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輻射源 
重元素源 

超巨大BHの種 
(重力波源)

宇宙の再イオン化

のちの構造形
成に影響

宇宙の夜明け

• 初期質量関数
• 単独星 or 連星/複数
• 星形成率

• 時間的・空間的発展
• 電離光子源

直接観測がなく理論先行 
(初期条件、解くべき物理が明確)

観測される天体の最遠方 
理論研究との直接比較



First Stars



Impact of the First Stars on Cosmic Reionization

Planck 2018 (arXiv:1807.06209) indicates 

Ionized fraction at z~15
w/ mini-halos w/o mini-halos

Ahn et al. (2012)
初代星の寄与が大きすぎると観測と

矛盾する可能性あり

⌧e = 0.054± 0.007
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初代星形成の理解

共通理解



初代星形成の理解

共通理解

H-プロセス(電子を
触媒)を経て形成す
るH2で冷える.

Omukai+ (2010)

おおよそビリアル温
度~1000Kのハロー
でないと冷えない.

Present-dayの場合と比
べて、ガス降着率(∝ 

MJ/tff ∝ T1.5)が高い.

cosmological
始原ガスの熱進化(e.g., Palla+83, Omukai+ 98, Abel+ 02, Yoshida+03)

H2による冷却

原始星

断熱



初代星形成の理解

共通理解

星形成可能な最小ハロー質量( ~ several 105Msun)
初代星は典型的には大質量である

cosmological
始原ガスの熱進化(e.g., Palla+83, Omukai+ 98, Abel+ 02, Yoshida+03)



初代星形成の理解

Hosokawa et al.  (2011) 質量降着期の輻射流体シミュレーション 
(原始星進化と整合的に解く)

星からの紫外線でガスが光蒸発
し、降着が止まる.



初代星形成の理解

円盤の分裂
Stacy+10

Machida+13

Susa, KH+14

Hosokawa+16



初代星形成の理解

共通理解

輻射による星質量決定(降着率が高い場合その限りでない)

初代星は典型的には大質量である

星周円盤は分裂する

cosmological
始原ガスの熱進化(e.g., Palla+83, Omukai+ 98, Abel+ 02, Yoshida+03)

星形成可能な最小ハロー質量( ~ several 105Msun)



初代星形成の理解
初期質量関数?
宇宙論的流体シミュレーション + 輻射流体による質量降着期の計算 

Hirano+14,15, Susa, KH+ 14

すべて解決？

2DRHD 
high resolution

3DRHD 
relatively low 

resolution



初代星形成の理解

共通理解

輻射による星質量決定

初代星は典型的には大質量である

まだコンセンサスが得られていない

星周円盤は分裂する

分裂片は生き残って星になるか？
宇宙論的星形成率はどの程度か？(大スケールfeedbackの重要性)

cosmological
始原ガスの熱進化(e.g., Palla+83, Omukai+ 98, Abel+ 02, Yoshida+03)

星形成可能な最小ハロー質量( ~ several 105Msun)



分裂片の数、質量、運命?
初代星・初代銀河研究会須佐さんスライド

2/3は落ちる

すべて落ちる



分裂片の数、質量、運命?

分裂片の取り扱いの違い? (Sink particle or stiff EoS) 
Sink半径を小さく取りすぎると、人工的な分裂が起こる? 
Sink particleの場合、分裂片の数が分解能に依存(Regan+18)?

2/3は落ちる

すべて落ちる

まだ議論は収束していない

初代星・初代銀河研究会須佐さんスライド



宇宙初期の星形成率への制限

• z~20で吸収線が見える 
(#温度の絶対については触れない)

EDGES results (Bowman et al. 2018)
sky-averaged 21cm brightness temperature

IGMの温度がCMB温度より
低く、21cmの励起温度がガ
ス温度に結合している. 

結合に必要なLyα光子数からCosmic Star 
Formation Rate Densityに制限が可能. 
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宇宙初期の星形成率への制限

• z~20で吸収線が見える

EDGES results (Bowman et al. 2018)

IGMの温度がCMB温度より
低く、21cmの励起温度がガ
ス温度に結合している. 

