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-QuantumE
Theory ? Undoubtedly

one of the main achievements of the 20th

century !

QFT is a fromwak .

It was (mainly) developed

to combine the two main theories developed

In the first decades of the 20th century

Special Relativity Quantum Mechanics
H

H
Deals with microscopic

deals with phenomena

at"high Energies" phenomena

top-h/p
=> unc

c speed of light h Plauch Constant

Enumc p police momentum
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the two theorie become Telement TOGETHE when

we deal with small scales and high energies
= Typically, PARTICLE PHYSICS-

QFT is the only consistent framework we know

to account for there phenomena

it is the Backbone of the Standard Model of

PARTICLE PHYSICS

It desubes very successfully Fundamental High F

PAYSICS In D=4 SPACE-TIME DIMENSIONS

But the reach of QFT go beyond that !

=> For example
,

uncial formalism abso in

Condensed Matter physics , lower dimensional

and not necessarily relativistic !
↓

In gered , right language to deal with

COLLECTIVE PHENOMENA
-
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In this course we will mainly focus on RELATIVISMC

QFTS u D = 4 Space-time Dimensions -

· understand fundamental physics at highest

energies and smallest scoles

·We will see how Loreutz invaiou c

puts very strong constraints on the types

of PFTs that make sense !

Q IT formalism has demonstrated to be extremely

powerful to describe interactions characterized by

small coupling constant = PERTURBATON THEORY
-

One of most impressive examples of this is the

So-called g-2 of the electron
,

which car

be computed to very high precision in Quantu

EECTRODYNAMICS => Coupling 2=is
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the thery says that the electron has a magnetic
moment

lett

M
= g Time

g = ggromagnetic ratio

Maxwell g = 1 (wrong ! )

DIRAC g = 2 (almost right ... (
errors
-

PED (92= 0 . 002 159652 140 (5)(4)(2

Experiment (8)Ex = 0 .001 159652787(4)

which is one of the best andestprensely
-

&
knownquartilyscience ⑨

=> this course will gue you the
boris

to understand howeuch on agreement

can be achieved and
, equally importantly,

what are the limitations of this formolis !
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Befor diving into QFT
,
let us take some time

to recap the main DIFFICULNES that researchers
-

one century ago had to overcometo create a

consistent relativistic
, quantum thery

Remember main "Postulates" of DM & SR

#M: · state of system lit) is a vector in a Hilbert Space

· Observables are hermition operators
·

· Their measurement yields an eigenvalue

·

the time-evolution of states is governed by

Schrodinger equation it (14 ;t)= 14
,

7)

↑
Hamiltonian

&: · physics description must be equivalent in

all imential frames

x= (t, ) -> ye =(
, y)

ym = AX" +qua- Locate trasf
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Where I use the "mostly minus" convention fr the

h-dimensional Minkowski metric

Xm = garX" ; XM = garXv

&

gar = gu =
-908

; gaugug : GMg(& 0 -10(
000 - 1 "IDENTITY"

↑ Xm = (t)" -I
"norm of a Minkowski Vector

note that with this Qu=&r ; D = Dro= 8
.
252

=> pr =+id= pi = it = - idi =-ii = - igi
HEL

We'll soy much more about Lorentz transformations
Im next lecture

,
fo now just remember

XXm ="ga A XXVgur

invoice Gor = 14 As gr 6



So howDo we getaQuanti , relativistic Khary ?

A first naive (but natural) attempt would be to

try to promoteIt in Schrodinger Eg .

to a

relativistic form .

For a free particle

H=p =mct)

it4 ,
t = mchpc 4(,t)

Various issues

1. Not explicitly relativistic invorient

of it treats t
,
E very differently

2. Not localmich produces

on infinite number of derivatives acting
on( *,+)

i
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A second attempt to ameliorate this was to try

and squar
this equation

-( =inc)

Using &M =
02 = D=

we can write at of

(D + mc)4 =

which is manifestly Lorentz invoient since

B = 2Ous Gar !

this equation is called Klein Gordon equation (KG)

we will re-encounter it soon with a different

interpretation.
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the problem with interpreting this equation as

a relativistic ware equation is that
,
contrary to

Schrodinger Equation
,
KG is second order in

time=) This has various bad consequences ,

in particular , a probabilistic interpretation is difficult.

Remember that z Non-Relativistic Schrodungen eg .

we haveProbability DENSITY f = 1212

muchthat It . (4** - 4544) = 0

[4]
89 + 5 . 5 = 0 Conservation Cow

1 RG. = N Im[4**4]

F = N : In 54]
=> f is not positive Definite

↑



you country
with a place - were solution

4(H) = ei(p.
*-Et)/t

f= -
but E = mich
there are negative energy

solutions ! two issues one

connected

Dirac was the first to realize that the

presence of this derivativep ina is due

to having a
2nd order ef in

time !

=> He enforced a First-order differential Eq .

