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Abstract

ACT-CL J0034.44-0225 is a previously unrecognized merging galaxy cluster at z = 0.38588 4 0.00068. Our
primary evidence is provided by a 21 ks Chandra image that shows two surface brightness peaks separated by
~49" (259 kpc) surrounded by an extended cluster gas distribution. Each gas peak contains a brightest cluster
galaxy, offset from the gas peak. We collect new South African Large Telescope optical spectra that, when
augmented by archival data, yield redshifts for the two BGCs and 58 other cluster members. Archival Giant
Metrewave Radio Telescope and MeerKAT data reveal a radio halo that encompasses the X-ray peaks. We provide
and compare three X-ray-based mass estimates (5.0 x 1014Mq, 6.4 x 1014M@ and 8.6 x 10"M_. »). The Planck and
ACT Sunyaev—Zel’dovich masses are ~5.8 x 10'* M. We constrain the merger state and properties by comparing
them to an existing suite of N-body/hydrodynamical models using the measured gas peak separation (259 kpc,
projected) and radial velocity difference (0—~1000 km s~ '). This constrains the epoch of the merger to be within
~100 Myr of first pericenter passage. A strong lensing analysis constrains the mass ratio to be in the range
1:1-1:20, while the cluster morphology prefers values near the equal-mass range.

Unified Astronomy Thesaurus concepts: Galaxy clusters (584); X-ray sources (1822); Interacting galaxies (802)

1. Introduction

Under the hierarchical formation of structure in the Universe,
the most massive halos, those hosting galaxy clusters, take the
longest time to form (for a review, see Voit 2005). This for-
mation process is ongoing at the current epoch in the densest
portions of the cosmic web through the accretion of matter at the
virial radius and energetic merging events (for a review, see
Kravtsov & Borgani 2012). Mergers of galaxy clusters come in a
great variety of forms due to variations in mass ratio and impact
parameter, while observations of individual cluster mergers are
additionally sensitive to viewing angle and the epoch of the
merger. Consequences of a merger include morphological dis-
tortions in the spatial distribution of galaxies as well as the other
constituents of a cluster, including hot plasma in the intracluster
medium (ICM) and dark matter (DM), the predominant mass
component. To discover merging clusters and fully explore the
nature of the merger requires a multiwavelength approach tar-

geting the galaxies, gas, and dark matter.
Original content from this work may be used under the terms

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.

Cluster mergers offer rare opportunities to study cluster
physics and the nature of dark matter. Because of the high
speed of cluster collisions, the interaction of ICM gas in the
merging components creates shocks, where the plasma’s
temperature, pressure, and density are discontinuous with a
stark increment and decrement. The locations of such shocks
depend strongly on the epoch of the merger. Mergers also
produce cold fronts where the dense cooler gas of one of the
cluster cores survives the ram pressure of the collision and
forms a contact discontinuity. Across the cold front, there is a
sharp drop in density and a corresponding increase in temp-
erature (Markevitch & Vikhlinin 2007). Cold fronts and shocks
provide strong evidence for a merger—and in the context of a
model, they can help constrain merger properties.

Turbulence in the ICM can tangle magnetic fields and
accelerate electrons to relativistic energies (see Brunetti & Jones
2014; van Weeren et al. 2019; Cuciti et al. 2021). A complex,
disordered magnetic field suppresses heat conduction and gas
mixing, constraining the relativistic electrons to the regions of
large magnetic turbulence. In this environment, the electrons
gyrate along magnetic field lines, producing synchrotron radia-
tion that appears as an extended radio source, i.e., a radio halo.
Such halos are associated with galaxy cluster mergers, where the
required ICM turbulence and relativistic electrons can be
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generated. Cluster merger shocks can also energize electrons
through diffusive shock acceleration, resulting in radio features
called relics that show highly polarized synchrotron emission.
Radio relics are typically seen on the outskirts of massive
merging clusters (Lindner et al. 2014).

Unlike the strong electromagnetic interactions of the gas just
described, the galaxies and DM interact weakly through gravity.
Galaxies are easy to map with modern optical /IR telescopes,
while strong and weak gravitational lensing techniques can map
dark matter. Because of these different interaction strengths,
measurements of galaxies, gas, and dark matter during cluster
mergers provide a good opportunity to probe the fundamental
properties of dark matter. The best example of this to date is 1E
0657—558, the famous Bullet cluster, whose maps of hot gas,
galaxies, and DM allowed for constraints to be set on the self-
interaction cross section of dark matter (Clowe et al. 2004;
Markevitch & Vikhlinin 2007; Randall et al. 2008). This suc-
cess is due to the Bullet cluster’s optimal merger properties and
geometry, the epoch of the merger, and our favorable viewing
direction.

One of the most promising survey methods to date for finding
additional optimal cluster mergers uses the Sunyaev—Zeldovich
(SZ) effect (SZE; Sunyaev & Zeldovich 1972). Low-energy
photons from the Cosmic Microwave Background (CMB)
inverse Compton scatter off high-energy electrons in the ICM,
typically gaining energy; toward the direction of massive clusters,
this creates an intensity decrement in the CMB below frequencies
of ~220 GHz and an increment above. A similar phenomenon,
the kinetic SZ effect (kSZ), has CMB photons scattering off
coherently moving electrons due to the galaxy cluster’s peculiar
velocity. The kSZ signal is typically a much harder measurement,
due to its small amplitude (~1 uK) and because of its frequency
spectrum, which is that of primary anisotropies (Carlstrom et al.
2002). The measured SZ signal is the Compton-y, where
y = Jn.o(kgT,/m.c?)dl, which, when integrated over the clus-
ter’s projected solid angle, becomes Y fy dA. Because Y is
proportional to the volume-integrated electron pressure, the SZ
signal is looking at the thermal energy of the cluster, which
depends on mass as M3 (assuming self-similarity) and E(z)z/ 3
where E(z) = H(z)/H, describes the evolution of the Hubble
constant. Because the distance dependence scales as E(z)z/ 3 the
SZ signal is much more sensitive to a cluster’s mass than its
distance. The signal does depend on the angular diameter dis-
tance, but for the currently favored ACDM cosmology, the
angular diameter distance varies slowly above redshifts of z ~ 0.5
(Hogg 1999). Due to the mass sensitivity, an SZE survey will
detect all clusters above a threshold mass, making the SZE
equally sensitive to high- and low-mass clusters at high redshifts
(Birkinshaw 1999; Carlstrom et al. 2002) as it is at lower z.

Using this method, thousands of clusters have now been
found by the Atacama Cosmology Telescope (Marriage et al.
2011; Hasselfield et al. 2013; Hilton et al. 2018, 2021), the
South Pole Telescope (Staniszewski et al. 2009; Vanderlinde
et al. 2010; Williamson et al. 2011; Bleem et al. 2015, 2020;
Huang et al. 2020), and the Planck satellite; (Planck Colla-
boration et al. 2014, 2016). The latest ACT catalog has over
4000 optically confirmed SZ selected clusters, and at a redshift
of z=10.5, the Hilton et al. (2021) SZE sample is 90% complete
above Mspo=3.8 x 10" M_'? in its 13,211 deg” footprint

12 Msoo and Rsgg are defined as the mass and radius of the cluster, where the
cluster’s density is 500 times the critical density of the Universe,
pe = 3H*/87G.
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(assuming the scaling relation from Arnaud et al. 2010). The
latest SPT survey (Huang et al. 2020) is estimated to detect all
clusters over a mass of Msq=2.6 X 1014M@ above a redshift
of z=0.25 in their 100 deg” survey. In the second SZ cluster
sample from Planck (Planck Collaboration et al. 2016) the
completeness is estimated to be 80% at a mass of
~7x 10" M, for a redshift of z=0.8. As a space-based
mission, Planck avoided Earth’s atmosphere, which is the main
source of noise at low £ values for ground-based SZ surveys
(e.g., Morris et al. 2022); and because it is an all-sky survey, it
is able to probe the CMB for SZ distortions at larger angular
scales (21°). Thus, Planck is more sensitive to low-redshift
clusters, reaching an 80% completeness of ~3 x 10'* M,
at z~0.1.

These SZ surveys, while effective at finding clusters, do not
possess sufficient angular resolution in general to detect dis-
turbed cluster morphologies. In order to find and study cluster
mergers, which X-ray studies estimate involve ~40% of all
clusters up to z~ 0.5 (Jones & Forman 1999), we therefore
need to follow up SZ cluster samples with higher-resolution
X-ray or SZ observations (see, e.g., Mroczkowski et al. 2019,
for discussion of the application of high-resolution SZ mea-
surements for probing astrophysics). One example of a merger
selected in an SZ survey is AS0295 (ACT-CL J0245.5-5302),
which was found to have a bimodal mass distribution from a
strong lensing analysis (Cibirka et al. 2018) and to possess a
radio relic (Zheng et al. 2018). Pascut & Hughes (2019)
combined this information with an X-ray analysis to identify
both a cold front and a shock that corresponded with the radio
relic, clear evidence for a merging scenario. Using N-body/
hydrodynamic simulations (ZuHone 2011; ZuHone et al.
2018), the authors constrained the inclination angle of the
merger and the mass ratio, and determined that AS0295 is most
likely an off-axis merger with the secondary halo near apoc-
enter. Another example is the Zwicky cluster ZwCl 0017.0
+0320 (ACT-CL J0019.64+0336), which has been discovered
to possess a radio halo (Knowles et al. 2018) indicating a
merging event. Pillay et al. (2021) performed an X-ray study of
ZwCl 0017.040320 and found that the radio halo coincides
with the peak of the X-ray emission. The cluster also has
substructure in the ICM based on several X-ray morphological
distortion estimators, along with a redshift distribution of 17
spectroscopically confirmed galaxy members that the authors
argue shows bimodality. The >3¢ difference between the
dynamical and SZ/X-ray mass estimates also hint that this
cluster is in a post-merger state, since large discrepancies in
mass are due to the cluster being disturbed and breaking
hydrostatic equilibrium (Planck Collaboration et al. 2013).

