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ABSTRACT

Emission of AGNs and neutral pion decay – are the two most natural mechanisms, that could make a galaxy cluster be a source of
gamma-rays in the GeV regime. We revisited this problem by using 52.5-month FERMI-LAT data above 10 GeV and stacking 55
clusters from the HIFLUGS sample of the X-ray brightest clusters. The choice of>10 GeV photons is optimal from the point of
view of angular resolution, while the sample selection optimizes the chances of detecting signatures of the neutral pion decay, arising
from hadronic interactions of relativistic protons with anintra-cluster medium, which scale with the X-ray flux. In thestacked data
we detected a signal for the central 0.25 deg circle at the level of 4.3σ. An evidence for a spatial extent of the signal is marginal.
A subsample of cool-core clusters has higher count rate 1.9±0.3 per cluster compared to the subsample of non-cool core clusters
1.3±0.2. Several independent arguments suggest that the contribution of AGNs to the observed signal is substantial if not dominant.
No strong support for the large contribution of pion decay was found. In terms of a limit on the relativistic protons energy density, we
got an upper limit of∼1.5% relative to the gas thermal energy density, provided that the spectrum of relativistic protons is hard (s=4.1
in dN/dp=p−s). This estimate assumes that relativistic and thermal components are mixed. For softer spectra the limits are weaker.
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1. Introduction

Galaxy clusters are megaparsec-scale structures that consist of
hundreds of galaxies and high temperature,Tgas ≃ 107 − 108

K, sparse highly ionized plasmas filling the space between
galaxies (for a review, see Sarazin 1986). X-ray radiation via
bremsstrahlung and via ionic emission lines from intracluster
plasmas has permitted to study thermal components of the intra-
cluster medium (ICM). It has been shown that galaxies and plas-
mas in a galaxy cluster are gravitationally bound to its darkmat-
ter halo. The constraints on non-thermal components in galaxy
cluster cores can be obtained from a comparison of gravitational
potential profiles derived from X-ray and optical data (e.g., see
Churazov et al. 2008). Detection of diffuse radio emission from
many galaxy clusters provided the strong evidence of the pres-
ence of relativistic electrons with very high energies (with a
Lorentz factor ofγ ∼ 103), emitting through the synchrotron
mechanism in magnetic fields of the ICM (for a review, see
Ferrari et al. 2008). The interaction of relativistic electrons of
such energies with cosmic microwave background (CMB) pho-
tons may result in hard X-ray emission via the Inverse Compton
(IC) process, while the IC emission owing to the interactionof
more energetic electrons,γ > 105, with CMB photons may lead
to gamma-ray emission (e.g., see Petrosian et al. 2008).

By analogy with the relativistic particle composition in the
Milky Way galaxy, one can assume that relativistic protons are
also present in galaxy clusters. The collisions of relativistic pro-
tons with thermal protons may result in gamma-ray emission via
the decay of neutral pions produced in these inelastic proton-
proton collisions (e.g., see Dermer 1986). The candidates as
sources of electrons and protons of very high energies in galaxy
clusters are active and normal galaxies, and structure formation

Send offprint requests to: D.A. Prokhorov e-mail:
phdmitry@mpa-garching.mpg.de

shocks (e.g., see Berezinsky et al. 1997). The lifetime of high en-
ergy protons, E>10 GeV, in galaxy clusters exceeds the Hubble
time (e.g., see Völk et al. 1996), but the lifetime of very high
energy electrons withγ ∼ 105, which emit gamma-rays via the
IC effect, in the ICM is several orders of magnitude less than
the Hubble time (e.g., see Petrosian et al. 2008). Observations
of diffuse radio emission from galaxy clusters hosting radio ha-
los indicate that electrons withγ ∼ 103 are continously produced
in the ICM and that acceleration mechanisms overtake the elec-
tron energy losses (e.g., Brunetti & Lazarian 2007). Note that
gamma-rays produced in annihilation of hypothetical dark mat-
ter particles, such as WIMPs, can potentially contribute toemis-
sion from galaxy clusters (e.g., see Ackermann et al. 2010b).

Clusters of galaxies, which are bright extended X-ray
sources, are promising targets for gamma-ray telescopes (e.g.,
see Michelson et al. 2010), but an observational evidence that
gamma-rays are emitted by galaxy clusters is still at large.
Energetic Gamma Ray Experiment Telescope (EGRET) was col-
lecting data on gamma rays (ended in June 2000) ranging from
30 MeV to 30 GeV (for a review, see Thompson 2008) and its
successor,Fermi Large Area Telescope (LAT), is collecting the
data covering the energy range from 20 MeV to more than 300
GeV (Atwood et al. 2009) (the science phase of the Fermi mis-
sion began on 2008 August 4). The analyses of the EGRET data
(Reimer et al. 2003) and of the first 18 months ofFermi-LAT
data (Ackermann et al. 2010a) have allowed to put the flux upper
limits on gamma-ray emission from individual galaxy clusters.
The predicted gamma-ray fluxes from clusters are not strongly
below than the observed flux upper limits (Pinzke & Pfrommer
2010) and this suggests that a stacking analysis should be a pow-
erful tool to search of gamma-rays from galaxy clusters (e.g., see
Zimmer et al. 2011; Dutson et al. 2013).

At 10 GeV, Fermi-LAT provides an increase in effective
area over EGRET on an order of magnitude. Note that the
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AntiCoincidence Detector, ACD, of EGRET was monolithic,
which caused problems above 10 GeV: electromagnetic show-
ers in the calorimeter produced backsplash which made a signal
in the ACD, thus tagging high energy gamma-rays incorrectlyas
charged particles. To avoid this effect, the ACD forFermi-LAT
is divided into many scintillating tiles(see Moiseev et al.2007)
and, therefore,Fermi-LAT provides us with a unique opportunity
to study incoming gamma-rays with energies above 10 GeV. At
energies below≈10 GeV, the accuracy of the directional recon-
struction of photon events detected byFermi-LAT is limited by
multiple scattering, whereas above≈10 GeV, multiple scattering
is unimportant and the accuracy is limited by the ratio of silicon-
strip pitch to silicon-layer spacing (see Atwood 2007).

In this paper, we perform a search for gamma-ray emission
from a sample of galaxy clusters with modest angular sizes by
analyzing the data fromFermi-LAT. For this purpose, we stack
photons with GeV energies coming from the regions covering
clusters of galaxies. The theoretical argument that gamma-ray
photon spectra of galaxy clusters are harder (e.g., see Miniati
2003) than that of the galactic and extragalactic diffuse emission
(e.g., see Abdo et al. 2010; Ackermann et al. 2012b) providesus
with lower background at high energies than that those at lower
energies and, therefore, provides a higher signal-to-noise ratio
at high energies. This argument holds for both the mechanisms
of gamma-ray production (i.e., via the IC effect and via neutral
pion decay). The fine (0.228 mm) pitch of the strips, applied
in Fermi-LAT, gives excellent angular resolution for high en-
ergy photons. The point spread function ofFermi-LAT strongly
depends on photon energy and the 68% angle containment ra-
dius significantly decreases with energy (from≃5◦ at 100 MeV
to ≃0.2◦ at 10 GeV, Ackermann et al. (see 2012a)). This allows
us to associate more precisely the observed photons above 10
GeV with those that should come from clusters of galaxies, and
is especially important for galaxy clusters with an angularsize
smaller than a degree. This precise association permits us to per-
form a temporal analysis for testing the variability of gamma-ray
sources in the directions of galaxy clusters. Below we demon-
strate that the number of high energy photons is sufficient in or-
der to search a statistically significant signal from galaxyclus-
ters and that our analysis reveals a tentative excess of gamma
rays in the direction of galaxy clusters. Comparing the positions
of galaxy clusters in the sky with those of expected gamma-ray
blazar sources from the CGRaBS catalogue (see Healey et al.
2008), we exclude eight galaxy clusters possibly associated with
CGRaBS gamma-ray candidate sources and put the upper limit
on relativistic-hadron-to-thermal energy density ratio using a
sample of 47 galaxy clusters.

2. Observation and data reduction

TheFermi-LAT, the primary scientific instrument on the Fermi
Gamma Ray Space Telescope spacecraft, is an imaging high-
energy gamma-ray pair conversion telescope covering the en-
ergy range from about 20 MeV to more than 300 GeV
(Atwood et al. 2009). Tungsten foils and silicon microstripde-
tectors are applied to convert incoming photons into electron-
positron pairs and to measure the arrival direction of gamma-
rays. A cesium iodide hodoscopic calorimeter is used to pro-
vide an energy measurement of the electron-positron pairs.The
Fermi spacecraft travels in an almost circular near-Earth orbit at
an altitude of 550 km with a period of about 96 minutes. The
field-of-view of Fermi-LAT covers about 20% of the sky at any
time, and it scans continuously, covering the whole sky every
three hours (two orbits). By using the silicon strip technique with

tungsten convertors (instead of the spark chamber techinique),
Fermi-LAT achieves a finer precision in the measurement of the
directions of incoming gamma-rays than that of EGRET. The
description of the current instrument performance can be found
in Ackermann et al. (see 2012a).

