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Aharonov-Bohm Effect

Photographs are taken from “Wikimedia”
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Significance of Electromagnetic Potentials in the Quantum Theory

Y. Auaronov aAND D. Boum
H. H. Wills Physics Laboratory, University of Bristol, Bristol, England

(Received May 28, 1959; revised manuscript received June 16, 1959)

In this paper, we discuss some interesting properties of the electromagnetic potentials in the quantum
domain. We shall show that, contrary to the conclusions of classical mechanics, there exist effects of poten-
tials on charged particles, even in the region where all the fields (and therefore the forces on the particles)
vanish. We shall then discuss possible experiments to test these conclusions; and, finally, we shall suggest
further possible developments in the interpretation of the potentials.
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Magnetostatic Aharonov-Bohm Effect

- Double slit experiment -
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Superposition of wave function at the screen :1) = 1| + 19
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Magnetostatic Aharonov-Bohm Effect

- Double slit experiment with a solenoid -
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Magnetostatic Aharonov-Bohm Effect
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(a) (b)
FIG. 2. Toroidal magnet. (a) Scanning electron micro-

graph; (b) diagram. The toroid is connected to a Nb plate by
a tiny bridge for high thermal conductivity.
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FIG. 3. Electron-optical system for hologram formation.

Y.-W. Kim and K. Kang

An experiment : A. Tonomura et al., PRL 56, 24 (1986).

(b)

FIG. 6. Interference micrographs of a toroidal magnet at low (emperatures. (a) T'=4.5 K (phase amplification, 1% ); (b)
T'=4.5K (phase amplification, 2% ): (c) T=15 K (phase amplification, 2% ). The enclosed flux is quantized in units of h/2e
when T < T, (=9.2K). The number of fluxons is odd.

(a) (b) (©)

FIG. 7. Interference micrographs of a toroidal magnet at low temperatures. (a) T=4.5 K (phase amplification, 1x); (b)
T=45K (phase amplification, 2x); (c) T'= 15K (phase amplification, 2x ). The number of fluxons is even.
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Electrostatic Aharonov-Bohm Effect

Superposition of the wave function without the scalar potential :

Y =191+ g,

Regionl 4
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Superposition of the wave function with the scalar potential :
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Electrostatic scalar potential
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Aharonov-Bohm Effect

Static potentials affect an electron (or charged
particle) in electromagnetic-field-free region

!

Observable intriguing quantum phenomena
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Cavity/Circuit Quantum Electrodynamics (QED)

Study of the interaction between light and matter!

Cavity QED Circuit QED

electromagnetic field region
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Figures are taken from You & Nori, Nature2011.
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Superconducting charge qubit

Josephson junction

Cooper pair box (an artificial atom)

E
Ho= Y Ec(n=ng) Innl ==L (n+ 1nl + In)n + 11)

reservoir E. : single Cooper pair charging energy
@ : magnetic flux (control Josephson energy)

Makhlin-Rev.Mod.Phys. 2001.

E(n,ng)

Y.-W. Kim and K. Kang

ng : gate charge number

Qubit

hwa Transition frequency of the qubit

2 Oz Wy = \/[Ec(l — 2ng)]2 + Ef

Hy, =

Eigenvector of the qubit
ol 104 sin?
lg) = cos - |0) + sinZ |1)

E
Y 14 = arct /
le) = — sin> |0) + cos > |1) [ S (Ec(l — an)>
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Cavity/Circuit Quantum Electrodynamics (QED)

Study of the interaction between light and matter!

Cavity QED Circuit QED

electromagnetic field region
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“Real” atom (qubit)

\ mirror
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1

Total Hamiltonian ;
H = Hgtom + Hca/uity + Hipt

Interaction Hamiltonian :

A

Hmt =—d-E

E : electric field in the cavity.
d : electric dipole moment of the atom.

“Local” interaction !!
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Jaynes-Cummings model

Total Hamiltonian : atom cavity interaction
hwe . 1
H= QaJZ + hw (aTa + 5) + hg(o4+ + J_)(a + aT)
CLTO'_|_ . 0_Q@ counter-rotating
<
=
Jaynes-Cummings Hamiltonian : G'0—»04a roling
. 1
Hjc = QaUz + hw ((ITCZ + 5) + hg (O'_|_CL - CLTO'_)
Eigenvalue Eigenvector
AA
Eog === In+) =cosfle,n) +sinf|g,n+1)
h : —) = —g]
Eni:if\/4gz(n+1)+A2 |7’L > smﬁ|e,n)+cosﬁ\g,n+l>
tan 23 = 2gvn + 1
A = w, — w (detuning) abep =75
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Jaynes-Cummings Model: Resonant Case (A = 0)

| 4) ] 3)
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Jaynes-Cummings Model: Resonant Case (A = 0)

Circuit QED is in strong coupling (g > k,y) regime.

