
Foundations of  Physics, Vol. 12, No. 1, 1982 

Experimental Verification 
of an Aharonov-Bohm Effect 
in Rotating Reference Frames 

Mark D. Semon ~ 

Received January 26, 1981 

A thought experiment is reviewed which shows two things. First, in a region of  a 
rotating frame that is not simply connected, the inertial forces can be canceled 
without completely canceling the inertial veetor potential (whose curl determines 
the Coriolis force); second, the presence of  this uncanceled potential can be 
detected in a quantum interference experiment. It is then argued that the thought 
experiment was realized in an earlier experiment involving a rotating supercon- 
ductor, and that the experimental results confirm the theoretical prediction. In 
this way, the first experimental verification of  a physical effect due to a nonelec- 
tromagnetic potential in a forcefree region is established. An analogous 
experiment for the gravitational vector potential is also discussed. Finally, it is 
pointed out that the close connection between electromagnetic and inertial vector 
potentials provides an intuitive way to make predictions about rotating super- 
conductors. 

1. I N T R O D U C T I O N  

The Aharonov-Bohm effect (1) has been discussed extensively in the 
literature, t2-5) As originally formulated, it showed that electromagnetic 
potentials can affect charged particles moving through regions in which the 
electromagnetic force is zero. This effect has been verified experimentally in 
the case of  the electromagnetic vector potential. ~12) More generally, the 
expression "Aharonov-Bohm effect" can be used to mean an effect caused 
by a potential in a force-tree region. Although such effects are predicted to 
occur for gauge fields/6'7) the gravitational field, ~6'81 and for Yang-Mills 
fields, ~6"9) in none of these cases (nor in the case of  the electromagnetic 
scalar potential) has there been any experimental verifications. 
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In 1973 Aharonov and Carmi °°) showed that there is also an 
Aharonov-Bohm effect for the inertial field. That is, they showed how, in a 
region of a rotating frame that is not simply connected, the inertial forces 
can be canceled without completely canceling the inertial vector potential 
(whose curl determines the Coriolis force). This uncanceled potential was 
then predicted to shift an interference pattern, and, thus, to have the same 
physical significance as the electromagnetic vector potential. In this paper we 
argue that an experiment performed in 1965 by Zimmerman and 
Mercereau <1~) is essentially the one suggested by Aharonov and Carmi, and 
that the experimental results confirm the theoretical prediction. Thus, the 
experiment of Zimmerman and Mercereau is shown to be the first 
experimental verification of an Aharonov-Bohm effect in a nonelec- 
tromagnetic field. 

Because of the close connection between inertial and gravitational fields, 
one expects to find a gravitational analog of the experiment of Zimmerman 
and Mercereau. A specific design for such an experiment is discussed. 
Finally, the Aharonov-Bohm effect for an inertial field is shown to be just 
one example of a more general connection between electromagnetic and 
inertial vector potentials, and this connection is shown to provide an intuitive 
way of making predictions about rotating superconductors. 

2. THE THOUGHT EXPERIMENT OF AHARONOV A N D  CARMI 

In this section we review a thought experiment of Aharonov and Carmi 
that predicts an Aharonov-Bohm effect for the inertial field. Although a 
similar derivation has appeared before, (5'1°) additional details are presented 
here which fill in some previous gaps, and which should make the argument 
more convincing to some readers. Whenever possible, references are made to 
previous work. 

Consider a ring of inner radius r 1 and outer radius r z rotating with a 
constant angular speed co about an axis through r = 0 and perpendicular to 
the ring. An observer rotating with the ring will observe particles of mass m 
subject to Coriolis and centrifugal forces. By measuring these forces on 
various test particles, the rotating observer can assign an co vector to every 
point in the rotating frame, thus, defining an co field which, in the present 
case, is found to be uniform. Assigning an co field in this way is analogous to 
the assignment of E and B fields in an inertial frame. Since the co field is 
uniform 

V . c o = O  (1) 
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which implies that there exists an inertial vector potential  a such that  

2co = V X a (2) 

