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Fields :

-

÷:::::÷."i::::::
2.lagraugiau.IQ

ED
= [

Dirac
t knawel, t 2

iut-440-44-zfuotm-ET.gg= Flix-m) Y - E, Fufu

M: mass of fermions

e : charge of the fermions ( = coupling constant)

Dm : covariant derivative : Dm = fat ie Am
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.

Hamiltonian

→÷⇒:÷÷:s:::÷:i÷y
4

. Equation of motion :

÷:i::::::::::::::
Motel 2

Egg
is invariant under UK ) gauge transformations,

4
'

Cx ) = eie.dk/ycx,
A'm = Am - Quad)

for arbitrary X : 112"→ 112



Note 4.3
-

The QED - sector of flee standard model GM) includes several copies of the fermion field

that cell couple to the same photon field ,

Lame, = If (if-me) 4g - fgTgrM4f An } - I, Fufu
with mass Mf and cleavage off of fermion type

f E { Leptons, Quarks } = { ein, T, Oe , um , UT , U ,
d
,
C
, sit, 5 }



NOfeloufbefercniouldiracs.ec/#Remecnber:Spascx-x
, = ffz.IT?i#th)as-e-ipcx-x,P2 - m2 tie

= { l Ya Is to> for xo > yo

- @ tube) 4A to > for Xo c yo

= Colt Yakutsk , to > (4. la)

To deal with Hint perturbatively , we need Wich 's theorem for fermions :

1. Timeorderiug.C4.no ) suggest for 4E{ I. I }

TEH.n.uo~ts-CFU.r.n.unforxisiis.r.rs
D= permutation of {1,2. . . . . N }

← 1)
#
: Signum of O with # hunter of operator interchanges



2.No.ua/o.der:- Define for X E {AE , Spf , diff, bist }

ixa.r.X~s.EC#(coeatiouoperators)x(auuihiluhieuaperafor,
# : uvular of operator interchanges

3-coutmho.ee#gy.x,ys..is-:y.xs4xs:J
-

o {Yates , Tie) } for xo > Yo I spas (x -y)Ea Is I ={
- { Iste )

,
y:* , } too x " Yo÷÷¥¥÷÷:←i:**
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.

Contraction E- Normal order :
I

o.AOTT-aco.ztafuasxg.it#xBCx
# : hunter of operator interchanges

5
.
Wich 's theorem :

-

4C- {E. I }

Tfualxnlusxzl.rntg-iuaxrllsxzle.e.tk/possiHecoufracfiacI#



Notes ou ke Photon /Maxwell Sector
⑧

1. Observation AM has tour degrees of freedom but there are only two photon polarizations !

2. Problem :

-

Gauge invariance

→ Uuphysical degrees of freedom

→ Fix gauge to quantize only physical degrees of freedom

3.Diffe.eu#ou:

• Coulomb gauge D.At = 0 (⑦ Advanced quantum mechanics)

• Lorenz gauge OnAM=0 ( Gupta - Bleuler formalism
,

ltzyhiou E- Zuber
, pp.

927 - 134)
• Faddeev -Popov procedure (⑦ later )
I

DX
= IMO → To = Foo = 0Nate : R = - I

,
FnuFM° → ITM =

a@Au)

→ [Amel, tox, ] i quod
" '#⇒)



4.Mofivat.am

a) ¢ Lorenz gauge : dream - O → EON for Leeuwen : 821-0=0

b) Expand field in claieicul solutions :

tmall.IT#?oCaEeiiese-itxtaEtei*cpseiM
with 72=0 ⇐ Ep - Po- IFI

Ej: polarization 4- vector

5.Rew

a) Impale constraints on external (physical ) photons

EMCpj-f.gg/audp.ILpg--0(touuversepo1ariaah#



→ two T, 5=1,2 independent bosonic modes for each momentous p→ :

ftp.T.ayst3-czitpors831E-gi/aud@pi.ag3--o=EatpIasq
b)Por(Feige:

61T{AuxiAo⇒}foyeff!-e-igcx#g



T-eyumauouesl.E-xpecta-u.su
) two fields ( Ya andAu ) → Tyo propagators → two line- types :

Fermions (with spinor indices a and b) : a-7 5

Photon ( with 4-vector indicesMandu) : µmmmmu

→ Two particle types : (anti ) fermions E- photons

→ Two type, of external States :

→

Fermion /Antifermion : IP ,
s >
a , b

( S : Spin; a : Fermion; b : Anti fermion )
→

Photon : Ip ,
t ) ( r: Polarization )



b) Interaction with¥ fields I Hint ~ Iska Ya -Am )
a

→ Vertices of degree 3 : Ha )Henna
14¥ (Ams

b



2
. Momentum - Space Feynman rules ( for scattering amplitudes) :

( Note : he
weeny textbook 1 , flee colored indices are omitted

. )

Propagators p -
→ i tulsa = 4 4TH)

Fermions :

"Tb =
- b
P2- m2 tie

Note : a-55 simplified÷=:÷÷±i⇒§•mnµ = - ier! I tie ) fd4z Vfa
t
b



External legs
-

. or

Fermions : a s
= uaqp, I Ya ITIS >

a

=
s a = UH I slakem*→"is=*i±¥-s# a = Vase) I LF.SI YaTp b

Photons : -

Mmrrrrnlr = eyes) I Am D
c-
P

* ~

Hmmmm = Ej I ⇐ RIA,
←
P



Evaluation :

÷:::÷::::::::÷:::::3
. Compute the overall sign of the diagram


