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Quantum test of the Lorenz condition
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The time-dependent electric Aharonov-Bohm effect, where shielded potentials vary while
electrons are in transit, offers a unique test of the Lorenz condition 9, A* = 0. We in-
troduce a phenomenological coupling x between the scalar 0, A* and the electron. In
the field-free interior of shielded cylinders, 0, A* = <I>/ c2, giving an additional phase
A¢p = —k[AV(T)— AV (0)]. For sinusoidal modulation this yields a 1—cos(wT’) term or-
thogonal to the standard sin(wT') Aharonov-Bohm phase. We propose a realistic electron
interferometer, analyse fringe-field systematics, and project a sensitivity |k| ~ 10-6v—1,
the first such probe. A null result would confirm the scalar mode’s decoupling from mat-
ter; a positive signal would uncover a new electromagnetic degree of freedom.
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1. Introduction

In their seminal 1959 paper, Aharonov and Bohm ! predicted that electrons travers-
ing regions free of electric and magnetic fields can accumulate measurable phase
shifts due to electromagnetic potentials. The magnetic version has been confirmed
with high precision 234, but the original electric proposal—two shielded conducting
cylinders driven by time-dependent potentials—has never been realised. Standard
quantum mechanics predicts a phase difference

e T
Apqm = —g/o (@1 (t) — Po(t)] dt, (1)

whose functional dependence on the temporal profile of the potential remains un-
measured. The only related experiment, the steady-state Matteucci-Pozzi effect °,
was later shown to be dominated by classical forces 6. The genuine time-dependent
electric AB effect therefore constitutes an open empirical frontier.

Beyond completing the AB programme, this configuration offers a rare opportu-
nity to interrogate a foundational tenet of electrodynamics: the status of the Lorenz

condition

100

B=0,A*=V -A+—-—. 2
H + c2 Ot ( )

In standard electrodynamics, local U(1) gauge invariance renders the four-potential
redundant; the Lorenz condition B = 0 is a convenient gauge choice that decou-

ples the scalar and longitudinal modes from observables. However, the question of
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whether this decoupling is an exact dynamical requirement or whether a small resid-
ual coupling could exist—as suggested, for instance, by emergent gauge theories ™8
where gauge symmetry is only approximate—has never been subjected to direct
experimental test in a regime where the fields vanish while the potentials vary in
time. In essence, the shielded electron interferometer serves as a quantum probe
of the scalar sector, converting a temporal boundary difference into a measurable
phase shift with shot-noise-limited precision.

We address this question by adopting a strictly phenomenological approach.
We do not commit to any specific modified electrodynamics; we simply posit that,
if B has physical content, an electron might experience an additional interaction
proportional to it. We further assume that any such interaction is weak enough not
to alter the standard solution of the screened AB configuration at leading order.
Inside the conducting cylinders, Maxwell’s equations then still give E = B = 0 and
a uniform potential ®(t), so that B = ®/c2. The extra phase accumulated by the
electron becomes a pure boundary term:

Adp = —k [AV(T) — AV(0)], (3)

where AV (t) = Vi(t) — Va(t) is the potential difference in volts and « is a free
parameter of dimension V1. For sinusoidal modulation AV (t) = AVj cos(wT) this
yields a 1 — cos(wT') contribution, functionally orthogonal to the standard sin(wT")
AB phase.

The article is organised as follows. Section 2 formulates the phenomenologi-
cal phase shift without reference to a specific microscopic Hamiltonian. Section 3
reviews the shielded electric AB configuration. Section 4 combines the two contribu-
tions and discusses their functional orthogonality. Section 5 describes a realistic elec-
tron interferometry experiment, estimates the sensitivity and analyses fringe-field
systematics. Section 6 discusses the implications of either outcome, the absence of
competitive existing bounds, and the broader epistemological stakes. Appendix Ap-
pendix A provides an analytical treatment of fringe-field phase shifts.

2. Phenomenological scalar phase

We consider the possibility that the scalar quantity B = 0,A* has physical sig-
nificance and couples weakly to electrons. Because the coupling is assumed to be
perturbatively small, the electromagnetic fields inside the shielded cylinders are still
described by Maxwell’s equations to leading order. Hence E = B = 0 and B = @ /2.
The most general phase shift compatible with linearity, temporal locality, and the
static limit (® = 0 = A¢ = 0) is a boundary term depending only on the initial
and final values of the applied voltage:

Ags = —r [AV(T) — AV(0)]. (4)

Here AV (t) = Vi(t)—Va(t) is the potential difference in volts and « is a phenomeno-
logical constant of dimension V! that quantifies the strength of the hypothetical
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coupling. No specific microscopic origin is assumed; x is the single free parame-
ter to be constrained by the experiment. This formulation avoids any dependence
on a particular high-energy completion and makes the experimental search model-
independent. (Although we remain agnostic about the ultraviolet completion, such a
coupling arises naturally in emergent gauge theories "%, where exact gauge symme-
try is only approximate and operators depending on 9, A" appear in the low-energy
effective action.)

