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中性水素21cm線で探る 
初代天体と宇宙再電離 
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暗黒時代‐初代天体形成‐再電離	

天体が形成されると紫外線やＸ線によって周り電離する。	
現在の宇宙はほぼ電離した状態にある。	
このような「相転移」はどのようにして起こったのか？	

Hasegawa+	
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晴れ上がり後、再電離 
→光子が自由電子によって 
　散乱され偏光ゆらぎが生成 
 
偏光ゆらぎの大きさ 
→ optical depth 
 
 
 
τ～0.1 (WMAP, Planck) 
 
・積分量しかわからない 
・neの時間発展はわからない 
・瞬間的再電離を仮定 
　→ z ～ 10 

WMAP 

マイクロ波背景放射 

∫= dttnc eT )(στ



Lyα forest 

Fan+ 2003	
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Lyα forest 
・Lyα線（1216Å） 
・背景連続光（QSOなど） 
・中性水素により吸収 
　→ 赤方偏移 
・視線方向にたくさんの雲 
　→ Lyα forest 
 
Gunn-Peterson test 
・optical depth大 
 
 
・z～6では既にほぼ電離	
・z > 6で中性水素割合増加	



平均中性率の 
時間進化への制限 
 
z〜10 再電離開始 
z~6 再電離完了 



QSO (z<7→10) 
銀河(z<10→20) 



QSO (z<7→10) 
銀河(z<10→20) 

21cm線(z<30) 

21cm線！	



２、中性水素21cm線で探る 



21cm線 

陽子	
電子	

21cm電波	(1.4GHz)	

水素原子の超微細構造 

赤方偏移した21cm線を観測する 
z = 6 →	200MHz 
z = 20 →	70MHz 

100MHz帯の電波によって初代天体形成～再電離の 
中性水素分布を３次元的に観測できる 



スピン温度	

中性水素雲	

スピン温度低	
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スピン温度	

スピン温度の決まり方 
　・CMBとの相互作用（Tγ） 
　・原子の衝突（TK, xC） 
　・Lyαとの相互作用（TC～TK, xα） 

Wouthuysen-Field effect 
・Lyαで励起された後 
　スピン励起状態に落ちる 
・Lyαの量（TC）で効率が 
　決まる 



スピン温度の進化	

初期宇宙：熱平衡 
z ～	150 
　CMBとバリオンが脱結合 
　原子衝突が頻繁 
z ～	70 
　ガス密度が小さく 
　原子衝突が非効率 
z ～	20 
　天体からのLyαにより 
　W-F効果が効く 
z ～	15 
　ガスが暖められCMB温度 
　を超える 
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スピン温度の進化	

初期宇宙：熱平衡 
z ～	150 
　CMBとバリオンが脱結合 
　原子衝突が頻繁 
z ～	70 
　ガス密度が小さく 
　原始衝突が非効率 
z ～	20 
　天体からのLyαにより 
　W-F効果が効く 
z ～	15 
　ガスが暖められCMB温度 
　を超える 

天体物理の不定性 

宇宙論で決まる 

宇宙論と天体物理が入り混じる 
・ので難しい 
・ので楽しい 



macroscopic simulation (160Mpc)3 

長谷川（名古屋） 



輝度温度	 CMBとの温度差。正なら放射、負なら吸収。 



輝度温度	

Cosmic 
Dawn 

Dark 
Age Reionization 

CMBとの温度差。正なら放射、負なら吸収。 



輝度温度	

Cosmic 
Dawn 

Dark 
Age Reionization 

第二世代：SKA 

CMBとの温度差。正なら放射、負なら吸収。 

第一世代：MWAなど 



例	

Ｘ線強度 
・銀河間ガスを加熱 
・放射源 
　‐QSO 
　‐X-ray binary 
　‐超新星爆発 
・PopIII初期質量関数や 
　binaryの割合に依存 
 
Lyα 
・ガス温度とスピン温度 
　の結合 
・主に星から 
・初期質量関数や 
　星形成史に依存 

Pritchard & Loeb 2010 



21cm線ゆらぎ	
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21cm線イメージング	

再電離の様子が時系列で見える！ 
 
イオン化バブルの真ん中を光赤外で見る 
→	ALMA, TMT 

輝度温度マップ	



Kim et al. 2013	
1
0
0
/
h
M
p
c
	

小質量銀河が支配	 大質量銀河が支配	

21cm線イメージング	
輝度温度マップ：同じ平均中性率でも・・・	

再電離に寄与したのはたくさんの小さな銀河か	
少数の大きな銀河か	



21cm線統計	 Shimabukuro, Yoshiura, KT+, 15, 16, 17 

第一世代望遠鏡では	
イメージングは難しい。	
統計的にゆらぎの情報を	
引き出す。	
→	パワースペクトル	
　	バイスペクトル	

統計的情報から 
どのようにして 
（天体）物理的情報を 
引き出すかが今後の課題 

21cm-line bispectrum as a method to probe Cosmic Dawn and Epoch of Reionization 3

