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We review models for giant radio halos in clusters of galaxies, with a focus on numerical and theoretical work. After
summarising the most important observations of these objects, we present an introduction to the theoretical aspects of
hadronic models. We compare these models with observations using simulations and find severe problems for hadronic
models. We give a short introduction to reacceleration models and show results from the first simulation of CRe reaccel-
eration in cluster mergers. We find that in-line with previous theoretical work, reacceleration models are able to elegantly
explain main observables of giant radio halos.
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1 Introduction

Galaxy clusters form the knots of the cosmic web through
merging of smaller structures seeded as density fluctuations
in the early Universe. Despite the name, only a few per-
cent of a clusters mass is accounted for by actual galaxies
– most of it is in collisionless dark matter, which domi-
nates the gravitational potential. The merging process de-
posits baryons in this potential which form the intra-cluster-
medium (ICM). During large mergers this infall can dissi-
pate up to 1063 erg of kinetic energy in the ICM into turbu-
lence, shocks, relativistic particles and eventually heat (e.g.
Subramanian et al. 2006).

Due to its high temperatures of more than 108 K the
thermal bremsstrahlung of the ICM plasma is prominently
observed in the X-rays (Cavaliere et al. 1971; Meekins et al.
1971). However the ICM was first discovered through ra-
dio observations of the Coma cluster (Willson 1970). Here
the interaction of relativistic electrons with the magnetic
field of the plasma produces synchrotron radiation – a pro-
cess well known from lobes of radio galaxies (Ryle &
Windram 1968). This proves the presence of non-thermal
components in the ICM: cosmic-ray electrons (CRe) and
magnetic fields. Later turbulence was independently esti-
mated in Coma through observed temperature fluctuations
(Schuecker et al. 2004).

Today non-thermal phenomena in galaxy clusters are
classified as radio halos, radio relics and mini halos (Fer-
etti & Giovannini 1996). “Radio halos” are centered dif-
fuse unpolarised objects found exclusively in clusters with
disturbed X-ray morphology. “Radio relics” are thin, elon-
gated, polarised radio structures offset from the cluster cen-
ter. Both previous classes extend for one to two Mpc in size,
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while “radio mini halos” are usually limited to a few hun-
dred kpc in the center of relaxed clusters. In this paper we
focus on radio halos.

Independent measurements of the ICM magnetic field
through Faraday rotation of intrinsic polarised radio sources
(e.g. Bonafede et al. 2010) reveal field strengths of up to a
few μG in the center of clusters, declining outwards. The
field is observed to be highly tangled (Kuchar & Enßlin
2011), which is expected for a turbulent high beta plasma.

This is consistent with simulations, which predict ef-
ficient amplification by MHD turbulence as substructures
merge with a parent cluster (Dolag et al. 2001, 2005; Dolag
& Stasyszyn 2009). However Pfrommer & Dursi (2010)
claim a radial magnetic distribution in the Virgo cluster. The
origins of cluster magnetic fields are still debated (Widrow
2002).

Considering radio halos the observed field strengths im-
ply a population of synchrotron bright CRe with energies
of >100 GeV in the whole cluster volume. It is well estab-
lished that CRe are injected in shocks with Mach numbers
larger than 5 through observations of supernova remnants
(e.g. Eriksen et al. 2011). And on smaller scales AGN and
SN shocks (through galactic outflows) indeed contribute to
the CRe content of a cluster. In contrast, accretion shocks
during major mergers of clusters have low Mach numbers
of ≈3. The exact mechanism that might lead to an injec-
tion in these shocks is still debated (Blasi 2010; Gargaté &
Spitkovsky 2012; Spitkovsky 2008). These primary CRe’s
are believed to cause radio relics, which are associated with
merger shocks in observations. However due to their geom-
etry none of these mechanisms are volume filling. Therefore
CRe would have to diffuse hundreds of kpc to form a radio
halo.
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Fig. 1 Lifetime of CR electrons (blue) and CR protons (red) in
the ICM as well as their escape time (pink). Plotted for magnetic
field strength of 1 μG (full) and 0.1 μG (dashed). Synchrotron
bright energies are marked blue. Figure adapted and modified from
Blasi et al. (2007b).

Due to the low ambient thermal density of nth <
10−2 cm−3, CRe have a classical mean-free-path of kpc
in the ICM (Spitzer 1956). However particle motion faster
than the Alvén speed in a plasma is known to cause plasma
waves through the streaming instability (Wentzel 1974).
These fluctuations in the plasma e-m-field themselves act
as scattering agents in the medium and isotropise CR mo-
tions. Therefore CRe diffuse in a random walk through the
cluster atmosphere, limiting the effective diffusion speed to
the Alvén speed of ≈100 km s−1.

Relativistic electrons are subject to a number of energy
losses in the ICM as well (Longair 1994). The most impor-
tant being inverse Compton scattering (IC), synchrotron ra-
diation, bremsstrahlung and Coulomb scattering. Thus one
can define an approximate life-time of these particles at an
momentum p as

tlife =
p

|dp/dt|loss
. (1)

In Fig. 1 we show this life-time for CRe and relativistic pro-
tons (CRp) as well as the escape time from the central ICM
(modified from Blasi et al. 2007b).

It has been realised early on that these losses limit the
diffusion length of radio bright CRe in the ICM to a few 10
kpc at best. It is unclear how a cluster-wide population of
CRe can be maintained to produce a giant radio halo (Jaffe
1977). This is known as the life-time problem.

The existence of giant radio halos underlines the incom-
pleteness of the physical picture described above. Indeed
Dennison (1980) pointed out that relativistic protons have
sufficiently long life-times to fill the cluster volume (see

Fig. 1). CRp are likely to be injected alongside CRe into
the ICM and can themselves inject synchrotron bright CRe
in-situ through a hadronic cascade. Models relying on this
mechanism are called “hadronic” or “secondary models”
(see Sect. 3).

In addition turbulent reacceleration might be able to ex-
plain giant radio halos (Brunetti et al. 2001; Jaffe 1977; Pet-
rosian 2001). At low energies the synchrotron dark popula-
tion of CRe with life-times of >109 yr can undergo stochas-
tic reacceleration through damping of merger injected tur-
bulence. This Fermi II like mechanism (Fermi 1949) lets
CRe diffuse to higher momenta creating volume filling ra-
dio bright CRe. It may act on CRp as well (Brunetti & Blasi
2005; Brunetti & Lazarian 2011a). Effectively this mech-
anism can boost the radio brightness of a CRe population
without altering the total CRe density by producing devi-
ations from power-law spectra. This ansatz is realised in
“reacceleration models” (see Sect. 4).

Today the clear distinction between the two model
classes can be considered a historic artifact as both pro-
cesses certainly take place in the ICM to some degree. How-
ever, CRp have not been observed directly in the ICM so
far and the efficiency of CRp injection in large scale ICM
shocks is unclear. Hybrid particle in cell simulations sug-
gest efficient CRp or CRe injection to be depending on the
alignment of the magnetic field to the plane of the shock
(Gargaté & Spitkovsky 2012). However, the low densities
and mach numbers of large shocks in the ICM make these
simulations just barely feasible. To this end the efficiency of
CRp injection processes has not been firmly established.

