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Abstract

A dissociative merger is formed by the interplay of ram pressure and gravitational forces, which can lead to a spatial
displacement of the dark matter and baryonic components of the recently collided subclusters. CIZA J0107.7+5408 is a
nearby (z=0.105) dissociative merger that hosts two X-ray brightness peaks and a bimodal galaxy distribution.
Analyzing MMT /Hectospec observations, we investigate the line-of-sight and spatial distribution of cluster galaxies.
Utilizing deep, high-resolution Hubble Space Telescope Advanced Camera for Surveys imaging and large field-of-view
Subaru Hyper-Suprime-Cam observations, we perform a weak-lensing analysis of CIZA J0107.74-5408. Our weak-
lensing analysis detects a bimodal mass distribution that is spatially consistent with the cluster galaxies but significantly
offset from the X-ray brightness peaks. Fitting two Navarro—Frenk—White halos to the lensing signal, we find an equal-
mass merger with subcluster masses of Magong = 2.8 x 10" M and Mago sw = 3.17}3 x 10'* M. Moreover,
the mass-to-light ratios of the subclusters, (M /L)ng = 57178 My /Lo s and (M /L)sw = 564*8) My /Lo 5, are
found to be consistent with each other and within the range of mass-to-light ratios found for galaxy clusters.

Unified Astronomy Thesaurus concepts: Weak gravitational lensing (1797); Galaxy clusters (584); Dark matter

, Tracy E. Clarke’ s

(353); Hubble Space Telescope (761)
Supporting material: data behind figure

1. Introduction

A class of merging galaxy clusters, dissociative mergers
(Dawson et al. 2012), are ideal laboratories to investigate the
nature of dark matter. Dissociative mergers exhibit significant
spatial separation of their baryon and dark matter components.
The separations are found in postpericenter cluster—cluster
mergers and are caused by the differing collisional properties of
dark matter and the intracluster medium (ICM). The degree of
gas dissociation depends on the density of the colliding
subclusters (Burkert 2000). Therefore, the greatest gas
dissociation occurs for head-on collisions. The offset of the
gas from the dark matter halo reaches a maximum during the
period between first pericenter and first apocenter (Kim et al.
2017). Since the ICM is gravitationally bound to the hosting
dark matter halo, the ICM-dark matter offset eventually
disappears. Thus, gas—dark matter offsets have a short lifetime.
Furthermore, dissociative mergers are best viewed in plane-of-
the-sky mergers, which limit projection effects. The geometric
constraints and the short lifetime of the baryon—dark matter
offsets make observations of dissociative mergers rare.

The most renowned dissociative merger is the Bullet cluster
at z = 0.296 (Markevitch et al. 2004). The large offset of the

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

weak-lensing peak and X-ray emitting ICM of the Bullet cluster
provided strong evidence for the existence of dark matter (Clowe
et al. 2006). The dissociated configuration of gas from the dark
matter and galaxies allowed constraints to be placed on the self-
interacting cross section of dark matter (Markevitch et al. 2004;
Randall et al. 2008). Additional dissociative mergers have been
found and used to constrain the self-interacting cross section of
dark matter (e.g., Bradac et al. 2008; Dawson et al. 2012). Since
dissociative mergers are rare, increasing the sample size of clean
mergers is of the utmost importance.

Randall et al. (2016) announced the discovery of a nearby
(z=0.105) dissociative merger, CIZA J0107.745408
(CIZAJ0107 hereafter). Thelr X-ray (Chandra) radlo (VLA,"
WSRT,"" and GMRT'?), and optical (INT'®) analysis of
CIZAJO0107 characterized the merging system. They observed
X-ray emission with an elongated morphology in the NE-SW
direction and two brightness peaks. The study highlighted the
prominent separation of the X-ray brightness peaks from the
brightest cluster galaxies (BCGs) and from the cluster-galaxy
light distribution. They measured the global temperature of the
cluster to be kT = 7.8*032 keV and estimated the total mass to
be Mspo = 7.8705 x 10" M, by the Msyo— T scaling relation.

0 Very Large Array.

! Westerbork Synthesis Radio Telescope.
12 Giant Metrewave Radio Telescope.
13 Isaac Newton Telescope.
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Figure 1. Color images of CIZAJ0107. Left: HST pointing of the NE subcluster. Middle: HSC view of the cluster. Orange and yellow HST footprints match the left
and right panels. Right: HST pointing of the SW subcluster. Filters for HST color images are r = F814W, ¢ = F606W+F814W, and b = F606W and for the HSC

color image are r = HSC-r2, g = (HSC-g)+(HSC-r2), and b = HSC-g.

This mass estimate is higher than the Planck Sunyaev—
Zel’dovich estimate of Msps; = 5.8703 x 10" M, (Planck
Collaboration et al. 2014).

Randall et al. (2016) also pointed out features that indicate a
postmerger system. A high-temperature and high-pressure region
was detected in the SW of the cluster and in line with the merger
axis defined by the two subcluster BCGs. In this region, the
temperature jumps to 18.5 £ 6.0 keV, which they postulate is a
merger-induced shock with a Mach number M =2.34+04.
Their analysis of 1.4 GHz WSRT radio observations detected
diffuse radio emission in the northern and southern regions of
the cluster. The location of the southern radio emission coincides
with the hot region of the ICM, making it a candidate radio relic.
Radio relics are synchrotron emission from cosmic rays (re)
accelerated in merger shocks (see van Weeren et al. 2019, for a
review).

