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ABSTRACT

We present a detailed study of three-dimensional (3D) thermodynamic structures of the intracluster
medium (ICM) across edges in the X-ray surface brightness of four massive, bright, dynamically-
active galaxy clusters (A3667, A2319, A520, and A2146), with the Chandra X-ray Observatory. Based
on a forward modeling approach developed in previous work, we extend this approach with more
generalized ICM density and temperature profiles, allowing us to apply uniformly to the observed X-
ray surface brightness profiles to detect edges and measure the 3D thermodynamic profiles of the ICM
simultaneously and self-consistently. With the forward modeling analysis, we find, in agreement with
previous works, that the obtained 3D thermodynamic structures of the ICM across the edges in A3667
and A2319 are consistent with the characteristics of cold fronts, whereas those in A520 and A2146 are
consistent with the nature of shock fronts. We find that the azimuthal distribution of the pressure
ratio at the cold front in A3667 shows a different trend from that in A2319. For the shock fronts in
A520 and A2146, the observed 3D temperature profiles of the ICM indicate that the temperature is
highest at the position of the shock front. In the case of the sector exhibiting M = 2.4 in A520, the
ICM temperature appears isothermal with a temperature of ~ 10keV until ~ 300kpc away from the
shock front in the post-shock region, being consistent with the hypothesis of the instant-equilibration

model for shock-heating.
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1. INTRODUCTION

Galaxy clusters are the most massive, largest gravi-
tationally bound objects in the Universe, and contain
a large amount of baryons trapped in the deep gravi-
tational potential well dominated by dark matter. The
greatest majority of the baryons in galaxy clusters re-
sides in the diffuse, hot X-ray emitting gas, known as the
intracluster medium (ICM). Galaxy clusters still con-
tinue to grow in mass through mergers with small or
similar-mass objects, as well as through continuous ac-
cretion of material from their surrounding large-scale
environments. Cluster merger activities leave an appar-
ent mark on the X-ray surface brightness of the ICM in
galaxy clusters.

Observations with the Chandra X-ray Observatory
have discovered sharp brightness edges seen in the X-
ray surface brightness of the ICM in galaxy clusters,
thanks to its high-angular resolution. Such edges have
been recognized as cold fronts and shock fronts (e.g.,
Markevitch et al. 2000; Vikhlinin et al. 2001; Marke-

vitch et al. 2002; Owers et al. 2009; Ghizzardi et al.
2010; Johnson et al. 2010; Wang et al. 2016; Botteon
et al. 2018; Erdim & Hudaverdi 2019). Cold fronts are
frequently found in both merging and relaxed clusters
such as Abell 3667 (Vikhlinin et al. 2001; Vikhlinin &
Markevitch 2002; Churazov & Inogamov 2004; Datta
et al. 2014; Sarazin et al. 2016; Ichinohe et al. 2017,
Storm et al. 2018; Omiya et al. 2024) and Abell 2142
(Ettori & Fabian 2000; Markevitch et al. 2000; Owers
et al. 2011; Rossetti et al. 2013; Liu et al. 2018; Wang
& Markevitch 2018). Cold fronts have been used to
probe the microphysics of the ICM such as magnetic
fields and viscosity (e.g., Ettori & Fabian 2000; Marke-
vitch & Vikhlinin 2007; Ichinohe et al. 2017, 2019, 2021).
However, shock fronts are relatively rare, compared to
cold fronts. Major merging clusters such as the Bullet
cluster (Markevitch et al. 2002; Wik et al. 2014; Di Mas-
colo et al. 2019), Abell 520 (Govoni et al. 2004; Marke-
vitch et al. 2005; Wang et al. 2016, 2018), and Abell 2146
(Russell et al. 2012, 2022) exhibit a clear shape of shock
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fronts. Shock fronts are a useful tool to investigate not
only gas dynamics, including turbulence and cosmic-ray
(re)acceleration, but also energy equilibration between
the ions and the electrons (e.g., Markevitch 2006; Inoue
et al. 2016).

Although both cold fronts and shock fronts appear
as edges in the X-ray surface brightness, the thermody-
namic profiles of the ICM across these edges are differ-
ent between these two fronts. For cold fronts, the ICM
density in the inner region (i.e., closer to the cluster cen-
ter) is higher, while the ICM temperature is lower than
in the outer region. In some cold fronts, no significant
thermal pressure difference between the inner and outer
regions is reported (e.g., Markevitch et al. 2000, 2001).
On the other hand, for shock fronts, the ICM temper-
ature in the inner region (i.e., the post-shock region) is
higher than that in the outer region (i.e., the pre-shock
region) because of shock-heating. Therefore, these dis-
tinct thermodynamic features of the ICM are crucial to
distinguish between cold fronts and shock fronts.

The temperature profile of the ICM in the post-shock
region is a key to study the mechanisms of shock-
heating. In general, two types of models for the shock-
heating mechanism are considered: instant-equilibration
and adiabatic compression (Markevitch & Vikhlinin
2007). Since these two models predict different three-
dimensional (3D) temperature profiles, particularly, the
ICM temperature at the position of shock fronts, exten-
sive studies have been conducted on a variety of shock
fronts in merging clusters (e.g., Markevitch 2006; Rus-
sell et al. 2012; Sarazin et al. 2016; Wang et al. 2018;
Di Mascolo et al. 2019; Russell et al. 2022; Sarkar et al.
2022, 2024). However, these two models are still under
debate. In this context, measuring the positions of shock
fronts and ICM temperature at these points accurately
is important to explore these two models.

In this paper, we analyze the datasets of four
galaxy clusters (Abell 3667, Abell2319, Abell 520 and
Abell 2146) obtained with the Chandra X-ray Observa-
tory, to perform accurate measurements of the 3D ICM
density and temperature profiles and their jumps at the
interface. To this end, we extend a forward modeling
approach, originally developed in Umetsu et al. (2022),
to handle more generalized profiles of the ICM density
and temperature. We apply this extended approach uni-
formly to the observed X-ray surface brightness profiles
of our sample, allowing us not only to determine the po-
sition of the interface but also to measure the 3D ther-
modynamic structures of the ICM across the interface,
particularly, below the interface. These observed 3D
profiles are crucial not only for constraining the mech-

anisms of shock-heating but also for investigating the
mechanisms to generate cold fronts.

This paper is organized as follows. Section 2 describes
a brief summary of previous studies related to our sam-
ple. Section 3 summarizes the Chandra observations and
data reduction. Section 4 describes our forward model-
ing approach and its application to the cold fronts and
shock fronts in our sample. In Section 5, we discuss the
obtained results and their implications. Finally, conclu-
sions of this paper are summarized in Section 6.

Throughout the paper, we assume a spatially flat
Lambda cold dark matter (ACDM) model with a matter
density parameter of Q,, = 0.3 and a Hubble constant
of Hy = 70kms~! Mpc~!.

2. SAMPLE

In this paper, we focus on four massive, bright,
dynamically-active galaxy clusters: Abell 3667,
Abell 2319, Abell 520, and Abell 2146. All these clusters
show prominent high-brightness-contrast edges in their
X-ray surface brightness. Abell3667 and Abell 2319
are known as merging clusters with high-brightness-
contrast cold fronts, whereas Abell 520 and Abell 2146
are recognized as major merging clusters with apparent
bow shock fronts. Therefore, these four clusters are
suitable for investigating the capability of our forward
modeling approach, and exploring the mechanisms of
shock-heating and the processes to generate cold fronts,
based on the observed 3D thermodynamic structures of
the ICM across the interface. Here, we provide a brief
summary of previous studies on each galaxy cluster.

