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京都大学に設置された理論物理学研究の共同利用研究拠点

素粒子・原子核・宇宙・物性・量子情報
の５分野からなる

現在、

湯川秀樹博士（1949年）

1949年 湯川秀樹博士がノーベル物理学賞を受賞
1952年 湯川記念館を設置
1953年 共同利用施設として基礎物理学研究所が発足
2008年 益川敏英博士がノーベル物理学賞を受賞



基礎物理学研究所
共同利用研究拠点として
理論物理学研究者のさまざま研究活動をサポート：

国内・国際研究会の開催
地域スクール・ゼミ講師派遣
アトム型研究員制度、短期滞在制度
スパコンの共同利用

さらに、理論物理学研究の推進（現在、研究スタッフ25名）

など

理論物理学電子計算機システム主要機器構成 

Super Computer  CRAY XC40 
  Total Node:  292  

  Total Core: 32 x 292 = 9344 

  Peak Performance: 343TFlops 

  Total Memory: 36.5TiB 

  Storage: 880TB 

Infrastructure Servers 
  数式処理サーバ(24core, 256GiB) 

  可視化サーバ(12core, 256GiB) 

  第１仮想化基盤サーバ(20core, 256GiB) 

 第２仮想化基盤サーバ(12core, 96GiB) 

  汎用ファイルサーバ(270TB) 

外部ネットワーク 

Yukawa Institute for Theoretical Physics, Kyoto University 

ミクロな素粒子からマクロな宇宙まで
自然界に隠れた物理法則を探求



基礎物理学研究所での宇宙研究

宇宙論

高エネルギー天体物理学

重力波物理学

重力理論・一般相対論 Gμν + Λ gμν = 8π G
c4 Tμν

星から宇宙まで様々な階層で起こる物理現象の理論的解明
（スタッフ７名）



今日の講演内容

宇宙のこだまの最新観測から宇宙の謎を解き明かす

宇宙に広がる原始宇宙からの「こだま」

宇宙の「こだま」発見とノーベル物理学賞

宇宙の大規模構造
宇宙マイクロ波背景放射

キーワード

バリオン音響振動

宇宙の成り立ち・進化を探る宇宙論の研究



2019年 ノーベル物理学賞

James Peebles Michel Mayor Didier Queloz
ミシェル・マイヨール ディディエ・ケロージェームズ・ピーブルス

https://www.nobelprize.org/prizes/physics/2019/



2019年 ノーベル物理学賞

太陽系外惑星の発見

James Peebles Michel Mayor Didier Queloz
ミシェル・マイヨール ディディエ・ケロージェームズ・ピーブルス

https://www.nobelprize.org/prizes/physics/2019/



太陽系外惑星の発見
1995年、ペガスス座５１番星に惑星の存在を初めて発見

想像図

以後の観測の進展で、太陽系外で発見された惑星の数は
爆発的に増えた（~4000個） wikipedia
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©Johan Jarnestad/The Royal Swedish Academy of Sciences

主星の周期的なふらつき
から伴星の存在を確認
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2019年 ノーベル物理学賞

James Peebles Michel Mayor Didier Queloz
ミシェル・マイヨール ディディエ・ケロージェームズ・ピーブルス

https://www.nobelprize.org/prizes/physics/2019/

物理学的宇宙論における数々の理論的発見



ピーブルス博士の功績
現代的視点にもとづき、ビッグバン（宇宙の始
まり）から現在まで、宇宙を理解する理論的枠
組みを作り上げた

物理学的宇宙論
Physical cosmology

（1960年代～1980年代） ピーブルス博士

ビ
ッ
グ
バ
ン

140億年

宇
宙
の
大
き
さ

時間

宇宙のこだまに対する理論的予言
（1970年）

冷たい暗黒物質、暗黒エネルギー
の存在を予言（1980年代）

→標準モデルの確立



宇宙の構成要素

Planck 2018 results I 
にもとづき作成

通常の物質
（バリオン）

暗黒エネルギー

冷たい
暗黒物質



-
work, which he developed over two decades, starting 

have led to insights about our cosmic surroundings, 

of all the matter and energy contained in the universe. 
 per cent is hidden from us. This is 

黎明期の宇宙論研究
アインシュタインが一般相対性理論を提唱

フリードマンの膨張宇宙モデル

ハッブル、ルメートルによる宇宙膨張の発見

1915~1916年

1927, 1929年

1922, 1924年

フリードマン

ハッブル ルメートル
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銀
河
の
後
退
速
度

 (
km
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)

（ハッブル=ルメートル則）

遠い銀河ほど
速く遠ざかる

Hubble (1929)

300万 600万0
距離 (光年)



黎明期の宇宙論研究
ガモフらのビッグバン宇宙論

ホイルらの定常宇宙論

どうすれば決着がつくか？

ガモフ

ホイル

宇宙は熱い火の玉から始まった

宇宙は物質が絶えず生成されて時間的に変化しない

(1949年)

(1948年)

（熱い火の玉から我々の体を形作る元素が生まれた）



ビッグバンの残光
火の玉宇宙の残光が見えるかもしれない

ガモフらが正しければ

(Dicke, Peebles, Roll & Wilkinson ’65)

高温プラズマ中では光は散乱されてまっすぐ進めない
ビッグバン直後の

宇宙が冷えると
プラズマが中性化し、光は
まっすぐ進めるようになる

https://www.rikanenpyo.jp/FAQ/tenmon/faq_ten_009.html

→ “残光” として宇宙に漂う
時間

光

陽子
電子

電子

陽子

水素

高温 低温

（宇宙の晴れ上がり）
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ビッグバンの残光

波長

ガンマ線 X線 赤外線
紫
外
線

可視光線

マイクロ
波 ラジオ波

長ラジオ波

波長が長くなる

wikipedia

宇宙膨張によって光の波長は引き伸ばされる（赤方偏移）

光 ＝ 電磁波という波

火の玉宇宙の残光が見えるかもしれない
ガモフらが正しければ

(Dicke, Peebles, Roll & Wilkinson ’65)



ビッグバンの残光

残光はマイクロ波として観測できる

ビッグ
バン

 

 
 

 
2 (24) 

 
Figure  1.  A  timeline  of  our  Universe  extending  from  an  unknown  origin  on  the  left  to  a 
darkening future on the right. 
 
 
One of the very first to propose that the Universe started with something like a Big Bang was the 
American horror writer Edgar Allan Poe in his prose poem Eureka” [1]. As an explanation as to 
why the sky is dark at night, often referred to as Olber’s paradox after the German astronomer 
Heinrich Wilhelm Olbers, Poe suggested that the Universe had a beginning. In Eureka, he even 
proposes that it started out as a “primordial particle”, which then exploded. 
 
The first to formulate a mathematical theory for the expanding Universe, using Einstein’s newly 
developed theory of general relativity, was the Russian mathematician and cosmologist Alexander 
Friedman [2] in 1922. He further developed his theory in 1924 [3]. These ideas were rediscovered  
in 1927 by the Belgian Catholic priest and astronomer Georges Lemaître [4], who later introduced 
the notion of a “primeval atom” [5]. He argued that the galaxies were receding from each other, 
and that this could be explained if the Universe expanded. In 1924, the Swedish astronomer Knut 
Lundmark [6] had made a similar observation, albeit with less rigor and accuracy. A more general 
acceptance  that  the  Universe  was  in  fact  expanding  came  with  the  observations  by  the  US 
astronomer Edwin Hubble in 1929 [7].  
 