We use the first 52.5 months of theFermi-LAT data, col-
lected between 2008-08-04 and 2012-11-29 and perform the
data analysis using the Fermi Science Tools v9r27p1 package1.
“Source” class events, which are recommended for an analy-
sis of gamma-ray point sources1 (including events converted in
both the front and back sections of the LAT tracker) with ener-
gies between 10 GeV and 270 GeV are selected. Events with
zenith angles larger than 100◦ are rejected to minimize con-
tamination from gamma-rays from the Earth limb. We removed
events that occur during satellite maneuvers when the LAT rock-
ing angle was larger than 52◦. Time intervals when some event
has negatively affected the quality of the LAT data are excluded.
We select events in a circular region of interest of 4◦ radius
around each galaxy cluster specified below.

The selection of photon events with E>10 GeV for our
counting experiment relies on a higher signal-to-noise ratio
(S/N) expected in this energy band compared with that at en-
ergies of E>200 MeV and E> 1 GeV. The S/N for a point-like
source observed against isotropic background is given by

(S/N)E ∝ Nsrc(E) ×

√

Aeff(E)
Ibkg× Σ

, (1)

whereNsrc(E) is a number of incoming photons with energies,
>E, from the source,Aeff(E) is an effective area of the detec-
tor as a function of energy,Ibkg is an intensity of background
emission, andΣ is surface area corresponding to the 68% angle
containment radius at energy, E. Thus one expects the follow-
ing improvement of the S/N using E>10 GeV instead of E>200
MeV

(S/N)10GeV

(S/N)0.2GeV
≈

(

10
0.2

)−2.1+1
√

0.77
0.42

×
(

10
0.2

)(2.4−1) ( 3
0.25

)

≈ 3.4, (2)

and using E>10 GeV instead of E>1 GeV

(S/N)10GeV

(S/N)1GeV
≈

(

10
1

)−2.1+1
√

0.77
0.68

×
(

10
1

)(2.4−1) ( 0.9
0.25

)

≈ 1.5, (3)

where 0.42, 0.68, and 0.77 m2 are the approximate values of ef-
fective area at 0.2, 1, and 10 GeV for normal incidence photons;
3.0, 0.9, and 0.25◦ are the approximate values of the 68% an-
gle containment radius at 0.2, 1, and 10 GeV (Ackermann et al.
2012a); and 2.1 and 2.4 are power-law photon indices for a
point source and isotropic background emission, respectively.
The spectral analysis of gamma-ray observations of galaxy clus-
ters performed in several energy bins will be presented in Sect.
4 to clarify the importance of observed photons with energies
of several GeV, for a detection of gamma-ray sources with hard
spectra.

As mentioned in Sect.1, X-ray astronomy has provided a per-
fect tool to detect massive galaxy clusters through imagingand
spectroscopy. ROSAT All-Sky X-ray Survey (RASS; Truemper
(1993); Voges et al. (1999)) have been performed for the pur-
pose of searching for X-ray sources. A highly complete flux lim-
ited sample of the X-ray brightest galaxy clusters (HIFLUGCS,

1 http://fermi.gsfc.nasa.gov/ssc/data/analysis/

2

http://fermi.gsfc.nasa.gov/ssc/data/analysis/


D. A. Prokhorov, E. M. Churazov: Counting gamma rays in the directions of galaxy clusters

the HIghest X-ray FLUx Galaxy Cluster Sample) has been pub-
lished by Reiprich & Böhringer (2002). Since the gamma-ray
luminosities of galaxy clusters are expected to increase with
a cluster mass (e.g., see Pinzke & Pfrommer 2010) and the X-
ray luminosities of galaxy clusters increase with a clustermass,
accordingly to the X-ray luminosity–mass relation (e.g., see
Hoekstra et al. 2011), we use the HIFLUGCS catalogue to se-
lect a sample of galaxy clusters for our analysis of the gamma-
ray data. Note that galaxy clusters from the HIFLUGCS sample
are located at high galactic latitudes,|b| > 20◦. Therefore, the
selection of these clusters for a gamma-ray analysis minimizes
contamination of a gamma-ray signal from galaxy clusters by
diffuse galactic emission which dominates at low galactic lati-
tudes.

The HIFLUGCS catalogue includes fifty seven galaxy clus-
ters with angular sizes (defined by the ratio of the virial radius to
the distance) smaller than 1◦. These galaxy clusters are targets
of our study. The selection of galaxy clusters with high X-ray
fluxes from this catalogue provides us with a suitable sample
of galaxy clusters to constrain gamma-ray emission, produced
via neutral pion decay, using the proportionality of X-ray and
gamma-ray fluxes expected in this model (see, e.g., Ensslin et al.
1997). The redshifts of these 57 galaxy clusters lie in the in-
terval of 0.016<z<0.2 (only one cluster lies at z>0.1) and their
X-ray fluxes (in the energy range of 0.1-2.4 keV) are in the inter-
val of (2.0-12.1)×10−11 erg s−1 cm−2. This catalogue also con-
tains several groups and clusters of galaxies with large angular
sizes exceeding 1◦, namely Fornax, Hydra, Coma, NGC4636,
Centaurus, and NGC5044. Although these six extended objects
are ones of the nearest and, therefore, their fluxes are relatively
high, we do not include them in the present analysis. This is
because their large angular extensions can make problematic to
take into account a possible population of extragalactic gamma-
ray point sources (e.g., blazars), that can contribute to gamma-
ray signals towards these clusters. Possible inhomogeneities of
galactic diffuse emission in the direction of the extended clusters
requires a supplementary analysis. The nearby Fornax, Coma,
and Centaurus clusters of galaxies are promising targets for
gamma-ray studies in order to constrain the parameters of the
hadronic cosmic ray model and of some dark matter annihila-
tion models (e.g., Zimmer et al. 2011; Ando & Nagai 2012).

A gamma-ray signal from clusters of galaxies can be con-
taminated by various point gamma-ray sources, e.g. blazars, that
occasionally located near galaxy clusters in the sky. To mini-
mize contamination of a signal from galaxy clusters, we ex-
plore the LAT 2-year Point Source Catalog (the 2FGL catalogue,
Nolan et al. 2012) searching for point gamma-ray sources lo-
cated near the clusters of galaxies from the HIFLUGCS cata-
logue and detected by theFermi-LAT in the first two years of
the mission. The search shows that there are gamma-ray sources
from the 2FGL catalogue near the positions of two galaxy clus-
ters (namely, Abell 3376 and Abell 2589). The 2FGL cata-
logue names of these gamma-ray sources are 2FGL J0602.7-
4011 (which lies at the distance of≈0.26◦ from the center of
Abell 3376) and 2FGL J2325.4+1650 (which lies at the distance
of ≈0.37◦ from the center of Abell 2589). The gamma-ray source
2FGL J2325.4+1650 is associated with the radio source NVSS
J232538+164641 in Nolan et al. (2012), while 2FGL J0602.7-
4011 is an unidentified gamma-ray source.

To check if these two 2FGL sources can possibly be iden-
tified with galaxy clusters, we estimate the flux at E>200 MeV
from each of these 2FGL gamma-ray sources using their fluxes
at E>1 GeV and spectral indices listed in the 2FGL catalogue.
The calculated fluxes at E>200 MeV are 6.5×10−9 and 2.4×10−9

ph cm−2 s−1 for 2FGL J0602.7-4011 and 2FGL J2325.4+1650,
respectively, and are not much lower than the 2σ flux upper limit
of 4.58×10−9 ph cm−2 s−1 at E>200 MeV for the Coma cluster
(taken from Ackermann et al. (2010a)). We use the proportion-
ality relation between X-ray and gamma-ray fluxes (expected
for gamma-ray emission via pion decay, see e.g., Ensslin et al.
(1997)), to test the possible identification of these two 2FGL
sources with A3376 and A2589. The X-ray fluxes for A3376,
A2589, and Coma are taken from Reiprich & Böhringer (2002))
and are equal to 4.6×10−11, 4.7×10−11, and 6.4×10−10 erg cm−2

s−1, respectively. Taking into account the observed X-ray fluxes
and plasma temperatures of A3376, A2589, and Coma, we found
that the expected gamma-ray flux from the Coma cluster is
about twenty times greater than those expected from A3376
and A2589 when the same relativistic-hadron-to-thermal energy
density ratio is assumed. Since the observed gamma-ray fluxes
at E>200 MeV from these 2FGL sources are not twenty times
lower than the flux upper limit for the Coma cluster, we conclude
that the upper limit on relativistic-hadron-to-thermalenergy den-
sity ratio obtained from the analysis of the Coma cluster cannot
be incorporated with the hypotheses that 1) gamma-rays from
2FGL J0602.7-4011 and 2FGL J2325.4+1650 are produced via
neutral pion decay emission in A3376 and A2589 and that 2) the
relativistic-hadron-to-thermal energy density ratio in A3376 and
A2589 does not exceed the upper limit derived from the analysis
of the Coma cluster.

