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It is shown that electromagnetic effects of a vector potential on a charged particle
confined to a region R (multiply or simply connected) are completely determined by
field strergths in&, if the potential obeys certain conditions. Such potentials are
adequate io, experiments purporting to show Aharonov-Bohm effect. Therefore these
experiments have not established effects of inaccessible fields.

The classic proposal' of Ehrenberg and Siday
and of Aharonov and and Bohm is that in quantum
mechanics, unlike in classical mechanics, charged
particles can be affected by inaccessible fields.
The effect has deeply stirred both theorists" and
experimentalists. Particularly inspiring is the
exposition by Wu and Yang, ' who conclude that
field strengths underdescribe electromagnetism
and also propose a Gedanken generalized Aharon-
av-Bohm experiment for zero-mass non-Abelian
gauge fields. Exactly the opposite conclusion has
been reached recently' ' on the basis of equiva-
lence of the Schrodinger equation with a system
of hydrodynamical-type nonlinear equations in
which only field strengths (and not potentials) ap-
pear. Strocchi and Wightman' and Casati and
Guarneri' emphasize the importance of boundary
conditions in formulating the equivalence; Boc-
chieri and Loinger' discuss ambiguities in defin-
ing the canonical momentum operator and pro-
pose modification of continuity conditions on the
wave function to eliminate the Aharonov-Bohm ef-
fect. I show under standard continuity conditions
that no effect of inaccesible fields can exist if the
vector potential satisfies a condition proposed
here. The condition is satisfied in actual experi-
ments on Aharonov-Bohm effect.

g r ny r ng

r —r'ni r —r'n2 (2)

which yields zero field except on r =rn, and r
=rn, (where the wave function vanishes) and leads
to observable effects except for special values
of g.

In contrast, Mandelstam, De Witt, and Belin-

The crux of the Aharonov-Bohm argument is
that the canonical quantum formalism involves
potentials rather than fields. When an electron
is confined to the field-free region outside an im-
penetrable, infinitely long and narrow cylinder
carrying flux I", a Stokesian potential outside is
(in cylindrical coordinates p, z, p with the z axis
along the cylinder)

A, =0, A p=A, = 0, A ~=F/2np.

This potential, though it gives zero fields outside,
yields observable effects distinct from zero poten-
tial; the usual argument of gauge invariance fails
because the transformation exptieyF/(2n)] neces-
sary to go to zero potential is not allowed for eF/
2m& integer, as it would yield a multivalued wave
function. Another important example is the po-
tential due to a pair of Dirac strings along direc-
tions n, and n»
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J.A„(z), "d&&, Iim Agz) "=0;
L-+» cg "

u

J „d)Fqgz) ' " &~, F „-=a+„-S„A,
8$ 8xp

where the integrand involving F&„ is continuous
in $ and x„, and the convergence of the corre-
sponding integral is uniform in the relevant re-
gion of xu. Then

(J dkd„(s) ")

=A„(x)+f „d(Ep„(z) (5)

Note that conditions (4) validate differentiation
under integral sign" and a subsequent partial in-
tegration needed to derive (5). I deduce the follow-
ing physical results.

I et a charged particle be confined to a region
R (which may be multiply or simply connected)
and experience a single-valued, unquantized po-
tential A „.

Proposition 1. If there exists a single-valued
and differentiable path z„(x,$) lying in R for
every x„ in R such that conditions (3) and (4) are
obeyed, then physical effects on the particle are
completely determined by field strengths in R
alone.

This follows from (5) when one notes that the
integral on the left-hand side is single valued

fante have independently claimed" that electro-
dynamics may be formulated entirely in terms
of field strengths. If they allow inaccessible fields
also to appear, there is no direct physical con-
tradiction with the claim of Aharonov and Bohm.
Nevertheless, I suggest that their results do not
hold for the potentials (1) and (2). I obtain suffi-
cient conditions on a vector potential to guaran-
tee that its physical effects depend on accessible
fields only. For the class of potentials obeying
these conditions there is no room for Abelian
gauge-field copies."'

My physical results derive from the following
elementary mathematical proposition. Let z „(x,
$) (tL=1 to 4, z~=iz, ) be single-valued differenti-
able functions of the coordinates xu and of a real
parameter $, —~ &) &0, obeying

z„(x,0) =x„,

lim z„(x,$) = spatial infinity.
L-+» oo

Let A„(x) be single-valued functions obeying the
conditions

and hence the usual gauge-invariance argument
establishes the physical equivalence of A „with
the potential

A„'= J „d$ Epp(z) e Sx„

which involves field strengths in R alone.
Remark 1. Examples of paths z„obeying (3)

are (see Belinf ante")

zo=xo~ z =x+ gnq

n'=1, n independent of x»

(8)

(7)

z, =x„z=x(1 —$). (8)

+=-exp —ie f „d)A„(z)
h

obeys

y„-ieA „'~%'+m%' = 0,~x
u

(10)

with A„' defined by (6). It is important to recog-
nize that Eq. (10) does not hold for the potentials
(1) and (2). For example, with the choice (8)
whenR is the outside of a cylinder, F&,=0 in Eq.
(5) which implies A„'= 0, and hence Eq. (10)
would imply that the potential (1}has no effect.
This is false' "(unless one modifies continuity
requirements on the wave function'). Further,
the derivation of (5) suggests that Eq. (10) is in-
valid for the potential (1) for all the choices (7)
and (8), since condition (4) is violated; note that
the appearance of inaccessible fields in Au' for
n not parallel to axis of cylinder does not help to
satisfy (4).

