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Abstract

We present deep Chandra observations of A3411-12, a remarkable merging cluster that hosts the most
compelling evidence for electron reacceleration at cluster shocks to date. Using the Yx—M scaling relation,
we find rso0 ~ 1.3Mpc, Msp = (7.1 £0.7) x 10 M., kT =65+ 0.1keV, and a gas mass of
Mg s00 = (9.7 £ 0.1) x 10M,. The gas mass fraction within rsyo is fy = 0.14 £ 0.01. We compute the
shock strength using density jumps to conclude that the Mach number of the merging subcluster is small
M < 1.15J_r8j(1)3). We also present density, temperature, pseudo-pressure, and pseudo-entropy maps. Based on
the pseudo-entropy map, we conclude that the cluster is undergoing a mild merger, consistent with the small
Mach number. On the other hand, radio relics extend over Mpc scale in the A3411-12 system, which strongly

suggests that a population of energetic electrons already existed over extended regions of the cluster.

Key words: galaxies: clusters: general —
medium

1. Introduction

Galaxy cluster mergers are the most energetic events in the
present-day unlverse and they involve kinetic energies on the
order of ~10°>7%* erg. Direct evidence for cluster mergers has
been found from the morphology of the X-ray emission (e.g.,
Jones & Forman 1984, 1999; Mohr et al. 1995; Buote &
Tsai 1996; Jeltema et al. 2005; Lagand et al. 2010; Andrade-
Santos et al. 2012, 2013) and the presence of shocks (e.g.,
Markevitch et al. 2002) in the intracluster medium (ICM), as
well as from the asymmetric spatial and velocity distributions
of cluster galaxy populations (Dressler & Shectman 1988).

The identification and study of merging clusters is of
considerable astrophysical interest for several reasons. First,
such major mergers are rare events and have a profound, long-
lasting influence on the thermodynamic evolution of the ICM.
Major mergers are believed to be responsible for the general
division of clusters into cool-core and noncool-core clusters
(Henning et al. 2009). Mergers can also affect a wide range of
other cluster related phenomena, including active galactic

20 Clay Fellow.

galaxies: clusters: individual (A3411) — galaxies: clusters: intracluster

nucleus (AGN) activity in cluster galaxies (Ma et al. 2010;
Sobral et al. 2015) and star formation (Lagana et al. 2008;
Sobral et al. 2015; Stroe et al. 2015, 2017). Second, cluster
mergers are an ideal laboratory to study the properties of dark
matter. X-ray and optical (lensing) studies have put strong
constraints on the self interaction of dark matter, and have
shown that it must be nearly collisionless (Clowe et al.
2004, 2006; Bradad et al. 2006, 2008; Randall et al. 2008;
Dawson et al. 2012).

Simulations of large-scale structure formation show that
galaxy clusters grow through gas accretion from large-scale
filaments and mergers of smaller clusters and groups. These
mergers are characterized by the enormous amounts of energy
involved (~10% erg), long lifetimes (Gyr), and large physical
scales (Mpc). Most of the gravitational energy released during a
merger event is converted to thermal energy via shocks and
turbulence (see Markevitch & Vikhlinin 2007 for a review). In
addition, a small fraction (<1%) of the shock energy could be
channeled into the acceleration of cosmic rays (CR). In the
presence of magnetic fields, these CR then emit synchrotron
radiation, which can be observed with radio telescopes.
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Figure 1. Composite image of the A3411-A3412 field: optical (Subaru, RGB), 0.5-2.0 keV X-ray (Chandra, in blue), 325 and 610 MHz radio (GMRT, in red), and
the galaxy density distribution (purple). A3411-12 presents a clear cool core in the north and a large (Mpc scale) radio relic in the south. In the north there is an
overdensity of galaxies at the cluster redshift, located in the cool core (X-ray: bright blue, galaxy density: purple) region, whereas another peak in the galaxy

distribution (purple) is seen in the relic region (red) in the south.

The elongated and arc-like radio sources that trace cluster
merger shocks are commonly called radio relics (Feretti et al.
2012; see Figure 1). A major problem in our understanding is
how these low Mach number (M) cluster merger shocks can
accelerate enough particles to explain to observed radio
synchrotron brightness. According to standard diffusive shock
acceleration theory (DSA; Drury 1983), the acceleration
efficiency is very low for M < 4 shocks, and the existence
of radio relics is therefore very puzzling (e.g., Kang et al. 2012;
Hong et al. 2014).

Two main particle acceleration mechanisms have been
proposed to explain radio relics.

(1) Shock acceleration. Particles gain energy via multiple
crossing of the shock front, however, it is very hard to
reconcile the low acceleration efficiency with the bright
radio relics.

(2) Reacceleration. Shocks reaccelerate a population of
preexisting (“fossil”) relativistic electrons via DSA
(Markevitch et al. 2005), avoiding the low acceleration

efficiency problem. Good source candidates for these
fossil electrons are radio galaxies (common in clusters).