K: cavity-decay rate
y: qubit-decay rate

h
Eny = +=1/49%2(n + 1) + A2

2
| 4) _—13)
| 3 ) m— — 2)
| 2) e | 1)
| 1) — 10)

Transmission, T2/T3

Wallraff,Nature 2004
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Vacuum Rabi mode splitting was observed!!
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Jaynes-Cummings Model: Dispersive Limit (A > g)

Hy = (a,Ta + 1/2)+ hwao 22 +hy (aTa n 1/2) o

|3)
| 4 ) e / 12y @ Qubit-state-dependent cavity frequency shift
3y T T " m) Quantum non demolition measurement for qubit state
o Xq;\»- : ‘:w-—F-X- o)
R @S @ Lamb & AC stark shift
T3 AL X oo ) Resolving photon number states
g) e)

X = ¢°/A is the dispersive shift.
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Jaynes-Cummings Model: Dispersive Limit (A > g)

Hy = ho (ala+1/2)+ Buao /2 4y (aTa 1 /2) o)

2007 | doi:10.1038/nature054 61 nature
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Cavity/Circiut Quatum Electrodynamics

Electromagnetic field region e _
Electromagnetic field region

. R [ ] _ ]
Natural atom (qubit) Artificial atom (qubit)
Cavity quantum electrodynamics Circuit quantum electrodynamics

» An atom(qubit) is located in electromagnetic field region!!

» Local interaction between the atom and the electromagnetic field in cavity
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Quantum Electrodynamic Aharonov-Bohm effect

A charge qubit is located in the electromagnetic-field [E(t) & B(t)]-free region.

Inside cavity Lag rangian:

L= Lcharge + Lcavity + Lint-
field-free region

.
superconducting
charge qubit

Lorentz-covariant interaction :

1
LintZij'AdT_fdeT'

p : charge density of the qubit.
J : current density of the qubit.

schematic setup

The time-dependent potential affects a charge qubit
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Potentials are generated by the cavity

n electromagnetic field [E & B ]
I g ﬂ boundary condition
surface
charge (o) & current (K)
< M density

as(r’, t—R/c) da

V(rt) = B
A(r,t) = S(r ; R/o) da

the lowest mode

Potentials at the qubit location

scalar potential vector potential

|
o T i
V() = —Volae™ =9 + gtel@=9], A(t) = A()Z .
h |
v, oc—w\/k(Sz | A =0

We can ignore the interaction by the vector potential.
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Interaction

H = Hqubit + Hcavity + Hipt

Superconducting charge qubit !

E (n.ng)

Makhlin-Rev.Mod.Phys. 2001.

<|e>=%(|1>— 10)),
l9) = =(I1) +10)).

Y.-W. Kim and K. Kang

with the interaction energy : hg =

Charge operator
q = —2le||1X1|= —lel(64 + 6-),

L. where &, = |e)(gl, 6_ = [g)el.

XD
Hine = qV.
field-free region | .............................................................
superc%ducting ....... € IeCtrOdynamiC potential
Charge qublt /4

Hin: = hg (64 + 6_)(ae'? + ate?),

_q%
o
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Electrodynamic Aharonov-Bohm effect

“static”’ Aharonov-Bohm effect

Source
|

Magnetostatic AB

Region2 1,

;
Screen
The paths of a charged particle are in electro-
magnetic-field-free region.

The “static” potentials affect the behavior of the
charged particle.

“Aharonov-Bohm phase”

e
O = — % A-dx
AB Ac
Magnetostatic AB

e
6us = & e
AB fl
Electrostatic AB

“There is a shift in interference pattern”

‘7: Regionl V; 2
Source < Electrostatic AB

“electrodynamic” Aharonov-Bohm effect
(our work)

A charge qubit is located in the electro-

magnetic-field-free region.

The “electrodynamic” potential (V(t)) affects
the charge qubit.

“Nonlocal exchange of the charge and the photon”

Hine = hg( 6,ae% + at6_e™19),

and hg = — 2o

2

Y.-W. Kim and K. Kang
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Electrodynamic Aharonov-Bohm effect: interaction strength

- Vi
Interaction energy : hg = — =2, = I _ f (5_,0) adz
2 w P1 \ P1

q Interaction strength:
o g/2m = 5.27 MHz.

p1 = 2.50mm

6p /p1=0.1
5z/py = 1073
w/2m = 9.09 GHz

This effect can be strong enough to be observed.
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Observable phenomena by the QED AB effect

v’ vacuum Rabi splitting

v'vacuum Rabi oscillation

v etc.
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Summary arXiv:1506.07961v1

v" We predict the electrodynamic Aharonov-Bohm effect with time-dependent
potential under the condition that a charge is placed in a region free of
electromagnetic field.

v" This effect can be realized with a superconducting charge qubit interacting
nonlocally with a cavity electromagnetic field.

v All the exotic phenomena with cavity QED can be observed in this
electrodynamic Aharonov-Bohm setup.
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