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INTRODUCTION space. We shall focus our main attention on gamma

G’AMMA astronomy, which is presently in its initial
development stage, will undoubtedly prove to be an im-
portant method of outer-space research. This conclu-
sion can be drawn, first, from general considerations:
any extension of the spectrum of electromagnetic waves
used in astronomy has always led to major results.
Second, there is concrete evidence in favor of the great
value of the information that can be obtained in princi-
ple as a result of reception of cosmic gamma rays.
This pertains also to the field of x-rays (x-ray astron-
omy ). In the latter case, a considerable amount of in-
formation has already been obtained for the sunfh2],

A flare of solar gamma rays was also observed (31, The
experimental material on cosmic gamma and x-rays of
non-solar origin is still very skimpy, for only a few
measurements were made of the x-ray intensity (4,691
and only an upper limit was indicated for the gamma
ray intensity [58J (for more details see Secs. 4.3 and
5.3).

In this article we discuss different mechanisms for
the production of gamma rays and estimate the effi-
ciency of these mechanisms in the galaxy, in individual
galactic and extra-galactic nebulas, and in metagalactic

rays produced by cosmic rays r-11 ], for on the one
hand, it is this gamma radiation which plays the prin-
cipal role and, on the other hand, in many cases we
have definite cosmic-ray information from independent
sources (radioastronomy, investigation of cosmic rays
on earth). If information is available on the particles
generating the gamma rays, an analysis of the gamma-
astronomy data is much simpler. In fact, the gamma-
ray intensity is determined by the product of the cos-
mic-ray intensity and the mass of the material or the
energy of the optical radiation per unit area along the
line of sight. As to the energy spectrum of the gamma
rays, it depends in practice only on the cosmic-ray
spectrum. It is clear therefore that the use of cosmic-
ray data can be of decisive significance for the under-
standing of the origin and characteristics of cosmic
gamma rays.

Another obvious aspect is that measurement of the
intensity and spectrum of the gamma rays can serve as
a source of information on the cosmic rays themselves.
Of particular value is the possibility of studying in this
manner the cosmic rays in metagalactic space. The
magnetic fields are in this case so weak that the rela-
tivistic electrons and positrons, which constitute the
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electronic component of the cosmic rays, do not pro-
duce noticeable cyclotron radio emission. However,
the same relativistic electrons should produce gamma
rays when they are scattered by the optical photons
present in the galaxy (we are speaking primarily of
radiation from the stars). This uncovers an inesti-
mable possibility of obtaining information on cosmic
rays in the galaxy with the aid of gamma astronomy.

The situation becomes to a certain degree more
complicated in the x-ray band, since the particles that
generate the x-rays can essentially possess a low en-
ergy, say smaller than 10% eV (we shall call these
subcosmic particles).* We have practically no infor-
mation whatever on subcosmic particles far away
from the earth, apart, say, from the subcosmic-energy
positrons induced by cosmic rays. Of course, this
does not make galactic x-ray astronomy less interest-
ing in this connection. Nevertheless, the approach to
the problem as a whole must be somewhat different
than in the case of gamma astronomy. An exception
is the cyclotron-radiation component of the cosmic
x-radiation, for which the cosmic rays are wholly
responsible.

In this article we shall discuss x-ray astronomy
essentially only in connection with cosmic rays, that
is, we shall consider the contribution made by these
rays to the intensity of the x-radiation coming from
outer space. The article is thus devoted only to
gamma and x-radiation generated by cosmic rays.

1. RADIATION MECHANISMS

1.1. Processes Leading to the Production of Gamma
and X Rays

Cosmic rays generate high-energy electromagnetic
radiation as a result of the following processes.

1. Decay of the neutral pions produced by cosmic
rays in the interstellar medium (7° —y + y). Inasmuch
as both the cosmic rays and the interstellar gas are
made up essentially of hydrogen (approximately 90% of
the number of nuclei), it is sufficient in the first ap-
proximation to consider the generation of neutral pions
in p-p interactions. For cosmic rays of very high en-
ergy, such production of 7% mesons becomes possible
through collision with photons of visible light (pion
photoproduction). The energy threshold of pion photo-
production from nucleons at rest is approximately 150
MeV; therefore (see below) in the case of photoproduc-
tion of pions from thermal photons with average energy
~1 eV the cosmic-ray energy should exceed 1017 ev/
nucleon.

2. Bremsstrahlung of relativistic electrons (and
positrons ) making up the electronic component of the
cosmic rays. This effect is (M/m)? times smaller for
relativistic protons than for electrons having the same

*Subcosmic particles also produce soft gamma rays. This
gamma-radiation component, however, will be disregarded
here unless specially stipulated.
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energy. Therefore, although there are approximately
10% times as many protons in cosmic rays than elec-
trons, the bremsstrahlung of the protons can be neg-
lected. The radiation accompanying the production of
electrons and positrons as a result of the 7 — ¥ —e
decay can also be regarded as bremsstrahlung, as well
as the radiation produced when d-electrons are pro-
duced by cosmic rays in the interstellar gas.

3. Compton scattering of relativistic electrons by
thermal photons radiated from the stars (this is some-
times called the inverse Compton effect). As in the
case of bremsstrahlung, the contribution of relativistic
protons is negligibly small in this case.

4, Annihilation of positrons {e” + e  — 2y) in inter-
stellar gas. A distinction must be made here between
the annihilation of relativistic positrons in flight, which
leads to gamma radiation with a continuous spectrum,
and to the annihilation of stopped positrons. In the lat-
ter case the radiation is monochromatic (Ey = mc?
=~ 0.51 MeV) and can be distinguished by means of this
attribute against the background of the continuous spec-
trum.*

5. Nuclear gamma rays produced in interactions be-
tween cosmic rays in interstellar gas as a result of ex-
citation of nuclei and of their fragments.

The foregoing processes, caused by cosmic rays,
lead to the formation of gamma radiation in the inter-
stellar medium. In addition, gamma rays can be gen-
erated in the stellar atmospheres both as a result of
nuclear reactions and under the influence of the fast
particles produced in the same atmospheres. In the
former case (nuclear reactions in which relatively
slow particles participate) the gamma-ray spectrum
will be essentially discrete, and in the latter case con-
tinuous. Of course, gamma radiation of stellar atmos-
pheres must be investigated first with the sun as an
example, predominantly during the time of solar flares
(see [%:3:15,1927 in this connection).

A special place is occupied by neutron stars and
quasars. Hot neutron stars can be powerful sources
of thermal x-radiationt2~22]  Quasars should produce
powerful gamma radiation [23], provided that their op-
tical radiation has a cyclotron-resonance nature. In
addition, noticeable cyclotron x-radiation can be pro-
duced near collapsed magnetic stars (24] (such radia-
tion can, of course, arise also in the main part of
supernova envelopes, provided that they contain elec-
trons of sufficiently high energy ).

Some of the processes mentioned above (processes
2 and 3) are important also in the x-ray region of the

+

*We note that the presence of a considerable amount of anti-

matter especially positrons, in interstellar space could be de-
tected in principle by means of the optical lines of positronium in
the visible part of the spectrum [**]. It is evident, however, that
the corresponding energy flux in the optical range will be incom-
parably smaller than the energy flux of the annihilation gamma
quanta. When it comes to the number of photons, its order of
magnitude is the same in both cases.
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spectrum. However, the greatest contribution to this
region can be made not by cosmic but by subcosmic
rays (kinetic energy Ec < 108 eV). Of course, this
will occur only if the intensity of the subcosmic rays
is sufficiently large[25:2], masmuch, as already men-
tioned in the introduction, there are still practically no
data on subcosmic rays, we shall only indicate the
lower limit of x-ray intensity, taking into account
processes 1, 2, and 3 which are due to cosmic rays.

At the same time, we must keep in mind still another
mechanism of x-ray emission. We refer here to cy-
clotron x-radiation from high energy electrons in in-
terstellar magnetic fields.

1.2. General Expressions for the Radiation Intensity

We shall be interested in the gamma-ray intensity
Iy(E,), defined as the number of gamma quanta nor-
mally incident on a unit area per unit time in a unit
solid angle and unit energy interval. For the gamma
rays induced by cosmic rays of isotropic intensity
I(E), the intensity IV(EY) is determined in the follow-
ing fashion. The total number of gamma rays with en-
ergies in the interval Ey, Ey+dEy, produced per unit
volume and per unit time, is

q(Ey) dEy = 4ng (E,) dE, = 4nn (r) dE, g o(Ey, E)I(E)dE,

Ey (1.1)

where q(Ey) = (Ey)/47 —number of gamma quanta
produced per unit solid angle, n(r) —concentration of
the atoms at the point r, and

0 (Ey, E) dE, = dE, S“ (Ey, E, Q) dQ

—-cross section, integrated over the emission angles,
for the production of a gamma quantum with energy in
the interval E., Ey+dEy by a particle of energy E.

The radiation flux within a solid angle dQ is there-
fore

L

L ~
E
dF,(Ey) =T, (E,) dQ = dQ S q;m;) rtdr = dQ S g (E,)dr
0 0
or
[: o
L=\ ¢E)dr=N (L) § o &y BI(E)E,  (1.2)
0 E
A
where

N(Ly=\n(r)dr

Sl

is the number of gas atoms along the line of sight [in
the case of the Compton effect it is necessary to use in
lieu of N(L) the number of photons Nph(L)]. In (1.2)
the cosmic-ray intensity is assumed to be the same
over the entire path L.

The intensity (1.2) is usually called the differential
gamma -ray spectrum. The integral spectrum is then
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given by

I, (> By = | Iy(E,) dE,.

£y

(1.3)

In the case of discrete sources whose dimensions are
small compared with the distance from the point of ob-
servation to the source R, it is more convenient to use
not the intensity but the flux

N <o
Fy(Ey)= S (B d@ e~ Y § o (B, B)I(B)AE, (1.4)
Q E,y
where the first integral is taken over the solid angle
occupied by the source, and

Ny=pr{ N (L)~ S n(r)dV
Q
is the total number of gas atoms in the source.
Sometimes one uses not the gamma-quantum inten-
sity but the energy flux d®y = Jy(E)dQ. The cor-
responding differential and integral ‘‘energy’’ intensi-
ties are defined by

Iy (Ey) = Exl4 (Ey) 1.5)

and
Jy (> Ey) = S E,I, (Ey) dE,.
E
v
Before we proceed to an estimate of the effective-
ness of each of the foregoing mechanisms for the inter-
stellar and intergalactic space, we present data on the
cosmic rays, amount of matter, and energy density of

thermal radiation in the galaxy and metagalaxy.

(1.6)

2. COSMIC RAYS, MATTER, AND THERMAL RADIA-
TION IN THE UNIVERSE

2.1. Intensity of Cosmic Rays

In the energy interval 10 BeV < E < 10% BeV, the
cosmic ray intensity is characterized by a power-law
dependence on the energy, the exponent of the differen-
tial energy spectrum being[27-301 y = 2.6—-2.7. We
shall assume that y = 2.6; this, together with the re-
cently measured [31] absolute value of the intensity of
the protons near the geomagnetic equator I (E >16.8
BeV) = 88 + 12 m % sec-sr !, corresponds to a pro-
ton-energy spectrum

protons

— -2.6
I, (By=1.3E s,

2.1)

2
cm sec *

where E = (M2%* + c%p? 12 is the total energy.
According to the available data, the nuclear compo-
sition of the cosmic rays is constant in the indicated
energy interval, and is the same as at an energy E
= 2—3 BeV/nucleon (see, for example, [(32]). The num-
ber of nucleons with specified energy, contained among
the alpha particles and heavier nuclei, is about 40% of
the number of protons having the same energy. Thus,
the total intensity of nucleons having energies in the
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interval E, E+dE is equal to

In(E) dE=1.8E26dF — tucleons

cm” sec * sr* Bev

(2.2)

With decreasing energy, at E < 10 BeV/nucleon, the
intensity increases more slowly than E~2%, and passes
through a maximum at a rigidity () R = cp/eZ ~ 1.6
BeV, that is, at an energy E ~ 2 BeV for protons and
E ~ 1.3 BeV/nucleon for nuclei with A = 2Z. The total
intensity of the protons on earth during the period of
the minimum solar activity is

nucleons

1,~0.20 ; (2.3)

sz sec * sr
and the fraction of the nucleons relative to all the re-
maining nuclei is approximately the same.

In the region of superhigh energies E > 10% BeV
= 101% eV, the character of the spectrum changes and,
at least up to an energy E ~ 108 the intensity de-
creases more rapidly 0343 with an exponent y =~ 2.1
+ 0.1. The chemical composition of the cosmic rays at
these energies has been hardly studied so far.

The foregoing values pertain to the intensity meas-
ured on earth. In accordance with present-day no-
tions %21, we assume that the cosmic rays fill suffi-
ciently uniformly the entire galaxy, including the halo,
that is, a quasispherical volume with radius R =~ 5
% 10%2 cm (volume V ~ 5 x 10%8 cm?),

There is presently no direct information whatever
on the intensity of the cosmic rays in metagalactic
space. We shall therefore assume that the intensity
of the cosmic rays in the metagalaxy differs only by
a factor £ r, from the galactic intensity, that is,

Tyg(E) = Ec.rdg (E),

where Iy(E) is taken to be the nucleon intensity (2.2)
in the galaxy. As to the factor éc_p. itself, its most
convincing estimate is based in fact on gamma-astron-
omy data (see Sec. 4).

(2.4)

2.2. Electronic Component of Cosmic Rays

The available data on the electronic component of
cosmic rays in the galaxy are based on radioastro-
nomic findings and on the results of measurements of
the intensity of the electrons on earth. According to
the cyclotron-radiation theory of galactic radio emis-
sion[%2] the spectral index of radio emission o is
comnnected with the exponent ye of the energy spec-
trum of the electrons by the relation

Yo =2a -1, (2.5)
and it can be assumed in first approximation that the
main contribution to the radiation at a frequency v is
made by electrons with energies*

*Formula (2.6) relates the frequency v, corresponding to the
maximum in the radiation spectrum of an individual electron, with
its energy E. For a power-law electron energy spectrum, formula

(2.6) slightly exaggerates the value of E (for more details see
[32]).
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E—47100 ) = ev,
1

(2.6)
where the frequency v is in cps, and the magnetic field
component H] perpendicular to the line of sight is in
oersted.