結合に必要なLyα光子数からCosmic Star 
Formation Rate Densityに制限が可能. 

Madau 2018

SFRD ~ 10-5-10-4Msun/yr/Mpc3

近い将来、真偽が検証され、z=10-30でより正確に
星形成率の制限がつく可能性がある



宇宙論的星形成率に影響しうる現象

•Radiative Feedback

• 光電離によるガスの加熱

• H2光解離による冷却剤の減少

H2シェル

ガスが剥ぎ取られ、星への質量降
着率が下がる(Susa, KH+09)

冷却時間が長くなり、重力収縮を
妨げる(Omukai 01, Susa 07)



宇宙論的星形成率に影響しうる現象

•Radiative Feedback

• 光電離によるガスの加熱

• H2光解離による冷却剤の減少

RHD simulation, KH+09

ガス雲

H2シェル

ガスが剥ぎ取られ、星への質量降
着率が下がる(Susa, KH+09)

電子を増やし、解離のフィード
バックを和らげる. 和らげる度合
いは、星のスペクル(質量)に依存
(Susa+06, KH+09)

冷却時間が長くなり、重力収縮を
妨げる(Omukai 01, Susa 07)

解離光子を遮蔽



Radiative Feedbackまとめ (長谷川スライド改)
星形成現場までの距離初代星

(Pop III.1 star)

No radiative 
feedback

Normal 
pop III star

電離光子+衝撃波で
完全にガス雲を破壊

化石電離領域でのかなり
遅い(~100Myr)次世代
星形成

Less massive star
e.g. Yoshida et al. 2007

電離光子+衝撃波に
よる水素分子増加(低
温+ガスの剥ぎ取り)

生き残ったガス雲で
の遅い星形成

Less massive star
e.g. Susa, Umemura, KH 
09, KH+ 09, Umemura, 
KH+ 12

解離光子による水
素分子減少(高温)

生き残ったガス雲で
の遅い星形成 

More massive star
e.g. O’Shea & Norman 
2008, Hirano+15

(ガスの密度とSourceのspectrumに依存)



Radiative Feedbackまとめ (長谷川スライド改)
星形成現場までの距離初代星

(Pop III.1 star)

No radiative 
feedback

normal 
pop III star

電離光子+衝撃波で
完全にガス雲を破壊

化石電離領域でのかなり
遅い(~100Myr)次世代
星形成

Less massive star
e.g. Yoshida et al. 2007

電離光子+衝撃波に
よる水素分子増加(低
温+ガスの剥ぎ取り)

生き残ったガス雲で
の遅い星形成

Less massive Pop star
e.g. Susa, Umemura, KH 
09, KH+ 09, Umemura, 
KH+ 12

解離光子による水
素分子減少(高温)

生き残ったガス雲で
の遅い星形成 

More massive star
e.g. O’Shea & Norman 
2008, Hirano+15Large scale Radiative FeedbackはSFRDだけでなく、IMFにも影響

を与える. SFRDは、輻射影響下でのIMFと無矛盾に考える



宇宙論的星形成率に影響しうる現象
•Streaming Velocity

• 晴れ上がり時にダークマターとバリオンにrms vel.~30km/
s程度の相対速度が存在 (Tseliakhovich & Hirata 2010)

• ガスがハローにとどまれず、星形成が遅れる(Stacy+11, Greif
+11, Fialkov+12, Naoz+12, Asaba+16, Schauer+18)



宇宙論的星形成率に影響しうる現象

• 場合によっては、フィラメン
トの分裂が見えたり、超大質
量星ができる(Hirano+17, 18)

•Streaming Velocity
• 晴れ上がり時にダークマターとバリオンにrms vel.~30km/
s程度の相対速度が存在 (Tseliakhovich & Hirata 2010)

• ガスがハローにとどまれず、星形成が遅れる(Stacy+11, Greif
+11, Fialkov+12, Naoz+12, Asaba+16, Schauer+18)



Summary: The First Stars

宇宙論的初期条件から、質量降着期のシミュレーション
が可能になってきた.

