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Strong gravitational lenses

lensed quasar (SQLS)

lensed galaxy (SLACS)

• multiply imaged, highly magnified

• many applications
   − cosmology
   − structure/evolution of galaxies
   − distant/faint sources
   − resolving fine structure



Time delay
Tewes et al.: COSMOGRAIL XIII – Time delays of RX J1131�1231

Fig. 4. Optical monitoring of RX J1131�1231, as obtained from deconvolution photometry. From top to bottom are shown the R-
band light curves for the quasar images A, B, C, and D along with the 1� photometric error bars. Colors encode the contributing
instruments. Curves B and D have been shifted by +0.3 magnitudes for display purposes. The light curves are available in tabular
form from the CDS and the COSMOGRAIL website.

COSMOGRAIL website2. The light curves are dominated by in-
trinsic quasar variability, with some features on scales as short
as a few weeks. It can be readily seen in the 2008 season for in-
stance, that the delays between A, B, and C must be very short,
while D is delayed by slightly less than 100 days. Intriguingly,
looking only at the first season of A, B, and C, one might think
that A is significantly delayed with respect to B and C. We at-
tribute this discrepancy to microlensing variability, which mani-
festly changes the magnitude di↵erence between the A and B im-
ages from the first to the second season. We discuss this “event”
in more detail in Section 5.3. Prominent microlensing variability
on long time-scales is ubiquitous because the flux ratios between
the quasar images evolve by as much as a magnitude. These
microlensing e↵ects in RX J1131�1231 have been analyzed in
Morgan et al. (2010) and Dai et al. (2010).

Lastly, we observe that the photometric error estimates, ob-
tained from equation 9, match the observed scatter well in the

2
http://www.cosmograil.org

smooth sections of curves from the individual telescopes. They
are certainly not conservatively large, but we stress that the scale
of these error estimates has no direct influence on the uncer-
tainties that we compute for the time-delay measurements in the
next Section. Our results are robust against a deliberate increase
of these error estimates by up to a factor of 5.

5. Time-delay estimation

In this section we infer the time delays of RX J1131�1231
from the light curves shown in Fig. 4, closely following the
curve-shifting and uncertainty evaluation procedures described
in Tewes et al. (2013). We summarize the principal ideas be-
low. A major di�culty and potential source of bias for curve-
shifting methods is the presence of extrinsic variability in the
light curves, on top of the intrinsic quasar variability common to
all four images. The main source of the extrinsic signal is vari-
able microlensing magnification due to the motions of the stars
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Time delay cosmology

• time delays measure the absolute distance scale
   of the Universe (Refsdal 1964)

• providing important constraints on H0
   e.g. 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)

ΔtA

ΔtB
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image B
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ΔtAB=ΔtA−ΔtB



Hubble trouble?

Figure 1. Marginalised 68% and 95% constraints on H
0

from di↵erent analysis of CMB data, obtained from Planck
Collaboration 2015 public chains [3], WMAP9 [1] (analysed with the same assumptions than Planck) and the results of
the work of Addison et al. [23] and Bonvin et al. [22]. We show the constraints obtained in a ⇤CDM context in blue,
⇤CDM+N

e↵

in red, quasar time-delay cosmography results (taken from H0LiCOW project [22], for a ⇤CDM model,
with and without relying on a CMB prior for ⌦

M

) in green and the constraints of the independent direct measurement
of [20] in black. We report in parenthesis the tension with respect to the direct measurement in the cases of interest.
Note that WMAP9+BAO uses BAO measurement with Planck values of the sound horizon, and that is why the central
values are so di↵erent.

We follow three avenues. Firstly, we allow the early cosmology (probed mostly by the CMB)
to deviate from the standard ⇤CDM assumptions, leaving unaltered the late cosmology (e.g., the
expansion history at redshift below z ⇠ 1000 is given by the ⇤CDM model). Secondly, we allow
for changes in the late time cosmology, in particular in the expansion history at z  1.3, assuming
standard early cosmology (i.e., physics is standard until recombination, but the expansion history at
late time is allowed to be non-standard). Finally, we reconstruct in a model-independent way, the late-
time expansion history without making any assumption about the early-time physics, besides assuming
that the BAO scale corresponds to a standard ruler (with unknown length). By combining BAO with
SNeIa and H0 measurements we are able to measure the standard ruler in a model-independent way.
Comparison with the Planck-derived determination of the sound horizon at radiation drag allows us
to assess the consistency of the two measurements within the assumed cosmological model.

In section 2 we present the data sets used in this work and in section 3 we describe the methodol-
ogy. We explore modifications of early-time physics from the standard ⇤CDM (leaving unaltered the
late-time ones) in section 4 while changes in the late-time cosmology are explored in section 5. Here
we present the findings both assuming standard early-time physics and in a way that is independent
from it. Finally we summarize the conclusions of this work in section 6.

2 Data

The observational data we consider are: measurements of the Cosmic Microwave Background (CMB),
Baryon Acoustic Oscillations (BAO), Type Ia Supernovae (SNeIa) and direct measurements of the
Hubble constant H0.