The Hami l ton ian  for a mass m relative to an observer rotat ing with the disk 
can be written as ~5) 

(P - ma) 2 
H - -  + m V  (3) 

2m 

where V is the centrifugal potential  and P the canonical  momentum 

P = my + ma. (4) 

Next, suppose that E and B fields are introduced whose Lorentz force 
cancels the inertial forces in the region r I < r < r2, and which are zero for 
r < r l .  The required fields are 2 

m 
E = -  o X (co X r) (6)  

q 

in the region r I < r < r 2 . Of course the cancel la t ion of the Lorentz and 
inertial forces on the ring will occur only for part icles with the same charge 
to mass ratio q/m, so we assume these are the only test part icles avai lable to 
the rotat ing observer. 

For  test part icles in a rb i t ra ry  E and B fields, the Hami l ton ian  relative to 
an observer in a rotat ing frame is 

(P --  ma - qA) 2 
H =  2m + qO + m V  (7) 

where A and ¢i are the e lectromagnet ic  vector and scalar potentials.  In our 
par t icular  case, two simplif icat ions occur. First ,  at any given point on the 
ring (between r 1 and r2) the cancel la t ion of the electric and centrifugal forces 
implies that  the zero of  each scalar  potential  can be chosen such that 
- @  = inV. On the other hand, while the cancel la t ion of the magnet ic  and 
Coriolis  forces implies 

qV × A = - - m V  × a (8) 

2 Here and in wha t  follows, we ignore effects of order  v/c and higher. 
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it does not imply that qA = - - m a  everywhere on the ring. To see this, we 
note that if we integrate qA around a path between r~ and r z that  encloses an 
area a, we find (using Stoke's theorem) that 

q [~ A .  dl = q j  B .  r~ da : - 2 m o ) ( a  - 7rr~) (9) 

since the B field of Eq. (5) is only nonzero for r > r~. Integrating ma along 
the same curve, we find 

i j rn. a . d l = 2 m  ¢ o . r ~ d a = 2 r n c o a  (10) 

This means that for any closed path between r 1 and r 2 

Ii (qA + m a ) .  dl = 2mcozrr~ (11) 

and, thus, qA cannot equal --ma everywhere on the ring. 
To see that the uncanceled vector potential is inertial and not elec- 

tromagnetic, we note that Eq. (10) can be written 

m !i a .  dl = 2mco(a - 7rr~) + 2mco:rr~ (12) 

The first term on the right-hand side is the co flux through the area on the 
ring between the boundary of  the integration curve and r 1, while the second 
term is the o~ flux through the area ~r~. Associated with each of  these fluxes 
we can define inertial vector potentials a~ and a 2 such that a = a~ + a2, 

and 

mli a l "  dl = 2 m c o ( a -  zcr~) (13) 

m :i az" dl = 2mcozrr~ (14) 

Adding Eq. (12) to Eq. (9) shows that the uncanceled vector potential on the 
ring is the inertial vector potential a2, which is associated with the co flux 
through the region r < r 1. In other words, to the rotating observer, the region 
r I < r < r 2 is force-free, but contains a nonzero inertial vector potential a2 
whose line integral around any closed curve on the ring is given by Eq. (14). 
Thus, the Hamiltonian of  Eq. (7) becomes H = (P -- ma2)2/2m,  with 
V × a 2 = 0 when r 1 < r < r 2, which is equivalent to the Hamiltonian that 
leads to the A h a r o n o v - B o h m  effect. (1'5) 
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Imagine building a two-slit interference experiment on the rotating ring 
such that the circular hole r < r I lies between the two slits, and behind the 
central barrier. Following the arguments of Aharonov and Bohm, we would 
predict a phase shift in the interference pattern of 

That is, if the two-slit interference experiment is first performed on the ring 
when it is not rotating and no external fields are present, an interference 
pattern will be observed. If the ring is then given a constant angular velocity 
co and if the canceling E and B fields of Eq. (5) and (6) are introduced, the 
phase of the interference pattern will shift by the amount given in Eq. (15). 

