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Abstract

Dust is one of the important elements in astrophysics. Radiation pressure on
dust grains affects the gas dynamics in star formation and black hole growth.
We develop the numerical radiation hydrodynamic code to reveal the effect of
radiation pressure from massive stars and black holes in the dusty interstellar
medium. The results are as follows:

[1] Radiation feedback in dusty clouds (Ishiki & Okamoto 2017)
We have investigated the impact of photoionization and radiation pressure on

a dusty star-forming cloud using one-dimensional radiation hydrodynamic simu-
lations, which include absorption and re-emission of photons by dust. We find
that, in a cloud of mass 105 M⊙ and radius 17 pc, the effect of radiation pressure
is negligible when star formation efficiency is 2 %. The importance of radiation
pressure increases with increasing star formation efficiency or an increasing dust-
to-gas mass ratio. The net effect of radiation feedback, however, becomes smaller
with the increasing dust-to-gas mass ratio, since the absorption of ultra-violet
photons by dust grains suppresses photoionization and hence photoheating.

[2] The effect of radiation pressure on spatial distribution of dust inside
HII regions (Ishiki et al. 2018)

We investigate the impact of radiation pressure on spatial dust distribution in-
side H ii regions using one-dimensional radiation hydrodynamic simulations, which
include absorption and re-emission of photons by dust. In order to investigate
grain size effects as well, we introduce two additional fluid components describing
large and small dust grains in the simulations. Relative velocity between dust
and gas strongly depends on the drag force. We include collisional drag force and
coulomb drag force. We find that, in a compact H ii region, a dust cavity region
is formed by radiation pressure. Resulting dust cavity sizes (∼ 0.2 pc) agree with
observational estimates reasonably well. In addition, in a cloud of mass 105 M⊙,
we find that the radiation pressure changes the grain size distribution inside H ii
regions. Since large (0.1 µm) dust grains are accelerated more efficiently than
small (0.01 µm) grains, the large to small grain mass ratio becomes smaller by an
order of magnitude compared with the initial one.

[3] Growth of massive black holes in dusty clouds: impacts of relative
velocity between dust and gas

We investigate the impacts of the relative motions between dust and gas on
the accretion rate onto Intermediate Mass Black Holes (IMBHs) by using one-
dimensional radiation hydrodynamic simulations. To investigate the effect of grain
size on the gas accretion, we introduce two additional fluid components to gas,
which describe large (0.1 µm) and small (0.01 µm) dust grains in the simulations.
We find that the accretion rate is reduced due to the radiation force compared with
dust free case. We also find that the dust-to-gas mass ratio significantly changes
within H ii regions because of the relative motions of dust and gas. The decoupling



of dust from gas alleviates the suppression of black hole growth compared with
the complete coupling case. This effect may allow moderate growth of black holes
even in dusty clouds. In addition, relative motion between dust and gas affects
the spectral energy distribution (SED) owing to dust re-emission at wavelength
λ ∼ 10 µm.
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Chapter 1

Introduction

Dust plays an important role in astrophysics. The existence of interstellar dust
grains in the universe is firstly inferred by Trumpler (1930). Resent observation
indicates that dust exist not only in the Milky Way but also in high redshift
galaxies at z ≳ 7 (e.g. z=7.5, Watson et al. 2015; z=7.2, Hashimoto et al. 2019;
z=8.3, Tamura et al. 2019).

Interstellar dust grain is the solid particle and its size is ≲ 1 µm. Some
important roles of dust in astrophysics are as follows:

1. Radiation pressure on dust grains

2. Absorption and scattering of photons from radiation sources

3. Infrared re-emission from dust grains

4. Photoelectric grain heating in interstellar medium

5. Chemical reaction on grain surface

Radiation pressure on dust affects the dusty gas dynamics. For example,
Okamoto et al. (2014) concluded that radiation pressure on dust grains plays an
important role on galaxy evolution. Absorption and scattering of photons from
radiation sources affect the observation results. By detecting infrared re-emission
from dust grains, we are able to analyse Galactic structures (e.g. Schlegel et al.
1998) or star formation in galaxies (e.g. Kennicutt 1998). Photoelectric grain
heating is one of the important heating processes of the dusty gas in the interstellar
medium (Draine 1978) and may suppress the star formation in dwarf galaxies
(Forbes et al. 2016). The molecular gas plays a crucial role in star formations.
The molecular hydrogen is one of the dominant elements in molecular gas and
it is efficiently formed on grain surface (e.g. Gould & Salpeter 1963; Katz et al.
1999).

In this thesis, we mainly investigate the effect of radiation pressure from mas-
sive stars and black holes in the dusty interstellar medium.

1.1 Properties of dust and dust grain size distribution

In this section, we mainly discuss the important properties of dust grains.
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1.1.1 Composition and size of dust grains

Mathis et al. (1977) and Draine & Lee (1984) showed that following dust grain
model reproduces the extinction feature from the infrared to the ultraviolet wave-
length:

1. Dust is consist of silicate and graphite.

2. Dust grain size distribution is dn(ad)/dad ∝ a−3.5
d for amin,d < ad < amax,d,

where ad is dust grain size, amin,d(≃ 0.005 µm) is the minimum dust grain
size, amax,d(≃ 0.25 µm) is the maximum dust grain size, and n(ad)dad is
the number of dust within size (ad, ad + dad). We call this power-law
size distribution as the Mathis-Rumpl-Nordsieck (MRN) size distribution
(Mathis et al. 1977).

Weingartner & Draine (2001b), however, suggested that dust grain size distribu-
tion is not simple and depends on the environment of interstellar medium.

1.1.2 Dust formation and size evolution in galaxies

In order to reveal the dust formation and size evolution history in galaxies, Asano
et al. (2013a;b) constructed the dust evolution model considering the dust for-
mation processes and dust grain size evolution processes. They concluded that
following dust production and evolution processes affects the amount of dust and
its size distribution in galaxies: (i) the dust production by Type II supernovae
(SNe II), (ii) the dust production by asymptotic giant branch (AGB) stars, (iii)
dust destruction by SN shocks, (iv) metal accretion onto the surface of dust-grains
(i.e. grain growth), (v) coagulation, and (vi) shattering. Since calculating the full
evolution of dust grain size distribution in galaxy scales is computationally heavy,
Hirashita (2015) developed the two-size approximation model to calculate the
grain size evolution in galaxies.

Using the dust formation and size evolution model developed by Hirashita
(2015), Aoyama et al. (2017) and Hou et al. (2017) performed the numerical sim-
ulation including the dust grain size evolution in isolated galaxies. They showed
that their numerical simulations reproduce the extinction feature (i.e. extinction
curve) of the Milky Way by including their dust grain size evolution model. In
addition, their results broadly reproduce the radial gradient of dust-to-gas mass
ratio in nearby galaxies. These results indicate that dust model of Asano et al.
(2013b;a) and Hirashita (2015) broadly explain the dust formation and evolution
in galaxies. However, Hou et al. (2017) was not able to reproduce the extinction
curves in Large/Small Magellanic Clouds (LMC/SMC).

In order to reveal the dust properties in LMC and SMC, Bekki et al. (2015)
performed one-zone numerical simulations including chemical evolutions and dust
grain evolution model (Hirashita 2015). They concluded that extinction curves in
LMC and SMC are able to be reproduced if small carbon grains (ad < 0.03 µm) is
selectively removed. In other words, they indicated that relative motion between
dust grains and gas may be also important.
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1.1.3 Relative motion between dust grains and gas in HII regions
near massive stars

Relative motion between dust grains and gas is also suggested by observations. In-
oue (2002) argued that the presence of the central dust cavity region in compact/ultra-
compact H ii regions. He also argued that radiation pressure or stellar wind from
stars selectively remove the dust grains from the centre of H ii regions.

Akimkin et al. (2015; 2017) assumed the relative motion between dust and gas
and performed the radiation hydrodynamic simulations around massive stars. In
their numerical simulations, they included the effect of coulomb drag force and
collisional drag force in order to determine the relative velocity between dust and
gas. They showed the following results: (i) Radiation pressure selectively removes
dust grains from the centre of H ii regions and forms dust cavity regions. (ii)
Coulomb drag force has stronger effect on relative motion between dust and gas
than collisional drag force. (iii) Since radiation pressure and drag force strongly
depend on dust grain size, relative motion changes dust grain size distribution
inside H ii regions. They, however, do not compare their simulation results with
observational data, such as dust cavity size in H ii regions.

1.2 The effect of radiation pressure and dust grains
on gas dynamics

In this section, we mainly discuss the effect of radiation pressure on dust grains
in gas dynamics.

1.2.1 Galaxy formation and evolutions

Radiation from young massive stars affects the galaxy evolution mainly by two
processes: photoionization heating (i.e. thermal pressure) and radiation pressure.

Ultraviolet (UV) photons from young massive stars ionize the surrounding neu-
tral gas and form H ii regions (i.e. ionized regions). UV photons also increase gas
temperature by photoionization heating. Since the gas temperature increases, and
hence thermal pressure increases, the H ii region expands. This process disperses
star-forming clouds (Walch et al. 2012) and changes star formation efficiency (Mac
Low & Klessen 2004; McKee & Ostriker 2007).

By absorbing photons from young stars, dust grains acquire momentum. The
momentum pushes the material outward and may drive galaxy scale outflows (e.g.
Murray et al. 2005; Oppenheimer & Davé 2006). This process suppress the star
formation in galaxies and affects galaxy evolutions (e.g. Hopkins et al. 2011; Brook
et al. 2012; Stinson et al. 2013; Agertz et al. 2013; Okamoto et al. 2014).

Krumholz & Matzner (2009) compared the relative importance of photoion-
ization heating and radiation pressure analytically. They revealed the condition
which process, radiation pressure or photoionization heating, becomes important.
Sales et al. (2014), then, performed the numerical radiation hydrodynamic sim-
ulations and concluded that radiation pressure is negligible compare with pho-
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toionization heating. Sales et al. (2014), however, did not include the dust in
their simulations.

1.2.2 Black hole evolutions

Revealing the formation process of suppermassive black holes (SMBHs) is one
of the big challenges in modern astrophysics. Recent observation indicated that
SMBHs are already formed even at redshift z ≳ 6 (Mortlock et al. 2011; Wu et al.
2015). Formation process of those SMBHs at high redshift is, however, not well
known.

It is widely believed that gas accretion onto black holes is one of the important
process to form the SMBHs (e.g. Haiman 2013). When gas accretes onto black
holes, an accretion disk is formed and emits strong radiation. The radiative
luminosity from an accretion disk is defined as follows:

Lacc = ηṁc2, (1.1)

where η is constant radiative efficiency, ṁ is accretion rate, and c is speed of light.
This radiation prevents the gas accreting onto black holes.

One of the important parameter to determine the accretion rate is Eddington
luminosity. Eddington luminosity is the luminosity when radiation pressure and
gravitational force is equal. For example, Eddington luminosity of primordial gas
is defined as follows:

LEdd ≡
4πGMBHmpc

σT
, (1.2)

where G is the gravitational constant, MBH is black hole mass, mp is the proton
mass, and σT is the Thomson cross section.

Since radiation pressure on dust also prevents the dusty gas accreting onto
the black holes, Eddington luminosity of dusty gas becomes as follows:

L∗
Edd(Z) ≡

4πGMBHmpc

σT + D(Z)σdust
, (1.3)

where D(Z) is dust-to-gas mass ratio and σdust is the cross section of dust grains.
Accretion rate of dusty gas onto black holes, therefore, becomes small if the gas in-
cludes the large amount of dust grains. In other words, accretion rate of dusty gas
onto black holes may increase by removing dust grains from black hole neighbor.

1.3 Basic physics

In this section, we explain the important physics for radiation pressure and relative
motion between dust grains and gas.

1.3.1 Absorption cross section of dust grains

Radiation pressure on dust grains strongly depends on absorption cross section.
Absorption cross section σd of dust grains with radius ad is

σd = πa2dQabs(ad), (1.4)
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Figure 1.1: Absorption coefficient Qabs for spherical graphite grains as functions of
wavelength and dust radius. Black solid line, red dot-dashed line, blue
dashed line, and green dotted line represent absorption coefficient for
graphite grains with radius 1.0 µm, 0.1 µm, 0.01 µm, and 0.001 µm, re-
spectively. (Draine & Lee 1984; Laor & Draine 1993)

where Qabs(ad) is absorption coefficient of dust grains with radius ad.
Fig. 1.1 shows the absorption coefficient for graphite grains as a function of

wavelength and grain size. Larger dust grains have larger absorption coefficient
than smaller dust grains with ionization photons (hν ≳ 30 eV).

1.3.2 Drag force

Drag force plays an important role to determine the relative velocity between dust
and gas. The drag force Fdrag on a dust of charge Zd and radius ad is defined as
follows (Draine & Salpeter 1979):

Fdrag = 2πa2dkBTg

[∑
i

ni

(
G0(si) + z2i ϕ

2ln(Λ/zi)G2(si)
)]

, (1.5)

where

si ≡
√
mi(vi − vd)2/(2kBTg),

G0(si) ≈ 8si/(3
√
π)
√

1 + 9πs2i /64,

G2(si) ≈ si/(3
√
π/4 + s3i ),

ϕ ≡ Zde
2/(adkBTg),

Λ ≡ 3/(2ade|ϕ|)
√
kBTg/πne,

kB is Boltzmann constant, Tg is the temperature of gas, ni is the number density
of ith gas species (i =H i, H ii, He i, He ii, and He iii), vi is the velocity of ith
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Figure 1.2: Photoelectric yield Y for uncharged carbonaceous grains as functions of
photon energy and dust grain radius. (Weingartner et al. 2006)

species, ne is the number density of electron, zi is the charge of ith species, and
mi is the mass of ith species. First term of the equation (1.5) is the collisional
drag force and second term is the coulomb drag force.

1.3.3 Dust charge

Since coulomb drag force depends on the grain electric potential, we have to
determine the dust grain charge. The dust grain charge Qd(≡ Zde) is derived as
follows:

dQd

dt
= e(Jpe +

∑
j

Jj), (1.6)

where e is electric charge, Jpe is the photoemission rate, and Jj is the collisional
charging rate by ions or electrons.

The photoemission rate is derived as follows (Weingartner & Draine 2001a;
Weingartner et al. 2006):

Jpe = πa2d

∫
dν

cuν
hν

QabsY, (1.7)

where ad is dust grain radius, ν is frequency, c is speed of light, uν is radiation
density per unit frequency range, Qabs is absorption coefficient of dust grains, and
Y is photoelectric yield. Fig. 1.2 shows the photoelectric yield Y of uncharged
carbonaceous grains as a functions of photon energy and dust grain radius (Wein-
gartner et al. 2006). Small dust grains tend to have large photoelectric yield
compared with large dust grains.

The collisional charge rate of species j (j =H ii, He ii, He iii, e) with charge
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Figure 1.3: Photoelectric yield times absorption coefficient Y Qabs,d for uncharged car-
bonaceous grains as functions of photon energy and dust grain radius. Red
dot-dashed line and blue dashed line represent Y Qabs,d for graphite grains
with radius 0.1 µm and 0.01 µm, respectively.

Zje is:

Jj = (Zjsj + δj)nj

√
8kBTg

πmj
πa2dg(Zjϕ), (1.8)

where sj is the sticking coefficients for species j, δj is the secondary electron
coefficient of ions or the effective secondary emission coefficient of electrons, nj is
the number density of species j, kB is Boltzmann constant, Tg is temperature of
gas, mj is the mass of species j, and

g(x) =

{
e−x (x > 0),

1 − x, (x < 0).

