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Abstract

Mergers of galaxy clusters are the most energetic events in the universe, driving shock and cold fronts, generating
turbulence, and accelerating particles that create radio halos and relics. The galaxy cluster CL 0217+470is a
remarkable late-stage merger, with a double peripheral radio relic and a giant radio halo. Chandra detects surface
brightness (SB) edges that correspond to radio features within the halo. In this work, we present a study of this
cluster with Nuclear Spectroscopic Telescope Array and Chandra data using spectro-imaging methods. The global
temperature is found to be k7T = 9.1keV. We set an upper limit for the inverse Compton (IC) flux of
~2.7x 10 % ergs ' em 2, and a lower limit to the magnetic field of 0.08 uG. Our local IC search revealed a
possibility that IC emission may have a significant contribution at the outskirts of the radio halo emission and on/
near shock regions within ~0.6 5o of clusters. We detected a “hot spot” feature in our temperature map coincident
with an SB edge, but our investigation on its origin is inconclusive. If the “hot spot” is the downstream of a shock,
we set a lower limit of k7" > 21 keV to the plasma that corresponds to M ~2. We found three shock fronts within
0.5 rs0p. Multiple weak shocks within the cluster center hint at an ongoing merger activity and continued feeding of
the giant radio halo. CL 0217+70 is the only example hosting these secondary shocks in multiple form.

Unified Astronomy Thesaurus concepts: Galaxy clusters (584); Shocks (2086); High energy astrophysics (739);

Intracluster medium (858); Non-thermal radiation sources (1119)

1. Introduction

Galaxy clusters are the largest gravitationally bound
structures in the universe, which contain hundreds of galaxies
within a radius of 12Mpc (Abell 1958). The intracluster
medium (ICM) is an optically thin hot plasma (~10"-108 K) in
X-rays that fills in between the galaxies inside galaxy clusters.

Mergers between galaxy clusters are the most energetic
(10%-10°* ergs) events in the universe since the Big Bang.
These mergers drive shocks that heat and mix the thermal gas
while also (re)accelerating electrons and cosmic rays through
Fermi-like acceleration processes across shocks and turbulent
eddies (Brunetti & Jones 2014). Turbulence is a common
phenomenon in the ICM, recurrently driven by mergers at large
scales (e.g., Gaspari & Churazov 2013; Eckert et al. 2017),
sustained by active galactic nuclei (AGN) feedback (e.g.,
Gaspari 2015; Hofmann et al. 2016; Yang et al. 2019; Wittor &
Gaspari 2020) and ram-pressure stripping processes at small
scales (e.g., De Grandi et al. 2016; Clavico et al. 2019).

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.

The ICM carries the X-ray traces of mergers such as shock
fronts that are detected as spatial variations in the temperature
and density (see, e.g., Markevitch et al. 1999, and references
therein). While surface brightness (SB) edges hint at the
existence of a shock or cold front, temperature measurements at
both sides of the SB edges can distinguish these two scenarios.
Shocks caused by mergers have relatively low Mach numbers,
M <3 (see, e.g., Gabici & Blasi 2003; Ryu et al. 2003).

Mergers also produce relativistic particles emitting via
nonthermal synchrotron process that can be detected by radio
observations. The diffuse radio emission can be in the form of
radio relics and radio halos. Relics are defined as extended
radio emission features that are not associated with an active
cluster radio galaxy or central region of a galaxy cluster
(Giovannini & Feretti 2004). They are located at the peripheries
of clusters and are characterized by polarized radio emission
with steep spectra and elongated shapes (Ensslin et al. 1998).
So far, ~45 clusters are known to host these structures and
almost as many candidates (van Weeren et al. 2019). Double
radio relic systems, where relics appear on opposing sides of
the cluster, are even rarer. Seventeen such systems are known
to date, and only seven of them host giant radio halos (van
Weeren et al. 2019).
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Table 1
Observation Log
Observation ID Start Date Equatorial Coordinates Effective
(yyyy-mm-dd) (32000) Exposure (ks)
NuSTAR 70701001002 2021-07-04 02:16:58.2 + 70:36:48 ~230
70701001004 2021-07-08 02:17:06.9 + 70:37:05 ~106
Chandra 16293 2014-12-01 02:16:49.00 + 70:35:52.00 ~25

Radio halos are megaparsec-scale structures that are found at
the center of dynamically disturbed clusters with large-scale
particle acceleration processes (Cassano et al. 2010; Feretti
et al. 2012), yet they are not ubiquitous (Schellenberger et al.
2019). While evidence suggests that radio relics trace shock
fronts from the initial collisions of clusters, the origin of radio
halos is less clear (see, e.g., Brunetti et al. 2012). The
prevailing view is that the relativistic electrons producing radio
halos are accelerated by turbulence in the ICM.

Unlike relics, most radio halos have no known shock front—
radio emission edge connection except for a few cases, e.g.,
Abell 520 (Hoang et al. 2019), the Toothbrush (van Weeren
et al. 2016), the Coma Cluster (Brown & Rudnick 2011; Planck
Collaboration et al. 2013), the Bullet Cluster (Shimwell et al.
2014), and Abell 2146 (Hlavacek-Larrondo et al. 2017). This
small number of cluster mergers with known shock front-radio
edge connection suggests that turbulence formed directly
behind shocks is what accelerates the electrons in radio halos,
whether from the initial collision or a subsequent settling of the
ICM. The Bullet Cluster may be an example of the former case
(initial collision), since its radio halo extends right up to the
bow shock-driven by the subcluster’s first core passage
(Shimwell et al. 2014). In contrast, the Coma cluster seems
to be the only example of the latter scenario (subsequent
settling of the ICM) so far. Recent eEROSITA images, combined
with Sunyaev—Zeldovich (SZ) and radio data, convincingly
illustrate the formation and connection to a radio halo edge of a
secondary shock (Zhang et al. 2020a). This secondary shock
was also detected in X-rays by Simionescu et al. (2013).

In addition, the same relativistic electrons producing the
synchrotron-powered radio halo also upscatter cosmic micro-
wave background (CMB) photons to X-ray energies. The ratio
of fluxes between the synchrotron and this inverse Compton
(IC) emission is simply the ratio of the energy densities of their
respective radiation fields: the magnetic field strength B and the
CMB, respectively (Wik et al. 2014). Since the latter is very
well known, an IC detection or upper limit directly leads to an
estimate or lower limit on the volume-averaged value of B, a
quantity that is poorly constrained in galaxy clusters generally.

Past Nuclear Spectroscopic Telescope Array (NuSTAR)
searches for IC emission (see, e.g., Wik et al. 2011, 2014; Cova
et al. 2019; Rojas Bolivar et al. 2021) constrain
B 2 0.1-0.2 4G, comparable to the strength estimated from
IC detections made with RXTEand BeppoSAX. Those
detections remain controversial, but if IC emission could be
definitively measured in a cluster, implying B ~ 0.1 uG, the
dynamical role of magnetic fields in clusters would be
confirmed to be negligible, as is currently assumed in
simulations and mass scaling relations used in cluster
cosmology (see, e.g., Vikhlinin et al. 2009).

One of these rare double radio relic systems at z=0.18
(Zhang et al. 2020b) is CL 0217+470. This cluster hosts the
most extended (3.5 Mpc) radio relic known accompanied by a
giant radio halo with the largest projected distance of

1.5-1.8 Mpc (Brown et al. 2011; Hoang et al. 2021). Its two
radio relics are mostly separated from its radio halo and lie at a
large projected distance, indicating the first core passage was
not recent. Intriguingly, two X-ray SB discontinuities or edges
have recently been reported from a 25 ks Chandra observation
(Zhang et al. 2020b), which are roughly coincident with
spectral edges in the radio halo, i.e., locations where the
spectral index suddenly changes from flat to steep, suggesting a
transition to a zone of particle acceleration (Hoang et al. 2021).
However, the nature of these X-ray SB edges are unknown. A
confirmation that at least one of these edges is a shock front
would add CL 0217+70to a rare class of objects with the
potential to unravel how particles in radio halos are accelerated.

In addition, the Chandra image of CL 0217+70 exhibits a 1/
wide SB depression, or “channel” (Zhang et al. 2020b). Such
structures can only exist if they are supported by some form of
nonthermal pressure: a locally enhanced value of either Pg or of
the density of nonthermal particles. The former case would
suppress all X-ray emission, while the latter case would lead to
enhanced IC emission, more easily detected at hard X-ray
energies.

