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ABSTRACT 
The large-scale anisotropy of the microwave background and the large-scale fluctuations in the 

mass distribution are discussed under the assumptions that the universe is dominated by very 
massive, weakly interacting particles and that the primeval density fluctuations were adiabatic with 
the scale-invariant spectrum P oc wavenumber. This model yields a characteristic mass comparable 
to that of a large galaxy independent of the particle mass, mx, if mx > 1 keV. The expected 
background temperature fluctuations are well below present observational limits. 
Subject headings: cosmic background radiation — cosmology — galaxies: formation 

I. INTRODUCTION 
It is useful to consider which scenarios for the nature 

and evolution of the mass distribution in the universe 
can fit the observations without undue contrivance. We 
may hope that as the observations improve the list of 
candidates will narrow, and that this process may in 
time help guide us to a fundamental theory of the origin 
of structure in the universe. The picture discussed here is 
motivated by the argument that, if the initial conditions 
for conventional classical cosmology were set at some 
exceedingly high redshift (perhaps the Planck time or 
the grand unified theory epoch), and if the initial condi- 
tions did not involve exceedingly large or small num- 
bers, then the cosmological density parameter ought to 
be ß = 1, and, assuming adiabatic density perturba- 
tions, the power spectrum P ought to be proportional to 
the wavenumber k (e.g., Hawking 1982). Density 
fluctuations on scales greater than the horizon are de- 
fined as in Peebles (1980, § 91, hereafter LSS). If P cc 
perturbations to the geometry diverge only as log k so 
the cutoffs can be at very large and small k and the 
spectrum can be truly scale invariant (Harrison 1970; 
Peebles and Yu 1970, § Via; Zerdovich 1972). Density 
fluctuations appearing on the horizon have a fixed value, 
SM/M ~ 10-4, and, as this number is not greatly dif- 
ferent from unity, we might imagine it is fixed by 
fundamental physics. 

Observational constraints include the measurements 
of background temperature fluctuations, ÔT/T < 1 X 
10“4 (Boughn, Cheng, and Wilkinson 1981; Melchiorri 
et al. 1981) and the estimate of the coherence length of 
the galaxy distribution. They tell us P oc A: is unaccept- 
able in the usual cosmology with baryons, electrons, 
radiation, and massless neutrinos. The observations of 
8T/T imply e < 1 X 10“4. The wanted growth factor 

~ 104 to make nonlinear density fluctuations form by 
the present epoch is obtained if Û ~ 1 (Silk and Wilson 
1981) because density fluctuations on scales greater than 
the matter-radiation Jeans length, \x, grow before de- 
coupling. However, Xx is large so it makes the mass 
autocorrelation function unacceptably broad (Silk and 
Wilson 1981; Peebles 1981a). Press and Vishniac (1980) 
emphasized that there is no hope for the development of 
appreciable density fluctuations on scales smaller than 
Ac- 

The problem is relieved if the universe is dominated 
by massive, weakly interacting particles because density 
fluctuations on small scales can grow before decoupling. 
This effect has been widely discussed in the case that the 
weakly interacting particle mass, mx, is some tens of 
electron volts (e.g., Doroshkevich et al. 1981 and refer- 
ences therein). If ß ~ 1, the mass coherence length is 
broad but perhaps not unacceptable (Peebles 1982 a). 
The case mx — 1 keV is discussed by Bond, Szalay, and 
Turner (1982) and Blumenthal, Pagels, and Primack 
(1982). I discuss here a particularly simple and perhaps 
important limiting case, mx> \ keV. The main results 
are the spectrum of mass fluctuations, which seems quite 
reasonable for the production of galaxies and clusters of 
galaxies, the statistical character of the background tem- 
perature fluctuations, and the expected size of the mass 
density anticorrelation at large separations. 

