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Clusters as natural telescopes

z=10.8 galaxy (Coe+2013)

• massive clusters magnify 
large area of sky behind 
the clusters

• allow us to study faint 
and/or distant galaxies 
with help of lensing 
magnifications

   (“natural telescopes”)

• need accurate cluster 
mass models to recover 
correct galaxy property



HST Frontier Fields (HFF)

http://hubblesite.org

• >100 multiple images for each cluster led to 
significant progress in cluster strong lens study!

Lotz, Koekemoer, Coe+ ApJ 837(2017)97

http://hubblesite.org


Spec-z revolutions

GLASS 9

Fig. 6.— The MACSJ0717.5+3745 GLASS fields-of-view. The color composite image (top) is based on the CLASH imaging with blue,
green and red channels as noted on the right. The four bottom panels show the final interlaced sky-subtracted G102 (left) and G141(right)
grism mosaics at the position angle 20 (top; green polygons) and 280 (bottom; magenta polygons) degrees. The individual spectra are
extracted from these mosaics based on the extent of the corresponding object in the direct image mosaics (not shown here).

Treu+2015

Strong lensing analysis on Abell 2744 - MUSE 3

ter program covered Abell 2744 with a mosaic totaling an
exposure time of 18.5 hours. This deep coverage makes it
possible for us to obtain an incredible amount of data over
the entire field-of-view (FoV) and even confirm or reject
multiply-imaged systems. In addition, we supplement this
dataset with LRIS observations from Keck. Using all of this
spectroscopic data, we are able to dig deeper into the nature
of the cluster and advance our understanding of systematic
uncertainties.

The paper is organised as follows. In Section 2 we give
an overview of the data. In Section 3 we describe the data
processing to compute a redshift catalog. In Section 4 we de-
tail the strong lensing analysis. In Section 5 we summarise
the main results of the mass modeling. In section 6 we dis-
cuss systematic uncertainties in the analysis, the influence
of the outskirts and compare our results with other groups.
Throughout this paper we adopt a standard ⇤-CDM cosmol-
ogy with ⌦

m

= 0.3, ⌦⇤ = 0.7 and h = 0.7. All magnitudes
are given in the AB system (Oke 1974).

2 DATA DESCRIPTION

2.1 Hubble Frontier Fields images

The HFF observations of Abell 2744 (ID: 13495, P.I: J. Lotz)
were taken between 2013 Oct 25 and 2014 Jul 1 in seven
di↵erent filters, three with the Advanced Camera for Sur-
veys (ACS; F435W, F606W, F814W) and four taken with
the Wide Field Camera 3 (WFC3; F105W, F125W, F140W,
and F160W). In total 280 orbits were devoted to Abell 2744
reaching in each filter a 5-� limiting magnitude AB⇠29.
The self-calibrated data provided by STScI1,(version v1.0
for WFC3 and v1.0-epoch2 for ACS) with a pixel size of 60
mas are used in this study.

2.2 MUSE observations

Abell 2744 was observed with the Multi Unit Spectrographic
Explorer (MUSE) between September 2014 and October
2015 as part of the GTO Program 094.A-0115 (PI: Richard).
A 2⇥2 mosaic of MUSE pointings was designed to cover the
entire multiple image area, centered at ↵ = 00

h

14

m

20.952

s

and � = �30

o

23

0
53.88

00. The four quadrants were observed
for a total of 3.5, 4, 4 and 5 hours, in addition to 2 hours
at the center of the cluster. Each pointing is split into 30
minutes individual exposures with a 90 degrees rotation ap-
plied in between, to minimise the striping pattern caused
by the IFU image slicers. Figure 1 details the MUSE expo-
sure map overlaid on top of an HFF RGB image. The full
MUSE mosaic is contained within all 7 HFF bands (ACS
and WFC3).

