Radio emission from merging galaxy clusters :
characterizing shocks, magnetic fields and particle

acceleration
Weeren, R.J. van

Citation

Weeren, R. J. van. (2011, December 20). Radio emission from merging galaxy
clusters : characterizing shocks, magnetic fields and particle acceleration.
Retrieved from https://hdl.handle.net/1887/18259

Version: Corrected Publisher’s Version
Licence agreement concerning inclusion of doctoral
License: thesis in the Institutional Repository of the University
of Leiden

Downloaded from: https://hdl.handle.net/1887/18259

Note: To cite this publication please use the final published version (if
applicable).


https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/18259

cHapTER 10

Using double radio relics to constrain galaxy cluster mergers:
A model of double radio relics in CIZA J2242.8+5301

Abstract. Galaxy clusters grow by mergers with other clusters andxgajeoups. These merg-
ers create shock waves within the intracluster medium (I@M} can accelerate particles to
extreme energies. In the presence of magnetic fields, iskiti electrons form large regions
emitting synchrotron radiation, so-called radio relicehid the shock front, synchrotron and
inverse Compton (IC) losses cause the radio spectral imdeeépen away from the shock front.
In a binary cluster merger, two shock waves are generatechwhove diametrically outwards
along the merger axis. Two radio relics can then form on bitéssof the cluster center. An
example of such a cluster is CIZA J22423801, where very clear spectral steepening in the
downstream region is observed. The main relic has a totahewtf 1700 kpc, while its width is
only 55 kpc. Together with the high observed polarizati@tfion, this implies the relic is seen
very close to edge-on which makes it easier to constrain #grgen geometry. Here we present
hydrodynamical simulations of idealized binary clustergees with the aim of constraining
the merger scenario for this cluster. From our simulatioves find that CIZA J2242.85301

is probably undergoing a merger in the plane of the sky (lesa L0 from edge-on) with a
mass ratioll; : My) of about 2 : 1, and an impact parameted00 kpc. We find that the core
passage of the clusters happened about 1 Gyr ago. We cortlcatatouble relics relics can set
constraints on the mass ratios, impact parameters, tinessead viewing geometry of binary
cluster mergers, which is particularly useful when dethXeray observations are not available.
In addition, the presence of large radio relics can be usedristrain the degree of clumping in
the outskirts of the ICM, which is important to constrain Bayon fraction, density and entropy
profiles, around the virial radius and beyond. We find thattiglitude of density fluctuations,
with sizes ofg 200 kpc, in the relic in CIZA J2242486301 is not larger than 30%.

R. J. van Weeren, M. Briiggen, H. J. A. Rbttgering and M. ioef
Monthly Notices of the Royal Astronomical Soci@@11, in press
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204 Chapter 10. Using double radio relics to constrain gatésster mergers

10.1 Introduction

Radio relics are diiuse, steep-spectrum radio sources found in merging galastecs. They
have been divided into three group&@mpner et al. 2004 radio gischt, radio phoenix and AGN
relics. Here we will only be concerned with so-calledlio gischtrelics, these are elongated
arc-like radio sources with sizes of up to 2 Mpc (eEmsslin et al. 1998 They are mostly found
in the outskirts of galaxy clusters. Recent observations lgaven support to the hypothesis that
they trace shock fronts in which particles are acceleratedhe difusive shock acceleration
mechanism (DSAKrymskii 1977 Axford et al. 1977 Bell 1978ab; Blandford & Ostriker
1978 Drury 1983 Blandford & Eichler 1987 Jones & Ellison 1991Malkov & O'C Drury
200).

A particularly interesting “class” of radio gischt are trealled double-relics. In this case
two relics are diametrically located on both sides of thestgucenter (e.g.,Bonafede et al.
2009h van Weeren et al. 20090enturi et al. 2007Bagchi et al. 2006Rottgering et al. 1997
van Weeren et al. 2018rown et al. 2011van Weeren et al. 2011Bagchi et al. 2011 These
double relics are very rare, with only about ten known soHlwever, most of them were found
in the last few years suggesting that more of them await desgpespecially with future deep
radio surveys. Large cosmological simulations that ineluadio emission from shocks, also
indicate that double radio relics are more common (&gillman et al. 2011Battaglia et al.
2009 Hoeft et al. 2008

Double radio relics are thought to trace outward moving khveaves from a binary cluster
merger, which develop after core passage of the two suleckisin the DSA scenario, syn-
chrotron and IC losses cool the particles at the back of thelksfront. If the relics are seen
roughly edge-on this creates a radio spectral index gratberards the cluster center. The line
connecting the two relics should represent the (projecteijer axis of the system. Thus, dou-
ble relics in principle can be used to set constraints on thgyer timescale, mass ratio, impact
parameter and viewing angle.

An example of a cluster hosting a double radio relic is CIZR42.8+5301 an Weeren
etal. 2010. The cluster is located at= 0.1921 and has an X-ray luminosity 08 10* ergs?,
between 0.1 and 2.4 ke\K@cevski et al. 200y With this X-ray luminosity the total mass of
the cluster is roughly 5 x 10*M,, (Pratt et al. 200p In van Weeren et a[2010 we presented
Westerbork Synthesis Radio Telescope (WSRT) and MetreRadio Telescope (GMRT) ob-
servations of this cluster that showed the presence of aressjve double relic system. In the
north of the cluster, a large radio relic is found with a taaient of 1700 kpc (we did not in-
clude the patch of emission at RAR222™ 20°, Dec+53° 08 45”). To the south of the cluster
center a second fainter relic is found with an extent of 146 KThe relics are located along
the major axis of the elongated X-ray emission from the ICMijlevthe relics themselves are
orientated perpendicular to this axis. This configuratioexpected for a “clean” (i.e., a merger
event without much substructure) binary merger event irctvishock waves are propagating
diametrically outwards to the north and south. Within theckhparticles are proposed to be
accelerated by DSA. The relics are separated by a distan28 dflpc. The northern relic is
strongly polarized at 4.9 GHz, with a polarisation fractadn- 50%. The polarization magnetic
field vectors (corrected for thdfect of Faraday rotation) are parallel to the major axis of the
relic. The magnetic fields are thus mainly orientated withimplane of the shock wave and the
relic must be seen close to edge-&méslin et al. 1998 We also observe clear steepening of the
radio spectrum (with the spectral index changing fre@6 ~ —0.8 to more than-2.0 between
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0.61 and 2.3 GHz) in the direction of the cluster center, sthe width of the relic. Between
the two relics additional diuse emission is found, which is also seen in a deep 150 MHz GMRT
image fan Weeren et al. 201}d

However, there are still quite a few puzzles that surroudébreelics, such as:

e Which processes accelerate electronsfRoiently at relatively low Mach numbeM ~
2 —4) shocks?

e What produces the magnetic fields inside relics?
e Why do some relics have very sharp edges while others appeafuzzy?

e Under which conditions do relics form? When do we see singtevehen double relics?

