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はじめに
コロナ禍で鬱々とした日々を過ごしがちかもしれません

少しの間、日常を忘れて

宇宙について思いを馳せることにしましょう

日々の生活を少しでもリフレッシュできれば幸いです

今日の話を聞いて



今日、お話しすること
講演の概要

宇宙に関する様々な発見から得られた知見

太陽系外に存在する多様な惑星世界
小さな
スケール

大きな
スケール 膨張する宇宙の歴史と浮かび上がった大きな謎

我々の宇宙観・世界観を変えた
１０桁以上もの異なるスケールの発見・知見が



2019年 ノーベル物理学賞

James Peebles Michel Mayor Didier Queloz
ミシェル・マイヨール ディディエ・ケロージェームズ・ピーブルス

https://www.nobelprize.org/prizes/physics/2019/summary/



2019年 ノーベル物理学賞

James Peebles Michel Mayor Didier Queloz
ミシェル・マイヨール ディディエ・ケロージェームズ・ピーブルス

物理学的宇宙論における数々の理論的発見
https://www.nobelprize.org/prizes/physics/2019/summary/



2019年 ノーベル物理学賞

太陽系外惑星の発見

James Peebles Michel Mayor Didier Queloz
ミシェル・マイヨール ディディエ・ケロージェームズ・ピーブルス

https://www.nobelprize.org/prizes/physics/2019/summary/



2020年 ノーベル物理学賞

https://www.nobelprize.org/prizes/physics/2020/summary/

ブラックホールに関する数々の発見でこれまた宇宙で受賞！
Roger Penrose Reinhard Genzel Andrea Ghez

ラインハルト・ゲンツェル アンドレア・ゲズロジャー・ペンローズ

こちらはまたの機会に…



第1部



ピーブルス博士の功績
現代的視点にもとづき、ビッグバン（宇宙の始
まり）から現在まで、宇宙を理解する理論的枠
組みを作り上げた

物理学的宇宙論
Physical cosmology

（1960年代～1980年代） ピーブルス博士

ビ
ッ
グ
バ
ン

140億年

宇
宙
の
大
き
さ

時間

宇宙のこだまに対する理論的予言
（1970年）

冷たい暗黒物質、暗黒エネルギー
の存在を予言（1980年代）

→標準モデルの確立



宇宙の謎を紐解く鍵

宇宙マイクロ波背景放射

宇宙の大規模構造

２つの観測



宇宙マイクロ波背景放射

波長

ガンマ線 X線 赤外線
紫
外
線

可視光線

マイクロ波
ラジオ波

長ラジオ波

波長が長くなる

wikipedia

電磁波＝波の性質を持った「光」のこと

マイクロ波とは？ 電磁波の一種

波長で呼び名が変わる



宇宙マイクロ波背景放射

波長２mmの電磁波（光）が全天に満ち満ちている様子

宇宙マイクロ波背景放射とは？



宇宙マイクロ波背景放射

波長２mmの電磁波（光）が全天に満ち満ちている様子

ウィルソンとペンジアス

1978年、ペンジアスとウィルソンに
ノーベル物理学賞

ベル研ホーンアンテナ

https://www.extremetech.com/extreme/

宇宙マイクロ波背景放射とは？

1965年、ペンジアスとウィルソンにより発見



宇宙マイクロ波背景放射

波長２mmの電磁波（光）が全天に満ち満ちている様子

宇宙マイクロ波背景放射とは？

1965年、ペンジアスとウィルソンにより発見
非常に小さい「ゆらぎ」があることが知られている

2006年ノーベル物理学賞受賞
スムート マザー

（1992年に発見）

ゆらぎの大きさ（振幅）は、

わずか１０万分の１！



2009年打ち上げ

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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300μK-300μK

無数の小さなスポット
からなる構造

Planck 衛星による高精細観測

（10万分の1の大きさ）



宇宙の大規模構造

無数の銀河が織りなす巨大な空間パターン

宇宙の大規模構造とは？

銀河サーベイを通じて観測される

：遠方の銀河１つ１つをくまなく探索

銀河の３次元地図を作成

銀河サーベイ

https://subarutelescope.org/jp/gallery/facility/1998/11/24/785.html

ハワイ島マウナケア山頂の望遠鏡群

すばる望遠鏡



宇宙の大規模構造
銀河の３次元地図の作成方法

•天球面上の位置
•奥行き： 赤方偏移

遠い天体ほど赤く見える

https://www.astroarts.co.jp/alacarte/kiso/kiso02-j.shtml

宇宙が膨張している証拠
（ハッブル=ルメートルの法則）

ハッブル ルメートル
z=0.020z=0.254z=0.404z=0.693

遠い 近い

SDSS SkyServerより

天球面
地球



宇宙の大規模構造

https://www.sdss.org/press-releases/wp-content/uploads/2016/07/boss3dwedge.png

天球面上の銀河
（120,000個）

赤方偏移

光学望遠鏡

銀河の分布が３次元的に



宇宙の大規模構造

https://www.sdss.org/surveys/eboss/ Credits: EPFL and the SDSS Collaboration

スローンデジタルスカイサーベイ eBOSS  が見た宇宙



比較すると…
宇宙マイクロ波背景放射 宇宙の大規模構造

どちらも「ゆらぎ」はランダムだが
一見するとお互い異なる分布に見える



スペクトル解析
観測データをいろんな波長の波の集まりで表現

長さ
１／
波長

スペクトル空間
観測データ

空間１次元の場合短い波長の波
長い波長の波

パワース
ペクトル

https://www.allaboutcircuits.com/

ランダム分布の性質を探る強力な手法



宇宙マイクロ波背景放射の
角度パワースペクトル

角度スケール

長い波 短い波多重極モーメント



銀河分布のパワースペクトル
スペクトル分解した密度ムラの強度分布
最新の銀河カタログから

異なる３つの時刻（赤方偏移）から得られたスペクトル

BOSS DR12

7

FIG. 4: Measured power spectra for the full LRG and main galaxy samples. Errors are uncorrelated and full window functions are shown
in Figure 5. The solid curves correspond to the linear theory ΛCDM fits to WMAP3 alone from Table 5 of [7], normalized to galaxy bias
b = 1.9 (top) and b = 1.1 (bottom) relative to the z = 0 matter power. The dashed curves include the nonlinear correction of [29] for
A = 1.4, with Qnl = 30 for the LRGs and Qnl = 4.6 for the main galaxies; see equation (4). The onset of nonlinear corrections is clearly
visible for k ∼

> 0.09h/Mpc (vertical line).

Our Fourier convention is such that the dimensionless
power ∆2 of [77] is given by ∆2(k) = 4π(k/2π)3P (k).

Before using these measurements to constrain cosmo-
logical models, one faces important issues regarding their
interpretation, related to evolution, nonlinearities and
systematics.

