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Abstract

Recently Chiao and his collaborators proposed a new version of the
electric Aharonov-Bohm effect [Phys. Rev. A 107, 042209 (2023)].
They argued that a quantum system confined in a Faraday cage with
a time varying but spatially uniform electric scalar potential can pick
up the Aharonov-Bohm phase, and the observable consequence is the
energy level shift of the quantum system. In this paper, I argue that
Chiao et al’s analysis is problematic, and a time varying, spatially
uniform electric scalar potential cannot result in observable energy level
shift of quantum systems. A possible explanation of this seemingly
puzzling result is also given based on the one true gauge principle.

The Aharonov-Bohm effect [1] (AB effect hereafter) is a quantum me-
chanical effect in which a charged particle confined to a region without elec-
tric and magnetic field is affected by the potentials. There are two forms
of the AB effect, the magnetic AB effect and the electric AB effect. The
magnetic AB effect occurs when the interferometer paths enclose a magnetic
flux, and the electric AB effect occurs when there is an electric potential dif-
ference between the interferometer paths, and both effects involve a shift of
the interference pattern. Recently Chiao et al proposed a novel version of
the electric AB effect without using interferometer [2]. They argued that a
quantum system confined in a Faraday cage with a time varying, spatially
uniform scalar potential can also pick up the AB phase, and the observable
consequence is the energy level shift of the quantum system. Since several
further studies have been conducted based on this interesting propsal [3-7],
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including a proposal for a new gravitational AB effect [3], a careful exami-
nation of its validity is necessary. In this paper, I will argue that Chiao et
al’s analysis is problematic, and a time varying but spatially uniform scalar
potential cannot result in observable energy level shift of quantum systems,
and thus their proposal is not a version of the electric AB effect.

In Chiao et al’s propsal [2], the basic set-up consists of a Faraday shell
with a time varying voltage on its surface. Inside the Faraday shell, the
E-field is zero, and there is only a time-varying, spatially uniform scalar
potential V (t) = Vpcos(§2t), where % is the frequency and Vj is the am-
plitude. The quantum system used to register the effect of this V(t) is a
gas of hydrogen-like atoms inside the Faraday shell such as rubidium gas.
According to Chiao et al’s analysis, the time varying, spatial uniform po-
tential, V(¢), will split the energy levels of the quantum system into a series
of energy levels, and the observable energy level shift can be used to probe
the scalar electric AB effect. Let’s see whether this result is valid.

As already pointed out by Chiao et al [2], we can use two gauges for
calculation for the above setup. The first gauge is V(t) = 0 and A = 0
inside the Faraday shell. The second gauge is V'(t) = Vp cos(Qt) and A’ =0
inside the Faraday shell (for ¢ > 0). They are related with each other by a
gauge transformation:

V=V -9\ and A'=A+V\, (1)

where the gauge function A\(t) = —% sin(2¢). Note that the notation for
the scalar potentials in the two gauges here is different from that given in
Chiao et al’s paper.

In the first gauge, the Hamiltonian of the quantum system is the same
as its initial Hamiltonian H = Hp, for which the solutions to the time-
independent Schrodinger equation are known, i.e. HoVU;(r) = E;¥;(r). In
the second gauge, the Hamiltonian of the quantum system will be H' = Hy+
eV (t). By the gauge transformation of the wave function, the corrsponding
solutions of the time-dependent Schrodinger equation will be

Uit = exp (i£A) vilr,t) = Wi(x) exp <—¢Ehlt + z;)\> G
This means that for a time-dependent Hamiltonian the quantum system has
different energy spectrum in different gauges, and the energy eigenvalues are
not gauge invariant (see also [7]).

The gauge invariant quantity related to the energy of the quantum sys-
tem is —(9,.S + eV) = —(0,S" + eV’) = E; for the energy eigenstate 1;(r, t)
or ¢}(r,t), where S and S” are the phases of the corresponding wave func-
tions multiplied by A. In other words, the energy spectrum of the quantum
system that one can measure is always F; without shift, independently of
the choice of gauge. In fact, gauge invariant quantities are not changed by



a gauge transformation by definition. Since the adding of a time varying,
spatially uniform scalar potential is equivalent to a gauge transformation, it
cannot result in the change of any gauge invariant quantity.

However, it seems that there is still a puzzle that needs to be answered.
When a time varying voltage is added to the Faraday shell, there will be
both a time varying E(t)-field and time varying scalar potential V () outside
the shell. Moreover, there will be also a time-varying scalar potential V' (t)
inside the shell, although the E-field will be zero there. Then, it is natural
to expect that something inside the Faraday shell must be also changed
when a time varying voltage is added to the shell. This might be the main
reason why Chiao et al thought that the quantum system inside the shell
such as its energy levels should be affected by the added voltage. But if the
physical reality is required to be gauge invariant, then nothing physical inside
the Faraday shell is changed by the added voltage, as the above analysis
demonstrates.

A possible way to solve this puzzle is to assume that there is one true
gauge in which the potential represents the actual physical state, although
it cannot be measuredE When a time varying voltage is not added to the
Faraday shell, the true gauge potential inside the shell is V() = 0 and
A = 0. While a time varying voltage is added to the Faraday shell, the
true gauge potential inside the shell is V'(t) = Vycos(Qt) and A’ = 0.
Then, the adding of the time varying voltage indeed results in the change
of the physical state inside the shell, which is represented by the potential
in the true gauge. However, due to the minimal coupling rule and the
local gauge invariance of laws of motion, neither the potential nor the wave
function alone is gauge invariant and measurable, and only certain combining
properties of the quantum system and the potential (besides the probability
density) are gauge invariant and can be measured, such as V.S — eA and
8tS + ev.

To sum up, I have argued that a time varying but spatially uniform
scalar potential cannot result in observable energy level shift of quantum
systems, and thus Chiao et al’s proposal of a novel version of the electric
AB effect is not valid. This result applies not only to the electric potential,
but also to the gravitational potential (cf. [3]).
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