It is easy to derive the basic equations that describe the expansion of the Universe, the Friedman 
equations, even without the use of general relativity. To see this, let us for simplicity assume a 
homogenous universe. We pick an arbitrary point, at rest relative to matter, draw a sphere around 
it with radius 𝑅𝑅, and assume the sphere will grow as the universe expands. On the surface of the 
sphere, we introduce a small test mass with mass 𝑚𝑚. The total energy of the test mass is given by 
 

                                                                          𝐸𝐸 = 𝑚𝑚�̇�𝑅2

2
− 𝐺𝐺𝐺𝐺𝑚𝑚

𝑅𝑅
, 
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観測者

火の玉宇宙の残光が見えるかもしれない
ガモフらが正しければ

(Dicke, Peebles, Roll & Wilkinson ’65)

引き伸ばされた
（光）電磁波



宇宙マイクロ波背景放射
1965年、ペンジアスとウィルソンにより、宇宙のどの方角から
も同じ強度の電波（マイクロ波）が観測される

ウィルソンとペンジアス

2.725°K の熱放射

ビッグバン理論の決定的証拠

（摂氏マイナス270度）

1978年、ペンジアスとウィルソンに
ノーベル物理学賞

Penzias & Wilson (’65)
絶対温度

ベル研ホーンアンテナ

https://www.extremetech.com/extreme/

（発見時の測定値は ）3.5∘ ± 1.0∘ K



宇宙の残光発見の顛末
ピーブルス博士らのチームは観測に向けて装置開発していたが
ペンジアスとウィルソンに先を越された

残光の予言も実は1949年になされていた Alpher & Herman (’49)

ただこれを機に、
宇宙マイクロ波背景放射に関連した一連の研究を発表

物理法則を宇宙全般に応用 物理学宇宙論
の誕生

(Peebles ’65, 66a, 66b, …)

一般相対論、流体力学、統計力学、
量子力学、素粒子物理学、…

（予言値は５°Kと高めだった）



宇宙のこだま
宇宙の残光から、宇宙の極初期に発せられたこだま

（音波）が聞こえるかもしれない
Peebles & Yu (’70)

宇宙が晴れ上がる前、
光と高温プラズマで満たされたスープ状態

（電子、陽子）

スープをゆらすと波が立つ

https://www.recipe-blog.jp/

疎密波と呼ばれるもの

例・空気を伝わる音→音波
https://www.ipros.jp/technote/
http://www.wakariyasui.sakura.ne.jp/



宇宙のこだま
宇宙の残光から、宇宙の極初期に発せられたこだま

（音波）が聞こえるかもしれない
Peebles & Yu (’70)

光と高温プラズマのスープが
音響振動する様を具体的に
数値計算、その存在を予言
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mass density per logarithmic increment of In the figures the normalization is arbitrarily 
fixed to peak value unity. 

c) Residual Irregularity in the Microwave Background 
In Figure 8 we plot G(&, A^) (eq. [65]) for the cosmologically fiat general-relativity 

model. The area under the curve for fixed gives the variance of the brightness of the 
observed background when the resolving power is A^. Notice that G(&, A^) is appreciable 
only near the first peak of (9m{k). As A^ decreases, the curve moves to the right because 
one is sensitive to shorter wavelength (larger wavenumber). The shift is not large, how- 
ever, because the residual radiation perturbation at shorter wavelength is so very small. 
We conclude from Figure 8 that the experimental search for small-scale irregularities in 
the microwave background provides a test for the first big peak in Figure 5 (if the radia- 
tion has not suffered further scattering). The same conclusion holds for the other three 
cosmological models. 

k (co-moving) 
Fïô. 5.—Same as Fig. 4 for the cosmologically flat general-relativity model, po = Pc The normalization 

is fixed tô peak value unity. 

In Figure 9 we plot the mean square fluctuation in the total brightness of the micro- 
wave background (eq. [65]; see also Table 1). In these curves the normalization has been 
fixed so that (Pm(&) (Figs. 4-7) reaches the peak value unity at redshift 1 + Zm = 10. 
The time variation of the matter-density power spectrum is computed in the linear ap- 
proximation, and our normalization means that at about redshift Zm matter starts to 
fragment into separate and distinct bound systems with mass comparable to the mass 
function (eq. [39]) evaluated where (9m{k) is approaching unity. The observational limit 
shown on the figure is the upper limit estimated by Conklin and Bracewell after allowing 
for system noise. The results of the computation with this choice of Zm are comparable to 
but smaller than this observational limit. 

The above choice of Zm may be too large. If Zm were moved to a later epoch, it would 
reduce the required initial amplitude of the perturbation, hence reduce the mean square 
variation of the background. In Table 1 we list the factors by which the mean square 
variation of brightness must be multiplied when Zm is reduced to smaller values (more 
recent epochs). 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 
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度

波数（1／波長）

論文の図５より

スープをゆらすタネが必要
ただし、

（とても小さい）

本当に見つかるのか？

圧力と重力のバランス



１０万分の１のゆらぎ
1992年、宇宙マイクロ波背景放射に小さなゆらぎが見つかる！

宇宙背景放射探査機
COBE

2006年ノーベル物理学賞受賞
スムート マザー

DMR

• 球面上に角度７°程度の特徴的パターン

• ゆらぎの大きさ（振幅）は
1

100,000



9

WMAP v.s. COBE DMRWMAP v.s. COBE DMR
(COsmic Background Explorer)

COBE 衛星による観測

1989年打ち上げ
天球上の放射ムラ



WMAP 衛星による精細観測
(Wilkinson Microwave Anisotropy Probe)

2001年打ち上げ



2009年打ち上げ

Planck Collaboration: The cosmological legacy of Planck

-160 160 µK0.41 µK

Fig. 6. The Planck CMB sky. The top panel shows the 2018, SMICA temperature map. The middle panel shows the polarization field
as rods of varying length, superimposed on the temperature map, when both are smoothed at the 5� scale. This smoothing is done
for visibility purposes, but the enlarged region presented in Fig. 7 shows that the Planck polarization map is dominated by signal at
much smaller scales. Both these CMB maps have been masked and inpainted in regions where residuals from foreground emission
are expected to be substantial. This mask, mostly around the Galactic plane, is delineated by a grey line in the full resolution
temperature map. The bottom panel shows the Planck lensing map (derived from r�, i.e., the E mode of the lensing deflection
angle), specifically a minimum variance, Wiener filtered, map obtained from both temperature and polarization information; the
unmasked area covers 80.7 % of the sky, which is larger than that used for cosmology.

