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Part 1

Foundations and Matter



Chapter 1

Introduction

Quantum field theory (QFT) is the theoretical “apparatus” that is needed to describe how nature works at its most
fundamental level, that is to say at the shortest distances we have explored. In such domain physics is described
by elementary particles and by their interactions, and QFT beautifully accounts for that. It also turns out that
the notion of Fundamentality is here paired with the notion of Simplicity. As we shall see towards the end of this
course, after having digested the necessary set of mathematical and physical concepts (=formalism), the laws of
particle physics can be written in a few lines with absolute precision and greatest empirical adequacy. In a sense
particle physics is orthogonal to the sciences that deal with complexity.

1.1 What is quantum field theory?

Technically, quantum field theory is the application of quantum mechanics to dynamical systems of fields, very
much like basic quantum mechanics concerns the quantisation of dynamical systems of particles. Therefore, while
quantum mechanics deals with mechanical systems with a finite number of degrees of freedom, quantum field
theory describes the quantum systems with infinitely many degrees of freedom. Specifically this course is devoted
to relativistic QFT. Relativistic QFT explains the existence of particles and describes their mutual interactions.
The fact that nature at its most basic level consists of particles can thus be viewed merely as a consequence of
relativistic QFT. The domains of application of the latter in modern physics are quite broad: from the study
of collisions among elementary particles in high energy accelerators, to early Universe cosmology. For instance,
the primordial density fluctuations that later gave rise to structures like galaxies, the origin of dark matter or
black-hole radiation are all described by relativistic QFT. Nevertheless there are also applications of quantum field
theory to non-relativistic systems, in particular in condensed-matter physics: superfluidity, superconductivity,
quantum Hall effect, ...

1.2 Why quantum field theory?

We just outlined what QFT describes, but why do we need a field theory to describe particles? Is this a necessity?

It basically is: relativistic QFT is the only way to reconcile ordinary quantum mechanics with special relativity.
We can understand this necessity with various intuitive arguments.

I. Special relativity implies the existence of a limiting speed. This fact can be seen as a consequence of the request
that there exist a relativistically invariant notion of causality. That is, given two events A and B, all observers
in relative constant motion should agree on their causal ordering. For instance if A causes B according to one
observer, then it should be so for all the others. In Newtonian physics causal ordering is simply, and intuitively,
determined by temporal ordering. The extension of the notion to the relativistic domain is however subtle, because
the temporal ordering of two events A and B is generally not invariant under Lorentz transformations, unless their
separation is timelike, i.e. ¢?(ta—tp)?—(£a—Zp)? > 0. Then in relativity temporal ordering can provide a sensible
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basis for causal ordering only if causation is forbidden among space-like separated events. Stated differently: in
relativity, two events can affect one another only if their separation is time-like. This is equivalent to saying that
information must propagate within the light-cone, or, more concretely, that it cannot travel faster than light.

In particular a consequence of the above is that instantaneous interactions between two particles separated in
space are not possible: one needs a medium (a field) to “propagate” interactions. Intuitively the picture is similar
to the one offered by two boats separated by a distance on the surface of a lake. The boats affect one another
(interact) through the waves they generate in the water. The water surface, or better its deformation, represents
in that case the field. The water surface is however only an effective macroscopic description of the complex
microscopic dynamics of water molecules. The corresponding field is not fundamental. The simplest example of a
more fundamental and also relativistic field is instead given by the electromagnetic field.

The argument we just made purely relies on classical physics. It states the necessity of fields in order to gener-
ate interactions, but does not imply that all dynamical variables should be field variables. Indeed, in classical
electrodynamics, the fields’ sources, the charged particles, are ordinary mechanical point-like objects and are thus
not associated to fields. It however turns out that, when taking quantum mechanics into consideration, the only
way things can be made compatible (consistent) is if matter as well is described by fields at its most fundamental
level. Two facts underly this result. The first is that fields, when treated quantum mechanically, do produce a
spectrum of excitations that is interpretable in terms of particles: quantum fields can explain the existence of
particles. That was realized very early on in the development of quantum theory in a paper of 1926 by Born,
Heisenberg and Jordan. The second fact is that the description of a quantum system in terms of a finite number of
point-particles leads to severe inconsistencies when married to relativity. These principally have to do with matter
stability and/or causality. Let us review them.

II. The Schrédinger equation describing a free particle in ordinary quantum mechanics
272

ZL ) Wit z) =0 (1.1)

(—H’h@t + h

satisfies invariance under Galilei’s relativity but not under Einstein’s relativity (the equation is first order in time
and second order in spacial coordinate, not a good start for Lorentz tranformations which treat time and space
on similar footing). Its most obvious generalization satisfying Lorentz invariance is given by the Klein-Gordon
equation
(R20F — R*V2 + mPc") ¢(t,z) = (RPO+ m*c*) y(t,z) = 0. (1.2)
The D’Alembertian operator [J = 97 — ¢2V? ensures invariance, but the price to pay is that the equation is of
second order in the time derivative: the set of solutions at fixed 3-momentum is therefore doubled. Consequently
the energy spectrum is also doubled with respect to the non-relativistic case
hQ 2
Schroedinger : F = o = Klein — Gordon : E = iC\/m. (1.3)
In particular now the spectrum extends form F = —oo to F = +00. The existence of unbounded negative energies,
or equivalently the absence of a ground state, leads to catastrophic instabilities as soon as interactions between
particles are turned on. For instance, energy and momentum conservation do not forbid a system of two interacting
particles to evolve towards infinite and opposite energy and momenta, a phenomenon we do not observe in nature!
There exist other generalizations of the Schroedinger equation, where spin plays a role. but they all encounter
the same problem. The Dirac equation, which we will encounter later, is an example of such relativistic wave
equations.!

III. Starting from the Klein-Gordon equation one can attempt at disposing of the extra negative energy states.
Indeed the equation can formally be written as

(R0 +m2c*) ¥(t,x) = (—ihd, — Vm2c* — h2c2V2)(ihd, — V/m2ct — i22V2)y(t, z) = 0 (1.4)

where the presence of the two factors, each involving a single power of 0y, is also directly associated to the existence
of a double set of solution, one of which having negative energy. We can then imagine writing instead an equation
involving only one factor in order to eliminate the unwanted solutions

(1hOy — vVm2c* — R22V2))(t,x) = 0. (1.5)

1You may wonder why will we bother with such equations if they are associated to a pathology. The answer lies in the interpretation:
these equations should not be interpreted as describing the evolution of a wave function, but rather the evolution of a field. With the
latter interpretation not only do they make sense but they also play a central role.

EPFL-ITP-LPTP Riccardo Rattazzi 8
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Indeed fixing 3-momentum —ihV — hk = P, and thus replacing —A2V? — h2k2, this equation gives

E =+cvym2c2 +h2k2 >0 (1.6)

We must however immediately recognize that eq. (1.5) is not strictly speaking a differential equation, but an
integro-differential one. That is because of the presence of V2 under the square root, which makes the corresponding
operator act non-locally in position space. This is a “novelty” compared to both Schroedinger equations and its
relativistic generalizations. A second comment is that eq. (1.5) is indeed Lorentz covariant, as one can check.
That should not come has a surprise though. H(p) = \/m?c* 4+ ¢?p? is the Hamiltonian for a relativistic particle
of momentum p, and the second term in eq. (1.5) is precisely H (—ihﬁ), consistent with the quantum mechanical
relation p = —ihV.

The big problem of eq. (1.5) is that it implies a violation of causality. That is seen by considering the time
evolution of the probability amplitude of a particle that is fully localized at position x at time t =0

(y|e_mt/h|x> = Az = y,t). (1.7)

Using in the momentum eigenstate basis this can be written as

D ing-a)/h —icy/mrA TR /R
2n? ‘ "
T

an expression that can be shown to be non-zero when the space-time event (¢, y) sits outside the light cone of (0, z)
(*t? — (x — y)? < 0). More precisely (see Exercise in Series 1), outside the light-cone one finds

Alw — y,t) = = BVE0 =S gg gy g (1.9)

with f(z — y,t) a rational function. The dependence of the amplitude on the coordinates also marks the ap-
pearance of a new length scale, the Compton wavelength A\c = h/mc, associated to the particle mass through
the fundamental constants of quantum mechanics and relativity. Now, for instance, at ¢t = 0 the probability for
instantaneous propagation decreases exponentially with | — y| and for elementary particles, like the electron or
the proton, it becomes very tiny already at atomic distances, and even more so at macroscopic distances. Yet
it does not vanish. Moreover the probability is sizeable at small separation, that is for |z — y| < Ae = h/mc,
which seems unacceptable. This result indicates that the relativistic notion of causality is incompatible with the
intepretation of particle coordinates as observables and of the wave function as a probability density.

The same conclusion can be reached by a less formal argument which takes experimental observation into consid-
eration and offers a more physical interpretation of the occurrence of the length scale i/mc below which the point
particle description is totally undefendable.

IV. The basic remark is that the famous Einstein relation E = mc? implies that energy and mass are equivalent.
Because of that, in a relativistic process, we have no right to exclude that part of the energy is used to create
extra particles, as long other coservation laws such as the conservation of electric charge are respected. Quantum
mechanics only makes that possibility more urgent? and relates to the fundamental properties of matter. Consider
indeed the uncertainty principle with relativity for a particle of mass m:

Relativity: = E =cy/p?+m2c? (1.10)

Quantum mechanics: = AzAp 2 h (1.11)

so that if:

h
Az < — = ACompton 1.12
€ me Compt ( )

2The essence of Quantum Mechanics is nicely captured by the so-called totalitarian principle, first stated in writing by Murray
Gell-Mann: “Everything not forbidden is compulsory". The Feynman path integral formulation of Quantum Mechanics puts the
totalitarian principle up front.

EPFL-ITP-LPTP Riccardo Rattazzi 9
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then:

(113)

In other words, if we try to localise a particle to a distance shorter than its characteristic Compton wavelength,
it becomes relativistic and the excess energy can lead to the production of extra particles! The production of
these extra particles implies that the one-particle states of ordinary quantum mechanics stop making sense for
localisations smaller than Az ~ Acompton. Empirically, it is a fact that particles are indeed created and destroyed
in fundamental processes.

The last argument can be made more concrete by considering the process of measurement of the position of an
elementary particle, say an electron. In order to measure the position of the electron we need to "see" it, so we
must have it interact with a light source. Light consists of the excitations of the electromagnetic field, a field
whose quantum description we can assume to know. A result from the quantization of the electromagnetic field
is that waves of wawelength A consist of particles, the photons (normally indicated by ), carrying momentum
py = h/X and energy E, = cp = he/A. Now, the precision in the measurement in the electron position Az is
limited by the finite wavelength of the light we employ to detect it: Az > A. The energy of the photons will
therefore grow as Az is made smaller: E., = hic/\ > he/Az. As a consequence of that, for small enough Az, the
photon will be sufficiently energetic to allow the production of additional particles. For instance one finds that for
E, > 4m,c?, with m, the mass of the electron, the energy of the photon is high enough to lead to the production
of an additional electron positron pair (e™ — e™). For such highly energetic photons the single electron picture
stops making sense! If we try to make the measurement of the position of the electron more precise by using
such short wavelength (and therefore energetic!) photons, we produce instead a different state with 3 particles (2
electrons and 1 positron). We thus conclude there exists a minimal length scale, indeed the Compton wavelength,
down to which the single electron picture makes sense:

he _ hc he
A 2 Ax - ATz Me

dmec® > B, = =)Ao (1.14)
with A4 = 4 x 107 em the Compton wavelength of the electron. A separates the domain of non relativistic
quantum mechanics from the domain of relativistic quantum field theory.

1.3 Units of measure

In order to quantitatively describe physical phenomena we must choose units of measure. In principle we will
have an independent unit for each different quantity. However physical laws establish relations among physical
quantities, which allow to espress the units for one quantity in terms of the units of the others. For instance
F = ma allows to express the units of force in terms of the units of mass and acceleration. The laws of classical
mechanics and classical electromagnetism allow to reduce the set of independent units to just 3. In the C.G.S.
system these are:

Length: [L] — cm (1.15)
Time: t] — s (1.16)
Mass:  [m] — ¢ (1.17)

For instance, force, energy and electric charge are not fundamental quantities and can be expressed in terms of
the above three:

EPFL-ITP-LPTP Riccardo Rattazzi 10
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L .
Force: F=ma =I[F]= [n[lt}][z ] — dyne = g sgm (1.18)
m m][L]? g-cm?
Energy: E = 51)2 = [E] = [ [1%2] - oerg =g (1.19)
2 1/2(713/2 1/2 . n03/2
Electric charge: Fo= 7% =[q] = [m[tg] — franklin = % (1.20)

But the C.G.S. system is unaware of the further relations dictated by Quantum Mechanics and Relativity. In
particular, Relativity implies the speed of light is a fundamental constant. Relativity thus provides one additional
relation among the fundamental C.G.S. units (as well as among all the other derived units):

Vlight = € = [i = [L]=c[t], [E]=c[p]= cz[m} (1.21)

[1]

We may say that relativity, through the introduction of a fundamental speed ¢, unifies space and time as well as
mass, momentum and energy.

Quantum Mechanics, through the Indetermination Principle ApAL = h , introduces instead a relation among
length and momentum controlled by the Planck constant

_h [m][L] _ h
[p) = o 7] (1.22)
] _ h 1
= [m] = hi[ }2 —62 —[t] (123)

By QM, mass can be expressed in terms of length and time, and with the further use of relativity, mass is made
equivalent to inverse length, or inverse time.

In the C.G.S. system we have
c=299%10° 8 B=1.05x10"2 erg-s, (1.24)
S

two “huge" numbers whose origin is linked to the contingencies of human life and human history, which made
centimeters, seconds and grams very convenient units for everyday affairs. For the purpose of studying the
implications of relativity and Quantum Mechanics it is instead clearly more convenient to choose a system of units
where ¢ and & are as simple as possible, that is

c=1=h (1.25)
This choice defines what is called a Natural System of Units, which satisfy

Lol (1.26)
(m] [l [E]

The natural choice ¢ = h = 1 does not fully specify the system: there remains just one unit to be picked, which
can be anyone we wish, a length or an energy. In particle physics it is customary to pick a convenient unit of
energy. The standard choice is given by the Gigaelectronvolt, GeV = 10° eV. Using 1 eV = 1.6 x 107'2 erg, we
can for instance compute as an exercise the following relations:

[t =[L] =

EPFL-ITP-LPTP Riccardo Rattazzi 11
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Unit QFT system to CGS

Length | GeV~™1 =197 x 10~ em
Time GeV1 =658 x107%° s

(1.27)
Mass GeV =178 x 10724 ¢
Action GeVY (h=1)
Velocity GeVO (c=1)

This little discussion, in particular eq. 1.26, offers also a persepective as to why it is equivalent to talk either about
high-energy physics or about short-distance physics. High-energy accelerators are truly huge microscopes testing
the short distance behaviour of matter and forces!

1.4 Overview of particle physics

The goal of the course is obviously to learn the basics of QFT, nonetheless before that it would be helpful to
receive an overview of present understanding of the micro world.

There are four well known fundamental forces:

1. The electromagnetic force which is responsible for the stability of atoms, namely for binding nuclei and
electrons into atoms. This is a long range force.

2. The weak force: a short-range force (L ~ 1076 ¢m) which is responsible for the beta-decay of nuclei,
neutrons and for muon-decay:

n—p+e + U (1.28)
woo—= e+ v + vy, (1.29)

3. The strong force is responsible for the existence of nuclei (for their stability). Also, for instance, more than
99% of the mass of nuclei is due to the strong force alone. The latter explains most of our mass. The strong
force is also short-ranged (L ~ 10713 cm)

4. The gravitational force: it is very weak, however it is long ranged and universally attractive. For these
reasons, gravity plays nonetheless an essential role in our life. In order to understand how weak gravity
is compared to the other forces, we can calculate the ratio between the gravitational and electromagnetic
forces” amplitude between two protons:

2
Fo  Gam,

FE 62

We see immediately that the difference is huge!

~ 1074 (1.30)

As we shall learn, in QF T forces are associated to fields and thus to particles. The electromagnetic force is mediated
by the photon v, the weak force by the W+ and Z° and the strong force by eight gluons g. These particles are all
helicity £1 vector bosons. On the other hand, gravity is mediated by the graviton which is a helicity £2 boson.
This is what makes gravity so different from the other forces. In addition, there is a mysterious “Higgs” force that
remains to be studied. It might be mediated by one (or more) scalar particle (spin 0).

We saw which forces are present in Nature as far as we know. They all are mediated by bosonic particles. All
other fundamental particles known so far are fermions with spin 1/2 and come into two classes:

EPFL-ITP-LPTP Riccardo Rattazzi 12



1.4. OVERVIEW OF PARTICLE PHYSICS

1. The leptons: they only feel the electromagnetic and weak forces. They come into three distinct generations.

1st 2nd 3rd

Q=1 electron e~ muon - tau 77 (1.31)
me = 0.511 MeV m,, = 105 MeV m, = 1L.777 GeV

Q =0 Ve vy Vr

The masses of the neutrinos are non-zero but very small (m, < 1 eV). In addition, every particle in this
table comes in pairs with its antiparticle.

2. The quarks: they also feel the strong force. Because of this, quarks are strongly bound into hadrons and
are always confined into these ones. We have basically two types of hadrons: the baryons (like the proton)
made up of three quarks and the mesons (like the pions) made up of a quark and an antiquark. They are
also organised in three families.

1st 2nd 3rd
up u charm ¢ top ¢
Q=23 p p
My ~15-3MeV | m.~125%0.1GeV my ~ 171.4 £ 2 GeV (1.32)
down d strange s bottom b
Q=-1/3
mg~3—7MeV mg >~ 95+ 25 MeV myp >~ 4.20 £ 0.07 GeV

We should understand how these observational facts fit into a coherent theoretical picture. More pragmatically,
how well we describe the observed particles and their natural interactions. Particle physics, to a beginner, often
gives the impression of being all about “finding particles and classifying them” much like botanics. Nothing could
be more wrong than that! What is being sought for are indeed the fundamental laws of Nature. Underlying the
above empirical fact, there is a well developed theoretical understanding; in certain aspects, our understanding is
truly remarkable, while open problems and some mystery remain. What we understand well is the structure of the
electromagnetic, weak and strong forces, and quarks and leptons are successfully described by one QFT called the
Standard Model (SM). What do we mean by understanding something? Understanding means also being able to
describe and predict: for example, some of the existing particles (the weak bosons the charm and the top quarks)
have been predicted from logical (or mathematical) consistency of the theory before their experimental discovery.
Also, the prediction of some observables is made and verified to a level of accuracy which is unmatched in any
other field. One of the best results of our QFT formalism is the derivation of quantum effects in electrodynamics.

One example is the study of the magnetic moment of a particle. The latter is proportional to the spin and is given
by:

e
i=g—5 1.33
A=95- (1.33)
where g is the gyromagnetic ratio. Classically, we expect g = 1; for a relativistic electron in Dirac’s theory, we
have g = 2. In QED, however, we can compute the digression from the value of 2:

= gtels) tols)
g2 &£ S R 1.34
5 on o 2\gp) Tl T (1.34)
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1.4. OVERVIEW OF PARTICLE PHYSICS

The coefficients ¢; are predicted by QED and are of order one. Alpha («) is the fine structure constant of the
theory and is given by:

e? 1
= ~S — 1.35
“ 7 dreohe " 137 (1.33)
The digression on g is measured experimentally with very high accuracy:
-2
<92> = 1159652180.85(76) x 10~ 2 (1.36)
exp

Once this quantity is measure, we can use it to compute o with precision and then use this value to test the theory
with other observable:

—2
(92> — a~! = 137.035999705(36) (1.37)
exp

and for example, from atomic clocks (Rb and Cs):

a1 (Rb) = 137.03599878(91) (1.38)

These results are a great confirmation that QFT is the correct description of the subatomic world. The success of
QFT and of the SM make the open problems in the theory only more exciting! Here is a list if what we understand
less well in decreasing order of understanding:

1. The SM necessarily predicts the existence of a fifth force to explain the origin of the mass of the weak bosons
as well as of the quarks and leptons. However, there are various possibilities in nature for this necessary
force. The simplest is that it is mediated by a boson of spin zero, a scalar particle called the Higgs boson.
However the presence of this boson has not been experimentally confirmed® and moreover many physicists
question this simple picture proposing alternative theories. This is a very exciting time because before the
end of this course, the Large Hadron Collider (LHC) at CERN should have had announced its discovery or
it dismissal.

2. Why are there three families of fermions?
3. What is the reason for the big ratios of masses?

4. What is the role of gravity? As far as we understand, gravity makes sense as a quantum field theory only
at sufficiently low energy. A full quantum description is however missing. Possibly gravity will require to
go beyond QFT (e.g. String theory or other alternative Quantum Gravity theories). The problem of gravity
is not necessarily urgent. Indeed, the needed energy cannot be reached in any imaginable laboratory. It
is however crucial to develop a theory of the very early Universe to answer question such as “How did the
Universe start?” or “Was it inevitable?”. During our course, we shall neglect gravitational perturbations
and work with a static Minkowski metric:

v — N = diag(+1,-1,—-1,—1) (1.39)

After this short introduction (for a very broad subject), we shall start learning its technicalities.

3As of when these notes were typed.
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Chapter 2

Classical Field Theory

2.1 Lagrangian mechanics

In the Newtonian formulation of Mechanics, the time evolution of a system with IV degrees of freedom' ¢q1,...,qx
is determined by N second order differential equations?®
o = falg,d) a=1,...,N (2.1)

and by 2N initial conditions, for ¢, and ¢,, at some initial time ¢;. In other words, given q,(t;), ¢o(t;) and eq. (2.1)
the time evolution of the system, the trajectory g,(t), is uniquely fixed. The notion of determinism? is explicit in
this formulation of the laws of motion.

As it turns out, the laws of Mechanics of genuinely mechanical systems (that is, systems without dissipation)
admit the alternative Lagrangian formulation. In the Lagrangian formulation the inputs are the coordinates at
two different times,

Galti) = di  dalty) =af - (2:2)

and the physical trajectories are determined through a variational principle, the Least Action Principle. The way
this works, it that, given any trajectory ¢, (t) satisfying eq. (2.2), one considers a certain quantity, the action S,
given by

S1q] E/th(qyd) dt (2.3)

i

with the Lagrangian L(q,q) a specific function of coordinates and velocities encapsulating the dynamics of the
given system. The action is a functional: a real valued function of the trajectory q,(t) followed by the system
between t; and t f4. The Least Action Principle then consists in the following remarkable realization: the physical
trajectories g, (t), i.e. those solving the Newtonian formulation of the dynamics, coincide with the stationary points
of S[q]

55[g) =0 (2.4)

where 05 is the linearized variation of S under the change g, (t) = @4 (t) +0¢4(t) = g4 (t) with dgq(ty) = dga(t;) =0

1By degrees of freedom or dynamical variables we mean the parameters needed to describe, fully and non-redundantly, the config-
uration of the system.

2Fach f4(q,q) is in principle a function of all coordinates q and velocities ¢

3For instance as formulated by Laplace in the Essai philosophique sur les probabilités (1814).

4Throughout these notes we shall indicate by squared brackets (ex. S[g]) the functional dependence and by round brackets the
dependence on real (and complex) variables (ex. L(q, q)).
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2.1. LAGRANGIAN MECHANICS

in order to preserve the boundary conditions q,(¢;) = ¢%, qa(t §) = q({ . That is concretely written as

0=205la = (Sla+oq] = Sa) linearized (2.5)
— /t;f dt (g{ié(]a + ng;(SQa) (2.6)
t t
B /tifdt (qua - igi) 0¢a + %5% ff (2.7)
t
_ /tif it <gqf; _ ig{i) 5 28)

where in the last line we used dq, = 0 at the boundary. Notice that here, and throughout the whole course, we
employ Einstein’s convention for summation over repeated indices. Stationarity of the action is then equivalent
to:

oL d AL
0qa  dtdg,

0 (2.9)

This set of N second order differential equations for the generalised coordinates is called the Lagrange equa-
tions. The Least Action Principle then amounts to this simple fact: for mechanical systems there always exists a
Lagrangian function L (g, ¢) such that eq. (2.1) and eq. (2.9) coincide.

Equivalently, the dynamics of the system can be described in the Hamiltonian formulation where one ends up with
2N first order differential equations for the generalised coordinates and momenta. The Hamiltonian is defined as
the Legendre transform of the Lagrangian with respect to the generalised momenta:

oL
= — 2.1
DPa aq.a ( O)

This relation is then inverted and the velocities are expressed in terms of the coordinates and momenta:

Qi — Qa(Qavpa) (211)

The Hamiltonian is finally given by:

H = H(q,p,t) = pada — L(g,q) (2.12)

In the Hamiltonian formulation the Lagrange equations then read

. OH
qa =
Opa
o _8H (2.13)
Pa = o0

An important structure in Hamiltonian mechanics is offered by the Poisson bracket of pairs of real functions on
the phase space. Given two such functions A = A(q,p) and B = B(q, p), their Posson bracket is defined by

o408 0a0B
N Opa 0¢q 0qq Opq .

{A, B} (2.14)
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2.1. LAGRANGIAN MECHANICS

By its definition the Poisson bracket satisfies the following two properties

{A,B} +{B, A} =0 anti — symmetry (2.15)
{A,{B,C}}+{B,{C,A}} + {C,{A,B}} =0 Jacobi identity (2.16)

The space F of real functions on the phase space can be viewed as a linear vector space. That is because any linear
combinations of functions is again a function. The Poisson bracket can then be viewed as a product operation
mapping pairs of functions (pairs of vectors) back to F. Together with the properties 2.15,2.16 the Poisson bracket
then endows F with the structure of a Lie Algebra. We will encounter and study Lie Algebras in the next section
when considering continuous symmetry groups. Here we neither want nor can further explore this fact. We will
limit ourselves to noticing that by eqgs. (2.15,2.16) the Poisson bracket of any function A(p,q) with ¢, and p,
generates an infinitesimal canonical tranformation. That is, defining

0o =da+€{A qa} Do = Pa+ €{A, Do} (2.17)

one can check that {p/,,q;} = dap + O(€?). In other words, the Poisson bracket allows to write canonical trans-
formations in an algebraic form. Notice that symmetry transformations are a particular example of canonical
transformations, they too are then generated by the Poisson brackets of certain functions acting as symmetry
generators.

The simplest example of all the above is given by time evolution itself. This can be viewed as a canonical
transformation associated to the symmetry of time translation invariance. The generator is nothing but the
Hamiltonian function and indeed we have

Ga = {Ha Qa} (218)
Pa = {vaa} (219)

while for any observable O (g, p), the time dependence is:

dy_90 00,
A 8pipa aq(IQa
00 O0H 00 0H
= — ={H.O
Opa 0¢a * 9qq Opa {H,0}

(2.20)

Thus the Poisson bracket allows to formulate time evolution in algebraic form. But as we mentioned this property
applies equally well to more involved transformations, like for instance rotations. In that case the infinitesimal
generators are nothing but the three angular momentum components L;, i« = 1, 2,3, which famously satisfy the
algebra

{Li, L;j} = €iji L . (2.21)

The algebraic structure induced by the Poisson bracket in Hamiltonian mechanics is remarkably unchanged when
going to the quantum description of the system. The “quantization” of the system simply, yet profoundly, amounts
to the replacement of the dynamical variables g, p, with operators §¢,, p, acting on a Hilbert space and to the
replacement of the Poisson brackets with commutators, according to the scheme

Classical Quantum

da > Pa» AlGa,Pa) | da > Pa s Alda,Pa)

H(qa; pa) H(qa; Pa)

(2.22)
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2.2. FROM MECHANICS TO FIELD THEORY

The above correspondence based on Hamiltonian mechanics defines what is known as canonical quantization. It is
the approach that is followed in non-relativistic quantum mechanics in its Schrédinger’s equation formulation. This
approach, however, while offering a straighforward path to quantization, makes space-time symmetries not fully
manifest. For instance, the Hamiltonian is directly connected to a choice of the time parameter ¢, but in relativity
different inertial observers employ different time parameters. Because of that, in relativistic quantum field theory
one makes a greater use of the Lagrangian formulation, where relativistic invariance is instead manifest, and which
corresponds to the path integral formulation of quantum mechanics. In this course (QFT I and II) we will follow
a hybrid path, in which we use the Lagrangian approach to characterize the system, in particular its symmetries,
and the Hamiltonian approach to canonically quantize it. The path integral will be developed in QMIV and its
methodology fully employed in the advanced courses of the third master semester.

2.2 From mechanics to field theory

The notion of a field arises when we consider a coordinate space X (e.g. R™, S™,...) and we associate a set of
dynamical variables ¢, (x,t) (¢ = 1,...,N) to each spacial point x € X. The dependence on the time coordinate
t encodes the dynamics of the system. From a mechanical perspective, the total number of degrees of freedom is
given by N x dimX, where by dimX we indicate the number of points in X. Of course if X is a continuum, like
R™ or S™, then dim/X is infinite. One example of dynamical fields is given by the electric and magnetic fields:

E(x,1) (2.23)

B(x,1) (2.24)

Another example is offered by fluid mechanics, where the dynamical field variables are respectively the mass
density, the pressure and the flow velocity

p(x,t) (2.25)
P(x,t) (2.26)
F(x, 1) (2.27)

In both of the above examples the coordinate space is R® 3 x. This is infinite dimensional, both because the
points form a continuum and because x extends to infinity. Thus the fields of both examples have an infinite
number of degrees of freedom! Ordinary mechanics concerns systems with a finite number of dynamical variables
qa(t), a = 1,..., M. Field theory, instead, can be viewed as a limit of mechanics where the discrete label a is
replaced by (o, x), which, as long as x is a continuous, is continuous and thus infinite. As in the relevant quantum
field theories x takes values in a continuum we will be forced us to deal with infinitely many degrees of freedom
throughout this course. In particular, most of the time the coordinate space will be given by R3 unless specifically
indicated.

In field theory, at any given time ¢, the state of the system is specified by a set of functions, the fields ¢ (x) and
their time derivatives ¢, (x), rather than by a finite set of real variables (g4, ¢,) as in mechanics. Consequently
the Lagrangian, rather than a simple function, will now be a functional

L=1L[¢,d. (2.28)

In principle there is a lot of freedom for the form of the L[, ¢] However, in the field theories that describe physical
systems L[, ¢] is itself the integral of a function of the fields and their derivatives at any given point x

Lip, 4] = / PxL (¢(x, 1), d(x, 1), Vo(x, t)) . (2.29)

Notice that the functional dependence on 6¢(x,t) does not need to be indicated in L[¢, ¢] as Vé is fully fixed
once ¢(x,t) is specified as a function of x at some fixed ¢. A lagrangian of the above form is said to have the
property of locality: L is the integral of a density £ which purely depends of the local properties (the fields and
their derivatives) at each point. For instance no product of fields at far away points appear if L[cﬁ,qﬁ]. It is
intuitively clear that, if a field theory description is to help us to get rid of instantaneous interactions between
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2.3. LEAST ACTION PRINCIPLE IN FIELD THEORY

spacelike separated objects, then its Lagrangian should be local, i.e. given by the space integral of a Lagrangian
density L. Notice also that we assumed £ depends only on the fields and their first derivative with respect to
the space and time coordinates. This is analogous to what is normally assumed in ordinary mechanics where L
depends on ¢, ¢. The systems we will consider have this property but it is straightforward to generalise to actions
involving higher derivatives. Indeed one can show (see one of the exercises) that the dynamics implied by any
lagrangian involving higher derivatives is equivalent to that of a lagrangian with only up to first derivatives but
with a larger set of dynamical variables, in our case a larger set of fields. Notice finally, that very much like in
mechanics the lagrangian does not depend explictly on ¢, the lagrangian density in field theory does not depend
explicitly on either ¢ or x. As we will better discuss later, but as it is intuitively clear from the study of mechanics,
this property corresponds to the invariance of the laws of motion under space-time translations.

Indicating by z*, 1 = 0,1,2,3, the space-time coordinates with 2% = ¢, 2 = x* we can collectively indicate
space-time derivatives by a four-vector 9, = 0/0x*. We can then write the action as

Slgl = / dtLl6, 3] = / d' £ (6(x), 0,0(x)) (2.30)

where we have joined the integrals of over space and over time into a single integral over space-time with measure
d*r = dtd3x. For concreteness we have considered 4-dimensional spacetime, sometimes indicated as (1 + 3)-
dimensional spacetime. It is however evident that our construction can be used to define the action in field
theories over a spacetime of arbitrary dimension D. We would simply have to consider spacetime indices taking
values 4 = 0,...,D — 1 and integration measure d”x. In this respect, ordinary mechanics can be viewed as field
theory in (1 + 0)-dimensional spacetime. In view of this analogy the lagrangian density £ is normally simply
referred to as “the Lagrangian”.

2.3 Least action principle in field theory

We are now ready to generalize the formulation of the Least Action Principle to field theory.

Given any compact spacetime region §2 bounded by a surface 952, we consider the action 2.30 limited to the region
Q, which is the integral of £ over Q2

Salp] = /Q d*z L. (2.31)

Like in mechanics given an infinitesimal variation of a field configuration, ¢, — ¢ + 004, we indicate by 65q[d]
the linearized variation of the action, with d¢, vanishing on 0€2. The Least Action Principle is then formulated
as follows:

The solutions of the dynamics are given by the field configurations ¢, defined over the full R* spacetime, and

satisfying 0Sq[@] = 0 for any Q and for any d¢, satisfying d¢a|oq = 0.

To see what that concretely implies consider a putative solution ¢, () and a general small variation Do = Pa+00a
satisfying d¢o (2oq) = 0 for any x,o € 0Q. The linearized variation of the action is then

oL oL
isale) = [ ' (55000 g g y0ne)

oL oL oL
= d* — =0y | 00y + 0, | =—=——000
/Q x{(aaﬁa “awma)) Gut “(awma) ¢ )]
oL oL oL
= [ dte (= - 9,5 b6 oy =564
/Q x<8¢)a aua(auﬁba)) ¢ +/8§2 U#a(au(ba) ¢

oL oL
= d* -0 ) 0dq
/Q g <a¢a H 90,6 ) °°

where we first integrated by parts, then used Gauss theorem to express the integral of a total derivative as a
boundary integral ® and finally used that §¢, = 0 on the boundary 9. The vanishing of the final expression for

(2.32)

5The boundary measure is given by do, = €uvpodz?dzPdz® /3! with €uupo the totally anti-symmetric Levi-Civita tensor and dz#
tangent to 9. Notice that do, is a 3-volume element.
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2.3. LEAST ACTION PRINCIPLE IN FIELD THEORY

arbitrary infinitesimal d¢,, corresponds to the set of equations

oL oL
—— —0,—— =0 2.33
96n 43 (0n00) (2:33)

that define the dynamics of a system of classical fields according to the Least Action Principle. These are the
FEuler-Lagrange equations.

In our formulation of the least action principle we used the notion of an arbitrary compact region 2. But the steps
in eq. (2.32) make it clear that we can directly formulate it by taking Q = R, i.e. the whole spacetime, and by
constraining §¢,, to vanish fast enough at infinity so as to allow the dropping of the boundary terms.

Like in mechanics, we can consider a Newtonian formulation where the solution is univocally determined, besides
by the Euler-Lagrange equations, by fixing ¢, (x,t;) and ¢, (x,t;), for any x at some time t;. The R?® spacetime
slice t = t;, where these initial conditions are given, is called the Cauchy surface.

It should be appreciated that the least action principle in field theory is the natural generalization of the case of
mechanics, where the region (2 reduces to the compact segment [t;,t¢]. In our discussion we have left Q arbitrary,
also given, as we argued, the principle applies to any choice. However, in order to get a more concrete picture,
and to make closer contact with mechanics, we could choose a solid cylinder Q = [¢;,¢ f} x Br with Bp the spacial
ball of radius R: |x| < R. A small variation ¢, — ¢ + d¢o will then satisfy boundary conditions

0¢a(x,t;) = 0¢a(x,t5) =0 and d¢q (X, t)||xj=r = 0. (2.34)
and the linear variation of the action be
oL oL
65, /d4x<5a+53L a)
2 UI= J, TN 85.0% T 50,00 )

ty tf
+/ dt/ d22ﬁ~(27£5¢a (2.35)

t; ti OBRr 8(V¢a)

or or or
= d* -0 )5 o / Br =6 o
/Q "”(a(ba b0 ) T L, T a0

oL oL
= [ 9 6
/Q “’”(a% “awma)) ¢

from which we draw the same conclusions as in our previous general discussion.

The expression appearing in brackets in the last line defines the functional derivative of the functional S

0Sq (0£ oL >
=(=-0,—— 2.36
50(e) ~ \9% ~ 500,9) (239
so that we can write (now taking Q = R* and assuming d¢,, vanishes fast enough to drop boundary terms)
S
Sto+ b0l = Slg) = [ d'aSesdola) + O, (2.37)

This result is in full analogy in analogy with ordinary derivatives of functions of many variables, where, given a
function f(g;), we have

fla+dq) — f(q) = Z g%% +0(3¢:)*. (2.38)

The concept of functional derivatives is obviously straightforwardly generalised to arbitrary space dimensions and
to densities that depend on coordinates as well. For example, define a functional F':

Flg] = / " f (6,06, ) (2.39)

Then:

EPFL-ITP-LPTP Riccardo Rattazzi 20



2.4. HAMILTONIAN FORMALISM

of
== -0 2.40
5@ ~ 00 " 0(00) (2:40)
In particular, we can choose as density:
So that F[¢] = ¢(xg). This yields on the one hand:
OF  0¢(x0)
= 2.42
5@~ d0() (242)
while on the other hand:
oF af
= =6 (x g 2.43
S do(@ 0 ) (2:49)
Yielding finally an important generalisation of gg; = 6;:
dp(wo)
=6 (z -z 2.44

2.4 Hamiltonian formalism

In the Lagrangian description of field theory, see eq. (2.30), the time and the space coordinates are treated on equal
grounds. This is an advantage of the Lagrangian formalism when considering relativistic field theory, because, as
we shall see, it makes spacetime symmetries manifest.

The Hamiltonian approach, on the other hand, singles out the time coordinate t among the spacetime coordinates.
Because of that, spacetime symmetries are less manifest in the Hamiltonian approach. There are however other
advantages in this approach, in particular its algebraic structure, which directly carries on to the quantum theory.

The Hamiltonian formalism can be developed along the same lines as in ordinary mechanics. This formalism is
based on a specific choice of time slicing and on the corresponding spacially integrated lagrangian density L in
eq. (2.29). The canonically conjugated momentum 7(z) is naturally defined by

oL oL

m(x) = — = —

op(x) 09

which simply extends the ordinary derivative of eq. (2.10) to a functional derivative. The above local relation is
then inverted at each point to express ¢ in terms of 7(z), ¢(x) and V(x)

$(z) = ¢(n (), $(), V() (2.46)

(2.45)

The Hamiltonian is defined in analogy with mechanics by a Legendre transform:

H(m, ¢) = /d3x (71'(36)(;5(33) — L(¢, 77)) (2.47)

where:
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2.4. HAMILTONIAN FORMALISM

H =n(z)p(x) — L(¢,) (2.48)

is the Hamiltonian density. The Hamiltonian is a local functional of the fields and of their conjugated momenta
over three dimensional space! As expected, in the Hamiltonian formalism the time coordinate has been singled
out so that in this formalism relativistic invariance is no longer manifest. Also, as we work with functionals,
the functional derivative formalism we developed in the previous section becomes handy. “Equal time” Poisson
brackets (we make the time dependence implicit from here on) can then be straightforwardly generalised by
employing functional derivatives. Given two functionals:

Alm,d) = [ d*x a(n.0) (2.49)
B[r, ¢] = /d3x b(m, P) (2.50)

we define:
{A, B} = /d3x (‘;ﬁ‘;ﬁ - ‘Ziilj) (2.51)

In particular, using Eq. 2.44, our definition implies:

{r(x,1), ¢(y, 1)} = 0P (x —y) (2.52)
{m(x,8),7(y, 1)} = 0 ={o(x,t),o(y, 1)} (2.53)

Similarly to ordinary mechanics, the equations of motion can be written as

oH - OH OH
T — H = —— = v . s _——
SH O '
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Chapter 3

Symmetries

Symmetries play a central role in physics, both from a fundamental perspective and from a practical one. Relativity,
which is one of the conceptual bases of Quantum Field Theory, provides an example of the fundamental role played
by symmetries. The practical relevance of symmetries is instead elucidated by the solution of innumerable physics
problems. Example range, for instance, from the use of spherical or cylindrical symmetry in electrostatics, to the
use of isospin symmetry in the study of the strong interactions. Indeed symmetries are also useful, sometimes even
more so, when they are only approximately exact and provide deep insight into the dynamics of physical systems
through the so-called selection rules.

Mathematically symmetries are associated with the notion of group. The corresponding area of Mathematics,
Group Theory, provides then both the language to formulate many physics problems and the technique to solve
them. There is no escape: a physicist, even more so a theoretical one, has better learn group theory!

3.1 Group theory

3.1.1 Groups

Let us start with a short summary of basic group theory. It is highly suggested to any reader, familiar or not with
the topic, to have a look at one among any reference book on group theory (e.g. Lie Algebras in Particle Physics
by H. Georgi Chap. 1-3).

Definition. A group G is a set of elements {g;}, i = 1,...,|G|, where |G| is called the order of the group, endowed
with a binary operation that assigns to each ordered pair of elements a third element of the group:

o :GxG— G
(3.1)
(91,92) = 91092 = g3
This binary operation is usually written with a multiplicative notation:

91092 — G192 (3.2)

For G to be a group, the binary operation must satisfy the following azioms:

1. Associativity:

91(9293) = (9192)93, V 91,92,93 € G (33)
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3.1. GROUP THEORY
2. Euzistence of a (left-)identity:

JdeeG st. VgeG eg=y (3.4)

3. Ewxistence of a (left-)inverse:

VgeG, 3gted st. glg=e (3.5)

In many books, it is required both the identity and the inverse to act also from the right. It is actually enough to
have a left-identity/inverse. Indeed, from these three axioms it is easy to prove the following corollaries:

Corollary. The group azioms have the following consequences:

1. The left-inverse is also a right-inverse:

2. The left-identity acts in the same way from the right:

ge =g (3.7)

3. Uniqueness of the identity:
deecG st. VgeG eg=g=ge (3.8)

4. Uniqueness of the inverse :
VgeG, g lteqG st. gyt=e=g1y (3.9)

The proofs are left as an exercise.

Two elements g; and go are said to commute if g1 g2 = g2g1. Moreover if g1g2 = g291 V 91,92 € G, then G is called
an abelian group. A subset H C G such that

l.ee H

2. Yhyhs GH, hiho € H

3.VheH, e H

is itself a group and is said to be a subgroup of G.

Let us enumerate a few examples of groups.

1. (RT,-) the set of real, strictly positive numbers with the operation of multiplication forms a group. This is
swiftly verified. Associativity is indeed satisfied by the arithmetic product. Each positive real number has
an inverse which is also a real positive number. The identity element is 1.

2. (Z,+) the set of integers with addition is another example of group. Again, it is associative. The inverse of
an integer a is given by —a, and the identity element is 0.

3. The group of permutations of n objects, denoted by S,,, is a third example. It is composed of the n! bijections
7 between the numbers 1,...,n and themselves:

The operation in this group is the usual function composition, which satisfies associativity. S,,, unlike (R™, )
and (Z,+), is a non-abelian group.
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3.1. GROUP THEORY

4. The group of rotations in R*, denoted by SO(3), is another important example of a non-abelian group. To
show it is non-abelian, consider the unit vector in the x direction. Apply two rotations of 7/2, the first
about the z direction and the second about the x direction. You will get the unit vector in the z direction.
Reversing the order of those two operations yields the unit vector in the y direction:

€. = Ru(n/2)R.(n/2)6s # R.(n/2)Ru(n/2)é = &

The above examples also illustrate how groups can be distinguished in some basic classes. One distinction is
between finite groups, like S,,, which contain a finite number of elements, and infinite groups, like (Z,+), which
do not. Another distinction is between discrete groups, like S,, and (Z,+), and continuous groups, like (RT,-)
and SO(3). This intuitively correspond to the distinction between discrete and continuous spaces. Concretely and
more mathematically, continuous groups are locally isomorphic to R™ for some n € N with the groups operations
satisfying continuity with respect to the standard topology in R™. In other words, given an element g in a
continuous group, we can find a succession {g;} of elements not including g whose properties get arbitrarily close
to those of g. In particular, given another group element h, the succession of products {g;h} will approximate gh
arbitrarily well. Discrete groups, instead do not satisfy this property or, as a mathematician would say, they more
trivially respect continuity with respect to the finest possible topology, the discrete one. As a side note, notice a
continuous group always has an infinite number of elements whereas a discrete group it may not be the case, as
exemplified by S,, and (Z,+).

We can also consider another example, which is also central to the occurrence of group theory in physics.

5. Consider a configuration space given by a manifold parametrized by N coordinates {¢;}, i =1,...,N. For
example for N = 1 and {¢;} = 0 € [0, 27), the manifold is a circle. Now on any space there exists freedom
in the choice of coordinates (e.g. cartesian, spherical,...). A change of coordinates corresponds to a change
in the “point of view” on the system. Mathematically:

i+ ;= fi {a:}) (3.10)

such that for any configuration there is one and only one {¢;}. Then f is a bijection and the set of all possible
coordinate changes is a group with respect to the binary operation which is the composition of functions!
Such bijections are also called reparametrisations. Obviously if f and g are two reparametrisations, then
f og is also a reparametrisation Therefore, to prove that we deal with a group, we only need to check the
three axioms a group is required to obey.

(a) Associativity. Let f, g, h be three changes of coordinates and let us work, without loss of generality, with
space described by a single coordinate ({g;} = ¢). Then by the associativity of function composition
(like for S,,):

(fog)ehlq) = flg(h(q))) = fo(goh(q)
(b) The identity is simply:

q—q

(c) Inverse. As we consider the set of bijective functions, by definition, for any reparametrisation f there
exists f~1, its inverse, such that:

frofl@=qg=1rfof ')
Hence, the set of changes of coordinates endowed with the operation of functions’ composition is indeed a
group.

This example is interesting for its own sake. However, what is even more interesting is that all the previous
examples can themselves be viewed as reparametrisations. S, was already defined as a reparametrisations of a
discrete set. Moreover (R™,-) can be viewed as describing rescalings of a real parameter, i.e. a changes of units
of measure, (Z,+) as describing translations on a discrete lattice, SO(3) as describing rigid rotations to another
Cartesian frame.
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3.1.2 Groups in Physics: Symmetry

To study a physical system, it is necessary to choose a set of coordinates parametrizing its configurations. Very
generally, we choose coordinates (g;) belonging to a space X. For instance, for a system of N point particles
in mechanics X = R3*V while for the rigid body X is a 3-sphere with antipodal points identified, which can be
parametrized by the three Euler angles. However, nothing prevents another observer to use a different set of
coordinates (g;) belonging to X’ while describing the same physical system. The change of coordinates remains
valid as long as there exists a bijection f allowing to go from one set of coordinates to the other. In the general
case, X and X’ can have very different structures. Well-known examples are the cartesian coordinates R? and the
polar coordinates [0, 27[x [0, 00[ !. For our discussion, we will focus on the case where X = X’. The fact we may
have two different faithful descriptions of the same system tells us this mapping precisely belongs to the group of
reparametrisations of X. And this is where groups enter the Physics arena.

Now, the specific interest arises when considering the way a change of coordinates affects the description of the
dynamics of the system. An arbitrary change of coordinates may completely change the form of the equations of
motion. For instance, it could make them look simpler or more complicated. While the first case has clearly great
practical interest, the case which has instead great fundamental interest is that in which the change of variables
does not change the form in which the dynamics is described. This is the subset of transformations that leave the
equations of motion invariant. As it should be evident, this subset itself forms a subgroup of the general group of
bijections from X to itself. We call this subset the Symmetries of the system.

Definition. The set of symmetries of a physical system is the set of reparametrizations leaving the form of the
equations of motion unchanged.

Each different parametrization of a physical system can be pictured as a different observer. The elements of the
symmetry group of a system therefore parametrize a family of different observers that describe physics in exactly
the same way. Just by considering the form of their equations of motion we cannot tell one of these equivalent
observers from another.

Consider for instance the equation of motion of a single free non-relativistic particle:

d*z
m—- =10 3.11

72 (3.11)
This equation of motion is invariant under the Galileo group, which is the symmetry group of Newtonian mechanics
(inlcuding in particular the case of an arbitrary number of interacting particles). The Galileo group consists of
three-dimensional rotations, uniform translations of spacetime, as well as linear uniform boosts:

T fl(t/) = R(a, 5,’7)5(15) —+ ’l_)'()t + f() R t =t + iy (312)

One can immediately check, by standard calculus, that eq. (3.11) translates into an equation of the same precise
form in the new coordinates
a7’

m— =0 (3.13)

The Galileo group transformation is described by 10 real parameters («, 5, v, Uo, To, to) taking values in a contin-
uum. For example, #y € R3. Therefore, the Galileo group is another example of a continuous group. As we will
see shortly, it is indeed an example of a Lie group.

3.1.3 Lie groups

Let us first introduce or recall some basic notions in differential geometry. A differentiable manifold is a space
that is at all its points locally homeomorphic to some patch of RY and such that the transition maps between

n this case, the change of coordinates is a bijection provided we identify the points [0,27[x0 in polar coordinates, which all
correspond to the origin.
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overlapping patches (or charts) are differentiable. A differentiable manifold, in the mind of a physicist, is normally
a smooth differentiable N-dimensional surface embedded in a higher dimensional RM. An analytic manifold
is the same as a differentiable manifold with the added stronger request that the transition maps be not only
differentiable but also analytic, i.e. their Taylor expansion is a convergent series. Again, we physicists can think
of such a manifold as a surface in R™ determined by some analytic constraints on the coordinates. An example of
that is the n-sphere, S™, corresponding to the points x € R"*! satisfying the constraint x - x = 1. Other types of
quadratic constraints determine other analytic manifolds, like paraboloids or hyperboloids, and similarly higher
order constraints, like cubics etc. In a sense analytic manifolds are "smoother than smooth", in that it suffices to
know a part of it to reconstruct the rest.

Definition. G is an N-dimensional Lie group if

1. G is an analytic manifold of dimension N. G is then obviously continuous: its elements are labelled by N
continuous coordinates.

2. the group operations of product and inversion are also described by analytic functions of the coordinates.

This means that, given any two group elements labelled respectively by coordinates o = (aq,...,an) and
B=(B,...,8n) and the products and inversions

9(a)g(B) = g(p(e, B)), (3.14)

97 a) = g(r(a)), (3.15)

the functions p(a, B) and r(«) are analytic.

We have defined Lie groups, as analytic manifolds where the group operations are also analytic functions. It would
thus seem that Lie groups are very special continuous groups. It however turns out that any continuous groups
is in reality a Lie group! This fact was only proven in the 1950’s, decades after the use of Lie groups had already
become widespread in Mathematics and Physics. The question of the equivalence between continuous groups and
Lie Groups, was indeed the 5th problem of the list Hilbert presented to mathematicians in the summer of 1900:
Is every locally euclidean topological group a Lie group?

In what follows we will indicate compactly indicate the Lie group coordinates as a vector
a=d=(a1,...,aN). (3.16)

The a’s will also be referred to as Lie parameters. We will also adhere to the convenient convention to choose
coordinates where the identity group element corresponds to @ = 0

g(0) =e (3.17)
Let us consider some examples Lie groups emphasizing their being (analytic) manifold

1. (R*,-): RT is a manifold isomorphic to R as any element € R™ can be uniquely written as z = ¢* for a € R.
Notice that in this exponential parametrization of (RY,-), the identity corresponds to @ = 0 in compliance
with the convention stated above.

2. U(1), the group of rotations in the plane. Parametrizing any point in the plane by a complex number
2z = x + 1y, rotations are given by z — !z, with o € R. Of course o and o + 27 give rise to the same group
element, so that the U(1) group manifold is the circle S'. Again we have chosen a parametrization where
a = 0 corresponds to the identity element.

3. SO(3) is a Lie group corresponding to the manifold S®/Zy, i.e. the 3-dimensional sphere in R* with antipodal
points identified. We will later discuss its parametrization in terms of the Lie parameters.

4. SU(2) is truly the whole manifold S?® with no identification of the antipodal points. We can then informally
say that SU(2) is “twice as big as SO(3)”.

Lie groups are crucial objects in Physics, and even more so in Particle Physics. The Galileo group was an early
example of a Lie group in Physics. But the relevance of groups and Lie groups was boosted by the advent of
Quantum Mechanics. Indeed, the structure of the Hilbert space of states of physical systems is often controlled
by groups theory to a significant extent.
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3.1.4 Realizations and Representations

Groups, and Lie groups in particular, can be thought as abstract mathematical objects, defined by their properties
and by the rules they satisfy. However, and that it is especially the case in physics, we often work with an explicit
realization of the group. A realization is a concrete way of writing the group elements in terms of transformations
over some space X. Let us clarify this notion by considering some examples.

1. The group of affine transformation on the real line Aff(R) can be defined through its realization as a group
of bijective mappings of R — R (i.e. the space X over which we realize our group is R)

rr— gla,a)r =™z +ay, x€R, (a,az) €R? (3.18)

Aff(R) is a two-dimensional Lie group whose manifold is isomorphic to R2.

2. The euclidean group in 2 dimensions I50(2) (i.e. the set of transformations that leave the euclidean metric
unchanged) is another example. It is simply given by the combination of translations and rotations on the
plane (i.e. the space X over which we realize our group is R?)

, .
<x) . <xl> _ ( co§a3 sma3> (m) " <a1> (3.19)
Y Y —sinag cosas Y Qs

Its Lie parameters (o, s, o) clearly span the manifold R? x S1, corresponding to respectively to translations
and rotations.

An important class of realizations of Lie groups is given by group representations.

Definition. Given a group G and given a linear vector space V. with the set (actually the group) GL(V) of
invertible linear operators in V', a representation D is an application from G to GL(V)

D :G — GL(V)

¢ = D) (3.20)

satisfying
1. D(g1)D(g2) = D(g192), YV g1,92 € G (3.21)
2. D(e)=1 (3.22)

By the above properties, a representation D is a homomorphism between G and GL(V). The vector space V
is said to be the basis of the representation. If V has dimension N, then the representation D is said to have
dimension N.

Concretely, choosing a basis in V, we can parametrize any v € V as a vector v = (v1,...,vy) and any element
of the representation D(g) as an N x N matrix D(g) = D(g)]. We can then concretely express the abstract
operation v — D(g)v as

vi — D(g)?v; (3.23)

A representation can then be concretely viewed as a mapping between a group and a set of matrices.
Then, the realisation of the Lie group on the vector space V is as follows:
VgeG, v—D(gweV, VieV (3.24)

The “fame” of group representations is largely due to Quantum Mechanics. That is because according to Quantum
Mechanics the states of a physical system (physical reality itself!) correspond to vectors in a Hilbert space.
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Symmetry operations and changes of point of view on the physical system must then correspond to operations on
the states of the Hilbert space. By the superposition principle in Quantum Mechanics this must be a correspondence
with linear operators, i.e. it must be a representation of the group of transformations. It thus so happens that on
our way towards the study of the role of symmetries in Quantum Mechanics, it is necessary to develop the subject
of group representations. In what follows we will provide some basic notions and some basic results in the theory
of groups representations.

