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ビッグバン宇宙論の概要
ハッブルの法則（と⼀般相対論による予⾔）が⽰唆する
ように，宇宙は膨張している�

過去の宇宙は⼩さかったはず�

過去には物質やエネルギーの密度が⼤きかったはず�

物質の放射や温度も⾼かったはず�

宇宙は，⾼温⾼密度の⽕の⽟状態からスタートしたと考
えられる�

膨張とともに密度が希薄になり，温度も下がった



ビッグバン宇宙論の歴史
1916年，アインシュタイン⽅程式（宇宙項なし版）�

1917年，アインシュタイン⽅程式（宇宙項⼊り）�

1922年，フリードマンが宇宙項なしのアインシュタイン
⽅程式を解いて，膨張宇宙解を発⾒�

1927年，ルメートルが宇宙項ありのアインシュタイン⽅
程式を解く�

1929年，ハッブルの法則



ビッグバン宇宙論の歴史
ジョージ・ガモフが1948年にビッグバン宇宙論を提案
（αβγ理論）�

ビッグバン宇宙論の観測的証拠はまだ少なかった�

定常宇宙論(⽔素原⼦が1個/cm3/50億年の割合で作り出され
る。1948年にフレッド・ホイルが提唱)と膨張宇宙論が拮抗�

「ビッグバン」はフレッド・ホイルが膨張宇宙論を揶揄して
つけた名称�

結果的には，定常宇宙論は観測的に棄却され，ビッグバンが
残った



αβγ理論の原論⽂
PH VSICAL REVIEW VOLUME 73, NUM HER 7 AP RI L 1, 1948
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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
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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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フリードマン⽅程式

時刻tのハッブル定数

ロバートソンウォーカー計量

ただしc=1となる単位系をとってある

フリードマン⽅程式

フリードマン⽅程式を解いて宇宙の振る舞いを調べる



臨界密度
より，宇宙項がないとして，

（臨界密度）とすると，

K>0:�閉じた宇宙
K=0:�平坦な宇宙
K<0:�開いた宇宙

現在の値:

ハッブルパラメータ:

任意の時点で



臨界密度
宇宙項がある場合でも，

として，   をエネルギー密度と思えばよい

K>0:�閉じた宇宙
K=0:�平坦な宇宙
K<0:�開いた宇宙

これは宇宙の組成に関係なく，現在の密度値で決まる！



フリードマン⽅程式を解く

とすると

とすると，

宇宙項をあつかいやすくする

物質 輻射 宇宙項（ダークエネルギー）

負の圧⼒



フリードマン⽅程式を解く

K,�Λは定数（与えられているとする）
未知なのはa,�ρ，p

解くには独⽴な式がさらに１本必要

独⽴な⽅程式は２本

状態⽅程式



状態⽅程式
よく使われる状態⽅程式(⼀般に�p=wρ)

⾮相対論的物質:(冷たい)物質�
相対論的物質:輻射(熱い物質)，光⼦�
宇宙項（宇宙定数）

光⼦気体の状態⽅程式：
空洞内の電磁波は定在波

断熱変化では，

光⼦のエネルギー変化は

よって



状態⽅程式
ところで，

エネルギー密度の
進化を記述

物質 

輻射 

宇宙項



エネルギー密度の推移

a

Λ

輻射
物質

たとえ，最初は輻射が優勢
であっても，次第に物質の
寄与が⽀配的に，最後にはΛ
が⽀配的になる



フリードマン⽅程式の積分

現在の値を代⼊すると，

これらからKを消去してまとめると，

曲率の情報



フリードマン⽅程式の積分

エネルギー密度の時間変化をとりいれる

物質�

輻射�

宇宙項



フリードマン⽅程式の積分

のように規格化しておくと，



フリードマン⽅程式の積分

これは変数分離で積分可能

参考：



単純な場合の解

輻射優勢な宇宙(Ωrad以外を無視する)

物質優勢な宇宙(Ωmat以外を無視する)

ダークエネルギー優勢な宇宙(ΩΛ以外を無視する)

平坦な宇宙(Ω0=1)で，かつ



単純な場合の解のふるまい
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フリードマン解
今度は，平坦な宇宙に限らず，物質優勢の宇宙を考える