We consider the full Planck 2015 temperature (TT), polarization (EE) and the cross correlation
of temperature and polarization (TE) angular power spectra, (C`) [3], corresponding to the following
likelihoods: Planck high ` (30  `  2508) TTTEEE for TT (high ` TT), EE and TE (high ` TEEE)
and the Planck low` for TT, EE, TE and BB (lowTEB, 2  `  29). The Planck team [3, 29] identifies
the lowTEB + high ` TT as the “recommended baseline” dataset and the high ` polarisation (high `
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strong lensingdistance ladder

Bernal, Verde & Riess (2016)

• H0 from distance
   ladder (direct) 
   and CMB (model 
   dependent)

• tension at ~3σ

• systematics, or
   new physics?



S. Refdal, MNRAS128(1964)307

first paper 
to propose 
H0 from 
time delays

lensing of 
supernova
has been 
considered!



Challenge: lens potential

�tij = (1 + zl)
DA(0, zl)DA(0, zs)

DA(zl, zs)
(�i � �j)

∝H0−1observe this Fermat potential
➞ depend on 
    lens mass dist.

• in order to measure H0 from time delays 
   we need to constrain lens mass distribution
   (lens potential) very well

• current main limiting factor for H0 



 (~✓) ! (1� 0) (~✓) + (✓2/2)0

H0 ! (1� 0)H0

Mass-sheet degeneracy
• inserting a mass-sheet κ0 and 
   re-scaling the mass distribution
   do not change image positions   
   and flux ratios

• but it changes H0 inferred from
   time delays

• this degeneracy implies other 
   approximate degeneracies
   (e.g., slope-H0 degeneracy)



Time delay cosmology (as of 2014)

• ~150 lensed quasars know
   ~20 of them have measured time delays

• no strongly lensed supernova known

• why lensed supernova (SN)?



Why is lensed SN interesting? (I)
• standard candle
   direct measurement of the magnification factor
   for lensed type Ia supernovae
 ➞ breaking various (e.g., mass-sheet) degeneracy

z

mag

2.5 log μ



Breaking the H0-slope degeneracyGravitational lens time delays for distant supernovae L3

Figure 1. Constraints on the radial mass profile β (eq. [7]) and
the Hubble constant h. The contours of ∆χ2 = χ2 − χ2

min in the
β-h plane are calculated from one quadruple lens event. Crosses
indicate the assumed value in generating observable quantities;
(β, h) = (1.0, 0.5). Upper panel: image positions xi, differential
time delays ∆tij , and magnification ratios rij are used to calcu-
late χ2. Lower panel: instead of rij , magnification factors µi are
used to calculate χ2. Dotted lines are same as solid lines, but in
this case additional non-Gaussian errors due to microlensing are
also included.

σlog µi
= 0.12. (12)

The precisions in positions and time delays are consistent
with 0.1 pixel of the instrument and estimated accuracy for
SNe Ia lightcurves in SNAP survey, respectively (Goobar
et al. 2002). The dispersion of magnification ratio, which
roughly corresponds to ∼ 20% fractional error, is a fidu-
cial error often assumed in χ2 minimization (e.g., Kochanek
2002a). We assume that the dispersion of the magnification
factor is somewhat larger than this, roughly corresponds to
∼ 30% fractional error, because not only substructure in the
lens galaxy (Mao & Schneider 1998) but also the intrinsic
dispersion of SNe Ia peak magnitudes contribute to σlog µi

.
Other possible source of the dispersion is dust extinction in
the lens galaxy. However, the effect of dust extinction can be
corrected from the observed reddening because of knowledge
of an SN Ia’s intrinsic color (e.g., Riess et al. 1996).

After the virtual “observational data” is generated, we
perform χ2 minimization using the same lens model. At that
time, we fix values of β and h, and optimize the other pa-
rameters such as ai, bi, γ, and the source position. Faint
core images which may appear when β > 1 are always ne-

Figure 2. Same as Figure 1, but from five quadruple lens events.

glected. In calculating χ2, we consider following two cases:
(1) Only the magnification ratio r is measured. This case
corresponds to traditional quasar lensing. (2) The magnifi-
cation factor is directly measured. This is the case of SN
Ia lensing we are interested in. For each case, we calculate
the contour of ∆χ2 = χ2 − χ2

min in the β-h plane. Figure 1
plots constraints on β and h from one quadruple lens event.
This figure clearly shows that in the case of SN Ia lens-
ing β and h are well constrained separately. It is surprising
that the Hubble constant is determined with ∼ 10% accu-
racy (68% confidence) from only one lens system. On the
other hand, when magnification factors are not used, β and
h are poorly determined; they show the strong degeneracy
h ∝ 2− β. We note that in practice constraints from quasar
lensing may be worse than our result using magnification ra-
tios, because the error of time delays is usually much larger
than our assumption (eq. [10]). Figure 2 shows constraints
from five quadruple lens events. In generating observables
for each event, the position of the source is changed while
the lens model is always fixed. In this figure, the Hubble con-
stant h is determined with ∼ 5% accuracy (68% confidence)
when magnification factors are used, while the accuracy is
still ∼ 20% (68% confidence) when magnification ratios are
used. We also examine the case that lens galaxies have dif-
ferent values of β, and the result is shown in Figure 3. In this
plot, we assume that five lens systems have different radial
mass profiles; β = 0.8, 0.9, 1.0, 1.1, and 1.2, respectively.
This figure clearly indicates that the magnification factor
is quite useful to constrain the Hubble constant even if the
scatter of β is taken into account. The contour is slightly

c⃝ 2002 RAS, MNRAS 000, L1–L5

Oguri & Kawano MNRAS 338(2003)L25 

• the use of total 
   magnifications μ 
   breaks degeneracy
   btw H0 and β
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Why is lensed SN interesting? (II)
• known light curves
   we have template light-curves of SNe
 → accurate and robust time delay measurements

