
20世紀初頭の２つの大発見： 
1. Einstein の一般相対性理論 
2. 宇宙膨張の観測的発見



Einstein の一般相対性理論（1915年頃）

重力 = 時空のダイナミクス！ 
cf. 電磁気力は電磁場のダイナミクス

Einstein

東大・安東研HPより

相対性理論における重力： 
太陽が時空を歪める → 地球が力を感じる 

cf. 電荷が電場を生成 → 他の電荷にクーロン力

もはや時空は静的な “入れ物” ではない！



・銀河が地球から遠ざかっている

・遠くの銀河ほど速く離れている

膨張する宇宙（1920年代 Hubble）



宇宙が膨張している！



Hubble のオリジナルデータ (1929)

2Mpc0pc 距離

速度

0

1000km/s

v[km/s] ' 500[km/s·Mpc]⇥ d[Mpc]



ハッブル望遠鏡 2001
– 75 –

v[km/s] = (67± 5)[km/s·Mpc]⇥ d[Mpc]

Hubble の時代より 
100 倍以上遠くまで！
v[km/s] ⇠ 70[km/s·Mpc]⇥ d[Mpc]

他の観測結果も合わせると [Planck 2015]



見かけの明るさ vs 赤方偏移 
S. Perlmutter, April 2003, Physics Today, pp. 53-60.

宇宙膨張・加速度膨張の発見

lowed up. This approach also made it possible to use the
Hubble Space Telescope for follow-up light-curve observa-
tions, because we could specify in advance the one-square-
degree patch of sky in which our wide-field imager would
find its catch of supernovae. Such specificity is a require-
ment for advance scheduling of the HST. By now, the
Berkeley team, had grown to include some dozen collabo-
rators around the world, and was called Supernova Cos-
mology Project (SCP). 

A community effort
Meanwhile, the whole supernova community was making
progress with the understanding of relatively nearby su-
pernovae. Mario Hamuy and coworkers at Cerro Tololo
took a major step forward by finding and studying many
nearby (low-redshift) type Ia supernovae.7 The resulting
beautiful data set of 38 supernova light curves (some
shown in figure 1) made it possible to check and improve
on the results of Branch and Phillips, showing  that type
Ia peak brightness could be standardized.6,7

The new supernovae-on-demand techniques that per-
mitted systematic study of distant supernovae and the im-
proved understanding of brightness variations among
nearby type Ia’s spurred the community to redouble its ef-
forts. A second collaboration, called the High-Z Supernova
Search and led by Brian Schmidt of Australia’s Mount
Stromlo Observatory, was formed at the end of 1994. The
team includes many veteran supernova experts. The two
rival teams raced each other over the next few years—oc-
casionally covering for each other with observations when
one of us had bad weather—as we all worked feverishly to
find and study the guaranteed on-demand batches of 
supernovae.

At the beginning of 1997, the SCP team presented the
results for our first seven high-redshift supernovae.8 These
first results demonstrated the cosmological analysis tech-
niques from beginning to end. They were suggestive of an
expansion slowing down at about the rate expected for the
simplest inflationary Big Bang models, but with error bars
still too large to permit definite conclusions.

By the end of the year, the error bars began to tighten,
as both groups now submitted papers with a few more su-
pernovae, showing evidence for much less than the ex-
pected slowing of the cosmic expansion.9–11 This was be-
ginning to be a problem for the simplest inflationary
models with a universe dominated by its mass content.

Finally, at the beginning of 1998, the two groups pre-
sented the results shown in figure 3.12,13

What’s wrong with faint supernovae? 
The faintness—or distance—of the high-redshift super-
novae in figure 3 was a dramatic surprise. In the simplest
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Exploding White Dwarfs

Aplausible, though unconfirmed, scenario would explain
how all type Ia supernovae come to be so much alike,

given the varied range of stars they start from. A lightweight
star like the Sun uses up its nuclear fuel in 5 or 10 billion
years. It then shrinks to an Earth-sized ember, a white dwarf,
with its mass (mostly carbon and oxygen) supported against
further collapse by electron degeneracy pressure. Then it
begins to quietly fade away.

But the story can have a more dramatic finale if the white
dwarf is in a close binary orbit with a large star that is still
actively burning its nuclear fuel. If conditions of proximity
and relative mass are right, there will be a steady stream of
material from the active star slowly accreting onto the white
dwarf. Over millions of years, the dwarf’s mass builds up
until it reaches the critical mass (near the Chandrasekhar
limit, about 1.4 solar masses) that triggers a runaway ther-
monuclear explosion—a type Ia supernova.

