M⊙ yr−1 kpc−2. Therefore, the star formation efficiency (SFE)
defined as ΣSFR/Σgas for the stars born in the colliding GMCs is higher in Coll than in
Const as expected from the star formation model employed in Coll (Equation 3.15).

As shown in the bottom panels of Figure 3.6, the KS relations by young stars born
outside the colliding GMCs produce relatively lower NKS: NKS = 4.82 ± 0.23 for Const
and NKS = 4.43 ± 0.23 for Coll. The KS relations encompassing all young stars (shown
in the top panels) are a synthesis of the KS relations attributed to stars born in the
colliding GMCs and those born outside them (middle and bottom panels). As a result,
the simulation with enhanced star formation within colliding GMCs shows elevated NKS

values, due to the substantial contribution from star formation activities within these
colliding GMCs.

3.4.2 Giant molecular clouds

GMC properties

We here show how the star formation model of CCCs affects the physical properties of
GMCs. Figure 3.7 shows the probability density functions (PDFs) of the GMC properties.
The GMCs are identified in 1Myr interval snapshots from t = 350 − 500Myr using the
FoF algorithm as used in the on-the-fly identification of CCCs. We also add observational
results of MW clouds (Miville-Deschênes et al. 2017) for comparison in Fig 3.7, where
we exclude the MW clouds that have masses outside the range of our simulated GMC
masses and that are in 2 kpc < Rgal < 13 kpc to make a consistent comparison between
our simulation results and the observation. We first show the PDF of GMC masses, Mc,
in the top left panel of Figure 3.7. For Mc ≲ 105M⊙, the distributions in our simulations
are almost identical to each other. We cannot track GMCs with Mc ≲ 104M⊙ due to
the number threshold employed in the FoF grouping algorithm. The Const and Coll
simulations produce GMCs reaching at Mc ≈ 8× 106M⊙ and ≈ 6× 106M⊙, respectively.
We fit the distribution functions with

dNc

d logMc
∝M−β

c , (3.16)

where Nc is the number of GMCs contained in a given mass bin and β is the index
describing how GMC masses are distributed in the high-mass regime. We use GMCs with
Mc > 105.5M⊙ for this fit, as in Pettitt et al. (2018). We find that the values of the power-
law index, β, are 2.20±0.17 for Const and 2.43±0.11 for Coll. The slightly higher value for
the latter suggests that GMCs are difficult to grow when stars are effectively formed via
CCCs. In the Coll simulation, the escalated efficiency of star formation within colliding
GMCs may result in more potent stellar feedback compared to the Const simulation.
This intensified feedback could potentially initiate the disruption of the hosting GMC and
impede the process of mass accumulation. This result is consistent with Li et al. (2020),
who showed that using higher ϵff,SF in galaxy simulations leads to a steeper GMC mass
function. While there are some differences between our simulations and Li et al. (2020)
(e.g. simulation setup and GMC identification methods), our result is in line with theirs
in terms of a steeper slope at the high-mass end by assuming a higher efficiency of star
formation.
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Figure 3.7: PDFs of physical properties of GMCs identified in snapshots from t = 350Myr to
500Myr. The GMC properties for the Const and Coll simulations are shown by the blue solid and
green dashed lines, respectively. We show the PDFs of the masses Mc (top left), the radii Rc (top
right), the 1D velocity dispersion σc (bottom left), and the virial parameters αvir (bottom right)
of GMCs. We also present the observational results of MW clouds (Miville-Deschênes et al. 2017,
MD17) with the black dotted line in each panel for comparison. We plot only the MW clouds in
the same mass range as our simulated GMCs for a consistent comparison. The thin lines in the
Mc panel represent the power laws of dNc/d logMc ∝ M−β

c with β = 2.20 ± 0.17 for Const and
β = 2.43± 0.11 for Coll, and β = 1.59± 0.16 for the MW clouds in the regime of Mc > 105.5 M⊙.
The black dash-dotted line in the αvir panel indicates αvir = 2 which is the boundary of whether
GMCs are gravitationally bound or not.

Compared with the observational results, less massive GMCs are more likely to exist
in both simulations, while the observed clouds are the most probable at Mc ≈ 105M⊙ as
shown in the top left panel of Figure 3.7. There are several reasons for this discrepancy.
First, our GMC identification process operates in three-dimensional space, as against the
two-dimensional method used in the observations. As shown in Grisdale et al. (2018), this
difference in identification methods may lead to the identification of different populations
of GMCs. Furthermore, it is possible that physics not included in our simulations, such
as magnetic fields, play an important role in shaping the GMC mass function.

As is the GMC mass distribution, the fraction of the larger GMCs in their radii, Rc,
tends to be smaller in Coll than in Const (top right panel). In the range of Rc ≲ 50 pc,
there are no significant differences between the Const and the Coll simulations with the
median values of ∼ 15 pc for both. These values are about half of the MW clouds observed
by Miville-Deschênes et al. (2017). Above this range, the fraction in Coll is smaller than
that in Const, extending to ∼ 250 pc in both simulations. Again the observation suggests
flatter distribution than our simulations.

There are only slight differences between our simulations in terms of the 1D velocity
dispersion, σc, and the virial parameter, αvir, shown in the bottom panels of Figure 3.7.
In the distributions of σc, both simulations produce similar typical values of ∼ 2.5 km s−1.
The fraction of GMCs with ≳ 10 km s−1 is slightly lower in Coll than in Const. The
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Figure 3.8: PDFs of the star formation efficiencies per free-fall time, ϵff . The values of ϵff are
calculated by grouping neighbouring dense gas elements and star particles with ages < 4Myr with
the FoF. We also add the observational result of the MW clouds (Lee et al. 2016, L16).

values of αvir range from ∼ 0.1 to ∼ 1000, independent of the star formation models.
Only 17% and 14% of the GMCs are gravitationally bound (i.e. αvir < 2) in Const and
Coll, respectively. Both simulations have a peak value of ∼ 4, which is in agreement with
Miville-Deschênes et al. (2017). In summary, the internal kinematics of the GMCs are not
strongly affected by the star formation models for the CCCs.