Definition. Consider a representation D of a group G on an N -dimensional vector space V.

1. D is reducible if there exists a non-trivial invariant subspace U # V,{0} of V. Formally:
IUCV, st. YVaueU, D(guelU, VgeG (3.25)

2. D is irreducible if it is not reducible. That is, the only invariant subspaces are V itself and {0}.

3. D is completely reducible if and only if we can decompose V into a direct sum of invariant subspaces:

V=p,U;=U,Usd... (326)

such that D acts irreducibly on each U;. In other words, there exists a basis of V' such that:

Vged@, D(g) = 0 Ds(g) | 0 (3.27)
0 0
where D; is a n; X n; matriz, ny +ne +... = N and all D; are irreducible. D is said to be a direct sum of
irreductble representations:
D=¢,D;=D1®D; ... (3.28)

Notice that an irreducible representation is by definition completely reducible, only that the decompositions
consist of just a single invariant subspace coinciding with the whole V.

4. Two representations D1 and Do are equivalent if they are related by a similarity transformation:

38 €GL(n,C), st. ST'Di(9)S =Ds(g), Vge@ (3.29)
In other words, D1 and Dy are related by a change of basis described by S.

5. D is unitary if it is equivalent to a representation in which :

D7 Yg)=D(g), Vged (3.30)

Once can easily prove that a unitary representation is always completely reducible.

Notice that two representations of the same group can be very different. In particular representations can range
from the so-called trivial representation D) for which D) (g) = 1 for any g € G of the group, to the so-called
faithful representations for which

91 # 92 = D(q1) # D(g2). (3.31)

The set of matrices in a faithful representation offer therefore a concrete realization of G as a subgroup of GL(V).
While the trivial representation is maximally unfaithful, in the sense that it does not contain any information
about the group structure, the faithful ones encode all the structure. Between these two extremes, there normally
are non-trivial unfaithful representations that retain only a part of the structure of G.

Let us illustrate with an example the notion of invariant subspace.
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1. Let V be a N-dimensional K-vector space. Let M < N and V' be a M-dimensional invariant subspace of V.
Up to changing the basis, a vector in v € V’ can be written:

ve (0;”MM> (3.32)

for some wy; € KM and from which it can be seen V' is invariant under all transformations of the form:

(MxM M x (N — M) ) (3.33)

ON—myxm (N —=M)x (N—M)

Irreducible representations play a crucial role in the application of group theory to physics. That is particularly
the case in Quantum Mechanics where the representations have to be unitary as the norm of vectors is associated
to a probability. Based on our previous results, group representations over the Hilbert space of a quantum
mechanical system must therefore be fully reducible, i.e. built as a direct sum of irreducible representations.
Such representations are like the “atomic components” of all possible representations and their classification is of
paramount importance. The results that follow play a crucial role in characterization of the irreducible components
of a representation.

3.1.5 Schur’s lemma

A crucial result on the reducibility of representations is given by Schur’s lemmas.

Schur’s lemma. Let D1 and Dy be two irreducible representations of G acting on Vi and Vo respectively and an
intertwining operator A : Vi — Va such that:

AD; = DyA (3.34)
Then:

1. Either A = 0 or A is invertible. In the second case, Vi and Vo have therefore the same dimension and
Dy = A~'DyA, that is to say D1 and Dy are equivalent representations.

Corollary: If, under the hypotheses of Schur’s Lemma, Dy and Dy are further assumed to be inequivalent,
then it must be A = 0.

2. If Vi =Vo =V and Dy = Dy = D then A = \1.

Now let D be a completely reducible representation and A an hermitian operator such that:

AD = DA (3.35)

3. Then A is block-diagonal in the same basis in which D is block-diagonal:

Dyl 0|0 M1 0 | o
D=| 0 |Dy| 0 |, A=| 0 [X1] o0 (3.36)
0] 0 0o
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We give a short proof of the first and second Schur’s lemmas:

Proof. To prove the first lemma, consider the two following objects:

[Ker(A) = subspace of Vi annihilated by A]  and [Im(A) = AV4] (3.37)

Eq. 3.3} shows that Ker(A) C Vi and Im(A) C Va are invariant subspaces for the representations D1 and Do
respectively:

A 171 € K@T(A) : A(Dli_fl) = DQ(A’Ul) =0 =V ’171 c K@T‘(A), Dlgl c KGT‘(A) (338)
and

DQ’UQ = DgA’U]

VU € Im(A), ERTNS Vi, s.t. Uy = AU : Doty = A(D1’Ul)

= Vi€ Im(A), Dyy € Im(A) (339)

This proves that the kernel and the image of the intertwining operator are invariant subspaces under D1 and Do
respectively. Now, since we assume these two representations to be irreducible (meaning that there is no non-trivial
invariant subspace for any of them), either A =0 or these subspaces are trivial:

Ker(A) = {0}, Im(A) =V, (3.40)
In the latter case, A is injective and surjective, i.e. bijective and invertible.

The second lemma can be seen as a corollary since it uses the first one to be proven. Eq. 3.34 becomes in this case:

AD = DA (3.41)

This equation remains obviously true if A is replaced by Ay = A — A1 for any real (or complex) A:
A\D = DA, (3.42)

Now, by Schur’s first lemma we have that either Ay =0 or Ay is invertible. However, by the fundamental theorem
of algebra,

det(Ay) = det(A — A1) (3.43)

is a polynomial of order n and has at least one root. If we choose X to be this root, the polynomial is zero and
det(Ay) = 0, meaning it is not invertible. Therefore, by Schur’s first lemma:

Ay=0 = A=) (3.44)

The third lemma is proven in the same spirit using the first two lemmas. The proof is left as an exercise.

The proof relies strongly on the fact that the representations we consider are irreducible. Therefore, Schur’s
lemma can be seen as a tool to prove representations are reducible by finding a non-zero, non-invertible intertwiner
satisfying Eq. 3.34.
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Notice that Schur’s third lemma means that, if we find an operator which commutes with all the elements D(g) of
the representation, the eigenvalues of this operator can be used to label the different irreducible representations
in the direct sum D = ®;D;. For example, in quantum mechanics, the representations of the rotation group
commutes with the squared angular momentum operator J? = J;.J;. The eigenvalues of this operator therefore
label the irreducible representations of the rotation group. The possible eigenvalues of J2 have the form j(j + 1)
for half-integer j, corresponding to the total angular momentum quantum number.

Another instance concerns the Hamiltonian operator, H, which commutes by definition with the representation of
the symmetry group. By Schur’s lemma, the Hamiltonian is then block-diagonal diagonal in the basis where the
representation decomposes into irreducible blocks.

The results on group representations we presented apply to any group, whether discrete or continuous. In particular
the main result, Schur’s lemma 3.1.5, applies to both cases. Whereas in some areas of solid state physics, like
crystallography, discrete groups are the most crucial, continuous groups have instead the lion’s share in Particle
Physics. We are thus obliged to specialise our discussion and focus on Lie groups. Our first encounter in this
study will be the notion of Lie algebra.

3.1.6 Lie algebras

Definition. A Lie algebra A is an n-dimensional vector space endowed with a second multiplication, the Lie
bracket or Lie product:

[,] : AxA — A (3.45)
(X,Y) —» [X)Y]
satisfying:
Antisymmetry
(X, Y] = -[Y, X] (3.46)
Linearity
[aX +bY, Z] = a| X, Z] + b]Y, Z] (3.47)
Jacobi identity
(X, Y], Z]+[[Y,Z],X]+[[Z,X],Y]=0 (3.48)
Notice that, even though the Lie bracket [-,-] is represented with the same symbol as the usual commutator of

matrices, one should keep in mind that the elements of a Lie Algebra do not necessarily have to be matrices and
therefore the Lie product does not necessarily have to be a matrix commutator. It is true that, for any n, the set
of n X n matrices is a vector space which, with the operation of matrix commutation, does form a Lie algebra. The
properties of Antisymmetry and Linearity are immediately obvious, while the satisfaction of the Jacobi identity
is easily verified by explicitly writing the commutators. This fact justifies the notation used to represent the Lie
product. However the abstract notion of Lie algebra remains much more general. For instance we have previously
listed the properties of Poisson brackets, and we can now see that the space of smooth functions on the phase space,
with the Poisson bracket, forms indeed a Lie Algebra. Interestingly, this fucntional space is infinite-dimensional,
and therefore the corresponding Lie algebra is also infinite-dimensional.

Since A is a vector space, we can find a basis {X;} for i = 1,..., ¢ with ¢ = the dimension of A, such that any of
its element A can be written as

A=ao'X, +- +aiX, =a'X; (3.49)
The coefficients a® can belong to either R or C, corresponding to either a real or a complex Lie Algebra. By the
property of linearity, the Lie product of any two elements A and B is then fully defined by the product among the
basis vectors

[Xi, X;] = i ff; X (3.50)
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according to _ _ o
[A,B] = [0 X;, B X;] = ia' B £ X, . (3.51)

The Z-’;, a set of numbers called the structure constants, then completely determine the Lie algebra, very much like
the metric g;; = el e; completely determines the geometry in standard Riemannian spaces. At this stage, one
may wonder why there is an 4 factor in eq. (3.50). The reason is that in physical applications we will be interested
in the case where the X; are hermitian matrices or hermitian operators acting on the Hilbert space. The factor of
¢ then guaramteed that the structure constants are real numbers. Notice also that the propery of antisymmetry
and the Jacobi identity imply that the structure constants fikj cannot be any set of numbers, and must instead

satisfy the following constraints:

k _ _ ¢k
ij Ji
. - - (3.52)
igjfék"'f]ekfh + flfiflj =0

Conversely, given a set of numbers satisfying this constraint, it is possible to construct a Lie algebra.

We can think of very general Lie algebras. However, as the following theorem precisely states, there is always a
way to reduce the problem to the study of matrices.

Ado’s theorem. Any finite-dimensional Lie algebra can be faithfully represented by n x n matrices, for n large
enough.

Thus, we have a convenient way to work with finite-dimensional Lie algebras. What about the infinite-dimensional
cases? The way we understand this case in Physics is as a limit of finite-dimensional cases.

3.1.7 Lie Groups and Topology

We have already recalled (even if superficially) some basic notions in differential geometry. We would now like to
mention/recall a few more, especially in connection to topology. These will be necessary to properly qualify the
connection between Lie algebras and Lie groups.

As we have already mentioned a smooth manifold can be thought of as a surface embedded in some R™ space, for
n large enough. The following examples may help clarifying:

1. The one-dimensional sphere Si, the circle, can be embedded in R?. More generally, the n-dimensional sphere
can be embedded in R™*1.

2. We are not forced to consider spheres. Paraboloids and hyperboloids are other surfaces that can be embedded
in higher dimensional real spaces.

3. The de Sitter space that appears in General Relativity, and which may describe the future of our Universe,
can be viewed as a 4-dimensional surface embedded in R%. More precisely given the coordinates in 5-
dimensional Minkowsky space 2™ = 2°,... 2% and the metric )y = diag(—1,1,1,1,1), de Sitter space is
the set of points satisfying 2™ z™Nnyn = R%. The parameter R is the Hubble radius of the 4D geometry on

the embedded surface.
The are a few facts about the topological structure of manifolds that are relevant for our discussion. They are
linked to the notion of connectedness.

Definition. A manifold is said to be connected if any two of its points can be continuously connected by a line
inside the manifold.

If a manifold is not connected, we say it is disconnected.
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A mathematician may phrase the definition differently. They would interpret the manifold as a topology, roughly
speaking the set of all open sets. A disconnected manifold is a manifold that can be written as the union of two
disjoint open sets. A connected manifold cannot. However, the two pictures are equivalent.

Definition. A manifold is said to be simply connected if any closed curve in it can be continuously contracted to
a point.

Some simple examples

1. The 2-sphere S? is simply connected.

2. A torus, of any dimensionality, is not simply connected. In particular the 1-dimensional torus, which coincides
with the circle S!, is not simply connected.

The simplest example relevant to physics is the group of 3 x 3 real orthogonal matrices: O(3). This group, we
recall, is given by the set of 3 x 3 real matrices M satisfying MM7T = 1. From its definition, it can immediately
be seen to be disconnected. This is because

det(MMT) =1 = det(M)det(MT) =1 = det(M)? =1 = det M = +1 (3.53)

so that the group consists of, at least, two components, one with determinant +1 and the other with determinant
—1. As the determinant is a continuous function of the matrix elements, there is no way to connect these
two components: O(3) is a disconnected manifold. Notice that any of these two components could in principle
further decompose into disconnected components, but in reality they don’t: O(3) consists of just two disconnected
components. How can we view O(3) as a manifold? It can be viewed as a subset of R to which we apply
6 constraints. We thus get a 3-dimensional manifold. The component where the determinant is +1 contains
the identity and is a subgroup: SO(3). It is a subgroup simply because given any two matrices g1 and gy the
determinant of their product satisfies det(g1g2) = det(g1)det(g2), and therefore it is positive if the determinants
of g1 and g5 are. As we already mentioned, SO(3) is connected and contains the identity. It thus contains all the
points that can be continuously connected to the identity: it is the connected component of the identity in O(3).

In the case of O(3), as we have just argued, the connected component of the identity is itself a group, SO(3). This
property is indeed true for any Lie Group as one can prove that :

The connected componentof the identity of a Lie group, i.e. the set of points that can be continuously connected to
the identity, is itself a Lie Group and is connected.

The proof of this result relies on the continuity of the group product. Any two elements g; and go are connected
to the identity, if there exists two continuous mappings f1 and fo of ¢ € [0,1] — G such that f;(0) =e, f;(1) = ¢;
for i = 1,2. Consider then the product fi(t)f2(t): as t varies from 0 to 1, by the continuity of the group product,
this product provides a curve that continuously connects e to g;go. The product of two elements connected to the
identity is then also connected to the identity. A similar argument can be made to prove that if g is connected to
the identity also g~! is. Thus proving that the connected component of the identity is a group.

3.1.8 Lie Theorems

Central in the study of Lie groups and Lie algebras is a set of three theorems due to Sophus Lie. We are now
ready to state, and partly prove, them.

Lie theorem I. The tangent space T, at any g € G defines one and the same Lie algebra Ag.

Lie theorem II. Given an abstract Lie algebra A, one can always construct an associated Lie group. (Indeed
there generally exists more than one group associated to the same A)

Lie theorem III. Any Lie algebra A is associated to one and only one connected and simply connected Lie group
G4.
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(a)

Figure 3.1: (a): Schematic picture of the tangent plane Tp at P. (b): Group operations projected on T, the
tangent space at the identity of a Lie group G

We will prove Theorem I, sort of prove Theorem II, and not prove Theorem III. The interested student is referred
to the excellent book “Lie Algebras, Lie Groups and some of their Applications” by Robert Gilmore.

Theorem 1.

Before starting we should refresh/illustrate the notion of tangent space. We will proceed like physicists, hoping
no mathematician will ever read this, but secretely desiring some of them will stumble on it one day. Consider a
manifold M and picture it as a D-dimensional surface embedded in R™, with n > D (see Fig.3.1). Counsider then
any point P € M and construct the D-dimensional plane Tp tangent at M in P. Locally, in a sufficiently small
neighbourhood of P, we can parametrise the points on the manifold M by projecting them onto the tangent plane
Tp. Mathematically, this defines a map M — Tp. The plane Tp, with the choice of the origin at P, is a linear,
real, vector space of dimension D. The manifold M is therefore locally isomorphic to a linear vector space.

We can now specialize to the case where M is a Lie group G and P = e, the identity element. T, will be R™ where
n the dimension of G. In a sufficiently small neighbourhood of e we can parametrize the group elements by the R™
coordinate vector o = (g, . .. ;) of their projection on T,. Choosing e as the origin in T, its coordinate vector is
a = 0. ? Close to the origin, group product and inversion can be viewed as operations on elements of the tangent
space T, = R™. In particular the product corresponds to a mapping p : R™ x R® — R"

9()g(B) = g(p(a, B)) (c, B) = plev, B) (3.54)
while the inversion to a mapping R — R"
gla)™" = g(r(a)) a—r(a). (3.55)

As g(0) = e these mappings satisfy
p(,0) =p(0,a)=a  pla,r(a)) =0  7(0)=0. (3.56)

Now, as we have already explained, p and r are not just smooth function but analytic functions admitting a
convergent Taylor expansion. For «, 8 small enough, we can thus reliably expand p and r to the lowest powers of
their arguments. Taking eqgs. (3.56) into account one easily concludes that the expansion takes the form

P, B) = o + B +Tha! 8"+ Biyalabpl + ... (3.57)
ri(a) = —a'+ S;kajak +... (3.58)
with S;-k = (T;,C + T,ij)/Q. Notice indeed that Sji-k is by construction symmetric in the jk indices, while Tjk is

a generic tensor which decomposes in general as the sum of symmetric and antisymmetric components Tf}c =
Sji- et A; .- In fact the tensor S; i fully depends on the choice of coordinates. In particular, by choosing coordinates

2We deal with the tangent space, in the physicist’s way: we work in a small neighbourhood of e where the tangent plane approximate
well the group manifold. Practically that means we assume « is small enough. In mathematics instead, the tangent space is defined
is such a way that a remains infinitesimally small at each stage. We will stick to the most pragmatic way and keep o small.
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o't = al — S;kajak + O(a?), the inversion function takes the form 7/(a’) = —a’ + O(a/?). In fact one is easily
convinced that coordinates can be chose such that r'(a’) = —a’ exactly. In other words, we can choose coordinates
where S; = 0and Ty, = A} i 1s antisymmetric in jk. In what follows we shall adopt such simpler coordinates and

assume antisymmetric T;k

Interestingly, in the limiting case of arbitrary small o and 3, egs. (3.57,3.58) imply that the group product and
inversion linearize to respectively vector sum and inversion on the tangent space

pla,8) > a+p r(a) = —« (3.59)

We thus conclude that the group structure of our manifold G naturally endows the tangent space T, with the
standard vector space operations of sum and inversion.

Considering the group commutator

9(@) ' g(8) " g()g(B) = glc(a, B)) (3.60)

one indeed finds that the tangent space T, ineherits one additional operation. The group commutator defines a
mapping ¢ : R™ x R" — R™. Notice that interchanging a and 3 eq. (3.60) becomes g(c(c, 3))~1, which at lowest
order in the Taylor expansion corresponds to g(—c(«, 8)). This implies that, at the lowest order, ¢(a, ) must be
antisymmetric under the exchange of o and . Indeed by eqs. (3.57,3.58) one finds

o, B) = (T}, — Ti)od B* + O(a?B, %) = 2T,/ BF + O(*B,a8?) . (3.61)

where we made use of T;k =T} ;- At lowest order in the Taylor expansion the above equation defines a bilinear
antisymmetric product on the tangent space («, ) — [a, ] with

[, B)" = 2T},07 B* (3.62)

This results provides part of the conditions for having a Lie algebra, where the T;k play the role of structure
constants. In order to prove that we indeed have a Lie algebra, we now only need to check that the product
satisfies the Jacobi identity. As it will be proven explicitly in one of the exercises, the Jacobi identity follows from
a property which we had not yet used, the associativity of the group product

[9(a)g(B)] g(v) = g(@) [9(B)g(7)] = p(p(e, B),7) = ple, p(B,7)) - (3.63)

Inserting in the above equation the Taylor series expansion of p one indeed finds 7" must satisfy the Jacobi identity

T£T£+TfkTZL 4 T’ng;L =0 (3.64)

2

establishing T, inherits from the group product the structure of Lie algebra. As we shall see below, the structure
constants 77, which we derived from the group product in a neighbourhood of the identity, determine to a
significant extent the whole group G. They are sort of like the group’s DNA.

The above discussion considered a small neighbourhood of the identity, its projection on T, and the operations 3.59
and 3.62 induced by the group at lowest order in the Taylor expansion of the functions p,  and c¢. Using the group
product, one can however “export” the above discussion to any other element g, € G and to its tangent space
Ty, . Consider indeed a neighbourhood Uy, of g., mathematically an open set containing g.. Like per the previous
discussion, for small enough U,, we can describe its elements via their projections on the tangent plane Ty, . Now,
left multiplication by g; ' defines a continuous and bijective mapping between U,, and a neighbourhood g 1Ug*
of the identity. ® The mapping U,, + g, 'U,. and its inverse g; 'U,, — g.g; 'U,. = Uy, establish therefore a
correspondence between T, and T~ .4 That allows to export to Ty~ the notions of sum and Lie product on 7.

39*_1Ug,‘7 consisting of the points obtained by acting with g;1 on any element of Uy, , is a neighbourhood of e because the group
product g, 1 g is a continuous fuction of g and because e € g, 1Ug*.

4Notice that working as usual at the lowest order, i.e. for points infinitesimally close to g«, this is a linear mapping between vector
spaces. In particular the origins e and g. of respectively Te and Ty« are mapped into one another.
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Indeed any two elements g1, g2 € U,, correspond to elements g 'g; and g 'go in g, 1Ug*. Inversion, product and
commutation of the latter, as we have shown, define at the lowest order Lie algebra operations in T,. Exporting
the results of these operation back to U,, through left multiplication by g.

inversion a = g9 91) 7 = g.97 ' os (3.65)
—1 —1 _ —1

product (91,92) — 9+(9. " 91)(9x 92) = 9195 92 (3.66)

commutator  (g1,92) — (95 '91) " (g: '92) " (95 " 91) (95 " 92) = 9+91 ' 9495 " 9195 g2 (3.67)

we obtain a set of operations on Ty« that are isomorphic to egs. (3.59, 3.62) and thus define the same Lie algebra
structure on Ti«.

Theorem II.

We must prove that, given a Lie algebra A we can construct a Lie group G4 whose Lie algebra, constructed on
the basis of Theorem I, is precisely A. The proof of this result crucially relies on Ado’s Theorem, which states
that, given the abstract Lie algebra 3.50, we can represent it by a set of n x n matrices X;

(X, X;] = if} Xk (3.68)
The claim now is that the set of matrices

i ¢ io - X)*
D(a) =X =)" % (3.69)
- !

obtained by exponentiating the Lie algebra corresponds to precisely such group G 4. In order to prove this result
we must check that the set {D(«)} is mapped onto itself under inversion and multiplication. For inversion this is
obvious as D(a)~! = D(—a). Concerning the product, we must prove

D(a)D(B) = " XigiiXi = (" (@AXk = D(p(a, B)) . (3.70)

for some function p* which describes the group product for this choice of coordinates. This equation is proven
using the Campbell-Baker-Haussdorf (CBH) formula for the product of exponentials of matrices
1 1

exp(A) exp(B) = exp (A + B+ §[A, B+ E(M’ [A, B]] + [B,[B,A]]) + .. ) (3.71)
where the dots represent an infinite series that involves only multiple commutators of A and B. Applying CBH to
the case where A = ia* X}, and B = iﬁij and using eq (3.68), we conclude that the exponential on the right-hand
side in the above equation is also given by a linear combination of X;. This proves eq. (3.70). Notice moreover
that the whole CBH series in the exponent, and therefore the product function p*(a, 3) is fully determined by the
structure constants Z’; The latter are indeed the DNA of a Lie group!

Having established that the set 3.69 forms a Lie group it remains to show that its Lie algebra is precisely A.
Around the origin the group operations and the Lie algebra operations precisely correspond as dictated by Lie
Theorem 1

D(a)D(B) = L4 i + Bi) Xi + ... (3.72)
D(a) ' =1—ia; X; +... (3.73)
D(a) 'D(B)'D(a)D(B) = 1 +i[X;, Xp]al B* + ... (3.74)

so A is indeed the Lie algebra of the group.

Two comments are now in order. First notice that the set of elements D(«), by the continuity of the exponential
function, can be continuously connected to the identity. This is for instance done by mapping a; — ta; and then
letting ¢ go from 1 to 0. We are thus let to conclude that the group G 4 generated by the exponential map should
be connected. The second comment is that we have been a bit superficial in our application of CBH: this formula
gives an infinite series in the exponent, which raises issues of convergence. In other words, for some products the
function p in the exponent could diverge, While our reasoning should work (in fact it does!) for sufficently small
o’s and ’s, i.e. close to the origin, it is not obvious what happens globally. Otherwise stated: how much of G4
is covered by the set {exp(ia - X)}?

The answer to the above question is given by the following two theorems, which we state without proof.
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Theorem. If G is a compact and connected Lie group®, then the exponential map covers the whole group.

Intuitively this means that for compact groups the structure constants are such that the series defining the function
p through the CBH formula is always convergent. Our naive use of CBH is then justified as well as our proof of
the connectedness of G 4.

It is sometimes the case in physics that the groups we have to deal with are connected but not compact. In that
case another theorem applies.

Theorem. If G is a connected but non-compact Lie group, then every element of G can be written as
N
[[e~ ™ (3.75)
n

where, generally, the number N of elements in the product needed to span the whole group is finite.

For instance SL(2,R) falls into the above category. The whole group is covered by considering the product of at
most 2 exponential elements, i.e. N = 2.

Theorem III.

We will not prove this results, but only make a few comments. As we have seen, the basis of Lie Theorem II is
Ado’s theorem, which allows to represent the algebra by matrices. Exponentiating the matrix representation of the
algebra we obtained a group. But which group? Ado’s theorem is indeed an existence theorem, and there generally
exist different, inequivalent, matrix representations of the same algebra A. For example two representations of
different dimensionality are certainly inequivalent. There is then no guarantee that by exponentiating two of of
such inequivalent representations we will obtain the same group. We may, but we also may not. The resulting
groups are all connected®, but they can differ as concerns simple-connectedness. Theorem III, states that among
the set of groups that we can obtain by exponentiating the representations of a certain Lie algebra, the exists a
unique group that is both connected and simply connected. This group is called the universal covering of the Lie
algebra.

A physically relevant example of the above is given by the angular momentum algebra
[Ls, L] = i€ijiLi - (3.76)

This algebra, among its many representations, possesses a representation by 3 x 3 matrices (L;)ap = i€;qp and one
by the 2 x 2 Pauli matrices (L;)qp = (0i)ab/2. The exponentiation of these two inequivalent represention produces
respectively SO(3) and SU(2). While for SU(2), the manifold S3, is connected and simply connected, the SO(3)
group manifold is S3/Zs, which is connected but not simply connected.

To conclude this section we should emphasize some practical aspects concerbning the use of the exponential map.
First, notice that, given any matrix representation of the Lie algebra of a certain group, we can construct a
matrix representation of the group simply by exponentiating the Lie algebra. Secondly, given instead a matrix
representation D(a) that is not in exponential form, we can always change variables by bringing it in exponential
form. All that is needed for that purpose is to consider the expansion near the origin D(a) = 1 + i/ X; + ....
One can easily conclude by following through the same steps of the proof of Lie Theorem I, that the X form
the Lie algebra of the group. An alternative parametrization of the group elelemnts can then be obtained by
exponentiating X; or, equivalently, by the limit procedure

D(a) = lim D(a/n)" = lim (1 + Z%XZ + O(l/nQ))n = eliXi |, (3.77)

n—oo n—oo

5Meaning the G' manifold is both compact and connected

SThe very existence of disconnected Lie groups tells us that some groups cannot be obtained by exponentiating a set of matrices.
In that case the whole group can however be obtained by combining exponentiation with a discrete set of group elements. That will
be seen explicitly for the Poincare group.
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We conclude that finding the representations of a Lie group is as hard as finding the representations of its Lie
algebra. The latter is a rather manageable task, as you are already familiar from the study of angular momentum,
and as well we see better when studying the Ploincaré and Lorentz groups.

3.1.9 The Adjoint Representation

Consider any matrix representation with basis (X;) of the Lie algebra of a group G. By exponentiating it we
obtain a representation D(a) = D(g(«)):

D(a) = ™' (3.78)

of G . Consider now an element v = v*X; in the Lie algebra and consider the mapping

v e Xy eI’ X (3.79)

We claim the matrix on the right-hand side also belongs to the Lie algebra. At first order, this is seen by linearizing
D(a) ~1+iatX;

(1+ia? X;)v(l —ia? X;) = v +ia? [ X, v]
= v +iadv"[X;, Xy]
=0'X; +iodvVifl X, (3.80)
= (v’ — ado” )X

I /)
:’U’LXZ‘

which belongs the Lie algebra. As shown in one of the exercises, this remains true to all orders. We can make now
a further claim:D 44;(«) defined by

Dagj(g(a)) : v D(g(a)) v D(g(a))™" (3.81)

is a representation of the group. Clearly, it satisfies the representation axioms as it acts linearly on v and respects
the group product

Dagj(9(8))Dagj(g(c)) : v+ D(g(8B)) [D(g(a)) v D(g()) '] D(g(8)) " = [D(9(8))D(9())] v [D(g(ﬁ))D(g((c;);g1 :
Moreover, according to eq. (3.80), on the v vector coordinates the mapping takes the form .

vt vl — ook ;k = (68 — cujf]’-‘k)v’“c = (6] +iad (X;)i) oF (3.83)

with (X;); =1 f;k, so that the infinitesimal generators for the adjoint representation are simply given by the
structure constants. The structure constants f;k are a set of numbers with three indices. If we single one index
out (say j), we are left with a matrix, with rows and colums labelled by ¢ and k. The resulting matrix, as we
have shown offers a particular representation of the Lie algebra, known as the adjoint representation. Indeed,

satisfaction of the Jacobi identity by the f;k implies the (X;)i precisely satisfy the Lie algebra. Finally, by
exponentiating eq. (3.83), we can represent the arbitrary finite transformation of eq. (3.79) as

o' = Dagg(g(a))jo? = (€ X050 (3.:84)
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The matrices D 44; (g(a))é concrete express the group elements in the adjoint representations. Notice that in order

to construct them we just need the structure constants!

As it is the case for any representation, we can equivalently view the group action (3.80) on the vector v either as
a transformation of its coordinates v* or as a tranformation of the basis vectors X;: v — X;v"" = X/v". According
to eq. (3.79) and eq. (3.80), the action of g(a) on X; can then be written as

g(@) : X; s e X5 X, om0 X5 = XiDagi(g9(a))! (3.85)
At the infinitesimal level this amounts to X; — X; + ia? [X;, X;] +.... Thus the commutator
(X, Xi] = if}; Xk (3.86)

can be viewed as the transformation operated on X; by the infinitesimal Lie group transformation controlled by
X;. In jargon, we say the commutator expresses how X; transforms under the action of X;. In other words, the
infinitesimal action of the group on any element of the Lie algebra is given by the commutator.

In what follows we will now put all this machinery to work in the crucial symmetry of fundamental physics.

3.2 Lorentz and Poincaré groups

3.2.1 Construction

Let us start with a bit of history. Before the 20t" century, the physics of mechanical systems was governed by
Newton’s laws of motion. These laws are left invariant by the action of a symmetry group: the Galileo group. As
we saw before, its realization on space and time is given by

—

T — ¥ = R(a, B,7)% + Vot + To (3.87)
t— t+to (3.88)

which summarise space and time homogeneity (%o, to), space isotropy (R € SO(3)) and the equivalence of all
inertial observers, i.e. invariance under constant boosts (7). Galileo’s group is a 10 dimensional Lie group. This
described pretty much all of physics before Maxwell came up with his set of equations: these were not invariant
under the Galileo group! At that time, three options seemed to be given:

i. Maxwell equations are wrong.

ii. Galilean relativity does not apply to electromagnetism: Maxwell equations only apply in a preferential
reference frame that is at rest with respect to a fluid filling the universe, the aether.

iii. Galileo’s group is in reality not describing the symmetries of Nature: Maxwell is right and at the same time
all inertial observers describe physics by the same laws. Therefore, the group must be different (and as we
shall see it is simply a deformation of Galileo’s group).

The first option seemed crazy already back then, given the great success the Maxwell equations were having in
describing electromagnetic phenomena. The second option looked at odds with a series of experiments trying to
detect the aether, most prominently the Michelson-Morley experiment, and it is the third option that emerged as
the correct one. Indeed work on this possiblity started around the end of the 19*" century. First Voigt (1887)
and then Lorentz (1895) led the way, though they only had an incomplete solution in their hands. It was Larmor
(1897, 1900) and Lorentz (1899, 1904) who found the “Lorentz transformations”, and it was Poincaré (1905) who
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understood their group structure and gave them a name. But it was Einstein who understood how to properly
formulate the laws of physics according to the third option. In that formulation, which appeared in a famous 1905
paper, and took the name of theory of special relativity the symmetries of physics were derived using solely two
principles

1. Spacetime is homogeneous, isotropic and the laws of Nature are the same for all inertial observers.

II. The speed of light ¢ is the same in all frames.

The same principles can be encapsulated in the request that the symmetries of physics be given by the group of
transformations that preserves the form of the D’Alembert operator, which is the differential operator describing
the propagation of light waves. We will now study the consequences of this request, but for that purpose we must
first introduce some notation. This simply amounts to defining the so called Minkowsky metric”

77”” :dlag(+17_17_17_1) 77#1/ :diag(+17_17_17_1) nupnpl/ = 55 = dlag(+1v+17+]—v+l) (389)

and to use it to “raise” and “lower” indices:

0
T, = N’ oM =n*o, = 77‘“’@ . (3.90)

Consider now the D’Alembert operator B
O=0; —V?=9"0,0, (3.91)

and perform a change of observer described by the coordinate change z'# = f#(z). According to the above
postulate this is a symmetry if
O=7"0,0, = n“”@l’ﬁL =0. (3.92)

By applying the chain rule this identity reads

a0 0 02’7 0

|:| =
K Ox* 0x'P Oxv Ox'°

3.93)
ox'P 0z’ ox'? ox'’ (
— pHv a/ a/ 8/ 8’ — pa’a/ 8/
(o 2 (0220 1) - o
which implies (using compact notation for partial derivatives)
A) " 9,a"P 0,27 = nP? B) Oz =0. (3.94)

The identity B) corresponds to the request that the coefficient of the term of first order in @’ derivatives vanish
" 0,0 9,0,x'% = " 0,0,2'7 = 0z'7 =0 (3.95)

It turns out that condition A implies that z’# must be at most linear in z": its second derivatives must vanish
and B is automatically satisfied. Let us then study condition A. Multiplying at both sides by 9/ z* it becomes

NP = 9'Pa? (3.96)

Taking the derivative of this equation, repeatedly using the same very equatiom and the commutativity of partial
derivatives we obtain a chain of identities

ot = 979"t = 09,0 = 0" P ), = OV ar 9P O ), (3.97)
= 90"z P, =~ 2P0 ), = —01 0" 2" (3.98)

where when going from the first to the second line we used a’p(a’ﬂxyakx;) = 0'Pn** = 0. The first and the last

steps in the chain imply 0¥0*2’? = 0. We thus conclude that the change of variables must have the general form
'™ =AM z¥ + a* with A*, and a* constants. The matrix A#, is however further subjected by constraint A to
satisfy n"VA? A%, =nP?. All these results combine to give the symmetry transformations of special relativity

7At this stage we are calling Ny a metric without any particular motivation. Nonetheless we follow the notational convention of
differential geometry, where given a metric g, one indicates by gH” its inverse. Then, since our metric is diagonal with only +1
entries, the metric and its inverse are given by the same matrix diag(+1,—1,—1, —1).
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o = 2P =AY+ at AP AT, =0T (3.99)

These transformations form a group, the Poincaré group, sometimes also called the inhomogeneous Lorentz group.

Before studying the properties of the Poincare group, let us complete our notation and add some concepts. Defining

o — oV AW : :
A7 = npun? A¥,, we can rewrite the above constraint as

WUNPLNT, =07 = ALY, =0 (3.100)

which, in standard matrix notation, means that A # = (A’lT)#”. 8 Given that AB = 1 implies BA = 1, we then
also have A FA?, = 4, from which we can deduce

AJNP, =6 = e AN, =0l = ‘nPUAUuApy = N (3.101)

Notice that A#V controls the transformation of x,,
), =Nz, +a,. (3.102)

The 4-vectors, like #, whose transformation is controlled by A*, are called contravariant, while those like x,,,
whose transformation is controlled by A" are called covariant. These different properties is what motivates the
upper and lower index notation. For partial derivatives we have

0, = 0,20, = A", 0, = |8, =70, (3.103)

consistent with the assignment of a low index to 9/0z* as it suits a covariant vector.

Finally, eq. (3.101) relates to the alternative, but equivalent, definition of the Poincaré group as the set of trans-
formations that preserve the form of the Minkowsky space time distance

ds? = n,dztdz” . (3.104)

Indeed, given a change of coordinates x# + z'#(x) the request ds?> = ds’?> = Nuwda’'dz’” immediately implies

a'"(x) should be at most linear in z#. Considering then a general transformation of the form in eq. (3.99) one
easily sees that invariance is achieved if and only if A#, satisfies eq. (3.101)

ds” = nu,da™da’ = 0y, 0,2 0y’ da’da® = 1, A N daPda’ = 1peda’da’ = ds” . (3.105)

The Poincaré group P is a deformation of the Galileo group under whose action Maxwell’s equations are invariant.
It is remarkable that before special relativity was developed, the equation of classical electrodynamics already
“incorporated” it. Though, it took a few decades, till Einstein’s revolutionary 1905 paper, to fully appreciate that.

Let g1 = (A1,a1),92 = (A2,a2) € P. The group product structure is as follows:

9192 = (M1A2, Araz + a1) # gag1 = (A1A2, Asar + az) (3.106)

and the inverse is given by:

g7t = (AT —A ay) (3.107)

8Eq. (3.96) precisely corresponds to A,” = (A7'T),” once the form z'# = A*,z¥ + a* is taken.
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Consistent with being a deformation of the Galileo group, it is also described by 10 parameters. Let us count
them:

a" — 4 (3.108)
AP = 16 (3.109)

It seems to have 20 parameters, however there are 10 constraints coming from

N A o A g = Tag, (3.110)

leaving us with exactly 10 parameters. The set of homogeneous Poincaré transformations, that is those with
a* = 0, is easily seen to from a subset closed with respect to multiplication and inversion. It is thus a subgroup
known as the Lorentz group. It is denoted by O(1,3) much like we denote by O(3) the group of homogeneous
isometries of the 3-dimensional euclidean space, i.e. R? endowed with the euclidean metric. More generally O(p, q)
is the group of homogeneous transformations that leave invariant the metric

g = diag(+1,...,+1,—1,...,—1) (3.111)

p q

In other words, it is the group of orthogonal matrices (hence the “O”(p,q)) with respect to the metric 3.111.

3.2.2 Global structure of the Lorentz Group

This section is devoted to a detailed study of the Lorentz group. We shall first see what Eq. 3.110 implies on the
latter. Taking the determinant of the equation, we obtain:

det(A) = +1 (3.112)

Thus the group O(1,3) is disconnected. The elements belonging to the class with det(A) = 1 form a subgroup
called the proper Lorentz group denoted SO(1,3). The so-called improper elements do not form a group as they
do not contain the identity. The other constraint concerns A%, which tells us how time is measured in different
frames: observers related by A% > 0 are termed orthochronous, while those related by A% < 0, have mutually
inverted notions of past and future, and are termed non-orthochronous. Now, the the “00” component of Eq. 3.110
gives

1= (A%)" =" (Al)” = (A% =1 (3.113)

i

which implies the existence of two options, A% > 1 and A%, < —1. These are clearly associated to the existence
of two disconnected subsets of elements in the Lorentz group. The set with A% > +1, contains the identity and is
closed under multiplication and inversion. It thus represents a subgroup termed the orthochronous Lorentz group
O'(1,3). Similarly to the improper elements, the non-orthochronous elements do not form a group. To summarise,
the Lorentz group has 4 disconnected components:
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A% | det(A) | Group?
LT=80"1,3) | >+1| +1 v
2t <-1| +1 (3.114)
7 >1 | -1
Z <-1| -1

Notice that fl @ .,S”i = S0O(1,3) and fl o .2 = 01(1,3) are two subgroups. However, we fill focus on the
smallest subgroup of the Lorentz group, the proper-orthochronous Lorentz group. The three other components
are connected to the latter by parity and time reversal transformations:

P (t,7) — (t,—%) e <L (3.115)
T : (t,%) — (—t,7) €< (3.116)
PT : (t,%) — (—t,—1) € &} (3.117)

(3.118)

So that the full Lorentz group can be seen as the composition of the proper-orthochronous Lorentz subgroup and
these spacetime transformations, schematically:

0(1,3) = £ o {1, P, T, PT} (3.119)

This van more explicitly be expressed as follows. Consider first the parity transformation:

at 2 = PraY (3.120)

where P*, = diag(1,-1,-1,-1).% Notice that P € . Take then any AT € .Z7. One has

ApP=Al ez (3.121)

which, upon using P2 = 1, implies:

Al =ALP (3.122)

In other words, an arbitrary AT can be written as the product of an element in the orthochronous proper Lorentz
group and parity P. Interestingly, since fl can be obtained by exponentiating its Lie algebra, this property
defines a simple manner to obtain an element in 7 Proceeding in exactly the same way for respectively the
time-reversal operator T#, = diag(—1,1,1,1) and (PT)* , = —1 allows to conclude L = jflT and fi = .L”IPT.

9Be aware that P, and n,, even if they have the same entries, cannot be compared because of the different (covariant vs.
contravariant) nature of their indices. A proper comparison could be made by raising one of the indices in 7y, which would give
o*, = diag(1,1,1,1) # PH,.
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From now on, when mentioning the Lorentz group we shall mean ,,2”1 = SO'(1,3). Also, some authors refer to
SO(1,3) or O(1,3) when they actually mean SOT(1,3), we shall make the same misuse of notation and denote
the (proper-orthochronous) Lorentz group by SO(1,3) as it is now clear which subgroup we are working with.

Now, what is the smallest possible group we can have and with which we can talk about relativity? Can we
have just a little part of the proper orthochronous group fl? Or is the full subgroup required? In fact, the
full fl is required. Indeed, as soon as we have the identity and one of its neighbourhoods, we can combine the
transformations and produce (for example with the exponential map) each element in the group. But what about
the other subgroups? This time, there is no mathematical constrain on whether they should be used. It is only up
to Nature to decide whether they are symmetries or not. As it turns out, P and 7T, very famous transformations
in Physics, are not considered by Nature to be valid symmetries. Subtly, PT combined with charge conjugation
(as we will see later) happens, in a profound way, to be a symmetry of Nature.

3.2.3 Raising and lowering

This section offers both an alternative discussion and a reiteration of the notions of contravariant and covariant,
raising and lowering, which we already encountered. Notice first of all that the mapping A — (AT)~! furnishes
an alternative representation of the Lorentz group. One can indeed easily check that the above mapping satisfies
all the properties of representations, in particular AjAs — [(A1A2)T]71 = (AT)"1(AZ)~1. Moreover the defining
property of Lorentz tranformations, written in matrix form as

ATnpA =1 (3.123)

gives

(AT) "t =nAn~t, (3.124)

implying that A and (AT)~! are equivalent representations that are obtained one from the other by the simple
action of the Minkowsky metric. Defining ! as an objet with upper indices = n*¥, the relation between the two
equivalent representations conveniently reduces to raising and lowering the indices with the aid of 7,, and n*".
The fact that n,, = n*” = diag(1, -1, -1, —1), is just an additional incidental fact.

Putting indices back, eq. (3.124) thus reads

[(AT) M, = mupAPen™ =AY (3.125)

which further implies

AP =67 AJAT, =67 (3.126)

A 4-vector V# transforming according to V'* = A¥ V" is called contravariant, while a vector W, transforming
according to W', = A YW, is called covariant. By eq. (3.125) we have that V,, = 7,, V" is covariant, while
WH = n"W, is contravariant. It is easy to see that the 4-gradient 0/0z" forms a covariant vector 9, = 9/0z".
Indeed, using z'" = A#, 2" one has

P
02"
- orv p

oy

= Aﬂya,') . (3.127)
which upon multiplication by A,” and use of eq. (3.126) becomes

8, =A,"0,. (3.128)
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3.2.4 The Lie algebra of SO(1,3)

Let us now derive the Lie algebra of the Lorentz group. We will later extend it to the full algebra of the Poincaré
group. The Lorentz group is realized in a standard way on four vectors:

g(N)at = A¥ a¥ (3.129)

Recall that to study the Lie algebra, we should consider group elements around the origin (represented by the
identiy on spacetime):

A, =61, +wh, + O(w?), |w| <1 (3.130)

We shall exploit the constraints imposed by the group to derive constraints on the Lie algebra. Eq. 3.110 reads at
an infinitesimal level:

Npv = naﬁ(éau + wau + O(WZ))(éﬂu + WBV + O(WQ)) = Npw + Wy + Wy + O(WQ) (3.131)

Since this equation must be true order by order in w, we obtain:

313

Therefore the matrix of generators is equivalent to a four-by-four antisymmetric matrix and thus has 6 components.
In other words, the tangent space has dimension 6. We now would like to write transformations near the identity
as A =1 +ia X4 + O((a?)?) for some set o of Lie parameters and for some matrices X 4 which will represent
the basis of the Lorentz Lie algebra. For that purpose we define:

(JP7)", = i(m"e7, —n7Mo",) (3.133)

for each pair po the above equation defines a matrix with rows and colums labelled by p and v. Since (J?7)*, =
—(J°P)*, this is a set of 6 matrices labelled by the antisymmetric pair po . Now, through some simple algebra,
we can write eq. (3.130) as

AR =1 %w,,,, (TN + ... (3.134)

According to the above equation the (777) form the basis of the Lorentz Lie algebra and the w,, are the Lie
parameters, i.e. the coordinates on the group manifold. At this stage, we could avoid putting the i factor. Indeed,
we are still working with real spacetime. The reason it appears is that A will at some point be replaced by a
representation acting on the Hilbert space. In this case, wag (j of )“y will become a hermitian operator on the
Hilbert space. Hence, it is more convenient to have the factor i instead of working with anti-hermitian operators.

It is instructive to write down explicitly the J*? matrices. One finds

00 0 0 000 0 000 0

o 00 -10 s | 000 0 s .l 000 41

T7=ilo1 0 0|l 77T ooo0o 1|7 o000 o (3.135)
00 0 0 001 0 010 0
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T = —i TN =i (3.136)

c o ook
oo o
cocoo
co o~
cooco
— o oo
coc oo
cooco
coc o~

0 1 0
10 0 0
00 o | T =0
0 0 0

The J% purely act on the spacial coordinates generating rotations, while the J° combine the time and space
coordinates are represent the genuine Lorentz boost generators. There is a crucial difference between these two sets
of generators: the generators of rotations J% are hermitean, while the generators of boosts 7% are anti-hermitean.
The latter fact reflects the non-compactedness of the boosts as we will exemplify below.

The commutation relations of the Lie algebra of the Lorentz group, denoted so(1, 3), can be derived from Eq. 3.133
(exercise):

’ [._7“”7 jp(r] — 4 (nua'jl/p + nupjlu,o' _ nupjua _ ,',/Vajup) ‘ (3137)

With the Lie algebra at hands, we can then construct finite Lorentz transformations through exponentiation

Aw) = e~ 2%asT ™’ (3.138)

As we have already stated J% generate rotations while 7% a generate boosts. The last property can for instance
be seen by considering

A = exp(—iw10T ) = exp(—=inT'°) = exp | - (3.139)

o O = O
o O O
OO OO
OO OO

where 7 is called the rapidity. Writing the series expansion of the exponential and using simple matrix algebra
one finds:

coshn —sinhp
—sinhn  coshn
0 0
0 0

A= (3.140)

o= O O
—_ o O O

which is nothing but a boost in the = direction. Now, with respect to the standard form of the boosts, we have
the following relations:

coshn =+, tanhn=p (3.141)

where, in units for which ¢ =1, § = v. Since |v| < 1, we have from Eq. 3.141:

1 € (—00,400) (3.142)

which reflects the non-compactness of the Lorentz group.
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3.2.5 Representations

Now that we have the Lie algebra (Eq. 3.137), we can find its representations. We already know one: the defining
representation Eq. 3.133. It is called the defining representation as the Lorentz group is defined through its action
on four-dimensional spacetime (Lorentz transformations). In the same way, SO(3) is defined as the group of
rotations in three dimensions and as such its defining representation will be the usual rotation matrices in three
dimensions. We shall however classify all representations of the Lorentz group.

On notation: from here on we shall indicate by J#* the Lorentz group generators in the defining representation,
that is the 4 x 4 matrices defined in eq. (3.133), while we shall indicate by J"* the generators in a generic
representation of the Lorentz group. It then goes without saying that the J*” satisfy the same algebra as the J#".

In representation theory, one often tries to reduce the problem to another one that is already solved. To make the
Lie algebra more explicit, let us separate the J*” into the generators of rotations (which we already know well!)
and the boost generators (of which we know less)

1 . 1
Rotations: Jz = ieiijjk, 91 = ieijkwjk (3143)
Boosts: K, =J% n=w (3.144)
so that we can represent the elements of the Lorentz group as
exp (4%%“) = exp(—ib;J; + i K;) . (3.145)

We stress that only when choosing J*¥ = J"” do the above group elements correspond to the 4 x 4 defining
representation of the Lorentz group. The Lie algebra Eq. 3.137 can then be written as

[Jis Jj] = i€iji Tk (3.146)
[Ji, K| = i€ Ky (3.147)
(K, K] = —i€iju i (3.148)

We recognise in Eq. 3.146 the SU(2) algebra, that is the algebra of 3D rotations. Being embedded in a bigger
algebra, it is here a subalgebra. Notice also that from Eq. 3.147, the boost generators transform as vectors under
rotations. So far, there is nothing new compared to Galileo’s group. The novelty of relativity comes with the
non-commutativity of boosts! In a sense, the Galileo group can be obtained by a contraction of the Poincaré group
10 The non-relativistic limit intuitivelly corresponds to infinitesimally small boosts, or equivalently to the limit in
which the speed of light is sent to co. This limit can then be formally attained by rescaling the boost generators
K; — K; = K,e and treating ¢ as infinitesimally small. Equations 3.146, 3.147 and 3.148 now read

[Ji, J;] = i€iji i (3.149)
[Ji, K] = i€ijr Kk (3.150)
[Ki, K] = —i€ijndy x € (3.151)

and, in the € — 0 limit, we recover the Lie algebra of the Galileo group.

We found that we have an SU(2) subgroup spanned by the rotation generators, however the full Lie algebra still
mixes these generators with the boost generators. It is therefore natural to look for combinations of generators
that simplifies thecommutation relations. Consider indeed:

10We refer to the previously mentioned book by Robert Gilmore for a detailed discussion of this mathematical procedure, known as
the Inonu-Wigner contraction.
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1
JE = 5 (Ji £ iK;) (3.152)

in the terms of which the Lie algebra becomes:

[T, T = e (3.153)
[T, JF] = (3.154)

In this case, the analog to equation 3.145 is:
exp (—z’%ﬂ“’) — exp (—i(0° — in®)Jy + (6% +in)J;) (3.155)

We managed to decompose the Lorentz algebra into two independent SU(2) subalgebras:

50(1,3) ~su(2)_ ¢ su(2)+ (3.156)

where ®c denotes a complexified direct sum. This identity holds at the level of the algebra, much like the SO(3)
Lie algebra is isomorphic to the SU(2) algebra. However it is not true that at the group level the Lorentz group
decomposes into two SU(2) subgroups.

Let us expand on the notion of complexified Lie algebra. In our case, it is made of vectors of the form:

v=o;d; + ,BiJ;r (e, ;) € C8 (3.157)

We now have a 6-dimensional complex vector space. But, there exists R® embeddings in C®. If we take a; = 3,
we get the Lie algebra of the Lorentz group SO(3,1) = SL(2,C). If we take (ay, 3;) € R%, we get the Lie algebra of
the group SO(3) x SO(3) = SO(4). We can see these two algebras as living in different sections of the complexified
Lie algebra.

This decomposition of the algebra nonetheless implies that we can construct all the representations of the Lorentz
group if we know how to build SU(2) representations. This is well known from spin quantum mechanics and we
will recall the main results here.

o The irreducible representations are labelled by half integer j and of dimension 25 + 1

o The basis of each irreducible representation is a set of vectors |m) for m = —j, ..., j such that:
Js|m) = m|m) (3.158)
e The combinations
gt = tif (3.159)
V2
acting as raising and lowering operators of J;3
o The generators J3 and J* are explicitly found to be
(G, m|Jslj,m) = L3 1 = Smmem (3.160)
(o[ TFGim) = Loy = V(G +m 4 1) = m) /260 i1 (3.161)
oI om) = L = (L), (3.162)
(3.163)
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o A general state can be written |¢)) = 1,,|m) (summation intented). The action of the generators on this
state is then:

JilY) = Ly mtm|m’) (3.164)
so that the entries of the vector changed the following way:

Y > Limm,djm/ (3.165)

As the Lorentz Lie algebra consists of two independent copies of the SU(2) algebra, its irreducible representations
(irreps) will simply consists of two independent irreducible representations of SU(2) glued together, and thus be
labelled by a pair of half integers

(ois). (3.166)
More concretely, a vector in the irrep will be labelled by a pair of indices
’lbm_hm_ s m_ = —j,7 ...,jf my = —j+, ...7j+ (3167)

upon each of which the SU(2)_ and SU(2); algebras are independently represented by respectively the j_ and
Jj+ representations of SU(2) we already constructed

T Ve = (Lo ) Y, (3.168)
T Y, — (Ljnﬂm) Yoy (3.169)
(3.170)

As (L7)% and (LT)? are respectively (2j_ + 1) x (2j_ + 1) and (254 + 1) x (244 + 1) matrices, the dimensionality
of the resulting representation is

dim(j_, j1) = 24+ + D)(2j- +1) (3.171)

The pair (j_,j4+) labels the casimirs of the two components

JLJL =5_(j- +1) JLTL =3y (jy + 1) (3.172)

Here is a short table describing the main representations of the Lorentz group:

(G-, d+) dim Type Example
(0,0) 1 Scalar 70, 7%, Higgs
(1/2,0) 2 Left-handed spinor Neutrinos
(0,1/2) 2 Right-handed spinor | Anti-neutrinos (3.173)
(1/2,0)® (0,1/2) | 4 Dirac spinor et p,n
(1/2,1/2) 4 Vector I AN
(1,1) 9 | Traceless metric tensor “Gravity”

As our goal isto study quantum field theory, we must now construct the representations act on fields. We will see
that each representation will act on a given type of particles as indicated in 3.173.
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3.2.6 Representating Lie groups on fields

The notion of group representation is general and flexible. To represent a group all we need is a vector space of
the suitable dimensionality. An example of particular relevance for physics is given by the representation of groups
on the linear vector space of functions, i.e. fields, on a space X. As we will see, this also allows to represent the
Lie algebra in terms of differential operators and hence to straightforwardly derive the commutation relations. We
will then concretely illustrate our results in the case of the Poincaré group.