Thus, the inertial vector potential is predicted to affect particles passing 
through a nonsimply connected force-free region. This is precisely the 
Aharonov-Bohm effect for the inertial field, and shows that the integral 
(modulo 27r) (3'9) of an inertial vector potential around a closed path has 
physical significance. 

3. E X P E R I M E N T A L  V E R I F I C A T I O N  

The Aharonov-Bohm effect for the inertial field is quite similar to the 
Aharonov-Bohm effect for the electromagnetic field: in the electromagnetic 
case, particles move through a force-free region with A 4:0  which is not 
simply connected and which encloses a B flux, while in the inertial case, 
particles move through a force-free region with a 4 :0  which is not simply 
connected and which encloses an ¢o flux. Thus, in order to find a real 
experiment verifying an Aharonov-Bohm effect for the inertial field it is 
natural to examine experiments performed in the electromagnetic case to see 
if it is possible to do analogous experiments with B replaced by co and A 
replaced by a. 

One of the most convincing experiments verifying the Aharonov-Bohm 
effect for the electromagnetic field is the one performed by Jaklevic et al.  ~2~ 

using a Josephson-junction interferometer (i.e., a SQUID). In this case a B 
field was introduced into the nonconducting region between the two 
Josephson junctions, and the maximum superconducting current was 
observed to be periodic as the magnetic flux was varied. This confirmed the 
Aharonov-Bohm effect for the electromagnetic vector potential, and showed 
conclusively that it is not due to a magnetic field directly affecting the charge 
carriers, but rather to an electromagnetic potential in a force-free region. 

In order to verify experimentally an Aharonov-Bohm effect for the 
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inertial field, the B field must be replaced by an m field. This is achieved by 
rotating the interferometer in a region with no externally applied fields. In 
this case, as we now show, the superconducting material becomes a force- 
free region with a nonzero inertial vector potential, and, thus, corresponds to 
the rotating ring in the thought experiment. 

When a superconductor is rotated, a magnetic field (called the "London 
moment") is induced in the material which is exactly that of Eq. (5) (13'~4) 
Similarly, an electric field is induced which is exactly that of Eq. (6). ~5) 
Thus, the rotating superconducting material of the Josephson-junction inter- 
ferometer is a force-free region for the charge carriers (all of which have the 
same charge to mass ratio) and corresponds to the region r 1 < r < r 2 in the 
thought experiment. Also, since there is no magnetic field induced in the 
nonconducting region of the SQUID, ~16) this part of the interferometer 
corresponds to the region r < rl in the thought experiment. The co flux in this 
region gives rise to an uncanceled inertial vector potential in the force-free 
region inside the superconducting material. Therefore, the thought 
experiment of Aharonov and Carmi can be realized experimentally by 
rotating a Josephson-junction interferometer and measuring the maximum 
superconducting current. If an inertial vector potential can affect particles in 
a force-free region, then this current should be periodic as a function of m, 
with a phase given by Eq. (15). 

Remarkably enough, in an experiment performed to measure the 
Compton wavelength of superconducting electrons, Zimmerman and 
Mercereau (11) attempted the experiment described above. Unfortunately, they 
found it difficult to eliminate the magnetic flux through the interferometer 
due to background fieldsfl In order to circumvent this problem, they rotated 
the interferometer in an externally applied B field. The analysis in this case 
proceeds as follows: the Hamiltonian is that of Eq. (7) with A now 
composed of a contribution from the external B field as well as from the 
magnetic field induced in the superconducting material. The maximum super- 
conducting current is phase shifted by both the inertial vector potential a and 
the electromagnetic vector potential A. The two shifts add linearly, so the 
maximum superconducting current is given by ~ll) 

I = I 0 I cos(q~ + qB~zr~/h)] (16) 

with q~ given by Eq. (15). Zimmerman and Mercereau first rotated the 
apparatus at a fixed angular speed co I and then varied the externally applied 
B field to produce an interference pattern described by Eq. (16). Next they 
rotated the apparatus at a different fixed angular speed a) 2 and again varied 

