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Preface

These lecture notes serve as a reference for the course Quantum field theory 1 (02KTPA1)
taught at the Czech Technical University in Prague (Faculty of Nuclear Sciences and Physical
Engineering). They cover relativistic quantum mechanics (Part I) and basics of quantum field
theory (Part II). This course takes 13 weeks in a 4+2 weekly scheme, meaning 4 x 50 minutes of
lectures plus 2 x 50 minutes of exercises. Correspondingly, the lecture notes are divided into 13
chapters, with (solved) exercises provided at the end of each chapter.

I will be very grateful for reported errors or suggestions for improvement.
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Chapter 0

Overview of the course

0.1 Motivation and outline

Quantum field theory (QFT) is the latest step in the process of establishing fields, that is,
quantities defined throughout spacetime, as the fundamental entities that constitute physical
reality. Let us summarize this process.

1.

It starts in Newtonian gravity, where one visualises gravitational field of a certain mas-
sive source as a collection of vectors, which force other matter to accelerate.

. In electrodynamics, the electromagnetic field can exist even without sources, propagating

as a wave with universal velocity c. If charged particles are present, there is no direct non-
local action at a distance between them, but rather their interactions are mediated by the
field. (Particle A locally disturbs the field, the signal propagates for a finite amount of
time, and eventually hits particle B.)

The tension between Lorentz invariance of electromagnetic field equations and Galilean
invariance of the equations of Newtonian mechanics results in the invention of special
relativity. It asserts that the Lorentz transformations of the field theory should also
apply to matter. This indicates that there could be wave-like aspects of material particles.

Quantum mechanics provides a precise mathematical model of particles as blurred ‘wave-
packets of probability’, or quanta. However, it is inconsistent with special relativity, treating
time as an ordinary real parameter ¢ while promoting spatial coordinates to operators X;.

Meanwhile it is realized that the classical electromagnetic field paradigm is not consistent
with black-body radiation experiments, and photoelectric effect. The conclusion is that the
energy of electromagnetic waves does not change smoothly, but rather jumps in steps hw
— the field is quantized, it is a collection of photons. (Quantized electromagnetic field
then also explains other phenomena like spontaneous emission of radiation from atoms.)

Quantum field theory puts forward a model, where all spacetime coordinates x and ¢ are real
parameters, and the operator nature of quantum theory is carried by the field amplitudes (Z)(:I:, t).
This model applies to both matter and radiation, thereby closing the conceptual gap between the
two. Everything is fundamentally made of fields, although the field excitations, being quantized,
posses certain particle-like characteristics. As a bonus, it is easy to describe processes where
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numbers and types of particles change, such as electron—positron annihilation, e~ +e* — 27, or
B-decay, n — p+ e~ + Ue.

The unifying character of quantum field theory sounds attractive, yet by itself would not
make for a course within standard physics curriculum. The actual reason for endorsing quantum
field theory as the right description of Nature on its fundamental level is its ability to make
testable predictions that are being confirmed by countless particle physics experiments.

But it’s not only the Standard model of elementary particles and fundamental interactions
between them that makes use of the idea of quantized fields. QFT methods are of great value
also in condensed matter physics, which studies properties of solids and liquids, i.e., systems
of macroscopically many particles. The two disciplines have cross-fertilized each other with
ideas from condensed matter physics (e.g., renormalization, the Higgs mechanism) transferred to
particle physics, and vice versa (e.g., the concept of quasiparticles). The common QFT language
indeed substantially facilitates this communication.

The aim of this course is to provide a concise introduction into quantum field theory, keep-
ing in mind that there will be a follow-up advanced course (02KTPA2) that will present more
advanced techniques, and more modern topics (some of which will be briefly outlined — e.g.,
renormalization, Yang-Mills theories, field-theoretic Feynman path integral).

The field (or wave) equations that we will be dealing with can (and will be) used in different
physical contexts. For example, the Klein-Gordon equation (0 + m?)¢ = 0 can be used to
describe a spinless relativistic quantum particle, or a classical field (an oscillating membrane), or
a scalar quantum field. To minimize the possible confusion, these notes are strictly partitioned.
Part I (Chapters 1-4) explores single-particle relativistic quantum mechanics. Its main purpose
is to get familiar with the Dirac equation and Dirac spinors. Part II starts with Chapter 5 on
classical field theory. All quantities there are classical, no operators.

Actual quantum field theory is a subject of Chapters 6-13.2. To introduce the somewhat
abstract concept of quantum fields we first analyse a generic discrete system of coupled harmonic
oscillators, as it only takes elementary quantum mechanics to quantize their position degrees of
freedom, g; — ¢;- When the oscillators are arranged in a linear chain, the continuum limit results
in a string, whose classical configurations are described by a field ¢(x), and upon quantization we
obtain a quantum field qg(a:) Although in practice one usually starts directly from a continuum
theory with certain Lagrangian density, the picture of quantum field as a (potentially continuous)
collection of coupled oscillators provides a valuable visual intuition.

This picture is in fact perfectly fitting the quantized motion of atoms that form a crystal.
These atoms vibrate around their equilibrium lattice positions, and their collective excitations
(called phonons) are quantized in a similar way as the photons of electromagnetic field. Whether
spacetime itself has fundamentally a discrete lattice structure, i.e., forms a kind of ‘world-crystal’
whose vibrations give rise to elementary particles, is an open question.

0.2 Selected preliminaries from previous courses

Quantum field theory combines classical field theory, special relativity, and quantum mechanics,
and uses relatively advanced mathematical techniques. To narrow down a little let us point out
some concrete elements from these subjects that will be particularly useful (in order of appearance
during the course):

1. The formalism of special relativity (TEF2)
2. Pauli matrices and spin (KVAN1)
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3. Lagrangian and Hamiltonian formulation of classical mechanics (TEF1)
4. Action principle in classical field theory (TEF2)

5. Small vibrations and normal coordinates (VOAF)

Quantum harmonic oscillator, ladder operators (KVANTI)

Dirac delta function and Green’s functions of differential operators (RMF)

®© N>

Heisenberg and Dirac picture of quantum mechanics (KVAN2)

0.3 Literature

This course (02KTPA1) was previously taught by doc. Petr Jizba whose lecture notes [1] contain
additional material on certain topics, and so can serve as a complementary reading.

There are many monographs on quantum field theory. These lecture notes mainly follow
the approach (as well as notational conventions) of Greiner and Reinhardt [2]. Other standard
sources to mention are Itzykson and Zuber [3], Peskin and Schroeder [4], and Weinberg [5]. A
very insightful book with short but very engaging chapters covering a great variety of topics is
from Zee [6]. For a more pedagogical introduction the lecture notes by Hotejsi [7] or Tong [8]
are recommendable.

In any case, the reader should be warned that there are many conventional choices to make
when building quantum field theory, and the resulting set of conventions will typically differ from
one source to another.

0.4 Conventions

Let us summarize some conventions employed in these lecture notes. More will be said in Sec-
tion 1.1 on special relativity.

1. With exception of Chapters 1 and 6 we will work in the so-called ‘natural’ physical units,
i.e., set h = ¢ = 1. Thus, for example, E = m(c?), E = (h)w, 2° = (c)t, etc. (Length has
the same unit as time, and this in turn is inverse to the unit of mass and energy.)

2. We denote by §(.) the Dirac delta function in any dimension, its dimensionality being
indicated by the argument, e.g., §(z — y) = d(z' — y*)d(2? — y?)5(a® — 33).

3. Einstein summation convention by default applies to various types of indices that we will
encounter: spatial indices i, j, ..., spacetime indices u,v, ..., internal field indices 7, s, ...,
spinor indices «, 3, ..., as well as to indices a, b, ... enumerating the symmetry generators
(Lie algebra matrices).
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Chapter 1

Relativistic wave equations

1.1 Relativistic notation

By default, we will work with flat relativistic spacetime, i.e., a set of points (or rather coordinates
thereof)

= (z") = (2% 2!, 2%, 2%) = (ct, x), (1.1)
where & = (2%) is the spatial part. It is customary to drop the parenthesis and write, e.g., z#
instead of (a#) for brevity. Greek (spacetime) indices p,v,p,0,... run from 0 to 3, and Latin

(spatial) indices 4, j, k, ¢, . .. from 1 to 3.
We will use the ‘mostly-negative’ convention for Minkowski metric,

1 0 0 0
0 -1 0 0 .

g = (g;w) = 0 0 -1 0 = dlag(l, -1, _17 _1)7 (12)
0 O 0 -1

common in particle physics. We denote by (¢g"¥) = g~! the inverse metric, i.e., 9" Gup = 0F,
where the Kronecker symbol 67 represents the identity matrix. In our case of flat spacetime
g"" = guv. Application of the metric translates into raising or lowering of indices, e.g.,

z, = g’ = (ct, —x). (1.3)

Four-momentum and the respective quantum operator read

E 0 ih 0

L i p, =ih— = [ —=,ihAV | . 14

p <c,p> S (Cat,z V) (1.4)

Note that the operator V is defined with lower index, V = (01,02, 03), where 9; = %7 and

p = (p') = —ihV is the spatial momentum operator of quantum mechanics. We also adopt the
standard notation

0? 0? 0? 1 02
A= —+ 5+ O= - A=0"0, (1.5)

dx3 0z Ox3 e o2

for the Laplace, and d’Alambert operator, respectively.
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The Minkowski inner product of four-vectors a and b can be expressed in any of the following
equivalent ways:

a-b=guadbd =g"a,b, = a"b, = a, b = agh® 4+ a b + asb® + azb®

=a'D’ —a-b=a"?" — a'bt —a?b? — a®b® = agby — aib;. (1.6)
The Minkowski square is written as a? = atay.
Lorentz transformations
" = LM 2, or, inshort, 2’ =Lz, (1.7)

are linear transformations that preserve the Minkowski inner product:
a-V=ab — gul'L' =gp. (1.8)
Simple matrix ‘gymnastics’ yields

LSLY, =6 — (LYH, =Lr. (1.9)

v v

Taking L=! instead of L in (1.8), and raising/lowering all indices we obtain

gL = g0 = gMLA,L7, = g™ (1.10)

Standard Pauli matrices will have the index upstairs,

L (01 s (0 —i . (1 0
O'—(l O)’ O’—(Z. O)’ O’—(O _1>, (1.11)

and we will often use the notation n - o = n'c?. Pauli matrices satisfy the identity

ool = %{ai,aj} + %[O’i, o9 = 65 +icijro”, (1.12)
where [A, B] = AB— BA is the commutator, and {4, B} = AB+ BA the anti-commutator of two
matrices (or operators). We will always write the ‘three-dimensional’ Levi-Civita permutation
symbol e, (with €123 = 1) with indices downstairs (same for the ‘three-dimensional’ Kronecker
di;), although the vertical position of indices on the two sides of an equation will not always
match. We also define the totally anti-symmetric ‘four-dimensional’ Levi-Civita symbol e*¥*?
(with 9123 = 1), whose indices may be raised or lowered with the Minkowski metric.

1.2 Klein-Gordon equation
In quantum mechanics the Schrodinger equation

2
zh%—qi} = (;nA + V(m)) P(x, 1) (1.13)

corresponds to quantisation of the non-relativistic energy relation

E = an +V(x), (1.14)
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where energy and momentum are turned into quantum operators

- 0
E=ih— , p=—ihV. 1.15
or P (1.15)
In order to obtain a relativistic wave equation we start by considering free particles with the
relativistic energy-momentum relation

where m is the particle’s rest mass, and promote it to a dispersion relation of the sought-for
wave equation. (The term ‘dispersion relation’ is known from wave mechanics as the dependence
between frequency w and wave-vector’s magnitude |k|. In quantum mechanics, the energy of a
plane wave is related to the frequency by E = hw, and the momentum to the wave-vector by
p = hk.) The group velocity of wave-packets (or ‘quantum particles’) is now given by

_ 0w _OE _p| ,
"= Bl " olpl B 0

which coincides with the velocity of relativistic particles, given by

P_ppa

1.1
m ~E (1.18)

Note that in non-relativistic quantum mechanics we have the free-particle dispersion relation
E = %7 which implies vy = %.

Inspired by the quantization rules of non-relativistic quantum mechanics we replace the four-
momentum p, by an operator p, = ihd,, and arrive at the Klein-Gordon equation for a free

(spinless) relativistic particle,

m2c?

Phu = m2c2p - (8“8# + h2> P(x) =0, (1.19)

described by a complex-valued wave-function v (z). Here, the quantity % is the (reduced)
Compton wavelength of the particle. It can be shown (see Exercise 2) that in the non-relativistic
limit of dominant rest emergy, E — mc?> < mc?, the Klein-Gordon equation reduces to the
Schrodinger equation for a free (spinless) particle.

In fact, the relativistic equation (1.19) was first considered by Schrodinger, who, however, got
discouraged after calculating energy levels of the hydrogen atom, which did not match experi-
mental results on the fine structure level. (Fine structure receives corrections due to relativity
as well as spin of the electron, and the latter is not captured by the ‘spinless’ relativistic equa-
tion (1.19).) Schrodinger therefore decided to put forward his non-relativistic equation, which
was able to explain the gross structure of the hydrogen energy spectrum, and the relativistic
equation was published soon after by Klein and Gordon (more about the history in [5, Ch. 1.1].)

It is worth to remark that were it not for the ‘mass term’ m2c?/h? Eq. (1.19) would have
the form of an ordinary wave equation. With the mass term present it formally corresponds to
a wave equation for classical waves propagating in plasma [9, Ch. 6.4].

The Klein-Gordon equation is a linear differential equation with constant coefficients, and as
such admits solutions in the form of plane waves

) .
Yp(z) = Apexp (hp . x) ,  where p'p, = m2c?,  and Dpthp = Putp. (1.20)
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The dispersion relation can be cast as

E = +ev/m?c? + p?, (1.21)

hence there exist solutions with both positive and negative values of energy, the negative ones
being related to the existence of antiparticles (as we shall see in Sec. 7.3). (Note that, unlike in
classical physics, in quantum physics the negative-energy part cannot be simply ignored since it
is possible for a quantum system to cross the finite energy gap from positive to negative energies,
much like an electron can jump between the energy levels of an atom.)

Next we look for a conserved current j, corresponding to the Klein-Gordon equation. We
multiply Eq. (1.19) on the left by ¢*, and subtract a complex-conjugate equation,

. m2c? m2c? .
P <8“8“ + h2> v — <8“8“ + 2 > P = 0. (1.22)
The mass terms cancel, and the rest can be cast as
0"j, =0, where j,= %(1/1 L — Y0 Y), (1.23)

and where the constant factor ih/2m has been added to match, in the non-relativistic limit, the
probability current of the Schrédinger equation (see Exercise 2). Eq. (1.23) has the form of a
continuity equation,

dp o _Jo _ _ih LOP o*
5% +divy =0, where p= el w (w ot 9 ) (1.24)

It would be a natural guess to interpret p as the probability density. However, it is not hard
to realise that p can in fact be negative. Indeed, plugging, for example, the plane-wave solution
1, we find
E

Pp = |Ap\2w,
where E can be both positive or negative. A better interpretation is provided by multiplying p
by charge e, and regarding ep as the charge density, which is allowed to be positive, negative or
Z€ro.

(1.25)

1.3 First-order equations

The fact that the Klein-Gordon equation is of second order in time derivative means that it does
not determine the time evolution of a given initial configuration ¥ (x,to) unless we provide also
O¢p(x,tg). This contrasts with the Schrodinger equation, which determines time evolution of
any given initial state. Therefore we look for a relativistic wave equation that would feature only
first-order time derivatives.

There are several ways in which one could attempt to resolve this issue. We list three
alternatives, where the last one leads to the celebrated Dirac equation, which is of great physical
importance.

1.3.1 Direct square root

One obvious way to proceed is to rewrite the classical relativistic energy-momentum relation

p'p, = m2c? in the form

m2ct 4+ p3c?, (1.26)
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and consider the Schrodinger equation

5 = Hip(x,t) with Hamiltonian H = v/m2ct — h2c2A. (1.27)

However, this equation treats space and time on different footing (this asymmetry is not what
we would expect of a relativistic theory). To make sense of the right-hand side, the square root
of the differential operator has to be interpreted as an infinite Taylor series (recall the formula
(1+2)* =1+ az+ala —1)z2 +...) of spatial derivatives acting on 9 (z, ).

1.3.2 Two coupled equations

The order of any differential equation can be lowered by introducing additional unknown func-
tions. In particular, the Klein-Gordon equation is equivalent to a Schrodinger-type equation (see

Exercise 3)
0 - . 1 1) p? 1 0 2
zha\ll = HV, where H = (_1 _1> o + 0 _1)me (1.28)

and where V¥ is a two-component wave-function.

1.3.3 Dirac’s method
As we know from quantum mechanics, the square of any spatial vector can be represented as
(recall the identity (1.12)) 4 .

(o'pi)(a?p;) = 0ijpip; = pPipi, (1.29)
where the identity matrix is implicit in the expressions. In 1928, Paul Dirac realised that,
similarly, in spacetime, for any four-vector it holds that

v 17 1 v v
(VP (VPr) = Pupe = SV dupe = 9" Pupy = P pp, (1.30)
provided that the objects v* satisfy the relation
{0 =2¢" (Y, v). (1.31)

With p,, replaced by the operators p,, = ihd,, this allowed him to factorise (or, take a square-root
of) the Klein-Gordon differential operator,

ﬁ#ﬁu - m262 = (’Y#ﬁu + mc)(w”ﬁ,, - mc)7 (1'32)

and postulate the relativistic wave equation
(thy"0, — me)¥(x) = 0, (1.33)

which implies the Klein-Gordon equation for ¥(z).

What are the v#’s? They can’t be just ordinary commuting numbers since then we couldn’t
have y#4¥ +~4¥~* = 0 for pu # v. It turns out that the relation (1.31) is satisfied by certain 4 by
4 matrices (the Dirac matrices), and hence the (Dirac) wave-function ¥ has four components.

The Dirac equation is arguably one of the most important equations of the 20th century
physics. We shall study it thoroughly in Chapters 3 and 4, where we will see that it describes
spin—% particles, and correctly predicts the fine structure spectrum of the hydrogen atom.
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1.4 Exercises

Exercise 1. Lorentz invariance of Klein-Gordon equation. Show that the Klein-Gordon equation
(withh=c=1)
(010, + m*)(x) = 0 (1.34)

is invariant under Lorentz transformations x'" = L* 2.
Solution:

We assume that the wave-function ¢ transforms as a scalar field under Lorentz transforma-

tions:
o () B dlx)

Y (2') = ¢(x), hence B = 9 Bpr 7(L*1)P#ap¢(x). (1.35)

Denoting J;, = 69%’ we find
(90,0, +m* ) (@) = (9" (L) (L), 0500 +m? ) (@) = (9°70,0, +m?)ih(a) = 0, (1.36)

where we have used the defining property of the Lorentz transformations, Eq. (1.10).

Exercise 2. Non-relativistic limit of Klein-Gordon equation. Plug the ansatz
P(x,t) = o(x,t) exp <—;m02t) (1.37)

into the Klein-Gordon equation (1.19), and show that it reduces to the Schrodinger equation
in the regime when ¢ oscillates much more slowly in time than the exponential factor, i.e.,
ihOpp < mc .

What does the Klein-Gordon current (1.23) reduce to in this approximation?

