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ABSTRACT

The Fermi-LAT collaboration recently published deep upper limits to the gamma-ray
emission of the Coma cluster, a cluster that exhibits non-thermal activity and that
hosts the prototype of giant radio halos. In this paper we extend previous studies and
use a general formalism that combines particle reacceleration by turbulence and the
generation of secondary particles in the intracluster medium to constrain relativis-
tic protons and their role for the origin of the radio halo. Our findings significantly
strengthen the conclusions of previous studies and clearly disfavour pure secondary
models for the halo. Indeed the new limits allow us to conclude that a pure hadronic
origin of the radio halo would require magnetic fields that are too strong. For instance
By > 21uG is found in the cluster center assuming that the magnetic energy density
scales with thermal density, to be compared with By ~ 4 — 5uG as inferred from
Faraday Rotation Measures (RM) under the same assumption. Secondary particles
can still generate the observed emission if they are reaccelerated. For the first time
the deep gamma-ray limits allow us to derive meaningful constraints if the halo is
generated during phases of reacceleration of relativistic protons and their secondaries
by cluster-scale turbulence. In this paper we explore a limited, but relevant, range of
parameter-space of reacceleration models. Within this parameter space a fraction of
model configurations is already ruled out by current gamma-ray limits, including the
cases that assume weak magnetic fields in the cluster core, B < 2 —3uG. Interestingly,
we also find that the flux predicted by a large fraction of model configurations that
assume a magnetic field consistent with Faraday RM is not far from the limits. This
suggests that a detection of cosmic-ray-induced gamma rays from the cluster might
be possible in the near future, provided that the electrons generating the radio halo
are secondaries reaccelerated and the magnetic field in the cluster is consistent with
that inferred from Faraday RM.
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1 INTRODUCTION

Clusters of galaxies form during the most violent events
known in the Universe by merging and accretion of smaller
structures onto larger ones (see Voit 2005, for a review).
This process is accompanied by a release of energy of the
order of the cluster gravitational binding energy of about
1052 — 10%* erg. Some of this energy is dissipated via shock
waves and turbulence through the intra-cluster medium
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(ICM) that can (re-)accelerate particles to relativistic ener-
gies (see, e.g. Brunetti & Jones 2014, for a review). In fact,
the presence of relativistic electrons in the ICM, as well as
1G magnetic fields, is probed by the detection of diffuse
cluster-scale synchrotron radio emission in several clusters
of galaxies. Mpc-scale diffuse synchrotron emission in clus-
ters is classified in two main categories: radio halos, roundish
radio sources located in the central regions, and radio relics,
filamentary structures tracing shock waves in the cluster out-
skirts (Feretti et al. 2012, for a review) The origin of these
synchrotron sources has been debated for decades now and,
while some important steps have been made, important in-
gredients in the scenario for the origin of non-thermal phe-
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nomena in clusters remain poorly understood (Brunetti &
Jones 2014, for a review).

Giant radio halos are the most spectacular evidence for non-
thermal phenomena in galaxy clusters. The short cooling
length of relativistic electrons at synchrotron frequencies
compared to the scale of these sources requires mechanisms
of in situ acceleration or injection of the emitting particles.
Cosmic-ray (CR) protons are accelerated by structure for-
mation shocks and galaxy outflows in clusters, they can ac-
cumulate and are confined there for cosmological times and,
therefore, can diffuse on Mpc volumes (e.g., Volk et al. 1996;
Berezinsky et al. 1997) For these reasons, a natural expla-
nation for radio halos was given by the so-called hadronic
model (pure secondary model throughout this paper; e.g.,
Dennison 1980; Blasi & Colafrancesco 1999; Pfrommer &
EnBlin 2004; Pfrommer et al. 2008; Pinzke & Pfrommer
2010; Keshet & Loeb 2010; Enflin et al. 2011). In this sce-
nario the observed diffuse radio emission in cluster central
regions is explained by secondary electrons that are contin-
uously generated by inelastic collisions between CR, protons
and thermal protons of the ICM. However the same inelastic
collisions generate also gamma rays (from 70 decay) whose
non detection in these years (e.g., Aharonian et al. 2009a,b;
Aleksi¢ et al. 2010, 2012; Arlen et al. 2012; Ackermann et al.
2010; Huber et al 2013; Prokhorov & Churazov 2014; Ahnen
et al. 2016) limits the cluster CR content and in fact disfa-
vors a pure hadronic origin of radio halos (e.g., Brunetti
et al. 2009; Jeltema & Profumo 2011; Brunetti et al. 2012;
Zandanel et al. 2014; Zandanel & Ando 2014; Ackermann
et al. 2014, 2016). While there are other complementary ev-
idences that put tension on pure hadronic models, for exam-
ple as inferred from cluster radio—thermal scaling relations
and spectrum of radio halos (Brunetti & Jones 2014, for re-
view), gamma-ray (and also neutrino; e.g., Berezinsky et al.
1997; Zandanel et al. 2015) observations are the only direct
ways of constraining CRs in clusters.

Nowadays, the favored explanation for giant radio ha-
los is given by the so-called turbulent re-acceleration model,
where particles are re-accelerated to emitting energies by
turbulence generated during cluster mergers (Brunetti et al.
2001; Petrosian 2001; Fujita et al. 2003; Cassano & Brunetti
2005; Brunetti & Lazarian 2007; Donnert et al. 2013; Beres-
nyak et al. 2013; Miniati 2015; Brunetti & Lazarian 2016;
Pinzke et al. 2017; Eckert et al. 2017); a scenario that re-
quires a complex hierarchy of mechanisms and plasma colli-
sionless effects operating in the ICM. This scenario has the
potential to fit well with a number of observations: from
the radio halo — merger connection, to spectral and spatial
characteristics of the diffuse synchrotron emission. However,
one of the critical points in this scenario is the need of seed
(relativistic) electrons for the re-acceleration (e.g., Petrosian
& East 2008). A natural solution for this problem is again
to assume that these seeds are secondary electrons coming
from CR-ICM hadronic collisions (Brunetti & Blasi 2005;
Brunetti & Lazarian 2011; Pinzke et al. 2017). In this case,
while the CR-proton content needed to explain radio halos
is lower than in the pure hadronic scenario, one also ex-
pects some level of gamma-ray emission. Being able to test
this level of emission would allow to constrain the role of
hadrons for the origin of the observed non-thermal emission
in galaxy clusters and also to constrain fundamental physi-

cal parameters of the turbulence and of the acceleration and
diffusion of relativistic particles in the ICM.

The Coma cluster of galaxies hosts the best studied pro-
totype of a giant radio halo (Wilson 1970; Giovannini et al.
1993). In this work we use the latest observations of the
Coma cluster by the Large Area Telescope (LAT) on board
of the Fermi satellite - in particular the publicly available
likelihood curves (Ackermann et al. 2016) - to constrain the
role of CRp for the origin of the halo, significantly extend-
ing previous studies by Brunetti et al. (2012), Zandanel &
Ando (2014) and Pinzke et al. (2017). Specifically we test a
scenario based on pure hadronic models, and a more com-
plex scenario based on turbulent re-acceleration of secondary
particles. We use the surface brightness profile of the Coma
giant radio halo as measured by Brown & Rudnick (2011)
at 350 MHz and the synchrotron radio spectrum of the halo
as priors for the modeling of the gamma-ray emission. The
magnetic field is a very important ingredient in the mod-
eling as the ratio between gamma rays and the observed
radio emission depends on the field strength and spatial dis-
tribution in the cluster. We assume the magnetic field as
free parameter while noting that Faraday Rotation Mea-
sures (RM) are available for Coma (Bonafede et al. 2010),
and we take these to be our baseline model. We will show
that we are now able to exclude a pure hadronic origin of
the diffuse radio emission, unless extremely high magnetic
fields - in clear contrast with RM - are assumed, therefore,
extending previous works in the same direction (Brunetti
et al. 2012; Zandanel et al. 2014; Zandanel & Ando 2014).
More importantly, we show for the first time that gamma-
ray observations by Fermi-LAT allow now to start testing
the turbulent re-acceleration scenario for the Coma giant
radio halo, thereby opening up a new window into the study
of non-thermal phenomena in clusters with high-energy ob-
servations. Interestingly, Selig et al. (2015) performed a re-
analysis of the Fermi-LAT data with an approach based on
information theory and found significant emission toward
the direction of several galaxy clusters. However, due to the
limitations of their analysis, it remains to be seen if these
signals indeed belong to clusters or to point-sources. On a
similar note, recently, Branchini et al. (2017) reported the
detection of cross-correlation between the Fermi-LAT data
and several galaxy cluster catalogues. Also in this case it
was not possible to disentangle between truly ICM-related
diffuse emission and point-sources. Nevertheless, these two
works, together with the conclusions of our paper, may point
to a brighter future for gamma-ray observations of clusters.

This paper is organised as follows. In Sections 2 and
3, we introduce the physical scenario and the formalism
adopted for our calculations. In Section 4, we explain the
method used to obtain Fermi-LAT limits and the constrains
on the combined magnetic and CR properties from radio
observations. We discuss our results on both pure hadronic
and the general re-acceleration scenarios in Section 5, and
provide a discussion including the main limitations of the
work in Section 6. Conclusions are given in Sction 7.

In this paper we assume a ACDM cosmology with Hy =
70km st Mpcfl, Qa =0.7 and Q,, = 0.3.

MNRAS 000, 1-21 (2015)



2 THE PHYSICAL SCENARIO

In this paper we explore the general scenario where CRp
and their secondaries are reaccelerated by ICM turbulence.
This scenario has the potential to explain giant radio ha-
los depending on the combination of turbulent-acceleraion
rate and injection rate of secondary particles (e.g., Brunetti
& Lazarian 2011; Pinzke et al. 2017). In addition, this sce-
nario also produces gamma rays. However, as turbulence in
the ICM cannot reaccelerate electrons to TeV energies, the
gamma-ray emission is powered only by the process of con-
tinuous injection of secondary particles due to proton-proton
collisions in the ICM (7°-decay and inverse Compton (IC)
from TeV secondary electrons) and ultimately depends on
the energy budget in the form of CRp in the ICM at the
epoch of observation.

For sake of clarity, in this Section we will briefly review the
expectations and main dependencies of the scenario. Calcu-
lations of (merger-induced) turbulent reacceleration of pri-
mary and secondary particles predict a complex spectral en-
ergy distribution (SED) of the non-thermal radiation that
extends from radio to gamma rays. The SED is made of sev-
eral components that have different evolutions in time; an
example for the Coma cluster is given in Figure 1.

In dynamically disturbed (merger) and turbulent systems,
models predict a transient component of the SED that is
generated by turbulent acceleration in the ICM. This tran-
sient component is expected to have a typical time-scale of
about 1-3 Gyr. During mergers particle acceleration by tur-
bulence boosts up the synchrotron and IC emission making
the cluster-scale non-thermal emission more luminous in the
radio and hard X-ray bands (Fig. 1). In fact the observed
giant radio halos seems to be generated during this transient
phase (Brunetti & Jones 2014, for a review). The strength
and spectral properties of the transient component of the
SED depend on the acceleration parameters and physical
conditions in the ICM.

In addition to the transient component, long living radio, IC
and gamma-ray emission, sustained by the continuous in-
jection of high energy secondary CRe and by the decay of
neutral pions, is expected to be common in clusters (Fig.
1). The strength of this persistent component is propor-
tional to the energy density of the primary CRp and de-
pends on their spatial distribution in the ICM. Long living
synchrotron emission can generate under-luminous/off-state
radio halos that may become visible in future radio surveys
(e.g., Brown et al 2011; Cassano et al 2012).

The relative strength of the transient and longer living com-
ponent of the SED depends on the efficiency of particle ac-
celeration and energy losses in the ICM. Furthermore, in
general, this also depends on the ratio of primary and sec-
ondary electrons that become available to the reacceleration
process. The ratio between the two populations is poorly
known. Primary relativistic electrons can be accumulated
and maintained in galaxy clusters at energies of about 100
MeV (Brunetti & Jones 2014, for a review), so they may
provide a suitable population of seeds to reaccelerate (e.g.
Brunetti et al. 2001; Cassano & Brunetti 2005; Pinzke et al.
2013; Pinzke et al. 2017). For this reason it is convenient to
define a parameter f = 1+ Ijve—’ir, where Ne pr /N, + is the ra-
tio of primary and secondary ‘clectrons that become available
for reacceleration; f = 1 is the case where only CR protons
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(and their secondaries) are present in the ICM. In Fig. 1 we
show the differences in the SED that are caused by different
assumptions for the ratio between primary and secondary
electrons, f = 1 and 10 respectively. Once the radio data
points are used to constrain the amount of reaccelerated
electrons (other model parameters being fixed), the gamma-
ray luminosity declines with increasing f. This is essentially
because less secondaries, and less CRp, are assumed in the
model in order for it to match the radio data.

