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I wish to show in my report that neutrinos must in
all probability play an important part in macroscopic
phenomena. I must warn you, however, that in the
physics of neutrinos there are a number of questions
of a qualitative sort to which we cannot even give a
"yes-or-no" answer. I shall tell about these prob-
lems, how they have arisen, and in what ways physics
is preparing to answer them experimentally. Before
proceeding to this discussion, however, allow me to
give a brief and elementary survey of the main known
properties of neutrinos.

1. KNOWN PROPERTIES OF THE NEUTRINO

In various decay processes of elementary particles
it is often the case that the total energy and momen-
tum of the particles in the initial state are not equal
to the total energy and momentum of the particles in
the final state. In such cases, as we now know very
well, the apparent violation of the conservation laws
is caused by the emission of neutrinos.

Most of the neutrino's properties became known
about 30 years ago, immediately after Pauli theoret-
ically "invented" it for the precise purpose of ex-
plaining the apparent violation of the energy and mo-
mentum conservation laws. The only process studied
at that time was that of the p decay of certain radio-
active elements, and it was known that the spectrum
of the electrons is continuous. In this connection it
must be said that the "invention" of the neutrino to
explain the apparent disappearance of energy in the
j3-decay process required a great deal of imagination.
As we already know now, the continuous nature of the
iS spectrum is due to the fact that in the final state
there are three particles—the electron ( e ), the neu-
trino (v), and the final nucleus. After a number of
new elementary particles had been discovered, two-

particle decay processes were found, in which the
energy that "d isappears" always has the same mag-
nitude; for example, in the process of ж—\x decay,
28 MeV always disappears. In muon capture by the
process ц~ + He3 — H3 + v, which was discovered at
the Joint Institute for Nuclear Research in 1960, 100
MeV disappears. Figure 1 shows an example of this
reaction, obtained with a diffusion cloud chamber
filled with He3: the recoil triton always has a definite
range. If two-particle processes involving neutrinos
had been known earlier, there might have been no
need for Pauli's genius to "invent" this particle.

For completeness we shall list practically all of
the observed decay processes in which neutrinos are
involved: n — p + e" + v {fi decay); ц' + p —• n + v

•Lecture delivered at the School of Astrophysics in Tartu (July,
1962). FIG. 1. Typical photograph of the reaction fi~ + He3 -> H3 + p.



B R U N O P O N T E C O R V O

(ц. capture ); /u — e + v + v (ц decay); ж — ц, + v
(тг—JU d e c a y ) ; ж —~ n° + e + i>; К — ц + v, К —~ у. + v

+ ж, К — e + v + ж; Л° — р + е" + V.
The main properties of the neutrino are fixed, we

may say, by definition: the charge is zero, the mass
must be much smaller than that of the electron, the
spin is one-half, and the penetrating power is enor-
mous. Let us see what it can be. In matter there
must occur neutrino collisions caused by the interac-
tion which is responsible for the /3 decay of nuclei.
In other words, there must, for example, be processes
of the type

v + p- (1)

which are inverse to the ordinary process of /3 decay
of the neutron,

n —> p -|- e~ + v.

A maximum value for the cross section for process
(1) can be obtained from dimensional arguments:

a <- * * A2

Here т is a typical time characteristic of /3 decay
(tens of seconds, when the electron energies are
~1 MeV), and A is the wavelength of the neutrino, the
largest length we are concerned with in this process.
We find that a ~ 10~43 cm 2 for neutrinos of energy
~1 MeV; this corresponds to a mean free path for the
neutrino of about 1016 km of solid matter!

Processes which involve neutrinos are called slow
processes, since they have small probabilities. They
are due to the so-called weak interaction. Although
all other particles are also subject to the weak inter-
action—the most widespread of all types of interac-
tion—neutrinos are correctly regarded as the main
actors in weak interactions. The point is that neu-
trinos are involved in only the weak interaction,
whereas all other particles are subject not only to the
weak interaction, but also to the electromagnetic or
to the strong interaction, or else to both. If we recall
that the intensities of strong, electromagnetic, and
weak interactions, which are proportional to the
squares of the coupling constants, are, roughly speak-
ing, in the ratios 1 :10" 2 : 10~12, the fact that the neu-
trino is unique among elementary particles in its
penetrating power is readily understood.

It must be stated at once that " f r e e " neutrinos,
i.e., neutrinos far from the source, have been ob-
served recently in experiments done by Reines and
Cowan. Their interaction with matter corresponds
roughly to the mean free path to be expected from the
dimensionality arguments mentioned above. Experi-
ments with free neutrinos will play a very important
part in solving the problems which we shall discuss
later.

Since up to the present only a few experiments with
free neutrinos have been done, I shall give a brief ac-
count of the very first work of this sort.

These experiments were done with the beam of v
from a reactor, i.e., antineutrinos with energies of
the order of several MeV. The flux of antineutrinos
from a very powerful reactor fwith a power, let us
say, of several hundred thousand kilowatts), which
can be obtained beyond the shield, under conditions
such that the antineutrino beam is sufficiently free
from neutrons and у rays, is approximately 10"3

cm" 2 sec" 1 .
In the experiments of Reines and Cowan the detec-

tor for the antineutrinos was a liquid scintillation
counter of volume ~ 1 m 3. In the registration of the
reaction (1) the positron energy was measured, the
two quanta from the annihilation of the positron were
distinguished, and after the slowing down of the neu-
tron the у rays corresponding to its capture by a
nucleus were registered. Thus to decrease the back-
ground full use was made of the remarkable succes-
sion of events which is characteristic of reaction (1).
Several events per hour were registered. The great
significance of this experiment is of course that for
the first time effects were observed which were due
to neutrinos but independent of the process in which
they were produced; this freed the neutrino from its
mystical character. The accuracy of these measure-
ments was sufficient to verify the fact that the cross
section for reaction (1), in agreement with the theory
of the longitudinal neutrino (see below), has a value
twice that to be expected if parity were conserved.
We shall speak later about parity nonconservation.