In this work, we study CL 0217+70using recent
NuSTAR and archival Chandradata to study the nature of
these SB edges, as well as searching for global and local IC
emission.

The paper is organized as follows. Observations, the data-
reduction process, and the background assessment of the
NuSTAR data are presented in Section 2. In Section 3, methods
used for the various analyses of the cluster and their respective
results are presented. We discuss our findings in Section 4, and
present our conclusions in Section 5.

Throughout this paper, we assume Lambda cold dark matter
(ACDM) cosmology with Hy = 70 km s~' Mpc™', Q,, = 0.3,
and 2, = 0.7. According to these assumptions, at the cluster
redshift (z = 0.18), a projected intracluster distance of 100 kpc
corresponds to an angular separation of ~32”. All uncertainties
are quoted at 68% confidence levels unless otherwise stated.

2. Observations and Data Reduction
2.1. NuSTAR

In this work, we use NuSTAR (Harrison et al. 2013)
observations of CL 0217470 with Observation IDs
70701001002 and 70701001004 using both focal plane
modules, namely, FPMA and FPMB. The specifications of
the data used in our analysis are summarized in Table 1.

In order to filter the data, standard pipeline processing using
HEASoft (v. 6.28) and NuSTARDAS (v. 2.0.0) tools are used.
To clean the event files, stages 1 and 2 of the NuSTARDAS
pipeline processing script nupipeline are used. Regarding
the cleaning of the event files for the passages through the
South Atlantic Anomaly (SAA) and a “tentacle”-like region of
higher activity near part of the SAA, instead of using
SAAMODE = STRICT and TENTACLE = yes calls, we
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Figure 1. Background-subtracted, exposure-corrected photon images of CL 0217470 in the 3.0-10.0 keV NuSTAR (left panel), 10.0-20.0 keV NuSTAR (middle
panel), and 1.0-3.0 keV Chandra (right panel) bands. LOFAR contour levels (white) correspond to o X [3, 6, 12, 24, 48] (0 = 330 pdy beam ™! [46 " x 45"])
(Hoang et al. 2021). Red and blues arcs correspond to the location of northern and southern SB edges proposed by Zhang et al. (2020b), respectively. The channel

region is indicated with a dashed magenta rectangle.

have created light curves and applied different filters to create
good time intervals (GTIs) manually without fully discarding
the passage intervals.

The new set of GTIs are reprocessed with nupipeline
stages 1 and 2, and images are generated at different energy
bands with XSELECT. To create exposure maps, nuexpomap
is used. To produce the corresponding spectra for the regions of
interest as well as the corresponding Response Matrix Files
(RMFs) and Ancillary Response Files (ARFs), stage 3 of the
nuproducts pipeline are used.

The main components of the NuSTAR background are
instrument Compton scattered continuum emission, instrument
activation and emission lines, cosmic X-ray background from
the sky leaking past the aperture stops, reflected solar X-rays,
and focused and ghost-ray cosmic X-ray background. Model-
ing the background where there is a lack of cluster emission
regions is not straightforward since the ICM emission becomes
an additional component in the background fitting procedure.
To apply these models for the cluster background assessment, a
set of IDL routines called nuskybgd (Wik et al. 2014), which
defines the background spatially and spectrally, is utilized.

The procedure starts with selecting regions in the field of
view (FOV) where the cluster emission is inherently present yet
not the most dominant. To account for the ICM emission, a
single-temperature apec model is included in the full set of
models, and jointly fitted with the background components.
The point sources detected in the Chandra FOV were not
originally excluded from these regions, since they did not
become apparent until after the background subtraction. While
they may bias the focused cosmic X-ray background (fCXB)
component in some regions, the average fCXB level is used to
produce background spectra in all regions, lessening their
impact, which is already only ~10% of the total background.
We discuss the systematics in Appendix A.

The global background model is then used to create
background images, which are then subtracted from the images
and are corrected by the corresponding exposure maps.
Background-subtracted, exposure-corrected images at different
energy bands are presented in the left and middle panels of
Figure 1. Region selection and the background fits are
presented in Appendix A.

Once the background is defined for any region in the FOV
both spatially and spectrally, the next step is to select regions of
interest, to extract spectra and the corresponding files and
generate the specific background model, followed by spectral
fitting to evaluate the physical properties of the ICM.

2.2. Chandra

We use the observation and blank-sky background event
files obtained from the 25 ks Chandra archival data (Observa-
tion ID: 16293) produced by Zhang et al. (2020b) for the data
analysis. We use the Chandra Interactive Analysis of Observa-
tions (CIAO) v4.12 package with CALDB 4.9.0 for extracting
the spectra. Background-subtracted, exposure-corrected image
in the 1.0-3.0keV band are presented in the right panel of
Figure 1.

In addition to NuSTAR and Chandra data, we also represent
the Low-Frequency Array (LOFAR) data, courtesy of Hoang
et al. (2021, Figure 4 therein). The LOFAR image of the cluster
showing the relics and the central region is presented in
Figure 2.

3. Data Analysis and Results
3.1. Global Properties

We began our analysis with the assessment of the global
properties of the cluster. We selected a circular region centered
at the X-ray emission peak with r = 5/2 (~1 Mpc), following
the extent of the radio halo emission. We extracted a spectrum
from NuSTAR, which then was fit by a single-temperature
apec model (Smith et al. 2001), i.e., constant X apegc, i.e.,
1T model, with XSPEC (v. 12.11.1).

The redshift value of the cluster is freed to vary due to the
gain issue of NuSTAR (R. A. Rojas Bolivar et al., submitted).
Once the best-fit values are found for the redshift, we then
freeze these parameters during error calculations. We apply the
maximum likelihood-based statistic (hereafter, C-stat) appro-
priate for Poisson data as proposed by Cash (1979). Photon
counts used in spectral analysis are grouped to have at least
three counts in each bin.

We then applied this method to the joint analysis of
NuSTAR and Chandra data. For all of the joint analyses, we
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Figure 2. LOFAR 26”6 x 22”5 resolution image (Hoang et al. 2021) with 3.0-10.0 keV NuSTAR contours overlaid.

convolve the model with TBabs since Chandrais susceptible
to Ny, and we let this parameter free. CL 0217470 lies within
9° of the Galactic plane and consequently suffers from a high
foreground column density (N~ 8 x 10! ¢cm™2), which
absorbs most X-ray photons with energies below a few keV.
Near the plane, it is also expected that the column density will
be variable on arcminute scales, which cannot be reliably
predicted from atomic hydrogen (HI) estimates. Due to
NuSTAR’s lack of bandpass sensitivity below 3 keV, we are
able to the ignore foreground absorption at this level (Rojas
Bolivar et al. 2021) for NuSTAR analysis for simplicity.
However, we report ~0.2keV difference with/without the
inclusion of an absorption model with Ny ~ 8 x 10*' cm™2 for
the global fit. However, when the Ny parameter is freed to vary,
the face value becomes 10" cm_2, where the lower limit hits
the hard limit of zero and with the higher limit reaching on to
10" cm 2. This unphysical behavior of the parameter points to
NuSTAR’s lack of sensitivity to Ny at low energies.

The spectral fit results of the parameters are presented in
Table 2 and Table 3 for NuSTAR and for joint NuSTAR and
Chandra, respectively. To study the nonisothermal gas
expected from merging clusters of galaxies, as well as possible
nonthermal emission due to IC scattering, we applied two more
models to the spectra following the work of Rojas Bolivar et al.
(2021) and Wik et al. (2014).

We first added another apec component to the 1T model to
describe a secondary temperature structure, and fitted the
spectra with constant X (apec + apec), namely the 2T
model. We then wused another model 1T+IC
constant X (apec + powerlaw), accounting for the
thermal emission and a possible IC emission, where the IC
component is represented with a power-law distribution. We
fixed the photon index to I' = 2 of the power law obtained from
the spectral index found by Hoang et al. (2021).