CIZAJ0107 has key differences from the Bullet cluster. The two
X-ray brightness peaks of CIZAJO107 are of similar brightness,
whereas, in the Bullet cluster, the Bullet is significantly brighter.
Therefore, it may be expected that CIZAJO107 is a more equal-
mass merger than the Bullet cluster, which is believed to be a
~10:1 merger. Other differences are that CIZAJ0107 does not host
a cool core and that the viewing angle of the merger may depart
from the plane of the sky. Some of the evidence that suggests
CIZAJ0107 is not a plane-of-the-sky merger is the differing BCG
redshifts and the complex morphology of the candidate radio relic
(Randall et al. 2016). These differences will be explored in our
analysis.

The dissociative nature of CIZAJO107 and its distinct merger
features signify that CIZAJO107 is an important cluster for
probing dark matter. Characterizing the mass of the subclusters is
critical for reconstructing the merger scenario and for studying the
properties of dark matter. However, an understanding of the
underlying mass distribution is still lacking. The goals of this
study are to use weak lensing to map the mass distribution,
identify mass substructures, and estimate their masses. As a step
toward constraining dark matter, we will quantify the locations of
the weak lensing and galaxy peaks, as well as compare the mass-
to-light ratios of the subclusters. These goals are dependent on
deep and wide observations to enable a high-fidelity weak-lensing
analysis over a large field of view. The combination of the high-
resolution Hubble Space Telescope (HST) observations with wide

field-of-view Subaru Hyper-Suprime-Cam (HSC) observations is
essential for constraining the mass peaks while also constraining
the total mass of the cluster without extrapolation.

In this work, we use the common notation where the symbol
R, denotes the radius of the sphere within which the average
density is 200 times the critical density of the universe. A flat
cosmology is assumed with Hy=70 km s~ ' Mpc ™', Q,,=0.3,
and Q) =0.7. At the redshift of CIZAJ0107 (z = 0.105), the
physical to angular conversion is 1.93kpc arcsec '. All
magnitudes are reported in the AB magnitude system and all
uncertainties are 1o (68% probability), unless otherwise noted.

2. Observations and Data Reduction
2.1. Hubble Space Telescope

HST observations were completed on 2019 March 15 and
2019 October 18 under GO program 15610 (PI: S. Randall).
The NE and SW cluster regions, shown in Figure 1, were each
observed with the Advanced Camera for Surveys (ACS) for
total exposures of 4800 s in F814W and 2352 s in F606W.

The calibrated FLC files were downloaded from the
Mikulski Archive for Space Telescopes and are available at
doi:10.17909/d3ny-1j52. The astrometric solution of the FLC
files was refined by finding common objects within frames,
deriving the optimal alignment, and applying the shift to the
world coordinate system (WCS). The well-aligned frames were
then coadded into a mosaic with a final pixel scale of 0705 per
pixel. The coadd was achieved with Astrodrizzle (Gonzaga
et al. 2012) utilizing a Lanczos3 kernel. This reduction method
for ACS imaging has been shown to be optimal for lensing
studies (Jee et al. 2014).

2.2. Subaru

The Subaru HSC was used to observe CIZAJO107 on 2020
November 13, 2020 November 14, and 2020 November 20 (PI: K.
Finner). Total exposure times of 6840 s in HSC-r2 and 1440 in
HSC-g were obtained. The observation plan utilized single
exposures of 180s integration with a rotation between each
exposure to lessen the effect of nearby bright stars. Rotating the
camera between exposures is advantageous to weak-lensing
analysis because it diminishes bleeding trails and diffraction spikes.
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Single-frame processing (bias, flat, dark, etc.) was done with
the HSCPipe (Bosch et al. 2018). The calibrated FITS files are
output with a WCS following the simple imaging polynomial
(SIP) format for geometric distortion. To be compatible with
SCAMP, the headers were transformed from SIP to TPV with
the publicly available sip_tpv code'* (Shupe et al. 2012).
SCAMP (Bertin 2006) was then used to align the astrometry of
the processed frames to the Pan-STARRS-DRI catalog
(Flewelling et al. 2020). The single frames were stacked into
a median-coadded mosaic with SWarp (Bertin et al. 2002).
Using the median image as a guide, 30 outlying pixels were
flagged in weight files that were then used to create a mean-
coadded mosaic by a second SWarp run.

For both the HST and HSC imaging, object detection was
performed with SExtractor (Bertin & Arnouts 1996) in dual-image
mode. We chose the deeper image (HSC-r2, F814W) from each
telescope as the detection image. For HST, the photometric zero-
points were calibrated from the value retrieved from the ACS
Zero-points Calculator.'> The HSC-g and HSC-r2 zero-points
were calibrated from the magnitude of matched stars in the
Pan-STARRS-DRI1 catalog g- and r-band photometry. In this
work, colors are derived from the difference of MAG_ISO
magnitudes and total magnitudes are from MAG_AUTO.

2.3. MMT

Hectospec fiber spectroscopic observations of candidates were
gathered from the 6.5m MMT on Mount Hopkins. Two
configurations of the 300-fiber spectrograph were designed to
sample the galaxy population of CIZAJO107. The observations
were successfully completed on 2015 September 13 (PL: S.
Randall).

The spectra were reduced with the HSRED2.0 software'®
that is provided by the MMT. The reduced spectra are sky
subtracted, variance weighted, and coadded to a science-ready
product. Redshifts were determined by cross-correlating the
observed spectra with template spectra using RVSAO (Kurtz &
Mink 1998). Following Kurtz & Mink (1998), we only keep
redshifts that the RVSAO script deems are secure (r-value
above 4).

3. Spectroscopic Analysis

The wide field of view (1° diameter) of the Hectospec
instrument is complementary to the field of view of Subaru
HSC. From the two pointings of the MMT, we recovered 124
secure redshifts with an r-value >4.

