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ABSTRACT

Aims. We present the results of a joint XMM-Newton and NuSTAR observation (200 ks) of the galaxy cluster Abell 523 at z = 0.104.
The peculiar morphology of the cluster radio halo and its outlier position in the radio power P(1.4 GHz) - X-ray luminosity plane
make it an ideal candidate for the study of radio - X-ray correlations and for the search of inverse Compton (IC) emission.

Methods. We constructed bi-dimensional maps for the main thermodynamic quantities (i.e., temperature, pressure and entropy) de-
rived from the XMM observations to describe in detail the physical and dynamical state of the cluster ICM. We performed a point-to-
point comparison in terms of surface brightness between the X-ray and radio emissions, to quantify their morphological discrepancies.
Making use of NuSTAR’s unprecedented hard X-ray focusing capability, we looked for IC emission both globally and locally, after
properly modeling the purely thermal component with a multi-temperature description.

Results. The thermodynamic maps obtained from the XMM observation suggest the presence of a secondary merging process that
could be responsible for the peculiar radio halo morphology. This hypothesis is supported by the comparison between the X-ray and
radio surface brightnesses, which shows a broad intrinsic scatter and a series of outliers from the best-fit relation, corresponding to
those regions that could be influenced by a secondary merger. The global NuSTAR spectrum can be explained by purely thermal gas
emission, and there is no convincing evidence that an IC component is needed. The 30~ upper limit on the IC flux in the 20-80 ke V band
is in the range [2.2 — 4.0] x 1073 erg s~! cm™2, implying a lower limit on the magnetic field strength in the range B > [0.23 —0.31] uG.
Locally, we looked for IC emission in the central region of the cluster radio halo finding a 30~ upper limit on the 20-80 keV non-thermal

:1906.07730v1 [astro-ph.HE] 18 Jun 2019

Y

flux of 3.17 x 10~ erg s™! cm~2, corresponding to a lower limit on the magnetic field strength of B > 0.81 uG.

Key words. galaxies:cluster:general - X-rays:galaxies:clusters

>< 1. Introduction

The presence of relativistic particles and magnetic fields in the
intra-cluster medium (ICM) of galaxy clusters has been estab-
lished by a number of observations at radio frequencies (see |Fer-
etti et al.|2012|and |van Weeren et al.|2019|for reviews) and poses
important physical questions (see Brunetti & Jones|2014| for a
review). The extended (~Mpc), diffuse, low surface brightness
and steep-spectrum sychrotron sources known as radio halos are
produced by relativistic electrons spiraling around ~ uG mag-

* filippo.cova@inaf.it
** fabio.gastaldello @inaf.it
*** Lyman Spitzer Jr. Fellow

netic fields. These structures have so far been detected in ~50
clusters at z < 0.4 and in few other clusters above that redshift
(Yuan et al.|2015). All these clusters are characterized by high
mass, high X-ray luminosity and temperature, and they show in-
dications of a merger process as probed by X-ray morphology
(Buote 2001} |Cassano et al.[2010), X-ray temperature maps (e.g.,
Govoni et al.[|2004) and presence of optical substructures (e.g.,
Girardi et al.[[2011). A causal connection between the hot and
relativistic plasma properties is then suggested by the similari-
ties of the radio morphology of the halos with the X-ray struc-
ture of the ICM (Govoni et al.|[2001a)), and the total radio halo
power Pj gy, at 1.4 GHz correlates with the cluster total X-ray
luminosity Ly (e.g. [Liang et al.[[2000; |Giovannini et al.| 2009
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Kale et al.|2013). The radio power also correlates with the to-
tal cluster mass, which is the main physical parameter involved,
as X-ray luminosity is only a proxy for the total mass and the
one with the greatest scatter (with respect, for example, to X-ray
temperature, gas mass or Sunyaev Zel’dovich (SZ) signal, see
Basu|2012|and |Cassano et al.[2013)).

The synchrotron emission is a combined product of both the
particle and the magnetic field density, therefore the latter cannot
be globally constrained by radio observations alone. However,
the same population of relativistic electrons that produce the ra-
dio emission will also produce hard X-ray emission by inverse
Compton (IC) scattering photons from the ubiquitous Cosmic
Microwave Background (CMB). For a power-law energy distri-
bution, the ratio of IC to synchrotron flux gives a direct and un-
biased measurement of the average magnetic field strength in
the ICM. The search for non-thermal IC emission in clusters
began with the first X-ray sensitive satellites, although the ex-
tended ~keV photons from clusters were soon recognized to be
of thermal origin (e.g.[Solinger et al.[1972, Mitchell et al.|1976).
However, clusters showing a diffuse and extended radio emis-
sion must also present IC emission at some level. Unfortunately,
non-thermal emission is hard to detect, due to thermal photons
which are simply too numerous below 10 keV, while IC emis-
sion should dominate and produce excess emission at higher en-
ergies, where the bremsstrahlung continuum falls off exponen-
tially. In addition, the presence of multi-temperature structures,
naturally occurring in merging galaxy clusters, could cause a
false IC detection and needs to be modeled accurately; this prob-
lem is particularly relevant when using non-imaging and high
background instruments, like the ones commonly used for the
search of non-thermal emission in the hard X-ray band. The
first IC searches with HEAO-1 resulted only in upper limits, and
thus lower limits on the average magnetic field of B > 0.1 uG
(Rephaeli et al|[1987} Rephaeli & Gruber| 1988). The next gen-
eration of hard X-ray satellites instead - RXTE and Beppo-SAX -
several claimed detections (107'' = 1072 erg s~ cm™2), although
mostly of marginal significance and controversial (see [Rephaeli
et al|[2008| and Brunetti & Jones| 2014 for reviews). More re-
cent observatories however (Suzaku and Swift) did not confirm
IC emission at similar levels (Ajello et al.|[2009; [Ajello et al.
2010; Wik et al.|2012;|Ota|2014)). The only exception, the Bullet
cluster, has been falsified by a sensitive observation made with
NuSTAR (Wik et al|2014)), the first satellite with imaging capa-
bilities in the hard X-ray band (3-79 keV).

The galaxy cluster Abell 523 (A523) at z = 0.104 is a mas-
sive system (Mpp ~ (7 —9) X 10" M,; |Girardi et al.|[2016}
hereafter G16) that hosts extended and diffuse radio emission
with a total radio power of P 4gu, = (2.0 £0.1) x 10> WHz™!
(G16), mainly elongated along the ESE-WNW direction (Gio-
vannini et al.[201 1} hereafter G11) and a minor SSW-NNE elon-
gation. G11 and G16 classified this radio emission as a radio halo
because 1) the radio source permeates both merging subclusters
and 2) the radio structure does not show any feature typical of
radio relics such as high brightness filamentary structure or a
transverse flux asymmetry as found in relic sources due to the
propagation of a shock wave (see e.g. van Weeren et al.[2011).
van Weeren et al.| (201 1) suggested a possible relic interpretation
for this feature, mainly because of its patchy morphology and
perpendicular orientation with respect to the ICM and galaxy
distribution. However this interpretation has weaknesses due to
its position within the merging subclusters, difficult to reconcile
for a bimodal merger scenario between the two main subclusters
launching a shock wave generating the relic, as recognized by
Golovich et al.| (2019). The features of the radio halo in A523,
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however, are clearly not typical: (i) the radio halo is mainly elon-
gated in the direction perpendicular to the likely merging axis,
with only a minor elongation aligned with the main optical/X-ray
cluster elongation (see Fig. 1 in G16), while, generally, the oppo-
site phenomenology is observed, with the radio halo being elon-
gated in the same direction as the merger (Feretti et al.[2012); (ii)
AS523 is peculiar in the Py 46u; — Lx plane, having a higher radio
power (or a lower X-ray luminosity) than expected (see Fig. 20 in
G16). Moreover, the radio emission is clearly offset from the X-
ray emission and the radio/X-ray peaks offset is ~ 0.3 h;(} Mpc.
These latter peculiarities make A523 one of the best candidates
for the search of IC emission, as the purely thermal cluster emis-
sion is low and can be separated from the non-thermal emission.
G16 also detected a modest polarization (FPOL ~ 15 —20%). A
polarized signal is unusual, since it has been detected so far only
in a couple of other peculiar radio halos: MACS J0717.5+3745
(Bonafede et al.[2009), and A2255 (Govoni et al.|[2005). In the
latter case, however, the polarized filaments might be connected
to relic emission in the outskirts of the cluster just projected at
the center, see [Pizzo et al.| (2011). Both the observed radio/X-
ray offset and polarization might be the result of having most of
its magnetic field energy on large spatial scales; however, it is
still not obvious how this can explain the peculiar morphology
of the radio halo of A523. We also mention that A523 is part of a
filamentary structure recently observed with the Sardinia Radio
Telescope by [Vacca et al.|(2018)), who found a possible evidence
diffuse radio emission which might be connected to a large-scale
filament of the cosmic web. Despite its interesting properties,
AS523 was still lacking deep and good quality X-ray data, the
only modern observation being the shallow Chandra observa-
tion analyzed in G16. For this reason, we requested a joint deep
observation of the cluster with XMM-Newton and NuSTAR. On
one hand, the XMM-Newton data will allow us to perform a more
complete and detailed characterization of the ICM and its con-
nection with the cluster radio halo. On the other hand, making
use of NuSTAR’s imaging capabilities, we will investigate the
presence of IC emission in this ideal system, where the relatively
low X-ray luminosity should in principle minimize the thermal
contribution.