2.1. Abell 3667

Abell 3667 (hereafter A3667) is known to exhibit the
highest-brightness-contrast cold front in the southeast-
ern direction from the center, and this cluster is one
of the first cold fronts discovered (Vikhlinin et al.
2001). Since A3667 is one of nearby galaxy clusters
(z = 0.0557,1” = 1.082kpc), Deep Chandra observa-
tions provided us with a unique opportunity to explore
the cold front as a probe for understanding the micro-
physics of the ICM (Ichinohe et al. 2017). A3667 is also
known to host a prominent radio relic in the northwest-
ern direction (Rottgering et al. 1997), which is known
as the brightest radio relic. On the opposite side of this
radio relic with respect to the cluster center, another
radio relic was found (Rottgering et al. 1997). Such
two-sided radio relics are now recognized as evidence of
past/ongoing merger activities in galaxy clusters. Thus,
A3667 is widely considered as a merging cluster, and
its cold front is considered to originate from an infalling
subcluster.
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Table 1. Summary of Chandra X-ray observations for our sample.

Cluster Redshift Physical scale (kpc/”) Expo. time (ksec)® ObsID?

A3667 0.0557 1.082 498.2 889, 5751, 5752, 5753, 6292, 6295, 6296, 7686
A2319 0.0557 1.082 89.6 3231, 15187

A520 0.2020 3.325 528.2 528, 4215, 7703, 9424, 9425, 9426, 9430
A2146 0.2340 3.722 419.5 10464, 10888, 12245, 12246, 12247,

13020, 13021, 13023, 13120, 13138

%Total net exposure time of Chandra observations after masking flare time intervals.

b Chandra observation identification (ObsID) numbers.

2.2. Abell 2319

Abell 2319 (hereafter A2319) is one of nearby galaxy
clusters (z = 0.0557,1” = 1.082kpc), and known to ex-
hibit a high-brightness-contrast cold front. Chandra ob-
servations revealed the overall ICM temperature in this
cluster is high (> 8keV) and the presence of a cold front
~ 300 kpc away from the core toward the southeastern
direction (O’Hara et al. 2004; Govoni et al. 2004). Along
with the presence of a giant radio halo (Harris & Miley
1978; Feretti et al. 1997; Govoni et al. 2001; Farnsworth
et al. 2013), A2319 is recognized as a merging cluster
based on its disturbed X-ray surface brightness (Marke-
vitch 1996; Million & Allen 2009; Sugawara et al. 2009;
Yan et al. 2014; Storm et al. 2015). Ichinohe et al. (2021)
probed the microphysical properties of the ICM with
this cold front. This cold front is often considered to
be generated by gas sloshing, i.e., a sloshing cold front,
(e.g., Ichinohe et al. 2021). A comparison of the ther-
modynamic properties of the ICM across the cold front
between A3667 and A2319 is important not only for dis-
tinguishing stripping and sloshing cold fronts but also
for finding the similarities between them.

2.3. Abell 520

Abell 520 (hereafter A520, z = 0.2020, 1” = 3.325 kpc)
is known as one of three galaxy clusters showing a promi-
nent bow shock induced by an ongoing major merger
(e.g., Markevitch et al. 2005; Wang et al. 2016, 2018). In
addition, prominent substructures have been discovered
in the X-ray surface brightness (Govoni et al. 2004). The
most prominent substructure is in the form of a dense,
compact, cool gas that is considered as a remnant of a
cool core originally in an infalling subcluster. A tail-
like distribution of low-temperature gas associated with
the most prominent substructure is found in the global
temperature map of A520 (Wang et al. 2016). There-
fore, A520 is an ideal laboratory to study major merger
activities and shock fronts as a probe for understanding
merger-induced high-energy phenomena.

2.4. Abell2146

Abell 2146 (hereafter A2146, z = 0.2340,1”
3.722kpc) is also known as one of three galaxy clus-
ters showing a prominent bow shock induced by an on-
going major merger (the last one is the Bullet clus-
ter). There has been a wide range of studies in this
context (Russell et al. 2010, 2012; White et al. 2015;
King et al. 2016; Coleman et al. 2017; Russell et al.
2022; Rojas Bolivar et al. 2023). Radio observations of
this cluster revealed the presence of diffuse synchrotron
emission (Russell et al. 2011; Hlavacek-Larrondo et al.
2018; Hoang et al. 2019). The microphysical properties
of the ICM was studied using the shock in this clus-
ter (Chadayammuri et al. 2022a,b; Richard-Laferriere
et al. 2023). Similar to A520, A2146 hosts disturbed
substructures with low-temperature gas below the bow
shock front (Russell et al. 2022). The bow shock front
in A2146 is complementary to that in A520, making it
suitable experimental setups for exploring high-energy
phenomena associated with shocks.

3. OBSERVATIONS AND DATA REDUCTION

We use the archival X-ray datasets of our sample
taken with the Advanced CCD Imaging Spectrometer
(ACIS; Garmire et al. 2003) on board the Chandra X-
ray Observatory. All datasets analyzed are summarized
in Table 1'. We use the versions of 4.15 and 4.10.2 for
Chandra Interactive Analysis of Observations (CIAO;
Fruscione et al. 2006) and the calibration database
(CALDB), respectively. After applying the lc_clean

L In this paper, we do not use datasets taken from deep 2 Msec
Chandra observations of A2146 conducted in 2018 and 2019. Rus-
sell et al. (2022) investigated systematic uncertainty arising from
the stability of the focal-plane temperature of the ACIS for these
2Msec datasets. They found that the ICM temperature and
abundance are consistent with those derived from the datasets of
earlier observations, but the ICM electron density became ~ 2%
higher. Since our forward modeling appraoch simultaneously es-
timates both the ICM density and temperature, this level of the
systematic uncertainty impacts on our analysis. Therefore, we
use only the first ~ 420 ksec datasets in this paper.
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task in CITAO to the data to exclude the duration of the
flare, we obtain the net exposure times for each clus-
ter summarized in Table 1. We adopt the blank-sky
data included in the CALDB to estimate the background
contribution to each galaxy cluster. We extract the X-
ray spectrum of the ICM from the region of interest
in each dataset with the specexctract task in CIAO
and combined them after making individual spectrum,
response, and ancillary response files for the spectral fit-
ting. We use XSPEC version 12.13.0c (Arnaud 1996) and
the atomic database for plasma emission modeling ver-
sion 3.0.9 in the X-ray spectral analysis, assuming that
the ICM is in collisional ionization equilibration. Thus,
we use the APEC model in XSPEC (Smith et al. 2001;
Foster et al. 2012). The abundance table of Anders &
Grevesse (1989) is used. Here, the abundance of a given
element is defined as Z; = (n; obs/NH,0bs)/(Ni,0/MH,0),
where n; and nyg are the number densities of the ith
element and hydrogen, respectively. We use the iron
abundance to represent the ICM metal abundance, such
that the abundance of other elements is tied to the iron
abundance as Z; = Zp, (Ueda et al. 2021). The Galactic
absorption (i.e., Ng) for each galaxy cluster is estimated
using HI4PT Collaboration et al. (2016) and fixed at the
estimated value in the X-ray analysis as follows: Ny
= 4.25 x 102 ecm~2 for A3667, Ny = 1.36 x 10%! cm—2
for A2319, Ng = 5.51 x 102°cm™2 for A520, and Ny
=2.62 x 10?° cm™? for A2146.

4. ANALYSES AND RESULTS

In this Section, we first present the Chandra X-ray im-
ages of our sample, and define sectors analyzed using our
forward modeling approach. Next, we describe our ex-
tended forward modeling approach, which was originally
developed in Umetsu et al. (2022) (see their Section 6.3).
Then, we apply this extended approach to the datasets
to determine the position of the interface, and infer the
3D thermodynamic profiles of the ICM across the inter-
face simultaneously and self-consistently. We also carry
out the X-ray spectral analysis using XSPEC to measure
the projected temperature profile of the ICM, allowing
us to validate our forward modeling approach.