IMF的なものを理論的に導出

円盤の分裂とその後の進化はまだわからない
Primary starにmergeする

分裂片が生き残る

IMFはよりMassive側へ(e.g., 
Hosokawa+16)

IMFは低質量側へ(生き残りの制限 
Ishiyama, KH+16)

• 期待されるSFRDへの観測的制限へ向けて、宇宙論的
星形成率の理論的導出 : Large ScaleのfeedbackはSFR

だけでなくIMFへも影響する



Cosmic Reionization

電離光子源

電離史(時間的発展)



電離光子源の候補

• たくさんの高赤方偏移銀河が発見されている (LAEs: Ouchi, 

KH+18, LBGs: Ono+18, OIII: Hashimoto+18)
• 銀河がどの程度再電離に寄与するかは、電離光子脱出割合に強
く依存

• Giallongo et al. (2015)がAGNs at z>4に予想より多くの暗いAGN

がいることを示す. 
仮にAGNのみで再電離を起こしても、X線背景放射、HeII再
電離を含む現状の観測的制限を矛盾なく満たす(e.g., Madau 
& Haardt 2015, Yoshiura, KH+ 2016)

• High-z galaxies

• 暗いAGNs



電離光子源の候補

• たくさんの高赤方偏移銀河が発見されている (LAEs: Ouchi, 

KH+18, LBGs: Ono+18, OIII: Hashimoto+18)
• 銀河がどの程度再電離に寄与するかは、電離光子脱出割合に強
く依存

• Giallongo et al. (2015)がAGNs at z>4に予想より多くの暗いAGN

がいることを示す. 
仮にAGNのみで再電離を起こしても、XRBを含む現状の観
測的制限を矛盾なく満たす(e.g., Madau & Haardt 2015, 
Yoshiura, KH+ 2016)

• hig-z Galaxies

• 暗いAGNs

• より最近の観測はGiallongoの結果に否定的(e.g, Onoue et al. 2017, 

Parsa et al. 2017)



銀河からの電離光子脱出確率:fesc

高赤方偏移銀河の電離光子はIGMの吸収が強く直接検出できない

=>シミュレーションの予言が重要
• これまでのシミュレーションのほとんどが、大質量ほどfescが小
さい傾向(e.g., Razoumov+10, Yajima+12, Wise+14, KH+16, Xu+16) 

• 絶対値は、一桁以上のばらつきがあり、高分解能の計算ほどfesc

が小さい傾向

# 再結合率は密度の自乗に比例

fescの計算には銀河内小スケールな物質の
非一様性が重要で、SN/Radiative feedback
効果、分解能などに敏感 
(Wise+09Umemura, KH+12, Sumida, KH+18) 



銀河からの電離光子脱出確率:fesc

fescの計算には銀河内小スケールな物質の
非一様性が重要で、SN/Radiative feedback
効果、分解能などに敏感 
(Wise+09Umemura, KH+12, Sumida, KH+18) 

宇宙論的流体シミュレーションで形成
されたMhalo~109Msunの銀河のfesc

w/ Radiative Feedback 31%  
w/o Radiative Feedback 15%

# Radiative feedbackによるガス分布の平滑化はIGMでも重要(Pawlik+, Finlator+, KH+)



銀河からの電離光子脱出確率:fesc

• low-zの観測では、10%程度の値がよ
く示唆されるが、見てるハロー質量
スケールが一声1011Msun以上(e.g., 
M*~109Msun, Z=1/8-1/5の銀河で6-13% 
Izotov+16)

ENZOによる高分解能宇宙論的輻射流体シミュレーション
(Xu+16, spatial resolution ~physical 1pc)

• 平均値としては10%程度で、再電離を
起こすには十分な値.

• 高い分解能を実現するため、より
Massiveな銀河のfescはわからない(外挿
すると再電離には効かない?)



