
九州大学学術情報リポジトリ
Kyushu University Institutional Repository

Star formation in different environments

樋口, 公紀

https://doi.org/10.15017/4059984

出版情報：九州大学, 2019, 博士（理学）, 課程博士
バージョン：
権利関係：



Star formation in different environments

HIGUCHI Koki

Department of Earth and Planetary Sciences,

Graduate School of Science, Kyushu University

February 2020



Abstract

The environment in which stars are formed varies depending on the location and time

of the galaxy. Furthermore, stars are closely related to the formation of galaxies and

the chemical evolution of the universe. Therefore, in order to understand the history

of the universe, it is necessary to clarify the star formation process. The evolution

of collapsing clouds embedded in different environments is investigated using three-

dimensional non-ideal magnetohydrodynamics simulations considering different metal-

licities (Z/Z⊙) and ionization strengths (Cζ , where Cζ is a coefficient controlling the

ionization intensity). I consider 32 different star-forming environments in combination

with Z = 0, 10−7, 10−6, 10−5, 10−4, 10−3, 10−2, 10−1 Z⊙ and Cζ = 0, 0.01, 1, 10,

and prepare clouds having different the mass-to-flux ratio µ0 and the ratio of rotational

energy to gravitational energy β0. I investigate the fragmentation condition in various

star-forming environments. I perform 334 runs in total and it is found that 71 models

show fragmentation and 15 models show a spiral structure. This study indicates that

fragmentation tend to occur with high ionization strength, high metallicity, high µ0

(µ0 ≥ 10, where µ0 means the mass-to-flux ratio normalized by the critical value), and

high β0 (β0 ≥ 3.0 × 10−2). In the collapsing cloud, fragmentation occurs when the

following conditions are fulfilled; the high oblateness of core ϵob ≥ 5, µ ≥ 0.6−1.0, and

β ≥ 1.0 × 10−2. There are some non-fragmentation cases with high µ0 and β0. These

models are likely to show fragmentation in the later phase. A closed binary system

should appear in such models. Furthermore, if these binaries gain a lot of mass and

grow into a massive star binary, it can be the origin of the binary black hole.
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Chapter 1

INTRODUCTION

1.1 Star-forming environments

There are various star-forming environments in the universe. Within the first billion

years after the Big Bang (z ∼ 9− 11), about 40 galaxy candidates have been detected

(e.g., Bouwens et al. 2011, Coe et al. 2013, Ellis et al. 2013, Bouwens et al. 2016, Oesch

et al. 2016, Lam et al. 2019). These star-forming environments are likely to be the

second generation star formation sites. Fig.1.1 shows the promising z > 8.5 candidate

discovered using Hubble Space Telescope. With the improvement of the accuracy of

telescopes, many distant candidate objects have been found. For galaxies with z ≥ 6,

these number is more than 800 (e.g., McLure et al. 2013, Bouwens et al. 2015). These

high-redshift galaxies are thought to play an important role in the reionization of the

universe (e.g., Stanway et al. 2003, Ishigaki et al. 2015). Starburst galaxies at z ∼ 2

are the most active star formation environment in the universe (e.g., Steidel et al. 1996,

2004, Tacconi et al. 2008) The star-formation rates (SFR) of them exceed 100 solar

masses per year, and for example, NAv1.144 galaxy has SFR ∼ 1338M⊙yr
−1, its star-

forming activity is very high (Falgarone et al. 2017). In such a diverse environment,

various star formation processes are expected. Because the cloud differs depending

on the surrounding characteristics, the characteristics of the protostar that is finally

formed in should be also different.
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Figure 1.1: Hubble Space Telescope WFC3/IR images of the promising z > 8.5 candi-
dates (Ellis et al. 2013).

1.2 First star v.s. Present-day stars

The first star, that is formed from pristine gas at epoch of cosmic dawn (z ∼ 30), is

expected to be more massive (M ∼ 10 − 1000M⊙; see Fig.1.2) than the present-day

star (the typical mass is ≤ 1M⊙) (Hirano et al. 2014, 2015). The primordial gas has

a high temperature due to the lack of coolant (e.g., heavier element and dust). As a

result, because of the high gas temperature which is about two orders of magnitude

higher than the present-day temperature, the Jeans mass is large. Thus, the typical

mass of the first star is assumed to be higher than the nearby stars (e.g., Abel et al.

2002, Bromm et al. 2002). The difference in the stellar mass affects the radiation

intensity, thus change the thermal and chemical evolution of the next-generation star-

formation site (e.g., Hosokawa et al. 2011, 2012, 2016, Susa et al. 2014). It is important

to accurately estimate the mass and multiplicity.
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Figure 1.2: Final distribution of the calculated stellar masses for first stars (Hirano
et al. 2014). The horizontal axis indicates the mass of stars, and the vertical axis
indicates the number. The difference in color represents the difference in protostellar
evolution.

1.3 Cloud fragmentation

One important issue is the stellar multiplicity. When fragmentation occurs in a cloud,

the stellar mass greatly changes. Dynamical, radiative and chemical feedbacks to the

surroundings are roughly limited by the stellar mass (e.g., Baraffe et al. 2001, Heger

and Woosley 2002, Latif and Khochfar 2019). When a star that is predicted to have a

large mass, such as the first star, is formed as a binary, the possibility of progenitors of

gamma-ray bursts and gravitational wave sources (e.g., Kinugawa et al. 2017) becomes

high, which is very important.

Recent numerical simulations of the first star (Pop. III star) have mentioned the

possibility of fragmentation. Turk et al. (2009) performed hydrodynamical simulations

that start from cosmological initial conditions. They simulated five realization of the

first generation of Population III stars (Pop. III.1 stars) and found fragmentation in

primordial gas cloud with rotation and turbulence. Pop. III.1 star is formed in pristine

clouds unaffected by prior star formation. Clark et al. (2011) explored the effects of

turbulence on the Pop. III.1 and Pop. III.2 star formation. Pop. III.2 star is formed
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Figure 1.3: The mass function of Pop. III.1 (left panel) and Pop. III.2 star (right
panel) for their simulations (Clark et al. 2011).

in clouds having a high ionization fraction. Pop. III.1 star is easier to fragment than

Pop. III.2 star (see Fig.1.3), because there is an adiabatic phase (at n ∼ 107 cm−3)

in Pop. III.2 star formation. Machida et al. (2008a) performed MHD simulations

including self-gravity, and indicated that core fragments in the range of β0 > 106

during the collapse (see Fig.1.4). In addition, Machida et al. (2008b) examined that

fragmentation processes in a collapsing primordial cloud using three-dimensional MHD

simulations. They showed that fragmentation occurs before protostar formation with

Ωc > 10−17(nc/10
3 cm−3)2/3s−1 and β0 > γ0. As can be seen, the presence of a magnetic

field and rotation greatly changes the picture of star formation (Fig.1.4). In particular,

the magnetic field causes magnetic breaking (e.g., Basu and Mouschovias 1994) and

outflow (e.g., Tomisaka 2000, Banerjee and Pudritz 2006, Machida et al. 2007, Tomida

et al. 2015), and plays an important role for angular momentum transfer in the present-

day star formation process.
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Figure 1.4: Simulation result for Machida et al. (2008a). Plots of density distribution
of each model with models arranged based on the ratio of rotational energy to gravita-
tional energy β0 (vertical axis) and the ratio of magnetic energy to gravitational energy
γ0 (horizontal axis).

1.4 Observations in the present-day star-forming region

1.4.1 Magnetic field

Magnetic fields play a vital role in the physics of interstellar medium. The magnetic

field strength is measured using the Zeeman effect. In our galaxy, the star-forming

clouds have smaller µ, which is the mass-to-flux ratio of the initial cloud normalized
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Figure 1.5: The observed mass-to-flux ratios for star-forming clouds (Heiles and
Crutcher 2005).

by the critical value,

µ0 =
(M/Φ)

(M/Φ)cri
, (1.1)

where M and Φ are the mass and magnetic flux of the initial cloud, respectively, and

(M/Φ)cri is the ratio of the critical values of these parameters, which is (M/Φ)cri ≡

(2πG1/2)−1 (Nakano and Nakamura 1978). Observation shows that µ ≤ 10 (Crutcher

1999, Heiles and Crutcher 2005, Crutcher et al. 2010: see also Fig.1.5). It is shown

that the Bmax of the molecular cloud in the vicinity is proportional to the 2/3 power

of n cm−3 in the range of n > 300 cm−3, for example, in molecular cloud cores, Bmax

is a few 10 µG. On the other hand, since the magnetic field is amplified with the

formation of the cosmic structure and the evolution of the star, the higher red-shifted

star-forming environment, a field strength becomes weak. Mao et al. (2017) detected

coherent µG magnetic fields in the foreground galaxy at z = 0.439. The strength of

the magnetic field in the early universe is very weak, less than 1nG, but it is suggested

that the magnetic field is locally amplified to about µG as the structure is formed

(e.g., Schleicher et al. 2010, Susa et al. 2015). It is comparable to thermal energy and

turbulent energy, and magnetic field could be dynamically important.
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1.4.2 Multiplicity

Figure 1.6: Carbon abundance for CEMP stars (Arentsen et al. 2019).