平坦な宇宙の場合：



フリードマン解
今度は，平坦な宇宙に限らず，物質優勢の宇宙を考える

閉じた宇宙の場合：

あるいは，媒介変数を利⽤して



フリードマン解
今度は，平坦な宇宙に限らず，物質優勢の宇宙を考える

開いた宇宙の場合：

あるいは，媒介変数を利⽤して



フリードマン解

閉じた宇宙

平坦な宇宙
開いた宇宙

a

a0



現在の観測値

that the current set of SNe give comparable measurements
of !M and !" when the low-extinction subsample is used
with no host galaxy extinction corrections, Figure 9 shows
that the much higher precision color measurements from
the WFPC2 data allow us directly to set much better limits
on the effects of host galaxy extinction on the cosmological
results. Finally, the cosmology that results from the extinc-
tion-corrected fits is consistent with the fits to our low-
extinction primary subset. Contrary to the assertion of
Rowan-Robinson (2002), even when host galaxy extinction

is directly and fully accounted for, dark energy is required
with Pð!" > 0Þ > 0:99.

4.2. Combined High-Redshift SupernovaMeasurements

Figure 10 shows measurements of !M and !" that com-
bine the high-redshift SN data of Riess et al. (1998) together
with the SCP data presented in this paper and in P99. The
contours show confidence intervals from the 54 SNe of the
low-extinction primary subset 2 (used in fit 3 of Table 8),
plus the nine well-observed confirmed SNe Ia from Riess
et al. (1998) (using the light-curve parameters resulting from
their template-fitting analysis); following the criteria of sub-
set 2, SN 1997ck from that paper has been omitted, as that

TABLE 8

Cosmological Fits

Fit
Number

High-Redshift SNe
Included in Fita NSNe

Minimum
!2

!M for
Flatb

!" for
Flatb Pð!" > 0Þ M "

Fits to the Low-Extinction Primary Subset

1.......................... SNe from P99 46 52 0:25þ 0:08
$ 0:07 0:75þ 0:07

$ 0:07 0.9995 $ 3.49 % 0.05 1.58 % 0.31
2.......................... NewHST SNe from this paper 29 30 0:25þ 0:09

$ 0:08 0:75þ 0:08
$ 0:09 0.9947 $ 3.47 % 0.05 1.06 % 0.37

3.......................... All SCP SNe 54 60 0:25þ 0:07
$ 0:06 0:75þ 0:06

$ 0:07 0.9997 $ 3.48 % 0.05 1.47 % 0.29

Fits to Full Primary Subset, with Extinction Correction

4.......................... SNe from P99 48 56 0:21þ 0:18
$ 0:15 0:79þ 0:15

$ 0:18 0.9967 $ 3.55 % 0.05 1.30 % 0.30
5.......................... NewHST SNe from this paper 33 39 0:27þ 0:12

$ 0:10 0:73þ 0:10
$ 0:12 0.9953 $ 3.54 % 0.05 1.29 % 0.28

6.......................... All SCP SNe 58 65 0:28þ 0:11
$ 0:10 0:72þ 0:10

$ 0:11 0.9974 $ 3.53 % 0.05 1.18 % 0.30

a All fits include the low-redshift SNe fromH96 andR99. See x 2.5 for the definitions of the SN subsets.
b This is the intersection of the fit probability distribution with the line!M þ !" ¼ 1.

 
 

Fig. 7.—Plot of 68%, 90%, 95%, and 99% confidence regions for !M and
!" from this paper’s primary analysis, the fit to the low-extinction primary
subset (fit 3).

Fig. 8.—Contours indicating 68% and 90% confidence regions for fits to
SNe from the low-extinction primary subset, including just the high-
redshift SNe from P99 (dotted lines), just the new HST high-redshift SNe
(solid lines), and all SCP high-redshift SNe ( filled contours). The low-
redshift SNe from the primary subset are included in all fits. The new,
independent sample of high-redshift SNe provide measurements of !M and
!" consistent with those from the P99 sample.

No. 1, 2003 !M, !", AND w FROM HST-OBSERVED SNe Ia 119

R.A.Knop�et�al.,�Astrophysical�Journal�598,102�(2003)

平坦な宇宙が⽰唆される

物質30％

ダークエネルギー70%



我々の宇宙の膨張
の場合

とすると，



現在

物質のみの宇宙

我々の宇宙

ダークエネルギー
のみの宇宙
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