II. CALCULATION 
I assume zero cosmological constant and ß = 1, the 

mass being mainly in weakly interacting particles, mass 
mx. Following Davis et al. (1981), I take the particle 
distribution in phase space at u « c in the absence of 

LI 
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ABSTRACT 
The inflationary scenario requires that the universe have negligible curvature along constant-density sur- 

faces. In the Friedmann-Lemaître cosmology that leaves us with two free parameters, Hubble’s constant H0 
and the density parameter Q0 (or, equivalently, the cosmological constant A). I discuss here tests of this set of 
models from local and high-redshift observations. The data agree reasonably well with Q0 ~ 0.2. 
Subject heading: cosmology 

I. INTRODUCTION 
In the presently accepted version of the inflationary sce- 

nario (Guth 1981; Albrecht and Steinhardt 1982; Linde 1982) 
the observed universe is accurately homogeneous because the 
large expansion in the quasi-de Sitter phase stretched the 
coherence length of fluctuations in the fields to a value much 
larger than our horizon. The radius of curvature R of constant- 
density hypersurfaces is set by the same coherence length, so R 
would have to be much greater than our horizon, and the 
values of the mass density p, Hubble’s constant H, and the 
cosmological constant A would have to be related by the equa- 
tion 

H2 =- nGp + 
3 ’ (1) 

to excellent accuracy. It is usually assumed that A is negligibly 
small, so this fixes p0 at a value that, while not excluded, is 
somewhat difficult to reconcile with current estimates of 
masses and ages of objects (Gott et al 1974; Sandage and 
Tammann 1984; Davis and Peebles 1983a, b; Bean et al 1983; 
Geller 1984). It is reasonable, therefore, to explore the possi- 
bility that A ~ 3H2 at the present epoch. Models with A # 0 
have been discussed by many authors (e.g., Sandage and 
Tammann 1984; Occhionero et al 1982; Gunn and Tinsley 
1975). What is new in the inflationary scenario is the constraint 
on curvature that leaves us with two parameters, the scale 
factor set by Hubble’s constant and the density parameter: 

Q0 = ZnGp0/(3H2), A0 = 3(1 - Q0)H2 , (2) 

where the subscript 0 means the present value. As all geometri- 
cal effects are described by the one parameter Q0, the dis- 
cussion is simpler and the results much more definite than in 
the general case where we must fix both Q0 and R~2. The 
purpose of this paper is to discuss observational tests of the 
models with R-2 = 0. Tests of the homogeneous model are 
reviewed in § II, and the behavior of density inhomogeneities is 
considered in § HI. It is concluded that Q0 = 0.2 ±0.1 gives a 
reasonable fit to the available observations. The philosophical 
problems with this are mentioned in § IV. Some of these topics 
are discussed also by Frampton and Lipton (1983) and Turner, 
Steigman, and Krauss (1984). 

It is assumed throughout that the universe contains the 
usual mix of baryonic matter and radiation with zero-mass 
neutrinos and perhaps also other weakly interacting nonrela- 

tivistic matter, so that the universe is dominated by nonrelativ- 
istic matter at redshift z < 1000. 

II. HOMOGENEOUS BACKGROUND MODELS 
a) Time 

Equation (1) with p oc a(i)_ 3 yields the time variation of the 
expansion parameter in the cosmological model, 

a(t)3/2 oc sinh [(3A)1/2t/2] . (3) 
The relation between Hubble parameter, density parameter, 
and the age of the universe is 

Ht = 
3(1 - Q) 1/2 sinh“1 (ÍT1 - 1) 1/2 

2 
3(Q - 1)1/2 sin-1 (1 -ÍF1)1/2 , (4) 

for positive and negative A. This was obtained also by Framp- 
ton and Lipton (1983). Lemaître (1983) noted that increasing A 
increases t for given H, which may be beneficial (Gunn and 
Tinsley 1975; Sandage and Tammann 1984). Table 1 shows the 
value of H0 needed for i0 = 17 x 109 yr, which is suggested by 
globular cluster stellar evolution ages (Sandage 1983; Harris, 
Hesser, and Atwood 1983). We see that 0.03 < Q0 < 0.3 with 
this value for t0 accommodates the range of values of H0 cur- 
rently discussed (van den Bergh 1982). 

b) Observations of Distant Objects 
To first order in redshift, relativistic corrections to observa- 

tions of distant objects are fixed by the acceleration parameter 
(Sandage 1961), 

1 d2a 
Walt2 (5) 