2.3 MUSE data reduction

The data reduction was performed with the MUSE ESO
pipeline (Weilbacher et al. 2012, 2014) up to the mosaic
combination. This comprises bias subtraction, flat fielding
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https://archive.stsci.edu/missions/hlsp/frontier\

/abell2744/images/hst/

Figure 1. Full MUSE mosaic overlaid on the HFF F814W im-
age. The shaded colour regions highlight our observing strategy,
showing the total exposure time devoted to each section of the
cluster. The region where multiple images are expected is marked
by the white countour, and the red region shows the outline of
the HFF WFC3 image mosaic.

(including illumination and twilight exposures), sky subtrac-
tion, flux calibration and telluric correction. The last two
steps were performed with calibration curves derived from
the median response of 6 suitable standard stars observed
in the MUSE GTO Lensing Clusters program. After basic
corrections we align individual exposures to a common WCS
with SCAMP Bertin (2006), shifting each frame relative to
a reference image, in this case, the F814W HFF data. No
correction for rotation was applied since only a maximum
rotation o↵set of 0.03

� was observed. We then transform the
realigned images into data cubes, resampling all pixels onto
a common 3-dimensional grid with two spatial and one spec-
tral axis.

Sky residuals were removed using the Zurich Atmo-
sphere Purge (ZAP; Soto et al. 2016), which uses principal
component analysis to characterise the residuals and remove
them from the cubes. Objects above a 3� threshold, mea-
sured on an empty region on the white light of a previously
combined cube, were masked during the process of residual
estimation. The individual cubes were then combined in the
mosaic using median absolute deviation (MAD) statistics
to compare exposures and reject pixels deviating by more
than 3 (Gaussian-equivalent) standard deviations. To cor-
rect for variations in sky transmittance during the observa-
tions, we calculated the average fluxes of bright sources in
each cube with sextractor. The frame with the highest
flux was then taken as a reference to scale individual expo-
sures during combination. The final combined cube was once
more cleaned with ZAP and the background was corrected
by subtracting the median of the 50 spectral-neighbouring
wavelength planes (masking bright objects) to each spatial
row and column of the cube.

The final product is a 20 ⇥2

0 MUSE field of view mosaic
with 1.25 Å spectral sampling and 0.200 spatial sampling.

MNRAS 000, 1–29 (2017)

Mahler+2018

HST WFC3 grismVLT MUSE

• spec-z’s for many multiple images
  → secure identifications & more constraints!



HFF mass models (v3, v4)
https://archive.stsci.edu/prepds/frontier/lensmodels/
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GLAFIC
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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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http://www.slac.stanford.edu/~oguri/glafic/

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

• adaptive grid to solve lens 
equation efficiently

• support many kind of lens 
potentials

• see Kawamata, MO+ ApJ 
819(2016)114 for details 
of our HFF mass modeling

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


Quantify goodness of mass models 

•RMS of multiple image positions
   root-mean-square of differences of multiple 
   image positions btw obs and model 

•mock challenge
   blind test from mass modeling of mock strong
   lensing clusters

•lensed supernovae
   blind test from magnifications and time delays
   of lensed supernovae



RMS of multiple image positions

source
plane

image
plane

model

obs

• difference of image positions 
between best-fit model and 
observation

• in cluster strong lensing, 
typically RMS ~1”,  much 
worse than meas. errors       
(≲0.1” for HST)

• due to complex mass dist. of 
clusters (e.g., substructure)

~1”



RMS in HFF
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Objects that show a 2σ level signal in at least one of the B435,
V606, or i814 band image are excluded. We require that objects
need to be detected at the 3σ level in both the JH140 and H160

band images and at the 3.5σ level in at least one of these two
bands. If an object is fainter than the 0.9σ level magnitude in
the Y105 or J125 band, we assign the 0.9σ level magnitude to the
photometry of that band.

In addition, we adopt a pseudo-χ2 constraint to reduce the
contamination rate. This constraint is defined as 2.8opt

2c < ,

where f fSGN
i i i iopt

2 2( )( )åc s= . Here, fi is the flux density in
the ith band and SGN(x) is the sign function defined by SGN
(x)=1 if x>0 and SGN(x)=−1 if x<0. The summation
runs over all the optical bands. Finally, we visually inspect all
the dropout galaxy candidates and remove seven obvious
spurious sources.