If turbulent reacceleration does not play a role the sce-
nario is that of a pure secondary model where the spectrum
of electrons and the SED are simply governed by the injec-
tion of secondary particles due to CRp-p collisions and by
the radiative electron energy losses. Pure hadronic models
have also been proposed for the origin of giant radio ha-
los (Dennison 1980; Blasi & Colafrancesco 1999; Pfrommer
& EnBlin 2004; Keshet & Loeb 2010). However, in the last
decade radio observations and their combination with com-
plementary constraints in the X-ray and gamma-ray bands
have put significant tension on this scenario (Brunetti &
Jones 2014, for a review). One reason for this tension orig-
inates from the non detection of galaxy clusters in gamma
rays as discussed in the Introduction. This is shown in Fig-
ure 1 (green lines): the CRp energy budget that is necessary
to match the synchrotron flux of the radio halo is much
larger than that in the reacceleration models (other model
parameters being the same) with the consequence to gener-
ate gamma rays in excess of observed limits from gamma-
ray observatories, both space-borne and ground-based. To
circumvent this problem a larger value of the magnetic field
must be assumed in the ICM. However it has been shown,
for a number of nearby clusters, that the magnetic field re-
quired to explain radio halos without generating too many
gamma rays is larger or in tension with independent esti-
mates based on Faraday rotation measures alone (e.g., Jel-
tema & Profumo 2011; Brunetti et al. 2012) (see also Sect.
5.1).

3 FORMALISM ADOPTED IN THE PAPER

The aim of this Section is to present the essential information
about the formalism and the main assumptions used in our
calculations.

3.1 Time evolution of particles spectra

We model the time evolution of the spectral energy distri-
bution of electrons, N, , and positrons, N, with standard
isotropic Fokker-Planck equations:

1 0
~ < (p"D%)

rad P OP

dp 0% i ot
+|E 1)] + Pyl [D5o N (p, t)]
+Qei[p7t7Np(p7 t)]7 (1)

where |dp/dt| marks radiative (r) and Coulomb (i) losses
(Sect. 3.2), Dy, is the electron/positron diffusion coefficient
in the particles momentum space due to the coupling with
turbulent fluctuations (Sect. 3.3), and the term Qei accounts

ONE(p,t) 0 [yt dp
ot = %[Ne (pvt)( E
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Figure 1. An example of typical radio (left) and high-energy (right) spectrum predicted by reacceleration models that consider both
primary and secondary particles. The example is that of a Coma-like cluster assuming a configuration of the magnetic field from Faraday
RM and a reacceleration rate that is suitable to match the steepening of the radio spectrum, Tacc ~ 300 Myr. The cases f = 1 (black)
and = 10 (red) are shown in the case of reacceleration and normalised to the radio spectrum (i.e. with CRp number tuned to match the
radio spectrum during reacceleration). The non-thermal emission from the two models assuming Ta_clc = 0 (no reacceleration, i.e. after
turbulence is dissipated) is also shown for comparison, note that in this case the non-thermal luminosity scales about with f~1. The
case of a pure secondary model anchored to the observed radio emission at 1.4 GHz is also shown (green) together with the coresponding

gamma-ray spectrum that is expected due to 79 decay.

for the injection rate of secondary electrons and positrons
due to p-p collisions in the ICM (Sect. 3.4).

Similarly, the time evolution of the spectral energy distribu-
tion of protons, Np7 is given by:

aNpa(tn ) = ’ - *7(172Dpp))]

82 No(p,t)
+ﬁ [DPPNP(pv t)} p( )

where |dp/dt;| marks Coulomb losses (Sect. 3.2), Dy, is the
diffusion coefficient in the momentum space of protons due
to the coupling with turbulent modes (Sect. 3.3), 75 is the
proton lifetime due to p-p collisions in the ICM (Sect. 3.4),
and @ is a source term.

In our modelling the Fokker-Planck equations for protons,
electrons and positrons are coupled with an equation that
describes the time evolution of the spectrum of turbulence,
W(k,t). For isotropic turbulence (see Sect. 3.3) the diffusion
equation in the k—space of the modes is given by:

WK1 D 0 Wik, t)
ot 8k<kD T )>+I(k’t)

=3 ik, t)W(k, 1) (3)

where the relevant coefficients are the diffusion coefficient in
the k—space, Dk, the combination of the relevant damping
terms, I';(k,t), and the turbulence injection/driving term,
I(k,t) (see Sect. 3.3).

+@(,t), (2

The four differential equations provide a fully coupled
system: the particle reacceleration rate is determined by the
turbulent properties, these properties are affected by the tur-
bulent damping due to the same relativistic (and thermal)
particles, and the injection rate and spectrum of secondary
electrons and positrons is determined by the proton spec-
trum which (also) evolves with time.

3.2 Energy losses for electrons and protons

The energy losses of relativistic electrons in the ICM are
dominated by ionization and Coulomb losses, at low energies
(<£100-300 Myr), and by synchrotron and IC losses, at higher
energies (Brunetti & Jones 2014, for a review).

The rate of Coulomb losses for electrons is dominated by
the effect of CRe-e collisions in the ICM. For ultrarelativistic
electrons the losses can be approximated as (in cgs units):

dp In((p/mc)/ mh)}
dt |, 75

~ 3.3 x 10" ¥ ne {1 + (4)

where nyy, is the number density of the thermal plasma. The
rate of synchrotron and IC losses is (in cgs units):

B,u.G 2 4
- 1
( 3.9 ) +(1+2)
where B, ¢ is the magnetic field strength in units of uG.

Eqgs.4-5 provide the coefficients in Eq. 1.
For ultra-relativistic protons, in the energy range 10

dp
dt rad

~ 4.8 x 10" *p? (5)

MNRAS 000, 1-21 (2015)



GeV — 100 TeV, the main channel of energy losses in the
ICM is provided by inelastic CRp-p collisions. The lifetime
of protons (in Eq. 2) due to CRp-p collisions is given by:

1
Top(P) = CTnGim (6)
where o, is the total inelastic cross section. In this paper we
use the parameterization for the inelastic cross section given
by Kamae et al. (2006, 2007) combining the contributions
from the non-diffractive, diffractive and resonant-excitation
(A(1232) and res(1600)) parts of the cross section.
In our calculations it is important also to follow correctly the
evolution (acceleration and losses) of supra-thermal, trans-
relativistic and mildly relativistic protons. Indeed during
reacceleration phases these particles might be reaccelerated
and contribute significantly to the injection of secondary
particles. At these energies the particle energy losses are
dominated by Coulomb collisions due to CRp-p and CRp-
e interactions. Following Petrosian & Kang (2015) the en-
ergy losses due to the combined effect of CRp-p and CRp-e
Coulomb interactions is (in cgs units):

dp ksT/(2mpc?) >
d |, T+ (p/(mpe))? — 1

(B S ([T et - vmena) @

Jj=e,p

~ 3.8 x 10" n;p <1 -

where A is the Coulomb logarithm, and z; =
(BEp/kBT)(mj/mp), j = e,p is for p-e and p-p interactions,
respectively. Eq. 7 provides the coefficient for energy losses
in Eq. 2.

3.3 Turbulence and particle acceleration

Particle acceleration in the ICM has been investigated in nu-
merous papers (Schlickeiser et al. 1987; Brunetti et al. 2001,
2004; Petrosian 2001; Fujita et al. 2003, 2015; Cassano &
Brunetti 2005; Beresnyak et al. 2013; Brunetti & Lazarian
2016), with particular focus on the effect of compressive tur-
bulence induced during cluster mergers (Brunetti & Lazar-
ian 2007, 2011; Miniati 2015; Brunetti 2016; Pinzke et al.
2017). A commonly adopted mechanism is the Transit-Time-
Damping (TTD) (Fisk 1976; Eilek 1979; Miller et al. 1996;
Schlickeiser & Miller 1998) with fast modes. This mechanism
is essentially driven by the resonance between the magnetic
moment of particles and the magnetic field gradients parallel
to the field lines. The mechanism induces a random walk in
the particle momentum space with diffusion coefficient D,
(Appendix A):

2 2
TG —,u [ Cs 2
Doy = 2326/ H{ d“[1 (uﬁc)]

ko

where p is the cosine of the particle pitch angle, Wg is the
spectrum of turbulent magnetic fluctuations, ko and k¢.: are
the injection and cut-off wavenumbers respectively, and H
is the Heaviside function. Eq. 8 provides the diffusion coeffi-
cient in the particles momentum space that is used in Eqs.1—
2. For ultra-relativistic particles the resulting particles ac-
celeration time, Tuce = p?/(4Dyp), is independent from the
particle momentum.

MNRAS 000, 1-21 (2015)
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More specifically in this paper we obtain the spectrum
of magnetic turbulence in Eq. 8, Wpg, from Eq. 3 assum-
ing |By|* ~ 1678, W (see Brunetti & Lazarian 2007), Sy
is the plasma beta. In first approximation, this spectrum is
expected to be a power-law induced by wave-wave cascade
down to a cut-off scale, kcyt, where the turbulent-cascading
time becomes comparable to or longer than the damping
time, I'~!. The cut-off scale and the amount of turbulent
energy (electric/magnetic field fluctuations) that is associ-
ated with the scales near the cut-off scale set the rate of
acceleration. In this paper we adopt a Kraichnan treatment
to describe the wave-wave cascading of compressible MHD
waves; this gives (see, e.g., Brunetti 2016):

= () e ®

where the velocity of large-scale eddies is 6V ~ /W (ko)ko,
ko_l is the injection scale and < .. > marks pitch-angle av-
eraging. The damping rate > (I') in Eq. 9 is contributed
also by the collisionless coupling with the relativistic par-
ticles (Brunetti & Lazarian 2007; Brunetti 2016) and con-
sequently the cut-off scale, acceleration rate and the spec-
trum of particles are derived self-consistently from the so-
lution of the four coupled equations in Sect. 3.1. Two sce-
narios can be considered to estimate the damping of fast
modes in the ICM (e.g., Brunetti 2016). (i) One possibil-
ity is that the interaction between turbulent modes with
both thermal and CRs is fully collisionless. This happens
when the collision frequency between particles in the ICM
is wii < w = kes; for example this is the case where ion-
ion collisions in the thermal ICM are due to Coulomb colli-
sions. (ii) The other possibility is that only the interaction
between turbulence and CRs is collisionless. This scenario
is motivated by the fact that the ICM is a weakly colli-
stonal high-beta plasma that is unstable to several instabil-
ities that can increase the collision frequencies in the ther-
mal plasma and induce a collective interaction of individual
ions with the rest of the plasma (see e.g., Schekochihin &
Cowley 2006; Brunetti & Lazarian 2011b; Santos-Lima, et
al. 2014; Kunz, et al. 2014; Santos-Lima, et al. 2017). In
this paper we adopt the most conservative scenario that is
based on a fully collisionless interaction between turbulence
and both thermal particles and CRs (case i). In this case
the damping of compressive modes is dominated by TTD
with thermal particles (Brunetti & Lazarian 2007) which
also allows to greatly reduce the degree of coupling between
Egs. 1-3 and to simplify calculations. For large beta-plasma,
Bp1, the dominant damping rate is due to thermal electrons
Le ~ csky/3m(me/myp)/20p* exp(— me/mp)/?)u (1 —p?),
leading to (from Eq. 9) kcut ~ 10%ko M, where My = 0V /cs
is the turbulent Mach number.

