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SOME 50 years ago it was established that a ‘‘radia-
tion,’’ called cosmic rays, reaches the earth from outer
space. This radiation was found to be highly penetrating,
and even thick layers of lead failed to stop it.

The discovery of cosmic radiation was the result of
an investigation of the ‘‘dark’’ current in ionization
chambers. The fact that current flows in ionization
chambers in the absence of any artificial ionization
sources (this precisely is the dark current), was ob-
served at the very beginning of the century. Its appear-
ance in ionization chambers located near the earth’s
surface could be ascribed to radioactive impurities in
the objects surrounding the chamber. The cosmic
(extraterrestrial ) origin of some part of the dark
current was therefore proved only after experiments
had been made with balloons. The current produced
in the ionization chamber by the radioactivity of the
earth and various objects should decrease with in-
creasing distance from the chamber to the earth’s
surface. It was found, however, that the ionization
current decreased with rising altitude only up to a
certain low level, beyond which it began to increase.
Thus, in experiments carried out in 1914, the ioniza-
tion was found to be much higher at an altitude of 9
km than at sea level. To be sure, various hypotheses
ascribing a terrestrial origin to cosmic rays were
advanced even after these experiments; their appear-
ance was attributed, for example, to thunderstorms
and to radioactivity of the upper layer of the atmos-
phere. All these hypotheses, however, have long been
set aside.

Because of their high penetrating ability, cosmic
rays were first regarded as a modification of gamma
rays. It was ascertained later on that the primary
cosmic rays contained charged particles. This could
be observed by using the earth’s magnetic field, in
which moving charged particles are deflected. As a
result, the flux of primary cosmic rays, i.e., the rays
incident on the earth’s atmosphere, depends on the
geomagnetic latitude. The primary cosmic rays pro-

*Articles devoted to the origin of cosmic rays and to radio as-
tronomy have already been published in Uspekhi Fizicheskikh
Nauk. In view of the great interest that is attached to this group
of problems, the editor presents this article, written specially for
the section on ‘‘Physics of Our Days.”’

duce in the atmosphere secondary particles and only
the latter are observed on earth. The observed de-
pendence of the flux of these particles on the geomag-
netic latitude enables us to conclude that charged
particles are contained in the primary cosmic rays.
A direct investigation of the primary rays was prac-
tically impossible for a long time, because of the dif-
ficulty in raising the apparatus to high altitudes. The
lack of reliable data on primary cosmic rays made it
impossible to explain their origin, and the origin of
cosmic rays was a moot question for many years.

The situation did not change much even after it
was ascertained that the primary cosmic rays con-
sisted of protons and nuclei of many elements (the
presence of nuclei was established in 1948). The point
is that cosmic rays have an isotropic distribution, i.e.,
they arrive on earth uniformly from all directions.
Their investigation therefore yields no direct infor-
mation on the location of the cosmic-ray sources. To
better understand the extent to which the isotropy of
cosmic rays makes difficult a determination of the
origin, let us imagine that the optical radiation from
all the celestial bodies is first mixed, and then ana-
lyzed. In this case, instead of investigating the spec-
trum and the intensity of the optical radiation from
individual stars and nebulae, it would be necessary to
investigate the same radiation characteristics, but
from all these objects taken together. It is quite obvi-
ous that under the condition nothing would remain of
modern astrophysics) Yet the information concerning
the cosmic rays pertains precisely to all the sources
taken together. An attempt at an analysis of this in-
formation is similar to attempting a spectral analysis
of the overall light from all the stars and nebulae.

But can any information on cosmic rays in differ-
ent parts of the universe far away from the earth be
obtained at all?

Even relatively recently this question would have
been answered in the negative. But, as happened many
times in the history of physics and astrophysics, the
situation changed rapidly and radically as a result of
discoveries made in an utterly different field. Here
we have in mind radio astronomy, the vigorous devel-
opment of which began in 1945. It was found (in 1950
— 53) that the main part of the radio emission from
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space is generated by cosmic rays. By receiving the
cosmic radio emission, we can establish certain prop-
erties of cosmic rays not only in our own galaxy, but
far beyond its limits. The development of radio as-
tronomy and the establishment of a connection between
cosmic radio emission and cosmic rays has advanced
the problem of the origin of cosmic rays and the mani-
festation of their properties in various regions of the
universe to a prominent place in astrophysics. It be-
came possible, as in the solution of other astrophysical
problems, to make use of observational data, and to
carry out the analysis by using an aggregate of data
obtained by various means. Cosmic rays have proved
to be interesting not only as an independent object of
study, but, as has become clear in time, they play an
important role from the point of view of the dynamics
of the interstellar medium and the shells of supernovae,
and arealsoone of the main factors in the determination
of the evolution of galaxies.

Cosmic-ray physics almost always followed two
clear-cut trends. The first was the use of cosmic rays
for the study of elementary particles and their interac-
tions at high energies. Essentially this involved
merely the possibility, provided by nature itself, of
observing high-energy particles. These possibilities
were used with great success. It was in cosmic rays
that the positrons, p*, 7%, and K mesons, and also
certain hyperons, were discovered. A study of these
particles is of such great importance that for a long
time, particularly from 1929 through 1955 or 1956,
the investigation of elementary particles played the
principal role in cosmic-ray physics. The situation
changed radically with the development of powerful
accelerators. At the energies afforded by accelerators
(energy E up to 3 x 10" ev) cosmic rays can in gen-
eral hardly compete with accelerators as a tool for
the investigation of elementary particles. The empha-
sis in the first trend of cosmic-ray physics has there-
fore shifted towards higher energies (E > 3 x 1019 ev).
In this region, the measurements are carried out prin-
cipally with the aid of photoemulsions and observations
of extensive atmospheric showers. - Inasmuch as the
maximum energy registered in cosmic rays is approxi-
mately 1019 ev, it is quite obvious that the use of cos-
mic rays for purely physical researches will continue
probably for a very long time.* Nonetheless, the rela-

*As indicated, the energy attainable with accelerators is at
present 3 x 10*° ev, i.e., almost nine orders of magnitude below
the maximum particle energy observed in cosmic rays. We can
hardly expect to see in the near future development of accelera-
tors producing particles of energy higher than 3 x 10! ev. We re-
call, however, that the use of the so-called ‘‘opposing beam’’
method, while fraught with great difficulties, permits in fact inves-
tigation of collisions between particles with energy E'=2(E/Mc?) x
Mc?, where E is the particle energy in each beam, consisting of
particles with rest mass M. However, even for electrons with
E = 5 x 10° ev, the energy is E'= 10" ev, and for protons we have
E'~2x10%evat E =3 x 10" ev.
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tive ‘‘weight’’ of elementary-particle research has un-

doubtedly been greatly reduced, and recently a second
trend has started to predominate in cosmic-ray phys-
ics, namely investigations of the geophysical and astro-
physical aspects of cosmic rays. At the present time,
the number of investigations in this direction amounts
to more than half of all the researches devoted to cos-
mic rays. The study topics are:

1. Primary cosmic rays on earth (chemical compo-
sition, energy spectrum, lateral distribution).

2. Cosmic rays beyond the solar system (in the
galaxy and metagalaxy).

3. Origin of cosmic rays.

4. Solar cosmic rays, their generation, motion to-
wards the earth, and influence on the earth’s iono-
sphere.

5. Effect of the interplanetary medium and of the
interplanetary magnetic fields on cosmic rays (of both
galactic and solar origin); high-latitude cut-off and
different variations of cosmic rays, both on earth and
beyond the solar system.

6. Radiation belts near the earth and other planets.

The launching of artificial satellites and space
rockets, and also the general progress in geophysics
and solar physics, on the one hand, and the rapid de-
velopment of radio astronomy and astrophysics as a
whole on the other, have given rise to many researches
in all the aforementioned topics. All these researches
are furthermore related not only with each other, but
also with other scientific endeavors (solar physics,
the physics of the interstellar and interplanetary me-
dium, theory of particle acceleration, radio astron-
omy, etc.). It would be quite difficult and hardly ad-
visable to attempt to discuss a large number of prob-
lems in a single article. We shall therefore touch
upon only three problems: the properties of primary
cosmic radiation on earth, data on cosmic rays in the
universe (beyond the limits of the solar system ), and
the origin of cosmic rays.

1. PRIMARY COSMIC RAYS ON EARTH

The mass of a column of the earth’s atmosphere
1 cm? in area is approximately 1 kg. Such an air filter,
from the point of view of passage of various types of
radiation, is equivaler_lt to a layer of water about 10
meters thick. The mean free path of the particles con-
tained in primary cosmic rays is less than one meter
of water (less than 100 g/cmz). This means that the
atmosphere acts as a thick filter of primary cosmic
rays and these rays practically do not reach the earth’s
surface. The situation does not change appreciably
even on high mountains, where the primary particles
amount to only a small fraction of the total flux of cos-
mic rays. A study of primary cosmic rays, the only
rays in which we are interested, is possible only with
the aid of pilot balloons, high-altitude airplanes, rock-
ets, and artificial satellites. Until recently the princi-
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pal role was played by pilot balloons, but more research
with the aid of satellites is expected.

To determine the chemical composition of the pri-
mary rays, the most widely used is the photoemulsion
method, although Cerenkov counters are also used. It
is important to emphasize that cosmic rays contain
‘“‘bare’’ nuclei having no orbital electrons. In this case
the ionizing ability and the intensity of the Cerenkov ra- -
diation, other conditions being equal, are proportional
to ZZ’ where Z is the atomic number of the element. FIG. 2. Cerenkov counter a— Plexiglas detecfor, b — photo-
Consequently nuclei with different Z produce different multiplier. The fast charged particles penetrating into the
tracks in emulsion (Fig. 1). In a Cerenkov counter counter emits light (the Cerenkov effect) which is registered by
(Fig. 2), the nuclei are differentiated by the intensity the photomultiplier.
of the Cerenkov-radiation flashes.

The energy spectrum of cosmic radiation (the de-
pendence of the number of particles on their energy)
is determined from the latitude dependence of the

cosmic-ray flux. This method is limited to an energy
range up to approximately 15 Bev for protons and up
to 7.5 Bev/nucleon for nuclei.* At higher energies,
the energy spectrum is determined, for example, from
the number of particles having some specified energy,
registered in the emulsion. This method yields cer-
tain data up to energies on the order of 1012 — 1013 ev.
At still higher energies, the cosmic rays are investi-
gated almost exclusively in connection with extensive
air showers, which will be discussed later.

