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重力レンズとは
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•一般相対論によって予言される
•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

観測

光の経路

光源
(元々の天体)レンズ

(ダークマター, ブラックホール, …)
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SDSS J1004+4112
銀河団によって引き起こされた
重力レンズクエーサー五重像

[クエーサー:  超大質量ブラックホール
にガスが降着し明るく輝く天体]
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Inada, MO+ Nature, 426, 810 (2003)

重力レンズの例



フェルマーの原理
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w
ikipedia

距離最小
所用時間最小

• 光の経路は所要時間が最小
(停留点) となるように決定
される

• 幾何光学の基本原理

• 重力レンズにおいても同様



フェルマーの原理と重力レンズ効果
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• 膨張宇宙におけるフェルマーの原理 ( : 共形時間, : 共動動径距離)η χ

δ∫ dη = δ∫
χs

0
dχ [1 − 2Φ

c2 + f2
K(χ)
2 ωab

dxa

dχ
dxb

dχ ] = 0

= L (xa, dxa

dχ
, χ)

d
dχ ( ∂L

∂(dxa/dχ) ) − ∂L
∂xa = 0 オイラー−ラグランジュ方程式

d
dχ [f2

K(χ)ωab
dxb

dχ ] + 2
c2 Φ,a = 0 重力レンズ効果による

経路の曲がりの式

ヌル条件ds2 = 0



重力レンズ時間の遅れ
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Δt = ∫w/ lensing
dη − ∫w/o lensing

dη

• 時間の遅れの表式

→ 幾何学的な時間の遅れΔtgeom → 重力的な時間の遅れΔtgrav

= 1
c ∫

χs

0
dχ

f2
K(χ)
2

dθ
dχ

2

− 2Φ
c2



幾何的な時間の遅れと重力的な時間の遅れ
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幾何学的な時
間の遅れ
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重力的な時間の遅れ

Takamoto+ Nature Photonics 14(2020)411



観測可能な時間の遅れ
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• 実際に観測可能なのは, 複数像間の時間の遅れの差
• 光源天体が時間変動する場合のみ観測可能

光源
天体

レンズ天体

観測者
同時に発射

時間差で到達

ΔtAB = Δt(θA; β) − Δt(θB; β)

像A

像B

• レンズ天体が銀河のとき~月, 銀河団のとき~年の遅れ

β
θA

θB



時間の遅れの測定例

9

HE 1104-1805

ht
tp

s:
//l

w
eb

.c
fa

.h
ar

va
rd

.e
du

/c
as

tle
s/

– 12 –

1000 2000 3000 4000

1

0.5

0

-0.5

Fig. 1.— The light curve used for our time-delay estimate. It includes only the SMARTS
R-band, OGLE V-band, and Wise R-band data, where bands at the top indicate the period

during which each observatory monitored the system. The three open symbols indicate
Wise data points that were not considered in the final time-delay estimate. The (lower)

image B light curve has been shifted by one magnitude. Points with errors greater than 0.1
magnitudes have been suppressed for clarity.

Poindexter+
 A

pJ 660
(2007)146

A

B  

時間

明
る
さ

時間の遅れΔt
2つの複数像を持つクエーサー
重力レンズ ガス降着時間変動で明るさ変動



時間の遅れの代表的な応用：ハッブル定数
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Hubble PNAS 15(1929)168

銀河までの距離

銀
河
が
遠
ざ
か
る
速
さ エドウィン・

ハッブル

ジョルジュ・
ルメートル

w
ikipedia

w
ikipedia

• 宇宙膨張を示す
ハッブル−ルメー
トルの法則の係数

     

• 宇宙の距離, 時間
スケールを規定

     (距離)

     (時間)

v = H0r

∝ H−1
0

∝ H−1
0

(速さ)=(ハッブル定数)×(距離)

ハッブル定数大きい

ハッブル定数小さい



ハッブル定数の重要性
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• 近傍宇宙 (距離はしご) と
遠方宇宙 (宇宙背景放射)

の測定結果の不一致

• 系統誤差？新しい物理？

• 独立な測定の重要性
    → 重力レンズ時間の遅れ

大栗 日本物理学会誌 78(2023)630



時間の遅れを用いたハッブル定数測定
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ハッブル定数小 

→ 宇宙大 

→ 到達時間差大　
ハッブル定数大 

→ 宇宙小  

→ 到達時間差小　

1964年(!)の理論論文では
光源としてクエーサーでなく
超新星が考えられていた 

光源
天体

光源
天体

レンズ天体

レンズ天体

Refsdal MNRAS 128(1964)307



これまでの解析の困難
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H0LiCOW XIII: A 2.4% measurement of H0 5