4.1. X-ray images of our sample

To extract the radial profiles of the X-ray surface
brightness of our sample, we define the center of the sec-
tors, assuming that the interface is axisymmetric. Fol-
lowing the literature (e.g., Ichinohe et al. 2017, 2021), to
make the radial directions perpendicular to the fronts,
we define the centers of the curvature for our sample
as summarized in Table 2. Figure 1 shows the Chandra
X-ray images of our sample. The sectors where we ex-

tract and analyze the X-ray surface brightness profiles
are also plotted in Figure 1.

Table 2. Sky positions of the centers of the curvature and
size of the sectors for our sample.

Cluster R.A. Decl. Size

A3667  20:12:45.4493  -56:50:56.748 6 € [10”,520"]
A2319 19:21:10.1179  +43:55:46.724 60 € [10",310"]
A520  4:54:11.2429  +2:55:31.663 6 € [10”,310"]
A2146 15:56:10.8882 +66:21:24.117 6 € [10”,220"]

Figure 2 shows two representative examples of the az-
imuthally averaged X-ray surface brightness profiles in
the 0.5 — 7.0keV band for A3667 and A2319, while Fig-
ure 3 shows those for A520 and A2146, respectively.
Sharp edges in the X-ray surface brightness profiles
are observed. In addition, bump-like substructures are
found at below the fronts in all clusters in our sample.
The sectors almost perpendicular to the fronts appear
not to host such bump-like substructures. These bump-
like substructures are reported in the literature: e.g.,
Ichinohe et al. (2017) for A3667 and Wang et al. (2018)
for A520. As we will discuss later, a density jump and
a slope change for the density profile are found at these
points, respectively. Therefore, we will take into account
these bump-like substructures in the forward modeling
analysis (see Section 4.2).

4.2. Parametric forward fitting

We perform forward modeling analysis of the Chan-
dra observations for our sample. In Umetsu et al. (2022),
we developed a forward-modeling algorithm to simulta-
neously fit the X-ray surface brightness profiles binned
in multiple energy bands to infer the 3D gas density and
temperature profiles in a parametric form, without as-
suming hydrostatic equilibrium. In that algorithm, we
assumed spherical symmetry. In this paper, we extend
their approach to handle more generalized profiles of the
ICM to adjust to our sample.

We model the 3D gas density profile n.(r) as a com-
bination of a 8 model and two power-law profiles for
representing an inner region (r < r13), an intermediate
region (r12 < r < 7a3), and an outer region (ra3 < 1),
respectively. In this context, r15 and ra3 correspond to
the positions of a bump-like substructure and the inter-
face, respectively. Thus, our 3D gas density profile can
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Figure 1. Exposure corrected, background subtracted Chandra X-ray surface brightness in the 0.5 — 7.0keV band of A3667
(top left), A2319 (top right), A520 (bottom left), and A2146 (bottom right). The point sources identified are masked with
black ellipses. These images are smoothed by a Gaussian kernel with 3.5” FWHM. The overlaid, dashed white sectors denote
the directions toward the edges to extract the X-ray surface brightness profiles. The yellow bars in each panel show the
corresponding spatial scale. (Top left): A3667. The size of each sector is @ € [10”,520”]. (Top right): A2319. The size of each
sector is 6 € [10”,310”]. (Bottom left): A520. The size of each sector is 6 € [10”,310”]. (Bottom right): A2146. The size of

each sector is 6 € [10”,220"].
be written as:

Neo [1 + (T/TC)Q] —3p3/2

Nne(r) = § Moy, J12 (r/r12) 72512

i1 < T2

112 <1 < Tog (1)

Ne,ray J23 (T)T23) 72528 ey <,

where neo is the central electron number density, 5 is
the slope parameter, and r. is the core radius of the g
model, r15 is the 3D position of the inner density edge,
Ne,ry, 15 the electron number density at rq2, ji2 is the

amplitude of the inner density jump, si2 is the slope
parameter for the intermediate power-low model, 793 is
the 3D position of the outer density edge, ncr,, is the
electron number density at ro3, jo3 is the amplitude of
the outer density jump, and so3 is the slope parameter
for the outer power-law model.

We also model the 3D temperature profile 7'(r). Fol-
lowing Equation 2 of McDonald et al. (2019), we intro-
duce a modified version of the temperature model from
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Figure 2. Azimuthally averaged X-ray surface brightness profiles in the 0.5 — 7.0keV band extracted from two representative
sectors in A3667 (top) and A2319 (bottom), respectively. The red vertical bars show the 1o confidence range of the azimuthally
averaged X-ray surface brightness in radial bins. The red dashed line shows the best-fit profile obtained from the forward
modeling analysis. The two red vertical lines and corresponding shaded areas show the positions of 712 and re3 and their lo
confidence ranges, respectively. (Top left): the 195° — 225° sector in A3667. (Top right): the 225° — 255° sector in A3667.
(Bottom left): the 180° — 210° sector in A2319. (Bottom right): the 210° — 240° sector in A2319.

Vikhlinin et al. (2006):

(r/7in)® +Twmin /T, 1 )
TO (T/Ti“)a+1 . 14’(70/""0ut)ﬂ T S 23 (2)

Tout troz3 < T,

T(r) =

where T} is the scaled temperature, Ty, is the central
temperature, ri, is the inner scaled radius, rou is the
outer scaled radius, « is the inner slope parameter, 3
is the outer slope parameter, and Ty is the isothermal
temperature in the outer region. This profile has seven
free parameters, whereas the more generalized profile
from Vikhlinin et al. (2006) has nine free parameters.
Note that McDonald et al. (2019) fixed at § = 2 to
reduce the number of free parameters. We present an
example of the behaviors of our temperature model in
Appendix A. Our model can reproduce specific temper-

ature profiles, such as a profile with a maximum in an
inner region and another with a maximum at the end-
point of the profile. For the ICM temperature in the
outer region that represents the ambient component of
the ICM in the primary galaxy cluster, we assume an
isothermal profile (i.e., Thyt) to reduce computational
time.

We employ the spectroscopic-like temperature Top of
Mazzotta et al. (2004), based on the inferred 3D tem-
perature profile, to approximate spectroscopic projected
temperatures extracted from Chandra X-ray observa-

tions:

[wTspdV
Topy = &¥— ——
2D fde ) (3)

with w = n? (T)T£/4(T). This T5p is used as projected

temperatures in each radial bin to fit the observed X-ray
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Figure 3. Same as Figure 2 but for two representative sectors in A520 (top) and A2146 (bottom), respectively. The gray

vertical shaded area shows a masked region that is strongly contaminated by the substructures. We removed the masked region
from the forward modeling analysis. (Top left): the 295° — 325° sector in A520. (Top right): the 325° — 355° sector in A520.
(Bottom left): the 195° — 225° sector in A2146. (Bottom right): the 225° — 255° sector in A2146.

surface brightness profiles. We use the pyatomdb python
package (Foster & Heuer 2020) to evaluate the cooling
function Ax(Tep,Z) in each energy band for a given
value of the spectroscopic-like temperature Top (7)),
where 7, is a projected radius on the plane of the sky.
We assume the ICM abundance of 0.3 solar to calculate
the cooling function. Thus, the modeled X-ray surface
brightness can be obtained by integrating the density
profile along the line-of-sight (LOS) multiplied by the
cooling function.

We have extracted the radial profiles of X-ray surface
brightness in Nypec = 10 energy bands between neigh-
bouring energies of 0.5, 0.75, 1.0, 1.25, 1.5, 2.0, 3.0,
4.0, 5.0, 6.0, and 7.0keV. In each energy band, the X-
ray surface brightness profiles of A3667, A2319, A520,
and A2146 are sampled in 170, 100, 100, and 70 lin-
early spaced radial bins (i.e., 3" per bin), respectively,
centered on their curvature center (see Table 2), respec-

tively. Following Sanders et al. (2018), we have chosen
these bands so as to capture most of the spectral in-
formation without overly increasing the computational
time. In this work, we use the standard error based on
the estimated variance to characterize the uncertainty in
the mean X-ray surface brightness in each bin, following
Umetsu et al. (2022).