13

300μK-300μK

無数の小さなスポット
からなる構造

Planck 衛星による高精細観測



スペクトル解析
観測データをいろんな波長の波の集まりで表現

長さ
１／
波長

スペクトル空間
観測データ 空間１次元の場合短い波長の波

長い波長の波

パワース
ペクトル

https://www.allaboutcircuits.com/

一見、ランダムなパターンだが…



パワースペクトル
Planck衛星による観測結果

短い波長い波 多重極モーメント

角度スケール

Planck 2013



パワースペクトル
Planck衛星による観測結果

短い波長い波 多重極モーメント

角度スケール

Planck 2013

波紋の広がりの
特徴的パターン



パワースペクトル
Planck衛星による観測結果

短い波長い波 多重極モーメント

角度スケール

Planck 2013

波紋の広がりの
特徴的パターン
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mass density per logarithmic increment of In the figures the normalization is arbitrarily 
fixed to peak value unity. 

c) Residual Irregularity in the Microwave Background 
In Figure 8 we plot G(&, A^) (eq. [65]) for the cosmologically fiat general-relativity 

model. The area under the curve for fixed gives the variance of the brightness of the 
observed background when the resolving power is A^. Notice that G(&, A^) is appreciable 
only near the first peak of (9m{k). As A^ decreases, the curve moves to the right because 
one is sensitive to shorter wavelength (larger wavenumber). The shift is not large, how- 
ever, because the residual radiation perturbation at shorter wavelength is so very small. 
We conclude from Figure 8 that the experimental search for small-scale irregularities in 
the microwave background provides a test for the first big peak in Figure 5 (if the radia- 
tion has not suffered further scattering). The same conclusion holds for the other three 
cosmological models. 

k (co-moving) 
Fïô. 5.—Same as Fig. 4 for the cosmologically flat general-relativity model, po = Pc The normalization 

is fixed tô peak value unity. 

In Figure 9 we plot the mean square fluctuation in the total brightness of the micro- 
wave background (eq. [65]; see also Table 1). In these curves the normalization has been 
fixed so that (Pm(&) (Figs. 4-7) reaches the peak value unity at redshift 1 + Zm = 10. 
The time variation of the matter-density power spectrum is computed in the linear ap- 
proximation, and our normalization means that at about redshift Zm matter starts to 
fragment into separate and distinct bound systems with mass comparable to the mass 
function (eq. [39]) evaluated where (9m{k) is approaching unity. The observational limit 
shown on the figure is the upper limit estimated by Conklin and Bracewell after allowing 
for system noise. The results of the computation with this choice of Zm are comparable to 
but smaller than this observational limit. 

The above choice of Zm may be too large. If Zm were moved to a later epoch, it would 
reduce the required initial amplitude of the perturbation, hence reduce the mean square 
variation of the background. In Table 1 we list the factors by which the mean square 
variation of brightness must be multiplied when Zm is reduced to smaller values (more 
recent epochs). 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 
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スペクトルに隠された情報
スペクトルの形状・パターンには様々な情報を含んでいる

•スープの材質（宇宙の組成）
•宇宙の幾何学
•宇宙極初期を探るヒント 

 
 

 
10 (24) 

 
Figure 5. The angular size of spots in the CMB are determined by the geometry.  
 
 
The first peak, as well as all the odd peaks, are caused by baryonic matter falling into gravitational 
wells. The even-numbered peaks correspond to decompressions as radiation pushes back. The 
more  baryonic  matter,  the  deeper  the  fall  into  the  gravitational  potential,  and  the  more 
pronounced the first peak is relative to the second. The relative height between the first and the 
second peaks implies that the amount of baryonic matter is only 5% of the critical density.  
 
The higher  peaks  correspond  to more oscillations  and probe  earlier  times when  the  radiation 
played a more important role.  In particular, the third peak corresponds to a compression followed 
by a decompression, and then yet another compression of the photon-baryon fluid. Dark matter 
does not  bounce back  after  the  first  compression  because  it  is  unaffected  by  radiation.  It  can 
therefore provide a gravitational well for the baryons to fall into the second time. This means that 
dark matter enhances the third peak. Its measured amplitude suggests that 26% of the Universe 
is composed of dark matter.  
 
We can now make a simple calculation to determine the amount of dark energy. Working in units 
of the critical density, the first peak tells us that the Universe is flat and that the total sum needs 
to add up to one: 
 
                                                             ΩΛ = 1 − 0.05 − 0.26 = 0.69 
 
Hence, we find that 69% of the energy content of the Universe at present is in the form of dark 
energy, in agreement with direct measurements of how the Universe expands [55-56]. 
 
Outlook 
 
In  addition  to  its  profound  success  in  explaining  the  structure  and  evolution of  the Universe, 
precision cosmology is also a tool to discover new physics. We still do not understand the physics 
of the cosmological constant. Perhaps its value is not constant, and perhaps a time-varying dark 
energy plays an important role in the evolution of the Universe. Peebles has already contemplated 
such  a  possibility  [64].  The  nature  of  dark matter  is  also  not  known.  Favourite  explanations 
include new particles, such as supersymmetric partners of the known ones or axions, which are 
hypothetical  particles  that  could  explain  an  important  observation  about  the  strong  nuclear 
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スペクトルに隠された情報
スペクトルの形状・パターンには様々な情報を含んでいる

•スープの材質（宇宙の組成）
•宇宙の幾何学
•宇宙極初期を探るヒント 

 
 

 
10 (24) 

 
Figure 5. The angular size of spots in the CMB are determined by the geometry.  
 
 
The first peak, as well as all the odd peaks, are caused by baryonic matter falling into gravitational 
wells. The even-numbered peaks correspond to decompressions as radiation pushes back. The 
more  baryonic  matter,  the  deeper  the  fall  into  the  gravitational  potential,  and  the  more 
pronounced the first peak is relative to the second. The relative height between the first and the 
second peaks implies that the amount of baryonic matter is only 5% of the critical density.  
 
The higher  peaks  correspond  to more oscillations  and probe  earlier  times when  the  radiation 
played a more important role.  In particular, the third peak corresponds to a compression followed 
by a decompression, and then yet another compression of the photon-baryon fluid. Dark matter 
does not  bounce back  after  the  first  compression  because  it  is  unaffected  by  radiation.  It  can 
therefore provide a gravitational well for the baryons to fall into the second time. This means that 
dark matter enhances the third peak. Its measured amplitude suggests that 26% of the Universe 
is composed of dark matter.  
 
We can now make a simple calculation to determine the amount of dark energy. Working in units 
of the critical density, the first peak tells us that the Universe is flat and that the total sum needs 
to add up to one: 
 
                                                             ΩΛ = 1 − 0.05 − 0.26 = 0.69 
 
Hence, we find that 69% of the energy content of the Universe at present is in the form of dark 
energy, in agreement with direct measurements of how the Universe expands [55-56]. 
 