Solution:
We calculate

Ortb(@,t) = e F (9 — —me?) (@, ),

—ime? 1 m2c4
OPp(m,t) = e n t(@f = Qﬁmc28t 2

)ap(:v,t). (1.38)

Non-relativistic approximation consist in neglecting the 97 term, since the time variation of ¢ is
much slower than the rest energy contributions. The Klein-Gordon equation thus reads

m2c?

h2

1 — ime? 1 m2c? m?c?

which can be rearranged to display the free-particle Schrédinger equation
h2
ihopp = ——Ag. 1.40
thorp om P ( )

Regarding the Klein-Gordon four-current, we have

B ih *871/)7 o* . ih " 72 2 B 1 2\ k| o ok
P~ ome <¢ ot ot ) ~ 2mc? [('0 (8t R )SD ¢<at+ B )90 ~ et (141)
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where we have neglected 0; against %mcg, and
. ik ; ; ih ih
"= — (WY — Y O'Y*) = —( — p*0; ;" — j=—(eVe"—¢*Vy), (142
J'= 5 (W0 = 07) = o (= 9 Dip + ¢ 0ip") J=5-(0Ve" —¢"Ve), (1.42)
recovering the non-relativistic probability density and current, respectively.

Exercise 3. Feshbach-Villars representation of Klein-Gordon equation. Rewrite the Klein-
Gordon equation in a Schrédinger-like form — as an equation of first order in 9, for a two-
component wave-function.

Solution:

Let us put h = ¢ = 1. Introducing a function & = %@1/}, the Klein-Gordon equation
(0?2 — A +m?)y) = 0 can be rewritten as a pair of equations

i0h = mg
106 = — - Ay + m. (1.43)
m

Their addition and subtraction yield, respectively, (denoting ¢ =¥ + &, and x = ¢ — &)
. 1
Op = =5 —Ap +X) +myp
m
. 1
10 x = %A(go + x) — mx. (1.44)

In matrix form, and with # and c restored,

ihd; <‘§> = —% <_11 _11> A (i) +me? (é _01> (i) : (1.45)



Chapter 2

Relativistic transformations

Before discussing the Dirac equation, and exploring its consequences, we set up some mathematics
for working in 3 4+ 1-dimensional spacetime. These constructions will be motivated by analogies
with three-dimensional space.

We set h = ¢ =1 from now on.

2.1 Lie groups in physics

2.1.1 Rotations in 3D

Consider rotations in a three-dimensional space, i.e., elements of the group SO(3). To start with,
take the rotation axis to be the z axis:

cosae —sina 0 la|<1 0 —2 0
R3(a) = | sina  cosaa 0] =~ I—iaMs, where Mg=1i 0 O (2.1)
0 0 1 0O 0 O

is the infinitesimal generator of rotations around the z axis. It seems redundant to introduce
the imaginary unit ¢ in front of the generator (after all, we are dealing with classical spatial
rotations). Nonetheless, this convention is common in physics, and so we adopt it.

Similarly, we can infer rotation generators around all three axes. Their matrix elements, and
commutation relations read

(Mz)gk = *Zlgijk s [Ml, MJ] = iEijkMk. (22)

A finite rotation around an arbitrary unit vector m can be obtained as a succession of many
rotations by small (eventually infinitesimal) angle:

. N L
Ra(@) = (Ra($))" = lim (I—iTn/M;) = e7ion™s, (2.3)

As we know from quantum mechanics, there are many triples of matrices that satisfy the
‘angular momentum’ commutation relations in Eq. (2.2), and they are distinguished by the value

of spin: %, 1, %, .... Smallest such matrices are obtained easily from the Pauli matrices:
o X
o . & ot ol . o
[O’Z, O’J] = QZEZ‘J']CO' — |:2, 2:| = Z&ijki. (24)

12
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Now )
Up(a) = exp (—;an . a‘) € SU(2), where n-o =nlo’, (2.5)

is an exponential analogous to Ry, (c), where the generators M; have been replaced by %aj .
Vectors v* can be rotated using the SU(2) matrices if we represent them by traceless Hermitian
matrices (or ‘Pauli vectors’)

i v3 vl — o2 .
V=v'c"= <v1 L2 3 > , with  detV = —v? (2.6)
since then
Ul (@) 0" Un(@) = (Rn(a)) ;07 = Un(@)VUf(a) = 0/ (Ra(a)) 0" (2.7)

We will prove this in Exercise 4, and only note here that the transformation V — UVUT, for U
unitary, maps Pauli vectors to Pauli vectors, and preserves the norm:

Tr(UVUT) =TrV=0 , (UVUDT=UVU" | det(UVUT) = detV. (2.8)

Moreover, U and —U yield the same rotation (SU(2) is a double cover of SO(3)).

We have seen that rotations in a 3D (Euclidean) space can be represented either by 3 by 3
matrices € SO(3), or by 2 by 2 matrices € SU(2). The latter can, in addition, act on (Pauli)
spinors, i.e., on elements of C2.

2.1.2 Lie groups and Lie algebras

The matrix groups SO(3) and SU(2) are instances of Lie groups, with their generators M; and $o°
spanning the respective Lie algebras so(3) and su(2). Having the same commutation relations,
Egs. (2.2) and (2.4), we identify s0(3) and su(2) as two representations of the same (abstract)
Lie algebra, usually denoted su(2).

In general, a Lie group is a group whose elements depend analytically on a finite number of
parameters A,. Near the identity, the group elements can be approximated by linear combinations
of generators A, — elements of the corresponding Lie algebra with commutator as the product
operation. The generators satisfy certain commutation rules

[Aaa Ab] = fabcAm (29)

where fqp. are referred to as the ‘structure constants’ as they determine the structure of the
algebra. Finite transformations are then obtained via exponentiation of the generators (although,
this operation may not always cover the entire Lie group).

In physics the Lie groups are typically groups of transformations that act on spacetime
(rotations, Lorentz transformations), or on an ‘internal space’ of the theory. As an example, the
set of N by N real antisymmetric matrices is closed under commutation, and so forms a Lie
algebra. The corresponding Lie group is a group of rotations in RY (this can correspond to a
field with N components), since its elements ¢” are orthogonal, and have determinant 1:

(eMT = A=A = (ML, and detef =eTA =e0 =1. (2.10)

(Here, the relation detexp = exp Tr can be easily proved by diagonalization A = PDP~1 if A is
diagonalizable, or with a help of the Jordan normal form for A generic.) In physics it is common
to use Hermitian generators T, = iA,, so that

o “AaTeand  [Ta, To) = ifapeTe (2.11)

o — e
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The fact that a group is closed under multiplication is reflected in its algebra being closed
under commutation. The link is provided by the Baker-Campbell-Hausdorff formula for multi-
plication of matrix exponentials:

1 1
B = exp (A+ B+ 5[AB] + [A—B,[AB]+...), (2.12)

where the dots represent higher commutators. This formula can be rather cumbersome, but we
will actually only need a restricted version:

eheB = AtBe3lAB] provided [A,[A,B]] = [B,[A,B]] =0, (2.13)

which we derive in Exercise 5 with a help of another very useful formula, the Campbell identity

1 — Ku
ABe =B+ [AB]+ [AAB]+...=> =, where Ky=B, Ku1=I[AK,] (Vn).
2! — n!
(2.14)
With the definitions (common in mathematics)
Ada :B—=e®Be™ | ada:B— [A,B] we can write succinctly Ad.a(B) = e*A(B).
(2.15)

2.2 Lorentz group and Lorentz algebra
Lorentz transformations ' = L* x” are defined by the constraint (recall Eq. (1.8))
9 LY, L"; = gpo,  oOr, in matrix form, LTgL=g. (2.16)

To find the generators we consider infinitesimal transformations L*, = §¥ — iel*,, and expand
the constraint to obtain

G (08 —ielt)) (0 —iel’,) = gpo = Lpo = —Lop- (2.17)
On the infinitesimal level, a Lorentz transformation is given by an antisymmetric matrix £,

which can be linearly combined out of 6 independent (basis) matrices. We can write the linear
combination using a pair of, effectively antisymmetrized, spacetime indices:

1
by = in(M‘“’)pg, where wy, = —w,,, and (M*)?P_=i(gh?s] — g"Pok), (2.18)
so that the basis matrices satisfy M** = —M"#, (M#),, = —(M#"),,. (The factor 3 is included
to compensate for double counting in the summation over p and v.)

With this choice of generators the infinitesimal Lorentz transformations determined by pa-
rameters w,, are simply given by

i
lyo = iww(égég —0O) =iwpe  — 2 (OF —ielh))z¥ = 2t +ewha”. (2.19)
Finite Lorentz transformations are obtained by exponentiation as in Eq. (2.3),

L =exp (;wWM’“’) . (2.20)
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At this point it is worth to note that Lorentz transformations, defined by Eq. (2.16), fall
into four separate classes. Depending on whether det L is +1 or —1 they are called proper or
improper, and depending on whether LY is > 1 or < —1 they are called orthochronous or non-
orthochronous. The transformations obtained by exponentiation of generators in Eq. (2.20) form
the proper orthochronous class, as they are continuously connected to the identity transformation
(by shrinking w,,,, to zero). All other transformations in the Lorentz group can be obtained from
these by using two discrete transformations,

parity Lp = diag(l,—1,-1,—1), and time reversal Ly = diag(—1,1,1,1). (2.21)

Let us draw our attention to the Lorentz algebra. In Exercise 6 we show that the Lorentz
generators M#” obey the commutation relations

[P, MP] = (g 7M"7 — gOMP 4 g M — g P, (222)
Alternatively, one can pass from M*” to 3 + 3 generators
gixMI* and  K; = M%) (2.23)
in terms of which the commutation relations read
(i, 5] = degjnd,
i, Kj] = iginKg,
[Ki, K] = —iggjndg. (2.24)

(The relation between M#” and (J;, K;) is the same as between the Faraday tensor F'*” and the
magnetic and electric field (B;, E;) — see Eq. (4.2).) The generators J; correspond to spatial
rotations around the axes x?, while K; correspond to boosts along 2 — from the definition (2.18)
we obtain

(Ji)jk = —iEijk, (JZ‘)OH = (Ji)ﬂo = 0, and (Ki)jk = 0, (KZ‘)OH = (Ki)'uo = det (225)

The exponential representation of finite Lorentz transformations can be cast in terms of the
generators J;, K; as follows:

L(wpy) = exp <—;w,w|\/l’“’) = exp (—;wij M¥ — iniMm) = exp (—i@iJi — i(iKi) =1(0,¢)
(2.26)

where we have introduced the rotation parameters 8 = (6,62 03), and the boost parameters
¢ = (¢, ¢2,¢?) via the relations

wij = eigrdt , woi = (" (2.27)

A rotation by angle a around a unit vector mn is implemented by @ = an, and a boost by velocity
v is given by the rapidity (vector) ¢ = - arctanh @ (see Exercise 7 for an example).

In Section 2.1.1 we saw that the 2 by 2 matrices %O'i, relevant for the description of spin
in quantum mechanics, satisfy the same commutation rules as the rotation generators M;. Can
we similarly find a simple representation of the commutation relations (2.24) for the Lorentz
generators J;, K;? Clearly, the first line is satisfied again by %O'i, and it is not hard to realize
that for the boost generators we can take +50°. Hence, we find two possibilities: the ‘left-handed’

representation

== Kf=—i_, (2.28)
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and the ‘right-handed’ representation
=2 k=T (2.29)

In the Dirac theory one combines the two representations into 4 by 4 matrices

JLoR _ <§g 1@ ) . KL®R <_é)ai 0 > , (2.30)

i i i
20 20

which again satisfy the commutation rules (2.24).

2.3 Clifford algebra

Clifford algebras found their way to physics through the work of Pauli on non-relativistic spinning
particles, and through Dirac’s relativistic theory, but they had been know in mathematics for
about half a century.

Let us recall that in Pauli’s theory the o-matrices can be used to express the scalar product
between any two three-vectors as

1 .. o
(1,-b:§{a’a’,b]c7]}7 since {o',07} = 2;;. (2.31)

Geometrically, the matrices o* represent an orthonormal basis in the 3D space, and their products
generate the Clifford algebra of this space.
In spacetime we look for matrices v* such that

{97 =29"", or MY = ATyt 291, (2.32)

Finding them will allow us to write a-b = %{’y“au, v¥b, }, and hence implement the Dirac’s idea
of factorizing the Klein-Gordon operator. We shall see explicit representations of the y-matrices
in Section 2.3.1, but for the moment let us stay on an abstract level.

Taking products of v*’s, we obtain a set of matrices

L R e e L e e U Y (2.33)
Other (higher) products can be reduced to these using anticommutativity v#~¥ = —y”~# for
u # v, and the fact that (y°)?2 = I, and (7})? = (#?)? = (»3)?2 = —I. We have in total

14+4+46+4+1= 16 matrices, which are linearly independent, as argued in Exercise 11 on the
basis of the y-matrix identities of Exercise 8. They generate the Clifford algebra of spacetime
(in physics referred to as the Dirac algebra).

The identity matrix and its multiples represent numbers (scalars). Single matrices y* repre-
sent an orthonormal basis of the Minkowski spacetime. Products of two are commonly presented

as

oM = Ltat] (forp# v o =i, (2.34)

2
and they can be visualized as planes spanned by the vectors +*, v*. Products of three -
matrices represent three-dimensional spacetime hyperplanes. The last element, the product of

all y-matrices, is conventionally cast as

£

75 =i7%414293, sothat (7°)%> =1, and it satisfies H7® = —y°4H. (2.35)
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Let us now try to understand the role of the elements " in the mathematical description
of the Minkowski spacetime. First, observe a key identity

i v 1 v v 1 1% 1% v v
5[0“ Y] = —1[29“ — 29" ] = 5(7 Ll e bt 77’)}7“) = g'Py" —g"Py",  (2.36)

where we have used the ‘anticommutator’ Leibniz rule
[AB,C] = ABC + (ACB — ACB) — CAB = A{B,C} —{A,C}B. (2.37)
Using the definition of the Lorentz generators M#”,| Eq. (2.18), we can also write

S0 A7) = (g7 — P3N = (M) (239)

With a help of the Jacobi identity in the form [A, [B,C]] = [[4, B],C] — [[A, C], B] we find

[o",07] = S [0, 11", 77]]

i i
— 5 [[U“”,fyp},fy"] _ 5 [[O.ILV7,YJ]’7P]

= [g""9" = ¢""" 2] = [g"7v" — 77", 7]

— _Qi(g/l.po_ud _ g/l,o'o_l/p _|_ gl/O'O_/Lp _ gl/po_lu.d), (239)

which shows that matrices %O'IW satisfy the same commutation relations as the Lorentz generators
M#” Eq. (2.22). This is a spacetime analogue of the relation between rotation generators M;
and %oi in Sec. 2.1.1.

It is now natural to define the spin representation

S(L) = exp (—zwwg’“’> of a Lorentz transformation L = exp (—;wWM””> . (2.40)

The spacetime analogue of formula (2.7) then reads
S(L)"'A*S(L) = L 5", (2.41)

which can be proved using Eq. (2.38), and the Campbell identity (2.14) (analogously to Exer-
cise 4). (Mind the inverse instead of Hermitian conjugation — the generators o*¥ are actually
not Hermitian, as we will see when adopting a concrete representation of the y-matrices.)

With S(L) we may not only transform four-vectors, but also consider an action of the form
S(L)¥ on complex column vectors, referred to as the Dirac spinors — a spacetime analogue of
the Pauli spinors.

2.3.1 Representations of y-matrices

Explicit representations of v#’s are found in the space of 4 by 4 matrices. (Smaller dimensionality
would not allow for the 16 independent matrices in Eq. (2.33).) In Exercise 9 we show that the

matrices .
I O ; 0o o ;
0 _ _ 3 i g2 i
vy = <© ]I) =0"®l , ~p= (—O’i ©> =i0°Q®o0 (2.42)

that constitute the so-called Dirac (or ‘standard’) representation indeed satisfy the defining
Clifford algebra relation (2.32). Here we have also displayed the tensor product notation, which
often proves efficient when handling larger matrices.
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The tensor (or Kronecker) product A ® B, of an n x n/ matrix A, and an m x m’ matrix B,
is an (nm) x (n'm’) matrix defined by
A11 B ... Aln/ B
A®B= : : (2.43)
AnB ... A..B
This product is distributive and associative, but not commutative (A® B £ B® A), and satisfies

the fundamental identity
(A®B)(C®D) = (AC) ® (BD). (2.44)

Let us also note that (A®B)™' =A~"!®B~!, and (A®B)! = AT ® BT.
Using this notation we can calculate, as an example,

7 = i((0%(i0%)?) ® (010%0%) = (6%02) @ (i0%0%) = o' @1 = (? é) . (245)

Under Hermitian conjugation the «-matrices in Dirac representation behave as follow:

() =9, () == =770 — () =10vD, and (¥3) =14}, (2.46)

According to Pauli’s fundamental theorem on y-matrices (for a proof see [10, p. 132]) any other
representation of y-matrices can be obtained by a similarity transformation 4 = U’)/%U_1 (where
U is unique up to a scalar factor). In addition, the matrix U is unitary if (and only if) the
new representation 4# exhibits the same conjugation properties (2.46). The statement that a
similarity transformation yields again a representation of the Clifford algebra is in fact easy to
prove,

{3,97} = {UypU Uyp U™} = U{y5, vH U = U2¢"TU™" = 2771, (2.47)

as well as the fact that unitary transformations preserve the conjugation properties.
As an important example, the Weyl (or ‘chiral’) representation is obtained as follows:

1 /T -I 1
Eo— y~Hut — — 5 ~0 i i
Yy =UyphUT, where U= 7 (H I ) \/5(]1 +vpvp) is unitary. (2.48)

Since UT = %(I[ + %573, and viy%95 = 499541 we find
W = UrpUt = VUG =93,
Yy = UrpUT = UUT}, = 45,
W = VDIDIYDVD = VDVDYVD = ~D- (2.49)

In Exercise 10 we show that the spin representation of the rotation generators reads explicitly

1 ; 1., . i .
ZEiij]Dk,W = 5227 where X' = (6 8) =I®d, (2.50)
and for the boost generators we obtain
1 oo (0 o i ;4 i 1 g if—0" O\ _ i 4 ;
QUD—2<01‘ @>—2U ®o 2 w=5\ 0 oi)=73° ® o' (2.51)
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The spin representation of a finite Lorentz transformation determined by parameters 8 and ¢
reads (in the Dirac or Weyl representation, respectively)

S(L)D’W = exp (_29121 — 2<ZO'0D7I’W> . (252)

Note that in the Weyl representation of y-matrices the Lorentz generators coincide with JiLEBR
and KfEBR from Eq. (2.30). In fact, we do not need to introduce the algebra of y-matrices to
infer the spin representation of the Lorentz generators. Notwithstanding, we do need the -
matrices in order to represent spacetime vectors by v*a,, and Lorentz-transform them using the
formula (2.41).

