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今日の話

1.　ビッグバン宇宙論の進展


2.　インフレーション宇宙モデル


3.　インフレーションで作られる重力波の観測


4.　重力波の直接検出と宇宙論　
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1.  宇宙論の進展

• 標準ビッグバン宇宙モデルの確立 (1960年代）

3
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1.2 アインシュタインの一般相対性理論

• 1915年　一般相対性理論発表 

Die Grundlage der Allgemeine Relätivitatstheorie 

• 古典重力理論の完成 

現代宇宙論の始まり


• アインシュタイン方程式

Gµ� = 8�GTµ�

4



1.2 膨張宇宙

• フリードマン ( Friedmann )：膨張宇宙の解の発見 
(1922) 

フリードマン方程式

5

K = 0

K > 0

K < 0

t

a(t)

K=0  : 平坦な宇宙

K=1  : 閉じた宇宙

K=-1 :  開いた宇宙

✓
da

dt

◆2

+K =
8⇡G

3
⇢a2

宇宙の大きさ

スケールファクター
宇宙の密度
宇宙の曲率
重力定数

a :

⇢ :

K :

G :



1.2 膨張宇宙
• ハッブル ( Hubble ) の発見 (1929)


遠方の銀河は銀河までの距離に比例した
速さで遠ざかっている


                           宇宙膨張の証拠


Hubble定数


　　　　

6
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1.3 ビッグバン宇宙

• ルメーテル ( Lemaître )


宇宙は原始的原子の爆発で始まった (1927)


ホイル ( Hoyle )がこれをビッグバンと呼んだ


• ガモフ ( Gamov )：熱い宇宙モデル ( 1946 )


宇宙は高温・高密度状態で始まった


• ガモフの予言


宇宙初期にヘリウムが合成される


熱い宇宙の痕跡として宇宙背景放射が存在

7



1.4 元素合成
• 宇宙が誕生して約1秒から数分の間に He4 (とHe3、D、Li7 ) 
が合成される

8
(核子数/光子数) X 1010

• 理論的予言値と 
観測が一致する


ビッグバン宇宙の
正しさを証明


( Li7には問題有り)

He4

D

He3

Li7

ヘリウム４の質量密度

核子の質量密度
Y=

2p + 2n � 4He



1.5 宇宙背景放射
• ペンジャス ( Penzias)・ウィルソン ( Wilson )の発見 (1965)


ビッグバン宇宙モデルの確立 [ 1978ノーベル賞 ]


• COBEの観測 ( 1993 )


T=2.73Kの完全なプランク分布

9error bars are multiplied by 400
誤差は400倍して表示

波長(mm)

強
度

 (
M

Jy
/s

r)



1.6 再結合
• T = 3000K（時刻38万年後）


それまで自由に運動していた電子が陽子と結合
して水素原子を作る 

• 再結合後は光子は散乱 (コンプトン散乱) されずに
直進する 

宇宙は光に対して透明

e� + p � H + �

宇宙背景放射

e� + � � e� + �

10



1.7 宇宙背景放射のゆらぎ
• 宇宙が誕生して38万年後 ( 再結合時：水素原子が形成 ) に放出


• COBEの観測　[ 2006年ノーベル賞 ]


完全なプランク分布


非等方性の発見    　密度揺らぎ


• WMAPの観測 ( 2003~)


• Planckの観測 ( 2013~)

