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プロジェクト1:初期宇宙進化理論
宇宙の進化と成り立ちを探る

トップダウン/ボトムアップ的理論研究

CMB、宇宙大規模構造などの精密観測 (大規模・広視野)

統計量を精度よく測定
宇宙論パラメーターの高精度決定

微弱な宇宙論的シグナルの検出

• ダークエネルギーの性質
• 宇宙論的スケールでの重力理論の検証
• ニュートリノ質量の測定
• 原始非ガウス性の検出

{



この１年の (私的な) 成果
精密な理論テンプレートの開発（計算手法の確立）
微弱なシグナルの特性の探求と検出方法の考案

• 摂動論にもとづく精密理論テンプレートを使った、
SDSS DR7 からのニュートリノ質量の制限

• 宇宙論的N体シミュレーションによる
原始非ガウス性の検出可能性の研究

• 赤方偏移ゆがみと非線形重力進化の効果を取り入れた
バリオン音響振動の精密理論テンプレートの開発

（ハローのバイスペクトルに現れる強いスケール依存性の定量化）
Nishimichi, Taruya, Koyama, Sabiu, JCAP (‘10)

Taruya, Nishimichi, Saito, PRD (‘10) in press

Saito, Takada, Taruya, arXiv:1006.4845



今回の話 

ベクトルモード

宇宙の絶滅危惧種

宇宙の骨董品

宇宙のひねくれもの



ベクトルモード
宇宙の構成要素・非一様性を

スカラー・ベクトル・テンソルに分類

• スカラー：宇宙膨張・重力を支配

• ベクトル・テンソル：宇宙初期の残存物か、２次的生成物
マイナーな成分だが、宇宙の進化を探る上で重要

（テンソル→重力波）

ベクトルゆらぎ？

流体でいうシアー (shear)、渦(vorticity) のようなもの
（直感的には）

S(�x, t), Vi(�x, t), Tij(�x, t)



ベクトルゆらぎの生成・進化

q̇i + (1− 3 c2
s)H qi =

P

P + ρ
Π(V)

i

σ̇i + 2H σi = 8π Ga2P Π(V)
i

δgi0 = a2 σi

宇宙論的摂動論の発展方程式

; qi ≡ Hωi

ベクトル型非等方ストレス ベクトル型重力項の補正
(物質由来) (重力理論の変更)

位相欠陥 (コスミックストリング)

スカラーモードの２次摂動 
宇宙論的ベクトル場

(Einstein-Aether理論 / 拡張Horava理論)

+ (新たな源項)

1
H

(∇× v)i = ωi

その他：ベクトル場による非等方インフレーション



CMBからの観測的制限

be applied to the later times required in CMB calculations.
A great advantage of the field theory is that it naturally
includes the decay of the string network into Higgs and
gauge radiation, and the resulting backreaction on the net-
work. Thus our CMB calculations for strings are the
first to include a consistent mechanism for decay and
backreaction.

A feature of field theory simulations is a very low
density of string loops [15], in sharp distinction to
Nambu-Goto simulations on which the conventional cos-
mic string scenario is based. Further work is needed to
understand the origin of the difference, on which bounds
from cosmic rays [15] or gravitational wave production [9]
sensitively depend, but CMB calculations depend on the
large-scale properties, about which there is broad agree-
ment. Indeed, the USM has enough flexibility to approxi-
mate our power spectrum: the left hand graph of Fig. 1 of
the erratum to [11] is similar to Fig. 13 of [5]. However, the
USM does not reproduce the detailed shape of the power
spectra, nor can it give limits on the string tension !
without reference to simulations such as ours. Our calcu-
lations represent a significant step forward in reliability
and accuracy, deserving careful comparison to the data.

Data fitting approach.—The form of the cosmic string
contribution to the temperature power spectrum is shown
in Fig. 1, where it is compared to observational data and the
best-fit standard inflation model. The normalization of the
inflation and string power spectra components are free
parameters, with that for strings being proportional to
!G!"2 (where G is the gravitational constant and ! is the
string tension). For Fig. 1 the normalization of the string
component has been set to match the data at multipole ‘ #

10, corresponding to G! # !2:04$ 0:13" % 10&6, a factor
of 2–3 higher than the corresponding value from previous
work [10,11,16]. Clearly a string component this large is
ruled out, and we hence introduce the parameter f10, the
fractional contribution from cosmic strings to the tempera-
ture power spectrum at ‘ # 10.

Recalculating the inflationary component at a particular
cosmology takes only a few seconds, but for the string
contribution this takes many hours and it therefore appears
that a full Markov chain Monte Carlo (MCMC) multi-
parameter fit is unfeasible. However, following [17], we
fix the form of the string component and vary only its
normalization, via G!. Given that any changes in the
cosmological parameters are small and that the strings
are subdominant, this amounts to a small error in the total
inflation plus strings prediction, below the uncertainties in
the CMB data [18], and the MCMC results are unaffected.
We hence use a version of the standard COSMOMC [19]
code, modified to incorporate the fixed-form cosmic string
component.