The notion of representation in the context of Clifford algebras should not be confused with
the notion of representation in the context of Lie algebras. In the first case we look for matrices
that satisfy the anticommutation rules {7*,7"} = 2¢*” (and find, e.g., 7}, or 7i;,), whereas in
the second case we look for matrices that satisfy certain commutation relations [Ay, Ap] = fapcAc
(and find, e.g., M* or S0y, ).
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2.4 Exercises

Exercise 4. Show that for a € R and a unit vector n the following identity holds:

U'e¢"U = R;j07, where U =exp (—;an : 0'> and R = exp(—ian®My,). (2.53)

Solution:
The identity is a simple consequence of the formula (2.14). From the commutator
ban ‘0,0 } =gan 2iggj0? = —ian™(My);;0’ (2.54)
we find
e2OM I gleT 2T — gf 4 (—jan®My);00 + a(—iomkl\/lk)ij(—iomeMg)jmam +...
= (et Mi) o7 (2.55)
Exercise 5. Restricted Baker-Campbell-Hausdorff formula. Show that

AP = AMBezMBL provided [A,[A,B]] = [B, [A, B]] = 0. (2.56)

Solution:
First we note that formula (2.14) for a matrix B satisfying [A, [A, B]] = 0 reads simply
ABe™ =B+ A B (2.57)

Now consider a matrix-valued function

F(s) = e*eB, (2.58)
and calculate
d%F(s) = e"A(A + B)e*® = " (A + B)e " F(s) = (A + B+ s[A,B]) F(s). (2.59)

Integrating this differential equation, and taking into account the initial condition F(0) = I, we
obtain )
F(s) = exp (sA +sB+ %[A, B}), (2.60)

which, when compared with the original definition (2.58), yields for s = 1 the desired formula.
Remarks:

For a generic matrix-valued function A(s),

d A(s) dA(s) A(s)
— —_— .61
T3¢ + FPLE (2.61)

since it is not guaranteed that A(s) and d/z(ss) commute. If they do commute then equality holds.

For example, for any scalar-valued function «(s) and a constant matrix A it does hold that

d a(s)A da(s)Aea(s)A. (262)

%e ds
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52
In our case, i.e., under the assumption (2.56), we can factorize F(s) = e*A*Ble T [ABl which
can be differentiated using the Leibniz rule to verify that it indeed satisfies the differential
equation (2.59).

Exercise 6. Commutation relations of the Lorentz algebra. Show that the matrices
(M#)P, = i(g"Pog — 9" d) (2.63)
satisfy the commutation relations

MM MP7] = —i(gHPM¥7 — ghIMPP 4 g" " MHP — g"P M) (2.64)

Solution:
In components we have
(M) (MP2)Y, = (g%, — g 0%) (9207 — g700)
i2 (gpmgputsg o gungo'ué‘g o gumgpp,ag + gunga#5£)7
(MPYF (MP)A = 42 (gPRgha Y — gPrgh@ ot — g7 ghPeY + g7 g"P oi). (2.65)

Subtracting the two expressions yields

M e,
=4 (9””(9““55 — g7rS) — g7 (g ol — gPREl) — gMP (g"moT — g7 EY) + g (9" ok — gProY >)
= (7MY — g (MY — (T g (). (2:60)

Dropping the component indices, and reshuffling the terms, we obtain the desired result.
Exercise 7. Lorentz boost. Find explicit form of the Lorentz transformation matrix L = e~%K1,
Solution:

First we recall that from Egs. (2.20) and (2.23)

01 00
1 0 00 ot 0
p Olp_~0p1_1pO:- —
(Kl) o (M ) o _l(g 60 g 60) ? 00 0 0 ¢ (@ @) (267)
0 0 0O
Since functions on block-diagonal matrices act blockwise we have
‘ ' 0
= 77’C|'<1 = €
L=e < 0 ]I) , (2.68)
and since (0!)? = I we find
Cot 1 . 1y _ . 1 COShC Sil’lh(:
e*? = cosh(Co") +sinh({o") = (cosh () + (sinh()o™ = (sinh( cosh( )’ (2.69)

where we have have realised that the Taylor series for the function cosh(.) only contains even
powers, whereas the one for sinh(.) only contains odd powers of its argument.
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Remarks:

The rapidity ( is related to the boost velocity § = v/c by tanh ¢ = 3, and to the relativistic
~v-factor by cosh( = 7. The particle is being boosted by velocity 3, i.e., the new coordinate
system is moving with velocity —f with respect to the original coordinate system.

Exercise 8. Properties of y-matrices. Show that for 4 by 4 matrices the relation {y*,~v"} = 2¢g"*
implies

1. APy, =41 (2.70)
2. Ay Yy =297 (2.71)
3. Y APy = 49" L, (2.72)
and the ‘trace identities’
4. Tr(v*)=0 (2.73)
5. Tr(y"...4M»+1) =0 (Vn=0,1,...) (2.74)
6. Tr(y"v") = 49" (2.75)
7. Tr(Y'yAPy7) = 49" g7 — 99" + g7 g"") (2.76)
8. Tr(v°)=0 (2.77)
9. Tr(y"4"7%) =0 (2.78)
10, Tr(yH4"yPy745) = —4ighvr. (2.79)
Solution:
1.
T = g = (1) = (v1)? = (77)* = (°)? = 4L (2.80)
2. From v#~Y = —y¥~yH* 4 2gHY,
VA Y = =y + 20" = — 4y + 297 = =297 (2.81)

3. Similarly,
YA Yy = = VAP A 26" Py = =7 (=297) + 2997 = 2{7", 7"} = 49" 1. (2.82)

4. Using (v5)? = I, the anticommutativity v#+°> = —y5y* (Vu), and cyclic property of the
trace,

Tr(y#) = Te(v°7°4") = = Tr(°9#7°) = = Tr(v°7°*) = = Tr(v*) = Tr(+*) =0.
(2.83)

5. Similarly,

Tr(’y5fy5'y“1 coayfEnty = — Tr(’y5fy“1 .. .7“2"“75) = Tr(yM .. 4H2nt) =0, (2.84)

Tr(y#y") = 5 Tr({3#,1}) = Tr(g" T) = 49" (285)
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7. We repeatedly use the identity y#~v" = —~¥~* + 2gH¥,

Tr(v'v"vy7) = = Te(v 4" v"97) + 29" Tr(7*77)
= Tr(7"79"97) = 29" Tr(v"7) + 29" 49™
= = Tr(y"P279") + 29"749"7 — 29"P49"7 + 29" 49”7, (2.86)

and cycle the v* back to the front to find
Te(v"9"v"y7) = 4(g"" 9" — g""g"7 + 9" g""). (2.87)
8. Since, (7°)? =1, and 7% = —~°40,

Ti(y%) = Tr(v7%9°) = = Tr(1%y°7") = = Tr(hv"*") = - Te(y*) =  Te(y”) :(0- |
2.88

9. For p = v reduces to Eq. (2.77). To illustrate the case u # v, let us consider, for concrete-
ness, p =1 and v = 2:

Tr(v'7*7%) = i Tr(v'*9%v"%4°) = =i Tr(7%9*) =0 (2.89)
by Eq. (2.75).

10. If any two indices are equal, we come back to Eq. (2.78). If all four indices differ, the ~-
matrices anticommute, and can be reorder using the spacetime Levi-Civita symbol, yielding

Tr(y19"P777°) = eP7 Te(7 09 '929%y°) = —ieh"7 Tu(y°°) = —4ie"P?. (2.90)

Exercise 9. Dirac representation of y-matrices. Verify that the matrices

7%—((& iO)H>—03®H : 7iD—<@i ?@)—wz@ai (2.91)

—0

satisfy, for all p, v, the Clifford algebra relation {y4,7%} = 2¢g"~.

Solution:

{707} =2(vp)* =

(5 2)(5 2)+(S D) 9-€ (2 5)-o
{(1b:7b} = (i0%)* ® (0707 + (i0%)* ® (070") = =T ® {0, 07} = —20;,1. (2.92)

Exercise 10. Lorentz generators in Dirac and Weyl representation. Find explicit matrix form
of

1 : 1
1. Zeijkagﬁw and 2. ol (2.93)

Solution:
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1. Since 7% = 74}, we can calculate at once
15ijkojDk,W = g&'jkhjpﬁﬁ] = fijﬂjp“ﬁ% = fijk(wQ)Q ® (070") = —5ciurl® (igjhe0),
(2.94)

(j(’; S) . (2.95)

and as €€ ke = 20;¢, obtain
1 w1 P U |
zgijkgjf))wziéigﬂ@(f :§H®0' 25
EUOi_Z[o i]_EOi_f I O ©_ o' _f @ a'
2D—4’7D7’7D—27D’YD—2 O -I o 0) " 3\s 0)

1 g 49 4 &5, (O I 0O o) -t O
5w = 37ww = 57D7D 2(]1 @> (_O.i @>2(@ ai>' (2.96)

Exercise 11. Basis in the space of 4 by 4 matrices. Based on the results of Exercise 8 show
that the matrices

.

O RS ot e LA e B e P (2.97)
are linearly independent.
Solution:
First note that traces of all the elements apart from I vanish:

Tr(v") = Tr(y#9") = Tr(y#9"7") = Tr(y"7'4%4%) =0, provided p<v<p,  (2.98)

due to the trace identities (2.73), (2.75), (2.74) and (2.77).
Now set to zero an arbitrary (complex) linear combination:

040]I + O‘u’)’“ + auu’yu'yy + auyp,yu,yv,yp + a012370717273 = 07 (299)
where the summations run only over u < v < p. Taking the trace yields
oo Tr(I) =4ap =0 = a9 =0. (2.100)

Any other a-coefficient can be rendered zero by first multiplying Eq. (2.99) by the corresponding
~v-monomial, and then taking the trace. For example, choosing ag; we have

a0y + Y Y Y Y e Y Y P 012372 = L +ao D+ .. =0, (2.101)

where ‘... contain nonzero power of 4’s, which vanish upon tracing.

That is, vanishing of the linear combination (2.99) implies vanishing of all its coefficients,
hence the 16 matrices (2.97) are linearly independent, and for 4 by 4 matrices form a basis of
CcA4,



Chapter 3

Dirac theory — basics

3.1 Dirac equation and its Lorentz covariance

With a help of the y-matrices satisfying the anticommutation rules of the Clifford algebra,

{v*,7*} = 2¢*", Dirac was able to famously factorize the Klein-Gordon operator (see Sec-
tion 1.3.3), writing the Klein-Gordon equation in the form
(i0"i0, — m*) ¥ = (iv"0,, +m)(iv" 9, — m)¥ = 0, (3.1)

and postulate a stronger condition on the wave-function ¥ — the Dirac equation
(iv"0, — m)¥(z) = 0. (3.2)

(The sign before m can be flipped by a change of Clifford algebra representation y# — —+#.)
This equation is sometimes written as

(iy-0—m)¥ =0 or (id—m)¥ =0. (3.3)

The former form is engraved on Dirac’s memorial tile in Westminster Abbey. The latter one uses
Feynman’s slash notation ¢ = v*a,,, which is quite common in physics, but we shall not employ
it too much in these lectures.

By default, we will adopt the standard representation of v-matrices given explicitly by the
4 by 4 matrices from Eq. (2.42). ¥ = (14)%_, is therefore a four-component (Dirac) wave-
function. For brevity we will drop the subscript D, and simply write v* instead of 7/,. In a
different representation ¥# = U~*U~! we have

0= U(in"0,, —m)¥(z) = (iUy*U~19, —m)U¥(z) = (i5"0, —m)¥(z), where VU(z)= U¥(z)
(3.4)
is a wave-function in the new representation.

What are the transformation properties of the Dirac equation under Lorentz transformations
z'" = L* 27 The differential operator v#9,, (also known as the Dirac operator) transforms as

ox” 0
Oz’ Oxv
where we used relation (2.41) for L~1, and the fact that the spin representation satisfies S(L~!) =
S(L)~!. Hence, we find that the Dirac equation transforms covariantly as

(i), — m)¥' (') = S(L)(ir*, — m) S(L)" W (' () = 0, (3.6)

VO =" = (L7 0y = S(L)y"S(L)~" 0y (3.5)

25
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once we identify the Lorentz-transformed Dirac wave-function with
V(2" = S(L)¥ (). (3.7)

(Here we consider only proper orthochronous Lorentz transformations. Discrete transformations,
parity and time reversal, will be addressed in Sec. 4.2.) We observe that for rotations, according

to Eq. (2.52), ' .
S(L) = exp (—;9221') = (eXp (8 o) exp(—oéeiai)) , (3.8)

both the upper and the lower half of ¥ transform as two-component Pauli spinors — the Dirac
theory describes spin—% particles, and the four-component wave-function ¥ is dubbed the Dirac
spinor (or bispinor).

Hermitian conjugation of the transformation law (3.7) produces

(\Il’(a;’))T = (\IJ(x))TS(L)T, with S(L) = exp (—iwwa’“’) : (3.9)
Since

i 1
()T =92 = (@) = =g ( = )T = =52 (0 = =20
(3.10)
the Lorentz generators %O'/W are Hermitian for rotations, but anti-Hermitian for boosts. As a
result, the spin representation of Lorentz transformations is not unitary, but rather satisfies

i , B
S(L)" = exp (4w,m°0“ vo) =~°S(L)" 1", (3.11)

i.e., S(L) is unitary for rotations, but for boosts it is Hermitian.
In the Dirac theory, more applicable than Hermitian conjugation turns out to be its slight
modification — the Dirac conjugation

U(x) = Ul(z)y°. (3.12)

The transformation law for Dirac-conjugated spinors reads

(@) = (W(x))'S(L)14° = B(2)S(L) Y, (3.13)

and the equation satisfied by ¥(x) can be derived from the Dirac equation as follows:

VM9, —m¥ =0 /T
—i0, U0y Ot =0 /40
0, Uy" +mW = 0. (3.14)

3.2 Plane wave solutions

The Dirac equation (3.2) is a linear differential equation with constant coefficients (albeit with
certain matrix structure), and so we look for solutions in the form of plane waves (with certain
polarization states). From Eq. (3.1) it is clear that these must also satisfy the relativistic energy-

momentum dispersion relation p*p, = (po)? — p?> = m2. To take into account both positive
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and negative energies, it is common to distinguish two types of plane waves parametrized by the
spatial momentum p:

S

o (x) = u(p)e= T,

P
\Ilg,*)(x) =v(p)e™™*,  where in both cases py = wp = \/p2 + m?2. (3.15)
They satisfy i@t\IJ](:_) = wp\IJ](:_), SO \I!g” is a positive-energy solution, while iatq/;‘) = pr\Ilg,_),

SO \III([) is a megative-energy solution.
With the plane wave ansatz the Dirac equation reduces to an algebraic relation for the
polarization spinor u(p) (for positive energy), or v(p) (negative energy):

(Vupu - m)u(p) =0, or (Vﬂpu + m)v(p) =0, (316)

respectively.
We first investigate the positive-energy equation in particle’s rest frame (hence assuming
m > 0). In this case the four-momentum reads pLO) = (m,0), ’y“pfto) =v'm, with 7° = 0? ® I,

and Eq. (3.16) reduces to

(+° = 1)u(0) = — (g ?) u(0) = 0. (3.17)

This tells that the lower components of «(0) vanish, and so we get two linearly independent
solutions, characterized by the value of spin projection along the z-direction:

Xs
1 1 1 0
w(0,8)=| o |, where s= 23 and xi = <0), X-1 = <1> (3.18)
0
The spin sum
S u(0,8)a(0,5) = 3 u(0,5)u(0,57° = (& 2) = 1041 (3.19)
- ) 9 - b 9 @ (O) 2 .

is the rest-frame projector on states with positive energy.
A positive-energy solution with an arbitrary spatial momentum p is obtained from a rest-
frame solution u(0) by boosting. Denoting the boosted four-momentum by p, = Ly“p,(io), we

observe that

0= S(L)(y"p” —m)S(L)~'S(L)u(0) = (v"L,/'pY) —m)S(L)u(0) = (v"p, — m)S(L)UEO), |
3.20

nA0 I o-p
u(p) = S(Lju(0).  where  §(1)= JLPeTIL _ VI LT ( pogm) (3.21)
m+/pg +m Vam

po+m
is the boost’s spin representation, as shown in Exercise 12. Two independent positive-energy
polarization spinors (for arbitrary p) then read

u(p,s) = S(L)u(0,s) = poT-;m ( GJ.}(,S Xs) . (3.22)
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Since Dirac conjugation of these yields

_ t _ _

u(p,s) = (S(L)u(0,5))'7" = u'(0,5)S(L)'Y* = u(0,s)S(L) ", (3.23)
we find from Eq. (3.19) the spin sum (i.e., the projector on positive-energy states) for arbitrary
D,

1 _putm

S ulp, $)u(p, ) = S(L) Y u(0,5)a(0,5)S(L) " = 2 —S(L)(x°m +m)S(L)

2m
(3.24)
The negative-energy plane waves can be treated similarly. We find again two independent

polarization spinors for each value of p:

0 .
= v(p,s) = v(0, s :7po+m poaenXs
w0.9=(0) = o) =50 i ( +Xs ) (3.25)

The spin sum for negative-energy states reads, for p = 0,

ZU(O,S)T)(O,S) = Zv(&s)vT(O,s)’yO =— (8 ?) = %(70 - 1), (3.26)

S S

S S

and for p arbitrary

= 'yltpu —m
v(p, s)v(p,s) = ————. 3.27
zs: (p,5)v(p, ) oo (3.27)
Utilizing both the v and v spin sums we can form (for every fixed p) a completeness relation on
the spinor space,
Z (u(p, s)u(p, s) — v(p, s)v(p, s)) =1, (3.28)
R

where the u-part is the projector on the positive energy subspace, while the v-part (including
the minus sign) is the projector on the negative energy subspace.

To summarize, the general solution of the Dirac equation is given by the plane wave decom-
position

dgp m —ip-T * ip-x
\I/(l‘) = Z /(27‘-)3/2 \/ Fp(Bp”gu(p’s)e P4 Dp7sv(p,s)e P ) y Do =Wp =V p2 + m27
s=i%

(3.29)
where By s and Dp s are arbitrary complex constants (amplitudes of the corresponding plane
waves), and the numerical factor /m/(2m)3wp has been included for later convenience. The
negative-energy part is related to antiparticles. Although Dirac proposed the existence of antipar-
ticles based on his theory of relativistic quantum mechanics, we shall postpone their discussion
until the quantum field theory part of the course.

Finally, let us mention that the polarisation spinors u and v satisfy the identities

u(p,s)u(p,s’) =dss , V(P s)u(p,s) = —bsw , ulp,s)v(p,s’) =0, (3.30)
which for p = 0 follow easily from Eqs. (3.18) and (3.25) (and for generic p by utilizing u(p, s) =
S(L)u(0,s), u(p,s) = u(0,s)S(L)~1, and likewise for v), and also the identities (derived in
Exercise 14)

Wp,s)up,s') = o0, l(p,s)u(p.s) = o, ul(p,s)u(-p,s) =0,  (3.31)
m m
which will be used later in Chapter 8 when deriving the mode decomposition of the Hamiltonian
operator of the quantised Dirac field.
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3.3 Dirac bilinears

The vy-matrices and the Dirac spinors live in a rather abstract space. To relate them to the
real world (i.e., the spacetime) we construct out of them the so-called Dirac bilinears — certain
number-valued quadratic expressions in ¥ with spacetime indices.

The most common one is the Dirac current

JH(x) = U(z)y"¥(x). (3.32)

It transforms as a four-vector field under Lorentz transformations (recall Egs. (3.7) and (3.13)):

Ty = U () (@) = B(@)S(L) IS (L) B(x) = D)Ly W(z) = LI (z).  (3.33)
Its zeroth component reads

J(z) = Ul(z)¥(z) >0, (3.34)

and it gives, upon spatial integration, a positive-definite norm of the Dirac wave-functions.
The Dirac current J# is always conserved if W(z) satisfies the Dirac equation (i7"0,—m)¥ = 0
(and hence ¥(x) satisfies its conjugate version i0, ¥y* +mW¥ = 0):

O J" = (0, W)W + U9, U = imPW + ¥(—im)¥ = 0. (3.35)

When the Dirac field gets coupled to the electromagnetic field, J# will become the electric current
density that features on the right-hand side of Maxwell’s equation (see Eq. (11.51)).