11http://www.esa.int
http://map.gsfc.nasa.gov

光と電子の散乱が切れる

http://www.esa.int


1.8 標準ビッグバン宇宙モデルの問題

• 標準宇宙モデルは宇宙が誕生して約1秒から現在までの
宇宙の様子を正しく記述することに成功


• 宇宙のさらに初期に適用しようとすると問題が生じる


平坦性問題：137億年たった現在も宇宙は平坦に近い


地平線問題：因果関係を超えた相関がある


モノポール問題：素粒子の大統一理論出予言される 
　　　　　　　　モノポールが過剰生成される


密度揺らぎの問題：密度揺らぎの起源が不明

12



1.9 地平線問題
• 宇宙の地平線：宇宙が誕生したときから光速で到達
できる最大の長さ


• 宇宙背景放射は宇宙が誕生して 
約38万年後に放出された光


• 宇宙背景放射は非常に等方的

13

A

B

宇宙の２点
A
Bは過去において因果関係がない

現在の地平線

過去の地平線

宇宙背景放射が出たときの地平線

A

B

• 因果関係の無い2点から
出た光が同じ強さなの
は不自然

�T

T
⇠ 10�5



2.  インフレーション宇宙モデル

• 真空のエネルギー =スカラー場（インフラトン場）
のポテンシャルエネルギーρV が宇宙を支配する


　　急激な (指数関数的) 宇宙膨張 

10-36 秒の間に宇宙が1026 倍以上に大きくなる


• 急激な膨張の後、真空のエネルギーが 
解放されて熱い宇宙になる


　　再加熱 = ビッグバン
14

V

φ

真空のエネルギー

da

dt
=

r
8⇡G⇢V

3

a ) a / exp(Hinft)

Hinf =
p
8⇡G⇢V /3 : inflation中のハッブルパラメター
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2.1 インフレーション宇宙モデルの発見
• グース (A. Guth)


• 佐藤勝彦


. . . the vacuum stays at the metastable state for  a 
long time, the Universe begins to expand 
exponentially . . . 

15



2.2 地平線問題の解決

• A、Bの2点はインフレーションによって大きき引き離され
たことを考慮すると、過去においては因果関係があった

16

再結合時


A B

現在

地平線の大きさ

宇宙背景輻射

観測者

A B
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2.3 スローロール・インフレーション

• Guth-Satoのモデル (old inflation) 
トンネル効果で真の真空に遷移


実際はインフレーションが終わらない


• 平坦なポテンシャルをゆっくり運動するインフラトン場
によってインフレーションが実現される 
= スローロール・インフレーション (Slow-Roll inflation) 


ニューインフレーション (New inflation) 


カオティック・インフレーション (chaotic inflation)

17

scalar field

potential



2.3 スローロール・インフレーション

• ニュー・インフレーション  (Linde,  Albrecht-Steinhardt 1982)


• カオティック・インフレーション (Linde 1983) 
インフラトン場がプランクスケールより大きな値をとる

18

scalar field

potential

真空の 
エネルギー

scalar field

potential

真空の 
エネルギー

Mp 

V =
1

2
m2�2

V =
1

4
��4

Mp : Planck mass = 2.4⇥ 1018GeV

8⇡G = 1/M2
p



2.4 インフレーションによる密度揺らぎの生成

• インフラトン場の量子ゆらぎはインフレーション中に
引き延ばされて長波長の古典的な揺らぎになる


• 宇宙の場所ごとにインフラトン場がわずかに異なる値

19

量子ゆらぎ（振動）　　　　　古典的揺らぎ（振動しない）
インフレーション

�� ��

�(t, ~x) = �(t) + ��(t, ~x)

��(t, ~x) ' Hinf

2⇡



2.4 インフレーションによる密度揺らぎの生成

• 地平線を超えた長波長の揺らぎ


• 別々の宇宙があって時間発展すると考えて良い


• 宇宙膨張が異なる (  曲率半径が異なる )


曲率揺らぎ ψ が生成 ( 同じ密度で比べれば )


密度揺らぎδρが生成 ( 同じスケールファクターで比べれば）

20
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2.5 重力波の生成

• スカラー場と同様に重力子 (graviton) も揺らぎを獲得し、
重力波 ( 空間が伸び縮みする波) が生成される


• 2つの独立なモード ( ＋モードとXモード )

21

hij(t, z) =

0

@
h+ h⇥ 0
h⇥ �h+ 0
0 0 0

1

A ei!(t�z)
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2.6 宇宙背景放射の温度揺らぎ

• 宇宙背景放射：再結合時 (約38万年) に放出された光


• プランク分布　　　温度で光の強度が決まる


• 密度揺らぎ ( + 重力ポテンシャル揺らぎ )  　　温度の揺らぎ


• 観測 
フーリエ変換（球面上なので球面調和関数で展開）

22

�T (~n) =
X

`,m
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Planck Collaboration: Constraints on inflation 55

� ig. 54. Marginalized joint 68 % and 95 % CL regions for ns and r0.002 from Planck alone and in combination with its cross-
correlation with BICEP2/Keck � rray and/or B� O data compared with the theoretical predictions of selected inflationary models.

further improving on the upper limits obtained from the different
data combinations presented in Sect. 5.

