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Slowdown of Positrons Produced when Hard Background Gamma-Ray
Photons Interact with Soft Background Photons
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Abstract—We consider the interaction of hard background gamma-ray photons with energies above
100 MeV with optical and X-ray background photons to produce electron—positron pairs by taking into
account the accumulation of produced positrons and the subsequent energy loss by them when interacting
with the cosmic microwave background. We show that a slow component of positrons with an energy below
1 MeV arises in this case, but the total number of slow positrons is only ~0.01—0.1% of the total number

of positrons produced in this interaction.
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INTRODUCTION

The density of matter is measured in 1 g cm™

in planets and the centers of stars and even in
10" g em™3 in the interiors of neutron stars, while
the overwhelming volume of space between galaxies
is filled with a highly rarefied gas whose number
density reaches ~1073 cm™3 only in the centers of
galaxy clusters (Vikhlinin et al. 2006). Nevertheless,
a major contribution to the scattering of gamma-
ray photons from distant sources going through the
space between galaxies is made by their scattering
precisely by this gas (Grebenev and Sunyaev 2020).
However, besides, high-energy gamma-ray photons
can interact with much more numerous background
photons, with the production of electron—positron
pairs when two photons collide being also possible
for them in addition to their scattering (Gould and
Schreder 1967). As a result, positrons can be
produced in the space between galaxy clusters. Of
course, hard background photons are also involved
in this process. As a result, an additional source
of positrons appears in the space between galaxy
clusters. In contrast to galactic jets (Nizamov and
Pshirkov 2023) and pulsars (Istomin et al. 2020),
whose positrons are fairly localized near the galaxies
or jet remnants, this source creates a spatially more
or less homogeneous component of positrons. The
production of such positrons was considered in detail
previously by Popov et al. (2023a). In this paper,
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following Popov et al. (2023a, 2025), we consider how
the positrons produced when hard, with energies e, >
100 MeV, cosmic gamma-ray background (CGB)
photons interact with soft optical extragalactic back-
ground light (EBL) and cosmic X-ray background
(CXB) photons will lose their energy or, in other
words, will slow down when scattered by cosmic
microwave background (CMB) photons. We also
provide an upper limit on the possible spectrum of
positrons produced when CGB photons interact with
hypothetical cosmic ultraviolet background (CUB)
photons unless, of course, for some reason the
spectrum of CUB photons is extremely small.

THE MODEL

In this paper we use the standard cosmological
ACDM model (Ade et al. 2016). In this model
the density of matter in the Universe can be de-
scribed only by the contributions of dark energy and
cold dusty dark matter assuming that the contribu-
tion of radiation and relativistic particles may be ne-
glected, which is admissible at z < z¢q =~ 3365 (Ade
et al. 2016), where z is the redshift and z. is the
redshift corresponding to hydrogen recombination. In
this case, the z dependence of the Hubble parameter
can be described as

H(z)=Ho(1+2)/Q+Q 1+2)3, (1)
where the constants Qj ~ 0.691 and Qs ~ 0.309

describe the contributions of dark energy and dark

matter, respectively, and Hy ~ 67.7 km s~% Mpc~!
is the Hubble constant at z =0 (Ade et al. 2016).
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Fig. 1. The spectrum of background photons for z = 0 being used. The photon energy €, is measured in 1 MeV; the photon

number density dn., /de-, is measured in B 1 cm~3MeV™.

The model from Ackermann et al. (2015) is used to
find the CGB spectrum. According to this model,
the spectrum of its sources is assumed to be (Ack-
ermann et al. 2015) dg/dey = No S(2)e™ 7 0(ey —

ex™), where dg/de, is the number of gamma-ray

photons that are produced in 1s in 1 cm? and have
an energy ¢, lying in a unit interval de,, S(z) is the
mean star formation rate in the Universe, and 0(z) is
the Heaviside function (Ackermann et al. 2015). All
quantities are given in the comoving frame. In this
paper we assumed that v = 2.3 and e =3 TeV
(Ackermann et al. 2015). The parameter Ny was
chosen so that the resulting CGB photon flux at
ey = 20 GeV for z = 0 coincided with the observed
value. As the function S(z) we used its approximation
from Behroozi et al. (2013):

