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Take home messages 

•  What is the 3D structure of “peripheral radio relics” from 
merger shocks?  Using RM synthesis, new studies can 
now probe how the thermal and relativistic plasmas are 
interspersed. (Abell 2256) 

•  Do radio halos require current major shocks?  Large low 
Mach number shocks are being found at the edges of 
radio halos (Coma).  

•  How can we create substantial relativistic plasmas in low 
density environments?  We find a cluster-like shock in a 
very poor cluster.  (0809+39) 

Cluster-scale shocks are showing up in unexpected ways -- 
we need to fold these into our views of cluster assembly. 
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Vazza, Brunetti & Gheller, MNRAS 2009 F. Vazza Battaglia et al. 2009 
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Mach numbers Radio Gischt at shocks

Figure 1. Structure formation shocks triggered by a recent merger of a large galaxy cluster (M ! 1015h"1 M#) dissipate the associated gravitational energy.
Left: the Mach number of shocks weighted by the energy dissipation rate is shown by the colour (while the brightness displays the logarithm of the dissipation
rate). Right: three-color image of energy dissipation rate at shocks (shown with a color scale ranging from black over red to yellow) and radio synchrotron
emission at 150 MHz from shock-accelerated relativistic electrons (blue and contours with levels starting at 7 $ 10"4 mJy arcmin"2 and increasing with a
factor of 15, respectively). This “radio gischt” emission traces structure formation shock waves, highlights the intermittent nature of mass accretion in galaxy
clusters, and illuminates magnetic fields that are amplified by turbulence that can be excited by these shock waves.

2 METHODOLOGY

We briefly summarize our procedure. We model the synchrotron
emission by calculating the primary shock-accelerated electron
population using a scheme that is based on the thermal leakage
model – a model that has been developed in the context of di!u-
sive shock acceleration at supernova remnants (Ellison et al. 1981).
We use a simple parametrization for the magnetic field. This lets
us quickly scan the observationally allowed parameter space asso-
ciated with the mostly-unknown spatial distribution of shocks on
cluster scales and beyond. In the post-processing, we search for
spatially correlated synchrotron emission from formation shocks,
which represent our simulated radio relics and study the properties
of these relics in the clusters in our sample. Our aim is to under-
stand how radio observables can be used to reconstruct the physi-
cal properties of radio relics, which trace structure formation and
large scale magnetic fields. In the subsequent sections there will be
a detailed description of our simulations and modelling.

2.1 Adopted cosmology and simulated cluster sample

Our work is based on high resolution smoothed particle hydrody-
namics (SPH) simulations of galaxy clusters (minimum gas mass
resolution % 8 $ 109h"1M# for more details, cf. Pfrommer et al.
2007, 2008) using the ‘zoomed initial conditions’ technique
(Katz & White 1993) that were selected from a low resolution dark
matter only simulation (Yoshida et al. 2001) with a box size of 479
h"1 Mpc. They were carried out using a modified version of the
massively parallel tree SPH code GADGET-2 (Springel 2005). The
simulations of the galaxy clusters were performed in a “Concor-
dance” cosmology model, "CDM with cosmological parameters
of: #m= #DM + #b = 0.3, #b = 0.039, #" = 0.7, h = 0.7, ns = 1

and !8 = 0.9. Here, #m refers to the total matter density in units
of the critical density today, "crit = 3H2

0/(8!G). #b and #" de-
note the densities of baryons and the cosmological constant at the
present day. The Hubble constant at the present day is parametrized
as H0 = 100 h km s"1Mpc"1, while ns denotes the spectral index of
the primordial power-spectrum, and !8 is the rms linear mass fluc-
tuation within a sphere of radius 8 h"1Mpc extrapolated to z = 0.

The simulations include a prescription for radiative cooling,
star formation, supernova feedback and a formalism for detect-
ing structure formation shocks and measuring the associated shock
strengths, i.e. the Mach numbers (Pfrommer et al. 2006). Radia-
tive cooling was computed assuming an optically thin gas of pri-
mordial composition (mass-fraction of XH = 0.76 for hydrogen
and 1 " XH = 0.24 for helium) in collisional ionisation equilib-
rium, following Katz et al. (1996). We also included heating by
a photo-ionising, time-dependent, uniform ultraviolet (UV) back-
ground expected from a population of quasars (Haardt & Madau
1996), which reionises the Universe at z ! 6. Star formation
is treated using the hybrid multiphase model for the interstellar
medium introduced by Springel & Hernquist (2003). In short, the
ISM is pictured as a two-phase fluid consisting of cold clouds that
are embedded at pressure equilibrium in an ambient hot medium.

