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今回の話
• 受賞対象となった研究はいくつかありますが、
その中の新種の時間変動重力レンズの発見に 

ついて紹介をします

来週オンエア!



• 複数像の到達時刻の遅れにより、絶対距離 

(ハッブル定数 H0) の測定が可能 (Refsdal 1964)

• クエーサー重力レンズをもちいたH0 測定は
     ”H0 tension”もあり最近特に注目
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時間の遅れ



S. Refdal, MNRAS 128(1964)307

• 時間の遅れ
   でH0を決める
   手法を初めて
   提案した論文 

• 実は超新星の
   重力レンズが
   考えられて
   いた!



超新星重力レンズはなぜ面白い？
• Ia型の場合には増光率の直接測定が可能                        

→ H0-質量分布縮退を破る (MO & Kawano 2003)

• 複数像の出現時期予測 (MO, Suto & Turner 2003)

• 既知の光度曲線による時間の遅れ精密測定
• 超新星母銀河を使った質量モデル改善



超新星重力レンズの理論予測

Lensed quasars and supernovae in future surveys 7

Table 1. Properties of various time-domain surveys. These are fiducial numbers based on assumptions we describe in the text; given are
survey area Ω, 10σ point source limiting magnitude ilim for one visit, one year, and for the final stacked survey image, corresponding
assumed median image quality θPSF (seeing FWHM, in units of arcseconds), cadence (in days), season length tseason (in months), survey
length tsurvey (in years) and the effective survey duration teff = tsurvey · tseason/12 (also in years).

Survey Ω ilim(visit) ilim(year) ilim(total) θPSF cadence tseason tsurvey teff
[deg2] [arcsec] [days] [months] [years] [years]

SDSS-II 300 21.3 22.9 23.5 1.4 5 3 3 0.75
SNLS 4 24.3 26.3 27.1 0.9 4 5 5 2.1
PS1/3π 30000 21.4 22.2 22.7 1.0 30 2 3 0.5
PS1/MDS 70 23.3 25.2 25.8 1.0 4 6 3 1.5
DES/wide 5000 23.6 24.0 25.1 0.9 30 1 5 0.4
DES/deep 6 24.6 26.1 27.0 0.9 5 3 5 1.3
HSC/wide 1500 24.9 24.9 25.5 0.75 · · ·a 0 3 0.0
HSC/deep 30 25.3 26.6 26.6 0.75 5 2 1 0.2
JDEM/SNAP 15 27.1 · · ·b 29.7 0.14 4 12 1.3 1.3
LSST 20000 23.3 24.9 26.2 0.75 5 3 10 2.5

aThe HSC/wide survey is zero cadence: with only one observing epoch per year it would not be suitable for useful lensed SN detection.
bThe JDEM/SNAP survey is assumed to be undertaken as a single 1.3 year observing campaign, so does not offer the yearly stack
detection strategy. In practice lensed quasars would be detectable simply from the resolved image geometries in any case.

Table 2. The expected numbers of lensed QSOs in various time-domain surveys. The numbers are either for detections only, using
stacked images within each survey year, or for well-measured time delays using each visit’s image. Some wide-field surveys do not have
high enough cadence to measure time delays, and therefore those surveys are useful only for detecting lensed QSOs (see text for more
details). We adopt the minimum image separation θmin = (2/3)θPSF for all surveys. The numbers of non-lensed QSOs detectable in the
surveys are also shown for reference. Percentages in parentheses indicate the fraction of quad lenses.