Consider now a space X and a field ¢ 1

¢ : X =R
v () (3.174)

The space of such fields is obviously a linear vector space V:

o the null field p(z) = 0 is a possible field
e if p €V then Ap € V for A €R

o if o1, € Vthen o1+ €V

and as such, we can try to construct a representation of a Lie group on it. Assume indeed there exists a Lie group
G that can be realized in terms of coordinate changes on X:

ot 2t = fl(x) g=glat, ..oV eq (3.175)

The functions f}' constitue a concrete realization of G on X. As such, the set f}' satisfies the group product:
foo (fg1 (@) = fgo0: (z). Eq. (3.175) can be viewed as a change of observers: a point 2* in the referential of observer
O is parametrized by z'# = fé‘(x) by observer O’. In the same manner, the observers parametrize physics through
respectively the field ¢(x) and ¢'(‘z). Now, given = and 2’ represent the same physical point, the two observers
“measure” the same field value at these corresponding coordinates:

Vo' o' (2) = p(x) (3.176)

which implies the functions ¢'(z) and (z) are related by :

¢'(@) = o(fg-1(z)) (3.177)

We now claim this gives us a representation of the group on the vector space of fields. As it will be useful, let us
introduce the following notation:

Dylp] = o fg (3.178)

First of all it is evident that D,[¢] is a linear operator since

Dylap + by](x) = aDy[¢](x) + 0Dy [¢](x) (3.179)

HHere we focus on the simplest example, corresponding to a single real field, but a similar discussion holds for a general ¢ : X — R™.
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Moreover D.[¢] = ¢ as expected for the representation of the identity. It only remains to check that the product
rule of the group is satisfied:

Dy, [Dy,[¢]] () = Dy, [e)(92 ' w) = (91 92 '2) = ¢((9201) ') = Dyag [¢](2) - (3.180)

proving we have a group representation over the vector field of scalar functions on X. By considering group
elements that are close to the identity, we can now derive the representation of the Lie algebra. For that purpose,
let us focus on infinitesimally small o and expand z’# in «, keeping only first-order terms

2 — fs(a)( 7) = 2" — ale HOEXE 2) (3.181)

This infinitesimal coordinate transformation is reflected on the field as

Dyylpl(z) = o(fg-1(z))
(x“+aﬂe“+0( %)
(

2
) (3.182)
= p(z) + o’ i dup(x) + O(a?)
= (1 +idd X;)p(x) + O(a?)
where we have made the identification
Xj = —ief ()0, (3.183)
For infinitesimally small Lie parameters, i.e. close to the identity, we can thus formally write
Dy~ 1+idl X; (3.184)

from which we identify anj as a representation of Ag, the Lie algebra of G. The Lie algebra is thus here
represented by differential operators acting on the linear vector space of fields. In a sense this is akin to a matrix
representation, but of infinite dimensional ones. The X; represent the basis and as such satisfy the commutation
relations of Ag

(X3, X;] = iff X (3.185)

This is a non-trivial relation that descends from the fact that the e? (x), which define the X, precisely encode the
infinitesimal action of G on the coordinates. Eq. (3.183) concretely gives

(Xi, X;] = (—9)2['0,, €0 0,] = (6?8#6;-/ — el'9,€h) D, (3.186)

so that eq. (3.185) implies

ifi et 0, = (Ol — €' duey) 0, (3.187)

which is the infinitesimal reflection of the fact that the coordinate transformations z# +— 2'* = f¥(z) form a
group.
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3.2.7 The Poincare Lie Algebra

We can now apply the results of the previous section to the Poincaré group. Considering infinitesimal transfor-
mations

X'* = AP, 2" + a¥
= (6", + W', + O(w?))z” + o

(3.188)
=zt + (W, a¥ + a")
— gl P
we identify e# = —(wh,z” 4+ a*), while w*” and a” are identified with the Lie parameters. Considering a scalar
field ¢ and following the lines of the previous section we have
Dirayly) = (@ —whya” —a +...)
- (P I
o(z) — (W +a") Oup + ... (3.189)
_ W T
= 1—ZT—|—ZG Plo+...
with
Ju = i(x,0, — x,0,,) (3.190)
P, =10, (3.191)

where for the Lorentz generators we chose a sign convention coinciding with our previous discussion (see eq. 3.138),
while for translations our convention coincides with the familiar one in Quantum Mechanics. In particular P° =
i0° = i0, corresponds to P° representing the energy.

Using the above generators we can now derive the full set of commutation relations of the Poincare group

[Juuv Jpo] =1 (nupj;w + n;wt]uo - nppro - nuajup) (3.192)
[Juua Pp] = Z.(77VpPu - nupPI/> (3193)
[P, P,]=0 (3.194)

Eq. (3.192) is not new and coincides with the commutation relations of the Lorentz generators derived in eq. (3.137)
by considering the defining representation of the Lorentz group. Notice also that, by raising the p and v indices,
eq. (3.193) can be written as

[J*, P,] = Py {i (070", —=n"76" ) } = P-(T")7, (3.195)

where (up to index relabelling) the expression in curly brackets precisely matches the expression for the generators
in the defining representation given in eq. 3.133. We can formally express this result by saying that P, transforms
as a vector under Lorentz transformations. Indeed, by considering a finite Lorentz transformation and by iterating
eq. (3.195) via the exponentiation trick (see also sect. (3.1.9)), we have (w - J = wy,, J*)

i i . i i ) i 7
e I Pperd = lim (1— gow DVF (14 sw - )Y = Jim {P” {“‘ 2N“"7>N} fo(w)}

—p, (aéwﬂ): = P,A7,. (3.196)

Notice that the Lorentz transformation A “acts on the right” on the Lie algebra basis elements P,, as already seen
in sect. (3.1.9). On a vector a = a"P,, eq. (3.196) is equivalent to the normal tranformation a* — A* a” (that is
the action is “on the left”).
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We can repeat a similar discussion for eq. (3.192). We can first rewrite it as
T el = Tao(T™), + Toa(TH), (3.197)
and, secondly, by considering a finite transformation, we find
e 39 Jpese ) = J L, AP AN, (3.198)
These results express the fact that J,, transforms as a two index tensor under Lorentz transformations.
A generic vector in the Poincare Lie algebra
V =wfJ,, +a"P, (3.199)

is parametrized by 10 coefficients w” (6) and a” (4). As discussed in section 3.1.9, these coefficients constitue
the adjoint representation of the Poincaré group. In particular, according to egs. (3.196,3.198), under the Lorentz
subgroup the transformation takes the form a” — A? " and w?? — AP A% w"”. Notice that, as a” and w””
do not mix under Lorentz transformations, the adjoint representation of Poincaré is reducible under the Lorentz
subgroup.

3.2.8 Representations of the Poincaré group on general fields

We have seen how to represent the Poincare group on a scalar field. This construction can be generalized to a
field associated with a general (j_, j) representation of the Lorentz group. Such general fields will have not just
one component like the scalar, but a number (2j_ 4+ 1)(2j4 + 1) corresponding to the dimension of (j_,j1). Let
us see how this works.

Consider the matrices representing Lorentz transformations in its (j_, j4) representation

DBA(A), A=1,...(25_ +1)(2j +1) (3.200)

and assume we have a set of fields ¢ (x) with A =1,...(2j_ + 1)(2j4 + 1). We postulate the following transfor-
mation for the fields under Poincare tranformations

{x’“ = At ¥ 4ot = f(”A o) (x)

PAG) = DAR(A)P () (3.201)

In order to verify that this is a valid definition we must consider how it behaves under composition. Using the
same logic and a similar notation as in the previous section, we indicate the field of the O’ observer as

Dipa) (¢ (x) = DA (Mo (f1 () (3.202)

Focussing now on pure Lorentz transformations a* = 0, we can check that the group composition law is respected

D, [Da, [0])%(z) = D(A2)" s D(M1)7 ¢ 6 (ATTAS 7)) = D(A2A1)? 6 ((A2A1) 1) = Dy, [0](2)  (3.203)

where we used that D is a group representation. The more general case where a* # 0 is left as an exercise.

Let us consider a concrete field ¢4 = A*(x), like the vector potential in electrodynamics. Under the change of
reference frame, A* transforms like z# (i.e. as a (1/2,1/2) field)

A () = Ak, A (z) (3.204)
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so that the functional form of this field changes as:

A (x) = A*, AV (A1) (3.205)

We can also consider the transformation 3.201 at the infinitesimal level. For that purpose we write

DAZ(A) =145 — %WW(EW)AB +... (3.206)

where the (X#)4 p represent J*¥ in (j_,j4). For instance, we will later write these matrices explicitly in the
case of spinors. At the infinitesimal level, Eq. 3.201 becomes:

B4 (z) = (1AB - ;wmz*‘”)%) (1~ S0 — 2"9))6" () (3.207)

— (14, %wuy(lAB(ix“a” oM + (5)4 )" (@) (3.208)

The first-order term 14 p(iz#0” — izVO*) + (S#)4 5 is the sum of a differential operator and a matrix, both
of which satisfy the Lorentz Lie algebra independently. Summing them gives another representation of this Lie
algebra. We recognize the structure of the total angular momentum in Quantum Mechanics: the sum of an orbital
part and a spin part.

3.3 Dynamical Consequences of Symmetry: Noether’s theorem

3.3.1 Statement

Noether’s theorem is a statement about the dynamical consequences of symmetry. But first, let us define properly
what a symmetry is. Let us consider a change of coordinates corresponding to a Lie group with parameters {«; }:

't = fi(z,«
{ o@) = FaE¢(l‘))7a) (3.209)

In general we will have

S = [ daLo@),o0) = [ LS 6).066) (3.210)
Q f(Q,0)

with £ # £’. In general, the form of the lagrangian, and consequently, the form of the equations of motion will
change. The transformation 3.209 is said to be a symmetry if

LN(¢, 04" 2") = L(¢ ("), ' ¢’ (a")) + 0, K" (¢') (3.211)

or, equivalenty, choosing an infinitesimal Q in Eq.(3.210),

d'z [L(6(x),06(x))] = d'a’ [L(¢'(2"), ¢ (2")) + 0, K" (¢')] (3.212)
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When the above condition holds true, the form of the equations of motion of the two observers is the same,
given their lagrangians differ only by a total derivative 9, K*, which does not affect the equations of motion.
Equivalently, consider the action as computed by the two observers. By the above equations we have
5= [atcw.oo) = [ aws@@od@n s [ drEee). o)
Q f

(©2,2) of(Q,a)

Indicating by T'(¢,0)* = 0 the equations of motion, an infinitesimal shift d¢, with d¢, = 0 on the boundary 9
will satisfy

68 = / d*zT(¢p,0)*0¢a :/ d*2' T(¢',0)%6¢), + 0 (3.214)
Q ()

where 0¢!, = (OF,/0¢y)ddp, and where we doropped the variation of the boundary term as d¢/, = 0 on 9f (£, ).
By the above equation if ¢,(z) is a solution, i.e. if 65 = 0, then also ¢/ (z') is a solution, and of the same
equations of motion. Symmetries then imply a degeneracy of solutions: if ¢,(x) is a solution, so will be ¢/ (z') =

F.(¢(f~1(2',a)),a) for all choices of the Lie parameters a. Eq. 3.211.

We can synthesize the above discussion as follows. A symmetry is associated to the existence of a class of equivalent
observers describing physics in the same way. These observers are in one to one correspondence with the elements
fo the symmetry group. Given a solution of the dynamics in the description of one observer, the descriptions
of the same physical situation by the other equivalent observers correspondingly offers a class of solutions of the
dynamics.

Examples. 1. Free scalar field:

1 1
L= §(a¢)2 — §m2¢2 (3.215)
Let us check that spacetime translations
't = gt —qt
3.216
Vo T (3.216)

are indeed a symmetry. The volume element is not affected by translations:

d*z = d*z’ (3.217)
nor is the mass term of the Lagrangian:
%m2¢)2(sc) = %mZQS'Z(:c') (3.218)
It just remains to check the derivative term:
a// ,78/ 78:1:”8 751/8 ia
() = 0 6(x) = £ 0,0(x) = 8, 0,6(2) = 0,0(z) (3:219)

Eq. (3.212) is therefore salisfied with K* = 0, and spacetime translations are indeed a symmetry. By the
previous discussion we also conclude that given a solution ¢(z), for any a*, ¢(x + a) is also a solution. The
resulting multiplicity of solutions obviously corresponds to the existence of a multiplicity of equivalent choices
of the origin of space-time coordinate space.

The occurrence of translation invariance in eq. (3.215), which seems cheap and automatic, actually originates
from the fact that L does not explicitly depend on the coordinates. A coordinate dependent Lagrangian is for
instance obtained by taking m? to be some spacetime dependent function m? = g(x), rather than a constant.
Such coordinate dependence would break the translation symmetry as

L(¢,0¢,9(x)) = L(¢' ("), 0'¢'(27), 9(2" + a)) # L(¢'(27),0'¢ ('), 9(2")) . (3.220)
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2. Complez scalar field:

L= 8,00"¢" —m2¢"

We will check that this Lagrangian respects a global U(1) symmetry:

't = gt
¢'(a) = eo(x)
The symmetry is said global, because the coordinates are not affected. We obviously have
d*z’ = d'z

¢l¢/* — ¢€ia67ia¢* — ¢¢*
3ﬂ¢/8p,¢/* — aud)eiaefiaa,ud)* — auqsa/_t(b*

(3.221)

(3.222)

(3.223)
(3.224)
(3.225)

where in the third line we used the constancy of a. Eq.(3.212) is therefore satisfied. Again, in order to break

this symmetry it would for instance suffice to add to the lagrangian the term ¢* + (¢*)2.

We can know proceed at studying in more detail the dynamical consequences of symmetry. As we saw previously,
basically all the structure of Lie groups (at least of the connected component of the identity) is encoded in the
infinitesimal transformations: given all infinitesimal trasformations, or equivalently given the Lie algebra, all finite
elements can be obtained by iterating several infinitesimal transformations. For the purpose of studying the
dynamical consequences of symmetry it is then sufficient to focus on infinitesimal transformations. Choosing the

usual convention where & = 0 corresponds to the identity

|
e
=
8
o
SN~—"

xt =
3.226
we expand the coordinate and field transformations to linear order in « neglecting higher orders
un — b M i = gl M
{ v ot — €l (z)o o= ah — et (x) (3.227)
¢u(@) = ¢a(®) + Eai(¢(z))’ = Pa(x) + Eal)
We will also need to consider the infinitesimal change in the functional form of the field. Consider:
Pu(2) = ¢ (x) — ()0, g (2) (3.228)
Then:
$a (1) = da(@) + (Eai(D(2)) + € (2)0uda()) @ = Ga(2) + Aui(¢(2))a’ = Pa(2) + Ag(x) (3.229)
In our translation symmetry example 3.216, we may explicitly identify:
et =at
Ea =0 (3.230)
A, =a'0,¢,
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In our second U(1) symmetry example:

o't = g = =0

I o A ; _

¢ =e ¢?~(1+za)<%5 = £ zad? (3.231)
P*=ep* = (1 —ia)y = &* =—iagd*

A=¢E

Before stating Noether’s theorem, let us make a final remark concerning the behaviour of (%K *as a — 0. Given
that, for @ = 0, coordinates and fields do not transform, we have

lim £(¢/(2),0' ¢/ (2))d*a’ = L(p(x), 0p(x))d*x (3.232)

a—0

Eq. (3.212), which holds for any «, then implies lim,,o J; K* = 0, or

K" =a'K!' 4+ 0(a?) = K" + 0(a?) (3.233)
Noether’s theorem. Let us consider a Lie group G with coordinates {a;}, ¢ = 1,..., N which induces the
transformation 3.209. If G is a symmetry of the system, then there is one conservation law for eachi=1,..., N

taking the form
oo

with
oL

J'=—" Ay — 'L+ K 3.235
% 8(8u¢a) € + ) ( )

Proof. The fact that G is a symmetry is encapsulated in eq. (3.212) The strategy now is to write the right-hand-
side of eq. (3.212) in terms of the x coordinates and ¢, fields and to expand it in powers of a. As the left hand side
is a independent all the terms involving non-zero powers of a on the right hand side will have to vanish identically.
This will give an infinite set of identities, the first of which, corresponding to terms linear in o, will coincide with
Noether’s theorem. The vanishing of the higher order terms is dictated by the group structure and does not add
additional information.

For an infinitesimal transformation (we will work from here on at linear order in the parameters o and thus we
omit in all equation a O(a?)), the Jacobian will be given by:

ox'
5 | = det (65 — dye) =1 —Tr(0pe") =1 — Oe (3.236)
The Lagrangian term becomes:
L(¢'(2"),0'¢'(2")) = L(¢'(x),0/(x)) — €L, 0¢) (3.237)
= L(¢'(x),0¢' (x)) — "0, L(p, D) (3.238)

where when going from the first to the second line we have neglected terms of order o and higher (notice that
et = O(a) ). Introducing the field variation A, as defined in Eq. 3.229, we get:

L6/ (@), 06 (') = L6(x) + Ala), 0(6(x) + A)) — 0,L(6,00) (3.239)
= £(8(x), 0(x)) + Aa% + aﬂAaa(gid L @), 89 () (3.240)
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Now, let us go back to our initial equation Eq. 3.212 and summarize.

5% + 8#AGL — "0 L+ O, K" | (1 —0,€")d*z (3.241)

tr = A
L(p.00)d*s = | £(9,09) + A, N

Simplifying and keeping only terms up to linear order in o we obtain

% - aﬂAai + 9, K" (3.242)

= —0,(e" A,
0 Ou(e"L) + Onoa)

The first and last term have the form of the divergence of vectors, but the second and third don’t. However by
simple manipulations this can be rewitten as

oL oL oL -
= — H A,— | — A — + A, — K* 24
0=—0,(e /J)+6M< “a(a#qsa)) “a“a(aﬂqsa)Jr “ Do Oy (3.243)
oL - oL oL
- —m+Aa+K~)+Aa(—a> 3.244
b ( ‘ 30, 02) 960~ % 50,00) (3.244)

which, besides the divergence of a current, features a term proportional to the equations of motion. Assuming, as
we will do in what follows, that the fields satisfy the equations of motion, the above equation establishes a certain
current must be conserved. Making the dependence on o' explicit this reads

oL .
0= q;0, *Egﬁ +Agi=——— + KZL:| 3.245
/| 00,00 (3245)

and using that this identity holds true for arbitrary of we have N identities

. oL i .
VZ N Ozau |:—6?£+Aaia(au¢a) +KM:| zaqu“ 221,...,N (3246)

which coincide with the thesis of Noether’s theorem.

Which means that, when the Lie group G is a symmelry of the system and the field configuration considered satisfies
the equations of motion, for each Lie parameter o, that is for each element of the Lie algebra, there exists an
associated corserved current J!'. O

Let us make some remarks about this theorem. First, this result implies the conservation of the total charge
associated to each current J!':

Qi = / d*xJ} (3.247)

Consider the spacetime region R® x AT, where AT = [0,t]. Then, from Noether’s theorem:

t t t
0:/ dt/d3x8#Ji“:/ dt/dSX(atJ?+ﬁ-j) :/d3x(J§(t,x)—J?(0,x))+/ dt/di-ﬁ (3.248)
0 0 0
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If the fields vanish fast enough at infinity, then the space boundary integral vanishes, so that:

Qi(t) = / d*x J2(t,x) = / d*x J2(0,x) = Q;(0), VYt (3.249)

In other words, Noether’s theorem implies that the total charge is time independent

d

EQi(t) =0 (3.250)

Finally, Noether’s theorem implies a local conservations law as a result of a global symmetry. The locality of the
conservation law suggests that a local derivation should exist. Indeed, consider a local transformation where the
Lie coordinates o* = o*(z) now depend on spacetime. Define:

5¢a () = ¢y () — dal@) = Agicd’ (z) (3.251)
00,¢q(x) = 3M(Aaiozi(x)) = (8MAai)ozi(x) + Am-auozi(as) (3.252)

Now:
0L =L(¢',0¢") — L(¢,0¢) = f i@+ a1 gfﬁ )((6MAM)0/(£) + Agid,a (z)) (3.253)

Using first the invariance under the symmetry as expressed by eq. (3.242) and then the equations of motion, this
becomes

oL »
Al
0Bua) (@) (3.254)

= SOl + 0,(eh Ll — Kl'al)

0L =9y (e' L — K')a' +

So that for a local transformation we have:

AS = /d4 99") — L(¢,09)] = /Ji“aﬂaid‘% + boundary term (3.255)
Q

which shows that the current associated with a global symmetry can be derived by formally promoting the
symmetry to a local one.

We will now give an important example and application of Noether’s theorem.

3.3.2 The Noether currents of Poincaré invariance

The Poincare group consists of the combination of spacetime translations and Lorentz transformations. Let us
consider translations first:

ot — et (z)a’

Pa () + Eai(p(x))a’ (3.256)

{ x/u = g — gt

g\
—
8

L
=
I
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As we have already seen, invariance under translation is guaranteed by the absence of an explicit dependence of
the Lagrangian on the coordinates:

L(¢(z),0(x)) = L(# ("), 0'¢' (")) (3.257)

Applying the definition in egs. (3.227,3.229) and identifying a” with the Lie parameters o’

e =a" =a"0t = =46k, (3.258)
£a=0 (3.259)
ANy =0a"0vty = Ay =000, (3.260)
(3.261)

We see that the Lie coordinates are the components of a spacetime four-vector. Therefore the currents J!* actually
form in this case a rank 2 tensor called the stress-energy tensor:

P 7Y (3.262)

T,
9(0u¢a)

Following the well known result in mechanics the four corresponding conserved charges correspond to the total
energy and momentum of the system, which can be fit into the four-momentum vector

P, = / T°,d*x (3.263)
Spacetime translations invariance of the action implies thus the conservation of energy and momentum:

d

T Pu=0 (3.264)

Consider now Lorentz invariance. A finite Lorentz transformation reads:

't = A¥ ¥
v 3.265
{ (@) = D(A), () (3.265)
where
i b
D(A),b = (exp —QwWEW) (3.266)

and where the ¥#*” provide a representation of the Lorentz algebra. At the infinitesimal level these become

s — i 13 v
{ T S (3.267)

:1(1’/) = (ba(x) - %’(wwzuu)ab(;sb(x)
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and thus

et = —w'x, (3.268)

and
A, = —%(MWE“”)ab(bb(x) — Wz, 0u¢q(x)
- —%WW (S + (2,0 — 2,0,))," do(x) (3.269)

T b
=59 (B +30)," 0(@).

This last expression shows that the infinitesimal Lorentz transformation of a field decomposes into the sum of a
spin part and of an orbital angular momentum part.

Now, for the sake of simplicity, let us consider the case of a single scalar field ¢(x). Using the above results for the
infinitesimal coordinates and field variations in eq. (3.235) with K* = 0'2 we then find for any w*” the conserved
current

(—w'z,0,0) + Wz, L. (3.270)

Factoring out the antisymmetric w”” we can write

1 1 1
JP = iw’“’ { (8(88£¢) T, 0,6 — 5ZQ:V£> - (¢ V)} = iw’“’ (x, 17y —2,17,) = inijl, (3.271)
P

Hence, we notice that we can write the currents associate to Lorentz invariance in terms of the stress-energy tensor
and of the coordinates. Their conservation

9,72, =0, (3.272)

by using 0,77, = 0, is easily seen to imply

Ty = TP =0, TP =T, (3.273)

Therefore, if a field theory is both translationally and Lorentz invariant, i.e. if it is Poincare invariant, its stress-
energy tensor is symmetric. Our discussion was based on the case of a scalar field. In the case of a field with spin
things are more complicated, and Lorentz invariance does not immediately imply the symmetry of T#”. However
one can prove that even in the more general case of a spinning field one can improve the energy momentum tensor
so as to make it symmetric. This amounts to the following. One defines a new energy momentum tensor

QM = TH 4 9, AT (3.274)

121n all interesting cases Lorentz invariance is realized ezactly, that is with K# = 0 in eq. (3.211)
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with AP#" a suitable tensor expression in fields and derivatives, antisymmetric in the indices o and p. The resulting
©" is conserved when TH is conserved given 0,0, A7*" = 0 identically, because of A7#" = —A#?_ Moreover the
conserved charges P, are the same for ©*” and T"", because the corresponding integrands only differ by a total
space derivative, which gives a vanishing contributions when fields vanish sufficiently fast at infinity. ©*" is thus
physically equivalent to T#”. The non-trivial result is that one can prove that in the case of a Lorentz invariant
theory one can always choose A%* so as to make ©*” symmetric. The resulting symmetric energy momentum
tensor is also known as the Belinfante tensor.

It is useful to consider the constraint placed by Lorentz invariance on TH¥, purely in terms of quantum numbers.
As each index of TH" transforms as a four-vector, that is as (1/2,1/2), the tensor transforms as:

(1/2,1/2) ® (1/2,1/2) = (1/2®1/2,1/2® 1/2) (3.275)
=(0®1,0®1) (3.276)
=(0,0)® (0,1) & (1,0) & (1,1) (3.277)

where the last line offers the decomposition of a generic two index tensor into irreducible representations of SO(3, 1):
(0,0) is a singlet, corresponding to the trace, while (0,1) @ (1,0) and (1, 1) are respectively the antisymmetric and
the symmetric traceless components. In a theory without other spacetime symmetries other than translations,
these components do not satisfy any other constraint beside current conservation 9, 7#" = 0. However, Lorentz
invariance implies that we have 6 additional conserved currents associated to its 6 generators. These generators
sit in the (0,1) @ (1, 0) representation, and constrain the corresponding component in T#" to vanish. This results
in a symmetric tensor decomposing as

TH, ~ (0,0) & (1,1) (3.278)

Having seen how things work for Lorentz transformations we can immediately grasp what will happen by adding a
further spacetime symmetry, dilatations: z’* = Az*. Now the generator is a Lorentz scalar and the natural guess
is that the corresponding conservation law will constrain the (0,0) component of T#¥ to vanish, that is T#, = 0.
This guess is correct, as one can check in the simplest examples.

Let us see what the conservation of the Lorentz currents implies physically. The conserved charges are:

Juw = / *xJ), = / d*x (v,T°, — 2,T°,) (3.279)

Consider first purely spacelike indices, puv = ij, which are associated to rotations. We have

Jij = /d3x (xiToj — LEjTOi) = /d3x (xipj — xjpi) (3.280)

where p; is the density of three-momentum. Define now:

1 [
i = geijndin = /d3x(fAﬁji (3.281)

Therefore, the spatial components of the conserved charges correspond to the total angular momentum of the
system! In other words, invariance under space rotations implies the conservation of angular momentum.

Consider then the mixed time-space indices uv = 0, which are associated to boosts. The conserved charges are
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K, =Jyg= /d?’x(xip — Zop;) (3.282)

where p = T is the energy density. Defining the center of mass coordinates

d3xzxip
XM = J d*xzip 3.283
we can then write

K; = P XEM —tp (3.284)

Notice that the K; depend explictly on time. So, what does its conservation imply?

d . . P,
0=—K;=PXM - P = XM =" = const. (3.285)
dt Py

In other words, the center of mass moves at a constant velocity determined by the ratio of the total 3-momentum
and the total energy. This is similar to what implied by Galilean invariance. In that case, however, the role of Py
is played by the total mass.
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Chapter 4

Scalar fields

4.1 The Klein-Gordon field

The goal of this chapter is to consider the simplest field theory and study its quantization. The simplest field
content clearly corresponds to a single scalar field ¢(x). The simplest meaningful dynamics, like in any other
mechanical system, is described by the most general quadratic Lagrangian, i.e. involving up to quadratic terms
in p(x). Let us recall this general remark by considering the mechanics of a single variable g. The most general
L(q,¢) can be written as an expansion in powers of ¢

L=Fy(q) + Fi(q)g+ Fa(q)i* + F5(q)¢> + ... (4.1)

Notice that the second term can be written as a total time derivative Fi(¢)¢ = dI(g)/dt with I(q) = [ Fi(q). Thus
this term does not affect the equations of motion and can be dropped. Now, making the generic assumption that
—Fu(q) = V(q) possesses a minimum at ¢ = ¢o and that Fy(qo) = m/2 > 0, we can meaningfully expand around
this point according to ¢(t) = go + 0(¢) and write, up to an irrelevant constant, the Lagrangian as

1 . P
L= —5mw?s? + %52 +O(8°,86%,63). (4.2)

For small enough § and ('5. the dynamic is then well approximated by a simple harmonic oscillator, while the terms
of higher order in § and § can be treated as small perturbations.

Applying the same logic to a Poincare invariant theory of a scalar field ¢, in particular using integration by parts,
we can write

1
L(p,0p) = =V(p) + 5F2(0)0upd o + .., (4.3)

where the dots represent terms involving more than two powers of dp. Expanding around the minimum of V()
at ¢ = o according to ¢(x) = @g + dp(x), at quadratic order in dp, we can write

1 1
L= =5V"(00)0¢" + 5F(0)(0u00)(0"0p) + ... (44)
Assuming F'(¢g) > 0 and further redefining do(x) = ¢(z)//F (o) we can write

L= % L POM S — %m2¢2 ... (4.5)
where m? = V" (pg)/Fz(¢0) > 0. The resulting quadratic terms define the Klein-Gordon Lagrangian, which is the
field-theoretic analog of the harmonic oscillator. The Klein-Gordon Lagrangian offers a meaningful approximation
of the dynamics of a scalar field ¢ in those situations where the terms of cubic and higher order can be treated as
small perturbations. As it turns out, the latter situation occurs quite frequently in nature. An example is given
by the scalar field describing the Higgs boson. It, therefore, makes sense to study, as a first approximation, the
quantum theory associated with the Klein-Gordon Lagrangian.
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Alternatively one could arrive at the Klein-Gordon Lagrangian by considering the most general Lorentz invariant
Lagrangian for ¢(x) involving at most two derivatives and at most two powers of ¢(x)

L= %1 0" o + %QQSQ + ¢3¢ + ¢40,,0" ¢ + c500,0" b . (4.6)

Using integration by parts, dropping total derivative terms, and shifting the origin of field space, the above
Lagrangian is easily seen to be equivalent to the quadratic term in eq. (4.5)

2
L= 10,0000 - " (4.7)

Let us study the basic properties of this Lagrangian. Applying dimensional analysis, we have

{ / d%ﬁ} =E°, (4.8)

and thus
] = B,
£] = EY,
4.9
6 = E (1.9)
) -
The equations of motion are
oL oL
e —— =0 — (O+m?)¢p=0. 4.10
where O = 0,,0*. This is the Klein-Gordon equation.
Defining the conjugate momentum 7 = %ﬁ = (;5 we find the Hamiltonian density
i I, 1 2 2,2
H:W¢—£:§T( +§(V¢) + m*¢®. (4.11)

The Hamiltonian density is positive definite for m? > 0. This result is a consequence of our original hypotheses,
V(o) 20, Fa(po) > 0.

It is important to appreciate that, with the identification ¢ = 7, H coincides with the T, U component of the energy
momentum tensor derived by applying eq. (3.262) to the scalar field Lagrangian of eq. (4.7)

T, = 0" pd, ¢ — %55 [(09)? — m?¢?] . (4.12)

The component T} instead gived the 3-momentum density, for that for the total 3-momentum the above equation
gives

P, = /d?’xTOi = /d3x¢'>ai¢: /d3x7r8¢¢. (4.13)

4.2 Quantized Klein-Gordon field

To construct the quantized Klein-Gordon field theory we proceed via the canonical formalism, like in ordinary
quantum mechanics. As outlined in eq. (2.1) this amounts to

At equal times this reads
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- Replace  ¢(x,t), 7(x,t) with hermitian operators acting on a Hilbert space ¢, #

- Replace  Poisson brackets {--} with commutators i[—, —]
Classical Quantum
{F(Xa t)’ (25(}’, t)} = 63(){ -y) i ﬁ’(X, t)’ (g(yv t)} = 63(X - Y) (4.14)
{r(x.0).7(y. 1)} = {6(x.1), 6(y. 1)} = 0 [0, ), 7y )] = [3.1), dly. 1)] = 0

We now have to find the Hilbert space that realises this algebra. Just like for the harmonic oscillator in quantum
mechanics, a suitable basis of the Hilbert space is given by the eigenvectors of the Hamiltonian !

H= /Hd3X = /dgx [;71'2 + % (ﬁ(b)Q + ;mQ(/bQ] . (4.15)

N
Since % (V (b) couples the field at neighboring points, the Hamiltonian is not diagonal in the position space

variables. However, the Hamiltonian is invariant under spatial translations. As such, it will be diagonal when
expressed in terms of eigenstates of translations. These are nothing else but the spatial Fourier modes of w(x,t)

and @(x,t).

To study the system in Fourier space, let us first focus on the case where space is compactified on a 3-torus of
length L: 0 <x! < L, 0<x? < L, 0<x? < L. This can be technically achieved by imposing periodic boundary
conditions ¢(x! + L,x?,x3) = ¢(x!,x2,x?). For finite values of L we will have to deal with discrete sums rather
than integrals making the manipulations more familiar. The complete set of orthonormalized periodic Fourier
modes is given by

glknx (4.16)
with V = L? and kn, = 2%n, n € Z%. They are clearly eigenstates of translations as
Yn(x +a) = ek ay (x). (4.17)

Orthonormality and completeness respectively correspond to the relations
1 .
(¢n7¢m) = /wn(x)*wm(x)d%{ — V/ez(kmfkn)-deX = 6n7m’ (4.18)

D n(x) Yaly) = 3 (x —y). (4.19)
The Fourier modes of the fields are then
oult) = [0 0% malt) = [ U000k Hdx, (1.20)
and inverting these relations using orthonormality and completeness we arrive at the mode expansion

G, 1) =Y Ya(X)¢n(t),  T(x1) =D Yu(x)ma(t). (4.21)
Notice that by the hermiticity of the field ¢(x,t) = ¢(x,t)" we have

o) = [ d'x ()" o) = [ dxvalobet) = [dxvn o = oot (422)
and similarly, 7, = 7_, comes from 7(x) = 7 (x).

From eq. (4.20) we can derive the equal time commutation relations of the Fourier modes ¢, and m,. Without
surprise, we get

[@n(t); dm(1)] = [mn(t), 7m ()] = 0, (4.23)

LAs from now on we will always work with quantum fields, we will drop the hat on the field operators.
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while for the less trivial commutators, we have

[Pn(t), T (t)] = /d?’xd‘o’ywii(X)w;(Y) [6(x, 1), m(y, )] =i/d3X¢i§(X)¢fn(X)

) 2r(n+m)-x . .
= V /d3x exp {—(L)} = 15n+m’0 = ’L(sn,_m, (4.24)
which, by the hermiticity condition 71'31 = T_n, can be written as
[¢a(t), Tha(t)] = i6n,m (4.25)

Using eq. (4.21), we can write the Hamiltonian in terms of the Fourier modes of the fields. For the various terms,
we have

forte) = % [ )5 0

= ) bn-mT™m

= Y o
Jy*x) = i%% (4.26)
[(To60? = 3 [ 0 ) 05,3015 ()

- If(—k Kin) O mnm

= Z K}, ondh.

Putting everything together we arrive at

. (4.27)
fn.

T
—
g
ISH
w
I
DO =N =
\
ISH
w
><
§
_|_
Sl\)
<5
N

Z T T+ m +k2)¢n¢T} k, =
n
This Hamiltonian corresponds to an infinite set of harmonic oscillators with a frequency wy, = \/kZ + m?. Notice

that, because of the commutation relations, since ¢_, = qbil and 7_, = 7731, the contribution from n and —n in
the summation are identical.

4.2.1 The continuum limit

In the infinite volume limit, L — oo, the discrete eigenvalues k,, = %ﬂn will form a continuum. Mathematically,
this corresponds to the fact that, for any given k, there exists an integer vector function n(k, L) such that

. 2
ngr;o fn(k,L) =k. (4.28)

Clearly n(k, L) < L — oo in the infinite volume limit.

In the sums over n, as long as the summand is a smooth function of k,, we can thus replace the sums by integrals:

) —>/d3n(...) = (;)3/6131{(...). (4.29)
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Now, when ¢(x,t) is a localized (= integrable) field configuration, the discrete Fourier transform ¢, vanishes in
the limit L — oo. The finite and well-behaved quantity in this limit is

VVn(t) = /Vd?’x e~ k0 Xp(x, 1) Yoo, dr(t) = /d?’xe kX (x, ). (4.30)

where, in taking the L — oo limit, we have assumed n = n(k, L) as defined in eq. (4.28). Applying eq. (4.29) to
the inverse Fourier transform and using eq. (4.30) we have

zknx \/7 3 e7,knx dSk zkx
o0) = S an(t) ~ s [ dkae ™ xont) = [ G (4.31)

Performing the infinite volume Fourier transform to the above equation and using

/ d*x e’k P)* — (27)353(k — p), (4.32)
we indeed get back eq. (4.30)

/d3xe ) /d3 CikP)xG (1) = G (1), (4.33)

The same result obviously applies to the conjugated momentum, for which we define
/ dPx e PXr(x,t) = 7p(t). (4.34)

Using again eq. (4.32) and the commutation relations of the coordinate space fields we derive the commutation
relation for their continuous Fourier modes

[9k(t), ¢p(1)] = [7k(8), Fp ()] = 0 [dx(t), Tp(t)] = i/d?’xei(k*p)”” =i(2m)°8°(p + k) (4.35)

Similarly, we have

[ dPxm(x,t)? =

[ dP*x p(x,t)?

/

B / (27) (4.36)
/
/

J & (Vo(a, 1) =

It follows that the Hamiltonian in the infinite volume limit is

1 k. =1 27 7f 2
H = 5 W (ﬂ'k’ﬂ'k + wk¢k¢k) s (JJk = k + m (437)

This result could have been equivalently derived by applying eq. (4.29), and definition (4.30), to the finite volume
Hamiltonian (4.27).

Physically, we are interested in the infinite volume case rather than in the finite volume one. However, as it will
become clear momentarily, some quantities can grow like the volume and become infinite when V' — oo. In those
cases, in order to properly interpret the result, it is useful to quickly deduce what would happen at finite volume.
The relevant relation for that purpose is given by the one connecting the discrete Kronecker ¢ of the finite volume
case to the Dirac § of the infinite volume limit

Vinm = / dBx etn=km)x _ (97)363 (ky, — Kpn), (4.38)
|4

which for n = m gives the formal relation
V = (27)35°(0). (4.39)
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We will soon be using this equation.

Our system corresponds to a collection (an infinite one!) of harmonic oscillators. In order to construct the Hilbert
space and find the eigenvalues of the Hamiltonian, it is useful to recall the procedure followed in the case of the
simple harmonic oscillator in quantum mechanics, where the Hamiltonian is

1 1
Hspo = 5;02 + §w2q2 . (4.40)

To proceed one first defines the ladder operators a and af

¢= =’ +a) a= = (wq +ip)
= (4.41)
p=iy/%(a’ —a) aT:\/%(wq—ip)

which, by the canonical commutation relation [g, p] = 4, satisfy [a7 aT] = 1. The Hamiltonian is then written as
t 1
Hspgo=wla a+§ . (442)

a' and a act as raising and lowering operators for the energy. In order for the Hamiltonian spectrum to be bounded
from below one must then postulate the existence of a ground state |0) annihilated by a: a|0) = 0. The basis of the
Hilbert space is constructed by acting on the ground state with the raising operator multiple times. The resulting
states |n) = (a')"|0), characterized by one integer quantum number n form an eigenbasis of H with eigenvalues
E,=w(n+3).

Making the parallel between eq. (4.37) and eq. (4.40) we then define

1 ~ » 1 ~ »
ak = \/m (wk(bk + Z7Tk) R aL = \/271( (wk¢_k — ZT&'_k) s (4.43)
so that
~ 1 t - . Wk i
de= o (rali) o o= =iy (- ali). (444)

The commutation relations become

B ~ 3
ax, ap] = % :‘;[m,z‘ﬁph;/ﬁ[iﬁk,qﬁp] =(272T)(_ /j;(sB(k+p)+,/‘o‘j1‘:53(k+p)>

(27T)3 3 3
= 5 (=0°(k+p)+5(k+p)
= 0 (4.45)
{al,a;{,} = —lak,ap]' =0, (4.46)
oot = 52 ing] + 522 o) = 8 (e p)+ - )
= (2m)%0*(k —p). (4.47)

Therefore, by substituting the above expressions in the Hamiltonian, we get
1 d*k Wk Wk
H = 3 / W [? (ak - aT_k) (aL - a,k) + -5 (ak + aT_k> (al + a,k)} . (4.48)
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Finally by simplifying the cross terms we have

1 [ d’k _—_ 1 [ d’k . d°k ; 1 ;
=3 / (2n)3 "k el +alyan =3 / (2n)3 % ol + alen| = / (2n)3 [okenc + 5 | al]
d*k : 1, .
_ / s {akak +5(m) 5(0)} . (4.49)

The second term in the final expression represents the zero-point energy. It consists of the contribution from the
continuum (an infinity) of harmonic oscillators, and it is therefore not surprising that it diverges as signified by
the 63(0). Indeed, by eq. (4.39), we can associate the singular term §3(0) to the infinity of the volume and write
the zero point contribution to the energy as

d3k Wk
Ey=V — 4.50
0 /(271_)3 27 ( )
and interpret
d3k Wk
= - 4.51

as the zero point energy density. The divergence of Fy with V' is termed an infrared divergence, as it is associated
with long-distance physics, i.e. the existence of an infinite volume. The divergence is linear in V, in accordance
with the expectation that the energy of a spatially homogeneous configuration is extensive. The zero point energy
density pg is not infrared divergent, but just a glance at its expression in eq. (4.51) suffices to realize that it suffers
from another pathology: the integral over k diverges in the region |k| — oo. This is the region of infinitely short
Fourier wavelengths. Divergences from this region of wavelengths are therefore termed ultraviolet. Both infrared
and ultraviolet divergences arise from the existence of an infinity of degrees of freedom associated with the infinity
of the points x of physical space. This infinity is of a double nature: it is infrared because x can go to infinity, and
it is ultraviolet because x is continuous, i.e. there exist points that are infinitely close. The infrared divergence
of Fy is regulated when the volume is finite and the integrals over k are replaced by sums over n. However to
regulate the ultraviolet divergence one would need a more dramatic change. One option, for instance, would be
to make space a discrete lattice with spacing |Ax| = a between neighboring points. In that case, the integral in
eq. (4.51) would be effectively cut off at |k| ~ 27/a = A and we would have pg ~ A*/167% (assuming A > m).
Other options would give similar results: they would always entail a fundamental microscopic energy scale A where
the integral in eq. (4.51) is cut-off.

We have gone through the above discussion, in good part, to illustrate the notions of infrared and ultraviolet
divergences, which play a big role in more advanced treatments of quantum field theory. It should however be
clear that the constant term Ej in the Hamiltonian does not have any dynamical consequence in the system we are
considering: it simply amounts to a universal unobservable phase in the quantum mechanical time evolution of the
states and it does not affect the Heisenberg picture evolution of the operators (see discussion below). So we can
drop this term, or, equivalently, we can add a suitable constant to £ so as to exactly cancel it in the Hamiltonian.
This is what we shall do in what follows. Notice, however, that in a more ambitious treatment of fundamental
physics, where gravity is also taken into account, we would have to reckon with the consequences of this constant
contribution to the Hamiltonian density. That is because it corresponds to the T3 entry of the energy-momentum
tensor, and the latter tensor plays the role of the source of the gravitational field in Einstein’s equation. More
precisely, eq. (4.51) is associated to a contribution pgd# to T# and the coefficient pg is known as the cosmological
constant. Cosmological observations imply that pg is a very tiny energy density, in fact as tiny as if there existed
some magical cancellation among the various contributions (classical and quantum) to it. The observed smallness
of the cosmological constant is a gigantic open question of modern physics. It is perhaps amusing that in our first
real computation in QFT we met with a quantity where QFT itself seems to fail. But, what is truly remarkable
is that, putting the cosmological constant and gravity aside, the description of particle physics and fundamental
interactions offered by QFT, as we shall discover?, is unfailingly precise and successful!

Before closing this section, let us go back for a moment to the use of eq. (4.39), to interpret the §2(0) in eq. (4.49).
We just want to stress that we could have equivalently gotten back to the finite volume case by making the reverse
of egs. (4.29,4.30) in eq. (4.48)

d*k 1
/W - oY (4.52)

ax — VVan, (4.53)

2Well, at least in part: full appreciation would require the advanced course on the Standard Model.
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after which by simplifying and using the commutation relations [an, a;rn] = 0n,m the Hamiltonian would have read
(see also eq. (4.27))
H = anailan . (4.54)
n
The constant piece is a sum over a smooth (constant!) function of n, thus, at large V', it is well approximated by

eq. (4.50).

4.2.2 Fock space and Bose-Einstein statistics

As we just argued the dynamics of the Klein-Gordon field is not affected by the overall constant term in H, so we
will eliminate it and work with the Hamiltonian

d3k

_ T

= / (2m)3 ke it 29
To construct the Hilbert space of states, notice first of all that

[H, aH = wka};7 [H,ay] = —wkak, (4.56)

corresponding to aL and ay being respectively energy-raising and energy-lowering operators. Indeed, given H|¢) =
E|v) these equations imply

Hal|y) al H|Y) + wal |¢) = (E + wi)af [) (4.57)
Ha|Y) = axH|Y) —wkakly)) = (B — wk)ak|y). (4.58)

Secondly, one notices that the Hamiltonian in equation (4.55) is positive definite. Indeed, considering a generic
normalizable state |¢) one has

3 3

d’k + d’k 9
1) = [ s wleadt) = [ Gzl = o (159)
Then, precisely as for the harmonic oscillator, the positivity of the energy implies that the energy lowering pro-
cedure in equation (4.58) cannot be carried out indefinitely, so that there must exist a ground state |0) which is
annihilated by all the lowering operators

axl0) =0 vk (4.60)
and which, by eq. (4.55), also satisfies

HI|0) = 0. (4.61)

(Notice that we have dropped the additive infinite constant in H). All the states can now be built by repeatedly
acting with aL on |0)

k1,... k) =a ...af |0), (4.62)

which satisfies
Hlky,. .. k) = (Wi, + - +wi, ) |k, .- kn). (4.63)

By a generalization of the harmonic oscillator, the basis of the Hilbert space is then given by the set

Haf{j|o>,j =0,1,2.... p = {]0), k1), |k1, ks), ...} (4.64)

J
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These states have respectively energies 0, wy,, Wk, + Wk,, ..., and correspond to the ground state and excited
states with E& > 0.

H is the 0 is component of the 4-momentum P*, while for the 3-momentum we have (see eq. (4.13))

. 3 .
Pi=_p = —/di”xqb@igb = 7/d3x7r81-¢>; / (Zﬂl)(?) k' aLak. (4.65)

Not surprisingly the structure is the same as for the Hamiltonian, and ali and ay are also raising and lowering
operators for the 3-momentum:

[Pﬁaﬂ = Kia] [P, ax] = —Kay. (4.66)

Eqgs. (4.56,4.66) can then be synthesised as

aL creates  4-momentum k" = (wyk, k) = (Vk? + m?, k)

4.67
ax destroys 4-momentum k" = (wk, k) = (Vk? +m? k) (467)

where
k'k, = m?. (4.68)

Similarly aLlaLQ creates 4-momentum k' + kf' where k{'(k1), = k4 (k2), = m?. This generalises to arbitrary
products of creation operators. The alT( create 4-momentum quanta satisfying the relation k*k, = m2. Tt is

natural to interpret these discrete quanta as particles of mass m. According to this view, the a;[( and ay are also
respectively called creation and destruction operators.

The basis of the Hilbert space 4.64 consists then of vectors |ky,...,k,) = aL . aLz |0) that correspond to states
with m-particles with 4-momenta k' = (wi,, ki) ..., k¥ = (wk,,kn). A Hilbert space endowed with such a
structure is called a Fock Space.

A general state is given by a general superposition of the Hilbert space basis vectors in eq. (4.64). Among these
general superposition we can consider superpositions with a fixed number of particles

e vacuum - 0 particles: |0},

« 1 particle: [ d3k f(k)a]|0),

« 2 particles: [ d®k;d’ks f(ki,ko)af af |0),

ey

n particles: [ ], &®k; f(ki,... kn)a;f(1 .. .aLn |0).

The function f(ki,...,k,) describes the quantum mechanical superposition of states with quanta of different
momenta and plays the role of the wave function of the n-particle state. Notice that, as the creation operators
commute, the basis states |ki,...,k,) = aLl . aLQ |0) are totally symmetric under permutation of any pair of k;’s.
As a consequence of this fact, the wave function f(ky,...,k,) can also be taken to be fully symmetric under the
permutation of the k;. Indeed the contribution to the state of any antisymmetric component of the wave function
trivially vanishes upon integration over [, d3k;, precisely because of the permutational symmetry of the basis
states |Kki,...,k,). One can easily see this in the case of a two-particle state. Indeed by simple manipulations,
one has

| 4) E/d3k1d3k2f(k1,k2)|k1,k2):/d3k1d3k2f(k1,k2)|k2,k1> :/d3k1d3k2f(kz,k1)|k1,k2>. (4.69)

where, in the last step, we simply renamed the integration variables. From the above, we conclude that the
wave functions f(ki,ks) and f(ks,ki) correspond to the same physical state. Correspondingly the symmetric
component fg(ki, ko) = [f(ki, k2) + f(ka, ki1)]/2 also corresponds to the same state | ¥ ;), while the antisymmetric
component fa(ky,ka) = [f(ki, ka) — f(ks,k1)]/2 corresponds to the null vector, i.e. not a state.
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By this last results we have thus established that the particles associated to a relativistic quantum scalar field obey
Bose-Einstein statistics. In particular, by the symmetry of the wave function f(ky,...,k,), a single momentum
k can be occupied by many quanta. As we shall see later the statistics obeyed by particles depend on their spin:
integer spin particles obey Bose-Einstein statistics, while half-integer spin particles obey Fermi-Dirac statistics.

4.3 Properties of the Klein-Gordon field

4.3.1 Relativistic normalization of states and measure

Let us consider the momentum operator

d3k

PH = K af ay. 4.70

/ (2ﬂ)3 kYk ( )

This should be a Lorentz vector, however from this way of writing it, this property is not manifest. For example,
3

the measure of integration, %, is rotation invariant but not Lorentz invariant (not invariant under Lorentz

boosts). It is better to use a Lorentz invariant measure which is simply given by

Pk 1
Q= ——>— 4.71
dh (2m)3 2wy (4.71)

where we recall wx = vk2 4+ m?2. To show this consider the measure

dk°d®k d*k

———8(k* = m?)0(k°) =
which is manifestly invariant under the orthochronous Lorentz group: the first two parts are obviously invariant,
while the (k") is not. The §-function forces the 4-momentum to be inside either the forward or backward light
cone. Under orthochronous Lorentz transformations, the forward light cone goes into itself, i.e. k° does not change
sign and (k%) is invariant. By integrating the measure in eq. 4.72 times a generic function f(k) we get

S(k? —m?)0(k°), (4.72)

d*k
| Gmrmste —mhonne = [ G5 N R

Pk 1
- /Wﬂﬂk)

= /kof(k)~

/ 43k OB (6(k0—\/m) +6(k0+\/m)>f(k)

(4.73)
With the new normalization we rewrite
PH = /d?)kkHCLJf dk Elk =V 2wkak (474)
(27)3 2wy ko ’
and
lax, al,] = (2m)*2wis® (k — p), (4.75)
which is also Lorentz invariant. It follows that the normalization of the 1-particle state is
k) =alj0),  (plk) = (0lapal|0) = (27)*2uwpd®(p — k). (4.76)

This normalization differs from the one we have used in non-relativistic quantum mechanics. The above normal-
. . . . . . ;o i _ 0
ization is Lorentz invariant. Using p} = A p* and wp, = A;p* we can perform a Lorentz boost

(palka) = (27)%2wp, 0% (Pa — ki) = (27)*2wpd® (p — k), (4.77)
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This means that (p|k) = (palka). The advantage of this normalization is that Lorentz transformations are realized
without additional factors. All observers have the same normalization convention.

How do we get |kp) 7 Simply by acting with a representation of the Lorentz group Uy. So we would have

UA‘k> = Ck7A‘kA> and UA|p> = Cp,A|pA>- (4.78)
So,

(2m)°2wpd° (p — k) = (plk) = (PIUSUrlk) = |cp,al*(Palka) = |cp,al*(27)* 201, 8% (ka — Pa).- (4.79)

This shows that |cp A|? = 1.

4.3.2 States localized in space

Let us now consider the state

(2)[0) = / (dgk (ax +a) e™J0) = / (dgkeik-ﬂﬁy (4.80)

27r)32wk 2’7‘1’)32(4)1{

When |k| < m then wyg ~ m we recover the usual non-relativistic expression for the position eigenstate |x). We
can thus propose the same interpretation and claim that ¢(x) acting on the vacuum creates a particle at position
x. Consistent with this interpretation we have

3 3
(Pl = P106010) = [ e 0lapal J0) = [ 15 s e x(am) 2 ek p) = P (481)

This is the same result as in the non-relativistic theory. (x|p) = (p|x)* = eP* is the position-space representation
of the wave function of a single particle momentum eigenstate |p).

4.3.3 Time evolution

We have so far considered the theory at a fixed time . We could now, given our Hamiltonian, consider the
Schrodinger picture evolution of our Hilbert space states

[%(t)) = e 11p(0)).- (4.82)

In field theory, it is often more convenient to use the Heisenberg picture of time evolution, for which the operators
rather than the states evolve with time. We can go from the Schrodinger to the Heisenberg picture (considering
the operator A :

A(t) = (WAL (L) = (L(0)]e T A= |1(0)), (4.83)

where now et Ae~Ht = fl(t) is an operator in the Heisenberg picture. Let us find

¢(t7 X) = (ZS(.T) = eth¢(07 X)eith? (4 84)
7(t,x) = w(z)=eHir(0,x)e HE, '
Since ¢ and 7 are linear combination of a and a' we must find
ap(t) = eftaye 1, (4.85)
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This can be computed by solving an ordinary differential equation

d . .
ﬁap(t) = e (iHap —iapH)e
_ ieth [H, ap] e—z’Ht
_ ,L-eth(_wpap)e—th
= —iwpap(t).

The solution satisfying a,(0) = ap, is just

ap(t) = e *“rlq,.

We could play the same game to compute aL(t). This is most trivially done by noting that

a (t) — ethaT e—th _ [etha

p —z’Ht]T _ [e—iwptap]T _ eiwpta;r).

p€

Our final result is thus

(]S(Z') — /deeip.x (efiwptap + eiwpta'f_p>
_ / 49, (e Hrt P g, 4 cilont =) )

= /de (e_ip”“ap + eip“”“az)) .

(4.86)

(4.87)

(4.88)

(4.89)

The first term corresponds to the positive frequency modes (creation), while the second corresponds to the negative
frequency modes (destruction). To conclude, we notice that ¢(x) trivially solves the Klein-Gordon equation

(@O +m?)¢(x)

/de(_p2+m2) (e—ipﬂg:“ap_'_eipum#a;)
= 0.

/de ((D +m?)e e g + (O + mz)e’:p“m“ag)

(4.90)

This is a generalization of the well-known Ehrenfest theorem of quantum mechanics. The quantum operators in

the Heisenberg picture solve the same equations of the classical theory.