Many of these questions touch physical processes that amypmderstood, such as dif-
fusive shock acceleration and magnetogenesis in collessrshocks, and relate to regions of
the cosmos of which we know very little. At the same time, kiuts of galaxy clusters have at-
tracted considerable interest for cosmology as they arerged primarily by simple gas physics
and gravity and much less by complicated processes suctliativa cooling, star formation and
AGN feedback. However, information about the peripheryalbgy clusters is scarce. Recent
X-ray observations with Suzaku have measured surfacetnegh profiles out to the virial ra-
dius for a number of nearby clusteBautz et al. 2009George et al. 20QReiprich et al. 2009
Hoshino et al. 2010Simionescu et al. 20)1 The results indicate significant deviations from
extrapolated profiles of the gas mass fraction which area@ix@ll by an increased clumpiness
of the ICM that occurs on scales of several 100 kpc or smallethe cluster outskirts areftlr
cult to access via X-ray observations owing to the low swtagghtness at large cluster-centric
radii, important information may be derived from radio eslwhich illuminate the outskirts of
merging galaxy clusters.

In this paper we will describe simulations with the aim ofamstructing the merger event
of the cluster CIZA J224285301. In particular we will focus on the mass ratio and impact
parameter of the merger and how they can be constrained frephiservations and simulations.
We further attempt to infer properties of the ICM at distabeyond the virial radius from the
observed features of the radio relics, such as the morphaloifpe emission.

In Sect.10.2we will shortly discuss previous work on idealized modelgloster mergers,
and in Sect10.3we describe the method and adopted initial conditions. Ehisllowed the
results in Sectsl0.4and10.5 We end with a discussion and summary in Sebs6and10.7.

10.2 Overview: Simulations of galaxy cluster mergers

Numerical simulations of idealized binary galaxy clustergers were performed Roettiger
et al.(1993; Schindler & Mueller(1993; Burns et al(1994h; Pearce et al1994); Roettiger
et al.(1997); Ricker(1998; Roettiger & Flore$2000); Ricker & Sarazin2001).

Roettiger et al(1993 simulated a head-on merger with a mass ratio of 8. The chigtere
modeled as King-spheres. They used a hybrid Hidhtoody code, simulating the hydrody-
namical component with the ZEUS-3D code on a nonuniform, gnidl the N-body component
with the Hernquist treecodéiernquist 198Y. Their simulation showed the development of a
single shock that reached a Mach numbef) (of more than 4. In addition the core of the main
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cluster was heated tox310° K. The simulated X-ray surface brightness was double peakdd
elongated parallel to the merger axBurns et al(1994h simulated the collision between the
Coma cluster and the NGC 4839 galaxy group using the sameasodescribed biroettiger
et al.(1993.

Schindler & Mueller(1993 simulated collisions of clusters using a uniform grid-PPM
(piecewise-parabolic method) code for the gas dynamiciewh N-body code was used for the
collisionless component consisting of dark matter and>ge$a They showed the development
of outward propagating shock waves generated during thisiools between subclusters.

None of the works mentioned above included the baryonicritmriton to the gravitational
potential. Head-on equal mass collisions between clusters simulated biPearce et a(1994
using smoothed-particle hydrodynamics (SPH), includiathtibaryons and dark matteRoet-
tiger et al.(1997 used a PPNparticle-mesh code to simulate a collision intended torrgde
the cluster Abell 754 Roettiger et al(1999 presented the first three-dimensional numerical
magnetohydrodynamical (MHD) simulations of the magnettdfievolution in merging clus-
ters of galaxies, which they subsequently applied to mdaetibuble radio relics in Abell 3367
(Roettiger et al. 1999a They concluded that the radio structures arise from &tigft-axis
merger that occurred nearly in the plane of the sky approbaiya Gyr ago, with the subcluster
having a total mass of 20% of the primary clusteoettiger & Floreg2000 also modeled the
X-ray substructure seen in Abell 3266 as dfiaxis merger with a mass ratio of®: 1.

Ricker(1998 simulated df-center collisions of equal mass clusters using a PPM codiaman
isolated multigrid potential solver. They simulatefi-oenter collisions with 0, 5, and 10 times
the cluster core radius and studied how the virialisatiometiX-ray luminosity, and structure of
the merger depended on the impact parameter of the colligibay found that the increase in
X-ray luminosity due to the merger depends on the impactrpater of the collision Ritchie
& Thomas (2002 also reported that mergers can lead to large increaseslambtric X-ray
luminosities and emission-weighted temperatures. Caelscare completely disrupted by equal
mass head-on mergers, while for mergers with mass ratios:of 8he cooling flow restarts
within a few Gyr. For mergers with impact parameters of 500tk cool-core is not disrupted.
Ricker & Sarazin(2001) investigated cluster collisions, varying both the mas® r@nd impact
parameters. They found that merger events created laedetscbulent motions with eddy sizes
up to several hundred kiloparsecs.

FLASH (Fryxell et al. 2009 high-resolution N-bodfhydrodynamics simulations have been
carried out byZu Hone et al.(2009 to model the cluster Cl 0024L7, a proposed merger of
two clusters, with the interaction occurring along our lafesight. Also, gas sloshing initiated
by mergers with subclusters, and tHeets of mergers on the entropy of the ICM were investi-
gated byZuHone et al(2010; ZuHone(2011). Various simulations of cluster merger were also
presented byfakizawa(1999 2000; Takizawa & Naito(2000; Takizawa(2008). In Takizawa
(2008 N-body+ magnetohydrodynamical simulations were performed fronckvis was found
that cluster mergers cause various characteristic maygfielti structures. The magnetic field
component perpendicular to the collision axis is amplifigdH® merger which results in a cool
region wrapped by field linesMcCarthy et al.(2007) focussed on the generation of entropy
during cluster mergers ar&kahori & Yoshikawa(2010 investigated how the ionization equi-
librium state is &fected by cluster mergers. They report that the ICM signiflgateparts from
the ionization equilibrium state at the location of shocks.