The focus of this study, ACT-CL J0034.44-0225 (hereafter
JO034), is similar to the above examples in being a known
cluster detected by Planck (PSZ2 G114.39-60.16; Planck
Collaboration et al. 2014, 2016) and by the ACT survey (Hilton
et al. 2018, 2021). It is cataloged by ACT at a redshift of
z7=10.388 (Hilton et al. 2021) with a high signal-to-noise ratio
(S/N) of 20.02. J0034’s S/N and high inferred mass
(5.8 x 1014M@) motivated us to perform an X-ray follow-up
study with Chandra. The resulting X-ray surface brightness (see
map in Figure 1) is highly disturbed, showing two clear peaks,
strongly suggesting that JO034 is a previously unrecognized
galaxy cluster merger. We explore that hypothesis in detail,
taking advantage of existing multiwavelength observations
supplemented with some new data.
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Figure 1. Upper left: ACT map of the Compton-y signal in the vicinity of ACT-CL J0034.44-0225, covering a wide enough field of view to include the neighboring
cluster ACT-CL J0034.9+02333. Upper right: Chandra X-ray image (0.2-2.0 keV band) with green contours from the background-subtracted, exposure-corrected, and
adaptively smoothed image overlaid. Contours are plotted at values of 3.1 x 1072, 9.8 x 107°, 2.5 x 107, and 6.1 x 107® counts s " arcsec 2. Green crosses indicate
the location of the brightest cluster galaxy (BCG) within each of the two X-ray surface brightness peaks, identified with white crosses (East: 0:34:27.41, +2:25:21.5; West
(0:34:24.42, +2:25:44.4). The eastern BCG is offset from the eastern X-ray peak by 11” (58 kpc), while there is an 8” (42 kpc) position difference for the western peak
and BCG. The cyan cross shows the X-ray photon weighted center, and the yellow cross shows the y-map peak from the upper left panel. Finally, the small cyan circle
locates a compact, extended X-ray feature discussed in Section 3. Lower right: composite color image of the optical field of the cluster from the Dark Energy Survey
(DES) in the irg bands. The BCGs are denoted in this image with green crosses. The cyan box outlines the region shown in the panel to the left. Lower left: an HST/ACS
image taken through the F814W filter of the region of the eastern BCG. The HST/ACS image is centered on the position of the eastern BCG. The green arrows mark three
strong lensing arcs from a background galaxy. All other images are centered on the X-ray photon weighted center of the cluster (0:34:25.748, +2:25:28.20).

In the following sections, we describe our multiwavelength
analysis consisting of optical, radio, and X-ray measurements,
numerical N-body/hydro simulations of merging clusters, and
a strong lensing analysis. In Section 2, we describe the
observations and data processing of ACT-CL J0034.4+0225.
In Section 3, we discuss the surface brightness profile, which is
fundamental for Section 4, where we calculate different mass
estimates of the cluster. In Section 5, we compare ACT-CL
J0034.440225 to N-body/hydrodynamic simulations, and add
in a strong lensing analysis in Section 6. Finally, we conclude
in Section 7. Throughout this paper, we assume a standard
ACDM cosmology with Hy=70.0kms ' Mpc ™!, Q,,=0.27,
and 2, =0.73. All uncertainties are reported at the 1o level
unless noted otherwise.

2. Observations and Data Processing

A multiwavelength study was necessary to confirm and
study the merger status of ACT-CL J0034.44-0225, as shown
by the case studies in the introduction. For this effort, we
collected high-resolution X-ray data from Chandra and optical
spectroscopic redshifts from the South African Large Telescope
(SALT). We combined this with archival optical images from
the Hubble Space Telescope (HST) and Dark Energy Survey
(DES; Dark Energy Survey Collaboration et al. 2016), with
spectroscopic redshifts from the Sloan Digital Sky-Survey
(SDSS; York et al. 2000). We also gathered archival radio
imaging from the Giant Metrewave Radio Telescope (GMRT;
Gupta et al. 2017; Sikhosana et al. 2021) and MeerKAT (van
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Haarlem et al. 2013; Jonas & MeerKAT Team 2016; Knowles
et al. 2018, 2021). ACT-CL J0034.44-0225 possesses strong
lensing arcs (see bottom left panel of Figure 1) that have
accompanying redshifts from Carrasco et al. (2017). The three
arcs are seen in both the SDSS and DES data, with the two
most southern arcs at a spectroscopic redshift of 2.379. The
lensing analysis will be discussed later in Section 7.

ACT-CL J0034.44+0225 (J0034) was first discovered in the
ROSAT all-sky survey bright source catalog (RASS-BSC) as
1RXS J003428.0+022510 (Voges et al. 1999). A portion of the
ACT field (roughly 25’ square) can be seen in the top left panel
of Figure 1. Here, we show the Compton-y map constructed
from ACT data taken in the 90, 150, and 220 frequency bands
from 2008 to 2019. A linear combination of the single-fre-
quency maps was made using appropriate weights to isolate the
Compton-y signal; full details of the Internal Linear Combi-
nation method can be found in Madhavacheril & Hill (2020).
The y-map shows ACT-CL J0034.4+0225 in the center of the
frame along with a companion cluster at z=0.385 (ACT-CL
J0034.94-0233) separated by 11./6 (~3.7 Mpc) to the northeast.
Because J0034 is relatively close to its companion, there might
be a connecting filament (as in the Abell 399/401 cluster pair;
see Hincks et al. 2022; Radiconi et al. 2022). However, ana-
lysis of this feature is beyond the scope of this paper.

2.1. Chandra

In our X-ray follow-up, we used Chandra’s Advanced CCD
Imaging Spectrometer (ACIS; Garmire et al. 2003), specifically
the ACIS-I array. Our data was collected in VFAINT mode for
an exposure of 21 ks (PI: Matt Hilton, ObsID = 19587), and all
four CCDs of the ACIS-I array were active during the expo-
sure. The aimpoint of the telescope was set to avoid placing the
chip gaps near the cluster center. Although the point-spread
function (PSF) is slightly extended at positions away from the
center of the chip, it is still acceptable for our study. The data
are in the Chandra Data Collection 252 doi:10.25574 /cdc.252.
We processed the observation using the Chandra Interactive
Analysis of Observations (CIAO) software version 4.10
(Fruscione et al. 2006) and the Chandra Calibration Database
(CALDB) version 4.8.3. We used the tool chandra_repro
on the level 1 event file to apply the latest Chandra pipeline
data calibrations, which updates the bad pixel list and gain
maps. We searched for flaring events in the X-ray background
using the light curve from source-free regions of the field of
view. Flaring events are periods of high X-ray count rate in an
otherwise quiescent background. The light curve was analyzed
using the Chandra Imaging and Plotting System (CHIPS) tool
lc_clean. This calculates the mean count rate of the field and
performs a 3o clipping providing flare-free time intervals. We
then cleaned the data by filtering out the flaring events,
resulting in a slight reduction of the exposure time (from 21.33
to 21.08 ks). We perform background subtraction using the
appropriate CIAO-provided blank-sky background files iden-
tified from acis_bkgrnd_lookup. The background event
files were filtered in VFAINT mode, to help identify cosmic
rays, and reprojected to match J0034’s position and orientation
on the sky.

We redetermine the absolute astrometry of the field using
two optical point sources from the SDSS DR9Y catalog that are
also X-ray sources; this resulted in a shift of the absolute
registration by less than 2” (11 kpc). We generated exposure
maps and a PSF map with the tools fluximage and
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mkpsfmap. The exposure map was generated at 1.34keV,
which corresponds to the weighted mean energy the ACIS-I
can detect over the 0.5-2.0keV energy range. Point sources
were identified using wavdetect (Freeman et al. 2002) on
the exposure-corrected 0.5-2keV band data. This method
accounts for the off-axis variation of the PSF. To produce maps
of the diffuse cluster emission, we replaced all the point sources
with Poisson noise at the pixel level, applied an adaptive
smoothing kernel to the background-subtracted data as well as
the exposure map, and then divided the two. This produced a
point-source-removed, background-subtracted, exposure-cor-
rected, adaptively smoothed image of the cluster. From this
map, we generated the green contours shown in the top right
panel of Figure 1. The two central green contours in Figure 1
define what we will refer to as the X-ray halos for the
remainder of this paper.

