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ビッグバンの成立

• 宇宙の膨張
– 1930年ごろまでには、宇宙が膨張していること明らか
になった

–ハッブルールメートルの法則 v=Hd

Hubble 1929

Mount Wilson Observatory's 
Hale Library, 1931



ビッグバンのアイデア：その原型

1930年代には早くも、ジョルジュ・ルメートル、
Primeval Atom (cosmic egg)のアイデアを提
案

• 1927, MITの博士論文で膨張宇宙を提唱
• 1931, 有限年齢の宇宙モデルとPrimeval 

Atom
– 膨張を逆回しすれば、すべてが一点に収縮
– 極端に高い密度の宇宙の始まり
– 宇宙全体が一個の原子Primeval Atom
– 「宇宙卵が創生の瞬間に爆発した」
– 宇宙線が宇宙始まりの爆発の証拠

ジョルジュ・ルメートル



ガモフとビッグバン

• 元素の起源をhot & dense Universeに
求めた
– ”Expanding Universe and the Origin of Elements”, Gamow, 

1946 Phys. Rev. 非平衡が重要
– ”The Origin of Chemical Elements”, Alpher, Bethe, Gamow, 

1948, Phys. Rev. 実際の数値計算を実行
– “The Evolution of the Universe”, Gamow, 1948 Nature 物質と
放射の量からジーンズ質量を計算 2.7x107MSUN

• 宇宙マイクロ波背景放射の予測は、AlpherとHerman
– “Evolution of the Universe”, Alpher, Herman, 1948 Nature: 

“the temperature in the universe at the present time is found 
to be about 5° K”
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The Origin of Chemical Elements
R. A. ALPHER+

Applied Physics Laboratory, The Johns Hopkins Un&rersity,
Silver Spring, Maryland

AND

H. BETHE
Cornell University, Ithaca, %em York

G. GAMow
The George Washington University, 8'ashington, D. C.

February 18, 1948

A S pointed out by one of us, ' various nuclear species
must have originated not as the result of an equilib-

rium corresponding to a certain temperature and density,
but rather as a consequence of a continuous building-up
process arrested by a rapid expansion and cooling of the
primordial matter. According to this picture, we must
imagine the early stage of matter as a highly compressed
neutron gas (overheated neutral nuclear Quid) which
started decaying into protons and electrons when the gas
pressure fell down as the result of universal expansion. The
radiative capture of the still remaining neutrons by the
newly formed protons must have led first to the formation
of deuterium nuclei, and the subsequent neutron captures
resulted in the building up of heavier and heavier nuclei. It
must be remembered that, due to the comparatively short
time allowed for this procgss, ' the building up of heavier
nuclei must have proceeded just above the upper fringe of
the stable elements (short-lived Fermi elements), and the
present frequency distribution of various atomic species
was attained only somewhat later as the result of adjust-
ment of their electric charges by P-decay.
Thus the observed slope of the abundance curve must

not be related to the temperature of the original neutron
gas, but rather to the time period permitted by the expan-
sion process. Also, the individual abundances of various
nuclear species must depend not so much on their intrinsic
stabilities (mass defects) as on the values of their neutron
capture cross sections. The equations governing such a
building-up process apparently can be written in the form:

We may remark at first that the building-up process was
apparently completed when the temperature of the neutron
gas was still rather high, since otherwise the observed
abundances would have been strongly affected by the
resonances in the region of the slow neutrons. According to
Hughes, 2 the neutron capture cross sections of various
elements (for neutron energies of about 1 Mev) increase
exponentially with atomic number halfway up the periodic
system, remaining approximately constant for heavier
elements.
Using these cross sections, one finds by integrating

Eqs. (1)as shown in Fig. 1 that the relative abundances of
various nuclear species decrease rapidly for the lighter
elements and remain approximately constant for the ele-
ments heavier than silver. In order to fit the calculated
curve with the observed abundances' it is necessary to
assume thy integral of p„dt during the building-up period is
equal to 5X104 g sec./cm'.
On the other hand, according to the relativistic theory of

the expanding universe4 the density dependence on time is
given by p—10'/t~. Since the integral of this expression
diverges at t =0, it is necessary to assume that the building-
up process began at a certain time to, satisfying the
relation:

J (10'jt')dt =5X104,
&0

(2)

CAt ClMlKO

-2

which gives us to=20 sec. and p0=2.5)&105g sec./cm'. This
result may have two meanings: (a) for the higher densities
existing prior to that time the temperature of the neutron
gas was so high that no aggregation was taking place, (b)
the density of the universe never exceeded the value
2.5 )& 10' g sec./cm' which can possibly be understood if we

lsd—=f(t)(;,n; —;n;) i=1,2," 238 '0 /50 BO

where n; and a;. are the relative numbers and capture cross
sections for the nuclei of atomic weight i, and where f(t) is a
factor characterizing the decrease of the density with time.
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with T oc 1/Z and R 0 = 1·9 X 108 V- 1 light-ye!lrs. 
The integrat ed values of Pmat. and Prad. intersect at 
a reasonable time, namely, 3·5 x 1014 sec. ,.._, 107 

years, and the masses and radii of condensations at 
this time become, according to the Jeans' criterion, 
Me= 3·8 X 107 sun masses, and Rc = 1·1 X 103 

light-years. The temperature of the gas at the time of 
condensation was 600° K., and the temperature in the 
universe at the present time is found to be about 5° K. 

We hope to publish the details of these calculations 
in the near future. 

Our thanks are due to Dr. G. Gamow for the pro-
posal of the topic and his constant encouragement 
during the process of error-hunting. We wish also 
to thank Dr. J. W. Follin, jun., for his kindness in 
performing the integrations required for the determ-
ination of a, on a Reeves Analogue Computer. 
The work described in this letter was supported by 
the United States Navy, Bureau of Ordnance, under 
Contract NOrd-7386. 

Applied Physics Laboratory, 
Johns Hopkins University, 

Silver Spring, Maryland. 
Oct. 25. 

1 Gamow, G. , Phys. Rev., 70, 572 (1946). 

RALPH A. ALPHER 
ROBERT HERMAN 

Relative Abundances of Potassium and Argon 
in the Earth's Surface Materials 

E. Bleuler and M. GabrieP have recently shown 
that potassium-40 decays radioactively in two differ-
ent ways. Apparently a potassium-40 nucleus can 
decay either by emitting a beta-ray, or by capturing 
one of its own K-electrons and emitting a gamma-
ray. In the first case the resulting product is 
calcium-40, and the latter argon-40. 1·9 capture 
processes occur for every beta-ray emission. 

The beta-ray emission of potassium-40 has been 
known for many years, and the accepted half-life 
of the reaction is (7 ± 1) X 108 yr. The effect of the 
K-electron capture process is to reduce the total half-
life of potassium-40 to about 2·4 X 108 yr. E. 
Gleditsch and T. Graf2 have pointed out the import-
ance of this fact in geophysical theory, and have 
shown, for example, that the heating effect of 
potassium-40 in the earth's crust 2·4 X 109 years 
ago must have been about two hundred times greater 
than the total radioactive heating at the present day. 
So far as I am aware, however, the problem of the 
amount of argon-40 which would have been produced 
by the reaction in the life-time of the earth has not 
been considered. 