1"

(a) B1608+656

1"

(b) RXJ1131�1231

1"

(c) HE0435�1223 (d) SDSS 1206+4332

1"

(e) WFI2033�4723 (f) PG 1115+080

Figure 1. Multicolor images of the six lensed quasars used in
our analysis. The images are created using two or three imag-
ing bands in the optical and near-infrared from HST and/or
ground-based AO data. North is up and east is to the left.
Images for B1608+656, RXJ1131�1231, HE0435�1223, and
WFI2033�4723 are from H0LiCOW I.

lenses to analyze first, as there may be systematics that de-
pend on such factors, and we want to account for them in
our analysis (see Ding et al. 2018, who attempt to address
these issues based on simulated data).

3.2 Time Delay Measurement

Out of the six lenses of the H0LICOW sample, all except
for B1608+656 have been monitored in optical by the COS-
MOGRAIL collaboration from several facilities with 1m and
2m-size telescopes. Several seasons of monitoring are needed
in order to disentangle the variations due to microlensing in
which brightening or dimming of the quasar images by stars
in the lens galaxy can mimic intrinsic features in the light
curves.

From the monitoring data, COSMOGRAIL measures

time delays using numerical curve-shifting techniques, which
fit a function to the light curve of each quasar image and find
the time shifts that minimize the di↵erences among them
(Tewes et al. 2013a; Bonvin et al. 2019). These techniques
are made publicly available as a python package named
PyCS2, which also provides tools to estimate the time de-
lays uncertainties in the presence of microlensing. The pack-
age was tested on simulated light curves reproducing the
COSMOGRAIL data with similar sampling and photomet-
ric noise in a blind time delay challenge (Liao et al. 2015).
Bonvin et al. (2016) demonstrated the robustness of the PyCS
curve-shifting techniques by recovering the time delays at a
precision of ⇠ 3% on average with negligible systematic bias.

Tewes et al. (2013b) applied these techniques to
RXJ1131�1231 and measured the longest time delay to
1.5% precision (1�). The time delay of SDSS 1206+4332 was
also measured with PyCS; Eulaers et al. (2013) obtained a
time delay between the two multiple images of �tAB =
111.3± 3 days, with image A leading image B. Birrer et al.
(2019) re-analyzed the same monitoring data with updated
and independent curve-shifting techniques and confirmed
this result. For HE0435�1223, the latest time delay mea-
surement was obtained with the 13 year-long light curves
of the COSMOGRAIL program at 6.5% precision on the
longest time delay (Bonvin et al. 2017).

Recently, Courbin et al. (2018) demonstrated that a
high-cadence and high signal-to-noise (S/N) monitoring
campaign can also disentangle the microlensing variability
from the intrinsic variability signal by catching small varia-
tions of the quasar that happen on timescales much shorter
than the typical microlensing variability. It is therefore pos-
sible to disentangle the intrinsic signal of the quasar from
the microlensing signal in a single season. High-cadence data
were used for WFI2033�4723 and PG 1115+080 to measure
time delays at a few percent precision in one season. These
results are in agreement with the time delays measured from
decade-long COSMOGRAIL light curves and are combined
in the final estimate (Bonvin et al. 2018, 2019).

The remaining lens of the sample, B1608+656 was mon-
itored by Fassnacht et al. (1999, 2002) with radio observa-
tions from the Very Large Array over three seasons. All three
independent time delays between the multiple images were
measured to a precision of a few percent.

A complicating factor in converting the observed time
delays to a cosmological constraint is the so-called “mi-
crolensing time-delay” e↵ect (Tie & Kochanek 2018). The
estimation of this e↵ect is based on the lamp-post model,
which predicts delayed emission across the quasar accretion
disk from a central driving source. Di↵erent regions of the
disk can then be magnified by the microlenses di↵erently in
each of the multiple images. This reweighting of the delayed
emission across the accretion disk could lead to a change in
the measured time delay. As the microlensing changes with
time, this could lead to a variation in the measured time
delays from season to season. There is no evidence of this
e↵ect based on our current data, so our main cosmological
results do not depend on it. Nonetheless, we quantify this
factor for di↵erent speculative models (Bonvin et al. 2018,

2 Available at http://www.cosmograil.org

MNRAS 000, 1–?? (2019)
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S. Birrer et al.: Hierarchical time-delay cosmography

