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1 Introduction

The appropriate tool to study quantum phenomena at relativistic energy is Quantum Field
Theory (QFT). QFT is a synthesis of quantum mechanics and special relativity, which allows
to study the quantum properties of Nature in full compliance with Lorentz invariance. Our
ultimate purpose in these notes is to develop a quantum relativistic theory of electrodynamics,
usually called simply Quantum ElectroDynamics (QED).

While the Q in QFT stands clearly for quantum aspects, it is the F of fields that stands
for the relativistic ones. Even in a non-quantum setting, fields are required to give a proper
relativistic description of Nature. In a classical non relativistic setting, two particles of electric
charge ¢q1 and ¢o at distance r interact via the Coulomb potential,

VCoulomb(T) = ilﬂ . (11)
mr

The choice of numerical factors corresponds to the rationalised Gaussian system of units, which
we are going to use in these notes. Interaction through a potential is however problematic in a
relativistic setting because, being an istantaneous interaction at a distance, it violates locality
and therefore causality (the order in time of spacelike-separated events depends on the reference
frame). For this reason the electromagnetic field is introduced, with which particles interact
locally: the particle-particle interaction is effectively mediated by the field, it propagates from
one particle to the other in some finite time due to the finiteness of the speed of light, and
causality is saved.

In certain situations, the electromagnetic radiation shows the behaviour typical of particles,
instead of that of waves: prime examples are the photoelectric effect and Compton scatter-
ing. The particles corresponding to the electromagnetic fields are called photons. As we will
see, a similar particle/field duality applies to matter particles as well. The particle/wave, or
particle/field duality was one of the most relevant and most striking new aspects of quantum
mechanics. The field in question there, though, is the particle wave function, or rather its ab-
solute value square, which represents a probability field. The fields in QFT are of a completely
different type: they do not represent the probability amplitude of a particle being somewhere in
spacetime, and in fact they are not even real-valued quantities: they are instead linear operators
acting on the Hilbert space of the system. What they do in practice is to create and destroy
particles at some point in spacetime. An operator with these properties is certainly needed
in a relativistic setting, where particles can be created and destroyed as a consequence of the
mass-energy equivalence.



The fact that the number of particles is not conserved in a relativistic setting has two
important consequences. First of all, it shows how any attempt at formulating relativistic
quantum mechanics in terms of single-particle wave functions is bound to fail: creation and
destruction of particles are not admitted in this kind of formalism. Relativistic wave equations
will prove nonetheless very useful for our tasks. Moreover, from the historical point of view
QFT appeared after quantising the wave functions appearing in relativistic quantum mechanics,
a procedure called “second quantisation”. Since we will follow a logical rather than a historical
thread in these lectures, we will not adopt this interpretation; we will nevertheless make use of
the same formalism when developing the canonical approach to quantisation.

The other important consequence is the impossibility to define consistently a position opera-
tor. Recall that when moving from classical to quantum mechanics we had to change the nature
of the position of particles from ordinary numbers to Hermitian operators. When moving from
quantum mechanics to QFT, space coordinates become just labels for the degrees of freedom
of our system, namely the quantum field (more on this later). The difficulties in defining a
position operator in QFT show up when we try to measure the position of a relativistic particle
with a precision better than the particle’s Compton length. The uncertainty principle tells us
that the uncertainty on the momentum will be Ap ~ i/Az, which for a relativistic particle for
which E ~ |p'|c means that AE ~ hc/Ax. For Az ~ h/(mc) we then have AE ~ mc?, i.e, the
uncertainty is large enough for a new particle to be created: at this point, whose position would
we be talking about?

Using fields that create and destroy particles, we can describe interactions in terms of emis-
sion and absorption of intermediate particles. To make a concrete example: electromagnetic
scattering of two electrons can be seen, to lowest order, as one of the electrons emitting a pho-
ton (which is created by the electromagnetic field operator), which subsequently travels to meet
the other electron and gets absorbed (i.e., the photon gets destroyed by the corresponding field).
One can then imagine multiple exchanges, and build up the electromagnetic interaction in terms
of them. This picture is what emerges in the framework of perturbative quantisation, on which
we will mostly focus.

The main advantages in using fields instead of particles in building up interacting theories
is that the fields are local objects, and that they can be contructed so that they transform
in a simple manner under Lorentz transformations. In this way we can rest assured that the
physics we are building will look the same in any inertial reference frame, as it should. Despite
all the emphasis on fields, our starting point will be the particles, more precisely how one
characterises particles, and how their states can be constructed. The key point here will be
developing the representation theory of the Poincaré group, i.e., the group of translations and
Lorentz transformations.

An extremely convenient way to formulate our field theories is in terms of the Lagrangian
formalism and of the action principle. This approach has the advantage that Lorentz invariance,
and in general invariance under any symmetry, can be imposed at the outset. Activating the
machinery of canonical quantisation we will then obtain a theory with the desired symmetry
and locality properties: whether this has anything to do with Nature is of course a completely
different question, one that can be answered only by means of experiments.

The canonical formalism for fields requires an extension of Lagrangian mechanics. In fact,
the main difference between the mechanics of particles and that of fields is that the number of
degrees of freedom of the system is finite in the first case, and infinite in the second case. This
is true already at the classical level: the degrees of freedom of the electromagnetic field, for



example, are the values of the electric and magnetic fields at each point in space, which come in
an uncountably infinite amount. Similarly, as noted above, in QFT the spatial coordinates will
label the degrees of freedom of our quantum field operators.

1.1 A brief history of Quantum Field Theory

The history of QFT,! or rather its pre-history, begins with the relativistic wave equation derived
by Schrodinger in 1926 (even before that, de Broglie’s particle/wave duality had been formulated
in terms of a relativistic wave). Discouraged by the fact that it gave the wrong fine structure for
the hydrogen atom, he dismissed it and kept only its non-relativistic version, which worked well
in the non-relativistic limit. By the time he finally came to publish it, it had been rediscovered
independently by Klein and Gordon, and so it became known as the Klein-Gordon equation:

(O4+m?)¢p=0. (1.2)

As an equation for wave functions, this has the problem that the only conserved current that one
can build from ¢, in terms of which one would like to express the conservation of probability, has
a non-positive-definite probability density, that makes no physical sense. In 1928 Dirac “fixed”
this problem by deriving the equation that bears his name for a relativistic electron,

(i —m)y = 0. (1.3)

In this case it is possible to build a positive-definite probability density. Nevertheless, this
equation admits negative-energy solutions (as the Klein-Gordon equation does), and one has
to explain why the electrons do not fall into states of more and more negative energy, making
everything unstable. This was done by Dirac in 1930, postulating the existence of a “sea”
(the “Dirac sea”) of occupied negative-energy states, and invoking the exclusion principle, that
forbids two electrons to occupy the same state. When one of the negative-energy states of
the negatively-charged electron becomes unoccupied due to some interaction, the corresponding
“hole” behaves in practice as a positive-energy state for a positively-charged particle. This led?
to the prediction of a positively-charged electron, or positron, which was experimentally detected
by Anderson in 1932.

Dirac’s theory correctly accounted for the spin of the electron; coupling the electron to the
electromagnetic field led to correctly describe the fine structure of hydrogen; correctly predicted
the electron magnetic moment; and, as mentioned above, predicted the existence of the positron.
Nevertheless, this did not solve all the problems: obtaining positive probabilities for a spin—%
particle will not make them positive in the spin-0 case of the Klein-Gordon equation. Moreover,
taking care of negative energy states via a Dirac sea cannot possibly work for bosons, which
do not obey any exclusion principle. Finally, the correct prediction of the electron magnetic
moment is due to neglecting a term, the Pauli term, in the wave equation: such a term is
perfectly legitimate from the point of view of relativistic quantum mechanics, and comes with
an arbitrary coefficient that makes the magnetic moment of the electron whatever one pleases.
To solve these problems, relativistic quantum mechanics had to give way to QFT.

The history proper of QFT begins with Born, Heisenberg and Jordan who quantised the
electromagnetic field in 1926, imposing canonical commutation relations on the coeffcients of

!This brief history of QFT is based on the introduction to Weinberg’s The Quantum Theory of Fields, vol. 1,
to which we refer the reader for a more exhaustive description.
2More or less: initially Dirac proposed that the positively-charged states corresponded to the proton.



the field’s normal modes. In this way the field is seen to behave as a collection of independent
harmonic oscillators. In 1927 this was used by Dirac, coupled to the usual non-relativistic
description of atomic spectra, to explain spontaneous emission satisfactorily. Work in refining
the quantisation of the electromagnetic field was done by Weisskopf and Wigner, by Fermi,
and by Jordan and Pauli. The quantisation of fields was applied to other systems as well,
regarding it as a way to quantise the wave functions of relativistic quantum mechanics: for this
reasons, the procedure acquired the name of “second quantisation”. For the Dirac field this was
accomplished by Jordan and Wigner, who had to use anticommutation relations instead of the
usual commutation ones to obtain a satisfactory result. The general theory was first laid out by
Heisenberg and Pauli in 1929, using the canonical formalism on the fields themselves instead of
on their normal modes. This is the canonical formalism that we will develop in due course. The
problem of negative-energy electron states was solved by Fock and by Furry and Oppenheimer
(1933-1934) essentially by calling them the positive-energy states of a positron, treated as a
legitimate different particle. A similar point of view led Pauli and Weisskopf to solve the same
problem for spin-0 particles by introducing corresponding antiparticles. This led to clarify that
quantum fields are not probability amplitudes but rather operators which create and destroy
particles and antiparticles.

QFT was then applied® in the period 1929-1936 to the calculations of cross sections for
various processes (elastic e” scattering, Klein-Nishina; e"e™ — 2+, Dirac; elastic e~ e~ scat-
tering, Mgller; elastic ete™ scattering, Bhabha) to lowest order of approximation, obtaining
good agreement with experiment. In 1934 it was used by Fermi to correctly describe the energy
distribution of electrons in S-decays; in 1935 Yukawa used it to predict the existence of the pion.
Despite these successes, the 1930s were also the period in which the problem of infinities showed
up: calculations beyond lowest order were plagued by all kinds of nonsensical divergent results.
This was noted by, among others, Heisenberg, Pauli, Oppenheimer, and Waller. The problem
of infinities was present already classically (e.g., the electron self-energy). The fundamental
problem seems to be the inability of field theories to describe properly what happens at very
short scales, or equivalently at very high energies. Although the problem of infinities can be
cured, this inability of field theory remains somehow an issue. The cure for infinities is renor-
malisation, which “sweeps” the infinities “under the carpet” of a redefinition of the parameters
of the theory. This idea was developed systematically by Tomonaga, Schwinger, and Feynman
(who shared the 1965 Nobel prize for physics), and by Dyson (who did not). Notably, renor-
malisation cannot be done for all theories; in particular it prevents including the Pauli term in
the interaction between electrons and electromagnetic fields. The idea of renormalisation was
disliked by many (most notably Dirac), but it allowed in practice to make precise calculations in
spectacular agreement with experiments: the Lamb shift (the energy difference between the 2s1

2
and 2p: levels of hydrogen) and the anomalous magnetic moment of the electron (the deviation
2

from the value 2 predicted by Dirac’s theory) are accurate to 9 significant figures.

The quantum theory of electrodynamics (QED) was finally complete: an extremely successful
theory describing subatomic phenomena with astonishing precision, elegant in its symmetrical
nature. Although it was not the final chapter in the history of theoretical physics, it nevertheless
provided the model on which were built the other quantum field theories currently believed to
describe Nature. The purpose of this course is to build the tools of QFT up to the point where
the full formulation of QED is possible, and lowest-order calculations can be performed. The

3Not exclusively: the sea/hole point of view still lingered for a few years.



issue of renormalisation is not treated here.

2 Preliminaries

In this section we review a few basic concepts and tools that will be needed during the course.

2.1 Natural units

For most of the time we will be using the system of natural units, where the fundamental con-
stants ¢ (speed of light) and A (Planck’s constant) are set to 1, ¢ = i = 1. In this system of units,
length and time have the same dimensions since velocities are now dimensionless. Moreover,
energies, momenta and masses have all the same dimensions, as it follows from the mass-energy
relation mc? = E? + (pc)?. Finally, since the action is now dimensionless, so is angular mo-
mentum, which implies that length has the dimension of inverse momentum. Summarising,
everything can be expressed in terms of mass dimensions as follows:

Bl =l =(n] =M, []=[]=M". (2.1

From the Coulomb potential Eq. (1.1) it then follows that in this system of units the electric
charge is dimensionless. This also follows from the fact that the fine structure constant o =
4765% ~ 1/137 is a dimensionless number, which reads simply o = % in natural units. Similarly,
in this system of units the Compton length associated to a particle, A\c = %, reads simply

Ao = +.

Thrg typical energy unit used in high energy physics is the electronvolt, (eV), 1 eV =
1.6 - 107 J, i.e., the energy acquired by an electron after travelling through an electric po-
tential difference of one volt, or rather its multiples, the megaelectronvol (MeV = 10° eV), the
gigaelectronvolt (GeV = 10? eV), and the teraelectronvolt (TeV = 10'2 eV). The typical length
scale in ordinary units is the fermi, 1 fm = 107! m, which is the approximate size of a proton.
The conversion between a length expressed in MeV ™! in natural units and its value in fermi
in ordinary units is easily obtained via the relation hc ~ 197 MeV - fm. In natural units the
left-hand side is one, so 1 fm =~ (1/5) GeV 1.

2.2 Special relativity in a nutshell

Special relativity states the equivalence of all inertial frames for the description of physical
phenomena. Inertial frames are moving at constant speed with respect to each other. The
descriptions of physical phenomena in different frames are obtained from each other by means
of Lorentz transformations. These are most easily characterised in terms of the geometry of
Minkowski space.

Minkowski space is the vector space R* endowed with the Minkowski (pseudo)metric: given
vectors X#, Y* with pn = 0,1, 2, 3, their distance, or rather their interval, is defined as (here comes
some notation) (X —Y)?2 = (X -Y)- (X —Y) = X2+Y?-2X .Y, where the scalar product
is defined as X - Y = X*Y"n,,, = X"Y), (summation over repeated indices is understood). Here
nuw = diag(1,—1,—1, —1) is the Minkowski tensor. We will often use the notation X = (X, X)
for the spatial part of four-vectors, which we will refer to as three-vectors, and ¥ - 0 = ¥%?
for the usual Euclidean scalar product of three-vectors, where it is understood that latin indices
run over ¢ = 1,2,3 only. Lowering or raising of indices is realised through multiplication by



the Minkowski tensor, i.e., X, = 7, X", and its inverse n*¥ = diag(1l,—1,—1,—-1) = nu,
X#H =nX,. Notice that n**n,, = §",. Vectors are characterised as timelike, spacelike, or null,
according to the sign of their square: X? > 0 for timelike vectors, X? < 0 for spacelike vectors,
and X? = 0 for null vectors.

Lorentz transformations are linear transformations of Minkowski space that leave intervals
invariant. This is equivalent to ask that all scalar products are left invariant, since 4X - Y =
(X +Y)?— (X —Y)2 Given a transformation X"* = A", X" we then require

X,aylﬁna,@ = XHYVU;W ,

A XHFAP YV, = XPYY (22)
7 vi Mg = N 5
and since this has to hold for any X* Y*,

Aa,uAﬁynocB = Nuv - (2.3)

This identifies the Lorentz transformations as the elements of the group O(3,1). In fact, adopting
the matrix notation (A),, = A", and (7). = N, Eq. (2.3) becomes (no brackets when writing
matrix operations)

ATnA =7. (2.4)

From this relation one immediately obtains det A = 41, so that Lorentz transformations are
invertible, and A~ = n~'ATy, which reads also

naMAyuanApg = 5045 ’
AN, = 6%, (2.5)
(A Dap = A71% = A"

Lorentz transformations clearly do not change the nature of a vector, since they do not change
its (pseudo)length. If we take the 00 component of Eq. (2.3) we obtain

1= AOOAOO - AZloAio )

o 2.6
(A%)? = 1+ A'gATy. 20

Similarly, the same equation for the inverse transformation A~! implies
1= (A"1)% (A% = (A7) (A1) = Ag’Ag” — Ag'Ag" = A%A% — A%A%,, 27)

where we used A" = A% and A’ = —AY,. Eq. (2.6) implies that either A% > 1 or A% < —1. We
can then classify Lorentz transformations in four types according to the sign of their determinant
and of their 00 component. Transformations with det A = 1 are called proper, while those
with det A = —1 are improper; transformations with positive AOO are called orthocronous. The
reason for this nomenclature is that proper Lorentz transformations keep the orientation of
space unchanged, i.e., if we take a set of three right-handed orthogonal spatial vectors they
will be transformed in another such set, while orthocronous transformations keep unchanged
the direction of time for timelike events, the only ones for which this has an intrinsic meaning
independent of the reference frame. To see this, consider a timelike vector X#, X? > 0, and act



det A = +1 detA = —1
AOO > +1 proper orthocronous improper orthocronous

A% < —1 | proper non orthocronous | improper non orthocronous

Table 1: Components of the Lorentz group.

with an orthocronous transformation on it. Denoting with A the three-vector A’ = A% from
Eq. (2.7) and making use of Schwartz’s inequality |v- | < |#]|w| we find for X° > 0

X0 =A% XV = A% X0+ A0 X' = A% X" — KA. X
0 vO_ ||| % 0 NAND v (2.8)
> A%X° — [K|IX]| = (A% — A]) IX] = |X] = 0.
One then has X’° > 0 unless )?, but in this case X0 = A%X? > 0. Similarly, for X° <0
X = A% XV = A% X0+ < A% X+ [A]|X] < — (AOO - \K\) 1X] < —|X] <0, (2.9)

so X0 < 0 unless X , in which case X" = AOOX 0 < 0. Given a proper orthocronous trans-
formation, det A = 1, A% > 0, we can get an improper orthocronous one by multiplying with
a parity transformation, i.e., P = diag(l,—1 — 1 — 1), and an improper non-orthocronous one
by multiplication with the time reversal transformation 7" = diag(—1,1,1,1). The last com-
ponent of the group is obtained from the proper orthocronous one via multiplication with
PT = diag(—1,—1,—1,—1). The subset of proper transformations is denoted with SO(3,1),
while the subset of proper orthocronous transformations is denoted as SOT(3, 1).

2.3 Quantum mechanics on the tip of a pin

We will not review here quantum mechanics but for a very few points, mostly to fix the notation.
To the states of physical systems are associated vectors (or more precisely rays) in a Hilbert space
H. The transition amplitude from a state vector 1 to a state vector ¢ is given by their scalar
product, which is denoted with (¢,%) = (1, ¢)*, or in Dirac notation (¢|¢)). The corresponding
transition probability is given by |(¢,%)|?. Observables are associated to self-adjoint operators
A = Al in H. The possible outcomes of measurements of A are its (real) eigenvalues a,,, A, =
ann; if the value a,, is obtained, the state vector of the system is projected on the corresponding
eigenvector 1),,, and the probability for this to happen is |(¢,,%)|?. The expectation value of
an observable A on a state 1 is given by (¢, A), or (|A]|t) in Dirac notation. In particular,
transition probabilities are the expectation values of projectors, |(¢,%)|> = (¢,¢ ® ¢f1p) =
(Y|p)(@|yp). Transformations U that leave invariant the norm |[¢| = (w,zﬂ)% of vectors are
called isometric. Such transformations actually leave all the scalar products invariant,* and
are therefore characterised by the relation UTU = 1. Isometric transformation that have the
whole Hilbert space as image are called unitary, and they satisfy also UUT = 1. Conversely,
UtU = UU' = 1 implies that U is unitary. Unitary transformations play a very important role
in quantum mechanics in connection with symmetries.

“This is because [|¢ + ¢[|* = |6 — ¥I|* +ill¢ — w[|* —illd + ip||* = 4(¢, ¥).




2.4 Classical Lagrangian mechanics for particles and fields

In Lagrangian mechanics the equations of motion for particles are obtained by means of a varia-
tional principle starting from the so-called action functional. Given (generalised) coordinates g;
for the particles and their time derivatives ¢;, the action functional, S[q¢], is given by the integral
of the Lagrangian function or simply Lagrangian, L(q, ¢,t), with respect to time:®

Slgl = /t YU L), (2.10)

0

In the argument of L we have dropped the discrete index ¢, and ¢ and ¢ denote collectively all
such variables. We also dropped the time dependence of ¢ and ¢. The trajectories of particles are
those that extremise the action functional, i.e., those for which the action does not change under
any small variation ¢; — ¢; + dq;. This is the action principle in brief, but some qualifications
must be added. Given the choice of a time interval [to, 1], the variations we consider are those
that leave the initial and the final points fixed, i.e., dg;(to) = d¢;(t1) = 0. The variation of the
action is simply 6S = S[q+ dq] — S[q], and our purpose is to find ¢; such that 65 = 0. For small
variations, retaining only first order corrections, we have (notice that ¢ = (dq))

t1
08 = dt (L(q + 0q,q+ 0¢i,t) — L(q,q,1))

to

—/tldtz(aq 0 ity + (o) 2
o f0g T dqi

. 2
3

t 0 ) d 0
—/to dt {;5% <%L(q,q7t)—ﬁ%L(q,q, ) (Z&h L(q, ¢, ))}
Zaq g0, “+/ dtZéq( Lt — daL@q-t))
1 bl ) to (3 ) dta ) ) )

l
where we have used integration by parts. Since dg; vanishes at ¢ 1, the first term is zero.
On the other hand, if we want §S to vanish for arbitrary small variations, then the quantities
multiplying d¢; in the integrand of the second term have to vanish separately. We thus obtain
the Fuler-Lagrange equations:

L(g. q,t>)
(2.11)

to

0 .
7L(q7 q, t) -

o Lig,4,1) = 0. (2.12)

d 0

dt 0¢;
From Lagrangian mechanics we can go over to Hamiltonian mechanics by means of a Legendre
transform. Define the momentum p; conjugated to the coordinate g; as

0
T — 7L 3 '7 3 21
pi= g (¢,4,t) (2.13)

an the Hamiltonian as
H(q,p,t sz% (a:4:1) (2.14)

5While a function maps numbers into numbers, a functional maps a function into a number: in the case at
hand, the action functional maps any trajectory ¢(t) : [to,t1] — R, and so it depends on the whole trajectory.



where the ¢; and p; are treated as independent variables, and it is understood that ¢; have to
be expressed as functions of the ¢; and p;. We find that

o _ . 004 0 0.9
apiH(q,p,t)—quij:pgapiqg 8piaqu(q,q,t)—qz+zj:p]apiqj op, i = i (2.15)

and moreover,

0 0 8q 8q 0 .
+H 3 )t = _7-[/ ) ) + - 4 L ’ at
5 (2.16)
=——L(q,q,t) = ———=—L(q,q4,t) = —p;
o4, (@:4,t) = —— 2, (¢:4,t) = —pi
which holds for solutions of the Lagrangian equations of motion, Which we used in the last
passage. Finally, again using the Lagrangian equations of motion p; = L(q, q,t) we find
d 0 0 0
—H =——1L 0iGi + pidi — ¢;=—L(q, ¢, t L ot
G (@pt) = =7 1(¢4.1) +Z;pzqz+pqz Uiz L(@.4:1) ~ Gz L(g,4,0)
= —EL(Q 0,t) + > Pidi + pidi — dipi — Gipi = —QL(Q q,t) (2.17)
at ) ) Z 8t ) )
0
=—H .
51 (04 1)
Summarising, we have the Hamilton equations,
. 0H
bi = 9qi )
. OH
%= 5 (2.18)
Di
dH OH
dt ot
These can be recast in yet another way by making use of the Poisson brackets,
of 9g  Of dg
= . 2.19
{f, g}ps = Z Oq; Ops 8pz dg; ( )
Notice first of all that
{aipite =0ij, {4, q}p = {pi;pj}r = 0. (2.20)

Consider next a generic observable O = O(q, p, t). Its time evolution is governed by the equation

d(’)_c‘)(’) .00 8£_3£ Z@H@O 0H 00 8(’)
Di

a ot g trig op; 00 0q op o T 1O H}es. (221)

This applies in particular to ¢; and p;, for which

pi = {pi, H}prB,

¢ ={qi, H}pn (2.22)

9



The formalism discussed so far applies to particles, or more generally to systems with a finite
number of degrees of freedom, both in a nonrelativistic and a relativistic setting. Fields, on
the other hand, have infinitely many degrees of freedom, since they are definited at every point
of spacetime. The extension of the formalism is however quite straightforward. The starting
point is again an action functional which depends on the configuration of the fields ¢;(x). Such
functional is defined starting from a Lagrangian density .#(¢;(x), 0,¢i(x), x) which depends on
the fields and their derivatives and possibly on the spacetime point x,

Sle] = /D & L(6(2),0,0(x), ). (2.23)

Here D denotes some domain in spacetime, and

0 0 =

The equations of motions are obtained again via an action principle: we require that the variation
of S vanishes for all small variations d¢; of the fields, subject to the condition d¢; = 0 on the
boundary 0D of D. Since §(9,¢) = 0,(d¢), we have

0=10dS = /d4 L+ 0¢,0.,0 + 0,00, x) — L (¢, 0, )]
B N NN Y
—Adlzwm@“%m%@w]
(2.25)
0L 0L
-/, {Z‘m[a@ o) o 9 uam]}

) 0.5 \ { 0.2 ]
Apﬁhwz(mz /d v 2.9 |56, ~ 55,0

Since d¢; = 0 on JD the first terms vanishes, and since d¢; is arbitrary inside D, each of
the terms in the integrand of the second term has to vanish separately. We then obtain the
Euler-Lagrange equations for fields:

83883

g 100,00

One can develop a Hamiltonian formalism exactly as in the case of finitely many degrees of
freedom. Defining the conjugate momenta

=0. (2.26)

0%
mi(z) = ma (2.27)
the Hamiltonian reads
H(t) = /d3$ [Z Wi(tu f)ao(bz(ta j') - g((ﬁ(t: f)7 8,u¢(t7 f)? tv f)
i (2.28)

= /dgl'%(ﬂ'i(tvf)’d)i(ta'f)?t’f)7

10



where we have made explicit the dependence on time ¢t = 2° and spatial coordinates Z, and in the
last passage we have defined the Hamiltonian density 5#. Notice, however, that upon imposing
the equations of motion we find that H is time-independent if it is not depending explicitly on
time. More precisely, if we compute explicitly the derivative we find

d 0 : 0L
@H()_EH() /d3 [Zﬂz¢z+ﬂz¢z ¢za¢ ( H¢)Za(am(t,f)):|

ARG RG] 22

“Jreo(Gaga) = o Cang) =

i.e., it equals the flux through the surface at infinity of a certain function of fields and momenta,
which vanishes if fields are sufficiently well behaved at infinity. In full analogy with the finite-

dimensional case we can derive from here the Hamilton equations®
o0H oA .
= = ¢ilt, i )
e el AL AL 230
oH _ ox — (t,E) (2:30)
R
together with
dH OH 3, 0z
Finally, we can define Poisson brackets for functionals of fields and their conjugate momenta as
oF 0G 0G oF
F.G}pp= [ d® - : 2.32
{F Glee / ‘ Ek: [&bk(t, 7)0mi(t,2)  0on(t, 2) oma(t, ) (2:32)
The fundamental Poisson brackets are
{i(t, @), 7j(t,7)}pp = /dz§:5m<> 20037 — 2) = 6,;6 (7 — ),
(2.33)

{¢l(t7 f)) ¢] (ta y)}PB = {ﬂ-i(ta $), Uy (t7 y)}PB =0.
SFunctional derivatives are defined by the relation

Flo+n6¢l —Flo] _ [ o . . OF
i " = [ deso.D5

and correspond essentially to the variation of the functional under an infinitesimal change of a field at one point.
The functional derivative can be extracted from the relation above by taking d¢ to be a delta function, or, more

formally, using a representation of the delta function like A¢(z) = %ﬁ, as
to,To 4] _
OF iy Flo+no2 0] - Flg].
6¢(to, To) =000 U

where 510°%0¢(t, &) = A (t — to) H] L A(& — Zoj).
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Finally, the time evolution of any such functional is given by

dF  OF , SF oF
i /d’zz[@“”am( >+”k<”’m<t,z*>]

/d Z [5¢k t,2) omi(t,7)  0oi(t, T) éwk(t,Z)] =t +{F, H}pp.

This provides a simpler proof that H = 0 if there is no explicit time dependence, since obviously
{H,H}pp =0.

(2.34)

2.5 Classical symmetries and Noether’s theorem

One of the main advantages of the Lagrangian formalism (and of the Hamiltonian formalism as
well) over Newtonian mechanics is that it makes more transparent the role and the consequences
of symmetry. This subsection is about symmetry and their consequences in the classical setting.
The quantum mechanical case is discussed below.

Quoting almost verbatim from Weinberg’s book, a symmetry is a change in the experimenter’s
point of view that does not change the results of possible experiments. Let us explain this in
more detail. Consider two experimenters O and ' making measurements on the same physical
system. They subscribe to the same operative rules concerning the measurement of the various
observables, but they use in general different reference frames, so that in general they find
different values for the various physical quantities, thus producing two different descriptions of
the same system. In mathematical terms, this means that they will assign two different points
Z and Z', respectively, to the system in its configuration space C. Here Z denotes collectively
all the coordinate and velocities characterising the system.” Although the two descriptions are
in general not the same, for certain pairs of observers they will be equivalent, i.e., the physical
laws implied by the measurements will be the same for both observers. In other words, it will
be impossible for an observer to determine her or his reference frame using only her or his
measurements. If two observers give equivalent descriptions, then the set of possible outcomes
for measurements on the physical system must be the same, and the same C will describe the
states of the system. Moreover, if the same laws of physics have to apply for the two observers,
then the temporal evolution must be governed by the same equations.

Let us formalise the two statements above. Establishing a relation between the two de-
scriptions corresponds to defining a mapping M from C to itself. Since the same outcomes are
possible for both observers, such a mapping must be surjective (or onto), i.e., its image is the
whole of C. On top of that, different outcomes for O will show up as different outcomes for O,
so M must also be injective (or one-to-one), and so M is a bijective, i.e., invertible, mapping.
This can be seen more directly by observing that if the two observers must be equivalent, then
if there is a mapping from O to O there must be one also from O’ to O.

Next, if the time evolution of the system is governed by the same equations for both observers,
then the way that the initial conditions Zy at time ty for O, and the corresponding initial
conditions Z) at the corresponding time t{ for (0, are mapped into the state Z of the system at
t for O and Z’ at ¢’ for O' must be the same. Formally, denoting the evolution “operator” with
Uty—st, We must have both

Z(t) = wgt(Z(t0)),  Z'(t) = uyv(Z (1)), (2.35)

" Analogously, one can use coordinates and momenta in phase space .
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where Z'(t') = My(Z(t)), allowing for a time-dependence in the mapping, and t' = T'(¢) is the
mapping between times for the two observers. But then

Z'(t') = M(Z(t)) = Mi(uo1(Z(t0))) = g0 (Mo (Z(t0))) = ur o) —1(t) (Meo (Z(t0)))
(2.36)
which expresses in an almost unintelligible way the request that the evolved of the transformed
equals the transformed of the evolved, which is a quite catchy formulation of our second require-
ment.

Summarising, a symmetry transformation is a transformation on the space of states of the
system that relates the description of two equivalent observers, which by definition see the same
and all the same possible states of the system, and see its temporal evolution being governed
by the same law. The composition My o M7 of two symmetry transformations M; and My is
clearly still a symmetry transformation, and such a composition is associative, Mzo(Mgo M) =
(MszoMsg)oM;. Moreover, the identity transformation is obviously a symmetry, and symmetry
transformations are invertible by definition. This sums up to symmetry transformation of a
physical system forming a group, the (you don’t say...) group of symmetry transformations of
the system.

2.5.1 Particle mechanics

The Lagrangian formalism allows us to identify from the outset mappings which are symmetry
transformations of our system. Let S and S’ be the following action functionals,

5= [ dtLig). .0,

to

t/
g = / “a L (), d (), 1),

to

(2.37)

where primed quantites are obtained via the (generally time-dependent) mapping M from O
to O, ¢i(t') = M;+(qi(t)). Notice that the same Lagrangian appears in both expressions: in
general it is possible to find some L’ for which the new action functional for @’ will equal that
of O, but this will imply different equations of motions (EOM) for the two observers. If, on the
other hand, S = S’ up to boundary terms (see below), then the same equations of motions will
govern the evolution of the system for the two observers. This is seen as follows. Equality up
to boundary terms means that

§' = S+ Fla(tr),t1) — Flqlto).to) (2.38)

for some function F'(q,t). This means that the variation of the two functionals, which is done
at fixed g;(to), qi(to), and correspondingly at fixed ¢;(t;), ¢}(t}), will be the same, i.e., 65 = 45"
Indeed,

0q;(th,1) = Mity, (q(to1) +dq(to1)) — Mise, (q(to1)) = M, (a(tor)) — Mg, (a(to)) (: 0, |
2.39
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so the statement follows. Consider now ¢;(t) solving the EOM for O. We have [see Eq. (2.12)]

0255256”2(2(5% qut))
to

1 / / i /NSy _ii NSy
+/t6 dt Zi:éqi (aqu(q,qJ) dt,aqu(q,qi) ,

but the first term in Eq. (2.40) vanishes due to Eq. (2.39), and since §S = 0 for arbitrary dg¢;,
which in turn imply arbitrary dg;, the second term can vanish only if

t

(2.40)

9Lty =0, (2.41)

0
— L ) — —
(¢4.1) dt' dq}

8 /

i.e., if ¢/(¢') (which is the trajectory of the system as seen by (') satisfies the same EOM as ¢(t).
The equality up to boundary terms means in practice that the change in the action corre-
sponds to adding a total derivative to the Lagrangian:®

S' = S+ F(g(tr), 1) — Flq(to), to) = S + /;1 dt %F(q(t), b (2.42)

A well known example of this situation is that of a free particle under change of frame through
a Galilei transformation ¢ - ¢ =q¢—vt, t >t/ =t:

. 1 .
L(q,q) = §mq2,

(2.43)
2t) .
2 2 dt 2 )

1 1 d 1
L(d,q) = —mg'? = L(q,q) + mvq + —muv? = L(q,q) + — <qu + —mw

There is more to invariance of the action up to boundary terms than the fact that the EOM
are the same for the two observers. In fact, if we have invariance under a continuous group of
transformations, Noether’s theorem guarantees the existence of a conserved charge. Consider
an infinitesimal such transformation,

¢(t') = qi(t) +dqi(t) = ¢i(t) + eMi(q, 4, t)

) ' (2.44)
' =t+6t=t+el(q4t),

and assume invariance up to boundary terms of the action, as above:

[ at (LGt de).0) + eF(ate). ] - / L L (), 4 (), 1) (2.45)

to

Since the transformation is infinitesimal, also the boundary term must be (it has to vanish as
e — 0). Changing variables back to ¢ in the right-hand side, and expanding up to first order in
the variations, we find

t! t1
/ 1 dt' L(¢'(t),qd (t'),t) = / dt <1 + d5t> L(q (t+ dt),q (t + 0t),t + 0t) =
t to dt (2.46)

[ (145 [pona 0.0+ wra.ao.0]

8We assume that dt’/dt > 0.
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From Eq. (2.44) we find (notice that although they differ in general, ¢'(¢') = ¢(t) to zeroth order)
6i(t) = qi(t' = 0t) = ¢;(¥') — 6tqi(t) = i(t) + 0qi(t) — 514 (t)

e . (2.47)
= qi(t) + 0q;(t) = qi(t) + €[Mi(q, ¢, t) — @:(t)T(q, ¢, t)],
and plugging this back into Eq. (2.46) and expanding we get
/t, L LG (), d (), F)
= [Tae (14 %) [atnan. o + Sut L.
" <§qi<t>§%L<q<t>, 0(0)1) + 0t L (0,00 (2.43)
= [ {00+ S50 [ pat0.00.0 ~ Gy piat. 0.0

+ % [Zi:@i(t);q.iL(Q(t), q(t),t) + 6tL(q(t), 4(t), t)] } ,

Comparing this with Eq. (2.45), and imposing EOM to make the term proportional to dg; vanish,
we find

o= [Tl [Z Fai0) s LAa(2). (0.6 + UL (a(0), ). 0) — P00

—c [ | S0 - a0 L. (2.49)

. 7
7

T T(q. 4.8 L(g(t).d(0). 1) — F(, q(t»] ,

which entails that the following quantity, named Noether charge, is a constant of motion (we
drop the t-dependence of ¢ and ¢ from the notation for simplicity):

Qi) =3 {[M(q 000) = 8@ L0 dt) | + Tla.d. 0Ll 0.8) ~ 0.t

)

(2.50)
- Z { Q7 q> - q.iT(Qa q.7 t)]pi(Qa q.7 t)} + T(Qa (ja t)L(Qa (ja t) - F(‘]a t) :

In the case when M; = M;(q), we have that @) generates the transformation of the coordinates
through the Poisson brackets:

{4, QYps = Mi(q) . (2.51)
Notice that in this case

{pi,Q}pp = Z 5q Mi(@)pi (2.52)

and the combined transformation of ¢; and p; is an infinitesimal canonical transformation, pre-
serving the Poisson brackets.
Let us now consider a few examples.
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Time translations In this case M; = 0, T = 1. If the Lagrangian itself is invariant, i.e
independent of time, then there is no F', and we find

Q=L-) d¢pi=—H, (2.53)

The Hamiltonian, i.e., the energy of the system is constant if there is invariance under time
translations.

Coordinate translations In this case M; = §;; if we are changing only ¢;, and T" = 0.
Assuming again that the Lagrangian itself is invariant then F' = 0, and we find

Qj =pj- (2.54)

This is obvious from the EOM: if the Lagrangian is independent of ¢;, then one finds immediately
pj = 0. If g; are Cartesian coordinates, invariance under space translations is associated with
conservation of spatial momentum.

Rotations Let ¢;, ¢ = 1,2,3 be Cartesian coordinates. For an infinitesimal rotation around
axis j we have MZ»(J) = 1Eijkqks T =0. When F =0

U =N "cijparpi = (@A P); = Lj, (2.55)
]
and we see that rotational invariance is associated with conservation of angular momentum.

Galilei boost This is a different example, as it is impossible to write a Lagrangian, function
of ¢ and ¢, exactly invariant under Galilei boosts.? Consider a Lagrangian of the form

%7% Z mz % q_3) ) (2'56)

where ¢ are the spatial coordinates of particle 7, and V some potential that depends only on
the relative positions of particles. Under ¢; — ¢} = ¢; — Ut, t — t' =t we find

. d R
L(g;, 4;) Z “mig® = V(G — @) = L(qi, 4i) + 7 - dtz<miqi+2mivt>- (2.57)

For infinitesimal ¢; we have M;; = —té;;, T = 0, Fj = >, m;(q;); (the O(v) term is of higher
order), and so
Q= (mig; — pit). (2.58)
i
This conservation law expresses the fact that the center of mass moves at constant speed on a
straight line:

szl(fl :tziﬁi +Q": ﬁ‘cot
Zi my; ZZ my; Mot

“Imposing L(q—vt, ¢—v) = L(q, ¢) for all v, t implies 0 = %L(q, q) = —vg- L(q vt, §—v), and taking one further

t+ Q. (2.59)

derivative with respect to v and setting v = 0 we find %L(q, q) =0, i.e., Z is independent of its first argument.
Taking instead the derivative with respect to v and setting v = 0 we ﬁnd 0=t5- 8 L(q,q) + aqL(q q) = qL(q, qQ).
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2.5.2 Field theory

The same game can be played when working with fields. We assume again invariance of the
action under a symmetry transformation up to boundary terms, which are now given by the
integral of a total divergence. Let

5= [ do 2(0().0,0(0).0),
s'= [ e 26,9060,

where ¢f(z") = M;(¢(x),0ud(x), z) and 2’ = X (z) for some transformation (M, X) mapping
from observer O to observer 0. If

S = S+/Dd4a:8uF“(¢(x),a:), (2.61)

(2.60)

then the same EOM apply for both observers. The argument is identical to the one given above
for finitely many degrees of freedom, once that the appropriate generalisations are made, and
will not be given here again. Consider then an infinitesimal such transformation,

Pi(x') = ¢i(x) + 6¢i(x) = di(x) + eMy(¢, Opp, ) ,

't =t + dxt = 2t + eAM(x). (2.62)
For future utility, let us note that
O/(@) = dla' —82) = 6l(&") = 00¥Di(a) = 9i2) 4000 ~ D)
= ¢i(x) +09;(z) = ¢i(x) + e[Mi(¢, 0y, ) — A(2)ui()] -
We then proceed as above, changing variables in S’ back to x,
S = /D dtx det a&'mj# ZL(¢(x + 6x),0,¢' (x + dx),x + dx) , (2.64)

and then expanding in €. Notice that to lowest order

det %giu = cLth <5“V + ?;j)' = ‘1 + tr <a;§>' = ‘1 + 0,02t | =14 0y0xt.  (2.65)
We then find
5= [ d4x{$<¢< ), 8,(2), 2) + By (52 (6(), Db (), 1)
D
#3754, 26100, 2) + G i 5.2 606, 000001 |
(2.66)
Using Eq. (2.61) and integrating by parts we find
- /D d%{a# lém“g(qﬁ( +Za¢z . @) L(6(x), 0(), x) — FM(¢,Q:)]
_ o 0
+ S50 {a@z(cé(m), 0,u(x). ) — aumzw(x), aueb(x),m)} } .
(2.67)
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Imposing now the EOM, and given the arbitrariness of D and ¢, we conclude that the Noether
current JH,

JH($,0u0, ) =
y 0 2.68
A $ ¢a ,uqbv Z ¢’ u¢a - A augbl]ig(qba a,ugb’x) - F“(gzﬁ,a:), ( )
9(0u9i)
is a conserved current,
ouJ" =0. (2.69)
From the Noether current one can easily construct a conserved Noether charge,
Q= / BxJ(z). (2.70)
A simple calculation shows that
d . .
—Q = /d3m60J0(w) = —/d%@-ﬂ(w) =— lim [ d®20;J7(x)

=— i ST (x) =
Jim 8Vdnjt](:v) 0

assuming that the fields are sufficiently well behaved at infinity, so that the flux of J7 at infinity
vanishes. Explicitly,

9
(00 9;)

= /d3a: _AO (3 - Zaocf?ﬂri) + Z[Mi — A 9;¢q)m; —

= /dgl‘-Z[Mi —Ajaj@-]m —AO%—FO] .