The addition of a second apec and a power law to the
original single-temperature model for NuSTAR spectrum
resulted in an improvement of AC/Av = 41.25/2 and AC/
Av = 38.30/1 for the 2T and 1T + IC model, respectively,
with respect to single-temperature fit. For the joint

Table 2
Spectral Parameters and 1o Uncertainty Ranges of NuSTAR Global Spectrum
Fits in 3.0-20.0 band for 1T: constant X apec, 2T: constant X (apec
+ apec), and 1T + IC: constant X (apec + powerlaw)

IT 2T IT +IC
KT, (keV) 9.13 4+ 0.12 10.607973 7.761938
Z; (Z») 0.198 = 0.026 0.28079%% 0.282+9.93¢
zZ 0.222 0.222 0.219
norm; (1072%) 1.369 +0.018 113943999 104550042
kT, 2165043 .

norm, (1072 0.728703%2 o

r 2.0 (fixed)
k(1072 0.121+9:518
Clv 1679.29/1686 1638.04/1684 1640.99/1685

Note. For the 2T model, abundance and redshift values of two apec
components are tied to each other within instruments. apec normalization (1)
10-14
4n[Da(1 +2)P
photons keV ' em 257! at 1 keV.

is given in f n.ngdV where power-law normalization (k) is

NuSTAR and Chandra analysis, the fit also improved by an
additional apec or a power-law component, where we found
AC/Av = 36.96/2 and AC/Av = 32.30/1 for 2T and 1T +
IC, respectively. Both NuSTAR and joint NuSTAR and
Chandra analysis show that the central » = 5/2 emission is
best described by the 2T model.

We also calculated the luminosity of the cluster from the
NuSTAR spectra within this region (r = 312" ~0.6 rs,
adopting rsoo = 500”; Reiprich et al. 2013). We find the X-ray
bolometric (0.01-100keV) luminosity to be Lypo =
1.390 x 10* erg s !, and within 0.5-2.0keV we find
Lyxosookev = 2.716 X 10% erg s ! using the XSPEC
convolution model clumin, for the 1T model.

The NuSTAR gain issue is usually accommodated for by the
use of the xspec gain command. The gain over the years has
shown an offset value around —0.1, but is still a work under
construction (Rojas Bolivar et al., submitted). In the global
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Table 3
Same as Table 2 but for Joint NuSTAR (3.0-20.0 keV) and
Chandra (0.8-7.0 keV) Global Spectral Fit

IT 2T IT +IC
Ny (10*! em™2) 9.17 £0.25 9.80 = 0.27 10.06 +0.33
kT; (keV) 9.2094} 215672 7.9940%
Zin (Zo) 0.202 + 0.026 0.214 + 0.024 0.27370:03%
Zic (Z2) 0.55070:15 0.572%547 0.750*5113%
N 0.228 0.219 0.221
Zic 0.188 0.185 0.186
norm; (1072 1.376 £ 0.017 0.364159%3 1.081+3948

kT, 6.361049

norm, (1073 . 1.133+3:98¢

r 2.0 (fixed)
& (1072 0.107+9318

Clv 2104.29/2107 2067.33/2105 2071.99/2106

Note. All models are convolved with TBabs. During the error calculations,
redshifts (z) are fixed to the best-fit values. Subscripts “N” refer to NuSTAR
and “C” refer to Chandra parameters.

spectral analysis using the 1T model, we found that the gain is
—0.15. When we use the gain command, the temperature
becomes kT = 9.1571] keV with 1684.29/1685 d.o.f., and
the temperature is k7 = 9.13 £ 0.12 keV with 1679.29/1686 d.
o.f., when the redshift is freed to vary. Using the gain
command instead of freeing the redshift changes the temper-
ature by only 0.3%, but does not necessarily provide a better
model. Due to the complexity of applying the gain command
further in our analyses, we chose to free the redshift to account
for the gain issue for the rest of this work.

In addition, here we share the luminosities that account for
the evolution of the Ly—T scaling relations, using E(z) = 1.09,
where E(z) = /(1 + 23 + (1 — O — Q)1 + 22 + O
(Giles et al. 2016). Dividing the obtained luminosities by E(z),
the luminosity values become Ly, = 1.275 X 10% erg s !
and Ly o520y = 2.492 x 10" erg s

The resulting spectra are shown in Appendix B.

3.2. Surface Brightness Discontinuities

To study the correspondences of northern and southern
Chandra SB edges (Figure 1) with NuSTAR, we used a
Gaussian gradient magnitude (GGM) filter'* (Sanders et al.
2016). Assuming Gaussian derivatives with a width of o, the
GGM filter calculates the gradient of an image. To create the
GGM-filtered image, the image itself is convolved by the
gradient of a 1D Gaussian function for two axes, then these two
resulting images are combined for the 2D gradient image. The
width, o, is varied to capture gradients on different scales, i.e.,
small o values are used at the central regions where there are
many counts, and high values better capture the gradient at
cluster outskirts with low counts.

Since NuSTAR’s point-spread function (PSF) is much larger
than the Chandra PSF for which the GGM filter was intended
for, the filters with low levels of sigma (o = 1, 2) were mainly
dominated by noise. Therefore, we present the GGM filtered to
the background-subtracted, exposure-corrected images using
o =4, 8, and 16 detector pixels, as shown in Figure 3.

14 https://github.com/jeremysanders /ggm
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Due to the large PSF of NuSTAR, the northern and southern
SB edges are not unambiguously visible from the GGM results.
We note that the SB edge and the channel locations obtained
from Zhang et al. (2020b) are overlaid on the GGM (Figure 3)
merely to guide the eye and are not indicated by GGM analysis.
The use of the GGM in this context is to reveal the strong SB
feature much closer to the cluster center than the Chandra-
detected northern and southern SB edges.

The GGM points to a sharp gradient best discerned in the
panels presenting the o = 8, 3.0-10.0, and 3.0-30.0 keV bands
and the o = 16, 3.0-10.0 keV band, suggesting a SB edge. This
edge can also be seen in NuSTAR, Chandra, and LOFAR
images. For a better visualization of this edge, we present the
NuSTAR GGM, NuSTAR photon, Chandraphoton, and
LOFAR images together in Figure 4.

3.3. Temperature Map

To study the temperature structure of the NuSTAR FOV, we
created a temperature map. We extracted count images from a
12" x 12’ central box region of the cluster in the 3.0-5.0,
6.0-10.0, and 10.0-20.0keV bands where the point sources
detected by Chandra were excluded. We avoided the
5.0-6.0keV band due to the existence of the FeK complex.
The background images and exposure maps were extracted for
the same energy bands with nuskybgd and nuproducts,
respectively.

The background-subtracted, exposure-corrected images were
then used for the spectral extraction, and predefined pixels were
fitted with a single-temperature apec model, during which the
abundance and redshift were fixed to the values obtained from
the global fit. The technique is described in detail by
Markevitch et al. (2000). The resulting temperature map is
presented in Figure 5. We emphasize that this temperature map
is a very basic analysis tool to search for any strong features in
the ICM as in the case of the GGM analysis. We present more
quantitative, accurate, and precise temperature results further in
this work.

In the temperature map, we encountered a “hot spot”'> that
has a higher temperature than the cluster core. In the vicinity
(~0'5) of the “hot spot” (Figure 5, turquoise circle), there is a
radio source GB3 02124704'° (Figure 5, blue circle)
(Maslowski 1972) and LOFAR high-resolution study shows a
tail morphology. The spectral index map between LOFAR 145
MHz and VLA 1.5GHz also shows the steepening of the
spectrum behind the tail. The tail radio galaxy has a flux
density of S (141 MHz) = 12.1 = 1.2 mJy, S (1.4 GHz) = 2.9
+/-0.2 mJy, S (1.5 GHz) = 2.7 +/—0.2 mJy. The average
spectral index is o = —0.62 4 0.01.

To study this feature in detail with NuSTAR, we extracted a
circular region with r=0/6 (~112 kpc) enclosing the most
dominant region of this “hot spot”, centered at 2:17:04.08 (R.
A.) and +70:39:06 (decl.). The temperature map indicates that,
if of thermal origin, the temperature of the plasma is >12 keV.
This feature may be a part of a more extended emission, yet it is
difficult define this extension.

To explain its nature, we put forward three scenarios.
Scenario 1 suggests that the feature is the downstream shock

215

15 «Hot spot” refers to the feature of unknown origin seen in the temperature
map, while without quotations we refer to a thermal plasma emission.

