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GAMMA-RAY AND NEUTRINO
RADIATION FROM COMA CLUSTER (A1656)

Galaxy clusters (GCs) are the largest and the most massive gravitationally bounded objects
in the large-scale structure of the Universe. Due to the high (of the order of a few keV) tem-
perature of virialized gas in the intracluster medium (ICM) and the presence of cosmic rays
(CRs), GCs are effective sources of thermal X-ray and non-thermal lepton (synchrotron) ra-
diation. GCs are also storage rooms for CRs because the time of CR diffusive escape from
GCs exceeds the age of the Universe. However, non-thermal hadronic gamma-ray emission
from GCs, which mainly arises due to proton-proton collisions of CRs and thermal protons of
ICM plasma and the subsequent decay of neutral pions, has not yet been robustly detected. In
this paper, we model the expected non-thermal hadronic gamma-ray radiation and neutrino
flux from the Coma cluster (A1656) and evaluate the prospects for registering this radiation
making use of available (Fermi-LAT, LHAASO, IceCube) and planned (CTA, IceCube-Gen2)
ground-based detectors.
K e yw o r d s: galaxy clusters, Coma cluster, cosmic rays, gamma radiation, neutrino radiation.

1. Introduction
Galaxy clusters (GCs) are the largest and most mas-
sive, mostly virialized structures in the Universe at
the current cosmological time 𝑡0 = 13.8 × 109 years
[1]. The growth of initial density perturbations ow-
ing to the gravitational instability leads to the for-
mation of basic elements of large-scale structure such
as leaf-like structures confining voids, i.e., areas of a
reduced density, and filaments connecting nodes, i.e.,
galaxy clusters and superclusters [2]. The dominant
contribution to the total GC gravitational masses
𝑀cl ∼ 1014÷1015 M⊙ is made by the dark matter
(approximately 80%). A much smaller contribution is
made by the baryon matter (about 15% in the gas of
intracluster medium (ICM) and about 5% in stars and
galaxies) [3–5]. The virial temperature of ICM plasma
𝑘B𝑇 ∼ 𝐺𝑀cl𝑚𝑝/𝑅cl in a GC with typical dimensions
𝑅cl ∼ 2÷3 Mpc equals 1–10 keV. Therefore, GCs are
bright sources of thermal X-ray radiation with typical
luminosities 𝐿𝑋 ∼ 1044÷1046 erg/s.

The formation of gravitationally bound and virial-
ized GCs is a long process of halo collapse and merg-
ing of substructures that are not yet complete in most
cases. Most clusters have not yet fully relaxed, so the
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accretion and merging processes are still continuing.
Magnetohydrodynamic fluxes in the ICM and active
galactic nuclei (AGNs) are accompanied by the ap-
pearance of multiple shock waves that effectively ac-
celerate cosmic rays (CRs) and amplify or generate a
magnetic field. In the magnetic field 𝐵cl ∼ 1÷10 𝜇Gs,
which is typical of GCs, the time of CR diffusive es-
cape from a GC, 𝑡diff ∼ 𝑅2

cl/𝐷(𝐸), is of the same
order of magnitude as or even larger than the age
of the Universe provided typical values of the diffu-
sion coefficient, 𝐷(𝐸) ∼ 1028(𝐸/10 GeV)0.5 cm2 s−1.
As a result, GCs are effective accumulators for ac-
celerated CRs [4]. Hence, GCs should be promis-
ing sources of non-thermal lepton (synchrotron) ra-
diation emission, as well as hadronic gamma radi-
ation (mainly via proton-proton collisions and sub-
sequent decays of neutral pions) [6, 7]. Really, non-
thermal synchrotron radiation emission is widely rep-
resented in GC observational data, but no non-
thermal gamma radiation from GCs has been reliably
detected yet [8, 9].