By directly constraining the tensor mode, the BKP likeli-
hood removes degeneracies between the tensor-to-scalar ratio
and other parameters. � dding tensors and running, we obtain

r0.002 < 0.10 (95 % CL, Planck TT+lowP+BKP) , (168)

which constitutes almost a 50 % improvement over the Planck
TT+lowP constraint quoted in Eq. (28). These limits on tensor
modes are more robust than the limits using the shape of the
CTT
` spectrum alone owing to the fact that scalar perturbations

cannot generate B modes irrespective of the shape of the scalar
spectrum.

13.1. Implications of BKP on selected inflationary models

Using the BKP likelihood further strengthens the constraints
on the inflationary parameters and models discussed in Sect. 6,
as seen in Fig. 54. If we set ✏3 = 0, the first slow-roll pa-
rameter is constrained to ✏1 < 0.0055 at 95 % CL by Planck
TT+lowP+BKP. With the same data combination, concave po-
tentials are preferred over convex potentials with log B = 3.8,
which improves on log B = 2 obtained from the Planck data
alone.

Combining with the BKP likelihood strengthens the con-
straints on the selected inflationary models studied in Sect. 6.
Using the same methodology as in Sect. 6 and adding the BKP
likelihood gives a Bayes factor preferring R2 over chaotic in-
flation with monomial quadratic potential and natural inflation
by odds of 403:1 and 270:1, respectively, under the assumption
of a dust equation of state during the entropy generation stage.
The combination with the BKP likelihood further penalizes the
double-well model compared to R2 inflation. However, adding

Table 17. Results of inflationary model comparison using the
cross-correlation between BICEP2/Keck � rray and Planck. This
table is the analogue to Table 6, which did not use the BKP like-
lihood.

Inflationary Model ln B0X

wint = 0 wint �0

R + R2/6M2 . . . +0.3
n = 2 �6.0 �5.6
Natural �5.6 �5.0
Hilltop (p = 2) �0.7 �0.4
Hilltop (p = 4) �0.6 �0.9
Double well �4.3 �4.2
Brane inflation (p = 2) +0.2 0.0
Brane inflation (p = 4) +0.1 �0.1
Exponential inflation �0.1 0.0
SB SUSY �1.8 �1.5
Supersymmetric�-model �1.1 +0.1
Superconformal (m = 1) �1.9 �1.4

BKP reduces the Bayes factor of the hilltop models compared
to R2, because these models can predict a value of the tensor-to-
scalar ratio that better fits the statistically insignificant peak at
r ⇡ 0.05. See Table 17 for the Bayes factors of other inflationary
models with the same two cases of post-inflationary evolution
studied in Sect. 6.

13.2. Implications of BKP on scalar power spectrum

The presence of tensors would, at least to some degree, require
an enhanced suppression of the scalar power spectrum on large
scales to account for the low-` deficit in the CTT

` spectrum. We
therefore repeat the analysis of an exponential cut-off studied

�4

�2

�

�2/3

ns

�4/3

2.6 宇宙背景放射の温度揺らぎ

• WMAP  Planckの結果


• Inflationの予言と一致


ほぼスケール不変


重力波モードに上限


• 様々なinflation模型を制限

23

http://www.esa.int

重
力
波
の
大
き
さ

( r
 )

spectral index ns = 0.96± 0.01

(ns = 1 for scale inv.)

inflation予言



2.7 宇宙背景放射の偏光

• 偏光は電子とのトムソン散乱で生成される

24

電子 電子

偏光なし 偏光ができる

光

光 光 (弱)

光 (強)

• 偏光は温度揺らぎ（4重極）があれば生成される



2.8 偏光を作る温度揺らぎの起源
• 密度揺らぎ


重力ポテンシャル揺らぎ


温度揺らぎ


Eモード 

• 重力波 

時空の伸び･縮み ( + mode  x mode )


