
Simulations of Galaxy 
Cluster Radio Relics: 
Probes of Plasma Physics
Samuel W. Skillman -- University of Colorado, 
DOE CSGF Fellow
Jack O. Burns, Britton D. Smith -- University of Colorado

Eric J. Hallman -- CfA

Brian W. O’Shea -- Michigan State University

Matthew J. Turk -- UCSD

1http://arxiv.org/abs/1006.3559

http://arxiv.org/abs/1006.3559
http://arxiv.org/abs/1006.3559


Outline
Motivation
Methods

Shock Finding
Diffusive Shock Acceleration
Synchrotron Emission
Simulations

Results
Global Properties
Individual Halo Properties

Ongoing Work
Conclusions

2



Motivation
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What is a radio relic?
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Diffuse radio emission

Extended nature

Exterior of cluster environment

Moderately steep spectral shape

 

Associated with disturbed galaxy clusters

Not associated with any radio point sources or AGN

Sν ∝ ν−α α ≈ 1



Observations of Radio Relics
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ABSTRACT

Aims. We present the first results of an ongoing project devoted to the search of giant radio halos in galaxy clusters located in the
redshift range z = 0.2–0.4. One of the main goals of our study is to measure the fraction of massive galaxy clusters in this redshift
interval hosting a radio halo, and to constrain the expectations of the particle re-acceleration model for the origin of non-thermal radio
emission in galaxy clusters.
Methods. We selected 27 REFLEX clusters and here we present Giant Metrewave Radio Telescope (GMRT) observations at 610 MHz
for 11 of them. The sensitivity (1σ) in our images is in the range 35–100 µJy beam−1 for all clusters.
Results. We found three new radio halos, doubling the number of halos known in the selected sample. In particular, giant radio halos
were found in A 209 and RXCJ 2003.5–2323, and one halo (of smaller size) was found in RXCJ 1314.4–2515. Candidate extended
emission on smaller scale was found around the central galaxy in A 3444 which deserves further investigation. Furthermore, a radio
relic was found in A 521, and two relics were found in RXCJ 1314.5–2515. The remaining six clusters observed do not host extended
emission of any kind.

Key words. radio continuum: galaxies – galaxies: clusters: general – radio continuum: general

1. Introduction

Radio and X-ray observations of galaxy clusters prove that ther-
mal and non-thermal plasma components coexist in the intr-
acluster medium (ICM). While X-ray observations reveal the
presence of diffuse hot gas, the existence of extended cluster-
scale radio sources in a number of galaxy clusters, well known
as radio halos and relics, prove the presence of relativistic elec-
trons and magnetic fields.

Both radio halos and relics are low surface brightness
sources with steep radio spectra, whose linear size can reach and
exceed the Mpc scale. Radio halos are usually located at the cen-
tre of galaxy clusters, show a fairly regular radio morphology,
and lack an obvious optical counterpart. A total of about 20 ra-
dio halos have been detected up to now (Giovannini et al. 1999;
Giovannini & Feretti 2002; Kempner & Sarazin 2001; Bacchi
et al. 2003). Relics are usually found at the cluster periphery,
their radio emission is highly polarized (up to ∼30%), and shows
a variety of radio morphologies, such as sheet, arc, toroids. At
present a total of ∼20 relics (including candidates) are known
(Kempner & Sarazin 2001; Giovannini & Feretti 2004).

Evidence in the optical and X-ray bands has been accumu-
lated in favour of the hierarchical formation of galaxy clus-
ters through merging processes (for a collection of reviews on
this subject see Feretti et al. 2002), and this has provided in-
sightful pieces of information in our understanding of radio
halos. It is not clear whether all clusters with signatures of

" Figures A1 to A10 are only available in electronic form at
http://www.aanda.org

merging processes also possess a radio halo; on the other hand,
all clusters hosting a radio halo show sub-structures in the X-
ray emission, and the most powerful radio halos are hosted in
clusters which most strongly depart from virialization (Buote
2001). Giovannini et al. (1999) showed that in the redshift in-
terval 0–0.2 the detection rate of cluster radio halos increases
with increasing X-ray luminosity, which suggests a connection
with the gas temperature and cluster mass.