Star formation efficiency per free-fall time

We calculate the star formation efficiency per free-fall time, ϵff , by running the FoF using
both dense gas elements and star particles younger than t⋆,y = 4Myr in the simulation
snapshots. This choice of t⋆,y is comparable to the lifetime of young stars and is consistent
with the previous studies of ϵff in both simulations and observations (e.g. Lee et al. 2016;
Grisdale 2021). The value of ϵff is computed with

ϵff =
M⋆,y

M⋆,y +Mc

tff,c
t⋆,y

, (3.17)

where M⋆,y is the total mass of young stars and tff,c =
√

3π/32Gρ̄c is the free-fall time
of GMCs, assuming that GMCs are spheres of the uniform density of ρ̄c = 3Mc/4πR

3
c .

We note again that ϵff is different from ϵff,SF: the former is estimated for star-forming
GMCs, and the latter is a parameter governing star formation in a fluid element (see also
Grisdale et al. 2018). The value of ϵff can be quite different from ϵff,SF due to feedback
and other factors. We show the PDF of the star formation efficiencies per free-fall time,
ϵff , in Figure 3.8, where the observational results of the MW clouds (Lee et al. 2016) are
also included. As well as in Figure 3.7, we plot only the observational data in the mass
range of our simulated GMCs in the disc region for analysis. Both simulations produce a
wide range of ϵff from ∼ 10−3 to an order of unity. For ϵff ≲ 3×10−2, the distributions are
similar to each other, while the Coll simulation produces only a slightly smaller fraction.
On the other hand, for ϵff ≳ 3 × 10−2, the probability densities in Coll are ∼ 0.1 − 1.3
dex larger than those in Const. This fact shows that a larger fraction of GMCs efficiently
forms stars as a result of the enhanced star formation in CCCs in the Coll simulation.

Despite the difference in the higher value of ϵff , the median values are comparable
to each other. The median for Const is ∼ 1.7 × 10−2 and that for Coll is ∼ 2.0 × 10−2,
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Figure 3.9: PDFs of the collision speed between GMCs, vcoll. Each collision event is identified
with the on-the-fly algorithm.

which are consistent with MW clouds (1.8×10−2, Lee et al. 2016) and extragalactic GMCs
(3× 10−3− 2.6× 10−2, Utomo et al. 2018). We calculate the standard deviation from the
median absolute deviation of log ϵff , σlog ϵff , as in Grisdale (2021, see also Müller (2000)).
We find that the values of σlog ϵff are ∼ 0.30 and ∼ 0.38 in the Const and Coll simulations,
respectively and thus the distribution in the latter is broader than the other. However,
the ϵff distributions in our simulations are narrower than MW clouds. The value of σlog ϵff
for the MW clouds5 is ∼ 0.85, which is more than twice as large as our simulation results.
This discrepancy is due to the fact that our simulations do not have very inefficient GMCs
(ϵff < 10−3), while Lee et al. (2016) observed such inefficient clouds. To explain the GMCs
with such low SFE, we probably need to further improve our star formation model.

Cloud collision speeds

Since our star formation model for CCCs depends on the cloud collision speed, vcoll,
and some numerical simulations of CCCs suggest its importance for core formation, it is
essential to investigate the value of vcoll. In Figure 3.9, we show the PDF of the cloud
collision speed, vcoll, identified by the on-the-fly CCC finder. The distributions of vcoll do
not differ significantly between our simulations, suggesting that star formation triggered by
CCCs does not affect collision speeds. About 65% of collisions occur at relative speeds less
than 10 km s−1, with peaks at ∼ 7 km s−1. Beyound the peaks, the probabilities decreases
with increasing vcoll, reaching ∼ 70 km s−1 in Const and ∼ 59 km s−1 in Coll.

We also show the collision speed as a function of galactic radius in Figure 3.10. There
are apparently no significant differences between the simulations in this plot. The most
probable vcoll in a given annulus with 1 kpc width is between 5 and 10 km s−1 regardless
of the galactic radius. We find that the median values of vcoll become slightly smaller as
the radius increases, suggesting that cloud collision speeds are weakly dependent on the
galactic rotation.

In Figure 3.11, we show the collision speeds as a function of the mass of the most
massive GMC progenitor at one previous time-step before the collision, Mp

c,L. We find

5We measure this value from Lee et al. (2016), using the data with masses comparable to our GMCs.
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Figure 3.10: 2D PDFs of the collision speed, vcoll, and the galactic radii, Rgal, for the Const
(left) and Coll (right) simulations. The red solid and dotted lines denote the median values, 25
and 75 percentiles of vcoll in a given annulus with 1 kpc width.
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Figure 3.11: 2D PDFs of the collision speed, vcoll, as a function of the mass of the most massive
GMC progenitor just before the collision, Mp

c,L, for the Const (left) and Coll (right) simulations.

The red line shows the best fit of vcoll ∝
(
Mp

c,L

)aM
v

with aMv = 0.19 ± 0.0022 for Const and

aMv = 0.21± 0.0027 for Coll.

that vcoll is weakly correlated with Mp
c,L. We fit the distribution by the function:

vcoll ∝
(
Mp

c,L

)aMv
, (3.18)

where aMv = 0.19 ± 0.0022 for the Const and aMv = 0.21 ± 0.0027 for the Coll. Although
the correlation is weak, with the correlation coefficient of r = 0.37 for both, this result
implies that more massive GMCs tend to collide at higher collision speeds. The power-law
index in the correlation is less than aMv = 0.5 which is obtained by assuming that clouds
collide at free-fall speeds between two clouds (see Fujimoto et al. 2020). In our simulations,
the dependence on the GMC masses is weakened, possibly due to the presence of stellar
feedback.

The ranges of collision speeds are consistent with observational reports (see Table 1
in Fukui et al. 2021, and references therein). Finn et al. (2019) observed a collision
with vcoll > 100 km s−1 in the merging Antennae galaxies, and Fujimoto et al. (2014b)
simulated a barred galaxy and found vcoll > 100 km s−1 in the bar region. However, we
cannot reproduce such a high-speed collision in our simulations of isolated disc galaxies
without imposed spiral arms and bars. These discrepancies imply that collision speeds
depend on galactic environments such as galactic structures and galaxy mergers.
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Table 3.2: The average number of GMCs estimated from snapshots, the total number of CCC
events over the tracking time ∆Ttrack = 150Myr, the average cloud collision frequency in units of
Gyr−1 for each simulation.