There are≈1000 BL Lac object type of blazars, FSRQ type
of blazars, and other active galactic nuclei in the 2FGL cata-
logue. Assuming that these objects are isotropically distributed
in the sky, the expected number of galaxy clusters having oneof
such 2FGL gamma-ray point sources within the circle of 0.4◦ is
≃0.7 and it is in agreement with the fact that there are two galaxy
clusters from the sample of 57 clusters in the vicinity of oneof
2FGL point gamma-ray sources in the sky. Though the possible
association of a gamma-ray source with the cluster Abell 3376
is of interest particularly in the light of the ring-shaped nonther-
mal radio-emitting structures discovered in the outskirtsof this
cluster (Bagchi et al. 2006) and of the expectation of a strong
gamma-ray signal from the outer shock waves of Abell 3376
(e.g. Araudo et al. 2008), we withdraw Abell 3376 and Abell
2589 from the sample of the clusters of galaxies selected forthe
present analysis.

Apart from the point sources located in the close vicin-
ity of galaxy clusters in the sky, there are point sources
within the 4◦ regions of interest around each cluster. These
point sources should be taken into account in order to
estimate diffuse background emission. The four brightest
of these sources included in the 2FGL catalogue, namely
2FGLJ0710.5+5908, 2FGLJ1256.1-0547, 2FGLJ1522.1+3144,
and 2FGLJ1800.5+7829, are strong at energies higher 10
GeV. These four sources are associated with blazars, RGB
J0710+591, 3C 279, B2 1520+31, and S5 1803+784, respec-
tively. The test-statistics values (Mattox et al. 1996) of these four
blazars are larger than 100 at E>10 GeV accordingly the 2FGL
catalogue. Since the test-statistics is extensive, one canexpect
that the test-statistics will be larger 200 for each of thesefour
blazars when the first 52.5 months of theFermi-LAT data are an-
alyzed. Thus, e.g., the expected TS value will be equal to 560for
the blazar 2FGLJ1256.1-0547, if we assume that this source is
unvariable in time. Dividing the expected TS value by the num-
ber of the selected regions of interest (i.e., 55), one can expect
that this blazar will appear at the stacked image as a source with
the confidence level of≃3σ. Note that the most of gamma-ray
sources with high galatic latitudes are blazars and that blazars

3



D. A. Prokhorov, E. M. Churazov: Counting gamma rays in the directions of galaxy clusters

Fig. 1. Gaussian (σ = 0.15◦) kernel smoothed count map (before
the subtraction of 2FGL sources) centered on the positions of
galaxy clusters for the energy range 10 GeV–270 GeV and for a
pixel size of 0.005◦×0.005◦

are variable gamma-ray sources in time (e.g. Nolan et al. 2012).
Flaring activity of blazars can lead to higher TS values (com-
pared with those listed in the 2FGL catalogue) when the 52.5
months of the data are analyzed and, therefore, we mask the
2FGL gamma-ray sources to estimate the background emission
around the selected galaxy clusters. The masked 2FGL gamma-
ray sources are listed in TableA.1. In this Table, we show the
names of 2FGL sources, the square root of the TS values at
E>10 GeV (from the 2FGL catalogue), and the names of galaxy
clusters located within a circle of 4◦ radius around each of the
sources. To mask these 2FGL sources, we use a circle with a
radius of 0.5◦, corresponding to the≈90% angle containment
radius, centered on the positions of these sources. The stacked
count map of the selected galaxy clusters obtained by combin-
ing the count maps for each of the galaxy clusters from our sam-
ple with equal weights and smoothed with a Gaussian kernel
(σ = 0.15◦) is shown in Fig. 1 (and Fig. 2) before (and after) the
subtraction of 2FGL point sources. Each count map is alignedin
galactic coordinates. We do not scale the count maps becausethe
virial radii of the selected galaxy clusters are in a narrow range
of 0.4◦–0.65◦. The crosses in Fig. 1 show the positions of bright
2FGL gamma-ray sources, 2FGLJ0710.5+5908, 2FGLJ1256.1-
0547, and 2FGLJ1800.5+7829. Note that the counts of isotropic
background emission that subtracted along with the 2FGL point
sources do not strongly affect the estimation of isotropic back-
ground emission. This is because the total surface area covered
by the masked regions is only≈ 1.8% of the total surface area
covered by the regions of interest around the selected clusters of
galaxies.

Figure 2 demonstrates the excess of the number density of
counts towards galaxy clusters (i.e., towards the central region
of this count map) over the average number density of counts.
Studies of spatial, temporal, and spectral properties of the ob-
served tentative signal towards galaxy clusters will be presented
below. There are three possible interpretations of this central ex-
cess: 1) it is due to gamma-ray emission from galaxy clusters; 2)
it is due to a high local concentration of non-2FGL point sources
towards galaxy clusters; and 3) it is due to processes occurring in
the ICM, but not directly related to galaxy cluster emission. The
evaluation of statistical significance of this gamma-ray signal to-

Fig. 2. Gaussian (σ = 0.15◦) kernel smoothed count map (after
the subtraction of 2FGL sources) centered on the positions of
galaxy clusters for the energy range 10 GeV–270 GeV and for a
pixel size of 0.005◦×0.005◦

wards galaxy clusters and the study of the origin of the central
count density excess will be present in the Sect. 3.

3. Results

In this Section, we evaluate the statistical significance ofthe ob-
served gamma-ray signal towards the selected clusters of galax-
ies and study various interpretations of this signal.

3.1. Evaluation of the significance of the signal

To evaluate the statistical significance of the observed gamma-
ray signal towards the selected galaxy clusters, we bin the count
map (its smoothed version is shown in Fig. 2), into concentric
annuli. We choose the surface area of each of the annuli equalto
π(0.25◦)2. This value of surface area corresponds the 68% con-
tainment angle at 10 GeV. Thus, the first annulus, which covers
the center of the count map, should contain≃68% of gamma-
rays incoming from these galaxy clusters if the signal is strongly
centrally concentrated. The radius of the k-th annulus is given by
Rk=
√

k×0.25◦. Note that the widths of annuli strongly decrease
with radius, but this does not affect an estimate of isotropic back-
round emission. The numbers of photon events in the first twenty
annuli (starting from the center of the count map) are shown in
Fig.3. These twenty annuli cover the circular region with a ra-
dius of≈ 1.1◦. The radial distribution of photons, shown in Fig.
3, confirms the presence of a high count density in the center of
the count map. The number of counts in the first annulus equals
63 and is significantly higher than the numbers of counts in other
radial bins.

The expected number of photons from background emission
should be estimated in order to calculate the significance level
of the observed central gamma-ray excess. Since the selected
galaxy clusters are at high galactic latitudes (|b| >20◦), the back-
ground emission can thus be considered as isotropic. We cal-
culate the expected number of background photons in the first
annulus. First, we estimate the expected number of background
photons using the nineteen outer annuli. The mean value of pho-
tons within an annulus is 37.1 and the standard deviation equals
5.2. Second, we calculate the expected number of background
photons taking the regions of 4◦ radius and excluding their most
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Fig. 3. Radial distribution of photons in annuli with surface area
of π(0.25◦)2

central parts of 0.25◦. By means of the second method, we found
that the mean value of background photons within an annulus is
36.7 and is in good agreement with that calculated by using the
first nineteen annuli. Therefore, the observed number of counts
within the first annulus equal to 63 is significantly higher than
the expected number of background counts, i.e. 36.7. The statis-
tical significance level of the count density excess in the first an-
nulus over the expected value equals (63−36.7)/

√
36.7 ≈ 4.3σ.