The characteristics of stars in our galaxy and others has been investigated through

observational studies. Dense molecular cloud cores are initially rotating with rates

of β ≤ 0.15 with a mean value of β ∼ 0.02 (Goodman et al. 1993), where β is the

parameter defined as the ratio of rotational kinetic energy to gravitational energy,

and β ∼ 0.02 indicates that rotation is energetically dominant in the support of the

cloud core. In fact, 60 to 80% of the field stars in the galaxy are suggested as binary

stars (Duquennoy and Mayor 1991), and it seems that the rotation has an important

influence on star formation. On the other hands, when metal-poor stars are observed,

these stars are found as carbon-enhanced metal-poor (CEMP) stars. There are two

types of CEMP stars, which are CEMP-s and CEMP-no stars, initially defined by

Beers and Christlieb (2005). The CEMP-s stars show additional enhancements to the

s-process element, while the CEMP-no stars do not show this trend. CEMP-s stars

are observed as binary with almost 100% probability (e.g., McClure and Woodsworth

1990, Lucatello et al. 2005). CEMP-no stars are observed as binary with higher absolute

carbon abundance with a proportion of 47% and lower absolute carbon content with a

probability 18% (Arentsen et al. 2019). Fig.1.6 shows the Carbon abundance for CEMP

stars with respect to the Z/Z⊙, and there is a tendency that binary is decreasing as
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the metallicity decreases. It is necessary to simulate whether this tendency is real.
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Chapter 2

METHODS

2.1 Parameters

I prepare 32 environments characterized by metallicity Z/Z⊙ and ionization parameter

Cζ . I consider the metallicity in the range of 0 ≤ Z/Z⊙ ≤ 10−1 (Z/Z⊙ = 0, 10−7,

10−6, 10−5, 10−4, 10−3, 10−2, 10−1). The ionization strength is defined as

ζ = ζCR + ζRE,short + ζRE,long, (2.1)

ζCR = Cζ ζCR,0 exp(−ρRJ/λ), (2.2)

ζRE,short = 7.6× 10−19s−1Cζ , (2.3)

and

ζRE,long = 1.4× 10−22s−1 Z/Z⊙. (2.4)

Eqs.2.2–2.4 show the contribution of cosmic rays, short-lived, and long-lived radioac-

tive elements, respectively. ζCR,0 (= 1 × 10−17 s−1), RJ and λ (= 96 g cm−2) mean the

cosmic-ray ionization rate in the local interstellar medium, the Jeans length and atten-

uation length, respectively (Susa et al. 2015, Higuchi et al. 2018). Cζ is a parameter

representing the ionization strength of ζCR and ζRE,short. Cζ = 1 is defined in the nearby

star-forming environment, and Cζ = 0.01 or 10 are adjusted to an ionization intensity

corresponding to the first galaxy like or starburst galaxy like environment. When

Cζ = 0, the contribution of cosmic ray and short-lived radioactive elements disappears
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(in eqs.2.2 and 2.3). In addition, when metallicity becomes zero, the contribution of

long-lived radioactive elements also disappears (in eq.2.4), which corresponds to the

primitive environment at the beginning of the universe (for details, see Susa et al.

2015). Combining two parameters, which are the metallicity (Z/Z⊙ = 0, 10−7, 10−6,

10−5, 10−4, 10−3, 10−2, 10−1) and the ionization parameter (Cζ = 0, 0.01, 1, and 10),

I investigate 32 collapsing gas clouds embedded in various environments. The model

names and physical quantities of each cloud are listed in the Table 2.1–2.4.

2.2 Numerical method and basic equations

As the initial state of star-forming clouds, a critical Bonnor – Ebert (B.E.) density

profile (Ebert 1955, Bonnor 1956), which is usually used as the initial condition of

cloud (e.g., Matsumoto and Tomisaka 2004, Banerjee and Pudritz 2006), is adopted

for each model. This density profile is determined by the central number density nc

and the cloud temperature Tcl. Tcl is determined as the one-zone calculation of the

thermal/chemical evolution with different metallicity and ionization strength, and the

initial central number density is adopted as nc,0 = 104 cm−3. Details are described

in Table 2.1–2.4. To promote contraction, the density is set to 1.8 times the critical

B.E. density profile (Machida and Hosokawa 2013, Higuchi et al. 2018, 2019). Clouds

have initially different radii and masses with different models (for specific value, see

Table 2.1–2.4), but the ratio of thermal to gravitational energy α0, which greatly affects

cloud collapse, is the same value (α = 0.47) for all models. In this study, simulation is

performed with different ratio of rotational to gravitational energy β0 and mass-to-flux

ratio µ0 of the initial cloud in order to investigate the fragmentation process of the 32

collapsing cloud (Tabele 2.1–2.4).

The cloud collapse for each model in Table 2.1–2.4 is calculated using three-dimensional

non-ideal MHD nested grid simulations in the same way as Higuchi et al. (2018, 2019).
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The following basic equations are implemented in the nested grid code:

∂ρ

∂t
+∇ · (ρv) = 0, (2.5)

ρ
∂v

∂t
+ ρ(v · ∇)v = −∇P − 1

4π
B × (∇×B)− ρ∇ϕ, (2.6)

∂B

∂t
= ∇×

[
v ×B +

ηAD

|B|2
[(∇×B)×B]×B − ηOD(∇×B)

]
, (2.7)

∇2ϕ = 4πGρ, (2.8)

where ρ, v, P , B, and ϕ denote the density, velocity, pressure, magnetic flux density,

and gravitational potential, respectively. The gas pressure P is taken from the table

calculated by the one-zone calculation (for details, see Higuchi et al. 2018, 2019). The

coefficients of Ohmic resistivity ηOD and ambipolar diffusion ηAD are also obtained

from the table. Note that ηOD is referenced from the table as the density argument,

while ηAD is referenced as both density and magnetic field strength arguments (Susa

et al. 2015, Higuchi et al. 2018). Each grid is composed of (i, j, k) = (64, 64, 32),

and mirror symmetry is applied with respect to the z-axis (for a detailed, see Machida

et al. 2004, 2005, 2007, 2008a). The finer grid is embedded in the coarser grid and

the finer grid is continuously generated so that the Jeans length is resolved at least 16

cells (Truelove et al. 1997). Using this code, the cloud evolution is calculated during

collapsing phase (nc ≤ 1016 cm−3). I also examine the contribution of the ionization

strength, the metallicity, the magnetic field, and rotation of cloud to fragmentation.
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Table 2.1: Model parameters in the case of Cζ = 0. Columns 1 and 2 list the model
number and model name, respectively. Columns 3 through 6 list the ionization strength
Cζ , the metallicity Z/Z⊙, the ratio of rotational to gravitational energy β0, and the
mass-to-flux ratio µ0, respectively. Columns 7 through 11 list the initial magnetic field
strength B0, the initial angular velocity Ω0, the cloud mass Mcl, the cloud temperature
Tcl, and the cloud radius rcl, respectively. Column 12 lists whether fragment (◦) or
spiral (⋄) appear or not (×).

