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So far, we only considered the "little group"
(i.e. , the subgroup of Lorentz transformations
that leave the energy-momentum of the bound
state invariant). We found invariance if the ele-
ments of the little group are associated with a
gauge transformation [by mapping the two SO(3)
groups into each other]. This leads to the con-
servation of the angular momentum (12).

What about the more general elements of the
Lorentz group~ They also affect the collective
coordinates and thus also the fields Q" and A ".
The gauge for the new Q" and A", after a Lo-
rentz boost, is essentially free, so that the for-
mulation of the more general Lorentz transfor-
mations will be much more ambiguous, contrary
to those of the little group for which we could
keep Q" and A ' fixed. One consequence of this
complication is that although it is easy to tell
what the spin of the particle is, by consideration
of the little group, it will be hard to derive a
relativistic wave equation such as the Dirac or
Klein-Gordon equation for the composite parti-
cles.

Of course the theory is expected to be fully Lo-
rentz invariant and unitary, at least in the per-
turbation expansion because shifts such as in our
Eq. (9) are known not to affect these properties
essentially, even after renormalization.

After this work was completed, Goldhaber'
showed how to extend the relation between spin
and statistics for particles with both electric and

magnetic charge: When two dyons are obtained
as bound states of magnetic poles and electric

charges, then the wave equation for the two com-
pound objects may violate the spin-statistics the-
orem, but it contains more Dirac strings than
necessary. These Dirac strings can be trans-
formed away by means of an ordinary gauge trans-
formation, and then a new minus sign restores
the spin-statistics relation for the two dyons.
These arguments are expected to apply also to
the bound states we discussed here.

One of us (G. 't H. ) wishes to thank K. Cahill,
S. Coleman, J. L. Gervais, R. Jackiw, C. Rebbi,
and A. Goldhaber for discussions, and one of us
(P. H. ) wishes to thank A. Frenkel and P. Hrasko
for discussions.
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An object composed of a spinless electrically charged particle and a, spinless magnet-
ically charged particle may bear net half-integer spin, but the wave function of two such
clusters must be symmetric under their interchange, Nevertheless, a careful study of
the relative motion of the clusters shows that this symmetry condition implies the usual
connection between spin and statistics.

If magnetic monopoles exist, then classical
physics already tell us that a system of pole g
and electric charge q has an angular momentum
of magnitude gq/c, directed from charge to pole.
In quantum mechanics this spin adds to orbital
and intrinsic angular momenta, so that, for gq/

+ = (2n+ 1)/2, an otherwise integer-spin system
will have net half -integral total angular momen-
tum. ' This holds equally well in the SU(2) gauge
field formulation of charge-pole interactions (in
fact, this spin may be used to derive the gauge
field' ), as has recently been emphasized by Jack-
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iw and Rebbi' and Hasenfratz and 't Hooft. ' These
papers lend drama to a question that could have
been considered years ago: Perhaps an object
whose half-integer spin comes from the charge-
pole contribution obeys Fermi-Dirac statistics,
so that a fermion may be made out of bosons !

To evaluate this proposal, first take note of an
elementary theorem about the statistics of com-
posite particles. Here "statistics" is used, fol-
lowing a common but —at least in the present con-
text- -+reacherous convention, to mean "permuta-
tion symmetry of indistinguishable-particle wave

functions. " In the second part of the Letter we

shall see how to relate these statistics to observ-
able quantities.

Theorem. —If electric charges q can combine
with magnetic monopoles g to form composite ob-
jects with half-integer values for the product gq/
+, then there must exist entities with the "wrong"
connection between spin and statistics. For large
g-q spacing the composites themselves must have

wrong statistics.
Proof. First—suppose that the wave function

for a collection of spinless monopoles widely sep-
arated from a system of spinless charges is sym-
metric under interchange of any two charges or
any two poles. If this were not so, the theorem
would hold at once. The Hamiltonian for interact-
ing charges and poles preserves the permutation
symmetry. Therefore, if a state with two iso-
lated clusters, each containing a charge and a
pole, can be formed beginning with poles widely
separated from charges, then that state must
still exhibit symmetry under interchange of charg-
es or of poles. A fortiori, this state must be
symmetric under interchange of charge-pole
clusters. Now, a cluster formed in such a way
may well not be the ground state carrying a par-
ticular combination of charge and pole strengths.
Therefore, it may decay in a cascade to the actu-
al ground state, producing a final state consisting
of this ground state and a complicated superposi-
tion of radiation states, carrying integer angular
momentum. The final states for two different
clusters again must be symmetric under inter-
change. Hence, the ground states must be sym-
metric unless the radiation states are antisym-
metric. Thus, either the ground state or the ra-
diation state has the wrong connection between
spin and statistics (Q.E.D.).

