4. Spin 1 fields,

T)\e, group o:f translateons and lorv.vv&g -l:ransjormqt(‘ovt.s 1S cﬂl-u.el’(. Pofv\ca'ref aro«?.
« Paxticles transform  unoler ~vreducible unttary  vefresen tations gf the Poincoré
3Vouj>,

There are mo Fintte - dimen sional um‘tuvj vepresentation oj the Poincard grousp.

Winger 793 showed dhot the rreducible unitary vepresedtutions ave uniguely

classified by moss m and spia T C mzo, JT= 04,1~
1 Tooe, thare are 27+ Indegend states  f mo>o
2 s e A meo.

J 'l‘j J= o, thave s onlﬁ one State fov ony ™.



L Wu‘nbej 1.5

4.1 Macsive gpin 1. ¢ ey. w .2 . Electro weah gauge boson )
Schwartz 3.3.2_-]

For massive s{n‘r\ 1, there are three d.o. f.

We {rj to ambed three d.o.f. in a vecter freld At

4 = 3 ® 1 \
4 - ddm vepresentation 3-dim  vefresentation [-dm  representation
a_f the J.orov\ta, gvoup oj S6Q) oj S0Q3)
« o - '
SP-EV\ -4 S pin - 0 ,

T)\Q most jeneml_ j‘-vee_ lq\jramy‘nn <

{- %c 3,0 Av) C2%A°) + %c %A 7 A% + 1 A AN

The E.-1 e s

aalAu +b 2‘)3»A,‘ - mLAU =0,

a-L v a&. _ 2 LM
= aC2a*Av) + bgAh g ia_AM'mA

202A0)

3L 2,V v P
= 2 b (A
aﬂ[a(a»%)] a2 A" + d $ )

To.hfvﬂ v on this efuation
D a 2 A"+ b 2 BAA"" - m 3,A" =0,
> [ caebya -m ] quAMy=0

Ij az-b, and m>o, then uA* =0
L
\
It s .).o-(e\\t& nvariant

It vemove Spin-G  ve presewtation

Ij we choose a=-I, b=t , then

L 2 - ?‘ Fﬂ.u F}‘\) + ':TML A,‘AJ" L P"'ch J_aj?dv\ji\qn ]



L 75 ndependent om A° , then T’z o, A® s net a physical d.o.f.
P L\

_Ii\evx the e%uqtl‘oa oj motion  now ""‘?l_‘f
a b S > M
(3 +my A¥ =0 A A¥ = o,

\

not gauge, vemove one d.o.§.

J

\ o _ 1 o.
T)LQ O.M\':w Mmomentum. tensor ts A = s v R
by J-(—
T sl 2P Ay - q*° L 2p (AVAH- B%A\’:)-l-&MA E Y
EEEYE WY N 3y FU% = —mt A%
v 3 F 2 -m A°
= (- 2#AT ¢+ 204 34%) VA5 - 9% L 3e Tt = - miA°
A = -0
= —2*ATAVAp + A AT VAN -9 L
y
= - ASaY 35 A% = 2°AT 3¢ AM
ty) MV
= - %2 Aj -3 L
Then T°° ¢

T= - FPPa%Ap - L

= - F°Y 2°A; + g F Fu - AL

F* Fo = 2aF*"Foy + F™ Fy « EYs-F%
Y Sihpk ¢ 22 sRpR . _ 7]
= 2FYE; + §&9Rp* g 'R g"B = -F
£ -2.|-.-Ea|a -}'2.I§|1
-F°f3°A{ = - F°T( 2°A; - 2: A% 2: A%

_ Foi Fo-.: _ Fo'fai A®

o

= E - 2:C F°UA%) + (20 F“\)A
T

doeswt contribute to the total energy

E*+ ¢ 2;2°A% - 2;2%A%) A°®

E'+ 2oC 2:AY) A%+ A 2'aTA°

n

~ S AT AO
B+ 20C 2A%+2: AT A° - A 2024A°+ A"272% A



2

= B+ A®2(3.A%) - A°2°A°

Then  T% = LE + L8 + A°2.(3, A7) - A% A° - Lm AL A®
—
QMA'“z o

b a
Lets o8 - A% A° - LAy 4+ 4 A

2 a °
= LE Lt + LA 4 LA - A% 2emy A

7

~—
y—"

