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1. - Introduction.

The science of magnetism started with the observation that a number of
minerals (like magnetite) attracted pieces of iron. In fact, the word magnetism
derives from the Magnesia region in Turkey where some of thege minerals were
found. The first scientific account of magnetic materials may be traced back
to 1269. In a letter written during the siege of the town of Lucera, Italy, the
French military engineer Petrus PEREGRINUS DE MARICOURT deseribed the lines
of force around a lodestone and noted that they started and terminated at
two-points, which he called the north and south poles [74P1]. All snbsequent

observations confirmed that all magnetic objects, that is all the permanent .

magnets found in Nature and those made by man, are dipoles. But some
physicists continued speaking of isolated poles, often for pedagogical reasons.
At the beginning of the 19th century there were discussions concerning the
magnetic content of matter and some speculations about the possible exist-
ence of isolated magnetic charges. In 1904, J. J. THOMSON considered the
problem of the motion of an electron in the field of a point magnetic charge.
This may be considered a test problem, which was later attacked by many
theoreticians. '

The modern period started in 1931, when DIrAC introduced the magnetic
monopole in order to explain the quantization of the electric charge [31D1].
In his feasoning the quantization of electric charge follows from the existence
of at least one free magnetic charge. DIRAC established also the basic rela-
tion betWeen the elementary electric charge ¢ and the magnetic charge g

1 %e 137
(1.1) - - g=mngp =g N~ 5N,

where g, is the smallest magnetic charge and » is an integer which in the
original proposal could assume the values n =1,2,3,.... The existence of
magnetic charges and of magnetic currents would symmetrize in form Max-
well’s equations, but the symmetry would not be perfect, since the smallest
magnetic charge is predicted to be much larger than the smallest electric charge,
eq. (1.1). ScEWINGER [68S1] showed that an explanation of the zero mass
for the photon may follow from the existence of both electric and magnetic
charges. These types of reasoning were the basis for the introduction of what
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we may now call the «eclassical magnetic monopole ». In this formulation there
was no predietion for the monopole mass. A kind of rule of thumb was instead
established, assuming that the classical electron radius be equal to the « clas-
sical monopole radius » from which one has m, ~ g3 m,[e* ~ £700m, ~ 2.4 GeV.

A new period started around 1974, when it was realized that the electric
charge is naturally quantized in those unified theories of the basic interactions
in which electromagnetism is embedded in a spontaneously broken gauge
theory and that such unified theories imply the existence of magnetic mo-
nopoles, whose properties are caleulable [74H1, 74P2]. In a certain sense,
the situation was reversed compared to the reasoning of Dirac: the quanti-
zation of the electric charge now implied the existence of magnetic monopoles.

In the context of the grand unification of strong, electromagnetic and
weak interactions (GUT), the magnetic monopoles appear at the transition cor-
responding to the spontaneous breaking of the unified group into subgroups,
one of which is U,, which describes electromagnetism. In the lamguage of
group theory one has the following transitions, starting, for instance, with the

unified group S8U;: *
108 GeV 0? Ge :
1.2) 8U3 8U, x (8T, X U) "5 8T, 10 X Uy o - .
grand electroweak separate
unification unification interactions

The monopoles are produced at the first transition after which the group U,
appears for the first time. The lowest monopole mass is related to the mass

of the X vector boson, which is the carrier of the unified interaction and
defines the unification scale,

(1.3) My 2 My |G

where @ is the dimensionless unified coupling constant. In GUT one has
Mg ~10% GeV and G =0.025; consequently m, =10 GeV ~0.02 ug. This is
an enormous mass; therefore, magnetiec monopoles cannot be produced at any
accelerator existing or even conceivable. They could only be primordial.

In the so-called standard model of the big bang, the Universe started in
a state of extremely large density and large temperature. As time progressed,
the density and temperature decreased, while the particle composition changed.
The grand unification of strong and electroweak interactions lasted until when
the temperature dropped to ~ 1015 GeV. At that moment, ~10-35 5 after the
big bang, the phage transition ig thought to have oceurred during which the
GUT monopoles were created as topological defects. The simplest GUT the-
ories yield too many monopoles, while the inflationary scenario leads to a
very small number of monopoles.

GUT based on groups larger than ST offers other possibilities for magnetie-
monopole charges and masses. In particular, one finds lighter monopoles
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(my ~10° GeV) multiply charged. The appearance of intermediate mass
scales in these theories provides a mechanism for redueing the number den-
ity of monopoles, without invoking the inflationary scenario. If also gravity
is brought into the unifying picture, for instance in the form of Kaluza-
Klein theories, then monopoles could be much more massive, m, =10 GeV,
Thus the theoretical picture is far from unique: gange theories of tke unified
interactions demand the existence of magnetic monopoles, but the prediction
of the monopole mass is uncertain by several orders of magnitude, the mag-
netic charge could be between one and several Dirae units and the expected
flux could vary from an extremely small value to a sizable and observable flux.,
Magnetic monopoles of lowest mass are expected to be stable, since magnetic
charge should be conserved like electric charge. Therefore, the original mono-
poles produced in the early Universe should still be around as cosmic relies,
whose kinetic energy has been strongly affected by their travel history through
galactic magnetic fields.
 From 1931 many experimenters searched for «classical Dirac mono-
poles ». Searches were made at every new accelerator, which opened np a new
energy region. Monopoles were thought to be produced in high-energy reac-
tions of the type

(1.4) et+e” —g+g, pt+p->p+p+gt+g, I+p—g+E,

where g is a monopole and g is an antimonopole. These types of searches are
still going on at the newest accelerators.

The most direct method of searching for GUT monopoles is to search them
as a flux in the cosmie radiation. GUT poles should be characterized by low
velocities and relatively large energy losses. After the 1982 excitement, there
has bgen rapid progress in analysing various types of astrophysical and cosmo-
logical bounds, in the detailed studies of the energy losses of monopoles in
matter and in obtaining new experimental flux upper limits with a large variety
of detectors, which quickly increased in size and complexity.

The field of magnetic monopoles has grown considerably in the last few
years. It now involves many fields, from particle physics to astrophysies,
from the extremely small to cosmology. But, it has to be stressed that most
conclusions are highly speculative and give only rough orders of magnitude.
Moreover, many calculations do not take into account the developments in
related subjects. '

This review, though mainly aimed at the experimental aspects of the mono-
pole searches, attempts to be comprehensive and to give a broad overview,
sometimes a simple-minded one, of the general field. The Dirae monopole will
often be referred to as «classical », in contrast to GUT or ecosmic monopoles.

In seet. 2, which deals with theory, the basis of the «classical monopole »
and of the «gauge monopole » concepts will be reviewed. The interactions of
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monopoles with matter and some properties of monopoles most relevant to
their detection will be discussed in sect. 3. Section 4 is devoted to the produc-
tion and to the history of GUT monopoles from production to our days. Insect.5
the reader may find a kind of summary of the previous sections. Section 6
reviews the astrophysical limits on cosmic monopole abundance, whilst the
searches for classical monopoles will be presented in sect. 7 and those for cosmic
monopoles in sect. 8. The monopole catalysis of proton decay is discussed
in sect. 9. Other types of searches will be briefly mentioned in sect. 10, while
sect. 11 deals with new detectors and sect. 12 with conclusions and future per-
spectives.

The Gauss CGS symmetric system of units will be used throughout

2. — Theoretical considerations.

- 2’1, The equations of Mamwell. — With the introductions of m;gneti\z mono-
poles the equations of Maxwell become symmetrical in form. In the Gauss
CGS symmetric system of units one has

(2.1) : div E = 4., -
(2.2) div B = 4mp,,,
4z 10B
(2.3) : rot E=—O-Jm—-6§,
10E
(2.4) rot B_~ J += parel

where o, and ¢. are the electric- and magnetic-charge densities, J, and J,
_the electric- and magnetic-current densities. The electric and magnetic charges
are integrals of the corresponding charge densities:

' 1
(2.5) e=f .4 =E§E-d8,
v . 8

1
(2.6) g—f md@=E§B'dS.
v 8

The magnetic charge and the electric charge should be separately conserved.
Therefore, one should have a continuity equation for the electric-charge and
current densities as well as for the magnetic densities

(2.7) | de +3 1 ag" =0,
(2.8) v I, % %’tﬂ _
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Electric and magnetic fields applied to an electric or to a magnetic charge give
rise to the Lorentz force

(2.9) Fe=e(E—|—%vexB),
1
(2.10) F,,:g(B——cvaE).

The modified Maxwell’s equations (2.1)-(2.4) exhibit a dual symmetry

between electricity and magnetism, which is expressed by duality rotations,
defined as

(2.11) (E', 0, 1) = (Eq,J,) cost+(B,o,,J,)sinb,
(2.12) (B', 0y Ju) = (B, @,, J.,) cos 8 — (E, g,, J,) sind,

where 6 is a real number.

The symmetry is even more evident in the relativistic notation. If the
electric- and magnetic-current four-vectors are written as

(2‘13) J:c = (]e’ icgo) b J;: = (Jm7 Iicem) ’
the electromagnetic-field strength tensors are

(2.14) Fiyy=—emnBr, Fu=DH,

(2.15) =

¥

& IH'RﬁF «f 9

W =

and Mgxwell’s equations become

(2.16) *F,, = 4—;~‘J:,
(2.17) P — 4—:~J:“ :

The dual symmetry corresponds now to the relations

N » ( cosf sin § (Fuv)
(2.18) 7, “\—sin6 cosb )

9.19 (J;) ( cosf sine)(J,’;)
(2.19) J=) 7 \—sin6 cos8/\Jz/)’
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2°'2. Point electric charge in the field of a point magnetic charge. — Let us con-
sider the nonrelativistic motion of an electron (assumed to be a point electric
charge without spin) about a fixed (heavy)point magnetic charge (with no spin).
If r, is the position vector of the electric charge with respect to the magnetic
charge (fig. 2.1a)) the equation of motion is (¥, = dr/dt)

(2.20) m . =FxB,
[

o GOHE_ of
motion

a) b)

Fig. 2.1. ~ Motion of an electron e in the field of a point massive magnetic charge g
located at the origin 0: @) frame of reference and b) motion of the electron on a conical
surface [82C6].

where the second term represents the Lorentz force. The point monopole
generates a magnetic field B = grfr®. The problem has the following three
invariants of motion [82C6].

a) The kinetic energy, which is that of the electron

(2.21) T=T,=1mi

P

b) The total angular momentum, which is the sum of the mechanical and
electromagnetic parts

(2.22) J = Jmech + Je.m. °

The orbital and the electromagnetic parts of the angular momentum are given by

(2.23) Jnen = Fe XM oy

1
2.24 —__ E
(2.24) Jom. 47wfrx(ExB)d -
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where E X Bl/4ne is the electromagnetic momentum density at the point p
of position vector r, where the fields E, B are

r—r,

) (2.25) Ezema, B:g—l;ﬁ'

The integration of (2.24) yields (= r/r)

(2.26) Jom=""%,.
Therefore,

: . eg .,
(2.27) J=re><mer.,——cqre.

¢) Also the radial component of J is conserved
(2.28) Jo=fJ=—-Y,

Since both J and J, are constant in time, also the angle 6, between 7, and J
remaing constant in time. This means that the electron moves in a conical
surface, which has the apex at the monopole position and its axis along the
—J direction (fig. 2. 1b)). The semi-angle 6, of the cone is

., 4
(2.29) 6, = arccos j == arc cos &—g] .

The charges ¢ and g behave as if repelled by one another. Notice the presence
of the «field » angular momentum (2.26). If we try to pass an electron through -
the pole, this field angular momentum suddendly changes sign at the pole
positign. This problem will be considered again in subsect. 2°3.6.

So far our diseussion of the electron-monopole system has been done in the
context of electromagnetic théory, neglecting spins and radiation effects.

2'3. The Dirac quantization condition and the Dirac monopole.

2'8.1. The Dirae quantization. In his 1931 paper DIRAC observed
that magnetic monopoles can be incorporated into quantum mechanies only
if the electriec and magnetic charges are quantized. This can be proven in 2a
simple way considering the component of the angnlar momentum along the r,
direction in the problem of the system made of an electric charge and a magnetie
charge analysed classieally in the previous subsect. 2°2. The quantization con-
dition for the component of the angular momentum (2.28) yields J, =#n/2,
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that is

(2.30)

ol
ISR

fin,

where n is an integer. This is the Dirac relation obtained as a consequence of
angular-momentum quantization. This is not the original derivation of Dirac.
It is also a naive derivation because the quantization condition written isvalid
only for a Cartesian component and if one neglects spin. Nevertheless, it can
be proven that the conclusion is correct and that Dirac’s quantization con-
dition is intimately related to the quantization of angnlar momentum [82C6].

D1rAc emphasized that the mere existence of a single monopole somewhere
in the Universe would imply that all electric charges be quantized with the basic
electric unit equal to ¢ = #ic/2g. He proposed that the observed quantization
of the electric charge be explained in this way. Conversely, all magnetic charges
should be integral multiples of a basic minimal magnetic charge *,

fic e
2~ = — RiX4
(2.31) [/ % = 2a 68.5¢,

where « is the fine-structure constant and ¢ is the basic electric charge, which
we assume t0 be the electron charge. If free quarks with charge ¢/3 exist, then
one would expect that the basic magnetic charge be three times larger.

2'3.2. The magnetic-coupling constant. The basic magnetic charge
is much larger than the basic electric charge. Thus the introduction of mag-
netic poles has introduced a formal symmetry in Maxwell’s equation, but
there is a numerical asymmetry between magnetic and electric effects. The
dimengionless magnetic constant (which may be introduced in analogy with
the fine-strueture constant « = e*ffic = 1/137) is o, = g*fhic = 34.25. This is
2 large coupling constant; therefore, the electromagnetic interactions of mono-
poles are too strong for perturbative theory to be applicable. For example,
the elastic scattering of an electron by a magnetic monopole cannot be described
by the exchange of a single photon, but one should also consider the exchange
of many photons. This is because «_ o = 0(1), while in ee seattering one has
«® =~ 0(10-%). In fact, a single Feynman graph for monopole interaction violates
some fundamental principles, like unitarity and Lorentz invariance, which can
be restored only at a nonperturbative level.

2'3.3. The mass of the Dirac monopole. In the Dirac formulation
of the magnetic monopoles there is no prediction for the monopole mass.
A kind of rule of thumb was established, assuming that the classical electron
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radius be equal to the «classical » monopole radius

e? g2

(2.32) re — =’I'M=—mﬁ,

T m,c?

from which one has m, = m,g?/e* = 4700m, == 2.4 GeV. The mass of the mo-
nopole is expected to be much larger than the mass of the electron because
the basic magnetic charge is much larger than the bagic electric charge.

2'3.4. The electromagnetic vector potential and the Dirae
string. The usual theoretical treatment of the electromagnetic fields is in
terms of vector and scalar potentials (A, ip) = A, such that B =rot 4 and

E = —grad¢p. A and ¢ are determined by B and E up to a group of gauge
transformations

(2.38) A=>A'=A+Vy, ¢=¢'=¢—20yft,
where y is any smooth funetion of space and time. The field prodnced by a
magnetic pole can be described in this way only if 4, is allowed to be singular

along an arbitrary line (a string) which starts at the pole and goes to infinity
(fig. 2.2). This is clearly an unphysical feature, since the singularity in 4,

B

Fig. 2,2. — Illustration of the field produced by a point magnetic pole and of the string
which one finds with the use of the vector potential [82C6).

v

-

does not correspond to a singularity in the electromagnetic fields. In par-
ticular, since the space around a monopole is spherically symmetrie and with-
out singularity, the wave function of an electron around the monopole should
have no singalarity. One can thus require that the string be undetectable by
any conceivable method, in particular, by the Aharonov-Bohm effect [59A1].

Lgtus see how thislast requirement leads to the Dirae quantization condition.
For this purpose we consider an infinitely long and very thin solenoid. At
one end of it there appears to be a magnetic pole with charge g, which
produces by Gauss theorem a magnetic flux @ = 4ng. Let us now analyse
the Aharonov-Bohm effect around the thin solenoid, as illustrated in fig. 2.3.
Charged particles emitted by the source A pass through the two slits in the
screen B and are detected at C. Without the solenoid § the amplitudes for the
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passage through the individual slits combine coherently and the probabil

density at C is given by P = |y, + y,[?, where y, is the probability for pass:
through the first slit and y, is that for the passage through the second o

interference region

Fig. 2.3. — Illustration of the Aharonov-Bohm experiment.

If the solenoid 8§ is placed between the two slits, the probability d‘ensity ¢
C becomes ‘

t

(2.34) P'= |y, + exp [ieDsffic]y.|?,

5

where ¢ is the charge of the particles emitted in A and @, is the magneti
flux through the solenoid. By moving the solenoid and observing the chang
in the interference pattern one could detect the presence of the golenoid, unles
exp [ieD;ffic] =1, which requires ¢@pffic = 2nn and thus eg = %en (2, whicl
ig the Dirac relation.

Many ways of eliminating altogether the string have been. discussed by
several authors. WU and YANG [T6W1] defined one vector potential 4, ir
one region of space free of monopoles and of strings, and a second vector po-
tential A:, in a second region, again free of poles and of strings. Thus eithe:
potential has no singularity in its region of definition. Then, one must make
sure that the two vector potentials describe the same physics in the overlap
regions, which means that A; should be a gauge transformation of 4,. Again
this condition leads to Dirae’s relation.

CABIBBO and FERRARI {62C1] built a quantized theory for the interactions
of monopoles and charged particles with the electromagnetic fields, without
making nse of potentials. Monopoles and charged particles are treated in a

symmetrical way and the internal consistency of the theory requires the usual
Dirac condition.

2'3.5. Parity conservation and charge conjugation invariance.
In the above formulation of the monopole theory the parity P and the conjuga-
tion of the electric charge € are not conserved. This is not surprising, since,
for instance, a pole is accelerated in the direction of a magnetic field. One may,
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however, find new symmetries by multiplying P and € by M (M is an operator
which changes the magnetic charge) so that P'= PM and ¢'= CM are con-
served. In processes in which monopoles are not present as physical particles,
P’ and O are equivalent to the usual operators P and C and no parity or ¢
violation is expected. Thus the existence of monopoles would not contradiet
the obgerved P and C conservation in ordinary electromagnetic processes.

2'3.6. Problems with the electron-monopole system. In the
semi-clagsical discussion of subsect. 2'2 it was mentioned that, if an electron
passes through a pole, the field angular momentum suddenly changes sign
at the pole pogition. Thus this part of the angular momentum is undefined
when the electron and the pole are one on top of the other. In quantum me-
chanies the difficulby translates into diffieulties at the origin of the angular
and radial wave functions of the charged particle. ’

Another pecunliar situation arises in a possible bound sfate of a spinless
point magnetic charge with a spinless pointelectric charge. The total angular
momentum for this system may be hali-integer becanse there is an half-integral
angular-momentum contribution from the electromagnetic field. Therefore,
the composite system has an angular momentum which is not an integral
multiple of %#. Thus, accepting the connection between spin and statisties,
the composite system is fermionic and it has been eonstructed with two bosons.
This paradox was given snbtle explanations by different anthors, who reached
the conclusion that the usnal connection between gpin and statisties remaing
valid (see, for instance, [76G1]).

2°3.7. Quantum formulation. Quantum electrodynamies for Dirac
monop'(}les was given a complete Hamiltonian formulation by ScEWINGER
[6681-66§3]. He argued that the n-value in the Dirac relation should be
restricted to &ven values. However, most authors do not accept this con-
clusion since the Aharonov-Bohm effect disappears also for » odd and because
there exist 't Hooft-Polyakov monopole solutions with » odd.

It is believed that there is no problem with renormalization and that the
same factor renormalizes the electric and the magnetic charge. The Dirac
guantization condition should apply to renormalized charges.

A consequence of the gquantization of the electric charge is that the group
of possible gauge transformations at any given point is a compact group U,,
the group of complex numbers of unit modulus or equivalently of displacements
round 2 circle. The action of a gauge transformation on a wave function is to
multiply it by a phase factor exp [— igy] = exp [~ ig,x/f)», Where ¢ = nq,,
n is an integer and g, is the basic unit of electric charge. One ean think of the
factor exp [— igox/#] as the basic gauge transformation. In the Dirac-Yang
reasoning the existence of a magnetic monopole brings in charge quantization,
from which the compactness of the gauge group follows.
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2’4, Gauge monopoles.

2'4.1. Monopoles in non-Abelian gauge theories. In 1974
't HooFr [74H1] and PoLYAxov [74P2] showed that magnetic monopoles ap-
pear as stable solutions of the spontaneously broken Yang-Mills field equa-
tions and were required by a large class of theories. Non-Abelian gauge theories
have general applications in elementary-particle physics. In particular, the
present view on electromagnetism is that it is part of a larger non-Abelian
gauge theory characterized by a simple gauge group G, that is a group which
has only one coupling constant. G is equipped with a suitable Higgs mechanism,
which makes the group to spontaneously break down in subgroups. The as-
sumption that the electromagnetic group U, is a subgroup of a larger simple
group leads to the conclusion that charge quantization is a consequence of
having the group @ compact. Since the quantization of the electric charge
is already contained in the theory, there is no need to postulate separately
the existence of a monopole. Rather one should look if the non-Abelian theory
contains magnetic monopoles. As already stated, this was proved by T Hoorr

- and Porvaxov. The qualitative argument of 't Hooft will be recalled.