-1

Q= / P02 > (M — AV, 4] Z - FO}

(2.72)

2

Also in this case, for M; = M;(¢) we find (recall that Q(¢) = Q(0) can be taken at any time
since it is conserved)

3 3 6(;51 , L 5JO(¢78¢’ ) 3 6J0(¢),8¢,.’E)
{9i(t,2) Q}PB_/d /d zz Son(t,7)  omu(t, 2) /d it D)

= [M((1, ) = 4 (1, 20,64 (1,)] ~ A1) 5t (2.73)

= [Mz(¢(t7 f)) - Aj (t7 f)ajgbi(tv j)] - Ao(tv 55)30¢(ta CC)
= [Mi(o(t, ) — A"(t, T) 0, ¢i(t, T)] ,

which is precisely the transformation of the fields (up to the parameter €).
Also in this case let us consider a few examples.
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Translations The simplest case is that of invariance under translations. We assume again
that no boundary term appears, which is the case if there is no explicit dependence of the
Lagrangian density on the coordinates (the only case that we will be considering in practice). In
this case the action is obviously invariant. There are four kinds of translations, corresponding
to four Aé‘y) = ¢",, with M; = 0. The components of the corresponding conserved currents form
the canonical energy-momentum tensor:

oK, Z i — 0", L, Z awzi L. (2.74)
,Ltgbl) ,u¢z)

The reason for this nomenclature is easy: the p = 0 components of this tensor represent the
energy and momentum density of the system, from which energy and momentum are obtained
via integration:

/d%@“‘):/di”xz(%mg:/di’)x%:H:PO,
/ Bz % = / Prd Fgim = - / Px> " 0;¢im; = P

(2.75)

Lorentz transformations The next, and most interesting case would be that of Lorentz
transformations, but we are not ready yet, since we do not know yet enough about them to
discuss this point. This will have to wait a bit.

Internal symmetries Certain theories are symmetric under transformations that involve only
the fields and not the spacetime coordinates. Such transformations, mixing the various fields,
are called internal transformations, and the corresponding symmetry is an internal symmetry.
The simplest such transformations are linear in the fields, i.e.,

6pi(z) = GZKZJ¢] (2.76)
The corresponding conserved current and charge are easily determined,

J“—Za MQZSZ ij¢j7

, 0.7 , (2.77)
Q= /d x %:8(80@)1(@% = /d x %:wiKij¢j,
and one immediately observes that
{0, Q}pB = Z Kijoj . (2.78)
J
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2.6 Classical electrodynamics

Let us apply the formalism developed above to a concrete case, that of classical electrodynamics.
The classical theory of electromagnetism is contained in the four Maxwell equations:

- - - OB
t (2.79)
$.5-0 waB-2F_7
- ot 7

Here E and B are the electric and magnetic fields, p the charge density and jthe electric current.
These equations can be written in compact, and manifestly Lorentz-covariant, form, using the
four-potential A* = (p, A), in terms of which the fields read

q . 04
E:_VSO_E7

Defining the field strength tensor, F,,, and the four-current, JH, as

B=VAA. (2.80)

F,, =0,A, —0,A,, JH=(p,]) (2.81)
the inhomogeneous Maxwell equations are written as
O FH = JH, (2.82)

while the homogeneous equations, which are automatically solved thanks to the representation
Eq. (2.80), are encoded in the Bianchi identities,

0uFyp+ 0yFu + 0,F,, =0, (2.83)

identically satisfied by the field strength tensor. Electric and magnetic field components are
related to the field strength tensor components as follows:

. 9 - -
E; = Fy; = 00A; — 0;Ag = _aAi - Vip,
1 (2.84)
Bz’ = _§5iijjk = _Eijkngk = €ijkvjAk: = (V VAN A)z .
Notice also the inverse relations
Fij == _eijkBk . (285)

Let us now check the inhomogeneous equations:

8uF"0 = J° = 9;Fy; =V -E = p,
,Uj j a — = = 8 = = g - (286)
E)HF =J/ = —80F0j + 8lFZj = —an‘ + Gjikvin = —an + (V A B)j =7

The equations of motion Eq. (2.82) can be obtained from the following action by means of the
usual variational principle:

1
S=-3 / d'z F, F" — / diz J, A" (2.87)
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Indeed,

0L 1 OF, 0a A
_ 7= _ZpaB af  _ _pap_ Yol o
o0.4) ~ 2t @A) - T awuAy - T (2.88)
and b
= = I 2.
oA, JH, (2.89)
and so we get
—J" +0,F" =0. (2.90)

This equation shows that not any current can be coupled to the electromagnetic field, but only
a conserved one: indeed, taking the divergence 0, of Eq. (2.90) we obtain 9,JY = 0, since
0,0, F"” = 0 identically due to the antisymmetry of F'**.

Let us now express the EOM in terms of the four-potential,

DAY — 079, AF = J" | (2.91)

where O = 0,0/ = 83 — V2 is the D’Alembert operator. Writing separately the v = 0 and the
v =1,2,3 equations we find

p=—(Vip+8V-A) =-V-(Vo+dA),

S S - o Lo e o s (2.92)

J7=0A+V(0p+V-A)=03y(0A+ Vo) —V?A4VV.-4A
which in terms of physical fields are just Gauss’ law and the Maxwell-Faraday equation, respec-
tively,

- —

V-E= P
R, (2.93)
—0E+VAB=7.
The first equation in Eq. (2.92) is not a dynamical equation for ¢, since its time derivative
does not appear. The other three equations involve four functions, and so their solutions are
undetermined by one arbitrary function. Let us choose to parameterise this indeterminacy with
p, and write A= ff(go) for the vector potential solving the equations, where ¢ is so far arbitrary.
We might hope to fix ¢ by imposing the constraint provided by the first equation, but here we
run into a problem. Let us take the time derivative of the constraint equation, and impose
that the equations of motion are solved. Using the continuity equation dpp + V- 7=0 (ie.,
conservation of the current), we find

(V24 8V-A+p)=V- (Ve +RA-7) 294
=V [0A+V2A+ Voo — 7=V - [0A+V(V-A+8yp)— 7] =0. '
This means that if we impose the constraint at a certain time, then by virtue of the equations of
motion it will be satisfied automatically at all times. Stated differently, the functional relation
between A and v implied by the equations of motion entails that the constraint will be satisfied
no matter what choice we make for ¢, as soon as we enforce the constraint at one given time.
The system of differential equations Eq. (2.92) is thus underdetermined.

The difficulty found above can be rephrased in a number of ways. The fact that the temporal
derivative of the constraint vanishes by virtue of the equations of motions implies that the system
of equations Eq. (2.92) does not specify the dynamics of o: if we try to recast one of the equations
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of the second set as an equation for dyp, we end up with an empty identity. Another way to see
that problem is to solve explicitly the constraint for ¢ and plug it into the dynamical equations.
Solving for ¢ requires inverting the Laplacian A = V2 (something we will learn to do in due
time), and gives .

TTA
Substituting it in the other equations, we find after a little manipulation [using the fact that

V(Lf) =1V

(V- A+ p). (2.95)

D<E—ﬁlﬁ-l>:j’—ﬁlﬁ-]’:m@:ﬁ. (2.96)
A A

The quantities /ﬁ =A- 6%6 - A and L =7- 6%6 - T are automatically transverse, i.e.,
divergenceless, so Eq. (2.96) is an equation for two dynamical degrees of freedom. The remaining
degrees of freedom, V- A and o, are related by Eq. (2.95), but are otherwise arbitrary.

In fact, the constraint equation is solved by infinitely many choices: given any solution
(¢, ff) of the constraint, one can construct a new one by sending ¢ — ¢ + JpA, A— A-VA
for an arbitrary function A. Since the transverse part of the vector potential is unchanged
by this transformation, A, — A — VA — ﬁ%ﬁ (A —VA) = A, what we obtain is a new
solution of the system of equations. In summary, the equations of motion are invariant under
the transformation

Au(@) = Ay(z) + 0M(z) (2.97)

for arbitrary A(x). This is a gauge transformation, and the invariance under them is called gauge
inwariance. This is actually an invariance of the Lagrangian. To see that this is an invariance,
notice that Fj,, is manifestly invariant, while for the current term the change is given by

/fmﬂ%A:/&x@mﬂM—A@%ki/&M%UM% (2.98)

due to current conservation. The action changes by a boundary term only, so the equations
of motion do not change. Gauge invariance shows once again that the system of equations
Eq. (2.92) is underdetermined, and solutions to the Cauchy problem, i.e., solutions of the EOM
with prescribed values for fields and their spatial derivatives at t = 0, are not unique: we can
always add an arbitrary A that vanishes at ¢t = 0 and with vanishing spatial derivative there,
and still obtain a solution. Our description of the system in terms of the four-potential is then
redundant, and to specify the solution uniquely we have to impose extra conditions on A, i.e.,
we have to fix the gauge.

Gauge invariance and the presence of constraints among the EOM are related facts, and, as
we will see, they require a careful treatment when quantising the theory. As a matter of fact,
the special nature of the equation Eq. (2.91) for v = 0 can be seen directly from the Lagrangian.
If we compute the conjugate momenta we find

0L
b—_ = _ _pOu
T oA FoF . (2.99)

In particular, 7° = 0, i.e., there is no conjugate momentum for A°. This is a consequence of
gauge invariance, and the reason why the time derivative of A does not appear in the EOM for
AY which is therefore a constraint for A° and not a dynamical equation. Moreover, since dyAg
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does not appear in the Lagrangian, the second time derivative of A never appears in the EOM.
The other momenta, on the other hand, are well defined and are simply

ﬂ'j = —Foj = FOj = —(80Aj + ajAO) = Ej . (2100)
In terms of them, the EOM for A° reads
vV.z=J. (2.101)

As a Hamiltonian system, the one corresponding to the Maxwell Lagrangian is a constrained
system, with constraints
™=0, V.-#-J'=0. (2.102)

As we will see, this makes things not quite straightforward when the time comes for quantisation.
Let us now compute the energy-momentum tensor, setting the current J* = 0. From
Eq. (2.74) we obtain

1
O = —0" A FH7 4 )" Fpo FP7 (2.103)

It is possible to define a new energy-momentum tensor which is symmetric and conserved,
differing from the canonical one by a divergenceless term:

1
O = —0,A"FH° — F"_FHo + ZHWFpanU = —0,AVF' + 0. (2.104)
The symmetric energy-momentum tensor is also conserved:
0= 08,0" = —0,(0,AVF")+0,0%" = —0,0,A"F' -9, A" 0, F"* +0,0 = 9,0, (2.105)

since 0,F"? upon imposing the EOM, and 0,,0,A”F"? = 0 since it is the contraction of a
symmetric and an antisymmetric tensor. The symmetric energy-momentum tensor is known
as the Belinfante-Rosenfeld tensor. We will see later how the possibility to define a symmetric
energy-momentum tensor is related to the Lorentz invariance of the theory. Let us work out
explicitly the components of the symmetric energy-momentum tensor:

1 - _
o - L2+ 5,
0% = (E A B);, (2.106)
o . . Lo L
@g = 551](E2 + B2) — EZE] — BZB] .

The first two lines correspond to the energy density and the momentum density of the electro-
magnetic field, respectively. The vector S = E A B is known as the Poynting vector. As a final
remark, notice that a nonzero current would only contribute a term n** A,J% to the tensor, a
term which is diagonal (so symmetric). This gives a contribution to the energy density, but
not to the momentum density of the system: this can be understood from the fact that in our
setting the current is not dynamical.
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2.7 Canonical quantisation in quantum mechanics

The Hamiltonian formalism, especially when expressed in terms of Poisson brackets, is the
starting point for canonical quantisation. In the finite-dimensional case this is just quantum
mechanics as you have learnt it: Poisson brackets of classical (c-number) observables get replaced
by —i/h times the commutator of their quantum mechanical (operator) counterparts. Let us
look at this quickly, introducing in passing the concept of picture, and reviewing Heisenberg’s,
Schrodinger’s, and Dirac’s.

Quantisation of a classical system with coordinates ¢; and momenta p;, and a time-indepen-
dent Hamiltonian H(gq,p) is achieved by replacing the classical observables with self-adjoint
operators on a Hilbert space, and the fundamental Poisson brackets with commutators:

(gi, pj] = ids5, [9i,9;] = [pisp;] =0, ( |
dO 2.107
& i
o i|H, O],

where for simplicity we take observables O that do not depend explicitly on time. The equations
of motion, i.e., Heisenberg’s equation, can be solved:

O(t) = e O(0)e M = U(1)TO(0)U (1), (2.108)

where U(t) is unitary. The states of the system are associated to vectors ¢ (or rather rays e®1))
in a Hilbert space H, and the expectation value of observables reads

(O)y(t) = WO ®)|V) 1 - (2.109)

Here we have added a subscript H to signal that we are working in Heisenberg’s picture: the state
of the system is given and fixed in time, while observables evolve according to the Hamiltonian
of the system. One can equivalently write Eq. (2.109) as

(0)y(t) = m (@] O (0)e ) i = s((1)|Os|e(t))s , (2.110)

where Og = Og(0) and [¢(0))s = |¢)g. This provides the Schridinger’s picture of quantum
mechanics, in which observables are fixed operators, while states evolve in time according to the
Schrédinger equation,

D 1w = Hw)s. 2.111)

The two pictures are physically equivalent by construction. In Schrédinger’s it is easier to express
the rules of measurements: the probability of obtaining the value a, for a measurement of O at
time t is given by the absolute value squared of the transition amplitude to the corresponding
eigenvector

P = [{anl (), (2.112)

where O|a,,) = apla,) . On the other hand, Heisenberg picture turns out to be more convenient
when dealing with field operators.

A third picture is the interaction or Dirac’s picture, in which obervables and states take dif-
ferent “parts” of the temporal evolution, with observables evolving freely and states (essentially)
with the interactions. This picture presumes that the Hamiltonian can be split into a free and
an interaction part, H = Hy + V, and then sets

(O)y(t) = m{plett e 00t Oy (0)e 0t 0l ™ T y) y = 1 (Y ()| O1(t)[¢(1))r,  (2.113)
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with ‘ A A A
Or(t) = et Oy (0)e ot = (ot ()0t

(1)) = et ) = eote™ 1 (0)) -

States and observables coincide in all pictures at ¢ = 0. The key object here is the temporal
evolution

(2.114)

Ultg, ty) = etHotzemiHtz it o—iflot (2.115)

in terms of which |¢(t)); = U(¢,0)|(0));. To obtain an explicit expression for it, we solve the
differential equation

o . ) ) .
52/{(152, tl) = eZHotQi(Ho — H)eleotQU(tQ, tl) = —jetHot2 VeiZHotQU(tQ, tl) = —i‘/](tg)U(tQ, tl) ,
2
(2.116)
subject to the boundary condition U(t1,¢1) = 1. For t3 > t; the solution is provided by Dyson’s
formula

Ults, t1) = Texp {—i /tz dt w(t)}

t1

(2.117)

& (_1)n to to

=y —; dry... | dr,T{Vi(m)...Vi(Ta)} ,
n=0 n' t1 t1

where the time-ordering symbol T’ places the operators in descending order with respect to time

starting from the left:

T{Ai(t1)A2(t2)} = 0(t1 — t2)A1(t1)Aa(t2) + O(t2 — t1)A2(t2) AL (t1),

T{A1(t1) ... An(tn)} = Z 0(tpay —tp@) - --0(tpm-1) — trm)) Ar)(tp)) - - - Apm)(tpmn))
P

(2.118)
where the sum is over all the distinct permutations P of {1,...,n}. For ¢t; > t; we can use the
relation U(to,t1) = U(t1,t2)" and obtain the solution from Eq. (2.118).

All the above is known stuff for systems with finitely many degrees of freedom. The practical
realisation is obtained by representing the canonical commutation relations on some Hilbert
space, and teh Stone-Von Neumann theorem tells us that this can be done in an essentially
unique way: for a single variable, H = Z(R) and

(q¥)(x) = w1p(x)

(0 (x) =~ (),

(2.119)

provides the desired representation of [¢, p] = ¢; all other representations are unitarily equivalent
to this one.

We would like to follow a similar procedure with infinitely many degrees of freedom, replacing
the canonical Poisson brackets with commutators, i.e., performing canonical quantisation of
fields. Does this work? Yes, we know it does. Do we understand why? At this stage no, not at
all. Also: for infinitely many degrees of freedom the representation of the canonical algebra is
not unique, and we have to motivate physically which one we are going to use. For free fields
we will see easily that it is the Fock representation to be used. For interacting fields we would
first have to understand the dynamics, a task which is almost always impossible to tackle, and
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so we will need to develop approximation techniques. Finally, for particles with half-integer spin
commutation relations will not work, and we will have to use anticommutation relations instead.

Instead of quantising things that we do not understand properly, it is better from the logical
point of view to start from what we do understand properly, namely the particles, and then
proceed to develop quantum fields as a very convenient (Weinberg claims necessary) tool to
develop what we need, which is a relativistic, local, unitary quantum theory.'® A key point in
this approach is invariance under symmetry transformations. We now extend the discussion on
this point from the classical to the quantum case.

2.8 Symmetries in quantum mechanics

Consider again two observers O and (' dealing with the same physical system. In quantum
mechanics, the results of their measurements, defining the state of the system, are used to
assign a representative vector to the system in the corresponding Hilbert space. We work here
in the same spirit of Schrédinger’s picture for time evolution: the operators corresponding
to the observables are defined once and for all for all observers, reflecting the fact that their
operative rules for measurements are the same.'! Since measurements in general differ for the
two observers, they will assign different representative vectors to the system, in such a way as
to obtain the correct expectation values of observables. For an observable A, for which O gets
the expectation value a, she/he will choose a vector ¥ such that (¢, Ay) = a, while O’ who gets
the expectation value a’ will choose a vector 9’ such that (¢, Ay’) = a’.'> More precisely, they
will assign rays'® R and R’ to the state of the system, as to reproduce correctly the expectation
values. Establishing a relation between the descriptions of the two observers corresponds to
providing a mapping M from the space of rays H to itself, i.e., if O assigns the ray R to the
state of the system then O assigns the ray R’ = MR. As we discussed in the classical case, for
equivalent observers such a mapping has to be invertible.

Suppose now that an experiment is performed on the system, and a transition from a state
to another is observed. The two observers O and O’ will see respectively the transitions

O:Ri — Ry, O R, — R, (2.120)
occurring with probabilities P and P/,
P=(R; -Ry), P'=(R;-R}), (2.121)

where

Ri-Ro = |(vh1,v2)[, (2.122)

with 11 2 any normalised vector belonging to Ri2. Since O and O are looking at the same
physical process, the transition probabilities they observe must be the same, P = P’, and so

Ri Ry =TR;-R}. (2.123)

10Tn Weinberg’s argument, a key role is played by the cluster decomposition principle, which basically says that
the outcomes of far away experiments should be uncorrelated. Weinberg shows how using interactions built out
of local fields one automatically satisfies the cluster decomposition principle.

" Time evolution can be seen as a change in the origin of time, and in Schrédinger’s picture the observables do
not change under it. What we do here is applying the same approach to all sorts of changes of reference frame.

121t is understood that vectors are normalised to 1.

13A ray is an equivalence class of vectors 1) € H with respect to the equivalence relation {1 ~ ¢ if 1 = e“¢p}.
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Since R;J = MR, ¢, we have that
Ri-Rf=(MR;) - (MRy). (2.124)

A theorem due to Wigner guarantees that an invertible transformation M on the space of rays
H that conserves probabilities as in Eq. (2.124) can be implemented as a transformation M on
the space of vectors H that is either linear and unitary or antilinear and antiunitary. Linear and
antilinear operators are defined as follows:

linear : U(atp + ) = aUr + pU,

. (2.125)
antilinear : T'(ay) + o) = Ty + 7 T¢.
The adjoint of an operator is defined as follows in the two cases:
linear : JU) = (UM, ¢),
(¥, U¢) = (U, §) (2.126)

antilinear : (¢, T'¢) = (TT’(/}, o)*.

Finally, a linear unitary and an antilinear antiunitary operator are operators that are onto H
(i.e., their image is the whole space), and that satisfy

linear and unitary : (U, U¢) = (¢, ¢),

. L . (2.127)
antilinear and antiunitary : (T, T¢) = (¢, ¢)*.

In both cases, these requirements are equivalent to UTU = UUT = 1, T'T = TTt = 1. In
practice, then, a symmetry transformation, relating two equivalent observers, is a unitary or
an antiunitary mapping M of the Hilbert space onto itself. As we discussed previously, the
symmetry transformations of a system form a group.

So far we have discussed only the kinematical aspect of symmetries. There is also the dy-
namical aspect to be taken into account, i.e., the evolved of the transformed must equal the
transformed of the evolved for a transformation to be a symmetry. In quantum mechanics the
temporal evolution is determined by the Hamiltonian H of the system. If H is not depending
explicitly on time, then the temporal evolution of a system is obtained via the unitary transfor-
mation U (t) = e~*!, For equivalent observers this unitary operator must be the same, and for
a transformation M (t) (which we momentarily take to depend explicitly on time for generality)
to be a symmetry the following relation must hold,

M(t)p(t) = M@)U(t)y(0) = U(t)M(0)(0), (2.128)
for all initial vectors ¥(0), and therefore
M@)U(t) =U(t)M(0). (2.129)

This equation can be recast as U (t) = M (t)U(t)M(0)*, expressing the invariance of the evolution
operator. Eq. (2.129) can be recast also as M (t) = U(t)M (0)U(t)T, which means that the tem-
poral dependence of the transformation M (¢) has to be entirely determined by the Hamiltonian
of the system, with no room for some extra explicit dependence.

Let us now make our life simpler, and let us focus on time-independent symmetry transfor-
mations. From Eq. (2.129) we find [U(t), M| = 0 at all times, and so taking the derivative and
setting ¢t = 0 we find

[H,M]=0. (2.130)
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A time-independent transformation is then a symmetry if it commutes with the Hamiltonian.
Symmetries are classified in two big groups, namely continuous and discrete: in the first case
there is a continuous family of symmetry transformations depending on some real parameter, in
the second case the transformation is “isolated”. If M = M(«) is an element of a continuous
family of symmetry transformations dependent on some parameter o and connected to the
identity, M (0) = 1, then it has to be unitary. Indeed, since (M (), M(a)¢) has to be equal
to (1, @) or (¢, ¢)*, it must be a constant and so equal to (M (0)y, M(0)¢) = (¢, ¢). We can
then write M(a) = €@ for some self-adjoint operator Q = QF, which is therefore a good
observable. If M(«) is a symmetry for all a, we can take the derivative with respect to «
to find [H,Q] = 0. This means that @ is a conserved physical quantity, i.e., its expectation
value on a state does not change with time. In Heisenberg’s picture this reads dQ(t)/dt =
—i[H,Q(t)] = 0. Moreover, since ) commutes with the Hamiltonian it can be diagonalised
simultaneously with it. The construction above obviously does not apply to discrete symmetries,
for which an analogous conserved quantity cannot be constructed. Examples of continuous
transformations are translations and rotations, to which correspond respectively the conserved
four-momentum and angular momentum. Discrete symmetries include most notably parity (P),
charge conjugation (C), and time reversal (7).

In the classical case we have seen how we can find conserved charges using the Lagrangian for-
malism and exploiting Noether’s theorem. The same kind of approach can be used here, although
care is needed because of possible operator-ordering issues. Notice that since e{q, Q}pp = dq,
which upon canonical quantisation becomes i€[Q,q] = d¢ (modulo ordering problems), these
charges would indeed generate the transformation. A similar argument goes for quantum fields,
as we will see in due time.

3 Particles as irreducible representations of the Poincaré group

Experimental evidence shows the existence of particles, small localised objects characterised by
a few constant quantities, mainly mass and total spin, plus others like electric charge, labelling
different types; and by their energy, momenta and spin components, or equivalently energy,
total angular momentum and angular momentum components. In the absence of interactions,
particles travel freely on straight lines determined by their momenta. What we will discuss here is
the theoretical characterisation of particles as irreducible representations of the Poincaré group,
from which the same features of the experimental characterisation (i.e., the same observable
quantities) will emerge.

The basic principle of special relativity is that all observers related by a Lorentz transfor-
mation are equivalent. Moreover, one of our fundamental assumptions (supported by countless
experimental results) is that physics is invariant with respect to temporal and spatial transla-
tions. These two facts are summarised geometrically by taking Minkowski space as the arena
for our physical theories: in fact, the isometries' of Minkowski space are precisely translations
and Lorentz transformations, and what we assume is that physics is invariant under this family
of transformations.

The group of isometries of Minkowski space is the Poincaré group, and we postulate that

14The isometries of a metric space are those mapping of the space into itself that preserve distances. For spaces,
like Minkowski, were we have instead a pseudo-Euclidean metric, it is the interval (x — y)*(z — y)"nu. that has
to be preserved.
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physics is invariant under its action. Due to Wigner’s theorem, this implies that the Hilbert
space of the states of a physical system provides the basis for a representation of the Poincaré
group in terms of unitary or antiunitary operators. In particular, the component of the group
connected to the identity must be represented unitarily. We then define a particle as a system
providing an irreducible representation of the Poincaré group, i.e., the space of states has no
subspace left invariant by all the transformations. This means that we cannot subdivide the
space of states into subspaces which are not transformed into each other by some Poincaré
transformation, and so we cannot obtain a simpler description by dealing with these two subsets
of states separately.

A remark is in order here. While for systems with finitely many degrees of freedom it
is always possible to realise a symmetry unitarily (or antiunitarily), for systems with infinitely
many degrees of freedom (such as, e.g., statistical systems in the infinite volume limit, or systems
of fields), there is also a distinct possibility. It may happen that a symmetry of the (algebra
of) observables is in fact not a symmetry realised in the system, a fact usually (and sloppily)
expressed by saying that the ground state is not invariant under the symmetry transformation.
In this case one speaks of spontaneous symmetry breaking. In the cases we will be dealing with,
it is assumed that symmetries are (anti)unitarily realised, or realised a la Wigner- Weyl.

The plan of this section is the following. We discuss first representation theory in some
generality, and give some details for the familiar case of rotations in three dimensions. We then
discuss the Poincaré group and its representation. Finally, we will construct the space describing
any number of noninteracting particles (Fock space), introduce the creation and annihilation
operators, and easily derive their transformation properties under the Poincaré group. This
will be the starting point for the developments of the following section, where we discuss how to
manage creation and annihilation of particles by means of local operators, i.e., fields, with simple
transformation properties under symmetry transformations. We will then (finally!) show how
all of this can be obtained via canonical quantisation starting from a Lagrangian. As discussed
in the Introduction, this is quite the opposite of the historical approach.

3.1 Representation theory: a brief introduction

Given a group G and a vector space V over the real or complex numbers, a representation of
G is a mapping from G to the space of invertible matrices GL(V) that preserves the group
multiplication. If V has dimension n, the representation is said to be n-dimensional; V' is said
to provide a basis for the representation. The mapping D : G — GL(V') must then satisfy

D(91)D(g2) = D(g192) » (3.1)
for all elements g1, g2 € G. Using Eq. (3.1) for g1 = e, the identity element of G, we find
D(e)D(g) = D(g) == D(e) = 1n, (3.2)
since D(g) is invertible. Moreover,
D(g)D(g™") = D(e) =1, = D(g~") = D(9) ™" (3.3)

An irreducible representation is one such that there is no proper subspace W C V., W # & with
D(g)W =W for all g, i.e., no subspace is left invariant by all matrices D(g).
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The group we are interested in is a Lie group, i.e., a group which is also a smooth mani-
fold, with multiplication and inversion being smooth maps on the manifold. Elements of a Lie
group can then be parameterised locally in terms of parameters «,, denoted collectively by «,
whose number is the dimension of the manifold. In this case, representations are required to
be smooth in the group elements. For Lie groups, representations can be (essentially) obtained
from representations of the corresponding Lie algebra. Parameterising as g(«) the elements of
the group in a neighbourhood of the identity, the tangent space of the Lie group at the identity
element is generated as a vector space by the elements

~ Og(a)

a — )
dag a=0

(3.4)

which are called the generators of the group. The generic element A of the tangent space can
be written as a linear combination with real coefficients of the generators, A = > c,7,. The
Lie groups we will be dealing with are matrix groups, i.e., g are matrices, and so will be the 7,
and the generic A. It can be shown that the tangent space at the identity is closed under the
commutator [A, B] = AB — BA. The Lie algebra of the Lie group is precisely this tangent space
with the commutator operation. Being closed under commutators implies that

[%aa %b} = _fa,bci;c ) (35)

for some real constants f ¢, called the structure constants of the group. Here sum over repeated
indices is understood. A representation d of the algebra is again a mapping of the algebra to
some matrix space GL(V'), which this time preserves commutators,

[d(A),d(B)] = d([A, B)), (3.6)

and it is irreducible if there is no subspace W for which d(A)W = W for all A in the al-
gebra. The correspondence between irreducible representations of the algebra and irreducible
representations of the group is the following:'®

D(e?) = e (3.7)
Physicists prefer to redefine the generators as 7, = i7,, so that Eq. (3.5) is recast as
[Ta, To) = 1f 3 Te (3.8)

and Eq. (3.7) becomes ' '
D(e) = A | (3.9)

For connected compact groups, all finite-dimensional irreducible representations are equivalent
to unitary representations, i.e., representations in which the matrices D(g) are unitary, and so
the 7, are Hermitian. This is not true for non-compact groups: for the Lorentz group there are
no finite-dimensional unitary representations, except for the trivial representation D(g) = 1 Vg.
Finite-dimensional representations do exist, but they are necessarily non-unitary.

15This is strictly true only for simply connected Lie groups. For connected but not simply connected groups, this
formula provides an irreducible representation of the universal cover of the group, which descends to a projective
representation of the group, i.e. a representation in which Eq. (3.1) is relaxed to D(g1)D(g2) = €*91:92) D(g, go).
Since adding an extra phase to all the state vectors of a physical system has no observable consequence, projective
representations are perfectly good for us, and we will not care in making the distinction.
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Let us discuss these concepts in the familiar case of the three-dimensional rotation group
SO(3). The group O(3) is the group of transformations of R? that keeps the Euclidean length
of a vector unchanged, and is characterised by the relation

ofo=1, (3.10)

where T' denotes the transpose. This implies det O = £1. The subgroup with det O = 1 forms
the group of (proper) rotations SO(3), preserving the orientation of space. Since O is a real
matrix, Eq. (3.10) implies that O (seen as a complex matrix) is unitary, and thus can be written
as O = e with antihermitian A. The condition det O = 1 implies tr A = 0. Reality of O then
implies that A is antisymmetric real.'® The most general such matrix can be written as

A’Lj = 9a€aij = ieaTa’ (Ta)ij = _ieaij , (311)

since there are precisely % = 3 independent real entries in an antisymmetric real matrix. The
T, are the generators of the rotation group, and the generic element of the group can be written
as O = "7 For an infinitesimal rotation # — Oz,

O_'a:i = Oij:ﬂj =x; + iﬁa('ra)ijxj =x; + Gaeaija:j = (f — 5/\ J_f)z . (3.12)

In the physicist’s convention, the Lie algebra so(3) of the rotation group is the space of purely
imaginary antisymmetric matrices, which is closed under (—: times, in the physicist’s convention)
commutators. Indeed,

T (L 7F

[Ta’Tb] = 1Ta»Tp ] = _[Ta7Tb] ) [Tava}* = [T;7Tlﬂ = [TaaTb]’ (313)

and therefore
[Ta7 Tb] =1 abcTc . (314)

An explicit computation shows that

([Tas T])ij = —(€air€vrj — €vik€akj) = dabdij — dajObi — Oapdij + Opjlai

. (315)
= 5ai5bj - 5aj5bi = €abccij = ZEabc(Tc)ij ,

i.e., the commutation relations read
[Taa Tb] = l€gbcTe - (316)

These are the same commutation relations of the algebra of su(2).}” The irreducible representa-
tions of this algebra are well known: they are obtained by representing the algebra on the linear
spaces generated by vectors |j, j3), with 2j being an integer and j3 = —j,—j+1,...,7—1,7, so
that the dimension of the representation is (2j + 1). Here d(73)|7,j3) = Jjslj,73), and j(5 + 1)
is the eigenvalue of the quadratic Casimir operator Cy = > d(7,)%: in other words, they are
the eigenvectors of the third component Js of the angular momentum and of the total angular
momentum J 2. Casimir operators commute with the representatives of all the generators, thus
with all the elements of an irreducible representation of a group, and by Schur’s lemma they

161 general O* = O, i.e., e = e?, implies A* = A + 27k, or equivalently (A + iwk)* = A + ink, but the
tracelessness condition fixes k to zero.
"The group SU(2) is the universal covering group of SO(3).
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must be multiples of the identity in each irreducible representation. This means that Casimir
operators can be used to label the various irreducible representations. The quadratic Casimir
clearly commutes with all the generators:'®

[Ca,d(m)] = Z[d(Ta)za d(mp)] = Z{d(Ta)7 [d(7a), d(m)]} = Ziﬁabc{d(Ta)vd(TC)} =0, (3.17)

a

since €4 is antisymmetric in bc while the anticommutator is symmetric.
For future utility, we discuss also how representations appear in the transformation laws of
fields. Our fields are operators in Hilbert spaces, and their transformed is defined formally as

¢'(z) = U(R)'¢()U(R), (3.18)

where U(R) is the representation acting on the states of the system. The representations we are
interested in are unitary, U~! = UT, and fields will be the basic building blocks of observables.
The law Eq. (3.18) is then motlvated by the request that the new field describes on the old
states the same physics that the old field describes on the new states:

(Whlo(@)[wh) = (¥l UTe(@)U ) = (wald'(2)|e1) (3.19)

In other words, we can go from a Schrodinger to a Heisenberg picture of symmetry transforma-
tions in which we keep the states fixed and transform the fields. Different possibilities arise for
the actual right-hand side member of Eq. (3.18):

scalar: ¢'(z)

vector: ¢f(z) = (R_ll') ,
spinor: ¢f,(x) = D % (RJadn(R”'2),
general: ¢ (z) = DY) (R)app(R 1),

(3.20)

%a

where D(%)(ewa“) = €93 with o, the Pauli matrices, and DY) (R) stands for a general, spin-j
representation.

To see why scalar and vectors transform the way they do, one can proceed this way. A scalar
field is a field that is not modified by rotations, besides the fact that the coordinate system has
been rotated. This means that the fields ¢ and ¢’ at the physical point in space identified by x
in the old coordinates and by 2’ = Rx in the new ones have to coincide:

¢'(2') = ¢(z) = ¢(Ra) = d(z) = ¢(z) = ¢(R™'x). (3.21)

Similarly, a vector field has an orientation in space, whose description in a given coordinate
system has to change under rotations of the coordinates in order to keep the physical orientation
unchanged. Therefore, the scalar product of a vector field ¢(x) with some coordinate vector y
has to remain invariant under changes of coordinates, so that the physical, intrinsic orientation
of the field at some physical point does not change. In formulas,

yiR; ) (Rx) = yign(x) = ¢(x) = Rijy (R '),

18This proof immediately extends to compact semisimple algebras, i.e., compact algebras for which there is no
invariant Abelian subalgebra (i.e., no subalgebra of commuting elements which also commutes with any other ele-
ment of the algebra), since for these algebras the structure constants are totally antisymmetric under permutations
of the indices: fup¢ = —foa® = —fuc®-

(3.22)
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The fact that DY) has to be a representation of the group in the general case can be seen
composing two transformations, as follows. Since U is a representation,

U (Ro)UH(R1)¢a(2)U(R1)U(R2) = U (R1R2)pa(x)U(R1 R2) . (3.23)
But then
U~ (R1Ry)¢a(2)U(Ry Ry) = DY) (Ry Ry)apty((R1R2) ™ ')
= U N Ro)U Y (R1)a(x)U(R1)U(R2) = U~ (R2) DY (R1)apop(Ry ') U (Ro) (3.24)
= DY(R1)as DY) (Ra)pete(Ry 'Ry ')
i.e., DU)(R Ry) = DY (R)DY(Ry).

The same formalism for the transformations of fields will apply also in the case of the Poincaré
group. Notice however that in that case, since the matrices D provide a finite-dimensional
representation of the group, they cannot be unitary matrices.

3.2 The Lorentz group

We now discuss in some detail the structure of the Lorentz group. Recall from Section 2.2 that
Lorentz transformations are defined as the linear transformations #’'# = A¥, 2" that satisfy

AN e = M (3.25)
or in matrix notation, with (A),, = A", and (1) = N,
ATpA =1, (3.26)

We have seen how these relations entail that det A = +1 and AY is either greater than or equal
to 1, or less than or equal to —1, so that the group can be divided in four components. The
component containing the identity (det A = 1, A% > 1) forms the proper orthocronous Lorentz
group SOT(3,1).

Let us now parameterise a general transformation A as follows,

A:(i‘ g) (3.27)

where o € Ris a real number, b, ¢ € R3 are three-dimensional vectors and D € *R3 is a 3 x 3
real matrix. Eq. (3.26) reads then

(oor) (559 ) = (51 ): azs

This is equivalent to the following three equations:

a2—CTc:1,

ab—DTec=0, (3.29)
w' —DT'D = —-15.
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Let us start from the last equation. Setting b'b = B? with positive B, and b= b/B, it can be
recast as
DTD =135+ bb" = 15+ B%b" = (1 + B)bb" + (13 — bb7). (3.30)
The quantities IT; = bbT and H = 15— bbT are orthogonal projectors on b and on its orthogonal
complement, respectively, i.e., H = HT H2 I; = or =112 | and ILIT; =1I; II; = 0. It
by by b b, b, b
then follows that
D'D = (V1+ B +11; )* = 5%, (3.31)

with S = /1 + B2II; + IT; a symmetric and positive-definite matrix. Since det S = v1 + B2,
we have det D # 0, and so that both S and D are invertible matrices. Setting O = DS™!, we see
that OTO = S71TDTDS~! = §7182571 = 13, i.e.,, O € O(3), and so we can write D = 0S.'?
This concludes the treatment of the third equation. We now plug this into the second one to

obtain
aB N

ab=DTe=80"c= c=a0S b= —_—0b
N2

(3.32)

Finally, we plug this into the first equation to obtain

32
l=a?—-c'e=a? <1_1—|—BQ> =

=+v1+ B?, .
Ty i + (3.33)
and using this in Eq. (3.32) we get R

c==+BOb. (3.34)

We have now completely characterised the Lorentz transformations A. Let us clean up the
calculation a bit to make the result more transparent. Set B = sinh ©, from which it follows
a = (—l)kT cosh ©, with k7 = 0,1 taking into account the two possible signs of «, and let
b= (—1)*7n. Finally, set O = (—1)*?Oq with kp = 0,1 and Oy € SO(3), so that det O = (—1)¥».
These are all redefinitions which do not change the nature of the quantities involved. We can
now write

A= < (1) cosh® | (—1)k7 sinh ©nT )

~ \ (=1)*?Opsinh On ‘ (—=1)*7Og[(13 — nnT) + cosh OnnT]

o (=1)kr ‘ 0 1 ‘ 0 cosh © ‘ sinh © n”
N 0 | (-1)*14 0] Oo sinh©n | (13 —nn”) + coshO@nn™ )
Setting T' = diag(—1,1,1,1) and P = diag(1, —1, —1, —1), we have that the most general Lorentz

transformation can be written as the product of discrete transformation, times a rotation, times
a boost in direction n:

(3.35)

A =T* PP R(9,7)L(©,n) (3.36)
where
RO, r) = (L0 (3.37)
SN0 Oo8,r) ) ’
with Og(0,r) a three-dimensional rotation around axis r of angle 6, and
cosh © ‘ sinh © nT
L(®,n) = ( sinh©n | (13 — nn™) + cosh © nn™ ) ’ (3.38)

19This is an example of the polar decomposition of an invertible matrix into the product of an orthogonal and
a symmetric positive-definite matrix.

34



is a boost of rapidity © in the spatial direction direction n. The last expression looks probably

more familiar if we set sinh © = /3, cosh® = v with v = 1/4/1 — 32, and choose coordinates
so that n = (1,0,0). In this case

¥y 8 0 0
B 0 0

L= ’VO g Lo (3.39)
0 0 01

is the transformation from the frame in which we are at rest to a second frame moving at speed
in the negative x direction, or equivalently, the transformation from the frame moving at speed
[ in the positive x direction to the frame in which we are at rest.