Values Meaning Const Coll

n̄c average number of GMCs 4721 4015

nccc total number of collisions 44096 35470

f̄ccc [Gyr−1] average collision frequency 62.3 58.9

Cloud collision frequency

The frequency of CCCs is also one of the key factors for star formation in colliding GMCs.
We here present the cloud collision frequencies as a function of time t in Figure 3.12. The
frequency, denoted as fccc, characterises the rate at which a GMC engages in collisions
with others over a specified interval of time:

fccc(t) =
n∆T
ccc (t)

nc(t−∆T )∆T
, (3.19)

where ∆T = 1Myr is the time interval between snapshots, n∆T
ccc (t) is the number of col-

lisions recorded by the on-the-fly algorithm between t −∆T and t (i.e. how many times
collisions occur between snapshot outputs), and nc(t − ∆T ) is the number of GMCs at
time t−∆T (i.e. the number of GMCs in one previous snapshot). Significant fluctuations
in cloud collision frequencies are evident in both simulations, with variations spanning ap-
proximately 10−25Gyr−1 over short temporal intervals lasting a few million years (Myr).
These variations amount to roughly 15− 40% of the mean collision frequencies, which are
approximately 60Gyr−1. These fluctuations in collision frequencies are closely tied to the
corresponding variations in star formation rates (SFRs), as illustrated in Figure 3.3. The
variation in collision frequency is found to be larger in the Const case than in the Coll
case. This may be due to the higher star formation efficiency in the Coll case and the
resulting stronger stellar feedback. These factors combine to reduce the number of GMCs
and the likelihood of collisions between GMCs.

We also compute the mean collision frequency, f̄ccc, in a similar way to Equation (3.19)
as

f̄ccc =
nccc

n̄c∆Ttrack
, (3.20)

where ∆Ttrack = 150Myr is the tracking time in our analysis, nccc is the total number of
collisions over ∆Ttrack, n̄c is the average number of GMCs estimated from the number of
GMCs in snapshots (see also Fujimoto et al. 2020). These values are listed in Table 3.2.
Both simulations have comparable average collision frequencies. While the Coll simulation
has a lower average number of GMCs than the Const simulation, the total number of col-
lisions in Coll is also lower than in Const, resulting in similar collision frequencies. Stellar
feedback is often considered to be the primary driver of cloud collisions (e.g. Skarbinski
et al. 2023). Slightly enhanced feedback in Coll probably maintains the collision frequency
even with the smaller number of GMCs. These values are 1.5−2 higher than the estimates
from the post-processing of galaxy simulations (30−40Gyr−1, Tasker & Tan 2009; Tasker
2011; Dobbs et al. 2015). We discuss this in detail in Section 3.5.2.
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Figure 3.12: Cloud collision frequency, fccc, as a function of time.
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Figure 3.13: Top left: PDF of mass fractions contributing most to colliding GMCs, f1. Top right:
PDF of mass fractions which is the second largest contributor to colliding GMCs, f2. Bottom left:
PDF of ratios of f2 to f1. Bottom right: PDF of sums of f1 and f2.

Masses of colliding clouds

We here explore the masses and mass ratios of colliding clouds in our simulations. We
compute the fraction of mass derived from an individual progenitor within a colliding
GMC. The most significant and second most significant fractions are denoted as f1 and
f2, respectively as we described in Section 3.3.1. The top left and top right panels of
Figure 3.13 show the PDFs of the mass fractions f1 and f2 respectively. The median of
f1 is 0.89 for the Const simulation and 0.86 for the Coll simulation. The distribution of
f2 is skewed towards very small values, with medians of 0.11 and 0.13 for the Const and
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Figure 3.14: 2D PDFs of CCCs as a function of masses of GMC pairs just before collisions for the
Const (left) and Coll (right) simulations. The GMC masses, denoted as Mp

c,1 and Mp
c,2, represent

the masses of progenitor GMCs primarily contributing to the colliding GMC mass and the next
most significant contributor, respectively.

Coll simulations respectively. These results suggest that most of the mass of a colliding
cloud comes from a single progenitor. We also find that these distributions show minimal
dependence on the chosen star formation model.

For a more direct exploration of colliding mass ratios, we present the distribution of
f2/f1 in the lower left panel of Figure 3.13. We find that the values of f2/f1 tend to be
more probable at very low values and their median values are ∼ 0.12 for Const and ∼ 0.15
for Coll, suggesting that a smaller GMC typically collides with a ≳ 7 times massive GMC.
This is consistent with Dobbs et al. (2015), who analysed cloud mergers in a simulated
galaxy with a post-processing method. Furthermore, our result aligns with the underlying
assumption in simulations of CCCs that CCCs occur between clouds with a small mass
ratio (e.g. Habe & Ohta 1992). However, the mass ratios in such simulations are usually
much greater than 0.1, which is slightly inconsistent with our typical collisions. We lastly
show the PDF of f1+f2 in the bottom right panel of Figure 3.13. Both distributions have
a peak at f1 + f2 ∼ 1, suggesting that CCCs generally occur between two GMCs. The
median values of f1 + f2 are above 0.99 in both simulations and the minimum values are
0.68 for both. This result would justify our modelling of the CCC as a two-body collision.