The very large extent of radio halos poses the question of
their origin, since the diffusion time the relativistic electrons
need to cover the observed Mpc size is 30–100 times longer than
their radiative lifetime. Two main possibilities have been inves-
tigated so far: “primary models”, in which particles are in-situ
re-accelerated in the ICM, and “secondary models” in which
the emitting electrons are secondary products of hadronic col-
lisions in the ICM (for reviews on these models see Blasi 2004;
Brunetti 2003, 2004; Ensslin 2004; Feretti 2003; Hwang 2004;
Sarazin 2002). Cluster mergers are among the most energetic
events in the Universe, with an energy release up to 1064 erg, and
a challenging question is if at least a fraction of such energy may
be channelled into particle reacceleration (e.g. Tribble 1993).
Indeed observational support (for a review see Feretti 2003) is
now given to the particle re-acceleration model, which assumes
that the radiating electrons are stochastically re-accelerated by
turbulence in the ICM and that the bulk of this turbulence is
injected during cluster mergers (Brunetti et al. 2001; Petrosian
2001; Fujita et al. 2003; Brunetti et al. 2004).

Although the physics of particle re-acceleration by tur-
bulence has been investigated in some detail and the model
expectations seem to reproduce the observed radio features,
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Fig. 4. Left – GMRT 610 MHz radio contours for the cluster RXCJ 1314.4–2515 superposed on the POSS-2 optical plate. The 1σ level in the
image is 60 µJy b−1. Contours are 0.18 × (±1, 2, 4, 8, 16...) mJy b−1. The HPWB is 8.0′′ × 5.0′′, PA 15◦. The western and the eastern relics are
labelled as E-R and W-R respectively, and the individual point sources in the relics/halo region are indicated as A and B. Right – GMRT 610 MHz
radio contours for the cluster RXCJ 1314.4–2515 superposed on the POSS-2 optical plate. The 1σ level in the image is 60 µJy b−1. Contours are
0.2× (±1, 2, 4, 8, 16...) mJy b−1. The HPWB is 20.0′′ × 15.0′′, PA 39◦ The western and the eastern relics are labelled as E-R and W-R respectively,
RH indicates the radio halo, and the individual point sources in the relics/halo region are indicated as A and B.
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Fig. 5. GMRT 610 MHz radio contours for the cluster RXCJ 1314.4–
2515 superposed on the X-ray archive ASCA image (colour). The
1σ level in the image is 60 µJy b−1. Contours are 0.18×(±1, 2, 4, 8,
16...) mJy b−1. The HPWB is 25.0′′ × 22.0′′, PA 15◦.

The cluster radio emission within the cluster virial radius is
given in Fig. A.3. The central part of the cluster is shown in
Fig. 6. The left panel shows a full resolution image superposed
to the POSS-2 optical image, to highlight the individual sources
(labelled from A to H). The sources with a clear optical counter-
part (B to H) were subtracted from the u-v data when producing
the image shown in the right panel of Fig. 6, which we convolved
with a larger beam in order to highlight the low surface bright-
ness emission. We did not subtract A, since no optical counter-
part is visible on the POSS-2, therefore we consider this feature
as a peak in the radio halo emission. One of the most striking fea-
tures of this giant radio halo is its complex morphology: clumps
and filaments are visible on angular scales of the order of ∼1′
(clumps) and ∼2–3′ (filaments), as clear from Figs. A.3 and 6
(right panel). Unfortunately no deep X-ray images are available
for this cluster, therefore a combined radio and X-ray analysis

cannot be carried out. The only information we can derive from
the RASS image of the cluster is that the whole radio emission
from the halo is embedded within the X-ray emission, as shown
in Fig. 7.

The total flux density of the radio halo (after subtraction of
the point sources) is S 610 MHz = 96.9 ± 5.0 mJy, corresponding
to log P610 MHz (W/Hz) = 25.49.

4.2. Candidate extended emission in Abell 3444

Abell 3444 (RXCJ 1023.8−2715, z = 0.2542, 1′′ = 3.924 kpc)
was indicated as possible cooling core cluster by Lémonon
(1999) and Matsumoto (2001) on the basis of the analysis of
ASCA data, though at limited significance. The X-ray ASCA
image shows that the inner part of the cluster is elongated along
the SE-NW direction.

No radio information is reported in the literature.
Unfortunately, due to calibration problems, we could use only
the USB of our dataset to image this cluster. Our GMRT
610 MHz image of the radio emission within the cluster virial
radius is reported in Fig. A.4, and shows that the radio emis-
sion is dominated by a chain of individual sources, all with op-
tical counterpart from the POSS-2. The alignment of the chain
of radio galaxies is in agreement with the inner elongation of the
archive ASCA X-ray image.