Potassium is an abundant element in the earth's 
surface materials. If, following F . W. Clarke3 , we 
consider an outer spherical shell of the earth 10 
miles deep, its composition is: atmosphere, 0·03 per 
cent; ocean, 7·08 per cent; solid crust, 92·80 per 
cent. The total percentage of potassium is about 
2·4, and since the relative abundance ofpotassium-40. 
in natural potassium' is 0·012 per cent, the present 
percentage of potassium-40 in the shell is 1·2 X 
1o-' X 2·4 = 2·9 X 1o-• per cent. Argon con-
stitutes about 1·44 per cent of the atmosphere by 
mass ; hence its percentage in the total shell is 
0·03 X 1·44 X 1Q-1 = 4·3 X 1o-• per cent, or 1·5 
the present amount of potassium-40. 

If we take a figure of 2·4 X 1G9 years as a reason-
able estimate of the age of the crust, it follows that 
the original amount of potassium-40 would have 
been 21o, or about 1,000 times greater than the 
present amount. Of this quantity, approximately 
two-thirds would have been transformed to argon; 
that is, the total quantity of argon present in the 
surface materials of the earth should be about 430 
times the known amount of argon in the atmosphere. 

It might be assumed that the bulk of the argon 
generated in the solid crust was retained in the crust, 
but even this assumption will only reduce the dis-
crepancy. From the quantity of sodium retained in 
the ocean, F. W. Clarke6 estimates that an amount 
of solid material equal to about 5 per cent of the 
postulated shell has undergone erosion. It is hard 
to imagine that, if during this process the sodium 
was extracted from the rock, the argon would not 
also escape, and this process would supply a quantity 
of argon more than twenty times that of atmospheric 
argon. If, on the other hand, we assume that the 
argon of the atmosphere', which is 99·6 per cent A40, 

is derived from the eroded layer only, we easily 
arrive at an age of the crust of about 1· 3 X 109 

years, which differs by a factor of about 2 from the 
accepted estimates of geological ages. A correction 
to these results should be applied for the amount of 
argon in solution in the ocean; hut it can easily he 
shown that this correction is of no importance. 

Two other possibilities may he considered: (1) that 
argon-40 is itself unstable and changes to some other 
element ; or (2) that argon escapes from the atmo-
sphere into space. Both processes seem to be highly 
improbable. At the lower end of the periodic table, 
the mass defect of the stable elements increases with 
atomic number, and this consideration alone seems 
to rule out the decay of argon-40 to any other stable 
element. Apart from this, argon is very commonly 
used in Wilson cloud chambers, and it is highly un-
likely that its hypothetical decay would have escaped 
detection. The escape of argon from the atmosphere 
would seem also to involve the escape of nitrogen, 
oxygen and probably carbon dioxide.. This seems 
very unlikely. 

It is known, however, that cosmic rays produce 
atomic disintegrations ; but again it can be shown 
that the amount of argon which could be destroyed 
by this process is probably exceedingly small. It is 
estimated by Powell and his co-Workers that, at a 
height of 3,000 m., fifteen explosive atomic disintegra-
tions occur per c.c. per diem in a nuclear photographic 
emulsion. This means that in 2·4 X 10' years, 
1·3 x 1013 atoms per c.c. would have been dis-
integrated, assuming, of course, that the cosmic ray 
intensity remained constant. There are, however, 
nearly 1023 atoms per c.c. of the emulsion ; hence 
about one atom in 1010 of the emulsion would dis-
integrate. The effect on the average chemical com-
position of the emulsion is obviously insignificant. 
Argon, owing to its distribution throughout the 
atmosphere, may behave in a different manner; but 
it seems improbable that a factor of at least 109 could 
be introduced. Also we are faced with the problem 
of disposing of the large quantities of helium and 
hydrogen which would result from the destruction 
of the argon. These, of course, might escape from 
the atmosphere. 

We are accordingly forced to conclude that either 
the assumed data for the breakdown of potassium-40 
and its abundance in the surface materials are in-
correct, or that the present estimates of the age of 

abg論文

Alpher and Herman
Nature 1948

宇宙初期は中性子のみ

（中性子と陽子の平衡が
成り立っていたことに気づ
いたのは京都の林先生）



Big Bang vs. Steady State
• Big Bang Cosmology (Gamow)
– 始まりのある宇宙
– 熱く、密度の高い状態から宇宙が始まる
– フリードマン宇宙モデル（スケール因子が時間のpower 

law）
• Steady State Cosmology (Hoyle)
– 始まりも終わりもない宇宙
– 物質は場から供給される
– de Sitter宇宙モデル（スケール因子が時間の

Exponential）



ビッグバンは、15年間はマイナーな理論
だった

• 定常宇宙論がむしろ定説
–宇宙には、始まりもなく終わりもない
–当時の指導的天体物理学者たちが提唱
代表が、ケンブリッジ大学プルミア教授職 フレッド・ホ
イル卿

じつは、名古屋大学の早川幸男先生は、晩年まで、
「隠れ定常宇宙論者」だった？

• ビッグバン対定常宇宙論
–宇宙の元素の起源が論争の中心



宇宙マイクロ波背景放射CMBの発見

• 1964年、PenziasとWilsonが、謎の「雑音」に気づく
– 中性水素の21cm線を検出する目的で、7.35cmで検出
器・アンテナのテストを実施

– アンテナ温度6.7Kの雑音を検出
• 大気雑音2.3K、アンテナの抵抗損失0.9K以外が見つからない
• 3.5±1Kの正体不明の雑音

• 二人は、MITのBernard Burkeに相談
– Peeblesのプレプリを紹介（初期の爆発の名残
の電波の存在指摘）

– BurkeはDickeに会うようにPenziasにアドバイス

田中他1951  (早川幸男、名大着任1959)



プリンストングループ

• Robert Dickeのグループは
宇宙マイクロ波背景放射の存在を予想

– 膨張宇宙の初期特異点の問題について、膨張・収縮を繰り
返す周期宇宙を提案

– 最大収縮したときに1010Kを超えていれば熱平衡状態:黒体
放射

– 現在の温度については、放射だけで宇宙を閉じさせないこと
から、40K以下と評価

– Peeblesは、ヘリウム存在量から最小で3.5Kと見積もる
– Dickeの指示に基づいて、P.RollとD.T.Wilkinsonはホーンアン
テナと検出器を作成していた。波長3cm（これより短いと大気
吸収、長いと銀河成分の雑音）で観測を予定していた。



3つの1965年ApJ論文

• ApJ Letter, Vol 142
– Dicke, Peebles, Roll, Wilkinson, “COSMIC BLACK-BODY 

RADIATION” p414-419：電波の発見が宇宙初期の熱平
衡を示す

– Penzias, Wilson, ”A MEASUREMENT OF EXCESS 
ANTENNA TEMPERATURE AT 4080 Mc/s” p419-421：電
波の発見（実質2ページの論文）

• ApJ Vol 142
– Peebles, “THE BLACK-BODY RADIATION CONTENT OF 

THE UNIVERSE AND THE FORMATION OF GALAXIES” 
p1317:  マイクロ波背景放射と銀河形成の関係（ジーン
ズ不安定性）
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high pressure, such as the zero-mass scalar, capable of speeding the universe through the 
period of helium formation. To have a closed space, an energy density of 2 X 10-29 

gm/cm3 is needed. Without a zero-mass scalar, or some other “hard” interaction, the 
energy could not be in the form of ordinary matter and may be presumed to be gravita- 
tional radiation (Wheeler 1958). 