Both non-thermal radio emission and thermal X-
ray emission data, supplemented with the data from
the Planck Observatory concerning the Sunyaev–
Zeldovich thermal effect, provide valuable informa-
tion on the spatial distribution of the baryon and
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dark matter, as well as on physical processes run-
ning in the ICM of GCs [10]. In this work, we will
simulate non-thermal hadronic gamma and neutrino
radiation from the GC A1656 (the Coma cluster) and
evaluate the prospects of observing this GC making
use of available and planned (Fermi -LAT, LHAASO,
IceCube, CTA, IceCube-Gen2) space missions and
ground-based detectors. In calculations, the MINOT
software [10] and the ΛCDM cosmological model with
the parameters 𝐻0 = 67.8 km s−1 Mps−1, Ω𝑀 =
= 0.308, and ΩΛ = 0.692 [11] were used.

2. Coma Cluster

The Coma GC (A1656) has the red shift 𝑧 = 0.0231.
Recently, gamma radiation in the A1656 direction has
been detected for the first time with the help of the
Fermi -LAT telescope [12,13]. Both the Coma GC and
the Fermi -LAT point source 4FGL J1256.9+2736 (ra-
dio galaxy NGC 4839) can be its source. Therefore,
this GC is a good candidate for the further study
of the generation of non-thermal gamma radiation
and neutrinos in the harder (TeV) gamma spectral in-
terval. Besides the proton-proton interactions in the
ICM, one may expect that the active nucleus of the
galaxy NGC 4839 should also make a contribution
to the total radiation flux [13]. For instance, the ar-
rival direction of high-energy neutrinos detected by
IceCube (event IC200921A) coincides with the AGN
of NGC 4839 within a localization error of 90% [14].

Physical conditions and the spherically symmet-
ric distribution of dark/baryon matter in the ICM
of GCs are determined by a number of physical pa-
rameters, which will be presented below (a detailed
description of physical characteristics of clusters can
be found in work [10]). In particular, GCs are de-
scribed by a few characteristic masses that are used
while modeling the GC parameters. In particular, the
notation 𝑀500 is applied to denote the mass located
within the region of radius 𝑅500, where the averaged
(over the volume) density is 500 times as high as
the critical density, 𝜌/𝜌cr = 500. The corresponding
quantitiesare related to one another via the following
relation:

𝑀500 =
4𝜋

3
500𝜌cr𝑅

3
500. (1)

The total GC mass 𝑀tot is somewhat larger than
the mass 𝑀HSE calculated from the hydrostatic equi-
librium condition, 𝑀tot = 𝑀HSE/(1 − 𝑏HSE), which

is taken into account using the correction parame-
ter 𝑏HSE ≈ 0.2 [15, 16]. The spatial distribution of
the gas fraction in GCs, 𝑓gas(𝑟), is given by the ra-
tio between the total gas mass of gas 𝑀gas(𝑟) and
the total mass 𝑀tot(𝑟) within the sphere of radius 𝑟,
𝑓gas(𝑟) = 𝑀gas(𝑟)/𝑀tot(𝑟).

The profile of the electron gas density, 𝑛𝑒(𝑟), is
an important parameter for evaluating gamma radia-
tion because the latter is proportional to the total gas
density 𝑛gas(𝑟), which is responsible for the intensity
of proton-proton interactions. There are a number of
theoretical models describing 𝑛𝑒(𝑟). In particular, the
semi-analytical beta model [17]

𝑛𝑒(𝑟) = 𝑛𝑒,0

[︃
1 +

(︂
𝑟

𝑟𝑐

)︂2]︃−3𝛽dens/2

, (2)

where 𝑛𝑒,0 is the normalizing factor, 𝑟𝑐 the radius of
the central part of distribution, and 𝛽dens the density
index, will be used in this work.