C

S(z) == 10A(Z—ZO) + 10B (2—20)7

(2)

where zp =1.243, A= -0.997, B =0.248, and
C =0.180 Mg yr—! Mpc—! (Behroozi et al. 2013).
We considered only z <3 and assumed that the
contribution of CGB photons produced at redshifts
z > 3 was neglected. For simplicity, in this paper
the spectra of CXB, CUB, and EBL photons were
assumed to be independent of z and proportional to
the star formation rate S(z), i.e., the spectrum of soft
background photons was assumed to be dn.,/de, =
dn~/de,|,_, - (S(2)/S(0)). The spectra of EBL and
CXB photons for z = 0 were taken from Franceschini
et al. (2008) and Ajello et al. (2008), respectively;
as the spectrum of CUB photons we used the upper
limits for their spectrum from Hill et al. (2018). The
spectrum of background photons for z =0 being

used, i.e., dny/de,|,_,, is shownin Fig. 1. As shown
in Popov et al. (2023a), the spectrum of produced
positrons does not depend very strongly on what
dependence of the number density of soft background
photons on the redshift z we use in this model.
Therefore, in this paper we restricted ourselves to
the simplest extreme case where the spectrum of soft
background photons is instantaneously adjusted to
the number of their sources, which, for simplicity and
uniformity, we took to be proportional to the star for-
mation rate S(z), no matter what the nature of these
sources is (see, e.g., Hill et al. 2018; Cooray 2016;
Franceschini et al. 2008). The dependence of the
number density of CGB photon sources on the
redshift z exerts a much stronger influence on the
spectrum of produced positrons (Popov et al. 2023a;
see also Ackermann et al. 2015). It also depends
strongly on the choice of the spectrum of produced
CGB photons. In this paper, as in Popov et al. (2023a,
2025), we took the parameter « to be v = 2.3, since
we obtained the spectrum of CGB photons at z =0
that resembles most closely the observed spectrum
of CGB photons precisely for this value. The depen-
dence of the spectrum of CGB photons in the model
under consideration on the behavior of the number
density of sources and their spectrum was studied in
detail by Ackermann et al. (2015). The cross sec-
tion for the interaction of soft background photons
with CGB photons to produce electron—positron
pairs was taken from Gould and Schreder (1967).
The resulting production rate of electron—positron
pairs was studied in detail by Popov et al. (2023a,
2023b). In this paper, as in Popov et al. (2025), we
assumed that the produced positrons subsequently
interact only with CMB photons. Since the produced
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Fig. 2. The spectrum of produced positrons is indicated by the solid line for z = 0 and the dashed line for z = 2. The positron
energy ¢ is measured in 1 MeV; the positron production rate dg/de is measured in 1 cm™2 s™*MeV* in the comoving frame.

positrons have an energy € no more than e'** and

we consider low z < 3, when the CMB temperature
is low, Tcmp < 15 K, in the positron rest frame the
energy on the incoming photons is e, < mc?, where
m is the positron rest mass, and, consequently, the
cross section for the scattering of CMB photons by
positrons may be considered in the Thomson limit.
Accordingly, the energy of the scattered photon &7
is low compared to the positron energy ¢, and this
scattering may be considered as a continuous force of
friction P that leads to the energy losses of positrons,
i.e., slows them down, where

4 € \2
P = 3CUT (mcz) ECMB- (3)
Here, P is the amount of energy being lost by the
positron in 1 s, € is its energy, ecmp is the CMB
energy density, and ot is the Thomson scattering
cross section. All quantities are measured in the
comoving frame. The positron energy (¢) distribution
function can then be found (at & > mc?) from the
equation (Popov et al. 2025)