After data processing, the Chandra data revealed two X-ray
peaks separated by 49”78 (259 kpc at z=0.386). The high-
resolution Chandra data indicated that the brightest cluster
galaxies (BCGs; to be discussed in Section 2.2) are offset from
these X-ray peaks by 11716 (58 kpc) in the east and 8”39
(42 kpc) in the west. In a typical relaxed galaxy cluster, the
BCG is expected to coincide with the X-ray peak. This sug-
gests for JO034 that either the galaxies or the gas are disturbed
—a common characteristic of a merging cluster.

2.2. Hubble and DES Data

Our target was covered by the optical-band SDSS and DES
surveys. From the SDSS imaging data, Wen & Han (2013)
estimated a photometric redshift of 0.350. Hilton et al. (2018)
also used SDSS data to confirm the ACT detection of (J0034),
quoting a spectroscopic redshift of 0.386, which was updated in
Hilton et al. (2021) to 0.388 using SDSS spectra.

The double-peaked morphology in the X-ray data motivated
us to investigate the spatial distribution of the galaxy popula-
tion in the cluster. We use DES DRI data to create multicolor
images and catalogs. For image extraction, we used the DES
cutout service,13 and for tabular data, we used the galaxies
database from the Astro Data Lab Query interface' (DES
DR1; Abbott et al. 2018). We focused on the gri optical bands,
using the tabular data to create color-magnitude diagrams
(CMDs). The magnitudes and their errors are in the AB mag-
nitude system and were selected from the auto columns.

Our initial visual inspection of the DES images identified
two galaxy populations with two BCG candidates: one in the
east and one in the west. We created two CMDs containing all
galaxies (i.e., with no color selection) within 0.535 (0.17 Mpc)
of each BCG’s position. This size was chosen to maximize the
number of galaxies while avoiding overlap of the two circular
extraction regions. Each galaxy population has a clear red
sequence and a brightest galaxy in its CMD (see rightmost
panel of Figure 2) corresponding to the selected BCG candi-
date. The BCG candidates are therefore confirmed (hereafter
we will call each a BCG). The two galaxy populations have
similar colors (and hence similar redshifts), indicating a true
proximity along the line of sight. In Section 2.3, we explore
cluster membership further with spectroscopic redshifts.

The eastern BCG is at OZJ2000:8?6173, 6]2000:2(.)4230
with an i-band magnitude of 18.0 mag, and the western one is

3 hips: //des.ncsa.illinois.edu/desaccess /cutout
14 https://datalab.noirlab.edu/query.php
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Figure 2. Left: redshift distribution of galaxies in the vicinity of ACT-CL J0034.44-0225 for all redshifts. Middle: velocity distribution of cluster members. This plot
filters out all of the galaxies in the left plot with velocity differences >1000 km s~' from the central body. Right: the color—magnitude diagrams for the eastern and
western halos. The CMDs are populated with galaxies within a 0.”535 (0.17 Mpc) radius of the BCG coordinates. The red distribution is for the east, with 30 members,
and the blue for the west with 28 members. The two CMDs show a clear BCG for each distribution, both close to an i magnitude of 18. The fact that each of the two
halos contains a BCG is a clear indicator that ACT-CL J0034.44-0225 is a merger.

at a0 = 875997, 812000 = 2°4279 with an i-band magnitude
of 18.1 mag. To quantify the environment of each BCG, we
determine the local galaxy density. Extracting galaxies using
the same 0./535 (0.17 Mpc) radius circular regions as above
produces a surface number density of 22.24 gal arcmin >
(17.79 gal arcminfz) for the eastern (western) BCG. For com-
parison, the galaxy densities for apertures just outside the BCG
regions (1./1-3./16, 0.35-1Mpc) and then even further out
(3./16-4./90, 1-1.6 Mpc.") drop off to 2.68 gal arcmin 2, and
1.68 gal arcmin 2, respectively. For all of these density calcu-
lations, the limiting magnitude in the i band is 23 mag. The
surface density analysis shows that each BCG is surrounded by
a higher density of galaxies, indicative of two cluster cores.

We downloaded from MAST'® archival HST data
doi:10.17909/2b2v-tb04 (PL: Ebeling, ObsID: 12884, Repp &
Ebeling 2018) shown in the lower left panel of Figure 1. The
Hubble data were already processed through Astrodrizzle (Dey
et al. 2019) and were accompanied by a weight map. The data
consist of 1440 seconds of exposure in the F814W band using
the Advanced Camera for Surveys (ACS) instrument and the
Wide Field Channel (WFC) detector. The same data are used in
Section 7 for the strong lensing analysis.

2.3. SALT/RSS Spectroscopy

Optical spectra were obtained specifically for this project
through an observational campaign using the Robert Stobie
Spectrograph (RSS; Burgh et al. 2003; Kobulnicky et al. 2003)
at SALT (Buckley et al. 2006; O’Donoghue et al. 2006). We
obtained observations using the PG0900 grating (dispersion
0.98 A per binned pixel) through a total of six slit masks during
August—October 2017 (PI: Matt Hilton, program 2017-1-SCI-
035). The integration time for each observed mask was
4 x 870 s, with two exposures being obtained in each of the
two SALT visits needed for each mask. The data were reduced
using an automated pipeline'” and redshifts were measured
using the XCSAO task of the RVSAO IRAF package (Kurtz &
Mink 1998) and verified by visual inspection. Redshifts

!5 The radii of 3./16 and 4./90 are initial estimates of Rsoo and Rq.
16 hitps: //mast.stsci.edu/portal /Mashup /Clients /Mast/Portal.html
17 https: / /github.com/mattyowl /RSSMOSPipeline

measured from spectra in which two or more strongly detected
features were identified (for example, the H and K lines due to
Ca Il) are considered to be secure. In summary, we obtained 52
redshifts from SALT, which we augmented with 38 from SDSS
and 24 from VLT and Magellan (Carrasco et al. 2017).

In total, there are 114 galaxy redshifts from the three inde-
pendent sources (SDSS, VLT+Magellan, and SALT). There
were 18 duplicates between VLT+Magellan and SALT for
which the mean redshift difference (SALT minus VLT
+Magellan) was 6z =0.00073 4 0.00065; there were eight
duplicates between SDSS and SALT for which the mean redshift
difference (SALT minus SDSS) was 6z = —0.00051 + 0.00063.
Since the SALT results fall between the VLT+Magellan and
SDSS ones, we choose to report the SALT values for all
duplicates that include SALT. There is one duplicate between
VLT+Magellan and SDSS alone, for which we report the
average of the two redshifts. In total, there were 27 duplicates
that are removed from the total sample, leaving a grand total of
87 unique galaxy redshifts. Of these, five came only from VLT
+Magellan, 29 came only from SDSS, and 29 came only from
SALT; 24 came from two or three sources. The distribution of
redshifts is shown in the leftmost panel of Figure 2.

Cluster membership was first determined by looking for
galaxies with velocity differences of >1000kms~" from the
central body of the velocity distribution of all galaxies (i.e., the
fixed gap method; den Hartog & Katgert 1996) and excluding
them. This method defined a sample of 60 cluster member
galaxies between redshifts of 0.37 and 0.40 (five VLT
+Magellan, eight SDSS, 23 SALT, and 24 multiple). We also
applied the shifting gapper method developed by Fadda et al.
(1996) as implemented in Sifén et al. (2016), but this yielded
no additional rejection of galaxies from cluster membership.
The distribution of peculiar velocities of cluster members is
shown in the rightmost panel of Figure 2.

We calculate bi-weight estimates for the redshift of the system
and the velocity dispersion (Beers et al. 1990) and find values of
7=0.38588 +0.00068 and oyp=1119+145kms ~'. The
eastern and western BCGs have peculiar velocities relative to the
cluster redshift of +650 + 140kms ™' and —410 + 150 kms ™',
respectively. The spatial sampling of spectroscopic cluster
members is sparse near the two peaks in X-ray brightness
and galaxy surface density. Including each BCG, there are


https://doi.org/10.17909/2b2v-tb04
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Figure 3. Adaptively smoothed Chandra image of ACT-CL J0034.4+0225. The cyan contours show the 30, 40, 50, 60, and 70 levels (o = 0.58 mly) of the low-
resolution GSB data (full details in Sikhosana et al. 2021). The red contours show the 5o, 150, and 350 levels (o = 23.1 pJy) of the full-resolution MeerKAT data
(Knowles et al. 2021), more specifically the radio galaxy that coincides with the eastern BCG. The dark violet contours show the 30 and 5o levels (o = 77 ply) of the
low-resolution MeerKAT data (Knowles et al. 2021). The black crosses mark the locations of the BCGs, and the ellipses in the bottom left corner show the beam sizes
for the contours of the corresponding colors. The extent of the cyan contours implies the existence of a radio halo, while the red contours confirm the eastern BCG

hosts a radio-loud AGN.

seven spectroscopic members within a radius of 0.535
(0.17 Mpc) for the eastern BCG and four for the western BCG.
The average (line-of-sight) peculiar velocity for these members
is +450+270kms ' (eastern BCG) and +490 + 320kms ™'
(western BCG). The BCG velocity difference is 41060 £
210kms ™', while the average velocity difference of cluster
members near each BCG is —40 & 420 kms™~'. These estimates
of the radial velocity difference between the two cluster cores in
ACT-CL J0034.44-0225 disagree at about the 20 level. The
large difference between the BCGs peculiar velocity and the
average peculiar velocity is indicative of a merging event
(Coziol et al. 2009), since the brightest cluster members retain
part of their infall velocities and sit at the bottom of their local
potential wells. However, our spectroscopic sampling in the
immediate region of the BCGs is sparse. To fully understand the
average velocities near the BCG, we would need a larger sample
size or velocity measurements of the ICM gas. For our purposes
below, we use the BCG velocity difference (~1000 km s_l) to
characterize the radial velocity difference between the merging
cluster cores.