An investigation of the primary cosmic rays con-
sists of determining their composition (i.e., the num-
ber of particles with different charges and masses),
the energy spectrum of the particles of each kind, and
their lateral distribution. All these problems have
been far from exhaustively studied. But researches
are being carried out by many groups in many coun-
tries, and there is no doubt that progress in this field
will be rapid. We give below the principal results
about which there is no special doubt.

a) Chemical Composition

Unfortunately, the determination of the charge of a
given nucleus, say in emulsion, is subject to an appre-
ciable error. In addition, even when the measurements

*Let us explain briefly why the energies of the protons and
nuclei differ so much. The frequency of rotation of a particle with
charge eZ, total energy E, and mass M in a magnetic field of in-
tensity H is wf = (eZH/Mc)(Mc*/E). The radius of curvature of
the trajectory of this particle, if its velocity v is perpendicular to
the field H, is equal to r = v/wi; for relativistic particles we
have v/c 1 (i.e., E/Mc? = (1 —v?/c®) ™% > 1), and r = E/eZH.
In the latter case, if we measure r in centimeters, E in ev, and H
in oersteds, we have

E Ae

'~ 300ZH ~ 300ZH’ @

e T : where E = A€, A is the atomic weight, and € is the total energy
Ne St . Fe

3 0 G per nucleon.
=7 =0 =1 ‘,'2_25 Whether a particle can reach the earth depends obviously on
the radius of curvature of its trajectory in the earth’s magnetic

: 50 ~ v field. For protons A/Z =1, but for nuclei A/Z X 2. Therefore
: . the earth’s magnetic field, while preventing protons with E <15
FIG. 1. Emulsion tracks of relativistic nuclei with different Z. Bev from reaching the equator (in a vertical direction), does not

It is seen that the thickness of the track increases with increasing  keep cosmic rays with energy € > 7.5 Bev/nucleon from reaching
Z. the earth’s equator.
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are made in pilot balloons, a layer of air several grams
per square centimeter thick still remains above the ap-
paratus. Only in one case known to us did this layer
amount to 2.7 g/cm? (altitude somewhat higher than
40 km ). Usually, measurements are carried out at
lower altitudes (layer thickness 7 — 15 g/cm?). In-
vestigations of nuclei with the aid of satellites have
only begun. The presence of a layer of air above the
apparatus causes part of the nuclei observed in emul-
sion (or by other methods) to be secondary, since
they were formed in the air. Finally, to obtain suffi-
ciently accurate values it is necessary to investigate
tracks of many nuclei under identical conditions. This
is particularly difficult in the case of rarely encoun-
tered elements. From all the foregoing it is easily
seen that the information available on the chemical
composition of primary cosmic rays is far from com-
plete. In particular, to increase the statistical accu-
racy, data are usually given not for individual nuclei,
but-for entire groups. Thus, the nuclei of lithium,
beryllium, and boron (Z =3 —5) form the group of
light (L) nuclei. Carbon, oxygen, nitrogen, and fluo-
rine (Z = 6 —9) are combined into the medium-nuclei
group (M). Nuclei with atomic number Z = 10 make
up the heavy group (H); sometimes a group of very
heavy (VH) nuclei with Z = 20 is also introduced.
Protons (p) and Hj nuclei, i.e,, o particles (a),
are considered apart from other nuclei.

The existing methods, disregarding the small num-
ber of slowest particles, cannot be used to determine
the atomic weight of the nucleus. In other words, all

isotopes of a given element are lumped together. There-

fore, strictly speaking, the p group combines the pro-
tons, deuterons, and tritium nuclei, while the a group
also includes the Hej nuclei. For each of these groups
we define the flux F, i.e., the number of particles inci-
dent on a unit area per unit time in a unit solid angle.
(F is expressed below in particles/m?-sr-sec; we
note that it is more correct to call F the intensity or
the flux in a given direction, but the term flux is more
widely used.) The total flux F is obtained by integra-
tion over the angles; for isotropic radiation, integra-
tion over a hemisphere yields F = fF cos 0dQ = 7F).
The fluxes of the foregoing particle groups are listed
in Table I. The average atomic weight A for each
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group (third column of the table) is determined from
the same experimental data that are used to determine
the fluxes. We note that the values of F pertain in all
cases to particles with total energy greater than 2.5
Bev/nucleon.

The sixth column of Table I lists the ratio of the
flux of nuclei of a given group to the flux of the H-group
nuclei; this ratio is at the same time equal to the ratio
of the concentrations of the nuclei of the corresponding
groups, N/Nj. It is taken into account here that for
isotropic particle distribution we have N =4r7F/c,
where v is the particle velocity. For the relativistic
particles under consideration, we can write with suffi-
cient accuracy v =c = 3 x 10! cm/sec. The last two
columns of the table give the ratios N/Ny obtained
from various data, characterizing the average abun-
dance of the elements in the universe—on the sun, on
stars, and in the interstellar medium. As is clear
from Table I, the chemical composition of cosmic rays
has two striking singularities.

First, although the abundance of the light elements
—lithium, beryllium, and boron is very low in nature,
for these elements rapidly ‘‘burn up’’ in the stars, the
elements of the L group are almost as plentiful in
cosmic rays as the heavy elements (H group), i.e.,
approximately 100,000 times more abundant than in
nature on the average.

Second, cosmic rays are much richer in heavy and
very heavy elements than celestial bodies. In fact, in
cosmic rays there are approximately 550 protons and
a particles for each nucleus of group H, and approxi-
mately 2,000 protons and « particles for each nucleus
of group VH (we shall see that in practice this group
is made up of iron and chromium ). At the same time,
according to various data, there are 3600 — 8,000 pro-
tons and « particles in the universe for each nucleus
of group H, and 60,000 — 160,000 for each VH nucleus.
This means, even if the lower values 3600 and 60,000
are used, that cosmic rays are seven times richer in
heavy elements and 30 times richer in very heavy ele-
ments than the sun, the stars, and the interstellar gas.

It is natural to interpret the presence in cosmic
rays of lithium, beryllium, and boron in the following
fashion. As the cosmic rays move in the interstellar
medium, the nuclei >f groups M and H are broken up

Table I. Chemical composition of cosmic rays
(The chemical composition of the interstellar gas is determined
in general from the figures listed in the two last columns).

Number of In the universe
.nucleon.s (on the average)
Group of z A Number of in cosmic- | _F_ _ _N_«
nuclei particles @ rays flux Fy Ny
m2-sr-sec (i.e., value N/Ng N[Ny
of AF)
. 1 1 1300 1300 520 3360 6830
a 2 4 88 352 35 258 1040
L 3—5 10 1.9 19 0.76 10-5 108
M 6—9 14 5.6 78 2.24 2.64 10.1
H >10 31 2.5 78 1 1 1
VH 220 51 0.7 35 0.28 0.08 0.05
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by nuclear collisions with the nuclei of the atoms of
the interstellar medium, i.e., essentially protons and
helium nuclei. Among the products of such disintegra-
tions are the group-L nuclei, which are thus second-
ary—the very low abundance of these nuclei in nature
leads us to believe that they are also absent from the
sources of cosmic rays. Taking into account the rela-
tively large number of L nuclei in cosmic rays on
earth, and assuming all these nuclei to be secondary,
we can conclude that cosmic rays arrive from a great
distance; on the average they should pass through a
layer of matter 5— 10 g/cm? thick. The average con-
centration of gas in our galaxy is approximately 0.01
particle/cm3, corresponding to a density 2 x 10728 g/
cm?, It follows therefore that the cosmic rays travel
on the average some 3 x 10%6 cm before they reach the
earth; moving almost with the velocity of light, ¢ =3
x 1010 cm/sec, the particles cover this path in about
10 gec ~ 3 x 108 years.

The radius of our galaxy is approximately R=3—5
x 10?2 cm =~ 30 — 50 thousand light years. Since the
path covered by the cosmic rays (3 x 102 cm) is
much greater than the radius of the galaxy, the thought
arises that the cosmic rays come from regions far be-
yond the galaxy. Such a conclusion, however, would be
premature, to say the least. The point is that magnetic
fields of intensity H ~ 107%-107% oe exist in the inter-
stellar space. The radius of curvature of the trajectory
of a proton with an energy typical of cosmic rays, say
E =10 ev = 10 Bev, is r = E/300H ~ 3 x 10! cm even
in a field of 107% oe, i.e., it is negligibly small com-
pared with galactic dimensions. When the radius is
sufficiently small, the character of the motion of the
cosmic rays in the galaxy is determined by the con-
figuration of the interstellar magnetic field: a charged
particle in a homogeneous magnetic field moves along
a helical line, and its velocity along the field is equal
to the component v|| of the total velocity v along the
field. We can therefore assume that on the average,
over a sufficiently long time, the particle moves in
the homogeneous field linearly with a velocity v. If
the force lines of the field are bent and form a tangled
“ball,’’ the particle will move along a complicated tra-
jectory; in first approximation this trajectory wraps
itself around the force line. In ‘‘tangled’’ magnetic
fields of complex configuration, the motion of a par-
ticle in any direction can be likened to the diffusion of
molecules in a gas. The diffusing molecule describes
a complicated trajectory, made up of linear segments
equal to the mean free path, i.e., equal to the distances
between the collisions of the given molecule with the
atoms or molecules of the gas. The role of the mean
free path in motion in a ‘‘tangled’’ magnetic field is
played by the characteristic distance I, over which
the direction of the force lines of the field changes
appreciably (Fig. 3). Naturally, the analogy between
diffusion in gas and motion in the magnetic field is
limited, and becomes meaningful only if many condi-
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FIG. 3. a) Motion of a molecule in gas, b) motion of a particle
in a magnetic field.

tions are satisfied. We can think that in galactic mag-
netic fields these conditions are satisfied with a certain
degree of approximation.* Since the magnetic fields in
the galaxy as a whole have in all probability a highly
tangled character, the cosmic rays move along com-
plicated paths, and most of them spend their entire
“‘life’” within the confines of the galaxy.

Returning to the problem of the chemical composi-
tion of the cosmic rays, we point out another important
conclusion, which follows directly from the statement
just made concerning the origin of the L nuclei. Inas-
much as these nuclei are disintegration products of
heavier nuclei, it is clear that the cosmic-ray sources
have even more heavy particles than there are on earth.
A more detailed examination shows that in a layer of
thickness 5 — 10 g/cm?, the very heavy nuclei, such as
iron and chromium, could generate all the other par-
ticles present in the cosmic rays on earth. To be sure,
the insufficient accuracy with which the chemical com-
position of the cosmic rays is known, and the lack of
data on the products observed in nuclear collisions
(for example, collisions between protons and iron nu-
clei) do not enable us to draw final conclusions. There
is no doubt, however, that the heavy and very heavy
particles (the latter being iron, chromium, etc.) are
the ones essentially accelerated in the cosmic-ray
sources. This means that the cosmic rays at the
sources are even richer in VH nuclei than those on
earth, at the expense of protons, o« particles, and L
nuclei, and probably also the M and H nuclei.

In addition to data on groups of nuclei, interesting
information is available at present also concerning
certain nuclei. Thus, there is more carbon than oxy-
gen in cosmic rays, whereas in the universe, on the
average, the situation is reversed. Although there is
very little fluorine in nature, it has a noticeable abun-
dance in cosmic rays. Finally, iron and chromium

*The success of the diffusion approximation is due to the fact
that the trajectory of the particle is not at all firmly “‘stuck’’ to the
force lines of the field. A slow transition takes place from one
field line to others, first as a result of the so-called ‘‘drift’’ in
the inhomogeneous field, and second because the magnetic field
changes all the time as a result of the galactic rotation and the
motion of interstellar gas clouds. The cosmic rays in the galaxy
are thus apparently effectively ‘‘mixed,”’ i.e., their average mo-
tion is like that in the diffusion process.
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are predominant among the VH nuclei. An exact de-
termination of the chemical composition of primary
cosmic rays on earth is one of the most urgent prob-
lems in cosmic-ray physics. A major role will un-
doubtedly be played here by satellites.

In speaking of the chemical composition of cosmic
rays, we had in mind, essentially, only the main part
of the cosmic rays, with energy less than 1012 — 1013
ev. There are practically no data at all on the chem-
ical composition of the particles with higher energies.

It is also very important to know the number of
electrons and positrons contained in the primary cos-
mic rays on earth. Unfortunately, one can merely
indicate at present that, according to the rather old
measurements on hand, the number of electrons and
positrons is less than about 1% of all the cosmic rays.
More exact information on electrons and positrons is
badly needed.* We note, in addition, that the presence
of gamma rays in primary cosmic rays has not yet
been reliably established, nor have any antiprotons
or antinuclei been observed.

b) Energy Spectrum. Isotropy of Cosmic Rays

The flux of cosmic rays with kinetic energies Eg
greater than 1 Bev/nucleon diminishes monotonically
and rather rapidly with increasing energy (Fig. 4). If
we denote by FpA (> €) the flux of particles with
atomic weight A and total energyt (per nucleon)
greater than €, then the energy spectrum can be ap-
proximately represented in the form

=
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FIG. 4. Total flux of all cosmic rays F = #F [number per
m?-sec, of particles with kinetic energy greater than Ey (ev)]. The
hatched region characterizes the possible measurement inaccuracy.