Model Cζ Z/Z⊙ µ0 β0 B0(µG) Ω0(s
−1) Mcl(M⊙) Tcl(K) rcl(au) fragmentation

1 I0ZPM3R5 3 10−5 34.1 3.05× 10−16 ×
2 I0ZPM3R3 3 10−3 34.1 3.05× 10−15 ×
3 I0ZPM3R1 3 10−1 34.1 3.05× 10−14 ×
4 I0ZPM5R5 5 10−5 20.5 3.05× 10−16 ×
5 I0ZPM5R3 0 0 5 10−3 20.5 3.05× 10−15 1.08× 104 198 4.91× 105 ×
6 I0ZPM5R1 5 10−1 20.5 3.05× 10−14 ×
7 I0ZPM10R5 10 10−5 10.2 3.05× 10−16 ×
8 I0ZPM10R3 10 10−3 10.2 3.05× 10−15 ×
9 I0ZPM10R1 10 10−1 10.2 3.05× 10−14 ×
10 I0Z7M3R5 3 10−5 34.1 3.05× 10−16 ×
11 I0Z7M3R3 3 10−3 34.1 3.05× 10−15 ×
12 I0Z7M3R1 3 10−1 34.1 3.05× 10−14 ×
13 I0Z7M5R5 5 10−5 20.5 3.05× 10−16 ×
14 I0Z7M5R3 0 10−7 5 10−3 20.5 3.05× 10−15 1.08× 104 198 4.91× 105 ×
15 I0Z7M5R1 5 10−1 20.5 3.05× 10−14 ×
16 I0Z7M10R5 10 10−5 10.2 3.05× 10−16 ×
17 I0Z7M10R3 10 10−3 10.2 3.05× 10−15 ×
18 I0Z7M10R1 10 10−1 10.2 3.05× 10−14 ×
19 I0Z6M3R5 3 10−5 34.1 3.05× 10−16 ×
20 I0Z6M3R3 3 10−3 34.1 3.05× 10−15 ×
21 I0Z6M3R1 3 10−1 34.1 3.05× 10−14 ×
22 I0Z6M5R5 5 10−5 20.5 3.05× 10−16 ×
23 I0Z6M5R3 0 10−6 5 10−3 20.5 3.05× 10−15 1.07× 104 198 4.91× 105 ×
24 I0Z6M5R1 5 10−1 20.5 3.05× 10−14 ×
25 I0Z6M10R5 10 10−5 10.2 3.05× 10−16 ×
26 I0Z6M10R3 10 10−3 10.2 3.05× 10−15 ×
27 I0Z6M10R1 10 10−1 10.2 3.05× 10−14 ×
28 I0Z5M3R5 3 10−5 33.8 3.05× 10−16 ×
29 I0Z5M3R3 3 10−3 33.8 3.05× 10−15 ×
30 I0Z5M3R1 3 10−1 33.8 3.05× 10−14 ×
31 I0Z5M5R5 5 10−5 20.3 3.05× 10−16 ×
32 I0Z5M5R3 0 10−5 5 10−3 20.3 3.05× 10−15 1.05× 104 194 4.87× 105 ×
33 I0Z5M5R1 5 10−1 20.3 3.05× 10−14 ×
34 I0Z5M10R5 10 10−5 10.1 3.05× 10−16 ×
35 I0Z5M10R3 10 10−3 10.1 3.05× 10−15 ×
36 I0Z5M10R1 10 10−1 10.1 3.05× 10−14 ×
37 I0Z4M3R5 3 10−5 31.9 3.05× 10−16 ×
38 I0Z4M3R3 3 10−3 31.9 3.05× 10−15 ×
39 I0Z4M3R1 3 10−1 31.9 3.05× 10−14 ⋄
40 I0Z4M5R5 5 10−5 19.1 3.05× 10−16 ×
41 I0Z4M5R3 0 10−4 5 10−3 19.1 3.05× 10−15 8.75× 103 172 4.59× 105 ×
42 I0Z4M5R1 5 10−1 19.1 3.05× 10−14 ⋄
43 I0Z4M10R5 10 10−5 9.56 3.05× 10−16 ×
44 I0Z4M10R3 10 10−3 9.56 3.05× 10−15 ×
45 I0Z4M10R1 10 10−1 9.56 3.05× 10−14 ◦
46 I0Z3M3R5 3 10−5 24.6 3.06× 10−16 ×
47 I0Z3M3R3 3 10−3 24.6 3.06× 10−15 ×
48 I0Z3M3R1 3 10−1 24.6 3.06× 10−14 ⋄
49 I0Z3M5R5 5 10−5 14.7 3.06× 10−16 ×
50 I0Z3M5R3 0 10−3 5 10−3 14.7 3.06× 10−15 3.98× 103 103 3.52× 105 ×
51 I0Z3M5R1 5 10−1 14.7 3.06× 10−14 ⋄
52 I0Z3M10R5 10 10−5 7.37 3.06× 10−16 ×
53 I0Z3M10R3 10 10−3 7.37 3.06× 10−15 ×
54 I0Z3M10R1 10 10−1 7.37 3.06× 10−14 ⋄
55 I0Z2M3R5 3 10−5 9.83 3.15× 10−16 ×
56 I0Z2M3R3 3 10−3 9.83 3.15× 10−15 ×
57 I0Z2M3R1 3 10−1 9.83 3.15× 10−14 ⋄
58 I0Z2M5R5 5 10−5 5.90 3.15× 10−16 ×
59 I0Z2M5R3 0 10−2 5 10−3 5.90 3.15× 10−15 2.27× 102 16.4 1.33× 105 ×
60 I0Z2M5R1 5 10−1 5.90 3.15× 10−14 ◦
61 I0Z2M10R5 10 10−5 2.95 3.15× 10−16 ×
62 I0Z2M10R3 10 10−3 2.95 3.15× 10−15 ×
63 I0Z2M10R1 10 10−1 2.95 3.15× 10−14 ◦
64 I0Z1M3R5 3 10−5 10.3 3.78× 10−16 ×
65 I0Z1M3R3 3 10−3 10.3 3.78× 10−15 ×
66 I0Z1M3R1 3 10−1 10.3 3.78× 10−14 ×
67 I0Z1M5R5 5 10−5 6.20 3.78× 10−16 ×
68 I0Z1M5R3 0 10−1 5 10−3 6.20 3.78× 10−15 1.26× 102 18.1 9.67× 104 ×
69 I0Z1M5R1 5 10−1 6.20 3.78× 10−14 ◦
70 I0Z1M10R5 10 10−5 3.10 3.78× 10−16 ×
71 I0Z1M10R3 10 10−3 3.10 3.78× 10−15 ◦
72 I0Z1M10R1 10 10−1 3.10 3.78× 10−14 ◦
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Table 2.2: Same as Table 2.1, but moodel parameters in the case of Cζ = 0.01.
Model Cζ Z/Z⊙ µ0 β0 B0(µG) Ω0(s