5.2. Dropout Galaxy Sample

We list the i-dropout (z∼6–7), Y-dropout (z∼8), and YJ-
dropout (z∼9) galaxies from the four HFF cluster fields in
Tables 10–12, respectively, in Appendix B. We show the
distribution of these dropout galaxies in color–color spaces in
Figure 5. For each galaxy, the first part of ID represents the
field in which it is found; 1C, 2C, 3C, and 4C indicate Abell
2744 cluster, MACS J0416.1−2403 cluster, MACS J0717.5
+3745 cluster, and MACS J1149.6+2223 cluster fields,
respectively. The second part of ID represents its coordinates.9

In the tables, we also provide magnification factors at the
positions of galaxies predicted by our mass models presented in
Section 4.
In summary, we select 100 i-dropout, 17 Y-dropout, and 10

YJ-dropout galaxies. Note that there are some overlaps in the
dropout samples. We find that one object is identified by the Y-
and i-dropout selections, and that six objects meet the criteria of

Figure 4. Distribution of the distances between observed and model-predicted image positions, x xx obs model∣ ∣D º - , for all of the multiple images used for mass
modeling for Abell 2744 (upper left), MACS J0416.1−2403 (upper right), MACS J0717.5+3745 (lower left), and MACS J1149.6+2223 (lower right). See
Appendix A for lists of multiple images for individual clusters. The red solid, black long-dashed, and black dashed–dotted vertical lines show the root mean squares of
Δx calculated from our models, previous mass models that used more than 100 multiple images, and previous mass models that used less than 100 multiple images,
respectively. The root mean squares of Δx for all the clusters are summarized in Table 1.

9 For example, HFF1C-2251-4556 is found in the Abell 2744 cluster field and
its coordinates are R.A.=00:14:22.51, decl.=−30:24:55.6.
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The Astrophysical Journal, 819:114 (26pp), 2016 March 10 Kawamata et al.

Kawamata, MO+2016

• despite large numbers 
of multiple images,   
RMS improved to ~0.4” 
in HFF

• reasons?
   − less misidentification
   − improved modeling
      method
   − improved method to 
      explore likelihood



Improvements of RMS
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Improvements of RMS
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Mock challenge

• create HFF-like mock strong lensing cluster 
data, people analyze the mock data without 
knowing the answer

• this allows us to assess how accurate the 
reconstructed mass distributions are 

Meneghetti, Natarajan, Coe+ MNRAS 472(2017)3177



8 M. Meneghetti et al.

Figure 3. Color composite images of Ares and Hera (left and right panels, respectively). In the upper panels, we overlay to the optical images the surface
density iso-contours. In the central panels, we show the critical lines for zs = 1 (red) and zs = 9 (white). In addition, we display the location of the multiple
image systems (numbered yellow circles). The galaxies identified as cluster-members are indicated by white circles in the lower panels.

MNRAS 000, 1–?? (2016)
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Figure 3. Color composite images of Ares and Hera (left and right panels, respectively). In the upper panels, we overlay to the optical images the surface
density iso-contours. In the central panels, we show the critical lines for zs = 1 (red) and zs = 9 (white). In addition, we display the location of the multiple
image systems (numbered yellow circles). The galaxies identified as cluster-members are indicated by white circles in the lower panels.

MNRAS 000, 1–?? (2016)

Ares Hera

semi-analytic N-body



Result: convergence map (Ares)
Meneghetti, Natarajan, Coe+ MNRAS 472(2017)3177

The Frontier Fields Lens Modeling Comparison Project 19

Figure 6. Convergence maps (zs = 9) of Ares. The first nine panels show the results of the reconstructions, beginning with the free-form methods (panels 1-4)
and concluding with the parametric models (panels 5-9). The lower left panel shows the true convergence map, for comparison.