B. Clustering evolution

The standard theoretical expectation is for matter
clustering to grow over time and for bias (the rela-
tive clustering of galaxies and matter) to decrease over
time [78–80] for a given class of galaxies. Bias is also

14 L. Anderson et al.

Figure 8. The CMASS DR9 power spectra before (left) and after (right) reconstruction with the best-fit models overplotted. The vertical dotted lines show
the range of scales fitted (0.02 < k < 0.3hMpc�1), and the inset shows the BAO within this k-range, determined by dividing both model and data by the
best-fit model calculated (including window function convolution) with no BAO. Error bars indicate

p
Cii for the power spectrum and the rms error calculated

from fitting BAO to the 600 mocks in the inset (see Section 4.2 for details).

an estimate of the “redshift-space” power, binned into bins in k of
width 0.04hMpc�1.

6.2 Fitting the power spectrum

We fit the observed redshift-space power spectrum, calculated as
described in Section 6, with a two component model comprising a
smooth cubic spline multiplied by a model for the BAO, following
the procedure developed by Percival et al. (2007a,c, 2010). The
model power spectrum is given by

P (k)m = P (k)smooth ⇥Bm(k/↵), (32)

where P (k)smooth is a smooth model that fits the overall shape
of the power spectrum, and the BAO model Bm(k), calculated for
our fiducial cosmology, is scaled by the dilation parameter ↵ as
defined in Eq. 21. The calculation of the BAO model is described
in detail below. This scaling of the acoustic signal is identical to
that used in the correlation function fits, although the differing non-
linear prescriptions in (Eqns 23 & 32) means that the non-linear
BAO damping is treated in a subtly different way.

Each power spectrum model to be fitted is convolved with the
survey window function, giving our final model power spectrum to
be compared with the data. The window function for this convolu-
tion is the normalised power in a Fourier transform of the weighted
survey coverage, as defined by the random catalogue, and is calcu-
lated using the same Fourier procedure described in Section 6 (e.g.
Percival et al. 2007c). This is then fitted to express the window
function as a matrix relating the model power spectrum evaluated
at 1000 wavenumbers, kn, equally spaced in 0 < k < 2hMpc�1,
to the central wavenumbers of the observed bandpowers ki:

P (ki)fit =
X

n

W (ki, kn)P (kn)m �W (ki, 0). (33)

The final term W (ki, 0) arises because we estimate the average
galaxy density from the sample, and is related to the integral con-
straint in the correlation function. In fact this term is smooth (as

the power of the window function is smooth), and so can be ab-
sorbed into the smooth component of the fit, and we therefore do
not explicitly include this term in our fits.

To model the overall shape of the galaxy clustering power
spectrum we use a cubic spline (Press et al. 1992), with nine nodes
fixed empirically at k = 0.001, and 0.02 < k < 0.4 with
�k = 0.05, matching that adopted in Percival et al. (2007c, 2010).
This model was tested in these papers, but we show in Section B3
that it also provides an excellent fit to the overall shape of the DR9
CMASS mock catalogues, and that there is no evidence for devia-
tions for the fits to the data.

To calculate our fiducial BAO model, we start with a linear
matter power spectrum P (k)lin, calculated using CAMB (Lewis et
al. 2000), which numerically solves the Boltzman equation describ-
ing the physical processes in the Universe before the baryon-drag
epoch. We then evolve using the HALOFIT prescription (Smith
et al. 2003), giving an approximation to the evolved power spec-
trum at the effective redshift of the survey. To extract the BAO, this
power spectrum is fitted with a model as given by Eq. 32, where we
adopt a fixed BAO model (BEH) calculated using the Eisenstein &
Hu (1998) fitting formulae at the same fiducial cosmology. Divid-
ing P (k)lin by the best-fit smooth power spectrum component from
this fit produces our BAO model, which we denote BCAMB.

We damp the acoustic oscillations to allow for non-linear ef-
fects

Bm = (BCAMB � 1)e�k2⌃2
nl/2 + 1, (34)

where the damping scale ⌃nl is a fitted parameter. We assume
a Gaussian prior on ⌃nl with width ±2h�1 Mpc, centred on
8.24h�1 Mpc for pre-reconstruction fits and 4.47h�1 Mpc for
post-reconstruction fits, matching the average recovered values
from fits to the 600 mock catalogs with no prior. The exact width of
the prior is not important, but if we do not include such a prior, then
the fit can become unstable with respect to local minima at extreme
values.

c� 2011 RAS, MNRAS 000, 2–33

BOSS DR9
(SDSS-III)
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Anderson et al. (’12)

10 S. Alam et al.

Figure 3. BAO signals in the measured post-reconstruction power spectrum (left panels) and correlation function (right panels) and predictions of the best-fit
BAO models (curves). To isolate the BAO in the monopole (top panels), predictions of a smooth model with the best-fit cosmological parameters but no BAO
feature have been subtracted, and the same smooth model has been divided out in the power spectrum panel. For clarity, vertical offsets of ±0.15 (power
spectrum) and ±0.004 (correlation function) have been added to the points and curves for the high- and low-redshift bins, while the intermediate redshift
bin is unshifted. For the quadrupole (middle panels), we subtract the quadrupole of the smooth model power spectrum, and for the correlation function we
subtract the quadrupole of a model that has the same parameters as the best-fit but with ✏ = 0. If reconstruction were perfect and the fiducial model were
exactly correct, the curves and points in these panels would be flat; oscillations in the model curves indicate best-fit ✏ 6= 0. The bottom panels show the
measurements for the 0.4 < z < 0.6 redshift bin decomposed into the component of the separations transverse to and along the line of sight, based on
x(p, µ) = x0(p) + L2(µ)x2(p), where x represents either s

2 multiplied by the correlation function or the BAO component power spectrum displayed in the
upper panels, p represents either the separation or the Fourier mode, L2 is the 2nd order Legendre polynomial, p|| = µp, and p? =

p
p2 � µ2p2.

c� 2016 RAS, MNRAS 000, 1–38

120万個の銀河
Alam et al. (’16)

対数プロット

より遠い銀河

より近い銀河

短い波長い波



うねうねの起源
スペクトル分解すると「うねうね」した振動パターンが見える

どちらの観測も

50年前にピーブルス博士
が予言していた！

実は、

その正体・起源は？
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PRIMEVAL ADIABATIC PERTURBATION 
IN AN EXPANDING UNIVERSE* 

P. J. E. Peeblesf 
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ABSTRACT 
The general qualitative behavior of linear, first-order density perturbations in a Friedmann-Lemaître 

cosmological model with radiation and matter has been known for some time in the various limiting 
situations. An exact quantitative calculation which traces the entire history of the density fluctuations is 
lacking because the usual approximations of a very short photon mean free path before plasma re- 
combination, and a very long mean free path after, are inadequate. We present here results of the direct 
integration of the collision equation of the photon distribution function, which enable us to treat in detail 
the complicated regime of plasma recombination. Starting from an assumed initial power spectrum well 
before recombination, we obtain a final spectrum of density perturbations after recombination. The 
calculations are carried out for several general-relativity models and one scalar-tensor model. One can 
identify two characteristic masses in the final power spectrum: one is the mass within the Hubble radius 
ct at recombination, and the other results from the linear dissipation of the perturbations prior to re- 
combination. Conceivably the first of these numbers is associated with the great rich clusters of galaxies, 
the second with the large galaxies. We compute also the expected residual irregularity in the radiation 
from the primeval fireball. If we assume that (1) the rich clusters formed from an initially adiabatic 
perturbation and (2) the fireball radiation has not been seriously perturbed after the epoch of recombina- 
tion of the primeval plasma, then with an angular resolution of 1 minute of arc the rms fluctuation in 
antenna temperature should be at least bT/T = 0.00015. 