−1) Mcl(M⊙) Tcl(K) rcl(au) fragmentation
73 I001ZPM3R5 3 10−5 28.4 3.05× 10−16 ×
74 I001ZPM3R3 3 10−3 28.4 3.05× 10−15 ×
75 I001ZPM3R1 3 10−1 28.4 3.05× 10−14 ×
76 I001ZPM5R5 5 10−5 17.0 3.05× 10−16 ×
77 I001ZPM5R3 0.01 0 5 10−3 17.0 3.05× 10−15 6.20× 103 137 4.09× 105 ×
78 I001ZPM5R1 5 10−1 17.0 3.05× 10−14 ◦
79 I001ZPM10R5 10 10−5 8.52 3.05× 10−16 ×
80 I001ZPM10R3 10 10−3 8.52 3.05× 10−15 ×
81 I001ZPM10R1 10 10−1 8.52 3.05× 10−14 ◦
82 I001Z7M3R5 3 10−5 28.4 3.05× 10−16 ×
83 I001Z7M3R3 3 10−3 28.4 3.05× 10−15 ×
84 I001Z7M3R1 3 10−1 28.4 3.05× 10−14 ◦
85 I001Z7M5R5 5 10−5 17.0 3.05× 10−16 ×
86 I001Z7M5R3 0.01 10−7 5 10−3 17.0 3.05× 10−15 6.19× 103 137 4.09× 105 ×
87 I001Z7M5R1 5 10−1 17.0 3.05× 10−14 ◦
88 I001Z7M10R5 10 10−5 8.52 3.05× 10−16 ×
89 I001Z7M10R3 10 10−3 8.52 3.05× 10−15 ×
90 I001Z7M10R1 10 10−1 8.52 3.05× 10−14 ◦
91 I001Z6M3R5 3 10−5 28.4 3.05× 10−16 ×
92 I001Z6M3R3 3 10−3 28.4 3.05× 10−15 ×
93 I001Z6M3R1 3 10−1 28.4 3.05× 10−14 ◦
94 I001Z6M5R5 5 10−5 17.0 3.05× 10−16 ×
95 I001Z6M5R3 0.01 10−6 5 10−3 17.0 3.05× 10−15 6.18× 103 137 4.08× 105 ×
96 I001Z6M5R1 5 10−1 17.0 3.05× 10−14 ◦
97 I001Z6M10R5 10 10−5 8.51 3.05× 10−16 ×
98 I001Z6M10R3 10 10−3 8.51 3.05× 10−15 ×
99 I001Z6M10R1 10 10−1 8.51 3.05× 10−14 ◦
100 I001Z5M3R5 3 10−5 28.1 3.05× 10−16 ×
101 I001Z5M3R3 3 10−3 28.1 3.05× 10−15 ×
102 I001Z5M3R1 3 10−1 28.1 3.05× 10−14 ◦
103 I001Z5M5R5 5 10−5 16.9 3.05× 10−16 ×
104 I001Z5M5R3 0.01 10−5 5 10−3 16.9 3.05× 10−15 6.03× 103 135 4.05× 105 ×
105 I001Z5M5R1 5 10−1 16.9 3.05× 10−14 ◦
106 I001Z5M10R5 10 10−5 8.44 3.05× 10−16 ×
107 I001Z5M10R3 10 10−3 8.44 3.05× 10−15 ×
108 I001Z5M10R1 10 10−1 8.44 3.05× 10−14 ◦
109 I001Z4M3R5 3 10−5 26.2 3.05× 10−16 ×
110 I001Z4M3R3 3 10−3 26.2 3.05× 10−15 ×
111 I001Z4M3R1 3 10−1 26.2 3.05× 10−14 ◦
112 I001Z4M5R5 5 10−5 15.7 3.05× 10−16 ×
113 I001Z4M5R3 0.01 10−4 5 10−3 15.7 3.05× 10−15 4.88× 103 117 3.77× 105 ×
114 I001Z4M5R1 5 10−1 15.7 3.05× 10−14 ◦
115 I001Z4M10R5 10 10−5 7.87 3.05× 10−16 ×
116 I001Z4M10R3 10 10−3 7.87 3.05× 10−15 ×
117 I001Z4M10R1 10 10−1 7.87 3.05× 10−14 ◦
118 I001Z3M3R5 3 10−5 20.0 3.06× 10−16 ×
119 I001Z3M3R3 3 10−3 20.0 3.06× 10−15 ×
120 I001Z3M3R1 3 10−1 20.0 3.06× 10−14 ◦
121 I001Z3M5R5 5 10−5 12.0 3.06× 10−16 ×
122 I001Z3M5R3 0.01 10−3 5 10−3 12.0 3.06× 10−15 2.15× 103 68.0 2.87× 105 ×
123 I001Z3M5R1 5 10−1 12.0 3.06× 10−14 ◦
124 I001Z3M10R5 10 10−5 6.00 3.06× 10−16 ×
125 I001Z3M10R3 10 10−3 6.00 3.06× 10−15 ×
126 I001Z3M10R1 10 10−1 6.00 3.06× 10−14 ⋄
127 I001Z2M3R5 3 10−5 9.85 3.14× 10−16 ×
128 I001Z2M3R3 3 10−3 9.85 3.14× 10−15 ×
129 I001Z2M3R1 3 10−1 9.85 3.14× 10−14 ◦
130 I001Z2M5R5 5 10−5 5.91 3.14× 10−16 ×
131 I001Z2M5R3 0.01 10−2 5 10−3 5.91 3.14× 10−15 2.29× 102 16.5 1.34× 105 ×
132 I001Z2M5R1 5 10−1 5.91 3.14× 10−14 ◦
133 I001Z2M10R5 10 10−5 2.95 3.14× 10−16 ×
134 I001Z2M10R3 10 10−3 2.95 3.14× 10−15 ×
135 I001Z2M10R1 10 10−1 2.95 3.14× 10−14 ◦
136 I001Z1M3R5 3 10−5 10.4 3.78× 10−16 ×
137 I001Z1M3R3 3 10−3 10.4 3.78× 10−15 ×
138 I001Z1M3R1 3 10−1 10.4 3.78× 10−14 ◦
139 I001Z1M5R5 5 10−5 6.21 3.78× 10−16 ×
140 I001Z1M5R3 0.01 10−1 5 10−3 6.21 3.78× 10−15 1.28× 102 18.2 9.72× 104 ×
141 I001Z1M5R1 5 10−1 6.21 3.78× 10−14 ◦
142 I001Z1M10R5 10 10−5 3.11 3.78× 10−16 ×
143 I001Z1M10R3 10 10−3 3.11 3.78× 10−15 ◦
144 I001Z1M10R1 10 10−1 3.11 3.78× 10−14 ◦
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Table 2.3: Same as Table 2.1, but moodel parameters in the case of Cζ = 1.
Model Cζ Z/Z⊙ µ0 β0 B0(µG) Ω0(s

−1) Mcl(M⊙) Tcl(K) rcl(au) fragmentation
145 I1ZPM3R5 3 10−5 12.1 3.06× 10−16 ×
146 I1ZPM3R3 3 10−3 12.1 3.06× 10−15 ×
147 I1ZPM3R1 3 10−1 12.1 3.06× 10−14 ×
148 I1ZPM5R5 5 10−5 7.27 3.06× 10−16 ×
149 I1ZPM5R3 1 0 5 10−3 7.27 3.06× 10−15 4.79× 102 24.9 1.74× 105 ×
150 I1ZPM5R1 5 10−1 7.27 3.06× 10−14 ◦
151 I1ZPM10R5 10 10−5 3.63 3.06× 10−16 ×
152 I1ZPM10R3 10 10−3 3.63 3.06× 10−15 ×
153 I1ZPM10R1 10 10−1 3.63 3.06× 10−14 ×
154 I1Z7M3R5 3 10−5 12.1 3.06× 10−16 ×
155 I1Z7M3R3 3 10−3 12.1 3.06× 10−15 ×
156 I1Z7M3R1 3 10−1 12.1 3.06× 10−14 ×
157 I1Z7M5R5 5 10−5 7.27 3.06× 10−16 ×
158 I1Z7M5R3 1 10−7 5 10−3 7.27 3.06× 10−15 4.79× 102 24.9 1.74× 105 ×
159 I1Z7M5R1 5 10−1 7.27 3.06× 10−14 ◦
160 I1Z7M10R5 10 10−5 3.63 3.06× 10−16 ×
161 I1Z7M10R3 10 10−3 3.63 3.06× 10−15 ×
162 I1Z7M10R1 10 10−1 3.63 3.06× 10−14 ×
163 I1Z6M3R5 3 10−5 12.1 3.06× 10−16 ×
164 I1Z6M3R3 3 10−3 12.1 3.06× 10−15 ×
165 I1Z6M3R1 3 10−1 12.1 3.06× 10−14 ×
166 I1Z6M5R5 5 10−5 7.27 3.06× 10−16 ×
167 I1Z6M5R3 1 10−6 5 10−3 7.27 3.06× 10−15 4.79× 102 24.9 1.74× 105 ×
168 I1Z6M5R1 5 10−1 7.27 3.06× 10−14 ◦
169 I1Z6M10R5 10 10−5 3.63 3.06× 10−16 ×
170 I1Z6M10R3 10 10−3 3.63 3.06× 10−15 ×
171 I1Z6M10R1 10 10−1 3.63 3.06× 10−14 ×
172 I1Z5M3R5 3 10−5 12.1 3.06× 10−16 ×
173 I1Z5M3R3 3 10−3 12.1 3.06× 10−15 ×
174 I1Z5M3R1 3 10−1 12.1 3.06× 10−14 ×
175 I1Z5M5R5 5 10−5 7.29 3.06× 10−16 ×
176 I1Z5M5R3 1 10−5 5 10−3 7.29 3.06× 10−15 4.82× 102 25.1 1.74× 105 ×
177 I1Z5M5R1 5 10−1 7.29 3.06× 10−14 ×
178 I1Z5M10R5 10 10−5 3.64 3.06× 10−16 ×
179 I1Z5M10R3 10 10−3 3.64 3.06× 10−15 ×
180 I1Z5M10R1 10 10−1 3.64 3.06× 10−14 ×
181 I1Z4M3R5 3 10−5 12.4 3.06× 10−16 ×
182 I1Z4M3R3 3 10−3 12.4 3.06× 10−15 ×
183 I1Z4M3R1 3 10−1 12.4 3.06× 10−14 ×
184 I1Z4M5R5 5 10−5 7.42 3.06× 10−16 ×
185 I1Z4M5R3 1 10−4 5 10−3 7.42 3.06× 10−15 5.09× 102 26.0 1.77× 105 ×
186 I1Z4M5R1 5 10−1 7.42 3.06× 10−14 ◦
187 I1Z4M10R5 10 10−5 3.71 3.06× 10−16 ×
188 I1Z4M10R3 10 10−3 3.71 3.06× 10−15 ×
189 I1Z4M10R1 10 10−1 3.71 3.06× 10−14 ◦
190 I1Z3M3R5 3 10−5 12.7 3.06× 10−16 ×
191 I1Z3M3R3 3 10−3 12.7 3.06× 10−15 ×
192 I1Z3M3R1 3 10−1 12.7 3.06× 10−14 ×
193 I1Z3M5R5 5 10−5 7.60 3.06× 10−16 ×
194 I1Z3M5R3 1 10−3 5 10−3 7.60 3.06× 10−15 5.43× 102 27.3 1.81× 105 ×
195 I1Z3M5R1 5 10−1 7.60 3.06× 10−14 ⋄
196 I1Z3M10R5 10 10−5 3.80 3.06× 10−16 ×
197 I1Z3M10R3 10 10−3 3.80 3.06× 10−15 ×
198 I1Z3M10R1 10 10−1 3.80 3.06× 10−14 ◦
199 I1Z2M3R5 3 10−5 12.1 3.12× 10−16 ×
200 I1Z2M3R3 3 10−3 12.1 3.12× 10−15 ×
201 I1Z2M3R1 3 10−1 12.1 3.12× 10−14 ×
202 I1Z2M5R5 5 10−5 7.28 3.12× 10−16 ×
203 I1Z2M5R3 1 10−2 5 10−3 7.28 3.12× 10−15 4.39× 102 25.0 1.66× 105 ×
204 I1Z2M5R1 5 10−1 7.28 3.12× 10−14 ◦
205 I1Z2M10R5 10 10−5 3.64 3.12× 10−16 ×
206 I1Z2M10R3 10 10−3 3.64 3.12× 10−15 ×
207 I1Z2M10R1 10 10−1 3.64 3.12× 10−14 ◦
208 I1Z1M3R5 3 10−5 10.9 3.72× 10−16 ×
209 I1Z1M3R3 3 10−3 10.9 3.72× 10−15 ×
210 I1Z1M3R1 3 10−1 10.9 3.72× 10−14 ×
211 I1Z1M5R5 5 10−5 6.52 3.72× 10−16 ×
212 I1Z1M5R3 1 10−1 5 10−3 6.52 3.72× 10−15 1.58× 102 20.1 1.06× 105 ×
213 I1Z1M5R1 5 10−1 6.52 3.72× 10−14 ◦
214 I1Z1M10R5 10 10−5 3.26 3.72× 10−16 ×
215 I1Z1M10R3 10 10−3 3.26 3.72× 10−15 ◦
216 I1Z1M10R1 10 10−1 3.26 3.72× 10−14 ◦
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Table 2.4: Same as Table 2.1, but moodel parameters in the case of Cζ = 10.
Model Cζ Z/Z⊙ µ0 β0 B0(µG) Ω0(s

