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密度揺らぎのパワースペクトル 質量関数
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背景光 ΔTb

赤方偏移

連続スペクトル波長

Ts>Tbg
Ts<Tbg

• 21cm tomography

放出/吸収線になるかは、ハロー
のスピン温度(~ガス温度)と背景
光の強度の大小関係で決まる。

21cm輝線でどのように見える？

背景光の連続スペクトルにおいて、ミ
ニハローの赤方偏移zに対応した波長 
21(1+z)cm に吸収/放出線が現れる。



• 点源 (電波銀河, GRB)
Furlanetto & Loeb (2002); 
Carilli, Gnedin & Owen (2002)

• CMB (diffuse source)
Iliev+(2002), …

背景光の候補



• 点源 (電波銀河, GRB)

• CMB (diffuse source)

Furlanetto & Loeb (2002); 
Carilli, Gnedin & Owen (2002)

“21cm forest”

‣  個々のミニハローが分解可能

21cm Forest with the SKA Gianni Bernardi

Figure 2: Upper panels: Spectrum of a radio source positioned at z= 7.6 (ν ∼ 165 MHz), with a power-law
index α = 1.05 and a flux density J = 50 mJy (left hand panels) and 10 mJy (right hand panel). The red
dotted lines refer to the instrinsic spectrum of the radio source, Sin; the blue dashed lines to the simulated
spectrum for 21cm absorption, Sabs (in a universe where neutral regions remain cold); and the black solid
lines to the spectrum for 21cm absorption as it would be seen with an observation time tint = 1000 h and a
frequency resolution ∆ν = 5 kHz. The first panel to the left corresponds to a case with the LOFAR noise,
while the other two panels have 1/10th of the LOFAR noise, roughly expected for SKA1-low. Lower panels:
The ratio σabs/σobs corresponding to the upper panels.

source flux were due to the intervining neutral IGM or an intrinsically lower flux.

3. Challenges

The most challenging aspect of the detection of a 21cm forest remains the existence of high-z
radio loud sources. Although a QSO has been detected at z = 7.085 (Mortlock et al. 2011), it is
radio quiet (Momjian et al. 2014), and the existence of even higher redshift quasars is uncertain.
To observe the absorption features in the spectrum, this has to be observed with a certain precision,
which depends on the brightness of the quasar and the sensitivity of the instruments. The minimum
detectable flux density of an interferometer can be written as:

∆Smin =
2κB Tsys
A
√
∆ν tint

S
N
, (3.1)

where A is the collecting area of the array and S/N is the signal-to-noise ratio. As one may not
be able to distinguish whether the flux decrement were due to the diffuse IGM or an intrinsically
lower flux, we will probably only detect the additional absorptions with respect to the absorption
by the IGM. Therefore, the minimum flux density of the background source required to observe
the absorption lines is:
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(

S/N
5

)(

0.01
e−τIGM − e−τ

)(

5kHz
∆ν

)1/2(1000m2K−1

A/Tsys

)(

1000hr
tint

)1/2
. (3.2)

5

Ciardi, 井上+(2015)

21cm Forest with the SKA Gianni Bernardi

Figure 1: Upper panels: Spectrum of a radio source positioned at z= 10 (ν ∼ 129 MHz), with a power-law
index α = 1.05 and a flux density J = 50 mJy (left hand panels) and 10 mJy (right hand panel). The red
dotted lines refer to the instrinsic spectrum of the radio source, Sin; the blue dashed lines to the simulated
spectrum for 21cm absorption, Sabs (in a universe where neutral regions remain cold); and the black solid
lines to the spectrum for 21cm absorption as it would be seen with an observation time tint = 1000 h and a
frequency resolution ∆ν = 10 kHz. The first panel to the left corresponds to a case with the LOFAR noise,
while the other two panels have 1/10th of the LOFAR noise, roughly expected for SKA1-low. Lower panels:
The ratio σabs/σobs corresponding to the upper panels.