I shall now say a few words about the fact that the
neutrino and antineutrino are not identical. That neu-
trinos and antineutrinos are different particles was
recently proved by means of a rather difficult experi-
ment. I shall speak briefly about this experiment,
since it is important not only in showing that v and
7 are not identical, but also for the determination of
the flux of cosmic neutrinos, in particular of neu-
trinos from the sun (by the way, the neutrinos from
the sun have not yet been detected).

We have defined the antineutrino as the particle
emitted in the /3-decay of the neutron and the neutrino
as that emitted in the /3 + decay of the proton, leaving
open the question as to whether these particles are
identical. We know that the reaction (1) has the ex-
pected value of the cross section. The reaction

v + n —> p -\- e

is brought about by the same interaction as the reac-
tion (1). Therefore it can be used for the detection of
neutrinos. Since, however, there are no free-neutron
targets, one can use complex nuclei, for example deu-
terium or heavier elements. The reaction

v + Cl37->Ar37 + e (2)

is very convenient for technical reasons ( CC14 is a
cheap substance, and furthermore tiny amounts of
radioactive A37 can be separated from large masses
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Table I. Some properties of the neutrino

Electric charge . .
Mass . . .
Spin . . .
"Neutrality" . . .
Helicity . . .

Magnetic moment . . .

According to the theory of
the longitudinal neutrino

0
0
V2*1

\ф\
C o m p l e t e long i tud ina l

p o l a r i z a t i o n

0

*Aig is the Bohr magneton.

According to
experiment

0

< 2 5 0 e V

D e g r e e of p o l a r i z a t i o n
> 9 7 % ,

v — le f t-handed
v — r ight-handed

of CCI4). As for the reaction

+ e", (3)

one cannot predict beforehand whether it will be ob-
servable or not. It depends on whether or not v and
"v are identical. The experiment shows that the cross
section for reaction (3) is less than 5 percent of the
expected cross section for reaction (2). It follows from
this that v * v. What is the difference between v and
"vi We now know that neutrinos are longitudinally
polarized. The neutrino is a left-rotating object, and
the antineutrino is a right-rotating object. Thus it
would seem that the difference between v and V is
the different direction of the "helicity." It must be
pointed out, however, that we do not know as yet
whether or not the difference in the directions of the
"hel ic i t ies" is the only thing distinguishing neutrinos
from antineutrinos. It may be noted here that the be-
havior of neutrinos which is described by the theory
of the longitudinal neutrino, according to which neu-
trinos are completely polarized along the direction of
the momentum, serves as a prototype, so to speak, for
the behavior of all other particles (we are speaking,
of course, of their weak interactions). The known
properties of the neutrino are listed in Table I.

As for the longitudinal character of the neutrino,
we here encounter an obvious case of parity nonconser-
vation and of noninvariance under charge conjugation
(replacement of particles by antiparticles). I shall say
a few words about this so that astrophysicists can get
an idea (I do not know whether or not a correct idea)
that parity nonconservation could also have macrosco-
pic consequences. I would like them to think about
this question.

The law of invariance under space inversion P
(change of sign of all the coordinates) can be formu-
lated in the following way: any mirror image of a
physical process is an actually existing physical
process. Therefore any correlation op of spin and
momentum is incompatible with the law of conserva-
tion of parity, since in the mirror image a does not
change sign, but p changes sign. In particular, longi-

tudinal polarization of elementary particles, for ex-
ample the longitudinal character of the neutrinos and
electrons in /3 decay, is incompatible with parity
conservation.

Similarly, the concept of the left-handed neutrino
and the right-handed antineutrino is clearly incom-
patible with invariance under the operation of charge
conjugation C. If, on the other hand, the laws of
nature are invariant under Landau's operation of
"combined inversion" PC, i.e., the operation in
which each particle is replaced by its antiparticle and
at the same time all coordinates change sign, then
the longitudinal neutrino is an entirely legitimate ob-
ject. What sort of macroscopic effects can arise
from the longitudinality of particles ? I shall first in-
dicate a simple example.

Let a thin layer of /3-radioactive material be
glued to an aluminum plate and suspended freely from
a thin fiber (Fig. 2). Electrons emerge only upward,
since when they are emitted downward they are ab-
sorbed by the aluminum. Since they are longitudinally
polarized the system will rotate. It is very hard to
realize this experiment practically, but we know that

W//////////////////.

Aluminum plate
Radioactive layer

FIG. 2. Ideal experiment for
detection of a macroscopic con-
sequence of parity nonconserva-
tion.

in nature and in the universe phenomena which appear
insignificant in the laboratory are of great import-
ance. The most striking example of this is gravitation.
I am not at all convinced that there are macroscopic
effects of parity nonconservation, but it seems to me
that it would be worth while to give some attention to
this question.

2. THE PHYSICS OF HIGH-ENERGY NEUTRINOS

I shall now pass on the question of the unsolved
problems of neutrino physics which are of great in-
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terest for the theory of elementary particles. In
recent years a new branch of elementary-particle
physics has appeared—the physics of high-energy
neutrinos. If we are to give an exact definition of
this field, we could say that all neutrino processes
except /8 decay belong to high-energy neutrino phys-
ics. It is now agreed, however, to include in high-
energy neutrino physics mainly the processes of in-
teraction of high-energy neutrinos with other particles.
Various experiments have been suggested and a num-
ber of theoretical predictions have been made in this
new branch of physics. It now seems very likely that
the experimental results which will be obtained in
this field can play a decisive role in the construction
of the future theory of elementary particles.

I shall list a number of questions of this sort, giv-
ing special attention to the aspects of the problem
which are associated with experiments with free neu-
trinos.

3. IS THE FOUR-FERMION INTERACTION A
PRIMARY INTERACTION?

It is well known that all weak processes can be
"explained," at least phenomenologically, in terms of
an interaction between four fermions. The question
at once arises, however, is the four-fermion interac-
tion a primary interaction? In the first papers of
Yukawa on nuclear forces an attempt was made to
interpret the /? decay of nuclei in terms of the virtual
emission of a meson by a nucleon and subsequent
decay of this meson.

