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この講義について

• 基本は板書で、スライドを補助的に使います

• 資料置き場：                                               

https://oguri.github.io/lectures/2024rikkyo.html
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>

標準宇宙論

• ダークマター、ダークエネルギー
を主な構成要素とする標準宇宙
論は多くの観測を統一的に説明 

• 宇宙背景放射
• Ia型超新星爆発
• 銀河クラスタリング
• 重力レンズ
• ….

(ESA/Planck)
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重力レンズとは

ソース
(元々の天体)観測 レンズ 

(ダークマター, BH, …)

光の経路

• 一般相対論のよって予言される
• 密度の非一様性による光の経路の曲がり
• 複数像の形成、天体の形状のゆがみや増光など
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ニュートン力学と重力レンズ
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曲がり角

• そもそも本当に曲がるのか ? 
   (m=0ならF=0 ?)
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一般相対論と重力レンズ

• 一般相対論の測地線方程式からあいまいさ
なく計算できる

d2xμ

dλ2
+ Γμ

αβ
dxα

dλ
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dλ
= 0

• 計算される曲がり角がニュートン力学の
ちょうど2倍になる
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太陽のそばをかすめた場合



一般相対論と重力レンズ

http://www.astro.caltech.edu/~rjm/Principe/1919eclipse.php

Arthur Eddington 
(Wikipedia)

• 1919年エディントン
   の日食を利用した
   曲がり角の観測
   1.61”±0.40” @Principe
   1.98”±0.16” @Sobal

→ 一般相対論は正しい! 7

http://www.astro.caltech.edu/~rjm/Principe/1919eclipse.php


不都合な真実？

• Sobalのデータはメインの10インチがぼやけた
    ため予備の4インチのデータを使用

• メインの10インチのデータを使うと 0.93” と
    むしろニュートン重力での値に近い　

• Principeのデータは天候が悪くあまり精度は
    よくない

• 明確な結論を得られるデータだったかどうか
    あやしい部分も多く依然批判がある

e.g., Cole, astro-ph/0102462
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最近の測定

Titov et al. (2018)

• 遠方の電波ソースが天球面上で太陽に近づいた
ときの位置の測定により10−4の精度で検証
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重力レンズの例 (1)
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Q0957+561

H
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A

SA

1979年に発見が
報告された初の
強い重力レンズ

クエーサーの
二重像



重力レンズの例 (1)
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報告された初の
強い重力レンズ

クエーサーの
二重像

©          Nature Publishing Group1979

Walsh+1979



重力レンズの例 (2)
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SDSS J1004

ESA
/N

A
SA

/K
. Sharon/E. O

fek

2003年に発見が
報告された
五重像重力レンズ
クエーサー

Inada, MO+ Nature, 426, 810 (2003)



重力レンズの例 (3)
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SMACS J0723

N
A

SA
/ESA

/C
SA

/ST
ScI

ジェームズウェッブ
宇宙望遠鏡観測の
最初のターゲット
の一つ (2022年公開)

銀河団背後の多数の
重力レンズアーク



強い重力レンズの応用

• 強い重力レンズの特徴は、複数像および強い増光
• 代表的な応用

• 時間の遅れを利用したハッブル定数の測定 

• 複数像間のフラックス比、像の形状などを利用
した小スケールダークマター分布測定

• 増光を利用した遠方天体探査
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ハッブル定数 (H0) 問題
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>5σ!

