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The interaction between cosmic rays and neutrinos in the universe is considered. It is shown
that for cosmic-ray particles with energies larger than 1020 eV per nucleon it is necessary to
take into account nuclear reactions with neutrinos in addition to the interactions with hydrogen

and with thermal photons.

IN the determination of the lifetimes of cosmic
rays it is customary to take into account only the
interactions with the hydrogen and the helium which
are present in galactic and intergalactic space.

It has already been shown earlier(!-3] that for
primary nuclei with energies 10 eV per nucleon
photonuclear reactions with thermal photons
emitted by the sun and the stars can be of im-
portance.

In the present paper we shall deal with the ques-
tion of the interaction between cosmic rays and
neutrinos in the universe. It will be shown that the
small cross section for the interaction may be
compensated by the possibly enormous concentra-
tion of neutrinos in the universe. We shall first
estimate possible values of the neutrino concen-
tration, and then make a comparison of the effect
of the interaction of cosmic rays with the neutri-
nos with that of nuclear reactions with hydrogen
and with thermal photons.

To estimate the maximum energy density of
neutrinos in the universe Zel’dovich and Smoro-
dinskii[*] have considered the gravitational action
of these particles on the expanding universe. They
showed that an upper limit on the energy density
of the neutrinos is p, = 0.12 MeV cm ™3, Using
this value, we can determine the maximum con-
centration of neutrinos from the Pauli principle.

Assuming all the energy levels from 0 to E,
to be filled, we get for the neutrino concentration
the value n, < 10" cm ™. Then the maximum en-
ergy of the neutrinos is Ej~ 1072 eV. We can also
get an estimate of the concentration of neutrinos
by considering the accumulation, during the time
the universe has existed, of neutrinos coming
from various sources as indicated by the different
hypotheses about the composition of the matter in
the initial stages of the evolution of the universe.

The neutrinos can have been produced both owing
to various processes in stars €5 and also in nu-
clear reactions in interstellar gas under the action
of cosmic rays. According to the hypothesis of
Gamow (6] about the composition of the matter in
the initial stage of the development of the universe
the various sources of neutrinos will have pro-
duced a neutrino concentration n, ~ 107 cm 3,

Recently Zel’dovich[?] has put forward a new
theory about the initial stage of the evolution of
the universe. According to this theory the con-
centration of neutrinos in the universe should be
ny = 107% cm 3,

Thus according to existing data the neutrino
concentration is somewhere in the broad range
from 1075 to 10" ecm ™3 We note that the upper
limit on the neutrino concentration agrees well
with the fluctuation hypothesis of Pontecorvo
and Smorodinskii. [8]

Unfortunately the existing experimental data
enable us to estimate only the concentration of
neutrinos with relatively large energies. We are
concerned with the experiments of Reines and
Cowanl®] and of Davis 1] on the detection of the
flux of antineutrinos from a pile. If we assume
that in these experiments the effect that was ob-
served when the reactor was turned off was en-
tirely caused by neutrinos from cosmic space,
then the concentration of neutrinos with energies
~1 MeV in the vicinity of the earth is ~ 102 cm ™3,

As has been shown, the concentration of neu-
trinos can reach the value 107 cm ™ with maximum
energy 1072 eV. The interaction of such neutrinos
with stationary nuclei does not lead to any nuclear
reaction. With high-energy nuclei it is different.

If in a coordinate system connected with the
galaxy the neutrino has the energy €, and the
cosmic-ray nucleus has the energy €g, then in
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the coordinate system in which the nucleus is at
rest the energy of the neutrino is

e =g (Y + V12— 1 cosa) = 2yeq cos? (2/2),

where y = €z /Mc?, M is the rest mass of the nu-
cleus, and « is the angle between the directions
of motion of the nucleus and the neutrino. For vy
> 10% the energy of the neutrino in the coordinate
system connected with the nucleus will be larger
than 1 MeV, and a nuclear reaction is possible.
The value y = 10® corresponds to cosmic ray en-
ergies of 10!7 eV per nucleon.

Various nuclear reactions caused by free neu-
trinos have been considered by Pontecorvo. (113
Besides processes inverse to B decay, reactions
of the types vp, vn, va, and so on are possible.
There are data in the literature only on the cross
sections for the processes inverse to § decay.
The reaction cross section increases quadratic-
ally with the energy and reaches saturation at
~ 10738 ¢cm? at energy 1 BeV[!2J (which corre-
sponds to cosmic-ray energies of 1020 eV per
nucleon).

According to the data of Ginzburg and Syrovat-
skii[13] the largest energies in the cosmic rays
occur for heavy nuclei. For definiteness we shall
take them to be iron nuclei. Then on iron the cross
section will be ~ 10737 cm?. It is obvious that the
total cross section for interaction of neutrinos
with an iron nucleus will be o > 10737 cm?. Then
for the maximum density the lifetime of iron nu-
clei against reactions with neutrinos is Tmm
< 1012 years, and for the minimum concentration
it is Tmax ~ 10% years.

For comparison we estimate the lifetime of
cosmic rays against reactions with hydrogen and
with thermal photons. At present it is believed
that the concentration of hydrogen in the universe
is 1075 proton/cm3, and the cross section for in-
teraction of iron nuclei with protons is 7 x 1072
cm?. Then TN ~ 10! years. Now let us consider
the interaction of iron nuclei with the thermal pho-
tons emitted by the stars. The cross section for
photonuclear reactions has a maximum in the re-
gion of the giant resonance (which corresponds
to an energy of 10% eV per nucleon), and then
falls. According to the estimates of Gerasimova
and Rozental’ (3] the lifetime of nuclei with energy
10 ey per nucleon against photonuclear reactions
in intergalactic space is 10° years. In that paper,[3j
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however, the value used for the intergalactic den-
sity of radiation was 0.1 eV/cm3, and according
to later estimates this is too high. At present it
is supposed[w] that the value is p ph = 10 2_1073
eV/cm3 Then Tpp = 101%—10' years for the en-
ergy 10 ev per nucleon

With increasing energy the cross section for
photonuclear reaction falls, and according to
Levinger’s datal4] at energies of 102 eV per
nucleon we can expect that the cross section is
several orders of magnitude smaller than at the
giant resonance. Then for €¢ > 10%° eV per nu-
cleon we have T ph > 10 years. Thus for cosmic-
ray particles w1th energies larger than 1020 eV
per nucleon nuclear reactions with neutrinos can
be important if the neutrino concentration is close
to the maximum possible value.
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