2.2 Calculation of the 21cm bispectrum

In this paper, we calculate the bispectrum of the brightness
temperature fluctuations (21cm bispectrum) by making use
of 21cmFAST (Mesinger et al. 2007; Mesinger et al. 2011).
This code is based on a semi-analytic model of star/galaxy
formation and reionization, and makes maps of matter den-
sity, velocity, spin temperature, ionized fraction and bright-
ness temperature at the designated redshifts.

We perform simulations in a (200Mpc)3 comoving box
with 3003 grids, which corresponds to 0.66 cMpc resolution
or ∼ 12.7(14.1) arcsec at 80 (127) MHz (z = 17 (10)) and
1.07(1.19)deg2 field of view at 80 (127) MHz (z = 17 (10)),
from z = 200 to z = 8 adopting the following parame-
ter set, (ζ, ζX , Tvir, Rmfp) = (31.5, 1056/M⊙, 10

4 K, 30 Mpc).
Here, ζ is the ionizing efficiency, ζX is the number of X-ray
photons emitted by source per solar mass, Tvir is the min-
imum virial temperature of halos which produce ionizing
photons, and Rmfp is the mean free path of ionizing photons
through the IGM. In our calculation, we also ignore, for sim-
plicity, the gradient of peculiar velocity whose contribution
to the brightness temperature is relatively small (a few %)
(Ghara et al. 2014). We perform 10 realizations of simula-
tions with different initial condition of density fluctuations
and obtain brightness temperature maps. Then we evaluate
the average bispectrum as

abs[B(k)] =
1
N

N
∑

i=1

abs[B(k)]i

=
1
N

N
∑

i

(Re[B(k)]2 + Im[B(k)]2)1/2i=1. (5)

Here, N is the number of realizations and k is the absolute
value of k.

3 RESULT

In this section, we summarize our result for the 21cm bis-
pectrum.

3.1 Scale-dependence of 21cm bispectrum

First, in order to see the scale-dependence of the 21cm bis-
pectrum, we focus on the equilateral shape, that is, α = 1
case for the isosceles ansatz discussed in the previous sec-
tion. We plot the equilateral type bispectrum as a function
of wave number k with 1-σ sample variance for several red-
shifts (z = 10, 15, 20 and 27) in Fig.1. Here, we use the nor-
malized bispectrum which is given by k6abs[B(k)]. z = 10
is a typical redshift during EoR, and z = 15 and 20 are
expected to be a transition time from CD to EoR, while
z = 27 is a typical time during CD. As you can see, the
variance is relatively small and the cosmic variance is not so
serious for the field size and wavenumbers we chose. From
this figure, we can find that, except for the case with z = 20,
the normalized bispectrum is almost scale-invariant for the
equilateral shape. On the other hand, for z = 20, the nor-
malised bispectrum has a scale-dependence as ∝ k2. Such
difference is expected to depend on what component gives a
dominant contribution to the 21cm bispectrum and we will
discuss this issue later.
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Figure 1. Equilateral type bispectra as functions of wave number
at z = 27 (red), 20 (cyan), 15 (green), 10 (purple). The shaded
region associated with each line represents 1-σ sample variance
estimated from 10 realizations.

Next, we show a comparison of bispectra of equilateral
(α = 1), folded (α = 1/2) and squeezed (α = 10) types
in Fig. 2. Here, the bispectra are plotted as functions of k3
for several redshifts. From this figure, we can see that the
scales and shapes which mostly contribute to the skewness
since skewness is the integral of bispectra (see Appendix
A). Especially, smaller scales contributes to the skewness at
z = 20 although the bispectrum is nearly scale invariant at
other redshifts.

