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Interest has been recently aroused' in using
magnetic monopoles to make quarks invisible.
It has also been suggested' that the existence
of magnetic monopoles may be the reason for
CI' nonconservation in K,o decay. In order that
magnetic monopoles are to be so satisfactory
in tidying up two of the more unpleasant loose
ends in particle physics, it is necessary that
they exist. They have been searched for vig-
orously, ' but no trace of them has been seen.
Indeed they seem to be as elusive as the quarks
they are meant to suppress. It is the purpose
of this paper to present a strictly nonclassical
model of magnetic monopoles which makes them
far more invisible than expected. At the same
time this model may be used to violate CP in-
variance, and we discuss this aspect briefly.

The classical theory of point monopoles was
given in its entirety by Dirac. This theory
required the use of string variables which makes
space multiply connected and allows H=V&A,
H4 0 to have a solution, albeit with A singular
on the string. An alternative approach, ' which
avoided the use of potentials with singular lines,
has been to introduce a further photon, the
"magnetic" photon, described by a four-poten-
tial B» the total electromagnetic field is now

F„„=aA&/ax -aA /ax„+ ,e„„x aB&-/ax . This
extra photon makes the magnetic and electric
sources essentially independent, and so one
loses the very powerful quantization condition
of Dirac,

egjh =-,'n,

where n is an integer. We prefer to keep this
condition here, since it gives rise to quantiza-
tion of charge; so we accept the existence of po-
tentials with singular lines. The basic equa-
tions of the monopole theory are the extended
equations of Maxwell,

BF=j, BF
P, PV V P, PV V

where +~ v = 2&p, v&7I" Z7.. Evidently Bvjv = Bvj"„
=0. We have to make a choice for the currents
j ~, f~. Since the strength of the magnetic cur-
rent may be large, following (1), it will be nec-
essary to choose a parity-conserving current.

Recent discussions of the evidence for C and
T conservation show that it is not necessary
that they be conserved by (2). Thus we may
assume that jv arises from a spin one-half
particle of charge e, and jv from a spin one-
half particle of magnetic charge g. Denoting
the wave functions of these particles by g and

y, respectively, we postulate

j =e4r 0, J =gxr r x
v v' v v5'

~T
+Xr ( i& g-r&B--rpHe)X, (4)

where E =E -&p, H=H -&p, &p(x)= fdy X)(x

-y)jo(y), cp(x) = Jdyx)(x-y)po(y), and H =&xA,
E~ = -V~ B are the transverse components
of the magnetic and electric field strengths,
with K)(x) = (4m lx1) '. The quantization of the
system may be performed exactly as in Ref.
8, and gives a relativistically invariant, "string"-
independent theory if the gauge quantization
condition eg jbc = 2n is satisfied, where n is an
integer. Thus a quantized massless magnet-
ic monopole may be described by our Hamil-
tonian (4).

The experimental evidence' has been consid-
ered on the basis of a classical theory of mono-
poles: A static monopole is supposed to pro-
duce a magnetic field of strength g/x' and be
acted on by a force gH in a magnetic field H.
Since g is large (g'/Sc ~137/16), the effect of
even a weak magnetic field will be large, and
galactic magnetic fields will accelerate mono-
poles strongly, ' so they may be expected to
arrive at the surface of the earth with high en-
ergy. Also the associated electric field of a
moving monopole should be large, so that a
monopole will have a high rate of energy loss
on passing through matter.

A monopole theory with magnetic current

In order that jv be conserved, it is necessary
that p be massless. If we add the equations
of motion for the g and X fields of standard form,
we may then quantize, following Schwinger, '
with energy density

00 i 2 2
T = ~(E +H )+fr (-iv-eA -eA )g+m

g e
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We have used current and parity conservation
in (5), where the current conservation no lon-
ger requires F, (q~) =—0 on the monopole mass
shells, as it does in the vector-current case. 7

Hermiticity of j& requires +, and F, to be real,
while invariance under time reversal T requires
F, to be real, +, to be imaginary. Since T and
C are both not conserved by (3), (4), and (5)
(which we denote by an axial monopole theory),
there is no need to take +, zero. We still have
a strongly coupled massless pseudoscalar me-
son, with effective coupling F,(0). We may
remove this unwanted particle by the condition

F,(0) =0, (6)

and we are left with an effective coupling con-
stant 2mF, (0). We see that (6) and the Dirac
quantization condition (1) determine both e and

g. Assuming that we may renormalize the ax-

&&Xy X will have the above classical properties,
and so will a massless monopole with current
gyy r y (though this cannot be made static).
In both cases the effective monopole charge
is g, giving large effects which are ruled out

by experiment. In order to keep a monopole
theory we must attempt to make the effective
monopole charge 0. There are apparently two
possibilities of doing this, based on the axial-
vector magnetic current j& =gpy&y5X. The
first of these is to introduce mass m for the
monopole by adding a nonlocal term to jp, : Jp.

