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Abstract

We present a combined strong and weak lensing analysis of the J085007.6+360428 (J0850) field, which contains
the massive cluster Zwicky 1953. This field was selected for its high projected concentration of luminous red
galaxies. Using Subaru/Suprime-Cam ¢ ¢BVR I i zc c imaging and MMT/Hectospec spectroscopy, we first perform a
weak lensing shear analysis to constrain the mass distribution in this field, including the cluster at z=0.3774 and a
smaller foreground halo at z= 0.2713. We then add a strong lensing constraint from a multiply imaged galaxy in
the imaging data with a photometric redshift of z≈5.03. Unlike previous cluster-scale lens analyses, our
technique accounts for the full three-dimensional mass structure in the beam, including galaxies along the line of
sight. In contrast with past cluster analyses that used only lensed image positions as constraints, we use the full
surface brightness distribution of the images. This method predicts that the source galaxy crosses a lensing caustic,
such that one image is a highly magnified “fold arc” that could be used to probe the source galaxy’s structure at
ultra-high spatial resolution (<30 pc). We calculate the mass of the primary cluster to be

= ´-
+

M M2.93 10vir 0.65
0.71 15 with a concentration of = -

+c 3.46vir 0.59
0.70, consistent with the mass–concentration

relation of massive clusters at a similar redshift. The large mass of this cluster makes J0850 an excellent field for
leveraging lensing magnification to search for high-redshift galaxies, competitive with and complementary to that
of well-studied clusters such as the HST Frontier Fields.

Key words: galaxies: clusters: individual (Zwicky 1953) – gravitational lensing: strong – gravitational
lensing: weak

1. Introduction

Gravitational lensing by galaxy clusters is a powerful tool to
study faint background objects through lensing magnification.
These massive objects can strongly lens background galaxies
into multiple images or giant arcs on scales arcseconds to tens
of arcseconds (e.g., Fort & Mellier 1994; Bartelmann et al.
1998; Kneib & Natarajan 2011), as well as weakly lens many
more background galaxies across scales of arcminutes by
inducing small tangential distortions in their observed shapes
(e.g., Kaiser & Squires 1993; Bartelmann & Schneider 2001;
Hoekstra et al. 2013). By taking advantage of the magnification
provided by these cosmic telescopes, it is possible to observe
and study the properties of the earliest, most distant galaxies at
z7. Many orbits of Hubble Space Telescope (HST) time
have been dedicated to characterizing these clusters and
searching for lensed high-z galaxies to better understand their
properties and determine their contribution to the reionization
of the intergalactic medium during this epoch.

The HST Frontier Fields program (HFF; Lotz et al. 2017) is
imaging six of the most massive and well-studied lensing
clusters with 140 orbits of Advanced Camera for Surveys
(ACS) and Wide-Field Camera 3 (WFC3) IR channel
observations. This program is detecting and constraining the
properties of the first generation of galaxies at z7,
particularly those at the faint end of the galaxy luminosity
function that are otherwise inaccessible without the aid of
lensing magnification. These observations have also identified

new multiply imaged systems at lower redshifts. These
constraints improve the cluster mass models and magnification
maps, which are crucial for understanding the intrinsic
properties of the high-z galaxies detected in these fields.
Although high-z galaxies have been identified in the HFF

(e.g., Zitrin et al. 2014; Atek et al. 2015a, 2015b; Coe et al.
2015; Infante et al. 2015; Ishigaki et al. 2015, 2017; Kawamata
et al. 2016; Laporte et al. 2016), those fields have not produced
the expected number of detections (e.g., Coe et al. 2015;
Laporte et al. 2016), suggesting either faster-than-expected
evolution in the galaxy luminosity function at high-z, or
systematic uncertainties leading to this result. Even with six
independent fields, cosmic variance is expected to be a
significant source of uncertainty (Robertson et al. 2014;
Bouwens et al. 2015). For example, Ishigaki et al. (2017) find
that the evolution of the cosmic UV luminosity density is
consistent with a smooth linear evolution with redshift, citing
cosmic variance as a potential reason for their disagreement
with their previous results in Ishigaki et al. (2015). Exploring
new lines of sight for future use as cosmic telescopes will be
key to addressing the cosmic variance issue as we move into
the era of the James Webb Space Telescope (JWST).
Wong et al. (2013) identified 200 fields in the Sloan Digital

Sky Survey (SDSS) data release 9 (DR9; Ahn et al. 2012),
containing the largest integrated luminosity in luminous red
galaxies (LRGs). LRGs are tracers of massive group and
cluster-scale structures, indicating that these fields may contain
the most massive lensing clusters, and in some cases, multiple
clusters projected along the line of sight (LOS). Such

The Astrophysical Journal, 844:127 (13pp), 2017 August 1 https://doi.org/10.3847/1538-4357/aa7c19
© 2017. The American Astronomical Society. All rights reserved.

6 EACOA Fellow.

1

https://doi.org/10.3847/1538-4357/aa7c19
http://crossmark.crossref.org/dialog/?doi=10.3847/1538-4357/aa7c19&domain=pdf&date_stamp=2017-07-31
http://crossmark.crossref.org/dialog/?doi=10.3847/1538-4357/aa7c19&domain=pdf&date_stamp=2017-07-31


configurations can increase the lensing cross-section, making
them better probes of high-z galaxies than single clusters of
equal total mass (Wong et al. 2012; French et al. 2014). One of
the best fields, as ranked by this metric, contains Abell 370—
the only HFF target contained within the Wong et al. (2013)
survey volume—demonstrating the effectiveness of this
selection technique. Further exploration and characterization
of these fields will identify the most promising gravitational
lensing configurations and improve the magnification maps,
setting the stage for future deep observations to detect and
study the earliest generation of galaxies, complementary to the
HFF clusters.