=0 since (d%¥mIA:=o

F{nmllj , we find the total enerqy s positive.
Now, we want teo find the solution to (3 +MIAX=0, and ™A, :zo0
If we write
Aty = :i'l. y%:%q, E* P e P
Then MA =0 'im@lfe.s Pau £ =0

For any fixed Pu with = m® | there are three “ndependent solutions
] i1

Polox T2ation vectors EeB Ay, X223 | nermalvaed by EX 8%= -1

To.h-fnj P ™ e vest frame, $M=(m, o0 0 0>

Then i“(‘p,v) C o, 1,0 6) ; &%, 25z co0,0 1,0)

M. 3) ¢ 0.0 0, 1)

Tm}z\‘vj ']>"‘ olanj 3- divectton ?“: CE, o, o ?33

T)\en £.M= co,1,0,0) ﬁf =¢C0o 0 1,0) Transverse ﬁolavz'zxt«‘ovx
€= (P, 9, 0, E)fm «eon\’f'tud-’ﬂql polarvzation
* vy ¢
E4p.nd & ch A = - B =3M La, =0 33]

3
EA I RSRME XS

= 3uv + PuPu/m



In the )n‘sh energy Rimit E>»>m £%¢$.3> 3 Efim (1,0, 0, 1)

IV\ the sco.-ttevfnj Process with A%

. S)*(?'A) de’T & 31 8: ~A 3;
M 6" ~ g E ~ g E/pd
/r

Cross section blowsup !

L 3 : CQW}[MJJ

[

" cancelled bj Higgs besen



42 Quantrtzation

To guantize j-z‘elds with multiple d.o.f. , we need creation and annihilatoon operators

jor each d.o._f. se?e‘r&felg.

5.3. twe scalay :ft‘elJS, CP. and 4’;
d_3 -THx
ary J_ 3

P -TPx + X
CAK)’F (0pac + Qp Q J

, (X)

+a x)

+ a;,, Qty'x}

Then the  complex Fldl ¢z ¢ +v,

3 a -1 D
¢ = (I’J = firg‘JLw axlc E Gy € P L 2l e ?x)
2 AWy I

! (]
with ?. = (0 ) é_": = (l) C ?olm-u‘aq-h"ov\ vectors ]

Muss-u‘ue, S'];'tv\ -1

[ 3 -Tpx + TP
~
H:e(m‘-h‘o.n ¢ w,:Jm‘ﬂ?l’ )

Here Qp,a and Q-;,a have, ?o&vt’zaﬁon indices

= (le? Q;.,l lo>

—TP.X
<o| Ayx) | §,A0 = *?

S,Lc?.m e

Cannonvea L 8uqntizqﬁ‘on

+ €3) )
L O..p,a , Qe ] = Sw (17(_)38 (?-j’)

L Qpa, Qya ] = L Q5a, Qgnl = o0



We f.‘rst compute

VP % + TPX
L Auxd), Ap] = A fum} U% [ 490 OQpae P, Ecpn) Opace
Sut g Qg Y, E:<g.»3> Qg,x ' 8'3]
= e f [ &P a?,,te“q‘?'x' £ ¢ §.20 a%,a:efs':’l

+ L &S Qg P, Eyeqd Qq.x o 833 }

o FTATP ]
ya‘r‘(j’:-\a?’ £ P A Su(? ) - ? P 8_;4.(?,7\) Eu(?'a) ]

msert [ @, af] =ands® P-g) 3’

L -TPcx-y) % DN L O %
= | ——— [ e (-0t =) - -9, ety
—r(m}zw, 3 ma 2 (-§uv t ==y ]

= (_jﬂ‘)_ 3/4.3v) A cx- -y = }w(x-ﬂ)

As cx-531< o, [ A, Apl=o,
Since WA =-F°* o q¥: -F% = - AT 4+ 3VAC

L Aftt.?)) Ej(t.gj].-_-[ A“(’c,fz), Ad(t,g)J + L Af(f.:?), 35A°(t,§)]

.. [ 3?3-" {5(3:-5)ja.=xo:b + I AiO(I“:j) x°=3°=’<-
Heve [':\\T" A{jcx"d"’]:f: x®:z t
3 —TPH.Cx- X-4)
= LP [ e 3 ¥ (13)) +(‘l]’> e ey 1 (-jnv‘* ’P.;’{v) :x°=3°=t