Next, we explore the distribution of progenitor masses of CCCs. The masses of the
progenitor GMCs that have the largest and second largest contributions to a colliding
GMC are represented by Mp

c,1 and Mp
c,2, respectively, as explained in Section 3.3.1. Note

that Mp
c,1 ≥ Mp

c,2 does not necessarily hold in all cases. In Figure 3.14, we show the 2D
PDF of CCCs as a function ofMp

c,1 andM
p
c,2. We find that the most probable pre-collision

GMC masses are ∼ 104M⊙ and ∼ 105 to 105.5M⊙ in both simulations, corresponding to
a smaller GMC colliding with ∼ 10− 30 times larger ones. There are also collisions with
a mass ratio greater than 100. We note that the most likely pre-collision secondary GMC
mass, Mp

c,2 ≃ 104M⊙ is probably determined by the lower mass limit of the GMC that we
have used. We may need to consider the effect of a collision between a much smaller GMC,
for example, 103M⊙, and a typical primary GMC with a mass of ∼ 105M⊙. Although
the studies on CCCs in cloud-scale simulations did not assume such very high mass ratios,
such collisions often occur and are the main contributor to the triggered star formation in
our simulated galaxies (see Figure 3.5).
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3.5 Discussion

3.5.1 Star formation model of CCCs

We have developed a star formation model tailored for CCCs within galaxy-scale simula-
tions, based on the simulations of CCCs performed by Takahira et al. (2018), as a first
attempt to include the CCC-induced star formation in galaxy simulations. This model
takes the form of a functional relationship with collision speed that captures the numerical
result that increasing collision speed corresponds to decreasing star formation efficiency.
Star formation in colliding GMCs in the Coll simulation contributes ∼ 70% to the total
SFR, which is a few tens of per cent higher than the semi-analytical estimate of Kobayashi
et al. (2018). This discrepancy could be originated from the methodological differences
between our galaxy simulations and the semi-analytical model as well as the different
assumptions applied to the CCC-driven star formation. The typical value of the star for-
mation efficiency, ϵff , in Coll is comparable to observations (Lee et al. 2016), although
the distribution of ϵff is narrower than that of MW clouds. While our star formation
model can produce results that are in general agreement with observational data, further
refinement is needed to achieve better agreement with observations.

Our model depends only on vcoll and does not consider other cloud properties, such
as mass ratios, turbulence, density structures, morphologies of GMCs, etc. for simplicity.
Liow & Dobbs (2020) simulated CCCs and found that the SFR in colliding clouds increases
when the collision speed is faster, the clouds are denser, and the clouds are less turbu-
lent. Notably, the dependence on collision speed contrasts with the finding of Takahira
et al. (2018). Sakre et al. (2021) investigated the formation of massive cores in colliding
magnetised clouds and showed that the stronger magnetic field leads to a greater number
of massive cores. In addition, Sakre et al. (2023) showed that a magnetic field plays an
important role in massive core formation depending on the duration of CCCs. Numerical
simulations of CCCs such as these studies will be helpful for making a better model of
star formation triggered by CCCs in galaxy simulations.

While GMCs in our simulations are sometimes elongated and filamentary as shown
in Figure 3.15, for simplicity, we assume that they are spherical. These elongated GMCs
appear to exist in shell-like structures created by stellar feedback, since the GMCs in
Figure 3.15 are close to regions of lower gas surface density. In places close to SNe, gas
condenses into GMCs and CCCs are expected to occur (e.g. Inutsuka et al. 2015; Skarbinski
et al. 2023). Li et al. (2020) also showed that GMCs in galaxy simulations typically have
ellipsoidal shapes, especially when stellar feedback is included. However, star formation in
colliding GMCs is likely to differ depending on whether a GMC collides along the minor
axis or the major axis of an elongated one since the duration of a collision depends on
the direction (Abe et al. 2022). Such a morphological effect on CCCs may need to be
taken into account in our model. The collision speed is a key parameter influencing the
duration of these interactions. In the CCC simulations of Takahira et al. (2018), which
serve as the basis for our current CCC-induced star formation model, the collision speed is
limited to a range of 5 to 30 km s−1, but in our simulations, it extends beyond this range to
include collision speeds of approximately 1 to 70 km s−1. To further our understanding and
refinement of the CCC-triggered star formation model in the context of galaxy simulations,
it would be beneficial to perform simulations with very high collision velocities, exceeding
the 30 km s−1 threshold. Moreover, previous numerical studies of unequal-size cloud-cloud
simulations often assume that a smaller cloud collides with a < 10 times larger one.
Although we have modelled the star formation in colliding GMCs from the cloud-cloud
simulations at these mass ratios, such ratios are lower than what we have found for the
masses of GMC pairs just before collisions (Figure 3.14). Star formation in colliding clouds
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Figure 3.15: Examples of elongated GMCs in the Coll simulation. We show the zoomed-in
gas maps around the GMCs in the face-on view of the galaxy with grey markers indicating the
positions of gas elements that make up the GMCs superimposed. The cyan dashed circles represent
the GMCs when they are assumed to be spheres with their GMC radii, Rc, centred on their centres
of mass. Each value of Rc is shown at the bottom left of each panel.

with mass ratios greater than 10 should also be investigated in order to improve the star
formation model of CCCs.

3.5.2 Post-processing vs on-the-fly identification of CCCs

Previous studies of CCCs in galaxy simulations have analysed collision events using the
information on gas elements in simulation snapshots (e.g. Dobbs et al. 2015). The sepa-
rations of the simulation outputs in these simulations are typically ∼ 1Myr. In contrast
to such post-processing analysis, we have developed the on-the-fly algorithm to iden-
tify CCCs, where we are able to find collisions with the time interval of the time-step
∆t ∼ 100 − 1000 yr. In this section, we investigate how the collision properties differ be-
tween the post-processing identification as used in the previous studies and the on-the-fly
identification we have newly developed. In other words, we analyse the dependence of the
time intervals to find collisions on their properties.

The post-processing analysis of CCCs in this research is similar to the on-the-fly
method described in Section 3.3.1: we use GMCs and their compositing gas elements
in simulation snapshots instead of those at each time-step and the same criteria for CCC
identification. Consequently, we study the differences between the timescales of 1Myr
for the post-processing analysis and of ∼ 100 − 1000 yr for the on-the-fly analysis. We
also present the results of CCC identification using solely the criterion 1, which is de-
scribed in Section 3.3.1. Because prior numerical studies of CCCs in galaxy simulations
have concentrated primarily on cloud mergers and ignored whether collisions can initiate
star formation, we include these results in our post-processing analysis for comparison.
Unless otherwise stated, CCCs are identified by applying both criteria 1 and 2 in the
post-processing analysis. We exclusively present the results for Coll in this section, as no
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Figure 3.16: Properties of CCCs identified with the on-the-fly (green solid) and the post-
processing (red dotted) analysis for the Coll simulation. We also plot the properties in the post-
processing analysis using only the criterion 1 (orange dash-dotted) to present the contribution
from all merging GMCs. The results from the on-the-fly analysis are the same as those shown in
the Results section. Top: PDF of collision speeds, vcoll. The value of vcoll for the post-processing
analysis is estimated using the velocities of GMCs in one previous snapshot before collisions are
found. Bottom: Cloud collision frequencies, fccc, as a function of time. The value of fccc for the
post-processing analysis is computed with Equation (3.19) using the number of colliding GMCs,
n∆T
coll(t), instead of the number of collisions found by the on-the-fly method over the snapshot in-

tervals, n∆T
ccc .