電離バブルサイズ分布からのfesc(Mhalo)予想
Sumida, Yoshiura, KH in prep.　(see also Kim+13)

Massive galaxies dominate
中性水素割合を揃えて作成した21cmの輝度温度分布

Faint galaxies dominate 
fesc(Mhalo)& steep faint-end slope of 

UV luminosity function

電離バブルサイズ分布は”ionizing luminosity function”の情報を保持
SKAの時代では、fesc(Mhalo)の検証が可能かもしれない



電離史：QSO吸収線系

■ Lyα absorption lines 
imprinted on QSO spectra.
(Gunn, Peterson 1965)

redshift

■ HeIIでも同様のアプローチ
で zHII > 2.8 (Worseck et al. 
2014)　(weakly constrained)

Fan+(2006) 
from 19 SDSS 

QSOs

short long

λ=1216Å×(1+z)



電離史：QSO吸収線系

視線ごとのLyα optical depthに大きなばらつき 
z<6でも100Mpc以上のスケールで中性領域が残っている可能性(Becker+15)

光電離率

再結合率

z<6でも光電離率 and/or 温
度にlarge scaleでの非一様性
が残っていることを示唆



電離史：QSO吸収線系

再電離

Kulkarni+18: Post-processing radiative transfer simulation  
再電離がこれまで考えていたより遅い時期に完了していれば観測と整合的

z=5.0-6.2での光学的厚
みの頻度分布 
シミュレーション(青) 
観測(赤)



電離史：Ly Alpha光度関数の赤方偏移進化

Lyα Luminosity functions 
@ z=5.7, 6.6, and 7.3

■ Lyman Alpha Emitter (LAE)

* 高赤方偏移銀河の一種でLyα
で明るい

* Lyα光子は、銀河ないの再結合と
HI衝突励起に起因

■ LAEの数がhigh-zで減少

=>IGMによる減光と解釈できる
fHIの赤方偏移進化に焼き直すためには、進化LAEのintrinsic
な赤方偏移進化とを切り分ける必要がある
目的：最新のHSCの観測結果とシミュレーションと
の比較からfHIに制限をつける



40963 particles for N-body 
(Mh,min=2.5×107Msun) 

2563 grids for RT 
(dx=0.6Mpc)

銀河が光源であると仮定 
電離光度やfescはcosmological RHDから採用 (see KH+13, KH+16)
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and described as

ki
γ =

∑

j

xi

4πR2
j

∫ ∞

νi

Lν,j

hν
σi(ν)e

−τν,jdν, (14)

where σi(ν) is the cross section for i-th species, νi is the Ly-
man limit frequency of i-th species. The subscript j indicates
the index of an ionizing source, Rj and τν,j are respectively
the distance and the optical depth from j-th ionizing source.
The SED of j-th ionizing source is determined by referring
to the look-up table of SED. Thermal evolution at each po-
sition obeys the following equation;

dTg

dt
= (γ−1)

µmp

kBρ

(
kBTg

µmp

dρ
dt

+ Γ− Λ

)
−µTg

d
dt

(
1
µ

)
, (15)

where γ, mp, µ, ρ, and kB are the adiabatic index, the pro-
ton mass, mean molecular weight, gas mass density, and the
Boltzmann constant, respectively. The H i, He i, and He ii
photo-ionization processes contribute to the heating rate Γ.
Each contribution is written as

Γi,γ =
∑

j

ni

4πR2
j

∫ ∞

νi

Lν,j

hν
(hν − hνi)σi(ν)e

−τν,jdν. (16)

During the post-processing radiative transfer calculation,
Lν,j and C(x) are estimated from the look-up tables, re-
ferring to the halo mass, the local IGM density, and the
local ionization degree.

Other than the fiducial model, we perform two addi-
tional reionization simulations with different ionizing pho-
ton production rate models. The ionizing photon produc-
tion rates in the additional two runs are set to be 1.5 times
higher or lower than that in the fiducial model. We refer
to these three models as the late, mid, and early reioniza-
tion models, respectively. These ionizing-source models well
reproduce neutral hydrogen fraction at z ∼ 6 indicated by
QSO spectra and the Thomson scattering optical depth for
the CMB photons, simultaneously. Fig. 1 shows the evolu-
tion of mean neutral hydrogen fraction of the three simula-
tions. The optical depths are 0.0552, 0.0591, 0.0648 for the
late, mid, and early models, respectively, while the Planck
observation gives 0.066 ± 0.016(Planck Collaboration et al.
2015).