We describe the XMM-Newton and NuSTAR observations
and their processing in Section [2} In Section 3| we give a brief
description of the background modeling for both telescopes. We
show images in different energy bands in Section 4 In Sec-
tion [5] we show the results obtained from the XMM-Newton ob-
servations, accounting for the cluster thermal emission, while
the results of the search for a non-thermal emission with NuS-
TAR are presented in Section[6] Finally, we discuss the implica-
tions_of our results in Section [7] and summarize them in Sec-
tion |8l Throughout this paper we use Hy = 70kms~' Mpc™!
and h79 = Hy/(70kms™! Mpc_l). We assume a flat cosmology,
with Q,, = 0.27. In the adopted cosmology, 1’ corresponds to
~ 115 h;(; kpc at the cluster redshift. Unless otherwise stated,
uncertainties are indicated at the 68% confidence level.

2. Observation and data processing
2.1. XMM-Newton

A523 was observed by XMM-Newton on February 18th, 2016
(ObsID 0761070101 and ObsID 0761070201) for a total unfil-
tered exposure time of ~ 220 ks. The observations data files
(ODF) were processed to produce calibrated event files using
the XMM-Newton Science Analysis System (XMM-SAS v14.0)
and the corresponding calibration files, following the Extended
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Table 1. XMM-Newton observations of A523.

ObsID EPIC detector  Clean f,y,
(ks)
MOSI1 77.3
0761070101 MOS2 79.4
pn 63.0
MOSI1 75.6
0761070201 MOS2 87.3
pn 62.9

Source Analysis Software scheme (ESAS;[Snowden et al.|2008).
The presence of anomalous CCDs was also taken into account,
removing them from the analysis, and soft proton flares were fil-
tered out using ESAS tasks mos-filter and pn-filter. The cheese
procedure was then used to individuate and mask point sources
in the field of view. The resulting clean exposure times for both
observations and for each instrument are listed in Table [Il We
also performed an estimation of the amount of residual soft pro-
ton flares contamination, comparing the measured count rate in
a hard band in the exposed and unexposed part of the field of
view (Fin/Fout, Leccardi & Molendi|[2008). We report on the
results for the detector MOS as it is clear that soft proton con-
tamination in the pn occurs also in the unexposed area of the
detector due to a different camera geometry with respect to the
MOS, and MOSI1 requires special handling after the loss of two
CCDs. The Fin/Fout procedure gives a ratio of 1.048 for the ob-
servation 0761070101 and a ratio of 1.051 for the observation
0761070201; those values are in the range 1.0-1.15 considered
to have negligible contamination as in the sample of 48 observa-
tions analized inLeccardi & Molendi|2008 and in the 495 obser-
vations, most of which from the XXL survey (Pierre et al.[|2016)
comprising more than 5 Ms of data analyzed in appendix A of
Ghirardini et al|[2018. We therefore conclude that our observa-
tions are not effectively contaminated by residual soft protons
and we will not include that component in our background mod-
elling.

Finally, spectra, effective areas and response files (ARF and
RMF) for selected regions were extracted using the ESAS tasks
mos-spectra and pn-spectra. The same tasks were used for ex-
tracting FOV images in the 0.5-2.5 keV band.

2.2. NuSTAR

A523 was observed by NuSTAR on 2016 April 02-04 (ObsID
7012001002) and 06-08 (ObsID 7012001004), for a total of
unfiltered exposure time of 96 ks for ObsID 7012001002 and
103 ks for ObsID 7012001004. We filtered the events from
both observations and both modules A and B with a stan-
dard pipeline processing (HEAsoft v6.22.1 and NuSTARDAS
v1.8.0) and the 20171002 version of the NuSTAR Calibration
Database. In the filtering we adopted strict criteria regarding
passages through the South Atlantic Anomaly (SAA) and a
“tentacle”-like region of higher activity near part of the SAA;
in the call to the general processing routine that creates Level
2 data products, nupipeline, the following flags are included:
SAAMODE=STRICT and TENTACLE=yes. The resulting clean ex-
posure times for both observations are listed in Table [2]

From the cleaned event files, we directly extracted images
using xselect, created exposure maps using nuexpomap, and
extracted spectra and associated response matrix (RMF) and

Table 2. NuSTAR observations of A523.

ObsID Optical Axis Location = Exposure Time
a (J2000) B (J2000) Raw  Clean
(deg) (deg) (ks)  (ks)
7012001002  74.761 8.7892 96 95
7012001004  74.762 8.7947 103 91

auxiliary response (ARF) files using nuproducts. The call to
nuproducts includes extended=yes, most appropriate for ex-
tended sources, which weights the RMF and ARF based on the
distribution of events within the extraction region, assuming that
to be equivalent to the true extent of the source. The effective
smoothing of the source due to the point-spread function (PSF)
is not folded in with the weighting; however, the relatively nar-
row FWHM of ~ 18” lessens the impact of this omission. The
response across a given detector is uniform, so the RMFs of
the four detectors are simply averaged by the weighted fraction
each detector contributes to a region. In addition to the mirror
response, the RMF includes low energy absorption in the de-
tectors (due to a CdZnTe dead layer and platinum electrodes).
The procedures adopted for estimating and extracting the back-
ground spectra, necessary for the spectral analysis, are described
in Section 3

3. Background modeling
3.1. XMM-Newton

The XMM-Newton background is both of cosmic and instrumen-
tal origin. The cosmic background components are well known,
but have to be explicitly modeled, as they represent a signifi-
cant portion of the spectra on a broad range of energies and they
can sensibly vary both in intensity and spectral shape in the sky.
The model used here consist of three spectral components, as
shown in Figure [T} a thermal unabsorbed component at E ~ 0.1
keV representing the Local Hot Bubble (LHB) emission; a ther-
mal absorbed component at E ~ 0.25 keV accounting for the
galactic halo emission; an absorbed power-law (with a photon
index fixed at @ = 1.46), representing the Cosmic X-ray Back-
ground (CXB). The normalizations for these components were
fixed in the cluster spectral analysis to the best-fit parameters
found, for each instrument, from an annular region centered in
the X-ray surface brightness peak, with inner and outer radii be-
ing 12’ and 14’ respectively, which was considered to be a re-
gion with very low cluster emission (it corresponds to 0.9-1.1
ry00 given the mass estimate based on the mass-temperature re-
lation, see section[7.1)). Including the uncertainty on these back-
ground parameters in the cluster spectral analysis results in a
systematic uncertainty on thermal parameters which is on aver-
age 5 - 7% lower than the statistical error in the central clus-
ter region and in all the regions considered for our thermody-
namic maps (see section @, thus we did not considered this
uncertainty further. For the absorbed components, we used pho-
toelectric absorption (phabs in XSPEC), fixing the galactic hy-
drogen column density to 1.06 x 10*'cm™2, as tabulated in LAB
HI Galactic survey in|Kalberla et al.[(2005)). We also tried to fix
this parameter to the value of |Willingale et al.| (2013), which is
1.57x10%'cm™2; however, if we use this value the fit to our spec-
trum gets worse and when we let the parameter free to fit we find
0.97 £ 0.01 x 102'cm™2, which is closer to the value of [Kalberla
et al.[(2005)).
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The instrumental background model is then extracted from
filter-wheel-closed observations, accounting for its spatial vari-
ations; for details on the model components and the procedure
used see Appendix

bl
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Fig. 1. Spectrum extracted from a cluster annular region from an XMM-
Newton observation (MOS1), with all the background components
shown separately, derived as described in Section [3.1] Red:total result-
ing model; green:cluster thermal model; blue:X-ray sky background;
orange:florescence instrumental lines; magenta: instrumental non X-ray
background.
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Fig. 2. Spectrum extracted from a circular region of radius 5’ cen-
tered on the cluster X-ray brightness peak from a NuSTAR observation
(detector A), with all background components modeled shown sepa-
rately, derived as described in Section [3.1] Red:total resulting model;
green:cluster thermal model; cyan: aperture background; blue: f{CXB
background; magenta: instrumental particle continuum; orange: instru-
mental lines and solar reflected component.

3.2. NuSTAR

The NuSTAR background can be described by a number of spec-
tral components, of both cosmic and instrumental origin, all of
which can vary to some extent both spectrally, spatially and
somewhat temporally. However, the spatial variations of these
components are quite well understood, allowing us to extrapo-
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late their parameters to the source regions of interest. The back-
ground model, described in detail in Wik et al.| (2014), consists
of four main components, as shown in Figure E} (1) unfocused
cosmic X-ray background from the sky, leaking past the aperture
stops (Aperture) dominating the background spectrum below
~ 20 keV; (2) focused and ghost-ray cosmic X-ray background
(fCXB), also contributing at low energies; (3) several instrumen-
tal activation and emission lines, mainly contributing at ener-
gies above = 20 keV; (4) instrument continuum emission, also
contributing at higher energies, produced primarily (but proba-
bly not entirely) by high energy gamma rays, which either pass
through the anti-coincidence shield and Compton scatter in the
detector or scatter untriggered in the shield itself.