2.4. GMRT and MeerKAT Radio Data

X-ray bright, dynamically disturbed clusters are known to
harbor radio halos (Cassano et al. 2011; Feretti et al. 2012).

Therefore, we looked at JO034 in the radio to find other indi-
cators of the merger activity suggested by the X-ray morph-
ology. This system has been observed at low frequencies
(325-610 MHz) by GMRT and at 1.16 GHz with MeerKAT. A
candidate radio halo is seen in the low-resolution MeerKAT
data (Knowles et al. 2021; shown as dark violet contours in
Figure 3) overlapping the eastern X-ray component. The full-
resolution MeerKAT data also show the presence of a compact
radio source coincident with the eastern BCG, embedded in the
candidate X-ray halo signal. Knowles et al. (2021) postulate
that, due to data quality constraints, they observe only the
brightest portion of a larger halo. A 726 kpc radio halo, more
than twice the size of that seen at higher frequency, is indeed
detected in J0034 using the GMRT at 325 MHz (Sikhosana
et al. 2021). The low-power, P;4gu,= (0.60=+0.15) %
10** W Hz !, halo fills the X-ray-emitting region, as shown in
Figure 3. Also, the halo exhibits a SE-N'W extension, mirroring
the elongation seen in the adaptively smoothed X-ray contours.
The brightest region of the low-frequency halo bridges the two
X-ray components, with the peak coincident with the western
X-ray component.

Although there are no indications of radio relics in any of the
radio data, the presence of a radio halo supports a merger
scenario for J0034. We note that the peak of the low-frequency
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halo is offset from the diffuse radio signal at a higher fre-
quency. This indicates a possible spectral index change across
the source. The halo would have a steep spectrum in the region
of the western X-ray component, with a flatter spectrum in the
region of the eastern X-ray component. The flatter spectrum
may be explained by the presence of the radio galaxy in the
eastern part of the cluster. The galaxy may be providing a
constant pool of energetic electrons that are being reaccelerated
by turbulence driven by the cluster merger. There is no similar
electron source visible in the western cluster region. Further
discussion of these issues is beyond the scope of this study.

3. X-Ray Surface Brightness Analysis

Here, we present our general methodology for constructing
and fitting a radial X-ray surface brightness profile. The fitted
profile is crucial for determining the cluster’s gas mass and for
finding deviations from a smooth profile. We also look for
structure in the X-ray imaging using an annular and visual
search. J0034’s low number of counts prevented us from using
specific techniques such as unsharp masking.

3.1. Methodology

The treatment of the Chandra data here follows that in
Section 2.1. We use the same energy band (0.5-2.0 keV) and
the same blank-sky background and exposure maps. One dif-
ference is that the pixel regions containing emission from point
sources (found using wavdetect) are excluded from the
event file, blank-sky background map, and exposure map. The
surface brightness profile is calculated using the following
equation:

N b
SB; = ﬁ’ )
E;

where the counts, C, and exposure, E, values for each annular
bin, i, come from integrating the appropriate map within radii
of r;_y to r; (with ry=0) from the photon-weighted centroid
(0:34:25.748, +2:25:28.20). The s and b superscripts corre-
spond to the source (i.e., cluster) and the background, respec-
tively. The background counts are modified by a numerical
factor, A =0.0509, which includes the ratio of exposure times
rescaled by the ratio of observed X-ray count rates beyond R
in the cluster observation and blank-sky background. This is to
ensure that an appropriate background subtraction is made,
since the blank-sky background has a longer exposure than the
event file. For our work, the surface brightness is in units of
photons cm 2 arcsec 2 s~ ! and the error is calculated from the
propagation of errors via the partial derivative of Equation (1):

NG+ WAC + (XCh?
7 (E:)? '

@)

Here, ¢ is a systematic error of 0.05, which comes from our
estimate of the variation in the background subtraction.

3.2. Azimuthally Averaged Global Surface Brightness Profile

We generated the surface brightness profile by using a series
of annular-shaped regions on the sky with a set radial width but
expanding inner and outer radii. These radial bins are centered
on the photon-weighted centroid of the merger. The binning is
set so that each bin has a minimum of 20 counts, which allows
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us to use X2 statistics, and the radius of each bin is recorded as
the arcsecond average of its inner and outer radius. We utilize
the CIAO tool dmstat to collect the counts for the profile. We
aim to get a surface brightness profile that approximates the
global gas distribution of the cluster. We impose, as just
described, circular symmetry on our extraction regions, which
is consistent with the shapes of the X-ray contours at large
radii. In the next paragraph, we describe how we remove the
two central gas peaks, which impose a significant asymmetry in
the central region. We recognize this is an approximate
description of the gas distribution, but it will serve our purpose
with regard to estimating the gas mass, getting close to the
standard prescriptions for such calculations (see Section 4.2).

As the halo cores do not follow a typical projected beta
model, they were excised along with the point sources. For the
cores, we excised an area of 0.157RZ%, with two nonoverlap-
ping circles centered on the two X-ray peaks. The cores are
accounted for later in the process, and Rsgy was estimated
iteratively using the k7" mass relation (see Section 4.1).

We fit the surface brightness profile with the projected beta
model given by

27-360+%
S:So[1+(i)l . 3)
re

We perform a Monte Carlo Markov Chain (MCMC) fit with the
Python package emcee (Foreman-Mackey et al. 2013). We
determine the posterior distributions for the normalization of
the beta profile, S,, the slope at large radii, 3, and the core
radius, r.. We used uniform uninformed priors 0 < S, < 1,
0< B<5, and 0 < R. < 100, where the core radius is in units
of arcseconds, and we use a Gaussian likelihood function. For
the emcee run, we used 100 walkers and 15,000 steps. From
the 1D posterior distributions, we quote the 50% percentile
value and use the 16% and 84% values as the 1o uncertainty:
S,=43+0.3 x 10 % counts arcsec 2cm 2s~ !, r.=542+
4.1arcsec, and (3=0.88+0.054. The fitted core radius,
287 £ 22 kpc, is reasonable for an isolated cluster (Jones &
Forman 1984), which may be why the merger status of J0034 is
only now being recognized. The surface brightness profile and
best model fit are shown in Figure 4. The fit has a x> = 70.2
with 32° of freedom, which can be expected for a disturbed
cluster. To summarize, here we have presented an analysis of
the cluster’s global surface brightness centered on the photon-
weighted center (which is within only a few arcseconds of the
ACT y-map location; see Figure 2) while excising the regions
of the two gas peaks. We use the core radius and slope later
when determining the cluster’s gas mass in Section 4.2.

4. Mass Estimates

We use three different methods to estimate the merger’s total
mass. These are determined from the integrated temperature (k7
scaling relation), an estimate of the integrated gas mass, and an
estimate found from the integrated pressure using the Yx
scaling relation. The kT relation is a tight correlation between
the cluster mass and the X-ray emission weighted projected
temperature. The functional form is derived by assuming the
gas is in hydrostatic equilibrium and supported by thermal
pressure (Evrard et al. 1996; Vikhlinin et al. 2009), yielding the
relation M o< /2. The gas mass is estimated by fitting the
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Figure 4. Surface brightness fit of ACT-CL J0034.4+0225 using the projected
beta model. The blue points show the data and the error, and the red dashed line
shows the MCMC fit. The fit produced a x> = 70.2 with 32° of freedom, and
the lower panel shows the residuals of the fit. The main source of error for the
mass estimations will come from this fit.

surface brightness profile (Cavaliere & Fusco-Femiano 1978)
to calculate the gas density. The density is then used with the
volume and gas fraction to calculate the total mass. The Yx
relation utilizes the product of the emission-weighted temper-
ature and the gas mass. For all of these scaling relations, we use
Vikhlinin et al. (2009). The study therein takes an X-ray
selection of clusters and calibrates the relation between the
mass and the X-ray observables using a weak lensing analysis.
In the following, we allow each mass proxy to find its own best
Rsq value, iterating over the changing size of the extraction
region and the mass calculated from the scaling law until
convergence.

4.1. kT Mass Estimate

We fit for the temperature using the Chandra X-ray spec-
trum. The spectra of the event file and blank-sky background
were extracted from the same region of sky using the CIAO
tasks specextract and dmextract, respectively. The
region for the local background was set beyond Rsqg (~3' 35)
in an annular shape roughly an arcminute thick, and was scaled
to the event file as in Section 3.1. The regions have been
centered on the photon-weighted centroid, and we were careful
to excise the point sources found in Section 2 and the two cores
of the cluster. We excised the cores by centering circular
regions on the X-ray peaks and setting the radius to 11% of
Rs0o. This ensured that the excessive emission was completely
excised, and that the total area excised is at least 15% of mRZ,.
The prescription from Vikhlinin et al. (2009) is to excise the
core 15% of the area, and we experimented with this. Since we
have two cores, we tried excising 15% of the area centered on
each core and excising a central region large enough to
encompass both cores. Both methods rejected too many pho-
tons to produce a good surface brightness profile. We also tried
a central 15% of the area as in Vikhlinin et al. (2009), but this
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left flux from the cores that disrupted the surface brightness
profile. Finally, we settled on excising 11% of the area centered
on each core, so that the total area is roughly 15% and the cores
are not significantly affecting the surface brightness profile.