Particles/mz-sec

*Note added in proof. This problem has by now been solved in
principle. In a communication by J. A. Earl, Physical Review
Letter 6, 125 (1960), published after this article was written, it is
reported that light particles (electrons and positrons, which could
not be distinguished from each othér) have been observed in pri-
mary cosmic rays. According to preliminary data, the flux of elec-
trons with energy E 2 1,5 Bev amounted in this case to about 1%
to the proton flux. This agrees with the assumed approximate ratio,
1%, used for the same fluxes in the present article.

tThe total energy of a particle with mass M is E = Ex + Mc?
= A&, + AMpc?, where M; is the proton mass (we neglect the mass
difference between the proton and neutron), Obviously, € =gy
+ 0.938 Bev, since Mpc® = 0,938 Bev for a proton.

FA(>€)= ff1 ’ (2)

&
where for protons and all the nuclei we have y = 2.5
+ 0.2. The spectrum (2) is called the integral spectrum;
the differential spectrum is Fp(€) = (y—-1)Kae™?,
o0

inasmuch as Fp (> €) =JFA(e)de. For protons

Kp = 4,000 (the energy € amounts to several Bev).
Therefore, according to the data of Table I, we have
Fp (> 2.5 Bev) ~ 1300 protons/m? sr-sec. As already
indicated, the total flux is Fy = 7F, and consequently,
the earth receives some 4,000 protons per square
meter per second.* The flux of all the other particles
can also be readily obtained with the aid of (2) and
Table L.

Particular interest is attached to the energy spec-
trum of cosmic rays in the region of low and high en-
ergies. Thus, for relatively ‘‘soft’’ particles with ki-
netic energy € & 1 Bev/nucleon, the spectrum is no
longer given by (2). Qualitatively, the difference lies
in the fact that the flux no longer increases with de-
creasing energy. This means that the curve (integral
spectrum) F (> €) reaches ‘‘saturation’’ (becomes
horizontal), and the F (€) curve (differential spec-
trum) has a maximum at some energy €k,max < 1
Bev/nucleon. This effect—the absence of low-energy
particles in the primary cosmic rays on earth—is
called the high-latitude spectrum cutoff (particles with
€k < 1 Bev/nucleon can reach the earth only at suffi-
ciently high latitudes). The value of the energy
€k,max, and the entire character of the high-latitude
spectrum cutoff, depend on the solar-activity cycle.
During the minimum of solar activity (the last mini-
mum was observed in 1954, and the next is expected
in 1965) the high-latitude cutoff is apparently weakly
pronounced or perhaps completely lacking. To the
contrary, during high solar activity, when there are
many sunspots, or when the sun ejects gas streams
etc., the high-latitude cutoff is most clearly pro-
nounced. This circumstance, in spite of the incom-
pleteness of the available data, gives grounds for as-
suming that the high-latitude cutoff is due to magnetic
fields in the solar system. Such fields are ‘“frozen-in’’
in the streams of ionized gas ejected from the sun.
Nor is it excluded that the solar system contains also
a quasi-regular magnetic field, produced by currents
flowing in the plane of the earth’s orbit in the inter-
planetary gas.

In addition to the high-latitude cutoff, the existence
of a magnetic field in the solar system leads to varia-
tions of the intensity of the cosmic rays. These vari-
ations depend on the latitude and on the height of the
point of observation above sea level; on the whole,

*Particles with €= 2,5 Bev can reach the earth only at suffi-

ciently high latitudes. Only protons with €> 15 Bev reach the
equator in a vertical direction. Their total flux is Fy X 220 pro-
tons/m? sec.
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they are determined by the solar activity. It has also
been established that the sun sometimes (during the
last two or three years—approximately once a month)
emits cosmic rays with an essentially relatively low
kinetic energy €j. less than (1—3) x 10% ev. Such
particles arrive only at high latitudes and were ob-
served with the aid of pilot balloons and satellites.
During the past twenty years, several powerful ‘“‘flares”’
of solar cosmic rays have also been recorded. The
greatest of these occurred on February 23, 1956. Dur-
ing the time of this flare, the flux of cosmic rays in-
creased by a factor of several times even on the
earth’s surface. For example, in Moscow the flux in-
creased four f;imes; two hours after the start of the
flare, the increase in the flux was already 20%. During
the powerful flares registered at other times, the flux
on the earth increased by at most several times 10%.

A study of the solar cosmic rays and of the influ-
ence of solar activity on the cosmic rays arriving
from the galaxy is now an independent field of re-
search, closely connected with the physics of the sun
and of the interplanetary medium.

While “‘soft’’ cosmic rays yield information on the
sun and solar streams, a study of the ‘‘hardest’’ par-
ticles of cosmic radiation is particularly important
for the clarification of the role of cosmic rays of
extragalactic origin. Unfortunately, an investigation
of cosmic rays of very high energy is very difficult,
and relatively little has been obtained as yet. The
primary reason is that the flux of high-energy particles
is very small. Actually, if we use for the flux of all
the cosmic rays expression (2), with K = 5,000 and
v = 2.5, and if we substitute for € the total energy E
of the particle, then the fluxes of particles with en-
ergy E greater than 1018, 10”, and 10%° ev (i.e., 108,
108, and 10!° Bev) are respectively

F(E > 10°Bev) = 5-10°°,
F(E > 1019Bev) = 5.10712.

F(E > 10®Bev) = 5-107%,
particle

@)

m?sr-sec *

A year has approximately 3 x 107 sec and a particle
with energy greater than 10" should fall on a square
meter of the earth’s surface (from all directions) on
the average once every 2,000 years! Actually the flux
of particles with very high energy is even much less,
because the power law (2) is valid only in a limited
energy interval, and the spectrum falls off with in-
creasing energy more steeply than called for by (2)
with ¥ = 2.5 (according to some data, in the energy
region E > 5 x 101 ev the exponent y amounts to
3.17 + 0.10; see also Fig. 4).

In spite of this, particles of energy up to 10%? ev
have been observed. This was made possible by ob-
servation of extensive air showers. The method of
extensive air showers is the only one used in the in-
vestigation of cosmic rays of energy greater than
1014 —10!% ev. The mechanism of formation of exten-~
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sive showers is as follows: After falling into the at-
mosphere, the high-energy proton or nucleus collides
in air with the nitrogen or oxygen nuclei, producing a
whole series of high-energy particles (nucleons from
the nitrogen and oxygen nuclei, nucleon-antinucleon
pairs, hyperons, K mesons and 7 mesons). All these
particles in turn disintegrate other nuclei or break up
into other particles (for example, the decays 7t

—ut + v or yf—e*+ v+ take place).* Sucha
cascade produces in the atmosphere an extensive
shower containing a tremendous number of particles
(near the earth’s surface these particles are essen-
tially electrons, positrons, and protons). The area

of the shower depends on the energy of the primary
particle and can reach many square kilometers. The
shower is observed and investigated with a system of
various types of counters, arranged over a large area
and connected ‘‘for coincidence.’’ The system em-
ployed makes it possible to register the particles which
fall on a large area, and such an event is not so rare.
Thus, for example, a particle of energy E > 10' ev
will fall on an area of 10 km? once every several days.

Thus, the observation of extensive showers makes
it possible to register such rare events as the arrival
of particles with energies 108 — 10'° ev. But the “‘cost’
of this is quite high. First, the determination of the
energy of the primary particles is not very accurate.
Second, and most important, it is impossible to ascer-
tain which particle produces the shower—a proton or
some other nucleus. Therefore, when cosmic rays
are investigated by showers only, we do not know their
chemical composition. We note that if this composition
is the same as of low-energy cosmic rays, then some-
what more than half of all the showers with total energy
greater than specified is produced by nuclei and not by
protons. It is not excluded that all particles with energy
greater than, say, 10!7 ev are iron or chromium nuclei.
Then the energy per nucleon is some 50 times smaller
than the total particle energy. This is very important
for an explanation of the origin of the particle with the
highest energy. The point is that the radius of curva-
ture of the trajectory of a proton with energy 101 ey
in a field 107° oe is 3 x 10*! cm, i.e., it is already
comparable with the radius of the galaxy, (3 —5) x 10%
cm. An iron nucleus with the same total energy has a
radius of curvature Z (= 26) times smaller, i.e.,
approximately 102 cm. Such a nucleus can probably
still be retained in our galaxy and be of galactic ori-
gin, while protons with energy E > 3 x 1018 —101% ev
apparently cannot be retained in the galaxy and must
have been produced outside it.

Cosmic rays formed outside the galaxy are usually
called metagalactic. They could, in principle, be ac-
celerated in other galaxies or in metagalactic (inter-
mal, the pion, muon, electron, and neutrino are

designated by the letters n, y, €, and v; v is the antineutrino, and
the + signs indicate the particle charges.
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galactic) space. It is not yet clear whether the radius
of curvature of the particles with highest observed en-
ergy is comparable with the dimensions of the galaxy,
or whether it is considerably less. For the bulk of
the cosmic rays this radius is undoubtedly negligible
even compared with the distance to the nearest stars.
Thus, as already mentioned, at an energy of 101 ev

in a field of 1076 oe, the radius of curvature of the
proton trajectory is 3 x 10 cm, whereas the distance
to the nearest star from the earth is approximately
four light years, i.e., about 4 x 10'® cm.

It is precisely the smallness of the radius of curva-
ture of the cosmic rays, and also the irregularity and
the “‘entanglement’’ of the interstellar magnetic field,
that ensure the isotropy of cosmic radiation. Quali-
tatively the degree of anisotropy is characterized by
a coefficient 6 = (Fmax—' len)/( Fmax + Fmin)»
where Fpmgx and Fpin are the maximum and minimum
fluxes of cosmic rays beyond the influence of the earth’s
magnetic field. The values of the flux away from the
earth can be estimated from measurements near the
earth, since the character of motion of the particles
in the earth’s magnetic field is known. We recall also
that F is the flux in any direction, and consequently,
for example, Fpyax represents the flux in the direction
in which the value of F is a maximum. From the
available data, the coefficient & is less than 1% for
particles with energy E < 1018 ev. At still higher en-
ergies, the measurement accuracy is lower, but no
anisotropy of the primary cosmic rays has been ob-
served within the limits of the accuracy attained. It
is quite possible that more careful observations will
disclose a small anisotropy (6 < 1%) both for the main
fraction of cosmic rays,* and perhaps also for particles
with very high energy.

2. RADIO ASTRONOMY AND COSMIC RAYS

Until recently practically the only source of infor-
mation on the cosmos was visible radiation from the
sun, stars, the galaxy, etc. At present, the investiga-
tion of cosmic radio emission has become a method
of equal importance; this research comprises the main
purpose of radio astronomy. Cosmic radio emission
arriving from our galaxy was observed in 1931 —1932.
The radio emission from the sun was first observed
in 1942 — 1943. Until 1945, however, the number of
radio astronomic investigations was very small, and
only in subsequent years did radio astronomy start to
develop vigorously. This has led to discoveries of
great importance. Radio methods are now used on
par with optical ones, and studies of the most impor-
tant problems (for example, solar physics) are car-
ried out simultaneously by both methods. The division
of astronomy into optical astronomy and radio astron-

*Certain indications of the presence of such an énisotropy
during the minimum of solar activity have been recently obtained.