Outlook 
 
In  addition  to  its  profound  success  in  explaining  the  structure  and  evolution of  the Universe, 
precision cosmology is also a tool to discover new physics. We still do not understand the physics 
of the cosmological constant. Perhaps its value is not constant, and perhaps a time-varying dark 
energy plays an important role in the evolution of the Universe. Peebles has already contemplated 
such  a  possibility  [64].  The  nature  of  dark matter  is  also  not  known.  Favourite  explanations 
include new particles, such as supersymmetric partners of the known ones or axions, which are 
hypothetical  particles  that  could  explain  an  important  observation  about  the  strong  nuclear 
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解読結果

宇宙の標準モデルが確立
たかだか６個のパラメーターでたくさんのデータ点を説明

•宇宙の年齢は１３８億年

•宇宙は高精度で平坦だった

•宇宙の物質・エネルギー組成が確定

•宇宙極初期のインフレーションを強く示唆

(2000年代後半)

閉じた宇宙

開いた宇宙

平坦な宇宙



宇宙の標準モデルにもとづく宇宙の進化史
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宇宙の構成要素

Planck 2018 results I 
にもとづき作成

通常の物質
（バリオン）

暗黒エネルギー

冷たい
暗黒物質



浮かび上がった謎

暗黒エネルギー

ピーブルス博士が1980年代に予言した通りの結果だが…

冷たい暗黒物質
しばしば、わからないものに「暗黒」
と名付けてわかったつもりになる…

宇宙の95%はわからないもので満たされている！

我々は宇宙についてちっともわかっていない！？

 地上の加速器実験等で未発見の未知の素粒子

負の圧力を伴う未知のエネルギー体、宇宙膨張に影響、
膨張を加速させている アインシュタインが

導入した宇宙定数？ 



もう一つの宇宙のこだま
ピーブルス博士が予言した「宇宙のこだま」：

光と高温プラズマのスープ状態だった過去の
宇宙から発せられた音波の痕跡が残っている

銀河の集まりにも「宇宙のこだま」
の痕跡が残っている？

（原子）

宇宙マイクロ波背景放射光（電磁波）
高温プラズマ
（電子と陽子）

中性化して、天体（星、銀河）を形成

ピーブルス博士



銀河サーベイ

光学望遠鏡

赤方偏移（遠い銀河ほど赤く見える）

遠方の銀河１つ１つをくまなく探索 ３次元地図を作成
•天球面上の位置

https://www.sdss.org/press-releases/wp-content/uploads/2016/07/boss3dwedge.png

•奥行き：
ハッブル・ルメートル則天球面上の銀河

（120,000個）
赤方偏移



宇宙の大規模構造
遠方のたくさんの銀河を観測すると現れる巨大な構造

https://www.sdss3.org/press/dr9.php

スローンデジタルスカイサーベイから得られた銀河分布



宇宙の大規模構造
（のっぺりと分布しているわけではない）

アメリカの街明かり

https://earthobservatory.nasa.gov/

コンピューターシミュレーションが
描き出した「宇宙の大規模構造」 wikipedia

遠方のたくさんの銀河を観測すると現れる巨大な構造

こうした構造がどうやって出来上がったか、
理論的枠組みを考え出したのもピーブルス博士



宇宙の大規模構造
（のっぺりと分布しているわけではない）

アメリカの街明かり

https://earthobservatory.nasa.gov/

コンピューターシミュレーションが
描き出した「宇宙の大規模構造」 wikipedia

遠方のたくさんの銀河を観測すると現れる巨大な構造

こうした構造がどうやって出来上がったか、
理論的枠組みを考え出したのもピーブルス博士



コンピューターの中の宇宙

1億光年

小さな密度ムラ

ビッグバンから
2.1億年後

http://www.mpa-garching.mpg.de/galform/millennium/



コンピューターの中の宇宙

1億光年
ビッグバンから

10億年後

http://www.mpa-garching.mpg.de/galform/millennium/

冷たい暗黒物質が支配する 重力（万有引力）により、
密度ムラの高い領域に物質がかき集められ、構造が発達



コンピューターの中の宇宙

1億光年
ビッグバンから

47億年後

http://www.mpa-garching.mpg.de/galform/millennium/

冷たい暗黒物質が支配する 重力（万有引力）により、
密度ムラの高い領域に物質がかき集められ、構造が発達



コンピューターの中の宇宙

1億光年
ビッグバンから

138億年後
（現在）

冷たい暗黒物質が支配する 重力（万有引力）により、
密度ムラの高い領域に物質がかき集められ、構造が発達

http://www.mpa-garching.mpg.de/galform/millennium/



コンピューターの中の宇宙

1億光年

Diemand, Kuhlen & Madau (’06)

ビッグバンから
138億年後
（現在）

冷たい暗黒物質が支配する 重力（万有引力）により、
密度ムラの高い領域に物質がかき集められ、構造が発達

http://www.mpa-garching.mpg.de/galform/millennium/



より大きな空間スケールで見ると

ビッグバンから
138億年後
（現在）

16億光年1億光年

http://www.mpa-garching.mpg.de/galform/millennium/



より大きな空間スケールで見ると

ビッグバンから
138億年後
（現在）

16億光年

http://www.mpa-garching.mpg.de/galform/millennium/



より大きな空間スケールで見ると

宇宙マイクロ波背景放射
ビッグバンから38万年後

ゆらぎの起源は共通

ビッグバンから
138億年後
（現在）

16億光年

http://www.mpa-garching.mpg.de/galform/millennium/



バリオン音響振動の検出
2005年、銀河分布の密度ムラからもう一つの「宇宙のこだま」
を発見

宇宙マイクロ波背景放射に遅れること５年、

アメリカのアストロ
フィジカルジャーナル
誌に掲載された論文

DETECTION OF THE BARYON ACOUSTIC PEAK IN THE LARGE-SCALE CORRELATION
FUNCTION OF SDSS LUMINOUS RED GALAXIES
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ABSTRACT

We present the large-scale correlation function measured from a spectroscopic sample of 46,748 luminous
red galaxies from the Sloan Digital Sky Survey. The survey region covers 0.72 h!3 Gpc3 over 3816 deg2 and
0:16 < z < 0:47, making it the best sample yet for the study of large-scale structure. We find a well-detected peak
in the correlation function at 100 h!1 Mpc separation that is an excellent match to the predicted shape and location
of the imprint of the recombination-epoch acoustic oscillations on the low-redshift clustering of matter. This detec-
tion demonstrates the linear growth of structure by gravitational instability between z " 1000 and the present and
confirms a firm prediction of the standard cosmological theory. The acoustic peak provides a standard ruler by
which we can measure the ratio of the distances to z ¼ 0:35 and z ¼ 1089 to 4% fractional accuracy and the absolute
distance to z ¼ 0:35 to 5% accuracy. From the overall shape of the correlation function, we measure the matter
density !mh

2 to 8% and find agreement with the value from cosmic microwave background (CMB) anisotropies.
Independent of the constraints provided by the CMB acoustic scale, we find!m ¼ 0:273 $ 0:025þ 0:123(1þ w0) þ
0:137!K . Including the CMB acoustic scale, we find that the spatial curvature is !K ¼ !0:010 $ 0:009 if the dark
energy is a cosmological constant. More generally, our results provide a measurement of cosmological distance,
and hence an argument for dark energy, based on a geometric method with the same simple physics as the micro-
wave background anisotropies. The standard cosmological model convincingly passes these new and robust tests of
its fundamental properties.