From Eq. (3.36) we see that kp and kp determine whether the transforamtion is proper
or not and orthocronous or not: kr = 0 implies orthocronous, k7 + kp mod 2 = 0 implies
proper. The remaining two factors give transformations in the proper orthocronous group, and
it is clear that they form a continuous group. Its parameters are the two angles determining
the direction of n in three-dimensional space and the magnitude of ©, or alternatively the three
components of the vector ©n, and the three parameters of the proper rotation group. The
proper orthocronous Lorentz group SOT(3,1) is thus a six-dimensional Lie group. This group is
furthermore connected, as any of its elements can be reached from the identity moving along a
continuous path in parameter space. However, © is any real positive number, which means that
the group is not compact.20

3.3 The algebra of the Lorentz group

Now that we have worked out the global structure of the Lorentz group, let us look at its local
structure, or in other words at the Lie algebra corresponding to its component connected to the
identity, i.e., the proper orthocronous subgroup. To this end, let us consider an infinitesimal
Lorentz transformation,

A=1+Q, (3.40)

where the matrix Q is small, and again (Q),, = Q",. Plugging this into the defining relation
for Lorentz transformations we find to first order in €2

n:ATnA:n+QT77+nQ:>QTn—l—nQ:(L (3.41)

or putting back indices
(D)o pr + (M pp(2)pp =0,
qunpu + nupry =0, (3.42)
Qo+ Q= 0,

i.e., the tensor €, is antisymmetric. Such a tensor has six independent entries (i.e., % =6),

which precisely correspond to the six parameters of the group. The most general infinitesimal

transformation can then be written as
QU = Sy (62,67, — 60,8%,) = Liope M) 3.43
W—iwptf(u v Y u)_ngU py o ( )
20Moreover, although connected, this group is not simply connected. From a topological point of view, it is
the direct product R® x SO(3) = R* x (5§%/Z>), from which both non-compactness and non-simple-connectedness
follow.
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where M,S,’ﬁg) are antisymmetric both in u, v and p, . To make contact with the matrix notation
used above, we need

(M), = MPP" — porge, _qorge, (3.44)
The matrices M(?) are the generators of the Lorentz group for mathematicians. Physicists
prefer to use a different convention by introducing a factor 4,

(TP, = JEH — (M), (3.45)

These matrices are not all Hermitian, as we will see below. To complete the study of the group
algebra we need the commutation relations of the generators, which can be worked explicity
quite easily by direct computation, and read

[J(l“’), J(PU)] — (nHPJ(VU) + nVUJ(.“P) _ nHUJ(VP) _ nl/pJ(;w)) ' (3.46)

To make them more transparent, set

Ki — J(OZ) ,
4
gi — _ L oijk 7Gik) (3.47)
2 )
where Latin indices run on 4, j, k = 1,2, 3, and €"123 = 1. Notice the inverse relation
g — feijkjk = —eViik gk (3.48)

where €;;;, is the three-dimensional Levi-Civita tensor. One can easily be convinced that K © and
J* correspond respectively to boosts and three-dimensional rotations. Indeed,

i 0 | by .
(K = —1 ( 5510 ) = —i(Liluo + Luolui) (3.49)
i

and since (iK%)? = 1, a simple calculation shows that (no sum over repeated i)

iaK? _ _ 1 0 . 0 51/1’
(€ ) =1, + (cosha — 1) < 0 5dn > + sinh « < 5 0 . (3.50)

These generators are anti-Hermitian. On the other hand,
(J)jp = —ie®* = —iegp, (3.51)

all other entries being zeros, which are the Hermitian generators of rotations discussed in Section
3.1. In terms of K* and J*, the commutation relations read

[Ji, J]] = Z'Eijkg]k s
[Ji, K9] = iejp K* (3.52)
[K*, K] = —iejjp ",

as one can obtain by direct calculation. These tell us that J generate rotations, that the boosts
K transform like vectors under rotations, and that the commutator of two infinitesimal boosts is
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a rotation. These commutation relations can be further simplified if we consider the complezified
Lie algebra of the group. As we discussed above in Section 3.1, the algebra of a Lie group is a
real vector space, meaning that only linear combinations of the generators with real coefficients
are allowed. If we allow also complex coefficients we deal instead with the complexification of the
algebra. This is actually not new: think of representations of SU(2) and the use of raising and
lowering operators. Complexified algebras are of practical utility since from a representation of
the complexified algebra we can get a representation of the algebra itself However, one should
keep in mind the conceptual distinction between the two. With this caveat in mind, define

Ji == (J+iK). (3.53)
A straighforward calculation shows that
T4, JL) = ek, [T, L) =0. (3.54)

The complexified algebra soc(3,1) of SO'(3,1) is then isomorphic to the complexified alge-
bra suc(2) @ suc(2) of SU(2)®SU(2). This allows to classify the finite-dimensional irreducible
representations of s0(3,1) and thus those of SO'(3,1) using our knowledge of SU(2): finite-
dimensional representations are labelled by two half-integers (j1,j2), and are (271 + 1)(2j2 + 1)
dimensional. The representations of lowest dimension are the following:

(J1,J2) dimensionality
(0,0) 1 scalar
(3,0) 2 left-handed Weyl spinor (3.55)
(0, %) 2 right-handed Weyl spinor .
(2,00 (0,3) 4 Dirac spinor
(2,3) 4 vector

Notice that Dirac spinors do not provide an irreducible representation of the proper orthocronous
Lorentz group. However, since (%,O) and (0, %) are transformed into each other by parity,
it provides an irreducible representation of the full group. Even though we have used the
representation theory of SU(2) to derive this, we should not confuse the Lorentz group with
SU(2)® SU(2). The algebras so(3, 1) and su(2) ®su(2) are not isomorphic [while, parenthetically

s5u(2) ® su(2) ~ so0(4)], and in fact while su(2) ® su(2) is compact, s0(3, 1) is not.

3.4 The Poincaré group and its algebra

As we have said above, the Poincaré group consists of the isometries of Minkowski space, and
includes Lorentz transformations and translations. Assuch, it is a Lie group with ten parameters.
The most general transformation reads

M(A,a)r =Az+a, (3.56)

where A is a Lorentz transformation and a a four-vector. This can be represented in matrix
form using five-dimensional vectors, i.e.,

wao()-(0)- (0. e
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where M = M sp has indices running on A, B =0,1,2,3,4. It is easy to work out the compo-
sition law of the group:

M(AQ,GQ)M(Al,al) = M(AgAl,CLQ +A2a1) . (358)
The identity element is clearly M (1,0), while the inverse of an element is given by
M(Aa)™ ' = M(A™Y, A" 1a). (3.59)

Infinitesimal Lorentz transformations are generated by the matrices J(*?) discussed in the pre-
vious subsection,

1
AF, = 6"+ igme(PU)/@ = 5", 4+ wh, . (3.60)

In the matrix representation of Eq. (3.57) these matrices have to be embedded in the top-left
corner of M, so the generators read

T = geow, g4 = g% = 0. (3.61)

In the same representation, infinitesimal translations are generated instead by the four matrices
P,
(P*)AB = 04,0B4 - (3.62)

Alternatively, we can think of translations as being generated by the derivative operator P, =
10y, '
ety — gv 4 v (3.63)

This is however more appropriate when representing translations on a space of functions.

The representation discussed above is the defining representation of the group. We are
going now to work out the commutation relations of the generators. This of course works in
any representation — by the very definition of representation. With some abuse of notation,
we will denote with J(?) and P* the generators of the Poincaré group in any representation.
We begin by working out the effect of a finite transformation on the generators. For a generic
representation U (A, a) of the group element M (A, a) we write

U(A, a) = e~ iP" g 5000 707 (3.64)
for a Lorentz transformation A = e3re"” = e see Eq. (3.60), followed by a translation.

Using only the group composition law, we find?!
U(A,a) U (Ao, a0)U (A, a) = UM AGA, A7 (A — 1)a + A Lap) . (3.65)

Let us now Ag = 1 4+ w be an infinitesimal transformation, and let ag = € be infinitesimal as
well. Expanding Eq. (3.65) we find

U(A, ) (1 + %wng(p”) — e, PYU(A, a) = U1 + A wA, A wa + A 1e)

1+ U(A, a)*l(%w,wﬂw) — i, P"U(A,a) =1+ %[A*lwA]pc,JW) —i[A  wa + A1) PH.
(3.66)

2 Notice the use of the inverse in this equation: this means that we are not (yet) asking for U to be unitary.
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Here square brackets [...],, are used to indicate that the object in question is a fully covari-
ant tensor, so the relation with the matrix notation used previously (A4),, = A", is [A],, =
(M pa(A)ay = Apuw. A similar notation is used for covariant vectors. Matching terms of the same
order in w and € we then find
U(A, a) e JPIU(A, a) = [A wA] 0 TP — 2[A" wal,, PH
= (n)pv(Ail)va(w)aﬂ(A)BUJ(M) - Q(U)MW(Ail)va(w)aﬂaﬁpﬂ
= Aapw®gA” TP7) — 27 0% 5a” PP (3.67)
= wpU(ApaAC’BJ("‘B) — AP, a” P! + A7 ,a” P")
U(A,a) e, PPU(A,a) = [N €] PP = () yy (A1) ae®PF = €* Ay P* = €,A", P°.

From this we readily obtain the transformation laws of the generators:

U(A,a) 7 JPDU (A, a) = AP A5 T @) — AP a” P + A% 0’ P", (3.68)
U(A,a) " PFU(A, a) = A* P*. '
This shows that under Lorentz transformation J(¥?) transforms as a doubly contravariant tensor,
while P* as a contravariant vector. Under translations P* is unchanged, which means that the
PF commute, while J(¥?) acquires a term linear in a, analogous to the change in the three-
dimensional angular momentum under change of the reference point.

If we now make also A and a infinitesimal we can read off the commutation relations of the
generators. Let again A =14 w and a = ¢. We find

Ul +w,e) "t JPU 1 +w,e) = JPo) — %wW[J(””), JP] 4 g, [PH, JPO)]

— glpo) 4 (wpaJ(aU) + WUBJ(Pﬁ)) —eTPP 4 P PO (3.69)
= Jleo) 4 %wuy(nupj(vv) + n(VU)JNP _ anJ(ucr) _ n(uo)JVP) — e, (1 PP — PP,

from which we conclude that the commutation relations are
[J(#V)’ J(PU)] _ Z’(T]NPJ(VU) + T Jre — anJ(;w) _ an(Vp)) 7
[7107), PH] = (g P7 = PP), (3.70)
[P*,P"]=0.
Incidentally, these commutation relations show us how a rank-2 tensor and a vector should

transform under infinitesimal Lorentz transformation: it suffices to replace J®?) in the first line
with 779, and P* in the second line with V#.

3.5 Unitary representations of the Poincaré group

We now build unitary representations of the Poincaré group, or more precisely of its component
connected to the identity. Since this is a non-compact group, it has no finite-dimensional unitary
representation that are faithful, i.e., that map different elements of the group into different
representatives. This is true in particular for the proper orthocronous Lorentz subgroup, which
we want to represent faithfully and unitarily. We have therefore to look for infinite-dimensional
representations.
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Irreducible representation of a group are labelled by the values of its Casimir invariants,
i.e., operators that commute with all the generators and therefore are multiple of the identity
in an irreducible representation due to Schur’s lemma. Omne such operator is easily built for
the Poincaré group, and it is the mass operator P? = P,P#: it obviously commutes with
translations, and it commmutes with the Lorentz generators since it is a scalar. Its eigenvalue
will be denoted with m?. In general this can be any real number, but we will be interested
only in representations where m? > 0.2? Since the translation generators all commute with each
other, they can be diagonalised together. We can then take the basis of a representation to be

of the form

7o), P|p,0) =m®|p,0), PM|p,o)=p"p o), (3.71)
where p’ = +1/52 + m?2, and o labels whatever other degrees of freedom we might need, which
we assume to correspond to some finite-dimensional space. The sign of p° is left invariant by
proper orthocronous Lorentz transformations, so it is another invariant of the representation.
We choose the plus sign for physical reason; a completely analogous analysis can be carried out
for the choice of negative sign. Imposing that the p’ are real we have that P* is Hermitian, and
we obtain a unitary representation of translations:??

et |p, o) = e taup” D, o). (3.72)

The states |p, o) are identified with the momentum eigenstates of a particle of mass m. Basis
vectors corresponding to different p must be orthogonal. We choose their normalisation such
that

@, o' |p, o) = (2m)32p°6 ) (5" — )01 - (3.73)

This normalisation is Lorentz-invariant, in the sense that?*
(2m)22(Ap) 8 (AP — AP)dore = (2)32p°0) (5" — ) 0rr - (3.74)

We now have to represent Lorentz transformations in our vector space. If we now apply a
Lorentz transformation on a basis vector, we find that
PrU(A)|p, o) = U(MU(A) T PPU(A) P, o) = U(A)A", P[5, 0)

3.75
NPT ), (3.75)

and so

— ZC&J(A’@‘Aﬁ75> 5 (3'76)

22Representations with m? < 0 correspond to tachions, which are not welcome since they travel faster than
light.

ZMore precisely, each basis vector provides a different representation. These are actually all the possible
unitary representations of translations: being an Abelian group its irreducible representations must be one-
dimensional, and the request of unitarity combined with the request of smoothness of the representation imposes
that U (a /8(1” = U(a)0U(a)/0da"|o, so U(a) = exp{—ia,(idU(a)/0a"|0)} = exp{—ia,p"} with real p*.

24 A quick way to see this is that

1_/d P26 (7 d 2)°6® (A" — A /dp 16 (A" — Ap)

since the integration measure is invariant. This in turn follows from the fact that d*p8(p°)é(p® — m?) = dig.

2p
Notice also that we denote with Ap the spatial components of the transformed four-vector.
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for some matrix Cz, (A, p). If we require now that the representation be unitary, then

(2m)*2p°6P) (5 = §)o0r0 = (7, o' [U(N)TU Z Co1 (A, ") Cro (A, P) (AP, 5" | AP, &)
= (2m)%2p"6 Z Coror (N, )" Coo (A, P)0or5
= (2m)%2p%6®) ZCU 5(A, )1 Coo (A, ) |
(3.77)

and it follows that the matrices C(A,p) must be unitary. Up to a unitary transformation in
the “internal” space, the representative of a Lorentz transformation sends a state of momentum
P into a state of momentum A_j?. For a given p and a given A, the internal unitary trans-
formation can always be undone by a judicious choice of basis, i.e., we can always rename
> 5 Coo (A, D)|AP,0) — |AD,0). In general, any vector of a given type (timelike, spacelike, or
null) can be reached via a Lorentz transformation from any other vector of the same type. This
is because we can always transform any vector into a vector of the form (p°,0,0,p?) by means
of a rotation, and by means of a boost we can transform this into (m,0,0,0) if the vector is
timelike, or into (0, 0,0, m) if the vector is spacelike. If it is null, after rotation it is of the form
(k,0,0, k), which cannot be further simplified by means of boosts. We can then always write a
general four-vector p as

Pt =AM, (3.78)
for a given reference vector k, and a transformation A, (which implicitly depends on k as well).
We are then tempted to choose the basis so that Czs (A, E) are all the identity matrix. This
however is not possible: the transformation A, is not unique, as the same final p is obtained if
we multiply A, on the right by a transformation Ag that leaves k invariant, and on the left by
a transformation Ag that leaves p invariant. A transformation Ag that leaves p invariant is said

to belong to the little group of p. In general, C(A,, E) and C(AgApAg, 12) are not the same, and
cannot be both replaced by the identity. We can however do this for a single, definite choice for
Ay

e for timelike vectors we will choose A, to be a pure boost that transforms k = (m,0,0,0)
into p;

e for null vectors we will choose A, to be a a pure boost that transforms the reference
vector k = (k,0,0, k) into (|p], 0,0, |p]), followed by a rotation that transforms this into

p=(Ip,p).
Now we can finally choose our basis such that
UAp)lk. o) = [7,0) . (3.79)

Once this is done, every other matrix C(A,p) has to be worked out and cannot be simply put
to the identity. To this end, consider a general transforamtion on a general state, and write

U(A)|5, o) = UMU(Ap)[k, 0) = U(Asp)U(Anp) U (MU ()R, 0)

i . (3.80)
= U(Aap)U(AL AN, o)
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The transformation W (A, p) = A/_\;AAP sends first K — p, then p — Ap, and finally Ap — k,
which means that it belongs to the little group of k. We have then

UA)|p; o) = U(Asp) Z Coo(Ayy ANy, B)IE, 5) = U(Asp) Z Do (W (A, )|k, 5)

=" 75 (WA P)|AB. ). (3.81)

The matrix Z5,(W (A, p)) is well defined once that we have made our choice for the reference
vector, for A, and for the basis vectors, since W (A, p) = AX;AAP is a well-defined element of
the little group of k. Furthermore, such matrices must provide a representation of the little
group. To make further progress we need to find out what the little group is in the physically
relevant cases, and what are its irreducible, finite-dimensional representations. At that point
our construction will be complete. We first discuss the little group in some generality.

3.5.1 The little group

The little group of k is defined as the subgroup that leaves k invariant. In our case the group in
question is the (proper orthocronous) Lorentz group, and we look for Lorentz transformations
W such that

WHEEY = k. (3.82)

For infinitesimal transformations W*, = 6", + Q",, Eq. (3.82) becomes
QF kY = 0. (3.83)

Out of the six independent antisymmetric tensors €2, this condition singles out three,?® and
we can write the most general €),,, obeying our equation as

T 1/ T «
s (0) = 07 erph” = 50 €rapp (kP (3.84)
with 67k, = 0, or in matrix notation

Q(0) = %memﬂpﬂa%ﬂ (3.85)
Here and above J(®%) are the 4 x 4 matrices of the defining representation of the Lorentz group.

Finite transformations of the little group are obtained by exponentiating €, i.e., as €. If we
now define for a generic representation the quantity

1
Wr = §6Ta5pj(aﬁ)Ppa (3-86)
we see that . . . . R
eZGTWT “{}7 0_> _ 659767'0450‘](0[@]{’)“{3, O') — E @60.(9)“{}, 6’) s (387)

%5For a generic tensor tuv, the condition Eq. (3.83) leaves three out of four columns still independent; antisym-
metry implies that only three out of four rows are independent. The independent entries are then those of a 3 x 3
antisymmetric matrix, which are precisely 3.
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since k is left invariant. Here 2(0) = ¢’ is a unitary matrix which forms part of a rep-
resentation of the little group, and I'; are Hermitian matrices representing the corresponding
algebra. The quantity in Eq. (3.86) is the Pauli-Lubariski (pseudo)vector, and it generates the
transformation of the little group. Notice that

1 1
W, = §€Taﬂp<](aﬁ)Pp = S€rasp {pﬂJ(aﬁ) + [J@B), pp]}

1
= 5€rasp {PPJ(C“B) +i (nappﬁ - nﬁﬂpa) }

. (3.88)
= ifq—aﬂpPpJ(alB) B
PTW, = %emﬁppfppﬂaﬂ) =0.

The transformation properties of W, under (proper) Lorentz transformations are clearly those
of a vector. Moreover,

1 .
[W7'7 P,u] = ieraﬁppp[‘](aﬁ)v PH] = %ETOéﬁpPp <5auPﬁ - 55upoc) =0. (389)

It is then clear that the quantity W? = W, WH is a Casimir operator. Its explicit expression
can be obtain by direct calculation, making use of the identity

5y (576 &,
euagpe’”‘s” = — 56& 555 55;; , (3.90)
60’a 50’[8 60’p
and it reads )
WuWH = =B, PHT ) J gy + TP PaJ o) P (3.91)

Finally, note that on a general vector
WH|p, >=W“U( p)IF,0) = U(Ap)U (M) TWHU (M), 0) = U(Ap) A, W [k, o)
P S 3.92
ZAPV UJkJ:ZApu Uopo' ( )

3.5.2 Massive representations

Consider now the case m > 0. In this case k = (m,0,0,0), corresponding to the rest frame of
the particle, and the generic state is given by |p, o) = U(A,)|0,0) with A, a pure boost in the
direction of § of velocity tanh © = |p’|/p°. This can be written as

A, = 0", + (cosh© — 1) (5“05% — n“nu) + sinh 0(n”6%, — 6% yn,) (3.93)

where n* = (0,7) and 77 = p/|p’|. The little group is clearly the group of proper rotations, SO(3),
of which we know all the irreducible representations. This can be seen from the Pauli-Lubariski
vector as well: denoting w, = %emﬁpJ(o‘B) kP we have

1 m i
r = gerasod P = B JOH 39
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so wo = 0 and w® = —%GOiij(jk) =mJ ie.,
w’ = (0,mJ). (3.95)

The angular momentum in the rest frame of the particle is by definition its spin. The Casimir
invariant is just W2 = —m2J? evaluated in the rest frame. Equivalently, we can take the value
of J2 = s(s + 1) to label the irreducible representations of the little group. These are just the
spin-s representations of the rotation group. The representatives of J are denoted by §, and the
index o can then be taken as the eigenvalue of, say, the third component of s, s3; the vectors
]5, sg) provide an irreducible representation of the rotation group of dimension (2s+ 1), and the
Pauli-Lubaniski vector is represented by w”™ = (0,m§). From an irreducible representation of the
little group we obtain an irreducible representation of the full group and viceversa: in fact, since
every vector |p, o) in the representation is obtained from some vector of the form ) _ c,|p, o),
the representation of the full group could reduce only if the representation of the little group
on that subspace did, and viceversa if the representation of the full group has to be irreducible,
then that of the little group cannot be reducible. Finally, notice that in a general frame, from
Egs. (3.92) and (3.95) we have that the representative of w™ is replaced by A, ,w”,

A = (ﬁ. 7 m3+ pf +Smﬁ> . (3.96)
This completes the construction of the irreducible unitary representations of the Poincaré group
for massive particles: as announced, particles are characterised by their mass and spin. The char-
acterisation of particles as irreducible representations of the symmetry group actually explains
the origin itself of spin: massive particles do not have to transform trivially under rotations in
their rest frame, and the relevant representations are labelled precisely by the value of spin.

3.5.3 Massless representations

If m = 0 it is not possible to make a Lorentz transformation to make the spatial momentum
vanish. We then choose our reference four-momentum to be of the form k* = (k,0,0,%). The
corresponding little group is generated by

k
Wr = 9 <€Ta,80<](aﬁ) + efraﬁ?)!](aﬁ)) . (3.97)
Explicitly, ~ B
wy = —kJU = kg3,
wy =k (7 4 JO) =k (-1 + K)
\ i (3.98)
Wy = —F <J(13) i J(01)> - _F (J2 —i—Kl) 7
wz = kJU? = —kJ?
and so
wh = (J3, I — K2 T2+ KL 3. (3.99)
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The Casimir operator is therefore w,w" = —(w')? — (w?)2. The commutation relations of the
generators of the little group are comuted easily:

[w? (30" = K = i(J* + K') = iw?,

(w3, w?] = [J3, )+ KY = i(-J' + K?) = —iw!, (3.100)
whw? =[J' - KL PP+ K =i(J? - J%) =0.

yw']

This is the algebra of the group ISO(2) of ismoetries of the two-dimensional Euclidean plane.
Indeed, denoting with P2 the generators of translations and with J that of rotations [i.e., the
generator of SO(2)], a simple calculation shows that they obey the commutation relations

[J, P"] = ie;; P, [P, P? =0, (3.101)

where €190 = —€91 = 1, €147 = 0 is the two-dimensional Levi-Civita tensor.

In order to build representations we can proceed in two ways. We can diagonalise both w'
and w?, taking basis wectors of the form [ ) with w'|@,) = @@, ), i = 1,2; the value of
the Casimir operator is then just —w?. The space of all the |@,) with the same wW? is clearly
left invariant by rotations, and it has no proper subspace which is: we have then identified
an irreducible representation. Alternatively, we can notice that [w?’,wi] = tw4 where w4 =
w' £ iw?, and take a basis of eigenvectors of w3, w?|c) = o|o). From the commutation relations
we find that wiwy|o) = (0 &+ )w|o), and moreover (o|lwswyi|o) = (o|(wh)? + (w?)?|o) =
w?(o|o), so that all the vectors generated with raising and lowering operators belong to the
same irreducible representation. No matter how we proceed, we find that in general there is
an infinity of basis vectors, except when w’f = 0: in this case there is a single basis vector,
which we take to be an eigenvector of w®. We redefine it to be |\) with w3|\) = kX)), and
moreover w4|\) = 0. This means that w* is diagonal with w* = \(k,0,0k) = \k. Since wH
is a pseudovector and k* is a vector, A\ must be a pseudoscalar. Since J? is the component of
apgular momentum along the direction of motion for our reference vector, we can write it as
% in a frame-independent way (this can be seen also from the very definition of w#). This
quantity is called helicity, it is a relativistic invariant for massless particles, and it plays a role
analogous to spin in labelling different irreducible representations. While +X and — A correspond
to distinct representations of the proper orthocronous group, if we include parity we have to put
them together, as helicity changes sign under a spatial reflection.

Up to this point there is no reason not to consider arbitrary values of A, but there is topo-
logical argument to restrict it to integer or half-integer values only. The Lorentz group is a
doubly connected group, as it contains the doubly connected subgroup of rotations. Lie groups
are also manifolds, and the one corresponding to SO(3) is the three-dimensional ball with an-
tipodal points identified (also called the three-dimensional projective space). Consider a path
that winds one around the manifold, starting from, say, the identity, reaching the surface of
the ball, a reaching out again to the origin continuing from the antipodal point. Such a path
cannot be shrunk to a point. This means that in a generic representation the composition of
two transformations U(A1)U(A2) will be equal to U(A;A2) only up to a phase, as we are not
guaranteed that U(A1A2) U (A;1)U(A2) must be equal to the identity since we cannot deform
the corresponding path into the trivial path. On the other hand, if we wind around the manifold
twice, then we can deform the path into the trivial one, and so [U(A;A2) 7 U(A1)U(A2)]? = 1,
or so U(A1Ag) U (A1)U(As) = +£1. Consider now a transformation eiows = g—iok/? — c—iak)
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and choose ak = 27, so that we wind once around the group manifold. We must have that
1 = (e™)2 = ™ from which it follows that 2\ € Z.

To complete the construction for massless particles, we have to connect the reference vector
to a generic one. This is done by acting first with a boost in direction 3, and then by a rotation
that sends the direction 3 in the direction of p' = [p](cos ¢sinf,sin ¢sind,cos ). This can be
done in many different ways; following Weinberg, we choose it to be a rotation around axis 2 of
angle 6 € [0, ], followed by a rotation around the axis 3 of angle ¢ € [0,27). Everything is now
well defined.

3.6 Discrete transformations

So far we have built representations of that component of the Poincaré group connected to the
identity (translations and proper orthocronous Lorentz transformations). It was believed for a
long time, and it still is approximately true in certain physical situations, that parity and time
reversal were symmetries of Nature as well. In this case, it would be possible to represent them
as unitary or antiunitary operators in the Hilbert space of physical systems.

Let us first discuss what is the effect of parity and time reversal in the defining representation
of the group. This is perhaps most clearly seen using the five-dimensional matrix representation
of the group. Here parity and time reversal read

(51) (3.

where P and T are the four-dimensional matrices

P:(é_ﬂg), T:<515>. (3.103)

The generators of the connected component are then easily seen to transform as follows:

PP = -k,  PlgP =7,

Loni , L A (3.104)
T K'T =-K", T TJT=J",
for the Lorentz generators, and
Pipip =P, PIPP =P,
(3.105)

T'PT =P, T PT=P,

for the translation generators. We have seen how when representing the Poincaré group on a
Hilbert space we have to use unitary operators for the component connected to the identity; for
the discrete transformations that we are discussing here there is however no a priori reason to
discard the antiunitary possibility. This means that when trying to represent the transforma-
tion properties Eqgs. (3.104) and (3.105) of the generators in one of the unitary representations
discussed in the previous subsection, we have to take into account that finite transformations
are of the form U(A) = e390o 7" and U(a) = e " Pu ie. the generators are effectively 7.J(P7)
and ¢P*. We have then that the operators U(P) and U(T) realising parity and time-reversal on
our Hilbert space must satisfy

UP)iK'UP) = —iK', U(P)LWJUP)=iJ*,

o o o o (3.106)
UMKU(T) =K',  UMWJU(T) =i,
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for the Lorentz generators, and

U(P)iP'U(P) =iP°, U(P)'iP'U(P) = —iP!, 5107
U iP'U(T) = —iP°,  U(T)iPU(T) = iP*, (3.107)
for translations. The choice whether U(P) is linear or antilinear is done based on physical
reasons. If U(P) were antilinear, then we would have U(P)TP°U(P) = —P°, or equivalently
{P°,U(P)} = 0. This would mean that for any positive-energy state |7, o) we would have a
negative-energy state U(P)|p, o), which contradicts experience. We are then forced to choose
the linear unitary possibility, and that [P°,U(P)] = 0. For the same reason, we are forced to
choose U(T) to be antilinear antiunitary, and that [P°,U(T)] = 0. In fact, if U(T) were linear
we would find again U(T)T P°U(T) = —P°, or equivalently {P°, U(T)} = 0, which would imply
the existence of negative-energy states. With these choices we have the following transformation
properties:
UP)K'UP)=-K', UP)IJUP)=J,

. A . . (3.108)
UMK'U(T) = K?, UM Jiu(r) = -Jt,
for the Lorentz generators, and
uP)Pupr)=P°, UP)IPUWP)=-F,
(P) (P) (P) (P) (3.109)

U PU(T)=Pr°, UMPUT) =-P,

for translations. These are in agreement wuith our physical intuition: angular momentum is
unchanged under parity but changes sign under time reversal (objects spin the same way in the
mirror, and in the opposite way if we move backwards in time), and spatial momenta change
sign under both parity and time reversal.

We can now work out the effect of parity on the one-particle states, confining our discussion
to the massive case. The discussion of time reversal and the extension to the massless case
present some minor complications; a detailed discussion is found in Weinberg, op. cit. Consider
the state U(P)|0,0) and act on it with P*. We find

PHU(P)|0,0) = U(P)U(P)'P*U(P)|0,0) = U(P)n**P*|0,0) = (m,0)U(P)|0,0). (3.110)
Furthermore,
J3U(P)|0,0) = U(P)J3|0,0) = cU(P)|0,0). (3.111)
This means that U(P)|0, o) = 1,|0, o) for some phase 7,. Since U(P) commutes with the raising
and lowering operators Ji, one sees that 7, is actually independent of o, n, = 1. The phase 7
is the intrinsic parity of the particle. Finally,
U(P)IB, ) = U(P)U(Ap)|0,0) = U(P)U(A,)U(P)TU(P)|0, 0)

o . 3 (3.112)
= U(PA,P " )n[0,0) = nU(App)[0,0) = n| —p,o),

since PA,P~! = Ap, is precisely the boost bringing k = (m, 6) to Pp, where p = (p°,p) and
Pp = (p°, —p).
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3.7 Noether’s theorem and the Lorentz group
We can now fill in a gap that remains since our discussion of Noether’s theorem, i.e., its appli-
cation to the invariance under Lorentz transformations. The transformation law of coordinates
under an infinitesimal transformation is
1
' =at + iwng(p")“Vav” , (3.113)
where the matrices M) are given in Eq. (3.44) and read

AP /ty = nPre7, — noHsP,. (3.114)

A general multicomponent field ¢, (x) will transform as

1
Pu(@) = da(z) + §wpan£")¢b(a:) : (3.115)
where S((lga) = —SC(LZP ) are the generators of the Lorentz group in some finite-dimensional repre-

sentation. The reason for this form of the transformation law is the same discussed in the case
of rotations in Section 3.1: the new and the old field at the same physical point should be the
same, up to a mixing of the various components which has to provide a representation of the
symmetry group. Plugging Eqs. (3.113) and (3.115) in the general expression for the Noether’s
current, Eq. (2.68), we find the conserved current J (o)1t agsociated to the transformation with
only w,s # 0,

woo — oo — a g0 oy (WD ape0)v a 0L
M J T + (Sab (rbb ey V¢a> 8(au¢a)
0L 0L 0L
= af ma-wz>—f(ma-wz>+§w S
(o 500" " 5Bt
= 2POHT — T QHP 4 SHPT
(3.116)
where ©*" is the energy-momentum tensor and we have defined
0L (po)
Str? = =GP gy 3.117
00t A0
The conserved charges are the generators of Lorentz transformations,
/d3a: MOP7 = /dga: {2 — 270% + §0P7} (3.118)

where the first two terms are seen to correspond to the integral of the orbital angular momentum
density (~ xp” — xpP), while the last term is the contribution of spin.

Taking the divergence of Eq. (3.116) and recalling that also the energy-momentum tensor is
conserved one finds the relation

0 = 9 MHMP7 = OF7 — @7 4 5,8 | (3.119)
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i.e., ©°7 is not symmetric in the general case. However, thanks to the antisymmetry of S#*7 in
p,o, Eq. (3.119) can be recast as

1 1
O + S0, ST = 7 + S0, 8", (3.120)

which means that the combination ©*7 + %(%S“’p” is symmetric in p, 0. It is possible to exploit
this to define a new conserved tensor which is also symmetric. Define the Belinfante-Rosenfeld
tensor as

1 1
O = O 4 20, (M7 4 ST — STVI) = O 4 Z 0y (SMT SV 4 ST L (3.121)

which is symmetric precisely because of Eq. (3.120). To show that it is conserved, notice that

|
0,0 = 58,@, [(SHYT — SVH) 4 SVl =0, (3.122)
since both the term in brackets and S“#° are antisymmetric in u, o, and they are being con-
tracted with the symmetric tensor 8,0,. Plugging the definition of ©” in Eq. (3.118) we find
after an integration by part (in which we assume that wer can neglect boundary terms at infinity)

1
/ A3z MOP7 = / d*x {xp®%” —270g — 5

1
+ §xoaa (SO,pa + Sp,()a . Sa,p()) +SO,pU}

xpaa (SO,Uoz + Sa,Oa _ Sa,UO)

1
= / Bz {xp@ga —270Y + 5 (§%7P 4 570 — gro0) (3.123)

_ % (SO,pU + Sp,OU _ SU,pO) + SO,pO’}

= /dgaz {1:”@%‘7 — x”@osp} :

It is now easy to understand the conservation law associated to the p = 0, ¢ = j generators,
i.e., the boost generators. Indeed,

d o d o 4 .
@ d?’x M070] = @ d3x {xo@osj — I']@OSO} = /dgm' @%‘7 — w d3x x]@%o . (3124)

Since @’é” is divergenceless, [ d3x GOSj is a conserved quantity, and the relation Eq. (3.124) ex-
presses the fact that the center of mass [ d3x 2 @OSO /J 3z 9050 moves on a straight-line trajectory
with constant momentum [ d3z @gf . This is nothing but the center of mass theorem.

3.8 Active and passive points of view

We discuss here a few details about symmetry transformations.

Symmetry transformations can be looked at in two ways: the active point of view, in which
the system is actively transformed and the reference frame is not, and the passive point of
view, in which the system is not transformed but the reference frame is. For example, rotating

49



clockwise a system can be equivalently seen as rotating counterclockwise the reference frame.
Suppose we have a local observable O(z) defined in a certain reference frame, and state vectors 1)
and . If we transform the system by some transformation M, which transforms its coordinates
as v — Mz, the new state vectors will be ¢y = U(M)y and ppr = U(M)p for some operator
U(M). The local observable O(Mzx) at the point Mz for the new, transformed system must be
related to the local observable O(x) at point x of the original system. If the local observable
is a multicomponent observable, its components will also mix under the transformation. For
example, if there is an orientation associated to the observable and we rotate the system, looking
in the rotated of a direction at the rotated point for the rotated system should yield the same
as looking in the given direction at the original point in the original system. More generally,
suppose that we have a set of observables {O;(z)} where the label i indicates a certain direction
in some local internal space of the system S. Suppose furthermore that when making the
transformation of coordinates M this internal space is also transformed, and the local coordinates
transform as 0; — o = D;;j(M)o; for some invertible D(M). For example, in the case of
rotations discussed above, Dij (R) = R;;. What we should have is that for any choice of o,
0/0;(Mz) = 0;0;(z) (sum understood), meaning that observing in matching directions we
should find the same result. Then for classical systems D;;(M)o;O0;(Mz) = ¢;0;(z), from
which we conclude O;(Mz) = Dj_il(M)Oj(:c) = Dz;_l(M)Oj(x). Notice that for a rotation R
we have DiTj_l(R) = R. Setting DT ~Y(M) = D(M), this can be summarised formally as follows
in the quantum mechanical case:

(m|OMz)[pr) = (| D(M)O()[¢)) , (3.125)

where D(M) is some matrix which appropriately mixes the components of the observables. This
can be written also as

(plU(M) O(M2)U(M)[9)) = (| D(M)O(x) ) , (3.126)
which should hold for all states, and so
UM)TO(Mz)U(M) = D(M)O(z), (3.127)
or also
UM O(z)UM) = D(M)O(M ™ z). (3.128)

If M is a symmetry of the system, it can be implemented as a unitary (or antiunitary) operator
on the Hilbert space of the system, and so U(M)" = U(M)~!, and Eq. (3.128) provides the
transformation law for the observable.

Consider translations first. The operator e~**¥ actively translates the system to the left
(i.e., in the negative a direction), or equivalently it translates the reference frame to the right.
To see this consider ordinary quantum mechanics and the momentum operator P, = id,, or

1a:

PH = (i0y, —zﬁ) represented on Lebesgue-integrable functions. We have that the action of the
translation operator on a wave function is

Yalt, T) = e PY(t, ) = eV (e, &) = (t + ag, T+ @) , (3.129)

i.e., the transformed wave function v, at (¢, ) is the original wave function at (¢ + ag, ¥+ @), so
that the system has been effectively translated to the left. Then, for ' = Tx = z—a (translation
of the system to the left /reference frame to the right)

e PO(x)e P = O(x +a). (3.130)
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Next consider rotations in three dimensions. A counterclockwise rotation of the system around
the z3 direction places the system at the new coordinates

x) = cosfz1 — sin fzs xh, = sin Ox1 + cos fzs :Ug =x3. (3.131)

In matrix notation

@) cos —sinf 0\ [x;
xzh | = [sind cosf 0O | x2 (3.132)
o 0 0 1) \us

or more compactly z’ = R?(G):E, where A stands for “active”. Now, one can show with a simple
calculation that

cosf) —sinf 0 - 0 1 0
R{) = [sin® cosf 0=  3=—i[-1 0 0]. (3.133)
0 0 1 0 00

A passive counterclockwise rotation is simply obtained by sending # — —#. Rotations around
other axes are studied in the same way. We then find that a counterclockwise rotation of the
reference frame of angle 6 around the axis @ is given by

R(0) = 7L (3.134)

where § = 00 and
(La)ij = —iﬁaij . (3.135)

This can be easily extended to Minkowski spacetime: a spatial rotation will read R(6) = 107

with -
00

J¢ = . 3.136

(%) (3.136)

An active boost in direction 1 reads

x, cosh® sinh® 0 0 o
zy | [sinh® cosh® 0 O |2
zh | 0 0 1 0 |2 (3.137)
or ¥’ = L{{(©)z, with
cosh® sinh® 0 0 01 00
A | sinh® cosh® 0 0| okt 1_ .1 000
L{(©) = 0 0 Lol =¢ , K =—i 00 0 0 (3.138)
0 0 01 00 0O

Similarly to what has been done with rotations, a change to a reference frame moving with
velocity ¥ = © tanh © is obtained via

L(6) = e 9K (3.139)



where © = 0 and

0 |7y
K* = < .14
() (3.140)
with (7ig); = 64;. In covariant notation, choosing the matrices (K“),, and (J?),, to match the
tensors K, and J,, we have K% = J0a) and Jo = —%eoaijJ(ij), with €123 = 1 and
JPO — _i(nPrse — nHEP) . (3.141)

A general Lorentz transformation therefore reads ei(0- T *Q'R), which for © = 0 is a counter-
clockwise rotation of the reference frame of angle |6| around 6, and for § = 0 is a change of
frame to one moving with relative rapidity |©| in direction ©. This can also be written as

i (po) . . . .
e29re )7 with wo, = —O% and wgep = —egped® = —€22¢g¢. A general Poincaré transformation
reads e3wesdP7)—iak Py

4 Scalar particles and scalar fields

We now have all the basic tools to discussion quantum fields. The first step is showing how free
fields appear as a convenient way to describe free particles. Our aim is to develop tools which
will allow us to describe relativistic, quantum-mechanical processes. Such tools have to comply
with two important requests:

e they should allow creation and destruction of particles, since these are processes allowed
by special relativity which actually happen in Nature;

e they should allow a local description of interactions, in order to avoid problem with causal-
ity.

We begin our discussion with the simplest case of a scalar massive particle.

4.1 Fock space

We have seen in the previous section how the states of a single particle provide the basis for an
irreducible representation of the Poincaré group. The simplest such representation is the scalar
representation for massive particles, whose states are labelled by the three spatial components
of the momentum, p, and whose energy satisfies the relation p’ = /p2 4+ m2. Denoting such
states with |[p) we then have

PH[3) = p[5) (4.1)
States containing N non-interacting particles are easily constructed as tensor products of single
particle states. To take into account the experimental fact that identical particles are indistin-
guishable, such tensor products have to be symmetrised under exchange of any two momenta,
in order to satisfy the Bose-Einstein statistics appropriate for scalar particles. We denote a
generic multiparticle state with N particles as |p1,...,pn), satisfying the symmetry condition
91, PN) = |Pp(1)s - -» Pp(ay) for any permutation P of {1,..., N}. From the mathematical
point of view, we construct such states by taking the N-fold tensor product of single-particle
states and symmetrising with respect to the momenta,

P15 PN) = Z IPP(1)) @ - @ [Pp()) - (4.2)
P
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Their transformation properties under symmetry transformations are inherited from the single
particle states. Such states provide therefore a reducible representation of the Poincaré group.
Single-particle states for a scalar particle transform as follows,

Ua)lp) = e~ *|p) = e7P|5),

o, JBv) (43)
U(A)|p) = ez |p) = |Ap),
and so multiparticle states transform as follows,
U(a)|ﬁla te aﬁN> = e—in‘ﬁ 1y0-- 7ﬁN> = e_m.szj |ﬁla te 7ﬁN> ) (4 4)

Ly JHY)

U(N)[p1,...,pN) = e2 IP1s - D) = [AP1, .. ADN) -

The normalisation of multiparticle states is easily obtained from the single-particle normalisa-
tion,

(0'1p) = (2m)*2p°6 0 (5" — ), (4.5)
and from the definition Eq. (4.2):

N
<ﬁ{aaﬁ],\4|ﬁ17)ﬁN>:6MNZH 27T 32p3 pP(J) _‘)7 (46)
P j=1

having naturally set to zero the scalar product of states with different number of particles.
Since particles can be created and destroyed, any number of particles is allowed; in particular,
no particles is a possibility. We call the state without particles the vacuum state, and denote
by |0) the corresponding vector, which we take to be normalised to (0]0) = 1 and orthogonal
to all other states, (0|pi,...,pn) = 0. Furthermore, we assume the vacuum to be invariant
under translations and Lorentz transformations, U(a)|0) = U(A)|0) = |0). The appropriate
state space for scalar particles is then the complex vector space (Hilbert space) spanned by the
basis {|p1, ... ,ﬁN>}N:0’1,m7oo.26 This is the so-called Fock space for scalar particles.

In order to describe creation and annihilation of particles, we introduce the creation operator
a(p)f, defined by its action on the basis vectors:

a(@) |, - BN) = BB, PN - (4.7)

This operator creates a particle with momentum p, which is then added to the state vector.
We can then obtain all the basis vectors by repeated application of creation operators on the
vacuum:

’ﬁl7"'7ﬁN> = a(ﬁl)TCL(ﬁN)T‘(D (48)

The adjoint of the creation operator, a(p), is the annihilation operator, for reasons that will

26Technically, the appropriate Hilbert space is the completion of the space generated by arbitrary linear combi-
nations of these basis vectors, which includes the limits of any sequence of such linear combinations in the norm
derived from the scalar product.
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appear clearly as soon as we determine its effect on the basis vectors. By definition of adjoint,?”