This effect is connected with the fact that cosmic rays are formed
essentially in the central regions of the galaxy (see Sec. 3).
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omy becomes therefore more and more a division of
methodological character, and does not concern the
nature of the investigated problems. It is remarkable
that within the some 15 years of its development, radio
astronomy has reached almost the same status as op-
tical astronomy, which dates back from antiquity.

From the point of view of further discussions, only
two aspects of radio astronomy are of importance to
us. These are the nature of cosmic radio emission
and the ‘‘radio map of the sky.”’

a) Nature of Cosmic Radio Emission and Cosmic Rays

All the received cosmic radio emission can be di-
vided into three components: thermal radiation with
continuous spectrum, thermal radiation of neutral
hydrogen at approximate wavelength 21 cm, and non-
thermal cosmic radio emission. The first of these
components is by its nature electron bremsstrahlung
produced when the electrons collide with ions in the
interstellar medium. The intensity of this radiation
is, naturally, particularly large in regions where the
gas temperature and the degree of ionization are high.
This occurs, for example, near especially hot stars.
Certain regions of the atmosphere of various stars,
including some that are not very hot, are also highly
heated. Our own sun is a star of this type. The cor-
responding stellar-atmosphere radio emission can be
received only from the sun. When we speak later on
of cosmic radio emission, we shall refer only to radi-
ation produced outside the solar system.

The temperature of the ionized gas in our own gal-
axy does not exceed 10,000°, and the maximum tem-
perature of the thermal radio emission from this gas
has the same value.*

Monochromatic cosmic radio emission of neutral
hydrogen (A =21 cm), observed in 1951, is also es-
sentially thermal (equlibrium ) radiation, its temper-
ature not exceeding about 100°K. The radiation on
21 cm is emitted via transitions between the sublevels
of hyperfine structure of the ground level of the hydro-
gen atom. Two sublevels of the hyperfine structure of
hydrogen correspond to two possible relative spin ori-
entations of the electron and proton of the hydrogen
atom.

Before this method was developed, i.e., prior to the
reception of the 21-cm spectral line, information could
be gained only on light-emitting excited hydrogen
atoms. Naturally, there are much fewer such excited
atoms than there are unexcited ones. Furthermore,

*The intensity I, of thermal radiation from a medium of temper-
ature T is equal to

2kv?

="

Tegr=T (1—e™D,

s

Teftt, Q)
where v = ¢/A is the radiation frequency and 7 is the optical
thickness of the medium; hy < kT (h is Planck’s constant, and

k = 1,38 x10 " *® erg/deg is Boltzmann’s constant), It is clear from
(4) that the effective temperature Te¢r is less than or equal to T.
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the number of excited atoms is so small in many re-
gions that their light cannot be noted. In addition, ra-
diation in the form of light is strongly scattered and
absorbed in the interstellar (cosmic) dust. Radio
waves are incomparably less scattered and absorbed
by the dust. Reception of radio waves on 21 cm is
therefore of vital importance to astronomy, and has
made it possible for the first time to investigate with
sufficient detail the spiral structure in the central re-
gions of our galaxy.

For our topic, the most interesting is the third
component of cosmic radio emission—the nonthermal
radiation with continuous spectrum. This radiation
arrives from all directions in the galaxy, from sepa-
rate nebulae in the galaxy, and from other galaxies.

It can be quite readily established that by far not all
cosmic radio emission is thermal. This is seen di-
rectly from the fact that the radiation received at
wavelengths longer than several meters has a very
high intensity. Thus, the effective temperature* of
cosmic radio emission on 16 meters reaches 3 x 10°
deg K, while on 30 meters it already reaches 108 deg
K. Yet, as already noted, the effective temperature
of the thermal radiation of interstellar gas cannot ex-
ceed the temperature of this gas, i.e., approximately
104 degrees.

Consequently, there certainly exists some powerful
nonthermal cosmic radio emission. Moreover, it is
precisely this emission that makes up in most cases
the dominating part of the cosmic radio emission.

What is the nature of this nonthermal cosmic radio
emission?

It was not easy to find the answer to this question.
For a long time attempts were made to assume that
the nonthermal radio emission is generated in shells
of a tremendous number of hypothetical radio stars,
which have unusual properties and which cannot be
observed in the optical region of the spectrum. Inas-
much as this assumption has now been set aside, there
is no point in discussing it in detail.

Another explanation of the origin of nonthermal
cosmic radio emission was proposed and developed
in 1950 — 1953 and proved to be correct. It amounts
to stating that the nonthermal cosmic radio emission
is magnetic bremsstrahlung (synchrotron) radiation
of the relativistic electrons that make up the elec-
tronic component of the cosmic rays.

By the same token, a remarkable connection has
been established between the radio emission and the
cosmic rays: the main part of the cosmic radio emis-
sion is generated by the cosmic rays!

This is precisely why radio astronomy gives us the
key to the investigation of the cosmic rays in the uni-
verse, and brings us close to the solution of the prob-
lem of the origin of cosmic rays. It is curious to note

*The intensity I, of any radio emission at a-given frequency v
can be characterized by an effective temperature T.¢f, determined
from the formula I, = (2kiv?/c?) Tegs = (2k/A*) Tets.

that the magnetic bremsstrahlung theory of cosmic
radio emission was not immediately universally ac-
cepted. It is sufficient to say that a paper devoted to
this theory, delivered by the author of this article to
the 1955 Manchester Symposium on Radio Astronomy,
was not even published in the proceedings of the sym-
posium. At the same time the same proceedings, which
were published in 1957, contained an article in which
the nonthermal radio emission was connected with the
hypothesis of existence of radio stars.

Before proceeding to discussing the results of the
radio-astronomical research, let us stop to discuss
the singularities of the magnetic bremsstrahlung mech-
anism of radiation.

A charged particle moving in a magnetic field of
intensity H, as in the case of any uniform motion,
emits electromagnetic waves. The cyclic frequency
of the radiated waves, w, is equal to the angular fre-
quency of rotation of the particle in a magnetic field wfj
and to its overtones nwl"jl, where n is any integer.

Let us consider, to be specific, an electron; we then
have

. eH me?
©p = me E

\ mc?
=1.76.H o (5)

where E is the total electron energy and mc? = 5.1
x 10° ev is its rest mass.

A nonrelativistic electron [for which (E —mec?)
« mec?] emits practically only the fundamental fre-
quency wfj >~ wy = eH/mc; this radiation is similar
in character to the radiation from two mutually per-
pendicular dipoles, whose phases are shifted 90°. In
the ultrarelativistic case of interest to us, when E
> me?, the particle radiates predominantly in the
direction of its instantaneous velocity—the radiation
is concentrated in a narrow cone with angle 6 ~ mc2/E
<« 1. Therefore, if the electron moves in a circle
(this occurs when its velocity v is perpendicular to
the field H), the electromagnetic waves are emitted
the way sparks are produced when a knife is placed
against a rotating emery wheel. In other words, an
observer located in the plane of the orbit will observe
radiation flashes, following one another at time inter-
vals 7 = Zw/wl*jl (Fig. 5). The duration of each flash,
as can be shown, has an order of magnitude AT
~ (ro/c)(mc¥* E)? ~ (mc/eH)(mc%/E)?, where r
= ¢/wyj is the radius of the orbit, and the factor
(mc?/E)? is brought about by the Doppler effect. In-
asmuch as the radiation is periodic in character (the
period is 7 = 27r/wi"{) its frequency spectrum, as al-
ready mentioned, will consist of the overtones of the
frequency wI"jI. The frequencies with maximum inten-
sity will be of the order 1/AT ~ wy, = (eH/mc)(E/mc?)?,
corresponding to the characteristic duration of the
flashes AT. For an electron with energy E, say, equal
to 5 x 10% in a field H = 107° oe, we have wjj = 0.176
and wyy ~ 108; consequently, the very high overtones
wm = nmwy are represented in the spectrum, with
n ~ 107 in our example. Under these conditions, evi-
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FIG. 5. Magnetic bremsstrahlung (synchrotron) radiation [the
particle moves along a circle with velocity v (v & ¢)] and angular
velocity

eH mc?
mc E°
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In the lower part of the figure is plotted the intensity of radiation,
that would be registered by an instrument located in the plane of
the orbit of the particle.

dently, the spectrum is so ‘‘dense’’ that it appears
to be almost continuous (Fig. 6).
The energy P (v, E)dv radiated by the electron per
second in the frequency interval dv = dw/27 is
Y H, s B . (6)

me \_mc?

e3H -
= L w
P, E)szp(\m/, @, =
The function p (w/wp ) is plotted in Fig. 6.
Corresponding to the maximum of radiation is a

frequency vmax and an energy P (vmax, E), equal to

Vimax = 0,591 = 1.4 10°%H (mEcz )2 cps,

e*H
p(Vmax, E) =1.6 mc_L (7)

2

=2.16.10"22H ; erg/sec-cps.

We note that the field H has been replaced in (6)
and (7) by H; —the projection of H on a plane perpen-
dicular to the particle velocity v, since it is precisely
H, that is involved in the formulas for the general
case of helical motion of a particle.

It has been established that magnetic fields with in-
tensity H ~ 1076 — 107® oe exist in interstellar space.
If H ~3x10%0e and E ~ 5 x 10° ev, then vpax
~ 4 x 10% and the wavelength is Amax = ¢/vYmax ~ 0.7 m
It is clear even from this example that the cosmic-ray
electrons, with energies 10 — 101 ev, will produce in
interstellar space magnetic bremsstrahlung in the radio
band. As regards the intensity of the radio emission,
simple estimates by means of formula (7) show that to
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FIG. 6. Magnetic bremsstrahlung spectrum.
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explain the observed nonthermal radio emission in the
interstellar space it is sufficient that the flux of elec-
trons with energy greater than 10% ev, Fe (E > 10° ev),
have in the galaxy a value on the order of 10 electrons/
m? sr-sec. This is only a fraction of one percent of
the flux of all the cosmic rays on earth, and conse-
quently does not contradict the available data on the
flux of electrons and positrons near the earth.

We note that the magnetic bremsstrahlung is almost
completely polarized in a way that the electric vector
in the wave is perpendicular to the magnetic field and
to the particle velocity vector. But the galactic radio
emission observed in the meter band is practically un-
polarized. This is caused by two factors. First, the
magnetic field will have different orientations in differ-
ent places along a line of sight through the galaxy, so
that the total radiation will naturally be depolarized to
a considerable extent. Second, the magnetic field in
the interstellar medium causes the plane of polariza-
tion of the radio waves to be rotated,* and this again
depolarizes the radio emission. As a result, the cos-
mic magnetic bremsstrahlung is polarized to any no-
ticeable extent only in exceptional cases, which will
be noted later (most recently, the galactic radio
emission on 73 cm was found to be polarized for
certain directions).

The spectrum of the electrons in outer space, at
least in a limited energy interval, can be assumed to
obey a power law. This means that the concentration
of electrons with energies from E to E+dE is equal
to N(E)dE, with

N, (E)= e )

EY
For relativistic particles, as already indicated, the
[ o]
fluxes are F(E) =cN(E)/4m and F (>E) = fF(E)dE.

Therefore, the flux of electrons having a spgc::trum (8)
is equal to Fg (>E) = cKg /471 (y—1) EY~L. For cosmic
electrons with spectrum (8), the intensity of radio
emission has the form

Yy v—t

2kv? 5=~
- Tesg=/(v)K,RH v %,

i (9)
where f( v) is a certain function of y, R is the extent
of the radiating region along the line of sight, and H)
is the average value of the perpendicular component of
the field along the line of sight; for example, with vy
=3, we have f(y) =170, and I, is measured in erg/
cm? sr-sec-cps = 1073 w/m? sr-cps.