We fit the spectra with the phabs"MEKAL model using
XSPEC (Arnaud 1996), where we freeze the column density
and the cluster redshift and fit for kT, the abundance (i.e.,
metallicity), and the norm (hereafter, A in Equation (4) of
Section 4. 2) We took the column density to be 2.48 x 10%
atoms cm - based on the CIAO task prop_colden that uses
archival data (Dickey & Lockman 1990). Our analysis of the
spectral temperature produced a relatively hot cluster at
6. 2+07 keV, a norm (see Equation (4)) of a value of
27740.10 x 10 >em™>, and an abundance of 0.23 = 0.1
relative to solar abundances using the Anders & Grevesse
(1989) abundance table. Here, Rso9 was found through an
iterative process using the k7 mass relation, where the final
value is Rsoy = 3./34.

Using the kT mass equatlon from Vikhlinin et al. (2009),
My =M (T/5keV)*E(z) ' x 10"*M., where M,=3.02+
0.11 and a=1.53 £ 0.08, the mass derived from the spectral
temperature is M{J) = 5.0707703 x 10M. The last two
errors are the systematic errors from the scahng relation. Note
that the only change with respect to Vikhlinin et al. (2009) is
the excised central region.

4.2. Gas Mass Estimate
When we fit the X-ray spectrum with XSPEC, we obtain the

norm defined as

1014
A =

4 [Dy(1 + 2))?
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Here, ny (n,) is the number density of hydrogen (electrons), D
is the angular diameter distance, z is the redshift, ny, is the
central hydrogen number density, and f,, = n,/ny = 1.08 is the
electron-ion fraction, which comes from assuming a fully
ionized plasma with a typical cluster composition (a cosmo-
logical He-to-H ratio and metals at 30% of their solar abun-
dance values). To calculate the fraction, we assumed the ICM
to be fully ionized, and we applied the fitted abundance from
XSPEC (0.26°013) to the abundance table (Anders & Grevesse
1989), taking note that XSPEC accounts for the contribution of
the 30 elements in its fitting procedure. The last term in the
equation above assumes an isothermal beta model from
Equation (3).

We have a measurement of r. and (G from the surface
brightness fit and of the norm from the spectral fit
(A=2.8=+0.1 x 107 cm™). Using Equation (4), we solved
for the central hydrogen number density of the cluster. The
number density was converted into a mass density assuming a
mean molecular weight of 1.4 m,,. For the gas mass, we have a
nontrivial situation; we employ the beta model profile to
account for the bulk of emission and mass out to large radii, but
we need to add back the mass associated with the excised
cores. We calculated the gas mass of the cluster (without the
cores) by integrating the mass density (assuming the beta
model profile) in a spherical region out to Rsqoy (determined
independently for thls scahng relation). We estimated the mass
at (1.03 +0.20) x 10! MQ, here, the error comes from both the
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spectral analysis and image analysis where we combine (via
root sum squaring) the uncertainties on the spectral normal-
ization (A), 8 and r..

The calculation for the cores differs from the main cluster in
two ways: the use of the local background and the assumption of
uniform density. The local background comes from a 0.'83
(0.26 Mpc) radius circular region centered on the centroid of the
cluster, excluding the two cores. This region encompasses the
brightest portions of the X-ray emission surrounding the cores.
Using this region as the background subtracts off the counts from
the main cluster, leaving only the excess counts from the cores.
We used the same background for each core and produced
independent spectra of each core. We fitted each core spectrum
with XSPEC, and in Equation (4) we treated the factor
1 + (r/7.)* as unity, corresponding to uniform density. We cal-
culate the gas mass of each core by integrating a spherical region
out to the radius of the excised region, which yields values of
1.64+0.1 x 10M,, (1.7+£0.1 x 10"*M_,) for the eastern (wes-
tern) halo. The total gas mass is Mg, = (1.06 + 0.20) x 10"*M,
with normal propagation rules for the error.

We need a value of the gas mass fraction to calculate the

total mass using the relation Mty = Mgy fg_a:. The gas fraction

from Vikhlinin et al. (2009), f,, = fo_l'5 + nlog M5, defines
M5 as the total cluster mass in units of 10'° h71M® and quotes
the following parameter values: f,=0.0764 &+ 0.004, and
1n=0.037 £0.006. In practice, we iteratively found M;5 by
calculating the gas fraction and matching the product fg,sM,5 to
our measure of the gas mass. The statistical error was propa-
gated from the gas mass, while the systematic errors were
calculated by keeping all other parameters constant while
varying f,, and n within their quoted error ranges individually.
The end result is MS((%‘“) = 8.6f8:§:f8j x 10'“M_, where the
systematic error dominates the statistical one.

4.3. Y, Scaling Relation

We use the product of the spectral temperature and the gas
mass, referred to as Yx (6.2707 keV - (1.06 £ 0.20) x 10"M,),
as another cluster mass proxy. Because the biases from the
temperature and gas mass are anticorrelated (Kravtsov et al. 2006;
Arnaud et al. 2010; Giodini et al. 2013), the Yx scaling relation is
less sensitive to the dynamical state of the merging system.
This makes the Yx relation a good mass estimator for a galaxy
cluster undergoing a merger. As with the gas fraction method,
we use the Vikhlinin et al. (2009) scaling law for the total mass,
My, = M, x 10"“h'/2M_(Yx/3 x 10"“M, keV)*E(z)>/",
where M, =5.77+0.20 and x =0.57 & 0.03. The uncertainty
on Yy is a straightforward combination of the statistical errors
from the gas mass and spectral temperature. The systematic
errors were calculated by varying the values of M, and x while
keeping the spectral temperature and gas mass constant. This
yielded a total mass of My = 6.4707703 x 10'M,, where
the statistical error dominates.

The results of the mass estimates are summarized in
Table 1, along with the results of the SZ-determined mass
from ACT and Planck that assumes the Arnaud et al. (2010)
scaling relation. The different mass proxies have produced
different estimates, as they probe different aspects of the
cluster, and our gas mass analysis is nonstandard due to the
presence of the two cores. Nominally, the gas mass and kT
mass appear to be inconsistent with each other, and the gas
mass estimate is inconsistent with the SZ estimates. The ratio
between the dissimilar masses (1.72) is echoed by some
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Table 1
A Series of Mass Estimates from Various Scaling Laws
Radius
Sz Mass (A = 500) (A =500)
Planck (Planck Collaboration et al. 5.879% x 101 M, 31524012
2016)
ACT (Hilton et al. 2021) 58708 x 10 M, 31524031
M500cUPP
X-ray

Gas: M = My [, 8.6102103 x 10"M,, 47025098

Te M o Ty ?E(z)! 50795402 x 10"M,, 30355017

Yoo M o< (Tx Mgy )/ E (2) /3 64107103 x 10MM; 30665013

Notes. The SZ mass estimations come from the citations linked therein, where
the reader can find the full details. We estimate Rsoo for ACT and Planck with
the relation between mass, density, and volume. All mass estimates are cal-
culated for a minimum density of 500 times the critical density of the Universe.
The X-ray mass estimates show the statistical and systematic errors in that
order. The spectral temperature and Yx mass estimates are consistent with the
SZ estimates, but the gas mass is far outside the SZ mass range. This is most
likely due to the scaling laws probing different aspects of J0034. The Rsqg
values for the X-ray scaling laws are found iteratively. Here, the errors on the
radii come from the root sum square of the statistical and systematic errors.

clusters presented in Vikhlinin et al. (2009). The best example
is cluster 1226-3332, with a ratio of 1.72 between its k¢ and
gas mass estimate. This comparison is significant, as CL-1226
43332 is a well-known disturbed cluster with binary sub-
structure (Maughan et al. 2004; Jee & Tyson 2009; Zitrin et al.
2015), much like J0034. Despite the inconsistency
between the gas and k7T mass estimates, the Yx scaling law is
robust against the dynamical state of the cluster and is a
reliable mass estimate regardless of the merging status of the
cluster (Kravtsov et al. 2006; Arnaud et al. 2010; Giodini et al.
2013). The ACT SZ mass estimate that is calibrated with
weak lensing (Hilton et al. 2021) is actually higher at
Msgoeccar = 81717 x 10"M,, but is still in agreement with
the gas mass estimate and the Y, estimate whose scaling law
was calibrated with weak lensing data.

5. Comparison with Parameterized N-body/hydro
Simulations

We use simulations to learn more about the dynamical state
of J0034. Specifically, we want to know the mass ratio of the
two halos, whether the collision is head-on or glancing (which
we characterize with an impact parameter b), and the timing of
the merger with respect to the cores’ closest approach (peri-
center). We use the merger simulations from ZuHone (2011;
see also ZuHone et al. 2018), because the simulated masses are
consistent with J0034’s mass estimates.