0 (dn +2H(z)dn_H(z)€8 dn
ot \ de 1+2zde 142z 0e \de

0 dn dq

de <P<d€>>+ds’ (4)
where dn/de is the number density of positrons with
energies ¢ lying in the interval de and ¢ is the time. All
quantities are measured in the comoving frame. The
second and third terms on the left-hand side of the
equation describe the change in the number density of

positrons as the Universe expands and the influence
of the redshift on their spectrum.
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RESULTS

Figure 2 shows dq/de, i.e., the spectrum of
positrons produced when background photons inter-
act, for the redshifts z = 0 and 2. The spectrum of
accumulated positrons that have already lost some of
their energy due to the interaction with the CMB is
shown in Figs. 3—5 for z =0, 1, and 2, respectively.
[t can be seen that although the positrons produced
when hard CGB photons interact with EBL photons
and with the “upper limit” of hypothetical CUB pho-
tons have energies € ~1GeV—1TeV, already at
z = 2 the bulk of the positrons have energies € ~
10—102? MeV and a fairly noticeable slow component
of positrons with energies ¢ < 1 MeV appears by
z = 1, while by the present time z = 0 the bulk of the
positrons still have energies & ~ 10—10% MeV, with
the slow component already beginning to account
for ~107%—1073 of the total number of positrons
produced in the process under consideration. Thus,
it follows from Figs. 3—5 that the positrons lose
their energy very efficiently when interacting with
the CMB up to energies ¢ ~ 10—10%2 MeV, with the
further decrease in their energy being much slower,
which is an elementary consequence of the formula
for the rate of energy loss by the positrons P ~ &2
being used. As regards the positrons produced during
the interaction of CGB and CXB photons, although
their initial energy is noticeably lower, in view of the
latter the energy losses for them due to the interaction
with the CMB are also smaller. Moreover, since the
CXB photons are generally few in number compared
to the EBL photons, their contribution both to the
total number of positrons and to the slow component
is less than 10~2 and, accordingly, they may be
calmly neglected. Formally, the upper limit on the
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Fig. 3. The spectrum of positrons for z = 0 including their energy losses due to the interaction with the CMB. The positron
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number of positrons produced when CGB photons
interact with hypothetical CUB photons may well
be comparable to the contribution of the CGB+EBL
process or even greater by several times. However, of
course, in view of the intense absorption of ultraviolet
photons in the interstellar gas, the real spectrum
of CUB photons is most likely smaller by many
orders of magnitude and their contribution to the
total number of produced background positrons may
be calmly neglected. At the same time, it should
be noted that even with the addition of the upper
limit of such positrons, their total number density is
extremely low and does not exceed 1078 cm™3 by
z = 0. This is much lower than the number density
of positrons that are produced by pulsars (Istomin
et al. 2020). They give ~3 x 1034 s=! per pulsar (Is-
tomin et al. 2020) and, hence, one might expect that
the number density of such positrons averaged over
the volume of the Galaxy can reach <1071% em—3,
although actually it will be noticeably lower due to
the annihilation of positrons in the Galactic disk. The
number of positrons produced in the process under
consideration will also be smaller than the number of
positrons that are ejected by the jets of active galactic
nuclei by many orders of magnitude (Nizamov and
Pshirkov 2023, 2024). This number density can
also be compared with the typical number density
of positrons, ~1071°—10713 cm™3, corresponding
to the positron fluxes from Ma et al. (2023). It is
also worth noting that microquasars and supernovae
are believed to be the main sources of positrons in
galaxies (Siegert et al. 2026). For example, it is
thought that microquasars and supernovae in our
Galaxy give more than 50 and 40% of the positrons,
respectively; less than 10% of the positron production
is left for the remaining sources, including the pulsars
mentioned above (Siegert 2023). However, all these
sources of positrons are localized in the vicinity of
galaxies or in the vicinity of jet remnants, whereas
the process under consideration creates a more or
less homogeneous background of positrons spread
over the entire Universe (see, however, Nizamov and
Pshirkov 2024). The positrons produced when the
hot-gas bremsstrahlung in galaxy clusters interact
with CGB photons are more difficult to distinguish
from the background positrons, since this leads to
sources of positrons spread widely over the sky in view
of the relatively large size of galaxy clusters.
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