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Abstract. The vast majority of the celestial gamma-ray sources detected so far have not yet been identified with secure counterparts at other wavelenghts. Here we report preliminary evidence for an association between galaxy clusters and unidentified
gamma-ray sources of high galactic latitude (|b| > 20 deg) in the Third EGRET catalog. All of the clusters which are most probably associated with EGRET sources show evidence of strong radio emission either because they host radio galaxies/sources in
their environments or because they have a radio halo or relic inhabiting their intracluster medium. The cluster radio emission
suggests that the relativistic particles (electrons, protons), which are diﬀusing in the intracluster medium, might be also responsible for their gamma-ray emission. Beyond the spatial associations of clusters with unidentified EGRET sources, we found a
correlation between the radio flux at 1.4 GHz of the cluster’s brightest source and the gamma-ray flux, F(>100 MeV), of the
associated EGRET source. For the most probable EGRET-cluster associations we also found a further correlation between the
X-ray luminosity of galaxy clusters and the gamma-ray luminosity of the associated gamma-ray source under the hypothesis
that the EGRET sources have the same cluster redshifts. Such correlations are consistent with the theoretical expectations and
strengthen the probability of a true, physical association between galaxy clusters and gamma-ray sources.
Key words. gamma rays: observation, theory – galaxies: clusters: general – galaxies: active

1. Introduction
The major part of the gamma-ray sources detected with the
EGRET instrument (Kanbach et al. 1988) on board the CGRO
satellite have not yet been identified with secure counterparts
at other wavelenghts because of the poor spatial resolution of
the EGRET instrument. In fact, 170 gamma-ray sources out of
the 271 found in the Third EGRET catalogue are not yet identified with firmly established counterpart (Hartman et al. 1999).
Most of the unidentified gamma-ray sources are found at low
galactic latitudes, |b| <
∼ 20 deg, and are likely to belong to our
Galaxy (Gehrels et al. 2000). Fifty of these sources are found at
high galactic latitudes, |b| >
∼ 20 deg, and there are several hints
that they are of extra-galactic nature (Grenier 2001). Among
the identified extra-galactic gamma-ray sources observed with
EGRET, most are AGNs (Hartman et al. 1999) but there is no
firm evidence that the remaining unidentified EGRET sources
can be associated with another population of active galaxies. In
fact, most of the unidentified EGRET sources have a rather low
flux variability while AGNs usually show a strong flux variability in the gamma-rays (Urry & Padovani 1995; Ulrich et al.
1997).
Galaxy clusters are bright sources of X-rays produced through bremsstrahlung emission from a hot (with


temperature T ∼ 107 −108 K), optically thin (number density n ∼ 10−3 cm−3 ), highly ionized intracluster (hereafter IC)
gas (mainly consisting of a population of thermal electrons
and protons) in nearly hydrostatic equilibrium with the overall
gravitational potential of the structure (see, e.g., Sarazin 1988
for a review). Many galaxy clusters also show the presence
of non-thermal emission phenomena like extended radio halos
(see, e.g., Giovannini & Feretti 2000), likely produced by synchrotron emission of relativistic electrons either accelerated in
the intracluster medium (hereafter ICM) by merging shocks or
produced in the decay of dark matter annihilation products (see,
e.g., Colafrancesco 2001a; Colafrancesco & Mele 2001). Many
clusters also host bright radio (or active) galaxies living in their
environment. These active galaxies can inject relativistic particles into the ICM through the interaction of radio jets with the
surrounding medium (Blandford 2002). The presence of relativistic particles in the ICM has been also suggested to explain
the emission excesses observed in some clusters in the EUV
(Lieu et al. 1999; Bowyer 2000) and in the hard X-rays (FuscoFemiano et al. 1999–2000; Rephaeli et al. 1999; Kaastra et al.
1999; Henriksen 2000). However, there is no evidence in the
EGRET database for a detection of gamma-ray emission in the
direction of a few selected clusters like Coma (Sreekumar et al.
1996) and Virgo.
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There are, nonetheless, several theoretical motivations to
expect that galaxy clusters can indeed be extended sources of
gamma-rays emitted in the decay of neutral pions, produced
either in the interaction of cosmic ray protons with the ICM
protons (pp → X + π0 → γ + γ; see Colafrancesco & Blasi
1998; Völk & Atoyan 1999) or in the annihilation of dark matter particles (χχ → X + π0 → γ + γ; see Colafrancesco & Mele
2001). The secondary electrons produced in the previous mechanisms (see, e.g., Blasi & Colafrancesco 1999; Colafrancesco
& Mele 2001) can also produce additional gamma-ray emission
through both bremsstrahlung and Inverse Compton Scattering
(ICS) against the Cosmic Microwave Background (CMB) photons. Also primary cosmic ray electrons can produce a diﬀuse
flux of gamma-rays due to non-thermal bremsstrahlung (see
Sreekumar et al. 1996; Colafrancesco 2001b) and ICS of the
CMB photons. On top of such diﬀuse emission, the gammaray emission emerging from individual “normal” galaxies
(Berezinsky et al. 1990; Dar & deRujula 2000) living in the
cluster is also expected, as well as from “active” galaxies (Urry
& Padovani 1995) which belong to the cluster.
In this paper, we report the results of a detailed spatial and
spectral analysis of the unidentified EGRET sources at high
galactic latitude and the findings of preliminary evidence for
a correlation between galaxy clusters and unidentified EGRET
sources at |b| > 20 deg. The plan of the paper is the following. In Sect. 2 we discuss the evidence for the spatial correlation between EGRET sources at high galactic latitude and
galaxy clusters in the Abell catalog (Abell et al. 1989). We
also discuss the analysis of the gamma-ray flux and spectra of
the EGRET sources probably associated with galaxy clusters in
comparison with those associated with other EGRET sources.
In Sect. 3 we analyze in details each one of the 18 EGRET
sources which have possible associations with galaxy clusters.
We finally derive a sample of 9 EGRET sources which are
most probably associated with 12 galaxy clusters. In Sect. 4
we discuss the correlation we found between the gamma-ray
flux of the EGRET source and the radio flux of the cluster
radio sources for the 9 most probable EGRET-cluster associations and in Sect. 5 we discuss the evidence for a similar
correlation between the gamma-ray luminosity and the X-ray
luminosity of the same most probable EGRET-cluster associations. We present in Sect. 6 our conclusions and a discussion of the future expectations for the detection of gamma-ray
emission from galaxy clusters in the light of the next generation space and ground-based gamma-ray experiments. We use
H0 = 50 km s−1 Mpc−1 and a flat (Ω0 = 1) cosmology throughout the paper unless otherwise specified.

2. The spatial correlation of galaxy clusters
with unidentified EGRET gamma-ray sources
Motivated by the previous arguments, we analyzed the available data for the gamma-ray sources in the Third EGRET catalog (Hartman et al. 1999) and we looked for a correlation
between the position of unidentified gamma-ray sources with
|b| > 20 deg and the positions of galaxy clusters in the Abell
catalogue (Abell et al. 1989). We further looked for the X-ray
information about the selected clusters in the ROSAT all sky

survey and pointed observations and in the BeppoSAX cluster catalogue. We also looked for radio sources associated with
galaxy clusters in the NVSS radio survey, in the VLA and
SUMSS surveys as well as in the available literature.
We first studied such a spatial correlation within a fixed
radius (1 deg) from the center of each EGRET source and subsequently we refined our analysis considering the actual 95%
confidence level position error contours of each EGRET source
found in the previous step.
We found that 50 EGRET sources at high galactic latitude,
|b| > 20 deg, are spatially correlated – within 1 degree from the
center of the EGRET source – with the position of 70 galaxy
clusters in the Abell catalogue (Abell et al. 1989). We choose
a correlation radius of 1 deg because this is the angular distance at which EGRET cannot distinguish two separate pointlike sources (Hartman et al. 1999). We performed a Monte
Carlo simulation to check if such a spatial association can be
understood as a simple random projection eﬀect. Specifically,
we built 103 random distributions of galaxy clusters extracted
from the Abell catalogue and taking into account their clustering properties and we cross-correlated their positions with the
EGRET source positions within 1 deg radius. We find that, on
average, 33 EGRET sources can be randomly associated with
simulated cluster positions. Based on a Kolmogorov-Smirnov
test, the probability that all of the remaining 17 EGRET unidentified sources are still randomly associated with galaxy clusters
is <
∼0.5%. This indicates that the confidence level of the spatial association is about 2.96σ (assuming a Gaussian statistics
which is justified for >
∼20 spatial associations).
For a more detailed analysis, we correlated the positions
of the Abell clusters with the exact position error contours
given for each EGRET source found in the Third EGRET catalogue. In this procedure we consider also the spatial extent of
the galaxy clusters. We find that the coordinates of the optical centers of 52 Abell clusters fall within the contour containing the 95% confidence level error region for the positions of
39 EGRET sources. In this analysis we consider a positive correlation also for those clusters whose optical centers are close
to the border of the 95% confidence level error contours of the
EGRET sources and whose spatial extent is found within the
95% confidence level EGRET position error contour. We then
simulated, as before, 103 random distributions of galaxy clusters extracted from the Abell catalogue preserving their clustering properties and we cross-correlated their positions with
the EGRET source positions within their 95% confidence level
contours, finding that, on average, 26 EGRET sources can be
randomly associated with simulated cluster positions. Based on
a Kolmogorov-Smirnov test, the probability that all of the remaining 13 EGRET unidentified sources are still randomly associated with galaxy clusters is <
∼1% (or, in other words, the
significance of the probable correlation between galaxy clusters and EGRET sources is at more than 2.5σ confidence level).
Since a substantial fraction of the sky observed by EGRET
has a low sensitivity (where it would be diﬃcult to observe any faint source), the previous estimate of the significance level of the correlation can be safely considered as
a lower limit of the true one. In fact, the cluster – EGRET
source correlation we found here is suﬀering from a lack of
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other possible EGRET-cluster associations coming from those
gamma-ray sources which are not detected in the low-exposure
region of the EGRET sky. Assuming that the number of additional EGRET sources detectable with a uniform sky coverage,
Nx ∝ Alow−exp. (where Alow−exp. is the area of the gamma-ray
sky with low-exposure), is correlated with galaxy clusters in
the same ratio of our previous estimates, and assuming that the
fraction of random correlation is again similar to what previously estimated (i.e. ∼2/3 of the correlations are random and
∼1/3 are probable), the statistical confidence level of the correlation found after correcting for the non-uniform exposure of
EGRET
increases
with increasing value of Nx and scales like