3.2 Redshift evolution of 21cm bispectrum

Next, we consider redshift evolution of 21cm bispectrum.
In Fig. 3, we show the bispectra as functions of redshift
for several α: the equilateral shape (α = 1), the folded
shape (α = 1/2) and the squeezed shape (α = 10) with
k = 1.0 Mpc−1. For the equilateral and folded cases, we can
see two peaks located at around z = 20 and 12. These peaks
can also be seen in the power spectrum of the brightness
temperature fluctuations, P21(k), with k ≃ 1.0 Mpc−1 (see,
e.g., our previous paper (Shimabukuro et al. 2015)). On the
other hand, in case with the squeezed shape, three peaks
appear at around z = 23, 17, and 12. This feature is sim-
ilar to that of the power spectrum with k ≃ 0.1 Mpc−1

(Shimabukuro et al. 2015). For the squeezed type, we take
the parameter α to be 10 and this means k3 = 0.1 Mpc−1.
Hence, the squeezed-type 21cm bispectrum is expected to
be described in terms of not only the power spectrum with
larger two wave number (k1 and k2 in our case) but also that
with smaller one wave number (k3 in our case) and also it
would have the information about the correlation between
the long and short wavelength modes in Fourier space or
local non-linearity in real space.

We will also investigate what physics cause such a cor-
relation between the long and short wavelength modes in
the 21cm bispectrum in later subsection.

c⃝ 2002 RAS, MNRAS 000, 1–9

bispectrum: equilateral 

power spectrum 
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・再電離以前を狙う 
・スケール：1Mpc - 100Mpc 
・莫大な情報（2D → 3D） 
・小スケールゆらぎ、原始磁場 
　非ガウス性、原始重力波 
　ニュートリノ質量、宇宙ひも 
　原始ブラックホール 



再イオン化から何がわかるか？	

天体物理 
　・初代天体：星形成率、初期質量関数、Pop III 
　・初代ブラックホール：質量、降着率、SMBH 
　・ガス：分布、速度、温度、電離度 
宇宙論 
　・小スケールゆらぎ、非ガウス性 
　・早期暗黒エネルギー 
　・ニュートリノ質量 
　・原始磁場 
新しい物理 
　・原始ブラックホール蒸発 
　・暗黒物質の崩壊 
　・宇宙ひも 
　・物理定数の時間変化 

広範なサイエンス！	
多分野協力が必須！	



宇宙論100年の物語	

1960       1970      1980      1990      2000      2010      2020      2030 	    2040	

CMB発見 
ペンジアス・ウィルソン	

ゆらぎ発見 
COBE	

ゆらぎ精密観測 
WMAP	

21cm線シグナル発見? 
MWA? LOFAR? 

21cm線ゆらぎ精密観測 
SKA1, HERA 

21cm線イメージング 
SKA2 

暗黒時代観測 
月面？ 

偏光ゆらぎ精密観測 
Planck	 偏光ゆらぎ 

超精密観測 
Simons Obs. 
LiteBIRD	



３、再電離21cm線観測の幕開け 



観測開始	

MWA (2010~) 
LOFAR (2012~) 
PAPER (2010~) 



SKA-Low	
・オーストラリア 
・50 - 350MHz, log-periodic antenna 
・SKA1: 2020- 
・SKA2: 2025?- 
・EoR 21cm線、パルサー	



SKA1 capability vs state-of-the-art

Point-source	sensitivity:	
~	4	– 20	times	state-of-the-art

Survey	speed:	
~	10	- 100	times	state-of-the-art

性能比較	



Murchison	Widefield Array

Randall	Wayth
Director,	MWA

MWA: SKA precursor 
日本、オーストラリア、アメリカ、インド、中国、カナダ 
MWA-Japan 
熊本大学、名古屋大学、鹿児島大学 
東京大学、東北大学、国立天文台 



drift scan：吉浦（熊本大学）	
データ解析	



power spectrum 
・Mesinger et al. 2014 
・2000時間の観測 

予想感度	 bispectrum 
・Yoshiura, KT+ 2015 
・1000時間の観測 

MWA 
LOFAR 
SKA1 
signal 

原理的な感度は現行の望遠鏡で足りている	



本当に観測できるか？	

強烈な前景放射 
・銀河系 
・銀河系外電波天体 
・地球大気 

power spectrumで 
前景放射は 
signalの６桁上！ 
 
どう差し引いて 
signalを得るか？ 



前景放射対策	

銀河系外点源 
・地球電離層 
　‐天体の見かけの位置をずらす 
　‐時々刻々と変化 
・望遠鏡特性 
　‐ビーム形状、周波数応答 
　‐視野外からも寄与 
→	sky modelで分布を推定、除去 
 
銀河系電波放射 
・シンクロトロン、free-free 
・銀河系放射は空間的にも、 
　スペクトル的に滑らか 
→	滑らかな成分を差し引く	

Jelic 2008 

現在、４桁程度は除去できている	



Detectability of 21cm-signal with 21cm-LAE cross-correlation 9

Table 2. Total S/N ratio of the cross-power spectrum for the mid model.
In Deep field survey, the S/N ratios are also shown in the case of extended
survey area and observation time per pointing (depth) by a factor of 3,
respectively.