We are conducting an ongoing observational campaign using
deep photometric and spectroscopic data to characterize the
mass distribution in these unique fields. An initial analysis of
two of these fields confirms the presence of multiple cluster-
scale halos and suggests total integrated masses of
~ ´ M3 1015 , making them among the most massive known
lines of sight (Ammons et al. 2014). The imaging data also
reveal a handful of lensed arcs, which can be used to constrain
strong lensing models of these systems. Crude mass models of
these fields, based on dynamical masses, are presented in
Ammons et al. (2014). However, there are large uncertainties
due to the lack of information on key properties of the cluster
halos, such as concentration, ellipticity, and orientation.

Additional constraints from gravitational lensing are needed
to understand the detailed mass distribution and determine
magnification maps in these fields. Both strong and weak
lensing provide complementary information on the mass profile
of massive galaxy clusters. Deep space-based imaging is ideal
for identifying multiply imaged sources for a strong lensing
analysis, or background galaxies over a wide area for a weak
lensing analysis. However, obtaining such data for a large
sample of clusters is observationally expensive. If reasonable
lens models can be constructed from ground-based data, it
would be far more feasible to explore these fields, characterize
the physical properties of the clusters in them, and leverage
their magnification properties for studying distant galaxies. For
fields in which there are multiple structures at distinct redshifts,
a full treatment of the multi-plane lensing effects is needed. If
the most massive lines of sight are, in fact, likely to contain
multiple structures in projection (e.g., Bayliss et al. 2014;
French et al. 2014), a consistent framework for dealing with
these effects is needed to leverage those fields for studying the
high-redshift universe.

In this paper, we present a combined strong-and-weak
lensing analysis of the J085007.6+360428 (hereafter J0850)
field, from which we can constrain its mass model and
magnification properties. This field was identified by Wong
et al. (2013) as one of the 200 most massive lines of sight in the
SDSS. Based on our follow-up spectroscopic observations of a
subset of these fields (Ammons et al. 2014) and available
archival multiband imaging, J0850 stands out as one of the
most promising cosmic telescopes, due to visually identified
lensed arcs and the presence of a massive galaxy cluster,
Zwicky 1953 (Zwicky et al. 1961), at a redshift of =z 0.3774L .
Hao et al. (2010) also identified two Gaussian Mixture
Brightest Cluster Galaxy (GMBCG) associations within 3 5
of the field center. The X-ray temperature of the main cluster is
á ñ =kT 14.5 keV from ROSAT (Ebeling et al. 1998) and
7.37 keV from Chandra (Cavagnolo et al. 2009).

This paper is organized as follows. In Section 2, we
summarize the photometric and spectroscopic data used in this
analysis. Our methodology for constraining the mass model of
the cluster using weak and strong lensing constraints is
described in Section 3. We present our results in Section 4,
and summarize our main conclusions in Section 5. We assume
W = 0.274m , W =L 0.726, and =H 710 km s−1 Mpc−1. All
quantities are given in h71 units, unless otherwise indicated. At

=z 0.3774L , the angular scale is 1′≈309 kpc. All magnitudes
given are on the AB system.

2. Data

The imaging and spectroscopic data used in this analysis are
presented in Ammons et al. (2014). We provide a sum-
mary here.

2.1. Imaging Data

Subaru/Suprime-Cam (Miyazaki et al. 2002) imaging data
for the J0850 field in ¢ ¢BVR I i zc c bands were obtained from the
Subaru-Mitaka-Okayama-Kiso Archive (SMOKA; Baba et al.
2002). The data were taken as a part of the Massive Cluster
Survey (MACS; Ebeling et al. 2001) follow-up program, and
first published by Hashimoto et al. (2008). The Suprime-Cam
data are reduced using the SDFRED1 package (Yagi et al.
2002; Ouchi et al. 2004), and the astrometric solution is derived
by matching to sources in SDSS using the astrometry software
developed by Lang et al. (2010). The details of the photometric
data are in Table 1.

2.2. Spectroscopic Data

We obtained spectra of 627 galaxies in the J0850 field with
Hectospec (Fabricant et al. 2005; Mink et al. 2007), a multi-
object fiber spectrograph on the MMT telescope. The data are
reduced using HSRED7, a modification of the IDL SDSS
pipeline written by R. Cool (Papovich et al. 2006). The targets
are selected based on a <i 21.1mag cut and the SDSS
morphological star/galaxy discriminator. Galaxies within 7′ of
the field center are prioritized, with lower priority given to
galaxies out to 15′ from the field center.

3. Lensing Analysis

In this section, we describe our methodology for using our
imaging and spectroscopic data to constrain the properties of
the J0850 field, using both strong and weak lensing

Table 1
Subaru Suprime-Cam Photometry for J0850

Filter Observation Date(s) Deptha Exp. Time (minute)

B 2006 Dec 20 27.3 44
V 2004 Feb 23; 2005 Nov 29 27.3 52
Rc 2000 Dec 26; 2005 Mar 4−5 27.5 70
Ic 2006 Dec 26 26.7 56
¢i 2005 Mar 5 26.6 30
¢z 2003 Apr 26; 2005 Mar 5 26.2 62

Note.
a The 3σ sensitivities are calculated from final stacked images using 1 5
diameter apertures.

7 http://code.google.com/p/hsred/
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information. Our general procedure is to first use the spectro-
scopic identification of cluster-scale halos along the LOS from
the earlier analysis of Ammons et al. (2014) as priors for our
weak lensing analysis of the Subaru/Suprime-Cam data. The
posterior parameter distributions from the weak lensing
analysis are then used as priors to generate Markov Chain
Monte Carlo (MCMC) realizations of the full LOS mass
distribution. These models are then processed by the
LENSMODEL+PIXSRC software package (Keeton 2001; Tagore
& Keeton 2014) to apply our strong lensing constraints and
generate the final posterior parameter distribution. This
methodology is completely general, and can be applied to
lines of sight containing multiple cluster-scale halos in
projection.