We perform the spatial analysis of the central gamma-ray ex-
cess to check if the radial distribution of counts agrees with that
of a point source or of an extended source. Note that the mean
virial radius of the selected galaxy clusters corresponds to≈ 0.5◦

and, therefore, if the observed excess is produced due to emis-
sion via neutral pion decay then this signal should be modestly
extended and its maximal brightness should be at the center.
Assuming that the gamma-ray brightness profiles follow those
for X-ray brightness derived from a beta model and taking the
values of the parameters for a beta model for the selected galaxy
clusters from the HIFLUGCS catalogue (Reiprich & Böhringer
2002), we found that the 68% gamma-ray emission from these
clusters should be confined within the central region with a ra-
dius of 0.25◦. The possible IC gamma-ray emission from the
structure formation shocks around galaxy clusters should have
an extended profile with maximal brightness at shock fronts.
However, if gamma-ray emission from galaxy clusters comes
from AGNs located in the most central regions of galaxy clusters
(such as NGC 1275 in center of the Perseus cluster (Abdo et al.
2009)), the observed radial distribution of counts should be de-
scribed as a point source. For studying the spatial extension of
the observed signal towards galaxy clusters, we use three models
(a point source for emission from central AGNs, a disk model for
emission produced via neutral pion decay, and a thick ring model
for emission produced via the IC radiation from structure forma-
tion shocks). To perform the spatial analysis, we bin the count
map into concentric annuli with surface area ofπ × (0.25◦)2/2.
The numbers of observed counts in the first sixteen annuli from
the center are 33, 30, 30, 13, 19, 21, 20, 22, 20, 16, 16, 11, 19,
16, 20, and 18. The outer radius of the sixteenth bin is 1◦ and
corresponds to≃ 2Rvir .

We produce six spatial templates to estimate the significance
level of the observed gamma-ray excess. The first template map
describes a point-like source and is obtained by the convolu-

Fig. 4. Two dimensional templates (with a size of 3× 3 deg2)
for the gamma-ray emission from galaxy clusters: (a) a point
source template; (b-e) templates for emission from a disk ofra-
dius 0.15◦, 0.25◦, 0.375◦, and 0.5◦; (f) a ring-like spatial template

Fig. 5. The best fits of the point source and disk (R=0.25◦)
source models to the data shown by thin and thick solid lines,
respectively. The surface area of a annular bin isπ(0.25◦)2/2.
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Table 1. The significance of signal detection

Template Convolution with the PSF Significance
disk (R=0.25◦) no 4.3σ
point source yes 4.1σ

disk (R=0.15◦) yes 4.6σ
disk (R=0.25◦) yes 4.7σ
disk (R=0.375◦) yes 4.2σ
disk (R=0.5◦) yes 3.5σ

ring (0.45◦ <R< 0.65◦) yes <1σ

tion of a point source model with the PSF. The following four
template maps describe the count distributions for extended disk
sources with radii of 0.15◦, 0.25◦, 0.375◦, and 0.5◦ and corre-
spond to the possible neutral pion decay emission from galaxy
clusters. The sixth template map describes an extended ring-like
profile with inner and outer radii of 0.45◦ and 0.65◦ (correspod-
ing to≈0.9 Rvir and≈1.3 Rvir ), respectively, and corresponds to
the possible IC emission from the structure formation shocks
around galaxy clusters. All the disk-like and ring-like spatial
templates are convolved with the PSF. To calculate the PSF, we
adopt the power-law spectral distribution for each template with
a photon index of−2.1. The produced templates are shown in
Fig. 4. To calculate the number of counts,Nsrc, observed from
the gamma-ray source with one of the spatial profiles, shown in
Fig. 4, we use the equation

Nsrc =

∑16
k=1 Nk pk
∑16

k=1 p2
k

, (4)

wherepi are weights for each of the annuli determined by the
spatial profile for a source model andNk is the number of ob-
served counts in the k-th annulus minus the number of counts
from isotropic background. The best fits of the point source and
disk source (with a radius of 0.25◦) models to the data are shown
in Fig. 5 by thin and thick solid lines. The expected number of
counts from isotropic background is shown in Fig. 5 by a dashed
line. The number of observed counts in each annular bin along
with the errorbars is also plotted in this Figure. Using the num-
ber of counts observed from the source for each of the models,
we calculate the significance level of the observed gamma-ray
excess. The calculated value of the significance level is 4.1σ for
the point source template. The values of the significance level are
4.6σ, 4.7σ, 4.2σ, and 3.5σ for the templates describing gamma-
ray emission from disks with radii of 0.15◦, 0.25◦, 0.375◦, and
0.5◦, respectively. As for the ring-like model, we found no ev-
idence for the IC emission around galaxy clusters and that the
observed numbers of counts in outer annuli agree with that ex-
pected from background emission within 1σ. Thus, the model
for gamma-ray emission from structure formation shocks cannot
account for the observed gamma-ray excess towards the selected
galaxy clusters. We list the significance levels for our spectral-
spatial templates in Table 1.

We use the sample of 55 galaxy clusters and bin the observed
counts in annuli as described above to calculate the Poissonlog-
likelihood for each of the spectral-spatial models listed in Table
1. Fitting a disk model to the data improves the log-likelihood by
∆L ≈2.5 in comparison to the point-source hypothesis. This pro-
vides evidence of the spatial extension of the gamma-ray source
at a significance level of

√
2× ∆L ≈ 2.2σ. Note that this signif-

icance level is not sufficient to claim that the gamma-ray source
in the directions of galaxy clusters is extended.

We conclude that the significance level of the central
gamma-ray excess is greater than 4σ for several spatial models,
such as a point-like source model and a disk-like source model.

3.2. The individual contributions of galaxy clusters to the
observed gamma-ray signal

In this Section, we estimate the contribution of each galaxyclus-
ter to the total observed gamma-ray signal towards the selected
galaxy clusters and check the consistency of the observed distri-
bution of the number of photon events in galaxy clusters witha
Poisson distribution. We also test homogeneity of incomingpho-
tons in time to check if the observed gamma-ray signal towards
galaxy clusters can be explained by time-invariant mechanisms
of gamma-ray production, such as those via neutral pion decay
or via the IC effect.

3.2.1. Distribution of the number of photon events in galaxy
clusters

To study the origin of the observed signal towards the selected
clusters of galaxies, we perform an analysis of the distribution of
counts in galaxy clusters. Note that the first three annular bins,
shown in Fig. 5, provide us with the highest signal-to-noiseratio
of (93− 36.7× 1.5)/

√
36.7× 1.5 ≈ 5.1. Thus, for this study we

select counts in the directions of the clusters from our sample
within a circle of 0.3◦ radius. Below, we calculate the expected
number of galaxy clusters with a given number of counts within
a circle of 0.3◦ radius and compare the expected and observed
numbers of galaxy clusters.

The total number of counts in the directions of the galaxy
clusters within a circle of 0.3◦ radius equals 91. Therefore, the
average number of counts incoming from the direction of a clus-
ter is given by 91/55≈ 1.65. Assuming the Poisson distribution,
we calculate the probability to detect a given number of counts
towards a galaxy cluster. As expected, the most of the circu-
lar regions (≃ 75%) contains 0, 1, and 2 counts. The expected
numbers of clusters with 0–6 counts within a circular regionof
0.3◦ radius are shown in Table 2. If the observed gamma-ray ex-
cess towards the selected galaxy clusters is due to one or two
strong gamma-ray sources then the number of circular regions
with a high number of counts should be significantly higher than
that obtained from an estimate based on the Poisson distribution.
We calculate the observed numbers of clusters with 0–6 counts
within a circular region of 0.3◦ and list the observed numbers of
counts in Table 2. We find that there is no circular region witha
radius of 0.3◦ containing more than five counts. The difference
of the observed number of circular regions with the number of
counts,> 2, and the expected number of such regions obtained
from the Poisson distribution with parameterλ = 1.65 is≈ −2.
We conclude that the observed number of circular regions with
a number of counts higher than 2 towards the galaxy clusters is
consistent with that obtained from the Poisson distribution with
parameterλ = 1.65. Therefore, the contribution of one or two
possible strong gamma-ray sources to the observed gamma-ray
excess cannot explain the observed excess.