To select cluster member galaxies, we first gathered all
galaxies with radial velocity within a +4000 km s~ ' window
centered on z=0.107 (Ebeling et al. 2002) and projected
distance within 3 Mpc of the midpoint between the cluster
BCGs. The velocity and projected distance windows were
chosen to be larger than the expected 30, (velocity dispersion)
limit and the expected R,go based on the mass estimated in
Randall et al. (2016). From this selection, we refined the
average redshift to be z=0.1052 £ 0.0034 and reselected
galaxies with the window centered on the average redshift. This
method resulted in a final selection of 95 galaxies, which are
presented in Figure 2. The BCG redshifts are marked in the
figure with dashed (NE; z=0.1034 £+ 0.00007) and dotted

' hitps: //github.com/stargaser/sip_tpv
'S hitps: //acszeropoints.stsci.edu/
'® hitp: //www.mmto.org /hsred-reduction-pipeline/
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Figure 2. Relative radial-velocity histogram of the 95 galaxies within 3¢ of the
average cluster-galaxy redshift. The best-fit Gaussian is shown as a blue curve.
The redshift of the northern (southern) BCG is marked with a black dashed
(dotted) vertical line. A two-component Gaussian fit is colored brown with
vertical brown lines indicating the mean of each distribution. The two
components have mean values of —412 km s~' and 546 km s~ with standard
deviations of 839 4+ 124 km s~' (with mean closest to NE BCG) and
681 4 106 km s~ ' (with mean closest to SW BCG). The two-component
Gaussian fit is disfavored by a BIC score.

(The data used to create this figure are available.)

(SW; z=0.1076 4 0.00006) vertical black lines. The velocity
difference of the BCGs is ~1250 km s~ '. Utilizing the
biweight estimator (Beers et al. 1990), we determined the line-
of-sight velocity dispersion of the cluster as a whole to be
0,=923+132 kms .

As an attempt to separate the galaxies into two clusters, the
relative radial velocities of the galaxies were fit with a two-
component Gaussian distribution (brown curves in Figure 2). In
Figure 2, the mean of each distribution is marked by a brown
vertical line. Both means are within 100 km s~ ' of the nearest
BCG radial velocity, with —412 km s~ close to the NE BCG
and 546 km s~ close to the SW BCG. The standard deviations
of the Gaussian distributions are 839 & 124 km s~ (with mean
closest to NE BCG) and 681 + 106 km st (with mean closest
to SW BCG). Following the technique applied in Golovich
et al. (2019), we calculate the Bayesian information criterion
(BIC) scores and use them as a test for the best-fit model. The
BIC score penalizes models with more parameters to prevent
over fitting. The two-component Gaussian fit is disfavored
(BIC, — BIC, = 14) compared to the one-component fit (blue
curve). Using the relative Akaike information criteria, we find
that the one-component model is EXP(6.0/2) >~ 20 times more
likely than the two-component model. Attempting a three-
dimensional (R.A., decl. velocity), two-component, Gaussian-
mixture-model fit failed to separate the galaxies into two
meaningful clusters.

4. Weak-lensing Method

4.1. Basic Weak-lensing Theory

In weak gravitational lensing, intervening mass, a galaxy
cluster in this case, deflects the light from background galaxies,


https://github.com/stargaser/sip_tpv
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THE ASTROPHYSICAL JOURNAL, 942:23 (11pp), 2023 January 1

causing minute distortions in their images. Detecting the weak-
lensing effect requires a statistical analysis of the observed
shapes of background galaxies. The linearized distortion of the
galaxy image follows the transformation

— 8 —& ) (1)

1
A= - k)
(—gz 1 +g

The convergence k= X/, is the projected mass density X
normalized by the critical surface density >.:
D

41 GD] Dls ’

c 2
where c is the speed of light, G is the gravitational constant,
and D;, D, and D are the angular diameter distances from
observer to gravitational lens, observer to source galaxy, and
gravitational lens to source galaxy.

The reduced shear g =g, + ig, is an anisotropic distortion
that transforms circles into ellipses. The reduced shear can be
measured by determining the average ellipticity of galaxy
images. We define the ellipticity as e = (¢ — b)/(a + b), where
a is the semimajor axis of the ellipse and b is the semiminor
axis. The ellipticity and orientation of a galaxy image can be
represented in the complex number e=e;+ie, with
e; = ecos20 and e, = esin26, where 0 is the position angle
of the major axis.

4.2. PSF Modeling and Shape Fitting

Point-spread function (PSF) modeling for the HST and HSC
observations was achieved by a principal component analysis
(PCA) of the observed stars. The technique was first described
for HST ACS imaging in Jee et al. (2007). Beyond the HST
ACS, the technique has been applied to observations with HST
WEFC3 (Finner et al. 2020), Blanco DECam (HyeongHan et al.
2020), Subaru Suprime-Cam (Jee et al. 2015; Finner et al.
2017, 2021; Cho et al. 2022), and now Subaru HSC (this
work). We refer the reader to the aforementioned literature for
details on the method.

The weak-lensing technique applied in this work forward
models a PSF while model fitting each galaxy on the coadded
mosaics. The coadded mosaics inherit the PSF of the individual
frames that comprise them. Therefore, we model the PSF for
each object in each frame and then stack the PSFs for use with
the coadded mosaic. This method is required because the
orientation and size of the PSF across the telescope field of
view is complex and it is discontinuous from CCD to CCD (Jee
& Tyson 2011).