√
∼ Nx ∝ Alow−exp. , for high values of Nx . So, in conclusion,
we believe that the previous estimate of the statistical significance of the cluster–EGRET source correlation given above
can be reliably considered as a lower limit to the actual significance level of the spatial correlation between galaxy clusters
and unidentified EGRET sources.
To select out of the full list previously found the more
probable associations of galaxy clusters with the unidentified
EGRET sources, we superposed the optical cluster positions
and their X-ray images onto the maps containing the probability distribution for the spatial position of the 50 EGRET
sources found in our spatial correlation analysis.
We found that 18 of the original 50 EGRET sources associated with galaxy clusters have also an AGN (with confirmed
identification) whose position falls within the 95% confidence
level position error contours of the gamma-ray source. We also
found that a Gamma Ray Burst is found in association with the
EGRET source 3EG J2255-5012 and the clusters Abell 1073S
and Abell 1074S. Also a SN remnant is found in the field of the
source 3EG J1235+0233 associated to the cluster Abell 1564.
We then excluded these 20 EGRET sources and the associated
30 clusters from the list of probable physical associations.
We also excluded 12 EGRET sources with a possible, but
not confirmed, AGN contamination in the Third EGRET catalog (see Hartman et al. 1999). Note that also this procedure is
very conservative since there are 4 cases out of the 12 listed in
which the possible AGN source is found beyond the 95% confidence level position error contours of the associated EGRET
sources, while the galaxy clusters spatially associated with the
EGRET sources fall within their 95% confidence level position
error contours.
Finally, we conclude that, in our conservative analysis,
24 galaxy clusters are associated to 18 unidentified EGRET
sources with |b| > 20 deg for which there is no firmly established counterpart at other wavelengths, neither extragalactic
(AGN or “active” galaxy) or galactic (Supernova remnant, pulsar, neutron star). All of these galaxy clusters have their optical
and X-ray centers falling within the 95% confidence level position error contours of the EGRET sources. We show in Table 1
the list of the 18 EGRET sources and the 24 clusters which are
spatially correlated within the 95% confidence level position
error contours of each EGRET source. This is the initial sample of likely associations between galaxy clusters and EGRET
gamma-ray sources on which we performed a more detailed
analysis, as discussed in the following.
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According to our selection procedure, the significance level
of such a spatial association is ≈2.55σ which corresponds to
a probability <
∼1% for the null hypothesis that the two source
populations are randomly associated. However, the point is still
to determine how many of these spatial associations are due
to random projection eﬀects and which are the most probable physical associations. A rough estimate of the probability to have still random associations in the sample here
selected (see Table 1) and to be not contaminated by either extra-galactic (AGN, GRB) or galactic (SNR, pulsars, ...)
gamma-ray sources, yields that about 2/3 of the 18 selected
EGRET sources are still random associations. This rough estimate would yield 6 most probable cluster–EGRET source associations with a confidence level of 1.73σ. Note, however, that
this is again a lower limit to the true statistical confidence of the
correlation since the eﬀect of the non-uniform EGRET sky coverage has to be taken into account and would tend to increase
the statistical significance level of the most probable association. If we correct for the number of correlations expected in
the fraction of the EGRET sky (∼30% of the full sky) which
has a flux limit below F(>100 MeV) ≤ 6 × 10−8 cm−2 s−1 , we
obtain that the expected confidence level of the most probable
associations increases from 1.73σ to 2.12σ.

2.1. Flux and spectral analysis
In addition to the spatial information contained in the Third
EGRET catalog and in the Abell cluster survey, we can use
more physical criteria to determine the number of spurious correlations in our selected sample of Table 1. Specifically, we first
analyze the flux level, the flux variability and the spectral indices of the 18 EGRET sources in Table 1 compared to the
same quantities of other gamma-ray sources more definitely
identified in the Third EGRET catalogue (mainly AGN and
Pulsars). Then we run Monte Carlo simulations of flux level
and variability for the probable EGRET–cluster associations to
determine the fraction of random correlations expected in our
selected sample.
Figure 1 shows the flux variation in the viewing periods (hereafter VP) over which the EGRET sources reported
in Table 1 have been detected. We notice that the flux variability for the probable cluster-EGRET source associations
listed in Table 1 is, on average, <
∼20% and only in a few
cases (3EG J1825-7926, 3EG J1212+2304, 3EG J0616-3310,
3EG J2248+1745) it can be considered >
∼30% in some specific VP (see Fig. 1). The correspondingly associated clusters
(see Table 1) are poorly studied, do not have X-ray information and do not have any identified bright radio galaxy or radio
halo/relic emission. Hence, we also consider these cases as suspiciously due to projection eﬀects. Beyond the positive detections with high statistical significance (TS)1/2 >
∼ 4 (see Hartman
et al. 1999 for a definition of the quantity (T S )1/2 ) of the
EGRET sources reported in Fig. 1, the Third EGRET catalog
provides also upper limits on their fluxes in other independent
VPs. Such upper limits have (TS)1/2 < 2 (i.e., a low statistical
significance) and we verified that most of them are consistent
with the positive detections of the EGRET sources we show
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Table 1. List of probable cluster – EGRET source association. Shown are the coordinates (J2000) of the EGRET unidentified sources (Cols. 2
and 3) together with those of the associated galaxy clusters (Cols. 5 and 6). The cluster optical redshifts (Col. 7), their richnesses R (Col. 8) and
optical radii ropt (Col. 9) are extracted from the NED archive, unless otherwise specified (the redshift references are: a Andernach 2002, priv.
comm.; k Kowalski et al. 1984). The most probable associations are marked with an asterisk (see text for details).

EGRET source

RA

Dec

Cluster

RA

Dec

z

R

ropt

Notes

* 3EG J2219-7941

22 20 00.0

−79 41 24.00

3EG J1825-7926
3EG J0348-5708
3EG J0159-3603

18 25 02.4
03 48 28.8
01 59 21.6

−79 26 24.00
−57 08 24.00
−36 03 36.00

3EG J0616-3310

06 16 36.0

−33 10 12.00

3EG J2034-3110
3EG J1234-1318

20 34 55.2
12 34 02.4

−31 10 48.00
−13 18 36.00

3EG J0038-0949
3EG J1310-0517
3EG J0253-0345
3EG J0439+1105
3EG J0215+1123
3EG J2248+1745
3EG J1212+2304
3EG J1347+2932
3EG J1424+3734

00 38 57.6
13 10 24.0
02 53 57.6
04 39 14.4
02 16 00.0
22 48 57.6
12 12 36.0
13 47 12.0
14 24 52.8

−09 49 12.00
−05 18 00.00
−03 45 36.00
11 05 24.00
11 22 48.00
17 46 12.00
23 04 48.00
29 32 24.00
37 34 48.00

3EG J1337+5029
3EG J1447-3936

13 37 31.2
14 14748.0

50 28 48.00
−39 36 36.0

Abell 1014S
Abell 1024S
Abell 3631
Abell 3164
Abell 2963
Abell 219S
Abell 577S
Abell 575S
Abell 573S
Abell 886S
Abell 1558
Abell 1555
Abell 85
Abell 1688
Abell 388
Abell 497
Abell 331
Abell 2486
Abell 1494
Abell 1781
Abell 1902
Abell 1914
Abell 1758
Abell 774S

22 24 10
22 27 32
18 34 08
03 45 49
02 00 45
02 02 03
06 15 18
06 13 25
06 12 02
20 37 11
12 33 59
12 31 59
00 41 37
13 11 29
02 51 36
04 36 51
02 15 35
22 48 45
12 13 14
13 44 28
14 21 46
14 26 02
13 32 32
14 49 23

−80 10 4
−78 45 4
−78 47 4
−57 02 4
−35 59 3
−35 48 3
−34 07 0
−33 40 5
−32 57 4
−31 38 3
−13 34 3
−13 23 3
−09 20 3
−04 40 5
−03 45 4
10 38 0
11 21 5
17 09 5
23 56 1
29 50 5
37 17 2
37 49 3
50 30 3
−40 20 6

0.048
0.105a
0.085a
0.057
0.113a
0.128a
0.102a
0.098a
0.078a
0.095a
0.116a
0.127a
0.056
0.190k
0.134
0.140k
0.186k
0.143k
0.159k
0.062
0.160
0.171
0.279
0.062a

0
0
0
0
0
1
2
0
0
0
0
1
1
0
2
0
1
0
1
0
2
2
3
0

4.5
15
7
14
14
30
10
17.5
9
18
15
16
15
13
11
-

SUMSS
SUMSS
SUMSS
SUMSS
NVSS
NVSS
NVSS
NVSS
NVSS
NVSS
RH, RG, NVSS
NVSS
NVSS
NVSS
NVSS
NVSS
NVSS
RG, NVSS
RG, NVSS
RH, RG, NVSS
RH, RG, NVSS
-

Notes: RG: identified radio galaxies in the cluster; NVSS, SUMSS: radio sources found within the Abell radius, 1.7
arcmin, of the cluster; RH:
Z
radio halo or relic belonging to the cluster. The specific ID names of the identified radio galaxies and NVSS radio sources associated to the
clusters are given in Sect. 3 of the text.

Fig. 1. We show the gamma-ray flux of the EGRET sources in Table 1 as detected in the diﬀerent viewing periods (VP) of the source detection.
Data are from Hartman et al. (1999). The flux detected in the diﬀerent VPs are reported here in the sequential order given in the Third EGRET
catalog, being the correct observing time sequence irrelevant for our purposes. The fluxes of the EGRET sources are in units of 10−8 cm−2 s−1 .
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in Fig. 1. In some cases, however, (see, e.g., 3EGJ0348-5708,
3EGJ1234-1318, 3EGJ0253-0345, 3EGJ0215+1123) there are
upper limits which are well below the flux level found in
other independent VP detections of the sources. Nonetheless,
we noticed that these “quite low” upper limits all have a
very low statistical confidence level, (TS)1/2 ∼ 0, and are
hence extremely unreliable. Thus, due to their quite low statistical significance, the upper limits of the EGRET sources
listed in Table 1 and shown in Fig. 1 do not strongly aﬀect
our conclusions on their overall flux variability. A few other
sources with independent flux upper limits below the definite detections (see, e.g., 3EGJ0616-3310, 3EGJ2034-3110,
3EGJ1212+2304) show also a level of flux variability which
does not justify to consider them as stationary sources. For the
sake of completeness, we will discuss in Sect. 3 below the detailed analysis of each specific EGRET source listed in Table 1.
For comparison, we show in Fig. 2 the flux variation of
the EGRET sources which are correlated with galaxy clusters
and moreover contain also a confirmed AGN in the field. In
these last cases, the flux of the EGRET sources not only show
stronger and statistically significative variations, but also have
a much higher value of their average gamma-ray flux.
In Fig. 3 we compare the spectral index, γ, of the EGRET
sources which are probably associated with galaxy clusters
with those of the EGRET sources which are spatially correlated
with galaxy clusters and moreover contain an AGN in the field.
The EGRET sources correlated with clusters are not found to
be brighter than F(>100 MeV) ∼ 2 × 10−7 counts cm−2 s−1
and show spectral indices in a large range ∼2 × 3.5. With a remarkable diﬀerence, the EGRET sources identified with known
AGNs span over a much higher gamma-ray flux range and
have a much smaller range of spectral index values (γ ∼ 2–
2.5) especially at very bright flux levels F(>100 MeV) >
5 × 10−7 counts cm−2 s−1 . Pulsars also show very flat spectral
indices γ <
∼ 2 and very high gamma-ray flux which cannot be
compared with those of the EGRET sources associated with
clusters.
The gamma-ray spectral indices for the probable associations listed in Table 1 have values which are consistent with those expected from the viable mechanisms for
gamma-ray emission in clusters. Theoretical models for cluster gamma-ray emission predict in fact slopes in the range
γ ∼ 1.8−3.2, going from annihilation of dark matter neutralinos (Colafrancesco & Mele 2001) to non-thermal electron
bremsstrahlung (Colafrancesco 2001a,b; Blasi 2000). Only
the sources 3EG J2034-3110 (associated to Abell 886S) and
3EG J1424+3734 (associated to Abell 1902 and Abell 1914)
have spectral indices >
∼3, even though with large uncertainties. However, while the first source, 3EG J2034-3110, shows
also some level of flux variability (see Fig. 1) and could then
be contaminated by AGN-like sources, the gamma-ray source
3EG J1424+3734 has a very low flux variability (∼15%) and is
likely to be a probable association whose gamma-ray emission
could be dominated by non-thermal electron bremsstrahlung,
which shows typically a steep spectrum consistent with that of
the parent cosmic-ray electrons (see, e.g., Longair 1993).
We finally run Monte Carlo simulations of the flux variability level of the 18 EGRET sources of Table 1. For a uniform
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random distribution of their fractional flux change, ∆F/F, we
expect 4 EGRET sources with ∆F/F <
∼ 0.2, while the remaining 14 EGRET sources possibly associated with galaxy clusters
should have 0.2 <
∼ ∆F/F <
∼ 1. The actual data reported in Fig. 1
show that there are about 11 EGRET sources with ∆F/F ≤ 0.2
and only 7 sources with 0.2 <
∼ ∆F/F <
∼ 1. This indicates that
the low flux variability shown by the EGRET sources found in
association with clusters cannot be recovered by a simple random distribution at more than the 5σ confidence level.
Based on these results we expect that about 10 EGRET
sources out of the 18 listed in Table 1 are probable EGRETcluster associations having ∆F/F <
∼ 0.2, F(>100 MeV) <
(1−2) × 10−7 cm−2 s−1 and γ ∼ 2−3.2. However, only a detailed
analysis of the spatial and spectral features of each EGRET
source as well as a detailed analysis of their cluster counterparts can reveal the nature of the more probable physical association. We will present in the next section the detailed analysis
of each one of the specific EGRET sources listed in Table 1 and
of their possible astrophysical counterparts.