In the interval 107—3 x 108 cps, the spectral index
of the over-all radio emission of the galaxy is (35,361
o ~ 0.5. Consequently, the exponent of the electron
spectrum is ye =~ 2 in the interval 0.8—5 BeV if, as is
most probable, the average for the interstellar space
is H| ~3x107% Oe.

According to [37], the experimental value of the
electron intensity on the top of the earth’s atmosphere
is

I,(E>1BeV)~ 1,5-103cm™sec'srL,
The measurements of (31 were made during the pe-
riod of high solar activity, when the intensity of pro-
tons having the same magnetic rigidity was 2—3 times
higher than its value during the period of the solar
minimum. An analogous decrease apparently took
place also for the electrons. We can therefore assume
tentatively for the intensity of the electrons, beyond the
limits of the solar system but in the adjacent region of
the galaxy, a value

Ie (E) —5.10"3F2 __. electrons

cm” sec * sr* BeV

2.7

The intensity (2.7) agrees also with the observed in-
tensity of the over-all galactic radio emission383 if
the electrons more or less evenly fill the entire vol-
ume of the galaxy (the value of Ig(E) used in [38] was
in the main four times larger than the intensity (2.7),
but an acceptable change in the parameters can also
yield the spectrum (2.7), as was indeed emphasized in
[38,16))  The spectrum (2.7) pertains to the energy in-
terval 0.5 < E < 10 BeV. At higher energies the elec-
tron spectrum (as well as the radio emission spec-
trum ) becomes apparently steeper, but the data for
this case are utterly insufficient. It can only be stated
that at energies 1012—10% eV the electron intensity ap-
parently does not exceed several hundredths of one per
cent of the intensity of the primary nucleons having the
same energy. Such high-energy electrons would be
registered alongside the primary gamma rays and, in
particular, they would yield in the energy region E
2 10'% eV extensive air showers that are anomalously

Poor in muons (167,
It has been established experimentally 3-411 that

the number of such showers amounts to not more than
107%—107* of the number of all showers having the
same primary-particle energy.

We note that much light has been cast recently on
the question of the origin of the radio-emitting relativ-
istic electrons in the galaxy. The greater part of these
electrons is of primary origin, that is, arrives to-
gether with the cosmic rays from the sources (most
probably from supernova envelopes). As regards the
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secondary electrons produced in nuclear interactions
of cosmic rays in the interstellar medium and subse-
quent decay of the charged mesons, their contribution
is insignificant and decreases with increasing energy.
This deduction follows from calculations based on the
data on the galactic radio-emission spectrum [38:421 a5
well as from a direct measurement of the fraction of
the positrons in the electronic component of the cosmic
rays [43] (in the case of secondary origin, the positrons
would make up more than half of the total electronic
component, whereas according to [43] their number is
less than 20% in the 0.3—1 BeV interval).

2.3. Matter and Thermal Radiation in the Galaxy and
Metagalaxy

The bulk of the matter in the galaxy (~ 98%) is con-
centrated in stars, but this matter is screened by the
thin cosmic-ray absorbing surface layer of the star.
Therefore, from the point of view of the interactions
between cosmic rays and matter of interest to us here,
a decisive role is played by the rarefied interstellar
gas, the total mass of which in the galactic disc is es-~
timated at Mg ~ 3 x 10*2g. The interstellar gas con-
sists essentially of hydrogen (~ 90% of the number of
atoms) and helium (~ 10%), and is very unevenly dis-
tributed in the galaxy—in the form of clouds of neutral
and ionized hydrogen, located in a galactic disc of ra~
dius ~ 15 kpsec ~ 5 x 10?2 ¢m and with thickness ~ 300
psec ~ 10*! cm. The mass of the ionized gas in the
disc is approximately 5% of the total mass of the gas
in this region. The mass of the gas in the galactic-halo
—a quasispherical region with radius 15 kpsec, sur-
rounding the stellar galaxy and filled with cosmic rays
—is actually unknown; we can only state that the mass
of the halo does not exceed the mass of the gas in the
disc, and the concentration of the gas in the halo is
n < 1072 em ™3, Therefore we estimate the upper limit
of the halo mass to be equal to the mass of the gas in
the disc: Mg = 3 x 10**g, and that the gas in the disc
and in the halo has a normal (Gaussian) distribution
with corresponding spatial dimensions. It is then easy
to calculate[19] the number of gas atoms

L
NZy=\n@madr
0
and the gas mass
L
M (L) = g o (1) dr v 2.10°24N (L)
0
on the line of sight from an observer situated on earth
to the boundary of the galaxy (L —distance to the
boundary of the galaxy in the given direction, n(r) and
p(r) —concentration and density of the gas as functions
of the coordinates). The values of N(L) and M(L)
for three characteristic galactic directions (the center,
anticenter, and galactic pole), and the values of N{L)
and M(L) averaged over all directions, are listed in
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Table 1. Values of L, N(L), M(L), and wpp, in the galaxy
and in the metagalaxy; L—effective path length, N(L)
and M(L)—number of atoms and mass of the gas on the
path L in a column 1 cm? in cross section, Wph —€nergy
density of thermal radiation

- M(L). 3
L, cm N(L), cm 2 g/(an:z w’ph,eV/cm

Galaxy:

in the direction of

the center 7-1022 3.1022 6.10—2 0,2
in the direction of

the anticenter 1,5.1022 6.1021 1,2-10—2

in the direction of

the pole (including

the contribution

from the halo) — 3.1020 6-10—4¢

averaged over all

directions (includ-

ing the contribution

of the halo) — 8-1020 1.6.10—3 0.4
Halo (in the direction

of the pole) 3.5-1022 1,5.1020 3.10—4

Metagalaxy Rph=5-10% 5.1022 0,1 2-10—3

Table I. For apparatus with finite angular resolution,
the essential quantities are the values N(L) and M(L)
averaged over the solid angle of a receiver oriented in
a given direction. For the aforementioned directions
and for different solid angles of reception, these aver-
ages (more accuratel;;, the integrals over the solid

angle N (L)AQ = S aQ S n(r, Q) dr ) have been calculated
in [44]. AQ 0

The most probable values for the metagalactic space
(for more detail see [32]) are

g
3
cm

n=10"%¢cm™3, ¢=2.10"%

(2.8)

N(L)=5-10%cm™, M(L)=0.1-%,,
cm

where the distance L is chosen equal to the photomet-
ric radius of the metagalaxy Rph = 5 10%" cm (Rph is
the distance over which the frequency is reduced one-
half by the red shift).

One cannot exclude the possibility that n <« 107°
cm 3 for the metagalaxy; the opposite inequality is
much less probable, from considerations based on rel-
ativistic cosmology. The values of (2.8) are therefore
more likely to be the upper limits of the concentration
and gas density in the intergalactic space.

If some additional estimates are made (allowance
for the Compton effect and meson photoproduction), an
important role is assumed by the radiation energy den-
sity wph in the galaxy and metagalaxy. For the galaxy,
calculations of stellar thermal-radiation energy den-
sity (451 yield

eV

eV
Wph, disc =0.2- — + Wpoh, halo = 04— .
cm cm

(2.9)

The radiation density in the galactic disc is somewhat
smaller than in the halo over the disc, owing to the in-
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terstellar absorption of light.

The value of wph for the intergalactic space is
much less reliable. Estimates based on the average
brightness of the galaxies lead to a value [32]

Wen, Mg 2-107 8V (2.10)

The density (2.10) is a lower limit, since no account is
taken of the possible radiation in the invisible region
of the spectrum. Yet there are still no real grounds
for assuming the existence of such a radiation with a
density greatly exceeding the value given by (2.10).

3. COSMIC GAMMA EMISSION (CALCULATION OF
INTENSITY)

3.1. Production of 7 Mesons and ‘‘Pionic’’ Gamma
rays

The intensity of pions of all signs, produced on a
unit path by cosmic rays with intensity I(E), is
g (Ex) dEn = dEqno \ v (E, Ex) 1 (E)dE.

Eq

3.1)

Here n —concentration of the atoms in the medium,
o~ 3 x 107% cm? —cross section for the interaction
of the cosmic rays (in practice, protons; see Sec.1.1)
with the nuclei (protons) of the interstellar medium,
v(E, E;)dE; —average number of pions produced in
the energy interval dEg by each collision with initial
energy E. In view of the isotropic nature of the cos-
mic rays, the total number of pions with energy in the
interval dE;, produced per unit volume and per unit
time, is 47qy{(Eg)dE .

The theoretical form of the function v(E, E;) is
presently unknown. However, we can confine ourselves
in what follows to an approximate expression that
agrees with the assumption that the average fraction
k of the energy of the primary nucleon transferred to
all the pions is k = 1/3, and the average multiplicity of
generation of pions as a function of the energy takes
the form [46]

v (E) = g v(E, E;) dEx ~ 3E™,

where E is in BeV. Namely, we use the expression

V(E, Ex) =v (E) 6 (Eﬂ —v"(—i) ~3E"3 (B, —0.1E".(3.2)
With the aid of (3.1) and (3.2) we obtain for the spec-

trum (2.2)

pions

gn (Ex) = 0,120nE;2* (3.3)

_—
cm” sec ¢ sr* BeV

where the energy E; is in BeV. Inasmuch as the 7°
mesons constitute one-third of the total number of
mesons, we have
Gro (Ex) =0.04onEzrs — Tomesons
cm” sec * sr* BeV
Expressions (3.3) and (3.4) are subject to a certain
error due to the assumptions made concerning the

(3.4)
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character of pion generation. To estimate the value of
this error, let us consider the opposite limiting case,
when the main role in the generation process is played
by a high-energy pion that carries away a fraction «
~ 20% of the nucleon energy 47481 Putting in (3.1)

v(E,E)=0(E,—aE), a=02, (3.5)
we obtain
9z (Ex) =0A40nEz"" cm’r:ex:?s::? Bev ’ 3.6)
_ 2.8 -mesons
gno (Ex)=0.050nk7% o o BV " (3.7)

The main difference between (3.7) and (3.4) is in the
exponents, and can lead to a discrepancy of one order
of magnitude at E ~ 10° Bev = 10 eV. This circum-
stance must be kept in mind; we shall use henceforth
expression (3.4) in the estimates.

Inasmuch as the cosmic ray spectrum (2.2) pertains
to energies E 2 10 BeV, the expressions (3.3) and
(3.4) hold for energies Eg 2 1—3 BeV.

For the total number of 7% mesons generated on a
unit path, numerical calculations yield (see [32], p. 37,
and also [41)
gﬂ ﬂo-mesons

—_

o (Ex) AEz = 4.8-107%"n

cm  sec * Sr

gro (Eq > mac?) =

3.8)
The intensity of the gamma rays produced in the 7°
— 2y decay can now be readily determined, bearing
in mind that in accordance with the kinematics of this
decay (see, for example, [10J)

2

9y (By) dEy = T o (By) dE,, 3.9)

where y,; —exponent of the pion energy spectrum.

Then, by virtue of (3.4),
. -2.8 quanta
gy (Ey) =0.030nE; e o BV (3.10)
9y (> Ey) = g gy (Ey) dEy 22 0.020nE3"* ?uama 8.11)
ke cm sec * Sr

By

The intensity of the gamma rays produced along a path
L in a certain direction is equal to [ see (1.2)]

L
Iyno(>Ey) = | gy (> B,) dL=6-10"N (L) B
;

=3.10M (L) E**, (3.12)

where
L

N (L) = S ndr
0

—number of atoms and M(L) = 2 x 1072 N(L) —mass
of the gas along the line of sight (see Table 1), where
we use for o the cross section given above for the in-
elastic interaction, o =~ 2 x 107% cm?,

According to (2.2) and (3.12), the ratio of the inten-
sities of the gamma rays and of all the cosmic rays
with energy larger than E is
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I, 0o (>E - -

p=um 8 500708 (L) B0,
As already indicated, the energy dependence E02 in
this formula has not been reliably established, and we
cannot exclude the possibility that the ratio ¢ is prac-
tically independent of the energy. It is important, how-
ever, that in any case the energy dependence is weak,
and to change ¢ by one order of magnitude it is neces-
sary to change the energy by at least four or five
orders.

In addition to the already considered generation of
mesons in nuclear collisions between cosmic rays and
the interstellar gas, interest is also attached to photo-
production of m° mesons in collisions between ultra-
high energy particles and thermal photons. This mech-
anism, which leads as a result of the n’-meson decay
to the production of gamma quanta of very high energy,
was considered in [12] with an aim at interpreting the
data on extensive air showers with anomalously low
muon content 29,40,

In the nucleon rest frame, the energy threshold of
photoproduction corresponds to a photon energy ¢’
~ 150 MeV. Therefore in the laboratory system (tied
to the metagalaxy ), in which the average photon energy
is € ~ 1 eV, the protons should have an energy E
> ¢’Mc?/2¢, that is, a total energy E > 7 x 10¥ ev (we
take account here of the Lorentz transformation

ﬁfcz (1—%0059) ,

where 6 —angle between the directions of the photon
and of the proton with velocity vp). In this energy re-
gion, the cosmic-ray spectrum exponent is y ~ 3.