Poole et al(2006 carried out a suite of SPH simulations of merger of clustdrase initial
conditions resembled relaxed cool core clusters. Theystiyated the &icacy of (i) centroid
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variance, (ii) power ratios, and (iii) X-ray surface brighsgprojected mass displacement to
qguantify the degree to which observed clusters are distlirBeom this it was found that the
centroid variance gives the best measure of the state dectsnd how far they are from virial
and hydrostatic equilibrium.

Cluster mergers can decouple the baryonic matter compdr@ntthe dark matter (DM)
which causes andfiset between the gravitational center (measured from Ighsind X-ray
center of the cluster. This was first observed for the “Builaster” (LE065%56,Clowe et al.
2009. Springel & Farrar(2007) presented hydrodynamical models of galaxy cluster merger
to reproduce the dynamical state and mass models (fromtgtiavial lensing) of the “Bullet”
cluster (LE065%56). They showed that the size of the spati@et between the baryonic peak
and mass is quite sensitive to the structural details of thrgimg systems. Thidtset was earlier
also found in numerical models Byakizawa(2006. Mastropietro & Burker(2008 presented
detailed N-bodySPH simulations of the system. They found that the X-ray rolggy is best
simulated with a mass ratio of 6 : 1 and an impact parametes@kbpc.

10.3 Numerical method

We used the FLASH 3.2 frameworkifyxell et al. 2000 for the simulations which includes
standard hydrodynamics and gravity. We did not include ffexts of radiative cooling, as this
is not very relevant for the spatial and temporal time scetesidered here. Furthermore, the
hydrogen number density was assumed to be related to thigoslemumber density asy =
0.6n.. We chose outflow boundary conditions. We simulated a bolx avgize of 55 x 5 Mpc.
A maximum of 6 refinement levels are allowed, resulting in ximam resolution of 3.25 kpc.
The minimum refinement level was set to 3 giving a resolutit®6okpc. The simulations were
run at this relatively low-resolution in order to study agar range of merger parameters.
For the gravitational potential of each subcluster we asstgdrostatic equilibrium and
spherical symmetry,
dp _ ks [T(r) dp(r)  dT(r)
—_ B | A )
dr umy | p(r) dlogr dlogr

whereT (r) andp(r) are the radial density and temperature profilasthe hydrogen mass, and
u the mean molecular weight (we adgpt= 0.6). We move the center of the gravitational
potential of the merging subcluster around the fixed paatofithe main cluster, ignoring the

interactions between the dark matter.

: (10.1)

10.3.1 Radio emission from shocks

We use passive tracer particles in the simulations to mdaetadio emission. At the start of
the simulation the particles are distributed proportidnahe density throughout the complete
computation volume. The advantage is that in this way easkiyatracer particle represent
roughly the same amount of mass which simplifies the normiidiz of the radio emission, as
the contribution from every particle can be simply addedkg. each tracer particle, 5 million
in total, we record the position, velocity, density and temgure as a function of time, writing
the results to disk every 30 10° yr. In order to create synthetic radio maps, we locate all
particles that have passed through the shock waves in thaation by looking at the variation
of the temperature as function of time for each tracer gdartit?Ve define a particle to have
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passed through a shock if the temperature between two sineesitputs spaced 3010° yr
apart increases by more than a factor of 1.5 (no radio ennissigenerated below this number).
For each particle that passes through the shock we then dertiuMach number/, using
Rankine-Hugoniot jump conditions and adiabatic ingex 5/3 (Landau & Lifshitz 1959,
compression ratio, entropy ratio, and the time since it lz@s@d through the shock. With these
parameters we compute the synchrotron emission at a gieguéncyv using the JP model
(Jafe & Perola 1973 taking into account the spectral ageing due to synchnaral IC losses.
We apply eq. 5 and 6 fror{omissarov & Gubanoy1994 and usdy = 0, see alsiardashev
(1962); Pacholczyk1970.

The amount of synchrotron emission for each tracer paiiciecorded. A radio map is then
simply computed by integrating the radio emission from deater particle in the computational
volume along a chosen line of sight.

We takeBcvg = 4.6 uGauss the equivalent magnetic field strength of the CMB at
0.1921. To compute the radio emission the magnetic field is eete8ince we do not include
magnetic fields in our simulation we adopt constant valueti®magnetic field. The spectra
are then normalized using the method describetlbgft & Briiggen(2007), which takes into
account the @iciency of acceleration as function of Mach number. We stét & spectrum of
suprathermal electrons with a power-law distributigg) o« E~3, with E the energy. The index
s, with s = 1-2ap;, andain; the injection radio spectral index, depends only on the gesgion
ratio (or Mach numbery,, of the shock front:

r+2
= — 10.2
$=—7 (10.2)
and (e.g.Giacintucci et al. 2008
1 M+1
Tinj = z - m . (10.3)

We assume that a small fractigpof the thermal energy goes into the acceleration of elec-
trons Keshet et al. 2004 Furthermore, we take into account that the electrons céwy lze
accelerated to a finite maximum ener@y) (Keshet et al. 2003 The electron spectrum with
a smoothed high-energy cutk@s then given by

N & 152 5
dne _ ] neCopec eofi-g5) " ¢ e<Em , (10.4)
dE 0 : elsewhere
whereé'= E/mec?. The normalization consta@tpecgives the fraction of electrons Bt= MeC2.
Following Hoeft & Briiggen(2007), we assume that the thermal Maxwell-Boltzmann distri-

bution goes over continuously into the power-law spectréith@suprathermal electrondoeft
& Briiggen(2007 show that the normalization of the electron spectrum isigivy

u -1) 1
Cspec: ‘fe_d L M—

— , 10.5
c? me q Ispec ( )

whereuy is the downstream velocitg,the entropy ratio%y/S,) across the shock, and

00 é s-2
lspec= olééls{l—~ } . (10.6)

Emin ax
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The minimum energyemn = Emin/MeC?, is the energy above which electrons are considered to
be suprathermal. This results is an implicit equatiorHg#, that has to be solved simultaneously
with the normalization of the spectrum. We directly applg ttode fromHoeft & Briiggenfor

this.

10.3.2 Initial conditions

For the initial conditions we start with two spherically syratric (sub)clusters with masskh

and M, separated by a distande Subscript 1 always refers to the more massive cluster (i.e.
M1 > My). The density profiles of both subclusters are describedrnyes3-models Cavaliere

& Fusco-Femiano 1976

-3
r 2172

o0)=pol1+(£) } , (10.7)
wherepg the central density, the core radius. We decided to fixo 2/3 (e.g.,Bohringer et al.
2000 andpo = 2x 10726 g cn3 (0.02 particles per cf) for both subclusters. This value fog
is roughly the average of the values found@®spston et al(2008 for a sample of 31 clusters.
They found that the central densities did not show any chesardt with the overall mass and
temperature of the clusters.