The cluster sample is displayed in Table 1. From this sam-
ple the cluster g72a was chosen for detailed analysis of the prop-
erties of radio relics since it is a relatively large (with a mass
M ! 1015M#) post-merging cluster, similar to the Coma cluster.
Additionally, it hosts the brightest radio relic in the entire sample.
This relic resembles already observed ones.

c& 2008 RAS, MNRAS 000, 1–18



(Accretion)  INFALL 
Column of infalling galaxies – 2 Mpc wide 

? 

SDSS velocity coded 

PLANCK Y 

ROSAT 



(Accretion)  INFALL 
Column of infalling galaxies – 2 Mpc wide 

Brown &  Rudnick, 2011 MNRAS 



Max Wolf, 1902 

It would be too early to connect any speculations to these strange results.  But I 
do not want to miss mentioning it to the public.  

There is nothing new under the sun. 
Ecclesiastes 1:9 
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Peripheral shocks – 
          from 2D to 3D 

S. Paul et al. 2011, ApJ726, 17 

What kind of shock is this?

ACCRETION SHOCKs
      ~ virial radius

SHOCKS

vir
ial

?

OUTGOING 
    MERGER SHOCKs
      during/post-merger

INFALL SHOCKs
      during/post-merger

Tuesday, November 16, 2010

Skillman, Xu, Hallman, Burns et al.  



The EVLA and RM synthesis* 
moving into 3D 

This estimate is much larger than what is observed; therefore,
the RM dispersion favors a merger geometry in which the line
of sight L through the high-density ICM is significantly reduced.
We note that the current data do not allow us to measure the RM
fluctuation size on smaller scales due to the size of our beam.
It seems unlikely, however, that there are large RM fluctua-
tions on very small scales, as that would lead to depolarization
within each beam due to the averaging of different polarization
angles across the beam. A comparison of the polarization frac-
tion of the relics at 1703 MHz to that at 1369 MHz reveals a de-
polarization ratio (DP ! m1703/m1369, wherem! ! P! /I!) of 1.08
across the relics, which supports the argument against large RM
variations on small scales. It therefore seems unlikely that we
have significantly underestimated the RMrms due to the limited
resolution of our data. Using the best-fit model of Mohr et al.
(1999) to determine the radial profile of the electron density, we
find that even at the largest projected radial distance from the
cluster core, the electron density is at most an order of magni-
tude lower than the central value, and thus, the predicted RMrms

through the cluster would still be significantly larger than the
observed value. The RM dispersion, therefore, argues strongly
in favor of the relic being located on the front side of the cluster.

The dynamical state of A2256 is complex and is thought to
consist of at least three merging systems based on optical ve-
locity dispersions (Berrington et al. 2002; Miller et al. 2003); it

shows evidence of three X-ray substructures (Sun et al. 2002).
The main optical concentration appears roughly centered on the
primary X-ray concentration, while the low-velocity subcluster
is thought to be associated with the cold X-ray concentration
located along the southeast edge of the radio relic. The third
(high-velocity) optical system may represent a small group lo-
cated to the north of the cluster core and has not been detected in
X-rays. The X-ray ‘‘shoulder’’ detected by Sun et al. to the east
of the primary concentration is roughly centered on the halo and
may represent an older merging component or internal structure
in the central region of the primary cluster. The complex dy-
namical state of this system makes a unique determination of
the merger history very difficult. We consider the small high-
velocity northern group unlikely to be related to the origin of the
diffuse emission, as halos and relics are nearly always associated
with large mergers of systems with nearly equal mass ratios.

The X-ray emission associated with the subcluster shows
a sharp edge toward the south, which is consistent with a cold
front (Sun et al. 2002). This suggests that at least some of the
motion of this system is toward the south, although Sun et al. point
out that the flat shape of the edge indicates that we are only seeing
part of the edge due to projection effects. The merger geometry
in A2256 may be similar to A754 rotated"180# in the plane of
the sky. In both A2256 and A754, the cold X-ray core of the
merging component is bounded on one side by a steep surface

Fig. 10.—Faraday RMmap of the radio relics. Contours show the outer three contours from the VLA 1369 MHz D configuration image to provide a reference. The
color scale shows the RM running linearly from$100 to 0 rad m$2. The RM is relatively uniform over the majority of the relic with a mean RM of$44 rad m$2 and a
dispersion of 7 rad m$2.

