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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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強い重力レンズ

lensed quasar (SQLS)

lensed galaxy (SLACS)

• 複数像、大きな増光

• 多くの応用
   − 宇宙論
   − 銀河の構造進化
   − 遠方天体
   − 天体の微細構造



• 複数像の到達時刻の遅れ、絶対距離 (H0) の測定
   が可能 (Refsdal 1964)

• クエーサーで時間の遅れ測定 → H0 に制限
   例) H0 = 68 ± 6 ± 8 km/s/Mpc (16 lenses, Oguri 2007)

         H0 = 70.6 ± 3.1 km/s/Mpc (1 lens, Suyu et al. 2010)
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レンズ天体の質量分布に依存
•  H0を決定するには精確なmass modelingによる
    レンズ天体の質量分布の詳細決定が必要不可欠

• 逆に宇宙論パラメタを既知とするとレンズ天体
   の質量分布の貴重な情報が得られる
   (e.g., mass-sheet degeneracy)

観測



S. Refdal, MNRAS128(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
• 遠方天体 (z≳1) の強い重力レンズ確率は
   O(10−3) とかその程度

• 数年前まで遠方超新星の発見数は O(102)
   (e.g., CFHTLS)　

• 最近のサーベイで O(103) の水準へ
   (e.g., Pan-STARRS)　

• ようやく発見が期待される時代に



期待される数

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.

c© RAS, MNRAS 000, 1–17

Oguri & Marshall MNRAS 405(2010)2579

• Pan-STARRS, DES, HSC などで発見期待
• LSSTでは多数 (>100) 発見できる



観測の進展: 初発見
• これまで発見例はなし 　

• ここ最近初発見が報告された
   − PS1-10afx　　
   − SN Refsdal



PS1-10afx

credit: Kavli IPMU

• Pan-STARRSで発見された特異な現象
• 重力レンズで30倍増光された普通の
   Ia型超新星であることを突き止めた
   → 強い重力レンズ超新星の初発見
     (Quimby, Oguri, et al. 2014 Science, 344, 396)
　
• 残念ながら複数像
   は分離されず、
   時間の遅れも測定
   できなかった

Unique SLSN at z = 1.4 3

Figure 1. Three-color gP1rP1iP1 images of the field of PS1-10afx, showing (left) a deep stack of pre-explosion imaging with the host
galaxy marked; (center) images taken near maximum light; and (right) difference images of the templates subtracted from the observations.
The color scales are similar in each panel. The unusually red color of PS1-10afx compared to other faint objects in the field is apparent,
as it is only strongly detected in iP1, with non-detections in gP1 and rP1.
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Figure 2. Multicolor optical light curves of PS1-10afx. Most of
the data were obtained with PS1, but points marked r′, i′, or z′

come from other telescopes (see Table 1). The r′i′z′ photometry
points near days −3 and +3 were taken contemporaneously with
the optical spectra shown in Figure 4. Upper limits marked with
arrows correspond to 3σ.

2.2. Other Photometry

In addition to the PS1 observations, we obtained two
epochs of multicolor photometry using the Gemini Multi-
Object Spectrographs (GMOS; Hook et al. 2004) on the
8-m Gemini-North and South telescopes and one epoch of
imaging using the Inamori-Magellan Areal Camera and
Spectrograph (IMACS; Dressler et al. 2006) on the 6.5-
m Magellan Baade telescope. The images were processed
using standard tasks and then archival fringe frames were
subtracted from the GMOS images using the gemini
IRAF14 package. We used several SDSS stars in the
field to calibrate the Gemini images, while the IMACS
zeropoints were checked with observations of standard
star fields obtained the same night. We subtracted the
deep PS1 templates in the corresponding filter from each
image using the ISIS software package (Alard & Lupton
1998) to correct for host contamination. The final pho-
tometry is listed in Table 1. The r′ and i′ magni-
tudes agree well with the PS1 observations at similar
epochs. However, the z′ observations exhibit an offset
from the zP1 light curve due to the filter response dif-
ferences noted above (GMOS and IMACS are closer to
SDSS). We therefore add 0.2 mag to the z′ photometry
points for consistency with zP1 whenever we refer to the
combined z-band light curve. Finally, we obtained late-
time observations of the host galaxy in g′ and r′ on 2011
October 21.1 (phase +167 d) using the Low Dispersion
Survey Spectrograph-3 (LDSS3) on the 6.5-m Magellan
Clay telescope (Table 2).
The high redshift and red optical colors of PS1-10afx

indicate that NIR photometry is required to constrain
the SED and bolometric luminosity. We received direc-
tor’s discretionary (DD) time at Gemini-North to obtain
Y JHK photometry near maximum light using the Near
InfraRed Imager and Spectrometer (NIRI; Hodapp et al.
2003). The observations were acquired on 2010 Septem-
ber 24.4, at a phase of +2.7 d. Additional observations
were obtained over the subsequent month in JHKs with
the MMT & Magellan Infrared Spectrograph (MMIRS;