1.1. A3411-12

A3411-12 (also known as PLCKESZ G241.97+14.85; see
Figure 1) is a relatively nearby (z = 0.1687) merging cluster
presenting a large (~0.7 Mpc) radio relic (Giovannini et al. 2013;
van Weeren et al. 2013). van Weeren et al. (2013) showed that
A3411-12 is a merging system, with the projected merger axis
oriented SE-NW (see Figure 1) with A3411 in the NW and A3412
in the SE. Chandra X-ray images show that the cluster has a
cometary shape with a well-defined subcluster core visible in the
northwestern part of the system (A3411). Fainter X-ray emission is
found surrounding the subcluster core and this emission seems to
be part of a second, larger subcluster (A3412). There is no clear
surface brightness peak corresponding to the primary cluster core
(A3412; see Figure 2), which suggests the primary cluster has been
disrupted by the collision with the subcluster (A3411; see
Figure 2), as has been the case for A2146 (Russell et al. 2011;
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Figure 2. 0.5-2.0 keV, background-subtracted, flat-field Chandra image of the
A3411-12 field overlaid by galaxy isodensity contours in blue.

Menanteau et al. 2012). Giovannini et al. (2013) have also found
that the radio halo at the center of A3411-12 has a low power
(log P =23.16 WHz ). The global ICM temperature of
A3411-12 is ~6keV and its X-ray 0.5-2.0keV luminosity is
2.8 x 10* erg s~! within rs509 = 1.34 Mpc (van Weeren et al.
2013).

More recently, van Weeren et al. (2017) found, in the
merging galaxy cluster A3411-12, the most compelling
evidence for reacceleration at cluster shocks to date. Those
authors identified a tailed radio galaxy connected to the relic. In
addition, spectral flattening is observed at the location where
the fossil plasma meets the relic and, at the same location, an
X-ray surface brightness edge is observed.

van Weeren et al. (2017) also presented a clustering analysis
applied to the three-dimensional galaxy distribution (R.A., decl.,
and redshift) of their spectroscopic sample of cluster members
(obtained with Keck). They considered mixtures of 1-7 multi-
variate Gaussian components. They found that, of the models
considered, the two-component Gaussian model is the most
favored one, indicating a bimodal distribution. They also
investigated the redshift and velocity dispersion of each subcluster.
They found similar velocity dispersions for the northern
(A3411) and southern (A3412) subclusters, 1110’:%80 km s~!
and 1190730 km s~!, respectively. These velocity dispersions
translated into mass estimates of 1.4794 x 10'5M_ and 1.8703 x
103M_, for the A3411 and A3412 subclusters, respectively. With
the mass estimates and redshift distributions, they concluded that
core passage for the A3411-A3412 merger event occurred about
~1 Gyr before the photons Chandra collected were emitted and
that the plane of the merger event is seen relatively close (9°—41°)
to the plane of the sky crossing the cluster center, implying that the
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shock is seen close to edge-on. It is worth mentioning that in the
current work, we find a much smaller total mass for the system of
Mspy = (7.14 &+ 0.65) x 10'“M, in very good agreement with
the Planck estimated mass of Msy, = (6.59 £ 0.31) x 10"M,
(Planck Collaboration et al. 2016).

In this paper, we characterize this cluster based on Chandra
X-ray observations, present temperature, density, pressure, and
entropy maps, as well as density jumps related to cold and
shock fronts. We show that if indeed the density jumps trace
shocks, they are mild, indicating that a population of energetic
electrons already existed over extended regions of the cluster
based on the extension of the radio relics in the A3411-12
system. The cosmology assumed for our analysis has
Qm = 0.3, Q) = 0.7 and Hy = 70km s~ ' Mpc ™', implying a
linear scale of 2.88 kpc arcsec™! at the A3411-12 luminosity
distance of 812 Mpc (z=0.1687). All uncertainties are 68%
confidence level, unless otherwise stated.

2. X-Ray Observations and Data Reduction

We observed A3411 with the Chandra X-ray Observatory
(ACIS-I detectors, VF mode, Obslds 13378, 15316—FPI: S. S.
Murray; and 17193, 17496, 17583, 17585, 17584—FPI: R. J. van
Weeren). The data were reduced using the software CHAV which
follows the processing described in Vikhlinin et al. (2005),
applying the calibration files CALDB 4. 6. 7. The data processing
includes corrections for the time dependence of the charge transfer
inefficiency and gain, and a check for periods of high background
(none were found—the total exposure time is 211ks). Also,
readout artifacts were subtracted and standard blank sky back-
ground files were used for background subtraction. Figure 2 shows
the combined image of all observations in the 0.5-2.0keV
energy band.

As the focus of this paper is solely on X-ray data and their
results, we refer the reader to van Weeren et al. (2017) for the
details on the optical and radio reductions performed to create
the image displayed on Figure 1.

3. Overall Characteristics of the Cluster
3.1. Emission Measure Profile

In this section, we outline the procedures used to compute
the emission measure profile. We refer the reader to Vikhlinin
et al. (2006) for a detailed description of the method.

First, we detected compact sources using wavdect in the
0.7-2.0 or 2.0-7.0keV bands and then masked these from the
spectral and spatial analyses (we also masked the bullet (cool
core in A3411); see top left panel of Figure 3). We then measured
the surface brightness profiles in the 0.7-2.0 keV energy band,
which maximizes the signal-to-noise ratio in Chandra data. The
readout artifacts and blank-field background (see Section 2.3.3 of
Vikhlinin et al. 2006) were subtracted from the X-ray images,
and the result was exposure corrected using exposure maps
(computed assuming an absorbed optically thin thermal plasma
with kT=5.0keV, abundance = 0.3 Z, plus the Galactic
column density”' that include corrections for bad pixels and
CCD gaps, but do not take into account spatial variations of the
effective area. Finally, we subtracted any small uniform

2! NH was fixed to the Galactic value, taking into account not only the 21 cm map
of the Galactic atomic hydrogen but also the molecular contribution
(NHyog = NHI + NH, = (4.67 + 1.25) x 10%° = 592 x 10%; http://www.
swift.ac.uk /analysis /nhtot/).


http://www.swift.ac.uk/analysis/nhtot/
http://www.swift.ac.uk/analysis/nhtot/

THE ASTROPHYSICAL JOURNAL, 887:31 (19pp), 2019 December 10

1072 S

10~

100 1000

r (kpc)

Andrade-Santos et al.