From equations (1.6), (1.7), and (1.8), Y Qabs,d is one of the important factor
to determine the electric potential of dust grains. Fig. 1.3 shows the Y Qabs,d of
uncharged graphite grains as a functions of photon energy and dust grain radius.
Small dust grains, therefore, tends to have larger electric potential than large
dust if photons with 10 eV ≲ hν ≲ 102 eV are dominant factor to determine the
electric potential.
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1.3.4 Hydrodynamics

By solving the hydrodynamic equations, the spatial distribution of dust grains
and gas is determined. Hydrodynamics equations of dust and gas are as follows:

∂

∂t
ρg +

∂

∂x
ρgvg = 0

∂

∂t
ρd,k +

∂

∂x
ρd,kvd,k = 0

∂

∂t
ρgvg +

∂

∂x
ρgv

2
g = ρgagra + frad,g −

∂

∂x
Pg∑

k

Kd,k(vd,k − vg)

∂

∂t
ρd,kvd,k +

∂

∂x
ρd,kv

2
d,k = ρd,kagra + frad,d,k

+Kd,k(vg − vd,k)

∂

∂t

(
1

2
ρgv

2
g + eg

)
+

∑
k

∂

∂t

(
1

2
ρd,kv

2
d,k

)
+

∂

∂x

(
1

2
ρgv

2
g + hg

)
vg +

∑
k

∂

∂x

(
1

2
ρd,kv

3
d,k

)

=

(
ρgvg +

∑
k

ρd,kvd,k

)
agra

+frad,gvg +
∑
k

frad,d,kvd,k + (Γ − Λ)

where ρg is the mass density of gas, ρd,k is the mass density of dust-k, vg is the
velocity of gas, vd,k is the velocity of dust-k, agra is the gravitational acceleration,
frad,g is the radiation pressure gradient force on gas, frad,d,k is the radiation

pressure gradient force on dust-k, Kd,k is the drag coefficient between gas and
dust-k, eg is the internal energy of gas, hg is the enthalpy of gas, Γ is the heating
rate by radiation, and Λ is the cooling rate by gas.

The drag coefficient Kd between gas and dust is defined as follows:

Kd ≡
ndFdrag

|vd − vg|
, (1.9)

where nd is the number density of dust grains, and vd is the velocity of dust
grains.

Radiation pressure gradient force frad,p on species p is defined as follows:

frad =
np

c

∫
dν

∫
dΩσν,pIνcos2θ, (1.10)

where np is number density of species p, σp is cross section of species p, dΩ is a
solid angle, and Iν is the specific intensity (i.e. brightness). The detail description
of Iν is in section 2.3.1.
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Heating Γ and cooling Λ are depend on ionization state of gas and strength of
radiation field. The detail descriptions of Γ and Λ are in section 2.3.2.

For completely coupled case (i.e. Kd,k → ∞), hydrodynamics equations be-
comes as follows:

∂

∂t
ρ +

∂

∂x
ρv = 0

∂

∂t
ρv +

∂

∂x
ρv2 = ρagra + frad −

∂

∂x
Pg

∂

∂t

(
1

2
ρv2 + eg

)
+

∂

∂x

(
1

2
ρv2 + hg

)
v

= (ρagra + frad) v + (Γ − Λ),

where v is the velocity of gas and dust,

ρ ≡ ρg +
∑
k

ρd,k,

frad ≡ frad,g +
∑
k

frad,d,k.

1.4 Aim of this thesis

We develop the numerical radiation hydrodynamic code to reveal the effect of
radiation pressure from massive stars and black holes in the dusty interstellar
medium.

In this thesis we focus on following themes:

1. The effect of radiation pressure on dusty clouds

2. Relative motion between dust grains and gas around massive stars

3. Relative motion between dust grains and gas around black holes

In the first theme (chapter 2), as we discussed in section 1.2.1, relative im-
portance of photoionization heating and radiation pressure is not discussed by ra-
diation hydrodynamic simulations including dust grains. We, therefore, perform
numerical hydrodynamic simulations with dust grains and reveal the relative im-
portance of radiation pressure and photoionization heating. In this chapter, we
assume that dust and gas are completely coupled (i.e. Kd → ∞), since we are
interested in the relative importance of radiation pressure and photoionization
heating and spatial distribution of dust-to-gas mass ratio is not important.

In the second theme (chapter 3), as we discuss in section 1.1.2, relative motion
between dust grains and gas may be an important process for understanding
dust properties. As discussed in section 1.1.3, radiation pressure may play the
key role in the relative motion between dust grains and gas inside H ii regions.

We, therefore, perform radiation hydrodynamic simulations assuming relative
motion between dust and gas and compare our numerical simulation results and
observational estimates in order to confirm the role of radiation pressure in the
spatial distribution of dust grains inside H ii regions.
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In the third theme (chapter 4), as we discuss in section 1.2.2, the amount of
dust grains strongly affects the gas accretion rate onto black holes. We, there-
fore, perform radiation hydrodynamic simulations including the relative motion
between dust grains and gas and reveal the effect of relative motion on dusty gas
accretion rate.
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Chapter 2

Radiation feedback in dusty
clouds

2.1 Abstract

We have investigated the impact of photoionization and radiation pressure on a
dusty star-forming cloud using one-dimensional radiation hydrodynamic simula-
tions, which include absorption and re-emission of photons by dust. We find that,
in a cloud of mass 105 M⊙ and radius 17 pc, the effect of radiation pressure is
negligible when star formation efficiency is 2 %. The importance of radiation
pressure increases with increasing star formation efficiency or an increasing dust-
to-gas mass ratio. The net effect of radiation feedback, however, becomes smaller
with the increasing dust-to-gas mass ratio, since the absorption of ultra-violet
photons by dust grains suppresses photoionization and hence photoheating.

2.2 Introduction

Radiative transfer is known to be very important in many astrophysical phenom-
ena. Feedback from young, massive stars plays a crucial role in determining star
formation activity and galaxy evolution. The energy and momentum input by
stellar radiation from young, massive stars is most influential in a star-forming
cloud before the explosion of the first supernova.

The radiation from young, massive stars can affect the surrounding medium
through two channels. First, ultraviolet (UV) photons ionize the surrounding
neutral gas and increase its temperature by photoheating.

The H ii region expands owing to the increased thermal pressure. This process
disperses star-forming clouds (Walch et al. 2012) and changes star formation effi-
ciency (Mac Low & Klessen 2004; McKee & Ostriker 2007). Secondly, neutral gas
and dust absorb photons and acquire their momentum. The momentum pushes
the material outward. This process may drive galaxy scale outflows (Murray et al.
2005; Oppenheimer & Davé 2006). The ionization feedback (Dale et al. 2007; Pe-
ters et al. 2010; Dale et al. 2012; Hosokawa et al. 2015) and radiation pressure
feedback (Krumholz et al. 2007; Kuiper et al. 2010b; 2011; 2012; Kuiper & Yorke
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2013; Harries et al. 2014) are also important for individual star formation.
Recently, Sales et al. (2014) have studied these processes and have concluded

that radiation pressure has negligible effect compared with photoheating. They,
however, do not include dust in their simulations. On the other hand, Wise et al.
(2012) perform radiation hydrodynamic simulations in full cosmological context
and show that momentum input partially affect star formation by increasing the
turbulent support in early low-mass galaxies, while they ignore the dust since dust
is unimportant in these low metallicity systems.

The presence of dust increases the importance of radiation pressure because,
unlike hydrogen and helium, dust can always absorb UV photons. Moreover, ab-
sorbed photons are re-radiated as infrared (IR) photons and again dust absorbs
IR photons. Iterative process of the absorption and the re-emission increases
the efficiency of converting photon energy to dust momentum. The creation of
H ii regions by UV radiation and momentum-driven gas outflows by absorption
of re-emitted IR photons now become important ingredients in galaxy formation
simulations, which are modelled as phenomenological subgrid physics (e.g. Hop-
kins et al. 2011; Brook et al. 2012; Stinson et al. 2013; Agertz et al. 2013; Okamoto
et al. 2014).

It is therefore important to investigate the radiative feedback by radiation
hydrodynamic simulations that include re-emission from dust grains. To this end,
we perform one-dimensional radiation hydrodynamic simulations in the presence
of dust. In this chapter, we solve radiation transfer including angular dependence
in order to deal with re-emission from dust and gas.

2.3 Methods

We place a radiation source at the centre of a spherically symmetric gas distri-
bution. To compare the effect of thermal and radiation pressure, we perform
simulations with and without radiation pressure and investigate relative impor-
tance of these processes.

2.3.1 Radiation transfer

We here describe the algorithm that we use to solve the steady radiative transfer
equation for a given frequency, ν:

dIν
dτν

= −Iν + Sν , (2.1)

where Iν , τν , and Sν are the specific intensity, the optical depth, and the source
function, respectively. Optical depth of a ray segment, ∆τν , is determined as

∆τν = κν∆x =
∑
i

niσi∆x, (2.2)

where κν , ni, and σi are the absorption coefficient, the number density, and the
cross section of ith species of interest, respectively, and ∆x is the length of the
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ray segment that intersects the cell. The species we include in our simulations are
H i, H ii, He i, He ii, He iii, electrons, and dust. We employ the cross-sections of
H i, He i, and He ii given in Osterbrock D. E. (2006) and that of dust in Draine &
Lee (1984) and Laor & Draine (1993)1.

The recombination radiation from ionized hydrogen and helium is calculated
as

Sν,i

κν
=

αi(T )nenihν

4π
√
π∆νD,i

e−(ν−ν0)2/(∆νD)2 , (2.3)

where h is the plank constant, αi is the recombination coefficient for a transition
from ionized state to ground state, ν0,i is the threshold frequency of the ith species,
ne is the electron number density, T is gas temperature, and ∆νD,i is the Doppler
width defined as:

∆νD,i =
ν0
c

√
2kT

mi
, (2.4)

where k is the Boltzmann constant and c is the speed of light. For spherically
symmetric systems, intensities are functions of radius and angle if the problem
involves re-emission of photons as in our case. We therefore employ a scheme
called the impact parameter method (Hummer & Rybicki 1971).

2.3.2 Chemical reactions and radiative heating and cooling

In our simulations, we solve a network of chemistry consists of H i, H ii, He i, He ii,
He iii, and electrons, which can be described by a following set of equations:

dni

dt
= Ci −Dini, (2.5)

where ni is number density of the ith species, Ci is the collective source term
responsible for the creation of the ith species, and the second term involving Di

represents the destruction mechanisms for the ith species. Since equation (2.5) is
a stiff set of differential equations, we need an implicit scheme for solving them.
We thus employ a backward difference formula (Anninos et al. 1997; Okamoto
et al. 2012):

nt+∆t
i =

Ct+∆t
i + nt

i

1 + Dt+∆t
i ∆t

, (2.6)

where Ct+∆t
i and Dt+∆t

i are evaluated at the advanced timestep. Unfortunately,
not all source terms can be evaluated at the advanced timestep due to the intrinsic
non-linearity of equation (2.5). We thus sequentially update the number densities
of all species in the order of increasing ionization states.

The chemical reactions included in our simulations are the recombination
(Hummer 1994; Hummer & Storey 1998), the collisional ionization (Janev et al.
1987; Abel et al. 1997), the dielectronic recombination (Aldrovandi & Pequignot
1973), and the photoionization (Cen 1992).

1http://www.astro.princeton.edu/ draine/dust/dust.diel.html
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In order to determine the temperature of gas, we consider following radiative
cooling and heating processes: the photoionization heating, the collisional ion-
ization cooling, the dielectronic recombination cooling, the collisional excitation
cooling (Cen 1992); the bremsstrahlung cooling (Hummer 1994); and the inverse
Compton cooling (Ikeuchi & Ostriker 1986) by assuming the cosmic microwave
background radiation at z = 0. Collisions between gas and dust grains and heat-
ing due to photoejection from grains (Yorke & Welz 1996) are not included in our
simulations. We integrate the energy equation of gas implicitly as described in
Okamoto et al. (2012).

2.3.3 Dust

We include absorption and thermal emission of photons by dust grains in our
simulations. To convert mass density to number density, we assume a graphite
grain whose size and density are 0.1µm and 1.0 g cm3, respectively, as a typical
dust particle (Draine 2011a). Dust temperature is determined by the radiative
equilibrium, and thus the dust temperature is independent from gas temperature.
We assume that the dust sublimation temperature is 1500 K; however, dust never
be heated to this temperature in our simulations. We do not include photon
scattering by dust grains for simplicity. Neglecting this process may overestimate
the radiation pressure on dust grains as we will discuss later.

2.3.4 Time stepping

Since we have to solve the static radiative transfer equation, the chemical reac-
tion, and energy equations for gas and dust simultaneously. We thus iteratively
solve these equations (Okamoto et al. 2012; Tanaka et al. 2015) until the relative
difference in the electron number density, ne, and in the dust temperature, Td in
all cells become smaller than 0.5 %.

For this implicit time integration, we employ a timestep that is defined by the
time-scale of the chemical reactions:

∆tchem,k = 0.1

∣∣∣∣ne

ṅe

∣∣∣∣
k

+ 1 × 10−3

∣∣∣∣nH

ṅH

∣∣∣∣
k

(2.7)

where the subscript, k, denotes the cell number. The second term in the right-
hand side prevents the timestep from becoming too short when the medium is
almost neutral. We follow the evolution of the system with the minimum of the
individual chemical timestep, ∆tchem = min(∆tchem,k), if this timestep is shorter
than a timestep defined by the Courant-Friedrichs-Lewy (CFL) condition.

2.3.5 Hydrodynamics

Hydrodynamics is solved by using a scheme called AUSM+ (Liou 1996) in the
second order accuracy in space and time. In order to prevent cell density from
becoming zero or a negative value, we set the minimum number density, nH ≃
10−10 cm−3. We have confirmed that our results are not sensitive to the choice of

16



the threshold density as long as the threshold density is sufficiently low. Through-
out this chapter, we assume that dust and gas are dynamically tightly coupled. We
have performed test simulations described in Bisbas et al. (2015) and confirmed
that our code reproduces their results.

2.3.6 Relative importance of radiation pressure and thermal pres-
sure

Krumholz & Matzner (2009) introduce a parameter, ζ, for quantifying the relative
importance of radiation pressure and thermal pressure. The parameter is defined
as

ζ =
rch
rSt

, (2.8)

where rch is the radius at which the thermal pressure and the radiation pressure
forces on an expanding shell are equal and rSt is the Strömgren radius calculated
for the initial density distribution. For ζ > 1, the expansion becomes radiation
pressure dominated. In general, the value of ζ increases with luminosity of a
radiation source and a dust-to-gas mass ratio. We estimate ζ for each simulation
to compare our numerical results with the analytic predictions. To calculate rch,
we need to know how many times on average a photon is absorbed or scattered in
a shell, ftrap (Krumholz & Matzner 2009). We estimate this value by an iterative
procedure and obtain ftrap = 1 for all our simulations.

2.4 Simulation setup
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To study radiation feedback in star-forming clouds, we model each cloud as
a Bonnor–Ebert sphere of mass 105 M⊙. The radius of a cloud is set to obey
the Larson’s law (Larson 1981). This gives the radius of a cloud to be 17 pc. As
a radiation source, we place a simple stellar population (SSP) at the centre of
the sphere. The SSP has the solar metallicity. We vary the mass of a radiation
source for testing the role of source luminosity. We compute its luminosity and
spectral-energy distribution as functions of time by using a population synthesis
model, PÉGASE.2 (Fioc & Rocca-Volmerange 1997; 1999), assuming the Salpeter
initial mass function (Salpeter 1955). We use linearly spaced 128 meshes in radial
direction, 128 meshes in angular direction, and 256 meshes in frequency direction
to solve radiation hydrodynamics. We use reflective boundary conditions at the
inner boundary and semi-permeable boundary condition at the outer boundary.

Materials at radius, r, feel the radial gravitational acceleration,

ag = −G
M(< r)

r2
−G

Mstar

max
(
r3, r3soft

)r (2.9)

where M(< r) represents the total mass of gas inside r and Mstar is the mass of
the central radiation source. The gravitational force due to the radiation source
is softened for numerical stability by introducing the softening length rsoft, which
is set to 0.5 pc.

To study the importance of dust in radiation feedback, we use five initial
conditions, Clouds 1, 2, 3, X2, and X3 in which we vary the dust mass fraction
and mass of the radiation source as follows. Cloud 1 is a dustless cloud, while
Clouds 2 and X2 have the solar metallicity2 and we assume that half of the
metals are in dust. Although Clouds 2 and X2 have a typical metallicity of star-
forming clouds, its IR optical depth from the cloud centre to the edge, τIR = 0.15
(σIR = 2.3 × 10−12 cm−2), is much lower than the value of typical star-forming
clouds (τIR ∼ 1; Agertz et al. 2013) because of the low central concentration of a
Bonnor-Ebert sphere. We therefore apply a higher metallicity for Clouds 3 and
X3 so that the IR optical depths of the clouds become unity. The initial mass of
the radiation source is 2 % for Clouds 1, 2, and 3, while 20 % for Clouds X2, and
X3. The details of initial conditions are listed in Table 2.1.