CzttJ; z\.).,

Y 0(31> -t»?.(i’-g) -i?-(?-g) a3 $Vpo
= () —(m)s[e + e 1 3 =3 )
e-f?.(i’-g) , Q-f?-(?-\\p] $Vpo

ml

oty B - ; )
= 189 R + (%)fﬁ[

3d A{O(x-\\j) |x°= y=t

L - TPCX-Y) TP x-g T40 /s
wcfz\% [e'? (P9 + (VPP e I 3 + PP x°=y°=t
0

: IR RE S
i PP, TTEEY

. . .« <19 3)
D [ Avct, 2 , I°(t,3)] = -78" 8((:?—\-.?)



S,'fm'i'lmr].j, one has
L A{cf.?t), As(f,g):\: [ Tt.i(t,a?), Ttﬁct.ga]:o.
T)\ej oare not covarvant, Tkerejore we can define the field operator
Act, Ry= -~ V- R /m
which corvesponds  the classtcal  velation .

One can also evaluate the Hamiltonton and  momentum operators

H

3
= [ o oyn

3 . oF
= f‘f? P Qpa Op,a

a

p’l

ﬂ\e S“P-t‘n opevator

Under +the ).orentg, transFormation, Aty = A, AV AT'x)
'fnfinites?mal/ trangfor mations oj the lnnv\t& groud.

A

i

-u‘uf\'«\ite.stmsl. w

v
Then N'e 36.'? A g = 3"0 — w* + Wk -o L antisymmetrie ]

An o.nﬁsjmm-bn’c, 4x 4 matrix has 6 ndepandent  componants
6 transformations of the lorenty groud : 3 votations & 3 boosts
One fpossible basis : ] Ay*, ¢ Az w6

In 'prad::ce , rz*pla.:?nj the s?v\sle index A with (€I g6z 0,0,

~
[
3

av\t\‘s:jmc.tn‘c eg. MOI = -

With this retation , we can write o bagy ag

g6« index of basis elements
26 [ o fr SV 1 v
¢ 1Ty = -3

3 2 (3 3 3 ) PR lex °,f the 4 x4 maeriy



A!\J w>y  can be exjressel o5 a Lnewr combination of 'ch
Wy = E Nge CPIDH,
6 numberg the Jme.-ro.tors of the lorenty trangformation

The generators °L‘\"S e lovanty Lo algebra

[ ,:jgcl S-wJ . -i(jn}&.fu-JﬂMr"* 3’30}&“' _jvuM-s‘b)

Therefore , the loventy transformation on  AMtm o
A'cxy —— AL AV AT

¢ 5% + wr, ) AYC x¥- wiexS)

A xP- wile x™ ¢ wy AV Xt wisao

n

Aexy - wh x® é.gA’“+ w?, A%tx)  + ocwh

(,-' e \’——w-_J
grves ovbital anulqv describes ntvisve a.ngulav
momentum momentum ¢ the spia) of

the vector :fee_ug,

Tl\.o.vx the covves ?Ovlo{'l‘nj consevved currewt 1S

3l
(2, AY)

w2 A -F*o E e (I A%cx)

-FA, ?'::_ngg- (3 37V 5% - 5% 37> A’ cx)

L ST R S A
3 (379 = pFAT- FHUAT
For 3. = 1,2,3
a9 = [dx  FOIATL FOAY)
writir\J in terms of three vecters,
ghofetsk g% - 1g%k [T ¢ FOIAT- FOTAY
= :'-fd’x (- eSRhIp® + £ V3R YA

S Rx A

wny
N



Then the spin operator

=§d3x N« Tx A)
T

normal order

T)\e COnjuJO:te momentum

' = - AY 4 a¥A°

dh 2 s -Thx +  hx
= Wp £k (@ - e
GG, e Tk & ) ( Qpne G, n )

with  £%k.a) = £Tch.a) - RS £°ch 20 Aoy,

L) [2°e°-RE= o]
Twr
= JEEY iﬁ 3 mg
3 = - = RE
also k-€ckhad= Roc () ) o
Se €choa) = j:,\ Scka) with fa* {l, A= 2
ﬂl‘/“)‘: , A=3