10 hitps: / /vizier.cds.unistra.fr /viz-bin / VizieR-57-
ref=VI1Z620b3ce430f570&-out.add=.&-source=VIII /53 /gb1 &recno=3648


https://github.com/jeremysanders/ggm
https://vizier.cds.unistra.fr/viz-bin/VizieR-5?-ref=VIZ620b3ce430f570&-out.add=.&-source=VIII/53/gb1&recno=3648
https://vizier.cds.unistra.fr/viz-bin/VizieR-5?-ref=VIZ620b3ce430f570&-out.add=.&-source=VIII/53/gb1&recno=3648
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Figure 3. NuSTAR GGM-filtered background-subtracted, exposure-corrected
images in the 3.0-30.0 keV (top panels), 3.0-10.0 keV (middle horizontal
panels), and 10.0-20.0 keV (lower panels) energy bands. White crosses
correspond to the emission peaks, red (blue) arcs correspond to the northern
(southern) SB edges, and dashed turquoise regions represent the channel. The
white arrows in each image correspond to 1 Mpc.

NuSTAR NuSTAR
GGM 3.0-10.0 keV

Chandra
1.0-3.0 keV

26.6"x 22.5”

Figure 4. o = 8, 3.0-10.0keV NuSTAR GGM (upper left),
NuSTAR 3.0-10.0 keV photon (upper right), Chandra 1.0-3.0 keV photon
(lower left), and LOFAR 26”6 x 22”5 resolution (lower right) images. The
dashed blue boxes correspond to the same region in all images.

region, evidenced by its location on the northern Chandra SB
edge. Scenario 2 is an emission from a heavily obscured AGN
(since Chandra does not detect it) that may be due to a strong
chaotic cold accretion (CCA) rain that feeds the central
supermassive black hole (Gaspari et al. 2013, 2020). Scenario
3 is a localized IC emission where the electrons in the nearby
radio source are upscattered to the X-ray regime by a possible
shock front.

We first fit the NuSTAR spectra with a single-temperature
apec model (Scenario 1). The temperature obtained from this
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Dec
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Figure 5. NuSTAR temperature map with radio contours from LOFAR (white,
at Opms X [3, 6, 12, 24, 48], where oyms = 330 pJy beam ™' [46 " x 45"]) are
overlaid. In the zoomed-in panel (black box, upper-right corner), the “hot spot”
is indicated by a turquoise circle, and the radio source is shown with a blue
circle. In the lower-right corner, the radio galaxy spectral map between 141
MHz (LOFAR) and 1.5 GHz (VLA) at 16” resolution is shown (Hoang
et al. 2021, Figure 6 therein).

Table 4
Spectral Parameters and 1o Uncertainty Ranges of NuSTAR Spectrum Fits in
3.0-20.0 keV Band of the “Hot Spot” Scenarios

Hot spot Obscured AGN IC
Ny (10 cm™) 5.11 738
kT (keV) 12.107294
Z(Z.) 0.612 0313
z 0.249 90
norm (10~%) 1.497 £3187
r 2.34 *018 2.13 1098
K (1074 1.100+93%2 0.657139
Clv 381.91/364 382.37/365 384.50/366

fit was kT = 12.1739 keV with C/v = 381.91/364. To test
Scenario 2, we used a power-law model convolved with a
TBabs model to account for a heavily obscured AGN. The
resulting hydrogen column density value is Ny =
5.11 x 10* cm ™2, where the photon index for the hypothesized
AGN emission is I' = 2.347018. The statistics of this fit is C/
v = 382.37/365. And for Scenario 3, we used an unabsorbed
power-law model to describe possible IC emission. The
resulting power-law slope is I' = 2.137005. The statistics of
this fit is C/v = 384.50/366. The corresponding values and
spectra of the fits from these scenarios are presented in Table 4
and in Appendix C, respectively. Statistics show that these
three scenarios are equally likely.

Lastly, to rule out a possible multi-temperature structure, we
also fitted a two-temperature model to the spectrum. The high-
temperature component rose up to k7 ~ 28.8 keV, where the
low-temperature component was k7T ~ 7.41. In this fit, both
temperature parameters were unconstrained.

3.4. Cross-talk Analysis

Even single bright sources in the NuSTARFOV cause
scattered photons due to the large (~1’ half-power diameter,
~18" FWHM), slightly energy-dependent PSF. This results in
a cross-contamination, namely cross-talk, of multiple emission
sources in the regions of interest, although the emission may
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Figure 6. Regions selected for the cross-talk assessment.

not originate from the selected region. nuproducts produces
ARFs for point or diffuse sources inside the user-defined
extraction regions. However, it does not account for the ARFs
for other sources whose emission originates outside these
extraction regions that contaminate the spectra of those regions.
These ARFs will be referred to as cross-ARFs.

The software, composed of a set of routines created to
account for this contamination, is nucrossarf 2

In order to study the temperature jumps and prominent
structures in the FOV more accurately, we selected regions of
interest in the NuSTAR data and used nucrossarf to
account for the cross-talk. The selected regions are overlaid on
the NuSTAR image on the left panel, and the corresponding
region values are presented in the right panel of Figure 6.

The motivation behind selecting regions are based on the
recent Chandra study proposing SB edges, the results of our
NuSTAR GGM and temperature map results, and LOFAR
images. Region 1 corresponds to the radio SB depression as
seen in the LOFAR image (Figure 2, right panel). Region 2 is a
wedge, again evidenced by LOFAR image. We selected these
regions to investigate any correspondence of these radio
features with the X-ray data. Regions 3 (C;,) and 4 (C,y)
correspond to the inner and outer side of the central SB edge,
respectively, as highlighted in Figure 4. Region 5 represents the
central region of the cluster that excludes the emission from
Regions 1, 2, 3, and 4. Region 6 is the “hot spot,” which we
investigate with the aforementioned three scenarios in
Section 3.3.

Regions 7 (N;,) and 8 (N,,) are the inner (downstream) and
outer (upstream) part of the northern SB edge proposed by
Zhang et al. (2020b), respectively, and, similarly, Regions 9
(S;n) and 10 (S,,0) are the inner and outer sides of the southern
SB, respectively. We note that Regions 7, 8, 9 and 10 are not
the exact regions selected by Zhang et al. (2020b) that were
used to draw the SB profiles on the corresponding edges in
their work. The NuSTAR FOV (13’ x 13') is considerably
smaller than the ChandraFOV (16’ x 16'), and the regions
they use for the SB profiles exceeds our FOV. We widened the
angle of the southern and northern edge arcs to be able to

17 https: //github.com/danielrwik /nucrossarf

capture as many upstream photons as possible for better
statistics.

Regions 11, 12, and 13 indicate the outer cluster emission at
different directions that is most likely isothermal. The channel
is represented by Region 14. Finally, Regions 15, 16, and
17 are point sources as seen by Chandra and NuSTAR.

We extracted spectra from these 17 regions in total using
nuproducts, and found the best-fit model for these regions.
In total, we have 13 regions to account for the ICM emission
modeled by an apec, and three point sources (circular regions
in Figure 6) modeled by a power law. And for Region 6, we use
three different models, as explained in detail in Section 3.3.

During the nucrossarf fit, we fitted 17 spectra and their
individual 17 ARFs simultaneously, where we fixed the
redshift and abundance values to the individual nuproducts
spectral fits. For Region 6, we studied the three scenarios. We
ran the nucrossarf code thrice, first treating Region 6 as a
hot spot, then an obscured AGN, and, finally, localized IC
emission. The results from the nuproducts and nucros-
sarf spectral analysis are given in Table 5.

We note that Region 14, where Chandra detects the possible
SB depression (Channel), the upper limits for k7 and apec
normalization were quite large, therefore we constrained the
upper limits to 9keV and 1 x 10> cm ™ for the temperature
and apec normalization, respectively.

For all of the AGN power-law models, we fixed the photon
index to the nuproducts value to prevent an artificial gauge
of any excess in the hard band regime by the power-law model.
Since these regions are treated as point sources and since the
regions attributed to them are comparable to the NuSTAR PSF,
their emission should be localized, meaning the shape of the
slope would be conserved.