3.4 Injection of Secondary Electrons

The decay chain that we consider for the injection of sec-
ondary particles due to CRp-p collisions in Eq. 1 is (e.g.
Blasi & Colafrancesco 1999):

prp—om 4+t +a + anything

7T0 — Y
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=t (@) pt et + U (vp) + ve(e).
that is a threshold reaction that requires CRp with kinetic
energy larger than 7, ~ 300 MeV. The injection rate of
charged and neutral pions is given by:

GiO

(B B) (1)

00 = nune [ oy (0,115,
P

where do®™°/dE is the differential inclusive cross section for
the production of charged and neutral pions. A practical
and useful approach that we adopt in this paper to describe
the pion spectrum both in the high energy and low energy
regimes is based on the combination of the isobaric and
scaling model (Dermer 1986; Moskalenko & Strong 1998).
Specifically, in this paper we consider four energy ranges to
obtain a precise description of the differential cross section
from low to high energies:

e for F, < 3 GeV we use the isobaric model, specifically
we use Eqs. 23-28 in Brunetti & Blasi (2005);

e for 3 < E,/GeV < 7, we use a combination of the
isobaric model with the parametrization given in Blattnig
et al. (2000), specifically their Eqs.24,26,28;

o for 7 < E,/GeV < 40, we use a combination of
the aforementioned Blattnig-parametrization and the scal-
ing model from Kelner et al. (2006) based on QGSJET sim-
ulations, Eqs. 6-8;

o finally, for £, > 40 GeV we use the aforementioned
scaling model.

The decay of m°-decay generates gamma rays with spec-
trum:

Ep,maw 0 E t
Qg( T 2) - dEﬂ—
Emin \% ETr — mzc

where Eoin = E, +m2c*/(4E,). The injection rate of rel-
ativistic electrons/positrons is given by:

Qy(Ey,t) =2 (11)

Qw0 =c [ QHEvab, [ dB,
Ex
Fi(EW7EH7Ee)FM(EH7E7\')7 (12)

e

where F*(E.,E,, E;) is the spectrum of electrons and
positrons from the decay of a muon of energy E, produced
in the decay of a pion with energy E,, and F},(E,, E) is the
muon spectrum generated by the decay of a pion of energy
FEx. In this paper we follow the approach in Brunetti & Blasi
(2005) to calculate Eq. 12, in this case the injection rate of
secondary electrons and positrons is:

8B, mannc’ dEqrd
+ — Pptm TR P
Qe (pa t) = m2 7mi /Emln - Ex ﬁu Br p( )
dot
X (B, By Fu(Be, Br), (13)

where F.(E., Ex) is given in Brunetti & Blasi (2005) (their

Eqs. 36-37), B, = /1—-m2/E2, E, = 1/2E.(m2 —
m#)/(ﬁﬂmﬂ) and 8, ~ 0.2714. Eq. 13 is the injection spec-
trum used in Eq. 1.

3.5 A note on pure hadronic models

If turbulence is not present (or negligible acceleration) our
formalism describes a pure hadronic model where the spec-

trum of electrons is simply determined by the balance be-
tween the injection rate due to CRp-p collisions and the
cooling due to radiative and Coulomb losses.

Under these conditions, if the proton spectrum evolves
slowly (on time-scales that are much longer than those of
electron radiative and Coulomb losses) after a few elec-
tron cooling times, the spectrum of electrons reaches quasi-
stationary conditions. From Eq. 1, with ON/0t = 0 and
Dy, = 0, one then has (e.g., Dolag & Ensslin 2000):

N (pst) = | iy /Qe p;t)pdt . (14)

We note 1ndeed that the timescale of CRp-p collisions
of relativistic protons in the ICM is much longer than the
radiative (and Coulomb) lifetime of GeV electrons (see, e.g.
Blasi et al. 2007; Brunetti & Jones 2014, for reviews), and
consequently the use of Eq. 14 is fully justified to model the
spectrum of radio-emitting electrons.

4 METHOD

The main goal of this paper is to constrain the role of rel-
ativistic protons for the origin of the observed radio emis-
sion in the Coma cluster. To do that we model the observed
spectrum and brightness distribution of the Coma radio halo
assuming different CR scenarios and compare the expected
gamma-ray emission with the upper limits derived from the
Fermi-LAT.

4.1 Constraints from the radio emission

The recent WSRT observations of the Coma halo at 350
MHz (Brown & Rudnick 2011) have reached an unprece-
dented sensitivity to low surface brightness emission on
large scales and allowed to derive solid measurements of the
brightness of the halo up to large, ~ 1 Mpc, distance from
the center (Brunetti et al. 2012, 2013; Ade et al. 2013; Zan-
danel & Ando 2014). In Figure 2 we show the integrated flux
of the Coma halo at 350 MHz as a function of distance.!This
figure shows that the halo is clearly detected up to 1 Mpc dis-
tance from the center and that the majority of the emission
of the halo is produced in the range of distances 0.4-1.0 Mpc.
We note that the profile derived from these WSRT observa-
tions is consistent with other profiles at 330 MHz (Govoni
et al. 2001) and 140 MHz (Pizzo 2010), at least within the
aperture radius where these oldest observations are sensitive
enough. On the other hand it is inconsistent with the profile
obtained by Deiss et al (1997) using Effelsberg observations
at 1.4 GHz, possibly suggesting systematics or flux calibra-
tion errors in the observations at 1.4 GHz (see eg., Pinzke
et al. 2017).

If the radio halo is due to secondary particles, the observed
profile constrains spatial distribution and energy density of
CRp for a given configuration of the magnetic field and
model of the CRp spectrum. The additional needed ingre-
dient is the the spatial distribution of the thermal target

1 Obtained by Brunetti et al. (2013) using the azimuthally aver-
aged profile of the halo and excluding the west quadrant due to
the contamination from the radio galaxy NGC4869. Error bars in
Figure 2 include both statistical and systematical uncertainties.
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Figure 2. The radio flux of the Coma cluster measured at 325
MHz as a function of the projected radial distance (in unit of core
radius; Rso0 ~ 57¢). Note that the integrated profile is obtained
excluding the quadrant containing NGC 4869 and multiplying by
4/3 the flux measured within the three quadrants (see Brunetti
et al. 2013 for details).

protons obtained from the X-ray observations; we adopt the
beta-model profile derived from ROSAT PSPC observations
(Briel et al. 1992) with r. = 290 kpc, 8 = 0.75 and central
density nicm(0) = 3.42 x 107 3cm ™3, r. being the core ra-
dius of the cluster. When necessary, in order to derive the
ratio of CRp to thermal energy densities, we also use the
temperature profile of the Coma cluster taken from XMM
and Suzaku observations (Snowden et al. 2008; Wik et al.
2009).

The magnetic field in the Coma cluster has been constrained
from RM (Bonafede et al. 2010, 2013). Following these stud-
ies, in our paper we assume a scaling of the magnetic field
strength with cluster thermal density in the general form:

B(r) = Bo (w)ns (15)

nicm (0)

where By and np are free parameters in our calculations. As
a reference, By = 4.7uG and np = 0.5 provides the best fit
to RM data (Bonafede et al. 2010).

In addition to the brightness profile, the other observ-
able that we use to constrain model parameters is the spec-
trum of the halo that is measured across more than two
decades in frequency range (Thierbach et al. 2003; Pizzo
2010). The radio spectrum constrains the spectrum of elec-
trons and if the halo is generated by secondary particles it
can be used to put constraints on the spectrum of CRp.
This link however is not straightforward. For example the
spectral slope of the radio halo in reacceleration models is
more sensitive to the reacceleration parameters rather than
to the spectrum of the primary CRp. For this reason we will
discuss the constraints from the spectrum of the halo sepa-
rately in the case of pure hadronic models (Sects. 5.1) and
in the general scenario (Sect. 5.2).

MNRAS 000, 1-21 (2015)

4.2 Gamma-ray limits from Fermi-LAT

Deriving meaningful limits to the gamma-ray luminosity and
CRp energy content of the Coma cluster is not straightfor-
ward because the gamma-ray flux and its brightness distri-
bution depend on the spatial distribution of CRp and on
their spectrum. The most convenient approach is thus to
generate models of CRp (spectrum and spatial distribution)
that explain the radio properties of the halo, calculate the
expected gamma-ray emission model (spectrum and bright-
ness distribution), and determine if a specific cluster model
is in conflict with Fermi-LAT data. While the models and
results are discussed in Sect. 5.1-5.2, here we describe the
general procedure that is adopted in the paper to obtain the
corresponding gamma-ray limits (see also Section 6.1 for a
discussion regarding the expected sensitivity of LAT obser-
vations with respect to these models).

We make use of the latest published likelihood curves in
Ackermann et al. (2016) which investigated the Coma clus-
ter using the latest data release from the Fermi Large Area
Space telescope ("Pass 8”). In contrast to previous analyses
(Ackermann et al. 2010; Zandanel & Ando 2014; Ackermann
et al. 2014), this analysis reported a faint residual excess,
however below the threshold of claiming a detection. In ad-
dition to considering a set of baseline spatial templates, the
analysis presented in Ackermann et al. (2016) also provided
a set of likelihood curves per energy bin for disks of varying
radii around the center of the Coma cluster (a2000 = 194.95,
(52000 = 27.98).

We assume that any CR-induced gamma-ray template
can be modeled as disk of unknown radius r (Appendix B),
and devised the following approach to determine whether
or not the predicted gamma-ray emission of a specific CR
model is in conflict with the data presented in Ackermann
et al. (2016). For a given physical model M, based on the
radio constraints (Sect. 4.1, Sect. 5.1-5.2), we calculate the
predicted gamma-ray spectrum and the predicted surface
brightness profile. We then use gtsrcmaps to fold this phys-
ical model with the instrument response function (IRF) cor-
responding to the Pass 8 event analysis obtaining for each
energy bin E; a 2D intensity map.? We repeat the same pro-
cedure for isotropic disks D; with radii (0.1Xx6200—1.0x60200)
with 6200 = 1.°23 being the subtended angle on the sky
corresponding to the cluster virial radius (~2.0 Mpc at
z = 0.023). In the next step we compare the IRF-folded
model M with each disk D;. We find the closest match be-
tween M and Dj; by taking into account the spectral shape
(using the spectrum as weighting factor) and extract the
tabulated “bin-by-bin likelihood” L;(u:|D;) for the corre-
sponding disk D;.®> From our cluster model M we also have
the predicted model counts p; which are determined up to
an overall normalization. By combining each bin-wise like-
lihood, we can form a joint (profile) likelihood function £

2 In order to have a fair comparison, we use the same version of
the Fermi Science Tools and the associated PSR2_SOURCE_V6
IRFs, separately for front- and back-entering events (see Acker-
mann et al. 2016, for details on the analysis).

3 Note that we tested different comparison operators, such as the
average over all energy bins, a power-law spectrum and the phys-
ical spectrum provided by the model M, and found only marginal
differences in the resultant upper limits on the gamma-ray flux.
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(Eq. 2 in Ackermann et al. 2016):

L(p,|D) = Hﬁi(ui|Di), (16)

and calculate the 95% C.L. flux upper limits for any model
M by finding the value for p for which the difference in
the log-likelihood with respect to the best-fit value of the
alternative hypothesis (including the cluster model) equals
2.71.1

5 RESULTS

In this Section we present the results from the comparison
of expectations from different CR models and gamma-ray
limits.

5.1 Pure hadronic models

In the case of pure secondary models, turbulent reaccelera-
tion does not play a role (Sects. 2 and 3.1). This is a special
case in the general scenario described in Sect. 2.

In this case the ratio between the synchrotron luminos-
ity from secondary electrons and the gamma-ray luminosity
from 7° decay is:

L'rudio Ba+1
17
. *mim, )

where « is the synchrotron spectral index and (..) indicates
a volume-averaged quantity that is weighted for the spatial
distribution of CRp. Therefore, the combination of gamma-
ray limits and radio observations constrains a lower bound-
ary of B values (e.g., Blasi et al. 2007; Jeltema & Profumo
2011; Arlen et al. 2012; Brunetti et al. 2012; Ahnen et al.
2016). More specifically, by assuming a magnetic field con-
figuration from Eq. 15, the gamma-ray limits combined with
the radio spectrum of the halo allow to determine the min-
imum central magnetic field in the cluster, By, for a given
value of np and for a given spatial distribution and spec-
trum of CRp. Using this procedure, Brunetti et al. (2012)
concluded that the minimum magnetic field implied by limits
in Ackermann et al. (2010) is larger than what previously
has been estimated from Faraday RM. Fermi-LAT upper
limits from Ackermann et al. (2016) significantly improve
constraints from previous studies, such as Ackermann et al.
(2010) and Ackermann et al. (2014). Thus we repeat the
analysis carried out by Brunetti et al. (2012) using the new
limits. However, in addition, we also follow the more com-
plex approach described in Sect. 4.2. Using a grid of values
(Bo, n), we generate pure hadronic models that are anchored
to the radio spectrum of the Coma halo and its brightness
profile and re-evaluate the Fermi-LAT limits for each model.
The comparison between these limits and the gamma-ray
flux produced in each case allows us to accept/rule out the
corresponding models thus deriving corresponding lower lim-
its to By (for a given ng).

