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Natural Units:t = l = c
E. T

,
. ~

LIT

energy ~ mass ~ momentum
V e V = "electron volt
kerf-loser

Mer = 10° e V Get = 10 eV
eye particle

EM

)he = 197 Mer. fmfm 3=1013 cm
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Special Rel.)

t invarianceunderrotations + boosts
in

"Lorentz tryans formations"
Lorents scalar:doesn't transform under Lorentz

Lorentz vector:
a
M

-7 an-liar
~ 404 Lorentzmatrix

a summed over, 0=01112.3

= E V 0



position:t M= It, X, Y, 2)
momentum:M X pE, pi, pip)
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Define an = Nuova'= {Co - ai ; Mio;Mei

du= .It, d X, dy. da)

got ) == on = do
= It, i)
o-modular

= de-7s
Tensor:Tur-time= Ya& rip TTB



Quantumfield Theory(QFT).
in

Variablesare fields onspacetime
Q if tix) = Qir X)= valueatevery spacetime point

Define theory with"action."

Sof . . =LïQi)
action"fat diddy Adz, overall spacetime

" Lagrange ian, function of fields.



Scalar:Q MXIT or's= QW, under + nor'v +Vixen
Vector:AMNW-Aurei =rmotion
fermion:Xa . x -starve= MaAreXb tw

^

sum on these
"

1,213.4"spinor indices"

MNF function of r.

MII) = E, Mar"Ma)= Marina)



Use these to write Lagrange ions.
s = Side L 10

Need: ""unitaryy:x Z is real
2. "local" -7 2depends on ¢ at same X points.
3.y should Lorentzinvariant

L= Ima- ar10-ark)= local
L =Impartially

r' different= non. local



Recipe forQFT
mmm

! Start with quadratic terms, identify mass + kinetic
2. Make sure kinetic are "canonical", massas dialg oral.
3.Now add higherorder terms, and identify

them asinteractions.



eyefreescalarfield

are = scalar field

L =Iodol-Imo
N in " duddud
"

(d t 0-870570

. . . .

= realvalued

E kinetic term

Lmassterm

L describesa spin5=0
particle with mass
mph's me = m..



eyeComplex scalar field
L =.dozy-m For

" $Ka To=

N'. In d' do= E

-real, local, LI.

-7 describes5=0 particle of mass m
is-o antiparticle of mass m

toNK) =Is QWX) tide, (X)[ ,
, Quadr-realscalars



e.g. Vector field
y =-t Fun fun+ I'm AMAM

..

OMAve-dutar= "field strength"
-7 describess = .particle with mass m

) 3 degreesof freedom
But AM seems tohave 4!?

, plus constrainta inly =0.

tremoredwithconstraint

akineticamass



eg. Dirac. fermion

L =Figment-m F +

+ = .i E toe@ =y. = Fitz, Fs, Fa)
OM 444 gammamatrices,is , 23 inRNMY.

7 kinetic termAmass term

-7 describes , = kfermion,SF k antifermion, of mass M.



NNow add higher orders for interactions.
e.g.y =Isdo-Imo_ ) Th! 04

~

. free particle
~
interaction

Treat 04 as u perturbation on the free theory.
We do this



With 04 term. wenow have¢ + Q:o\ + ¢scattering.

FE d" x- - ~ - - - - ( -= vertexwith4- Ph,/ ¢ particles.
Q ¢

¢ 4

Feynman Diagram..K
Q

Pin QAR

83 ¢

Of spot
-time

apo-tarps)

+ derps) toppy)
#

- = incoming external leg

# - = outgoing ext.leg3

.* = interaction vertex
Mfifthis

= ,

.



Q + ¢ x ¢ t ¢

B \t . l XPK t...

AriF - ,

. . . P

2 , v F
h t 1

t ....

As longas , is "small",important lowest orders are the most!
V



engraftquantum electrodynamics
t ~ electron
Ay~ (9, Al =em scalar t rector potentials

Ls -CQ FOMY.An

-vertex:/ J X °t

AM
. 07 ~

. .

= tie arm

remcharge of fermion t

~



Symmetries
y = Into-Imo-I! at
x symmetry under d --0

"

transformation on fields StZ is unchanged.
-7 impliesQ + 4-7 at ¢ is allowed

Q +07 anatid is not allowed
(-152 (-133*



e.g. 2K do t 1002'. i-rimQ: + 02.
= K0 td"d ¢(I-tams at

¢ =- of or -
Symmetric underQuod-FO"a

orthogonal 242 matrix
got O = II
"00 t

mid't 0-7M,100 ptO¢
.. t01000 mm

in
"It

= m 0 t 4



O = - cos x
-SINL) SNL cos ^, LETO, 215)

W "continuous symmetry



2 =Fits dust-mitt

Nee is t

E x Fein
, . = constant{

mF-y,m Fefil) leis 4)
~

"

= m # +



Q ED -
L =

fphoton AM
t =Fijoy(du tie )AN.Hi-MiFi t;..

kinetic

I kinetic, mass
t X

.
interaction

.

Symmetry:tiresQ:tin
An An{ , but onlyfor 2 = constant

What about & - - TX)..

) not a symmetry: titmdutt , -7 Xitsdulcian)
as

T.

.

l fixed by
gauge invariance!



BUT: do have an invariance under

Mi-ericaitei

AntAn-redux{ -L is invariant

Show that: Put= Outie. QAMiti i i

-7 exabit)

x

FMU is also invariant

.



Gauge invariance
."

E interpretas equivalence relation

-any two config,orations relatedby a gaugetransformation,

describe the stosame physical state.
AM.-10, A)



QEP: Heat
Lurephasing

"Group:of rephrasing's= UII)
" "

= KI unitarytransformation

uru = # = ur, satisfied being



Generalize UIII to sure).

Uran =@eisata, a = 12.3

ta,19;office o-fi-is) 0=1.8:).
242 unitarilyy matrices
"s"-7 dent(41=1.

errata= Ne:is at qAt! Ata, t'] = iceboat.



Can also generalize to other groups
eg. SUNENXN unitary matrices wit-dot-I.

.Strand = cis" t" , ta = Hermitian generators""

(ta, the; fast
structure constants.a,generators