A radio-optical overlay of the central part of the field is given
in Fig. 8 (Left). The extended radio galaxy at the north-western
end of the chain is associated with the dominant cluster galaxy
(right panel in Fig. 8). Its morphology is complex. Bent emis-
sion in the shape of a wide angle tail is clear in the inner part of
the source, surrounded by extended emission. At least a couple
of very faint objects are visible in the same region of the ex-
tended radio emission, so it is unclear if we are dealing with ex-
tended emission associated with the dominant cluster galaxy, or
if this feature is the result of a blend of individual sources. Under
the assumption that all the emission detected within the 3σ con-
tour (left panel of Fig. 8) is associated with the dominant cluster
galaxy, we measured a flux density S 610 MHz = 16.5 ± 0.8 mJy,
which corresponds to log P610 MHz(W/Hz) = 24.51. The largest
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Adaptive Mesh Refinement (AMR) Hydrodynamics

Dark Matter N-Body -- Particle-Mesh Method

Piecewise Parabolic                                                  
Method (PPM) &                                                                
Zeus Finite Difference
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Shock Finding & 
Characterizing

Converging Gas

Entropy increases 
across shockwave

Rankine-Hugoniot 
Jump Conditions

Set minimum 
temperature to 104K
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Fig. 1.— A 2-D cartoon of our 3-D shock analysis algorithm. The centers are shown in dark

blue, while the pre and post-shock cells are outlined in thick black. The resolution level is

seen by varying grid-cell sizes.

where ρ1 is the pre-shock density. From this total incoming kinetic energy flux, a portion

will be used in the thermalization of the gas and the acceleration of cosmic rays. In keeping

with Ryu et al. 2003, we will denote the amount of energy per unit time used to thermalize

the gas and accelerate cosmic rays as fth and fCR, respectively. In the case of a purely hydro-

dynamical shock without the inclusion of cosmic ray feedback, the fractional thermalization

δ0(M) can be determined by the Rankine-Hugoniot conditions,

δ0(M) =

[
eth,2 − eth,1

(
ρ2

ρ1

)γ]
v2

1
2ρ1v2

1

. (7)

With the inclusion of cosmic rays, there is no simple analytical form for the fractional

thermalization of the gas, and depends on magnetic field orientation, turbulence, and the

specific incoming population. Instead, we adopt the results of 1D DSA simulations by Kang

& Jones (2007). The time-asymptotic values of the fractional thermalization, δ(M) = fth/fφ,

and fractional CR acceleration, η(M) = fCR/fφ, were found to be nearly self-similar for the

temperatures and shock velocities considered. These simulations also accounted for whether

or not the pre-shock medium had preexisting CRs. With a preexisting CR population, the

fractional energy deposited into CRs increases dramatically at low Mach numbers. Shown

in Figure 2 are the results of the DSA simulations for a population with no preexisting CRs

and one in which PCR/Pg ≈ 0.3.



Cosmic Rays:
Diffusive Shock Acceleration

First-order Fermi acceleration at shock fronts

Kinetic Energy of the shock          Cosmic Rays

What efficiency does this have? Anatoly Spitkovsky (2008)
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N(E) ∝ E−δ

δ = 2
M2 + 1
M2 − 1

+ 1

α = (δ − 1)/2



Synchrotron Emission
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r = ρ2/ρ1

s =
r + 2
r − 1



The Simulations
relic64 

(64 Mpc/h)3 Volume
2563 Root Grid
Up to 6 levels of 
refinement
3.9 kpc/h Peak 
Resolution
DM Mass 

~300,000 cpu hours 
on 256 cpus
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1.96× 109h−1M"

relic200 
(200 Mpc/h)3 Volume
2563 Root Grid
Up to 5 levels of 
refinement
24.4 kpc/h Peak 
Resolution
DM Mass 

~100,000 cpu hours 
on 128 cpus

6.23× 1010h−1M"
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Halos found with HOP:
>30 DM Particles
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Full Box Projections
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Phase Diagrams
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Temperature - Mach
==> Merger Shocks Dominate

==> Clear Accretion Shock Signature
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Individual Halo Properties
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Conclusions

Global Properties
Emission primarily from hot, dense gas, associated 
with merger shocks
Redshift evolution of accretion shocks imprint 
cosmology

Individual Halo Properties
General scaling relationships with Mass, X-ray 
Luminosity
Large scatter suggests merger state very important
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Refinement Refinement 
Refinement!
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Preliminary Results
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Radio Emission 
from 0.1- 1 
microGauss, 
Shock Mach 
numbers of 4-7
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