Similarly to e*#

e—iP‘bakeiP‘b _ einbjake—inbj = ax(b),

and hence

—ak(b) _ eiPiji [Pj7ak] e—iPJbJ _ —ik;jak(b),

db;
The solution to this differential equation is

ak(b) = e~ iy = eikbgy .

Combining eqgs. (4.87, 4.93) and defining P,b* = Hb" — P - b we can then write
iP,b Pub _ e—ipub“ap

g
e ape

which by eq. (4.89) implies

ein¢(x)e—in — ¢(9€ 4 b)

¢ we can consider the action of e~*F*. Notice that [P*, ay] = —k"ay. Consider

(4.91)

(4.92)

(4.93)

(4.94)

(4.95)
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and in particular

¢(x) = e p(0)e ", (4.96)

These results directly show that P* acts as the generator of space-time translations on the Heisenberg picture
field ¢(z). That makes us ready to consider the fate of Poincaré invariance in the quantum theory.

4.3.4 Poincare Invariance in the quantum theory

We have already found the expression for P*. We now need to focus on J*”. Using equation (4.89) for the
Heisenberg picture field and the defining eqs. (3.279) and (3.262) we find (notice that 9/0y, = —0/0k:)

Ji = dx (2'TY — 29T
;0 -0
- T i 2
z/koak(t) (k 57 k am) ak(t) (4.97)
;0 .0
- T A N N
= z/koak (k‘ B kja]&) ak,

where in the last step we explicitly used eq. (4.87) to show that J% does not depend on time. Similarly we can
work out the Lorentz boost charge, and find

Jio = / dPx (27T — ¢tT%)
9 :
/ A af (t) (Zwkakj - tk3> ax () (4.98)

. 0
/ dQx altzwk %ak.

where again in the last step we used the explicit form of ay(t) to show that J7° is time independent. To draw
physical consequences we need the commutators

(.0 .0

[Jio, ap] = —iwpa—piap.

(4.99)

The action of J*¥ on the states determines their Lorentz transformation properties, as we shall now discuss. Note
that J#¥|0) = 0, corresponding to the vacuum being invariant under both rotations and boosts.

Let us focus first on angular momentum J* = £¢¥9.J% (see eq. (3.143)), which by eq. (4.97) reads

Jk = /de aIT)(—ip AVp)rap = /de ai,ﬁkap . (4.100)
Where in the last step, by recalling that ¢V, is the coordinate operator x in the momentum representation, we have
identified the differential operator in brackets with the ordinary orbital angular momentum L=xA P=-DPAX.

Let us now consider the most general single particle state |f) = [ dQp f (p)ab|0), where f(p) is a a generic square
integrable function, and compute the action of J* on it. By the above equations we have

[J*,al] =i(p A Vp)kan (4.101)

[
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J

Figure 4.1: The reference frames of observers @ and O’ related by a translation b*.

so that
) = / 42 f(p) [J*.a1] 0)

[ 2 1®)ito £ V) a0
[ a0 [=ito A V2 10 6}0)
[ s [1550)] a0

which shows that the action of J* on the state | f) is expressed as the pure action of the orbital angular momentum
differential operator L of the wave function f(k). This matches the action of the quantum mechanical angular
momentum operator J* for a particle without spin. We conclude that the quanta associated with ¢ have zero
spin.

(4.102)

We can know study the Poincaré transformations of ¢(z). Applying egs (4.99) to the Heisenberg picture field we
find 3
[PF, ¢(x)] = —id"¢(x),  [J", ¢(x)] = —i(a"0" — x"0") ¢(x). (4.103)

These equation explicitly show that P* and J* do act as the infinitesimal generators of the Poincaré group. To
find a finite Poincaré transformation we just need to exponentiate the infinitesimal transformation. For translations
that was already accomplished in the previous section, while we shall take care of boosts later. What we would
like to do first is to discuss the action of space-time translations as implementing a “Change of Observer”.

Consider two observers O and O whose coordinates are related by z/* = z# + b*, as shown in Fig. (4.1). The
fields used by the two observer are related by ¢(x) = ¢’(z) or, equivalently, ¢(x —b) = ¢’(z) which, by eq. (4.95)
can be written as

e P (2)eiP? = ¢z — b) = ¢'(z). (4.104)

The interpretation of this last equation is then that the change of frame from O to O’ is operated by a unitary
operator e~*?. The same interpretation holds for the creation and destruction operators and for the corresponding
states. Indeed, decomposing ¢ and ¢’ in Fourier modes the above equation implies (remember kb = k,b*)

aj = e ettt = ¢t*bg, (4.105)

and hence _ 4 4 '
k) = a'0) = e7PafeP0) = e k) = e~ *V|K) (4.106)

3These results can equivalently and more directly be derived by expressing the generators in egs. (3.263,3.279) in terms of the
quantum field operators ¢(x) and 7(z) and by then using the canonical commutation relation (4.14).
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We would next like to apply the same "Change of Observer" perspective to Lorentz transformations. Consider

then two observers @ and O’ whose coordinates are related by a Lorentz transformation z'* = A*,z”. The
corresponding fields are related by ¢'(z') = ¢(z), or, equivalently, ¢'(z) = ¢(A~'x). Taking w,, to be the Lie
parameters that define A according to eq. (3.138), the representation of A on the Hilbert space is given by

U(A) = e 39m ™" (4.107)

Now, by using the commutation relation in eq. (4.103) and applying the standard exponentiation trick as we will
momentarily show, one finds

UT(A)p(2)U(A) = ¢(A~'z) = ¢/ (). (4.108)

Precisely like for translation the intepretation of this equation is that the change of frame from O to O’ is operated
by the unitary operator that represents A on the Hilbert space. We can similarly expend the discussion to ladder
operators and to states. However before moving to that we howe to the reader a proof of eq. (4.108).

The idea is to express the representative U(A) of the finite Lorentz transformation A as the product of “large”
number N of “small” Lorentz transformation

i " i Ypr guv N ) v 1 N
U(A) = 675‘*4';“/]‘ — <67§ JF ) = (1 — %%J#‘V —+ O(]\[Q)) (4.109)

and then use that eq. (4.103) fixes the action of an infinitesimal transformation. Considering such an infinitesimal
transformation with Lie parameter €,, < 1, by eq. (4.103) we can then write

ez p(x)e s = g(x) + *6,“/ [J#, ¢(x)] + O(€)
= é(z)+ 6*”( HOY — ¥ OM) B(x) + O(e?)
= ¢zt — e ,2P) + O(e?) (4.110)
= G((6", — " )a") + O(2)
= (1 -ez)+0(e),

where one should appreciate that up to O(e?) terms the matrix acting on z in the last step is just the infinitesimal
Lorentz transformation A#, ~ §*, — e ,. By identifying €,, = w,,, /N we can finally write

UNTp@)UN) = (e%“f&“ J“”)N o(z) (e*%“ﬁ” J*“’)N (4.111)
= ¢((1— %)Nx) +O(%) (4.112)
M2 (A ) (4.113)

where we going from the first to the second line we simply iterated N times eq. (4.110), also noticing that, by
adding up the N operations, the O(¢?) = O(1/N?) remainders sum up to an O(¢) = O(1/N) contribution. In any
case this residual term goes to zero as the limit N — oo is taken, in the last step.

We are now ready to discuss the implication of eq. (4.108) on ladder operators and states. Using the decomposition
of ¢ and ¢’ in ladder operators for the first equation we find

JdQp (e‘”’“w“ UT(A)apU(A) + eip“w“UT(A)aI,U(A)) = /de (e_ip“(Aflw)“ap + eip"(Aflg’)“aL)
— \/dQA71 , (e*i(A_lp’)u(A_lx)“aAfl /+ei(A_lp’)u(A_lw)"'aj\ilp/> (4114)

I : n
/dQ P ap g+ el /dQ e gy el
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where in the second line we change integration variable according to p = A~!p/, while in the third we used the
Lorentz invariance of the measure dQp = d2)-1p and of the product (A~'p’), (A~ z)* = pla#. In the final
identity we simply relabeled p’ — p. Identifying the coefficients of the Fourier modes in the first and in the last
expression we then conclude that UT(A)apU(A) = ap-1,. On the other hand equality of the fiurst and third term
in eq. (4.108) simply reads UT(A)apU(A) = ap,- Putting all this together, we have that eq. (4.108) is expressed in
momentum space as

UT(A)apU(A) = ap-1p = . (4.115)
and similarly for the creation operators. Using the Lorentz invariance of the vacuum, U(A|0) = |0), for single
particle states these relations imply

Ut(A)p) = [A7"p) = |p)’ (4.116)

As it should have been expected, a particle of momentum p in the @’ frame corresponds to a particle of momentum
A~!p in the O frame. Moreover the states |p) and |p)’ , carrying the same momentum but in respectively O
and O are related to one another by a unitary operator U(A) which represents the Lorentz transformation A
relating the two frames. Adding this result to what we previously found for translations, we conclude that the
quantum fields and the states of different inertial observers are related by unitary transformations that realize a
representation of the Poincaré group.

What we have just touched upon is just one incarnation of Wigner’s theorem, which states that the elements g of
a classical symmetry transformation group G are realized at the quantum level by unitary operators U(g) offering
a representation of G on the Hilbert space.

4.4 The charged scalar field

4.4.1 Construction

A charged scalar field is a scalar field under Poincaré transformations that does not satisfy the hermiticity condition.
As such, it can be represented in term of two scalar fields

o= 1102 (4.117)

)

where both ¢1, ¢ are real. We can write the Lagrangian as a sum of two Klein-Gordon Lagrangians
1 1 1 1
L =Lrc(¢1) + Lrc(d2) = 50.010"¢1 — §m2¢f + 50u020" 92 — §m2¢§ = 0y P —m?¢*p.  (4.118)

This lagrangian is not only Poincare invariant. It has a U(1) internal symmetry that amounts to the invariance
with respect to the transformation

!’
ot — P =zt

/ , (4.119)
b(z) = #(z) = 4)  aeR
Note that this is realized as an SO(2) rotation on the real fields ¢; and ¢s.
4.4.2 Internal current and charge
Using the field’s transformation law
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the Noether current is found to be,

= —i0u0" D + 10,08 = 1 (6040 — (0,07) 6) = 167 D6 = G201 — 1Dy 2. (4.121)
The equations of motion are
oL oL _
"00,0*  O¢* (4.122)

0,0 —m2¢ =0,

which are just the Klein-Gordon equation. It is easy to check that d,J" = 0 on the equations of motion.

4.4.3 Quantisation

The canonical field conjugate are

oL oL

_ _ A t _ _d

(x,t) = Dot o'(x,t), w'(x,t)= 06 ) o(x,1), (4.123)
and hence the Hamiltonian is

H= /d3x [Tl (x, )7 (x,t) + |Vo(x, 1) > + m?eT (x, t)p(x,1)] - (4.124)

The commutation relations can be written in complex notation as

[¢(X7 )7¢(Ya t)] = ¢T(X5 t)7¢T(Y7t) = (b(X’t)adfr(ya t)} =0,
[7(x,t),7(y,t)] = |[7l(x,t),7(y,t)] = [7(x,t),7 (y,t)] =0, (4.125)
[¢(X7t)v7r(yvt)} = QST(X, t)vﬂT(Y7 t) = i(53(X - y)'

Or in terms of the real fields

[¢z(x>t)7¢j(Y7 t)] = 0;
[mi(x,t),7(y,t)] = 0, (4.126)
[9i(x, 1), mi(y,1)] = i0;;0°(x —y),

for ¢, 7 = 1,2. Since L is the sum of the Lagrangian for ¢; and ¢2, we can proceed with the canonical quantisation
of ¢1 and ¢o independently. Let us do so. We shall go back to complex notation at the end. Applying the results
of the previous chapter we have in the Heisenberg picture

(151 (X) = /ko Ak 167ik.x + aLle”k'x
_ _ (4.127)
(bz(X) _ /ko ak2€71k~x _|_aL26+zk~x’
with wi, = vVm? + k? as usual. Now
Pt = /de p(al1ap1 + af yap2) (4.128)

The complex scalar field consists of two types of particles, generated by aJ{ and ag, with the same mass m. In
complex notation

]gx) = [dh axe T 4 bl etk

. . 4.129
[ dQ be ke 4 af(e*”“c ( )

—~
8
~—

|
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with the new ladder operators

a ax1 + tago

k:*
V2

ax1 — 10k 2

by = Tl ” 12

V2

(4.130)

The notation with a, b is more convenient to keep track of the charge of the states. The commutation relations are

[ak7ap] = [akabp} = [bkabp] =0,
4.131
(. ap] = . Bp] = (2726 (p — k). 13y
So we can rewrite P* in terms of these operators
pr — /de p" (abap + biby) (4.132)
and
/ JO(x,0)d x—/dQ (alap + bLbp), (4.133)
and
Quaf| =al, |@f] =2l (4.134)
The commutators are
Q7aT :aTv Qvak = —ak,
KoK (@ axd (4.135)

Qa b]-l; = 761(7 [Qv bk} = bk~

Thus aL raises the charge by one unit (i.e. creates particles of charge +1). While bL decreases the charge by one
unit (i.e. creates particle of charge —1). Notice that e~'*? generates charge transformation

e Cae? = (1+iaQ)ax(l —iaQ) = ax —ia + .. = e~ ®qy,

¢ioQp e=ioQ  —  giap (4.136)

From this follows e’*?pe"*@ = ¢~i@¢. The particles generated by af, b’ have exactly the same 4-momentum
kt = (\/ k2 +m2,ki), mass, spin (here 0), but equal and opposite charge. It is conventional to say that aL
generates a particle, while bL generates an anti-particle. A deep symmetry of the theory (CPT) requires the
masses of particle and antiparticle to be the same, basically, a and b are associated with the same complex field ¢.

Examples of particle-antiparticle pairs with spin-0 are 77,7~ and KT, K~. Both pairs have opposite electromag-
netic charges. In the case of K* and K the particles have opposite strangeness. Notice that the original operators
aI and a; create particles that are coherent quantum superpositions of particles and antiparticles. This state is
not an eigenstate of the charge Q.

) = (b +al)o),
Qly) = (b —ah)|0) # |y). (4.137)
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Chapter 5

Spinor fields

5.1 Spinor representations of the Lorentz group

Let us recall that the irreducible representations of the Lorentz group are labelled by two (half)-integer numbers
(j—,j+) so that the most general irreducible representation of Lorentz transformations on fields is:

Bo(z) — DA @y Alz ) (5.1)
spin part orbital part

where D,”(A) are matrices realizing the (j_, j1 ) representation on a vector space of dimension (2j_+1)(2j,+1). As
we saw, the trivial representation (0, 0) corresponds to a scalar field with one index: ¢(z). Indeed, j+ = 0= Ji =
so that D,?(A) = 1. The first non trivial cases correspond to the (1/2,0) and (0,1/2) representations. Recalling
that

_ Ji iKY

Jo=—— L =ietl (5.2)

this leads to the so-called left-handed spinorial representation of the Lorentz group algebra:

|

Ji

Jio=2
1/2,0) = - 2 = , 2 5.3
120 = { % ZF 2w e (53)
and to the right-handed one:
J. =0 i =g
(0,1/2) = { " b= Ji 2 (5.4)
J+ - o5 K — —Z?
where o are the 2 x 2 Pauli matrices satisfying the algebra,
olol = 59 4 ik gk (5.5)

and offering the spin-1 representation of SO(3): [%1, %J] = ieijk%k.

Finally, recalling':

I Throughout the discussion in this chapter we use both w,,, and (6,7) related by eqs. (3.143), (3.144)

83



5.1. SPINOR REPRESENTATIONS OF THE LORENTZ GROUP

D(A(w)) = e~ 3w ™ = gmif- T+ K (5.6)

We obtain the left-handed and right-handed spinorial representations of the Lorentz transformations:
Ap(w) = D1 /a0y = e~ 2707 (5.7)
Ar(w) = D(g1y2) = e~ 2C7H0 (5.8)

which are 2 x 2 complex matrices that, according to the general construction in sect. 3.2.5, act on 2-dimensional
complex vectors, called respectively the left-handed spinor and the right-handed spinor:

(1/2,0) = ¢r(x), (0,1/2) = ¢r(z) (5.9)

For both representations the base space is then the two-dimensional complex space C2. Given a Lorentz transfor-
mation A(w) = e~ " /2 the general transformation of eq. (5.1) is realized on v, and ¥ according to

U () = Ap(w)yr(A(w)'e), Ug(z) = Ar(W)Yr(AW) o). (5.10)

One important fact to notice is that the two representations Az (w) and Ar(w) are non-unitary:

A #ALjg (5.11)

That is because finite dimensional representations of non-compact groups are non-unitary. Among the finite
dimensional representations, only the trivial one is unitary. On the other hand, one readily verifies that

A= (A}%)_l (5.12)

Moreover, since Ay, and Ar are exponentials of traceless matrices, they have unit determinant. Thus they actually
span the group SL(2,C):

detArp =detAg =1 = AL,AR S SL(2,C) (513)

We will actually see later that:

SO(1,3) ~ SL(2,C)/Z» (5.14)

In both representations, spatial rotations act in the same way:

e 0 2 r(Ry ) (5.15)

The above transformation is precisely the same undergone by the wave function of a particle of spin—% in non-
relativitic quantum mechanics. The action on the coordinates v — R, L4 corresponds to orbital angular momen-
tum, while that operated by /2 corresponds to intrinsic angular momentum, i.e. spin. As will become clear later
on, this does not happen by chance: the quanta of the spinor fields are indeed particles carrying spin 1/2.
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5.2 Spinor miscellanea

5.2.1 Parity

One question that arises when dealing with spinors is “why do we have two inequivalent 2-dimensional represen-
tations?”. The doubling is indeed related to the existence of parity, 2 — P, x¥, see eq. (3.120). Parity is just
one very specific Lorentz transformation. Its action on the generators is then simply

P . gt — PP T (5.16)

which on respectively rotations J? and boosts K* reads

(5.17)

P JU w— J'  axial vector
’ K" — —K' polar vector

That the generators of spatial rotations and boosts form respectively an axial and a polar vector can also be
explicitly seen by their realization on a scalar field

[J%,¢] = i(Z A V), (K", ¢] = —i(z'0; + tV")6. (5.18)

taking into account that under parity ¢ — ¢ and & — —Z.

In terms of J%, eq. (5.17) reads
P UL T (5.19)

which implies that, under a parity transformation, Lorentz representations undergo a swap:

P i (joyjs) = (o) (5.20)

This means that if we want to represent parity, we need to double the number of fields! Let us make this argument
more explicit. Choose for example the left-handed representation of the Lorentz group:

AL (6,7) (5.21)

Since a representation of parity changes the sign of the boost generators, we have:

PAL(0,7)P = AL(0,—7) (5.22)

But the last quantity is nothing but the right-handed representation, so that:

PApyr(0,7)P = Agyr(0,7) (5.23)

Therefore, in order to represent parity, we must consider the direct sum of representation
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(1/2,0)®(0,1/2) : Ap=Ap & Ag (5.24)

which defines a Dirac spinor field

V() = ( Zﬁ;éig ) . (5.25)

Notice that ¥p(z) is a 4-dimensional complex spinor, consisting of two 2-dimensional complex spinors, 1 and
g. As parity exchanges (1/2,0) and (0,1/2) it is realized on ¥Up(x) as

P Up() = ( Z’;Eg ) - Wh(2) = ( i’;gg ) - ( ) ) ( :ﬁ;gg ) = 0Un(Pr)  (5.26)

The matrix vo swaps ¢, and g and represents parity on the spinorial indices. Indeed one as 3 = 1454 as befits
parity (remember P? = 1). Moreover, as Lorentz transformations are represented on Wp by the block diagonal

matrices Ap(d.m)
0
A = L\%1n 5.27

according to egs. (5.7,5.8) we have

—

%A D (0, 77) = Ap (6, =) - (5.28)

5.2.2 Complex Conjugation

Let us first define the 2 x 2 matrix

€ =iog = ( —01 (1] ), (5.29)

Notice that € is just the two-dimensional Levi-Civita tensor. It satisfies the properties
el =el=—¢ e =—1 (5.30)
and acts on the Pauli matrices as
e ltoe=coiet = —0f = —of e lofe=cofe !t = —0;. (5.31)

The above relations imply that ¢;/2 and —o/2 are equivalent representations of the SU(2) algebra. To see what
this implies consider H a two dimensional representation of SU(2) and its complex conjugate H*. They transform
respectively like

H—e299H H* — 27 0H* (5.32)
which are at first sight inequivalent. However, by eq. (5.31) the above two tranformations are actually equivalent
as made explicit by the fact that e H* transforms like H

i = ciok _—17 i
eH* — ee2® V" = ¢3¢0 O — ¢7290c [~ (5.33)

Consider now instead the implications of 5.31 on the spinorial representation of SO(3,1). We have

7= e MARe = e AL e (5.34)
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so that:

Ar=¢1A%e (5.35)
Because of this we have:
by IS eNppt = eNse et = Ag(e)) (5.36)
which means that:
e /r ~ VR/L (5.37)

In other words, from Eq. 5.35, we see that the complex conjugate of (1/2,0) is unitarily equivalent to (0,1/2) and
similarly the complex conjugate of (0,1/2) is unitarily equivalent to (1/2,0)
(1/2,0) ~ (0,1/2)" (5.38)

This result will be useful to derive Lorentz covariant equations of motions for the spinorial fields.

5.2.3 The (3,3) irrep, or the relation between SL(2,C) and EZ

11
202
between SL(2,C) and .,2”_[, as well as set the basis for the construction of covariant “wave equations” in the next
section.

In this section we shall study the (5, 5) representation of SO(3,1) = fl Our results will elucidate the relation

An aside on notation?

The spinors in eq. (5.9) carry a spinor index that we have so far been omitting. As with Lorentz indices, when
performing computations it is sometimes convenient to omit them and some other times it is convenient to display
them explicitly, especially to construct covariant expressions. A standard notation 2 is to use lower undotted
indices for the left-handed spinors and upper dotted indices for the right-handed ones

(Yr)o,  (Yr)" (5.39)

with @ = 1,2 and & = 1,2. The Lorentz transformation matrices are then indicated by

An),,  (AR)% (5.40)

so that the action of the Lorentz group reads

W)a = (AL)”(@Wn)s,  (Pm)a = (AL)®;(vr)" (5.41)

As a convention, we contract undotted indices from top-left to bottom-right \, and dotted indices from bottom-left
to top-right .

2The content of this “aside” is not strictly necessary. Overall the very basic notion is that we use different indices (dotted and
undotted) to indicate the components of respectively the right and the left spinors.
3See for instance the appendix of Phys. Rept. 128 (1985) 39-204. Other conventions are however in use.
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The 2-dimensional Levi-Civita tensor is a 2 x 2 matrix, see eq. (5.29), acting in spinor space. We define

€ap = —€pa = €9, €4 = —€4a = P €12 = —€j5 = 1. (5.42)

Notice that €, corresponds to the matrix e in eq. (5.29), while €4 corresponds to €/’ = e~1. Now, it is convenient
to define the operation of raising an lowering indices by contracting with the Levi-Civita tensor in the the \, and
the 7 convention for respectively left and right spinors

(W) =€ Wr)y (bR) = e (W) (5.43)
Consistently, by eq. (5.42) and by €7 = ¢!, we have
W) epa = (W)o:  (¥r)se™ = (¥R)" (5.44)
and morever index raising applies consistently to the Levi-Civita tensor itself
P, = €7 edgeédem =¥ (5.45)
The matrix relation ¢’'e = 1 implies for the mixed tensors €,” = €7%¢,, and #, = ¢?e,,
e =—, =08 (5.46)
with 67 the Kronecker delta. For the dotted tensor we instead have ed’é = 60'/76;#3 and ¢’ o = eﬁde'm
eBd = —edB = (5§ (5.47)

And finally, by egs. (5.35,5.36), the operation of complex conjugation turns dotted into undotted indices and
viceversa. Using also that (€ap)” = €5, = —€45 by eq. (5.42), we have that eq. (5.36) consistently reads

[(Wr)al* = Wi)ar [(B0)°7 = @0 [Wr)*]" = @), [(Wr)al" = (VR)a (5.48)

while eq. (5.35) reads instead:

*

(AR)as = eas () Ty = [(00).°] " egp = [~ (An)Peas] = = [(An)as] (5.49)

Notice that, when displaying the indices explicitly, it become unecessary to add the L and R labels: spinors with
undotted indices are by definition left, while those with dotted ones are by definition right. A convenient and
often used notation is then offered by the following identifications

Wr)a=va, WrR)*=9¢%,  (An).” =A.", (Ar)*, =A%, (5.50)

by which complex conjugation simply reads

(Vo) =va, @) =9, Ay = —(Nap)” (5.51)

Consider now the (1/2,1/2) representation. As (1/2,1/2) = (1/2,0) ® (0,1/2) we can describe its generic element
by a tensor with two spinorial indices ©,” transforming under Lorentz as

0,7 = (M), (Ar)75 0.0 (5.52)
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precisely as the product of a left and a right spinor

i, ~ (r)a(tr)?. (5.53)

In matrix notation (i.e. without indicating the spinor indices) eq. (5.52) simply reads

b ApoAL (5.54)

It is possible, and useful, to rewrite the spinorial tensor V so as to make its Lorentz transformation involve only
Ap or only Ag. For that purpose, considering the comment just below eq. (5.42) we can write

Vo = eﬁﬁﬁa"y — v = De (5.55)
so that eq. (5.35) implies
v ApoAhe = ApdeA] = ApvAl (5.56)
Similarly, defining
70 = 0. P 5 =eb (5.57)
eq. (5.35) implies
b eALOA, = AjedAf, = ARDAL (5.58)

This is good, but slightly better is to instead further define

P = 58 5 5= Tl = el (5.59)
so that

o — AgoAlL (5.60)

Egs. (5.56) and (5.60) offer different but equivalent ways to represent SO(3,1) in the (1/2,1/2). Indeed V' and
v are simply related by a change of basis. Now, independent of which parametrization we use, , v or v belong
to the vector space of complex 2 x 2 matrices M (2,C) ~ C%. However eq. (5.56), and analogously (5.60), show
that the subspaces of hermitian and anti-hermitean matrices are both invariant under the action of the Lorentz
group. A generic complex V (V) thus offers a reducible representation. As we are interested in the irreducible
representations, because they constitue the smallest building blocks, we can assume v and v span the subspace of

hermitean matrices 4
v, v € MH(2,C). (5.61)

Notice that M H(2,C) is a real vector space equivalent to R*. The (1/2,1/2), is thus a real representation, while
the (0,1/2) and (1/2,0) are genuinely complex representations. A basis for M H(2,C) is given by the 4 hermitean
matrices

ot = (00", =1, o' = Paulimatrices (5.62)

4 Anti-hermitean matrices offer an equivalent space as they are obtained from the hermitean ones by multiplying by .
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We can then expand V on this basis:

o — VoY — 0 — 3 —ovl 4 iv?
Nuv P R 00 4 03

On the other hand, for v egs. 5.31, 5.59 give

where

(5.63)

(5.64)

(5.65)

Notice that, for reasons that will become momentarily clear, we have been treating the basis matrices o* and o*

as a 4-vector. An important property of these matrices is (spinorial indices not displayed)

’ Ouoy + 0,0, =21, =0,0, + 0,0, ‘

When displaying spinorial indices explicitly, the above discussion implies

o = (") s Gh = (aM)Pe

(5.66)

(5.67)

so that o# and o* act according to our contraction conventions on respectively the right and the left spinors

(0" PR)a = (")t (34br)* = (3") (1) g

(5.68)

The next thing to work out is the explicit transformation properties of the v*. A clear hint of what is going on is

gained by noticing that, by eq. (5.56) and by det Az = 1, the determinant of V is Lorentz invariant®

v =ALVAE = detv =detv|det Ar|* = detw (5.69)
which concretely reads
v ol = det V! =det V = (1°)% = (v1)? = (v¥)* — (v*)* = vt (5.70)
compatibly with v# transforming as a 4-vector. One of the exercises confirms that is indeed the case. More
precisely one finds that, given a generic Lorentz transformation A(w) = exp(—iw,, J""/2), one has
Az (W)oto, Al (W) = AMw) v o, (5.71)
which establishes v* transforms like a 4-vector. Similarly one has
Ar(w)v"a, Al (W) = Aw)  0"5, . (5.72)
These results show an important property of the Lorentz group:
VUeSL2,C) and X=x"o, (5.73)
The matrix X will transform as:
5 Again, the same considerations can equivalently be made working in the V basis.
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X = UXU'=X'= (A" 2")0, (5.74)
This defines a mapping;:
A : SL(2,C) — & (5.75)
which is a homomorphism:
AULU2) = A(U1)A(Us) (5.76)
It is surjective and two-to-one:
AU)=A(-U), VYUEeSL(20C) (5.77)
In particular:
A1) =A(-1) =" (5.78)

SL(2,C) is locally isomorphic to the Lorentz group, implying that they share the same Lie algebra, but the two

groups are globally different. SL(2,C) is connected and simply connected whereas .,2”1 is connected but not simply
connected. The above mapping describes the isomorphism:

#1 ~SL(2,C)/Z, (5.79)

SL(2,C) is the universal covering group of the proper orthochronous Lorentz group much like SU(2) is the universal
covering group of SO(3). Spinors are those representations that transform under the bigger group SL(2,C). As
we already are familiar from ordinary quantum mechanics, spinors flip sign under a 27 rotation. This is why, in
physical quantities, spinors enter twice: this phase is not observable. It is Nature (not us!) who chose to make full
use of group theory to realise Lorentz.

5.3 Covariant wave equations

We are now ready to derive the relativistic dynamics involving spinorial fields. Consistently with our approach in
this first part of the course, we are interested in the case of free fields, i.e. satisfying linear equations of motion.
One obvious way to proceed is to write down the most general Poincare invariant quadratic action. We will
however find it more convenient to write down directly the covariant equations of motion. The general solutions
of linear field equations consist of a superposition of plane waves, hence the terminology wave equations.

5.3.1 Weyl spinors

We have now all the ingredients to try and write down relativistic “wave equations” for spinors. Given vy, (x),
we want to generalise the scalar field equation (Klein-Gordon) and find a differential equation that transforms
covariantly under Lorentz transformations. To do so, it is convenient to work in Fourier space:
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i (p) = / dermpy (x) (5.80)

Under Lorentz, it transforms as:

YL(p) = ALvr(A'p) (5.81)

Consider the two following quantities in Fourier space:

P=p,ot=p-o, P=p,'=p-c (5.82)

Their transformation properties under Lorentz are:
P =p 0= (Ap) ~a:AL(p-U)ATL :AL(p-U)A§1 (5.83)
P'=p' -5 =(Ap)- 5= Ar(p-0)A}, = Ar(p- o)A (5.84)

We have therefore a good candidate for the wave equation in Fourier space. Indeed, the quantity:

Py (p) (5.85)
Transforms covariantly:
Py (p') = Ar (PyL(p)) (5.86)
Which means that if:
Pyr(p) =0 (5.87)

in one frame, then the equality will hold in any frame! Notice that the wave equation transforms as a right-handed
spinor. Indeed, the left-handed field belongs to (1/2,0) and P to (1/2,1/2). We then contract the unprimed
indeces to form a Lorentz scalar and it only remains a free primed index:

)

Pyr(p) = (P)" ™ (wr)alp) = (Py

The equation of motion for the spinors is therefore:

(p) (5.88)

’i&“@lﬂ/}L(x) = 0\ (5.89)

This is the so-called Weyl equation to which we associate Weyl spinors. Notice further that:

PPyL(p) = p*¢r(p) =0 = —Dyr(z) =0 (5.90)
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so that we expect Weyl spinors, upon quantization, to be associated to massless particles. In Fourier space:

Py (p) =0 (5.91)
has a non trivial solution iff:

det(P)=0<p*=0 (5.92)

which leads to the same conclusion. The right-handed Weyl spinors satisfy a similar wave equation:

‘ia”@MwR(x) = 0\ (5.93)

which, this time, transforms as a left-handed spinor.

Notice that the Weyl spinor wave equations, being homoneneous in either 1;, or g are invariant under constant
phase rotations, ¥y — e'*L, or Y — e'*Ripr. The existence of this symmetry implies then, according to
Noether’s theorem, that the corresponding particles would carry a conserved charge. We conclude that the
particles associated to Weyl spinors have vanishing mass but carry a conserved charge.

5.3.2 Majorana spinors

We would like to describe something with mass and to do so we need to “add” something to the RHS of Eq. 5.89.
Since the LHS transforms as a right-handed spinor, so must do the RHS. We saw earlier that we can get a
right-handed spinor from a left-handed one by a parity transformation:

ey (z) € (0,1/2) (5.94)
we therefore write:
i6" 9,0 (@) = ce (@) " Pyr(p) = e (—p) (5.95)
From Eq. 5.31, we have:
67157;6 =0, (5.96)
This leads to the conjugate equation:
iotpue)y(x) = c*r(x) (5.97)
Finally, this implies:
PPyL(p) = p*¢r(p) = |c|*¢L(p) (5.98)

Or in position space:
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O+ [el)vr(z) =0 (5.99)
This second wave equation corresponds to a particles of mass |c|?> = m? and is the so-called Majorana equation
describing Majorana spinors.

Neutrinos likely are, as far as we understand, Majorana particles. Notice that the Majorana spinor equation is not
invariant under phase rotations:

Yr(x) = () (5.100)

Thus, there is no conserved charge (electric or of any other type) associated to Majorana particles. Majorana
particles have mass but do not carry a conserved charge.

5.3.3 Dirac spinors

As we have seen, Weyl spinors are expected to describe massless charged particles, while Majorana spinors describe
massive neutral particles. It thus remains to be seen if we can arrange things in such a way that spinors describe
particles that carry both nonzero mass and nonzero charge. With just a single ¢, or a single ¥, as we have seen,
there are only two options, Weyl and Majorana. In order to go beyond we must then consider a situation where
we have both one 1, and one independent ¥r. With these two independent fields at hand we can imagine a set
of two covariant paired wave equations of the form

10 - (91[}L(I) = c¢R(x)
{ io - OYr(z) = &pr(x) (5.101)

By rescaling the field:

Yvr — Mr, AeC (5102)

such that:

cA=—=m, meR (5.103)

> ™

The equations become:

io - 0Yr(r) =mipr(r)
This set of equations is clearly endowed with a global U(1) symmetry:
Yr(z) e *Pr(z)
{ Yr(z) e Pr(x) (5.105)

This tells us that there is a conserved charge associated with the quanta of these fields. We will see later that
when we couple this set of equations to electromagnetism, this leads to the conservation of the electric charge.
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The paired wave equations in eq. (5.104), when iterated, are quickly seen to imply satisfaction of the massive
Klein-Gordon equation

— W, = (io - 9) (i - )by, = m(io - O)bg = m?ay, (5.106)

and similarly for 9 g.

By the above remarks, we thus expect a pair ¢, ¢ satisfying eq. (5.104) to give rise to massive charged particles
upon quantization. A pair of fermions satisfying eq. (5.104) constitutes a Dirac spinor and the system of two
coupled wave equations is known as the Dirac equation. As we shall see, the quanta not only carry mass and
charge but also an intrinsic 1/2 spin. The relevance of the Dirac spinor stems from the fact that it describes the
fundamental constituents of matter, electrons and protons.

As a side remark we also notice that eq. (5.104) is invariant under parity transformations:
Z

The systems described by this set of equations is suitable to describe representations of parity. We saw earlier
that in terms of spinors, it is the Dirac spinor which carries a representation of that symmetry and indeed this
set of equations can be rewritten in a more compact way. Recall:

Up =9¢r ®Yr (5.108)

Now define a set of matrices, called the Dirac matrices or gamma matrices:

( 50# UO“ ) (5.109)

2
=
Il

They satisfy the Dirac algebra:

{2} =20 (5.110)

The set of equations can then be rewritten in a compact form:

(19 — m)¥p(z) =0 (5.111)

where we used the Feynman slash notation @ = v*0,,. This is the Dirac equation for four-components spinors. It
describes charged particles with spin 1/2 (e.g. e, p~, p, n,...).

5.3.4 Lagrangians

We would like to have a Lagrangian formulation of the dynamics of the spinor fields. In order to do so, we
must learn how to construct local expressions of the spinors and, in principle, of their derivatives that transforms
like Lorentz scalars. Let us then consider a general change of Lorentz frame z' = A*,x¥ under which spinors
transform according to (see eq. (5.10))

U (') = Ap(w)r (@), Ug(a') = Ar(w)r(z). (5.112)
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where Aj, g represent A. As we already did in the section on wave equations, putting together the results of section
3.2.3 and egs. (5.71, 5.72), we can express the transformation of spacetime derivatives as

0 0=0,0"=N,"0,0" = Ap(Du0")AL = ALd - oA} (5.113)
95 =0,"=0A,"0,0" = Ar(9,6") A}, = Ard - A (5.114)

Taking into account that AEAR = AEAL =1, by eq. (5.112), and the above two equations, one can then write the
following set of Lorentz scalar bilinears in the spinors

Sy (x) = ¥ (z) Yr(=), S(x)
Sa(z) = ¢ (x)0 - ovp(x), S3(x)

Yr(x) YL (2), (5.115)
Yr(2)0 - oYR(z). (5.116)

In other words, and in an obvious notation, one has S;(2') = S;(z) for i = 1,2,3. One is easily convinced, given
two independent spinors 1y, and g, that there are no other quadratic invariant other than the four above. Notice,
in particular, that 1/)21/@ is not an invariant, and that simply because ATLAL #+ 1.

We have now gathered all the necessary ingredients to build the Lagrangians. Let us start with the Weyl La-
grangian. Simply:

Sw = / dialy = / d*z i} (2)a - O () (5.117)

Notice that the action is real up to boundary terms. The equations of motion lead as expected to the Weyl
equation:

0= ‘ZVTLV =i5 - 0Yy(2) (5.118)

The next to simplest case is the Dirac Lagrangian. For the mass terms we simply add the first scalars we built:

Sp = / dalp = / d' (i} ()5 - D (2) + il (x)o - m(x) — mul(@)or(e) — m* Wi (@) (5.119)

Do we have a complex mass? No, we can simply redefine:

Vg — e Ppr,  m=|m|e” (5.120)

This is a so-called chiral rotation. To build the Majorana Lagrangian we use:

VR — e (5.121)

in the Dirac Lagrangian. We then write:

Sy = / izl = / dix (w}(ag)zf LY () — %p{ew - f¢;e¢z> (5.122)

Here comes the tricky part:
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Viebr = (r)ac®P(br)p = — (V1) a®2 (V1) p = —(W1) pe®2 (V) a = —vF epr (5.123)

Where we assumed in the last equality that spinors commute, just as classical variables. However, this implies
that 1T ey, = 0 so that the Majorana mass would not exist! The solution of this paradox relies on the fact that
spinors do not have a classical limit! Spinors are Grassman variables that anti-commute:

{(¥L)a, (YL)B} =0 (5.124)

Notice that we did not need to use this fact in the construction of the Weyl and Dirac Lagrangians.

Finally, the Dirac Lagrangian can be rewritten in terms of a Dirac spinor. Define the Dirac conjugate of a Dirac
field ¥p:

Up = Uiy = vj o v] (5.125)

Then, the Dirac Lagrangian can be rewritten:

0Sp

Sp = /d%ﬁD = /d4sc Up (i —m)Vp, 0= o (id — m)¥p (5.126)

Very much like we did with the charged scalar field, one can prove that the Dirac Lagrangian is the most general
Lagrangian that is Poincaré invariant, at most quadratic in ¢ and g, with up to one-derivative terms and
invariant under a global “charge” U(1) symmetry.
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5.4 Towards quantization

5.4.1 Classical solutions

The dirac equation is (—i@ — m)i = 0. We're going to look for the most general plane wave solution v, (z) =
e~ "P*u(p) with p = (p°, p)

(i — m)b, = e~ "% (y¥p,, — m)u(p) = 0 from now on :p = +"p, (5.127)
In order to neglect trivial solutions, we require a null determinant. Note that gy = 77 i e Puby = p?
!
P+m)(p—m)ulp) = (p> —m*)ulp) =0 — p>=m? (5.128)

So we get positive and negative energy solutions where pg = \/m? + p? with 1, = e""P%u(p) and ,eP*v(p). Le.
the usual red hyperboloid 8.2 and the symmetric one. In particular one can write the 1, as

P(p) = 6(p® —m?)i(p) = (5.129)
= 0(po)d(p” — 2) (p) + 0(—po)d(p* — m*)v(—p) = (5.130)
= 6(po — vm? + p*)u(p) + d(po — vV m? + p?)v(—p). (5.131)

Where v and u are the solutions above. Then adding back time evolution e~"P°! we get

Y(x) = / dwpe™ " u(p) + e *u(p), (5.132)

where the momenta are 4-momenta.

To find explicitly u and v, we first study the reference momentum p: defined as § = 0 which implies p° = m.
which with little algebra implies

m (70 = 1) u(p) = (‘11 _11> (g) =0 o u= (g) with & = @) (5.133)

Where the 1’s in the matrix are two by two identities. One can look at Peskin for more details. Let’s write £ and

&> as basis vectors (of which they were the indices in the above definition of £). We define & = (é) and & = ((1)>

which will correspond to eigenvalues of o3: o3& = % and o3&y = f%.

To get the most general solution, we can notice that the fields at a given momenta can be obtained by boosting the
ones at the reference momentum. Notice in particular that the Ap acting on Dirac spinors are a representation of
the Lorentz group, therefore

App" ymulpt = (A%)p”. (5.134)

Consider the wave equation for w(p) and multiply times Ap:

Ap(p —m)AL Apu(p) = (5.135)
(p —m)u(p) = 0. (5.136)

where we defined
u(p) = Ap(p). (5.137)
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We know that to get any momentum starting from p we can use

A =K (5.138)

where K is the vector of the generators of boosts and
- (I P
i = (tanh— ( . 5.139
g ( Po 1] ( )

It can be shown (exercises) that most general solution is given by u(p) = ( \/—VZ§§> where ,/op is defined as
VT = 3 WVETm - A

So let’s check it is at least a solution

omw = (0 1) (V) <o (5.140)

Generically the 9 (x) will be a sum of the different solutions u; and v;

u;(p) = Zai(@ui(ﬁ)a (5.141)
i=1

we have

Y(x) = /d3pz (as(p)us(p)e™™* + bs(p)vs(p)e™®) (5.142)

And the coefficients @ and b will turn out to be the analogous of creation and annihilation operator for the
Klein-Gordon field.

5.4.2 Chirality and helicity

We saw that the Dirac field is putting together a left and right field which are two irreducible representations

p = (Z; ) (5.143)

. We define 7° = (01 (1)) so that vs¢Yp = (1/) L). We define the left and right projectors
R

_1—’}/5_10 _1+'Y5_00
P10 metteo(00) 5144

This will be useful in the concept of chirality, where eigenstates of the projector will be ’left’ or 'right’.

~

Now let’s define the concept of helicity. Helicity is the projection of the spin on the momentum §'- |

=y

Sy
Qu

>
I

N

ST

(5.145)

with the helicity operator h = (g 2)
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One can show that in the case m — 0, u(p) = 1/% (

(1 —-2h)¢

A . What does the helicity do when acting on the
(1+ 2h)§> Y &

solution ?

—

(-3 (e

So if we have a left handed spinor (upper component) it will be reversed under helicity, whereas the right handed
spinor will not. Do solutions with definite chirality or helicity exist in the massless limit? If you choose & such

that £(1 4 2h) = 0, then u(p) = £ (g)

[~}

R 1
For example, p’ = (0,0, p), h = (6 01>, then we have, defining £ = (?) and &4 = (é)
2

E 1 |E 1
u(p) =1/ = & Chirality = -1, helicity = - = u(p) =1/ = 0 Chirality = 1, helicity = = (5.147)
2\ 0 2 2 \&4+ 2

In the massless limit, chirality and helicity are synonyms and are lorentz invariant. In the massive case, helicity is
not lorentz invariant since if we overtake a particle in a boosted frame, it will look like it is going backwards with
respect to us, but its spin will still be in the same direction, so helicity is not lorentz invariant.

The most general positive energy solution is

Y(z) = e P? <%§) s=12 (5.148)

They have some orthogonality relations

w0 ) = w0 0w 0) = €y (] o) (V) =amele, =2ma. G19)

Moreover,
u* (p)y"u”(p) = 2p"0rs (5.150)
Negative energy solutions are
_ iy (p) = v VPSS 5.151
vla) = errun(p) = e (VTP ) (5.151)
Where
v (p)v"(p) = —2mds (5.152)
v (p)y**v" (p) = 2p"6rs (5.153)
Orthogonality
—r s r r — 0 1 s
u"(p)v°(p) = (f VIR Wpa) <1 0> <_V\5g > =0 (5.154)
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In other words, u1(p), u2(p),v1(p), v2(p) form a basis of C*

spin sums : Completeness relation

a = i) = 3 (V2 ) v €lvim) (5.155)
So
Aap = (;’; fg) =P (5.156)

So all in all, the most general v is

Pgeneral () = / d*p Y (as(p)us(p)e” " + by(p)vs(p)e™™) (5.157)

Reminiscent of what we did in KG Fields, we’ll quantize the fourrier coefficients to warp the theory to the quantum
world.

5.5 Quantization of the Dirac field

5.5.1 How not to quantize the Dirac field

We'll do exactly what we did with the Klein-Gordon field.

L= 5 (B — 09" 0) — miby (5.158)
oL oL -
T =5 7, wayw + aa“;z?a“w — &1L (5.159)
H= /7—[ = /Tg = / %@E (436 + m) P+ %qﬁ (z‘%y + m> d3x (5.160)

— [0 (-9 4 m) vas [ wthovda (5.161)

1 _ _
P, = / Td3x = 52 / 205 — Obyop = i / PIodie (5.162)
We recognize the 3-momentum from quantum mechanics, however with a sign flip. Our ordinary 3-Momentum is
P? not P;.

Focussing on the Hamiltonian H, notice that on configurations that satisfy the equations motion (i.e. the Dirac
equation) we have

H=H-= / P hpvdis = / PTidgpd®x (5.163)

using eq.o.m
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So both expressions look quite similar and we’re happy. One has the 3 components (3-momentum) and the other
one has the one that is left, the 0-th component. Now let’s quantize the whole thing. There’s a problem with the
fact that the complex conjugated field is troublesome for writing the canonical conjugate variable. In particular

oL i i
I, = — =yl I, = -yl 5.164
b0 =%k Th=gv (5.164)
Le. ¢ and 9T are conjugate variables. The procedure to correctly work with systems that exhibits such features
is the Dirac bracket procedure. However, we can avoid the problem by taking another Lagrangian which should
be equivalent.

L = ipdy — manp (5.165)
The canonical variable conjugated to v
(my)* = ;fa =i (py°)" =iyl (5.166)

So (1/10“ Mo = “ﬁ:&) are the canonically conjugated momenta. We try to impose commutation relations as for the
Klein-Gordon field:

[Ya(Z), (7)) = 0 [Va(Z), m5(7)] = i0ap8° (x — y) Ya (), %(37)} = bapd” (7 — 7) (5.167)

Exercise: Show v (z) = i [H, 1 (x)].

Moving on :

H= / e (z/ﬁ (—z‘fﬁ + m) zp) (5.168)

Let’s now expand v into the basis of eigenfunctions to the hamiltonian so that it will trivially be diagonal. What
is the eigenbasis of hp 7 We had already found some stuff :

Positive energy :  u,(p)e” P* Negative energy v,(p)e™® (5.169)
In particular for the positive energy solution
(i’yoao + iV — m) us(p)e ™" =0 — — (z*?ﬁ - m) us(p)e™® = E(p)us(p)e™® t=0 (5.170)
For negative ones
(m“ao + iV — m) vs(p)eP* =0 — — (z’?ﬁ — m) vs(—p)eP® = —E(p)ug(—p)e’?® t=0 (5.171)

So we have 4 linearly independent eigenvectors (vi(—p), v2(—p), u1(p), u2(p)) when fixing p (so the hamiltonian is
a 4 by 4 matrix). By varying p, one spans the whole basis. The most general ¢ () is

d3p

w(l‘) = / meimﬁ (; Q;S,ua(p) + bs_pvs(_p)> (5172)

Remember for the scalar field we had
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= 7d3p e (a al
¢(m)—/(2ﬂ)32E(k) (ap +a)) (5.173)
#(p)

Our choice of vs and ug is very useful since as we will check, it diagonalizes the hamiltonian.

7o/1/}(37)6—%613;5 _ 2E1(p) m@)%;(asus( p) + bs(—p Za,SaS = a,(p) (5.174)
+° / Y(x)e P dPx = b,(—p) (5.175)

So the ’s is a linear combination of a’s and b’s. So the commutation relations on v imply commutation relations
on a and b.

[ar(p), as(k)T] = (2m)*2E(p)6,s6°(k —p)  [br(p),bl(k)] = (27)°2E(p)6,56%(k — p) (5.176)

Coming back to our sheep

H= / d*Ythpyp = / d%dQ, Y Y (us(p)al(p) + vs(—p)bl(—p)) (E(k)ur(k)ar (k) — E(k)v,(k)by(—k)) e'* P d

= o Epza — bl (p)bs(p) (5.177)

Trivial manipulation

One can check [H,al(p)] = E(p)al(p) and [H,as(p)] = —E(p)as(p) while for the b’s it’s the other way around:
[H.b1(p)] = —E(p)bl(p) and [H,bs(p)] = E(p)bs(p).

The daggered a is an energy raising operator but the daggered b is an energy lowering operator ! So the specturm
of the Hamiltonian is not bound (if one defines the vacuum as as(p)|0) = 0 and bs(p)|0) = 0). One can not
fix this by redefining b' to b and conversely. This is because of their commutation relations. One would get
bbt — bt = 1> 0. If we would switch both definitions, one would get negative probability norms.

sort of

b —bib=1 (5.178)
Attempt to define b7|0) = 0 and b|0) # 0

(0[bbT — bT6|0) = (0[0) = —(0[pTb]0) = —|[[b]0)[|? (5.179)

So either the vacuum or the state where we created a particle has negative norm. We can’t do it. The question is
: is the way to quantize the field unique w.r.t to the commutation relations one imposes ? No ! There’s also the
possibility of imposing anti-commutation relations !

5.5.2 The correct approach to quantization

So we impose the following commutation relations

W@ s @} =0 (6@ ms(@)} = idast®@—y)  {va@,

!

)} =0as0* @7 (5.180)

S

As an exercise, one can show that by using:
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[A,BC) = B[A,C] +[A,B|C or =—B{A,C}+{A,B}C (5.181)

The relation for the time evolution still holds:

¥ =1i[H,¢] <= Dirac equation (5.182)

So we have a quantum theory of the Dirac field that reproduces classical mechanics. Let us go on and see what
are the properties of the theory. First, the anti-commutation relations for 1 give anti-commutation relations for a
and b:

{ar(p),as(k)'} = (2m)°2B(p)3,s6° (k —p)  {br(p), 0L (k) } = (27m)*2E(p)0,58° (k — p) (5.183)

The Hamiltonian is now the same as before, provided that we switch the roles of b and bf, by defining bf = bs.

5.5.3 Hilbert space
H= / dQEp Y al(p)as(p) — bl(p)bs(p) = / A, Ep > al(p)as(p) + bl(p)bs(p) (5.184)
Then, we define the vacuum as |0)

bs(p)|0) = as(p)[0) =0 (5.185)

The commutation relations between a , b and the Hamiltonian now are

[H, al(P)] = wyal(P); (5.186)
[H,bI(P)] = wybl(P); (5.187)
(5.188)

So both the operators now create positive energy quanta, this time without negative norm problems.

Let us see how this works in a toy model where one has only one set of operators (i.e. only one r and one
momentum). It is the equivalent of the harmonic oscillator with anti-commutation relations.

{b,b'} =1 — i +bb=1  and {b,0} = {v7,b'} =0 (5.189)

Call |0) such that b[0) = 0. Then, let’s call |1) = bf|0). Is there [2) = (be)2 |0)? No, because from the anti-
commutation |b7)2 = 0. So the Hilbert space is 2 dimensional.

o) (Y Gy ) e

But so far there’s no notion of what is the excited state and what is the ground state. However, one notices the
exclusion principle at work here.

We can now turn back to the original system and consider how the Fock space looks like. We have that al(p)
and b (p)create a quantum of energy E(p) and 3-momentum j, polarization r, and we know from the example
above that we cannot have two excited states with the same r and p (exclusion principle). We will have thus one
particle states, two-particle, three-particle etc. states with the restriction above. Moreover, consider the following
two-particle state:
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al(k)al(p)|0) = |(B 8); (k,7)) = —|(k,7); (7, )) = &) (5.191)

1. Notice that if you get identical quanta, then |¢)) = —|¢) so that |¢)) = 0. Therefrom follows exclusion principle.
You cannot create two particles of the same quantum numbers.

2. Ex: a two particle state

)= [ dud0, Y H(E )i 5 9)I(F.r 7)) (5.192)

Since the ket is totally anti-symmetric, the only relevant piece in f is the anti-symmetric part, the symmetric part
will drop out.

One should conclude that the Dirac field quanta obeys Fermi-Dirac statistics.

The spin = 0 is quantized according to commutation relations so the resulting quanta satisfies Bose-Einstein
statistics.
The spin = % is quantized according to anti-commutation relations so the resulting quanta satisfies Fermi-Dirac
statistics.

These are the two examples of a theorem :

Spinor-statistics Theorem:

Given a local-relativistic invariant unitary bounded Hamiltonian implies a connection between the spin of the
quanta and their statistics : integer spin quanta follow bose-Einstein and half integer satisfy Fermi-Dirac.

5.6 Properties of the Dirac field

5.6.1 Four momentum

Let us first rename b — b for convenience. We have that
= /dﬂpeip:c [Z ar(p)ur(p) + bi(—p)vr(—p)] . (5.193)

Then we can derive the momentum

P= —z‘/d%?wfﬁw = (5.194)

= / dQ,p

P = / aQ,p*

> ar(p)ur(p) + bl (p)o, (p)] : (5.195)

so that

> ar(p)ur(p) + b] (p)vr(p)] : (5.196)

We have four types of quanta with same mass m:
al, af, bl, bl. (5.197)

Corresponding to the fact that we have particle and anti-particles with two polarizations (spins).
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5.6.2 Internal charge

We can see that the Dirac Lagrangian is invariant under a global U(1) transformation:

P — e %) (5.198)
W — €Y. (5.199)
(5.200)

The Noether current associated to this symmetry is

oL . . -
JH — 5] Aty = iyt (—ith) = Py, (5.201)

and the charge reads (after straightforward manipulations and after dropping the constant term coming from the
delta functions of the commutators)

Q:/df"*:/dﬂp

We can now see that a creates quanta with Q = +1 (fermions) while b’ creates quanta with Q = —1 (anti-
fermions), corresponding to the fact that particles and anti-particles have opposite electric (U(1)) charge.