The thermal gas pressure is another important
model parameter because it allows the amount of CRs
the energy of which is proportional to the thermal
energy of ICM to be normalized. The thermal elec-
tron pressure 𝑃𝑒(𝑟) is often described with the help of
the Generalized Navarro Frank White (GNFW) pro-
file [18], which is a modified version of the earlier
Navarro Frank White (NFW) profile [19]. The uni-
versal pressure profile for electrons, P𝑒(𝑟), depends
on four parameters: the normalizing factor 𝑃0, the
scale radius 𝑟𝑝 = 𝑅500/𝑐500 (here, the parameter
𝑐500 = 𝑅500/𝑟𝑝 characterizes the compactness degree
of the central high-pressure region, and, according to
numerical simulation results, 𝑐500 ≈ 4.2 [10, 20]), and
three power exponents 𝑎𝑝, 𝑏𝑝, and 𝑐𝑝, which deter-
mine the distribution slope in different spatial regions
(𝑟 < 𝑟𝑠, 𝑟 ≈ 𝑟𝑠, and 𝑟 > 𝑟𝑠, respectively):

P𝑒(𝑟) =
𝑃0(︁

𝑟
𝑟𝑝

)︁𝑐𝑝 [︁
1 +

(︁
𝑟
𝑟𝑝

)︁𝑎𝑝
]︁ 𝑏𝑝−𝑐𝑝

𝑎𝑝

. (3)

In order to describe the electron pressure profile
𝑃𝑒(𝑟) in a particular GC, the universal pressure pro-
file (3) has to be multiplied by a few normalizing fac-
tors characterizing this GC,

𝑃𝑒(𝑟) = P𝑒(𝑟) 𝑃500 𝐹500, (4)

where 𝑃500 is a characteristic pressure [18, 20], which
can be determined knowing the GC mass and the
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cosmological parameters,

𝑃500 = 1.65×10−3𝐸(𝑧)8/3
(︂

𝑀500

3× 1014ℎ−1
70 𝑀⊙

)︂2/3
ℎ2
70,

(5)

whereas the factor 𝐹500 makes corrections related to
the GC mass in accordance with self-similar models,

𝐹500 =

(︂
𝑀500

3× 1014 ℎ−1
70 𝑀⊙

)︂0.12
. (6)

Here, 𝐻0 = 100ℎ km/(s Mpc), ℎ70 = ℎ/0.70, and
𝐸(𝑧) = 𝐻(𝑧)/𝐻(0) or 𝐸2(𝑧) = Ω𝑀 (1 + 𝑧)3 +ΩΛ.

For an ICM with the mass fractions of hydrogen
𝑋, helium 𝑌 , and heavy elements 𝑍 = 1 − 𝑋 − 𝑌 ,
the average molecular weights are 𝜇gas = 0.60 and
𝜇𝑒 = 1.15 if 𝑌 = 0.27 and 𝑍 = 0.005. Therefore, the
pressure, density, and temperature of the ICM gas
can be expressed in terms of the electron pressure
and density in the ICM [10]:

𝑃gas(𝑟) =
𝜇𝑒

𝜇gas
𝑃𝑒(𝑟), (7)

𝜌gas(𝑟) =
𝜇𝑒

𝜇gas
𝑚𝐻𝑛𝑒(𝑟), (8)

𝑘B𝑇gas(𝑟) = 𝜇gas𝑚𝐻
𝑃gas(𝑟)

𝜌gas(𝑟)
. (9)

The magnetic field distribution in the GCs repro-
duces the matter distribution [21, 22]. Based on the
freezing-in conditions, the spatial distribution of the
magnetic field, 𝐵(𝑟), can be represented as propor-
tional to the density profile raised to a certain power
exponent 𝜂B,

𝐵(𝑟) = 𝐵0

[︂
𝑛𝑒(𝑟)

𝑛𝑒,0

]︂𝜂B

. (10)

The normalization factor was chosen to equal 𝐵0 =
= 4.7 𝜇Gs. This is a typical value for GCs, which
was calculated for the Coma cluster on the basis of
the data measured for the Faraday rotation effect
[21]. The spatial-energy distributions 𝑑𝑁𝑖(𝐸, 𝑟)/𝑑𝐸
of nuclei (mainly protons, 𝑖 = 𝑝) and electrons (𝑖 = 𝑒1
for primary electrons and 𝑖 = 𝑒2 for secondary elec-
trons formed at inelastic collisions) in the CRs in the
ICM can be factorized as the product of the energy
and spatial distributions,