One other possibility for closing the universe, with matter providing the energy con- 
tent of the universe, is the assumption that the universe contains a net electron-type 
neutrino abundance (in excess of antineutrinos) greatly larger than the nucleon abun- 
dance. In this case, if the neutrino abundance were so great that these neutrinos are 
degenerate, the degeneracy would have forced a negligible equilibrium neutron abun- 
dance in the early, highly contracted universe, thus removing the possibility of nuclear 
reactions leading to helium formation. However, the required ratio of lepton to baryon 
number must be > 109. 

We deeply appreciate the helpfulness of Drs. Penzias and Wilson of the Bell Telephone 
Laboratories, Crawford Hill, Holmdel, New Jersey, in discussing with us the result of 
their measurements and in showing us their receiving system. We are also grateful for 
several helpful suggestions of Professor J. A. Wheeler. 

R. H. Dicke 
P. J. E. Peebles 
P. G. Roll 
D. T. Wilkinson 

May 7, 1965 
Palmer Physical Laboratory 

Princeton, New Jersey 
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A MEASUREMENT OF EXCESS ANTENNA TEMPERATURE 
AT 4080 Mc/s 

Measurements of the effective zenith noise temperature of the 20-foot horn-reflector 
antenna (Crawford, Hogg, and Hunt 1961) at the Crawford Hill Laboratory, Holmdel, 
New Jersey, at 4080 Mc/s have yielded a value about 3.5° K higher than expected. This 
excess temperature is, within the limits of our observations, isotropic, unpolarized, and 
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of the first four interlopers, provided the initial clue to the existence of radio-quiet, blue, 
quasi-stellar galaxies (QSG) whose optical properties are similar to those of QSS’s (San- 
dage 1965). 

Spectrograms were subsequently obtained for BSO 1, BSO 8, and BSO* 16 by Schmidt 
and by Sandage in an attempt to verify the existence of QSG. The spectrum of BSO 16 
shows that this object is a hot star having the Balmer lines in absorption near their rest 
wavelengths. This was expected on the basis of the non-peculiar U — B, B — V colors. 
The spectrum of BSO 8 (called “BSO 105” by Sandage 1965 on an older numbering sys- 
tem) is continuous with no prominent absorption or emission lines. BSO 1 has a large 
redshift of AX/Xo = 1.2410, as described elsewhere (Sandage 1965). 

Table 1 lists the precise optical positions of the first four interlopers, and estimated 
positions, accurate to perhaps + 20”, for the thirty-one survey objects. Where available, 
the colors and magnitudes determined photoelectrically at the 200-inch are also shown. 

These blue objects are undoubtedly of the same class as the faint objects in the cata- 
logues of Iriarte and Chavira (1957), Chavira (1958), and Haro and Luyten (1962). 
With the identification of most of these objects as intrinsically bright stellar-appearing 
galaxies, these catalogues provide a large finding list that can be surveyed by radio tech- 
niques to determine if the QSG’s are weak radio emitters. It is expected that such study 
will shed light on the evolutionary process of radio decay after the intense QSS radio 
phase. 

Allan Sandage 
Philippe Véron 

May 21, 1965 
Mount Wilson and Palomar Observatories 

Carnegie Institution or Washington 
California Institute of Technology 

REFERENCES 
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COSMIC BLACK-BODY RADIATION* 

One of the basic problems of cosmology is the singularity characteristic of the familiar 
cosmological solutions of Einstein’s field equations. Also puzzling is the presence of mat- 
ter in excess over antimatter in the universe, for baryons and leptons are thought to be 
conserved. Thus, in the framework of conventional theory we cannot understand the 
origin of matter or of the universe. We can distinguish three main attempts to deal with 
these problems. 

1. The assumption of continuous creation (Bondi and Gold 1948; Hoyle 1948), which 
avoids the singularity by postulating a universe expanding for all time and a continuous 
but slow creation of new matter in the universe. 

2. The assumption (Wheeler 1964) that the creation of new matter is intimately re- 
lated to the existence of the singularity, and that the resolution of both paradoxes may 
be found in a proper quantum mechanical treatment of Einstein’s field equations. 

3. The assumption that the singularity results from a mathematical over-idealization, 

* This research was supported in part by the National Science Foundation and the Office of Naval 
Research of the U.S. Navy. 
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ノーベル賞：CMBの発見

• 1978年のノーベル物理学賞、PenziasとWilsonへ
• “for their discovery of cosmic microwave 

background radiation” (1/4ずつ）
• 半分は、低温物理での貢献でP.Kapitsaへ
• Dickeらプリンストングループは漏れる
– Peeblesは、”Dicke should have been included. He 

invented key technology, and he initiated the 
experiment that led to the recognition of this most 
informative fossil from the Big Bang.”とコメント

• Gamowはすでに亡くなっていた



ビッグバンの物理過程を追って

CMBの発見で、ビッグバンの存在は疑いがなくなっ
てきた。次は、そこで何が起こっているか検証する

• 元素合成
• 中性化 Recombination Process
• 構造（密度揺らぎ）の形成と成長



Recombination Process

• 陽子、ヘリウムが電子を捕獲して水素原子、ヘリウ
ム原子になる過程

– 最初にビッグバン・膨張宇宙での計算をしたのが
Peebles。”Recombination of the Primeval Plasma”, ApJ
153, 1, 1968。ただしここでは、水素のみを取り上げている。

– 同時期にソ連では、Zel’dovich, Kurt, Sunyaev 1968
– ヘリウムを入れて計算したのは、Matsuda, Sato, Takeda, 

1971 PThPh（京都の林グループ）
– 陽子・電子・中性水素の間、温度が下がってくるまでは
平衡（Sahaの式）。3000Kぐらいで急激に変化、非平衡
過程を数値的に解く必要がある





一様等方からのずれ：揺らぎ

• 一様等方宇宙（Friedamnn Univ.）からのずれ
–ずれを（線形）揺らぎで表す
– メトリックの揺らぎhと、物質の揺らぎδ、アインシュタイ
ン方程式を通じて結びつく

– Evgeny Lifshitzがパイオニア

– ゲージ不変形式：Bardeen 1980にまとめられる

–重力のみがCMBに及ぼす影響、SachsとWolfeが最
初に評価

• Sachs, Wolf, “Perturbations of a Cosmological Model 
and Angular Variations of the Microwave 
Background ”1967, ApJ 147 p73





ホットプラズマ中での揺らぎの発展

• 陽子・電子・光子をviscous fluidと扱う
– ソ連ではSunyaev
– Richard Michie (病気のためプレプリのみ)
– Joseph Silk 粘性流体