(@®)¥s,... 5, Yir,in) = (Y, @ (ﬁ)w’ﬁl, ) = e i YEspn)

= OM,N+1 Z (2m)°2p 050 )(pp(l) P) H (2) 2pk5( )(pp(k) Di—1)

k=2 (4.9)
M
0
(2m)*2p°6%) (5] = ) (U v Wt oin)
7=1
where \Ilﬁv Y, is obtained from the state \IH By by removing a particle with momentum
P We then conclude
N
a@)|pr, ... Pn) = Y _(2m)P2p°6 P (B — P)Pr, - ., D1, Bjts - BN - (4.10)
7j=1

The annihilation operator a(p) destroys a particle with momentum p, which is then removed
from the state vector in case it is present; if it is not, the annihilation operator simply yields
zero. In particular, any annihilation operator applied on the vacuum state gives zero:

a(@0) =0,  Vp. (4.11)

The proof of this result is straightforward: schematically, (¥y,a(p)¥o) = (a(p) ¥y, Ty) =
(Un+1,¥Yo) = 0. The vacuum state is the only state for twhich this happens.

One can determine quite easily the commutation relations of creation and annihilation op-
erators. Indeed,

a(@) a(@) |1, - -, PN) = al@) @, Prs - - DN) = @ @ 1y - - - DN) = @1, Gy Py - - - > PN)
= a((j‘l)”q’?)ﬁla" . 7ﬁN> - a(_'l)Ta(_‘Q)T‘ﬁla' "7ﬁN>a

for any basis vector, and so

Taking the hermitian conjugate we find

[a(p), a(q)] = 0. (4.14)
On the other hand,

a(q_)2)a((j’l).|-|ﬁla e 7ﬁN> = a(i?)’ilaﬁlv e )ﬁN>

N
= (2m)*2p°6 (G — @)IPr, ... Bv) + > 2m)*20°6@ (5 — @)l G, B, - - Bj-1, i1, BN)

N
= 2m)* 2% (@ — @), ... v) + 3 2m)*2 5 (5 — @)al@) B, . Fjo1. T, )

= (2m)*2p°6@ (G — @)IP1, ... B + al
(4.15)

*"Here, for clarity reasons, we use the notation Wz . s, for the vector |pi,...,pn), and (¥, ) for scalar

products.
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again for any basis vector, and therefore

[a(p), a(@)] = (2m)*2p°6%) (5~ q) . (4.16)

This is consistent with our choice of normalisation. Indeed, using Eqgs. (4.16) and (4.8),

B BalPrs - - BN) = (0la(Bhy) - - - a(@])a@) ... a(@y)T]0)

N
= (2m)32p6® (5] — 5) (0la(Bhy) - - a(@)a@)' .. a@i—1) a(@41)" .. al@n)T0)
j=1 (4.17)

N N

=oun Y [[@m)*2056P) (5] — 5p(;)(010) = sun Y [[(2m)32096® (55 ;) — 5) -
P j=1 P j=1

The creation and annihilation operators can be used to build the number density operator

N(p) = a(p)ta(p), which acts as follows on a basis vector:

N
N@)pr, - 0v) = Y _(2m)*2p°6@) (5 — §)a@) |p1, . . Bjm1, Bi41, BN

<.
Il
-

N (4.18)
=Y (2m)*2p°%6 0 (5 — p)[prs .., D) -
j=1
Basis vectors are then eigenstates of the number operator N,
N= [ ot x) = [a,n) (119
(2m)32p0 b ’ ‘

where we have introduced the notation df, for the Lorentz-invariant integration measure. In-
deed,

ﬁ . Bp & L . . |
N’p17"'7pN> _/(271—)321)02(27(')321)05(3)(pj _p)’pla"'va> = N‘pla' . 7pN> . (420)
j=1

The number operator is then diagonal in Fock space, together with the momentum components.
It is worth observing at this point that we could work backwards, assuming an abstract point
of view in which our purpose is that of representing the algebra of commutators

[a(p),a(q)] =0, (4.21)
i

This can be done taking a state |0) annihilated by all a(p’), a(p’)|0) = 0, assumed to be unique
and normalised to 1, (0|0) = 1. Repeated application of the creation operators a(p) yields
precisely the basis vectors of Fock space. This procedure yields therefore the Hilbert space
appropriate for the description of non-interacting scalar particles.

Using now the number density operator we can define the total energy and total spatial
momenta,

P = / QP N (F) . (4.22)
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One finds straightforwardly

3
PHp1,....pN) = / o d)gprO P“z; (2m)*2p°6®) (55 — )1, -, )

’ (4.23)

N

= (D p) | 171w
j=1
Moreover, since

[N@), N(@)] = [a(p)a(p), a('a(D)] = a(p)[a(p), a(@)']a(@) + () [a(p)T, a(D)]a(P) (4.24)

= (2m)°2p°6®) (7 — §)(a(p) (@) — a(@'a(@) =0,

we have that the momentum operators commute with each other (as it is obvious from the fact
that they are simultaneously diagonal):

[Pt PY] = / dQ / A "¢’ [N(5), N()] = 0. (4.25)

This formalism can be extended easily to several types of bosons, generalising the commutation
relations Eq. (4.21) to

[ai(P), a;(q )]—6ij<2w>32p°6<3><ﬁ—q*>,
[ai(P), a;(7)] = (4.26)
[az(p)T CL]( )T] 0

It is clear the analogy between this formalism and a system of independent harmonic oscillators.
It is a matter of simple algebra to show that defining the operators ¢(p’) and 7(p) via

a(F) = 2m)2p°0(5) + ix(5)]. @) = 2n)2[°6(F) — i7(F)], (4.27)

one has the following;:
[6(5), 7)) = 6™ (5~ 7). (4.28)

i.e., ¢(p) and 7(p) have the same commutation relations of coordinate and momenta in quantum
mechanics, and moreover

3 ~
i= | (27:1)31)21?01’%(13)*@(2?) = [ @y {707 + 0P PR 417500} @)

which coincides with the Hamiltonian of a system of infinitely many independent harmonic
oscillators, up to an irrelevant (although infinite) constant.

Finally, let us discuss the transformation properties of creation and annihilation operators
under translations and Lorentz transformations. These are inherited from the transformation
properties of the states. For translations we have

U(a)|ﬁv ﬁla ce 7ﬁN> = e—iwpe—ill'zj Pi ’25: ﬁla ce 7ﬁN> = e_m‘pe_ia'zj pja(m”ﬁla et 75]\[)
= U(a)a(p)'U(a)TU(a) |, . .., PN) (4.30)
= U(a‘)a(@TU(a)Te_m'Zj ¥ |ﬁ17 ce 7ﬁN> )
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which then implies, since it holds for all states,?® that

U@)a()U(a)! = e (@),  U@a@U(a)! = *?a(p), (4.31)

or equivalently

U(a)Ta(ﬁ)TU(a) = ei‘z':"a(ﬁ)Jr , U(a)Ta(]ﬁ)U(a) = e_m'pa(ﬁ) . (4.32)

For Lorentz transformations,

U(A)|ﬁﬁ17 cee )ﬁN> = |Aﬁ’ Aﬁlv cee 7AﬁN> = a(Aﬁ)”Aﬁly cee )AﬁN>
=U(N)a@)'UN) UM B, .., 0N) (4.33)
= UN)a(@) UM A, ..., AN,

which then implies
UMa@ UMW) =aA),  UN)aBUN) = a(A), (4.34)
or equivalently

UN a@UA) =a AT, UM a@UA) = a(A7'F). (4.35)

4.2 Causal scalar fields

The discussion of the previous subsection completes the first part of the program outlined at
the beginning of this section. To describe interactions, we could add to the Hamiltonian linear
combinations of products of creation and annihilation operators. In this way one can build in
principle any kind of Hamiltonian, which can then be adjusted to fit the experiments. More
generally, one can build any observable out of the creation and annihilation operators. On the
other hand, the most general Hamiltonian built in this way will violate locality and Poincaré
symmetry, and it is not easy to monitor these properties (especially locality) in momentum
space. Lorentz invariance of the theory and locality of interactions are most easily kept under
control working in coordinate space, so our aim is now to develop a coordinate-space formalism
equivalent to the formalism of creation and annihilation operators.

Coordinate space is also the appropriate setting to discuss the issue of causality. Consider
two experimenters making measurements at spacetime points x and y, and suppose that they are
measuring two local observables O(x) and O'(y), i.e., observables that are measured at a given
point in time and space. For example, they could be using detectors to reveal the presence of a
particle at a given point in space. One of the tenets of special relativity is that no information
can travel faster than light. We then expect that measurements made at spacelike separated
points (which are outside of each other’s lightcone) do not affect each other. In other words,
such measurements have to be compatible, in the sense that the corresponding Hilbert space
operators commute. We can summarise this discussion in the microcausality postulate: for any
local observables and any pair of spacelike separated points, we must have

[O(z),0'(y)] =0, (z—19)*<0. (4.36)

28In deriving these results we make use of the fact that the vacuum is invariant under translations and Lorentz
transformations.
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The development of our coordinate-space formalism must take this requirement into account.

The construction of operators that are local in coordinate space and that have simple trans-
formation properties under symmetry transformations is actually quite straightforward, and
simply amounts to taking a Fourier transform. More precisely, we define the following opera-
tors,

prla) = [de v am),  o-(@) = [ d9,emap). (4.37)
Clearly ¢4 (z)" = ¢+(z). These relations can be inverted to give
)) = /d31‘ ePridnpy (),  a(p)! = /d% e (—idh)p— (). (4.38)
independently of the choice of z°. Indeed,
/d?’x e’ Iz(?oc;ur /d3 /dQ Py {—zq a(q)e T — ip a(cj’) ’q"”}
= [@s [ a0,00 + Pat@)er /7ﬂz (2759 (5~ D)0 + (@)~ (4.39)
~ [ a9, @rP2a@s - 1) = ).
The other formula is proved similarly.?? One can also show that

/d?’a:elp:”z@ogp /dgzne P 230)g0+( )=0. (4.40)

The independence of time of these formulas is a consequence of a general result, which we now
discuss in detail. First of all, notice that ¢4 (z) are solutions of the Klein-Gordon (KG) equation,

(O +m*)ps(z) =0. (4.41)

This is because the KG equation is linear, and (¢4 (z) are linear combinations (with operator-
valued coefficients) of e*#_ which are solutions of the equation. For any two functions f, g one

has that 8y(fdeg) = F(829) — (82f)g. If f, g are solutions of the KG equation, then
60/d3w f(@)dog(x) = /d?’w [/ ()(839(x)) — (85 f(x))g(x)]
=/£ﬂﬂmﬁkwﬂmm (V2 = m?) f(@))g(@)]}
= / P [f(z)(Vig(x)) — (V2£( / (Vg(x)) = (Vf(x))g(x)]
= lim [ dii [f(x)(Vg(x)) — (Vf(x))g(z)] =

V—oo ov

In the last step we have assumed that f is normalisable and g is bounded. Take now for g the ma-
trix elements of ¢4 (z), and for f some solution of the KG equation f,(z) = [ d o Jpe(@)eFiTe

29Here it would suffice to take the Hermitian conjugate of this formula.
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with fpye(qﬂ ) strongly peaked around p and becoming a delta as £ goes to zero. Since the rela-
tion Eq. (4.42) holds for all €, taking ¢ — 0 we show that all the matrix elements of the time
derivative of the operators on the right-hand side of the relations in Eq. (4.38) are zero, which
finally proves that they are time-independent.

To understand what the operators ¢ (x) do, consider a wave packet,

v = [d FENR. 1=l = [0, |F@)P. (4.43)

A little manipulation shows that

v) = [ 49, 7@)15) = [ a2 F@)a)10) = [ a9, 7@) [ doe v idh)e- @0
= [ ([ a0, e ) (-ide- o (1.44)

_ / Bz f(z)(~ib0)p—(2)]0),

where f(z) = [dQ, f(P)e"™7 is a solution of the Klein-Gordon equation, (0 + m?)f(z) = 0.
The main contrlbutlon to f(z) comes from momenta that make the phase of the integrand sta-
tionary (thus reducing the effect of cancellations due to the oscillatory nature of the integrand).
Setting f(7) = |f(7)]e "*@), the phase is stationary when

0=V, [6() +p-2] = V() + pﬁzO—f (4.45)

On the other hand, if we take a wave packet strongly peaked around some momentum g, the
integral will receive contributions only from momenta near p,. This means that the function
f(x) will be peaked at values of = where p, solves the stationary phase equation, i.e., on the
straight-line trajectory

7= ]%1:0 + V05, ) = fua® + 7, . (4.46)

The function f(x) therefore describes the evolution of the wave packet in coordinate space. We
then conclude that the operator

o a) = [ pla)(-idhye- (@) (4.47)

creates a wave packet with coordinate-space wave function f(x), and thus ¢_(z) essentially
creates a particle at z. Acting on |¢) with the operator

oh(z) = / @z () idyp- (x / & / 49, F(7)" e ibnps (z) = / 09, F(7) a(F), (4.48)
we find that
(@) ) = / a9, F(7) () / 49, f(@)a(d)1]0) = / a9, |fF)0) = 0),  (4.49)

so it destroys the wave packet with coordinate-space wave function f(z), and thus ¢4 (z) essen-
tially destroys a particle at x.
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The transformation properties of ¢4 () are easily obtained from Eq. (4.35), and read
U(A) g (2)U (A) = / 40, U(A) a(@) D U(A)eFPe — / 40, a(A~'p) D eFir
_ / dQ, a(p)DeFirtre — / A, a(p)DeFP A = o, (A 12)

Ua)los(@U(a) = [ d,U@)a@ DU @ = [ a0, apDerireeie

=pi(r+a).

(4.50)

4.2.1 Microcausality

Since all the observables can be built from the creation and annihilation operators, multiplying
them by some function of the momenta and integrating over momenta, they can equivalently be
built out of pi(x) and its derivatives. The most general local observable will thus be a sum of
products of ¢ (x) and their derivatives. Using independently both ¢4 (z) and ¢_(x) however
leads to troubles in satisfying the microcausality condition, since their commutator does not
vanish for spacelike separations. To see this, compute first

(p+@p-) = [ a8, [ dye v eela(m),a@)]
= / s, / Ay e P ety (27)32p°63) (5 — 7) (4.51)
— [, v =A@ -y).

Since df), is a Lorentz-invariant integration measure, A(z) is a Lorentz-invariant function of
its argument, and can be evaluated in any reference frame. For spacelike separations, (z —
y)2 < 0, there is always a reference frame in which 2’° = ¢, and in this frame one sees
immediately that interchanging #’ and ¢’ can be compensated by a change of variables p —
—p. Since A(x) is Lorentz-invariant, one concludes that for spacelike separations it is an even
function of its argument, A(z —y) = A(y — ) if (z — y)? < 0. However, this function does
not vanish in general. For future utility, we introduce the following notation for the equal-time
commutator, [A(z), B(y)|gr = [A(2°, %), B(y° = 2°,%)]. On the other hand, the commutators
[+ (x), p+(y)] = 0 identically.

We cannot use ¢ (z) independently, but of course we do not want to use only one of them,
since that would certainly make it impossible to built all the observables. We then seek for a lin-
ear combination of ¢4 (x) with nonvanishing coefficients, such that the microcausality conditions
are satisfied. Let us set

(@) = ar i () + o (), (4.52)
and find what relations a4+ have to satisfy in order to not violate microcausality. Let us consider
first the commutator of p(z) with itself and its Hermitian conjugate. in general

[p(z), p(y)] = ara— ([p+(2), - ()] + [p-(2), o+ (y)])
= aya_ ([pr(z), o-(y)] — [p+(y), o—(2)]) .

We then find for spacelike separations

[p(2), 0(y)] = ara [Alx —y) = Ay —2)] = 0, (4.54)

(4.53)
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for any a4. Similarly, [¢(2)T, o(y)!] = 0. Instead,

[o(@), e ()] = las [+ (@), o ()] = o[- (2), 1 ()], (4.55)

and for spacelike separations

[p(2), 0()'] = lar PAx — y) — [a-PAly — z) = (Joi|* — [a-[") Az — y). (4.56)
To make this vanish for all spacelike z,y we need to set |ay| = |a_|. Parameterising oy =
laleCeT | we see that up to an irrelevant overall factor we have to take ¢ of the form

To_(x). (4.57)
However, in building our observables we cannot use at the same time ¢,(z) and some other
(), because that would be equivalent to use both ¢4 (x), which is troublesome for causality.
Finally, since we can always redefine our particle states by a phase without changing the physics,
we can reabsorb e**a () — a(7). In conclusion, the appropriate local object to use here, in order
to satisfy automatically the microcausality condition, is the Hermitian scalar field o(z) = ¢(z)T,

on(x) = "oy (z) +e

pla) = 2 (@) + 9-(@) = [ 9, (a@e ™ + a(@)le) (4.58)

The fields ¢4 (z) and p_(x) are called the positive-frequency component and the negative-
frequency component of the field.

So far we have checked the microcausality condition only for the field itself, but in general
we want to use also its spatial and temporal derivatives. Spatial derivatives are treated most
easily. In fact, since by definition

.1 .
dip(y) = lim —[p(y + £1) — @(y)] , (4.59)
e—=0 ¢
we have for equal-time commutators

(ole). dip(y)lr = Tim L[(w), oy + €0) — ol)]om = 0, (4.60)

which then extends to general spacelike x,y by covariance. This is easily generalised to any
order, and we can write

(07 ¢(x),00(y)] =0, (z—y)*<0. (4.61)

This trick does not work for temporal derivatives, since in that case the commutator of the
field at different times is involved.? We can nevertheless compute the commutator explicitly,
obtaining

[o(z), dop(y)] = o+ (x), Do ()] — [Boe+ (), o ()] - (4.62)
The basic object is [p4(2), dop—(y)] which reads

(o1 (), Dop—( / a0 / Ay e~ P2 Yiq0a(F), a(7)1] = i / A, ple P @Y - (4.63)

30 Actually, if  and y are spacelike-separated, then one can always find €p small enough such that z and y + e/
are still spacelike-separated for all € < €g, even for ;1 = 0. This cannot be done when x and y are the same point,
in which case for any € the points x and = 4 €0 are timelike-separated.
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More generally,

[+ (x), Oup—(y)] = i/de pue’ip'(mfy) = Oy / aQ, e~ (z=y) — OyuA(z —y), (4.64)
and so

[o(2), Oup(y)] = [+ (2), Oup—(Y)] = [Opp+ (v), ()] = Oyu(Alx —y) — Aly — ), (4.65)

since the second term is just the Hermitian conjugate of the first one and so of Eq. (4.64). This
object is a Lorentz vector, and so if it vanishes in one reference frame it will vanish in any other.
For spacelike separations we can then choose the frame where z° = 4°, and find

. 1

[ (), 00— (y)]ET = i/depoeiﬁ'(fy) = 6Bz 7). (4.66)

The commutator [Oyp—(y), p+(x)]gr is just the Hermitian conjugate of Eq. (4.66), and so we
find

(), dop(y)]er = 18P (7 — 7). (4.67)

At equal times, spacelike separation means T # ¢, and in this case the commutator vanishes.
We consider next

[D0p(x), Do (y)] = [Oop+ (), Do—(y)] — [Gow+(y), op— ()] . (4.68)

The basic object is [0y (), dop—(y)] which reads

o ). Bup- ()] = [ a9y, [ g e P (—ig)igdla(7), (@)

(4.69)
= / dQ, (p°)2e P = Az —y).
More generally, we have
Oups(@). Do) = [ dS, [ a2y P* (i, )iafa(F), ()]
(4.70)
= /de pupueiip'(xiy) = OOy Az —y),
and so
[0up(x), 0up(y)] = [Oupt (), Ovo—(y)] — [Ovp1 (y), Oppo— ()] = OupOyu[A(x —y) — Ay — fzf)] : |
4.71

We can then rest assured that if Eq. (4.71) vanishes in a frame, it will do so in any other. For
spacelike separations we then choose the frame with 20 = »° and find that A(z — Y)|go—yo =
0200,0A(z — y)|0—y0 is symmetric under exchange of & and 3. From this we conclude that

[Bop (), dop(W)]er = Al = y)lao—yo — Aly — 2)]s0y0 = 0. (4.72)

Finally, since ¢(x) satisfies the KG equation, commutators involving time derivatives of fields of
order 2 or higher can be reduced to combinations of commutators involving no more than single
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time derivatives of fields. This is because we can always replace 93y = (62 —m?)p. We can
then conclude that also these commutators will satisfy microcausality, as they are in general a
combination of spatial delta functions and their derivatives. We can summarise our findings in
the following equations:

[p(), p(y)]leT = Q, [Do(x), Dop(y)]leT =0, (473)
[o(x), dop(y)]er = 16 (Z — ),
and
(O4m?)p(z) =0. (4.74)

Together, they guarantee that any commutator invoving fields and its derivatives will vanish
for spacelike separations. As a final remark, notice that the commutation relations found above
remains unchanged for any of the fields ¢, since the phase factors always cancel out. Therefore,
any of the ¢, is a good causal field, but we cannot use more than one at a time.

We conclude this subsection presenting the transformation properties of the field, which are
easily obtained from those of its positive and negative frequency components, and read

UM o(@)U(A) = p(A"a),

4.75
U(a)tp(@)U(a) = o(a +a). 47)

4.2.2 Energy and momentum operators in terms of fields: normal ordering

Let us now express the basic observables, namely energy and momentum, in terms of the field
and its derivatives. We start by reformulating Eq. (4.38) in terms of the full field,

o(f) = / PréPTidpp(z),  a(@) = / e (—idp)p(x) (4.76)

where we made use of Eq. (4. 40) Next, we use this to write

o) alp) = [ @ [y [ (idnelo)] [ePidneto)]

/d3 /d3ye @9 [(p 0)290(:v)90(y)+sb(w)sb(y)+ip° (p(x)@(y) — o(x)e(y))] (4.77)

/d3 /d3y€ D" e(y)e(@) + o) p(x) —in’ (p(y)p(x) — (y)e(a)] .

where (z) = dyp(z) and it is understood that 20 = y°. The first expression above could be
integrated over momenta after multiplying with p" to yield the Hamiltonian H. The last term
in square brackets is however not very appealing, and it would be nice to find a way to remove
it. Since ¢ and ¢ commute with themselves for spacelike separations, the first two terms in
square brackets are the same for both expressions. The last term differs only by a sign and by
the order in which z and y appear, which can be reversed since they are being integrated over,
with the consequence that the sign of p will change in the phase factor, i.e.

~a

/ P / Py {PED [P p(@)p) + o(@)p()] — e TED (p(2)pl) — @)e(v)) }
(4.78)
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If we now take the sum of the two expressions, multiply by p® and integrate over momenta with
the invariant measure we get

ﬂmga 7)1} = ﬂm/ﬁ/ﬁwmwou><w@+wwwL<mm

having dropped the term proportional to p° since it is odd under p — —p. A simple manipulation
gives us

[ a0 baa).a)') = [ a0, [ @ [ @yemE (2 4 mota)ely) + p0ot0)]
:/ﬂ%/f?/fw»ﬂwﬂwwfvywnwﬂww+w“ﬂwmmw}
= /de/dgiv/dgyeiﬁ(f‘@po [2(@)5() + Vo) - Vely) + mPe(@)e(y)]

= =

/d3 /d3y5 (@ = 9)5 ['(w)sb(y)JerO(w)~V<p(y)+m290(w)so(y)]

= /d3x2 [cp(:c) + V()2 —i—m%p(m)ﬂ :
(4.80)
The left-hand side is almost H, where unfortunately the “almost” involves an infinite constant:

[ a2 4 al@).a) = [ 40,50 {a@)iap) + et B0} sy

This is not a big deal from the physical point of view: in any case, what we can measure are
energy differences, so we might as well remove the (infinite) constant contribution. Mathemati-
cally, however, our expressions must make good sense. To this end, we define the normal ordered
product of fields as follows. Expand the fields in creation and annihilation operators, and write
the product of fields as an integral over momenta of a sum of terms, each of which is a product of
creation and annihilation operators. The normal ordered product is obtained by replacing each
of these products with the product obtained using the same creation and annihilation operators,
but with all creation operators being placed to the left of the annihilation operators. This defines
the normal ordered product of creation and annihilation operators. Equivalently, the normal
ordere product of fields is obtained by placing all the negative frequency components on the left
of the positive frequency ones. A few examples will be helpful. We denote the normal ordered

product by placing colons at the sides, i.e., : ... :. Then
ta(@)la(7) - = a(@) a(), La(@)a(@)" = a(@)a(p),
(4.82)
La(P)a(q) : = a(@)a(@) = a(@)a@),  :a@) (@) : = a(@) a(@)" = a(@) al@),
and similarly for products of more operators, while for fields
sp(@)e(y) s = [p+(@) + o—(@)][e+(y) + o-(y)] : (4.83)
= ¢+ (2)p1(y) + o (@) o+ (y) + o-(Y) o+ (2) + o (2)o-(y).- '
It is worth noting that
to(@)e(y) 1 = e(x)e(y) — [p+(2), o-(1)] = e(x)e(y) — (0][p+(2), - (9)]|0) (4.84)

= p(x)p(y) — (0]p+(2)p—(9)]10) = p(z)p(y) — (0lp(x)e(y)|0),
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where we have used the fact that [p4(x),o_(y)] is a c-number to replace it with its vacuum
expectation value, and then used the fact that ¢, annihilates the vacuum. It is also worth
noting that the order of terms inside a normal product is irrelevant, as the normal ordering
always reorders the various positive and negative frequency components in the same way, i.e.,
s p(@)e(y) == p(y)p(z) :. If we now use normal ordering on the integrand on both sides of
Eq. (4.80), we find

/dgppa< 7))t /dszpp“ {a(p), a(F)} :

P
(4.85)
/d?’w; : [gb(ac)Q + V()2 + m2p(z }

Given Eq. (4.84), valid for products of two fields, we also have

1 ) - i -
H = / P o { [ + Vo) +mPp(@)] - 0p@)? + Vol + m?e(@10)} . (486
If we consider now the spatial momentum operator, we have that

B = [ a2, pup)lap) = [ a5} (o). ap)) :

— ‘D

= [a0, [ [ @ymEDiL s p@)pw) - o) - P + e
(4.87)
while the other term drops since it is even under exchange of x and y, and so after x and y
integration gives a term which is even in p. Using the symmetry properties of the integrand,
and the fact that the order is irrelevant inside normal ordered products, we find

P= /de/d3fc/d3yﬁeiﬁ'(f‘g)ip0 L p(2)p(y) — p(2)e(y)
_ / a0, / i / @y §ePEDip® - (@) ply) — py)¢(e)
/dQ /d3 /d3yv P00 < p(a)(y) -
= [ [ @50 - 9 p0)Fupla) =~ [ i )T
The need to use normal ordering comes from a general problem of quantum fields, namely that

their products at coinciding spacetime points are ill-defined. To see this, consider the vacuum
expectation value of the product ¢(x)¢(y). One finds easily that

(4.88)

Olpl@)plu)l0) = [ dye e, (4.89)

which is badly divergent as x — y. On the other hand, the vacuum expectation value of the
normal ordered product is zero.

4.2.3 Hamiltonian and Lagrangian formalism

The equal-time commutation relations Eq. (4.73) are precisely the commutation relations of a
Hamiltonian system with infinitely many degrees of freedom, with (¢, Z) for all Z playing the
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role of canonical coordinates, and ¢(t, %) = (¢, &) for all Z that of their conjugated momenta.
The Klein-Gordon equation can be recast as an equation of motion for m,

0=O+m?p=B-Vi+mPp=7=(V:-m?)p. (4.90)
In terms of ¢ and 7w the Hamiltonian reads
1 = 1 -
H= /dga:% = /d3m2 : [7r2 + V? —I—m2<p2} = /d3z2 : [772 — <pV2<p—|—m2go2] c . (4.91)

The associated Hamilton equations are

0H
p=-=,
4.92)
F*_(;SO*(V m)QO,

which are precisely the equations satisfied by ¢ and 7. This Hamiltonian system can be converted
into a Lagrangian system by means of a Legendre transform, as usual, with the added detail
that fields are taken to be normal-ordered. We find for the Lagrangian

1

3" Oupdo — m2p? . (4.93)
Let us now reverse the direction. Take the classical Klein-Gordon Lagrangian,

Fminpi =3 [P Ve T m??] =

1
L = 3 [(%gp@“gp — m2<p2] , (4.94)

where classically ¢ is a real field, and define the action functional as usual. We set up the
procedure of canonical quantisation through the following steps:

e find the EOM via an action principle (these are just the KG equation, in this case);
e define the canonical momentum as 7™ = % (this is just ¢ in this case);
e find a Hermitian operator-valued field ¢(z) that solves the EOM,;
e impose the canonical commutation relations (CCR),
(@) m(y)er =i6@(@ ~7),  [o), eW]er = [r(2),7(y)ler =0.  (4.95)

We already now that the scalar field built in the previous subsections is a solution of this
procedure, but it is instructive to see how this comes about following the procedure step by
step. We first solve the KG equation: this is most easily done in momentum space, setting

4 .
o) = [ e ). (1.96)

The KG equation for ¢ is simply (p? —m?)@ = 0, which is solved by @(p) = 276 (p? —m?)A(p°, p),
for an arbltrary Operator valued A. Plugging this into Eq. (4.96) we find

1
T (007 = VAT ) + 600 + Vi m?)| A7)

Qp i’ —px)A( ,ﬁ)+e—i(—p0x°—ﬁf>A(_p0@} (4.97)

\\

de —ip- QJA p po) +ezp zA( 7@] _ /de [e—ip-za(ﬁ) +eip~$a(17)T:| ,
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where in the last passage we have set a(p’) = A(p®,p) and imposed Hermiticity. It remains to
impose the CCR. Let us see what this implies for a(7) and a(7)f. We can still use Eq. (4.76) to
extract them from the field, since those relations depend only on the fact that ¢ solves the KG
equation. We have then

a(p) = /dgme”’” o(z) +io(x /d?’xe’px[p o(z) +in(z)] |

(4.98)
ap) = [ o [Pple) - igl@)] = [dee T [Pl - in(o)]

We then find, setting 2% = ¢/,
[a(P),a(q)] = /d?’x/dgyei(p'“q'y) [PPe() +im(2),¢"p(y) + im(y)] pr

_ /d3$/d3yei(p-$+q-y)(q0_p0)5(3)(£_37) (4.99)
= (27)%60) (5 + )P+ (g0 — p¥) =0,

and similarly [a(7)f, a(q)f] = 0. Moreover,

@) al@)] = [ [ @y [Poln) + inw). %) - in(0)] g

/d3 /d3ye pa=29) (0 4 06 (7 — ) (4.100)
= (2m)36@ (7 — 7)(¢° +p°) = (27)32p°6 P (5 — 7).

We obtain the commutation relation of creation and annihilation operators, from which we now

how to build up particle states once that we have taken a vacuum state |0) annihilated by all

annihilation operators. From here on the construction is the same of subsection 4.1. It is worth

noting that Eq. (4.99) automatically implies that our particles will obey Bose-Einstein statistics.
We now build the canonical Hamiltonian via Legendre transform,

H= /d% [ro — &) . (4.101)

Since we are dealing with operators, in general there might be ordering ambiguities. In this case
however m = ¢, and no ambiguity arises. There is however a problem with taking products of
fields at the same spacetime points, which yields divergent terms. This can be cured by imposing
normal ordering of fields, and so we set

1 B
H = /dgm D mp— L) = /d3x2: [772—|—V<p2—|—m2g02 5 (4.102)

which coincides with Eq. (4.91). The Lagrangian formalism allows to build conserved quantities
associated to the symmetries of the Lagrangian. The Klein-Gordon Lagrangian is invariant
under translations and Lorentz transformations. The Noether current associated to translation
symmetry is

B 0%
8(8;%»0)

1z

"o -, (4.103)
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and the corresponding charges are obtained integrating over spacetime the 0 components,

0.7
O = = _9hp — gL = or — L. 4.104
Ao ¢ T —1) (4.104)
Ordering ambiguities and singular contributions are both dealt with by normal ordering. We
then define the quantum Noether current and charges as

0L

O =: 90 )8”90—17””227

ne (4.105)
Pt = /d3x ot —VL
These are easily seen to be Hermitian operators. We then find
1 .
Poz/d3x:w80¢—$::/d3x2 : [W2+Vg02+m2<p2] =H,

(4.106)

Pj:/dezwajgo::—/dgxiﬂﬁjﬁph

i.e., P¥ coincides with the canonical Hamiltonian, and all the P* coincide with the operators
constructed in the creation/annihilation operator formalism. In order to study their commutator
with the fields, notice that

[©%(y), p(x)] = [: m(y) D o(y) — "L (y) :,0(x)] = [7(y)0"e(y) — L (y),p(x)], (4.107)

since the normal ordered product differs from the product by a constant [see Eq. (4.84)]. More-

over
1 ) - o
[©% (), e(@)er = [1(1)0"0(y) — 15 (W)*, p(@)er = =8P (T - F)"p(z).  (4.108)
Since P* are time-independent we can compute [P, p(z)] using Eq. (4.106) with fields at time
20, and so

[P, ()] = / &’y (0% (y), p()]er = ~i / &y 6O (@ — g p(x) = —idlp(x) . (4.109)
Consider next Lorentz transformations. The classical charges are
Jo) = / B [270% (z) — 2709 ()] (4.110)

which we adapt to the quantum case by imposing normal ordering on the products of fields.
These makes them Hermitian operators. We find (here again 3° = 20)

707 p(a)) = [ &y [170% () 57O (w). pla)] =i (2707 ~ ") pla).  (4.111)

These are precisely the commutation relations that lead to the transformation properties Eq. (4.75).
Indeed, for infinitesimal transformations generated by P, we find

e p(2)e™ " = () + ia" [Py, p(2)] = @(2) + " Oup(x) | (4.112)
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and
o(x+a) =@(r) +ad"Oup(x). (4.113)

For a Lorentz transformation A = e%w“”j(uu), where j(’w)a,ﬁ = —i(n"*6"5 — 77Va5u5), we have

[ v 7 v ) 1
€f§w;WJ(# )(p(x)efw“”‘](“ ) _ go(m) _ %wMV[J(MV)7 (p(x)] — (p(g;) + §w“” (x“@” . ;1;”8“) go(:v) ,
(4.114)
and also

— i 7(pv) o 1 v v
P(A ) = () = ST 152 () = () = g (@70 —20) p(x).  (4.115)

The operators P, and J () are therefore the Hermitian generators of translations and Lorentz
transformations, and we have explicitly built the represention of the Poincaré group in terms of
field operators.

4.2.4 Additive charges and complex scalar fields

Even within the setting of scalar particles, the formalism developed above is rather limited. In
fact, Hermitian scalar fields do not allow to describe particles which possess additive quantum
numbers. Suppose that we want to describe particles which are eigenstates of some conserved
Hermitian charge operator @), with

Qlp1, .-, PNn) = Nqlpy, .., PN}, (4.116)

for some ¢ € R, and Q|0) = 0. Then for any basis vector we find

Qa(ﬁ)”ﬁlu 7ﬁN> = Q|ﬁ’ﬁla 7ﬁN> = (N+ ]-)qu;"ﬁlu . 7ﬁN>

4.117
= (N +0ga(@)! B, v) = {[Q.alp)!] + Naa(@)'} 1, ., 5) A
which implies
Q,a(@)1] = qa(@)',  [Q a(p)] = —qa(@). (4.118)
This implies for the commutator of a Hermitian scalar field with @
(@ p(2)] = [Q, o1 () + - (2)] = —qle+ () — - (2)] = —qp(z) . (4.119)

If our observables are built out of ¢(x), and contain also @, we are forced to introduce also
@(x) in our algebra of observables: for example, if the Hamiltonian were built out of ¢ and its
derivatives only, H = H|p, dp], then [Q, H] would contain ¢ as well, and it could hardly vanish,
as it should for a conserved charge. On the other hand, while @(z) is by itself a perfectly good
causal field, it cannot be used together with ¢(x) without leading to violations of microcausality.
The only consistent way to have a Hermitian scalar field and a charge operator is then that ¢ = 0.
On the other hand we know that particles with charges exist in Nature, so we have to find some
nontrivial way out.

This is actually not that complicated. For suppose that a second set of creation and annihi-
lation operators exist, which satisfy the same commutator algebra as the a and a! and commute
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with these. More precisely, let b(p’ )T and b(p') be respectively creation and annihilation operators
satisfying

[b(7),b(7)"] = (2m)32p°63) (5 — 7)
[b(7),b(q)] = [b(D)!,b(q)T] =0, (4.120)
[a(p),b(q)] = [a(p), b(q)] = [a(p)",b(7)] = [a(F)",b(7)T] =0,

where p’ = /p? + m? with the same mass m appearing in the commutation relations of a and
a', and furthermore such that

[Q.b(7)T] = —gb(7)",  [Q.b(D)] = qb(P). (4.121)

We can now build a complex scalar field,

p(z) = / sy, {a(ﬁ)e*ip"” - b(ﬁ)Tei’"x} : (4.122)
which satisfies the simple commutation relation

[Q,¢(2)] = —gp(x). (4.123)

Notice that now ¢(z) # ¢(x)T, but it still obeys the KG equation, (O 4+ m?)¢ = 0. Therefore,
if () is causal there is no problem with having it together with the charge operator Q.

To show that microcausality is respected we have to compute various commutation relations.
We easily find that

[o(x),0(y)] = [e(2)T,0(y)T] =0, (4.124)

for all x and y, since no nontrivial commutators of creation and annihilation operators are
involved. Similarly, one shows that

Do (@), Bop(y)] = [Bop ()", dow ()] = [e(x), doe(y)] = [o(2)T, Bop(y)T] = 0. (4.125)

Next

(o(a)o)l] = [ a9, [0, { = la@)al@)] - <0 b))

(4.126)
= /de {efip-(wfy) _ eip-(rfy)} =Az—y)— Aly— 1),
and thus we already know that for spacelike separations (z — y)2 <0
[o(x), 0(y)f] = 0. (4.127)

The next one to check is
Do (), Dosp(y) '] = / do, / a9 poao {7 [a(7), a(3)1] — € PTII[b(), b(5)1]}
= / a, pf { @) — o0k = 900,0[A( — y) — Aly - 2)],

(4.128)
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which is the 00 component of a rank-2 tensor. Its value is therefore determined by covariance
after we evaluate it in one reference frame. For spacelike separations we can choose to have
2° = 40, in which case

o (), Bop(y) e = / dQ, pf {PFED — mPED L — . (4.129)
There is only one commutator left to check, namely
(), doply / a0 / a9y igo {1 a(F), a(@)1] + TV b(7), b(7) ]}
Zi/dﬂppo{ “ipley) 4 et (e y)} OyolA(z —y) + Ay — 2)],

which is the 0 component of a Lorentz four-vector. For spacelike separations we evaluate it in
the frame where 2 = 4° and find

(p(a). O0p(w) g = 1 [ dypo {7 4 FET) 350z ), (4.131)

which vanishes for Z # ¥, and thus by covariance it vanishes for any (z — 3)? < 0. By taking
the Hermitian conjugate of Eq. (4.131) we also find

[o(x)", Boe(y)]er = i) (ZF — 7). (4.132)

Commutators involving spatial derivatives and higher-order time derivatives can be dealt with
in the same way we did in the case of a hermitian scalar field. This completes the proof that
o(x) is a causal field.

The field ¢(x) describes not one, but two particles with the same mass and opposite charges:
these are a particle and its corresponding antiparticle. The concept of antiparticles emerges
quite naturally in the framework of QFT, as they are needed to avoid troubles with causality
whenever some (nontrivial) additive quantum number can be assigned to particles.

At this point one can develop the Hamiltonian and the Lagrangian formalism by constructing
first the particle Hamiltonian in terms of creation and annihilation operators,

i = [ a9, {a(p)'as) + 45)1(5) | (4.133)

expressing this in terms of fields, and finally performing a Legendre transform to obtain the
Lagrangian. To make it quicker we proceed here backwards, guessing the Lagrangian and then
going over to the Hamiltonian, and finally showing that we obtain Eq. (4.133). The appropriate
classical Lagrangian is easily seen to be

L = 000" " —mPppl (4.134)

which by the usual action principle applied treating ¢ and ¢! as independent variables (corre-
sponding to independent real and imaginary parts of the complex field ¢) yields the expected
equations of motion,

(@+m)p=(O+m?)el =0, (4.135)
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i.e., the KG equation. The conjugated momenta read
Ty = ool =7, Tt = Oop = 7Tj0 =, (4.136)
Canonical quantisation requires that we impose the equal time commutation relations
[ (@)t 7 () er = i6®) (@ - 7),

[o(x), e(W)]eT = [0(2), (1) ET = [0(2)T, (1) ]ET = 0, (4.137)
[7(x), 7(y)]er = [7(2), 7(y) ]er = [r(2)T, 7(y)]er = 0.
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Solving the equations of motion by means of a Fourier transform we find
p(x) = / Ay {a(ﬁ Je T+ b(p )Tem} (4.138)

for yet unspecified operator-valued coefficients a(p’) and b(p)!. Expressing the canonical com-
mutation relations in terms of these via the relations

a(p) = / PrePribyp(a),  a(f) = / Pz e (—id)ela)

. - (4.139)

0p) = [ derridpla), ) = [dae e -id)e),
we see that they must satisfy the commutation relations Eq. (4.120), i.e., we get back the complex
scalar field we wanted. The Hamiltonian is obtained via Legendre transform as

H = /dgx cw(z)m(z)t + VoVl + m2epf (4.140)

where we have already imposed normal ordering to take care of a divergent contribution (and also
to settle the issue of ordering ambiguities). It is then straightforward to show that Eq. (4.140)
coincides with Eq. (4.133) when expressed in terms of creation and annihilation operators. The
Noether current associated with the translation invariance of the Lagrangian Eq. (4.134) reads

0L ., 0%
"o+

oM =: _—
8((%@) a(ﬁud)

ot = L = (@) (@) + O (@) () L

(4.141)
where by normal ordering we have modified the classical expression by an irrelevant (although
infinite) constant. The associated Noether charges P* = [ d3z ©% are then

PO = /d?’x : Dop(x)Bp(2)T + VoVl +mlept == H
pi— / Br: @)V p(z) + Pp(z) Do) : (4.142)

= —/d3:c s 7(2)d;0(x)T + m(x)0j0(x) -

It is again straightforward to show that
P = [0, {a()lats) +45)1(5) } (1.143)
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One immediately proves that P* are precisely the generators of translations (in doing so, the
normal ordering of fields can be ignored in commutators since it just amounts to a constant
shift). The construction of the Lorentz generators via Noether’s theorem proceeds in a similar
way, and the same result Eq. (4.110) is obtained [with ©*” given now by Eq. (4.141)].