We finally evaluate the differential brightness temper-
ature δTb from Eq. (1), assuming that the spin tempera-
ture TS is fully coupled with the gas temperature Tg. We
note that this assumption is valid as far as we focus on the
later stage of the EoR (Baek et al. 2009). The map of δTb

at z = 6.6 in the mid model is shown in the top panel of
Fig. 2.

3.2 Galaxy (LAE) model

The mock LAE samples are obtained via two steps. Firstly,
we determine the Lyα luminosity of each galaxy. Next, we
evaluate the Lyα transmission rate through the simulated
IGM for each galaxy by integrating Lyα optical depth along
a given direction. Since the ionization structure in each
galaxy is calculated in the RHD simulation described in the
previous subsection, we can estimate the intrinsic Lyα lu-
minosity of each galaxy from the RHD simulation results.
In galaxies, Lyα photons are mainly produced via the re-
combination process and the collisional excitation process
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I
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Figure 1. Evolution of the mean neutral hydrogen fraction fHI

in our reionization simulation box as a function of redshift. The
green, red, blue lines show the evolution in the early, mid, and
late model, respectively.

(Yajima et al. 2012). By counting the number of Lyα pho-
tons produced by these two processes, we found that the in-
trinsic Lyα luminosity Lα,int of each galaxy with halo mass
being greater than 1010M⊙ is roughly expressed as

Lα,int ≈ 1042
( Mh

1010M⊙

)1.1
[erg/s], (17)

where Mh is the halo mass. We note that the dependence
on the halo mass is almost identical to that for the star
formation rate in the RHD simulation. It is usually expected
that the intrinsic Lyα photons are absorbed by interstellar
dust during the numerous scattering events. In this paper,
we treat the fraction of Lyα photons escaping from a galaxy,
fesc,α, as a free parameter, because the absorption of Lyα
photons by dust grains is not taken into account in the RHD
simulation.

The Lyα flux is further attenuated by neutral hydrogen
in the IGM before we can observe. It is essential to deter-
mine the Lyα line profile emerging from the surface of a
galaxy for evaluating the fraction of the Lyα flux transmit-
ted through the IGM, because the Lyα transmission rate is
sensitive to the line profile. In this work, we use the line
profiles obtained by solving Lyα radiative transfer with an
expanding spherical cloud model in which the radial velocity

is assumed to obey v(r) = Vout

(
r

rvir

)
, where rvir and Vout

are the virial radius of a halo and the galactic wind velocity
(Yajima et al. 2017). The line profile is controlled by two
parameters; the galactic wind velocity Vout and the H i col-
umn density in a galaxy NH i. In the expanding cloud model,
photons with short wavelengths are selectively scattered by
outflowing gas. As a result, an asymmetric profile with a re-
markable peak at a wavelength longer than 1216 Å emerges
from the surface of a galaxy.

Using the obtained line profile φα(ν), the Lyα transmis-

MNRAS 000, 1–14 (2017)

From RHD simulation

Distribution of Observable Lyα Emitting Galaxies

+ scatter
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The SED of j-th ionizing source is determined by referring
to the look-up table of SED. Thermal evolution at each po-
sition obeys the following equation;

dTg

dt
= (γ−1)

µmp

kBρ

(
kBTg

µmp

dρ
dt

+ Γ− Λ

)
−µTg

d
dt

(
1
µ

)
, (15)

where γ, mp, µ, ρ, and kB are the adiabatic index, the pro-
ton mass, mean molecular weight, gas mass density, and the
Boltzmann constant, respectively. The H i, He i, and He ii
photo-ionization processes contribute to the heating rate Γ.
Each contribution is written as

Γi,γ =
∑

j

ni

4πR2
j

∫ ∞

νi

Lν,j

hν
(hν − hνi)σi(ν)e

−τν,jdν. (16)

During the post-processing radiative transfer calculation,
Lν,j and C(x) are estimated from the look-up tables, re-
ferring to the halo mass, the local IGM density, and the
local ionization degree.