詳しくは
日本物理学会誌 
2023年11月号の
記事を参照



時間の遅れ
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ソース
天体レンズ天体

私たち

• 複数像の到達時刻が異なる (月~年)

• ソース天体がクエーサーや超新星など時間変動
する天体の場合に観測される

同時に発射時間差で到達

ハッブル定数小 → 宇宙大 → 到達時間差大　



重力レンズ超新星Refsdal

17Kelly+2023

2014年に
四重像の
発見 (S1-S4)

2015年の
像SX出現
予言

予言通り
SXが発見



Refsdalによるハッブル定数測定

Fig. 3: Constraints on the value of H0 from SN Refsdal. The upper panel shows constraints
using the full set of eight models constructed before the reappearance with subsequent updates,
and the lower panel plots parallel constraints using two pre-appearance models: “Grillo-g” and
the “Oguri-a*” model, which has only been updated using the reappearance’s position. Plotted
are the posterior probability densities for each model, and their sum with a uniform prior applied
to the models. The colored carrots beneath the plot show the most probable value of H0 for all
of the models given their predicted SX–S1 time delays. Solid vertical line shows the most
likely value, and the pair of dashed vertical lines mark the 16th and 84th percentile confidence
intervals. The probability densities are not visible for the models that receive little weight, as
described in Table 1.

25

Kelly, Rodney, Treu, MO+ Science, 380, abh1322 (2023)
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増光を利用した遠方天体探査
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N
A

SA
 

• 2021年12月に打ち上げられたジェームズウェッブ
宇宙望遠鏡 (JWST) により大きな進展



Fig. 2: Observed JWST spectrum of image G2 NIRSpec prism (A) 2D and (B) 1D spectra
of image G2 of the z = 9.51 galaxy. In panel B, the black line is the data, and the red vertical
lines indicate the expected observed wavelengths of emission lines at z = 9.51. Grey shading
indicates 1� uncertainties. In panel A, the apparent negative fluxes in the background near
the emission lines in the 2D spectrum results from the dither pattern used for the NIRSpec
observations. The white dotted lines show the extraction window for the galaxy. This spectrum
has not been corrected for magnification due to gravitational lensing.

previous imaging taken with the Suprime-Cam instrument on the Subaru telescope (21). The

color-composite NIRCam image of the RX J2129 cluster is shown in Figure 1. In this image, we

identified a candidate distant galaxy (designated RX J2129-z95) which appears as three images

(designated RX J2129-z95:G1, RX J2129-z95:G2, and RX J2129-z95:G3) due to the gravita-

tional lensing of the foreground cluster. Coordinates for the three images of RX J2129-z95 are

given in Table S2. Photometric measurements from the NIRCam imaging, along with mea-

surements from previous Hubble Space Telescope (HST) imaging of the RX J2129 cluster field

obtained with the Advanced Camera for Surveys (ACS) and the Wide Field Camera 3 (WFC3),

are listed in Table S1 (21).

5

JWST観測の初期成果
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Fig. 1: Color-Composite Image of Part of RX J2129 JWST + HST color-composite im-
age of galaxy cluster RX J2129, with three images of the z = 9.51 galaxy circled in green.
We observed image G2 with NIRSpec. Red: JWST F277W+F356W+F444W, Green: JWST
F115W+F150W+F200W, Blue: HST ACS F606W + F814W. The broad blue and green bands
are diffraction spikes from foreground stars. The yellow diamond is an artefact caused by a chip
gap in the HST ACS camera. The individual red, green, and blue images are shown in Figures
S11, S12, and S13.
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Williams+ (incl. MO) Sience, 380, 416 (2023) 

• z=9.51の銀河の三重像
• ~20倍増光で容易に分光
• 強い酸素輝線
• 非常にコンパクト



初期銀河形成問題 (？)
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Harikane, Ouchi, MO+ ApJS, 265, 5 (2023) 

JWST Galaxies at z ⇠ 9� 17 27

Figure 16. Comparison of the luminosity-function measurements with theoretical predictions and the empirical models at
z ⇠ 12 (left) and z ⇠ 16 (right). The blue lines show the theoretical and empirical models obtained by Dayal et al. (2014, 2019,
solid line), Yung et al. (2020, dotted line), Behroozi et al. (2020, dotted-dashed line), Wilkins et al. (2022, double-dotted dashed
line), and Mason et al. (2022, dashed line; their no dust model). The red and orange symbols show observational results in the
same manner as Figures 12 and 14. The red diamonds and arrows represent the measurements and upper limits obtained by
this study. The orange circles, the red circle, the down-pointing orange triangle, and the orange square in the left (right) panel
indicate the number densities reported by Donnan et al. (2022), Harikane et al. (2022a), Naidu et al. (2022b), and Bouwens
et al. (2022b) (Finkelstein et al. (2022b)), respectively.