The background contribution in each energy band is
determined from the blank-sky data included in CALDB.
We estimate the count rate of the blank-sky data in
the spectral range of 9 — 12keV dominated by the par-
ticle background (Hickox & Markevitch 2006). Using
the ratio between the count rates observed in our sam-
ple and the background ones in the 9 — 12keV band,
we rescale the background contribution in each energy
band to match the observations of our sample, respec-
tively, accounting for the difference in exposure times.
We then construct the azimuthally averaged radial pro-
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file of the background map in each energy band. Sim-
ilarly, we create azimuthally averaged radial profiles of
exposure maps in the 10 energy bands.

We simultaneously fit the observed X-ray surface
brightness profiles in the 10 energy bands with our
model using affine-invariant MCMC sampling (Good-
man & Weare 2010) implemented by the EMCEE python
package (Foreman-Mackey et al. 2013).  Following
Umetsu et al. (2022), the log-likelihood function for the
data is defined by (up to a normalization constant)

g 2
—2InL = zj: [d” B (wiﬂisx’i;;r/\@ X BGDZ-J')] |

ij

(4)
where ¢ and j run over all energy bands and all ra-
dial bins, respectively, d;; is the binned X-ray bright-
ness measured in units of counts per pixel, o;; is the
statistical uncertainty of the measurement in each bin,
7; represents the Galactic transmission in the ith en-
ergy band calculated by XSPEC using the photoionization
cross sections of Verner et al. (1996), Sx ;; is the model
prediction in each bin for the X-ray surface brightness in
units of countscm 2 sec™ !, wy; is the conversion factor
proportional to the product of the effective area and the
net exposure time in each bin in units of cm? sec pixel ™!,
BGD;; denotes the background contribution in each bin
given in units of counts per pixel, and N; is a dimen-
sionless calibration factor of the background in the ith
energy band.

4.3. Results of the forward modeling analysis

We have performed the forward modeling analysis to
infer the 3D ICM electron number density and tempera-
ture profiles across the interface. Since the ICM pressure
(p) and entropy (K) are computed as p(r) = ne(r)xT(r)
and K (r) = T(r) x ne(r)~%/3, respectively, we also esti-
mate the 3D profiles of the ICM pressure and entropy.

Here, we summarize the results of each cluster ob-
tained from the forward modeling analysis.

4.3.1. A3667

The cold front in A3667 is suitable for validating our
forward modeling analysis by comparison with previous
measurements.

The left panel of Figure 4 shows the radial profiles
of one of the representative sectors in A3667 (195° to
225°): the observed and best-fit X-ray surface bright-
ness profiles, as well as the inferred 3D profiles of the
thermodynamic properties, i.e., the ICM electron num-
ber density, temperature, pressure, and entropy. Clear
jumps in both the ICM density and temperature are de-
tected. The contrasts of these density and temperature

jumps are consistent with the previous measurements
reported by Ichinohe et al. (2017) that they performed
spectral deprojection analyses across the edge to mea-
sure the density and temperature jumps. We found that
the ICM temperature at the edge position is lowest, and
the ICM temperature in the inner region (r < r1s) is
consistent with an isothermal profile. As indicated by
the observed density and temperature jumps, the en-
tropy profile shows a clear jump at the edge position.
All the radial profiles are shown in Appendix B (Fig-
ure 10).

Vikhlinin et al. (2001) measured the ICM pressures
inside and outside the cold front in A3667, respectively,
and detected a pressure jump across the cold front. If
a pressure gradient exists at the interface, it is difficult
to maintain sharp edges in the X-ray surface brightness.
Therefore, the presence of such sharp edges along with
pressure jumps indicate that non-thermal support sig-
nificantly contributes to maintaining the sharpness of
cold fronts. In the case of the cold front in A3667, ram
pressure is considered to provide non-thermal support
(Vikhlinin et al. 2001). Thus, Vikhlinin et al. (2001) es-
timated the velocity of gas flow in the plane of the sky
for the first time. Datta et al. (2014) and Ichinohe et al.
(2017) applied this hypothesis to constrain the velocity
of the cool gas in A3667.

We measure the pressure jump in the 3D profile at the
interface of the cold front. The left panel of Figure 5
shows the azimuthal distribution of the ICM thermal
pressure ratio at the cold front in A3667. The values
of po and p; are extracted from the 3D ICM pressure
profile at just below and above the interface of the cold
front, respectively. The 195° — 225° sector exhibits the
maximum value of pg/p1, indicating the highest thermal
pressure gradient at the interface in this sector. On the
other hand, the ratios in the sectors where are almost
perpendicular to the cold front are consistent with unity,
indicating that no ICM thermal pressure gradient exists
at the interface.

Following Vikhlinin et al. (2001), we constrain the ve-
locity of the gas flow using the observed pressure ratio.
Following Equations (122.1) and (122.2) in Landau &
Lifshitz (1959) (see also Vikhlinin et al. 2001), the rela-
tion between pg/p; and the Mach number is expressed
as

1 v/(v=1)
po (143

(v+1)/(v=1) =1/(v=1)
L e

2M?2
(5)
where M is the Mach number of the free stream and
v = 5/3 is the adiabatic index of the monatomic gas.
Since M = 1.0 provides py/p; = 2.05, the observed val-

M<1
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ues of pp/p1 indicate a subsonic motion of the gas flow.
Assuming that pg/p; = 1.39+0.07 in the sector (195° to
225°) represents the gas flow, the expected Mach num-
ber is M = 0.657052. Ichinohe et al. (2017) reported
that the Mach number of the free stream is 0.70 4 0.06,
which is consistent with that measured by Datta et al.
(2014). The sound speed ¢, in the free stream is calcu-
lated using cs1 = /ykT1/pmyp, where kT; is the ICM
temperature of the free stream, p = 0.6 is the mean
particle weight with respect to the proton mass m. Us-
ing kTh1 = 6.5 + 0.2keV, the velocity of the gas flow
is estimated at 850f58 kms~!. This inferred velocity is
in good agreement with the previous measurements by
Datta et al. (2014) and Ichinohe et al. (2017). There-
fore, we demonstrate the validity and capability of our
forward modeling analysis with the cold front in A3667.
We also found a density discontinuity at the position
of 712, and a change of the slope for the density profile
between the inner (r < r12) and the intermediate region
(r12 < r < ra3). The obtained density slope for the in-
termediate region indicates an increase of the ICM den-
sity toward the cold front. This result is consistent with
the previous measurements by Ichinohe et al. (2017).

4.3.2. A2319

The right panel of Figure 4 shows the radial profiles
of one of the representative sectors in A2319 (210° to
240°). Clear density and temperature jumps are found.
The observed 3D thermodynamic profiles of the ICM are
consistent with those expected from cold fronts. The
contrasts of the ICM density and temperature jumps at
the cold front are measured at nep/ne; = 1.96+£0.06 and
To/Ty = 0.70 £ 0.09, respectively. The ICM tempera-
ture in the inner regions appear isothermal, similar to
A3667. All the radial profiles are shown in Appendix B
(Figure 11).

The azimuthal distribution of the ICM thermal pres-
sure ratio at the cold front in A2319 is shown in the
right panel of Figure 5. The trend of the azimuthal
distribution is similar to that in A3667, except for the
180° — 210° sector, where exhibits po/p; = 2.21 + 0.27.
The pressure ratio in the 210° — 240° sector is measured
at po/p1 = 1.34 +0.14, corresponding to M = 0.6170 19
using Equation 5. Hence, if ram pressure provides non-
thermal support to maintaining the sharpness of the
cold front, the velocity of gas flow is inferred to be
9207350 kms~!. We will discuss more details about the
cold front in A2319 in Section 5.1.