In general the plasma physics in the exotic regime of
the ICM presents a serious challenge to theorists and sim-
ulators. It should be considered that with mean free paths
of >1 kpc and collision times >106 yr in the ICM (e.g.
Sarazin 1999; Spitzer 1956) particle-particle interactions
are close to time and length scales relevant to radio ha-
los. Therefore collisionality on kpc scales can not be me-
diated by particle-particle interactions1. But observations
of cold fronts and shocks confirm that the ICM is in-
deed a collisional plasma on smaller scales (Markevitch &
Vikhlinin 2007). Collisionality can be recovered by plasma
waves which results in very high Reynolds numbers of
the ICM of >1000 or even > 105 (Brunetti & Lazarian
2011b). Interestingly field-particle interactions happen on
much smaller length and time scales in the ICM (Debye
length ≈2 × 106 cm (Schlickeiser 2002)).

To date the Coma cluster remains the prototypical clus-
ter with non-thermal radio emission (Fig. 2). It has been
studied extensively in the past and detailed studies on other
clusters have been somewhat limited (Venturi 2011). How-
ever the situation will fundamentally change with the arrival
of new instruments like EMU + WODAN, LOFAR and later
the SKA (Cassano et al. 2010a, 2012). At low frequencies
of less than 100 MHz, radio halos are expected to be bright

1 It comes at no surprise that hadronic models run into problems with
normalisation as we will see later.
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Fig. 2 Complex non-thermal emission observed with GBT at 1.41 GHz in Coma by Brown & Rudnick (2011). The beam size is
roughly 360 kpc. Contours start at 20 mJy/beam and increase by 20 mJy/beam.

and ubiquitous, due to their steep emission spectrum. As in-
creasingly more LOFAR stations see first light, studies of
theoretical models for radio halos are particularly timely.

In the past decade theoretical research on halos has been
divided along the lines of the two classical models. Numer-
ical approaches used CRp dynamics and hadronic injection,
sometimes with shock injection (Brüggen et al. 2012; Dolag
& Enßlin 2000; Enßlin et al. 2007; Hoeft et al. 2004, 2008;
Keshet & Loeb 2010; Miniati et al. 2001; Pfrommer et al.
2008; Pinzke & Pfrommer 2010; Vazza et al. 2012). Inde-
pendently there were (semi-)analytic approaches on reaccel-
eration models, sometimes including CRp (Brunetti et al.
2001; Brunetti & Blasi 2005; Brunetti & Lazarian 2007,
2011a; Cassano & Brunetti 2005; Petrosian 2001). Turbu-
lence and magnetic fields have been studied extensively in
the cluster context as well (Dolag et al. 1999; Iapichino &
Niemeyer 2008; Iapichino et al. 2011; Maier et al. 2009;
Ryu et al. 2008; Subramanian et al. 2006; Vazza et al.
2009a,b, 2011). However hadronic models have only re-
cently been compared in detail to observations, while more
complete approaches had not been considered in simula-
tions yet (Donnert et al. 2010a,b).

This report is organised as follows: We start with a gen-
eral overview of the important observations of radio ha-
los. We then show results from the comparison of hadronic
models with these observations. We continue with an in-
troduction to reacceleration models and conclude with the
first simulations of CRe reacceleration in direct cluster col-
lisions.

2 Observed properties of giant radio halos

Today roughly 50 radio halos are known, mostly at frequen-
cies of 600 MHz and up (Feretti et al. 2012; Giovannini et al.
2009). These halos are all hosted in massive systems with
disturbed X-ray morphology (Cassano et al. 2010b). These
systems form a correlation in X-ray luminosity and radio
brightness with a slope of ≈1.8 (Fig. 3 left panel). However
in a complete X-ray sample these make only 30 % of all sys-
tems (Venturi et al. 2007). Therefore for most clusters only
upper limits in the radio are known (arrows in Fig. 3, left).
Recently a first detection of these clusters has been claimed
through a stacking analysis (Brown et al. 2011).

In the γ-ray regime, clusters remain not observed (Ack-
ermann 2010; Aharonian 2009; Perkins 2008; Veritas Col-
laboration et al. 2012).

The Coma cluster has been studied extensively in the
past. Three observations at 1.4 GHz are commonly used to
constrain radio synchrotron profiles of the cluster. It was
debated (Pfrommer & Enßlin 2004b) whether to use the
steeper single-dish profiles from Deiss et al. (1997) or the
flatter interferometer profiles from Govoni et al. (2001).
However new single-dish GBT observations by Brown &
Rudnick (2011) confirm the flat profile found previously by
Govoni and present the deepest profile currently known.

For the Coma cluster (Thierbach et al. 2003) and a small
number of other systems the spectrum of the diffuse emis-
sion is observed to be a power-law with a spectral index of
1.2 to 2.5. In Fig. 3, middle we show a few known exam-
ples from Venturi (2011). Halos with a synchrotron spectral
index αν > 1.5 (e.g. A521) are commonly named ultra-
steep spectrum haloes. The Spectrum of the Coma cluster
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Fig. 3 Left: radio brightness at 1.4 GHz over bolometric X-ray luminosity for a sample of galaxy cluster. Upper limits of non-detections
are marked as blue arrows, tentative detection from stacking as red limits (see Brown et al. 2011, and references therein). Middle: radio
spectra of 4 clusters (Venturi 2011). Right: Radial profile of Compton-y parameter (pressure along the LoS) and radio synchrotron
emission in the Coma cluster out to R500 (Planck Collaboration 2012).

shows a break/steepening of the emission, which has impor-
tant theoretical implications (see Sect. 2.1). However differ-
ences in instrumentation and analysis might contribute to
the total shape of the spectrum. Individual points were esti-
mated with single-dish instruments as well as interferome-
ters. While interferometers might lose diffuse flux because
of limited UV-coverage, point source subtraction is compli-
cated for single-dish data. Therefore the spectrum should be
taken with a grain of salt.

The Planck satellite observed the Sunyaev-Zeldovich
effect in a number of clusters with unprecedented sen-
sitivity and resolution. A correlation between the cluster
Compton-y and radio luminosity was found from PLANCK
data by Basu (2012), however without a clear indication for
a bimodal distribution. This suggests that selection effects
might contribute to the bimodality found in the X-ray-radio
correlation.

In Coma, Planck Collaboration (2012) found that pres-
sure and radio emission are tightly correlated up to r500 ≈
1 Mpc (Fig. 3, right). Previous studies had shown that den-
sity and radio luminosity are correlated as well, however the
scaling differs between clusters (Govoni et al. 2001).

Recent X-ray observations find a non-thermal pressure
of ≤10 % in Coma (Churazov et al. 2012).

2.1 Direct constraints on models

The current observational status implies a number of con-
strains on the available models for a cluster-wide radio
bright population of CRe :
1. The predicted radio emission has to be consistent with

the observed profile (e.g. Brown & Rudnick 2011).
2. The non-thermal pressure by CRp, magnetic fields and

turbulence in clusters may not exceed the non-thermal
pressure constraint from the X-rays: 10 %.

3. The observation of ultra steep spectrum halos like A512
indicates very steep CRe spectra of > 2 (Brunetti et al.
2008). This implies either ”old” reaccelerated CRe or a
CRp population with very steep spectral index in these
clusters.

4. The non-detection of γ-rays constrains the amount of
CRp in clusters.

5. The large number of non-detections in the radio regime
suggests that radio halos are transient phenomena.
Statistics roughly indicates that given the observed pop-
ulation a cluster may not stay on the correlation (i.e.
be radio loud at 1.4 GHz) for more than half a Gyr,
with a transition period of roughly 200 Myr (Brunetti
et al. 2009). The correlation reflects the structural self-
similarity found in cluster properties, which is due to the
self-similarity of the underlying DM halo and its gravi-
tational potential (Navarro et al. 1996).