The Lagrangian Eq. (4.134) possesses a new symmetry under the U(1) transformation

0 — %, ol — el (4.144)
with real, z-independent «. The infinitesimal form of the transformation is
dx =0, dp =i, Sl = —ipl, (4.145)
from which the associated Noether current is obtained:
T =izt (4.146)

Expressing the associated Noether charge in terms of creation and annihilation operators we
find

Q= [@er =isglnt ~mpim [ a0, {ap)la@) @) @)} @)
which is a Hermitian operator. The following commutation relations then follow:

Q. 0(x)] = —p(z),  [Q @) =),
[Q.a(@)=a@)’,  [Qb@)]=-bF).

The charge @ is then precisely an additive conserved charge of the type that motivated the
introduction of the complex scalar field in the first place. Although the complex scalar field
can be seen as a combination of two real fields, ¢ = 1 + g2, the creation and annihilation
operators corresponding to 12 do not transform simply under U(1), which means that the
associated particles are not charge eigenstates.

(4.148)

4.2.5 Discrete symmetries

Let us now discuss the effect of discrete symmetries on scalar fields, focussing on parity and
charge conjugation.

If parity is a symmetry of our theory, it can be implemented on the Hilbert space of states as
a unitary operator U(P) (unitarity rather than antiunitarity is required to avoid negative-energy
states). Assuming that it commutes with @, it can be implemented via [see Eq. (3.112)]

U(P)a(p)'U(P)" = na(—p)T,

U(PYE) TP = b(—5)! (4149)

having imposed U(P)|0) = |0).3! Here 1,71’ are phase factors, i.e., the intrinsic parities of the
particles. Making simple manipulations of Eq. (4.149) we can then obtain the transformation

31 The assumed unicity of the vacuum state, combined with its invariance under Poincaré transformations,
implies that U(P)|0) = U(P)U(A)|0) = U(P)U(A)U(P)TU(P)|0) = U(PAP~")U(P)|0), and similarly U(P)|0) =
U(P)U(a)|0) = U(P)U(a)U(P)IU(P)|0) = U(Pa)U(P)|0), i.e., U(P)|0) is invariant and thus must be equal to
|0) up to a phase. Redefining U(P) we can set this phase to 0.
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law for the scalar field,
UP) @)U (P) = [ d, {na(-p)e 7 + b(-p) e

(4.150)

= [ ds, {al@)e ") 1 i) P i)}

To avoid problems with causality we cannot have in our theory a second field with a phase

relation between its positive and negative frequency parts differing from the one we have for ¢,
and this requires that we have

m’ =1, (4.151)

if a quantum field theory is to describe Nature. We then obtain the simple transformation law

U(P)o(x)U(P) = np(Px). (4.152)

For a Hermitian scalar field we have a single type of particle, and we conclude that n? = 1, i.e.,
n = +£1.

Having now two types of particles, we can consider a transformation that exchanges their

roles, called charge conjugation. In case this is a symmetry, it can be implemented via a unitary

operator U(C') on the Hilbert space of states (the unitary choice being made again to avoid
negative-energy states). We then have

u(e)
u(c)

p) =&lp), (4.153)
p)=¢10),

where ) denote the momentum eigenstates of the antiparticle. Again, we set U(C)|0) = |0)
(see footnote 31). We then obtain the transformation laws for creation operators

U(C)a@)UC) = ()",

UEBE) ) = fa(p)! 154

and from this we can work out the transformation law for the field. Simple manipulations yield

U(C)Tsp(m)U(C> = /de {é‘lb(ﬁ)e—ipaj n §*a(ﬁ)Teip'x}

t (4.155)
¢ { [ a9, {a@re e+ <ss’>*b<ﬁ>*em}} .
In order to avoid problems with causality we have to impose
€ =1, (4.156)

if a quantum field theory is to describe Nature. We then obtain the simple transformation law
UC)Tp(2)U(C) = & p(x)t. (4.157)

For a Hermitian scalar field we have a single type of particle, which is then said to be self-
conjugate. As such, a self-conjugate particle cannot have any nonzero value for a conserved
charge; moreover, it must be €2 =1, i.e., £ = £1.

This concludes our discussion of scalar fields. We now move on to the more complicated case
of spin %
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5 Spin—% particles and Dirac fields

It is an experimental fact that spin—% particles obey Fermi-Dirac statistics, i.e., their state vectors
change sign under the exchange of the quantum numbers of any two such particles. Starting from
single-particle states |ps), where s = :l:% is the value of the spin in a given particular direction,
which we take to be direction 3, we can build the Fock space of such particles in analogy to the
scalar case, taking the N-fold tensor product of single-particle states and antisymmetrising with

respect to the momenta,
P11, - -, PNSN) = Z(—l)ap [Pp(1)SP(1)) @ - - - @ [PP(v)SP()) - (5.1)
P

Here op is the signature of permutation P, i.e., the number of transpositions required to obtain
P modulo 2. The vacuum state |0) is also included. In this way

1515+, DNSN) = (=1)7P [Pp(1)Sp(1)s - - - » PP(N)SP(N)) - (5.2)
The normalisation of multiparticle states is again inherited form the single particle normalisation,
(7's'|s) = 05(2m)°2p°0 ) (5 — 7). (5.3)
and reads
N
(18t DrrshelPrse, . Pnsn) = un Y _(=1) H s, (2m)22p56C) (B sy — 75) - (5.4)

Transformation properties under symmetry transformations also follow from the single-particle
properties. The vacuum state |0) is taken to be invariant under any symmetry transformation,
and the only such state.

In full analogy with the scalar case we set up the formalism of creation and annihilation
operators. We define the creation operator bs(f)T, creating a particle of momentum p and third
component of the spin s as

bs(P) P11, .., DNSN) = |P5, D181, - - -, DNSN) - (5.5)

Notice that the position where we place the quantum numbers of the new particle do matter now,
as minus signs pop up under permutations. The adjoint operator bs(p), i.e., the annihilation
operator, removes a particle from a state vector. By definition of the adjoint

. . . . — (U~ . 2= i
(bs(mqlpl/s’l,,..,pj’ws’Ma \ijlsl,...,pNsN) = (\I]pl’sll,...,pjlwshﬂ bs(p) \ij151,...,pNSN)
= (Up1st iy Yosprsy, s

M

=5M,N+1Z(—1)UP53%( s(2m)32p°6 ¥ (5 H S ey St (2m)2p00 ) (B 1y — Pr—1)

= dM,N+1 Z 1)~ 15 (2m)*2p°6 @) (5] — ) D _(—1)7" H 5S%j(k>5k71 (2m)*2p6%) (5 Pi(k) ~ Pr-1
k=2

P;

M
Z J 1 (27 32]305( )( P)(‘I/pl S ey Sy \B s Uhis1,pnsn) s

(5.6)
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where P; is a permutation of 2,..., M such that P;(k) # j, and where s 51 18

Do Pas Sy \Pj s

obtained from the state e s, by removing the particle with momentum pj and SleH] 8-
Here we have written a generic permutatlon P uniquely as the product of j — 1 transpositions
that shift j = P(1) to first position, times a permutation P;. The sum over permutations
is then the sum over the assignment j = P(1) and over the permutations P; for a given j.
The signature of P is the signature of P; plus that of the product of transpositions, and so

(=1)°P = (=1)/=1(=1)%s. We then conclude

bs(P)|P151, - - -, PNSN) =

5.7
(1)~ 155 s(2m)32p°6® (P — D)|P151, - -y Dj—15j—1,Dj+15j41 - - - DNSN) - (5.7

'MZ

Jj=1

It is now straightforward to compute the anticommutators of creation and annihilation operators:
the calculation is the same as in the scalar case, except that now there are minus signs to be
taken into account. We find

{bs(ﬁ)v bs’((j)T} = 655’(2 ) 05(3) (p (D
{05(P),bs (@)} = {bs(D)', b5 (DT} = 0.

The Hamiltonian and the total momentum operators are also defined straightforwardly as

(5.8)

P = [ a0 @05, (5.9)

and making use of Egs. (5.5) and (5.7) one finds

PHpist, ..., DNsN) = ij D151, ..., DNSN) - (5.10)

From the point of view of the Fock space construction, everything is the same as in the scalar case,
except that the creation and annihilation operators satisfy now anticommutation rather than
commutation relations. While the transformation properties of the creation and annihilation
operators, as obtained from those of the states (using also the invariance of the vacuum), are the
same as for scalars for translations, they differ from the scalar case for Lorentz transformations,

and read .
U (a)bs(p)TU ()T = e~ (@T

UV = 32 W) (511)

Here we focus on massive particles. Here W(A,p) is the Wigner rotation associated to A and
D, and 2() is the spin—% representation of SO(3), which is the relevant little group for massive
representations.

5.1 The Dirac field

We now want to trade the creation and annihilation operators for a local field, subject to a few
requirements. First of all, we should be able to get back the creation and annihilation operators
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from the field, so that the two formalisms are equivalent. Next, we want the field to have simple
transformation properties under transformations of the Poincaré group, so that it will be easy to
construct interactions that satisfy Poincaré invariance. Finally, we want the fields to obey some
form of microcausality, so that we can build local observables out of them that will commute
for spacelike separations. We consider the more general case of charged particles, which we have
seen in the scalar case to require the existence of particle/antiparticle pairs. We then introduce
a second set of creation and annihilation operators satisfying the anticommutation relations

{ds(ﬁ)ad (_jT} - 535 (27T) 2]905 ( - (D
{ds(P), ds (@)} = {ds(P)T, dsr (@)1} = 0, (5.12)
{05(P), dor (@)} = {b5(P), dor (DT} = {bs(P)T, dor (@)} = {b5(P)T, dsr ()T} = 0,

and transforming as follows under Poincaré transformations,
U(a)ds(7)U(a )T = e P, (@T

U(A)da(7) T (A) Z@ss s (5.13)

We then look for fields of the form
1= [ a3 (v on + Vi 26} (5.14)

where U and Vy are (possibly multicomponent) coefficients yet to be determined. Notice that
they can be extracted by taking matrix elements of the field between the vacuum and one particle
states,

01y (x)|ps) = Us(p,x),  (Psv(x)|0) = Vi(p,z), (5.15)
where |ps) are particle states and |ps) are antiparticle states. The request of simple transforma-
tion properties is formulated as follows, as appropriate for fields,

U(a)'¥(2)U(a) = ¢(x +a),
UM "(2)U(A) = S(A)w(A'e),

where S(A) is some matrix providing a representation of the proper orthocronous Lorentz
group.?? Such a representation is not necessarily irreducible, and certainly it will not be unitary
if it is to be finite-dimensional. Using (manipulations of) Egs. (5.11) and (5.13) we find

U (a)T4()U( /dQ Z{ e~ (5) + Vi(P, x)e iﬁ-ads(mf}

(5.16)

(5.17)
—da+a) = [ dn, Z{ o +a >s<m+m<m+a>ds<m*},

where the last equality stands actually for the condition we have to impose. Using Eq. (5.15)
we then find . -
Us(p,z) = Us(P, 0)e™* = us(p)e™ ",

Vi(p, ) = Vi(5,0)eP® = v,(p)e'?™..

32We could ask for different transformation properties, but if we can get a formalism equivalent to the cre-
ation/annihilation operator formalism using object that can be easily combined to form Poncaré invariant inter-
actions, why bother?

(5.18)
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To study the effect of Lorentz transformation, we first derive a property of the matrices 4. By
definition

U(Aap)TUMU(A)|0,0) = UW(A,§))[0,0) = Z5a(W(A, 9))[0,5)
[U(Anp)TUMU(A)]'0,0) = U(A,) UM TU (A >\o o) = UW(A,AR))|0,0)  (5.19)
= D55 (W (A~ L Ap)) yo ay,

from which it follows
10,0) = U(Aap) UM (M) [U (Anp)TU(M)U (A)]T]0, 0)
= oo (W (AT, AD))U (Ap) U (AU (Ay)]0,5) (5.20)
= Doo(W(A™, AD) Z55(W (A, 1))[0,5) ,

and so
Dos(W (A, 7)) Doo(W (A, AP)) = 050 => 2(W (A, ) 2(W (A, Ap)) = 1, (5.21)

or equivalently, since 2(W (A,p))~' = 2(W (A, p))T due to unitarity of the representation,
GW (AL, AP)) = 2(0W (A, P)) = 2(W(A,A1p) = 2(W (AL, p)T. (5.22)

This identity allows us to recast the transformation laws under Lorentz transformation in
Egs. (5.11) and (5.13) as follows,

U( Tb ﬁ)U Z@ss Ailﬁ))bg(Ailﬁ%
(5.23)
UM dl(@U (A Z%s A ATP)ds (AT
from which we can determine the transformation law of the field,
U (M) (2)U( /dQZ{ D)) us(P)e P s (A1)
A VA e
Cip A1z 5.24
- [ as, 3 {2 v myuame (5:24)
+ 9% *<W<A,mvs(Aﬁ)ew‘lwds@T}
= S(A)p(A ),
which then leads us to require
Aus(p) = Z% A, p))us(AR)
(5.25)

=D 22 (W (A, 5))ve(AB)
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This leads us to look for representations S(A) that contain spin—% representations among their
irreducible components. There are two cases in which Eq. (5.25) looks simpler. If we take p'= 0
and A = A, a pure boost sending 0 to p, we have by construction that W (A,0) =1 is just the

1 -
identity, and so @g(ﬁ)(W(Ap,O)) = dg5s. Then

S(Ap)us(0) = us(7)
S(Ap)vs(0) = vs(7) -

Moreover, if we take again 5 =0 and A = R a rotation, we have that W(R, 6) = R,33 and so
R)ug(0) Z 935
R = 298 ),

i.e., us(0) and vs(0) have to provide a basis for the Spln-* representation of the rotation group

(5.26)

(5.27)

@g(s% )(R) and the correspondlng complex conjugate representation.?* Once we have found some
S(A) and u4(0) and v,(0) satisfying Eq. (5.27), defining u,(7) and vs(7) via Eq. (5.26) implies
that Eq. (5.25) will be satisfied, thanks to the fact that S(A) provides a representation of the
Lorentz group: indeed,

S(A)us(F) = S(N)S(Ap)us(0) = S(Anp)S(Aap)  S(A)S(Ap)us(0)
— S(Anp) S(AR AN us(0) = S(Anp) SOV (A, 7))y (0) = S 252 (W (A, ) us(AR)

S(A)vs () = S(A)S(Ap)vs(0) = S(Arp)S(Anp)  S(A)S (Ao, (D)
— S(Anp)SATIAN )0 (B) = S(Ax)S(W (A, 7))us(0) = 3" 242" (W (A, 7))us(A7)

(5.28)
Let us now look for an appropriate S(A). As we said above, this must contain the spin—% rep-
resentation of the rotation group among its irreducible components. In general, the irreducible
representations of the proper orthocronous Lorentz group are classified by two half-integers
( Ity 7 ) labelling the irreducible representations of the two sets of SU(2) generators J.. Since
J = J+ + J_, the irreducible representation of the Lorentz group can be decomposed into ir-
reducible representations of the rotation group (which will not be irreducible representations of
the Lorentz group!), with spin ranging in j = j+ +j—,j+ +j- — 1,..., |7+ — j—|. The simplest
irreducible representations Containing j= % are then the two inequivalent two-dimensional rep-
resentations (%,O) and (0, ) However, we are also interested in representing parity, and since
under parity J— Jand K — K we have that Ji — J;, and so the two representations are
interchanged, (3,0) <+ (3,0). If we want to represent parity we have therefore to use both, and

we will take S (A) to belong to the direct sum (3,0) & (3,0), which is a four-dimensional rep-

resentation not irreducible under the proper orthocronous Lorentz group, but irreducible under

33We have in general that W (R, ) = A lRAp —AR;RA R'R=Aj 1ARZ,R R.
34These representations are different but not inequivalent, as for any matrix U € SU(2) one has U* =
(—io2)U (io2).
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this group and parity. The generators in the (%, 0) and (%, 0) representations read

1 - a > - 7 - 0
(2,()) J+—§, Jf—O, J_§7 K——ZE
) B N . (5.29)
= = o = o — o
—_ . _= = - = — K: '—‘
(0,2) Te=0. =5, J=3. i5

[NIST)

® o

[VIST

i0-2 o6
S(R) = (60 e?) 5(3):( o ) . (5.30)

wi® = (). wo - (1), (5.31)

X2s >~(25

Setting

where x;s and X;s are two-component spinors, Eq. (5.27) reads

¢ixas) _ (c7%) <Xls> " (e%) <><1> . (5.32)
e % xos s \X25) %% Yo ss \X25
Considering infinitesimal rotations we find
OkX1s X1s
= \0O — s

(akXQS) ( k)ss <X25> (5.33)
OkX1s * X15 X15 '

N =— (o). | ~ = (090k09) .. | = :
<UkX23) (@35 (X23> (0204025, (X23>

Writing explicitly all the indices, the two-component spinors read Xjms and Xjms with m =1, 2.
We can then treat x; and x; as 2 x 2 matrices. In this notation Eq. (5.33) reads

[STRNIET

OkXj = XjOk = ok, Xj] =0, (5.34)
OkXj = XjO20k02 = [0k, Xjio2] =0,

From this it follows by Schur’s lemma (and also by direct calculation) that x; and x;io2 must
all be multiples of 1o,

(1o )=ate, (%[ %os ) =d(-ioa). (5.35)

We conclude that o
M [ CWs M [ CWs

us(0) = <a2ws> , vs(0) = <~ . ) , (5.36)

where the orthonormal sets ws and w; are given by

wy = (é) W3 T (?) ’ (5.37)



-,

Eqs. (5.36) and (5.37) correspond to the fact that the coefficients us(0) and v,(0) are associated
to the annihilation (resp. creation) operator for a particle (resp. antiparticle) at rest with of
third component of the angular momentum (i.e., spin since the particle is at rest) equal to s.
The properties of wy and ws are summarised here:

1 T T
O3Wg = (*1)2 Ws Wy Ws = Og/s g WsWy = 1o,

) ° (5.38)
o3y = —(~1)F %Wy, Wy =Gy, Y W, = 1a,

We = —102Wy . (5.39)

5.1.1 Parity

So far the coefficients a;j; and ;s are undetermined, and the two sets W, and ws are unrelated.
To make progress, we have now to consider representing parity. If parity is a symmetry, we can
represent it unitarily on the space of states. For the creation operators we then have

. , 4 (5.40)
U(P)ds(p) U(P) = ds(_p) >
for appropriate phases n and 7. A little manipulation leads to
U(P)4(x)U(P) = / a2 ) {%(ﬁ)e—mnbs(@ + vs<p*)e“"zn’ds<ﬁf}
° (5.41)

= n/dﬂpz {“s(—ﬁ)e‘ip'bes(ﬁ) + (nn’)*vs(—ﬁ)eip'des(@T}'

In order to have simple transformation properties under parity, we ask that this field be a linear
combination of the components of ¢(z). In this way we will be sure that we will avoid problems
with causality, once that we have imposed the microcausality condition on v (z). We then set

us(=p) = Pus(p),  (m)"vs(=p) = Pus(p) , (5.42)

for some matrix P, so that
U(P)'¢(x)U(P) = nPy(Px). (5.43)

Applying parity twice we obtain the identity
[U(P) Py (2)[U(P)? =1 PPy(a) =

— 772/de2 {us(ﬁ)e—ip'xbs(m + [(nn/)*]ZUS(ﬁ)eip.xds(ﬁ)T} . (544)

The right-hand side differs from ¢ (z) by a proportionality constant and by the possibly different
phase of the positive and negative frequency parts. This would however lead to problems with
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causality as in the case of the scalar field. Invoking microcausality, we then need to have
(n')? = 1, so that also P? = 1, and moreover (') = £1. Eq. (5.42) then becomes

us(—p) = Pus(p), cvs(—p) = Pus(p) , (5.45)

where ¢ = nn’ is a yet undetermined sign. The transformation properties of the generators of
rotations and boosts under parity imply that [P,.J] = {P, K} = 0, which together with P2 =1

lead to the general form
P= ( 02 “12> 7 (5.46)
0

and moreover to

Pug(F) = PS(A,) P~ Pug(0) = S(A_,) Pus(0) = S(A_,)us(0),

. 3 5 . o (5.47)
Pus(p) = PS(A,)P ' Pug(0) = S(A_p)Pus(0) = ¢S(A_p)vs(0)
which is equivalent to
Pug(0) =us(0), Pvs(0) = cug(0). (5.48)
Since it is possible to rescale the basis vectors via M = diag(n%, m_%) while leaving J and K

unchanged, we can set without loss of generality

_ (02 12\ _ o
P_(12 02> =40, (5.49)

where we have introduced a new notation that will become useful in the following. From now
on we will drop the subscript 2. Combining Eqgs. (5.47) and (5.49) with Eq. (5.36) we find that

us(0) = ny <“’) . us(0) = ny (w> : (5.50)

W CWg

where n,, are normalisation factors.

5.1.2 Causality

We have now exploited all the symmetry requirements of Poincaré invariance. To fix the values
of ¢ and of the normalisation factors n,, we have now to impose microcausality. In doing this, we
will pretend not to know that the creation and annihilation operators satisfy anticommutation
relations, instead of commutation relations as in the scalar case: as a matter of fact we have
made no use of this property so far. We will see that the requirement of causality imposes the
use of anticommutation relations.

In preparation for this task, we study here a few properties of the matrices S(A). It is clear
from Eq. (5.30) and (5.49) that the following relations hold:

S(R) = S(R)™, S(B)' = S(B), (5.51)
1’S(R)’ = S(R), ’8(B)’ = 8(B)™, '
which can be combined in the compact form
PS(A)H = 5(A)7, (5.52)
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and which also show that

5.53
S(B)’S(B)~ = 8(B)S(B)!Y’ = S(B)*y" = S(B*)y° (5:53)
A simple calculation shows that (6 = |©|6 = ©0)
) ©. (& 0
S(B) = cosh — 5 + sinh 5@ (0 _&> , (5.54)
from which it follows
S(B)Y°S(B)~! = cosh©® — sinh ©6 - (g _OU> = cosh© — sinh OO - 7, (5.55)
where we have introduced the matrices
- 0 —&

Taking B = A,, i.e., a boost in the direction of p sending 0 to p, we have to set 6 = D,
msinh © = ||, mcosh® = p° = \/p2 + m?2, and we obtain

S(pmA S (Ap) ™ = S(AAS(A) ! = pur, (5.57)
where k#* = (m,0). The first equation in Eq. (5.53) reads in the same notation
S(R)k,A"S(R)™! = k™. (5.58)

We now combine these two results to show that for a general (proper orthocronous) Lorentz
transformation A we have

S(A)py*S(A)~H = S(A)S(Ap) kv S(Ap)~HS(A)
= S(Aap)S(A AN,k AS(A 1AA) LS(App) ™
P ) . (5.59)
= S(App)S(W(A,p)) W“S( (A, p))" " S(Aap)
S(AAp)ku MS(AAP) = (Ap)uﬂy“,

where we used the fact that W (A, p) is a rotation. Since (Ap), " = p, A AH = pl,A_lylﬂ“, and
since Eq. (5.59) holds for any timelike p, we find®

S(A)YS(A)F = AT A7 (5.60)

This shows that the matrices y* transform like a vector, S(A)~*y*S(A) = A¥, 47, as anticipated
by the notation. These are the Dirac gamma matrices, which are seen to satisfy the following
anticommutation relations,

{7} =29, (5.61)

35Use first p* = (m,0) to show that S(A)’yOS(/_\)f1 = A"'°,4". Then subtracting p” times this relation from
this from Eq. (5.59) we find S(A)p- 7S(A)™ = p7A~Y ~¥ for any spatial p.
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which define a Clifford algebra. Before proceeding we mention another couple of properties of
these matrices. The matrix 4 is Hermitian, while the matrices 7 are anti-Hermitian. Moreover,
/%13 are real and 42 is purely imaginary. Making use of Eq. (5.61), this can be summarised as

P =209, A = (5.62)
These identities will be useful later.

We are now ready to investigate microcausality. We will denote with [, |+ = {, } the
anticommutator and with [, |- = [, ] the commutator, and we will assume that the creation
and annihilation operators satisfy only one of the two sets of relations

[bs (), bt (D] = 605 (2m)2p°0 P (7= @), (), dor (D] —5ss(27f)2p05 P—a,

(5.63)
[bs(5), b (D)) £ = [ds(P), der ()] = [bs(7), der (D))= = [bs(F), e (P)T] 2 =

No matter which of the two sets we choose, it is clear that we will have [¢)(z), 1 (y)]+ = 0 for all
x,1y. Consider instead the non-trivial quantity

i) b)) = [0, [0, [u@)e b (@) + @) d @),

g (@) €Ty () + 00 (@) ey ()]

/dQ Z {us 7Y e @) 10 (7) S(ﬁ)Teip(x—y)}

- / Sy, S(Ap) > {us(ﬁ)us(ﬁﬂem(w) + vy (0)v, (0) e (@) }S(A,,)T :

(5.64)
From Eq. (5.50) we find

T
= wew!  wew
Zus (0)us(0) = |ny|? Z < LT ?) = |n,2(1 +4°),

fwsfws WsWg

RTIe R nl
> vs(0)vs(0) = || Z( " 8f>=lnvl2(1+cv°),

- CWsWs WsWg

(5.65)

where we have used the completeness of the sets ws and ws. We then obtain

[W(z), ¥(y)')= /dQ S(A ){Inu\ (1477 & n, 21 +cvo)eip'(zy)}5(1\p)*-
(5.66)
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Using Eqs. (5.51)-(5.55) we can recast this as (A = 4,y*)
[w(x),%b(y)T]i — /de {|nu|2 (Z’i + 1) e~ (z—y) 1 |nv|2 (Z; + C) eip(r—y)},yo

— 2670/ {’nu|2 —ip-(z—y) ’nv|2€ip-(xy)}
m

'yo/de {|nu\26_ip'(x_y) + c[nv|26ip'(x_y)} (5.67)
]
L A -0 F A - )

+wﬁmfA@—midmﬁA@—@}.

The function A(x —y) is invariant under Lorentz transformations. For spacelike separations we
can then evaluate it in the frame where the two events x and y are at equal times, which shows
that for (x —y)? < 0 we have A(z —y) = A(y —x). As a consequence, the first of the two terms
in the last two lines of Eq. (5.67) is odd under x < y, while the second one is even, so they have
to vanish separately. We then obtain the following constraints:

|”U|2 + |nv‘2 =0,

5.68
Inu|? % cn,|> = 0. (5.68)

These can be satisfied only if we choose the upper sign, i.e., anticommutation relations, and
furthermore
|| = Inyl, c=—1. (5.69)

The phases of n,, and n, can both be chosen equal to 0 without loss of generality (any non-trivial
phase can be absorbed in a redefinition of one-particle state by an irrelevant phase), and the

overall scale can be set at our convenience; we choose n, = n, = /m. The condition ¢ = —1
implies that the product of intrinsic parities nn’ = —1, differently from the scalar case.
In conclusion, we find
{9(2), ¢(y)1} = (i@ +m) [Alz —y) — Aly — 2)]. (5.70)

This can be evaluated explicitly at equal times 20 = 3 to give
{¢($%¢myﬂ}ET::@$F"UVO/lK%( Ty (o))
/ p (P +m)e —ip-(z—y) | = m)e? (@=v)]40
/dQ e~ P @Y 4 g (T)) 4 a0 (e (EmY) _ i (zmy))y) (5.71)
+ 7 57° (e —ip-(z—y) +eip-(w*y))] — /de onefip-(:v*y)

=6z - 7).

Obviously, equal-time anticommutators between any amount of spatial derivatives of fields will
still vanish (for Z # ¢). The analysis of anticommutators involving temporal derivatives is made
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easier by the following observations. The relations Eq.

YOug(0) = us(0), AOus(
imply that [multiply on the left by mS(Ay)]

5.48), which we write now as

(
0)=—vs(0), (5.72)

mus(p) = S(Ap)m’YOS(Ap)_IUS(ﬁ> = }ﬁus(ﬁ) )
. 0 1o . (5.73)

—mus(p) = S(Ap)my"S(Ap) " vs(p) = ]ﬁvs(p) )
- (p—m)us(@) =0, (p+m)uy(F) =0. (5.74)
The functions Uy (p, ) = us(p)e P* ad Vi(p,z) = vs(p)e* are then solutions of the equation
(i@ — m)Us(p, %) = (i — m)Vs(p,2) = 0, (5.75)

with positive and negative energy, respectively. The field ¢(z) obeys therefore the Dirac equa-
tion,
(id — m)y(x) =0. (5.76)
This automatically guarantees that anticommutators invoving temporal derivatives of the field
will vanish for spacelike separations. Applying the operator (—i@—m) on the left, and exploiting
the identity A = A, A"y = LA, A, {v",7"} = A, A" we find that 1(z) satisfies also the KG
equation, (O + m?)y(x) = 0, as appropriate for a field describing particles of mass m.
Let us now collect a few results concerning the Dirac bispinors us(p) and vg(p). With our
choice of normalisation we have wuy (0)u,(0) = vy (0)Tv,(0) = 2mdys. Moreover, uy (0) v, (0) =
vy (0)us (0) = 0 since they are eigenvectors of 4° with different eigenvalues. For nonzero f, using

Eq. (5.54) and the relations % = cosh©® = 2cosh? £ — 1 and sinh § =y /cosh? € — 1 we find

P +m 1+ 0+m Ws vs(F) = PP+ m <1 + °+m> s (5.77)
7 ) s = = . .
2 7 ) w, 2 \-(1-£%)

us(p') =

The equations 72us(0) = u4(0) and ~0v,(5) = —vs( ) become at finite p

—

7 us(7) = 71°S(Ap)us(0)7°5 (Ap)7 "7 us(0) = S(Ap)” 1us(O) = S(A—p)us(0) = us(~p),
0 p)vs(0) =

70us () = 7S (Ap)s(0)7°S(Ap)7°7 vs(0) = —S(A )"10s(0) = 5 = (A—p)us(0) = —vs(—7),
(5.78)
as they should. Let us introduce the notation #s(7) = us(5)7°. These quantities satisfy the
equations

@s(F)(p —m) = us(5)' (p — m)y"r° = g
Ts(0)(p +m) = vs(F) 7 (p + m)y"7° = [T+ m)y v (0)]T° = [(p + m)ws ()] =

We have the normalisation conditions
U (7 )us(F) = uy (F) 17 us (F) = 1y (0)1S(Ap)110S(Ap)us(0)

= uy (0)T1°S(Ap) 1S (Ap)us(0) = ug (0) 1 us (0) = g (0)Tus(0) = 2mdys ,
Uy (5)0s(F) = vy (F) 7 0s(5) = v (0)TS(A,) 170 S (Ap)vs(0)
= vy (0)17°S(Ap) 1S (Ap)s(0) = vy (0) 1 v5(0) = —vy (0)T05(0) = —2mdys



The same kind of calculation leads to

=, —, =,

g (7)vs(F) = ug (0)17%05(0) = £uy (0)'05(0) = 0,
=0.

0
_ _ q 5.81
Ty (B)us(7) = vy (0)'7 (0 o5

) = 0y (0)"us(0)

The same result of Eq. (5.81) can be obtained by noting that
=y (P)(p — Pvs(D) = 2may (7)vs(P) - (5.82)

We have the following relations:
Uy (9)7"us(P) = g (0)TS(Ap) 09" S (Ap)us (0) = uy (0)T70S(Ap) T4 S(Ap)us(0)
= Ap“quS’(G)VVUS(ﬁ) = APHVES’(G)VOVVVOUs(a) = Apuu5V0u5’(6)Tu8(6)
=AM 2K 0 = 2pM 6y,
By ()70 () = 05 (0)TS ()19 S (Ap)vs(0) = v (0)T7°S (Ap) 7145 (Ap)vs(0)
= A", 0 (0)7 vs(0) = Apt, 05 (0)7797705(0) = Ap*,6"vs (0)Tvg(0)
= A 2K 6 = 2pH 6y .

(5.83)

In particular

|
=0
3

(5.84)

Notice that

5.85
5 (F)us(F) = v (F) 2 0ua(F) = v (7) s~ (5:85)

Finally, we have for the positive and negative energy projectors of Eq. (5.65)
> us(7)as(7) = S(Ap)m(y° + 1)S(Ay) = p+m,

; (5.86)
S wF)0 () = S(Ap)m(0 ~ 1)S(A,) T =p—m.

Uy (7)0s(F) = ug (7)1 05 (7) = —ug (7) os(—5) = 0,
)

5.1.3 Charge conjugation

The sets ws and W, are related by Eq. (5.39) due to the transformation properties of us and v
under rotations. We will see now how the request of charge conjugation invariance leads to the
same relation. In full analogy with the scalar case we define the charge conjugation operator
U(C) via

U(C)bs(9)TU(C)' = &ds (7)1

- . (5.87)
U(C)ds(5)'U(C)F = €bs(7)1
from which we can derive the transformation law for the field,
( )h/Joé( ) /dQ Z{f Usq p ) 71p$+5 Vs (ﬁ)bs(ﬁ)Teip-z}
(5.88)

=6 { [ a9 {ua@y ) 4 6 0 ) (5 >T€"”'””}}T ’
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where we written explicitly the Lorentz index a of the bispinors. If we ask for the right-hand
side to be proportional to 1)(x)f, we will obtain simple transformation properties and we will be
sure that no problems with causality can arise. This leads to require that

Cus(ﬁ) vs(P)”
vs(P) = (§8') us(P)"

for some matrix C. Notice that C' and (££) must satisfy CC*us(p) = [C*vs(p)]* = (€€ )us(D).
We then find

(5.89)

A A T
U(C) a(@)U(C) = € Cap { / a9 {ugs ()b (7)™ + vy (5)d, (ﬁ)*e”"’”}} . (5.90)
Applying charge conjugation twice we find

UC)Pa@UC)] = (661 (a)
T
=§%aﬂ{/ﬁﬂ E:{f%ﬁ (F)e ww+£v5<>m@n%@“}}

‘ (5.91)
= Cas [ 49 3 {uus) (i) + (€6 uas )" ds(7) 7

— CosC3, | dﬂpZ{uw)bs( P (D)) e

which entails (¢/¢)? = 1 and CC* = 1; this further implies (¢’¢) = 1. We then have to choose
ug and vg such that a matrix C exists for which

C*us(p) = vs(p)*,

C*uu(F) = us(F)". (5.92)

In order to do this we have to clarify the relation between the matrices S(A) = 39027 and
the gamma matrices. It is a matter of simple algebra to show that

J<0j):[3j:1<—i0’j 0> 1% 7]
2 )

0 —1i0; 2 2
J(U) = —Eijkjk Gl]k < ) (593)
Jw) — EJW o = 7[7 7]
27 7 2
From Eq. (5.62) we find
NPV B 9w » »
(io")" = 5[V 7" Y] = —iney? = iin)e™ (iv7) (5.94)
with (i72)? = 1 and (i7?)* = (i7?). We have then
S(A)* = [e2%r "7 (i97)ed o7 (in?) = (iv2) S(A) (19 (5.95)
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Using this in Eq. (5.92) we find

(5.96)

-,

(0)

The second equation will be satisfied if we take C' = C* = iy? and v5(0) = (i7?)us(0)*, i.e.,

()= (o o)) = () e

C*S(Ap)us(0) = (19?)S(Ap) (i7?)
vs(_f Y

in?)us(0)",
C*S(Ap)vs(0) = (iv*) S (Ap) (i )us (0)" .

— W 109 0 1w}

We would then set
Ws = —iooW; . (5.98)

The other equation becomes then u,(0) = (i7?)vs(0)*, which is automatically satisfied since

taking the complex conjugate of the equation vs(0) = (i7%)us(0)* and multiplying by iv? we
find iy2(vs(0))* = (i7?)(i7?)us(0) = us(0). With this choice we would conclude that

U(O) o (2)U(C) = €*(ir*) aptbs(z)T . (5.99)

Since w;g are real [see Eq. (5.37)] and wys = —ioqws, we conclude that the field ¢ (z) built in the
previous subsections satisfies the transformation law Eq. (5.99) under charge conjugation.

5.1.4 The spin-statistics theorem

We conclude the construction of the Dirac field for spin—% particles with an important remark.
The need to impose anticommutation rather than commutation relations between creation and
annihilation operators originates from the request of locality in the form of the microcausality
condition. On the other hand, in the case of a scalar field one has to impose commutation
relations in order to obtain locality [try to use anticommutation relations in Eqgs. (4.53)—(4.56)].
It is a general result in field theory that the requests of locality, Lorentz invariance and pos-
itivity of the Hamiltonian, impose that fields of integer spin (i.e., transforming according to
representations of the Lorentz group that contain integer spin representations of SU(2)) have to
be quantised by commutators, while fields of half-integer spin have to be quantised by anticom-
mutators. This is known as the spin-statistics theorem. Since observables have to commute for
spacelike separations, this forces us to use an even number of anticommuting fields of a certain

type in their construction.

5.2 Hamiltonian and Lagrangian formalism

At this point we can express the Hamiltonian,

1 = [ a0, 1°00,(0'0:(3) + ()7, (5.100)

in terms of fields and their derivatives. This can be done directly using the following relations
between creation and annihilation operators and fields,

b(5) = [ e ) ).

| (5.101)

4. = [ doe @) ).
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We will follow a faster route by finding a Lagrangian that has the Dirac field as solution,
performing canonical quantisation and producing the Hamiltonian by Legendre transform. The
Dirac equation can be obtained form the following (Hermitian) Lagrangian,

L =1 (;5 — m) ¥ =1 (i — m) ¢ + total divergence. (5.102)

Since a total divergence does not affect the equations of motion, we can use the second, non-
Hermitian form of the Lagrangian to derive the EOM performing a variation with respect to 1,

which yields
0L .
—&Z = (z@ — m) P =0, (5.103)

i.e., the Dirac equation, which is solved by
/dQ Z {us e~PT 4y (P )ds(ﬁ)Teip'”} , (5.104)

with (p — m)us(p) = (p + m)vs(p’) = 0. The operator-valued coefficients bs(p) and ds(p 7)1 are

determined via canonical quantisation. The momentum associated to ¢ is

0
9(0o1))

and there is no momentum associated to ¥!.36 Imposing now equal-time anticommutation
relations,

=it (5.105)

{(@), w(y)}er = {¥(2), i (y) Yer = 6P (@ - §),
{Y@),d@ler =0,  {x(2),x)}er = {# (@) () her =0,

we end up with by and ds satisfying the anticommutation relations Eq. (5.8). The Hamiltonian
reads

(5.106)

H = [ &% [r(@)av(a) ~ (o) (i - m) v(a)]
— [ [0 auii@) - (o) (38— m) b()] (5.107)
— [ i@ (<9 7+ m) v(a),

a4

04¢;04;
Lagrangians need a special formal treatment, and correpsond to Hamiltonian systems on which some constraint
has been imposed.

36The Lagrangian Eq. (5.102) is a singular Lagrangian, i.e., the Hessian matrix is non-invertible. Such
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which is Hermitian, as it should be. Substituting Eq. (5.104) in this expression, we find

H= /d3 /dQ /dQ Z LB + 0, (7)dy(5)e )

_ / iz / o, / dQ, Z{m(ﬁ)bs(ﬁ)*ei’”+@s(ﬁ>ds<ﬁ)e_m}

x 07 {us(@)bs(@)e "~ 0u(@ia(@) 0 }

(5.108)
Integration over d®z brings about delta functions §(p' F ¢), where the minus sign applies to the
blbs and dsdl terms, and the plus sign to the bldl and dsbs terms. The coeflicients of these terms
are then

Us(q)’yous’(ﬁ) = 2]90553/ 5

Us 7)~° s’ p) =2 0588/7
_ U_Fp )[;Y ! (}i) p, . (5.109)
us(p)y vy (—p) = —us(P)vs (F) =0,
@S(ﬁ)’yous’(_ﬁ) = Us(P ) uy (ﬁ) =0

Eq. (5.108) becomes
1= [ 40, 30,5100 ~ (7)) (5.110)

This differs from Eq. (5.100) by an infinite constant, which can be removed by imposing normal
ordering on the fields. For anticommuting creation and annihilation operators, we define

ds(ﬁ)ds((j)T = _ds((T)Tds((D’ : ds(ﬁ)Tds((j) = ds(ﬁ)Tds(Q)’ (5'111)

i.e., normal ordering brings creation operators to the left of annihilation operators, but a minus
sign has to be included every time that a creation operator crosses an annihilation operator.
Overall, this gives the parity of the permutation needed to bring the creation operators on the
left. Normal ordering of products of fields is then defined by expanding them in creation and
annihilation operators and normal ordering all the products of these. Notice that contrary to
the case of scalar fields, now the order of fields in the normal ordered product matters, although
only for the overall sign, : ¥(x)¥(y) := — : Y (y)(x) :. With this definition we finally obtain

i = /d%;wx)(_ﬁ.mm)w) /dﬂppoz B0u() + (Do), (5.112)

as desired. Notice that if we had quantised by commutators, then Eq. (5.110) would not be
positive-definite.3”

37The microcausality condition for 1 and ¥ would have been satisfied by choosing commutation relations if at
the same time we had treated ds as a creation instead of an annihilation operator. This would have led here to a
non positive-definite Hamiltonian.