Let us consider a sphere with a magnetic flux @, entering at one spot
(fig. 2.4). Immediately around the spot, on the ecircular contour C,, we must
have a magnetic vector potential 4, with §A-dr = @,. The potential may

Fig. 2.4. — The circular contours C on a sphere swrounding a magnetic monopole.
One deplaces the contour from C, to ), O, ete., until it shrinks at the bottom of the
sphere. The requirement is that there be no singularity at that point [74H1].
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be obtained from the vacuum by applying a gauge transformation A4, 4 = V4,
where 4 is multivalued. Now we require that all fields, which transform aec-
cording to u — pexp [nid], remain single valued. This leads to the con-
clugion that @, must be an integer times 2z and we have 2 complete gauge
rotation along the C, contour of fig. 2.4. In an Abelian gauge theory we must
necessarily have some other spot on the sphere where the flux lineg come out,
because the rotation over 2zn cannot continnously change into 2 constant value,
while we lower the contour € from C, to C;, ete. over the sphere. In a non-.
Abelian theory with compact ¢overing group, & rotation over 2z may be shifted
towards a constant, without any singularity. Thus we may have vacuum
all around the sphere with no other lines of force: this leads to the conclusion
that 2 magnetic monopole lies inside the sphere. Notice that there is no sin-
gularity anywhere in the sphere, nor is there the need for a Dirae string.

For the explicit proof of the existence of magnetic monopoles in most non-

Abvelian theories we remind to the original papers [T4H1], [74P2] and other
specialized papers [82C6].

2'4.2, The «golden triangle». We have discussed some specific con-
nections between charge quantization, spontaneounsly broken non-Abelian the-
ories and magnetic monopoles. Bach of these three concepts suggests the other
-two. GOLDHABER [82G3] pointed out that one is tempted to view the trio as
three aspects of a single phenomenon and he called the links between them
the «golden triangle » (fig. 2.5). He concluded that it would appear that, un-
less some additional fandamental effect bars the appearance of isolated mono-
poles, it becomes a detailed question about the evolution of our Universe whether
monopoles are present today. It is very likely that monopoles form part of

the fabric of fundamental microphysics, whatever the answer to the observa-
tional Yrestion.

v

charge
quantization

magnetic
monopoles

broken
gauge theories

Fig. 2.5. — The « golden triangle ». Each directed line indicates the strength of logical
connection between two vertices. Charge quantization follows either from monopoles
or spontanecusly broken non-Abelian gauge theories. The existence of monopoles as

stable classical field conﬁguratxons hag been demonstrated for broken gauge theories
[82G3].
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2'4.3. SBize and mass of gauge monopoles. The Dirac and gauge
monopoles differ in their internal structure. The Dirac monopole has a point
singularity for which a source has to be put in by hand, while the gange mono-
pole has a smooth internal structure, satisfying the gauge theory equations of
the group G without any need of external sources. The size of the gauge mono-
pole is determined by the Compton wave-length of the massive particle asso-
ciated with the unified field, r,~7%/m.. Inside this radius the massive fields
play a role in providing a smooth structure, which rapidly vanishes outside,
with an exponential dependence. For 7 >>r, the configuration is indistinguish-
able from that of the Dirac monopole.

An important feature of a monopole solution with a smooth internal strue-
ture is that its mass is calculable, in contrast to the Dirac monopole where it
is not. The mass is given by the energy of the minimizing configuration.
BoGoMOLNY established a lower bound for the monopole mass, m,=>vm/a,
where m is the mass of the heavy vector boson, « = 1/137 is the fine-structure
constant and » = 1 or 1/4. In practice we can take the lower bouhd as a good
estimate of the mass.

Specializing to GUT monopoles, we bave m = my ~10'5 GeV, o +> unified
coupling constant ~1/40, » =1 (not everybody agrees with this steitement,
leaving « ~1/137) and, therefore, m, > 102 GeV. Lower and higher bounds for
the mass of the SU; monopole have been quoted [8382, 80S1]: m = 3m[8x =
= 5-10 GeV, m <m, < 1.8m, that is 5-10° <m, < 9-10¥GeV.

2'44. Magnetic charge as a topological number. It can be
shown that a small variation in the Higgs field ¢ yields no ebange in the mag-
netic flux on a closed surface ¢, where the flux is produced by one (or more)
monopole, and, therefore, no change in the value of the magnetic charge ¢. This
result can be extended to any change in @ which can be built up by small con-
tinous deformations. It means that one can map a closed surface ¢ in the
three-dimensional r-space into the sphere |®| = a in Higgs space (fig. 2.6).
In topology, such a deformation in @ is called a homotopy. Mappings which
are homotopic (which, therefore, are related to each other by a continuous de-
formation) have the same value of the topological number N. Monopoles are

r spdce & space

Fig. 2.6. — Mapping from the cloged surface o in three-dimensional r-space into the
sphere of vacuum solutions for the Higgs field &.
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classified in the s, (M, ) class, where M, is the manifold of vacuum solutions
for the Higgs field; the subscript 2 in s (M) refers to N = 2, which cor-
responds to the number of tangents, which are 2 in a sphere in @-gpace.

In the context of monopoles, examples of homotopies are i) the time
development of @, ii) the change in @ nunder a continnous gange transformation
and iii) the change induced by altering the closed surface ¢ continuously.
As a consequence the magnetic flux (and then the magnetic charge g) is time
independent, gauge invariant and nnchanged under any continuous deforma-
tion of the surface ¢ containing the monopole or monopoles.

It can be shown that the magnetic charge is an additive quantum number
and that it is conserved quantum mechanically as well as classically.

2'4,5. GUT monopoles. The Weinberg-Salam theory of electroweak in-
teractions is deseribed by SU, X U, .; this is not a simple group. Therefore,
one cannot apply the reasonings of the previous sections and the theory
should not contain magnetic monopoles. Thus one should investigate higher
unification schemes. The grand unified theories (GUT) of strong, electro-
magnetic and weak interactions are possibly described by a simple gauge
group Gyurp. The unification is based on the hypothesis that at sufficiently
high energies there is no difference between strong and electroweak forces.
This is expected to happen when the energy of each particle is larger than
1015 GeV. At lower energies the symmetry should spontaneously break
down, the forces are different and the original simple group @, breaks down
into three subgroups, like those described by (1.2). Examples of Gy, are
8T;, 80,,, ete. '

At present energies the different coupling constants are vastly different,
with’ e, > &, . 7 &y. They are expected to vary logarithmically with en-
ergy and, if no new physics intervenes in the (102--10%%) GeV region (the
« deser't»), they should become comparable at energies of the order of
10%® GeV'. Figure 2.7 illustrates this situation.

‘When a large gange group breaks down, there may be several energy scales
corresponding to intermediate stages of breaking. Let us consider, for ex-
ample, the following chain of breakings:

(2.35) SOIO -8 U5 e SUs,colom‘ x 8 UZ,L X Ul;R g SU3

, colonr

x U,

l,em.*

The monopole mass is determined by the mass m acquired by the heavy vector
gauge bosons as a result of the first breakdown into smbgroups with a U,
factor, which eventunally becomes U, . . (The precise correspondence with
Maxwell’s electrodynamic theory shounld hold only in the Higgs vacuum.)
Thus in the chain (2.35) the relevant mass is that acquired by SU; bosons
a8 a result of SU; breaking down to 8U, ... X8U, X U, ;. If the U, factor
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~ R 13
m,, =10 m, =10 10
energy (GeV) - Q

Fig. 2.7. - Qualitative picture of the evolution of the SU,, SU, and U,, couplings in
a grand unified theory such as SU;: they come together at an energy m '~ 10'5 GeV
if the « desert » region between 102 and 10'® GeV ig not populated with particles.

would appear earlier in the chain, the monopole mass would be larger; if it
would appear (for the first time) later, the monopole mass would be lighter.

In cosmology, physical GUT monopoles should have appeared at the energy
at which the GUT unification stopped, that is at temperatures of ~ 1015 GeV.
As the temperature became lower than those corresponding to the unified
phase, a phase transition should have occurred. The breaking of the sym-
metry freezed in certain space domains. A GUT monopole can be viewed
as the coalescence of these domains to form the magnetic-field distribution of
a magnetic monopole, as shown in fig. 2.8.

The sequence of transitions illustrated in (2.35) requires many nggs fields.
Moreover, the final unbroken groups in the sequence are SU, U this

ycolour ' 1,e.m. :

means that one has to consider the influence of colour. One finds that the Dirac

\
AR 3K

frozen domains monopole
in early Universe

Fig. 2.8. — At t = 10-%5 g after the « big bang », at the temperature 7'~ 1015 GeV, there
was the phase transition corresponding to the end of the grand-unification era of strong
and electroweak interactions. At that time Higgs fields in causally separated domain
directions caused a GUT monopole to be formed where they met,
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relation is still valid when monopoles and electric charges of colour singlet par-
ticles are involved. For coloured charged particles one would have a modified
_ Diracrelation containing for the electric charge the quantity = ¢,(K ¢, ,/3),
where K is an integer and ¢, ,, =1, 2, 3 for the three possible cases. This con-
dition could be applied to quarks with charges 1/3 and 2/3, but tkey would
have to be free entities, with only long-range electromaguetic interactions.
The connections between magnetic monopoles, fractional charges and con-
finement have been discussed many times, with various subtle differences [78G2].
It is highly probable that a GUT monopole has a confined colour magnetic
charge: for distances smaller than 1fm we have to consider its effects, which

may instead be neglected outside the confinement region.

2'4.6. Quantum formulation. It hag to be remarked that the theory
of ’t Hooft-Polyakov monopoles assumes the validity of semi-classical methods.
In particular, it hypothesizes that all quantum fluctuations are small and local.
Otherwise, concepts like topological number become irrelevant and the ar-
guments to prove the necessity of monopole existence could not be carried
through. As was already stated in the previous section, a complete quantum
field theory of Dirac monopoles was discussed several years ago [66S1]. The
non-Abelian monopole has an internal strncture and a large mass. This requires
new analyses of the quantum theory, in particular of the problem of renormaliza-
tion. Wu and Yawna [75W1, 76W1] formulated their approach to the Dirac
monopole and then generalized it to the case of a non-Abelian group. In their

formulation there is no Higgs field and the monopole is described by a nontrivial
fibre bundle with a certain structural group. '

2'4.7. Dyons. A dyon is defined as a particle which carries both ele¢tric
and magnetic charge. Therefore, when at rest, it produces both an electrostatic
and a magnetostatic field E = er[rs, B = gr[r>. For the case of «classical»
dyons one'may proceed as for « classical » monopoles. We may congsiderin fig. 2.1
two dyons, one with charges ¢,, g, and the other with ¢,, g,. The electromag-
netic component of the angular momentum is

(2.36) Jom, =P X (EXB)dr = — (6,0, — €,0,) 7
and the Dirac quantization condition becomes

fic
(2.37) 61—y = M.

If one of the dyons is an ordinary particle with an electric charge ¢;, and
with g, = 0, then eq. (2.37) requires that both ¢, and g, be quantized as in
Dirac’s original formulation; but the value of ¢, is pot constrained. Semi-
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classical arguments were used to argue that in a proper quantum-mechanica
treatment the dyon charge must be quantized. For instance, if CP is an in
variant, then for a dyon (¢, g) there must be also a CP conjugate dyon (— ¢, g)
Applying to both dyons relation (2.37) yields the Dirac relation (1.1). Thus
if g has the minimal g, value, then the dyon electric charge is quantized and
-equal to the minimal electric charge (or twice).

Also 't Hooft-Polyakov dyons satisfy relation (2.37). Quantum fluctua-
tions lead to a quantized electric charge of the dyon in integral multiples of
the minimal electric charge.

Most arguments made for monopoles may be readily extended to dyons.
Some gauge models,like §U;, predict the existence of both monopoles and dyons
[80D1]. Dyons should be heavier than electrically neutral monopoles. Con-
sequently, dyons could decay

(2.38) M# - M°4-e+4-anything. -

2°4.8. Monopolonium. An interesting and exotic obj'eet is ¢« monopo-
lonium », a pole-antipole system analogous to e~et positroninm. Monopolonium
made of GUT poles has some amazing properties, arising from the extremely
large pole mass [83H3]. It is a classical system, which decays by classical
Larmor radiation for all, but the last fraction of a second of its life.

If the monopole and the antimonopole are in a cireular orbit about their
.c.m., one must have Me?r = g*/r?, where 7 = m,/2 is the reduced mass of
the system. The energy is given by

(2.39) E = lmwrt — gtlr = — Lg?fr.

The system will lose energy by dipole radiation, with a formula analogous to
that for electric charges

dE 2 64
e 92 p2g2/08 = 422 o3
(2.40) T 23g¢z/ca 3 Blg*mgc®.

Integrating (2.40) from the time of formation (f= t,, r = 7,) to the final time,
one has

(2.41) T = 1, — t, = mc’r3[8g*.

Thus the lifetime of the state is determined by the cubic power of the initial
radiug 7,. The decay of the systern may be viewed gquantum mechanically as
a cascade of jumps through sequentially decreasing principal quantum numbers.
The energy of each state is £ = — g2/2r = — R_[n?, where R is the magnetic
Rydberg constant R = #igt/2% = 293m,; (GeV). The instantaneous transition
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energy is

1 1

Table I gives the lifetime, the binding and the transition energies, the principal
quantum number n and the § = v/¢c of the monopoles in monopolonium. The

TaBLE 1. — Monopolonium properties [83HS).

Classical Lifetime Binding Transition Principal B =vfc
diameter (s) energy energy quantum

(em) (GeV) (eV) number

108 3.7-10% 3.3:10-% 1.6-10-7 4.2 -101 4.1-10-12
10~ 3.7-10 3.3-10-° 1.6-10% 4.2 -1010 4.1-10-10
10— 3.7-108 3.3 5.1 1.32-10° 1.3-10-8
101 3.7 3.3-102 5.1-10° 1.32-108 1.3:10~7
10-8 3.7-10~° . 3.8-108 1.6-108 4.2 -10° 4.1-10-¢
1020 3.7-10718 3.3-107 1.6-101 4.2 -10° 4.1-10~
1028 3.7-10~% 3.3-10% 1.6-1028 4.2 .10t 4.1-10

values were computed by assuming m, = 2-10% GeV and a constant mag-
netic-coupling constant o, = 34.25 (it should increase to a value of about 40
at the GUT unification energy). The lifetime of monopolonium is 43 d if
7o=10-13 em, while 7 =101 y if 7,=0.1 A! This means that monopolo-
niums formed in the early Universe may have survived until our days.
For transition energies smaller than the pion mass (corresponding to
r>10-%cem) the MM system emits photons with an energy spectrum
whi‘ch corresponds first to radiowaves, then in succession to light, X-rays and
v-rays. Radiowaves are emitted for most of the lifetime of monopolonium.
For r <107 em, when the remaining lifetime is only 10~°s, the system
radiates photons and gluons. For r << 10-2° cm the Z°® threshold opens up and
as many as 105Z° may be emitted. Finally, when r~10-28cm = 1/my,
n = 40 and B = v/¢ —1, the two pole cores start to overlap. The system has
still ~ 759, of the total energy, which is suddenly released in a very short
burst of less than 10-% g, producing ~ 24 heavy particles (12 X, Y bosons,
6 gluons, 2 2°, W+ and 4 Higgs particles), which give rise to roughly 10 leptons,
30 quarks and 6 gluons. The hadron jets, which then follow, shonld yield ap-
proximately 107 hadrons. In this last spectacular burst all the particle
physies for energies up to the GUT unification energy should be contained!
The binding energy of monopolonia with sizes between 1/10 and 1 A range
from 340 MeV to 3.4 keV. These are the relevant temperatures for MM for-
mation and correspond to the Universe age between 10 and 104 s, which is the
epoch of helium synthesis. The mechanism of monopolonium formation could
have been the following: collisions between relatively cool poles and antipoles
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rasulted in loosely bound monopolonia systems by the emission of radiation
These states corresponded only to thermal fluctuations, but since the Universe
was cooling down, the binding energy exceeded quickly the thermal energy
available to dissociate them. The number of monopolonia produced could
be ~10-% of the number of available monopoles, n,5/n,~ 10-18, Agsuming an
original monopole density equal to the density required to close the Universe,
Hrivy estimated [83H3] that in a typieal cubic light-yéar one could now have
~ 300 MM annihilations per year, leading to radiation at a wave-length of
1 cm with a flux of the order of 102t ¢V/em?s Hz. Current observational
limits are at & level of 10° times larger (~ 50 microjanski). In general the
prospects for monopolonium observation seem to be very small.

The above discussion concerns monopoles without electric charge. The
analysis of dyon-dyon states leads to similar results [T1B1].

2'5. Other possibilities. ~ From :the above discus§ion we conclude that
GUT theories predict the existence of superheavy poles, which carry magnetic
charge as well as confined colour magnetic charge. But other possibilities
may exist; in particular, one has to investigate more thoroughly the implica-
tions of supersymmetric (SUSY) GUT’s, of quark and lepton “substructures
(preons), of unifieation with gravity as well as the implications of inter-
mediate mass scales. The unification with gravity is often discussed in
the context of Kaluza-Klein theories, which define a space-time of dimensions
higher than four. In these theories the natural mass scale for magnetic mono-
poles is the Planck mass, my ~ m, ~ 10 GeV [83P4].

BARTLETT ¢ al. [12B1, 78B1] conjectured that monopoles could be
tachyons, that is faster-than-light particles [T5M1, 77P1]. LONDONX intro-
duced Z, poles (a Z, monopole is its own antimonopole). Such monopoles
conld arise in sueccessive steps of §0,, breakings [83W2]. Models of hadrons
in which guarks possess both electric and magnetic charges (dyons) bave been
discussed. Some authors identified colour with the magnetic charge [7981].

3. — Interactions of magnetic monopoles with matter.

3'1. Imtroduction. — The study of the interactions of magnetic monopoles
in matter i§ important in order to understand i) the formation of bound systems
of monopoles and atomic nuclei and ii) the energy loss of monopoles in matter
in general and in particle detectors in particular. _

The relatively long-range interaction of the monopole magnetic charge
with the nuclear magnetic dipole leads to the formation of bound systems,
with binding energies in the range (1--100) keV and with typical linear sizes
of the order of 10 fm. Since the scales of these systems are approximately the
same as those of mesic atoms, the name « monopolic atoms» has been used
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in the literature [83B1]. Furthermore, monopoles and atomic nueclei may be
bound together by electrons, in a way similar to the chemical binding of
molecules. For these systems the typical linear size is of the order of 1 A and
the binding energy is of the order of 1 eV. These systems may be referred to
as «4monopolic molecules ». The formation of monopolic atoms and molecules
may affect the energy loss in matter and the ecross-section for the monopole
catalysis of proton decay [83B5].

There is considerable interest in determing the rate at which monopoles
lose energy in various astrophysical objects, such as the Earth and the stars,
in order to establish the likelihood of primordial monopoles being trapped in
these objects. There is an even greater interest in the question of whether
the quantity and quality of energy lost by magnetic monopoles in particle
detectors is adequate for monopole detection. For classical monopoles their
mass should be sufficiently small so that acceleration of the monopoles by
magnetic fields to relativistic velocities is practically inevitable. For snch
velocities the monopole energy loss is (g/e)? ~ 4700 times the energy loss of
a minimum ionizing electric charge. Thus the energy loss of a classical mono-
pole would be enormouns, more than enough to enable them to be easily de-
tected with almost any kind of particle detectors. Furthermore, the energy
-loss would be large enough to stop a considerable fraction of monopoles in the
Earth, so that searches for monopoles trapped in Barth matter would be par-
ticularly meaningful. Instead GUT monopoles have such large masses that it
is difficult to accelerate them to large velocities. The study of the energy loss
of slow moving monopoles becomes thus of great practical interest.

3'2. The magnetic-monopole—magnetic-dipole interaction. — The long-range
interactipn of a magnetic monopole with a fermion is due to the «magneto-
static » inferaction between the pole magnetic charge and the magnetic-dipole
moment of the fermion, including its anomalouns part [77K1, 83B1].

Let us consider again the problem of the interaction of a point magnetic
charge with a point electron, as in fig. 2.1a). But, now, the electron has spin
s, =1/2 and magnetic moment u, = — ¢fi[2m_c. At the point r,, where one
has a magnetic field B = g/r? = fic/2¢r?, the electron feels the Lorentz force
|Fy] = v#/2r] and the additional force

A2
(31) : lFDlzl_V(p‘e'B)l=2meT;:°
The ratio of the two foreces is
Fy,  om.r, v 7,
9 Pt = —
(8.2) F, A ac ay’

where a, = 0.53 A is the first Bohr radius. For small velocities (v < a¢) andjor
small distances (r, < a,) the force F arising from the coupling between the
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monopole magnetic charge and the electron dipole magnetic momentis domir
over the Lorentz force. The situation is opposite to that encountered in
dinary atomic physics, where spin coupling provides fine and hyperfine st
tures, negligible in first approximation.

The interaction energy arising from the magnetic-charge-magnetic-diy
interaction is given by

(3.3) W, =—w. B =*#dm .

The dipole energy (3.3) for an electron at r, = a, is W, ~7 eV, which
comparable to the binding energy of an atom; thus one expects a sizak
deformation of an atomic system when a monopole passes inside or close -
an atom.

For a proton .(,up ~2.8efif2m,c) at a distance # =1 fm from the mon:
pole one has W, =~ 2.8%2/2m r* ~29 MeV, a value larger than the bindin

epergy of nucleons in nuclei; thus one expects deformations of the nucley
when a monopole passes close to it.

’ t
3'3. Monopolic atoms. ~ For a nucleus with spin s, and magnetic momen:
p, = (¢f/2m, ) Ks,, where K ~ A is the gyromagnetic factor, the dipole Hamil
tonian W, = —u,-B is attractive for a suitable spin orientation. One ean

have monopole-nucleus bound states if the total Hamiltonian, inclusive of the
centrifugal barrier part (W),

k#? 1\ %2
4m,r? + (J + 5) 2m,r?

is attractive. This is the case for nuclei with large and positive anomalous
magnetic moments, like proton, aluminium, ete. The dipole approximation
is not adequate for distances smaller than the nuclear radius.