We used theM — T scaling relation fromMantz et al.(2010 to get the global average
temperature from the cluster’'s mass.

Tavg — 100.88+0.48|0g10 (M/10%*M,) [keV] . (108)
For the radial temperature distribution we use a polytrppatile (e.g.Pratt & Arnaud 2002
T(r) = Tavgp(r)™* (10.9)

with 7 = 1.1 andyt = 1.2 andTayg given by Eq.10.8 In addition we allow for a temperature
drop in the center of the cluster to simulate a relaxed cow ctuster (e.g.Fabian et al. 1991
Peterson & Fabian 2006The temperature decline is the central region is givenAte( et al.
200%; Vikhlinin et al. 2006

Teool(r) = Tx+1 X=

X+ Trin/ Tavg ( r )ac (10.10)

I'cool

whereTmin/ Tavg is the relative temperature drop in the centggy the radius of the cool core,
andagqo controls de rate of the temperature decrease. The final raope model is given by

Trun (r) = T(r)Teool(r) - (10.11)

For the merger scenario we follo®arazin(2002, where two subclusters merge at time
tmerge (the age of the Universe at the time of the merger). The twstets have a large initial
separationgdy. The value ofdy does not stronglyféect the merger because the infall velocity
approaches free-fall from infinity. If we assume that thestdus dominate the mass in the region
of the Universe they occupy

1/3 2/3
M;+ M t
do ~ 4.5( 1+ 2) ( merge

/
105M, 1010 yr) [Mpc] . (10.12)
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For CIZA J2242.85301 ¢ = 0.1921)tmergeis 110 Gyr.

To speed up the simulations the centers of the two subctuaterplaced at a distande=
2 Mpc from each other. This we definetas 0. The relative velocity between the clusters at
that starting point is given bgarazin(2002 as

1/2
1-4d -1/2
v~ 2030 MLt M2 "7 G d kmsY, (10.13)
10%Mg 4 _ (ab_)z 1 Mpc
0

whereb is the impact parameter of the collision. Using the startowgtion, initial velocities
and masses of the subclusters we move the center of theajiawél potential of the merging
subcluster 1) around the fixed potential of the “main” clusteM/{), ignoring the interactions
between the dark matter and treating the clusters as poissasa This fixes the subcluster’s
orbit around the main cluster. The point ¥, 2) = (0,0, 0) is defined by the center of mass of
the system. The gravitational acceleration of the gas wars ¢tbomputed using EG0.1

To reconstruct the merger that gave rise to the double ratdio CIZA J2242.85301, we
varied the mass ratio and impact parameter in the simulatiothe post-processing (to create
the radio maps) we also varied the viewing angle. The totasnad the two (sub)clusters
(M1 + My) was kept constant to.5x 10**M,. The values for. are fixed by the total mass of
the system and the required mass ratio (these are reporfatdhi@10.1). In Sect.10.6we will
discuss theféect on the simulations if we takeftBrent values fo8 andr.. For the default runs
we choseTyin/Tavyg = 1, i.€., No temperature drop in the cluster center. In Skt#.1.5we
discuss theféect of including a central cool core to the most massive sigbet. For all runs we
place the merger axis along the y-axis with the least massiger located at positive y-value
and the initial velocity (given by EdL0.13being in negative y-direction).

10.4 Results

The names and parameters for thatient FLASH runs are given in Tabl®.1 We start with

a description of the basic hydrodynamical quantities (thesity, temperature, and the velocity
field) from the simulations. We will discuss the results fanarger with a mass ratio of 2 : 1
and zero impact parameter (R21b0; see E@J), and for a merger with the same mass ratio
but with an impact parameter of 4r(4; R21b4), see Figl0.2

The R21b0 merger starts with the subcluster approachingntiia cluster. Two shocks,
with M ~ 1.15 att = 600 Myr, develop as the cores approach each other. Afterpassage,
att = 1.25 Gyr, a pair of stronger symmetrical shock waves form thatel diametrically
outwards in front of the two subclusters. The shock waveesse in size as the time advances,
although their Mach numbers decreaset At1.95 Gyr the maximum Mach numbers are about
3.1 and 2.3 for the top and bottom shock waves, respectivdly. = 2.28 Gyr the two shock
are separated by 2.8 Mpc, as is the case for the double rali€3ZA J2242.85301. The
Mach numbers at this time have decreased to abguazd 22, for the top and bottom relics,
respectively. Thus, the most massive cluster with the Eirgre radius develops the largest (and
slightly stronger) shock wave in front of it after core pagsaThe velocity field at = 2.3 Gyr
is shown in Fig10.3(left panel).

Mergers with dfferent mass ratios, ranging between 1 to 5, show a similammgicThe size
and strength of the shock waves depend on the mass ratioh(\iwhiarn determines the core
radii of the subclusters). In collisions with a larger maassorthe shock waves in front of the
less massive subcluster reduces in relative size and $itreng
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A 2 : 1 merger with an impact parameterlof= 4r.; (R21b4) develops two asymmetric
spiral-like shock waves, and again the two shocks hafferént sizes depending on the mass
ratio used. The amount of asymmetry deepens on the impaaingder. The Mach numbers
across these asymmetric shocks decrease more slowly oeftteide of the merger axis. At
t = 2.1 Gyr the maximum Mach number is about 2.9 and 2.2 for the taplaoitom shock
waves, respectively. This decreases to about 2.7 and 24 2¥ Gyr when the two shocks are
separated by 2.8 Mpc. The velocity fieldtat 2.4 Gyr is shown in Fig10.3(right panel).

10.4.1 Radio maps

In this section we present the simulated radio maps for aerahgnass ratios, impact parame-
ters, viewing angles and radial dengigmperature profiles, and compare them to the observed
WSRT radio map at 1382 MHz. To create the radio maps, we iatedrthe radio emission
from each tracer particle that passed through the shoclgdlmnline of sight. All radio maps
are normalized to the peak flux in the simulated map and aregrad with a 2-dimensional
Gaussian of 5& 40 kpc to match the resolution of the WSRT image. This smaogtis also
needed as the radio emission is computed using a discretieanohparticles with insfiicient
sampling to create images at the resolution of the hydrd-dfor making the radio maps, we
assumed a constant magnetic field strengtB ef5.0 uGauss, segan Weeren et a(2010.