赤方・青方変移　　　温度揺らぎ


Eモード、Bモード
25

温度低い

温度高い

Eモード

Bモード



3.1  BICEP2実験
• BICEP2実験　南極でCMBの偏光を計る


2014年3月にBモードを発見と報告


Inflation起源？


ダスト起源

26
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FIG. 2.— BICEP2 power spectrum results for signal (black points) and temporal-split jackknife (blue points). The red curves show the lensed-⇤CDM theory
expectations — in the case of BB an r = 0.2 spectrum is also shown. The error bars are the standard deviations of the lensed-⇤CDM+noise simulations. The
probability to exceed (PTE) the observed value of a simple �2 statistic is given (as evaluated against the simulations). Note the very different y-axis scales for the
jackknife spectra (other than BB). See the text for additional discussion of the BB spectrum.
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FIG. 3.— Left: BICEP2 apodized E-mode and B-mode maps filtered to 50 < ` < 120. Right: The equivalent maps for the first of the lensed-⇤CDM+noise
simulations. The color scale displays the E-mode scalar and B-mode pseudoscalar patterns while the lines display the equivalent magnitude and orientation of
linear polarization. Note that excess B-mode is detected over lensing+noise with high signal-to-noise ratio in the map (s/n > 2 per map mode at `⇡ 70). (Also
note that the E-mode and B-mode maps use different color/length scales.)
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jackknife spectra (other than BB). See the text for additional discussion of the BB spectrum.
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BICEP2 (2014) 

3　インフレーションで作られる重力波の観測



3.2 重力波モードの発見とインフレーション

• インフレーションでの重力波生成


重力波の振幅 h はインフレーションを起こす真空の
エネルギー ρinf だけで決まる


• 重力波モードの観測　　　


• インフレーション模型＝High-scale インフレーションで
あることが判明する
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h �
�

GHinf � G�1/2
inf

: inflation中のハッブル
: 重力定数

Hinf

G

⇢inf ⇠ (1015�16GeV)4

もし、重力波モードが発見されたら



3.3 重力波モードの観測と重力の量子論

• 重力は量子化されるべきか？


• 重力波モードの予言は弱い重力場の下での正準量子
化に基づいている


• 次元解析


• 重力の量子化の証明になる
28

⇢inf ⇠ G H↵
inf c

� ~�

⇢inf ⇠
[M ]

[L][T 2]
G ⇠ [L3]

[M ][T 2]
c ⇠ [L2]

[T 2]
~ ⇠ [M ][L2]

[T ]

� = 2 ⇢gw / ~2 Quantum e↵ect!!



3.4 Bモードの観測
• inflation起源のBモードの検出を目指して実験が行われ
（計画されて）いる


Keck Array/BICEP3 @ South Pole

POLARBEAR-2/Simos Array @ Atacama

29

r ⇠ 0.01 現在の10倍の感度



4. 重力波の直接検出と宇宙論
• 2015年米国LIGOがBH-BH合体による重力波を史上初めて検出

30https://www.ligo.caltech.edu
Phys. Rev. Lett 116,061102 (2016) 

BH mass ⇠ 30M�

properties of space-time in the strong-field, high-velocity
regime and confirm predictions of general relativity for the
nonlinear dynamics of highly disturbed black holes.

II. OBSERVATION

On September 14, 2015 at 09:50:45 UTC, the LIGO
Hanford, WA, and Livingston, LA, observatories detected

the coincident signal GW150914 shown in Fig. 1. The initial
detection was made by low-latency searches for generic
gravitational-wave transients [41] and was reported within
three minutes of data acquisition [43]. Subsequently,
matched-filter analyses that use relativistic models of com-
pact binary waveforms [44] recovered GW150914 as the
most significant event from each detector for the observa-
tions reported here. Occurring within the 10-ms intersite

FIG. 1. The gravitational-wave event GW150914 observed by the LIGO Hanford (H1, left column panels) and Livingston (L1, right
column panels) detectors. Times are shown relative to September 14, 2015 at 09:50:45 UTC. For visualization, all time series are filtered
with a 35–350 Hz bandpass filter to suppress large fluctuations outside the detectors’ most sensitive frequency band, and band-reject
filters to remove the strong instrumental spectral lines seen in the Fig. 3 spectra. Top row, left: H1 strain. Top row, right: L1 strain.
GW150914 arrived first at L1 and 6.9þ0.5