The standard background treatment suggested in |Wik et al.
(2014) (i.e. nuskybgd), would require the presence of regions
free of cluster emission, in order to characterize the background
and produce scaled background spectra for the desired region
and/or images for the required energy bands. However, A523
covers almost entirely NuSTAR’s field of view (see Figure [4]
top panel), with only small regions in the corners presumably
source-free. For this reason, we adopted empirical nominal mod-
els extracted from blank fields observations for the Aperture and
the f{CXB components (as done in |Gastaldello et al.|2015). De-
tails about the background modeling can be found in Appendix
[Al together with a comparison between the model obtained with
the procedure adopted by nuskybgd (using the small source-free
regions left in the FOV) and the one produced by our procedure.

4. Image analysis
4.1. XMM-Newton

In Figure [3] we show the exposure corrected, background
subtracted and point sources removed image for Abell 523,
combining all the EPIC (European Photon Imaging Camera)
instruments and both observations in the soft band 0.5-2.5
keV. The image was created with ESAS task adapt-merge,
which adaptively smooths mosaicked images. The estimated
surface brightness peak lies at R.A. = 04"59"08°.0, Dec =
+08°46’00” (J2000.0), which is consistent with what was found
in G16. The cluster is quite disturbed (as confirmed quantita-
tively by the morphological indicators reported in G16), with
an elliptical morphology; two regions of extended emission are
also evident, coincident with the background optical substruc-
tures described in G16 (labeled BACKstruct, see Section @,
that were not characterized before due to the low signal-to-noise
of their shallower Chandra observation.

4.2. NuSTAR

We extracted images with nuproducts. The exposure maps
were obtained using the task nuexpomap, and were created at
single energies for each band, roughly corresponding to the mean
energy of the band. Background images were produced using
nuskybgd (Wik et al.|2014), as described in Section 2.
Background-subtracted and exposure-corrected images in
three energy bands (top: 3-10 keV; middle: 10-20 keV; bottom:
20-50 keV) combined from both observations and telescopes are
presented in Figure [d} the images have been Gaussian smoothed
by 177.2 (7 pixels). The 3-10 keV image show the morphology
of the hot gas in A523 and resembles the Chandra and XMM-
Newton images, blurred by the larger NuSTAR PSF. In the 10-20
keV image some cluster emission is still faintly visible, while the
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Fig. 3. XMM-Newton background subtracted and exposure corrected
combined image for the three EPIC instruments and both observations
in the soft 0.5-2.5 keV band, with point sources removed. White con-
tours refer to the low-resolution 1.4 GHz VLA image (with discrete
sources subtracted) and highlight the radio halo. The two black circles
indicate the positions of the background structures discussed in the text.

20-50 keV image is completely noise dominated and no cluster
emission is visible.

5. Thermal emission

We use the deep XMM-Newton observation to study in detail
A523’s thermal emission, as it dominates at energies < 10 keV.

5.1. Global analysis

We extracted a spectrum in an annular region corre-
sponding to 0.05R;g9 < r < 02Ryg, with Rigg =
1780 (kT /5keV)"/? h(z)" kpc and h(z) = (Qu(l + 2)° + Q)2
(based upon the scaling relation of |Arnaud et al.|2005), using
an iterative procedure (OUT region; Leccardi et al.|2010). The
spectral analysis resulted in an average temperature estimation of
4.29 + 0.04 keV. Based on the classification scheme of [Leccardi
et al.| (2010), the system can be classified as a High Entropy Core
(HEC) system, with a calculated pseudo-entropy ratio of o =
0.66 + 0.03, which is consistent with the hypothesis of a merger.
This quantity represents the ratio between the pseudo-entropy
calculated in the OUT region to the pseudo-entropy calculated in
the IN region (corresponding to r < 0.05 R;gp). We extracted the
surface brightness profile from the mosaicked and exposure cor-
rected image in the 0.5-2.5 keV band. The best-fitting S-model
has a core radius of r. = (219 + 12) h;(} kpc (i.e., 114” £ 6”) and
B =0.47 £ 0.02. Assuming that the cluster emission profile fol-
lows this model, the estimated luminosity in the 0.1-2.4 keV rest
frame band within Rsoq is Lyso0 = 1.39 £0.04 x 10* hoZ ergs™,
which is consistent with the previous Chandra estimate of G16 .

5.2. Radial analysis

We performed a radial spectral analysis of A523 extracting spec-
tra from ten concentric annuli, centered on the peak of the clus-
ter X-ray brightness. The radii considered are the same used by
Snowden et al.| (2008)). In Figure E] we plot the resulting radial
profiles for the best-fit temperature and abundance (using tables

Declination
8:50:00.0 54:00.0

46:00.0

42:00.0

38:00.0

10.0 4:59:00.0 50.0 40.0
Right ascension

58:30.0

Declination
8:50:00.0 54:00.0 58:00.0

46:00.0

42:00.0

38:00.0

50.0 40.0 30.0 20.0 10.04:59:00.0 50.0
Right ascension

40.0 58:30.0

Declination
8:50:00.0 54:00.0 58:00.0

46:00.0

42:00.0

38:00.0

50.0 400 300 200

10.0 4:59:00.0 50.0
Right ascension

40.0 58:30.0

Fig. 4. NuSTAR background-subtracted and exposure-corrected images
combined from both observations and telescopes. Images are presented
on a logarithmic scale and have been smoothed with a Gaussian kernel
of 17”.2 (7 pixels). The energy band for each image is, from top to
bottom: 3—-10 keV, 10-20 keV, and 20-50 ke V.

from |Anders & Grevesse||1989) parameters for the three detec-
tors combined. Data are shown for the first seven annuli, for
which a significant cluster emission is detectable. The remain-
ing annuli were used to constraint the cosmic background, as
described in Section[3]
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Fig. 5. Mean temperature (top panel) and abundance (bottom panel)
radial profiles. The best-fit parameters are plot in function of the mean
radius for each annulus, expressed in arcmin.

The radial profiles essentially confirm the merger scenario:
(1) despite not being completely flat, the temperature profile
shows only a mild central gradient, which is still consistent with
a disturbed system, compared to the more steep gradients ob-
served in cool-core clusters (Leccardi & Molendi|[2008); (2) the
abundance profile shows a modest central gradient, consistent
with what found in [Ceccardi et al| (2010) for Non Cool Core
(NCC) systems. The abundance values in the three outer annuli
are lower than the typical cluster values of 0.2-0.3 solar found
in cluster outer regions. This could just be an indication that the
abundance parameter in this observation is prone to systematic
errors, as the cluster emission is comparable to the background
level. This is indeed confirmed when we fix the abundance pa-
rameter to a nominal value of 0.2 Z, as in this case we find
that the temperature and normalization values show an average
variation of ~ 5%. Moreover, the fit statistic does not show any
appreciable improvement when we leave the parameter free to
fit.

5.3. Thermodynamic maps

A proper description of a disturbed system like Abell 523 re-
quires a detailed bi-dimensional analysis. We used CONTBIN

v1.4 (Sanders [2006) to produce projected maps of tempera-

ture, abundance, pressure and entropy, requiring a threshold for
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126.8

249.8

Fig. 6. Regions individuated from contbin overlaid to the XMM-
Newton surface brightness image, numbered in order of creation. For
each region we performed a spectral analysis to build the thermody-
namic maps presented in Section 5.

signal-to-noise ratio of 100 and masking residual point sources.
We also appropriately set a geometric parameter to produce cir-
cular regions. This procedure bins the X-ray image using con-
tours from an adaptively smoothed map such that the gener-
ated bins closely follow the surface brightness. The procedure
selected 24 regions or bins, well covering the X-ray observed
surface brightness (see Figure[6). For each bin we extracted and
fitted spectra as described in Section 2, combing all EPIC instru-
ments and both observations. The resulting maps are shown in
Figure[7]

While temperatures and abundances are obtained as a direct
result of the spectral fitting, entropy s and pressure P were calcu-
lated following [Rossetti et al.| (2007). These quantities are often
called pseudo-entropy and pseudo-pressure, the prefix pseudo-
referring to the fact the they are projected along the line of sight.
They are computed as follows:

P=TxEM"? (keVcm™/?arcmin™") (1)
s=TxEM™'?  (keVcm®? arcmin™2/?) 2
where EM is the projected emission measure, defined as:

EM =N/A (cm™ arcmin™2) 3)

with A the area of each bin expressed in arcmin® and proportional
to the square of the electron density integrated along the line of
sight. N is the normalization of the thermal model, i.e.

10—14

=— 4
4r[Da(l +2)1? @

fnenH av (cm_s)

where Dy is the angular size distance of the source, n, and ngy
are the electron and hydrogen density, respectively.