. 2 £ Lg < wy & )
T)\e,n,?— de wu‘J_ (zfo_&_ = (T €C§Ad x £cp,n)

-1g 'Q . -vP + <.
X N[ € Qg e T Q;',\:Qtsxj ( Qpae t?x... a?,,‘e.‘?‘gj

Tapt + Tawpt

= X &P (=) [ S 2 x Lepy C Q-px @pae - Rpx Ypat

v J ary
-
+ ?.’c@,a’) X g(y,a) C 0.;,,\ Q?.,g - Q;,a' Q2.0 ]
de‘fr\Q. )‘el“c;tj OT’QYQ'“T )1: ? g/l?l ) ])\'°jQ<ﬂ°Vl ej the Spim In the drvection ‘:f motien
as n=3, [Ec-$x Eepn] f = [ $ x 0] £cp.2

x ?c—@,a)] 2T = o

=
A=3, L[E&¢p N x ?cy,aJJ-f =

For the +tramsverse -pol.o.n‘zqtfons, A=, 2, é'c P.2A)= ¢ p,a.)



vanish after A6 A, pa-p
J

Sadet: .
hs o J(::; (= )[ EC-$.2 x Eepn @-px Apae T * + Tawpt

= Q-?.x Q?,a_e.
2
2(1,, Ay x ?(y,m) C 0:;,,\ Qpn - Q;A. Qg2 ] . _l%
.2 (22 4y 2 0 2een n] ¢ Qga Bgpr - Qo Qpad] [&: 3/
= awa J Gy P P )Xi,(? PA TP P Qpa = I3

é?,. [ E)(—p, 0 x?('p,a)] =

j’ a5, @ o )
arcy € 82 Qo0 = Spr Qo

Thus  states of Q—;,al°> are not eigenstates of the ')\alr‘u‘tj oferator,

This can be achveved 53 Sm‘nj to the )\el?c?fj bas<s,

define as,+

n

| ~
.,Ff C Q?,) -1 Q?‘;)
Qs,- = (T(T— C Qg +7Qa)
Qg0 = Qpa

+
The commutators ave stll [ Gp,t0, Qp,2e] = QM 80)( $- )

T)LQY\ the )\el,u'c:"l'J operator

Jcnr)‘ ¢ Q?+ Qe - a?' -
The he[-‘cr-tj ?olewfzuh‘an vectors  are
E%h,t) = ;’f [ ek, t + e7ck,2) ]

Ech, 0) = €Mk, 3)



Fejnman progagator : D7 iex- ¥

Pex-yy = <ol T{ A A’cy> J10>
v v
= Bex’-y") (- 9*- a:; )Dex-yy + e<3°-x°3 -3~ a:f ) Dey-x)
Since % [ 8¢x®-yrDex-y3] = Scx™y% Dex-y3 + Bcx™y 3, Dex-y)

20 L 8¢ x‘-f) Dex-y2]

) ° o
5(1"-3 b) Dcx:p t 23540 30041-33
+ 8¢X°- y*> 25 Dx-y)
a: L e<j°-x°) Dey-x3] = - 5¢ x°~\5°) Dey-%) - 28cx™Yy% 3 Dey-x)

+ 8¢ y°-x% 20 Dey-x)

Then we have
8¢ x°- 4% 20 Dex-yo + e<3°~x°) 20 Dey~-x)

= 3 Dch-J) - 5¢ -y L ¢, cﬁ(ﬁ)] -] Scx,°—:j°) :Te L4>tao,+t33_'|
where  &cx’-y* [ $exr, 4>(5)J = -v8% i’-j’)
T

Tex)

8 cx-y") [ ¢, iyl

n

-31; [ 8c¢x- 3°J"r. $(x), 4:(3)] - 8<x°~d°> L qﬂm, $yoJ

o

ismc ?—3)
So B¢ x°-3°) 2 Dex-y> + 6(3“- x> 2o Dcy-2)
= 20 Dpcx-yp + © 8% R- ) Sexty’y
= 2 Dp(x-y) + ¢ s“‘%x-\\j)
Finally, | Dg¥ex-y> = (~g*" - 2%2%) Drxyd - %5”3” 5% x- ¥

dor't contribute to ﬂ\Jsicql, results
See:  0cx™y% 2aDcx-Y) + B¢y~ x°) 3 Dey-x)

= 2 [ 6<1°—3°> Dex-y) + 6<3°-x°> D(J—x)] - 8(1"-3") Dex-y) + Scx"—d") Dey-%)
S _/

=-5cx%yD L 00, ¢] =0




Transition to {nteraction  picture

a no.utral scalay ffqlo(, with  derivative CQK.P,Q;“S

Q.S .