• Radiative transfer（光子と電子の間の相互作
用）を取り入れた：Peebles, Yu 1970 ApJ
–音響振動を導出
– ただし、ダークマターは入れていない





CMB揺らぎの計算
• 定式化
– Peebles Yuまででほぼ完成
– Wilson, Silk 1981, Wilson 1983
• Boltzmann Hierarchy, 開いた時空に適用できるように拡張
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ON THE ANISOTROPY OF THE COSMOLOGICAL BACKGROUND MATTER 
AND RADIATION DISTRIBUTION. I. THE RADIATION ANISOTROPY IN A 

SPATIALLY FLAT UNIVERSE 
M. L. Wilson 

Department of Physics, University of California, Berkeley 
AND 

Joseph Silk 
Department of Astronomy, University of California, Berkeley 

Received 1980 April 18; accepted 1980 July 25 

ABSTRACT 
The expected anisotropy in the microwave background radiation on both large and small angular 

scales has been calculated. Primordial adiabatic and isothermal fluctuations are considered for a 
variety of initial power-law fluctuation spectra | ôm(k) |2 oc /c” in a spatially flat universe. The calculated 
temperature anisotropy on small angular scales is below the current observational upper limits if 
Q > 1. An appreciable dipole and smaller quadrupole anisotropy are also produced. These are 
generated by fluctuations in the mean gravitational potential associated with small-amplitude large- 
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model is a spatially flat Friedmann-Robertson-Walker spacetime. We use the same synchronous gauge as PY, which has 
the perturbed metric g44 = — 1, — 0, g^ = (<50 — /ilj)/T2(i). Here T is the unperturbed radiation temperature. The 
matter is taken to be zero-pressure “ dust,” with density pm = ¿>T3[1 + ôm(x, t)] and fluid velocity = Tv'c, u4 = c. The 
constant h has the value 2.05 x 10~31 gem-3 K-3 ifp0 = 5 x 10_3Ogcm_3 and = 2.9 K. The value 2.9 K was chosen 
on the basis of the integrated flux measured by Woody and Richards (1979). The dimensionless quantity vl is the proper 
velocity divided by the speed of light. The radiation is described by a distribution function,/=f0(E, t)[l + ¿r(jc, t, E, y)], 
where f0 is the usual blackbody distribution function and E and y are the photon energy and direction. The unperturbed 
radiation mass density is given by s = aT4*, where a is the usual radiation constant divided by c2, so that it has units of g 
cm"3 K"1. 

In this work we do not consider spectral distortions, and so we define the frequency-averaged radiation perturbation 
by 

ô(x, t, •;-)=(]'Srj0E3dE^ \ Joe^e'i . 

In doing the actual calculations, we specialize to the case of a scalar plane wave perturbation, in which <5m(.r, t) = ôm(t) exp 
(ik • x),v(x,t) = v(t)kexp(ik • jt^and/z^jt, i) = {^[h(t) + — i/(i)/cf/c,} exp (zTr • jc)(e.g.,LifshitzandKhalatnikov 
1963). Here k is the comoving wave vector, defined so that the proper wavelength is 2n/kf. Thus k has units cm“1 K - / 
We can expand ô in Legendre polynomials as follows: 

<5 = E ài(t)P,(k • y) exp (ik • *) . 1 = 0 
The evolution equations for this plane wave are then 

ôm= —ikTcv + , (1) 

v='^v + $ne<rTcC^-(ô1-4v), (2) 

H = 2jh +SnG(bT3ôm + 2aT4ô0), 

ô0 = —jikTcôx + f/i, 
¿i = —ne(jI c(ô1 — 4v) — ikTc(ô0 -h |^2) > 

^2 = -Tône(Trcô2 + |/i - 3^' (bT3v + - ikTc(^ôl + 4<53) ; 

(3) 

(4) 
(5) 

(6) 

/ > 2, ôi— —neGTcôi — ikTc 

(SnG \1/2 

/ 

"VW 

21-1 

1/2 

ç l -h 1 
<>1- 1 + ^ àl+ x 2/ + 3 )• 

(7) 

(8) 

Note that Boltzmann’s constant appears nowhere in this paper; the combination kT is a proper wavenumber! 
In what follows, h(t) and H(t) are not needed, and H(t)has been eliminated by H = —h + 24nGi/kTc(bT3v + jaT^ôi). 

Also ne is the number density of electrons, and cr 7 is the Thomson cross section, so that ne a T c is the scattering frequency of 
photons by electrons. Thomson scattering and gravity are the only couplings between matter and radiation that are 
included. Equations (l)-(3) are the same as equations (8)-(10) in SW, and equations (4)-(7) are equivalent to SW 
equation (11). Also equations (l)-(3) correspond to PY equations (38) and (40), but PY equation (37) differs slightly from 
SW equation (11). The difference is that PY made the simplification that Thomson scattering is isotropic, whereas we 
took the actual 1 + cos2 9 variation. This makes very little difference in the results, but it is no harder to include the 
anisotropic scattering. 

Also our computation of ne is slightly different from that of PY, who use the results of Peebles (1968) for the ionization 
fraction during decoupling. We have modified the ionization calculation to allow for a 25% helium mass fraction. This 
reduces ne by 25% at the time just before decoupling, but once again this modification changes the results very little. 
Similarly, our omission of the neutrinos from the calculation is expected to make little difference. They were not included 
because it would be necessary to describe them with a distribution function, as with the radiation, and this complicates 
matters somewhat. 

Next we need to consider the superposition of plane waves in order to construct a general perturbation. The obvious 
thing to do is to take a Fourier transform: <5m(jt, i) = J d3k exp (ik • x)ôm(k, t), where ôm(k, t) is the amplitude of the plane 
wave with wave vector k. Unfortunately, in order for the integral to converge, ôm(x, t) must be localized in space, whereas 
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CMB揺らぎの計算
• 定式化
– Peebles Yuまででほぼ完成
– Wilson, Silk 1981, Wilson 1983

• Boltzmann Hierarchy, 開いた時空に適用できるように拡張

• 観測量との比較
– Vittorio, Silk

• ダークマター入り
– Bond, Efstathiouの一連の研究

• ダークマター入り
• 統計についての詳細な議論、Clの導入など大きな進展
• 宇宙論パラメターへの依存性

dark energy density WL, Matter Density WM , Curvature WK,    
Hubble parameter H0 (h), Baryon Density WB

CMBによる精密宇宙論
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CMBの観測

• 黒体放射の最終確認
– 1988年、Nagoya-Berkley Exp.の黒体放射からの大
幅なずれ報告 Matsumoto et el., ApJ 329 567

– 1989年、COBE/FIRASによって決着、10-4レベルでは
黒体と一致 Mather et al., 1990 ApJ 354 L37



CMBの観測
• 温度揺らぎ COBE/DMRが1992年に発見を報告

1992ApJ...396L...1S
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ノーベル賞(2006)：COBEの発見