91



One can compute the generators of translations and Lorentz transformations from the La-
grangian making use of Noether’s theorem.?® The (canonical) energy-momentum tensor reads

0L
0)
where we have imposed normal ordering to avoid singularities due to products of fields at the

same spacetime point. Notice that the Lagrangian vanishes on the EOM, so it does not contribute
to Eq. (5.113). The four-momenta are

O =: Oy — L = % : 1/?7“5”1/} : (5.113)

Pt = ;/dSm :1/3(3:)705“1&(@ = i/d% cp(x)ToMp(x) - (5.114)
From the infinitesimal transformation law

w (z ) Yoz )+ 1wpa aﬁ wﬁ( ) wa(fﬂ)‘i‘%wﬂg(O’pU)aﬁd}ﬁ(l‘), (5.115)

one obtains the Lorentz generators through the formula

J(Po) = —/dgx/\/lo’pa,

M}L,p(f — xﬁ@#ﬂ' . xU@/J«P +S//"’p0' (5116)
§997 = 9L Gy — () £ (07 aptls = — 370"
O@tba) ’ |
and they read
Jlpo) — _/de {$p900 —27Q% _ %wTUpﬂw} . (5.117)

One can compute explicitly the commutators to find

[Pua Y(z)] = _iazﬂ/’(x) )

‘ (5.118)
[T p(2)] = i (2P — 279 + LoP7) p(x) = i (z°" — 279) () — LaP7ep(x) .
The Lagrangian Eq. (5.102) is also invariant under the U(1) transformation
P=€Y, A =, (5.119)
The corresponding Noether current is
JH =yt - (5.120)

and the corresponding charge is

Q= [0 i= [davto = [a0, 3 (@) @) - d@id@)} . G120

38Here the Hermitian version of the Lagrangian is used to obtain manifestly Hermitian currents.
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6 Interacting theories

So far we have discussed only the case of free fields, for spin 0 and spin % This is of quite limited
utility to describe the real world, where particles interact in various ways. The next task is then
that of building a theory that describes interacting particles while complying with the requests
of Poincaré invariance and locality. The use of local fields allows to easily keep track of these
two issues, thanks to their loclaity and their simple transformation properties. In the framework
of field theory, the method of canonical quantisation is a convenient approach to thie problem of
building interacting theories: being based on the Lagrangian formalism, it exhibits manifestly
the symmetries of the theory, and the requirement of microcausality is satisfied automatically
by imposing the canonical commutation or anticommutation relations. Let us list here the steps
of the canonical quantisation program.

e Take a classical Lagrangian £ which is a real function of fields ¢4(z) and their deriva-
tives, & = ZL(¢(x),0¢(x)). Poincaré invariance is manifest if the Lagrangian does not
depend explicitly on z and is a scalar under Lorentz transformations, i.e., it transform
like Z(p(x),00(x)) — L(p(A"1x),0p(A"1x)). This is easy to achieve is the fields are
assumed to transform in some representation of the Lorentz group.

e Derive the EOM by the usual action principle, and solve them (if you can...).

e Obtain the conjugate momenta as usual, and impose canonical commutation/anticom-
mutation relations at equal time,

[Pa(2), d6(y)]ET = [Ta(), T(y)]ET = O, [a(@), T (y)]ET = 1060°(Z — 7). (6.1)

This request makes the fields into linear operators on some Hilbert space. Finding such a
Hilbert space is part of the problem of solving the theory, together with solving the EOM.
The imposition of CCR/CAR guarantees that observables built out of the field operators
will automatically satisfy microcausality.

e Noether’s theorem entails the existence of Hermitian generators of the continuous symme-
tries of the Lagrangian.?® This leads to a unitary representation of the Poincaré group,
under which the quantum field operators transform as their classical counterpart. This
guarantees that our quantum system exhibits the desired symmetry.

Unfortunately, it is almost never possible to complete this program in practice: the EOM for
interacting theories are usually nonlinear, and it is not known how to solve them. It is therefore
necessary to find some approximation technique that allows us to extract something useful from
the canonical quantisation program.

6.1 Interaction picture

In many cases of practical interest, the Hamiltonian of the system can be split into a free part
and an interacting part, H = Hy+ V. Here the free part Hy is the Hamiltonian of some system
which we know how to solve explicitly, for example one of the free-field Hamiltonians discussed

39Reality of the Lagrangian at the classical level leads to Hermiticity at the quantum level, from which Her-
miticity of the Noether charges follows, possibly after settling some operator-ordering issues.
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in the previous sections. The interaction part V' contains every other term appearing in the full
Hamiltonian. The idea is that V can be looked at as a perturbation to the free Hamiltonian
Hy, and its effect evaluated in successive steps. This is the perturbative quantisation approach,
which we now discuss in detail.

Let ¢(z) be the field that realises the canonical quantisation program, and 7(x) its conjugate
momentum. These fields solve the equations of motion and obey the CCR/CAR, and therefore

o(x) = o(t, ) = Mo(0,7)e M, (¢, T) = i[H, ¢(t, T)],
4 . (6.2)
m(z) = n(t, @) = eir(0, 7 )e 1, w(t,Z) =i[H,7(t,Z)].
The full Hamiltonian is obtained from the Lagrangian as usual,
1= [ dr(t.2)0(t,7) - 2(6(6,7),00(t.))]. (63)

where it is understood that dy¢ has to be expressed as a function of ¢ and w. In the cases we
will consider, the full Lagrangian can be written as a free Lagrangian plus an interaction term
that depends on the fields but not on their derivatives, £ = % + %1, with £7 = Z1(¢). It
then follows that as a function of fields and their derivatives, the canonical momenta in the full
interacting theory satisfy

0L 0%
(¢, 0¢p) = = = mo(¢, 00) 6.4
(6.00) = 5o = G5 = ™0(6.00) (6.4)
i.e., they have the same functional form as the conjugate momentum g of the free theory; by
the same token, Jy¢ in the full theory will be the same function of ¢ and 7 as in the free theory.

From Eq. (6.3) we then find in this case

H = Hp,n] = / P lr(t, )t T) — Lo(o(t,7), 06t T)) — Zi(6(t, 7))
(6.5)
— Hol, ] - / Br Lot 7)) = Holo, 7] + V][4

In the cases of interest, H is time independent. On the other hand, after splitting it into Hy
and V', these will be separately time dependent. Let us do the splitting at ¢t = 0,

Hlo(t, &), 7(t,Z)] = H[¢(0, %), 7(0,7)] = Ho[p(0,Z), x(0,7)] + V[p(0,Z)].  (6.6)

From now on, Hy and V will be those obtained using the interacting fields and momenta at
t = 0. Let us now define the fields in the interaction picture as fields ewvolving in time with the
free Hamiltonian, and coinciding with the full interacting fields (in the Heisenberg picture) at
t=0,
¢in(t7 f) = elHOtgi)in(O) f)eiuﬂﬂ ) ¢in(07 :f) = d)(oa f) )
Tin(t, Z) = Moty (0, 2 )e Hot | 7, (0,2) = 7(0, 7).

At t = 0 the fields in the interaction picture obey the CCR/CAR, and since their values at time
t is obtained via a unitary transformation, they will obey the CCR/CAR at all times. Since they
evolve in time with the free Hamiltonian and obey the CCR/CAR, they automatically obey the
Hamilton equations of motion of the free theory:

oty
o’

(6.7)

0Hy

éin = ’L'[H(], Qbin] — *F . (68)

Tin = i[HOaT"in] =
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The fields in the interaction picture are then nothing else but free fields, and we already know
exactly what they look like. If, for example, Hy is the free Hamiltonian for the charged scalar
field, we will have that

ot F) = / a0 {al@)e P + 0@ e} w(t,T) = d(,7), (6.9)

where a(p), a(7)T, b(p), b(p)T, are the usual annihilation and creation operators. At this point,
we define also the interaction Hamiltonian in the interaction picture, Vi(t), as

ww:é%wwmm@k“W=VMﬁjn=/fa%wmwmy (6.10)

Although it seems that we have made progress, in practice it is so only marginally: for example,
if we want to determine the spectrum of the theory, we still have to solve the same eigenvalue
problem H|y) = El|¢), and although we have expressed H as a functional of free fields, this
does not make the eigenvalue problem any easier to solve. On the other hand, if we now assume
that the interaction V' is small, for example because it enters the Hamiltonian with some small
numerical prefactor, then we can attack the eigenvalue problem perturbatively, and solve it by
successive approximations.

6.2 The S-matrix

The interaction picture is particularly useful in the study of scattering problems. In a scattering
experiment two bunches of particles are thrown against each other, and the outcome of the
collision is observed. It is a fact of Nature that, first of all, a system of free particles can be
prepared in a laboratory, i.e., a system of particles that do not interact appreciably with each
other and just move on straight-line trajecotries at constant speed. It is another fact of Nature
that if one waits enough after the collision, then what is observed is a gain a system of free
particles. If the state of the scattering system is determined by some state vector 1 in the
Hilbert space, so that at time ¢ the state is e *#*1) (in the Schrédinger picture), what experience
shows us is that the time evolution of the system looks like the free time evolution both at
early times, i.e., at the beginning of the scattering experiment when particles are still far away
from eachg other, and at late times, i.e., at the end of the scattering process after a sufficiently
long time has elapsed after the collision and particles are not interacting with each other any
more. Mathematically, we can express this by saying that as t — —co and t — 400, the state
vector ety of a scattering system, evolving with the full Hamiltonian H, can be approximated
better and better by vectors e =0y, and e~ oty f, respectively, evolving in time with the free
Hamiltonian Hy. Here ¢; and ¢; are vectors in the same Fock space describing free particles.
More precisely, we expect that for a state vector i descrbing a sacttering state we have

ety — e=tHot | 5 0 for t — —o0, (6.11)
o™t — e M0l p]| = 0 for t — oo, |

for some ; . Here ||...|| denotes the norm derived from the Hilbert space scalar product.
Conversely, if we have a state that looks like e "#70t in the far past we expect it to describe the
early time evolution of some state e =% ; similarly, if we have a state that looks like e "0ty
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in the far future, we expect it to describe the late time evolution of some state e~*t)_. We
then expect that for every free-particle state vector ¢ there are vectors ¥4 such that

ety — 7oty = 0 for t — —o0,

He*thz/J_ — e*iHOtgoH — 0 for t — +o00, (6.12)
These last two equations can be recast as
i [ — eMHeTH o = 0. (6.13)
This defines the in states 1y and the out states y_ as the limits
Yr = lim ety =0 0, (6.14)

t—F oo

The linear operators 21 are the scattering (or Moller) operators. Being the limits (in the strong
sense) of unitary operators, they preserve the norm of vectors, and are therefore isometries, i.e.,

lv+]l = Qx| = |l¢ll, for all ¢, which implies the property QlQi = 1. The proof of these
properties goes as follows. One has
1Y+l = tii;noo s — ethe_iHUtcp + ethe—iHOt(pH
_ o o (6.15)
< lim s — oM | 4 et ot = g
where we made use of Schwartz inequality and of ||ete=Hot|| = ||||. On the other hand,
_ : iHt —iHot| __ : iHt —iHot, .
il = im0t = Tim_ e HremHot 4| o
< tim [le e Mol — | + o] = [,

and so the equality sign must hold. By definition of adjoint then, ||p]|? = |[v|? = (Vx,¥1) =
(Qrp, Qi) = (@, Qlep). Since any scalar product can be written as a linear combination
of squared norms,*? this implies (801,Qlfli902) = (1, ¢2), and so Qlﬂi = 1. This does not
mean that ()4 are unitary: in fact, this requires that their image is the whole Hilbert space,
or equivalently that Qin = 1. In principle, it is possible that the theory contains states
(bound states)that are not accessible via scattering experiments. It is also possible in principle
that the spaces of in and out states differ. From the physical standpoint, since the states 1 _
corresponding to the outcomes of scattering experiments can be used as initial states of other
scattering experiments, we expect the two spaces to be the same; proving this mathematically
is a hard task. For what concerns us, we will assume that the theory has no bound state
unreachable by a scattering experiment, and that in and out states span the same space, which
is then the whole Hilbert space of the system. With these extra assumptions, the scattering
operators {24 are guaranteed to be unitary. In summary, these operators connect the freely
evolving state vectors at early and late times with the exact state vector, evolving with the full
Hamiltonian.

Suppose now that we have prepared the system in a state ;, which allows to identify the state
of the system at early times as e~*0yp,;, for t — —oco. Long after the collision has taken place

*OThis is 4(x, ¢) = 4Re (x, ) +4Im (x, ) = lIx + @lI* = lIx — @lI* + lIx — iell® — Ix + il
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we measure the properties of the emerging particles. What is the probability that the final state
that we observe is identified by the state vector ¢, meaning that at late times the system evolves
as e*iHotcpf, for ¢ — 4007 If we knew the exact state vectors 1y = Q,¢; and ¥ = Q_¢; then
this probability would simply be the absolute value square of the transition amplitude (|1 ),
i.e., the scalar product of the two vectors; equivalently, this can be seen as the expectation value
of the projection operator |¢)_)(1_|, corresponding to our detectors identifying that specific
state. No matter how we interpret it, the result is Pr; = [(¢_|¢p1)[* = (¢4 |¢_)(¢_|p1). This
quantity is time-independent, so we can use the state vectors at any time to compute it. We
can then comute the scalar product as follows,

W [y) = ([T T ) = (p | Tre i HA-TemillTy - (6.17)

By the first equality we can use the state vectors at ¢ = Ty when the measurement is made
to compute the transition amplitude; the evolved of the initial state is obtained by translating
forward in the future by T — T; the initial state, prepared at ¢ = T;. This is all academic, since
we do not have direct access to |[¢4). However, in the limit of Ty — infty and T; — —oo we
can replace the exactly evolving states with the freely evolving states, which are defined by our
experimental setup, and are therefore under control. We then have

($-ps) = lim Jm (et et H =Tty )

=l i (et e T il T il o) (6.18)

= {(ps10 Q1 lei) = (oylSlei) = Sy
where we have defined the S-operator,

s=0'q,. (6.19)

Its matrix elements Sy; = (¢f|S|p;i) constitute the S-matrix. The S operator can be expressed
in a very useful way by recalling the definition of the scattering operators, or by looking at the
second line in Eq. (6.18). We have, recalling Egs. (2.115) and (2.117),

S= lim lim eHoTre= el Tig=iHoli — iy lim  Y(Ty,00U(0,T;)
Ty—+o00 T;——00 Ty—+oo Tj——00
=l lim U(Tj, T) = U(+00, ~00) = Texp {—z‘ /_ _dt V1<t)} :

where V;(t) = e'Ho!Ve~iHol ig the interaction Hamiltonian in the interaction picture.

The discussion above is rather general, and makes no reference to quantum field theory. If
now we consider a relativistic quantum theory obtained by means of the canonical quantisation
program, V;(t) is precisely the operator defined in Eq. (6.10), which is built in terms of fields in
the interaction picture, so in practice it is built out of free fields, which we know how to manage.
As for the initial and final states of freely evolving particles, they are built out of the creation
and annihilation operators associated to the fields in the interaction picture, so again we know
howe to deal with them. The relevant matrix elements are then

=/ | 1 =/ ] ] =/ / — — —
sz = <p181a17p282a2, . ,pn/Sn/an/|S|p181a1,p2320427 e ;pnsnan> ) (621)
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where p;, s; are the momenta and third component of the spin of the particles in the initial
state, whose other quantum numbers are denoted collectively by «;; primed quantities have the
same meaning but for the particles in the final state.

As in the problem of finding the spectrum of the theory, finding the exact solution of the
theory means computing exactly the S-operator, which is no easy task. On the other hand, if
V', and so V7, is a small perturbation, then we can power-expand S,

S:Texp{—i/:)o dtV,(t)}
:ni) <‘n"!)” /+°°dﬁ.../+°° AT {Vi(m) - Vi(ra)} |

—0o0 —0o0
and compute the S-matrix elements order by order in the perturbation. We already know that
products of fields at the same spacetime point lead to problems with infinities. To get rid of
(part of) these, we take V7 to be normal-ordered: this does not change the symmetries of the S
operator. Recalling again Eq. (6.10), and imposing normal ordering, we have that

S = Texp {i/d% . Ly () :}

(6.22)

© (6.23)
:Zn!/d4x1.../d4an{:,Z[(qﬁin(xl)) o L) 1)
n=0

6.3 Symmetries of the S-matrix

We discuss now the general properties of the S operator. The most important property is
that it is a unitary operator, even when {24 are not unitary but simply isometric. Assume
that a bound-state subspace exists in the Hilbert space of the system. Such states cannot be
reached in a scattering experiment, and are orthogonal to the scattering states, which on the
other hand can be obtained as ¢+ = Qi for some ¢.*!. For a bound state y we then have
0=0vs) = (x,Qrp) = (le,go), and so le = 0. For a scattering state we have instead
that 91 = Q1 can be inverted to give> Q7'yy = ¢, and so (Yi, Qry’) = (D, Qry) =
(0, ¢") = (', @) = (Ql?/}i,go’), so Q7' = QL. We then conclude that Q4Qf, = 1 —1IIp
where Ilg is the projector on the bound state subspace. We then have for the S operator

sts=0la oo, =0l 1-1p0, =0lo, =1,

(6.24)
sst=ata,0lao =ola-1p0 =0 =1,

where we use the fact that [Ip{2+ = 0. The S operator is thus unitary. From now one we will
assume fro simplicity that there are no bound states, so that QiQTi =1.
From the definition of the scattering operators we can prove easily that

eiHSQi — hm eiH(t+S)€—iH0t — llm eiH(t-f—S)e—iHo(t"rS) eiH()s
t—Foo t—F o0

N | (6.25)
= lim ethe—zHotezHos — Q:teZHOS,
t—F oo

41We still assume that the in and out states 1+ span the same subspace of the Hilbert space.

42The scattering operators are by definition onto the subspace of scattering states, and the are one-to-one since
they are isometric, Q11 = Q12 = @1 = QLing = 2, so there is an inverse map from the scattering state
subspace to the space of free particle states.
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for any s, and so
HQyL =Q41Hy. (6.26)

Using this intertwining relation and its adjoint HOQL = QLH we can show that
HoS = Ho' Q. =0 HQ, = Q' O Hy = SHy = [Hp, 5] = 0. (6.27)

Since the interaction Lagrangian is taken to be invariant under translations, both in time and
space, this result can be obtained more directly from e 0 Se~ " = S from which we obtain

[Pou, S| =0, (6.28)

of which Eq. (6.27) is the u = 0 case. Here the subscript 0 indicates that the generators of
translations Py, are those of the free theory, builit out of th efileds in the interaction picture.
If the interaction Lagrangian is invariant under any internal symmetry of the free Lagrangian,
then S will be invariant under the corresponding unitary transformations, U;rntS Ut = 5, and
will therefore commute with the corresponding generators @,

[Q2, 8] = 0. (6.29)

Lorentz transformations, on the other hand, require a special treatment. Under a unitary
tranformation Up(A~') = U(A), where again the subscript 0 indicates that we are using the
representation of the symmetry in the free theory, we find for the S operator

Up(A)SU(A)T = Z ;—T; /d”f . ./d4xn Us(M) Ty {: L1 (din(1)) : ... 2 L1 (din(20)) 3 Ug(A)T
n=0

= Z ;—n' /d4:1:1 . ../d4xn To {: L (din(Ax1)) = ... Ly (din(Axy)) 2} .
n=0

(6.30)
Here the subscript = in T, stands for the fact that time-ordering is done according to the
values of :1:? in the original reference frame. We made use of the fact that the interaction
Lagrangian is a Lorentz scalar, Uy(A)' .27 (i (2))Up(A) = Zr(¢pim(A~12)). An orthocronous
Lorentz transformation will not change the relative ordering in time of timelike or lightlike-
separated points z,y, so that 8(x° —3°) = 6((Az)°? — (Ay)?), but nothing can be said in generale
for spacelike-separated points. Here is where the requirement of microcausality plays a crucial
role: for causal fields we are guaranteed that*3 %} (), Z;(y)] = 0 if (x —y)? < 0, so the relative
time-ordering of spacelike-separated points has no consequence. After changing frame via A, a
point z; can “cross” in time only those points that are spacelike-separated from it, but then
the operator .Z(Ax;) can be brought to the position it should have in the new time ordering
[the one with respect to the new time coordinates (Az;)°] without paying any price. Its relative
position in time with respect to timelike-separated points will not change. We have then that

Ta: {: .,?I(qﬁin(Axl)) et g]((ﬁm(/\xn)) :}
= 77/\:C {: f]((bin(A.%j)) e f;((bin(Axn)) :} ,

43This holds for the normal-ordered interaction Lagrangian as well.

(6.31)
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either because the relative ordering has not change, or because it did not matter in the first
place. We conclude that

Uo(A)SU(A) = Z :Z/d4x1 . ./d4zn Trz {: L1 (pin(Az1)) = ... 0 L1 (din(Azy)) o}
n=0
_ Zj;/d‘*(/\1x)1.../d4(A1x)nTAx{: Lr(in(@1)) : ... Li(dm(an) )
n=0

- T;) Z/d4m1 - '/d4$n T {: ZL1(bin(21)) + - 0 Lo (Pin(Tn))

(6.32)
since |det A=!| = 1. We then conclude that under the unitary tranformation Uy(A) the S
operator remains invariant,

Up(A)TSUy(A) = S = [Up(A),S] =0. (6.33)

This proves the desired Lorentz invariance of the S-matrix, which includes of course invariance
under rotations, soi in particualr we have

[Jo,S] =0. (6.34)

Egs. (6.28), (6.29) and (6.34) imply conservation of momentum, internal charges and angular
momentum, respectively. Denoting with O any of these observables, the fact that [O,S] = 0
implies that if ¢;  are eigenstates of O with eigenvalues o; r, then

0= (¢sll0, Sllgi) = (prlOS = S5O|pi) = (of — 01)(ps|S]ei) , (6.35)

and so (¢¢|S|¢;) must vanish unless oy = o;.

Invariance under Lorentz transformations and translations of the S operator, expressed by
Eq. (6.33), allows us to construct a unitary representation of the Poincaré group on the in and
out states. Recall that in general

]pa Z-@UU ]5) |Apa>

Uo(a)|fo) = e "P|fo).

Here we discuss single-particle states; the generalisation to multiparticle states is straightforward.
In and out momentum eigenstates are defined as

(6.36)

[po L) =Qilpo). (6.37)

Up to this point, calling them “momentum eigenstates” refers only to the fact that they are
connected to the free momentum eigenstates by the scattering operators. From Eq. (6.36) we
obtain

QLUy(A)|po) = Z@M A, P)QL|AFG) = Z.@M A, 7)) APT +)

LML o) = Ol (A0L ). (6.38)
QLU(a)|Fo) = e Py |fo) = e “P|fo +) = QiUp(a) V. Qs |Fo)
= Q1 Up(a)U o ),
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which can be summarised as

AN)|po+) = Z%g A, 9)|AFG +),
(6.39)
Us(a)|po+) = e “Plgo =),
having defined
Us(A) = QeUpg(MQL,  Us(a) = QeUs(a)2, . (6.40)

The operators Uy are indeed unitary**, and provide a group representation:

U-(M)TUL(A) = QeUs(A) T QLT (ML = 0.0l =
Us(A)Ux(Ag) = QeUo(A) QL QLUp(A2)QL = QLU (A1) Up(A2) QL QUp (A A9)Qf,  (6.41)
= Uy (A1Ay),

and similarly for translations. On the other hand, Poincaré invariance requires that the physics
be the same in any inertial reference frame, and so we need for the S-matrix elements that

<Aﬁ{7Aﬁ2/7 . '7Aﬁ7fb’ - |Aﬁ17Aﬁ27 cee 7Aﬁn +> == <ﬁ{7ﬁéa o 7]772’ - |ﬁ17ﬁ27 cee 7]771 +>7 (642)

where for notational simplicity we considered the case of a single type of scalar particle. Here we
wrote the S-matrix element as the scalar product of in and out momentum eigenstates, which
by Eq. (6.26) are eigenstates of the full Hamiltonian. In and out momentum eigenstates form
two complete sets in the space of scattering states, which we assumed to be the whole of the
Hilbert space of the system. Eq. (6.39) tells us that the left-hand side of this equation, which is
the basic request for Lorentz invariance, can be written as

<ﬁ{7172/) .- 7ﬁ7lz’ - |U—(A)TU+(A)’ﬁl7ﬁ2) .- 7ﬁn +> = <ﬁ{7ﬁév v 71772’ - |ﬁ17ﬁ27 o )ﬁn +>7 (643)

so that Lorentz invariance is obtained if Uy and U_ are in fact the same unitary representation
of the Lorentz group. Here is where Eq. (6.33) comes into play: we have that

U_(N)TUL(A) = Q_Up(M)TQT 0, Up(M)Q, = Q_Up(A) ST (A)Q]

; ; : (6.44)
= Q_Up(M)tp(M)sQl =0 s0l =0 ol o, 0l =1,

which implies U_(A) = Uy(A) = U(A). One similarly proves that U_(a) = Uy(a) = U(a).
From infinitesimal transformations we then obtain the exact symmetry generators P,, J and
K. We have then found one and the same unitary representation of the Poincaré group acting
on the in and out states of the system, i.e., on the exact energy eigenstates, which transforms
them according to the same transformation law as the corresponding free states. This implies
then that the in and out momentum eigenstates are in fact eigenstates of the exact momentum,
and also of the third component of the angular momentum:

Ula)lpox) = e |po£) = e *Plox) = Plljox)=p'lfox),

- . (6.45)
U(R3(0))|po+) =e“B|po+) =e"|pot) = J3|po+) =olpot).

It follows from the invariance of the free vacuum under Uy(A) and Up(a) that the states Q4]0) =
|0+) are invariant under U(A) and U(a): U|0£) = UQL|0) = QiUp|0) = Q4|0) = |0L).

44 At least on the subspace of scattering states.
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These states are normalised to 1. If there were more than one invariant state under the exact
transformations U, say |[VAC) = [0+) and |VAC') with (VAC'|VAC) = 0, then besides |0) =
QL|VAC) there would be another state |0') = QL]VAC’> orthogonal to |0) and invariant under
all the U’s. But |0) is the only such state, and so there is no [VAC’). This means that |0+)
must be proportional to each other, |0 —) = e_i¢]0 +), with the proportionality constant being
a phase due to the normalisation of these states. This implies that

(0 —|0+) = (0]S]0) = €. (6.46)

This result could have been obtained more directly from the fact that US|0) = SU|0) = S|0)
implies that S|0) is an invariant state, normalised to one due to unitarity of S, hence S|0) =
€'®|0). Since only |Sy;|? is physically meaningful, we can ignore this phase, essentially redefining
S so that (0|S]0) = 1.

6.4 The perturbative expansion: Wick’s theorem

In experiments, the case of the final state coinciding with the initial state is practically impossible
to observe, as it would interfere with the experimental setup. Even if it were possible to consider
this case, it would be impossible to distinguish between the lack of any interaction between the
colliding particle, and the presence of some interaction that however gives a final state coinciding
with the initial one. For these reasons, what is studied in practice is the case of final and initial
states being different. It is then customary to explicitly subtract the no-interaction contribution
to the S-matrix. Furthermore, given that energy and momentum are conserved in a scattering
process, it is convenient to factor out a four-momentum-conserving delta function. One then
writes

Spi = +i(2m) W (Pr — PY)M (6.47)

Here initial and final states are taken to be momentum eigenstates, dr; = (¢r|pi), and the i
factor is conventional. The quantity M y; is the one directly relevant for experiments, as it is the
one entering the practically measurable quantity related to the transition probability, namely the
cross section of the scattering processes. The purpose of the theory to is to provide predictions
for the cross sections, a task which is essentially accomplished once that we have obtained M ;.
In this subsection we discuss how this can be done in perturbation theory.

The basic assumption of perturbation theory is that the exact matrix element (pr|S|p;) can
be well approximated with the lowest-order terms of the expansion of S, Egs. (6.22) and (6.23).
Subtracting the non-interaction term we have®?

, i
(0f|S —1|pi) = <g0f\z/d4ac : Lr(x) +§ /d4:1:1 /d4x2T{: Lr(x1) = L(xe) F+ .. i) -
(6.48)
The basic object of interest is therefore the matrix element

(ofl /d4x1 /d4x2 . ./d4an{: Lr(z1) = Lr(x) .o L () ) i) - (6.49)

“>We adopt the simplified notation Z;(z) = 27 (¢in(x)).
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It is worth noting that thanks to translation invariance, if we denote with P; and P; the total
initial and final four momentum, we find

<g0f‘/d4$1 /d4l‘nT{ g[((ljl) O g[(lﬁ) :} "Pz)

= (<pf|e_m"'P/d4:E1 . ../d4IL‘nT{: Li(x1 —zn) ... Z1(0) } e P |gy)

:/d4xneizn-(PfP,')
(6.50)
x (gl /d4yl /d4yn—1T{3 L)+ Li(yn-1) = Z1(0) :} i)
= (2m)*6W (Py - 1)

X (pf] /d4y1 . ../d4yn1T{: ZLr(y1) oo L (Yn-1) = Z1(0) 3 i),

i.e., the momentum-conserving delta function discussed above. The matrix elements Eq. (6.49)
can be computed explicitly making use of Wick’s theorem. In the case of a single Hermitian
scalar field, this theorem states the following:

(5]
T (o(x1) ... o(xn)) = { so(1) o o(Tn—om) : D(Tn—2m+t1, Tn—am+2) - - - D(Tp—1,2p)
m=0
+ other pairings} .
(6.51)
Here the sum is over the number m of pairings of coordinates {z1, ..., x,}, from 0 to the maximal

possible value, i.e., the integer part [%] of §, and over the all the possible such pairings. The

quantity D(z,y), which we will refer to as the contraction of two fields, or the propagator, is

given by ' A
D(x,y) = (OIT (¢(2)p(y)) [0) = (0l T (p(z — y)p(0)) eV 7'|0)

— (01T (ol — )(0))0) = Dl — ). (652
Notice also that for a real field
D(z —y) = (0|T (¢(z)¢(y)) [0) = (O|T (¢(y)e(x)) [0) = D(y — ). (6.53)

To prove this theorem, and also to understand how it works in practice, we begin with the
simplest case, n = 2. In this case, denoting with ¢ the positive and negative frequency parts
ofr the field, we have

p(r1)p(z2) = [P (21) + o (21)][p+(22) + p—(22)] =1 p(@1)P(72) : +[p+(21), - (72)]
tp(z1)p(2) © +(0[p+(21), - (22)]10) = p(@1)p(z2) : +{0[pp+(21)p—(22)]0)
=: p(x1)p(z2) : +(0lp(z1)p(72)[0),

(6.54)
where we have made use of the fact that [¢4(z1), ¢—(22)] is a c-number and is thus identical to its
vacuum expectation value, and further modified its expression by including terms that annihilate
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the vacuum and therefore have no effect. Imposing now time ordering, since : p(z1)p(z2) :=:
o(z2)p(z1) : we find

T (p(z1)p(x2)) =: p(21)p(x2) : +OIT (p(x1)p(22)) |0) = @(x1)p(22) : +D(21,22) . (6.55)

The proof for general n proceeds by induction. Assume that the theorem is true for n fields, and
consider the time-ordered product of n+ 1 fields. Assume that 29 > 29 > ... > 2% > 20 . if we
prove that it is true in this case, it will be true for any other time ordering, since it would suffice
to relabel the coordinates x; = x}j to find the same situation, up to having primed coordinates.
Then

T (p(z1) - - - @p(zn)p(Tn+1)) = @(@1) - .. @(Tn)P(Tnt1) = T (p(21) - - - p(Tn)) P(Tn+1)

3]

{ : Qp(xl) cee (p(xn—Zm) : D(‘Tn—Zm—i-l) xn—2m+2) . D(xn—lp xn) (656)
=0

3

+ other pairings} O(Tnt1) -

We have then to compute

tp(z1) - p(Tn—am) f @(Tnt1) = (1) - p(Tn—om) ¢ [P+ (Tnt1) + o (Tn1)] (6.57)
=: (1) - - P(Tn—2m) P+ (Tn41) 1 + 1 0(1) - P(Tn—2m) : P—(Tnt1)
and variations thereof obtained by permuting {z1,...,z,}.*6 The general contribution to the
last term in Eq. (6.57), when we write down explicitly the normal ordering, reads
o—(p)) - - o= (TPk)) P+ (TP(R11)) - - - P+ (TP(n—2m) )P (Tnt1) , (6.58)
with P a permutation of {1, ..., 2,2, }. To obtain a normal-ordered product we need to bring
@—(xn41) to the left, and this is easily seen to yield
@—($P(D)"'@—(ipUﬂ)¢+($Pw+lﬂ"'@+(IP0anw)@—(xn+l)
= o (Tnt1)p—(TpD)) - - - P~ (@TP(k)) P+ (TP(k+1)) - - P+ (TP(n—2m))
+ o (zp)) - - - (TpE) [P+ (TP(kt1)) - - - P+ (TP(—2m) ), P— (Tnt1)]
= - (r) - - )] 91 1) 4 Epram)
n—2m (6 59)
£ 3 prlantn) i) el ol | ©
j=k+1

= o (@) (@p) - so(xp(k»{w(xp(kﬂn 0 @pnam)

n—2m
+ > o (@puan) - P (@pmoam)) /o1 (Tp()) Dl@p(), xn+1)} ,
j=k+1

46Notice that permutations that affect only {z1,...,Zn—2m} do not give new terms.
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where in the last passage we made use of the fact that CCOP( 5> 29 .,. Here the notation
.. /¢4 (wp(j)) means that this field has to be removed from the product. Summing over k
and over permutations P we find

Z 90—(9513(1)) e @—(xp(k))smr(ﬂfp(kﬂ)) e 90+(xP(nf2m))§0—(mn+l)

= p(x1)...0(Tn-2m) : o—(Tpt+1) (6.60)

n—2m

= <P—(l”n+1)%0(l'1) xn 2m C Z -Tn Qm)/@(ﬁj) : D(-Tjal‘n—‘rl)a

and including the term with positive-frequency contribution ¢4 (z,+1) appearing in Eq. (6.57)
we obtain

to(@1) - p(Tn—2m) © P(Tnt1) =t @(Tnt1)@(@1) - - P(Tn—2m) :

n—2m
# 3 elan) el oles) Dl 66
which we plug in Eq. (6.56) to find
p(x1) - p(zn)p(Tni)
[%] n—2m
= Z { [ tp(m1) - p(Tn—2m )P (Tnt1) T+ Z P(zn—2m)/e(z;) : D(2), Tny1)

X D(Zp—2m+1, Tn—2m+2) - - - D(Tp—1,xy,) + other pairings}

|3

{ (1) (nzm) o) ¢

3
o

X D(Tp—2m+1, Tn—2m+2) - - . D(n—1, ) + other pairings, z,+1 not contracted}

‘:
woft
=

+ { : @(331) - Qp(xn—i-l—Zm) : D(ﬂjn—2m+l’ xn—2m+2) cee D(l‘n, xn—i—l)

3
5

+ other pairings, x,41 contracted}

- | { L o(21) . @(Tnp1—om) -

‘:
wff
p

3
I

X D(Tp—2m+1, Tn—2m+2) - - - D(Tpn, Tpt1) + other pairings} ,

(6.62)

which finally proves the theorem.
The result above is easily generalised to any number of real or complex scalar fields. Denoting
them with ¢,, the only modification to the formula above is that contractions have to be
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considered only for fields of the same type, since [pq, 5] = 0, and moreover only for ¢, and
its adjoint (which is the field itself in the real case), since for complex fields [pq, pq] = 0 and
[pas 1) # 0.

In the case of interest to us, the fields in the time ordered product are already partially normal
ordered. In this case, contractions have to be considered only among fields belonging to different
normal-ordered block. This is easily understood from the proof we gave above: a contraction
appears only when we try to bring a negative-frequency field to the left of a positive-frequency
field, but this never occurs for fields ina normal-ordered block.

Wick’s theorem can also be generalised to fermions. In that case one has to be aware of the
presence of signs, due to the anticommutation relations between fermion fields. A calculation
similar to Eq. (6.54) shows that

Y)Y (2) = [Wp(21) + - (2)][Pg (22) + P (22)]

= ¢y (21)Y (22) + Yy (1) (22) + Y (21) 4 (22) + (1) (22)

= Oy (21)Y4 (22) — Y (w2) 0y (1) + (1) 4 (2) + Y (21)P—(22) + {4 (1), (22)}
=t Y(@)9(@2) : + O (@1)$(22)]0)

(6.63)
Time-ordering for fermions requires the introduction of minus signs, to be consistent with the
anticommutation relations. For two fields,

T (1 (21)02(w2)) = 0(2) — 29) b1 (1) 02 (w2) — 0(2§ — 292 (w2) b1 (1) , (6.64)
so that T (¢1(x1)e(xe)) = =T (2(x2)91(x1)). This generalises to

T (wl ($1) cee ¢n(xn)) =

Z(—l)ape(xopu) - 37%(2)) . -9($0p(n71) - Hfop(n))wPu)(a?Pu)) - -¢P(n) (afP(n)) ) (6.65)
P

where op is the parity of the permutation P, i.e., the number of transpositions required to obtain
it modulo 2. Defining the contraction for fermion fields,

S(x,y) = (OIT (¢(x)¢(y)) 0}, (6.66)

we have then B B
T (¢($1)1/J($2)) =: Lb(xl)ﬂ)(xﬂ : +S(l‘1, JJQ) . (6.67)

Notice that Eq. (6.66) is the only nontrivial contraction in this case. Notice furthermore that
thanks to translation invariance we have

S(z,y) = (0| (¥(z — y)¥(0)) [0) = S(z — y), (6.68)

as in the scalar case. For a general number of fields, Wick’s theorem reads

T (Y(x1) ... (@n)P(y1) . P(ya))

min(n,n)
= Z (=1)7 s ¢(z1) .. ¢<xn—m)1§(yl) e @Z(yﬁ—m) 2 S (Tn—ma1s Yn—m+1) - - - S(Zny Yn)
m=0

+ other pairings.
(6.69)
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Here o is the parity of the permutation that reorders the fields according to

Tlyeeey Ty Y1,---5Yn — L1y sy Tn—ms YLy - - s Yn—ms Tn—m+1, Yn—m+1,- - - s Tn, Yn - (670)
One can show that ¢ = m(n — mTH) For the other pairings, the parity of the appropriate
permutation is required, and any exchange of two fields with respect to the term displayed

explicitly in Eq. (6.69) must be paid wiht en extra minus sign. ( An)example will make the
m(m+1
2

procedure clear. For n = n = 2 one finds (here 0 = 2m —
permutation is odd)

T (1) (2)P(y1)(ya)) =+ M%W(zzw( DY (y2) :
Y1) P(yr) = S(w2,y2)— : Y(x2)Y(y2) : S(w1,91)
()P (ya) = S(a2, 1)+ Y(x2)(y1) : (w1, 92)
- 5(9017 y1)S(z2,y2) + S(w1,92)S (2, y1) -

, so the corresponding

(6.71)

6.5 Feynman diagrams

Making use of Wick’s theorem one can compute the S-matrix elements, since the matrix elements
of normal-ordered products of fields are easily obtained: they are given by the products of the
coefficients of the annihilation operators that destroy a particle in the initial state, and those
of the creation operators that destroy a particle in the final state, summed over all the possible
ways in which particles and creation/annihilation operators can be paired.

There is a convenient graphic method that allows to easily keep track of the various terms
coming out of the perturbative expansion due to Wick’s theorem. This is the method of Feynman
diagrams, which we now discuss for two different theories.

6.5.1 ¢* theory

Consider the theory of a self-interacting Hermitian scalar field ¢, with interaction Lagrangian
Ay
ST (6.72)

where the coupling constant A is a real parameter that we assume to be small, so to justify the
perturbative expansion of the S-matrix,

(rlS — 1) = <90f’Zj:!/d4$1 -~/d433nT{3 ZLr(xy) o L) 2} es)
n=0

— f:oil (Z‘)n/d‘lxl ) ../d4xn (of|T (: dx)t: .. plan)?t ) i) -

(6.73)

The matrix elements in the second line of Eq. (6.73) are computed by means of Wick’s theorem,
expanding the time-ordered product in a sum of normal-ordered products. Among the various
terms, only those will contribute that have precisely the same number of fields as particles in
the initial and final states. In fact, writing the normal-ordered product in terms of positive
and negative-frequency parts of the fields, we see that for the matrix element not to vanish.
we need as many positive-frequency components as particles in the initial state, and as many
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negative-frequency components in the final state. In this way, the annihilation operators in the
positive-frequency components, acting on the right, will remove the particles from the initial
state, turning it into the vacuum state. Similarly, the creation operators in negative-frequency
components will act on the left turning the final state into the vacuum state. What remains to
be determined is in how many ways this can be done: for a given normal-ordered product with
the right amount of fields, we can choose in a number of ways from which fields we take the
positive-frequency part and from which we take the negative-fequency part instead, or stated
differently, which fields we will take to act on the initial state and which on the final state. On
top of this, each of the positive-frequency fields can be associated with any of the initial-state
particles, and simialrly for the negative-frequency fields and the final state particles.

The evaluation of the matrix elements has been reduced essentially to a problem in com-
binatorics, which is dealt with most efficiently by means of a graphic device. For each term
i:.Z(z) : in the S-matrix expansion draw an interaction vertex,

-
i P

where for the time being we are including the position x of the vertex. Each line correpsonds
to one of the fields appearing in the interaction Lagrangian. To any such vertex it is associated
a numerical factor i%, in correspondence with the numerical factor in front of : ¢* :. We can
now represent each of the terms in Wick’s theorem graphically, by connecting two lines when
the corresponding fields are contracted. Such lines, running between vertices, are the internal
lines of the diagram, and to each such line, running from vertex y to z, there is an associated
factor D(z,y) coming from Wick’s theorem. Since the interaction Lagrangian is normal ordered,
one should not contract two lines coming from the same vertex.*” The remaining uncontracted
lines correspond to the fields appearing in the normal-ordered products in Wick’s theorem, and
for them to contribute to a specific matrix element, they have to be as many as the particles
involved in the process. These lines are the external lines of the diagram, and each of them has
to be associated to an incoming or outgoing particle. To each of them is associated a numerical
factor discussed below.

It is now easy to keep track of the combinatorics. Given a matrix element with specified
incoming and outgoing particles, and given the term in the S-operator expansion with a specified
number of interaction Lagrangians, the contribution of such term to such matrix elements is
obtained by drawing a vertex for each interaction Lagrangian, associating the lines with particles
or connecting them with one another in all the possible ways that satisfy the following two
requirements:

e each particle must be associated with a line;
e all the lines must be either associated with a particle or connected with one another.

In other words, there must be an external line for each particle and viceversa, and each line must
be either an external line or an internal line of the diagram. We may call these the admissible
diagrams.