The temperature map has a non-symmetric morphology, with
regions at higher temperature localized near the subcluster cores
seen in optical band (G16). These hotter regions are probably a
consequence of the merging process, as they are mainly located
along the NE-SW direction. The range in percent errors for the
various temperature regions is 3-7%.
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The abundance map exhibits higher metallicity regions dis-
placed from the subcluster cores. The average abundance value
over the whole map is consistent with the typical value found in
the outer regions of galaxy clusters Z = 0.23 + 0.01 (Leccardi
et al.|2010). Higher abundance regions can however be seen in
the proximity of the subcluster cores, probably tracing the past
activities of their BCGs. The range in percent errors for the in-
nermost abundance regions is 20-30%, while the outermost re-
gions have error up to 40-60%.

The pseudo-pressure map quite well highlights the merging
axis connecting the two substructures. This quantity is a good
tracer of mass in the system, so the relatively higher pressure re-
gions found near the two BCGS are consistent with this picture.
The highest pressure region is found in the cluster center (the
peak of the X-ray surface brightness) and is closer to the south
subcluster. No high pressure regions are evident in the region
where the radio halo is detected. The range in percent errors for
the various pseudo-pressure regions is 3-6%.

The pseudo-entropy map has a quite uniform morphology,
with a central and extended lower entropy region mainly tracing
the SSW-NNE direction, coincident with the merging axis. Some
higher entropy regions are also visible in the outer parts of the
cluster, almost in agreement with the temperature map. In partic-
ular, in the upper NNE regions, a high temperature-high entropy
bin is visible close to the BCG1, while in the SSW regions the
entropy is more modestly increased. This behavior looks consis-
tent with the entropy being a tracer of the dynamical and physical
processes that happens in the ICM, as heating/cooling processes
or merger shocks. The inner low-entropy regions, in particular,
could be tracing some stripped gas from the subcluster cores (as
in Rossetti & Molendi|2010) or the initial phase of a subsequent
more relaxed state. However, as already noticed, in these regions
the metallic abundances are still too low to claim for an actual
cool core remnant. Aside from the main SSW-NNE elongation
of the lower entropy regions, a second elongation in the NW di-
rection is somewhat visible, coincident with the axis of the radio
halo of A523 (see G16). The range in percent errors for the var-
ious pseudo-entropy regions is 3-7%.

5.4. Analysis of background structures

From both optical and X-ray observations, two clear structures
are evident in the WNW and ESE regions. These groups have
been classified as background structures in G16 (and dubbed
BACKstruct), as their estimated mean redshift is z ~ 0.14. The
nature of these structures is still unclear, however Girardi et al.
proposed that they can be connected to the outer regions of the
cluster Abell 525, as this system is part - with A523 - of the
super-cluster SCL62 and has a mean photometric redshift of
Zphot = 0.14.

To test this hypothesis we analyzed spectra extracted from
two circular regions of radius ~ 50 kpc centered in the two
background groups, combining both observations. The spectra
were analyzed separately with a thermal model (in case of ther-
mal emission produced from the hot intracluster gas) and with
a power-law model (testing the hypothesis that these were actu-
ally point sources, e.g. AGN). For the WNW-group, the analysis
was performed on the MOS instruments only, as for the pn this
structure is located in a gap between two CCDs. The resulting
C-statistic over degrees of freedom ratio for both groups shows
that both structures are much better fitted by thermal models,
confirming the thermal nature of their emission. In particular, for
the WNW-group spectrum we find a ratio of 22/18 for the ther-
mal model, and a ratio of 53/19 when using a single power-law

model. Similarly, for the ESE-group we find a ratio of 22/15 for
the thermal model and a ratio of 40/16 for the power-law model.
From the joint spectral analysis we can also extract some main
parameters, such as temperature and unabsorbed flux in the 0.1-
2.4 keV band. The best-fit values found for these parameters and
for both groups are listed in Table[3]

Table 3. Best-fit parameters for the two background groups discussed
in the text.

Group kT Abund. Flux [0.1-2.4 ke V]
(keV) (Zo) (107 ergecm=2s71)
0.11 0.12
WNW-group 179711 0267012 550 +0.02
ESE-group ~ 1.45*%09%  0.12*0:0° 5.31 +0.02

5.5. Radio and X-ray comparison

Radio and X-ray thermal emissions in galaxy clusters are often
deeply correlated, both morphologically and in terms of their
surface brightnesses as seen in |Govoni et al,| (2001a)). Merger-
driven turbulent re-acceleration models (e.g., Brunetti & Lazar-
1an|2007) that nowadays provide the accepted scenario for the
origin of radio halos predict a connection between thermal and
non-thermal emission simply because a fraction of the kinetic
energy of the ICM is dissipated into non-thermal components.
Thermal-nonthermal correlations are thus quite useful because
they have the potential to constrain ICM microphysics and the
degree of coupling between thermal and non-thermal quantities.
The radio-Xray surface brightness correlation is quite useful,
as it can be directly extracted from observable quantities, can
be predicted from theoretical models and does not depend on
stringent hypotheses. To do that, we fit radio and X-ray surface
brightness data with a power-law in the form Fgryg, = a(F L.
The best-fit parameters are then calculated with a least squares
method.

For A523 we considered a square grid (built with Synage++;
Murgia|2001)) which covers the whole radio-halo projected area
(Figure[§). For each grid cell we then extracted mean values and
rms for the radio surface brightness at 1.4 GHz from archival
VLA data (see G16 for details). The cell size was chosen in or-
der to have a good resolution and at the same time a reasonable
signal-to-noise ratio. We then obtained X-ray surface brightness
data by extracting the net counts number in each cell from the ex-
posure corrected and background subtracted image, for both ob-
servations combined and in the 0.5-2.5 keV energy band. Counts
were then converted to surface brightness values using the ther-
mal models obtained from the temperature map. This procedure
is faster than extracting and fitting the single spectra for each cell
of the grid. In order to estimate the goodness of this method, we
compared count rates for the regions considered for the thermo-
dynamic maps, both from the image and the spectra extracted.
The two rates show a very good agreement, with the slope of the
best-fit regression line being 0.97 + 0.06.

In Figure [0 we show the point-to-point comparison between
the radio and X-ray surface brightnesses. No clear correlation
is evident, and the data have a broad intrinsic scatter, compared
to what found in typical radio-halo clusters. This comparison
confirms locally the discrepancy already noted for the global X-
ray and radio emissions. This peculiar behavior can be further
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Fig. 7. Thermodynamic maps of A523. (a) temperature map (keV); (b) metal abundance map (Z,); (c) pseudo-pressure map (arbitrary units); (d)
pseudo-entropy map (arbitrary units). Overlaid to each image are the surface brightness contours obtained by the XMM-Newton image and the
positions of the two brightest cluster galaxies are indicated by two black crosses.

highlighted by the comparison with a typical radio-halo cluster:
Abell 2744, studied by [Govoni et al.| (2001a)). For this system
radio and X-ray emissions (from ROSAT data) appear morpho-
logically very similar and their surface brightnesses correlation
can be well described by a linear relation (with & = 0.99 + 0.05).
In Table 4] we compare some main properties for the two clus-
ters and the plot of the comparison using least squares fit to the
radio-X-ray surface brightness comparisons of the two clusters
is shown in Figure[T0]

Table 4. Main properties for the two clusters considered in this paper:
A523 and A2744 (data from Govoni et al. 2001 and references therein).
The 4th column refers to the total radio flux density at 1.4 GHz.

Cluster redshift Lx [0.1-2.4 keV] kT PiacH;
(10% erg/s) (keV) 10* W Hz™!

A523 0.104 1.39 4.29 2.0

A2744  0.308 22.05 11.0 17.0
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However, we note that this method is not particularly suited
for this cluster, given the large error bars in the radio data. In
addition to that, a least squares linear fit assumes that the scatter
present in the data is purely of statistical origin, but as evidenced
before A523 shows a significant intrinsic scatter in its data, due
to its very own peculiarity. A proper fitting method should then
take this intrinsic scatter into account. To do that, we adopted the
1ts-linefit method by [Cappellari et al.| (2013), which per-
forms a robust linear fit on data with error bar on both variables,
possible presence of large outliers (defined as those data deviat-
ing more than 2.60 from the best-fit linear relation) and an un-
known intrinsic scatter. We used this technique for both A2744
and A523; the obtained results are shown in Figure [TT] left and
right panel, respectively. For the former cluster, we find a linear
relation consistent with the simple least square fit, according to
the fact that this system shows a low intrinsic scatter. For the lat-
ter cluster we find an even flatter relation than the one previously
observed, a significant number of outliers and a wider intrinsic
scatter. The individuated outliers correspond to grid cells char-
acterized by higher radio emission than the average, given their
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Fig. 9. Radio and X-ray surface brightnesses comparison for A523.
Each point shows the mean of the brightness obtained within each cell
of the grid with error bars indicating the rms of the brightness distribu-
tion.

X-ray emission and are located in a direction perpendicular to
the merging axis.