3. Analysis of the specific sources
In this section we analyze in details the more probable associations of galaxy clusters with the unidentified EGRET sources
which are listed in Table 1: all of these galaxy clusters are found
within the 95% confidence level position error contours of the
associated EGRET source. As for the flux of each source, we
report only the first entry given in the Third EGRET catalogue
(Hartman et al. 1999) providing also the viewing period (VP)
of the source detection and the significance level, (T S )1/2 , of
the detection. The reader may refer to Hartman et al. (1999)
for the full list of information about the EGRET source under
consideration.

3.1. 3EG J2219-7941
This EGRET source has been detected with a (T S )1/2 = 4.4 in
the VP = P1234. It has a flux FP1234 (>100 MeV) = (13.5±3.6)×
10−8 cm−2 s−1 with a power-law spectral index γ = 2.50 ± 0.29.
Its flux does not change significantly over all the VPs with the
exception of the VP = 10.0 in which a flux increase by a factor
∼2 has been recorded; however, this flux is consistent with the
flux detected in the other periods at the 2σ confidence level, so
that it can be considered a stationary gamma-ray source (see
Fig. 1). There is no identified gamma-ray source counterpart
for this EGRET source and, thus, it is a good candidate for the
galaxy cluster association. Two Abell clusters fall within the
95% confidence level position error contours of this source:
Abell 1014S and Abell 1024S. The EGRET source map is very
broad with an eﬀective radius of the 95% confidence level position error circle of θ95 = 0.63 deg. The elongation of the
EGRET source probability map is aligned with the position
of the two clusters, suggesting a possible contribution to the
gamma-ray emission from both clusters (see Fig. 4).
There is no definite X-ray information on these two galaxy
clusters available in the literature. However, we found that both
these clusters have some radio information. Given the low declination of the sources, they are not covered by the NVSS.
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Fig. 2. The variation of the gamma-ray flux of the EGRET sources which are correlated with galaxy clusters and which have also an identified
AGN in the field. Data are from Hartman et al. (1999). As in Fig. 1, the flux detected in the diﬀerent VPs are reported in the sequential order
given in the Third EGRET catalog, being the correct observing time sequence irrelevant for our purposes. The fluxes of the EGRET sources
are in units of 10−8 cm−2 s−1 .

Fig. 3. The gamma-ray spectral index γ is plotted against the gamma-ray flux F(>100 MeV) of the EGRET sources found to be spatially
correlated with galaxy clusters. In the top panel we compare the spectral indices for the EGRET sources which are more probably associated
with clusters (filled circles) with the EGRET sources again correlated with clusters and in which an identified AGN is also found (open circles).
In the lower panel the data from the EGRET sources contaminated by possible AGNs (gray triangles), GRB (open, light-gray triangle), SNR
(open black triangle) and Pulsars (stars) are added to the previous data sets. Data are from Hartman et al. (1999).

So, we looked for radio sources associated with the cluster
in the SUMMS survey (Bock et al. 1999). We found that
Abell 1014S at z = 0.048 (Abell et al. 1989) has several
bright SUMSS radio sources located within its Abell radius,

1.7
Z

arcmin. A preliminary analysis of the RASS field also
−12
−2 −1
yielded a flux F0.5−2.5 keV <
∼ 4.1 × 10 erg cm s .
The cluster Abell 1024S has an estimated redshift of z =
0.1053 (taken from a 2002 version of Andernach & Tago 1998
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Fig. 4. We show here the maps of the galaxy clusters which are more probable candidates for the associations with unidentified EGRET sources:
3EGJ0038-0949 associated with Abell 85 (upper left), 3EGJ0253-0345 associated with Abell 388 (upper right), 3EGJ1424+3734 associated
with Abell 1914 and Abell 1902 (mid left), 3EGJ2218-7941 associated with Abell 1024S and Abell 1014S (mid right) and 3EGJ1310-0517
associated with Abell 1688 (bottom left). The cluster positions and X-ray brightness contours (when available) are superposed to the maps of
the EGRET sources. The intensity scale of the EGRET maps goes from black (minimum) to white (maximum).
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compilation of Abell clusters redshifts, H. Andernach 2002,
priv. comm.) and we found two bright SUMSS radio sources
within its Abell radius.
A preliminary analysis of all these radio sources yields a
total flux evaluated at 1.4 GHZ of S 1.4 ≈ 270 mJy. A more
refined analysis of the radio and X-ray sources in the field
of this EGRET source will be presented in a future paper
Colafrancesco & Andernach (2002, in preparation).
Based on the previous evidence, we consider now that
this is a probable association between galaxy clusters and an
EGRET gamma-ray source.

3.2. 3EG J1825-7926
This EGRET source has been detected with a (T S )1/2 = 4.9 in
the VP = P1234. It has a flux FP1234 (>100 MeV) = (18.4 ±
4.5) × 10−8 cm−2 s−1 with a power-law spectral index γ =
2.47 ± 0.31. Its flux does not change significantly over all the
VPs with the exception of the VP = 38.0 in which a flux increase by a factor ∼2 has been recorded; however, this flux is
consistent with the flux detected in the other periods at less
than the 2σ confidence level (see Fig. 1). The quite low upper limit of <13.5 × 10−8 cm−2 s−1 found in the VP = 402.+
has (TS)1/2 = 0 and thus is not statistically significant. The
Abell cluster Abell 3631 falls at the border of the 95% confidence level position error contours of the EGRET source. The
position error map of this EGRET source is quite broad with
θ95 = 0.78 deg and it is elongated in the south-west north-east
direction. There is no other known gamma-ray source counterpart for this EGRET source. However, there is poor information available on the cluster Abell 3631. In particular, there is
no NVSS radio source found in the field of this cluster and no
X-ray information. There is one bright radio source in the
field of 3EGJ1825-7926 found in the SUMSS survey, but it is
∼20 arcmin away from the optical center of Abell 3631.
Due to the previous evidence, there is no strong hint indicating the possible association of this cluster with the EGRET
source 3EG J1825-7926 and so we consider this case as likely
due to projection eﬀects.

3.3. 3EG J0348-5708
This EGRET source has been detected with a (TS)1/2 = 4.1 in
the VP = P2. It has a flux FP2 (>100 MeV) = (22.1 ± 7.6) ×
10−8 cm−2 s−1 but the power-law spectral index remains unconstrained. Its flux does not change over all the VPs in which it
has been detected and it is a stationary gamma-ray source (see
Fig. 1). The quite low upper limits <10 × 10−8 cm−2 s−1 found
in other independent VPs have all (T S )1/2 = 0 and can not be
considered as statistically significant. The other reported upper
limits on this source are consistent with the detection fluxes.
The Abell cluster Abell 3164 falls within the 95% confidence level position error contours of the EGRET source.
Also, there is no other identified gamma-ray source counterpart
for this EGRET source. The EGRET source map is relatively
broad with θ95 = 0.42 deg and has a comet-like tail in the east
direction.

Abell 3164 is an irregular cluster with a redshift of z =
0.057 (Struble et al. 1999) for which there is poor information
available. Ebeling et al. (1996) estimated its X-ray luminosity
to be L0.5−2.4 keV ≈ 1.48 × 1044 erg s−1 and its temperature as
kT ≈ 3.6 keV from the ROSAT data. There are no evidence
for NVSS radio sources found in correlation with this cluster,
given the low cluster declination. A few SUMSS radio sources
are found at more than ∼20 arcmin from the cluster center.
Based on the previous evidence, we do not find any strong
hint for the probable association of this cluster with the EGRET
source 3EG J0348-5708 and we consider also this case as likely
due to projection eﬀects.

3.4. 3EG J0159-3603
This EGRET source has been detected with a (TS)1/2 = 4.3 in
the VP = P1234. It has a flux FP1234 (>100 MeV) = (9.8 ±2.8) ×
10−8 cm−2 s−1 with a power-law spectral index γ = 2.89 ± 0.51.
Its flux does not change over all the VPs and it is a stationary
gamma-ray source (see Fig. 1). Two Abell clusters fall within
the 95% confidence level position error contours of this source:
Abell 219S and Abell 2963. Other galaxy clusters are found in
the vicinities of the EGRET source (see Fig. 5). The EGRET
source map is quite broad with θ95 = 0.79 deg and the elongation of the EGRET probability map is aligned with the position of the two clusters, suggesting a possible contribution to
the gamma-ray emission from both clusters. There is no other
known gamma-ray source counterpart for this EGRET source.
There is little optical and X-ray information on both
the clusters Abell 219S and Abell 2963. There are nonetheless three NVSS radio sources associated with the cluster
Abell 2963: they have radio flux at 1.4 GHz of S 1.4 = (23.44 ±
1.57), (4.46 ± 0.45) and (2.43 ± 0.45) mJy, respectively.
In view of these evidence, we consider that this is a candidate for a probable association between galaxy clusters and an
EGRET gamma-ray source.

3.5. 3EG J0616-3310
This EGRET source has been detected with a (TS)1/2 = 4.7
in the VP = P1234. It has a flux FP1234 (>100 MeV) = (12.6 ±
3.2) × 10−8 cm−2 s−1 with a power-law spectral index γ =
2.11 ± 0.24. Its flux changes significantly over several VPs and
in the VP = 419.5 it increase by a factor >
∼4 with respect to the
VP = P1234. Due to such strong flux variations in comparison
with other cases shown in Fig. 1, it is hard to consider it as a
stationary gamma-ray source.
Two clusters (Abell 577S and Abell 575S) fall close to
the 95% confidence level error contour for the position of this
EGRET source. Another cluster (Abell 573S) falls within 1 deg
radius from the center of the EGRET source. However, the
shape of the EGRET map of this source is quite compact and
round with θ95 = 0.13 deg.
The two clusters Abell 577S and Abell 575S have very
few morphological and physical information (see Table 1).
Nonetheless, the cluster Abell 577S is associated with three
NVSS radio sources with flux S 1.4 = (4.32 ± 0.48),
(14.92 ± 0.61) and (12.48 ± 1.57) mJy, respectively. Also
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Abell 575S is correlated with other three NVSS radio sources
with flux S 1.4 = (5.86 ± 0.48), (14.17 ± 0.59) and (3.03 ±
0.47) mJy, respectively. Note that also the cluster Abell 573S is
associated with 7 NVSS radio sources.
Due to the previous evidence, and in particular the flux variation over the various VPs, we consider this association as suspect and probably due to projection eﬀects.