(from LBL website)



Why is lensed SN interesting? (III)
• better use of host galaxy
   better measurement of detailed morphology of 
   lensed host galaxy after SN fades away
 → better constraints on the lens potential

simulated by glafic

w/ SN 
images

w/o SN 
images



Discovery of PS1-10afx

Chornock et al. (2013)

• unusually red transient at z=1.388 found on Aug 
   31, 2010 in the PS1 Medium Deep Survey (MDS)

• PS1 team concluded that it is a new class of super-
   luminous supernova (SLSN),  but no physical model 
   of SLSN can explain this event



Properties of PS1-10afx
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.

−20 −10 0 10 20
Rest−frame Phase (days)

25

24

23

22

A
B

 M
ag

ni
tu

de
s

−20 −10 0 10 20
Rest−frame Phase (days)

25

24

23

22

A
B

 M
ag

ni
tu

de
s

zP1

z′+0.2
     

25

24

23

22

A
B

 M
ag

ni
tu

de
s

iP1

i′

     

25

24

23

22

A
B

 M
ag

ni
tu

de
s

rP1

gP1

r′

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.
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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.

Chornock et al. (2013)

• very luminous
   one of the most luminous
   known supernovae 

• very red
   unlike other SLSNe, it is 
   very red (T~6800K) 

• very fast
   light curve rise and fall 
   unusually fast (~10 days)



Physical models?

56Ni→56Co→56Fe
~6day ~77day

day

brightness
56Ni decay+diffusion

56Co decay

• main source of brightness 
   is radioactive decay of 56Ni 

• photon diffusion time scale
   determines the width of 
   light curve  

• luminous SN requires high
   Ni mass, leading to larger 
   diffusion time

• impossible to explain high 
   luminosity and fast light 
   curve simultaneously



Type Ia interpretation

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
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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.

6

Quimby, Werner, Oguri, et al. ApJ 768(2013)L20 

lightcurve and spectra 
consistent with 30x
magnified type Ia SN

lightcurve

SN spectra



CFHTLS image

Criticism: where is the lens?
• image before SN exploded
   shows only one galaxy

• we speculated that this is
   in fact a superposition of 
   two galaxies, SN host and 
   foreground lens

• 6.5 hr Keck spectroscopy 
   on Sep 7, 2013 to find out
   true nature of this object



Detection of the lensing galaxy
Quimby, Oguri, et al. Science 344(2014)396 

SN host
[OII] at z=1.388 

lensing galaxy
[OII] at z=1.117 

• foreground lensing galaxy at z=1.117 discovered !



Property of the lensing galaxy
Quimby, Oguri, et al. Science 344(2014)396 

our Monte Carlo simulations. The high total mag-
nification of PS1-10afx is best recovered from
alignments that produce four images (79% prob-
ability of a “quad” system), but the maximum
separation between the different multiple images
is small (∆q < 0.12′′ at 95% confidence), and the
maximum phase delay is short (∆t < 1.3 days at
95% confidence). The available observations of
PS1-10afx are thus likely insufficient to resolve
any effects from the gravitational lensing other
than its magnification.

In the future, high–angular resolution imag-
ing enabled by adaptive optics (AO) or space-
based resources like the Hubble Space Telescope
(HST) could be used to spatially resolve the mul-
tiple images of gravitationally lensed SNIa simi-
lar to PS1-10afx. This would not only provide
immediate confirmation that gravitational lensing
is at play, but it would also provide important
constraints on the nature of the lens. In theory,
multiple epochs of high-resolution imaging could
be used to measure the time delay between each
image and the magnification factors for each.
Such observations could yield strong constraints
on cosmic expansion.

Because the universe is expanding, the path
lengths of themore delayed imageswill be stretched
more by cosmic expansion, and the magnitude of
this delay is directly tied to the Hubble parameter
(22). However, the time delay is also dependent
on the mass density profile of the lens, which will
be dictated by unobservable dark matter. For ob-
jects of known brightness, like SNIa, we can use
the readily measurable magnification to break
this degeneracy (23). As is probably the case for

PS1-10afx, spectra taken near maximum light
can reveal not only the redshift of the supernova
but also, with the use of absorption line spectro-
scopy, the redshift and velocity dispersion of the
lens. (Note that at maximum light, the resolving
power available from Keck/LRIS may have been
sufficient to resolve the Ca II K line from the lens,
but the signal-to-noise ratio and resolution of the
available observations is too low: s < 125 km s−1

at 95% confidence.) Thus, future discoveries of

gravitationally lensed SNIa may be used to make
a direct and precise measurement of the Hubble
constant, but only if the needed follow-up obser-
vations commence in a timely manner.