We also calculate the number of circular regions with a given
number of counts that expected from the background emission.
The average number of counts within a circular region of 0.3◦ ra-
dius coming from background emission is 52.8/55 ≈ 0.96. The
difference of the observed number of circular regions with the
number of counts,> 2, and the number of such regions expected
from background diffuse emission equals≈ 29 counts (i.e.,
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Table 2. The expected and observed numbers of galaxy clusters
with a given number of counts

Numbers of counts Expected number Observed number
of clusters of clusters

0 10.5 10
1 17.4 19
2 14.4 15
3 7.9 4
4 3.3 5
5 1.1 2
6 0.3 0

Fig. 6. The observed number of galaxy clusters with a given
number of counts (histogram) and the expected numbers from
the Poisson distribution withλ = 1.65 (filled circles) and with
λ = 0.95 (open triangles)

≃55% of the photons expected from the background emission).
We recalculate the significance of detection of a gamma-ray sig-
nal towards the selected galaxy clusters excluding the eleven
galaxy clusters with the highest observed number of counts
within a central circular region of 0.3◦ radius and found that the
detection significance of the excess decreases from≃ 4.7σ to
1.5σ. Therefore, the analysis of these eleven galaxy clusters is
important to understand the origin of the observed gamma-ray
excess. In Fig.6 we plot the observed and expected distributions
of the numbers of galaxy clusters with a given number of counts.

Note that the probability to observe a given number of counts
by chance varies from one galaxy cluster to another galaxy clus-
ter and depends on the expected number of counts from back-
ground around each cluster of galaxy. We calculate the expected
number of background counts for each of the eleven galaxy clus-
ters with the highest observed number of counts. To calculate the
number of background counts for each circular region with a ra-
dius of 4◦, we mask 2FGL sources. The calculated numbers of
background counts are shown in Table 3 for these eleven galaxy
clusters. Using the Poisson statistics, we calculate the probabil-
ity to obtain the observed number of counts by chance. The ob-
tained probabilities are listed in the fourth column in Table 3.
Note that the probability to observe 4 or 5 counts in a circular
region of 0.3◦ radius by chance is less than 3%.

Table 3. Probability to obtain the observed number of counts
from background emission by chance

Cluster name Observed counts Background Probability,%
A0119 3 0.73 3.1
A3112 3 0.72 3.0
A4038 3 0.73 3.1

ZwIII54 3 1.33 10.4
A0400 4 1.05 1.8
2A0335 4 1.20 2.6
A1367 4 0.85 0.9
MKW4 4 0.73 0.6
A2255 4 1.16 2.4
A2063 5 0.86 0.2
A3581 5 1.04 0.4

3.2.2. Test for homogeneity of incoming photons in time

Gamma-ray emission from galaxy clusters produced via neu-
tral pion decay and via the IC emission does not vary with time
within the time-range of an observation. We use this argument to
check if the observed gamma rays with E>10 GeV towards the
selected galaxy clusters are homogeneously distributed intime.
To perform the test, we choose the galaxy clusters with a high
number of observed counts in their directions listed in Table 3.
In Table A.2 we list the arrival time, given in the Mission Elapse
Time (MET) units, and the energy for each photons within a cir-
cular region of 0.3◦ radius centered on A0119, A3112, A4038,
A0400, 2A0335, A1367, MKW4, A2255, A2063, and A3581.
Note that we withdraw ZwIII54 from the sample shown in Table
3, because the probability, 10.4%, to obtain the observed number
of counts from background emission by chance for this galaxy
cluster is significantly higher than that for other galaxy clusters
from Table 3. We use the nearest-neighbor method for testingthe
homogeneity hypothesis and calculate the sum of the distances
between each event and its nearest neighbor in time. This pro-
vides a test statistic that requires no partitioning scheme. Note
that the observed number of counts in a short time interval de-
pends on exposure duration. The exposure duration for succes-
sive intervals of time corresponding to the precession period of
the orbit of theFermi spacecraft,≈ 55 days, is roughly con-
stant. Since we use the 52.5 months of the data, the observa-
tion time contains≈ 28 time intervals of almost equal exposure.
Performing the Monte-Carlo simulations for the homogeneous
distribution of counts in time, we calculate the number of simula-
tion runs with the statistic value less than that calculatedfor each
galaxy cluster from Table 3. The obtained number of simulation
runs with the statistic value less than that for A0199 is 12% of the
simulations, A3112 - 6%, A4038 - 77%, A0400 - 54%, 2A0335 -
48%, A1367 - 60%, MKW4 - 57%, A2255 - 17%, A2063 - 8%,
and A3581 - 17%. We also perform a more powerful test for
homogeneity by calculating the probability of several indepen-
dent simulation runs with a given number of simulated counts
to obtain the test statistic value in each simulation run lower
than that is derived from the observation of one of the galaxy
clusters having the number of counts in its direction the same
as that simulated. The probability that one of three independent
Monte-Carlo simulation runs with the homogeneous distribution
of 3 photons in time gives the statistic value less than that for
A0199, and two other simulation runs give the statistic values
less than those for A3112 and A4038 equals 2.2%. The proba-
bility that one of five independent Monte-Carlo simulation runs
with the homogeneous distribution of 4 photons in time givesthe
statistic value less than that for A0400, and four other simulation
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runs give the statistic values less than those for 2A0335, A1367,
MKW4, and A2255 is less than 6.3%. The probability that one
of two independent Monte-Carlo simulation runs with the homo-
geneous distribution of 5 photons in time gives the statistic value
less than that for A2063, and the other simulation run gives the
statistic value less than that for A3581 equals 2.0%. We conclude
that the observed gamma rays are not homogeneously distributed
in time and that the observed gamma-ray excess towards the se-
lected galaxy clusters cannot be totally produced by the emission
via neutral pion decay and by the IC emission. Before starting
the search for time variable gamma-ray sources in the directions
of the selected galaxy clusters, we note that different sky-survey
profiles have been used on Fermi and, therefore, the on-source
exposure also varies in time because of the use of different sky-
survey profiles. We do not include the exposure variation dueto
the sky-survey profiles in the present analysis and assume that
this effect does not affect the result presented in this Section. In
Sect. 3.3, we study the catalogue of AGNs to search of time vari-
able gamma-ray sources towards the selected galaxy clusters.

3.3. Time variable sources towards galaxy clusters

Many of the high-latitude 2FGL gamma-ray sources are asso-
ciated with the bright, flat radio spectrum active galactic nuclei
(AGNs) known as blazars. A uniform all-sky Candidate Gamma-
Ray Blazar Survey (CGRaBS) selected primarily by flat radio
spectra was performed by Healey et al. (2008) to provide a large
catalogue of likely gamma-ray AGNs suitable for identification
of high-latitude gamma-ray sources detected withFermi-LAT.
The CGRaBS catalogue contains 1625 gamma-ray candidate
sources with radio and X-ray properties similar to those of the
EGRET blazars, spread uniformly across the| b |> 10◦ sky. 81%
of these gamma-ray candidate sources have measured redshifts.
Identification of a fraction of gamma-ray sources towards the 55
selected galaxy clusters with blazars will allow us to focuson
the gamma-rays incoming from galaxy clusters. Note that not
all detected blazars byFermi-LAT are included in the CGRaBS
catalogue and that>1000 sources from the CGRaBS catalogue
have not yet been detected byFermi-LAT.

We perform the search of gamma-ray candidate sources from
the CGRaBS catalogue within a circle of 0.6◦ (which slightly
exceeds the mean virial radius and the 2 PSF) towards the se-
lected galaxy clusters and found that the gamma-ray candi-
date sources are present towards eight galaxy clusters, namely
A0400, A3395s, A3558, A3581, A2029, A2147, A2634, and
A2637. The distances between each of these galaxy clusters and
its nearest gamma-ray source candidate from the CGRaBS cat-
alogue is 26.6′ for A0400, 9.9′ for A3395s, 20.2′ for A3558,
30.8′ for A3581, 28.8′ for A2029, 20.2′ for A2147, 33.3′ for
A2634, and 31.3′ for A2657. We list the redshifts of these galaxy
clusters and of the nearest gamma-ray CGRaBS source for each
of these clusters, and the number of counts within a circle of
0.3◦ radius around each of these galaxy clusters in Table 4. This
Table shows that six of these eight blazars have redshifts larger
than 0.35. Note that two of these galaxy clusters, namely A0400
and A3581, are also present in Table 3. The associated CGRaBS
gamma-ray candidate sources with A0400 and A3581 are very
distant and have redshifts of 1.381 and 2.43, respectively.