QSO (detected) QSO (measured)
Survey Nnonlens Nlens Nnonlens Nlens

SDSS-II 1.18 × 105 26.3 (15%) 3.82× 104 7.6 (18%)
SNLS 9.23 × 103 3.2 (12%) 3.45× 103 1.1 (13%)
PS1/3π 7.52 × 106 1963 (16%) · · · · · ·

PS1/MDS 9.55 × 104 30.3 (13%) 3.49× 104 9.9 (14%)
DES/wide 3.68 × 106 1146 (14%) · · · · · ·

DES/deep 1.26 × 104 4.4 (12%) 6.05× 103 2.0 (13%)
HSC/wide 1.76 × 106 614 (13%) · · · · · ·

HSC/deep 7.96 × 104 29.7 (12%) 4.30× 104 15.3 (13%)
JDEM/SNAP 5.00 × 104 21.8 (12%) 5.00× 104 21.8 (12%)
LSST 2.35 × 107 8191 (13%) 9.97× 106 3150 (14%)

Table 3. The expected number of detected lensed SNe (type Ia and core collapse) in various time-domain surveys. We adopt the
minimum image separation θmin = (2/3)θPSF for all surveys. The numbers of non-lensed sources detectable in the surveys are also shown
for reference. Percentages in parentheses indicate the fraction of quad lenses. For lensed SNe, we adopt the peak magnitude limit of
ipeak,lim = ilim − 0.7 in actual calculations so that the lightcurves of lensed SN images can well be traced.

SN (Ia) SN (cc)
Survey Nnonlens Nlens Nnonlens Nlens Note

SDSS-II 4.34× 102 0.003 (54%) 1.09× 103 0.01 (40%)
SNLS 7.52× 102 0.03 (24%) 1.44× 103 0.05 (26%)
PS1/3π 3.34× 104 0.28 (53%) 8.23× 104 0.97 (39%) detections only
PS1/MDS 2.93× 103 0.09 (32%) 6.05× 103 0.16 (30%)
DES/wide 8.30× 104 2.7 (29%) 1.62× 105 4.9 (29%) detections only
DES/deep 8.95× 102 0.04 (22%) 1.80× 103 0.07 (24%)
HSC/deep 1.10× 103 0.06 (18%) 2.56× 103 0.13 (21%)
JDEM/SNAPa 1.36× 104 2.9 (13%) 5.39× 104 12.0 (18%)
LSST 1.39× 106 45.7 (32%) 2.88× 106 83.9 (30%)

a Instead of the i-band, we adopt an H-band magnitude limit of Hlim = 26.8 to predicted the number of (lensed) SNe, since in practice
the detection in space will be done in the near-infrared to optimise the number of high-redshift SN sources.

c⃝ RAS, MNRAS 000, 1–17

MO & Marshall MNRAS 405(2010)2579

• Pan-STARRSで初発見？

• LSSTでは多数 (>100) 発見できる



Chornock+2013

超新星 PS1-10afx の発見
• 非常に明るく赤い特異な超新星 (z=1.388) が2010年

8月31日に発見される

• Pan-STARRSチームは新種の超高輝度超新星と結論



PS1-10afx 発見論文が出た後…

• 超高輝度超新星の専門家であるIPMU
ポスドク (当時) の Robert Quimby が
興味を持ちデータを自分でチェック

• データを見ると PS1-10afx はどうも 
Ia型超新星に似ているようだ…

• IPMUでの議論を元に新しいシナリオ
を提唱



PS1-10afx のIa型解釈

Sep 11  (−5.4 d)

SN 1992A −5 d

Sep 18  (−2.5 d)

SN 1998bu −4 d
Sep 26  (+0.8 d)

SN 1989b −5 d

Sep 28  (+1.6 d)

SN 1998aq +1 d

2000 3000 4000 5000 6000 7000
Rest Wavelength (A)

      

−4

−2

0

2

4

6

Fl
ux

 (f
λ +

 c
on

st
an

t)

 

 

 

 

 

 
Si II ‘4000’

  

  

 

 

 

 Si II ‘6150’

  

  

 

 

 

 

Figure 1: Spectra of PS1-10afx (with contaminating host light removed) compared to templates of
normal SNIa as matched using superfit (Quimby et al. 2013). Phases for PS1-10afx are rest-frame
days after the derived epoch of B-band maximum. The inserts show smoothed flux from the Si II
features in the first two spectra.
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Quimby, Werner, MO+ ApJ 768(2013)L20 