It takes about 1.0 Gyr for the two relics to be separated b8 after core passage. This
number varies very little for mass ratios between 1.5:1 ahdRor impact parametebs> 0 kpc
the time since cores passage only increases slightly tadbbGr forb = 5r¢; (e.g., Fig.10.3.
Therefore, the time since core passage does not depend mubb adopted initial conditions
such as the mass ratio and impact parameter. However, tiestime core passage will also
depend on the adopted total mass of the system and on thertomeeorofile, since thisfiects
the sound speed. Detailed X-ray observations would be tidipfe to better constrain the total
mass and measure the temperature profile.

10.4.1.1 Mass ratio

We varied the mass ratios for the collisions between 1 : 1 antl. ¥he mass ratio (which also
set the core radii)féects the size of the two outwards moving shock waves after gassage.
The resulting radio maps for mergers with fouffeient mass ratios are displayed in Fig.4
and the largest linear extent of the relics are listed in dd8.2 The radio maps display a
double relic system, with the front of the two relics tracthg shock waves. Towards the cluster
center and the leftight edges of the relics, the surface brightness decreddss size of the
shock waves (thea > 2 part) directly reflects the extent of the relics in the radiaps.

We compare the synthetic radio maps to the observed 1382 MBRWnap. The observed
and synthetic maps are aligned by eye to the bright nortreimin CIZA J2242.8 5301, by
simple translation and rotation. With a visual comparisod the taking into account the sizes
listed in Table10.2 we find the best match between the observed and simulatedmags for
a mass ratio around 2 : 1 to5Ll: 1 For more equal mass ratios the bottom relic increases to a
size that is larger than the observed size. The oppositesmadpr larger mass ratios. When we
compare the simulated radio images with the temperatureimfaig. 10.3(left panel) we note
that the relic emission does not trace the full extent of theck waves. This is a consequence
of the non-linear relation between the Mach number and niizaten of the radio spectrum,
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Figure 10.1: Temperature and density evolution for a 2:1gerewith zero impact parameter. The images display the teatyre at a slice = 0, while
the white contours follow the density. The density cont@nesdrawn at levels of lqg(o([g cm™®]) = [-27.9,-27.8,-27.7,.. .
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Table 10.1: List of simulations with their defining parantste

run mass rati® impact parameteb] r¢1, rc2 Tavgts Tavgz WS comment

M : My kpc kpc, kpc  keV, keV kmg
R11b0 1:1 0 115,115 4.1,4.1 -937
R1.51b0 1.5:1 0 126,101 4.5,3.7 -927
R21b0 1:1 0 134,90 4.7,3.3 -922
R2.51b0 2.5:1 0 139, 84 48,3.1 -926
R31b0 3:1 0 145, 80 5.0,3.0 -944
R21b0.5 2:1 ., = 67 kpc 134,90 4.7,3.3 -922
R21b1 2:1 1.1 =134 kpc 134,90 4.7,3.3 -921
R21b2 2:1 2., =268 kpc 134,90 4.7,3.3 -916
R21b3 2:1 8.1 =402 kpc 134,90 4.7,3.3 -908
R21b4 2:1 4.1 =536 kpc 134,90 4.7,3.3 -897
R21b5 2:1 Bc1 =670 kpc 134,90 4.7,3.3 -883
R21b(0.5 2:1 0 82.6,90 4.7,3.3 -922 B =05
R21b(0.75 2:1 0 162.5,90 4.7,3.3 -922 B =075
R21b0cc 2:1 0 134,90 4.7,3.3 -922 cool corkfor cluster 1
R21b0ss (A0.2,4 =100kpc) 2:1 0 134,90 4.7,3.3 -922 substructure
R21b0ss (A0.3,4=75kpc) 2:1 0 134,90 4.7,3.3 -922 substructure
R21b0ss (A40.3,4 =150kpc) 2:1 0 134,90 4.7,3.3 -922 substructure
R21b0ss (A40.3,4 =200kpc) 2:1 0 134,90 4.7,3.3 -922 substructure

R21b0ss (0.4, 200 kpc) 2:1 0 134,90 4.7,3.3 -922 substructure

SINsay 0T UONJSS

2 subscript 1 refers to the most massive subclusfer M, = 5.5 x 101 M,
b Tmin,l/Tavgl =03, lcooll = 50 kpC and Acooll = 2
¢ starting velocity in y-direction for the least massive tdu (Eq10.13

GT¢e
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Table 10.2: Relic sizes

top relic  bottom relic
ClIZA J2242.85301 1700 1450

run R1.51b0 1730 1570
run R21b0 1670 1220
run R2.51b0 1680 930
run R31b0 1690 660

discussed in Sectl0.3.1 Below M ~ 2 there is no observable radio emission generated.
Another reason for the gradual disappearance of the rad&s@mn at the righteft edges of the
relics is that the amount of projected shock surface aloadjiie of sight decreases.

10.4.1.2 Impact parameter

Taking the 2 : 1 merger event, we varied the impact paransteri-ig10.4 As discussed in the
beginning of Sect10.4 two asymmetric shock waves develop, breaking the cylisgametry
(or reflection symmetry in the resulting image) around thegeeaxis. The variation in Mach
number across the shock front and the amount of projectezkshwface along the line of sight
cause the radio emission to fade away more slowly on one ditteeaadio relics. Integrated
brightness profiles for the top relic across the y-axis aosvshin Fig.10.5(top panel). The total
extent of the relic decreases by about 10% filme 0 kpc tob = 5r¢;.

The CIZA J2242.85301 relics are more or less symmetrically located alongthposed
merger axis, although the brightness profile at the east &ildeonorthern relic is not well
determined because of a bright compact radio source atobagibn. To obtain a better match
with the observed radio map, we reflected the map along thasy-e., placing the fi-axis
merger point on the other side (this is equivalent of chamgfire impact parameter frolmto
—b). The simulated profiles all peak arouré 0 kpc, while the observed profile does not. From
these profiles it is thereforefticult to constrain the impact parameter. However, by lookihg
Fig. 10.4we find thatb < 3rc1 is required to obtain a reasonable match. For larger impact
parameters the curvature of top shock does not match thevelolsene (i.e., this can be seen on
the right side of the top relic in the R21b4 panel from Rif.4).