This slow, relentless approach to a sudden cataclysmic
conclusion at a characteristic mass erases most of the orig-
inal differences among the progenitor stars. Thus the light
curves (see figure 1) and spectra of all type Ia supernovae
are remarkably similar. The differences we do occasionally
see presumably reflect variations on the common theme—
including differences, from one progenitor star to the next,
of accretion and rotation rates, or different carbon-to-oxy-
gen ratios.

Figure 3. Observed magnitude
versus redshift is plotted for

well-measures distant12,13 and
(in the inset) nearby7 type Ia su-
pernovae. For clarity, measure-
ments at the same redshift are

combined. At redshifts beyond
z = 0.1 (distances greater than
about 109 light-years), the cos-

mological predictions (indi-
cated by the curves) begin to

diverge, depending on the as-
sumed cosmic densities of

mass and vacuum energy. The
red curves represent models

with zero vacuum energy and
mass densities ranging from the
critical density rc down to zero
(an empty cosmos). The best fit

(blue line) assumes a mass 
density of about rc /3 plus a

vacuum energy density twice
that large—implying an accel-

erating cosmic expansion.

the

d

d



cosmological models, the expansion history of the cosmos
is determined entirely by its mass density. The greater the
density, the more the expansion is slowed by gravity. Thus,
in the past, a high-mass-density universe would have been
expanding much faster than it does today. So one should-
n’t have to look far back in time to especially distant (faint)
supernovae to find a given integrated expansion (redshift). 

Conversely, in a low-mass-density universe one would
have to look farther back. But there is a limit to how low
the mean mass density could be. After all, we are here, and
the stars and galaxies are here. All that mass surely puts
a lower limit on how far—that is, to what level of faint-
ness—we must look to find a given redshift. The high-
redshift supernovae in figure 3 are, however, fainter than
would be expected even for an empty cosmos.

If these data are correct, the obvious implication is
that the simplest cosmological model must be too simple.
The next simplest model might be one that Einstein en-
tertained for a time. Believing the universe to be static, he
tentatively introduced into the equations of general rela-
tivity an expansionary term he called the “cosmological
constant” (L) that would compete against gravitational col-
lapse. After Hubble’s discovery of the cosmic expansion,
Einstein famously rejected L as his “greatest blunder.” In
later years, L came to be identified with the zero-point
vacuum energy of all quantum fields.

It turns out that invoking a cosmological constant al-
lows us to fit the supernova data quite well. (Perhaps there
was more insight in Einstein’s blunder than in the best ef-
forts of ordinary mortals.) In 1995, my SCP colleague Ariel
Goobar and I had found that, with a sample of type Ia su-
pernovae spread over a sufficiently wide range of dis-
tances, it would be possible to separate out the competing
effects of the mean mass density and the vacuum-energy
density.14

The best fit to the 1998 supernova data (see figures 3
and 4) implies that, in the present epoch, the vacuum en-
ergy density rL is larger than the energy density attribut-
able to mass (rmc2). Therefore, the cosmic expansion is now
accelerating. If the universe has no large-scale curvature,

as the recent measurements of the cosmic microwave back-
ground strongly indicate, we can say quantitatively that
about 70% of the total energy density is vacuum energy
and 30% is mass. In units of the critical density rc, one
usually writes this result as

WL ! rL/rc " 0.7 and Wm ! rm/rc " 0.3.

Why not a cosmological constant?
The story might stop right here with a happy ending—a
complete physics model of the cosmic expansion—were it
not for a chorus of complaints from the particle theorists.
The standard model of particle physics has no natural
place for a vacuum energy density of the modest magni-
tude required by the astrophysical data. The simplest es-
timates would predict a vacuum energy 10120 times greater.
(In supersymmetric models, it’s “only” 1055 times greater.)
So enormous a L would have engendered an acceleration
so rapid that stars and galaxies could never have formed.
Therefore it has long been assumed that there must be
some underlying symmetry that precisely cancels the vac-
uum energy. Now, however, the supernova data appear to
require that such a cancellation would have to leave a re-
mainder of about one part in 10120. That degree of fine tun-
ing is most unappealing.

The cosmological constant model requires yet another
fine tuning. In the cosmic expansion, mass density be-
comes ever more dilute. Since the end of inflation, it has
fallen by very many orders of magnitude. But the vacuum
energy density rL, a property of empty space itself, stays
constant. It seems a remarkable and implausible coinci-
dence that the mass density, just in the present epoch, is
within a factor of 2 of the vacuum energy density.