In the case of pure hadronic models a direct connection ex-
ists between the spectrum of CRp and that of the radio

4 Comparing our equation with that in Ackermann et al. (2016),
it should be noted that nuisance parameters 8 which have been
profiled over 6 are omitted for simplicity.

halo. Assuming a power-law in the form N o p~°, it is
d = 2a+ A (e.g., Kamae et al. 2006), where A ~ 0.05 (for
typical spectra of radio halos) accounts for the Log-scaling
of the proton-proton cross section. If we restrict ourselves
to frequencies < 1.4 GHz (at higher frquencies a spectral
break is observed), the spectrum of the radio halo is well fit-
ted using a power-law with slope a = 1.22 £ 0.04. The data
however show significant scattering that is likely due to the
fact that flux measurements are obtained from observations
with different sensitivities and using different observational
approaches (e.g., in the subtraction of discrete sources, and
in the area used to extract the flux of the halo). The spectral
slope, however, does not seem to be affected very much by
systematics. For example a slope a = 1.17+0.02 is obtained
using only the three data-points at 150, 330 and 1.4 GHz,
where fluxes have been measured within the same aperture
radius of about 530 kpc (y/rc ~ 1.8 in Fig. 2; Brunetti et al.
2013). The observed range of spectral slopes of the halo se-
lects a best fit value for the spectrum of CRp 6 ~ 2.45 and a
1o range of values § = 2.35 — 2.57 including the systematics
due to different apertures used to measure the flux of the
halo. We adopt 0 = 2.45 as reference value. Steeper (flatter)
spectra provide stronger (weaker) limits, i.e. larger (smaller)
magnetic fields are constrained for larger (smaller) values of
0 (Brunetti et al. 2009, 2012; Zandanel & Ando 2014). More
specifically, in order to have a realistic spectrum of CRp, we
assume a scenario where CRp are continuously injected for
a few Gyrs with a power-law spectrum and are subject to
the relevant mechanisms of energy losses described in Sect.
3.2 (we assume a typical average number density of the ICM
nin = 107 3cm ™2 that would also account for the fact that
in a time-period > Gyr CRp can efficiently diffuse/be ad-
vected in the cluster volume). The main outcome of this
scenario is that the resulting spectrum of CRp flattens at
kinetic energies < GeV due to Coulomb losses in the ICM.
Figure 3 (left) shows the minimum magnetic field that
is allowed by the combination of radio and gamma-ray data
as a function of ng. As expected the lower limits to magnetic
field strengths are very large, significantly larger than those
obtained by Brunetti et al. (2012). In Figure 3, we also show
the measurements of (Bo, ng) (1—30) from Faraday RM by
Bonafede et al. (2010). The latter constraints are obtained
combining measurements for 7 radio galaxies (background
and cluster sources) that cover an area comparable to that
of the radio halo. In addition, the shaded region in Fig. 3
(left) represents the 3o allowed region of parameters using
only the 5 background radio galaxies reported in Bonafede
et al. (2010). In principle the use of background sources pro-
vides a more solid approach because it may reduce the pres-
ence of biases in the Faraday RM induced by the effects due
to the interaction between the relativistic plasma in radio
galaxies and the local ICM (Carilli & Taylor 2002; Rudnick
& Blundell 2003; Bonafede et al. 2010), however the absence
of background radio galaxies projected along the core of the
Coma cluster makes RM constraints less stringent.
The discrepancy between minimum B-fields allowed for a
pure secondary origin of the halo and that from RM is very
large, with the magnetic field energy density in the cluster
being >15-20 times larger than that constrained using RM.
An obvious consequence is that the magnetic field in the
ICM would be dynamically important in the case of a pure
hadronic origin of the halo. This is particularly true in the
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Figure 3. (left) The area constrained by Fermi-LAT limits in the By —np diagram (blue area) assuming a pure hadronic models for the
Coma radio halo and § = 2.45. This region is compared with the 1, 2, 30 constraints from Faraday RM (solid lines from Bonafede et al.
2010) and with the region constrained from the same Faraday RM using only background radio galaxies (yellow region; see main text for
details). The region spanned by Bg and np in the case of a 851 = 3 to 10 at a distance of 2.5-3r. is also reported for comparison (orange
region). (right) The same comparison between magnetic field lower limits and constraints from Faraday RM assuming § = 2.45 and 2.3.

external, r > 2 — 2.5r, (that is » > 0.4 — 0.5R500), regions
where most of the cluster thermal energy budget is contained
and where most of the radio halo emission is generated (Fig.
2). In order to further explain this point, in Fig. 3 (left)
we also report the region of parameters corresponding to a
beta plasma (ratio of thermal and magnetic pressure, Sp1 =
87 Picm/B?) between 3 and 10 at a reference distance 2.5-3
re (~730-875 kpc, i.e., ~ 0.5—0.6 X Rs00). Limits on By (ns)
from our combined radio — Fermi-LAT analysis select 8p1 <
2 —3 at these distances independently of the value of np and
imply an important (even dominant) contribution to cluster
dynamics from the magnetic field pressure. This is in clear
tension with several independent theoretical arguments and
observational constraints (e.g., Miniati & Beresnyak 2015,
and references therein).

In Fig.3 (right) we show the effect of different spectra of the
CRp. Flatter spectra make constraints slightly less stringent.
This is simply because GeV photons produced by the decay
of neutral pions probe CRp with energies that are about 5-
10 times smaller than those of the CRp which generate the
secondary electrons emitting at 300 MHz. However, if the
spectrum of CRp has a slope § > 2.35, as constrained by
radio observations, our conclusions remain essentially unaf-
fected.

Our calculations assume a power-law spectrum of the pri-
mary CRp (subject to modifications induced by Coulomb
and CRp-p losses). Propagation effects in the ICM might
induce additional modifications in the spectrum of CRp
that may change the radio to gamma-ray luminosity ratio,
Lyadio/ L+, with respect to our calculations. An unfavorable
situation is when confinement of CRp in Mpc® volumes is
inefficient for CRp energies > 10 GeV.® In this case the
spectrum of CRp at lower energies may be flatter than that

5 However, note that this is unlikely as it is currently thought
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constrained from radio observations causing a reduction of
the expected gamma-ray luminosity. However, even by as-
suming this unfavourable (and ad hoc) situation, we checked
that the decrease of the gamma-ray luminosity with respect
to our calculations can be estimated within a factor <1.5-2
considering injection spectra of CRp ¢ > 2, thus it would
not affect our main conclusions too much.

At this point it is also useful to derive the maximum
energy of CRp that is allowed by the Fermi-LAT limits as
a function of np. In Figure 4 we show three relevant exam-
ples that are obtained assuming np = 0, 0.3 and 0.5 and
the corresponding values of the minimum By for which the
gamma-ray flux equals Fermi-LAT limits (i.e., Bo = 6, 13
and 21uG respectively; Fig. 3, left). We find that the ratio of
the energy density of CRp and thermal ICM increases with
distance, this is in line with independent other findings that
attempt to match the observed radio profile of the Coma
cluster with pure secondary models (e.g., Zandanel & Ando
2014). In practice the decline with radius of the thermal
targets for CRp-p collisions combined with the very broad
radial profile of the synchrotron brightness requires a sub-
stantial amount of CRp in the external regions. The ratio
€crp/€1cMm increases by one order of magnitude from about
1% in the core to about 10% at 3 core radii, where most
of the thermal energy budget is contained. Despite the spa-
tial profile of the magnetic field in the three models is very
different (ns), we note that ecrp/€rcm does not differ very
much. This is not surprising, because the magnetic field in
these models is strong, B®> > B2, (Fig. 3), implying that
a change of the magnetic field with distance does not lead
to a strong variation of the ratio between gamma and radio
luminosity (Eq. 17).

that CRp are confined galaxy clusters up to much greater energies
(see, e.g., Blasi et al. 2007; Brunetti & Jones 2014, for reviews)
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Figure 4. Upper limits to the ratio of the CRp to the thermal
ICM energy densities as a function of radius. The three models
assumes np = 0 (dashed), 0.3 (dotted) and 0.5 (solid) and the
corresponding values of the lower-limit to the central magnetic
fields By from Figure 3 (left).

5.2 The general case with reacceleration

In this section we consider the general case where turbulence
is present in the ICM and reaccelerates CRp and secondary
particles. We assume that the contribution of primary elec-
trons is negligible (this is the case f = 1 in Sect. 2) leading to
optimistic expectations for the level of the gamma-ray emis-
sion. Turbulent acceleration time is assumed constant with
radius, in practice this postulates that Mach numbers and
turbulent injection scales (or their combination) are constant
throughout the cluster (see Sect. 6).

First of all, we have to start from an initial spectrum of CRp
in the cluster. As a simplification we assume that CRp in
the ICM are continuously injected between z; and zy with
an injection spectrum Q,(p,t) oc p~2*5. We assume that
reacceleration starts at zy and that in the redshift range
z; — 25 the CRp are subject to Coulomb losses and CRp-p
collisions (Sect. 3). In this time period we assume an average
density of the thermal plasma nicm ~ 10 3cm s~ In this
Section we consider two reference cases z; = 0.2 and 0.5 and
that reacceleration starts at a reference redshift zy = 0.04.
Starting from the spectrum at z = zy, we calculate the time
evolution of CRp at several distances from the cluster center
due to losses and reaccelerations and the production (and
evolution) of secondary electrons and positrons. In addition,
turbulence reaccelerates also sub/trans-relativistic CRp to
higher energies. Thus the choice of different values of z; is
aimed at exploring the changes of the non-thermal emission
that are induced by assuming two “extreme” situations with
initial CRp spectra that significantly differ at lower energies.
We note that the exact value of the final redshift z¢ (£ 0.5
Gyr) does not significantly affect our results.

At this point the free parameters of the models are:

e the magnetic field configuration, By and 7np;

e the acceleration efficiency 7. (which depends on the
combination of turbulent Mach number and injection scale);
and

e the duration of the reacceleration phase, AT,cc.

We proceed by assuming a magnetic field model (Bo,ns)
and explore a range of values for 7. and AThe.. As ex-
plained in Sect. 3.3, in the case of collisionless TTD the
CRp do not contribute very much to the turbulent damp-
ing and thus they can be treated as test particles in our
calculations. As a consequence, for each model the normal-
ization of the spectrum of CRp (essentially their number
density) at each distance from the cluster center is adapted
to match the observed brightness distribution at 350 MHz.
This procedure provides a bundle of models, anchored to the
radio properties of the halo at 350 MHz, for which we cal-
culate the synchrotron spectrum integrated within different
aperture radii and the corresponding gamma-ray emission
(spatial distribution and spectrum).

Examples of the synchrotron spectra of the Coma halo cal-
culated for a bundle of models and integrated in an aperture
radius of 525 kpc (bottom) and 1.2 Mpc (top) are reported
in Figure 5 (left). We note that 500-550 kpc is a typical value
for the aperture radius that is used in the literature to de-
rive the flux of the radio halo (see discussion in Brunetti
et al. 2013). Models in Fig. 5 are calculated assuming a
magnetic field By = 4.7uG and ng = 0.5, i.e., the best
fit parameters from Faraday RM, (Bonafede et al. 2010).
Models have the same luminosity at 350 MHz as they are
all constructed to match the brightness profile of the halo
at this frequency. Considering the range of parameters ex-
plored in Fig. 5, the models fit the observed curvature of
the spectrum well, only showing deviations towards lower
frequencies v < 100 MHz. We also note that all these mod-
els explain the spectral curvature of the (high-frequency)
data in Fig. 5, which have already been corrected for the SZ
decrement following Brunetti et al. (2013). This curvature
per se demonstrates the existence of a break in the spectrum
of the emitting electrons and has been used to support reac-
celeration models for the origin of the halo (e.g, Schlickeiser
et al. 1987; Brunetti et al. 2001).