The bound-state spectrum for the monopole-proton system has some un-
familiar features compared to ordinary atomic spectra (table II) [8401}. The
state with binding energy #, equal to the proton mass is controversial. Notice
that one has a sequence of bound states with zero total angular momentum.

(3.4) Wioe = Wy, + Wc:‘"‘(é‘f)

Taere II. — The lowest monopole-proton J = 0 bound states, characterized by the N-value,
the binding energy (Ey), the size (1) and the wave-length (1) of the photon emilted in radiative

capture from am initial state of zero kinetic energy [8401]1. The N = 0 state is not found
by all authors.

N Ey 7 A (A)

3 0.04 eV 0.23 4 3-10°

2 105 eV 460 fm 120

1 263 keV 9 fin 0.048

0 938 MeV? ' J
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Since the monopole-proton bound states all have J = 0, there will not
be any cascade deeay, contrary to what happens in the case of p-mesic atoms.
Tollowing the capture to an excited state, the system can only relax via col-
lisional de-excitation or two-photon emisgion.

The bound states may be produced via radiative eapture

(3.5) _ M+4p — (M+D)yowa TY

with cross-sections of the order of (1--10) mb for a monopole with § = 10-3-:-10-*
(fig. 3.1). The capture will predominantly take place from an initial J=1
state. A f = 10-* monopole would have a mean free path of ~ 200 m in water
for being captured in a Mp bound state with B, = 263 keV, with the emission

e
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Fig. 3.1. — Cross-gsections for radiative capture of profons by magnetic monopoles
vs. their §. The labels N refer to the various hound states of table II. The result for
N = 0 and for N = 3 are rough estimates [8401].

of a 263 keV photon. If the lowest-energy state exists, the emission of 938 MeV
photons would lead to even more spectacnlar events.

Monopole-nueleus bound states should exist for many nuclei which have
a relatively large gyromagnetic factor K. The binding energies of the gronnd
states should be larger than few tens of keV, while typical sizes should be of
the order of 10 fm [83B1]. GOEBEL [83G5] estimated a radiative-capture cross-
section ¢, ~0.3 mb for monopoles with f=10-% in Al nuclei. The ground
state of the M 2?Al system should have a binding energy of 0.56 MeV.
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3'4. Monopolic molecules. — In addition to the two-body bound states
has been shown that there exist three-body bound states consisting of a mo.
pole, a proton and an electron with binding energies of ~1 e¢V. These sta
have atomic dimensions, ~ 108 ¢em; the radiative-capture cross-sections :
also atomic for sufficiently low-velocity monopoles. 1t would seem that mor
poles of very low velocities would find their best state as a (Mpe)~ molecn

3'5. Nuclear reactions induced by magnetic monopoles. — The magnetic i
teraction between a monopole and a nucleon is so strong that a monopo
passing close to a nucleus could induce some nuclear reactions, like the fissio
of 2337, Asillustrated in fig. 3.2, the magnetic moments of the close-by nucleor

235

U
Ot Ot o to >

M

- o2
time .

Fig. 3.2. ~ Illustration of a monopole-nuecleus interaction that can result in nuclear
fission. The shape of the heavy nucleus and the distributions of the nucleon magnetic
moments are shown before, during and after the passage ot the monopole [83B21.

of the nucleus become oriented in the direction of the monopole, while the
nucleons on the opposite side are almost unperturbed, since they lie in 2 weaker
magnebic field. Thus the nucleus becomes locally polarized and the close-by
nucleons are attracted by the monopole: the nucleus becomes elongated by a
sort of a tidal effect, and the deformation could result in nuclear fission [83B2,
83L2]. Presumably only exothermic reactions can be induced, since the c.m.
collision energy E ~m0?*/2 is very small for slow monopoles. If it really
occurs, monopole-induced fission could lead to another method of monopole
detection and could be another energy source. -

The magnetic interaction between a monopole and a nucleon could also
produce 2 sort of nuclear Drell effect, whose result could be an excited nucleus,
which could subsequently de-excite by B-decay [83L2].

3°6. Energy losses of fast monopoles. — A monopole moving with veloeity v
produces an electric field whose lines of force lie in a plane perpendicular to

the monopole trajectory. At a distance r from the monopole the field is
(neglecting the dB/[dt term of eq. (2.3))

_ Bygr
(3.6) E = 7% - progyia
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In matter this field may ionize or exc¢ite the nearby atoms or mole-
cules. »
The interaction with matter of poles having velocities v >10-2¢ is well
understood: a monopole with magnetic charge g behaves as an equivalent
electric charge (Ze):, = g*f*. The ionization energy losses may be described
by the Bohr Bethe-Bloch formula as corrected by A®LEN [80A1, 83A7]. For
an incoming particle with electric charge Ze¢ one has

dB\  4aN.Z2e* [ 2m.c?f2yt . ) A
(8.7 (Em—), = et [ln T, —pr—4,/2 — B,

and for a magnetic monopole in a nonconducting material

dE\  4aN.g2e*[. 2m.c2f2y* 1 K, 4,
(@)= T [ g 4 g m,

(3.8) 7

where K = 0.406 for poles with g =g, (0.346 for g = 2¢,), B = v/e, y* =
=1/(1— p?), N, is the number density of electrons, m, is the electron mass,
I, . and 8, , are the mean ionization potential and density effect corrections
for the electric and magnetie projectiles. In eqs. (3.7) and (3.8) one has as-
sumed that the atoms of the medium are light enough and § to be large enough
so that shell effect corrections can be neglected. Altheugh I and §, should
be fundamentally different from I, and §,, the differences vanish in the limit
of §mall densities. Thus one can practically set I, =1, and §, = §,. For
py < 2 one has §, = 0, while, for 8y > 100, §, ~ 3.7 -} 4.6 log fy.. In eq. (3.9)
“the extra Bohr correction term B_ may probably be neglected; its value is
quite d'epende'nt on higher-order QED effects (for ¢ = g,,, B, =~ 0.248).

Formulae™(3.7) and (3.8) are valid under the assumption that all collisions
of the projectile with the electrons of the medium are either close or distant.
In the close collisions the energy transfers are so large that the electrons can
be regarded as free. The energy lost in each distant collision is very small, so
that the electrons eannot be considered free. But it is legitimate to consider
the excitation of an atom as a perturbation; for most distant collisions the
impaect parameter is large enongh that one can assume the dipole approxima-
tion. According to AHLEN the hypothesis that there exists a small fraction of
collisions that do not satisfy either the close or distant collision approximations
is adequate for §>0.04.

In table III are given the values of the mean ionization potential I, in
various materials. In fig. 3.3 and 3.4 are shown the energy losses of mono-
poles in gilicon and in hydrogen, respectively. A numerical formula is given
in subsect. 51. '



28 G. GIACOMELL]

TasLe III. — Mean ionization polentials in various materials [80A1].

Z Maiterial I, (eV)
1 H, gas 18.5
1 H liquid ‘ 20.7
2 He gasg 423
6 C saturated condensed compound 71.3

10 Ne gas 133.0

14 8i solid ' 169.0

26 Fe solid 275.0

50 Sn solid » 498.0

82 Pb solid 793.0

92 U solid © 8840

10 '
- g=i137e/2(Ahlen)—\
- - “
. ,A’,
protons(Lindhard) // ' t
10
< E .
e F ‘
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[
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Fig. 3.3. — Stopping powers in silicon for protons and for monopoles with g = g;.
Solid lines are calculations using low- and high-velocity approximations as explained
in the text. Dashed lines are extrapolations of the various theories into regions of
questionable validity. The Bethe calculation does not include shell corrections. The
shaded region indicates the estimated range of errors for the slow monopole stopping

power. The open circles are the averaged values of measurements of proton stopping
power in silicon [80A1].

3'7. Emergy losses of slow monopoles—The Fermi-gas approximation. — A. con-
siderable amount of work has been done on the evaluation of energy losses of
slow electrically charged particles and, more recently, on slow magnetically
charged particles [82R3, 83A1, 83A7]. One of the most successful models has
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Fig. 3.4. — The energy loss, in MeV/em, of magnetic monopoles in liquid hydrogen
as a function of B [83B7]. Curve a) corresponds to elagtic monopole-hydrogen atom
scattering; curve b) corresponds to interactions with level crossings [88D1]; curve ¢)
describes the ionization energy loss. The dashed parts of the curves correspond to
veloeity ranges where the approximations used in the caleulations may break down.

been that in which the properties of the stopping material have been approx-
imated by those of a free (degenerate) gas of electrons. This is clearly appro-
priate for interactions with the conduction electrons of metallic absorbers.
For nonmetallic absorbers it represents a reasonable approximation for heavy
atoms (Z>10) for which the Thomas-Fermi desecription is valid. The first
caleulation .of Fermi and Teller was refined by LiNDHARD, who obtained for
eleefrically charged particles in heavy materials

v

-~ (AE 4 miZ%e*v ve\2 ae
(3.9) (E) e [m n (@) +ot (lnn—l)/2] ,

valid for projectile velocities v<<v,, where the Fermi velccity v, ~% (372N )} /m, =~
~a~1/137 ~10-2, The projectile velocity is also limited at low values, since
the energy transfer AW from the monopole to a bound electron with a charac-
teristic atomic veloeity v, should be larger than the energy level spacing of
the atom. The kinematic limit of the energy transfer is AW = 2mv(v 4 v,) =
~ 2m, 0, from which g > I/2m,f..

(3.7) describes well the experimental data for protons with g> 3-10-2
while (3.9) describes the proton data for 10-3 < 8 < 10-2 (see fig. 3.3).

AHLEN and KinosHITA have extended the technigue of Lindhard to com-
pute the energy loss of monopoles in Fermi gases. They used the relation
dE[dax = gH, where H is the magnetic field induced at the pole position by
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Their result is

dE\
(&)=
For nonconductors eq. {3.10) is expected to be wvalid for 10-4<f <102, with
the parameter Z = %#/2m, v a,. @, =0.5-10"% ¢m is roughly the « mean free
path » of an electron bound in an atom. N, is the density of nonconducting
electrons in the material. For nonconductors this is the only term, while
in conductors one should add a second term, which depends on the conduection
electrons. In fact, eq. (3.10) describes more properly the conduction case and
' is valid for all <102, with the parameters Z,,=7#%/2mv.4, A~50aT,/T,

a = lattice parameter; T is the melting temperature of the metal and 7 the
actual temperature; N, is the density of conduction electrons.

eddy currents.

202
(3.10) M[m 1 1]

M6V Z

min

3'8. The response of scintillators. — The response of”a defector does not
depend only on the energy losses, but also on the specific features of the
detector. The response of plastic scintillators to the passage ‘of low-velocity |
magnetic monopoles has been estimated by considering the valence electrons
of the material as a Fermi gas with an energy gap E; ~ 5 eV, which- ﬂorresponds
to the first excited electronic energy level of a benzene ring [83A1]
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Fig. 3.5. — Estimates of the scintillation light yield in Ne 110 scintillator as a func-

tion of the magnetic-monopole velocity § = /¢ [83A1].

B ~ 1072 is probably 309 higher.

The plateau yield around
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" AHLEN and TARLY [83A1] have used the above results to calculate the scin-
tillation yield of a magnetic monopole in Ne 110, fig. 3.5. Curves for a bare
monopole with g = g, and for a monopole bound with a proton are given.
Note the presence of a threshold at g ~ 6-10~%, above which the light
signal is quite large compared to that of a relativistic muon. The threshold
is due to the two-body kinematie constraint for B, = 5 eV. The threshold
could be reduced by reducing the energy gap, for instance with aerylic-based
naphtalene scintillators or with seintillators containing pentacene finormolecules.
The light yield in fig. 3.5 shows the characteristic saturation effect present in
solid materials at high §. For §> 0.1 the light yield should inerease because
of the production of 3-rays. The light yields of fig. 3.5 are lower limits, because
any other effect should effectively lower the threshold and increase the light.

3°9. The Drell effect. — The energy losses of monopoles with 10— < < 10-3
. are mainly due to excitations of the atoms. Atoms of size a will see the field
of the moving pole as a pulse with frequencies w, ~ f/a. Thus excitations
of frequencies wy <o, will be indueed in the atom (*). The characteristic energy
shift due to a monopole at a distance ¢ = 0.5 A from an atomic electron is
eg[2m a* ~ 7 eV. Hence a monopole passing within the atom produces sub-
stantial level mixings and crossings.

Let us follow qualitatively what happens in the case of a monopole passing
through a hydrogen atom. As the monopole approaches the atom from a large
distance, the energy levels of the atom split in the characteristic Zeeman pattern
due to a uniform magnefic field. In particular, the excited » = 2 levels start
to move down in energy, while the n = 1 level with m; = + 1/2 gtarts to move

up (fig. 3.6). For zero impact parameter along the z-axis the z-component of
the total ‘amgular momentnm

@i - J =r,x(p—ed) + o,/2 — ]2

is congerved. r, ig the electron co-ordinate relative to the proton (located at
the origin) and 7 is the unit vector from the pole to the electron. Since 7 changes
sign as the monopole moves from the far left to the far right, the 2-component
of the electron’s anguler momentum must change. Thus the ground-state
electron with m; = —1/2 will spin flip to m; = - 1/2 as the monopole trav-
erses left to right; instead the one with m; = 4 1/2 will be raised to an ex-
eited state with » >1 and m; = -} 3/2. On the way up this level will cross
the one moving down from m; = — 3/2 to the ground state with m; = —1/2.

For a monopole along a path of nonzero impaet parameter b, one has two

(*) The radiative lifetime of an excited atom ((10-8--10-?) 8) is much longer than the
transit time of a monopole (a/fec~ 10-5g if B~ 10-4).
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Fig. 3.6. — The energy levels for atomic hydrogen before (left), during (centre) and
after (right) the passage of a magnetic monopole [83D1].

possibilities: For b < b, such as /b > w,, there will be level mixing. For
b >b,,, the adiabatic approximation is applicable and the electron would
follow the level pattern, with mixing but not crossing. Thus an electron in
either of the two degenerate ground states would remain in the ground
state.

The energy loss in hydrogen due to this mechanism (Drell effect) is given
by [83D1]

(8.12) (%) ~ 3708(1— B%/B%)** (GeV em? g-1),

where 8, = (2m AE)Y2~1.2-10~4 ig a threshold velocity. The losses in hy-
drogen are shown in fig. 3.4, eurve b). In the 10~*< B < 10-® range this
effect yields losses about an order of magnitude larger than ionization losses.

The Drell mechanism is effective as long as the monopole-atom collision
energy exceeds the spacing of atomie levels. The effect may be used for prac-
tical detection either by observing the photon emitted in the de-excitation of
the excited atom or by observing the ionization caused by the energy transfer
from the excited atoms to complex molecules with a small ionization potential
(Penning effect). Helium plus OH, seem to be good working gases (see sub-
sect. 8'3). Calculations of the Drell effect in complex molecules are presently
not available.
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3'10. Energy losses at wvery low vélocities (§<<10-4). — Magnetic monopoles
with velocities smaller than 104 ¢ cannot excite atoms; they ean only lose
energy in elagtic collisions with atomg or with nueclei.

3°'10.1. Monopole-atom elastic scattering. At very low velocities
the dynamiecs of the process is still dominated by the coupling of the electron
magnetic moments with the monopole magnetic field. A rough estimate of
the energy loss may be obtained considering the elastic interaction of a
structureless atom, characterized only by its magnetic moment, with the mo-
nopole. In the limit of very low velocities one has [83B7]

. dE
(3.13) a7 = VB0 = NJ2m,

where N, is the number of atoms/cm®. If N, ~ 4-1022atoms/em?, one hag
dE|dx ~ 32 MeV/em (lignid hydrogen). The results of a more precise caleula-
tion [84B1] are shown in fig. 3.4. The energy is released to the medium in
the form of elastic vibrations and/or infra-red radiation—(thermal and acoustic
energy).

AHTEN et al. [82A2] give the following formula for the energy loss from
elastic collisions of monopoles with atoms of Si: ‘

4B _0.79 8
(514 L [1.31 Fnf— 1nI3_7;]

For § =10"* eq. (3.14) gives an energy loss which is ~7 9%, of the stopping
power due to ionization. The relative contribution of (3.14) to the total energy

loss inereases as § decreases.
v

an

3'10.2. Monopole-nuclens elastic scattering. For monopole-nu-

cleus elastic collisions two effects have to be considered. The first is due to the

interaction of the monopole magnetic charge with the magnetic moment of
the nucleus. It leads to a formula like (3.13):"

aE _ N7 p,

dz — myp,

(3.15) (=~0.1MeV/em in liquid H,).

The second effeet is due to the interaction of the confined chromomagnetic
charge of the monopole with the confined colour charge of the nuclens. It leads
to S-wave scattering, like between two nuclei; very roughly one has

d_E wrim,c: N,

(3.16) @S

2 p2(~0.382 MeV/em in liquid H,).



G. GIACOMELL:

3'11. Energy losses in superconductors. — The linear velocity dependence of
the energy losses of slow monopoles in conductors seems to be well established
and there is no reason to suspect the existence of a velocity threshold. Extra-
polating formula (3.10) to superconductors, letting 4 — oo, one wonld at first
sight expect an enormous energy loss. However, in the region close to the
monopole trajectory the magnetic field wounld be larger than the critical field
of the superconductor. If the critical field is 1 kG, then in a cylinder of radius
r =~ 600 A the material stops being superconductor. This corresponds to a
large impaet parameter. Thus the functional dependence of the energy losses
in a superconductor should not be different than that in a normal conductor.
dE/dr will depend linearly on § and on the conductivity o, and be of order
100 MeV/g em—2 at f~10-2.

In superconductors there is an additional component of stopping power.
If a pole passes through a superconductor of thickness x, there will be a
magnetic flux @, = 2zfic/e (equal to two flux quanta of superconductivity)
which threads the quenched cylinder after the monopole issgone. The mag-
netic field in the cylinder is given by @,[/nr? and the energy by x®;/8n%r>* =
= gphtc*[2¢*r®. This yields dE/dx ~ 42 MeV/em. It is a smalitfraction of the
stopping power at f~10-3, but, since it is g-independent, it dominates for
B <104, g

DE RUIULA ¢f al. [34B5] and ALLEGA et al. [83A6] analysed in detail the
energy losses in superconductors and also the signal and the noise in a «sonie
antenna » detector. They follow the notations used in gravitational-wave research
and express the signal energy K, in units of temperature 7, = E /K, where
K, is the bulk modulus of the antenna. For a 10 cm long antenna they obtain
for aluminium

(3.17) | T(Al) =1700 K (8 — B,)?,

with f,=10*. The signals from different materials and the noise temperatures,
present and future, are shown in fig. 3.7.

3'12. Track-etch detectors. — The passa,ge of heavily ionizing particles may
be permanently recorded in some insulating materials, which range from
plastic sheets like CR39, lexan (makrofol E), kapton and nitrocellulose to
glasses and to minerals like miea and obsidian. These materials may be con-
sidered as threshold devices, with no time regolution and with thresholds which
depend on the material and on the type of chemieal efching.

The latent track may be made visible by proper chemical etching. The
etching velocity along the latent track (v,) is faster than the general eteh
rate (v,). Therefore, with strong etching one may obtain a hole in a sheet of
the sensitive material. The hole is located where the ionizing particle passed
and may be detected by observation with normal optical microscopes or by
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Pig. 3.7. — Signal temperature per eigenmode for a variety of materials at very low
temperatures, as a function of monopole velocity. T, (today) and T, (tomorrow)
indicate effective total noise temperatures that have been, or soon will be, achieved

in practg'ce. Also shown in the figure ig the signal temperature for a minimum ionizing
track in Cr [84B5]. 1= 10 cm.

v

-

other means. For instance, one may measure the electrical resistance of a por-
tion of a plastic sheet positioned between two electrodes, one of which is
wet [83A4]; or one ean use ammonia vapour on one side of the plate: when
there is a hole, the ammonia vapour passes to the other side developing a
blueprint sheet [82K2].

Etching a layer for a short time yields two etched cones on each side of the
sheet (fig. 3.8) [82B2]. The primary ionization rate may be determined from
the geometry of the etched cones. For CR39 this technigue is particularly
successful, yielding measurements of the electric charge of heavy nuclei to a
precision of 0.1¢ if one uses several layers of plastie sheets, placed perpendicular
to the incoming ions.

Figure 3.9 shows the response of several track-recording solids as a function
of Z|p, the ratio of charge to velocity of the incident particle. The response
may be given as the ratio vyfv,, or diameter of hole/2v,t.
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Fig. 3.8. — Track-etching technique for particle identification: a) sketch showing
dense core of radiation-damaged material and delta-rays; &) development of comical

eteh pits at the intersection of the trajectory with the surface; ¢) dgvelopment of a hole
after prolonged etching [82B2].

t

Track-etch detectors are sensitive to the restricted energy loss, that is to
the fraction of the energy loss rate which is concentrated in a dismeter smaller
than 1 ym along the direction of the primary particle. The restricted energy
loss is mainly due to short delta-rays. Secintillators are instead sensitive mainly
to high-energy delta-rays, because of radiation quenching in the dense core
region near the particle trajectory. In a certain sense a track-etch detector is
complementary to a scintillator, becanse it is insensitive to the energy deposited
in the halo and sensitive only to the energy deposited in the core. The reason
is that chemical etching takes place preferentially where the density of energy
deposited is large.