No other information is available on these clusters at both optical and X-ray frequencies.
Due to the previous evidence, we find that the association of
this EGRET source with the two Abell clusters here mentioned
is still questionable.

3.6. 3EG J2034-3110

This EGRET source has been detected with a (TS)1/2 = 4.1 in
the VP = P1234. It has a flux FP1234 (>100 MeV) = (12.0±3.7)×
10−8 cm−2 s−1 with a power-law spectral index γ = 2.70 ± 0.44.
The flux variations over the diﬀerent VPs are at less than the
2σ level and so are not strongly statistically significant. Also
the low upper limit of <11.8 × 10−8 cm−2 s−1 obtained in the
VP = 327.0 has (T S )1/2 = 0 and it is not statistically significant. However, the behaviour of the flux changes in the diﬀerent viewing periods over which this EGRET source has been
detected is somewhat diﬀerent from a purely stationary source
as shown in Fig. 1. This EGRET source is elongated in the
east-west direction and has a value θ95 = 0.59 deg.
The optical and X-ray center of the cluster Abell 85 is
found slightly beyond the 95% confidence level position error contour of the EGRET source (see Fig. 4). However, due
to its large extension (>
∼30 arcmin radius) a large part of this
nearby (z = 0.056) cluster falls within the 95% confidence
level position error contour of the EGRET source and hence
can be considered to be spatially correlated with it. No other
known gamma-ray source counterpart is found in the field of
this EGRET source.
Abell 85 is a bright X-ray cluster with a luminosity
L2−10 keV = (7.65 ± 0.52) × 1044 erg s−1 and a temperature of
kT = 6.2 ±0.4 keV (Wu et al. 1999) and shows a strong activity
in its ICM.
In fact, there are several bright radio galaxies within the
cluster Abell 85 and also several bright NVSS radio sources
correlated with the cluster as well as in the field of the relative
EGRET source. Abell 85 has been observed with the VLA in
the B and C configurations and a flux S 1.4 = 55 mJy has been
reported by Owen & Ledlow (1997). Abell 85 contains also
a diﬀuse, relic radio source (see, e.g., Slee et al. 2001) found
oﬀ-center with respect to the X-ray center of the cluster (see
Fig. 6). Giovannini & Feretti (2000) estimated that the diﬀuse
radio halo flux at 1.4 GHz is S 1.4 = 46 mJy, consistently with
the result of Owen & Ledlow (1997), with a power P1.4 = 6.1 ×
1023 W Hz−1 .
There is also evidence of a hard X-ray emission excess
which is spatially correlated with the radio relic source and is
due probably to Inverse Compton Scattering (ICS) of the CMB
photons with the relativistic electrons of the radio relic (Bagchi
et al. 1998; Lima-Neto et al. 2001). Such a non-thermal X-ray
emission is spatially correlated with the Very Steep Spectrum
radio source MRC 0038-096 (see Bagchi et al. 1998), without
any detected optical counterpart, which is ∼7 arcmin southwest of the X-ray center of the cluster.
The positive detection of both synchrotron radio and
ICS X-ray emission from a common ensemble of relativistic
electrons leads to an estimate of the average magnetic field,

This EGRET source has been detected with a (TS)1/2 = 4.0 in
the VP = P1. It has a flux FP1 (>100 MeV) = (17.4 ± 5.2) ×
10−8 cm−2 s−1 with a power-law spectral index γ = 3.43 ± 0.78.
Even though the flux variations over the diﬀerent VPs and
the upper limit of <6.2 × 10−8 cm−2 s−1 with (TS)1/2 = 0
found in the VP = 209.0 are not statistically significant, the
behaviour of this EGRET source is quite diﬀerent from the
other sources here selected as possible association with galaxy
clusters, which are expected to be quite stationary over diﬀerent VPs. Due to such flux variations in comparison with other
cases shown in Fig. 1, we do not consider it as a stationary
gamma-ray source.
Nonetheless, this EGRET source is quite broad and irregular with a quite large value of θ95 = 0.73 deg. The cluster
Abell 886S falls within the 95% confidence level position error contour of the source. There is no other gamma-ray source
counterpart in the field of 3EG J2034-3110.
The cluster Abell 886S has no detailed information available, it is not associated with any NVSS radio sources and
there are no other hints for the presence of galaxy activity in its
environment.
Due to the previous evidence, and in particular the flux variation over the various VPs, we consider also this association as
suspect and probably due to projection eﬀects.

3.7. 3EG J1234-1318
This EGRET source has been detected with a (TS)1/2 = 4.8
in the VP = P1234. It has a flux FP1234 (>100 MeV) = (7.3 ±
1.7) × 10−8 cm−2 s−1 with a quite low power-law spectral index
γ = 2.09 ± 0.24. The flux variations over the diﬀerent VPs are
not statistically significant, and for this reason it can be considered as a stationary gamma-ray source. The upper limit of
<8.9×10−8 cm−2 s−1 has (TS)1/2 = 0 and its very poor statistical
significance does not aﬀect strongly the previous conclusion.
Two galaxy clusters (Abell 1558 and Abell 1555) fall
within the 95% confidence level position error contour of the
EGRET source. This EGRET source is quite regular with
θ95 = 0.76 deg even though source confusion may aﬀect its flux
and/or its position (see Hartman et al. 1999). No other known
gamma-ray source counterpart has been found in the field of
this EGRET source.
Abell 1558 has an estimated redshift of z = 0.116
(Andernach 2002, priv. comm.) and it is associated with
two NVSS radio sources with flux S 1.4 = 2.92 ± 0.47 and
7.73 ± 1.24 mJy, respectively. Also the cluster Abell 1555 at
z = 0.127 is associated with two NVSS radio sources with
flux S 1.4 = 7.14 ± 0.48 and 4.24 ± 0.48 mJy, respectively.

3.8. 3EG J0038-0949
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Fig. 5. We show here the positions of the galaxy clusters which are probable candidates for the associations with unidentified EGRET sources:
3EGJ0215+1123 associated with Abell 331 (upper left), 3EGJ0439+1105 associated with Abell 497 (upper right), 3EGJ0159-3603 associated
with Abell 2963 and Abell 219S (lower left) and 3EGJ1337+5029 associated with Abell 1758 (lower right). The cluster positions and the X-ray
brightness contours (when available) are superposed to the maps of the EGRET sources. The intensity scale of the EGRET maps goes from
black (minimum) to white (maximum).

B ≈ 0.95 ± 0.10 µG, on the cluster scale. Further, the radiative
flux and the estimated value of B imply the presence of rela9
tivistic electrons (with radiative lifetime >
∼10 yr) with Lorentz
factor γL ≈ 700−1700 (Bagchi et al. 1998). Electrons with
these energies can easily emit gamma-rays at Eγ > 100 MeV
by bremsstrahlung in addition to the ICS emission tail which is
present in the gamma-ray region probed by EGRET.
Even though the cluster Abell 85 is oﬀset with respect to
the center of the EGRET source map, there are good reasons
to believe that it may contribute substantially to the gammaray flux of the EGRET source 3EG J0038-0949 in addition to
the possible gamma-ray flux possibly produced by the active
radio-galaxies which are living in the cluster environment.

3.9. 3EG J1310-0517
This EGRET source has been detected with a (TS)1/2 = 5.0 in
the VP = P1234. It has a flux FP1234 (>100 MeV) = (7.9 ± 1.8) ×
10−8 cm−2 s−1 with a power-law spectral index γ = 2.34 ± 0.22.
The flux variations over the diﬀerent VPs are at less than the

2σ level and are not statistically significative (see Fig. 1). Also
the lowest upper limit <10.9 × 10−8 cm−2 s−1 , obtained for this
source in the VP = Virgo4 with (TS)1/2 = 0.5 has a very poor
statistical significance. The EGRET source is elongated in the
south-north direction and has a value θ95 = 0.78 deg.
The center of the cluster Abell 1688 is found within the
95% confidence level position error contour of the source, even
though quite oﬀ-center with respect to the EGRET map center (see Fig. 4). There is, however, no other known gamma-ray
source counterpart in the field of this EGRET source.
Abell 1688 is one of the most distant clusters listed in
Table 1 and has little information available at both optical
and X-ray wavelengths. Kowalski et al. (1984) gave an estimate of its redshift z ∼ 0.19 and of its X-ray luminosity,
44
−1
L2−10 keV <
∼ 4.79 × 10 erg s as obtained from the HEAO-A1
all-sky survey. There are, nonetheless, 4 NVSS radio sources
correlated with the position of Abell 1688 and they have flux
S 1.4 = 8.63 ± 0.50; 59.83 ± 2.25; 10.29 ± 0.53; 3.66 ± 0.51 mJy,
respectively.
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Fig. 6. One of the most probable associations between galaxy clusters and EGRET unidentified gamma-ray sources: Abell 85. This cluster
has a radio halo/relic inhabiting the cluster and a number of identified radio galaxies. Shown are the EGRET image with the cluster X-ray
brightness contours (right), the ROSAT-HRI X-ray image of the cluster (center) with the NVSS radio sources in the field (red circles) and the
radio halo/relic image obtained with the VLA at 327 MHz (left).

Due to these evidence, this could be considered as a probable – but still questionable – association between galaxy clusters and EGRET gamma-ray source.

3.10. 3EG J0253-0345
This EGRET source has been detected with a (TS)1/2 = 4.0 in
the VP = 317.0. It has a flux F317.0 (>100 MeV) = (17.3 ± 5.7) ×
10−8 cm−2 s−1 with a power-law spectral index which is unconstrained. There are no flux variations over the two VPs in which
the source has been detected (see Fig. 1). The low upper limit
<4.2 × 10−8 cm−2 s−1 derived in the VP = 21.0 has (TS)1/2 = 0
and is not statistically significant. The EGRET source map is
quite extended and round with a high value of θ95 = 1.13 deg.
The cluster Abell 388 falls within the 95% confidence level
position error contour of the source (see Fig. 4) and other Abell
clusters are found in the field of this EGRET source. No other
possible counterpart of the gamma-ray source is found in the
field of this EGRET source.
Abell 388 has a redshift of z = 0.134 and an estimated X< 3.47 × 1044 erg s−1 , as reported in
ray luminosity of L2−10 keV ∼
the HEAO-A1 all-sky survey (Kowalski et al. 1984). No other
relevant X-ray information is available for this cluster. There
are 8 NVSS radio sources correlated with this cluster with flux
S 1.4 = 8.42 ± 0.50, 4.69 ± 0.47, 10.08 ± 1.13, 4.18 ± 0.48, 7.58 ±
0.49, 15.32±1.13, 3.91±0.48 and 4.03±0.48 mJy, respectively.
Due to these evidence, this could be considered as a probable – but not yet definite – association between galaxy clusters
and EGRET gamma-ray source.