To better visualise the effect of the inclusion of cross-talk
analysis, we present temperature maps created by filling the
regions of interest with the obtained temperature values from
the fits in Figure 7. This figure, showing the temperature results
from all scenarios, is also a testament to the stability of the
cross-talk analysis, as they visualize the almost-identical
temperature values when we assume difference emission
models for Region 6.


https://github.com/danielrwik/nucrossarf
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Table 5
Cross-talk Analysis Spectral Fit Results where Region 6 is Treated as a Hot Spot, Obscured AGN, and Inverse Compton Emission
kt (keV) or I' norm or K

Region nuproducts nucrossarf nuproducts nucrossarf Notes
Number Hot Spot AGN IC Hot Spot AGN 1C
1 10184553 9.90+159 9.89*1%9 9.90+199 0.356"9923 0.459+993 0.460+09%0 0.4597903¢
2 9.47+982 74724 748724 7431245 02350918 02177356 0218799 02199961
3 11.1819%3 12.53103% 12551083 12.517524 099675938 1.40610:992 1.409+0:9% 140749068 Cin
4 10.611042 10294093 10.25%9%! 10.3170%? 0.57379%39 0.8000:941 0.801 + 0.041 0.799+3:04 Cout
5 9.92+918 937042 935104 9.401942 345270989 3.6267013 36357913 3.6179 13
6 12,0217 21.02* . 0.1497317 0.108 + 0.012 Hot spot
6 2.341018 2.34° 0.1105:%5¢ 0.054 + 0.007 AGN
6 2.1359% 1.38 £ 0.26 0.066+3912 0.01479330 IC
7 9.2910%7 8.317°08 8.57°08 8.120:48 1.8620:931 2.02879988 2.01410:08¢ 2.067100% Nin
8 751553 6.707932 6.987534 6.5603 1.44910933 134240958 1.3190033 1.374704%2 Nout
9 8.987037 8.1979% 8.20°08 8.180H 15277598 1.575%93% 1.578+0:972 1.577+3572 Sin
10 8.055073 6.02509] 6.025097 6.0210:33 0.819+0:9%3 0.645+3:9%9 0.64670:039 0.64550%9 Sout
11 713593 4467937 4.4479% 4464037 1.195595% 0.956%9177 0.960=915% 0.953173
12 4727922 316932 3.157932 3.1840% 2.921+93% 3.765504%) 3.8031042¢ 3.740104%
13 9.97+9% 74079 737983 742198 1.819+0% 166750142 1.67279123 166475183
14 8.25°33¢ 2.17%5°  2.20%%°C 2.17%i5° 0.05259918 0.140%57730° 0.138 i35 0.141%575,° Channel
15 2.17 +£0.13 2.17° 2.17° 2.17° 0.07673921 0.040 £ 0.006  0.040 +£0.006  0.040 + 0.006 PS
16 1765314 1.76° 1.76° 1.76° 0.041+3:012 0.0194£0.003  0.019 £0.003  0.019 +0.003 PS
17 2.79 £ 0.17 2.79° 2.79° 2.79° 0.183+0:062 0.11879317 0.118 £0.016  0.118 +£0.016 PS

Notes. In the obscured AGN scenario, the value Ny is kept fixed at 5.11 x 10*2 cm 2.

where power-law normalization (x) is photons keV 'em2s’ at 1 keV (1073).

a ..
Lower limit.

® Photon indices are fixed to the nuproducts values.

¢ Upper temperature limit hits 9 keV.

Upper norm limit hits 1 x 1072 cm ™.
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Figure 7. Temperature maps created with the results of nuproducts and
nucrossarf analysis. We use the color black to fill in the regions where a
power-law model is used to describe the data, that is, Regions 15, 16, and 17
for all maps, and Region 6 for obscured AGN and IC scenarios.
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2. apec normalization (norm) is given in

We then studied the Chandra SB profiles of the SB edges
evidenced by NuSTAR, Chandra, LOFAR images, as well as
our GGM analysis and temperature maps. These regions are
34 (C;i—Coud)> 7-8 (Nijn—Noup), and 9-10 (S;n—Sour), Where the
first region in these region couples are presumed post-shock
and the second one represents the pre-shock.

Although Zhang et al. (2020b) study the SB profiles of
northern and southern SB edges, we extracted new Chandra SB
profiles from the exact regions used in this work for precision.
The profiles and the best-fit models are shown in Figure 8.
Assuming an adiabatic index of an ideal monoatomic gas of
~ = 5/3, Mach numbers obtained from the density jumps are,
M = 1.35, 1.58, and 1.50 for the northern, southern, and
central edges, respectively. The Mach numbers calculated by
the temperature jumps from our cross-talk analysis range
between 1.22 and 1.37. In addition, we calculated the Mach
number for the temperature jump between regions 6-8,
accounting for the possibility that the “hot spot” is in fact a
hot plasma where the post-shock is localized at Region 6, i.e., a
bullet-like feature, and Region 8 is the pre-shock region. This
approach results in M ~ 2. These Mach numbers are presented
in Table 6.

The details of the nucrossarf analysis are presented in
Appendix D.

3.5. Local Inverse Compton Search

We did not find strong evidence for extended IC emission
from our global spectra fit results, but we continued to search
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Figure 8. Chandra X-ray surface brightness profiles (blue) and the best-fit models (red) of the northern, southern, and central SB edges.

Table 6
Mach Numbers of Shock Fronts Calculated from the Temperature Jumps
Obtained from the Cross-talk Results

Regions Mach Number
Post-shock Pre-shock Hot spot Obscured AGN IC
3 4 1.22 1.22 1.21
6 8 2.01
7 8 1.24 1.23 1.24
9 10 1.37 1.37 1.37

for IC locally within the radio halo, with the motivation that IC
flux may start to dominate the emission in narrower regions
moving away from the center of the cluster where ICM
dominates. For this analysis we used annular regions, where
Hoang et al. (2021) studies radio spectral indices and we
extracted NuSTAR spectra from five annuli as shown in
Figure 9. Although six regions are selected by Hoang et al.
(2021, Figure 7 therein) including a central circular region, we
exclude that central region from our analysis expecting for the
ICM to dominate the total emission; hence, we studied five
annular regions. We applied the same analysis done for the
NuSTAR global spectra to these annular spectra. We also
allowed for metal abundances to be free. Model parameter
results are shown in Table 7.

Annulus 1’s spectrum is best described by the single-
temperature model, whereas for annuli 2-3-4, the 2T model
describes the spectra the best-fit models. The outermost
annulus, annulus 5, is best described by the 1T+IC model,
but almost equally well as the 2T model does. This region
roughly passes through Regions 8 and 10 of our cross-talk
analysis.

4. Summary and Discussion

CL 0217470 hosts a giant radio halo and double radio relics,
pointing to a late-stage merger. The location of radio relics
points to a merger plane perpendicular to the line of sight.
Motivated by the SB edges detected by Chandra (Zhang et al.
2020b) at the central region of the cluster, we observed the
cluster with NuSTAR with the aim of studying the nature of
these SB edges. We applied spectro-imaging methods using
NuSTAR and Chandra data, and relying on the recent LOFAR
study by Hoang et al. (2021).

Figure 9. Selected regions (white annuli) for IC search overlaid on NuSTAR
3.0-10.0 keV image. VLA L-band D conﬁguration (magenta), at 30,5 X [1, 2,
4, 8] levels, where (0;ms = 70 pJy beam™ '), and LOFAR (blue), at o5 X [3,
6, 12, 24, 48]. (0rms = 330 ply beam ™! [46” x 45"]) radio contours are also
shown.

4.1. Global View

We first studied the photon images of NuSTAR,
Chandra,and LOFAR data. To capture any strong SB
gradients, we used a GGM filter on the NuSTAR photon
images, and we saw that an interesting SB edge feature
consistently appears at the central region of the cluster with
NuSTAR, Chandra,and LOFAR images as well as the
NuSTAR GGM filter.

Background-extracted, exposure-corrected images (Figure 1)
of NuSTAR and Chandra data point to a localized, enhanced
emission at the central region, which we assigned as Region 3,
for our cross-talk analysis (Figure 6). Furthermore, GGM and
LOFAR images suggest a sharp edge between Regions 3 and 4,
and the correspondence of this X-ray edge with the radio band,
respectively, as seen in Figure 4.