3. The shielded electric Aharonov-Bohm configuration

The geometry follows the original proposal ?: two hollow cylindrical conductors of
length L and inner radius R are placed along the two arms of an electron interfer-
ometer. Time-dependent voltages Vi (t) and Va(t) are applied to their inner surfaces.
For a perfect conductor in Maxwell electrodynamics, the interior electric field must
vanish; the Laplace equation with Dirichlet boundary conditions has the unique so-
lution ®(r,t) = V;(t) throughout the volume. The vector potential can be chosen to
vanish inside, so that E = B = 0 along the entire electron trajectory. The electron
experiences no Lorentz force, yet its wave function accumulates the standard phase

Adou = —% /0 AV (t) dt. (5)

For a sinusoidal modulation AV (t) = AV, cos(wt),

Adom = _ea% sin(wT). (6)

The transit time is T = L/v, with v the electron speed.

4. Scalar-mode signature and functional orthogonality

Adding the standard and scalar contributions, the total interferometric phase for
sinusoidal modulation is
Ap(wT) = Asin(wT) + C [1 — cos(wT)], (7)

with A = —eAV,/(hw) and C = kAVp. The functional characteristics of the two
terms are summarised in Table 1. They are linearly independent over any interval;
their zero crossings are interleaved, enabling a clean separation by fitting a two-
parameter model to data taken over a range of wT values.

5. Experimental design and sensitivity
5.1. Interferometer layout

The apparatus (Fig. 1) employs a cold field-emission source, a biprism beam splitter,
two shielded cylindrical electrodes (L = 1 ¢cm, R = 100 pm, reducible to 10 pm),
and a microchannel-plate detector. Two phase-locked RF synthesizers drive the
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Table 1. Functional comparison of the standard and scalar phase contributions for AV (t) =

AV cos(wt).

Feature

Standard QM

Scalar coupling

Static limit (w = 0)
Low-wT scaling
Functional form
Zeros

Maxima,

wT =(2n+1)r/2

xT 0
Linear in T o (wT)?
sin(wT) 1 —cos(wT)
wl =nm wT = 2nm

wl'=2n+1)w

cylinders with the same frequency w but a controlled phase offset to produce the
desired AV (t). Guard electrodes and a common Faraday cage suppress crosstalk.
Electron energies between 10 eV and 10 keV give transit times 7" from 5.3 ns to
0.17 ns, corresponding to RF frequencies from ~ 30 MHz to ~ 3 GHz for a full
wT sweep. Single-electron interferometry with the required temporal resolution and
phase stability has been demonstrated '?!!. The setup thus constitutes a high-
precision quantum probe for feeble time-dependent potentials, exploiting the

Aharonov-Bohm phase as a transduction mechanism.
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Fig. 1. Schematic of the electron interferometer. Two shielded cylindrical electrodes are driven by
independent, phase-locked RF sources. Guard electrodes minimise crosstalk.

5.2. Fringe-field systematics

The fringe fields at the cylinder ends produce a spurious phase that must be carefully
modelled. A detailed analytical treatment is given in Appendix Appendix A. The
key result is that for cylinder radii R < L and adiabatic traversal wR/v < 1, the

fringe contribution takes the form

AQzl)flringe = -

eAVy R

P [1 -+ cos(wT)], (8)
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with a ~ O(1). Its functional form 1 + cos(wT') is orthogonal to both the stan-
dard and scalar terms, so it can be fitted simultaneously. The relative amplitude
compared to the standard phase is ~ wT R/L, which for the proposed parameters
remains below 0.03 when R/L = 1073, Additional systematic effects (finite conduc-
tivity, cavity resonances, beam energy spread) are discussed in the Appendix and
are estimated to contribute at the 1073 rad level or below after suitable mitigation.

5.3. Projected sensitivity

With a modulation amplitude AV, = 10 V (easily generated by standard RF
amplifiers) and an integrated electron count of N = 10'° per frequency point,
the shot-noise-limited phase resolution is d¢ ~ N~1/2 = 107> rad. Reaching this
level in practice requires exceptional interferometric stability; state-of-the-art single-
electron interferometry has recently demonstrated phase resolutions of 10~% rad 2,
and the additional order of magnitude improvement is challenging but within reach
with longer integration and active vibration control. If achieved, the minimal de-
tectable scalar amplitude |C| = §¢ yields a sensitivity to the coupling

o I
|"9|min ~ m ~1075 v, (9)

Even a more conservative resolution of 10~* rad would still provide the first direct
constraint on x at the 10~ V! level, which is entirely unconstrained at present.