I. INTRODUCTION 
a) Purpose 

The possible discovery of radiation from the primeval fireball opens a promising lead 
toward a theory of the origin of galaxies. This primeval radiation would serve, first, to 
fix an epoch at which nonrelativistic bound systems like galaxies can start to develop 
(Peebles 1965a), and second, to impress on the power spectrum of initial density fluctua- 
tions characteristic lengths and masses (Gamow 1948; Peebles 1965a, 1967a; Michie 
1967; Silk 1968). These characteristic features in the power spectrum hopefully result 
from all the complicated details of the evolution of the Universe after the initial power 
spectrum is arbitrarily set at some very early epoch. If one can make a reasonable argu- 
ment for a coincidence of these features with observed phenomena, it will provide an 
important encouragement and guide to the further development of the theory. A more 
direct observational test of these processes might be provided by the residual small-scale 
fluctuations in the microwave background (Peebles 1965&; Sachs and Wolfe 1967 ; Silk 
1968; Wolfe 1969; Longair and Sunyaev 1969), if we assume that this radiation has not 
been further scattered (Dautcourt 1969). 

* Research supported in part at Princeton by the National Science Foundation and the Office of 
Naval Research of the U.S. Navy, and at the California Institute of Technology by the National Science 
Foundation [GP-15911 (formerly GP-9433) and GP-9114] and the Office of Naval Research [Nonr- 
220(47)]. 

t Alfred P. Sloan Fellow. 
Í NAS-NRC Postdoctoral Research Associate. 
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（パワースペクトル）

Peebles & Yu

Astrophysical Journal (1970)

「膨張宇宙の中の原始断熱的ゆらぎ」



ピーブルス博士の予言

「音波（音響振動）」

ピーブルス博士によると、うねうねの起源は、

疎密波と呼ばれるもの

例・空気を伝わる音

https://www.ipros.jp/technote/
http://www.wakariyasui.sakura.ne.jp/

そみつは

空気中の分子どうしがぶつかる様が波の
ように伝搬する → 鼓膜にぶつかって音に



原始宇宙からのこだま

スープの波は伝わる

https://www.recipe-blog.jp/

宇宙が高密度・高温だった頃の
光と高温プラズマのスープ

（電子、陽子）

光・プラズマ粒子が

高温プラズマ中では光は散乱されてまっすぐ進めなかった

時間

光

陽子
電子

電子

陽子

水素

高温 低温

https://www.rikanenpyo.jp/FAQ/tenmon/faq_ten_009.html

音を伝える
媒質

ただし、



原始宇宙からのこだま

光と高温プラズマのスープが波
立つ様子を具体的に数値計算

圧力と重力の
バランス
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mass density per logarithmic increment of In the figures the normalization is arbitrarily 
fixed to peak value unity. 

c) Residual Irregularity in the Microwave Background 
In Figure 8 we plot G(&, A^) (eq. [65]) for the cosmologically fiat general-relativity 

model. The area under the curve for fixed gives the variance of the brightness of the 
observed background when the resolving power is A^. Notice that G(&, A^) is appreciable 
only near the first peak of (9m{k). As A^ decreases, the curve moves to the right because 
one is sensitive to shorter wavelength (larger wavenumber). The shift is not large, how- 
ever, because the residual radiation perturbation at shorter wavelength is so very small. 
We conclude from Figure 8 that the experimental search for small-scale irregularities in 
the microwave background provides a test for the first big peak in Figure 5 (if the radia- 
tion has not suffered further scattering). The same conclusion holds for the other three 
cosmological models. 

k (co-moving) 
Fïô. 5.—Same as Fig. 4 for the cosmologically flat general-relativity model, po = Pc The normalization 

is fixed tô peak value unity. 

In Figure 9 we plot the mean square fluctuation in the total brightness of the micro- 
wave background (eq. [65]; see also Table 1). In these curves the normalization has been 
fixed so that (Pm(&) (Figs. 4-7) reaches the peak value unity at redshift 1 + Zm = 10. 
The time variation of the matter-density power spectrum is computed in the linear ap- 
proximation, and our normalization means that at about redshift Zm matter starts to 
fragment into separate and distinct bound systems with mass comparable to the mass 
function (eq. [39]) evaluated where (9m{k) is approaching unity. The observational limit 
shown on the figure is the upper limit estimated by Conklin and Bracewell after allowing 
for system noise. The results of the computation with this choice of Zm are comparable to 
but smaller than this observational limit. 

The above choice of Zm may be too large. If Zm were moved to a later epoch, it would 
reduce the required initial amplitude of the perturbation, hence reduce the mean square 
variation of the background. In Table 1 we list the factors by which the mean square 
variation of brightness must be multiplied when Zm is reduced to smaller values (more 
recent epochs). 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 

密
度
ム
ラ
の
強
度

波数（1／波長）

論文の図５より
Peebles & Yu (1970)

宇宙マイクロ波背景放射光（電磁波）

（原子）
高温プラズマ
（電子と陽子）

中性化して、天体（星、銀河）を形成

その様子が痕跡として残ることを予言：



宇宙に広がる波紋

https://adh-sj.info/bao_cmb.php

パワースペクトルの振動は波紋が広がる様子を表している

１度角

３億光年

宇宙マイクロ波背景放射 宇宙の大規模構造

波紋の広がる様子



宇宙マイクロ波背景放射に隠された情報

•スープの材質（宇宙の組成）

•宇宙の幾何学

•宇宙極初期を探るヒント 

 
 

 
10 (24) 

 
Figure 5. The angular size of spots in the CMB are determined by the geometry.  
 
 
The first peak, as well as all the odd peaks, are caused by baryonic matter falling into gravitational 
wells. The even-numbered peaks correspond to decompressions as radiation pushes back. The 
more  baryonic  matter,  the  deeper  the  fall  into  the  gravitational  potential,  and  the  more 
pronounced the first peak is relative to the second. The relative height between the first and the 
second peaks implies that the amount of baryonic matter is only 5% of the critical density.  
 
The higher  peaks  correspond  to more oscillations  and probe  earlier  times when  the  radiation 
played a more important role.  In particular, the third peak corresponds to a compression followed 
by a decompression, and then yet another compression of the photon-baryon fluid. Dark matter 
does not  bounce back  after  the  first  compression  because  it  is  unaffected  by  radiation.  It  can 
therefore provide a gravitational well for the baryons to fall into the second time. This means that 
dark matter enhances the third peak. Its measured amplitude suggests that 26% of the Universe 
is composed of dark matter.  
 
We can now make a simple calculation to determine the amount of dark energy. Working in units 
of the critical density, the first peak tells us that the Universe is flat and that the total sum needs 
to add up to one: 
 
                                                             廈ஃ = 1 െ 0.05 െ 0.26 = 0.69 
 
Hence, we find that 69% of the energy content of the Universe at present is in the form of dark 
energy, in agreement with direct measurements of how the Universe expands [55-56]. 
 