To estimate the intensity of the gamma rays pro-
duced by decay of neutral photomesons, we can use
formulas (3.1), (3.5), and (3.9), substituting for n the
photon concentration npy and assuming that the photo-
production cross section ] is ¢ ~ 2 x 10-2% cm? and
that the fraction of energy carried away by the photon
is @ ~ 0.1 (the produced meson and the photon have
approximately equal velocities). We then get from
(3.1) and (3.5), for a power law cosmic-ray spectrum,

(3.13)

’
£ =8

g0 (> Ex) = npnoat=11 (> Ex). .14)
Furthermore, according to (3.9)
2 2 L
Iv(>E):71m)(>E):7 S g (> EYdL
0
= Non(L) 5, 0a¥11 (> B). (3.15)
Hence
1y (>E) 2 )
T g = NenlL) 5 oav! 2 1070N(L),  (3.16)
where

L
Non(L) = npndl
[

—number of photons along the line of sight, and where
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we put in the numerical estimate o = 0.1, ¥ =3, and
o=2x 10728,

3.2. Bremsstrahlung

To estimate the intensity of the bremsstrahlung of
the relativistic electrons (and positrons) contained in
the cosmic rays we can use the approximate expression
for the differential effective cross section 501

- M
o, (E, E,)dE, :—tTEy‘ dE,, (3.17)
where t, —radiation length unit in a gas of atoms with
mass M. For the interstellar medium we assume M
=2x107%g and t¢ ~ 66 g/em? (see [51J). The inten-
sity of the bremsstrahlung gamma quanta is then

L ©
Iy b (Ey)= § drg n(r) 6, (E, Ey) I (E, v)dE  (3.18)
voE,
or, assuming that the electron intensity along the ray
L is constant,

I.(>E I,(>E
Iy, o () = 2D LCR) g 5000 22 3.19)
r ¥ v
For the spectrum (2.3) we obtain therefore
Iy, br (Ey)=8-105M (L) E3?,
I, b (> Ey)=8-10"5M (L) E;*. (3.20)

Here Ey is in BeV. Comparing this intensity with the

intensity (3.12) of the gamma rays from 7'-meson de-
cay we get
I (>Ey) _
y, br v 0.6-0.8 1
I, e B ~0,3E, ) (3.21)

From (3.21) we see that in the gamma-quantum energy
region not exceeding several BeV the bremsstrahlung
is weaker than the radiation produced by 7%-meson
decay. At the same time, at higher energies the
bremsstrahlung could predominate if the electron
spectrum (2.3) were to be valid also in the energy re-
gion E > 10 BeV. Actually, however, at high energies
the electron spectrum apparently becomes steeper
(otherwise at E ~ 10! eV the electrons would already
amount to approximately 10% of the number of protons
in the composition of the cosmic rays), and we can
therefore assume that the bremsstrahlung in the en-
tire energy region E 2 10® does not exceed the gamma
radiation due to 7%-meson decay.

Let us now stop to discuss the radiation produced
when electrons and positrons are generated in 7
— e* decay. Estimates show (see [16]) that this ra-
diation is approximately two orders of magnitude lower
in intensity than the radiation from the 7% — 2y decay.
Without repeating the calculations, we merely point out
that this result becomes clear if we recognize that the
number of gamma quanta produced in nuclear colli-
sions followed by direct decay of the produced mesons
(7" — 2y decay) is approximately the same as that of
electrons of both signs (from the 7% — p* —e* de-
cays). Inasmuch as the probability of emission of a

—»Ni
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quantum upon production of an electron contains the
additional factor a = e?*/fic = Y3, the intensity of such
quanta will be accordingly lower than the intensity of
the quanta from 7 — 2y decay, and can be disregarded
in the subsequent estimates.

Fast electrons are produced also in the form of 6-
electrons. By estimating the number of higher-energy
6-electrons produced by cosmic rays, we can readily
verify that the contribution of the 6-electrons in suffi-
ciently hard gamma radiation is even lower than the
contribution of the n* — ;¥ — e* decay products. It is
sufficient to state that the total number of secondary
electrons with energy E exceeding 5 X 107 eV and pr@)—
duced along the line of sight is Q(E > 5x 107 eV) |
~3x1072M(L) (see [16’383), while the number of 6+
electrons is Q (E > 5% 107 eV) ~ 105 M(L). ‘

|

3.3. Compton Gamma Rays

In collisions between relativistic electrons and liight
quanta in interstellar and intergalactic space, the pro-
duced gamma rays have an intensity ‘

t
L ] =] :
I,(E) = S dr S I.(E, r)dE Sds non(e. 10 (Ey, &, E), (3.22)
0 E'V 0 ;
|
where npp (e, r)de —density of thermal photons with,
energies in the interval de at a point r in space, and
o(Ey, €, E)dE, —effective cross section for the pI‘O-f
duction of a gamma quantum with an energy in the in-
terval dE, when a photon of energy ¢ is scattered by
an electron with a total energy E. The distributions,
over the directions of the thermal photons and elec- ‘
trons are assumed to be isotropic, and therefore ;
cr(Ey, €, E) in (3.22) is an average over the angle be-
tween the directions of motion of the electron and thé
photon. .
This cross section was calculated in [16], Inasmqoh
as the calculation of the intensity (3.22), based on the
exact value of the cross section U(Ey, €, E) leads }
only to the appearance of a factor that is close to unity
compared with the approximate derivation, we con- !
fine ourselves here to the latter (see also (521 ,in |
which attention was paid to the importance of allowmlg
for the Compton gamma rays). i
For the electron energy of interest to us, the con-
dition E < {(mc?)%/4e ~ 5 x 10! eV is satisfied
(average thermal-proton energy € ~ 1 eV), so that
the total cross section of the Compton effect is equal
to the Thomson cross section o = 87rj /3 = 6.65
x 107% em?2, In the isotropic case there is produced
in the mean, during each scattering, a gamma quan-
tum of energy (see %] and also [16])

YU AN
_38<mn2> ’

(3.23)
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where € —average energy of thermal photons. *

We can therefore use for the cross section
o(Ey, €, E) averaged over the thermal-photon spec-
trum the approximate expression

o

o (Ey, & E):nihgnph(a)(r(E\,, e, E)de (3.24)
p [}
0
4-r FE
:chG (EV——gﬁ et

where

Nph= S npn(€) de
0
is the photon concentration. Substituting this expres-
sion in (3.22) and assuming that the photon concentra-
tion npp and the electron intensity Is(E) do not de-
pend on the distance along the line of sight, we obtain

V'3 Nph(L) apme? .. (mc2 l/@)
4e

IV (E'V) = 4 ﬁ
£
Y1

= Ph(L) GT 2)1 Y( > K E_T,

where the electron spectrum is assumed in the last
expression to obey a power-law form Ie(E) = KeE™7.
An exact calculation for a power-law spectrum of this
type, produces in (3.25) an additional factor [16]
05)Y Y24y 41 ¥+S5 v+5
4140 e s T O e (5.
(3.26)

where T'(x) is the Euler gamma function and {(x) is

(3.25)

fly=

the Riemann function (¢(x) = E n~X). The coefficient
n=1

f(y) is equal to 0.84, 0.86, 0.99, and 1.4 for y=1, 2, 3,
and 4 respectively.

Taking for the average radiation temperature of the
stars T = 5000°K and consequently € = 2.7kT ~ 1.2 eV,
and measuring E, in BeV, Wph = nphe in ev/cm3, and
Ke in (BeV)Y™!/cm?-sec-sr [see (2.7)], we obtain
from (3.25)

*The correctness of (3.23) can also be easily verified by using
the expression for the Compton energy loss of the electron,
namely—<(dE/dt). = cngy 01(4/3) € (E/mc?)? = (321/9) (e*/mc?)* x
cwpp (E/mc?)?, and allowing for the fact that cnppoT is the aver-
age frequency of electron-photon collisions. We note also the fol-
lowing. The condition E << (mc?)?/ ¢ signifies that in the electron
rest frame the photon has an energy €' ~ € E/mc? << mc’. This is
precisely why we can regard the scattering of light classically
and use the Thomson cross section employed. In this approximation
the effects exerted on the electron by the field of the electromagnetic
wave and by the static magnetic field are very much the same. In par-
ticular, the Compton loss — (dE/dt). indicated above differs from the
cyclotron-radiation loss — (dE/dt)cy . = (2/3) (e*/mc’)*cH} (E/mc?)?
in that the energy density wpy, of the isotropic radiation is re-

placed by the average energy density of the isotropic magnetic
field H*/87 = (3/2) (Hj_/8n).
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_¥Ht
I,(Ey)=2.8-10"2(7.9-10%)""' f (y) Lwyy, K [,

photons

(3.27)

cm® sec - sr - BeV'
The photon concentration is assumed here constant
over the entire path L, and therefore Nph(L)e = Lnphe
= Lwph.
For the spectrum (2.7) we obtain from (3.27)
photons

2 ]
cm” sec * sr

I, (> E)=2-10"8Lu,pnE7 2 (3.28)

where the energy Ey is in BeV.

The spectrum (2.7) pertains only to the energy in-
terval 0.5 < E <10 BeV. Inasmuch as by virtue of
(3.23) the average energy of the gamma quanta pro-
duced by electrons with energy E is equal to Ey
= 1.6 (E/mc?)? eV for € = 1.2 eV, the spectrum (3.28)
holds, strictly speaking, for the region

10° < E, < 6-108 eV (3.29)

However, up to E, ~ 2-—-3 BeV, the inaccuracy in Iy
(> Ey), due to the inaccuracy of the spectrum (2.7)
at high energies, is still low.

At even higher energies (Ey > 3 BeV), the spectrum
(3.28) becomes unsuitable not so much because of the
change in the electron spectrum, but principally as a
result of the arising energy dependence of the Compton
cross section, which leads (if E > (me?)?/4¢e ~ 5 x 1010
eV) to a rapid decrease in the total cross section. An
approximate expression for I( Ey) at energies Ey
~ E » 5x 101 eV is given in [16J,

3.4. Positron Annihilation

The annihilation of fast positrons (E > mc?) has a
Cross section*

Gan(Ey, E) ~ i3 22 (m%q) 5(E,—E), (3.30)

where account is taken of the fact that one of the anni-

hilation photons acquires an energy E., ~ E. There-
fore, according to (1.2) and (3.30)
1y, an(Ey) = N (L) 0an e+ (Ey)
2 2E
~ 0.4M (L) % {1nﬁ}-—1}13+(ﬁ3v). (3.31)

By N(L) we must mean here the number of elec-
trons in interstellar space, which, for an interstellar
medium consisting mostly of hydrogen, is approxi-
mately equal to the number of atoms; therefore N(L)
= M(L)/2 x 10™%. A maximum estimate for the inten-
sity L, 5, can be obtained by assuming that the
entire electronic component is secondary, that is,
[see (2.7)]

*We consider here only two-photon annihilation, since its prob-
ability is much larger than that of one-photon and three-photon an-
nihilation.[**]
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LBy L[, (BE)~3.10E2.

In this case the intensity of the high-energy annihila-
tion gamma quanta is equal to

2E
Iy, an(E) ~1.5-10"M (L) (m - 1) E7#, (3.32)

where Ey is measured in BeV. The intensity (3.32) is
lower than the bremsstrahlung intensity (3.20) by a fac-
tor

5.102E,,
(3.33)

2K, 4

In
mc2

that is, it does not exceed the bremsstrahlung by 20%
even when Ey =5 x 1072 BeV.

Of great interest is the annihilation gamma radiation
of stopping positrons, an experimental observation of
which would yield an estimate of the intensity of the
cosmic rays and concentration of interstellar gas in
the far past[4#], and of the rate of escape of cosmic
rays from the galaxy.

The number of slow positrons annihilating per unit
time and per unit volume is[54]

VRgr = N (OV)pos0ller == NITACR,+, 3.34)

where n —electron concentration, which for the inter-
stellar medium is practically equal to the concentra-
tion of the gas atoms, 7r3 = 307 /8 = 2.5 x 1072 cm?,
and ne, —concentration of slow positrons, which we
assume to be the same at all points in the volume V
of the galaxy.

For the galactic volume as a whole we have

wWne = nrgc (ndiscvdisc + patoVhato) et = nrﬁcVnne+, (3.35)

where T = (ngigse Vdisce + BhaloVhalo)/V —average gas
concentration in the galaxy, ngijge and npg)o —gas
concentrations in the disc and in the halo, and V{igc
and Vhg]o —their respective volumes.

By virtue of (3.35), the average lifetime of the slow
positrons in the galaxy is
BT Y )

ey B years, (3.36)
[}

tan=

<=

The average concentration of the electrons in the
galaxy is T ~ 107%, and consequently tyn ~ 4 x 108
years.

At the same time it is clear from (3.35) that a con-
siderable fraction of the positrons is annihilated in the
disc, inasmuch as the mass of the gas in the disc
(meaning also the total number of electrons in the
disc, ndiscVdisc) amounts to not less than half, and
is more likely to be the bulk of the entire gas in the
galaxy. The latter circumstance should lead to a suf-
ficiently sharp anisotropy of the annihilation radiation
with a maximum in the direction of the galactic center.

The delay time of the positrons produced by nuclear
collisions is determined primarily by the ionization
losses [32]
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~(45) =7.62.10°{30n 0 +18.8} n S . (3.37)
For the main part of the secondary positrons (381
with energies on the order of 30—100 MeV, the time of

ionization deceleration, at an average gas concentra-
tion n ~ 102 ecm™, is Tj ~ 4 x 108—-1.2 x 10° years.
Thus, the time elapsed from the instant of formation of
positrons to their annihilation in the galaxy, is T ~ 8
x 108—1.6 x 10° years.

If the diffusion escape of relativistic particles from
the galaxy were to be small (‘‘closed’”’ model with dif-
fusion escape time Tgg > T), then the intensity of the
annihilation radiation would be determined under sta-
tionary conditions simply by the number of electrons
produced per unit time in nuclear collisions and in the
decay of the produced mesons. Namely, in this case
we would have

Iy, an (E = 0.51Me V)=2Q, (L), (3.38)

where
L
Q. )=\ = ar
0

is the number of positrons in a unit solid angle, pro-
duced in a unit time along the line of sight. Inasmuch
as in the region of low energies, which make the main
contribution to (3.38), the secondary electron-positron
component consists practically entirely of positrons*,
we can use for Qe(L) the value[3%16] Q. (L)

= 0.44 M{L)/A, which pertains to the total number

of secondary electrons and positrons (here A =~ 180
g/cm? —absorption range of the cosmic rays in the
interstellar gas).

Account is taken in (3.38) of the fact that two gamma
quanta are produced in each annihilation act, and that
in addition the generation of secondary positrons and
electrons and the annihilation of positrons occur in
the same regions of space, since both processes are
proportional to the gas concentration.