−0.4 ms later at H1; for a visual comparison, the H1 data are also shown, shifted in time by this
amount and inverted (to account for the detectors’ relative orientations). Second row: Gravitational-wave strain projected onto each
detector in the 35–350 Hz band. Solid lines show a numerical relativity waveform for a system with parameters consistent with those
recovered from GW150914 [37,38] confirmed to 99.9% by an independent calculation based on [15]. Shaded areas show 90% credible
regions for two independent waveform reconstructions. One (dark gray) models the signal using binary black hole template waveforms
[39]. The other (light gray) does not use an astrophysical model, but instead calculates the strain signal as a linear combination of
sine-Gaussian wavelets [40,41]. These reconstructions have a 94% overlap, as shown in [39]. Third row: Residuals after subtracting the
filtered numerical relativity waveform from the filtered detector time series. Bottom row:A time-frequency representation [42] of the
strain data, showing the signal frequency increasing over time.

PRL 116, 061102 (2016) P HY S I CA L R EV I EW LE T T ER S week ending
12 FEBRUARY 2016

061102-2

M1 = 36+5
�4 M�

M2 = 29+4
�4 M�

) Mf = 62+4
�4 M�



• inflationで作られた重力波を将来の重力波検出衛星(BBO, 
DECIGO)を用いて直接検出できるかもしれない


• inflation後の再加熱温度を決めることができる可能性

31

TR = 109GeV

108GeV

107GeVDECIG

BBO

周波数[ヘルツ]

エ
ネ
ル
ギ
ー
密
度

1GeV=1013 K

Jinno, Moroi, Takahashi (2014)

• LIGOが発見したBHは
inflationが作った揺らぎ
から生まれた原始BHか
もしれない

chaotic inflationの予言

別の観点



原始ブラックホール ( Primordial BH)
• 大きな密度ゆらぎの領域が重力崩壊してBHになる


• インフレーションによって大きなゆらぎが生成？


• 暗黒物質
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FIG. 1. Black thick line: ⌦PBH(M ) for parameters given in Eq. (14)
is shown. We require the total abundance be equal to the ob-
served DM density, ⌦PBH,tot = ⌦c . The solid lines with shades
represent relevant observational constraints on the current PBH
mass spectrum [class (a)]: extra-galactic gamma-ray (EG�) [25],
femtolensing (Femto) [26], existence of white dwarfs in our lo-
cal galaxy (WD) [32], Subaru HSC microlensing (HSC) [1], Ke-
pler milli/microlensing (Kepler) [27], EROS/MACHO microlens-
ing (EROS/MACHO) [28], and dynamical heating of ultra-faint
dwarf galaxies (UFD) [31]. The solid line without shade illus-
trates the observational constraints on the past PBH mass spec-
trum [class (b)]: accretion constraints by CMB [36–38]. Here we
do not show the pulsar timing array constraints [43–45] on grav-
itational waves via second order effects [39–42] because they are
indirect and depend on the concrete shape of the scalar power
spectrum. Nevertheless, it is noticeable that their constraints are
so strong that PBHs with M ⇠ 0.75�M�–75�M� are excluded, if
they are generated via superhorizon fluctuations. See [15, 46, 47]
for details. The conservative bound of the new HSC microlensing
constraint is shown by the thick blue line with the deep shade,
and the dotted one utilizes an extrapolation from the HST PHAT
star catalogs in the disk region [1].

motion for GWs. Since GWs are produced when the scalar
perturbations reenter the horizon, the momentum scale of
GWs is necessarily related to the PBH mass, Eq. (2). Also,
the amount of GWs is roughly proportional to the square
of the scalar perturbation, which may be conveniently es-
timated as⌦GW ⇠⇥10�9(P⇣/0.01)2. The current pulsar tim-
ing array experiments [43–45]put severe constraints on k ⇠
106 Mpc�1 corresponding to M ⇠ 0.75�M�–75�M�. If one
would like to interpret the LIGO events as PBH-mergers,
these constraints play important roles [15, 46, 47].