L= Tp2"d - 349

~
'
¢

external current or a func'tionq,l Of ather ft‘dds

Then  canonical momentum

we 2% pog

24
T)\e Ham-i['toniqv\ 1S
H: mé -
= 7(4; _(_:[-4;; -?'<v+)°-;j°¢j>- 7-9¢)

J veplace ¢ l)j X+ 3°

T CT+3°) -3 (M43°) + T’(m}»)’ + §2(X+35%) + 7.9

Ho

190 + Lcvey

TI® 4+ G + G.vé vV

Hete  Ho s  free  Hamiltonian

\Y 7S the Anteractron

The last step s 're‘])lqcfnj Vo with Vi ¢ 1-picture, dn terms of  free frelds)

A ¢ j° + ?.v? + 3'—(j°)° P TA 3,,5}) + 35

>n

~
]

|

cancel o non- Mmvarviant

]
replece T with ¢

term . the Propgater

(See lod:ev)



leot’s consider the ).ajmn\tphv\ gf a masstve Vectoy
Ip
[ .
.C = -F Fj.,o F)“v + ‘_T‘_‘T‘le,._A'“ - J,‘A)‘

Than the E.-L. eguation xS
) F)q.) .\.A\) _ sV
ot rm =Jd
v=o0o 3 Fi°+m‘A°:\j°
[ 2 ) EY
2 A= (e + /M.
Stwce T = - Z?-VA" = -B + 9 V'T?-j")/m‘
ey = I a
5 A= V(OT-50/m -7
T‘len the Hamtltonvan s

Ho+\

WA~ L= R - L

I

+3°A° _32
T 03/ = - VRS
SR VR = +(V-T?)=/rvf
CEaEt . AR
FFy FY9 = L coxRY

| 2 a
-TM A®

oA 2 T R-GDA = 3O R et + (GO

2 |

.0 S 2\ /a2
B+ R 0% - (2T + LFecF

s -t (v R-g0y mt

A& -fnte'ract\‘nj with & Current

ov

- 2 | 2.2 I JEY
= LR+ 2 (VxR + 53 (V) + £ mIAl

| .9 J 02

> 3
-A--R;_-;) (1) + 5 2

.,

[m-{: F's‘o - E'i

+ gFyFRY -

T

vV

Ho

o]

- ) . N L
R [ vee g4 R ] ¢ F R P - dma + 34Ak.

[ &5 Eimn= B5mEbn ~ 850 Ssn]

! s .
_A_M.T' [(V.E)—QJ‘V.'E'PJ a_-l



- a
T)\QfL use V.U = -m Ao to jct \f;_
) .0 AO ) a2
V;. = -3? + A +1—sz°

N ] .

).et’s consvder the jollovrn covre lata‘ov\ funch‘on

(o' T {ex? L- 'ffd:!: V;_(t)]} Ie)

.2
[CP)

-

- 'l- ydlpx [JJCX)JL o

am*

The l:ejnnwm »pro?odo:tov s

D':“,(x-j) = (_SA\’ - al&av/ml.) DF(I_J) - %3)&03\)0 8(")(x_5)

The com tributien From e last temm s

~

".'1‘" jda:! d"\‘j O’)_I_cao (j,,(j) -—:\;) 3’“3‘"‘ Sm( 3:-\\5) &

I 4 0 :
2 Ia fo{ x [J%=x)]

o
which co.v\ch the contribution _f\'om 9 on V:._



Constraints and Dirac  Brackets L M)anbefj 3.6 1

Praca .Lq3ramjz‘°n ¢ real massive vector f-:‘elat)
~£= —%FﬂvFﬂo'PI’ﬂ\aAﬁAﬂ "J';AA"
Pr-:mcwj constrasas dmposed on the system. (3. choose a 3auge)

or Qqvise j—'rorvL the lerQﬂJ-n‘qu fts‘elf,

. ° (X"
S ‘O(Q o T = = 0
ey, L s andependent om  A° , then 2% As)
So the -‘pvimQVJ constrant = o
Second.mj consStraints : —Primqv\\j constraints are consistent wrth  the Q guq-t,‘m
oj motion (e.o.m.)
e.9. the E.-1. eguation
3,LF#°+ m‘A": ju - 2; F°4 m*A® - jo ¢ V= o0)
31‘7[" + ma.Ao - Jo
n
.;L’i: F';‘D
2T +mA° - j° s consisttat with T° = o