=gyy&y5y+ 2rng( ') '&&yy5X. Then J& is con-
served for massive monopoles and a static
monopole has a zero effective charge, since
the matrix elements of y, and y&y5 are then
0. This method has the disadvantage of intro-
ducing a massless pseudoscalar meson, which
should be strongly produced in electromagnet-
ic processes. Thus we will not consider it fur-
ther here.

The alternative possibility is to introduce
mass for the monopole by spontaneously break-
ing the ys symmetry, keeping the monopole
current j& =gyy&y5y. The matrix element of

j& taken between single monopole states will
have the form"

&O'lf ~P) =&(P')& (P',PW(p),
p. p.

where"

x (O', P) =F
I (q')lr„r5+ (2m@')r5q„l

+x(p '+p )y5F2(q')
5 2

ial monopole theory along similar lines to con-
ventional spin-& electrodynamics, " then (1)
and (6) determine both the renormalized charge
and pole strength. We note that (6) is just the
case excluded by Nambu, "because he consid-
ered T-conserving theories only.

In our case the effective pole strength of a
static monopole is still 0, though between mono-
pole states for which the matrix elements of

y5 is appreciable the effective pole strength
will be of order 2mF, (0). It is no longer nec-
essary that this be as strong as the value of
g given by the Dirac quantization condition.
It seems very difficult to obtain a value for
2mF, (0) which does not depend very strongly
on the approximation made. This is true, in
particular, for the value of m." It is evident
that conditions (1) and (6) may play an impor-
tant role in determining this value. It is nec-
essary to set up a nonperturbative approxima-
tion scheme which includes (1) and (6) at each
step. Till this is done we can only say that
there is no evidence either way for presence
or absence of axial magnetic monopoles. In
particular, the contribution of our theory to
CP nonconservation may be small enough to
be evident only in K2 decay; for example, F2(0)
may be of order e. Thus we have a way around
the difficulty raised by Salam' that the axial
monopole would give large C-nonconserving
effects in atomic physics.

It is still to be expected that the pole coupling
constant g, though not the effective coupling
constant, may give large values for +, and +,
for large q'. We may conjecture that monopoles
are strongly interacting particles, in the ab-
sence of any other strongly coupled systems
in nature, ' this is partly suggested by the fact
that y&(P,P) is purely pseudoscalar, and so
corresponds to pseudoscalar (massive) meson
absorption. Such a theory corresponds to a
model for the "mismatch" theory of Lee,"since
the strongly interacting part, coupled to the
magnetic current, is invariant under magnet-
ic-charge conjugation C, so that Cstron C~
in this model. It may then be possible to inter-
pret the monopole charge as hypercharge; this
will not be conserved in a spontaneously brok-
en-symmetry theory.

The evident problems raised by the above
remarks are being considered further.
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Some time back Fubini' derived a new meth-
od of obtaining sum rules of interest in strong-
interaction physics. In this note we apply Fu-
bini's method to electromagnetic and weak pro-
cesses. In particular we obtain sum rules for
radiative decays of mesons. Making contact
with strong interaction via Goldberger- Treiman-
type relations and p dominance, we also get
sum rules for strong decays of mesons.

(i) We begin by considering the matrix ele-
ments

M =ifd xe 8(x )(Ol[j (x) j (0)]ln, p)
VP, 0 v 'p5

which are related to the process 7T+-l++ v+y.
Here we have two independent four-momenta

p and k and one invariant v = -p k. Using the
commutation relation

M» is given by

M = i[H (v)P P +H (v)P k
vjJ. 1 v JLt. 2 v p,

+H (v)k P +H (v)k k +H (v)6 ].
4 v p, 5 vp.

We separate the Born term and write Eq. (1)
as

ik M (Born)+ik M =-f p,
v vp, V VQ 7T

where

M (Born) =-zf (2p-k) (p-k) /2v.
VQ 7T V

Hence from Eq. (2), we obtain

f +vH (v) =-f—,
7T 1 7T'

f —H (v)+vH (v) =0,
7T 5 2

(2)

l~(x0)[j0 (x),j
5

(0)]=-& (x)j
5

(x)'
p, 5 p, 5

and the current conservation, we get

ik M =-i(0lj lzz )=-f p
v vp. p5

First we note that at v = 0, we get H5(0) =f~.
From Eq. (3), we get H, (v) = 0 at v p 0 and the
sum rule

. fh (v')dv'=f, (4)

The most general form of the matrix elements where h, (v) is the coefficient of p k& to be picked
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