2.5 Results

We present density, ionization fraction, dust temperature, and velocity profiles of
each cloud in Fig. 2.1. In order to investigate the relative importance of each pro-
cess, we perform simulations in which several physical processes are switched off.
Simulations that include effect of increased thermal pressure due to photoheating
are indicated by a label ‘PH’. When simulations do not have this label, hydrogen
and helium are transparent for photons (photoionization and photoheating are
switched off). Simulations in which we consider radiation pressure are labelled
‘RP’; in the simulations labelled ‘RP’, radiation pressure on hydrogen, helium,

2We employ the solar metallicity by Asplund et al. (2009).
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Figure 2.1: Density (top), ionization fraction (second from the top), dust temperature
(second from the bottom), and velocity (bottom) profiles at t = 0.2 Myr.
From left to right, we show the results for Clouds 1, 2, 3, X2, and X3.
The black dotted lines in the top panels indicate the initial density profiles.
The red solid lines represent the results of simulations that include all ra-
diative transfer effects (‘PH+RP’ for Cloud 1 and ‘PH+RP+Dust+DustR’
for Clouds 2 ,3, X2 and X3). The blue dashed lines show the results of
simulations in which we ignore radiation pressure (‘PH’ for Cloud 1 and
‘PH+Dust+DustR’ for Clouds 2, 3, X2, and X3). For Clouds 2, 3, X2, and
X3, we perform simulations in which we include radiation pressure but we
do not include absorption of re-emitted photons (‘PH+RP+Dust’; green
dot–dashed lines). Hydrogen and helium do not interact with photons in
simulations labelled as ‘RP+Dust+DustR’, and hence photoheating is dis-
abled in these simulations (cyan double dot–dashed lines).
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and dust is all included. Clouds 2, 3, X2, and X3 have dust, and thus simulations
for these clouds have a label, ‘Dust’. In some simulations that include dust, we
ignore absorption of re-emitted photons from dust. The label ‘DustR’ indicates
that dust can absorb re-emitted photons and hence multiple events of absorp-
tion and re-emission are enabled. Simulations that include dust and all radiative
processes are named ‘PH+RP+Dust+DustR’.

By comparing simulations of Cloud 1, ‘PH’ and ‘PH+RP’, we confirm earlier
results by Sales et al. (2014), that is, the effect of radiation pressure is negligible
in dustless clouds. Radiation pressure is also negligible in Cloud 2 as expected
from the value of ζ = 0.54. The shell expansion in this cloud is almost identical
to that in Cloud 1. In Cloud 3 where the dust-to-gas mass ratio is increased, the
effect of radiation pressure becomes visible.

To isolate the effect of radiation pressure on dust, we run simulations in
which we ignore the photoheating (and photoionization) of hydrogen and helium
(‘RP+Dust+DustR’). By comparing ‘PH+Dust+DustR’ and ‘RP+Dust+DustR’
in Cloud 3, we find that thermal pressure plays a more important role than radi-
ation pressure in Cloud 3 in spite of the large value of ζ.

Adopting a higher star formation efficiency, i.e. higher source luminosity, also
increases the relative importance of radiation pressure. In Clouds X2 and X3, ra-
diation pressure is more important than in Clouds 2 and 3, respectively. In partic-
ular, thermal pressure is negligible in Cloud X3 compared with radiation pressure.
Since we increase the mass of the radiation source, thermal pressure force alone
cannot compete the gravitational force (see ‘PH+Dust+DustR’); shell expansion
is driven almost solely by radiation pressure in this case (see ‘RP+Dust+DustR’).

We then investigate the impact of absorption of re-emitted photons by dust by
comparing ‘PH+RP+Dust’ and ‘PH+RP+Dust+DustR’. We find that this effect
is negligible in almost all clouds. Only in Cloud X3, radiation pressure is slightly
enhanced by this process. Since Clouds 3 and X3 have the same IR optical depth,
the importance of absorption of re-emitted IR photons should depend not only
on the IR optical depth but also on the source luminosity.

For a given luminosity of a radiation source, a higher dust-to-gas mass ratio
increases importance of radiation pressure. We, however, find that the net effect
of radiation feedback (i.e. radiation pressure plus photo-heating) is decreased by
the increased dust-to-gas mass ratio; the shell radii in Clouds 1, 2, and 3 become
smaller in the increasing order of the dust-to-gas mass ratio. The shell radius
in Cloud X3 is also smaller than that in Cloud X2. Since the shell expansion in
Cloud X3 is dominated by radiation pressure, radiation feedback might become
stronger than in Cloud X2 by increasing the dust-to-gas mass ratio further. Doing
that would enhance the radiation pressure via multiple events of absorption of re-
emitted photons. The adopted dust-to-gas mass ration for Cloud X3 is, however,
already unrealistically high and, therefore, such a high dust-to-gas mass ratio
would not be realised.
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2.6 Discussion and Conclusions

We have investigated radiation feedback in dusty clouds of radius 17 pc by one-
dimensional radiation hydrodynamic simulations. In order to treat recombination
radiation and re-emission from dust, we utilize the impact parameter method for
radiation transfer.

We find that radiation pressure is negligible in a dustless cloud as pointed out
by Sales et al. (2014). Radiation pressure is almost negligible when we adopt the
solar metallicity and a low star formation efficiency (2 %: Cloud 2). This result
seems to support the idea proposed by Krumholz & Matzner (2009), that is, shell
expansion is mainly driven by thermal pressure when the parameter, ζ, is smaller
than unity. By increasing a dust-to-gas mass ratio, the importance of radiation
pressure is increased. Although values of ζ in Cloud 3, and X2 are significantly
larger than unity, thermal pressure is still more dominant than radiation pressure
in driving shell expansion. In all cases, radiation feedback creates a high density,
neutral, expanding shell, which may trigger succeeding star formation (Hosokawa
& Inutsuka 2006).

We also find that effect of absorption of re-emitted photons is negligible in
almost all clouds. Only in Cloud X3, radiation pressure is slightly enhanced by
this process. We conclude that radiation pressure cannot be significantly boosted
by this process on cloud scale unless either the star formation efficiency or the
dust-to-gas mass ratio is extremely high.

In our simulations, radiation feedback becomes weaker for a given source lu-
minosity as the dust-to-gas mass ratio increases by suppression of photoheating.
This result is inconsistent with the assumption commonly made in cosmologi-
cal simulations, that is, radiation feedback becomes stronger with the IR optical
depth due to multiple events of absorption and re-emission of IR photons. (e.g.
Hopkins et al. 2011; Aumer et al. 2013; Agertz et al. 2013; Okamoto et al. 2014).
Our simulations are, however, on cloud scale and the IR optical depth is unity
at maximum. Krumholz & Matzner (2009) estimate ζ in star burst galaxies and
they find, in some cases, ζ exceeds 1000. For such a large value of ζ, radiation
energy would be efficiently converted into radiation pressure, and radiation feed-
back might become stronger for a larger IR optical depth. To test this we have
to perform radiation hydrodynamic simulations for star burst galaxies.

Our simulations likely overestimate the impact of radiation feedback by three
reasons. First, we model a star-forming cloud as a Bonnor–Ebert sphere. In
reality, however, star-forming clouds are highly turbulent and characterized by
self-similar fractal structure (Falgarone et al. 1991; Elmegreen & Falgarone 1996;
Stutzki et al. 1998). Photons preferentially escape through low density medium
due to the anisotropy of the thermal radiation field when a cloud has such complex
density structure, and thus dust obtains less momentum compared with that in
a spherically symmetric cloud (Kuiper et al. 2010b; 2011; 2012; Kuiper & Yorke
2013). In order to properly deal with this situation, we should perform three-
dimensional radiative hydrodynamics simulations that include re-emission from
dust, which are currently computationally too expensive (but see Kuiper et al.
2010a). Secondly, we assume that gas and dust are tightly coupled. Although
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this assumption is commonly made (e.g. Netzer & Elitzur 1993), dust would leave
gas behind at the shock front because dust grains obtain large momentum from
photons and create sharp shocks in our simulations. If this had happened, the
net impact of radiation pressure on gas would become weaker than in our simu-
lations. Finally, we do not include photon scattering by dust grains. In reality,
grains are moderately reflective and strongly forward scattering in UV (see Draine
2003). The forward scattering of UV photons could strongly decrease the radiative
pressure feedback. We defer these issues to future studies.
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Chapter 3

The effect of radiation pressure
on spatial distribution of dust
inside HII regions

3.1 Abstract

We investigate the impact of radiation pressure on spatial dust distribution inside
H ii regions using one-dimensional radiation hydrodynamic simulations, which in-
clude absorption and re-emission of photons by dust. In order to investigate grain
size effects as well, we introduce two additional fluid components describing large
and small dust grains in the simulations. Relative velocity between dust and
gas strongly depends on the drag force. We include collisional drag force and
coulomb drag force. We find that, in a compact H ii region, a dust cavity re-
gion is formed by radiation pressure. Resulting dust cavity sizes (∼ 0.2 pc) agree
with observational estimates reasonably well. Since dust inside an H ii region is
strongly charged, relative velocity between dust and gas is mainly determined by
the coulomb drag force. Strength of the coulomb drag force is about 2-order of
magnitude larger than that of the collisional drag force. In addition, in a cloud
of mass 105 M⊙, we find that the radiation pressure changes the grain size distri-
bution inside H ii regions. Since large (0.1 µm) dust grains are accelerated more
efficiently than small (0.01 µm) grains, the large to small grain mass ratio becomes
smaller by an order of magnitude compared with the initial one. Resulting dust
size distributions depend on the luminosity of the radiation source. The large
and small grain segregation becomes weaker when we assume stronger radiation
source, since dust grain charges become larger under stronger radiation and hence
coulomb drag force becomes stronger.

3.2 Introduction

Radiation from young massive stars plays a crucial role in star forming regions,
and its effect on spatial dust distribution inside H ii regions is also non-negligible.
O’dell & Hubbard (1965) firstly observed dust inside the H ii region and many
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other observations found dust in H ii regions (O’dell et al. 1966; Ishida & Kawajiri
1968; Harper & Low 1971). O’dell & Hubbard (1965) observationally estimated
the distribution of dust inside H ii regions, concluding that gas-to-dust mass ratio
decreases as a function of distance from the centre of the nebulae. Nakano et al.
(1983) and Chini et al. (1987) observationally suggested the existence of dust cav-
ity regions. There have been some theoretical attempts to reveal dust distribution
inside H ii regions (Mathews 1967; Gail & Sedlmayr 1979a;b). Gail & Sedlmayr
(1979b) suggested that a dust cavity can be created by radiation pressure.

Radiation pressure may also produce spatial variations in the grain size distri-
bution inside H ii regions as suggested by recent observational data of IR bubbles.
From the Galactic Legacy infrared Mid-Plane Survey Extraordinaire (GLIMPSE;
Benjamin et al. 2003), Churchwell et al. (2006) found that about 25% of IR bubbles
are associated with known H ii regions and they claimed that the IR bubbles are
primarily formed around hot young stars. Deharveng et al. (2010) then pointed
out that 86% of IR bubbles are associated with ionized gas. Since Churchwell
et al. (2006) missed the large (> 10 arcmin) and small (< 2 arcmin) bubbles,
Simpson et al. (2012) presented a new catalogure of 5106 IR bubbles. Paladini
et al. (2012) found that the peak of 250 µm continuum emission appears further
from radiation source than that of 8 µm continuum emission. Since they assumed
that 250 µm continuum emission traces the big grains (BGs) and 8 µm contin-
uum emission traces the polycyclic aromatic hydrocarbons (PAHs), they argued
that the dust size distribution depends on the distance from a radiation source.

Inoue (2002) argued the presence of the central dust depleted region — dust
cavity — in compact/ultra-compact H ii regions in the Galaxy by comparing the
observed infrared-to-radio flux ratios with a simple spherical radiation transfer
model. The dust cavity radius is estimated to be 30% of the Stromgren radius on
average, which is too large to be explained by dust sublimation. The formation
mechanism of the cavity is still an open question, while the radiation pressure
and/or the stellar wind from the excitation stars have been suggested as respon-
sible mechanisms. We will examine whether the radiation pressure can produce
the cavity in this chapter. By considering the effect of radiation pressure on dust
and assuming steady H ii regions, Draine (2011b) theoretically explained the dust
cavity size that Inoue (2002) estimated from observational data.

Akimkin et al. (2015; 2017) estimated dust size distribution by solving motion
of dust and gas respectively, and they concluded that radiation pressure prefer-
entially removes large dust from H ii regions. Their simulations have, however,
assumed a single OB star as a radiation source. As mentioned by Akimkin et al.
(2015), grain electric potential is the main factor that affects the dust size dis-
tribution. If we assume a stronger radiation source, such as a star cluster, dust
would been more strongly charged and their conclusions might change.

In this chapter, we investigate the effect of radiation pressure on spatial dust
distribution inside compact H ii regions and compare it with the observational
estimates (Inoue 2002). In addition, we perform multi-dust-size simulations and
study the effect of the luminosity of the radiation source on dust size distribution
inside H ii regions.

The structure of this chapter is as follows: In Section 3.3, we describe our
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simulations. In Section 3.4, we describe our simulation setup. In Section 3.5, we
present simulation results. In Section 3.6, we discuss the results and present our
conclusions.

3.3 Methods

We place a radiation source at the centre of a spherically symmetric gas distri-
bution. The species we include in our simulations are H i, H ii, He i, He ii, He iii,
electrons, and dust. We assume the dust-to-gas mass ratio to be 6.7 × 10−3 cor-
responding to a half of the abundance of elements heavier than He (so-called
’metal’) in the Sun (Asplund et al. 2009). We neglect gas-phase metal elements
in this chapter. We solve the radiation hydrodynamic equations at each timestep
as follows:

step 1 Hydrodynamic equations

step 2 Radiative transfer and other related processes

substep 2.1 Static radiative transfer equations

substep 2.2 Chemical reactions

substep 2.3 Radiative heating and cooling

substep 2.4 Grain electric potential

The methods we use for radiation transfer, chemical reactions, radiative heating,
cooling and time stepping are the same as Ishiki & Okamoto (2017) or Chapter 2.

3.3.1 Dust model

We include absorption and thermal emission of photons by dust grains in our
simulations. To convert the dust mass density to the grain number density, we
assume a graphite grain whose material density is 2.26 g cm−3 (Draine & Salpeter
1979). We employ the cross-sections of dust in Draine & Lee (1984) and Laor &
Draine (1993)1. Dust sizes we assume are 0.1 µm or 0.01 µm. Dust temperature
is determined by the radiative equilibrium, and thus the dust temperature is inde-
pendent from gas temperature. We assume that the dust sublimation temperature
is 1500 K; however, dust never be heated to this temperature in our simulations.
We do not include photon scattering by dust grains for simplicity.

3.3.2 Grain electric potential

In our simulations, we solve hydrodynamics including the coulomb drag force
which depends on grain electric potential. In order to determine the grain electric
potential, we consider following processes: primary photoelectric emission, auger
electron emission, secondary electron emission, and electron and ion collisions
(Weingartner & Draine 2001a; Weingartner et al. 2006). The effect of auger

1http://www.astro.princeton.edu/˜draine/dust/dust.diel.html
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electron emission and secondary electron emission is, however, almost negligible
in our simulations, because high energy photons (> 102 eV) responsible for the
two processes are negligible in the radiation sources considered in this chapter.
Since the time scale of dust charging processes is so small (≲1 yr), we integrate
the equation of grain electric potential implicitly.

3.3.3 Dust drag force

In our simulations, we calculate the effect of drag force Fdrag on a dust of charge
Zd and radius ad (Draine & Salpeter 1979) as follows:

Fdrag = 2πa2dkTg

[∑
i

ni

(
G0(si) + z2i ϕ

2ln(Λ/zi)G2(si)
)]

,

where

si ≡
√
miv2/(2kTg),

G0(si) ≈ 8si/(3
√
π)
√

1 + 9πs2i /64,

G2(si) ≈ si/(3
√
π/4 + s3i ),

ϕ ≡ Zde
2/(adkTg),

Λ ≡ 3/(2ade|ϕ|)
√

kTg/πne,

k is the Boltzmann constant, Tg is the temperature of gas, ni is the number density
of ith gas species, ne is the number density of electron, zi is the charge of ith gas
species (i = H i, H ii, He i, He ii, He iii), and mi is the mass of ith species.

