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宇宙
往古來今謂之宙，四⽅上下謂之宇�
『淮南⼦ ⿑俗訓』

Universe
宙＝時間，宇＝空間

Uni(⼀つの）+�Verse�(回転するもの)

Multiverse

Cosmos κόσμοσ(秩序ある系。カオスの対義語）
ピタゴラス(B.C.�500頃)は確固たる秩序や法則があると考えた



宇宙はどう考えられてきたか

古代エジプト

天の⼥神ヌト

⼤気の神ショウ

⼤地の神ゲプ

太陽神ラー

http://rika-net.com

http://rika-net.xn--com-mf4bk


宇宙はどう考えられてきたか

古代バビロニア
yukimura.hep.osaka-cu.ac.jp



宇宙はどう考えられてきたか

古代ギリシャ

Peter�Apian�“Cosmographia”�(1539)



宇宙はどう考えられてきたか

⽇本神話の国産み

SUSY2004のポスター



宇宙はどう考えられてきたか
はじめに神は天と地とを創造された。地は形なく、むなし
く、やみが淵のおもてにあり、神の霊が⽔のおもてをおおっ
ていた。神は「光あれ」と⾔われた。すると光があった。神
はその光を⾒て、良しとされた。神はその光とやみとを分け
られた。神は光を昼と名づけ、やみを夜と名づけられた。⼣
となり、また朝となった。第⼀⽇である。

聖書 創世記第１章



科学的⽅法による宇宙研究
理論（法則）

仮説

予⾔

実験による検証
証拠への依存�
明確な結論の存在�
適切な推論仮定



天動説
プトレマイオス以降，16世紀までの宇宙の描像を⽀配

惑星の位置予測に誤差。周転円による修正。

http://hooktail.sub.jp



天動説から地動説へ
コペルニクスの地動説

「天体の回転について」（1543)

http://spaceinfo.jaxa.jp

あまり受け⼊れられなかった

実は，宗教的理由よりも，惑星位置
の予測精度の問題が⼤きかった�
年周視差の問題

wikipedia



ガリレオ・ガリレイ
初めて望遠鏡を使って天体を観測�

⾦星の満ち⽋け�

⽊星の衛星�

ガリレオ裁判�

当時の政治状況，ガリレオの⼈間関係，聖書解釈権の問題
などなど，複雑な状況が絡んだ結果のよく分からない裁
判。「科学対宗教」という単純なものではないらしい。

Justus�Sustermans

(1564-1642)



天動説から地動説へ
チコブラーエの観測に基づき，ケプラーが惑星運動の
法則を⾒出す

惑星は太陽を焦点のひとつとする楕円軌道を描く�
惑星と太陽とを結ぶ線分が単位時間に描く⾯積は⼀定�
惑星の公転周期の２乗は軌道⻑半径の３乗に⽐例

ニュートンによる万有引⼒の法則発⾒



宇宙論
宇宙がどのようになっているか？宇宙はどのように創成され，発展してき
たか？�

天⽂学(Astronomy)，天体物理学(Astrophysics)，宇宙論(Cosmology)，
素粒⼦論的宇宙論(Particle�cosmology,�Astroparticle�physics) �

物理学の諸法則を応⽤して宇宙を理解しようと試みる�

「宇宙論の基礎法則」がある訳ではない。総合芸術的分野。�

宇宙の研究から物理学の基礎理論へのフィードバックの可能性�

ケプラーの法則→万有引⼒�

星内部の元素合成→トリプルアルファ反応にける12C共鳴



宇宙の歴史概観

詳細はこれから１セメスターかけて学びます。

宇宙の誕⽣�
宇宙の晴れ上がり�
宇宙の再電離�
星と銀河の形成�
太陽と太陽系の形成�



宇宙の組成

68%
5%

27%

暗黒エネルギー

暗黒物質

バリオン(原⼦)



この授業の⽬標
ビッグバン宇宙論の基礎を理解する�

宇宙の熱史的理解と，その過程にある重要イベントの理解
（宇宙の晴れ上がり，再電離等）�

ビッグバン宇宙論を⽀える観測的根拠は何か？�

膨張宇宙におけるボルツマン⽅程式を扱えるようになる�

具体⽬標：暗黒物質の残存量を計算できるようになる�

標準宇宙論における問題点の整理�

「宇宙の誕⽣と進化」は科学的か？を考えて欲しい



膨張宇宙の観測
ハッブルの法則

遠⽅銀河ほど後退速度が⼤きい�
これらの性質は観測している銀河の⽅向によらない

ASTRONOMY: E. HUBBLE

corrected for solar motion. The result, 745 km./sec. for a distance of
1.4 X 106 parsecs, falls between the two previous solutions and indicates
a value for K of 530 as against the proposed value, 500 km./sec.