Figure 17. Theoretical predictions for the number of
bright galaxies at z ⇠ 12 � 16 with MUV < �20 mag de-
tected in our survey area of ⇠ 90 arcmin2. These numbers
are based on the theoretical models of Dayal et al. (2014,
2019), Yung et al. (2020), Behroozi et al. (2020), Wilkins
et al. (2022), and Mason et al. (2022). The red horizontal
line with the shaded region indicates the number of observed
galaxies at z ⇠ 12�16 with MUV < �20 mag (Nobs = 4±2),
which is higher than these model predictions.

Table 7. Obtained Luminosity
Function at Each Redshift

MUV �

(ABmag) Mpc�3 mag�1

F115W-Drop (z ⇠ 9)

�23.03 < 6.95⇥ 10�5

�22.03 < 7.67⇥ 10�5

�21.03 (4.00+9.42
�3.85)⇥ 10�5

�20.03 (4.08+9.60
�3.92)⇥ 10�5

�19.03 (2.24+1.87
�1.46)⇥ 10�4

�18.03 (1.12+1.03
�0.90)⇥ 10�3

F150W-Drop (z ⇠ 12)

�23.21 < 5.85⇥ 10�6

�22.21 < 6.40⇥ 10�6

�21.21 (5.00+11.56
�4.27 )⇥ 10�6

�20.21 (1.31+1.75
�0.89)⇥ 10�5

�19.21 (2.40+2.38
�1.40)⇥ 10�5

�18.21 (1.42+1.97
�1.10)⇥ 10�4

F200W-Drop (z ⇠ 16)

�23.59 < 2.42⇥ 10�6

�20.59 (6.62+8.84
�4.49)⇥ 10�6

Note—Errors and upper limits
are 1�.

• 高赤方偏移の明るい銀河
が思ったよりも多かった

• 解釈？
• Top-heavy初期質量関数
• 高いAGN活動
• 標準宇宙論モデル修正？
• …



重力マイクロレンズ
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22 Kavli IPMU News　No. 38　June　2017

Masamune Oguri
Assistant Professor, School of Science, The University of Tokyo,
and Kavli IPMU Associate Scientist

Microlensing

One way to study the abundance of compact objects such as black holes is to make 

use of gravitational lensing magni!cations of background stars by such compact 

objects, which is called microlensing. Although the probability of observing such 

magni!cations for individual stars is tiny, this microlensing effect can be observed 

by monitoring the brightness of millions of stars. In particular, recent discoveries of 

gravitational waves from black hole mergers have stimulated theoretical studies to 

explain dark matter with black holes as well as observational studies to constrain the 

abundance and mass of black holes using microlensing observations.

MO, Kavli IPMU news No. 38



MACHO探査
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© 1993 Nature  Publishing Group

Alcock+1993

大マゼラン雲
や銀河中心の
星のモニタ

~10-5-1M⦿の
原始ブラック
ホール (PBH)

の存在量制限



MACHO探査
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すばるHSCマイクロレンズ探査
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Figure 1 The background shows the HSC image of M31 as seen by the 104 CCD chips of the Subaru/HSC
camera. The white-colored grid represents a predefined iso-latitude tessellation grid, called the HSC “patch”
(approximately 12 arcmin on a side). Our data analysis including the image subtraction is performed on
individual patches. We exclude those patches which are marked in dark-blue color from our analysis as the
dense star fields in these patches result in a saturation of the CCDs.

assumptions about the presence of DM in a globular cluster [11]. Thus it is of critical importance to further
explore observational constraints on the PBH abundance for this mass window.