3.3.4 Hydrodynamics

dust and gas dynamics

In this section we describe the procedure to solve the set of hydrodynamic equa-
tions:

∂

∂t
ρg +

∂

∂x
ρgvg = 0

∂

∂t
ρd +

∂

∂x
ρdvd = 0

∂

∂t
ρgvg +

∂

∂x
ρgv

2
g = ρgagra + frad,g −

∂

∂x
Pg

+Kd(vd − vg)

∂

∂t
ρdvd +

∂

∂x
ρdv

2
d = ρdagra + frad,d

+Kd(vg − vd)

∂

∂t

(
1

2
ρgv

2
g +

1

2
ρdv

2
d + eg

)
+

∂

∂x

[(
1

2
ρgv

2
g + hg

)
vg +

1

2
ρdv

3
d

]
= (ρgvg + ρdvd) agra

+frad,gvg + frad,dvd
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where ρg is the mass density of gas, ρd is the mass density of dust, vg is the velocity
of gas, vd is the velocity of dust, agra is the gravitational acceleration, frad,g is the
radiation pressure gradient force on gas, frad,d is the radiation pressure gradient
force on dust, Pg is the gas pressure, eg is the internal energy of gas, hg is the
enthalpy of gas, and Kd is the drag coefficient between gas and dust defined as
follows:

Kd ≡
ndFdrag

|vd − vg|
,

where nd is the number density of dust grains.
In order to solve the dust drag force stably, we use following algorithm for the

momentum equations:[
p∗d

(
= ρt+∆t

d v∗d

)
p∗g
(
= ρt+∆t

g v∗g
) ] =

[
ptd
ptg

]
+

[
Fp,d(ρtd, v

t
d)

Fp,g(ρtg, v
t
g, e

t
g)

]
∆t, (3.1)

[
pt+∆t
d

pt+∆t
g

]
=

[
ρt+∆t
d

ρt+∆t
g

]
p∗d + p∗g

ρt+∆t
d + ρt+∆t

g

+

[
ρt+∆t
d

ρt+∆t
g

][
agra +

fd + fg

ρt+∆t
d + ρt+∆t

g

]
∆t

+

[
−1
1

]
ρt+∆t
g ρt+∆t

d

ρt+∆t
g + ρt+∆t

d

(
v∗g − v∗d

)
e
−∆t

td

+

[
−1
1

]
td
ρt+∆t
d fg − ρt+∆t

g fd

ρg + ρd
(1 − e

−∆t
td ),

(3.2)

where ∆t is the time step, ρti is the mass density of ith species at time t, pti is the
momentum of ith species at time t, etg is the internal energy of gas at time t, FX,i

is the advection of the physical quantity X of the ith species, fd is the force on
dust (fd = frad,d), fg is the force on gas (fg = frad,g − ∂Pg/∂x), and the inverse
of the drag stopping time, td, is

t−1
d = Kd

ρt+∆t
d + ρt+∆t

g

ρt+∆t
d ρt+∆t

g

. (3.3)

Equation (3.2) that determines the relative velocity between dust and gas is the
exact solution of the following equations:

ρg
d

dt
vg = frad,g −

∂

∂x
Pg + ρgagra + Kd(vd − vg),

ρd
d

dt
vd = frad,d + ρdagra + Kd(vg − vd).

(3.4)

Momentum advection and other hydrodynamic equations are solved by using
AUSM+ (Liou 1996). We solve the hydrodynamics in the second order accuracy in
space and time. In order to prevent cell density from becoming zero or a negative
value, we set the minimum number density, nH ≃ 10−13 cm−3. We have confirmed
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that our results are not sensitive to the choice of the threshold density as long as
the threshold density is sufficiently low.

In order to investigate whether our method is reliable, we perform shock tube
tests in Appendix A. ln Appendix B, we describe how we deal with the dust grains
with two sizes.

3.4 Simulation setup
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In the first simulation, in order to investigate whether our simulation derives
a consistent result with the observational estimate for compact/ultra-compact
H ii regions (Inoue 2002), we model a constant density cloud of hydrogen number
density 4 × 105 cm−3 and radius 1.2 pc. As a radiation source, we place a single
star (i.e. black body) at the centre of the sphere. Since we are interested in
the formation of a dust cavity, we neglect the gravity which does not affect the
relative velocity between dust grains and gas (see equation (3.2)). We assume a
single dust grain size in this simulation.

In the second set of simulations, in order to investigate the effect of radiation
pressure on the dust grain size distribution inside a large gas cloud, we model a
cloud as a Bonner-Ebert sphere of mass 105 M⊙ and radius 17 pc. As the radiation
source, we consider a single star (black body, BB) or a star cluster (a simple
stellar population, SSP) and we change the luminosity of the radiation source
to investigate the dependence of the dust size distribution on the luminosity of
the radiation source. We compute its luminosity and spectral-energy distribution
as a function of time by using a population synthesis code, PÉGASE.2 (Fioc
& Rocca-Volmerange 1997; 1999), assuming the Salpeter initial mass function
(Salpeter 1955) and the solar metallicity. We set the mass range of the initial
mass function to be 0.1 to 120 M⊙.

Materials at radius, r, feel the radial gravitational acceleration,

agra(r) = −G
Mstarr

(r2 + r2soft)
3/2

−G
M(< r)

r2

where M(< r) represents the total mass of gas inside r and Mstar is the mass of the
central radiation source, which is 50 M⊙ for the single star case and 2×103 or 2×
104 M⊙ for the two star cluster cases. Since the gravity from the radiation source
has a non-negligible effect on simulation results and causes numerical instability
in the case of SSP, we need to introduce softening length, rsoft. We set it to 0.5 pc
for the SSP. Since the gravity from a single star is negligible effect on simulation
results, we set 0 pc for the single star.

Following the dust size distribution of Mathis et al. (1977), so-called MRN
distribution, we assume two dust size in these simulations. We assume the initial
number ratio of large to small dust as

nd,Large : nd,Small = 1 : 102.5,

where nd,Large and nd,Small are the number density of dust grains of 0.1 µm and
0.01 µm in size, respectively.

The details of initial conditions are listed in Table 3.1. We use linearly spaced
128 meshes in radial direction, 128 meshes in angular direction, and 256 meshes
in frequency direction in all simulations to solve radiation hydrodynamics.

3.5 Results

3.5.1 Dust cavity radius
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Figure 3.1: Density (top-row), gas temperature (second-row), dust-to-gas mass ratio
(third-row), grain electric potential (fourth-row), and relative velocity be-
tween dust and gas (bottom-row) profile at t = 0.42 Myr. The black dotted
lines show the initial profiles. The red solid lines represent the simulation
results. The blue dashed lines in the top panel shows the ionized hydrogen
density profile.
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We present density, gas temperature, dust-to-gas mass ratio, grain electric
potential (Vd ≡ eZd/ad), and relative velocity between dust and gas as functions
of radius in Fig. 3.1. In the top panels, the hydrogen number density is indicated
by the red solid line. The number density of H ii is indicated by the blue dash-
dotted line. The initial state of the simulation is shown by the black dotted line.

The average electron number density within an H ii region, ne, the H ii region
radius, rH ii, the dust cavity radius, rd, and the ratio between the radius of the dust
cavity to the Strömgren radius, yd, obtained by our simulation (t = 0.42 Myr) and
the observational estimate are shown in Table 3.2. We find that our simulation
results are in broad agreement with the observational estimate. The dust cavities,
hence, could be created by radiation pressure. The parameter yd obtained by the
simulation is somewhat smaller than the observational estimate. However, we
could find a better agreement if we tuned the initial condition such as the gas
density. In addition, the agreement would be better if we included the effect of
stellar winds, which was neglected in this chapter.

Since dust inside the H ii region is strongly charged, relative velocity between
dust and gas is determined by coulomb drag force. Magnitude of the coulomb
drag force is about 2-order of magnitude larger than that of the collisional drag
force. The relative velocity, thus, becomes largest when the dust charge is neutral.

Grain electric potential gradually decreases with radius and then suddenly
drops to negative value. Near the ionization front, the number of ionized photons
decreases and hence collisional charging becomes important. This is the reason
behind the sudden decrease of the grain electric potential. In the neutral region,
there is no photon which is able to ionize the gas and hence there is few elec-
trons that collide with dust grains. On the other hand, there are photons that
photoelectrically charge dust grains. Therefore, the grain electric potential be-
comes positive again at just outside of the H ii region. Then, the UV photons are
consumed and the electron collisional charging becomes dominant again in the
neutral region.

3.5.2 Spatial distribution of large dust grains and small dust
grains

We present densities, gas temperature, dust-to-gas mass ratios for large and small
grains, large-dust-to-small-dust mass ratios (ρd,Large/ρd,Small), the grain electric
potential, and relative velocity between dust and gas as functions of radius in
Fig. 3.2. In order to compare the simulation results on the dust size distribution
with each other, we present the results at the time when the shock front reaches
to ∼15 pc. In order to study the dependence of the dust size distribution on
time and the luminosity of the radiation source, we also present the simulation
result of Cloud 2 at t =1.1 My: the same irradiation time as Cloud 4. In the top
panels, the hydrogen number density is indicated by the red solid lines and that
of H ii is indicated by the blue dot-dashed lines. Initial states of the simulations
are shown by black dotted lines. In the sixth-row, the charges of dust grains with
size 0.1 µm and 0.01 µm are indicated by the red solid and blue dot-dashed lines,
respectively. The black dotted lines show the initial profiles (i.e. 0 V). In the
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Figure 3.2: Density (top-row), gas temperature (second-row), large-dust-to-gas-mass
ratio (third-row), small-dust-to-gas-mass ratio (fourth-row), large-dust-to-
small-dust-mass ratio (fifth-row), grain electric potential (sixth-row), and
relative velocity between dust and gas (bottom-row) profiles. From left
to right, we show the results for Clouds 2 at t = 1.1 Myr, Cloud 2 at
t = 2.9 Myr, Cloud 3 at t = 1.9 Myr, and Cloud 4 at t = 1.1 Myr. The
black dotted lines show the initial profiles. The red solid lines represent
the results of simulations. The blue dashed lines at the top panels show
the ionized hydrogen density profiles. In the sixth-row, the red solid and
blue dashed lines show the charge of the large dust and the small dust, re-
spectively. In the bottom panels, the red solid and blue dashed lines show
the relative velocity between the large dust and gas and between the small
dust and gas, respectively. Ionization front (IF) is indicated by vertical
brown dashed lines and the shock front (SF) is indicated by vertical green
dot-dot-dashed lines.
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bottom panels, the relative velocity between dust grains with size 0.1 µm and gas
and between dust grains with size 0.01 µm and gas are indicated by the red solid
and blue dot-dashed lines, respectively. Note that the radiation source becomes
stronger from Cloud 2 to Cloud 4.

We find that radiation pressure affects the dust distribution within an H ii
region depending on the grain size. In Fig. 3.2, we divide them into the following
four regions:

(a) From the central part, radiation pressure removes both large and small dust
grains and creates a dust cavity (the yellow shaded region).

(b) Within an H ii region, ρd,Large/ρd,Small has a peak. Between the region
‘a’ and this peak, there is a region where ρd,Large/ρd,Small takes the local
minimum value (the cyan shaded region), for example, at r ∼ 4 pc in Cloud 2
at t = 2.9 Myr.

(c) The region that contains the peak mentioned above is shaded by magenta.

(d) The ρd,Large/ρd,Small is also reduced just behind the ionization front (the
gray shaded region), for example, at r ∼ 6 pc in Cloud 2 at t = 2.9 Myr.

We find that the dust cavity radius becomes larger as the radiation source
becomes brighter (the regions ‘a’). The reasons are as follows. Grain electric
potential of the dust grains with the same size within r = 2 pc is almost the
same among all simulations and the number density of the gas becomes smaller
for stronger radiation source. Since the dust drag force strongly depends on the
grain electric potential, the number density of gas, and radiation pressure on dust,
relative velocity between dust and gas becomes larger for the brighter source.

In the region ‘b’ and ‘d’, the ratio ρd,Large/ρd,Small is decreased from the initial
condition when the radiation source is a single OB star (Cloud 2). Except in
the ionization front (vertical brown dashed lines) which is contained in the region
‘d’, radiation pressure preferentially removes large dust grains from these regions.
The photoelectric yield of the large dust grains is smaller than that of the small
dust grains, and hence grain electric potential of the large dust grains becomes
smaller than that of the small dust grains. Coulomb drag between large dust
grains and gas therefore becomes weaker than that between small dust grains
and gas. On the other hand, since Cloud 4 has the strongest radiation source
and hence it makes grain electric potentials largest among the simulations, the
dust size segregation in the regions ‘b’ and ‘d’ is less prominent. Even when we
compare Cloud 2 and 4 at the same irradiation time, t =1.1 Myr, the dust size
distributions inside H ii regions are different. Luminosity of the radiation source
must be the main cause of the dust size segregation.

The ratio ρd,Large/ρd,Small in all simulations has a peak in the regions ‘c’. Since
dust grains have large negative charge in the regions ‘c’ and ‘d’, the coulomb drag
force between dust and gas is strong and hence dust and gas are tightly coupled
each other. Large dust grains are, therefore, removed from the regions ‘a’ and ‘b’
and gathered in the regions ‘c’.
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At the ionization front and the shock front (vertical green dot-dot-dashed
lines), the relative velocity, vd − vg has downward peaks. In theses fronts, gas
pressure force exceeds radiation pressure force. Since the dust drag time depends
on the dust grain size, the dust-gas relative velocity also depends on the grain
size. As a result, ρd,Large/ρd,Small is slightly reduced in these fronts.

3.6 Discussion and Conclusions

We have investigated radiation feedback in dusty clouds by one-dimensional multi-
fluid hydrodynamic simulations. In order to study spatial dust distribution inside
H ii regions, we solve gas and dust motion self-consistently. We also investigate
dust size distribution within H ii regions by considering dust grains with two
different sizes.

We find that radiation pressure creates dust cavity regions. We confirm that
the size of the dust cavity region is broadly agree with the observational estimate
(Inoue 2002).

We also find that radiation pressure preferentially removes large dust from
H ii regions in the case of a single OB star. This result is almost the same as
in Akimkin et al. (2015). The dust size distribution is, however, less affected
when the radiation source is a star cluster, in other word, a more luminous case.
Resulting dust size distributions largely depend on the luminosity of the radiation
source.

We assume dust is graphite. There are, however, other forms of dust such as
silicate. Since the photoelectric yield and the absorption coefficient depend on a
dust model, spatial dust distribution of dust grains may become different when we
use a different dust model. For example, since silicate has a larger work function
and a smaller absorption coefficient than graphite, the cavity size in the silicate
case may become larger than that in the graphite case (see Akimkin et al. 2015;
2017 for details).

In our simulations, we neglect the effect of sputtering that changes the dust
grain size. We estimate this according to Nozawa et al. (2006), and confirm that
sputtering effect is negligible in our simulations. However, if we consider the
smaller dust grains, we may have to include the sputtering.
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Chapter 4

Growth of massive black holes
in dusty clouds:
impacts of relative velocity
between dust and gas

4.1 Abstract

We investigate the impacts of the relative motions between dust and gas on
the accretion rate onto Intermediate Mass Black Holes (IMBHs) by using one-
dimensional radiation hydrodynamic simulations. To investigate the effect of grain
size on the gas accretion, we introduce two additional fluid components to gas,
which describe large (0.1 µm) and small (0.01 µm) dust grains in the simulations.
We find that the accretion rate is reduced due to the radiation force compared
with dust free case. We also find that the dust-to-gas mass ratio significantly
changes within H ii regions because of the relative motions of dust and gas. The
decoupling of dust from gas alleviates the suppression of black hole growth com-
pared with the complete coupling case. This effect may allow moderate growth of
black holes even in dusty clouds. In addition, relative motion between dust and
gas affects the spectral energy distribution (SED) owing to dust re-emission at
wavelength λ ∼ 10 µm.

4.2 Introduction

Revealing the formation process of supermassive black holes (SMBHs) is one of
the big challenges in modern astrophysics. Recent observation indicated that
SMBHs are already formed even at redshift z ≳ 6 (Mortlock et al. 2011; Wu et al.
2015). However, the formation process of those SMBHs at high redshift is not
well understood.