Let us denote by В the intermediate boson which is
assumed to be the carr ier of the weak interaction. (A
spin value of unity is of course required for the В
meson.) Let gg be the constant for the coupling of
the В meson with nucleons and with fermions in
general. Then the four-fermion weak interaction is
not a primary interaction, but is already character-
ized by a phenomenological Fermi constant

„_ 10-5 , _ .,

where M is the mass of the nucleon. In this case it
is an interaction of second order with respect to the
constant of the primary interaction of the В meson,
which is of " intermediate" intensity. Since gg, like
e and gTr, is a dimensionless constant, it is obvious
from dimensional considerations that G ~ gg/Mg,
where Mg is the mass of the intermediate boson.
Therefore, if Mg ~ M, g B ~ 10"5. This quantity is
to be compared with e2 = 1/137 and g\ ~ 10. The В
particle will decay with the characteristic time

sec

by the channels
B- -j- я ,

When the energy of a weak-interaction process is in-
sufficient for the actual production of a B, the non-
local effects associated with the existence of the В
meson are small and hard to observe. But if В can
actually be produced, this will lead to perceptible ef-
fects. This is due to the fact that once а В has been"
produced it must decay, and in particular must decay
by lepton channels. It follows that if Mg ~ M, then in
nuclear reactions at high energies we must observe
the emission of leptons from " s t a r s . " The number of
leptons is ~10"5 per star. This is a relatively large
quantity. The difficulty of observing leptons from
" s t a r s " is not due to the small number of events. The
difficulty is rather due to the processing of a large
number of events. In any case, it would be extremely
interesting to establish that leptons are emitted (or
that they are absent) in " s t a r s . "

Another very interesting possibility for detecting
В mesons consists of bombarding nuclei A with high-
energy neutrinos:

(4)

• e-f- v.

F r o m d i m e n s i o n a l a r g u m e n t s t h e c r o s s s e c t i o n f o r

t h i s p r o c e s s i s

(cf. diagram, Fig. 3) .

V iL,

FIG. 3. Diagram of process (4).

—>e + v,
a n d s o o n .

For neutrinos with energies of several BeV and
for Mg = M we have a ~ 10"3 7 cm2/nucleon (in the
case of Fe). This is larger than the cross sections
obtained for the case of the local weak interaction,
when, of course, the nucleon form-factor is taken into
account. The cross section of reaction (4) increases
rapidly with the neutrino energy and decreases with
increase of Mg. In this connection we must note that:

1. The mass of the В meson must obey the rela-
tion Mg a M K , SO that the process К —- В + 7г cannot
occur.

2. In the reaction (4) there is a possibility of ob-
serving the "unnatural" pair /xe. The appearance of
such an "unnatural" pair is very typical of reactions
in which В mesons are produced by means of high-
energy neutrinos.

High-energy neutrinos are obtained from the decay
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of 7Г mesons in flight. Since the spectrum of neutrinos
from pion decay is a step function extending from
zero to a maximum energy of 0.42 Етг, the energy of
the neutrinos produced is rather small, and for the
search for В mesons it is particularly important to
have proton synchrotrons of the highest possible energy.

The intensity of the neutrino beams which can be
obtained from 30 BeV accelerators of the type of
those at CERN and Brookhaven at a distance of ~100 m
from the internal target is 103—104 per cm2 per pulse
for neutrinos of energies larger than 1 BeV. If we
compare the conditions of experiments with high-
energy neutrinos from an accelerator with those of
experiments with neutrinos from a reactor, it can be
seen that the absolute number of events is several
orders of magnitude larger in the latter case than in
the former. Background conditions, however, are
much more favorable in the experiments with high-
energy neutrinos, especially because of the pulsed
operation of the accelerator. We shall speak a bit
later about the state of the search experiments being
made with high-energy neutrinos.

4. ARE ve AND иц IDENTICAL PARTICLES?

It is entirely unknown whether the neutrino emitted
in /3 decay and the neutrino emitted in 7г—ц, decay are
the same particle. We define the electron neutrino
( ve ) and the muon neutrino (v^) by the following r e -
actions

e" -f p —••' n -f ve, -\- p —>• n + Vn

leaving open the question as to the identity of ve and
v^; which can be settled only by experiment. The idea
that ve and v are not identical arose in connection
with the fact that some decay processes, for example
H —» e + у and p, —* e + e + e are absent (at least they
have not been observed so far). This leads to the idea
that ц — e transitions are forbidden by the existence
of certain quantum numbers (or "charges") whose
conservation is required by the laws of nature. If this
is true, Vy has a muon " c h a r g e " and ue does not
have such a charge.

The idea of the experiment designed to settle the
question of the identity of ve and v^ is reminiscent
of the idea of the experiment with Cl37, about which
we spoke in discussing the question of the identity of
neutrino and antineutrino. Let us consider the reac-
tion

The cross section for this reaction is zero if ve * v^,
but if ve = v^ we can calculate the cross section. For
neutrinos with energy 2 BeV the cross section is

3 8 2
(0.4—0.8) x 10~38 cm 2 and is approximately equal to
the cross section for the reaction

At the present time experiments to settle this question
are being done at the Brookhaven laboratory. A definite
answer to the question is expected in the very near
future (see note added in proof at end of article).

The device used to detect the charged leptons from
the reaction caused by the neutrinos is a large spark
chamber with aluminum plates about 2.5 cm thick.
The total weight of aluminum used is about 10 tons. It
is expected that there will be several events per day
per ton of material. To decrease the background owing
to cosmic rays, it has been possible to make the
duration of the synchrotron pulse about 35 ^sec. Be-
sides this, the beam has a fine structure: every 200
nsec there is a burst of duration about 10 nsec. With
these conditions the difference between the times of
flight of neutrons and neutrinos can be used to obtain
a marked lowering of the neutron background.