To begin follow-up observations of lensed
SNIa candidates while they are still on the rise
(needed for accurate delay time measurements)
or near maximum light (the optimal phase for
absorption line spectroscopy), an efficient vet-
ting process must be employed to eliminate the

data
host + lens
host
lens
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Fig. 2. Decomposition of the observed spectra into lens and host galaxy
components. We modeled the lens (blue line) and host (red line) as single stellar
populations at z=1.1168 and1.3885, respectively.We varied the age and total stellar

mass of each galaxy to find the sum (purple line) that best matched the observed
spectra (gray; smoothed spectra shown inblack). Themodels includeonly starlight; light
emitted by gas, such as the [O II] lines seen at ~8900 and ~7900 Å, is neglected.
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Fig. 3. Probability distributions for the lens parameters. From left to right, the panels show
the relative likelihood for the line-of-sight velocity dispersion of the lensing galaxy, the maximum
separation between lensed images, and the maximum time delay between lensed images as
predicted by our Monte Carlo simulation. The blue histograms account for the total magnification,
m = 31 T 5, measured for PS1-10afx (10), and the dashed red curves neglect this prior. The hatched
areas are excluded based on the observations of PS1-10afx, specifically the lack of resolved images
or evidence for time delays.
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REPORTS

• stellar mass M*~9×109M☉ ➞ lens parameters

• small image separation and time delay consistent
   with the observation

with μ 
prior

w/o μ 
prior



Consistent with expectation?

• Oguri & Marshall (2010) predicted ~0.1 lensed 
   SNIa in PS1-MDS

• however, it assumed multiple images be resolved 
   and detected, unlike PS1-10afx

• updated calculation indicates ~1 lensed SNIa in 
   PS1-MDS, quite consistent with the discovery!



New approach to find lensed SNe
Quimby, Oguri, et al. Science 344(2014)396 

• red, bright SNe are
   almost always lensed
   SNe

• find unresolved lens
   events in surveys, 
   quick follow-up to 
   get multiple images
   and time delays

• can find ~1000 lensed
   SNe in LSST!
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Figure 4: Color-magnitude diagram showing how lensed SNIa can be distinguished from
un-lensed events. The blue shaded area shows the expected color-magnitude distribution for
un-lensed SNIa on a log scale, and the red shaded area corresponds to core-collapse super-
novae. The r − i colors for low redshift supernovae are relatively blue. However, at higher
redshifts (fainter observed magnitudes), the color becomes red as the peak of the rest-frame
spectral energy distribution passes through the observer-frame bands. The red limit for un-
lensed supernovae at a given i-band magnitude is denoted by the thick black line. Blue circles
and red triangles show the distribution of lensed SNIa and core-collapse supernovae, respec-
tively, predicted by Monte Carlo simulations (16). Filled symbols indicate objects that could be
resolved from ground based observations, such as those planned by the Large Synoptic Survey
Telescope (LSST). Open symbols depict objects that require high angular resolution follow-up
observations to resolve spatially. The open star marks the values corresponding to the peak i-
band brightness of PS1-10afx, and the dash-dotted curve shows that the color evolution within
one magnitude of this peak is minimal. The vertical dashed line marks the single epoch limit
predicted for LSST. The arrow shows the reddening vector, assuming AV = 1.0mag.
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SN Refsdal

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.

10

• 4 supernova images around an elliptical galaxy
    (zSN=1.49, zlens=0.54)

 ➞ first lensed SN with resolved multiple images
       (Kelly et al. 2015 Science, 347, 1123)

• supernova is not Type Ia, but core-collapse



hubblesite.org

SN host galaxy

• discovered in 
   Hubble Frontier
   Fields project

• massive cluster
   at z=0.54

• SN host lensed
   into 3(4) images

• additional SN 
   images?



S1−S4 (ongoing)SX (~1 year later)SY (~17 years ago)

S1
S2

S3
S4SXSY

Oguri MNRAS 449(2015)L86 

• quick analysis
➞ 2 more images in
    addition to obser-
    ved 4 images

• SX will appear in 
   one year, SY have
   appeared 17 years
   ago

• appearance of SX
   is a testable 
   prediction!



“Time delay prediction” race
2014/11/23  Kelly et al. arXiv:1411.6009 (discovery paper)
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]



Why are Δt predictions different?
• cluster mass distributions are so complicated 
   that it is difficult to perfectly reproduce image
   positions (typical position rms ~ 0.4″-2″)

• time delays probe the global lens potential
   (Δt ~ ѱ,  defection α ~ ∂ѱ,  magnification μ ~ ∂2ѱ)

• time delays in cluster-scale lenses should be 
   useful to check the accuracy/validity of cluster
   mass reconstruction, rather than H0



Comparison project
Treu et al. ApJ 817(2016)60

• add more follow-up data, compare
   modeling results from the same 
   constraints

• participants
   − WSLAP+ (Diego, Broadhurst)
   − GLEE (Grillo, Suyu, Halkola, et al.)
   − glafic (Oguri, Kawamata, Ishigaki) 
   − Lenstool (Sharon, Johnson) 
   − LTM (Zitrin)



“parametric” “non-parametric”

• use several components
   (galaxy, halo, ...), each 
   component contain 
   several free parameters

• optimize parameters 
   to match data

• mass dist. by grid data
   (very flexible)

• optimize grid values 
   to match data



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 )

• public software for strong 
   lensing analysis
  (“parametric” mass modeling)

• adaptive grid to solve lens 
   equation efficiently

• support many lens potentials

• please use!