Remarks. —(1) The crucial assumption in the
proof is that isolated charge-pole clusters can be
formed from initially widely separate groups of
charges and groups of poles. This seems essen-

tial to the notion that the cluster is composed
from initially free charges and poles.

(2) It might be that the actual ground state has
integer spin. In that case, the radiation field
has half-integer spin, but again either one or the
other must have anomalous statistics.

(3) One might ask whence comes antisymmetric
radiation'P Since this is a monopole theory, pole-
antipole states are an obvi. ous possibility, but the
same sequence of argument as in the proof above
shows that these states could only produce such
anomalous-statistics objects by emitting them in
pairs. There is no natural mechanism, even with
poles added, for emitting such radiation, and so
one might as well concede that the composites
themselves have the wrong statistics. In any
case, when the clusters are still big, and could
not yet have emitted anomalous radiation, they
must have wrong statistics.

(4) What is the intuitive reason for the break-
down observed? Of course, in familiar theories
the spin is carried by local. fields, while in this
case the charge-pole system is spread out; the
angular momentum in the electromagnetic field
is associated with both particles, and the frac-
tion to be found outside a radius R about the clus-
ter is O(d/R), where d is the cluster size. Since
this electromagnetic field is not a free radiation
field, there is no meaning to assigning it statis-
tics. Hence, the statistics are simply those of
the constituents (the real degrees of freedom).

The "usual" connection between spin and statis-
tics allowed for point particles in local field the-
ory' is equivalent to the requirement that a pair
of indistinguishable particles have even L+ S,
where L is the relative orbital angular momentum
and S is the total spin of the pair. This may be
reduced to the common statement about symme-
try or antisymmetry of wave functions under in-
terchange of particle coordinates, provided cer-
tain phase conventions are established. In parti-
cular, one depends on the choice of angular mo-
mentum eigenfunctions which acquire a phase
(-1) upon inversion of the relative position co-
ordinate r. Ordinary spherical harmonics exhi-
bit this behavior. They are eigenfunctions of the
orbital angular momentum operator —iS r xg,
meaning that the realtive momentum operator is
—iSV'. However, magnetic effects imply the exis-
tence of velocity-dependent potentials which may
(and in this case do) alter the phase produced by
inversion of r.

To identify the relevant velocity-dependent po-
tentials, first consider the nonrelativistic inter-
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+(r, 5„(.) = e* @(r, 5 „5,) (4)

action of one charge with one pole. Without loss
of generality, the Hamiltonian for such a system
may be written

H = [p, —qA(r, —r )k] /2m,

+ [p + qA(r- —r, )/c]'/2m, . (l)

Here A(r) is the vector potential at the point r of
a monopole located at the origin. The form given
has the advantage that an infinitesimal displace-
ment of q produces the same phase change as the.
opposite displacement of g, so that the effect of
the interaction is confined to the wave function in
the relative coordinate, and the usual separation
of center-of-mass and relative motions may be
accomplished. Any other choice could not change
the physics, but would complicate the ensuing
discussion. To see quickly the implications of
Eq. (l) for the relative motion of two clusters,
note that the velocity-dependent term is simply

—q(v ' —0') A(r, —r )/c,

with v~=-P/m. For two charge-pole clusters, this
gives a net velocity-dependent term

-q(v, '-v, ') [A(r, —r,) -A(r, -r, )]/c,

leading to the kinetic relative momentum'

p = -iXV-q[A(r) —A(- r))/c. (2)

The combination A(r) -A( r) is w-ell defined ex-
cept at x= 0, and its curl is the sum of monopole
fields at r and —r, which vanishes. This just re-
produces a well-known classical result, that par-
ticles with the same ratio of magnetic to electric
charge exert purely Coulombic forces on each
other, and no long-range magnetic forces. One
may check that if the clusters had finite size, it
would lead only to dipole and higher multipole in-
teractions between them (albeit violating parity
and time-reversal symmetry) as long as the clus-
ters could be enclosed in nonoverlapping spheres.