General tensor fields can be constructed analogously as ¥(z)y*...v"¥(z). Indeed, the trans-
formation properties of such objects are

U (2. 4 (2)) = U(2)S(L) 4" S(L) ... S(L) 14" S(L)¥(x)
=Lt LY U(x)y . (). (3.36)

(This also includes the scalar field ¥ (z)¥(z).)

Pseudotensors contain an extra factor detL in their transformation law. They exhibit their
“pseudo” character under parity Lp, for which detLp = —1. In Section 4.2.2 we will show that
the spin representation of the parity transformation is S(Lp) = ~4". Hence,

S(Lp)™'4°S(Lp) =7°7%7" = =", whereas S(L)7'7°S(L) =+ (3.37)

for all proper Lorentz transformations L, since y°c#” = o"Y~°. Therefore, we can form pseu-
dotensors by including 4% in the string v*...4" in Eq. (3.36). For example, U/5W¥ is a pseu-
doscalar, Uy#y5¥ a pseudovector (or axial vector), etc.
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3.4 Exercises

Exercise 12. Boosting a particle from the rest. Consider four-momentum p( ) = = (m, 0) (particle
at rest), and find the spin representation S(L) of the Lorentz boost that transforms the particle’s
three-momentum from 0 to an arbitrary given vector p.

Solution:

We will present two solution methods.

1. We need to boost the particle by velocity

v = 2, i.e., with rapidity ¢ = EC, where tanh({ = |v|. (3.38)
Po |p|
Observing that
(") = =0 = =I5 = (0 =& (3.39)
we find
S(L) = exp (—;(i()m) = 2" = cosh ¢ + 27 ~ smh ¢ = cosh ¢ + D |'y ~ smh C
(3.40)

Finally, since cosh ¢ =y = 22 and employing identities for hyperbolic functions

h({+1 h({—1 -
coshc\/coS ¢t \/poer ) sinhc\/coS ¢ \/po m’ (3.41)
2 2 2m 2 2 2m

which follow from (e¢/24e7¢/2)2 = ¢ 4-e7¢ 42, we can cast the result in a more convenient
form

\/m i [po—m _ ot mA GV M ypa®+m
’7 — = .
\p| 2m V2my/po + m V2my/po + m
(3.42)
2. Alternatively, we can employ the identity (2.41) for L=1:

S(L)y"S(L)™t = (LY =L = Sy pOS(L) T =47L P =4 Dy,
(3.43)
where p,, = Lu”pf,o). Since L is a boost,

i . i — i 7 { 7 7
o =i’y = AS(L)T =1 exp ( ‘o ) = exp (—2C o’ ) 70 =S(L)y°, (3.44)
and so we have

1
SIpPS(L) ™ = S(L)y°'mS(L) ™! = S(L)*°'m = +'p,  —  S(L)* = —"p,°.
m
(3.45)
Hence, we look for a square root of the matrix %fyﬂpuyo. This can be found by first
calculating the square

(Vpu°)? = V2’7 Py’ = ="V Db + 29% VP’ = =" P+ 2007 P (3.46)
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Rearranging the terms, noting that p#p, = m?2, and completing the square yields

(Vpu®)? £ 2myPp,y° + m? = 2p0y"p,y° + 2mAtp,A°
1 (v"puy° £m)?

—p,° = 3.47
7 Dy 3m(po = m) (3.47)
Hence o
Ypuy” +m
S(L) = L2t T 3.48
D= amin (348)
where we have kept only the ‘4’ sign as the ‘—’ option does not reduce to 1 in the limit
p— 0.
Exercise 13. Gordon decomposition. Derive the (Gordon) identities
/1 s /o
N — P +p . Py — Pu
u(p' )" u(p) = u(p) <2m +io == ulp),
/1 “ /o
vy o (PP P, — Py 349
ool o) = olof) (L5 i PP ), (3.49)
which hold for any polarization spinors u(p), u(p’), v(p), v(p’) satisfying the equations
(Y"Pu —m)u(p) =0 ,  (¥"pu+m)v(p) = 0. (3.50)
Solution:
The Dirac equation for u and for its conjugate, w(p')(v*p;,, —m) = 0, imply
u(P') (YY" pu = my")ulp) =0,
a(p") ("7 pj, — my")u(p) = 0 (3.51)
Summing these two equations, and using the decomposition
1% 1 v 1 L v 17 . v
7" =S+ 5 = g ot (3.52)
to cast
VA Py + 4P, = p” —ic"p, + 9" —ic"p), (3.53)
we obtain
a@) (p" + 0" +i0" (0], — py) )u(p) = a(p)(2mr")u(p), (3.54)

which yields the first identity in Eq. (3.49).
In the same manner we obtain the second identity (with u replaced by v, and m replaced by
—m).

Exercise 14. Polarisation spinors’ identities. Show that:

w
Loul(p,s)ulp.s) = 25,0

2. o =225,
vi(p,s)u(p,sT) = "dss
3. ul(p,s)v(—p,s’) = 0. (3.55)

Solution:
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1. By Eq. (3.49) for p =0, and p’ = p,

0
ul(p, s)u(p, s') = a(p, s)y’u(p, s') = u(p, s) % u(p,s’) = %5551, (3.56)

where in the last step we used the orthogonality relations (3.30).

2. Same as case 1. (Note that the minus sign in the Gordon identity for v gets cancelled with
the minus in Eq. (3.30).)

3. We recall that for an appropriate boost L, u(p,s) = S(L)u(0,s) (see Eq. (3.22)), hence
v(—p,s") = S(L)" (0, s"). Noting that, for a boost, 7°S(L)~! = S(L)+°, we find

ul(p, s)o(—p, s') = 10, 5)S(L) 1 S(L) " 0(0, 8') = @(0,)7°0(0, ') = ul(0, 5)0(0, s') = 0.
(3.57)

Exercise 15. Dirac equation in Weyl representation. Write the Dirac equation in the Weyl
representation of y-matrices,

YR

as a pair of equations for ¢y, and 1. Consider the limit m — 0 corresponding to high energy
and momentum (fast particles).

(ivy 0 —m)¥y =0, where Yy = (wL> , (3.58)

Solution:

In the Weyl representation,
. (O 1 (O g
iy O, =1 (H @> Op +1 (—ai %)) 0; (3.59)
so the Dirac equation reads

(o 2o 57 () = (02) 59

For massless particles, or in the limit of negligible rest mass m, i.e., dominant kinetic energy
(fast particles), we obtain two independent equations

i(10g +0'd)vr=0 , i(10y—c'd)v =0, (3.61)
=M =gH)

called the right-handed, and the left-handed Weyl equation, respectively.



Chapter 4

Dirac theory — further
developments

4.1 Dirac particle in electromagnetic field

In classical Hamiltonian mechanics, placing a free particle with mass m and charge ¢ into an
external electromagnetic field consists in the replacement
P’ (p—qA)?

2m - o 2m (4.1)
Here, the electromagnetic field is described by a four-potential A*(x) = (A°(x), A*(z)), from

which one can calculate the Faraday tensor, and the electric and magnetic intensities:
F.=0,A,-0,A, , E;=-FE'=F" | B,=-B'= %gijkw‘k. (4.2)
In quantum theory, analogously, the four-momentum operator p,, = i0,, is modified:
Dy  —  Du—qAu, ie., O, — D,=0,+iqA,. (4.3)

Here D, is the covariant derivative, and the replacement 9,, — D,, is referred to as the minimal
coupling. The minimal coupling procedure generalizes beyond electromagnetism to so-called
non-Abelian gauge theories (or Yang-Mills theories) that play an important role in the Standard
model of particle physics.

The Dirac equation for a charged particle in external electromagnetic field is thus obtained
from the free Dirac equation by the replacement

("0, —m)¥(z) =0 — ("D, —m)¥(z) =0. (4.4)

Another way of rewriting this is by multiplying v° on the left, and thus casting the minimally
coupled Dirac equation in the Schrédinger-like form

. 1 o 0. 0 _ qA0+m —iO'iDi

i0:¥ = HpV, where Hp = —iv"v'D; 4+ qAo(z) + my° = ( —io'D;  qAg—m (4.5)
is the Dirac Hamiltonian, and we have used the Dirac representation of y-matrices. This will
be our starting point in the investigation of the non-relativistic limit of the Dirac equation in
Section 4.1.1.

33
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In Section 4.1.2 we shall make use of the following consequence of Eq. (4.4). Applying the
operator 1y*D,, +m we have

(iv*D,, +m)(in" D, — m)¥ = (—y*4"D,D, — m*)¥ = 0, (4.6)

which can be cast, using the identities

1 1 o
Yyt = 5{#‘77”} + 5[7",7”] =g —io"", (4.7)
and
[Dy, D] = [0, +iqA,, 0, +iqA,] = iq(0, A, — 0,A,) = iqF),,, (4.8)
as

1
(D“D# — i 5 (D, D] + m2)\11(x) - (D”D“ + ga’“’FW + m2)\11(x) —0. (4.9
(We have used the antisymmetry of o to write o**D, D, = $0¢"”[D,,D,].) Without the
middle ‘spin’ term this would be a minimally coupled Klein-Gordon equation.

4.1.1 Non-relativistic limit of Dirac equation

As for the Klein-Gordon equation in Exercise 2, we pull the fast-oscillating rest-energy factor

e~ out of the wave-function, and plug the following ansatz into Eq. (4.5):

U(z) = emimt (S;((;CD L 0+ m) (9;) _ (qf‘i"g i in;’i_D;L) (5;) (4.10)

Two coupled equations for the two-component wave-functions n and ¢ ensue:

1Opp = qAgp — iaiDm,
i0;m + 2mn = —ioc" Dy + qAon. (4.11)

In the non-relativistic regime, and for weak electric fields, we can neglect in the second equation
the terms with i0;n and gAgn against the dominant rest-energy term 2mmn, and obtain 2mn =
—io'D;p. Expressing n and plugging it into the first equation, we find, in this approximation,

P 1 ..
n= —LO'ID,L‘QD —  i0p = —=—0'0"D;Djp + qApyp. (4.12)
2m 2m

ih o' D;p, which is of order M7 so in the non-relativistic

Note that in full units we have n = —5- :
limit the Dirac spinor’s ‘lower component’ 7 is much smaller than the ‘upper component’ ¢. This
is consistent with the fact that at rest (p = 0), the lower components of the polarization spinors
u vanish (recall Eq. (3.18)).

Meanwhile we calculate, taking into account Eqgs. (4.8) and (4.2),

O'iO'jDiDij = ((51']' + iEijkO'k)DiDj(p = DiDin + %Ei‘jkdk ining = DiDigo + qakBkgo, (413)

and find the non-relativistic Pauli equation for a spin-% particle with charge ¢ described by a
two-component wave-function (x, t),

1
i0pp=——D;D;p — 1 45.B © + qApp. (4.14)
2m 2m
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The middle term corresponds to the magnetic interaction energy

g0 _2qle|

—p - B, where the magnetic moment p = (4.15)

m2  Je[2m”™"

Here S =  is the spin operator of a spin—% particle, |e| is the elementary charge, and the factor

= I%ql is the so-called g-factor. For an electron (¢ = —|e|) the Dirac theory therefore provides
the value go = —2. It should be emphasized that this is a consequence of the theory, unlike
in non-relativistic quantum mechanics where g. = —2 was established so as to fit experimental
data.

In fact, current experimental value of the electron’s g-factor is g, = —2.00232 [11, p. 16]. The
small correction, called the anomalous magnetic moment of electron, is understood in the realm
of quantum electrodynamics, where it was found by Schwinger that (in the first perturbative
order)

gel —2  « |

— h = = —
2 om’ e = ke 137

is the dimensionless fine structure constant.

(4.16)

4.1.2 Coulomb potential

Now we will investigate a Dirac particle, namely, an electron with charge —|e|, in a static electric
field of an atomic nucleus with proton number Z. The electromagnetic four-potential is of the
form A, (z) = (Ao(r),0), where r = |z|, and the potential energy reads

V(r) = —le|Ao(r) = —\elﬁl Sy (4.17)

dmeg T r

Non-relativistic quantum mechanics provides the energy spectrum

2.2
(NR)_ mZ o
Ev =8

where N=n+/(+1 (n,£=0,1,2,...). (4.18)

From this we can estimate electron’s typical velocity in the N-th state, vy. Using the Feynman-
Hellmann relation we find

D N a2 N
(g + Vin =BT 58 (V) =280, (4.19)
which allows us to express
~2 Z2 2 ~0 Z
(P°) N B _E(NR) _ msta oy = (P?) N _ Lo (4.20)

om N7 2N?2 m? N
We can therefore expect that relativistic corrections to electron’s energy levels will be significant
especially for atoms with large proton number Z.

In order to find the energy spectrum within the Dirac theory it is convenient to start from

Eq. (4.9). To proceed we evaluate

. , } Zan?
(9, — ile|Ao) (D — ile|Ao) + 970, = (at - 170‘) —A,

oM F, = ity (0, A, — 0,A,) = 2i7'9°0; Ao, (4.21)

S

S

S
B
Il
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and for stationary states W(z,t) = e~ *FWg(x) obtain

Za?2 . |
[(—iE—if) — A — |e|in'y°0; A0 + m?* | U =0

2ZaE  Z2a? ; Z |
o [ R 2 s iy ] s =0
T T r |
2a? i oZaxt  2ZaF

(E? - m2)- Ty =0. (4.22)

Note that to arrive at this point we did not need to make use of any concrete representation of
~y-matrices. We are therefore free to adopt, for convenience, the Weyl representation, in which

(2 D - 2)

Splitting the four-component Dirac wave-function into two parts, and casting the Laplace oper-
ator in spherical coordinates,

oF 92 20 I?
T = A= 20 L 4.24
E (UE) ’ Or? + ror r2’ (4.24)

leads to the equation

0> 290 172, 9 o . ot 2ZaFE 9 9 B
[_(87“2+r6r)+ 2<L — 7?0 +iZa " )— . —(F _m):|SDE_07 (4.25)

r
and a similar equation for ng, with —i instead of +4. This difference however does not exhibit
itself on the level of energy eigenvalues as we argue in Exercise 17, to where we shall relegate the

rest of the calculation.
The resulting energy levels are

AT _§Z2oz2
(j+3) 4 N?

vl
(4.26)
corresponds to the total (orbital plus spin) angular momentum operator Ji= ﬁi+%Ei. It is worth
to note that for the (spinless) Klein-Gordon equation, j would be replaced by the orbital quantum
number £ =0,1,..., N—1[3, p. 73], resulting in a wrong prediction for the electron energy levels.
In Exercise 16 we show that for a spinning particle it is the total angular momentum Jt that
commutes with the Dirac Hamiltonian Hp (hence is conserved and corresponds to a quantum
number), whereas the orbital part Lt itself does not.
Further corrections to formula (4.26) are due to the hyperfine structure, which takes into
account the spin of the atomic nucleus; and the Lamb shift, which takes into account the quantum
nature of the electromagnetic field.

Ey: = EWR (4
N,j m+ N +N

N W

1
+ (9(24@4)) , where j= 5

4.2 Discrete transformations C', P and T

4.2.1 Charge conjugation

Let us write the Dirac equation in an external electromagnetic field in the form

[iv" (O + igA,) —m]¥ = 0. (4.27)
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The sign of the electric charge ¢ can be flipped by taking complex conjugation:
[—i(y")* (0 — i Ay) — m]W* = 0. (4.28)
The matrices —(y*)* form a representation of the Clifford algebra,
{=(")" =) = {7 = (29")" = 29", (4.29)
and so there exists a similarity transformation U such that
—(y")* = U yrU. (4.30)

For definiteness let us assume Dirac representation for the 4*’s, in which 7°, 4! and +? are real
matrices, whereas 72 is purely imaginary. Hence we find

_A0L3 U7170,l,3 u , 72 = U*172U — U=+? (4.31)

up to an arbitrary phase factor.
Equation (4.28) now takes the form

[i U™1y"U(9, —igA,) — m]¥* = U™ [in* (9, — igA,) — m]¥c =0, (4.32)

where
Vo(z) = v20* () (4.33)

is the charge-conjugated Dirac wave-function. If ¥ is a wave-function of an electron then ¥¢ is

a wave-function of a particle with opposite charge but equal mass, namely, the positron.
Finally, let us note that it is common to define the charge conjugation operator C' = ~2+9,

so that U = CHO0*,

4.2.2 Parity

Space reflection, or parity,

' = (2% —x) , Lp=diag(l,—1,-1,-1) (4.34)

is an improper Lorentz transformation (detLp = —1). The spin representation of this transfor-
mation is determined from the requirement S(Lp)~14*S(Lp) = (Lp)H ", ie.,

S(Lp)™*4°S(Lp)=4" and S(Lp) '~4'S(Lp)=-+" = S(Lp)=1+" (4.35)

up to an undetermined phase factor.
It is easy to check that if (iv#0, — m)¥(x) = 0, the parity-transformed wave-function

Up(z?, —x) =1°U(2) (4.36)
satisfies the Dirac equation in the new coordinates,
(iy"0], = m)Up(z') = (170 — iv'0; — m)7" ¥ (x) = v°(i7°80 + i7'9; — m)¥(x) = 0. (4.37)

It is worth to note that in the Weyl representation, parity interchanges left- and right-handed
components of the Dirac spinor:

N = <? é) - S(Lp) (Z;) = (:ﬁ’z) : (4.38)



CHAPTER 4. DIRAC THEORY — FURTHER DEVELOPMENTS 38

4.2.3 Time reversal

Time reversal
o =(—2%x) , Lp=diag(-1,1,1,1) (4.39)

is an improper non-orthochronous Lorentz transformation. From quantum mechanics we know
that it is implemented by an antiunitary operator. Hence we look for a transformed wave-function
in the form

Ur(—2, x) = UT*(x), (4.40)
so that for appropriate U, (iv*0,, — m)¥(z) = 0 implies
(iy"0), — m)Up (') = (=i 0o + iy 01 + v 02 4 iv° 05 — m)UT* (z) = 0. (4.41)
Complex conjugating the original Dirac equation gives, assuming the Dirac representation,
(—i7°0y — iv' 0y + 7202 — iy303 — m)U*(2) = 0. (4.42)
Clearly, we need to meet the conditions
A02y = Uy02 | ALBY = —uytd (4.43)

which is achieved with
U=~+'* (4.44)

(up to an arbitrary phase).
The wave-function after time reversal therefore reads

Uy (-2, ) = y1y30* (). (4.45)

4.2.4 CPT transformation

What is the wave-function after successive application of C', P and T transformations? Combin-
ing Eqs. (4.33), (4.36) and (4.45) we find

(Te)p)r(x) =12 (V20 (—2))" = =iy T(—a). (4.46)

The CPT theorem states that any local Lorentz invariant quantum field theory is necessarily
invariant under the combined C'PT transformation. However, experiments show that the indi-
vidual transformations are not always symmetries of Nature. For example, parity is violated in
the Standard model of electroweak interactions.

4.3 Helicity and chirality
The free-particle Dirac Hamiltonian
Hp =~°'p’ + mA° (4.47)

does not commute with the spin operators %Zi (see Eq. (4.63)). However, it does commute, as
shown in Exercise 16, with their projection to the direction of motion — the helicity

h

o M
h@>

g (4.48)
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Since commuting with the Hamiltonian, and thus conserved during time evolution, helicity is
a convenient quantity to characterise the spin state of the Dirac particle. However, it is not a
Lorentz invariant concept due to its dependence on the spatial momentum p.