These simulations use FLASH (Dubey et al. 2009), a parallel
hydrodynamics/N-body astrophysical code. The code uses
adaptive mesh refinement (AMR) that places higher-resolution
elements on the grid only where they are needed, which is ideal
for modeling sharp features from shocks and cold fronts. In
these simulations, two relaxed clusters are set on course to
collide with one another. The clusters are placed in a box with a
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width of L =14.26 Mpc, but the initial distance between the
cluster centers is set to the sum of their Ry radii. In every
simulation, the initial relative infall velocity is set to
~1200km s~ (subject to the virial radius; see full details in
ZuHone 2011) and is initialized in the x—y plane, where the z
axis is the viewer’s line of sight. The main maps of interest, the
X-ray surface brightness and mass surface density,'® are pro-
jected along the z axis onto a two-dimensional image in the x—y
plane. The total mass distribution (dark matter and gas mas)
follows a Navarro—Frenk—White (NFW) profile (Navarro et al.
1997) out to Rygo. Subsequently, the gas profile is calculated
separately using the temperature and entropy profiles. The
clusters’ X-ray temperatures were normalized using the M-T
relation from Vikhlinin et al. (2009), to ensure the simulations
modeled the merging of relaxed clusters. Along with mass,
mentioned above, we share a similar cosmology with the
simulations, in that ZuHone uses a ACDM model where
Hy="71km s Mpc_l, Q,,=0.27, and Q2 = 0.73, essentially
identical to the model we assume. However, in order to study
the effects of changing the parameters of a merger, ZuHone
(2011) set the simulations in an idealized local frame. The
maps generated in that work are presented at a redshift of
z=20.05, which we can easily extrapolate to our cluster’s
redshift.

There are separate “suites” for each parameter explored by
the simulations: mass ratio, impact parameter, and epoch. There
are three options for the mass ratio: 1:1, 1:3, and 1:10, where
the primary (more massive) cluster is set to a virial mass of
Mooy =6 x 10" M. The impact parameter also has three
options: 0, 500, and 1000 kpc. The available epochs span from
the time the clusters are initialized to 10 Gyr.

Our metrics can be used to estimate the angle of J0034’s
merger out of the plane of the sky, which we do for each of the
metrics. For the distance metric, we simply calculate the angle
of the merger axis needed for the peak separation distance in
the simulation to match the projected distance for J0O034. For
the velocity difference metric, we calculate the merger angle
needed so that the velocity difference vector from the simula-
tion projected along the line of sight matches our AV mea-
surement for J0034 determined in 2.3.

There is an important caveat with how the simulation dis-
tances were handled. The surface brightness maps from the
simulations are already projected, so it was not possible to
rotate and then reproject them. This introduces a new qualita-
tive constraint, since a relatively large rotation will introduce a
large morphological change in the x-ray image. We define a
“solution,” or good match, when the distance and velocity-
determined angles overlap within the errors. This gave us two
distinct sets of solutions, one where the rotated angle is quite
large (=60°) and another where it is relatively small (~35°).
The small angle solutions are all within 0.1 Gyr of first peri-
center. The large-angle solutions vary widely in time with some
at epochs as early as the beginning of the simulations and as
late as 0.5 Gyr or more from first pericenter. The large-angle
solutions had cluster component separations greater than four
times the projected peak separation in J0034, while for the
small-angle solutions, the component separations were never
greater than twice the J0034 value. Given the large distances
and the accompanying large change in angle, we have elected
to reject the large-angle solutions, due to the likelihood of a

18 - . - .
For the set of simulations we are using, there are no radio maps.
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significant morphological change that we cannot account for,
given the available simulated surface brightness maps. Mea-
surements of the radial gas velocity in each X-ray peak from
upcoming high-resolution X-ray spectroscopy or kinematic SZ
effect measurements would confidently resolve this
uncertainty.

We show subset of our solutions in Figure 5. In this figure,
we are not doing a numerical comparison with these simula-
tions; the figure provides a qualitative visualization of spatial
X-ray surface brightness and temperature variations for the
various solutions. There are three sets of columns that gen-
erally describe the epoch: pre-pericenter, post-pericenter, and
near-pericenter. Each column has a pair of images with the
surface brightness map on the left and the corresponding
temperature map on the right. For visual comparison with the
Chandra image, the contours of the adaptively smoothed
X-ray emission from J0034 (see Figure 1) are overlaid in cyan
on each map after the map has been rotated and scaled. A blue
set of contours, which represent 90% of the X-ray peak
emission, shows the alignment between the projected
separation of the X-ray peaks from J0034 and the peaks in
signal from the simulated surface brightness and temperature
maps. The pre- and post-pericenter columns are grouped into a
larger panel for the 500 kpc impact parameter simulations,
while the second panel shows the 1 Mpc impact parameter
simulations. The contents of the second panel are variable in
whether they are pre- or post-pericenter. Finally, there are
three rows that show the mass ratios: 1-1, 1-3, and 1-10. The
figure shows the distinct simulation solutions as they are
described in parameter space in the various simulations. Note
that we did not consider the zero-impact parameter simula-
tions, as they were significantly morphologically dissimilar
from J0034.

In many simulations with a 500 kpc impact parameter, the
component separation was less than the observed separation in
J0034, and hence these had to be rejected as unphysical. Many
1 Mpc cases produced comparisons where the distance and
velocity-determined angles failed to overlap, even for the
near-pericenter simulations, because the simulated X-ray
peaks were too far apart. Based on this finding, a 750 kpc
impact parameter may be more appropriate for J0034. The
mass ratio is difficult to constrain, as all possibilities have
solutions. However, we are confident that JOO34 is near the
first pericenter, as the reasonable solutions are within a
0.1 Gyr range.

6. Constraining the Merger with Temperature Information

We use kT information from the X-ray data to investigate if
JO034 is before or after the first pericenter. There are two
methods: direct comparison with the simulation’s temperature
maps, and calculating the entropy throughout the cluster. Cool-
core clusters, which are in equilibrium and are not in a merging
state, are characterized with low-entropy cores. Non-cool-core
clusters, which are disturbed, have cores with high central
entropy (Donahue et al. 2006; Hudson et al. 2010). Therefore, a
good measurement of the entropy can determine if the cores are
more or less disturbed than the outer regions.

6.1. Temperature Maps

Figure 5 reveals a wide variety of temperature distributions
from our simulation solutions: cases where the highest
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Figure 5. The purpose of this image is to give a visual impression of the surface brightness and temperature distributions that were deemed solutions in our
comparison, making them plausible matches to JO034. They are all at different spatial and intensity scales. The surface brightness plots (columns 1, 3, and 5) are
logarithmic, the temperature plots (columns 2, 4, and 6) are linear, and all of the plots are from ZuHone (2011). The top, middle, and bottom row show the 1-1, 1-3,
and 1-10 mass ratios, respectively. The panels on the right show the simulations with a 1 Mpc impact parameter, and the panels on the left show the 500 kpc. The left
panels are divided based on whether they are before or after the closest crossing. The darker images are the surface brightness plots, and the brighter images are the
temperature maps of the simulations. They are overlaid with the adaptively smoothed X-ray contours of J0034 (cyan) and the 90% X-ray peaks (blue), which give an
idea of the alignment of the projected X-ray peak distance. Images such as these served as a visual check of the simulations but did not play a significant role in our
choice of solutions. These modified images were created by rotating the simulations to the correct angle (using the coordinates of the X-ray peaks). Subsequently, the
pixel scale was changed so that the distance between the two X-ray peaks of the simulations subtends the same angle as the distance between the two X-ray peaks of

J0034.

temperature is between the peaks, close to one or the other,
above or below the peaks, and so on. Based on these different
morphologies, we selected a set of regions that approximately
correspond to features in the simulated temperature distribu-
tions. We selected high- and low-temperature regions (see
Figure 5) in relation to the Chandra surface brightness contours
in order to generate a set of regions to look for the same
temperature variations in JO034. These regions are shown in the
three image panels of Figure 6. The upper left panel shows the
core regions that are always cool in the simulations. The two
panels on the right show regions that are hot in some subset of
the simulations. These represent a good selection of regions
that model the different types of shapes of the relatively high-
temperature areas of the merger.

These regions yield spectra with 600—1200 observed events.
We determine the spectral temperature of each region using
XSPEC (see Section 4.1 for full procedure). The bottom left
panel shows the corresponding temperature measurements
(with 1o errors); the global value, and its error, is shown as the
horizontal red line. The vertical red line distinguishes regions
that overlap with the other regions and therefore may be
probing a redundant portion of J0034. All the regions are sta-
tistically consistent with the global temperature of 6.2 keV.
There is no evidence that the cores (A1, A2) are colder, while
two of the regions between the peaks (C, D) are marginally, but
not significantly, hotter (although region F belies this trend).
We expected B1 and B2 or El and E2 to be hot, as reflecting
the motion of the components of the merger, but the measured
temperatures are not statistically different from the mean. In
this case, in order to better constrain the merger properties
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using temperature information (i.e shocks), we will need a
deeper X-ray observation.