10.4.1.3 Viewing angle

We varied the viewing angle)(by rotating our computational box around the x-axis befoe
jecting it along the line of sight. The extent of the emisdiawards the cluster center increases
by about a factor of three froin= 5° to i = 30°, see Fig.10.4 Radial profiles of the bright-
ness distribution are shown in Fi$§0.5 (middle panel). The outer edge of the northern relic
in CIZA J2242.85301 is very pronounced and the brightness of the radio @nislsops also
quickly towards the cluster center, therefore the relidkisly seen close to edge on, roughly
under an angles 10deg. In all cases, the simulated brightness profiles doaprbduce the
very quick drop towards the cluster center as it is obsergethie northern relic. The southern
relic is more dffuse and extended in CIZA J2242%8301, as is the case in our simulated maps.
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Figure 10.4: Simulated radio emission for cluster mergeth different mass ratios (top row), impact

parameters (middle row) and viewing angles (bottom rowk iEuio maps to the hydrodynamical snapshot
where the two shock are separated by 2.8 Mpc. The images spaB.8 Mpc. WSRT 1382 MHz contours

from CIZA J2242.85301 are overlaid on the synthetic radio images. Contowspaced by factors of

four in brightness.
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Figure 10.5: Left: integrated brightness profiles acrossytiaxis for the top relic. Black line displays the observedfife for the northern relic in CIZA
J2242.85301. Black dashed lineb = 0 kpc, black dash-dotted linda = 1r¢, black dashed-triple-dotted lindx = 2r., grey solid line:b = 3r¢, grey
dashed lineb = 4r., grey dash-dotted lineb = 5r.. Middle: integrated brightness profiles across the x-axmfx| < 100 kpc for the top relic for relics
seen under dlierent viewing angles. Solid line displays the observed lgréidi the northern relic in CIZA J2242+86301, dotted line i = 0°, dashed line:
i = 5°, dash-dotted linei = 10°, dash-triple-dotted linei = 20, long dashed linei = 30°. Right: integrated brightness profiles across the x-axismfr
|x| < 100 kpc for simulations including substructure. Solid ldisplays the observed profile for the northern relic in CI2242.8-5301, dashed line: no
substructure, dash-dotted ling:= 0.2, 1 = 100 kpc, dash-triple-dotted liné = 0.3, 2 = 150 kpc, long dashed lin& = 0.4, 2 = 200 kpc.



Section 10.4. Results 219

10.4.1.4 B-model

One of the parameters which could influence the size of thie ratics is the core radius used
in our B-profile (Eq.10.7). Because the total mass is fixed in our simulations the ciieis is
set by the3 parameter in EqL0.7. We changeg@ from the default value of B to 0.5 and 0.75
for the most massive cluster to investigate tlffe this has on the produced radio maps. For
B = 0.5, the core radius decreases from 134 kpc to about 83 kpce idri3 = 0.75 the core
radius increases to 163 kpc. We run the simulations withetld@ggerent core radii and values
for the standard R21b0 merger scenario. The resulting radjos are displayed in Fig0.6

The change im¢; has a direct influence on the size of the resulting shock warndsadio
relics formed. For¢; = 83 kpc, the northern and southern relics are almost a fat®smaller
in size. Forrc; = 163 kpc, the relics have a slightly larger size and are simdlahe R1.51b0
merger (see Fidl0.4). This implies that our best fitting mass ratio found in S&6t4.1.1depend
on the adopted core radii. In particular if the most massiuster has a larger core radius this
mimics a merger with a smaller mass ratio (e.g5, 11), see Figl0.4 By increasing the core
radius of the less massive subcluster the size of the snsallghern relic can be increased, to
some extent mimicking a2 : 1 merger. Taking diierent core radii, the range of matching mass
ratios for CIZA J2242.85301 is therefore larger and lies roughly betweén:11 and 25 : 1.

10.4.1.5 Cool core

In massive relaxed galaxy clusters the ICM temperaturesdsers strongly towards the center.
To investigate the féect of such a cool core, we add a central cool core to the mossivea
subcluster using EdL0.10 We take typical value ofmin/Tavg = 0.3, reoor = 50 kpc and

reool = 2 (€.9.,Vikhlinin et al. 2006 and use the standard R21b0 merger scenario. We find that
the addition of a central cool core does not influence the aimkshape of the resulting radio
relics. The resulting radio map looks almost identical te tlefault R21b0 merger map, see
Fig. 10.4

10.4.2 Spectral index

We computed a spectral index map between 610 and 1382 MHhddR21b0 merger, again
taking a constant magnetic strength giGauss, see Fid.0.7. We find that the spectral index
in front of the two relics is~ —1.1, while the spectral index steepens quickly~to-2 in the
direction of the cluster center. After the initial specstepening ta ~ —2, the spectral index
remains constant. The radio emission in this region conans {i) aged radio plasma with a
steep spectrum in the post-shock region and (ii) projecdibremission from the front of the
shock wave with a flatter spectral index-of-1.

The observed spectral index in front of the northern CIZA4R8+5301 relic is flatter,
with @ ~ —0.6 or —0.7, than in our simulated spectral index map. The observettigbéndex
corresponds to &1 = 4.6 shock. In the our R21b0 merger, we find a Mach number of about
2.7-2.4 for the upper shock wave. This translates ifp= —0.8 to —0.9. However, in the
simulated maj is steeper by about 0.3 units at the front of the relic. Thifedénce is caused
by the limited spatial resolutiorn-(50 kpc) of our synthetic radio map: radio emission directly a
the front of the shock witli,j ~ —0.85 is always mixed with some emission from particles that
have already have undergone some synchrotron losses. EérJ2R42.8-5301 this implies
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Figure 10.6: Top row: Simulated radio emission for R21bGiEu merger with dferent values oB; andr.; and for a R21b0 cluster merger with the
two halos sticking at core passage, which represents thenegtcase of infinite tidal friction. Bottom row: Simulateatiio emission for a R21b0 cluster
mergers with substructure. Contours are the same as il@i4.The images span8x 3.4 Mpc.
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Figure 10.7: Simulated spectral index map between 610 a82 W81z for the R21b0 merger. The small
scale spectral index variations seen in the post-shockmemie due to the finite number of particles used
to compute the radio map.

that the true injection spectral index is probably evendtatian—0.6, if the shock front has a
similar shape as in our simulations.

10.5 Substructure & clumping

Real mergers are more complex than in our idealized sinansti Hence, the detailed prop-
erties, such as the shapes or brightness profiles of radis,relo not necessarily match with
the observations. In particular the presence of less nassivstructures and galaxy filaments
extending from the large scale cosmic web will modify thecdhmorphologies and locations
(e.g.,Paul etal. 201}l Indeed, there are additional smaller relics located inAC12242.8-5301
that points towards a more complex merger event. These noonglex relics are also seen in
simulations which include large-scale structure formatidth radio emission from shocks (e.g.,
Pfrommer et al. 2008Hoeft et al. 2008Battaglia et al. 2000 Although we cannot easily embed
our simulation into a large-scale cosmological environiese investigate theftect of small
scale & 200 kpc) substructurgdumps. Matter falling onto clusters is expected to be clyimp
nature and the clumps have typical dimensions of galaxiesnail galaxy-groupsRoncarelli
etal. 2008. If the gas in the cluster’s outskirts is clumpy, and thisastaken into account, it can
lead to an overestimation of the baryon fraction afida the derived entropy and pressure pro-
files (e.g., Simionescu et al. 2031 The presence of well-defined radio relics with sharp outer
rims can be used to constrain the amount of clumping in the 8EMrge distancesz(1 Mpc)
from the cluster center.