Subject headinggs: cosmic microwave background — cosmological parameters — cosmology: observations —
distance scale — galaxies: elliptical and lenticular, cD — large-scale structure of universe

Online material: color figures
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ピーブルス博士の
予言通り！

バリオン音響振動
(Eisenstein et al. ’05)

＝

（バリオン＝通常の物質）
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BOSS DR12

スペクトル分解した密度ムラの強度分布
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FIG. 4: Measured power spectra for the full LRG and main galaxy samples. Errors are uncorrelated and full window functions are shown
in Figure 5. The solid curves correspond to the linear theory ΛCDM fits to WMAP3 alone from Table 5 of [7], normalized to galaxy bias
b = 1.9 (top) and b = 1.1 (bottom) relative to the z = 0 matter power. The dashed curves include the nonlinear correction of [29] for
A = 1.4, with Qnl = 30 for the LRGs and Qnl = 4.6 for the main galaxies; see equation (4). The onset of nonlinear corrections is clearly
visible for k ∼

> 0.09h/Mpc (vertical line).

Our Fourier convention is such that the dimensionless
power ∆2 of [77] is given by ∆2(k) = 4π(k/2π)3P (k).

Before using these measurements to constrain cosmo-
logical models, one faces important issues regarding their
interpretation, related to evolution, nonlinearities and
systematics.

B. Clustering evolution

The standard theoretical expectation is for matter
clustering to grow over time and for bias (the rela-
tive clustering of galaxies and matter) to decrease over
time [78–80] for a given class of galaxies. Bias is also

14 L. Anderson et al.

Figure 8. The CMASS DR9 power spectra before (left) and after (right) reconstruction with the best-fit models overplotted. The vertical dotted lines show
the range of scales fitted (0.02 < k < 0.3hMpc�1), and the inset shows the BAO within this k-range, determined by dividing both model and data by the
best-fit model calculated (including window function convolution) with no BAO. Error bars indicate

p
Cii for the power spectrum and the rms error calculated

from fitting BAO to the 600 mocks in the inset (see Section 4.2 for details).

an estimate of the “redshift-space” power, binned into bins in k of
width 0.04hMpc�1.

6.2 Fitting the power spectrum

We fit the observed redshift-space power spectrum, calculated as
described in Section 6, with a two component model comprising a
smooth cubic spline multiplied by a model for the BAO, following
the procedure developed by Percival et al. (2007a,c, 2010). The
model power spectrum is given by

P (k)m = P (k)smooth ⇥Bm(k/↵), (32)

where P (k)smooth is a smooth model that fits the overall shape
of the power spectrum, and the BAO model Bm(k), calculated for
our fiducial cosmology, is scaled by the dilation parameter ↵ as
defined in Eq. 21. The calculation of the BAO model is described
in detail below. This scaling of the acoustic signal is identical to
that used in the correlation function fits, although the differing non-
linear prescriptions in (Eqns 23 & 32) means that the non-linear
BAO damping is treated in a subtly different way.

Each power spectrum model to be fitted is convolved with the
survey window function, giving our final model power spectrum to
be compared with the data. The window function for this convolu-
tion is the normalised power in a Fourier transform of the weighted
survey coverage, as defined by the random catalogue, and is calcu-
lated using the same Fourier procedure described in Section 6 (e.g.
Percival et al. 2007c). This is then fitted to express the window
function as a matrix relating the model power spectrum evaluated
at 1000 wavenumbers, kn, equally spaced in 0 < k < 2hMpc�1,
to the central wavenumbers of the observed bandpowers ki:

P (ki)fit =
X

n

W (ki, kn)P (kn)m �W (ki, 0). (33)

The final term W (ki, 0) arises because we estimate the average
galaxy density from the sample, and is related to the integral con-
straint in the correlation function. In fact this term is smooth (as

the power of the window function is smooth), and so can be ab-
sorbed into the smooth component of the fit, and we therefore do
not explicitly include this term in our fits.

To model the overall shape of the galaxy clustering power
spectrum we use a cubic spline (Press et al. 1992), with nine nodes
fixed empirically at k = 0.001, and 0.02 < k < 0.4 with
�k = 0.05, matching that adopted in Percival et al. (2007c, 2010).
This model was tested in these papers, but we show in Section B3
that it also provides an excellent fit to the overall shape of the DR9
CMASS mock catalogues, and that there is no evidence for devia-
tions for the fits to the data.

To calculate our fiducial BAO model, we start with a linear
matter power spectrum P (k)lin, calculated using CAMB (Lewis et
al. 2000), which numerically solves the Boltzman equation describ-
ing the physical processes in the Universe before the baryon-drag
epoch. We then evolve using the HALOFIT prescription (Smith
et al. 2003), giving an approximation to the evolved power spec-
trum at the effective redshift of the survey. To extract the BAO, this
power spectrum is fitted with a model as given by Eq. 32, where we
adopt a fixed BAO model (BEH) calculated using the Eisenstein &
Hu (1998) fitting formulae at the same fiducial cosmology. Divid-
ing P (k)lin by the best-fit smooth power spectrum component from
this fit produces our BAO model, which we denote BCAMB.

We damp the acoustic oscillations to allow for non-linear ef-
fects

Bm = (BCAMB � 1)e�k2⌃2
nl/2 + 1, (34)

where the damping scale ⌃nl is a fitted parameter. We assume
a Gaussian prior on ⌃nl with width ±2h�1 Mpc, centred on
8.24h�1 Mpc for pre-reconstruction fits and 4.47h�1 Mpc for
post-reconstruction fits, matching the average recovered values
from fits to the 600 mock catalogs with no prior. The exact width of
the prior is not important, but if we do not include such a prior, then
the fit can become unstable with respect to local minima at extreme
values.

c� 2011 RAS, MNRAS 000, 2–33

BOSS DR9
(SDSS-III)
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10 S. Alam et al.

Figure 3. BAO signals in the measured post-reconstruction power spectrum (left panels) and correlation function (right panels) and predictions of the best-fit
BAO models (curves). To isolate the BAO in the monopole (top panels), predictions of a smooth model with the best-fit cosmological parameters but no BAO
feature have been subtracted, and the same smooth model has been divided out in the power spectrum panel. For clarity, vertical offsets of ±0.15 (power
spectrum) and ±0.004 (correlation function) have been added to the points and curves for the high- and low-redshift bins, while the intermediate redshift
bin is unshifted. For the quadrupole (middle panels), we subtract the quadrupole of the smooth model power spectrum, and for the correlation function we
subtract the quadrupole of a model that has the same parameters as the best-fit but with ✏ = 0. If reconstruction were perfect and the fiducial model were
exactly correct, the curves and points in these panels would be flat; oscillations in the model curves indicate best-fit ✏ 6= 0. The bottom panels show the
measurements for the 0.4 < z < 0.6 redshift bin decomposed into the component of the separations transverse to and along the line of sight, based on
x(p, µ) = x0(p) + L2(µ)x2(p), where x represents either s

2 multiplied by the correlation function or the BAO component power spectrum displayed in the
upper panels, p represents either the separation or the Fourier mode, L2 is the 2nd order Legendre polynomial, p|| = µp, and p? =

p
p2 � µ2p2.

c� 2016 RAS, MNRAS 000, 1–38

120万個の銀河
Alam et al. (’16)対数プロット

Anderson et al. (’12)

最新の銀河カタログから

異なる３つの時刻（赤方偏移）から得られたスペクトル

より遠い銀河

より近い銀河
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FIG. 4: Measured power spectra for the full LRG and main galaxy samples. Errors are uncorrelated and full window functions are shown
in Figure 5. The solid curves correspond to the linear theory ΛCDM fits to WMAP3 alone from Table 5 of [7], normalized to galaxy bias
b = 1.9 (top) and b = 1.1 (bottom) relative to the z = 0 matter power. The dashed curves include the nonlinear correction of [29] for
A = 1.4, with Qnl = 30 for the LRGs and Qnl = 4.6 for the main galaxies; see equation (4). The onset of nonlinear corrections is clearly
visible for k ∼

> 0.09h/Mpc (vertical line).