5. IS THERE AN ANOMALOUS i ^ - N INTERACTION?

This question has been discussed from the theoret-
ical point of view by Kobzarev and Okun'. Let us as-
sume that there are two types of neutrinos. Various
experiments, for example that on the determination of
g — 2 for the muon, or the experiment in which a
search was made for large-angle scattering of muons
by nuclei, do not exclude a relatively strong anomalous
(i.e., nonelectromagnetic) interaction of the muon.

If we express the anomalous interaction in terms of
a four-fermion interaction with the constant F, the
maximum value F m a x compatible with the determina-
tion of g - 2 is given by Fmax < 1 0 " V M 2 . It can be
seen that F m a x is four orders of magnitude larger
than G, the weak-interaction constant.

If muon neutrinos and nucleons are also subject to
an anomalous interaction, then according to the ideas
of Okun' and Kobzarev it is reasonable to look for a
process of scattering of neutrinos by nucleons ( v^—
N scattering). At an energy of 2 BeV the maximum
admissible cross section reaches a value of 10~31

cm2. As can be seen, the existing experimental infor-
mation leaves plenty of room for the possible exist-
ence of an anomalous interaction.

Experiments have been made with the proton synchro -
tron at the Joint Institute for Nuclear Research to
look for anomalous scattering of muon neutrinos by
protons. Since the maximum admissible value of the
cross section for this process is several orders of
magnitude larger than the cross section from the
weak interaction, it was possible to make the experi-
ment with a beam with a relatively small intensity of
high-energy neutrinos and with a neutrino "detector"
of comparatively small mass. The experiments showed
that the cross section for Vn—N scattering is smaller
than 10~32 cm 2 . A study of the intensity of cosmic rays
at large depths in the earth gives even more accurate
information, namely аицц < 10" 3 4 cm 2 . This greatly
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reduces the probability of the existence of an anomal-
ous interaction.

The experiments are of interest from a purely
phenomenological point of view, apart from the work
of Okun' and Kobzarev. Actually there do not exist
any data on v—N scattering, which has no connection
with the known weak interaction, and therefore calls
for independent investigation.

6. IS THERE A u-e INTERACTION?

The theory gives a positive answer to this question,
but it is clear that an experimental investigation is
necessary, We are of course speaking about v— e
scattering in first order in the weak-interaction con-
stant. In principle the experiments can be made with
low-energy neutrinos (for example, neutrinos from
reactors, with energies about 1 MeV). Reines is now
planning such an experiment. On the other hand, these
experiments can obviously also be done with high-
energy neutrinos.

The main difficulties in making the experiments
with low-energy neutrinos are due to the presence of
background. Reines intends to make this experiment
by means of several hundred "anticoincidence" Nal
scintillation counters with a total weight of about two
tons. The calculated cross section of the process
v + e — и + e is 8 x Ю"4 2 E cm2, where E is the
neutrino energy in BeV.

Instead of a reactor one can use monoenergetic
neutrinos from a reaction produced by stopped mesons,
such as

n*~>n*+.v,
ц" + A —-> A' + v.

The neutrino from the first of these reactions has
an energy of 28 MeV, and that from the second, about 100
MeV. The accelerator used here can be a cyclotron
with a spatially varying magnetic field, which can
give a proton current close to a milliampere. The
use of monoenergetic neutrinos offers a possibility of
using kinematical features of the reactions being stud-
ied to diminish the background.*

7. ARE THERE NEUTRAL CURRENTS IN THE WEAK
INTERACTIONS ?

The most popular form of theory of the weak inter-
actions, proposed by Feynman and Gell-Mann, as-
sumes that there are only "charged" currents: the
form of the Lagrangian is such that a four-fermion
weak interaction requires the interaction of a charged
pair of fermions with itself or with another charged
pair. The possibility is not excluded a priori that
there are also " n e u t r a l " currents of the types ( ее ),

•Since the demonstration that there are two kinds of neutrinos
this way of doing the experiment is impossible: scattering of muon
neutrinos by electrons will not occur in first order in the weak-
interaction constant (see note added in proof at end of article).

(№*)> (w)> (PP). (nn), (ЛЛ), (це), (Лп). It is true
that no current (де) can exist because its presence
means a relatively large probability for the process
M —- e + y, which has very small probability accord-
ing to the experimental data. Therefore Feynman and
Gell-Mann have assumed that there are no neutral
currents at all. The absence of the current (це) does
not, however, mean that all of the possible neutral
currents are absent. The question of the symmetric
neutral currents (ее) , {nix), (vv), (pp), (nn), (ЛЛ)
is quite a live one. There is actually not a single ex-
perimental result that contradicts the hypothesis of
symmetric neutral currents. Moreover, the small
probability of the process n —- e + у could be due to
the existence of such currents. The presence of these
currents would have the following consequences:

1. There must exist weak processes of interaction,
for example scattering of electrons by protons and by
electrons without conservation of parity. There are
no experimental data on this problem, and it would be
very difficult to obtain any.

2. Excited nuclei must emit vv pairs. This effect
is practically undetectible under laboratory condi-
tions because of its small probability in comparison
with the probabilities of ordinary electromagnetic
processes. In astrophysics, however, there would be
important consequences of the existence of symmetric
neutral currents, and that is why I mention these
processes in my report.

3. In experiments with high-energy neutrino beams
there must be observable neutrino-nucleon scattering
events (and stars in complex nuclei) which are not ac-
companied by charged leptons. A search for these
processes with cross sections of the order of 10~38

—10~40 cm2/nucleon could answer the question of the
existence of neutral currents in the weak interactions.

8. SOME REMARKS ON MACROSCOPIC EFFECTS
ASSOCIATED WITH NEUTRINOS

I shall briefly mention some data which show that
neutrinos must necessarily play a part in phenomena
on a macroscopic scale.