3.11. 3EG J0439+1105
This EGRET source has been detected with a (TS)1/2 = 4.2 in
the VP = P1234. It has a flux FP1234 (>100 MeV) = (9.4 ± 2.4) ×
10−8 cm−2 s−1 with a power-law spectral index γ = 2.44 ± 0.29.
There are no statistically significative flux variations over the
diﬀerent VPs in which the source has been detected (see Fig. 1)
and the statistically significant upper limits are consistent with
this conclusion. The EGRET source error area is quite extended
with a high value of θ95 = 0.92 deg.
The cluster Abell 497 falls within the 95% confidence
level position error contour of the source. No other gamma-ray
source counterpart is found in the field of this EGRET source
(see Fig. 5).
Abell 497 has an estimated redshift of z ∼ 0.14 and an
estimated X-ray luminosity of L2−10 keV ∼ 3.89 × 1044 erg s−1
(Ulmer et al. 1980). There is a NVSS radio source correlated
with the cluster within its Abell radius with a flux S 1.4 = 3.27 ±
0.47 mJy.
Due to these evidence, this could be considered as a probable – but not yet definite – association between galaxy clusters
and EGRET gamma-ray source.

3.12. 3EG J0215+1123
This EGRET source has been detected with a (TS)1/2 = 4.4
in the VP = 21.0. It has a flux F21.0 (>100 MeV) = (18.0 ±
5.0) × 10−8 cm−2 s−1 with a quite low power-law spectral index γ = 2.03 ± 0.62. There are no other definite detection of
this EGRET source over other viewing periods (see Fig. 1). The
upper limit of 6.0 × 10−8 cm−2 s−1 obtained in the VP = 317.0 is
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not statistically significant since it has (TS)1/2 = 0. The EGRET
source is quite extended with a high value of θ95 = 1.06 deg and
is elongated in the south-north direction.
The cluster Abell 331 falls near the center of the EGRET
source (see Fig. 5) and there is no other gamma-ray source
counterpart in the field of 3EG J0215+1123. There is another
Abell cluster (Abell 330) which is found at ∼1.1 deg south
of Abell 331. The cluster Abell 331 has an estimated redshift of z = 0.186 and an X-ray luminosity of L2−10 keV <
∼
5.01 × 1044 erg s−1 as estimated in the HEAO-A1 all-sky survey (Kowalski et al. 1984). There are four NVSS radio sources
which are correlated with this cluster within its Abell radius
and their flux is S 1.4 = 3.68 ± 0.48; 3.38 ± 0.48; 4.73 ± 0.49;
133.93 ± 4.42 mJy, respectively.
Due to these evidence, this could be considered as a probable – but still questionable – association between galaxy clusters and EGRET gamma-ray source.

3.13. 3EG J2248+1745
This EGRET source has been detected with a (TS)1/2 = 4.1
in the VP = P1234. It has a flux FP1234 (>100 MeV) = (12.9 ±
3.5)×10−8 cm−2 s−1 with a power-law spectral index γ = 2.11±
0.39. The flux variations over the diﬀerent VPs are at less than
the 2σ level, but the behaviour of this source is quite diﬀerent
from the stationary ones in Fig. 1. The EGRET source is quite
extended with a value θ95 = 0.94 deg and is elongated in the
south-north direction.
The cluster Abell 2486 falls within the 95% confidence
level position error contour of the source. No other gamma-ray
source counterpart is found in the field of this EGRET source.
Abell 2486 has an estimated redshift of z = 0.143 and an
44
−1
X-ray luminosity of L2−10 keV <
∼ 1.48×10 erg s as estimated
in the HEAO-A1 all-sky survey (Kowalski et al. 1984). There
are two NVSS radio sources which are correlated with this
cluster within its Abell radius and their flux is S 1.4 = 4.60±0.51
and 4.84 ± 0.49 mJy, respectively.
Due to these evidence, and in particular to the flux variations over the various VPs, this case should not be considered as a possible association between galaxy clusters and an
EGRET gamma-ray source.

3.14. 3EG J1212+2304
This EGRET source has been detected with a (TS)1/2 = 3.3 in
the VP = Virgo2. It has a flux FVirgo2 (>100 MeV) = (19.7 ±
7.7) × 10−8 cm−2 s−1 with a power-law spectral index γ =
2.76 ± 0.60. Even though the flux of this source may be affected by confusion, there are quite strong flux variations over
the three diﬀerent VPs in which this source has been detected
(see Fig. 1). The EGRET source is quite extended with a value
θ95 = 0.88 deg and is elongated in the south-north direction.
The cluster Abell 1494 falls within the 95% confidence
level position error contour of the source. No other gamma-ray
source counterpart is found in the field of this EGRET source.
Abell 1494 has an estimated redshift of z = 0.159 and an
45
−1
X-ray luminosity of L2−10 keV <
∼ 1.95 × 10 erg s as estimated in the HEAO-A1 all-sky survey (Kowalski et al. 1984).
There are five NVSS radio sources which are correlated with

this cluster and their flux is S 1.4 = 4.91 ± 0.48; 8.05 ± 0.49;
23.68 ± 1.74; 17.53 ± 0.66; 5.15 ± 0.47 mJy, respectively.
Due to these evidence, and in particular to the flux variations over the various VPs, this case should not be considered
as a possible association between galaxy clusters and EGRET
gamma-ray source.

3.15. 3EG J1347+2932
This EGRET source has been detected with a (TS)1/2 = 4.0 in
the VP = P1234. It has a flux FP1234 (>100 MeV) = (9.6 ± 2.9) ×
10−8 cm−2 s−1 with a power-law spectral index γ = 2.51 ± 0.61.
There are no strong flux variations over the diﬀerent VPs in
which this source has been detected (see Fig. 1), even though
the flux of this source may be aﬀected by confusion. However,
we noticed that there is only one independent detection of this
source in the VP = 4.0 which does not allow to draw any definite conclusion on its possible variability. The EGRET source
is quite extended with a value of θ95 = 0.95 deg and is irregular.
The cluster Abell 1781 falls within the 95% confidence
level position error contour of the source. No other gamma-ray
source counterpart is found in the field of this EGRET source.
Abell 1781 has a redshift of z = 0.0618 and an X-ray luminosity of L2−10 keV ∼ 1.15 × 1044 erg s−1 as estimated in
the HEAO-A1 all-sky survey (Kowalski et al. 1984). There is
one radio galaxy (FIRST J134159.7+294653) at a redshift of
z = 0.0457 which is apparently in the foreground of the cluster.
There is evidence for 36 NVSS radio sources correlated with
Abell 1781 within its Abell radius.
Due to these evidence, and in particular to the uncertainties
in the flux variations over the various VPs, this case should not
be considered as a possible association between galaxy clusters
and EGRET gamma-ray source.

3.16. 3EG J1424+3734
This EGRET source has been detected with a (TS)1/2 = 4.4 in
the VP = P1. It has a flux FP1 (>100 MeV) = (16.3 ± 4.9) ×
10−8 cm−2 s−1 with a power-law spectral index γ = 3.25 ± 0.46.
There are no strong flux variations over the diﬀerent VPs in
which this source has been detected (see Fig. 1) and the lowest
upper limit of <16.1 × 10−8 cm−2 s−1 found in the VP = 201.+
is not statistically significant because it has (TS)1/2 = 0. The
EGRET source is quite regular with a value θ95 = 0.88 deg and
with an emission tail in the north-west side of the field.
Two rich clusters (Abell 1914 and Abell 1902) fall within
the 95% confidence level position error contour of the source
(see Fig. 4). No other gamma-ray source counterpart is found
in the field of this EGRET source.
Abell 1902 has a redshift of z = 0.16 and is associated with the X-ray source RXJ1421.6+3717 (Boehringer
et al. 2000) with an X-ray flux F0.1−2.4 keV = (4.3 ± 10.8) ×
10−12 erg cm−2 s−1 and a luminosity L0.1−2.4 keV ∼ 6 ×
1044 erg s−1 . Its X-ray luminosity has been also estimated
to be L2−10 keV ∼ 1.26 × 1044 erg s−1 in the HEAO-A1 allsky survey (Kowalski et al. 1984). There is one radio source
(FIRST J142140.4+371731) associated to the cluster galaxy
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MAPS-NGP 0 − 272 − 0323568 found at a redshift of z = 0.16.
There is also a NVSS radio source with flux S 1.4 = 3.51 ±
0.46 mJy which is associated with the cluster.
Abell 1914 has a redshift of z = 0.1712 and is associated to the X-ray source RXJ1426.0+3749 with an Xray flux F0.1−2.4 keV = (12.90 ± 5.2) × 10−12 erg cm−2 s−1 .
Its X-ray luminosity has been estimated to be L0.1−2.4 keV ∼
15.91 × 1044 erg s−1 (Boehringer et al. 2000). Three NVSS radio sources are correlated with Abell 1914 and they have flux
S 1.4 = 9.91 ± 1.50, 30.86 ± 1.77, 20.75 ± 4.08 mJy, respectively.
The cluster Abell 1914 also hosts the Very Steep Spectrum
radio galaxy 1474+380 (4C 38.39) (Komissarov & Gubanov
1994). This cluster has also a bright radio halo (see Fig. 7) detected in the VLA with a flux of S 1.4 = 50 mJy and a power
P1.4 = 6.31 × 1024 W Hz−1 (Giovannini & Feretti 2000).
Due to the previous evidence we consider this case as a
probable candidate for the correlation of galaxy clusters and
EGRET unidentified gamma-ray sources.

3.17. 3EG J1337+5029
This EGRET source has been detected with a (TS)1/2 = 4.4 in
the VP = P1234. It has a flux FP1234 (>100 MeV) = (9.2 ± 2.6) ×
10−8 cm−2 s−1 with a power-law spectral index γ = 1.83 ± 0.29.
There are no strong flux variations over the diﬀerent VPs in
which this source has been detected (see Fig. 1). The EGRET
source is quite regular with a value θ95 = 0.72 deg.
The rich cluster Abell 1758 falls within the 95% confidence
level position error contour of the source, very close to the center of the EGRET source map (see Fig. 5). No other gamma-ray
source counterpart is found in the field of this EGRET source.
Abell 1758 is the most distant cluster listed in Table 1.
It has a redshift of z = 0.279 and is associated
with the X-ray source RXJ1332.7+5032 with an X-ray
flux F0.1−2.4 keV = (5.6 ± 9.5) × 10−12 erg cm−2 s−1 and a luminosity L0.1−2.4 keV ∼ 1.8 × 1045 erg s−1 (Boehringer et al.
2000). The ROSAT-PSPC observation yielded a temperature
kT ≈ 4.1 keV which is found to be much lower than the ASCA
(SIS+GIS) temperature of T ≈ 9.33 keV (Rizza et al. 1995).
An X-ray luminosity of L2−10 keV ≈ (1.43 ± 0.06) × 1045 erg s−1
has been estimated independently by Wu et al. (1999).
There are four NVSS radio sources correlated with this
cluster with a flux S 1.4 = 109.83 ± 3.86, 8.69 ± 1.42,
14.83 ± 1.51, 5.18 ± 0.43 mJy, respectively. Abell 1758 also
hosts the narrow tailed radio galaxy 87GB 133050.3+504752
(Feretti et al. 1992). This cluster also shows a diﬀuse radio
emission (see Fig. 8) which could be possibly identified with
an extended radio halo (Giovannini & Feretti 2000).
Due to the previous evidence we consider this case as a
probable candidate for the correlation of galaxy clusters and
EGRET unidentified gamma-ray sources.