𝑑𝑁𝑖(𝐸, 𝑟)

𝑑𝐸
= 𝐴𝑖𝑓𝑖(𝐸)𝜑𝑖(𝑟). (11)

Relativistic protons and electrons in the ICM, being
accelerated by shock waves inside the GCs, acquire a
power-law energy distribution. In this work, the clas-
sical power law (PL) with exponential cut-off (EC)
was used to describe the energy spectrum,

𝑓𝑖(𝐸) = 𝐴𝑖

(︂
𝐸

𝐸0,𝑖

)︂−𝛼𝑖

exp

(︂
− 𝐸

𝐸cut,𝑖

)︂
, (12)

where 𝛼𝑖 is the spectral index, and the cut-off is made
at the energies 𝐸cut,𝑖 (𝑖 = 𝑝, 𝑒1). The normalizing fac-
tor 𝐴𝑖 is determined via the ratios between the CR
energy 𝑈CR and the thermal energy 𝑈th inside the
sphere of radius 𝑟 = 𝑅500,

𝑋cr,𝑖,th =
𝑈CR,𝑖(𝑅500)

𝑈th(𝑅500)
.

Typical values of those ratios are 𝑋cr,p,th ≈ 0.02÷0.10
and 𝑋cr,𝑒,th ≈ 0.0001÷0.001. The spatial distribution
of CRs inside the ICM is related to the gas distribu-
tion, and it can be approximated by the power-law
dependence with the free parameter 𝜂CR,𝑖,

𝜑𝑖(𝑟) =

[︂
𝑛𝑒(𝑟)

𝑛𝑒(0)

]︂𝜂CR,𝑖

. (13)

It is also important to pay attention to such a key
parameter as the cut-off radius 𝑅tr, which is used
to denote the physical boundaries of the area con-
taining the entire GC volume, with the density van-
ishing outside. At this distance from the GC center,
the thermodynamic parameters undergo a disconti-
nuity. The latter is determined by the location of the
accretion shock wave where the kinetic energy of the
accretion flux is converted into the thermal energy of
the gas decelerated by the shock wave [23]. The size of
this region is determined by the characteristic radius
𝑅tr ≈ 3𝑅500.

3. Gamma and Neutrino Radiation
of the A1656 Intracluster Medium

The parameters of the thermal and non-thermal radi-
ation emitted by GCs are determined by the spatial
distribution of matter (dark and baryon), magnetic
fields, and CRs (the leptonic and hadronic compo-
nents) inside the ICM. To find those distributions,
observational data concerning the surface brightness
distribution of thermal X-ray radiation, 𝐼𝑋 , and the
spectral distortion of the cosmic microwave back-
ground (CMWB) as a result of the Sunyaev–Zel-
dovich effect, Δ𝐼/𝐼, are used [10]. The former is
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a b
Fig. 1. Spectral flux of gamma radiation from A1656 for various values of spectral index for the distribution of CR𝑝 ∝ 𝑛𝑒(𝑟).
Below: for the CR distributions CR𝑝 ∝ 𝑛𝑒(𝑟) (a) and 𝐶𝑅𝑝 ∝ 𝑛𝑒(𝑟)2 (b). See other parameters in Table

proportional to the product of the cooling function
Λ(𝑇𝑒, 𝑍) and the squared electron concentration 𝑛2

𝑒

integrated along the line of sight 𝑙,

𝐼𝑋 ∝
∫︁

𝑛2
𝑒Λ(𝑇𝑒, 𝑍)𝑑𝑙,

whereas the latter is proportional to the integral of
the electron pressure 𝑃𝑒 taken along the line of sight,

Δ𝐼/𝐼 ∝
∫︁

𝑃𝑒𝑑𝑙.