It is widely believed that SMBHs at high redshifts were formed by the follow-
ing steps: (1) Formation of the ”seed” black holes (BHs); (2) Formation of the
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SMBHs by gas accretion onto seed BHs. The formation process of seed BHs is
not well understood yet and various formation scenarios of seed BHs have been
suggested; stellar-mass BHs of Population III star remnants (Yoshida et al. 2008;
Alvarez et al. 2009; Susa et al. 2014), direct collapse of supermassive stars (Omukai
2001; Bromm & Loeb 2006; Begelman et al. 2006; Hosokawa et al. 2012; 2013; In-
ayoshi et al. 2014; Sugimura et al. 2014), and formation by core collapse of dense
star clusters (Portegies Zwart & McMillan 2002; Omukai et al. 2008; Devecchi &
Volonteri 2009; Katz et al. 2015; Yajima & Khochfar 2016). If gas accretes onto
BHs at Eddington accretion rate (assuming 10 % radiative efficiency), it takes
about 5×102 Myr to be SMBHs of mass 109 M⊙ from seed BHs of mass 105 M⊙.
Since z ∼ 6 is about t ∼ 9 × 108 yr for the ΛCDM model, SMBHs can grow by
the observed redshifts if the gas accretes onto BHs at the Eddington accretion
rate. Radiation hydrodynamic simulations, however, indicate that radiation from
accretion disks suppresses the growth of BHs as discussed in the next paragraph.

Milosavljević et al. (2009) and Park & Ricotti (2011; 2012) performed radiation
hydrodynamic simulations of the gas accretion process, resolving Bondi radius.
They showed that radiation from accretion disks suppresses the gas accretion
rate lower than Eddington ratio by both radiation pressure and photoinoization
(however, for sufficiently dense environments, see Inayoshi et al. 2016). They
assumed primordial gas in their simulations.

Recent observations and numerical simulations suggested that not only metal
but dust exists in early universe and indicate that assuming primordial gas is not
appropriate for some cases. Inoue et al. (2016) detected the metal at redshift
z ≳ 7. Dust grains were also detected by dust re-emission or dust extinction in
galaxies at z ≳ 7 (e.g. z=7.5, Watson et al. 2015; z=7.2, Hashimoto et al. 2019;
z=8.3, Tamura et al. 2019) or in quasars at z ≳ 6 (e.g. z=6.4, Bertoldi et al. 2003;
z=6.2 Maiolino et al. 2004; z=7.1, Venemans et al. 2012; z=7.5, Venemans et al.
2017) Numerical simulation indicated that the dust-to-gas mass ratio of massive
galaxies in an overdense region could reach to the solar neighborhood value at
z ≳ 6 (Yajima et al. 2015). BH, therefore, may grow in dust rich environments
even at high redshift.

Since the cross section of dust grains is much larger than Thomson cross
section, existence of dust suppresses the gas accretion onto BHs. Yajima et al.
(2017) studied the dusty gas accretion onto BHs by performing 1D radiation
hydrodynamic simulations. They concluded that the radiation pressure on dust
suppresses the gas accretion onto BHs, and accretion rate of dusty gas onto BHs
becomes smaller than that of primordial gas. (however, for sufficiently dense
environments, see Toyouchi et al. 2019). Yajima et al. (2017), however, did not
consider the relative motion between dust and gas.

This relative motion was considered for the star formation regions (Draine
2011b; Akimkin et al. 2015; 2017; Ishiki et al. 2018), interstellar medium (Inoue
& Inutsuka 2008), and galaxy formation (Bekki 2015; Fukushima et al. 2018;
Hirashita & Inoue 2019). Especially, Akimkin et al. (2015; 2017) and Ishiki et al.
(2018) estimated spatial distribution of dust by solving motion of dust and gas
respectively, and they concluded that radiation pressure preferentially removes
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dust from H ii regions.
By considering the relative motion between dust grains and gas, radiation

pressure may remove the dust grains which suppress the gas accretion onto BHs.
In this chapter, we investigate this effect.

The structure of this chapter is as follows: In Section 4.3, we describe our
simulations. In Section 4.4, we explain our simulation setup. In Section 4.5, we
present simulation results. In Section 4.6, we discuss the results. In Section 4.7,
we present our conclusions.

4.3 Methods

We place a BH at the centre of a spherically symmetric gas distribution. The
chemical species we include in our simulations are H i, H ii, He i, He ii, He iii,
electrons, and dust. In order to determine the mass ratio of H, He, we assume
the Solar chemical abundance (Asplund et al. 2009). We assume the dust-to-gas
mass ratio to be Mdust/Mgas = 6.0×10−3(Z/Z⊙) corresponding to the dust-to-gas
mass ratio in the solar neighborhood (Spitzer 1978). We neglect gas-phase metal
elements in this chapter.

We solve the radiation hydrodynamic equations at each timestep as follows:

step 1 Hydrodynamic equations

step 2 Radiative transfer and other related processes

substep 2.1 Radiative transfer equations

substep 2.2 Chemical reactions

substep 2.3 Radiative heating and cooling

substep 2.4 Grain electric potential

In addition, using simulation results, we estimate the spectral energy distribution
by dust re-emission.

The methods we use for radiation transfer, chemical reactions, radiative heat-
ing, cooling, time stepping, dust model (we assume dust grains are graphite),
grain electric potential, and dust drag force are the same as our previous work
(Ishiki et al. 2018; hereafter paper I) or chapter 3 except some details. We list
the major difference in methods and parameters between this work and paper I
in Table 4.1. In the following sub-sections, we describe the changes we made for
this chapter.
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4.3.1 Radiation transfer

We here describe the algorithm that we use to solve the steady radiative transfer
equation for a given frequency, ν:

dIν
dτν

= −Iν + Sν , (4.1)

where Iν , τν , and Sν are the specific intensity, the optical depth, and the source
function, respectively. Optical depth of a ray segment, ∆τν , is calculated by the
same parameter as in paper I. Neglecting the effect of re-emission from dust should
not affect our simulation results since optical thickness at infrared wavelength is
much smaller than unity, and hence the effect of radiation pressure caused by
infrared re-emission from dust grains is negligible. We, therefore, neglect the
source function for radiation hydrodynamic simulations in this chapter.

Using the simulation results, we also perform the post-processing radiation
transfer analysis to derive the spectral energy distribution (SED) of infrared re-
emission from dust. In this analysis, we include the re-emission from dust as we
did in paper I.

4.3.2 Chemical reaction and radiative cooling

Since we do not include the re-emission from gas in this chapter, we assume Case
B for recombination coefficient of gas. In addition, we neglect the cooling below
< 104 K. Other methods and parameters for chemical reaction and radiative
cooling are same as in paper I.

4.3.3 Hydrodynamics

To investigate the spatial variation of the grain size distribution, we solve following
hydrodynamics equations, where we consider dust grains with two sizes (dust-1
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and dust-2):

∂

∂t
ρg +

∂

∂x
ρgvg = 0

∂

∂t
ρd1 +

∂

∂x
ρd1vd1 = 0

∂

∂t
ρd2 +

∂

∂x
ρd2vd2 = 0

∂

∂t
ρgvg +

∂

∂x
ρgv

2
g = ρgagra + frad,g −

∂

∂x
Pg

+Kd1(vd1 − vg) + Kd2(vd1 − vg)

∂

∂t
ρd1vd1 +

∂

∂x
ρd1v

2
d1 = ρd1agra + frad,d1 (4.2)

+Kd1(vg − vd1)

∂

∂t
ρd2vd2 +

∂

∂x
ρd2v

2
d2 = ρd2agra + frad,d2 (4.3)

+Kd2(vg − vd2)

∂

∂t

(
1

2
ρgv

2
g + eg

)
+

∂

∂t

(
1

2
ρd1v

2
d1 +

1

2
ρd2v

2
d2

)
+

∂

∂x

(
1

2
ρgv

2
g + hg

)
vg +

∂

∂x

(
1

2
ρd1v

3
d1 +

1

2
ρd2v

3
d2

)
= (ρgvg + ρd1vd1 + ρd2vd2) agra

+frad,gvg + frad,d1vd1 + frad,d2vd2

where ρg is the mass density of gas, ρd1 is the mass density of dust-1, ρd2 is the
mass density of dust-2, vg is the velocity of gas, vd1 is the velocity of dust-1, vd2 is
the velocity of dust-2, agra is the gravitational acceleration, frad,g is the radiation
pressure gradient force on gas, frad,d1 is the radiation pressure gradient force on
dust-1, frad,d2 is the radiation pressure gradient force on dust-2, Kd1 is the drag
coefficient between gas and dust-1, Kd2 is the drag coefficient between gas and
dust-2, eg is the internal energy of gas, and hg is the enthalpy of gas. We define
the gravitational acceleration agra as follows:

agra = −
GMBH

r2
,

where MBH is black hole mass, G is the gravitational constant, and r is the
distance from a BH.

The drag coefficient Kd between gas and dust is defined as follows:

Kd ≡
ndFdrag

|vd − vg|
, (4.4)

where nd is the number density of dust grains, vd is the velocity of dust grains,
and Fdrag is the drag force on dust grains. We calculate the drag force Fdrag on
dust of charge Zd and radius ad (Draine & Salpeter 1979) as follows:

Fdrag = 2πa2dkBTg

[∑
i

ni

(
G0(si) + z2i ϕ

2ln(Λ/zi)G2(si)
)]

, (4.5)
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where

si ≡
√
mi(vi − vd)2/(2kBTg),

G0(si) ≈ 8si/(3
√
π)
√

1 + 9πs2i /64,

G2(si) ≈ si/(3
√
π/4 + s3i ),

ϕ ≡ Zde
2/(adkBTg),

Λ ≡ 3/(2ade|ϕ|)
√
kBTg/πne,

kB is Boltzmann constant, Tg is the temperature of gas, ni is the number density
of the ith gas species (i =H i, H ii, He i, He ii, and He iii), vi is the velocity of
the ith species, ne is the number density of electron, zi is the charge of the ith
species, and mi is the mass of the ith species.

In order to avoid the timesteps becoming too small, we set the maximum
speed of the fluids. We assume that gas and dust can not exceed the speed of
light. In addition, if the dust-to-gas mass ratio becomes smaller than 10−6 of the
initial dust-to-gas mass ratio, we assume that speed of dust can not exceed three
times larger than the speed of gas, since speed of dust tends to become too large
in dust deficient regions. We have confirmed that these assumption do not affect
our simulation results.

Hydrodynamics is solved by using a scheme called SLAU2 (Kitamura & Shima
2013). In addition, we use the sound speed as defined in Appendix D. Other meth-
ods for hydrodynamics (e.g. the method we solve the relative velocity between
dust and gas) are same as in paper I.

4.4 Simulation setup

4.4.1 Dusty gas accretion and relative motion between dust and
gas

In the first simulations (Section 4.5.1), in order to investigate whether relative
motion between dust and gas affects the dusty gas accretion onto a BH, we perform
three-fluid radiation hydrodynamic simulations. Since the typical mass of BHs
formed by direct collapse is about 105 M⊙ (e.g. Omukai et al. 2008), we set
the mass of the BH as 105 M⊙. For simplicity, we model a constant density
cloud. As typical number density of molecular cloud in the interstellar medium
is 10 cm−3 ≲ nH ≲ 100 cm−3, we set the hydrogen number density as nH = 10,
30, and 100 cm−3. Since we are interested in the effect of radiation pressure on
dust grains on accretion rate, we need dust rich environments. We, therefore,
set the metallicity as Z = 0.1 and 1.0 Z⊙. In Appendix E and F, we perform
additional simulation with different metallicity (Z = 0.3 Z⊙) or black hole mass
(MBH = 3.33×105 and 106 M⊙) to investigate the dependence of metallicity and
black hole mass on accretion rate.

As the BH, we put a sink cell at the centre of the cloud. In order to resolve the
Bondi radius rBondi (rBondi ∼ 0.4(MBH/105M⊙) pc) within the H ii regions, we
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Table 4.2: Summary of the parameters we use in our simulations. MBH, nH, Z, and η
indicate the BH mass, the initial number densities of hydrogen, metallicity,
and radiative efficiency, respectively, in our simulations.

parameters

MBH 105 M⊙
nH 10, 30, 100 cm−3

Z 0.1, 1.0 Z⊙
η 0.1, 0.3

set the radius of the inner boundary (i.e. sink cell) as 10−2(MBH/105M⊙) pc. To
capture the H ii regions inside the simulation box, we set the radius of the outer
boundary as 103(MBH/105M⊙) pc. We set the number density of outer boundary
as the initial number density of each simulations.

The radiative luminosity Lacc is defined as

Lacc ≡ ηṁc2, (4.6)

where η is constant radiative efficiency and ṁ is the accretion rate, defined as the
inflow rate into the sink cell. Since radiative efficiency η depends on the spin of
BHs (Thorne 1974) and varies from ∼ 0.05 to ∼ 0.3, we set radiative efficiency as
η = 0.1, 0.3 to investigate the effect of η on the accretion rates. We assume energy
distribution Lν as Lν ∝ ν−1.5 with the frequency range 13.6 eV≤ ν ≤ 104 eV. We
summarize the parameters we use in our simulations in Table 4.2.

To allow the dust grain-size distribution to change, we introduce two dust
grains with two sizes, 0.01 and 0.1 µm. We call dust grains with size 0.1 µm and
with size 0.01 µm dust as large dust and small dust, respectively. We assume the
initial number ratio of large to small dust as

nd,Large : nd,Small = 1 : 102.5,

where nd,Large and nd,Small are the number density of the large and small dust,
respectively. This number ratio reproduces the mass absorption coefficient by
the dust-size distribution of Mathis, Rumpl & Nordsieck (1977), so-called MRN
distribution. We use logarithmically spaced 128 meshes in the radial direction
and 60 meshes in the frequency direction in all simulations to solve radiation
hydrodynamics. We perform each simulation for 10 Myrs to derive the time
averaged and median values.

4.4.2 Spectral Energy Distribution (SED) of IR re-emission from
dust

The lack of high temperature dust around active galactic nuclei was suggested by
observations (e.g. z∼ 6, Jiang et al. 2010; z< 1, Lyu et al. 2017). To study whether
relative motion can reproduce the lack of high temperature dust, we derive the
SED of IR re-emission from dust by using the spatial distribution of dust and BH
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luminosity obtained by the simulations. In order to derive the SED from dust IR
re-emission, we determine the dust temperature Td by using following equation:

4π

∫
σd,νBv(Td)dν = Γd +

∫ ∫
σd,νIν(Ω)dΩdν, (4.7)

where σd,ν is the cross section, Bν(Td) is the black body spectra, Γd is the colli-
sional heating rate by gas (Draine & Sutin 1987), and Ω is solid angle. In order to
remove the effect of the outer boundary regions, we only consider the re-emission
from dust grains in H ii regions. In the post-process SED calculations, we do not
include the re-emission from dust grains if the number density is smaller than
10−10 times the initial number density, since the re-emission from dust grains
with small number density is negligible.

Since stars are the main supplier of dust and stars mainly produce large dust,
dust size distribution is dominated by large dust in the early stage of the galaxy
evolution (Asano et al. 2013b; Aoyama et al. 2017; Hou et al. 2017). We, therefore,
perform the additional numerical simulations assuming single large dust grain size
(0.1 µm), in order to derive the SED of IR re-emission from dust in an early
evolutionary stage of galaxies.

4.5 Results

4.5.1 The Eddington ratio and spatial distribution of dust

Time averaged Eddington ratio

Fig. 4.1 shows the time averaged Eddington ratio ⟨fEdd⟩(≡ ⟨Lacc⟩/LEdd), where
⟨Lacc⟩ is the time averaged radiative luminosity and LEdd is the Eddington lu-
minosity derived by the cross section of electron. We derive the time averaged
luminosity as:

⟨Lacc⟩ ≡
∫ 10 Myr

0 Myr
Laccdt/(10 Myr). (4.8)

The definition of LEdd as follows:

LEdd ≡
4πGMBHmpc

σT
, (4.9)

where mp is the proton mass, σT is the Thomson cross section, and c is speed of
light, In this chapter, Eddington luminosity is LEdd ≃ 1.3×1043(MBH/105M⊙) erg s−1.
We present ⟨fEdd⟩ as functions of the hydrogen number density nH, the metallicity
Z, and the constant radiative efficiency η.