MNRAS 000, 1–?? (2016)
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The Frontier Fields Lens Modeling Comparison Project 19

Figure 6. Convergence maps (zs = 9) of Ares. The first nine panels show the results of the reconstructions, beginning with the free-form methods (panels 1-4)
and concluding with the parametric models (panels 5-9). The lower left panel shows the true convergence map, for comparison.

MNRAS 000, 1–?? (2016)

input mass dist. (answer)

reconstructed from 
strong lens modeling



36 M. Meneghetti et al.

Figure 25. Radar plot showing the scores of each model for all metrics discussed in the paper. Larger polygons correspond to better overall performance.
Each chart corresponds to a di�erent lens model (see labels on the top) and shows results for both Ares (blue) and Hera (red), or whichever is available. The
seven metrics are shown on the vertices of each chart. For each metric, the scores range from 0 (worst; plotted at the center of the chart) to 1 (best; plotted
at the vertex), normalized to the maximum value recorded by all models. A filled polygon is obtained by connecting the plotted scores of all metrics for each
reconstruction.

each of these properties, we defined a metric aimed at quantifying
the performance of the method.

The key results of this phase of the comparison exercise of lens
mapping methodologies can be summarized as follows.

• Parametric methods are generally better at capturing two-
dimensional properties of the lens cores (shape, local values of
the convergence and of the magnification). The free-form methods
are as competitive as the parametric methods to measure conver-
gence and mass profiles. It is worth mentioning, however, that, in
both Ares and the Hera, the cluster galaxies were good tracers of
the cluster mass distributions.
• The accuracy and precision of strong lensing methods to mea-

sure the mass within the Einstein radius (or more generally within
the region probed by the strong lensing constraints) is very high.
The measured profiles deviate from the true profiles by only a few
percent at these scales. Of course, larger deviations are found at radii
larger and smaller than the Einstein radius. The determination of
the mass enclosed within the Einstein radius was extremely robust
for all methods.

• The largest uncertainties in the lens models are found near
substructures and around the cluster critical lines. For some of the
parametric models, the total mass around substructures (identified
by cluster galaxies) is constrained with an accuracy of ⇠ 10%.
However, other methods have much larger scatter. Uncertainties on
the magnification grow as a function the magnification itself and
are therefore more pronounced near the cluster critical lines. For the
best performing methods, the accuracy in the magnification estimate
is ⇠ 10% at µ

true

= 3 and degrades to ⇠ 30% at µ
true

= 10.

• Switching from Ares to Hera, i.e. from a purely parametric to
a more realistic lens mass distribution, the gap between parametric
and free form methods becomes smaller. Algorithms such as that
used by the GLAFIC team, which include third order multi-poles
in the lens mass distribution, have extra degrees of freedom which
allow them to better reproduce asymmetries. These asymmetries,
and possible variations of the halo ellipticity as a function of radius,
seem to be the strongest limitations of parametric methods. The
adoption of an hybrid approach, where parametric and free-form
methods are combined also to describe the large-scale component

MNRAS 000, 1–?? (2016)

Meneghetti, Natarajan, Coe+ MNRAS 472(2017)3177

larger area is better

different performance
for different methods

GLAFIC performs best!



Lensed supernovae

• provide totally new constraints beyond 
image positions

   − magnification factor 
      Type Ia only, but even for single image

   − time delay
      when multiply imaged

• serve as a blind test of mass models made 
before the supernova explodes 



SN HFF14Tom 
A Type Ia SN Behind Abell 2744 3

Figure 1. SN HFF14Tom in the Abell 2744 field. The left panel shows a UV/Optical/IR color composite image constructed from all
available HST imaging of the Abell 2744 cluster field. The inset panels on the right show F814W imaging of the immediate vicinity of SN
HFF14Tom, approximately 4000 from the center of the cluster. The top panel shows the template image, combining all data prior to the
SN appearance. Labeled ellipses mark the nearest galaxies and their spectroscopic redshift constraints, with the most likely host galaxy
marked in blue, and a background galaxy in yellow. The bottom panel is constructed from all HFF F814W imaging taken while the SN was
detectable, and marks the SN location with an arrow. (Left panel image credit: NASA, ESA, and J. Lotz, M. Mountain, A. Koekemoer,
and the HFF Team (STScI))

Table 1
J2000 Coordinates of HFF14Tom, host, and cluster.