3.1. Constraints from Imaging and Spectroscopy

An initial mass model of the J0850 field based on dynamical
mass estimates is presented in Ammons et al. (2014). Their
analysis confirms the presence of a massive
( =  ´ M M3.2 0.3 10vir

15 ) cluster at =z 0.3774L , as well
as a smaller foreground group ( =  ´ M M6 4 10vir

fg 13 ) at
=z 0.2713fg . The predicted magnification maps from this

analysis shows a large region of intermediate-to-high magni-
fication (∼6–15 deg2 with m 3 for =z 10S ). However,
without additional lensing constraints, several key parameters
are unconstrained, including the halo ellipticity, orientation,
and concentration. An attempt to use the position of a multiply
imaged z≈5.03 source as a rudimentary constraint resulted in
improved constraints on the location of the lensing critical
curve near the lensed images, but a comprehensive treatment of
the lensing constraints was beyond the scope of that work.

3.2. Weak Lensing Analysis

The effect of weak lensing on the background source
population is characterized by the convergence, κ, and the
shear, γ. Here, κ represents the isotropic magnification due to
lensing, and is defined as the projected surface mass density in
units of the critical surface mass density for lensing, k º S Sc

p
S = ( )c D

D D4 G
, 1c

2
S

L LS

where DL, DS, and DLS are the angular diameter distances to
the lens, the source, and between the lens and source,
respectively. Here, γ represents a quadrupole anisotropy
induced by lensing and can be observed from the ellipticities
of the source population. The complex shear γ can be
decomposed into the tangential component, g+, and the 45°-
rotated component, ǵ . In general, the observable quantity for
weak lensing is not γ, but the reduced shear,

g
k

=
-

( )g
1

. 2

3.2.1. Selection of Background Source Galaxies

We select background source galaxies for our weak lensing
analysis via the ¢BRz color–color selection developed by
Medezinski et al. (2010). Selection of the background sources
is key to accurate weak lensing measurements, as contamina-
tion by foreground sources or cluster members will dilute the

lensing signal when unaccounted for, leading to a bias in the
inferred cluster parameters (e.g., Medezinski et al. 2010; Okabe
et al. 2010).
We start by placing all galaxies in the field on a B−R

versus ¢–R z color–color diagram. We divide this color–color
space into discrete cells and calculate the mean projected
distance of all galaxies from the cluster center (as reported by
Ammons et al. 2014) within each cell (Figure 1, left panel).
Figure 1 shows a clear region where the mean projected
distance of galaxies is smaller than the rest of the color–color
space. This region corresponds to colors of the cluster members
themselves. The number density of galaxies in the same color–
color space (Figure 1, right panel) shows an overdensity in this
same region, i.e., the massive cluster. We want to exclude these
galaxies from our source population.
We define photometric selection criteria to select red

background galaxies, blue background galaxies, cluster
galaxies, and foreground galaxies. Our criteria are listed in
Table 2. The left panel of Figure 2 shows the individual
galaxies in the field, color-coded by subsample (cluster,
foreground, blue background, or red background).
As a check of the robustness of our selection criteria, we plot

the number density of the different galaxy subsamples as a
function of distance from the cluster center (Figure 2, right
panel). The cluster galaxy sample is concentrated near the
cluster center and drops off with increasing radius, as expected.
The foreground galaxy subsample remains flat across the field,
as those galaxies are not associated with the cluster or affected
by lensing. Both background source galaxy samples are flat at
large radii, but show a decline within ∼2′ of the cluster center.
This is indicative of depletion of the galaxy number counts, due
to lensing magnification by the cluster (e.g., Broadhurst et al.
1995). When no source selection is applied, the cumulative
galaxy number counts as a function of magnitude tend to show
a power law behavior with a slope that is close to s= 0.4,
where no magnification bias due to lensing is expected.
However, owing to our color–color source selection, the count
slope as a function of magnitude cut progressively decreases as
we go to fainter magnitudes (e.g., Chiu et al. 2016). Because of
the depth of the imaging data, the effective count slope at our
limiting magnitude ( =R 27.5c ) reaches s  0.2, for which
depletion of source counts is expected.
This depletion cannot be explained by the masking of

background sources by cluster members, foreground objects,
and defects (e.g., saturated stars and stellar trails), which is only
a ∼10% effect in the central regions (e.g., Umetsu et al. 2016).
This masking effect is estimated and accounted for in the right
panel of Figure 2, following the procedure given in (Umetsu
et al. 2011b, see their Appendix A.2) and Umetsu et al. (2016).
The weak lensing signal scales with the angular diameter

distance ratio b º D Dwl LS S, with b º 0wl for foreground
objects with <z zL. For statistical weak lensing measurements,
the mean distance ratio is

ò

ò
b

b
á ñ =

¥

¥

( ) ( )

( )
( )

N z z dz

N z dz
, 3wl

0 wl

0

where N(z) is the redshift distribution function of the
background population. We estimate and correct the depths
of the different subsamples by applying similar selection
criteria to the Cosmic Evolution Survey (COSMOS; Capak
et al. 2007), for which accurate photometric redshifts have been
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derived from 30-band photometry (Ilbert et al. 2009). Because
the COSMOS filters do not include the Rc band, we calculate
fluxes from the best-fit templates with EAZY (Brammer et al.
2008). We then calculate the mean redshifts and distance ratios
for the background subsamples (Table 2). The redshift
histograms of the various galaxy subsamples are shown in
Figure 3. The mean redshifts of the red and blue background
subsamples are á ñ =z 1.11red and á ñ =z 1.53blue , respectively.
Despite this difference, these two subsamples coincidentally
have the same mean distance ratio of bá ñ = 0.56wl , due to the
fact that the blue population has a larger fraction of low redshift
(b = 0wl ) interlopers. We use the value bá ñ = 0.56 0.03wl

for our weak lensing analysis, which accounts for a typical 5%
uncertainty (e.g., Umetsu et al. 2014) that is marginalized over
in the modeling. Updated photometric redshifts from Laigle
et al. (2016) are available in the COSMOS field, but using them
only changes the mean distance ratio to bá ñ = 0.60wl , which is
still consistent with our previous estimate.