Substituting the numerical values in (3.38) we obtain
for the closed model

Iy on (0.51Me V)= 5-1073M (L) —22o%s (3 39)
! cm

2 sec * Sr

Actually, however, the time Tgg of diffusion escape
of the fast particles from the galaxy amounts appar-
ently to approximately 1—3 x 108 years (321 that is,
approximately one order of magnitude less than the
time T estimated above for the deceleration and an-
nihilation of the positrons. Therefore, allowing for
escape, the expression (3.39) will contain a small fac-
tor exp (- T/Teg), which takes into account the frac-
tion of the positrons retained in the galaxy during the
deceleration time. This factor is strongly dependent
on the times Teg and T, reaching a value 107% for

*This is connected with the law of charge conservation: the
generating component is positively charged.
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Tes = 10% years and T = 1.2 x 10 years. Thus, in the
case of rapid escape of the particles from the galaxy,
the ionization losses cannot ensure the appearance of
any appreciable number of slow positrons. We shall
therefore consider other possibilities.

In the positron energy range of interest to us, E
~ 30—100 MeV, the average radiation and Compton
energy losses are small compared with the collision
losses (ionization losses). At the same time, in view
of the ‘‘catastrophic’’ character of the radiation
losses, there exists a finite probability of transferring
to the photon almost the entire initial electron (posi-
tron) energy in a single collision. However, this prob-
ability is low. For example, for positrons with en-
ergy E ~ 50 MeV the probability per unit radiation
length (equal to 66 g/cm? for hydrogen) of emitting
a photon that carries away more than 90% of the initial
energy is merely 3 x 1072 *, The energy E = 5 MeV
still retained is expended by the positron on collisions
(ionization) within a time Teg ~ 10 years. Inasmuch
as the relativistic particle traverses in a time Teg
~ 108 years through x = pcTes ~ 2 g/cm?® of matter,
which amounts to approximately Y, of the radiation
length in hydrogen, the fraction of positrons that slow
down as a result of catastrophic radiation losses is
3% 107%/30 ~ 107%, Thus, for small values of Teg this
process is more effective than pure ionization decel-
eration.

At the same time, an even more important fact is
that 0.5% of all the produced secondary positrons, ap-
proximately have an energy < 5 MeV (see the calcula-
tions in [38]). These positrons have time to decelerate
within Tgg = 10® years, and therefore even if all the
positrons with higher energy escape, the lower limit of
the intensity of the annihilation gamma quanta amounts
to

Ly, an(0.51Me V) 2. 10750 (L) - Bhotens (3.40)

2
cm sec * Sr

It is clear from the foregoing that the experimental de-
termination of the value or of the upper limit of Ly,an
(0.51 MeV) can serve as a very sensitive method for
estimating the values of Teg, and also the intensity of
cosmic rays and the mass of the gas in the galaxy in
the remote past.

It must be borne in mind that gamma rays with en-
ergy E, ~ 0.5 MeV are produced also by other proc-
esses. It is consequently important to separate the
narrow line Ey ~ 0.51 MeV, the width of whichis de-
termined in practice only by the thermal velocities of
the positrons, since most positrons slow down before
becoming annihilated %],

*For estimating purposes one should use the expression for
the probability of radiation deceleration in the absence of screen-
ing [****°], which corresponds to the case of interest to us, that of
relatively low initial energy and large fraction of energy trans-
ferred to the photon.
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3.5. Nuclear Gamma Rays

The gamma radiation produced by the de-excitation
of the excited nuclei can be due either to nuclei con-
tained in the cosmic rays or to the ‘‘stationary’’ nuclei
of the interstellar gas. In the former case the radia-
tion has a continuous spectrum, which reflects the en-
ergy spectrum of the cosmic rays, the principal role
being played by the interactions between medium and
heavy cosmic-ray nuclei and the interstellar hydrogen.
In the latter case the spectrum is discrete (it consists
of rather narrow lines ), and the intensity is determined
principally by the number of collisions between suffi-
ciently fast protons and the complex nuclei contained
in the interstellar gas. An important role can be
played here also by the subcosmic rays, whose energy
is sufficient to excite nuclear levels. We are refer-
ring, obviously, to nuclear levels and corresponding
gamma radiation with energy on the order of hundreds
of keV or several MeV. The intensity of the discrete
gamma radiation in this section of the spectrum can be
roughly estimated by assuming that each collision be-
tween a fast proton and an interstellar-gas nucleus ex-
cites this nucleus or its fragments and is accompanied
by the emission of one gamma quantum having an en-
ergy in the indicated interval. It is necessary to take
into account here only nuclei having the levels of in-
terest to us and at the same time present in the inter-
stellar gas in noticeable amounts. We assume these to
be the nuclei with Z = 6, which constitute about 0.1%
of the composition of the interstellar gas. Assuming
therefore that the number of such nuclei along the line
of sight is Npue(L) = 1073N(L), we obtain for the
intensity

Iy, nuc = 107N (L) ole.y., (3.41)

where o =~ 3 x 1072 cm? is the cross section for the
interactions of the nuclei from the group C, N, O

(the role of the heavier elements is, generally speak-
ing, slight) with the cosmic protons, and I . ~ 0.20
protons /cm%sec-sr is the total intensity of the protons
contained in the cosmic rays (in view of the approxi-
mate character of the estimate, we neglect the contri-
bution of the heavier nuclei). Substituting these values
in (3.41) we obtain

Iy, nue™~ 6-107N (L)~ 3-1075M (L) —2Roms_ (3.42)

cm sec * Sr

We see that this intensity is comparable with the mini-
imum intensity of the annihilation gamma quanta (3.40).
Yet it is important to note, as already emphasized, that
the annihilation radiation is concentrated in a rather
narrow section of the spectrum near EY = 0.51 MeV,
whereas the intensity (3.42) pertains to gamma rays
produced at once in all the nuclear lines of the elements
contained in the interstellar gas.

We can estimate analogously the spectral intensity
of the gamma rays produced upon excitation of the nu-
clei contained in cosmic rays, as a result of collisions
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with interstellar hydrogen. In this case the fraction of
nuclei of interest to us is ~ 1% of the total intensity of
the cosmic rays with given energy per nucleon E,, that
is, Inuc(En) ~ 102I(Ep). The gamma-quantum energy
is connected with the total energy E = AEp of the ex-
cited nucleus by the relativistic transformation

E E
0 0
By By gy =By s

(3.43)
where Eg, —energy of the gamma quantum in the rest
frame of the excited nucleus with mass M. As a result

we have
Iy nuc(Ey) AEy = Gnuc N (L) 10721 (E) dE

E
= 10720,V (L) <Mcz ) 2 g, (3.44)
Y h
or for the spectrum (2.1)
TynuclEy) > 4107208 (L) (ﬂéﬁ—z g (3.45)
Y

Assuming that Eg,

Iy, muc(Ey) ~ 6-1072N (L) By* o 3-10°3M (L) Ey**,
Lynuc(> Ey) ~ 2.1078M (L) EM6, (3.46)

~ 1 MeV, we get

where E, is measured in BeV.

The intensity of the nuclear gamma rays (3.46) in
the high-energy region E, >5 x 107 eV is negligibly
small compared with the intensity of the gamma radi-
ation due to 7%-meson decay.

3.6. Absorption of Gamma and X Rays

In calculating the radiation intensity we have as-
sumed that the radiation propagates in the interstellar
or metagalactic space without any absorption. Fortu-
nately, this assumption corresponds to reality in the
overwhelming majority of cases that can be discussed
at present. A brief discussion of absorption is none-
theless necessary.

Gamma ray absorption results essentially from
three processes: electron-positron pair production,
Compton scattering*, and photoeffect 50,541,

At gamma ray energies Ey > 108 eV, absorption is
due to pair production. We note that the pairs are pro-
duced from both nuclei and electrons. In addition, it is
quite natural for absorption in a neutral gas to differ
somewhat from that in an ionized gas. In a neutral gas,
at high energies (E > 10% eV) pair production can be
assumed in first approximation to occur under total
screening conditions, the absorption coefficient in
atomic hydrogen being

p=1.2-10"2cm?* g=2-10"2ncm™. (3.47)

*In Compton scattering, of course, the gamma photon does not
vanish but is converted into a different photon. Here, however, we
mean by absorption just the total attenuation of the flux of gamma
rays in question, regardless of whether this is due to true absorp-
tion or scattering.
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We take account here of the fact that the ‘‘cascade
length unit’’ in hydrogen is 66 g/cm?, and a path equal
to 1 g/cm? of hydrogen corresponds to a distance equal
to 6 x 102 /n centimeters (n —hydrogen atom concentra-
tion).

In an ionized gas screening can always be neglected
under the conditions in the interstellar medium, and
for a hydrogen plasma we have

E
p—3.6-1077 (m o~ 1.9) nem?

E
:2.1.10‘3<1n732 —1.9) em¥g. (3.48)

If we assume that the interstellar medium contains
about 10% helium and less than 1% of heavier elements,
the absorption coefficient y is increased by approxi-
mately 20%. The accuracy with which the gas density
is known under cosmic conditions is even lower, so
that such a correction is insignificant, and we are jus-
tified in using (3.47) and (3.48). We note that these ex-
pressions coincide approximately when E,, =~ 10° ev,
so that in most cases we can confine ourselves to
(3.47).

In accordance with the definition of the absorption
coefficient, the gamma ray intensity decreases along
a path L like

I =Tpe Bl =] ".

If the coefficient y is given in cm?/g, then L must be
in g/cm?, that is, we must use the guantity M(L) in-
troduced in Sec. 2. As indicated in Table I, M(L)
=6x 1072 g/em? in the galaxy even in the direction of
the center, and therefore, in accordance with (3.47),
absorption changes the gamma-ray intensity by an
amount characterized by a factor e 7 ~ (1 -7), where
T=uM(L) =~ 7.2 x 107% For the metagalaxy M(L)
=0.1 g/cm? and yM(L) ~ 1.2 x 1073, Thus, the ab-
sorption of high-energy gamma rays in the galaxy and
metagalaxy can be neglected. To be sure, it is still
necessary to consider separately the absorption con-
nected with the production of electron-positron pairs
by gamma rays interacting with thermal photons 0551,
This mechanism is in operation when Ey 2 101 ey
and is most effective under cosmic conditions (the
thermal-photon energy is E ~ 1 eV) when E. ~ 10"
ev.

It can be shown!3?) that in the galaxy we have for
this process pmaxL < 1072 In the metagalaxy, at a
photometric distance Rph ~ 5 x 102" ¢cm, the maxi-
mum absorption is umaxBRph ~ 1, but along the path
from the majority of radio galaxies, the absorption is
already small. We note that for gamma rays with en-
ergy Ey R 108 eV it would be necessary to take into
account [56] the absorption connected with pair pro-
duction on photons in the radio band.

For gamma rays with energy E, < 10® eV, it is im-
portant to take into account the Compton scattering,
and for Ey <50 keV, the photoeffect can also be sig-
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nificant. The cross section for the scattering is
smaller than or equal to the Thomson cross section
orp- The coefficient u connected with the Compton
scattering does not exceed

i =01 = 6.65-10"%n el = 0.4 ecm¥g.  (3.49)

Consequently in the galaxy and metagalaxy 7 = uoM(L)
< 0.04, and the absorption is small, as before.

The low-energy region (E, < 50 keV) will be called
the x-ray region. Now the chemical composition of the
gas and the degree of ionization become important fac-
tors. We shall not dwell on this question in detail. Ac-
cording to (571 for Ey=4 keV (A =3A) in the inter-
stellar medium 7= uL =~ 7 x 107¥ M(L), that is, 7
~ 0.2 even for N(L) = 3 x 10?2 (in the direction of the
galactic center). For Ey=1.5 keV (A = 8,&), the ab-
sorption is already approximately 5 times larger and
can therefore become significant for the metagalaxy
and for sources located far from the solar system in
the direction of the galactic center. However, even in
the direction of the anticenter (let alone the pole)
T(A=8A) ~3.3x 1073 N(L) ~ 0.2.

4. COSMIC GAMMA RADIATION (DISCUSSION)

4.1. Intensity of Over-all Cosmic Gamma Radiation

If we refer to high-energy gamma rays (E, 2 50
MeV), then the decisive role is played by their produc-
tion as a result of %-meson decay, bremsstrahlung,
and Compton scattering. The corresponding intensities
for the galaxy, as shown in Sec. 3, are

Iy o (> Ep) =310 M (LYE;**(1 < E, < 10°BeV), 4.1)
L b (GE)=810°"M(L)YE;}(1< E,<10BeV), (4.2)
Iy, compt (> Ey) =2-1072 Luwpn Ey /2 (107° << E, < 3BeV), (4.3)

where I, (> E,) is measured in photons /cm?sec-sr,
Ey is in BeV, and the thermal radiation energy density
Wph is in eV/cm?®.

In Table II are given values of the intensity I
(> Ey}, calculated from formulas (4.1)—(4.3) for Ey
=1 BeV. It also lists the intensities for Ey =50 MeV.
For this case, we used in caleulating I, 0 (E, > 50
MeV) the value (3.8) for the total number of produced

7 mesons, hence

I, (> 50MeV) =4.8-1073M (L), (4.4)

and Iy pr (> 50 MeV) was estimated by means of for-
mula (4.2) under the assumption that the electron spec-
trum (2.7) remains valid up to electron energies E ~ 50
MeV (this gives an upper estimate for the brems-
strahlung intensity, inasmuch as in the region of low
energies the electron spectrum probably becomes more
gently sloping or passes through a maximum; however,
there are no reliable data whatever on the electron
spectrum in the region E < 0.5 BeV). As to the Comp-
ton gamma rays, formula (4.3) can be used without
stipulation, since it pertains to the energy interval

1< Ey < 3 BeV. The values of L, M(L), and Wph
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Table II. Intensity of gamma radiation Iy (> Ey),
in cm™2 sec™! sr1
Galactic radiation |
Process EV towards gi‘;:rcatig:xi Metagalaxy
center |anticenter| pole ally
1. 7° > y+y . . 2.10~5 | 4.10=¢ | 2.10—7 5.-10—7 [3-10~4 Ecop,
2. Bremsstrahlung 1Bev 5.-10—¢ 10—6 5-10—8 1.3-10—7 | 8.10-8 E,
3. Compton effect 3.10-6 | 6.10—7 | 3.10—6 3.10—¢ 2-10—3 g,
1. 7° > y4y . . 3.10~4 | 6.1075 | 3.10—¢ 8.10—6 5.10-4 E..p
2. Bremsstrahlung | 50 MeV 10-¢ 2.40-5 10—8 3.10—¢ 1,6-10—4 g,
3. Compton effect 1.3-10-5| 3.10~6 |1,3.10-5| 1.3.10~8 | 9.10~3 E,

used to calculate I (> E,) were taken from Table I

As can be seen from Table I, the pion and brems-
strahlung gamma rays produced in the galaxy are char-
acterized by a rather sharp anisotropy, with a maxi-
mum in the direction of the galactic center. The
Compton gamma rays, to the contrary, have an almost
isotropic distribution, and they make the main contri-
bution to the directionally-averaged intensity of the
galactic gamma radiation.*

Table II lists also the expected values of the gamma
ray intensity from the metagalaxy. The assumed val-
ues of L, M(L) and wpp were discussed in Sec. 2
{see Table I), and the factors £ . and £ take into
account the differences between the intensities of the
cosmic rays and the relativistic electrons in the meta-
galaxy and their galactic values [see formula (2.4),
and analogously for Is(E)].