We modified our initial density and temperature profiles bgliad sinusoidal density fluc-
tuations throughout the computational volume. The two paters which control this are the
relative amplitudeA) and wavelengthA) of these density fluctuations. These sinusoidal waves
were inserted parallel to the X, y and z-axes. To keep thespresinchanged, we also included
temperature fluctuations that are inversely proportiom#té density fluctuations, see Fi0.8
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Figure 10.8: Left: Temperature distribution at the slice O for the R21b0ss (A0.4,4 = 200 kpc) merger.

for an example. We carried out several runs changing theiardpland wavelength of the fluc-
tuations. Radio images from runs wigh= 0.2, 0.3,0.4 anda = 100, 150, 200 kpc, respectively,
are shown in Figl0.6 Brightness profiles along the y-axis are displayed in E@5 (bottom
panel).

The resulting radio relics are similar in shape to the caredriR21b0 merger map, but the
relics are wider and display brightness fluctuations in #diac emission. Theftect of this
substructure is that the outer boundary of the relics is s defined. For relics observed
close to edge-on, projectiorffects average out some of the variations in the strength of the
radio emission. The northern relic in CIZA J22425801 has a smooth appearance and well-
defined outer rim. This probably implies that few clumps amspnt this location in the ICM.
We find that the radio maps with > 0.3 do not provide a good match to the observed northern
relic in CIZA J2242.85301. There is little dference between runs with = 0.3 anda =
75,150 200 kpc. We can therefore put upper limits on the amplitudéenfsity fluctuations of
roughly 30%, for substructures with scaleso200 kpc, at the location of the northern relic.
This means that clumping appears to be much less than tleaténffrom Suzaku observations
of Perseus withy/< nZ > / < ng >2 ~ 3—4 near the virial radius (e.gSimionescu et al. 2031
The reason for this could be that the shock waves in CIZA JB4&301 are expanding into a
region stficiently far from filaments such that it is largely free fronfidling substructure.

A more realistic representation of density clumps couldbpidy be used to put tighter
constraints on the amount of substructure. This is beyoa@dtbpe of this paper and we leave
this for future work.
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10.6 Discussion

10.6.1 Hfect of dark matter dynamics

Clearly, a gross simplification of our setup is the treatnadrthe gravity in the form of rigid
potentials that move on set trajectories without interagtin reality, the dark matter particles of
the progenitor halos will interact in the course of the metgéorm a new halo. In the course of
this, the potential changes mainly due to twieets: i) dynamic friction and ii) tidal shocking.
The first one is the most importanffect. After core passage, it will cause the halos to slow
with respect to each other until they turn around on theiiterbAs the merger shock waves
are running out of the cluster faster than the speeds of tlos kath respect to each other, this
will not change the results dramatically. To test the magtetof this &ect, we ran a simulation
where we made the two halos stick at core passage, whiclseisghe extreme case of infinite
tidal friction. The result is shown in Fidl0.6 The relics are now somewhat narrower (about
10% for the top relic) but apart from that there are not mamgngfes in the radio map even
though the temperature and density are quifeedént in the center. The main change are the
lower Mach numbers (which drop from 2.7 to 2.2, and from 2.2 @for the top and bottom
relics compared to the default R21b0 merger), but sinceatfésts both for the top and bottom
shocks the end result is not todf@rent from the default R21b0 map. Finally, we ignore the
effect of tidal shocking, which leads to heating of the centrsl @bits of the cluster and leads
to a puting up of the potential. This willféect the cluster potential within the core radius but
will leave the regions where the shocks are located largefffected. For a proper simulation
of this dfect, one would need to resort to a simulation with a dynamicdashponent.

10.6.2 Relic width and brightness profiles

One of the most intriguing properties of the northern reticGIZA J2242.85301 is its very
narrow width and rather uniform luminosity along its extdatom our simulated radio map we
find the brightest part of the top relic to be20% wider than the observed width. In Sei.6.1
we found a smaller width by including infinite tidal frictiohis dfects the shock downstream
velocity, which determines how far the the synchrotron @ngjtelectrons are carried away from
the shock front (e.g. Markevitch et al. 200p The relic’s width is linearly proportional to the
downstream shock velocity. In case of infinite tidal frictithe simulated radio relic is only
~ 10% wider compared to the observed width. In addition, thdttwdepends on the adopted
magnetic field strength, but increasiBdo 7 uGauss decreases the width only by a few percent.
This implies that projectionfiects and the finite resolution of our simulations play andartgmt
role in determining the width.

For the southern relic, the emission fades slowly towardstst and west ends. The reason
why this does not happen for the top relic in the simulatiobasause of the quick drop in the
Mach number aftx| > 850 kpc, see Figl0.3(left panel). However, for the CIZA J2242:8301
northern relic the integrated brightness profile acrosgtheis (Fig10.5 top panel) drops much
quicker and is flatter than in the simulations. The reasorthfisris unclear, it could be caused
by variations in the magnetic field strength, Mach numbebemause the shock surface is more
complex. The Mach number found from the injection spectidek is higher than that in the
simulations (4.6 versus 2.7 for the northern relic), thi$edence is puzzling. It could indicate
that our temperature profiles are not correct or that g3 which links einy and M, is not
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directly applicable. X-ray observations are crucial herditectly determine the Mach number
from the temperature jump.

10.6.3 Origin of single radio relics

Another interesting outcome of our simulations concermsekistence of single radio relics,
e.g., the relic in A521Giacintucci et al. 2008 In binary cluster mergers, two shocks should
be generated and hence one expects the majority of relicae n pairs. In the simulations
with mass ratiosz 3 very little radio emission is generated by the shock waviednt of the
less massive subcluster. The Mach number of these shocksteslqw (M < 2) and the
shock surfaces are small, which results in very little obeiele radio emission. Based on the
simulations, one would thus expect most double relics toobated in merging systems with
small mass ratios, while single should be found in mergetis larger mass ratios.