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

http://www.slac.stanford.edu


Kawamata, Oguri, et al. ApJ 819(2016)114

• modeling w/ glafic

• model determined
   to reproduce 
   positions of >100 
   multiple images
  (~200 constraints, 
   ~100 parameters)

• best-fit model 
   reproduce image
   positions with 
   rms~0.4″
  (very good)



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 



図 4. SN Refsdal の重力レンズ像出現の様子．すべてハッブル望遠鏡の F160W バンド画像です．左から 2013 年 11 月，
2015 年 1 月，2016 年 1 月に撮影された画像を示しています．上段の領域 1.1（図 3 参照）に超新星像 S1–S4 が出
現しその後暗くなっている様子がみてとれます．また下段の領域 1.2（図 3 参照）の 2016 年 1 月の最新の画像で超
新星像 SX が出現していることがわかります．

されました 29),∗22．
4.5 再出現！
2015年 10月末，採択されていたKellyらのハッ

ブル望遠鏡観測プログラムに従って，この銀河団
領域のモニター観測が再開されました．10 月と
11月の観測では新しい像は発見されず，そのこと
を知らせる短いメイルがKellyから届いたのみで
した．しかし 12月 12日，観測再開後 3回目の観
測でついに新しい超新星像らしきものが発見され
たと報じられました 30)．出現位置もタイミング
的にも質量モデルで予言されていた SXとぴった

り合っていますのでこれは SXそのものに間違い
ありません（図 4）∗23．比較プロジェクトの共著
者たちは興奮してメイルのやりとりをしていまし
たが，筆者自身はうれしかったというよりも本当
に見つかるものなんだという何か不思議な気持ち
の方が大きかったです．
異なる像の間には時間の遅れだけでなく増光率

の違いもあります．ですのでこの検出で即座に時
間の遅れが確定するわけではない点は注意が必要
です．Kellyらの解析によると，12月の検出から
見積もられる SXと S1との間の時間の遅れはまだ

*23 プレスリリースでは出現があらかじめ予言された初の超新星，という書かれ方をしていましたが，これが果たしてフェ
アな言い方かはわかりませんが，少なくとも天文学的スケールで（とくに系外銀河の研究で）なんらかの時間変化を物
理学的に予言しそれを後の観測で確かめたというのは極めて稀であることは間違いないでしょう．

*24 この SX 発見論文のタイトルは「Deja Vu All Over Again」という洒落たものですが，これは元プロ野球選手 Yogi

Berra の語録から引用したものと思われます．
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before SN image S1-S4
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What have we learned?
• first predicted appearance of a supernova
   at a particular time and location

• this true blind test of model predictions 
   indicates that our basic understanding of 
   cluster mass distributions is not bad

• (my mass models are among the best!)
   [see also Meneghetti et al. arXiv:1606.04548]



Note: classification of SN Refsdal
8

Figure 5. Comparison of SN Refsdal photometry to the light curves of SN 1987A-like SNe and the Type IIn SN 2005cp. NOOS-005
has the broadest peak and provides the best match to that of the SN Refsdal among examples of SNe with SN 1987A-like light curves.
The color or spectroscopic properties of NOOS-005 are not known, because it was observed only through the I band, and it reached a
luminous absolute magnitude. While SN 2005cp has a di↵erent spectroscopic classification which indicates the presence of significant CSM
interaction, it may also be an explosion of a blue supergiant progenitor.

The H↵ emission from SNe IIn generally exhibits a
Lorentzian profile that arises from Thompson scatter-
ing of photons o↵ of free electrons (Chugai 2001; Smith
et al. 2010), while Doppler broadening of H↵ emission
from SN 1987A-like SNe instead produces approximately
Gaussian profiles. Since the line shape contains informa-
tion about the SN spectroscopic type, we examine which
functional form better fits the grism and X-shooter spec-
tra. As shown in Figures 8 and 9, we also model the grism
spectrum with a P-Cygni profile including an absorption
feature.
The model fits provide strong evidence favoring a

Gaussian profile over a Lorentzian profile, and very
strong evidence for a P-Cygni model for the WFC3 grism
spectrum. In Table 4, we list the di↵erences in the Akaike
information criterion (AIC; Akaike 1974) to interpret the
di↵erences in the �2 statistics. A change of 2 in the AIC
provides evidence against the model having a greater AIC
value, while a di↵erence of 6 constitutes strong evidence
(e.g., Kass & Raftery 1995; Mukherjee et al. 1998). The
AIC penalizes models having a greater number of pa-
rameters. A Gaussian model for the absorption feature
in the grism spectrum yields a ⇠ 4300 km s�1 FWHM.