It is clear from Table II that the intensity of the
metagalactic gamma rays already exceeds the direc-
tionally-averaged intensity of the gamma rays pro-
duced in the galaxy when £, p >2x 1072 or £ > 1.5
% 1073, that is, when the intensity of the cosmic rays
and the intensity of the electrons in the metagalaxy ex-
ceed 2 and 0.15% of their galactic values, respectively.
In the case when £; . 2 1 or £g 2 3 x 1072, the meta-
galactic gamma radiation exceeds the galactic radia-~
tion even in-the direction of the center, and the gamma-
ray anisotropy associated with the galaxy is greatly
reduced. Thus, measurements of the intensity of the
gamma rays and of its dependence on the direction
make it possible in principle to separate (or to estab-
lish an upper bound for ) the intensity of the gamma
rays from the metagalaxy, and yield by the same token
valuable information on the cosmic rays in the meta-
galaxy and their electronic component.

*We note that Table II of our paper [**], which is similar to
Table Il of the present article, lists somewhat different values
for the intensity of the bremsstrahlung and Compton gamma rays.
The reason is that we use in the present article one-fourth the
value of the electronic component and the density wpy, for the
halo has been reduced one-half.

We have already seen that in the energy region in
question the contribution of the annihilation (3.33) and
nuclear (3.36) gamma rays is negligibly small com-
pared with the intensities (4.1)—(4.3).

Let us dwell now on gamma rays with very high en-
ergy, E, > 10" eV. At these energies the intensity of
the Compton gamma rays is low, owing both to the de-
crease in the cross section (formula (4.3) is in this
case already negligible ) and to the increase in the ex-
ponent y of the electron spectrum Ig(E) = KoE™Y
(apparently v 2 2.6 when E > 10 BeV). The latter
factor decreases also the role of the bremsstrahlung
gamma rays. To the contrary, formula (4.1) for the
gamma rays from the 7’-meson decay holds true up
to energies E. ~ 10f BeV ~ 10% eV (see Sec. 3.1).
Since a kink corresponding to an increase in the slope
of the spectrum is observed in the cosmic-ray spec-
trum at E ~ 10! eV (the exponent increases to a value
v=~3.1%0.1), formula (4.1) no longer holds when E
2 10% BeV (this pertains primarily to the energy de-
pendence, although it is not unlikely that at such high
energies a change takes place in the 7%-meson pro-
duction process itself).

At the same time, in the energy region E, > 10% eV
an important role is assumed by the gamma quanta
from the decay of 7’ mesons produced by collisions
with thermal photons[!?], For the metagalaxy Nph(L)
=nppL ~ 10% (see Table 1); therefore in the region
Ey > 10 eV the intensity of such photons amounts to
approximately 1075 of the intensity of cosmic rays
having the same energy [ see (3.16)]. At lower ener-
gies, the intensity of such gamma quanta decreases
rapidly, in connection with the presence of an energy
threshold in the process under consideration.

We note that the value assumed in 2] for the pho-
ton density in the metagalaxy was nph ~ 0.2, and the
value obtained for the gamma ray intensity was two
orders of magnitude larger than that indicated by us
(Iy ~ 107%1). However, there are at present no
grounds whatever for choosing this value of nph for
the metagalaxy; a direct estimate yields Nph = 2
x 1073 (see [32]),
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Table II. Intensity Iy (Ey = 0.5 MeV) (in cm ™ sec™® sr™!)

Gallactic radiation -
Process towards :j\i‘;zgig::- Metagalaxy
center [ anticenter ‘ pole ally
&5-10—% Ec .
1. Positron anni- (without
hillation (1.2-300) |[(2.4—600) |(1.2-—-300) | (3,2—800) account of
X108 x10-7 x10—8 x10-8 relict
positrons)
2. Compton effect 1,3.10—4 2.7-10—8 1.3-10—4 1.3.10—4 10—1 g,
3. Nuclear gamma
rays 2.10—s 4.10—1 2.10—8 5-10—8 3-10—8 . 1.

We note that even if we choose npp ~ 0.2 and the
same cosmic ray intensity I(E) as in the galaxy,* the
frequency estimated in [12] for the muon-poor exten-
sive air showers due to primary photons (with account
of the character of photon cascade development in the
atmosphere) is approximately one order of magnitude
lower than that obtained from observation[3%40]  The
question of the nature of the showers containing a small
number of muons and their connection with primary
high-energy gamma rays is still far from clear (see
in this connection, in particular, [16]) put by virtue of
the foregoing it is highly improbable that they are due
to gamma rays from the process considered for the
production of 7’ mesons from thermal photons.

Of course, this conclusion does not contradict the
fact, made clear by comparison of (3.13) with (3.16),
that for the metagalaxy the intensity of the high-energy
gamma rays from photomesons becomes equal to or
even larger than the intensity of the gamma rays from
the 7° mesons due to nuclear collisions if n ~ 10~°
and npp ~ 2 1073, In the galaxy the total number of
thermal photons along the line of sight is Nph(L)
~ way /éph)L < 3 x 10%, that is, considerably lower
than Nph(L) for the metagalaxy. Therefore, in ac-
cordance with (3.15), the intensity of the gamma rays
produced by the decay of the 7’ mesons created by
collisions between cosmic rays and thermal photons
is Iy ~3x 10781, At the same time, according to
(3.13), for E ~ 107 BeV the intensity of the gamma
rays from the decay of the 7% mesons produced in the
gas, in the direction of the pole (N(L) =~ 3 x 10%) is
Iy,70 = 6 x 10°1. In the direction of the center, how-
ever, we already have I, ;o= 6 X 10771

Of great interest is the region of low energies Ey
R 0.5 MeV. Without touching upon the possible appre-
ciable contribution made to this region by gamma rays
due to subcosmic protons and electrons, we present
only estimates of the intensity I, (> 0.5 MeV) for an-
nihilation [ see (3.39) and (3.40)], Compton {see (4.3)],
and nuclear gamma rays [see (3.42)]. The correspond-
ing values are listed in Table III.

In the first line of Table III the lower values of the

*Up to E = 10" eV the cosmic ray intensity in the metagalaxy
is apparently smaller than in the galaxy.

annihilation gamma ray intensity (1.2 x 1078, 2.4
%1077, 1.2 x 1078, 3.2 x 107%) were obtained from for-
mula (3.40), which gives a lower intensity limit cor-
responding to a rapid escape of the positrons from the
galaxy (it is precisely this assumption which appears
to us to be the more probable (323), The largest values
indicated in the same line correspond to the case of
slow escape of the cosmic rays, including positrons,
from the galaxy [see (3.39)]. The value Iy (> 0.5 MeV)
=5x 1074 ¢, . (see the last column of Table III) would
correspond to the case when all the positrons produced
in the metagalaxy have time to annihilate rapidly. Ac-
tually this is not the case, since the time of positron
slowing-down and annihilation in metagalactic space, at
the contemporary gas concentration n < 1073 cm 73,
reaches 10%2 years. Therefore the value Iy (> 0.5 MeV)
=5x107%%, ;. is highly exaggerated when referred to
positrons produced in our own epoch. The true value
of I, is determined by the concentration ne. of the
slow positrons in metagalactic space [see (3.34)]:

ne+ L
47U
for L=Rph=5x10" cm and n=10" cm>. If we
assume that ng, < 3 X 107% cm 3 (this corresponds to
the concentration of the metagalactic electronic com-
ponent of the cosmic rays; see Sec. 4.3), then I

(0.51 MeV) < 107, The contemporary value of ne,

is determined by processes occurring during that
phase of the evolution of the metagalaxy, about which
we know practically nothing.*

Thus, the estimate I, (0.51 MeV) << 5 x 107 ¢¢ .
for the annihilation gamma radiation is valid only if
the concentration ne. of the slow relict positrons,
that is, the positrons produced during early stages,
is sufficiently small. It becomes clear by the same
token that the experimental estimate of the intensity
I, (0.51 MeV) or of its upper limit enable us to esti-
mate or indicate an upper limit for the concentration
of the slow positrons in metagalactic space.

As can be seen from Table III, the main contribu-

1,(0.51 MeV) =v = 3.107n,

*If we use the Einstein-de Sitter evolutional model, in which
the concentration of the gas varies like n(t) = n(Tyg) (Tyg/t)?
then (t = Ty = 10'"years) the only positrons that have slowed
down by the present instant of time are those produced at the
instant t = 2 x 10° years or before.
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Table IV. Flux Fy(Ey >1 BeV) (in cm ™ sec™?)

Process
Source R,cm | V, 3 My, g wphv We.r. - Brems-
o v eV/cn;S €€ I'meson | strah- Cog}pton
decay | lung | ©tfect
Crab nebula 3.4-102116.6.1055 2.1032 4 5-10%8 [ 2.10—10} 5.10—11| 2.10—10
M31 galaxy
(Adromeda) 2.2.1024/1.2.1089 6.1012 1 4.4086 [ 8.10—11 2.40—11| 10~8
Radio galaxy
M87 (A-Virginis) (3,4-1025 5.1068 | 3.1042 1 1058 | 10—11 |3.40—12] 40—9
Radio galaxy
A-Cyeni 6.8-1026) 2.4069 | 3.1042 1 3.1060 | 2.40—12{ 5.40—13} 10—?
Remark. The flux Fy (Ey > 50 MeV) is approximately one order of magnitude
larger than the presented values of Fy (E > 1 BeV). (see Table II). The data
for the quasar 3C-273-B are listed in ‘the text.

tion to the region of gamma-ray energy in question is
made by the Compton scattering of the electrons by
thermal photons. However, in the case of slow escape
of the particles from the galaxy, annihilation gamma
rays are also important, particularly if it is recog-
nized that this radiation is concentrated in a rather
narrow line. As to the nuclear gamma rays, in view
of their low intensity, which is furthermore distrib-
uted over a broad spectral interval, detection of this
radiation is a very complicated problem.

4.2, Gamma Radiation From Discrete Sources

The possible discrete gamma sources which we
shall consider are the following characteristic ob-
jects*: supernova envelope—the Crab nebula, the nor-
mal galaxy M31 (large nebula in the Andromeda con-
stellation ), the radio galaxies A-Virginis and A-Cygni
and also the quasar 3C-273. We shall consider only
the three main gamma-radiation mechanisms: 70
meson decay, bremsstrahlung, and Compton radiation.
To estimate the expected gamma-ray flux Fy (> Ey)
it is necessary to replace M(L) in formulas such as
(4.1) and (4.2) by the integral

S Q) drd@ ~ 1y S e av =21
where p(r) —density and My —total mass of the gas
in the source, R —distance to the source, and the inte
grals are taken over the volume V of the source [ see
(1.4)]. The product wphL in 4.3) must accordingly be
replaced by thV/ R?. In addition, account must be
taken of the fact that the intensity and spectrum of the
cosmic rays and of their electronic component in the
sources in question differ from their galactic values.
Unfortunately, the intensity of the relativistic particles
can be estimated for these remote sources only very
approximately, using their radio emission datal3?].
We shall assume that the cosmic-ray spectrum is

*The exploding galaxy M82 was considered from this point of
view in [7*] (no anomalously large values were obtained in this
case for the flux of gamma and x-rays).

characterized for all these sources by the same expo-
nent vy as in the galaxy, and that the intensity is pro-
portional to the cosmic-ray energy density Wg . /V.
By Wi . we mean here the total energy of the cosmic
rays in the source, which is assumed to be 100 times
larger than the total energy We of the electrons that
cause the observed bremsstrahlung. Under these as-
sumptions there appears in (4.1) an additional factor
We.r./VWwe.r.G, while in formulas (4.2) and (4.3)
there appears a factor We/Vwe gr where we r g = 1
eV/cm3 —energy density of the cosmic ray in the gal-
axy, and we G ~ 10 2w¢ p g —energy density of their
electronic component. Thus,

We.r.

_ -4 My _1.g photons
Fv,no(> E)) =3.10 R2V_ﬁwc.,_,\;EY T omioe 4.5)
~ s M W, _, bhotons
Fy, ropu > Ev) =8.1075 TZV_ Vw:G Evl PR 4.6)
Vwph We

E;o's photons . (4‘7)

2,
cm sec

Fy compr(> By) =2-107%8 - R Vu, o

The initial data and the results of the estimate of the
gamma-ray flux, for the indicated processes and
sources are listed in Table IV. The possible error is
connected with the known arbitrariness in the choice
of the value of Wi ., and also with the assumption that
the cosmic rays, the gas, and the radiation fill uni-
formly the entire volume V of the source. Actually,
the volume occupied by the cosmic rays may contain
little gas, as is the case, for example, with the radio
galaxy A-Cygni or for the jets in the radio galaxy A-
Virginis. The least sensitive to this inhomogeneity is
the Compton effect, which ensures the largest gamma-
ray intensity.