Fig. 18: Comparison of di�erent blind �0 measurements by the TDCOSMO collaboration, based on di�erent mass profile assump-
tions and data sets incorporated. All measurements presented on this plot were performed blindly with regard to the inference of
�0. The measurement on top is the combined H0LiCOW six lenses constraints presented by Wong et al. (2020), when averaging
power-law and composite NFW plus stars (with constant mass-to-light ratio) on a lens-by-lens basis without correlated errors among
the lenses. The next two measurements are from Millon et al. (2020) of six TDCOSMO time-delay lenses (five H0LiCOW lenses21and
one STRIDES lens by Shajib et al. (2020a)), when performing the inference assuming either a composite NFW plus stars (with
constant mass-to-light ratio) or the power-law mass density profile for the galaxy acting as a lens. In the lower panel, we show the
results from this work. The main di�erence with respect to previous work is that we have made virtually no assumption on the
radial mass density profile of the lens galaxy, and taken into account the covariance between the lenses. The analysis in this work is
constrained only by the stellar kinematics and fully accounts for the uncertainty related to the mass sheet transformation (MST). In
this framework, we obtain four measurements according to the datasets considered. The TDCOSMO-only inference is based on the
same set of seven lenses as those jointly included by Millon et al. (2020) and Wong et al. (2020). The inferred median value is the
same, indicating no bias, and the uncertainties, as expected, are larger. The next three measurements rely on external datasets from
the SLACS survey, by making the assumption that the lens galaxies in the two surveys are drawn from the same population. The
TDCOSMO+SLACSIFU measurements uses, in addition to the TDCOSMO sample, nine lenses from the SLACS sample with IFU
observations to inform the anisotropy prior applied on the TDCOSMO lenses. The TDCOSMO+SLACSSDSS measurement comes
from the joint analysis of the TDCOSMO sample and 33 SLACS lenses with SDSS spectroscopy. The TDCOSMO+SLACSSDSS+IFU
presents the joint analysis of all three data sets, again assuming self-similar distributions of the mass profiles and stellar anisotropy.
The TDCOSMO-only and TDCOSMO+SLACSIFU analyses do not rely on self-similar mass profiles of the SLACS and TDCOSMO
sample while the TDCOSMO+SLACSSDSS and TDCOSMO+SLACSSDSS+IFU measurements (orange and purple) do. All the mea-
surements shown in this plot are in statistical agreement with each other. See Section 8.5 for a discussion and physical interpretation
of the results. � source

Article number, page 31 of 41

断定的

保守的

断定的

より強い
速度分散の
事前情報

質量分布の
より強い
事前情報

Birrer+ A&A 643(2020)A165

• 主に銀河によるクエーサー重力レンズ解析
• レンズ天体の質量分布の不定性が卓越 



新しい方向性
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銀河

銀河団

クエーサー 超新星レンズ
光源

伝統的解析

より複雑な質量
分布, 多くの異
なる赤方偏移の
背景銀河複数像

単純+よく理解された
光度曲線, 正確なΔt

より堅固な
H0測定へ!



MACS J1149+2223の超新星Refsdal
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S1
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S3
S4SXSY

SY
(観測されず)

S1-S4 SX

1年

発見
Kelly+ Science 347(2015)1123

再出現
Kelly+ ApJ 819(2016)L8

再出現の時期の予言
MO 2015; Sharon & Johnson 2015; Diego+2016; Jauzac+2016; Treu+2016; …

時間
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詳細な解析
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100個以上の複数像を用いた
質量密度分布再構築

モニタ観測による時間の遅れの
正確な測定



銀河団質量密度分布再構築の手法
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simple parametric free-form

少ない数の
パラメータ
強い仮定

多い数の
パラメータ
弱い仮定

• レンズ天体の質量分布のパラメータを, 観測された複数像
の位置を再現するように決める

私 (glafic) の手法



H0のブラインド解析
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Kelly, Rodney, Treu, MO+ Science 380(2023)abh1322

再出現前に作成された (マイナーな修正) 

8つの質量密度分布モデル
時間の遅れ測定時の光度曲線

のランダムなoffset

Table S2: Models of the MACS J1149 galaxy cluster and predictions and revisions for the
relative time delay of the reappearance of SN Refsdal. We did use the Williams model which
made a highly uncertain prediction, those which were not used to make predictions, or those
which were first produced (as opposed to revised) after SX’s reappearance. We list all models
posted to the HFF Lens Model website (64) whose authors did not publish a prediction, or
made only an extremely approximate prediction, given minimal model assumptions (49). The
“Methods” column describes whether models are, in broad terms, simply-parameterized (SP),
free-form (FF), or light-traces-mass (LTM).