A simple calculation reveals that

h?=1® =- (4.49)
therefore the eigenvalues of h are i% (as must be the case for a spin projection). States with
helicity f% are referred to as left-handed, and those with +% as right-handed.

Chirality is another notion of ‘handedness’. It is represented by the operator v°, and since
(7%)? = 1, it has eigenvalues —1, for left-chiral states, or +1, for right-chiral states. (One often
uses the terms ‘left-handed’ and ‘right-handed’, which however increases the risk of confusing
chirality with helicity.) Unlike helicity, chirality is not a constant of motion,

(v, Hp) = 7%, 779" + m2’] = 2my°y° # 0, (4.50)
unless m = 0. On the other hand, chirality is a concept invariant under proper Lorentz transfor-
mations, S(L)y*S(L)~! = 4%, and gets flipped by parity, S(Lp)y°S(Lp)~! = —4° (recall that

S(Lp)=1").
The chiral projectors §(1 4 %), satisfying

1+4°\? 1+£4° 1445 1—4° 14751 —45
Y _lEY 14y 19 L4y 7y, (4.51)
2 2 2 2 2 2
can be used to decompose any state ¥ to its left-chiral (the “—” sign) and right-chiral (the “+”
sign) components:
1+45 1+45
P ( 27 m) = i( 27 \11) . (4.52)

(Similarly, since (2/3)2 =1, we could form helicity projectors %(1 + 2%)) In the Weyl represen-
tation, which is also called ‘chiral’ as it is well-suited for discussing chirality, we have

5 (-1 O -9 (1 O 1+, (0 O
WV‘(@]I - 2 oo =2 “\o1) @9

UL
0

Therefore, left-chiral bispinors are of the form ( ), whereas right-handed bispinors are of the

form < 1/JOR> .

As a final remark, consider a plane-wave solution of the massless Dirac equation (p#p, = 0),
with polarization spinor u(p) satisfying

O n i goi
P
Vpuulp) =0 —  u(p) = ] u(p) (4.54)
Multiplying on the left by the chirality operator v°, and observing that
i . i1 j 1 j i
oy = —iyly?yiy = §5ijk7j7k = §5ijkff]k =X (4.55)
we find o
5 Z’Lpl
7 u(p) = D] u(p) = 2hu(p) (4.56)

That is, for massless particles (or in the ultra-relativistic limit m — 0), helicity and chirality
coincide.



CHAPTER 4. DIRAC THEORY — FURTHER DEVELOPMENTS 40

4.4 Exercises

Exercise 16. Dirac Hamiltonian commutators.
Show that for A, (z) = (Ao(r),0) (particle in central electric field) the Dirac Hamiltonian

Hp commutes with the total angular momentum

Jt=1L"+ %i, where L' = eijkxjﬁk, ¥ = (g 9) . (4.57)
If in addition Ag = 0 (free particle), show that Hp commutes with the helicity operator
h= % : ;. (4.58)
Solution:
According to Eq. (4.5) the Dirac Hamiltonian reads
Hp = —i7*%'0; + qAo(r) + m" =745 + V(1) +m°. (4.59)

Observe that expanding the commutator [JAl, H p] into six terms, two of them, namely, [I:i,yo]
and [X%, V(r)] vanish trivially, [X% ~°] vanishes since X is a linear combination of products of
two spatial y-matrices, and

k

(L8, V(r)] = eiula?pF, V(1)) = —igijpa? [0k, V(r)] = fisijkxjx?vl(r) =0. (4.60)
We are thus left with the orbital angular momentum part
(L, Hp] = [L', 79 p] =9/ [L', ), (4.61)
where o ‘ ‘
(L, 7] = eane["p", p] = eanela®, p7] p° = iesje ', (4.62)
and the spin angular momentum part
L« 7 Lisi 0 dmin L opsvi g1
§[E>HD]:§[E»7’H?]}:§V 247 p, (4.63)
where
XL =@’ ic? ®d’] =io? @ [0, 07] = io® ® (2ieiju0") = 2icin". (4.64)
Thus, in total,
SN A 1. - e, »
[JZ, HD] = [L’L, HD] + 5[21, HD] = Z’YO’}/JEZ']'[ pé + Z’YO’}/kEijk p] = 0 (465)

For Ag = 0, p* commutes with Hp and so we find

AL AL

. 1. - _ »
h, Hp) = L2 [2, Hp) = %w%keijkp’ —0. (4.66)
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Exercise 17. Energy levels in Coulomb potential. Starting from equation

[_((’92+28>+ (L2 720 4 ax)_2ZaE_(E2_m2) o5 =0, (4.67)

or2  ror T
determine the energy levels of a Dirac electron in the Coulomb potential.
Solution:

Our strategy will be to use of the knowledge of non-relativistic energy spectrum

Z2 2
MO - T2 Nentl+1 (n,0=0,1,2,...) (4.68)
2N?2
that follows from the time-independent Schrédinger equation
% 20 Le+1 Z
o 2 ) ({+1)  Za
or2  ror

(- o+ vV)oe=Evr > |-5-( T

2mr? r ’
(4.69)
We will break the calculation into several steps:
1. Denote by M the operator that multiplies the factor 7% in Eq. (4.67),
M=1i%- 222 +izZaZ (4.70)

Since the total angular momentum operator Ji=1L+ %ai commutes with o’z?,
L . o P , _ _
[o'a", L7 + 107] = o[zt ejpextp) + 5[02,03]:17z = igjpeo’c 0y 4 igpotat =0, (4.71)

the same holds for M: [j i M ] = 0. (We also used the fact that % commutes with L’ due
to (4.60).)

In the subspace where J2 = j(j + 1) £.3,...), and Js =m (—j <m < j), the orbital

(=73
quantum number ¢ (such that L? = £(¢ + 1)) can take two values /1 = j + 1. We denote
,+1

2

the corresponding eigenstates by | >, and for fixed j and m aim to cast M in this

basis as a 2 by 2 matrix M.

To this end we recall that eigenstates of L2 (the spherical functions) have parity (—1)¢,

o'z’

and since the operator changes parity (and is Hermitian), we have

a;xz = (ZO* g) for some z € C. (4.72)
Moreover,
cizi\?  oloixizd iz olat 0 e
( r > S R L= o (ew O) (4.73)

for some phase 6, which will not influence our results. (This phase factor also absorbs the
extra minus sign in the equation for the lower component ng — see Eq. (4.25).)

Hence, since (4 ((+ +1) = (j + 3)? + (j + 3), we find

- (j_"%)Q_ZQaQ‘Fj‘F% iZae®
M= < iZoe " (j + %)2 — 7202 — (G + %) . (4.74)
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2. For a 2 by 2 matrix M, the characteristic polynomial, and also the eigenvalues, can be cast
in terms of the determinant and the trace:

2
A A A ) = A (TEMA £ detM =0  — Ay = OSM o JITIMAT . Gim,
( +

2 2
(4.75)
Since
TrM 2
=G+ P -2%7 . detM = ((G+1)? - 2%?2) — (j+ )P+ 222 (476)

we find explicitly
Ay = ke(ke +1), where rky=/(j+1)2—222, k_=ry—1 (4.77)

Expansion in small Z«a yields

+0(Z%*Y.  (4.78)

1 Z2a? 1 Z%a?
Ky = '—l—f) l———5=j+-—90;, where J;=
r= (i3 G+l 7727 Y g

3. In the eigenbasis corresponding to A+ equation (4.67) reads

1 /07 20 ki(ke +1) ZaE E?—-m? (+)
[ (ﬁ + ;5) B W } vp =0 (4.79)

Com 2mr? r m 2m

Comparison with the Schrodinger equation (4.69) now yields

EQ_ 2 Z2 2 E2
2mm :—H;ng W — EN,].:#, Where N/:n“‘l‘ﬁ)j:‘i'l:N_dj,
1+ &5

(4.80)
and N = n+ ¢4 + 1 is a positive integer. (We have neglected the negative part of the
energy spectrum.)

4. Finally, we perform an expansion in (Za)? with a help of the formulas

1 3 )
(14+2)72=1- 57+ gaﬁ + O(a%), (4.81)
and 202
1 1 1 < « 4 4>
—=———=— |1+ —— 4+ 0(Z%") | . (4.82)
NZTN-g2 M\ NG+
The resulting energy levels read
Z2a?  3Z7%* 6 6
EN’j_m<12]V/2+8]V'4+O(Z o ))
Z2a? Z*a* 3 7%t
— 1— _ e ZG 6
eI S R
mZ2a? AL 37202
=—m — ——— - o(z% ). 4.83

(NR)
EN
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Exercise 18. Charge conjugation of a helicity eigenstate. Consider a positive-energy plane-wave
solution of the Dirac equation,

U(z) = u(p)e—*, where u(p)— 7%” < c,j,% X). (4.84)

1. Determine the spin state y so that the helicity of ¥ is +%.

2. Find the charge-conjugated wave-function ¥ (x).

3. What are energy, momentum, and helicity of U (x)?

Solution:

1. Application of the helicity operator h = % . \gl on VU yields
. 1 ) 1o Tm ) , 5
h = — <a n O ) U= Svpo b m < a.(pa n)x > e T where n = 13 .
2\ 0 o:m 2 Voem  \Gam (o mx p|

—~

4.85)
We are therefore looking for y,+ € C? that satisfies (o - n)Xpt+ = Xp+. Since (o -n)? =

|n|? = 1, the matrices
l1+o0-n l-0-n
and ——— 4.86
5 n 5 (4.86)
are projectors on the eigenspaces of o - n corresponding to the eigenvalues +1 and —1,
respectively. Projecting an arbitrary reference spinor (for instance (§)) onto the +1

eigenspace, and fixing the normalization so that X; L Xp+ = 1, we obtain

l+0-n (/1 1/ 1+n3 1 1+nd
_ = - . = . . (4.87
Xp+ X D) (O) B (nl + Zn2) —  Xp+ 2(1 m n3) (nl +in2 ( )

(Note that this formula is singular for n® = —1, so in that case a different choice of the
reference spinor, for instance (), has to be made.)

2. The charge conjugation acts on ¥ as W¢(x) = v2¥*(x). Explicitly,

o) - BT (O )( X )eip.m\ﬁpwm(—p:ﬁnﬂx;)

Vam \=0" 0 ) \ 58Xy C Vom —0" Xt
(4.88)
where we have made use of the fact that
o*(o* - p) = *(o'p" — o”p* + 0%p’) = —(0 - p)o’. (4.89)

By the same token, we find

l1+o0*-n [1 l—-on 1 l—0o-n 0

2. % 2 2 .

o A = ¢ =— | . ] =ixp—. (4.90
Xp+ 2(1+n3) (O> 2(1+n?) (0) 2(1+n3) <Z> Xp ( )

In total we have

W () = (—i) YD E™ (pfﬁnxf’) P, (4.91)

V2m Xp—
which (up to an inessential phase factor —i) has the form of a negative-energy plane-wave
solution.
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3. To determine the energy and momentum of the charge-conjugated wave-function we calcu-

late
poVeo =i0:¥c = —po¥e and p;¥c =i0;Vc = —p;¥c, (4.92)

that is, ¥ has indeed negative energy and momentum —p. The helicity reads
; 2 (-p) 1
hWe=—-—Us=-Us. 4.93)
2 el 072 (

Charge conjugation flips both the momentum and the spin state of the particle. The
helicity is therefore preserved.
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Chapter 5

Classical field theory

5.1 Systems of coupled oscillators

5.1.1 One-dimensional harmonic oscillator

A one-dimensional harmonic oscillator with (angular) frequency w and mass M is described by
the following Lagrangian or Hamiltonian:

Ligd) = 2@ - IMur o p=Mg , H(g p)zﬁJrlezq2 (5.1)
’ 2 2 ’ ’ 2M 2 ' ’
The Hamiltonian can be factorised as
Mw ip

H(z,2") =wz*z, where z=14/—¢q-+ , 5.2
(22" R 62)

and the canonical Poisson brackets {¢,p} pg =1 and {q,q}pp = {p,p}ps = 0 imply
{z,2"}ypp=—i and {z,z}pp={z",2"}pp=0. (5.3)

(The subscript PB has been added to avoid confusion with an anti-commutator.) The new
variables z and z* are complex conjugate of one another, but they are to be treated as independent
linear combinations of the original variables ¢ and p. Canonical equations of motion in the new
variables follow easily using the Leibniz rule for Poisson brackets,

2={z,H}pp =wz"{z,2}pp +w{z, 2"} ppz = —iwz, (5.4)
with the solution for arbitrary initial condition z(0) = A € C given by

i 2 z(t) + 2*(t) 1 . ,
tYy=A wt t) = - t) = — A wt A* iwt ) 5
) ‘ - ) Mw Rez(t) 2Mw 2Mw< ‘ A ) (5:5)

5.1.2 Normal modes

Let us now consider a system of N coupled degrees of freedom ¢, of equal masses M described
by the quadratic Lagrangian

L(Qm%) = Z %qz - 1 Z Unn"]n‘]n/ = %&T&*

STy =
5 5 7 Ugq, (5.6)

| —

n k)

46
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where ¢ = (g,) € RY is the vector of displacements from equilibrium positions, and U = (U,.,,/)
is an IV X N real symmetric positive-definite matrix — the ‘potential energy matrix’. In the
Hamiltonian formulation we have

oL . Vi
DPn = = Mg, — H(Qnapn): . 2]\2

1
= . +3 ; Unin GG - (5.7)

From the treatment of small oscillations of classical systems [9, Ch.1.7] we know that it is
convenient to diagonalise the matrix U,

U=VMQ*VT where Q=diag(wi,...,wn), w1 <...<wy, and VIV=wT =1,

(5.8)
and perform the transformation to normal coordinates 77 = (1), i.e., express
N
Gt) = Vijt) =Y Gne(t), where V= (i,...,7y). (5.9)
k=1
Here the vectors ¥ form an orthonormal basis of the configuration space R :
orthonormality : (VTV)kk/ = Usz")’k, = Opp
completeness : V7 = Zﬁkﬁg =1L (5.10)
k

They are the normal modes of the oscillating system (collective degrees of freedom).
The Lagrangian, when expressed in the normal coordinates, gets decoupled,

. M . . 1, . M. M ..
L(ng, i) = o7 VIV — i ™VIUV G =Y (i — o | = e+ wime =0 (Vk).
2 2 . 2 2
(5.11)
It describes a system of NV independent harmonic oscillators with coordinates 7, and frequencies
Wk .
In the Hamiltonian formulation, the canonical momenta corresponding to the normal coordi-

nates read pr = M1, and the Hamiltonian is

2 .
p M N . Muwy, 10k
H(nw, pr) = % (2]\]} + 2%%?7;%) = H(zp,2) = ;szkzka k= 5 M+ S
(5.12)
The Poisson brackets between the z-variables, and the ensuing equations of motion read
{2k, 21 Y P = —i0kkr, {2k 20 }pB = {25, 20 p =0 — 2 ={z, H}pp = —iwkzy.
(5.13)

Equation (5.5) then readily provides the trajectories zj(t) and also 1y (t), which can be superposed
via Eq. (5.9) to yield a general solution for the oscillating system

— ﬁk —dwpt * _dwgt
)= o (A 4 aget). 5.14
0 =3 g (e e (514
Although the individual masses (the degrees of freedom ¢,,) influence each other as they are
coupled by springs, the normal modes, which we have been able to find owing to the quadratic

nature of Lagrangian (5.6), are independent — their coordinates 7 evolve independently of each
other.
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5.1.3 Linear chain and string

Let us assume that the masses M are arranged in a linear chain, and connected by springs
characterized by a spring constant x. The Lagrangian then reads

. M . K
L(gn;Gn) = Z 7(13 - Z §(qn+1 —qn)% (5.15)

n n

(We envisage an infinite chain without specific boundary conditions.)
We wish to pass to the continuum limit, where the equilibrium interparticle distance a — 0.
Introducing a function ¢(z,t), x € R, we may write

2
d(na,t) = gt) — L= Za%é(naﬁ -~ Za% (<Z5(na+ai - ¢(na>) . (5.16)

Identifying a = dz, na = =, % = p (linear density), and ka = T (string tension), the Lagrangian

becomes T
L= /dx.,sf, with % = g(at¢)2 - (00" (5.17)

In the continuum limit, the spring coupling is captured by the spatial derivative term.
The corresponding field-theoretical Euler-Lagrange equation of motion

2 2
0.¢ 0L 0L _ 9 9% _ (518)

%500 T %000 00 Par Lo

is the wave equation of a one-dimensional (infinite) string. This can be further rewritten as
102 02 T
== - = x,t) =0, where c¢s=4/— 5.19
(Cg atg ax2 QS( ) ) ’ S p ( )

is the speed of sound, i.e., the speed at which waves on the string propagate.
It is interesting to note that the wave equation is invariant under “Lorentz” boosts, with ¢,
playing the role of the speed of light in special relativity. We arrive at a “relativistic” equation

starting from a non-relativistic mechanical system of oscillating masses.

5.2 Functional derivatives

Functionals generalize the notion of functions of several variables to the case of (continuously)
infinitely many independent variables:

fru=(ug,...,un) = f(u) ~ F:d— F[d]. (5.20)

The infinitely many degrees of freedom of the functional F' are collected in a function ¢(z),
defined on a certain domain in R, and satisfying certain smoothness and boundary conditions.
Let us write the increment of a function f when moving from a point « in the direction h =

(h1,...,hy), and analogously the increment of a functional F' when varying ¢ in the “direction”
in the function space specified by a function #:
af(u oF
flu+eh)— flu) = azi: giz) h; Fl¢+en] — Flg] ~ s/da: 5(;5([1)% n(z). (5.21)
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In more technical terms, we are using the Riesz lemma to express the derivative (which is at each
point a linear functional of the direction) as a scalar product of the direction with the gradient
%’ or the “functional gradient” 5(‘;{; ) respectively.

Without further aspiration at mathematical rigour, we will introduce functional (or varia-
tional) derivatives by analogy with partial derivatives of multivariate functions. Partial derivative
with respect to the jth independent variable is obtained by setting h; = d;;; similarly, the func-
tional derivative at point y is obtained by setting n(z) = §(z — y):

Of (u) flut, ... uj+e,..0,u,) — f(uw) SF [P y Flo(z) +ed(z —y)] — Flo(x)]

7:1 _—

Ou; e—0 5 0p(y) =0 €
(5.22)
In this expression z is a ‘silent’ variable that enumerates the degrees of freedom of a function ¢,
much like an index i can be used to enumerate the components u; of u. The Dirac §-function
that features in the argument of F' can be understood as a nascent J-function, i.e., a regularizing
sequence of ordinary functions.
As a basic example, let us consider, for a fixed x, the functional F,[¢] = ¢(z), and calculate

OR8] o) +ede—y) - pla) T
5oly) o ” dr—y),  thatis S

(which is to be compared with gZ? = 0;;). Having this simple formula in mind in fact allows one
J

=iz —y) (5.23)

to calculate plenty of results, since functional derivatives exhibit a number of properties, which
are unsurprisingly analogous to the properties of partial derivatives.