Other than the fiducial model, we perform two addi-
tional reionization simulations with different ionizing pho-
ton production rate models. The ionizing photon produc-
tion rates in the additional two runs are set to be 1.5 times
higher or lower than that in the fiducial model. We refer
to these three models as the late, mid, and early reioniza-
tion models, respectively. These ionizing-source models well
reproduce neutral hydrogen fraction at z ∼ 6 indicated by
QSO spectra and the Thomson scattering optical depth for
the CMB photons, simultaneously. Fig. 1 shows the evolu-
tion of mean neutral hydrogen fraction of the three simula-
tions. The optical depths are 0.0552, 0.0591, 0.0648 for the
late, mid, and early models, respectively, while the Planck
observation gives 0.066 ± 0.016(Planck Collaboration et al.
2015).

We finally evaluate the differential brightness temper-
ature δTb from Eq. (1), assuming that the spin tempera-
ture TS is fully coupled with the gas temperature Tg. We
note that this assumption is valid as far as we focus on the
later stage of the EoR (Baek et al. 2009). The map of δTb

at z = 6.6 in the mid model is shown in the top panel of
Fig. 2.

3.2 Galaxy (LAE) model

The mock LAE samples are obtained via two steps. Firstly,
we determine the Lyα luminosity of each galaxy. Next, we
evaluate the Lyα transmission rate through the simulated
IGM for each galaxy by integrating Lyα optical depth along
a given direction. Since the ionization structure in each
galaxy is calculated in the RHD simulation described in the
previous subsection, we can estimate the intrinsic Lyα lu-
minosity of each galaxy from the RHD simulation results.
In galaxies, Lyα photons are mainly produced via the re-
combination process and the collisional excitation process
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Figure 1. Evolution of the mean neutral hydrogen fraction fHI

in our reionization simulation box as a function of redshift. The
green, red, blue lines show the evolution in the early, mid, and
late model, respectively.

(Yajima et al. 2012). By counting the number of Lyα pho-
tons produced by these two processes, we found that the in-
trinsic Lyα luminosity Lα,int of each galaxy with halo mass
being greater than 1010M⊙ is roughly expressed as

Lα,int ≈ 1042
( Mh

1010M⊙

)1.1
[erg/s], (17)

where Mh is the halo mass. We note that the dependence
on the halo mass is almost identical to that for the star
formation rate in the RHD simulation. It is usually expected
that the intrinsic Lyα photons are absorbed by interstellar
dust during the numerous scattering events. In this paper,
we treat the fraction of Lyα photons escaping from a galaxy,
fesc,α, as a free parameter, because the absorption of Lyα
photons by dust grains is not taken into account in the RHD
simulation.

The Lyα flux is further attenuated by neutral hydrogen
in the IGM before we can observe. It is essential to deter-
mine the Lyα line profile emerging from the surface of a
galaxy for evaluating the fraction of the Lyα flux transmit-
ted through the IGM, because the Lyα transmission rate is
sensitive to the line profile. In this work, we use the line
profiles obtained by solving Lyα radiative transfer with an
expanding spherical cloud model in which the radial velocity

is assumed to obey v(r) = Vout

(
r

rvir

)
, where rvir and Vout

are the virial radius of a halo and the galactic wind velocity
(Yajima et al. 2017). The line profile is controlled by two
parameters; the galactic wind velocity Vout and the H i col-
umn density in a galaxy NH i. In the expanding cloud model,
photons with short wavelengths are selectively scattered by
outflowing gas. As a result, an asymmetric profile with a re-
markable peak at a wavelength longer than 1216 Å emerges
from the surface of a galaxy.