In Figure 5 (right) we show the gamma ray spectrum gener-
ated by the same models of Fig. 5 (left) integrating within
a radius of = 1.2 Mpc. While synchrotron spectra are fairly
similar across a large range of frequencies, the correspond-
ing gamma ray spectra generated between 100 MeV and a
few GeV vary greatly. This is because, contrary to the syn-
chrotron spectrum that is sensitive to the non-linear combi-
nation of electron spectrum and magnetic fields, the gamma
rays directly trace the spectral energy distribution of CRp.
In addition, we note that the GeV photons generated by the
decay of neutral pions and the synchrotron photons that are
emitted by secondary electrons at >100 MHz do not probe
the same energy-region of the spectrum of CRp. Further-
more, the spectrum of secondary electrons are modified in
a different way with respect to that of CRp during reaccel-
eration (e.g., Fig. 3 in Brunetti & Lazarian 2011) and thus
the ratio between GeV and radio emission is also sensitive
to the adopted reacceleration parameters.

Figure 5 shows the potential of gamma-ray observations:
they allow to disentangle among different models that other-
wise could not be separable from their synchrotron spectrum

MNRAS 000, 1-21 (2015)
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Figure 5. Spectra emitted by a bundle of representative models. (left) Radio spectrum from eigth reacceleration models obtained
assuming four reacceleration times ranging from 7Tacc = 230 to 300 Myr and two reacceleration periods AThcc =480 and =780 Myr.
Calculations assume z; = 0.2. The synchrotron flux is calculated from models assuming two aperture radii =525 kpc (green, bottom)
and 1.2 Mpc (blue, upper). Radio data (black points) are taken from Pizzo (2010); fluxes at high frequencies are corrected for the SZ
decrement considering a aperture radius =0.55 Mpc following Brunetti et al. (2013) (empty points at 2.7 and 4.8 GHz are the original
fluxes). The two radio fluxes obtained at 325 MHz using the new WSRT data (red points) are extracted within apertures =0.6 (bottom)
and 1.2 Mpc (upper) respectively. (right) The gamma-ray spectrum obtained from the same models in the left-panel calculated using an

aperture radius = 1.2 Mpc.

alone. Thus, following Sect. 4.2 we derive Fermi-LAT lim-
its for a large number of models calculated using a reference
range of parameters and compare these limits to the gamma-
ray emission expected from the corresponding models. The
procedure allows us to accept/rule out models and con-
sequently to constrain the parameter space To., (Bo,nB),
ATyec. More specifically we span the following range of pa-
rameters:

e a narrow range of Tace = 200 — 300 Myr (that is the
typical range used to explain the spectrum of the Coma
halo);

e a reasonable range of AT, = 350 — 1000 Myr (see
Sect. 6); and

e two families of magnetic field configurations with np =
0.5 and 0.3 and By as free parameters. Since models are nor-
malized to the same radio flux at 350 MHz (anchored to the
brightness profile), the corresponding gamma-ray emission
is expected to increase for smaller magnetic fields.

In Figure 6 we show the ratio of the flux above 100 MeV that
is expected from models and the LAT limits derived for the
same models as a function of the magnetic field in the clus-
ter. Here we assume 7acc = 260 Myr and ATucc = 720 Myr
that are representative, mean values of the range of parame-
ters. The gamma-ray flux increases for smaller values of By.
All models with Fs100/Flim > 1 are inconsistent with LAT
observations. In this specific case, we derive corresponding
limits on the magnetic fields By > 4uG and > 2.5uG in the
case g = 0.5 and = 0.3, respectively. These limits are con-
sistent with the magnetic field values derived from Faraday
RM. For comparison the limits derived in the case of pure
hadronic models are much larger, By > 21uG and > 13uG,

MNRAS 000, 1-21 (2015)

respectively (Sect. 5.1). In Fig. 6 we also show the threshold
that is expected from upper limits in the case of 10 and 15
yrs of Fermi-LAT observations (see the Section 6.1 for de-
tails on how the expected limits were computed). The limits
derived using 10-15 yrs of Fermi-LAT are expected to start
constraining magnetic field values that are larger than (i.e.,
potentially inconsistent with) those from RM.

Before making a more general point on the constraints
on the magnetic field that are allowed by LAT limits in the
case of reacceleration models, we first investigate the de-
pendencies on Tacc and the acceleration period. In Figure
7 we show the ratio of the flux expected above 100 MeV
and the Fermi-LAT limits as a function of reacceleration
efficiency. Here we assume the central value ATy = 720
Myr (solid lines) and the best fit values from Faraday RM
(Bo = 4.7uG and ng = 0.5). The gamma-ray luminosity
(and also F>100/Flim) increases with Tacc, i.e., models with
less efficient reacceleration produce more gamma rays. This
trend does not depend on the specific choice of magnetic field
configuration and is due to a combination of effects. First,
the spectrum of CRp is less modified (i.e., less stretched
in energy) in models with slower reacceleration implying a
larger number of CRp in the energy range 1-10 GeV. Second,
the spectrum of radio-emitting electrons is less boosted in
the case of models with slower reacceleration implying that
a larger number density of CRp is required to generate the
observed flux at 350 MHz. More specifically we find that
the latter effect dominates within about 2-3 reacceleration
times, after which the spectral shape of the emitting elec-
trons reaches quasi-stationary conditions and the evolution
of the gamma-ray to radio ratio evolves mainly due to the
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Figure 6. The ratio of the flux predicted by models for >100
MeV and the Fermi-LAT upper limits (obtained after 6 yrs of data
in the same energy band) is shown as a function of the central
magnetic field assumed in the models. Calculations assume Tacc =
260 Myr, ATace = 720 Myr, z; = 0.2 (red) and 2z; = 0.5 (blue),
and np = 0.3 (dashed) and ng = 0.5 (solid). The horizontal pink
region marks Fs100/F1ym = 1 expected after 10 and 15 yrs of
Fermi-LAT data.

modifications of the spectrum of CRp. In Fig. 7 we also show
the threshold resulting from upper limits assuming 10-15 yrs
of Fermi-LAT data. Assuming magnetic fields from the best
fit of Faraday RM analysis, the expected limits considering
an observation of 10-15 years of continued LAT exposure are
poised to put tension on the majority of the range of acceler-
ation times and acceleration periods explored in this paper
(see the Section 6.1 for details on how the expected limits
were computed). Coming back to the minimum value of the
magnetic fields that can be assumed without exceeding ob-
served gamma-ray flux limits, we note that the increase of
the gamma-ray luminosity with 7.cc implies that the mini-
mum value of the central magnetic field By increases with
Tacc-

The other relevant parameter is AT,c.. Once the syn-
chrotron spectra are normalized to the observed luminosity
at 350 MHz, shorther reacceleration periods produce more
gamma rays simply because L;adio/L~ increases with time.
This is shown quantitatively in Fig.7 where we compare the
case ATacc =720 Myr with a shorther reacceleration period,
AT,cc = 480 Myr. The gamma-ray luminosity scales in the
opposite way with Tace and AT,c.. Faster reacceleration in
shorther times may produce spectra that are comparable to
the case of slower reacceleration in longer times inducing a
corresponding degeneracy also in the expected gamma-ray
flux. This is also clear from Fig.7: slower reacceleration with
ATy =720 Myr generates about the same gamma-ray flux
in the case of faster reacceleration with ATy =480 Myr.

The combination of radio and gamma-ray limits allows
a combined constraint on Tacc and AT,e.. In Figure 8 we
show the minimum values of the reacceleration period that
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Figure 7. The ratio of the flux predicted by models for >100 MeV
and the Fermi-LAT upper limits (obtained after 6 yrs of data in
the same energy band) is shown as a function of the acceleration
time. Calculations assume np = 0.5, and By = 4.7uG, ATacc =
720 Myr (solid) and 480 Myr (dashed), and z; = 0.2 (red) and
z; = 0.5 (blue). The horizontal pink region marks F~100/Flim =
1 expected after 10 and 15 yrs of Fermi-LAT data.

is constrained by gamma-ray limits as a function of reaccel-
eration time. For consistency with previous Figures, this is
also derived assuming the best fit values from Faraday RM.
Note that smaller values of AT,cc (for a given Tacc) can be
allowed assuming larger magnetic fields in the cluster.

Figs. 6-8 show that lower limits on the magnetic fields in
the cluster increase with increasing 7Tacc and with decreas-
ing AT,cc and that these limits are not very far from the
field values derived from Faraday RM. A relevant example
is shown in Figure 9 where we report the minimum value
of the magnetic field as a function of the acceleration time
and for two values of the acceleration period. Calculations
are obtained assuming ng = 0.5 and are compared with the
value of By that is derived from RM for the same ng. Fig. 9
clearly shows that models with ATue. < 400—450 Myr are in
tension with current constraints from Faraday RM because
a magnetic field that is too large is required in these models
in order to avoid exceeding the gamma-ray limits. On the
other hand, the minimum values of By that are constrained
for models with longer reacceleration periods become gradu-
ally consistent with Faraday RM. Interestingly, we conclude
that the gamma-ray flux that is expected from reaccelera-
tion models assuming the magnetic field configuration that
is derived from RM is similar (within less than a factor 2) to
current Fermi-LAT limits, a fact that is particularly impor-
tant for future observations as we outline in the Discussion
section.

As a final point in Figure 10 we show the ratio
ecrp/eicm as a function of radius for reacceleration mod-
els that assume Tace = 260 Myr and AT,ec = 720 Myr,
and assuming different configurations of the magnetic field
(see caption). We find that the ratio of the energy density
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Figure 8. The lower limits to ATucc as a function of Tacc are
obtained comparing the flux expected by models with the Fermi-
LAT limits. Calculations are obtained for np = 0.5 and By =
4.7uG and assuming z; = 0.2 (upper) and =0.5 (lower).

of CRp and thermal ICM increases with distance. The in-
crease of ecrp with radius is faster than in the case of pure
hadronic models (Fig. 4) and also the differences between
the case np = 0.3 and 0.5 are more pronounced. This can
be explained by the magnetic fields in reacceleration mod-
els which are much smaller than those allowed in the case
of pure secondaries implying that differences in the radial
decline of B with radius induce significant changes in the
synchrotron emissivity. We note that the models in Fig-
ure 10, that assume By = 2.35 uG and ng = 0.3 and
By = 4.7 uG and np = 0.5, mark the situations where the re-
sulting predicted gamma-ray fluxes would be in tension with
the observed limits, implying that the corresponding values
of ecrp/€ercm are upper limits. In fact these limits constrain
the ratio ecrp/ercm at distance r ~ 3r. to about 7-8% in
both cases. The fact that the limit to the amount of CRp
energy is slightly (factor 2) larger in the case of pure sec-
ondary models (Fig. 4) is due to the changes in the spectral
shape of CRp (and gamma rays) derived from reacceleration
(Fig. 5 right), and due to the differences between the spatial
distribution of CRp in the two models.

6 DISCUSSION

In this section we expand the discussion of our results in-
cluding limitations of the current approach.

6.1 A detection in next years?

Our study demonstrates that turbulent reacceleration of sec-
ondary particles can explain the observed radio halo without
exceeding the current gamma-ray limits. However, we have
shown that assuming a magnetic field in the cluster that
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Figure 9. Lower limits to the central magnetic field, in the case
np = 0.5, as a function of reacceleration time. Calculations as-
sume z; = 0.2, and ATace = 450 Myr (upper) and =780 Myr
(lower curve). Limits are compared to the range of values lo
(dashed lines) constrained by Faraday RM (Bonafede et al. 2010).
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Figure 10. Upper limits to the ratio of the CRp to the ther-
mal ICM energy densities as a function of radius. Models assume
Tace = 260 Myr, ATice = 720 Myr and z; = 0.2. Results are
shown for the cases ng = 0.5 (solid lines) and =0.3 (dashed), and
considering four values of the central magnetic fied: Bg = 0.5,
0.75%, 1.0x and 1.5 x 4.7uG (from bottom to upper lines).

is compatible with Faraday RM, the level of the resulting
gamma-ray flux is similar to what is currently constrained
by observations of Fermi-LAT. This conclusion opens up the
interesting perspective that the role of CRp for the observed
cluster-scale radio emission may be efficiently tested with fu-
ture observations.