substantial distinctions were observed between Coll and Const regarding the distinction
between the on-the-fly and post-process analyses. We show the results for Const in Ap-
pendix 3.A. The results for the on-the-fly analysis shown in Figure 3.16 and 3.17 are the
same as those shown in Section 3.4.

In the top panel of Figure 3.16, we show the PDFs of collision speeds, vcoll. The value
of vcoll for the post-processing analysis is calculated from the relative velocity of GMCs
in one previous snapshot before they are judged to have collided at a given snapshot.
The median values of vcoll do not differ significantly between the identification methods:
∼ 8.1 km s−1 for the on-the-fly and ∼ 8.8 km s−1 for the post-processing. The maximum
collision speed for the post-processing analysis is ∼ 57 km s−1, which is comparable to that



72 — CHAPTER 3. CCCS & SF IN GALAXY SIMULATIONS

for the on-the-fly.

Despite these similarities, the probabilities for the post-processing are higher in the
range of ≳ 20 km s−1 than for the on-the-fly analysis. This difference is obviously caused
by the different time intervals. Since the post-processing analysis cannot track a dynamical
effect on the GMCs and changes in the bulk velocities of the GMCs during snapshot inter-
vals, their collision speeds can be higher than those for the on-the-fly. This result indicates
that collision speeds determined by the post-processing analysis are slightly overestimated
compared to the actual collision speeds. Furthermore, we find that the collision speed
tends to be slightly slower when all merging GMCs are taken into account in the post-
processing analysis. The median collision speed is ∼ 7.1 km s−1 and the distribution is
slightly shifted to lower values compared to the others, especially in vcoll ≲ 20 km s−1.

The bottom panel of Figure 3.16 shows the cloud collision frequencies, fccc, as a func-
tion of time. In order to calculate fccc in post-processing analysis, we identify the colliding
GMCs using snapshots at time t and its preceding snapshot. There is a significant differ-
ence in collision frequencies between the on-the-fly and post-processing analyses. While
the frequencies for the on-the-fly analysis are ∼ 40−80Gyr−1, those for the post-processing
analysis are ≲ 10Gyr−1. We compute the average collision frequency, f̄ccc, for the post-
processing analysis with Equation (3.20) using the total number of colliding GMCs instead
of the total number of collisions, nccc. This gives us f̄ccc ≈ 7.1Gyr−1, which is ∼ 1/8 of
the on-the-fly analysis, showing that the post-processing misses a significant number of
collision events.

While we find that the average collision frequency in the on-the-fly analysis is approxi-
mately 1.5−2 times higher than the frequencies reported in previous studies (Section 3.4.2),
our post-processing analysis reveals a significantly lower frequency by a factor of 4−5 com-
pared to these earlier results. This discrepancy is well predicted by our more stringent
criteria for CCC identification, as embodied in criterion 2. It is important to emphasise
that our approach differs from previous research, as exemplified by papers such as Tasker
& Tan (2009), Tasker (2011) and Dobbs et al. (2015), which have predominantly examined
how often clouds undergo “mergers” within a given time span. In contrast, our focus is on
the occurrence of cloud-cloud “collisions”; we exclude grazing contacts from collisions, as
such mergers are unlikely to be important in triggering enhanced star formation. When
we impose only criterion 1 for CCC identification in the post-processing analysis, the col-
lision frequencies are between ∼ 40 − 50Gyr−1. The average collision frequency for this
identification is f̄ccc ≈ 44.2Gyr−1, which is comparable to the previous studies.

We lastly show the differences in the values of f1 and f2 in Figure 3.17. The values
of f1 in the post-processing analysis have a wide distribution ranging from ∼ 0.09 to
∼ 0.88, with the most frequent occurrences being between ∼ 0.4 and 0.7. In contrast,
the values for the on-the-fly analysis are typically ≳ 0.5. For f2 it becomes less likely as
the value increases and both analyses show the same trend. However, the post-processing
analysis cannot reach the maximum value of f2 = 0.5 achieved by the on-the-fly analysis.
Despite the pronounced differences in the distributions of f1, there are relatively similar
distributions for f2/f1, while the distributions for f1 + f2 show significant differences.
The probability of f2/f1 in the post-processing decreases with increasing value, mirroring
the trend seen in the on-the-fly analysis. However, the distribution of f2/f1 in the post-
processing analysis is flatter than in the on-the-fly analysis, indicating that the ratio of f2
to f1 tends to become larger when a longer time interval is used to identify CCCs.

The post-processing analysis yields a broad distribution of f1 + f2 spanning from
∼ 0.18 to ∼ 0.93. The median value, around ∼ 0.66, is comparable to the minimum
value in the on-the-fly analysis. This outcome indicates that the post-processing analysis
typically involves the contribution of more than two progenitor GMCs. Given that the
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Figure 3.17: Same as Figure 3.13, but for the Coll results analysed by the on-the-fly and the
post-processing algorithms.

time interval of 1Myr used in the post-processing analysis is too long and that as short as
the hydrodynamical time-step is needed to study CCCs. If we use only criterion 1 for CCC
identification in the post-processing analysis, the probability density of f2/f1 becomes even
flatter, while the distributions of f1, f2 and f1 + f2 remain mostly unchanged.