6. Discussion
6.1. Absence of existing competitive bounds

No existing precision measurement constrains the coupling « in a competitive man-
ner. The electron anomalous magnetic moment '°, the Lamb shift, and DC voltage
standards all involve static electric fields where B = 0, and are therefore completely
insensitive. The magnetic AB effect involves ® = 0 and V - A = 0 outside the
solenoid, so B = 0 there as well.

The AC Josephson effect could in principle produce a boundary term propor-
tional to k during transients, but the accompanying standard Josephson phase is
~ 10'® rad for a 1 V transient, while the scalar phase is ~ -1 V. For the scalar term
to compete, £ would need to be ~ 10 V!, many orders of magnitude above our
projected sensitivity '°. Torsion-balance searches for fifth forces 14 probe static,
gradient-driven potentials and are insensitive to a time-derivative coupling. Hence
the proposed experiment would be the first to explore this parameter space.

6.2. Scale of new physics — an indicative estimate

If the scalar coupling originates from an effective operator § Pip O A" (with g a
dimensionless coefficient of order unity and A a heavy mass scale), the phenomeno-
logical constant is k = ge/(hAc?). In natural units this corresponds to A ~ ge/k,
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which for || = 1076 V™! gives A ~ 1.7¢g GeV. Table 2 collects the values of  for
a range of A, assuming g = 1. It must be stressed that this conversion is purely
indicative—it depends on the specific ultraviolet completion and on the assumption
that the effective operator dominates. Nevertheless, it illustrates that a table-top
electron interferometer can, in principle, probe energy scales comparable to those of
high-energy physics, starting from the GeV domain and extending upward if g < 1.

Table 2. Effective coupling « (for g = 1) as a function of the new-physics scale A. The values are
indicative and depend on the assumed effective operator.

A K (V7h

1meV 1.7 x 108
1eV 1.7 x 103
1 keV 1.7

1MeV 1.7x10°3
1GeV 1.7x10°6
1TeV 1.7x107°

6.3. Interpretation of a null result versus a positive signal

A null result, establishing || < 1076 V=1 (or 1075 V~! under conservative assump-
tions), would provide the first direct experimental evidence that the Lorenz condi-
tion reflects an exact dynamical decoupling: even in the field-free, time-dependent
regime, the scalar mode does not interact with matter. This would elevate the gauge
principle from a pragmatic recipe to an empirically verified constraint on the struc-
ture of electrodynamics.

A positive detection of a non-zero C would be equally foundational. It would
reveal that the electromagnetic field possesses a third physical degree of freedom
beyond the two transverse photon polarizations—a scalar mode that the standard
formalism discards by fiat. Such a result would resonate with any theoretical frame-
work in which the Lorenz condition is not a fundamental requirement, and would
open a new chapter in the understanding of gauge symmetries.

6.4. FEpistemological context

The history of physics provides examples of symmetries that were long considered
inviolable until direct tests in new regimes revealed their limitations—parity viola-
tion in weak interactions being the paradigmatic case '®'7. Gauge invariance has
never been directly tested in a configuration where the fields vanish and only the
potentials vary in time. The experiment proposed here would subject this founda-
tional principle to its first empirical scrutiny in such a regime, independently of the
underlying theoretical interpretation.
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7. Conclusion

We have argued that the time-dependent electric Aharonov-Bohm effect is not
merely the last unverified prediction of the 1959 AB paper, but also a uniquely
clean quantum probe of the scalar sector of electrodynamics. By adopting a purely
phenomenological approach, we have shown that a weak scalar coupling leads to a
phase shift A¢ o« AV(T) — AV(0), functionally orthogonal to the standard AB
phase. A realistic electron interferometry experiment can reach a coupling sensitiv-
ity |x| ~ 107 V=1, which would be the first direct exploration of this parameter
space. Neither outcome—null or positive—would be trivial; both would substantially
deepen our understanding of the ontology of gauge potentials and the foundations
of electrodynamics.

Appendix A. Analytical treatment of fringe-field phase shifts

In the interior of a long, hollow, perfectly conducting cylinder, the central region is
screened from electric fields. However, at the open ends the potential varies rapidly
from its uniform bulk value ®(t) to the grounded potential outside. An electron
traversing the cylinder experiences these fringe regions at entry and exit. We derive
here the resulting spurious interferometric phase A¢ginge analytically and demon-
strate that its functional form is orthogonal to both the standard and scalar signals,
allowing a clean separation.