3 For these and some other details about the experiment that do not appear in reference, ~m I 
am grateful to Prof. Mercereau (private communication). 
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the applied B field to produce a second pattern. The second pattern is shifted 
from the first by a phase 3, given by 

3 = 2mzrr~(co 2 - e)l)/h (17) 

In this way the magnetic flux due to the background fields is eliminated from 
the measurement and by measuring 3, (co 2 - co l ) ,  and zrr~ Zimmerman and 
Mercereau were able to find him experimentally. On the other hand, by 
taking him as given, we see that the experiment verifies the phase shift q) as 
predicted in Eq. (15), and, thus, confirms an Aharonov-Bohm effect in the 
inertial field. 

4. D I S C U S S I O N  

In the last section we saw that an experiment performed by Zimmerman 
and Mercereau °~) confirms an Aharonov-Bohm effect for the inertial 
field, °°) and, thus, gives the first experimental verification of a physical 
effect due to a nonelectromagnetic potential in a force-free region. 

Because the Hamiltonian for a particle in an inertial field [given in 
Eq. (3)] is formally equivalent to the Hamiltonian for a charged particle in 
an electromagnetic field, it is not surprising that there is an Aharonov-Bohm 
effect in the inertial case. In fact, the formal equivalence of the two 
Hamiltonians provides the basis for an intuitive approach to making 
predictions in rotating reference frames, and, in particular, for predicting new 
effects involving rotating superconductors. One simply takes a known 
situation that occurs in the electromagnetic case, and constructs an 
analogous situation in a rotating frame with A replaced by a and B by o. In 
this way one predicts a Meissner effect in rotating superconductors, quan- 
tization of the ~ flux through a rotating superconducting ring, etc. These and 
other effects will be elaborated upon in a future paper. 

It is interesting to note that this intuitive approach has been successfully 
applied in the case of the gravitational field. Papini °v~ showed that the 
Hamiltonian for a particle in a weak gravitational field is 

H -  (p - mch°)2 
2m + ½mc2hoo (18) 

where h 0 and h0o are gravitational vector and scalar potentials. Because this 
Hamiltonian is formally equivalent to that for a particle in an elec- 
tromagnetic field, one expects to find gravitational counterparts of elec- 
tromagnetic effects, and this is indeed the case. 
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For example, using this analogy Papini (17) derived an Aharonov-Bohm 
effect for the gravitational field, and DeWitt (iv) showed that gravitational 
fields in a superconductor are canceled by induced electromagnetic fields, 
and that the gravitational flux through a superconducting ring is quantized. 
Thus, the formal equivalence between electromagnetic and gravitational 
Hamiltonians has already been used to predict interesting gravitational 
effects by analogy with electromagnetic effects. 

In fact, the Hamiltonians for a particle in inertial, electromagnetic, or 
weak gravitational fields are all  formally equivalent, so effects occurring in 
any one case should occur in the others. From this point of view, the 
experiment described by DeWitt ~17) of a mass rotating inside a supercon- 
ducting ring, is seen to be the gravitational analog of the Zimmerman- 
Mercereau experiment. Also, as Sakurai ~s) pointed out, the neutron inter- 
ference experiment of Werner et al., ~19) which detected a phase shift due to 
the earth's rotation, can be easily understood by considering the more 
familiar electromagnetic analog with co replaced by B and A by a. In this 
way, new effects in the case of one field can be predicted by looking for 
analogs to more familiar effects in either of the other two fields. 

In conclusion, the Aharonov-Bohm effect for the inertial field is just 
one example of a formal equivalence between electromagnetic, inertial, and 
gravitational Hamiltonians which can be used to make a number of 
interesting predictions by analogy. The experimental verification of an 
Aharonov-Bohm effect in the inertial field gives additional weight to the 
predictive power of this approach, underscores the similarity between 
inertial, electromagnetic, and gravitational potentials, and represents the first 
experimental verification of an Aharonov-Bohm effect in a nonelec- 
tromagnetic field. 
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