3.5.3 CCCs and galactic structures

We have carried out simulations of isolated disk galaxies without imposed spiral arms or a
bar, using a static potential to mimic a MW-like rotation curve. Using a static potential
reduces the computational cost by removing the need for dark matter and stellar particles
to shape galactic structures. However, the interaction between baryons and dark matter,
which affects development of the galactic structures, is recognised (e.g. Kim et al. 2016).
Furthermore, to study star formation within dynamically evolving spiral arms or a bar,
it is necessary to include stellar particles in the initial conditions, as opposed to relying
solely on a static potential (e.g. Pettitt et al. 2017; Iles et al. 2022). In future work, we
plan to use a live stellar disc to study the relationship between galaxy evolution and star
formation in colliding clouds.

Structures within galaxies, such as spiral arms and bars, are thought to influence both
star formation and cloud evolution (e.g. Momose et al. 2010; Schinnerer et al. 2017). Dobbs
et al. (2015) found that a simulated galaxy with a spiral potential had a merger frequency
about three times higher than in the absence of spirals. This finding highlights the en-
hanced role of CCCs in spiral galaxies compared to the context of this study. Examination
of the bar region by Fujimoto et al. (2014b) revealed a higher collision speed, potentially
explaining the subdued star formation observed in bars (e.g. Momose et al. 2010). How-
ever, these investigations were based on post-processing analyses and lacked an integrated
star formation model for CCCs. Furthermore, Finn et al. (2019) observed the higher col-
lision velocity (> 100 km s−1) during the merger of Antennae galaxies, a phenomenon we
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cannot reproduce in our simulations. Understanding how CCCs affect merging galaxies,
expected sites of intense star formation, is important for both star formation and galaxy
evolution. We now have the ability to self-consistently simulate triggered star formation
within such galactic structures using our on-the-fly collision detection algorithm. In our
future work, we will investigate the relationship between CCCs, galactic star formation
and environmental effects. The CEERS project by JWST investigates the assembly of
galaxies between the reionisation epoch and today by probing the build-up of their stellar
mass and their morphological transformation (Kartaltepe et al. 2023). Our forthcoming
simulations will contribute to the understanding of the outcomes of the CEERS project.

Although the majority of low-mass stars in the MW probably form in smaller clouds
with masses below 104M⊙, which our simulations cannot readily identify, or in non-
colliding cloud environments, current observational evidence does not provide compelling
evidence that high-mass star formation occurs primarily in such small clouds (e.g. Tan et al.
2014). In contrast, Fukui et al. (2021) argue that CCCs play a key role in facilitating high-
mass star formation within the MW. In addition, CCCs are also thought to contribute
to the formation of low-mass stars and cores (e.g. Takahira et al. 2018). It is worth
noting that the study presented in this paper is the first step in exploring the relationship
between CCCs and star formation within galaxy-scale simulations. In order to develop a
comprehensive understanding, especially with regard to low-mass stars, further in-depth
investigations will be essential in the future.

3.6 Conclusion of this chapter

We have studied star formation triggered by CCCs and GMC properties using simula-
tions of an isolated disk galaxy. To account for the triggered star formation in galaxy
simulations, we have newly developed the on-the-fly algorithm that identifies CCCs at
each time-step and the subgrid model of star formation by CCCs. We have performed
the two simulations: the Const simulation employs the constant star formation efficiency
per free-fall time parameter and the Coll simulation turns on the star formation model of
CCCs. This work is the first to self-consistently consider star formation induced by the
collision of GMCs and the implications of such star formation for galaxy evolution using
galaxy simulations.

We have found that the enhanced star formation within CCCs influences several aspects
of the simulated galaxy. It is therefore essential to incorporate collision-induced star
formation into our models in a self-consistent manner. There are noticeable differences
between the two simulations in the SFRs, the PDFs of the GMC masses, the KS relations,
and the PDFs of the star formation efficiencies within the GMCs. These differences are
due to the increased star formation activity within colliding GMCs applied to the Coll
simulation. Meanwhile, other properties such as the collision velocity, the progenitor mass
ratios of the colliding clouds, and the collision frequency show minimal dependence on the
chosen star formation model for the colliding GMCs.

As we showed in Section 3.5.2, CCC identification by post-processing with 1 Myr
interval snapshots underestimates the collision frequency by a factor of ∼ 8 compared with
the on-the-fly identification. The longer interval also makes most of the collisions multiple,
while most of the collisions identified by the on-the-fly approach are two-body collisions.
The use of post-processing methods to identify CCCs, hence, makes it impractical to obtain
accurate statistics on CCCs, including the frequency of CCC occurrences and collision mass
ratios.

Our simulations are unable to replicate the exceptionally high collision speeds (vcoll >
100 km s−1) observed in the Antennae galaxies (Finn et al. 2019). Our forthcoming fo-
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Figure 3.18: Same as Figure 3.16, but for the Const simulation.

cus entails studying merging galaxies to explore how CCC properties vary across diverse
environments.

Our CCC-triggered star formation model relies solely on the collision velocity, inspired
by the results of Takahira et al. (2018). However, their simulations involve GMC collisions
with mass ratios exceeding our typical value of < 0.1. As such low mass ratio CCC
outcomes remain unexplored, our model may need to be revised. Sakre et al. (2021)
demonstrated the effect of magnetic field strength on core formation in CCCs, while Sakre
et al. (2023) highlighted the collision axis column density and velocity. Thus, an improved
CCC-induced star formation model can take these factors into account.

Appendix 3.A Supplementary figures

We show the comparisons between the on-the-fly and post-processing analysis of CCCs
for the Const simulation in Figures 3.18 and 3.19. The top panel of Figure 3.18 shows the
PDFs of collision speeds, vcoll. The median values of vcoll are ∼ 8.1 km s−1 for the on-the-
fly and ∼ 8.5 km s−1 for the post-processing. There are no significant changes between the
analysis method for vcoll ≲ 20 km s−1, while the probability density for the post-processing
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Figure 3.19: Same as Figure 3.17, but for the Const simulation.

slightly exceeds that for the on-the-fly for vcoll ≳ 20 km s−1. When merging GMCs are
considered in the post-processing analysis, the collision speeds become only slightly slower
apparently.