Similar to A3667, we also found a density jump and a
change of the slope of the density profile at the position
of r12.

4.3.3. A520

The left panel of Figure 6 shows the radial profiles
of one of the representative sectors in A520 (325° to
355°). Clear density, temperature, and pressure jumps
are detected in their profiles, respectively. The obtained
3D thermodynamic structures of the ICM are consistent
with those expected from shock fronts. In contrast to
A3667 and A2319, the ICM temperature in the inner-
most region is lowest. The ICM temperature increases
toward the shock fronts, namely, the highest tempera-
ture of the ICM is found at the position of the shock
front. No significant entropy decrease across the inter-
face is observed. Note that some sectors exhibits a hint
of an entropy decrease across the interface. All the ra-
dial profiles are shown in Appendix B (Figure 12). We
will discuss the behavior of the 3D temperature profiles
in the post-shock region in Section 5.2.

A520 is known as one of the three galaxy clusters
exhibiting a prominent bow shock to date. The pre-
vious measurements by Wang et al. (2016) and Wang
et al. (2018) revealed the temperature map of the ICM
in A520, and estimated the Mach number of the shock,
based on the density jump at the edge position of the
shock front. Additionally, Wang et al. (2018) conducted
the spectral deprojection analysis of the ICM across the
shock fronts.

Based on the results from the forward modeling anal-
ysis, we estimate the Mach number of the shock. The
Mach number, M, of the shock relative to the upstream
flow is derived from the density jump using the Rankine-
Hugoniot jump conditions (Landau & Lifshitz 1959):

x 1/2
~(rom—s) ©)

where z is the density jump between the post-shock
and pre-shock regions and + is the adiabatic index for
monoatomic gas (i.e., v = 5/3).

The azimuthal distribution of the Mach number asso-
ciated with the shock in A520 is shown in the left panel
of Figure 7. The Mach number in the 325° — 355° sector
is estimated at M = 2.39+0.13, which is consistent with
that measured by Wang et al. (2018) (M = 2.4703).
The Mach number in the 295° — 325° sector that hosts
the apparent substructures just below the shock front
has a large uncertainty, compared to the other sectors.
This is due to the difficulty in determining the edge po-
sition of the shock front. This sector is heavily contam-
inated by a low-temperature ICM associated with the
substructures (see the top right panel of Figure 16), as
presented in Wang et al. (2016) and Wang et al. (2018).

Similar to the cold fronts in A3667 and A2319, we also
found a density jump and a change of the slope of the
density profile at the position of rqs.
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respectively.
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respectively. The indices, 0 and 1, denote the values just below and above the cold fronts, respectively.

4.3.4. A2146

The right panel of Figure 6 shows the radial profiles of
one of the representative sectors in A2146 (225° to 255°).
Similar to A520, we found clear density, temperature,
and pressure jumps. The observed 3D thermodynamic
structures of the ICM are consistent with those expected
from shock fronts. The ICM temperature is highest at
the position of the shock front and decreases toward the
inner region (i.e., the post-shock region). The contrasts
of the 3D ICM density and temperature jumps at the
shock front are smaller than those observed in A520, re-
spectively. Although the ICM entropy seems to be sta-
tistically consistent across the interface, there is a slight
indication of an entropy decrease at the interface. All
the radial profiles are shown in Appendix B (Figure 13).
We will discuss the behavior of the 3D temperature pro-
files in the post-shock region in Section 5.2.

Based on the observed density jumps at the shock
front and using Equation 6, we estimate the Mach num-
ber of the shock in each sector. The right panel of Fig-
ure 7 shows the azimuthal distribution of the Mach num-
ber in each sector in A2146. The observed Mach number
is consistent with previous measurements (Russell et al.
2010, 2012, 2022). As expected from the contrast of
the 3D thermodynamic structures at the shock front,
the observed Mach number in A2146 is systematically
lower than that in A520. The largest Mach number is
measured at M = 1.87 £0.19 in the 225° — 255° sector.

Similar to the other clusters, we also found a density
jump and a change of the slope of the density profile at
the position of 15 in A2146.

4.4. X-ray spectral analyses

Here, we extract the X-ray spectra of the ICM from
each sector of our sample, and analyze them to mea-
sure projected temperature profiles of the ICM using
XSPEC. Then, we compare these profiles with the pro-
jected temperature profiles derived from the forward
modeling analysis using Equation 3. In the X-ray spec-
tral analysis, we fix the column density of the Galactic
absorption, ICM abundance, and cluster redshift. The
ICM abundance is fixed at 0.3solar. Additionally, for
A520 and A2146, we extract the X-ray spectra of the
ICM from the masked regions where we did not use the
data points in these regions for the forward modeling
analysis.

We found that the projected ICM temperature pro-
files obtained from the forward modeling analysis are
in good agreement with those measured by the spectral
analysis with XSPEC. All the comparison plots are shown
in Appendix C. We emphasize that the spectral analysis
also reveals a clear temperature jump at the edge po-
sitions of the cold fronts and shock fronts determined
by the forward modeling analysis, whereas the contrast
of the ICM temperature jump across the shock fronts
is smaller than that observed in the 3D profiles. This
is due to contamination by low-temperature gas along
the LOS. Moreover, the isothermal profiles assumed for
outside the cold fronts or shock fronts appear to agree
with the observed temperature profiles by the spectral
analysis.

The results of the spectral analysis indicate that the
ICM temperatures in the radial bins that host the ap-
parent substructures just below the shock fronts in A520
and A2146 are significantly lower than those in the
neighboring radial bins. These features are consistent
with previous measurements for A520 (Wang et al. 2018)
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removed the masked region from the forward modeling analysis.

and A2146 (Russell et al. 2022), respectively. These
results indicate that such substructures originate from
a cool core of an infalling subcluster and such lower-
temperature gas is being stripped and disrupted by on-
going mergers.

5. DISCUSSION

5.1. 8D thermodynamic structures across the interfaces

To infer the 3D thermodynamic structures of the ICM
across the interface of cold fronts and shock fronts, we
have extended the forward modeling approach originally
developed in Umetsu et al. (2022) to uniformly apply to
the X-ray surface brightness profiles of our sample taken
with the Chandra X-ray Observatory. We have validated
that our forward modeling analysis can reproduce well
the expected characteristics of the ICM thermodynamic
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profiles across cold fronts and shock fronts. Thus, our
forward modeling analysis enables us to uniformly clas-
sify edges in the X-ray surface brightness as either cold
fronts or shock fronts.

In previous studies, the X-ray spectral analysis, par-
ticularly, the spectral deprojection analysis with the
projct routine implemented in XSPEC was typically con-
ducted to infer the 3D thermodynamic structures of the
ICM across the interface. However, it has been reported
that artificial behaviors are often seen in the obtained
deprojected profiles of the ICM thermodynamic proper-
ties (e.g., Russell et al. 2008). Although the analysis of
the projected profiles of the ICM thermodynamic prop-
erties is relatively straightforward, the projection effect
from different temperature gases along the LOS makes
significant contamination in measuring these properties
(e.g., Molnar 2015). In addition, additional modeling is
needed to obtain the radial profiles of the ICM proper-
ties. Moreover, in general, the ICM density and temper-
ature decrease toward the outer regions of galaxy clus-
ters, and a size of radial bins is required to be large
to collect enough photon counts for the X-ray spectral
analysis. As a result, it is difficult to distinguish the
real pressure jump generated by shocks from the artifi-
cial gradients produced by the coarse discretization of
radial bins.