Except for (η, Z) = (0.1, 0.1Z⊙), the time averaged Eddington ratio becomes
larger when relative motion between dust and gas is allowed. For example, the
time averaged Eddington ratio becomes about 10 times larger by allowing relative
motion between dust and gas with (ngas, η, Z) = (100 cm−3, 0.3, 1.0 Z⊙). In later
(Section ‘Spatial dust distribution’), we describe why accretion rate becomes large
by allowing the relative motion.
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Figure 4.1: Time averaged Eddington ratio as a function of the hydrogen number den-
sity nH. Top panels show the results with the metallicity Z = 1.0 Z⊙.
Bottom panels show the results with the metallicity Z = 0.1 Z⊙. Left
panels show the results with the radiative efficiency η = 0.1. Right panels
show the results with the radiative efficiency η = 0.3. The red solid lines
represent the results of simulations that allow relative motion between dust
and gas (‘3-fluid’). The black dashed lines with filled diamond represent the
results of simulations that assume dust and gas move together (‘1-fluid’).
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Figure 4.2: ⟨f∗
Edd(Z)⟩ as a function of the hydrogen number density nH. Top panels

show the results with metallicity Z = 1.0 Z⊙. Bottom panels show the
results with metallicity Z = 0.1 Z⊙. Left panels show the results with
radiative efficiency η = 0.1. Right panels show the results with radiative ef-
ficiency η = 0.3. The red solid lines represent the results of simulations that
allow relative motion between dust and gas (‘3-fluid’). The black dashed
lines with filled diamond represent the results of simulations that assume
dust and gas move together (‘1-fluid’). The gray double dot-dashed lines
represents ⟨f∗

Edd(Z)⟩ = 1.
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Fig. 4.2 shows the time averaged Eddington ratio ⟨f∗
Edd(Z)⟩(≡ ⟨Lacc⟩/L∗

Edd(Z)),
where L∗

Edd(Z) is the Eddington luminosity derived by the cross section of electron
and dust. We define the L∗

Edd(Z) as follows:

L∗
Edd(Z) ≡

4πGMBHmpc

σT + D(Z)σdust
, (4.10)

where D(Z) is dust-to-gas mass ratio and σdust is the cross section of dust grains.
From our dust model, we set D(Z)σdust as follows:

D(Z)σdust ≃ 1.35 × 103(Z/Z⊙)σT. (4.11)

The relation between LEdd and L∗
Edd is LEdd = L∗

Edd(Z = 0). As in Fig. 4.1, we
present ⟨f∗

Edd(Z)⟩ as functions of the hydrogen number density nH, the metallicity
Z, and the constant radiative efficiency η in Fig. 4.2.

By allowing the relative motion, BH luminosity becomes about 10 times larger
than the Eddington luminosity defined by cross section of dust and electron (L∗

Edd)
at most. Our result indicates that we may underestimate the BH luminosity if
we use the parameter L∗

Edd to estimate the BH luminosity in sub-grid physics of
cosmological simulations, for example.

According to equation (10) of Yajima et al. (2017), we estimate the accretion
rate as follows:

Ṁ = ṀB,HII

[
1 −

1.35 × 103σTηc

4πGMBHmp

(
Z

Z⊙

)
× Ṁ

]2
, (4.12)

where

ṀB,HII ≡ 4πλB(= 0.75)G2M2
BHρHIIc

−3
HII, (4.13)

ρHII is the number density of ionized hydrogen, and cHII is the sound speed inside
the H ii region. We assume that the temperature of ionized gas is 7 × 104 K and
the polytropic index γ is 1.3. Since the dust model is different from Yajima et al.
(2017), our equation (4.12) is different from equation (10) of Yajima et al. (2017).

As in Fig. 4.1, we present the time averaged Eddington ratio as a functions
of the hydrogen number density, metallicity, and constant radiative efficiency in
Fig. 4.3. We also present the Eddington ratio obtained by equation (4.12).

We find that the accretion rate for (η, Z) = (0.1, 0.1Z⊙) does not become
sufficiently large by allowing the relative motion between dust and gas, since
the accretion rate by equation (4.12) shows that the accretion rate for (η, Z) =
(0.1, 0.1Z⊙) does not differ from that for (η, Z) = (0.1, 0.0Z⊙) very much. The
effect of radiation pressure on dust is almost negligible for (η, Z) = (0.1, 0.1Z⊙).
We discuss the metallicity dependence on accretion rate in Appendix E.

As we show in Fig. 4.3, the accretion rate by ‘3-fluid’ for (Z, η) = (0.1 Z⊙, 0.3)
agrees well with the accretion rate given by equation (4.12) with (Z, η) = (0.0 Z⊙, 0.3).
When we assume that the accretion rate by ‘3-fluid’ for (Z, η) = (0.1 Z⊙, 0.3)
follows the accretion rate given by equation (4.12) with (Z, η) = (0.0 Z⊙, 0.3)
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Figure 4.3: Time averaged Eddington ratio as a function of the hydrogen number den-
sity nH. Top panels show the results with metallicity Z = 1.0 Z⊙. Bottom
panels show the results with metallicity Z = 0.1 Z⊙. Left panels show the
results with radiative efficiency η = 0.1. Right panels show the results with
radiative efficiency η = 0.3. The red solid lines represent the results of sim-
ulations that allow relative motion between dust and gas (‘3-fluid’). The
black dashed lines with filled diamond represent the results of simulations
that assume dust and gas move together (‘1-fluid’). The blue dotted lines,
the green dot-dashed lines, and gray double dot-dashed lines represent the
Eddington ratio given by equation (4.12) with metallicity 1.0 Z⊙, 0.1 Z⊙,
and 0.0 Z⊙.
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even with the hydrogen number density nH = 105 cm−3, the accretion rate of
‘3-fluid’ with (Z, η) = (0.1 Z⊙, 0.3) can reach the Eddington accretion rate for
(Z, η) = (0.0 Z⊙, 0.3). If the accretion rate of dusty gas is the Eddington accre-
tion rate for (Z, η) = (0.0 Z⊙, 0.3), it takes about 1 Gyr to be SMBHs of mass
109 M⊙ from seed BHs of mass 105 M⊙. A black hole might be able to grow even
under dust rich environments by allowing the relative motion between dust and
gas.

In the previous paragraph, we assume that the accretion rate by ‘3-fluid’
for (Z, η) = (0.1 Z⊙, 0.3) follows the rate given by equation (4.12) for (Z, η) =
(0.0 Z⊙, 0.3) even with higher gas number density. This assumption, however,
may not be valid. Toyouchi et al. (2019) showed that the effect of infrared re-
emission from dust grains on dusty gas accretion is not negligible in high density
environments. We, therefore, need to carry out ‘3-fluid’ simulations including
the effect of re-emission from dust grains in high gas density to derive the ac-
cretion rate in dusty high density environments. Such simulations are. however,
computationally too expensive.

Time evolution of Eddington ratio

We present the time evolution of Eddington ratio in Fig. 4.4. Time evolution
of Eddington ratio also indicates that accretion rate increases by allowing the
relative motion between dust and gas. In addition, by allowing the relative motion,
time evolution of Eddington ratio shows large variation. As we discuss later
(Section 4.5.2), the dust-to-gas mass ratio depends on the luminosity of BHs
when we allow the relative motion between dust and gas. Since the effect of
radiation pressure on dusty gas accretion also depends on the dust-to-gas mass
ratio, changes of the luminosity also affects the role of radiation pressure on dusty
gas accretion. This effect may cause the large and frequent fluctuation in time
evolution of Eddington ratio in the ‘3-fluid’ case.

Spatial dust distribution

We present densities, velocities, relative velocities between dust and gas (∆v ≡
vd−vg), the grain electric potential, and gas temperature as functions of radius in
Fig. 4.5. In order to compare the simulation results with each other, we consider
the specific epoch of each initial condition when the luminosity is median. 1

We find that radiation pressure affects the dust distribution within an ionized
regions. Except for the immediate vicinity of a BH, the dust-to-gas mass ratio
decreases within an ionized region. The effect of radiation pressure on dusty gas,
therefore, becomes small. This makes the accretion rate larger than the one-fluid
case as we discussed in Section ‘Time averaged Eddington ratio’.

We find that the relative speed between large dust and gas is larger than
that between small dust and gas. This is because large dust grains have larger

1 We select the specific epoch of each initial condition from 2 Myr to 10 Myr in order to
remove the epochs when simulation results are largely affected by initial gas distribution.
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Figure 4.4: Eddington ratio as a function of time t. From top to bottom, panels
show the results with (nH, Z, η) = (100 cm−3, 1.0 Z⊙, 0.1), (nH, Z, η) =
(100 cm−3, 1.0 Z⊙, 0.3), (nH, Z, η) = (100 cm−3, 0.1 Z⊙, 0.1), (nH, Z, η) =
(10 cm−3, 1.0 Z⊙, 0.1), and (nH, Z, η) = (10 cm−3, 0.1 Z⊙, 0.1). The red
solid lines represent the results of simulations that allow the relative mo-
tion between dust and gas (‘3-fluid’). The black dashed lines represent the
results of simulations that assume dust and gas move together (‘1-fluid’).
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Figure 4.5: Density (top-row), velocity (second-row), relative velocity between dust
and gas (third-row), grain electric potential (fourth-row), and gas temper-
ature (bottom-row) profiles. From left to right, we show the results for
(nH, Z, η) = (100 cm−3, 1.0 Z⊙, 0.1), (nH, Z, η) = (100 cm−3, 1.0 Z⊙, 0.3),
(nH, Z, η) = (100 cm−3, 0.1 Z⊙, 0.1), (nH, Z, η) = (10 cm−3, 1.0 Z⊙, 0.1),
and (nH, Z, η) = (10 cm−3, 0.1 Z⊙, 0.1). All profile present the results dur-
ing the median luminosity. In the top-row, the red solid lines and gray dot-
dashed lines represent hydrogen number density and H ii number density.
The black dashed lines and blue dotted lines show the large dust number
density normalized by hydrogen number density and the small dust number
density normalized by hydrogen number density. In the second-row, the
red solid lines, the black dashed lines, and blue dashed lines show the the
velocity of gas, large dust, and small dust, respectively. In the third-row,
the black dashed lines and blue dotted lines show the relative velocity be-
tween large dust and gas and between small dust and gas, respectively. In
the forth-row, the black dashed lines and blue dotted lines show the electric
potential of the large dust and the small dust, respectively. In the bottom
panels, the red solid lines show the gas temperature. We do not plot the
profiles of dust grains if the normalized number density of dust becomes
smaller than 10−6, since we assume different maximum velocity under low
dust-to-gas mass ratio as we discuss in Section 4.3.3.

53



100 101 102 103

λ [µm]
1020

1021

1022

1023

1024

1025

1026

1027

1028

L
v
 [e

rg
 s
−

1
 H

z−
1
]

(nH, Z, η) = (100 cm−3, 1.0 Z¯ , 0.1)

Eq. (11)
Eq. (12)

100 101 102 103

λ [µm]

(nH, Z, η) = (100 cm−3, 1.0 Z¯ , 0.3)

100 101 102 103

λ [µm]

(nH, Z, η) = (100 cm−3, 0.1 Z¯ , 0.1)

100 101 102 103

λ [µm]

(nH, Z, η) = (10 cm−3, 1.0 Z¯ , 0.1)

100 101 102 103

λ [µm]

(nH, Z, η) = (10 cm−3, 0.1 Z¯ , 0.1)

Figure 4.6: The spectral energy distribution (SED) of dust re-emission profiles as
a function of wavelength when the BH luminosity is ‘faint’, ‘median’,
and ‘bright’. From left to right, we show the results for (nH, Z, η) =
(100 cm−3, 1.0 Z⊙, 0.1), (nH, Z, η) = (100 cm−3, 1.0 Z⊙, 0.3), (nH, Z, η) =
(100 cm−3, 0.1 Z⊙, 0.1), (nH, Z, η) = (10 cm−3, 1.0 Z⊙, 0.1), and
(nH, Z, η) = (10 cm−3, 0.1 Z⊙, 0.1). The red solid lines represent the re-
sults of simulations derived by equation (4.14). The black dashed lines
represent the fixed SED derived by equation (4.15).

absorption coefficient (Draine & Lee 1984; Laor & Draine 1993), smaller dust
charge 2, and larger drag time.

4.5.2 Spectral Energy Distribution of IR re-emission by dust
grains

Spectral energy distribution & MRN like dust size distribution

We present the spectral energy distribution (SED) of dust re-emission as a function
of wavelength in Fig. 4.6. In order to study the luminosity dependence of SED
shapes, we select the specific snapshots when the luminosity is ‘faint’, ‘median’,
and ‘bright’. The definitions of ‘faint’, ‘median’ and ‘bright’ luminosity are as
follows:

‘faint’: The BH luminosity is in the bottom 12.5% from 2 Myr to 10 Myr.

‘median’: The BH luminosity is in the median from 2 Myr to 10 Myr.

‘bright’: The BH luminosity is in the top 12.5% from 2 Myr to 10 Myr.

Since we are mainly interested in the SED in a quasi-steady phase, we do not
include the data until 2 Myr. In Fig. 4.6, it is possible to differentiate these cases
(‘faint’, ‘median’, and ‘bright’) by considering the value at wavelength λ ∼ 102 µm:
‘faint’ shows lowest value; whereas, ‘bright’ is highest; and ‘median’ is between
these, as could be expected.

Red solid lines indicate the SEDs derived by the spatial distribution of dust
grains obtained by the simulations. In order to estimate the effect of relative
motion between dust and gas, we also present the SEDs with a fixed dust-to-gas

2 Since photoelectric yield of large dust is smaller than that of small dust grains (Weingartner
& Draine 2001a; Weingartner et al. 2006), electric potential of large dust grains is smaller than
that of small dust grains.
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Figure 4.7: The spectral energy distribution (SED) from dust re-emission profiles as
a function of wavelength at t = 5.0 Myr. From left to right, we show
the results for (nH, Z, η) = (100 cm−3, 1.0 Z⊙, 0.3) and (nH, Z, η) =
(10 cm−3, 0.1 Z⊙, 0.1). The red solid lines represent the total SED of dust
re-emission from small dust and large dust. The black dashed lines repre-
sent the SED of dust re-emission from large dust. The blue dotted lines
represent the SED of dust re-emission from small dust.

mass ratio by black dashed lines. In other words, we estimate the SEDs described
by the red solid lines by the following radiative transfer equation:

dIν

ds
= ρd,Large,νκd,Large,ν(−Iν + Bν(Td,Large))

+ρd,Small,νκd,Small,ν(−Iν + Bν(Td,Small)), (4.14)

and we estimate the SEDs presented by the black dashed lines by the following
radiative transfer equation:

dI

ds
= ρg

(
ρd,Large

ρg

)
int

κd,Large(−I + B(Td,Large))

+ρg

(
ρd,Small

ρg

)
int

κd,Small(−I + B(Td,Small)), (4.15)

where Td,Large is the temperature of large dust (dust grains with the size 0.1 µm),
Td,Small is the temperature of small dust (dust grains with the size 0.01 µm),
κd,Large is the mass absorption coefficient of large dust, κd,Small is the mass absorp-
tion coefficient of small dust, B(T ) is the black body radiation with temperature
T , (ρd,Large/ρgas)int is the initial large-dust-to-gas mass ratio, and (ρd,Small/ρgas)int
is the initial small-dust-to-gas mass ratio.

Since the dust-to-gas mass ratio inside H ii regions is largely changed by the
relative motion between gas and dust as we showed in Section 4.5.1, the SEDs are
also affected by the relative motion, in particular at λ ≃ 10 µm. The inclusion
of the relative motion sometimes makes the luminosity at this wavelength fainter
or brighter than the coupled cases. This indicates that the spatial distribution of
high temperature dust with ∼ 103 K is strongly affected by the radiation pressure.
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Figure 4.8: Density (top-row) and dust temperature (bottom-row) profiles. We show
the results for (nH, Z, η) = (100 cm−3, 1.0 Z⊙, 0.3). From left to right, we
show the results when the BH luminosity is ‘faint’, ‘median’, and ‘bright’.
In the top-row, the red solid lines and gray dot-dashed lines represent the
number density of hydrogen and H ii. The black dashed lines and blue
dotted lines show the large dust number density normalized by hydrogen
number density and the small dust number density normalized by hydrogen
number density. In the bottom-row, the black dashed lines and blue dotted
lines represents the temperature of large dust and small dust.

To investigate which dust is responsible for this change, we present contri-
butions of large dust and small dust separately in Fig. 4.7, in which we show
the SEDs at t = 5 Myr for (nH, Z, η) = (100cm−3, 1.0, 0.3) and (nH, Z, η) =
(10cm−3, 0.1, 0.1), respectively. The relative motion makes the luminosity at
λ ≃ 10 µm fainter for the former and brighter for the latter compared with
the coupled cases. We find that small dust is responsible for the luminosity at
this wavelength.

To study the connection between the distribution of small dust, which is ac-
creted by radiation, and the dust re-emission luminosity at λ ≃ 10 µm, we present
densities and dust temperatures as functions of radius in Fig. 4.8 for (nH, Z, η) =
(100 cm−3, 1.0 ⊙, 0.3) and Fig. 4.9 for (nH, Z, η) = (10 cm−3, 1.0 ⊙, 0.1). The
profiles shown are again those at the black hole luminosity is ‘faint’, ‘median’,
and ‘bright’ in Fig. 4.6.

