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Abstract: The gauge invariant nonlocal quantum dynamics that is responsible for the
Aharonov-Bohm effect is described. It is shown that it may be verified experimentally.
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The AB effect is the shift of the interference pattern of a charged particle
moving in the field free region surrounding an infinitely long flux line.

Theshift o = =% = —£ §A-dl,
] - magneticj}ux in the z direction sl
¢ - charge A - vector potential e

S—

When and how exactly does the AB effect occur?
since the electron’s wave packets have to encircle the
flux line before the shift of the interference pattern may
be observed

In every simply connected region the evolution of a wave packet is given by
; . S (7 . [ Adl
(1, t) = e 65(T) = Vol ’.I,.“
o - "free” solution - { = grad S
In every gauge the relative phase evolves differently
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* Modulo momentum

- The change of modulo velocity in the AB effect
» Measuring the velocity distribution

* A Gedanken experiment

Pirsa: 16060048 Page 4/24



Modulo momentum
Consider a particle in a superposition of two non-overlapping wave packets

e [.)

U, = P(x) + ez — L) (/}I\ /.\

L X

Modulo momentum, p modulo %, is represented by the displacement operator
whose average depends on the relative phase .

<\1}w | oipl | q;”> =

LY

2
since |x,p| =ih, ePly(z)= Y(x+ L)

< a" >, < p" > do not depend on a.

Modulo momentum has a non-local equation of motion

2 [ ) ) |
H =5+ V(z), (N«””* = i[V(z) = V(z + L)) ™"
(l
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Conservation law

In a collision between two particles, modulo momentum 1 /
i, il . ” 3 1
is “exchanged on an ellipse ( /

The system shifts fromato b

Py = cos py L
Py = coS P L

Modulo momentum is the dynamical variable that
describes interference in the Heisenberg picture
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The change of modulo velocity in the AB effect

Wave
packet
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flux line (<P)
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packet
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The change of modulo velocity in the AB effect

Wave
packet

L ® X
flux line (<P)

O

Wave
packet

Pirsa: 16060048 Page 8/24



« An abrupt change of the modulo velocities of the
charged particle occurs, when the imaginary line
connecting the wave packets crosses the flux line

» The velocity distribution changes as well

« The change of modulo velocity is responsible for
the shift of the interference pattern of the AB Effect
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An abrupt change of the modulo velocities of the charged particle
occurs, when the imaginary line connecting the wave packets crosses

the flux line

o 1 e g Ra | .
()<(‘lmu_,,l,> — _(('{"}5.4) Adl l) - _(('lm o l)
2 g
a = —<* ¢ - magnetic flux in the z direction, ¢ - electric charge

he?

. s y ce YL .
Having used (.”“"‘u’f - (.’f_l’.u :".u”: — e v .’_,, "H”r“/(”f”l,

and Stokes’s theorem

The change occurs via non-local interaction

The average modulo velocity is the Fourier transform of the velocity
distribution

<(,inu'_,,l,> — / l)(”H)(,imr‘;;l,(h“,“y
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The corresponding velocity distributions can then be calculated

5 MU, L
Poefore(Vy) = 2P,(vy) cos” 2;:
hyT
: 5 (muv, — a+)L
[)u ['f(-‘,.(-{?”) — 2])”(.”_,}) (,.()HZ ( 1Y ‘)/ L)
) , ) m

P,(v,) -velocity distribution of a single wave packet.

The velocity distribution can be measured:
the shift is observable
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The change of modulo velocity is responsible for the shift of the
interference pattern of the AB Effect
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Measuring the velocity distribution

N - Total number of particles measured
Ns - Number of particles for which the result Vy,s was obtained

Plyg,) = lim N
e N—ooo N

* To relate the change of the velocity distribution to the event, the

measurement of the velocity should be performed within a very short time,
and shortly after the event

* Measuring the velocity using two position measurements

y(T) — y(0
v,(0) = lim y(T) — y(0)

T—0 T
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Measuring the velocity distribution after the event

System:
Heavy non-recoiling measuring device (q,7,)
Measured particle m (y, p,)

/,'i N , L
H=%+g(t)qy—g(t = T)qy —o(t = T)—;

2 2

d(t—17) - Dirac’s & function 7T > 171,

After the first position measurement the particle’s
velocity is very uncertain:

Uy( during ): Py l (g

measurement m ™

!