We use an elliptical Gaussian function to model the light
profile of each galaxy. The seven parameters of the elliptical
Gaussian function are background, amplitude, position x and y,
variance o> and a%, and position angle 6. To improve the fit, we
fix the background and position of the model to the values
found in SExtractor, leaving four free parameters. Fitting is
achieved with the MPFIT code (Markwardt 2009), which
returns a flag of 1 for well-fit objects. Our image simulations
have shown that the elliptical Gaussian function underestimates
the ellipticity of galaxies. We apply a multiplicative bias
calibration to the measured ellipticities of 1.15 (Jee et al. 2016)
and 1.11 (Jee et al. 2014) for HSC and HST, respectively.
These shear calibration factors were derived following the SFIT
technique outlined in Jee et al. (2013). We ran additional shear
calibration simulations with SFIT and verified that the HSC

Finner et al.

calibrations are consistent with the Suprime-Cam for our weak-
lensing pipeline.

4.3. Source Selection

The weak-lensing signal is only present in the light of the
galaxies that are behind the galaxy cluster. Our goal for source
selection was to create a source catalog that contains as many
background galaxies as possible while limiting the contamination of
foreground and cluster galaxies. The field of CIZAJ0107 does not
have significant spectroscopic or photometric redshift measure-
ments to determine distances, which would simplify background
galaxy selection. Instead, we relied on the photometry and shapes
of objects to identify background galaxies. We created separate
source catalogs for the HST and HSC imaging and then merged
them by matching sources and allowing the HST objects to take
precedence over the HSC.

Since CIZAJ0107 is a low-redshift cluster, the majority of
the galaxies are background to the cluster. Figure 3 presents the
color—magnitude diagrams (CMDs) for the HST NE (top) and
SW (middle) fields and the larger field of view of the HSC
(bottom). The spectroscopically selected galaxies from
Section 3 are marked with red circles and define the red
sequence. In some cases, the tight relation of the red sequence
can be used as a guide to avoid contaminating the source
catalog with cluster galaxies. For example, in high-redshift
clusters, the red sequence is used to select the bluer background
galaxies (Jee et al. 2011; Schrabback et al. 2018). However, at
low redshift, a significant fraction of the background galaxies
are redder than the red sequence. For the lower-redshift clusters
of LoCuSS (0.15 < z<0.3), Okabe et al. (2010) include red
and blue galaxies in their source catalog. As CIZAJO107 is a
lower-redshift cluster, we decided to include red and blue
galaxies in our source catalog.

To stay clear of the spectroscopically confirmed cluster
members, we selected background galaxies by constraining
their magnitudes to be HSC-r2 > 22 for HSC and F814W > 22
for HST. Testing these cuts on the GOODS-S and GOODS-N
photometric redshift catalogs, we expect the contamination by
foreground galaxies to be below 2%. Further refinement of the
catalog was achieved through the shape properties of the
objects. We rejected galaxies with e > 0.9 because their high
ellipticities are mostly caused by a failure in shape measure-
ment. An ellipticity uncertainty cut of o, < 0.3 was made to
remove objects that have a poor elliptical Gaussian fit. The
ellipticity uncertainty criterion is effective at removing stars
because their pre-PSF shape is a delta function, which is poorly
fit with a Gaussian distribution. Since CIZAJ0107 is located
behind a crowded star field, we took extra precaution and
limited the FLUX_RADIUS of sources to greater than 1.5
pixels for the HST and 3.4 pixels for the HSC. This is ~0.2
pixels larger than the size of stars (the PSF) and lessens the
chance of unidentified stars contaminating the source catalog.

Contamination of the source catalog by foreground and
cluster galaxies can lower the weak-lensing signal. We
performed three tests for contamination in the source catalog.
(1) We examined the number density of source galaxies in
radial bins centered at the BCG of each cluster. The expectation
is that a significant number of cluster galaxies in the source
catalog will lead to an overdensity near the cluster center. A
competing effect is from magnification bias, which lowers the
number of background galaxies detected. However, the level of
magnification bias expected for CIZAJ0107 is relatively low
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Figure 3. Color—magnitude diagrams for HST NE (top), HST SW (middle),
and Subaru HSC observations (bottom). The red stars represents the BCGs.
The red circles are spectroscopically confirmed cluster galaxies that were
discussed in Section 3. The green circles are candidate cluster galaxies, selected
for proximity to the cluster red sequence defined by a linear fit. The blue circles
are weak-lensing source galaxies (selection described in Section 4.3).

because the cluster is low redshift and is not extremely
massive. Our test returned a statistically flat number density
relation, which indicates minimal contamination by cluster
galaxies. (2) We compared the number density of galaxies as a
function of magnitude to the GOODS-S catalog (Figure 4). In
this test, we assume the GOODS-S field represents a blank field
and an excess of galaxies relative to the GOODS-S in a
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Figure 4. Galaxy number density in magnitude bins for the GOODS-S field
and for our CIZAJ0107 source catalogs. At the bright end (mag < 24), the four
catalogs are consistent. At fainter magnitudes, a fair comparison cannot be
made because the GOODS-S is much deeper imaging. The lower number
density for the HSC imaging is likely caused by the crowded star field. The
ratios of magnitude bins are used in Section 4.4 to estimate the effective
redshift and 3 values.

magnitude bin would be an indication of contamination by
cluster galaxies. The test found that our source catalogs are
consistent with the number density in the GOODS-S catalog at
bright magnitudes. For faint sources, our catalog has lower
number density than the GOODS-S because of the difference in
imaging depth. (3) We tested the impact that a redder source
selection would have on the weak-lensing mass distribution
and mass estimates. The low redshift of CIZAJ0107 means that
many background galaxies are redder than the cluster red
sequence. This is apparent in the color—magnitude diagrams of
Figure 3. A source catalog that contains only galaxies that are
redder than the red sequence should be lower in contamination
than our source catalog because it bypasses faint, blue cluster
galaxies. We performed our weak-lensing analysis with a
catalog of galaxies that were selected with the addition of a
color constraint of g —r>1 and F6O6W-F814W >1. We
found that using this red galaxy catalog lowered the signal-to-
noise ratio (S/N) of the peaks in the mass distribution and
lowered the mass of each subcluster (within the statistical
errors).