3 Hadronic models

Relativistic protons (p/mpc > 1 GeV) might be injected in
the ICM alongside CRe. CRp have long life-times and are
trapped in the cluster volume (Berezinsky et al. 1997; Völk
& Atoyan 1999). If their coupling to turbulence is ineffi-
cient their spectrum may only be slightly modified during
their life-time so they are assumed to retain their power-law
injection spectrum (Blasi & Colafrancesco 1999):

np(p) dp = Kpp−αCRp dp, (2)

with a spectral index αp. From accelerator data we know
that CRp inject secondary CRe at GeV energies and γ-rays
during collisions via a hadronic cascade (Dermer 1986):

pCR + pth ⇒ π0 + π+ + π− + anything
π± ⇒ μ + νμ

μ± ⇒ e± + νμ + νe

π0 ⇒ 2γ.

This allows to calculate the CR electron spectrum ne(p) di-
rectly from the thermal density and the injection Q(r, p′, t)
of CRe from the CRp spectrum (2). Under the assumption
of slow varying MHD conditions in the ICM, injection and
losses (Eqs. 17 and 18) of CRe balance, the spectrum equil-
librates and becomes stationary. The CR transport equation
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(16) can be simplified to

∂

∂p

(
ne(p)

dp

dt

∣∣∣∣
loss

)
= Q(r, p, t). (3)

The solution of this equation is then trivial (Dolag & Enßlin
2000):

ne(p) =
∣∣∣∣dp

dt

∣∣∣∣
−1

loss

∞∫
p

dp′Q(r, p′, t). (4)

Then the synchrotron emissivity follows analytically from
the CRe for power-law spectra (Ginzburg & Syrovatskii
1965; Longair 1994; Pacholczyk 1970; Rybicki & Lightman
1986). For a spectrum of CRp like Eq. (2) the synchrotron
emissivity scales like (e.g. Dolag & Enßlin 2000)

jν ∝ nthKpν−αν
Bαν+1

B2 + B2
CMB

, (5)

with2 αν = (αe − 1)/2 = (2αp − 1)/3 the spectral index
of the radio synchrotron emission and BCMB/(1 + z)2 =
3.2 μG the magnetic field equivalent of the CMB induced
IC effect (Longair 1994).

More elaborate models can be constructed which are
based on a piecewise solution of the diffusion equation of
CRp (Miniati et al. 2001) or adiabatic invariants (Enßlin
et al. 2007). This has also been combined with a prescription
for primary CRe and CRp injection in shocks (i.e. models
for radio relics) (Pfrommer et al. 2008). Most models share
the simplification of stationarity of the CRe spectrum ob-
tained from the (sometimes non-stationary) CRp spectrum.
In that case CR spectra and subsequent synchrotron spectra
are limited to power-laws, sometimes in a number of energy
bins. The coupling to turbulence is neglected in these works.

In hadronic models the injection efficiency for CRp and
CRe in shocks is a free parameter. The γ-ray emissivity
can be computed analytically as well (Pfrommer & Enßlin
2004a).

The magnetic field in clusters is then often modelled rel-
ative to the thermal density (Bonafede et al. 2010; Dolag
et al. 2001):

B(r) = B(0)
(

ρ(r)
ρ(0)

)ηmag

. (6)

Free model parameters are then:

1. Kp(r) = XCRp(r)nth(r): the CRp normalisation is
often given relative to the thermal density (XCRp ∈
[10−5, 0.1]) or simulated directly in a numerical ap-
proach. It is constrained by the synchrotron profile and
has to be consistent with the observed non-thermal pres-
sure and γ-ray limits.

2 when considering the Thomson pp cross-section. The full energy de-
pendent cross-section gives a slightly different scaling. Given the current
observational data the difference can be ignored.
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Fig. 4 Radial profile of magnetic field strength and square root
of the density (dashed) of the simulated cluster. The smallest reso-
lution scale 2hsml is marked as dotted line.

2. αp ∈]2.0, 3.0[: the CRp spectral index translates to CRe
and synchrotron spectral index and is therefore con-
strained by observed radio halo spectra. The spectral in-
dex enters the γ-ray emissivity as well. The observed
break in the radio spectrum of Coma is often (falsely)
attributed to the SZ-decrement. This is then combined
with a flatter αp and a flat magnetic field to fit γ-ray
constrains (Veritas Collaboration et al. 2012). We will
discuss this in Sect. 3.2.1.

3. B(0) ∈ [1, 10] μG: the cluster magnetic field normal-
isation is directly constrained from RM observations,
equipartition arguments and simulations.

4. ηmag ∈ [0, 1]: the cluster magnetic field scaling rela-
tive to the thermal density. While being constrained by
the same observations as the normalisation some models
assume (nearly) flat magnetic fields.

3.1 Simulations and CR formalism

Exemplary we show here results from constrained cos-
mological MHD simulations published in Donnert et al.
(2010a,b). These are consistent with analytic comparisons
with newest data (Brunetti et al. 2012).

The constrained power-spectrum initial conditions pro-
duces matter structures which on scales of a few Mpc (clus-
ters) can be identified with their real counterparts (Mathis
et al. 2002). The magnetic field was initialised from galac-
tic outflows as shown in Donnert et al. (2009). The radio
emission is then estimated with an analytic approach to the
CR physics: we use the high energy approximation to the
p-p cross-section in Brunetti & Blasi (2005) to compute the
synchrotron emissivity of a cluster. We estimate the γ-ray
brightness from our models using the formalism by Pfrom-
mer & Enßlin (2004a).

We model the radial profile of CRp normalisation
XCRp(r) relative to the thermal density as

XCRp(r) = XCRp(0)
(

ρ(r)
ρ(0)

)−ηCRp

. (7)
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Fig. 5 Top left: observed radio spectrum in the Coma cluster, black diamonds (Thierbach et al. 2003). Spectra of three hadronic models
with αCRp = 2.3, 2.6, 2.9 and ηCRp = 1.4, 1.4, 2.4. The SZ-decrement has been included pixel by pixel from the observed Planck
map (Brunetti et al., in prep.) . Top right: radial profile of radio synchrotron emission in Coma at 300 MHz (top, normalised, Brown &
Rudnick 2011) and 1.4 GHz (bottom, Deiss et al. 1997). In colors the three numerical models with a CRp scaling to fit the conservative
profile at 1.4 GHz (red, blue) and the deep profile at 300 MHz (green). Bottom left: non-thermal pressure constraint in Coma (black line,
Churazov et al. 2012) and non-thermal pressure from the numerical models. Bottom right: Fermi upper limits at αCRp = 2.3, 3.5 from
Veritas Collaboration et al. (2012) and expected γ-ray flux from the three numerical models.

We will fix the normalisation XCRp(0) and the scaling ηCRp

in the next section to fit the observed radio profile. The pro-
ton spectral index αCRp is another free parameter which we
will constrain from the observed spectrum. The magnetic
field is taken from the simulation and is roughly consistent
with observations in Coma with η = 0.5 and B0 ≈ 1 μG
(Bonafede et al. 2010). The result is shown in Fig. 4, where
we the magnetic field profile is plotted alongside the square
root of the density.

3.2 Results

In this section we will focus on the Coma cluster first.
We show how multi-frequency observations constrain the
hadronic model. An overview of the parameters used can
be found in Table 1. Then we show the P14-LX correlation
for a sample of simulated galaxy clusters and comment on
the implications of the Planck correlation between thermal
pressure and radio emission in Coma.