First of all, it must be said (and a more detailed
discussion will be given in the next section) that in-
side stars neutrinos are produced in great numbers
in nuclear reactions, in particular in the /3 decays of
various unstable nuclei. As we have already seen,
neutrinos have an enormous penetrating power. To
sense it, think of an iron plate of thickness billions
of times the distance from the earth to the sun. This
is the mean free path of a neutrino of energy about
1 MeV! Naturally neutrinos will not have the slightest
difficulty in emerging from, say, the sun. The energy
transfer associated with the flux of solar neutrinos to
the earth's surface amounts to several percent of the
solar constant.

One more example of a macroscopic effect: An
uranium reactor with a power in the hundreds of
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thousands of kilowatts " l o s e s " tens of thousands of
kilowatts in the form of neutrinos.

I think these examples are enough to show the im-
portance of neutrinos in the macroscopic world.
Rather often, however, there is a situation in which
one cannot estimate the quantitative importance of
neutrinos in a phenomenon because of the absence of
information about certain properties of the neutrino;
the answers to rather delicate questions in elementary
-particle physics (for example, the existence of an
ev interaction or the existence of neutral currents in
weak interactions) have far reaching astrophysical
consequences. On the other hand there are also cases
in which we can assert that neutrinos would have
enormously important effects in stars under definite
conditions of density and temperature but it is not
known whether these conditions actually exist.

9. NEUTRINOS AND THE SUN

Although much remains unknown about the problem
of the production of neutrinos in stars, still some
definite assertions about this question can be made.
For example, the flux of neutrinos from the sun is
known and is of the order of 1011 neutrinos per cm2

and sec at the surface of the earth. We can also
definitely assert that the sun emits neutrinos, and not
antineutrinos. This is because of the types of nuclear
reactions that can occur in stars (as contrasted with
antistars, if these latter exist).

As is well known, the energy of the sun and other
stars is released in the hydrogen and carbon cycles,
in which hydrogen is converted into helium; in this
process about 5 percent of the energy of the sun and

Table II. Processes responsible for energy release in
the sun

a)

b)

с)

Hydrogen cycles

3 H e 4 3 H e -

H 4 - e* 4 - v

H e + v

3 H e 4 «He-:- B e ' 4 Y

, B e 4 , - - > { : i

b ; ; l ; v

v

Li'*- .. I.i'4- Y
Li' 4 41 «He4-4He

' B e + 4 1 -
BB —>8Be* 4

«Be*- > 4He-

Carbon

"С-1-Ч1- >
1 3 N - -

" C [ - 4 1 - •

« 0 —>

« N 4 m —>

e* 4 " v

f- "He

c y c l e

3 N + Y
3 C 4 e^ 4- v

••N 4 - Y

i 5 0 4 - Y

2C 4 «He

Character of
neutrino spectrum

C o n t i n u o u s

M o n o c h r o m a t i c

M o n o c h r o m a t i c

C o n t i n u o u s

C o n t i n u o u s

C o n t i n u o u s

Neutrino
energy, MeV

Яшах-0.4

E - 0 . 9
Й - 0 . 4

'-max ™- 1 -7

of main-sequence stars is radiated in the form of
neutrinos (Table II).

The relative importances of the cycles are un-
known, however. We know only that the sun and the
" c o l d " stars work mainly on the hydrogen cycle,
whereas the carbon cycle predominates in the hotter
stars . The carbon cycle evidently is also realized in
the central part of the sun. As for the various chan-
nels of the hydrogen cycle, practically nothing is
known.

As can be seen from Table II, the neutrinos
emitted by the sun and other main-sequence stars
have various spectra. In particular, there are in-
tense monochromatic neutrinos from the electron-
capture process. We shall speak later about the
possibility of registering neutrinos from the sun and
about the significance of such researches. Here we
only note that the various mechanisms of emission
of neutrino-antineutrino pairs which are associated
with the electron-neutrino interaction process are not
important in the sun and in stars of low temperature
and density.

10. EMISSION OF NEUTRINO-ANTINEUTRINO
PAIRS OWING TO ELECTRON-NEUTRINO
INTERACTION

As we have seen (Section 6), the most widely used
form of the theory of weak interactions assumes that
the reaction v + e — v + e occurs with a probability
comparable to those of other weak-interaction proc-
esses. I wish to emphasize that there is no experi-
mental proof of this. If, however, we assume that it
is true, then there are very interesting consequences
for astrophysics.

If follows from the electron-neutrino interaction
that electron-positron annihilation can occur with the
emission of a neutrino-antineutrino pair (v + e — v
+ e, and therefore e + + e~ —- v + V). Consequently,
in electromagnetic processes it is possible to have
emission of a pair vv ( via a virtual pair e + e" ) in-
stead of the emission of a photon. This fundamental
relation between electromagnetic phenomena and
lepton processes follows directly from the electron-
neutrino interaction (when there are only charged
currents). It is true that the emission of a vv pair in
an elementary act of interaction is very improbable
in comparison with the emission of a photon, but the
enormous penetrating power of neutrinos forces us
to think about the possibility of effects associated
with the neutrino-electron interaction in large bodies
at high temperatures. It turns out that at a certain
stage of the evolution of stars the energy radiated
into space in the form of neutrino-antineutrino pairs
is comparable with that radiated in the form of pho-
tons. As the stars evolve further their neutrino
luminosity greatly exceeds the photon luminosity. I
shall take time only for some conclusions from a
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study of the neutrino luminosities of stars owing to
the electron-neutrino interaction.

1. The mechanisms of neutrino luminosity con-
sidered here, which are due to the electron-neutrino
interaction, imply the emission of neutrino-antineu-
trino pairs, and not the separate emission of neutrinos
which occurs in the nuclear reactions characteristic
of the sun.

2. The effects caused by the electron-neutrino in-
teraction are important only in stars with large densi-
ties and temperatures, when the light elements have
already practically all burned up ( Z ^ 10). There-
fore they are of no importance in the energy balance
of the sun. The predominance of neutrino luminosity
over photon luminosity for large Z is due to the fact
that when Z is increased the range of the gamma
quanta is diminished, at the same time that the cross
section for the production of vv pairs is increased.