Secondly, the scatter of the individual nebulae can be examined by
assuming the relation between distances and velocities as previously
determined. Distances can then be calculated from the velocities cor-
rected for solar motion, and absolute magnitudes can be derived from the
apparent magnitudes. The results are given in table 2 and may be
compared with the distribution of absolute magnitudes among the nebulae
in table 1, whose distances are derived from other criteria. N. G. C. 404
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FIGURE 1
Velocity-Distance Relation among Extra-Galactic Nebulae.

Radial velocities, corrected for solar motion, are plotted against
distances estimated from involved stars and mean luminosities of
nebulae in a cluster. The black discs and full line represent the
solution for solar motion using the nebulae individually; the circles
and broken line represent the solution combining the nebulae into
groups; the cross represents the mean velocity corresponding to
the mean distance of 22 nebulae whose distances could not be esti-
mated individually.

can be excluded, since the observed velocity is so small that the peculiar
motion must be large in comparison with the distance effect. The object
is not necessarily an exception, however, since a distance can be assigned
for which the peculiar motion and the absolute magnitude are both within
the range previously determined. The two mean magnitudes, - 15.3
and - 15.5, the ranges, 4.9 and 5.0 mag., and the frequency distributions
are closely similar for these two entirely independent sets of data; and
even the slight difference in mean magnitudes can be attributed to the
selected, very bright, nebulae in the Virgo Cluster. This entirely unforced
agreement supports the validity of the velocity-distance relation in a very

PRoc. N. A. S.172

Edwin�Hubble,�Proceedings�of�the�National�
Academy�of�Sciences,�15,�168,�1929

ハッブル定数

62 FREEDMAN ET AL. Vol. 553

FIG. 4.ÈTop : Hubble diagram of distance vs. velocity for secondary
distance indicators calibrated by Cepheids. Velocities in this plot are cor-
rected for the nearby Ñow model of Mould et al. (2000a). Squares : Type Ia
supernovae ; Ðlled circles : Tully-Fisher clusters (I-band observations) ; tri-
angles : fundamental plane clusters ; diamonds : surface brightness Ñuctua-
tion galaxies ; open squares : Type II supernovae. A slope of isH0 \ 72
shown, Ñanked by ^10% lines. Beyond 5000 km s~1 (vertical line), both
numerical simulations and observations suggest that the e†ects of peculiar
motions are small. The Type Ia supernovae extend to about 30,000 km s~1,
and the Tully-Fisher and fundamental plane clusters extend to velocities of
about 9000 and 15,000 km s~1, respectively. However, the current limit for
surface brightness Ñuctuations is about 5000 km s~1. Bottom : Value of H0as a function of distance.

^ 7 km s~1 Mpc~1. The random uncertainty is deÐned at
the ^34% points of the cumulative distribution. The sys-
tematic uncertainty is discussed below. For our Bayesian
analysis, we assume that the priors on and on the prob-H0ability of any single measurement being correct are uniform
and compute the project of the probability distributions. In
this case, we Ðnd km s~1 Mpc~1. TheH0 \ 72 ^ 2 ^ 7
formal uncertainty on this result is very small, and simply
reÑects the fact that four of the values are clustered very
closely, while the uncertainties in the FP method are large.
Adjusting for the di†erences in calibration, these results are
also in excellent agreement with the weighting based on
numerical simulations of the errors by Mould et al. (2000a),
which yielded 71 ^ 6 km s~1 Mpc~1, similar to an earlier
frequentist and Bayesian analysis of Key Project data
(Madore et al. 1999) giving km s~1H0 \ 72 ^ 5 ^ 7
Mpc~1, based on a smaller subset of available Cepheid
calibrators.

As is evident from Figure 3, the value of based on theH0fundamental plane is an outlier. However, both the random
and systematic errors for this method are larger than for the
other methods, and hence the contribution to the combined
value of is relatively low, whether the results areH0weighted by the random or systematic errors. We recall also
from Table 1 and ° 6 that the calibration of the fundamental
plane currently rests on the distances to only three clusters.
If we weight the fundamental-plane results factoring in the
small number of calibrators and the observed variance of
this method, then the fundamental plane has a weight that

ranges from 5 to 8 times smaller than any of the other four
methods, and results in a combined, metallicity-corrected
value for of 71 ^ 4 (random) km s~1 Mpc~1.H0Figure 4 displays the results graphically in a composite
Hubble diagram of velocity versus distance for Type Ia
supernovae ( Ðlled squares), the Tully-Fisher relation ( Ðlled
circles), surface-brightness Ñuctuations ( Ðlled diamonds), the
fundamental plane ( Ðlled triangles), and Type II supernovae
(open squares). In the bottom panel, the values of areH0shown as a function of distance. The Cepheid distances have
been corrected for metallicity, as given in Table 4. The
Hubble line plotted in this Ðgure has a slope of 72 km s~1
Mpc~1, and the adopted distance to the LMC is taken to be
50 kpc.