PBH AS ALL DM

As one can infer from Fig. 1, there are very limited ranges
of the PBH mass in which PBHs can be a dominant com-
ponent of DM. The first viable region may lie between
the white dwarf and HSC constraints around ⇠ 1020 g.1

The next possibility would be between the MACHO/EROS

FIG. 2. Scatter plot to show constraints on parameters of the ex-
tended mass function given in Eq. (13). Orange dots are excluded
by WD [32]. Blue dots are excluded by HSC [1].

and the dynamical heating constraints around 1034�35 g [7],
since the CMB constraints can be much weaker as claimed
recently [36–38]. This region is recently revisited because
there is a possibility to explain the LIGO gravitational
events simultaneously [8, 35, 48]. However, in Ref. [49], it
is argued that PBHs as all DM in this region is disfavored
if one uses the constraint from the dynamical heating of
ultra-faint dwarf galaxies.6 Ref. [50] also claims that PBHs
cannot constitute all the DM for M ⇠ O (10)M� by using
a new accretion constraint on PBHs at the galactic cen-
ter via the radio and X-ray.7 In addition, for PBHs gener-
ated via superhorizon fluctuations, the pulsar timing ar-
ray experiments [43–45] set severe constraints on gravita-
tional waves via the second order effects [39–42] for M ⇠
0.75�M�–75�M� as mentioned previously. If the formation
of PBHs is well approximated by the Gaussian statistics,
the power spectrum of curvature perturbation should be
sharp enough to avoid the constraints at O (10)M� [15, 47].
Inflation models with enhanced non-Gaussianity at small
scales may evade this constraint since the same amount of
PBHs can be produced by a smaller amplitude of the cur-
vature perturbation than the Gaussian one [46]. We will re-
turn to these issues elsewhere [51].

In the following, we focus on the former region for PBHs
as all DM. Fig. 2 shows constraints on parameters of the fol-
lowing form of the extended mass function:

d
dM

⌦PBH(M )
⌦c

=N exp

�(log M � log M⇤)2
2�2

�
, (13)

where N is determined so that the integration of Eq. (13)
becomes 1. One can see that the PBH mass spectrum

6 Ref. [7] varies the parameters of constraints from the dynamical heating
of Eridanus II.

7 Note that this constraint depends on the profile of PBH DM. For the
Burkert profile, we can evade it as discussed in Ref. [50].

• LIGO イベント
6

FIG. 3. Black dashed line: the PBH mass spectra for parameters
given in Eq. (29) (ckin > 0). Cyan solid line: that for parame-
ters given in Eq. (32) (ckin < 0). Observationally excluded regions
are represented by red-shaded regions: extragalactic gamma rays
from Hawking radiation [51], femtolensing of known gamma ray
bursts [52], white dwarfs existing in our local galaxy [53], Kepler
micro/millilensing [54], EROS/MACHO microlensing [55], and ac-
cretion constraints from CMB [44]. See also [8] for a recent sum-
mary of observational constraints on PBHs.

slightly small � is enough to elude the current constraints. In
the future, the SKA experiment could reach a much smaller
value of the GW-density close to ⌦GWh2 ⇠ 10�15. There-
fore this scenario will be tested, for the spectrum cannot be
so steep to avoid this constraint because ⌦GW / k�4 with
⌧ 1.

In addition, for a large , there exists an upper bound on
the new inflation scale v of our model. This is because the
e -folding number of the new inflation becomes smaller for
a larger , i.e.,

Nnew,tot '
Z 'i

'e

d'

M 2
Pl

Vnew

V 0new

⇠
1


ln
'e

'i

Æ
✓

0.8


◆✓
31�

2
0.8

ln
v

1013 GeV
�

1
0.8

ln
↵

0.8

◆
, (30)

while we need a sufficiently long period of the new inflation
to have a heavy PBH with a mass comparable to ⇠ 10M�,
i.e.,

Nnew( f )'29� ln
f

7⇥10�10 Hz

+
2
3

ln
v

1013 GeV
+

1
3

ln
TR

105 GeV
. (31)

Combining these two equations and inserting  ⇠ 0.8, ↵ ⇠
0.8, and TR ⇠ 105 GeV, one finds a rough upper bound on
the new inflation scale: v Æ O (1013)GeV. As a result, the
scenario proposed in Ref. [26] seems to be disfavored in
the case of ckin > 0, since it requires a high new inflation
scale v ¶ 1015 GeV to avoid the decay of the metastable elec-
troweak vacuum during the preheating stage after chaotic
inflation [57].