Turning the latter argument around, this also open to the
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Figure 11. Predicted spectra (corrected for extension, see text)
are compared with the sensitivity curves (concave black lines) of
the Fermi-LAT after 6 (solid), 10 (dotted) and 15 yrs (dashed) of
observations. Models assume z; = 0.2 and np = 0.5. Two families
of calculations are shown: (1) four models assuming Tacc = 260
Myr, ATace = 720 Myr and the four central magnetic field values
By = (0.5,0.75,1.0,1.5) x 4.7uG (cyan dashed, red dashed, green
solid (upper one) and blue solid, respectively); (2) two models
assuming a central magnetic field By = 4.7uG and the two com-
bination of parameters Tace = 290 Myr and ATuacc = 470 Myr (red
dashed), and Tacc = 210 Myr and ATacc = 760 Myr (green solid,
lower one). The green region encompasses the range of spectra
that are produced assuming a magnetic field configuration from
the best fit of Faraday RM, By = 4.7uG and np = 0.5.

possibility of a detection of the Coma cluster in the next
years of observations, provided that CRp play an impor-
tant role for the origin of the observed radio halo. To check
this point we consider the sensitivity with 10 and 15 years
of integrated sky exposure. In Fig. 11 we show the median
sensitivity as provided by the so-called “Asimov” data set
(Cowan et al. 2011) assuming that the background is deter-
mined entirely by both the Galactic diffuse emission model
along with the isotropic extragalactic model, both provided
by the LAT collaboration and made available through the
Fermi Science Support Center (FSSC). © For its calculation
we assume that the test statistic T'S, given by the likelihood
ratio between the null-hypothesis (the gamma-ray emission
observed in the cluster field consists of Galactic and isotropic
extragalacticemission) Lo and the alternative hypothesis £1
(null-hypothesis in addition to the cluster emitting gamma
rays according to the tested model) is larger than 25, which
can be related to Gaussian significance n as n = VTS, as
well as requiring at least 3 photons to be attributed to the
signal.” This sensitivity calculation is implemented in Fer-
miPy which is used with the corresponding set of IRFs and
evaluated at the sky position of the Coma cluster.® Note that

6 http://fermi.gsfc.nasa.gov/ssc/data/access/lat/
BackgroundModels.html [4], gll_iem_v06.fits and
iso_P8R2_SOURCE_V6_v06.txt, respectively

7 We loosely refer to the case of T'S > 25 as detection and assume
that the underlying null-distribution is y2-distributed.

8 FermiPy (http://fermipy.readthedocs.io/en/latest/) pro-

the sensitivity curve is calculated assuming the emission to
be point-like. In order to provide a reasonable comparison,
we correct each of the model spectra for the extension by
calculating a correction factor given as the ratio of the the
uppr limit assuming the emission to be point-like and the
flux upper limit under the model assumption.

In Fig. 11 we compare the sensitivity curves to the (cor-
rected) expected gamma-ray spectra obtained assuming
Tace = 260 Myr, ATy = 720 Myr, ng = 0.5 and By =
(0.5,0.75,1.0,1.5) x 4.7uG (from top to bottom); this is the
same model configuration in Figure 6 (upper red solid line).
High TS-values, T'S > 25, are predicted only for models
that are already in tension with current upper limits (re-
ported with dashed lines for sake of clarity), however there
is a chance to obtain a signal in excess of T'S = 9 ~ 30 also
for models that are still compatible with current limits. As a
reference case, in Fig. 11 we show the spectral region (green)
that is spanned by models with the magnetic field from the
best fit from RM analysis (Bo = 4.7uG and np = 0.5) and
assuming the full range of model parameters adopted in our
paper.

6.2 Contribution from primary electrons in
reacceleration models

In all the calculations carried out in this paper we have as-
sumed f = 1, i.e., the case of a negligible contribution to the
radio emission from reaccelerated primary electrons. Thus
our calculations are suitable to describe situations where
the contribution of primary electrons is subdominant, simi-
lar to the case observed in our Galaxy. As discussed in Sect.
2, the gamma-ray flux essentially scales with f~! and con-
sequently the case f = 1 leads to the maximum gamma-ray
emission that is predicted from reacceleration models for a
given reacceleration efficiency and configuration of the mag-
netic field.

The ratio between primary and secondary particles in the
ICM is unknown. Theoretical arguments suggest that CRp
are the most important non-thermal component in galaxy
clusters (Blasi et al. 2007; Brunetti & Jones 2014, for re-
view), implying that secondaries might indeed play a role.
However this appears to be very sensitive to the accelera-
tion efficiency at cluster shocks, which is poorly known (e.g.,
Kang & Ryu 2011, 2013; Caprioli & Spitkovski 2014). As a
consequence it may very well be that f > 1 and that the
gamma-ray flux from the Coma cluster is much smaller than
that predicted by our calculations. In fact, originally the
reacceleration models have been proposed assuming turbu-
lent reacceleration of primary seed-electrons that may nat-
urally accumulate at energies of about 100 MeV in the ICM
as a result of the activity of shocks, AGN and galaxies (e.g.,
Brunetti et al. 2001; Petrosian 2001). Most cosmological
simulations point toward a dominant CRp contribution in
clusters centre and an increasingly important role of pri-
mary electrons in clusters outskirts due to the complex net-
work of shocks typically present there (e.g., Pfrommer et
al. 2008; Skillman et al 2008; Vazza et al 2009; Pinzke &

vides a set of convenience wrappers and a unified python interface
to the Fermi-LAT Science tools provided by the FSSC.
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Pfrommer 2010) leading to an increasing ratio f with ra-
dius. This could possibly also alleviate the issue of the dis-
tribution of CRp needed to match giant radio halos, like
Coma, that is required to significantly increase with radii
(e.g., Brunetti et al. 2012; Zandanel et al. 2014, , this work).
In this respect we also mention that several possible solu-
tions to match the broad radial profiles of the Coma halo
include CRp streaming, an enhanced efficiency for electrons
acceleration at shocks, or an increasing turbulent-to-thermal
energy ratio with radii (Pinzke et al. 2017).

The detection of gamma-ray emission from the Coma cluster
in the future will constrain f of the order of unity (assuming
a magnetic field configuration in line with RM), however a
non-detection at the sensitivity level that Fermi-LAT will
reach in 10-15 years would not necessarily imply that reac-
celerated secondary particles are completely subdominant.

6.3 Assumptions in acceleration models and
parameter space

Our conclusions are based on the exploration of a limited
range of model parameters and on a number of assump-
tions. While the former constitutes no significant limitation,
evaluating in detail what changes are induced by relaxing
some of our assumptions requires a follow-up study and is
beyond the scope of this work. We comment on both points
in the following.

The first parameter in our model is the acceleration
time Tacc that we assume in the range 200-300 Myr. In the
situation where reacceleration time is significantly shorter
than the lifetime of the halo (or reacceleration period) the
acceleration efficiency sets the maximum (i.e., steepening)
synchrotron frequency of the spectral component that is
powered by turbulent reacceleration. For constant reaccel-
eration in the volume, the maximum frequency is typically
generated in the regions of the cluster where B ~ Bic/v/3.
At the redshift of the Coma cluster (where Bic/v/3 ~ 2uG)
this steepening frequency is (from Eq. 14 in Brunetti &
Lazarian 2016) vs/GHz ~ (Tacc/400Myr) 2. This requires
Tace ~ 300 Myr to explain the observed spectral steepening
at ~ 1 — 2 GHz. Only if the magnetic field strength in the
cluster core is sub-uG the required acceleration time should
be < 200 Myr. In this case, however, the gamma-ray lumi-
nosity would be strongly in excess of the Fermi-LAT limits,
and such weak fields would also be much smaller than those
derived from RM. We thus conclude that our calculations
essentially span the range of values of Tacc that is relevant
to explain the radio spectral properties of the halo.

The other parameter is the acceleration period, ATycc,
that we assume in the range 350-1000 Myrs. Specifically our
conclusions depend on the ratio between the gamma-ray and
radio luminosities which essentially depends on the reaccel-
eration rate (and losses) that is experienced by secondary
particles in the last ATycc. ATace is presumably smaller than
the age of the radio halo which in fact can be longer than
1 Gyr (see, e.g., Miniati & Beresnyak 2015; Cassano et al.
2016). Indeed it is very unlikely that particles in the ICM
are continuously reaccelerated at a constant rate for much
more than a turbulent cascading time, that is a few hun-
dred Myr, and this motivates the range of AT, that we
assumed in our calculations. Even if turbulence in the ICM
is long living, on longer times the dynamics of ICM would
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transport and mix CRp and their secondaries on large scales
implying that CRs sample different physical conditions and
different reacceleration efficiencies.

In our calculations we have assumed that the accelera-
tion efficiency is constant in the cluster volume. In the case
of TTD and under the assumption that turbulent interac-
tion with both thermal ICM and CRs is fully collisionless
(Sect. 3) the acceleration time is (Brunetti 2016):

2

P My, _4 L,/300kpc

acc — ~1 M 1
T 25(1/2) (05/1500kms—1 (Myr) (18)

4Dpp

where we assumed a Kraichnan spectrum for MHD tur-
bulence. Consequently a constant acceleration time implies
(neglecting the dependence on temperature) that Lo/M3 is
constant. However numerical simulations suggest that tur-
bulence in the ICM is stronger outside cluster cores and that
the turbulent pressure is more relevant in the external re-
gions (e.g., Vazza et al. 2017). If the turbulent Mach number
increases radially, this would result in higher acceleration
rates in the external regions (see also Pinzke et al. 2017). In
this case matching the observed synchrotron profile would
require an energy budget of the CRp in the external regions
that is slightly smaller with the consequence that a lower
gamma-ray luminosity is predicted.

From Eq. 18 it emerges that compressive turbulence in the
Coma cluster should have a Mach number ~ 0.4(L0/300)%
to guarantee the acceleration rates Tacc ~ 200 — 300 Myr
that have been assumed in our calculations. This would re-
sult in about 15% (or 5%) of pressure support from compres-
sive motions generated on 300 kpc (or 30 kpc) scales. Direct
measurements of turbulent velocities are currently available
only for the cool-core of the Perseus cluster, where radial -
line-of-sight - turbulent velocities ~ 160 km/s on Lo ~ 30
kpc scales have been derived from the analysis of the X-
ray lines by the Hitomi collaboration (Hitomi Collaboration
et al. 2016). This would imply a turbulent pressure support
(limited to the eddies on Lo < 30 kpc scale) of about 4 %
of the thermal pressure. Merging clusters - such as Coma
- should be more turbulent (e.g., Paul et al 2011; Vazza
et al 2011; Nagai et al 2013; Miniati 2014, 2015; Iapichino
et al 2017). For example, coming back to Coma, a recent
analysis that combines numerical simulations and SZ fluc-
tuations observed by Planck in the Coma cluster concluded
for a dynamically important pressure support from turbu-
lent fluctuations, presumably in the form of adiabatic modes
on large scales (Khatri & Gaspari 2016).

Finally we note that in calculations of reacceleration
models we assumed an injection spectrum of CRp § = 2.45,
that is the reference spectrum that we have adopted in the
case of pure hadronic models. On one hand this allows us
to promptly establish the effect on the SED that is driven
by adding turbulence in hadronic models, on the other hand
this is a limitation of the current paper. Indeed the spectrum
of secondary electrons in reacceleration models is not stright-
forwardly determined by the spectrum of CRp but rather by
the combined effects of injection and spectral modifications
that are induced by reacceleration and energy losses. Con-
sequently a different injection spectrum of CRp can still fit
the observed synchrotron spectrum of the Coma halo pro-
vided that the turbulent reacceleration rate is tuned accord-
ingly. A full exploration of parameters in reacceleration mod-
els, including different CRp injection spectra, is beyond the
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focus of the paper and is a task for a forthcoming paper
(Zimmer et al., in prep.). In principle steeper CRp spec-
tra have a tendency to generate significantly more gamma
rays in the Fermi-LAT energy range. However our calcula-
tions are also constrained by the observed spectrum of the
radio halo in which case two combined effects compensate
this tendency. First, steeper CRp spectra also generate more
secondary electrons with ~MeV—-GeV kinetic energies that
can be reaccelerated by turbulence leading to an increasing
ratio between radio and gamma-ray luminosities which in
turn implies a lower gamma-ray luminosity. Second, in the
case of steeper CRp spectra slightly shorter 74c. (or longer
AT,.c) are required to fit the radio spectrum of Coma and
these configurations in reacceleration models have the ten-
dency to produce less gamma-rays (Sect. 5.2). As a net result
the gamma-ray luminosities in the Fermi-LAT band that are
generated by reacceleration models using § in the range 2.2—
2.6 are expected to differ within less than a factor 2.