1019

+

+
7_+_+ Tttt

-
RPN
-

°)

e
T

¥
I

T
+
Ll

1016 Coold

1014

/“‘51 013

e
T
|

M.,

1012

T
N\
N\
\
Lol

N

F50()

T

101t L |
100 1000

\
}

r (kpe)

Figure 3. X-ray image (upper left), projected emissivity (upper right), gas density (lower left), and enclosed gas mass (lower right) profiles for A3411-12. Top left
panel shows the 0.5-2.0 keV, background-subtracted, exposure map corrected ACIS-I image. The total filtered Chandra exposure is 211 ks. Blue ellipses correspond
to the masked X-ray point sources (we also masked the bullet (cool core in A3411)) and the black cross corresponds to the cluster center (determined by computing the
X-ray centroid in a circle of ~1.3 Mpc radius including the cool core). Top right panel shows the projected emissivity profile. The solid line shows the emission
measure integral of the best fit to the emissivity profile given by Equation (1) assuming n. = 1.1995 x n,,, where n. and n, are the electron and proton number
densities, respectively. Bottom left panel shows the electron number density profile. The solid line shows the electron number density profile obtained from the
emissivity profile given by Equation (1). Bottom right panel shows the gas mass profile, with the dashed vertical line indicating rsoo. The dashed lines in the electron

number density and gas mass profiles show the 68% confidence range.

component corresponding to soft X-ray foreground adjustments
that may be required.

Following these steps, we extracted the surface brightness
profiles in narrow concentric annuli (7o /7, = 1.05) centered on
the X-ray centroid (determined excluding the masked regions) and
computed the Chandra area-averaged effective area for each
annulus (see Vikhlinin et al. 2005 for details on calculating the
effective area). Using the observed projected temperature,
effective area, and metallicity as a function of radius, we
converted the Chandra count rate in the 0.7-2.0keV band into
the emission integral, EI = f nen,dV, within each cylindrical

shell. The X-ray morphology of A3411-12 exhibits an irregular
shape (see Figure 2); however, this is mostly due to the bullet in
the northern part of the cluster. When we mask the bullet, the
cluster exhibits a more elongated and symmetrical shape. To
compute the emission measure and temperature profiles we
assumed spherical symmetry. In this case, the spherical assump-
tion is expected to have only small effects on the total mass of the
cluster when using Yx as a proxy, as presented by Kravtsov et al.
(2006). They showed that Yx is a robust mass indicator with
remarkably low scatter of only ~5%-7% in Ms, for fixed Yy,
regardless of whether the cluster is relaxed or not. We then fit the



THE ASTROPHYSICAL JOURNAL, 887:31 (19pp), 2019 December 10

emission measure profile assuming the gas-density profile follows
Vikhlinin et al. (2006):

2 (r/r) 1
NeNp =n
e’tp 0 (1 + r2/r(:2)337a/2 (1 + r’\//rs’}’)f/'y
2
)

7 v

This relation is based on a classic -model, modified to account
for the power-law type cusp and the steeper emission measure
slope at large radii. In addition, a second [-model is included,
giving extra freedom to characterize the cluster core. For further
details on this equation, we refer the reader to Vikhlinin et al.
(2006). The relation between the electron number density and gas
mass density is given by p, = pnem,, where m, is the atomic
mass unit, and f, is the mean molecular weight per electron. For a
typical metallicity of 0.3 Z., the reference values from Anders &
Grevesse (1989) yield p, = 1.17058 and ne/np = 1.1995, where
n, is the proton number density. The best-fit parameters of
Equation (1) are listed in Table 1. Figure 3 presents the best-fit
emission measure profile, as well as the density and gas mass
profiles derived from the best-fit emission measure. The gas mass
profile is then used to compute the total mass using the Y relation
(Section 4).

3.2. Gas Temperature Radial Profiles

Most clusters present a temperature profile that has a broad
peak within 0.1-0.2 r00.>* Vikhlinin et al. (2006) present a 3D
temperature profile that describes these general features. At
large radii, the temperature profile can be reasonably well
represented as a broken power law with a transition region:

_ (r/n)*
TEeHLTO

At small radii, the temperature profile can be described as
Teoot(r) = (x + Twin /To) / (x + 1), 3)

where x = (r/r01)%. The final analytical expression for the
3D temperature profile is

Tip(r) = To X Teoor (r) % T (r). “)

This temperature model has significant functional freedom
(eight parameters) and can adequately describe almost any
smooth temperature distribution. Thus, we use this model from
Vikhlinin et al. (2006), to describe the temperature distribution
of the hot gas in A3411-12.