From the above considerations and from direct meagsurements with heavy
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Fig. 3.9. — Response of several track-etch detectors as a function of Z/8. Lexan 4
and lexan B refer to the responses of lexan etched in two different reagents [82B2].
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ions one may conclude that CR39 has a practical threshold at Z/f ~ 5, whieh
corresponds to a resfricted energy loss of ~ 25 MeV em?g~! (with delta-rays
having energies lower than 200 €V). In order to compute the velocity threshold
of monopoles, one has to assume 2 formula for their energy loss and establish
the etching procedure. The formula of Ritson, taking 3 €V for the effective en-
ergy gap in CR39, and considering an etching from 1.7 mm to 0.2 mm thickness,
predicts an effective threshold around 8, ~2-10-2. It is not clear how reliable
this number is. One may assume that the conservative threshold values are
the following (in parenthegis are indicated the optimistic values):

CR39 # >0.02 (>0.003), nitrocellulose §>>0.04 (§>0.01),
lexan § >0.3 (f >0.03), kapton 8>08 (B >04),
miea fn>2 (fn>1.0).

3°13. Energy losses of monopoles in celestial bodies. — In order to asses the
likelihood of monopoles being stopped in a celestial body, if they strike it,
one needs to know the stopping power of monopoles in that body. For very
low B (<10-%) the main energy losses in the Barth are due ‘to i) monopole-
atom elastic scattering (probably velocity independent and of the order of
20 MeV gt em?), ii) eddy current losgses dE/dw~ (10--30)§ GeV g*cem? (here
the uncertainty arises from the uncertainty in the validity at low g of the for-
mula for nonconducting electrons), iii) nuclear stopping power (dE/de), ~
~0.1 MeV g cm—2. One may conclude that the Earth should stop all mono-
poles with f<10~4. Similar estimates for other celestial bodies lead to the
conclusion that monopoles may be stopped if they have

¥

Moon f<5-10-5, FEarth «<10-%, Jupiter <3:10~%, Sun <1078
v . '

4. — GUT meonopoles. Production and history.

4'1. Introduction. — GUT monopoles should have been produced at the
phase transition, which occurred at t~10-35s after the big bang (fig. 4.1),
when the unifying gauge symmetry group broke down into smaller subgroups,
one of which was U,;. The estimates of monopole production rates in the
simplest GUT models yield very large numbers. At least one monopole was
produced per event horizon. If the expansion of the Universe proceeded in
an orderly way between 10-3*5 and 10-¢s, when the gquarks formed the
nucleons, one should have expected a produection of abont one monopole
per 10% nucleons, which is clearly too much by many orders of magnitude.

One way out of this and of other dilemmas is based on the hypothesis of
inflation [81G4]. At the end of the GUT era the radius of the Universe in-
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Fig. 4.1. — THustration of the phase transitions in the early Universe.

creased exponentially before resuming normal expansion. This may lead to
one or few horizons in the early Universe and thus to a very small number of
monopoles, even one in the whole Universe. Another possible way out is based
on GUTs with intermediate mass scales. These theories offer novel possi-
bilities for monopole charges and masses and they also provide a mechanism
for. suppressing their number density to cosmologlcally acceptable levels and
which may still be detectable.

A second mechanism of monopole production, via very-high-energy reac-
tions of the type gq — MM, could have occurred immediately after the GUT
phase transition. This mechanism is of great interest if the number of mono-
poles produced at the phase transition was very low.

4.2. The carly Universe. — In the standard scenario, the early Universe was
homogeneous, isotropic and radiation dominated (that is KT >mec? for any
of the particles present). For that period (t<<10%°s, k7T > 10 eV) a few simple |




MAGNETIC MONOPOLES . 39

formulae connect the time ¢, the temperature 7, the mass density g, the en-
tropy density s = 8/v and the radius B (CGS system of units):

(4.1) ~3.3-102°~ 2.4
' TAVNET: A/ NF[ET(MeV)]2’
3 4.5-10°
2 ~ ~ o~ 4910738 N* T4
(4.2) e = 4.2-10-%N*T4,
~ S —— 2:”2 % K(KT)S ~ —15 A% '3

where K is Boltzmann’s constant and N* is the total effective number of heli-
city states of different particle species. N* is equal to the number of boson
states plus 7/8 of the number of fermion states, N* = Ny 4 (7/8)Ny. In a
typical GUT model N* ~160 for ¢ <<10-% s; it decreased to ~100 after the
end of the grand-unification era and is now 4-5 [80K1]. In each phase of the
Universe, during which N* remained constant, there was a state of thermal
equilibrium. As the Universe expanded and cooled, several phase transitions
happened and the number of particle species effectively present decreased.
If the Universe expanded adiabatically, one had SR®* ~ const and T'E ~ const.
R is the sealing function in the Robertson-Walker metric ds? = ¢2d¢* — RE2do*.
As long as N* is eonstant, T~1/R. Over long periods the T'~1/R relation
is only approximate because as T decreased also N* decreased.

During the radiation era the Einstein equation, which describes the time
developm‘ent of the scaling funetion R, was

: R\* S8ake
. ~ ~ R . —7
(4.4) v (R—-) =3 ;IQ_.JA 10779,

CGS wunits. The Planck mass and time are
My =VHC[@ ~2.2-10"5 g~ 1.2-10" GeV, &, = km;,6* =5.4:10745.

4'3. Simple models of monopole production—monopoles are too mdfny. —~ The
GUT phase transition involved a change from a symmetrie state to some non-
symmetric state. The order parameter for the transition is ¢, where ¢ =0
in the symmetric state and is different from zero in the nonsymmetrie state.
@ represents the expectation value of some field responsible for the symmetry
breaking, e.g. a Higgs field.

Figure 4.2 illustrates the behaviour of the Higgs potential at different tem-
peratures in the early Universe. At temperatures larger than the eritical tem-
perature 7T',, corresponding to the GUT phase transition, the effective potential
V(®) of the Higgs fields @ had an absolute minimum at @ = 0 (forany T > T).



40 G. GIACOMELYLY

Y/

? " ae

T>T, I>T>T, \
a) b) '
T,>T
)

Fig. 4.2. — Illustration of the Higgs potential at different temperatures: a) at high
temperatures, T'> T,~~ 10'® GeV, the potential has a minimum at & = 0; b) for
intermediate temperatures, T, > T > T, the minimum of the potential is at (&> £ 0,
but the thermal fluctuations of (&> are large so that it can go over the central hump;

¢) at lower temperatures, T'< Ty (T = Ginzburg temperature), one has (@) £ 0,
the Higgs field no longer fluctuates over the hump [82N1].

1

For T < T, the value @ = 0 became a local maximum (fig. 4.2b)). The ab-
solute minimum of V(®P) was at |{P>|s~ 0 and the compact GUT group, for
instance 8U;, broke down into smaller subgroups. The magnitude of (&)
grew as T decreased. For temperatures 7' just below T, the difference AV =
= V(P> =0)—V(D,,) was small and random thermal fluctuations of the
Higgs field back and forth across the local maximum at @ = 0 were common.
As the Universe cooled, a temperature T, was reached such as, for 7' << T,,
the fields @ only fluctuated in the local minimum, without the possibility of
- erogsing the maximum at @ =0. At T'= T, (T, = Ginzburg temperature)
the Higgs fields tend to freeze-in with fixed nonzero vacuum expectation values -
pointing in different internal group directions in different domains of space
(fig. 2.8), something as a ferromagnet, when it is cooled before the Curie
point. At T, we may imagine the space split into regions of linear dimen-
sions equal to the Higgs correlation length

1 ﬁc 1

(4.5) fo = BT, K 44T,

where h? is the Higgs coupling. Within each region the Higgs field is aligned,
but its directions in different regions are uncorrelated. Occasionally, at the
corners where the domains met, one had monopoles. If the probability of this
happening is p, then the number density of monopoles produced at T, was

(4.6) Ty 1n = DEG® =~ phS T K ffic)* ~ 10 B T, .

p is related to the geometry of the gauge group and is typically of the order
of p~1/10. If pht~10- and T;~10% GeV, then n,,, ~ 107 poles/cm?.
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The relative monopole densities may be defined as
4.7) r=mny[T3, F=my,|§~45ph*[2n?N*,

where § = §[vK is the entropy density per unit K. # is roughly constant during
an adiabatic expansion (except for the effect of MM annijhilation). KIBBLE
[80K1, 81K1] estimated the initial relative monopole densities (at T = T)
to be (K=7#=¢=1 and N*¥~160)

4.8) Py =2 PphS~10~%, 7 ~10-%poles/particle.

The above estimate depends on various assumptions about the monopole
production mechanism. It is, therefore, of interest to find a limit independeht
of these details. BINHORN ¢t al. [80E1] pointed ont that within the context
of classical relativity and standard cosmology one could obtain an upper bound
on £ (and thus a lower bound on #,) by considering particle horizons at T = T.
A photon moving along a geodesic, beginning at ¢ = 0, travels a proper dis-
tance 2¢t; S0 one may assume that the Higgs fields at two points separated
by more than 26t are uncorrelated. Choosing & = 2¢t, with ¢ given by (4.1),
yields

_ P pTgN*?
(4.9) "= BT 7 (2%3.3-10%0)’

which at T, = 3-1014 GeV and N*~100 gives
3

(4.10) ) 7, >10-1°, 7> 1013 poles/particle.

v

After prodnetion the monopole density n,, is expected to follow the equation

(£.11) O pysfa,

where the first term on the right-hand side describes monopole-antimonopole
annihilation, while the second term describes the dilution of monopoles due to
the cosmological expansion. The annihilation process should have been effec-
* tive only in the early Universe for 7>10'2 GeV, when the monopole density
- in the Universe was large [T9P1]. The final result of the calenlations is that
Fop =210-10 if £ >10"%, while 7, ~r,, if #,<<10-%% These numbers are many
orders of magnitude larger than present cosmological bounds (see sect. 6).
The monopole « problem » may be summarized recalling the following numbers:

fo>10"13, AT =1MeV)<10-®, 7 <1072,

now
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Many theoreticians tried to find mechanisms to suppress the production
of monopoles, or ways to annihilate them. For instance, at the phase transitiop }
at. the end of the electroweak unification ({~10-1°g) the mean pole-antipole
distance could have been ~10-*c¢m. The poles could have been connecteq !
with the antipoles by flux strings, with string tensions, which counld give rige |
to longitudinal vibrations leading to large energy losses and then to pole-
antipole annihilations [80L1].

&4, The inflationary scenario—monopoles are too few. — The prediction of-
large monopole production was based on the smallness of the casnal length
at T = T,. The number of monopoles can be reduced if the phase transition
oceurs much later, at a smaller temperature (probably T ~10°GeV), after
extreme supercooling. Under these circumstances the Universe expands ex-

ponentially, R(f) ~ exp [yt], with y = (8m[3)Gg, =10 GeV. This is the «in- ;
~ flationary » scenario. In this case the Higgs field @ «ralls» down the poten-
tial of fig. 4.3. The initial roll-over is slow and during this ttme the original

Y

\]

false
vacuum

1
#(10° Gev)
Fig. 4.3. — Details of the Higgs potential in SU; [82G3].

bubbles which are supercooling grow in size by a huge factor. When the @
field reaches the steep part of the potential, it falls quickly to the bottom and
oscillates about the minimum, with a time scale which is fast compared to the

" expansion rate. The oscillation dumping corresponds to particle decays into
other species. This releases energy (which is the latent heat of the phase transi-
tion): the temperature rises counsiderably, may be to one-sixth of 7.

This «inflationary » scenario leads to a drastic reduction of the number
of produced monopoles. In fact,the entire Universe may evolve from 2 single
fluctuation, thus leading to 1 or zero monopoles. But in recently proposed
two-component inflation, the monopole fluxes could be detectable [84E4].
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4°5. Thermal production of monopoles. — When the temperature of the Uni-
verse was still close to the critical temperature, high-energy collisions between
two particles could have produced a monopole-antimonopole pair (for instance,
X+X —~M+M). In the original scenario, wkere the number of monopoles is
large, this process is negligible. In the inflationary scenaric, where the number
of monopoles may be very small, the productmn by a thermal mechanism
acquires more importance.

Let us consider thermal production of monopoles immediately after the
GUT phase transition, at the temperature 7, ~ T [6 ~m4[6 to which the Uni-
verse had reheated immediately after the supercooling phase. Thermal produc-
tion will be suppressed by a Boltzmann factor [82L2]

(412) f* == exp [—2my|T,]

assuming that MM pairs were produced by other particles in thermal equilib-
rinm. For my>my/ogo., With oz, ~1/40, the suppression factor becomes

(4.13) 72 = exp [—2my/T.] = exp [—12/otgp,] = exp [— 480] =102,

which leads to no observable monopole produection. COLLINS el al. [84C1]
state that during the reheating process the effective monopole mass may have
oscillated about m,,, as the vacuum expectation value of the scalar field oscil-
lated about the minimum of the sealar potential. Because of this effect, thermal
monopole production is greatly increased, with the exponent (4.13) being
multiplied by a factor much smaller than one, depending on the form of the
scalar potential and on the details of reheating.

4°6. The history of GUT magnetic monopoles after production. — As the Uni-
verse expanded and cooled down, the monopoles should have lost energy,
like any other particle. The poles were in thermal equilibrinm with other par-
ticles via reactions of the type M+4-e = M-e-. The thermal equilibrium
should have lasted until the time of positron-electron annihilation ((~10s,
T~0.5MeV). At this time the monopoles wonld have had kinetic energies
of the order of 1 MeV and velocities § ~10-8. After this time the monopoles
were effectively decoupled from the other particles present in the Universe.

They would still participate in the general cooling of the Universe, reach-
ing f~10-* during the epoch of galaxy formation. As matter (including
poles) started to condense (gravitationally) into galaxies, galactic magnetic
fields developed through the dynamo mechanism. These fields started to act
a8 monopole accelerators.

Magnetic poles inside the galaxies should have been accelerated, preferen-
tially in the plane of the galaxy (fig. 4.4), by magnetic fields of the order of

= (2--5)-10-* G acting over distances comparable to the radii of the galaxies
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Fig. 4.4. — Directions of the magnetic fields in a typical galaxy.

(r~5-1022 cm). Monopoles would thus start to spiral outward in the galax-
ies and after times of the order of 10" y could be ejected with velocities
v~ (1+3)-10-2¢. These relatively fast poles would have had the time to en-
counter several galaxies, where they could be accelerated or deaccelerated.
On the average this would cause no net change of energy in the monopole, nor
in the field of the galaxies. The poles ejected from galaxies would give rise to
an isotropic intergalactic flux of relatively high-energy monopoles.

Like ordinary matter, which prefers being concentrated in galaxies, stars
and planets, monopoles also should probably cluster. We may expect to have
a sizable fraction of them, with velocities of the order of 10-2 ¢, bound to the
Galaxy. Similarly, monopoles with 8 ~10-% may be bound to the solar system
and could be travelling like little asteroids; some monopoles could also orbit
around the HEarth.

4°'7. Fluz of GUT poles arriving on Barth. — On the basis of what has been
said, we ‘could anticipate that on Earth should arrive a flux of cosmic poles
having a velocity spectrum whose flux decreases with increasing velocity
(fig. 4.5). The minimum pole velocity is equal to the escape velocity (table IV).
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Fig. 4.5, — Sketch of the possibly expected flux of cosmic monopoles arriving on Earth
plotted vs. the f of the monopoles. The various peaks correspond to poles bound
locally, bound to the Galaxy and to the extragalactic flux. Notice that the vertical
seale is arbitrary. In the horizontal scale the escape velocities from various astrophys-
ical systems are indicated.

Tasre IV. — Hscape velocities from typical ast}ophysical systems. The table gives also
the values of the monopole kinetic energies for my = 10 GeV. Nole that poles with
B =10 may be stopped by the Barth; poles with f =10~% may be stopped by a star.

~ System Escape velocity g Kinetic energy (GeV)
cluster of galaxies 3 10 | 5.0-10%0
Galaxy - 103 5.0-10%
solar gystem 10-4 5.0-107
Earth 3.77-10-5 6.8-10°

v
PN

There may be peaks in the spectrum corresponding to poles trapped locally
(B = 10-%), to poles bound in the Galaxy (8 ~ 10-%) and to extragalactic -
poles (f>10-2). The extragalactic flux of monopoles should be isotropie,
while the lower § fluxes are probably concentrated in the planes of the orbits.

5. — Summary of the properties of magnetic monopoles.

5'1. Properties based on the Dirac relation. — In this section we will sum-
marize the main features of magnetic monopoles, which can be obtained

from eq. (1.1), assuming n = 1 and that the elementary electric charge is that
of the electron.
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5°1.1. Magnetic chargé.

(5.1) gp = ﬁ_c = E’ze = 3.29-10-¢ CGS units .

2e 2 .
If the elementary electric charge would be that of quarks, with charge 1/3,
one would have an elementary magnetic charge three times larger. A similar
situation arises if |n| >1. The magnetostatic field near a monopole is shown
in fig. 5.1.

1010

fleld

—6 -4

10 16 167"° 107" 16°° 10
distance (cm)

Fig. 5.1. — Magnetostatic field near a magnetic monopole with one unit of Dirac
charge ( ). For comparison it is also shown the electrostatic field near a unit
electric charge (—-— —) (both in the Gauss CGS system of units).

51.2. Coupling constant. In analogy with the fine-structure constant
o = e*[fic = 1/137 one defines a dimensionless magnetic-coupling constant

g5 e fg\® 1 [137\2
2 22— () = —(25) =34.25.
(.2) fic ﬁc(e) 137(2 34.25
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51.3. Energy W acquired in a3 magnetic field B:
(5.3) W =g, Bl=20.5keV/Gcm.

Because of the large g-value, monopoles acquire large energies even in modest
magnetic fields acting over short distances.

51.4. Yonization energy losses for §>0.04. The moving monopole
creates an eleetric field which ionizes the medium. The pole behaves as if it
has an equivalent electrie charge ¢,, = g, fn:

(- () (o

where (gy/e)? = (137/2)? = 4700. For $>0.04 the energy loss is described by
eq. (3.8), which may be approximated as follows (in carbon):

(5.5) (g) ~ 0.72(9.0 4 In 82) (GeV g~ em?).
m, joniz
51.5. Energy losses in a nonconduetor for 10 <f<10~2 In this

velocity range the energy loss computed with the Fermi model of the atom is
given by (3.10). For carbon

(5.6) (@) ~ 188 (GeV g~tem?).
o dr /e

51.6. Energy losses in a condunctor. For §<<10-* only the term
due to the conduction electron should be considered (eq. (3. 1)). Specializing
to aluminium (v, = 6.8:10~%¢, @ = 4-10~*em, T, = 660 °C = 933 K, n, =3,

N, ~ 1.8-10% conduction electrons/ems), one has

(5.7) (@) ~130p (GeV g~lem?).
d‘w m, Al

Other authors [72M1, 82F1] predict a similar f-dependence, with numer-
ical coefficients which differ by ~309%: (5.7) saturates for f>5:10-* to
~1GeV g*em?

In the 102 < f# << 10-2 region one should add to (5.7) the contribution of
eq. (3.11) with nonconducting electrons:

(5.7a) . (g—f) = (20 - 130)8 (GeV g-tem-?).

Furthermore, one gshould add a contribution from the Drell effect.
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5L.7. Drell effect. The energy losses due to the Drell effect fol-
10-4< <102 are (eq. (3.12) for H) 1

a¥

. 1.4 . 10—3 8/2

(5.80) inH T =3108 (1 -5 ) (GeVemrg),
. —9\ 8/

(5.8) in He g—g — 1508 (1 _86 ﬁio )a * (@eVemtg ).

This energy loss is the dominant one in the 10-% < 8 << 10~ range. The Drell 1
effect has an effective threshold at f,~1.2-10~* and fg,~ 9.3-10-5. '

51.8. Elastic collisions with atoms and nuclei. For §<10-* mo-
nopoles can only lose energy in elastic collisions with atoms or nuclei. In

the limijt of very low velocltles the nuclear energy losses in liquid hygro-
gen are

(5.9) (g)m_mm ~100 MeV/em,
(5.10) (@) (0.1 4 0.35% MeV/em.
dx menuciens

5°1.9. Energy losses in ferromagnetic materials. A slowly moving
monopole may align the magnetic domains of ferromagnetic materials. The
energy loss connected with this mechanism becomes relatively large at very
low monopole velocities, when monopoles can efficiently align magnetm domains.
" MARTEMYANOV ¢t al. [72M1] found for iron

(5.11) % 1—373—1—03 (eV/em) .

Energy losses by hysteresis in ferromagnetic materials should be small
(<0.1 MeV/em) [82L1]. .

51.10. Nuclear capture. The mean free path for the capture of a
nucleus by a moving monopole with §~10-3 is of the order of 200 m of water
to capture a proton or of 1km of earth to capture an aluminium nucleus.
It is probable that all cosmic poles arriving on Earth have captured a proton.

51.11. Trapping of monopoles in ferromagnetic materials.
Magnetic monopoles may be trapped in bulk paramagnetic and ferromagnetic
materials by an image force, which, in ferromagnetic materials, may reach
the value of ~10 ¢V/A (11 eV/A in iron, 3.5 in magnetite). The binding
energy in paramagnetic materials is ~ 200 V.
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51.12. Induced electromotive force. A moving monopole produces
an electric field (eq. (3.6)). Thus an electromotive force (eq. (11.1)) and a
current (A¢) is induced when a monopole passes through a coil. The case of a
normal coil is analysed in subsect, 11°1.3; for a superconducting coil with N

turns and inductance I, one has

(5.12) Ai = 4N ng|L =2 Aéy,

where Ai, is the current change corresponding to a change of one unit of the

Fig. 5.2. — Illustration of the magnetic-field lines as a2 monopole passes through a
superconducting ring [83C3]. When the pole is still far away from the ring (top view),
its magnetic field is the symmetrie field of a point magnetic charge. Asthe pole approaches
the superconducting ring, the field is distorted. The distortion continues when the pole
passes through the ring, where it leaves some lines of force. After the passage one has

the lines of force of a point magmetic charge plus the trapped lines around the coil:
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flux quantum of superconductivity, @D, = #ie¢/2¢. (In practice Ai~10-* 4,
L~few pH, energy ~ 4-10~""erg.) Figure 5.3 illustrates the magnetic-fielq |
lines as a monopole passes through a superconducting ring [83C3]. The change

T

a)

current

e L/R

b
0

Y

time

Fig. 5.3. ~ Ilustration of the time variation of the current induced in a coil with
gelf-induction L and resistance B. The rise time of the current is connected to the radius
of the coil and to the velocity of the pole, At~ r/yv. Theinduced current A¢is persistent

in a superconducting coil (#)) and is transient with a characteristic time L/E for a
normal coil (b)) [83T2].

in current will occur with a characteristic time given by b/pv, where b = radius
of eoil, v = velocity of monopole. Figure 5.4 illustrates the time variation of
the induced current. The change in the current and thus in the field may be
observed with a SQUID magnetometer (subsect. 8°2).