−1) Mcl(M⊙) Tcl(K) rcl(au) fragmentation
217 I10ZPM3R5 3 10−5 13.5 3.06× 10−16 ×
218 I10ZPM3R3 3 10−3 13.5 3.06× 10−15 ×
219 I10ZPM3R1 3 10−1 13.5 3.06× 10−14 ◦
220 I10ZPM5R5 5 10−5 8.10 3.06× 10−16 ×
221 I10ZPM5R3 10 0 5 10−3 8.10 3.06× 10−15 6.56× 102 31.0 1.93× 105 ×
222 I10ZPM5R1 5 10−1 8.10 3.06× 10−14 ×
223 I10ZPM10R5 10 10−5 4.05 3.06× 10−16 ×
224 I10ZPM10R3 10 10−3 4.05 3.06× 10−15 ×
225 I10ZPM10R1 10 10−1 4.05 3.06× 10−14 ◦
226 I10Z7M3R5 3 10−5 13.5 3.06× 10−16 ×
227 I10Z7M3R3 3 10−3 13.5 3.06× 10−15 ×
228 I10Z7M3R1 3 10−1 13.5 3.06× 10−14 ◦
229 I10Z7M5R5 5 10−5 8.10 3.06× 10−16 ×
230 I10Z7M5R3 10 10−7 5 10−3 8.10 3.06× 10−15 6.57× 102 31.0 1.93× 105 ×
231 I10Z7M5R1 5 10−1 8.10 3.06× 10−14 ×
232 I10Z7M10R5 10 10−5 4.05 3.06× 10−16 ×
233 I10Z7M10R3 10 10−3 4.05 3.06× 10−15 ×
234 I10Z7M10R1 10 10−1 4.05 3.06× 10−14 ◦
235 I10Z6M3R5 3 10−5 13.5 3.06× 10−16 ×
236 I10Z6M3R3 3 10−3 13.5 3.06× 10−15 ×
237 I10Z6M3R1 3 10−1 13.5 3.06× 10−14 ×
238 I10Z6M5R5 5 10−5 8.10 3.06× 10−16 ×
239 I10Z6M5R3 10 10−6 5 10−3 8.10 3.06× 10−15 6.57× 102 31.0 1.93× 105 ×
240 I10Z6M5R1 5 10−1 8.10 3.06× 10−14 ×
241 I10Z6M10R5 10 10−5 4.05 3.06× 10−16 ×
242 I10Z6M10R3 10 10−3 4.05 3.06× 10−15 ×
243 I10Z6M10R1 10 10−1 4.05 3.06× 10−14 ◦
244 I10Z5M3R5 3 10−5 13.6 3.06× 10−16 ×
245 I10Z5M3R3 3 10−3 13.6 3.06× 10−15 ×
246 I10Z5M3R1 3 10−1 13.6 3.06× 10−14 ×
247 I10Z5M5R5 5 10−5 8.13 3.06× 10−16 ×
248 I10Z5M5R3 10 10−5 5 10−3 8.13 3.06× 10−15 6.64× 102 31.2 1.94× 105 ×
249 I10Z5M5R1 5 10−1 8.13 3.06× 10−14 ×
250 I10Z5M10R5 10 10−5 4.07 3.06× 10−16 ×
251 I10Z5M10R3 10 10−3 4.07 3.06× 10−15 ×
252 I10Z5M10R1 10 10−1 4.07 3.06× 10−14 ◦
253 I10Z4M3R5 3 10−5 14.0 3.06× 10−16 ×
254 I10Z4M3R3 3 10−3 14.0 3.06× 10−15 ×
255 I10Z4M3R1 3 10−1 14.0 3.06× 10−14 ×
256 I10Z4M5R5 5 10−5 8.38 3.06× 10−16 ×
257 I10Z4M5R3 10 10−4 5 10−3 8.38 3.06× 10−15 7.25× 102 33.1 1.99× 105 ×
258 I10Z4M5R1 5 10−1 8.38 3.06× 10−14 ◦
259 I10Z4M10R5 10 10−5 4.19 3.06× 10−16 ×
260 I10Z4M10R3 10 10−3 4.19 3.06× 10−15 ×
261 I10Z4M10R1 10 10−1 4.19 3.06× 10−14 ◦
262 I10Z3M3R5 3 10−5 15.3 3.07× 10−16 ×
263 I10Z3M3R3 3 10−3 15.3 3.07× 10−15 ×
264 I10Z3M3R1 3 10−1 15.3 3.07× 10−14 ×
265 I10Z3M5R5 5 10−5 9.16 3.07× 10−16 ×
266 I10Z3M5R3 10 10−3 5 10−3 9.16 3.07× 10−15 9.39× 102 39.6 2.17× 105 ×
267 I10Z3M5R1 5 10−1 9.16 3.07× 10−14 ⋄
268 I10Z3M10R5 10 10−5 4.58 3.07× 10−16 ×
269 I10Z3M10R3 10 10−3 4.58 3.07× 10−15 ×
270 I10Z3M10R1 10 10−1 4.58 3.07× 10−14 ⋄
271 I10Z2M3R5 3 10−5 15.3 3.13× 10−16 ×
272 I10Z2M3R3 3 10−3 15.3 3.13× 10−15 ×
273 I10Z2M3R1 3 10−1 15.3 3.13× 10−14 ⋄
274 I10Z2M5R5 5 10−5 9.16 3.13× 10−16 ×
275 I10Z2M5R3 10 10−2 5 10−3 9.16 3.13× 10−15 8.67× 102 39.6 2.09× 105 ×
276 I10Z2M5R1 5 10−1 9.16 3.13× 10−14 ◦
277 I10Z2M10R5 10 10−5 4.58 3.13× 10−16 ×
278 I10Z2M10R3 10 10−3 4.58 3.13× 10−15 ×
279 I10Z2M10R1 10 10−1 4.58 3.13× 10−14 ◦
280 I10Z1M3R5 3 10−5 12.6 3.61× 10−16 ×
281 I10Z1M3R3 3 10−3 12.6 3.61× 10−15 ×
282 I10Z1M3R1 3 10−1 12.6 3.61× 10−14 ◦
283 I10Z1M5R5 5 10−5 7.54 3.61× 10−16 ×
284 I10Z1M5R3 10 10−1 5 10−3 7.54 3.61× 10−15 2.74× 102 26.8 1.29× 105 ×
285 I10Z1M5R1 5 10−1 7.54 3.61× 10−14 ◦
286 I10Z1M10R5 10 10−5 3.77 3.61× 10−16 ×
287 I10Z1M10R3 10 10−3 3.77 3.61× 10−15 ×
288 I10Z1M10R1 10 10−1 3.77 3.61× 10−14 ◦
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Chapter 3

Results & Discussion

3.1 Fragmentation conditions

3.1.1 Environmental dependency
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Figure 3.2: The histogram of model with fragmentation (left panel) and model with
spiral (right panel).