3.18. 3EG J1447-3936
This EGRET source has been detected with a (TS)1/2 = 4.5
in the VP = P1234. It has a flux FP1234 (>100 MeV) = (11.0 ±
2.7) ×10−8 cm−2 s−1 with a power-law spectral index γ = 2.45±
0.34. There are no strong flux variations over the diﬀerent VPs
in which this source has been detected (see Fig. 1). However,
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the only two independent detections of this source do not allow
to draw any definite conclusion on its variability. The EGRET
source is quite regular with a value θ95 = 0.87 deg.
The cluster Abell 774S falls within the 95% confidence
level position error contour of the source. No other gamma-ray
source is found in the field of this EGRET source.
Abell 774S is a poor cluster with very limited information
at other wavelengths. There are 9 NVSS radio sources correlated with this cluster within its Abell radius. There are also
2 PMN sources within the Abell radius of Abell 774S with
flux S 4.85 = 126 ± 11 mJy and 67 ± 10 mJy, respectively.
The latter one coincides with NVSS J144952.4-395732 with
S 1.4 = 55 mJy, an inverted-spectrum radio source.
We thus believe that this case of spatial correlation is likely
due to projection eﬀects.

4. The gamma-ray – radio correlation
Many of the clusters listed in Table 1 (namely, 17 out of
24 clusters) have also NVSS and SUMSS radio sources within
their Abell radius, five clusters have identified bright radio
galaxies in their environment and three clusters (Abell 1758,
Abell 1914 and Abell 85) have also a radio halo or radio relic
inhabiting their ICM (see Figs. 6–8). Since the EGRET sources
have been selected to be of high galactic latitude, the NVSS radio sources are very likely non-identified (active) radio galaxies, as also indicated by the NVSS-NRAO images of many of
the radio sources found in our analysis of the specific EGRET
sources counterparts as discussed in Sect. 3 above.
The 9 EGRET sources in Table 1 which are marked with
an asterisk are those more likely associated to galaxy clusters
according to our analysis of the specific sources presented in
Sect. 3 above. These galaxy clusters are quite peculiar since all
of them have bright NVSS radio sources in their environment
and six of them have also bright radio galaxies living in their
environment. Three of the clusters which are more probably
associated with these EGRET sources show also the presence
of extended radio halos or relics. Hence, such galaxy clusters
which have strong radio emission (either diﬀuse or associated
with member galaxies) show the direct presence of a population
of relativistic electrons which are injected in their ICM.
Radio galaxies, which are mainly found in the central regions of the clusters, may inject into the cluster ICM large
quantities of energy transported by their relativistic jets. This
energy is probably changed from an electromagnetic form to
a pair plasma, to an ion plasma and (at least partially along
the way) into energetic photons (see, e.g., Blandford 2002).
Such high-energy particles and photons may produce ∼GeV
gamma-ray emission which can be observed by EGRET. The
active galaxy radio power correlates with the gamma-ray power
(Padovani et al. 1993) indicating that radio louder galaxies
emit more gamma-ray power which, in turn, seems to be associated with relativistic beaming of the jets (see, e.g., Urry
& Padovani 1995). Also the particles injected into the ICM
by the radio-galaxy jets may diﬀuse in the magnetized ICM
(Colafrancesco & Blasi 1998) and interact with the ICM particles (mainly electrons and protons) to produce diﬀuse radio
emission (Blasi & Colafrancesco 1999), heating of the ICM
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Fig. 7. One of the most probable associations between galaxy clusters and EGRET unidentified gamma-ray sources: Abell 1914. This cluster
has a radio halo/relic inhabiting the cluster and a number of identified radio galaxies in the ICM. Shown are the EGRET source image with
the cluster X-ray brightness contours (right), the ROSAT-HRI X-ray image of the cluster (center) with the NVSS radio sources in the field (red
circles) and the radio halo/relic image observed with the VLA at 1.4 GHz (left).

itself (Yamada & Fujita 2001; Kaiser & Alexander 1999; Inoue
& Sasaki 2001; Nath & Roychowdhury 2002) and secondarily
produced gamma-ray emission (Colafrancesco & Blasi 1998;
Blasi 2000).
In addition, particles in the ICM could be eﬃciently accelerated at the accretion shocks located at the cluster periphery
as well as at the ICM shocks produced by subcluster mergings
(see, e.g., Miniati et al. 2000) and/or by fast galaxy motions.
The subsequent interaction of the accelerated particles with
the surrounding hot, magnetized ICM can again produce diffuse radio halo/relic emission (see, e.g., Blasi & Colafrancesco
1999; Sarazin 2002) and diﬀuse gamma-ray emission at E >
100 MeV (Colafrancesco & Blasi 1998). On top of these acceleration mechanisms, it has been recently shown that dark
matter particle (neutralinos) annihilation – a mechanism which
is especially eﬃcient in the central regions of the clusters – may
produce both diﬀuse radio halo emission and diﬀuse gammaray emission visible at E > 100 MeV (Colafrancesco & Mele
2001).
The presence of such relativistic particles into the ICM
strongly suggests, in conclusion, that themselves and/or their
parent population (e.g., relativistic protons, dark matter particles) can be responsible for a substantial gamma-ray flux at the
EGRET energies (E > 100 MeV) as well as non-thermal radio emission through diﬀerent mechanisms. Thus, we propose
that there should be a close connection between radio emission

(either diﬀuse or associated with individual active galaxies) and
gamma-ray emission in galaxy clusters.
Based on the previous arguments, we should expect a
positive correlation between the flux of the radio sources
associated with the galaxy cluster and the gamma-ray flux
of the relative EGRET source. In fact, we found a positive
correlation between the radio flux at 1.4 GHz, S 1.4 , of the
brightest radio source in the cluster and the EGRET source
flux, F(>100 MeV), which is reported in the Third EGRET
Catalog (Hartman et al. 1999). Specifically, we find a corB
with A = 6.053+2.637
relation F(>100 MeV) = AS 1.4
−1.836 and
B = 0.187 ± 0.091 (1σ errors) using gamma-ray fluxes selected
in the diﬀerent observing periods of the EGRET source (see
Fig. 9). The best fit has a χ2 = 2.38 which gives a probability
P = 0.064 for the null hypothesis of a random distribution for
the radio and gamma-ray flux of the nine sources in our analysis. This gives a statistical confidence level of ≈2.05σ. We
show in Fig. 9 the best fit curve and the 1σ and 2σ confidence
level regions for the fit. A similar result obtains considering the
total radio flux from the clusters (most of the clusters here considered have more than one radio source in their environment)
associated with the previous EGRET sources. The reason for
such similar result is that in many cases the cluster radio flux
at 1.4 GHz is dominated by the brightest radio source in the
cluster.
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Fig. 8. One of the most probable associations between galaxy clusters and EGRET unidentified gamma-ray sources: Abell 1758. This cluster
has a radio halo/relic inhabiting the cluster and a number of identified radio galaxies in the ICM. Shown are the EGRET image with the cluster
X-ray brightness contours superposed (right), the ROSAT-HRI X-ray image of the cluster (center) with the NVSS radio sources in the field (red
circles) and the radio halo/relic image observed with the VLA at 1.4 GHz (left).

Even though the large uncertainties in the EGRET source
fluxes do not allow to draw any strong conclusion for the universality of such correlation, the present results indicate that
there is a connection between the activity of the cluster ICM,
and of its active galaxy content, and the overall gamma-ray behaviour of these large-scale structures, an indication that can
be definitely confirmed by the next generation gamma-ray telescopes. The detailed follow-up of the galaxy populations of the
clusters most probably associated to the 9 EGRET sources here
selected is an important aspect in this research field but it is far
beyond the aims of the present work and will be tackled in a
forthcoming paper.

5. The gamma-ray – X-ray luminosity correlation

Fig. 9. The correlation between the gamma-ray flux, F(>100 MeV),
and the radio flux at 1.4 GHz, S 1.4 , shown by the EGRET source
– cluster associations listed with an asterisk in Table 1. The best fit
0.19
is shown (solid) together with the 1σ
curve F(>100 MeV) ∼ S 1.4
(green/dark gray) and 2σ (yellow/pale gray) confidence level regions
of the fit.

To further strengthen our argument presented in the previous sections, we looked for other intrinsic correlations among
galaxy clusters and unidentified EGRET sources. Specifically,
we correlated the cluster X-ray luminosity, LX , with the luminosity of the associated EGRET source under the assumption that it is physically associated to the cluster and, hence,
has the same redshift. We derived the gamma-ray luminosity, Lγ , of each EGRET source from the gamma-ray fluxes at
E > 100 MeV given in the Third EGRET catalog (Hartman
et al. 1999) using the cluster optical redshift given in Table 1.
We consider the same EGRET-cluster associations (with the

46

S. Colafrancesco: First gamma-rays from galaxy clusters

exception of the source 3EGJ0159-3603 associated with the
clusters Abell 219S and Abell 2963 because no reliable redshift
is available for these clusters) which show the F(>100 MeV) −
S 1.4 correlation analyzed in the previous Sect. 4. The Lγ − LX
correlation shown by the data (see Fig. 10) is fitted by Lγ =
CLXD with best fit values C = 0.06 ±0.01 and D = 0.593 ±0.122
(1σ errors). A similar result, however, is also found for viewing
periods P1234 which do not show, in general, the best S/N ratios for the detected EGRET sources: in this last case we found
C = 0.08 ± 0.02 and D = 0.328 ± 0.120 (1σ errors). In any
case, the Lγ − LX relation shown by the data is significant at
more than the 2.7σ confidence level.
Such a Lγ − LX correlation indicates a connection between the physical status of the cluster ICM, and of its galaxy
content, and the overall gamma-ray emissivity of the cluster: such a connection is indeed expected in the viable model
for the gamma-ray emission of galaxy clusters. In fact, both
the diﬀuse emission arising from the interaction of relativistic
particles with the cluster ICM and the one arising from a superposition of the gamma-ray emission associated with individual galaxies within the cluster predict a relation Lγ ∼ LaX
with a ≈ 0.45−0.85. Specifically, the cluster gamma-ray luminosity produced by non-thermal electron bremsstrahlung (see,
e.g., Longair 1993),
Lγ ∝ ne,rel.nR3 ,

(1)

that produced by π0 → γ + γ in pp collisions (Colafrancesco
& Blasi 1998),
Lγ ∝ np,rel. nR2 ,

(2)

and the one produced by π0 → γ + γ in dark matter annihilation
(Colafrancesco & Mele 2001),
Lγ ∝ n2 R3 ,

(3)

naturally correlate with the cluster X-ray luminosity mainly
given by thermal bremsstrahlung,
LX ∝ n2 T 1/2 R3 ,

Fig. 10. The Lγ −LX correlation shown by the clusters listed with an asterisk in Table 1. The best fit curve (solid line) is shown together with
the 1σ (green/dark-gray area) and 3σ (yellow/pale-gray area) confidence level region for the fitting parameters. The X-ray luminosity, in
units of 1044 erg s−1 , is given in the 2−10 keV energy range and the
gamma-ray luminosity, at E > 100 MeV, of the associated EGRET
source is given in units of 1046 erg s−1 .