Outlook 
 
In  addition  to  its  profound  success  in  explaining  the  structure  and  evolution of  the Universe, 
precision cosmology is also a tool to discover new physics. We still do not understand the physics 
of the cosmological constant. Perhaps its value is not constant, and perhaps a time-varying dark 
energy plays an important role in the evolution of the Universe. Peebles has already contemplated 
such  a  possibility  [64].  The  nature  of  dark matter  is  also  not  known.  Favourite  explanations 
include new particles, such as supersymmetric partners of the known ones or axions, which are 
hypothetical  particles  that  could  explain  an  important  observation  about  the  strong  nuclear 

平坦な宇宙閉じた宇宙 開いた宇宙 宇宙論の宝庫！

1990年代に解読方法が確立
（宇宙の構造形成理論）

日本人研究者の貢献も多数

スペクトルの形状・パターンには様々な情報を含んでいる



西宮湯川記念賞受賞者も

2010年2001年

小松英一郎さん
マックス・プランク宇宙
物理学研究所（所長）

杉山直さん
名古屋大学副総長

第16回 第25回

宇宙マイクロ波背景輻射を
用いた初期宇宙理論の検証

宇宙マイクロ波背景放射
ゆらぎの研究



解読結果

宇宙の標準モデルが確立

たかだか６個のパラメーターでたくさんのデータ点を説明

•宇宙の年齢は１３８億年

•宇宙は高精度で平坦だった

•宇宙の物質・エネルギー組成が確定

•宇宙極初期のインフレーションを強く示唆

(2000年代後半)

閉じた宇宙

開いた宇宙

平坦な宇宙



宇宙の標準モデルにもとづく宇宙の進化史
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宇宙マイクロ波背景放射



Planck 2018 results I 
にもとづき作成

通常の物質
（バリオン）

暗黒エネルギー

冷たい
暗黒物質

宇宙の95%は正体のわからないもので埋め尽くされている

宇宙の構成要素



浮かび上がった謎

暗黒エネルギー

ピーブルス博士が1980年代に予言した通りの結果だが…

冷たい暗黒物質
しばしば、わからないものに「暗黒」
と名付けてわかったつもりになる…

宇宙の95%はわからないもので満たされている！

我々は宇宙についてちっともわかっていない！？

 地上の加速器実験等で未発見の未知の素粒子

負の圧力を伴う未知のエネルギー体、宇宙膨張に影響、
膨張を加速させている アインシュタインが

導入した宇宙定数？ 



音響振動の効能
宇宙の大規模構造の音響振動（バリオン音響振動）は、
暗黒エネルギーの謎を解明する手がかりを与える

ハッブルとルメートルは
銀河が遠ざかる速度（後退速度）と距離の関係から

銀
河
の
後
退
速
度

 (
km

/s
)

距離 (パーセク)

1パーセク=3.26光年

宇宙膨張を発見

もっと正確にしたい！

Hubble (1929)

（加速膨張の精密診断）

10 S. Alam et al.

Figure 3. BAO signals in the measured post-reconstruction power spectrum (left panels) and correlation function (right panels) and predictions of the best-fit
BAO models (curves). To isolate the BAO in the monopole (top panels), predictions of a smooth model with the best-fit cosmological parameters but no BAO
feature have been subtracted, and the same smooth model has been divided out in the power spectrum panel. For clarity, vertical offsets of ±0.15 (power
spectrum) and ±0.004 (correlation function) have been added to the points and curves for the high- and low-redshift bins, while the intermediate redshift
bin is unshifted. For the quadrupole (middle panels), we subtract the quadrupole of the smooth model power spectrum, and for the correlation function we
subtract the quadrupole of a model that has the same parameters as the best-fit but with ✏ = 0. If reconstruction were perfect and the fiducial model were
exactly correct, the curves and points in these panels would be flat; oscillations in the model curves indicate best-fit ✏ 6= 0. The bottom panels show the
measurements for the 0.4 < z < 0.6 redshift bin decomposed into the component of the separations transverse to and along the line of sight, based on
x(p, µ) = x0(p) + L2(µ)x2(p), where x represents either s

2 multiplied by the correlation function or the BAO component power spectrum displayed in the
upper panels, p represents either the separation or the Fourier mode, L2 is the 2nd order Legendre polynomial, p|| = µp, and p? =

p
p2 � µ2p2.

c� 2016 RAS, MNRAS 000, 1–38



音響振動の効能
後退速度： 遠方天体ほど赤く見えることから測定可能

距離　：
（赤方偏移）

遠方天体の見かけの明るさ／サイズから測定可能
明るさ／サイズが既知なら

大きい→近い

小さい→遠い

明るい→近い

暗い→遠い

バリオン音響振動の
スケールはサイズが
既知の標準ものさし

（ピーブルス博士の功績）



宇宙膨張は加速している

パールムター シュミット リース

2011年ノーベル物理学賞

宇
宙
の
大
き
さ

加速

減速

未来過去
現在

（
現
在
で
規
格
化
）

現在からの時刻（単位：億年）
100-100-200 0

Ia型超新星ガス

白色矮星

宇宙の加速膨張を発見！遠方宇宙の距離の測定に成功

バリオン音響振動を使えばもっと正確に加速膨張が測れる

Ia型超新星の明るさを既知として使うことで（標準光源）、



暗黒エネルギーへの挑戦
いろいろな銀河サーベイから得られた

バリオン音響振動の測定結果をもとに

暗
黒
エ
ネ
ル
ギ
ー
の
状
態

方
程
式
パ
ラ
メ
タ
ー

 (
w

)

宇宙の曲率パラメーター (ΩK)

加速膨張大

加速膨張小

開いた宇宙

アインシュタインが導入した宇宙項と無矛盾（誤差5%程度）
今のところ、

Cosmological Analysis of BOSS galaxies 27

Figure 16. Parameter constraints for the owCDM cosmological model, comparing the BAO and BAO+FS results from this paper as well as the DR12
LOWZ+CMASS results from Cuesta et al. (2016a). One sees that adding a 3rd redshift bin has improved the constraints somewhat, but full-shape infor-
mation, especially the constraint on H(z)DM (z) from the Alcock-Paczynski effect on sub-BAO scales, sharpens constraints substantially.

Figure 17. Parameter constraints for the owCDM (left) and w0waCDM (right) cosmological models, comparing the results from BAO and BAO+FS to those
with JLA SNe. One sees that the galaxy clustering results are particularly strong in the ⌦K–w space and are comparable to the SNe in the w0–wa space.