In addition, NuSTAR images in the hard (10.0-20.0 keV)
energy band hint at high temperature or the existence of
nonthermal emission enclosed by the SB edges suggested by
Zhang et al. (2020b) using Chandra data. We found that this
hard excess is due to the hot ICM, given that we did not find a
strong IC component. We do not directly detect a clear SB
depression at the proposed (Zhang et al. 2020b) “channel”
region from NuSTAR images.

The offset between the diffuse radio and X-ray central halo
peak seen in the photon images (Figure 1), as well as the
NuSTAR SB and radio contours overlaid on the temperature
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Table 7
IC Search Spectral Fit Results from Selected Annuli Shown in Figure 9
Annulus kt Z; norm ktor I norm or K IC
Number Model (keV) Z-) (10’3) keV or .- 1073 em™) or (10’4) Flux Clv
1 1T 10.287933 0.31 £ 0.06 2.80870:082 121821 / 1318
2T 10.347933 0.33+3%7 2.7867908 0.1679%] 5.390E7 137350 1216.92 / 1316
IT + IC 10.2879% 0.31 £ 0.07 237310192 2.10 (fixed) 0.30079580 0.46 1218.21 / 1317
2 1T 9.42+02) 0.31 £ 0.06 2.846799% 1385.03 / 1365
2T 1034102 0.36 & 0.07 2,527 0178 2.337%13 09157333 1380.11 / 1363
IT +IC 8.907437 0.3873%8 2.384702% 2.10 (fixed) 1.8534083 2.85 1381.48 / 1364
3 T 8.80103¢ 0.13 £ 0.06 2.16579388 1321.22 / 1351
2T 12917374 0.22794 137159353 2.87H13 1.689545% 1303.74 / 1349
IT 4 IC 6.8410:58 0.2475% 1.46413183 2.05 (fixed) 2.8427 9811 5.25 1306.49 / 1350
4 1T 7341028 0.05+0:%¢ 1.8971097% 1329.64 / 1361
2T 7707933 0.09107 1778594 0.3979% 1.271E4F 337858 1324.24 / 1359
IT + IC 723593 0.0513:0¢ 1.837708%5 2.10 (fixed) 0.23170841 0.36 1329.53 / 1360
5 1T 7.38 +0.39 0.12 £ 0.08 1.49148398 1308.92 / 1435
2T 24.40723% 0.17+3:42 0.348+01% 462413 1.45750:2%8 1304.14 / 1433
1T +IC 5.55519% 0264013 0.975+0228 2.15 (fixed) 2.30050:238 2.94 1304.25 / 1434

Note.Model norms are described in Table 2. IC flux is given for the 20.0-80.0 keV band in 10~ erg s~ cm 2.

map (Figure 5), is also observed by Brown et al. (2011) for this
cluster, as well as in the Coma cluster by Deiss et al. (1997).
This is thought to be due to the nonequilibrium state of the
merger system (Brown et al. 2011).

Global analysis of the cluster constitutes the selection of a
circular region (5!2) containing the radio halo (roughly
enclosing Regions 1-9), extraction of spectra of this region
from both NuSTAR and Chandra data, and fitting the spectra
with single-temperature, two-temperature, and single-temper-
ature-plus-nonthermal-emission models. The purpose of this
analysis is to assess the global properties of the cluster and to
search for possible extended IC emission in the cluster.
Assuming an isothermal plasma, the global temperature found
by NuSTARis T 9.1+0.1keV, and for the joint
NuSTAR and Chandra fit, we find kT = 9.2 £0.3keV. The
results of NuSTAR and joint NuSTAR and Chandra data
analyses show that the statistics improve with an additional
apec or power-law component, with respect to a single-
temperature apec model. The power-law component was
more dominant in the NuSTAR fit than the joint NuSTAR and
Chandra fit, due to the bandpass of Chandrabeing narrower
than that of NuSTAR. Therefore, the joint fit captures more of
the thermal emission. The two-temperature model for the
NuSTAR fit has a high-temperature component of Ty
= 10.6f8j§ keV and a lower-temperature component with 7,
=227} keV. However, our further detailed analyses on the
the temperature structure, i.e., temperature map and cross-talk
analysis, do not show signs of dominant emission around this
low-temperature value. Apparently, the multi-temperature
structure of the cluster would theoretically be better described
with a multi-temperature model, yet the temperature values of
various regions within the radio halo being high and close to
each other makes it statistically difficult to disentangle these
components.

In the joint NuSTARand Chandrafit, however, we
witnessed a subtle high-temperature component of Ty

=21.56 33} keV and a dominant low-temperature component

10

of T = 6.4 = 0.4keV. The lower limit found for Region 6 for
the hot-spot scenario in the cross-talk analysis results is
actually within 1o of this global high-temperature component.
The lower-temperature component, however, is too low with
respect to what we see in the central region throughout this
work, and also with respect to the findings of Zhang et al.
(2020b, Table 1 therein). Overall, the statistics for both the
NuSTAR and joint NuSTAR and Chandra fit were improved by
adding a second apec model with AC/Av = 41.25/2 and AC/
Av = 36.96/2, respectively.

The addition of a power-law component to the single-
temperature model improved the statistics by AC/Av = 38.3/1
and AC/Av = 32.3/1 for NuSTAR and joint NuSTAR and
Chandra analysis, respectively. Statistically a 2T fits the data
better than a 1T+IC description (Tables 2 and 3). The
temperature component of the 1T+IC model is ~8 keV. The
NuSTAR and joint NuSTAR and Chandra analysis results
agree within lo.

Although the data are better described by the 2T model, we
provide an IC flux only to report an upper limit, as if IC were
detected. The power-law component was more dominant in the
NuSTAR fit than that of the joint fit. Therefore, we use
NuSTAR fit results for our flux calculations. The upper limit to
the IC flux in the 20.0-80.0 keV band was calculated using the
cflux model applied to the power law of the NuSTAR fit. The
resulting flux is 2.695 x 10~ Zergs ' cm 2. Using the
LOFAR data (Hoang et al. 2021), this refers to a lower limit
of 0.08 uG for the average magnetic field.

We also studied the effect of the Ny parameter on our global
spectra results using priors from Zhang et al. (2020b). Since our
global region radius is ~300”, the only Prior we could use for
Ny was fixing its value to 8.21 x 10?" cm 2, suggested by
Zhang et al. (2020b), to test its impact on the global
temperature and IC limit. By fixing the Ny to this value during
the joint NuSTAR and Chandra 1T model fit, statistics become
2120.48/2108 d.o.f., where with free Ny it is 2104.29/2107 d.
o.f. Between these two approaches, the global temperature
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varies by 0.8%. Further, for the joint NuSTAR and Chandra 1T
+IC model fit, fixing the Ny decreases the magnetic field lower
limit by only 5% as opposed to letting it vary.

In addition, we studied the effect of the photon index, I', on
the IC flux wusing our global joint NuSTAR and
Chandra analysis (1T+IC model). We varied I" between 1.9
and 2.1 from the fixed value of I' = 2.0. I' = 2.0 is obtained
from the spectral index («) value in Hoang et al. (2021). The
uncertainty given by Hoang et al. (2021) on this « is +/—0.05,
and here we use a more conservative approach by taking the
error as +/—0.10. The IC flux changes by 9% and 12% by
setting I' = 1.9 and I = 2.1, respectively, instead of ' = 2.0.

4.2. The “Hot Spot”

Our temperature map in Figure 5 shows a “hot spot”
(~12keV) at the location of the northern SB edge. We
extracted NuSTAR spectra from this region to study the nature
of the emission. We propose three scenarios to explain the
emission from this source, which are (1) a hot spot where the
shock-heated gas is concentrated at that region (bullet-like), (2)
a highly obscured AGN, and (3) a localized IC emission
connected to the radio source in the vicinity.

Shocks driven by a piston-like object, like a cool core, do not
produce shocks with uniform Mach number across it, but will
have higher Mach numbers near the piston and lower farther
away. If the “hot spot” is actually of thermal origin, this would
be a similar case as in the Bullet Cluster. If the shock surface is
considered as a 2D sheet, the middle will have the highest
Mach number (in this case, M =2), and it will be lower
everywhere else. At the hot spot—Region 8 interface the
temperature jump will be highest and the particle acceleration
will be most efficient.