Used for Model Group Method SX Post-Reappearance
H0 Inference Prediction

HFF Lens Models with Published Predictions
Yes Diego-a WSLAP+ FF (28) ...
Yes Grillo-g GLEE SP (28) ...

Yes Oguri-g* GLAFIC SP (28) This Paper; SX Position Added;
Blind to Shift’s Direction

Yes Oguri-a* GLAFIC SP (28) This Paper; SX Position Added;
Blind to Shift’s Direction

Yes Zitrin-g LTM LTM (28) ...
Yes Zitrin-c* LTM LTM ... (28)
Yes Jauzac15.1 CATS SP (29) ...
Yes Jauzac15.2* CATS SP ... (29); Delays Recalculated
Yes Sharon-a* Lenstool SP (28) This Paper; Delays Recalculated
Yes Sharon-g* Lenstool SP (28) This Paper; Delays Recalculated

Lens Model on HFF Site (64) with Highly Uncertain Post-Reappearance SX–S1 Calculation

No Williams* Grale FF No (49) (2019); Highly Uncertain
Uses Only Image Positions

Lens Models on HFF Site (64) with No Predictions
No Bradac SWUnited FF No ...
No Keeton* ... SP No ...
No Merten SaWLens FF No ...

Additional Calculations from 2020 (Not Used for Primary H0 Constraints)
No Chen2020* Zoe H No (38); 2020
No Zitrin2020-ltm* LTM LTM No (56); 2020
No Zitrin2020-p* ... P LTM (56); 2020
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Yes Jauzac15.2* CATS SP ... (29); Delays Recalculated
Yes Sharon-a* Lenstool SP (28) This Paper; Delays Recalculated
Yes Sharon-g* Lenstool SP (28) This Paper; Delays Recalculated
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 H0の値のブラインド測定

+offset



異なる質量密度モデルの重みづけ
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Kelly, Rodney, Treu, MO+ Science 380(2023)abh1322

theorem to constrain H0:

P (H0;Ml | LC) / P (H0)P (Ml)

Z
P (�tA,B | Ml;H0)P (�tA,B | LC) d�tA,B, (2)

where P (H0) is a prior probability for H0, P (Ml) is a prior probability for model l, and

P (�tA,B | Ml;H0) is the likelihood of �tA,B, given the model prediction and a value of H0.

We include in our likelihood function the relative time delays between four image pairs S2–

S1, S3–S1, S4–S1, and SX–S1, and magnification ratios of three image pairs S2/S1, S3/S1, and

SX/S1 (the magnification ratio S4/S1 is not included, which we explain below), and the position

of the reappearance. For the set of observables, O,

P (H0 | LC) / P (H0)
X

l

P (Ml)

Z
P (O | Ml;H0)P (O | LC) dO1...dOn. (3)

Including these observables, in addition to the SX–S1 time delay, allows us to weight each

model’s contribution to the H0 inference, according to its ability to reproduce the observables

(14). We only include observables in the likelihood function if their values were not known

before the reappearance, and were not used to constrain the lens models when they were used

to make their predictions.

Fig. 1 shows the predicted position of the final image (SX) from each lens model, overlaid on

a difference image showing the detected position of SX. We use the SX position in the likelihood

calculation, because it was not known when the pre-reappearance models were constructed.

The HST F125W and F160W light curves of image S4 have very strong evidence (> 5�)

that the SN overlaps a region of high magnification due to one or more stars (or stellar remnants)

in the foreground cluster lens (35). The apparent F125W–F160W color of S4 is bluer than the

other four images of the SN by 0.28 ± 0.05mag through 150 days past its peak brightness (in

the observer frame) and 1.8 ± 0.4mag after 150 days [ (35), their figure 12]. This bluer color

implies that i) the SN does not have a uniform color and ii) that it overlaps a region where the

7

観測された
光度曲線

質量密度
モデル

観測量
S1-SX間の時間の遅れ
フラックス比
SXの位置

{

異なるモデルを, H0とは独立な
観測量の予言精度で重みづけ 

P(O|LC)

P(O|M1) → low weight

P(O|M2) → high weight

P(O|M3) 
→ low weight

P

𝛥t ratio, flux ratio, etc.



