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◇ Dynamical dark energy

𝐻𝐻2 = 𝐻𝐻0 Ω𝑚𝑚𝑎𝑎−3 + Ω𝑟𝑟𝑎𝑎−4 + Ω𝑘𝑘𝑎𝑎−2 + Ω𝑋𝑋 exp 3�
𝑎𝑎

1𝑑𝑑𝑎𝑎′

𝑎𝑎′
1 + 𝑤𝑤𝑋𝑋(𝑎𝑎′)

𝑑𝑑(𝑧𝑧) = �
0

𝑧𝑧 𝑑𝑑𝑧𝑧′

𝐻𝐻(𝑧𝑧′)

Expansion ratio of the Universe (Hubble parameter)

Comoving distance：
Contribution of the dark energy

We investigate sensitivities of 21 cm line to 
the dynamical dark energy model (𝑤𝑤𝑋𝑋 ≠ constant).

Equation of state (EOS)

𝑤𝑤𝑋𝑋(𝑎𝑎′) ≡
𝑝𝑝𝑋𝑋(𝑎𝑎′)
𝜌𝜌𝑋𝑋(𝑎𝑎′)
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Dynamical dark energy model

一般にdark energyのEOS 𝑤𝑤𝑋𝑋(𝑎𝑎′)は時間依存

𝑤𝑤𝑋𝑋(𝑎𝑎′)の時間依存性はモデルによって異なる

ここでは特定のmodelを用いず，
現象論的に数個のパラメータを導入することで
EOSの時間依存性を表しそれらのパラメータを
制限するという方法を考慮する
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𝑤𝑤𝑋𝑋(𝑧𝑧) = 𝑤𝑤0 + 1 − 𝑎𝑎 𝑤𝑤1 = 𝑤𝑤0 +
𝑧𝑧

1 + 𝑧𝑧
𝑤𝑤1

◆ Parametrization 1 [Chevallier, Polarski 2001; Linder 2003]

A very simple model : 𝑤𝑤𝑋𝑋 is proportional to the scale factor 𝑎𝑎.
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𝑤𝑤𝑋𝑋 𝑧𝑧 = 𝑤𝑤0𝑤𝑤1
𝑎𝑎𝑝𝑝 + 𝑎𝑎𝑠𝑠

𝑝𝑝

𝑤𝑤1𝑎𝑎𝑝𝑝 + 𝑤𝑤0𝑎𝑎𝑠𝑠
𝑝𝑝 = 𝑤𝑤0𝑤𝑤1

1 + 1 + 𝑧𝑧
1 + 𝑧𝑧𝑠𝑠

𝑝𝑝

𝑤𝑤1 + 𝑤𝑤0
1 + 𝑧𝑧
1 + 𝑧𝑧𝑠𝑠

𝑝𝑝

◆ Parametrization 2 [Hannestad, Mortsell 2004]

𝑤𝑤𝑋𝑋 suddenly changes at a transition redshift 𝑧𝑧𝑠𝑠 = 1
𝑎𝑎𝑠𝑠
− 1.

𝑝𝑝 represents a width of the transition.

𝑧𝑧𝑠𝑠 = 1, 𝑝𝑝 = 10

𝑧𝑧𝑠𝑠 = 1, 𝑝𝑝 = 5

𝑧𝑧𝑠𝑠 = 5, 𝑝𝑝 = 5
𝑤𝑤0

𝑤𝑤1



8

𝑤𝑤𝑋𝑋 𝑧𝑧 =
𝑤𝑤0

1 + 𝑏𝑏 log 1 + 𝑧𝑧 2

◆ Parametrization 3 [Wetterich 2004]

Early dark energy : the contribution of dark energy has 
a relatively large impact in the early epoch.

𝑤𝑤0 = −0.9, 𝑏𝑏 = 0.6
𝑤𝑤0 = −0.9, 𝑏𝑏 = 0.4
𝑤𝑤0 = −0.9, 𝑏𝑏 = 0.2

𝑏𝑏 = 0.6
𝑏𝑏 = 0.4

𝑏𝑏 = 0.2
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◆Current constraint of dynamical dark energy
Planck 2015 (Parametrization 1)

BSH:
BAO+SN+𝐻𝐻0

𝑤𝑤
1
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S.G. Djorgovski et al. & 
Digital Media Center, Caltech.