Our Fourier convention is such that the dimensionless
power ∆2 of [77] is given by ∆2(k) = 4π(k/2π)3P (k).

Before using these measurements to constrain cosmo-
logical models, one faces important issues regarding their
interpretation, related to evolution, nonlinearities and
systematics.

B. Clustering evolution

The standard theoretical expectation is for matter
clustering to grow over time and for bias (the rela-
tive clustering of galaxies and matter) to decrease over
time [78–80] for a given class of galaxies. Bias is also
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Figure 8. The CMASS DR9 power spectra before (left) and after (right) reconstruction with the best-fit models overplotted. The vertical dotted lines show
the range of scales fitted (0.02 < k < 0.3hMpc�1), and the inset shows the BAO within this k-range, determined by dividing both model and data by the
best-fit model calculated (including window function convolution) with no BAO. Error bars indicate

p
Cii for the power spectrum and the rms error calculated

from fitting BAO to the 600 mocks in the inset (see Section 4.2 for details).

an estimate of the “redshift-space” power, binned into bins in k of
width 0.04hMpc�1.

6.2 Fitting the power spectrum

We fit the observed redshift-space power spectrum, calculated as
described in Section 6, with a two component model comprising a
smooth cubic spline multiplied by a model for the BAO, following
the procedure developed by Percival et al. (2007a,c, 2010). The
model power spectrum is given by

P (k)m = P (k)smooth ⇥Bm(k/↵), (32)

where P (k)smooth is a smooth model that fits the overall shape
of the power spectrum, and the BAO model Bm(k), calculated for
our fiducial cosmology, is scaled by the dilation parameter ↵ as
defined in Eq. 21. The calculation of the BAO model is described
in detail below. This scaling of the acoustic signal is identical to
that used in the correlation function fits, although the differing non-
linear prescriptions in (Eqns 23 & 32) means that the non-linear
BAO damping is treated in a subtly different way.

Each power spectrum model to be fitted is convolved with the
survey window function, giving our final model power spectrum to
be compared with the data. The window function for this convolu-
tion is the normalised power in a Fourier transform of the weighted
survey coverage, as defined by the random catalogue, and is calcu-
lated using the same Fourier procedure described in Section 6 (e.g.
Percival et al. 2007c). This is then fitted to express the window
function as a matrix relating the model power spectrum evaluated
at 1000 wavenumbers, kn, equally spaced in 0 < k < 2hMpc�1,
to the central wavenumbers of the observed bandpowers ki:

P (ki)fit =
X

n

W (ki, kn)P (kn)m �W (ki, 0). (33)

The final term W (ki, 0) arises because we estimate the average
galaxy density from the sample, and is related to the integral con-
straint in the correlation function. In fact this term is smooth (as

the power of the window function is smooth), and so can be ab-
sorbed into the smooth component of the fit, and we therefore do
not explicitly include this term in our fits.

To model the overall shape of the galaxy clustering power
spectrum we use a cubic spline (Press et al. 1992), with nine nodes
fixed empirically at k = 0.001, and 0.02 < k < 0.4 with
�k = 0.05, matching that adopted in Percival et al. (2007c, 2010).
This model was tested in these papers, but we show in Section B3
that it also provides an excellent fit to the overall shape of the DR9
CMASS mock catalogues, and that there is no evidence for devia-
tions for the fits to the data.

To calculate our fiducial BAO model, we start with a linear
matter power spectrum P (k)lin, calculated using CAMB (Lewis et
al. 2000), which numerically solves the Boltzman equation describ-
ing the physical processes in the Universe before the baryon-drag
epoch. We then evolve using the HALOFIT prescription (Smith
et al. 2003), giving an approximation to the evolved power spec-
trum at the effective redshift of the survey. To extract the BAO, this
power spectrum is fitted with a model as given by Eq. 32, where we
adopt a fixed BAO model (BEH) calculated using the Eisenstein &
Hu (1998) fitting formulae at the same fiducial cosmology. Divid-
ing P (k)lin by the best-fit smooth power spectrum component from
this fit produces our BAO model, which we denote BCAMB.

We damp the acoustic oscillations to allow for non-linear ef-
fects

Bm = (BCAMB � 1)e�k2⌃2
nl/2 + 1, (34)

where the damping scale ⌃nl is a fitted parameter. We assume
a Gaussian prior on ⌃nl with width ±2h�1 Mpc, centred on
8.24h�1 Mpc for pre-reconstruction fits and 4.47h�1 Mpc for
post-reconstruction fits, matching the average recovered values
from fits to the 600 mock catalogs with no prior. The exact width of
the prior is not important, but if we do not include such a prior, then
the fit can become unstable with respect to local minima at extreme
values.

c� 2011 RAS, MNRAS 000, 2–33

BOSS DR9
(SDSS-III)

k [h Mpc  ]-1

P(
k)

 [
(h

  M
pc

)^
3]

-1

10 S. Alam et al.

Figure 3. BAO signals in the measured post-reconstruction power spectrum (left panels) and correlation function (right panels) and predictions of the best-fit
BAO models (curves). To isolate the BAO in the monopole (top panels), predictions of a smooth model with the best-fit cosmological parameters but no BAO
feature have been subtracted, and the same smooth model has been divided out in the power spectrum panel. For clarity, vertical offsets of ±0.15 (power
spectrum) and ±0.004 (correlation function) have been added to the points and curves for the high- and low-redshift bins, while the intermediate redshift
bin is unshifted. For the quadrupole (middle panels), we subtract the quadrupole of the smooth model power spectrum, and for the correlation function we
subtract the quadrupole of a model that has the same parameters as the best-fit but with ✏ = 0. If reconstruction were perfect and the fiducial model were
exactly correct, the curves and points in these panels would be flat; oscillations in the model curves indicate best-fit ✏ 6= 0. The bottom panels show the
measurements for the 0.4 < z < 0.6 redshift bin decomposed into the component of the separations transverse to and along the line of sight, based on
x(p, µ) = x0(p) + L2(µ)x2(p), where x represents either s

2 multiplied by the correlation function or the BAO component power spectrum displayed in the
upper panels, p represents either the separation or the Fourier mode, L2 is the 2nd order Legendre polynomial, p|| = µp, and p? =

p
p2 � µ2p2.
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Figure 16. Parameter constraints for the owCDM cosmological model, comparing the BAO and BAO+FS results from this paper as well as the DR12
LOWZ+CMASS results from Cuesta et al. (2016a). One sees that adding a 3rd redshift bin has improved the constraints somewhat, but full-shape infor-
mation, especially the constraint on H(z)DM (z) from the Alcock-Paczynski effect on sub-BAO scales, sharpens constraints substantially.