If interpreted via turbulent reacceleration this distribution
would suggest that in the outskirts of the cluster the specific tur-
bulent energy flux, = VZ/ I (V4 is the Alfven velocity and 4 is
the MHD scale, see Brunetti & Lazarian|2016)), is larger or that
the fraction of the turbulent energy flux that goes into particle
reacceleration is larger in the outskirts. Alternatively our results
might also suggest that the halo is in fact a ghost/revived radio
plasma in the cluster periphery that is seen in projection. Future
studies, including robust measurements of the spectrum of the
halo will clarify its origin.

6. Non-thermal emission

NuSTAR’s unprecedented hard X-ray focusing capability makes
it the ideal instrument for the search for a diffuse non-thermal in-
verse Compton (IC) emission above ~ 10 keV. In this section we
will present the upper limits obtained for this emission in A523
both globally and locally, obtained taking fully into account the
cluster multi-temperature thermal emission. In Appendix (B} we
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Fig. 10. Radio and X-ray surface brightness comparison for A523 (red
point) and A2744 (blue crosses). For both clusters the best-fit relation
estimated with the least square method is indicated by a solid line. Data
were corrected for cosmological dimming.

also present a set of ad-hoc simulations performed in order to
test the reliability of our results.

6.1. Global spectrum

The global spectral analysis was performed on the spectra ex-
tracted from an inner circular region of 5 arcmin, centered in
the peak of the X-ray cluster’s surface brightness. The spec-
tra were extracted for both telescopes and observations using
nuproducts, for a total of four spectra. We jointly fit the spec-
tra with an APEC thermal plasma, with Galactic absorption fixed
at Ny = 1.06 x 10*'cm?; the fit was performed in Xspec in the
3-100 keV band, using C-statistics and metallicities relative to
the abundances of |Anders & Grevesse|(1989). The higher part of
the spectra (> 79 keV), where used to constrain the instrumental
background. Although not strictly necessary for a fit using the C-
statistic, we re-binned the data to ensure a minimum 30 counts
per bin, reducing the time required to perform fits and emphasiz-
ing differences between the model and the data. The background
was accounted for by including all the spectral components of
the best-fit model used to produce the background spectrum as
described in Section @ We decided to model the background,
rather than subtracting its simulated spectrum to the source spec-
trum as done in|Wik et al.|(2014)), in order to have a better control
over its parameters.

The spectral fit was performed using different models, and
the resulting best-fit parameters are shown in Table [5} The first
is a single temperature model, which is the simplest descrip-
tion of a thermal plasma. This description is likely unrealistic,
especially in disturbed and merging clusters, with temperature
variations across its volume. This is in fact the case of A523,
where the XM M — Newton observation highlighted modest but
non-negligible temperature variations, requiring the construction
of a multi-temperature map to describe its thermal properties.
However, 1T models can sometimes be a good approximations
for multi-temperature and featureless spectra (as shown in e.g.
Mazzotta et al|[2004). In Figure [I2] (top panel), we show the
best-fit model and its ratio to the data of this single temperature
approach. The fit seems to perform quite well, however some
excess is somewhat visible in the 10-20 keV band, indicating
that the spectrum is not of a truly isothermal plasma. The second
model consists of a single temperature plus power-law, in order
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Fig. 11. Best-fit for the radio-X-ray surface brightnesses relation with the Its-linefit method by (Cappellari et al.|(2013)) for the clusters A2744 (left
panel) and A523 (right panel). Best-fit parameters and observed intrinsic scatter A are indicated in the upper left corner. Red dashed lines indicate
1o confidence levels, while red dotted lines indicate the 2.60 confidence levels. Green points indicate the outliers from the best-fit relation (black

solid line).

to investigate the possible presence of non-thermal IC emission
in the 20 — 80 keV band. The photon spectral index was fixed at
I' = 2, based on the radio analysis in G16. The best-fit model is
shown in Figure [I2] (bottom panel) and in Table [5| we quote the
30 upper limit on the 20-80 keV non-thermal flux. Despite not
being statistically significant, the addition of a power-law model
seems to slightly better reproduce the > 10 keV part of the spec-
trum. Nevertheless, a counts excess between 10-20 keV is still
visible; this residual excess could either be due to the fact that
more thermal components are required to better reproduce the
cluster emission or some residual not fully taken into account in
the background model, or an instrumental feature not well cali-
brated and accounted for in the ARF. In support of this latter hy-
pothesis, we note that a similar feature in the same energy range
and of the same level is visible in the NuSTAR Coma Cluster
spectrum of |Gastaldello et al.| (2015)).

In order to put more solid constraints on this last value and
calculate its confidence intervals, we used Bayesian statistics and
a Markov chain Monte Carlo (MCMC) technique. The fits were
performed in Xspec using the (Goodman & Weare| (2010) algo-
rithm implementation, which evolves a series of walkers (i.e.
vectors of the fit parameters) using random steps given by the
difference between two walkers. For this simulation we used
ten walkers and a total of 10* steps, with a burning phase of
5000 steps, to ensure that the chain converged to a steady state.
The Bayesian statistic was turned on setting constant priors for
the APEC thermal components, while we used Gaussian priors
for the background components, centered on the nominal val-
ues obtained from the simulated background model from the
fixed method described in Section 2. The widths of the Gaus-
sian priors were set to the expected systematic errors: 8% for
the aperture component, 3% for the instrumental continuum and
10% on the fCXB. The results for the posterior best-fit values
using the MCMC technique are also listed in Table [5} the pa-
rameters found are very similar to those previously extracted,
meaning that the likelihood is dominating the Bayesian statis-
tic. We then marginalized over all the other parameters to ob-
tain the posterior probability distribution for the IC flux, using
the margin command. From this distribution we then obtained
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the 68% confidence intervals, which resulted in: [0.366-0.385]
1072 ergs™' em™2.

The power-law flux found with this initial spectral analy-
sis seems quite robust to MCMC tests. However, its normaliza-
tion is not sensibly affected by background fluctuations (which
should be tested in the MCMC procedure), like we would ex-
pect with a true non-thermal excess. In addition, compared to
the Aperture and f{CXB components, its statistical significance
in the fit is indeed quite low. This may indicate that its behav-
ior more likely mimics additional thermal components missing
from the simple single temperature model rather than interpret-
ing a true non-thermal component. To confirm this hypothesis we
fitted more complicated models going beyond the single temper-
ature description. We tried: i) a two-temperature (2T) model. this
is the simplest multi-temperature model and it may just reduce
the residuals but it may not represent a true range in tempera-
ture, as shown in |Gastaldello et al.| (2015); ii) a detailed multi-
temperature map model, representing the range of temperatures
in the various regions of the volume of the cluster as measured
by the 2D spectral analysis.

The 2T thermal model (two APEC components with
tied abundances) should in principle well describe a multi-
temperature component spectrum, as thermal continua are quite
featureless. However, when a bright non-thermal IC emission is
present, the higher temperature component of the 2T model can
obtain an unphysically high value. This in fact seem to happen
in A523’s case, with a best-fit higher temperature component of
~ 8.5 keV, and both temperatures poorly constrained. Such a
high temperature value is not consistent with the extracted NusS-
TAR temperature map (see Section[6.2)), and is then not very real-
istic. However, the addition of a power-law component, account-
ing for a non-thermal emission, to this model does not impact on
the best-fit thermal parameters and we find a 30 upper limit on
the 20-80 keV non-thermal flux much lower than before. This
could probably indicate that the higher value for the IC upper
limit previously found with the 1T+IC model was actually an
artifact due to the fitting procedure accommodating for the resid-
uals in the low energy part of the spectrum, not well reproduced
by a single temperature model. A more detailed thermal model
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could then be sufficient to properly describe the cluster global
spectrum, without the need of the inclusion of a non-thermal
power-law component.

6.2. Temperature map

In order to put more stringent constraints on the cluster multi-
temperature thermal emission, we built and included in the spec-
tral fit a temperature map obtained from NuSTAR’s observations.
To produce the map we initially adopted the very same regions
individuated from the XMM-Newton analysis (given by with the
contbin algorithm by |Sanders| (2006), following the cluster
X-ray surface brightness). However, the smaller inner regions
taken singularly were not suited for a NuSTAR analysis, given
the larger instrument PSF compared to XMM’s one, with very
low total counts. We then grouped some of the inner regions un-
til reasonable counts for each instrument were reached. The re-
sulting map is shown in Figure [I3] Following |Gastaldello et al.
(2015), we summed the 13 APEC models with fixed tempera-
tures, abundances and normalizations, allowing a global normal-
ization constant free to fit to account for possible discrepancies
between the map and the global spectrum. In order to better re-
produce the actual cluster thermal emission we removed some

8:50:00.0

1
48:00.0

Fig. 13. A523’s temperature map extracted from the NuSTAR analysis,
with the cluster’s X-ray surface brightness contour levels overlaid.

regions from the 5 arcmin circle that are not covered by the tem-
perature map, and where the cluster X-ray emission is not or
only faintly present. With this procedure the overall adjustment
constants were reduced to a 8-10% level. In Table[Slwe show the
resulting best-fit statistic value. This model represent a reason-
able description of the multi-temperature components in A523,
and should in principle put a very good constraint on the cluster
thermal emission, allowing for a non-thermal flux detection if
present. The inclusion of a power-law model, however, does not
result in a statistically significant improvement of the fit and the
20-80 keV flux of the non-thermal power-law component has a
30 upper limit significantly lower that the one previously found
with the simple 1T+IC model.

