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Fifty years is quite a venerable age for a physical theory
devoid of experimental support. And yet the Dirac mono-
pole which has celebrated its jubilee has never attracted so
much attention from physicists of different specialities as
during the last several years. The magnetic monopole has
become one of central objects of research in the physics of
elementary particles, tens of experimental and theoretical
papers has been devoted to it. Probably the reason for all this
attention is that the Grand Unification models having indi-
cated the necessity for the existence for monopoles as real
physical objects have at the same time explained why such
objects have not been discovered until now: the mass of the
monopole predicted by these models lies far beyond the lim-
its of the customary scale of elementary particle physics, it
must be of the order of 1016 GeV. At the same time progress
in experimental techniques, in the first instance the con-
struction of new apparatus utilizing superconducting ele-
ments and of giant detectors designed for the investigation of
cosmic neutrinos and also for checking another prediction of
the Grand Unification Theory—the instability of nuclear
matter, have made it possible if not to obtain an indication of
the real existence of monopoles, then at least to make a sig-
nificant advance in establishing the upper limit on their exis-
tence in nature, and first of all in cosmic rays.

The aim of the present note is to indicate the experimen-
tal data obtained at present and to indicate certain more
interesting theoretical ideas developed since Coleman's re-
view, the translation of which is published in the current
issue of Usp. Fiz. Nauk. Evidently the clearest and unam-
biguous indication of the existence of a monopole would be
given by the discovery of the magnetic flux associated with it
(cf., the discussion of this question in the above mentioned
review1, Sec. 2a). It is an essential point that such an effect is
independent of the mass and the velocity of the monopole
which are not known in advance. A change in the magnetic
flux can be observed using the phenomenon of electromag-
netic induction. Let the magnetic charge of magnitude ng0,
where £0 = fic/2e is the elementary magnetic charge, e is the
electric charge of the electron, pass through a current carry-
ing circuit. Then the magnetic flux encircled by the circuit
changes by the amount 4ir«g0 = 47r«/ic/2e = 2n<p0, where
tp0 = 2.07-10~7G-cm2 is the quantum of the magnetic flux in
a superconducting circuit. The current in the circuit will be
changed correspondingly, and with a sufficiently low back-
ground this change can be observed by an apparatus. In the

early 1970's the group of L. Alvarez in California began an
investigation of the possibility of applying this effect to the
search for monopoles by utilizing the superconducting
quantum interferometer—SQUID. In February 1982 B. Ca-
brera2 recorded a discontinuous jump in the readings of the
instrument in his apparatus, constructed utilizing the above
principle, and interpreted this phenomenon as the trace of a
monopole which passed through his equipment. The super-
conducting circuit was a loop of niobium wire with the diam-
eter of the loop being 5 cm. A special feature of the apparatus
was the particularly low level of the external magnetic field
over the loop, less than 10~7 G which was attained with the
aid of a superconducting screen. In order to shield the appa-
ratus from different variations of the external magnetic field
it was, moreover, surrounded by a shield of a magnetic alloy.
As a result the level of the background did not exceed 1 % of
the level of the signal recorded in the equipment. Further
observations using this equipment, and also an improved in-
strument with increased efficiency which utilized a triple
superconducting loop of diameter much greater than the
earlier one ("triaxial detector") did not record any new sig-
nals.3 This led to the conclusion that the flux of monopoles is
bounded by a value of the order of 10 "cm 2 s ' sr '.
Although until now no specific deficiencies have been noted
in Cabrera's experiment, a single event cannot be regarded as
convincing proof of the existence of a monopole. We note
that in the past there has been only one serious paper claim-
ing the discovery of a monopole4; we are referring to a specif-
ic track in mica which was observed in an apparatus lifted by
a high altitude balloon. Probably this track was made by a
heavy nucleus.5

In experiments which were made prior to the early
1980's monopoles could have been observed if they satisfied
one of the following three conditions:

1. The monopole mass is not too great, so that mono-
pole-antimonopole pairs could be produced by the existing
accelerators. Experiments of this kind have been carried out
repeatedly. The most accurate measurements have been car-
ried out at CERN6 on colliding pp-beams of energy 540
GeV. The limit obtained on the creation of monopole pairs
naturally depends on the charge and the mass of the mono-
pole; it is asserted that the production cross section is less
than 10~32-10~31 cm2 for monopoles of charge g0 and of
mass M< 140 GeV.

2. The monopoles are efficiently captured by ordinary
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matter and are confined in it by magnetic forces. Then by
applying a sufficiently strong external magnetic field one
might be able to extract a monopole and direct it to a detec-
tor. A search for monopoles was made in meteorites7, and it
was established that their matter contained less than one
monopole per 1027 nucleons (on the assumption that the
massM does not exceed 5-1014 GeV). It is natural to attempt
to look for monopoles in magnetic minerals within which
very strong internal magnetic fields exist. A proposal was
made8 to install equipment capable of detecting and record-
ing monopoles in a concentrating mill treating iron ore.