The calculation results of 288 cases are shown in Fig.3.1. Each panel represents

the density distribution in the z = 0 plane. For the cases where fragmentation occurs,

snapshots at that stage are plotted, whereas for the cases not resulting in fragmentation,

snapshots at the central number density nc ∼ 1016 cm−3 are plotted. The nine panels

of 3× 3 are one set, and the horizontal axis of these 9 panels is the mass-to-flux ratio

µ0, and the vertical axis is the ratio of rotational energy to gravitational energy β0.

32 sets of them (3 × 3) are arranged on the horizontal axis the ionization strengths

(Cζ) and the vertical axis metallicities (Z/Z⊙), for example, the lower left panel is

the model I0ZP (Cζ = 0, Z/Z⊙ = 0) and corresponds to a primordial environment. I

simply summarized the outcomes in Fig.3.2, in which the vertical axis is the number

of model and horizontal axis is the metallicity. In Fig.3.2, the left panel is the number

of models in which fragmentation occurs and the right panel is the number of models

in which a spiral structure develops without occurring fragmentation.

There is a difference in the fragmentation process depending on the combination of

the ionization parameter Cζ and the metallicity Z/Z⊙ in collapsing cloud environment

(Fig.3.1). As metallicity increases, the number of cases of fragmentation increases

(Fig.3.2). In the case of a primordial environment with no ionization sources (Cζ = 0)

in particular, the tendency is remarkable. In general, gas cooling promotes cloud

deformation to filaments, but the heating process stabilizes the gas against aspherical

perturbations (Lai 2000, Hanawa and Matsumoto 2000, Chiaki et al. 2016). In the
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case of Cζ = 0 and Z/Z⊙ ≤ 10−5, there is no dust with high cooling efficiency, so the

effective ratio of specific heat γ is almost 1, and the contraction proceeds isothermally

until a protostar is formed (Susa et al. 2015, Higuchi et al. 2018). Therefore, in the

model I0ZP, I0Z7, I0Z6, and I0Z5, there is no fragment during collapsing phase. Gas

cooling becomes effective clearly in higher metallicity cases, and gas cooling makes the

cloud flat. As a result, in models with a metallicity (Z/Z⊙ > 10−5), there are many

fragment.
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each panel.

When compared with the same metallicity, there is a tendency for fragments to
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occur in models with high ionization strength. This is because, in the case of Cζ =

0.01, 1, and 10 and Z/Z⊙ ≤ 10−5, the ionization strength is high, and HD with high

cooling efficiency is formed (Galli and Palla 1998, Nakamura and Umemura 2002).

The difference between Cζ = 0.01, 1 and 10 is whether or not the low-density outflow is

driven (Fig. 3.3) (for detail, see Higuchi et al. 2019). The outflow sweeps a large fraction

of infalling gas with large angular momentum, therefore, the models of Cζ = 0.01,

where the outflow does not appear, are easier to fragment than others. In addition,

it can be considered that the high resistivity is also caused by fragmentation. The

magnetic field can suppress the fragmentation of the collapsing core by transmitting

angular momentum through the magnetic braking and outflow (e.g., Machida et al.

2007, 2008a, Price and Bate 2007). Higuchi et al. (2018) indicates that the smaller

the ionization parameter, the higher the resistivity. In the models of Cζ = 0.01, it is

thought that fragmentation is promoted by the dissipation of the magnetic field. In the

range of 10−4 ≤ Z/Z⊙ ≤ 10−2, many models show the spiral structure but do not show

fragmentation. Such a structure is reported also by Chiaki et al. (2016). Summarizing

the results, out of 288 models, 51 models show fragmentation, 11 models are not, but

a spiral structure are formed.

3.1.2 The effect of the initial magnetic filed and rotation

Next, we look at each of the nine panels (3 × 3 diagrams of β0–µ0 plane). In general,

a model with higher β0 and µ0 shows fragmentation. In the primordial environment,

such as the forming site of first star, the contribution of the magnetic field (µ0) and

rotation (β0) to the fragmentation has also been investigated in Machida et al. (2004,

2005, 2008a). A similar trend can be seen in that study. In the present parameter

survey, it is found that fragmentation can occur in the parameter range of β0 > 10−3.

As for µ0, fragment occurs when it is higher than about 3. This tendency is remarkable

in Z/Z⊙ ≥ 10−4. In the case of Z/Z⊙ ≤ 10−6, however, fragmentation appears in both

µ0 = 3 and 5, but fragmentation does not appear in µ0 = 10 (such as model I10ZP,

I10Z7, I1ZP, and I1Z7). The strong magnetic field slows the collapse, so the oblateness

tends to increase, and the fragmentation can be promoted. Moreover, the degree of

magnetic field dissipation differs depending on the environments, so that the initial
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mass-to-flux ratio may make a difference at the stage of fragmentation. This result is

limited to the collapsing phase, so a long time simulation is required.

3.2 Timing of fragmentation

In Sec.3.1.2, we discussed the fragmentation conditions from the viewpoint of the initial

conditions, while in this section, we discuss the timing of fragmentation. Fig.3.4 shows

(A) Mass-to-Flux ratio µ, (B) central angular velocity Ωc, and (c) the ratio of rotational

energy to gravitational energy β for the model I1Z1. The oblateness of the cloud

(horizontal axis in Fig.3.4) is calculated as

ϵob ≡
√

hlhs/hz (3.1)

where hl, hs, and hz are the length of the long-, short- and z-axis for the gas with ρ >

0.01ρmax, respectively (for detail of the determination of each length, see Matsumoto

and Hanawa 1999, Machida et al. 2004). The different models are represented by

different line colors and/or symbols, for example, model I1Z1M10R1 (Cζ = 1 and

Z/Z⊙ = 10−1, µ0 = 10, and β0 = 10−1) has a solid red line with a triangle symbol. In

Fig.3.4 (C), the color of lines (gray to black) indicates the ratio of ρmax(r ̸= 0) to ρc in

log scale, that is, the black shows that the fragmentation has occurred in the model.

3.2.1 Collapse geometry

Before discussing all nine models in Fig.3.4, we discuss a closer look with one model

(model I1Z1M10R1) in Fig.3.5. Fig.3.5 (A) shows only model I1Z1M10R1 extracted

from central angular velocity Ωc. Fig.3.5 (B) shows the time evolution of disk radius.

The color indicates the maximum number density, that is, it represents time evolution

of cloud. Fig.3.5 shows that, during the early stage of evolution, the cloud collapses

maintaining nearly spherical symmetry (i to ii). Then, the cloud contracts flatly due

to the magnetic tension force in the isothermal phase (ii to iii, nmax ≤ 1011 cm−3). The

oblateness of cloud is high (ϵob > 10), but µ and β are low, therefore, no fragment has

occurred (see other than the line with the triangle symbol in Fig.3.4 (A) and (C)). In the
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adiabatic phase (see fig.2 in Higuchi et al. 2018), the gas pressure works isotropically,

and the oblateness becomes low (iii to iv, nmax > 1011 cm−3). The first core is formed

at nmax ∼ 1011 cm−3. This core is in a quasi-hydrostatic state after its formation,

thus, it slowly contracts. Then, since the gas with a large angular momentum accretes

from the envelope to the first core, ϵob becomes high again and β becomes high and

fragment appears (iv to v, see also Fig.3.4 (c)). In the case of model I1Z1, in the

range 1011 < nmax

cm−3 < 1016, the magnetic field can be dissipated by Ohmic dissipation

(see fig.9 (h) in Higuchi et al. 2018). The rapid rise of µ is due to the dissipation of

the magnetic field, and the fragmentation is promoted due to the weakening of the

magnetic field strength (see model I1Z1M10R1 (red line) in Fig.3.4 (A)).

Fig.3.6 shows (A) the central angular velocity Ωc and (b) the disk radius for the

model I1Z1M3R1. The fragmentation does not occur in this model. The difference from

model I1Z1M10R1 is the initial mass-to-flux ratio. From i to v, like model I1Z1M10R1,

it evolves with repeating increase and decrease of oblateness. Since the initial mag-

netic field strength is strong, fragmentation is suppressed, and the evolution progresses

without fragmentation (see also model I1Z1M3R1 in Fig.3.4 (A) and (C)). As a result,

for the model I1Z1, it is considered that ϵob ≥ 5, µ ≥ 0.6 − 1.0, and β ≥ 10−2 are

necessary for fragmentation to occur.

3.2.2 Comparison among models with different parameters of

metallicity

Figs.3.7–3.13 show (A) Mass-to-Flux ratio µ, (B) central angular velocity Ωc, and (c)

the ratio of rotational energy to gravitational energy β like Fig.3.4, but simulation

results with different models. In all model, during the collapsing phase of the star

formation process, it is necessary for fragmentation that the magnetic field is low (µ

becomes higher), the cloud shape becomes flat (ϵob become higher), and the rotation

is fast (β becomes higher). Figs.3.4–3.13 employ the same value of the ionization

parameter Cζ = 1 and show the difference in metallicity. Considering the model I1Z1

to I1ZP, for the fragmentation, ϵob ≥ 5, µ ≥ 0.6− 1.0, and β ≥ 10−2 in present work.