> ar(p)ur(p) — bl (p)vr(p) | - (5.202)

5.6.3 Time evolution

Like for the Klein-Gordon field we can consider the Heisenberg picture operators. For the time evolution of the
ladder operators one finds

ela,(p)e” ™t = a,(p)e” "t (5.203)
e Htp, (p)e Mt = b, (p)e~ !, (5.204)

which inserted in the mode expansion of the field at ¢t = 0 gives

e Mtp(x)e Mt = (1, x) = (x) = (5.205)

- [ as,

5.6.4 Angular momentum and boosts

> e an(p)ur(p) + €70l (p)0,(9) | (5.206)

For a scalar field the action of Lorentz transformations was
d(z) = ¢(A ). (5.207)
In the case of a spinor field we have:
Vo (2) = Dap(A)g(A ). (5.208)

Where Dyg(A) is the rep of A on (Dirac) spinors:

A 0
Dos(A) = Ap = ( oL AR) : (5.209)
One can show that this corresponds to:

Ap = e izwnS" (5.210)
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where S* = % [y™u,y"u] is the generator of the Lorentz group in this representation. In particular one has

=1
S0 = —% (‘B _(Zﬂ) : (5.211)

1 gk
§9 = St (‘B Uok) . (5.212)

The Noether current associated to Lorentz boosts can be computed noticing that the variation of the field Ay is

Sl
A’(/} = Wy |:—’L2 + 5 (J?#’)/V - .IV’YH):| . (5213)

and then one can compute the charges
Jh, = T = / 4>z, (5.214)
In particular we have that
Ji =gtk g (5.215)

where Jj, will be associated with the angular momentum, we will see in the exercises that

Jy, = /d%?w la‘m (-V) +§ . (5.216)

where

= (¢ 0
5= (0 5) : (5.217)

and the two components represent the "orbital" angular momentum and the spin. We will see in the exercise that
the angular momentum operator acts on single particle states

W) = [ @t @)) - (5.218)
- / @7 Sl (r,p) e fu (@), ) = (5.219)
_ / 4, F(r, p)lp. 1), (5.220)
a8
o) =3 / 4, [(—ip A 3y)orrs + (F)per /2] F(, ). (5.221)
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Chapter 6

Representations of the Poincaré group

6.1 Poincaré transformations and Irreducible Representations

From the previous discussion on the Poincaré group, we recall that a Poincaré transformation g(A,a) € I150(3,1)
acts on space-time coordinates as

2t = A" 2V + a, A€ SO(3,1), acRY. (6.1)
It follows the group composition rule
9(A1,a1)g(A2, a2) = g(A1Az, Aras + a1), (6.2)
which implies

g(A,a) = g(1,a)g(A,0),

g7 (A a) = g(A™, ~A "), (6.3)

In this section, we will study the representations of the Poincaré group on the Hilbert space of states . To any
g(A,a) € ISO(3,1), there corresponds a unitary operator that we call

Ulg(A,a)) =U(A, a),

T -1 (6.4)
U'(g(A,a)) =U(g™ (A, a)).
They are generated by the hermitian operators, P* and J*¥, via the exponential map
i
U(g(A,0)) =U(A) = ——w I,
(9(A,0)) = U(A) = exp(— 3, T") 05)
U(g(0,a)) = U(a) = exp(ia,P").
For a generic g(A,a) € I1SO(3,1) we thus have
U(Aya) =U(a)U(A). (6.6)
The rotations and boosts generators can be extracted as usual as
. 1 .. . . .
Ji— igljkjjk7 K= g0, (6.7)
The generators must satisfy the algebra
[P/'L7 PV} = 07
[P*, 777 = (1" P" — 3" P?), (6.8)

[,_7“"/7 jpa] — i(nupj;w + nu,ajup _ nupjua _ 771/0._7“/)),
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to ensure the validity of the group product rule (6.2). To prove so, let us consider two Poincaré transformations,
the second of which is infinitesimal: (A, a) and (1 4+ w,e). From the group product rule (6.2) we have

UN(A, a)U(1 +w,e)U(A,a) = U(1 + A~ wA, A~ (wa + ¢€)). (6.9)
From the exponential form in (6.5), it follows that

U'(a)P*U(a) = P*,
UT(A)PPU(A) = A PY, (6.10)
UN(A)T"™U(A) = AP A7, TP

As we should have expected, the Hermitian operators P* and J*" transform respectively as a vector and as a
two-rank tensor (more precisely as the (1,0) @ (0, 1) representation) under Lorentz transformations. Taking also
A and a to be infinitesimal transformations we can find the Poincaré algebra written above.

In a Poincaré invariant theory, the Hilbert space can be decomposed into unitary irreducible representations of
the 1S0(3,1) group. It is therefore of fundamental importance to classify all the possible representations. To
begin with, let us recall that these unitary representations must be infinite-dimensional because the group is non-
compact. As for the angular momentum in quantum mechanics, the first step amounts to identify the Casimir
operators of the group. In fact, their eigenvalues label the invariant sub-spaces of H, the sets of states that are left
invariant under Poincaré transformations. After that, we can find a basis of states for each of these sub-spaces.

By definition, the Casimir operators are Poincaré invariant operators
UT(A,a)CU(A,a) =C, Y g(A,a) € ISO(3,1), (6.11)
built from the generators P* and J*”. This condition implies the commutation relations

[C’ julf] =0,

C, P = (6.12)

The first equation can be satisfied by constructing the Casimir as a product of generators where all the Lorentz
indices are contracted (either using n*” or e*¥??). The constraints coming from translation invariance are less
obvious and we are now going to exploit them. You can show that among all the possible Lorentz invariant
contractions there are only four independent operators (none of them can be built as a polynomial of the other
ones)

PHP;“ juyj,uua 5MVPU\7,uus7pay W#Wpy (613)

where

L 1 LWV po
Wt 2551 7 JpPo (6.14)

is the Pauli-Lubanski pseudo-vector. Note that there is no ambiguity in the operator ordering because by com-
muting P, with J,, we generate a symmetric object that vanishes in the contraction with the Levi-Civita tensor.
This operator satisfies

W,P* =0,
[P*, W¥] =0,
. (6.15)
(T8 W) = i W — o)
[WH W] = it W, P,.
By an explicit computation, you can prove that only
M? = P"P, (6.16)
and
W2 =Ww*+w, (6.17)

are translational invariant. These are the two Casimir operators of the Poincaré group. Since they commute with
every transformation, their eigenspaces are Poincaré invariant. It is immediate to recognize P? as the invariant
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mass while the physical meaning of W? is going to be identified shortly. Calling m? and w? the eigenvalues of M?
and W?2 respectively, we have that the Hilbert space decomposes as

H= P Hm* v (6.18)

m2 w2

We want to identify a basis of states for each H(m? w?). They will provide different representations of the
Poincaré group. As in quantum mechanics, we can choose them to be labeled by the eigenvalues of a maximal set
of commuting operators. Part of them can be chosen to be the operators P* so that the state has a definite energy
and momentum. Note that because translations commute, we can simultaneously diagonalize all the momentum
components. Usually, this is not enough to uniquely identify a state: there can be several states with the same
quantum numbers we have defined up to now, m2,w?, and p*. These states are generically shuffled among each
other when you perform a Lorentz transformation that leaves the momentum p* invariant. Let us call o the
additional quantum numbers that remove the degeneracy of the states with fixed momentum (we will see that
there is just one of them). Then, under p, a transformation that leaves p# invariant, we can write

U(N)|p,o) = Doro(A,p)Ip, "), for AHp” = p. (6.19)

Indeed, the state U(A)|p, o) has the same momentum p* as |p, o)

PU(A)[p, o) = U(AU(A)P*U(A)[p, o) = U(A)A%,P¥[p, o)
= (Ap)"U(A)|p, o) = p" U(A)|p, 0).

As such, it can be written as a linear combination of the states with the same momentum. The numbers D, ,(A, p)
are just the coefficients of the linear decomposition. The set of transformations that leave p* invariant is a subgroup
of the Lorentz group called the little group G. We now recognize that equation (6.19) is the statement that states
with fixed momentum are a basis for a representation of the related little group Gr. This is a very important
conclusion that allows us to build representations of the Poincaré group starting from representations of the Little
group. We will get into the details shortly but let us explain the general idea first. Imagine you have found a
basis for the states with a reference momentum p*: {|p, o)}. This furnishes a representation of G1,. Then, we can
build a basis for the states with any arbitrary momentum p* by choosing a reference Lorentz transformation A,
such that!

(6.20)

Ay pt =AM P, (6.21)
and defining the states with momentum p#* as
Ip,o) =U(Ap)|po) = H(p)lpo). (6.22)

For notational simplicity, we have defined the unitary operator implementing the reference Lorentz transformation
as U(A,) = H(p). The previous definition completely fixes the transformation low of any state under a generic
Poincaré transformation. For example, under a translation,

U(a)lp, o) =U(a)H (p)|P, o)
=H(p)H'(p)e'” *H(p)|p, o)
=H(p)e™s 2" |p, o) (6.23)
=H(p)e™" *|p, o)
=" |p, o).
Under a Lorentz transformation, we have
U(A)lp, o) =U(A)H(p)|p, o)
=H(Ap)H'(Ap)U(A)H(Ap)|p, o) (6.24)
=H(Ap)UW(A,p))Ip, ),
with W(A, p) = A AA,. Note that

—1

A
D SN D A, Ap —25 p. (6.25)

IThere exist an infinite set of transformations that map p to p. They are related by a right multiplication of an element of Gr..
Different choices give rise to different, but equivalent, bases of the Hilbert space.
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Therefore, W(A, p) belongs to the little group G, and we know how it acts on states. At the same time, H(Ap)
realizes our reference transformation that defines? |pa, o) = H(A p)|p, o). We thus have

A)lp,o) ZDM ,P))H(Ap)|p, o’ ZDM (A, p))lpa, o). (6.26)

The little group transformation W(A, p) that depends on the starting momentum p and on the Lorentz transforma-
tion A is usually called a Wigner transformation. From the previous equation, it appears clear how representations
of the little group G, induce representations of the full Poincaré group. This is the general strategy we will follow
to build representations of I150(3,1). Let us summarize the steps:

o for fixed values of the Casimir operators P? and W?2 we choose a reference frame where the state has a
particular momentum p* and we identify its little group G, (as well as the meaning of the eigenvalue of the
Casimir W?),

e we build irreducible representations of G,

e we choose a reference Lorentz transformation to build a basis for the states with any momentum p*.

The set of states built in this way is a basis for a representation of the full Poincaré group. We can now follow
these steps in more details.
We start noting that there exist different representations depending on the eigenvalue of P? and the sign of P:

« Massive representations: m? > 0 and p° > 0,
« Massless representations: m? = 0 and p® > 0,

o Zero momentum states: m? =0 and p° = 0.

One could have also considered the situation where m? < 0. In this case, we would have to build representations
of the little group SO(2,1). However, the sign of the energy of the states in these representations wouldn’t be
defined. As such, they cannot correspond to stable configurations of the system, they are not physical. Regarding
the states with zero momentum, there is just one state of this type, building a trivial representation. This is the
unique Poincaré invariant vacuum |0)

PH0Yy =0, J"|0) = 0. (6.27)

Its little group is thus the full Lorentz group SO(3,1). We can now discuss massive and massless representations.
Table 77 summarizes the little groups for the different representations, some of which are going to be introduced
in the next paragraphs.

p? PP Reference vector Gy,
m2=0| P =0 | p=(0,0,0,0) | SO(3,1)
m2>0| PO>0| p* = (m,0,0,0) | SO®3)
m?2=0|P°>0| p = (w,0,0,w) | 1SO(2)
m?<0| — | p"=(0,0,0,m) | SO2,1)

6.2 Massive representations

In this section, we will be interested in the construction of massive representation for which m? > 0 and p® > 0. In
this situation, we can choose the reference momentum to be p = (m,0,0,0). The little group is thus G, = SO(3),
the group of spatial rotation. We can compute the action of the Pauli-Lubanski pseudovector on states of this

form. We find ]
WhH = ie“VpOJypm & W°=0 and W'=-mJ" (6.28)

2For ease of notation we indicate by p, the spacial component of the 4-vector Ap.
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Thus, the components of the Pauli-Lubanski pseudovector are the generators of the Little group. The Casimir W?
takes the form
W? = —m?J2. (6.29)

The operator J? is nothing else but the square of the angular momentum. As such, for massive representations,
w? = —m?s(s + 1) and we can trade w? for the total spin s of the particle®>. The basis {|p, o)} furnishes a
representation of the SO(3) little group with dimension 2s + 1 and we can identify o as the eigenvalue of the
operator J3

J3|p,o) = o|p, o) 0=—8,...,Fs. (6.30)
To summarize, the Casimir of the representation acts on these states as
PE=m? W?=-m?s(s+1). (6.31)

and we simultaneously diagonalize the momentum operators P* and one of the components of the Pauli-Lubanski
pseudo-vector. Now that the representation of G, is constructed, it remains to Lorentz transform these states to
get a representation of the full Lorentz group. We thus chose a particular Lorentz transformation A, and define

lp, o) = H(p)|p, o), where H(p) =U(Ap). (6.32)

As we already noticed, the reference transformation is defined up to the right multiplication of an element of the
little group, SO(3) in this case. Note that o, for the states with generic momentum p, is the eigenvalue of the op-
erator H(p)J>HT(p) whose interpretation depends explicitly on the choice of the reference Lorentz transformation.
The normalization of the states is

(p,olp,0’) = (27)*2E50® (p — P)dsor- (6.33)

Finally, we can consider a generic Lorentz transformation acting on these states (there is nothing more to add to
the case of translations than what has been said before)

U(A)[p, o) =H(Ap)U(W (A, p))|p, o)

=H(Ap) Y DS (W(A,p))|p, o) 630

=3 "DE (W (A,p))lpa,o”),

where in this case D) is a (2s +1) x (2s + 1) SU(2) matrix. It is important to notice that the Wigner rotation

oo
depends on the choice made for A,. Different choices will give different expressions for these matrices. In the
following, one particular case will be studied, namely the spin basis.

The spin basis

In the spin basis, the reference Lorentz transformation consists in taking a pure boost in the direction of p

AP = et K (6.35)
where
e = tanh ™! | 2|0, with n= (6.36)
Po |P|

This choice can be interpreted as taking a state at rest, with spin ¢ along the third direction, and boosting it to get
a state with non-vanishing momentum and the same spin. The goal now is to find the expression for the Wigner
rotations. We consider at first the case of pure rotations. The correspondent unitary operator is U(Rp) = e~%J.
It acts on the state |p, o) as

3We want to include half integers spin particles. As such, we actually consider SU(2) representations.
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U(Rg)|p, o) =U(Rg)e"™ U (Ry)U(Ro)|P, o)
:ei(RMP)‘KU(RQ)h‘), o)
=c!(Rom) KN D) (Ry)|p, o) (6.37)

=Y "DY) (Ro)|Rep, o).

We see that rotations act in two ways. First, they rotate the momentum, and second, they act on o. The first
action can be thought of as generated by the orbital angular momentum while the second one by the spin. In
this basis, we thus recognize the decomposition J = L + S we are used to from quantum mechanics. It is a good
exercise to consider an infinitesimal rotation and explicitly verify the form of the generators. This shows that the
spin basis is particularly suitable when considering the non-relativistic limit, as it maps to the known properties
of quantum mechanics. We do not see this decomposition when using other bases. Another important basis is the
helicity basis, where the states will be labeled by their helicity, that is the spin projected along their momentum.
This basis is more suitable when dealing with the relativistic limit. It will not be described in these notes for

the massive case. However, we will choose this basis when dealing with massless states, where only the helicity is
defined.

Last, we consider the states’ transformation under pure boosts. For simplicity we specialize to the infinitesimal
case A, = e K with n < 1. The states transform as:

UAy)lp, o) =Y DELOW(A,.p)lpa,. o), (6.38)

ol

where the Wigner rotation for boosts can be proven to be

W(Ay,p) =1 + i% +O>?). (6.39)

This can be interpreted as a rotation in the direction given by (7 x p).

6.3 Massless Representations

We now come to massless representations. In this case, P? = 0 and we can always find a frame where p* =
(w,0,0,w). The components of the Pauli-Lubanski pseudo-vector are

WO = —wi?, W!'=wK?*-J", W?=w(-K'-J?%, W*=w" (6.40)
Trading W3 for J3, we get the following commutation relations:
[ W =iW?, [P W3 =—iw!, (WHW?=o0. (6.41)

This is the algebra of ISO(2), the isometry group of the plane*. Rotations in the plane are generated by J2 while
translations are generated by W' and W?2. This is the little group G of p*. We proceed to build irreducible
representations for 1.S0O(2). For that purpose, the commutators can be rewritten conveniently in terms of W+ =
W +iw?2,

(3, WE] =+W*, [WEWTF]=0. (6.42)
We notice that W+ and W~ act respectively as raising and lowering operators for J3. This means that for any
eigenstate |p, A) of J3

Tl N =B A = W B ) = A DIV, ) 613
J3W_|1_)7 A) = (A - 1)W_|f)7 A> .
The Casimir operator W? is proportional to the identity for any irreducible representation (can you tell why?)

W2 =WHW, = -WTW~ = —c1. (6.44)

4Pay attention to the fact that this is not a spatial plane.
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with ¢ a positive number. Indeed
cl=W-"Wt=wWwHwt >o, (6.45)

and for any operator A, ATA is an hermitian positive semi-definite operator. There are then two possibilities.

¢ > 0. In this case W /\/c is a unitary operator and translations of the ISO(2) little group are non-trivially
realized on the states. This group is non-compact and its (non-trivial) unitary representations are thus infinite-
dimensional. To see so, it is enough to recall equation (6.43) to realize that given any real value of A, the eigenvalue
of J3, we can build a ladder of states by the repeated application of W*

(WH)"P, A) o< [P, A +n) # 0,

(W™)"[B. A) o [B, A — ) # 0. (6.46)

A particle of this sort has infinite degrees of freedom and it has never been observed in nature®. For this reason,
we will not consider this type of representations.

¢ = 0. In this case, translations are trivially realized. In fact
WH)'W-=0 = |W|p,\)|=0, (6.47)

for any state in the representation. As such, we can write W~ = W™ = 0. This leads to the conclusion that only
the compact SO(2) subgroup of the little group is non-trivially realized. This does admit finite dimensional repre-
sentations. Indeed, they are one-dimensional. In this situation, the Pauli-Lubanski pseudo-vector is proportional
to the momentum. In fact

W |p,A) = —Ap [, A)- (6.48)

Considering now the reference transformation H(p) we get
H(p)W"H' (p)H (p)|p, X) = (A5 W) [p, X) = =Xp"|p, A), (6.49)
from which it follows the more general relation
WH = —\P". (6.50)

This result, being covariant, also proves that A is Lorentz invariant. To give it a more transparent physical meaning
recall that the states |p, ) are eigenvectors of the operator H(p)J>HT(p). You can realize that in the case of
massless representations, this operator does not depend on the choice of the reference transformation Ap (J3
commutes with the Little group that leaves p* invariant). As such, we can consider the most convenient map from
P* to p* to compute it. Performing first a boost along the third direction that maps p° to p® and then a rotation
that aligns the momentum to p we find
_Jp
p|
This means that X is the projection of the angular momentum along the direction of motion, the helicity.

(6.51)

It is now time to construct the full representation with arbitrary momentum as we did for massive represen-
tations. We first need to define the Lorentz transformation that sends the reference momentum p = (w,0,0,w) to
a generic null vector p* = (|p|, p). Contrary to the massive case, we choose the helicity basis. This is done by first
performing a boost in the third direction to get the correct energy |p|, followed by a spatial rotation. The boost
is given by

w Ip| cosh(n,) 0 0 sinh(n,) w w
0 boost 0 o 0 1 0 0 0 _inpKs 0
0 o]~ 0 0 1 0 0| =° 0l (6.52)
w |p| sinh(n,) 0 0 cosh(np) w w
with 7, = 1In (%) We then consider the rotation R(p) such that
|P1| p|
P . R 0
Pl =R®) | (6:53)
p’ p|

5For example, a multi-particle system made up of constituents of this sort has infinite heat capacity.
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Overall we define _
A, = R(n)eKs, (6.54)

States with arbitrary p* are then defined as
P, A) = U(Ap) [P, A) (6.55)

Let’s study how they transform under a generic Lorentz transformation. By doing similar manipulations as in
(6.24)

U(A)p, A) = U(Axp)UW(A, p))|p, A). (6.56)
In this case, the Wigner transformation is just
UW(A, p)) = e /A0 (6.57)
and it boils down to just a phase ‘
U(A)p, A) = e~ py, A). (6.58)

To conclude the discussion, let us understand what are the possible values of the helicity A. Indeed, as you know
very well, the spin of a massive particle can assume either integer or half integer values. This can be proven
by using the SO(3) algebra. On the contrary, massless particle states are a representation of the 1.50(2) little
group and the same argument does not apply. However, from topological considerations one can still derive the
quantization of the helicity in integers or half integers®. The reason has to be found in the fact that the Lorentz
group is not simply but doubly connected. Its topology is the one of R® x §3/Z,. Therefore, any 47 rotation must
give back the identity. This means that

—idmJ? —idm
e~/ \p, U> =e " /\|p7 U> = ‘pv U>7 (6'59)
from which

2\ € Z, (6.60)

follows.

Up to know, the basis of massless particles we have constructed are representations of I150(3,1). A fundamental
property of any local, Lorentz invariant quantum field theory with an hermitian Hamiltonian bounded from below
is the symmetry with respect to a C'PT transformation. Let’s call 6 the operator realizing it. Then, as it will be
clear later, the generators transform as

0J0 =—-J and 60PO=P. (6.61)

It follows that
0lp, A) = |p, =A). (6.62)

This means that massless particle states, differently from the massive ones, are not a basis for a representation
of CPT by themselves, they must come in pairs of opposite helicities. This is way there are two photon states
A = *£1 as well as two graviton states A = £2.

6See Weinberg Volume 1, section 2.7 for more details.
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Chapter 7

Vector Fields

7.1 Classical Electrodynamics

Recall the classification of the smallest representations of the Lorentz group:

(0,0) | (1/2,0) | (0,1/2) | (1/2, 1/2)

¢ X¢ Xr AP

We had previously seen that the field AO‘B, a matrix with one left and one right spinorial index, can be packaged
into a 4-vector according to A%’ = 077 A*. We had also verified that A" does transform as a 4-vector under the
Lorentz group: y

AP — AYTAR 0T AR = 5P AY AP (7.1)

We would now like to construct the most general quadratic (= free) Poincaré invariant Lagrangian involving the
field A* and at most two derivatives. Up to a total derivative it has the form:

L= a10,A,0"A” + ay(9,A")? + azA, A" . (7.2)

Notice that by assigning A* scaling dimension 1, the above terms have at most dimension 4. At this point it seems
we have an embarassment of riches. On one hand the above Lagrangian appears to have more free parameters
than one would expect to describe a particle of given spin and arbitrary mass: we could always rescale A,, to make
a; = 1, but we would still be left with two free real parameters as and agz, which is one too many. On the other
A,, corresponds to 4 independent degrees of freedom (d.o.f.) describing in principle 4 independent polarizations.
If we wanted to use A, to describe electromagnetic waves, which come in just two polarizations (left and right
polarized light), we would need to somehow get rid of the extra polarizations.

The solution to both these problems comes from just one principle: symmetry. We can restrict the form of the
Lagrangian (7.2) and at the same time lessen the number of d.o.f. demanding the action to be invariant under the
following transformation:

A, — A=A, —d,a,  S[A]=S[A—da] = S[A]). (7.3)

One can easily check that this request translates in a constraint on the coefficients of (7.2): a1 = —ag, a3 = 0.
Finally we can determine the sign of a; requiring the Hamiltonian of the theory to be positive and choose the
overall normalization asking for a canonical kinetic term. This fixes a3 = —1/2 so that the final Lagrangian
assumes the form

1
L= 71F#VFMV ; Fuy = 0,A) — 0, A, (7.4)

The equations of motion derived from the above Lagrangian reproduce the Maxwell equations (see Exercise Set
15). It is not immediately obvious to deduce from Maxwell equations that they imply the propagation of just
two type of waves, the two transverse polarizations of light, but we already know from the study of classical
electrodynamics that this is the case. In the following lectures we shall investigate this result in even more detail,
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including its quantum realization. It is remarkable how the Maxwell equations, and their physical implications
regarding the property of light waves (and light quanta), can be derived by a symmetry principle.

Notice that the symmetry transformations (7.3) do not involve a finite set of parameters but an infinite one,
namely a function a(x) over spacetime. This kind of symmetry is called a gauge symmetry. A gauge symmetry,
more than a symmetry, is a redundancy in the description of the physical d.o.f of a system. Indeed if we declare
that the only physical observables are gauge invariant quantities, then F},, is and observable while A, per se is
not. Now F},,, is fully determined by A, but only 3 out of the 4 components of A, contribute: the configuration
A, = 0, gives F,, = 0 for any a. This can also be seen by making use of the Bianchi identity e**#?9d,F,, = 0.
One finds that the longitudinal component of the magnetic field By is identically vanishing while the transverse
part B is completely determined in terms of the curl of E. by a first order (in time) differential equation (see
Exercise Set 15). Hence only the electric field is unconstrained: this corresponds to 3 unconstrained variables, as
compared to the 4 carried by A,. Here we haven’t yet used the equations of motion d,F*” = 0: it is according to
these other equations that 2 of these 3 variables turn out to be genuinely dynamical (corresponding to propagating
waves), while the third variable, corresponding to a static Coulomb field, is not dynamical. (All this is clarified in
the exercise on Coulomb gauge).

Gauge invariance ensures that the lagrangian and the physical quantities depend on less local variables than we
have fields in our description. It thus allows to construct and describe systems that, is a certain sense, have a
minimal number of d.o.f.. In order for this to make full sense, gauge symmetry should be extendable to interacting
theories. Now, not only that is the case but, in addition, invariance under (7.3) turns out to fix in a very stringent
way the form of the interaction between the vector field and the matter fields (bosons and fermions).

The matter Lagrangians are made gauge invariant by postulating the general transformation
() — W () = @ W, (), (7.5)

where U, is a general field and ¢, is real number called the charge of the field. It is clear that with the above
definition the simple kinetic term that one is used to write is not invariant since the transformation is spacetime
dependent and doesn’t commute with derivatives. On the other hand one can show that the combination

DV, = (0, +1ig.Au) ¥q (7.6)
transforms in the same way as the field ¥, under gauge transformation:
DUy — (O +iqa(Ay — 0pa) €9, = €19 (9, + iqa Ay — 1q20u0 + iqa0u0) Vo = €D, (7.7)

DV, is called covariant derivative of the field W, and has the important property that transforms as the field
itself. At this point is straightforward to construct invariant Lagrangians. Let’s see two examples.

Fermions
L=1i U, YD, ¥,—m¥, ¥, = U, (i —m)V, + J, A"
7\‘/-’ R,—/
JH = —qaaa’}/#‘lfa = anKToether' (78)
Scalars

L = (D,®,)" (D'®,) — m*®[D, = 0,0!0"D, + J, A" + 20l D, A, A" — m*D] D,

JM = _iqa ((Dj;allq)a - q)aaﬂq)tt,) = anle\Lfoether' (79)

Notice that in the special case o« = constant, the transformations (7.5) reduces to a global phase rotation. Therefore
a necessary condition for gauge invariance is invariance under global phase rotations, which correspond to a U(1)
symmetry. This implies, via Noether theorem, the existence of a conserved current J,. This current is exactly the
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EM current that appears in Maxwell equations and is the one called J,, in the previous examples. Indeed from a
Lagrangian of the form

1
ﬁ == —ZF#VFMU + ﬁmattery (710)

one can derive the equations of motion 9, F*” = J¥, where J” = 0Lmatter/0A,. The antisymmetric nature of F*”
indeed also implies the conservation of the current:

0,0, F" =0=0,J". (7.11)

Current conservation, in this case, is both a consequence of Maxwell equations and of Noether theorem. In order
to understand why the EM currents coincides with the Noether current associated to the global phase rotation
symmetry, one could also recall the discussion in the Exercise Set 9 (Exercise 2). Given a matter Lagrangian
invariant under a global symmetry one can formally perform a transformation where the parameters g,a® of the
transformation are spacetime dependent. In this case the Lagrangian is, in general, no longer invariant and we
have:

0 Lmatter = JEOu0ra, (7.12)

where J# is exactly the Noether current that one would obtain with the standard procedure. In order to construct
a Lagrangian L] ... invariant under gauge symmetry, one can start adding to Lmatter the term A,J" so that

under gauge transformations we have

8L aiter = 0(Lmatter + Apd”) = 6 Lmatter + JHOA, + A dT*. (7.13)
For simplicity let us assume that 6J# = 0. Then using (7.12) and (7.3) one gets 0L] .i1or = 0. The assumption

6J# = 0 is true for the Noether current of fermions but not for the one for scalars. In the second case a further step
is needed but this will not affect the discussion. We see than that the current J* = 9L/ /OA, appearing in

matter
the Maxwell equation coincides with the Noether current extracted from the gauge invariant Lagrangian £} ;e

7.2 Exercise

Consider the following two Lagrangians:

- 1 y
EQED = Z’L/Jp’l/) — ZF/JVFH 5 (714)
1

Logpp = (Dud) D6 — L Fu P, (7.15)

The above Lagrangians are invariant under the transformations
U(w) — Y (2) = D) = p(x) = iea(z)y(x), (7.16)
o(x) — ¢'(x) = D o(a) = dp(x) = iea(x)¢(x), (7.17)
Ay(z) — Al (z) = Au(z) — dua(x). (7.18)
With these conventios the covariant derivative is defined as D, = 0,, +ieA,. One can expand these Lagrangians:

- - 1 y
Loep = ip Pp —epyp A, — ZF‘WFM ) (7.19)

1

Loqep = 0,010 ¢ +ie (0"¢1p — ¢TO"¢) A, + *pT A, A — 1 Em . (7.20)

The first term of both the Lagrangians coincides with the original "ungauged" Lagrangian, that is to say invariant
under the global U(1) transformations (those with a = constant). The additional terms are indeed required
to achieve the invariance under local transformations (those with @ = a(z)). We recall the Noether currents
associated to the global U(1) obtained from the old Lagrangians:

_ oLokd _
£ = — Jt = QEDA = i), 7.21
QED wﬁdj Noether a(ay‘/l/}) P w'Y w ( )
0 glc(giED 552&?1;0
nglED = Q@Tau(ﬁ E— JK] = Ay + A¢T = (5M¢T¢ _ ¢T3u¢) ) (7.22)

oether 8(8M¢)) 8(6M¢T)
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If we consider the linear term in A, inside Loep, Lsgrp We notice that the combination of fields appearing are
exactly the obtained currents. The motivation for this is related to how the gauge invariant Lagrangian has been
constructed. Let us repeat briefly the steps:

e We start with a Lagrangian invariant under a global symmetry: §£ = 0.

e We consider a transformation of the fields with parameters depending on the coordinates ex(x); in this case
the variation of the Lagrangian induced by the transformation will not be zero. We have indeed shown that
0L = eJIl:/oetheraHa(‘T)‘

o In order to make the Lagrangian invariant we add a term of the form eJj
the new Lagrangian:

vetherAp- Then the variation of

6(‘6 + eJIIt/' A#) = eJIltl'oetheraP«a(‘r) - eJJA\LIoetheraﬂ«a(x) +e A,U«&]Jl\}} (723)

oether oether

e If the Noether current is gauge invariant then the procedure ends here. This is the case for fermions. The
obtained Lagrangian is the covariantized Dirac Lagrangian. In the case of scalars the Noether current is not
gauge invariant (since it contains derivatives) therefore one should iterate the procedure and add further
terms to the Lagrangian. In the particular case of scalars indeed

eAuS TN iner = 1€AM (—ipTpO,a(z) — iT 90, a(x)) = 2eA T d O () (7.24)

Hence adding to the Lagrangian a term like 62AMAM¢T(]5 we can cancel this variation. Finally one observe that
no other source of non-invariance are introduced. Therefore the sum E‘S’lcgE p+ €AY + €A, ArPT o

is gauge invariant.

oether

This explains why the gauge vector couples to the Noether current of the global symmetry: we have engineered the
construction in this way. Finally let us compute the Noether current associated to the global symmetry starting
from the gauge invariant Lagrangian:

oL -
poo_ ZZQED Ak 2
0LsQED

Ay + gngjT]? Agi =i (98¢t p — ¢T94¢) + 24161 ¢ = i (D* )¢ — ¢t D"9) .(7.26)
i

The new currents are the equal to the old ones where we substitute normal derivatives with covariant derivatives
and coincide exactly with the currents appearing in the Maxwell equations of motion:

Jh =
sQED a(auqs)

8[,QED aLsQED
JgED = 94, JSQED = 94, - (7.27)

7.3 A fresh look at Maxwell equations: counting degrees of freedom

Before approaching the Hamiltonian description of the EM field and its quantization, it is worth having a fresh
look at the structure of its (classical) dynamics, and in particular at the counting of its dynamical degrees of
freedom. For that purpose it is useful to recall that, given any vector field V#(Z) on an euclidean space, we can
decompose it into longitudinal and transverse components V' =V} + V| according to

i i VIV ; ij17j g V'V j ivsi iy iy
Vi =17V = w2 V7, VLZHjVJZ(cSJ— V2>V], = V'V =V'Vr VTV =0. (7.28)
In RP, with i = 1,..., D, the transverse and longitudinal fields have respectively D — 1 and 1 components.

Therefore in our R3 case, A is a vector determined by two independent functions.

In our case we can package the four components in A" as (A% A% | A"). Notice also that A% (fully determining
Fi7) and V2A® + V'A? (= 9,F") are gauge invariant, while any other linear combination of A and A% (for
instance just A or A%) is gauge variant.
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Consider now the equations of motion for A, that are determined by the general lagrangian in eq. (7.10)

5S
2 g
A 0 = "™ =Jr. (7.29)

The current J* depends on the matter fields and their covariant derivatives (the latter only if there are scalars),
but not on derivatives of A,. The derivatives of A, only appear in the lagrangian via the Fﬁu term. Now, the
structure of F),, is such that the lagrangian does not depend on the time derivative of Ay, indicating that this
variable is not dynamical. Indeed its equation of motion reads *

08

Ozm

— 9 FY = V24" VA =)0, (7.30)
This equation, which is just the familiar Gauss Law (F® = E'), involves only terms with at most one time
derivative acting on the fields. 2 It therefore represents a constraint, rather than a standard dynamical equation
with second order time derivatives. In particular, initial conditions must satisfy this constraint! This equation can
be solved to express, at any time, one variable in terms of the others. In particular it is convenient to solve for A°

AV =—V2(JO+ VAT . (7.31)

This shows that A° is not an independent dynamical variable . One out of the four field variables in A, is thus
"eliminated" by Gauss law.

Consider next the equation for A?, that reads
OF" +0,F7 =V' A"+ A" —VPA' V'V A = J'. (7.32)
Using current conservation and eq. (7.31) this equation can be written purely in terms of transverse fields

(07 —VHA, =J! . (7.33)
This is a consequence of the gauge invariance of eq. (7.32): A% is gauge invariant while A% is not, so that once
eq. (7.31) is used to eliminate A% the final equation can only depend on A% . Eq. (7.33) thus describes the
dynamics of two d.o.f.: the two polarizations of light waves. At this stage we have not yet made any use of our
freedom to fix the gauge, and the single remaining field to play with is A% . Various options are given.

o Coulomb gauge: V;A* =0 <= A% = 0. For the purpose of quantization this is the best choice as it
allows for the simplest Hamiltonian in terms of the 2 physical d.o.f. The problem with this choice is the lack
of manifest Lorentz invariant. Of course the final result of any computation respects Lorentz invariance, but
that is not manifest in the intermediate stages.

o Temporal gauge: A° =0 <= JO+ VA, =0, slighly less simple from the Hamiltonian perspective and
also not manifestly Lorentz invariant.

o Lorentz gauge 9, A" =0 <<= A° + VAL = 0; less straightforward Hamiltonian description but manifestly
Lorentz covariant.

o Axial gauge: A3 =0 < A3 = — A’ ; not manifestly rotationally invariant.
In the end the counting of degrees of freedom is already done: one linear combination of A° and A% is made

non dynamical by Gauss law, another can be eliminated by gauge fixing, so that only two dynamical degrees of
freedom, which we can parameterize with A’ , are left.

IFor V* we use the euclidean metric while for 9; we use the Minkowski one: V¢ = (9/0z%) = 0; = —0*.

2From a mechanical perspective we ould say it only depends on the g; (coordinates), the ¢; (velocities), but not on ¢§; (accelerations).

3Notice that V2 only involves space derivative, so it inverse V~2 relates quantities at the same time, though not at the same space
position. The inverse (071 of the D’alembertian would be a different story, as it relates quantities at different times (cfr. for instance
the retarded or advanced Green’s functions in classical electrodynamics).
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7.4 A first step towards quantization

The simplicity (and beauty) of gauge theories implies however some technical difficulty when deriving the Hamil-
tonian description of their dynamics. In turn, since canonical quantization is performed in the Hamiltonian
formulation, this procedure is more involved than for scalar or fermionic fields. The origin of these complications
is precisely the variable redundance discussed in the previous section: the vector field A, is determined by four
local variables, but only two of them are dynamical. Let us see how this issues show up when trying to derive the
Hamiltonian description for the general interacting case in eq. (7.10).

Consider now the conjugated momenta as defined by eq. (7.10):

oL
n’ = ——=—_ =0, 7.34
0(0oAo) (7.34)
) oL ) )
' = ———=-F"=F" :
3G (7:3)

We have already discussed in the previous section the non-dynamical status of A°. The first equation expresses
that fact in Hamiltonian languange: the conjugate momentum IT° vanishes identically! This confirms that (II°, Ag)
does not form an ordinary pair of canonical Hamiltonian variables. But the peculiarity of A also determines the
peculiarity of its equation of motion, Gauss law, that, as we have already seen, is a constraint rather than a
dynamical equation. Indeed, using eq. (7.35), eq. (7.30) can be rewritten as

-Vt =JY, (7.36)

which represents a constraint on the Hamiltonian variables. In particular it relates the space divergence of the
conjugated momentum II° to other Hamiltonian variables, associated with matter fields, and appearing in J°. By
this equation, the quantity VII* = V*II% is not an independent dynamical variable. This indicates that a second
Hamiltonian pair (A% ,I1%) should be eliminated in addition to (A% I1°), and thus reduces the number of genuine
local degrees of freeedom down to two. The elimination of A% is achieved via a choice of gauge, rather then by an
equation of motion. Because of the above constraint, we cannot proceed to a straightforward quantization since a

canonical commutation relation _ ‘ N
[AY(Z,), T (4, t)] = 16 6°(Z — §)) (7.37)

would not be in agreement with Gauss Law. In order to proceed we must eliminate the gauge redundancy of the
A, field by "choosing a gauge". That corresponds to making a suitable transformation (7.3) in such a way that
some linear combination of A* and its first derivatives vanishes. Some examples are:

« Coulomb gauge: 9;A" = 0; it allows for the simplest Hamiltonian in terms of the 2 physical d.o.f but is not
explicitly Lorentz invariant.
¢ Axial gauge: A3z = 0; not rotational invariant.

o Lorentz gauge 9, A" = 0; less straightforward Hamiltonian description but manifestly Lorentz covariant.

7.5 Quantization a la Gupta-Bleuler

In order to proceed to quantization in a way that is Lorentz invariant and allows the use of a simple Lagrangian,
we will quantize the EM field using a different procedure: we will start with a Lagrangian that is inequivalent to
the Maxwell Lagrangian but for which the the mentioned conditions are satisfied. The equivalence to the Maxwell
theory will be obtained at the end selecting only the states |¢) for which the following gauge condition holds:

(¥]0, A |¢) = 0. (7.38)

We will discuss extensively the meaning and the origin of the above constraint. The method we are going to
discuss was first proposed by Fermi and later formalized by Gupta and Bleuler.

We have seen in the past lecture that gauge invariance has the effect of reducing the number of dynamical degrees
of freedom in the theory and this introduces complication in the definition of the commutation relations. The idea
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is to make all the variables in A, formally dynamical by adding an explicit breaking of the gauge invariance to
the theory so that our starting Lagrangian is

Lp, g(aﬁw)? . f%aﬂAyamv + %(aﬂfw){ (7.39)

EGB:*4

where in the second equality we have integrated by part a term. The parameter £ is a free parameter. The choice
¢ =1, that simplifies a lot the form of the Lagrangian, is called Fermi’s or Feynman’s choice.

Now the action depends on all 4 d.o.f A,,. In practice we have added a quadratic term for the component A, ~ J,c
which, being a pure gauge, in the Maxwell equation has an exactly vanishing action. For all the values & # 0 we
can straightforwardly compute the conjugate momenta:

% #0 for any u. (7.40)

The equations of motion are analogously modified with respect to the Maxwell equations:
O F* +£07(0,A%) = J". (7.41)

Let us define the scalar field x = 9, A*. As we can observe from the above equation, the gradient of x acts as a
source for the EM fields, therefore the system is not in general equivalent to the Maxwell theory. On the other
hand if we take the divergence of eq. (7.41) we get

E0x = 0y J"” - 0,0, F" =0. (7.42)
——
=0 by conservation =0 by antisymmetry

The above relation implies that the field x is free, since nothing acts as source in its equation: the x waves come
and go without being affected by anything. This doesn’t mean that this field is completely decoupled because we
have seen that the equation of motion for E and B are influenced by its presence. The important consequence
of (7.42) is that it is consistent to choose x = 0 at all times since if it was vanishing at ¢ = —oo it will not be
generated later on by the dynamics. When this is the case (7.41) goes back to Maxwell equations at all times.
This is a intuitive justification of the condition (7.38).

Let us then proceed with the canonical quantization and let us work in the Feynman gauge £ = 1. The Lagrangian
1
Laop = —§<9HAV8“A” (7.43)

is equivalent to 4 scalars (A°, A?), three of which have the proper kinetic term while one has a negative kinetic term.
As consequence, the energy of the system will not be positive definite. We can introduce canonical commutation
relations

[A(2,1), IV (7,1)] = i640%(% — §), 1" = —A*
(4@, 1), Au(7,0)] = =inw (@ - §), (7.44)

while all the other commutators are zero. Notice the sign flip between the commutator of the 0-component and
the space components: it is a consequence of covariance.
The Hamiltonian is thus:

3
H=TI"A, - L= —% (I + (9;A°)%) + % (IPIV + (9;A7)(0;A7)) = —Ho + Zm, (7.45)

The above Hamiltonian contains an oscillator with negative energy. Working in the Fourier space we can define,
as we did for the Klein-Gordon fields, the expansion at a fixed time (¢ = 0):

A, (k) = / P Ay (T) e T TI(k)"* = / &Pz TIM(F) e~ R wy, = |k

a, (k)" = wp A, (—k) + ill, (—F). (7.46)
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Notice the (—) sign in parenthesis in the second equation to reproduce the right combination as for the Klein-
Gordon fields in the case of spatial components. Indeed the right conjugate momentum of A; is —II;. Following
the same computation as in the Klein-Gordon case we can show that

[0 (B), ()] = [al (). al(®] = 0
[0(F), 0}, ()] =~ (F — ) (2m) 20 (7.47)

An important outcome is that the time photon (ag) has "wrong" sign. The inverse relation of (7.46) has the form
A(#,0) = / 60 (au(F) 757 4 af () e=F7) (7.48)

At this point one can plug the above expansion in the expression of the energy-momentum tensor and derive the
associated conserved charge P, (see Exercise Set 17):

pr = / a6 b (al (B)as(F) — ay(RaoF)) = / a6k (—al (Fya” (R)). (7.49)

Notice that we can use the expression of A, at ¢t = 0 since the conserved charges like P* are independent of time.
At this point we can compute the vector potential in the Heisenberg picture

A, (7, t) = et A, (7,0) e, (7.50)

For the spatial components the computation is the standard one. For the time component one should pay attention
to the (—) signs in (7.45) and (7.47). These two factors (—) compensate and the result is simply

Au(Z 1) = / dQ;: (a#(E) e~ 4 al (F) em) . (7.51)

The result is consistent with Lorentz invariance: since A,, is a four-vector, the integral measure and the exponential

in the integral are scalars, hence the operator a#(E) must be a four-vector. This is also in accord with the
commutation relations (7.47).

We are now ready to construct the Fock space of the theory. Insisting on Lorentz covariance we define the vacuum
as the state annihilated by all destroying operators

aM(E)\O) =0, for any k . (7.52)

The above requirement is surely consistent with the Lorentz invariance of the vacuum, U(A)|0) = |0), but, as we
will see in the following, it’s a stronger requirement.
At this point the Fock space is constructed applying repeatedly the operators aL(k). However we immediately

encounter a serious issue: if we compute the norm of a single particle state aL(E)|O> we get
<0|a#(E)aL(E)|O> = —2ko(27)* 1,1, no summation over p. (7.53)

Therefore for 1 = i spatial the above norm is positive, while a(T)(E) |0) is a state with negative norm. This pathology,
if not solved, would compromise the probabilistic interpretation of Quantum Mechanics. On the other hand we
should recall that the system we are considering doesn’t coincide with Maxwell’s. As we saw at the very beginning,
the equivalence can be achieved imposing the condition d,A* = 0. This constraint has been derived at the classical
level in order to reproduce Maxwell equations. At the quantum level the field A, is promoted to an operator and
we cannot impose this condition naively at the operator level since it would be in conflict with the commutation
relations (7.44). What we can do instead is to impose the vanishing of the expectation value of 9, A*. More
precisely, given the Fock space F we define the subset F’ of physical states as the states |¥) satisfying

(U] 9, A" W) = 0. (7.54)

We stress that the above condition is not a constraint on the field A,,, which is unconstrained, but a restriction of
the states of F: only a subset of them is selected.
Defining

A, = OF AT+ OPA
At = / A0 (kM al (F)e™s | or AT = / 4 (—ikH)ay, (R)e ™, (7.55)
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a sufficient condition for (7.54) is that 9" A/ |¥) = 0. We can also define L(k) = k”a,(k) as the Fourier transform
of the operator 8“A;. Then we will postulate that a physical state is a state that satisfies the condition

L(K)|¥) =0 or equivalently (¥|Lf(k), for any k . (7.56)

Let us see what this implies for a single particle state |¥) ~ e#af,()|0). Imposing the above condition and using
the commutation relations (7.47) we get

L(Q|®) = ¢Pa,(e"al, (k)|0) = —2ko(27)38% (k — q)kFe,,|0) = 0. (7.57)

Here €, is the polarization of the photon and for a physical state it has to satisfy the transversality condition
kte, = 0. This means that the number of physical polarization is reduced by one. However we will now show
that the vector €, contains in fact only 2 physical polarizations. Indeed the general expression for the polarization
vector satisfying k*e, = 0 is

Ep = Ei‘ +ark, sj = clallt + CQEZ, (7.58)
where 1 and 2 are the directions transverse w.r.t k. For example if k, = (k,0,0,k) and €, = (a, b, ¢,d) we have:

e, =0=a=d, &5 =(0,b,c0), a = % (7.59)

The term proportional to k,, is called longitudinal polarization and its presence doesn’t affect any physical quantity.
Instead 5f; is called transverse polarization and satisfies &~ - k = 0. The first check of the irrelevance of the
longitudinal polarization is given by the computation of the norm of a physical state:

W) = [ A0y o (3= (@ 00, Pal(@10) = - [P @) = [dole@P =0 (7.0

In the last equality we have used k, k" = 0, ef; k, = 0 and the fact that ei— has zero time component. We conclude

that the longitudinal polarization doesn’t affect the norm of physical states: its only a redundancy of the theory.
One can check that the same holds for any other physical quantity, for example energy and momentum:

(W1PH1) = [ a0 & (e @R Olap(Prab (Fla (F)al @)
— [ a0pder )= Bk Ola, (el (BN0) = [ o ().

(7.61)

Again the longitudinal polarizations doesn’t give any contribution. This property is a consequence of the cancel-

-

lation between the time photon ag(k) and the 3rd photon as(k) (in general the photon aligned along k). This
cancellation is enforced by the condition of being physical, as can be seen by considering the square of the vanishing
state L(k)|¥); taking again k, = (k,0,0, k) we have

0= LK) = kao(k)|®) + kas(k)|¥) (7.62)
(Waf(B)ag (k)| @) = (W]a](k)as (k)| V). (7.63)

The above relation expresses the fact that, for a physical state, the occupation number of the time photon is equal
to the occupation number of 3rd component photons. Hence they are always equal in number and their contribution
to observables quantities always cancel. Only transverse polarizations contribute to physical quantities.

Let us discuss more in details the form of the space of physical states. Given a physical state |¥) and a second
(even infinite) set of other physical states {|©1), |p2), ...., |@n)} we construct the state

|¥) = |¥) +/d9k1f1(/ﬁ)LT(/€1)|<ﬂ1> +/kolko2f2(k17k2)LT(k1)LT(k2)|<)02> + o (7.64)

It’s easy to check that the above combination is a physical state: L(E)\\I/’> = 0; indeed, by k*k,, = 0, one has
(L(F), L1 (Fa)] = KR (1), af (Ba)] = —(2m)22006% () — Fo itz = 0 (7.65)

and using that the |p;) are physical states one has

L(@) / 492 fi(F )L (F1)pn) = / 195 ()L (F)L(@)en) = 0, (7.66)
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and similarly for the other terms. However, not only |¥’) is physical but it contributes to all the physical quantities
in the same way as |¥). Indeed the states L(k;)'...L(k;)T|¢;) are all states with null norm and are orthogonal to
any other physical state. This means that the norm of |¥) and |¥’) are identical and the scalar product of the
two states with any other physical state coincide:

(W) = (V'|0') (®|V) = (®|¥'), for any |P) physical. (7.67)

The above relations imply that the physical content of the tho states |¥) and |¥’) is identical and therefore
they describe the same state. This means that we can define an equivalence relation on the Hilbert space of
physical states and consider equivalent two states if they coincide modulus a combination of states of the form

L(k1)t...L(k:) i)
(W) ~ | W) + LY (k1)[p1) + LT (k1)L (k2)|p2) + ... + LT (k1)...LT (k)| on) + .. - (7.68)

In the end any physical state is defined by a tower of equivalent states; in particular also the physical vacuum is
described by all the set of combinations

10) + a1 LT (k1)[p1) + ao LT (k1) LT (k2)|02) + ... + an LT (k1)...LT (kn)lon) + ... . (7.69)

Let us now define in a more concrete way what is a physical observable. The basic requirement that must be
satisfied is that the action of a physical observable on a physical state must produce a physical state. Then if O
is an operator associated to a physical observable and |¥) is a physical state we must have

L)Wy =0,  L(k)O|¥) = 0. (7.70)

A sufficient condition to satisfy the above requirement is that the commutator [L(k), O] be proportional to some
operator that has an L on the right:

L(K),0) ~ AL(k), [0, L(k)'] ~ L(k)! AT, (7.71)
It is clear that the action of O on a physical state produces again a physical state:
L(k)O|W) = [L(k),O]|¥) = AL|¥) = 0. (7.72)

In addition this requirement ensures that the expectation value of an observable O on two physical states is
independent of the vector chosen to represent the states:

(@O ~ (@] + (1 |L(k1) +..) O (1¥) + L(k2)"|ip2) + ...) = (@|O]P). (7.73)

where we have repeatedly made use of the commutation relations (7.71).

Here we have defined observables all the operator satisfying equation (7.70). This definition is a stronger request
than simply requiring equation (7.73), that instead is verified whenever [L(k), O] ~ AL(k)+ L' (k)B. The problem
with this second definition is that is not preserved by the composition of observables. For instance the observable
02 is not independent of the vector that represents a physical state. In practice however we don’t have any simple
example where B is different from O.

7.6 The Massive Vector Field

Let us consider the Maxwell Lagrangian plus a real scalar ¢:

1 1
L= -1 w R+ 5@,@ oM. (7.74)
The above Lagrangian is invariant under the shift symmetry ¢ — ¢ + ¢, as long as ¢ is a constant. The field A4,

doesn’t transform under this symmetry. The Noether current associated to this global symmetry is simply
Ju=0Oup, (7.75)

and the conservation of the current is guaranteed by the equation of motion of the scalar field: 9,J" = Oy = 0.
The above Lagrangian describes therefore 3 physical degrees of freedom: one is the real scalar field and the other
two are described by the massless vector A,,.
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We can now try to make the shift symmetry of ¢ local, exactly as we did for the phase symmetry in the case of
spinor fields and complex scalar fields. In that case, imposing the invariance under the new local symmetry, we
got a Lagrangian describing the interaction between electromagnetism and matter. What shall we obtain in this
case? The local transformation must have the form:

=9+ Mao(z). (7.76)

Notice that we were forced to add a parameter M with energy (mass) dimension [M] = E, because the function
a(z), describing the transformation of A, in eq. (7.3), is by consruction dimensionless and ¢ has mass dimension 1.
The Lagrangian (7.6), as it stands, is not invariant under the tranformation 7.76, since derivatives act non-trivially
on the function a(x). Again we can define a new covariant derivative involving the vector field A,, to compensate
for the additional terms. One can easily check that the covariant derivative

Dyp=0,0+MA, (7.77)

is invariant under the combined set of transformations

o=+ Mao(z), A,—A,—0ua(x). (7.78)
Indeed one has
Dyp=0up+MA, — 0,(¢+ Ma)+ M(A, —0,a) =D,y (7.79)
so that the Lagrangian invariant under the local transformation 7.78 is
. 1 1
L = _ZFWFW + i(dtgo + MA,) 0"+ MA"). (7.80)

In order to more directly extract the physical meaning of this Lagrangian we must perform a gauge fixing. For
this system there exists an obvious choice:

A (7.81)
upon which ¢ simply vanishes! The resulting gauge fixed lagrangian
. 1 1
Lhixed — = Fw "+ §M2AHA“. (7.82)

describes a free vector field of mass M, as we shall now discuss. In particle physics, this phenomenon, according to
which a massless scalar shifting under gauge transformations implies that the photon obtains a mass, goes under
the broad name of Higgs mechanism*. In condensed matter an analogous phenomenon leads to superconductivity.
In that case the role of ¢ is played by the "phase" of the complex fermion bilinear field describing Cooper pairs.
As already observed the original Lagrangian (7.6) describes 3 physical degrees of freedom, and it is a fair question
to ask how many degrees of freedom the new Lagrangian (7.82) describes. One would argue that given one can go
from to (7.82) by turning on a continuous parameter M, the number of degrees of freedom, an integer, should not
change. It is instructive to check that is indeed the case. Let us then consider the equations of motion

O, FM™ + M?AY =0. (7.83)
Taking the diverge we obtain
0,0, F" + M?9,A" = M?0,AY — M?9,A” =0. (7.84)

The dynamics then forces the field A, to be transverse. Expanding the field strength F,, and dropping the
vanishing terms, the equations of motion can then be cast as the combined set

(O+ M*HA” =0, 0,4 =0 (7.85)

The first corresponds to four independent Klein-Gordon equations describing fields with mass M, while the second
constrains one linear combination of these four Klein-Gordon fields to vanish. The plane wave solutions have the

form
AR(Z 1) = P (BR)eRot=FT ko= [ IR)2 + M2, (7.86)

4The mechanism was fully understood in relativistic QFT in the 60’s. Notice that the famous Higgs boson does not correspond to
the "unphysical" ¢ field here introduced but to another degree of freedom that accompanies the ¢ in theories endowed with additional
properties, in particular renormalizability. The association of a photon mass to a scalar shifting under a local symmetry goes back to
the 30’s in the work of Stueckelberg.
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with polarization vector £” (k) constrained to be transverse by the second equation in (7.85)
ke, = 0. (7.87)

This constraint implies that only 3 out of the 4 components of ¢, are independent. For example in the special
case of k = 0, ko = M, the polarization is of the form ¢, = (0,£). We thus conclude that the massive vector field
describes the propagation of 3 independent polarizations, precisely like the system we started with, for which the
3 polarizations where distributed among a massless vector (2 polarizations) and a massless scalar (1 polarization).
The spin of the resulting particle is evident by considering the polarization 4-vector in the rest frame (E = 0).
There it reduces to a 3-vector transforming as the J = 1 representation of the group of rotations in the rest frame.
Hence we conclude that the spin of the massive vector field 4, is 1.