3. Monopoles move quite rapidly; in doing so they ion-
ize matter significantly more strongly than usual charged
particles. It is using this particular principle that old style
detectors of monopoles were constructed, particularly those
which were designed to search for monopoles in cosmic rays.

We note that the determination of the ionizing power of
a monopole if it is not ultrarelativistic is quite a complex
theoretical problem. Several papers9"11 have appeared re-
cently devoted to the calculation of ionization losses of mon-
opoles, but this problem has not been finally solved since the
results due to different authors show significant divergence.
A suggestion has been made to use for the discovery of mon-
opoles the thermoacoustic effect associated with ionization,
but the signal-to-noise ratio due to thermal fluctuations is
not sufficiently great in the present case for a dependable
observation of the effect.12

None of the above conditions is suitable for the super-
heavy monopoles in the Grand Unification models. Such
particles could be accelerated by galactic magnetic fields to
velocities not exceeding 10 ~2 of the velocity of light c. At
velocities of the order of 10 ̂ 4 c the monopoles are captured
by the solar system, but the most probable velocities are of
the order of the velocity of motion of the sun within the
galaxy, i.e., /? = y/c;slO~3. Superheavy monopoles, even
the not very rapid ones, have too great an inertia and there-
fore cannot be stopped by atomic magnetic fields; thus, these
particles must have a very high penetrating power.

To make a search for superheavy monopoles, giant un-
derground detectors were utilized which have been con-
structed in recent years for the investigation of cosmic neu-
trinos, and also for checking the most prominent prediction
of the Grand Unification Theory, in the hope of observing
proton decay. Several experiments have been conducted13"19

for the detection of monopoles that might be present in cos-
mic rays. Tremendous masses of the detecting substance
with a relatively low background have made it possible to
decrease significantly the upper limits on the fluxes of cos-
mic monopoles with high penetrating power. The best ex-
perimental limitation has been obtained using the Baksan
neutrino detector19: F<5-10 15 cm -2 sr for
£?=;5-10 4 — 0.2. Limits higher by an order of magnitude
have been established17 in the range/?=: 10~3 — 10~2 with
the aid of the SOUDAN-1 detector intended for the detec-
tion of proton decay. The experiment of Ref. 15 utilizing
plastic scintillation counters in the underground detector of
cosmic rays in Utah (USA) gave a limit ofF< 5-10~~12 cm~2

s^1 sr"1 for 10~4</?<3-10~2. Of the same order of magni-

tude are also the limits obtained by other groups using detec-
tors for proton decay.

If monopoles had been found in cosmic rays at such a
high level this would have been surprising from the point of
view of astrophysics. If free monopoles existed in the galaxy
they would have been accelerated by large-scale magnetic
fields the existence of which is well known. Domogatskii and
Zheleznykh20 have shown that in the presence of a sufficient-
ly great number of monopoles in cosmic space the energy of
the galactic magnetic field would have been expended in pro-
ducing magnetic currents, and the fields could not exist.
This consideration was utilized by Parker and other auth-
ors21"26 in order to estimate the maximum monopole fluxes
admissible from this point of view. The results are not very
definite but the expected flux can hardly exceed 10 ̂ ~16-
10~15 cm"2 s"1 sr""1 for/?-10~3. Of course, there still ex-
ists a possibility that the flux of cosmic monopoles near the
earth exceeds by many times the average fluxes in the galaxy,
for example due to the effect of the sun.26 Only in this case
does a hope remain that cosmic monopoles will be discov-
ered.

The problem of the monopoles arising as complex field
systems in gauge theories with spontaneous symmetry
breaking is one of the remarkable examples of the mutually
enriching connection between the physics of elementary par-
ticles and cosmology, a connection the importance of which
has become evident in recent years.27 The point is that the
superheavy monopoles could be produced in a natural man-
ner only at an early stage of the development of the universe
near the phase transition which violates the symmetry of the
Grand Unification which existed in the world at the super-
high temperatures immediately after the Big Bang. In the
phase transition a nonvanishing vacuum average appears in
the case of the Higgs fields and if this process occurs as a
drop condensation of stream independently in different re-
gions of space, then in the resultant hot chaos conditions are
produced for the formation of localized field configurations
with nontrivial topology—the monopoles. However, it has
turned out that in the usual Big Bang model the density in
the universe of monopoles that might be preserved until our
time is catastrophically great.28-29 Different considerations
have been advanced in order to overcome this difficulty (cf.
reviews devoted to the connection of the theory of elemen-
tary particles with cosmology27'30'31). Apparently the most
sensible solution of the problem of the monopoles is obtained
in the inflationary model32"34 which also seems attractive
from other points of view. In this model the phase transition
occurs in the process of the exponential expansion due to the
tremendous store of energy contained in the vacuum which
is symmetric with respect to the Grand Unification group.
During the period of expansion following the phase transi-
tion the region of the nonsymmetric phase inflates to the
dimensions of the whole visible universe. In such a develop-
ment of events one can explain the homogeneity of the uni-
verse and its almost flat geometry, and also the fact that
there are no relict monopoles in space, since in the phase
transition they could be formed only at the boundaries
between phases with differently broken symmetry. In princi-
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pie the monopoles could also be produced in pairs in the
collision of particles, for example quarks or photons which
are produced in the explosive condensation of vacuum.
However, a rough estimate of this effect35 gives an upper
limit which is by many orders of magnitude lower than the
limit obtained from the existence of galactic magnetic fields.
Thus, it is not excluded that the superheavy monopole will
for a long time remain an exotic object exhaustively studied
theoretically, but unattainable for experimental observa-
tion, since it is not possible to create it artificially, and if it
occurs in nature at all it does so extremely rarely. This con-
clusion is all the more disappointing, since possibly a most
interesting phenomenon is associated with the monopole
which was recently predicted theoretically.