PFS z UD Deep area ×3 depth ×3

on
6.6 0.42 1.0 1.7 1.2

MWA
7.3 0.13 - - -

off
6.6 0.34 0.79 1.4 0.97
7.3 0.081 - - -

on
6.6 4.1 11 20 11

SKA
7.3 2.6 - - -

off
6.6 2.3 4.9 8.5 6.5
7.3 1.1 - - -

Table 3. Comparison of total S/N ratio of the cross-power spectrum in the
early, mid, and late models. The S/N ratios are shown in the cross-correlation
with Deep field survey.

PFS early mid late

MWA
on 0.14 1.0 4.3
off 0.079 0.79 2.5

SKA
on 7.5 11 31
off 2.5 4.9 15

relation could be detected. This point will be discussed later in the
next section again.

Next, let us compare the detectability for the three EoR mod-
els. Figs. 9 and 10 represent the signal and sensitivities for early
and late models with MWA-Deep survey and SKA-Deep survey,
respectively. The average neutral fraction at z = 6.6 is 0.0015 and
0.44 for early and late models, respectively, while it is 0.017 for
mid model. The amplitude of the cross-correlation signal is largely
determined by the average neutral fraction, and the signal is smaller
(larger) for early (late) model compared with mid model. The ratios
of the signal amplitude at large scales are about 3 between early and
mid models and between mid and late models. As we can see, the
detectability strongly depends on the EoR model. For early model,
it is very hard for the MWA to detect the signal. The S/N ratios are
0.14 and 0.079 with and without PFS, respectively, while they are
still relatively high for the SKA: 7.5 and 2.5 with and without PFS,
respectively. On the other hand, for late model, the MWA could de-
tect the signal even without PFS, while the signal could be detected
at relatively small scales (k ! 0.3 Mpc−1) with PFS.

Next, to understand the sensitivity curves given above, we
compare error components in Eq. (27): P21Pgal, P21σg, σNPgal
and σNσg. The first one is a pure sample variance, the second and
third ones are combinations of sample variance and observation
errors, and the last one is a pure observational error. We don’t show
P2

21,gal because it is always smaller than P21Pgal by a factor of the
correlation coefficient. Fig. fig:error budget shows the error budgets
of MWA-Deep survey and SKA-Deep survey with PFS for mid
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Figure 9. Same as Fig. 6 (MWA-Deep survey at z = 6.6), but in early model
(top) and late model (bottom).

model. For MWA-Deep survey, σNPgal and σNσg are dominant at
all scales. Therefore, a reduction in σN, the thermal noise of the
MWA, by increasing observing time and/or number of antennas is
effective to enhance the detectability. On the other hand, in case of
the SKA, P21Pgal and P21σg, that is, the sample variance terms of
21cm-line are dominant at large scales so that widening the survey
area is the best way to increase the S/N ratio. Because the thermal-
noise terms are subdominant, reducing the observing time to, say,
100 hrs does not affect the detectability at large scales so much.
Observing time as short as 10 hrs will be enough if we focus on the
largest scales of k ! 0.1 Mpc−1. Contrastingly, at small scales, the
sensitivity is limited by σNPgal and σNσg as the MWA case.

To devise strategy for increasing S/N ratio, we consider two
extensions of HSC Deep survey with (1) a larger survey area and (2)
a longer observation time per pointing, by a factor of 3, respectively.
Note that these two options need the same amount of extra obser-
vation time. In increasing the survey area, the area of 21cm-line
observation should also be widened. However, because the MWA
and SKA-low have much larger field-of-view than HSC, we assume
the survey area of 21cm-line observations is always larger than that
of LAE survey. Further, we assume that the detection limit of LAEs
is inversely proportional to the square root of observation time per
pointing.

Figs. 12 and 13 show the results of the two options for the
MWA and SKA, respectively. In Table 2, the total S/N ratios for
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まとめ	

これまで未開拓の「宇宙の幼年期」 
・2020年代以降の天文学の最大のトピックの１つ 
・宇宙論、星形成、銀河形成、超新星、ブラックホール 
　ガンマ線バーストなどあらゆる天文学を総動員 
・電波、光赤外、Ｘ線など多波長観測が必要 
・MWAなどSKA0で新しい時代が開かれようとしている 
・近いうちに初検出？ 
 
・SKA-Japan宇宙再電離チーム： 
　長谷川（名古屋）代表 