By determining from observations the dependence
of the intensity of the radio emission I, on the fre-

I, =

*The effect of rotation of the plane of polarization in a very
weak field is noticeable in the case of a rarefied medium because
of the tremendous space over which interstellar fields extend. We
note that the magnetic bremsstrahlung itself in the interstellar
medium can be usually assumed to be the same as produced by an
electron moving in vacuum, since the refractive index of the me-
dium is in this case very close to unity.
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a)

FIG. 7. Crab nebula (source A Tauri). a)Photograph
in rays of a strong spectral line; b) photograph in con-
tinuous spectrum.

b)

quency v, we obtain directly the exponent of the elec-
tron energy spectrum. From the quantity I, itself we
can determine the product KeRH(ly"l)/ 2 and then esti-
mate Kg, since the values of R and H | are usually
known, albeit roughly. Consequently, from the inten-
sity of the cosmic radio emission and from its depend-
ence on the frequency and on the direction of observa-
tion we can gain information on the electronic compo-
nent of cosmic rays both in our own galaxy and in very
distant galaxies.

b) Cosmic Rays in the Universe

We are familiar with maps of the sky and with pho-
tographs of individual regions of the milky way or
nebulae, made with the aid of optical telescopes. All
these photographs and maps show the distribution in
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the universe of the brightest stars, stellar clusters
inside galactic nebulae, and galaxies. But even the
optical map of the sky is different when photographed
with different optical filters, i.e., at different wave-
lengths. By way of example, Fig. 7 shows photographs
of the famous Crab nebula in the Taurus constellation,
taken with the rays of one of the strong spectral lines
and with a continuous spectrum (in this case an optical
filter that does not transmit the strong spectral lines
is used). If the photographs are taken not in visible
light, but in the infrared or ultraviolet, the map of the
sky will, naturally, change even more than on going
from red to violet rays.

At radio wavelengths, the sky is no longer recog-
nizable. To be sure, we do not possess ‘‘radio vision’’
in the literal sense of this word, but we can see the
sky in radio waves on an oscillograph screen. In prac-
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tice, naturally, radio maps of the sky are constructed
or are simply drawn from measurements of the inten-
sity of radio emission in different directions.

On the “‘optical sky,’’ the sun occupies an exclusive
position—even the moon radiates 10° times less light.
On the ‘‘radio sky,’’ in the meter wave band, we have
three suns—three particularly bright sources. One is
the sun, the other the radio source of A Cassiopeiae,
and the third source A Cygni.* It is intersting that
the last two powerful discrete cosmic radio emission
sources cannot be noted on ordinary photographs made
even with good telescopes. Only special photographs
on the largest existing telescope (five meters in diam-

eter) made it possible in 1951 to observe in the location

of A Cassiopeiae the shell of a supernova, and a remote
galaxy in the location of A Cygni.

Among the weaker radio sources is the Crab nebula
(radio source A Tauri), from which the radio emis-
sion flux on three meters is 12 times smaller than
from A Cassiopeiae and seven times smaller than
from A Cygni.

The difference between the opticgl and radio maps
of the sky becomes even clearer, if it is pointed out
that no radio emission has been observed from any of
the bright stars. Finally, in spite of the presence on
the radio sky of many discrete sources, it is the en-
tire sky that ‘‘glows’’ brightly at the meter and longer
wavelengths. This is the origin of the term ‘‘discrete
sources’’ of cosmic radio emission, as a contrast with
sources continuously distributed in all directions. It
was already pointed out that at 16 meters the effective
temperature of the continuous, or as it is more fre-
quently, called overall radio emission of the galaxy is on
the order of 10° deg.t

*Let us point out that a difference exists between these two
sources when observed at radio frequencies. The angular dimen-
sion of the sun in the meter band is 40 — 50 angular minutes. The
sources A Cassiopeiae and A Cygni are only several angular min-
utes in size. In addition, the position of the sun on the sky varies,
owing to the earth’s annual motion. Finally, the intensity of the
solar radio emission in the meter band is sometimes highly vari-
able, as a result of sunspots, flares, etc.

tAccording to (4), Tegf = c*I,/2k1?, and for magnetic brems-
strahlung I, is proportional to v~ %, where o = (y—1)/2 [see (9)].
For the overall galactic radio emission, some measurements yield
o~0.7, i.e., Tefs is proportional to »~*7. Such a rapid decrease
in Te¢s with increasing frequency is evidence, on the one hand,
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FIG. 8. The galaxy
NGC 4565 (NGC —New
General Catalog,

4565 — number of ob-
ject in this catalog).
The dark strip in the
center of the disk is
due to absorption of
light by cosmic dust,
concentrated in the
galactic plane.

What is the appearance of the galaxy as seen with
radio waves? Before answering this question, let us
recall the appearance of our optical galaxy. Naturally,
we cannot obtain a photograph of the entire galaxy
while we are inside it. We shall therefore show pho-
tographs of two spiral galaxies, one seen from the
earth sideways, and the other ‘‘from above’’ (Figs. 8
and 9). Our own galaxy, which is also spiral, contains
approximately 100 billion stars, the brightest of which
form the denser disk at the center. Galaxies usually
rotate rather rapidly. Thus, the sun which is 25,000
light years away from the center of the galaxy, makes
one revolution about the center in approximately 220
million years; the speed of the solar system, due to
its motion around the center, is approximately 200 km/
sec. The arms of the galactic spiral, in which the
young stars and the interstellar gas are concentrated,
are not at all regular or continuous. This is particu-
larly clear from data on the distribution of neutral
hydrogen in the galaxy, obtained on 21 cm. On the
basis of these data one can trace the picture shown
in Fig. 10, on which the clusters of hydrogen in the
arms are represented in the form of bright strips,
the galactic center is marked with a cross, and the
solar system is marked by the dot with surrounding
circle; the region near the line from the sun to the
center cannot be investigated and consequently the
hydrogen clusters are not shown here. From Fig. 10
and from a more detailed analysis it follows that the
arms of the spiral are not solid, but consist of several
pieces which are inhomogeneous in length and in thick-
ness;* in addition, the arms are formed only at a dis-
tance of about 9,000 light years from the center.

of the nonthemal character of the radiation. On the other hand,
this explains why the total energy of the cosmic radio emission
reaching the earch is relatively low. Obviously, life on earth
would be impossible everi were the radiation temperature Tegr to
be approximately 400°K and constant up to infrared rays.

*A quasi-ordered magnetic field H~107° oe exists in the arms,
with preferred orientation along the arm. Thus the arms form so to
speak force tubes of magnetic field lines; this field undoubtedly
plays an important role in their formation. The fact that the arms
do not form a regular spiral becomes understandable if it is re-
called that the galaxy rotates. During the time that the galaxy has
existed in a state close to its present one (approximately 10 bil-
lion years), for example, the solar system has made 25 revolutions
about the galactic center and it is clear that the force tubes counld
not remain unbroken.
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FIG. 9. Galaxy NCG 5194.

We note that, owing to the interstellar absorption
of light, it is impossible to make any detailed study
of the spiral structure in the central regions of the
galaxy by means of optical astronomy; with the devel-
opment of radio astronomy, important results in this
direction have been immediately obtained. In particu-
lar, the existence of a galactic center, measuring about
30 light years, has been observed. The core contains
ionized hydrogen with an average concentration n on
the order of 10% em ™3, which is several thousand times
greater than the average concentration of hydrogen in
the galactic plane. The core is a source of thermal
radio emission, and is surrounded by a no less inter-
esting region of neutral hydrogen with a radius of ap-
proximately 1,000 light years. Here n ~ 1—2, and
therefore this entire mass of hydrogen rapidly rotates
about the galactic core, more accurately about a cer-
tain center which apparently coincides with the center-
of the core. The central portion of the galaxy is also
a source of more intense nonthermal radio emission,
compared with the adjacent regions. This is explained
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perhaps not by the increase in the amount of cosmic
rays, but the strengthening of the magnetic field in this
region; it is clear from formula (9) that, for example,
when y = 2.4, the intensity of the radio emission is
proportional to H}".

We have actually embarked on a description of the
picture of the sky as seen in the meter radio band.
Two elements of this picture are the aforementioned
galactic core (source of thermal radio emission) and
the central radio region—source of increased intensity
of magnetic bremsstrahlung. Roughly speaking, this
source has the shape of an ellipsoid of revolution with
axes of about 1,000 and 4,000 light years; see Fig. 11.
The third element of the picture is the radio disk of
the galaxy—a region approximately 1500 light years
thick, which encompasses the optical disk of the galaxy
with its spiral structure (the thickness of the arms of
the optical spiral is about 750 light years). Finally,
the last element is the galactic halo or corona—an al-
most spherical region, including the entire visible gal-
axy. About 90% of the total general galactic radio emis-
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FIG. 11. Schematic representation of the galaxy as seen in
radio waves in the meter band (the scales on the figure are not

consistent; all dimensions are shown in light years and are tenta-
tive.

sion comes from this region, which has a radius of ap-
proximately 30 — 50 thousand light years. Between the
radio disk and the halo there is apparently no clear cut
boundary, merely an increase, as it were, of the radio
brightness of the halo as the galactic plane is ap-
proached. Figure 12 shows the results of measure-~
ments of the effective temperature of the cosmic radio
emission on 3.5 meters as a function of the galactic
latitude, for two galactic longitudes. (We recall that
the galactic latitude is reckoned from the plane of the
galaxy, which is at 0° latitude. The galactic longitude
determines the position of the line of sight in the
galactic plane.)

V. L. GINZBURG

FIG. 10. Clusters of neutral
hydrogen in the galaxy.
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FIG. 12. Effective temperature of galactic radio emission on
3.5 meters.

Thus, when viewed in radio rays, the galaxy is far
from being a relatively thin disk bulging at the center.
To the contrary, it recalls a sphere or a slightly oblate
ellipsoid. The same pertains to most other galaxies,
particularly the great nebula in the Andromeda con-
stellation, the spiral galaxy closest to us. The proof
of existence of galactic halos, obtained by radio ob-
servations, is one of the greatest accomplishments
of astronomy during the past decade. This fact is of
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particular importance to our subject, since the radio
emisgion from the halo is due to the presence of rela-
tivistic electrons and cosmic rays in general, as well
as magnetic fields, in these gigantic galactic shells.
In addition, the halo contains highly rarefied ionized
gas (average concentration o~ 1072 cm'3, or even
less), in which the magnetic fields are ‘‘frozen in.”’
The very existence of the halo is apparently closely
connected with the cosmic rays. The cosmic rays
produced in the central radio region and in the radio
disk emerge from these regions and drag with them
the magnetic fields and the gas. The point is that the
cosmic rays are quite securely ‘‘tied’’ to the force
lines of the field, and this field itself is dragged by
the gas in which the currents producing this field flow.
Naturally, such an interrelationship between the cos-
mic rays, the field, and the motion of the gas masses
will be close and indeed reciprocal only if the energies
of all these ‘‘inhabitants’’ of the interstellar space are
commensurate with each other. And this is precisely
the case!

In fact, the concentration of cosmic rays on earth
is N =4nF/c ~ 10 cm™3, and the average energy
density is w = NE ~ 1 ev/cm? (average energy E
~ 100 ey, 1ev=1.6x10"2¢erg). On the average the
energy density w in the halo is probably only a few
times smaller, say, 0.3 ev/cm3. At the same time the
energy density of the magnetic field, H%/8m, is on the
order of 0.3 ev/cm? for a field H~ 4 x 1078 oe. But
precisely such fields exist in the galaxy [in the spiral,
probably, H =~ 107° oe, and on the periphery of the
halo H =~ (1—3) x 10~% 0e]. Finally, the average den-
sity of the interstellar gas at an average concentration
n~ 1072 cm™? is on the order of § ~ 2 x 10726 g/cm?
(the gas is 90% hydrogen, and the mass of a hydrogen
atom is 1.67 x 1072 g). Hence the kinetic energy den-
sity of the gas pvZ/2 is on the order of 0.3 ev/cm? at
a velocity v ~ 7 x 108 cm/sec. The observed random
velocities of the gas masses in the galaxy are usually
several times smaller, but on the other hand the den-
sity in the observed gas clouds is appreciably higher
than that assumed.