We calculated the number of CGRaBS candidate gamma-ray
sources within the first sixteen annuli with surface ofπ(0.6◦)2

centered on the 55 selected galaxy clusters and found that the
first inner annulus contains 8 CGRaBS sources while the mean
value of CGRaBS sources within an annulus is 2.8. Thus, the
probability of the presence of 8 CGRaBS sources within the in-

Table 4. List of galaxy clusters possibly contaminated by
CGRaBS sources, located at the projected distance<0.6◦ from
the cluster centers

Cluster Number of Redshift of Redshift of Max. energy
name counts a clusters a blazar (GeV)

A0400 4 0.024 1.381 50.8
A3395s 1 0.0498 2.051 43.5
A3558 1 0.048 1.326 19.7
A3581 5 0.0214 2.43 16.8
A2029 2 0.0767 0.084 21.4
A2147 0 0.0351 0.109 –
A2634 1 0.0312 0.372 15.1
A2657 2 0.0404 0.667 24.4

nerest annulus is only≈ 0.57%. We also calculated the number
of CGRaBS candidate gamma-ray sources within the first six-
teen annuli with surface ofπ(0.5◦)2 (the radius of the first annu-
lus corresponds to the mean virial radius of the 55 selected clus-
ters) and found each of the first two annuli contains 4 CGRaBS
sources. The probability of the presence of 4 CGRaBS sources
within such an annulus is only≈ 1.4%. We conclude that the
number of CGRaBS gamma-ray candidate sources towards the
selected galaxy clusters exceeds the expected number within the
central annulus with a radius of 0.5◦ (and 0.6◦). One of the pos-
sible explanations of the high concentration of CGRaBS sources
towards these galaxy clusters is a statistical deviation from the
expectation.

Note that high-energy gamma-rays interact with long-
wavelength photons of the extragalactic background light pro-
ducing electron-positron pairs (the Breit-Wheeler process),
see, e.g., Kneiske et al. (2002); Franceschini et al. (2008);
Finke et al. (2010). The absoption of gamma-rays from distant
sources, such as blazars, via e−-e+ pair creation leads to de-
crease the observed flux at high energies, Eγ > 20 GeV (e.g.,
Finke et al. 2010). We use the absoption optical depth of gamma-
ray photons as a function of observed gamma-ray photon energy,
calculated by Finke et al. (2010), to test the possibility toob-
serve high energy photons from the distant CGRaBS sources
at z=1.381, 2.051, 1.326, and 2.43, towards A0400, A3395s,
A3558, and A3581, respectively. We list the maximal observed
energy of photons towards these galaxy clusters in Table 4. We
take the values of absoption optical depth from the tables2. The
absorption optical depth for a gamma-ray with observed energy
of 50.8 GeV emitted at z=1.38 is≈ 0.57, for a gamma-ray with
observed energy of 43.5 GeV emitted at z=2.05 is≈ 0.77, for a
gamma-ray with observed energy of 19.7 GeV emitted at z=1.33
is ≈ 0.022, and for a gamma-ray with observed energy of 16.8
GeV emitted at z=2.43 is≈ 0.1. We calculated the probability
of detection of high energy gamma-rays towards these CGRaBS
sources in the framework of the absorption model of gamma-
rays on the extragalactic backround light and found that thede-
tection of the highest energy gamma-rays towards the most of
these CGRaBS sources is consistent with the expectation from
the absorption model. However, the probability of detection of
a 43.5 GeV photon towards A3395s without observing any pho-
tons with energies between 10 GeV and 43.5 GeV towards this
cluster is only 0.25% and, therefore, it is hardly possible that the
detected 43.3 GeV photon was emitted by a distant blazar.

2 http://www.phy.ohiou.edu/˜finke/EBL/
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3.4. Likelihood analysis of gamma-ray emission in the
directions of A0400 and A3581

We perform a binned likelihood analysis of gamma-ray emis-
sion at the positions of the Abell 400 (A0400) and Abell 3581
(A3581) galaxy clusters. These two clusters are selected for an
analysis because of their presence both in Table 3 of clusters with
the largest number of events at E>10 GeV and in Table 4 of clus-
ters possibly contaminated by CGRaBS candidate gamma-ray
sources. The presence of possible gamma-ray sources, namely
a binary black hole system 3C 75 in A0400 and a blazar PKS
1404-267 in A3581, also provides a good reason for a search of
gamma-ray emission from these galaxy clusters. The test statis-
tic (TS) is employed to evaluate the significance of the gamma-
ray fluxes coming from these two galaxy clusters. The TS value
is used to assess the goodness of fit and is defined as twice
the difference between the log-likelihood functions maximized
by adjusting all parameters of the model, with and without the
source, and under the assumption of a precise knowledge of
the galactic and extragalactic diffuse emission. We use the pub-
licly available tool (gtlike), released by theFermi-LAT collab-
oration, to perform a binned likelihood analysis. For each an-
alyzed source, we select events with energy E>100 MeV in a
circular region of interest of 20◦ radius. We use the first 52.5
months of theFermi-LAT data and the good time intervals such
that the region of interest does not go below the Earth Limb.
We use the spectral-spatial templates,gal 2yearp7v6v0.fitsand
iso p7v6source.txt, for the galactic and extragalactic diffuse
emission, respectively. To produce a spectral-spatial model for
each galaxy cluster, we fix their positions at the localization of
3C 75 for A0400 and of PKS 1404-267 in A3581 and include
the gamma-ray sources from the 2FGL catalogue. The spectra of
2FGL sources are taken from the 2FGL catalogue. The spectral
parameters of the most of 2FGL sources are fixed at the 2FGL
values, while the parameters of the strongest sources in there-
gion of interest are left free in the likelihood fit. We model the
emission from these two galaxy clusters under the assumption of
a point source with a power-law spectral distribution. The like-
lihood ratio test shows that the TS values for A0400 and A3581
equal 41.7 and 5.3, respectively. The approximate value of the
significance of detection is given by

√
TSσ and, therefore, the

significance of detection is 6.4σ and 2.3σ for A0400 and A3581,
respectively. Note that the possible explanation of a higher sig-
nificance value for A400 is that diffuse emission is strongly in-
homogeneous on a scale of≃ 5◦ towards this galaxy cluster. The
performed likelihood analysis shows that the gamma-ray sources
towards these galaxy clusters will be promising targets foran
analysis in the future.

3.5. Cool-core and non-cool core galaxy clusters

Clusters of galaxies with dense gaseous cores have central cool-
ing times much shorter than a Hubble time. XMM-Newton
observations of cool-core galaxy clusters have shown that the
spectral features predicted by the cooling flow models are ab-
sent in the X-ray spectra (Peterson et al. 2001, 2003). The
likely source of energy, compensating gas cooling losses, comes
from central AGN (e.g., Churazov et al. 2000; David et al. 2001;
Böhringer et al. 2002). The presence of dense gaseous coresin
cool-core clusters can lead to the increase of gamma-ray emis-
sion due to neutral pion decay produced in the collisions of
relativisitic protons with protons of the ICM, while the central
AGN itself can also be a source of gamma-ray emission. Non-
cool core clusters in their turn often show evidence of a merger

Table 5. The significance of signal detection for the samples of
cooling core and non-cooling core galaxy clusters

Template cooling core clusters non-cooling core clusters
point source 4.3σ 1.8σ

disk (R=0.15◦) 4.9σ 2.0σ
disk (R=0.25◦) 5.0σ 2.0σ
disk (R=0.375◦) 4.6σ 1.8σ
disk (R=0.5◦) 3.5σ 1.9σ

and, therefore, CR hadrons and electrons accelerated in merger
shocks can lead to gamma-ray emission via the neutral pion de-
cay or IC effect. In this Sect., we perform an analysis of a sam-
ple of cool-core galaxy clusters and of a sample of non-cool core
clusters to study gamma-ray emission of these two distinct types
of galaxy clusters.

We divide 55 selected galaxy clusters into the two samples
using the definition from Chen et al. (2007). If the ratio of the
mass deposition rate,̇M, to the cluster mass,M500, for a galaxy
cluster exceeds 10−13 yr−1 then the galaxy cluster belongs to the
sample of cool-core clusters. The second sample of galaxy clus-
ters consists of galaxy clusters with the ratio,Ṁ/M500, smaller
than 10−13 yr−1. We take the values oḟM/M500 and M500 from
Tables 1 and 4 of Chen et al. (2007). There are two galaxy clus-
ters, A1651 and A2063, with the calculated ratios ofṀ/M500
close to 10−13 yr−1. We include these two clusters in the sample
of cool-core clusters. The sample of cool-core clusters consists
of 27 clusters and the sample of non-cool core clusters consists
of 28 clusters.

Using the spectral-spatial templates presented above, we cal-
culate the significance of detection of a gamma-ray signal from
both the samples. The method used to evaluate the statistical sig-
nificance is analogous to that applied in Sect. 3.1. The evalu-
ated values of the significance of detection are shown in Table
5. We found that the significance of the gamma-ray signal from
the sample of cool-core clusters,≃ 5σ, is significantly higher
than that from the sample of non-cool core clusters≃ 2σ.
Furthermore, we conclude that the observed excess of gamma-
ray emission in the direction of the 55 selected clusters is mainly
owing to gamma rays coming from the cooling core clusters.