スペクトル

光度曲線

• 普通のIa型超新星が重力
レンズで約30倍に増光
されていれば説明可能



CFHTLS image

批判：レンズ銀河は何処？
• 超新星爆発前の画像を
見ても銀河は一つだけ

• 我々はこの銀河が実は
超新星母銀河と手前の
レンズ銀河が重なった
ものとの仮説を立てた

• 2013年9月7日のケック
望遠鏡の6.5時間の分光
観測でこの仮説を検証



Quimby, MO+ Science 344(2014)396 

SN host
[OII] at z=1.388 

lensing galaxy
[OII] at z=1.117 

レンズ銀河の検出

• 手前の銀河を検出し重力レンズであることを証明！



重力レンズ超新星の初発見
credit: K

avli IPM
U

• PS1-10afxは超新星の強い重力レンズの初発見

• ただし、複数像を分離できたわけではないの
で間接的な発見である



SN Refsdal の発見

Fig. S1: Images of the lensing system from archival HST WFC3-IR observations in the
F140W filter. All exposures obtained prior to 3 November 2014 show no evidence for
variability at any of the positions associated with SN Refsdal.

Supporting Online Material

Previous and Future Appearances of SN Refsdal in Multiple Images of its
Host Galaxy Our cluster lens model (27 ) predicts that SN Refsdal might have appeared
some ≥20 years ago in spiral image labeled 1.1 in Zitrin & Broadhurst (2007; hereafter
ZB07). The SN may additionally have appeared a couple of years ago in spiral images
ZB07 1.3/1.4 (25 , 28 ), or, alternatively, will appear there in approximately a decade.
Our model also suggests that SN Refsdal could have appeared some ≥40-50 years ago
in spiral image ZB07 1.5 (25 ), although the SN position is believed not to be present in
this multiple image (28 ). These estimates are highly approximate, because time delays on
these cluster scales depend very sensitively on the exact expected position, and a fraction
of the images are only partial.
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• 楕円銀河の周りに4つの超新星像 (z=1.49)
    → 初の複数像が分離された超新星重力レンズ

Kelly+ Science 347(2015)1123



超新星母銀河

• レンズ銀河は銀河
団 MACS J1149 
(z=0.54) のメンバ
銀河

 
• 超新星母銀河自体
が銀河団レンズで
三つ(四つ)に分裂

• さらなる超新星像
が存在？

hubblesite.org



MO MNRAS 449(2015)L86 

• 直後の解析では4つの
観測された超新星像
以外に2つの像を予言

 
• 一つ(SX)は~1年後、
もう一つ(SY)は~17年
前に出現した

• SXについては今後の
観測で検証可能！

    (falsifiable!)

S1−S4 (現在)SX (~1年後)SY (~17年前)

S1
S2

S3
S4SXSY



時間の遅れの予言 (競争？)
2014年11月23日  Kelly et al.  arXiv:1411.6009 (発見論文)



時間の遅れの予言 (競争？)
2014年11月23日  Kelly et al.  arXiv:1411.6009 (発見論文)

2014年11月24日  Oguri  arXiv:1411.6443　
                        SXは360日後に出現



時間の遅れの予言 (競争？)
2014年11月23日  Kelly et al.  arXiv:1411.6009 (発見論文)

2014年11月24日  Oguri  arXiv:1411.6443　
                        SXは360日後に出現
2014年11月25日  Sharon & Johnson  arXiv:1411.6933v1
                        SXは1330日後に出現



時間の遅れの予言 (競争？)
2014年11月23日  Kelly et al.  arXiv:1411.6009 (発見論文)

2014年11月24日  Oguri  arXiv:1411.6443　
                        SXは360日後に出現
2014年11月25日  Sharon & Johnson  arXiv:1411.6933v1
                        SXは1330日後に出現
2015年02月03日  Sharon & Johnson  arXiv:1411.6933v2
                        SXは240日後に出現