It is clear even from this that the cosmic rays in
our galaxy are not a byproduct or a secondary phe-
nomenon. To the contrary, their action belongs to
those factors that determine the ‘‘energetics,”’ the
structure, and the evolution of our system. The same
can be said concerning the majority of other galaxies.
This is seen from the fact that the radio-emission
power of the cosmic rays is of the same order in both
our galaxy and the Andromeda galaxy, amounting to
approximately 1038 erg/sec; the two irregular galaxies
closest to us, the Magellanic clouds, produce one-
tenth the radiation, but the dimensions of these galax-
ies are relatively small. All this goes to show that
in ‘“‘normal’’ galaxies cosmic rays play approximately
the same role as in our own stellar system. But al-
though this role is considerable, the power of the radio
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emission from the normal galaxies is only a small
fraction of their total radiation, concentrated essen-
tially in the visible and infrared parts of the spectrum.
Thus, the radiation power of the galaxy is ~ 10% erg/
sec, which is 3 x 101 greater than the radiated power
of the sun, namely 3.86 x 1033 erg/sec, and 108 times
greater than the galactic radio emission power.

There exist, however, anomalous galaxies, also
called radio galaxies, the radiation power from which
is exceedingly large. One of the most interesting and
known radio galaxies is the A Cygni source. Its radio
emission power is 6 x 10* erg/sec, i.e., almost one
million times greater than for the galaxy. This, natu-
rally, does not explain the fact that the A Cygni source,
which is 600 million light years away from us, is com-
parable in its brightness on the ‘‘radio sky’’ to the
brightness of the sun. It is remarkable that the power
of the optical radiation of A Cygni is approximately
10# erg/sec, i.e., several times smaller than its
radio-emission power!

What goes into the makeup of this remarkable
source? Only recently the prevalent opinion was that
A Cygni consists of two colliding galaxies. There
were certain grounds for this point of view, since this
is a double source (Fig. 13). Now, however, it is be-
lieved that more probably we are faced here not
with a collision, but rather with a unique ‘‘explosion”’

Radio-emitting regions

galaxy

—~— 20000 —>—

~¢——— 400,000 light years —————=

FIG. 13. Schematic diagram of the A Cygni source (not to
scale; the dimensions are indicated in light years and are tenta-
tive).

of a galaxy. This ‘‘explosion’’ represents, leaving
aside the expansion of the entire metagalaxy, i.e., the
entire observed system of galaxies, the most grandiose
and powerful phenomenon encountered in nature. The
cause of the ‘‘explosion’’ of the galaxy in Cygnus has
not yet been reliably established, but the approximate
course of events is apparently as follows. Several
million, or perhaps merely a million years ago, vigo-
rous production of cosmic rays started in some galaxy
that had been relatively quiet up to then, or in some
tremendous gas cloud, from which the stellar galaxy
was later formed. We shall discuss the possible
causes of this process at the end of the article. The
ever increasing pressure of the cosmic rays caused
the fast particles and the magnetic field stuck to them
to erupt outward, together with the interstellar gas.
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This ‘‘eruption’” occurred apparently in both direc-
tions along the axis of rotation of the galaxy, and has
led to the formation of ‘‘clouds’” a and b, shown in
Fig. 13. It is precisely from these ‘‘clouds,’’ each
greater in dimension than our own galaxy, that the
radio emission of A Cygni comes. Between the
“‘clouds’’ is located the stellar galaxy proper, which
is now either a double system, or perhaps contains
much dust, and this causes the appearance of a dark
middle band (the glowing regions are shown in Fig. 13
cross hatched, and the clear region ‘‘c’’ corresponds
to the dark band).

We shall assume that the energy density of the
magnetic field and of the cosmic rays are of the same
order of magnitude, and that the cosmic rays contain
about 1% of electrons (and positrons). We can then
estimate the total cosmic-ray energy in the source.
In the case of A Cygni such an estimate leads to a
value W ~ 2 x 10% erg (for our galaxy, as we shall
see later, W ~ 10% erg). In order to emphasize the
enormousness of this figure, let us indicate that the
entire rest energy of the sun is Mg ¢ = 1.8 x 10% erg,
since the mass of the sun is Mg = 2 x 103 g. The
rest energy of our entire galaxy, which contains ap-
proximately 10" stars, is on the order of 3 x 10% erg.

By emitting radio waves, the electrons lose their
energy and consequently the brightness of the source
should decrease with time. Thus, were there no
“pumping-in’’ of the cosmic-ray energy in A Cygni,
the radio emission would noticeably decrease within
a million years.* In other words, sources of the
A Cygni type remain exceedingly bright only for a
relatively short time. As time goes on, not only should
the brightness of the source decrease, but its dimen-
sions should also increase, since the radio-emitting
‘“‘clouds’’ of gas and of cosmic rays expand and move
away from each other. Consequently there are very
few sources such as A Cygni and none other of the
same brightness exists at distances comparable with
the distance to A Cygni, although millions of galaxies
are contained in this region.t There do exist, how-
ever, sources which are in some respect analogous,
but older and weaker, located even closer than A Cygni.

.

*According to the assumed values, the energy of the electrons
in A Cygni is 0.01 W~ 2 x 10°® erg, and this source radiates
6 x 10* erg/sec. It is clear therefore that the energy changes ap-
pteciably precisely after 3 x 10*® sec ™ 10° years. This time, which
is tremendous on human scale, is very short compared with the
several billion years which characterize the rate of evolution of
most galaxies. The energy ‘‘pumping-in’’ due to formation of new
cosmic rays increases the duration of the phase of vigorous radio
emission from A Cygni. This increase, however, hardly changes
the characteristic lifetime of the source by more than one order of
magnitude.

iThere is on the average one galaxy in a volume of (5 x 10°
light years)® 2 10’* cm®. The farthest galaxy the distance to which
could be estimated is 5— 7 billion light years away from us. It is
interesting that even this source (possibly a galaxy of the A Cygni
type) was discovered in the radio band.
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An example is A Centauri (the galaxy NGC 5128),
the structure of which is similar to that shown in Fig.
13, but with dimensions and distances between clouds
thatare muchlarger (in addition, the central “‘optical?’’
regions of the A Cygni and A Centauri sources differ
quite strongly from each other). Still older sources
may go unnoticed, since the radio-emitting ‘‘clouds’’
become very large and not too bright. The central
portion of the radio galaxy can differ little from the
normal galaxy. Therefore, essentially, we do not even
know whether the majority of normal galaxies go
through to some phase of vigorous radio emission. On
the other hand, if we group the radio galaxies by their
large ‘‘present day’’ brightness,* then there is one
radio galaxy for approximately every several thousand
normal galaxies.

One must not think that all the radio galaxies, viewed
in radio rays, are similar to A Cygni. To the contrary,
there exists apparently a great variety of forms, let
alone the fact that each galaxy can have its own charac-
teristic features. By way of example of radio galaxies
that differ appreciably from A Cygni, we point to
A Virginis (the galaxy NGC 4486). This bright radio
source is not double and has a very interesting ‘‘detail’’
—a “‘pip”’ which is quite bright in visible light (Fig. 14).
The radiation from this ‘‘pip’’ has a continuous spec-
trum, and, what is most important, is strongly polar-
ized. These two features, particularly the presence of
polarization, leave no doubt whatever that we deal here
with magnetic bremsstrahlung in the optical region of
the spectrum. So far we know only of one example of
this type—the optical radiation from the Crab nebula
(more accurately, that part of the radiation which has
a continuous spectrum; the photograph of Fig. 7Tb was
therefore taken practically in the rays of the magnetic
bremsstrahlung).

The appearance of optical magnetic bremsstrahlung
in the nebulae is connected obviously with the presence
in them of a noticeable amount of high-energy elec-
trons.T The optical magnetic bremsstrahlung of the
Crab nebula and the “‘pip’’ in A Virginis are polarized,
since the depolarizing action of the interstellar medium
is insignificant at high frequencies, and in addition,
small parts of the nebula can be photographed; the

*To avoid misunderstandings we recall that time is reckoned
in astronomy from the instant of observation on earth. Therefore
when we say that the source A Cygni appears to be bright now,
this actually means that it was bright 660 million years ago, the
time required for the light to reach us from that source.

tAs can be readily verified with the aid of formula (7), for ex-
ample, in a field H)~ 3 x 10™* oe for electrons with energy E~5
x 10" ev, the maximum in the spectrum of magnetic bremstrahlung
corresponds to awavelength Apax = ¢/vmax ~ 7,000 A, i.e., it lies
in the visible portion of the spectrum. Under laboratory conditions
(in synchrotrons) in a field H~ 5,000 oe, a similar radiation spec-
trum is produced by electrons of energy E~ 100 Mev = 10° ev.
The magnetic optical bremsstrahlung in synchrotrons is observed
without particular difficulty.
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FIG. 14. Photograph of the brightest(central) part
of the radio galaxy NGC 4486 (radio source A Virginis).
The bright ‘“pip’’ appears to consist of separate ‘‘beads.’”

degree of polarization of the optical radiation of the
entire Crab nebula amounts to 9%, and in individual
small regions of the nebula the polarization is almost
complete. Furthermore, on centimeter radio waves
the polarization of the Crab nebula is also still notice-
able (on 10 cm wavelength it is approximately 30%, but
on 20 cm it is less than 1%).

The Crab nebula (it is also called A Tauri) is lo-
cated in the galaxy some 4500 light years away from
us. This nebula was formed in 1054 A.D. as a result
of a supernova explosion. Through a fortunate coin-
cidence, this star was located not only relatively
closely, but in a region with relatively ‘‘clean sky,”’
i.e., containing an insignificant amount of cosmic dust.
The brightness of the burst of the 1054 supernova was
so high that it was readily observed during the day-
time, whereas Venus, the brightest of all stars and
planets, can rarely be seen during the day. Naturally,
such an event did not pass unnoticed and the appear-
ance of a new star* in the Taurus constellation was

*In a narrower sense or, if convenient, in a specialized sense,
the term ‘‘new star’’ or simply ‘‘nova’’ is applied to bursting
stars, the brightness of which is thousands of times smaller than
the brightness of the star in Taurus during its burst. This is why
this star and analogous objects are referred to, with little justifi-
cation, as ‘‘supernova star’’ or more frequently ‘““supernova.’’
About some 100—200 novae are produced in the galaxy every year,
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recorded in Japanese and Chinese annals. It is pre-
cisely in this place that we now see the Crab nebula.

The explosion of a supernova is the most powerful
phenomenon encountered in galaxies. Several weeks
after the explosion the brightness of the optical radia-
tion of the supernova is comparable with the bright-
ness of the entire galaxy in which this star has burst.
This means that the irradiated power of the supernova
at the maximum of brightness can exceed by many bil-
lions of times the radiated power from the sun.

The frequency of supernova bursts in the galaxy
has not been accurately established. Apparently,
supernovae burst on the average once every 30— 100
years. The difficulty in determining the frequency of
the burst is due to interstellar absorption of the light,
which makes observation of supernova in the galaxy
difficult, and also the relative scarcity of bursts.
Bursts of supernovae in other galaxies are easier to
notice. The frequency of the bursts depends on the
type of galaxy; typical for spiral galaxies is appar-
ently the appearance of supernovae once every many
decades or once every several centuries.