In the case of ckin < 0, the Hubble induced mass for ' can
be canceled out in the oscillation phase of�. As a result, the
modes which are on the superhorizon scale in this phase

can be steeply enhanced as described in App. B in detail.
Then it can realize a sharper fall-off than the slow-roll case.
Since  need not be large, the scenario in Ref. [26] is still
viable because the new inflation scale can be high. Further-
more, if one takes a negative , the '’s potential can have
a flat inflection point, making a second peak for the scalar
power spectrum [27]. We show the specific example of the
parameter set

n = 3,
v

M Pl
= 10�4, =�0.638, ↵=

"M 2
Pl

v 2 = 10.2,

g = 1.795⇥10�3, cpot = 0.681, ckin =�0.688, (32)

in Fig. 2. The resultant PBH mass spectrum and induced
GW spectrum are shown in Fig. 3 and 1. One can make an-
other low-mass peak on the PBH spectrum, corresponding
with the flat inflection point for  < 0 [27]. It may be de-
tected by future gravitational lensing observations. Also, the
current PTA constraints are marginally avoided.
� dependence. Before the conclusions, let us stress the

� dependence on the GW spectrum again. As shown in
Eq. (2), the correspondence between the GW frequency and
the PBH mass has a � uncertainty. It is almost impossible to
realize⇠ 10M� PBHs avoiding the PTA constraints for �= 1.
However note that the precise value of � is still under dis-
cussion. Further investigations to narrow down its precise
value are quite important.

VI. CONCLUSIONS

In this paper, we have discussed the possibility to inter-
pret the LIGO events as mergers of PBHs that are produced
by inflationary superhorizon fluctuations. If scalar fluctua-
tions during inflation are large enough, PBHs can be gener-
ated. Interestingly, while the formation of PBHs take place
at the horizon reentering of over-dense region, GW is simul-
taneously produced through the second order effects. Tak-
ing the double inflation model proposed in Ref. [22] as an
example, we have demonstrated that the PTA experiments
play crucial roles to probe/exclude this scenario.

The bound from PTA experiments depends on the uncer-
tain factor �. For a larger �⇠ 1, the current PTA experiments
rule out the possibility to explain the LIGO events by merg-
ers of PBHs originating from inflation. Even for � ' 0.2, the
GW spectrum should be steep, i.e., ⌦GW / k�4x with x ! 1,
though the precise power depends on the uncertain fac-
tor �. As a result, the parameter space of the double infla-
tion model is already severely restricted. We have explicitly
shown that the current PTA constraints can be marginally
avoided for parameters which generate a sufficiently steep
scalar power spectrum. If the Hubble induced mass disap-
pears after the end of chaotic inflation, the scalar perturba-
tion can be dramatically enhanced, which results in a steep
GW spectrum. Otherwise, there is an upper bound on the
spectral tilt due to the slow-roll condition, while the spec-
tral tilt should be large enough to obtain a strongly red-tilted
spectrum. As a result, this scenario is marginal, but we can-
not immediately exclude it due to the uncertainty of �.

Inomata, MK, Mukaida, Tada Yanagida (2016)Inomata, MK, Mukaida, Tada Yanagida (2017)



まとめ

• ビッグバン宇宙モデルは宇宙が誕生して約1秒から現在までの
宇宙の様子を正しく記述することに成功


• インフレーション宇宙モデルでは、誕生直後 (約10-36 秒 )に急
激な宇宙膨張が起こり、その後熱い宇宙（ビッグバン）が実現
される。


• インフレーション宇宙は地平性問題などを解決し、宇宙の密度
揺らぎの起源を説明する。


• インフレーション宇宙で予言される揺らぎは、宇宙背景放射の
観測によって、検証されつつある。


• 誕生して間もない宇宙で起こったことが観測によって確かめら
れるエキサイティングな時代に突入した。
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Backup
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