4.4. Measurements of the H↵ Line Profile and Flux

In Figure 11, we compare the total H↵ luminosity of
SN Refsdal at �47±8 d and +16±8 d with the H↵ lumi-
nosity of SN 1987A-like SNe, as well as SN 2005cp. The
strength and change in the H↵ emission are consistent
with the characteristics of H↵ emission from SN 1987A-
like SNe. We adopt a magnification of µ = 15 to estimate
the absolute luminosity, and error bars correspond to a
50% uncertainty in the magnification (see Table 5).

4.4.1. Comparison with Spectra of Other Supernovae

In Figures 12 and 13, we compare the grism and X-
shooter data with spectra of SN 1987A-like SNe as well
as SN 2005cp at a similar phase. For each comparison
spectrum, we also calculate the �2 agreement with the
spectrum of SN Refsdal in the wavelength range 15,000–
17,000 Å.
To perform a comparison, we scale the spectrum of

the low-redshift SN so that its synthetic F160W flux
matches the average flux of SN Refsdal when it was ob-
served. While we have already subtracted the galaxy
contribution from the grism spectrum at an earlier step,
we need to model the underlying galaxy light in the X-
shooter spectrum. We use the spectrum of an Sc galaxy

• best match to 
   SN1987A-like 
   SNe, which are 
   rare at low-z

• progenitor is a 
   blue supergiant
   with M~20Msun

(Kelly et al. 2016)



iPTF16geu

Figure 3: Top panel: HST/WFC3 observations of iPTF16geu obtained on Oct 25 2016 in the
F475W, F625W and F814W bands. The images clearly reveals four point sources in all bands
except for F475W where images 3 and 4 are not visible. Bottom panel: NIR images obtained
using Adaptive Optics aided Keck observations in the J , H and Ks bands. The H band was
obtained on Oct 13 while Ks and J bands were obtained on Oct 22–23. For the H and Ks im-
ages, both the lensing galaxy at the center of the system and the lensed Einstein ring of the host
galaxy are clearly visible. The details of the observations are described in the supplementary
material. The sizes of the patches are 100⇥100 where North is up and East is left.

13

lensed Type Ia
supernova
(zSN=0.409, 
 zlens=0.216)

four multiple 
images with 
total μ~56

discovered in 
iPFT survey

1″
first lensed Type Ia SN with resolved multiple images
(Goobar et al. arXiv:1611.00014)



Interpreting iPFT16geu2 More et al.

FIG. 1.— a) HST image (F814W) of iPTF16geu (Oct 28, 2016). Lens mass models from b) GLAFIC and c) GLEE and normalised residual images (e and f) in
the bottom row, respectively. d) The reconstructed surface brightness distribution of the SN host galaxy from the most probable lens model of GLEE. Caustics
(red curves) and the location of SN (blue star) are also shown. Images are 200on the side, except for panel d which is 0.500and all scale bars correspond to 0.300.

different coauthors, providing cross validation of our model
results and predictions. Our cosmology is set to ⌦m = 0.32,
⌦

⇤

= 0.68, and h = 0.72. The corresponding time-delay
distance for the lens system is D

�t = 1920Mpc.
The four SN images in iPTF16geu are almost equidistant

from each other in a cross-like configuration where we ex-
pect the multiple images to be magnified by similar factors
unlike what we see in iPTF16geu. Since the fluxes can be af-
fected due to effects such as microlensing and time delay, we
model each supernova image as a point spread function with a
free amplitude in the image plane. Additional data constraints
come from the extended host galaxy which is lensed into al-
most an Einstein ring. Both the software model the light of
foreground lens galaxy with a Sersic profile (Sérsic 1968), but
differ in their assumptions about the mass profile of the lens
and the model for the SN host galaxy.

3.1. Parametric source model
We fit the arbitrary SN fluxes simultaneously as we fit the

SN positions and the lensed host (Sersic) with lens mass
model using GLAFIC. The lens mass distribution is mod-
elled as a singular isothermal ellipsoid (SIE). We imposed
the following constraints on the lens parameters. The cen-
troid, axis ratio (q

m

) and position angle (PA, 'e) is assumed
to be the same for the mass density and light profiles. Ex-
ternal shear (�

ext

) is often degenerate with the ellipticity of
the mass distribution. Hence, we did not include any external
shear, and were able to find a good model fit (see middle col-
umn in Fig. 1). We used a custom EMCEE (Foreman-Mackey
et al. 2013) wrapper around GLAFIC to sample the posterior
distribution of our models using Markov chain Monte Carlo
(MCMC) approach.

FIG. 2.— Fluxes of SN images A, B, C and D. Expected fluxes after scaling
the intrinsic SN flux (24.21 ABmag, dashed line) by the lens-model mag-
nification (µ) factors (filled symbols) are compared with PSF model fluxes
fit to the HST image. Relative magnifications are more robust than the ab-
solute values across different models. Fluxes of most of the images depart
from predictions. Image A is the most magnified and image D appears to be
suppressed (see text in Section 4 for further discussion).