on the 21cm forest (e.g. Carilli, Gnedin & Owen 2002; Mack & Wyithe 2012; Ciardi et al. 2013),
the intrinsic radio source spectrum, Sin, is assumed to be similar to Cygnus A, with a power-
law with index α = 1.05 and a flux density J = 50 mJy and 10 mJy. The simulated absorption
spectrum, Sabs, is calculated from the simulations mentioned above. The observed spectrum, Sobs,
is calculated assuming an observation time tint= 1000 h with the LOFAR and SKA1-low telescopes
and a bandwidth ∆ν = 10 kHz. A clear absorption signal is observed. This is more evident in the
lower panels of Figure 1, which show the quantity σabs/σobs, where σi = Si− Sin and i=abs, obs.
As already mentioned above, the inclusion of Ly-α or x-ray heating could suppress or reduce the
absoprtion features, with the extent of the effect being highly dependent on the source model (see
e.g. Mack & Wyithe 2012; Ciardi et al. 2013).

Very strong absorption features could be easily detected also at lower redshift, when most of
the IGM is in a highly ionization state, if we were lucky enough to intercept high density cold
pockets of gas (with τ21cm > 0.1; these cells are found in ∼ 0.1% of the LOS in the simulation), as
shown in Figure 2.

Moving towards higher redshift, when most of the gas in the IGM is still neutral and relatively
cold, would offer the chance of detecting a stronger average absorption (rather than the single
absorption features observed at lower redshift). If a radio source with characteristics similar to the
ones described above were found, SKA1-low would easily detect the global absorption as shown
in Figure 3, although it would not be straightforward to distinguish whether the suppression of the
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the intrinsic radio source spectrum, Sin, is assumed to be similar to Cygnus A, with a power-
law with index α = 1.05 and a flux density J = 50 mJy and 10 mJy. The simulated absorption
spectrum, Sabs, is calculated from the simulations mentioned above. The observed spectrum, Sobs,
is calculated assuming an observation time tint= 1000 h with the LOFAR and SKA1-low telescopes
and a bandwidth ∆ν = 10 kHz. A clear absorption signal is observed. This is more evident in the
lower panels of Figure 1, which show the quantity σabs/σobs, where σi = Si− Sin and i=abs, obs.
As already mentioned above, the inclusion of Ly-α or x-ray heating could suppress or reduce the
absoprtion features, with the extent of the effect being highly dependent on the source model (see
e.g. Mack & Wyithe 2012; Ciardi et al. 2013).
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the IGM is in a highly ionization state, if we were lucky enough to intercept high density cold
pockets of gas (with τ21cm > 0.1; these cells are found in ∼ 0.1% of the LOS in the simulation), as
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ソース数の予想

21cm Forest with the SKA Gianni Bernardi
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Figure 4: The number of quasars in the whole sky that can be used to detect signals with e−τIGM−e−τ ≥ 0.01
per redshift interval. The sensitivity of the radio array is taken to be A/Tsys= 1000 m2K−1 (black solid lines)
and 4000 m2K−1 (blue dashed). The integration time is assumed to be 1000 hours. Left panel: the number
of qualified quasars in the flat evolution model. Right panel: the number of qualified quasars in the steep
evolution model.

dN/dz Model Ω [sqd] tint [h] A/Tsys [m2K−1]

11 Flat 100 1000 1000
27 Flat 1000 100 1000
68 Flat 10000 10 1000
57 Flat 100 1000 4000
142 Flat 1000 100 4000
358 Flat 10000 10 4000
2 Steep 100 1000 1000
5 Steep 1000 100 1000
12 Steep 10000 10 1000
10 Steep 100 1000 4000
25 Steep 1000 100 4000
63 Steep 10000 10 4000

Table 1: Estimated quasar number at z= 10 for the 3-tiered survey. The columns refer to: number per unit
redshift, source model, survey area, observation time, A/Tsys.