We exclude background galaxies in a 1′radius region
around the cluster centroid determined by Ammons et al.
(2014) when performing the weak lensing analysis, as sources
there may be in either the strong lensing or highly nonlinear
regime. This central region also has a higher density of cluster
member galaxies, where residual contamination is more likely.

3.2.2. Weak Lensing Methodology

We use a weak-lensing analysis pipeline, based on a
modified version of the IMCAT software package (Kaiser
et al. 1995), to perform shape measurements of the background
galaxies. Full details of the formalism, including the shear

calibration method, are described in Umetsu et al. (2010, 2012,
2014). Its implementation has been applied extensively to
cluster weak-lensing studies with Subaru/Suprime-Cam obser-
vations (e.g., Umetsu & Broadhurst 2008; Umetsu et al. 2009,
2010, 2011a, 2011b, 2012, 2014, 2015; Medezinski et al. 2010,
2011, 2013, 2016; Zitrin et al. 2011; Coe et al. 2012; Wegner
et al. 2017). In this work, we follow the analysis procedures
that Umetsu et al. (2014) employed for the CLASH survey
(Postman et al. 2012). Briefly summarizing, the procedures
include (see also Section 3 of Umetsu et al. 2016): (1) object
detection using the IMCAT peak finder, HFINDPEAKS, (2)
conservative close-pair rejection to reduce the crowding and
deblending effects, and (3) shear calibration developed by
Umetsu et al. (2010) to minimize the inherent noise bias.
Using simulated Subaru/Suprime-Cam images (Massey

et al. 2007; Oguri et al. 2012), Umetsu et al. (2010) found
that the shear signal can be recovered with ~∣ ∣m 0.05 of the
multiplicative calibration bias and ~ -c 10 3 of the residual
shear offset (as defined by Heymans et al. 2006; Massey et al.
2007). Accordingly, we include for each galaxy a shear
calibration factor of g g 0.95 (see Equation (2)) to account
for residual calibration. As discussed by Umetsu et al. (2012),
m depends modestly on the width and quality of the point-
spread function (PSF). This variation with the PSF properties
limits the accuracy of shear calibration to d ~m 0.05 (Umetsu
et al. 2012).
We use the Rc band for the weak lensing analysis, as it has

the best combination of depth and seeing conditions. We
exclude frames where the seeing is> 0. 9, and do not match the
PSF across frames before coadding to the final stacked frame.
The median seeing of the final data frame is 0 81.

Figure 1. Left: B−R vs. - ¢R z color for galaxies in the J0850 field. The color of each cell indicates the mean angular offset from the cluster centroid for all galaxies
in that particular location in color–color space. The black polygon indicates our conservative selection of the region of color–color space corresponding to cluster
member galaxies, as they will tend to be near the cluster centroid. Right: number density in color–color space for galaxies in the field. The black polygon is the same as
in the left panel, and the enclosed galaxy concentration corresponds to likely cluster member galaxies, which we want to exclude from our source population. The
black points represent spectroscopically confirmed cluster members, the bulk of which are consistent with the selected overdensity. Both figures have been smoothed
with a 2D Gaussian filter for visualization purposes.
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The mass centroid of the cluster is allowed to vary. It is
given a Gaussian prior centered on the position of the main
cluster halo, as determined by Ammons et al. (2014) on the
basis of the mean position of the spectroscopically confirmed
cluster members. The 1σ width of the prior is 12″, which is the
uncertainty on the Ammons et al. (2014) centroid position
estimated from a bootstrap resampling of the cluster galaxies.
The halo is assumed to be a Navarro–Frenk–White (NFW;
Navarro et al. 1996) profile with log-uniform priors on its mass
and concentration, which are appropriate for positive-definite
quantities (e.g., Feroz et al. 2008; Sereno & Covone 2013;
Umetsu et al. 2014). The halo ellipticity ò (defined as
 º - b a1 , where b/a is the minor-to-major projected axis
ratio) and orientation q are given uniform priors. We account
for the foreground halo at =z 0.2713 by fixing its centroid to
the coordinates determined from Ammons et al. (2014) and
assuming that it is a spherical NFW profile. Its mass is allowed
to vary and is given a log-uniform prior. The foreground halo’s
concentration is assumed to vary monotonically with mass,
according to the mass–concentration relation of Dutton &
Macciò (2014).

3.3. Strong Lensing Analysis

We perform our strong lensing analysis using a parametric
source reconstruction method with a multiply imaged back-
ground galaxy as the constraint. This galaxy was revealed
through multiband Suprime-Cam imaging and has a photo-
metric redshift of = -

+z 5.03 0.17
0.21 (Ammons et al. 2014). The

source is lensed into two small arcs separated by ~ 8 , which
are located roughly~ 50 to the southwest of the cluster center
(Figure 4). These arcs, given their small separation, strongly
constrain the critical curve in this region.

3.3.1. Construction of Mass Models

Using the posterior distribution of the cluster properties from
our weak lensing analysis, we generate 100,000 Monte Carlo
realizations of the mass distribution in the field, including the
main cluster halo, the foreground halo, and the cluster and LOS
galaxies. The main cluster is given a random triaxiality and 3D
orientation, such that its projected ellipticity and orientation
matches that of the weak lensing results for a particular model.
Our analysis accounts for LOS effects using the full multi-
plane lens equation (e.g., Blandford & Narayan 1986;