TABLE 1 
Model Ages 

Q Ht H* 
3   0.45 26 
1   0.67 38 
0.3   0.96 56 
0.1   1.28 74 
0.03   1.65 95 

a // in km s 1 Mpc 1 for 
i = 17 x 109 yr. 
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冷たいダークマター
+宇宙項 (ダークエネルギー)

に基づく宇宙論の
標準理論を確立
(Peebles 1982, 1984)



冷たいダークマター 

相対論的 (v~c) 非相対論的 (v≪c)

時間tNR (T~mDM)

• 宇宙の十分初期に非相対論的 (tNR<tdec) 

• 特異速度によるゆらぎのなましの効果小



ダークマターの性質と密度ゆらぎ

R
(ゆらぎスケール)

δM/M
(密度ゆらぎ
大きさ)

熱い(軽い)冷たい(重い)

冷たいダークマター

小スケールに多くの
密度ゆらぎ



Peebles氏の議論 (Peebles 1982)

R

δM/M
(密度ゆらぎ
大きさ)

1

8Mpc
宇宙背景放射
(CMB) の制限

熱い
冷たい

銀河観測の制限

• 銀河観測と
CMB観測を
整合させる
ためには 

「冷たい」
必要

(ゆらぎスケール)



より最近の観測的制限
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Fig. 5.— The reconstructed matter power spectrum: the stars show the power spectrum from combining ACT and WMAP data (top
panel). The solid and dashed lines show the nonlinear and linear power spectra respectively from the best-fit ACT ⇤CDM model with
spectral index of ns = 0.96 computed using CAMB and HALOFIT (Smith et al. 2003). The data points between 0.02 < k < 0.19 Mpc�1

show the SDSS DR7 LRG sample, and have been deconvolved from their window functions, with a bias factor of 1.18 applied to the data.
This has been rescaled from the Reid et al. (2010) value of 1.3, as we are explicitly using the Hubble constant measurement from Riess et al.
(2011) to make a change of units from h

�1Mpc to Mpc. The constraints from CMB lensing (Das et al. 2011), from cluster measurements
from ACT (Sehgal et al. 2011), CCCP (Vikhlinin et al. 2009) and BCG halos (Tinker et al. 2011), and the power spectrum constraints
from measurements of the Lyman–↵ forest (McDonald et al. 2006) are indicated. The CCCP and BCG masses are converted to solar mass
units by multiplying them by the best-fit value of the Hubble constant, h = 0.738 from Riess et al. (2011). The bottom panel shows the
same data plotted on axes where we relate the power spectrum to a mass variance, �M/M, and illustrates how the range in wavenumber k
(measured in Mpc�1) corresponds to range in mass scale of over 10 orders of magnitude. Note that large masses correspond to large scales
and hence small values of k. This highlights the consistency of power spectrum measurements by an array of cosmological probes over a
large range of scales.
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M~R3(ゆらぎスケール3)

Hlozek+2011

冷たい
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ダークマターはどこまで冷たい？

R
(ゆらぎスケール)

δM/M
(密度ゆらぎ
大きさ)

GpcMpckpcpc…

? 最先端の
研究トピック



非線形密度ゆらぎ

密度場 
ρ(x)

時間進化

重力 重力

時間進化非線形
δρ/ρ ≫ 1



ダークマターハロー

非線形
δρ/ρ ≫ 1

数値シミュレーション

http://w
w

w
.m

pa-garching.m
pg.de/galform

/m
illennium

/

• 密度ゆらぎが非線形成長
しビリアル平衡

• ゆらぎスケール ➞ 質量

• 数値シミュレーションに 

よる性質の詳細な予言

http://www.mpa-garching.mpg.de/galform/millennium/


冷たいダークマターハローの性質

数値シミュレーション

http://w
w

w
.m

pa-garching.m
pg.de/galform

/m
illennium

/

• 中心集中した動径
密度分布

     ρ(r) ∝ r−1(r+rs)−2

• 大きな非球対称性
• 大質量から小質量
まで階層的

ダークマター性質の
観測的検証が可能

http://www.mpa-garching.mpg.de/galform/millennium/


重力レンズ

元々の天体
観測 レンズ (ダークマター)