In the bottom panel of Figure 3.18, we show the cloud collision frequencies, fccc, as a
function of time. The frequency for the post-processing analysis is typically ≈ 10Gyr−1,
which is significantly lower than that for the on-the-fly. The average collision frequency
f̄ccc, for the post-processing analysis is ≈ 10.1Gyr−1, which is ∼ 1/6 of the on-the-fly.
Considering all mergers, the frequency is between ∼ 40 − 60Gyr−1 and the average fre-
quency is ≈ 51.2Gyr−1.

We show the distributions of f1 and f2 in Figure 3.19. The values of f1 in the post-
processing analysis are widely distributed from ∼ 0.11 to 0.92, while those for the on-the-fly
are typically ≳ 0.5. Although f2 for the post-processing tends to be more probable as the
value decreases, as well as that for the on-the-fly, the maximum value is smaller. The trend
in f2/f1 does not change between the analysis methods: both results show that f2/f1 is
less probable as the value increases. The values of f1+f2 in the post-processing span from
∼ 0.22 to 1. This distribution is significantly different from that in the on-the-fly. When
we take all merging GMCs into account in the post-processing, the distributions of f1, f2,
and f1 + f2 are not affected significantly, while the probability density of f2/f1 becomes
less sensitive to the value itself.

The trends found by the comparisons between the post-processing and on-the-fly identi-
fication of CCCs for the Const simulation are similar to those for the Coll (Section 3.5.2).



Chapter 4

Conclusion and Future Prospects

4.1 Conclusion

In this dissertation, we have focused on the relationship between CCCs triggering star
formation and galaxy evolution by using numerical simulations of isolated galaxies. In
Chapter 3, we have investigated the effects of CCC-triggered star formation on galaxy
evolution and GMC properties. To this end, we have developed the on-the-fly CCC iden-
tification algorithm in galaxy simulations with reference to Dobbs et al. (2015) and the
star formation model of CCCs based on Takahira et al. (2018). This work is the first to
consider star formation triggered by CCCs and stellar feedback in galaxy simulations in a
self-consistent manner. We find that the simulation with the CCC-triggered star forma-
tion model produces a higher fraction of stars born in colliding GMCs and a steeper KS
relation than that with a more standard star formation model. However, there are no sig-
nificant differences in collision speeds and frequencies between the two sets of simulations.
These results suggest that CCCs triggering star formation play a pivotal role in galaxy
evolution. In addition, we strongly advocate for the implementation of an on-the-fly CCC
detection approach when investigating CCCs and triggered star formation in the context
of galaxy evolution in simulations. The on-the-fly finder is essential for establishing links
between CCC events and star formation processes in galaxy simulations.

4.2 Future prospects

For further studies on CCCs and galaxy evolution, I describe the work that should be
done as follows.

4.2.1 Modelling star formation triggered by CCCs

As introduced in Section 3.3.1, our CCC identification algorithm is predicated on the
assumption that GMCs are spherical in shape. However, the actual GMC structures
are not spherical, but tend to be elongated, especially in the case of larger GMCs (see
Section 3.5.1). To address this issue with greater accuracy, an alternative approach is to
approximate the shape of GMCs with an ellipsoid rather than a sphere. This modification
may result in a more precise estimation of the collision time-scale, ∆tcoll. It is worth noting
that this change could potentially yield results different from our current findings, as the
collision duration is a key factor determining star formation in colliding clouds (Abe et al.
2022).

We have developed the simple star formation model of CCCs considering only the col-
lision speed (Section 3.3.2). To improve the CCC-triggered star formation model, it may
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be necessary to account for other GMC properties (e.g. density structure, turbulence,
morphology, magnetic fields, etc, see also Section 3.5.1). The number of simulations in-
vestigating star formation by CCCs remains limited and it is required to conduct further
CCC simulations to refine the CCC-triggered star formation model employed in galaxy-
scale simulations. A potential approach is to perform simulations of CCCs using clouds
obtained in galaxy simulations as a reference. This would enable us to utilise more realis-
tic initial conditions where clouds exhibit physically motivated turbulence, non-spherical
shapes, and complex density structures. Additionally, comparing the simulation results
with observations is pivotal for constraining the star formation model of CCCs (e.g. Fukui
et al. 2021).

In our investigation of CCC-triggered star formation, we have introduced a model that
incorporates a variable star formation efficiency per free-fall parameter, ϵSF,ff , dependent
on collision speeds. While this model provides valuable insights, there exist other potential
approaches to represent star formation in colliding clouds. An alternative model involves
modifying the IMF. In our simulations, the IMF remains universal irrespective of whether
a GMC is involved in a collision or not. If CCCs indeed drive the formation of massive
stars (see e.g., Fukui et al. 2021), it is possible that the IMF in colliding GMCs may exhibit
a top-heavy distribution (see also e.g., Sakre et al. 2021). Although there is flexibility in
determining how to implement a top-heavy IMF, a model wherein the IMF varies based
on CCCs merits exploration in future simulations.

The computational cost of our CCC finder is notably high since it involves the iden-
tification of CCC events every timestep. In the simulation with the CCC-triggered star
formation model, about half of the total simulation time is allocated for the identifica-
tion. In contrast, in the simulation with the fixed star formation efficiency parameter of
ϵff,SF = 0.01, this identification process accounts for ∼ 70% of the total simulation time.
Since this cost strongly depends on the number of dense gas particles, if a simulation
of a galaxy merger, for instance, were to be performed, the simulation time would be-
come exceedingly lengthy. Although the on-the-fly CCC identification is essential for self-
consistently considering star formation in colliding clouds and stellar feedback in galaxy
simulations, there is a desire for a more efficient algorithm. One potential approach to mit-
igate this issue is to perform our CCC finder at intervals, for example, every 10 timesteps,
instead of at each timestep. However, it is imperative to carefully assess whether such a
modification yields results consistent with the original approach to maintain the reliability
of the simulations.