Kovner 1987; Schneider et al. 1992; Petters et al. 2001; Collett
& Auger 2014; McCully et al. 2014), as ignoring LOS structure
can lead to biases in the inferred model parameters and
resulting magnification maps (e.g., Bayliss et al. 2014).
The procedure for constructing the full LOS mass distribu-

tion in this manner is described in Ammons et al. (2014), with
some small modifications detailed here. The virial mass of the
main cluster is divided among a common NFW dark matter
halo and the spectroscopically confirmed member galaxies,
which are assumed to be truncated singular isothermal spheres
(see Wong et al. 2011). The foreground group’s mass is also
apportioned between a common dark matter halo and
confirmed member galaxies in a similar way. In addition to
the spectroscopically observed galaxies, we add galaxies with
photometric redshifts from SDSS to our mass model by
selecting those galaxies brighter than <i 21.1 and within 1 5
of the field center. Galaxies with - +∣ ∣ ( )z z z1 0.1L L are
treated as members of the main cluster, and their redshifts are
fixed to the cluster redshift. For the remaining galaxies, we
assign redshifts from a Gaussian distribution centered on their
SDSS photometric redshift, with a 1σ width equal to their
photo-z uncertainty. Redshifts are drawn from these distribu-
tions for each Monte Carlo realization, such that photo-z errors
are accounted for in our modeling. We also include two
galaxies in close proximity to the lensed arcs that are further
from the cluster center and not in the spectroscopic catalog.
These galaxies appear blended in the Suprime-Cam imaging
data. We use GALFIT (Peng et al. 2002) to deblend them to
determine their relative fluxes, then scale their magnitudes
proportionally, such that the sum of their fluxes matches the
i-band photometry from SDSS. The two galaxies are treated as
cluster members because the color inferred from the blended
photometry is consistent with that of the spectroscopically
confirmed cluster galaxies.

3.3.2. Application of Strong Lensing Constraints

We use the two images of the lensed background galaxy as
constraints for a strong lensing analysis. The source is assumed
to be at a fixed redshift of z= 5.03. The uncertainty in the
photometric redshift estimate is unlikely to matter, because the
lensing properties of a cluster at low and intermediate redshifts
are fairly insensitive to source redshift beyond ~z 4S . We use
the PIXSRC software (Tagore & Keeton 2014), an extension to
LENSMODEL (Keeton 2001) that performs a pixelated

Table 2
Color–Color Selected Galaxies

Sample Selection Criteria N á ñz a bá ñwl
a

Cluster ¢z 26.5 1147 0.44 K
-B R 3.3

 - ¢R z0.4 0.8
- - - ¢( ) ( )B R R z 2.0

Background (blue)  ¢z22 26 7220 1.53 0.56
{ - ¢R z 0.35 AND - + ´ - ¢[( ) ( )]B R R z0.3 1.3} OR { - ¢ -R z 0.1}

Background (red)  ¢z21 26 13593 1.11 0.56
- ¢R z 0.35

- - - ¢( ) ( )B R R z 0.9
- + - ¢( ) ( )B R R z 2.5

Note.
a Mean photometric redshift and distance ratio, measured from COSMOS galaxies with the same selection criteria applied.
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reconstruction of the arcs using the full surface brightness
distribution in the Rc band. Due to a lack of discernible
structure within the arcs, we assume the source follows a Sérsic
profile with n= 1, although our results are robust to different
choices of n. The position, brightness, scale radius, ellipticity,
and orientation of the source are optimized so that the lensed
images, convolved with a PSF that mimics seeing conditions
during observations, most closely match the data (as measured
by the c2 sum over residuals). The strong lensing analysis is
depicted in Figure 5.

Using the full pixel information differs from standard
modeling methods that use only the centroid positions of
images as constraints. This technique is advantageous in this
case, where the lensed images are near critical curves (implying

Figure 2. Left: B−R vs. - ¢R z color for galaxies in the J0850 field. The color of the points indicates galaxies photometrically selected to be cluster members
(green), red background galaxies (red), blue background galaxies (blue), or foreground galaxies (orange). Galaxies that are not selected by our cuts are shown in black.
Right: Number density of galaxies as a function of distance from the cluster center. The background densities have been corrected for masking effects due to cluster
members, foreground objects, and defects. The colors represent the same subsamples as in the left panel, except that black points indicate all background galaxies, both
red and blue. As expected, the number density of cluster galaxies increases sharply toward the center, while foreground galaxies maintain a roughly constant number
density with distance. We also see a decrease in the number density of background galaxies within the central ∼2′, as a result of depletion due to the lensing
magnification.

Figure 3. Photometric redshift histogram of galaxies in the COSMOS catalog
when applying the various selection criteria. Shown are the redshift histograms
for the cluster sample (green), blue background sample (blue), and red
background sample (red). The cluster subsample peaks around the cluster
redshift, as expected, whereas the blue and red background subsamples mostly
select galaxies at higher redshifts. Figure 4. Subaru/Suprime-Cam multicolor image of a 1′×1′ portion of the

J0850 field. The magenta circles show two images of a strongly lensed
background source that has a photometric redshift of z = 5.03. The blue arrow
points to the cluster centroid as determined from the spectroscopically
confirmed members. The morphologies, direction of elongation, and distance
from the cluster centroid (~ 50 ) suggest that they are highly magnified. The
green circles show other candidates lensed arcs in the field. Figure reproduced
from Ammons et al. (2014).
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that the source is close to a caustic) and information from the
extended images can be used. Figure 6 shows our best-fit
model in detail. This model predicts the core of the source
galaxy to lie outside the caustic, so that it is seen only in the
southern arc and does not produce multiple images. A second
arc is visible because part of the source overlaps the caustic;
that part is stretched into two additional images that merge
together to create the northern arc. In other words, most parts of
the source yield just one image, but the western outskirts
actually create three images, two of which meet at the critical
curve to become the northern arc. A standard modeling
approach that treats the arcs as two point-like images would not
capture the full complexity of the lensing.

To compute c2 values from image residuals, we measure a
noise level of s = 9noise counts in a galaxy-subtracted image
near—but not overlapping—the observed arcs. Applying this
noise level to all 100,000 Monte Carlo realizations of the mass
distribution yields the χ2 histogram in Figure 7. The best model
has c = 15022 for =N 1011pix pixels. The residuals do not
have obvious structure (see the top row of Figure 5), and the
pixel distribution is roughly Gaussian, with a mean of −2.0 and
a standard deviation of 10.8. We conjecture that the noise
properties vary slightly between the region where we measure
the noise and the location of the arcs, due to statistical
variations and/or imperfect galaxy subtraction. We keep this in
mind when interpreting χ2 values, but do not attempt to rescale
the noise.