7

dN
/d

z
Ω=4π

(仮定: Ω=100deg2@z=10)

•SKA1-low: dN/dz~2-10 

•SKA2では数倍程度増
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• 点源 (電波銀河, GRB)

• CMB (diffuse source)
Iliev+(2002); Furlanetto & Loeb (2002)

メリット: ソースが必ず存在
デメリット: シグナルが弱い

“21cm fluctuation”

‣個々のハローを分解できない
‣観測量:

背景光の候補
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‣宇宙ひも: 田代, 関口 & Silk ’14

• 位相欠陥 →大統一理論

• 初期揺らぎ → インフレーションモデル
‣等曲率揺らぎ: 

‣パワースペクトルのスケール依存性:

竹内 & Chongchitnan ’13; 関口, 田代, Silk & 杉山 ’14

島袋, 市來, 井上 & 横山 ’14

‣非ガウス性: 横山, 杉山, Zaroubi & Silk ’11; Chongchitnan & Silk ’12

• 暗黒物質 → 標準模型を超えた素粒子モデル 
‣暖かい暗黒物質: 

‣ニュートリノ質量: 

関口 & 田代 ’14; 島袋, 市來, 井上 & 横山 ’14

島袋, 市來, 井上 & 横山 ’14

多様な宇宙論
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運動量分布を持つ暗黒物質



ミニハローへの影響
• 小さなハロー数の減少

ミニハローの質量

10-4

10-2

100

102

104

106

100 102 104 106 108 1010

dN
/d

ln
M

(M
) [

M
pc

-3
]

M[Msun]

z=10

1keV
3keV

10keV
30keV

CDM

mWDM>10 keVのWDMに感度を持つ！



制限の見通し
• 21cm fluctuation

• 21cm forest

島袋, 市來, 井上 & 横山(2014)

関口 & 田代 (2014)

(bg: point source)

(bg: CMB)
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FIG. 9: Halo mass functions at z = 10 (top) and z = 20
(bottom) for CDM (red), and WDM with mWDM = 10 keV
(blue) and 2 keV (green).

other interpretations are possible and these observations
cannot yet be taken as definitive evidence of WDM or
measurement of its mass.

IV. DISCUSSION AND SUMMARY

We now turn to a discussion of the observability of the
21 cm forest due to minihalos. The principal question
is the existence of background radio sources with suffi-
cient brightness and number at the relevant frequency
and redshifts of z ∼ 10 − 20. The low temperatures
of minihalos imply that the width of the expected ab-
sorption features are narrow, necessitating spectroscopy
with frequency resolution of order ∆ν ∼ kHz at observer
frequencies νobs ∼ 70-130 MHz. Following and updat-
ing [16], in order to detect absorption features of optical
depth τ with frequency resolution ∆ν and signal-to-noise
S/N with an integration time tint, the required minimum
background source brightness is
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various particle masses as indicated in the legend.
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where the specifications anticipated for SKA2-low are
adopted for the effective collecting area Aeff and system
temperature Tsys [50, 51].
Our results in Section III at face value show that spec-

troscopy of a single source with such properties at z ∼ 10
may reveal tens to hundreds of absorption features with
τ ∼ 0.01 − 0.1, which could already provide important
information on the SSPS. Multiple sources would still be
desirable to characterize fluctuations along different lines
of sight. On the other hand, at z ∼ 10, our neglect of
astrophysical effects such as the UV background or reion-
ization and heating of the IGM is hardly justifiable. As
mentioned below, in reality, such effects may completely
dominate over any of the SSPS-related effects discussed
above, which were quite small already at z = 10 except
for the case of WDM.
In this regard, z ∼ 20 or higher would be much more

preferable, since the formation of stars and galaxies and
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FIG. 8: Abundance of 21 cm absorption features per redshift
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binations of the spectral index ns and its running dns/d ln k
as indicated in the legend. Note that the case of ns=0.9548
and dns/d ln k=-0.0149 corresponds to the constraints from
Planck + WMAP polarization + high-l CMB data.

within a factor or a few. As with the case of massive neu-
trinos, the effect of RSI is found to be larger at z = 20 for
similar reasons: the most relevant range of halo masses
for the 21 cm forest is closer to the high mass tail of the
mass function, which is exponentially sensitive to changes
in the fluctuation amplitude caused by RSI. Thus, if the
21 cm forest is observable at z = 20 or higher, one may
hope to obtain valuable constraints on RSI, which in turn
may help in discriminating different inflation models [7],
independently from other observations.