Our source selection criteria provide 55.8 galaxies arcmin
in the HST NE pointing, 51.4 galaxies arcmin > in the HST
SW pointing, and 9.8 galaxies arcmin 2 in the HSC. These
number densities are lower than we typically find in our weak-
lensing analyses but are on par with the weak-lensing study of
another Cluster in the Zone of Avoidance, CIZA J2242.8
45301 (Jee et al. 2014). Primary causes of the low source
number densities are the crowded star field and high extinction
(~1 mag in the R-band; Schlafly & Finkbeiner 2011).

In addition to the selection of source galaxies, we selected
candidate cluster member galaxies from the CMD. This was
achieved by performing a linear fit to the spectroscopically
confirmed cluster members. Subaru photometric candidates
were then chosen to be galaxies within (HSC-g — HSC-
r2) £0.25 of the linear fit and 16.5 < HSC-r2 < 21. For
HST, the galaxies were selected within a color of (F606W-
F814W =+ 0.1) of a linear fit to the red sequence and
16.5 < F814W < 21. To prevent stars from making their way
into the catalog, we also constrained the FLUX_RADIUS to be

2
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Figure 5. Mass distribution for CIZAJ0107. Contours display S/N of the lensing signal starting at 20 and increasing in 1o intervals. Left: NE HST color image with
convergence contours. Middle: Subaru color image with convergence contours derived from a combined HST and Subaru shape catalog. Right: SW HST color image

with convergence contours.

greater than 3.4 pixels (HSC) and 1.5 pixels (HST). Finally, we
removed any nongalaxy objects from the catalog by visual
inspection of the color image. In total, we selected 212
photometric candidate cluster member galaxies in supplement
to the 95 spectroscopic member galaxies.

4.4. Source Redshift Determination

As shown by Equation (2), the weak-lensing signal depends
on the distance to the background galaxies. Ideally, spectro-
scopic or photometric distance measurements would be
available for each lensed galaxy. However, these measurements
have not been obtained for the background galaxies in the
CIZAJ0107 field. Instead, as past weak-lensing studies have
done, a photometric redshift catalog can be used as a reference
for the CIZAJO107 field. For this study, we employ the
GOODS-S photometric redshift catalog (Dahlen et al. 2010) as
a reference.

We constrained the GOODS-S catalog with the same
photometric criteria as the source catalog (Section 4.3). This
was done independently for the HST and HSC source catalogs
because of the differing filter sets. Figure 4 presents the number
density of galaxies in magnitude bins for the GOODS-S catalog
and our three source catalogs. When using the GOODS-S
catalog as a reference, we weighted the GOODS-S catalog by
the ratio of bins to make up for the difference in imaging depth.
The lensing efficiency of source galaxies is

ﬁ = (max(O, DZS/DS)>7 (3)

where foreground galaxies (D;,/D, < 0) are assigned zero. For
the constrained reference catalogs, we find [Gyg=0.83 and
Bsw = 0.83 for the NE and SW HST catalogs. For the HSC
catalog, Ousc =0.79. Since foreground sources are assigned
zero in the calculation of beta, the redshift that corresponds to
beta is called an effective redshift (z.;) rather than a mean
redshift. The effective redshifts for these 3 values are zegrng =
0.90, zegrsw =0.91, and zeprusc =0.57. Since we are repre-
senting the background galaxies with a single redshift, we must
take the width of the distributions into account. The widths of
each distribution are (%) = 0.72, (B3w) = 0.72, and (B}5c) =
0.66. These widths were applied to the reduced shear g as follows

(Seitz & Schneider 1997; Hoekstra et al. 2000):

g = ll + (% - )K}g, )

where g’ is the corrected reduced shear.

5. Results
5.1. Mass Reconstruction

Weak lensing is an unparalleled tool for detecting the mass
distribution of a galaxy cluster. The statistical nature of weak
lensing requires an averaging of the source-galaxy shapes to
detect the lensing signal. We utilize the FIATMAP code
(Fischer & Tyson 1997) to produce weak-lensing mass maps.
FIATMAP performs a real-space convolution to convert galaxy
ellipticities to convergence.

HST-based mass maps of the NE and SW subclusters are
shown in the left and right panels of Figure 5. The convergence
contours are chosen to start at an S/N level of 20 and increase
at lo intervals. These S/N contours were determined by
bootstrap resampling the source catalogs and creating 1000
realizations of the mass maps. The maximum S/Ns of the NE
and SW mass distributions are 6.0c and 4.60, respectively.
Neither weak-lensing peak is centered on its respective BCG
with the NE peak offset 21*1* kpc to the SE of the BCG and the
SW peak offset 27719 to the north of its BCG. These offsets are
explored in Section 6.2 and agree with the respective BCG
positions at the 20 level. Qualitatively, the NE mass
distribution (left panel) is round with no signs of substructure.
The SW mass distribution (right panel) is round near the peak
but, at lower significance, the contours stretch eastward toward
two spectroscopically confirmed cluster spiral galaxies.

The middle panel of Figure 5 exhibits the mass map derived
from the combined HSC/HST source catalog. Again, the S/N
contour levels begin at 20 and increase in intervals of 1o. The
peaks of the combined mass map are consistent with those of
the individual HST mass maps. The NE mass distribution
remains round, and the west to east elongation of the SW weak-
lensing signal persists but at a 30 S/N level. There is also a tail,
with a significance of 20, that stretches along the axis
connecting the subclusters. This tail passes over the X-ray
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Figure 6. Weak-lensing contours (black; from Figure 5) plotted over 160 ks,
point-source-subtracted, exposure-corrected, 0.5-7 keV Chandra X-ray obser-
vation (S. W. Randall et al. 2023, in preparation). White contours highlight the
X-ray emission. The Chandra image is smoothed with a o= 8" circular
Gaussian. The dissociative nature of CIZAJ0107 is clear with the weak-lensing
peaks offset from the respective X-ray emission peaks.

emission peak (Figure 6). The detection of this tail is intriguing
but since the S/N of the detection is low, we will omit it from
our subsequent analysis.