3.2.1 Coma: spectrum and SZ-decrement

Hadronic models predict a power-law synchrotron spectrum
(Eq. 5), in contrast to the observed break in the Coma spec-
trum. It has been argued that the break can be explained
by the Sunyaev-Zeldovich decrement in the unavoidable
CMB radio signal measured alongside the actual halo emis-
sion (Enßlin 2002; Pfrommer & Enßlin 2004a). The SZ-
decrement is the modification of the CMB thermal emission
by the cluster’s Sunyaev-Zeldovich effect at halo frequen-
cies (Sunyaev & Zeldovich 1980). This is not connected to
the halo emission, but contaminates the total emission mea-
sured from the halo. Naturally the influence is limited to the
region of the radio halo only. However, Enßlin (2002) con-
sidered the flux from a region more than twice the size of
the radio halo (5 Mpc radius), therefore overestimating the
decrement.

Due to the high resolution of the Planck measurements,
the SZ-decrement can now be directly estimated from ob-
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Table 1 Parameters and values for the three numerical models
used in this comparison.

Parameter Model 1 Model 2 Model 3

αCRp 2.3 2.6 2.9
ηCRp 1.4 1.4 2.4
XCRp(0) 0.002 0.006 0.006
B0 (μG) 1 1 1
ηmag 0.5 0.5 0.5
Fit ν (MHz) 1400 1400 300

servations. It is instructive to assume three spectral indices:
αCRp = 2.3 and αCRp = 2.6, as well as αCRp = 2.9. In
Fig. 5, top left, we show the Coma radio spectrum and three
analytical hadronic models with these spectral indexes, in-
cluding the SZ-decrement from the Planck data (prelimi-
nary results from Brunetti, in prep.). The spectra are nor-
malised to 300 MHz, where the influence of the decrement
is negligible. Only the last model leads to a marginally
consistent fit of the observed radio spectrum. A hadronic
model with spectral index of 2.6 is already more the a factor
of two away from the observations. Therefore even given
the uncertainties in the observations (see Sect. 2) the SZ-
decrement is not able to reproduce the break for indexes
smaller than 2.6.

3.2.2 Coma: radial profiles

The total radio flux and radial profile of the emission in
Coma can be used to constrain the amount of CRp in the
cluster, i.e. XCRp(r). We set the scaling according to Eq. (7)
to fit (Table 1) the observed radio profile at 1.4 GHz for
model one and two (Deiss et al. 1997), and 300 MHz for
model three (Brown & Rudnick 2011). The fits are shown
for all three models in Fig. 5, top right graph. This implies
ηCRp = 1.4 for the models with small spectral index and
ηCRp = 2.4 for the other one. The total luminosity of the
models is fixed at 1.4 GHz to be 640± 5 mJy arcsec−2 fol-
lowing Deiss et al. (1997).

The first two models use the older radio profile at 1.4
GHz. The is very conservative estimates as at low fre-
quencies the halo is observed to be much flatter and larger
(Brown & Rudnick 2011; Govoni et al. 2001; Venturi et al.
1990). Indeed, the third model uses the state-of-the-art ra-
dio observation of the Coma cluster and models the best
constrains available on the radio halo problem today.

CRp exert non-thermal pressure to the ICM, similar to
turbulence and magnetic fields. Recent observational stud-
ies on Coma set an upper limit to non-thermal pressure
of 10 % in the cluster (Churazov et al. 2012). For com-
parison we plot in Fig. 5 bottom left, the thermal pres-
sure profile (dashed line) alongside the 10 % limit (full
line) and the non-thermal pressure of the three models (red,
green, blue). The pressure constrain is violated at radii of
r10 ≈ 510, 400, 260 kpc, while the observed radio halo at
300 MHz extends to ≈1000 kpc. Therefore observations

Fig. 6 Radio brightness at 1.4 GHz over X-ray brightness be-
tween 0.2 and 2.4 keV for 16 clusters with XCRp(r) = 1 % and
αCRp = 2.6. Observed halos as diamonds from (Cassano et al.
2007) and upper limits from (Venturi et al. 2007).

imply considerable non-thermal pressure at large radii for
hadronic models. For the Coma cluster r10 could be in-
creased by flatter magnetic field models for flat CRp spectra.
However this becomes less consistent with magnetic fields
derived from observed rotation measures.

The situation becomes increasingly problematic when
considering halos like A512. The steep spectrum of these
objects require abundant CRp contents to reproduce the
emission at lowest frequencies. Observed synchrotron spec-
tra of αν ≈ 2.1 imply αCRp = 3.5. This results in non-
thermal pressures of more than 50 % within 3 core radii
(Brunetti et al. 2008; Dallacasa et al. 2009).

3.2.3 γ-ray brightness

Observations of γ-ray emission from hadronic collisions in
the ICM are an independent way of constraining the CRp
content in clusters. Newest upper limits in this frequency
band come from Fermi and Veritas, while the former ones
are most constraining (Veritas Collaboration et al. 2012).

In Fig. 5 bottom right, we show the most constraining
upper limits from Fermi (αCRp = 2.3, 2.5) as well as our
three numerical models. Only the first model with the flat-
test CRp spectrum is marginally consistent with the newest
γ-limits given the simulated magnetic fields. The other two
steeper models violate the observed limits. Again the sit-
uation could be eased by a stronger and flatter magnetic
field profile in the case of flat CRp spectra. The steep αCRp

model however can be considered excluded by γ-ray obser-
vations. It is the only one roughly consistent with the ob-
served radio spectrum though.

3.2.4 Radio–X-ray correlation

Figure 6 shows 16 simulated clusters from the cosmological
simulation in the P14GHz-LXray plane (triangles, XCRp =
1 %, αCRp = 2.6). Overplotted are the observed correlation
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Fig. 7 Full sky map of radio flux from a hadronic model with XCRp(r) = 1 % and αCRp = 2.6 in a cosmological MHD simulation.

(dotted line), observed radio halos (red & white diamonds,
Venturi et al. 2007) and upper limits (red lines). The ob-
served correlation is well reproduced by the largest clusters
in the simulated sample.

However the brightness distribution from the simula-
tion is not bimodal: all large clusters show significant radio
emission. This is an intrinsic prediction of hadronic models.
As CR protons are trapped in the cluster volume they accu-
mulate in the ICM. In Fig. 7 we show a full sky projection
of the radio synchrotron emission from the simulation using
the XCRp = const model and the simulated magnetic field.
Every cluster shows diffuse radio emission. The radio sky
predicted by this model is shown in Fig. 7.

3.3 Summary

Given our simulated magnetic fields, hadronic models
1. reproduce the P14GHz-LXray correlation, but in the case

of classical models fail the bimodal distribution of the
population;

2. do not reproduce the deepest observed radio profile in
Coma within the non-thermal pressure constrains. This
could be eased using a flatter and stronger magnetic
field distribution. However this tends to be not consis-
tent with observed RM measures in the Coma cluster;

3. are not consistent with present upper limits in the γ-ray
regime when reproducing deepest Coma radio observa-
tions and its radio spectrum. Models using αCRp = 2.3
are indeed consistent with these limits if the 1.4GHz
profile is fitted. However they do not fit the Coma spec-
trum (Fig. 5, top left);

4. do not reproduce the break in the Coma spectrum when
αCRp < 3.