Proposition Z. If two potentials A&
'~ and A„~'~

wlthhA =A ~' -A, ' obeyu u

A„(b,A„)—8, (bA&) =0 inR,

J„b,A „(z) "dg &~,

(11a}

(11b}

When R is the outside of an infinite cylinder the
paths lie entirely inR for every x„ in R, for the
choice (8) with origin of coordinates inside the
cylinder, and also for the choice (7) with n paral-
lel to axis of cylinder.

Remark 2. The new feature of proposition (1)
over earlier work'0 is condition (4). For exam-
ple, De Witt" considered a charged Dirac parti-
cle with wave function ((x) in a potential A„
which vanishes at infinity and he claimed that
the gauge-invariant wave function
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Zvlim "AA „(z)= 0
„8Xp (11c)

for magnetostatics,

A, =O, A-mxx/r'; (13)

for at least one single-valued and differentiable
z„(x,$) obeying (3) and lying in 8 for every x„ in
R, then the two potentials are physically equiva-
lent.

This follows from (5) with A& -bA» which
shows that AA„ is the derivative with respect to
x„of a single-valued function, and hence is equi-
valent to zero potential.

Renza~k 3. The advantage of this proposition
over proposition 1 is that the condition involving
integrals of F&, is removed.

In electrostatics with localized charges, mag-
netostatics with localized currents, and radiation
fields of localized oscillating sources, "the fol-
lowing asymptotic behaviors of A„(x) are adequate
(r = Ixl): For e-lectrostatics,

A, —const/r, A = 0;

and for oscillating sources,

A, —const/r, A- (c/r)cos(kr —au t) . (14)

For choice (8) in cases (12) and (13) condition (4)
holds. In the oscillating case (14) we may use
Chartier's test" to show the validity of (4) for
the choice (7) of z „with n parallel to the axis of
the excluded cylinder if any. We conclude that
at least for R being the outside of a cylinder, and

for localized sources, electromagnetism may be
determined by accessible fields only.

In a typical electron interference experiment,
the distance from electron source to screen is
about 50 cm, and the excluded cylinder (e.g. , so-
lenoid of Mollenstedt and Bayh') of length less
than 1 cm and radius a few microns. For a sole-
noid of zero radius extending from z = —L to z
=+L and linked by flux Eat a=0, the vector po-
tential at (p, z, p) is given by" A, =A& =A, =0 and

sgn(L —z) sgn(I, +z)
~E. +to/( -*6'* { iv/(I. +*)1'9')'

Any electron path from source to screen contains
a large region where p/(L+z) cannot be neglected
and (15) cannot be approximated by the Aharonov
Bohm expression (1). The potential (15) because
of good asymptotic behavior [and unlike (1)] obeys
condition (4) with the choice (8) for z„. Proposi-
tion 1 shows that physical effects of this potential
and therefore results of ezperiments4 on the Aha-
ronov-Bohm effect are completely determined by
accessible fields only.

This argument is more general than that of
Pryce (see Chambers and Fowler et al. ) which
applies to fields due to tapering whiskers, rather
than uniform solenoids. My remarks seem logi-
cally independent of Refs. 6-8 which consider the
potential (1). For example, Strocchi and Wight-
man' attribute experimental results seen to the
solution of the Schrodinger equation having a tail
which runs into the cylinder, i.e., to abreak-
down of the ideal of multiple connectedness. In
contrast, my point is that a solenoid of finite
length, even if surrounded by an infinite impene-
trable cylinder, yields a potential of such asymp-
totic behavior that it excludes effects of inacces-
sible fields.

I gratefully acknowledge the contributions bor-
dering on authorship of V. Singh to the ideas in
this paper. I also wish to thank warmly R. Cow-

sik, S. Guha, S. S. Jha, P. K. Kabir, S. K. Mitra,

! L. K. Pandit, T. R. Ramadas, and P. Roy for
their critical comments.

Note added, —A. S. Goldhaber has communi-
cated that he has an alternate proof of proposi-
tion 1. Further, he and P. K. Kabir have made
stimulating observations on the possibility of an
Aharonov-Bohm-type effect when electrons are
confined outside a toroidal magnetic field. Such
an effect is not ruled out by proposition 1 and is
under investigation.
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The inclusive p and r momentum distributions at the g have been measured. Using
these data and estimates of rj production, it is found that (4.1+ 0.8)Vo of g decays con-
tain a direct photon with energy greater than 60Vo of the beam energy. The expected
momentum distribution for direct photons calculated to lowest order in quantum
chromodynamics is qualitatively different from that observed in the data.

First-order quantum chromodynamics (QCD)
calculations predict that a significant fraction of
the hadronic decays of heavy quark-antiquark Sy

resonances (such as the y) result in the produc-
tion of direct y's (i.e. , y's not coming from sec-
ondary decays of n" s or q's). ' We have meas-
ured the inclusive y and r momentum distribu-
tions at the jr, and have made estimates of the r~

momentum distribution from the data. We ob-

serve y production in excess of the expected con-
tributions from v and g decay.

The data were collected with the Mark II mag-
netic detector at the SLAC e e storage ring
facility SPEAR at energies near the peak of the
P(3095) resonance. The detector has been de-
scribed in detail elsewhere, ' and only a brief
description of the particle detection will be pre-
sented in this Letter.
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