The vast majority of models cannot reproduce two arcs
because the critical curves are not in the right place, as seen in
the bottom row of Figure 5, as well as in Figure 7 (the large
jump at χ2≈1855). Only 107 of the models lie below this
threshold and are able to reproduce the two arcs. We consider
these models successful according to the strong lensing
analysis. When deriving parameter constraints (Section 4.2),
we treat all of the successful strong lensing models with equal
weight. Because our assumption of a single Sérsic source with
fixed index is probably too simplistic (limited by current data),
and also due to questions about the noise level, we do not
weight by likelihood  µ c-e 22

. We emphasize that these
issues do not affect whether models can produce two arcs, nor

does changing the χ2 threshold significantly affect the derived
parameter constraints.

4. Results

4.1. Constraints from Weak Lensing Analysis

In Figure 8, we plot the azimuthally averaged profile of the
tangential reduced shear ( +g ) and 45°-rotated reduced shear

Figure 5. Left: data containing the two arclets used in the strong lensing analysis. Note that a mask has been applied so that galaxies nearby are not included in the
reconstruction. Second column: images (red) and critical curves (black) predicted by lens models. The images have been blurred by the PSF. Third column: residuals
between the observed and model images. Fourth column: larger map to show the predicted images in relation to the cluster-scale critical curve; the grey dashed box
indicates the region shown in the second column. The top row shows results for a successful model that reproduces both arcs, whereas the bottom row shows a model
that fails to reproduce two arcs.

Figure 6. Top left: source and caustics for the best strong lensing model. The
core of the source galaxy lies just outside of the caustic, so it is not multiply
imaged, but the outskirts of the galaxy fall within the caustic and produce the
northern arc. Top right: lensed images and critical curves for the same model.
Here, we have not convolved with the PSF, in order to see the intrinsic
structure of the images. Because lensing conserves surface brightness,
intensities in the source plane map directly to those in the image plane.
Bottom: Zoom-in on the individual arcs. The core of the source galaxy is seen
only in the brighter southern arc (bottom left panel), whereas the fainter
northern arc (bottom right panel) features two images of the outskirts of the
source galaxy that merge together at the critical curve.
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(g×) as a function of distance from the cluster center reported
by Ammons et al. (2014). In the weak lensing regime, the shear
field should be curl-free, so the presence of the g× component
can be used as a check for systematic errors in the shape
measurements. Here, the +g component rises toward the cluster
center, as expected, and the g× component is consistent with
zero for all bins.
Figure 9 shows the convergence (κ) map derived from our

weak lensing analysis using the Kaiser & Squires (1993) linear
inversion method (see Umetsu et al. 2009). The massive cluster
is clearly detected near the field center. The much smaller
foreground halo is undetected, as its mass is below the scale
that can be probed by the weak lensing.
We show the posterior distributions of parameters from our

weak lensing analysis in Figure 10. The priors and posterior
constraints are also given in Table 3 (center column). The virial
quantities are defined using the overdensity criterion of Bryan
& Norman (1998) for our assumed cosmology.
The main cluster at =z 0.3774 has a virial mass of
= ´-

+
M M3.15 10vir 0.81

1.13 15 , which is in good agreement with
that determined independently from dynamics by Ammons
et al. (2014). The halo concentration is consistent with that of
other clusters of comparable mass and redshift (e.g., Umetsu
et al. 2016), but has a greater ellipticity (e.g., Despali et al.
2017), with the major axis roughly pointing toward the
multiply imaged arcs. This high ellipticity ( = -

+0.59 0.12
0.11)

suggests that the main J0850 cluster is an efficient lens (i.e.,
there should be a high number density of multiple images),
compared to a spherical halo with an equivalent area enclosed
within the critical curves (Zitrin et al. 2013).
The foreground halo at =z 0.2713 has a virial mass of

= ´-
+

M M6.22 10vir
fg

3.62
9.21 13 . The large uncertainties arise

because its influence is below the scale probed by the weak
lensing, as was seen in Figure 9. However, the weak lensing
analysis does place a rough upper limit on its mass, as higher

Figure 7. A histogram of c2 values measured in the strong lensing analysis;
this is the full (not reduced) χ2 (see text for comments about interpreting χ2

values). The large jump at c  18552 indicates a transition from models that
can produce two arcs (e.g., the top row in Figure 5) into models that cannot
reproduce the fainter northern arc (e.g., the bottom row in Figure 5). We
therefore impose a cut, indicated by the dashed line. The spike at χ2 ; 3000 is
due to models that fail to reproduce either of the arcs.

Figure 8. Top: azimuthally averaged tangential reduced shear ( +g ) profile as a
function of distance from the cluster center. The rising trend of +g at smaller
radius demonstrates the robustness of our selection of background galaxies.
Bottom: azimuthally averaged, 45° rotated, reduced shear (g×) profile as a
function of distance from the cluster center. The g× component is consistent
with a null detection in all bins, as is expected in the absence of systematic
errors in the shape measurements.

Figure 9. Convergence (κ) map from our weak lensing analysis. For
visualization purposes, the map is smoothed with a circular Gaussian of
FWHM 1 5. The field of view is 24′×24′ (corresponding to ∼7.4×7.4 Mpc
at the lens redshift) and centered on the cluster. The color bar indicates the κ at
each point in the field. The massive cluster is detected as the peak near the field
center. The smaller foreground group is undetected, as its mass is below the
scale that can be probed by the weak lensing.
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mass halos would influence the external shear field and thus be
detected.