1. Linearity:

0
dp(y)

For example, we can easily calculate

0F[¢]  oGIe]
P ORET Ok (5.24)

(a(z)F(g] + Glg]) = o)

6 5
) /dx p(x)Y(z) = /dx 0z —y)v(x) =v(y) |, 500 0:0(x) = 0:6(x — y). (5.25)
2. Product (or Leibniz) rule:
) _ OF[¢] 5Glg]

3. There are various ways to compose functions and functionals and hence various chain rules.
We mention

M@ﬂ@%b=ﬂFmﬁﬂﬁ (5.27)

(provided F takes values in the domain of the function g).

Then, for example,

5 , »
) /dmg(¢(x)) = /dxg (p(x))d(z —y) = g'(6(y)). (5.28)

An important generalisation of this result to integral functionals that depend also on deriva-
tives of ¢, e.g., action functionals, is provided in Exercise 20.
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4. Functional Taylor series is analogous to the Taylor series of a multivariate function:

flu+h) = +Zaf nga()h-thr...
2
— Flé+1] = Flg] + / gg([qgn(x)+1/dxd (b‘z l;[z]() n@n) + ... (5.29)

5.3 Lagrangian and Hamiltonian formalism in field theory

We move from analytical mechanics of (possibly many) discrete degrees of freedom gy, (t), where
n=1,..., N, to afield theory of (continuously) infinitely many degrees of freedom ¢(x,t), where
x are points in R3. In this section we will consider, for simplicity, a one-component field ¢, i.e.,
one degree of freedom per spatial point x; generalisation to several components ¢, (forming the
so-called ‘internal space’ of the theory) is straightforward when needed.

In Lagrangian formalism, the Lagrangian of a discrete system is replaced by a field La-
grangian,

L(gn,dn)  ~  Llg(@), d(=)], (5.30)

which is a functional of two fields: the ‘displacement’ field ¢(x), and the ‘velocity’ field b(x).
Time evolution adds time dependence of the fields, ¢(x, t), ¢(x,t), fixing the velocity field as the
time derivative of the displacement field. Dynamics is governed by the action,

to ta .
— [(@tL@@aw) - Se@o)= [ diben.i@, 63
t1 t1
with the ensuing Euler-Lagrange equations of motion
08 oL d OL ) oL d oL
5qn(t)  Oqn  dt Oy, op(x,t)  dp(x)  di 5¢(x) >3

For local field theories, the Lagrangian and the action assume the form

Lig(x), ()] = /d3xz<¢<w>,v¢<w>,¢%<w>> . S[é() = /d‘*xz(e;(a:),am(w)), (5.33)

where the function . is referred to as the Lagrangian density. The Lagrangian L is therefore
a “continuous sum” of terms, each one depending of the value of ¢ at a given point « and its
infinitesimal neighbourhood (via the derivatives).

Apart from Section 6.2.3 (and Exercise 25), where we briefly discuss the field-theoretic de-
scription of non-relativistic interacting many-particle systems, we will deal exclusively with local
field theories (and often use the term ‘Lagrangian’ in place of ‘Lagrangian density’ for brevity).
Then, by Exercise 20 with D = 3, the equations of motion (5.32) become

0L 5 02 _d0Z 02 , 07 _
96 0@i0) dt oj 06 " 0(0.9)

The same result can be obtained directly by equating to zero the functional derivative % of

(5.34)

the action in Eq. (5.33) with a help of Exercise 20 (the case D = 4). For later reference we quote
the resulting field-theoretic Euler-Lagrange equations also for a multicomponent field (¢,.):

0L 0L

96 gy =0 () (5.35)
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To provide some examples, we list Lagrangian densities that lead to the Klein-Gordon (see
Exercise 21), the Dirac (Exercise 22), and the Maxwell equations (Eq. (10.2)), respectively:

1 1
Klein-Gordon field: Z(¢,0,¢) = 5(6,@) (0H¢) — §m2¢2,
Dirac field: Z(V,V,0,¥,9,¥) = ¥(iv"d, —m)V,
1
Electromagnetic field: Z(A4,,0,A4,) = _ZFWFW’ F,, =0,A, —0,A,. (5.36)

The passage from the Lagrangian to the Hamiltonian formalism starts by defining the canon-
ical momenta p, associated with the degrees of freedom g¢,, or, in continuous field theory, the
momentum field 7(x) associated with the displacement field ¢(x):

b= i) = 7(@) = S 0@), 6@ = 7 04a). Vol ). (35)
For a discrete system the Hamiltonian reads
H(qn,pn) = anQn — L(gn,qn), where ¢n = Gn(qm,pm); (5.38)

for a field system, analogously,

Hip(@), n(x)] = / & (n(2)d(x) — L) = / &, (5.39)

where we have defined the Hamiltonian density

: : 0L
H(p,Vo,m) =1 — L (p,V¢,$) = ——— Dop — L. (5.40)
(0o
(We will later identify this quantity as the component y = v = 0 of the canonical energy
momentum tensor T#, — see Eq. (5.60).)
The field-theoretic Poisson bracket of two functionals F[¢, 7] and G[¢, 7] is defined as

(g, (OF 6G  5G oF N
(R.Chen = [ (53 5mtar ~ sy o) =16 e (54D

For simple functionals of the form ¢(x) and m(x) we find, in particular, the canonical Poisson
brackets
ip(x) only) _ om(y) 6¢(x)

{Qb(w)vﬂ—(y)}PB :/dgxl<6¢(x/) (577(.’13/) - 5¢($/) 57‘(’(.’13/)) :/d?’x’é(w—w’)é(y—w’) = 5(w—y),
(5.42)

and
{o(z),6(y)}tpp = {n(x),7(y)} P = 0, (5.43)

which is a continuum version of the canonical relations {qn,pn'} pB = Onn/, and {qn, g trs =
{pmpn’}PB =0.

Finally, let us observe that Hamilton’s canonical equations of motion for the fields ¢(x,t)
and 7(x,t) can be expressed with a help of Poisson brackets as (all fields taken at point & and
time t)

,00(x) OH oH x4
%6 =10 Hrrp = / @’ 5o(x') on(x)  om(x)  om
0H om(x) o0H 09 0

— = — [ &3 =—- == ‘ :
o = {m Hies / TS o) o 96 | 000)

(5.44)
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5.4 Symmetries and conservation laws

Noether’s theorem provides a link between symmetry properties of a physical theory and con-
servation laws. Here a ‘symmetry’ explicitly means an invariance of the action under certain
transformation of spacetime coordinates and fields, and conservation laws take the form of con-
tinuity equations for the respective (conserved) four-currents.

Let us consider the variations

=t 4+ st (x) , ol(2)) = ¢n(x) + 6, (), (5.45)
and investigate the change of the action of a local field theory with Lagrangian density £,
55= [ d'a’ 2(¢(").0,0(a"). / e 2(6,(2), 0,6, (2), 2), (5.46)
Q/

where ) is an arbitrary spacetime region. (All equations in this section will be understood as
valid up to first order in the variations dz* and d¢,.)

We start with the transformation of the four-volume element:
1K
det@m > d*z = det (6" + 8,60") d*x = (148062°) - - - (148362°)d*z = (14-0,,62")d .
xl/
(5.47)
Furthermore, to carry out the substitution of variables 2’(z) in the primed action functional we
calculate

d4fE/ —

Oy (2’ () = g 70,00 (") = (0], + 0,62")0, 6, (2) = 0,¢,(2") + (062" Dy fr(x),  (5.48)

where in the very last term we could drop the primes as this makes a difference of the second
order, and express

0,67 (x") () = Outr () + 0,00, (x) — (0,02")0y pr (). (5.49)

Now we perform the substitution in the integral (writing & = Z (¢, (z), 0u¢r(2), 2)):

58 = / dia [(1 + 0,00).2 (6 + 661, 0uty + 0406y — (0,02")Dy by, T + 0) — Z]

! g 0.
/d la¢r 6¢r (aqu)r) (8”5¢r - (8H61: ) ud)?") + W

(Here the subscript “expl” denotes explicit derivative of the Lagrangian .£.) Next, we rewrite the
last term as (9,0z").Z = 0,(62*.L) — 62102, and use the expression for the total derivative
of the Lagrangian,

Szt + (aﬂaxﬂ)z] . (5.50)

expl

520, L = g%’jwam + a(gir)axvayam + % o (5.51)
to obtain
55 = /Q da :Z:Z(&;Sr 52 0u) + (% (0,867 — (8,62 )0ybr — 627 0,0,8,) + Oy L)
_ /Q 'z :gi&b + (8;2;03 5 + O, :L'"Z)]
_ /Qd%g :(g‘i _ 8”6(2?2»)) 56+ 0, ( (3;2;”5@ + 5:;;#3)} (5.52)
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where we have denoted 06, = ¢, — 6270, ..

Now comes the Noether theorem. If we assume that the functions ¢, (x) are solutions of the
Euler-Lagrange equations of motion, the first term vanishes. If, in addition, 65 = 0 for any choice
of the spacetime region (2, i.e., the action functionals in unprimed and primed variables are equal
(the transformation is a symmetry of the theory with action [ d*z.#), then the following local
conservation law (or continuity equation) holds:

) (5.53)
where
_ 0 v
= (0, 0r) (0, = 02"0,6r) + 022
0. 0.7
= 57 5o (- 0,6, — 02 ) 62" 54
20,00 (awm) ¢ ) g (5.54)

is a conserved Noether current.
This local conservation law can be integrated over a three-dimensional volume V to yield

6‘t/d3xf0 = f/d%aifi = —f dy; f, (5.55)
1% 14 oV

where in the last step we have applied the Gauss theorem. If the spatial volume V approaches the
whole of R?, and the fields ¢, together with their derivatives fall off sufficiently fast at infinity,
then the surface integral on the right vanishes, and the integrated quantity (the Noether charge)
J &z f%(x,t) is time-independent.

In the following subsections we will list some common symmetries of field theories, and derive
the corresponding conserved quantities. The variations (5.45) get parametrized by a finite set of
continuous parameters, each generating one Noether current.

5.4.1 Translations and energy-momentum tensor

Consider the variations
ot = ot teat , Pl(2)) = dr(w), (5.56)

where a = (a*) is a constant spacetime vector, and ¢ is infinitesimally small. Now, since

Oz 0 oz’ 0 0
V) 4. 1 34 = _
B o —  d =d*xr Bl = Ol B D (5.57)

the variation of the action, Eq. (5.46), reduces to

. (5.58)

expl

58 = /Qd“gg [ L(80(2), 0401 (2), 2 +0) — L(0(2), 00 () )] zg/dzlmu 0.2

Q oxH

Assuming that the Lagrangian does not depend explicitly on z, the transformation (5.56) is a
symmetry of the theory (65 = 0), and we have from Eq. (5.54), with dz¥ = ea” and d¢, = 0,

0L
f'u = - <81/¢7‘_65$)€ay- 5.59
(D) (5.59)
Since a* is arbitrary, we thus obtain (after dividing by ¢) four independent conservation laws
0,T%, =0, where TH = ﬂﬁuqﬁr — L. (5.60)

9(Our)
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The quantity T*, is called the canonical energy-momentum (or stress-energy) tensor. The sign

difference between f* and T*, is a matter of convention, ensuring that the component 7Y (the

energy density) coincides with the Hamiltonian density 5% of Eq. (5.40). The spatial vector field
T, is then the energy flux. The components
70 _ 0L

7 0(0dr)

represent the (density of) field momentum, with T° ; being the respective field momentum fluxes.

6j¢),- = 777-6]@57- (561)

Integrating over R? we obtain the total four-momentum
P, = /d% 7°,. (5.62)

Mind the difference between the canonical momentum ., and the field momentum 7,9;¢,.
The canonical momentum relates to the velocity of the field at individual points (the velocity of
individual masses in a discretized picture), while the field momentum relates to the propagation
of waves (it vanishes if ¢, are spatially constant).

As an illustration, consider a one-dimensional mechanical example — the string from Sec-
tion 5.1.3. This has the Lagrangian density

_Piam2_ T 2 I oL 0L
Z = 2(8t¢) 5 (0.0), which yields 200) pod 90.0) T0,¢. (5.63)
The canonical energy-momentum tensor is a 2 by 2 matrix
(Tz T@) _ (’;(atqs)? + @07 p0i6)(09) ) (5.60
T T, ~T(0:0)0d)  —5(00)* — §(0:0)%)" '

where the first column contains the energy density 7%, and energy flux T, (introduced in detail
in Ref. [9, Ch.2.9]), and the second column contains the momentum density 7% and momentum
flux T%,.

The canonical energy-momentum tensors corresponding to the three Lagrangians in Eq. (5.36)
read:

1
Klein-Gordon field: T*, = 0"¢ 0, ¢ — 55§(ap¢ O — m?p?),
Dirac field: T*, = i@y"9, ¥ — 640 (iv"d, — m)V,
1
Electromagnetic field: T*, = —F"0,A, + (55‘ZFMFW. (5.65)

In this list only the Klein-Gordon T}, is symmetric, and as such can be directly used as a source
of gravitational field in Einstein’s field equations of general relativity,

G = KT (5.66)

Here k = 8:4(; is the Einstein gravitational constant, and the Einstein tensor G, is symmetric

by construction. The other two canonical energy-momentum tensors can be symmetrized via an
algorithm described in [2, p.47] in a way that does not spoil the conservation law (5.60).

In passing, let us remark that there exists a derivation of the canonical energy-momentum
tensor, which is much simpler than the general procedure of Section 5.4. Taking the total
derivative of a Lagrangian . = Z(¢,(x), 0,¢r(x)) that does not explicitly depend on z, we find

0L 0L 0L 0L 0L
0,Y=—0,0p+————-0,0,0r=——-0,—— 10,0, +0, | =———0,0, ). (5.67
96, O B8y O <a¢r “awm)) Or O (a@«m) ¢> (5.67)
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If we now impose the Euler-Lagrange equations of motion, and write 0,.% as 0,,(6!/.Z), we obtain

0L

5.4.2 Lorentz transformations and angular momentum tensor

Consider Lorentz transformations L = exp (,%’5 wWM’“’) for infinitesimal values of €. Recalling
Eq. (2.19), the corresponding variations are

1

=gt fewta , ¢l(2)) = b(x) 5

€W (8" )rsds (), (5.69)
where the (effectively 6) matrices S* form a certain representation of the Lorentz algebra. For
example, S¥¥ = 0 for a scalar (spin-0) field, which undergoes trivial internal Lorentz transforma-
tions; SH = %O’l“/ for a spinor (spin—%) field; and S*¥ = M* for a vector (spin-1) field, such as
the electromagnetic field.

Let us assume that the action is invariant under these transformations. Then taking into

account the definition of the energy-momentum tensor, we find from Eq. (5.54)

i 0Z y y
fH= —Emgww(s Prss — TH € wypa?, (5.70)
and due to arbitrariness of the parameters w,, we obtain 6 independent conservation laws:
1% v, . 8$ v, v 14
0, M"P =0, where MMP = —i———-(S""),sps — (T* 2P —TH’z") (5.71)
A(0uor)

is the (total) angular momentum tensor. Its first term, which depends on intrinsic transformation
properties of the field ¢, through the form of the generators S, is called the spin tensor, and
the rest is the orbital angular momentum tensor.

5.4.3 Internal rotations and conserved currents

Consider internal transformations of a multi-component field ® = (¢,) of the form
' (z) = exp (ieX,To) P(z) = D(z) + icX, ToP(2), (5.72)

where the matrices T, acting on the internal space are generators of a certain Lie group of
internal symmetries. Keeping the spacetime coordinates fixed, dz = 0, we find, in components,

0L 0L
0 () = ierg(To)rsPs H= ————0¢, =ieda = (Ta)rsPs. 5.73
¢r(x) = ieXa(Ta)rsbs(x) — f 3(%%) [ e aa(au¢r)( a)rs®s ( )
If the transformation in question is a symmetry for arbitrary coefficients A, (assumed z-
independent), we obtain independent Noether currents, one for each generator T,:
, . . 0%
a/L]é; = 07 where ]g = 718(6;1@%) (Ta>r3¢3~ (574)
(The factor —1 has been included to match the usual conventions.) The corresponding Noether
charges can be expressed with a help of the canonical momentum 7w, = % as

Qo = /d3xj2 =i /d%m(Ta)rs@. (5.75)
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A simple case to consider is that of a two-component real field, and internal two-dimensional
rotations

' (z) = e“T®(z), with T:(_OZ. 6) (5.76)

Instead of the components ¢; and ¢5 it is advantageous to use a complex field ¢ and its complex
conjugate p* defined via

e\ 1 (o1 +ipa\ 10} 1 /1 . .
(Sﬂ*) =7 (¢1 N sz) =U ((b;) , where U= 7 (1 —i> is unitary. (5.77)

This is a transformation of generalized coordinates within the field-theoretic Lagrangian for-
malism, which does not change the form of Euler-Lagrange equations, nor the form of Noether
currents. In complex notation Eq. (5.72) reads

@' _ r ) § . 61"5@ [ wticp . (10
(4,0'*) = U’ = exp (icUTUT) UD = (e’s *> ~ ( ) , since UTU' = (0 K

@ pr —iep”
(5.78)
Hence we identify the variations d¢ = icp, dp* = —icp*, and the conserved current
1 0L 0Z
gt =—=ft=— ©o+1 " (5.79)
€ 9(Oup) 9(0up*)

(For a complex field, p and ¢* are regarded as its independent ‘components’, and the Noether
currents are obtained by summing over these components — just like in Eq. (5.54), where the
sum runs over components enumerated by r.)

For example, the Lagrangian of a free complex Klein-Gordon field ¢,

L = (0up™) (") —mPp e, (5.80)
is clearly invariant under phase rotations ¢'(z) = e*¢(z), ¢’ (r) = e~ p*(x), and the corre-
sponding current reads

gH = —ip 0t 4+ ip* ot . (5.81)

This Noether current coincides (up to a constant prefactor) with the ‘Klein-Gordon’ current in
Eq. (1.23).

Finally, let us remark that for internal transformations there is again a quick derivation of
conserved currents that bypasses the general procedure of Section 5.4. Since spacetime trans-
formations are not involved, the invariance of the action is tantamount to the invariance of the
Lagrangian, whose variation reads

0Z 0% 0L
$(¢r+5¢ra 6M¢T+au5¢’r'7x) —f(qﬁr, 6H¢7.,.1‘) = <8¢) - 6“8(8¢)) 6¢)7'+6u (W6¢)7) .
T n¥Pr n¥r
(5.82)

If this variation is zero, and the Euler-Lagrange equations hold, we obtain the continuity equation

0, ((%5@) =0. (5.83)
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5.5 Exercises

Exercise 19. Two coupled oscillators. Consider an oscillating system with Lagrangian

. M . M . Ko Ko K1
L(q1,q92,41,42) = ?‘I% + 7975 - ?(ﬁ - ?(I% - ?(% - Q1)2a Ko, k1 > 0. (5.84)

1. What is the system’s Hamiltonian?
2. Find the normal modes and their frequencies.

3. Write general solution of the equations of motion.

Solution:

1. The Hamiltonian is obtained by determining canonical momenta, p, = % = Mg, (n=

1,2), and, in this case, simply changing the sign of the potential term:

2 2
i s lop _ (ko+ K  —Kr . (@
H(gn,pn) = YV + M + 2q Ug, where U= < o Ko 4 HI) . = <q2> )

(5.85)

2. We diagonalise the matrix U:

u G) — ko G) .U (_11> — (ko + 21) <_11> , (5.86)

1 /1 1) 1 (1 1Y (s 0 _ T
oL ()= ) (e L 0) o vk G
—_———— —_——
\% K

whence

By comparison with Eq. (5.8) we identify

KeMQ? — Q_(wl 0>_( o/M 0 > (5.88)

0 wo 0 (ko + 2k1)/M

3. General trajectory reads (see Eq. (5.14))

2 -
= Uk —dwpt * _iwpt = 1 1 — 1 1
t) = 7(146 ’“+Ae’€), here v, = — , Up=— ,
0 = 2 g o). wtene 5= 25 (1) m= G5 ()
(5.89)
and where A;, Ay € C are arbitrary constants fixing the initial conditions.