We find that dust is removed from the H ii region in the case of (nH, Z, η) =
(100 cm−3, 1.0 ⊙, 0.3). This is because higher luminosity makes the relative ve-
locity between dust and gas larger and removes the dust grains from the central
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Figure 4.9: Density (top-row) and dust temperature (bottom-row) profiles. We show
the results for (nH, Z, η) = (10 cm−3, 0.1 Z⊙, 0.1). From left to right, we
show the results when the BH luminosity is ‘faint’, ‘median’, and ‘bright’.
In the top-row, the red solid lines and gray dot-dashed lines represent the
number density of hydrogen and H ii. The black dashed lines and blue
dotted lines show the large dust number density normalized by hydrogen
number density and the small dust number density normalized by hydrogen
number density. In the bottom-row, the black dashed lines and blue dotted
lines represents the temperature of large dust and small dust.

57



100 101 102 103

λ [µm]
1020

1021

1022

1023

1024

1025

1026

1027

1028

L
v
 [e

rg
 s
−

1
 H

z−
1
]

(nH, Z, η) = (100 cm−3, 1.0 Z¯ , 0.3)

Eq. (11)
Eq. (13)

Figure 4.10: The spectral energy distribution (SED) of dust re-emission profiles as a
function of wavelength when the BH luminosity is ‘faint’, ‘median’, and
‘bright’. We show the results for (nH, Z, η) = (100 cm−3, 1.0 Z⊙, 0.3). The
red solid lines represent the results of simulations. The black dashed lines
represent the fixed SED derived by equation (4.15). Compare with Fig. 4.6,
dust with size 0.01 µm is not included in this numerical simulation.

region more efficiently, This decreases the amount of the high temperature dust.
On the other hand, small dust is gathered around the BH at r ∼ 0.1 pc in the
case of (nH, Z, η) = (10 cm−3, 1.0 ⊙, 0.1), which is heated to ∼ 103 K.

The effect of grain-size distribution on the SED

We perform an additional simulation only with large dust (dust grains at size
0.1 µm) and present the spectral energy distribution (SED) of the dust re-emission
as a function of wavelength in Fig. 4.10. In order to estimate the BH radiative
luminosity dependence on SED shapes, we select the epochs when the luminosity
is ‘faint’, ‘median’, and ‘bright’ as in Fig. 4.6. Red solid lines and black dashed
lines are the same as in Fig. 4.6.

We compare the SEDs in Fig. 4.10 and Fig. 4.6 around λ ∼ 10 µm with initial
condition (nH, Z, η) = (100 cm−3, 1.0 Z⊙, 0.3) and find that decline of re-emission
from high temperature dust becomes larger when we only include large dust.

We present densities and dust temperature as functions of radius in Fig. 4.11
as in Fig. 4.8 for (nH, Z, η) = (100 cm−3, 1.0 Z⊙, 0.3). Since radiation pressure re-
moves large dust more effectively than small dust as we discussed in Section 4.5.1,
the total amount of dust grains in the H ii region shown in Fig. 4.11 becomes
smaller than in the two size case. The decrease of SED around λ ∼ 10 µm in
Fig. 4.10, therefore, becomes larger than in Fig. 4.6.

The flux ratio & spatial distribution of dust grains

Yajima et al. (2017) showed that there are tight correlation between Eddington
ratio and the flux density ratio between 14 µm and 140 µm. We, therefore,
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Figure 4.11: Density (top-row) and dust temperature (bottom-row) profiles. We show
the results for (nH, Z, η) = (100 cm−3, 1.0 Z⊙, 0.3). Compare with Fig. 4.8,
dust with size 0.01 µm is not included in this numerical simulation. From
left to right, we show the results when the BH luminosity is ‘faint’, ‘me-
dian’, and ‘bright’. In the top-row, the red solid lines and gray dot-dashed
lines represent the number density of hydrogen and H ii. The black dashed
lines show the large dust number density normalized by hydrogen number
density. In the bottom-row, the black dashed lines represent the temper-
ature of large dust.
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Figure 4.12: Normalized bolometric infrared luminosity L†
IR(≡ LIR/(1.3×1043erg s−1))

as a function of flux density ratio between 14 µm and 140 µm (f14/140).
Bolometric infrared luminosity LIR is derived by equation (4.15). Differ-
ent symbols represent simulation results with different BH mass (MBH),
initial hydrogen number density (nH), metallicity (Z), radiative efficiency
(η), and dust grain size distribution model (dust). ‘MRN’ represents the
simulation results assuming MRN dust size distribution and ‘large’ rep-
resents the simulation results only with large dust. The gray dashed line
represents fitting function (4.16).
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Figure 4.13: Normalized bolometric infrared luminosity L†
IR(≡ LIR/(1.3×1043erg s−1))

as a function of flux density ratio between 14 µm and 140 µm (f14/140).
Bolometric infrared luminosity LIR is derived by equation (4.14). Differ-
ent symbols represent simulation results with different BH mass (MBH),
initial hydrogen number density (nH), metallicity (Z), radiative efficiency
(η), and dust grain size distribution model (dust). ‘MRN’ represents the
simulation results assuming MRN dust size distribution and ‘large’ rep-
resents the simulation results only with large dust. The gray dashed line
represents fitting function (4.16).
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show the relation between the normalized bolometric infrared luminosity L†
IR(≡

LIR/(1.3 × 1043erg s−1)) and the flux density ratio between 14 µm and 140 µm
f14/140 in Fig. 4.12 and 4.13. LIR represents the bolometric infrared luminosity
(i.e. total infrared luminosity emitted from dust grains). Fig. 4.12 is derived by
assuming an uniform dust-to-gas mass ratio (equation (4.15)) and Fig. 4.13 is by
the dust distribution obtained from the simulations (equation (4.14)).

We find that the relation between L†
IR and f14/140 is tightly correlated in

Fig. 4.12 even with different black hole mass, dust grain size distribution, initial
number density of gas, initial dust-to-gas mass ratio, and radiative efficiency. This
correlation can be roughly fitted by the following relationship:

L†
IR ∼ 0.1(f14/140)

1.6, (4.16)

or
f14/140 ∼ 4.3(L†

IR)0.6 ≡ F (L†
IR). (4.17)

The gray dashed lines in Fig. 4.12 and 4.13 represent fitting function (4.16). On
the other hand, we can not find tight correlation when we use the dust distribution
obtained from the simulation (Fig. 4.13). Since the infrared re-emission at
wavelength 14 µm emitted by high temperature dust grains near BHs (i.e. r ∼
0.1 pc with black hole mass MBH = 105 M⊙), this scatter may come from changes
in dust-to-gas mass ratio near BHs. Fig. 4.5, 4.8, 4.9, and 4.11 show that the dust-
to-gas mass ratio near BHs changes by allowing the relative motion between dust
and gas.

In order to confirm that the scatter in Fig. 4.13 is originated by the variation in
the dust-to-gas mass ratio near BHs, we present (ρdust/ρgas)nearBH/(ρdust/ρgas)init
(where (ρdust/ρgas)nearBH is the dust-to-gas mass ratio at rnearBH ≃ 0.25rBondi and

(ρdust/ρgas)init is the initial dust-to-gas mass ratio) as a function of f14/140/F (L†
IR)

in Fig. 4.14 by using the data in Fig. 4.13.
Fig. 4.14 shows that there is the tight correlation between (ρdust/ρgas)nearBH/(ρdust/ρgas)init

and f14/140/F (L†
IR). This tight correlation can also be roughly fitted by the fol-

lowing relationship:

(ρdust/ρgas)nearBH

(ρdust/ρgas)init
∼ 0.13

(
f14/140

F (L†
IR)

)0.7

. (4.18)

Gray dashed line in Fig. 4.14 represents the fitting function (4.18). This result
indicates that we can derive dust-to-gas mass ratio near BHs from f14/140, LIR,
fitting function (4.17), and fitting function (4.18).

Fig. 4.6 and 4.10 indicate that the relative motion changes the flux density at
14 µm while it leaves the flux density at 140 µm unchanged. This result suggests
that there must be some kind of relationship between the amount of hot dust
near BHs and the flux density at 14 µm, which is emitted by hot dust. This can
be explained as follows: The total absorption coefficient αd,ν of dust for a given
frequency ν is:

αd,ν =
∑
i

πa2d,iQi,ν

Md,i
ρd,i, (4.19)
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Figure 4.14: The rate between dust-to-gas mass ratio at radius r ≃ 0.25rBondi and ini-
tial dust-to-gas mass ratio ((ρdust/ρgas)nearBH/(ρdust/ρgas)init) as a func-

tion of f14/140/F (L†
IR). Bolometric infrared luminosity LIR is derived by

equation (4.14). Different symbols represent simulation results with dif-
ferent BH mass (MBH), initial hydrogen number density (nH), metallicity
(Z), radiative efficiency (η), and dust grain size distribution model (dust).
‘MRN’ represents the simulation results assuming MRN dust size distri-
bution and ‘large’ represents the simulation results only with large dust.
The gray dashed line represents fitting function (4.18).
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where ρd,i is the mass density of dust, ad,i is the radius of dust, Qi,ν is the
absorption coefficient of dust for a frequency ν, and Md,i is the dust mass of dust.
The subscript i donates the dust species (small and large). Since the absorption
coefficient Qi is roughly proportional to dust radius ad,i at infrared wavelength
and the dust mass Md,i is proportional to a3d,i, the absorption coefficient αd,ν is
roughly proportional to the total dust mass density ρtotal,d(=

∑
i ρd,i). If the flux

density at 14 µm is dominated by the re-emission from hot dust grains at rnearBH,
the flux density at 14 µm is roughly proportional to the absorption coefficient at
rnearBH. Since the total number density of hot dust has a peak at ∼ rnearBH ,
and hence the flux density at 14 µm should be roughly proportional to the total
mass density of hot dust at ∼ rnearBH, (ρdust/ρgas)nearBH/(ρdust/ρgas)init is roughly

proportional to f14/140/F (L†
IR) as we have shown in Fig. 4.14.

4.6 Discussions

4.6.1 The size of a dust deficient region

In this section, we derive the radius rdust, inside which dust cannot enter. For
simplicity, we assume that the relative velocity between dust and gas (∆v ≡
vd − vg) is equal to the terminal velocity ∆vterminal

3 and the maximum accretion
speed of gas is equal to the free-fall speed (|vfree| ≡

√
GMBH/rdis, where rdis the

distance from a BH). From our definition, the terminal velocity ∆vterminal becomes

∆vterminal =
frad

Kd
, (4.20)

where frad is the radiation pressure gradient force on dust. |∆vterminal| < |vacc|
for rdis → ∞. If the magnitude of free-fall velocity becomes smaller than the mag-
nitude of terminal velocity, dust cannot accrete. The relation between ∆vterminal

and the radius rdust, therefore, can be derived as follows:

∆vterminal =

√
GMBH

rdust
. (4.21)

From equation (4.4), (4.20), and (4.21),

rdust ≃

[(√
GMBHρgc

∗
g

)−1
(

8

3
√

2π

1

ϕ2lnΛ

)(
L

4cπ

)]2/3
, (4.22)

where c∗g ≡
√

kBTg/mp. In equation (4.22), we assume that Coulomb drag force
is stronger than collisional drag force, the absorption coefficient of dust is unity,
the extinction is negligible, ρd1 ≪ ρg, ρd2 ≪ ρg, and ∆vterminal ≪ c∗g. We
check that these assumption are consistent with our simulations. For (nH, Z, η) =

3We assume that the terminal velocity is mainly driven by the radiation pressure on dust and
the gas pressure is negligible.
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(100 cm−3, 1.0 Z⊙, 0.3), we determine the values of the parameters from the sim-
ulation (see, Fig. 4.5). We get

rdust ∼ 6 × 10−2

(
MBH

105 M⊙

)1/3(
ng

6 × 102 [cm−3]

)−2/3

×

(
c∗g

70 [km/s]

)−2/3(
ϕ2ln(Λ)

170

)−2/3(
L

10−2LEdd

)2/3

[pc].

(4.23)

The radius rdust is consistent with our simulation results. This is larger than dust
sublimation radius in equation (19) of Yajima et al. (2017).

4.7 Conclusions

We have investigated the impact of the relative motion of dust and gas on the
accretion rate onto IMBHs with the mass of 105 M⊙ by using one-dimensional
radiation hydrodynamic simulations in clouds with the initial gas densities of
nH = 10, 30, and 100 cm−3. To investigate the effect of grain size distribution on
the gas accretion, we introduce two additional fluid components which describe
large (0.1 µm) and small (0.01 µm) dust grains in the simulations.

We find that the accretion rate is reduced due to the radiation force compared
with dust free case. We also find that the dust-to-gas mass ratio significantly
changes in H ii regions because of the relative motion. The decoupling of dust
from gas alleviates the suppression of BH growth compared with the complete
coupling case. We show that the time averaged Eddington ratio ⟨f∗

Edd(Z)⟩ exceeds
unity by allowing the relative motion for some cases. If we extrapolate our results
to higher density, the relative motion will allow an IMBH of 105 M⊙ to grow into
an SMBH of 109 M⊙ in ∼ 1 Gyr even in the dusty environment.

Since the change in the dust-to-gas mass ratio in the vicinity of BHs alters
the amount of high-temperature dust, the luminosity at λ ∼ 10 µm can be either
brighter or fainter than the luminosity computed by assuming the uniform dust-
to-gas mass ratio. For some initial conditions, the radiation pressure significantly
decreases the amount of hot dust. This result may explain the lack of high-
temperature dust around active galactic nuclei (Jiang et al. 2010; Lyu et al. 2017).

Tazaki & Ichikawa (2020) showed that the effect of sputtering on dust grains
affects the abundance of dust grains near massive black holes. In our simulations,
we do not include the effect of sputtering on dust grains. We, therefore, may
overestimate the amount of dust grains near BHs and underestimate the accretion
rate of dusty gas onto BHs.
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Chapter 5

Conclusions and Future
Prospects

We develop the numerical radiation hydrodynamic code to reveal the effect of
radiation pressure from massive stars and black holes in the dusty interstellar
medium. We find that the effect of photoionization heating and thermal pressure
plays a key role in stellar radiation feedback compared with radiation pressure
on dust grains. However, the effect of radiation pressure plays an important role
on spatial distribution of dust grains. Radiation pressure leads to relative motion
between dust grains and gas and affects dust grain size distribution inside ionized
regions. Relative motion between dust grains and gas also affects the dusty gas
accretion onto black holes. By assuming relative motion between dust and gas,
the accretion rate becomes large compared with completely coupled case.

Our results show that the relative importance of radiation pressure on dust
grains decreases comparing with thermal pressure. The effect of radiation pressure
on dust grains is, however, even important in BH accretion or spatial distribution
of dust grains. We need to consider the dust physics in order to reveal the real
effect of dust grains on gas dynamics.

There are following remaining researches for the future work:

1. relative motion between dust grains and gas in galaxy evolutions

2. photoelectric grain heating and dust size evolution

We show that radiation from massive stars causes relative motion between
dust grains and gas inside ionized regions. However, we do not discuss the relative
motion outside ionized regions. Far-ultraviolet photons (hν < 13.6 eV) are able
to escape from ionization regions. Radiation pressure by far-ultraviolet photons,
therefore, may cause relative motion in interstellar medium. Since Bekki et al.
(2015) explain the extinction feature in LMC/SMC by removing dust grains,
we need to perform numerical simulation allowing relative motion between dust
grains and gas in galactic scale to investigate whether we can remove dust grains
by radiation pressure from LMC/SMC or not.