4.2. Combined Weak and Strong Lensing Constraints

We show the constraints from the combined strong and weak
lensing analysis in Table 3 (right column). The distributions are
also plotted in Figure 10 for comparison with the constraints
from weak lensing alone. The combined analysis produces a
main cluster virial mass of = ´-

+
M M2.93 10vir 0.65

0.71 15 , with a
tighter uncertainty than from the weak lensing constraints
alone. The inferred virial mass is consistent with the dynamical
mass estimate of Ammons et al. (2014), confirming that this is
among the most massive known lensing clusters. The mass of
the foreground halo, which has an upper limit from the weak
lensing analysis, unsurprisingly does not change much with the
addition of the strong lensing constraint from a multiple image

pair formed by the main cluster. The galaxy redshift
distribution in the J0850 field may contain smaller structures
along the LOS (Ammons et al. 2014), but they are similarly
insensitive to the lensing constraints.
Compared to the results from weak lensing alone, the

addition of strong lensing information from the single multiply
imaged source considerably tightens the constraints on the
main halo’s concentration, by roughly a factor of two
( = -

+c 3.46vir 0.59
0.70). Past results from simulations and observa-

tions have shown that dark matter halos parameterized as NFW
profiles show a negative correlation between halo mass and
concentration (e.g., Oguri et al. 2012; Meneghetti et al. 2014;
Diemer & Kravtsov 2015; Okabe & Smith 2016; Umetsu et al.
2016; Umetsu & Diemer 2017) as a consequence of
hierarchical structure formation. It is also known that lensing-
selected clusters can show a bias toward higher concentrations
at a given mass, due to their triaxial shapes and projection

Figure 10. Posterior parameter distributions and covariances for the main cluster halo from our lensing analysis. The contours represent 68%, 95%, and 99.7%
quantiles. The plots along the diagonal show marginalized distributions of the various parameters. The dotted black contours and histograms are the weak lensing
constraints alone. The red solid contours and histograms are the combined weak and strong lensing constraints. Shown (from left to right, top to bottom) are the Δx
and Δy positions of the main cluster centroid relative to that determined by Ammons et al. (2014), the main cluster’s virial mass, concentration, ellipticity, position
angle (measured east of north), and the foreground halo’s virial mass. The addition of the strong lensing information tightens the constraints on the main cluster’s
mass, concentration, and centroid.
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effects (e.g., Corless & King 2007; Hennawi et al. 2007;
Broadhurst et al. 2008; Oguri & Blandford 2009; Oguri et al.
2012; Wong et al. 2012). In Figure 11, we show the virial mass
and concentration of the main J0850 cluster compared to
theoretical and observational results from the literature for
comparable mass and redshift ranges. The cluster has a
concentration consistent with those of the CLASH X-ray-
selected clusters (Umetsu & Diemer 2017) and derived from
simulations (Dutton & Macciò 2014) assuming the Planck
cosmology.8 This field was selected by LRG luminosity density
rather than by lensing, so the cluster should not suffer from an
overconcentration bias due to projection effects, Thus, it is not
surprising to find a relatively typical concentration for its mass.

The addition of the strong lensing constraint shifts the cluster
centroid ~ 17 in the direction of the Ammons et al. (2014)
centroid, which was determined from the average position of
the spectroscopically confirmed cluster members. A likely
explanation for this is that the weak lensing alone provides a
noisy centroid measurement, as the central regions of the
cluster are ignored (Section 3.2.1). The addition of the strong
lensing constraint adds information from these central regions,
allowing a more accurate measure of the mass centroid, as can
be seen in the smaller uncertainty. It is likely that constraints
from additional multiply imaged systems, particularly those at
different locations along the tangential critical curve, will
greatly improve the centroid determination.

The additional constraints provided by the strong lensing
information in this analysis are coming from just a single pair
of lensed images. With deeper, higher-resolution imaging data,
we would detect more strongly lensed systems and achieve
constraints similar to the CLASH or the HFF analyses (Johnson
& Sharon 2016), where many more lensed systems have been
identified from HST imaging. However, even with a single
lensed image pair, we add meaningful constraints to the
properties of the main J0850 cluster, a result with implications
for the lensing fields identified in wide-area photometric
surveys such as the Large Synoptic Survey Telescope (LSST).
Follow-up space-based observations of large numbers of
clusters will be prohibitively expensive, and it may be
necessary to rely on a limited number of constraints from
ground-based data alone, as we have done here.

Figure 12 is a magnification map of the J0850 field for a
source redshift of =z 5.03S using the best model from our

combined strong and weak lensing analysis. This best model
shows characteristics similar to that of the ensemble distribu-
tion, such as a large ellipticity and a position angle slightly east
of north. The small influence of the foreground halo can be
seen in the southeastern part of the magnification map, but it
does not affect the majority of the high-magnification region.
The large area of intermediate-to-high magnification further
suggests that this field is an excellent candidate to search for
highly magnified high-redshift galaxies.
To give a sense of the uncertainty in the magnification maps,

we show similar maps for several other successful models in
our sample in Figure 13. Despite the diversity, the successful
models have the same general shape and a large area of
intermediate-to-high magnification.

4.3. Highly magnified Fold Arc

As noted in Section 3.3.2, the majority of our successful
strong lens models have the northern image of the lensed
z≈5.03 background galaxy lying across a lensing caustic

Table 3
J0850 Lensing Parameter Constraints

Parameter Prior Weak Lensing Posterior Weak+Strong Lensing Posterior

Δx (″)a Gaussian; =x 0.0;0 s = 12.0 - -
+16.4 6.8

6.5 - -
+8.8 4.1

4.1

Δy (″)a Gaussian; =y 0.0;0 s = 12.0 - -
+20.0 8.4

8.9 - -
+4.7 6.4

5.4

Mvir ( M1015 ) Log-uniform; [0.01, 10] -h100
1

-
+3.15 0.81

1.13
-
+2.93 0.65

0.71

cvir Log-uniform; [0.01, 20] -
+3.26 1.01

1.47
-
+3.46 0.59

0.70

ò Uniform; [ ]0, 0.9 -
+0.59 0.12

0.11
-
+0.53 0.10

0.09

q (°)b Uniform; [−90, 90] -
+35.7 6.6

6.6
-
+29.5 5.6

6.3

Mvir
fg ( M1015 ) Log-uniform; [0.01, 10] -h100

1 ´-
+ -6.22 103.62

9.21 2 ´-
+ -6.53 104.02

9.24 2

Notes. Reported values are medians, with errors corresponding to the 16th and 84th percentiles.
a Offset of main cluster centroid relative to that determined by Ammons et al. (2014).
b Position angle is measured east of north.