As usual the plane wave solution corresponds to an eigenstate of the 4-momentum, and the general solution is
obtained by writing the most general superposition of plane waves.

7.6.1 Canonical quantization

We now proceed with the standard technique to quantize the theory: we first compute the conjugate momentum
of the fields A, and the Hamiltonian, then we impose the canonical commutation relations. In the following we
will work in the Schroedinger picture: the quantum states evolve in time while the operators do not. Hence all
the fields, unless explicitly stated, will be evaluated at ¢ = 0.

From the Lagrangian (7.82) we can extract the conjugate momentum:

oL
m=_—"_ = %
8(80AM)

m’=o, ' = E" = 0"Ag — 0 A" (7.88)
As in the massless case the field A is not dynamical since its conjugate momentum vanishes. On the other hand,

in the present case its equation of motion does not represent a constraint on the spatial components A* but rather
it allows to solve for Ay and express it in terms of the other degrees of freedom:

08
= VE,o+ M?A4y =0,
5Ao(a:) 0 = 0O 0o+ 0=20
. \ARI
al(FlO) - MQA() = 0 — AO = _W (789)

The time component of the vector field A, is completely determined in term of the others. Keeping the constraint
(7.89) in mind we can start imposing the usual canonical commutation relations for the three pairs of unconstrained
variables (4;,IT*):

[4i(0,7), A;(0,9)] = [IT'(0,2), IF (0, )] = 0,
[41(0, @), 1P(0,9)] = i6,6°(% — 5). (7.90)
We cannot adopt the standard prescription for the field Ag. At classical level this field is indeed a function of the

conjugate momenta, hence we cannot impose the vanishing of the commutator [Ag, 4;]. Rather we would like to
take into account the classical constraint at the quantum level. We impose therefore

VAIOD) 0,50 = - 0@ 5@ - p). (7.91)

[AO(O"f% A](Oag)] = [_ M2

Finally we can compute the Hamiltonian density associated to the Lagrangian density (7.82):

_'._’ . .. _'._’2 .

M2 2 M2 2
1. 1(V-I)?2 1 1
= §HZHZ —+ 5% —+ ZE]FW —+ §M2A2Az —+ (total derivative). (792)
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When considering the Hamiltonian H = [ Hd>z the last terms vanishes. Notice that we have substituted every-
where the constraint (7.89) and we have expressed A; in terms of the other variables using the relation (7.88).
As consistency check we can compute the Hamilton equations of motion and show that they coincide with those
derived with the Lagrangian formalism:

[H, TF(0,7)] = —ill/ = / d*y (;F’“ [Fonn(0,9), TF(0,3)] — M*A™ [A1n (0, 9), HJ‘(o,f)])

- /d3y ( Fii [a,ggmn(o,g), Hj(O,f)] — M2A™ [An (0, 7), Hj(O,f)])

i / Py ( FOWEE — )~ MPAPE ) = iy, F™(0,5) —iMPA(0,5),  (7.99)

H, 45(0.8) = ~id; = [y (—Hz- [I0(0,7), A5(0.9)] + 575 (011 [0.TT)(0, ), Aj<o,f>])

. [ P | o . . i R
= /d‘3y (ij(O,y)ég(z —9) - zw(ﬁmﬂ )0;0° (& — y)) = iI1;(0, &) + Waj(amﬂ )(0, ).
(7.94)
Finally taking the time derivative of the second equation and using the first one we get:
Al =11 — Waoaf(amnm) = IV 4+ 9y Ag = =0y, F™ — M?A7 + 9,07 A
= 9p0° AT — 900" A° + 9, F™ + M?A7 = 0. (7.95)
In order to construct the Fock space, we express all the fields and the Hamiltonian in Fourier space:
Ai(F) = / P A;(0, )= F | 0 () = / B T (0, 7)o~ F (7.96)
The reality of the fields in the coordinate space translates in the condition
Al(k) = Ay(—Fk), I (k) = I (k). (7.97)
Thus we can straightforwardly express the Hamiltonian in terms of the new fields:
Bk 1 (o (RIE(R) (WIV (<)) : : B VP AV
H= / (2732 (H (B)IT* (k) + e + [kiAj(k) - iji(k)] kiAj(—k) + M=A;(k)Ai(—Fk)
= [t (e B TO L (fp A - R AGE) « e (7.99)
(2m)3 2 M2 ' '

In order to make manifest the difference between the massive case and the massless case let us decompose the
fields in their longitudinal and transverse part with respect to the direction of the momentum k. Introduce the
projectors

kik; -
(Pr)ij = ij , (PL)ij = 0ij — (Pr)ij k= k%,
(PL)*=Pr, (PL)? =P, P +P,=1, PLP, =P P =0, (7.99)
and define the projected fields:
A (k) = Api(k) + ALi(k), IL (k) = T (k) + I, (k), (7.100)
where:
Api(k) = (Pp)isA; (k) ALi(k) = (PL)ij A (),
Mzi(k) = (Pr)i1; (k) Iy (k) = (P1)iIL; (k).
k-A (k)y=Fk-T.(k)=0. (7.101)
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Pugging the decomposition (7.100) in the Hamiltonian we obtain:

H=H,+H,,
3k 1 9 9 ™ N9
o= [ 255 (it (B + 3L

Pk 1= o 2T (D)2
m-/w5 (IHL )P + wRl AL (R)2),

where wy, = k% + M?. Notice that the transverse modes and the longitudinal ones decouple. Moreover the former
have a standard Hamiltonian, schematically of the form H ~ p? + w?¢?. The latter instead don’t seem to have a
standard Hamiltonian, however it is sufficient a field redefinition to bring it in a more familiar form. Let us review
the procedure first for the simple case of quantum mechanics. Suppose to start from a unidimensional system
where

2
w .
H=—mp + M?¢?, [q,p] =i. (7.102)
Define the canonical transformation
w M .
p=opp d=—a, . p=lerl=i,  H=p?+uwid” (7.103)

Hence the starting Hamiltonian is equivalent to the above one and define the same spectrum. The same procedure
can be followed for the quantum field theory of a massive vector. Hence we define the creation and annihilation
operators for the transverse modes in the usual way:

I 1 - .

AL(R) = 5o (@) +al (R)

L (F) = 5 (auh) —al (-h)) . (7.104)
Instead, as suggested by the above discussion, we rescale the longitudinal mode:

oo 1 - .

— (g =t

AL (F) = 5z (@) + @ (=R))

= ad ZM = =, _'T -

(k) = 5o (aL(k:) - aL(—k)) . (7.105)

In order to express the Hamiltonian in terms of the lowering and raising operator we need first to translate the
canonical commutation relation for A;, II? to commutation relations between a;, a;. The first straightforward step
is to pass to Fourier space:

[Ai(k dx dPa' e TEE R Ay (&), T1;(3)] = i6,;(2m) 0% (k + '),
[Ai(k), A;(K)] = [T1;(k), I1; (k)] = 0. (7.106)
Then we can invert the decomposition
A = 5 [ (@) +aL (7)) + 55 (2 + L)
1) = § | (2.8 - al (-0) + 7 () - @, (-0) | (7.107)
to obtain @(k) in terms of A(k) and Ii(k)
(k) = (weAL(F) =il (R)) + (MAL(R) - i5- L (F))
(k) = (wk T, (k) + ZHL(—E)) n (M/TL(—E) ¥ z%ﬁL(—E)) , (7.108)
and finally extract:
[@(k), @(k')) = —iwg[AL (), T (K] — iwg [T (F), AL (k)] — iwk[AL (), T (F)] — iwk [T (F), AL(K)] =0,

[Cﬂ(’f)’ FLT(E )] =0, )
[ai(k), al(k')] = iwp AL (k), TL,(— k)]—lwk[ﬂm(k‘) Aj(—k)]
+iwg [ AL (k), T (—k')] — iwp[TLi(k), Apj(—k')]

= 2uwyd;; (2m)2 0% (k — ). (7.109)
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In the end the Hamiltonian expressed in terms of the new quantities reads:

3 - - -
k- CORACEEACRACE)E

3 - - - -
H, = /éﬂ’;i (a;(k)-a’i(k)mj(—k) .cn(—k)),

3 . R o o 3 - .
H=H,+H, = / (;lwl;gi (C_i(k) 6T(k) +af (k) C_L'(k)) / ij(;_r):; Wi ‘ d’l(k)Taz(k‘)
= /dQE wy Y i (k) (k). (7.110)

7.6.2 Heisenberg Picture Field

We can now consider the time dependent fields in the Heisenberg picture

6 i ﬁ(ov f) efth

Ao(x) = Ao(t,f) = ethAO(O,i:)efth — it e

Al(z) = At T) = e HPAY(0, T)e ™ H?
(7.111)
The Hamiltonian straightfowardly dicatates the time dependende of creation and destruction operators: a’(t, k) =

e~ wrtgi(k). By using eq. (7.107) we can then write

A(z) = /dﬂk (We—i’” + h.c.)

A(x) = / A, [(@(E) + %a’L(E)) e~ike 4 h.c.] (7.112)

where we used k-@, = 0 and k- @, = k -d@. We can check that the above quantum fields satisfy the equations
of motion 7.85. The first equation is obviously satisfied given k* = (wg, k) satisfies by construction the on-shell
condition k*k, = M?. Consider then the diverge of d, A*. We find

A(z) = —i / sy, <wkE : Z(E)e—ikf - h.c.> (7.113)
VA(z) =i / Ay, [E (cn(lé') + %aL(E)) emike _ h.c.] (7.114)

which, upon using k- @, = 0, are easily seen to give A0+ V. A= 0 A" = 0.

7.6.3 Polarization vectors

Eq. (7.112) can be more compactly written

Al (z) = / dsy, (ef(ﬁ)al(ﬁ)e_ikx + h.c.) (7.115)
with (k) a 4 x 3 matrix with entries given by

p=0 — dF)="=-22 (7.116)

LY
T TR T MR

(7.117)

For ¢ = 1,2,3 the ei‘(lg) form a basis of the 3-dimensional subspace of 4-vectors satisfying k e/ = 0. Recalling
eq. (7.86), this shows that (like all quantum fields encountered so far) A* is written as the most general linear
superposition of plane wave solutions with quantized coefficients a’(k), a'f(k). The €/ (k) are thus the analogue
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-

for the vector field of the u (k) and v (k) of the Dirac field (the 4-spinor index « is here made explicit). Like in
the case of the Dirac field, one can show that the polarization €' (k) for arbitrary k is simply obtained by Lorentz
transforming the result in the center of mass €/'(0). The latter by eq. (7.116) reads

—,

S0 =0, €(0)=6, (7.118)

and can be compactly represented in block form as the 4 x 3 matrix (4 rows and 3 columns)
R 0
GO =(, ) (7.119)

For arbitrary k eq. (7.116) can similarly be written as

Loy ’Ykg"
el (k) = ( PL(E)WL'YIZ'PL(E) ) (7.120)

where, to make contact with the standard notation for Lorentz boosts, we defined v, = wy/M and B}; =k Jwi. By
the above two equations we can thus write

=

cf'(k) = H(k)"; = H(k)" e (

7

| Bz 0
- ( Wy PJ_(E)—&-';ZPL(E) ) ( 1 ) : (7.121)

where, in the same notation of Chapter 6,

—

H(k)", = (/TR Kyn ij(k) = %tanh_1(|k| Jwk) (7.122)

v

is the pure boost that relates the generic 4-momentum k* = (wg, k) to the center of mass momentum k* = (M, 0)
k. (7.123)

For instance, in the case of k= (k,0,0), we have

(7.124)

o o=kl

o ozl
o oo
—_ o oo

The polarization vectors €’ (E) for arbitary k* are thus obtained from those in the center of mass via a Lorentz
transformation, precisely like for the Dirac field. Indeed, in our choice of basis the polarization vectors €' (k) are

i
for i = 1,2, 3 given by respectively the second, third and fourth column of the boost matrix H(k)*,. As we will see
in the next subsection when discussing the action of Lorentz transformation of the physical states, the appearance

of the boost matrix H(k)*, in the construction of the polarization vectors is not by chance.

The relation ¢ (k) = H (k)" ;» through the basic property of Lorentz transformation in eq. (3.101) and through

)

eq. (7.123), also makes the transversality of the polarization vectors manifest

k*H(h),' = H(h), H(k)" k" =6,k =k =0. (7.125)

The polarization vectors e/ (E) satisfy a set of orthogonality and completeness relations that are fully analogous

to those satisfied by the Dirac polarization wave functions u®(k) and v (k). These relations are readily derived
using the explicit form €' (k) = H (k)" :

i

» Orthogonality
e (k)eus (k) = mu H(K)",H(K)"; = nij = =04 (7.126)

2
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o Completeness

-, v - v /V/ ’ V/ v /l// ];/,L/];;l// v k}l/klj
el ()l (B) = H(RY (D), (= 086 ) = H (R H (0, (- + 50y = =4 2

p y (7.127)

where we used k* = 84 M for the center of mass momentum. In particular in the center of mass frame we
have

(7.128)

m

=

~—~

=

=

M

S

—

Sl

S—"

I
cooco
o~ oo
— o oo

o O = O

7.6.4 Lorentz transformations
Has shown from the study of the irreducible representations of the Lorentz group, the single particle states of a
massive particle with spin s can be constructed by boosting the states in the center of mass according to
Ip,o) = H(p)|p, o) p=(M,0). (7.129)
Under a general Lorentz transformation we then found
U(N)lp, o) = [Ap,o") DL, (W(A. ) (7.130)
with D((:,L (W(A, p)) the spin s representation of the Wigner rotation W(A, p) = HY(Ap)U(A)H (Ap).

Let us then consider the realization of this general result in the special case of the vector field, where the single
particle states are

Ip.i) = al(p)|0). (7.131)

As i =1,2,3 this corresponds (as we shall now check) to s = 1 where D) reduces to an ordinary 3 x 3 orthogonal
matrix.

Let us consider pure rotation. The action on the ladder operators and hence on the states, can be derived by
focussing on the transformation properties of the spacial vector component A(t,x)

U(R)TA;(t,x)U(R) = R/ A;(t, R 'x). (7.132)
Using eq. (7.112) and the commutation properties of the projectors (which are easily checked)
RP\(p) = P.(Rp)R, RPL(p) = PL(Rp)R, (7.133)
eq. (7.132) on the ladder operators reads
U(R)'al(p)U(R) = R/al(R""p) (7.134)
which on single particle states implies (using U(R)|0) = |0))
U(R)|p,i) = U(R)a](p)|0) = a;(Rp)|0)R~*/ = a;(Rp)|0) I/, (7.135)

where in the last step we used that R~' = RT. This result coincides with eq. (6.37) for the special case where
s =1 and D, coincides with the R matrix itself. This proves that the quanta of the massive vector field carry
spin 1. For instance in the case of a particle at rest, we have three basis states |0,7) = aj(O)\O) and the general
state is thus written as

|) = a;]0,7) . (7.136)

By the transformation properties of |0,7) the canonically normalized eigenstates of Js correspond then to
J3=0 — a=(0,0,1) Js=+1 — a=(1,+i,0)/V2. (7.137)

In the center of mass, the a'f (ko) and a* (ko) are thus associated to quanta polarized in the direction i. These
three polarization states transform as a J = 1 representation (a vector) under space rotations, corresponding to
the particles having spin =1.
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Consider now instead a general Lorentz transformation
U(MNTA*(2)U(A) = A", AY (A ). (7.138)
Using the expansion in ladder operators, the left hand side simply reads

U(MN)TA*(2)U(A) = / d ("' (k)U(A) a;(k)U(A)e™ ™ +h.c.) , (7.139)

while, by a standard change of integration variables, the right hand side can be written as

A AV (A Lg) = / dsy, [Auye”(k)ai(k)e—ikm’lw) +h.c.}
= / A [A*, €/ (A 'k)a' (A~ "k)e” " + h.c.] (7.140)
(as elsewhere by A~'k we obviously mean the action of A=! on the 4-vector k* = (wg,k)). To deduce the

transformation property of a‘(k) by comparing eqgs. (7.139) and (7.140), we must properly rewrite A¥ e (A~1k).
Using eq. (7.121) we have

AF el (A7k) = AP H(AT k)Y, = H(k)" H™ (k) A%, H(A k)Y, = H(k)* W(A, k)", (7.141)

?

and moreover, by the same reasoning used in eq. (6.24), we have that W(A, k) is an element of the little group

SO(3), i.e. a pure rotation®
—~ 1 0
WA, k) = ( 0 RAK ) . (7.142)

In fact by comparing to the definition of the Wigner rotation in eq. (6.24) to eq. (7.141), we find the relation

W(A k) = W~HA"L k). Egs. (7.141, 7.142) toghether then imply

A (A71K) = H (k)" ,W(A, k), = H (kY WA, kY, = € (WA, k), (7.143)
so that by comparing eq. (7.139) and eq. (7.140) we obtain
UH(A)a? (K)U(A) = WA, k) 0’ (A k), (7.144)

which shows how the unitary Wigner rotation controls the Lorentz tranformation of the ladder operators. To make
contact with the notation of chapter 6, it is convenient to consider the inverse of the above

U(AN)a;(k)UT(A) = UN(A™Y)ad (k) U(A™Y) = WAL, k) 0l (Ak) = [W(A, k)—l]j" a;i(AK), (7.145)
so that for the creation operator we have
U(A)al (U (A) = V(A k)T, al (Ak) = WA, k)7 jal (AK), (7.146)

where in the last step we used unitarity of the Wigner matrix: W=!* = WT. The last equation dictates the
Lorentz transformation property of single particle states

U(A)|k, j) = U(A)al(k)UT(A)|0) = W(A, k)';a] (Ak)[0) = [Ak, i)W(A, k) , (7.147)

which nicely matches, for the specific case s = 1, the general result in eq. (6.34).

5More explicitly, one can easily check that WH, (A Kk = K+
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Chapter 8

Causality in quantum field theory

8.1 Introduction

Causality is a very important notion in physics. Nevertheless, it is a very simple and intuitive one: it has to do
with the intrinsic difference between future and past and it is needed to distinguish whether an event can influence
another event in the future or be influenced by an event in the past.

Non relativistic theory. In a non-relativistic theory causality is a fact, Newton’s equations are local in time, in
solving a problem in this framework one sets initial conditions and then finds the time evolution of the observables
using the equations of motion. The reason why causality is intrinsically implemented in a non-relativistic theory
is that the space-time symmetries are given by the Galileo group that does not change time ordering for different
observers.

Relativistic theory. We know that in a relativistic theory information cannot be exchanged at a speed larger
than the speed of light, if an event happens at z* = (¢,x) we know that the region in causal contact with this
event is represented by the future and past light-cone. What we want to do is to make this statement quantitative,
at the level of the operators that one considers in any theory.

8.2 Causality in classical field theory

Let us start by considering the implementation of this notion in classical field theory. We consider a free scalar
field for simplicity, but the discussion applies more generally. In classical field theory one starts by defining the
initial conditions at a fixed time slice t = 0 (this hypersurface is usually called Cauchy surface), meaning that we
specify the value of the fields ¢(t = 0,x) = ¢o(x) and of its time derivative ¢(t = 0,x) = ¢o(x) = mo(x). Notice
that ¢o(x) and ¢o(x) are functions defined on R3. The solution to the equations of motion then gives the time
evolution of the fields in the form

¢(t> Y) = F[tv y; ¢07 71—0]7 (81>

where F' is clearly a functional of ¢g,my. To define causality we proceed as follows. Imagine we modify the initial
conditions in a region of the Cauchy surface V' as indicated in figure 8.1. Causality is then naturally defined as the
independence of ¢(y) on such modification when y = (¢,y) lies outside the union of the lightcones of the points
x € V. Denoting spacelike separated points as x X y, the above statement is mathematically expressed in terms
of functional derivatives as

5o(y) _ 6o(y)

So(z)  Omo(x)

Xy = =0. (82)
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X2

Figure 8.1: Left: region of the ¢ = 0 cauchy surface where we modify the initial conditions. Right: the union of
the future lightcones of the points € V. If y lies outside this region (red point case), the solution ¢(y) should
remain the same even if one modifies the initial conditions in V.

These equations can also be written using our definition of Poisson brackets as

dply) _
Xy = Soo(x) {6(y), do(x)} =0, (8.3)
Xy = 65¢((y)) ={¢(y), mo(x)} =0, (8.4)
To\X

As an exercise, one can check that this holds for Klein-Gordon fields.

8.3 Causality in quantum field theory

When canonically quantizing the fields, one promotes the fields to operators and the Poisson brackets to commu-
tators, thus the statement of causality for two observables A(x) and B(x) (fields or product of fields) becomes:

Xy = [A(z), B(y)] = 0. (8.5)

8.3.1 Example: the Klein-Gordon field

For the Klein Gordon field the commutator looks like
(60, 00)) = [ A% [ape* + ahe ™ are P 4 afe ] = (3.6)

= /de (eﬂ'p'(z*y) - eip'(“’*y)) =D(z—y)— Dy — x). (8.7)

Notice that D(x) is Lorentz invariant since
D(z) - D(Az) = / dQ e (M) — / dQ, e i P / Qe = D), (8.8)

where we changed integration variable to p’ = A~'p and used the Lorentz invariance of the integration measure.
We want to show that the commutator expressed as in (8.7) vanishes for space-like separated points, i.e. for
(r —y)? < 0. Using translation invariance, we can pick a frame where x = (0,0). Furthermore, by applying a
Lorentz transformation, we move, since the points are space-like, along the blue hyperboloid of figure 8.2 to a
frame where and x — y — (0,y). In this frame (8.7) becomes
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/\t

Nl

w

Figure 8.2: Hyperbolae where we can move using Lorentz transformation (the point x is in placed at the origin):
for space-like separated points (blue) and time-like separated points (red).

D(x—y)—D(y—2z) = /de (e_ip‘y — eip'y) =0, (8.9)

since we can change p — —p and the measure of integration is parity invariant.
For time-like separated points, i.e. (z —y)2 > 0 we will instead move along the red hyperboloid in figure 8.2 to a
frame where y — z = (y°,0), getting

[P(2), d(y)] = / ds2, (e“”’yo - e‘i“””o) : (8.10)

Now, as w, = /p? +m? > 0, we cannot perform the analogue of the p — —p change of variables we did before.
Consequently the commutator does not vanish. In the same way one can show that the commutator with 7 (z)
vanishes for space-like separated points, in fact !

x Xy = [o(x),7(y)] = Oy [¢(2), 6(y)] = 0 (8.11)

For fermions, one can show in a similar way that what vanishes outside the light-cone is the anti-commutator of
fields:

e Xy = {¥(z),¥@)} =0. (8.12)

8.3.2 Relation to "naive" Relativistic Quantum Mechanics

In section 1.2 we have seen that when trying to formulate a relativistic theory of quantum mechanics using a
wave-function, and a relativistic (non-local) Hamiltonian H = /p? + m?2 the probability amplitude

3
(yle™t|z) = / (g ﬁge—imem(x—w #0, (8.13)
Y8

also for space-like separated points, implying that causality is violated. How does this get solved in the correct
formulation of Quantum Field Theory? The reason is that we have seen that information about causality is
embedded in the commutator of observables, for example consider the following

d3p X .
[p(2), m(y)] = Oyo [d(x), (y)] = Dyo / e (7P ) _ () ) = (8.14)
Y Y (2m)32w, ( )
d’p —i ; ipe(2—1
_ —ip-(z—y) ip(z—y)\ _ N2
= / 2P 2 (6 pe=y) 4 eip(e—y ) =0 when (z —y)* < 0. (8.15)
INotice that at fixed times we have [¢(0,x),7(0,y)] = —i6(3) (x — y), compatibly with causality.
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Looking at equation (8.13) we see that the commutator vanishing implies that what vanishes not the amplitude
above but the sum of the following two amplitudes:

(yle™ """ z) + (yle™*|x). (8.16)

Thus, the single contribution to the amplitude is nonzero and violates causality, but in the "naive" version of
relativistic QM we missed an extra contribution that compensates this and makes the commutator vanishes. This
has an interesting particle interpretation: the two terms in the last equation can be interpreted as the amplitude
for a particle travelling from z to y and another particle going in the opposite direction, i.e.

(yle™ " |z) + (yle'"|z) = (8.17)

>

>

where the arrows denote the direction of propagation. If fields had charge we could interpret the particle moving
from y to = as a particle with opposite charge from x to y: an antiparticle

(yle'™|z) + (yle™"|x) = (8.19)
>
=Y + Yz, (820)
<

where the bold arrow denotes the flow of charge. This means that to ensure causality one has to consider both
the propagation of particles and antiparticles, and that causality implies the existence of antiparticles.

8.3.3 Causality from Lorentz invariance of the commutator

There is another way to prove the vanishing of the commutator of fields outside the light-cone just using canonical
quantization and Lorentz invariance of the commutators. Consider two points at ¢ = 0 in a different position, from
canonical quantization (at fixed times) we have

[¢(0,X),¢(0,y)] =0, (821)

for any y # x. Now we boost this relation recalling that U(A)¢(z)UT(A) = ¢(Ax), where U(A) is the representation
of a Lorentz boost in the Hilbert space. We take x = 0 and multiply the above equation times U from the left
and U' on the right and inserting 1 = UTU inside product of fields in the commutator:

U(A) [6(0), ()] UT(A) = [6(0), ¢(Ay)] = 0. (8.22)

Since by choosing any y and by moving with any A on the blue hyperboloid in figure 8.2 we can reach any point
y' = Ay with space-like separation from z = 0, we proved that the commutator vanishes for any point such that
(x —y)? <0.

8.4 Measurements, commuting observables and causality

In this section, we want to explain how the notion of causality is related to the measurement process in quantum
mechanics. In particular, we will show that with the implementation of causality in quantum field theory, two
measurements are not correlated if performed at space-like separated points in space-time.

Consider a quantum field theory in which we specify an Hamiltonian Hy. Any state [¢) is evolved in time using
the Hamiltonian |¢o(t)) = e *Hotj3p). In quantum mechanics, a measurement works in the following way: one
makes a number of copies of a system and then add a perturbation to the Hamiltonian, for example a term that
represents the interaction of the system with a detector. Say the detector is placed around x = 0 in a certain
frame, we can model this interaction in the following way:

Hy— Ho+ f(t)AH = Hy + H[(t), (8.23)
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where f(t) is a function peaked around ¢ = 0 and AH is the integral of an operator localized around x = 0
AH = / d*x O(x). (8.24)

Let us write the evolution operator U(t) of the full system as U(t) = Uy (t)2(t), where Upy(t) = e~ 0! then the
time evolution equation for U(t)

d
iaU(t) = (H0+H[)U(t), (8.25)
reads
iQ—iiU —H'UEQ—HUQ—FHUQ (8.26)
gt =gl 078 = Holo 1Uo .
d
9= —i(U{ HU,)Q, (8.27)
where we used that %UO = —iHoUy. Now we define Hy(t) = Ug(t)HIUo(t), that gives
Hi(t) = £(1) / ExUp (O U (t) = / FxO(), (8.28)
where O(x) = O(t,x) is the operator evolved in the Heisemberg picture with Hy. The final equation for ) is
d
—Q = —iH; (1) 2
7 iH(t) (8.29)

The solution can be expressed through the Dyson series and at first order is
t t
Q-1 —i/ Hi(#)dt + ... =1 z/ Hi(#)dt + ... (8.30)
_T —o0

where we extended the time integral since the interaction acts only around ¢ = 0. Now we can compute the
evolution of the initial wave function |¢)) with the combined Hamiltonian of the system plus the detector, we have

[¥(8)) = U@)|) = Uo(£)2(t)[¢)- (8.31)

With this new evolved state at time ¢, we do another measurement, namely we measure the expectation value of
an observable A(x), now at time ¢, i.e. we compute

(WOIA) (), (8.32)

and we ask when is this different with respect to the situation where we do the second measurement without
having performed any measurement at t =0, x = 0:

(Yo(OIA)[Yo(t)) = (LA x)|9), (8.33)

where A(t,x) = A(z) = Ug (t)A(x)Uy(t) is again the operator evolved with Hy and |¢o(t)) = Up(t)|y)). We get
(WOIA)G () = (IQTUF () AU (DR2) = ($IQTA(f,x)Q) = fexpand at st order 2/ = (8.34)
= (YlAEx)[) +i/7 dt' (Y| [Hi ('), A(@)] [¥). (8.35)

Then taking the difference with equation (8.33) we get

i / d (| [ (£), A(2)] [4). (3.36)

So when one does a measurement of A(x) at time ¢, the difference between having previously performed or not
a measurement at t = 0 is controlled by the commutator of fields, and will vanish if the points are space-like
separated, meaning that the causal relation between measurements is respected in the way we stated above.

As a concrete case, consider f(t) = 0(t) and AH = ¢(t,x = 0) being a Klein Gordon field, we get a difference
between the two expectation values that is

(9] [¢(0), A(@)] [4), (8.37)

which vanishes if (z — 0)? < 0, i.e. if the two points do not lie one in the light-cone of the other a measurement
done in the first point does not affect the second one.
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Chapter 9

Discrete symmetries

9.1 Introduction

As we have seen, symmetries play an essential role in Quantum Field Theory (QFT). So far, we have mostly
concentrated on continuous symmetries (i.e. Lie groups) for which the main dynamical consequences are Noether
theorem and of course the presence of a degeneracy of solutions related by symmetry transformations. We have
already briefly encountered examples of discrete (as opposed continuous) symmetries when discussing the Lorentz

group:
e Parity: P: (t,%) — (t,—7) (9.1)
e Time Reversal: T: (¢,Z) — (—t, &)

These symmetries are familiar already from non-relativistic physics. In relativistic QFT there is a third important
discrete symmetry which does not act on spacetime but which exchanges particles and antiparticles:

Particles Antiparticles
e Charge Conjugation: C': { ah }.—> z (9.3)
$a(z) ®r ()

The free field Lagrangians we have been considering so far are all invariant, not only under the proper orthochronous
Poincaré group (proper orthochronous Lorentz group plus space-time translations), but also under the three
discrete symmetries P, T and C. Basically, for the free lagrangians, the latter symmetries arise gratis from the
invariance under the proper orthochronous Poincaré group. More specifically, the lagrangians for free scalar fields,
free vector fields and free Dirac fields are all invariant under P, T' and C, separately, while the lagrangian for the
free massless Weyl spinor is invariant under 7" and under the combined action of parity and charge conjugation
CP. The case of the Weyl spinor is special, in that C' and P cannot even be independently defined. Indeed parity
must act on it by exchanging handedness:

Yr(z) € (1/2,0) L, eyy(ap) € (0,1/2) (9.4)

where xp = (t, —Z). The original field and the parity reflected one transform under U(1) (phase rotations) as:

v, — My, ey — e ey (9.5)

We therefore see that the parity transformed field has opposite charge (¢ — —¢): P and C cannot act independently,
but only together as a C'P transformation. One can check that the free lagrangian for the Weyl field is invariant
under this C'P transformation. The system is then only invariant under C'P but not under P nor C separately!
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The presence of the above discrete symmetries in free field theories can however be considered an accidental fact.
More generally, while preserving invariance under the proper orthochronous Poincaré group, all the three discrete
symmetries can in principle be broken in an interacting theory. There is however a theorem stating that, in a local
quantum field theory invariant under the proper orthochronous Poincare group, the combined transformation:

© =CPT (9.6)

is always a symmetry. This is the CPT theorem (Schwinger 51, Liiders and Pauli ’54). These are theoretical
results obtained in the QFT framework, but how do they compare to experimental observations? The proper or-
thochronous Poincaré group as well as © are symmetries of Nature as far as we can see. Quantum Electrodynamics
(QED) respects P, T and C' at leading order as “accidental symmetries” very much like the free Lagrangians re-
spect them. Quantum Chromodynamics (QCD, theory of strong interactions) respects both 7" and P. This is a
surprising puzzle (Strong CP problem) as one could in principle add in QCD an interaction term that breaks T
and P, but apparently Nature chose not to do so. However, neither T nor P are symmetries of the Standard Model
(SM) of particle physics, which encompasses all the known interactions. Indeed, Electroweak (EW) interactions
violate parity in a maximal fashion (as the building blocks of the SM are Weyl fermions for which we can define
CP but not P) and violate time reversal through small effects associated to quark flavor violation (for instance in
Kaon oscillations).

9.2 Parity

9.2.1 Foreword

In classical mechanics a parity transformation reverses the direction of the canonical variables:

P:(%)e(‘%) (9.7)

Quantities transforming in the same way are called polar vectors or simply vectors. On the other hand, quantities
like the angular momentum have a different transformation rule:

P:L=qgnp— L (9-8)

These are called azial vectors or pseudovectors. From here we can proceed to a canonical quantisation of the
system passing from Poisson brackets to canonical commutation relations (CCRs):

{¢i,pj} = 6i5 = [ds, D] = ids5 (9.9)

It is obvious that parity transformations will preserve the CCRs and therefore the operation P (which acts on
spacetime) must be realised by an unitary operator Up on the Hilbert space (Wigner’s theorem):

Ul ( Zz )Up = ( :f)i ) (9.10)

So in quantum mechanics, parity is realized by unitary transformations, we need now to go to a relativistic theory,
and parity acting on the 4-vector z* is:

' — oty = Pl'a¥ P! = Diag(1,-1,-1,-1) (9.11)

So again P)' Pl = 6l, this implies that if we are considering faithful representation of parity, U% = 1. Recall that
faithful representation must preserve the group multiplication group UpUp = Up2 = Uy = 1.
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Let see now the representations of parity are indeed faithful, let first look at the action of parity on states and
fields:

Up[{pi}, {si}) = Hml{—ﬁi]n {si}) = Upl{pi}. {s:}) = Hn?l{ﬁi}, {s:}) = w’[{pi}, {s:})

Ubda(2)Up = Puyty(zp) = (UE) ¢u(2)UR = P2 o(x)

(9.12)

The states considered here is an element of the Fock space obtained by applying creation operators on the vacuum,
the parity operator will act independently on each of those quantas by flipping the momenta, the spin is an axial
vector and remains unchanged under parity and all other quantum number that are not written down are not
concerned by parity. The n; are phase up to which parity is defined and are not known yet. The representation of
P will be faithful only if > =1 = 72 =1 and be = Ogb-

Notice that U3 and f’fb are internal transformations, they do not change the coordinates, then only two choices are
possible, either they belong to a Lie group (element of a continuous symmetry) or they are discrete symmetries.
Suppose U2 belongs to a Lie group. Using the exponential map, an element of the connected to the identity part
of the group can be written down as U3 = e’ QI, where @ are the generators of the Lie group. Now we can
define a new operator Up = Upe’i%QI. Then,

—ar

U2 = Upe i FQ Upei3-Q" = y2eicr@’ — 1 (9.13)

The second equality holds as parity acts only on spatial components, and the Q7 generators an internal symmetry
that will thus only act on the quantum numbers of the state. With this redefined parity n? = 1, U2 can always be
redefined in such a way that Up is a faithful representation of parity as long as U3 is an element of a Lie group.

However, if U2 is a discrete symmetry, there is no redefinition leading to U3 = 1. Previously, we used that the Lie
parameter is a continuous real variable, so we could take half the Lie parameter /2 to define the square root of
U% that remains an internal symmetry. In the case of a discrete symmetry, this is no longer possible. To illustrate
this, consider the situation where U3 = (—1)¥, where F is the fermion number. Then, U3 = ¢??™/s. U2 can be
split into two parts U2 = e™/3e'™/3 but now €!"’3 is not an internal symmetry, it will act on the coordinates to
by rotation of 7 along the 3'¥ axis! This is precisely what happens to Majorana fermions. Invariance of the mass
term of the Majorana fermion Lagrangian £M#i°rana 5 mUTeW; 4+ h.c under parity requires that Uy, — ne¥s with
1 = £i. Therefore acting twice with parity leads to:

(P20, P? = nePT(U5)P = nn*ec¥y, = —V (9.14)

Where we used that ee = —1. Beside the Majorana spinor, all the fields transform under faithful representation
of parity.

Let consider then the ordinary case where pfb = 04p this implies that P, can be diagonalized. Indeed trough a
similarity transformation, the matrix P can be brought to the normal Jordan form:

Pb0 0 0 i a0 0

. . 0o P 0 0] . 0 7t ab 0

pospst=| . 7 0 T |B=|. 7 7" . (9.15)
0 0 0 b, 0 0 0 un

Where a}; are either 0 for all k£ or 1. But it is easy to prove that the condition pf = 1 requires az =0 and 7712 ==1
for all k. Thus U};.d)(x)Up = n.0q(xp) and 7, is called the intrinsic parity of field ¢,.

9.2.2 Spin 0

We start by considering the case of a real scalar:

ULé(x)Up = npo(xp) (9.16)

where np = 1 corresponds to a scalar and np = —1 corresponds to a pseudoscalar. Notice that that the Klein-
Gordon lagrangian is invariant under the above parity transformation, regardless of the sign of np. Consequently
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the Klein-Gordon field equation is also invariant, as one can easily check. More generally parity invariance of a
lagrangian of the form (9¢)? + V(¢) requires

V(¢) =V(nre) (9.17)

which is always true for np = 1, while for np = —1 it requires V(¢) to be an even function of ¢.

Focussing on the Klein Gordon field, we now want to figure out how parity acts on the Fock space. In order to do
so, consider the plane waves expansion of the fields:

Ubo(a)Up = / A, (U;akUpe—“” + h.c.) = npd(zp) (9.18)

Now it suffices to notice that the scalar product in the plane waves of the RHS can be rewritten simply:

so that by a change of variables in the integral of the LHS ke —k (k < kp) we obtain :

UbarUp = npag,

t

(9.20)
ULGLUP = npakp

The second equation can be obtained either by looking at the hermitian conjugate part of the plane waves expansion
or simply by “taking the dagger” of the first equation and recalling that np is real.
The case of many real scalar fields is a trivial generalisation of the latter but it is sensible to look at the charged
scalar case. We define the parity transformation so that it does not flip the charge:

Ubo()Up = npd(zp) (9.21)
Ubo" («)Up = np¢"(xp) (9.22)

instead of:
Ubo(x)Up = npo*(zp) (9.23)

Here particles and antiparticles have the same intrinsic parity.
In free field theory the vacuum is invariant under parity transformations:

Up|0) = |0) (9.24)

and the quantum parity operator Up can be explicitly constructed out of the creation and annihilition operators.
We can also check that the quantum operators of the Hilbert space transform as expected. For instance the
four-momentum:

ULP'Up = / dQk"UbalapUp = / dynpktalar, = / dQktalay = PA =P, (9.25)

Similarly, one can check that:

Boosts: U}T,Ki Up
Rotations: UL JUp

~K' (9.26)
J (9.27)

So that we have:

ULJLUp = Ji (9.28)
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9.2.3 Spin 1/2

Let us now focus on just one Dirac spinor. We want to implement a parity transformation on it:

Ubtba(2)Up = np Pagths(zp) (9.29)

where 7p is an overall intrisic parity factor. We need to find the matrix P,z and the action of parity on b} and
d;. We already know from the discussion on the Dirac spinor how parity acts on the latter. Let us recall some
facts. Since parity acts on the Lorentz group generators as:

P Jie JL (9.30)

we have that:

P : g € (1, 52) = ¥E € (j2, j1) (9.31)

This implies that we cannot represent a parity transformed object from (ji, j2) into the same basis (unless j; = ja).
Therefore 1, and i separately do not form a basis for a representation of parity. This is why parity is broken
in the Standard Model (SM) as these two representations appear differently in it. However there exists a spinor
representation which is also a representation of parity, the Dirac spinor:

‘I’D:Z/JL@#)R—(Z);) AD—(AOL 1€R> (9.32)

Any parity transformation will act as:

e (6 ) e () 039

So that:

ULWp(2)Up = npy0¥p(zp) (9.34)

Thus we found our matrix P,z and it only remains to find its action on the creation and annihilation operators.
We proceed in the exact same way as before. We write (9.34) in terms of plane waves and do a change of variables
in the LHS to obtain:

ULbUpu" (k) = nyby 0" (kp) (9.35)
UL} Upv” (k) = npd]) yov" (kp) (9.36)

Now recall the form of the polarisation spinors we obtained:

u® (k) = < \/\/% > (9.37)

v (k) = < _\/jszfg > (9.38)
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and since kp - 0 = k - 7 it is straightforward to see that:

You®(kp) = u®(k) (9.39)
Yov® (kp) ‘

Il

[

<
w
~
>
S~—
©
>
S

Hence we finally obtain:

ULbiUp = npb},.

' . (9.41)

These equations imply that particles and antiparticles have opposite intrinsic parities, fact that has big phe-
nomenological consequences. Moreover the transformations we just derived imply that:

(£)=(5)

Let us now give an example of parity violation in Weak interactions. Consider the following decay of a pion into
a muon and a muon-antineutrino:

R TR 7% (9.43)

The pion is a scalar particle and hence has spin 0. Both the muon and its antineutrino are fermions of spin 1/2.
Since the pion has no orbital angular momentum in its center-of-mass frame we have:

0= Jinit = Jpinar = »_ L(i) + S@), i=p", " (9.44)
i
This equation can be projected on p(u~) = —p(7*) = . Recalling that L(i) - 5(i) = 0 we thus obtain

0=7" =p(u") - S(u~) — po*) - S(*) (9.45)

Z L(i) + S(i)

and conclude that the muon and its antineutrino should have the same helicity

) - Su) _ o) - Som)
(1) ()]
Now, as one is easily convinced, the composition of parity with a 180° rotation around any axis orthogonal to
p, leaves the final state momenta unaffected while flipping the helicities. As the original state, a pion at rest, is
invariant under such tranformation, if parity were a symmetry we would observe with the same probablity (50%)
muons with the two opposite helicities: P(+1/2) = P(—1/2). Instead we only observe muons with helicity +1/2,

indicating that parity is maximally violated in this process!

h(p™) =

h(7") (9.46)

This experimental result has a simple theoretical explanation in the SM. There, neglecting the absolutely minis-
cule effects of the neutrino mass, the neutrino is described by a massless Weyl spinor, for which the particle (the
neutrino) has helicity —1/2 and the antiparticle (the antineutrino) has helicity +1/2: in this case, as we already
mentioned, only CP is defined, and neither P nor C' make sense independently. The practical manifestation of
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the impossibility to define parity is that antineutrinos come only in one helicity, so that by helicity conserva-
tion (eq. (9.46)) the accompanying muon must always carry the same helicity +1/2. We should add here that
experimentally we mostly observe the muon as the neutrino interacts very weakly and is thus very hard to detect.

Four fermions bilinears are mostly important when dealing with the phenomenology of fermions in the Standard
Model. Their transformation properties under parity are as follows:

Bilinear P : -+—

v ‘;HI/ scalar
Wy W —U~s¥  pseudoscalar (9.47)
Uy, ¥ WA vector

\f/’yyyu\ll —UysyH*W  axial vector

9.2.4 Spin 1

We finally consider spin one particles. Parity acts on vectors as:

ULV,.Up = npPLV, (9.48)

where np = 1 corresponds to a polar vector and np = —1 corresponds to an azxial vector. One more time, we use
the plane waves expansion in terms of polarisation vectors to obtain:

U};a’,;.UpeH(k,r) = npay, €. (kp,7) (9.49)

Recall that the polarisation vectors are given as a pure boost acting on the rest frame vectors (the standard
momentum is denoted g here):

u(k, s) = Ak),"eu(q, ) (9.50)

So that:

€n(kp,s) = Akp),"€.(q,8) = )fl(k)#”ey(q, s) (9.51)

In order to to relate €,(k, s) to €,(kp, s), we need to use some identities of the Lorentz boosts:

ATHR) = AR), = Ap)", (9-52)

The second equality comes from the fact that for a boost the matrix is symmetric. Finally recalling that the rest
frame polarisation vectors are purely spatial, we have:

ev(q,8) = —€"(q, 9) (9.53)

Therefore:

eulkp,s) = Akp), " €.(q,5) = —Ak)*,€"(q,5) = —e(k, ) (9.54)
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Using this equation together with (9.48) and (9.49), we finally obtain:

UIT:.aZUp = —1pay,, (9.55)

We give now another derivation of the transformation properties of the ladder operators. Consider a gauge in
which the vector is purely spatial. Then:

Alz) = / a (e (@) + )+ he) (9.56)

Parity transformations (9.48) become here:

ULA(z)Up = —npA(xp) (9.57)

Using the same change of variables as usual, it gives us:

U;rg(_ikUp = —npakp (9.58)

9.3 Time reversal

9.3.1 Foreword

In classical physics time reversal changes the direction of time while leaving space invariant as its name indicates.
This implies that the transformation properties of the quantities of interest of the theory are:

T:(g)»%(_(];) (9.59)

The transformation property of the conjugate momenta can be easily understood as roughly they describe the
change in time of their canonical variable. This implies that, for example:

T :L=qAp— —L (9.60)

So that the spin follows the same transformation law:

911

T :S— — (9.61)

Finally, the reader should have noticed that time reversal does not preserve the Poisson brackets between canonical
variables:

T : {gi,pj} = 0ij = {qi, —p;j} = —0ij (9.62)

Hence, when we quantise the theory the operation T’ cannot be represented by an unitary operator. Nevertheless,
by Wigner’s theorem it can be represented by an antiunitary operator Ap. Let us recall some definitions:
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Definition. An operator A : 7 — J is antilinear if:

A(alpr) + Bli2)) = a*AlYn) + 7 Alhs), Vo, B €C, [4hi) € A (9.63)

Let us list some properties antilinear operators sarisfy:

Properties. 1. If two operators A,B : 3 — S are antilinear, then their product AB : 3 w— I is a
linear operator.

2. If an operator A : € — I is antilinear, then:

(1| Ag) = (2] ATy) (9.64)

The reader should prove these two properties as an exercise. Finally, we are interested in antiunitary operators:

Definition. An operator A : 7 — 7 is antiunitary if it is antilinear and it satisfies:

ATA = AAT =1 (9.65)

Now that we have these definitions in hand, we can study certain properties of time reversal transformations. As
before T2 = 1 and previous discussion for parity can be extended for time reversal. For faithful representation of
time reversal the following holds

Ap-Ap = Apa = Ay =1 (9.66)
Al = Apy = A (9.67)

Operators on the Hilbert space will transform under time reversal as:

T : 0 w— ALOAp, YO e # @ 0* (9.68)

In particular, covariance of the time evolution of the system is in a one-to-one correspondance with the fact that
its Hamiltonian is invariant under time reversal:

(fle” 80y =(fle~tArHATAYG) = (f|Apet AT Arli)
=(ePHA AL Apf) = (Apile *HAY Ap f) (9.69)

= (ir|e"™ 2 fr)

Where At =ty —t;. If T is a symmetry of the system, the amplitude of ¢ — f is the same as the amplitude
associated to the process fr — i where the sub-index 7" indicate a time reverse state | fr) = Ap|fr)

9.3.2 Spin 0

We start again considering the case of a real Klein-Gordon scalar:

Al ¢(2)Ar = nro(ar) (9.70)

EPFL-ITP-LPTP Riccardo Rattazzi 148



9.3. TIME REVERSAL

where nr = +1 and 27 = (—t,Z) = —zp. We want to figure out how parity acts on the Fock space. In order to
do so, consider the plane waves expansion of the fields:

A&¢C@/h~=h/dﬂk(A}Mﬁ_M$AT + hﬁ) :u/dﬂk(AéakATe+*I + hc)::np¢@nq (9.71)

Now it suffices to notice that the scalar product in the plane waves of the RHS can be rewritten simply:

k-xp=—-k-ap=—kp-x (9.72)

so that by a change of variables in the integral of the LHS k <> —k (k <> kp) we obtain :

Al arAr = nra
i f e fp (9.73)
Apa A = nray,,
And states transform as:
Aplk) = Apal Ar Ar|0) = nral,, |0) = nrlkp) (9.74)

9.3.3 Spin 1/2

In the case of fermions, time reversal should reverse both spin and momentum. Let us take a guess working with
a Weyl fermion:

X = ( §§ ) (9.75)

where each component x® carries either spin up or down depending on the nature of the field (particle or antipar-
ticle). We would like the transformed field to have opposite spin and hopefully we have a naturally well suited
object at our disposal in order to invert the field components, the spinor metric €. As we previously saw, time
reversal of x together with the antilinearity of Ar implied the right transformation on p, thus an educated guess
is:

Apx (@) Ar = nre®?xP (ar) = X3 (9.76)
Let us see why this is a good guess:

o It exchanges the spinor components, which implies:
S—-§ (9.77)
o It does not change the charge of the field, under the QED U(1) gauge group:

X = € & xr = elxr (9.78)

The reader will check as an exercise that this transformation indeed leaves the Weyl Lagragian invariant and will
deduce the transformation of the Dirac spinor. In the end, the transformation law of the Dirac field is:
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AL p(2)Ar = nr T p(2r) = nrinsy v Up(2r) (9.79)

and for the ladder operators:

ALbi Ap = nresby

: (9.80)
Abds Ap = nrerdy,

9.3.4 Spin 1

The transformation rules of the spin one field will be derived in a simple way below. For further details the reader
should refer to the exercises.

As in the case of parity transformations, when the field is expressed only in terms of its spatial components, we
have:

AL A(z)Ar = npA(er) (9.81)

Using the same change of variables as usual, it gives us:

A;—vc_ik»AT == 77Ta:kp (982)

9.4 Charge conjugation

9.4.1 Foreword

Charge is an internal quantity associated with any gauge symmetry of the theory. In particular, in the case of
U(1) symmetry (e.g. QED), any general field which is charged under the group will be (gauge-)rotated as:

Pa() U0) €'y (@) (9.83)

Charge conjugation is defined as:
C : ¢a(x) = ncCapdy () (9.84)
g —q (9.85)

with C? = 1, so that |n%| = 1. More generally, charge conjugation maps all internal quantum numbers (e.g. electric
charge, baryon number, lepton number, etc.) into their opposite. Notice that charge conjugation transformations
commute with Lorentz transformations as the former do not affect spacetime. It is represented by a unitary
operator which as usual has the following properties:

Uc -Uc=U=U,=1 (9.86)
UL =Upg =Uc (9.87)
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9.4.2 Spin 0

Firstly we consider the case of scalar fields. Real scalar fields are of no interest as they do not carry any charge.
However their complex extension does and charge conjugation is defined as:

ULo(2)Uc = ned* (x) (9.88)

As it is expected the transformation of the ladder operators is (exercise):

UbarUc = ncb (9.89)

Notice that in general we could have no € C, but without loss of generality we can have no € R or even ¢ = 1,
indeed we can make a field redefinition:

¢ — €% =gy (9.90)

so that:

UloeUc = ¢PULoUc = ePnoe* = e nogy (9.91)

Therefore we can define e2nc = 1/, € R or € = ¥, so that n, = 1.

Lastly, recall that the complex field can be rewritten as:

¢=¢1+ig2, ¢; €R (9.92)

In terms of the two real fields, U(1) phase rotations become SO(2) rotations and charge conjugation acts as:

C : (22)H(_¢gz) (9.93)

Hence charge conjugation acts as a mirror symmetry on the field space about their second component.

9.4.3 Spin 1/2

We start with two Weyl fermions since, as we saw in the introduction, charge conjugation cannot be represented on
a single Weyl fermion. Charge keeps handedness but exchanges particles and antiparticles, therefore Weyl spinors
will transform as:

) YL nLeYy
C {¢R > - (9.94)

That the Weyl Lagrangian is invariant is left as an exercise. Its invariance, considering real ns implies:

nr = —1 (9.95)
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so that without loss of generality n, = —nr = 1. The extension of these transformations to Dirac spinors is
straightforward:

C : Up m neiy? U = noin*y° UL = nect? (9.96)

where we define the matrix C = iv24°. The reader should be aware that the matrix C so defined does not
correspond to a proper charge conjugation matrix (as it can be seen when we compute its hermitian conjugate or
its square) but is a mathematical trick so that the charge conjugation of the field yields its “bar” conjugate which
enters naturally the Dirac Lagrangian. A defining property of the matrix which allows us to compute it in any
basis is:

CTAHTC = —nyh (9.97)
Equation (9.96) translates itself into the transformation rule for the ladder operators (with ne = 1):

ULbiUo = —e*dj, (9.98)

As it is known, if b destroys a particle of spin s, then dj destroys an antiparticle of spin —s, therefore —e*"d},
destroys an antiparticle of spin s as expected. Let us then define new creation and annihilation operators for the
antiparticles:

—eTdl — df (9.99)

so that JZ effectively destroys a antiparticle of spin s. The new transformation rules become:

ULbiUc = d (9.100)

9.4.4 Spin 1

The transformation properties of the vector field can be extracted very easily from the invariance of the QED
Lagrangian under charge conjugation. The interacting term connects the four-vector potential to the current:

Lint o JFA, (9.101)

Since by definition the current changes sign under charge conjugation:

C o JP s — gk (9.102)
we must have:

ULAMUq = —A¥ (9.103)
which straightforwardly leads to:

UbayUo = —aj (9.104)

This shows how the photon is its own antiparticle.
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Chapter 10

Interacting Fields

10.1 Asymptotic States

One basic result of our study of free field theories is the structure of their Hilbert space S of states, the Fock
space:

A = span ((0), |k), [k, ko)., [k, k). ) (10.1)

In reality, particles are associated, in position space, with suitable wave packets. The ith particle can be associated
with a blob around position . For example, for a one particle state we have:

f) = / a2 f (k) [K) (10.2)

where f (k) represents the Fourier transform of its wave function. In position space, the distribution probability
will be given by (f|¢?(z)|f) — (0|¢?(x)|0) ~ | f(z — z0)|? as depicted in Fig. 10.1.

Figure 10.1: Blob associated to one particle in position space

One crucial feature of free field theory is that the presence of one particle does not affect the others, i.e. the
superposition principle applies exactly. Indeed, the equations of motion of a free field theory are linear in the
fields, so that if ¢; and ¢o are two solutions, so is ¢ = ¢1 + ¢2, see the equations for a free real scalar field and
Dirac fermions for instance. This implies that even if two wave packets travel towards each other, Fig. 10.2, after
overlapping their shape and direction is not affected and they will pursue their journey as if they never crossed,
Fig. 10.3
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Xo Yo

Figure 10.2: Two wave packets travelling towards each other that will overlap in future.

Yo Xo

Figure 10.3: After crossing each other, the wave packets follow their original path without being disturbed.