Object R.A. Decl. R.A. Decl.
(h:m:s) (d:m:s) (deg) (deg)

HFF14Tom 00:14:17.87 -30:23:59.7 3.574458 -30.399917
Host galaxy 00:14:17.88 -30:24:00.6 3.574483 -30.400175
Abell 2744a 00:14:21.20 -30:23:50.1 3.588333 -30.397250

a Coordinates of the HFF field center, approximately at the center
of the cluster.

Each field is observed in 3 optical bands (ACS F435W,
F606W and F814W) and 4 infrared (IR) bands (WFC3-
IR F105W, F125W, F140W, and F160W), although the
optical and IR imaging campaigns are separated by ⇠6
months. Abell 2744 was the first cluster observed, with
IR imaging spanning 2013 October-November, and opti-
cal imaging from 2014 May-July. A composite image of
the HFF data showing the SN is presented in Figure 1,
and the locations of the cluster center, the SN, and the
presumed host galaxy are given in Table 1. The SN de-
tection was made in di↵erence images constructed using
template imaging of Abell 2744 from HST+ACS obser-
vations taken in 2009 (PI:Dupke, HST-PID:11689).

Upon discovery, HST target-of-opportunity obser-
vations were triggered from the FrontierSN program
(PI:Rodney, HST-PID:13386), which aims to discover
and follow transient sources in the HFF cluster and paral-
lel fields. The FrontierSN observations provided WFC3-
IR imaging as well as spectroscopy of the SN itself using
the ACS G800L grism, supplementing the rapid-cadence
optical imaging from HST+ACS already being provided

by the HFF program. The last detections in the IR
F105W and F140W bands came from the direct-imaging
component of the GLASS program. Di↵erence images
for the IR follow-up data were generated using templates
constructed from the HFF WFC3-IR imaging campaign,
which concluded in November, 2013.

All of the imaging data were processed using the
sndrizpipe pipeline,37 a custom data reduction pack-
age in Python that employs the DrizzlePac tools from
the Space Telescope Science Institute (STScI) (Fruchter
et al. 2010). Photometry was collected using the PyPhot

software package,38 a pure-Python implementation of
the photometry algorithms from the IDL AstroLib pack-
age (Landsman 1993), which in turn are based on the
DAOPHOT program (Stetson 1987). For the IR bands
we used point spread function (PSF) fitting on the di↵er-
ence images, and in the ACS optical bands we collected
photometry with a 0.003 aperture. Table 2 presents the list
of observations, along with measured photometry from
all available imaging data.

3. HOST GALAXY

The most probable host galaxy for SN HFF14Tom is
a faint and di↵use galaxy immediately to the south-east
of the SN location. With photometry of the host galaxy
collected from the template images, we fit the spectral en-
ergy distribution (SED) using the BPZ code – a Bayesian
photometric redshift estimator (Beńıtez 2000). From the

37 https://github.com/srodney/sndrizpipe v1.2
DOI:10.5281/zenodo.10731

38 https://github.com/djones1040/PyPhot

Rodney, Patel, Scolnic+ ApJ 811(2015)70

• lensed Type Ia at z=1.3457 (single image)
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Figure 1. SN HFF14Tom in the Abell 2744 field. The left panel shows a UV/Optical/IR color composite image constructed from all
available HST imaging of the Abell 2744 cluster field. The inset panels on the right show F814W imaging of the immediate vicinity of SN
HFF14Tom, approximately 4000 from the center of the cluster. The top panel shows the template image, combining all data prior to the
SN appearance. Labeled ellipses mark the nearest galaxies and their spectroscopic redshift constraints, with the most likely host galaxy
marked in blue, and a background galaxy in yellow. The bottom panel is constructed from all HFF F814W imaging taken while the SN was
detectable, and marks the SN location with an arrow. (Left panel image credit: NASA, ESA, and J. Lotz, M. Mountain, A. Koekemoer,
and the HFF Team (STScI))

Table 1
J2000 Coordinates of HFF14Tom, host, and cluster.