6.4 Beyond the case of collisionless TTD
reacceleration

In our calculations we assumed a fully collisionless TTD in-
teraction between compressive turbulence and both thermal
ICM and CRs. This leads to a conservative estimate of the
turbulent acceleration rate simply because in this way most
of the turbulent energy is channelled into the thermal ICM
(heating of the plasma). On the other hand this situation
is very convenient because it allows us to treat CRs as pas-
sive tracers in the turbulent field as they do not contribute
too much to turbulent damping (see Sect. 3). On the other
hand it is also possible that only CRs interact in a colli-
sionless way with turbulence and that the background ICM
plasma behaves more collisional (see, e.g., Brunetti & Lazar-
ian 2011b). This is a more complex situation. It requires
adequate calculations where CRs are fully coupled with the
turbulent evolution and in general leads to situations where
the turbulent reacceleration rate evolves with time. We note
however that the non-linear coupling between CRs and tur-
bulence does not change the functional form of the diffusion
coefficient in the particles momentum space, Dpp (Sect. 3),
but it generally increases its normalization implying a faster
reacceleration (Brunetti & Lazarian 2011b). Thus the most
important consequence would be that less turbulence is re-
quired to match a given reacceleration time Tacc.
We also note that the scaling that is expected in TTD reac-
celeration, D, o p?, at least for relativistic and ultrarela-
tivistic particles, is fairly general for acceleration by large-
scale turbulence. For example it is also common to beta-
tron acceleration or magnetic pumping (e.g., Melrose 1980;
Le Roux et al. 2015), and to the situation where particles
interact stochastically with compression and rarefaction in
compressive turbulence (e.g., Ptuskin 1988; Cho & Lazarian
2006; Brunetti & Lazarian 2007). Since Dy, (in combination
with losses) determines the spectrum of accelerated parti-
cles, this implies that the spectral shapes of CR and conse-
quently the ratio of gamma rays to radio emission that are
predicted for a given reacceleration rate, are not restricted
to the particular use of the TTD mechanism.

Numerical simulations suggest that incompressible tur-
bulence is important in the ICM (Miniati 2014; Vazza et al.
2017). Turbulent reacceleration by large-scale incompress-

ible turbulence in the ICM has been investigated in Brunetti
& Lazarian (2016). In this case the reacceleration is not pow-
ered by compressions but it results from the interaction of
particles with magnetic field lines subject to turbulent dif-
fusion. In its most simple form, this mechanism leads to a
functional form of the diffusion coefficient that is equivalent
to TTD, D, x p?, and - similarly to the case of collisional
TTD and other mechanisms based on compressive turbu-
lence - the use of this mechanism would simply lead to a
different amount of turbulent energy that is required to ob-
tain a given acceleration rate. In this case, however it is
worth noting that the acceleration rate depends also on the
value of the beta-plasma and a situation of constant reaccel-
eration rate in the cluster volume may appear less natural
than in the case of the TTD.

6.5 Limitations

An obvious limitation of this paper is that we carried out
calculations assuming spherical symmetry. On one hand this
allowed us a prompt comparison with the magnetic field val-
ues estimated from Faraday RM analysis and to use self con-
sistently the values of the thermal parameters of the ICM
that are derived from X-ray observations under the same
assumption. On the other hand this simplification might
have a potentially impact on some of our conclusions. The
global ratio between radio and gamma-ray luminosities is
the key parameter in our analysis. In the case of hadronic
models it is given by Eq. 17 (for reacceleration it also de-
pends on the shapes of the spectrum of secondaries and CRp
which are modified by reacceleration and losses in a differ-
ent way). In the case np ~ 0 the ratio between gamma rays
and radio does not depend on the geometry of the system,
on the other hand for steeper configurations of the mag-
netic field in the cluster the geometry may play a role. Al-
though the appearence of the spatial distribution of the gas
of the Coma cluster as projected on the plane of the sky is
roughly symmetric (at least if we exclude the sub-group in
the South-East periphery), it is possible that large devia-
tions from the spherical symmetry occur in the direction of
the line of sight. In the case of a spheroidal oblate (prolate),
if we assume a configuration of the magnetic field which
declines with distance, the cluster gamma-ray to radio flux
ratio would be smaller (larger) than that estimated in the
case of a spherical model. These effects may become im-
portant for large departures from spherical symmetry and
in the cases of magnetic configurations with large values of
np and small values of the central magnetic fields. However,
these magnetic configurations are clearly ruled out in the
case of pure hadronic models, since they produce very large
gamma-ray fluxes, and consequently these effects may have
an impact only in the case of reacceleration models. In this
respect, future constrained numerical simulations (see, e.g.,
Donnert et al. 2010) will help in evaluating in more detail
the uncertainties of the predicted gamma-ray emission due
to geometrical effects.

We also carried out calculations assuming that at each
radius the magnetic field strength and the particle number
densities are homogeneus. On the other hand spatial fluc-
tuations of the magnetic field intensity may affect the ra-
tio between synchrotron and gamma rays. In general, since
the synchrotron emissivity scales non-linearly with magnetic
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field intensity, the presence of magnetic fluctuations tend
to increase the ratio between radio and gamma rays. As-
suming viable configurations for the spatial variations of the
magnetic field, Brunetti et al. (2012) have shown that the
radio-synchrotron to gamma rays ratio in the case of pure
secondary models may increase up to a factor 2 with respect
to homogeneus calculations, with the effect becoming pro-
gressively less important for larger magnetic fields (this is
easy to understand from Eq. 17). Since in the case of pure
hadronic models the new Fermi-LAT limits constrain very
large values of the magnetic field in the cluster it is very
unlikely that the presence of magnetic field variations affect
our conclusions. On the other hand local variations of the
magnetic field may affect the case of reacceleration models.
Under some circumstances, this would make the predicted
gamma-ray emission slightly smaller than that calculated
assuming homogeneus conditions. However, a detailed eval-
uation of this effect requires the adoption of specific proba-
bility distribution functions of the magnetic fields values in
the ICM combined with a quantitative analysis of the spa-
tial diffusion of electrons across magnetic field fluctuations,
which is beyond the aim of the present paper.

Another simplification in our calculations (and in the
formalism in Sect. 3) is that spatial diffusion of CRs and
propagation effects during the reacceleration phase are not
taken into account. Calculations of turbulent reacceleration
are carried out for AT,cc which in turns translates into a res-
olution element where we have implicitly assumed that the
thermal, turbulent and magnetic field parameters are con-
stant. The size of this volume element is Ly s ~ 2v/ DAT,cc,
where D is the spatial diffusion coefficient. An upper limit
to Lres can be estimated by adopting a very optimistic view
where particles can travel undisturbed along field lines. In
this case diffusion is constrained by magnetic mirroring and
by the tangling scale of the magnetic field by turbulent mo-
tions and the pitch-angle averaged diffusion coefficient is
D ~ (Dy) ~ ¢lac, where ¢ ~ 0.1 —0.2 and l4 = M;°Ly
is the MHD scale (the scale where the eddy velocity equal
the Alfvén speed). If we consider typical Alfvén Mach num-
bers and turbulent driving scales in the ICM, about M4 ~ 5
and Lo ~ 100 kpc, respectively, one finds D ~ 103'cm?s™?
and Lyes < 300y/ATacc/Gyr kpe. Since we know that on
scales Lyes > 200 — 300 kpc in the ICM the physical param-
eters that are used in Eqgs.1-3 change significantly, including
the magnetic field strength, thermal density and turbulent
properties (assuming a typical injection scale of about few
%100 kpc), we conclude that reacceleration periods ~ 1 Gyr
are the largest ones that can be assumed for homogeneus
calculations.

7 CONCLUSIONS

CRp are expected to be the most important non-thermal
components in galaxy clusters, still the energy budget that
is associated with these particles is difficult to predict due to
our poor knowledge of the micro-physics of the ICM, includ-
ing the properties of particles transport and acceleration in
this plasma. The combination of gamma rays and radio ob-
servations provides an efficient way to constrain the energy
budget of CRp in galaxy clusters and their role for the origin
of cluster-scale radio emission.
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In this paper we have made an attempt to constrain the role
of relativistic protons for the origin of the prototype radio
halo in the Coma cluster by combining radio and gamma-ray
data. More specifically we have assumed that secondary par-
ticles dominate the synchrotron emission of the halo, model
the properties of the radio halo and explore the consequences
for the gamma-ray emission of the cluster. The radio mod-
eling has been calculated as a function of the magnetic field
properties in the cluster and anchored to the brightness pro-
file and flux of the radio halo at 350 MHz. In this way we
derived the number density of CRp with radial distance and
calculated the resulting gamma ray spectrum of the cluster.
We then used publicly available likelihood curves obtained
from LAT observations to determine corresponding 95% flux
upper limits for our models and check whether they are con-
sistent with one another.

In order to have a prompt comparison with Faraday RM, we
adopt a general formulation for the magnetic field strength
and scaling with radial distance in the cluster, B(r) =
Bo(nicm(r)/niem(0))"8, that is based on two parameters,
Bo and np. As a consequence our study provides combined
constraints on By and 7p.

7.1 Conclusions on pure hadronic models

The simplest case that we investigated is that where turbu-
lence does not play a role. This is the case of pure hadronic
models. In this simple scenario, for a given magnetic field
configuration, the spectrum and spatial distribution of CRp
are then entirely constrained by the observed spectrum and
brightness distribution of the radio halo.

Assuming the best-fit scaling from Faraday RM, where
the magnetic field energy density in the cluster scales with
the thermal density of the ICM (np = 0.5), we derive B >
21uG in the cluster core to be compared with B ~ 4—5uG as
inferred from Faraday RM. The value of the minimum mag-
netic field decreases for sublinear scalings (ns < 0.5) but this
also happens for the magnetic field values derived from RM.
Specifically the ratio of the energy densities of the magnetic
field constrained by our analysis and that measured from
Faraday RM ranges from > 14 in the case ng = 0.2 (i.e. the
minimum 7p allowed by RM) to > 20 in the case ng = 0.5.
Larger values of that ratio are derived for ng > 0.5. This
improves very much the constraints derived by Brunetti
et al. (2012) where the ratio of energy densities were > 3
(nB = 0.2) and >4 (773 = 0.5).

The constraints derived for the magnetic field have a
broader impact on the dynamical role of the magnetic field
in the ICM. We have shown that, independently of g,
the magnetic field pressure (volume averaged) at distance
R > 2.57., where most of the thermal and CRp energy bud-
gets are contained, should be comparable to the thermal
pressure (Bp1 < 2—3). In other words assuming an hadronic
origin of the radio halo has the consequence that a signifi-
cant fraction of the energy of the Coma cluster must be in
the form of the magnetic field. These findings confirm and
significantly strengthen previous conclusions and readily dis-
favor the hypothesis of a pure hadronic origin of the radio
halo.
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7.2 The reacceleration case

Despite our results obtained for pure hadronic models, we
pointed out that CRp can still play a role for the origin of
the halo if these particles and their secondaries are reacceler-
ated by turbulence. In this case the tension with Fermi-LAT
limits can be considerably alleviated because Lyagio/L~ can
be much smaller than in the case of a pure hadronic scenario.
In practice this results in the possibility that magnetic fields
that are much weaker than those in the pure hadronic case
are allowed by the gamma-ray limits.

The reacceleration scenario is however very complicated as it
depends on several parameters and requires extensive calcu-
lations to explore a meaningful range of model parameters,
which we have started to explore in this paper.

We assume that the turbulent reacceleration rate is constant
in the cluster volume. Under the hypothesis that only CRp
and their secondary particles are present in the ICM the
model parameters are the acceleration rate 7., the dura-
tion of the reacceleration phase AT,cc, and the magnetic
field model (Bo,ns). In this paper we have assumed a range
of values: Tacc = 200—300 Myr, ATsee = 350—1000 Myr and
studied two magnetic field models, with ng = 0.5 and 0.3,
with By as free parameter. Although we have explored a lim-
ited parameter range, in Sect. 6 we have shown that such a
range is the relevant one to explain the radio halo. This is the
first systematic study of the radio to gamma-ray spectrum
from turbulent reacceleration of CRp and their secondaries
assuming a range of model parameters, and in this respect it
significantly extends previous studies (Brunetti & Lazarian
2007; Brunetti et al. 2012; Pinzke et al. 2017).