The Grand Unification monopole could be easily ob-
served due to the destructive effect which it produces in nu-
clear matter. Rubakov36 noted (later the same conclusion
was also reached by Callan37 and Wilczek38) that the mono-
pole must catalyze the decay of the nucleon predicted by the
Grand Unification model due to the existence of transitions
of quarks into leptons. We refer to a reaction of the type

M + p ->-M + n+ -fhadrons, (1)
which according to Rubakov's predictions must take place
with a high cross section possibly attaining values of 10~26

cm2. In the presence of significant fluxes of cosmic mono-
poles the effective lifetime for the proton would be essential-
ly decreased compared to the value obtained on the basis of
estimating the probability of spontaneous decay.39'40 Par-
ticularly sensitive to fluxes of monopoles are neutron stars
since they produce powerful gravitational fields and possess
a high density of nuclear matter. On entering a neutron star
monopoles must lead to the decay of neutrons and this would
lead to intensive radiation in the x-ray and ultraviolet re-
gions which could be recorded on earth.41-42

Naturally all the quantitative estimates depend in an
essential manner on the total cross sections of all the pro-
cesses of the type of (1). Callan43 has proposed the following
qualitative explanation of why this process must occur with
a high cross section. Let us consider the scattering of an
electric charge by a magnetic pole. As is well known (cf., for
example, the review by Coleman1, Sec. 2d), the angular mo-
mentum of the system includes a term egn determined by the
field, where n is the unit vector indicating the direction from
the monopole towards the charge. For the scattering of a
charge of spin 1/2 (in contrast to a scalar particle) in a state
with the lowest angular momentum there is no centrifugal
barrier and nothing prevents the charges from coming close
to one another. However, for forward scattering in a frontal
collision the vector n must change sign, and this is allowed
by the conservation of angular momentum only if at the
same time the product eg changes sign, i.e., charge exchange
occurs. Thus, in the immediate vicinity of the center of the
monopole the process of the transition of a quark into an
antiquark dominates over elastic scattering. Conservation of
color and electric charge would not have allowed the anti-
quark to move out of the region of space occupied by the
monopole, but in the core of the monopole there exists a
heavy boson field predicted by the Grand Unification The-

ory, which is colored and charged, and the conversion of
which into another antiquark and a lepton (for example, a
positive muon) guarantees the conservation of color and
charge for the process as a whole. The baryon charge is not
conserved in this case. It could be expected that proton de-
cay will occur if one of the quarks contained within it col-
lides with the monopole, and therefore it seems natural that
the cross section for the process of catalysis of proton decay
must be of the order of its geometrical cross section, 10"26

cm2. The enhancement of charge exchange in an S-wave is
also confirmed by a careful investigation based on the Dirac
equation of the relativistic scattering of a charge by a mono-
pole.44^16 An additional enhancement of the effect is predict-
ed47 on the basis of an analysis of the radiative capture of a
monopole by an atom, by analogy with the enhancement of
,u-capture. The role of atomic effects has also been discussed
in other papers.48" However, the principal question still re-
mains not completely elucidated at present4813: how can one
correctly describe the interaction of a quark with quantized
boson fields within the monopole? This interaction occurs at
such small distances which are unattainable for investiga-
tion in other processes.

The prediction of the Rubakov effect and Cabrera's ex-
periment served as additional stimuli for the investigation of
monopoles. Conferences are convened regularly to discuss
new ideas in this field; such a conference took place in Or-
say49 in the fall of 1983. A number of new projects for experi-
mental installations to search for monopoles was presented.
They should make possible to bring the upper limit on the
flux of monopoles from space to a level allowed by astro-
physical considerations.

To books containing the "old" theory of mono-
poles50"52 a number of reviews and collections of pa-
pers'-53~57 has been added in which newest attainments of
theory and experiment are discussed.
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