Assuming that the numbers of observed photons in both the
samples of galaxy clusters can be modeled by a Poisson dis-
tribution, we check if the two Poisson samples have the same
mean. To perform this analysis, we use the test-statistics,TS =
(O1−E1)2/E1+(O2−E2)2/E2, whereO1,2 are the observed num-
ber of photons within a circle of 0.3◦ centered on galaxy clusters
from each sample andE1,2 is the number of photons expected un-
der the assumption that the two Poisson samples have the same
mean. We found that the probability that both the samples have
the same mean is 6.3%. We conclude that the contribution of
cooling-core clusters to the gamma-ray emission from the 55se-
lected clusters is dominant over that of non-cooling core clusters.
Therefore, the gamma-ray properties of the cooling core clusters
significantly differs from those of the non-cooling core clusters.

Note that our selection of 55 galaxy clusters is based on
the flux limited cluster sample from the HIFGLUGS catalogue.
Therefore, the expected proportionality between X-ray andneu-
tral pion decay induced gamma-ray fluxes (see Ensslin et al.
1997) leads to a testable prediction about higher gamma-ray
fluxes from brighter X-ray galaxy clusters. Taking this predic-
tion into account, we perform a likelihood analysis weighting
the observed number of gamma rays from each galaxy clus-
ter with its expected gamma-ray flux. We calculate the Poisson
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loglikelihood for each of the spectral-spatial models using two
weighting techniques: 1) combining the observed count maps
with equal weights (as was done in Sect. 3.1) and 2) weighting
the observed number of counts with expected gamma-ray fluxes.
We compute the difference in the maximized values of the log-
likelihood (L) functions for both weighting techniques andfor
each spectral-spatial model and found that the maximal likeli-
hood for the “equal weights” model is larger than that for the
hadronic model of gamma-emission. We use the Akaike infor-
mation criterion to measure the relative quality of the models
supporting these two weighting techniques and found that the
hadronic model of gamma-emission is exp(L2 − L1) ≃ 5× 10−3

times as probable as the “equal weights” model to minimize the
information loss. The significance of detection of a signal in the
direction of the 55 selected galaxy clusters is in the range of
2.1-2.7σ (depending on the spectral-spatial models) when the
weighting technique presuming the expected gamma-ray fluxes
from the hadronic model is used. Therefore, there is no convinc-
ing evidence that observed signal is due to neutral pion decay, at
least in the simplest version of the model presumingFγ ∝ FX.

3.6. Upper limit on relativistic-hadron-to-thermal energy
density ratio

We reevaluate the significance of a gamma-ray signal from clus-
ters of galaxies withdrawing 8 galaxy clusters possibly contami-
nated by CGRaBS gamma-ray candidate sources (see Sect. 3.3)
from our sample. Using the method described in Sect. 3.1 and the
templates for gamma-ray emission produced above, we found
that the values of the significance level are 3.3σ, 3.6σ, 3.2σ,
and 2.3σ for the disk templates with radii of 0.15◦, 0.25◦, 0.375◦,
and 0.5◦, respectively. The significance level for the point source
template is 2.7σ. For the ring-like model, we found no evidence
for an excess over background. Note that the mean number of
counts within a circle with a radius of 0.3◦ centered on the galaxy
clusters possibly associated with CGRaBS sources is 2.0± 0.5,
while the corresponding average number calculated for the 47
selected galaxy clusters (excluding those that have the possible
association with CGRaBS sources) is 1.6 ± 0.18. For compar-
ison, the mean background contribution to the same region is
≃0.96 per cluster. A slightly lower flux in the reduced sample
is yet another reason (apart from smaller sample size) why the
detection significance is lower in the reduced sample.

The energy density stored in hadronic cosmic rays (CR) rel-
ative to the thermal energy density of the ICM gas can be con-
strained by using the observed gamma-ray and X-ray fluxes from
galaxy clusters (Ensslin et al. 1997; Ackermann et al. 2010a).
Using the Fermi Science Tools1, we calculate the exposure
weighted by the power-law with a photon index of -2.1 for each
of the 47 galaxy clusters to convert count numbers to gamma-ray
fluxes at E>10 GeV. We take the X-ray fluxes from these galaxy
clusters and their plasma temperatures from the cataloguespub-
lished by David et al. (1993); Reiprich & Böhringer (2002).We
take the production rate of gamma-rays from Drury et al. (1994)
for a spectral index,s=4.1, of the parent CR hadron distribution
f (p) ∝ p−s, wherep is momentum, and extrapolate the pro-
duction rate at E>1 TeV to E>10 GeV. Note that the produc-
tion rate of gamma-rays is defined as the gamma-ray emissiv-
ity normalized to the CR hadron energy density. Using Eq.(10)
from Ensslin et al. (1997) and the calculated production rate of
gamma-rays at E>10 GeV, we obtain the relation between the

observed fluxes of gamma-rays,Fγ(> 10GeV), and X-rays,FX ,
that is given by

Fγ(> 10GeV)

FX/erg
≈ 1.33

(

kBT
keV

)1/2

α, (5)

whereα is the scaling ratio between the thermal,ǫth, and CR
hadron energy,ǫCR, densities,ǫCR = α×ǫth. Note that the gamma
production rate may be taken to be proportional to the number
density of relativistic hadrons (Drury et al. 1994) and thatthe
energy density of relativistic particles only slightly depends on
the low energy bound for hard power-law hadron spectra with
s=4.1. It is also noteworthy that soft power-law hadron spectra,
e.g. s=-4.7, produce softer gamma-ray spectra and that the value
of CR hadron energy density derived by means of this method
depends on the assumed power-law hadron spectra. For softer
hadron spectra, the factor of 1.33 in Eq. 5 will be lower (e.g.,
≃0.08 for s=4.7) and the contribution of hadrons of energy be-
low about 1 GeV per nucleon, which do not generate observable
gamma rays, to the total energy density will be dominant.

To estimate the scaling ratio,α, from the observed gamma-
ray fluxes in the directions of galaxy clusters, we rewrite Eq. 5
as

α ≈ 1
1.33

Fγ(> 10GeV)

FX/erg

(

keV
kBT

)1/2

. (6)

Putting the parameters into Eq.6, we calculate the scaling ratioα
for each of the selected galaxy clusters. Assuming that the value
of the scaling ratio,α, is the same in these 47 galaxy cluster,
we calculate the weighted mean,αµ, and variance of mean,σ2

µ,
asαµ =

∑

k(αk/σ
2
k)/

∑

k(1/σ2
k) andσ2

µ = 1/
∑

k(1/σ2
k), where

αk are the values of the scale ratio for individual galaxy clus-
ters andσk are the uncertainties ofαk (dominated by the un-
certainties inFγ). Calculating the weighted mean of the scal-
ing ratio and the variance of the mean, we found that the value
of the relativistic-hadron-to-thermal energy density ratio equals
≈1.5%. The assumption that this gamma-ray signal is caused by
sources variable in time (AGNs) allows us to put an upper limit
on the relativistic-hadron-to-thermal energy density ratio equal
1.5%. The possible relativistic hadron component with energy
density of 1.5% of that of the thermal plasma does not violatethe
constraints obtained by an alternative method by Churazov et al.
(2008) and its presence should be tested by a combined analy-
sis of theFermi-LAT observations towards the extended galaxy
clusters with high X-ray fluxes, such as Virgo, Perseus, Fornax,
Hydra, Coma, and Centaurus. An analysis of these extended
galaxy clusters is beyond the scope of our paper and requires
a more sophisticated technique to deal with the spatial extention
of these nearby X-ray brightest clusters of galaxies.

We also study a gamma-ray flux-cluster-mass scaling rela-
tion for CR induced emission and compute a prefactor,β, in the
relation proposed by (Pinzke et al. 2011)

Fγ(> 10GeV)= β×1043













1

4πD2
L













(

M200

1015M⊙

)1.34

ph· s−1cm−2, (7)

where the gamma-ray flux is dominated by photons produced via
the decaying neutral pions and also includes the IC gamma-ray
contribution from shock-accelerated primary electrons aswell
as secondary electrons created in relativistic hadron-proton in-
teractions. The theoretical estimate for the prefactor,β, equals
1.4 (Pinzke et al. 2011). By analogy with the method used in
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calculation of the energy density stored in hadronic cosmicrays
relative to the thermal energy density, we rewrite Eq.7 as

β =
Fγ(> 10GeV)4πD2

L

1043

(

1015M⊙
M200

)1.34

(8)

and calculate the value ofβ for each galaxy cluster, the weighted
meanβµ, and variance of mean. We found that the value of the
prefactor,β, equals 3.5±1.0 and is slightly higher than that pre-
dicted by Pinzke et al. (2011). Given plausible contribution to
the gamma-ray flux from central AGNs, we conclude that ob-
servedβ . 3.5.