時間の遅れの予言 (競争？)
2014年11月23日  Kelly et al.  arXiv:1411.6009 (発見論文)

2014年11月24日  Oguri  arXiv:1411.6443　
                        SXは360日後に出現
2014年11月25日  Sharon & Johnson  arXiv:1411.6933v1
                        SXは1330日後に出現
2015年02月03日  Sharon & Johnson  arXiv:1411.6933v2
                        SXは240日後に出現
2015年04月22日  Diego et al.  arXiv:1504.05953
                        SXは380日後に出現
2015年09月30日  Jauzac et al.  arXiv:1509.08914v1
                        SXは530日後に出現
         …… 質量モデルの違いに起因



比較プロジェクト
• 多くの追観測データを加え同じ条件で質量
モデリングを行い結果の比較をする

• 参加したグループ
   − WSLAP+ (Diego, Broadhurst)
   − GLEE (Grillo, Suyu, Halkola, et al.)
   − glafic (MO, Kawamata, Ishigaki) 
   − Lenstool (Sharon, Johnson) 
   − LTM (Zitrin)

Treu, …, MO+ ApJ 817(2016)60



glafic

2

Figure 1.1: Example of lens equation solving for point sources. I use square grids (thin black
lines) that are adaptively refined near critical curves to derive image positions for a given
source. Upper panels show image planes, and lower panels are corresponding source planes.
Critical curves and caustics are drawn by blue lines. Positions of sources and images are
indicated by red triangles. Left panels show an example from a simple mass model that
consist of NFW and SIE profiles. A source near the center is producing 7 lensed images. In
right panels, I add small galaxies to the primary NFW lens potential. This time 5 lensed
images are produced.

im
age plane (θ

i )
source plane (β

i )

• 重力レンズ解析のための
公開ソフトウェア

• 適合格子を用いた効率的
なレンズ方程式解き

• 質量モデリングのための
様々な機能 (e.g. MCMC) 

• 興味/質問のある人は    
私まで

http://www.slac.stanford.edu/~oguri/glafic/

http://www.slac.stanford.edu


HST cycle 23 monitoring (PI: P. Kelly)

HST Cycle 23 Monitoring Campaign  

October 2015 



HST cycle 23 monitoring (PI: P. Kelly)

December 2015

HST Cycle 23 Monitoring Campaign 



SX出現時期

時
系
列

• 観測からSXの出現時期は
~350日後と判明 (Kelly+2016)

• 我々の予言とよく一致！

• 銀河団内のダークマター
分布の我々の理解が概ね
正しいことがわかった



SN Refsdal 
Reappearance

2011

Late May 2016F125W (J)

5ʺ

Caustic-Crossing Event

Considered first by (Jordi) Miralda-Escude (1991)

Discovered in late April “RefsdalRedux” program to search for reappearance

SN Refsdal 
Reappearance

2011

Late May 2016F125W (J)

5ʺ

Caustic-Crossing Event

Considered first by (Jordi) Miralda-Escude (1991)

Discovered in late April “RefsdalRedux” program to search for reappearance
謎の変動天体イカロスの発見

2011年のハッブル宇宙望遠鏡画像 2016年のハッブル宇宙望遠鏡画像

出現した
超新星像

Kelly, …, MO+  Nat. Ast. 2(2018)334
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5ʺ

Caustic-Crossing Event

Considered first by (Jordi) Miralda-Escude (1991)

Discovered in late April “RefsdalRedux” program to search for reappearance

SN Refsdal 
Reappearance

2011

Late May 2016F125W (J)

5ʺ

Caustic-Crossing Event

Considered first by (Jordi) Miralda-Escude (1991)

Discovered in late April “RefsdalRedux” program to search for reappearance
謎の変動天体イカロスの発見