5.2. Mass Estimation

The mass of a galaxy cluster can be estimated through a
number of methods. For weak lensing of a multicluster system,
the proper method should simultaneously consider all sig-
nificant subclusters.

Our weak-lensing mass reconstruction shows that CIZAJ0107 is
bimodal with two subclusters having a weak-lensing signal above
30. Taking the bimodality into consideration, we simultaneously fit
two Navarro—-Frenk—White (NFW) halos (Navarro et al. 1997) to
the projected mass distribution. This was accomplished by
modeling the expected shear at each source-galaxy location,
following the NFW formalism presented in Wright & Brainerd
(2000), and minimizing the difference between the expected shear
and the measured galaxy ellipticities (Section 4.2). To account for
the degeneracy of mass and concentration, we used the mass—
concentration relation of Diemer & Joyce (2019). The NFW halos
were centered on their respective BCGs, and source galaxies
within 40 kpc of the BCGs were removed to minimize the bias
caused be miscentering and to avoid regions where strong lensing
could be present. To investigate the bias that is associated with the
miscentering of the halo, we also performed a fit with the halos
centered on their respective mass peaks. Centering on the mass
peaks returned masses that are ~3% lower than centering on
the BCGs. The maximum radius for fitting was chosen to be 20’
(~2.3 Mpc) from the midpoint between the BCGs. This radius is
~1.2 times larger than the expected Ry of the cluster.

The background sources for CIZAJO107 cover a wide
distribution of redshifts because CIZAJO107 is a low-redshift
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cluster. Therefore, one must consider the variance that the large-
scale structure introduces to the weak-lensing shear. We derived
the convergence power spectrum for our background galaxy
distribution using CAMB (Lewis & Challinor 2011). We then
calculate the expected covariance to the weak-lensing shear as a
function of cluster-centric radius (Hoekstra 2001, 2003; Umetsu
et al. 2011). The covariance of the large-scale structure was
added in quadrature to the statistical uncertainties and the mass
of each subcluster was fit. The mass estimates are
My = 2.8} x 10" M, and May = 3.17}3 x 10'* M, for
the NE and SW subclusters, respectively. The mass estimates
indicate a major merger of two approximately equal-mass
clusters.

6. Discussion
6.1. Mass of the System

A primary input to modeling merging galaxy clusters is the
mass of the subclusters and it is important to provide the most
accurate mass estimates when initializing computer simula-
tions. In Section 5.2, we estimated the mass of each subcluster.
However, to compare with mass estimates from the literature,
we seek to understand the total mass of the cluster. One should
not sum the subcluster masses, derived in Section 5.2, and
compare them to the total mass estimates from literature
because of the definition of M, and its dependence on Rq.

To estimate the total weak-lensing mass of the system, we
modeled two NFW halos on a uniform grid at a separation of
500 kpc (approximately the observed projected separation).
From the barycenter of the system, we integrated radially
until the average density within the sphere is 200 (500)
times the critical density of the universe at z=0.105. We
find the total weak-lensing mass of the system to be
Mgy = 74753 x 104M,, (Msgo = 5.3 x 10%M,,).

CIZAJO107 has few mass estimations performed. Planck
estimations constrain the mass of the system to be Msppsz=
58+0.3 x 10"M,., (Planck Collaboration et al. 2016). Also
based on the measurements from the ICM, Randall et al. (2016)
found the X-ray temperature to be 7= 7.8 £ 0.5 keV, which gives
Msyy = 7.8703 x 10M,, from the Msp—Ty scaling relation
(Vikhlinin et al. 2009). The total weak-lensing mass is consistent
with the SZ mass and the X-ray mass.

6.2. Mass Peak—BCG Offsets

The large separation of the ICM X-ray brightness peaks from
the weak-lensing signal (Figure 6) indicates that CIZAJ0107 is
a good candidate to probe a dark matter-BCG offset.
Fortunately, the high density of source galaxies in the HST
imaging permits tight constraints on the weak-lensing mass
peaks.

Offsets of BCGs from mass peaks are common. In a weak-
lensing analysis of galaxy clusters, Oguri et al. (2010) found
that the weak-lensing peak to a BCG offset follows a Gaussian
distribution with a width of o =90 kpc. Zitrin et al. (2012) put
a tighter constraint on the offset of 0 =40kpc from strong
lensing. The weak-lensing mass maps of CIZAJ0107
(Section 5.1) reveal offsets of the BCG from the mass peak
of 2171* kpc and 277}3 kpc in the NE and SW, respectively.
These offsets are within the 1o ranges of Oguri et al. (2010)
and Zitrin et al. (2012).

To estimate the uncertainty on the weak-lensing mass peaks,
we returned to the 1000 bootstrapped realizations of the mass
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Figure 7. Uncertainty distribution of mass peak location derived from 1000
bootstrapped samples of the source catalog. The inner contour contains 68%
and the outer contour contains 95% of mass peaks. Left: NE subcluster with
NE BCG in the center. Right: SW subcluster with SW BCG in the center.

maps and measured the weak-lensing peak location in each
realization by elliptical Gaussian fitting. The centroid of the
elliptical Gaussian fit for each realization was recorded and
then the ensemble was passed to a kernel density estimator to
determine the 1o and 20 uncertainties of the peak location.
Figure 7 displays the 1o and 20 uncertainty contours of the NE
(left) and SW (right) subclusters. For both subclusters, the
brightness peak of the BCG lies within the 20 range of the
weak-lensing mass peak.