We primarily consider four different models: two pa-
rametrizations of the primordial power spectrum, both with
and without strings. We always allow for variations in the
Hubble parameter h, the physical baryon and total matter
densities !bh2 and !mh2, as well as the optical depth to
last scattering ". We then either take Harrison-Zeldovich
(scale-invariant) adiabatic primordial perturbations with
amplitude As or add the additional freedom of a power-
law tilt ns: A2

s ! A2
s!k=k0"ns . This yields the two zero-

string models that we label as HZ and PL, respectively,
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FIG. 1. The temperature power spectrum contribution from
cosmic strings, normalized to match the WMAP data at ‘ #
10, as well as the best-fit cases from inflation only (model PL)
and inflation plus strings (PL' S). These are compared to the
WMAP and BOOMERANG data. The lower plot is a repeat but
with the best-fit inflation case subtracted, highlighting the devi-
ations between the predictions and the data. Note that the string
contribution is identical to that shown in Fig. 14 of [5], but here
has a linear horizontal axis for ‘ > 100.
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FIG. 2. The 2D marginalized likelihood distributions from
CMB data (only) for f10 versus h, !bh2, A2

s , and ns. Contours
show the 68% and 95% confidence regions for model PL' S
while the 400 MCMC points indicate the preferred region for
HZ' S. The vertical lines on the h and !bh2 plots show the
68% and 95% confidence limits from the HKP and BBN mea-
surements.
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includes the decay of the string network into Higgs and
gauge radiation, and the resulting backreaction on the net-
work. Thus our CMB calculations for strings are the
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and accuracy, deserving careful comparison to the data.

Data fitting approach.—The form of the cosmic string
contribution to the temperature power spectrum is shown
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work [10,11,16]. Clearly a string component this large is
ruled out, and we hence introduce the parameter f10, the
fractional contribution from cosmic strings to the tempera-
ture power spectrum at ‘ # 10.

Recalculating the inflationary component at a particular
cosmology takes only a few seconds, but for the string
contribution this takes many hours and it therefore appears
that a full Markov chain Monte Carlo (MCMC) multi-
parameter fit is unfeasible. However, following [17], we
fix the form of the string component and vary only its
normalization, via G!. Given that any changes in the
cosmological parameters are small and that the strings
are subdominant, this amounts to a small error in the total
inflation plus strings prediction, below the uncertainties in
the CMB data [18], and the MCMC results are unaffected.
We hence use a version of the standard COSMOMC [19]
code, modified to incorporate the fixed-form cosmic string
component.

We primarily consider four different models: two pa-
rametrizations of the primordial power spectrum, both with
and without strings. We always allow for variations in the
Hubble parameter h, the physical baryon and total matter
densities !bh2 and !mh2, as well as the optical depth to
last scattering ". We then either take Harrison-Zeldovich
(scale-invariant) adiabatic primordial perturbations with
amplitude As or add the additional freedom of a power-
law tilt ns: A2

s ! A2
s!k=k0"ns . This yields the two zero-

string models that we label as HZ and PL, respectively,

500 1000 150010 100

−200

0

200

l

1000

2000

3000

4000

5000

6000
l(l

+1
) 

C
l / 

2 
π 

 [
µK

2
]

String contribution
Inflation best−fit
Inflation+strings
WMAP (binned)
BOOMERANG

FIG. 1. The temperature power spectrum contribution from
cosmic strings, normalized to match the WMAP data at ‘ #
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コスミックストリングの場合

コスミックストリング
(l=10で観測と規格化)

ストリングを無視した時の残差
スカラー成分の10%
以下 (l=10で) 

( Gµ � 0.7× 10−6)



宇宙大規模構造を用いた探査法

赤方偏移ゆがみ

弱重力レンズ効果

銀河の分光サーベイによる

(cosmic shear survey)

銀河の撮像サーベイによる

スカラーモードの影響を分離して検出できる

σi

ωi
(redshift distortion)



赤方偏移ゆがみ
分光観測から求まる銀河の赤方偏移に、銀河の特異速度成分が
ドップラーシフトとして混じるため、本来の値よりずれる

実空間赤方偏移空間 v :
ẑ :{ (銀河の)特異速度場

観測者の視線方向
�s = �r +

(�v · ẑ)
aH(z)

ẑ ;

銀河分布のクラスタリングパターンが歪んで見える

パワースペクトルが非等方性になる：

P (k) ; µ ≡ (�k · ẑ)/|�k|P (S)(k, µ)



Kaiser Formula

線形領域での公式 

growth-rate parameter f(z) ≡ d lnD+

d ln a
D+(z) : 線形成長因子

(銀河バイアスなし)

Kaiser (’87)standard 
formula

ベクトルモードがあると、

modified 
formula

実空間のパワースペクトル

P (S)(k, µ) = (1 + f µ2)2Pδ(k) + 1
2µ2(1− µ2) Pω(k)

渦度のパワースペクトル

P (S)(k, µ) = (1 + f µ2)2 Pδ(k)