In physical reality, however, particles do interact and the wave packets of the previous example are affected by
each other. On the other hand, if the range of the interaction is finite or decreases fast enough with distance, it
is intuitive and reasonable to expect that the states are well described by individual particle wave packets of a
free field theory, provided the mutual separation of these wave packets is sufficiently large. In other words, well
separated wave packets can be expand into a Fock space of states characterised by a set of particles {A} with
quantum numbers {ma, sa, Qa4,...} and the Lagrangian describing it evolution can be written as

Lo=> L§ = Ho=) H (10.3)
A A

Where by £§' (Hg') we indicate the free Lagrangian (Hamiltonian) density describing particle A. Supported by
empirical observation and by direct computation whenever applicable (basically in quantum field theories that can
be studied with the use of perturbation theory), what we stated just above will be our basic working assumption
in the following.

With this idea in mind, we can pick a convenient basis for the Hilbert space ) = {|¢o)} where states |¢p,) are
defined as eigenstates of the momentum operator PJ'":

POM|¢Q> :pg|¢a> (104)

The Label 0 is here to recall that we consider here the free Hamiltonian PY = Hy and « denotes all discreet
quantum numbers such as mass or quantum charges but also continuous one as relative angles between momenta
in a multi particle state. Well separated wave packets are described by superpositions of these states:

16) = / dovg()|ba) (10.5)

It is essential to think of wave packets; momentum eigenstates that we picked as a basis are fully delocalised and
two states will overlap everywhere, our construction become useless as interactions cannot be neglected anymore.
The typical situation which is realised in particle physics experiments is the following: at ¢ — —oo all separated
wave packets (well described by the above state) move towards the collision point. At finite time, interactions
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(perhaps very complicated) take place and our description using a Fock space breaks down. Finally, at t — 400,
the wave packets separate away from the collision point and interactions can be neglected again. In general the
outgoing state is different with respect to the ingoing one, it is therefore a different superposition of | ).

— cTOth
\ Pout
Pin 4\\

Interactions Interactions —_—
Kin
?in \ / IR
/ = K out
kOUl
Figure 10.4: Different scattering processes.
We could for example consider the processes for which:
|pa)in = /dﬂpm A, f1 (in) Fo(Kin) |Dins Kin) (10.6)
We can then have as a final state:
|¢o¢>out = / deout koom f{ (pout)fz (kout) |pout7 kout> (107)

as in the LHS of Fig. 10.4, but we could also have a final state with a different number of particles: whereas its
final state is:

|¢o¢>out = / dQPom koout quOm f{ (pout)fé (kout)fé (QOut) |pout7 kout; QOut> (108)

We can formalise this physically interesting situation by defining two complete sets of states of the full interacting
theory, the in states |¢) and the out states |1, ) in the following way:

o The in states [¢}) are such that for ¢ — —oo, they become well described by |¢s).

o The out states |17 ) are such that for ¢ — +oo, they become well described by |d4 ).

These are the so-called asymptotic states. In interacting theories, we have in general [¢)1) # |1, ). For example,
when we start before the interactions with two field configurations ¢1, ¢2, we have in general ¢; 4 ¢; after the
interaction took place. The above statement can be made more formal:

et [ da glaluz) I e [ dagla)ien) (10.9)

where H and H are the fully interacting and free Hamiltonian respectively. Let us make a few comments. We
have kept the wave packet smearing da g(«) in order to stress that our states must be localised in time. Indeed, if
they were localised in momentum (i.e. eigenstates of the Hamiltonian), they would not evolve in time (stationarity
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of the Hamiltonian eigenstates). However, the equality holds for any g(«) so that we could as well more sloppily

write e~ tHt|pE) ZE e=iHot|g ) 5o that:

[pE) = lim efle o, ) = Q(Fo0)|da) (10.10)

t—F oo

where we defined Q(t) = e*te~Hot and Q(+o00) are called the Méller wave operators. Let us derive an important
property of the latter. If the limit in Eq. 10.10 exists, it should not be affect by a shift in the origion of time (after
all we chose ty = 0 by convention, but ¢y # 0 is an equally good origin). Then:

Q(Fo0) = tii;nooeiH(t_to)e_iHO(t_to) (10.11)
Since the limit is independent of the origin of time, we have:

0= a%Q(Zlioo) = —iHQ(Fo0) + iQ(Foo)Hy (10.12)
0

= HQ(Foo) = Q(Foo)Hy (10.13)

This has the following important implication:

| H|pE) = HO(F00)|6a) = AFo0) Holéa) = Ealv) ] (10.14)

So that the asympotic states are eigenstates of the full interacting Hamiltonian when their corresponding free
states are eigenstates of the free Hamiltonian, and both have the same eigenvalue. This fact is reassuring as it is
natural to expect energy conservation when comparing both sets of states. The Moller wave operators transform
a free state into its interacting analogue without changing the energy. Physically:

Hol¢a) = Ealda) HYZE) = Eq|vZ) (10.15)

Purely kinetic, no interaction Kinetic and potential

What physically happens is that the free states give up some kinetic energy for the interaction. One last property
is that since the Moller operators are built up from the limit of an unitary operator, they are themselves unitary
operators, so that the asymptotic states are normalised in the same way as the free states:

(Wa [V5) = (9al QT (Foo)2F00)|85) = (dalds) = 6(a — ) (10.16)
For sake of clarity we can redefine!:
Qy = Q(Fo0) (10.17)

10.1.1 Lippmann-Schwinger Equation

We will here derive an explicit solution for the Moller wave operators. Start defining:

INote that Q4 so defined are the Moller wave operators one encounters in the litterature
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From Eq. 10.14, we have:

(Boa —H)[WE) =0 = (Bo— Ho)|vE) = Hi|vE) (10.19)

We see from this equation that in the limit where H; — 0 we have |[¢)X) — |¢,). This leads us to guess a solution
of the form |¢F) = a®|¢s) + AlpT). Plugging it into Eq. 10.19 we get:

(Bo — Ho) (aEoay + A|¢i>) = HI|¢i> (10.20)
= AlpZ) = E — Iwi> (10.21)

Added to this the limit where H; — 0 which implies a* = 1, we obtain:

Hy

Tﬂewﬂ (10.22)

WE) = |¢a) +

where the +ie factor is there to regulate the pole. This formal solution to the asymptotic states is the Lippmann-
Schwinger equation. Recall that the kets entering the equation are actually wavepackets. Then the prescription
+ie is important and chosen so that (Fig. 10.5):

et [ da glayluz) I et [dagla)ion) (10.23)

The different possible choices follow from Cauchy’s theorem. Explicitly:

1 [ da g(@)vz) = [ daglare v = [ da gla)e B (|¢>a> )

_ e—iEat 10.24
= / da g(a)e™"""|ga) / dadf g(0) gr—p 7 198) (G5l Hi1Va) .

+
Tﬁa

where T[;ta is called the transition matrix and its meaning will become clear shortly. Now for the in states we must
have:

e*””/da gla)lwd) == *%‘Hot/da 9(a)|¢a) (10.25)

and therefore the second term in Eq. 10.24 must vanish. Consider a Cauchy integral in the complex plane. In our
equation, we are integrating over real variables, but we can continue them analytically on the complex plane. If
we want to determine the value of the integral on the real line, we choose a contour which contains the real line
and, for example, a semi-circle which we choose to close either in the upper or the lower-half plane. This choice
depends on where the poles of the integral lay. Indeed, if they lay in the upper-half plane, we will choose to close
our contour in the lower-half plane so that we can argue, using Cauchy’s theorem, that the value of the integral
on the real line is equal to the value of the integral on the infinite semi-circle (no poles inside the contour). In our
case we have the freedom to choose where the poles lay (through the +ie prescription) and thefore we will first
focus on the fact that we want the integral to vanish.
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¢a< ””” ('70&)+ interactions ('J’cx R - ¢a/

Figure 10.5: Asymptotic states and free states relation.

As t — —o0, the exponential will behave as ~ e?P«l!l 5o that we need a positive imaginary part to make the
Cauchy integral converge and vanish. This implies that we will choose to close the contour in the upper-half plane.
Then, to make the integral vanish, the poles must lay in the lower-half plane. Assuming smooth g(«) and T Bia the
poles of the da integral become relevant and are exponetially cancelled at finite FE, as t — —oo if we choose the
prescription +ie. Indeed, this is achieved by selecting E, = Eg — ie. Similarly, we choose the —ie prescription for
the out states.

On the other hand, as ¢t — 400 the +ie contribution does not vanish. The Cauchy integral will be evaluated as
the sum of the residues and we obtain:

e—th/da g(a)|pt)y 2E° /da g(a)eFat (|¢a> - 2m‘/d,6’ §(Eo — EB)T;Q|¢@>> . (10.26)

This expression will be useful in the next section.

10.2 The S-Matrix

In a typical scattering experiment we are interested in measuring the transition probability from a given initial
state to a final one. An initial state is prepared such that long before the interaction process happens it has a
particle content labelled by a complete set of quantum numbers . Thus in-states |1/} ) constitute a natural basis
for the initial state of the process we want to measure. Similarly long after the interaction took place we measure
a system with a particle content 3, thus we use out-states |1/J§> as basis for final states.

We define the S-Matriz to be the amplitude for finding the final result \1/15), starting with |¢T). Thus the S-Matriz
is just the following scalar product:

Spa = (V5 [¥3) | (10.27)

Few remarks are in order. In the absence of interactions particles propagate freely. In this case in and out states
coincide, |[¢F) = |5 ) and we would just have

Spaly,_o = (= B). (10.28)

We stress that, in general, |47 ) and |¢B_> are just two different complete bases of the Hilbert space. The S-matrix
thus just expresses the expansion of the elements of one basis in terms of the other one. Thefore it is unitary in
the sense that

/dﬁ SpySpa = /dﬁ (W7 g )W lod) = (¥ [vd) = 6(y — a). (10.29)
Similary S - ST = 1.

We can associate S3., to the matrix elements of an operator S if we work with the states |¢,). Since the latter are
related to the in and out states through the Moller operators (10.10), we easily obtain

Sga = (0p]S|da) (10.30)

where we defined

S = Qf (+00)Q(—00) = U (400, —0) (10.31)

EPFL-ITP-LPTP Riccardo Rattazzi 158



10.2. THE S-MATRIX

This expression will be useful in the next section to examine Lorentz invariance but also later to find a formula in
perturbation theory.

Using the Lippmann-Schwinger equation we can also write S in a more explicit way. First of all notice the trivial
set of equalities

= (Y5 [vd) = (W5l eMe M jph) = (v (W|v(E) vt (10.32)

We can take the limit ¢ — oo in the last expression:

Spa = lim (Y7 ()¢ (1)) (10.33)

t—+o00

In this limit we can use the definition of out states for (15 (¢)| and the Lippmann-Schwinger equation in the form
(10.26) for | (t)):
(W (O] 2 (Bgle ™, (10.34)

[ (8)) 2 et <|¢a - 2m dﬂ 6(Ea — Eﬁ)T;Talsb@)) - (10.35)

Then, plugging in (10.33) and using (¢s|da) = (o — ), we obtain

Spa = (pplefet {e Eat (%) - 2m’/d6 S(E, — Eﬁ)T;a¢ﬂ>)] (10.36)

— Spa = 8(a — B) — 2mid(Ea — Eg)T}, (10.37)

Notice that, in light of this discussion, equation (10.26) can be rewritten as

ity 2t / 4B Ssalds). (10.38)

Indeed, what happens is that the in states, when evolved up until infinite positive times will have passed through
the interactions and thus we do not simply recover their corresponding free states but rather a superposition of
them. The coefficients mixing free states components correspond to the S-Matrix (matrix-)elements, Fig. 10.6.

(wa)-ﬁ - - - Interaction - - - - - c-c-o- oo > fdﬁsﬁa¢ﬁ

Figure 10.6: Asymptotic states and their relation to the S-Matrix.

We already commented that, if there is no interaction, then Sg, = d(ae — ). The transition rate is thus defined
to be proportinal to:

S50 — 3~ B ~ |17

(10.39)

Finally, as in non-relativistic quantum mechanics, we can derive the Born approximation. Indeed, for weak
interactions we have:

o = (0s|HI0L) ~ (dp|Hilba) = Via (10.40)
so that :

Sk = 8(a — B) — 2mi6(Eo — Ep)Via (10.41)

where the upperscript (1) denotes the first order Born approximation.
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10.2.1 Symmetries of the S-Matrix

What is meant by the invariance of the S-Matrix under different symmetries and what are the conditions on the
Hamiltonian that will ensure such invariance properties?

Poincaré Invariance:
Poincaré transformations act on spacetime as:

P:2z — Az+a (10.42)

We define an unitary operator U (A, a) for the interacting theory by how it acts on either in or out states. It should
act in the same way as Up(A, a) (unitary operator of Poincaré transformations of the free theory) does on the free
states. Our interacting theory will be called Poincaré invariant if the same U(A, a) acts on both sets of asymptotic
states as Up(A, a) acts on the free states. In other words, the interactions do not affect the action of the Poincaré
generators. We consider here for simplicity a theory of one interacting scalar field. We define Uy(A, a) such that
its action on the free states |¢p,) = | {p:}) is given by:

Up(A,a)| {pi}) = 2" 207 | {Ap,}) (10.43)

and therefore, from the unitarity of U(A, a) we obtain the Poincaré covariance of the S-Matrix:

S ({ki} s {p3)) = (kb out| {ps}in) = ({ki}outlUt - U] {p;}in) = ¢V (s =208 g (ks {Afié)m

where |[{p;},in) = |¢}) and similarly for the out state and we required them both to transform in the same way
as the free states. Since the LHS is independent of a, so must be the RHS. In other words:

S#0 & P=) pi=> k=P (10.45)
7 i

This equation allows us to factorise a four-dimensional delta-function in the definition of the S-Matrix and rewrite:

Spa = ap — (2m)26W (P — P,)iMgq (10.46)

We finally need to extract the condition on the Hamiltonian. In order to do so, recall:

(W5 1Y) = Spa = (85]S|¢a) (10.47)

Since the in and out states transform under “interacting” Poincaré transformations in the same way as the free
states do under the “free” transformations, we have:

(WU Ulwd) = (01 U - Uo - S Ud - U |da) = (95U - S - Uola) (10.48)
1 S

where the last equality is imposed. This means that for the fields of the full theory to transform in the same way
with U(A, a) as the free fields with Up(A, a), we must have:

[S,Uo(A,a)] =0 (10.49)
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Therefore the set of free generators Gy = {Hy, ﬁo, jé, I?o} all commute with the scattering matrix. We can then
define the ezact generators G = {H, P, J, K} that generate the transformations of the asymptotic states. Their
group structure will be the one of the Poincaré group. For interacting theories we have in general:

Hy—» Hy+H;=H (10.50)
P =P, (10.51)
J=Jy (10.52)
K + K, (10.53)
The first two consequences are:
[f, H} —0= [13, H] - {JBHI} —0= [ﬁO,H,} (10.54)

so that the interactions should be rotational and translational invariant. Also from {ff , ﬁ} ~ H, since we already

have P = Py, we must have K = Kq + AK #+ K, and finally, from [I_(', H} ~ P = P, we have:

{I?,HI} n {AI?,HO} —0 (10.55)

This equation for the exact boost generators allows us to build them. Finally, since we require the asymptotic
states to transform in the same way as the free states we obtain, denoting UtF) = u,[¢E) and Up|da) = ta|da):

tirrpey _ f bl = B) = (¢p|Usl¢a)
it ={ {50, ol 0 . Blied) - (ol 00 (1056
so that:
UQy = QU (10.57)

This is the generalisation of Eq. 10.14 which implies that for any generator of the Poincaré group, we have:
GOy = Q1Gy (10.58)
Internal symmetry:

Suppose that our theory respect some additional symmetry, it can be discrete as parity or can be associated to
some conserved quantum number, one can say U(1)gp associated to the electric charge for definiteness. When
acting on the states |¢,,), the symmetry will rotate the quantum numbers gather under the global index «:

U(T)|¢a> = D(T)aa’ ‘¢a’> (10.59)

Where U(T) is the unitary operator associated to the symmetry transformation 7' and D(T )4 is it realisation
on the state. Consider then the S-matrix element associated to transform states:

Sga = (V5 DN(T)ps D(T)awr [t03)) = D*(T) g5 D(T)acr Sars’ (10.60)

Here we have implicitly assume that the transformation is realized in exactly the same way on both in and out
states. For this to hold we must assume that there is Uy(T") that induces these transformation into the free states
just as in equation 10.59. Then using that the definition of the asymptotic states:

) = QF00)|da) = UH(T)5) = UFo0)U°(T)|da) (10.61)

If [Q(F00),U%(T)] = 0, then we have that U°(T) = U*(T), so the unperturbed operator U° must commute with
both Hy and Hj, the symmetry must leave invariant the free theory and the interactions independently.
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10.3 Phenomenology

The square of an S-matrix element represents the probability to go from an asymptotic initial state to an asymptotic
final state. Experimental observations at colliders, such as the LHC, are stated in terms of suitable observables
that provide a measure of that probability. The purpose of the two next subsections is to describe the two main
observables, the cross-section and the decay rate. For further discussions one can refer to Chapter 4 of Peskin &
Schroeder’s textbook, An Introduction to Quantum field theory .

10.3.1 Cross-sections

Let us consider a simplified particle physics experiment where a beam of B-particles interacts with a target of
T-particles. To have a picture in mind, the beam and the target are represented in Fig. 10.7 by two bunches of
particles (shaped like rectangular bricks) with respectively lengths I and Iy, and common surface S:

B — bunch T — bunch

‘€B ET

Figure 10.7: Pictorial view of the two interacting bunches of particles, we choose to be in the rest frame of the
target beam

Let us call pp 1 the particle density of respectively the beam and the target bunch. Assuming the beam and the
target are sufficiently diluted that only interactions of pairs (one B and one T') contribute, we expect the total
number of collisions N after the bunches have crossed to satisfy the proportionality?

NpNr

N x ,DBEBPTKTS = g = Li (1062)

The quantity L;, called the integrated luminosity, has the dimension of an inverse area and gives a measure of
the combined intensity of beam and target. As the number of events NN is dimensionless, the above relation should
be completed by a proportionality constant ¢ with the dimension of an area

NpNr
o—

N =
S

=ol; (10.63)
The quantity o, called the cross-section, measures the interaction probability between a beam particle B and
a target particle T'. Notice that the cross-section o measures an intrinsic physical properties of the particles in
question, while the integrated luminosity L; measures the experimental conditions. In simple words o is set by
Nature while L; is set by the Experimenter.

For a single event, many possible outcomes are possible. The differences can concern both the kinematical variables
and the very particle content of the final state. In the parlance of particle physics each particular particle content
in the final state is termed a channel. Consider for instance electron-electron scattering, where both B and T,
consist of electrons e~. At low energy, the most likeley outcome is the reaction of Mgller scattering: e" e~ — e e™.
Indeed, as we repeat the experiment, the outgoing electrons will follow some distribution in the angular variables.
Mgller scattering is termed an elastic channel, because the initial and final state content is identical. But it can
also happen that the final state involves different particles with respect to the initial state. One terms those
cases as inelastic channels. At low enough energy the most common inelastic channel, beyond e~ e ™, involves the
emission of an additional photon, i.e. the reaction e”e™ — e~ e~ 7. However at sufficiently high energies one can
even have channels that do not involve electrons for e"e~ — v v, m~ 7~ which features two neutrinos and two pions
in the final state. In order to characterize physics in a more faithful way, rather than simply counting the total

2This formula is easily understood by noticing for instance that by doubling any of its factors corresponds to performing two
identical experiments tghuse obtaining twice as many events. Notice also that in a more general situation where the beam and target
buches have surfaces B and T of different area, what would matter is just the value S of the overlap surface BN 7.
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number of events, it is then better to sort out the final states according to their particle content and according
to the value of the kinematic variables (momenta and, when measurable, spins). Indicating by N, the number of
events in channel a, we can then write N =) N,. Moreover we can decompose each N, in the contribution of
the different kinematical regions

ANu(p1,-oospn,) d3k;
N=Y N, = dN,, dN, = —22bnfralg0,dQ, , d= ——0— . 10.64
za: Z / @ ¢ dQ,..dQ,, ! @ ' (2m)32E; (1064)

The number of events dN,, in each phase space cell of each channel, is also an observable and obviously one that
contains more information than the total number of events N. Like for eq. (10.63) one can then associate to the
differential number of events dN, a differential cross section do, according to
dN,

L;
The output of observations in particle physics experiments are mainly expresses in terms of differential cross
sections.

(10.65)

do, =

The discussion above focussed on the total number of event that happen during the whole duration of the experi-
ment. One might also be interested in the number of event happening per unit time. That simply corresponds to
the time derivative of N in eq. (10.63)

dN dL; dL; ds
ﬁ =0 ar s ar = pBTprfTS = pB'UBpTeTS =L (1066)

where vp is the beam velocity (the target is assumed at rest). The quantity L is called the (instantaneous)
luminosity. In the first equation above, we also used that ¢ is time independent, while in the second we used that
the only time dependence is given by the motion of the B-bunch across the T-bunch, which is effectively captured
by de/df = UB.

having defined the physical observable, the cross-section, we must now derive its relation to the more formal object,
the scattering amplitude.

According to the above discussion, we are interested in the interaction of two incoming particles, one from the
beam and one in the target. In a real experiment several of these interactions take place, as both beam and target
involve many particles. However as the interaction of pairs are independent of one another, we can picture the
outcome by considering many repetitions of the interaction of a single beam particle and a single target particle.
We must also allow the relative separation, or impact parameter, of the two incoming wave packets to vary each
time according to a certain distribution, which is determined by the experimental conditions. For simplicity we can
consider the state of the target particle T' to be fixed, while the B-particle wave packets follow some distribution
in impact parameter. Fig. 10.8 offers a picture of the set-up we have in mind. We characterize the B particle
initial trajectories in terms of their crossing point on some chosen 2D plane. Any choice for the plane is good as
long as the initial B trajectory does not lie in it. To make things simpler we could chose the plane orthogonal to
the trajectories, but that is not strictly necessary. We parametrize the crossing points of the incoming B particles
by a two dimensional impact parameter vector b. The beam will thus be described by an integrated flux F' (b)
of B-particles across each point on the plane (in other words, the total number of B-particles that, at the end
of the many repetitions of the two particle scattering, will have crossed an infinitesimal area d?b at b is simply
F(I;)de). It is convenient, but not necessary, to choose coordinates on the plane such that b = 0 corresponds to
a B-trajectory that maximally overlaps with the wavepacket of the target particle. In that case |g| does indeed
measure the impact parameter.

The state of each particle is described by some wave packet function. We will assume that all B-particles have
the same wavepacket, modulo a translation. The initial state of one T-particle and one B-particle crossing at b
can then be written as

|6in (b)) = /dQBdQT¢B(kB)67ikB.E¢T(kT)|kB7kT) = |¢B, ¢1)5 (10.67)

where e~*2°% realizes the translation by b of the B-particle position (and thus of its initial trajectory)?® . One has

{65, brld5, dr); = / A6 (ks)2 x / Q| (k)P (10.68)

3As b is a vector on our chosen reference plane, by EB - b we mean I_c% - b with l_e% the projection of EB on the plane.
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Figure 10.9: Situation of interest for the beam dis-

Figure 10.8: Schematic representation of the exper- tribution F(b) and for the differential probability
iment controlled by the region of interaction

so that the proper normalization is obtained by taking both factors in the right-hand side of the above equation
equal to 1.

We want to consider the differential probability for the initial state |¢p,¢r); to evolve into some general final
state [{p;}i=1,...n» {Si}i=1,....n). Here {p;}i=1,.» denotes the momenta of the outgoing particles and {s;}i=1,.n
is a global label to indicate the type of particle, it spin and so on. In what follows, to simplify the notation we
will only characterize the final states by the particles’ momentum: = |{p;}i=1,... ). The properly normalized
differential probability per unit cell of the phase space is found to be

dP(T, B = {pi}ti=1,..n); = |{({pi ti=1,...n|S|05, o7)5?d...dQ,, . (10.69)

Indeed one can easily show that, given any region 2 of the n—particle phase space, the operator

PQE/ {piti=1,...n)({Pi}i=1,... n|dQ...dQ, (10.70)
Q

is a projector on the set of states € (2. That amounts to checking that

where € is any set such that Q N Q' = (). By the axioms of quantum mechanics, the probability to measure the
final state S|¢p, ¢r); as an n—particle state in the phase space cell d€;...dQ2,, around {p;}i=1,...., is then given
by eq. (10.69).

-

Given the differential probability 10.69 and the integrated flux F(b), the differential number of events is then

-,

AN(T, B = {pi}iz1...n) = /dQEF( YAP(T, B = {pi}iz1,..n); — F(O)/dQEdP(T,B — {pitictn)g
(10.72)
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-,

where in the last step we have assumed, which is normally the case, that F(b) is much more spread than dr;

-,

(see Fig.10.9) so that it can be approximated as constant in the region where dP; # 0, i.e. F(b) ~ F(0). This
corresponds to the situation where the interaction range between B-particles and T-particles is (to a good extend)
finite and much smaller than the size of the beam. Notice now that in our present situation F'(0) is nothing but
the integrated luminosity L;. This can be checked by considering eq. (10.62) and noticing that in the present case
we only have one target particle, Ny = 1, while F'(0) corresponds to the integrated flux of beam particles per unit
area, that is Np/S. Applying eq. (10.65) we then have

Ao, B = {pidict,.o) = [ PFAPEE = (pi)ic.n)s (10.73)

.....

We must now develop the above equation using the general form of dP(T, B — {p;}i=1,....n); and performing the
integral over the impact parameter. Let us focus first on the matrix element in eq. (10.69) and write it in terms
of the reduce S-matrix element as:

({piti=1,..n|S|oroB); = /(ph - pn|Slkrkp) ¢r (kr) ¢ (kp) e~ P dQrdQp
(10.74)
_ / (2m)6* (Pf — kp — k) M(TB — f)ér (kr) ép (kp) e 5 0dQrd0s

where Py = > "p; is the total 4-momentum of the final state. Taking its squared absolute value according to
eq. (10.69) we thus get:

do — /deHin /dQTdQBdQTdQBe*i(’“B*EB)'b¢T (kr) o7 (I;T) ¢ (kB) B (];B) (10.75)

(2m)*6* (kv + kg — Py) (2m)*6* (kr + kg — Py) M(T, B — f)M(T,B — f)*

The integral over b leads to ad addtional delta-function, (27)26?(k3 — k) (we recall that the upper script L
indicates the momentum component lying on the b-plane). The 6 constraints from 6%(kjs — k)0* (kr + kg — Py)
can be used to easily integrate over ];?B,T, as these indeed consist of 6 variables. Leaving aside the other factors,
to perform this intergration it suffices to focus on the integration measure for the initial particles and on the
delta-functions

/ dQrdQpdQrdQp(2r)'06% (kg — ki)o* (kr + kg — py) 6* (kr + kg — py) =
Fhndhy (10.76)

/ [(2m)%6% (kg — k)6* (kr + kp — kr + k)] %4 Er

((2m)*6* (kr + kg — Pf) dQrdQp)

Now, one obvious solution of the constraints imposed by the delta functions in square brackets is kp =k B, kr = kr.
As one can check there is also another one where kg # kg and kp # kr. However the contribution of this second
solution can be made arbitrarily small by taking the wave functions ¢ and ¢ to be arbitrarily peaked around
respectively some momenta pp and pr. Basically in that case the product ¢p(k B)qu(k‘T)qS*B(Z; B)P% (/;;T) is peaked
at kg ~ kg ~ pp and kp ~ kr ~ pr, so that only the solution kg = kg, kr = kg contributes significatively.
Neglecting thus the second solution, explicit integration then gives:

Bkpd®kr

/52<I{?]§ — E§)54 (]%T -‘r];‘B — kr +]€B> 4E E = /dk’%dk‘éé(%% +]76é —pfz‘)(S(E_‘T +EB —Ef)
BLT

_ dkf: /7.2 2 L2 A 2
/4EBET5< k7. +ma + 1/ (k) Jr(kapf) +m% — Ey

1
~ 4EpEr|vk — vk

(10.77)

where by L superscript on a vector indicates its component orthogonal to the g—plane. In the last step we used
Jo(f(x))dz =3, m where the x; are zeros of f. We can then gather our results:

1
’U%« — Ué’ 2ET2EB
(10.78)

do =[] ds [ d0rdQn6r (b)) on (ke)|* (205" (P — br — k) | M(TSB = 1) ,
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F" = Fcosf
A
A =
\9 cosf
v
e / °
_____ ("T\ L V' = vk cos 6
A &
' S | 1
A AFEpEgv'y  4BErEpvk cosf

Figure 10.10: Here we schematically show two different choices of g—plane operated respectively by observer O
and observer (O'. Their planes are relatively rotated by an angle 6 in the 13 plane (direction 2 is orthogonal to
the picture). As shown, the flux factors transform precisely like the area intercepted by a beam moving in the 3
direction.

As we said we are interested in wave-functions peaked around some specific momentum, which we call pg 1 for
the beam and the target respectively. For instance we could take a suitably normalized Gaussian wave packet

d3k (kp—pp)?

2 _ T Gropp)

dQp|r (k)| = me A% (10.79)
and similalarly for ¢p. In the limit where A is much smaller than the momentum scales over which the rest of
intergrand (10.78) varies significantly, the above measure behaves like a delta function

3 (ke —pp)?
Mew 220 53 (kg — pr)d3ky . (10.80)
One may be worried that the integrand, as it still involves a §* (Ps — k7 — kg), is not a smooth function. However
after integrating over any finite region of the final phase space the result will be a smooth function, and, in
pracxtice, our measured quantities always correspond to integrating over such finite region, given the resolution
with which the final momenta are measured is finite. We can thus safely make the replacement expressed by
eq. (?7?) for both ¢ and ¢p. This greatly simplifies the expression for the differential cross-section, which we can
write as the product of three factors

[IM(T, B — f)P] | (2m)*6* (Pf — kr — k) [ [ 42y (10.81)

1
do = [’U%—Ué‘QET2EB L

The third factor in square brackets, usually called the “phase-space”, is Lorentz invariant, like the second factor,
the squared matrix element. However the first factor, called the flux factor, is clearly not Lorentz invariant. In
order to see that, we can for instance choose the L direction aligned with the third axis of our reference frame.
We have then

[vE — v | 2E72Ep = A|Epp} — Erpy| = €™ pp upr0l (10.82)

which shows that the flux factor coincides with the 12 component Ci2 of the Lorentz tensor Cog = €aguvlB, uPT,0-
This result clarifies that this factor is only invariant under a subgroup of the Lorentz group: boosts along 3 and
rotations in the plane (1,2). In particular the flux factor is not invariant under rotations that do not leave the b
plane invariant. One can easily check that, under such rotations, the flux factor precisely transforms like an area,
as one should have expected. A hopefully self-explanatory example is presented in Fig. (10.10). However we can
define a Lorentz invariant cross-section by picking the b plane and a convenient class of reference frames where
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Figure 10.11

the velocities of both target and beam are aligned with the longitudinal direction: ¥g / vp / 3, or equivalently

U3 = U3 = 0. In that case the only non-zero component of the tensor Cys is the (1,2), so that we can write

CopCB
vf —vp| 2E12Ep = 4|Eppt — Erp| =4 ﬁT = 4\/(]013 -pr)? —mimp (10.83)
This leads to the expression of the invariant differential cross-section:
1 2
do = |M(T, B — f)]> d®™ (10.84)
4/(p5 - pr)? — mym3

Where by d®(™ we succintly indicate the Lorentz invariant phase space factor (LIPS)

do™ = ] ds2m)*s™ (P; — ) (10.85)
f

Obviously eq. (10.84) can be computed in any frame, but its proper interpretation as a cross section, accord-
ing to the definition in eq. (10.73), only works in the above mentioned special subclass of frames (and choice of b
plane). For any other choice the cross section is given by the invariant result in eq. (10.84) times a correcting factor
\/CasC? /\/2|C12|. In the class of frames where eq. (10.84) two choices are of practical relevance. One is the is the
center of mass frame, where pr+pp = 0, and the other is the rest frame of one of the two particles, say the target T'.

10.3.2 Lifetime and decay rate

The existence of unstable particles is an empirical fact, which we should be able to describe in QFT. Notice though
that such particle will never be observed as outgoing in the far future (¢ — +00) because it will disentegrate before
then. So it is not, strictly speaking, an asymptotic state that we can describe with the S-matrix. Let us proceed
nonetheless, we will later find a fix to this objection.

Empirically the phenomenon of particle decay works as follows. We imagine to have reservoir containing at a
certain time ¢ a number Np(t) of unstable (decaying) particles D (see fig.10.11). The decay rate I" and lifetime 7

are then defined as

_ ##decays per unit time r 1
~ #D particles in sample ’ T

(10.86)

For sufficient dilution of the sample, which is practically always the case, the process of decay of each particle is
independent of the presence of the others. In that situation I' measures the probability of decay per unit time,
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and in system satisfying time translation it should therefore be time independent. The number of particles in the
sample Np(t) will then satisfy
dNp(t)
dt

Like for particle collisions, different channels can contribute to the decay. In full analogy with the case of the cross
section, we can then write

= —T'Np(t) = Np(t) = e TtNp(0) (10.87)

1 dNp 1 AN,
- 2P _ - N0 _NTp, 10.88
Np dt — Np & dt > (10.88)

where the I'* respresent the partial rates in each different a-channel. Again, like before, we can define the differential

rates according to
dl'(p1y...,Pn,)
r,= [ dl, — 22 dOy ... dQ,, . 10.89
/ / Q... dQ,, “ (10.89)

The partial rate is tied to the branching ratio Br(a) = I',/T", which measures the probability for the particle to
deacy in a specific channel. Indeed, given an initial sample of Np(0) D-particles, the number of decays in the
a-channel at each time is N,(t) = ', Np(t), which when integrated gives

total / N 7ND (0) = BI‘(CL)ND (0) . (1090)

Let us now try to connect the differential decay rate to S-matrix elements, like we did for the cross-section. The
initial state will be a properly normalized ((®p|¢pp) = 1) wave packet state with a single D-type particle

6p) = / Q6 (kp)|kp) (10.91)

In the same spirit of our previous discussion, the amplitude for decay in a generic state with particles is given by
the S-matrix element

(p1--.pn|SléD) (10.92)
so that the differential decay probability is

dP(D — f) = HdQ|p17...,pn|S|¢D>|2

dP(D — f) = HdQ /dQDdQD(QW)85(4)(Pf — kp)d™(Pr — kp)M(D = FM(D — f)*¢p(kp)ép(kp),
(10.93)

where in the second equation we have used the reduced matrix element. Of course, our approach here seems, at
best, heuristic, given, as we already said, that a decaying particle is not an asymptotic state. Let us continue
nonetheless.

When integrating over the 3-momentum kp, the 3-momentum delta’s fix kp = kp = 13f. Given the energy of
the D particle is fixed by its 3-momentum according to Ep = V/m3, + k%, the equality of the spacial momenta
implies Ep = Ep, so that in the end we obtain

dP(D — f) = Hdﬂ /d D (2m)36®)(Py — kp) (2m)0(Ey — Ep)* IM(D — £)|*ép(kp)|? (10.94)

=270(E¢s—FEp)2mwé(0)

What does 276(0) mean? The appearance of this infinite factor is the price we are paying because we blindly
applied the S-matrix formalism to a particle that decays, which was not meant to be. How should we interpret
this infinite factor? Can we fix this apparent paradox? In fact we can, as we now show. Even though it may not be
manifest at this stage, a singular term like that can only come from some divergent integral. Indeed when defining
the S-matrix we let the initial and final times to go to infinity, and, in particular, a delta of energy differences can
only come from integrals of the form

+oo )
218(Ef — Ep) = / dt e Fs=Ep)t, (10.95)

— 00
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Working over a finite time span 7" we can formally write
T/2
276(0) = lim 27§(Ef — Ep) = lim  lim dt e Br=Ep)t o Jim T (10.96)
Ey—Ep Ey—Ep T—oo T/2 T— o0
so that at finite time we can identify 276(0) = T (notice that this is fully analogous to what done in section
4.2.1, where we identified (2m)363(0) = V). We can then proceed, admittedly heuristically, as follows. As the D
is unstable, we cannot take the T — oo limit. Intuitively we can only treat D as a genuine, though approximate,
asymptotic state for times that are much shorter than its lifetime 7p. we must then assume T' < 7p. Working at
finite T it thus seems fair to replace 2m6(0) — 1" in eq. (10.94). Yet we have the other 6(Es — Ep) factor in that
equation which at finite T is actually equal to
/2 sin[(Ef — Ep)T)

2167 (Es — Ep :/ dt e Es—Ep)t —
(Er ) T/2 Ey —Ep

(10.97)

Now we would like to still effectively treat this term as 2m6(E¢ — Ep). That is possible, as long as the integrand
in eq. (10.94) is a sufficiently smooth function. More precisely, indicating by AEg,,, the energy scale, typical of
the dynamics and encoded in the matrix element and phase space, over which the integrand changes, we can make
the identification dp(E; — Ep) — 6(Ey — Ep) as long as T > 1/AEg,,. A natural interpretation of 1/AEy,, is
as the time scale that roughly controls the creation of a D-particle. For T in the range

T 10.98
AEdyn I L7 ( )
we can thus interpret eq. (10.94) as a time dependent decay probability and write
ds2 -
AP(D — )T) = [ 522 10n (ko) PMD = P [[dsti2m) 50 (s ~ k) < T. (10.99)
D ,
K2

As the time dependence is purely linear, the obvious intepretation is that this equation gives the differential decay
rate dP(D — f)(T')/T. Taking the initial wavepacket localized around a 3-momentum pp like we did in eq. (10.80),
we then arrive at our final result for the partial decay rate

MDD

dT'(D — f) 2Ep

do™ |, (10.100)

We should stress that in order for the above line of reasoning to make sense it is necessary that < Eld < Tp: only
yn

for long lived particles can we really talk about decay rates as well as successfully adapt the S-matrix formalism
to compute. Notice that the discussion we made here is precisely the one which is given in ordinary QM when

deriving Fermi’s Golden Rule.

In order to determine the total decay rate I' we must finally integrate over all possible final states and sum over
all channels. Schematically the result will have the form

r x (Lorentz invariant term) (10.101)

" 2Bp
As the lifetime satisfies 7 = 1/T" we then have

7 =2FEp x (Lorentz invariant term) = 2mp~yp x (Lorentz invariant term) (10.102)

where vp = 1/+/(1 — v3) is the relativistic y-factor that expresses the dilation of time intervals between the rest
frame of the particle and the lab frame where the particle moves with velocity vp. Our result then shows that the
lifetime depends on the reference frame precisely as dictated by special relativity.

10.4 Amplitudes in Perturbation Theory

We saw in the last section that quantities of interest in quantum field theory are all dependent on the amplitude
squared extracted from the corresponding S-Matrix element. We derive now a perturbative expression for those
amplitudes.
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10.4.1 Perturbative Expansion

In order to understand why we use perturbation theory, let us start with an example. Consider a real scalar field
Lagrangian which has Z, symmetry*:

1 m2 A
£=5(0u0) ~ ¢ —4—?¢4 (10.103)
[,0 l:I
The Hamiltonian of the system is:
1 1 = 2 A
H= 24 >(Vp)? + D20y2 | 2044 (10.104)
2 2 2 4!
——
Ho HI

At leading order in Ao, this is a good choice for the interaction Hamiltonian. The system is weakly coupled as
long as:

A
# <1 (10.105)

In this regime, we make the hypothesis that we can work in perturbation theory in Ay, so that we can write for
the S-Matrix operator:

S =14 XSW +225@ ¢ . (10.106)

Some processes come at the leading order (LO) (at order \g in the Lagrangian or more precisely at order A3 in
the S-Matrix element as we square the amplitude of the process), and at that order we see that the splitting is
good. However, at next to leading order (NLO) the splitting is not good! Indeed, interactions lead to corrections
to the so-called bare parameters of the Lagrangian (mg, Ag) as well as to a renormalisation of the field through a
parameter called the field renormalisation strength (¢ — Z 1/ 2¢). This implies for example that the physical mass
will get a dependence on the coupling constant:

m? =m2(1+adg +b\2+...) (10.107)

And therefore to obtain a good splitting of our Lagrangian, we define Z = 14+8z, 6, = m3Z—m?, &y = \Z>—\
where m and A are the observable quantities. The Lagrangian becomes:

_ 1 21 92 A 1 ny_ s 42 O
L=5(0u0)° = 5m*¢” — 10" + 5020,00"¢ — 56m¢” — 3¢ (10.108)

Lo Ly

Once this is done, we can proceed with our calculations in perturbation theory. Notice that for all practical
purposes of these lectures we will work at LO so that 7 = d,, = 5 = 0. From now on, let us assume that we
have a good splitting of our theory so that:

H=H,+ H, (10.109)

41t is not necessary to add higher order terms as they arise in a renormalisation procedure.
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10.4.2 Dyson Series Representation of the S-Matrix

As we saw, the S-Matrix operator is related to the limit of an operator U(¢,¢') involving both the free and
interaction Hamiltonian:

U(t,t’) _ eiHo(tfto)efiH(tft/)efiHo(t'fto) (10.110)

This expression allows us to easily prove important properties of the evolution operator:

Ulty, U (t,ts) = Ul(ty, t2) (10.111)
Ut(ty,ta) = U™ (t1,t2) = Ulta, t1) (10.112)

We shall now find a perturbative solution to the latter. In order to do this, we can find a differential equation
that U(¢,t') must satisfy and solve it with appropriate initial conditions. Being an evolution operator, we choose
as initial conditions:

Ui,t')y=1 (10.113)

Now, a good guess would be to take its time derivative and see if we can recognise some solvable equation. Thus:

igU(t,t’) _ eng(tfto)(H _ Ho)efiH(tft’)efiHo(t’fto)

ot
_ eiHU(t—to)HIe—iHo(t—to) eng(t—to)e—iH(t—t’)e—z’Ho(t’—to) (10 114)
Hy (t)
= Hi()U(¢.t')
where Hj(t) is the interaction Hamiltonian in the interaction picture. More simply:
. 8 / /
z&U(t,t )= H;(t)U(t,t") (10.115)

This is nothing but the Schrédinger equation for the interaction picture propagator! If the interaction picture
Hamiltonian was time independent we would simply have the usual:

Ult,t') = e tHIAL (10.116)

However the situation is here more delicate. We will solve the problem pertubatively in H;(¢) by writing:

Utt)=> UM(tt) (10.117)

and to solve for U™ (t,t') we iterate n times the resolution of the differential equation starting from the zeroth
order. For the latter:

)
i—UO (¢, ) = 10.11
i U0 ) =0 (10.118)
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Integrating this equation from ¢’ to ¢ and recalling the chosen initial condition, we have:

t
/ dTaQU(O)(T, Yy =UOt")-UOCt)=0=U9(1t)=1 (10.119)
t/ T

At first order, we have:

i%U(l)(t, ')y = Hy(t)UO(t,t') = Hi(t) (10.120)

Since we already used our initial condition, we set:

U™ ¢)y=0, ¥Yn>0 (10.121)

and therefore:

UL, 1) = —z‘/t drHp(7) (10.122)

t

The first non-trivial step comes at second order:

U (t,t) = —i / t dty (Hf(tl)(—i) /;1 dtgHI(tg)) = (—i)? /t/t dt /;l dtoHy(t)Hi(t2) (10.123)

t/
We would like to find an equivalent but simpler expression for this integral. In order to do so, notice that this
double integral, when represented on the ¢; —t5 plane, covers only the lower-half of the square of size (t—t') x (t—t')

cut by its diagonal. In other words, the region in the square that satisfies to < t;. Mathematically, this can be
represented by a #-function:

(—i)Q/t/ dt /tlldt2HI(t1)HI(t2) = (—i)Z/ﬂ dt, /t dty O(ty — to)Hy(t1)Hy(t) (10.124)

Written with that 6 function, the integral over ¢ can be extended to any time beyond t; as the value of the
integrand is zero for times beyond the latter. In particular we can extend it up to ¢:

(—i)Q/t/ dty /t 1 dty O(t1 — to)Hr(t1)Hr(t2) = (—z’)Q/t/ dty /t dty O(ty — to)Hy(t1)Hy(ts) (10.125)

The last trick consists in noticing that written in this way we have that the integrals dt,dts are symmetric and
hence only the symmetric part of the integrand will contribute:

’

(—i)? /t dt, /t/t dta 0(t1 —ta)Hy(t1)H(t2) = 5 /t dtidty (0(t1 — to)Hy(t1)Hi(te) + 60(t2 —t1)Hy(t2)Hi(t1))

(=)? /t/t dtrdty T {H(t:) Hy(t2)}
(10.126)

We finally arrived at a suitable expression for the second order value of the evolution operator:
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U@ (¢,t') = # / Cdbadty T {Hy(t2)H) (1)} (10.127)

This result is now straightforwadly generalised for the nth order. Using the same trick, i.e. inserting n — 1
f-functions to extend all the integrals up to time ¢ and fully symmetrising the integrand, we obtain:

U (1, 1) = (‘n”)n/t T{ﬁdtiHI(ti)} (10.128)
A i=1

In the end, the expression, in perturbation theory, for the evolution operator is:

o0 Y t n Lt , ,
Ut,t)=1+Y ( nzl) / T {H dtiHI(ti)} = e J At HE) (10.129)
n=1 A i=1

where the last expression must be understood as the Taylor expansion of the exponential with the time-ordered
product inside the multiple integrals and is just a notational short-hand. Finally, recalling the definition of the
S-Matrix operator:

S = O (+00)(—00) = U400, —o0) = Te ") 210 (10.130)

This is the so-called Dyson series representation of the S-Matrix. Notice that the S-Matrix operator is independent
of the time origin ty. Indeed, the latter can be changed by a simple shift in the integral inside the exponetial.

We would like to study the Lorentz-invariance of the S-Matrix using the expression we just derived. Tha Hamil-
tonian formalism is in this case not suitable as it requires a splitting of space and time. In order to do so, we
should go back to a Lagrangian formulation. Recall the Legendre transform which brings us from the latter to the
former:

. 0L . 0Lo (OLy
H=¢p——-L=¢p——Lo+¢p——— L 10.131
¢8¢ ¢ 9% 0ot 90 I ( )
Ho Hi
We see that we simply have:
Hr=—-L; <« No derivative couplings (10.132)

This is the case in many theories but it is not always true! One simple example is the case of scalar electrodynamics
with a local U(1) symmetry:

1
L= _E(FMV)Q =+ |Du¢|2 - m2¢¢*’ Du¢ = 8H¢ + Z.qultd) (10'133)

In most of the cases we are interested in, we have:
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§ = et =i (10.134)

Now, all parts of this expression are manisfestly Lorentz invariant, except the time-ordering operator. However,
the time-ordering of two spacetime points is Lorentz invariant unless their separation is spacelike. Indeed, if the
points are spacelike separated, we can always go to a frame where their separation is of the form (0, AZ), so that
the notion of ordering is not Lorentz invariant. Nevertheless, we are working with causal theories, i.e:

[L(x),L(y)] =0, |z—y[*<0 (10.135)

and since the Lagrangians commute when the points are spacelike separated, the time ordering is unnecessary in
that case. In short, our formalism is Lorentz invariant provided causality!®

A further comment should be made. In our formalism, we are working with the S-Matrix operator that connects
free states. We never make use of the S-Matrix whose elements are the scalar products between asymptotic states.
In the same spirit, the fields entering £;(z) are the free Heisenberg fields which evolve naturally with the free
Hamiltonian and admit a plane-waves expansion.

10.4.3 Wick’s Theorem

We have now the basic ingredients: an explicit power series expansion in £; to compute the S-Matrix operator S
as well as the interacting part of the Lagrangian itself £;(z) = L1[¢(z)] with ¢(x) the Heisenberg picture fields of
the free theory and:

Lr(z) = eHotL(t =0, 7)eHot = etHol £ [o(t = 0, F)]e” ol = L1[op()] (10.136)

We just need an efficient way to compute the T-product of Lagrangians in the Dyson series and its matrix elements.
The key to this is to realize that correlators of free fields can always be decomposed as a sum and product of
two point functions. This is Wick’s theorem, which will be derived in this section. This is at the foundation of
Feynman diagrams. We will develop this method step by step starting with some useful definitions. Let us start
for simplicity with a single real scalar field, we will treat the fermionic case at the end of the section. We define:

$(x) = /de (e7" ay + eP"al) = ¢~ (x) + 6T (x) (10.137)

with ¢~ (x), ¢ (x) the destruction and annihilation local fields respectively®. They satisfy the following commu-
tation relations:

[0 (@),6%(0)] = [ e 7 =Dl —y) 1 (10.138)
(6% (2), ¢ (y)] =0 (10.139)

where 1 is the identity operator. Any functional of the field ¢ can be written in terms of these two fields as:
O[(rb] = O[¢+a ¢7] = Z Z/F(:Ela ey Ty Y1, e e aym) H d4$2¢+(562) H d4yj¢7 (y]) (10140)
n m =1 J=1

i.e. with all creation fields to the left of the annihilation fields. In particular, the S-Matrix operator can also be
written in this form. This form is very useful when the functional is evaluated on the vacuum state. Indeed by the
properties of raising and lowering operators on the vacuum state, (0|O[¢]|0) only non-vanishing contribution comes
from the term in the sum where m = n = 0. We can generalize this to a product of several bosonic operators,
leading to the following definiton:

5For a more rigorous proof of the Lorentz invariance of the S-Matrix, read The Quantum Theory of Fields, Vol I (Weinberg)
Section 3.5
SWe follow here a different convention than Peskin and Schroeder.
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Definition. The normal ordered product of bosonic operators O1,...,O, is denoted as:
N{O1---0,} =:0:---0,: (10.141)
and is defined as the product in which all creation operators are to the left of all destruction operators.

Examples. 1. Identity operator: normal ordering is trivial
:1:=1 (10.142)
2. One scalar field:
tpi=i¢ + T = + ot =0 (10.143)
3. Two scalar fields:

1 01(2)d2(y) = ¢ (2)d3 (y) + &1 (2)¢5 () + &3 (¥)oy (2) + &7 ()5 (y) (10.144)

The normal ordered product is related to the ordinary one according to

$1(2)d2(y) = (67 (x) + &7 (2))(d2 (y) + 63 (1))
= of (2)93 (y) + &1 (2)d3 (y) + &3 (¥)o1 (@) + ¢1 (2)d3 (y) + [é7 (2), 65 (v)]

When ¢ and ¢, are commuting fields the commutator vanishes and the two notions of product coincide. For
identical fields, ¢1 = ¢o = ¢ we have instead

P(x)p(y) =: ¢(x)o(y) : +D(x —y) - 1. (10.146)

Let us give some properties of the normal ordered product.

(10.145)

Properties. Let us consider a set of bosonic operators {0, = O,[¢n]} and of c-numbers a,, € C.

1. The normal ordered product is linear:
> 4,00 =Y ay O (10.147)

2. Since the creation fields commute among them and so do the annihilation fields, we have for any permutation
W

S1(x1) - P (Tn) = b)) (Tr (1)) P () (Tr(ny) (10.148)
so that:

: 01 e On = Oﬂ"(l) e Oﬂ'(’ﬂ) : (10.149)

3. The vacuum expectation value (VEV) of a normal ordered product vanishes:

O : 010, :10) =0 (10.150)

Generalizing equation 10.146, we can rewrite ordinary (or time-ordered) products of operators as a sum of normal-
ordered products and two-point functions. Then using property 10.150, we can compute the VEV, in which all
normal ordered products will vanish.

For that purpose, we define contractions, the operation that take two operators and give a two point function,
which is simply c-number. In our case, there is two useful ways to do that.
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Definition. The contraction of two operators O1 and Oy is:

010: = (0|01 040) (10.151)

Similarly, the chronological contraction is defined as:

—
0105 = (0|]T0,0,]0) (10.152)

Examples. In the case of free fields we have:
P1(z)d2(y) =: ¢1(2)¢2(y) : +D(z —y) - 1 (10.153)
where we drop from now on the indices on the propagator as it is clear from the context if it is zero or non-zero.

This implies:

1. Their contraction is given by:

¢1(z)¢2(y) = D(z — y) (10.154)

2. Their chronological contraction is given by:

@Wy) = Dp(z —y) (10.155)

where Dp(x —y) is the Feynman propagator and is given by:

Dr(x—y) =0(" —y")D(x —y) +6(y° — ") D(y — z) (10.156)

Finally, let us give a property of the normal ordering of contracted operators:

Properties. Let us consider a set of bosonic operators {O,, = Oy, [dn]}, then:

c-number
: 01 s Oi_l(’)iOiH s Oj_10j0j+1 ce On L= O|Z_,O] 01 ce Oi_lOiH ce Oj_10j+1 ce On : (10.157)

=0i0;: 01+ 0i-10i41 - 0j-10j41 - O :
Theorem. We have now all the tools to state Wick’s theorem.
Let us consider a set of free fields {¢, = ¢n(xn)}. Then we have the following three results:
1. The time-ordering of n fields can be written as:

Ty dn =: p1- by : + : {all possible chronological contractions} : (10.158)

2. The product of n fields can be written as:

G1 P =1 b1+ Pn  + 1 {all possible contractions} : (10.159)

3. The product of two normal-ordered products of n = p + q fields can be written as:

SOLOp  Ppg1 O =1 1+ - Oyt 4+ {all possible contractions} (10.160)

where (multiple-)contractions arise only between pairs of fields with one field from the first p and the other
from the last q. Contractions between pairs of fields exclusively in the first p or last ¢ do not arise.
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A proof by induction of the theorem is given in Appendix A.

We will now use this theorem to find a convenient expression for the S-Matrix elements. They are of the form:
(Olap, -~ ap, T {¢1-+ dn}al, -~-a,];j|()> (10.161)

We consider the case for which p; # k; Vi, j. Using 10.158, we obtain:

<0|ap1 T aPiT{¢1 T (bn} a’]qu T G’Lj |0> <0|O‘P1 T Qpg - (bl T ¢n : azl T CLL |O>
+ (0lap, - - - ap, : {all possible chronological contractions} : aLl eay, |0)
=(0|:ap, ---ap, 11 Py ot akl---alj:|0>

+ (0| : ap, - - - ap, :: {all possible chronological contractions} :: azl e GL :|0)

where in the last step, we noticed that the ladder operators are already normal ordered and thus using 10.160, we
obtain our final result:

i i T i
<O‘a’p1 "'a';DriT{¢1'”¢7l}ak1 "'akj‘0> = Z <O| s Qp, "I'api¢ll"'¢lnak1 "I'al@j : |0> (10.163)
all (chrono-
con(tractions)'

where only terms in which everything is contracted contribute since the VEV of normal ordered products vanishes.
The following contractions appear in the sum:

a,0(2) = (0la,0(@)]0) = (plo(x)10) = " (10.164)
d(w)a), = (0lé(x)a}|0) = (0]¢(x)|p) = e~ (10.165)
6(2)b(y) = (OIT(x)é(y)[0) = Dr(x — ) (10.166)

Finally, let’s comment on the generalization to fermions. Wick’s theorem for fermions can be stated identically
to the bosonic case on the condition that we adapt the definition of normal ordering to be self-consistent for
fermions. Very similarly to bosons, we can separate destruction and creation operators in the definition of the
fermionic fields:

v=9t+y7, Pt =(@HT + (1) (10.167)

where we have the anticommutators
{v~(2), (d)*)*(y)} = /dﬂp(p + m)e*“’(l’*w =S@x—y)-1 (10.168)
{v*=(@), WH*)} = {(v*(@),v* @)} =0 (10.169)

However, as for the time ordering, one needs to take into account the anticommuting properties of the fermionic
variable by adding an additional minus sign depending on the ordering of the fields.