In Figs.3.1 and 3.10, fragmentation does not occur in the model I1Z5 (see Fig.3.3
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for low-density outflow of model I1Z5M5R1 and I1Z5M10R1). I suggest driving low-

density outflow (Higuchi et al. 2019) as one of the reasons. Outflow can transport gas

with angular momentum to the outside, so it is likely that the success of extracting

angular momentum outwardly led to suppression of fragmentation. However, since this

flow also occurs in other models, such as model I1ZP (see also Higuchi et al. 2019), sup-

pression of fragmentation cannot be explained by the flow only. I consider that a more

important factor is the dissipation of the magnetic field. In the model of Z/Z⊙ ≤ 10−6,

since the magnetic Reynolds number is always 1 or more, magnetic field is dissipated

(for detail see Higuchi et al. 2018). In the model of Z/Z⊙ = 10−5, the magnetic dis-

sipation occurs as the amount of dust increases in the range of 1015 ≤ nc

cm−3 ≤ 1017.

It is possible that the magnetic field weakens and the contraction progresses, avoiding

fragmentation.

Higuchi et al. (2018) shows that the magnetic field does not dissipate during col-

lapsing phase for model I1ZP, I1Z7, and I1Z6. This is because the contraction timescale

is shorter than the magnetic field dissipating timescale (for details, see fig.9 in Higuchi

et al. 2018). Thus, magnetic field does not dissipate and mass-to-Flux ratio does not

become high in the model I1ZP, I1Z7, and I1Z6 (Fig.3.11 (A), 3.12 (A), and 3.13 (A))

Isothermal collapse continues without forming adiabatic core until protostar forma-

tion. Therefore, fragmentation is unlikely to occur in the collapsing phase. This is

particularly noticeable in the case of Cζ = 0, such as model I0ZP, I0Z7, and I0Z6. In

the model I1ZP, I1Z7, and I1Z6, however, after the gas density of the collapsing cloud

becomes nc ∼ 109 cm−3, the gas temperature rapidly rises by the three-body reaction

of hydrogen atoms (e.g., Palla et al. 1983, Omukai et al. 2005), and the gas pressure

increase (Omukai et al. 2005, Higuchi et al. 2018). Therefore, the collapse slows down,

and during which a parcel of gas with a large angular momentum can accrete from

the outer region. As a result, ϵob becomes high and fragmentation occurs in the model

I1Z6M5R1 (Fig.3.11), I1Z7M5R1 (Fig.3.12), and I1ZPM5R1 (Fig.3.13).
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3.2.3 Comparison among models with different parameters of

ionization strength

Figs.3.14–3.16 unify models with metallicity Z/Z⊙ = 0 and show the difference in the

ionization strength. Figs.3.14–3.16 show (A) Mass-to-Flux ratio µ, (B) central angular

velocity Ωc, and (c) the ratio of rotational energy to gravitational energy β like Fig.3.4,

but with different models. Similar to the result of comparison of different values of

metallicity, if the conditions of ϵob ≥ 5, µ ≥ 0.6− 1.0, and β ≥ 10−2 are satisfied, the

possibility of fragmentation is high.

I find that the fragmentation occurs more frequently in model I001ZP and I10ZP

rather than model I0ZP. This is due to the adiabatic core formation and the mag-

netic dissipation. Fig.3.14 shows the result of model I0ZP, in which there are neither

ionization sources nor metals supplied by past supernovae. There is no dust, and elec-

trons carry the charge. Therefore, the resistivity is low and the magnetic field is not

dissipated (for detail see Higuchi et al. 2018). Fragmentation is promoted by the dis-

sipation of the magnetic field. In this respect, in the model I0ZP, since the magnetic

field continues to be amplified, fragmentation is unlikely to occur. However, we should

consider another factor that the formation of the adiabatic core and the slow contrac-

tion cause the accretion of gas with large angular momentum, which is another factor

that promotes fragmentation. Because the adiabatic core is not formed in this model,

it is possible that fragmentation does not occur in the collapsing phase. However, as

the protostar begins to form, the collapse slows. Thus, there is a high probability of

fragmentation at that time. In fact, Fig.3.14 (C) indicates that the external density is

getting higher than the central density just before the end of the simulation in model

I0ZPM5R1. Similarly, model I0ZPM10R1 has a high β and the cloud’s oblateness is

also sufficiently high. Thus, it is expected that there is a high possibility of fragmen-

tation after the termination of the numerical integrations.

The result of model I001ZP is shown in Fig.3.15. The presence of ionization sources

increases the amount of electrons and causes the formation of HD, which enhances ra-

diative cooling, so that the temperature in model I001ZP is lower than in model I0ZP in

the range of nc ≤ 108 cm−3. After that, the temperature rapidly rises due to the three-
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body reaction of hydrogen atoms, and adiabatic core is temporarily formed (Higuchi

et al. 2018, 2019). The same applies to the model I10ZP, which is different from model

I0ZP. As described above, even with model I001ZP, fragmentation is confirmed in mod-

els that satisfied the fragmentation conditions. The model I001ZPM3R1 also realized

this condition near the end of the simulation, and is expected to fragment in the future.

3.3 Additional parameter experiments

In Sec.3.1.2, the fragmentation condition and its timing were discussed using the calcu-

lation results of 288 models. Summarizing the results, I find that fragmentation occurs

in the parameter range of β0 > 10−3 and µ0 > 3. Additionally, I suggest that if the

conditions of ϵob ≥ 5, µ ≥ 0.6 − 1.0, and β ≥ 10−2 are satisfied, the possibility of

fragment is high. In the following sections, I show additional calculations limited to

specific models, in order to more closely examine the detailed fragmentation conditions

based on these results.

3.3.1 Model I1ZP

In Sec.3.3.1, I summarize the results of additional calculations for model I1ZP. As seen

in Fig.3.1, each panel shows a density distribution in the z = 0 plane. The horizontal

axis is the mass-to-flux ratio µ0, and the vertical axis is the ratio of rotational energy

to gravitational energy β0. For µ0, I calculated the additional case of µ0 = 30. For β0,

I performed the calculations in the range of 1.0×10−2 ≤ β0 ≤ 1.0×10−1 in increments

of about 0.02. Fig.3.18 shows the mass-to-flux ratio of (A) µ0 = 3, (B) µ0 = 5,

(C) µ0 = 10, and (D) µ0 = 30 for model I1ZP. On the other hands, Fig.3.19 shows

the ratio of rotational energy to gravitational energy of (A) µ0 = 3, (B) µ0 = 5, (C)

µ0 = 10, and (D) µ0 = 30 for the model I1ZP. It was found that for the model I1ZP, the

initial fragmentation conditions are roughly described as µ0 ≥ 10 and β0 ≥ 3.0× 10−2.

However, in the models around the upper right part of Fig.3.17, µ0 and β0 are high,

but no fragmentation occurs. Figs.3.18 and 3.19 indicate that models I1ZPM10R1,

I1ZPM10R007, and I1ZPM10R1 satisfy the conditions of ϵob ≥ 5, µ ≥ 0.6 − 1.0, and

β ≥ 10−2, but fragment does not appear during the collapsing phase. These models
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are likely to fragment in a further stage and will show a closed binary system. If these

binaries gain a lot of mass and grows into a massive star binary, it can be the origin of

the black hole binary.

3.3.2 Model I1Z4

In Sec.3.3.2, we summarize the results of additional calculations for model I1Z4. Figs.3.20,

3.21, and 3.22 show the calculation results for the model I1Z4. Each figure is similar to

the figure in Sec.3.3.1. Like the model I1ZP, models with higher µ0 and β0 tend to show

fragmentation. In addition, for the model I1Z4M30R1, bar-mode fragmentation can be

confirmed rather than the ring-mode fragmentation seen elsewhere. These fragmenta-

tion modes are discussed in Machida et al. (2008b). The initial core with nonaxisym-

metric perturbation causes a bar-mode fragmentation. Since the non-axisymmetric

perturbation is the same among models, it is considered that the perturbation has

grown sufficiently during the collapse for the model I1Z4M30R1. It is confirmed that

the long/short axis ratio significantly increases.

3.3.3 Model I001ZP

In Sec.3.3.3, I summarize the results of additional calculations for model I001ZP.