Figure 17. Parameter constraints for the owCDM (left) and w0waCDM (right) cosmological models, comparing the results from BAO and BAO+FS to those
with JLA SNe. One sees that the galaxy clustering results are particularly strong in the ⌦K–w space and are comparable to the SNe in the w0–wa space.

9.2 Cosmological Parameter Results: Dark Energy and
Curvature

We now use these results to constrain parametrized cosmological
models. We will do this using Markov Chain Monte Carlo, follow-
ing procedures similar to those described in Aubourg et al. (2015),
but due to use of the full power spectrum shape data we do not
run any chains using that paper’s simplified “background evolu-
tion only” code. Instead, we calculate all our chains using the July
2015 version of the workhorse COSMOMC code (Lewis & Bridle
2002). The code was minimally modified to add the latest galaxy
data points and their covariance, the Ly↵ BAO datasets, and two
optional Af�8 and Bf�8 parameters described later in the text. We
use a minimal neutrino sector, with one species with a mass of 0.06
eV/c2 and two massless, corresponding to the lightest possible sum
of neutrino masses consistent with atmospheric and solar oscilla-
tion experiments (Abe et al. 2014; Adamson et al. 2014; Gando et
al. 2013), unless otherwise mentioned.

We first consider models that vary the cosmological distance

scale with spatial curvature or parametrizations of the dark energy
equation of state via w(a) = w0+wa(1�a) (Chevallier & Polarski
2001; Linder 2003). These results are shown in Table 10 for vari-
ous combinations of measurements. In all cases, the table shows the
mean and 1� error, marginalized over other parameters. Of course,
some parameters are covariant, as illustrated by contours in some
of our figures. Our model spaces always include variations in the
matter density ⌦mh

2, the baryon density ⌦bh
2, the amplitude and

spectral index of the primordial spectrum, and the optical depth to
recombination. However, we do not show results for these param-
eters as they are heavily dominated by the CMB and are not the
focus of our low-redshift investigations.

We begin with the standard cosmology, the ⇤CDM model,
which includes a flat Universe with a cosmological constant and
cold dark matter. As is well known, CMB anisotropy data alone
can constrain this model well: the acoustic peaks imply the baryon
and matter density, and thereby the sound horizon, allowing the
acoustic peak to determine the angular diameter distance to re-
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Figure 4. From left to right: aerial view of the region around Ali Astronomical Observatory (5100 m at A1); laying the foundation for AliCPT at point B1
(5250 m); the current infrastructure for AliCPT.

superconducting quantum interference devices
(SQUIDs) as the cryogenic readout. The sensors
and their readout will be packaged into highly
integratedmodules, and eachmodule contains 1704
TES sensors. The AliCPT-1 telescope will include
four modules, so the number of detectors will reach
6816.

In the second stage, we will have amore sensitive
telescope (AliCPT-2) with 12 modules and more
than 20 000 detectors.The construction of AliCPT-
2 will start in 2020. Each year, we will install four
modules and finish the 12 modules by the end of
2022. InTable 1,we summarize the basic instrumen-
tal parameters used for the simulations and the cor-
responding schedule of AliCPT-1 and AliCPT-2.

The scientific goals include:

(1) Start large coverage surveys in the northern
hemisphere and search for regions with low
foreground contamination;

(2) Target the cleanest sky region and detect PGWs
in the northern hemisphere;

(3) Measure the CMB rotation angle with high pre-
cision and test the CPT symmetry;

(4) Study the hemispherical asymmetry in combi-
nation with experiments in the southern hemi-
sphere;

(5) Measure E-mode polarization with high preci-
sion and study the effects in cosmology;

(6) Study cross-correlation of CMB polarization
with large-scale structures (LSS).

In the following, we will describe the science
covered by AliCPT and provide our preliminary

simulations on two main aspects of measurements
on r and the CMB rotation angle.

Sensitivity of r and its implications for
early-Universe physics
The leading scenario for the early Universe is in-
flationary cosmology, which describes an acceler-
ating expanding phase occurred before the radi-
ation epoch. Inflation resolves several conceptual
issues of the Big Bang theory, including the flat-
ness, monopole and horizon problems [12]. More-
over, inflation explains the origin of primordial per-
turbations, with a mechanism that the quantum
fluctuations of the inflaton field were stretched to
be classical perturbations by exponential expansion
of space. The primordial perturbations have three
types: scalar, vector and tensor. Scalar modes will
eventually seed the CMB temperature anisotropies
and also lead to the formation of large-scale struc-
tures in the Universe. Tensor modes, which are
dubbed PGWs, will introduce CMB B-mode polar-
ization, which is the target signal in AliCPT observa-
tions. Conventionally, we often use r to describe ten-
sor perturbations, where rmeans the ratio of the am-
plitudes of the power spectra of the primordial ten-
sor AT and scalar modes AS, via

r ≡ AT

AS
. (1)

We have performed simulations to forecast the
constraining capability of the AliCPT survey. To

Table 1. Instrumental parameters for AliCPT-1 and AliCPT-2. Schedule for the number of modules (Nmod) and detectors (Ndet)
installed. NET means the noise-equivalent temperature of each detector; fsky represents sky coverage.

Year 2019(AliCPT-1) 2020(AliCPT-1+AliCPT-2) 2021(AliCPT-1+ AliCPT-2) 2022(AliCPT-1+ AliCPT-2)

NET (µK
√
s ) 350 350 350 350

Nmod 4 4+4 4+8 4+12
Ndet 6816 13 632 20 448 27 264
fsky 10% 10% 10% 10%
Bands (GHz) 95 & 150 95 & 150 95 & 150 95 & 150
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5.8� 104 galaxies

ピーブルス博士が切り拓いた物理学的宇宙論は、
精密科学へと昇華しつつある7

FIG. 4: Measured power spectra for the full LRG and main galaxy samples. Errors are uncorrelated and full window functions are shown
in Figure 5. The solid curves correspond to the linear theory ΛCDM fits to WMAP3 alone from Table 5 of [7], normalized to galaxy bias
b = 1.9 (top) and b = 1.1 (bottom) relative to the z = 0 matter power. The dashed curves include the nonlinear correction of [29] for
A = 1.4, with Qnl = 30 for the LRGs and Qnl = 4.6 for the main galaxies; see equation (4). The onset of nonlinear corrections is clearly
visible for k ∼

> 0.09h/Mpc (vertical line).

Our Fourier convention is such that the dimensionless
power ∆2 of [77] is given by ∆2(k) = 4π(k/2π)3P (k).

Before using these measurements to constrain cosmo-
logical models, one faces important issues regarding their
interpretation, related to evolution, nonlinearities and
systematics.