14 IRAF is distributed by the National Optical Astronomy Ob-
servatories, which are operated by the Association of Universities
for Research in Astronomy, Inc., under cooperative agreement with
the National Science Foundation.

C
hornock et al. (2013)



「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 et al. 2015 Science, 347, 1123)



ライトカーブ

• (残念ながら) Ia型ではない
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Fig. S1: Light curve of image S3 of SN Refsdal through January 2015. The SN shows a
steady rise in brightness over a period of more than 80 days in the observer frame (>30
days in the rest frame). A normal Type Ia SN (shown as a gray shaded region) would
have reached peak brightness and begun to fade during the time period.

14

image S3

Kelly et al. (2015)

Type Ia
template



超新星母銀河

• レンズ銀河はz=0.54
   銀河団のメンバ
   (Frontier Fields)　
 
• 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



Oguri 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！

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？)
2014/11/23  Kelly et al. arXiv:1411.6009 (発見論文)

2014/11/24  Oguri arXiv:1411.6443
                     [∆tS4-S1=23days, ∆tSX-S1=360days,  ∆tSY-S1=−6200days]

2014/11/25  Sharon & Johnson arXiv:1411.6933v1
                     [∆tS4-S1=45days, ∆tSX-S1=1330days, ∆tSY-S1=−4900days]

2015/02/03  Sharon & Johnson arXiv:1411.6933v2
                     [∆tS4-S1=7days,   ∆tSX-S1=240days,   ∆tSY-S1=−4300days]

2015/04/22  Diego et al. arXiv: 1504.05953
                     [∆tS4-S1=−−−,     ∆tSX-S1=380days,   ∆tSY-S1=−3300days]

2015/09/30  Jauzac et al. arXiv:1509.08914v1
                     [∆tS4-S1=−16days, ∆tSX-S1=530days,   ∆tSY-S1=−4200days]

2015/10/14  Jauzac et al. arXiv:1509.08914v3
                     [∆tS4-S1=−60days, ∆tSX-S1=450days,   ∆tSY-S1=−4700days]



なぜ食い違っているのか？
• 単純な計算ミス？

• 銀河団の重力レンズモデリングは一般に像の
   位置を完全に再現はできないが (rms~0.4″-2″)
   時間の遅れは像の位置のずれがもろに効く

• 時間の遅れはnon-localなので大局的な質量
   密度分布をちゃんと精度よく決める必要

• 時間の遅れの観測は質量モデルの検証、改善
   に非常に有用 (cf. 銀河スケール)



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 (大栗, 川俣, 石垣) 
   − Lenstool (Sharon, Johnson) 　
   − LTM (Zitrin)

Treu et al. arXiv:1510.05750



“parametric” “non-parametric”

• 数個のパラメタで表さ
  れる component (halo, 
   galaxy, ...) の組み合わせ
  で質量分布を表現

• パラメタを最適化

• 質量面密度をグリッド
   で表し質量分布を表現
   (自由度高い)

• 観測を再現するように
   各グリッドの値を決定



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.
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• 重力レンズ解析のための
   公開ソフトウェア
  (“parametric” mass modeling)

• 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
http://www.slac.stanford.edu


Kawamata, Oguri, Ishigaki, Shimasaku & Ouchi arXiv:1510.06400

• glaficを用いた
   モデリング
 
• 100個以上の
   複数像を再現
   するように
   質量分布決定
 (~200 constraints,
  ~100 parameters) 

• 複数像の位置を
   rms~0.4″と
   良く再現



予言された時間の遅れ
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SX 
(将来)

SY 
(過去)



重力レンズ超新星SN Refsdal

• 複数像が観測され時間の遅れが測定された
   初めての重力レンズ超新星

• 近い将来の像の出現が予言されている
   (銀河系外天文学で研究者人生より短い時間スケールの
     モデル予言がなされそれが実際に検証される稀有な例)

• 観測との比較 (blind test!) で銀河団重力レンズ
   の理解が深まると期待される