In this theme, we do not include the effect of photoelectric grain heating. Pho-
toelectric grain heating is one of the important heating processes in interstellar
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medium and Forbes et al. (2016) showed that this process suppress the star for-
mation in dwarf galaxies. However, they assume dust-to-metal ratio as the Milky
Way. In low metal regions, dust-to-metal ratio is smaller than the Milky Way
(Aoyama et al. 2017) and we may overestimate the effect of photoelectric heating
if we assume dust-to-metal ratio as Milky Way. We, therefore, need to perform
numerical simulations including the effect of grain size evolution and relative mo-
tion between dust and gas to estimate the effect of photoelectric grain heating in
dwarf galaxies.
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Appendix

A Shock tube tests

In order to investigate whether our method is reliable, we perform shock tube
tests. Since the effect of the dust becomes almost negligible in shock tube tests
if we assume dust-to-gas mass ratio as 6.7×10−3 (the value we assume in our
simulations) and hence we will not be able to investigate whether the numerical
code is reliable or not, we assume dust-to-gas mass ratio as 1 in the shock tube
tests. The initial condition of the shock tube problem is as follows:

ρg = ρd =

{
1, (x < 0.5),

0.125, (x > 0.5),

Pg =

{
1, (x < 0.5),

0.1, (x > 0.5),

γ = 1.67,

where γ is heat capacity ratio. Since the analytic solutions are known for Kd =
0 and ∞, we perform test calculations for Kd = 0 and Kd = 1010 (∆tsim ≫
(ρgρd)/(ρd + ρg)K−1

d ≡ td), where ∆tsim is the time scale of the shock tube
problem and td is the drag stopping time. We use linearly spaced 400 meshes
between x = 0 and 1. Time steps we use for these simulations are ∆t = 2.5×10−4

for Kd = 0 and ∆t = 4.2×10−4 for Kd = 1010. The results are shown in Fig. A.1.
We confirm that the numerical results agree with the analytic solutions.

B Dust grains with two sizes and gas dynamics

In order to investigate the spatial variation of the grain size distribution inside
H ii regions, we solve following hydrodynamics equations, where we consider dust
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Figure A.1: Gas mass density (top), dust mass density (second from the top), gas veloc-
ity (middle), dust velocity (second from the bottom), and pressure (bottom)
profiles. In the left and right panels, we show the results for Kd = 0 and
Kd = 1010, respectively. The red dots indicate the numerical results. The
black solid lines at the left panels represent the exact solutions for Kd = 0.
The black solid lines at the right panels represent the exact solutions for
Kd = ∞. For both simulations, we show the results with the adiabatic
index γ = 1.67 at t = 0.2.
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grains with two sizes (dust-1 and dust-2):

∂

∂t
ρg +

∂

∂x
ρgvg = 0

∂

∂t
ρd1 +

∂

∂x
ρd1vd1 = 0

∂

∂t
ρd2 +

∂

∂x
ρd2vd2 = 0

∂

∂t
ρgvg +

∂

∂x
ρgv

2
g = ρgagra + frad,g −

∂

∂x
Pg

+Kd1(vd1 − vg) + Kd2(vd1 − vg)

∂

∂t
ρd1vd1 +

∂

∂x
ρd1v

2
d1 = ρd1agra + frad,d1

+Kd1(vg − vd1)

∂

∂t
ρd2vd2 +

∂

∂x
ρd2v

2
d2 = ρd2agra + frad,d2

+Kd2(vg − vd2)

∂

∂t

(
1

2
ρgv

2
g + eg

)
+

∂

∂t

(
1

2
ρd1v

2
d1 +

1

2
ρd2v

2
d2

)
+

∂

∂x

(
1

2
ρgv

2
g + hg

)
vg +

∂

∂x

(
1

2
ρd1v

3
d1 +

1

2
ρd2v

3
d2

)
= (ρgvg + ρd1vd1 + ρd2vd2) agra

+frad,gvg + frad,d1vd1 + frad,d2vd2

where ρd1 is the mass density of dust-1, ρd2 is the mass density of dust-2, vd1 is
the velocity of dust-1, vd2 is the velocity of dust-2, frad,d1 is the radiation pressure
gradient force on dust-1, frad,d2 is the radiation pressure gradient force on dust-2,
Kd1 is the drag coefficient between gas and dust-1, and Kd2 is the drag coefficient
between gas and dust-2.

In order to solve dust drag force stably, we use following algorithm for the
equation of momentum:

p∗d1

(
= ρt+∆t

d1 v∗d1

)
p∗g
(
= ρt+∆t

g v∗g
)

p∗d2

(
= ρt+∆t

d2 v∗d2

)
 =

ptd1ptg
ptd2

+

Fp,d1(ρ
t
d1, v

t
d1)

Fp,g(ρtg, v
t
g, e

t
g)

Fp,d2(ρ
t
d2, v

t
d2)

∆t, (B.1)
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pt+∆t
d1

pt+∆t
g

pt+∆t
d2


=

ρt+∆t
d1

ρt+∆t
g

ρt+∆t
d2

 p∗d1 + p∗g + p∗d2

ρt+∆t
d1 + ρt+∆t

g + ρt+∆t
d2

+

ρt+∆t
d1

ρt+∆t
g

ρt+∆t
d2

[agra +
fd1 + fg + fd2

ρt+∆t
d1 + ρt+∆t

g + ρt+∆t
d2

]
∆t

+

 b
a+x

1
c

d+x

 ρgex∆t

x(x− y)

[
b(d + x)v∗d1 + (a + x)(d + x)v∗g + c(a + x)v∗d2

]

+

 b
a+y

1
c

d+y

 ρgey∆t

y(y − x)

[
b(d + y)v∗d1 + (a + y)(d + y)v∗g + c(a + y)v∗d2

]

+

 b
a+x

1
c

d+x

 ex∆t − 1

x2(x− y)
[a(d + x)fd1 + (a + x)(d + x)fg + d(a + x)fd2]

+

 b
a+y

1
c

d+y

 ey∆t − 1

y2(y − x)
[a(d + y)fd1 + (a + y)(d + y)fg + d(a + y)fd2] ,

(B.2)

where fd1 is the force on dust-1 (fd1 = frad,d1), fd2 is the force on dust-2 (fd2 =
frad,d2),

a =
Kd1

ρt+∆t
d1

,

b =
Kd1

ρt+∆t
g

,

c =
Kd2

ρt+∆t
g

,

d =
Kd2

ρt+∆t
d2

,

x = −1

2

[
(a + b + c + d) +

√
(a + b + c + d)2 − 4(ad + ac + bd)

]
,

and

y =
(ad + ac + bd)

x
.

As in section 3.3.4, in order to determine the relative velocity between gas and
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dust, we use equation (B.2) which is the exact solution of the following equations:

ρd2
d

dt
vd2 = frad,d2 + ρd2agra + Kd2(vg − vd2),

ρg
d

dt
vg = frad,g −

∂

∂x
Pg + ρgagra

+ Kd1(vd1 − vg) + Kd2(vd2 − vg),

ρd1
d

dt
vd1 = frad,d1 + ρd1agra + Kd1(vg − vd1).

(B.3)

In order to solve momentum equations, we therefore first solve the momentum
advection (B.1), and then we solve the exact solution of the equation (B.3) by
equation (B.2).

In the case for |x|∆t ≪ 1 or |y|∆t ≪ 1, we use Taylar expansion, ex∆t ≈ 1 +
x∆t or ey∆t ≈ 1+y∆t, and prevent the numerical error in calculating (ex∆t−1)/x
from becoming too large.

C The terminal velocity approximation

We here show that the terminal velocity approximation may give an unphysical
result when the simulation time step ∆t is shorter than the drag stopping time td.
In order to derive dust velocity and gas velocity, we have used the equation (3.2).
On the other hand, Akimkin et al. (2017) used the terminal velocity approxima-
tion. When we employ the terminal velocity approximation, the equation (3.2) is
transforms into the following form:[

pt+∆t
d

pt+∆t
g

]
=

[
ρt+∆t
d

ρt+∆t
g

]
p∗d + p∗g

ρt+∆t
d + ρt+∆t

g

+

[
ρt+∆t
d

ρt+∆t
g

]
agra∆t

+

[
(ρt+∆t

d ∆t + ρt+∆t
g td)fd

(ρt+∆t
g ∆t + ρt+∆t

d td)fg

]
1

ρt+∆t
g + ρt+∆t

d

+

[
ρt+∆t
d fg

ρt+∆t
g fd

]
(∆t− td)

ρt+∆t
g + ρt+∆t

d

.

(C.4)

The advantage of the equation (3.2) is that it is accurate even for ∆t < td. In
contrast, the equation (C.4) becomes inaccurate for ∆t ≪ td, since the relation
of ∆t and td should be ∆t ≫ td in order the terminal velocity approximation to
be valid. For example, the direction of fd on gas and that of fg on dust in the
equation (C.4) becomes opposite for ∆t < td.

We perform simulations by using equation (C.4) in stead of equation (3.2)
and compare the simulation results. Simulation results do not largely change for
Cloud 2, 3, and 4. The numerical simulation of Cloud 1, however, is crashed,
since the timestep becomes ∆t ≪ td at some steps.

The relation between ∆t and td becomes ∆t < td when the drag stopping
time td is larger than the chemical timestep ∆tchem or the timestep ∆tCFL de-
fined by Clourant-Friedrichs-Lewy condition. The chemical timestep is defined in
equation (7) in Ishiki & Okamoto (2017).
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Table C.1: Numerical setup for the IGM, the H ii region, and the H i region. The
number densities of hydrogen and ionized hydrogen are represented by nH

and nH ii. The temperature of gas is represented by Tg. The radius of a
grain is represented by adust. The grain electric potential of dust grains is
represented by Vd. The relative velocity between a dust grain and gas is
represented by ∆v.

nH nH ii Tg adust Vd ∆v
(cm−3) (cm−3) (K) (µm) (V) (km s−1)

IGM 10−5 10−5 104 0.1 20 0
H ii region 10 10 104 0.1 5 0
H i region 102 0 102 0.1 0 0

10-2 10-1 100 101 102

v [km s−1]

10-2

10-1

100

101

102

103

104

105

∆
x
 [p

c]

IGM
HII region
HI region

Figure C.2: The green, red, and blue hatched regions represent the condition of tCFL >
td for the IGM, the H ii region, and the H i region, respectively.
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In Fig. C.2, we present the condition for tCFL(≡ α∆x/v) > td in the case of
the intergalactic medium (IGM), the H ii region, and the H i region, where α is
constant (we assume α = 0.1), ∆x is the mesh size, and v is velocity. The details
of numerical setup for the IGM, the H ii region, and the H i region are listed in
Tab C.1. The green, red, and blue hatched regions represent the condition for
tCFL > td for the IGM, the H ii region, and the H i region, respectively. If the
relation between tCFL and td becomes tCFL ≪ td, the simulation may become
unstable.

D Definition of sound speed

The advection term of mass, momentum, and enthalpy F is defined as follows:

F ≡ F (ρ, v, ĉ, eg), (D.5)

where ρ is the mass density, v is the velocity, ĉ is the sound speed in numerical
simulations, and eg is the specific total energy of gas. In the chapter 4, for the
numerical stability, we assume the sound speed of gas ĉg, dust-1 ĉd1, and dust-2
ĉd2 in advection term as follows:

1

c2g

ĉ2d1ĉ2g
ĉ2d2

 =
ρg

ρd1 + ρg + ρd2

1
1
1


+

 a(d + x)
(a + x)(d + x)

d(a + x)

 ext − 1

xt

1

x(x− y)

+

 a(d + y)
(a + y)(d + y)

d(a + y)

 eyt − 1

yt

1

y(y − x)
,

(D.6)

where cg ≡
√
γPg/ρg. The definition of x, y, a, b, c, d is same as in Appendix B.

We derive this assumption from equation (B.2).
Our new definition has the two features for (Kd1,Kd2) → (∞,∞) and (Kd1,Kd2) →

(0, 0). For (Kd1,Kd2) → (∞,∞),

1

c2g

ĉ2d1ĉ2g
ĉ2d2

 =
ρg

ρd1 + ρg + ρd2

1
1
1

 , (D.7)

and for (Kd1,Kd2) → (0, 0),

1

c2g

ĉ2d1ĉ2g
ĉ2d2

 =

0
1
0

 . (D.8)
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Using our sound speed, the advection term F gets the following features: for
(Kd1,Kd2) → (∞,∞), ρd1

ρd1+ρg+ρd2
= const., and ρd2

ρd1+ρg+ρd2
= const., 1

F (ρd1 + ρg + ρd2, v, cg

√
ρg

ρd1 + ρg + ρd2
, eg)

= F (ρd1, v, ĉd1, eg)

+ F (ρg, v, ĉg, eg)

+ F (ρd2, v, ĉd2, eg),

(D.9)

and for (Kd1,Kd2) → (0, 0),

F (ρd1, vd1, 0, Pg) = F (ρd1, vd1, ĉd1, Pg),

F (ρg, vg, cg, Pg) = F (ρg, vg, ĉg, Pg),

F (ρd2, vd2, 0, Pg) = F (ρd2, vd2, ĉd2, Pg).

(D.10)

On the contrary, if we use assume the sound speed of gas ĉg, dust-1 ĉd1, and
dust-2 ĉd2 in advection term as:

1

c2g

ĉ2d1ĉ2g
ĉ2d2

 =

0
1
0

, (D.11)

for (Kd1,Kd2) → (∞,∞), ρd1
ρd1+ρg+ρd2

= const., and ρd2
ρd1+ρg+ρd2

= const., the
advection term F becomes

F (ρd1 + ρg + ρd2, v, cg

√
ρg

ρd1 + ρg + ρd2
, eg)

̸= F (ρd1, v, 0, eg)

+ F (ρg, v, cg, eg)

+ F (ρd2, v, 0, eg),

(D.12)

where advection term must be same for completely coupled case.
By using these definitions (D.6) and the hydrodynamic scheme SLAU2, we

perform shock tube test as paper I and confirm that the numerical results agree
with the analytic solutions.

E Accretion rate and the metallicity

In order to investigate the effect of metallicity on accretion rate, we perform
an additional simulation with (nH, η, Z) = (100 cm−3, 0.1, 0.3 Z⊙). Fig. E.3
shows the time averaged Eddington ratio as a function of metallicity Z with
(MBH, nH, η) = (105 M⊙, 100 cm−3, 0.1). We also present the Eddington ratio by
equation (4.12) in Fig. E.3.

1The sound speed of complete coupled dusty-gas fluid (i.e. (Kd1,Kd2) → (∞,∞)) becomes

ĉ = cg
√

ρg
ρd1+ρg+ρd2

.
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We find that the difference between the ‘3-fluid’ accretion rate and the ‘1-fluid’
accretion rate becomes small as the metallicity decreases. The Eddington ratios
estimated by equation (4.12) also show that the effect of radiation pressure on
dust becomes smaller as the dust-to-gas mass ratio decreases. The effect of the
relative motion on the accretion rate with low dust-to-gas mass ratio, therefore,
becomes week.

10-1 100

Z [Z¯]

10-4

10-3

10-2
〈 f Edd

〉

3-fluid
1-fluid
A:(nH, η) = (100 cm−3, 0.1)

A:(nH, η, Z) = (100 cm−3, 0.1, 0.0 Z¯)

Figure E.3: Time averaged Eddington ratio as a function of metallicity Z. The red solid
line with filled circles represents the results of simulations that allow relative
motion between dust and gas (‘3-fluid’). The black dashed line with filled
diamonds represents the results of simulations that assume dust and gas
move together (‘1-fluid’). The blue dotted line represents the Eddington
ratio given by equation (4.12) with (nH, η) = (100 cm−3, 0.1). The gray
double dot-dashed line represents the Eddington ratio given by equation
(4.12) with (nH, η, Z) = (100 cm−3, 0.1, 0.0 Z⊙).

F Accretion rate and the black hole mass

Park & Ricotti (2012) and Yajima et al. (2017) showed that the Eddington ratio
does not change if ngMBH is constant. We, therefore, perform additional simula-
tions and compare the Eddington ratios with (MBH, nH, η, Z) = (105 MBH, 102cm−3, 0.3, 1.0 Z⊙),
(3.33×105MBH, 30cm−3, 0.3, 1.0 Z⊙), and (106M⊙, 10 cm−3, 0.3, 1.0 Z⊙) in Fig. F.4.
We also present the Eddington ratio by equation (4.12). We find that the Edding-
ton ratio by ‘3-fluid’ does not change much if ngMBH is constant. The simulation
results with the different black hole mass also agree well with the analytic esti-
mates.
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Figure F.4: Time averaged Eddington ratio as a function of black hole mass MBH.
The red solid line with filled circles represents the results of simula-
tions that allow relative motion between dust and gas (‘3-fluid’). The
black dashed line with filled diamonds represents the results of simula-
tions that assume dust and gas move together (‘1-fluid’). The blue dot-
ted lines, the green dot-dashed lines, and gray double dot-dashed lines
represent the Eddington ratio given by equation (4.12) with (nH, η, Z) =
(107cm−3/(MBH [M⊙]), 0.3, 1.0 Z⊙), (107cm−3/(MBH [M⊙]), 0.3, 0.1 Z⊙),
and (107cm−3/(MBH [M⊙]), 0.3, 0.0 Z⊙).
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