光の経路

• 密度の非一様性による光の経路の曲がり
• 一般相対論の測地線方程式から計算

d2xμ

dλ2
+ Γμ

αβ
dxα

dλ
dxβ

dλ
= 0



極端な場合

• 遠方天体の複数像が観測される (強い重力レンズ)

⃗β

⃗θ

⃗θ

⃗β = ⃗θ − ⃗α ( ⃗θ ) ⃗α ( ⃗θ ) =
2
c2 ∫

χs

0
dχ

fK(χs − χ)
fK(χ)fK(χs)

⃗∇θΦ(χ, ⃗θ )

レンズ方程式 重力ポテンシャル微分の視線方向積分➞曲がり角



初の発見: Q0957+561 (Walsh+1979)

ハッブル宇宙望遠鏡画像

quasar image A

quasar image B

lensing galaxy



五重像重力レンズクエーサー

ハッブル宇宙望遠鏡画像

SDSS J1004+4112
(Inada, MO+2003, Nature)A B

C
DE



重力レンズを受けた銀河

Abell 370, NASA/STScI

• クエーサー (BH) 

は点源

• 銀河は大きさに
広がりあり

   ➞ 弧状にゆがむ



弱い重力レンズ
• 重力レンズ効果が弱い場合、背景天体の形状
がちょっぴりゆがむ

• 多数の銀河の形状を平均することで統計的に
重力レンズ効果を検出

重力レンズなし
(random)

重力レンズあり
(random+coherent)

平均

重力レンズゆがみ
(coherent)



ダークマターハロー密度分布測定

銀河団中心からの距離

重
力
レ
ン
ズ
信
号
の
大
き
さ
≈動
径
密
度
分
布

 MO, Bayliss, Dahle+ MNRAS 420(2012)3213

強い重力レンズ

弱い重力レンズ

• すばる望遠鏡画像
を用いた25銀河団
の系統解析

• 冷たいダークマ
ターで期待される
分布 (NFW分布) と 

とてもよく一致
[see also Okabe+2013; 
 Umetsu+2015; Niikura+2015; …] 



非球対称性の観測的検証
MO, Takada, Okabe, Smith MNRAS 405(2010)2215

重力レンズゆがみ地図
+再構築された密度分布 ベストフィット (楕円NFW)



非球対称性の直接検出
MO, Takada, Okabe, Smith MNRAS 405(2010)2215

[e=1−軸比]

• 18個の銀河団の重力
レンズ信号を解析

• ⟨e⟩ = 0.46 ± 0.04　あ
非球対称性を7σ検出

• 冷たいダークマター
モデル予言ととても
よく一致

理論期待 (Jing, Suto 2002)

[see also Evans, Bridle 2009; 
 MO+2012; Clampitt, Jain 2016; 
 van Uitert+2017;  Shin+2018; 
 Umetsu+2018; Okabe, MO+2020; …]



重力レンズと銀河団質量分布

• 重力レンズを使って銀河団内のダークマター分布
を直接、精密に測定できるようになってきた

• 冷たいダークマターモデルで予言される動径密度
分布、非球対称性が観測と高い精度で一致

• 大規模構造の観測から仮定した単純なダークマ
ターモデルが強非線形領域でも正しいかどうかは
決して自明ではなく、この高精度の一致は驚きで
ある



より小スケールへ

太陽質量
109 1011

矮小銀河 銀河

1013 1015

銀河団

107

星なし
ダークマター
ハロー？

ダークマター卓越ダークマター卓越 星形成影響大



小質量ダークマターハロー

• 究極の標準宇宙論 (冷たいダークマターモデル) 

の検証

• 強い重力レンズ系への摂動により検出可能



例: 銀河重力レンズ
ALMA: 分解能30mas 

Hezaveh+2016 (see also Inoue+2016)

global VLBI imaging of MG J0751+2716 3

Figure 1. Global VLBI imaging of MG J0751+2716 at 1.65 GHz obtained by using uniform weights and multi-scale cleaning in wsclean. The o↵-source rms
is 41 µJy beam�1 and the peak surface brightness is 2.9 mJy beam�1. The restored beam is 5.5 ⇥ 1.8 mas2 at a position angle �9.8 deg, and is shown within
the white box in the bottom left hand corner.