9.2 Cosmological Parameter Results: Dark Energy and
Curvature

We now use these results to constrain parametrized cosmological
models. We will do this using Markov Chain Monte Carlo, follow-
ing procedures similar to those described in Aubourg et al. (2015),
but due to use of the full power spectrum shape data we do not
run any chains using that paper’s simplified “background evolu-
tion only” code. Instead, we calculate all our chains using the July
2015 version of the workhorse COSMOMC code (Lewis & Bridle
2002). The code was minimally modified to add the latest galaxy
data points and their covariance, the Ly↵ BAO datasets, and two
optional Af�8 and Bf�8 parameters described later in the text. We
use a minimal neutrino sector, with one species with a mass of 0.06
eV/c2 and two massless, corresponding to the lightest possible sum
of neutrino masses consistent with atmospheric and solar oscilla-
tion experiments (Abe et al. 2014; Adamson et al. 2014; Gando et
al. 2013), unless otherwise mentioned.

We first consider models that vary the cosmological distance

scale with spatial curvature or parametrizations of the dark energy
equation of state via w(a) = w0+wa(1�a) (Chevallier & Polarski
2001; Linder 2003). These results are shown in Table 10 for vari-
ous combinations of measurements. In all cases, the table shows the
mean and 1� error, marginalized over other parameters. Of course,
some parameters are covariant, as illustrated by contours in some
of our figures. Our model spaces always include variations in the
matter density ⌦mh

2, the baryon density ⌦bh
2, the amplitude and

spectral index of the primordial spectrum, and the optical depth to
recombination. However, we do not show results for these param-
eters as they are heavily dominated by the CMB and are not the
focus of our low-redshift investigations.

We begin with the standard cosmology, the ⇤CDM model,
which includes a flat Universe with a cosmological constant and
cold dark matter. As is well known, CMB anisotropy data alone
can constrain this model well: the acoustic peaks imply the baryon
and matter density, and thereby the sound horizon, allowing the
acoustic peak to determine the angular diameter distance to re-

c� 2016 RAS, MNRAS 000, 1–38

宇宙項

平坦な
宇宙

+ バリオン音響振動
+ 超新星
全て組み合わせた場合

宇宙マイクロ波背景放射に加え

閉じた宇宙 基礎物理学研究所の
成果が応用されている

Alam et al. ‘16



大規模銀河サーベイ観測
世界規模で進む地上・スペース観測プロジェクト

Euclid (欧) (2023+)
スペース

DES (欧米) (2013~2019) DESI (米) (2020)

eBOSS (米欧) (2014~2019)

HETDEX (米) (2018~)

SuMIRe (日) 

(2014~)

すばる望遠鏡

スペース

(2023+)

 SPHEREx (米) 

(2023+)

スペース
広視野カメラと
多天体分光器

VRO (LSST)
(米)

RST (WFIRST) (米) (2025+)
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この宇宙の片隅に
暗黒エネルギーが支配する現在の宇宙は、１３８億年

もの長大な時間をかけて出来上がった

我々の太陽系は宇宙の片隅に棲む稀な存在だろうか？

惑星世界
wikipedia

我々と似たような世界もどこかに広がっているのでは？

その広さは計り知れない（果てがない）



2019年 ノーベル物理学賞

太陽系外惑星の発見

James Peebles Michel Mayor Didier Queloz
ミシェル・マイヨール ディディエ・ケロージェームズ・ピーブルス

https://www.nobelprize.org/prizes/physics/2019/summary/



惑星の探し方
•惑星は小さい

惑星自体を直接「見る」ことは至難の技！

恒星の明るさの

恒星の半径の
1

100
∼

1
10

•惑星は暗い
1

1千万

恒星の観測から惑星が存在する兆候を探す

視線速度観測
トランジット観測

代表的
手法



視線速度観測
惑星の公転運動による恒星の「ふらつき」を観測する方法

恒星のスペクトルが変動する

https://sci.esa.int/web/gaia/-/58787-star-and-planet-orbiting-their-common-centre-of-mass

光のドップラー効果を通じて

恒星が視線方向にふらつくと

重力により、恒星と惑星は
共通重心周りで運動する



視線速度法

https://www.eso.org/public/videos/eso1035g/

光のドップラー効果

恒星のスペクトル

近づくと青く、遠ざかると赤くなる



発見

公転周期はたった 4.2日！！

木星の半分くらいの質量の天体
が周っている → 惑星！！

周期的ふらつきを発見！

© 1995 Nature  Publishing Group

位相（＝時間/周期）

視
線
速
度

 （
メ
ー
ト
ル
毎
秒
）

Mayor & Queloz (1995)

その大きさから

ペガスス座５１番星の視線速度観測 LYRA

PEGASUS
51 Pegasi

ANDROMEDA

Vega

AQUILA

CYGNUS

©Johan Jarnestad/The Royal Swedish Academy of Sciences

アンドロメダ座

ペガスス座
白鳥座

こと座

わし座

51番星

ベガマイヨール、ケロー両博士による



トランジット観測

https://www.nasa.gov/content/about-tess

時間

恒星から届
く光の量



初めてのトランジット観測

HD209458b （オシリス）

マイヨール博士らのチームが、視線速度法で見つけた
ペガスス座V376星の惑星を追観測して発見

L46 DETECTION OF PLANETARY TRANSITS Vol. 529

Fig. 1.—Shown are the photometric time series, corrected for gray and color-
dependent extinction, for 1999 September 9 and 16 plotted as a function of
time from . The rms of the time series at the beginning of the night onTc
September 9 is roughly 4 mmag. The increased scatter in the September 16
data relative to the September 9 data is due to the shorter exposure times. The
data from September 16 are offset by !0.05 relative to those from Septem-
ber 9.

Fig. 2.—Shown are the data from Fig. 1 binned into 5 m averages, phased
according to our best-fit orbit, plotted as a function of time from . The rmsTc
variation at the beginning of the time series is roughly 1.5 mmag, and this
precision is maintained throughout the duration of the transit. The increased
scatter at the end of the time series is due to increasing air mass which occurred
at roughly the same time for both transits, since the two occurred very nearly
1 week apart. The solid line is the transit shape that would occur for our best-
fit model, , . The lower and upper dashed lines are theR = 1.27 R i = 87!.1p Jup

transit curves that would occur for a planet 10% larger and smaller in radius,
respectively. The rapid initial fall and final rise of the transit curve correspond
to the times between first and second and between third and fourth contacts,
when the planet is crossing the edge of the star; the resulting slope is a function
of the finite size of the planet, the impact parameter of the transit, and the
limb darkening of the star. The central curved portion of the transit is the time
between second and third contacts, when the planet is entirely in front of the
star.

M99. The important elements were the orbital period P and
the time of maximum radial velocity of the star Tmax. For this
Letter, we have analyzed four nights of data; two of these
(August 29 and September 13) occur off transit and establish
the nonvariability of the star, while two (September 9 and 16)
encompass the time of transit. We produced calibrated images
by subtracting a master bias and dividing by a master flat.
Sixteen images from September 16 were averaged to produce
a master image. We used DAOPHOT II (Stetson 1994) to pro-
duce a master star list from this image, retaining the 823 bright-
est stars. For each time series image, we then estimated a co-
ordinate transformation, which allowed for a linear shift dx and
dy. We then applied this coordinate transformation to the master
star list and carried out aperture photometry for all the images.
For each star, a standard magnitude was defined from the result
of the aperture photometry on the master image. We corrected
for atmospheric extinction using a color-dependent extinction
estimate derived from the magnitudes of the 20 brightest stars
in the field (excluding HD 209458 and two obviously variable
stars). For two of the nights of data (August 29 and September
13), the residuals for HD 209458 are consistent with no var-
iation. However, on the other nights (September 9 and 16), we
can see a conspicuous dimming of the star for a time of several
hours. These residuals are shown in Figure 1. The root mean
square (rms) variation in the resulting time series at the be-
ginning of the night of September 9 is 4 mmag; the dominant
source of noise for these bright stars is atmospheric scintillation.