• John Mather
–黒体放射を証明したFIRASのPI
– COBE計画全体のPI

• George Smoot
–揺らぎを発見したDMRのPI



ApJ 395: L59-L63, 1992 August 20
COBE
より前！





COBEを超えて

• COBE/DMRは大角度成分のみ測定（ピンボケ）
–物理的には、Sachs-Wolfe効果のみ

• 小スケールの揺らぎの測定の必要性、理論研究
から明らかにされる

– Peebles, YuのAcoustic Oscillation
– Silkのdiffusion damping

宇宙論パラメターの決定に使える



10° 1° 10mi
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Gravitaional Redshift
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Acoustic Oscillations 
(Peebles-Yu)
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damping 
(Silk)
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観測者

138億光年

光の電波

温度揺らぎの典型的サ
イズは、物理過程に
よって決定される: 
Wmh2 （物質密度）
WBh2（バリオン密度）見込む角度

距離、見かけのサイズは曲
率やハッブル定数に依存：
WK,  h 



Hu, Sugiyama, Silk, Nature 1997



観測の爆発的進展

• COBE/DMRは大角度(l<20)
• 気球・地上（南極など）の観測進展
– 2000年（BOOMERanG実験）までには最初のピーク
@l~200の存在、ほぼ確実

– その後も、南極、Atacamaなどで観測は続けられる



CMB observations 

by 1999



CMB observations 

by 1999

大スケール 小スケール

パワースペクトル

２０００



２つの人工衛星プロジェクト

• WMAP衛星
– アメリカ(NASA/Goddard, Princeton Uなど）のプロジェ
クト

–中規模の衛星で準備期間を少なくしてすぐに打ち上
げた

– CMBでも長波長側の５バンドで観測(22-90GHz)
–角度分解能は、3番目のピークぐらいまでをターゲット
（l<1000)

– 1996年にセレクション、2001年には打ち上げ



２つの人工衛星プロジェクト

• Planck衛星
– ヨーロッパESAとNASA/JPLなどのプロジェクト
–大型の衛星で広い波長帯をカバー(９バンド、30-

857GHz)
–角度分解能は、Silk Damping(l<2000)までをターゲッ
ト

– イタリアとフランスのプロジェクトを合体させるなど紆余
曲折して、2009年に打ち上げ



偏光

• 衛星の準備中に、偏光観測の重要性が指摘
–特に、Parity OddのB-modeに、宇宙初期のインフ
レーションの証拠となる重力波が潜んでいること明ら
かになる

–衛星計画は、いまさら偏光に強い装置に変更するこ
とは間に合わなかった
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温度揺らぎと同時に生成

重力波と同時に生成
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Tensor perturbations produce both E- and B- modes



WMAP
9年間の成果を発表し
使命を終えた



COBE & 
WMAP
温度揺らぎ



1st yr

3 yr

WMAP 
Observation
1st yr vs. 3 yr

温度揺らぎの
自己相関
TT-Spectrum



The Astrophysical Journal Supplement Series, 208:20 (54pp), 2013 October Bennett et al.

Figure 31. Detailed comparison between WMAP7 optimal power spectrum
estimator and suboptimal estimator from Larson et al. (2011). Top: difference
(Ĉoptimal

l − Ĉ
subopt
l )/Var(Ĉoptimal

l )1/2 between the two estimators in “sigmas,”
for every l, and boxcar-smoothed with ∆l = 10. Bottom: variance ratio between
suboptimal and optimal estimators.
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Figure 32. Nine-year WMAP TT angular power spectrum. The WMAP data are
in black, with error bars, the best-fit model is the red curve, and the smoothed
binned cosmic variance curve is the shaded region. The first three acoustic peaks
are well-determined.
(A color version of this figure is available in the online journal.)

the mean of the theory spectrum values in a bin is the mean of
the binned cosmic variance samples. Binning the mean of the
distribution at each l gives the mean of bin. (This is not true for
the median or the mode.) Likewise, we want to put an unbinned
error bar on the curve with the height of the upper error bar as
the height of the upper error bar on the binned value. In this way,

Figure 33. TE spectrum. The WMAP data points and error bars are in black. The
red theory curve is fit to the full WMAP data, including the TT angular power
spectrum data. Note that the vertical axis on these spectra is (l+1)Cl/(2π ) instead
of l(l + 1)Cl/(2π ); this vertical scale differs from that of the TT spectrum plot
by a factor of l. The lowest l TE bin where 2 ! l ! 7 has been adjusted using a
pixel likelihood code.
(A color version of this figure is available in the online journal.)

the average height of the cosmic variance curve over the bin is
the correct upper error bar for that bin. We then use a spline
interpolation of the upper and lower error bars between each bin
center. This makes the above statement fractionally less true,
but prevents abrupt changes in the height of the cosmic variance
curve at the bin edges. The measurements are cosmic variance
limited for l < 457 and have a signal-to-noise ratio above unity
for l < 946.

The change of the template cleaning method from the seven-
year to the nine-year analysis results in a slight change in the
low-l power spectrum. For 2 ! l ! 16, using the MASTER
method with the KQ85y9 mask, the absolute value of the change
in l(l + 1)/(2π )Cl due to the template cleaning is typically 4%
of cosmic variance per l.

Figure 33 shows the temperature cross-power spectrum with
the E-mode polarization (TE) spectrum. This angular cross-
power spectrum is computed using the MASTER likelihood
code, with the lowest 2 ! l ! 7 bin determined using the
more accurate pixel likelihood code. This was conditioned on
the maximum likelihood power spectrum, and varied the value
(l + 1)CTE

l /(2π ) = B2–7. The value B2–7 is independent of l.
To maintain the requirement that CTE

l !
√

CEE
l CTT

l for a given
bin value B2–7, we adjust the CEE

l spectrum upward from the
best-fit theory only as much as needed, on an l by l basis.
As we vary B2–7, the error bar is based on the minimum χ2

value, and where ∆χ2 = 1 in either direction. This gives an
asymmetric error bar. Note that this would be a 1σ error bar for
a Gaussian distribution, but it does not necessarily contain 68%
of the likelihood due both to conditioning on the higher l TT, TE
and EE power spectra, as well as to the non-Gaussian shape of
the power spectrum meaning that ∆χ2 = 1 does not correspond
exactly to a 68% confidence interval.

Figure 34 shows the temperature cross-power spectrum with
the B-mode polarization (TB) spectrum. This angular cross-
power spectrum is computed using the MASTER likelihood
code. The TB angular power spectrum is expected to be zero
and the data are consistent with this expectation. The 2 ! l !
7 EE power spectrum is shown in Figure 35. The 2 ! l ! 7 BB
power spectrum is shown in Figure 36.

For running chains, we update the Sunyaev Zel’dovich
spectrum template to the spectrum given by Battaglia et al.
(2012). Their thermal SZ spectrum is multiplied by 3.61
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the mean of the theory spectrum values in a bin is the mean of
the binned cosmic variance samples. Binning the mean of the
distribution at each l gives the mean of bin. (This is not true for
the median or the mode.) Likewise, we want to put an unbinned
error bar on the curve with the height of the upper error bar as
the height of the upper error bar on the binned value. In this way,

Figure 33. TE spectrum. The WMAP data points and error bars are in black. The
red theory curve is fit to the full WMAP data, including the TT angular power
spectrum data. Note that the vertical axis on these spectra is (l+1)Cl/(2π ) instead
of l(l + 1)Cl/(2π ); this vertical scale differs from that of the TT spectrum plot
by a factor of l. The lowest l TE bin where 2 ! l ! 7 has been adjusted using a
pixel likelihood code.
(A color version of this figure is available in the online journal.)

the average height of the cosmic variance curve over the bin is
the correct upper error bar for that bin. We then use a spline
interpolation of the upper and lower error bars between each bin
center. This makes the above statement fractionally less true,
but prevents abrupt changes in the height of the cosmic variance
curve at the bin edges. The measurements are cosmic variance
limited for l < 457 and have a signal-to-noise ratio above unity
for l < 946.