(4)

through their dependence on the ICM particle density, n. Here,
the densities of relativistic electrons, ne,rel. , and relativistic protons, np,rel. , are decoupled from the ICM density while the dark
matter density is proportional to the ICM density. Note that a
scaling similar to that in Eq. (3) applies also to the gamma-ray
emission arising from the superposition of the cluster galaxies.
Using the previous scalings and the observed X-ray luminosity
– temperature relation, LX ∼ T b with b ≈ 3 (see, e.g., Arnaud
& Evrard 1999; Wu et al. 1999), a correlation Lγ ∼ LXD , with
D ≈ 0.45−0.85 is predicted by the previous models, in agreement with our results shown in Fig. 10.

6. Present conclusions and future perspectives
In this paper we reported the preliminary evidence for an association of galaxy clusters with unidentified, high galactic latitude (|b| > 20 deg) gamma-ray sources in the Third EGRET
catalog. Our selection criteria eventually allowed us to identify 9 EGRET sources most probably associated to 12 galaxy

clusters (see the sources marked with an asterisk in Table 1)
which have the following characteristics: i) the clusters are
found within the 95% confidence level position error contours of the relative EGRET source map for which there is
no other known counterpart; ii) the selected EGRET sources
−7
−2 −1
have flux F(>100 MeV) <
∼ 2 × 10 cm s and flux vari<
ability ∼20% over their viewing periods; iii) the gamma-ray
spectral index of the EGRET source are found in the range
≈2−3; iv) the 12 galaxy clusters which are most probably associated with the previous 9 unidentified EGRET sources have
bright radio sources (identified radio galaxies, radio halo/relic,
NVSS bright radio source) in the cluster environment; v) the
nine EGRET sources selected according to the previous crite0.19±0.09
between their
ria show a correlation F(>100 MeV) ∼ S 1.4
gamma-ray flux, F(>100 MeV), and the radio flux at 1.4 GHz,
S 1.4 , of the brightest radio source in the associated clusters; vi)
the same EGRET sources and the same clusters show also a
between the gamma-ray luminoscorrelation, Lγ ∝ L0.59±0.12
X
ity at E > 100 MeV, Lγ , of the EGRET source and the X-ray
luminosity, LX , of the associated clusters.
From our analysis of the sample listed in Table 1, we
expected a priori a spatial correlation between unidentified
EGRET sources and galaxy clusters at the ∼1.73σ confidence
level (see Sect. 2). We noticed, however, that this should be
considered as a lower limit to the true statistical confidence
level of the correlation since the eﬀect of the non-uniform
EGRET sky coverage has to be taken into account and it
would tend to increase the statistical significance level of the
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EGRET-cluster spatial correlation (see Sect. 2 for a discussion).
The detailed analysis (see Sect. 3) of each specific EGRET
source yielded a most probable spatial association between
9 EGRET sources and 12 Abell clusters selected from the original list of 18 EGRET sources associated with 24 clusters given
in Table 1: such a spatial correlation is found at ∼3σ confidence
level and might decrease to ∼2.5σ eliminating the still questionable case of the spatial association between Abell 1688 and
3EGJ1310-0517 (see Fig. 4). Note, again, that this is a lower
limit to the true statistical confidence level of the correlation
because of the eﬀect of the non-uniform EGRET sky coverage.
The gamma-ray–radio correlation found for the nine most
probable EGRET-cluster associations,
0.19±0.09
,
F(>100 MeV) ∼ S 1.4

(5)

is at ≈2.05σ confidence level (we considered here only the
statistical uncertainties). The gamma-ray – X-ray correlation
shown by the same EGRET-cluster associations,
Lγ ∝ L0.59±0.12
,
X

(6)

is at ≈4.9σ confidence level (again, we considered only the statistical uncertainties).
We estimated the diﬀuse gamma-ray fluxes predicted in the
available models under reasonable assumption for the energy
density of relativistic particles in the ICM (see Sects. 4 and 5
above) for the galaxy clusters listed in Table 1 and we found
that the total diﬀuse fluxes are usually a factor 2–4 below the
fluxes actually detected for the associated EGRET sources. So,
to recover the gamma-ray flux of the EGRET sources we have
to consider that, at least, a comparable fraction of the cluster
gamma-ray flux is contributed also by the (active) radio galaxies living within the cluster. We found, consistently with such
a picture, that all of the clusters which are counterparts of the
unidentified EGRET sources host several bright radio galaxies
in their environment. Such radio galaxies can be, or have recently passed through a phase of substantial gamma-ray emission, according to the leading unified scheme scenarios for radio galaxy evolution (see, e.g., Urry & Padovani 1995). Thus,
the EGRET data require that the gamma-ray flux associated to
the relative galaxy clusters are likely due to a superposition of
diﬀuse and concentrated gamma-ray emission.
The low flux variability of the associated EGRET sources
does not indicate a strong contamination from very bright
[F(>100 MeV) > 5 × 10−7 cm−2 s−1 ] AGN-like gamma-ray
sources with strong flux variability. This is clearly shown by
the comparison of the flux changes for the EGRET sources
more probably associated with clusters (see Fig. 1) with the
flux changes of the EGRET sources spatially correlated with
clusters and whose gamma-ray emission is dominated by bright
AGNs (see Fig. 2).
The spectral indices of the most probable EGRET-cluster
associations are found to be in the range ≈2−3.5, values which
are consistent with the expectations from model of the diﬀusion
of relativistic particles in the ICM, and seem to be quite larger
than the very flat spectral indices (γ <
∼ 2) shown by the EGRET
sources associated with pulsars. Theoretical models for cluster gamma-ray emission predict in fact slopes in the range
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γ ∼ 1.8−3.2 (see, e.g., Fig. 11, see also Blasi 2000), going from
annihilation of dark matter neutralinos to non-thermal electron
bremsstrahlung. Active galaxies with a substantial gamma-ray
emission at the flux level shown by the EGRET-cluster associations also have spectral slopes γ ∼ 2−2.8, as shown in
Fig. 3 (see also Hartman et al. 1999). Thus, the superposition
of gamma-ray emission of both diﬀuse origin and coming from
the active galaxies shall certainly show overall spectral indices
which are consistent with those of the nine EGRET sources
selected in our analysis.
In conclusion, we found that there are several converging
evidence (even though still preliminary) of an association between unidentified EGRET sources at high galactic latitude
(|b| > 20 deg) and galaxy clusters which show an enhanced
radio activity in their ICM as triggered by radio (or active)
galaxies or by non-thermal phenomena giving rise also to radio
halos and relics (see, e.g., Colafrancesco 2001a,b). These evidence are found at several levels, from the geometrical spatial
association with a minimal statistical confidence level of ∼2.5σ
(see Sect. 2), to the gamma-ray flux and luminosity correlations
with the radio and X-ray data of the associated clusters with a
statistical confidence level of ∼2.1σ and ∼4.9σ, respectively
(see Sects. 4 and 5).
Even though the cluster sample we derived here is far from
being an a priori flux limited sample, the correlation we found
with unidentified EGRET gamma-ray sources can be considered as the first evidence of the expected distribution of the
gamma-ray luminosity of “active” galaxy clusters.
There have been recently other attempts to investigate the
possible association of galaxy clusters with EGRET gammaray sources. In fact, Totani & Kitayama (2000, hereafter TK)
proposed that only galaxy clusters which are just dynamically forming might be bright sources of gamma-rays due to
Inverse Compton Scattering (ICS) of CMB photons by highenergy electrons accelerated at the shock waves induced by
gravity during the early formation of large scale structures.
Their model would predict, for instance, a gamma-ray flux of
F(>100 MeV) ∼ 6.5 × 10−7 cm−2 s−1 for a Coma-like cluster undergoing a merger event (roughly a factor 16 higher than
the actual upper limit, F(>100 MeV) ∼ 4 × 10−8 cm−2 s−1
found for Coma in the EGRET database (see, e.g., Sreekumar
et al. 1996)). As a consequence, TK predicted that a few tens
of clusters (∼20 to 50 with a limiting flux F(>100 MeV) ∼
10−7 cm−2 s−1 ) should have already been detected by EGRET
(see their Fig. 1). The absence of any correlation between the
ROSAT Bright Cluster Sample (Ebeling et al. 1998) or the
ACO (Abell et al. 1989) cluster catalog and the EGRET source
catalog should depend, according to TK, on the large extension of these “just forming clusters” which would cause a huge
dimming of their X-ray surface brightness as well as of their
surface number density of galaxies in the optical with respect
to the population of virialized, relaxed clusters.
However, more recently and after the submission of our paper, the same authors (Kawasaki & Totani 2002, hereafter KT)
found instead a strong correlation between merging clusters
and steady unidentified EGRET sources at high galactic latitude (|b| > 45 deg). They used the same data sets (Third
EGRET catalog and ACO cluster catalog) and found that
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Fig. 11. Theoretical predictions for the gamma-ray flux Fγ (>100 MeV) expected for a Coma-like cluster are shown as a function of the gammaray energy and are compared with the sensitivity of the next generation space-borne and ground-based gamma-ray experiments: non-thermal
electron bremsstrahlung (Sreekumar et al. 1996; Colafrancesco 2001b) for two choices of the intracluster magnetic field (B = 0.3 µG: shortdashed curve and B = 1 µG: long-dashed curve); decay of neutral pions produced in pp collisions (Colafrancesco & Blasi 1998) (blue curve and
the associated theoretical uncertainties given in the cyan region); decay of neutral pions produced in the annihilation of dark matter neutralinos
(Colafrancesco & Mele 2001) (black solid curve and the associated theoretical uncertainties given in the yellow region). Due to the very
diﬀerent spatial resolution of the various experiments reported, we show here the case of their sensitivity for point-like sources.

9 close pair/groups (CPG) of Abell clusters have a significative
statistical level of spatial association with 7 steady unidentified
EGRET sources. Interestingly, 6 out of these 7 EGRET sources
are coincident with the EGRET-cluster associations found in
our analysis (see Table 1) while the last case (the clusters
Abell 1564 and Abell 1581 associated with 3EGJ1235+0233)
is not found in our analysis because these clusters are found
outside the 95% confidence level position error contours of
the relative EGRET source (see Sect. 2). These last authors,
nonetheless, suggested that the gamma-ray emission comes
only from just forming/merging clusters with large, violent
shocks, but not from usual ones in dynamically quiet regime
where the violent shock has subsided. They further concluded
that their finding “implies that the bulk of the steady unidentified EGRET sources in the high latitude originate from forming
clusters” and “indirectly give support to the gamma-ray cluster
hypothesis” delineated in TK.
Let us briefly comment on this point. We notice here that
since the gamma-ray clusters considered in TK and KT are
physically the same “forming/merging clusters” (their gammaray fluxes are evaluated according to the same ICS model) and
since TK predicted that a few tens of these clusters should have
already been detected by EGRET, there seem to be a missing
gamma-ray cluster problem in their approach because KT do
not find the remaining (∼13–43) bright gamma-ray clusters,
as predicted by TK. A possible solution to this problem could

be that the large majority of the forming clusters are not “just
forming” as suggested by TK but have experienced a strong
merging event more than a few Gyrs ago, so that the gammaray emission from the once accelerated primary electrons has
6
faded away due to their rapid energy losses (tcool >
∼ 2 × 10 yr;
see, e.g., Blasi 2000 and TK). The only gamma-ray clusters still
remaining should be those which experienced a strong merger
event in the last ∼108 yr.