6.2. Entropy

We combine the methodology for estimating the spectral
temperature with the methodology for calculating the hydrogen
number density to determine the entropy. Here, the entropy is
defined as K, = kTn, /3 The hydrogen number density can
determine the electron number density as per the electron-ion
fraction (see Section 4.2). We use several regions for the kT
estimate to create an entropy profile. However, we found that
the outer regions of the cluster lacked sufficient data to produce
good temperature measurements. We proceed with three
regions: the initial region that encompasses both cores, Rsg
(3766) as determined by the Y, mass relation (theoretically the
most robust mass relation for a disturbed cluster), and a mid-
way point between the two at 2.00. In addition to the treatment
done in Section 4.1, the temperature was found for each section
after excising the smaller section. The results are shown in
Figure 7.

The core of the cluster has a high central entropy that drops
as it reaches Rsgo. The peak in entropy indicates that J0034 is a
non-cool-core cluster. The graph suggests that the core is dis-
turbed but the cluster is not uniformly disturbed. This result
hints that the J0034 merger may be post-pericenter. We note
that having insufficient data at larger radii makes us wary of
overinterpreting the graph. In the future, we will need more
data (longer exposure) to determine the pre- or post-pericenter
state with entropy.
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Figure 6. Here, we show various regions of interest plotted on the smoothed X-ray image of J0034 using an inverted color map that highlights the cluster cores. These
regions were selected to highlight temperature variations in the maps shown in Figure 5. The colored, labeled regions are the areas in which we fitted for the spectral
temperature; the results are plotted in the bottom right panel. Regions C and D overlap with other regions, hence they are plotted separately. The horizontal line and
band represent the global spectral temperature and the error as per Section 4.1. All of the temperature estimates are consistent with one another, so we cannot use a

temperature map with current data to filter the simulations any further.

7. Strong Lensing Analysis

JO034 has strong gravitational lensing features, which we
identify in Figure 1. These features allow us to perform a strong
lensing analysis, which provides another constraint on the
merger properties. These arcs are visible in the ground-based
DES data because of their bluish color. They are confirmed as
strong lensing arcs thanks to the high-spatial-resolution, single-
band (F814W) Hubble image. Additionally, the middle and
southern arcs have spectroscopically measured redshifts of
2.379 (Carrasco et al. 2017). For the strong lensing analysis, we
assume all three arcs originate from the same background
galaxy.

To estimate the flux in each arc, we collected the number of
electrons (see the HST/ACS image in Figure 1) using elon-
gated elliptical regions that encompassed each full arc and then
converted electrons to flux with the conversion factor in the
FITS header. Counts from the same elongated area positioned
at six different locations away from the arcs were used to
estimate the local background. The mean of the six back-
grounds was used for the background subtraction, and the
standard deviation of the backgrounds was used as the uncer-
tainty. We used the middle arc as the reference to calculate the
flux ratios (see Table 2). We used the flux ratios, the positions
of the arcs (treated as point sources) relative to the eastern
BCG, and the BCG locations as constraints. The flux error is
propagated into the flux ratios, forming a strong constraint. The
relative positions of the arcs were chosen from the center of the
flux distribution within the elongated ellipse and provided
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Figure 7. Here, we show the measure of entropy (normalized by the entropy at
Rs00) at radii 0./79, 2.700, and 3./66. The plot shows 1o errors. For this figure,
we use the Y, mass determination of Rsq, as the Y, mass estimate is theore-
tically the most robust against a disturbed cluster. Each progressing region
excises the region that came before. The core of the cluster has a high central
entropy, uncharacteristic of a cool-core cluster.

qualitative constraints with generous 0”5 (3 kpc) errors for
both axes of the ellipse. The BCG positions and errors follow
from our study in Section 2. Since we have relatively few
constraints, this is more of a qualitative analysis to see what
patterns emerge.
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Flux Ratios and Their Errors for theT]jlebnl:e(Zi Images in ACT-CL J0034.4+0225
Images Flux Ratio * AR.AY ADecl.”
Northern Image 0.67 +0.01 —6.41 12.52
Middle Image 1.00 —11.53 —0.18
Southern Image 1.04 £ 0.03 —12.16 —-8.20

Notes. The main source of error comes from averaging the backgrounds before
background subtraction, and the error in the flux ratios comes from normal
error propagation. The RA and DEC offsets show the relative positions of the
lenses from the eastern BCG.

# There is a 0”5 (3 kpc) uncertainty for R.A. and decl.

7.1. Strong Lensing Analysis of J0034.4+0225

We have fit simple lens models (Keeton 2001) to the three
observed arcs, approximating them as point images. Recall that
we have six position measurements (centered on the eastern
mass halo) of the arcs and two flux ratios. In all cases, we
considered two types of density profiles. The first model is a
softened isothermal ellipsoid whose 3D density p and lensing
convergence x = /3 (surface density scaled by the critical
density for lensing) have the form

270G (s% + r?) 2/ + R2

where s is the core radius, o is the velocity dispersion, and the
lensing parameter is b = 41(c/c)* D,/ D,, where D, and D, are
angular diameter distances from the observer and lens to the
source, respectively. The second model is an NFW ellipsoid
with density and convergence (Bartelmann 1996):

p(r) = ®)

pry=— > 5
(r/r)(1 + r/r)
= Kk(R) = 2k, M where
(R/r)* — 1
! tan 'VxZ2 -1 (x> 1)
x2 -1
Fx) = (6)

;tanh‘lxll —x2 (x< 1y
V1 — x?

1 x=1
where rq is the scale radius, p, is the scale density, and the
lensing parameter is k; = pgry/Yiere- In both cases, we obtain an
elliptical model by replacing R with the elliptical radius

Jx% + y%?/q? and rotating to position angle 6,.

We considered three classes of models.

1. Model 1 assumes a single elliptical halo whose position is
constrained to be within 10 kpc of the eastern BCG and
allows the shape of the halo to vary. There are four
parameters: two that describe the mass profile (scale or
core radius and normalization) and two for the shape
(ellipticity and orientation). We tried centering the halo
near the western BCG and confirmed that such models
cannot reproduce the image configuration, since the
curvature is clearly to the east. Note that, in our analysis,
the halo positions are not independent of the BCG loca-
tions. We do not currently have enough data for a model
where they are independent to be meaningful.
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2. Model 2 is also a single elliptical halo, though with the
shape constrained in this case and the position varying.
This model also has four parameters: two for the mass
profile and two for the position. For the shape constraints,
we take the ellipticity e, and position angle 6,, and define
quasi-Cartesian ~ coordinates e, = ecos(26,) and
e; = e sin(26,). We place Gaussian priors (0 +0.3) on
each of the e, and e; components. This imposes a mild
preference for more circular halos, but leaves the orien-
tation unconstrained.

3. In Model 3, each halo is assumed to be centered on a
BCG. The shapes and positions of each halo are inde-
pendent and have the same constraints as Model 1 (for
position) and Model 2 (for shape).

We used MCMC methods to sample the parameter space.
Both the one-halo and two-halo models yielded good
MCMC fits that were consistent with the configuration in
J0034. However, the majority of the one-halo models (Models
1 and 2) constructed elongated critical curves on the eastern
BCG. Occasionally, the fit would place the halo in the west,
but the critical curves could not properly replicate the location
of the images. The two-halo models always construct the
critical curve to be larger in the west than in the east. Addi-
tionally, the ellipticity is less extreme than the one-halo
variant.

While the one-halo and two-halo models can both provide
good fits, we already have evidence for the existence of the
western halo from the optical and X-ray data. Also, for the one-
halo model to work, the critical curves must be elongated,
while the two-halo model is less elliptical and more natural in
shape, though there was some contribution to this from the
shape prior. We conclude that the two-halo model is the more
appropriate one for comparison, and we summarize the para-
meter constraints for this model in Table 3 and plot the lensing
critical curves (locations of infinite magnification) for a subset
of models from the MCMC chains in Figure 8. The lens models
suggest that the western halo in J0034 is likely the more
massive of the two. With more robust constraints, we could
confirm the locations of the dark matter peaks. If we assume the
BCGs do indeed correspond with the dark matter peaks, that
would make the collisional components (gas) of the merger
closer than the noncollisional (galaxies), implying a post-
pericenter scenario. However, we are careful to not over-
interpret, given our data.

The strong lensing analysis presented another opportunity to
constrain J0034’s mass ratio. We sample the average density
and scale radius parameters from 1000 chains of the two-halo
NFW profile MCMC fit. Here, the scale radius is defined by
Rsgp and mass concentration (r; = Rago/c). We use the para-
meters and R, as limits of integration for the NFW profile to
calculate the individual masses from the two-halo models. The
posterior distribution of mass ratios is broad and skewed;
hence, we quote the mode as the central value, 1:10. The ratios
ranged from 1:1 to 1:20 with lo uncertainty (the lower
uncertainty is unbounded).

It is interesting to note that this range of mass ratios is
consistent with our findings on J0034’s mass ratio, based on the
comparison with simulations. However, in order to produce the
critical curves shown in Figure 8, the strong lensing analysis
prefers a larger mass ratio, while the simulation comparison
prefers a smaller value.
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Figure 8. Critical curves from the isothermal (a) and NFW (b) two-halo lens models. The different colored critical curves show various individual walkers in the
MCMC run, all consistent with the data. The black dots represent the locations of the lensed images. It is important that, in this study, independent of the previous
analysis, the models both suggest that the eastern halo must be elongated and centered east of the images and that the western halo must be more massive. (The
isothermal models show more variation in the western halo because the central core is not well constrained by the lensing data, and changing the core radius can
significantly change the critical curves. By contrast, the NFW models show less variation because the central region is always cuspy.)