Definition. The normal ordered product of fermionic operators O1,...,0, is denoted as : O1---O,, : and is
defined as the product in which all creation operators are to the left of all destruction operators to the right, times
the sign (—1)"~ of the permutation ® necessary to achieve the normal ordering.

Examples. 1. One fermion:
=T gt =g gt =y (10.170)
2. Two fermions:
L1 (@)1 (y) o= i ()03 (y) + 47 (2)03 (y) — 93 (Y)e7 (@) + oy ()5 () (10.171)

Where one should notice the minus sign in the third term from exchanging vy and ¥y .
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3. n fermions:

PLtn = T O — Ul Uy U — (10.172)

Properties. The normal product for fermionic operators respects similar properties to the bosonic case

di(@)a(y) = dr(@)a(y) : +{v1 (@), 95 (1)} = a(@)va(y) « +01¢y (2)¥3 (9)[0) - 1 (10.173)

2. Since the creation fields anti-commute among themself and so do the annihilation fields, we have for any
permutation T:

: ’(/}1 (:El) T wn(xn) = (_1)nﬂ : wﬂ’(l)(x‘n’(l)) ce wﬂ'(n) (‘Tﬂ'(n)) : (10174)

3. Contractions are defined the same way for bosonic operators and fermionic operators. However, because
of the anti-commuting properties of fermions, the rule for contractions for a set of bosonic and fermionic
operators {0y, = Op[,]} inside a normal ordered product becomes:

201--0,210,0i41 - 0,100,471 - Oy 0 = (—1)n7rff Oll_loj 1010210441+ 0510511 Oy
(10.175)

Where n, . is the order of the fermionic operators permutation needed to move O; and O; from their initial
to their final position.

Examples. We take a set of bosonic ¢; and fermionic v; operators.

Sathsihy = (—1)31/1%4 D1y (10.176)
L d1ndsts s = (1) Paths : i : (10.177)
D1Y2gathy 1 = (*1)21/1&/1,4 D13 (10.178)

4. Chronological contractions work in the same way:

- 1 1
. 01 e (92-_1(9@(9141 te Oj_10j0j+1 e On = (*1)71"” 01(93 . Ol te 01_1014_1 e Oj_10j+1 e On .
(10.179)

Using these definitions for normal ordering, contractions, and chronological contractions of fermionic operators,
Wick’s theorem becomes valid for both bosonic and fermionic operators.

10.4.4 Feynman Rules and Feynman Diagrams

At this point we have defined all ingredients to introduce the Feynman rules. Let us sketch the basic idea:

e The S-Matrix operator is a series of time-ordered products of free fields.
e The in and out states correspond to applications of creation and annihiliation operators to the free vacuum.

¢ By Wick’s theorem, we can write the time-ordered products in terms of normal ordered products which are
already in a suitable form to take matrix elements with in and out states.

e The set of Wick contractions within normal ordered matrix elements is effectively described by a set of
diagrammatic rules: Feynman diagrams.

Feynman diagrams are built out of three type of elements:

1. External lines from aLl - azi |0) and (Olay, - - ap, -
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]
2. Internal lines or propagators: ¢;¢;.

3. Interaction vertices: interaction Lagrangian.

In order to illustrate the derivation of the Feynman rules as well as the computation of Feynman diagrams, let us

start with a simple example, the A\¢® Lagrangian:

2

1 m A
L=2(0.0)°— ——¢°— =¢° 10.180
S0~ o~ (10.150)
The S-matrix operator admits an perturbative expansion (Dyson series):
§=3Y"sm (10.181)
my_ L [ A\ : 3
S = o d*zy---dz, —ig T {p(z1) P(xn)} (10.182)
The most general contribution to the matrix element:
T = <p1p]‘5|k1k‘1> (10.183)
has the form:
1 A\
] /d4x1 cedr, (—13!) (Olap, -~ ap, T {p(x1)® - d(x,)*} aLl e (10.184)
and therefore we will have three types of contractions to which are added the interaction vertices:
« Incoming lines: ¢(z)al
e—ikx y
¢ Outgoing lines: a%x)
ikx
k— %
—
o Propagators: ¢(z)¢(y)
Dr(x-Y)
o Interaction vertices: —i3 [ d*x
X
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Each possible Wick contraction corresponds to a diagram where the n vertices are connected among each other
by internal lines and to in and out states (external lines). The amplitude is thus the sum over all possible
topologies (each topology being weighted by its own combinatorical factor). Notice that physically, summing over
all topologies is equivalent to summing over all possible histories of the incoming particles before being scattered
into the outgoing particles. We see here the close link to the path integral formulation of quantum mechanics. The
rules we just derived are the Feynman rules in position space. We will derive shortly similar rules in momentum
space, but before doing so, let us warm ourselves up with a simple example.

Example. Let us compute the amplitude associated to the following Feynman diagram in A¢> theory:

kl P1

ko P2

Figure 10.12: A Feynman diagram contributing to the 2 to 2 scattering in A¢3.

From left to right, we have:

o Two external lines with momenta ki and ko arriving at the © vertex giving a factor e~ *@(k1tk2)

o The x vertex itself. Notice that the vertices have a factor 1/3!, but there are exactly 3! different ways of
contracting three lines and a vertex, hence exactly cancelling the factorial’. Therefore, a contracted vertex
effectively corresponds to the Feynman rule —i/\fd4x.

o The propagator (internal line) Dp(x — y).
o The second vertex and the last two external lines give a similar expression to previous one.

o Finally, the diagram comes at second order in A, there is therefore an extra factor 1/2. However, we see that
it is symmetric in x and y. Indeed, we could have chosen to contract the incoming lines with the y vertex
and the outgoing lines with the x vertex giving rise to the same diagram. It is a general feature that the 1/n!
of the Dyson series exactly cancels the symmetry which exchanges vertices, we can therefore drop these two
factors of the computation.

Putting everything together, we obtain:

(—i)\)Q/d4xd4yDF(a: - y)e‘ix(kl+k2)+iy(m+m) (10.185)

It is however often simpler to compute the amplitude and to express the Feynman rules in momentum space. This
is done simply by performing the position integrals. For example a generic vertex with three incoming momenta
corresponds to the integration:

/d4xe—i$(171+p2+p3) — (271-)45(4) (p1 + p2 + p3) (10.186)

Therefore, momentum flow is conserved at each vertex. Electric circuits analogy give a useful intuitive picture of
the set of constraints impsoed by the delta-functions (Kirchhof’s laws). The remaining rules are as follows:

o External lines: The exponential in momentum space becomes the identity operator. For a scalar field:

External lines = 1 (10.187)

"In the Lagrangian, a ¢™ interaction is generally normalised with a 1/n! combinatorical factor for this reason.
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e Propagators: From the Lorentz invariant expression of Dp we have:

d4p je T

The exponential was previously included in the vertex integration leaving us with a factor:

d*p i
—_— 10.1
/(27r)4 p? — m?2 (10.189)

We therefore need to integrate over all internal lines. Let us consider V vertice, I internal linesand I—V +1 =
L loops. Thus, schematically:

d4pL
2

o (10.190)

d4p1 d4pI (4) (4) d4p1
ap = (2 ..
/ @)t (2n) L,é_/ )t Z k— Z / (2r)3

V vertices out

So that we are left with an integration over the set of remaining free internal momenta that run in the loops.

o Interaction vertices: After the integration is done, we are left with the coupling constant and the combina-
torical factor. As we previously argued, the number of topologically equivalent diagrams exactly cancels the
1/3! so that for each vertex we simply associate a factor of (—i\).

We can synthesise the result in a table of Feynman rules. We also add the position space rules for completeness.
The algorithm is as follows:

1. Draw all possible diagrams contributing to the process you consider.

2. Choose whether to work in momentum or position space.

3. For each diagram, using the following Feynman rules, compute its amplitude:

Position space | Momentum space
Ext. li —iw(xp) 1
xt. lines e (10.191)
Int. lines Dp(x —y) Dr(p)
Vertices —i\ [d*z —iA

In addition, in momentum space, apply momentum conservation at each vertex, integrate over the momenta
running in the loops and factor out an overall delta-function (27)*6™® (3>, k—3", ., p).

4. Most of combinatorics factors have been treated with this algorithm, but there is an extra symmetry factor
that can arise when we have closed loops inside the diagram. Compute it and divide the amplitude by this
number®.

What remains, is the contribution to the reduced amplitude i M:

S({k} = {p}) =1+ (2n)*6W( Zk > p)iM({k} - {p}) (10.192)

out

8This symmetry factor arises because, for example, in a closed loop, it does not matter how we connect internal lines inside it. For
further details, see Peskin and Schroeder Section 4.4.
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Application:
Consider the following process in A¢?:

khkg — P1,DP2 (10193)

This is an elastic scattering process. Let us first compute explicitly all contractions and after that see how the
algorithm we derived above leads us to the same result in a much faster way. We first bother doing it the brave
way because it is important to understand very well all steps of the full computation. The algorithm can then be
applied efficiently and, in the case of complicated diagrams, no symmetry factor will be left behind!

The in and out states are simply:

lin) = a,_af_|0) (10.194)
(out| = (0lap, ap, (10.195)

The S-Matrix operator is given, up to second order, by:

¢ 1ol = i [ T LAY A rduT 3 (263 O(\3 10.196
—1=ir= i [dtare) + L (~id) / 2d'y T (2)9* (y) + O(N?) (10.196)

By Wick’s theorem, only the fully contracted products contribute to the process. Therefore, at first order, there is
no contribution (we cannot fully contract an odd number of operators!)?. The first contribution comes at second
order. What are all possible contractions and what are their multiplicity? The matrix element we consider is:

1/ A\
5 (—l?)!> /d4xd4y ) (; )(0\ : aqjlangb:}l(x)(bgl(y)a%la,zz . |0) (10.197)
contractions

As there are four ladder operators and six fields, there must be one chronological contraction. Let us first consider
— —

the terms involving a chronological contraction of the form ¢(x)¢(x) = Dp(0) = ¢(y)¢(y). Such a term would be
for example:

~ / d*zd*yDp(x — z)e @M= wha=pi=p2) o 54 (1)6W (ky — p; —pa) =0 (10.198)

—
This vanishes as by assumption k1 # 0. Thus, only terms with the chronological contraction ¢(x)¢(y) = Dr(z—1y)

contribute.

Let us start with the internal line. How many way of contracting one ¢(x) with one ¢(y) do we have? We first
must choose one ¢(x): three possible choices. Then must contract it with one ¢(y): three choices as well. The
multiplicity for the contraction of the internal line is then 3 x 3 = 9. We are left with:

2
9 x % <_Z§\|) /d4g;d4yDF(x —y) Z (0] : “{1apz¢($)¢($)¢(y)¢(y)afla£2 : |0) (10.199)

all
contractions

91t is a general feature that for a theory with a ¢™ interaction, if n is even all orders of the Dyson series contribute to any elastic
scattering and if n is odd only odd orders. What about a 2 — 3 inelastic scattering? 1 — 3 decay?
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Let us now notice that since Dp(xz —y) = Dp(y —x) (as it only depends on the causal distance) the full expression
is © <> y symmetric. Therefore, in the sum, we can remove all contractions which differ by an exchange = < y
together with the factor 1/2 of the Dyson series. We previously explained that the Taylor coefficient 1/n! at
nth order canceled exactly the combinatorical factor arising from the exchange of the n vertices. We see here an
explicit example. Thus:

2
9 x (—z;) /d4xd4pr(x —y) Z (0] : a{Iam(b(xW(x)qbty)gb(y)a?1a22 :|0) (10.200)

all
contractions

Ty

where, by z 4 vy, we mean that we do not count contraction that are equivalent under the exchange of the vertices.
What are the possible contractions left?

1. Contract ap, and a,, with ¢(x) and aLl and aLz with ¢(y). For the first contraction, we have two possibilities
among ¢(x)s, then the second annihilation operator is constrained to the remaining field. Similarly, for the
first creation operator with start with two possibilities and the remaining one is constrained. This gives rise
to a multiplicity 2 x 2 = 4 for these contractions. We choose one and we compute:

2
9% 4 x (_l?j) /d4xd4yDF(x _ y)eiz(p1+pz)—iy(k1+kz) (10.201)

Here, the contraction of the annihilition operators with the ¢(y)s and of the creation operators with the ¢(z)s
falls in the class of equivalent diagrams under the exchange x <> y and thus have already been accounted for
(notice how the integral is invariant under the echange of the two variables).

2. 'Contract ap, and a;fcl with ¢(x) and ap, and a,tz with ¢(y). Again the multiplicity is 2 x 2 = 4. The result
is:

2
9% 4 x (_Z?:\'> /d4xd4yDF(:v _ y)eia:(pl—kl)—iy(kz—pz) (10.202)

3. The last possible contraction is a,, and a£2 with ¢(x) and a,, and aLl with ¢(y). Again the multiplicity is
2 x 2 = 4. The result is:

A\ 2 , )
9 x4 x <13|> / d*zd*yDp(x — y)eiPr—k2)=iw(ki=p2) (10.203)

We see that in each of the three different contractions a factor 9 x 4 = (3!)? arises. This cancels exactly the
normalisation of the interaction Lagrangian and corresponds to the fact that a vertex has 3! possible ways to be
contracted with three lines.

The sum of all possible contractions gives:

4 .
(7i)\)2/dip#/d{xd%yefip(mfy) <eiw(p1+p2)7iy(k1+lc2) | ¢ia(p1—k1)—iy(ka—pz) +€iw(p1sz)7iy(k17p2))
(27-‘-)4 p2 _ m2
(10.204)
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where we rewrote explicitly the propagator in terms of the four-dimensional momentum integral. Let us compute
the first term:

4 : 4 :
/ dp ¢ i / A pdiye=iP@ 1) gie(rpe)—iy(katha) _ / dp ¢ / JAreiv(P1+p2—p) / e+ =)

@2m)tp?—m (27)% p? — m?
d*p i as(d) e
WW@W) 0\ (p1 + p2 — p)(2m)*5'Y (k1 + ko — p)

1
- m(%)45<4) (p1 +p2 — k1 — k2)

(10.205)
and similarly for the other terms. Finally our result is:

+ +
(k1 +k2)2 —m2 (k1 —p1)2 —m?2 (k1 —p2)? —m?

iT = (2m)* 6" (p1 + p2 — k1 — k2)(—i))? ( > (10.206)

so that:

R i i i
iM = (=id) ((kl + k)? —m? * (k1 —p1)? —m? * (k1 —p2)? — m2> (10.207)

The computation was long and tedious but we arrived to the desired result: we have an expression for the reduced
amplitude for the elastic scattering of two particles at second order in A\¢3. Notice that we never talked nor used
Feynman rules/diagrams as these are just tools to compute these expressions more effectively but are not per se
necessary. Nevertheless, let us now see how a powerful tool they are!

How do we proceed? We have a well defined algorithm (set of Feynman rules) which we can follow (almost) blindly
to compute any amplitude we wish.

1. Draw all Feynman diagrams that contribute to the considered process at the desired order. At first order, we
must join a 3-vertex to 4 external lines: topologically impossible. At second order, we have three possibilities:

Ky P1 Ky p2

k2 P2

k2 p2 I(2 pl

Figure 10.13: The three Feynman diagrams contributing to the 2 to 2 scattering in A¢3.

2. Choose whether to work in momentum or position space. Notice that we have two vertices one internal line
and no loops. Since there are no loops, the Feynman rules in momentum space are straightforward (no
integration whatsoever). Hence, we choose the latter (even with loops the calculations are often simpler to
carry out in momentum space).

3. Use the Feynman rules. Call p the momentum flowing in the internal line, then the three diagrams will be
given by the expression:
(_i)‘)Q B} :

p* —m?

(10.208)
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where for each diagram we need to apply a different momentum conservation law at the vertices and we
must sum the three diagrams. We must also add an overall four-dimensional delta-function and consider the
symmetry factor. There is no particular symmetry factor for these diagrams (no internal loop or any other
fancy topology) and therefore, we obtain:

I i i i
iM = (=) ((kl + kg)? —m? - (k1 —p1)? —m? - (k1 —p2)? — m2> (10.209)

In a few straightforward steps we could derive the same result as we did before struggling with contractions and
combinatorics. We this simple example we saw how the set of Feynman rules is a powerful algorithm to compute
scattering processes. To conclude this subsection, we give a few definitions and properties of the reduced amplitude.

We studied here the two-to-two elastic scattering of the same particle. Imagine that we considered the four particles
as incoming, then they would be completely undistinguishable one from another. Since the matrix element is a
function of the four incoming momenta:

iM = f(ki,ka, ks, ka), ki +ko+ks+ka=0 (10.210)

it must be symmetric under the exchange of any two momenta. Moreover, it must be Lorentz invariant. Thus,
we seek three independent Lorentz invariant quantities that can parametrise the amplitude, and under whose
exchange the latter remains invariant. They are given by:

s = (kl + k‘g)Z
t= (k1 + k3)? (10.211)
u = (kl + k4)2

These are the Mandelstam variables. In a two-to-two scattering, they also exist and are given by the same formulas,
replacing k3 — —p; and ky — —pa. When p? = k? = m?, we have:

s+t +u=4m? (10.212)

As we saw, in a two-to-two eleastic scattering we have three Feynman diagrams. As a function of the Mandelstam
variables, we have:

iM(s,t,u):(—iA)Q( L B ) (10.213)

s—m?2 t—m2 u-—m?

Each of the three diagrams corresponds to a different channel and we see how the amplitude is (as we deal with
four identical particles) the sum of the three channels. Knowing this, it would have been enough to compute,
say, the s-channel and add the ¢ and u contributions simply by changing channel. Indeed the t-channel diagram’s
amplitude corresponds to the s-channel amplitude with s and ¢ exchanged and w left invariant. Similarly we obtain
the u-channel amplitude.

Let us compute the values of the three variables and see to what they correspond physically. Let us choose the
center-of-mass (CM) frame of the incoming particles. Then, from the definition of the CM and the conservation
of four-momentum:
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ky = (E,E)

ko = (E,—k

2 = (E,—k) (10.214)
P11 = (E7ﬁ>
p2 = (B, —p), | = I7]

Then:
1

t= —5(5 —4m?)(1 — cos ) (10.215)

1
u= —5(5 —4m?*)(1 4 cos6)

where Ecps is the energy of the CM and € is the angle between k and p. We see that s really measures the
energy of the CM and is a “fixed” quantity, whereas ¢t and u measure roughly the forward and backward transfer
of momentum respectively and carry all the angular dependence of the process.

Now that we have all necessary ingredients, we can compute the cross-section for this process. Recalling Eq. 10.84,
we have in terms of the Mandelstam variables:

|IM(s,t,u)|?
25v/8%2 — 4m?

When all the particles have the same mass, the two-body LIPS simplifies greatly and we obtain:

docy = do® (10.216)

[M(s, t, u)l®

S 10.21
39ms d(cos ) (10.217)

docy =

where we used the ¢ independence of the matrix element to integrate over the azimutal angle.

To summarise this subsection, we developped the tools necessary to compute scattering amplitudes and using a
simple example we could carry out our first complete QFT computation!
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Chapter 11

Quantum Electrodynamics

11.1 Feynman rules of QED

The Lagrangian of QED reads:

1 - .
LoD = *iFﬁu + (i) —m), P =~"(0, +icA,)
It can be split into two parts:

Lo=—2F2, 4 (i — m),

4
Lint = feA“i/_)fyM/}.

The fine structure constant of QED is o = €2 /47w ~ 1/137.

o Photon propagator: A,(x)A,(y) = (0|T(A.(x)A.(y))|0) - 1

But recall:

(Olay (k)al (K)[0) = —n,u (27)°2K06% (k — K).

Hence the photon propagator can be written in position space:

[ — / dAk _inuue—ik(cv—y)
(

Au@)Ay) = 0w Grle —ym=0) = [ Gog— 5

and in momentum space:

Ho~v _inuu
k% +ie

« Fermion propagator: va()ts(y) = Sas(z —y) = (01T (Ya(2)v5(y))|0)

In set 23 it is proven that:

187
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(id, — m)apSpy (T —y) = 154@ —Y)day, (11.8
S =i(ig —m)~* (11.9
Thus the propagator reads in position space:
d*p i .
Sua = | ( | ) e ipE) (11.10)
(2m)* \p —m +ie b
dip i(p+m)a .
= / p P Mas ey (11.11)
(2m)t p?2 —m? +ice
(11.12)
And in momentum space:
p
- i(p+m)ap
ae=f _ PT e (11.13)
p? — m? +1€e
o Photon external lines:
A photon state is characterized by momentum and spin. A general states reads:
|k, e) = E”aL(k)|0>, (11.14)
where the polarization respecting:
gpet=-1
{ K, — 0 (11.15)
k
. -
o Incoming photon: A,(z)|k,e) = (0|A,(2)|k,e) = e~*%e, (k) = @~
k
o Outgoing photon: (k,e|A4,(z) = (k,e|A,(2)]0) = e~ (k) = ~~e
o Fermion external lines:
A fermion is characterized by its momentum and spin.
/dQ Z P (r, p)a(r, p) + e vy (r, p)bT (7, p)) (11.16)
Particle state: |p,7) = a'(r, p)|0) (11.17)
Anti-particle state: |p,7) = bf (7, §)|0) (11.18)
p
° I i f 1 N = = e PT = o4
ncoming fermion: ¥4 (x)[p, ) = (0| ()|p,r) = e PPuq(r,p)
p
— _ . D
+ Outgoing fermion: (p, rlta(z) = (p,7[¢a(2)[0) = P Ua(r,p) = —<4—o
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« Incoming anti-fermion: g (2)|p, 7) = (0¢e(x)|p, 7) = €~

L] 1 .—f 1 : D.Tr E D. T = ipm r N =
Outgoing anti-fermion: (p, 7|Y,(z) = (p, T|1pa (2)|0) = €PPv4 (7, P)

o Vertex:

The lagrangian of interaction in QED has the form:

Lint = —eA;ﬂZV“?/J = —€ (’yu)ﬂa Aﬂéﬁwa

which follows in the following vertex rule:

B?hka

1 = —ievg,

Finally, here are all the QED Feynman rules in momentum space.

External lines

o Incoming photon: e~~~ = ¢, (k)

¢ Outgoing photon: e = ef (k)

e Incoming fermion: &—<— = wu,(p,7)

e Outgoing fermion: -—<—o = wu,(p,r)

e Incoming anti-fermion: &—»— = v,(p,7)

b

<
o Outgoing anti-fermion: —»—o = v,(p,T)

Internal lines

k
<&
A~V i
e Photon propagator: P
D
<
o< f i(p+m)as

e Fermion propagator: = P mitic

e Vertex: u = —ievg,

(11.19)

(11.20)
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The Feynman rules listed above can be used to compute any process in QED. To compute a process, momentum
conservation must be imposed at each vertex. Thus, a generic factor of (2m)*6*(Ps — P;) can be factored out.

A general in-state is written is the form:

i) = [ (k1,€1), - (kns€n); (P1,71)5 -+ (Pg; 79); (P, 71) -+ (Pgs Tg) (11.21)

photons electrons positrons

Out states are written in a similar way. The S-matrix can be written using Dyson series, that is S = )" _S,. The
n*-therm of the serie reads:

Sn = %(_ie)n/d4x1"'d4$”T(Au11Z’VM¢($1)--~Au,ﬂ/;7“”¢($n)) (11.22)

Therefore, any matrix element can be computed by contracting the terms of the Dyson serie with the in and
out-state, recalling that all terms must be contracted. The matrix element will then be proportional to:

ol

%(—ie)"/d4x1...d4xn< out |T(Au, vy ab(zy)... Ay, vy h(2,))] in ). (11.23)

Furthermore, residual loop momenta must be integrated over, by adding an integral of the type:
/ﬁd%’ Np=N, - N, +1 (11.24)
= IZoN '

with /V; the number of loops, N, the number of propagators and N, the number of vertices. Note also that each
closed fermionic loop will add an additional factor of (—1) due to the anti-commutation of fermions.

7

11.2 Compton scattering

A first computation that can be performed using the Feynman rules listed above is the Compton scattering, which
describes the interaction between a photon and an electron.

D, T o
(K€, (', 7)|S|(k,e), (p,7)) = p (11.25)

k,e K, &

There are two lowest order diagrams, called s and t-channels. The difference between the different channels is the
value of the momentum of the propagator. It can be obtained by conservation of momentum at each vertex.

/ . b,

5 per Pk e

k
p

/ / / !/
p, T k,E k7€ p,r

Figure 11.1: s-channel Figure 11.2: #-channel

These two diagrams are related by the crossing symmetry (k,e) < (—k’,&’*). Let us first have a look at the
s-channel first. Using the Feynman rules for QED, one can identify each external lines, vertices and propagators
and write the matrix element as:
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iM, = el (K )a(p 1) (—ier”) m(—iew)u(p, Pz (k). (11.26)
The t-channel admits a different configuration of external line linked to each vertex, and will read:

iMy = e, (k)uap,r')(—iey”) (—iey")u(p, r)sif(k’). (11.27)

i
p—H#—m
One would have obtained the same result if one had considered the Wick contraction of the interaction Lagrangian

with external legs at first order in perturbation theory. However, Feynman diagrams allow a much more efficient
way to write such processes.

The total matrix element of Compton scattering is the sum of the s and t-channels, that is:
i i
iM = —ie?e” (K e, (k) |alp’, v’ e Ay ~* | ulp,r)| . 11.28
u (K)ey (k) |u(p’ ) Yo T T (p,7) (11.28)
This matrix element is manifestly Lorentz invariant since all Lorentz indices are contracted.

11.2.1 Ward identity

Recall the properties of the photon Hilbert space:

L. |k,e) = ea*t(k)|0), with kte, = 0.

2. There exists a relation of equivalence €, (k) ~ ¢, (k) + bk,,.
These two properties imply that there exists only two physical polarizations for the photon. Furthermore, b should
not affect any physical quantity due to the equivalence relation. Hence the S-matrix should be unaffected by
eu(k) = (k) + bk, e
M(e,e") = M(e + bk, e +VE') = (g, + bk,) (e} + V' k.,) MM (11.29)
In Eq. 11.28, one had found a result of the form M = /¢, M*”. Thus, a sufficient condition to satisfy Eq. 11.29
would be that:

ke, MM =k, MM = 0. (11.30)

Recalling our result, and noting that by momentum conservation p — k' = p’ — k, one has:

~ +7”]/7 “) u(p, ). (11.31)

v
—fk—-m

py o 2=/ ) n i
M - eu(p,r)<7 p‘i‘%—m

Let us try to contract this with &,. One will also use that (p —m)u(p,r) =0 and u(p —m) = 0.

ny o 76271 " i i o .
by MY = [7%%_m%%ﬂ_%wﬂ] (11.32)
z—eﬂ{’y“p_’_k_m(p—l—k—m—p—km)+(—p’+%+m+p’—m)M'y“ u (11.33)
= 76271 [fy”’ — f'y”] u (1134)
—0. (11.35)
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Eq. 11.30 holds for number of external photon to all order in perturbation theory. It is known as the Ward
identity. It is a quantum manifestation of the continuity equation 0,J* = 0. Indeed, recall the gauge invariance:

ey —e,+bk, & A, — A, + 0, (11.36)

/LI = —e/AMJ” — —e/AMJ“—e/aauJ” (11.37)

Hence the invariance of the Lagrangian implies that 9, J* = 0.

11.2.2 Classical approximation of Compton scattering

Applying eq. (10.84) to the scattering amplitude in eq. (11.28), one derives the differential cross-section for Comp-
ton scattering. This computation is done in one of the exercise sessions. The result, known as the Klein-Nishina
formula, for an electron initially at rest p = (me, 0) reads

d 2 I\ 2 ’
7 -2 <w) [w + 2 sin2p (11.38)

dcosf  m2 \w woow

where o = €2 /47 ~ 1/137 is the fine-structure constant, w and w’ are respectively the initial and final energies of
the photon and 6 is its deflection angle: k - k'/ww’ = cosf. In the soft limit w — 0 one has w'/w — 1 and the
result reduces to the well known Thomson cross section of classical electrodynamics

do ma?

= [1+ cos®6] . (11.39)

d c0s 0 | Thomson mg

This limiting result invites us to better understand the conditions for the applicability of classical physics in the
description of light matter scattering.

One condition is that the electron must be localized in a wave packet of size Az < A =k I during the passage of
the electromagnetic wave. Furthermore, by uncertainty principle, AzAk, ~ 1. Thus, one has the condition:

Ake > k. (11.40)

However, this property of localization must be maintained at least for the time w_’ L= k> L corresponding to one
period of oscillation of the electromagnetic field. A very narrow wave packet will diffuse and spread very fast. If
Ak, Z me, the spread velocity is ~ 1. Thus, over a time Wy 1 it will spread over the whole wavelength. One must
then also impose Ak, < m.. In the end, the two conditions become:

ky < Ake < me (11.41)
corresponding to the scattering of a non-relativistic with a very soft photon.

The above conditions are necessary, but are they really sufficient? In principle they are not, given we should
also ask for the electron motion to be semi-classical. The condition of semi-classicality normally corresponds to
the request that the ‘action’ be much greater than 1. But which ‘action’? Reasonably that should be the action
corresponding to one full swing of the electron at the passage of the wave. A simple estimate gives

P2 2E2
Sw/ gt~ S (11.42)
2me Mmews

with E the electric field and we used P, ~ eE/w., integrating over a time ~ 1/w.. This leads to the condition:

e2F?
w3

> 1, (11.43)

which corresponds to the WKB condition for the applicability of the semi-classical approximation. Now indicating
by r. = €2/m. the classical electron radius (which controls the Thomson scattering cross-section) and using the
relation E? = n,w., with n, the photon density, the above relation can be rewritten (A, = 1/w.)

nyAre > 1, (11.44)
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11.2. COMPTON SCATTERING

which corresponds to some large photon density.

However, when explicit computations are performed,one finds that the result does not depend on the photon
number density, at least at lowest order in the expansion in o Thus the classical result holds simply when Eq.

11.41 is satisfied. Thus:
(11.45)

O—Compton|w7*>0 = OThomson-
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Chapter 12

The Standard Model

12.1 Yang-Mills theory

QED is based on a U(1) gauge group. In this case, the gauge transformation of the photon and fermion fields are
the following:

A, =A,—0
{ oy (121)

which can be written using a matrix U = "% € U(1) as:

(12.2)

Al = A, —iU8,U
W = Uy

The lagrangian of QED is constructed with F),, = 0,4, —0, A, and the covariant derivative D,y = (9, +igA.)¥.

The particularity of U(1) is that it is an abelian group. It is well known that the gauge group of the standard
model is SU(3) x SU(2) x U(1). Hence, one needs a generalization of the QED lagrangian for non-abelian groups in
order for the standard model to contain strong and week interactions. Let us therefore have a look at non-abelian
groups.

Let U = e'*4T4 an element of the group, with T4 the abstract generators of the Lie group. T4 are hermitian for
compact groups. In this case, UT = U~!. For a field in a representation r, a gauge transformation reads:

W = etoaT (12.3)

T

This time, TX) is an explicit matrix representation of the Lie algebra. Furthermore, in order to have a local
transformation, the Lie parameter depends on the position, i.e. as = as(z).

An example of such gauge transformation is for the gauge group G = SU(2), with ¢ lying in the fundamental
representation, i.e. it is a doublet. In this case, the gauge transformation reads:

P = etaTay, (12.4)
with o4 the Pauli matrices, the generators of SU(2) in the fundamental representation.

In order to construct the covariant derivative, one needs to introduce vector field(s) A, = A;‘TA. A, is an element
of the Lie algebra, and A;‘ lives in the adjoint representation. There are therefore not only one gauge field, such as
the photon for a U(1) gauge theory, but several of them, in fact as many as the size of the adjoint representation
of the group. There are three of them for SU(2) and eight for SU(3) for instance.
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To find how the gauge fields transform, Recall that:

[Ta, Tp] = ifancTc, (12.5)
(T&Y) ap = ifanc (12.6)

Thus one defined the gauge transformation as:
A, =UA U —iUd, U, (12.7)

Note that one retrieves QED for an abelian group. The covariant derivative for a fiend ¢ in the representation r
of the group can be written as:

Dy = (0, + AN Y, = (9, + i 4,) (12.8)

Let us check that this transforms covariantly:

Dy — (0, +iUA U + U0, U Uy (12.9)
=U[0,+iA,+0,U'U+U "0, U] v (12.10)
=U [0, +iA, +0,(U'D)] v (12.11)
=UD,, (12.12)

where we used that 9,(U~'U) =9,1=0.

One also need to construct the field strength tensor for the vector fields. It is defined as:

iF, = (0, +14,)(0, +iA,) — (0, +iA,)(0, +iA,) (12.13)
=i(0,A, —9,A,) — [A,, A)] (12.14)
Fu = 0,4, — 0,A,) +i[A,, A) = FiTa. (12.15)

We can see that it corresponds to the U(1) field strengt tensor for an abelian gauge theory, as expected. F),,, also
belongs to the Lie algebra. Indeed, under a gauge transformation, one can check that:

Fu — Fl, =UF,U " (12.16)

Thus F),, is covariant.

Note also that one can always choose a basis of the Lie algebra for which Tr(TX)Tg)) = t,.0 ap, with ¢, the Dynkin
index. One can now look at the invariant terms we can construct:

e YD = YUTUD,p =D,
o Tr(F, F")— Tr (UF, U UFUY) =Tt (F,F")
o Fp P4 = LTr (F,, Fm)

Hence the most general lagrangian containing a fermion and a scalar field reads:

1 _
L= —@FH,,F"” +ipy* Db + (D,¢)T(DH$) + {all possible gauge invariant interactions of ¢ and ¢} (12.17)

Finally, one wants to have a properly normalized kinetic term. Thus, one can rescale the field A, — gA,.
Therefore, the kinetic term becomes fﬁFWF‘“’ — fiFWF‘“’ , and the covariant derivative D, = d,, + 14, —
Oy +igA,.

Let us now write the Feynman rules for the vertices of the theory. Recall that the indices o and 8 denote Lorentz
indices, while a and b denote gauge indices.
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. QZDM'(/J - B, b?—» a,a = i(TA>ba’)/ga

P A1

Hence, the bosons are themselves charged. The introduction of a non abelian gauge theory allowed a self interaction
between the gauge bosons, which does not occur with an abelian gauge theory such as QED.

o (Duo)H(DF¢) —

o F FH —

12.2 Basics of the Standard Model

12.2.1 Gauge group of the Standard Model

The Standard model is a theory based on the gauge group:

G = SUB) x SU@) x U (12.18)
—— —~—
color weak isospin  hypercharge

The SU(3) sector describes strong interactions. This sector of the Standard model is called Quantum Chromody-
namics (QCD). The SU(2) x U(1) sector describes electro-weak interactions. It contains both weak interactions
and QCD.

e SU(3) has 8 generators, thus there will be 8 gluons Gj,a=1.8

e SU(2) has 3 generators, thus there will be 3 vector bosons Wi, I=1.3

o UU(1) has 1 generator, thus there will be 1 vector bosons B,

Each spinor or scalar field belongs to an irrep of G. The general covariant derivative reads:
- a Yy a v rdleall - Y
Dy = (0, +iGL X" +iW,T" + ZBI¢5)¢? (12.19)

with X in the irrep of SU(3), T in the irrep of SU(2) and Y the hypercharge of 1. The factor 1/2 multiplying
the hypercharge is conventional, and could be absorbed in the definition of Y.

One has now all the tools to construct the lagrangian of the SM. One now need to specify the field content of the
model.

12.2.2 Field content of the Standard Model

Quarks

In the Standard Model, quarks are either in a SU(2) doublet belonging to the (1/2,0) representation of the Lorentz
group, or in a SU(2) singlet belonging to the (0, 1/2) representation of the Lorentz group.
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° uﬁ = (3’ 1, 4/3)
° dﬁ = (&,l, _2/3)

The underlined numbers denote the representation in which the quark lie in SU(3) and SU(2) respectively, while
the third number denotes the hypercharge of the quark. Hence all quarks belong to the fundamental representation
of SU(3). They can therefore interact via strong interaction.

The index i denotes the family. There are three exact copies of these quarks, differentiated only by their mass.

The families are:
U c t
(d>($)(b) (12.20)

The leptons are either in a SU(2) doublet or in a SU(2) singlet.

Leptons

L4 lf‘:(lazafl)
° eR = (17l7 72)

K3

Note that contrary to the quarks, there are no right-handed neutrinos in the Standard Model. Again, there are

three families:
(Ve),<y“>,<yr) (12.21)
e 1 T

The covariant derivatives will depend on the representation in which the quark lies.

e eg=(1,1,-2) Dyer= (0, —iB,)er

o I =(1,2,—1) Dulp = (0 + s0/WL— By,

e up = (3,1,4/3) Djup = (9, + sXG% +i2B,)ug

o drp=(3,1,-2/3) Dudr= (9, + 5X.G% — £B,)dg

« qr=(3,1,-2/3) Duar = (9u+ 532G}, + 3G, + §Bu)ar
The A, are the Gell-Mann matrices, which are the generators of SU(3) in the fundamental representation. They
are 3 x 3 matrices, the SU(3) equivalent of the Pauli matrices for SU(2).
Scalars

The scalar of the Standard Model is the Higgs, a complex SU(2) doublet:
Hy 1+ i )
H=(121)= = . 12.22

i i
D,H = (9, + §a,W,f + 5 BuH (12.23)
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12.2.3 Lagrangian of the Standard Model

Using all the invariant terms that can be obtained from the content of the Standard model, the full lagrangian
reads:

3

1 1 1 _ _

Loy =— i G, G — e W, wrt — 3 B, B" 4+ [@qui + it; Du; + id; Dd; + il; Dl; + i€; De;
i=1

R A s _ .
+ (D, H)(D"H) — |—m*H"H + Q(HTH)Q} + V(g H )uj + V(g H)d; + Y51 H)ey,
(12.24)

with H = eH*. Note that H and H transform the same under SU(2) since e lote = —0oy.

12.3 Higgs mechanism

There is no explicit mass term for both the fermions and the vectors. Such terms would violate the gauge theory
required. Hence, at first sight, all particles are massless, in disagreement with observations. One will see they will
acquire a mass through the Higgs mechanism. The only field having an explicit mass term is the Higgs scalar, but
it has the "wrong" sing. The full Higgs potential reads:

V(H)=—-m*HH + %(HTH)Q. (12.25)

The correct vacuum is not well described by expanding around H = 0. One must expand the theory around the
minimum of V' (H). It has an infinite set of minima satisfying:

2
H'H = mT =2, (12.26)

where v is defined as the vacuum expectation value (VEV) of the Higgs doublet. It is measured to be around
v & 174GeV. By performing a SU(2), rotation, one can choose the vacuum expectation value to be real and in
the lower component. At the minimum, the Higgs doublet becomes:

(H) = (O) , (12.27)

One can now expand the Higgs doublet in Eq. 12.24 around the minimum of the potential. This process will give
an explicit mass term to all the particles, except to the neutrinos, which is expected!

12.3.1 Fermion masses

The term in the Standard Model Lagrangian that will give rise to the mass of the fermions is the following:
Lpermions = Y (G H )uj + Y3 (G H)d; + Y (1, H)e; (12.28)
= YjvuiLujr + }Q;%JiLde + Yjveire;jr + Interaction with Higgs (12.29)

Thus one can identify the masses of the fermions:

u U d __ d e __ e
M;; =Y5v, Mg =Yjv, M;;=Yjv (12.30)
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This mass matrix is diagonal in the family basis:

Yo 0 0 m, O 0 mg O 0 me 0 0
Mia=10 w 0Jv=0 me 0], Mi,,={(0 mg 0], MGou=(0 my 0| (1231
0 0 1wy 0 0 my 0 0 my 0 0 m,

What about the neutrinos mass? It cannot be obtained by Higgs mechanism. Indeed:

I, = (”L) . 1L (H) = vey, (12.32)
er,

Thus vy, is projected out due to the absence of right-handed neutrinos. Hence m, = 0 at this stage, which
approximate nicely the reality.

12.3.2 Vector boson masses

The vacuum expectation value of the Higgs boson breaks SU(2) x U(1)y. Indeed, for T}, T> and T3 the generators
of SU(2):

n-3(0)- (). mm-3()- (). mn-3()-(¥) o
1) ()

Hence, all generators are broken by the vacuum. However, there is a residual symmetry- Indeed, @ = T3 + Y/2
remains unbroken.

Quy =241 <O> =0 (12.35)

Q is the generator of the electric charge. By applying it the the particles of the Standard Model, one can obtain
the value of their electric charge:

— 2
o= ()= () o= () - (i), 0

Hence ¢, = 0,¢g. = —1,q, = 2/3 and g4 = —1/3 as expected. A proton, which is formed of the quarks wud, will
therefore have an electric charge ¢, = 1, while a neutron, composed of udd, will have ¢, = 0.

Let us now have a look at excitations of the Higgs boson around the vacuum. One can write them as:

By preforming an appropriate gauge transformation on the fields, one can choose the Higgs field in the unitary
gauge, i.e.:

(0 T + 179
n= ()« (3rim). .
where h and m; are the field fluctuations around (H). One can find the transformation of these fields under
SU(2) x U(1):
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H— ™5t |
N o107 Oél 0 1 +i7l'2
~ i +22)[(v>+<h+mg)] (12.38)

. 0 T + 17o w [ ay + s 2
() O e 5 (e ) o

8(ms +imz) = 2 (a1 + i) + O(a?),

Therefore:

6(ms) = g(—ag + ay) + 0(a?), (12.39)

Hence, all 7r; shift under a gauge symmetry, while A remains unchanged. The 7; behave exactly like the scalar ¢
in the massive vector model. Thus, one can choose a suitable gauge fixing to set them to 0. Exactly like the ¢
previously, the three m; are eaten by three corresponding vector bosons which acquire a mass. However, i cannot
be eliminated by gauge fixing. It is physical: it is the Higgs boson.

Let us perform a gauge transformation with a; = as = 0, and ag = ay = «a. In this case:

U =5 i = i(TstY/2) — gioQ (12.40)

By applying U to H, one deduces that Qr, = @, =1 and Qn = Qr, = 0. Now let us fix m; = 0. This choice
of gauge is called the unitary gauge. The vector boson masses will emerge from the therm (D, H)"(D*H) of the
Standard Model Lagrangian:

(DuH) (DMH) = (8,h)? + (v -+ )(0,1) K;OIW; T ;BM>

((1)) (12.41)
(v+h)

T ()7 + (W) + (Wi = B)?] (12.42)

I3 w

= (auh)Z +

Te gauge bosons Wﬁ and Wﬁ acquire a mass. Furthermore, the linear combination WS + B, remains massless.
This boson will become the photon. The linear combination orthogonal to the photon will give rise to the Z boson.
In the photon field direction, one requires VVS - B, =0,i.e. VVS = B, = A,,. Thus the kinetic term becomes:

1 1 1/1 1

—4—92W3UW3“”“ - @BWB’“’ - (g2 + g%) A AP (12.43)

Thus one can find the relation between the electric charge and the couplings g and gy:

11 1
==+ 12.44
P Ry (12.44)

The electric charge coupling is a well known measurable parameter of the Standard Model, and its value is
approximately e? /4w ~ 1/137.

One can now rescale the fields in order to have a canonically normalized kinetic term for W;{ and B,:

Wi —gW,., B.— gyB, (12.45)

The kinetic part of the Standard Model Lagrangian becomes:

1 1 v\ 2
Liim = =W W™ = 2B B + () [d2W)? + g2 (W22 + (W = gv B,)?] (12.46)
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One can write the mass matrix for the four vector bosons, which contains off diagonal terms:

2

¢ 0 0 0
v |0 ¢> 0 0

M? = — 12.47
0 0 -ggy g%

The physical gauge bosons are the eigenstates of this matrix. Furthermore, a special linear combination of Wﬁ
and Wﬁ, which are already eigenstates with the same mass, will have an electric charge of £1. The four physical
bosons are therefore:

Wl w?
Wi = LTI (12.48)
V2
Z,, = cos GWWi’ —sinfw By, (12.49)
A, = sinOw W, + cos O B, (12.50)
where we introduced the weak mixing angle:
sin Oy = ——2 . (12.51)
Vo + gy
The masses of the bosons are :
2,2 2 24,2
m2, = 92” : m%:%, m3 = 0. (12.52)

As expected, one has three massive gauge bosons of electric charge +1 and 0, and one massless gauge boson of
electric charge 0. Note also the relations:

2.2
e? = 2999 > = g°sin® Oy, (12.53)
9° + gy
2 2
mW g
W — T — cosOy. 12.54
my g%+ g% v (12.54)

12.4 A few physical implications

From the covariant derivative of fermions:

_ + 7-n 9 1 M
Ecurrent = gWu JH+ cos GW Zp,JZ + 6AMJA7 (1255)
with the currents given by:
- Lo ~i = i .
J, = —=(VLo v — cc€roue] — cuUpouuy, + ..., (12.56)

2

with ¢, and ¢, the coupling of the Z-boson with the fermions, which depends on the representation of each fermion.
One can now compute processes using the Feynman rules, such as the muon decay or the neutron decay.

The masses of the different particles can be measured experimentally and one gets:

mwy ~ 80GeV, m, ~ 938MeV, m, ~ 106MeV. (12.57)
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udu

udd
Muon decay p — v, € Ve n

Neutron decay n — p e v,

Thus, mw > my,, m,. Hence these interactions appear weak due to the propagator of the W-boson. Indeed, in
the low energy limit ¢ < m,:

—Z (nuu - q“éqy) ”7

— m v
Wiw;) = s o (12.58)

q — My my

Thus the matrix element of the muon decay is approximately:
; 2
.2 [ MMy -+ .9 — I+

M ~ (Zg) (Tn%/v> Jﬂ Jl, = _Z%JM Jy (1259)

One can see this interaction as an effective theory with the effective Lagrangian:

2
Lops = fnf—ZWJ;Jj (12.60)

This theory is known as the Fermi Theory of the $-decay, proposed by Fermi in 1932, well before the discovery of
the W-boson. The coupling constant of this effective theory is the Fermi constant G, defined as:

2
2
I = D =426, Gl = 2V207 = (x00 GeV)?, (12.61)
mW v

with v the vev of the Higgs.
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Appendix A

Proof of Wick’s Theorem

A.1 First Wick Theorem

This Appendix will prove the first Wick Theorem, stated as follows. Let us consider a set of free (fermionic or
bosonic) fields {¢,, = ¢, (xy)}. Then the time-ordered product of n fields can be written as:

Ty -+ dp =: 1Py : + : {all possible chronological contractions} : (A1)

The proof goes by induction. Let’s first consider the bosonic case. The first non-trivial case is n = 2. There, we
have explicitly

Ty (1) 2 (w2) =0(aF — 29) 1 (21)P2(22) + (5 — 7)o (22) b1 (21)
=0(x — 25) [: ¢1 (1) ¢2(x2) : +(0[¢1(x1)¢2(2)]0) - 1]
+0(x5 — 29) [: ¢a(w2)d1(21) = +(0|¢2(22)dr (21)0) - 1] (A.2)

E
[ ¢o

=1 ¢1(z1)p2(22) : +(0[T'd1(21)P2(22)|0) - 1
(z2) :

 —
=: ¢1($1)¢2 X2

+ 1 ¢1(x1)pa(w2) :

Therefore the theorem is true for n = 2. Let’s now assume that the theorem is true for n — 1 fields and let’s prove
it for n fields. Without loss of generality let’s take 29 > 29 .- > 20 such that:

Thr(w1) - fn(zn) = ¢1(21) - $nl(@n) = (&1 (21) + o1 (21)) T2(x2) - G (wn) (A-3)

where we decomposed the first field in terms of creation ¢ and destruction ¢; operators. We can then treat
them separately. The easiest one is ¢ as the chronological contraction with any field vanishes by the properties
of the vacuum state |0):

—
¢1 o1 = (0]¢7 ¢]0) -1 =0 (A4)

Knowing that Wick theorem is satisfied for n — 1 fields, it follows that
Top - =: ¢F -~ ¢y : + : {all possible chronological contractions} : (A.5)

For ¢7, the proof is done by commuting it with all the other fields:

Ty g2 dn =2 dndy +[¢1, 02" dn]

B - B (A.6)
=02 Ondy + 1, P2)P3 bn + P2[d1, P3]Pa - n A
Now, notice that
I
(61, &) = (Ol[¢1, @&]|0) - 1 = (0]y ¢k[0) - 1 = &y ¢ (A.7)
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A.1. FIRST WICK THEOREM

Therefore

[ 1
Toy o pp =2+ Gy + @7 P23 + -+ @] P2+ - - b1

[ [ (A-8)
=T{¢2 - n}dy + &1 02T{d3- I} + -+ &y OpT{d2- bn-1}
Now applying Wick theorem for n — 1 fields, we get
TGy o n =: 2+ oy : St dnidr + Y idarbudy (A.9)
all possible all possible
chronological chronological
contractions contractions

involving ¢
and using that : ¢o - - ¢y 1 @] =: @2 Opd] =: @] P2+~ Py, 1, We get

Toroo - dn =212 dn:t D 1¢1da by (A.10)
all possible

chronological
contractions

Adding up the contribution from ¢ and ¢, we get Wick’s theorem for n fields:

Thrpa-- bn = 12 n:+ > P12 0p: (A.11)
all possible

chronological
contractions

concluding the proof by induction.

In the fermionic case, the proof follows the same method, keeping track of the sign from the anticommutation of
the operator, as exemplified for n=2:

Ty (w1)h2(2) =0(2] — 29)1 (21)1h2(2) — O(x5 — 29) o (22) 1 (21)

=0(a) — 9) [: Y1 (z1)ha(22) 1 (01 (21)2(22)]0) - 1]

—0(xy — 29) [= : Y1 (wa)ha (1) « +(0ltha () r (21)0) - 1] (A.12)
= 11 (21)2(22) : +(0[TY1(z1)2(22)[0) - 1

=1 Y1(@1)Pa(w2) : + 1 Y1 (1) Y2(22) :

To prove the theorem for n fields using the theorem for (n-1) fields we then again split the fermionic field ¢, =
@Z)f + ;. For wf, the proof does not feature any differences than in the bosonic case. For 1, we this time
anti-commute it with all the other fields:

Ty o thy =(=1)" " ho -+ hpthy + {7, o ts - by — o {0y b3 tha - by + -
— —
=(=1)""Mhg - Ppth] + Y] Porhs -y — ] Yathorha 4

As in the bosonic case, we then apply Wick theorem for n-1 fields on the first term, giving the following final result

(A.13)

Tnthy--thp = rtha P i+ > ity (A.14)
all possible

chronological
contractions

where all the minus signs are hidden in the definition of chronological contractions.

1 —
P imaithin i e s = (1) ey b i i Y (A.15)
where n, ., is the order of the permutation needed to move ¢; and ; from their initial to their final position.

The proof of the second Wick theorem follows the same procedure, but dropping the time ordering and replacing
chronological contractions with standard contractions.
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A.2. THIRD WICK THEOREM

A.2 Third Wick Theorem

We want to show that
FQay Pay Dby Do P = Pay  Pay, Pyt Db :+§;:¢a1"'¢an¢b1"'¢bm D (A.16)

where the sum runs over all the contractions (meaning also multiple contractions) between some ¢,’s and some
¢p’s (note that no contractions between ¢,’s and ¢,’s or ¢p’s and ¢,’s appear).

Let’s show this by induction.

We consider as the step 0 the one in which n =m =1 (for either n = 0 or m = 0 the statement is trivially true):

Pha By = OTO) +OLd +dg O +8ady = daby it dady . (A.17)

We recall the following properties

Sty = 0, (A.18)
PPy = Py (A.19)

To complete the proof, we now suppose the theorem to hold for n — 1 + m fields, and want to induce its validity
for n +m. So we take as true

oy Gan 5 By Dot = Py Pan By +Z Gaz - PanBbr - Dot - (A.20)

Now we can write
Bay Day Dby Do =Dk Pag a1 By Bt Bay e Pay Py Py Bh
_¢a1.¢a "'¢an 53¢b1"'¢bm5+5¢a2"'¢an 5-¢b1"'¢bm5 ;1

(A.21)
+ Z Guz* Ban O gDy, Dy
In the first line of the previous equation we have used the relation
Doy Pan i = DayPay Pay T Pay e Pyt Doy (A.22)
This can be deduced by simply rewriting
PGar Pan = 1BL ey gy Ga (A.23)

and considering that the the field ¢ is already on the far left, so the normal ordering has no effect on it; as for
the field ¢, , the normal ordering will bring it always at the right of all the ¢ji ’s, and since it commutes with all
the ¢, ’s, this means that in every term of the expansion of : ¢, --- @q, : in fields ¢ and ¢, it can be commuted
and appear on the far right. These two considerations, comblned together, give the relation above. Another way
of proving this relation is by means of Wick 3 applied to n fields (this is possible since we have supposed it to be
valid up to n — 1 4+ m > n fields).

Coming back to the decomposition for n 4+ m fields, with the relation for n — 1 4+ m fields one rewrites it as

D Gay  Pan, 5:¢b1"'¢bm::¢ct CPay Dan Doy Doy, - Z ¢;rl CPay Pan Py Doy,

as1,b
+ 5 Gag  Dap by Db, ¢ Dy + Z Gas Panbby - b, O, (A.24)
D G Gan  Gb b By B
ay,b;

The fifth term can be split in two contributions:

Z  Pay  Pay, 1 Py ¢a1¢b Z bay D, Pby "’¢a1¢bi -
" s (A.25)
+ZZ ¢a2...¢an¢bl ...... ¢wi...¢bm; 7
ai,bi a>1,b
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A.2. THIRD WICK THEOREM

so that the overall expression is

: Gay - Ban 5 G B = O Gz Ban B B D B B Ban By - G,
a>1,b
+: ¢a2 T ¢an ¢b1 : ¢a1 + Z (baz : (z)a" ¢b1 (bbm :
@b (A.26)
+ 2 GGy,
a1,0;
+ Z Z Gy Pay Doy ¢a|1_,bi -y,
ai,b;ax1,b
The sum of the first and the third term is:
S, D, (A.27)
The sum of the second and fourth term is
Z; : ¢‘11 o ¢an (bbl o (bbm : (A28)
a,
where ap is not involved. The sum of the last two terms is:
Z (rbtll : ¢an¢bl ¢ b * (A29)
where a7 is involved. Thus the sum of the second, fourth, fifth and sixth term is:
ij L Gay bbby D, (A.30)

as defined in equation (A.16).

Since step 0 is true and step n — 1 + m implies step n + m, then the induction
(A.16) is proved.

is complete, and the theorem
O
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