超新星重力レンズを用いた初のH0測定
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Kelly, Rodney, Treu, MO+ Science 380(2023)abh1322



超新星RefsdalによるH0制限の改善
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Liu & MO Phys. Rev. D112(2025)123526

• MUSE,JWSTによる背景銀河
複数像の分光赤方偏移追加  
(37個の銀河の114個の複数像, 37個中27個
の銀河の分光赤方偏移)

• 4つの異なる仮定の質量密度
モデル (e.g., NFW vs. pseudo-Jaffe halo)

• H0の値はほとんど変化なし



観測の進展: ジェームズウェッブ宇宙望遠鏡
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• 2021年12月に打ち上げ, 様々な分野で大きな進展

(JWST)



さらなる発見 (I) H0pe
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Pascale+ (incl. MO) ApJ 979(2025)13

NASA/ESA/B. Frye et al.

• 重力レンズされたIa型超新星 → 標準光源の性質により質量
密度分布の縮退をやぶることができる MO & Kawano MNRAS 338(2003)L25

• の測定精度のため, H0の誤差は比較的大きいΔt



さらなる発見 (II) Requiem & Encore
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• Ia型超新星重力レンズRequiemの発見,  の測定なし                        
Rodney+ Nature Astronomy 5(2021)1118

• JWSTでもう一つのIa型超新星重力レンズEncoreの発見        
Pierel+ ApJ 967(2024)L37

Δt



超新星重力レンズEncoreによるH0測定
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• の測定誤差を反映し比較的大きなH0の誤差, しかし…Δt

Suyu+ (incl. MO) A&A 708(2026)A291



Requiemの再出現
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2016年に観測された3つの
複数像 Rodney+ Nature Astronomy 5(2021)1118

最新の質量密度モデルで2026-

2027年の複数像の出現が予言
<3%の精度のH0 測定

Suyu+ (incl. MO) A&A 708(2026)A291



Requiemの再出現観測キャンペーン

27

• JWST+ハッブル望遠鏡
で再出現をとらえるモ
ニタ観測中 (GO-9330, PI: Pierel)

• 乞うご期待!

2026年1月までの観測での未発見により排除Suyu+ (incl. MO) A&A 708(2026)A291



時間の遅れによるH0測定：まとめ

28

• 重力レンズ超新星が有力なH0測定
手法として急速に注目されている

• 現状3つの系での測定

• 次の重大イベント：Requiem再出
現の観測



時間の遅れで調べる光源天体の時間変動

29

• ある時刻に観測される複数像は, それぞれ違う時刻に光源
から発射された光を観測している

• 光源の時間変動によって観測される像は異なって見えうる

光源
天体

レンズ天体

観測者
違う時刻に発射

同時に観測

像A

像B



超新星の初期光度曲線
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衝撃波の
伝搬

ショック
ブレイクアウト

膨張, 冷却
熱エネルギー

→ 運動エネルギー
+ 放射

Bersten+ Nature 554(2018)497

親星の大きさの情報を含んでいる



重力レンズで調べる超新星の初期光度曲線
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Chen, Kelly, MO+ Nature 611(2022)256

Abell 370
Hubble Frontier Field Galaxy Cluster

2011-2016 Dec 2010

Difference (F814W+F110W+F160W)

S3 (Day 8)
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S4 (Day -6)
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G2 G2

G3

G1

G3

10"

• ハッブル望遠鏡
アーカイブ画像
で発見した赤方
偏移3の三重像重
力レンズ

• 複数像間の色の
違いが顕著にみ
られる



重力レンズで調べる超新星の初期光度曲線
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Abell 370
Hubble Frontier Field Galaxy Cluster

2011-2016 Dec 2010

Difference (F814W+F110W+F160W)

S3 (Day 8)

S1 (Day 0)

S4 (Day -6)

S2 (Day 2)
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G1

G3

10"

• ハッブル望遠鏡
アーカイブ画像
で発見した赤方
偏移3の三重像重
力レンズ

• 複数像間の色の
違いが顕著にみ
られる

断熱膨張による急激な
温度の減少

Chen, Kelly, MO+ Nature 611(2022)256



光度曲線の再構築

33

• 質量密度モデルから計算
された時間の遅れと増光
率を使い単一時刻の観測
データから光度曲線を再
構築できる

• 理論モデルとの比較から
親星は赤色超巨星でその
半径の制限を得た

33

Chen, Kelly, MO+ Nature 611(2022)256



追観測による超新星の初期放射検出

34

• 質量密度モデルから新しい複数像の出現場所, 出現時期が
予言できる

• H0の文脈ではRefsdal, Requiemで既に行われている

• 出現時期を狙った詳細追観測で超新星の初期放射を詳し
く調べることもできるだろう
(e.g., Oguri+2003; Suwa 2018; Foxley-Marrable+2020; …)