To construct the temperature profile, we extracted spectra from
7 annuli in the radial range from ~100 to ~2000kpc
(logarithmically spaced in distance) and fit them with an
absorbed APEC model. For the fitting we fixed NH to the
Galactic value of 5.92 x 10°° (see Section 3.1). We then
followed the procedures described above to obtain the 2D and
3D temperature profiles. The measured 2D (black data points),
fitted 2D (blue solid line), and 3D (red solid line) temperature
profiles are presented in Figure 4. The 2D temperature profile
was computed by projecting the 3D temperature weighted by gas
density squared using the spectroscopic-like temperature (Maz-
zotta et al. 2004, provides a formula for the temperature which
matches the spectroscopically measured temperature within a

@)

2 ra00 and rsgo are used to define a radius at the overdensity of 200 and 500
times the critical density of the universe at the cluster redshift, respectively.
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few percent):

_ I 5
pec = 5374 "
fp§T3D3/4dz

To estimate the uncertainties in the best values for the
parameters of this analytical model, we performed Monte Carlo
simulations. This model for T5p(r) (Equation (4)) allows very
steep temperature gradients. In some Monte Carlo realizations,
such profiles are mathematically consistent with the observed
projected temperatures; however, large values of temperature
gradients often lead to unphysical mass estimates, such as
profiles with negative dark matter density at some radii. We
solved this issue by accepting only Monte Carlo realizations in
which the best-fit temperature profile leads to pyo; > pgas in the
radial range r < 1.5rs00, Where p = Pyas + Pgark matter- AlSO,
in the same radial range, we verified that the temperature
profiles are all convectively stable, i.e., d InT/d In Py < 2/3.

The best-fit parameters of Equations (2) and (3) are
presented in Table 2.

Interestingly, the temperature profile of A3411-12 is very
smooth when the bullet is removed from the analysis (see
Figure 4), despite this system undergoing a major merger.

Ty =T

4. Cluster Mass Estimates

Using the gas mass and temperature, we estimated the total
cluster mass from the Yx—M scaling relation of Vikhlinin et al.
(2009),

Bym
Ix ) ©)

_ -2/5
Msoo,y, = E (Z)AYM(3 X 107M, ke
where Yx = M5 500 X kTx, Mgas 500 is computed using the best-
fit parameters of Equation (1), and T is the measured temperature
in the (0.15-1) X rsoy range. Ay = (5.77 £ 0.20) x 10"44'/2M,
and Byy = 0.57 + 0.03 (Vikhlinin et al. 2009). Here, My,
is the total mass within rso, and E(z) = [Qm(1 + 2)° +
(1 — v — QO + 2)2 + Q)72 is the function describing
the evolution of the Hubble parameter with redshift.
Using Equation (6), rsgo is computed by solving

Msoo,v, = 500p,(47/3) 50, (N

where p, is the critical density of the universe at the cluster
redshift. In practice, Equation (6) is evaluated at a given radius,
whose result is compared with the evaluation of Equation (7) at
the same radius. This process is repeated in an iterative
procedure, until the fractional mass difference is less than 1%.
We estimated 1o uncertainties in the Yx derived masses using
Monte Carlo simulations. We also added to the Monte Carlo
procedure a lo systematic uncertainty of 9% in the mass
determination, as discussed by Vikhlinin et al. (2009).

5. Results
5.1. Masses

Following the approach outlined in Section 4, we obtain
Msoo.y, = (7.14 + 0.65) x 10'*M,, in very good agreement
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Table 1
Parameters for the Emission Measure Profile (Equation (1))
no Te Ts a &) Y € N2 re2 B2
1073 cm™) (kpc) (kpc) (102 em™) (kpc)
1.12 £ 0.19 260 £ 3 262 £9 0.00 £ 0.10 0.75 £ 0.20 0.79 £ 0.11 0.04 + 0.10 1.23 + 0.07 736 £ 52 0.96 + 0.06
Note. Columns list best-fit values for the parameters given by Equation (1).
with the Planck estimated mass of Msy v, = (6.59 £ 0.31) x 10 .

10'*M,, (Planck Collaboration et al. 2016) despite the merger
morphology. This is due to the fact that both Yx and Yg; are
insensitive to the cluster dynamical state (Kravtsov et al. 2006;
Sayers et al. 2013). This mass leads to rsgy ~ 1.3 Mpc. We
measure kT = 6.5 + 0.1 keV within (0.15-1.0) X rs5y, and a
gas mass of My s0 = (9.7 & 0.1) x 10"°M,,. The gas mass
fraction within rsq is fo =0.14 £ 0.0L

5.2. Images

Figure 2 shows the merged, flat-fielded (vignetting and
exposure corrected), and background subtracted 0.5-2keV
band Chandra ACIS-I image of A3411-12. The image reveals
the presence of large-scale diffuse emission, which originates
from optically thin thermal plasma with kT ~2-8keV
temperature (Section 3).

The distribution of the hot X-ray emitting gas reveals a
complex morphology, indicating an active merger history
(Giovannini et al. 2013; van Weeren et al. 2013, 2017). In
particular, the gas distribution is not symmetric, but is
elongated in the southeast—northwest direction. In addition,
the image shows the presence of sharp surface brightness edges
in the central regions of the cluster (see Figure 8).

The above features are characteristic signatures of a merger,
which has likely perturbed the hot gas distribution. To explore
the nature of these features, and hence, constrain the merger
history of the cluster, we derive surface brightness, density, and
temperature profiles, which are discussed in the following
sections.