The observed constrains present serious challenges for
hadronic models. The observed spectrum of the Coma clus-
ter is impossible to fit without violating non-thermal pres-
sure constrains and γ-ray limits. In the most recent attempts,

Veritas Collaboration et al. (2012) and Zandanel et al.
(2012) report a good fit to the observed constrains. However
in these papers Coma is modelled with3 αCRp = 2.1–2.4 at
1.4 GHz only !

The Planck Compton-y–radio correlation The situa-
tion can be presented most elegantly from the observed
Compton-y–300 MHz radio profile correlation in Coma
(Mazzotta & Planck Collaboration 2012). In the center of
the cluster, the fit in Fig. 5 (and most other hadronic models)
predict XCRp ≈ 10−3–10−2 (depending on the CRp spec-
tral index) to reproduce the luminosity profile locally. At
the outer radii (300 < r < 1000 kpc), where B � BCMB,
Planck found

yCompton ∝ j1.4GHz(r). (8)

The Compton-y parameter measures pressure, thus
yCompton(r) ∝ P ∝ nthT, (9)
j1.4GHz ∝ XCRpn2

thB2. (10)
The temperature profile in clusters is roughly constant with
radius, and we have
XCRp ∝ n−1

th B−2, and (11)
nth ∝ (1 + r2/r2

c ) (12)
for r ≤ r500. It follows from the Planck correlation that
XCRp ∝ (1 + r2/r2

c ), even for a flat magnetic field. In
Coma rc ≈ 0.3 r500, so XCRp has to increase by a factor
of 10 in this case. If αCRp > 2.9 then XCRP ≈ 0.01, and
the non-thermal pressure constraint of 10 % is violated at
1 Mpc even for flat magnetic field models.

However observed rotation measures suggest B ∝
n1−0.5

th (Bonafede et al. 2010). Here the increase is a fac-
tor4 of 100 to 1000 and the non-thermal pressure constraint
is violated in any case.

3 Because the SZ-decrement is overestimated.
4 This is consistent with our fit (Fig. 5, left, cyan curve).
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3.4 A comment on non-classical hadronic models

Recently Enßlin et al. (2011) proposed a model based on
CRp transport in the ICM in an attempt to explain the bi-
modal distribution of halos in the hadronic framework. In
this model the bimodality reflects two modes of CRp trans-
port in clusters:

– During mergers CRp transport is dominated by convec-
tion through turbulent motions. CR protons are effec-
tively stored between converging magnetic field lines
(similar to magnetic bottles) and dragged along the tur-
bulent motions. These motions are injected at a scale of
the core radius and induce an MHD cascade of cluster-
wide turbulence. This way the CRp density in the center
of clusters is increased. The resulting flatter XCRp pro-
file leads to the observed radio bright clusters.

– After turbulence has decayed CRp transport is supposed
to be dominated by super-Alvénic streaming of CRp
along the magnetic field lines. If small scale turbulence
is not driven by external processes the streaming insta-
bility is the only source of fluctuations at that scale.
Scattering of CRs on these fluctuations limits the diffu-
sion speed to the Alvén speed (Wentzel 1974). Specif-
ically the isotropisation of CRp for small pitch an-
gles (i.e. reversal of direction along the field) is medi-
ated by scattering with large modes (i.e. mirror interac-
tions) (Felice & Kulsrud 2001). However these modes
are damped efficiently by the ICM plasma through the
ion cyclotron resonance. Enßlin et al. (2011) and Hol-
man et al. (1979) argue that this way the streaming in-
stability is inefficient to generate modes at small pitch
angles. This would allow streaming motions along the
field lines comparable to the sound speed (highly super-
Alvénic). Eventually this tends to remove CRp from the
cluster center and flatten the CRp profile of the cluster.
Subsequently the radio brightness declines. This process
might as well be able to explain the steepening of the
radio spectrum as a superposition of different CRp pop-
ulations.

However the assumption of streaming velocities higher than
the Alvén speed had been rejected earlier for CRe and only
lead to the cooling time dilemma. We therefore see three
problems in the argumentation presented in Enßlin et al.
(2011) and Holman et al. (1979) and above:

– Cosmological simulations show that even in relaxed
clusters, structure formation causes a constant infall
of small halos into the ICM, driving turbulence. The
ICM itself is not a classical collisional plasma. Probably
collective effects mediate collisionality, which implies
very high Reynolds numbers of the plasma (Brunetti
& Lazarian 2011b). Therefore the infall of structures
always causes turbulence on kpc scales which is dis-
sipated at sub-pc scales. This is in contrast to the
non-classical hadronic approach which relies on small
modes generated exclusively by the streaming instabil-
ity. Even though damping processes are ill constrained

Fig. 8 Diffusion coefficient over pitch angle in radians (Achter-
berg 1981). The quasi-linear result is shown dashed, the non-linear
result as full curve. In clusters E1 > EM.

in the ICM it is likely that externally driven turbulence
is always present at some level on the damping scale of
CRp.

– Holman et al. (1979) argue that at pitch angles of μ < 2◦

turbulence is completely absent due to the strong damp-
ing by the thermal ions. However even in the absence
of external driving, turbulence is constantly injected on
a range of scales by CRp through the streaming insta-
bility. Due to mode coupling these motions will form
a cascade and develop a break with finite steepness at
the wavelength of interest (Schlickeiser 2002; Spangler
1986). Therefore turbulence is unlikely to be completely
absent, even if ion cyclotron damping is stronger than
the growth rate from the streaming instability.

– Holman et al. (1979) calculate the diffusion coefficient
in the quasi linear regime. In that formalism the res-
onance function Rj(k, ωj) is approximated by a delta
function (e.g. Schlickeiser 2002)

Rj(k, ωj) = πδ(vμk‖ − ωR,j + nΩ). (13)

However, this approximation is only valid if Γj → ∞,
i.e. damping of plasma modes is negligible (Melrose
1980). This is not the case in the situation considered
here. Ion cyclotron damping obviously has to be con-
sidered, because it is supposed to dominate at small
pitch angles. The correct resonance function is of Breit-
Wigner type (e.g. Schlickeiser 2002):

Rj(k, ωj) =
Γj(k)

Γ2
j (k) + (vμk‖ − ωR,j + nΩ)

. (14)

Considering this resonance function the diffusion co-
efficient has been investigated in non-linear theoretical
approaches (Achterberg 1981; Ben-Israel et al. 1975;
Dupree 1966; Goldstein 1976; Jones et al. 1978; Völk
1973; Weinstock 1969, 1970; Yan & Lazarian 2008).
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The resulting diffusion coefficient (Dμ) is consistent be-
tween authors. We show in Fig. 8 the result from Achter-
berg (1981) which does not vanish for μ → 0, in the
case of fully relativistic particles. CR scattering through
μ = 0 appears not to be a problem in the correct non-
linear approach.

We conclude that CR streaming is not important in galaxy
clusters.

4 Re-acceleration models

The ICM thermal plasma might be dominated by field-
particle interactions to establish the observed collision-
ality of the plasma. This can be seen when comparing
particle-particle and particle-field interactions: In a clus-
ter, particle collision lengths are >1 kpc and the speed of
a particle in the collisionless regime is the sound speed,
≈108 cm s−1. However, the Debye length5 is of the order
of 20 km (Schlickeiser 2002). That means every charged
particle is coupled to ≈106 neighbouring particles through
its em-field, with quasi instantaneous interaction speed (the
speed of light). In contrast the time between collisions is
1021 cm/3×108cm s−1 ≈ 1 Myr.