The indicated data make it possible to solve the in-
verse problem, namely, to restore the spatial dis-
tributions of the temperature 𝑇𝑒(𝑟), electron con-
centration 𝑛𝑒(𝑟), partial pressure of electrons 𝑃𝑒(𝑟),
and total pressure of baryonic gas 𝑃gas(𝑟) inside the
ICM. Using the formulas presented in the previous
section, we can simulate the distributions of magnetic
fields [Eq. (10)] and CRs [Eq. (13)] in the ICM. The
recent work [24] contains new observational results
on thermal X-ray radiation and the restoration of
the thermodynamic plasma parameters of the ICM
of A1656 that were obtained from observations of the
new SRG/eROSITA X space X-ray mission.

Taking the available data into account, a set of
parameters necessary for modeling gamma and neu-
trino radiation from the Coma GC making use of
the MINOT software code has been formed (see Ta-
ble). The absorption of gamma-ray flux owing to the
interaction with intergalactic background radiation

Fig. 2. Calculated neutrino flux for various values of spectral
index. The thick dashed line demonstrates the IceCube 5𝜎
detection potential in an energy interval of 1–1000 TeV [29]

[25] was made allowance for with the help of the
Python software package ebltable [26].

At first, we calculated the expected spectra of
gamma (Fig. 1) and neutrino (Fig. 2) radiation for
physical models neglecting the contributions made by
the AGN and the merging processes to the total CR
stock. While comparing various models of CR distri-
bution in the ICM, we simulated the gamma-ray flux
using three values for the spectral index, 𝛼𝑝 = 2,
2.3, and 2.7 (see Fig. 1). The cases that are the most
promising for CTA detection correspond to the hard
CR spectrum (the spectral index 𝛼𝑝 ≈ 2). (The sensi-
tivity of the CTA experiment was taken from site [27],
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Model parameters
for gamma-ray emission of GC A1656

General
parameters

Basic
model (ICM
contribution

only)

Model
with AGN

contribution

𝑧 0.0231 0.0231
𝑀500 [1014𝑀⊙] 6.13 6.13
𝑅500 [kpc] 1310 1310
𝑅trunc [kpc] 3930 3930
Helium mass fraction 0.2735 0.2735
Metallicity 0.0153 0.0153
Abundance 0.3 0.3
Correction parameter
𝑏HSE 0.2 0.2

Cosmic ray distribution model

𝑋cr,𝑝 = 𝑈𝑐𝑟,𝑝/𝑈th

inside 𝑅500 0.02 0.01–0.05
𝑋cr,𝑒1 = 𝑈cr,𝑒1/𝑈th

inside 𝑅500 0.00002 0.00001–0.00005
𝐸𝑝,min [GeV] 1.21 1.21
𝐸𝑝,cut [TeV] 30 30
𝐸𝑝,max [TeV] 106 106

Spectral index
𝛼𝑝 (model) 2.3 (PL+EC) 1.8 (PL+EC)
𝐸𝑒1,min [keV] 511 511
𝐸𝑒1,break [GeV] – –
𝐸𝑒1,cut [TeV] – –
𝐸𝑒1,max [TeV] 10−2 10−2

Spectral index
𝛼𝑒1 (model) 3.0 (PL) 3.0 (PL)
CR𝑝 density distribution:
𝑛CR,𝑝(𝑟) ∝ 𝑛𝑒(𝑟)

𝜂CR,𝑝 𝜂CR,𝑝 = 1.0–2.0 𝜂CR,𝑝 = 1.0

CR𝑒1 density distribution:
𝑛CR,𝑒(𝑟) ∝ 𝑛𝑒(𝑟)