Perturbation term

Gate function
g(t)

Yo

0 Ty

lo
(s / fj(f)l’“ lf]“'“]
JA)

(l‘ > I (JIE) > ”)
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Measuring the velocity distribution after the event

System:
Heavy non-recoiling measuring device (q,7,)
Measured particle m (y, p,)

/,'i N , L
H=%+g(t)qy—g(t = T)qy —o(t = T)—;

2 2

d(t—17) - Dirac’s & function 7T > 171,

After the first position measurement the particle’s
velocity is very uncertain:

Uy( during ): Py l (g

measurement m ™

!

Perturbation term

Gate function
g(t)

Yo

0 Ty

lo
(s / fj(f)l’“ lf]“'“]
JA)

(l‘ > I (JIE) > ”)

Page 15/24



The evolution of the system’ s state
Uy, g, 1)) = T~ Jo O 1 (7, 0))
(Vs(y,m,,0)) = |p(m,)¢ (y,0)) - The initial state

¢(m,)- The device’'s wave function

r(f/ () - The particle’s wave function

T- Time ordering
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After the measurement

2
+ Py

(\j(.‘qyr-_"'_'mT(-_j("‘”" |‘]Js(.{/- Mg, U))

W
—i Py
= ¢ 2m

o=
: (L,
?—_—{

\We(y,mg, T)) = ¢

T, iG(ELT)q

m

DT (v, n)>

2

- ol ), b _]‘l
— / V' (py,0) | o(mg — GT Pyy S eipvyp—imht | py > dp,
- ' m - -
H (l’r‘.z’!] “r 1
provided a = ==, 71 > 1 The measurement

ot ‘f“l)(ﬂ—r )
Y'(p,, 0) - The Fourier transform of ¢/ (y,0) !

Y (y,0) = /'(/'T"(P;u-())"”}””‘KY’U

The displacement of the device’s wave packet

¢(m,) is proportional to the particle’s velocity o oYy

T'q is the device’s pointer
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After the measurement

g lf_ = e \
|\[}H(H- oy ] )) — ot 7 oGt .mT —1Gqy |\]Js(.{/- Tq ())>

— ( =t ’!i T (!f’!,:T){

DT (v, n)>

2

i - ; i Pi
— / PPy, 0) | o(mg— G ¢ {”':) oiPyY p—igt | Py > ‘fljy

(,.zr,l. T The measurement

T

provided a =

ot ‘f“l)(ﬂ—r )
Y'(p,, 0) - The Fourier transform of ¢/ (y,0) !

Y (y,0) = /'1;?"(7).”.() ePv¥dp,

The displacement of the device’s wave packet |
¢(m,) is proportional to the particle’s velocity o Uy

T'q is the device’s pointer
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* The pointer’s displacement is proportional to the particle’s velocity
before the measurement

« The probability to measure a given value of the velocity is
(0] -
P(*2) = [i(p,, 0)
m

This is the particle’s velocity distribution before the measurement

2

-~

Compare

with the distribution measured shortly before the particle passed by the flux line

Is it shifted as our calculation predicts?
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Relativistic limitation on the duration of the measurement

The particle’s very uncertain velocity during the measurement must not exceed
the speed of light

L

C

~ 107" sec

1 >

For an electron, with . ~ 6um as in Tonomura’ s set-up

Accuracy needed to measure in the "modulo region”

The pointer’'s uncertainty must satisfy

h .,
m '

For same set-up
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A Gedanken experiment
y

O

O

Measuring the velocity v, in the particle’ s rest frame
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A Gedanken experiment
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Measuring the velocity v, in the particle’ s rest frame
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To conclude

* The shift of the interference pattern of the AB effect
is due to an abrupt, nonlocal dynamical change of
the gauge invariant modulo velocity

« The change may be observed by measuring the
particle's velocity distribution shortly after it passed
by the flux line

On a basic level this work relates to the role of the
electromagnetic potentials in quantum theory

Thank You
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