8. OVERALL SYSTEMATIC UNCERTAINTIES

There are a number of systematic uncertainties that a†ect
the determination of for all the relative distance indica-H0tors discussed in the previous sections. These errors di†er
from the statistical and systematic errors associated with
each of the individual secondary methods, and they cannot
be reduced by simply combining the results from di†erent
methods. SigniÐcant sources of overall systematic error
include the uncertainty in the zero point of the Cepheid PL
relation, the e†ect of reddening and metallicity on the
observed PL relations, the e†ects of incompleteness bias
and crowding on the Cepheid distances, and velocity per-
turbations about the Hubble Ñow on scales comparable to,
or larger than, the volumes being sampled. Since the overall
accuracy in the determination of is constrained by theseH0factors, we discuss each one of these e†ects in turn below.
For readers who may wish to skip the details of this part of
the discussion, we refer them directly to ° 8.7 for a summary.

8.1. Zero Point of the PL Relation
It has become standard for extragalactic Cepheid dis-

tance determinations to use the slopes of the LMC period-
luminosity relations as Ðducial, with the zero point of the
Cepheid period-luminosity relation tied to the LMC at an
adopted distance modulus of 18.50 mag (e.g., Freedman
1988). However, over the past decade, even with more accu-
rate and sensitive detectors, with many new methods for
measuring distances, and with many individuals involved in
this e†ort, the full range of the most of distance moduli to
the LMC remains at approximately 18.1È18.7 mag (e.g.,
Westerlund 1997 ; Walker 1999 ; Freedman 2000a ; Gibson
2000), corresponding to a range of 42È55 kpc.

For the purposes of the present discussion, we can
compare our adopted LMC zero point with other published
values. We show in Figure 5 published LMC distance
moduli expressed as probability density distributions, pri-
marily for the period 1998È1999, as compiled by Gibson
(2000). Only the single most recent revision from a given
author and method is plotted. Each determination is rep-
resented by a Gaussian of unit area, with dispersions given
by the published errors. To facilitate viewing the individual
distributions (Fig. 5, light dotted lines), these have been
scaled up by a factor of 3. The thicker solid line shows the
cumulative distribution.

It is clear from the wide range of moduli compared to the
quoted internal errors in Figure 5 that systematic errors
a†ecting individual methods are still dominating the deter-
minations of LMC distances. Some of the values at either
end of the distribution have error bars that do not overlap

Freedman,�et�al.,�APJ�553,47�(2001)



パーセク
pc(パーセク）とは：�
距離の単位。年周視差が1秒⾓になる距離を1pcという。

1pc
1″

1au
光年単位で換算すると

より



光のドップラー効果
ドップラー効果の復習
速度vで遠ざかる波源からの波

v

波の速度

波源の振動数観測される振動数
観測者 波源

光の場合，光速度が誰から⾒てもcであるから，上式に
変更が加わる

観測者から⾒た光源の遠ざかる⽅向
(90°より⼤きい場合は近づいてくる)



⾚⽅偏移

遠ざかる光源(θ=0)からの光は実際より⾚く⾒える
(波⻑が⻑くなる）

⾚⽅偏移パラメータzを次で定義する

光源の速度はzを使って となる。

なお，zが1より⼗分⼩さければ，

銀河の後退速度は，星が出す光の暗線スペクトルなどの⾚
⽅偏移によって決定する。



ハッブルの法則の意味
静的な宇宙において，天の川銀河だけがある⽅向に動く
場合→⾚⽅偏移に⽅向性が現れる�

他の銀河がランダムに動く場合でも同様�

静的な宇宙における銀河運動による場合 
→天の川銀河が宇宙の中⼼＆かなり特殊な運動を要求�

天の川銀河が宇宙の1銀河に過ぎないという⽴場に⽴つ
と，別な銀河から⾒てもハッブルの法則は成り⽴つ 
→宇宙空間⾃体が膨張していると考えるのが最も⾃然



⾃然単位系

万有引⼒の法則→�

電磁気学，相対論→�

量⼦⼒学→�

熱・統計物理学→

いくつかの基本法則に付随する重要な定数に注⽬する

これらの定数を組み合わせて，⻑さ，質量，時間，温度の
単位を持つ物理量を作ってみる。



⾃然単位系

これらを時間，⻑さ，質量，
温度の単位として単位系を作
り直すことができる。

⾃然単位系



⾃然単位系

また，これらの定数を利⽤することで，例えば⻑さや時間
をエネルギーの単位に換算できる。
例:時間t[s]に対し，時間を表す変数t’を
で定義すると，t’はJ-1単位の変数になる。さらに

であるから，例えば，

同様に，

1 J = 6.242 × 1018eV

t′� = t/ℏ



単位換算の練習
プランク質量MPは何GeVに対応するか？�

2.725Kは何eVに対応するか？�

1/H0は何cmに対応するか？



宇宙の歴史概観