We investigated the possibility that a non-thermal bias could
arise when fitting the map regions spectra with 1T thermal mod-
els only, biasing upward their estimated temperatures. We then
re-calculated the best-fit temperatures and normalizations of the
map regions, fitting their spectra only in the 3.0-8.5 keV en-
ergy band in order to minimize the impact of the possible pres-
ence of a non-thermal component. The high end of the energy
range was chosen at 8.5 keV, as at that value the aperture back-
ground component starts dominating over the cluster thermal
emission (see Figure [2). With this temperature map model, we
have a 30 upper limit on the 20-80 keV non-thermal flux of
3.54x107? erg s~! cm~2. If we allow the power-law photon spec-
tral index is left free to vary, we find a best-fit value of ~ 2.1,
consistent with the initial fixed index, and even the estimated
upper limit is consistent with the one previously found. Even
though this method gives a higher upper limit on the IC flux, we
still cannot state that a true non-thermal bias is present, as also
in this case we don’t find a statistically significant detection of
the component.

6.3. Maximum halo region

Given A523’s peculiarity in the radio-X-ray morphology, we can
restrict our search for IC emission in those regions where the ra-
dio surface brightness is at its maximum (defined as those cells
in the grid showed in F1gure [8] where the surface brlghtness is
greater or equal than 1073 mJy arcsec™?). These regions do not
coincide with the peak of the X-ray brightness and are located
almost at the cluster periphery, but not in a background domi-
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Table 5. Global spectrum fit parameters.

Model kT Abund. Norm.? r IC flux® C-stat/dof
(keV) (Zo) (1073cm™) (10‘lzerg s em™?)
1T 52+0.1 0.127 £0.017 5.6+0.2 9939/9694
1T+IC 47+03 0.145+£0.020 53+02 2.0 (fixed) <0.94 9935/9693
1T+IC*® 4.7+0.1 0.143f8:88§ 5.5+0.1 2.0 (fixed) 0.376 = 0.009 9753/9681
32+1.3 4.6+2.0
2T+IC 0.159 = 0.022 2.0 (fixed 0.34 9931/9692
" 8.5+50 * 20+25 (fixed) < /

Tiap+IC d 2.0 (fixed) <0.22 10227/9691
Thap+IC© 2.0 (fixed) <0.35 10225/9691
Tiap+IC ¢ 2.0 (fixed) <0.25 10225/9679
Tiap+IC° 2.1+09 <0.40 10255/9690
Notes.

4 Normalization of the APEC thermal spectrum, which is given by { 10714/ [471(1 + z)zDi]} f n.ngdV, where
z is the redshift, D4 is the angular diameter distance, n, is the electron density, ny is the ionized hydrogen

density, and V is the volume of the cluster.
®20-80 keV.

¢ Obtained with the Bayesian MCMC analysis. Statistic includes a Bayesian contribution of -182, due to

Gaussian priors.

4 For the map models the only parameters left free to fit are the overall adjustment constants and the power-

law normalization.

¢ Obtained with the re-measured temperature map, with parameters estimated in the 3.0-8.5 keV band (see

text).

Declination
8:50:00.0 54:00.0

46:00.0

42:00.0

38:00.0

40.0 30.0 10.0 4:59:00.0 50.0 40.0 58:30.0

20.0

Right ascension

Fig. 14. Grid cells where the radio-halo emission is maximum (see text),
overlaid on the NuSTAR 3-10 keV image of A523.

nated region (see Figure[I4). This peculiarity should in principle
represent the ideal condition for a detection of a non-thermal ex-
cess, as the thermal contribution is minimized.

Despite these conditions, the spectrum extracted seems to be
well represented by a simple single temperature thermal model.
The best-fit thermal model has a temperature of 6.0 + 0.3 keV,
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which is an intermediate value consistent with the temperature
map showed in Figure[T3] Neither the inclusion of an additional
thermal model or a power-law model with a fixed photon spectral
index at I' = 2.0 result in a statistically significant improvement
of the fit. The estimated 30 upper limit on the 20-80 keV non-
thermal flux is 3.17 x 10~ ergs™! cm™2.

7. Discussion
7.1. Scaling relations and cluster mass estimate

In the introduction of this paper, we addressed the peculiarities
of A523 as a radio halo cluster and in particular its position in
the P4, — Lx plane, which is confirmed by our luminosity es-
timate, which is perfectly consistent with the one found in G16.
According to the best-fit relation of (Cassano et al.|(2013)), A523
is under luminous in X-ray by a factor of > 4 or over luminous
in radio by a factor of > 20. However the scaling relation that
should be taken into account is the scaling with mass such as
a PiagH, — Msoo relation since the energy budget available to
non-thermal components is directly connected with cluster mass
rather than with the X-ray luminosity |[Brunetti & Jones|(2014).

In order to assess the position of A523 in the Py 46n; — Msgo
plane, we need to estimate its mass from our measurements.
From our measure of kToyr, and using the M — T scaling re-
lation of |Arnaud et al.|(2005)), the derived cluster mass is M5y =
3.1 £0.5 x 10'* M, If, however, we use our revised estimate of
Lxsoo and the L — M scaling relation of |Pratt et al.| (2009), we
find a cluster mass of Mspy = 2.3 +0.1 x 10'* M. We also mea-
sured the low scatter mass proxy Yx by measuring iteratively the
gas mass within Rsgy and the X-ray temperature from a fit to the
spectrum extracted in the [0.15-0.75] Rsgo annulus. We then used
the scaling relation M5y — Yx (Arnaud et al.[2010) to derive a
cluster mass of Msgy = 2.9 + 0.1 x 10™* M.
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Despite the uncertainty in the cluster mass estimate, all our
predicted values are much lower than the Msg > 5.0 X 10" M,
value predicted by the best-fit relation of |Cassano et al.| (2013),
confirming that A523 is an outlier even in the Pj4gn;, — M50
plane.

7.2. Thermodynamical maps and the merging scenario

The thermodynamical maps of A523 obtained from the XMM-
Newton observation give a clear insight on the cluster’s dynami-
cal status.

The temperature map suggests a scenario which is compat-
ible with an off-axis merger between two subcluster of similar
mass and with a non-zero impact parameter (b ~ 2r, with rg be-
ing the typical scale length associated with the NFW profile; see
Ricker & Sarazin|[2001). It is worth noticing that high tempera-
ture regions are also present between the two cores, suggesting
that the merging process could be in a phase immediately subse-
quent to the core passage.

The abundance map confirms a disturbed status, being quite
uniform and without regions at very high metallicity. This is an
evidence that the merging process effectively perturbed the ICM,
and has diluted the metal abundances injected from the cluster’s
galactic population. This hypothesis is further confirmed by the
fact that none of the analyzed regions present high abundance
levels, with average metallicities always below 0.4 Z; within 1o,
which is often considered a threshold value for a distinction be-
tween CC and NCC systems, e.g. Rossetti & Molendi| (2010)).

The pseudo-pressure map has a quite asymmetrical morphol-
ogy, with regions at higher pressure located along the merging
axis and tracing the mass of the two subclusters, supporting the
disturbed scenario. Regions of higher pressure are located along
the merging axis and tracing the mass of the two subclusters,
moreover the core of the southern subcluster shows high pres-
sure. This could indicate that this structure could be more mas-
sive than the one in the north region, contributing more to the
global pressure distribution. The absence of high pressure re-
gions along the radio-halo main axis is an evidence that a sec-
ondary process in this direction, if present, involves much less
mass than the main event.

The pseudo-entropy map shows some lower entropy regions
located both along the main merger axis and the main radio-halo
axis. Low entropy regions at the center of the system should be
highlighting some dense gas originally situated in the subclus-
ters’ cores. Regions in the perpendicular direction could instead
be tracing some gas stripped from the core of a third subclus-
ter, which is merging in a direction perpendicular to the one of
the main merger (as sketched in Figure[T5), producing some tur-
bulence responsible for the peculiar cluster radio emission. This
scenario is further supported by the fact that the outliers from
the best-fit relation found for the X-ray/radio surface brightness
comparison are located in these lower-entropy regions (see Fig-
ure[TT) and by the elongation with two tongues-like features by
the radio halo, as depicted by both our radio image and the ra-
dio image presented by (Golovich et al.|(2019). A suggestion for
this scenario was also put forward in G16 given the tentative ev-
idence of a NW group and therefore the possibility that A523 is
actually forming at the crossing of two filaments along the SSW-
NNE and ESE-WNW directions. A better validation of this hy-
pothesis would need more extended optical data.

