
Lecture M8,Oct ( Mon .)
-

Outline for today (and wed .)

- gauge transformation
in EM : classical

and quantum
e- Warm - up for subtle effects from

A ( magnetic vector potential
) FA not
-

constant in region with B-= 0 (where

particle moves)) : bound - state AB effect

- original AB effect

- magnetic mono pie

- Common thread in above 3 configurations :

interplay of titE ( gauge

transformation etc . I - already present

a classical level - with quantum . . .

- common theme of
electrostatic ,gravitational

potential examples ( previous
lecture)

with AB effect , monopole (
with EM

potential ) : no force (classically),but

still non trivial effects
for t # O



Most general , time - dependent Ella :

E- = - I 4-
'

g FAI & B- = I x I

unaffected by gauge transformation
:

¢ → 4 - I get Matt & A → At Matt

classicimpcicationsofgaugetransformation
-

- (charged) particle trajectory
independent

of gauge
used ④ (x) chosen] , e.g .

B = B E
"

from
" {A " = - Bathing - BZI . . .ci ,

\Aa= - By ; Ay = 0 : Az??
41 & El related by AI → A - I (Bogey)

T

[same for Cll
& KD Nbc)

⇐ trajectory,:h ( uniform circular

motion in x - y plane + uniform
linear in Z)

- P x ( similarly by ) for €, choices are different:



d Px left = -

d # lose { # O for 41

= 0 for @ I

-jtoy given byTienda
TT = p - e Aq
T

gauge
-

invariant gate - dependent

- x-

Ona to Q M ( expectation values behave

classically ) : (x> & ft) gauge - invariant

- I d) for A → II) for A = A 1- In
← ←

operators ( via x)
- require :

it . ( x lool x) = (I Irl I >
121 . (al p - e# Ix) = (II p - II)

@ I . ( al x) = (I II)



If IT > E G / x) , then
"sufficient

"

condition :

Al . ( El XII ) = ( al Gtx Gla> ⇒

Gt*G El GtH - e AI ) GEea,
Gl Gt G = I (unitary)
- claim : G-eexpcent.cl/h#
( pro off : ( * I & (311 clear ; for (2) , use Cp, f =- THEE
to computeexbfiffftextff.EC/=...--lo-ez*nJ-
Onto UT Castle.cl#ezNx4JukitI---

from S E for 127 or 4 Getty : if I D

or IX) satisfies SE
with A

,
then above

1£ ) or# satisfies SE withA=
- T.probabii.tt : density , 0=1412gauge

invariant

I⑧ I = 0hm 475 - e.IE) is also invariant

since 5 (phrase of XD→ s teacake

- summary : state kets , p gauge - dependent

kinematical momentum , probability flux in variant



Bound-sstateABeffec.TT
-

←
particle

⇒¥ confined

( B- ⇐ ol

L
,

III. life:::c::
solenoid of

be here

(
radius Da)

-BC : 4 = 0 at D= Pa , PB effigy dependent
of B) what

. . . naively , no effect
of B- ?lab

- Is E non - vanishing where

particle propagates ? Hw

§ F. DE = f x Elida
circle surface enclosed by hoof

of radius @ = fB IIe, P'Battiato



⇒ In #e 0 inside shelf (where particle

propagates) . . . circumferential

⇒ SSE
, eigenvalues modified

T
* '→C '- iezcn)
. . . again , even though

particle

I::isi:::*::c:oa*. .
gravitational examples

From previous

lecture]



10riginalhbeffect-J-f-3-panta.EE'f÷÷⇒÷¥÷÷÷÷÷(sour
detects

/ interfere
,

Kz ) B E
H kn)

-
Use PI : the classical =

'

z
m x.

2 (no E)

→ L classical 1-
etc AT .dk/dt

( Goldstein : Eq 1.63 Sec
. I. 5)

(equivalent to H = (t - ez A) 4zm]
- change in action for path segment :

sin . n - it→ skin - 'Keef!!Fifa←

without B- I
= ees.in:* . as



⇒ contribution from one path :

Mex fish'B→ffext¥
modulation

exH¥si÷
- Sum over paths : consider two

"

above
" B ( 1 and I ) , with

Ag Xl

§I¥n. ds (along 21--5, NA .de/a!on8K. T →
* -→xN ' '

reverse
")

⇐ § TA .dscioseacc.opy-fsIIFedea-m.se,
byloop#

formed by *paths = J B- . dei = O

z and reverse I ↳ vanishes .
. .

=pathab-ovepsgivesge-amyahonfactor.rssimilarly below B-



So ,
transition amplitude

=fxeC¥¥¥÷!!!!"""' I
to be determined with no

B-

& gauge - dependent

+ above → below

- probability to find particle

in region B = (amplitude$2

-⇒iuterfee# between above
& below paths depends

on

COSH sin of phase ( modulation

factor)difference :=

{? Na . as ( above) - f!.NET?dF 'd below)I
→ x n*

(reverse of path )



= § AT - d5 closed Hoof formed
path by path above

theoremandrerersytbeowstotesgexay.aa-SB.ge#IIu.Bimru'
independent solenoid)
of gauge choice

⇒ as ③ changed , sinusoidal
behavior of particle detection , with
"

period - Zthc( l "
E

µ¥