3. ANALYSIS OF LIGHT CURVE

3.1. Orbital Parameters

As presented in M99, the derived orbital parameters from
the combined radial velocity observations are P = 3.52447 "
0.00029 days and Tmax = 2,451,370.048 " 0.014 HJD.
Since we observed two transits, it is possible to estimate

independently both a period and the time at the center of the
transit, , for the orbit. To derive the period, we phased theTc
data to an assumed value of P in a range surrounding 3.5 days
and interpolated the data from the first transit onto the grid of

observation times for the later transit. The weighted sum of
the square of the difference was calculated as a function of
assumed period, resulting in a clear minimum and a well-
defined error. We find the orbital period to be P = 3.5250"

days, consistent with but less precise than the value0.003
determined from the radial velocity observations. As discussed
in M99, the best-fit value of the mass for this star is M =s

M,; assuming this value, we determine the semimajor axis1.1
to be AU.a = 0.0467
We used the data from the earlier transit, which was the

more precisely observed, to determine Tc. For each assumed
value of Tc, we folded the light curve about Tc and calculated
the weighted sum of the square of the difference between
the two halves of the folded curve. We find that T =c

HJD. This value is consistent with2,451,430.8227" 0.003
but is much more tightly constrained than the value deter-
mined from the radial velocity observations.
Projecting the errors in P from the radial velocity obser-

vations and Tc from the photometry observations, the time of
transit can be calculated with a precision of better than half an
hour for the next 6 months.

3.2. Interpretation of the Transit Curve

For the purpose of interpreting the light curve, we binned
the residuals from both transits into 5 minute time bins ac-
cording to the orbit derived above. The time series rms of these
binned data is 1.5 mmag throughout the time span covered by
the observations, with an increase to larger scatter roughly
1 hr after the point of last contact due to the increasing air
mass. These binned data are plotted in Figure 2.
Five parameters participate in determining the precise shape

Charbonneau et al. (2000)

恒
星
の
相
対
的
明
る
さ ３時間

公転周期3.5日

木星 HD209458b

“ホットジュピター”

サイズが
わかる

時間 （日）
Braon et al. (’02)

ハッブル宇宙望遠鏡による観測

３時間



ケプラー宇宙望遠鏡
NASAが打ち上げたトランジット観測の専門衛星

3,000個近くの惑星を発見 (Kepler + K2)

https://exoplanetarchive.ipac.caltech.edu/docs/counts_detail.html

53万個の恒星をモニター観測（はくちょう座の方角）

天の川銀河
太陽

3,000光年
ケプラー望遠鏡の探索範囲

系外惑星は、もはや
ありふれた存在に！

（2009~2018年）

(1st mission)



100光年
１光年（光が１年間に進む距離）=１０兆 km
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太陽(系)

ペガスス座51番星

en.wikipedia.org/wiki/Observable_universe

太陽近傍の星間空間



100光年
１光年（光が１年間に進む距離）=１０兆 km

カペラ

プロキオン
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アルファ星
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太陽(系)

ペガスス座51番星

en.wikipedia.org/wiki/Observable_universe

太陽近傍の星間空間

複数の惑星が存在

惑星が存在する恒星



ロシター効果
トランジットする惑星系の視線速度観測に現れる ”異常”

（トランジット＝惑星が恒星面を前面通過する現象）

恒星の自転軸と惑星の公転面の傾きに由来する効果

視
線
速
度

トランジット

http://solar-flux.forumandco.com/t50-rossiter-mclaughlin-effect 惑星の公転の傾きがわかる



ロシター効果（Wikipedia）

私たちが書いた論文

（観測が進むきっかけに）

ロシター効果の観測から
惑星の自転・公転面の傾
きがどう決まるかを計算



Fig. 14.— Examples of data used to measure the projected spin-orbit angle λ. The top panels show transit photometry, and the bottom
panels show the apparent radial velocity of the star, including both orbital motion and the anomalous Doppler shift (the Rossiter-
McLaughlin effect). The left panels show a well-aligned system and the middle panels show a misaligned system. The right panels
show a system for which the stellar and orbital “north poles” are nearly antiparallel on the sky, indicating that the planet’s orbit is either
retrograde or polar (depending on the unknown inclination of the stellar rotation axis). References: Winn et al. (2006; 2009a,b).

their effects on other transiting planets. The same princi-
ple can be used to detect habitable “exomoons” (Kipping et
al. 2009) or habitable planets at the Trojan points (Lagrange
L4 and L5) in the orbits of more massive planets (Ford &
Gaudi 2006, Madhusudhan & Winn 2009).
Longer-term orbital perturbations should also be mea-

surable, due to additional bodies (Miralda-Escudé 2002) or
relativistic precession (Jordán & Bakos 2008, Pál & Koc-
sis 2008). For very close-in planets, the orbital precession
rate should be dominated by the effects of the planetary tidal
bulge, which in turn depends on the deformability of the
planet. This raises the prospect of using the measured pre-
cession rate to infer some aspects of the planet’s interior
structure (Ragozzine & Wolf 2009).
In addition, the precise form of the transit light curve
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and which may therefore be rotating quickly enough for the
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that is known to have a transiting planet (see, e.g., Bakos et
al. 2009), but in none of those cases is it known whether the
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photon  flux.  This  is  the  principle  for  the  observation  of  transiting  planets,  and  the  first  such 
observations were reported in early 2000 [24, 25]. The transit method was first exploited in space 
by the Convection, Rotation and planetary Transits (CoRoT) satellite [26], launched by ESA in 
2006, and came into its prime when NASA launched the Kepler satellite in 2009 [27]. Given the 
superior stability these two satellites could offer, which is important for the transit method, the 
photometric database of observed exoplanets expanded into the thousands during the nine-year-
lifetime of Kepler. 
 
The observation of a Jupiter-mass companion to a solar-type star, but with an extremely short 
orbital period, challenged the common view of how planets are formed and brought into focus 
earlier migration predictions [20–23]. Figure 4 shows the distribution of known exoplanets in 
terms of their mass, radius and orbital period, together with the Solar System planets.  
 
 

 
 
 
Figure 4. The distribution of known exoplanets as a function of their orbital periods and mass 
(left  panel) and  radius  (right panel).  In addition  to  the  radial  velocity and  transit methods, 
which have been used to discover the vast majority of exoplanets,  imaging and microlensing 
also have been used. Most of the exoplanets discovered via the radial velocity method do not 
transit,  and  hence  only  their masses  are  known,  and not  their  radii.  The  opposite  holds  for 
transiting planets. In some cases, an exoplanet can be studied by both methods, in which case 
both the radius and mass can be determined. Exoplanets in the upper left corners are denoted 
“hot Jupiters”, to the right of those are the “warm Jupiters”, and below are the “super Earths”. 
(Reproduced from figure 3.1 in Exoplanet Science Strategy, National Academies Press, 2018.) 
 