For central magnetic fields larger than a few uG all model
configurations provide a sufficiently good representation of
the synchrotron spectrum of the Coma radio halo, including
the observed spectral steepening at high frequencies. How-
ever they generate gamma-ray spectra that are significantly
different.

We find that the expected gamma-ray luminosity increases
with increasing Tacc and with decreasing AT,cc, that is es-
sentially because in these models reacceleration boosts-up
the spectrum of electrons at energies around GeV increas-
ingly more than the spectrum of CRp in the case of faster
reaccelerations and/or longer reacceleration periods. As a
matter of facts our study demonstrates that the combina-
tion of radio and gamma-ray observations is a powerful tool
to discriminate between different situations and to constrain
acceleration parameters more broadly.

Similarly to the case of pure hadronic models the compar-
ison between model expectations and Fermi-LAT limits al-
lows to derive lower limits to the values of the magnetic field
in the cluster. Assuming a reference case with 7acc = 260
Myr and AT,.c = 720 Myr, we obtained By > 4uG in
the case ng = 0.5 and By > 2.5uG for ng = 0.3. These
limits are much weaker than those derived under the as-
sumption of pure hadronic models and in fact are compat-
ible with values from the analysis of Faraday RM. Higher
(lower) values of the mimimum magnetic field are obtained
for larger (smaller) 7Tace and for smaller (larger) ATacc. In
general the magnetic field values constrained by our analy-
sis are not in tension with values inferred from RM. How-
ever the model configurations combining lower reaccelera-
tion rates and shorter acceleration periods require large mag-

netic fields that can be in tension with Faraday RM. For ex-
ample, in the reference case ng = 0.5, model configurations
with AT,ee < 400—450 Myr require magnetic fields that are
larger than those from Faraday RM across the entire range
of values of reacceleration rates that is explored in our cal-
culations. Flatter spatial distributions of the magnetic field,
np < 0.5, generate smaller gamma-ray fluxes allowing situa-
tions with smaller magnetic fields also in the configurations
where reacceleration periods are short. However the tension
with RM in the case of short reacceleration periods is not
significantly reduced also for ng < 0.5 because in this case
also the values of the magnetic fields that are constrained
by RM are smaller.

Interestingly we have shown that a non detection of the
Coma cluster using 10-15 yrs of Fermi-LAT data would im-
ply a magnetic field in the cluster that is in clear tension
with Faraday RM. This also open to the possibility of future
detection of the Coma cluster in the gamma rays, provided
that CRp play a role for the origin of the radio halo. We con-
cluded that at least under a number of assumptions (namely
quasi-homogeneus magnetic fields and quasi-spherical sym-
metry) there is a chance to obtain a signal in excess of 30
for models that assume magnetic field configurations com-
patible with Faraday RM.

7.3 Constraints on the energy content and spatial
distribution of CRp

The Fermi-LAT limits constrain the maximum level of the
energy budget that can be associated to CRp. The budget
that is allowed increases for flatter spatial distributions of
the CRp and this is because less gamma rays are generated
due to the fact that the density of thermal targets in the
cluster declines with distance. Several papers suggest that
CRp distribute more broadly than the thermal ICM (e.g.,
Vazza et al 2014; Wiener et al 2013; EnBlin et al. 2011), still
our poor knowledge of CRp dynamics in the ICM does not
allow solid conclusions.

If radio halos have hadronic origin, radio observations set
combined constraints on the spatial distrbution of CRp and
magnetic field in the clusters. The broad brightness profile
of the Coma radio halo implies that the underlying spa-
tial distribution of the CRp is very broad as well. We find
that the ratio of CRp and thermal energy densities should
increase significantly with radius even in the case of a mag-
netic field profile that is much flatter than that of the ther-
mal gas (Figs. 4 and 10) with the consequence that most of
the energy of CRp should be stored in the external regions,
r > 2.5 — 3r.; a situation that is challenging to understand
(e.g., Zandanel et al. 2014).

The combination of radio and gamma-ray data allows to put
combined constraints on By and np and to break the degen-
eracy between the spatial distributions of magnetic field and
CRp. Importantly, we have shown that the current Fermi-
LAT observations limit the level of the energy budget of CRp
to < 10% of the thermal ICM in a way that does not depend
very much (within a factor 2) on the specific model of the
halo (pure hadronic or reacceleration) and on the value of
ns. However, such a level of CRp energy content, which is
increasing at larger radii, could undermine clusters’ hydro-
static mass estimates where non-thermal components, such
as turbulence, CRs, and magnetic fields, are usually ignored
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(e.g., Ando & Nagai 2008). In this sense, despite the great
steps forward obtained thanks to gamma-ray observations,
we are still far from sub-percent-level constrains or from a
detailed knowledge of CRs in clusters.

Of course it is possible that the energy budget of CRp in the
Coma cluster is significantly below this upper limit, simply
because the limit is obtained under the hypothesis that sec-
ondary particles dominate the synchrotron emission up to
large distances from the center. Therefore, it could be that
the CRp follow a steeper distribution and that the exter-
nal regions of the halo are powered by the reacceleration of
primary electrons. In this case the energy budget of CRp as
constrained by the Fermi-LAT limits would be much smaller.
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APPENDIX A: Dpp FORMULA

In this Appendix we derive a general formula for the diffu-
sion coefficient in the momentum space due to TTD with fast
modes in the ICM that is valid also in the non-relativistic
regime.

The resonant condition for TTD is:

w =k (A1)

where w = csk is the frequency of fast modes and v = pv
and k| = nk are the parallel (projected along the magnetic
field) speed of the particles and the wave—number, respec-
tively. This resonance changes only the component of the
particle momentum parallel to the seed magnetic field and
this would cause an increasing degree of anisotropy of the

particle distribution leading to a less and less efficient pro-
cess with time. However it is very likely that isotropiza-
tion of particle momenta during acceleration is preserved by
some mechanism (e.g., Schlickeiser & Miller 1998; Brunetti
& Lazarian 2007, for discussions), and for this reason in our
calculations we will assume a isotropic distribution of parti-
cles.

In order to derive the acceleration coefficient we follow
Brunetti & Lazarian (2007) and use an approach based on
the detailed balancing. The starting point is the collision-
less damping rate of the waves due to TTD, that measures
the rate of dissipation of turbulent energy into particles via
TTD. The damping rate of fast modes due to TTD with
a-species particles in the ICM was derived by Brunetti &
Lazarian (2007):

_ H(— |
r, — \Bk2| csk p(l — p?) ( " )Ia (A2)
8 B W | ] 1_ (%;)2

where p is the wave pitch—angle (i-e., ky/k) and

ol ), W

The integral (Eq. A3) has to be evaluated at the resonant
momentum (i.e., using Eq. Al), specifically under the con-
dition that the parallel momentum is:

1
Cs L+ () 2
Dl,res = MaC (*) (“ : (A4)
cp 1—(&)

Under the assumption of isotropic distribution of particles,
the next step is to re-write Eqs. A2-A3 using particle mo-

mentum p = , /pﬁ + p? . Eq. A4 gives:
(a2
—(52)2/p°

and the damping rate is:

ath) =Ta | a1 (%70 (5 ) 0 - 25)

cup
where

dpl— = pPH res (A5)

m

(A6)

& |Bi|* e p(l - p?)
="k & , AT
s EW (A7)

the Heaviside function in Eq. A6 accounts for the condition
D||,res < P, and the minimum momentum in the integral in
Eq. A6 is:
MaCs l
(2,
L—(&)2p
The detailed balance approach accounts for the fact
that the rate of energy that is extracted from the turbu-

lence through collisionless damping with particles species «,
f d®kWT, is channelled into the same particles:

/ d*pE f / APk (ky p)W (K) . (A9)

Assuming isotropy, the time derivative of the particle phase-
space distribution function is directly connected with the

pm =p)(pL — 0) = (AB)
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particle momentum diffusion coefficient via a Fokker-Planck
equation:

g = %g [p2Dppg]
ot p?dp dp

where D,y is the momentum diffusion coefficient due to the
same mechanism that drains energy from the turbulence into
particles at the rate [ d*kWT.

Combining Eqs.A9-A10 allows to connect directly the mo-
mentum diffusion coefficient with the damping coefficient of
turbulence:

3E a 3
/pmdp ap[ ”a /dkau W(k). (A1l

The left-hand side of Eq. A1l can be calculated via partial
integration that gives:

3 Fa O 12 of ,_4777/ 3 af

As a consequence the combination of Eqs.A11-A12 and A6—
AT allows to derive the expression for the momentum diffu-
sion coefficient:

2
N7T Cs —H
Dypyp % B2ﬁ/ H(1 1 dp

{1 - (:/;c)"’r / dkkWs  (A13)

where in obtaning Eq. A13 we have introduced the isotropic
spectrum (energy density per wavenumber) of magnetic field
fluctuations associated to fast modes using:

Wg (167W
W(k)=—= | 55 Al4
)= g (o) (A1)
where 167W/|By|> ~ O(1) (Brunetti & Lazarian 2007).
Note that in the limit p 3> mc Eq. 8 is Eq. (40) in Brunetti
& Lazarian (2007).

(A10)

APPENDIX B: VALIDATION OF ANALYSIS

In this section we discuss the validity of our assumption
that given the large PSF at low energies we can express any
radially symmetric profile as an isotropic disk of unknown
radius R.

Using the conversion of an incoming gamma-ray into an
electron-positron pair, Fermi-LAT employs a silicon tracker
interleaved with tungsten plates to promote pair conversion
(Atwood et al. 2009). As a result, the angular resolution,
or point-spread function (PSF) becomes a steeply varying
function with energy (and incidence angle). As previoulsy
shown in Lande et al. (2012), a model selection between a
2D Gaussian-like template for a source of size o:

s % oxp (—(% + )20 (B1)

and an isotropic disk-like template of similar size, cannot
easily be made despite their analytical shapes being signifi-
cantly different:

IGaussian (xv y) =

1

2 2 2
— x <
Ipiex(,y) = {7"0‘2 +y <o

0 =2 + 9y > o2 (B2)

While the underlying reconstruction software has re-
ceived a major overhaul from Lande et al. (2012) to the
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data in Ackermann et al. (2016), we expect that for faint
and largely extended gamma-ray emitters as it is expected
from the diffuse gamma-ray emission from CR interactions
in the ICM, the results of Lande et al. (2012) still apply.”

Part of the output of gtsrcmaps is a 2D model map in
which the input model is folded with the IRFs evaluated in
the energy bin E;. We sum up each of these maps above
FEmin weighted by a power-law spectrum with index -2.0 and
extract the radial profile from the center of the map. In
Fig. A1 we show the resultant radial profiles for an isotropic
disk with radius as the virial radius of the Coma cluster
Ocoma compared with a Gaussian with 0 = Ocoma above 100
MeV (left) and 1 GeV (right). A visual comparison between
this figure and Fig. 2 in Lande et al. (2012) supports our as-
sumption, especially considering the quoted systematic un-
certainties in Ackermann et al. (2016), which are dominated
by the details of the Galactic foreground modeling.

Finally, we consider the effect of the existing grid of
likelihood curves of varying disks by calculating modified
flux upper limits for disk radii which do not match according
to our comparison operators. Specifically, if for a given model
M, we find a matching radius r;, we calculated the resulting
limits assuming that r;+1 are chosen instead. We find that
the limits change less than +15% with respect to the optimal
value for r; (irrespective of the chosen comparison operator).
Note that this value is well below the overall systematic
uncertainties quoted in Ackermann et al. (2016), where bin-
wise uncertainties are given as < 22% for energy bins with
E > 300MeV and < 54% towards the lower energies and
integral limits are quoted with < 21% for a hard spectral
index (I' = 1.6) and < 42% for a soft spectral index (I' =
2.6), respectively.

This paper has been typeset from a TEX/IATEX file prepared by
the author.

9 Note that Lande et al. (2012) considered Galactic supernova
remnants as target for their study, which compared to cluster-
scales are much smaller.
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Figure A1l. Radial surface brightness profile (arbitrary units) assuming a disk (black-solid line) and a Gaussian emission profile (blue-
solid line), folded with the PSF for PRR2_.SOURCE_V6 IRF (dashed lines) for low energies (100 MeV - 1 GeV) and at higher energies
(> 1 GeV). Aside from a different normalization (which however is a free parameter in the likelihood procedure), at low energies, both
models cannot be effectively distinguished from one another.
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