Object R.A. Decl. R.A. Decl.
(h:m:s) (d:m:s) (deg) (deg)

HFF14Tom 00:14:17.87 -30:23:59.7 3.574458 -30.399917
Host galaxy 00:14:17.88 -30:24:00.6 3.574483 -30.400175
Abell 2744a 00:14:21.20 -30:23:50.1 3.588333 -30.397250

a Coordinates of the HFF field center, approximately at the center
of the cluster.

Each field is observed in 3 optical bands (ACS F435W,
F606W and F814W) and 4 infrared (IR) bands (WFC3-
IR F105W, F125W, F140W, and F160W), although the
optical and IR imaging campaigns are separated by ⇠6
months. Abell 2744 was the first cluster observed, with
IR imaging spanning 2013 October-November, and opti-
cal imaging from 2014 May-July. A composite image of
the HFF data showing the SN is presented in Figure 1,
and the locations of the cluster center, the SN, and the
presumed host galaxy are given in Table 1. The SN de-
tection was made in di↵erence images constructed using
template imaging of Abell 2744 from HST+ACS obser-
vations taken in 2009 (PI:Dupke, HST-PID:11689).

Upon discovery, HST target-of-opportunity obser-
vations were triggered from the FrontierSN program
(PI:Rodney, HST-PID:13386), which aims to discover
and follow transient sources in the HFF cluster and paral-
lel fields. The FrontierSN observations provided WFC3-
IR imaging as well as spectroscopy of the SN itself using
the ACS G800L grism, supplementing the rapid-cadence
optical imaging from HST+ACS already being provided

by the HFF program. The last detections in the IR
F105W and F140W bands came from the direct-imaging
component of the GLASS program. Di↵erence images
for the IR follow-up data were generated using templates
constructed from the HFF WFC3-IR imaging campaign,
which concluded in November, 2013.

All of the imaging data were processed using the
sndrizpipe pipeline,37 a custom data reduction pack-
age in Python that employs the DrizzlePac tools from
the Space Telescope Science Institute (STScI) (Fruchter
et al. 2010). Photometry was collected using the PyPhot

software package,38 a pure-Python implementation of
the photometry algorithms from the IDL AstroLib pack-
age (Landsman 1993), which in turn are based on the
DAOPHOT program (Stetson 1987). For the IR bands
we used point spread function (PSF) fitting on the di↵er-
ence images, and in the ACS optical bands we collected
photometry with a 0.003 aperture. Table 2 presents the list
of observations, along with measured photometry from
all available imaging data.

3. HOST GALAXY

The most probable host galaxy for SN HFF14Tom is
a faint and di↵use galaxy immediately to the south-east
of the SN location. With photometry of the host galaxy
collected from the template images, we fit the spectral en-
ergy distribution (SED) using the BPZ code – a Bayesian
photometric redshift estimator (Beńıtez 2000). From the

37 https://github.com/srodney/sndrizpipe v1.2
DOI:10.5281/zenodo.10731

38 https://github.com/djones1040/PyPhot

Rodney, Patel, Scolnic+ ApJ 811(2015)70

• Lensed Type Ia at z=1.3457 (single image)
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Figure 6. Comparison of the observed lensing magnification to
predictions from lens models. The vertical blue line shows the
constraints from SN HFF14Tom derived in Section 6 using the
MLCS2k2 fitter, with a shaded region marking the total uncer-
tainty. Markers with horizontal error bars show the median mag-
nification and 68% confidence region from each of the 17 lensing
models. Circles indicate models that use only strong-lensing con-
straints, while diamonds denote those that also incorporate weak-
lensing measurements. Models using a “free-form” approach are
shown as open markers, while those in the “parametric” family
are given filled markers. The top half, with points in black, shows
the nine models that were constructed using only data available
before the start of the Frontier Fields observations. The lower
eight models in green used additional input constraints, includ-
ing new multiply imaged systems and redshifts. The final four
points, with square orange outlines, are the “unblind” models that
were generated after the magnification of the SN was known. The
black dashed line marks the unweighted mean for all 17 models, at
µ = 2.6.