5.3. Temperature, Pressure, and Entropy Maps

In this section we present projected density, temperature,
pressure, and entropy maps for A3411-12, extracted from the
Chandra observations. For typical cluster temperatures
(kT = 3-10keV) and metal abundances (Z = 0.1-0.5 Z.),
the broadband response of Chandra to optically thin thermal
emission from hot gas can be reasonably assumed to be
constant with gas temperature. As an example, for a fixed
emission measure, the 0.5-2.5 keV count rate of the Chandra
ACIS-I declines by only ~17% when kT increases from 4 to
12 keV. Therefore, we can ignore the Chandra response and
assume that the count rate per unit volume of the gas is directly
proportional to the square of the gas density. Thus, from the
surface brightness we can map the projected density of the
cluster, and combining that with a temperature map we can also
compute the pseudo-pressure and entropy maps using the
following relations:

ne o< SV/2, (8)

P = nkT x S'/2T, 9)

6
=
[«3]
L s
By

— )
R R B RN AR RN

r (kpc)

Figure 4. Azimuthally averaged, radial temperature profile. Observed projected
temperatures are shown by points with error bars. The 3D model and its
projected effective temperatures (the latter to be compared with the data) are
shown by the red and blue curves, respectively. Dashed lines show the lo
uncertainty ranges.

K = n.23kT < S1/°T, (10)

where S and T are the surface brightness and temperature maps.

We extracted spectra in regions that were created using
contbin, an algorithm for binning X-ray data using contours on
an adaptively smoothed map. The generated bins closely follow
the surface brightness, and are ideal where the surface
brightness distribution is not smooth, or the spectral properties
are expected to follow the surface brightness (Sanders 2006).
The regions were selected to have a minimum signal-to-noise
ratio of 50 in the 0.5-7.0keV band. Background (sky +
detector + readout) and exposure maps were used. The
temperature map was created by fitting, in the 0.5-7.0keV
band, an absorbed plasma model (XSPEC—wabs*apec) to the
spectrum data in each region. NH was fixed to Galactic value of
5.92 x 10* (see Section 3.1).

In Figure 5 we present the projected density, temperature,
pressure, and entropy maps for A3411. The density and
pressure maps present very smooth spatial variations; however,
the temperature map presents large variations within relatively
small distances. The homogeneity of the pressure map across
the north surface brightness discontinuity shows that the
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Figure 5. Top left: density. Top right: temperature. Bottom left: pressure (P = kT x n.). Bottom right: entropy (K = kT /nez/ %). Color bar indicates the temperature.
All maps are in logarithmic scale and darker colors represent higher values. The white ellipses represent the excluded point-source regions.

pressure varies smoothly indicating a cold front, in contrast
with shock fronts which present pressure jumps. The entropy
map is significantly more homogeneous than the temperature
map, especially in the inner regions, suggesting an isentropic
process. An isentropic process is the equivalent to the
thermodynamic process which is reversible and adiabatic,
meaning that no heat is dissipated. This suggests that the
merger pushed the low entropy gas back from the core causing
it to spread in the downstream, however, in a mild way, so heat
dissipation did not happen. On the other hand, the inhomo-
geneity of the temperature map in the same region suggests that
the gas has been mixed.

5.4. Shock and Cold Fronts

For a detailed description of the physics of shock and cold
fronts in galaxy clusters, please refer to Markevitch &
Vikhlinin (2007) and Vikhlinin et al. (2001). Here, we discuss
briefly the theory behind such phenomena, which will be
relevant in the following analysis.

Let us consider a dense and cold gas cloud moving across a
hotter gas. In Figure 6, we show an example of this setup. Far
upstream from the dense cloud, the gas will be moving freely
(relative to the dense gas cloud). This region is referred to as
the free stream and will be labeled with the index 1 (see

Figure 6). The hot gas decelerates as it approaches the dense
gas cloud, approaching zero velocity at the edge of the dense
cloud. This region is referred to as the stagnation point and
will be labeled with the index 0. The density discontinuities
in cold fronts form whenever a gas-density peak encounters a
flow of ambient gas, causing a contact discontinuity to
quickly form. Furthermore, if the velocity of the dense gas
cloud exceeds the sound speed of the hot gas, a bow shock
forms at some distance upstream from the dense cloud. The
region just inside the bow shock will be indexed as 2 (see
Figure 6 for a visual description of the regions discussed
above). The ratio of pressures in the free stream (1) and at the
stagnation point (0) is a function of the cloud speed v
(Section 114 of Landau & Lifshitz 1959):

» M <1
== S i (1)
P (Ll)ﬁ]‘llz(’y _ ’7*1)7’], M > 1

(1+ 25 0m),

2 oM}

where M; = v/c; is the Mach number in the free stream and ~
is the adiabatic index of the gas. The pressure ratio dependence
on the square of the Mach number leads to a large increment in
the pressure ratio for relatively small changes in the velocity of
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Table 2
Parameters for the Temperature Profile (Equations (2) and (3))
Ty Tnin It Yool acooll‘l a b c
(keV) (keV) (kpe) (kpc)
13.0 £ 1.7 52407 545 + 173 400 + 104 1.9 0 50£13 31+19

Note. Columns list best-fit values for the parameters given by Equations (2) and (3).

# Fixed value.

Figure 6. Geometry of flow past a denser and colder region. Here, the Bullet
cluster is used as a textbook example of cold front and bow shock formations.
Zones 0, 1, and 2 are those near the stagnation point in the undisturbed free
stream, and past the bow shock, respectively. While cold fronts may be the
result of many different physical events in the cluster, the density
discontinuities in them form for the same basic reason: whenever a gas-
density peak encounters a flow of ambient gas, a contact discontinuity quickly
forms.

the cloud, therefore the cloud velocity can be measured rather
accurately even if the pressure uncertainties are relatively high.