The nature of the supernova bursts has not yet been
established. One of the possible hypotheses is that in

but only one or two can be noticed, owing to the interstellar ab-
sorption of light. The frequency of supemova bursts will be dis-
cussed somewhat later.
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some particularly large young stars there occurs,
during the course of evolution, a rapid contraction of
the central region, possible with formation of a neu-
tron nucleus. (Stellar evolution, as it is well known,
is connected with the course of thermonuclear reac-
tions inside the star. Abrupt changes in the course

of these reactions are due to the ‘“burn up’’ of some

of the elements.) The gravitational energy released
upon contraction causes the entire external part of

the star to explode and scatter. Probably, the expand-
ing shells of supernovae are produced in this fashion.
In the Crab nebula the shell moves with a velocity of
approximately 1,000 km/sec. For comparison we re-
call that the velocity of the closely-lying earth satel-
lites is 8 km/sec. Over the 907 years from the in-
stant of the explosion, the fragments of the shell have
covered a distance of approximately three light years,
to which the present radius of the Crab nebula amounts.
It is remarkable that the ‘‘young’’ shells of the super-
novae are powerful sources of nonthermal cosmic radio
emission. We have already mentioned the Crab nebula.
Radio waves, although somewhat weaker, are emitted
also by other ‘‘historic’’ supernovae: the Tycho Brahe
supernova (1572 A.D.), the Keppler supernova (1604),
and a few others. Finally, it has been established that
the most powerful source of nonthermal radio emission
on the sky, A Cassiopeiae, is the shell of a supernova
that burst some 250 years ago. The optical effect of
the burst of this supernova was not noticed owing to
the insterstellar absorption of light (the distanceé to

A Cassiopeiae is on the order of 10,000 light years).
The rate of scattering of the shell of this supernova
exceeds 7,000 kmn/sec!

There is no shadow of a doubt that the powerful
radio emission from the supernova shells is connected
with the presence in these shells of a large amount of
relativistic electrons. There is much evidence that
the shells contain also a large number of other high-
energy particles, i.e., many cosmic rays.

Let us summarize. Cosmic rays are found in all
galaxies, they are exceedingly plentiful in radio gal-
axies, and they are formed in large amounts in super-
nova shells, and they emit radio waves. Thus, radio
astronomy has tremendously added to our knowledge
of cosmic rays and has ascertained that they are found
everywhere in the universe.

3. ORIGIN OF COSMIC RAYS

The observed data offer evidence that cosmic rays
are known to be formed on the sunand also during explo-
sions of supernovae. (Unless otherwise stipulated,
we shall speak henceforth only of our own galaxy.)

It is natural to think that other stars can also emit
cosmic rays. But what is the role of the various
sources and how were the cosmic rays reaching the
earth produced? How are the charged particles ac-
celerated to the cosmic-ray energy as a result of
supernova bursts, and also on the sun or other stars?
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These questions should be answered by the theory
of the origin of cosmic rays.

a) Energy Balance. Sources of Cosmic Rays

One of the most important requirements that the
sources of cosmic rays must satisfy is based on en-
ergy considerations.

The protons and nuclei, which make up the bulk of
the cosmic rays, lose energy all the time by collision
with the nuclei of the interstellar medium. The effec-
tive cross sections o for such collisions are known,
although not very accurately—they are listed in Table
I for collisions between different groups of nuclei
moving in hydrogen. The composition of the inter-
stellar gas mixture is given in Table I. The differ-
ences that result from taking this fact into account,
however, are small and of no significance in principle,
owing to the inaccurate knowledge of the density of the
interstellar medium. Table II indicates also the mean
free paths ! in g/cm? and the mean free path times
for a medium with average hydrogen concentration
fi=0.01 cm™3.%

* Table II. Effective cross sections,
ranges, and lifetimes of
cosmic rays

Effective
Group | Cross sec- Mean free Lifetime
of t‘:‘;‘i‘tfsf io’.fn path I, jn Tauc in
nuclei | 10~ om? g/cm years
P 2.26 74 5-109
a 10 16.5 109
L 19.3 8.7 5-108
M 28 6.0 4-108
H 48 3.5 2.5-108
VH (Fe) 71 2.4 1.5-108

The heavy nuclei disintegrate into lighter nuclei and
protons, but the average energy per nucleon changes
relatively slowly. The energy losses of the cosmic
rays are determined consequently by the nuclear life-
time of the protons, Tp ~ 5 X 10° years =~ 1.5 x 10%7
sec (we recall that one year = 3.16 x 107 sec). This
situation, however, prevails only in the absence of
losses other than those due to nuclear collisions. In
practice, for protons and nuclei with cosmic-ray en-
ergy, it is necessary to account only for the escape of
cosmic rays from the galaxy (from the halo) into
metagalactic space in addition to accounting for nu-

*The mean free path I, by definition, is equal to 1/on, where
o-is the effective cross section and n is the average concentra-
tion of the nuclei of the medium, (in this case the nuclei of hydro-
gen or protons); the quantities /, o; and n are respectively meas-
ured, for example, in cm, cm? and cm ™% The length [ in g/cm? is
equal to p/on, where p = Mn is the average density of the medium
and M is the mass of the nuclei making up the medium. For hy-
drogen, M =Mp = 1,67 x 107* g. The free path time Tpuc for
collisions with mean free path [ = 1/on is Tpye = /v X i/c
=1/onc, for in practice the velocity v of cosmic rays is equal to
the velocity of light c.
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clear collisions. Unfortunately, the time Te charac-
terizing such an escape of particles, is not known ac-
curately. One might think that the time T, is either
greater than Tpjye or at least one-tenth as large.
Therefore, taking into account the tentative nature of
the following estimates, we can assume that from the
point of view of energy loss the effective lifetime of
the cosmic rays in the galaxy is on the order of T

~ 101 sec. This time is less than the age of the gal-
axy, Tg ~ 101 years = 3 x 10!" sec. What is particu-
larly important is that for the VH nuclei Tyyg ~ Tpe
~ 1.5 x 10% years = 3 x 10!® sec < Tg. By virtue of
the latter inequality, it is clear that the cosmic rays
now observed, which originated mostly as VH nuclei,
are ‘‘young’’ in terms of the age of the galaxy.

The volume of the galactic halo filled with cosmic
rays is approximately V ~ 47R%/3 ~ 10% ecm?, since
the average radius of the halo is R ~ 3 x 10* light
years = 3 x 10% gec. Taking for the average energy
density of the cosmic rays in the halo a value w ~ 0.3
ev/em® ~ 5 x 1071% erg/cm3, we obtain directly the
total energy of the cosmic rays in the galaxy, W =wV
~ 10% erg. Were the influx of new cosmic rays to
cease, the total energy of the cosmic rays in the sys-
tem would change appreciably after a lifetime Tp
~ 1017 sec. This obviously means that to maintain an
equilibrium wherein the cosmic-ray energy in the
galaxy remains unchanged* the sources of these rays
should have a power

U~ Tl ~ 10% —_ 10*erg/sec (10)

P

and the greater of these values has been cited to pro-
vide a certain ‘“‘margin’’ for inaccuracy in the calcu-
lations.

A source power 103 —1 erg/sec is not so easy
to come by; for example, the sun emits cosmic rays
with an average power which apparently does not ex-
ceed 1022 — 102 erg/sec. Therefore even if the 10!
stars of the galaxy were all to have the same cosmic-
ray power as the sun, they would produce 108 — 10% times
less cosmic rays than required to maintain the bal-
ance. This example is quite instructive. The mere
statement that the cosmic rays can be generated on
the stars does not yet explain the origin of the ob-
served cosmic rays. To verify the ‘‘stellar’’ origin
of cosmic rays, it is necessary, in addition, to assume
that many stars emit cosmic rays much more effi-
ciently than the sun. This subjects to grave doubts
the hypothesis that the bulk of cosmic rays are of
stellar origin. In addition to energy considerations,
we also point out the fact that the solar cosmic rays
have an entirely different spectrum and chemical com-
position than the cosmic rays arriving from inter-

040

*During the last several billion years, the galaxy changed but
little. There is therefore every reason for assuming that the pic-
ture is stationary, since the VH nuclei now observed on earth
were formed only several hundred million years ago.
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stellar space. (To avoid misunderstanding, we note
that when we refer to the stellar origin of cosmic rays
we have in mind only the acceleration of particles by
non-exploding stars.) In our opinion, there are no
serious grounds whatever at present to support the
hypothesis of stellar origin of cosmic rays, all the
more since the cosmic rays can be attributed to super-
nova bursts. ‘

We can cite several arguments in favor of this ex-
planation. The presence in the supernova shells of a
large number of electrons with cosmic-ray energies
has been firmly established. The energy of these
electrons in the Crab nebula and in A Cassiopeiae
amounts to 107 — 108 ergs. The energy of all the cos-
mic rays in these sources is some hundred times
greater.* Consequently, each supernova burst is ac-
companied by a cosmic-ray energy up to 104 —10%
ergs or even more, if it is recognized that some of
the cosmic rays can leave the shell even before the
latter diffuses. Within 50 — 150 thousand years after
the explosion of the star, the shell is practically all
scattered in the interstellar medium and the cosmic
rays fall in the ‘‘common pot.’’ This occurs princi-
pally in regions where the number of stars is the
greatest—in the galactic spiral and in the central re-
gions of the galaxy. But the cosmic rays do not stay
long in their place of birth, for they move along the
force lines of the field and fill the entire halo.

The average power of the cosmic rays injected in
this manner is obviously equal to the energy per burst,
Wy, ~ 104~ 10% erg, divided by the average time be-
tween bursts, Tp, equal to 30 — 100 years. Conse-
quently the power of the cosmic rays produced by the
supernovae is
Wy
Ty

~ 10%° _—3.10% erg/sec. (11)

-
Lsn”"’

Comparing this value with the necessary power (10),
we readily see that the supernovae can provide the en-
ergy balance. We must point out, in addition, that there
are no observations whatever to indicate that there ex-
ist in the galaxy other sources of cosmic rays, whose
power is comparable with the power of such sources
as supernovae. If we speak not of observations but of
more or less reasonable estimates, an important role
can possibly be ascribed to novae. The energy re-
leased during their explosion is thousands of times
less than that of supernovae, but the frequency of ex-
plosions of the former is thousands of times greater.
The fact that no radio emission from novae has yet
been observed is still not decisive, since very weak
sources are difficult to spot and to identify.

These are the basic reasons for assuming that it

*This value is obtained from a comparison with data on cosmic
rays in the galaxy, from considerations of approximate equality of
the energy of the cosmic rays and the energy of the magnetic field,
and also from the analysis of the dynamics of scattering of the
shells.
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is precisely the supernovae which are the main ‘‘sup-
pliers’’ of cosmic rays in the galaxy. The same can
probably be said of all normal galaxies. It is not ex-
cluded that some features of radio galaxies are also
influenced by supernovae and can be attributed to the
sharp increase in the frequency of supernova bursts
during a certain state of galactic evolution. Another
explanation possible in principle is that the cosmic
rays are effectively accelerated by the process of
vigorous star formation. These, however, are merely
assumptions, and the nature of radio galaxies still re-
mains undecided.

Thus, from the point of view developed, the cosmic
rays that reach the earth originate in bursts of super-
novae.* Here, naturally, only some of the cosmic rays
arrive to us directly from the supernova shells; the
other part is the product of nuclear collisions in the
interstellar medium. This fact was already discussed
in connection with light nuclei and protons. We merely
emphasize here that secondary processes contribute
much to the formation of the electrons and positrons.
Nuclear collisions between high-energy particles give
rise to charged or neutral pions. The latter decay
with emission of gamma rays, which leave the galaxy
almost without obstacles. As regards the charged
pions, their decay leads in final analysis to the forma-
tion of electrons and positrons (7t — p* +p, p* —et
+v+D).