2744 models. This is a merging cluster with a complex
mass distribution, and the SN is located outside of the
strong-lensing region where the models are most tightly
constrained.

However, beyond this first-order agreement, there is
a small systematic bias apparent. All but two of the
lens models return median magnifications that are higher
than the observed value, and six of the models are dis-
crepant by more than 1.5�. These six discrepant models
are all biased to higher magnifications. They are found in
both the pre-HFF and post-HFF models, in the paramet-
ric and free-form families, and among the strong-lensing-

only and the strong+weak subsets. It is important to
emphasize that SN HFF14Tom only samples a single line
of sight through the cluster, and this bias to higher mag-
nifications is minor. Nevertheless, a systematic shift of
this nature is surprising, given the wide range of mod-
eling strategies, input data, and physical assumptions
represented by this set of models. In the following sub-
sections we examine possible explanations for this small
but nearly universal bias. We first consider whether a
misinterpretation of the data on the SN itself can account
for the observed systematic bias, and then examine the
lens models.

7.1. Possible Errors in Supernova Analysis

7.1.1. Redshift Error

If the redshift of the SN derived in Section 4 were in-
correct, then one would derive a di↵erent value for the
magnification, both from the SN measurement and the
lens model predictions. Conceivably, this could resolve
the tension between the measurement and the models.
It is often the case in SN surveys that redshifts are as-
signed based on a host galaxy association, typically in-
ferred from the projected separation between the SN and
nearby galaxies. In this case the redshift is strongly sup-
ported by evidence from the SN itself: we find a con-
sistent redshift from both the SN spectrum (Section 4.2)
and the light curve Section 5, which are both within 1� of
the spectroscopic redshift for the nearest detected galaxy:
z = 1.3457. This appears to be a solid and self-consistent
picture, so the evidence strongly disfavors any redshift
that is significantly di↵erent from z = 1.35.

We have adopted the most precise redshift of z =
1.3457 from the host galaxy as our baseline for the mag-
nification comparison. If instead we adopt the spectro-
scopic redshift from the SN itself (z = 1.31; Section 4.2)
then we find no significant change in the inferred magni-
fications or in the suggestion of a small systematic bias.

7.1.2. Foreground Dust and SN Color

All SN sight-lines must intersect some amount of fore-
ground dust from the immediate circumstellar environ-
ment, the host galaxy, and the intergalactic medium
(IGM). In the case of SN HFF14Tom one might posit
some dust extinction from the intra-cluster medium
(ICM) of Abell 2744, although measurements of rich clus-
ters suggest that the ICM has only a negligible dust con-
tent (Maoz 1995; Stickel et al. 2002; Bai et al. 2007).
When fitting the HFF14Tom light curve we account for
dust by including corrections that modify the inferred lu-
minosity distance based on the SN color. If after applying
these dust corrections we were still underestimating the
e↵ect of dust along this sight-line, then the SN would
appear dimmer than it really is, the inferred distance
modulus would be higher, and the measured magnifica-
tion would be biased to an artifically low value. Thus, an
underestimation of dust would be in the right direction
to match discrepancy we observe.

In Section 6.1 we found that SN HFF14Tom is on
the blue end of the normal range of Type Ia SN colors.
With the SALT2 fitter we measured a color parameter
c = �0.127 ± 0.025, and with MLCS2k2 we found the
host galaxy dust extinction to be AV = 0.011 ± 0.025
magnitudes. These colors are tightly constrained, as we
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• lensed SNcc at 
z=1.49

• four Einstein cross 
SN images

• a new SN image 
predicted ~1 year 
after the 4 images!