Haere we are fa‘m‘skcc(. but ™ other theovies we wn‘j}ct en cowter jwtlw.r constraints
LB reguva‘nj consistency oj the smco'ndarj constraints  a0ith. E. -1. eguation

Note :
. “p-rfmavj , SQconJa.rjl ; the daistmction 15 not mportant



first and  seconol comstraints

Ta, %% will < Jemml not be <independent varvables | but be velated Lj congtraints

USuqllj , Q\Qj "f\klj?u.

i ’-‘-q. ch}p = qu ; { 7-]-q. ll-q'}P = fT('q,Tl'q]P:o

~
]

Pofssm_ qucket :
{Aa, B}P = 3A 38 34 38 ¢ a ncluades poctiany

Camom‘cql, 3uo.n‘t'fzq.-ta‘on;
]
{ J }P — T [ ’ J

But the constraints do mnot aleJs allow this

Express constraiats as Ay (§42Y, 1M} d) =0 (N -rnclqol:nj pasition 2
n
consistent with eo.m. Ny = { %, H}, = o

Fiwst CIqrs constrvaints ¢

AN 's Poisson brahet wvanishes w3tk

{ (XN . «M }P =0
all the other constraints
Note :
. oxisec  from.  gawge dmvavdence ¢ see Aater)
. associates pith. a symmetry
Secono( CLQS‘S constratts : ﬂ\q ’(quo‘ﬂ?ﬂj constraints
defime Cnm = T On. Xmby det C # o

¢.9. 1n Proca *)\W“j , the constraints are 2nd class  constraints

(XI? 7[0(1.'.2) =0

K

I MWt R) + mMAtE) - j%t.X) =0



Cnx,|3 Cix, 2y 0 -MISB)CX-J)
Tj&ﬂ C = ( ) = ( ) , de_t c *0
Cax,uj Cax,:J m 8(3)0(_33 °
SQQ .
Clx.ij = f%x, /XJJ)IP
= _rdls [ SO(U( 2 Xay _ S Xix %’X:g ]
8 AL STt} STt SAMED

o 5% 33 ]

Ja3L o - s%2-p

Y

. Sm< x-f)

Divac  braket

15 all constvaimts are second closses |, dcf-‘ne Divac braket

fa, 8}, = TAB} - TA %] O™, 8],

Canonqc o.L sumntfzmta‘on :

Note :

« Dirac brvaket s egual to the Poisson. braket calculated - +erms of

the veduceol  Set of wn constraimed.  canontcal varrables,

2.3, Procq '9\2075
-1 <(

o , M- dTCxX-y) -

¢! o= ( J ) € - [s‘”cx-:p] s chx-J)

"’ Smcx-ja , ©
fd; 3cx-3) £(3.43 = B y)

Ly f(g,:j).: D¢ 3-y



then

2
{ Aty , Tt}
- § At X, n,,ct.ja},,
- 3.0 3y -
fO(X dy { A"‘Ct?) , %x' } ccC )lx’,lj' F'ij‘, T, ("’-33}',

_ : , 23, ) -
S &y T AR, Mool < vy Ty, Toct Pl

fAt 2y, Toct.§r) « 8% 3%9R-3

M 2 o )
FA ct. X)), 'l(('l:.X)}P = &% 5% x-x")

{ Arct, 2); O(IX’ }P

[{]

, T[ .-) R 2
i 9(33 ) DCTJ)}P z § m Aoc-t‘j’), Tt gJ}P :m sou 50)(:1-—3’)
? IX|:”, nu(f-gJ}P = i T[°<f.j”) s K,,c-r.j)}P = ©
= 5% Smc X-y) - % Sou 3%, X-y4)
L TR '
{ Atct, x), Tfj(‘t,\'?) }Dz 813- Smc x—j)
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%3  Massless Spin- 1 Fields L Wefnberj g2-8%5 ]
L = "4': F;wFAU - \’)‘.,.«A)‘L