Appendix A.1. Potential solution and fringe profile

Consider a single cylindrical conductor of inner radius R and length L, with its axis
along z. The ends at z = +L/2 are open and held at ground potential V' = 0. The
lateral surface is maintained at a time-dependent potential V' (¢), which varies slowly
compared to the electron transit time through the fringe. We may therefore solve
the electrostatic problem for the potential ¢(r) at an instantaneous value ® = V()
on the lateral boundary. Laplace’s equation V2¢ = 0 holds throughout the interior
18

For a cylinder of finite length with mixed boundary conditions, the exact solution
can be expanded in Bessel-Fourier modes '®9. On the axis (p = 0), the potential
takes the form

B 0 ) sinh [k, (L/2 — |z])]
e (I)n; kR Ju(knR)  sinh(knL/2)

(A1)

where k, R are the positive zeros of the Bessel function Jy, i.e., Jo(k,R) = 0. For
L > R, far from the ends (]z| < L/2), the potential tends uniformly to ®. Near
an open end, e.g. z &~ L/2, the series is dominated by the first term n = 1, with
k1 = xo1/R = 2.4048/R. The potential decays exponentially towards zero over a
characteristic length ~ R. We can thus model the fringe profile near one end with
a smooth, normalised function f(z/R) that transitions from 0 (outside) to 1 (deep
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inside). The exact shape is not critical; only its integral matters for the accumulated
phase.

Appendix A.2. Phase accumulation and adiabatic condition

The fringe traversal time is 7y ~ R/v, where v is the electron speed. For the proposed

parameters (R ~ 10 — 100 pm, v ~ 10° — 10" m/s), 74 ~ 1072 s. If the modulation

frequency satisfies wry < 1, the potential can be taken as constant during the

fringe crossing. This adiabatic condition, wR/v < 1, is well satisfied: at our highest

frequencies (~ 1 GHz) and lowest electron energies, wR/v < 0.1. Corrections to the

adiabatic approximation are of order (wR/v)? < 1072 and can be safely neglected.
The electron accumulates a fringe phase at entry (¢ ~ 0) given by

e 0 z e
buiry = =5 [ @O 1G:/DT = ~200) 1, (A2)

— 00
with the geometric integral Iy = ffooo f(w) du. A similar contribution arises at the
exit end (¢ ~ T) with instantaneous potential ®(7"). For the exponential decay
governed by the first Bessel mode, numerical evaluation gives Iy ~ 0.9. We conser-
vatively set the overall constant o = Iy ~ 1 in what follows.

Appendix A.3. Interferometric phase difference and functional
orthogonality

Summing the contributions from both ends and taking the difference between the
two interferometer arms, we obtain the fringe phase difference
eR
A(rzsfringe = 706%;
where A®(t) = ®4(t) — Po(t). For the sinusoidal modulation A®(t) = APq cos(wt),
this reduces to

[AD(0) + AD(T)], (A.3)

A(Zsfringe = _aeAh(I)O E [1 + COS(UJT)] . (A4)
v

The amplitude of this spurious signal is suppressed by a factor ~ R/L relative to

the standard AB phase, since EA% % ~ % X EA%T. For the proposed geometry with

R/L ~ 1073, the fringe amplitude is at most a few percent of the standard signal.
Crucially, the functional form 1 + cos(wT') is linearly independent of both sin(wT’)
(standard phase) and 1 — cos(wT’) (scalar phase). A simultaneous three-parameter
fit

Ap(wT) = Asin(wT) + C[1 — cos(wT')] + F[1 4 cos(wT)] (A.5)

to data spanning a sufficient range of wT (e.g., 0.27 to 107) can extract all three
amplitudes without degeneracy. Small uncertainties in the exact value of « (due to
geometric tolerances or slight beam misalignment) do not affect the shape of the
fringe term, only its fitted coefficient F'. The scalar amplitude C' remains robustly
identifiable by its distinct functional dependence. This confirms that fringe fields
do not constitute a fundamental obstacle to the proposed measurement.
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Appendix A.4. Additional systematic considerations

Finite conductivity of the cylinder walls introduces a small penetration depth § <
R, which modifies the fringe profile at the level of §/R < 1073 for copper at GHz
frequencies '®. Cavity resonances inside the cylinders can be avoided by keeping
the cylinder length below the cutoff wavelength for the lowest TM mode, which
is satisfied for L = 1 cm at the operating frequencies. The energy spread of the
electron beam (AE/E ~ 10~ for a cold field emitter) translates into a spread in
transit time AT/T ~ %AE/E, which, for the highest wT ~ 107, gives a phase
smearing of order 1072 rad. All these effects are well below the projected sensitivity
and can be further mitigated with standard techniques.
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