  (MO 2015; Sharon & Johnson       
 2015; Diego+2016; Jauzac+2016; 
 Treu+2016; Grillo+2016)



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．

第 109 巻 第?号 9

before SN image S1-S4
appears (late 2014)

fifth image
appears (late 2015)
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Figure 3. Simultaneous constraints on the time delay and magnification of image SX relative to image S1 from photometry of image SX
listed in Table 1. The two-dimensional contours show the 68% and 95% confidence levels, and model predictions plot 68% confidence levels.
Since many of the lensing predictions are not Gaussian distributed, the 68% limits do not imply that they are necessarily inconsistent with
the measurements. Except for the Jauzac et al. (2015) prediction, labels refer to models presented by Treu et al. (2016). While all other
plotted predictions were made in advance of the HST Cycle 23 observations beginning on 30 October 2015, “Post Blind Zitrin-c” and “Post
Blind Jauzac” were updates made at a later date. “Post Blind Zitrin-c” is an update of the “Zitrin-g” model where the lens galaxy was left
to be freely weighted to assure that its critical curves pass between the four Einstein-cross images. For “Post Blind Jauzac,” the authors
compute a common position for images S1–S4 in the source plane and recompute the time delays analytically using their LENSTOOL model
of the cluster potential. The greater the S1–SX delay, the earlier the 11 December 2015 observations are in the light curve of SX. The
black dashed line marks the delay beyond which we lack data on the light curve of SN Refsdal. We extrapolate to earlier epochs using the
best-fitting second-order polynomials.

magnification. This is important because the time de-
lay depends on the di↵erence in gravitational potential,
while magnification depends on a combination of sec-
ond derivatives, and therefore the two observables test
di↵erent aspects of the potential. In principle, time de-
lays are much less sensitive than magnification ratios to
millilensing and microlensing; they should therefore be
more robustly predicted.
It is important to keep in mind that all of these tests

are local, and thus a larger sample is needed to assess the
global goodness of fit of every model. Nevertheless, these
tests are an extremely valuable probe of systematics. In
fact, as discussed by Treu et al. (2016), the uncertain-
ties reported by modelers do not include all sources of
systematic errors. For example, systematic uncertainties
arising from unmodeled millilensing, residual mass-sheet
degeneracy, and multiplane lensing are very di�cult to
calculate and are thus not included. The lensed-SN tests
provide estimates of the amplitude of the unknown uncer-
tainties. Other known sources of errors are not included
either. For example, a 3% uncertainty in the Hubble
constant (Riess et al. 2011) implies a 3% uncertainty
in time delays (i.e., ⇠ 10 days for a year-long delay).
Furthermore, the uncertainties are typically highly non-
Gaussian, so the 95% confidence interval is not simply

twice as wide as the 68% one.

5. CONCLUSIONS

With models of the MACSJ1149.5+2223 galaxy-
cluster potential, the appearance of SN Refsdal in
November 2014 as an Einstein cross became an augury
of its future arrival ⇠ 800 away in a di↵erent image of
its host galaxy. The detection of the reappearance here
shows the power of modern-day predictions using mod-
els of the distribution of matter in galaxy clusters and
the general theory of relativity. The timing and bright-
ness of light from SNRefsdal in image SX is approxi-
mately in agreement with predictions, implying that for
most models, unknown systematic uncertainties cannot
be substantially larger than random uncertainties. At
the same time, this first detection provides some discrim-
inatory power: not all models fare equally well. Grillo-g,
Oguri-g, Oguri-a, and Sharon-a appear to be the ones
that match the observations most closely. In general,
most models seem to predict a slightly higher magnifica-
tion ratio than observed, or shorter delays.
From the light curves of images S1–S4 of SN Refsdal,

we can already anticipate how the brightness of image
SX will evolve. An HST imaging program will continue
to measure the light curve of image SX past peak bright-

• some models correctly predicted reappearance
   (includ. GLAFIC mass model!)
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Summary 

• rich dataset provided by HFF significantly 
advanced our understanding of cluster strong 
lens mass modeling

• various independent tests with mock challenge 
and lensed supernovae indicate that we are on 
the right track to improve mass modeling

• further improvements? line-of-sight effect, 
caustic crossing, …