3. The electron-neutrino interaction causes several
processes whose importance depends on the temper-
ature and density of the star. The following are the
main processes:

e" + Z—>e~ + Z + v + v — neutrino deceleration radiation,
Y + e"—»e" + v + v— photoneutrino effect on an elec-

tron,
Y + Z—э-Z + v-j-v — photoneutrino effect on a nucleus,

e* + e~->v + v— neutrino annihilation of electron-
positron pair.

4. The neutrino luminosity becomes comparable
with the photon luminosity for T ~ 10 keV, p = 2—3
x Ю3 g cm" 3 ( Z = 12 ). For denser and hotter stars
the photon luminosity is already quite negligible in
comparison with the neutrino luminosity. For stars
with density p ~ 104 g cm" 3 the energy q^jr released
by 1 cm 3 of the stellar matter owing to the ev inter-
action is in the range 104—1014 erg cm" 3 sec" 1 for
the temperature range 10—100 keV. The fractional
contribution of the neutrino processes listed above
depends on T. If we fix Z = 12 and p = 104 g cm" 3,
then at low temperatures ( T < 10 keV) the process
that predominates is that of neutrino deceleration
radiation, then up to T = 50 keV, photoneutrino ef-
fects, and for T > 50 keV, the neutrino annihilation
of electron-positron pairs.

5. Neutrino processes arising from the electron-
neutrino interaction must play a very great role in
the evolution of white dwarf s tars . They must de-
cidedly affect the dynamics of the explosions of
supernovae.

In conclusion we note that under the conditions of
very large densities and temperatures the process of
"pumping-over" of energy into the neutrino-antineu-
trino component is a rather general property of
matter.

11. THE URCA PROCESS

There is one other process which under favorable
conditions can contribute to the neutrino luminosity.

For reasons which are not very clear it has come to
have the name of urea process in the literature.

In this process the vv pair is not emitted owing to
ev interaction, but the particles are produced separ-
ately (i.e., a v and then a v) from the catalytic action
of electrons:

ff e +
I ( Z -

The process occurs because at high temperatures
electrons can cause inverse /3 processes with the
production of v's and radioactive nuclei, which then
decay with the emission of "v's.

The urea process differs fundamentally from the
mechanisms of emission of vv pairs that are based
on the ev interaction. The latter are processes with-
out thresholds, and the urea process is an effect with
a definite threshold. For this reason the importance
of the urea process depends strongly on the chemical
composition of the stars, and it is difficult to estimate.

12. NEUTRAL CURRENTS IN ASTROPHYSICS

We have seen that it has not yet been proved that
there are no neutral currents of the types ( е е ) , ( vv),
(цц), (pp), (nn) in the weak interactions. If there
are neutral currents, processes of emission of vv
pairs from excited nuclei are possible. These proc-
esses are analogous to the processes of /3 radioac-
tivity of nuclei: instead of an electron and a neutrino,
a vv pair is emitted. This neutrino radioactivity is
not connected with electromagnetic processes and
differs from the emission of vV pairs caused by the
electron-neutrino interaction in that it is a process
of order G2, and not G2e4. Therefore it is clear that
neutrino radioactivity can be very important for
astrophysics if neutral currents actually exist in
nature.

13. THE NEUTRINO AND COSMOGONY

Recently a number of papers have appeared which
discuss the possible role of the neutrino in cosmogony.
It would require a great deal of time to explain the
application of the neutrino to cosmogony, and there-
fore I shall confine myself to listing some very in-
teresting questions. The relevant literature will be
given more completely, however.

As is well known, the accepted explanation of the
red shift is that it is a consequence of an expansion
of the universe. According to the general theory of
relativity the "homogeneous" Friedmann model leads
to different cosmogonic possibilities, depending on
the value of the (average) density p of matter in the
universe. If p is less than a critical value p c r ,
wfiich is estimated to be about 2 x Ю"2 9 g cm" 3, the
universe will continue to expand without limit (open
model). If, on the other hand, p~ < p c r (closed model)
then the expanding universe will sometime cease to
expand and begin to contract, and afterwards will
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again go over into an expanding phase (pulsating uni-
verse).

The order of magnitude of the average density of
nucleons P N in the universe is 10~29 g cm" 3 ~ 10"2

MeV cm" 3 . Its value is not known accurately enough
for us to say whether it is larger or smaller than p c r .

The question ar ises : cannot the energy density of
the neutrinos and antineutrinos in the universe be
comparable with or even larger that the energy density
PN of hydrogen? The question of a large density of
neutrinos and antineutrinos arises naturally in the
discussion of the PC asymmetry of the world and
the hypothesis of the existence of antiworlds. There
have been repeated discussions in the literature on
the possibility of the existence of antiworlds arising
as the result of fluctuations of a charge-symmetric
universe. Although at present there is no experimental
evidence for the existence of antiworlds, it must be
noted that the fluctuation hypothesis requires that
there must exist in the universe (now or at some time
in the past) a large charge-symmetric "background."
This background would in principle have to consist to
a large extent of v's and i?'s, existing with equal
densities.

What is known about the energy density of neu-
trinos? In the range of neutrino energies it 1 BeV
measurements of cosmic-ray intensities underground
have shown that the energy density of neutrinos is at
least three orders of magnitude smaller than p-j$. As
for the range of energies of the order of a few MeV,
the experimental data (obtained from an analysis of
the experiments of Reines and Cowan and of Davis
based on the hypothesis that the "background" in
their apparatus was caused by cosmic neutrinos) do
not exclude the existence of an energy density of neu-
trinos and antineutrinos considerably in excess of p^-

If, however, we consider the gravitational conse-
quences for neutrinos of arbitrary energy, as applied
to the expanding universe, we can show that the max-
imum neutrino energy density pvv cannot be much
larger than Рщ(р~к PN + Pvv < Ю PN)- W e note that
in this case ( Ey £ 1 MeV) the nuclear-physics ex-
periments give less information than the estimate
based on the gravitational action of the neutrinos.
However that may be, it turns out that the energy den-
sity of v's and 55"'s is at present not large in compar-
ison with the energy density of hydrogen. At first
glance this contradicts the fluctuation hypothesis,
since it would seem that there is not enough "back-
ground" for fluctuations to arise from. This contra-
diction can be solved in a natural way, however.