The change of the template cleaning method from the seven-
year to the nine-year analysis results in a slight change in the
low-l power spectrum. For 2 ! l ! 16, using the MASTER
method with the KQ85y9 mask, the absolute value of the change
in l(l + 1)/(2π )Cl due to the template cleaning is typically 4%
of cosmic variance per l.

Figure 33 shows the temperature cross-power spectrum with
the E-mode polarization (TE) spectrum. This angular cross-
power spectrum is computed using the MASTER likelihood
code, with the lowest 2 ! l ! 7 bin determined using the
more accurate pixel likelihood code. This was conditioned on
the maximum likelihood power spectrum, and varied the value
(l + 1)CTE

l /(2π ) = B2–7. The value B2–7 is independent of l.
To maintain the requirement that CTE

l !
√

CEE
l CTT

l for a given
bin value B2–7, we adjust the CEE

l spectrum upward from the
best-fit theory only as much as needed, on an l by l basis.
As we vary B2–7, the error bar is based on the minimum χ2

value, and where ∆χ2 = 1 in either direction. This gives an
asymmetric error bar. Note that this would be a 1σ error bar for
a Gaussian distribution, but it does not necessarily contain 68%
of the likelihood due both to conditioning on the higher l TT, TE
and EE power spectra, as well as to the non-Gaussian shape of
the power spectrum meaning that ∆χ2 = 1 does not correspond
exactly to a 68% confidence interval.

Figure 34 shows the temperature cross-power spectrum with
the B-mode polarization (TB) spectrum. This angular cross-
power spectrum is computed using the MASTER likelihood
code. The TB angular power spectrum is expected to be zero
and the data are consistent with this expectation. The 2 ! l !
7 EE power spectrum is shown in Figure 35. The 2 ! l ! 7 BB
power spectrum is shown in Figure 36.

For running chains, we update the Sunyaev Zel’dovich
spectrum template to the spectrum given by Battaglia et al.
(2012). Their thermal SZ spectrum is multiplied by 3.61
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Figure 34. TB spectrum. The TB spectrum uses the MASTER likelihood
code. Note that the vertical axis on these spectra is (l + 1)Cl/(2π ) instead
of l(l + 1)Cl/(2π ); this vertical scale differs from that of the TT spectrum plot
by a factor of l.

to scale from 150 GHz to V-band (61 GHz). To convert
from 150 to 148 GHz for ACT, we multiply by 1.05. The
kinetic SZ spectrum does not need to be rescaled. The sum
of kinetic and thermal spectra is used as the SZ template, for the
frequency corresponding to each experiment; it is this sum that
is multiplied by the SZ amplitude which is varied in the Markov
chains.

7. POWER SPECTRUM GOODNESS OF FIT
AND MAP ANOMALIES

7.1. Goodness of Fit

The likelihood code we release comes with a test code that
runs on the WMAP nine-year best-fit ΛCDM power spectrum
(with no extra priors). This splits up the likelihood into several
parts. We first look at each part and then combine the results for
an overall estimate of goodness of fit. The high-l TT spectrum
in the l range 33–1200 has 1168 degrees of freedom, and a χ2

value of 1200. This gives a reduced χ2 value of 1.027, and the
probability to exceed this is 25.1%, which indicates a good fit to
the data. The high-l TE spectrum in the l range 24–800 has 777
degrees of freedom and a χ2 value of 815.4 for the same model.
The probability to exceed this χ2 value is 16.5%, which again
indicates a good fit. The low-l polarized pixel-based likelihood
contains 585 unmasked res 3 pixels each with a Q and U Stokes
parameter, for 1170 degrees of freedom. The χ2 value for this
part of the likelihood is 1321. The probability to exceed this χ2

value is 0.13%, which is unusually low.
We have not yet mentioned the low l TT and TE spectra.

Recall that the low l polarized pixel likelihood decorrelates the
temperature and polarization maps of the sky using the ILC and
TT and TE spectra, as described in Appendix D of Page et al.
(2007). After doing this, one obtains a χ2 for the pixelized QU
likelihood that incorporates information about TE, which is why
we do not have a separate TE χ2 value for l ! 23. The l ! 32
TT likelihood is computed by a Blackwell–Rao estimator, based
on Gibbs samples. This code does not naturally generate a
value comparable to a χ2 quantity. However, it does provide
a likelihood function which can be applied to any low l TT
spectrum, and in the process of doing the sampling one obtains
many spectra (not smooth, typically) which have been sampled
from this likelihood function. One can look at the distribution of
likelihoods resulting from these spectra and determine whether
our best-fit spectrum creates an unusually low likelihood. We
do this and find that our best-fit power spectrum generates an
acceptable likelihood value.

Figure 35. Individual likelihood functions of the low l EE polarized power
are shown for l = 2 through 7. When fitting at a particular l, we set Cl at all
other values of l to the value in the best-fit WMAP power spectrum. In addition,
at the l in question we set CTE

l = 0 to maintain that CTE
l !

√
CTT

l CEE
l . The

black diamonds denote the best-fit WMAP EE power spectrum. These likelihood
functions include sample variance.

Figure 36. Low l BB spectra. Other Cl values are fixed to the best-fit WMAP
power spectrum.

Adding the three χ2 values mentioned above gives 3115
degrees of freedom with a total χ2 value of 3336.4. The
probability to exceed this χ2 value is 0.3%, which is still
unusually low. This is driven completely by the low l polarized
likelihood.

We investigated the origin of the excess χ2 in the low-l po-
larization data. To see if there is any evidence for systematic
effects in difference maps, we computed χ2 from six combi-
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Table 17
Cosmological Parameter Summary

Parameter Symbol WMAPa WMAP+eCMB+BAO+H0
a,b

Six-parameter ΛCDM fit parametersc

Physical baryon density Ωbh
2 0.02264 ± 0.00050 0.02223 ± 0.00033

Physical cold dark matter density Ωch
2 0.1138 ± 0.0045 0.1153 ± 0.0019

Dark energy density (w = −1) ΩΛ 0.721 ± 0.025 0.7135+0.0095
−0.0096

Curvature perturbations (k0 = 0.002 Mpc−1)d 109∆2
R 2.41 ± 0.10 2.464 ± 0.072

Scalar spectral index ns 0.972 ± 0.013 0.9608 ± 0.0080
Reionization optical depth τ 0.089 ± 0.014 0.081 ± 0.012
Amplitude of SZ power spectrum template ASZ <2.0 (95% CL) <1.0 (95% CL)