B. Clustering evolution

The standard theoretical expectation is for matter
clustering to grow over time and for bias (the rela-
tive clustering of galaxies and matter) to decrease over
time [78–80] for a given class of galaxies. Bias is also
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Figure 8. The CMASS DR9 power spectra before (left) and after (right) reconstruction with the best-fit models overplotted. The vertical dotted lines show
the range of scales fitted (0.02 < k < 0.3hMpc�1), and the inset shows the BAO within this k-range, determined by dividing both model and data by the
best-fit model calculated (including window function convolution) with no BAO. Error bars indicate

p
Cii for the power spectrum and the rms error calculated

from fitting BAO to the 600 mocks in the inset (see Section 4.2 for details).

an estimate of the “redshift-space” power, binned into bins in k of
width 0.04hMpc�1.

6.2 Fitting the power spectrum

We fit the observed redshift-space power spectrum, calculated as
described in Section 6, with a two component model comprising a
smooth cubic spline multiplied by a model for the BAO, following
the procedure developed by Percival et al. (2007a,c, 2010). The
model power spectrum is given by

P (k)m = P (k)smooth ⇥Bm(k/↵), (32)

where P (k)smooth is a smooth model that fits the overall shape
of the power spectrum, and the BAO model Bm(k), calculated for
our fiducial cosmology, is scaled by the dilation parameter ↵ as
defined in Eq. 21. The calculation of the BAO model is described
in detail below. This scaling of the acoustic signal is identical to
that used in the correlation function fits, although the differing non-
linear prescriptions in (Eqns 23 & 32) means that the non-linear
BAO damping is treated in a subtly different way.

Each power spectrum model to be fitted is convolved with the
survey window function, giving our final model power spectrum to
be compared with the data. The window function for this convolu-
tion is the normalised power in a Fourier transform of the weighted
survey coverage, as defined by the random catalogue, and is calcu-
lated using the same Fourier procedure described in Section 6 (e.g.
Percival et al. 2007c). This is then fitted to express the window
function as a matrix relating the model power spectrum evaluated
at 1000 wavenumbers, kn, equally spaced in 0 < k < 2hMpc�1,
to the central wavenumbers of the observed bandpowers ki:

P (ki)fit =
X

n

W (ki, kn)P (kn)m �W (ki, 0). (33)

The final term W (ki, 0) arises because we estimate the average
galaxy density from the sample, and is related to the integral con-
straint in the correlation function. In fact this term is smooth (as

the power of the window function is smooth), and so can be ab-
sorbed into the smooth component of the fit, and we therefore do
not explicitly include this term in our fits.

To model the overall shape of the galaxy clustering power
spectrum we use a cubic spline (Press et al. 1992), with nine nodes
fixed empirically at k = 0.001, and 0.02 < k < 0.4 with
�k = 0.05, matching that adopted in Percival et al. (2007c, 2010).
This model was tested in these papers, but we show in Section B3
that it also provides an excellent fit to the overall shape of the DR9
CMASS mock catalogues, and that there is no evidence for devia-
tions for the fits to the data.

To calculate our fiducial BAO model, we start with a linear
matter power spectrum P (k)lin, calculated using CAMB (Lewis et
al. 2000), which numerically solves the Boltzman equation describ-
ing the physical processes in the Universe before the baryon-drag
epoch. We then evolve using the HALOFIT prescription (Smith
et al. 2003), giving an approximation to the evolved power spec-
trum at the effective redshift of the survey. To extract the BAO, this
power spectrum is fitted with a model as given by Eq. 32, where we
adopt a fixed BAO model (BEH) calculated using the Eisenstein &
Hu (1998) fitting formulae at the same fiducial cosmology. Divid-
ing P (k)lin by the best-fit smooth power spectrum component from
this fit produces our BAO model, which we denote BCAMB.

We damp the acoustic oscillations to allow for non-linear ef-
fects

Bm = (BCAMB � 1)e�k2⌃2
nl/2 + 1, (34)

where the damping scale ⌃nl is a fitted parameter. We assume
a Gaussian prior on ⌃nl with width ±2h�1 Mpc, centred on
8.24h�1 Mpc for pre-reconstruction fits and 4.47h�1 Mpc for
post-reconstruction fits, matching the average recovered values
from fits to the 600 mock catalogs with no prior. The exact width of
the prior is not important, but if we do not include such a prior, then
the fit can become unstable with respect to local minima at extreme
values.

c� 2011 RAS, MNRAS 000, 2–33
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Planck Collaboration: The cosmological legacy of Planck

Fig. 9. Planck CMB power spectra. These are foreground-subtracted, frequency-averaged, cross-half-mission angular power spectra
for temperature (top), the temperature-polarization cross-spectrum (middle), the E mode of polarization (bottom left) and the lensing
potential (bottom right). Within ⇤CDM these spectra contain the majority of the cosmological information available from Planck,
and the blue lines show the best-fitting model. The uncertainties of the TT spectrum are dominated by sampling variance, rather than
by noise or foreground residuals, at all scales below about ` = 1800 – a scale at which the CMB information is essentially exhausted
within the framework of the ⇤CDM model. The T E spectrum is about as constraining as the TT one, while the EE spectrum still
has a sizeable contribution from noise. The lensing spectrum represents the highest signal-to-noise ratio detection of CMB lensing
to date, exceeding 40�. The anisotropy power spectra use a standard binning scheme (which changes abruptly at ` = 30), but are
plotted here with a multipole axis that goes smoothly from logarithmic at low ` to linear at high `.
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誤差が

（精密宇宙論）

宇宙の大規模構造

distilled spectrum from the data extant in late 2001 and
found a first-peak amplitude that was more intuitively con-
sistent with the bulk of the input data and is now seen to be
consistent with theWMAP power spectrum.

Figure 11 shows the WMAP combined power spectrum
compared to the locus of predicted spectra, in red, based on
a joint analysis of pre-WMAP CMB data and 2dFGRS
large-scale structure data (Percival et al. 2002). As in Figure
8, theWMAP data are plotted with measurement uncertain-
ties, and the best-fit !CDM model (Spergel et al. 2003) is
plotted with a 1 ! cosmic variance error band. Percival et al.
(2002) predict that the location of the first peak should
occur at ‘ ¼ 221:8" 2:4, which is quite consistent with the
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宇宙マイクロ波背景放射

26万個の銀河5万8千個の銀河



変革する宇宙論

• 宇宙論スケールでの一般相対性理論の検証
• ニュートリノ質量和の制限・測定

• 宇宙の加速膨張の起源（暗黒エネルギーの性質）

• …

• 原始重力波の検出（インフレーション初期宇宙の検証）

これまでの観測で出来なかったことが可能になる：

ピーブルス博士が（おそらく）予想していなかった展開

今後１０年のタイムスケールで大きな変革がやって来る（かも）



まとめ

ピーブルス博士の物理学的宇宙論と宇宙の「こだま」

最新観測から浮かび上がった宇宙の謎

精密化が進む宇宙論研究により、ピーブルス博士が築き上げた
宇宙観が変貌する日が近いうちに来るかもしれない

原始宇宙からの「こだま」と最新観測が明らかにした宇宙の姿

宇宙の謎を解く手がかり
•バリオン音響振動：もう１つの宇宙の「こだま」

•宇宙マイクロ波背景放射：宇宙の残光と「こだま」