◇Cosmological 21 cm radiation

We particularly focused on 
the epoch of reionization. 11

The epoch of reionization

Dark age

z~1000CMB

Cosmic dawn
(The late stage of the dark age)

15 ≲ z ≲ 30

6 ≲ z ≲ 15



≈ 27𝑥𝑥HI 1 + 𝛿𝛿𝑏𝑏
Ω𝑏𝑏ℎ2

0.023
0.15
Ω𝑚𝑚ℎ2

1 + 𝑧𝑧
10

1
2

12

Δ𝑇𝑇𝑏𝑏
𝜈𝜈21

1 + 𝑧𝑧
, 𝒓𝒓, 𝑧𝑧

× 1 −
𝑇𝑇CMB
𝑇𝑇𝑆𝑆

𝐻𝐻(𝑧𝑧)/(1 + 𝑧𝑧)
𝑑𝑑𝑣𝑣||/𝑑𝑑𝑟𝑟||

mk

◇ Brightness temp 𝑇𝑇𝑏𝑏 of 21 cm line

Fluctuation of baryon

𝑻𝑻𝑺𝑺 : Spin temp

𝑻𝑻𝐂𝐂𝐂𝐂𝐂𝐂 : CMB temp

𝑥𝑥HI: Neutral fraction

𝑻𝑻𝑺𝑺 > 𝑻𝑻𝐂𝐂𝐂𝐂𝐂𝐂 emission（6 ≲ z ≲ 15）

𝑻𝑻𝑺𝑺 < 𝑻𝑻𝑪𝑪𝑪𝑪𝑪𝑪 absorption（15 ≲ z ）

𝑻𝑻𝒃𝒃 : Brightness temp
of 21 cm line

Δ𝑇𝑇𝑏𝑏 ≡ 𝑇𝑇𝑏𝑏 − 𝑇𝑇𝐶𝐶𝐶𝐶𝐶𝐶



◇ スピン温度 𝑇𝑇𝑆𝑆

𝒏𝒏𝟏𝟏,𝒏𝒏𝟎𝟎: スピン1, 0 状態の数密度

𝑛𝑛1
𝑛𝑛0

≡
𝑔𝑔1
𝑔𝑔0

exp −
ℎ𝜈𝜈21
𝑘𝑘𝐶𝐶𝑇𝑇𝑆𝑆

𝑻𝑻𝑺𝑺の定義 :

13

𝑻𝑻𝑺𝑺に影響する効果

(2) CMB光子の吸収，放射

(1) 水素原子，電子，陽子との衝突

(3) Lyα光子の吸収，放射

(4) 中性水素比𝑥𝑥𝐻𝐻𝐻𝐻の変化
𝑥𝑥𝐻𝐻𝐻𝐻 ≡ ⁄𝑛𝑛𝐻𝐻𝐻𝐻 𝑛𝑛𝐻𝐻
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◇ 21cm line fluctuation 𝜹𝜹𝟐𝟐𝟏𝟏
𝜹𝜹𝟐𝟐𝟏𝟏 ≡

𝚫𝚫𝑻𝑻𝒃𝒃 − 𝚫𝚫�𝑻𝑻𝒃𝒃
𝚫𝚫�𝑻𝑻𝒃𝒃

𝑻𝑻𝑺𝑺 ≫ 𝑻𝑻𝜸𝜸：z~10

𝜹𝜹𝟐𝟐𝟏𝟏 ≈ 𝜹𝜹b + 𝜹𝜹𝒙𝒙𝐇𝐇𝐇𝐇 −𝜹𝜹𝝏𝝏𝝏𝝏

Neutral 
fraction

Peculiar 
velocity ≡

1 + 𝑧𝑧
𝐻𝐻(𝑧𝑧)