6.3. Merging Scenario

With the wealth of multiwavelength observations, we can
provide new insight into the past collision that CIZAJO107
underwent.

The weak-lensing analysis presented in this work highlights
two prominent mass peaks that are found at opposite ends of
the elongated X-ray distribution (Figure 6). This weak-lensing
signal traces the mass of the two subclusters that have recently
collided. The SW subcluster is located closer to the SW
(global) X-ray brightness peak than the NE subcluster is. The
separation of the SW mass peak from the X-ray brightness peak
is ~160 kpc (1/35). Furthermore, the SW mass peak is nestled
between the X-ray brightness peak and the high-temperature
region that was highlighted in Randall et al. (2016). This
configuration is consistent with the idea that the temperature
boost is caused by a merger-induced shock that launched
during the collision of the NE and SW subclusters.

The NE mass peak is ~160 kpc (1/35) NE of the NE X-ray
peak and at the vertex of a roughly triangular-shaped X-ray
emission. This appears to be ram pressure stripping in action
with a wake feature extending behind the deepest point of
the gravitational potential. The alignment of the opening of the
wake feature with the position of the SW subcluster and
the symmetry of the wake feature may be an indication of a
close to head-on collision. Also, the presence of the wake
feature suggests that the merging system is likely viewed on its
approach to first apocenter. We defer any further analysis of
this feature to the upcoming X-ray analysis that includes new
Chandra observations (S. W. Randall et al. 2023, in
preparation).

In Section 2.3, we analyzed spectroscopic redshifts for the
cluster galaxies and found that the BCGs have a ~1200 km s
difference in radial velocity. A two-component Gaussian fit
returned two distributions with approximately the same radial-
velocity difference as the BCGs. The difference in radial
velocity may indicate that our viewing angle of the merger is
not perpendicular to the merger axis. However, it is difficult to
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say if the velocity difference of the BCGs is representative of
the viewing angle of the past collision because the radial
velocities at the closest approach (pericenter) can differ from
the radial velocities when viewing the system near apocenter. It
is likely that there is a line-of-sight component to the merger
but perhaps not as significant as the BCG velocity difference is
alluding to. Randall et al. (2016) suggest that the lack of a well
defined edge in the candidate SW radio relic could also be an
indication of a line-of-sight component to the merger.

The weak-lensing work presented here is the first result of
new observations on CIZAJO107. A new Chandra analysis is
being performed with deeper observations. In addition, new
VLA observations (E. Schwartzman et al. 2023, in preparation)
and Low Frequency Array (LOFAR) observations will provide
a better look into the radio structure of CIZAJO107. In
combination with our weak-lensing study, the multiwavelength
data will provide improved constraining power on the merger
scenario.

6.4. Mass—Galaxy Relation

Separating the behavior of dark matter and galaxies is a key to
detecting the self-interacting properties of dark matter. In
Markevitch et al. (2004), three independent methods were used
to put constraints on the cross section of self-interacting dark
matter (SIDM). Of these methods, the one with the best
constraining power was a test of the mass-to-light ratio. In a
cluster—cluster merger, the scattering of dark matter particles
through self-interaction could lead to a loss of dark matter for the
halo (Markevitch et al. 2004; Randall et al. 2008; Kim et al.
2017). The reaction by the galaxies, caused by the gravitational
force, follows later. Thus, observing the relation of galaxies and
dark matter in merging clusters is a key diagnostic of SIDM. The
nearly head-on, equal-mass, dissociative merger of CIZAJO107 is
an excellent target for investigating the properties of dark matter
because the probability of self-interactions depends on the local
density of particles. Here, we compare the mass detected in weak
lensing to the luminosity and number density of cluster galaxies.

Discerning the light emitted from all of the galaxies in a
cluster is a difficult task. In Section 4.3, the spectroscopically
confirmed cluster galaxies were combined with a photome-
trically selected sample of cluster galaxies to supplement the
lacking spectroscopic coverage of CIZAJO107. The left panel
of Figure 8 provides the weak-lensing mass map (black
contours) plotted over the smoothed luminosity of cluster
galaxies. In the north, the galaxy luminosity is compact with
the majority of the light coming from the BCG and its
companions. The weak-lensing signal in the north is also
compact. On the other hand, the southern galaxy luminosity is
dispersed over a large projected area with the luminosity peak
stretching to the SE of the BCG and the mass peak. The bright
galaxies that stretch the luminosity peak to the SE are visible in
the right panel of Figure 5, with many galaxies of similar color
located SE of the BCG. One could interpret the elongated
weak-lensing /starlight signal toward the SE as a sign of a
substructure, but its existence is not separately detected in the
X-ray emission. More HST observations may be required to
discriminate a substructure in the weak-lensing map. The right
panel of Figure 8 shows the galaxy number density smoothed
with the same Gaussian kernel as the luminosity. The number
density of galaxies shows a slight shift from the luminosity
peak in the north. In the south, the peak of the number density
of galaxies is close to the BCG but has a distinct east—west
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Figure 8. Weak-lensing mass contours (black; from Figure 5) over smoothed HSC-r2 galaxy luminosity (left) and smoothed galaxy number density (right). Gray
contours highlight the colormaps. The galaxies used for plotting are a combination of spectroscopically confirmed and photometrically selected cluster members

(Section 4.3). BCGs are marked with green stars.

elongation. It should be noted that the number density of
galaxies is much more susceptible to incompleteness in the case
of CIZAJO107 because the crowded star field and extinction
disproportionately affect the smaller and fainter cluster
galaxies.