About 5% of the energy of the primary nucleons goes

into the electron-positron component; the primary nu-
cleons lose in our entire galaxy a total of 1039 — 104
erg/sec by nuclear collision. It follows therefore that
the fraction going into electrons and positrons is

U,~ 510720 ~5.109% - 5.10% erg/sec. 12)

The power of the entire galactic radio emission is on
the order of 10% erg/sec, so that the secondary elec-
trons and positrons alone could balance the energy of
the electron-positron component of the cosmic rays.

On the other hand, some electrons should go into inter-

stellar space from the supernova shells, where these
electrons are known to exist. At the present time it
appears more likely that the principal role is played
in our galaxy by electrons and positrons of secondary
origin, i.e., the products of the 7 — u— e decay in
the interstellar medium.

b) Mechanism of Acceleration

A very important feature of the suggested origin
of cosmic rays is that it is based on radio-astronomy

*An exception are the solar cosmic rays (the remaining non-
exploding stars probably make a negligible contribution to the
total flux of cosmic radiation). Other possible exceptions are the
particles with the highest encountered energies (E ~ 10" — 10'° ev).
If these particles are protons, they should be of metagalactic ori-
gin (see Sec. 1b). This important problem will remain unsolved
until the chemical composition of ultra-high-energy cosmic rays is
determined.
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data, which offer evidence of the presence of cosmic
rays in shells of supernovae. This is precisely why
we can in some respect separate the question of the
sources of cosmic rays from the question of the mech-
anism of their acceleration in these sources. In other
words, all our conclusions, fortunately, are independ-
ent of the exact manner in which the particles are ac-
celerated in space to relativistic energies. At the
same time, naturally, the last-mentioned problem is
also worthy of every attention.

The question of the mechanisms whereby particles
are accelerated on the sun, in supernovae shells, and
other regions of the universe is far from completely
answered, Nonetheless, many ideas can already be
advanced. With one single exception—acceleration in
a shock wave with rising amplitude—all the known real
mechanisms of acceleration of charged particles in
space are connected in one manner or another with the
action of the electric field induced by a rise in the mag-
netic field. The simplest electromagnetic mechanism
is betatron acceleration, and in this case the acceler-
ation is due to the rise in the homogeneous (or quasi-
homogeneous ) magnetic field with time. If we leave
out stars, then a considerable and prolonged rise in a
magnetic field is usually not encountered under cosmic
conditions.* In this connection, great interest is at-
tached to the acceleration connected with the ‘‘colli-
sions’’ between the particle and the moving inhomo-
geneities of the magnetic field. In such a collision
(Fig. 15) the particles are accelerated in final analysis
by the electric field induced by moving gas masses
with ‘frozen-in’’ magnetic field.T We can, however,
disregard the collision process itself, and consider
only its result. For this purpose it is sufficient to
use the energy and momentum conservation laws.
{Strictly speaking, we examine in this manner all
other collisions, for example, the collision between
a steel ball and a metal or stone plate; in this case
the ball penetrates somewhat into the plate during the
time of the collision itself, the same as in Fig. 15a.)
It can also be stated that a real collision (Fig. 15a) is
replaced by an equivalent collision (from the point of
view of the final result) of the reflected particle with
an impenetrable wall, moving at the same velocity u
(Fig. 15b).

From the conservation laws it follows that upon
collision the change AE in the total particle energy E
is

*The betatron mechanism can be quite significant on the sun

and in stars during the appearance of spots, and also in so-called
magnetic stars. Here we are interested primarily in other condi-
tions (supernova shells etc.),

tIn the case of motion of a highly conducting medium, such as
ionized interstellar gas, in a reference frame connected with the
medium, the electric field is practically zero. If a magnetic field
of intensity Hiis also present and the medium moves with veloc-
ity m relative to the frame of interest to us, we have in this sys-
tem an electric field with intensity E = u x H/c (we assume that
u <c),
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FIG. 15. ““Collision’’ between cosmic particle and moving in-
homogeneity of magnetic field. The magnetic field in the shaded
region (gas cloud) moves with velocity u in a direction perpendic-
ular to the plane of the diagram (there is no field outside this re-
gion), a) Real collision; b) ‘‘equivalent’’ collision.

AL = — 20 (uv), 13)
where v is the velocity of the particle prior to colli-
sion and u «< v (in the calculation we use also the fact
that the particle energy is negligibly small compared
with the kinetic energy of the wall). From formula
(12) it is clear, for example, that for any impact be-
tween the particle and a wall moving head-on towards
it, the energy of the particle increases by AE

= (2E/c?)uv (the total energy of a relativistic par-
ticle is E = Mc? and AE = 2Muv).

We assume now that there are two ‘‘walls’’ moving
towards each other. The role of these walls can be
played, under cosmic conditions, by the fronts of mag-
netohydrodynamic shock waves or gas masses carry-
ing magnetic fields. The charged particle falling into
the space between the walls (Fig. 16) will then be ac-
celerated until it leaves the system or until the dis-
tance between the walls becomes comparable with the
radius of curvature of the particle trajectory in the
magnetic field of the walls. The total increment of
particle energy is obviously equal to the change in
energy during one collision, multiplied by the number
of collisions. This is the mechanism whereby par-
ticles are systematically accelerated in a moving me-
dium with magnetic fields. This mechanism is rela-
tively quite effective (the acceleration is proportional
to u/c and, for example, when u = 3,000 km/sec, the
energy of the relativistic particle doubles as a result
of n =¢/2 =50 collisions. The systematic accelera~
tion, however, cannot continue long for the walls come

FIG. 16. Acceleration be-
tween walls moving towards
each other (wall velocities u
and u").
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together after a certain time. Therefore, generally
speaking, a more important role is played under cos-
mic conditions by the so-called statistical accelera-
tion. In statistical acceleration the particle experiences
both head-on collisions and ‘‘tail-on’’ collisions, when
the particle energy decreases. However, the head-on
collisions are somewhat more probable and on the
average the particle energy increases, but this increase
is no longer proportional to u/c, but to u?/c?. Natu-
rally, the rate of energy buildup is less in this case

( we recall that u/c < 1), but on the other hand the
acceleration process can continue for a very long time
(the acceleration period is determined by the time re-
quired for the particle to leave the region of the mov-
ing gas masses, by the time of the existence of vigor-
ous motion in the shell of the star, etc.).

In the case of a supernova explosion and subsequent
expansion of the shell, the details of the acceleration
process still remain unclear. This is understandable,
if it is recognized that we know very little about the
course of the explosion itself and the shell formation.
One can state with assurance only that the shells con-
tain all the ‘‘ingredients’’ necessary to accelerate the
moving gas masses, namely magnetic fields and suffi-
ciently fast particles.

This last condition is connected with the existence
of injection energy. The point is that the particle may
fail to acquire energy even in the presence of acceler-
ating mechanisms, owing to the predominance of the
retarding mechanisms. These include primarily the
ionization losses—when a charged particle moves in
a medium, it loses energy to ionization of this medium.
In a fully ionized medium, these losses also exist, and
the particle energy is consumed in this case, roughly
speaking, in ‘‘pushing apart’’ the particles of the me-
dium. The term ‘‘ionization losses’’ must therefore
not be taken literally.

The ionization loss rate (the magnitude of the
losses per unit time, S;5,) depends on the kinetic
energy of the particle Eg, as shown in Fig. 17. The
losses reach a maximum at a particle velocity v
equal to approximately the velocity ve of the electrons
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FIG. 17, Rate of ionization loss (Sjon) and rate of energy rise
due to acceleration, (Sacc) as functions of the kinetic energy Ex
of the particle.
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of the medium, in which the particle moves (the ki-
netic energy of the particle at the loss maximum
Ek,max is therefore approximately equal to Mvé /2).
The rate of energy buildup as a result of the action of
the accelerating mechanisms (Syoc) usually increases
monotonically with increasing Ek. In the simplest case
this rate is simply proportional to Ek, as is assumed
in Fig. 17. The curves Sjon(Ek)k and Slécc(Ek)k in-
tersect in Fig. 17 at a point corresponding to a certain
energy Ey j. This value is called the injection energy
—the acceleration occurs only when fthe particle has
somehow acquired beforehand an energy Ej greater
than Ey j. But there is one important exception to

this rule: the particle can be accelerated without in-
jection (prior acceleration), if the curve Syoc passes
over the maximum of the Sjon curve (see curves 1 and
3 in Fig. 18). For a particle (ion) with a given charge,
the loss curves Sjon(Ek) shift to the right with in-
creasing particle mass M. This is quite understand-
able: the losses are maximal when v =~ vg, i.e., when
Ek,max ~ Mv&/2.

Sy
1
/ 2/
/ s 3
Sjon (particle with mass M’)
—~—— Sjon (particle with mass M<M’)
| T— L.
Mof M Eg
H 2

FIG. 18, A sufficiently heavy particle can be accelerated with-
out injection (curves 1 and 3). For lighter particle, injection (pre-
liminary acceleration) becomes essential (curves 1 and 2).

This leads to a conclusion, which can be of basic
significance from the point of view of the problem of
acceleration of cosmic rays. Conditions are possible,
and these correspond precisely to Fig. 18, when injec-
tion is necessary for the lighter particles, but not for
the heavier ones. Under these conditions, there will
be a preferred acceleration of the heavy particles, and
consequently, the cosmic rays should consist essen-
tially of heavy nuclei. Moreover, there are grounds
for assuming that conditions favoring the acceleration
of heavy particles only are not the exception but the
rule. It is precisely in this way that one can hope to
understand the fact that there are particularly many
heavy nuclei in the cosmic rays.

CONCLUSION

What can be expected from a further study of cos-
mic rays on earth and in space?

An attempt to answer the question, although fre-
quently made, would hardly be sensible: the most in-
teresting, probably, will turn out to be the most un-
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expected results of the future researches. On the other
hand, one can indicate without vacillation certain ques-
tions, the answers to which would be particularly im-
portant.

The most important in the study of primary cosmic
rays on earth would be the following:

1. To measure the flux of electrons, positrons, and
gamma rays. If the flux of the primary cosmic rays
on earth contains approximately equal amounts of both
electrons and positrons, there is no doubt of the sec-
ondary origin of these particles, i.e., they are formed
by 7t — u* — e* decay, and not by acceleration in an
ionized gas that contains no positrons.

2. To determine much more accurately the chem-
ical composition of the cosmic rays at not too high
energies.

3. To ascertain, albeit crudely, the chemical com-
position of cosmic rays with very high energies
(E > 10 ev).

4. To determine with high accuracy the energy spec-
trum of the cosmic rays with energy E > 10} —101% ev.
To measure the coefficient of anisotropy 6 for cosmic
rays of different energy.

Radio-astronomic and astrophysical methods make
it possible presumably to obtain new or more com-
plete exact information on the cosmic rays in the super-
nova shells, in the galactic spiral and halo, in other
galaxies, and in intergalactic space. The last factor
is perhaps particularly important for an explanation of
the role of cosmic rays in the entire metagalaxy. The
problem of the origin and evolution of cosmic rays is
now intertwined with cosmology. The same, moreover,
can be said of the nature of the radio galaxies.

Among the sources of information on cosmic rays
we can also include a theoretical analysis of the mech-
anisms of particle acceleration, the explosion of super-
novae and the scattering of the shells, and the evolution
of the galaxies and the metagalaxy.

The: vigorous development of the experimental tech-
niques (including the use of satellites, rockets, and
giant radio telescopes), and also the progress in theo-
retical astrophysics, leave no doubt that many of these
problems will be essentially solved even in the nearest
future.
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