Exercise 20. Functional derivative of an integral functional. Calculate a functional derivative
of a (generalised) action functional

Stor] = [ 4202 (60(0),0,01(0),0,0,6.(2), ). (5.90)

Solution:
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(5¢s(y) _ad)r 6¢s(y) 8(8H¢T) 5¢S(y) 8(6M8y¢7~) 6¢S (y)
— D _% 0% 0.% -
i [P 5, 0L 07 4
_/d " %6, ~ %3000 +8“8”6(8#8V¢5)]5(”" )

Y 0. 0.%

96y~ 3,00 T % 50,0,00) (5:91)

Yy
where y is substituted in each of the resulting terms in all functions in .. It should be clear how
to generalise this formula to the case of a function . depending on arbitrarily high derivatives

of ¢.

Exercise 21. Klein-Gordon field in Lagrangian and Hamiltonian formalism. Consider the
Lagrangian density of a one-component real Klein-Gordon field

26,006) = 5(0,6)(0"6) — 37 (592
1. Derive the Euler-Lagrange equation of motion.
2. Find the canonical momentum field = and the Hamiltonian density J#.
3. Write Hamilton’s canonical equations, and show that they combine to yield the Euler-

Lagrange equation.

Solution:

1. By Eq. (5.35),
0 00 0L )

(The equation of motion of the Klein-Gordon field is indeed the Klein-Gordon equation.)

2. By Egs. (5.37) and (5.40),

™= 8(8552) =% — H=r-L= %[772+(ai¢)(3i¢)+m2¢2]. (5.94)

3. By Eq. (5.44),
o

=22 —n
om
o o 9 ™
Opm = — 96 +818(81(25) = -—m"¢ + 9;0;9. (595)

Taking time derivative of the first equation and substituting into the second we find

fp=-m’p+0:0;0 — (0"0+m?)p=0. (5.96)
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Exercise 22. Dirac field Lagrangian and energy-momentum tensor. Consider the Lagrangian
density for the Dirac field

Z(7, @7 8H\II7 8M\II) = \IJ(Z"Y“au —m)¥ = i@[;a(’yu)aﬁ aﬁﬂ/JB - qu)oﬂﬁm (5.97)

where the bispinor ¥ = (1, ) and its Dirac conjugate ¥ = (1), where ¢, = %/JE’ng are treated
as independent four-component fields.

1. Derive the Euler-Lagrange equations of motion.

2. Show that orthochronous Lorentz transformations are symmetries of the action.

3. Determine the Dirac field’s canonical energy-momentum tensor, and the total energy F.

4. Determine the conserved current and the integrated total charge corresponding to the
‘phase’ transformation ¥/ (z) = e W(x).

Solution:

1. Variations with respect to v, yield the Dirac equation,
0L 0%
— — GM —
M (Optha)
while variations with respect to v, yield its Dirac conjugate,
0L 0L

) =
I " O(Outha)

2. Taking into account the transformation properties of the Dirac spinors under Lorentz trans-
formations z'" = L* z",

V() =S(L)¥(z) , V'(z')=V(x)S(L)"", where S(L)"'4"S(L)= L" "

= (I7"0,¥)q — mipq —0,(0) — (V'O —m)¥ =0, (5.98)

—mape — 0 (i0y") = 0, ¥y +mU = 0. (5.99)

(5.100)
we may verify that
[t v @) (0~ m)w(e) = [t v@)S@) T (L0, - m) L)
_ / ) (it (L), 0, — m) ()

/ z)(iy"0, — m)¥(z), (5.101)

where we have also used the relations
= |detL|d'z = d*z aj,# = %% = (L*l)vu%. (5.102)

3. By Eq. (5.60) the canonical energy-momentum tensor reads

T = a(gf;a)[)ywa (8;2:_1@ Opthy — OV L = iUy"9, ¥ — 1L, (5.103)

(It is worth to note that £ = 0 on shell, i.e., for solutions of the equations of motion.)

The total energy is

Py = /d?’x 7% = /d3x (1%060\1/ — U ("0, — m)\I/) = /d?’x U(—iy'0; +m)W. (5.104)
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4. The internal transformation

U (z) = e V0 (2) = U(x) —icV(x) (5.105)
is clearly a symmetry of the Lagrangian. From Eq. (5.54) we find the conserved current:
0% 0Z - _ 1 -
= 0o + — 0o = (1UY*) g iethy — JF=—=fF=04"T, (5.106)
90,00 T B0 T :

which coincides with the Dirac current of Eq. (3.32).

The corresponding total charge reads

Q= /deJO = /d%%o\p = /di”x\m/. (5.107)



Chapter 6

Quantum many-body systems

Canonical quantisation promotes functions (F, G, .. .) of phase-space variables to operators (F G, L),
and Poisson brackets to commutators,

[F,G] = ih {ﬁ}PB (in particular, [§,p] = ih @PB = ihl). (6.1)

The classical Hamilton equations then become the quantum Heisenberg equations for time evo-
lution of operators in Heisenberg picture:
d_ d s diaon

£F—{F,H}PB — £F——ﬁ[F,H]. (6.2)

In quantum field theory, the classical fields ¢(x,t) (i.e., C or R-valued functions, possibly
with several components) are promoted to operator-valued functions q?)(ac,t). (The Heisenberg
picture, where operators are time-dependent, is therefore rather natural.) To gain some intuition
for these somewhat abstract objects let us first step back from continuous classical fields and
discuss quantization of discrete systems of coupled oscillators, following the classical treatment
in Chapter 5.1.

(In this chapter h and ¢ will be shown explicitly.)

6.1 Quantum coupled oscillators

6.1.1 One-dimensional harmonic oscillator

The quantum version of the one-dimensional harmonic oscillator of Section 5.1.1 is described by

the Hamiltonian operator
o)
3 p 1 222
H=-—"—+-M . 6.3
oar Tt (6.3)

The Hamiltonian can be factorised using creation and annihilation (or ladder) operators a' and
a (quantum analogues of the classical complex variables z* and z), defined by

z [ Mw ip o 1., ~ ih ——
G=—==1/—4+ ——=, and satisfyin a0 = —[3,2%] = — {z, 2* =1. (64
NG oh q NI ying | ] h[ ] 7 { }PB (6.4)
One finds - )
H= - (a'a+aa’) = ho (aTa + 2) , (6.5)
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where the term %hw (the ground state energy), which is not present in the classical Hamiltonian
H(z,2*) = wz*z, appears due to non-commutativity of the operators ¢ and p. However, it does
not affect the Heisenberg equations of motion, which read

d

Ca= —%[a,m - Ciwfaalla= —iwa  —  alt) =a0)e @, at(t) = af(0)e . (6.6)

The Heisenberg-picture position operator ¢(t) is then retrieved from a(t) and af(t):

h

1) =/ g (at) +at (1)) = MZW (a(@)e " +at ) ). (6.7)

VM (4(t) — al(t)).

The eigenstates of H are enumerated by n=0,1,2,...:

Similarly for the momentum operator p(t) =

(af)"
Vn!

A 1
H "Il> = En |n> ) where En = hw <Tl + 2> and |7l> = |0> . (68)

The ground state |0) is annihilated by the annihilation operator &,

alo)=0 - <q|< $é+¢%>l0>=<\/A24};uq+\/2]\2“§q>wo(m=0, (69)

the latter equation yielding, by a straightforward integration, the ground state wave-function

wo(q)=<ﬂ7§d>1/4e><p( ]\24;} 2) (6.10)

6.1.2 Many oscillators

Let us consider a quantum version of the classical system of coupled harmonic oscillators treated
in Section 5.1.2. The Hamiltonian operator

N

FI = 21)](2 + = Z Unn' GnGn (611)

nn’ 1

can again be ‘decoupled’ by introducing normal coordinates, i.e., operators 7, (and the conjugate
momenta pg) such that

¢=Vi, where VIV=I1 , U=VMQ®VT | Q=diag(wi,...,wn). (6.12)

To each mode k =1,..., N corresponds a creation operator &;2 and an annihilation operator ay

(constructed as in Eq. (6.4) with § — 7, p — pr, w — wg), which satisfy the commutation
relations
lar,al] = O, i, an] = [a),al,] =0, (6.13)

and in terms of which the Hamiltonian reads
H= ZHk_Z +% wiip ) = hawy aTakJrl ) (6.14)
oM 2 - k 2

(Compare with the classical expressions (5.12) and (5.13).)
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Since H is a sum of independent Hamiltonians H, corresponding to the individual normal
modes, it is easy to obtain the full set of eigenstates of the system, enumerated by N numbers
Nk 20,1,2,...:

Hlong,.y =B+ + BN g, .0, (6.15)

where the energy levels of the kth mode are

() 1 ﬂ (af)"
E,Y = hwy, <nk+) , and [ Ny e) = |0) (6.16)
d /n!
2 he1 ng:
are the eigenstates of the system, in which the individual modes are excited to levels nq,no, ..., ny
[0) = |0,...,0) is the vacuum state — the lowest energy state of the system with energy
Ey = % Zk Wi

The operators of normal coordinates 7, evolve in time according to Eq. (6.7) (with the
replacements § — 7jk, w — wg). A general solution of the Heisenberg equations of motion for
the position (or rather displacement) operators §, is then, analogously to the classical case,
Eq. (5.14),

SN T _ Uk a e~ wrt 1ot ()eiwnt )

where 0, are columns of the matrix V (the ‘shapes’ of the normal modes).

6.1.3 Vacuum state

The vacuum |0) is the state that is annihilated by all annihilation operators, ax |0) = 0, and so
it can be written explicitly as a product over all modes k of the single-oscillator ground state
wave-functions (6.10) (with ¢ = ng, w — wy):

1/4
_. M M h M
Yol =N exp <2h Zk wkﬂi) = Nexp (%WTQ 77> , where N = (H F;’“) .

k

(6.18)
Expressed in the original coordinates ¢,, via 77 = VT, the vacuum wave-function has the form
of a multivariate Gaussian state

M - 1
Yo(q) = Nexp <—2thVQVTq> = N exp ( 3 Z Ann’qnqn’>7 (6.19)

n,n’
where the matrix
A= (Ap)=MVQVT = (M U)l/2 is symmetric positive-definite. (6.20)

The structure of the vacuum state, presented by the matrix A, is related to the structure
of the oscillatory network, i.e., the potential energy matrix U, in a straightforward way via the
square root in Eq. (6.20). Hence, if U possesses a certain symmetry (i.e., there exists a matrix P
such that PUP~! = U, or [P, U] = 0), the “ground state matrix” A exhibits this symmetry as well:
[P,A] = 0. For example, the linear chain of Section 5.1.3 is invariant under (discrete) translations
with P,,s = 0p41,n/ that act by shifting the index n: (P@)n =", Ont1,0/Gn/ = Gnt1-

An important observation is that although in normal coordinates the vacuum state is a
product state (it is a product of the individual modes’ ground states), it is a correlated (entangled)
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state in the original coordinates g, (see Exercise 24 for an example). These vacuum correlations
are captured by the matrix A:

- h .
(0] dngn [0) = 5 (A Dant 5 {014 10) =0, (6.21)

as shown in Exercise 23 (the second formula is a trivial consequence of the vacuum wave-function
being symmetric under ¢ — —¢).

6.2 Field theory for non-relativistic many-particle systems

In condensed matter physics one typically studies non-relativistic quantum systems consisting of
many indistinguishable particles, e.g., a gas of electrons in a solid state sample. If interparticle
interactions are neglected, the N-particle wave-function ¥ follows the Schrédinger equation of
the form

ov h2
zha =(Hg, + -+ Hgy)¥(x1,...,xN,t), where H, = 72—Am +V(x) (6.22)
m
is a single-particle Hamiltonian. The multi-particle wave-function ¥ (x4, ...,z y) is either totally

symmetric (in the case of boson), or totally antisymmetric (in the case of fermions). The ‘exter-
nal’ (or ‘background’) potential V is identical for each particle (e.g., the electric potential of an
atomic lattice).

In this section we will provide a quantum-field-theoretical description of this many-body
system. It will serve as an intermediate step between non-relativistic quantum mechanics and
relativistic quantum field theory, which will be of our main interest from Chapter 7 onwards.

We start by observing that the single-particle Schrédinger equation

iha—w = Hz(x,t) (6.23)
ot
can be viewed as an equation of motion of a classical field theory with Lagrangian density (1
and ¢* treated as independent fields)

. * h2 * *
L =il o — 5 (07 O) — V(@)Y (6.24)
(see Exercise 25). The canonical momenta and the field Hamiltonian read
0L A
= _=iwm* , 1F=_—-—"-=0, 6.25
T N (T 1029

and
1= [Eamow-2) - [ (22 (0w )(00) + Vi(wwrw) = [0 @) Havt@). (6:20

Quantising the ‘Schrodinger field’ (), we shall obtain a powerful method to handle the corre-
sponding multi-particle system. This process of promoting a single-particle quantum-mechanical
wave-function (viewed as a classical field) into an z-dependent quantum operator ¢ (z) is called
the second quantisation (the first quantisation being the transition from the single-particle clas-
sical mechanics to quantum mechanics with Schréodinger equation (6.23)).

In passing let us note that interparticle interactions, for example, between electrons of the
electron gas, often play an important role, and a large part of condensed matter physics is devoted
to understanding their effects. We will discuss interacting systems at least briefly in Section 6.2.3
to see that the field-theoretic formalism extends nicely to this more general scenario.
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6.2.1 Bosonic systems

Since * = &7 and 7* = 0, the field theory with Hamiltonian (6.26) features effectively only
two canonical fields, ¢ and 7 (or equivalently ¥ and ¥*). For bosonic systems we promote their
canonical Poisson brackets

{v(@),7(y)}tpp =0(x —y) and {Y(x),¥(y)}rp ={7(x),7(y)}rs =0 (6.27)
to equal-time commutation relations
[1[}(1:7 t)v ﬁ(y, t)] = ih5($ - y)7 or [1[}(1:7 t)v '(/A}T(:% t)] = 5(1: - y)7 (6'28)

and

[(, 1), (y, t)] = [ (,1), 07 (y,1)] = 0 (6.29)
between operator-valued fields. We are working in the Heisenberg picture, in which the field
operator depends on time as

(x,t) = eﬁtHw(:c,O)e_%tﬁ, O(x) = P(x,0), where H = /dsxdﬁ(a}) Hgp(x)  (6.30)

is an operator analogue of the total Hamiltonian (6.26) of the classical field theory. H is time-
independent, dtH = - [H H] = 0, since we assume that the potential V(z) (and hence Hy)
does not depend exphc1t1y on time.

Heisenberg’s equation of motion for the quantum field reads

= Hyi(a. 1) (6.31)

This equation is nothing but the Schrédinger equation for an unknown function 1/3(:1:, t), which
is now operator-valued.

To solve it we employ the eigenstates of the (first quantised, or single-particle) Hamiltonian
H,, i.e., the complete set of solutions of the one-particle stationary Schrédinger equation:

Hgpug(z) = epup(x) / A3z ul (@) up (x) = Sgp Zuk =d(x—y), (6.32)

where k = 1,2, ..., and ¢ are (possibly degenerate) one-particle energy levels. In this fixed basis
we expand the quantum field,

P(x,t) /d3yw y,t) —x) Z/d3yz/) y, t)u(y) ug(x Zak ug(x (6.33)

ak(t)

so the operator nature is now carried by the time-dependent expansion coefficients a(t), dz(t)
(ug () are ordinary complex-valued functions). Plugging this expansion into Eq. (6.31) we have

Zzﬁ%uk Zak Hyug(x Zekak ug(x (6.34)
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and due to the orthogonality (and hence linear independence) of the eigenstates uy(x) we can
omit the sum, and obtain for each k separately

d i
m% —epar(t)  —  ap(t) = e F'%ay,, where ag = ag(0). (6.35)

The operators &L will turn out to be the creation operators corresponding to the ‘modes’
(or orbitals) ug, and aj the respective annihilation operators. To see this let us first use the
commutation relations (6.28) to calculate the equal-time commutators

ax(t), al, (1)] = / Pz Py [, 1), ' (3, )] (@) ()
- / Bz dy b(a — y)u()un (y)

:/d?’wu};(w)uk/(w)
= Okpr. (6.36)

Similarly, using (6.29), we find

[ (1), aws ()] = [l (1), af, ()] = 0. (6.37)
Now let us define the vacuum state |0) implicitly by the requirements

(0/0) =1 and ax|0) =0 (Vk), (6.38)
and calculate

(0] (e Zuk/ (O [ans, al] |0y = Zuk/ (0] 35 |0) = up (). (6.39)

ELL |0) can be interpreted as a one-particle state whose ax-representation, produced by the action
of (0]1h(x) = (x|, coincides with the eigenfunction wuy(z). (Similarly, since (0| ¢ (x) T (y)[0) =
d(x — y) is the wave-function of a particle localized at position y, the operator z@f(y) acting on
the vacuum “creates” a particle at position y.) Further applications of the creation operators
give rise to (normalized) states of the form

(@)™ (ah)"
|TL1,7’L2,...>:
\/711! vV 7’L2!

which span the so-called bosonic Fock space — the Hilbert space of a system (a grand-canonical
ensemble) with arbitrary number of indistinguishable bosons. These states are eigenstates of the
particle number operators

10}, (6.40)

i, = d,tdk, which satisfy [, 7] =0 and [ﬁk,&;] = 5kkld£ (no sum over k).
(6.41)
Indeed, since 71 |0) = 0, we easily calculate

fy (@) @h)rz .. |0y = @)™ . [, (@)™ ... 10) = ny (@)™ (ad)™2 ... ]0) . (6.42)
Note that the particle number operators are time-independent:

ng(t) = dL(t) ar(t) = ehte’“aJr e R R Gy, = fp. (6.43)
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An N-particle state that contains n; particles in mode ui, mo particles in mode us, etc.
(n1 +n2+... = N) can be written as

. . 1
‘n1,n2,...> = Ca£1 ...(ZLN |O>7 where C = W, (644)
and k1 = ... =kp, =1, kpyy1 = ... = knygn, = 2, etc. The corresponding N-particle wave-
function reads, by Exercise 26,
1 - - C
m <0‘ w(iL’l) co 1#(213]\[) "I’Ll7 na, .. > = W ; Uk (a:[,(l)) c Uk (ar:[,(N)), (645)
cESN

where Sy is the group of permutations of the set {1,...,N}. This wave-function is totally
symmetric since it is constructed with the commuting (bosonic) operators ¢ ().
The field Hamiltonian operator expressed in terms of a; and dL reads

() = [0 (@0 Hab (o0
- / Pl (@, ) Hy Y an(tui(@)
k
~Y / o) (@, D (@)an(b)
k
= e af (t)a(t)
k
S e (6.46)
k

(which is indeed a time-independent operator). The total energy of any multi-particle state
[n1,na,...) is therefore easy to find:

Hny,ng,...) = (ZGknk) |ny,ng,...) (6.47)
k

Finally, let us show that the time evolution of the N-particle wave-function of Eq. (6.22) is

implied by the time evolution of the quantum field (x, t) satisfying Eq. (6.31). To this end take
an arbitrary fixed state |¥) in the Fock space, and identify

V@i o) = o Ot dan. 0 |9). (6.48)

The wave-function thus constructed then satisfies
N .