The forward modeling approach developed in this pa-
per allows us to infer the 3D thermodynamic structures
of the ICM in a parametric form from the inner region
(below the interface) to the outer region (above the in-
terface), based on Equations 1 and 2. Thus, we are able
to measure the density and temperature jumps at the in-
terface, and the 3D profiles of the thermodynamic prop-
erties simultaneously and self-consistently. The ICM
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Same as Figure 5, but for azimuthal distributions of the Mach number associated with shock in A520 (left) and

thermodynamic properties in the inner region is impor-
tant not only for distinguishing between cold fronts and
shock fronts but also for exploring the interior 3D ther-
mal structures of the primary galaxy clusters.

The obtained 3D entropy profiles in A3667 and A2319
indicate a constant distribution in the inner regions with
K =200-300keV cm?, which is significantly larger than
that measured in cool cores (K < 100keVcm?; e.g.,
Hudson et al. 2010). These ICM entropy features are
consistent with those of merging clusters. In addition,
the ICM entropy starts decreasing at rio toward the
interface of the cold front, and shows a clear jump at
the interface. The sectors with no apparent interface
(i.e., 135° to 165° and 285° to 315°) in A3667 show no
such entropy profile as well as the isothermal profile of
the ICM temperature (see the top left and bottom right
panels of Figure 10).

In A520 and A2146, the 3D ICM temperature profiles
reveal lower-temperature gas (~ 4 — 5keV) in the in-
nermost regions (r < 50kpc), with a gradual increase
toward the interface of the shock front. This lower-
temperature gas may originate from a cool core of the
primary cluster. Since the infalling subcluster is now
passing through the core region of the primary cluster,
the cool core of the primary cluster may not be disrupted
yet or heated well completely. This implies that the very
central region of a cool core might be still surviving. In
addition to this hypothesis, the merger perhaps might
have non-zero impact parameter along the LOS. Numer-
ical simulations will provide further insights into the sur-
vival of cool cores during major mergers with different
merger conditions (e.g., Hahn et al. 2017; Valdarnini &
Sarazin 2021).
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5.2. 38D temperature profiles in the post-shock regions

The forward modeling analysis provides us with an
opportunity to discuss the mechanisms of shock-heating
in terms of not only the ICM temperature but also its
3D profile for the first time. All the observed 3D ICM
temperature profiles associated with the shock fronts in-
dicate an universal trend: (1) the peak of the ICM tem-
perature is found at the position of the shock front, and
(2) the ICM temperature gradually decreases toward in-
side the post-shock region, except for the 295° — 325°
sector in A520 (top right panel of Figure 12) where is
significantly affected by low-temperature gas of the sub-
structures. In particular, the 325° — 355° sector with
the largest Mach number (M ~ 2.4) in A520 (left panel
of Figure 6) indicates that (1) the highest ICM tem-
perature with 11.1 + 1.0keV is found at the position
of the shock front, and (2) the ICM temperature ap-
pears isothermal with a temperature of ~ 10keV until
~ 300 kpc away from the shock front in the post-shock
region. The timescale of equilibration via Coulomb col-
lisions between the ions and the electrons is expressed
by

toq ~ 2 x 108 e (L 3/2yr (7)
ed 10-3 cm—3 108K ’

(e.g., Wong & Sarazin 2009; Sarazin et al. 2016; Wang
et al. 2018). Since the post-shock gas velocity is in-
ferred to be ~ 1150kms~!, the location of ~ 300kpc
away from the shock front corresponds to the expected
collision equilibration timescale of teq ~ 0.3 Gyr for the
shock. Therefore, we found no significant gradient of
the electron temperature within the expected collision
equilibration timescale.

In general, two types of models for shock-heating
mechanism are considered: instant-equilibration and
adiabatic compression (Markevitch & Vikhlinin 2007).
The instant-equilibration model predicts that the elec-
trons rapidly equilibrate with the ions, through e.g.,
magnetic fields (i.e., collisionless heating), such that the
electron temperature rapidly reaches the temperature
determined by the Rankine-Hugoniot jump conditions
immediately behind the shock front. On the other hand,
the adiabatic compression model predicts that an adi-
abatic compression of the electron population at the
shock and a subsequent slower equilibration with the
ions on a timescale determined by Coulomb collisions.
These two models have been studied in a variety of shock
fronts in merging clusters (e.g., Markevitch 2006; Rus-
sell et al. 2012; Sarazin et al. 2016; Wang et al. 2018;
Di Mascolo et al. 2019; Russell et al. 2022; Sarkar et al.
2022, 2024).

The observed 3D profiles of the ICM temperature are
in good agreement with those expected by the instant-
equilibration model. The highest temperature at the
shock front and the isothermal profile behind the shock
front are expected to be seen in the instant-equilibration
model. If the adiabatic compression model is the case,
the highest temperature is expected to be found at the
location where the electrons reach collision equilibration,
and the temperature at the shock front is lower than at
the equilibration point. These predicted profiles are not
shown in the observed 3D temperature profiles of all sec-
tors exhibiting the shock front. However, even though
the instant-equilibration model seems to be better to ex-
plain the observed profiles, the observed peak tempera-
ture of the ICM is significantly lower than that expected
by the instant-equilibration model. The expected tem-
perature from a M = 2.4 shock in the 325° —355° sector
in A520 is 15.77 7S keV, which is ~ 2.3 ¢ different from
the observed temperature. This discrepancy may be due
to that (1) the sensitivity of Chandra is not sufficient to
observe such hot gas (> 10keV) (e.g., Wang et al. 2018),
and (2) even though the merger takes place in the plane
of the sky, if the merger has a non-zero impact parameter
along the LOS, low-temperature gas distributed along
the LOS may not be taken into account fully under the
assumption of spherical symmetry, such that contami-
nation from such gas causes a bias to make the observed
temperature lower (e.g., Molnar 2015). Note that even
the case of the adiabatic compression model, the equili-
bration temperature of ~ 16keV is expected, but such
temperature is not seen in the observed profile either.
Therefore, we conclude that the trend of the observed
3D temperature profiles is consistent with the instant-
equilibration model, whereas the adiabatic compression
model is not completely ruled out. Numerical simula-
tions of a binary cluster merger involving relatively high
Mach number and high-sensitivity observations in the
hard X-ray (> 10keV) band are needed to explore the
shock-heating mechanisms.

High-energy resolution spectroscopy with e.g., XRISM
(Tashiro et al. 2018) and Athena (Barcons et al. 2017)
is expected to reveal the thermodynamic properties of
shock-heated gas more accurately. For instance, the X-
ray microcalorimeter Resolve on board XRISM is ex-
pected to enable us to measure the ionization temper-
ature of the electrons using the flux ratio between Fe
XXV and Fe XXVI (e.g., Molnar 2015). Comparing the
ionization temperature with the electron temperature
measured by the continuum, we will be able to conduct
a diagnosis of plasma conditions in the ICM (e.g., Inoue
et al. 2016).
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5.3. Azimuthal distributions of the ICM thermal
pressure ratio at the cold fronts

We have measured the azimuthal distribution of the
ICM thermal pressure ratio across the cold fronts in
A3667 and A2319, as shown in Figure 5. For A3667, the
observed trend is consistent with previous measurements
(Datta et al. 2014; Ichinohe et al. 2017), indicating that
the nature of subsonic gas motions. On the other hand,
A2319 shows a significant pressure jump at the interface
in the 180° —210° sector. The pressure jump in this par-
ticular sector is measured at pg/p; = 2.21 £+ 0.27. The
other sectors appear similar to the trend seen in A3667.
If the sharpness of the cold front in A2319 is maintained
by ram-pressure, the expected gas flow velocity in this
particular sector is comparable to the transonic regime,
given that M = 1.0 provides py/p1 = 2.05.