Given these two fine-tuning coincidences, it seems
likely that the standard model is missing some funda-
mental physics. Perhaps we need some new kind of accel-
erating energy—a “dark energy” that, unlike L, is not con-
stant. Borrowing from the example of the putative
“inflaton” field that is thought to have triggered inflation,
theorists are proposing dynamical scalar-field models and
other even more exotic alternatives to a cosmological con-
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Figure 4. The history of cosmic 
expansion, as measured by the
high-redshift supernovae (the black
data points), assuming flat cosmic
geometry. The scale factor R of the
universe is taken to be 1 at pres-
ent, so it equals 1/(1 + z). The
curves in the blue shaded region
represent cosmological models in
which the accelerating effect of
vacuum energy eventually over-
comes the decelerating effect of
the mass density. These curves as-
sume vacuum energy densities
ranging from 0.95 rc (top curve)
down to 0.4 rc. In the yellow
shaded region, the curves repre-
sent models in which the cosmic
expansion is always decelerating
due to high mass density. They as-
sume mass densities ranging (left to
right) from 0.8 rc up to 1.4 rc. In
fact, for the last two curves, the ex-
pansion eventually halts and re-
verses into a cosmic collapse.

見かけの明るさ vs 赤方偏移 
S. Perlmutter, April 2003, Physics Today, pp. 53-60.

宇宙膨張・加速度膨張の発見



19世紀まで： 
時間や空間は定常的で無限に広がっていると仮定し、 
その中を運動する物質の法則を考えた（ex. ニュートン力学）

20世紀前半のパラダイムシフト： 
 1. 一般相対論 → 時空はダイナミカルで時間変化する！ 
 2. 観測実験 → 宇宙は実際に膨張している！

20世紀：定常宇宙 → 時間変化する宇宙



Q. 宇宙膨張から何がわかるか？



A. 宇宙の温度や大きさ、密度



ヘアスプレー缶は？

1. 熱い
2. 室温程度
3. 冷たい

熱力学を思い出してみる
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ヘアスプレー缶は？

1. 熱い
2. 室温程度
3. 冷たい

熱力学を思い出してみる

断熱膨張（熱のやり取りなし）： 
気体が急激に膨張すると冷たくなる



ヘアスプレー缶は？

1. 熱い
2. 室温程度
3. 冷たい

熱力学を思い出してみる

断熱膨張（熱のやり取りなし）： 
気体が急激に膨張すると冷たくなる

同様に、 
宇宙も膨張するにつれて温度が下がる！



時間を巻き戻してみると...



時間

空間

宇宙の“始まり”は...
- とても小さくて高密度
- とても熱い (宇宙膨張で温度が下がる)



時間

空間

宇宙の“始まり”は...
- とても小さくて高密度
- とても熱い (宇宙膨張で温度が下がる)

- 宇宙膨張だけから色々と予想できる 
- このような宇宙像をビッグバン宇宙という 
- 以上は20世紀前半の成果！



1.2 最新の宇宙像



インフレーション 
宇宙初期の加速度膨張

暗黒エネルギーによる 
加速度膨張

銀河や惑星の誕生

宇宙の晴れ上がり 
38万年

過去 現在
ビッグバン膨張138億年

WMAP の絵をベースに編集



これまでの観測の要：宇宙背景放射



インフレーション 
宇宙初期の加速度膨張

暗黒エネルギーによる 
加速度膨張

銀河や惑星の誕生

宇宙の晴れ上がり 
38万年

過去 現在
ビッグバン膨張138億年

WMAP の絵をベースに編集

宇宙背景放射 ＝ 現在見える宇宙最古の光

例えば衛星で観測



Planck 衛星で見る宇宙背景放射 (2015)

宇宙背景放射の温度分布

- 宇宙背景放射の温度は 2.7K でほぼ一様 
- よく見ると        K 程度のわずかなムラ10�5



実験精度の向上

この20年で解像度などが大幅に進歩！ 
 → 宇宙論の理解も大きく進展！

COBE 衛星 
(1992)

WMAP 衛星 
(2003)

Planck 衛星 
(2013)



明らかになった新たなパラダイム
1. インフレーション 

2. 暗黒物質・暗黒エネルギー



インフレーション 
宇宙初期の加速度膨張

暗黒エネルギーによる 
加速度膨張

銀河や惑星の誕生

宇宙の晴れ上がり 
38万年

過去 現在
ビッグバン膨張138億年

WMAP の絵をベースに編集

インフレーション中に 
宇宙背景放射のムラなど宇宙構造の種が形成される 
※ インフレーションが起きる原理や機構は未だ謎



暗黒物質・暗黒エネルギー

約25%：見えない未知の物質暗黒物質 
約70%：宇宙膨張を加速させる謎の暗黒エネルギー 
※ その存在はわかっているが正体は未だ謎のまま

暗黒物質

暗黒エネルギー

普通の物質

宇宙の構成要素

現在の宇宙の構成要素の 
エネルギーの内訳がわかった！