It follows from the equations of the general theory
of relativity that the average energy of relativistic
particles (neutrinos in our case) falls off in propor-
tion to the curvature of space a"1 (the energy density
of the particles varies as a" 4 ) . In other words, in
the past the average energy of neutrinos must have
been larger than the present density to the same ex-

tent that the curvature was larger. Therefore in the
past, when the matter density was enormous, the
energy density of neutrinos (and of photons—the total
density of "symmetrical" energy not associated with
rest mass) could have been many orders of magnitude
larger than the total energy density of the nucleons.
These could be the conditions under which the fluctu-
ations occurred. The mechanism of the fluctuations
is of course not discussed, and the question as to
whether the neutrino-antineutrino pairs are actually
primeval remains open. We can only remark here
that the mechanism discussed above of a "pumping-
over" of energy into the neutrino-antineutrino com-
ponent owing to the scattering of neutrinos by elec-
trons should assure predominance of the "symmetrical
form" of energy in vv pairs over other symmetrical
forms of energy (thermal energy, energy of photons,
and so on).

Thus also independently of the fluctuation hypoth-
esis it seems rather probable that the dynamics of
the universe, if it is actually pulsating, is determined
by the energy density of the v's and V's, at least in
the contracted phases. In such a phase the neutrinos
have very high energy.

14. EXPERIMENTAL NEUTRINO ASTRONOMY

a) Introduction. By neutrino astrophysics and
astronomy we mean the science of the description of
numerous phenomena in which neutrinos play a pr i -
mary part. Neutrino astrophysics has two aspects.

First, neutrinos are involved in processes occur-
ring in the interiors of stars and in the cosmos in
general. Therefore, as theoretical sciences, astro-
physics and cosmology fiiust take into account the
role of these particles in dynamical processes in
stellar interiors and in the cosmos. The foregoing
sections have been devoted to this aspect of the
science.

Second, the neutrinos coming from the stars and
from cosmic space can be registered in experiments
made on the earth or on space ships, for the purpose
of getting valuable information about the universe.
This aspect of neutrino astronomy as an experimental
science, about which I wish to speak briefly, is par-
ticularly alluring. The point is that up to now there
has been accessible to us essentially only a single
type of radiation coming to the earth from cosmic
space—electromagnetic waves. True, I said "essen-
tially only one" type of radiation, since in recent
times cosmic rays have been studied from the point
of view of astrophysics. But I do not want to go into
this.

When we secure the possibility of registering the
intensity, energy, and direction of the neutrinos and
antineutrinos coming from individual stars and from
cosmic space, we shall have in our hands powerful
means for the solution of astrophysical problems.
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Let us note in particular that when astronomers
register electromagnetic waves they are not "looking"
deep inside the stars, because these waves come out
only from the surface layer of a heavenly body. Be-
cause of the enormous penetrating power of neutrinos,
registering them will provide possibilities for looking
very deep inside s tars . This highly interesting possi-
bility is a very real one only for the study of nuclear
reactions inside the sun, and will be discussed later.

Now let me engage in fantasy, i.e., let me speak of
things that are less real. I shall indicate some possi-
bilities for experimental neutrino astronomy that
exist in principle. It can be stated at once that prac-
tical realizations of these possibilities are very far
off, and perhaps will never be at all.

After the neutrino fluxes from the sun have been
registered, it will be necessary to take the next s t e p -
to measure the neutrino fluxes from cosmic space
(we have already seen how important this problem is),
and from individual galaxies. For this it is necessary
to increase the sensitivity of present methods of
registration by a factor of more than a million.
Therefore I shall not go into these matters in detail,
but shall illustrate only one prospect for neutrino
astronomy which is possible in principle. This bears
on the problem of antiworlds—worlds constructed en-
tirely of antiparticles.

Can observations on the earth tell us whether or
not there are antiworlds ? Suppose we see some heav-
enly body and want to know: is it made of matter, or
of antimatter ? We say at once that observation of
light and electromagnetic radiation in general cannot
possibly answer this question. The light emitted, say,
by a hydrogen atom, is identical with that emitted by
an atom of antihydrogen (for photons are genuinely
neutral particles—they have no sort of charge and
differ in no way from their antiparticles).

But how is it in the case of neutrino radiation? We
have already seen that the sun emits neutrinos, and
not antineutrinos. This will be true of any star where
the main source of energy is the thermonuclear reac-
tion of conversion of hydrogen into helium. Imagine
an antisun with internal processes analogous to
those in the sun. This means that its source of energy
is the conversion of antihydrogen into antihelium. The
light given by such antisuns is indistinguishable from
that from our sun. But they will emit antineutrinos,
not neutrinos! Thus we see what prospects open up
before neutrino astronomy. True, I must warn you
against a too optimistic idea about the possibility of
settling this question. It is not only that one is con-
cerned with extremely small intensities of neutrinos
and antineutrinos. The greatest difficulty is that we
do not know how to make an effective neutrino tele-
scope. In order to establish that neutrino radiation
comes from a definite heavenly body it is necessary
to measure the angular distribution of the products of
disintegrations caused by the neutrinos. It turns out

that the angular distribution is quite insensitive to the
direction of the incident beam (in the case of neutrinos
with energies of a few MeV or less). This difficulty is
so great that I am not sure that the problem mentioned
above will ever be solved. The very possibility is in-
teresting, however.