Six-parameter ΛCDM fit: derived parameterse

Age of the universe (Gyr) t0 13.74 ± 0.11 13.772 ± 0.059
Hubble parameter, H0 = 100 h (km s−1 Mpc−1) H0 70.0 ± 2.2 69.32 ± 0.80
Density fluctuations @ 8 h−1 (Mpc) σ8 0.821 ± 0.023 0.820+0.013

−0.014
Velocity fluctuations @ 8 h−1 (Mpc) σ8Ω0.5

m 0.434 ± 0.029 0.439 ± 0.012
Velocity fluctuations @ 8 h−1 (Mpc) σ8Ω0.6

m 0.382 ± 0.029 0.387 ± 0.012

Baryon density/critical density Ωb 0.0463 ± 0.0024 0.04628 ± 0.00093
Cold dark matter density/critical density Ωc 0.233 ± 0.023 0.2402+0.0088

−0.0087

Matter density/critical density (Ωc + Ωb) Ωm 0.279 ± 0.025 0.2865+0.0096
−0.0095

Physical matter density Ωmh2 0.1364 ± 0.0044 0.1376 ± 0.0020
Current baryon density (cm−3)f nb (2.542 ± 0.056) × 10−7 (2.497 ± 0.037) × 10−7

Current photon density (cm−3)g nγ 410.72 ± 0.26 410.72 ± 0.26
Baryon/photon ratio η (6.19 ± 0.14) × 10−10 (6.079 ± 0.090) × 10−10

Redshift of matter-radiation equality zeq 3265+106
−105 3293 ± 47

Angular diameter distance to zeq (Mpc) dA(zeq) 14194 ± 117 14173+66
−65

Horizon scale at zeq (h/Mpc) keq 0.00996 ± 0.00032 0.01004 ± 0.00014
Angular horizon scale at zeq leq 139.7 ± 3.5 140.7 ± 1.4

Epoch of photon decoupling z∗ 1090.97+0.85
−0.86 1091.64 ± 0.47

Age at photon decoupling (yr) t∗ 376371+4115
−4111 374935+1731

−1729

Angular diameter distance to z∗ (Mpc)h dA(z∗) 14029 ± 119 14007+67
−66

Epoch of baryon decoupling zd 1020.7 ± 1.1 1019.92 ± 0.80
Co-moving sound horizon, photons (Mpc) rs (z∗) 145.8 ± 1.2 145.65 ± 0.58
Co-moving sound horizon, baryons (Mpc) rs (zd ) 152.3 ± 1.3 152.28 ± 0.69
Acoustic scale, θ∗ = rs (z∗)/dA(z∗) (deg) θ∗ 0.5953 ± 0.0013 0.59578 ± 0.00076
Acoustic scale, l∗ = π/θ∗ l∗ 302.35 ± 0.65 302.13+0.39

−0.38
Shift parameter R 1.728 ± 0.016 1.7329 ± 0.0058
Conformal time to recombination τrec 283.9 ± 2.4 283.2 ± 1.0

Redshift of reionization zreion 10.6 ± 1.1 10.1 ± 1.0
Time of reionization (Myr) treion 453+63

−64 482+66
−67

Seven-parameter ΛCDM fit parametersi

Relativistic degrees of freedomj Neff > 1.7 (95% CL) 3.84 ± 0.40
Running scalar spectral indexk dns/d ln k −0.019 ± 0.025 −0.023 ± 0.011
Tensor to scalar ratio (k0 = 0.002 Mpc−1)l r <0.38 (95% CL) <0.13 (95% CL)
Tensor spectral indexl nt >−0.048 (95% CL) >−0.016 (95% CL)
Curvature (1 − Ωtot)m Ωk −0.037+0.044

−0.042 −0.0027+0.0039
−0.0038

Fractional Helium abundance, by mass YHe <0.42 (95% CL) 0.299 ± 0.027
Massive neutrino densityn Ωνh

2 <0.014 (95% CL) <0.0047 (95% CL)
Neutrino mass limit (eV)n ∑

mν <1.3 (95% CL) <0.44 (95% CL)

Limits on parameters beyond ΛCDM
Dark energy (const.) equation of stateo w −1.71 < w < −0.34 (95% CL) −1.073+0.090

−0.089
Uncorrelated isocurvature modes α0 <0.15 (95% CL) <0.047 (95% CL)
Anticorrelated isocurvature modes α−1 <0.012 (95% CL) <0.0039 (95% CL)

Notes.
a Unless otherwise stated, the values given are the mean of the parameter in the Markov chain, and the 1σ region determined by removing
the lowest and the highest 15.87% probability tails of the Markov chain to leave the central 68% region.
b The WMAP+eCMB+BAO+H0 data set (Hinshaw et al. 2013) includes the following. The H0 data consists of a Gaussian prior on the
present-day value of the Hubble constant, H0 = 73.8 ± 2.4 km s−1 Mpc−1(Riess et al. 2011).
c The six parameters in this section are the parameters varied in the chain. A seventh parameter, ASZ, is also varied but is constrained
to be between 0 and 2. The WMAP data do not strongly constrain ASZ, which is why the 95% CL interval simply returns the prior. The
eCMB data set does constrain the SZ effect, and prefers lower amplitudes of the SZ template. We call this a 6-parameter fit because
only 6 parameters are needed to fit the data well; the ASZ parameter is used only to marginalize over the SZ effect and therefore include
it in the error bars. All parameters varied in the Markov chains have flat priors, and in this chain only the ASZ parameter requires hard
constraints limiting how much it can fluctuate.
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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.
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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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Planck Collaboration: The cosmological legacy of Planck

Table 7. Parameter confidence limits from Planck CMB tem-
perature, polarization, and lensing power spectra, and with the
inclusion of BAO data. The first set of rows gives 68 % limits for
the base-⇤CDM model, while the second set gives 68 % con-
straints on a number of derived parameters (as obtained from the
constraints on the parameters used to specify the base-⇤CDM
model). The third set below the double line gives 95 % limits for
some 1-parameter extensions to the ⇤CDM model. More details
can be found in Planck Collaboration VI (2018).

Parameter Planck alone Planck + BAO

⌦bh
2 . . . . . . . . . . 0.02237 ± 0.00015 0.02242 ± 0.00014

⌦ch
2 . . . . . . . . . . 0.1200 ± 0.0012 0.11933 ± 0.00091

100✓MC . . . . . . . . 1.04092 ± 0.00031 1.04101 ± 0.00029
⌧ . . . . . . . . . . . . . 0.0544 ± 0.0073 0.0561 ± 0.0071
ln(1010

As) . . . . . . 3.044 ± 0.014 3.047 ± 0.014
ns . . . . . . . . . . . . 0.9649 ± 0.0042 0.9665 ± 0.0038

H0 . . . . . . . . . . . 67.36 ± 0.54 67.66 ± 0.42
⌦⇤ . . . . . . . . . . . 0.6847 ± 0.0073 0.6889 ± 0.0056
⌦m . . . . . . . . . . . 0.3153 ± 0.0073 0.3111 ± 0.0056
⌦mh