𝑑𝑑v𝑝𝑝||

𝑑𝑑𝑟𝑟Baryon

�𝜹𝜹𝟐𝟐𝟏𝟏 ≈ �𝜹𝜹𝐛𝐛 + �𝜹𝜹𝐇𝐇𝐇𝐇 + 𝝁𝝁𝟐𝟐�𝜹𝜹𝐛𝐛, 𝜇𝜇 ≡ 𝑘𝑘||
|𝒌𝒌|

Fourier component (in matter dominated era) 
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◇ Power spectram of 21cm 𝑃𝑃21(𝑘𝑘, 𝜇𝜇)
𝛿𝛿21(𝒌𝒌)𝛿𝛿21∗ (𝒌𝒌’) ≡ 2𝜋𝜋 3𝛿𝛿𝐷𝐷(𝒌𝒌 − 𝒌𝒌𝒌) 𝑃𝑃21(𝑘𝑘, 𝜇𝜇)

Ionization fraction : 𝑥𝑥𝑖𝑖 = 1 − 𝑥𝑥HI

𝑃𝑃𝑇𝑇𝑏𝑏≡ �𝑇𝑇𝑏𝑏
2
𝑃𝑃21

= �𝑇𝑇𝑏𝑏 /�̅�𝑥HI
2
� �̅�𝑥HI2 𝑃𝑃𝛿𝛿𝛿𝛿 − 2�̅�𝑥HI𝑃𝑃x𝛿𝛿 + 𝑃𝑃xx

�+2𝜇𝜇2 �̅�𝑥HI2 𝑃𝑃𝛿𝛿𝛿𝛿 − �̅�𝑥HI𝑃𝑃x𝛿𝛿 + 𝜇𝜇4�̅�𝑥HI2 𝑃𝑃𝛿𝛿𝛿𝛿

𝑃𝑃x𝛿𝛿 = �̅�𝑥𝑖𝑖 𝑃𝑃𝛿𝛿𝑥𝑥𝛿𝛿
𝑃𝑃xx = �̅�𝑥𝑖𝑖2𝑃𝑃𝛿𝛿𝑥𝑥𝛿𝛿𝑥𝑥 : Ionization power spectrum

: Density-ionization power spectrum

𝑃𝑃𝛿𝛿𝛿𝛿 : Matter power spectrum



◆ u-space vector : 𝒖𝒖

Fluctuation of 21 cm line 𝛿𝛿21 ≡
𝛥𝛥𝑇𝑇𝑏𝑏 −𝛥𝛥�𝑇𝑇𝑏𝑏

𝛥𝛥�𝑇𝑇𝑏𝑏

𝑃𝑃21 𝒖𝒖 =
1

𝑑𝑑𝐴𝐴 𝑧𝑧 2𝑦𝑦 𝑧𝑧
𝑃𝑃21(𝒌𝒌)

We can get information about 𝑑𝑑𝐴𝐴 𝑧𝑧 and 𝐻𝐻 𝑧𝑧
from this relation between k and u space.

𝑑𝑑𝐴𝐴(𝑧𝑧)：commoving 
angular diameter distance

𝑦𝑦 𝑧𝑧 =
𝜆𝜆21 1 + 𝑧𝑧 2

𝐻𝐻 𝑧𝑧

𝒖𝒖 = 𝑢𝑢1,𝑢𝑢2,𝑢𝑢3 = 𝑘𝑘1
𝑑𝑑𝐴𝐴(𝑧𝑧)
2𝜋𝜋

, , 𝑘𝑘2
𝑑𝑑𝐴𝐴(𝑧𝑧)
2𝜋𝜋

𝑘𝑘3
𝑦𝑦 (𝑧𝑧)
2𝜋𝜋

𝒖𝒖：u-space vector
Fourier dual of angle 𝜃𝜃𝑥𝑥, 𝜃𝜃𝑦𝑦 and frequency (line of sight 
direction) space: 𝚯𝚯 ≡ 𝜃𝜃𝑥𝑥𝐞𝐞𝐱𝐱 + 𝜃𝜃𝑦𝑦𝐞𝐞𝐲𝐲 + Δ𝑓𝑓𝐞𝐞𝐳𝐳

Its power spectrum is   



LOFAR

MWA

21CMA

Next generation ～2020

◆ Omniscope

◆ SKA(Square Kilometer Array)

http://www.skatelescope.org/

◇ 21cm line observations

PAPER

in Australia

2018:
Construction starts.