The Compton effect should play a particularly large
role in the case of quasars (objects of the type
3C-273-B, 3C-48, etc.), if the optical emission of these
sources has a cyclotron-radiation nature (we are re-
ferring, of course, only to optical emission with a con-
tinuous spectrum ). In fact[?J) the dimensions of the
quasar are relatively small, and its luminosity is tre-
mendous. Therefore the radiation density is very large
near the radiating surface and, in accordance with the
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assumption on the cyclotron-radiation nature of the
emission, the relativistic-electron concentration is
large. The flux obtained in [%] for the quasar
3C-273-B is

Fy(2.7-10° < E, < 10%eV) :5-10'6%:’{} .
The radius of the quasar was assumed to be r = 2
x 10% ¢m, which leads to a value wpp = L/47rrc = 5.4
x 101 ev/cm® (L = 1.3 x 10% erg/sec —optical lumi-
nosity of the quasar 3C-273-B).

Actually the radius of the quasar can be one to
three orders of magnitude larger than the value r
= 2 x 10' cm given above (the question of the value of
r is still quite unclear). It can be shown that the
gamma-ray flux calculated in accordance with the
scheme of (%] is inversely proportional to the radius
r of the radiating envelope and can therefore be one to
three orders of magnitude smaller than the value F,,
=5 x 1075 photons/cm? sec given above.

Thus, the flux of gamma rays from the quasar need
not necessarily be very large compared with the other
cases (see Table IV). However, if the optical emis-
sion of the quasars is actually due to cyclotron radia-
tion, then the gamma-ray flux from these objects may
turn out to be sufficiently high to be observable.

4.3. Experimental Data, Their Evaluation, and a Few
Conclusions

In accordance with the estimates of the expected in-
tensity and the experimental registration capabilities,
the primary gamma-radiation energy band can be sub-
divided into the following sections:

Region of low energies, E, ~ 0.1—10 MeV. In this
region, of greatest interest from the point of view of
cosmic rays is the annihilation radiation of positrons
and nuclear line emission. However, as is clear from
Table III, the expected intensities of the gamma rays
for these processes are quite small, and the lines may
be masked by the continuous spectrum from the Comp-
ton gamma rays. In addition, the possible existence of
a large number of subcosmic electrons must be borne
in mind, and their bremsstrahlung could play a funda-
mental role in this energy interval.

Measurements of the gamma-ray intensity in this
energy interval, made with rockets outside the atmos-
phere (859,601 yield a directionally -averaged value L,
(> 0.3 MeV) ~ 3 x 102 photon/cm?sec-sr. This is
more than two orders of magnitude larger than the
maximum estimate for the galaxy given in Table III,
and, if we disregard the possible contribution of solar
gamma rays (see te1dy, may be connected either with
the metagalaxy or with the subcosmic particles (we
disregard here, of course, the still unrefuted assump-
tion that gamma rays of atmospheric origin played a
role in the measurements of [5,59,607),

Although the expected intensity of annihilation radia-
tion of the stopped positrons is small, this radiation is
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concentrated in the narrow line Ey = 0.51 MeV, the
width of which is determined in practice only by the
velocity of the atomic electrons and by the Doppler ef-
fect. This circumstance results in a gain of approxi-
mately 10% times compared with the continuous spec-
trum of the same intensity I, (> 0.5 MeV) (see Table
III), if a receiver with high energy resolution is used.

Region of medium energies 50 MeV & Ey S 10 BeV.
Starting with Ey ~ 50 MeV, there should be observed,
in addition to bremsstrahlung in Compton gamma rays
from relativistic electrons, also gamma rays from the
decay of 1% mesons produced in nuclear interactions of
cosmic rays. For this energy region, measurements (5]
made outside the atmosphere on the ‘‘Explorer-XI’’
satellite, yielded an intensity value

I, (> 40MeV) =(3,31+1.3) 104 _Bhotons
cm sec ¢ Sr
This value is more likely an upper limit, since a con-
siderable unaccounted-for contribution may be due to
gamma rays coming from the earth’s atmosphere. Con-
sequently, on the basis of the data of [5], we can as-
sume that

photons

2
cm sec * Sr

I, (> 50 MeV) < 3.3-10 4.8)

The intensity (4.8) is averaged over the directions of
arrival of the gamma rays; the available data on the
directional distribution still do not allow us to make
any assumptions with respect to the presence of a real
anisotropy.

As seen from Table I, the intensity (4.8) is more
than one order of magnitude larger than the summary
intensity expected for the galaxy from the three main
processes in question. Therefore if we regard the
value of (4.8) as actual (and not as an upper limit,
which may be greatly reduced ), then it is most prob-
able that the observed radiation is connected with the
metagalaxy. In this case we must assume either that
the intensity of the cosmic rays in the metagalaxy is
comparable with the galactic intensity (that is, &,
~ 1 and simultaneously £e < 4 x 107%), or that for the
relativistic electrons in the metagalaxy we have £,
~ 4 x 1078 with £, . < L.

The first possibility encounters great difficulties
and has low probability, particularly if we recognize
that the assumed value of the gas concentration in the
metagalaxy, n ~ 107%, may be an overestimate. In this
respect it is more probable that the intensity (4.8) is
due to Compton scattering of relativistic electrons by
thermal photons in the metagalaxy, and the intensity
of such electrons is £g! ~ 30 times smaller than the
galactic intensity. At any rate, the result of (5] Jeads
to a very important conclusion: the intensity of the
electronic component of cosmic rays in the metagalaxy
is at least one-and-a-half orders of magnitude smaller
than its galactic value. This result is another argu-
ment in favor of the conclusion drawn in [3%:62] that
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metagalactic cosmic rays have relatively low inten-
sity.

We note that whereas the intensity of the pionic
gamma rays depends significantly on the value of a
rather undetermined quantity (the concentration of the
intergalactic gas ), the lower limit of the intensity of
the Compton gamma rays expected from the metagal -
axy has been sufficiently reliably determined. In fact,
the average energy density of the thermal radiation in
the metagalaxy (or at any rate its lower limit) is es-
timated directly from the data on the luminosities of
the galaxies. The possible presence of considerable
radiation in the invisible sections of the spectrum
merely signifies that the estimate presented above for
the upper limit of the electron intensity in the meta-
galaxy should be reduced even more.

We note here that the contribution of the gamma ra -
diation from all the galaxies to the intensity of the
metagalactic radiation is small [32], Thys, assuming
even that within the limits of the photometric distance
Rph = 5 x 10%” cm all the galaxies with concentration
NG ~ 5 x 107" em ™3 have the same emission as the
M31 galaxy (actually this galaxy is one of the largest),
we obtain

I, (> 1BeV)=Ng RpnR2F, (> 1BeV) ~ 10 6 _Photens

cm'sec * Sr
(4.9)
Here R ~ 2.2 x 10* cm —distance to the M31 galaxy
and F,, (> 1 BeV) ~ 1078 photon/em?sec —gamma
ray flux from this galaxy, which, in accordance with
the estimates given in Table IV, should receive the
greatest contribution from the Compton gamma rays.

Further refinement of the experimental value of the
intensity Iy (> 50 MeV), especially the separation of
the anisotropic component, is of great interest. Even
if the main part of the radiation is connected with the
metagalaxy, the anisotropic component should un-
doubtedly be of galactic origin, and its separation
would yield valuable information on cosmic rays, par-
ticularly their electronic component in the galaxy (we
must not forget that in our calculations we extrapo -
lated the data on cosmic rays near the earth to in-
clude the entire galaxy, something which needs fur-
ther verification).

In the region of higher energies, Ey ~ 10110 ev,
attempts were made to estimate the upper limit of the
intensity of the primary electron-photon component*
from the altitude variation of cosmic rays in the at-
mosphere [63:64, According to (3], this intensity is
less than 10% of the intensity of the primary cosmic
rays of the same energy. In (64] 5 stronger statement
is made, namely that the intensity of the primary elec-
tron-photon component does not exceed 0.1% of the in-
tensity of the cosmic rays having the same energy (the

*In the measurements in the atmosphere it was impossible to
ascertain whether the primary particle was an electron or a gamma
photon.
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value given in [#3 ig Ie,y (E > 470 BeV) < 10 "em ™2
sec”lsr!).

Although this upper limit is still much larger than
the estimates given above for the expected intensity of
the primary gamma rays (according to (3.13), for E
=470 BeV we have Iy 70(>E)~4x107°I(>E) even
in the direction of the galactic center ), the result of
[64], if it is ever confirmed, will nonetheless be of
very great significance to the clarification of the char-
acter of the spectrum of the primary electrons at high
energies. We recall that in the region E < 40 BeV the
electrons constitute at any rate several per cent of all
the cosmic rays with specified energy.

In the energy region Ey 2 5x 10'2 eV there are
measurements [#%:66] of the upper limit of the gamma
ray flux from several discrete sources: A-Cygni, Crab
nebula, A-Cassiopaeiae, A-Virginis, and also some of
the quasars. According to [8%:66] we have for these
sources

Fy(Ey>5-102 gV) < 3.10710 — 5.40-1 _Bhotons
cm sec

In the energy region under consideration, the intensity
of the Compton gamma rays is already insignificant,
owing to the rapid decrease in the cross section at
Ey ~ E > 5x 10 ev. The remaining processes, as
can be seen from Table IV, lead even for Iy (E > 10°
eV) to values that are smaller than the obtained upper
limit. An appreciable intensity of gamma rays with en-
ergies Ey ~ 1012101 eV could be expected "7 in this
case if all the radio-emitting electrons, for example in
the radio galaxy A-Cygni or in the Crab nebula, were
the result of nuclear interactions or production and
decay of 7° mesons. However, the source cosmic-
ray intensity and gas mass needed for this purpose
would have to greatly exceed values that are admis-
sible from the point of view of astrophysical and radio-
astronomical data. In this sense, the results of (65,681
although predictable, exclude directly the possibility
indicated in [67],

In the region of high energies E, 2 108 ey, direct
measurements of the intensity of the primary gamma
rays are practically impossible, because of their ex-
ceedingly low intensity. It is possible, however, to es-
timate this intensity, or its upper limit. from data on
extensive air showers. A photon with an energy in the
indicated interval will produce in the atmosphere a
rather powerful electron-photon shower, which will be
registered as readily as the extensive air showers due
to primary nucleons and nuclei. Unlike the latter, how-
ever, photon extensive showers will contain approxi-
mately two orders of magnitude fewer muons, in ac-
cordance with the ratio of the muon photoproduction
cross section and the cross section for pion production
in p-p collisions (the decay of the 7t mesons pro-
duced in these processes is indeed the source of the
muon component of the extensive air showers).

Differentiation of extensive air showers by muon
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number and estimates of the upper limit of the inten-
sity of the primary gamma quanta were made in (39411
The value obtained in [3%4] for the intensity Ly (E,

> 101 eV) was 10% times as small as the intensity of
the cosmic rays of the same energy. An upper limit
Iy (Ey > 10¥ eV) < 2 x 10 I(E > 10'® V) was obtained
in [41]. It is clear from (3.13) that this upper limit is
much larger than the expected intensity of gamma rays
from m-meson decay[1%J even for the direction to-
wards the galactic center and for the metagalaxy. As
to the mechanisms whereby gamma-rays connected
with the electronic component of the cosmic rays of
superhigh energies are generated, we must bear in
mind above all that these electrons themselves would
be sources of muon-poor extensive air showers. In
this connection, the data of [33-41] ggtablish also the
upper limit for the intensity of the electronic compo-
nent of cosmic rays on earth for the indicated energy
region.

This limit is still sufficiently high and the presence
of primary electrons having this intensity would not
only explain the results of [39"“’], but would also be the
cause of a strong cyclotron x-radiation (13,14,16] ¢
these electrons in interstellar magnetic fields (see
Sec. 5). Therefore the question of the intensity of the
primary electrons in the region E ~ 104—-10' eV js
particularly interesting 161,

The intensity of the secondary electrons (produced
in nuclear collisions and in n¥-meson decay) in the
energy region in question is quite small [10,38] (see
also Sec. 5.1), so that in fact the entire electronic
component would have to be regarded as primary and
produced together with the cosmic rays in their
sources. There is no need for any appreciable in-
crease in the power of the cosmic-ray sources in this
case (18], Yet, owing to the strong cyclotron-radiation
losses, the electrons with such energies cannot move
far away from the sources, provided they do not move
essentially at small angles to the field. Thus, the char-
acteristic time in which the energy of an electron with
initial energy E ~ 10% eV in a magnetic field H ~ 3
x 1078 Oe is reduced by one-half amounts to

4-1014 1.3.107
Lo~ —rp-secey — o years ~ 10% years. (4.10)

Within this time, even when moving in a straight line,
the electron cannot go more than 300 psec away from
the source. Thus, only in the presence of cosmic ray
sources that are relatively close to the solar system
and ‘‘young’’ could we hope to observe on earth pri-
mary electrons with these energies and with an iso-
tropic directional distribution. The presently avail -
able radioastronomical data apparently speak against
the existence of such close sources (if we regard
supernova flares as sources, the supernova Tycho
Brahe, which is closest to the earth and which flared
up in 1572, is a rather weak source and is located at
~ 360 psec ).
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Formula (4.10), together with the estimate based on
it, pertains to the case when in the mean Hj_ =Y H
along the path of the electron (H) —projection of the
field H perpendicular to the electron velocity ). On the
other hand, if the electrons move at small angles to the
field, so that H_2L <« H?, the characteristic time for the
energy loss increases noticeably. Therefore the high-
energy electrons, with velocity directed along the arm
of the spiral in which the sun is located (it is assumed
here that a quasi-regular field directed along the arm
exists), could arrive to us from large distances. Here,
obviously, the intensity of the electrons will be essen-
tially anisotropic. We note, in addition, that the very
possibility of generation of electrons with energies
E ~ 10%—10!® eV in cosmic-ray sources has, gener-
ally speaking, a low probability, primarily because
of the strong cyclotron-radiation losses (the magnetic-
field intensity in the sources is appreciably higher than
in the interstellar space). On the other hand, if we ad-
mit of such a possibility, then the gamma bremsstrahl-
ung and cyclotron x-radiation produced by these elec-
trons (see Sec. 5) should be nonstationary and local-
ized in individual regions near supernovas, inasmuch
as the frequency of supernova flares in the galaxy is
merely one every 100—300 years.

5. X RADIATION CONNECTED WITH COSMIC RAYS
5.1. Cyclotron X-Radiation

As is well known, non-thermal cosmic radio emis-
sion, and in the case of some objects also optical radi-
ation, have a cyclotron-radiation nature. It is not un-
likely that conditions are realized in the universe under
which the cyclotron-radiation mechanism can be re-
sponsible also for emission at x-ray wavelengths. Let
us consider these conditions.