As mentioned earlier, if the speed of a blunt body exceeds
the speed of sound, a bow shock forms at some distance
upstream. The shape of this structure is consistent with an
ellipse centered on the center of curvature of the cold front. If
the surface brightness discontinuity is interpreted as a shock
front, it is straightforward to derive the expected temperature
jump, the shock propagation velocity and the velocity of the
gas behind the shock, using the Rankine—-Hugoniot shock
equations (Section 85 of Landau & Lifshitz 1959)

2
P 24+ (y— DM,
2 —
L _29M —~y+1p (13)

L v+ 1 P2

where p,/p, and T,/T; are the ratios of densities and
temperatures in the downstream (2) and free stream (1) regions,
respectively.

5.4.1. Modeling the Density Jumps

Following Owers et al. (2009), we can fit the surface
brightness profile across a shock assuming spherical symmetry

for the gas-density profile, which is given by two power laws
(broken power law):

—ay
,
Cno,z( ) , T < Tshock
Tshock
n(r) = (14)
r
no,z( ] > T > Ihock
Tshock

where C is the density compression (p,/p,), and Zipock is the
radius at the shock (where the surface brightness discontinuity
is located). C is directly related to the Mach number via the
Rankine—Hugoniot equations presented in Equation (12). For
monoatomic gas, v = 5/3, and

2
= ilz (15)
3+ M
The gas density at the shock upstream region is typically
very low, which makes measuring the temperature jump quite
difficult, A3411-12 being no exception, despite our very good
Chandra data.

5.4.2. Northern Cold and Shock Fronts

Cold fronts are found in many galaxy clusters (Bullet
Cluster, A2029, A2204, RXJ1720, Ophiuchus, A2142, A3667,
A1644, A520, and many more; see Markevitch & Vikhlinin
2007). While cold fronts may be the result of many different
physical events in the cluster, the density discontinuities in
them form for the same basic reason: whenever a gas-density
peak encounters a flow of ambient gas, a contact discontinuity
quickly forms.

Here, we measure the surface brightness profile in a wedge
toward the north of A3411, centered on the bright northern cool
core. The left panel of Figure 7 shows the cold-front signature,
as modeled by a broken power law (Equation (14)). The
density jump factor is C = 1.99. The right panel of Figure 7
shows what may be the bow shock, at 2’3 upstream from the
cold front, modeled as another broken power law. The density
jump is C = 1.22%929, which implies M = 1.1570 (with a
90% confidence upper limit of M < 1.6) if we interpret this
density discontinuity as a shock front. We used a Bayesian
information criterion (BIC) to compare a single power-law
model with a broken power-law model. For the single power-
law model, we obtain BIC = 75.9 (x2 = 67.75). For the
broken power-law model, we obtain BIC = 75.2 (x? = 54.74).
Despite the slightly lower BIC in favor of the density jump, no
clear conclusion can be drawn from the current data. The
density jumps and Mach numbers for all sectors are presented
in Table 3.
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Figure 7. Surface brightness profiles across the northern sector. Left: the surface brightness across A3411-12 bullet (cold front). Right: the surface brightness further
north, where a hint of a bow shock is detected. The total background level (i.e., instrumental and astrophysical) is shown by the blue line, with the +10 uncertainties

(blue dashed lines). On the bottom of each panel, the residuals (i.e .

Table 4 shows the temperature at the regions presented in
Figure 8, which are determined by the surface brightness
jumps. Toward the north, the cool core becomes very clear in
the surface brightness profile, as well as the temperature jump
from inside to outside of the stagnation point. Further north, the
temperature jump and density discontinuities are only sugges-
tive of a shock front. Indeed, computing the Mach number
using temperature (Equation (13)) associated with all three
suggestive shock fronts (in the northern, southeast inner and
southeast outer sectors) leads to unconstrained results.

5.4.3. Southeast Radio Relic, Cold Front, and Possible Shock Front

Measuring the surface brightness toward the southeast of
A3411-12, we also see the suggestion of an upstream bow
shock (right panel of Figure 9).

The surface brightness discontinuity presented in the south-
east inner region (see the left panel of Figure 9) has been
associated with a shock front, responsible for electron
reacceleration producing the bright radio relic (van Weeren
et al. 2017; see also Section 7). For this sector, we measure
C=1.1970% and M = 113304 (with a 90% confidence
upper limit of M < 1.6).

5.4.4. Southern Cold Front

Measuring the surface brightness toward the bright X-ray
clump in the south of A3411-12, we also see another cold-front
signature, as the X-ray surface brightness profile is very well
modeled by a broken power law (Figure 10). Measuring an
upstream bow shock, however, is not possible due to the very
low statistic at such a large distance from the cluster X-ray

bright regions. For this sector, we measure C = 1.70139%.

6. Merging Scenario

Optical, X-ray, and radio data indicate that A3411-12 is
undergoing a major merger. van Weeren et al. (2017) showed

SX.0bs — SX.mod
ASX, obs

) are displayed.