4.2.2 Stellar feedback in galaxy simulations

Stellar feedback is one of the most critical physical processes in the formation and evo-
lution of galaxies (e.g. Okamoto et al. 2005). In our simulations, we have employed pure
thermal feedback for SNe feedback for simplicity (see Section 2.4.2). However, it is well
known that the cooling radius cannot be fully resolved in galaxy-scale simulations due
to the spatial resolution and the pure thermal feedback can suffer from the over-cooling
problem (e.g. Katz 1992). Consequently, there is a potential for our simulations to un-
derestimate the impact of SNe feedback. To avoid this issue, previous studies adopted
‘mechanical’ feedback, which involves injecting not only thermal energy but also momen-
tum into surrounding gas elements in galaxy simulations (e.g. Hopkins et al. 2018a). For a
more precise investigation of CCCs and their role in galaxy evolution, it may be necessary
to replace pure thermal feedback with mechanical feedback.
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4.2.3 GMC evolution: from birth to death

Our research has focused on the relationship between CCCs and galaxy evolution in sim-
ulations. CCCs not only influence star formation but also play a crucial role in GMC
evolution since they contribute to the accumulation of GMC masses. Given that GMCs
are the primary sites for star formation, comprehending GMC evolution is essential for
understanding overall galaxy evolution. Although we have not explicitly considered GMC
evolution from birth to death in our research, such studies are crucial for gaining a more
comprehensive understanding of star formation in galaxies. The observational study of
Muraoka et al. (2023) showed that more massive GMCs tend to be located in spiral regions,
while less massive GMCs are observed in inter-arm regions, suggesting the significance of
spiral arms in GMC evolution. Numerical simulations, with their ability to explore gas
dynamics in galaxies over longer timescales than the typical age of GMCs, offer a valuable
tool for gaining insights into observational results and advancing our understanding of the
complex GMC evolution in galaxies.

Studying GMC evolution from birth to death in galaxy simulations poses a challenge,
primarily in how to precisely ‘define’ the birth and death of GMCs. We can define the
birth of GMCs in several ways: the time when a group of dense gas elements forms for
the first time above a specified threshold element number, the time when a gas column
density on a galactic plane surpasses a threshold surface density for the first time, etc. On
the other hand, the death of GMCs is also complicated to define. For example, significant
mass loss from a GMC may signal its destruction, but determining the threshold for
what constitutes significant mass loss in non-trivial (see also e.g. Benincasa et al. 2020).
Additionally, if a cloud undergoes a collision or merger with a larger one, deciding whether
the smaller one should be considered dead is also a non-trivial task. To comprehensively
study GMC evolution from birth to death in galaxy simulations, it is essential to employ
a combination of various methods and parameters, taking into account the dynamic and
multifaceted nature of these processes.

4.2.4 Galactic environmental effects

While our simulated galaxies are isolated pure disks embedded in an analytic background
potential (i.e. no spiral or bar features), observed disk galaxies often exhibit spiral arms
and ∼ 2/3 of them are barred galaxies (e.g. Eskridge & Frogel 1999). Some previous nu-
merical simulations suggested that spiral and/or bar structures play a cruicial role in CCC
events and, consequently, star formation (e.g. Fujimoto et al. 2014b; Dobbs et al. 2015),
although their CCC identifications were conducted through post-processing analyses. For
a more detailed investigation of CCCs in spiral galaxies, it is necessary to perform simula-
tions of them with the on-the-fly CCC finding algorithm. In addition, galaxy mergers may
also be an important candidate for studying CCCs and star formation, as observed in the
Antenna galaxies (Finn et al. 2019). Exploring the role of CCCs on collision surfaces of
merging galaxies and their subsequent impact on star formation will contribute to a deeper
understanding of galaxy evolution via CCCs and observational results. The observational
and theoretical studies of CCCs in a variety of galactic environments are crucial for re-
fining the star formation model of CCCs. The diverse approach will aid in constraining
the parameters and conditions under which CCCs contribute to star formation in different
galactic environments.

For simplicity, our simulations have omitted the consideration of magnetic fields. How-
ever, magnetic fields play an important role in star formation (see e.g. Nakano & Nakamura
1978). Moreover, Sakre et al. (2021; 2023), who performed simulations of collisions of mag-
netised clouds, found that CCCs with stronger magnetic fields result in a greater number
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of massive dense cores. Additionally, they found that while magnetic fields promote the
growth of cores during a collision, they hinder the growth after the collision. The absence
of magnetic fields in both our galaxy simulations and the CCC-triggered star formation
model represents a limitation. Future work should aim to incorporate magnetic fields into
galaxy simulation and the star formation model to study their effect on various aspects of
galaxy evolution.

4.2.5 CCCs and triggered star formation in the cosmological context

While our research is based on non-cosmological simulations, cosmological simulations are
also a powerful tool for studying galaxy formation and evolution within the context of
cosmic evolution (e.g. Vogelsberger et al. 2014; Schaye et al. 2015; Hopkins et al. 2023).
However, investigating CCCs and the consequent star formation in cosmological simu-
lations presents challenges, particularly in achieving the necessary numerical resolution.
Our simulations can resolve the typical size of GMCs with ≳ 104M⊙ because of the gas
mass resolution of ∼ 250M⊙ and the finest spatial resolution of 1 pc (see Section 2.5).
On the other hand, in the previous simulations of galaxy formation in the cosmological
context, the gas particle mass is ∼ 104M⊙ at the highest resolution, failing to resolve
typical GMCs. There are two potential solutions for studying CCCs and star formation
in cosmological simulations. The first involves increasing the gas mass resolution signifi-
cantly. If the mass resolution improved by about two orders of magnitude, typical GMCs
can be resolved, allowing the application of the on-the-fly CCC identification algorithm.
However, this solution comes with a substantial increase in simulation costs, since the
number of simulated elements also needs to increase by about two orders of magnitude.
Simulating this requires access to supercomputers with significantly faster computational
capabilities. The second solution is to develop an on-the-fly CCC finding algorithm and
a CCC-triggered star formation model that are independent of numerical resolution. To
accomplish this, it is essential to analyse CCCs in various situations and the resulting star
formation. Subsequently, subgrid models of the CCC identification and the star formation
model need to be formulated based on these comprehensive analyses. This approach facil-
itates the study of CCCs in galaxy simulations in both non-cosmological and cosmological
contexts.
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parfaits (première partie) [Memoir on the propagation of movements in bodies, especially perfect gases
(first part)]”, 1887, Journal de l’École Polytechnique, 57, 3

Hugoniot P. H., “Mémoire sur la propagation des mouvements dans les corps et spécialement dans les gaz
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