The cyclotron-radiation spectrum of an ultrarela-
tivistic electron has a rather sharply pronounced
maximum. The total electron energy E is expressed
in terms of the frequency v (in cps) at which the
maximum intensity occurs, by the relation [ see (2.6)]

E o 7.5.10710 <HLL>1/"ergu 4.7-102 (gzy’zev, (5.1)

where H| (in Oe) —magnetic field component perpen-
dicular to the electron velocity. In first approxima-
tion we can assume that the entire power radiated by
the electron

P= E?P(v)dv = — =160 ()
]

ar

(5.2)

- E 2 ev
~10 3Hi<mcz> seTE

occurs at a frequency v corresponding to the maxi-
mum in the spectrum. Then (5.1) provides a unique
connection between the frequency and the energy of the
radiating electrons (for more details see [32]).
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For a power-law electron spectrum

N (EydE="“[,(E)dE = R,EYdE  (5.3)

the cyclotron-radiation intensity is determined in the
isotropic case by the expression [32]
y—i

J (v) =1.35.10"2a (y) LK, 0 (6 28 “’“) T e

cm?sec + sr - cps’
(5.4)

where a(y) —numerical coefficient with values a(2.5)
= 0.085, a(3) = 0.074, and a(4) = 0.072; L —length of
the radiating region along the line of sight, and ﬁe —
coefficient contained in (5.3) with dimension ( erg)'y"1
cm . It is assumed in (5.4) that the electrons are uni-
formly and isotropically distributed along the line of
sight L, and that the magnetic field H is constant in
magnitude and randomly distributed in direction.

Formula (5.4) can be readily obtained, apart from a
numerical coefficient of the order of unity (see the
analogous calculation in Sec. 3.3), from expressions
(5.1)—(5.3) by putting p(v) = P6(v -v(E)), where
v(E) is determined from (5.1).

We shall be interested in x-rays with frequencies
on the order of v =108 cps (A =34, E=hv =4 keV).

We consider first conditions under which the cyclo-
tron x-radiation of the electrons occurs in interstellar
space.

By way of the mean value of H, in interstellar
space (we are referring essentially to the region of
the galactic disc; see below) we can assume H; ~ 5
x 107 Oe. Then by virtue of (5.1) the frequencies v
~ 1018 cps will be radiated only by electrons with en-
ergies ~ 2 x 104 eV. In the region of such energies
we can estimate with sufficient reliability only the
number of secondary electrons —the products of the
T — u —e¢e decay. Let us estimate this number and the
x-ray intensity produced by these electrons.

To this end we use expression (3.3) for the inten-
sity of the pions produced by the cosmic rays on a
unit path, and we assume that %; of these pions are
charged. Taking into account the kinematics of the
7t —puf + v and u* —e* + v + v decays, the intensi-
ties of the electrons and pions produced on a unit
path are related by the equation[1¢]

g (E)AE = % (Yn) g+ (E) dE, (5.5)

where the coefficient «(vyy), which depends on the ex-
ponent y, in the power-law pion spectrum, is equal to

_ vt 2(y+9) ~
» =5 )" yoin (T * (8012

(here my and my —rest masses of the y and © me-~
sons ).

For the spectrum (3.3), assuming o = 3 x 107%, we
get

(5.6)

go(E) = 3-10728p (r) E-28 __Slectrons (£ in BeV)(5.7)

cmasec « sr- B
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or

electrons

ge (E) = 2.8-10733n (r) E->* ~ (Ein erg),

cm sec sr *°

where n(r) —concentration of interstellar gas as a
function of the coordinates.

The spectrum (5.7) is a generation spectrum, and
when multiplied by 47 is equal to the number of elec-
trons and positrons of energy E, produced per unit
time in a unit volume. In order to determine the con-
centration of the electrons Ng(E)[or their intensity
Ie(E), see (5.3)] under conditions of stationary gener-
ation, it is necessary to take into account the electron
energy losses. For the energies E ~ 10 eV in ques-
tion, the radiation and Compton energy losses in in-
terstellar space are much lower than the cyclotron-
radiation losses (5.2). As regards the diffusion es-
cape of particles from the galaxy, for electrons with
E ~ 10 eV it plays practically no role, inasmuch as
during the characteristic time of the cyclotron-radia-
tion losses (4.10) the electrons cannot move any ap-
preciable distance away from their point of generation
(in this connection, the secondary electrons with these
energies, and the cyclotron x-radiation produced by
them, are concentrated principally in the galactic
disc, where the greater part of the interstellar gas
is located).

Under stationary conditions, taking into account the
cyclotron-radiation losses, the spectrum of the elec-
trons in the interstellar space is determined by the
equation

— 2 APEN . (B)} = dnge (E), (5.8)

where g=2.4x 1078 HL (erg.sec)” -1 _coefficient in the
expression —dE/dt = BE? for the cyclotron-radiation
losses [see (5.2)]. According to (5.7) and (5.8) we have

o3

N, (B)= Qqe (E') dE’, (5.9)
_ _ 1
N (E) 2 3-107n (1) g ——v—
& 2107n (1) Eglgy—s— » (5.10)

’BeV

where we put H) = 5x 107 ¢ Oe.

Substituting the obtained value Ke =3x 10 ¥n(r)
[see (5.3) and (5.10)] into the expression for the in-
tensity (5.4) and putting

H=(5H) 6107,

we obtain

~ Z. ~28 _1,4¢_
J ()22 407N (L) v — s’ ) .11
Iw) = L8 3 q00ay (L) yos - ente j
Y cps

szSEC - 8r-

J (> v) v 5.10728N (L) v

erg
cm®sec * sr (5.12)
1(>v) =2.1072N (L) vt et

2
cm sec * Sr
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In particular, for x-ray quanta with frequencies v > 3
x 101 ¢ps (A < 104, E > 1.25 keV) we have

erg
’

J(v> 31017 = 5.10"BN (L) —, &
cm’sec - sr } (5.13)
I(V > 31017) :710-27N(L) —%EE’L , )

cm sec * Sr

that is, the intensity of such quanta is quite low even in
the direction of the galactic center.
T(v> 31017 ~v 2.0 Joanta

2
cm sec * Sr

ol (5.14)
J(v>3-1017) ~1.5.10712 8

cm sec * Sr

As can be seen from (5.10) and (2.1), the ratio of

the intensities of the secondary electrons and of the
protons with energies above a specified value is

[

SR 20 m @ E
where the energy E is in BeV., For E=2x 104 eV
= 2 % 10% BeV, this ratio is equal to ~107%n(r), that
is, the intensity of the secondary electrons in the en-
ergy region in question is ~ 107 of the cosmic-ray
intensity even in the central part of the galactic disc,
where the concentration reaches n~ 1 cm -3,

The foregoing still does not mean that the cyclotron
x-radiation from interstellar space does not play any
role at all. The point is that in principle the electrons
generating this radiation can be not secondary but pri-
mary (that is, produced in the cosmic-ray sources).
This possibility was already mentioned in Sec. 4.3. If
we assume, by way of an example that does not contra-
dict the data on muon-poor extensive air showers, that
the intensity of the primary electrons is ~ 107* of the
intensity of all the cosmic rays having the same en-
ergy, then the intensity of the cyclotron radiation of
these electrons will be approximately 10* times larger
than the intensity (5.13), and will reach in the direction
of the galactic center a value of several quanta/cm?
sec-sr. But, as already noted in Sec. 4.3, the presence
in interstellar space of electrons with energy ~ 101 ev
and with the indicated intensity has very low probabil -
ity.

In this connection, great interest attaches to a con-
sideration of such objects as supernovas, radio galax-
ies, and exploding galactic cores as possible sources
of cyclotron x-radiation. If we assume that there exist
in such objects regions in which the magnetic field in-
tensity reaches H ~ 10? Oe and higher (this is quite
probable under gravitational compression and collapse
of an initially massive star (%]) then, as can be seen
from (5.1) the x-radiation with frequency v ~ 1018 will
be produced even by electrons with energy E ~ 5 X 1010
eV. Electrons with such energies are contained in the
envelopes of supernovas, as is well known with the
Crab nebula as an example. Let us consider this
example in greater detail (4],

The cyclotron-radiation flux from a source located
at a distance R is

(5.15)
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pan y—-i
~ 2 9
@ (v) =1.35-107224 (y) "”ﬁfﬁ (6'2651018 ) i

2 ’
cm’sec * cps

(5.16)

where V —volume of the source and ﬁe —coefficient
in the electron spectrum (5.3) per unit volume. We as-
sume that the electrons fill uniformly the volume V of
the source, but that in a small part of the volume V;
<« V the magnetic field intensity is H; » H, where
H —average field intensity in the volume V. Then the
ratio of the radiation fluxes from the volume V; at fre-
quency v; and from the total volume V at frequency v
is equal to
v S uNT

LR aCORCIRE
For the Crab nebula (see, for example, [32]) the flux
of radio emission at frequency v = 108 cps is equal
to 1.7 x 1072 erg/cm? sec-cps, the volume is V = 6.6
x 10% ¢m?, the magnetic field intensity is H = 1.4
x 1073 Qe, and the exponent is v = 2a + 1 = 1.7 (the
spectral index is y = 0.35). Putting »; = 108 cps and
H; = 10? Oe, we get

(5.17)

@ (10 cps) = 1.9-1077 VL e (5.18)

cmzsec:'c—ps.
The resultant x-ray flux is equal in order of magni-
tude to the flux ¢ (108 cps) =~ 2 x 107 erg/cm2 sec-A
~ 6 x 10727 erg/cm? sec-cps, observed in (881 if v,
3x 1071V ~ 2 x 10% cm?. For example, if the vol-
ume V; is a spherical region with a strong magnetic
field near a collapsing star, then the effective radius
of this region should be equal to

i

R, ~ ( PV R~ 1010m,

where R ~ 2.5 x 10'® cm —radius of the radio-emitting
nebula.

According to (4.10), the characteristic time t rela-
tive to cyclotron-radiation losses for electrons with
energies E ~ 5x 10! eV, in a field H ~ 10? Oe, is
approximately 1 second. This means that if the elec-
trons with the energies in question enter into a volume
V; from a ‘‘reservoir’’ with volume V, the time during
which all the electrons will be drawn out is approxi-
mately Vt/V; ~ 108 years (of course, if we neglect the
possibility of electron influx during that time ). These
estimates are of course only tentative. Thus, for ex-
ample, by choosing a field H equal to 10 Oe, which is
perfectly admissible (this is precisely the value used
for the field in [%*]), we obtain an electron lifetime t
~10? sec. The field energy H3V,/87 is equal to 10%
erg for the case considered above, whereas for the en-
tire nebula H?V/87 ~ 5 x 104 erg. On the other hand,
if we put H; = 10 Oe, then V; =~ 5 x 10*" cm?® and
H}V, /87 ~ 2 x 10*® erg. Thus, this model apparently
raises no difficulties when it comes to energy. How-
ever, the assumption that there exists a rather strong
field Hy ~ 10—100 Oe in a region with dimensions



716 V. L. GINZBURG and

10%5_10% cm for stars with not too large a mass does
not follow directly from known estimates (see [24], [68],
and the bibliography cited in [24]1). On the other hand,
the field in the central part of the envelope can be
greatly decreased by assuming that there exist in this
region electrons with sufficiently high energy. Sum-
marizing, we can only state that the cyclotron-radia-
tion model of a discrete x-ray source and the forego-
ing estimates do not contradict the known data on the
Crab nebula. We must therefore admit of the possibil-
ity that discrete sources of radio emission can simul-
taneously be also sources of strong x-radiation even
without making use of the hypothesis that hot neutron
stars exist in these sources (see Sec. 5.3 and the note
added in proof at the end of the article).

5.2. X-Radiation Due to Other Processes

As a result of the processes considered in Chapter 3
cosmic rays will, of course, make also some contribu-
tion to the x-radiation. It will now be shown that this
contribution is small.

In the case of m’-meson decay, this can be easily
verified by recognizing that in the 7%-meson rest sys-
tem the energy of the produced gamma photons is Ey,0
=~ 70 MeV. Therefore in the laboratory system, photons
with x-ray energies will be produced only by decay of
sufficiently fast 70 mesons, and will at the same time
be emitted in a direction opposite to the direction of
motion of these mesons. The laboratory energy of the
photon is

2
Ev>/Ev,o(z—Vm)z%"—;i, (5.19)
where z = E;/mnc? = E; /ZE%O; on going over to the
last expression we assumed z > 1, corresponding to
the case Ey << E%0 of interest to us; the equality sign
in the left side of (5.19) holds when the photon is emit-
ted strictly backwards relative to the 7%-meson veloc-
ity. According to (5.19), photons with energy Ey <13
keV (A 2 14) are produced only from 7° mesons with
energies E; 2 400 BeV. The number of such 7% me-
sons is small compared with their total number [see
(3.7) and -(3.8)]. Therefore the intensity of the x-ray
quanta produced in this process is considerably lower
than the total intensity of the gamma quanta (4.4), and
is small even compared with the intensity of the cyclo-
tron x-radiation of the secondary electrons [see (5.13)].
The lower limit of the intensity of the x-radiation
due to the bremsstrahlung of relativistic electrons
can be obtained by taking into account only the elec-
tronic component of the cosmic rays in the energy
region E > 0.5 BeV. The total intensity of the elec-
trons with such energies is, according to (2.7),

I.(> 0.5BeV) ~ {02 CSlectrons

2
cm sec * sr

(5.20)

We note here that the total intensity of secondary elec-
trons (with energies E > mc?), produced in the galaxy
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at a rate [38] (~leV ~ 9 x 10" electrons/sec, is equal to

1, .+ (E > mcY =73‘~Ne, 2 (> mc?)

=4L5eﬂes§ 4.10-3 electrons
14

2
cm sec . Sr

(we assume here that the electron moves within the
confines of the galaxy, the volume of whichis V =~ 5
x 10% cm?, during a time Teg ~ 3 x 108 years). Thus,
an account of the secondary electrons with arbitrary
energies does not change appreciably the estimates
that follow. As to the primary electrons with energies
E < 0.5 BeV, there are no data whatever at present on
such (subcosmic) particles. Therefore this estimate
provides only the lower limit of the intensity of the x-
ray bremsstrahlung.