多重極展開

P (S)
0 (k) = (1 + 2

3f + 1
5f2) Pδ(k) + 1

15Pω(k)

P (S)
2 (k) = ( 4

3f + 4
7f2) Pδ(k) + 1

21Pω(k)

P (S)
4 (k) = 8

35f2 Pδ(k)− 4
35Pω(k)

多重極展開を行うことで、ベクトルモードを独立に分離可能 :

{
スカラー由来(密度ゆらぎ)のパワースペクトルに対して、

5~10% ぐらいの振幅ならベクトルモードを検出可能

P (S)(k, µ)

=
�

�=0

P (S)
� (k)P�(µ)



背景銀河の
イメージ

弱重力レンズ効果 (cosmic shear)
遠方の背景銀河のイメージが、前景の大規模構造
（非一様性）の重力によって歪められる効果

複素楕円率

a b

主軸の傾きφ

χ =
�

a2 − b2

a2 + b2

�
ei 2φ

重力レンズ効果により複素楕円率 (歪み場) は空間的な相関をもつ
レンズの歪み場

→ 2γ



E-/B-モード分解
歪み場の空間パターンをパリティ対称性で分類 

（CMB偏光のアナロジーで）
D. Munshi et al. / Physics Reports 462 (2008) 67–121 77

Fig. 3. Illustrative E and B modes: the E modes show what is expected around overdensities (left) and underdensities (right). The B mode patterns should
not be seen (from van Waerbeke and Mellier [303]).

Fig. 4. Compilation of most of the shear measurements listed in Table 4. The vertical axis is the shear top-hat variance multiplied by the angular scale in
arcminutes. The horizontal axis is the radius of the smoothing window in arcminutes. The positioning along the y-axis is only approximate given that the
different surveys have a slightly different source redshift distribution. The RCS result (mean source redshift of 0.6) was rescaled to a mean source redshift
of one.

decompositions in polarisation fields. In fact weak lensing can generate B-modes, but they are expected to be very
small [245], so the existence of a significant B-mode in the observed shear pattern is indicative of some non-lensing
contamination. Illustrative examples of E- and B-modes are shown in Fig. 3 (from [303]). The easiest way to introduce a
B-mode mathematically is to make the lensing potential complex:

φ = φE + iφB. (3.11)

There are variousways to determinewhether a B-mode is present. A neatway is to generalise the aperturemass to a complex
M = Map + iM⊥, where the real part picks up the E modes, and the imaginary part the B modes. Alternatively, the ξ± can be
used [60,246]:

Pκ±(�) = π
� ∞

0
dθ θ [J0(�θ)ξ+(θ) ± J4(�θ)ξ−(θ)], (3.12)

where the ± power spectra refer to E and B mode powers. In principle this requires the correlation functions to be known
over all scales from 0 to ∞. Variants of this [60] allow the E/B-mode correlation functions to be written in terms of integrals
of ξ± over a finite range:

ξE(θ) = 1
2

�
ξ−(θ) + ξ�

+(θ)
�

ξB(θ) = −1
2

�
ξ−(θ) − ξ�

+(θ)
�
,

(3.13)
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over all scales from 0 to ∞. Variants of this [60] allow the E/B-mode correlation functions to be written in terms of integrals
of ξ± over a finite range:

ξE(θ) = 1
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�
ξ−(θ) + ξ�
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�

ξB(θ) = −1
2

�
ξ−(θ) − ξ�

+(θ)
�
,

(3.13)

E-mode

B-mode

スカラーモード(密度ゆらぎ) 

に由来する重力レンズ効果で
は、E-モードしか生まれない

重要な特徴

ベクトルモード由来の重力レンズ効果では、
B-モードも生成される（ベクトルモード検出の鍵）



ベクトル由来の重力レンズ (B-モード)

γ = −
� rs

0
dr

rs − r

2r rs
r2 ei

+ej
+

ベクトルモードの作るレンズ歪み場 平坦宇宙の場合

r : 共動動径距離
rs : 背景銀河の共動動径距離

er, e+ ≡ eθ + ieϕ :
射影ベクトル

角度パワースペクトル（B-モード）

CBB
� =

2
π

� ∞

0
dk k2

� rs

0
dr

� rs

0
dr�

×
�

3rs − 4r

2r rs

� �
3rs − 4r�

2r� rs

��
3rs − 4r�

2r� rs

�
j�(k r) j�(k r�) Pσ(k; r, r�)

計量のベクトル
モード

[ek
r∂i∂j σk −

d

dr
∂jσi]



まとめ
宇宙大規模構造を用いたベクトルモードの探査法

赤方偏移ゆがみ分光銀河サーベイによる

弱重力レンズのB-モード撮像銀河サーベイによる

パワースペクトルの基本的な公式を導出：P (S)(k, µ), CBB
�

検出可能性／観測的制限

コスミックストリングなら重力レンズ B-モード：

赤方偏移ゆがみ：スカラー成分の振幅の 5~10 % @ k<0.1h/Mpc

Gµ ∼ 10−7 (??){
※ ダークエネルギー探査へのインパクト・シナジー