 
The census of exoplanets shown in figure 4 is a striking demonstration of the diversity of planetary 
systems. It also shows that the Solar System is the exception rather than the rule, with the caveat, 
of course, that the exoplanet detection methods have an observational bias favouring planets close 
to the host star. What is clear is that planetary systems are ubiquitous, and the challenge now is 
to explain the diversity of planetary systems rather than how the Solar System was formed [28], 
and to predict which fraction of planetary systems are similar to the Solar System. 
 
The  understanding  of  the  physical  processes  leading  to  planet  formation  have  advanced 
significantly  from  the  classic  1969  reference  [29]  during  the  past  two  decades  thanks  to  the 
discovery of  exoplanets, while  at  the  same  time  the  complexity  of  the problem has  increased. 
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太陽系外惑星の発見：まとめ

ほとんどの恒星に惑星が存在していた！

系外惑星の世界はきわめて多様
（ホットジュピター、スーパーアース、逆行惑星、…）

地球とよく似た生命居住可能な惑星も存在している
（ハビタブル惑星）

宇宙にも我々のような知的生命体がいるかもしれない

マイヨール、ケロー博士らの発見以降に得られた観測事実



ドレーク方程式

https://exoplanets.nasa.gov/news/1350/are-we-alone-in-the-universe-revisiting-the-drake-equation/

地球外生命を探るための基礎方程式 (1961年)フランク-ドレーク
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フェルミのパラドックス

Where are they ?

「宇宙には沢山の生命体が存在し、知的生命体も多数ある
と考えられるのに、なぜ地球に飛来した痕跡が無いのか」

エンリコ・フェルミ

1950年



銀河開拓シミュレーション

Parantzos (2020)

文明の数
が1,000 の
場合

文明の寿命
が1,000万
年の場合

3468 N. Prantzos

Figure 3. Monte Carlo simulations of N civilizations of lifetime L in steady state, appearing in the Galaxy at random places and times and expanding spherically
during time t < L at speed υ/c (where c is the speed of light), for various values of N (= 2, 10, 100, and 1000 from bottom to top) and L (= 104, 105, 106, 107

and 5 × 107 y, from left to right). The values of υ/c are given in the bottom left of each panel. The Sun is located by the blue symbol at 8 kpc from the Galactic
centre and the solar circle is indicated by the blue dashed curve. The four-arm spiral pattern and the bar of the Galaxy are (approximately) indicated by grey
curves. The size of the filled circles indicates the projected area of the ‘sphere of influence’ of each civilization covered during its age t< L at speed υ/c.

This scheme reproduces also naturally situations that have been
already described in completely different contexts in order to
explain the Fermi paradox. Ostriker & Turner (1986) argued that,
even if advanced technological civilizations are common, they are
unlikely to fully occupy the Galaxy, because at some point of
their expansion, their mutual interactions could reduce the pace
of colonization, leaving some portions of the Galaxy unoccupied
for periods of the order of L. They base their arguments on a
mathematical analysis drawing from the ideas of theoretical ecology
and they suggest that the Earth may be found in such an unoccupied
region, thus providing another explanation of the Fermi paradox.
Landis (1998) performed simulations based on percolation theory
to simulate the expansion of civilizations throughout the Galaxy.
Depending on the adopted parameters of his model, he found
that large unoccupied regions may be found within colonized
volumes, thus explaining the Fermi paradox. Recently, Carroll-
Nellenback et al. (2019) adopted a multiparameter scheme –
taking also into account the natural motion of stars within the
Galaxy – to show that clusters of continuously occupied sys-
tems, as well as quasi-void regions could co-exist in the Milky
way.

All the aforementioned works and many others (see e.g. the
introduction in Carroll-Nellenback et al. 2019) adopt several ex-
traneous parameters, beyond the factors of the Drake formula, and
those parameters play a crucial role in the final outcome of the
corresponding studies. We think that for the first time a framework
using explicitly and exclusively the parameters of the Drake formula
is adopted; the addition of one more parameter, the speed of the
expansion front, is mandatory in order to place the discussion in the
context of the Milky Way taking into account its size.

5 A QUA N T I TAT I V E C R I T E R I O N FO R
FERMI ’S PARADOX

Our scheme provides a quantitative answer to Fermi’s question
in terms of probabilities: assuming that there are at present N
civilizations in the Galaxy, appearing randomly in space and time
and exploring their neighbourhood for time L at speed υ, the
probability that our Solar system is ‘currently’ (i.e. in the last
L) within at least one of their ‘volumes of influence’ Vi can be
defined as the fraction F of the Galactic volume VG occupied by the
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even if advanced technological civilizations are common, they are
unlikely to fully occupy the Galaxy, because at some point of
their expansion, their mutual interactions could reduce the pace
of colonization, leaving some portions of the Galaxy unoccupied
for periods of the order of L. They base their arguments on a
mathematical analysis drawing from the ideas of theoretical ecology
and they suggest that the Earth may be found in such an unoccupied
region, thus providing another explanation of the Fermi paradox.
Landis (1998) performed simulations based on percolation theory
to simulate the expansion of civilizations throughout the Galaxy.
Depending on the adopted parameters of his model, he found
that large unoccupied regions may be found within colonized
volumes, thus explaining the Fermi paradox. Recently, Carroll-
Nellenback et al. (2019) adopted a multiparameter scheme –
taking also into account the natural motion of stars within the
Galaxy – to show that clusters of continuously occupied sys-
tems, as well as quasi-void regions could co-exist in the Milky
way.

All the aforementioned works and many others (see e.g. the
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traneous parameters, beyond the factors of the Drake formula, and
those parameters play a crucial role in the final outcome of the
corresponding studies. We think that for the first time a framework
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of colonization, leaving some portions of the Galaxy unoccupied
for periods of the order of L. They base their arguments on a
mathematical analysis drawing from the ideas of theoretical ecology
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region, thus providing another explanation of the Fermi paradox.
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to simulate the expansion of civilizations throughout the Galaxy.
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Galaxy – to show that clusters of continuously occupied sys-
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even if advanced technological civilizations are common, they are
unlikely to fully occupy the Galaxy, because at some point of
their expansion, their mutual interactions could reduce the pace
of colonization, leaving some portions of the Galaxy unoccupied
for periods of the order of L. They base their arguments on a
mathematical analysis drawing from the ideas of theoretical ecology
and they suggest that the Earth may be found in such an unoccupied
region, thus providing another explanation of the Fermi paradox.
Landis (1998) performed simulations based on percolation theory
to simulate the expansion of civilizations throughout the Galaxy.
Depending on the adopted parameters of his model, he found
that large unoccupied regions may be found within colonized
volumes, thus explaining the Fermi paradox. Recently, Carroll-
Nellenback et al. (2019) adopted a multiparameter scheme –
taking also into account the natural motion of stars within the
Galaxy – to show that clusters of continuously occupied sys-
tems, as well as quasi-void regions could co-exist in the Milky
way.