Cold fronts have been classified into two types: strip-
ping and sloshing (Markevitch & Vikhlinin 2007). Strip-
ping cold fronts are typically found at the front of an
infalling subcluster. On the other hand, sloshing cold
fronts are mostly found in the central regions of cool-core
clusters, and considered to be generated by gas sloshing
induced by stirring motions owing to the transport of an-
gular momentum from an infalling subcluster (e.g., As-
casibar & Markevitch 2006; ZuHone et al. 2010). Spiral
patterns in the residual images of X-ray surface bright-
ness are known as evidence of gas sloshing, and sloshing
cold fronts are located at the edges of such spiral pat-
terns (e.g., Ascasibar & Markevitch 2006; ZuHone et al.
2010; Roediger et al. 2011, 2012; Keshet 2012; ZuHone
et al. 2013; Ueda et al. 2017; Naor & Keshet 2020; Ueda
et al. 2020). Thus, in contrast to stripping cold fronts,
since sloshing gas originates in cool cores, contact dis-
continuities are generated between gases of different en-
tropy originally at different places in the same cool-core
cluster. Such different conditions may generate different
thermodynamic and/or microphysical properties of the
ICM across cold fronts.

To investigate the differences between stripping and
sloshing cold fronts, we focus on the Perseus cluster as
a reference for sloshing cold fronts. This is because the
Perseus cluster is known to host a prominent sloshing
cold front seen as a spiral-like feature in the residual
image of the X-ray surface brightness (Churazov et al.
2003; Zhuravleva et al. 2014, also see Figure 18). We
apply the forward modeling approach to the observed
X-ray surface brightness profile extracted along the di-
rection toward the sloshing cold front. A detailed anal-
ysis is presented in Appendix D. We found a positive
pressure jump at the interface, indicating a different be-
havior compared to the cold fronts in A3667 and A2319.
Such positive pressure jump was found and discussed in

Ichinohe et al. (2019). Thus, even though the slosh-
ing cold front in the Perseus cluster exhibits a distinct
trend of pressure jump from the cold fronts in A3667
and A2319, it is hard to look into possible differences
between A3667 and A2319.

The higher pressure jump at the interface in the
180° — 210° sector of A2319 may be a hint of explor-
ing the mechanisms to create cold fronts. If gas sloshing
is the case, this sector is located at the head of the spiral
pattern (Ichinohe et al. 2021). The head of a sloshing
spiral is expected to have the fastest tangential gas flow.
In fact, transonic motions associated with gas sloshing
is found in Abell 907 (Ueda et al. 2019). In this con-
text, the higher pressure jump may be evidence of gas
sloshing. On the other hand, although the cold front in
A3667 is widely recognized as a stripping cold front, the
hypothesis that this cold front results from gas sloshing
either in the plane of the sky or the LOS can be con-
sidered. Since no apparent difference in the trend for
the pressure ratio is found, it is difficult to distinguish
stripping cold fronts from sloshing cold fronts, based on
the results obtained from the forward modeling analysis.
This hypothesis of gas sloshing is testable with XRISM.

5.4. Position of the interface

Figure 8 shows the azimuthal variations of the po-
sitions of the interface detected in each sector for our
sample. For the cold fronts, the positions of the inter-
face show spatial variations among the four sectors in
A3667 and A2319, respectively. For A520, the positions
of the interface located at the front of the shock front
are statistically consistent with each other (i.e., 295° to
325° and 325° to 355°). For A2146, the positions also
show spatial variations among the four sectors.

Such spatial variations of the interface for the cold
fronts may be due to wiggles through the Kelvin-
Helmholtz instability (e.g., Ichinohe et al. 2017, 2021).
For the shock front in A2146, the observed spatial vari-
ations of the positions of the shock front may also be
seen in the previous measurements (Russell et al. 2022).
Russell et al. (2022) shows the spatial variations in
part of the sectors analyzed in this paper (i.e., part of
195° — 285°). On the other hand, A520 shows no such
variation at least the front of the shock front. This
may be owing to stronger shock than A2146. How-
ever, it is possible that missalignment of the center of
the curvature and/or the assumption of constant cur-
vature approximation causes artificial spatial variations
of the interface. Further dedicated study (e.g., more
azimuthally-resolved study, and X-ray microcalorimeter
spectroscopy with high-angular resolution) is needed to



16 UEDA & ICHINOHE

Lo& < 195 deg

i
i
1
i
H
i
H
i
i
i
i
1
f
[
i
H

r=1arcmin

253

200 kpc

Figure 8.

=

-
)
=

10
T

S
&

r=1T arcmin

224 kpe

Zoomed-in images around the cold fronts in A3667 (top left) and A2319 (top right), respectively, and around

the shock fronts in A520 (bottom left) and A2146 (bottom right), respectively. The overlaid, dashed white sectors denote
the directions along each sector analyzed and the edge positions associated with the fronts. The middle, dashed white lines
correspond to the positions of the bump-like substructures (i.e., r12 in each sector), respectively. The yellow bar in each panel

shows a spatial scale of the images.

investigate the origin of the spatial variations of the in-
terface.

6. SUMMARY AND CONCLUSIONS

In this paper, we have conducted forward modeling
analysis of the observed Chandra X-ray surface bright-
ness profiles across the cold fronts in A3667 and A2319
as well as the shock fronts in A520 and A2146. The goal
of this study was to investigate the 3D thermodynamic
structures of the ICM across these fronts and to exam-

ine the shock-heating mechanisms and the processes for
creating cold fronts. To this end, we have measured the
3D thermodynamic profiles of the ICM across the fronts
simultaneously and self-consistently. The main conclu-
sions of this paper are summarized as follows:

1. We extended the previous forward modeling ap-
proach with more generalized ICM density and
temperature profiles to uniformly apply to the X-
ray surface brightness profiles of our sample, allow-
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ing us to infer the 3D thermodynamic structures
of the ICM across the interface. We succeeded
not only in determining the positions of the cold
fronts and shock fronts but also in measuring the
3D thermodynamic structures simultaneously and
self-consistently.

2. The observed 3D thermodynamic profiles with the
forward modeling analysis are consistent with the
characteristic features of both the cold front and
the shock front. The density and temperature
jumps at the interface are clearly detected. The
ICM thermal pressure jumps at the cold front in
A3667 are consistent with the previous measure-
ments. We also obtained the azimuthal distribu-
tion of the ICM thermal pressure ratio at the cold
front in A2319. The Mach numbers of the shocks
in A520 and A2146 are consistent with the previ-
ous works, respectively.

3. The observed 3D temperature profiles in the post-
shock region of all sectors exhibiting shocks in
A520 and A2146 are in good agreement with those
predicted by the instant-equilibration model. The
ICM temperature is highest at the position of the
shock front. In the case of the sector exhibiting
M = 2.4 in A520, the ICM temperature appears
isothermal with a temperature of ~ 10keV until
~ 300kpc away from the shock front (i.e., inside

the post-shock region) where the electrons reach to
equilibration via Coulomb collisions between the
ions and the electrons. However, the adiabatic
compression model is not completely ruled out.

4. The observed azimuthal distribution of the ICM
thermal pressure ratio in A2319 is in broadly
agreement with that in A3667, except for one sec-
tor. This particular sector shows a high pressure
jump, indicating the presence of transonic motions
if the sharpness of the cold front is maintained by
ram pressure. This result might imply different
origins of the cold fronts, i.e., stripping and slosh-
ing.
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constructive comments. We also thank Keiichi Umetsu
and Sandor Molnar for their helpful discussions. The
scientific results reported in this article are based on
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APPENDIX

A. BEHAVIORS OF PARAMETRIC TEMPERATURE PROFILES

Here, we present an example of the behaviors of the ICM temperature profile used in this paper. Figure 9 shows
four examples of the scaled temperature profiles provided from Equation 2. By adjusting the two slope parameters («
and f3), our model can reproduce specific temperature profiles, such as a profile with a maximum in an inner region
and another with a maximum at the endpoint of the profile.