But there are also other concerns as regards the energetics
of the just forming/merging galaxy clusters. The gamma-ray
luminosity of the EGRET sources selected by KT are found
in the range Lγ ∼ 1045 −1046 erg s−1 (see Fig. 10: note that
most of the EGRET sources selected by KT are the same we
select in this paper) and should be emitted from primary electrons on a time scale tcool ∼ 2 × 106 yr. This gamma-ray power
should be compared with the total power, Lmerg ∼ Emerg /tmerg ,
provided by the merging between two sub-cluster units with
masses M1 and M2 , respectively. Here the total energy of the
merger is Emerg ≈ GM1 M2 /d where d is the typical subcluster separation at which most of the energy is released on
the time scale for the merging, tmerg ≈ 109 yr, of the order of
the crossing time for the considered cluster. Simulations show
that equal-mass mergers are more eﬀective in releasing energy
from its gravitational form to heating of the ICM and to particle
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acceleration at the ICM shocks. Thus, the total power provided
by the merger can be written as

2 
−1
M
d
45
−1
Lmerg ≈ 1.6 × 10 erg s
,
(7)
1.5 Mpc
1014 M
(see also Blasi 2000). It is reasonable to consider that only a
fraction ε ∼ 10−2 of the total Emerg is transformed in particles
which are shock-accelerated up to energies E >
∼ GeV while the
bulk of the total merging energy goes mainly into heating of the
cluster ICM (see, e.g., Blasi 2000). Thus, the gamma-ray luminosity emitted by primary electrons accelerated at the merging
shocks can be written, in general, as Lγ ≈ εLmerg . The values of
Lγ of the EGRET sources selected by KT require, on average,
an eﬃciency ε ∼ 1–10 in the CGP clusters. This result seems
to be strongly in contrast with the available models for gammaray emission from a population of primary electrons for which
ε ∼ 10−2 –10−1 is expected (Blasi 2000; Colafrancesco & Blasi
1998; Sarazin 2002).
Such a problem could be partially reduced if a substantial
fraction of the gamma-ray emission from clusters is provided
by π0 → γ + γ decay produced by pp interactions in the cluster
ICM, where high-energy protons are accelerated at the same
merging shocks but do not appreciably loose their energy over
an age comparable with H0−1 (see, e.g., Colafrancesco & Blasi
1998). If a ratio p/e− ∼ 10–100 is assumed, then a large part
of the cluster gamma-ray emission could be dominated by π0
decay and secondary electron emission by bremsstrahlung and
ICS. This fact would weaken the constraint ε ∼ 1–10 for the
values Lγ of the EGRET sources produced by the primary electrons in the approach of KT but would also provide a gammaray emission which is stationary with time along the cluster
lifetime (Blasi 2000). As a consequence, a large fraction of the
∼20–50 gamma-ray, merging clusters predicted by TK should
have been already detected by EGRET, which does not seem to
be the case.
On another side, if the gamma-ray luminosity of the
EGRET source, Lγ ∼ εLmerg ≈ 1045 erg s−1 is provided by primary electrons accelerated at the merging shock, then a much
larger energy amount, Emerg ∼ Eγ /ε, where Eγ ≈ Lγ · tcool ∼
6 × 1060−61 erg (we assume here tcool ≈ 2 × 106 yr and
Lγ ≈ 1045−46 erg s−1 , see Fig. 10) should go mainly into heating
of the ICM. Note also that this estimate is a lower limit to the
energy available for heating of the ICM since only electrons
which produce emission at E > 100 MeV are considered. We
notice that the energy budget Emerg ≈ Eγ /ε ∼ 6 × 1060−61 erg
(we assume ε = 10−2 ) is larger than the kinetic energy of the
IC gas, which is of the order of



n
T
3
Ekin ≈ Np nkT ∼ 2.2 × 1059 erg
(8)
2
10−4 cm−3 8 keV
(we assume here a sphere of IC gas with particle density n,
temperature T and total number of particles Np = M/mp where
M = 1014 M is the gas mass of the cluster and mp is the
proton mass). As a consequence, one should expect that the
just forming/merging clusters suggested by KT and TK have
quite high temperatures if most of the merging energy is transformed into heating of the ICM, as indicated by numerical simulation (see, e.g., Sarazin 2002 for a review). Specifically, for
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n ≈ 10−4 cm−3 , an ICM density which is appropriate to nonvirialized clusters, one should expect to have T ∼ 27−270 keV,
values which are by far higher than the temperatures actually
observed in relaxed clusters of similar mass and also higher
than those of the forming/merging clusters found in numerical simulations of structure formation (see, e.g., Roettiger et al.
1999; Ricker & Sarazin 2001; Schindler 2002). This result indicates again that the hypothesis that the EGRET source luminosity is provided by just forming/merging clusters is somewhat extreme.
Finally, we notice here, following Blasi & Colafrancesco
(1999) and Blasi (2000), that values Lγ ∼ 1045 erg s−1 provided by primary electrons would imply a quite high diﬀuse
radio emission in the case of usual IC magnetic field values
B ∼ 1 µG, which would have been easily detected in these
merging clusters, unless very low and unreasonable (see, e.g.,
Carilli & Taylor 2002) values, B
1 µG, are considered.
Moreover, also strong EUV and hard X-ray excesses would
be present in many of the merging clusters selected by KT,
which does not seem the case (see, e.g., Bowyer 2000; Lieu
et al. 1999; Colafrancesco 2001a).
So, in conclusion, the suggestion that just forming/merging
clusters are the counterparts of the unidentified EGRET sources
at high galactic latitude seems to face several theoretical
problems.
On the observational side, we noticed that none of the clusters selected by KT (and found in our analysis presented in
Sect. 3 above) show evidence of strong merging. In fact, strong
ICM shocks are expected in merging clusters and their features
can be observed in the cluster X-ray images (see, e.g., Sarazin
2002). Shocks are irreversible changes to the IC gas in clusters
and hence increase the entropy S ∝ ln(T/n2/3) in the gas. Thus,
one can use X-ray observations to determine the temperature T
and the density n of the IC gas and hence to measure the specific entropy in the gas just before and after the apparent merger
shocks seen in the X-ray images. Since merger shocks produce
compression, heating, pressure increase and entropy increase,
the corresponding increase in all of these quantities (and in particular the entropy) can be used to check that discontinuities
are really shocks and not “cold fronts” or other contact discontinuities (see, e.g., Sarazin 2002 for a discussion). Markevitch
et al. (1999) applied such kind of test to the ASCA temperature maps and ROSAT images of several clusters. There are
clear cases, like the Cyg-A cluster, in which a change in entropy is observed at the shock front thus confirming the presence of a merger shock. On the other hand, cold fronts with no
entropy change at the discontinuity region have been observed
in a number of other clusters including Abell 3667 (Vikhlinin
et al. 2001), RXJ1720.1+2638 (Mazzotta et al. 2001) and possibly also Abell 754 and Abell 2163.
The cluster Abell 85 which is considered by KT as a candidate for being a strong merging system triggering the gammaray emission of the EGRET source 3EGJ0038-0949 is clearly
associated, instead, with a cold front (a signature of a possible early stage of merging, see Sarazin 2002 and references
therein), and not with an ongoing violent merging process.
The two clusters Abell 219S and Abell 2963 associated
with 3EGJ0158-3602 have very poor information available (see
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Sect. 3.4) especially at X-ray wavelenghts, and there is no evidence of merging ongoing in these clusters.
Also the clusters Abell 1555 and Abell 1558 associated
with 3EGJ1234-1318 have poor information in X-rays (see
Sect. 3.7) and there is no evidence of merging ongoing in these
clusters.
The clusters Abell 1564 and Abell 1581 fall beyond
the 95% position error contours of the EGRET source
3EGJ1235+0233, they have poor information in X-rays and
there is no evidence of merging ongoing in these clusters.
The cluster Abell 1688 associated with 3EGJ1310-0517
has no relevant information in X-rays (see Sect. 3.9) and there
is no evidence of merging ongoing in this clusters.
The cluster Abell 1758 associated with 3EGJ1337+5029
is a distant, bright X-ray cluster (see Sect. 3.17) which has a
temperature and metallicity structure similar to that of nearby
clusters with similar richness (Rizza et al. 1998). This cluster has two main clumps with irregular, unrelaxed morphology
(Rizza et al. 1998). However, the presence of either an ongoing
merging or a system consisting of two orbiting cold clumps is
demanded to more detailed X-ray studies with Chandra and/or
XMM.
The cluster Abell 1781 associated with 3EGJ1347+2932 is
a bright X-ray cluster with a high radio activity in its galaxy
population (see Sect.3.15). However, there is no evidence of
merging ongoing in this clusters.
To summarize, the available observations do not confirm
the presence of ongoing, strong merging in the cluster sample
suggested by KT as the possible counterpart of some unidentified EGRET sources.
Moreover, KT also suggested that the brightest unidentified EGRET source 3EG1835+5918 is the gamma-ray counterpart of a galaxy cluster which is still uncatalogued and should
be one of the “just forming” gamma-ray clusters proposed by
these authors. This X-ray cluster is well outside the error ellipse of the EGRET source and “there is no reason to suspect
that they are related”, according to the analysis performed by
Mirabal et al. (2000): also, there is no evidence of an AGN
belonging to this cluster. Other reasons that do not indicate
any relation between the cluster and the EGRET source are
the high gamma-ray flux, FP1234 (>100 MeV) = (60.6 ± 4.4) ×
10−8 cm−2 s−1 , which is much higher than the typical flux of
the EGRET-cluster associations (see Fig. 3), and the very flat
spectral index, γ = 1.69 ± 0.07, which is much flatter than
those of the EGRET-cluster associations (see Fig. 3). Such high
gamma-ray flux and flat spectral index are more typical of an
AGN or pulsar (see Fig. 3) being the possible counterpart of
this bright EGRET source. These conclusions has been reached
also through an independent analysis of this source by Mirabal
& Halpern (2001) and Reimer et al. (2001).
We conclude, on the basis of the available observational
and theoretical evidence, that cluster formation/merging cannot be responsible for most of the gamma-ray emission observed in the clusters associated with the EGRET sources listed
in Table 1. As discussed in our paper, the energy release at
gamma-ray energies E > 100 MeV of the EGRET-cluster associations is probably due to a superposition of diﬀuse (associated with the active ICM of the cluster) and concentrated

(associated with the active galaxies living within the cluster)
gamma-ray emission.
While at the moment we have the first, preliminary evidence for the first gamma-rays coming from galaxy clusters,
their detailed study will have a full bloom with the next generation space-borne (AGILE, GLAST, MEGA) and groundbased (VERITAS, ARGO, MAGIC) gamma-ray instruments.
The next generation gamma-ray telescopes, and especially the
GLAST mission, will have the spatial and spectral capabilities
to confirm the preliminary result here presented and to disentangle between the diﬀuse and concentrated nature of the cluster gamma-ray emission.
Gamma-ray observations of galaxy clusters in the range
∼0.01−104 GeV (see Fig. 11 for a prediction in the case of
a Coma-like cluster) can probe directly the existence of different populations of relativistic particles (e.g., electrons, protons, dark matter particles) in the intracluster medium through
their distinctive gamma-ray spectral features and will open a
new window on the astrophysical studies of large scale structures in the universe. Moreover, the detection of mid-energy
(∼10−100 MeV) and high-energy (>100 MeV) gamma-rays
from galaxy clusters will definitely disentangle the leading
mechanisms for the origin of the variety of puzzling nonthermal phenomena (radio halos/relics, EUV and hard X-ray
excesses) which are already observed in many galaxy clusters.
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