Supported by theoretical and high-resolution hydrodynami-
cal simulations (Gaspari et al. 2017, 2019), AGNs in massive
hot halos often become heavily obscured via the CCA triggered
by the top-down multiphase condensation of warm and cold
clouds, which rain onto the central supermassive black hole.
Such obscuring CCA rain has been also probed in lower-energy
bands, e.g., with Atacama Large Millimeter/submillimeter
Array and Multi Unit Spectroscopic Explorer absorption/
emission-line features (Rose et al. 2019; Olivares et al. 2022;
Temi et al. 2022).

However, at the “hot spot” location, there are no known
AGNSs. We also carried out a simple mid-IR selection criteria
following Somboonganyakul et al. (2022) using the All-
WISE2020 Catalog.'® Within 7= 1’ of the “hot spot” position,
we found an IR object with ID J021703.244-703909.0 and
found W1-W2 = —0.598. This value is much lower than what
is expected from an AGN emission (Somboonpanyakul et al.
2022). However, we note that mid-IR selection for AGNs
mostly select extremely bright AGNs (high accretion rate). This
implies that the object may not be a strong AGN, but could still
be a fainter/smaller AGN.

Furthermore, the vicinity of the radio galaxy may indeed be
causing the IC emission due to the reacceleration of relativistic
particles injected from the site or, by adiabatic compression, the
merger shock may be “reenergizing” the radio plasma. The
radio galaxy spectral index found by LOFAR is within 1o of
the IC emission photon index we found.

18 https:/ /irsa.ipac.caltech.edu /Missions /wise.html
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Our NuSTAR analysis using nuproducts shows that all
three scenarios are almost equally likely as represented in
Table 4. However, the 2T model fit to the joint NuSTAR and
Chandra data revealing a similar high temperature (Table 3) for
the global assessment with the cross-talk results for Region 6 of
the hot spot (Table 5) may not be a coincidence. Although we
would expect NuSTARto capture the higher-temperature
component model better with respect to Chandra, the addition
of the Chandra data may have helped to better constrain the
lower-temperature model. Since Chandra data are quite shallow
and foreground absorption is moderately high, it is difficult to
make a conclusion.

4.3. Cross-talk Analysis and Shock Fronts

To account for the scattering due to the NuSTAR PSF, we
applied nucrossarf to dissociate the emission originating
from a specific region from the other regions in the FOV. Our
cross-talk analysis (Table 5) reveals several temperature jumps
between the regions selected with the guidance of NuSTAR,
Chandra, and LOFAR images, as well as temperature and
GGM maps. These weak jumps occur at the Region 7-8
(northern) and 9-10 (southern), and the Region 3—4 (central)
interfaces. We calculated Mach numbers for these jumps, and
found M =1.22-1.37 (Table 6), hinting at multiple weak
shocks within the radio halo. Our Chandra SB profiles show
that these temperature jumps have corresponding density jumps
with M =1.35-1.58. The Mach numbers derived from the
NuSTAR temperature jumps and Chandra density jumps found
in this work are consistent with each other. The Mach number
obtained for the density jumps from the southern SB edge
detected by Zhang et al. (2020b) is 20 higher than what we find
in this work. We reason that the shock may be the strongest
(localized) at the center when a smaller angle sector is selected
for the analysis, as we similarly discuss in the case of the hot
spot scenario in Section 4.2.

The physical distances of the temperature (density) jumps
are ~500 (~440) kpc, ~650 (~780) kpc, and ~100 (~72) kpc
from the emission peak center for the northern, southern, and
central fronts, respectively. The difference between the
locations of the temperature-density jumps may be due to the
imperfect astrometry of NuSTAR, as well as the poor photon
statistics of the Chandradata. Deeper Chandra observations
could reveal more accurate and precise locations of the density
jumps aided by Chandra GGM analysis followed by various
deprojected radial SB profiles across the FOV.

On the technical side, we present a new code in this work,
nucrossarf, aimed at accounting for the X-ray scattering in
and out of spectral extraction regions within the
NuSTAR FOV. We ran the code for three different scenarios
for 17 sources, where the temperature and model normalization
values of all sources are almost identical for the scenarios that
point to the stability of the code. Furthermore, nucrossarf
and nuproducts temperature values are in agreement within
lo for Regions 1-2-4-5-8-9 and 20 for Regions 3-7-10.
Temperature values for Regions 11-12-13 that are at the
outskirts of the cluster drop by ~2keV point to a contamina-
tion of hard excess from the points sources enclosed by them,
which is supported by the fact that the normalizations of these
point-source emissions are reduced by a factor of 2 after the
cross-talk treatment. Region 6, the “hot spot”, and Region 14,
the channel temperatures from nuproducts, are quite
different from nucrossarf results.
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For the “channel” region, we see that the temperature and
normalization parameters were poorly constrained. The scat-
tered emission from the neighboring regions may be respon-
sible for this instability, hinting at a very faint emission at the
channel region.

The total fit C statistics for the cross-talk analyses are C/
v = 14669.14/15218, C/v = 14694.08/15219, and C/
v = 14666.06/15218 for the hot spot, obscured AGN, and
IC scenarios that were assumed to explain the Region 6
emission, respectively. Although the best fit is obtained for the
IC scenario, at this depth all scenarios are almost equally likely.

4.4. IC Search

We also carried out a local search for IC for regions where
radio spectral indices are given by Hoang et al. (2021) inside
the radio halo. The outermost annulus fit results show that the
1T+IC model describes the spectra the best, but almost equally
well with the 2T model. For this region, we find an upper limit
of 2.64 x 10~ erg s~ cm ™2 in the 20.0-80.0 keV band for the
IC flux, if it were detected. This region, where the 1T+IC and
2T models have quite similar statistics, passes through Regions
8 and 10, that is, the outer region to the northern and southern
shock fronts. Whereas annulus 3 has the highest IC flux, again
it has similar statistics with the 2T model, and coincides with
the northern and southern SB edges that are expected due to
shock enhancement (see, e.g., Sarazin 2002).

5. Conclusion

Based on NuSTAR and Chandra data, complemented by a
previous LOFAR study (Hoang et al. 2019), we studied the
late-stage galaxy cluster merger CL 0217470. We present our
conclusions of this work in this section.

All three scenarios, namely, hot spot, obscured AGN, and
localized IC emission, proposed for the “hot spot” captured by
our temperature map seem to be equally likely. If the hot spot is
indeed a thermal plasma of ~12 keV, it indicates a shock front
~500 kpc away from the cluster emission peak. For the
obscured AGN or IC emission scenarios, deep optical and deep
low-frequency radio observations are required to study the
galaxy distribution at the site. In essence, what is witnessed
here may even be a combination of a hot spot + IC.

We confirm two shock fronts at the Region 7-8 (northern)
and 9-10 (southern) interfaces, as suggested by Zhang et al.
(2020b), and detect another shock front at the Region 3—4
interface (central), within 0.5 rsoy of the cluster. The physical
distances of the temperature (density) jumps are ~500 (~440)
kpc, ~650 (~780) kpc, and ~100 (~72) kpc from the emission
peak center for the northern, southern, and central fronts,
respectively. These weak shocks may be partially responsible
for sustaining the giant radio halo emission by the (re)
acceleration of the relativistic particles at the central region of
the cluster.

The axes connecting these northern and southern secondary
shock fronts are almost perpendicular to the axes connecting
the radio relics, suggesting that these secondary shocks are
unrelated to the first core passage. The coincidence of the
northern and southern shock fronts with the radio halo emission
edge adds this cluster to a short list of clusters that suggests the
radio halos’ formation may be boosted by the turbulence
formed directly behind shocks. Deeper high-angular-resolution
X-ray observations should reveal ~100kpc scale turbulence
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eddies, taking advantage of the merger plane lying perpend-
icular to the line of sight.

To the best of our knowledge, this cluster is the second
known case where a secondary shock coinciding with the radio
halo emission in the form of subsequent settling of the ICM has
been observed within 1 Mpc, the first being Coma (Simionescu
et al. 2013).