All the aforementioned works and many others (see e.g. the
introduction in Carroll-Nellenback et al. 2019) adopt several ex-
traneous parameters, beyond the factors of the Drake formula, and
those parameters play a crucial role in the final outcome of the
corresponding studies. We think that for the first time a framework
using explicitly and exclusively the parameters of the Drake formula
is adopted; the addition of one more parameter, the speed of the
expansion front, is mandatory in order to place the discussion in the
context of the Milky Way taking into account its size.
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curves. The size of the filled circles indicates the projected area of the ‘sphere of influence’ of each civilization covered during its age t< L at speed υ/c.
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unlikely to fully occupy the Galaxy, because at some point of
their expansion, their mutual interactions could reduce the pace
of colonization, leaving some portions of the Galaxy unoccupied
for periods of the order of L. They base their arguments on a
mathematical analysis drawing from the ideas of theoretical ecology
and they suggest that the Earth may be found in such an unoccupied
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to simulate the expansion of civilizations throughout the Galaxy.
Depending on the adopted parameters of his model, he found
that large unoccupied regions may be found within colonized
volumes, thus explaining the Fermi paradox. Recently, Carroll-
Nellenback et al. (2019) adopted a multiparameter scheme –
taking also into account the natural motion of stars within the
Galaxy – to show that clusters of continuously occupied sys-
tems, as well as quasi-void regions could co-exist in the Milky
way.

All the aforementioned works and many others (see e.g. the
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traneous parameters, beyond the factors of the Drake formula, and
those parameters play a crucial role in the final outcome of the
corresponding studies. We think that for the first time a framework
using explicitly and exclusively the parameters of the Drake formula
is adopted; the addition of one more parameter, the speed of the
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context of the Milky Way taking into account its size.
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even if advanced technological civilizations are common, they are
unlikely to fully occupy the Galaxy, because at some point of
their expansion, their mutual interactions could reduce the pace
of colonization, leaving some portions of the Galaxy unoccupied
for periods of the order of L. They base their arguments on a
mathematical analysis drawing from the ideas of theoretical ecology
and they suggest that the Earth may be found in such an unoccupied
region, thus providing another explanation of the Fermi paradox.
Landis (1998) performed simulations based on percolation theory
to simulate the expansion of civilizations throughout the Galaxy.
Depending on the adopted parameters of his model, he found
that large unoccupied regions may be found within colonized
volumes, thus explaining the Fermi paradox. Recently, Carroll-
Nellenback et al. (2019) adopted a multiparameter scheme –
taking also into account the natural motion of stars within the
Galaxy – to show that clusters of continuously occupied sys-
tems, as well as quasi-void regions could co-exist in the Milky
way.

All the aforementioned works and many others (see e.g. the
introduction in Carroll-Nellenback et al. 2019) adopt several ex-
traneous parameters, beyond the factors of the Drake formula, and
those parameters play a crucial role in the final outcome of the
corresponding studies. We think that for the first time a framework
using explicitly and exclusively the parameters of the Drake formula
is adopted; the addition of one more parameter, the speed of the
expansion front, is mandatory in order to place the discussion in the
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Figure 3. Monte Carlo simulations of N civilizations of lifetime L in steady state, appearing in the Galaxy at random places and times and expanding spherically
during time t < L at speed υ/c (where c is the speed of light), for various values of N (= 2, 10, 100, and 1000 from bottom to top) and L (= 104, 105, 106, 107

and 5 × 107 y, from left to right). The values of υ/c are given in the bottom left of each panel. The Sun is located by the blue symbol at 8 kpc from the Galactic
centre and the solar circle is indicated by the blue dashed curve. The four-arm spiral pattern and the bar of the Galaxy are (approximately) indicated by grey
curves. The size of the filled circles indicates the projected area of the ‘sphere of influence’ of each civilization covered during its age t< L at speed υ/c.

This scheme reproduces also naturally situations that have been
already described in completely different contexts in order to
explain the Fermi paradox. Ostriker & Turner (1986) argued that,
even if advanced technological civilizations are common, they are
unlikely to fully occupy the Galaxy, because at some point of
their expansion, their mutual interactions could reduce the pace
of colonization, leaving some portions of the Galaxy unoccupied
for periods of the order of L. They base their arguments on a
mathematical analysis drawing from the ideas of theoretical ecology
and they suggest that the Earth may be found in such an unoccupied
region, thus providing another explanation of the Fermi paradox.
Landis (1998) performed simulations based on percolation theory
to simulate the expansion of civilizations throughout the Galaxy.
Depending on the adopted parameters of his model, he found
that large unoccupied regions may be found within colonized
volumes, thus explaining the Fermi paradox. Recently, Carroll-
Nellenback et al. (2019) adopted a multiparameter scheme –
taking also into account the natural motion of stars within the
Galaxy – to show that clusters of continuously occupied sys-
tems, as well as quasi-void regions could co-exist in the Milky
way.

All the aforementioned works and many others (see e.g. the
introduction in Carroll-Nellenback et al. 2019) adopt several ex-
traneous parameters, beyond the factors of the Drake formula, and
those parameters play a crucial role in the final outcome of the
corresponding studies. We think that for the first time a framework
using explicitly and exclusively the parameters of the Drake formula
is adopted; the addition of one more parameter, the speed of the
expansion front, is mandatory in order to place the discussion in the
context of the Milky Way taking into account its size.

5 A QUA N T I TAT I V E C R I T E R I O N FO R
FERMI ’S PAR ADOX

Our scheme provides a quantitative answer to Fermi’s question
in terms of probabilities: assuming that there are at present N
civilizations in the Galaxy, appearing randomly in space and time
and exploring their neighbourhood for time L at speed υ, the
probability that our Solar system is ‘currently’ (i.e. in the last
L) within at least one of their ‘volumes of influence’ Vi can be
defined as the fraction F of the Galactic volume VG occupied by the
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寿命10万年 100万年 1000万年

文明の数：10 100 1,000

光の速さの0.1%で開拓が進んだ場合

長寿命の文明
があれば遭遇
率は上がる

各文明の
開拓領域

太陽系

太陽系 太陽系 太陽系

太陽系太陽系

エンタープライズ号
「スタートレック」

文明の寿命がどれだけ長くなるか、全く未知
ドレーク方程式にもまだ多くの不定性がある

（今後の観測で解明が進むか？）



まとめのまとめ

太陽系外に広がる新しい世界・系外惑星の
発見と多様性、生命誕生の可能性

小さな
スケール

大きな
スケール

宇宙のこだまから（音波）解明された宇宙の
進化と浮かび上がった謎・暗黒エネルギー

我々の宇宙観・世界観が大きく変貌した

ノーベル物理学受賞者が切り拓き、その後の研究で明らか
になった様々なスケールでみた宇宙の発見



最後に
残された謎

私たちの世界観、さらに生命観も、大きく変化するかも

系外惑星の多様性の起源と普遍性、生命探査

暗黒エネルギーの正体とこの宇宙の運命

今後の研究で解明が進めば

１０桁以上離れたスケールの２つの謎がつながる？