C. Warm dark matter

To evaluate the halo mass function in the WDM cos-
mology, we utilize the prescription of Smith & Markovic
[46]. For WDM of particle mass mWDM and density
ΩWDM relative to the critical density, the comoving free
streaming scale can be approximated by

λfs ∼ 0.11

(

ΩWDMh2

0.15

)1/3(mWDM

keV

)−4/3

[Mpc]. (17)

The mass scale below which halo formation is suppressed
is [47]

Mfs =
4

3
π

(

λfs

2

)3

ρ̄m. (18)

The halo mass function in the WDM cosmology is ap-
proximately [46]

dn

dM
(M, z) =

1

2

{

1 + erf

[

log10(M/Mfs)

σlogM

]}[

dn

dM

]

PS

.

(19)
Here σlogM=0.5, and [dn/dM ]PS is the Press-Schechter
mass function evaluated with a fitting formula for the
matter power spectrum with WDM [48, 49]

PWDM(k) = PCDM(k){[1 + (αk)2µ]−5/µ}2 , (20)

where α and µ are fitting parameters given by

α = 0.049

(

mWDM

keV

)−1.11(ΩWDM

0.25

)0.15( h

0.7

)1.22

h−1[Mpc]

(21)
and µ = 1.12 [49].
The resulting halo mass functions at z = 10 and 20

for WDM with different particle masses compared with
CDM are plotted in Fig.9. As can clearly be seen, WDM
drastically suppresses the mass function below the mass
scale Mfs that depends on mWDM, while remaining iden-
tical to CDM above this scale.
Fig.10 shows the corresponding abundance of 21 cm

absorbers for WDM, which manifest dramatic changes
in accord with the halo mass function at small masses.
The effects at z = 20 are even stronger than at z = 10,
for reasons similar to that discussed above for neutrinos
or RSI. In fact, if mWDM is in the few keV range as is
favored to explain the missing satellite problem [11], the
suppression would be so great as to virtually make any 21
cm forest signal unobservable, as the relevant minihalos
are much smaller than the satellites in question.
On the other hand, the cause of the missing satellite

problem may lie in some kind of astrophysical feedback
effect. From a particle physics perspective, WDM is still
motivated in some theories, for example as sterile neutri-
nos, whose mass has been constrained to be in the range
∼ 1-50 keV, also depending on the mixing angle (see Fig.2
in [9]). The current upper limits on their mass come from
non-detections of X-ray lines caused by decaying sterile
neutrinos in clusters of galaxies and the cosmic X-ray
background. We see from Fig.10 that future observa-
tions of the 21 cm forest may provide an observable and
potentially more sensitive probe of such particles with
masses mWDM ! 10 keV.
We note recent observational evidence of weak, uniden-

tified X-ray lines from some clusters and galaxies, an-
nounced after submission of this paper [69]. One possi-
ble interpretation is in terms of decaying sterile neutrinos
with mass ∼ 7keV, which, if confirmed, may be challeng-
ing to probe with the method proposed here. However,
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• ミニハローからの21cm輝線は、他の宇宙論観測では到達困難
な小スケール (< 0.1Mpc) における密度揺らぎのプローブとな
り得る。

• SKAをはじめとする近い将来の観測により、幅広い宇宙論モデ
ルに対して有用な示唆が得られると期待される。

例) 暗黒物質、初期揺らぎ、宇宙紐

★特に暖かい暗黒物質の場合、CDMの小スケール問題の解決
手段から除外できる。

• 再電離史・baryon-CDM速度差の影響などを取り込んだより
詳しい理論計算が必要。

まとめ
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