24 antennas from the European VLBI Network (EVN) and the Very
Long Baseline Array (VLBA), and included the large (> 50 m)
Lovell, E↵elsberg, Robledo and Green Bank telescopes. The scans
on the target were about 3 min in duration, which were interleaved
by scans of about 2 min on the phase-reference source J0746+273.
Several observations of the bright calibrator sources 4C39.25 and
DA193 were taken throughout the run for fringe finding during cor-
relation and for the bandpass calibration at the data reduction stage.
The data were recorded at 512 Mbits s�1 and correlated at the Joint
Institute for VLBI in Europe (JIVE) to produce 8 spectral windows

(IFs) with 8 MHz bandwidth and 32 channels each, through both
circular polarizations (RR, LL). A visibility averaging time of 2 s
was used. This time and channel resolution limited the e↵ective
field-of-view of the observations to about 16 and 10 arcsec, respec-
tively, from the phase centre, which easily encompassed all of the
expected structure of the target.

The dataset was initially edited, calibrated and reduced using
the EVN pipeline and the Astronomical Image Processing Software
(AIPS) to produce/apply standard calibration tables. However, dur-
ing the fringe-fitting process, three antennas (Shanghai, Urumqi

MNRAS 000, 1–15 (2017)

Spingola+2018

VLBI: 分解能0.04mas (!) 

• 現在108−9太陽質量、近い将来106太陽質量の
ハローまで検出および数密度の制限ができる

~109M☉



例: クエーサー重力レンズ

NASA/ESA/A. Nierenberg/T. Treu

18 Gilman et al.

Figure 9. Marginal and joint posterior distributions for the dark matter hyper-parameters �los, ↵, ⌃sub, and mhm, which represent the
overall scaling of the line of sight halo mass function, the logarithmic slope of the subhalo mass function, the global normalization of the
subhalo mass function that accounts for evolution with halo mass and redshfit (see Equation 7), and the half-mode mass mhm relevant
to WDM models. Contours show 68% and 95% confidence intervals, while the dot-dashed lines on the marginal distributions show the
95% confidence intervals.

with the aim of inferring ⌃sub. We marginalize over �los,
and over a theoretical-motivated prior on ↵ (between -1.95
and -1.85) based on predictions from N-body simulations
(Springel et al. 2008; Fiacconi et al. 2016).

The inference on ⌃sub is shown in Figure 10. We
infer ⌃sub = 0.055kpc�2, with a 1� confidence interval
0.029 < ⌃sub < 0.083 kpc�2. At the 2� level we obtain
⌃sub > 0.008kpc�2. We do not quote an upper 2� bound
on ⌃sub as it is prior dominated. To put these numbers in
physical units, the mean value of ⌃sub corresponds to a mean
projected mass in substructure for the lenses in our sample

between 106�109M� of 4.0⇥107M�kpc
�2, and the 1� confi-

dence interval corresponds to 2.0�6.1⇥107M�kpc
�2. At 2�,

the projected mass constraint is ⌃sub > 0.6⇥ 107M�kpc
�2.

To convert into the average projected mass, we have com-
puted the average of the projected masses for each of the
eight lenses in our sample, using the scaling of the halo mass
function with redshift in Equation 8 while assuming a halo
mass of 1013M�.

c� 0000 RAS, MNRAS 000, 1–??

Gilman+2020

事
後
分
布

最小ハロー質量 [太陽質量]

冷たいダークマター
とconsistent (mDM>5.2keV)



他の超小質量ハロー検出法

• 天の川銀河内の潮汐ストリームの詳細解析 
(e.g, Banik+2019)

• パルサータイミングアレイによるハロー接近
検出 (e.g., Kashiyama, MO 2018; Dror+2019)

• 近傍弱重力レンズ (e.g., Mondino+2020)

• 重力波の弱重力レンズ効果の周波数依存性 
(e.g., MO, Takahashi 2020)



まとめ
• Peebles氏が提唱した冷たいダークマターは
小さい質量まで階層的な構造を予言

• 重力レンズを用いて非線形領域まで高精度
検証が行われている

• 小質量ダークマターハローの探査が一つの
重要なフロンティア