5°2. Properties of GUT monopoles.

5°2.1. Mass. Grand unified theories of strong and electroweak interac-
tions predict the existence of magnetic monopoles with large masses. Among
their most remarkable properties one may recall that GUT poles may carry
a screened non-Abelian colour magnetic field and fractional fermion number.
Electrically charged dyons may arise as quantum-mechanical excitations of
GUT poles and may carry an anomalous electric charge. Though in the fol-
lowing we shall mostly assume a mass m, ~ 10 GeV for the stable monopole,
the situation is theoretically more complex. At the 1983 Monopole Workshop,



MAGNETIC MONOPOLES 51

condensate strength around a monopole

o ] 1. 1/mx /m
~29 —16 i3
a) ’ 10 rac}?us(Cm) 10 b) r-ad:vs[(Gev)"]

Fig. 5.4. — ) Illustration of the GUT monopole structure. The sketch illustrates
various regions corresponding te i) grand unification (r~ 10~ ¢m; inside this ecore
one may find virtual X-mesons); ii) electroweak unification (r~ 10-18 ¢m; inside one
may find virtual W+, Z); iii) the confinement region (r~ 10-1% ¢m; inside one may
find virtual y, gluons and a condensate of fermion-antifermion, 4 and 6 fermion
virtual pairs). b) Sketch of the ff condensate strengths around a monopole. Condensates
involving fermions of mass m, are exponentially damped at radii larger than 1/m,.
For fadii larger than few fm one has the field of a point magnetic charge B = g/r2,

]

there were discussions about monopoles with
v

-

g9=20y, 1018 <, <10 GeV,
(5.13) 9=0y, My ~10*GeV,
g=2¢,, 10°<m,<10*GeV.

Moreover, Kaluza-Klein theories may predict m, >10' GeV and very small
radii, so that one could ask if the monopole could be a black hole.

5'2.2. Size and structure. The GUT magnetic pole is pictured as
having (see fig. 5.4)

a core with a radins 7, ~1/my ~10-2 ¢m (the core would be larger for
lower-mass monopoles, smaller for higher masses (1032 ¢m for m,, ~10% GeV));

a region up to r ~10-¢ em, where virtual W*, W~ and Z° may be present;
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a confinement region with r,,~1 fm; the monopole may have a chromo-
magnetic charge confined in the same region as for the colour charges;

a fermion-antifermion condensate region up to r,~1/m,; the condensate
may contain 4 fermion baryon-number-violating terms up to confinement;

for r larger than ~ 3 fm the GUT monopole should behave as a point
Dirac monopole, which generates a magnetic field B = gfr* (fig. 5.1).

One may think that going through the monopole one sees 2 «small uni-
verse », with different regions full of different virtual particles (from the out-
side: fermion-antifermion, quanta of nonunified forces, particles typical of the
unified electroweak interactions and finally the core with X-bosons).

6. — Cosmological and astrophysical bounds on GUT poles. -

A

Several upper limits for the monopole flux were obtained on the basis of

cosmological and astrophysical considerations. Most of the bounds have to
be considered as rough orders of magnitude only.

_ 6'1. Limit from the mass density of the Universe. — The cosmological bound
may be obtained requiring that the present monopole mags density be
smaller than the critical density g, of the Universe, that is the minimum den-
sity which would close the Universe. The actual matter density of the Universe
including the dark matter seems to be somewhat smaller. It is probably a
theoretical prejudice to consider that g, ~ ¢,. This implies that the ob-
served Hubble expansion of the Universe should not be distorted strongly.
In terms of the Hubble constant H, and of the gravitational constant @ the
critical mass density is given by

2
(6.1) 0= 3HG ~1.9-10-29%2 ~1,1-10-2% (g cm~%),

where hy, with 0.5 << hy<<1, expresses our ignbrance on H,; for numerical
estimates the value k, = 0.75 will be used. If the monopole mass density g,
should be smaller than the critical mass density (g = By My < ,) oD
should have for the monopole number density, n,,

(6.2) < -—°— ~1.2-10~*1 k2 (polesfcm?) .

The relation between monopole number densu:y and monopole flux F per unit
solid angle yields

(6.3) F= ’%" = %“ﬁ< 3-10~12 k2B (em—2s~2s11) .

-
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Figure 6.1 shows the flux upper limit for cosmie poles as a function of the pole
mass for § = 10-3. If the poles are clustered in galaxies like ordinary matter,
the limits should be ~10°% times less stringent. Figure 6.2 shows the cosmo-
logical bound plotted vs. pole velocity for several pole masses.

10"20 PR SR MR TR S SO S B
1010 10’5 1020
m,,(GeV)

Fig. 6.1. — Cosmological and astrophysical bounds vs. the monopole mass for poles
with veloecity 10-% ¢. The cosmological bound is given for a uniform density of poles
(curve labelled uniform) and for monopoles clustered like ordinary matter (curve
labelled clumped). The astrophysical bound was obtained from the survival of the
galactic magnetic field. Also indicated are limits from direet searches with induction
devices and electronic experiments. .

The‘monopole number density (6.2) may be rewritten in terms of the en-
tropy depsity # = n,/§, where § = S/vK (see subsect. 4'3). In the matter
era one hag § ~27071° ~2s ~T7n,, where s, and n, are the entropy and num-
ber densifies of the cosmie electromagnetic radiation. At present T~
~ 2.7 K, n,~ 400 photons/em?, §~ 2500 cm—* and

(6.4) Foow = 2 5-10-25 12
S

6'2. Limit from the primordial helium abundance. — It is possible to derive
2 bound on the monopole density at the time of the nucleosynthesis (at a tem-
perature T ~1 MeV and a cosmic time ¢ ~ 220 s) by requiring that the sue-
cessful calculation of the primordial helium abundance be preserved until
present observations. This implies that the energy density in monopoles
(= n,m, c?) be smaller than the energy density in known forms. Oné has

(6.5) 7 (1 MeV) = 2 <§

M 3T g.0-m,
. § T amy
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Fig. 6.2. — Cosmological bound plotted vs. monopole velocity for several monopole
magses (105-10%) GeV. The bounds are given for a uniform and for a clumped
distribution of monopoles.

6'3. Limits from galactic, intergalactic and stellar magnetic fields.

6'3.1. Galactic fields. The Parker limit. Most celestial bodies pos-
sess large-scale magnefic fields (fig. 4.4). The magnetic field in our Galaxy
is stretched in the azimuthal direction along the spiral arms, and is very
probably due to the nonuniform rotation of the Galaxy. This mechanism
should generate a magnetic field with a time scale approximately equal to the
rotation period of the Galaxy (r~10%y). Since magnetic poles are accel-
erated in magnetic fields, they would gain energy, which is taken from the
stored magnetic energy. An upper bound for the monopole flux may be ob-
tained by requiring that the kinetic energy gained per unit time by the magnetic
poles be equal to or smaller than the magnetic energy generated by the dynamo
effect. The rate of energy acquired per unit velume by poles in a field B is

aw,
(6.6) Tap = I= B
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where the magnetic-eurrent density is J, = gn,v, and v, is the average pole
velocity. The magnetic energy density generated per nnit time is

2
(6.7) Wy = B

dtdv vz 8mrs’

where gp = B?[87% is the energy densibty in a magnetic field B and 7p is the
typical time to regenerate the magnetic field. The condition J,-B < B*(8nrs)
leads, assuming that », is parallel to B over large distances, to

B
6.8
(6.8) o< 8 Tpgy’
B
(6.9) F = %":’f—‘ < 3 27;:: p == ~10-% poles em—25-1sr*,
B

where B, ~3-10~¢G. This is the well-known Parker bound obtained as-
suming that v, is parallel to B over large distances. This cannot be exactly
correct. Thus monopoles should aequire smaller energies and so the corre-
sponding energy is removed from the galactic field. TURNER, PARKER and
BoGDAN [82T1] examined this problem in more detail and found that, as long
as monopole velocities are below a certain critieal value f§,, the approximation
of neglecting the directionality of the magnetic field is reasonable, while for
B > B. one has to consider the angle between B and B. The critical velocity
may be estimated as the velocity that a monopole acquires in a typical galactic
coherent length I ~10% c¢m, B, = (2¢Bl /m,c*)¥? ~3.5-10-3. The result is

(6.10) | [

for /< 3-10-%: F . <1072 cm~25 1517}

for $>3-10—%: Fo<107(B/B,)* em2s~tsrt.

The one-Brder-ﬂf-ma,gnitude change between (6.9) and (6.10) should not be
worried about, since most astrophysical limits represent order of magnitude only.

6'3.2. Limit from the intergalactic field. Stronger limits may be
obtained applying the Parker argument to the intergalactic magnetic field and
to the magnetic field of some particular stars. RAPHAELI and TURNER [83R1]
assumed the existence in the local group of galaxies of an intercluster field
B,,~3:10~¢ G with a regeneration time 7,,~10°y. Applying the same reas-
oning discussed in the previous section, they obtained

for f<10-3: Fro<<2-10-cm-2s-1sr-1,
(6.11)

for f >103: | F<<2-10-18 i (’)3_3 em—2s~1sr1,
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The above hypotheses for By, for 7., and for the whole mechanism are clearly
more questionable than those used for our Galaxy. '

6'3.3. Limit from peculiar A4 stars. Peculiar A4 stars have their
magnetic fields in the direction opposite to that expected from their rofation.
This may be explained assuming that the fields have been «frozen in» at the
formation time of the stars, estimated to be {,~5-108y ago.

A typical galactic monopole with §~10-2 should lose enough energy when
traversing an A4 star to be stopped; thus the number of monopoles in the star
will incraase with time (neglecting MM annihilations inside the star). The
poles would be accelerated in the magnetic field, which should, therefore, de-
crease with increésing time. Repeating the Parker argument [83R2] one bas
for the number density of monopoles in the star an equation similar to (6.8)
with B~103G and 7,~5'102y. The monopole velocity is now a drift ve-
locity, which may be estimated equating the rate of energy loss of the-mono;
pole in the star to the rate of energy gained in the magnetic field (w = ¢B).
The energy lost in the star medium may be obtained treating the star as an’,
electron gas: dE/dw ~0.488, erg/fem. Thisleads to a drift velocity §, = gB/0.48.
The total number of poles in the star (given approximately by the pole
number density times the volume of the star) should be equal to that deter-

mined by integrating the arriving flux on the surface of the star over its
lifetime '

N, =§nR2nM, = Fdnt, R?,
whieh leads to

(6.12) F= ”3"‘;?’< 3-10-*om~?5-1sr-?,

using B, = 10** ¢m. Thislimit should apply to the flux of poles with § < 3-1073,
since faster poles would pass through the star without stopping. If is a strong
limit, but it is not clear how good are all the assumptions.

6'3.4. Limitations of the previous analyses. WASSERMAN
al. [84W1] reported recently the results of numerical simulations designed to
evaluate the possibility that magnetic poles are a prominent constituent of
the Galaxy. They assumed that the Galaxy consists of a stellar disk made of
ordinary matter, surrounded by a spherical halo containing equal numbers of
poles and antipoles. They further assumed that in the plane of the Galaxy
there is a smooth magnetic field, generated by the dynamo effect, not by mag-
netic charges. In practice they modelled the galactic field as if it were made by
a toroidal solenoid of height » ~ R, as sketched in fig. 6.3. The total mass
of the pole-antipole halo was assumed to be twice that of the stellar disk.
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monopole—antimonopole halo

3

stellar disk X

Fig. 6.3. — Model of the Galaxy, made of a stellar luminous disc and of a monopole-
antimonopole halo. The galactic magnetic field is assumed to be a toroidal field ansmg
from galactie currents in the coil [84W1].

Nevertheless, many of their conclusions can be applied to the general case in
which only-a fraction of the total halo mass is in magnetic monopoles. (They
further used m, = 7-10 GeV, but what is important is the total mass
density of pséles.)

The time evolution of the magnetic field was computed using the complete
Faraday law, that is

(6.13) 1:E—-~1 aB—I— Im,

where J_ is the magnetic-current density. In the simulation the galactic electric
currents were assumed to be driven by a battery of constant strength and
subject to resistive decay with a characteristic time scale ;. The magnetic
current I_(#) through any single loop in the solenoid was computed from the
orbits of individual magnetic charges. )
" TFigure 6.4 shows the numerical results for the time dependence of B(t), the

magnetic field at a radius r = 0.5 R, (inside the solenoid), and for the mag-
netic current I_(f). The results of the simulation indicate that both B(f) and
I,'n(t) oscillate with a period approximately equal to the rotation period of the
Galaxy. This oscillatory behaviour contradicts the basic hypothesis under-
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Fig. 6.4. — Galactic magnetic field and magnetic current plotted vs. time (¢, ig the
revolution time of the galaxy) [84W1].

lying the Parker bound, that monopoles accelerated by the galactic field drain
energy permanently from it. In practice one has a back-action of the pole-
antipole plasma on the magnetie field; this back-action is ignored in the deriva-
tion of the Parker bound and other similar bounds, where the time dependence
of B is not taken into account in a self-consistent way. WASSERMAN ¢f al. con-
clude that the Parker bound is not valid in general (*) and that the effective

time decay of the magnetic field is longer, thus relaxing the bound (probably
by an order of magnitude).

6'4. Limits from terrestrial properties.

6'4.1. Monopoles trapped in the Earth. Cosmic magnetic mono-
poles may be stopped by the Barth if they have § << 10-%. The number of poles

(*) According to WassErMAN et al, the magnetic-field decay is due to higher-order
effects, like Landau damping, magnetic charges leaving the finite volume in which B

is confined and radial drift of the magnetic plazsma drie to the centrifugal acceleration
of individual charges,
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stopped by the Barth over the entire Earth higtory should be
(6.14) N, = F8Qi = F4x*R21,,

where R, = 6.5-10¢cm is the Earth radins and ¢; ~5-10°y is the Earth
lifetime.

Masgsive monopoles are affected by both gravity and magnetism. The
magnetic and gravitational forces on a GUT pole are about equal at a radins
R = 0.18 R, that is well inside the Earth core [80C1]. The poles stopped by
the Earth will reach thermal velocities and will fall to the Earth core, unless
they get bound in a ferromagnetic material. The fate of poles in the Earth core
depends primarily on the features of the magnetic field in the core.

6'4.2. Magnetic energy dissipated by poles trapped in the
Earth. The monopoles trapped in the Earth core should have velocities v,
determined by the balance between their kinetic energy and the potential
energy in the Earth magnetic field: §,~1.2-10-5.

An upper limit on the number density of poles in the core (n,,,) is obtained
requesting that the magnetic energy dissipated by the monopoles trapped in
the core by their doing work against the Earth’s magnetie field be less than the
total available magnetic energy stored during the characteristic growth time
75z Of the geomagnetic field. We obtain again eq. (6.8), which in the present

case yields n,, < B, [877, gv,~1.1-10-° poles/fem?. The total number of poles
present in the Barth ecore (r, =~1,/2),

(6.15) My 00 << Mpge, = nMc;—’an ~1.5-107,
3

should aﬁproxima,tely equal the total number of poles in the whole Earth.
The ratio ‘of the total number of monopoles to the total number of nucleons
in the Earth (N, ~3.7-10%) should be (N, /N,),,.< 4:10-%, from which

(6.16) F<

~ 310" cm—2§"15r 1,

6°4.3. Pole-antipole annihilation in the Earth core. Asan example
of other limits we shall recall that obtained by CARRIGAN [80C1, 80C2]
on the number of poles trapped in the Earth from an estimate of the heat
flow out of the Barth’s core due to pole-antipole annihilations during periods
of magnetic-field reversals. Assuming that ~ 25 9%, of the observed heat flow
come from pole-antipole annihilation, that the surface heat flow is 3:1020ergs—
and that only a fraction of poles counld annihilate (say 10-2), he obtained
an upper limit for the monopole to baryon ratio at ~2-10-%8, corresponding
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to a flux of poles with §<10~* of F<3-10-®cm2s~*sr*. It is difficult
to ascribe a precision to these numbers based on such speculative mechanisms.

6'5. Monopole term in the magnetic fields of celestial bodies. ~ For the Sun,
the Earth, the Moon and other bodies of the solar system exist now detailed
measurements of the radial component of the magnetic field and thus of the
net magnetic flux @, from that body. One can, therefore, check and measure
a possible monopole term in the magnetic field. Such a monopole term could,
for instance, arise from the presence in that body of an excess AN,, of magnetic
monopoles of one sign, or from a possible magnetic structure of the proton
or neutron. In formulae

(6.17) s = 4nR*B, = 4n(gAN, + g, N, +¢.N,),
from which '
(6.18) gAN, +9,N, +g,N, =B, T

where R is the radius of the celestial body, B, is its surface radial magnetic
field, g, and g, the possible magnetic charges of the proton and of the nentron.
In practice formula (6.18) will yield an upper limit either for AN, (that is thec

excess monopoles of one charge) or for the magnetic charge of the proton (g,)
or neutron (g,).

6'5.1. The magnetic-monopole term in the Sun. In 1972 WiL-
coxX noted that solar data indicated a net outward magnetic flux from the
Sun [72W2, 7481]. The observations concerned the guiet periods of the Sun
(with a minimum of sunspots). The net outward magnetic flux corresponds
to a radial field of ~1 G at the surface of the Sun. From.(6.18) assuming
g, = g, = 0, we have a limit on an excess of north poles

. ]
(6.19) ANM<$1—;‘11;ﬁ‘-” ~1.5-10%° poles

or to a ratio (N g,=1.2-10"nuncleons) AN,/N,.<1.2-10-28 poles/nucleon.

ALVAREZ [82A5] speculated that, if an excess of north poles existed in the
Sun, they had to have masses of the order of 1012 GeV in order to balance their
gravitational attraction to the Sun with their mutual magnetic repulsion, An
alternative possibility counld be that g 5= 0 (the Sun econtains 73 %, free pro-

tons and 25 %, helium; one can assume that it is made only of protons). In
this ease

(BrB?)san
N

P

{(6.20) g.< =~ 4-10- OGS units.
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6'5.2. The Moon. Using magnetometer observations aboard the satel-
lite Explorer 35 orbiting the Moon, SHATTEN [8351] made measurements of
the surface magnetic fields and thus of the net magnetic flux from the Moon.
He found B<10-%G and @ ~ BaR%, ,<1.1:101* G cm2. Thus one has

(6.21) ANy<<9-107 poles,  Ny/Ny< 2-107%2 poles/nucleon

or (g, + ¢,)/2 < 7-10~* CGS units.

Notice that these good limits are obtained because the Moon has no detect-
able magnetie-dipole field and because g ~ By X R2m with R*/m differing
at most by two orders of magnitude for the different bodies of the solar system.

6'5.3. The Barth. The above arguments may be repeated for the Earth
(B,< 0.1G). One obtains

6.22 AN, <1.3-102¢ poles AN, /N < 8-10-28 poles/nucleon
M ’ M N

or

(6.23) 9219 1 9.10-%5 0GS units.

.J

7. — Experimental searches for classical monopoles.

In the early 1970’s, the « classical » monopole was considered to be a member
of the family of « well-known undiscovered objects ». Searches were made at
every new higher-energy accelerator, in cosmic rays andin bulk matter [T0G1].

3

7°1. Accelerator searches. ~ If monopoles could be produced at high-energy
accelerators, they wonld be highly relativistic; therefore, they would ionize
heavily. Broadly speaking, the searches for free magnetic poles produced at
accelerators may be classified into two groups: i) direct detection of monopoles,
immediately after their production in high-energy collisions; ii) indirect searches,
where monopoles are searched for a long time after their production. A broad
class of experiments could be classified as indirect.

7'1.1. Direet searches. Examples of direct searches are the récent exper-
iments performed with track-etch detectors at SLAC [82K2], at PETRA [83M2],
at the CERN ISR [75G1, 78H1] and at the CERN pp collider [83A4]. A set of
thin plastic sheets of CR39 or of kapton or of nitrocellulose andfor of mak-
rofol E (lexan) surrounded an intersection region. Kapton was placed inside
the vacuum chamber, the other plastics outside. Heavily ionizing magnetie
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poles produced in ete~, pp or p collisions should have erossed some of the
plastic sheets. One of the sheets was developed «strongly » and scanned guickly
with one of the methods described in subsect. 3.12; if a signal was found, a
second sheet was developed «lightly » and was scanned with optical micro-
scopes.

The experiments at the ete— storage rings placed an upper-limit cross-
section of ~10-% em?, which is about three orders of magnitude smaller than
the QED cross-section for point particles. These experiments would exclude
poles with magsses up to 16 GeV. The new experiment at the CERN pD collider,
using kapton foils inside the vacuum chambers and CR39 outside, established
an upper limit of ¢<3-10-32¢m? for monopoles with masses up to 150 GeV.