Unlike Coma, CL 0217470 shows multiple shock fronts,
which makes this cluster the only known case where multiple
secondary shock fronts are formed within 0.5 r509. We may
have captured this cluster before the settling of the ICM, hence
further studies beyond local systems are needed to investigate
the ubiquity of these secondary shocks to understand the
evolution of galaxy cluster mergers and radio halo formation
mechanisms. Galaxy clusters hosting giant radio halos can be
the first place to look for similar cases.
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Appendix A
NuSTAR Background Assessment and Systematics

In this section, we present the spectra from the background
model fits using both FPMs and both Obs. ID in Figure 10. As
shown in the left panel of Figure 10, we selected four regions in
the FOV from each detector chip, excluding the ICM emission
as much as possible but also including as much data as
available. Region selection is somewhat an experienced guess,
and we tested the fits for smaller and larger regions to optimize
the stability of the fit. The method is described in Wik et al.

(2014).

In addition, we note that the single-temperature apec model
is sufficient to account for local and scattered cluster emission
inside background regions, and more complicated models (e.g.,
two-temperature apec model) do provide significant improve-
ment. More importantly, the additional component, if not
limited by strict priors, will generally try to model some other
feature of the ICM spectra where the background model is not
perfect.



THE ASTROPHYSICAL JOURNAL, 942:79 (16pp), 2023 January 10

Tiimer et al.

0.01

707

Obs. ID: 70701001002 |

Obs. ID: 70701001002

counts s keV-!

Dec
706

ratio

705

I MM

il

| 1 L

1 Eduusibbouy b s b b A0 L i
W T R T e )‘“.; Pl
W i

20
Energy (keV)

L
50 100 5 10 20 50 100
Energy (keV)

Dec
706 /0.7
counts s~' keV-"

Obs. ID: 70701001004

Obs. ID: 70701001004 ]

705
ratio

346 344 342 340 338 5 10
RA

20
Energy (keV)

20
Energy (keV)

Figure 10. Selected regions for background analysis (left panel) laid over cleaned NuSTAR 3-10 keV photon images. White squares indicate regions where the
background spectra is extracted. Joint fit of background and cluster emission of NuSTAR FPMA (middle panel) and FPMB (right panel) for Obs. ID 70701001002
(upper panel) and Obs. ID 70701001004 (lower panel). Each color represents a region selected for the background fit. For plotting purposes, adjacent bins are grouped
until they have a significant detection at least as large as 150, with maximum 15 bins.

To quantify the systematics of the fCXB in the
NuSTAR background analysis (Wik et al. 2014), we chose
Region 5, which has the least complicated thermal structure.
We increased and decreased the fCXB component of the
background by 50% in the spectral fits to see its effect on the
temperature measurements. We chose 50% since, given the
cosmic variance for a region of this size, it is the expected
variation in CXB that is also comparable to the brightness of
the detected point sources. Increasing the fCXB component of
the background by 50% resulted in a temperature decrease of
0.04 keV, whereas decreasing the fCXB component of the
background by 50% resulted in a 0.06 keV increase in the
temperature. These values correspond to less than 35% of the
statistical errors on the temperature of that region.

The  dominant  systematic  uncertainty of  the
NuSTAR background comes from the aperture cosmic X-ray
background characterization, which dominates the E ~ 10 keV
background, but it is generally too flat to bias the thermal
continuum and thus temperature measurements (Wik et al.
2014). This statement is less true when an IC model is
included, but since the data do not support IC emission over
pure thermal emission, the effect of this systematic uncertainty
is negligible concerning our results.

Appendix B
NuSTAR and Chandra Global Fit Spectra

We present the results of the global spectral fit in this section
for only NuSTAR and joint NuSTAR and Chandra data using
the 1T, 2T, and 1T + IC models, as shown in in Figure 11.
Since the statistics are quite similar, the differences in ratios are
not discernible, yet the model contribution curves provide an
insight to the contribution of different models.
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Appendix C
“Hot Spot” Scenarios

The resulting spectra from the three scenarios proposed for
the explanation of the Region 6 emission is presented in this
section. The statistics are again similar, which makes it difficult
to conclude from the figures which model best describes the
data. However, in its spectrum we encountered a strange dip
around 4.8keV in Figure 12. We extracted spectra from a
larger (1’) circular region at the location at the “hot spot”, as
well as different data and plotting bins. The dip feature still
persists for those spectra, as well, pointing to a reason different
from a mere coincidence of statistical fluctuations. We could
not found an explanation for this feature, and we refrain from
any speculations.

Appendix D
Nucrossarf

With this detailed study, we also happen to test the new
nucrossarf code. In this section, we elaborate the inner
workings of the code and what to expect from the code for
future users.

nucrossarf mainly calculates the cross-ARFs of a
number of user-defined extracted regions, and dissociates the
source distribution from the contamination from other regions
by jointly fitting the spectra of all regions. For N extracted
regions, nucrossarf generates N X N ARFs to account for
the wings of the PSF of each source present in other regions.

The final fitted spectra for the obscured AGN scenario is
presented in the left panel of Figure 13 as an example. This
figure shows the spectra from each source, the total ARF curve,
and the individual contributions from all regions, for two
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Figure 11. Global fits of NuSTAR (upper panel), and joint NuSTAR and Chandra data (lower panel) with 1T (left panel), 2T (middle panel), and 1T + IC (right panel)
of the spectra extracted from the central 5’2 circular region. Black indicates FPMA and red indicates FPMB for ObsID 70701001002, whereas for ObsID
70701001004, FPMA and FPMB are indicated by blue and orange, respectively. Chandra ACIS-I is indicated by turquoise. The data and models are shown as the
higher curve and lower lines correspond to background spectrum. The dashed curves correspond to the model components to visualize their contribution to the
composed model. The “ratio” panel shows data-to-model ratios describing the goodness of the fit. For plotting purposes, adjacent bins are grouped until they have a
significant detection at least as large as 8¢, with maximum 12 bins.
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Figure 12. Spectra of the NuSTAR “hot spot” region fits with constant X apec (left panel), constant X TBabs X powerlaw (middle panel), and
constant X powerlaw (right panel). Black indicates FPMA and red indicates FPMB for ObsID 70701001002, whereas for ObsID 70701001004, FPMA and
FPMB are indicated by green and blue, respectively. For plotting purposes, adjacent bins are grouped until they have a significant detection at least as large as 40, with

maximum eight bins.

observations and for both FPMA and FPMB: (1 + 1 +
17) x 2 x 2 curves in total. In order to present a much less
complicated version, we plotted the spectrum from Region 1,
the total ARF curve, and the individual contributions from all
regions to Region 1 emission, for Obs ID 70701001002 and for
FPMA as seen in the right panel of Figure 13.

As seen in the nucrossarf spectral fit of Region 1 spectra
for ObsID 70701001002 FPMA, the shape of the weakest
model seen in the right panel in Figure 13 has an artifact, a dip
within 5.0-10.0 keV. This model corresponds to the scattering
from Region 17 to Region 1. We further investigated the

14

spectra for similar artifacts and saw that point source cross-talk
contributions to the regions that are far away from these
sources show a similar behavior. These curves are 15-10,
15-4, 16-2, 16-9, 16-14, 16-17, 17-1, 17-2, 17-12, and
17-16, where the first number in the couples points to the
origin of the scattered light and the second corresponds to
where the scattered light reaches. These cross-ARFs with
artifacts for Obs ID 70701001002 are plotted in the lower panel
of Figure 14, where the upper panel shows the entirety of
the ARFs.
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Figure 14. All cross-ARFs for Regions 15 (black), 16 (purple), and 17 (pink) from Obs ID 70701001002 (upper panel), and only the cross-ARFs of artifacts (lower
panel), namely cross-ARFs: 15-10, 154, 16-2, 16-9, 16-14, 16-17, 17-1, 17-2, 17-12, and 17-16.

Since for the production of ARFs the PSF images at various
bands are used, these artifacts are bound to happen for faint
point sources that are close to the edge of the FOV where the
calibration for the PSF is less than perfect. nucrossarf
samples the PSF images for extended sources, therefore
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averaging out very small fluctuations. Therefore we do not
see any similar artifacts from Region 14, the channel, which is
also close to the edge of the FOV and has faint emission. At
very low effective area, the level of the artifacts are comparable
to data noise. We emphasize that, at this rate, ARF
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contributions where we see the dip artifact are effectively zero
(~1079 counts sfl) and the artifacts do not have an effect on
any of our results.
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