10.6.4 A quantitative metric for the goodness of fit

We did not define a quantitative metric for the goodness ofditMeen the simulated and ob-
served radio images. This paper is meant to be illustrafitieeopotential of the method and in
this work we chose to apply it only to the relics in CIZA J2225301. We also note that the
position, shape, and surface brightness distribution lafsare influenced by the cluster envi-
ronment (e.g., connected galaxy filaments) whiffiea the derived merger parameters. How-
ever, for future work when constraining merger parametarsiger numbers of double relics
systems, it is important to develop a metric for the goodioédis. We discuss here a possible
approach and address some of the issues involved.

A first step should be the removal (or masking) of point sosiiared extended radio galax-
ies. In addition, one may have to subtract the emission froad# halo in the cluster center.
Removing extended radio galaxies and a radio halo is notedntirivial as the spatial scales
of these structures can be comparable to that of relics. Memvthis should still be feasible as
double radio relics are relatively bright and their morgwyl is quite diferent from radio halos
or radio galaxies.

For constraining the merger parameters there are two asfettcan be considered: (i) the
spatial information of the location of the relics and (iigthrightness distribution. We ignore
information about the spectral and polarization propsiiecause this complicates matters and
this information is not available for all double relics. Dugethe uncertainties in the magnetic
field strength the brightness of the emission is probablyanetry good criteria for a quantitative
metric. It is also not entirely clear under what conditioabas precisely form, i.e, in the case
of Abell 2146 two shocks are found in a Chandra X-ray imagé,noubright radio relics are
detectedRussell et al. 201,®20117).

Radio relics, especially their outer edges, should diyetcice the location of the merger
shock waves and thus provide most of the constraints for #rgen scenario. This is also what
we mainly used in our qualitative comparison for the relic€1ZA J2242.8-5301. The viewing
geometry is mostly constrained from the downstream extetiteorelics. In the light of what
we discussed above, we propose a two-dimensional spatiss-correlation. This should be
repeated for every possible rotation angle for a given infega the simulations. The height
of the peak in the cross-correlation then gives a quan@atietric for the goodness of fit for
a single simulated image. Image scaling should not be cereidhere as this relates to the
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absolute sizes and distances of the relics which evolvetiower and the time since core passage
is one of the parameters we wish to constrain. The procestheanbe repeated for fierent
merger parameters (mass ratios and impact parameterpyisia in time and viewing angles
to find the best fit. Because the brightness distribution tettain, we propose to apply a fixed
cut in the radio flux (a few times the noise level in the obsémaglio image), and put all pixels
values to either 1 (emission) or 0 (no emission). This is dalse for the simulated images.
The overall normalization of the simulated radio emissian be fixed by normalizing to the
total flux in the observed image. Instead of a cross-cofoglabne could also consider a simple
image subtraction (after x, y-shifting and rotation) felled by taking the sum of the absolute
difference. It may be worth giving the outer edges of the reliamaesvhat large weight in the
process, for example by setting these to a higher valug @,gsome experimentation will be
needed here. Applications of these cross-correlatiorslshaeserved for future work.

10.7 Summary

We have presented simulated radio maps of idealized binasyec mergers, varying the mass
ratios, impact parameters, viewing angles and deftsityperature profiles. The radio emission
in these simulations is produced by relativistic electrasch are accelerated via the DSA
mechanism in the shock waves created by the merger event.

We have used these simulated radio maps to constrain theenmrgnario for the cluster
CIZA J2242.85301, which hosts a Mpc scale double radio relic. We find thateger with a
mass ratio betweenf : 1 and 25 : 1 provides the best match to the observed radio emission
in this cluster. The main uncertainty in the derived mas® redmes from the unknown core
radii of the clusters before the merger. The viewing angiaastly constrained by the extent of
the top relic towards the cluster center, additional sulsstir¢clumps also increase the relic’'s
extent in the downstream region. Since the observed exdamtly 55 kpc this implies that the
relic is seen close to edge-on (i.e.s 10°). The impact parameter isfiicult to constrain as
the observed brightness profile along the x-axis is not igypred for any our merger scenarios.
Only for b > 3rc1 = 400 kpc we find that the curvature of the simulated relics donmatch
with the observations. From our simulations we find that e tsince core passage does not
depend much on the adopted initial conditions. We thereforestrain this number to.Q Gyr,
although it also depends on the adopted total mass of thersyatd temperature profile.

One of the main uncertainties for comparing the simulatdtbramission with observations,
in particular the brightness profiles, is the structure drehgth of the magnetic field. Especially
the brightness profile of the main relic along the relic’sgdnis not well reproduced by our
simulations. Little is known about the magnetic field stringt distances larger than 1 Mpc
from the cluster center. Using equipartition argumentsmeég fields strengths of the order of
~ 1 uG have been derived (e.gspvoni & Feretti 2003 Upper limits on the IC emission from
radio relics indicate magnetic fields of a fems (e.g.,Nakazawa et al. 200%inoguenov et al.
2010. Faraday rotation measures give similar results (Bgnafede et al. 2090 However,
the spatial variations of the magnetic field strength atehdistances from the cluster center
are unknown. In addition, several smaller relics are founthée cluster which are not present
in our simulations. These relics are probably caused bytiaddi substructures which are not
included in our initial conditions.

We find that radio relics can be used to put constraints of theust of clumping or sub-
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structure in the ICM at large distances (about 1 to 2 Mpc) ftbm cluster center, under the
assumption that relics are tracers of shocks. The sharp batexdary of the northern relic
in CIZA J2242.85301 implies density fluctuations with an amplitugde30% of the average
density (the size of fluctuations beirg200 kpc).

The simulations also indicate that most double relics ghbel located in merging system
with mass ratios between 1 : 1 and 1 : 3, while single radiasdtiom in clusters that undergo
less energetic mergers with larger mass ratios.

We conclude that double radio relics can be used to consthagter merger events, which
is especially useful when detailed X-ray observations atewailable. Relics are often located
at large distances from the cluster center, where the geissigo low that even deep X-ray
observations cannot be used to probe the physical conslitimre (e.g., to measure the tem-
perature jump). In addition, relics can be located in lowerss systems where the thermal
X-ray emission is not detected in the ROSAT All Sky Survey,drample Yoges et al. 1999
Some examples of possible radio relics in poor systems withX-ray counterparts have been
reported byBrown & Rudnick(2009; van Weeren et a[2009¢ 20119.

One important parameter is the strength and structure ahtgnetic field at the location of
the radio relics. MHD simulations of cluster mergers willimeded to study the variations and
strength of the magnetic field at large distances from th&teficenter, and investigate thiéeet
this has on the derived merger parameters from radio maps.
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