7'1.2. Indireet searches. Examples of indirect searches at high-energy
accelerators are those which have been performed at the CERN ISR [78C1],
THEP [72G1], Fermilab [73C1, 74C1, T5E1], CERN SPS {83B9] and at other
lower-energy accelerators [61F1, 63A1, 66A1, 81G1] using ferromagnetic‘ma—
terials. For instance,in the experiment at the CERN SPS, the 400 GeV protons
interacted (before reaching a beam dump) in a series of targets made of com-
pacted ferromagnetic tungsten powder. The poles produced in high-energy pp,
pn and also TN collisions should have lost quickly their energy and be brought-«
to rest inside the target, where they are agsumed to be bound. More specif-
ically, in this experiment the monopoles should be trapped in one of the small
powder pieces of ferromagnetic tungsten. This should avoeid the possibility of
monopole-antimonopole annihilations. Later on the targets were placed in
front of a pulsed solenoid, capable of giving & magnetic field of more than
200 kG. This should have been large enongh to extract (at ~ 50 kG) and ac-
celerate the monopoles, which should have been detected in nueclear emmnl-
sions and in plastic sheets.

In this sort of experiments one can in principle obtain very good cross-
section upper limits, since one can integrate the production over long time
intervals. But one has to guess the behaviour of monopoles in matter. In
fact, each experimental group took special precautions to avoid possible
pitfalls; examples of these precautions are the above-mentioned segmentation
of the targets, the use of stripper foils before aceeleration, in order to dislodge
the paramagnetic molecules which may attached to a monopole, etec.

Figure 7.1 summarizes schematically, as a function of the monopole mass,
the production cross-section upper limits (at the 959, ¢.l.) in pN and ete-
collisions. Figure 7.2 summarizes the same limits as a function of the mono-
pole magnetic charge. Solid lines refer to « direct» measurements, dashed
lines to «indirect » measurements at high-energy accelerators. In fig. 7.3 are
also shown dotted lines which refer to cross-sections obtained from cosmic-

ray experiments. TableV gives a summary of the recent searches at the highest-
energy accelerators. :
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TABLE V. — Recent emperimé'ntal searches for «classical monopoles v at the highest-energy
accelerators. .

Accel- Col- Vs Tech- Mass Range of  Cross- Refer-
erator lision (GeV) nique (GeV)  magnetic  section  rence

charge upper

(9n) limit

(em?)

PEP ote~ 29 CR39 < 14 Z/p>20 10-%7 [82K2] .
PETRA ete~ 40 kapton < 20 0.8+3 5-10-%%  [83M2]
8PS PN 28 W-grains < 14  0.1+-20 10-#¢  [83B9]
SPS col- 19y 540 kapton <150 0.8=-3 10-32 [83A4]
lider foils

72 Searches in the cosmic radiation. — Searches for a flux F of fast magnetic
monopoles were made using counters, track-etch detectors and nuclear emul-
sions. One assumed that poles eould have been primordial or could have been
produced in the upper atmosphere by energetic cosmic rays.

72.1, Searches with electronic detectors. Most of these searches
were aimed at detecting lowly ionizing quarks at sea-level and at mountain
altitude [78G1]. The information on magnetic poles was only indirect based

on a reanalysis of the data. The experimental upper limits were modest,
F < 7-107 em~2 g1 gr-1,



MAGNETIC MONOPOLES 65

7°2.2. Searches with emulsion and track-ecth detectors. In 1975
a monopole candidate from a high-altitude, balloon-borne stack of plastic de-
tectors, nueclear emulgions and & Cerenkov detector was reported [75P1, 78P1].
The detector had an area of 18 m?, was quite elaborate (35 layers of lexan and 3
of nuclear emulsion) and was flown for 15 days. The main purpose of the ex-
periment was the search for heavy nueclei, with 20 <Z <83, in the cosmic radia-
tion. After a long debate the authors concluded that they had an unusnal
event, which could be i) a supermassive particle with g~ 0.4, Z ~95 and
m>10%GeV; ii) a fast antinuncleus with Z/f ~ —110, 76<|Z| < 96; the
antinuclens fragmented and lost one or two charges; iii) a very fast nucleus
with Z ~112, $>0.99. Because of inconsistencies in the various detector
readings, the authors excluded a monopole (‘). From this exposure and from
subsequent ones [81B1], one had an npper limit F < 2-10-1% em—2stsr2

7'2.3. Searches for ancient tracks in mica and obsidian.
Ag stated in subsect. 3'12, mica and obsidian are track-etch detectors with
high thresholds. Within thislimitation, flux upperlimits of F<<10-2 cm—2s~1sr?
in mica and F << 3-10"% em—2s~1gr-! in obsidian were reported. These good
limits were obtained because the materials had ages of approximately 2-10%y.
The ares scanned with optical microscopes was 380 cm? (see also subsect. 8°5.6).

7'2.4. Searches for poles drifting in the atmosphere., Magnetic
poles from outer space or produced by cosmic rays at the top of the atmos-
phere may stop at sea-level if they are light and if their kinetic energy is not’
too high. If their mass is small, they could drift slowly in the Earth magnetic
field. In some experiments it was assumed that the poles could be drifting in
the atmosphere and could be sucked and aecelerated by the magnetic lines of
solenoids (for which the lines of force of the magnetic field were mostly sup-
plied by the Barth magnetic field). Their detection would have been performed
by counters or nuclear emulsions or track-etch detectors [58G1, 61F1, 65C1,

81B1]. ThY estimated upper limit for a flux of poles drifting in the atmosphere
is <10~ em—2g5-19rt,

7°3. Searches in bulk matter. — Several searches for magnetic monopoles
trapped in bulk matter have been performed. In order to have a sensitive
search, one has to establish where monopoles would stop, where they would be
trapped and then device a sensitive method of detection. Classical monopoles
were thought to be produced mostly by cosmic rays and to have relatively low
kinetic energies. Thus they could stop at the surface of the Earth (or of the

(*) But they added that the event could also be compatible with 2 monopole with

f=~ 04, n= 2, m > 10" GeV; they said that ¢such a large mass is not excluded by
theory; but is perhaps offensive ».
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Moon), where they could be trapped in ferromagnetic materials (also in some
paramagnetic materials). Samples of materials were passed through a super-
conducting loop, or placed in a high-field pulsed magnet, which would ex-
tract and accelerate the poles; these could have been detected in nuclear emul-
‘sions or counters.

An experiment used as detector a superconducting coil in which an electric
field, and thus a current change, would be induced by a magnetically charged
particle present in a sample which was moved through the coil [71E1, 74K11.
Using multiple traversals of the sample, the proper sensitivity was achieved.
Saraples of 20 kg of lunar material, several kilograms of magnetite from Earth
mines and 2 kg of meterorites were used. The authors placed a limit of less
than 2-10-* monopoles per gram of lunar material. Assuming a constant mono-
pole flux over the long time during which the Moon remained unaltered, they
estimated a pole flux F < 8-10~* poles cm~2s~sr-%. This flux limit applies
to poles of small mass and becomes less significant for poles with higher kineti¢
energies (it is irrelevant for kinetic energies > 10°® GeV). Assuming instead,
that monopoles could be produced by cosmic rays, the cross-section upper ¢
limits shown in fig. 7.3 were obtained.

Another group searched for monopoles in magnetite (from a surface mine),
from ferromanganese nodules (from deep ocean sediments) and from sea water
using a lay-out similar to the one described in subsect. 4'1.2 {69F1, 69F2, 7602].
The poles should have been extracted, accelerated and sent towards a detector
by a large magnetic field (pulsed or continuous). The detectors consisted of
plastic sheets of lexan and nitrocellulose. While the field was sufficient to
extraet all poles, it would provide poles with sufficient velocities to produce
ionization only if the pole magses were << 10+ GeV. The experiment used 7.7 kg
.of material, having an age of approximately 1.6:10°y. The authors estimated
that this corresponds to a flux F <101 ¢m—2s-1sr-1 if the poles would have
stopped at the surface of the Earth.

T4, Multi-y events. — Five peculiar photon showers were found in nuelear
plates exposed to high-altitude cosmic rays [6481, 5581]. The five events are
characterized by 2 very energetic narrow cone of tens of y-rays, without any
incident charged particle. The total energy in the photong is of the order of
1011 GeV. The radial spread of photons ((10-2:10-%) rad) suggests a c.m
velocity corresponding to §=210% The energies of the photons in the overall
c.m. gystem are very small, orders of magnitude too low to have ©° decays 28
their source.

One of the possible explanations of these events could be the following:
a high-energy y-ray, with energy >10%2 eV, produces in the plate a pole-anti-
pole pair, which then suffers bremsstrahlung and annihilation producing the
final multi-y events.

Experiments perforimed at the ISR and at Fermllab failed to observe these
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multigamma events [73C2, 75B1, 82D3]. The ISR experiment, at B, = 53 GeV,
placed an upper-limit cross-section of 10-%7 em2,

T'5. Relevance of «classical » pole searches for larger-mass poles. — As we
have seen, classical monopoles have been searched in many ways, using
different techniques. The experiments yielded null results; the significance in
terms of production npper-limit cross-sections is shown in fig. 7.1 to fig. 7.3;
in terms of flux limits in the cosmie radiation the significance is given in the
third column of table VI. We shall now briefly disenss the relevance of these
searches as searches for superheavy monopoles, in particular for poles with
masses my,~ 101 GeV. These cannot be produced at any aceelerator and are
expected to have low velocities and high kinetic energies. Poles with masses
My~ 10* GeV would be in an intermediate situation. Table VI gives a sum-
mary of the searches, which will now be commented. Clearly searches at
accelerators are relevant only for the production of poles with mass m, <
< 200 GeV.

7'5.1. Measurements of poles as a flux in the cosmie radiation.

a) Experiments performed with counters were tuned to fast particles and
were, therefore, insensitive to slow particles. The sensitivity was zero for
my, ~ 10 GeV; some sensitivity existed for poles with m, ~10* GeV. Elec-
tronic experiments of this type, with the proper time windows and proper
energy thresholds, play instead an important role in the present searches.

b) The experiment performed at high altitude using lexan plus emulsion
detectors had a global threshold of fn > 0.3 (fixed by lexan). It would, there-
fore, be OK only for high-velocity monopoles, or if large values of n (eq. (1.1))
were allowed, or if the monopole would have attached a heavy nucleus (for
ingtance *7Al, subsect. 3'3 and 8'53)).

v

¢) The exf)eriments which looked for fossil tracks in mica and obsidian
had a high threshold, fz >2; one can thus repeat the same comments of b).

d) Heavy poles wounld fall through the Earth and eannot be found in the
atmosphere; thus the search for poles drifting in the atmogphere is not relevant.

7'5.2. Searches in bulk matter.

a) The use of a superconduecting coil detector is a good method. On the
other hand, it is improbable that heavy poles are stopped at the surface of the
Moon, at the surface of the Earth or in meteorites. The search for poles trapped
in ferromagnetic materials or in meteorites could be important for future
searches, but only if large quantities of materials are analysed. As for the
search performed with lunar rocks, one has to remember that the lunar material



TaBLE VI. — Summary of «classical » monopole searches and relevance to searches for GUT poles (my =~ 10'® GeV) and poles with my =

=~ 10% GeV.
Search type fn Flux limit Relevance for Reasons
(o= 874 r77) 10% GeV 104 GeV
at accelerators — — none none ‘energies too low
cosmic-ray fluxes
counters > 0.3 < 7-10-2 none some short time of flight
lexan > 0.3 < 2:10~4 some some good for fast poles, large =,
poles +nuclei
ancient tracks > 2 < 107 some gome good for fast poles, large =,
poles +nuclei
drifting poles — < 106 none some improbable and not de-
(n large) tectable

bulk matter
lunar material doubtful gome m=~ 10%%;: gmall capture;

superconducting lost when coming to Eaxth
meteorites induction coil possible some small capture probability
ferromagnetic posgible some small capture probability
ferromagnetic none some not enough acceleration
(solenoid) lexan — high thresholds
Multi y none none energies too low

. TTTEROOVID B
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was taken to the Harth, experiencing high decelerations, hundred times the
acceleration of gravity at the Earth surface. Monopoles trapped in all materials,
but ferromagunetic, wonld have been lost. Since all elements heavier than
hydrogen and helium were presumably sinthesized ingide stars and thrown
into space in stellar explosions, it is unlikely that meteorites would originally
be very rich in monopoles. They wonld have to pick up monopoles in their
travel. Furthermore, monopoles in meteorites may get lost when they impact
the Earth, since they experience decelerations of ~103 times the acceleration
of gravity on the Barth surface; moreover, parts of the meteorites melt. There-
fore, monopoles in nonferromagnetic materials (bound with < ~1 eV/A) and
from the melted parts would eseape.

b) The search performed trying to extract with a strong magnetic field
poles from magnetite and fexrromanganese is not relevant becanse the velocities
acquired by the poles would not have been sufficient to ionize; therefore, the
poles counld not have been detected with the detectors nsed.

In conclusion, most of the searches for clagsical monopoles performed
until 1981 were not relevant to the question of the exigtence of very massive
poles. We have also learned that heavy poles are «delicate » objeets, which
may be lost by small accelerations! It isinstead possible to extract some limits
for monopoles with m, ~ 10* GeV.

— Experimental searches for GUT poles.

8'1. Introduction. — It has already been stated that a flux of cosmic mono-
poles may reach the Barth and may have done so far the whole life of the Barth.
Assuming, » mass m, =210 GeV, the poles would acquire a kinetic energy
of 108 GeV'in their free fall to the Earth surface (1.2 GeV/m at the Earth sur-
face). The gravitational binding to the Barth, at the Barth surface, is 0.1 eV/A.

The velocity spectrum of the monopoles hitting the Earth could be of the
type shown in fig. 4.5, from which one concludes that 3-10-° < § < 0.1 is the
experimentally interesting range for GUT monopole searches. Searches for
cosmic poles may be classified as i) direct searches for a flux of poles reaching
now the Barth, ii) searches for poles which over the ages have been trapped
in Barth ferromagnetic materials and iii) searches for tracks left in certain
materials over the ages by passing poles.

The searches for GUT poles do not differ in principle from the searches for
classieal poles, but, as was discussed in subsect. 7°5, there are major dif-
ferences arising mainly from the low speed and large mass of the cosmic
monopoles.

Immediately after the theoretical prediction of the possible emstence of
cosmic GUT poles with large masses, several small-scale experiments were
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set up, some of those being of the « quick and dirty » type. Later on, detectors
specifically designed for low pole velocities were used. Then, also apparatuses
which were originally designed for other purposes, like those for proton decay
and for neutrinos, were employed.

In the following we shall discuss searches performed with superconduncting
induction coils, with electronies detectors, with track-etch detectors and in
bulk matter.

8'2. Searches with superconducting induction devices. — The technique of
looking for monopoles using small superconducting coils was first used by
the Berkeley group [75E2] using multiple traversals of the sample. Since
then the techmique has been improved comnsiderably and one is now able to
detect the single passage of one magnetic monopole. The method of detection
with a superconducting ring is based solely on the long-range electromagnetic
interaction between the magnetic charge and the macroscopic quantum, state
of the superconducting ring. A passage of a monopole with the smallest Dirac
charge and with any velocity would be observed as 4 jump of two flux quanta
(fluxons). In fact, induction coils are the only known. devices sensitive to poles
of any velocity. -

Figure 8.1 illustrates the schematic of a superconducting induction de®

superconducting
r shields

Fo—— == 9

t i YL _ .

! 3

, | ! chart
detection O{ g%>— recorder
coil [ I L
1 o i
[T 4

input coil ‘ l room
L2K temperdture

Fig. 8.1. — Schematic diagram of a superconducting induection detector for magnetic
monopoles [83T2]. The detection coil is coupled to an input coil for the SQUID device,
whose output is amplified and sent to a chart recorder.

tector. It consists of the detection coil coupled to a SQUID, a superconducting
quantum interferometer device. The signal from a monopole is very small
and an ultrasensitive magnetic monitor such as a SQUID ig needed. The
detector components, in particular the magnetometer, must be extremely
well shielded from any variation of the ambient magnetic field. This places
severe restrictions on the cross-sectional area of induction detectors. Varia-
tions in the ambient field may be suppressed by surrounding the detector with
a supereonducting shield placed inside an outer mu-metal shield. However, a

flux jump occurring within the shield can produce a signal which may mimic
that of a monopole,
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In 1982 a Stanford gronp suecessfully operated a four-turn coil of 5 cm
diameter (fig. 8.2) [8201]. In 151 days of operation they recorded a single cur-
rent jump corresponding to that expected from a monopole with g = g, (*).

p-metal $4
shield

_, ,catlbratlon
A coil
superconductmg )
loop ﬂl i _‘.’
i ‘ \ I,
1
|
l
8
monopote |11 )
trajectory f

o !
! superconducting
G shield

Fig. 8.2. — Schematic view of the first Standord superconducting loop [82C1]. Notice

the ma,gqetlc ghieldings (superconducting and mu-metal) and the two trapped magnetle
fluxes in the superconduecting shields.

v

No other jump was observed in subsequentruns. This candidate event generated
a great deal of interest in induction detection of monopoles. The technique
evolved quickly and now several experimental groups are running what may
be called second-generation experiments, characterized by areas at least one
order of magnitude larger, coincidence arrangements and sophisticated pro-
cedures for eliminating spurious events [83F4].

(*) The author stated that « although a spontaneous and large mechanical impulse
seems highly unlikely in an unoecupied laboratory, the evidence presented by this
single event does not preclude that possibility ». Thus he considered that the experiment

set an upper limit F < 0.53 m~*d-1sr* for an isotropic distribution of any movmg
particle with magnetic charge > 0.06 g;,.
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Fig. 8.3. — Schematic view of the étanford three-loop superconducting induetion *
detector [83C3].

support

7th order gradiometer
a) b)

Fig. 8.4. — a) Illustration on how to generate a hierarchy of planar high-order gradio-
meters [83T2]. ) Schematic top view of the IBM 7th-order superconducting gradio-
meter [83F4].
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The Stanford group is nowrunning a detector which consists of three orthog-
onal loops, in a twofold coincidence arrangement (fig. 8.3). It has an effective
‘area (averaged over 47) of 71 cm? (405 em? for « near miss » events).

At the IBM Research Centre a hierarchy of coplanar gradiometer coils hag
been developed. As a result the induction detector becomes relatively insen-
sitive to spurious magnetic-flux changes. Figure 8.4 a) illustrates how to generate
a geries of higher-order gradiometers [83T2]. The latest IBM detector consists
of six independent planar gradiometer coils mounted on the faces of a rectangunlar
parallelepiped of dimension (15 X 15 X 60) ems3 (see fig. 8.5) [83C6, 83T3]. A mono-
pole incident on the box would traverse two and only two of the faces. The
detector has SQ = 12500 cm? sr.

cryogenic dewar
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[M[anns :
p-metal e Il top and bottom
A shields Sl i} plate
T |IEEE]
~ ~ ANg L
T 7 ., T y 5+4-5th order

4 ] e
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5 ?
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: 5 5
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- s ¢ planar
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Fig. 8.5. — The present IBM detector. Six planar gradiometers placed on the faces
of a parallelepiped are independently monitored by six SQUIDs (not.shown). This
provides a geometry with 1009, coincident detection [83C6, 83T3].

" The Stanford and IBM detectors are instrumented with accelerometers,
r.I. detectors, magnetometers and ionization detectors to eliminate spurious
events. Figure 8.6 shows the recording of the three-loop Stanford detector.

The Chicago-Fermilab-Michigan (CFM) ecollaboration has brought infto
operation a device with two 60 cm diameter loops, also of a gradiometer
design with equal-size cells (they called it « macrame »), placed in coincidence
(see fig. 8.7).
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No other event candidate was reported. Table VII summarizes the ex-
periments with superconducting induction devices, their main features and
the upper limits obtained. The global upper limit may be placed at
F < 4-10-2cm~* 57 sr~t. This limit is also shown in fig. 6.1 and fig. 8.11.

TaBLE VII. — List of experiments seqrching for cosmic monopoles using superconducting
induction devices. The table gives for each growp the main feature of the apparatus, the
effective area for which one has a 4x solid angle and the fluw upper limit (90%, confidence
level ; the first value corresponds to one event). The overall combined upper limit is presently
about 0.4-107** em~2 51 sr-L,

Group Main feature Physical Area/dn  Flux limit Reference
area (cm?/4m) (10~ em~—2g-1pr-1)
{cm?) - R
Stanford 1 single coil 20 10 61 [82C1]
Stanford 2 3-axis coils 79 T1(476)(*) 1.2 [83C3]
Chicago 2 coils 00 00
FNAL-Mich. | gradiometer 20 7 1 [83F4)
gradiometer . )
IBM-1 2 coils 100 25 51(17) (*Y) [82C6]
gradiometer 225
IBM-2 { 6 coils { 900 1000 14 [83C6]
Kobe single coil 50 25 46 [83F4]
IC 2 coils 625 300 8 [83F4]
NBS background
{ studies T - - (8321]

(*) Including ¢ near miss» events.
(**) Using also noncoincident recordings.

8'3. Counter searches. ~ The simplest lay-out of an electronic detector designed
to detect a flux of cosmic GUT poles consists of two counters, which should
measure the energy loss and the times of flight. Large-area lay-outs consist
of hodoscopes, arranged in several layers, often employing different types of
electronics detectors, that is scintillation counters, proportional counters,
limited streamer tubes, etc. Table VIII lists the electronics experiments,
together with some relevant parameters, like the values S0 = area times
solid angle, the minimum dE/dx detected and the § range covered.

No monopole was detected; the experiments can thus place only upper
limits (usually at the 90 9%, confidence level) for the g range covered. A few
comments on the lay-outs will now be made; for reasons of space, only few
figures will be shown.

ULLMANN {81U1] performed at Brookhaven National Laboratory a search
with a proportional-counter array having S0 = 1.9 m?sr. With this system
he established an upper limit at the level of (3-7)-10-1! ¢m~2 s~ sr* for mono-
poles with velocities between 100 and 350 km/s.