𝜂CR,𝑒 𝜂CR,𝑒 = 1.0–2.0 𝜂CR,𝑒 = 1.0

Gas pressure distribution model

𝑃0 [keV/cm3] 0.022 0.022
𝑎𝑝 1.8 1.8
𝑐𝑝 0.0 0.0
𝑟𝑝 [kpc] 466.8 466.8

Gas density distribution model

𝑛0 [cm−3] 3.36× 10−3 3.36× 10−3

𝑟𝑐 [kpc] 310 310
𝛽dens 0.75 0.75

Magnetic field distribution model

𝐵0 [[𝜇Gs]] 4.7 4.7
𝜂B 0.5 0.5

a

b
Fig. 3. Gamma-ray spectra for the AGN inside A1656 for the
parameter values 𝑋cr.p = 0.01 (a) and 0.05 (b)

and the sensitivity of the LHAASO one from work
[28].) At the same time, a twofold enhancement of the
gamma-ray flux occurring owing to a more compact
spatial distribution of CRs is observed only at low
energies (not higher than tens of GeVs, Fig. 1). The-
refore, it follows from Fig. 1 that the Coma cluster
(A1656) can be detected in the TeV spectral inter-
val using the CTA array only if the CR spectrum
is hard. The calculated neutrino flux from A1656 is
shown in Fig. 2 together with the observed IceCube
potential at a statistical significance level of 5𝜎.

4. AGN Contribution to Gamma
and Neutrino Radiation of A1656

We expect that the AGN in A1656 can substantially
contribute to the total CR amount in the ICM of
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a b b
Fig. 4. Neutrino spectra for the AGN inside A1656 for the parameter values 𝑋cr,𝑝 = 0.01 (a) and 0.05 (b)

this GC. Taking into account the processes of active
merging of two GCs associated with the NGC4839
group and A1656 [24], let us consider a model with
a harder radiation spectrum, which is formed ow-
ing to the additional contribution to the total CR
amount from the AGN and the merging processes. As
a result of CR acceleration in AGN jets – in par-
ticular, owing to magnetic switching – the expected
spectral index of such CRs will be hard with typical
values 𝛼𝑝 = 1.4÷1.8 for strongly magnetized plasma
[30]. The corresponding spectrum of gamma radiation
from 𝑝𝑝-collisions in CRs accelerated in the jets is de-
picted in Fig. 3 for three values of the spectral index,
𝛼𝑝 = 1.4, 1.6, and 1.8.

The most promising for the CTA detection is the
CR spectrum with the hardest spectral index (𝛼𝑝 =
= 1.4 in our calculations). In Fig. 4, a neutrino
flux calculated in the hard spectrum case is exhib-
ited. One can see that in our model, IceCube can reg-
ister neutrino events already if the CR energy fraction
in the thermal ICM energy equals 𝑋cr.𝑝 ≈ 0.05. It
is important to note that, unlike photons, neutrinos
do not undergo energy losses due to their interaction
with the CMWB at TeV energies: the neutrino spec-
trum, which reproduces the CR spectrum with the
energy shift 𝐸𝜈 ≈ 0.1𝐸𝑝, is exponentially cut at ener-
gies 𝐸𝜈,cut ≈ 0.1𝐸𝑝,cut ≈ 3 TeV only due to the high-
energy cut-off of the CR spectrum at 𝐸𝑝,cut = 30 TeV
in the considered case (Figs. 2 and 4). For the CR
spectrum with 𝐸𝑝,cut = 300 TeV, we have 𝐸𝜈,cut ≈
≈ 30 TeV. At the same time, owing to 𝛾+𝛾 → 𝑒++𝑒−

annihilations, the path length of 10–100-TeV photons

equals 𝜆𝛾𝛾 ≈ 200×(𝐸𝛾/10 TeV)−2 Mpc [24] and gives
rise to an additional abrupt cut-off of the gamma ra-
diation spectrum from the Coma GC (at a distance of
about 100 Mpc) at energies of about 20 TeV (Figs.1
and 3). This fact confirms the prospects of neutrino
studies of physical processes running in GCs.