2 . . . . . . . . . . 0.1430 ± 0.0011 0.14240 ± 0.00087
⌦mh

3 . . . . . . . . . . 0.09633 ± 0.00030 0.09635 ± 0.00030
�8 . . . . . . . . . . . . 0.8111 ± 0.0060 0.8102 ± 0.0060
�8(⌦m/0.3)0.5 . . . 0.832 ± 0.013 0.825 ± 0.011
zre . . . . . . . . . . . . 7.67 ± 0.73 7.82 ± 0.71
Age[Gyr] . . . . . . 13.797 ± 0.023 13.787 ± 0.020
r⇤[Mpc] . . . . . . . . 144.43 ± 0.26 144.57 ± 0.22
100✓⇤ . . . . . . . . . 1.04110 ± 0.00031 1.04119 ± 0.00029
rdrag[Mpc] . . . . . . 147.09 ± 0.26 147.57 ± 0.22
zeq . . . . . . . . . . . . 3402 ± 26 3387 ± 21

keq[Mpc�1] . . . . . . 0.010384 ± 0.000081 0.010339 ± 0.000063

⌦K . . . . . . . . . . . �0.0096 ± 0.0061 0.0007 ± 0.0019
⌃m⌫ [eV] . . . . . . . < 0.241 < 0.120
Ne↵ . . . . . . . . . . . 2.89+0.36

�0.38 2.99+0.34
�0.33

r0.002 . . . . . . . . . . < 0.101 < 0.106

A6 The curvature of space is very small.
A7 Variations in density were laid down everywhere at early

times, and are Gaussian, adiabatic, and nearly scale invari-
ant (i.e., proportionally in all constituents and with similar
amplitudes as a function of scale) as predicted by inflation.

A8 The observable Universe has “trivial” topology (i.e., likeR3).
In particular it is not periodic or multiply connected.

With these assumptions it is possible to predict a wide range
of observations with a very small number of parameters. The
observed fact that the fluctuations in temperature and polariza-
tion in the CMB are small makes the calculation of CMB ob-
servables an exercise in linear perturbation theory (see Peacock
1999, Dodelson 2003, Mukhanov 2005, Peter & Uzan 2009 and
Lyth & Liddle 2009 for textbook treatments, and Partridge 1995
and Peebles et al. 2009 for historical discussions). The evolu-
tion of the perturbations in each species can be computed to
high accuracy using a “Boltzmann code” once the initial con-
ditions, constituents, and ionization history are specified. The
initial conditions are part of our assumptions. The high-z part of

the ionization history can be computed to high accuracy given
the assumptions above (see, e.g., extensive discussion and refer-
ences in Planck Collaboration Int. XLVII 2016). Thus one needs
to specify only the values of the constituents and the low-z part
of the ionization history.

3.2. Planck’s constraints on ⇤CDM parameters

To fully prescribe the ⇤CDM model we need to specify its pa-
rameters. Adopting the convention that the Hubble parameter
today is H0 = 100 h km s�1Mpc�1, we take these to be: the den-
sity of cold dark matter, !c = ⌦ch

2; the density of baryons,
!b = ⌦bh

2 (consisting of hydrogen, and helium with mass frac-
tion YP obtained from standard BBN); the amplitude, As, and
spectral index, ns, of a power-law spectrum of adiabatic pertur-
bations; a proxy (✓MC; Eq. 6 of Planck Collaboration XVI 2014)
for the angular scale of the acoustic oscillations, ✓⇤; and the opti-
cal depth to Thomson scattering from reionization, ⌧. The best-fit
model and constraints on these parameters are given in Tables 6
and 7.

We assume that the radiation is made up of photons (as a
blackbody with T = 2.7260 K, Fixsen 2009) and neutrinos with
⇢⌫ = Ne↵(7/8)(4/11)4/3⇢� and9

Ne↵ = 3.046 (Mangano et al.
2002). The neutrinos are assumed to have very low masses,
which we approximate as a single eigenstate with m⌫ = 0.06 eV.
Other parameters can be derived from these and the assump-
tions that we already spelled out. For example, since |⌦K | ⌧

1, we have ⌦⇤ = 1 � ⌦m, and the redshift of equality can
be found from ⇢� + ⇢⌫ = ⇢c + ⇢b (assuming neutrinos are
relativistic at z > 103, as required by the current data). A
list of derived parameters and their relation to the base pa-
rameters can be found in Planck Collaboration XIV (2016) or
Tables 6 and 7. Further discussion of how the parameters af-
fect the anisotropy spectra can be found in the aforemen-
tioned textbooks or in Planck Collaboration XIV (2016) and
Planck Collaboration Int. LI (2017).

Figure 9 shows the measured angular power spectra from
Planck, with the blue line representing the best-fit ⇤CDM
model. Beginning with the TT spectrum, one can see three re-
gions, separated by two characteristic scales. On scales larger
than the Hubble scale at last scattering (low `) the almost scale-
invariant spectrum is a pristine imprint of the initial condi-
tions. On degree angular scales the almost harmonic sequence
of power maxima represents the peaks and troughs in density
and temperature of the baryon-photon fluid as it oscillates in the
gravitational potentials prior to recombination. On scales smaller
than the geometric mean10 of the Hubble scale and the mean
free path, photon di↵usion during the epoch of recombination
erases the fluctuations. A similar behaviour is seen in the polar-
ization spectra, without the low-` plateau and with sharper peaks
that are sourced primarily by the quadrupole anisotropy gener-
ated during last scattering. Not visible by eye, but included in
the calculation, are slight changes to the primordial signal due
to gravitational lensing by large-scale structure along the line of
sight.

9A newer evaluation gives Ne↵ = 3.045 (de Salas & Pastor 2016).
The di↵erence is negligible for our purposes, so we keep the older num-
ber for consistency with previous results.

10The di↵usion scale is the mean free path times the square root of
the number of scatterings. Since photons travel at c, Nscatter scales as c

times the Hubble time divided by the mean free path, so N
1/2
scatter�mfp is

the geometric mean of the Hubble scale and �mfp.
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明らかになった宇宙の姿

ダークエネルギー、ダークマターに⽀
配される宇宙

ダークマター
23.3% 元素

4.63%

宇宙項=ダークエネル
ギー
72.1%

輝いている
のはわずか
１％

１３７億歳



PLANCKでは？

ダークエネルギー、ダークマターに⽀
配される宇宙

ダークマター
26.6% 元素

4.95%

宇宙項=ダークエネル
ギー
68.5%

輝いている
のはわずか
１％

137.97億歳



Fixed: 
(1) Angular Diameter
(2) Wmh2

(3) WBh2

WMAP alone, fixed WMh2, WBh2
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精密宇宙論

• Likelihoodをデータに適用すれば、どこまでも精
密な結果得られる。

精密（precision）と正確(accurate)は別
目指すべきはAccurate Cosmology

Jim Peebles



まとめと今後

• CMBの物理
– Peeblesの1965-1970の仕事でほぼ理解された
– 業績を積分すればノーベル賞は当然：おめでとうございます

• 精密宇宙論はどこまでも進められる
– CMBは全天で精密に計測
– 現在は、大規模構造の詳細なデータも続々と登場
– その桁に何の意味があるのか、accurate cosmologyになっ
ているのか、常に注意が必要

• CMBの残されたフロンティア
– B mode偏光 (羽澄さんの講演)