4"This takes care of the problem of tadpole diagrams, which would yield a divergent contribution to the matrix
elements, and would have to be subtracted anyway.
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What is left at this point is evaluating the effect of fields on the particle states. To each
diagram corresponds a specific way of associating the unpaired fields to the particles, which
in turn corresponds to one of the contributions to the matrix element of the normal-ordered
product between the initial and final particle states. Each of these contributions is obtained by
letting the annihilation and creation operators act on the particle states, and selecting the term
with the chosen particle/field association. One begins with

A=, Pl s d(@1) ... d(zm) DL, -, ) s (6.74)
where some of the z1,...,%,, can be the same vertex, and where one must have m = n + n/,
otherwise the matrix element vanishes. Choosing which fields act on the initial particles and
which on the final particles corresponds to choosing for which x; we take the positive-frequency
part of the field, and for which we take the negative-frequency one. The matrix element A in
Eq. (6.74) decomposes then in a sum of terms,

Zplw"?pn‘(b (‘TP(I)>¢ (xP )¢+(xPn+1) ¢+($Pn+n)’p17"'7ﬁn>

th""pn (xP(1))~-¢ (xP )‘0><0|¢+($Pn+1) ¢+(xPn+n)’p17"'7ﬁn>7
P

(6.75)
where in the second line we have included the projector on the vacuum state |0)(0] at no cost,
since no particle should remain after the annihilation and creation operators have done their job
of removing particles from the initial and final states, respectively. We are then left with the
task of evaluating matrix elements of the type

= <0’¢+(ZE1)"'¢+(xl)|ﬁ17'-'vﬁl>a (676)
Any factor in Eq. (6.75) is obtained either by an appropriate labelling of vertices, or by taking the
complex conjugate (0|¢4(z1) ... o1 (z)|P1s-- -, D) = (P, Dild—(w1) ... d_(7)]0).*® Now,

B= /d% .../qul e"tam T m(0a(q) ... a(q)a(p) ... a(p;)T]0)

(6.77)
= /qul .. ./qul e~ emar0[a(qy ), [ .., [a(@), a(B )T .. a(@)T]]]0)
The multiple commutator can be computed to give
[a(di), .- [(qw a(@1) . a(@)])
= Z (@), [ Ja@-1), a5 al@i—1) (@) ale) T)(2m) 2076 (G - 7))
(6.78)
— Z [Tm)*2p}6® (g5 — i) )
P
where the sum is over permutations of {1, ...}, corresponding to all the possible ways of pairing
the annhilation and creation operators. The matrix element B becomes then
B = / dQy, ... / dQy, e7i T eTim ZH (2m)32p26 ) (5 — Ppg) )
(6.79)

=S e o= =3 [[0l¢+(x; Ipp(1) ) -
P j P

48We have used the commutativity of the negative-frequency fields to reorder them.
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Each permutation corresponds to a specific way of associating the external lines with the colliding
particles, so it corresponds to a specific diagram. In such a diagram we then have to include the
following factor for an incoming particle with momentum p associated to a field ¢(z) coming
out of vertex z,

016(2)17) = 016:@)I7) = [ e 0lald)I5) = [ dy e 0la(@)a) 0

(6.80)

= / dQq e~ (0][a(7), a(p)']|0) = / Qg e (2m)32p°6 @) (7 — 5)(0|0) = e P,
Similarly, we have to include the following factor for an outgoing particle with momentum p
associated to a field ¢(z) coming out of vertex z,

(310()0) = Fl6-@)]0) = [ 40, €1 (Fla(@)!10) = [ ds, e 0la(F)al@) |0

(6.81)

= / dQq €'17(0][a(P), a(7)1]|0) = / dQq e (2m)32p°63) (7 — )(0]0) = &P
Let us summarise our discussion, and give the Feynman rules in coordinate space. Given an S-
matrix element with n incoming and n’ outgoing particles of specified momenta, and a specified
term in its perturbative expansion with v interaction Lagrangians, we proceed as follows for its
evaluation.

e Draw all possible (and admissible) diagrams with v interaction vertices at x1,...,x, and
n +n’ external lines, associated with the colliding particles;

e include a factor i% for each vertex;

e include a factor D(x;,x;) (propagator from z; to x;) for each internal line running from
xj to x;, associated with the contraction (0|7 (¢(x;)d(x;)) |0);

e for each incoming particle, include a factor e~":'%i if particle 7 is attached to an external
line coming from the vertex x;

e for each outogoing particle, include a factor e’P:'%i if particle p; is attached to an external
line coming from the vertex x;;

e integrate over the position of the vertices;
e sum up all the contributions including the factor 1/v!.

The last two passages complete the calculation since the previous ones, discussed in detial above,
only evaluate the matrix elements of the time-ordered product of interaction Lagrangians.
When considering all the possible contributions at a given perturbative order, one typically
encounters many identical terms. A source of degeneracy is the association between fields and
external particles: for a given topology of the diagram it does not matter which of the four
fields in a vertex is actually associated to a given particle, since one always obtains the same
contribution. Similarly, when contracting fields from two vertices to form internal lines, one
obtains the same factor now matter which of the fields are used. Finally, diagrams which before
integration differ only by the labelling of the vertices will yield the same contribution to the
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matrix element, since the position of the vertices is integrated over. Unless a diagram has special
symmetries, the first two sources of degeneracy yield a factor 4! for each vertex, since the fields
in each vertex can be freely permuted yielding the same contribution. This cancels out the factor
% associated to each vertex. The last source of degeneracy instead, again in the case of absence
of special symmetries, yields a factor v! corresponding to all possible relabellings, which cancels
out the factor %

It is possible, nonetheless, that permuting fields or vertices (before integration) does not
yield a new and equivalent diagram, but just the same diagram. This is the case, for exam-
ple, if two pairs of fields from two vertices are contracted: of the four ways of ordering the
two pairs of fields, only two correspond to different contractions. For the sake of clarity label
these fields as ¢1(z), p2(z) and ¢1(y), d2(y). In general one expects a degeneracy factor 2 x 2
from independent permutations of the fields from the two vertices. When contracting the two
pairs together, however, one can only form the combinations [(¢1(x), ¢1(v)), (P2(z), P2(y))] and
[(d1(x), P2(y)), (P2(x), d1(y))], since exchanging the fields in both vertices does not give a new
combination.*® Similarly, this happens if two vertices in a diagram are not only equivalent
but topologically identical. For example, one may have two vertices with all the four fields
contracted together. In this case there is no difference between the two vertices, and exchang-
ing their labels gives rise to exactly the same diagram. The bottom line of this discussion is
that symmetry factors should be evaluated by carefully counting the possible ways to obtain
topologically equivalent diagrams. We will see how to to this in practice in a couple of examples.

To proceed further in the evaluation of matrix elements, recall from the previous subsection
that for the contraction we have D(x,y) = D(z — y) thanks to translation invariance. We can
then write it as a Fourier transform with respect to a single momentum,

4
D(z—vy) = / (;f; e @Y D(p). (6.82)

To each internal line D(z,y) we can then associate a momentum p flowing from y to x. Using
this representation we can carry out explicitly the integrations over the position of vertices.
Suppose a vertex z is attached to incoming particles pi,. . . pj, and outgoing particles p7,. .. p!, and
furthermore to internal lines D(z,y1),...,D(x, ym) and D(z1,x),...,D(2y,x). Using Eq. (6.82),
we can write the internal line contributions as

4
D(z —y;) = gy e~ (=) P(q.)
y] (27T)4 QJ 9

D _ d4kj —ikj~(z]-—1’)D k
(Zj—l’)—/we () -
Exchanging the order of integrations over internal momenta and positions of the vertices, we
can isolated the factors that depend on z and perform the corresponding integration. there are
factors e~ for the incoming particles, e 5T for the outgoing particles, e %% for incoming
internal lines and e for outgoing internal lines.”® The integration is straightforward, and
yields

/d4x eI P Tt P 0Tt D R (2m)i6™ (Z ITEDW DN DY kj) . (6.84)

9 0ne obtains [(¢2 (), 62(y), (¢1 (), 61(1)] (62(2), 61(1)), [(¢1(x), @2 (y))], but the square brackets correspond
to unordered pairs, so these do not differ from the previous ones.

%0 The distinction between incoming and outgoing lines is actually irrelevant for the Hermitian scalar field, but
it becomes important for the charged scalar field and the Dirac field.

(6.83)
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Having assigned momenta to the internal lines, this relation simply establishes the conservation
of four-momentum at each interaction vertex. What is left to do now is to collect all the
momentum-conserving delta functions, include all the factors D(q) from each contraction, and
integrate over the interanl momenta. Together with the sum over topologically distinct diagrams
multiplied by the appropriate symmetry factors, this completes the evaluation of a given matrix
element at the desired perturbative order.

We can at this point give a new set of rules, the Feynman rules in momentum space, to
evaluate S-matrix elements. Before doing this, it is high time we defined more precisely the
concept of topologically equivalent diagrams. Two diagrams are topologically equivalent if they
can be deformed into one another continuously, i.e., without cutting or glueing parts of the
diagram. For example, exchanging two external lines coming from the same vertex gives a
topologically equivalent diagram; exchanging the position of two vertices while keeping the same
connections ot external particles and other vertices gives a topologically equivalent diagram;
rotating or reflecting a diagram gives an equivalent one; and so on. Let now the colliding
particles and the perturbative order be specified as before.

e Draw all possible, admissible and topologically distinct diagrams with v interaction vertices
and n+n’ external lines associated with the colliding particles. Vertices have now no labels;

e associate four-momenta to external and internal lines: for the external lines, associate a
four-momentum equal to that of the corresponding particle, flowing in the vertex if the
particle is in the initial state and flowing out of the vertex if the particle is in the final
state; for internal lines, let it flow along the direction of the internal line (which in the
case at hand is completely arbitrary; see however footnote 50);

e for each vertex, include a factor i% and a a momentum-conserving delta function,

(2m)26 (pi — po + G — 40 »

where p; and p, are the sum of the four-momenta of incoming and outgoing particles
attached to the vertex, respectively, and ¢; and g, are the sum of momenta of internal
lines flowing respectively in or out of the vertex;

e for each internal line of momentum ¢, include a factor D(g) (propagator in momentum
space);

e for each external line associate a factor 1;
e integrate over all internal momenta;
e sum up all the contributions including the factor 1/v!.

Since four-momentum is conserved at every vertex, it follows that the four-momentum flowing
in from the incoming particles is equal to the four-momentum flowing out with the outgo-
ing particles. We can then trade one of the delta functions at the vertices with an overall,
momentum-conserving delta function (27)*6™® (P; — P;). If we also factor out one i, what we
obtain is the matrix element M¢; introduced in Eq. (6.47). At this point we have all the tools
we need to evalute matrix elements, except for the explciit expression of the propagator. This
will be discussed later, as it is needed only when the explicit value of the matrix element will be
needed.
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It is now time to discuss a couple of examples to make the general discussion given above
more concrete. Consider the matrix element (p’|S — 1|p’).5" This vanishes to first order in the
coupling constant, as (p”| : ¢(x)* : |F') = 0, since there are too many fields and too few particles.
To second order we have to evaluate

i(3)a/#x/d@QﬂT0¢uﬁxww40ww (6.85)

Of all the terms obtained via Wick’s theorem, only : ¢(x)¢(y) : D(z — y)? has a nonzero matrix
element here; such a term can be obtained in 4 x 4! ways. Moreover, one sees that

('] (2)(y) : [B) = (56— (2)p4 (y) + &—(y)$4 () |P) = P =7PY) 4 P u=PD) - (6.86)

and the two terms give the same contribution after integration, so that all in all

1 /x> , |
s (5) [t [ a1 oyt o0t 15)
S\ \2 L,
frd (ZSA') /d4x/d4yez(p ‘z_py)D(x — y)3
(N [ o [ i 2—py) g=i(a1+02+)- =) () D (o) D
= d'z | d*y [ dQq [ dQq, [ dQqg, e e D(q1)D(q2)D(q3)
a1 /quz /qus (27T)45(4) ' — a1~ — )
x (2m)*6" (p — q1 — g2 — ¢3) D(q1) D(q2) D(g3)

iA2 -
<%W“p—p[ /ﬂ%/ﬂ%Dm D) Dy - —a2)| .

(6.87)
where the term in square brackets is the contribution to M g;.

Let us now do the evaluation via Feynman diagrams, beginning with the coordinate-space
formulation. There is only one diagram with two vertices and two external lines, up to relabelling
the vertices, see Fig. 1 (left). To count the degeneracy of the diagram, we proceed as depicted
in Fig. 2. We first choose to attach p'to vertex y, and then associate it with one of its four lines:
this can be done in 4 ways. We now have to attach p’ to vertex x, assocating it with one of
its four lines: this can also be done in 4 ways. We then have to contract the remaining lines
os that none is left out. We pick one of the three lines left from y and contract it with one of
the three coming from x: this can be done in 3 ways. We next pick one of the two remaining
lines in y and attach it to one of the two remaining lines in x: this can be done in 2 ways. The
remaining lines from y and x must be contracted together. We can then repeat the procedure
choosing instead to attach p'to « and pP"¥™ to y. This is a different diagram since the external
particles are attached to different vertices in the two cases; it is however an equivalent diagram
since vertex labels do not matter for the final result. All in all we obtain a factor of 2 x 44!. We
then associate e ¥ to the external line attached to the incoming particle, e * to the external
line attached to the outgoing particle, and D(x — y) to each of the internal lines connecting y to

®lSince S|) transforms under Lorentz transformations as a one-particle state due to [Uo(A), S] = 0, and since
four-momentum is conserved, S|p’) must equal |p’) up to a multiplicative phase factor. Here we are interested in
the Feynman diagrams obtained at a given perturbative order.
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Figure 1: Diagram for the lowest-order nonzero 1 — 1 S-matrix element.
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Figure 2: Degeneracy counting for the diagram.

x. Together with the degeneracy factor and integrating over the position of vertices we obtain
the second line in Eq. (6.87).

In the momentum space formulation the relevant diagram is given in Fig. 1 (right), differing
from the coordinate-space one by the absence of vertex labels and by the association of momenta
to the internal lines. This must be done so that momentum is conserved at each vertex. The
degeneracy counting is similar to the one in coordinate space, the only difference being that since
we have no labels for the vertices, the assignement of an external line to the incoming particle
p can be done in 8 ways, while the assignement of an external line to the outgoing particle can
now be done only in 4 ways, since it has to be attached to a different vertex. The rest of the
argument is as before. We then write down all the factors associate to the diagram, integrate
over the internal momenta which are not fixed by the delta functions, and obtain the last line
of Eq. (6.87).

A more interesting matrix element is that for the 2 — 2 elastic scattering process,

(P1, D3] S — 1]p1, P2 ) - (6.88)
To lowest order one easily finds by direct computation
=/ = - = Z)\ 4 ! =/ 4 - =
<p17p2|5_1|p17p2>:E d*x (py, pa|  d(z)" : [P, P2 )

= i(2m)*0W (p) + ph — p1 — p2)X.

(6.89)

To lowest order, My; = A. The calculation via Feynman rules is straighforward: in coordinate
space we have to draw one vertex and associate its lines with the colliding particles; no line
remains for contractions (which are not allowed anyway due to normal ordering). There are 4!
ways of attaching the lines to the external particles, and each of them give the same contribution,
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Figure 3: Diagrams for the lowest and next-to-lowest order 2 — 2 S-matrix element.
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The momentum space calculation is even faster: no internal lines means no propagators and
no internal momenta to integrate over, the only delta function associated to a vertex is exactly
the one giving the overall conservation of four-momentum, and the result My; = X is obtained
by just taking into account the combinatorics. The next perturbative order is less trivial, and
we compute it directly by making use of Feynman rules in momentum space. There are three
topologically distinct ways of attaching four particles ot the lines coming out of two interaction
vertices,®? depicted in Fig. The degeneracy factor is evaluted as outlined above, and it is
8 x 4 x 3 x 2 = (4!)2 for each of the diagrams, which multiplied by the numerical prefactor
%( 4})2 gives % Conservation of momentum at each vertex leaves only one internal momentum
to integrate, and the final expression for My; is thus

i)‘z 4 I - - - / - M /
Myilope) = 2/d q {D(Q)D(Pl +p2 —q) + D(q)D(p1 — py — q) + D(q)D(p1 — p5 — Q)} :
(6.91)

6.5.2 Yukawa coupling

Consider next a theory containing a real scalar field and a complex Dirac field, of masses M and
m respectively, coupled via the following interaction vertex ( Yukawa coupling),

Z1(x) = gp(@)y(x)p(x) . (6.92)

The Feynman rules discussed in the previous subsection can be extended to include fermionic
fields. In this case, however, we have to distinguish between the two fermionic lines coming out
of a vertex, since one corresponds to 9 and the other to its Dirac conjugate ¥. Making use of the

52Here we consider only connected diagrams, i.e., diagrams that have no disjoint subdiagrams.
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perturbative expansion of the S-matrix and of Wick’s theorem, we reduce the problem to the
evaluation of matrix elements of normal-ordered products of fields between the initial and final
particle states. The only differences with the previous subsection is that now we have to keep
track of the minus signs appearing when exchanging two fermionic fields, and that the action of
a field on a one-particle state brings about the appropriate Dirac spinor corresponding to the
particle. It is convenient to discuss these issues in a practical case. Consider the lowest-order
contribution to the S-matrix element for elastic scattering of two fermions,>?

F = (pis}, Pys5|S — 1|p1s1, Pas2 )

(i9)2 4 Y - | ol T A= - (6'93)
= | dw | Ay (pist, sl T (- ¥ (@) (@)é(@) = P(y)e(y)o(y) :) [Prs, Pasz) -
All the fermion fields have to be used to destroy particles in the initial and final state, so the
only term that survives in the Wick expansion is

29 /d4 /d4yD x — y)(Pysy, Pash| + () Y(x)Y(y)(y) : |PLs1, Pasa ) . (6.94)

No minus sign has appeared yet, since the ordering of the fields is exactly as in the time-ordered
product. Writing now the normal-ordered product in Eq. (6.94) in terms of positive and negative
frequency components, we realise that the only term that contribute is that in which we take
the positive-frequency component of 1(z) and 1(y), to destroy the particles in the initial state,
and the negative-frequency component of (z) and v (y), to destroy the particles in the final
state,

(P11, D285 Y(x W(J«")?;(QW(Z/) : [p1s1, Pas2)
= (187, Pasy| = (53)714(35) ( )+ (y) : [P1s1, P2s2)
= (P151,Ppa]  Voa(@)Pra(@)0-p(y)P1p(y) : [P, Pasz ) (6.95)
= (P51, P85 0— 5 (Y)V—a(2)1a (@)1 5(y)|Prs1. Pas2)

= (P11, PasalV—5(y) V- (2)[0) 01 +a ()11 5(y) | P11, P2s2 )

where in the third line we have made explciit the Dirac index of the fermionic fields, in the
fourth line we have reordered the fields, with no extra sign since ¥_ (y) has been moved left past
two fields, and in the last passage we have conveniently inserted the vacuum projector at no
cost. We now have to evaluate the simple matrix elements

O (z)4 (y)|P151, P2s2) (D151, Pash|—(y)p—(2)[0) . (6.96)

53There is no O(g) contribution since there are four external particles and only two fermionic fields.
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For the first one we find
(Ot ()1 (y)Frs1, Pasz ) = (01tby (2)1h4 (y)bs, (51 ) Tbsy (72 )710)

— [0, [ 00 375w s (@) Ol G o, (00 51 s ()0

t1  t2

/de/quz Zzutz Yug, (@1 )e 2T Gty Goto|Frs1, Pasa )
l 2

- / Sy, / 0D, SNy (@ Jur, (@ e~ @) (2m) 20 (2)32p)

t1  to
X (85181002020 (1 = 3D (B = B) — 85110000, (B — )3 (5 — @)

= g, (D sy (P1 )€ P THPIY) — 1 () Y, (B e " PHoHP2Y)
(6.97)
Recall that us(p’) carries a Dirac index «, usq(p’) so that the spinorial factors above are not the
same. Explicitly,

<0W+a(9€)¢+,8(y) |ﬁlslaﬁ232 > = USQQ(ﬁQ )us1ﬂ(ﬁ1 )e—i(p2~z+p1~y) — usla(ﬁl )Uszﬂ(ﬁQ )e—i(p1-z+p2~y) .

(6.98)
A similar calculation yields
(D151, P55l 5 () (@)]0) = gy (7 )iy, 5 (57 )& P2 P — 1o (5] Vit o (5 ) €' P o HP29)
(6.99)
Putting the two pieces together we find
(P1s1, Pass| + P(2)(2)d(y)Y(y) : |Prs1, Pas2)
= G (73 )ty (P2 ) gy (B} s, (P )e'[(PP2) ot (hmpi) ] (6.100)

— g, (P3 Jus, (D1 )Ty (P sy (P2 JeilPa=pr)at =)yl o g sy

The contribution to the S-matrix element of the term with x and y exchanged is obviously the
same, since D(x) = D(—x). We can then write

F =i [ [ 'y D = ) {51 )y (5 )y 5 ey G P 0

(6.101)

— T (P )us, (P1 )Ty (P s, (P2 )62@2_”1)“62@1_”)‘1’} :

Using the momentum representation for the scalar propagator we can integrate over the position
of the vertices and get finally

F = (ig)*(2x) 6 (5} + p — 1 —p2>{u (54 oty (51 Vi (78 Ytng (2 ) D1 — 1)
(6.102)
iy (54 Yty (1 it (5 e (52 ) D1 — p'2>} .

We are now ready to formulate the first part of the Feynman rules for theories with fermions.

e An interaction vertex consists of one dashed line, one line with an arrow pointing towards
the vertex and one line with an arrow pointing away from the vertex: the dashed line
corresponds to the scalar field,®* the ingoing directed line to the field ¢ and the outgoing

54We use a dashed rather than a solid line to make more clear the difference between scalr and fermionic lines.
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Figure 4: Diagrams for the lowest order 2 — 2 fermion scattering S-matrix element.

on to the field 1. It comes with the numerical factor ig.

e In coordinate space, associate a factor us(p)e P to an incoming particle attached to
vertex x, which corresponds to an fermion line entering the vertex, and associate a factor
iy (p’)e™ " to an outgoing particle attached to the same vertex z, which corresponds to
a fermion line leaving the vertex. The Dirac index of the spinors is contracted between
tg(p’) and ug(p), so it can be thought to “flow” along the fermionic lines in the direction
opposite to that of the arrows. In momentum space, associate only the spinors to the
particles, and a momentum-conserving delta function to each vertex.

e A relative minus sign has to be included for diagrams that differ by the exchange of two
external lines, which corresponds to the exchange of two fermions in a multiparticle state.

The scalar field is treated as above in the ¢* theory. The Feynman diagrams relevant to this
scattering matrix element are shown in Fig. 4.

Consider next the elastic scattering of a fermion and an antifermion. To lowest order,

F = (p{s, pysh|S — 1|pys1, Pasa)

- ) [ s [ty s FIT (b)) s S0 00)ow) ) sy, Fose)
(6.103)

zg - I—
[t [ty Dl - )it T @) s ),
where we have already made use of Wick’s theorem. In the normal ordered product we need a

positive-frequency field ¢, for the initial fermion, a positive-frequency field v, for the initial
antifermion, a negative-frequency field ¢ _ for the final fermion, and a negative-frequency field
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1_ for the final antifermion. The terms that contribute are then

(181, Pysh| = () (@) (y)e(y ) P51, Pasa )
<171'S'17ﬁ£82!{ ¢+ )Y (x ) —(WY-(y) 1+ P (2)(2) - (Y)Y (y) :
V(@) (@) 1 (Y)o—(y) « + V(@) (@) Py (Y) b4 (y) : HDrs1,Pas2)
<p1$1’15252!{¢ Y)Y (y) ( (@) + — Y- ()Y (@) -+ (2)14 (y) (6.104)
(@) ()4 (Y)P(2)+ + Y- (@) () -4 (Y)Y (y) }Pr51, P2s2)
= (7151, D55 ()1 (2)[0) (O ()¢ (y) + |[Frs1, Pos2 )
— (181, P51 () () [0) (014 ()14 (y) [Prs1, Posz ) + @ 4> y.

Terms differing only by the exchange of x and y give the same result after integration, so we
need consider only the two terms written explicitly here. It is straightforward to show that

(019 +an (22)Y(21) 4oy [P151, P252 )

/qul/quz sztwa Yutyaq (G1)e PTGty oto|pis, Pasa )

t1  to
— [0, [ 90 373 vt o (G ) (6.105)
t1  to

X Otys, (2m)°2p06C) (51 — G )31, (2) 2936 (72 — G2 )

= Usyao (ﬁQ )uS1Ot1 (ﬁl )e_i(pQ za+p1-z1) ,

and similarly that

(D151, P o (21)0 0y (12)[0) = gy, (B] Vs (P )€ P2 72 P11 (6.106)

Putting all the pieces together we find

=09 / die / d'y D(z —y) {“sa(ﬁ{)vsg(ﬁé)vsz(ﬁz)um(ﬁl)6i[(”3+”'2)’”‘(”1+p2)'y]

(6.107)
- (pl )U’SI (pl )vs2a2 (p2 ) S a2 (ﬁé )el[(p2p2).m+(p1pl).y]} °
It is now easy to go over to momentum space and write
F =i(2m)*' s () +ph —p1 — p2)i92{ﬂsg (B )vsy (5 )0s, (B2 Jusy (1) D(p1 + p2)
(6.108)

iy, (] Yty (51 )szn (2 Vst () D1 — p'1>} .

We have then learnt a new Feynman rule.

e In coordinate space, associate a factor 7s(p)e”"* to an incoming antiparticle attached
to vertex x, which corresponds to a fermion line leaving the vertex, and associate a fac-
tor vy (p’ )eip/'z to an outgoing antiparticle attached to vertex x, which corresponds to a
fermion line entering the vertex. The Dirac index is contracted between spinors attached
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Figure 5: Diagrams for the lowest order 2 — 2 fermion-antifermion scattering S-matrix element.

to the same vertex, no matter if they correspond to particles or antiparticles, and “flows”
along the fermionic lines in the direction opposite to that of the arrows. In momentum
space, associate only the spinors to the antiparticles, and a momentum-conserving delta
function to each vertex.

The diagrams corresponding to Eq. (6.108) are shown in Fig. 5, and applying the rules described
so far one finds straighforwardly all the pieces of the formula, except for the relative minus sign
between the diagrams. To understand why there is such a sign, let us go back to the case
of fermio-fermion scattering. There, the diagram with the plus sign is that in which the first
particle in the initial state and the first particle in the final state are connected to the first
vertex,” and similarly the other two particles are connected to the second vertex. In this case
the negative-frequency component of the field psi in the first vertex has to go past both fields in
the second vertex, so that one gets a factor (—1)2 = 1, to be the first operator acting on the final
state to annihilate the first particle, which gives no further minus signs. The positive-frequency
component of ¥ at the same vertex is the first operator acting on the initial state, so no extra
sign appears when it annihilates the first particle. The negative-frequency component of the
field psi in the second vertex is now in the right position to annihilate the second particle in
the final state, and the positive-frequency component of 1 in the same vertex is in the right
position to annihilate the second particle in the initial state: no extra sign appears, and overall
we have a plus sign. In the other diagram the two 1)_ are exchanged, and a relative minus sign
appears. In fermion-antifermion scattering, the fields are in the right position when 1, and
psi + from the first vertex act on the initial state and )_ and psi_ from the second vertex act
on the final state. When we bring the negative-frequency component of 7 in the first vertex to
act on the particle in the final state, we have to move it past both fields in the other vertex, and
so there is no minus sign. Instead, when we bring the negative-frequency component of v in the
second vertex to act on the antiparticle in the final state, it has to move past the field v in the
same vertex, and this must be paid with a minus sign. In the case of antifermion-antifermion
scattering this happens twice, so the diagrams are the same as in Fig. (4) with the orientation
of the arrows reversed, but with the same signs for the two diagrams.

We still have to discuss internal fermion lines. To this end, let us consider fermion-antifermion
annihilation into two scalars. The lowest-order contribution to the corresponding S-matrix

5The choice of which of the two vertices is the first is conventional and irrelevant, since exchanging completely
two vertices does not bring about any minus signs.
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element is

F = {(q1,%|S — 1|pis1,p2s2)

ig)? _ _ -
= (g)/d4x/d4y (@, @IT (- ¥(@)(x)d(x) = V() (y)o(y) :) [Prs1, Pasa)

ig)? B
= (g) /d4x/d4y <(717QT2| ¢a($)¢ﬁ(y)¢(l‘)¢(y) . Soz,B(l' _ y)
+ 1 Pp(y)ta(@)@(2)d(y) : Spaly — 2)|prst, Pasa)
= (g [ ds [ 'y Gl 60000 < 0)00] Gal@)ba0) : i Fosz)Saalie — )

— (ig)Q/d4x/d4y (ei(ql-y+qz-x) + ei(ql-x+qz-y)> e—i(p1~y+pz~x)582 (72)S(z — y)us, (1) -
(6.109)

Going over to momentum space

F = i)' (g1 + 2 — p1 — p2)ig* 0 (32) (S — @) = S0 — @) sy (7). (6110)
We can now add another rule to our set.

e In coordinate space, internal fermion lines are oriented from the vertex y where the con-
tracted 1 (y) field is to the vertex where the contracted v(x) field is, consistently with the
fact that for each vertex there is one fermion line that enters and one that exits. To such a
line is associated a fermion propagator S(x — ). The two Dirac indices of the propagator
are contracted again following the flow of the lines in the opposite direction. In momentum
space, internal lines are oriented, and must appear in diagrams consistently with the fact
that one fermion line enters a vertex and one exits. A momentum ¢ is associated to the
line, flowing in the direction of the arrow, and a propagator S (q) is included, with Dirac
indices contracted as explained above.

We can now understand a general rule for minus signs in the presence of antifermionic lines
crossing a diagram from side to side. Supppose we have a diagram with a fermionic line crossing
the diagram from side to side. Collecting all the factors for this line, one finds from the Feynman
rules

Uyt (ﬁ’)eip/'xS(ac —21)S(z1 — x3) ... S(zp_1 — y)e” PYuy(p). (6.111)
This corresponds to the matrix element of the following term in the Wick expansion,
cp(2)(y) 2 S(x — 21)S(z1 — 22) ... S(TH1 — W) (6.112)

taken between one-particle states, (1’| : ¢ (z)(y) : [1) = Gpe® e~ Py, (in shorthand nota-
tion). If we had instead antiparticles in the initial and final state, we would find instead

U5(p)e P TS (x — 21)S(z1 — x2) ... S(xp_1 — x)eP Yy (p’) (6.113)

from the Feynman rules, possibly up to a sign. This term comes from the matrix element of the
same operator as in Eq.(6.112), but now

(] : d@)bly) : [1) = (7] p(y)i(a) : [T) = —ope? Ve oo, (6.114)

and so a minus sign must be included. This is a general rule:
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e For each antifermionic line crossing the diagram from side to side (i.e., from the final to
the initial state), include a minus sign.

A similar minus sign has to be included for fermionic loops: when there is a closed fermionic
line, the v from the last vertex is contracted with the ¢ from the first vertex, and has to
cross an odd number of fields to get in the right position. In coordinate space one then finds
—tr S(z1 — x2)S(z2 — x3)...S(xy — 1), where the trace takes into account the fact that the
flow of the Dirac index goes back to the first vertex after passing the last one.

We have now concluded our derivation of Feynman rules. In the next subsection we discuss
the missing bit, namely the evaluation of propagators.

6.6 Propagators

We begin the discussion of propagators starting from the theory of partial differential equations.
The Klein-Gordon equation (O + m?)¢ = 0 can be derived by an action principle from the

Klein-Gordon Lagrangian kg = % pOHp — %Qap2, describing a free real massive scalar field.
If we now add an interaction part .Z(¢) = —V(p), the EOM would change to
(O +m?)p(z) = —V'(p(x)) = —j(2), (6.115)

i.e., they would be modified by the presence of a source term. In order to solve Eq. (6.115), it
is convenient to solve first the following equation,

(O +m?)G(z) = —6W(z). (6.116)
After finding G(z), it is straightforward to show that

(@) = pola) + / 'y Gz — 1)), (6.117)

where g solves the free KG equation, (O + m?)pg = 0, is a solution of Eq. (6.115):
O+ m)p(a) = @+ m)o(a) + [ dly (0, +m?)G(o - i)

(6.118)

—— [ty )it) = i),

The function G is called propagator, as it propagates the effect of the source through spacetime.
Mathematically, it is the inverse of the differntial operator (O+m?). The solution of Eq. (6.116)
is most easily obtained in momentum space, i.e., taking a Fourier transform. Setting

4 ~
G(z) = / (gﬂ]; S G(p), (6.119)

we find 1
2 2y () — M) —
(p” —m7)G(p) =1, G(p) = 2 _m? (6.120)
Now we should go back to coordinate space, but here we run into a problem: the solution is
singular at p? = m?, i.e., for p° = +1/p2 + m?2, and we cannot perform the integral Eq. (6.119)

without a prescription to avoid the singularities on the integration path. Such a prescription is
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Figure 6: Singularities of the Klein-Gordon propagator in the complex plane.

far from unique. On the other hand, this just reflects the fact that there is not a unique choice
of boundary conditions, which have to be imposed on ¢ to single out one out of the whole family
of solutions in Eq. (6.117). The ambiguity in the choice of prescription thus reflects a physical
ambiguity, and can be settled by means of physical arguments.

In the classical theory of waves, we want to impose that causality is reflected in our solution,
in the sense that the state of the source at the spacetime point x can only affect the state of the
solution at spacetime points in the forward lightcone of x. This leads to ask that the retarded
propagator Gyet(x) vanishes at negative times. Eq. (6.115) must then be supplemented by the
boundary condition Gyet(x) = 0 2 < 0. This corresponds to a specific prescription in handling
the singularity. Recalling the Fourier transform of the Heaviside theta function,

e(xo):/dweiwx“ ! (6.121)

2mi w+ e’

we see that the right prescription is

~ 1
Gret(p) = (po T i€)2 — ﬁz 2 .

(6.122)

In this way the poles are pushed into the lower half of the complex plane. Indeed, using the
residue theorem to compute the integral over p°,

dp ~ 1
G — —ip-x
ret(7) / (2m)4 c (p° +i€)? — p2 — m?
= / d’p LpO e T 1 1
(271')3 2 p0+i€_ ﬁ2+m2p0+i€+ /ﬁZ_{_mQ’
we should close the contour in the lower half of the complex plane if 2 > 0, and in the upper

half of the complex plane if 20 < 0. In the first case we pick —2mi times the residue of the two
poles, while in the second case we find no pole and so no contribution:

4
, 1
Gret (@) :/(dp i

(6.123)

2m)4 (p¥ +i€)? — p2 — m?

d3p i(x/52 2,0 52 i 52 2,0 72
— —if(2° / e~ (VP24m22—p-) _ e—l(—\/P +m?2z” —p-&) 6.124
( ) (271')32 15'2 + m?2 ( ) ( )

. d3p —ip-T ip-x
—ZG(xO)/W(e p —ep).
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Figure 7: Prescription to deal with the singluaritaies to obtain the retarded propagator (left).
This corresponds in practice to computing the integral over p? using a modified integration path
in the complex plane (right).

In the last pasage we have written p° = \/p?2 + m?2, and changed integration variable g — —p'
in the second term in brackets.
Let us consider now a slight modification of the problem. Instead of Eq. (6.116) consider

(B4 m?)D(z) = —i6™W (z). (6.125)
Settin
g D(x) = / 0 e iveDip) (6.126)
T) = (2n)" e D), .

the general solution in momentum space is
- i
D(p)=———. 6.127
) = == (6.127)
Consider now the following prescrtiption for the poles: we shift the one with positive real part
down in the lower half of the complex plane, and the one with negative real part up in the upper
half of the complex plane. This means that we take
- i
D(p)=———— 6.128
(p) . (6.128)
so that the poles are at p? = +1/p? + m2 F ie. Going back to coordinate space, making use of
the residue theorem, we find now

d*p , 1
D _ —ip-x
() / (2m)4 ‘ p? —m? + ie
(2m)* ) 27 PO — /P2 m2 +iep® + /P +m? —ic (6129)
d3 - - B
= [ G (D00 VT i ayp eV i
™ pet+m

3 ' .
= / (2:)52]90 [0(a")e™PT + ()] .
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Figure 8: Prescription to deal with the singluaritaies to obtain the causal propagator (left). This
corresponds in practice to computing the integral over p° using a modified integration path in
the complex plane (right).

This is the causal or Feynman propagator. What is it good for? Consider the vacuum expectation
value of the the product of two free real scalar quantum fields,

(Ol ()p(1)[0) = / do, / 40, (0la(7)a(q) [0y ira-av) — / 40, e @Y = A(z). (6.130)

If we consider the contraction of two scalar fields, i.e., the vacuum expectation value of the
time-ordered product, we then find

(OIT (p(x)p(y)) [0) = / a2, (0(2° = y")e 0 4 g(y0 — 2%)e” 7)) = D(w—y), (6131)

which is precisely the propagator found in Eq. (6.129). This justifies the use of the term “prop-
agator” for this object. One can prove directly, by making use of the EOM and the CCR, that
the contraction D(x) is a propagator, i.e., it solve the KG equation with a delta term. Indeed,
after showing that

20T (p(2)p(y)) = 020 {T (Ba0p(2)0(y)) + 6(2” — y°) (), o(y)]ET }
= 0u0T (Orop(x)p(y)) = T (9200(2)(y)) + 6(2° — y°)[0z0(x), o(y)]ET (6.132)
=T (2yp(2)p(y)) +8(z° — y0)[n(z), (y)]er = T (9200 (x)p(y)) = —idW(x — ),

we find

(Op +m)T (p(2)p(y) = T ((Oz + mP)p(x)e(y)) — i6W(z —y) = —i6W(z —y).  (6.133)

“

however, in this way we cannot show that the “—ie¢” prescription is the correct one to obtain

D(x).
It is easy to show that for a complex (charged) scalar field the following results hold,

(OIT (p()(y))10) = (OIT («2(2)"(v)") 10) = 0, (6.134)

and
OIT (p(2)p(w)") 10) = D(w — ). (6.135)
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This expectation value can be recast as
OIT (p(2)p(y)" ) 10) = (2 ~ ") {0l (@) ()!10) + 0(y° = 2°){0le(w) o (2)]0)
= 0(2° — y") (@) Te()") + 0(4° — 2°) () o)) ,

where the states |¢(z)) and |p(z)) correspond to a particle or an antiparticle, respectively,
being created at z and destroyed at y. Let us now recast Eq. (6.131) as follows,

(6.136)

D —y) = 0(z° — 4°) / 0P G () Dy ()" + 030 — 2°) / P () drp(x)", (6.137)

where ‘
eFip-

P(1)p(@) T (6.138)
are positive-energy and negative-energy solutions of the KG equation. As the propagator carries
the field from y to x, we see that first term in Eq. (6.131) propagates a positive-energy solution
forward in time, while the second one propagates a negative-energy solution backward in time.
The latter can be interpreted as a positive-energy state travelling actually forward in time: we
then obtain the reinterpretation of negative-energy particle states as positive-energy antiparticle
state, since all the quantum numbers of the particle have to be changed for the interpretation
to be consistent.

Let us now discuss the fermion contraction. First we show that it satisfies the following
inhomogeneous Dirac equation,

(i) — m)S(z) = i6W(z), (6.139)
so that we may call it as well fermion propagator. Indeed,?®

(i — m)(OIT (¢(x)1(y)) |0)
= (O|T (i(By — m)ep(x)(y)) 0) + i7°5 (2" — y°) (O (), ¥ (y) 7 }r|0) (6.140)
= iy%6W (@ -y’ = isW (@ —y).

We can then solve the equation in Fourier transform,

(p—m)S(p) =i, (6.141)
where 4
S(z) = / (273;4 P G(p) . (6.142)
Multiplying by p + m we find
(p* = m*)S(p) =i(p+m), (6.143)

56If you are confused by how the Dirac indices are contracted, write them out explicitly:
(i), —m)ap OIT (5 (2)0+ (1)) 0) = ivasd(a” — ") OHws (x), s (y) '8, yor|0) = inapd™ (@ — 4)ds575, ,

which equals i6Y (z — y)dar.
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which can be inverted to give
. i(p +m)
=" 144
S0) = e (6.144)

here the choice of prescription is inspired by the scalar case. Let us verify that it is the correct
one. Integrating over p and using the residue theorem we find (E, = \/p?2 + m2)

4 , i m
St = [ e L

2m)4 p? —m? +ie
, , Bp g0 sn B =D+ m
_ 0 .0\ _ i(Epz’—p-Z) =P
z{@(w y)( z)/ (2ﬂ)3e P o8,
+0(2° — y°)(+i) / TP ity RO ik m}
(2m) —2Ep (6.145)
3 0_ = =~
_ 0(1,0 _ yO) / d’p e—i(EpacO—ﬁf) EP’y —p-y+m
(2m)3 2E,
Ep om0 —EA DT +m
0o_,0 i(—Epz®+p-Z) P
+06—2) [ @’ 2F, }
= /de [0(2° — y")e % (P + m) + 0(y° — 2°)e?*(—p+m)] .
On the other hand,
O (8(0)5,(0))10) = [ S, [ a8y S 010()e ™ () ()b 7)o (D)
- 9(_1‘0)62'73%”5(6)58’ (ﬁ)ds (J)ds’ (ﬁ)T ’0>
(6.146)

which shows that the prescription is correct.

7 Quantisation of the electromagnetic field

There is one more thing to do before building QED, namely quantising the electromagnetic field.
As anticipated in Section 2.6, this is made complicated by the presence of gauge symmetry.
Recall that Maxwell equations can be derived from the following Lagrangian,

£ = —%FWF‘“’ — J, A" (7.1)

and read
0A” — 0”0, Al = J". (7.2)
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As discussed in Section 2.6, the 1 = 0 equation is not a dynamical equation for AY but rather a
constraint,

V240 4+ 9V - A= —J°, (7.3)
which can be solved for A° by inverting the Laplacian,
1 L
o_ _+ ) 0
A0 = A(aov A+J). (7.4)

This can be done easily in Fourier transform. Transforming only with respect to the spatial
coordinates,

d’p iPE f
Au(r) = (27)36 ALt p), (7.5)
we find ) .
O LV S
A0 = 72 (zp QA+ J ) . (7.6)

One has now to transform back to coordinate space. This yields

Bp izl 2 - AoV - A(t, 7)) + JO(t, )
AO t ) — ipx T (._,\. A t 0 t ):/d3 ) ) ' )
(t, ) /(%)36 52 P Do A(t,p) + J°(t,p) Y |7 7] (7.7)
Plugging now A° in the remaining equations one finds
DA‘L = jl ) (78)

where the transverse fields A 1 are given by A L= A— 6%6 . ff, and simnilarly the transverse
part of the current is 7, = j — ﬁ%ﬁ . j Since V- A, = 0, the divergence of A and the
temporal component AY only enter the constraint equation Eq. (7.3), and are not determined
dynamically. The dynamical degrees of freedom are only the transverse components of the four-
potential, which reflects the physical fact that photons happen to show only two independent
polarisations. This is also in agreement with our general discussion of irreducible representations
of the Poincaré group for massless particles, where we saw that in the case of nonzero spin only
two states of opposite helicity are present. Photons are indeed expected to be massless, since
they mediate a long-range force.