One may consider, that major mergers drag 1062 erg of
kinetic energy into the ICM. The most part is dissipated
through shocks into heat, which is prominently seen in ra-
dio relics (e.g. Vazza et al. 2009b, 2012). Additionally, vor-
tical motions, shear flows and instabilities efficiently drive
turbulence in the ICM (Subramanian et al. 2006), because
of its high Reynolds number. This amplifies magnetic fields
to μG values (Beck et al. 2012; Dolag et al. 2001; Don-
nert et al. 2009). Furthermore, turbulent modes (local field
fluctuations) resonantly couple to the cosmic-ray electrons
in the ICM on pc scales (Schlickeiser 2002). This way a
synchrotron dark, long-lived population of CRe can dif-
fuse throughout a cluster, and is accelerated to synchrotron
bright energies by turbulence, on a time-scale shorter than
the life-time of radio halos (Brunetti et al. 2001; Petrosian
2001; Schlickeiser et al. 1987).

4.1 Dynamics of the CRe population

Models involving re-acceleration do not assume stationarity
of the CR population. Therefore the analytical formalism
based on the stationarity condition, Eq. (3), can not be used
in this framework. Again the population of cosmic-rays is
described by its isotropic spectral density n(p, t) in momen-
tum space. The dynamics of this spectrum is determined by
the interplay between cooling, due to radiative and Coulomb
losses, and acceleration, due to turbulence (Fig. 1, left). The
momentum transport is governed by a Fokker-Planck equa-
tion (16), in which these processes are realised as coeffi-
cients. The loss terms (Eqs. 17 and 18) define a cooling time

5 The distance it takes to shield the field of an extra charge.

scale which is given by Eq. (1), and is of the order of 108 yr
for synchrotron bright CRe in the ICM (see Sect. 1).

The coupling to turbulence through resonant scattering
on plasma waves is realised through the Dpp coefficient
(Eq. 23), which defines an acceleration time scale (e.g. Cas-
sano & Brunetti 2005)6:

t−1
acc = 4

Dpp

p2
. (15)

Stochastic acceleration is efficient only, if this time scale
is comparable or smaller than the cooling time scale in the
medium. For the ICM this is true, when the local turbulent
velocity is of the order of ≈300 km s−1 on scales of 50 kpc.

4.1.1 The transport equation

The change of the spectrum n(p) in momentum space is de-
scribed by a Fokker-Planck equation. It follows from the rel-
ativistic Maxwell-Vlasov system of equations (see Schlick-
eiser 2002, and references therein). Here one neglects the
spatial diffusion of cosmic-rays in the ICM for reasons laid
out in Sect. 3.4 (Wentzel 1974):

∂n(p, t)
∂t

=
∂

∂p

[
n(p, t)

(∣∣∣∣dp

dt

∣∣∣∣
rad

+
∣∣∣∣dp

dt

∣∣∣∣
ion

− 2
p
Dpp(p)

)]

+
∂

∂p

[
Dpp(p)

∂n(p, t)
∂p

]
+ Qe(p, t). (16)

Conceptually this is a non-linear momentum diffusion equa-
tion. Setting Dpp = 0, one recovers the usual diffusion
equation with the loss terms as positive definite diffusion
coefficient. This leads to diffusion to lower momenta, i.e.
cooling. For Dpp 
= 0 this diffusion coefficient is modified
and can become negative, leading to diffusion to higher mo-
menta, i.e. heating. Additionally, the second term on the
right hand side describes a non-linear broadening of the dis-
tribution. The evolution of a spectrum is shown in Fig. 11,
left for constant injection of power-law CRe at momenta
p ∈ [50, 105] mec.

The injection of CRe in the Fokker-Planck equation
is described by an injection function Q(p, t). Possible in-
jection sources include shock acceleration, hadronic pro-
cesses, reconnection, AGN and galactic outflows (Blasi
et al. 2007a; Lazarian & Brunetti 2011). In general these
processes are found to inject power-law distributions of CRe
into the ICM (see e.g. Blasi 2010, for details).

The loss terms due to inverse Compton scattering with
CMB photons and synchrotron radiation and Coulomb
losses at z = 0 take the form (Cassano & Brunetti 2005):

dp

dt

∣∣∣∣
rad

= −4.8×10−4 p2

[(
BμG

3.2

)2

+ 1

]
, (17)

dp

dt

∣∣∣∣
ion

= −3.3×10−29 nth

[
1 + ln

(
γ

nth

)
/75

]
, (18)

6 They are missing a factor of two in the corresponding formula.
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where BμG is the magnetic field in microgauss, nth the
number density of thermal particles, and γ the Lorentz fac-
tor.

One may observe that synchrotron emission can be de-
scribed with an effective magnetic field in the IC formula.
This stems from the fact that IC and synchrotron mech-
anisms use the same quantum-mechanical scattering pro-
cess (Longair 1994). They are dominant at higher mo-
menta (p > 103 mec). Ionisation losses and Coulomb scat-
tering depend on the thermal number density of particles in
the ICM nth and are dominant in the low energy regime
(p < 102 mec).

The momentum diffusion coefficient follows from a per-
tubative approach to the relativistic Maxwell-Vlasov system
of equations. Here it is assumed that the change of the field
perturbation by the particle can be neglected7. This is re-
ferred to as “quasi-linear theory”. The rigorous derivation
is lengthy, see Schlickeiser (2002) for details. We follow
here a more physical the approach by Brunetti & Lazarian
(2007).

The Dpp coefficient describes the interaction of cosmic-
rays with turbulence in a plasma. Turbulent fluctuations
manifest in a plasma, amongst others, in fluctuations of the
electric and magnetic field. In the ICM these fluctuations
can be damped by cosmic-rays, similar to how a dielectric
damps an infalling light-wave.

The “dielectric tensor” describes the action of the
medium/CRs on the fluctuating e/m-fields. In the core of
this process is the “resonance condition” (Eq. 19) which de-
scribes the coupling of the particle population to the e/m-
fields. However turbulence is a statistical process and the
turbulent fluctuations are better described by a spectrum in
k-space. This spectrum evolves according to a damped dif-
fusion equation (Eq. 21). To describe the action of the di-
electric on the damping of the waves the dielectric tensor
has to be translated to a “damping coefficient” (Eq. 20). Us-
ing detailed balancing and a Kraichnan spectrum, the diffu-
sion coefficient (Eq. 23) can then be derived from an energy
argument (Eq. 22).

Brunetti & Lazarian (2007) consider only the scattering
by fast compressive turbulent modes8. This is the least effi-
cient coupling, which makes this a “conservative approach”.
Alvén waves have been considered in e.g Brunetti et al.
(2004) and Brunetti & Blasi (2005), but require CR protons
and their back-reaction on the spectrum.

In the presence of compressible low-frequency MHD-
waves with an energy spectrum W (k), relativistic particles
with velocity v in a magnetic field are accelerated by elec-
tric field fluctuations. In quasi-linear theory this gyroreso-
nant interaction applies for the resonance condition (Mel-
rose 1968)

ω − k‖v‖ − n
Ω
γ

= 0, (19)

7 I.e. damping can be neglected; compare with CR streaming, Sect. 3.4,
where this is not the case.

8 An MHD version of sound waves.

with ω the frequency of the wave, k‖ and v‖ the wave-vector
and particle velocity parallel to the magnetic field, Ω the
Larmor frequency, γ the Lorentz factor, and n the resonance
order. Here only n = 0 case is considered (Transit time
damping), which requires effective pitch-angle isotropisa-
tion of the particles by other processes.