The Mo.xwe.ll eguqt-‘on; aﬁ_F»‘W: J"

Tt's well hnown A*cx) s net a o(m‘vec-t,lﬂ observable

Local gauge  transformation A'Px) = AMxdy + 3"Aex),

The jfelo( strenai)l tensor FMY s gauge +nv. , but tese doesn't hold  for the

anteraction term

I A = Ju (A% 270)

= gAY 4 L Ge0 A] - A 2 Jm

?Ju=0 must be satisfied to Leave the action wartmat.

To caleulate o guantity , one fixes the gauge.
lowmtg goge M Au=o0

Coulomb 3“"'32‘ v- I-’? =0

In the Coulomb gauge . V-Aa= o
2F¥=j°
3 v-E= j° L E=-R-97A°]

5 ¢R+ VA :-3°
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o, ™ Couomb gouge



Then A% satisfies the Poissen eguation V1A°=_j°

TthYQjOYQ A%x> 25 determined by the cherge distribution Gocx).

- 3, _ 3%t
A ct, X) = fdj 4‘!-'2'3[

)

instantoneous Cowlomb Po tental .

not a dﬂn«m-t‘cal d.o §. if-tkq -tkeevd_
An arbitrary AMtx) can be made to satisfy the Coulomb gauge  if

V- R’=0: 7B - ¥*A

2 v'A = 9A . [ Poisson eguation ]
Then R'= B - 9A
- A - Vfd.’j C(X-j) V~A(+,J)
with
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One couldl arvive the same results bj syl«‘ft“nj A wnate  tranguerse and ﬂovjnud-‘nql parts
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E= AL + Ay = CPL+ Pn)A‘
]
with V-AL= 0 Ux Ay = o

(
(P.L);j = S{J - Qi? 33 ;¢ Pa )"J = 31‘7{ 3:‘)

A = (ROTAS = AT- 2Tz 23 AD

A® - a"fot’\\j Gex-y 23 Ad

= n
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'v'—* Vix) = fdj ch'ﬁ) V‘fj’
So the .ij;tuo!-tnal, d.o.f. s eliminated . /?,, o
The coulomb Jouge s very suitoble Jor dzs:ﬁbs‘vﬂ the hoton fidds with twe transvene def
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Quantization “n  the Cowlemb Javge.

A s yu:rd,:’ trangverse | A= Ai , En =0
: - =
T)\.Q Ql.GC‘h’\‘c j:n'(lt{ ? s - R - VA® = - -A;J_ = Ex

Define the transverse olelta Function,
@) )
. 75 ¢ 2-3) = C Pa.)-.‘j & ¢ 2—5’)
Thm the eguql tme commutation velations are
. - 3 ¢ 3] JERY
[ A%t D, Tt = -'LS“b-cx-J)

In the momentum space , the tvansverse olelte function s
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The Hamiltonvan and momantum operaters are

H = yols‘-( N ( B+ 181 = Y£h Wh E:'; @y Qu.n,
3 3
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The completeness relation :
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so  the Fejnmcm j)ro‘pnjo.tor:

oL th. 1 pv, Ry Q-'ik-(:*-j)

D ex-y> _f
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Consider external source

£=‘2:7FNFM'C5’“A»
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A'ct, Ry = -l:? 0(3'3 ?2—(_1‘3&'

The electrc fn‘eld strenjth has an  addational fonjm‘tuoh‘ual, port :
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Then V

ydfx[;AJ- RJ

VCoul. + V'L

n

anteraction

|
Veowr = %jd’x dfj Joct. %) PrEx] jo(tj)) Coulomb

In Hel‘nsemkerj picture A° %o

In  Interactioa $icture A:_ =0
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Then VL = _rd.s-’( j”A,‘
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v, Coul
Concelled  with D" ¢ X~y

The terme <n Df:w exhqcx-:j) wre —pro?ot.‘ona.l. to k™ or RY. The EM fFrald coulpes to

conserved curvents
al*jﬁm =0 or R Jux = o
So the extra term does not contribute < the Calculatson

ond Tt can be s?m}lﬂ
Left out,