Table 3
Density Jumps and Mach Numbers

Sector Tshock (@rcmin) C M
Bullet 120559 1.9970:03 Cold front
Northern 3.48+081 1227939 1155088
Southern 465004 1.703% Cold front
Southeast inner 3.047043 1.1979%} 1135084
Southeast outer 6.3410: ‘2‘2 131702 1214943

Note. Columns list best-fit values for the parameters given by Equations (14)
and (15).

that the optical data indicates a clear bimodal galaxy
distribution, with velocity dispersion indicating a merger with
a 1:1 mass ratio, and a radial velocity difference between the
two peaks compatible with zero, suggesting a merger on the
plane of the sky. The X-ray data shows a bullet-like cool core
in the north with extended diffuse X-ray emission in the south,
also highly suggestive of a merger happening mostly in the
direction south—north on the plane of the sky. Cold fronts in the
south and north regions also support this, as well as what seems
be a bow shock upstream from the north cold-front-density
discontinuity. Assuming this density discontinuity to be a
shock, we measure a Mach number of M = 1.1570:4. The
radio data shows a large, Mpc scale relic in the south, a typical
signature found in the outskirts of many merging clusters.
Because of the very good Chandra X-ray data, we are able
identify and constrain what seems to be a shock in the south
(southeast outer sector—it is important to note that we cannot
constrain the temperature, therefore the nature of the density
jump), with a Mach number of M = 1.217%'13. In van Weeren
et al. (2017), the best fit for the density jump at the location of
the radio relic gives M = 1.2, with a 90% confidence upper
limit of M < 1.4, also suggesting a low Mach number. Here,
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Figure 8. Blue: sectors used for surface brightness extraction. Black: radio contours indicating the location of radio relics. Black contours display the radio emission of

A3411-12 at the 30,y level, with o = 0.4 ;Jy beam ™.

Table 4
Temperature
Sector rin (arcmin) TFout (arcmin) kT (keV)
N cold front 0 1.20 51515018
N downstream 1.20 3.48 7.4010:83
N upstream 3.48 8 5.0610:40
S cold front 0 4.65 6.5019033
S downstream 4.65 11 6.4073¢
SE I downstream 0 3.04 6.267044
SE I upstream 3.04 11 4.56%033
SE O downstream 0 6.34 5.8119%9
SE O upstream 6.34 1 2547596

Note. Columns list the sector used to extract the temperature (N: north; S:
south; SE I. southeast inner; SE O: southeast outer), the inner and outer radii,
and temperature.

we measure at the location of the radio relic presented in van
Weeren et al. (2017) (Southeast Inner sector) M = 1.1370;2.

6.1. Merger Analogs

To model the dynamics of the merger we used the method of
Wittman (2019), who uses the projected separation, relative line-
of-sight velocity, and masses to select analog systems from a
cosmological N-body simulation. We followed that work in using
the Big Multidark Planck Simulation (Klypin et al. 2016) hosted
on cosmosim.org, but we updated the cluster parameters as
follows. First, the X-ray morphology strongly suggests that the
subclusters are still outgoing, so we eliminate analog systems that
are in the returning phase. Second, our M5, estimate implies a

10

total virial mass ~1.4 x Msy = 10 x 10'* M. This is lower
than the 16 x 10™* M, total mass used by Wittman (2019), who
noted that the only available mass estimate available then was a
dynamical mass likely to be biased high. Because the velocity
dispersions of the two subclusters are almost equal and our X-ray
data do not constrain the mass ratio, we search for analog systems
with subcluster virial masses of (5 & 2.5) x 10" M_..

The resulting constraints are: the subcluster separation vector
is >74 (>60)° from the line of sight at 68% (95%) confidence;
the time since pericenter passage is 460-790 (340-820) Myr
at the same confidence levels; the maximum relative speed
reached near pericenter passage, Vmax, 18 2000-2500
(1900-2800)km s~ '; and the relative speed at the time of
observation is 540-1100 (320-1400)kms~'. Note that the
maximum relative speed of the analog halos is likely to be
underestimated due to confusion in assigning particles to
overlapping halos (Wittman 2019).

These estimates are consistent with the shock position as
follows. Hydrodynamical simulations of a merging cluster
(Springel & Farrar 2007) indicate that shocks are launched
from near the center of mass (CM) around the time of
pericenter passage. The maximum speed vy« sets the speed of
the shock front; over time the subclusters slow substantially
(and eventually fall back) while the shock slows little. Hence
the analogs predict that shock fronts have been traveling at
21200 km s~!in CM coordinates for 650 Myr, for a distance of
=830 kpc. Because the analogs also predict that the separation
vector is close to the plane of the sky, we expect the projected
separation between shock and CM to be =800 kpc. In fact we
find ~1.1 Mpc, which indeed requires a projected separation
not much less than the physical separation, as well as the

analog speed being biased low by several hundred kms ™"
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Figure 9. Surface brightness profiles across the southeast sector. Left: the surface brightness across A3411-12 southeast. Right: the surface brightness further south
where a hint of an edge is detected. The total background level (i.e., instrumental and astrophysical) is shown by the blue line, with the =10 uncertainties (blue dashed

SXvobs - SX,mnd

lines). On the bottom of each panel, the residuals (i.e . A

South

—— Total bkg (sky + inst) [0.5-2.0 keV]
# Source [0.5-2.0 keV]

Sx [photons cm™2 s~1 arcmin—2]

1054
0.0t |+|+l +’ H|*H+ |
P

-2.5¢

++++ L UNES
+_ |

-5.0,

Distance [arcmin]

Figure 10. Surface brightness profiles across the south sector. The total
background level (i.e., instrumental and astrophysical) is shown by the blue
line, with the +10 uncertainties (blue dashed lines). On the bottom of each
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If the shock propagates at ~1600 km s~ in CM coordinates
as suggested by the 1.1 Mpc separation, this implies
~3000 km s~! relative to the unshocked gas, or M ~ 3.2
The smaller Mach number we find could be due to line-of-sight
projections of different parts of the 3D shock front. It could
also be due to slowing of the shock over time: although
Springel & Farrar (2007) found that the slowing was only about
10%, their simulations extended only 300 Myr past pericenter,

2 For kT ~ 5keV (the measured temperature in the north upstream region)
the sound speed is ~1000 km s~!

) are displayed.
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while we are observing A3411 much later, ~650 Myr after
pericenter passage. Addressing these issues will require
detailed hydrodynamical simulations, beyond the scope of this

paper.