Using the obtained line profile φα(ν), the Lyα transmis-
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Figure 2. Top: the 21cm brightness temperature in mid model
at redshift z = 6.6. In fully ionized region δTb ∼ 0mK. Bottom:
the associated LAE distribution. The panels are maps integrated
within ∆z = 0.1 ∼ 40Mpc.

sion rate Tα,IGM is calculated as

Tα,IGM =

∫
φα(ν0) e

−τν0,IGMdν0∫
φα(ν0)dν0

, (18)

where ν0 is the frequency in the rest-frame of a galaxy, τν,IGM

is the optical depth through the IGM described as

τν0,IGM =

∫ lp,max

rvir

sα(ν, Tg)nH idlp, (19)

where sα is the Lyα cross section of neutral hydrogen. Note
that the frequency in the rest frame of the expanding gas,
ν, is given by

ν = ν0

(
1− H(z)lp

c

)
, (20)

where lp is the distance from an LAE candidate in the phys-
ical coordinate. The upper bound of the integration, lp,max,
is set to be 80 comoving Mpc. The Lyα transmission rate
Tα,IGM tends to be higher as the outflow velocity Vout or
the H i column density NH i increases, because the remark-

Table 1. Parameter sets we chose in our LAE model at redshift
z = 6.6 and 7.3. We choose NH i = 1019 cm−2 at redshift z = 6.6
and 1020 cm−2 at redshift z = 7.3. The LAE models in the early,
mid, late model are set by adjusting fesc,α.

z model fesc,α Vout[km/s] NH i[cm−2]

early 0.22 150 1019

6.6 mid 0.25 150 1019

late 0.45 150 1019

early 0.16 150 1020

7.3 mid 0.30 150 1020

late 0.37 150 1020

able peak shifts towards redder wavelengths (Yajima et al.
2017).

In summary, observable Lyα luminosity is given by

Lα,obs = fesc,αTα,IGMLα,int. (21)

As described above, the transmission rate Tα,IGM implic-
itly depends on Vout and NH i. Thus, the observable Lyα
luminosity is determined not only by the neutral hydro-
gen distribution in the IGM, but also three parameters, i.e.,
fesc,α, Vout and NH i. In this work, we set the parameters
to be 0.16 ≤ fesc,α ≤ 0.45, Vout = 150km/s, NH i = 1019 or
1020cm−2 so that simulated Lyα luminosity functions match
to the observed LFs. The parameters we set are summarized
in Table1. Fig.3 shows the comparison between the simu-
lated Lyα luminosity functions with the chosen parameters
and observed LFs at redshifts z = 6.6(Konno et al. 2017)
and z = 7.3(Konno et al. 2014).

The bottom panel of Fig. 2 shows the distribution of
observable LAEs (Lα,obs > 1042erg/s) in the mid model
at z = 6.6. The comparison between the 21cm and LAE
maps indicates that LAEs clearly reside in the ionized re-
gion (δTb ∼ 0mK) and the 21cm brightness temperature is
high in the no LAEs region. This anti-correlation was seen
in the previous works.

4 DETECTABILITY

In this section, we describe how to estimate the error on
the cross-power spectrum. We calculate the error accord-
ing to Lidz et al. (2009); Furlanetto & Lidz (2007). As to
observation facilities, we consider combining the 21cm-line
observation by the MWA and SKA with the LAE survey by
Subaru HSC and follow-up observations by PFS.

4.1 Statistical error

First of all, we account for enhancement of the power
spectrum by redshift space distortion as P (k, µ) = (1 +
βµ2)2P (k), where µ is the cosine of the angle between k and
the line-of-sight. β = Ω0.6

m (z)/b and b is a bias factor(Kaiser
1987). The bias factor is given by b2gal(k) = Pgal(k)/PDM(k)
and we here compute this as b2gal(k) = Pgal(k)/Pdensity(k) as-
suming Pdensity(k) ≈ PDM(k), where PDM(k) and Pdensity(k)
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• 観測されるLAEの高度関数、角度相関を再現
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電離史：Ly Alpha光度関数の赤方偏移進化



• z<6でもHI fractionに大きなスケールで非一様性

• 最新のHSCの観測結果と大規模シミュレーションとの比
較から、                    @z=7.3の制限

• やはり銀河という意見が優勢.

Summary: Cosmic Reionization

• Escape Fractionの研究は進んでおり、理論・観測的
に~10%(再電離を維持できる)値が示唆れる.しかし
お互いみて質量スケールは異なる

21cm線の観測では、fescの質量依存性もわかるかも.

電離光子源

電離史

再電離の完了時期はこれまで考えていたより遅いか
もしれない

fHI = 0.5+0.1
�0.3
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