The resonance condition (19) can be used to derive the
damping rate Γ of turbulence from the dielectric tensor Ka

ij

in the limit of long wavelengths. Note that here indeed one is
allowed to use the quasi-linear approximation (13) because
the damping is very small. The damping rate then follows
from the dielectric tensor via (Melrose 1968):

Γ = −i

(
E∗i Ka

ijEj

16πW (k)

)
ωi=0

ωr, (20)

where Ei are the electric fields, ωr is the real part of the
frequency of the fluctuating field, and ωi its imaginary part.

The turbulence spectrum follows the damped diffusion
equation

∂Wk(t)
∂t

=
∂

∂k

(
Dkk

∂Wk(t)
∂k

)
−

N∑
i=1

Γi(k)Wk(t), (21)

with the diffusion coefficient due to mode coupling Dkk =
k2/τs, where τs is the spectral energy transfer time. Here
i sums over all damping processes of turbulence in the
plasma. For the high-β ICM thermal particles and CRp ar-
guably do not damp fast modes efficiently. Therefore we
only consider CRe damping here (N = 1).

The argument of “detailed balancing” then states that
the energy lost by the turbulent waves below a scale l due
to CRe damping equals the energy change in the relativistic
particles. It relates the total energy in a mode W (k) dk to
the particle spectrum (Achterberg 1981; Eilek 1979)∫

dp ECRe

(
∂fCRe(p)

∂t

)
=

∫
dk ΓCRe(k, θ)W (k). (22)

From this argument Dpp can be found:

Dpp ≈ 9×10−8 p2 v4
turb

c2
s l

η2
turb (23)

for Kraichnan turbulence P (k) ∝ k−3/2 and an energy frac-
tion in magneto-sonic waves ηturb.

4.2 Model parameters

As re-acceleration models are non-stationary, all parameters
have to be estimated as a function of time. One may model
the thermal quantities with the usual isothermal beta model.
This leaves the following model parameters:

– Magnetic field distribution, i.e. B0(t) and ηB(t).
– Spectral distribution of turbulence W (t): e.g. a power-

law with index αturb, cut-off kmin, kmax and normalisa-
tion W0(t). For Kraichnan turbulence this translates to
Eq. (23) with the turbulent velocity vturb at scale l.
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– The fraction of turbulence in magneto-sonic waves
ηturb ∈ [0.01, 0.5]. This parameter is not well con-
strained, but given the theoretical uncertainties in the
coupling (see the motivation of Dpp above) values be-
tween 0.01 and 0.5 seem acceptable.

– A source of CRe, i.e. Q(t).

The time evolution of the particle spectrum as well as the
resulting synchrotron emission have to be estimated numer-
ically.

While semi-analytical models have been applied suc-
cessfully in the past (e.g. Fujita et al. 2003) the complexity
of the problem really requires a fully numerical approach.

4.3 First simulations

We show results from a first numerical study of reacceler-
ation in cluster mergers (Donnert et al. 2013). This work
makes use of the MHDSPH code GADGET3 (Dolag &
Stasyszyn 2009; Springel 2005) and a model for isolated
cluster collisions (Donnert, in prep., Sect. 4.3.2). We self-
consistently follow the collisionless dynamics of dark mat-
ter (DM), and the gas in the MHD-approximation. This sim-
ulates the temperature, density and magnetic field distribu-
tion of the merger over time. In addition, the following pa-
rameters are used:

– The magnetic field is setup with ηmag = 1.
– Turbulence follows a Kraichnan spectrum below the nu-

merical resolution, so the diffusion coefficient equation
(23) is used. Above the resolution scale turbulence is
computed explicitly by the code.

– A numerical model for smoothed particle hydrodynam-
ics (SPH) turbulence gives vturb on the kernel scale
l = 2hsml. Here hsml is the compact support of the ker-
nel.

– ηturb = 0.2.
– CRe are assumed to be constantly injected into the ICM.

The injection coefficient is modelled as

Qe(γ, t) = Keε
2
thγ−2

√
1 − γ

105

(
1 − 50

γ

)
, (24)

which is a power-law with smooth cut-offs at γ =
p/mec = 50, 105. As the injection scales as the ther-
mal energy density εth it is equivalent to an hadronic
injection, Ke ≈ 10−4.

4.3.1 Fokker-Planck code

In post-processing to the simulation we follow dynamics
of the CRe spectrum by solving the transport equation 16
(Donnert, in prep.) in parallel. We linearly interpolate be-
tween simulation outputs every 10 Myr and use a conser-
vative timestep of 1 Myr in the code. The Fokker-Planck
coefficients are computed from Eqs. (17), (18), (23), and
(24) using the thermal and turbulence properties from the
simulation.
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Fig. 9 Comparison of CRe spectra from our code (colours) us-
ing 100 grid cells with another code (black) used in Cassano &
Brunetti (2005) with 10000 cells.

Table 2 Model parameters of the initial conditions based on
Donnert (in prep.)

Value Unit Cluster 0 Cluster 1

aHernq kpc 811 473
r200 kpc 2192 1380
rcore kpc 237 130
M200 1015 M� 1.33 0.17
ρ0,gas 10−26 g cm−3 0.9 1.1
T (rcore) 107 K 9.2 2.8

We sample the CRe spectrum in 100 logarithmic bins
between p/mec = 1 and 106. We realise open boundary
conditions with the method from Borovsky & Eilek (1986).
We use the method of Chang & Cooper (1970) to compute
the time evolution of the spectrum. They derive a first-order
accurate adaptive upwind scheme which can be analytically
shown to

– be unconditionally stable,
– guarantee positivity,
– converge to the steady-state solution,
– conserve particle numbers.

This means it is ideally suited for our purpose to com-
pute millions of spectra on particles of an SPH simulation.
Specifically it allows us to use a logarithmic grid with only
a small number of cells. The convergence and accuracy is
tested against a run using the Fokker-Planck code from Cas-
sano & Brunetti (2005). In Fig. 9 we compare results from
their code using 10000 grid cells (black) with ours using 100
grid cells (colours). The input data are taken from Cassano
& Brunetti (2005). Deviations at low momenta occur due
different implementations of the open boundary conditions.

4.3.2 Thermal model

We use an idealised model for major cluster merger based
on the Hernquist profile (Hernquist 1990) for the collision-
less matter. We identify a Hernquist profile with an NFW-
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Fig. 10 Bolometric X-ray emission from the system with radio synchrotron emission at 1.4 GHz overlaid as contours (Donnert et al.
2013). We show three different times: halo phase after the first (left) and second (middle) merger and off-center emission from an infalling
stream (right).

profile (Navarro et al. 1996) with concentration parameter c
according to Springel et al. (2005) The ICM is modelled as
a β-model (Cavaliere & Fusco-Femiano 1978; King 1966)
with β = 2/3 and rcore = c/3. The hydrostatic equation
can then be solved analytically to give a roughly constant
temperature profile (Donnert, in prep.).

We simulate a merging system with a mass ratio of 1:8,
total mass of 1.5×1015 M� and a baryon fraction bf =
0.17. The two clusters are relaxed separately and then joined
in a periodic box of 10 Mpc size. They are set on a zero en-
ergy orbit with an impact parameter of 300 Mpc. The mag-
netic field is set-up divergence free in k-space from a Gaus-
sian random vector potential. This is transformed to a grid of
150 kpc size and the particles are initialised via NGP sam-
pling. The field is attenuated according to ηmag = 1, which
introduces divergence. We rely on the divergence cleaning
of the code to deal with this in the beginning of the simula-
tion.