The Bologna search used the existing apparatus of a cosmic-ray station
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located on the roof of the physics building [82B1, 83B4]. This simple apparatus,
enlarged to a reach a value S22 = 36 m?sr, yielded an upper limit F << (2-=4)-
-10 em~28 em—2 51 sr—! for poles with 0.005 < § << 0.5; the limit was 7-10-13
for 0.001 < B < 0.005.

At Tokyo three different searches were performed. The first utilized a de-
tector with 8Q = 1.1 m?sr having six layers of scintillation counters [82M1].
The thresholds were first set at 1.2 I,  and later lowered to 0.025 I_,.: This
detector was a prototype for a larger lay-out installed in the Kamioks mine
(fig. 8.8). It had SQ =22m?sr and counter thresholds at 1/16th I .

Fig. 8.8. — Lay-out of the Tokyo-Kamioka mine monopole detector [83M1], with 6
planes of counter hodoscopes.

The third lay-out with 802 = 1.4 m® sr was specifically designed to detect very
low ionization losses, down fo 0.025 I, {83A7, 83G3].

The University of Michigan search employed a horizontal stack of five
scintillators, with S£2 = 3.16 m?sr and very low thresholds, at the level of
0.01 I, [83AT]. _

The Utah-Stanford search, located in the Mayflower mine in Utah, used
seintillation eounters arranged in three double layers of four counters each
(plus an extra layer). It had SQ = 2.7 m?sr and its electronics was set to
detect particles depositing more than 0.12 I, [83G1].

The nucleon decay experiment located in the Soudan mine used arrays of
proportional counters having §Q = 71.6 m? sr [83B3]. The detector had thresh-
olds at 0.5 I, and is set up to cover the § range 3-10-* to 3-10-2,

The experiment in the Baksan mountain, in the USSR, uses the existing
cosmic-ray detector (fig. 8.9) [82A1]. For the monopole search the energy loss
threshold was set at 0.25 1, . A limit <10~ em~* s~ sr* was reported for
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monopoles with 10-* < f < 5-10~2 At present this experiment has the lar-
gest 8O (= 1800 m?sr) and the highest sensitivity. , ‘

The India-Japan collaboration used the nucleon decay experimental lay-out,
located in the Kolar gold mine in India [82A7]. The apparatus consists of
arrays of proportional counters covering 8£2 = 208 m? sr, set to count energy
losses larger than 2.5 1, .

16m Vi

10.5m

Ve

size of counter
" 0.7mx0.7mx0.3m

Fig. 8.9. — Lay-out of the Baksan mountain (USSR) liquid-scintillator detector [82A1].

One Tokyo group [83K3] used a stack of scintillation counters and of pro-
portional chambers, employing 90 %, gaseous helinm and 10 % CH, (fig. 8.10).
In the proportional chambers the monopoles could excite the helium atoms
via the Drell mechanism discussed in subsect. 3’9

(8.1) He -—p;? He*.

Then, by the Penning effect, the excitation energy of the excited He* is trans-
_ ferred into ionization of the CH, molecule

(8.2) ' . He*+CH, »He+CH e .

Therefore, one may obtain an effective ionization also for low-velocity mono-
poles in the 10~* << f <10~ range.

The Berkely-Indiana group [83T2] used a single thick slab (7.6 cm) of
seintillator. Relativistic charged particles traverse the detector in a time much
shorter than the response time of the detector system (~ 40 ns). A GUT pole
travelling with. f = 10-3 takes at least 250 ns to traverse the scintillator. The
signature of a monopole is thus given by an anomalously wide pulse with a
constant pulse height in time. With this arrangement the experimenters should
have reached the § limit given by ionization energy losses (~5-107%).
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The Mont Blanc detector for proton decay [83B8] is a cubic detector of
3.5 m side, made of 134 Iayers of limited streamer tubes, separated by 1cm
"thick iron absorbers. The detector is capable of determining the path of a par-
ticle with a transverse precision of ~1 cm?. The identification may be made
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Fxg 8.10. — Lay-out of a Tokyo detector, which used the Drell and Penning effects
(see ’gext) [83A7]. Units in em, &8 iron layers.

by time of flight through the whole detector. Since many samples are involved,
the apparatus is capable of detecting monopoles which ionize 1/100 of I,
because of the Landau tail in the energy loss distribution. The detector has
SO =19 m2sr and gave a flux limit < 7-10-3 ¢m—2 g~ sr-L

The BNL Neutrino Experiment uses layers of (4 X4) m? proportional drift
tubes. As a monopole detector it has S = 14.5 m?sr, it is sensitive to
10— < B < 0.2 and ithasreached theupperlimit F < 5-10-22 em~2 s~ sr~* [83C7].

The CHARM neutrino detector at CERN consists of 78 layers of

(8 X3 % 0.03) m? scintillation counters, separated by 0.2 m. It may search for
poles with 103 < 8 << 0.5; it has 8Q ~50 m?sr.

Figure 8.11 shows a compilation of upper limits (at the 90 9, confidence
‘level) for 2 flux of cosmic GUT poles plotted vs. the § of the monopole. It has
40 be remembered that for § < 10— there are some doubts about the energy
losses and consequently about the response of some electronics detectors.
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Fig. 8.11. — Compilation of upper limits for a flux of cosmie GUT monopoles plotted
vs. the f of the monopoles (at.909, c.1.). Thelimits were obtained with induction devices,
scintillation and gas tube detectors (tables VII and VIII). The Berkeley experiment
was performed with CR39 plastics, the Kitami experiment with nitrocellulose sheets.

8'4. Searches with track-etch detectors. — A Berkeley group [82B2] exposed
15 m? of geveral layers of CR39 for about one year at ground level. They
quoted an upper limit F << 1.5-10-13 cm—2 571 g1~ for § > 0.02.

A Japanese group [83D2] exposed 100 m? of nitrocelluloge sheets for 3.3 years
at ground level at Kitami, Hokkaido. The experiment was originally designed
to search for «classical monopoles». It was modular, with each unit consisting
of a gtack of a pair of nitrocellulose sheets, a pair of polycarbonate sheets and
a X-ray film. Only the nitrocellulose is nseful for the detection of slow poles.
The authors quoted an upper limit ¥ < 5.2-10-% ¢m~25~*sr* for poles with
B> 0.04.

The upper limits from these two experiments are also shown in fig. 8.11
and in table VIII.

8'5. Searches in bulk matter. — The Kobe group performed a search for
relic monopoles trapped in iron sand using several tens of kilograms of mate-
rial formed between 107 and 108y ago [83E2]. The sand was heated above the
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Curie point, at which temperature the material stops being ferromagnetic.
The poles, which were trapped in the material, would leave it, wounld fall
towards the Barth and would be detected in a supercondueting induetion coil
through which they would pass. The Kobe group placed the upper limit of
2:10-¢ poles per gram of ore. It is diffienlt to extract from this an upper limit
on the monopole flux: it was estimated to be of the order of 103 poles
cm—2 s~ grt for poles with § << 10-% The gensitivity is much better for «clas-
sical » monopoles or for poles with an intermediate mass (like 10* GeV).

A Wisconsin group is proposing to perform an experiment of this type
on a large scale, using the ancient iron ore processed in a steel mill in
‘Wisconsin [83G3].

8'6. Searches for ancient tracks in mica. — Though as a track-etch detector
has a high threshold, mica should detect the passage of 2 « monopolic atom »,
‘when the attached nueleus is, for instance, aluminium, if the speed of the sys-
tem is of the order of 10~% ¢, where ionization losses of charged particles are
largest.

AHLEN et al.[83A7] have taken a piece of miea from a mine 5 km deep
in Brazil. The age of the mica was estimated to be ~ 4.6-10%y. After etch-
ing in hydrofluoric acid they scanned 14 cm? of miea with an optical micro-
scope (see also subsect. 7°2.3). They estimated an upper limit F<<2-
-107 em~2 st gr~! for poles with 4:10—% << << 2-10-3. The limits are ob-
tained agsuming that the poles attach an Al nuecleus and that the mean free
path for Al attachment in the Barth erust is ~ 5 km. The limit would be
muech poorer if the incoming monopoles would have already attached a proton.

9. — Monopole catalysis of proton decay.

Y'1. Imtroduction. — It was suggested in 1980 [80D1] that a GUT monopole
could catalyze baryon-number—violating processes such ag

9.1) p+M —>M-tet+mesons.

It was thought that the cross-section would be very small, of the order of the
geometrical cross-section of the meonopole core (~10-58 ¢m?), where may be
found the Y- and X-bosons which mediate the ABs= 0 interactions. Later
Rusaxov [81R1, 82R2] and CArvAX [82C4] showed that the cross-section is
independent of my and eould be comparable with the cross-section of ordinary
strong interactions. This possibility has stirred up econsiderable theoretical
interest and some controversies. The implications are very interesting both
in particle physics and in astrophysics.

One explanation of the large rate of monopole catalysis is the following.



82 G. GIACOMELLI

The monopole core should be surrounded by a fermion-antifermion condensate
(fig.5.4). Some of the condensate with 4, 6 fermions have AB+0 terms extend-
ing up to the confinement regidn; hence they could induce baryon-number—
violating processes at strong-interaction rates. For instance, in the SU, sub-
group of SU; quarks and leptons appear as doublets

(9.2) ((Zi)h (Z)L (;:)L (2)]& ’

where the indices 1, 2, 3 indicate colour states. One AB = 0 interaction of the
monopole with the condensate could be of the type

(9.3) U +0,+M — e++53+M ’
which may be interpretated as the proton eatalysis -
{9.4) ,+1u,+d,+M —et}M-|-mesons . »

The catalysis reaction can be imagined pictorially as shown in fig. 9.1. .

Positively charged dyons should not catalyze proton decay with large rate«
because of electrostatic repulsion between the proton and the dyon. Nega-
tively charged dyons would ingtead have large effective cross-sections. Newutral
monopoles could form monopolic atoms with protons (and with some nuclei),
thus probably enhancing the catalysis cross-section.

In order to have a better understanding of the origin of the effect, CALLAN
considered the problem of a charged fermion scattering on a point Dirac mono-
pole; he recalled that physics is not defined at r = 0. The total angular

monopote
Zr du /m_gnfpole
* d u u d. d I/ A\
/ uu + e 3 .«
ba g N ./
proton pions

Fig. 9.1. — @), Illustrations of the monopole catalysis of proton decay; b) shows the
effect of the presence of a AB 0, 4-fermion condensate (dze*u,u,) [83P2].
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momentum of the system is given by (subseet. 2°3)
(9.5) J=L+ 8 - egije,

where L is the orbital angnlar momentum, S is the spin of the fermion, egf/c
is the field angular momentum, which gives rise to 1/2 units of J, because of
the Dirac condition. For §-wave fermions the spin orientation may canecel
the latter piece, giving rise to a J = 0 state. As the fermion passes the core
and r — — r, the angular momentum will not be conserved unless S — — S
(helicity flip) or ¢ — — ¢ (charge exchange). But a gauge monopole is not
singnlar at » = 0. Studies of the gauge monopole-fermion gystem at close
distances indicate that when a S-wave fermion reaches the core of a gauge
monopole, it will come out with a change of identity, ¢.g. d — e, u; — 1, ete.
The monopole is a state of indefinite fermion number and it distorts the fer-
mionie vacunm around it. Asa consegnence baryon-number—violating processes
can occur outside the core of the monopole.

CALIAN pointed out that the problem with the S-wave Dirac equation is
that it does not conserve probability, because flux leaks into and out of
the monopole core. The core can be substituted with a boundary condition.
Considering the problem in one dimension, one may picture what happens as
sketched in fig. 9.2: an incoming S-wave soliton, describing an et, is reflected
from the monopole bag, sending back a d, soliton. Now the symmetry-breaking
boundary condition replaces the details of the monopole core, which leads to
processes like (9.3), which wounld exhibit a typical 8-wave behaviour of strong-
interaetion processes

*that is the size of the cross-section depends on E, not on core size. In other
words, quarks and leptons aronnd_the core can fall into the monopole and
pop ouf with a different identity, d —e~, u, —1,, ete. The above pieture is
in terms of quarks. In order to apply it to baryon decay, one needs a picture
of hadrons as confined quarks. This leads to the same cross-section (eq. (9.6)),
where 1/8 is a purely kinematieal flux factor, ¢, ~4-10-% cm? and o, is 2
fudge factor which absorbs all the uncertainties in the cross-section; it conld
be of order unity, of order 10-* [82E1] or much smaller [84R1].

Do RN
$ -—-\\\——
L r Q—&

Fig. 9.2. ~ A different picture of monopole catalysis of proton decay: an e* soliton
scatters by the boundary conditions into a d, antisoliton [82C6].

r
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In order to have catalysis with strong interaction rates, one needs at least
an enancement of the S-wave electron wave function at the monopole core
and baryon-number-violating fields inside the core. The first condition should
be met by all unified groups, while the second condition may vary from one
model to another. Moreover, there are several unsettled issues, like the role of
the weak-interaction scale, the effects of higher partial waves, the effects of
higher fermion generations, the confinement scale and the question of the
boundary condition at the monopole core. For these reasons it is not clear if
strong catalysisis a generalfeature of all GUT theories. It may be that catalysis
does oceur but at considerably lower rates (see the discussions in [8203, 83K5,
83W1, 84R1, 84S2]).

Aceording to recent papers [83A2, 84R1] the monopole catalysis cross-section
could have a (1/6%)-dependence, g, ~1 (GeV)*/ﬁz, at least for sufficiently low
monopole-proton relative velocities. Clearly, more theoretical work is needed.

If the ABs40 cross-gsection for monopole catalysis of the proton'decay
were large, then a monopole would trigger a chain of baryon « decays » along,
its passage through a large detector, such as those designed to study baryon
decay. The mean free path 4= (N,pc)* between two successive monopole-
induced proton decays would be, for slow monopoles,

1 4200 B
(8-7) Ao = Nopo. o (gem) oy’

where it was assumed 0y = 4-1028 cm? and a (1/f8)-dependence. g is the den-
sity of the material in g cm~2. The time between two successive monopole-in-
duced proton decays would be

1 1.4-10—7
(9.8) A ~

T= Bo~ ¢N,00,0n  omp(gem)’

Table IX gives values of 4 and ¢ assuming ¢ =1g em3, § =10-° and 10—
and op =1, 10-2, 10~%, 10~5.

TasLe IX. — Catalysis of proton decay. Values of A and © for various oy when §= 1073,
104, 0y = 4:10-2 cm? gnd the densily of the medium is ¢ = 1 g cm=3 (see text).

N 6 = Gyog/B A = 42008/o0y v=1.4-10""/ogp0
(em?) (em) (8)
B = 103 1 4-10-% 4.2 1.4-107
10-2 410~ 4.2-10% 1.4-10-%
10 4-10-2° 4.2-104 1.4.-10-3
10-% 4-10-%1 4.2-108 14
=101 1 4-10-2% 0.42 1.4-107
10-2 4-10-28 42.0 1.4-10-%
104 4-10-28 4.2-10% 1.4-10-3
10-¢ 4-10-30 4.2-10°% 14

-



MAGNETIC MONOPOLES 85

9'2. Experimental searches for monopole catalysis of nucleon decay. — As soon
as the idea of monopole catalysis of proton deeay became known, some rough
upper limits were established from bubble chamber information and indirect
astrophysical counsiderations. Then, some quick experiments were performed
and better astrophysical limits established. Later, alllarge-seale proton decay
experiments added new triggers to be sensitive to multiple « proton decays ».
The signature for a monopole-catalyzed nucleon decay should be different
from that of 2 spontaneous nucleon decay. In the last case the laboratory
momentum has to be balanced, which leads to back-to-back configurations.
In the case of monopole-induced decays, the events may have the same gen-
eral appearance of low-energy (<2 GeV) atmospheric neutrino interactions
in the detector. For this reason the search for «unbalanced proton decays»
as expected from catalysis hag an intrinsic background from neutrino inter-
actions. Proton decay experiments were planned for very rare events and did
not have the possibility to record events which happened immediately after
s first candidate; in other words, they were biased against a string of proton
decays. To overcome this diffieulty, buffer memories and electronies logies
were added. :

No string of events congistent with monopole catalysis of nucleon decay
was found. Table X gives a summary. of the npper limits established by the
various experiments, which will now be reviewed.

TaBLE X. — Upper limits on the monopole fluz from the no-observation of a string of
> 2 nucleon decays, assuming a catalysis cross-section of 10 mb.

Experiment Approximate linear Approximate flux limit Reference
dimensions of F (cm—2 g1 ar-1)
detector (m)
Kolar gold mine 4 2 -1072 [83B8]
Mt. Blane 3.5 10-14 [83E1]
IMB 18 3 -10-%5 [83E1]
Kamioka - 14 8 -10-5 [83E3]
Soudan 2.9 1.5:10718 [83E3]

The Aachen-Hawaii-Tokyo group performed a quiek experiment using a
water Cerenkov counter filled with 12t of water. From a twelve-day ran
they obtained an upper-limit flux of 2-10-% ecm—2 5~ sr—? valid for oy =102
and 5:10~* < < 5-10~2 [83B8].

The Mont Blanc proton decay detector, which was already mentioned in
subsect. 8°3, hag an average density of 8 gcem=3. The detector is located at
a_depth of 5000 m w.e. (metres of water equivalent). The size of the detector
limits the sengitivity to A = few metres. The limit from the nonobservation
of gingle unbalanced events is F < 3:10-1% cm—2gr—*s-1; it is determined by
neutrino interactions and thus cannot be improved. The limit from the non-
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observation of a string of >2 proton decaysis at thelevel of < 10-14¢m—2gr15?
(assuming ¢, = 10 mb).

The Irvine-Michigan-Brookhaven (IMB) water Cerenkov detector is a
parallelepiped of (17 x22.5 x18) m3, viewed by 2048 photomultipliers. It is
located at a depth of ~ 2000 m w.e. in the Morton salt mine near Cleveland,
Ohio [83E1, 84F1]. The upper limits obtained are shown in fig. 9.3 as a function

] 0—10

10—12

g, lem 287 sr ™

10 % - 1 1 1 1 1
10 0 107 £ 10°

Fig. 9.3. — Upper limits (909 c.l.) on the monopole flux vs. monopole velocity for
the multiple catalysis of proton decay in the IMB water Cerenkov detector for several
values of the catalysis cross-section [83E1].

of the monopole veloecity for several values of the catalysis cross-section o,.
The cut-off at low f§ is due to the geometrical limitations of the apparatus,
while the sharper cut-off at high § is due to limitations in the electronics timings.
The best upper limit is F < 3:10-*% em—2§-1gr* for o, =10 mb, or Fo, < 3-
+10~# sr—* 5~ for g around 10-3--10-2. _

The Tokyo water Cerenkov counter is a cylinder of 15 m diameter and
16 m height (3000 t of water, about 1000 t fiducial mass) viewed by 1000, 20"
photomultiplers (specifically designed for the experiment) which cover 209,
of the outer surface of the detector [83E3). The apparatus is placed in the
Kamioka mine at a depth of ~ 2700 m w.e. (fig. 9.4). They obtained an upper
limit F' < 8-10~* em~2 5~* sr~* (for o, = 10 mb and (1/p2)-dependence) (fig. 9.5).
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Fig. 9.4. — A schematic view of the 3000 m® water tank and phototube support system
of the Kamioka proton decay experiment [84K3]. '

The Tata-Osaka-Tokyo detector in the Kolar gold field, at a depth of
7600 m_w.e. is composed of 34 layers of proportional eounters with 1.2 ¢m iron
plates between layers. The counters are (10x10)cm? by 6 m length. The
detectorsa (6 x4 x3.7) m?® parallelepiped with a total weight of 140 £ and an
average density of 1.6 g em~2 [84K3], was the first large-scale proton decay
detector. & yielded F'<<2:10-*2 ecm~2 52 st~ for 102 < <107 and ¢, ~ 10 mb.

The Soudan-1 prototype, at a depth of 1800 m w.e., consists of horizontal
layers of proportional tubes, each 4 em in diameter, held in a matrix of taconite
(iron-loaded concrete). The average density of the detector'is 1.6 g em—3; the
detector is (2.9 x2.9x1.9) m3 and wheighs 31 t [83A7]. It yielded F <1.5-
1018 em—2 g1 v for §>10"2 and ¢, = 10 mb.

9'3. Astrophysical limils on monopole catalysis of nucleon decay. — The nnmber
of monopoles inside 2 star or 2 planet should keep increasing with time, because
of a constant capture rate and of a probably small pole-antipole annihilation
rate (see sect. 6). The catalysis of nueleon decay by magnetic monopoles
could be another source of energy for these astrophysical bodies. It counld
lead to observable effects in those bodies which do not have an important
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Fig. 9.5. — Upper limits (90% ¢.l.) on the monopole flux »s. monopole velocity for
the multiple catalysis of proton decay in the Kamioka water Cerenkov detector for
several values of the ecatalysis cross-section [84K3]. Also shown are upper limits from
.solar neutrinos (see text).

internal source of energy, like the planets, or which have used up most of the
nuclear fuel, like the neutron stars and the white dwarfs. It is easy to perform
a first-order estimate of the effect, which leads to strong constraints. But, there
are many hypotheses which could vitiate the conclusion. For instance, a very
small catalysis cross-seetion would make most of the following discussion ir-
relevant as far as limits for the monopole flux are eoncerned. The catalysis
cross-section could be large in a hydrogen medium and small in a2 medium
of heavy nuclei [83A9]. There is then the problem of how long have the mo-
nopoles been accumulating on each celestial body, what has happened to
them, how many annihilated, etc. Table IX and fig. 9.6 give summaries of
the astrophysical limits on monopole cabalysis.