Figure 11. –M cvir vir relation for massive clusters. The main J0850 cluster (blue
star) is plotted in comparison to the CLASH sample of X-ray-selected clusters
(black points; Umetsu & Diemer 2017). Also shown is the relation determined
from simulations (red line; Dutton & Macciò 2014, assuming the Planck
cosmology). The comparison samples are at similar masses and redshifts. The
cluster has a concentration consistent with both the CLASH and simulation
results. The uncertainties for the CLASH clusters are slightly larger than ours
due to the inclusion of systematic errors arising from different model
parameterizations.

8 Our assumed cosmology is slightly different from the Planck cosmology,
but this difference has a negligible effect on the mass–concentration relation in
Figure 11.
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(Figure 6). This configuration is quite different from the typical
method of producing a close pair of lensed images in which the
source lies near—but not across—a lensing caustic and each
image is of the entire source. The part of the source that lies
inside the lensing caustic has an extremely large magnification:
the overall magnification for the northern arc is μ=118 for
our best model, and the factor is even higher (μ>1000) for
portions of the image close to the critical curve. Past
observations of cluster lenses have revealed arcs with extreme
magnifications near the critical curves, but these have almost
always been at lower redshifts because higher redshift objects
are often intrinsically smaller. Our model predicts that J0850 is
a unique field in which a source is both at high redshift and
highly magnified, which is very rare.

Our model indicates that the small (∼0 1) region of the
source that lies within the caustic is elongated into a ∼1 75
image, potentially allowing us to study features at physical
scales of <30 pc with sufficiently high-resolution observations.
Thus, this unique configuration could provide new insights into
resolved star formation and stellar populations at z≈5.

5. Conclusions

Using ground-based imaging and spectroscopy, we have
performed a joint weak and strong lensing analysis of the J0850
field containing the massive cluster Zwicky 1953 at
=z 0.3774. We present a new technique using multi-plane

lensing effects to constrain the properties of the massive
cluster, while simultaneously accounting for a foreground

structure at =z 0.2713 and individual galaxies along the LOS.
Unlike past studies, this technique accounts for the full three-
dimensional mass structure along the LOS. Our methodology
can be generalized to lines of sight containing multiple cluster-
scale halos at distinct redshifts. Other fields from the Wong
et al. (2013) sample have been confirmed to contain massive
clusters with such configurations, making them new fields with
large magnifications over much of the source plane with which
to study the most distant and faint galaxies, complementary to
the HFFs.
We confirm that J0850 contains one of the most massive

known clusters, Zwicky 1953, with a virial mass of
= ´-

+
M M2.93 10vir 0.65

0.71 15 and a concentration of
= -

+c 3.46vir 0.59
0.70, consistent with that of other clusters of similar

mass and redshift. Because this cluster was selected by its
integrated LRG luminosity, it is not biased toward higher
concentrations, as purely lensing-selected clusters are. The
cluster is highly elliptical, suggesting that it has a high lensing
efficiency, and its large mass makes it an ideal cosmic telescope
for studying background sources. Despite having only a single
multiply imaged galaxy from our ground-based imaging, we
are able to tighten the constraints on the halo concentration by a
factor of two, as well as marginally improve the constraints on
the halo centroid and mass compared to the weak lensing
analysis alone. This result highlights the importance of
complementary strong lensing constraints, even from just a
single pair of images.
Using the full surface brightness distribution of the pair of

lensed images (rather than only their positions) is highly

Figure 12.Magnification map for the best mass model of the J0850 field for a source redshift of =z 5.03S , based on our combined lensing analysis. The region shown
is 6′×6′, and the angular scale is indicated by the white bar in the bottom right corner. The color bar indicates the magnification on a logarithmic scale. The
magnification map shows a large area of intermediate-to-high magnification, suggesting that this field is an excellent candidate to search for highly magnified high-
redshift galaxies. The small influence of the foreground group can be seen in the southeastern part of the magnification map, but it does not affect the majority of the
high-magnification region.
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constraining because of the way it pins down the location of the
lensing critical curve. In fact, our models predict that the source
galaxy crosses a lensing caustic, such that the northern arc is
actually a merged pair of images from the galaxy’s outskirts.
This fold arc is highly magnified, which means that high-
resolution imaging would have the potential to resolve structure
in the source galaxy on very small (<30 pc) scales. Thus,
J0850 is a unique field with a source that is both at high redshift
and highly magnified, offering a chance to study detailed
properties of a galaxy at z≈5.

We determine a magnification map for this field based on our
lens models, which will be used to search for high-redshift
sources and constrain their intrinsic properties. As we move
into the era of the LSST, which will identify many more
lensing fields, the ability to determine magnification maps

without expensive, space-based, follow-up deep imaging will
be critical. Our analysis demonstrates a self-consistent
methodology to analyze multi-plane lensing fields using a
combination of weak and strong lensing that require only
ground-based observations, paving the way forward for taking
advantage of newly discovered cosmic telescopes to access the
early universe.

We thank the referee for helpful comments that improved
this paper. We thank Olivier Guyon and Curtis McCully for
their contributions to this project. We thank Amit Tagore for
assisting with the PIXSRC software. We thank Tom Broadhurst
for useful discussions and input. This work is based in part on
data collected at Subaru Telescope and obtained from the
SMOKA, which is operated by the Astronomy Data Center,

Figure 13. Magnification map for a subsample of nine other successful models (that are able to reproduce both arcs) of the J0850 field for a source redshift of
=z 5.03S . The regions shown in each panel are the same 6′×6′ area shown in Figure 12, and the angular scale is indicated by the white bar in the bottom right corner

of the first panel. The color bar indicates the magnification on a logarithmic scale. Despite the diversity, the successful models have the same general shape and a large
area of intermediate-to-high magnification.
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