More, Suyu, Oguri, et al. ApJ 835(2017)L25

observation model (glafic) model (GLEE)

• best-fit models predict Δt < 1 day
 → too short to constrain H0 accurately

• flux ratios mismatch (microlensing?) 



Lensed supernovae: Summary
• PS1-10afx − first strongly lensed SN, Type Ia 
     with μ~30, multiple images not resolved

• SN Refsdal − first strongly lensed SN with 
     resolved multiple images, lensing by a cluster,
     appearance of a new image

• iPTF16geu − multiply imaged Type Ia SN with
      μ~56, time delays too short

• new era of gravitationally lensed SN has begun!



New types of transients from HFF

• Hubble Frontier Fields: deep HST imaging of 
   6 clusters for studying high-z galaxies with 
   help of lensing magnifications (Lotz et al. 2017)

• deep repeated observations of cluster cores
   revealed new types of transients, in addition
   to SN Refsdal



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

Johan Richard model
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Figure 2: WFC3 F125W and F160W light curve of point source from December 2014 through July
2016 and a simulated light curve of a magnified star near cluster caustic. WFC3 imaging taken
on April 29th (MJD 57507) led to the detection of the transient, and we subsequently increased
the cadence of visits to 2–3 days. The cluster’s potential is responsible for the magnification of
⇠3,000–13,000⇥ before peak, and we find that the critical curves of stars in the ICL are responsible
for the peak with magnification ⇠10,000–40,000⇥ in May 2016.
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Figure 3: The SEDs of the point source from 2011–2015 (black) and of the rescaled, excess flux
in May 2016 (red). The SED shapes are statistically consistent with each other, despite a flux
di↵erence of ⇠3–4⇥. The SED shows a strong Balmer break with the host-galaxy 1.49 redshift,
and stellar atmosphere models [18] of a mid-to-late B-type star provides a reasonable fit (three
free parameters) to the well-constrained 2013-2015 SED, which is not corrected for any variability
between observations. The black circles show the expected flux levels for each best-fit model
spectrum.
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Kelly et al., in prep.

• increased over several 
   months, faded rapidly
   within a week

• SED consistent with 
   a B-type star (T ~ 104K)



Caustic crossing?
e.g., Miralda-Escude (1991)

caustic critical curve

star (source) star (image) star (image)

flux

time

source plane image plane

• single star crossing 
   a caustic 
→ asymmetric light curve
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(θh: distance to caustic)

~25 mag at peak
→

• inferred quantities
   M* ~ −5,  μ ~ 106    blue supergiant??

from cluster mass model:



Additional events: Chucky/Perdix

Scheduling Requirements

We request that the five separate visits be spaced at an approximately regular cadence every
several weeks during the remainder of Cycle 24. The proposed program is flexible in that
there is no need for observations to be scheduled during specific weeks.

0.5″

October 30 20162014

Chucky

January 3 2017 Perdix (?)

Icarus Icarus Icarus

Figure 3: Appearances of new sources in WFC3-IR imaging. Left panel shows the coaddition of
F125W images taken in 2014, center panel from October 30, 2016, and right panel from January
3, 2017. The red curve marks the location of the cluster’s critical curve in one model. The
position of the image “Chucky” in the October 30, 2016 imaging is consistent with the possibility
that it is the counterimage of “Icarus.” “Perdix” has ⇠4� significance, and its position is o↵set
from Chucky’s coordinates by 0.1000, implying that it would have to correspond to a di↵erent
lensed star.

Figure 4: Left panel shows the SEDs of the point source from 2011–2015 (black) and of the
rescaled, excess flux in May 2016 (red). The SED shapes are statistically consistent with each
other, despite a flux di↵erence of ⇠3–4⇥. The SED shows a strong Balmer break with the
host-galaxy z = 1.49 redshift, and stellar atmosphere models Castelli & Kurucz (2004) of a
mid-to-late blue supergiant star provide a reasonable fit (three free parameters) to the
well-constrained 2013-2015 SED, which is not corrected for any variability between observations.

7

(P. Kelly)

• additional events discovered near Icarus!

• across critical curve
  → merging pair of images?



New scenario (?)
• merging pair of images separated by ~0.26″
 → magnifications of ~300-1000 for each image

• additional magnification/demagnification by 
   microlensing up to μ ~104

• lens candidates?
   − ICL (low prob.)
   − 30Msun BH?
   − ultra-light scalar
       field DM??
    work in progress....
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Figure 5: Simulated light curves of pair of images of Icarus. The counterimage is labeled ‘Chucky’
in this plot, which shows that its light curve can be temporarily demagnified by a massive object
in the cluster for a long period (between 100–150 years here).
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Spock
Rodney et al., in prep.

3

Fig. 1.— The detection of HFF14Spo-1 and HFF14Spo-2 in HST imaging from the Hubble Frontier Fields. The central panel shows
the full field of the MACSJ0416 cluster, in a combined image using optical and infrared bands from HST. Two boxes within the main
panel demarcate the regions where the HFF14Spo host galaxy images appear. These regions are shown as two inset panels on the left,
highlighting the three images of the host galaxy (labeled 11.1, 11.2, and 11.3), which are caused by the gravitational lensing of the cluster.
Two columns on the right side show the discovery of the two transient events in optical and infrared light, respectively. In these final
two columns the top row is a template image, the center row shows the epoch when each transient appeared, and the bottom row is the
di↵erence image.