Gravitational microlensing is a powerful method to probe DM in the Milky Way (MW) [12,13]. Microlens-
ing causes a time-varying magnification of a background star when a lensing object crosses the line-of-sight
to the star at close proximity. The microlensing experiments, MACHO [14] and EROS [15], have pre-
viously monitored large number of stars in the Large Magellanic Cloud (LMC) with roughly a 24 hour
cadence. They have ruled out massive compact halo objects (MACHOs) such as brown dwarfs with mass
scales [10�7, 10]M� as DM candidates. We also note that if PBHs with mass around 10M� comprise even
1% of the DM and form binaries, then their merger rate could be larger than the LIGO event rate [16, 17].
Microlensing searches on time scales of 15 or 30 minutes have also been carried out using the public 2-year
Kepler data to constrain the abundance of 10�8M� PBHs [18]. With the aim of constraining the abundance
of PBH on even smaller mass scales, we carried out a dense cadence observation of the Andromeda galaxy
(M31), with the Subaru Hyper Suprime-Cam (HSC). We search for microlensing event(s) of M31 stars by

2

Niikura, Takada+ (incl. MO) Nat. Ast. 3, 524 (2019)

M31の短時間観測の
繰り返し

~10-11-10-6M⦿のPBHの
存在量を制限



現在のPBH存在量の制限
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Fig. 1 95% upper limits on PBHs (and other compact objects) as constituents of dark matter. The
solid red line marks the limits derived in this paper under the assumption that all gravitational
microlensing events detected by OGLE in the direction of the LMC are due to objects in the LMC
itself or the Milky Way disk. If this assumption is relaxed, the limits (dotted and dashed lines) depend
on the choice of the Milky Way disk model ([23] or [24], respectively). The gray lines mark the limits
determined by the following surveys: EROS [16], OGLE-III [17], Hyper Suprime-Cam (HSC) [25],
and MACHO+EROS [18]. The new limits are publicly available online at https://www.astrouw.edu.
pl/ogle/ogle4/LMC OPTICAL DEPTH/.

from lensing objects located in the Milky Way disk and the LMC itself. The latter
phenomenon is also called self-lensing [e.g., 26].

We found that all thirteen microlensing events detected in our survey can be
explained by brown dwarfs, stars, and stellar remnants located in the LMC and the
foreground Milky Way disk (Methods). We adopted the LMC disk model from ref.
[15] with some modifications, and considered two Milky Way disk models by [23]
and [24] (Methods). We calculated the theoretical microlensing event rate and the
event timescale distribution in each field analyzed by OGLE. Then, we estimated the
expected number of events by multiplying the event rate by the duration of the obser-
vations, the number of source stars, and the average event detection e�ciency. In total,
we expected to find 12.7 or 20.4 events, depending on the Milky Way disk model,
which can be compared to the total number of thirteen events in the final statistical
sample. We also found that positions, timescales, and microlensing parallaxes of the
detected events are consistent with the predictions of the adopted model (Methods).

To infer the constraints on the value of f , we calculated the expected number of
events and their timescale distribution, assuming that the entire dark matter halo
is composed of compact objects of the same mass M . We assumed the contracted
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Mroz+ arXiv:2403.02386



弱い重力レンズ
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simulated by glafic



背景銀河への重力レンズ効果
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sim
ulated by glafic

重力レンズなし 中心にレンズ天体



質量分布の再構築
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MO, Miyazaki+ PASJ 70, S26 (2018)

• 円周方向の系統的な銀河の形状の歪みから質量
分布を再構築できる

• ダークマター質量にもとづく銀河団探査が可能



三次元ダークマター地図

30MO, Miyazaki+ PASJ 70, S26 (2018)



まとめ

• 重力レンズは宇宙を観測する上での重要な
ツールとなっている

• ハッブル定数測定やダークマターなど、幅広
く応用されている

31