The problem of constructing a neutrino telescope
is much simpler for high-energy neutrinos ( Е„ £, 1
BeV). We shall talk about this a bit later.

b) The neutrino intensity of cosmic rays under the
ground. The determination of the intensity of high-
energy cosmic neutrinos and of their direction is of
great interest. As a detector for the neutrinos one
can use a complicated apparatus of scintillation
counters placed at a great depth and registering the
muons produced by the neutrinos in reactions of the
type

According to M. A. Markov the underground installa-
tion will react to the muons from neutrinos coming
from the lower hemisphere—that is , passing through
the whole earth. This is possible, of course, since the
mean free path of neutrinos is incomparably larger
than the diameter of the earth. In this way one can
eliminate the background of muons not of neutrino
origin, since charged particles cannot pass through
the earth. In principle one can register, first, the
"atmospheric" neutrinos, i.e., the neutrinos from the
decay of pions produced in collisions of the proton
component of the cosmic rays in the atmosphere.
This research is more interesting from the point of
view of elementary-particle physics than from that of
astronomy. Second, it is not excluded that one may
study the directions in space of localized sources of
cosmic neutrinos; if these exist, this could open up
new horizons for astronomy. Experimental neutrino
astrophysics is a very young science. It may even
seem to you that it is not born yet, indeed I have eon-
stantly been speaking in the future tense. Experiments
have already been done, however, which give informa-
tion about cosmic neutrino fluxes. True, the neutrinos
have not been detected so far, and the results are of
a negative nature. It has been found that the energy
density of the high-energy neutrinos ( Е„ >, 1 BeV) is
less than 10~5 MeV cm" 3 , i.e., at least three orders of
magnitude smaller than the energy density of hydrogen
in the universe. It is remarkable that this result is
obtained from an analysis of brilliant measurements
of underground cosmic-ray intensities, which did not
have the purpose of getting information about neu-
trinos.

c) Solar experimental neutrino astrophysics. We
have seen (Table II) that the various reactions that
are sources of the sun's energy are accompanied by
the emission of neutrinos of various intensities and
spectra. A question of primary theoretical interest is :
just what kind of nuclear reactions occur in the cen-
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t r a l p a r t of the s u n ? Since the probabil i ty of i n t e r a c -
tion (and there fore the sensit ivity for reg i s t ra t ion) of
neutr inos depends s trongly on t h e i r energy, we have
h e r e a unique possibi l i ty for getting valuable informa-
tion about the sun. It is c l e a r that a p r i m a r y problem
for neutr ino a s t r o n o m y is to r e g i s t e r s o l a r n e u t r i n o s .
How ? We a r e a l ready acquainted with the react ion of
the interact ion of neutr inos with the Cl 3 7 nuc leus :
v + Cl 3 7 — A3 7 + e " . The threshold for this react ion,
i .e . , the threshold for this neutr ino d e t e c t o r , is about
0.8 MeV, so that r e g i s t r a t i o n of so lar neutr inos is
imposs ib le if the only s o u r c e of these neutr inos is
the react ion p + p — d + e+ + v ( see Table II). On the
other hand, in the decay reac t ions

and especial ly in the p r o c e s s

8B —> 8Ee + e* + v

neutr inos a r e produced with energ ie s above the d e t e c -
t o r threshold energy.

So far we know only one method for r e g i s t e r i n g
neutr inos with energ ies of a few MeV—the use of the
react ion v + 3 7C1 — 3 7A + e " . This method i s just
sensi t ive enough for the r e g i s t r a t i o n of s o l a r neutr inos
to be poss ible, though e x t r e m e l y difficult, at p r e s e n t .
It is not excluded that in the future a new efficient
method for r e g i s t e r i n g megavolt neutr inos will be d e -
vised.

To complete the p icture I mention that a good
method for r e g i s t e r i n g megavolt ant ineutr inos i s the
Reines-Cowan react ion V'+ p — n + e + . As for v and
V with energy « 1 MeV, t h e r e a r e unfortunately no
methods at all for t h e i r r e g i s t r a t i o n .

SUMMARY

The known p r o p e r t i e s of neutr inos a r e given in
Table I. Some of the p r o p e r t i e s of neutr inos a r e st i l l
unknown; in p a r t i c u l a r , it i s not known whether o r not
t h e r e is a neutr ino-e lec t ron sca t te r ing p r o c e s s , which
is very important for a s t r o p h y s i c s .

The m o s t c h a r a c t e r i s t i c feature of neutr inos is
t h e i r i m m e n s e penetrat ing power; the cosmic role of
neutr inos i s due to this p r o p e r t y . The sun and the
main-sequence s t a r s emit neutr inos , and not antineu-
t r i n o s . The energy that such s t a r s emi t in the form
of neutr inos m a k e s up s e v e r a l p e r c e n t of the energy
they r e l e a s e .

In heavy (~Ъ ~ 12) s t a r s with high t e m p e r a t u r e s
( T > 10 keV) and dens i t ies ( p > 3 x Ю 3 g / c m 3 ) the
neutr ino luminosity exceeds the photon luminosity.
These objects emit neutr ino-ant ineutr ino p a i r s owing
to var ious m e c h a n i s m s (neutrino dece lerat ion r a d i a -
tion, photoneutrino effects, neutr ino annihilation of
e l e c t r o n s and posi trons) which have one common
p r o p e r t y : they a r e all due to a neut r ino-e lec t ron in-

terac t ion of f i rst o r d e r in the weak-interact ion con-
stant. Neutr inos and ant ineutr inos evidently play a
l a r g e p a r t in the evolution of white dwarf s t a r s and
in the dynamics of the explosion of supernovas .

It is very probable that neutr inos play a l a r g e p a r t
in cosmogony.

Exper imenta l neutr ino as t rophys ics is a very
p r i m i s i n g sc ience which is sti l l only being b o r n . Its
p r i m a r y problem is to r e g i s t e r neutr inos from the
sun in o r d e r to look into i t s c e n t r a l p a r t .

Note added in proof. The news has just arrived of the comple-
tion, at the Brookhaven laboratory in the U.S.A., of an experiment
designed to settle the question whether muon and electron neutrinos
are identical particles. The experiment showed that electron and
muon neutrinos are different particles.
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