The discussion in the first, part of the Letter
showed that a two-cluster wave function has the
symmetry

(3)

where s is the spin of a cluster and $, stands for
all the internal coordinates of cluster i, including
spin orientation. We are ready now to determine
the implications of this strange-looking symme-
try for allowed quantum numbers of a cluster-
pair state. Since we are dealing with a curl-free
vector potential, we may write

with

pC = +VC and V&= q[A(r) —A(- r)]/I'ic

Under inversion there is a phase shift a(- r)
—n(r) = b, a, with

&n= qlcA(r') dr'/ac,

where C is a closed contour, reflection symmet-
ric about the origin, giving

& n= 2mgq/@c (mod2p),

since the integral is precisely half the total mag-
netic flux from g, mod(hc/q).

Equations (3) and (6) together imply for the ex-
change symmetry of 4,

C (,&„&,) =(- l)"C(--, &„&,),
for any value of gq/&. Since 4 obeys a usual
Schrodinger equation, it is the symmetry of 4
which is related in a familiar way to physical
phenomena like many-body ground states or al-
lowed spin combinations in 90' cluster-cluster
scattering. The use of a similar procedure to
obtain the relative wave function of a cluster and
an anticluster would lead to the normal charge
conjugation properties. Therefore, all results
usually found from fermion (boson) field anticom-
mutation (commutation) are true for charge-pole
clusters. In terms of physical observables, they
obey the usual connection between spin and statis-
tics.

The first part of this Letter shows (for gq/hc
half-integer) that the static fields of charge and
pole in a given cluster produce an anomalous re-
lation between cluster spin and permutation sym-
metry of a two-cluster wave function. The sec-
ond part shows that the long-range interactions
of charges with poles in different clusters pro-
duce an anomalous relation between wave-func-
tion symmetry and quantum numbers correspond-
ing to physical observables. The two anomalies
combine in such a way that, indeed, fermions
can be made of bosons.
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vice, D. Z. Freedman for a clarifying question,
and numerous colleagues for criticism of the
manuscript.
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The interaction of a K"=5 two-quasiproton band with a Ã~ =5 two-quasineutron band
in OCf has been observed using proton and neutron transfer reactions and radioactive-
decay measurements. Configuration-mixing calculations using a two-body neutron-pro-
ton force give an interaction matrix element in good agreement with the value derived
from our measurements.

In recent years the interaction of two-quasineu-
tron states with two-quasiproton states has been
observed' ' between high K states in the hafnium
region. Massmann et al. ' have developed a theo-
retical treatment of configuration mixing due to a
two-body neutron-proton force which reproduces
the experimental mixing quite well. In this Let-
ter we report the observation of this configura-
tion mixing in a different region of deformation
and, in particular, between two K"= 5 bands of
250Cf

From an initial investigation' of the electron
capture decay of 8.6-h ' Es, K' = 5 bands based
at 1396 and 1478 keV were identified. Although
definite spin-parity assignments were possible in
this study, ' the configurations of these states
could not be uniquely determined. A portion of
the decay scheme showing primarily the high E
states of '"Cf is given in Fig. 1. From single-

particle-level systematics the only probable two-
quasiparticle configurations for these states are
(~"[620]n;~2 [734]nt, , p2'[631]n;~2 [734]n), , and

(& [521]p;~2'[633]pj, . Since+2 [734]n is the
ground-state configuration of "'Cf and the~2'[633]
proton orbital is the ground state of "'Bk, the
neutron and proton transfer reactions into the
'"Cf final nucleus should aid in delineating the
correct Nilsson orbital assignments. The reac-
tions '4'Cf{d, p)'"Cf and "'Bk(o., t)'"Cf were
therefore studied to deduce the configurations of
these K' = 5 bands.

The charged-particle transfer experiments
were performed using 12-MeV deuteron and 28-
MeV a-particle beams from the Argonne FN ta.n-
dem Van de Graaff accelerator. Reaction prod-
ucts were analyzed with an Enge split-pole mag-
netic spectrograph, and the particles were re-
corded using nuclear emulsion plates. Targets
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