Figs.3.23, 3.24, and 3.25 show the calculation results for model I001ZP. Each figure

is similar to the figure in Sec.3.3.1. In the model of µ0 = 3, no matter what value was

given to β0 in the initial condition, it did not fragment. In the range of µ0 > 3, the frag-

ment appears in models with β0 of 3.0×10−2 or high. However, for model I001ZPM3R1,

in terms of fragmentation conditions, it is not strange to occur fragmentation in the

future (Figs.3.24, and 3.25).

3.3.4 Model I001Z7

In Sec.3.3.4, I summarize the results of additional calculations for model I001Z7.

Figs.3.26, 3.27, and 3.28 show the calculation results for model I001Z7. Each fig-

ure is similar to the figure in Sec.3.3.3. Compared with model I001ZP, fragmentation

occurs in model I001Z7M3R1, and when the metallicity is high, fragmentation tends
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to occur even if the initial magnetic field is strong (Figs.3.27 and 3.28).
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Figure 3.4: The results of model I1Z1 (Cζ = 1 and Z/Z⊙ = 10−1). Top panel is the
value of mass-to-flux ratio in the region ρ > 0.01ρmax. Middle panel is central angular
velocity. Bottom panel is the ratio of rotational energy to gravitational energy and
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of collapsing cloud. Approximate evolution path guidelines from initial conditions are
indicated by black arrows.
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Figure 3.6: Same as Fig.3.5, but for model I1Z1M3R1 (Cζ = 1 and Z/Z⊙ = 10−1,
µ0 = 3, and β0 = 10−1).
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Figure 3.7: Same as Fig.3.4, but for model I1Z2 (Cζ = 1 and Z/Z⊙ = 10−2)
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Figure 3.8: Same as Fig.3.4, but for model I1Z3 (Cζ = 1 and Z/Z⊙ = 10−3)
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Figure 3.9: Same as Fig.3.4, but for model I1Z4 (Cζ = 1 and Z/Z⊙ = 10−4)
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Figure 3.10: Same as Fig.3.4, but for model I1Z5 (Cζ = 1 and Z/Z⊙ = 10−5)
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Figure 3.11: Same as Fig.3.4, but for model I1Z6 (Cζ = 1 and Z/Z⊙ = 10−6)
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Figure 3.12: Same as Fig.3.4, but for model I1Z7 (Cζ = 1 and Z/Z⊙ = 10−7)
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Figure 3.13: Same as Fig.3.4, but for model I1ZP (Cζ = 1 and Z/Z⊙ = 0)
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Figure 3.14: Same as Fig.3.4, but for model I0ZP (Cζ = 0 and Z/Z⊙ = 0)
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Figure 3.15: Same as Fig.3.4, but for model I001ZP (Cζ = 0.01 and Z/Z⊙ = 0)
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Figure 3.16: Same as Fig.3.4, but for model I10ZP (Cζ = 10 and Z/Z⊙ = 0)
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Figure 3.17: Plots of density distribution of each model with models arranged based
on the ratio of rotational energy to gravitational energy β0 (vertical axis) and the
mass-to-flux ratio µ0 (horizontal axis).
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Figure 3.19: The ratio of rotational energy to gravitational energy β with respect to
the oblateness of collapsing cloud for model I1ZP (Cζ = 1 and Z/Z⊙ = 0). Four panels
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Figure 3.20: Same as Fig.3.17, but for model I1Z4 (Cζ = 1 and Z/Z⊙ = 10−4)
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Figure 3.21: Same as Fig.3.18, but for model I1Z4 (Cζ = 1 and Z/Z⊙ = 10−4)
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Figure 3.22: Same as Fig.3.19, but for model I1Z4 (Cζ = 1 and Z/Z⊙ = 10−4)
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Figure 3.23: Same as Fig.3.17, but for model I001ZP (Cζ = 0.01 and Z/Z⊙ = 0)
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Figure 3.24: The results of model I001ZP (Cζ = 1 and Z/Z⊙ = 0). Mass-to-Flux ratio
µ plotted against the oblateness of collapsing cloud with initial mass-to-flux ratio µ0
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Figure 3.26: Same as Fig.3.17, but for model I001Z7 (Cζ = 0.01 and Z/Z⊙ = 10−7)

49



10
-1

10
0

10
1

10
2

10
0

10
1

μ

εob

I001Z7M10R1
I001Z7M10R007
I001Z7M10R005
I001Z7M10R003
I001Z7M10R3
I001Z7M10R5

10
-1

10
0

10
1

10
2

μ

I001Z7M5R1
I001Z7M5R007
I001Z7M5R005
I001Z7M5R003
I001Z7M5R3
I001Z7M5R5

10
-1

10
0

10
1

10
2

μ

I001Z7M3R1
I001Z7M3R007
I001Z7M3R3
I001Z7M3R5

(A)

(B)

(C)

Figure 3.27: Same as Fig.3.24, but for model I001Z7 (Cζ = 0.01 and Z/Z⊙ = 10−7)
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Figure 3.28: Same as Fig.3.25, but for model I001Z7 (Cζ = 0.01 and Z/Z⊙ = 10−7)
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Chapter 4

SUMMARY

There are various star-forming environments in the universe, such as our galaxy, star-

burst galaxy, first galaxy and so on. Star formation process would depend on the

nature of the environment, in such a diverse environment, various star formation pro-

cesses are considered. Therefore, the star formation process is expected to vary from

environment to environment. One important issue is the stellar multiplicity, because

the stellar mass changes according to the number of stars. Furthermore, Dynami-

cal, radiative and chemical feedbacks to the surroundings are strongly depend on the

stellar mass (e.g., Baraffe et al. 2001, Heger and Woosley 2002, Latif and Khochfar

2019). The observational studies have predicted that 60 to 80% of the field stars are

binary or multiple system in our galaxy (Duquennoy and Mayor 1991). On the other

hands, the metal-poor stars, especially the CEMP-no stars, are observed as binary

with about 40% probability (Arentsen et al. 2019). It will take more than a few years

to increase the number of metal-poor stars. Therefore, it is important to examine the

binary/multiplicity formation rate in the early universe environment from theoretical

studies.

In the present study, I considered 32 different star-forming environments in com-

bination with Z = 0, 10−7, 10−6, 10−5, 10−4, 10−3, 10−2, 10−1 Z⊙ and Cζ =

0, 0.01, 1, 10, and prepared clouds having different mass-to-flux ratios µ0 and ra-

tios of rotational energy to gravitational energy β0. I investigated the fragmentation

condition in various star-forming environments. In the present study, we performed

334 calculations in total and obtained the following results:
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1. There is a difference in the fragmentation process depending on the combination

of the ionization parameter Cζ and the metallicity Z/Z⊙ in collapsing cloud envi-

ronment. As metallicity and ionization strength increase, the number of models

showing fragmentation increases. The gas cooling becomes effective clearly de-

pends on them, and it makes the cloud flat. In addition, if the amount of metal

is large, the energy released by the contraction cannot be escaped from inner

region to the outside and the adiabatic core is formed before the protostar for-

mation. This core is in a quasi-hydrostatic state, thus, it slowly contracts. Since

the gas with a large angular momentum accretes from the envelope to the core,

fragmentation is promoted.

2. In general, a model with a higher β0 and µ0 shows fragmentation. Depending on

the environment, if the magnetic field strength is strong and the rotation is fast,

angular momentum is efficiently transported to the outside by the outflow and

the magnetic breaking. As a result, the fragmentation is less likely to occur. The

fragmentation can occur in the range of β0 ≥ 10−3 and µ0 ≥ 3. Furthermore,

with additional calculations, if the range of β0 ≥ 3.0 × 10−2 and µ0 ≥ 10 are

given to the initial state, fragmentation occurs in any environment.

3. The cloud rotation and magnetic field affect the dynamics of the gas cloud. There-

fore, focusing on the oblateness of cloud, the magnetic field and the rotation of

cloud, I estimated the fragmentation condition. The calculation showed ϵob ≥ 5,

µ ≥ 0.6− 1.0, and β ≥ 10−2 are necessary for the fragmentation to occur. How-

ever, there are non-fragmentation models that are in this parameter range before

the end of the simulation. These models are likely to fragment in a farther evo-

lutional stage and become close binary system. Furthermore, if these binaries

gain a lot of mass and grow into a massive star binary, it can be the origin of the

binary black hole.
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Appendix A

Thermal evolution for Cζ = 0.01 and
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Figure A.1: Thermal evolution for Cζ = 0.01 and 10. Temperature are plotted with
respect to the central number density (a) Cζ = 0.01 and (b) 10. Higuchi et al. (2018)
shows only the results for Cζ = 0 and 1, so it is shown here.
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Appendix B

Magnetic evolution for Cζ = 0.01 and
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Figure B.1: Higuchi et al. (Same as Fig.8 in 2018), but for models with Cζ = 0.01.
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Figure B.2: Higuchi et al. (Same as Fig.8 in 2018), but for models with Cζ = 10.
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