MAGNETIC MONOPOLES 89

10~ -
- survival of galactic_field
1
T& B
1 N neutron star —diffuse background
(2]
o
e 10~%°
L
w - PSR -1929+10 t=t,
107
- PSR 1929+10 t=t,+,
10—-28_
t ! H il 1 1 1 IO
10" 10° 10°
m, (GeV)

Fig. 9.6. — Monopole flux upper limits obtained from analyses of the monopole
catalysis of nucleon decay in various astrophysical bodies for poles with f= 10-%
The Parker bound (survival of galactic field) is shown for comparison.

9'3.1. Monopole catalysis of nucleon decay in the Earth.
TURNER [83T4] estimated an upper bound on the total number of monopoles
present inside the Barth assuming that the total energy released by monopole
catalysis of nucleon decay in the Earth should not exceed the surface heat
flow. The Earth should stop monopoles with B <<10-4, which are velocities
typical of a local monopole flux, not of the galactic flux. The stopped mo-
nopoles will go towards the centre of the Earth, where they will have drift
velocities of the order of f§,~10-5. At these low velocities the catalysis cross-

section may have reached a constent value, op,.,~10-20,. Thus the rate
of catalysis is

9.9 Ty = Ny 00pppo = Mg ¢-10% B0y =10° B, 0, ,

where n, = 3.3-10%¢ cm~* is the average density of nucleons in the Earth.
In one nucleon decay is released an energy w = 0.94 GeV = 1.5-10~° erg.
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The power produced by catalysis in the Earth is

(9.10) : (dW

W)= T

which should be smaller than the known heat flow (L = 3-102°erg/s). The
total number of monopoles stopped by the Earth in its history is given by
eq. (6.14). One has

L

e ~ (),8 10720 c—2 81 ST
47 REt0n4C0,

(9.11) BionF <

If o, = O(1), this would be a very strong bound. According to ARAFUNE
et al. [83A9] the catalysis cross-section for slowly moving monopoles is sup-
pressed for spinless nuclei and for nuclei with spin with a negative apomalous
magnetic moment. A suppression factor of 1.9-10-¢ for 8 = 10— hag been
estimated for iron [83A2].
t

9°3.2. Limits from Jupiter and Saturn. The same reasoning may
be repeated for the Jovian planets [83A9, 83T4]. The magnitude of the in-
trinsic heat for Jupiter and Saturn was well measured by the Pioneer
and Voyager flights. Jupiter releases 1.76-10-¢erg/gs, while Saturn 1.52-
-10~%erg/gs. From these values, the limit Fo f, < 4-10"8c¢m? s~1511 was
obtained for Jupiter, valid for a flux of monopoles with §<3-10-% The limit
for Saturn is similar, while those for Uranus and Neptune are an order of
magnitude worse. Since Jupiter and Saturn are predominantly made of
hydrogen, the limit could be more reliable than that from the Earth (unless
they have a small iron core) [83A9].

9'3.3. Limits from neutron stars. Neutron stars should be very ef-
fective in stopping monopoles, because of the good conductivity of the star
medium, which enhances eddy-current losses. The energy released in catalyzed
proton/neutron decays would be thermalized and radiated in the form of
photons and neutrinos. Neutron stars are born very hot; in the absence of
internal heat gsources one expects that old neutron stars (~109y) are quite
cold (<10°% K). Catalysis with a strong cross-section could heat the old neutron
stars, yielding surface temperatures of ~ 50 eV (= 6-10° K) and thus a strong
X-ray emission. Upper limits on the monopole flux times the catalysis cross-
section can be obtained by looking at the sky general X-ray background or at
the total X luminosity of some particular neutron stars [82D1, 82K1, 83B6,
8302, 84K2]. We may repeat the arguments used for the Earth keeping
well in mind the peculiar properties of a neutron star, in particular its small
radius (B, ~10 km) and its extremely high density. The interior of the star
should behave as a very good conductor, yielding very high energy losses for
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monopoles, estimated to be dF/dx ~1011f (GeV/em). The escape velocity from
a neutron star is f,, =2 0.5 ¢; all monopoles will reach these veloeities when
they encounter the surface of the star after falling in the star gravitational
field. The high rate of energy loss ensures that all poles with masses between
10¢ and 1077 GeV are stopped in the star; poles with m, <104 GeV will be
accelerated away, poles with 10Y < m, < 10% will not stop, but will lose
enough energy so as to be gravitationally bound, and will eventually end in
the star. Because of the high magnetic fields the effective star surface for

intercepting monopoles is larger than the geometric cross-section. In a New-
tonian approximation it is

. ﬂeuc J 2 ﬁesc
(9.12) Z = 4aR% |14 (22 | 2 nRE S = 20
p ﬂ
One has:
total number of captufed monopoles: N, = nXFi;
catalysis rate: I',, = n,0B,;0,04;
energy release by catalysis: (AW/dt),, = NI

cat®

For the young pulsar 1929 + 20, which is ~ 60 parsec from us, one ob-
taing the following rough estimate:

: LA2
X e ~10-21em—?§1grl,
’: (9.13) ' o F < S inaoonw 0-21 ¢m—2 5~1 g7

In (9.13) one assumed T,  =2-10K, L, ~ L =2.6-10%erg)s (*), 2, =
= 8-10'* em?, a1, = 2-10% nucleonsfem?®, ¢, = 0.1mb, ¢t =1¢, ~3:10°y and
$=10"% A more precise estimate is given in table XI. If one considers also
- the time spent by the star in the main sequence (assuming that poles are not
lost in the supernova phase), then § =t + #,, ~ 1, ~ 10"y and the limit (9.13)
- becomes 34 orders of magnitude betber.

. Table X1 gives a summary of the various upper-limit estimates of the produet
FGR B together with a comment on their reliability. (It is clearly important
[ to have a better knowledge of the neutron star interior.) The monopole-nucleon
| relative velocity is the thermal velocity inside the astrophysical body. For
very small velocities the catalysis cross-section should at most reach a satura-
ion value. The table quotes also limits obtained from the Earth, Jupiter and
white dwarfs.

i If a neutron star has a core of pion condensate, it may have magnetic-flux
_tubes with the same flux of a magnetic monopole. It would then be possible

;5 ") The total luminosity of a neufron star may be estimated from the measured photon

5 AUinogity, L > according to some model of the equation of state and of the internal
ﬂtl'ucture of a neutron star.
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for a monopole which entered one such flux tube to be accelerated to velocities

larger than the escape velocity of the star: thus the neutron star would absorb

monopoles with 8 ~10-% and eject a very small percentage of them with ﬂ ~0.5
and kinetic energies K ~ 107 GeV'! [83H4, 83K1].

9°'3.4. Limit from neutrinos from the Sun. The catalysis argument
applied to the protons of our Sun leads to the possibility that the Sun could
emit electron neutrinos, with an average energy of 35 MeV, coming from muon
decays [83A9]. This process counld lead to about 3:10* electron neutrinos in-
cident on the Earth per cm? and per second (if <19, of the solar luminosity
is due to monopole catalysis; this is of the same order of magnitude as the limit
from Jupiter). The electron neutrinos may elastically scatter on electrons.
The Kamioka proton decay detector is sensitive to electrons with energies larger
than 10 MeV. From three possible candidates the authors estimate an upper
limit F < 8-10-08% if the monopole catalysis cross-section is 1 mb [84K3].
(The espected background from atmospheric neutrinos with E,~ 35 MeV is
about 1.) From limits of this sort one could place a limit on the number of
poles in the Sun, at the approximate level of less than 1 pole per 102 g.

~ Other types of searches.

Among the other types of searches one may mention the searches for pro-

tons with & monopole-antimonopole strueture [7501, 79B1], the searches for
magnetic currents [45E1, 51E1] and the searches for tachyon monopoles, that
iy for monopoles which should be travelling faster than light [72B1, 78B1].
. To this section we shall briefly mention some of these searches.
_ Most experiments cannot establish if the magnetic-dipole moment of the
i proton is made from a monopole-antimonopole distribution rather than from
“ a distribution of current loops or of intrinsic moments, since the experiments
are sensitive only to the proton’s magnetic field outside the distribution [7501,
j  79B2]. An exception is the hyperfine transition in the nentral hydrogen atom
I which leads to the emission of the 21 ¢cm wave. The interaction energy between
the electron and proton magnetic moments is of the form

; (10'1) W= — Ap’e.p‘p ’

| Where A = (— 4/3)[yp(0)]* for the normal proton; it would be (8/3)jy(0)[?
| for a proton dipole moment equal to the observed one, but arising from a mono-
_ Pole-antimonopole distribution. In this case the hyperfine transition would
lead to a 42 em radiation.

The fact that ordinary matter leads to the 21 cm radiation and not to the
42 ¢m one is a result which denies magnetic charge any role in the structure of
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ordinary matter. If one assumes that the magnetic moment of the proton is
given by a normal part term and by a second term p'= dw, due to a pole-
antipole structure, then the precision measurement of the 21 cm wave yields
for the parameter ¢ the limit § < 2-10-°. If one writes u'= g,d = du,, one
obtaing & < du /g, <10~ fm [7501].

There remains the logical possibility that some small fraction of protons
could be anomalous and have their moments made from magnetic-charge
distributions rather than from current distributions. In this case there is no
real guarantee that the magnetic-dipole moment wonld be numerically equal
to the normal one, but one has to hypothesize the equality. BRODERICK
et al.[T9B1] analysed the radiation emitted by three supernova remnants
and the radio galaxy 30353. These are strong sources of continunm emission,
with a strong absorption line at the 21 cm radiation. The absorpﬁon idtinter-
preted as due to neutral galactic hydrogen located in the line of sight, from
the sources to the detecting radiotelescope. The authors did not find *any
absorption at 42 em. Thus they exclude the presence of anomalous protons
in the neutral galactic hydrogen at a level of 2-10—% of the normal protoﬁs.

RAUTIAN et al. [77R1] have proposed a method of detecting magnetic mo-
nopoles by searching for anomalies in the maser emission of large interstellar
clouds of OH molecules. The monopoles may change the scale of splitting of
Zeeman sublevels or change the polarization of one optical line (from circular
to linear). The effects depend on the square of the magnetic charge.

11. — Future detectors.

In this section we shall mention new methods of monopole detection and
then discuss the large-area experimental lay-outs which are coming into opera-
tion or which are planned.

11'1. New detectors.

Superéonducting scanning detector. The Stanford group has pro-
posed a new type of superconductive detector, which uses a thin super-
conducting sheet, in the form of a eylinder, for recording magnetically charged
particle tracks [83F1]. A magnetic charge traversing the cylinder would leave,
in the walls of the eylinder, doubly quantized trapped flux vortices, which
would remain in the same location as long as the sheet remains superconducting.
The surface area of the cylinder could be periodically scanned; quantized
vortices could be recorded by a small scanning coil coupled to a SQUID,
mouuted on a mechanichal system which rotates about the axis of the eylinder.
The authors estimate that the superconducting sheet would bave about one
quantized vortex per square centimetre, corresponding to the ambient trapped
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flux from the 107 G field inside the shielding. Regular scanning would provide
the records for individuating new vortices.

Superconducting colloid detector. A superconducting colloid de-
tector consists of a collection of normal metal grains coated with a thin
layer of superconductor. They are held at low temperature in a dielectrie
filler material under a magnetic field. The field and temperature are so ad-
justed that a small temperature jump will flip the grains into the normal state.
The energy deposited by the passage of a single particle can flip the grains,
since the specific heat is low at low temperature. As a grain gees normal, the
magnetie field in and around the grain changes, leading to a relatively large
electromagnetic signal, which can be picked up by a read-out coil.

The proposed detectors [83D5, 83G4] would use a superconducting collo1d
~1 cm thick, filled with grains of ~ 20 um size, at T~ 2 K. A monopole
would cross ~ 80 grains. Bach grain is made of alumininm coated with a
thin layer of type I superconductor. The read-out could be somewhat similar
to those of multiwire proportional chambers (thus having time information to
< 0.1ps and space information to ~1cm). The relatively large energy
losses of a monopole in & metal allow us to set a threshold at few hundred
keV, thus reducing background from minimum ionizing particles. The noise
from fission fragments and cosmic-ray showers should be minimized.

Inductive nonsuperconducting coils. Several reports have been
written on inductive nonsuperconductive coils [81B3, 82R4, 83P1]. A mag-
netic charge moving with constant velocity in a direction perpendicular to the
plane of a circular loop and passing through its centre produces an electric
field tangent to the circumference of the loop (see (3.7), where we neglected

the dB[ot term of eq. (2.3)). Thus in the loop there is an induced electro-
motive force

__ 2mriByg

- For glow moving poles y~1, and for a coil with N turns one has a voltage
. pulse of approximate Gaussian shape

- (119) v =gy [14-”2“]*3's

max

© With a maximum value V= 2zgNf/r (for N=103% =104, r=5cm—>V_ =
. =120 uV) and a full width at half height A¢~1.5 r/v. The integrated value



96 G. GIACOMELLI

of the induced voltage gives the magnetic charge ¢
(11.3) det:%—‘gN.

The situation does not change significantly for off-axis monopoles.
The thermal noise is concentrated in the resistive component of the coil.
One has an approximate signal-to-noise ratio [82R4]

122
(11.4) g[16KTgoﬂo ]

Zlm

which does not depend on the number of turns. The best situation-seems to
be that of a massive coil with I~ a ~ 3. The S/N ratio could be lmproved
by a factor of 5 going to liquid-nitrogen temperatures. t
Tests of inductive nonsuperconducting coils were performed at CERN
[83P1] and at Berkeley [82F2]. At Berkeley a 15 ¢ diameter, 3 em thick *
coil with 104 turns of 0.15 mm copper wire is placed ingide a Cu shield. The
container and the pick-up are kept at liquid-helium temperature. The signal
is amplified with a FET amplifier. At CERN 2 15 cm diameter, 10 em thick
coil with 10* turns of 0.2 mm copper wire is kept at room temperature.

Acoustic detection of monopoles. When a monopole passes through
a conductor, the energy loss due to eddy current is deposited within a radius
of ~1000 A of the particle track. The heated metal expands and thus pro-
‘duces an acoustic wave in a rather broad band of very high frequencies. The
wave travels through the material and reaches an acoustic transdueer where
it is detected.

Since the monopole 8 is always larger than 3.8-10-%, the poles travel
faster than the sound velocity in the medium. If the medium has tipical
dimensions larger than 1m, then the maximum useful frequency is limited
to ~10 MHz by the atbtenuation length (which decreases fast with increasing
frequency). AXERLOF [82A3,83A3] estimated that at most 0.45 eV of the
total energy loss may reach the detector. The signal has to be compared with
various noiges: the thermal noise in the mediurn does not seem to pose problems,
the corresponding S/N ratio being of the order of ten. The noise problems arise
from the thermal noise via the transducer, in the preamplifier and in the elec-
tronics. The Caltech group [82B3] has S/N ~10-2. The ratio could be im-
proved by shaping the metal so as to achieve focusing of the sound wave.
One could also lower the temperature and/or change the type of transducer.

11'2. Future large-area lay-outs. — The present trend towards larger exper-
iments may be summarized as follows.
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1) Superconducting induction experiments. Several groups are developing
and testing superconducting induction devices with § ~1 m?; they could be
duplicated to achieve surface areas § ~ (10--100) m? {84E3]. The final goal
will probably be a co-operative effort to mount a detector with SQ2~1000 m2sr.

The Stanford group is building a new detector consisting of eight planar
twisted loops mounted on the walls of a eylinder. Each loop has an area of.
1.5 m? and is composed of an array of opposifely coupled square elements, each
8 cm on a side (total SQ ~ 18 m?sr) [84G2]. '

The IBM group is presently designing a new larger box of six independent
gradiometers (fig. 11.1), with 82 =~ 50 m?sr.

independent planar superconducting

monopole detectors\ / shield -
’
\ \
Y
\
| |
| \
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| | ] |l
| ‘ by
| |
[ i I'
//)- ______ ’ - /
/L~
/
z
SQUID electronics dewar closed—cycle refrigeration

Fig. 11.1. — Sketch of the proposed IBM superconducting induction lay-out.

The Chicago-Fermilab-Michigan group is designing a basic unit of 1 m?
surface, with two « macrame » coils in coincidence (fig. 11.2). In a dewar there
could be 5 of these units for a total §Q2 ~ 50 m? sr [8481].

2) Track-etch detectors. In the Kamioka mine a Japanese group is installing
1000 m? of CR39 track-etch detectors [83K2]. A similar system may be in-
stalled in the Gran Sasso tunnel in Italy [841.1].

3) Electronics ea:periments. The present largest lay-out is the Baksan
detector with S = 1800 m2sr. Other large detectors in various stages of
development are [83A7, 83G3]:

The University of Pennsylvania and BNL groups are designing a hollow-
box detector of (8 X8 x16) m* with 200 scintillation counters covering all gix
sides of the box. Each counter is a (0.3 X0.3 X8) m? box filled with mineral
oil-based liquid scintillator. Two 5" photomultipliers view the ends of the box.
This detector will cover the existing tetrachloroethylene solar-neutrino tank
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Fig. 11.2. —~ The Chicago-Fermilab-Michigan prototype detector. The scale is set
by the diameter of the loops, which is two feet [83F4].

in the Homestake mine. It should have 802 ~ 1500 m? sr and be sensitive to
4-10-3 < § << 0.5. :

" A group at Texas A &M University is designing a large three-layer scin-
tillation counter detector with an effective arez of 150 m? It is made of
108 (4" X8’ x3/8") acrylic-based scintillators located on the surface of a 24 feet
cube. It may first detect poles with 0.04 < 8 <1 and later down to § of few 104,
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The fly’s eye detector at Utah scans the entire night sky for high-energy
(>10v eV) cosmic-ray~induced showers. These are detected via sixty-seven
1.5 m diameter mirrors each viewed by 14 photomultipliers. For each shower
the system allows the recording of the time of arrival of the light signals in
conjunction with the geometry of the tracks, thus giving an estimate of the
.cosmic-ray shower energy. The detector may look for monopole—a,ntlmonopole
annihilation events. .

The proton decay experiment in the Frejus tunnel, between France and Italy,
is a fine-grain calorimeter of (6 X 6x13) m® dimension and weighs ~ 1600 ¢.
It is made of 1000 flash-tube planes interspersed with two 1.5 mm iron plates;
120 Geiger tube planes serve as trigger. As a monopole detector it may detect
poles with few 10~* < f < 10~%; it has S ~1000 m®sr.

The second Mont Blanc detector is made of 72 tanks (each 1.5m® in
volume) of liquid scintillator (a total mass of ~ 90t). Its primary purpose
is the search for ~ 10 MeV neutrinos resulting from stellar collapse. It may
be used as a monopole detector with SQ~ 700 m2sr eovering a f range
4-1073 < <1072,

There are preliminary plans and discussions for larger detectors (Stanford,
Baikal Liake, Soudan, ete). In particular, there is the intent to install in thé
Gran Sasso underground laboratory, in Italy, an electronic detector with
$0Q=10000 m? sr [84L1]. The detector would have two planes of thick scintil-
lation counters, 6 planes of limited streamer tubes and four planes of pro-
portional tubes to make nse of the Drell-+Penning effects. A CR39 track-
etch detector should be incorporated.

Catalysis of proton decay. All proton decay experiments have installed new
electronics and are improving it in order to be able to detect a string of catalyzed
proton decays.

- 312. - Conclusious and outlook,

In the last few years we have witnessed a large increase of the number of
papers on magnetic monopoles: it started with a large increase in theoretical
works, then in phenomenological papers, inclnding astrophysical implications;
and now with the results of several experimental searches. We have learned
that the list of what monopoles could do has become longer. Besides producing
an intense magnetic field, they may catalyze proton decay, induce nuclear
fission of heavy elements, induce B-decay, attach nuclei, destroy magnetic
fields, ete. The mass of the monopole is expected to be very large; it could be
50 large that poles could even be little black holes. The number of monopoles
produced in the early Universe could be so small that their detection could be
impossible, but it could also be so large that they could significantly contribute
to the dark matter in the Umverse
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The field of magnetic monopoles has evolved into a fascinating interdisci-
plinary field of physies, with implications in fundamental theories, in particle
physies, in astrophysics and in cosmology. In certain aspects it represents
a connection between physics and cosmelogy.

Monopoles are required by unified gauge theories. It seems that they would
fill a specific gap, that their basic properties are known and also that some of

Fig. 12.1. ~ Magnetic-monopole research (from Physics Today).
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the consequences from their existence are predictable. The discovery of super-
heavy magnetic monopoles would have far-reaching implications: it wounld
confirm the unification hypothesis, fix its energy scale and give cosmological
evidence that the Universe was once extremely hot. If the magnetic charge
is one unit Dirac charge, it would presumably imply quark confinement, thus
forbidding free quarks with fractional charges [82L2].

The theoretical and phenomenological understanding of monopoles has
improved considerably in the last few years. But new possibilities have
opened up. Ireferin particular to the various differing predictions of the mono-
pole mass and of the monopele production rates in the early Universe. There-
fore, theoretical guidance to experiments is not really adequate.

From the experimental point of view, one clearly observes the trend towards
. larger and costlier experiments. Moreover, it has been pointed out by several
people that in the searches for rare events it is normal to get a. candidate
which is difficult to reject [83F4]. This forces the experimenters to use at the

same time, at least in large lay-outs, more than one technique in order to ob-
 tain redundancy and gain in « convincingness » [83C4]. But, what if one finds
nothing convineing? In order to overcome this possibility several of the larger
experiments are planning to add « worthy by-products », like detection of multi-
muon events, neutrinos from supernovae explosions, neutrinos from the Sun,
and in general measurements of astrophysical gsignificance. But what the field
of monopole would really need would be some real monopoles! (fig. 12.1).
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