5. Conclusions

Since the time of diffusive escape of CRs from GCs
is long, the latter should be bright extragalactic
sources of neutrinos and non-thermal gamma radi-
ation. On the basis of current data obtained for ther-
mal X-ray radiation and thermodynamic parameters
of plasma inside the GC A1656 [13, 24], we sim-
ulated non-thermal gamma and neutrino radiation
using the MINOT software [10]. The simulation of
hadronic gamma radiation emitted from the Coma
GC as a result of 𝑝𝑝-collisions of CR protons with
ICM plasma is consistent with Fermi -LAT observa-
tional data (100 MeV–300 GeV) at typical CR param-
eters; namely, the ratio between the CR energy and
the plasma thermal energy 𝑋cr,𝑝 ≈ 0.02, the spec-
tral index 𝛼𝑝 = 2.3÷2.7, and the spatial distribution
of CRs traces the matter distribution [13] (see also
Fig. 1). Additionally, a more compact spatial distri-
bution of CRs insignificantly increases the spectral
flux (by a factor of two for 𝜂cr,𝑝 = 2). Owing to
large values of the spectral index (they correspond
to small values of the Mach number 𝑀 for the shock
waves at the fronts of which CRs accelerate), the spec-
tral fluxes of TeV gamma radiation are insufficient
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for reliable detection. The situation can be better for
CRs with a hard spectrum, i.e., with small values of
the spectral index, 𝛼𝑝 ≤ 2 (Fig. 3). The hard CR
spectrum is expected for the CR acceleration at the
fronts of strong shock waves (𝑀 ≥ 10, 𝛼𝑝 ≈ 2) or at
the switching of the magnetic field lines in the AGN
jets (𝛼𝑝 < 2) [7]. In GCs – in particular, the Coma
GC – strong shock waves can accompany the pro-
cesses of substructure merging, and jets are certainly
present in the radio-loud AGNs inside GCs. Figure 3
demonstrates that CRs with a hard spectrum can pro-
vide a detectable spectral flux of TeV gamma radia-
tion even at a relatively small fraction of CR energy,
𝑋cr,𝑝 ≈ 0.01.

To summarize, we would like to note that the
simulation results obtained for the fluxes of non-
thermal gamma radiation and neutrinos from the
Coma GC testify to a real possibility of its regis-
tration with available (Fermi -LAT, LHAASO, Ice-
Cube) and planned ground-based (CTA, IceCube-
Gen2) detectors.
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Translated from Ukrainian by O.I. Voitenko

Р.Б. Гнатик, В.В.Войцеховський

ГАММА- ТА НЕЙТРИННЕ
ВИПРОМIНЮВАННЯ СКУПЧЕННЯ
ГАЛАКТИК ВОЛОССЯ ВЕРОНIКИ (A1656)

Скупчення галактик (СГ) є найбiльшими i наймасивнi-
шими гравiтацiйно зв’язаними об’єктами у великомасшта-
бнiй структурi Всесвiту. Через значнi (порядку кеВ) темпе-
ратури вiрiалiзованого газу у внутрiшньокластерному се-
редовищi (ВКС) та наявнiсть космiчних променiв (КП)

СГ є ефективними джерелами теплового рентгенiвсько-
го та нетеплового лептонного (синхротронного) випромi-
нювання. Прискоренi КП акумулюються в СГ, оскiльки
час дифузiйного виходу КП iз СГ перевищує вiк Всесвi-
ту. Однак нетеплове адронне гамма-випромiнювання (го-
ловно, через протон-протоннi зiткнення КП з тепловими
протонами плазми ВКС та наступнi розпади нейтраль-
них пiонiв) вiд СГ ще не було надiйно задетектоване.
В цiй роботi ми моделюємо очiкуване нетеплове адронне
гамма-випромiнювання та потiк нейтрино вiд СГ Волосся
Веронiки (Coma cluster, А1656) та оцiнюємо перспективи
реєстрацiї цього випромiнювання iснуючими (Fermi-LAT,
LHAASO, IceCube) та запланованими наземними (CTA,
IceCube-Gen2) детекторами.

Ключ о в i с л о в а: скупчення галактик, Скупчення Волос-
ся Веронiки, космiчнi променi, гамма-випромiнювання, ней-
тринне випромiнювання.
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