7.3. IC upper limits and B lower limits

When fitting the NuSTAR global spectrum (extracted from a cen-
tral circular region with a radius of 5”) with a simple 1T model
with the addition of a power-law model, we find a 30~ upper limit
on the 20-80 keV IC flux of 9.4 x 1073 ergs™! cm™2. If we as-
sume that this flux is truly of non-thermal origin, and is pro-
duced by the same population of relativistic electrons responsi-
ble for the synchrotron emission, we can derive a lower limit on
the cluster mean magnetic field, averaged over the whole radio
emitting region. Assuming a radio spectral index of @ = 1.0, a
total radio flux density at 1.4 GHz of 72 + 3 mJy and making
use of Eq. (34) of (Govoni & Feretti| (2004)), this upper limit on
the IC emission translates to a lower limit on the magnetic field
strength of B > 0.15uG. However, the selected region is not
isothermal, as is evident from both the XMM-Newton and NusS-
TAR temperature maps. Thus, the non-thermal flux found with
the simple 1T+IC model, could just be mimicking the additional
thermal components.

This hypothesis is indeed confirmed when we fit the global
spectrum with a 2T model and, more in detail, with a multi-
temperature model derived from the NuSTAR temperature map.
These models successfully reproduce the observed spectrum by
themselves, and the inclusion of an additional power-law model
does not result in an appreciable and statistically significant im-
provement of the fit. The 30~ upper limit to the IC non-thermal
emission in the 20-80 keV band in this case is in the range
[2.2 - 4.0] x 10"B ergs™! cm™2, even accounting for a possible
small non-thermal bias when fitting the regions for the temper-
ature map with simple 1T models over the whole energy range.
This upper limit range for the IC emission corresponds to a lower
limit range for the magnetic field strength of [0.23—-0.31] uG. We
also mention that our results on the IC upper limits are further
supported by the simulations presented in Appendix

Finally, when we analyze the “maximum halo” region (Sec-
tion [6.3)), we find a much lower upper limit, which translates
into an higher lower limit to the magnetic field strength of
B > 0.81 uG.

The search for the detection of IC emission by the radio halo
electrons in a galaxy cluster has not yet been successful, despite
trying to maximizing our chances by choosing a source with an
extreme radio-to-X-ray flux ratio and a possible low volume-
averaged magnetic field spread on large spatial scales.

7.4. The nature of the diffuse radio emission

The diffuse radio emission in A523 is clearly peculiar. The work-
ing hypothesis in this and previous works (G11, G16) has been
that this diffuse radio emission is a radio halo. Clearly there are
many features which makes this interpretation not entirely sat-
isfying: 1) the detected polarization of the radio emission which
can be explained by a particular configuration of the magnetic
field. However we are also aware of the energetic constraints
set on the distribution of the energetic electrons by the magnetic
field configuration; ii) the fact that the source is an outlier both
in the global scaling relations followed by radio halos and also
locally in terms of the radio-X-ray surface brightness as shown
in this work.

The radio relic interpretation is even more problematic. As
already discussed the position of the radio emission within the
merging subclusters is difficult to reconcile in a bimodal merger
scenario. A configuration of a merger mainly along the line of
sight where a relic emission could cover both subclusters in pro-
jection is challenged by the optical data presented in G16 show-
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Fig. 15. Dynamics of the merger in A523 as suggested by X-ray data.

The radio halo is sketched in blue, while the thermal ICM emission in
red.

ing evidence of a merger mainly in the plane of the sky. This
is supported by the the relatively small difference in velocity of
the two clumps, 100-650 kmy/s, by the small velocity difference
by the two BCGs, 150km/s and by the dispersion velocity of
the global system, 949 km/s, in broad agreement with the global
mass and temperature estimates. The fact that the system might
be at the turnaround point is disfavoured by the two-body toy
model discussed in G16. This for example has to be compared
with the case of A2256 as an example of of interpretation of dif-
fuse radio emission as a projected relic along the line of sight.
In that case there is a clear indication from galaxy redshift mea-
surements of a merger along the line of sight, in particular the
very large dispersion velocity of 1200 km/s and the very high
velocity difference between the two BCG exceeding 2000 km/s
(and by the offset between both of them and the X-ray emission,
see|Golovich et al.[2019|and references therein).

A possible alternative interpretation is that the diffuse ra-
dio emission is re-energized plasma of AGN origin (van Weeren
et al.|2019|and references therein). The properties of A523 will
be rather extreme also in this hypothesis however a vast phe-
nomenology of this class is recently emerging. Future radio ob-
servations, in particular with the LOw Frequency ARray (LO-
FAR;[van Haarlem et al.[2013)), will help to clarify this issue.

8. Summary

We performed a detailed analysis of a joint XMM-Newton and
NuSTAR observation of the merging galaxy cluster Abell 523.
Our findings are summarized as follows:

— the radial profiles of temperature and abundance and the two
dimensional maps of thermodynamical quantities confirm
the merging state of the cluster. The entropy map suggests
the presence of a secondary merging event;

— the complex merging state may explain the peculiarity of the
radio halo emission of this system, in particular the fact that
it is an outlier in the radio-X-ray brightness relation;

— tight upper limits on the presence of IC emission constrain
the volume-averaged magnetic field to be greater than 0.2-
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0.3 uG (0.8uG in the region with the brightest radio emis-
sion);

— given some elements of conflicting evidence against the ra-
dio halo interpretation of the diffuse radio emission, we leave
open the possibility that it is due to re-energized plasma of
AGN origin. Future radio observations, in particular with
LOFAR, will clarify this issue.
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Appendix A: Background models
Appendix A.1: XMM-Newton

XMM-Newton’s instrumental background is composed of fluo-
rescence lines and non X-ray background (NXB), which is made
of three components: the quiescent and cosmic-ray induced par-
ticle background (QPB), soft protons (SP) and a stable quiescent
component of still unknown origin (Salvetti et al.|[2017). The
QPB background can be produced with the ESAS routines mos-
back and pn-back, with the exclusion of the fluorescence lines;
the standard procedure (Snowden et al.|2008) requires that this
spectrum is subtracted from the source spectrum for the spec-
tral fit. However, for this particular analysis this method presents
some issues, in particular for almost all the extracted spectra a
clear counts excess in the higher energy range is visible (e.g.
Figure[A.T] left panel), even after providing a reasonable power-
law model representing a possible soft proton flare residual. This
was probably due to an incorrect modeling of the particle back-
ground in the ESAS procedure, giving the fact that at higher en-
ergies a number of florescence lines is expected and they are not
accounted for in the produced spectrum. To overcome this prob-
lem, we used filter-wheel-closed observations close to A523’s
observations (REV 2966 and 2967) available in terms of rev-
olution and exposure time, to model the spatial distribution of
the QPB and of the florescence lines. The FWC spectra were
modeled with Gaussian lines, taken from [Leccardi & Molendi
(2008), and a broken power-law with parameters left free to fit.
These models were then used for the cluster spectral analysis,
providing a sensible improvement in the fit quality (Figure[A.T]
right panel).

In Figure [A.2] we show the radial profiles taken from the
considered FWC observations, compared with the radial profiles
of the ESAS-produced background. The observations considered
correspond to the following revolutions: REV 2969 (z,,, ~ 10
ks), REV 2877 (t.x, ~ 30 ks, MOS only), REV 2830 (t., ~ 38
ks, pn only). The plots show the count-rate (cts/s) ratios of the
FWC and ESAS-background spectra to A523’s spectra extracted
from the same annular regions, calculated in a line-free energy
range (5-10 keV for the two MOS; 4-7 kev for the pn). As
clear from the profiles, the REV 2877 observation shows a bet-
ter agreement with the ESAS-produced background level for the
MOS instruments, while REV 2969 looks more appropriate for
the pn instrument.

Finally, we tested how our procedure affects the relevant
spectral parameters. To do so, we compared the best-fit temper-
ature parameter extracted from the very same regions used for
the XMM thermodynamic maps showed in Section[5.3] using the
two different procedures: the standard ESAS routine, with the
subtraction of the instrumental background, and our procedure.
In Figure @] we show the result of this comparison, where re-
gions are numbered as in Figure [6] From the plot, we can con-
clude that overall the effect of choosing one procedure over the
other is typically lower or comparable to the parameter statistical
uncertainty, with only the outer regions (numbered 18,19,20,21)
showing a greater discrepancy. This latter result reflects the fact
that the cluster outer regions, having a lower thermal emission,
are more sensible to the instrumental background.

Appendix A.2: NuSTAR

In order to identify the better procedure to estimate the correct
background parameters for NuSTAR’s observation, we decided
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Fig. A.1. Spectral fit for the 6th annulus and for only the MOSI1 instru-
ment, performed with two different methods. Top panel: background
subtraction of the ESAS-produced background spectrum. Bottom panel:
using the QPB model obtained from FWC observations, obtained as de-
scribed in this section. In red we show the total best-fit model. Lower
panels show the data to total model ratio.

to adopt two different methods and compare their performances
and results.

The first method (fixed background method) consists of us-
ing fixed empirical nominal models (for the Aperture and the
fCXB components) based on blank field observations in fitting
the spectra of four square regions that cover almost entirely the
areas of the four detectors, as done by |Gastaldello et al.| (2015)
(see Figure[A.4] left panel). We accounted for the cluster emis-
sion by including a thermal APEC| model (Smith et al.|2001),
fixing its parameters to the values extracted from the previous
global analysis of a deep XMM-Newton observation.