For the case of interest to us Ey < me? <« E, total
screening takes place and we can use expressions
(3.17) and (3.18). Together with (5.20), this yields

Iy o (Ey)=15-10M (L) Eg, )
v, or (B} =E,Iy, v (Ey) =1.5-107M (L), I}
Ey
Ty e (<E)= {0y, o (B) dB,=1.5-10M (1) By, Jl
0
(5.21)
In particular, for E, <12.5 keV = 2 x 108 erg (A > 14,
v < 3x 10'8 cps ), we obtain
Jy, br (v<<3.1018) =3.10712M (L) — &

cm'sec * Sr

(5.22)

We see from a comparison of (5.22) and (5.13) that in
the interval A = 1—10A the intensity of the brems-
strahlung is approximately one order of magnitude
lower than the intensity of the x-ray cyclotron radia-
tion of the secondary electrons. However, owing to the
different character of the radiation spectra (in the case
of bremsstrahlung the intensity J (Ey) does not depend
on the quantum energy E,, while in the case of cyclo-
tron radiation it decreases with increasing Ey), the
bremsstrahlung becomes stronger than the cyclotron
radiation with increasing photon energy.

Let us estimate finally the intensity of the x-radia-
tion produced by Compton scattering of thermal pho-
tons in interstellar space by relativistic electrons. The
x-ray quanta with energies E, > 1.25 keV (A < 10A)
are produced according to (3.23), when € ~ 1 eV, by
electrons with energies E 2 15 MeV. According to
(3.25) we have
I, (> Ey) = g I, (E}) dEy = Non(L) 0.1, (E‘ > me?

3 Ey
- 1.
Ey

&
(5.23)
For secondary electrons, the generation spectrum of
which has a maximum at E ~ 30 MeV and decreases
with decreasing energy [38], we can use for Ig (>E)
with E < 30 MeV the value Ig 7+ (>mc?) = 4 x 1073
electron/cm? sec-sr obtained above. As a result we
have for Compton x-rays from secondary electrons
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~ h,

I, (v> 310 cps) = 2.7- 10727 Npy (L) c‘m%si:% } (5.24)
P '
_4 10 szsec + Sr ! J

where we put Npp (L) = 1.4 % 10?2, corresponding to
the directions of the center and of the pole of the
galaxy.

Primary high-energy electrons [see (5.20)] make
also formally a contribution to I, (v >3 x 10! cps ),
but in fact lead essentially to the appearance of gamma
rays with energy E, ~ € (E/mc?)*> 210°% eV. For the
x-ray region it is therefore necessary to use just the
estimate (5.24) if we disregard, of course, subcosmic
primary electrons. Unlike cyclotron x-radiation from
secondary electrons [see (5.14)}, the intensity of the
Compton photons (5.24) is approximately isotropic and
when averaged over the directions is approximately 7
times larger, although in the direction of the galactic
center the cyclotron x-radiation plays the main role
as before.

5.3. Comparison of Calculations with Observations

In 1962—1963, as a result of measurements made
with rockets outside the atmosphere [4:6%791 cosmic
x-radiation was observed in the wavelength band A
= 284 (the effective wavelength corresponding to the
ma.x1mum sensitivity of the detector employed was 7\ef
o~ 3A) In ("7 the band was broadened to A =~ 0. 124,
The observed x-radiation can be divided into two prin-
cipal components: isotropic radiation (background)
and radiation arriving from several fixed directions
on the celestial sphere.

The isotropic x-radiation is apparently of cosmic
origin and is characterized by an intensity (68,701

quanta

T(2A <A<8A)~b (5.25)

cm sec * sr

The radiation from the fixed regions on the celestial
sphere is naturally connected with discrete sources,
the possible nature of which will be discussed briefly
at the end of this section. The most powerful of these
sources is located in the Scorpion constellation. The
experimental accuracy with which the angular position
and the dimensions of the source have been determined
is low (on the order of 5°), but in this region of the sky
there are neither bright nebulas nor powerful radio
sources. The x-ray flux from the source in the Scor-
pion constellation is equal to

hotons
202

m sec

OR2A <A< 8A)~13.107°F

2
cm sec

FRA<A<8A)~

’

where the effective wavelength is taken to be Ags = 3A
(v=10%cps, E=6.62%x 10" erg = 4.14 keV). In the
region of shorter wavelengths we have, according to (7]

F(h<18A)<

<0.30£0.08 Photens

m sec
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In addition to this source, two less powerful sources
were observed: in the direction of the filamentary neb-
ula in the Cygnus constellation and in the direction of
the Crab nebula. According to [69], the flux from the
source in the Crab nebula is ®(A) = 2 x 107° erg/cm?
sec. A for the wavelength interval 1.5A < A < 8A.

As follows from the estimates made in Secs. 5.1 and
5.2 [see (5.14) and (5.24)], the x-radiation intensity
connected with the cosmic rays or with their electronic
component is four or five orders of magnitude lower
than the intensity (5.25) observed in 65701 Even if
we assume that in the energy region E R 10% ev an
appreciable role is played by primary electrons, the
intensity of which in the galactic disc is four orders
of magnitude larger than the intensity of the secondary
electrons (5.10) (see Sec. 5.1), the cyclotron radiation
produced by them will have an intensity corresponding
to (5.25) only in the direction of the galactic center. On
the other hand, in the direction of the anticenter, and
all the more in the direction of the pole of the galaxy,
the intensity should be appreciably lower, if we take
into account (as is apparently inevitable ) the sources
of the primary electrons connected with the stellar
population of the galaxy.

It was assumed in "3 that the primary electrons
fill a spherical or quasispherical volume (the latter
with a semiaxis ratio 0.6), that is, they fill both the
disc and the galactic halo. If we take into account the
rate of energy loss for electrons with E 2 101 eV
[see (4.10)], this is tantamount to assuming that
sources of such electrons are present in the halo.
However, whereas we can assume, by stretching the
point somewhat, that the electrons can he accelerated
to an energy E ~ 10! eV near stars (primarily super-
novas ), there are no grounds whatever for such an as-
sumption under the conditions of the halo.

Thus, the observed intensity and isotropy of the
background x-radiation (5.25) cannot be explained by
attributing this radiation to galactic cosmic rays.

The high degree of isotropy of the observed x-ray
background (if it actually exists) apparently excludes
completely its galactic origin, even if we connect this
radiation with subcosmic particles[25:26:52]  There-
fore isotropic x-radiation with intensity (5.25), as-
suming its extraterrestrial origin is proved, is more
likely to have a metagalactic nature and is either con-
nected with subcosmic particles [52'26'74], or is the
summary radiation from a large number of discrete
sources of the type observed in [4:6%70] yniformly
distributed in the metagalaxy (267, If the isotropic
x-ray background is of metagalactic origin, a study
of its spectrum with allowance for the influence of
absorption can yield valuable information on the con-
centration of neutral hydrogen in the intergalactic
spacel26:1], varjous assumptions were advanced con-
cerning the discrete x-ray sources observed in [4,6970]
Thus, it is assumed in (%7 that supernova stars not
observed in the radio band because of the steep energy
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spectrum of the electrons can produce a sufficiently
powerful bremsstrahlung or Compton radiation. In [72]
are considered double stars of the early type, for
which the collision of expanding atmospheres can lead
to a strong x-ray bremsstrahlung. However, the great-
est attention has been paid in the literature to hot neu-
tron stars as being the probable sources of powerful
thermal x-radiation[21,22,73],

The black-body radiation from 2 neutron star will
have a maximum intensity at a wavelength Ay =~ 3A
=3 x 1078 cm, if the temperature of its surface (pho-
tosphere) is

=%~ 107 K.
According to the Stefan-Boltzmann law, the power ra-
diated from a star of radius r and temperature T is
47r%0T4, where o= 5.67 x 107° erg/cm?sec-degt. The
radiation flux at a distance R from the star will there-

fore be equal to
0= ( %—) 2T,

Thus, the x-ray flux & =~ 1.3 X 1077 erg/cm?® sec ob-
served in [6%70] can be comnected with a neutron star
having a surface temperature T = 107 deg K and a
radius r = 10 km, provided the star is located at a
distance R = 2.1 x 10%! cm = 700 psec.

According to [21,7] the cooling time of a neutron
star produced as a result of a gravitational collapse,
for example in a supernova or nova flare, is approxi-
mately 10% years. If the three observed sources of
(69,70 are neutron stars with T < 2 x 107 deg K, then
these stars should be located in a region with radius
~1 kpsec and a volume 4 kpsec? near the sun. Then
the total number of hot neutron stars in the galactic
disc (disc volume ~ 300 kpsec®) should be of the order
of 100, and the frequency of their appearance (for a
lifetime of 10 years) is approximately %, per year.
The frequency of supernova flares in the galaxy is on
the order of 107% annually. Therefore, taking into ac-
count the tentative character of this estimate, we can
still not state that the number of neutron stars con-
tradicts the data on the supernovas. Moreover, it must
be borne in mind that neutron stars are perhaps formed
as a result of some nova flares. The number of the
appearances of the latter in the galaxy is of the order
of 100 annually.

At the end of Sec. 5.1 we discussed still another
hypothesis concerning the nature of the discrete x-ray
sources, namely, we considered the cyclotron-radiation
model 147 of such a source. Although in this model the
angular dimensions of the source, do exceed the di-
mensions of the neutron star by many orders of mag-
nitude, they are still very small in absolute magnitude
(for the source in the Crab nebula, the angular dimen-
sion of the cyclotron-radiation x-ray source would
amount to approximately 27). From the point of view
of the possibility of the experimental verification, an

(5.26)

(6.27)
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important difference between sources of both types is
that their spectra are different, and also that the x-rays
from the cyclotron-radiation source may be polarized
(see note added in proof at the end of the article ).

CONCLUSION

Gamma and x-ray astronomy, as follows from the
foregoing, have appreciable potential uses. Let us list
here the most important trends in the research.

1. Measurements of the intensity Iy(Ey) in the en-
ergy region E, & 1 MeV yield information on the con-
centration and spectrum of relativistic electrons in
metagalactic space, something so far unattainable by
other methods. When E, > 50 MeV, the intensity
Iy(Ey) already depends also on the intensity of the
proton-nuclear component of the cosmic rays, which
likewise uncovers prospects with respect to study of
metagalactic space.

By separating the galactic component of the gamma-
ray intensity, which is feasible in principle by virtue of
the anisotropy of the intensity, we can appreciably re-
fine and check the available data and concepts concern-
ing cosmic rays in the galaxy, and particularly their
electronic component in the galactic halo.

2. By determining the x-ray intensity we can obtain
information, hitherto completely lacking, on subcosmic
particles (E < 3 x 16 eV)in the galaxy and metagalaxy.

3. Observations of the annihilation line E. = 0.51
MeV would yield valuable information on the intensity
of cosmic rays in the galaxy 10° years ago, and also
on the rate of escape of cosmic rays from the galaxy.

4, Discrete sources of x-rays attract special inter-
est. In partiéular, detection of any remote neutron star
can be effected at present, if at all, apparently only in
the x-ray region.

5. If the optical radiation of quasars is of cyclotron-
radiation origin, these objects may turn out to be
rather powerful sources of gamma rays.

There are also other interesting problems in the
field of gamma and x-ray astronomy (radiation from
the sun, total radiation from the stars, gamma radia-
tion of high energy in regions with E > 101 eV and
Ey > 101 eV, and a few others).

All this allows us to think that a study of cosmic
gamma and x-radiation constitutes an important trend
in modern astronomy.

Note added in proof. According to information recently obtained,
measurements were made in the USA of intensity of x-radiation of
the Crab nebula during its occultation by the moon. The fact that
such measurements were being planned was mentioned in [*°].
These observations, according to preliminary data, offer evidence
that the discrete x-ray source in the Crab nebula is not pointlike —
its diameter reaches 1/5 of the diameter of the optical source. The
hypothesis that the x-ray source in Crab is a neutron star is elim-
inated by the same token. As we have seen in Secs, 5.1 and 5.3
(see also [**' %% 7 7% 7]y even before these measurements were
made the assumption of the neutron nature of the x-ray source in
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Crab was not regarded at all as being the only one possible; it was
subject, in addition, to certain objections ["* "] with respect to
the calculation of the temperature of the neutron star. Thus, it was
shown in [°] that the neutron star is probably in a supetfluid state.
In this case the published temperature calculations are incorrect,

In Secs. 5.1 and 5.3 we discussed a model in which the x-ray
source in Crab has a cyclotron-radiation nature. The x rays were
then assumed to be due to the same relativistic electrons which
produced the optical cyclotron radiation. By the same token, the
cyclotron-radiation x rays from Crab could be explained even with-
out assuming that this source contained electrons with energies
E >> 10" eV. The true situation, however, is apparently simply
that there are in Crab electrons with sufficiently high energies to
produce cyclotron emission of x rays in fields of 107*-107 Qe.

Inasmuch as the volume of the x-ray source is still approxi-
mately 1/100 of the volume of the entire nebula, it is natural to
assume that, as in the model of [**], the field in the central part
of the envelope was stronger than the average field of 107°~10™
Oe, which corresponds to the entire envelope. As shown by L. M.
Ozernot, if we use formula (5.17) and set the spectral index of the
optical and x-ray cyclotron radiation of Crab equal to @ = 1.5 (con-
sequently y = 2 a + 1 = 4), then the observed intensity of the x
rays is found to correspond to a field H| = 3 x 107 Oe. This field
should exist in the entire volume of the x-ray source. The cyclo-
tron-radiation model of the x-ray soutce in Crab was considered
also in ["].

Of course, the cyclotron-radiation nature of the x-ray source in
Crab has not yet been proved, but at present it is the most likely.
At the same time, it is necessary to assume in this case that rela-
tivistic electrons with energy region 10" eV are present in Crab.
The lifetime of such electrons does not exceed several years, and
thus the particles should be continuously accelerated in the
source. The role of such an accelerator is possibly played by a
collapsing magnetic star [** **]. -
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