The equation of motion and the constraint can be satisfied by infinitely many choices for A,:
if we replace A, — A, + J,A, with an arbitrary function of spacetime A, both the dynamical
equation and the constraint are unchanged:

L I

0A] =VA-V—-V-VA=0,
o A (7.9)

§(constraint) = V29pA — 9oV - VA = 0.

This invariance of the EOM is called gauge invariance, and can actually be seen already at
the level of the Lagrangian: the field-strength tensor F),, is manifestly invariant under a gauge
transformation A, — A, + J,A, while the coupling to matter changes by a total derivative
since the current is conserved, 6(J*A,) = J*O,A = 0,(J*A). The reduced number of actual
degrees of freedom and invariance under gauge transformations require that we proceed carefully
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in quantising the theory. In fact, if we compute the conjugate momenta from the Lagrangian,
we find that
0L

- — _pOu
7r DA R (7.10)
so that 70 = 0 identically, and we cannot use the canonical quantisation approach out of the
box.

Before discussing how quantisation can be done, let us mention how it cannot be done. One
could try to use the physical electric and magnetic fields E and B: these are all dynamical degrees
of freedom, and there are no problems due to the redundancy of the description. Although this
is perfectly viable classically, there are quantum phenomena which can be explained only if
we couple matter to the four-potential: this means that the four-potential is actually physical
(to some extent). One could then try to build this field as we did with the scalar and Dirac
fields, starting from the photon states and combining the corresponding creation and annihilation
operators into a local field which transforms irreducibly under the Lorentz group. Unfortunately,
it is not possible to build such a field for massless, spin 1 particles (see Weinberg I for details).

Let us now discuss the ways to go. One is to isolate the physical degrees of freedom and
qunatise them only. The idea is that the redundancy of gauge invariance can be removed by
imposing some extra condition on the fields, i.e., fizing the gauge, so that the solution to the
constraint becomes unique. Here we briefly sketch this approach. If we impose that the vector
potential is divergenceless, V-A=0 (Coulomb or radiation gauge), the constraint becomes
V240 = —JO which in the absence of sources implies A = 0. Let us focus on this case. The
gauge field in Coulomb gauge only shows the two physical, transverse degrees of freedom. We
can then impose canonical commutation relations on these,>” and so obtain a quantised field
describing only the two physical photons. The disadvantage of this approach is that Lorentz
invariance is not manifest, which becomes cumbersome when including interactions. This is a
disadvantage of quantisation in any non-covariant gauge, like the azial gauge A® = 0 or the
temporal gauge AY = 0. The three gauge conditions discussed here are all legitimate: if we have
a field A, that does not satisfy them, we can always find a new, gauge-transformed one that
will. For example, in Coulomb gauge, if VA = 0, then A’ = A — VA will if we choose A to
satisfy AA = V- A, which can always be done. After a Lorentz transformation, though, the
new field will not satisfy the Coulomb condition, and a further gauge transformation is needed
to re-establish it.

A Lorentz-invariant choice of gauge is the Loren(t)z gauge®® OuA* = 0. This is also a
legitimate gauge, since a nonzero 9, A" can be gauged away by transforming A, — A, + 0, A
with OA = —9,A*. However, the solution is not unique: if 9,4 = 0, we can make a gauge
transformation with OA = 0 (that has nontrivial solutions) and still have the gauge condition
satisfied. In this gauge the EOM simplify to OA* = JH; for a free electromagnetic field, J* = 0,
we simply find four massless KG equations OA,, = 0, on top of which the gauge condition has
to be imposed.

5TThis has to be done carefully, since the commutation relations must be consistent with the gauge-fixing
condition and the constraint equation.

%8This gauge was first introduced by L. V. Lorenz, and not by H. A. Lorentz as it is generally believed, cf. the
paper J. D. Jackson and L. B. Okun, Rev. Mod. Phys. 73 (2001) 663, on the history of gauge theories.
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7.1 Gupta-Bleuler quantisation

From now on we will focus on the free case, and try to quantise the theory. The procedure
that we will follow is different from the one used in Coulomb gauge: instead of starting from
Maxwell’s Lagrangian £y = —%F w P, fix the gauge and solve the equations of motion, and
then quantise the solution, we start from a modified Lagrangian which has the gauge-fixed EOM
as its EOM, solve them and quantise the field, and then impose somehow the gauge condition
on the quantised field. This procedure is called Gupta-Bleuler quantisation. We start from the

following modified Lagrangian,®
[ 1 1% 1 w2 :
<z = _ZFWF - 5(8,“4 )© = ZLr + total divergence,
(7.11)

= S0, A0" A"

The extra term breaks gauge invariance, so it should be possible to quantise the theory by
canonical methods. The equations of motions are easily seen to be

0A, =0, (7.12)

and they are of course the same irrespectively of us using ¢’ or Zr. These are precisely the
gauge-fixed Maxwell equations in Lorenz gauge, so if we were dealing with classical fields, using
this Lagrangian would be exactly equivalent to using Maxwell Lagrangian and using the Lorenz
gauge condition. We now proceed with the canonical program, and impose CCR on the field
solving Eq. (7.12) and its conjugate momenta. We use Zr to find
0Lr
= = — VA = — 9y AP 7.13
900, (719
Now all 7# # 0, and the canonical approach is viable. Notice that 7 is the momentum conjugate
to A,, not to A*. The CCR read

[Au(z), Ay (y)leT = [‘M(x)?: m(y)ler =0, (7.14)
[Alt(x>77"'u(y)]ET = Znuu(s( )(f_ 37) .

The EOM can be solved easily: they are just four KG equations for a real field (as A, must be
Hermitian for the Lagrangian to be Hermitian), and so we can write down the solution right
away,

Ax) = / a9, {a,(5)e " + a, (7)1} (7.15)

for operator-valued coefficients a,,(p’) and a, ()", whose commutation relations are determined
by the CCR. We can exploit again our knowledge of the scalar case to write

%@:/fmmﬂwmx

B (7.16)
au(ﬁ)T = /d3x e*ip'z(—iﬁo)Au(x),

59The subscript F' stands for Fermi, who first proposed this Lagrangian to quantise the electromagnetic field.
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to find that : ;

[0u(7), a,(§)] = [a,(P)"; au(7)"] = O

(0,(7), au(@)1] = =0y 20°(27)°6) (5~ 7).
From these relations we can proceed to build Fock space in the usual way. Everything looks nice
here, with one troubling exception: for y = 0 we find that [ao(7), ao(7)T] = —2p°(27)36) (5 —7)
which implies negative norm for the corresponding states. This is physically unacceptable, since
the presence of states with negative norm (“ghosts”) imply negative probabilities, and thus a
breakdown of unitarity. Before looking ofr a way out of this trouble, let us disentangle the
Lorentz index p from the actual polarisation of the photons. Let us set

(7.17)

3
7) =Y ea(p), (7.18)
A=0
»

where €, are four orthonormal vectors forming a complete set, in the following sense,

The field operator reads

A / de, Z{ apy(@)e™ 7 + £V a) (5) e | (7.20)

An explicit choice is the following: assuming that g is along direction 3, for A = 0,3 we take

1 0
0 0
5&0) M NE sf) N E (7.21)
0 1
while for A = 1,2 we either take
0 0
1 |1 1 1
1 - - (2 - -
h Al €y 7| -il| (7.22)
0 0
corresponding to circular polarisations and thus helicity eigenstates, or
0 0
1 0
g =1o1: =1, (7.23)
0 0

corresponding to linear polarisations. These correspond to the physical states of a massless,
spin-1 particle. In general,
0
e = ( z ) : (7.24)
P
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(1,2)

and €,’"’ are taken to be in the spatial plane orthogonal to p. Now, since nAAa(A)(ﬁ) =
Mg, (7)) (no sum over \), we find that

(@] = lapy @) apn (@)1= 0
f

) 7.25
[G(A)(ﬁ)aa(x)(ff) ] = =2’ (2m)*6® (5 — q) . (7:29)

The states of temporal photons, created by a(o)( )T, have negative norms, and are therefore
clearly unphysical. Transverse photons (A = 1,2) and longitudinal photons A = 3) have states
with positive norm; longitudinal photons are however unphysical as well.

We would like to get rid somehow of the negative norm states and of the unphysical polari-
sations. This is where the gauge condition, which we have not imposed yet, comes to our rescue.
How can we impose J,A4" = 07 We might try to impose it as an operator identity, but this is
bound to fail: in fact, since

0= [0,4%(x), A ()T = [FoAo(x), Ao(y)]mT + [V - Alx), Ao(y)]eT (7.26)
o(y

= [B0Ao(x), Ao(y)]er = [Ao(y), —OAo(z) )T = [Ao(y), mo(z)]er = i6®)(F - §) £ 0,
this would be inconsistent. We might then try to impose it on the Hilbert space of states as a

condition selecting the physical states [¥), 9,A*(x)|¥) = 0, but this would leave the vacuum
state out of the physical subspace. Indeed, given that a,(p’)|0) = 0, we would have

0,4 @)l0) = [ d, e a, (7)/|0) £ 0. (7.27)

A viable possibility is to ask for the positive-frequency component of 9, A*(z) to annihilate the
physical states,
AL (2)|¥) = 0. (7.28)

The gauge condition is then realised on average,
(W[0, A" ()] W) = (U] (2, 4% ()| W) + ((¥]0,4" (2)) |¥) =0, (7.29)

and more generally on has that (¥/|0,A"(x)|¥) = 0 for physical states |¥), [¥’). The first two
steps in constructing the physical Hilbert space of the system is thus to first construct the usual
Fock space, which in the case at hand has indefinite norm, and to select then a subspace Hppys
by imposing the condition Eq. (7.28), Hphys = { |¥) € H |9, A% (x)|¥) = 0}. This eliminates
negative-norm states. Indeed, consider Hpnys with the scalar product (and thus the norm)
inherited from the Fock space H. The most general state in H can be written as a superposition
of basis vectors [1)) = |i1)|¢), where |¢pr) contains only transverse modes and |¢) contains
temporal and longitudinal modes. The operator d,, A" (x) reads

0 At (z) = —i/de {p“a#(ﬁ)e_ip'z —p“a#(ﬁ)Teip'z}
/ do, Z {PreMagy @)e 4 pred agy () e? | (7.30)
—-i [ ag, {L(ﬁ)e—"p'”f - L))
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L(p) = pau(p) = p-eVapy(7) = pa) () — |Fla) () = plae)(B) — a@ (7)),
L(p)" = pau ()" = p- eV any (7)) = o) ()" — [Flag) ()" = p°law) #)' - ag) (0)1].
(7.31)
Imposing Eq. (7.28) for all x is equivalent to impose
L(p)|¥)=0. (7.32)

Since L(p') acts only on temporal and longitudinal photons, Eq. (7.32) for vectors of the form
|Yr)|p) amounts to

L(p)¢) = 0= la)(F) — ag@(@)]l¢) =0 vp. (7.33)

This implies that for physical states a(g) (7')|¢) = a)(P)]|¢) and so

(Dlag) () aw)(F)]6) = (Slag)(F) @ (5)]¢) (7.34)

i.e., the occupation number of temporal and longitudinal photons with momentum p are the
same. Equivalently, we have that

(¢lao() a0 (5)|¢) = (las(B) as(5)]|¢) . (7.35)

for the operators a, and their adjoint. What does this imply for the norm of the states? The
most general vector satisfying Eq. (7.32) for a given content in transverse photons is of the form

N’) = ‘wT>’¢> ’ ’¢> = Z ‘¢n> )

(7.36)
wm:/mmm/a%cw@wwmw@ﬂmummw
Such states are certainly physical states: since
[L(7), L@)T] = 14" [au(7), an (7)) = —p - ¢ 29°(27)*6P) (5~ 7) = 0, (7.37)

where we used p? = 0, we have that L(p’) can be commuted with all the L(p; ) to reach the
vacuum state vector and annihilate it. But the states L(p1) ... L(5,)T|0) are precisely the basis
vectors containing only temporal and longitudinal photons that satisfy the condition Eq. (7.33).
The states |¢,,) are all orthogonal to each other, and have zero norm for n # 0:

(&) |dn) = /del. /den/qul .../qun, CO(By, . ) NG, G )
(7.38)
x (0| L(g,

) e L@ L) L(52)T10) = 600n0 ,

where we have used Eq. (7.37). Up to an irrelevant rescaling, there are only two interesting
choices for C9, namely C(© =1 or C(©) = 0. Consider first the case C(©) = 1. We find that

(U|¥) = (YrlYr), (7.39)
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and more generally for two vectors of the type in Eq. (7.36),

(W'0) = (Wrlvr), (7.40)

independently of the functions C™ for n > 1, i.e., independently of the content in unphysical
photons. On the other hand, if we take C(©) = 0 then (¥|¥) = 0: zero-norm states are still
present in Hphys. However, any of the vectors in Eq. (7.36) represents the same physical state
if [1)7) is the same, the difference between them being a zero-norm state. Even more generally,
any vector of the form

Uz) = [9r)[0) + Y [xra)ldn) = [¥) +12), (7.41)

n=1

for arbitrary choice of the transverse photon state vectors |x7,), represents the same physical
state. In fact, they all have the same norm, since |Z) is orthogonal to W) and has zero norm,
and moreover the scalar product between two such vectors is independent of the zero-norm part,

(U Wz) = (' +(Z')(|9) +|2)) = (V'|¥). (7.42)
We can then define an equivalence relation ~ by
W) ~ W) if [¥) = |T) +|Z) (7.43)

for some zero-norm vector |Z) in Hphys. The true physical space is then the quotient space
Hphys/ ~, i.e., the space formed by the equivalence classes with respect to ~, and with the scalar
product inherited from H, which can be consistently computed using any pair of representatives
of the equivalence classes, since the result is always the same.

There is more to physics than state vectors though: observable quantities are represented as
linear Hermitian operators @ = O on the Hilbert space of states, and they have to be built out
of fields. They are therefore defined first of all on the whole Fock space, and then restricted to
Hphys- For the final construction of the true physical Hilbert space to be acceptable, we need
that the matrix elements of physical observables be independent of the representative vector
that one uses for their evaluation: this identifies which observables are good observables. This
can only happens if their matrix elements between zero-norm states, and between positive-norm
and zero-norm states all vanish. This is equivalent to ask that the matrix elements of the
commutators [L(7), O] and [L(F)T, O] vanish between physical states. A sufficient condition for
this to happen is

[L(7),0] = ML(p),  [L(F)T,0] = L) MT, (7.44)

for some operator M. This is the case for observables of the form

0= [ d2,06)N ). (7.45)
where

3
N(@) = 0" a,(7)an(F) = —ao(F)ao(@)" + D a;(5)a; (7)) (7.46)
j=1
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which equals
N@) = =" e @) ap @) (B) apn (@) = —nmvapy(@)ap) @)

3 (7.47)

Ty

[L(7), N(@)] = "0 [au(P), au(7)ap(@)T] = —p"n" au (7)[an(F), an(q)T)
= "0, (§)(~1p)26° 6D (5 — 7) = p" 0, (7)24°6D (5 — 7) (7.48)

we have

Ty

[L(7), O] Z/quO(ff)[L( ): N(9)] ZL(ﬁ)/dQ 0(7)2¢°8% (5 = ¢) = L(7)O(F) . (7.49)

For these operators the contribution of the unphysical polarisations drops from the expecation
values: recalling Eq. (7.34), one finds that

(\II|O|\I/>:/dQ o(p xp|zaj ()| w). (7.50)

The form Eq. (7.45) is actually that of the four-momentum operators. These can be obtained
via Noether’s theorem from the Lagrangian £, which we write here explcitly:

1 1 1 j
Lp = 50 A" A = 20, A00" Ay + S0, A;0" A (7.51)

This is the Lagrangian of four real scalar fields, one of which comes with the wrong sign,
Lr = -2+ Z?Zl ;. It follows that the Noether charges will be the corresponding sum of

Noether charges for scalar fields, i.e. Q@ = —Qg + 2?21 Qj. Then

P = [ a9, N @) = [0, | ~an@an@) + Y aiF)a; )
(7.52)
— [ a9, | ~a0 @@ + 3 ag)Fag 7
One can show that also the Lorentz generators are of the “good” type, satisfying Eq. (7.44), so

they are good observables as well. Any gauge-invariant functional of A, is also a good observable.
In fact, one has

L(F), Au(a)] = p” / 4 €% 0, (7), a,(7)1] = p / 49, 0% (1) 296D (5 — 7)
= _pueip.z =0y (Z‘eip.x) = Ou)Au(e),

(7.53)
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which is essentially a gauge transformation. For a functional F[A] one then finds

w@mfmn—/fxggﬁpmwamy—m (7.54)

since F is gauge-invariant.’® Similarly, one shows that

L), Au(w)] == pae ™% = B (i) = 5151 4ul), (7.59
and so
1) F1A) = [ o 20 by ad) 0. (7.50

Gauge invariance of an observable therefore implies that it commutes with all L(5) and L(p).
A few final comments are now in order. Instead of the Lagrangians #’ or Zr of Eq. (7.11),
one could use

1 1
T = = Fur P = - (0u )2, (757)

which leads to the following EOM,
0, F" + éaV(auAu) Sy <1 _ ) & (9,4") = 0. (7.58)
Taking the divergence with respect to v we find
—0(0,A") =0. (7.59)

If we impose 9,4, = 0 everywhere at ¢ = —o0, it will remain zero at all times, and the solution
of Eq. (7.58) will be a solution of Maxwell’s equations in Lorenz gauge. Quantisation can be
done starting from this Lagrangian, solving the EOM and imposing 9,4, = 0 on physical states
in the same way we have done above. To see that the physics will be the same, it suffices to
check that the symmetry generators (from which all the observables can be built out) change by
terms that vanish when acting on physical states. We then have to check that the change §Q®
of a Noether charge due to the change 6.2 = (£ —1)(9,4")? of the Lagrangian does not affect
physical states. We have

0L
a _ 3 a AV av _ a0
50 _/d x{a(aoAy) (M, A + A™D,A,] — A 5.,%}

(7.60)
= (1 — ;) / B {nﬂo(aﬁAﬁ) (MG, A + A9, A,] — ;Aao(aﬁAﬂ)Z} ,

and when imposing normal ordering we always have either 8/314@ on the right or 85145} on the
left, so that there is no contribution of : dQ% : to matrix elements between physical states.

Let us work out the implications of the consequences Egs. (7.54) and (7.56) of gauge invari-
ance of an observable imply, in the case of a scalar normal-ordered observable. The most general

50Gauge-invariance means that F [A+8A] FlA] = For infinitesimal transformations 0 = F[A+€edA]—F[A] =
e [d*z ;jlg; O (z) + O(e?), so [ d*z 2 (I s Ol (@ )
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such observable is of the form
0=y omm,
Omm) /del"’/den/qu1"’/dQQm OFt-HnVLVm (B Dy @y -+« s Gm) (7.61)

X Qyyy (ﬁlyr s Ay, (ﬁn)Tam (q@1) -+ av, (Gn),

where Hermiticity imposes that

OF1--Hinbd-bm (ﬁla s 7ﬁn7 q_’b cee 7§m) = QY- Ymhitelin ((Tla e (Tmaﬁla s 7]771)* ’ (762)

and Bose symmetry allows to take OF1-HnVl-Vm(p) 5L @,...,¢yn) symmetric under ex-
change of 15, p; with ug, pk, and similarly under exchange of v;, ¢; with v, ¢,. Imposing gauge
invariance in the form [L(k ), O] = [L(k)T, O] = 0, we arrive at the conditions

pjujoul-..ﬂnl/l...l/m (]3*17 L ’ﬁm (Tlv L 7q‘m) =qj Vjom...unm...z/m (1717 o 7ﬁn7 (fh el (Tm) — O, (7.63)

for all j. The coefficient functions should then be divergenceless in all indices.%!

As a final comment, notice that in the presence of a nonzero current, Egs. (7.57) and (7.58)
are modified to

amdnre Lo, o
and 1 1
QuF™ + 0" (9,A) = DAY - <1 - a> 0" (0, A") = J". (7.65)

Taking the divergence with respect to v we find now
1
—0(0,A") = 0,J" = 0. (7.66)
e

The field 9, A* is thus a free field also in the presence of interaction with matter, if the coupling
is with a conserved current. This means that also in the interacting case we can identify the
positive and negative-frequency components of 9,A*. We can proceed 4 la Gupta-Bleuler also
in the interacting case, quantising canonically the theory in Lorenz gauge and then imposing
the subsidiary condition (0,A"),|¥) = 0 to select physical states out of the full Hilbert space.

7.2 Photon propagator

We now compute the photon field contraction, or photon propagator. This quantity depends
on the particular gauge used in the quantisation procedure: it is therefore crucial to show that
physical quantities are independent of the choice of gauge. Having quantised the theory &4 la
Gupta-Bleuler, the propoagator that we will obtain is the one in Lorenz gauge. The calculation

%1 The condition p,O(p) = 0 is the Fourier transform of the divergenceless condition 9,0(x) = 0, hence the
nomenclature.
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is rather easy, and as one can expect from the discussion of the previous subsection, the result
amounts essentially to four scalar propagators, one of which with the wrong sign. We have

= (0|T (Au(x)Au(y)) |0)
/dQ /dQ (20 — y0)e P2V (0]a,, (7)a, (7)T]0)

+ 00 — ) PV (0]a, (7)a, (7)110) |

= —T]w, / de |:0(l’0 o yO)e*ip(mfy) + O(yo _ gjo)eip‘(w*y)] = —nMVD(gj — y) .

D,y (z

(7.67)
In momentum space, .
Dy(z —y) = (%4 e "Dy (p), (7.68)
we find '
Dy (p) = p_QZZ“Z,”G . (7.69)

The momentum-space expression follows (up to the prescription at the poles) from the fact that
D,,, solves the inhomogeneous equations of motion. In fact, since

070Dy (2 —y) = o { O\T on (2) Ay (1)) [0) + 8(2” — y°) (0[[Au(@), Au (1)]ET]0) }

= (0T (920 Au(x)Au(y)) 0) + 6 930 — 4)(0][0z 04, (), Ay (y)]eT|0) (7.70)
=0T ( on VA, (1)) 10) = (2 — %) (0][mu(2), Ay (y))ET|0) ‘
= (0|T (82 g Ap(2) Au(y)) 0) + inud™ (x — y),
we find that
OaDy (2 — y) = (O|T (970 Apu(x) Au (1)) 10) + im0 ™ (z — y) — (0T (AA(2) Ay (y)) (7.71)

= (0|7 (DA (2) Ay (1)) 0) + inu 6@ (z — y) = inuwd™(z —y)

which in momentum space reads —pr)W = M.
One can show that when quantising the photon field making use of one of the Lagrangians
%, of Eq. (7.57), the photon propagator is found to solve the following equation,

1 .
Ony, — (1 - a) auap] D?, () = i1,,0W (). (7.72)

In momentum space, this reads
2 1 ~p .
P Nup — 1- a PuPp D u(p) = "M - (7-73)

The propagator is then obtained by inverting the matrix M,(L?,il)(p) = pQT]W — (1 — é) Publp-
Notice that in the absence of the extra term in the Lagrangian (corresponding to taking o — o0),
this matrix is not invertible: this reflects the gauge invariance of the action in that case, which
leads to the presence of a zero mode for M, ,S?,) (p), namely the longitudinal mode, M,SS’ (p)p” = 0.
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To invert M,(ﬁil)(p) we can make use of this fact, and notice that M,(ﬁil)(p) = ,58) (p) +

épup,,. The two terms are nonzero in orthogonal subspaces, and actually proportional to the
corresponding projectors I} and II. We can write

2 2
-1 _ .2 Pubv P PuPv o p
M;(ﬁ 'p)=p (UW TR ) + o« P pIl + EH” ; (7.74)
and obtain the propagator right away as
~ 1 Q —1 Pulv
Dy (p) = —i <pQHL + p2H) = 7 <7)W - (1-a) e > (7.75)

A detailed calculation allows to determine the correct prescription to obtain the field contraction.
The momentum propagator in the gauge « reads

Dy (p) = 17274:2.6 <77;w -(1-a) pgusiJ ‘ (7.76)
It is common to refer to the various choices of « as different gaauge choice, although it is always
the Lorenz gauge that is being used. The choice o = 1 is called Feynman (or Fermi) gauge. The
choice @ — 0 is called Landau gauge: notice that here the limit is taken after quantising the
theory. Another choice of a with a name attached is Yennie gauge, a = 3. Of course, physics
must not depend on «, so we must ensure that wherever the photon propagator gets inserted,
the longitudinal term gives no contribution.

8 Quantum Electrodynamics

We now have all the tools to formulate a relativistic quantum theory of the electromagnetic
interaction. At the classical level, if we couple matter to the electromagnetic field A, via a

current J#,

£ = —%FWF‘“’ — J, A" (8.1)

then the current must be conserved. This can be reinterpreted geometrically as requiring that
gauge invariance be preserved also in the interacting case. In fact, on the one side, conservation
of the current implies gauge invariance of the action, in the sense that this chages by the integral
of a total divergence, which does not affect the EOM. On the other side, gauge invariance of the
action (again, up to irrelevant boundary terms) implies that

68 = /d% JrON = /d4m ROLINES /d4x (O J"A = 0, =0, (8.2)
since this must hold for arbitrary A.
1

Let us consider spinorial electrodynamics, in which spin-3 get coupled to the electromagnetic
field. We know that from the Dirac Lagrangian,

ZLp = P(i) —m)y, (8.3)

we get a conserved current J*,

T =ty (8.4)
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with the associated conserved charge
/de JO = /d% Dy /dQ Z 7) + dy(7)1d, (ﬁ)} (8.5)
This current is associated to invariance under the U(1) transformation

W — e Y, b — e (8.6)

If we couple A,, to J#* with some coupling constant e, the resulting Lagrangian,

ZqED = _EF‘“’FW + (i — m)y — ey Ay,
=~ F P (0 — )y — i Ay (8.7)
- _iFWF”” + [y (O + iedy) —mli,

is still invariant under the U(1) transformation Eq. (8.6), so J#* is conserved and gauge invariance
still holds. Here

JH = eyt (8.8)
and the associated charge is

Q= e/d% vy (8.9)

The coupling constant e is the electric charge of the b-type particles.? The U(1) transformation
Eq. (8.6) wiht z-independent « is called a global gauge transformation, for reasons that will
become clear in a moment. If we make a gauge transformation 4, — A, —J,A, the Lagrangian
changes by the term B o ‘
04 LaED = ey PN = —epe i (e My . (8.10)
This can be compensated by changing also ¢ — e, ¢ — e~ where A is now z-dependent,
since in this case
dp-LQED = e&e_iEAi(ﬁ(eiEAw) — eid)

= ehe NP (M) + epe TN iPy — ey Hidnp (8.11)

= eﬁe_ie/\iﬁ(eie/\)w = _5A$QED .
This is a local gauge transformation, since the U(1) rotation performed on the Dirac field de-

pends on the spacetime point. The Lagrangian is then invariant under the combined guage
transformation

A, — A, — 9N,
Y — ey (8.12)
,LZ} N ”(ZJeiieA,

52Here we are anticipating the passage to the interaction picture, where @ will be written in terms of free fields
for which the particle interpretation is clear.
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for an arbitrary function A(x). Conversely, asking that the Lagrangian be invariant under such a
transformation forces us to couple the electromagnetic and the Dirac fields as in Eq. (8.7), if we
want to use derivatives of the fields. To see this, let us denote with D,, the covariant derivative,

D, =0, +ieA,, (8.13)
so that we can write )
ZqED = —ZFWFW + (i) —m)ip. (8.14)
The covariant derivative of v transforms like ¢ itself under a gauge tranformation:

D, — (9 +ieA, — ied, N)eMp = N, +ied, ) = MDyb. (8.15)

To obtain a Lorentz-invariant and gauge-invariant action we are then force to use scalar combi-
nations of F},,, ¥ and D,1. The simplest possibility is precisely Eq. (8.14). This explains the
origin of the so-called minimal coupling or minimal substitution in terms of gauge invariance.
Let us summarise our discussion so far. We have argued that a good Lagrangian for the
description of spin—% particles coupled to the electromagnetic field is the one given in Eq. (8.14).
This can be motivated by the request of invariance under Lorentz transformations and under
the local gauge transformation Eq. (8.12). The theory obtained starting from this Lagrangian
has the Poincaré group and the U(1) group as its global symmetries, to which correspond con-
served currents and charges according to Noether’s theorem. The latter are the four-momentum
generators P, the Lorentz generators .J (7) and the electric charge @ given in Eq. (8.9).

The EOM are obtained as usual via an action principle, and read

OpFM = ey"ip,
(i) —m)yp=0.

In particular, the second equation and its adjoint imply by themselves the conservation of
the electric current J# = ewy*1p. Indeed, taking the adjoint of this equation in the form

iPp = (m+ A, we find (9,9)y = —(m + A), so that
Ou(eyy) = e[(Ou )"y + 7 0u] = e[ —(m + A) + (m + A)j = 0. (8.17)

Our next task is to quantise this theory. We already know that gauge invariance does not allow
us to proceed directly via the canonical method, so we try to proceed again & la Gupta-Bleuler.
We then modify the Lagrangian to

(8.16)

1 -,
ZQED|CB = —Z(%A,,@”A” + (i) —m)y, (8.18)

having added the gauge non-invariant term —31(9,4#)? to the original Lagrangian (and having
dropped irrelevant total derivative terms). We then proceed to solve the modified EOM

DAY = ey,

; (8.19)
(ZlD - m)"l/f =0,
after which we will impose the subsidiary condition on the Hilbert space,
(BpA") 4 ()W) = 0. (8.20)
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As discussed at the end of Section 7.1, 9, A" is a free field also in the interacting case, so that
it can be separated into positive and negative frequency parts. The Gupta-Bleuler procedure
requires that we impose the usual CCR/CAR on the fields and their conjugate momenta,

0L, ED|GB
=94+, g = ——EDIGB
v Aot

and after that select physical states in the Hilbert space by imposing Eq. (8.20).

The procedure outlined above cannot be fully carried out in practice, so we have to resort
to some approximation technique. We will then go over to the interaction picture and com-
pute physical quantities by means of perturbastion theory. Since the interaction part of the
Lagrangian does not depend on time derivatives of the field, we have that

0ZQED|GB

VA |
T =it (8.21)

B
7TA_

‘/I - - / d3$ g[(djinta QJZ_)inta Aint u) )
g[ (1/}inta @Zinta Aint ,u,) - _elzintAintqzint .

(8.22)

From this we can develop perturbation theory as discussed in Section 6.

Before discussing in detail perturbation theory, we still have to clarify what happens to
the subsidiary condition when going over to the interaction picture. Since 0- A = J,A" is a
Hermitian free field, 09 - A = 0, we can write it as

9. Ax) = / a6, {e P e(p) + P7e(p) (8.23)

for some operators ¢(p’). All we need to know about them is that they can be extracted from
0 - A as usual,

o(F) = / Bz P - A(z), (8.24)

for arbitrary z°. Since A4, (z) = e'7"*A,(0)e~""*, thanks to translation invariance of the theory,
we also have

9 Az) =0y (eiP'xAM(O)e_iP'x) = [iP,, A¥(x)] = T *[iP,, A*(0)]e """

. , 8.25
— esza X A(O)e—zP~az ) ( )

This implies
elfac(pleite = /dgx eip'xigoa-A(m +a)= eip'a/d?’x eip'fi%a CA(z) = e P%(p), (8.26)

where we have made a change of variables in Z, and we have used the arbitrariness in the choice
of the time variable in Eq. (8.24). We conclude that

0 A(x)]s = / 4, e P e() = P [ / a0, c(ﬁ)} ~iPT — (P2l A(O)]se T, (8.27)

On the other hand, at ¢t = 0 the fields and momenta in the Heisenberg and interaction pictures
coincide,

Aint,u(oy f) = A“(O, f) ) 7"—intu(oy CE) = _80Aintp(07 f)ﬂu((l f) = _8014#(07 f) ’ (828)
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Figure 9: Interaction vertex in QED.

from which it follows that [0 - A(0,% )]+ = [0 - Aint(0,Z)]+ = O - Ajnt +(0, 2 ), where in the last
passage we used our knowledge of free fields to write the positive-frequency part of the divergence
of the free photon field as the diverge of the positive-frequency part of the field (this is not true
for the interacting field). We now use the fact that the subsidiary condition Eq. (8.20) holds for
all . Since Eq. (8.20) implies also that e0(9, A*) (0,7 )e *Ht| W) = 0, for all ¢, we can write

0= lim eiflot / Bz e[ A0, 7)] e D)

t——o0

= lim eiHOt/d:S:ceip'x(?-Aint+(0,a?)eth\\I/)

t——o00

t——o0

= lim eiHOt/d?’xeip'“"a-Aint+(0,i")€_iH0t|‘I’0> (8.29)

= lim [ dPze®%0 - A4 (t,7)|T0)

t——o0

— [ e 0 A (67)1V0) = "0, (7) o) = ~iL(F)| o).

where |Wy) is defined as the free state leading to the in state |¥), |¥) = Q4 |¥), and a,(p) are
the annihilation operators associated to the free photon field in Lorenz gauge. We thus recover
the Gupta-Bleuler subsidiary condition for free particle states. The same argument can be made
for out states. We can then build the free physical Hilbert space as described in the previous
Section, and then obtain the interacting physical Hilbert space through the scattering operators
Q4. Being unitary operators (or at least isometric), we are guaranteed that all negative and
zero norm states are eliminated from the theory.

At this point we construct the S operator in the usual way, but we have to make sure that
it has no matrix elements between physical and unphysical states, so that the identification of
state vectors differing by zero-norm vectors does not affect the physics. We will show later that
S is actually gauge invariant, in the sense that [L(7),S] = [L(p),S] = 0, so that we end up
having a well-defined unitary scattering matrix acting on a positive-norm Hilbert space. Since
Lorentz invariance is manifest at all stages, we are guaranteed that the .S matrix will also be
Lorentz invariant. All that is left to do (it may seem...) is to actually compute the S-matrix.
We now outline how this is done.

8.1 Feynman rules for spinorial electrodynamics

We now give the extra rules required to compute the perturbative series in QED. In general,
the construction of the perturbative series proceeds as discussed in Section 6, expanding Dyson
formula in powers of the coupling (here the electric charge ), and dealing with the time-ordered
products of fields by means of Wick’s theorem. All we need to add is how the interaction vertex

143



e~ pysh 1 Pysh

b1 *10/1
e p1s1 B p2s2

Figure 10: Lowest-order diagram for elastic e~ u~ scattering.

behaves in the theory at hand, and how to deal with photon fields, both when they appear in
contractions and when they act on the incoming and outgoing particles.

e The interaction vertex is represented by two fermionic lines, one ingoing and one outgoing,
and a wiggly line corresponding to the photon field (see Fig. 9). The corresponding factor
reads —iey*”, where the Dirac indices are contracted as usual by going against the flow of the
fermion lines, while the Lorentz index p is contracted with the contribution corresponding
to the photon field.

e A photon field acting on an incoming or outgoing photon gives rise to an external photon
line in the diagram. Photon states are denoted by |p'A), where A = 1,2 is one of the two
physical polarisations. To determine the contribution of an external line, it suffices to
evaluate the following matrix elements,

(0] A (z)|pA) = / dQ Z ~1 2N () (0lay (@) BN = e PN (),

(A AL(2)]0) = (0\Au(x)\p A =P reN(p)"

(8.30)

) o
(A)(

an incoming particle attached to the vertex z, and a factor factor e™™®%¢;” (p)* to an
outogoing particle attached to the vertex x; in momentum space, drop the phase factors.

We have then the following rules: in coordinate space, associate a factor e

e The only nontrivial contraction for the photon field is D, (z —y) = (0|T(Au(x) AL (y))|0).
In a Feynman diagram, such a contraction corresponds to an internal line running from
vertex y to vertex x,%3 and the corresponding factor D, (z — y) must be included in
coordinate space. In momentum space, a momentum p is associated to each internal line,
and a factor D,,,(p) must be included.

Let us apply these rules to the calculation of the simplest process, namely the elastic scat-
tering of two different fermions. To fix the ideas, let them be an electron and a muon, both of
charge e = —|e|. In this case there is a single Feynman diagram contributing to lowest order,
the one shown in Fig. There are no special symmetries in this diagram, so the usual degeneracy
counting applies, and we find

(enem) _ L@ Gy (ieypia® (5 M) v ()
M 7 sy (P)(—ien us () o P i s (P2 ) (=ie)r"ugy (P2 )

(.u)( 7

(8.31)

€ e —
= ) (Bl () (7)) (2 )

53Photon lines are usually drawn without an orientation, since the photon is a neutral particle.
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Figure 11: Lowest-order diagram for e~e™ — = u™ scattering.
where t = (p; — p’1)2 is the usual Mandelstam variable. We can verify explicitly that the same

result is obtained in any other a gauge. In fact, replacing the Feynman gauge propagator with
the one for a # 1 we find the extra contribution

1) (—ie)yul® i(1 = a)(p1 = P)ulp p)vu(u) i (5
o (P1)(—ie)y"usy (P1) (s — )IHE] rag) (B ) (—ie)y udy (72),  (8:32)

which vanishes since
@S;) (P )’Y“u(e) (P1) (1 — P))p = @i? PP, — p’l)uﬁ? (P1)

@ @\ (8.33)
= ) (1) m —m)ul) (1) = 0.

the other factor is seen to vanish as well since p; — p| = p, — p2 due to momentum conservation.
This reflects a general result: due to current conservation, the factor O#!--#» that in a Feynman
diagram is contracted with internal and external photon lines satisfies g;,,O*#» = 0 for all
J, where g; is the momentum flowing in the j internal or externl photon line. These are the
so-called Ward identities, that guarantee the gauge invariance of the S-matrix.

Another simple process is the inelastic scattering process e"e™ — p~u*. Also in this case
one finds a single Feynman diagram to lowest order, which is evaluated to be

(emetospmpt) _ Lo(e) oy 2 ()
Mfz _Z 51( )( 26)7 (p2)(p1—|-p2)2+26 52 (

e e —) — — e —
—ag (5o (550 (5 )yl (1),

51

P2 )(—i )7”“&? (P1)
(8.34)

where s = (p1 + p2)? is the usual Mandelstam variable. For the processes e" e~ — e~ e~ and
e"eT — e~ e there are instead two diagrams, similar to those in Figs. 4 and 5, except for the
replacement of the internal scalar line with a photon line. Their value is of course different.
The physical quantity measured in experiments is not the transition amplitude M; but the
cross section, which is proportional to |M filz. Often the particles in the initial state are not
polarised, and the spins of those in the final state are not observed. What is measured is then
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the cross section averaged over initial spins and summed over final spins, in which enters the
following averaged quantity,

1
(281 + 1)(252 +1

(IMyil?) = ) > IMyils1, 82— gl (8.35)

§1,82,Sf

For processes involving fermions one can exploit the identities of Eq. (5.86) to simplify the final
expressions. Let us see how this works in the case of elastic e”u~ scattering. From Eq. (8.31)
we find

ep—se 1 e? e
I RCEEEy <t> O T M R I O I ()
51,82,8],8) (8.36)

4
1 12 Stry (Pl + me )y V(]/'jll + me)’Yu(pg + mu)%(]/f; +my) .

The trace can be evaluated by making use of the following identities,

tr YT = dnh
B V/Ypfyo nuv po Hp Vo HO VP (8.37)
tr Yy Py = AP — Pyt + ntnP),

and the fact that the trace of an odd number of gamma matrices vanishes. We will see below
how to proved these identities, for the time being we just use them to get

4
(M 2) = 4% (" (m2 —pr - ph) + PPV + DYDT) (1 (M, = P2 - P3) + Poubhy, + P2uihy,) -
(8.38)
Notice now that t = 2(m —p1 py) = 2(m —pg p2) s = m +m +p1-p2 = m?%—mi—i—p'l - ph
and u = (p1 — ph)? = m? —|—m —p1-ph = m+m —po - pl,toﬁnd

64 2
(IMlcren 2y 15 <4 <t> + 2%(191 Py +p2 - ph) + 2((p1 - p2) (P - Ph) + (p1 - ph) (Y -pz)))

2
et [ 2 2 1 2 242 2 242
:4§ t +t(m6+mu_t)+§((s_me_mu) +(u_me _mu) )
et 2 2 1 2 242 2 242
:4t—2 t(me—i-mu)—i—i((s—me —my)" + (u—mg —my)7) | .
(8.39)
Using the identity s + ¢ 4+ u = 2(m? 4+ m2), this can be written as
4
<|M (en—en) 1) = 2% (G(mz + mi)2 —4(s 4+ u)(m? + mi) + 5%+ u2) . (8.40)
In the limit of high energy at fixed ¢ this simplifies to
2, .2 2
(M 2) 2e4% ~ 464%. (8.41)

The first expression above coincides with the one found in the limit of massless fermions.
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Let us now discuss how one can prove the trace identities Eq. (8.37). To this end, let us
introduce the following matrix,

1 1 1 .
7 = a1 Cuwpa Y = {6012370717273 = —270717273 = i7"y, (8.42)

which in the spinor representation that we are using reads

= <(1) _01) , (8.43)

It is easy to see that 7% anticommutes with all the v*,

v’} =0, (8.44)

and that (7°)2 = 1. If we now compute the trace of an odd number of gamma matrices, we find

by = g gL (39)2) = g Ltk

8.45
e O A G ) R I L A B R e (5:49)

For the trace of the product of two gamma matrices, we can use the basic anticommutators to
show

1
tr Yo" = try¥4* = §tr {47} = 4t . (8.46)

Finally, to prove the four-gamma identity we make repeated use of v#~+* = 2n** — ¥~ to show
that
tr " yPy” = 20t Py =ty Tyt P = 8P —tr gty Pa
=807 —n"Pn"7) + tryty 7y "yP (8.47)
= 80" — """ + nMInP) — tr Aty
from which the identity follows.
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