The second method (corner background method) consists of
adopting the standard nuskybgd procedure, starting from four
small circular regions localized at the corners of each detector for
both telescopes and observations, as shown in the right panel of
Figure (A.4)), and leaving all the background components free to
fit. To test if these circular regions were actually source-free, we
performed another fit of their spectra freezing the Aperture and
fCXB normalizations to the same nominal values adopted for
the fixed background estimation method, but without including
the additional thermal model. In this case, the spectral fit does
not show significant discrepancies from the fit performed with
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Fig. A.2. Radial profiles extracted from the selected FWC observations, compared with the ESAS-produced background profile (green squares):
REV2969 (red points); REV2877 (blue crosses, MOS only); REV2830 (blue crosses, pn only). Upper left panel: MOS1; upper right panel: MOS2;
lower panel: pn. The data represent the count rate ratios between the FWC observation and A523’s observation, calculated in the same energy

band (see text).

free parameters, and no clear excess of cluster emission at lower
energies is visible.

Based only on the results here presented, the two methods
seem to perform equally well in fitting the spectra extracted from
different regions across the FOV, provided that in the fixed back-
ground method a proper thermal model accounting for the cluster
emission is included. The corner method could then in principle
be more solid in estimating the background components relative
to this particular observation, as it does not seem to need an ad-
ditional thermal model and the background parameters are left
free to fit. However, it’s important to note that the small circular
regions considered have a quite low statistic, compared to that of
the bigger square regions of the fixed method, giving poor con-
straints on the background parameters. In addition to that, even
though a clear residual cluster emission is not immediately vis-
ible in their spectra, it’s still not safe to affirm that these corner
regions are really source-free.

In order to better investigate this possibility, we proceeded
in producing the total background spectra for a centered circular
region of 5 arcmin (covering almost all of the cluster emission),
starting from the best-fit models of both the methods presented
above, using fakeit in XSPEC. For each telescope and for both

observations we then compared the simulated spectra from the
two methods and calculated their net count rate (cts/s) ratios in
two bands: 3.0-100.0 keV and 3.0-5.0 keV, the latter being mo-
tivated by the fact that in that band the spectra seem to differ
the most in almost all cases (see an example in Figure[A.5). The
calculated ratios are listed in Table [A.Jl The count rate ratios
seem to indicate that the two produced spectra are globally very
similar, being in all the cases considered well within 2%; the
discrepancies arise in the narrow 3.0-5.0 keV band, where the
ratios are less than 10% or 15% in the worst case. This greater
difference is most probably due to the fact that the background
spectra produced starting from the corner estimation method (in
black in Figure @ are often over-estimated, because of some
residual cluster emission which was not accounted for and incor-
rectly contributed to the Aperture background. Given this result,
and the motivations outlined above, we decided to rely on the
fixed estimation method to simulate background spectra needed
for A523’s spectral analysis and for the production of the back-
ground images.
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Fig. A.3. Comparison between the best-fit temperature parameter ex-
tracted from the spectral analysis performed on the regions used for the
XMM thermodynamic maps, using both subtracting the ESAS-produced
instrumental background (blue crosses) and the background modeling
procedure described in this paper (red points).

7012001002 7012001004
Band A B A B
3.0-100.0keV 1.019 1.007 0.984 0.982
3.0-100keV 0991 1.005 0967 0.939

Table A.1. Ratios of the model predicted rates from the backgrounds
total models derived by the two methods described in this Section (cor-
ner over fixed).

Appendix B: Simulations

In order to investigate the robustness of our upper limits on the
non-thermal IC flux, we performed a series of ad hoc simulations
of our NuSTAR observation, using fakeit in Xspec. In particular,
we simulated the spectra for our inner 5° circular region, giving
the same nominal background model that we used in our anal-
ysis and varying only the input thermal model. The purpose of
this exercise is to test whether our upper limits are a reliable
guess of the non-thermal IC flux in our cluster, and at what level
we are able to effectively reproduce a multi-thermal spectrum. In
this section we will present the various simulations and the cu-
mulative results obtained when fitting the spectra with different
thermal and non-thermal models.

Appendix B.1: 1T model

We started simulating a simple single temperature model with a
temperature of k7 = 5.2 keV (i.e. the best-fit temperature found
for our global analysis with a single temperature model). We
then fitted to the simulated spectra a single temperature model,
in order to test if we were able to reproduce the given input tem-
perature, and a 1T plus power-law model with photon spectral
index I' = 2, to test if we could get a fictitious non-thermal IC
flux in the 20-80 keV band even when not present and in a per-
fectly isothermal situation.

The first model resulted in a mean temperature value of kT =
5.18 + 0.08, averaged over all the simulations performed, which
is perfectly consistent with the input parameter. The results of the
1T+IC model fitting for each simulation are presented in Figure

Article number, page 18 of 20

While the majority of our simulations did not produce any
detection of an IC flux, a small tail of non-zero flux values is
present in the histogram density plot. However, these values have
very large error bars and the weighted average is lower than our
upper limits. We can thus conclude that in a perfectly isothermal
cluster, our method does not detect any spurious non-thermal
flux due to statistic.

Appendix B.2: 1T+IC model

We also wanted to test if our spectrum allowed us to reproduce
a non-thermal IC flux when this is actually present. To do that,
we simulated a single temperature cluster (kT = 4.7 keV) which
also has a non-thermal component, represented by a power-law
model which has the same photon spectral index of the IC com-
ponent that we looked for in our global analysis (I' = 2.0) and
the same flux in the 20 - 80 keV band that we measured with a
1T+IC model in our analysis (~ 0.38 x 1072 ergs~' cm™2).

The results are showed in Figure[B.2] We can clearly see that
the weighted average IC flux value found from all our simula-
tions is perfectly consistent with the input value, meaning that
when a non-thermal component is actually present in our spec-
trum, we are able to detect it properly with our fitting procedure.
We then tried to fit a simple single temperature model to this
simulated spectrum. The mean temperature found with this pro-
cedure, averaging all the simulations, was of ~ 5.2 keV, which
is consistent with the best-fit temperature found when fitting our
global spectrum with a 1T model. This confirms that when a non-
thermal component is actually present, fitting the whole spec-
trum with a single thermal model results in a best-fit temperature
which is on average higher than the cluster’s real temperature.

Appendix B.3: 2T model

We proceeded further in simulating a two-temperature cluster,
without any non-thermal component. We chose the two input
temperature values to be of kT; = 4.0 keV and kT, = 7.0 keV,
in accordance with our temperature map (see Fig. [T3). We then
fitted these simulated spectra with three different models: 1T+IC
(single temperature plus power-law), 2T, 1T.

The results for the first model are shown in Figure [B.3] The
tail of non-zero values looks slightly longer and higher than the
one found using the same model in the simulated 1T spectra,
which is expected. Again, the error bars on these higher val-
ues are quite large, and this is consistent with what found in our
best-fit 1T+IC model for A523’s global spectrum. We can thus
conclude that, when fitting a single temperature model with a
non-thermal component to a multi-temperature spectrum, there
is some probability that the fitting procedure may produce a fic-
tional detection of a non-thermal flux, trying to accommodate
the fit for the missing thermal components, as we hypothesized
in the text. The upper limit of our 1T+IC fit to the global spec-
trum cited in the text, could then include a significant bias of
this nature, and should not be accounted as an effective limit on
the purely non-thermal flux. We then tried to fit to our simulated
spectra a two-temperature model, in order to test if we were able
to reproduced the initial given temperatures. This was not the
case, as the mean temperatures averaged for all our simulations
are, kT ~ 1.7 keV and kT, = 5.5 keV. Our spectra may then not
be accurate enough for us to discriminate between two temper-
atures, and the two thermal parameters settle to a non-physical
value and to an average temperature value for the whole clus-
ter, respectively. This is indeed confirmed when we fit to this
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Fig. A.4. Regions considered for the background estimation for the two methods described in the text: fived (left panel) and corner (right panel).
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Fig. A.5. Comparison between the background spectra produced using the models from the two different methods of background estimation: fixed
method (red) and corner method (black). The spectra in this image refer to a central circular region of 5 arcmin, covering the majority of the cluster
emission, and for telescope A, ObsID 7012001004.

simulated spectra a simple 1T model, which results in a mean
temperature of ~ 5.2 keV, which again is consistent with the av-
erage cluster value found in our global fit and with the second
best-fit temperature found in this section.
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Fig. B.1. Left panel: histogram density of the IC flux in the 20 - 80 keV band obtained fitting a 1 T+IC model for the single temperature simulations.

Right panel: IC fluxes with error bars for each simulation, the solid black line represents the mean value, averaged over all the simulations.
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Fig. B.2. Left panel: histogram density of the IC flux in the 20 - 80 keV band obtained fitting a 1T+IC model for the 1T+IC simulations. Right

panel: IC fluxes with error bars for each simulation, the solid black line represents the mean value, averaged over all the simulations.
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Fig. B.3. Left panel: histogram density of the IC flux in the 20 - 80 keV band obtained fitting a 1T+IC model for the two-temperature simulations.

Right panel: IC fluxes with error bars for each simulation, the solid black line represents the mean value, averaged over all the simulations.
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