Figure 9 presents the lo and 20 centroid uncertainty
distributions for the luminosity of cluster galaxies (blue),
number density of cluster galaxies (red), and weak-lensing
signal (black). The luminosity and number density distributions
were determined by calculating the first moment of 1000
bootstraps of the cluster-galaxy catalog. The axes are defined
relative to the centroid of the respective BCG. This figure
quantifies what is qualitatively shown in Figure 8. In the NE,
the galaxy luminosity (number density) centroid is in the lo
(20) range of the mass peak. The BCG lies within the
luminosity distribution and outside the number density
distribution because this BCG does not have many nearby
galaxies. In the SW, the galaxy luminosity (number density)
centroid is in the 20 (10) range of the mass peak. In this case,
the BCG is not near the center of the luminosity distribution but
instead within the number density distribution. As mentioned
earlier, the bright galaxies to the SE of the BCG have pulled the
luminosity centroid toward them. Whereas, the number density
centroid is dominated by the fainter companions to the BCG.
The distance measurements from weak-lensing peak to
respective galaxy centroids are presented in Table 1 with the
1o errors from bootstrapping.

Mass-to-light. In head-on collisions, a significant amount of
dark matter may be scattered to large orbital radii, leading to a
temporary drop of the M/L ratio in the core and a boost in the
outskirts (Randall et al. 2008; Kim et al. 2017). Figure 10
shows the cumulative M/L ratios for the NE and SW
subclusters. The profiles were calculated by dividing the
enclosed projected NFW mass by the enclosed cluster-galaxy
luminosity (converted to B band by synthetic photometry;

Sirianni et al. 2005) within a given radius. The M/L ratio of the
northern subcluster initially increases with radius from the
center because of the lack of galaxy light that surrounds the
BCG (this is seen in Figure 8). This behavior has been
observed in other clusters (Carlberg et al. 1997) and in cluster
mergers (e.g., Kim et al. 2019). The profiles then decrease until
Ro00, where they flatten. At all radii, the M/L ratios of the
subclusters are statistically equal. The M/L ratios within R,gq
for the NE and SW subclusters are M /L = 5718 M, /L@,B
and M/L = 5648] My /Ly g, respectively. These M/L ratios
are in line with the expectation from other studies (Eke et al.
2004; Proctor et al. 2015). Therefore, we see no substantial
decrease in the M/L ratio that could arise for SIDM particles
during a cluster merger. We also note that the statistically equal
M/ L ratios are in agreement with the finding that CIZAJ0107 is
a nearly equal-mass merger.

7. Conclusions

CIZAJO107 belongs to a rare class of merging clusters,
called dissociative mergers, that exhibit large offsets of their
X-ray brightness peaks from their weak lensing and galaxy
peaks. The special configuration of the mass components of
dissociative mergers makes them important probes of dark
matter and galaxy-cluster formation theory. In this work, we
combined the high-resolution imaging of the HST ACS with
the wide field of the view of the Subaru HSC to thoroughly
analyze the mass distribution of CIZAJ0107 with weak lensing,
as a step toward better understanding dark matter.

Our weak-lensing analysis shows that the mass distribution
of CIZAJO107 is dominated by two subclusters at opposite
ends of an elongated X-ray distribution. The weak-lensing
signal of the NE subcluster is compact and round, as is its
distribution of galaxies. In contrast, the weak-lensing signal of
the SW subcluster is elongated in the west—east direction,
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Figure 9. Centroid uncertainties for the NE (top) and SW (bottom) subclusters
from bootstrap resampling. Contours represent the 1o and 20 uncertainties of
the probability density function. The center (0,0) marks the position of the
respective BCG.

Table 1
Peak Offsets from Weak-lensing Peaks

Peak NE Subcluster SW Subcluster
(kpc) (kpe)
BCG 21+ 27713
Luminosity 30738 4048
Number Density 80743 4173

which we interpret as a possible sign of substructure that is
below the detection threshold of the available optical data.

By simultaneously fitting the weak-lensing signal with two
NFW halos, we found the mass of the NE subcluster to be
Mo = 2.8711 x 10" M, and the mass of the SW subcluster
to be Myoy = 3.1713 x 10" M. Based on the mass estimates
for each halo, we derived the total mass of CIZAJ0107 to be
Mgy = 74729 x 10" M, and found it to be in the 1o range of
the SZ mass and the X-ray mass. The weak-lensing mass
estimate of each subcluster will be integral in initializing future
simulations of the CIZAJ0107 cluster merger.

We have taken the first steps to utilizing CIZAJ0107 for
constraining the cross section of SIDM. The locations of the
mass peaks were compared to the locations of the X-ray peaks
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Figure 10. Cumulative mass-to-light ratio. Each profile is centered on its
respective BCG. The vertical dashed (dotted) lines represent the virial radius of
each subcluster from Section 5.2.

and the BCGs. The projected separation of the mass peaks from
their closest X-ray brightness peaks were both measured to be
~160 kpc. The offsets of the mass peak centroids from their
respective BCGs are smaller (2173* kpc in the NE and 2713
kpc in SW) than the X-ray offsets and found to be consistent at
the 20 level with their BCG brightness peak.

As a test for the scattering of SIDM particles during the
merger, we compared the M/L ratios of each subcluster. Within
Ra0, the NE subcluster has M /L = 57178 My /Lg  and the

SW has M /L = 56478, My /Lo 5. These M/L ratios are found
to be within the expectation for other galaxy clusters. We
interpret the equality of the M/L ratios as another indication of
an equal-mass merger.

It is quite clear that CIZAJO107 is an impressive example of
a dissociative merger. Future radio, X-ray, and simulation
results will further explore the merger details of CIZAJ0107.
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