4. Spectral analysis in four energy bands

In the previous Sects., we presented the analysis of gamma-ray
emission towards 55 galaxy clusters at energies greater 10 GeV.
The tentative gamma-ray excess towards these galaxy clusters
at E>10 GeV was detected. To validate the presence of this
gamma-ray excess, below we perform an analysis of gamma-ray
emission towards these galaxy clusters in several energy bands.
We choose four energy bands for our spectral analysis, whichare
1924-3333 MeV, 3333-5773 MeV, 5773-10000 MeV, and>10
GeV. Low boundaries of these 4 energy bands are logarithmi-
cally spaced and the low energy boundary of the first band is
chosen taking into account the high spatial resolution at E&2
GeV sufficient to avoid contamination of a signal from galaxy
clusters by gamma rays incoming from 2FGL sources.

We use the point and disk source models, described in Sect.
3.1, to calculate the number of observed photons towards galaxy
clusters in the four energy bands 1924-3333 MeV, 3333-5773
MeV, 5773-10000 MeV, and>10 GeV. To perform the spatial
analysis, we bin the count maps into concentric annuli with sur-
face area ofπ×PSF2/2. The evaluated numbers of photons from
the source in the directions of galaxy clusters in each energy
band are shown in Table 6. The energy bands are enumerated
in increasing order in this table. To calculate the PSF in each
energy band, we adopted the power-law spectral distribution for
each template with a photon index of 2.1. Table 6 shows that
the number of photons in the third energy band, i.e. 5773-10000
MeV, is greater than zero at a statistical level of≈ 2.5σ. Thus,
the third and fourth energy bands provide an evidence for the
possible gamma-ray signal from galaxy clusters.

We estimate the significance of a gamma-ray signal towards
galaxy clusters by use of the likelihood ratio method (e.g.,see
Li & Ma 1983). In the present problem there is one unknown
parameter - the expectation of the number of source photons.
Note that the expectation of the number of background photons
is derived from outer spatial bins where the number of photons
coming from the source is negligible. The statistical hypothesis
tested here is no extra source exists and all observed photons
are due to background. If the errors are Gaussian, then the like-
lihood is given byL = exp(−χ2/2), so that minimizingχ2 is
equivalent to maximizingL. The correctness of the estimation
procedure follows from the fact that variable−2 ln(L/Lmax) is
distributed likeχ2 with one degree of freedom if there is one
parameter of the problem (see Wilks 1962, chap. 13.7). We re-
evaluate the significance of the gamma-ray excess at energies,
>10 GeV, and confirm the results presented in Table 1 of Sect.
3.1 which obtained by means of an alternative method. We per-
form a combined likelihood analysis in the four energy bins.We
found that the value of the significance level is 4.8σ for the point
source template and that the values of the significance levelare

Table 6. The evaluated number of counts from the source in the
direction of galaxy clusters in four energy bands

Template Ncounts, band1 Ncounts, band2 Ncounts, band3 Ncounts, band4
point source 37.6±33.6 15.0±16.8 20.3±7.8 27.8±6.7

disk (R=0.15◦) 40.4±34.7 17.4±18.1 22.0±8.4 30.9±8.5
disk (R=0.25◦) 44.3±36.1 20.7±19.8 24.3±11.0 46.0±9.7
disk (R=0.375◦) 53.7±39.3 28.3±19.8 28.2±11.0 51.1±12.1
disk (R=0.5◦) 68.5±43.8 38.4±26.7 32.2±13.0 49.5±14.2

5.0σ, 5.1σ, 4.8σ, and 4.6σ for the templates describing gamma-
ray emission from disks with radii of 0.15◦, 0.25◦, 0.375◦, and
0.5◦, respectively. Thus, the inclusion of the three low energy
bands to the analysis increases the significance of detection of a
tentative gamma-ray excess in the directions of galaxy clusters.

5. Conclusions

Clusters of galaxies are promising targets for gamma-ray tele-
scopes. Gamma-rays can be emitted from the ICM via the decay
of neutral pions produced in the inelastic proton-proton colli-
sions or via the IC radiation owing to the interaction of veryen-
ergetic electrons with CMB photons. Apart from these two radia-
tive processes, gamma-rays can also be emitted by the central ac-
tive galactic nuclei in galaxy clusters. In this paper, we searched
for 10 GeV emission from galaxy clusters using the first 52.5
months of theFermi-LAT data. We performed a combined anal-
ysis of the 55 galaxy clusters selected from the HIFLUCGS cat-
alogue such that the virial radius of each selected galaxy cluster
does not exceed 1◦. We selected the photon events with energies
above 10 GeV, incoming from the circular regions with a radius
of 4◦ and centered on these 55 galaxy clusters. The selection of
this energy interval is motivated by the high angular resolution
of Fermi-LAT at these energies that permits us to associate more
precisely the observed gamma-rays with those that should come
from galaxy clusters.

To evaluate the significance of a gamma-ray signal in the
direction of the 55 galaxy clusters, we produced six spectral-
spatial templates (see Fig. 4) and fitted the models based on
these templates to the observed data. The six models includea
point source model, four disk models with radii of 0.15◦, 0.25◦,
0.375◦, and 0.5◦, and a ring model with inner and outer radii of
0.45◦ and 0.65◦, respectively. We found that the significance of
the observed signal exceeds 4σ for a point source model and for
the three first disk models. The highest evaluated significance
is 4.7σ and is provided by the model of gamma-ray emission
from a disk of 0.25◦ radius. The inclusion of the three low en-
ergy bands (1924-3333 MeV, 3333-5773 MeV, and 5773-10000
MeV) to the analysis increases the significance of detectionof
a tentative gamma-ray excess in the direction of galaxy clusters
from 4.7σ to 5.1σ for the best-fit model. Fitting a disk model
to the data improves the likelihood in comparison to the point-
source hypothesis, but do not provide strong evidence for spatial
extension of the observed gamma-ray signal towards the clus-
ters. We found no evidence for gamma-ray emission from the
structure formation shocks described by the ring model.

We performed an analysis of a sample of cool-core galaxy
clusters and of a sample of non-cool core clusters to study
gamma-ray emission of these two distinct types of galaxy clus-
ters. To divide the 55 selected galaxy clusters into the two sam-
ples, we applied the selection criterion based on the estimated
ratio of Ṁ/M500 to our sample of galaxy clusters. The performed
analysis shows that the contribution of cool-core clustersto the
gamma-ray emission from the 55 selected clusters is dominant
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over that of non-cool core clusters and that the gamma-ray prop-
erties of the cool-core clusteres significantly differs from those
of the noncooling core clusters.

To reveal the origin of the observed gamma-ray excess in
the direction of the 55 selected galaxy clusters, we studiedin-
dependently the signals from each of these galaxy clusters.We
found that there are 10 galaxy clusters in our sample such that
the probability to obtain the observed number of photons from
each of these clusters within the circular region with a radius of
0.3◦ by chance is less than 5%. We searched for time variability
of the signals from these 10 galaxy clusters using the the nearest-
neighbor method for testing homogeneity of incoming photons
in time. The analysis of time variability showed that the homo-
geneity hypothesis is not valid and that a fraction of the observed
photons has been emitted by variable gamma-ray sources, such
as active galactic nuclei.

We performed the search for gamma-ray candidate sources
from the CGRaBS catalogue within a circle of 0.6◦ (≈2 PSF) to-
wards the selected 55 galaxy clusters and found that the gamma-
ray candidate sources are present towards eight galaxy clusters.
Six of these eight CGRaBS gamma-ray candidate sources are
distant blazars with redshifts larger than 0.35. We estimated
that the significance of a gamma-ray signal after withdrawalof
eight galaxy clusters possibly associated with CGRaBS candi-
date sources. We found that the significance of gamma-ray de-
tection for this subsample is less than that derived from the
sample of 55 galaxy clusters and that the highest significance
level (3.6σ) is also provided by the disk model with a radius
of 0.25◦. Comparing the observed fluxes with those expected in
the neutral pion decay model, we found that the best-fit value
of the relativistic-hadron-to-thermal energy density ratio equals
≈1.5% for the spectral index of the parent CR hadron distribu-
tion, f (p) ∝ p−s, equal s=4.1. Given that AGNs are likely con-
tributing to the observed flux this value can be treated as an upper
limit on the relativistic-hadron-to-thermal energy density ratio,
provided that relativistic and thermal components are mixed.
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