2011年のハッブル宇宙望遠鏡画像 2016年のハッブル宇宙望遠鏡画像

出現した
超新星像

新しい変動天体 

Kelly, …, MO+  Nat. Ast. 2(2018)334
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Fig. 2: The SEDs of LS1 measured in 2013–2015 (red) and of the rescaled, excess flux
density at LS1’s position close to its May 2016 peak (Lev 2016A; black) are consistent.
Rescaling the SED of the flux excess to match to that of the 2013–2015 source yields
‰2

‹

= 1.5, indicating that they are statistically consistent with each other despite a flux
density di�erence of a factor of ≥ 3–4. The SED shows a strong Balmer break consistent
with the host-galaxy redshift of 1.49, and stellar atmosphere models (15 ) of a mid-to-late
B-type star provide a reasonable fit. Black circles show the expected flux density for each
model.
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スペクトル

• z=1.49のバルマー
不連続

• 超新星爆発とは
不一致

• B型星とよく一致
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光度曲線

• 次第に明るくなり、その後急激に暗くなる
• 明るさのピーク付近で~10日くらいの急激な変化



解釈
銀河団内の
ダークマター

銀河団内
の星 (ICL)

観測者

B型星
(z=1.49)

重力レンズ効果

• 銀河団内のダークマターの重力レンズで増光して
さらに銀河団内の星でも重力レンズ増光

• 焦線通過 (caustic crossing) による超高増光



image: 実際に 

観測

source:  重力
レンズ効果が
なかった場合
に観測

← 観測の分解能
    が足りない
    ため像の形状　　　
    は観測不可能

← 星の明るさの
     時間変動で
     重力レンズ
     効果を観測

焦線通過 (caustic crossing)

gifアニメファイル: http://www-utap.phys.s.u-tokyo.ac.jp/~oguri/img-j.html

http://www-utap.phys.s.u-tokyo.ac.jp/~oguri/img-j.html


重力レンズされた遠方天体の大きさ

明るさ

時間

時間 t • ピーク付近の明るさの
変化は増光される遠方
天体の大きさで決まる

• 今回の観測ではt~10日

• 推定される大きさは    
R ~ 200 R⊙

R: 天体の大きさ
v:  移動速度 (~500km/s)

単独の星の大きさ!

t ⇠ R

v
<latexit sha1_base64="C82FlIE7ZRyhn/4aVo20cKt6/os="></latexit><latexit sha1_base64="C82FlIE7ZRyhn/4aVo20cKt6/os="></latexit><latexit sha1_base64="C82FlIE7ZRyhn/4aVo20cKt6/os="></latexit><latexit sha1_base64="C82FlIE7ZRyhn/4aVo20cKt6/os="></latexit>



イカロスの発見
• z=0.54 の銀河団の背後にある z=1.49 の単独の星
「イカロス」を発見した

• 最大4000倍程度の大幅な重力レンズ増光
• 単独の星の観測の最遠方記録を大幅に更新した

Kelly, …, MO+  Nat. Ast. 2(2018)334



PBHダークマターの制限
全
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の
割
合

PBHの質量 (太陽質量との比)
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FIG. 7: Constraints on the mass (M) and abundance (fp) of
compact dark matter. Shaded regions show excluded regions
from caustic crossing studied in this paper, microlensing ob-
servations of M31 with Subaru/Hyper Suprime-Cam (HSC)
[11], EROS/MACHO microlensing [6, 9], ultra-faint dwarf
galaxies (UFDs) [42], and Planck cosmic microwave back-
ground observations (Planck) [43]. For UFDs and Planck,
conservative limits are shown by solid lines, whereas more
stringent limits are shown by dashed lines.

dark matter becomes much smaller than the source size.
In this case, any lensing effects by compact dark matter
is smeared out due to the finite source size effect, and as
a result it does not cause any saturation. We can write
this condition as

θE√
µt

! βR. (74)

Given the allowed range of the source radius R and µt <
100, this condition reduces to

M ! 1.5× 10−5M⊙. (75)

From this argument, we can derive constraints on the
mass M and abundance fp of compact dark matter. Fig-
ure 7 shows the rough excluded region in the M -fp plane
from the observation of MACS J1149 LS1. As discussed
in [1], the very high abundance of ∼ 30 M⊙ black holes
[29], which is motivated by recent observations of gravita-
tional waves [44], is excluded, although more careful com-
parisons with simulated microlensing light curves should
be made in order to place more robust constraints.