B. RADIAL PROFILES

Here, we show all radial profiles of each sector in our sample obtained from the forward modeling analysis. Figures 10,
11, 12, and 13 show the observed and best-fit X-ray surface brightness profiles as well as the obtained 3D thermodynamic
profiles of the ICM for A3667, A2319, A520, and A2146, respectively.

For A520, no significant temperature jump at the edge position of the shock front in the 295° — 325° sector is found,
while this sector corresponds to the front of the shock front. As shown in the X-ray surface brightness image of A520
(bottom left panel of Figure 1) and the radial profiles of the 295° — 325° sector (top left panel of Figure 3), this sector
hosts the apparent substructures. Wang et al. (2016) measured the ICM temperature map in A520, and found that
a lower-temperature ICM is co-spatial with the regions of the apparent substructures. In fact, Wang et al. (2016)
measured the ICM temperature in the dense, compact substructure located at just below the shock front as ~ 3keV.
We confirm the presence of such low-temperature gas by the spectral analysis (see the top right panel of Figure 16).
Therefore, contamination from such low-temperature gas significantly impacts the forward modeling analysis of this
sector, leading to the absence of an apparent temperature jump at the interface.
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C. COMPARISONS OF THE PROJECTED TEMPERATURE PROFILE BETWEEN THE FORWARD
MODELING ANALYSIS AND THE X-RAY SPECTRAL ANALYSIS

Here, we present comparisons of the projected ICM temperature profiles obtained from the forward modeling analysis
with those measured by the X-ray spectral analysis. Figures 14, 15, 16, and 17 display these comparisons for A3667,
A2319, A520, and A2146, respectively. We extracted and analyzed the X-ray spectra of the ICM from the masked

region as well. The lower-temperature gas is found in the masked regions.
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Figure 10. Same as Figure 4, but for all sectors analyzed in A3667. (Top left): the 135° — 165° sector. (Top middle): the
165° —195° sector. (Top right): the 195° —225° sector. (Bottom left): the 225° —255° sector. (Bottom middle): the 255° —285°

sector. (Bottom right): the 285° — 315° sector. The plot for the 195° — 225° sector is the same as the left panel of Figure 4.
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Figure 11.

the 270° — 300° sector. The plots for the 180° — 210° sector is the same as the right panel of Figure 4.

Same as Figure 10, but for A2319. (Top left): 120° — 150° sector. (Top middle): the 150° — 180° sector. (Top
right): the 180° — 210° sector. (Bottom left): the 210° —240° sector. (Bottom middle): the 240° — 270° sector. (Bottom right):
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Figure 12. Same as Figure 6, but for all sectors analyzed in A520. (Top left): the 235° — 265° sector. (Top middle): the
265° — 295° sector. (Top right): the 295° — 325° sector. (Bottom left): the 325° — 355° sector. (Bottom middle): the 25° — 55°
sector. (Bottom right): the 285° — 315° sector. The plots for the 325° — 355° sector is the same as the left panel of Figure 6.
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Figure 13. Same as Figure 12, but for A2146. (Top left): the 135° — 165° sector. (Top middle): the 165° — 195° sector. (Top
right): the 195° — 225° sector. (Bottom left): the 225° — 255° sector. (Bottom middle): the 255° — 285° sector. (Bottom right):
the 285° — 315° sector. The plots for the 225° — 255° sector is the same as the left panel of Figure 6.
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Figure 17. Same as Figure 16, but for A2146. (Top left): the 135° — 165° sector. (Top middle): the 165° — 195° sector. (Top
right): the 195° — 225° sector. (Bottom left): the 225° — 255° sector. (Bottom middle): the 255° — 285° sector. (Bottom right):
the 285° — 315° sector.
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D. FORWARD MODELING ANALYSIS OF A SLOSHING COLD FRONT IN THE PERSEUS CLUSTER

To investigate the mechanisms to create the cold fronts in A3667 and A2319, we analyze a well-known prominent
sloshing cold front in the Perseus cluster using the forward modeling analysis. The Perseus cluster is the X-ray
brightest, very nearby galaxy cluster (z = 0.017284, 1” = 0.351 kpc; Hitomi Collaboration et al. 2018). We analyze
the datasets of the Perseus cluster taken with deep Chandra observations. Data reduction is conducted with the
same manner as Section 3. The Perseus cluster exhibits a clear spiral pattern in its X-ray residual image (Churazov
et al. 2003; Zhuravleva et al. 2014, also see the right panel of Figure 18), which is considered to be generated by gas
sloshing (e.g., Churazov et al. 2016). To define a sector analyzed using the forward modeling analysis, we first make
an X-ray residual image of the Perseus cluster. We apply the method presented in Ueda et al. (2017) to compute the
mean surface brightness. A circle model centered on the position of the central active galactic nucleus, (RA, Dec) =
(3:19:48.1815, +41:30:42.521), is used. Then, we model the mean surface brightness using the concentric circle fitting
algorithm of Ueda et al. (2017), by minimizing the variance of the X-ray surface brightness relative to the circle model.
Figure 18 shows the X-ray surface brightness image of the central region of the Perseus cluster taken with Chandra
and its residual image. We define a sector to cross a striking edge of the sloshing cold front with an opening angle of
95° to 125°.

r=1 arcmin

21 kpe

Figure 18. Exposure corrected, background subtracted Chandra X-ray surface brightness of the Perseus cluster in the
0.5—"7.0keV band (left) and its residual image (right). The point sources identified are masked with white ellipses. The overlaid,
dashed white sector denotes the direction along where the X-ray surface brightness profiles are extracted (0 € [60”,240"]) with
an opening angle of 95° to 125°. (Left): the Chandra X-ray image of the Perseus cluster in the 0.5 — 7.0keV band. (Right):
the residual image of the Perseus cluster after subtracting the mean surface brightness. This image is smoothed by a Gaussian
kernel with 3.5 FWHM.

We use the density profile provided from Equation 1 to analyze the observed X-ray surface brightness profile. Even
though small-scale substructures with a spatial scale of a few to tens kpc are found in the X-ray surface brightness, this
model still allows us to describe the global feature of the profile and determine the edge position accurately. Using the
same approach as Section 4.2, we extract the radial profiles of X-ray surface brightness in the ten energy bands, and
sample those in 90 linearly spaced radial bins in the ranges 6 € [60”,240"] (i.e., 2" per bin) centered on the curvature
center (RA, Dec) = (3:19:48.1815, +41:30:42.521). Then, we conduct the forward modeling analysis of this sector.

The edge position is measured at 55.44 £+ 0.02 kpc from the center of the curvature, corresponding to the interface
between the sloshing cold front (i.e., the edge of the spiral pattern) and the ambient component of the ICM. Figure 19
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shows the inferred 3D ICM temperature and pressure profiles. The temperature jump is clearly detected. We also find
a pressure jump at the interface, indicating that the sloshing cold front is also maintained by non-thermal support,
e.g., magnetic fields and centrifugal force. However, the observed pressure jump is positive toward the outer region,
which is distinct from the cold fronts in A3667 and A2319. Therefore, the observed features of the cold fronts in A3667
and A2319 are different from those of the sloshing cold front in the Perseus cluster, implying that the mechanisms to
create cold fronts might not be similar to the Perseus cluster. Note that this positive pressure jump has been reported
in Ichinohe et al. (2019).
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Figure 19. Observed 3D ICM temperature (left) and pressure (right) profiles of the 95° — 125° sector with the forward
modeling analysis. The red line and the red shaded area show the best-fit profile and its 1o confidence range, respectively.
The two red vertical lines correspond to the positions of r12 and 723, respectively. The red shaded vertical ares show the 1o
confidence ranges of 712 and ra3, respectively.
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