Table 3
Results from MCMC Sample of the Parameter Space for Two-halo Lens
Models
Parameter Prior Isothermal NFW
logh, — 0.80+14 0.3379%9
X 0.00 + 1.89 0.84+143 0.87+041
Vi 0.00 + 1.89 —0.7079%9 —0.70%97%
el 0.00 + 0.30 —0.0870%) —0.045012
e 0.00 + 0.30 0.09+3:42 0.117933
logs, — —0.32%938 0.58+0%]
logh, — 1525043 1387081
X 63.61 + 1.89 63.47°18] 63347959
s 17.76 = 1.89 17.66+1 54 16.891):38
e 0.00 + 0.30 0.057937 0.07:93]
e 0.00 + 0.30 —0.08%0% —0.11°9%
logs, — 0.06+329 0.53508

Notes. Column 1 lists the parameter (for the NFW model, b should be read as x;,
and s should be read as r,). Column 2 indicates any Gaussian priors placed on the
parameters (“— denotes flat priors). Columns 3 and 4 give the median values
and 68% confidence intervals for the isothermal and NFW models, respectively.
All length parameters (x, y, s, and b for the isothermal model) are given in arcsec.

The two dark matter halos of ACT-CL J0034.4+0225 are
too similar in distance to use the multiplane lensing effect,
which is characterized by 8p = 6D*D,/(DDy,). Here, D is the
angular diameter distance to the lens and 4D is the line-of-
sight distance between the two halos (lenses). We estimate
that 6D <678 kpc from the average redshift of each halo
(see velocity estimates from Section 2.3), making the multi-
plane lensing effect parameter negligibly small at 55 = 6.0 X
10~*. At this point, lensing cannot provide meaningful con-
straints on the distance between the two halos (lenses) and
therefore cannot eliminate the large-angle solutions that
matched our criteria in Section 5. With more constraints from
more lenses, we could get a better measure on the parameters
from Table 3 and potentially reduce the errors. This would
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allow for a higher-confidence determination of mass within
the lenses.

7.2. Comparison to Strong Lensing Analysis of N-body/hydro
Simulations

We used the simulated surface density maps that correspond
to the X-ray distance/velocity difference solutions to see if a
strong lensing analysis with a simulated background galaxy
could replicate the arcs in JO034. Recall that ZuHone’s simu-
lated surface density maps include both dark matter and gas.
We treat the surface density maps by scaling the simulations
such that the distance between the peaks in mass subtends the
same angular distance as the projected X-ray peaks of J0034,
and we also rotate the simulations so that the density peaks are
oriented at the same angle as in JO034. Because we adjust the
pixel scale of the image, we also need to scale the mass density
to match the original total mass. Finally, we orient the locations
of the arcs to the surface density map by assuming that the
eastern BCG of J0034 is centered on the eastern mass peak. We
calculate the critical density of the simulations using the same
cosmology and redshift of JO034, then use the lens model to
calculate the lensing critical curves from the conv-
ergence maps.

We took the two southern lensed arcs from JO034 and used
the lens equation to map them back to the source plane. We
placed a circular Gaussian source at the average of those two
positions in the corresponding simulated surface density maps.
The source was ray-traced through the surface density map to
predict the locations of the resulting arcs. All of the 1:1 mass
ratio simulations failed to produce the correct lens pattern. One
1:10 simulation was able to do so, along with two of the 1:3
simulations. An example of a qualitatively successful case is
shown in Figure 9.

It is significant that all of these simulations are fairly com-
plex and at various stages of the merging process, yet we can
still get the three lensed images in roughly the correct config-
uration. This implies that, with some fine-tuning of the
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Figure 9. The critical curves (red) and image of a ZuHone 1:3 mass ratio galaxy cluster merger simulation. This simulation successfully replicates the image of ACT-
CL J0034.44-0225. However, while the critical curves from this simulation agree that the western halo is more massive, it has a different mass ratio, as suggested by

the strong lensing MCMC analysis.

simulation parameters, it would be possible to improve the
quality of the comparison.

8. Summary

Within the last 15 yr, thousands of galaxy clusters have been
found using the SPT, ACT, and Planck SZ surveys. These
surveys yield catalogs of information, of which the latest ACT
catalog (DRS5) is the largest one to date, with over 4000 opti-
cally confirmed clusters (Hilton et al. 2021). Within that cata-
log, ACT-CL J0034.44-0225 was detected at a high
significance with a signal-to-noise ratio of 20 and a redshift of
z=0.388. In this study, we report a multiwavelength analysis
combining new Chandra and SALT observations with archival
optical and radio data to constrain the morphology and physical
properties of JO034, conduct a simulation comparison, and
perform a strong lensing analysis.

We took archival spectroscopic redshifts from SDSS and
VLT (Carrasco et al. 2017) and augmented them with new
SALT observations, to determine the cluster’s velocity dis-
persion (o1p=1119+145kms™") and global redshift
(z=0.38588 £ 0.00068). The Chandra high-resolution ima-
ging revealed an unusual surface brightness distribution with
two peaks of emission separated by 49”8 (259 kpc). Within
each peak, optical imaging from DES revealed a BCG and a
surrounding red sequence of member galaxies. The measured
spectroscopic redshifts of the two bright galaxies yielded a
radial velocity difference of approximately ~1000kms ',
which is strong evidence in support of a merger in JO034.

We use the same X-ray data to calculate three mass
proxies (Vikhlinin et al. 2009): one based on the spectral

temperature (5.0505 %03 x 10'“M,), one based on the gas
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mass (8.6‘:8:%:1’8:2 X 10"M¢, fyas =0.122), and one from the

product of the gas mass and spectral temperature, Yy,
(64107703 x 10M,). The Yx mass proxy is more robust
against the cluster’s dynamical state and therefore a better
mass estimator for a galaxy cluster undergoing merger
(Kravtsov et al. 2006; Arnaud et al. 2010). ACT and Planck
SZ mass estimates (both Ygz ~ 5.8 x 10"*M_) are consistent
with our X-ray Yx mass proxy. The discrepancy between
temperature-based and gas mass is likely related to the dis-
turbed state of the cluster (see clusters 1416+4446 and 1120
+4318 in Table 1 of Vikhlinin et al. 2009) and hence reflects
that JOO34 is in a disturbed merging state.

The measured masses are similar to the mass scale
(Moo =6.0 x 10"*M.) from ZuHone’s (ZuHone 2011;
ZuHone et al. 2018) N-body/hydrodynamic galaxy cluster
merger simulations, allowing for a well-founded comparison
between J0034 and the simulations. To select good analogs
from the simulations, we used the projected distance between
the X-ray surface brightness peaks and the velocity difference
between the BCGs in each peak. This constrained the epoch of
the merger to be near first pericenter, but these two observa-
tional metrics were unable to constrain the mass ratio (among
the available 1:1, 1:3, and 1:10 cases) and the impact parameter
(available values of 0 kpc, 500 kpc, and 1000 kpc).

There are three gravitationally lensed arcs of a background
galaxy at a redshift of 2.79 (Carrasco et al. 2017) for which we
carried out a strong lensing analysis. We used one- and two-
halo parameterized models along with the surface mass density
maps from ZuHone (2011). To reproduce the flux ratios and
positions of the arcs, a one-halo model needs to be anom-
alously elongated. These constraints were better fitted with a
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two-halo model, where each halo is centered on a BCG and has
ellipticity values limited to a reasonable range (e < 0.3). The
two-halo models produced a skewed distribution of mass ratios
that peak at 1:10 and range over ratios of 1:1 to 1:20 (at 10o).
We performed an additional strong lensing analysis on the
surface mass density maps from the acceptable simulations.
Only the simulations with mass ratios of 1:3 and 1:10 were able
to replicate the location of the lenses. These results agree with
the two-halo model’s preference for the western halo to be
more massive.

Despite the limited available data, we have obtained sig-
nificant new knowledge about the state of the galaxy cluster
ACT-CL J0034.4+0225. These new insights produced motiv-
ation for more follow-up investigations. An additional 140 ks
of approved upcoming Chandra observations will make it
possible to map the spectroscopic temperature, search for the
cold fronts and shocks, while new high-resolution SZ mea-
surements, such as from MUSTANG2 (Dicker et al. 2014),
would provide a powerful, complementary view of the thermal
pressure across the fronts. Additionally, high-resolution
observations of the kSZ effect or X-ray spectroimaging with
the X-ray Imaging and Spectroscopy Mission (XRISM;
XRISM Science Team 2020; Ishisaki et al. 2022) could
potentially determine the gas velocities for the two merging
cluster cores. Acquiring hundreds of spectroscopic redshifts
would provide an independent estimate of the motion of the
cluster cores as they interact. Deep multicolor HST or JWST
imaging would enable a weak lensing analysis, which would
yield our least-biased mass estimate. Such imaging would also
reveal a wealth of strong-lensing features throughout the central
cluster regions and the two cores, providing more and better
constraints on the structure and masses of the two merging
components. Ultimately, ACT-CL J0034.44-0225 may turn out
to be an exceptional laboratory for studying cluster physics and
the nature of dark matter.
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