7. Formation of Radio Relics

From our analysis of the density jumps across surface
brightness discontinuities, we conclude that if they are indeed
shocks, they are very mild. However, radio relics extend over
Mpc in the A3411-12 system (see radio emission (red) in
Figure 1). The fact that we observe very extended radio relics
in a cluster with such low Mach number shocks is indicative
that a population of energetic electrons already existed over
extended regions of the cluster.

The southeast inner edge has been discussed in van Weeren
et al. (2017) where it is argued that this edge is a shock front
where particles from a nearby tailed radio galaxy are being
reaccelerated. While there is evidence for a mild density jump
at this location, the Chandra data are not deep enough to
confirm the presence of a temperature jump. This means that in
principle this edge could also trace a cold front. Given that this
edge traces a relic, a shock interpretation is more likely, as this
has been confirmed for numerous other relics (e.g., van Weeren
et al. 2019). However, a cold front (contact discontinuity)
might also be able to explain some of the observed radio
features. Magnetic field lines are thought to be stretched along
the cold-front interface (Lyutikov 2006; Dursi & Pfrommer
2008). An alignment of magnetic field might explain the
increase of the observed polarization fraction of the radio relic
at this location. If the ICM magnetic field is also locally
enhanced at the cold front, this will result in a flattening of the
radio spectral index, providing that the underlying spectrum
contains a spectral cutoff (i.e., is curved). A higher magnetic
field strength will then “illuminate” a different part of the
underlying electron spectrum, causing the observed spectral
index to flatten (Katz-Stone et al. 1993). A curved spectrum
with a spectral break is naturally expected due to electron
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energy losses in the tail of the AGN. Although a shock scenario
remains more likely, future temperature measurements will be
important to confirm or rule out a cold-front scenario for the
origin of the relic.

8. Conclusions

In this paper, we presented deep Chandra observations of
the merging cluster A3411-12. This remarkable cluster hosts
the most compelling evidence for electron reacceleration at
cluster shocks to date. We present gas temperature, X-ray
luminosity, gas and total masses, and gas fraction profiles. We
computed the shock strength using density jumps to conclude
that the Mach number is small (M < 1.157548). We also
presented density, temperature, pseudo-pressure, and pseudo-
entropy maps. Based on the pseudo-entropy map we conclude
that the cluster is undergoing a mild merger, consistent with the
small Mach number. On the other hand, radio relics span over
Mpc in the A3411-12 system, which indicates that a
population of energetic electrons already existed over extended
regions of the cluster. In the southeast of the system there is
evidence for a mild density jump, however our Chandra data
are not deep enough to confirm the presence of a temperature
jump. Therefore, we cannot determine if this edge traces a cold
front or a shock. Future higher precision temperature measure-
ments are therefore important to test the shock reacceleration
scenario for radio relic formation.
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Appendix A
Density Jumps and Mach Number Distributions

Here, we present the density jumps and Mach number
distributions from Figures 7, 9, and 10 (see Figures 11 and 12).
They show the distribution of solutions for the fitted parameters
from the X-ray surface brightness profiles across the wedges
presented in those figures.
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Figure 11. Distribution of density jumps for the cold fronts in the northern and southern sectors. Left: distribution of density jumps from the MCMC simulations from
the cold front in the northern sector (the bullet). Right: same as the left panel, except for the southern cold front.
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Figure 12. Distribution of density jumps (left panels) and Mach numbers (right panels) for the discontinuities in the northern and southern sectors. Top panels:

distributions of density jumps and Mach numbers from the MCMC simulations from the discontinuity in the northern sector. Center panels: same as top panels, except
for the southeast inner sector. Bottom panels: same as top panels, except for the southeast outer sector.

Appendix B
MCMC Corner Plots

Here, we present the MCMC “corner plots” (Foreman-
Mackey 2016, 2017) from Figures 7, 9, and 10 (see Figures 13,

13

14, 15, 16, and 17). They show the distribution of solutions for
the fitted parameters from the X-ray surface brightness profiles
across the wedges presented in those Figures. For all corner
plots, contour levels are drawn at [0.5, 1.0, 1.5, 2.0]o levels.
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Figure 13. MCMC “corner plot” for the distribution of solutions of the fitted parameters from the X-ray surface brightness profiles across the bullet discontinuity (see
left panel of Figure 7).
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Figure 14. The MCMC “corner plot” for the distribution of solutions of the fitted parameters from the X-ray surface brightness profiles across the northern
discontinuity (see right panel of Figure 7).
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Figure 15. MCMC “corner plot” for the distribution of solutions of the fitted parameters from the X-ray surface brightness profiles across the discontinuity in the
southeast outer wedge (see left panel of Figure 9).
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Figure 16. MCMC “corner plot” for the distribution of solutions of the fitted parameters from the X-ray surface brightness profiles across the discontinuity in the
southeast inner wedge (see top right panel of Figure 9).
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Figure 17. MCMC “corner plot” for the distribution of solutions of the fitted parameters from the X-ray surface brightness profiles across the discontinuity in the south
wedge (see Figure 10).
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