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1 The Aharonov-Bohm Effect

Time-dependent Schrödinger eq. for single electron in
an electromagnetic field:

i~
∂ψ(x, t)

∂t
=

[
1

2me
(−i~∇+ eA(x, t))2 − eφ(x, t)

]
ψ(x, t).

(1)
The field strengths

B = ∇×A; (2)

E = −∂A

∂t
−∇φ (3)

are invariant under gauge trafo of the potentials:

Experimental set-up

A→ A′ = A +∇f ; (4)

φ→ φ′ = φ− ∂f

∂t
. (5)

Eq. 1 is covariant under the combined set of trafos 4, 5 and

ψ → ψ′ = exp(−ief/~)ψ. (6)

Hence, in simply-connected regions where B = 0, such as path 1 or path 2 separately, a trafo from
natural gauge (A = 0) to arbitrary gauge (A = ∇f) adds a shift δj to the phase of the contribution of
that path to the total wavefunction:

ψj → ψ′j = exp(− iefj(x1)

~
)ψj = exp(− ie

~

∫
j
A · dx)ψj ≡ eiδjψj , (7)

with f(x0 = source) = 0, w.l.o.g.; x1 is the screen; j = path 1, path 2.
Turning on the gauge-independent magnetic flux Φ in the solenoid will result in an additional phase

difference of the total wavefunction where the two paths combine at the screen:

∆ ≡ δ1 − δ2 = − e
~

∮
A · dx = − e

~

∫∫
S

(∇×A) · dS = − e
~

∫∫
S

B · dS =
e

~
Φ, (8)

where we have used Stokes’ theorem. S is not simply-connected, since the solenoid is impenetrable.
This is not a gauge trafo anymore: turning on Φ results in an observable shift of the interference pattern
on the screen.
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2 Some questions

1. Does the AB-effect imply that a) Quantum Mechanics, and/or b) nature is non-local—or, more
precisely, more non-local than already implied by violation of the Bell inequalities (and the stan-
dard double-split experiment)? Non-local in what sense? Does this answer depend on one’s
interpretation of QM? And on one’s answer to the following question?

2. In light of the AB-effect, should we consider the vector potential to be ‘more real or physical’ than
we originally thought / more fundamental than the magnetic field / something more than just a
mathematically elegant but redundant notion? Or is there perhaps another, better candidate for
forming the bedrock of physical reality?

3 Locality [Einstein]

1. Dynamical locality/ action-at-a-distance

• instantaneous

• unmediated

2. Structural locality/ separability

The physical properties of a (spacetime) region are (not) fixed by the physical properties of the
subregions that make up that region.

4 Choosing a fundamental ontology

• Magnetic field: B

Vector-potential is just mathematical redundancy

Advantages:

– Separable

Problems:

– Non-local: unmediated action-at-a-distance

• Vector potential: A [Aharonov & Bohm, Feynman]

Advantages:

– Separable

Problems:

– Not gauge-invariant [Healey]

∗ cf. global phase of ψ

∗ One true physical gauge?

· Epistemologically problematic: Ockham’s razor.

· Indeterminism. Cf. the Hole Argument in GR.

∗ Equivalence class of vector potentials? [Leeds, 1999]

– Non-local: at any point A can be gauged away. Which local interaction is supposed to
provide a (better-than-B) explanation of the effect? [Healey]
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∗ If the theory is complete it takes both paths, if it is not, like in Bohmian mechanics where
the electron takes one path, the wave-function still goes through both slits. [Maudlin, 1998]

• Dirac phase factor: ∆ [Healey, Wu & Yang, Belot]

Advantages:

– Gauge-invariant

– No action-at-a-distance. (Even in Bohmian mechanics?)

Problems?

– Non-separable

• Other candidates: Separable & gauge-invariant

– G(x) = A−∇∂i∆−1Ai [Holland, 1993]

– ρ = |ψ|2 and Dθ ≡ ∇θ −A, with θ the phase of ψ [Wallace]

5 Readings

• Healey, 1997, “Nonlocality and the Aharanov-Bohm Effect”, http://www.journals.uchicago.
edu/doi/abs/10.1086/392534

• Maudlin, 1998, “Healey on the Aharonov-Bohm Effect”, http://www.journals.uchicago.edu/
doi/pdfplus/10.1086/392644

• Healey, 1999, “Quantum Analogies: A Reply to Maudlin”, http://www.journals.uchicago.

edu/doi/abs/10.1086/392696

• Wallace, 2014, “Deflating the Aharanov-Bohm Effect”, https://arxiv.org/pdf/1407.5073.pdf
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