VLA OBSERVATIONS OF ABELL 2256 2909No. 6, 2006

Clarke & Ensslin, 2006 

EVLA 1-2 GHz, with  
F.  Owen,  J.  Eilek 
U. Rao Venkata, 
S. Bhatnagar, L. Kogan * Brentjens & deBruyn, 2005 
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The EVLA and RM synthesis* 
moving into 3D 

the standard foreground screen 



The EVLA and RM synthesis* 
moving into 3D 

Not 
foreground 

screen 



+ 

relativistic 

relativistic 

thermal thermal 

The EVLA and RM synthesis* 
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Coherent fields over 100s of kpc 
Not only along,  
              but between filaments 



Shocks and Halos 
what’s the connection? 

Vazza, Brunetti,Gheller, Brunino, Bruggen  

Internal shocks --  too weak for direct 
relativisitic particle acceleration – 
Reacceleration OK 

Turbulence – amplifies fields 
Accelerates particles (slowly) 



Markevitch 2010arXiv1010.3660M 

Shocks & Halos – the connection? 

E. Churazov talk 



Markevitch 2010arXiv1010.3660M 

Subclusters on 
their way out? 

Shocks & Halos – the connection? 

E. Churazov talk 

Adami et al. 2005 



Markevitch 2010arXiv1010.3660M 

Shocks & Halos – the connection? 
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shock, the gas density jump indicates M ≈ 2. A possible M ≈ 2 shock front was

discovered at the position of a radio relic in the cluster RXJ 1314–25.
36

The curious

M shape of this front indicates a velocity gradient in the pre-shock gas — possibly

an extreme case of the effect seen in the hydrodynamic simulations of the Bullet

cluster.
17

Table 1 gives a summary of the currently known merger shocks.

Table 1. X-ray merger shock fronts and candidates (as of summer 2010)

Cluster ρ jump T jump M Radio edge? X-ray refs.

1E 0657–56 yes yes 3 yes 5,6
A520 yes yes 2 yes 25
A754 yes yes 1.6 yes 28–30
A2146 N yes yes 2 no data 27
A2146 S yes yes 2 no data 27

A521 yes 2 yes 33
RXJ 1314–25 yes 2 yes 36
A3667 yes 2 yes 35
A2744 yes yes this work
Coma yes yes this work

5. Radio halos and X-ray shock fronts

Merger shock fronts are expected and, as we saw above, observed to have relatively

low Mach numbers. Indeed, a test particle falling into the gravitational potential of a

typical cluster would acquire M ∼ 3−4. An infalling subcluster would generate mul-

tiple shocks in front of it, preheating the ambient gas and further reducing its Mach

number by the time it arrives into the cluster’s X-ray bright central region, where we

observe it. Such weak shocks are believed to be inefficient accelerators of electrons

from the thermal pool to Lorentz factors ∼ 10
4
required to produce relics and radio

halos.
30,37

Yet, it has been noticed that synchrotron radio halos in 1E 0657–56
5
and

A520
25

display brightness edges coincident with the X-ray shocks (Fig. 12), indi-

cating that these shocks must have something to do with producing radio emission

at least at those locations — either accelerating electrons, or compressing or re-

accelerating a pre-existing relativistic electron population, and perhaps strengthen-

ing the magnetic fields beyond simple compression.
25

Re-acceleration of pre-existing

relativistic electrons is an attractive theoretical possibility.
38,39

All the clusters with newly discovered X-ray shocks and shock candidates exhibit

radio halos or relics, except A2146 that doesn’t have sensitive radio data yet. It is

interesting to overlay the radio images on the X-ray shocks, which we do in Fig. 12.

In addition to 1E 0657–56 and A520 discussed above, it shows A521, which exhibits a

relic coincident with the probable shock, plus a halo extending from that relic across

the whole cluster
33,34

— a radio morphology very similar to A520. A754, with the

weakest shock (M = 1.6), exhibits a steep-spectrum relic at 74 MHz,
40

coincident



Shocks and poor clusters 

•  Size:   2 Mpc 
•  Luminosity:   
     1024.6 W/Hz (@1.4GHz) 

•  Polarization:  19% 

Peripheral Relic - ? 
Outgoing merger shock? 

S. Brown & L. Rudnick, 2009 AJ, 137, 3158   



Comparisons with X-ray clusters (z=0.2) X-rays (ROSAT) 

Optical (SDSS) 

Shocks and poor clusters 



Comparisons with X-ray clusters 

à artificially high CR acceleration “efficiency” 
à OR, is mass OK, but  X-rays underluminous? 
à OR, is mass OK, but little star formation? 

Shocks and poor clusters 

Some unattractive choices: 
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EVLA 1-2 GHz, with  
F.  Owen,  J.  Eilek 
U. Rao Venkata, 
S. Bhatnagar, L. Kogan 

Lot of missing 
halo flux, as 
found on GBT 

Shea Brown, A. Emerick, LR 

Radio stacked X-ray clusters 

Damon Farnsworth, Shea Brown, LR 
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