4.3.3 SPH-algorithm and turbulence

To catch the bulk of turbulence generated in our simulation
we use an SPH algorithm tuned towards minimising vis-
cosity in the flow. We use a time-dependent viscosity ap-
proach (Dolag et al. 2005) and a description for artificial
thermal conduction and magnetic diffusion to resolve insta-
bilities (Price 2008). We use the high-order C4 Wendland
kernel with 210 kernel-weighted neighbours (Dehnen & Aly
2012).

The local turbulent energy is estimated from the RMS
velocity dispersion of neighbours within the SPH kernel. By
using a kernel with large compact support we make sure that
viscous damping happens within the kernel scale. We set the
low viscosity scheme to retain a minimum viscosity, corre-

sponding to α = 0.01 in the viscosity formulation of Dolag
et al. (2005). This way our approach remains conservative.

4.3.4 Results

We use our parallel projection routine SMAC2 to extract
thermal and non-thermal synthetic observations from the
system. In Fig. 10 we show projections of the X-ray emis-
sion at three different radio bright stages of the system.

The thermal evolution of the system can be summarised
as follows:

– Upon infall a large shock develops in front of the small
cluster. This boosts the X-ray emission of the system,
which peaks at the core passage (infall phase).

– As the small DM core leaves the host cluster, the X-ray
luminosity declines rapidly. The small core drags a part
of the ICM along (effectively displacing the gas after
the first encounter), causing turbulence (reacceleration
phase).

– When the DM core reaches its turn-around point the tur-
bulence has decayed, the ICM relaxed and the cluster is
radio dark (decay phase).

These merging phases are repeated two times as the DM
core oscillates in the host potential. The mass of the sub-
cluster successively declines and the host system is pre-
disturbed. The core oscillations decay with time and the re-
sulting emission peaks in the X-rays decline.

Due to the impact parameter, the ICM of the host clus-
ter receives angular momentum and an infalling stream of
hot gas develops after the second core passage. This has
been seen in other simulations of this kind as well (Ricker
& Sarazin 2001). The system relaxes after roughly 6 Gyr.

The non-thermal emission follows the spatial and tem-
poral evolution of turbulence in the simulation. Shortly af-
ter the first passage of the smaller DM core a large volume
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Fig. 11 Left: exemplary CRe spectrum of a particle in the simulation at different times. Middle: observed radio–X-ray correlation
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10 Myr intervals marked), simulated injection only (dashed curve). Colored dots correspond to the curves shown in the other panels.
Right: Observed radio spectra of Coma (dots) and A521 (diamonds) and of the system at different times.

filling off-center halo develops (Fig. 10, left), which de-
cays within 1 Gyr. After the second passage an elongated
smaller halo centered on the peak X-ray emission of the
pre-disturbed cluster can be seen (Fig. 10, middle). After
relaxation of the DM cores, large off-center emission de-
velops on top of the turbulent infall stream (Fig. 10, right).
In between these phases the system becomes radio quiet as
expected from analytical models.

For a more quantitative analysis we will focus on the
first passage only. In Fig. 11 (left) we show CRe electron
spectra from a single particle in the simulation at seven
times between 1 and 3.5 Gyr. At 1 Gyr the CRe spectrum
is in the equilibrium state between injection and cooling
(blue). At 1.5 Gyr (maximum halo brightness) the spec-
trum shows the typical bending from turbulent reaccelera-
tion (light red). In the following times the population cools,
i.e. reacceleration is not efficient anymore and CRe diffuse
to synchrotron dark momenta.

In Fig. 11 (middle), we show the evolution of the system
in the P14-LX plane (black line). We mark every 0.2 Myr
with a small dot on the line and the times shown in the other
two plots with corresponding colours. The injection only
model is shown as a dashed line. The observed correlation
(straight black line), observed halos (diamonds) and ultra-
steep spectrum halos (asterisks) and upper-limits (arrows)
are added as well. In this model, the system is below the
upper-limits in its initial equilibrium state (blue dot). Upon
infall the shock rapidly increases X-ray and synchrotron lu-
minosity. In the reacceleration phase the X-ray luminosity
declines, because the DM core drags ICM gas out of the host
system. This causes turbulence and reacceleration, which
boosts the radio luminosity to maximum brightness and on
the correlation (light red point). As turbulence decays the
radio emission declines and the cluster leaves the correla-
tion. Within one Gyr the radio luminosity falls below the
upper limits again.

In Fig. 11 (right) we show synchrotron spectra of the
system. The colours correspond to the times discussed be-
fore. The synchrotron spectrum at 1Gyr (dark blue) is con-
sistent with the analytical expectation for the equilibrium of
cooling and injection (Eq. 4). At its maximum brightness
of the system, its radio spectrum is flatter than the observed

Coma spectrum. The simulated spectrum then steepens with
time during the cooling phase. At 1.7 Gyr it fits the Coma
spectrum (filled dots) and at 1.8 Gyr the ultra-steep spec-
trum of A521 (diamonds). With time the spectrum flattens
again and approaches the equilibrium spectrum at 3.4 Gyr.

5 Conclusions

We reported on the status of models for giant radio halos.
Reviewing the current picture on radio halos from observa-
tions, we presented an overview of hadronic models. Using
a pure hadronic model in a cosmological MHD simulation,
we argued that hadronic models fail to simultaneously re-
produce key observables:

– the Coma radio profile within the non-thermal pressure
constrains,

– the Coma Compton-y–radio correlation,
– the Coma spectrum and radio brightness within the cur-

rent γ-ray upper limits, and
– the bimodal distribution in cluster brightness.

We put forward three theoretical arguments against non-
classical hadronic (streaming) models:

– Galaxy clusters are unlikely to be free of turbulence on
small scales due to high Reynolds numbers and constant
infall of small DM haloes.

– Efficient damping does not imply complete absence of
turbulence if a cascade is present.

– Linear theory is not applicable for non-negligible damp-
ing. In turn non-linear theory predicts efficient CR scat-
tering also for small pitch angles.

Considering this evidence we presented a short introduction
to re-acceleration models. We motivated the transport equa-
tion and its terms governing cooling, injection and reaccel-
eration of the CRe population. We presented first results
from a numerical approach to the problem in the framework
of idealised cluster collisions. Using a constant injection
of CRe, the idealised system reproduces key observables,
specifically

– the variety of observed spectral indices, from flat to
ultra-steep, and

c© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.an-journal.org
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– the transient nature of radio halos.

This reaffirms prior expectations from theoretical ap-
proaches. Naturally this idealised model is only a first step
towards a more detailed modelling of the non-thermal com-
ponents of the ICM. Upcoming radio telescopes like LO-
FAR will test our current understanding of CR dynamics
and detailed numerical modelling in a cosmological frame-
work seems highly appropriate.

We would like to emphasize that future approaches must
include CR protons as well, and the absence of any clear ob-
servational signature of these particles remains an exciting
problem in the next decades. One may also consider that
state-of-the-art models for radio haloes require a plasma,
not a fluid model of the ICM on small scales. This comes
with significant complications in the physics, but bares the
chance of a more complete understanding of the micro-
physics of the ICM, a truly unique plasma.
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Brüggen, M., van Weeren, R. J., & Röttgering, H. J. A. 2012, MN-
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