At the price of allowing if to become a

"vector" => multidimensional

it fu =H . 4 # Is now MATRIX

7) (f)do first order to be relativistic

invorient
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Dinac showed that asolution exists consistent

with SR .
In modern notation

Cityou - mc)4 = 0

&" = (000' , 82 , 83) on a DINAC

X-matures

much that 5yM , gry = yay-joym = 2gMV

and (01" = 1 ; (8"" = -1 ; tr(j4)
= 0

one finds that yo must be atLeast XL

Again , we'll soy much more about these Un

matrices later
, be

now the important point

is that of is 6-dimensional => 2-vector

natural to represent on electron of spir t
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the remaining two solutions had caus ise as

solutions of KG => negative energy states !

In fact
,
acting or a momentum egenstate

4p(x) = u(p)e
-Pmxu( a-dim

"Spimor"

Diroc Eg (PryM-mc(u(p) = 0

U(poyo - p . o -mc)acp) =

= (po - pijoji -m(j)u(p) = 0

po E = <jojipi +may
↑

HAMILTONIAN H

Tr (cjoji pi + mc() = amc Tr(jo]
+cpitr(jopi] = 0
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Trie+] = 0 H = [ +210 J
2. ti = o um eigenvales

is zen

E(p)
, E(p) ,

- E(p), -E(p)

E(p) =-p2c+m224

this is a big problem , especiallyfor electrons

that can interact with photons , so one
could

magne
that a positive energy election could

emit photons until its energy becomes negative

down to infinity> a real Catastrophe !
-

Dirac proposed on Ingenious , but PARTIAL ,

solution => using PauLI Exclusion principl

we con anome that all negative energy states

OR FILLED = HOLETHEORY
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if we excite one negative energy electron out

of this Sea of negative elections we would

be able to "see the hole" or a positive charged

particle behaving like on election (except the chage)

= PREDICTION of POSITION discovered
- -

by Anderson in 1932 (5 years

often Dorac's prediction in 1927)

=> ZRECT (largely ) PTION of Heroe

Energy levels

this was revolutionary but :

17 what about bosons ?

2) to work
,
we are shifting naturally four

e angle particle -> infurte number of
polices !

Ke



We know today that a relativistic thery cannot

be consistent if it does not allow for "change
in number of particles"

petta- 9
↳ grows depending
on energy of

Even in QM (non rel ( pr &pz !

E = mc?
-

GE = ColdV10]

> Koloving
+ 2-> contributor from all

n = 0 Eo-En intermediate states

What is "strange" is that DIRAC's thery worked

So well for Hydrogen =) even without considering
poir production etc

this was a fluke and kind of "distracted"

physicists from the correct solution =>
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One way
to think about why a consistent thery

of SR-QM was so elusive is
to realize that

what we have been trying to do with KG & DIRAC

is by construction not treating equally coace &TIME

=> in QM "All observable are represented by
Hermition Operators"

is not entirely true
,

or better

= => Y Opentor but

[ t time remains a PARAMETER !
-

treated very differently => himt to new famalism?

there are at least two possibilities :

1
.
PROMOTE t to an operator like

2. DEMOTE Y to a simple prometer
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1. Promoting + => F operator

we need a new parameter to parametize

"World-line" of a particle .
We can use

for example propertinet , or any f(t)

f(t) monotonic

X"(T) where In operator !

=> WORLD-LINE FORMALISM

We can even consider more parameters

X"(t, 0, ... ) if onl -, 5 2-dim

WORLD-SHEET

this is a starting point to

construct String THEORY

= reparatization Invoioue reudes frmdsm

complicated , we will not follow this path
here ! EQUIVALENT to 2 . -> 17



2
.

Demote position to a LABEL

It means that in this thery , fundamental
objects must be operators which an

FUNCTIONS Of SPACE-TIME

& (x) = q( ,t) operator in Heisenberg
picture evolves with t

Gs(E) in Schrodingen picture only functions

ofSpace

↑(F,H = e
itt/t

PE ,
02e/t

↑
Democratic role of space & tre e Labels

G(E ,t)
colle Quantum FELD

& theyIs
QUANTUR RELD THEORY
-
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STATIONAND UNITS

Across the course we will almost exclusively work

in So-called NATURAL WITS t = C = 1

↓ & C or Universal Constants

c = 299792458 m/s with No ELLER

because it defines the

1 mater
,
often "second"

defined by crium-133

transition

putting c = 1 means redefining the
unit of LENGTH
-

velocity then in units of c 01

t = 6607015
. 10-3 IS Ceney] x timeo

so pottingh = 1 we for the ENERGY UNIT
-
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In natural units
,

ther

(velocity] = pure number

Cenergy) = [momentum] = (mass] E =mp

[ length] = [mass]
=1

is a length

All physical quantities have then Ms dim !

G= vist pure number e
is de

pure number

in natural

units !

It's useful to remember that

hc = Cenergy]x Length] in ordinary unity

1 MeV = 10
% eV

hc 200 MeV . Am S 1 fm = 10-3 am
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remember H energy E-13 .6 eV

1 fM a PROTON RADIUS

=> im natural units 200 MeV-(1fm)

me = 511 Kev -0 .5 MeV

~ 7. 8 . 1020 s -1

~ 2 .
6 . 10 em-1

Compton ware length /reduced 2)

↓c= election 3
,
86 -10

proton~C .
10 . 10 m

= 0 . 2 fi

In Natural units

0
.

511 Mev electro

x = 1 = tois egev proton
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