Fig. 2.— Light curves for the two transient events, HFF14Spo-1 on the left and HFF14Spo-2 on the right. Measured fluxes in micro-
Janskys are plotted against rest-frame time at z = 1.0054, relative to the time of the peak observed flux for each event. The corresponding
Modified Julian Date (MJD) in the observer frame is marked on the top axis for each panel. As indicated in the legend, optical observations
using the HST ACS-WFC detector are plotted as circles, while infrared measurements from the WFC3-IR detector are plotted as squares.

• discovered in HFF cluster MACSJ0416

• peak L~1041erg/s, time scale < 5 days



Spock light curves
Rodney et al., in prep.

3

Fig. 1.— The detection of HFF14Spo-1 and HFF14Spo-2 in HST imaging from the Hubble Frontier Fields. The central panel shows
the full field of the MACSJ0416 cluster, in a combined image using optical and infrared bands from HST. Two boxes within the main
panel demarcate the regions where the HFF14Spo host galaxy images appear. These regions are shown as two inset panels on the left,
highlighting the three images of the host galaxy (labeled 11.1, 11.2, and 11.3), which are caused by the gravitational lensing of the cluster.
Two columns on the right side show the discovery of the two transient events in optical and infrared light, respectively. In these final
two columns the top row is a template image, the center row shows the epoch when each transient appeared, and the bottom row is the
di↵erence image.
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Fig. 2.— Light curves for the two transient events, HFF14Spo-1 on the left and HFF14Spo-2 on the right. Measured fluxes in micro-
Janskys are plotted against rest-frame time at z = 1.0054, relative to the time of the peak observed flux for each event. The corresponding
Modified Julian Date (MJD) in the observer frame is marked on the top axis for each panel. As indicated in the legend, optical observations
using the HST ACS-WFC detector are plotted as circles, while infrared measurements from the WFC3-IR detector are plotted as squares.• two events separated by >200 days, 

   expected time delays < 50 days
  → distinct events



Possible scenarios
• luminous blue variable

• recurrent nova outburst

• caustic crossing?
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Fig. 4.— Locations of the lensing critical curves relative to the positions of the two HFF14Spo sources. Panel (a) marks the HFF14Spo
locations on the HST Frontier Fields image of the MACS0416 field in the F814W (I) band. Panels b-f show magnification maps derived
from the Kawamata, Jauzac, Diego and Zitrin lens models. All are scaled so that white is µ = 1 and black indicates µ = 1000. Panel (g)
depicts a trace of the lensing critical curve near the HFF14Spo positions from the GRALE model. The models shown in b, c and d have
separate critical curves passing near to the two HFF14Spo positions. Models in e, f and g have a single critical curve passing between the
two transient locations. The GLAFIC v3.1 model shown in (c) was defined with the requirement that multiple critical curves pass through
the HFF14Spo locations (Kawamata et al., in prep). All other panels present the model realization that provides the best fit to the lensing
constraints.

• CATS: The model of Jauzac et al. (2014), gen-
erated with the LENSTOOL software (Jullo et al.
2007),46 using strong lensing constraints. This
model makes a light-traces-mass assumption and
parameterizes cluster and galaxy components us-
ing psuedo-isothermal elliptical mass distribution
(PIEMD) density profiles (Eĺıasdóttir et al. 2007).

• GLAFIC: The model of Kawamata et al. (2016),
built using the GLAFIC47 software (Oguri 2010)
with strong-lensing constraints. This model as-
sumes simply parametrized mass distributions, and
model parameters are constrained using positions
of more than 100 multiple images.

• GRALE: A free-form, adaptive grid model devel-
oped using the GRALE software tool (Liesenborgs

46
http://projects.lam.fr/repos/lenstool/wiki

47
http://www.slac.stanford.edu/

~

oguri/glafic/

et al. 2006, 2007; Mohammed et al. 2014; Sebesta
et al. 2016), which implements a genetic algorithm
to reconstruct the cluster mass distribution with
projected Plummer 1911 density profiles.

• SWUnited: The model of Hoag et al. (2016), built
using the SWUnited modeling method (Bradač
et al. 2005, 2009), in which an adaptive pixelated
grid iteratively adapts the mass distribution to
match both strong- and weak-lensing constraints.
Time delay predictions are not available for this
model.

• WSLAP+: Created with the WSLAP+ software
(Sendra et al. 2014): Weak and Strong Lensing
Analysis Package plus member galaxies (Note: no
weak-lensing constraints used for this MACS0416
model). Interactive online model exploration
available at http://www.ifca.unican.es/users/

critical curve right across the arc

need extreme events, 
but still possible



New types of transients from HFF

• deep repeated observations of cluster cores
   revealed new (mysterious) types of transients 

• possibly highly magnified single stars?
   (up to μ~104-6)

• might provide a new clue to nature of DM?? 
   follow-up observations/analysis are ongoing,
   stay tuned!