Little red dot (LRD)

35

Matthee+ ApJ 963(2024)129

• 高赤方偏移低光度クエーサー
のようなものがJWSTで多数
発見される

• 赤い, コンパクト, 広輝線

• 超大質量ブラックホール？？
(e.g., Kocevski+2023; Harikane+2023; Maiolino+2023;  
       Greene+2024; Matthee+2024; …)



LRDの時間変動？
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Kokubo & Harikane ApJ 995(2025)24

構
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数

 (
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の
大
き
さ • クエーサーと異なり有意な

時間変動は観測されない

• X線, 電波, 遠赤外も弱い

• 時間変動の検出がその理解
に重要



重力レンズLRDの発見
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Figure 1: JWST NIRCam color composite image of the galaxy cluster RXC J2211–0350.

Thanks to strong gravitational lensing, two multiply imaged LRDs, dubbed RX1 and RX2, are

identified, both with photometric redshifts of 𝐿 = 4.3. The four images of RX1 are marked by

red circles (1.1-1.4), and the five images of RX2 are marked by orange hexagons (2.1-2.5). The

left (red) and right (orange) panels show zoom-in cutouts for each of these lensed images. In each

cutout, the image name is given in the top left, the magnification (𝑀; negative value indicates that

the image parity is reversed and the image orientation is flipped) calculated from our cluster mass

model is in the top right, the measured F444W-band magnitude (not corrected for magnification) is

in the bottom left, and the inferred time delay (ω𝑁 in days) is in the bottom right. The uncertainties

of 𝑀 and ω𝑁 are typically ⊋ 5%.
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• 赤方偏移4.3の四重像と
五重像LRDをJWST観測
で発見 

• 銀河団重力レンズ

• 時間の遅れは~100年

Zhang, Li, MO+ arXIv:2512.05180



時間変動の検出
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LRD静止系で
~23年の
光度曲線

星の脈動と
同様の時間変動

光度と色が
両方時間変動

Zhang, Li, MO+ arXIv:2512.05180



Black-hole envelope?

39
(K. Inayoshi)

• 時間変動はブラックホール+エン
ベロープモデルと無矛盾 

• LRDの赤い放射は黒体放射 (T~5000K)

Kido+ MNRAS 544(2025)3407

(e.g., Kido+2025; Begelman & Dexter 2026; …) 



時間の遅れを用いた宇宙物理学：まとめ
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• 時間の遅れを用いて光源天体の時間変動を調べられる

• 単一時刻観測から光度曲線の再構築が可能

• 非常に長い時間スケールの時間変動を調べることが可能



将来の展望 (I) JWST
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JWST-VENUS (PI: S. Fujimoto)
60個の銀河団の詳細観測
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Dragon Survey (PI: Y. Fudamoto)
Abell 370のモニタ観測

Fudam
oto+

 (incl. M
O

) 
N

ature A
stronom

y 9
(2025)428

今後もさらなる時間変動重力レンズの発見が期待される!



将来の展望 (II) Rubin天文台/LSST

42

R
ub

in
O

bs
/N

SF
/D

O
E/

N
O

IR
La

b/
SL

A
C

/A
U

R
A

/H
er

na
n 

St
oc

ke
br

an
d

• 2026年にメインサーベイ観測開始
• 観測可能な全ての空を数日おきに観測
• 時間の遅れの応用研究にも革新
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チリの8.4m望遠鏡



LSST重力レンズの模擬カタログ
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• ハロー, サブハロー, 銀河
を考慮した計算

• 銀河スケールから銀河団
スケールまでの統一的な
計算

• 重力レンズクエーサーと
超新星の詳細予言

Δθ [arcsec]

dN
/d

lo
g 1

0Δ
θ

Abe, MO+ OJAp 8(2025)8



まとめ
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• 銀河団で重力レンズされた超新星はハッブル定数測定の
有力な手法の一つに急速になりつつある

• 時間の遅れをうまく利用することで超新星やLRDなどの
光源天体の時間変動を調べることができる

• 今後時間変動重力レンズの観測数は大幅に増えるだろう

教科書を書きました
興味があればどうぞ →