We expect that we can place tighter constraints on
compact dark matter from long monitoring observations
of giant arcs and careful analysis of observed light curves.
This is because point mass lens with different masses have
quite different characteristics of light curves such as time
scales and peak magnifications. Therefore, observations
or absence of light curve peaks with different time scales
may be used to place constraints on the abundance of
compact dark matter with different masses, although we
have to take account of the uncertainty in the velocity for

the robust interpretation. As discussed in [26], another
clue may be obtained by detailed observations of light
curves before and after the peak. As mentioned above,
in order to obtain robust constraints on compact dark
matter from observations, it is also important to conduct
ray-tracing simulations that include both ICL stars and
compact dark matter, as was partly done in [26]. Ray-
tracing simulations are helpful to better understand what
kind light curves such compound lens system predict.

VII. SUMMARY AND DISCUSSIONS

In this paper, we have adopted a simple analytical lens
model that consists of a point mass lens and a constant
convergence and shear field, which is used to study lens-
ing properties of a point mass lens embedded in high
magnification regions due to the cluster potential. This
model has been used to derive characteristic scales of
caustic crossing events in giant arcs, such as the time
scale of light curves and maximum magnifications, as a
function of the mass of the point mass lens and the ra-
dius of the source star. We have tuned model parame-
ters to the MACS J1149 LS1 event to constrain lens and
source properties of this event. We have also computed
expected event rates, and derived additional constraints
on the lens and source properties of MACS J1149 LS1.

Our results that are summarized in Figures 3 and 4
indicate that MACS J1149 LS1 is fully consistent with
microlensing by ICL stars. The allowed ranges of the
lens mass and source radius are 0.1 M⊙ ! M ! 4 ×
103M⊙ and 40 R⊙ ! R ! 260 R⊙, respectively. The
most plausible radius of the source star is R ≈ 180 R⊙

(luminosity L ≈ 6 × 105 L⊙), which is consistent with
a blue supergiant. In this case, the source star should
have been magnified by a factor of ≈ 4300 at the peak.
Our results suggest that the allowed ranges of the lens
mass and source radius are relative narrow, which limit
the possibility of explaining MACS J1149 LS1 by exotic
dark matter models.

We have discussed the possibility of constraining com-
pact dark matter in the presence of ICL stars. Using
the saturation argument, we have shown that compact
dark matter models with high fractional matter densi-
ties (fp " 0.1) for a wide mass range of 10−5M⊙ !
M ! 102M⊙ are inconsistent with the observation of
MACS J1149 LS1 because such models predict too low
magnifications at the position of MACS J1149 LS1. We
note that this constraint from the saturation condition
should be applicable to the total compact dark matter
fraction for models with extended mass functions [45].
We expect that we can place tighter constraints on the
abundance and mass of compact dark matter by careful
analysis of observed light curves as well as more observa-
tions of caustic crossing events.

In this paper, we have assumed a single star as a source.
As discussed in [1], there is a possibility that the source
is in fact a binary star, based on multiple peaks in the
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イカロス観測に
よって棄却

重力波で発見されたブラックホール



まとめ
• 長らく発見が期待されていた超新星重力レンズ
の初発見に幸運にも貢献できました

• 偶然にも単独の星が超増光重力レンズで観測さ
れる新現象も発見されましたが、その解釈にも
寄与できました

• 今後も様々な「発見」に出会えるよう精進した
いと思います

• ありがとうございました