Phys. Rev. D 82, 
103501 (2010) 

Max Tegmark, 
Matias Zaldarriaga  

From Max Tegmark’s presentation
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𝐹𝐹𝛼𝛼𝛼𝛼 ≡
𝜕𝜕2 ln 𝐿𝐿(𝜽𝜽|𝒙𝒙)
𝜕𝜕𝜃𝜃𝛼𝛼𝜕𝜕𝜃𝜃𝛼𝛼

𝐿𝐿(𝜽𝜽|𝒙𝒙):Likelihood 
function

𝑉𝑉𝛼𝛼𝛼𝛼(�𝜽𝜽) ≥ 𝐹𝐹−1 𝛼𝛼𝛼𝛼

We can estimate minimum variance of �𝜃𝜃.

𝜃𝜃𝛼𝛼𝛼𝛼:theoretical parameters 𝒙𝒙:data vector

Cramér-Rao bound

𝑉𝑉𝛼𝛼𝛼𝛼(�𝜽𝜽)：variance of �𝜃𝜃

19

◆ Fisher Information matrix 𝐹𝐹𝑖𝑖𝑖𝑖
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◆ Cosmological parameter set

Ω𝑚𝑚ℎ2,Ω𝑏𝑏ℎ2,ΩΛ,𝑛𝑛𝑠𝑠,𝐴𝐴𝑠𝑠, 𝜏𝜏,𝑌𝑌𝑝𝑝

Parametrization of dark energy models

（１）Parametrization 1

= (0.1417, 0.02216, 0.6914, 0.9611, 2.214 × 10−9, 0.0952, 0.25)

𝑤𝑤0 = −0.9,𝑤𝑤0 = 0.2

Fiducial parameters

（２）Parametrization 2 𝑤𝑤0 = −0.9,𝑤𝑤0 = −0.35,

（３）Parametrization 3 𝑤𝑤0 = −0.9,𝑏𝑏 = 1
𝑎𝑎𝑠𝑠 = 0.5,𝑝𝑝 = 100



◆ Expected constraint of Parametrization 1

Planck+SKA1

95% C.L. Contour

Planck+SKA2

A constraint of SKA 1 + 
Planck is twice as good 
as that of Planck only.

Planck

Planck+Omniscope

(Preliminary result)



◆ Expected constraint of Parametrization 1

+SKA1

95% C.L. Contour

+SKA2 A constraint of SKA 2 + 
stage IV CMB is twice
as good as that of 
Stage IV CMB only.

Stage IV CMB

+Omniscope

(Preliminary result)

Stage IV CMB:
(we assume a CMBPol  
like experiment)

Stage IV CMB



◆ Expected constraint of Parametrization 2

Planck+SKA 1

95% C.L. Contour

Planck+SKA 2 For 𝑎𝑎𝑠𝑠~0.5,
constraints of 21 cm + 
Planck are  several 
times as good as that 
of Planck only.

Planck

Planck+Omniscope

(Preliminary result)



◆ Expected constraint of Parametrization 2

+SKA 1

95% C.L. Contour

+SKA 2
For 𝑎𝑎𝑠𝑠~0.5,
constraints of 21 cm + 
stage IV CMB are  
several times as good 
as that of stage IV 
CMB only.

Stage IV 
CMB

+Omniscope

(Preliminary result)

Stage IV CMB



◆ Expected constraint of Parametrization 3

Planck+SKA1

95% C.L. Contour

Planck+SKA 2 For the early dark 
energy model,
constraints of 21 cm + 
Planck are several 
times as good as that 
of Planck only.

Planck

Planck+Omniscope

(Preliminary result)



◆ Expected constraint of Parametrization 3

+SKA1

95% C.L. Contour

+SKA 2

Stage IV CMB

+Omniscope

(Preliminary result)

Stage IV CMB
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■We studied sensitivities of 21cm line
to the dynamical dark energy.

■ SKA can strongly improve    
constraints of dynamical dark energy.

4. Summary

■ For early dark energy model,
constraints of the combination are several times 
as good as that of Planck only.
.

■ For suddenly transition model, 
constraints of 21 cm + Planck are several times 
as good as that of Planck only.
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