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Introduction Why Quantum Field Theory

The conceptof wave particle duality tells us that the properties of

electrons and photons are fundamentally very similar

Electron thematter particle one elementary constituentsof Nature

Photon a ripple of the electromagnetic field

If they are truly to be placed on equalfooting howshould we reconcile

this difference in the quantumworld

Viewpartileas fundamental the EM fieldarisingonly in someclassical limit

from a collection of quantum photons

View the field as fundamental thephotonappears only when we correctly

treat the EMfield with quantumtheory consistently

If it is correct should we introduce an electronfield

The 2nd viewpoint above is the mostuseful

The field is primary andparticles are derived concepts

appearing only after quantization

In this course we will show how photons arise from the quantization of the EMfield

how massive charged particles suchas electrons arise fromthe quantization of matter

fields

Also quarkfields neutrinofields gluonfields Wand Z bosonfields Higgsfields

































































































































In classicalphysics theprimary reason for introducing the concept of the field is to

construct laws of Nature that are local

Theold lawsof Coulomb and Newton involve action at a distance

If a distant proton or star moves then the force feltby an

electron C or planet changes immediately

Theabove situation is experimentally wrong

Therequirement of localityremains a strong motivation for studying fieldtheories

in the quantum world

Why QFT

Special relativity implies that partilenumber is not conserved

Anyattempt to writedown a relativistic versionof the one particle Schrodinger

equation is doomed to failure

E g Negative probabilities infinitetowersof negtiveenergy states

a breakdown in causality

All particles of the same type are the same

Quantum particles that are the same are truely indistinguishable

Swapping two particles leaves the state unchanged up to a possible minussign

that determines the statistics of theparticle

In QM youhave to put these statistics in byhand

In QFT it is a consequence of the framework



QFT is the quantization of a classicalfield In standard QM taking the classical

d o f and promotethem to operators acting on a Hilbertspace

systems with infinitely many
degree of freedom e.g the particle e.g the wave function
classical electromagnetic tied ya

Quantum theory of a single

of an electron Xcx

Quantisation
compatibility witht relativistic principlet
IQuantum Field Theory

Highenergies Es mthebasic d of Y't'tfield r

particle productionThepossible interations in QFT are governedby
a few basic principles c e.g etc pairs

infinitely many d o flocality
symmetry Relativistic causality
renormalizationgroupflow events at space like separation

x ys o cannot influenceAccording to present knowledge QFT s

eachothertheconceptual framework for all microphysical
processes

QFT is themost important achievement of
theoretical physics in the seneand half of
the 20th century

Indispensable for modern partitephysicsbut also for many condensed matter

cosmology quantumgravity and puremathematics

Although the methods developed in this course are general it focuses on relativistic

QFT i.e theories obeying Lorentz invariance The combination of the quantum

and relativity principles is particularly powerful in constraining consistent

theories
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or inhomogeneous Lorentzgroup
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The Standard Model of particle physics which describes all observations

c except for the existence of dark matter is based on an amazingly small number

of fields and symmetry princingles

Fields Qi Ui Di left and right handed quarks

i i 2 3 for three generations

Li Ei left and right handed leptons

left handed only neutrinos

the Higgs field

Auch Asuras Asus Photon IN Z Boson
Ua

Gluon
soca

guv the gravitional metric field There is

no evidence yet that this is a quantum

field But there is no reason why it

shouldn't be c gravitons

Symmetries 5013 x Susa x UCD gauge symmetry

strong

interaction Teatret weak interactions

Poincare symmetry

Theroughmasses of some particles



Constructive QFT

Euclidean Axiom

t Physics Glimm Jaye

Define QFT in terms of anylitical continuation to imaginary time

Osterwalder Schrader 1973 1975

050 Analyticity
051 Regularity

052 Euclidean invariance

053 Reflection positivity

054 Ergodicity I E 533

Minkowski Space Axioms

Wightman Haag Kastler axioms

WI Convariance A continuous unitary representation of inhomogeneous

Lorentz group g Ucg on the Hilbert spare Il

of quantum theory States

Wa Observables field operators densely defined on H

W3 Locality J and h are spacelike I defodch o

W4 The vacuum vector is the unique vector

Haag Kastler axiom focus on thealgebraic aspectsof the fields
independetly of their action on the specific Hilbert space se

Openquestions

Can one find a non trivial non linear QFT in 4 D space time

2022 Fields Medal Hugo Duminil Copin

Proof Triviality of the 4D 204 theory