) . 0w, )
ihe (@, 1) = Oy b, t) ... % (N, 1) D)

N
O d(@1,t) ... Ha,th(@p, 1) .. (@, 1) [ P)

p)‘ll(wl,...7wN,t), (6.49)

which is nothing but the N-particle Schrodinger equation (6.22).
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6.2.2 Fermionic systems

For fermions the N-particle wave-function

1 A A
Wr, . wn ) = e O, )y, ) |9) (6.50)
must be totally antisymmetric to comply with the Pauli exclusion principle. This can be achieved
by postulating equal-time anticommutation relations

(U@, 0,0y, )} = oz —y) , {d(@0),d(y,0)} = {$(2,0),4"(y,1)} = 0. (6.51)

This approach to quantization of classical Poisson brackets is different from our experience with
quantum mechanics, where the correspondence principle always postulates commutation relations
between quantum operators. Yet, in quantum field theory, quantizing with anticommutators is
appropriate for all fermionic systems.

Using the anticommutator Leibniz role [A, BC| = {A, B}C — B{A, C'}, the Heisenberg equa-
tion again turns into the Schrédinger equation for ﬁ(.’n, t):

S et) = [y (6.0 (.0 Hy (. 0)
— [ @y (0,5 w.t)) Hy .0
b, (6.52)
Its solutions can again be found in the form
Pl t) =Y be(tyur(x) , br(t) = e 7Dy, (6.53)
:

where uy, are the eigenstates of Hy from Eq. (6.32).
Similarly as in the bosonic case one can show that the fermionic creation and annihilation
operators bz and by satisfy the anticommutation relations

{bi(1), b}, ()} = Grs {bie(t), bi (1)} = {B].(2), ], (1)} = 0. (6.54)

Since (5;)2 = %{BZ, IAJL} =0, the (normalised) states

Iny,ng,...) = (B1)™ (b5)"...10) have ny € {0,1}. (6.55)
They span the fermionic Fock space. Alternatively, for N = )", nj, we can write
In1,ng,...) = bl ...b} |0}, (6.56)

where kq,...,ky is a list of occupied modes. (Note that in the fermionic case, reordering of
the creation operators can result in a sign change.) The corresponding N-particle fermionic
wave-function reads (by Exercise 26)

1 - N 1
ol Ol Y(z1) ... p(xN) 01,72, .) = ol > (sgno) g, (To(1)) - kg (Tov)).  (6.57)

‘oeSN

It is antisymmetric due to the anticommuting nature of the (fermionic) operators 1;(:3)
The N-particle Schrodinger equation (6.22) follows from the equation (6.52) for quantum
field ¥(x,t) in the same way as in the bosonic case, Eq. (6.49).
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6.2.3 Interparticle interactions

An N-body quantum-mechanical Hamiltonian that takes into account a two-body interparticle
interaction potential V; reads

h2
ZHm Y Vil@pzy), where Hp=—3-Ay+Vo(@) and Vi(z,y)=Vi(y.2).
p;ﬁp
(6.58)

1 describing the Coulomb interaction between

For example, we could have V;(x,y) = Tncs |m yl
electrons. Standard quantum mechanics provides the N-particle Schrodinger equation

zh— = ZH% + = Z Vilp, xp) | ¥(x1,..., 2N, 1) (6.59)

p#z)

as a description of system’s dynamics.
Alternatively, this interacting many-body system can be described by a field theory (see
Exercise 25) with classical Lagrangian L = Lo + L, where

L= [od  and  Li= -5 [dedye @00 v 0V n)oy. 0o (660)

are, respectively, the (local) ‘free’ Lagrangian with density %, given by Eq. (6.24), and the
(non-local) ‘interacting’ Lagrangian. The corresponding total Hamiltonian

H = /d% 7Oy — Lo — Ly = /d% V*(x) Hy () — Ly, (6.61)

after quantization of the field ¢ (x, t) using commutation relations (6.28) for bosons, or anticom-
mutation relations (6.51) for fermions, becomes the operator

= [@oil(@) Hei(@) + 5 [dedyil @D @V vieie.  (66)
The ensuing Heisenberg equation
S (@0) = (e, ). 1)) = Had(a,t) + [y (y 0Vile ). be,. (669

is of the same form as the classical field equation (6.100) in Exercise 25 (for both bosons and
fermions). Using the properties

(Ol (@, 1) =0 and [Pz, 1), (y, 1) (y, 1)] = 5@ — y)v(y, t) (6.64)

one can show that even with interparticle interactions included, the equation (6.63) for quantum
field implies the N-particle Schrédinger equation (6.59):

N
i = > e, v+ S O3S b @at) . [y (Vi w0 Dty ). i) 9

N
= Hy U+ > Vi(ay,zy)Y, (6.65)



CHAPTER 6. QUANTUM MANY-BODY SYSTEMS 70

where, as in the case of free bosons or fermions,
1
VN!

Eq. (6.63) and its Hermitian conjugate form a coupled system of non-linear partial integro-
differential equations for operator-valued functions 1) and ¥ . A simple mode expansion

U(wy,. .., xN,t) = O] (a1, t) ... P(xy,t) |T). (6.66)

=Y a(tur(®) ,  ar(t) = e~ Rt ey, (6.67)

will not yield an exact solution. Nevertheless, it can serve as a reasonably good approximative
solution, provided that the modes u; and its corresponding energies €;, properly take into account
the interacting part of the Hamiltonian (6.62).

For simplicity, let us focus on contact interactions, which reduce the non-local Hamilto-
nian (6.62) to a local one,

Viwy =gde-y) - = [Coil@tie+] [@oil@i@i@ie), 66)

and so our interacting system is described by a local field theory with Lagrangian density

2

= 0 — o (0% (00) — V(@) — L (57, (6.69)

We will assume that the particles are bosons, and expand the quantum field ¢(z) (as in
Eq. (6.33)) into an orthonormal set of functions ug, uq, . . .:

(x) = dguo(x) + Z arug(x), where [|ag, &L,} =0 (kK =0,1,...). (6.70)

To select an optimal one-particle ground-state wave-function ug(x) we consider the N-particle
state

|Un) =

|0), or N-particle wave-function ¥y (x1,...2n) = uo(x1)...uo(xn), (6.71)

and minimize its energy expectation value. (This product state will not be a true lowest-energy
N-particle state, but it will represent a useful approximation thereof.) Since

(@) [Oy) =uo(@) o V) , (Un|9T(2) = uj(x) (Pnlaf, (6.72)

we have
(UN|H|Uy) = /d% uh Hyuo (Vx| adao |0y + /d% (ubug)? (W x| alalaoao W)

/d?’xuOH ugN + Z /d3 (uguo)’N(N — 1), (6.73)

where we have used the fact that dg&o = n is the number operators of mode £ = 0, and

fote s afa of e _oso o
apadaoao = ag(aoah — 1)ao = ng — no.
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We consider a large number of particles NV > 1, and define the condensate wave-function
Y(x) = vV Nug(x), in terms of which the energy expectation value becomes functional of ¢ and
¥* (treated as independent fields)

Exl,0") = (x| £ |0y) = [ (s Hat + S(0702). (674

subject to the normalization constraint [d3z [¢(x)|> = N. (It is worth to note that the expression
for En coincides with the expression (6.68) for the Hamiltonian operator H if we formally replace
the quantum field ¢ (x) with the classical field ¢(x).) The energy is minimal provided that

§(En — p([dPzp*y — N))
ov* ()

that is, if ¢ () satisfies the so-called Gross-Pitaevskii equation

= Hypt(z) + g™ (x)9*(2) — pp(a) = 0, (6.75)

12 ,
(QmAm V(@) + gl (@) ) bla) = (), (6.76)

where the Lagrange multiplier p is determined from the normalization constraint.

This equation is used in practice to describe systems of bosons at low energies (Bose-Einstein
condensates). It resembles the time-independent Schrédinger equation with an additional non-
linear term g|t)|?1), which accounts for the interparticle (contact) interactions. In Exercise 27 we
will find explicit solutions of Eq. (6.76) in one spatial dimension for V5 = 0 and g < 0 (attractive
interparticle interactions).
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6.3 Exercises

Exercise 23. Vacuum correlations. For any n,n’ = 1,..., N calculate

1
Ol 10 and 04,10, gven  (00) = vo@ =Nexp (~5za"AT) . (077)

where N is a normalization factor such that (0|0) = 1, and the matrix A is symmetric positive-
definite.

Solution:

In order to calculate the integral

.. . 1 .. .
(0] Gndns |0) =/qu<0|§> (q1 Gndn’ |0) =/quqnqn/lwo((i)l2 = N? /qu(JnQn’ exp <—thAQ>

(6.78)
we employ the method of generating functions to write
. o 0 1
(0 Gngn’ [0) = hQﬁaj - (o] endmim |0) (6.79)
n n' |5=0
where ) .
wwﬁmm0%=N{ﬁﬂqmp(—hfﬁa+hﬁé) (6.80)

and f: (4m)N_, is a vector of auxiliary variables. Now complete the square in the exponential,

1 1=

1_,T — 1‘.”1"_; — 1 —-17 T — 1 —17 TaA—17
_CiTATt :—f(—fA )A( A ) —7TA 6.81
FOAGH ) T = A 5AT G=gA J)+ i A (6.81)
(using the fact that AT = A = (A=1)T = A=1), and shift the integration variables to arrive at
-T2 1 = - 1 - -
(0] i |0) = (0]|0) exp <4hj TA_1j> = exp <4hj TA_1j> . (6.82)

From this generating function we obtain the sought-for vacuum expectation values as follows:

6 a 1 hrd -
GG 0) = B2 1+ —5TA Y+ ...
(0] GnGn’ |0) 97 3 ;_5< + j+ )

h o 0 1 .
- 1@6‘7", n;/(A )mm’jm]m’

h
= Z Z (Ail)mm/(émném’n’ + 5mn/5m’n)

hoo _
= 7 (A" + (A" Drn)
- g(A—l)m,, (6.83)
and
(0] G |0) = ho (1 RNy ) =0 (6.84)
" Ojn 7=0 4h ’

: . . A g : 17Ta
since there is no term linear in j in the expansion of (0] ex? 7 |0).
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Exercise 24. Two coupled quantum oscillators. Consider a quantum system of two coupled
harmonic oscillators described by the Hamiltonian
2 Jiit 3 Ko .2 | K0 .2
H=—+-=+ —
oM oM T2l Ty i+ 2
1. Using the mode decomposition from Exercise 19 write the Hamiltonian in terms of modes’
creation and annihilation operators.

LG — 1), ko, k1 > 0. (6.85)

2. Write down the ground state wave-function.

3. Calculate the vacuum correlation (0|§1¢2 |0), and find its behaviour for small or large
interaction constant kj.

Solution:

1. Recall that

(Kot kI —RKJ . T _ 2 _ (FRo 0 _i L1

(6.86)
Then, according to Eq. (6.14),

. 1 1 2
H = hwy (&J{dl—&—Z) + hwo (a2a2+2>, where w1=1/%, HHO_F HI
(6.87)

2. By Egs. (6.19) and (6.20),
1 7
Yo(q) = N exp (%QTA Q> ) (6.88)
with
M /1 1 w 0 1 1 M (w 4w w —w
_ T_ M 1 _ M fwn 2 1 2
A B MVQV o 2 (1 ].) (O (JJQ) (1 1) o 2 (wl — Wy W1 +WQ) ’ (689)

3. According to the formula (6.21) we need to calculate the inverse of A, A=l = V(MQ)~1VT.
Explicitly, we find

1 1 1 L 9 1 1 1 W] Fwy wy—w
Al — w1 - - (= 2 2 L), 6.90
T oM ( —1) (0 52) (1 —1) 2Mwiwo (wz —wp w1t w2 ( )

The vacuum correlation between the two degrees of freedom is then given by

. h h wy—w h VKo + 2Kk — /K
(01G1d210) = S (A )0 = — 21 = 0 ! 2 (6.91)
2 4M  wiws 4\/MK‘,0 \/Ko + 2Ky

which can be approximated for x; — 0 as

2}{1
L O B (6.92)

0] G1G2 |0) = ~ Ko’
(0161210) = == \/1+2ﬂ 4/ Mry ko
Ko

and for kK — +o0 as

(0[G1G2 |0) =~ (6.93)

4/ Mry
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Exercise 25. Free and interacting Schrodinger field. Consider a complex one-component field

¥ (x) with action functional S = Sy + Sy, where
2
Sl = [da o= ihrow - 50070 - Vol (699

2m

is the ‘free’ action and ‘free’ Lagrangian (they don’t contain interparticle interactions), and

SIWHW] = _%/dtdgx d3y¢*(w»t)¢*(yat)vl(w,y)¢(y>t)¢(wat) ) V[((E,y) = Vl(va)v

(6.95)
is the ‘interacting part’ of the action.
1. Derive the Euler-Lagrange equations for the free action Sy.
2. Derive the Euler-Lagrange equations for the full action S. (Mind its non-locality.)
Solution:
Note that since the action is real (up to a boundary term),
S* -8 = / da (=il — ila)*Opp) = —ih / d*z 0, (Yyp*), (6.96)
the Euler-Lagrange equation for variation with respect to v is complex conjugate to that for ¥*:
) 5S*\ " 58S \"
95 = 5 = S =0. (6.97)
oY oy oy
Hence, we only need to calculate the variation 5‘55* .
1. For the free action Sy we find an ordinary Schréodinger equation with potential Vy:
050 _ 0% 5 0% _a 0%
syt opr T a(0wt) 0(9:u)
. h?
= ihdhy = Vo(@) — 9:(0) = 0 (= - 0h)
h2
= ihd) — ( — A Vo(a:))w =0 (6.98)

2. Denote z = (x,t), 2’ = (&', t'), v’ = (¢, ), and calculate

8Sr 1 [, s, s, 8@ (@)Y ()
ety = [y S

=5 [dr @ @y (s~ a0 @) + @3 - ) Vil )

Vi, y" )y (2

_ / By (g, Vi (x, y)o (y, (e, 1), (6.99)

where in the last step we used the assumption of symmetry of V; in its arguments. Hence,
the full action yields the equation of motion

W —0 - a2 (— Ly Vo(z) + /dgylb*(y,t)V](m,y)w(y,t))i/z(a:,t).

ot 2m
(6.100)
This equation is non-local — the interaction part represents the energy at point  due to
the field (the ‘density’ ¢¥*1)) integrated over the whole space.
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Exercise 26. Multi-particle wave-functions. From the expansion

b(x) = Z arur(x) for bosons, and (x Z brug(x) for fermions, (6.101)

of the field operator in terms of an orthonormal set of functions, show that:

1. For bosonic fields

(0] (1) .- 1/3($N)akl dLN 0) = Z Uk, (T(1)) - - - Uk (T (n))- (6.102)

oceESN

2. For fermionic fields

(O (1) ... Y(@N) bl - B [0) = D (sgn0) uk, (Tor)) - Uky (To(ny).  (6.103)

cESN
Solution:

1. We introduce auxiliary variables i € R (one for each mode), and consider the generating
series

O (@) ... Dlaw) eSerak o) = = 57 gy .. apy O] (@) - Dlaw)al, -.-al [0),

B,y

(6.104)
where all other terms in the expansion of the exponential (i.e., those with the number of
creation operators different from N) vanish under (0] ... |0).

Another way of writing the left-hand side makes use of the Campbell identity (2.14)

exp ( Zakak> x) exp (Z akak> = () + [&(w),Zade = ’(/3(13)4—2(1]@1”@(39)
k k

(6.105)
where we have used the fact that [¢)(a), di] = ug(x) (which commutes with everything, so
&2 =0 and 9(z) [0) = 0, we can write

O (@1) ... (w >Ek%dl|o>
— (0] ™ Zrektha) () eTrhE o™ Daokiia) () eZkkaL |0)
— (0

[(F@0) + Y anu (@) . (D) + D anyuny(@n)) [0)

higher commutators vanish). Since (0|

k?l kN
= (0] Zaklukl 1) .Y ik (2N [0)
kn

Z Qg+ v Oy Uy (1) - Uy (TEN)

ki,....kN
1

Z Ay« Oy ﬁ Z Uk, (:]30(1)) Uk (:IJU(N)). (6106)

ki,....,kn gESN

Since the series coefficients of expansions (6.104) and (6.106) must be equal (at every
monomial ay, ...ax, ) we obtain Eq. (6.102).
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2. The fermionic case is more subtle, although the general idea is the same as in the case of
bosons. To successfully implement the Campbell identity, the commutator

[15(%)7 Z BIJ;H = Z ug(x) [13,3, ﬁkiﬂ = Z ug(x) (5451@52 - B/J;Ef?z) (6.107)
! kot kot

needs to reduce to a simple expression using the anticommutation rule {by, b,t} = dp. To
this end we postulate that the S5 are not ordinary complex numbers, but rather the so-
called Grassmann symbols (also known as Grassmann variables, Grassmann numbers) that
obey the anticommutation rules (the Grassmann algebra)

(B, B} =0 and  {B, b} = {Br, b} =0 (Vk, ). (6.108)

(The modes ug(x) remain ordinary complex-valued functions that commute with every-
thing.)

With these definitions we obtain

@), 3 BibL] = =D we@)Bilbe b} = =D wn@)Be . [Be BB =0, (6109)
k k, k
and so
exp (- Zﬂk@) O(x) exp (Z 51@?)2) = (x) + [@(m), Zb’kf)ﬂ = (x) — Zuk(w)ﬁk,
k k k

Hence, similarly as in (6.106) we obtain

O] (1) ... () =20 [0) = (—1)N > uk (®1) -ty (@) By - By, (6.111)
-

while Eq. (6.104) has a fermionic analogue

(O] (1) . .. h(wn) e=rPebh |0) = % > (01P(@) .. () Biy bl - - Bribf, 0)
T ki, kN
— LS i) b B BB 10) By
“ 1,k
(=D¥ ) p 2 ot
= NI Z <0|¢(331)’¢1(33N)kabk1 |0>Bk1ﬁk‘N

k1,...kN
(6.112)

Comparing now (after antisymmetrization — due to anticommuting nature of Sx’s) a par-
ticular term Sy, ... Bk, of the two expansions yields Eq. (6.103).

However strange they might seem, the Grassmann symbols are frequently used when dealing
with quantum field theory for fermions, especially in the path integral formulation.
Exercise 27. Gross-Pitaevskii equation in 1D. Find real solutions ¢ (x) of the differential equa-

tion

h2
—%1//’ + gi® = wp, where ¢ <0, (6.113)
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and determine p so that

/dm Y?(z) = N. (6.114)
Solution:
Casting Eq. (6.113) in the form
2m
" 3
__2m _9 6.115
wr = =T - gu®) = — o (Bt - Sut) 3 (6.115)
which is analogous to the Newton’s law of classical mechanics & = —9,V (here ¢(z) ¢ z(t)), we
can immediately write, in analogy with the law of conservation of total mechanical energy,
Lo 2mip o5 g 4)
- By 2 =C. A1
@)+ (Bt - 4vt) =C (6.116)

In order to satisfy Eq. (6.114), ¢ and ¢’ tend to 0 as © — +o0o, and hence C' = 0. Moreover,
since g < 0, we must have p < 0, and a multiplication by % yields
P2 hog ne_ 2m o 2mlg| _1
<E> (ﬁ—§> :(f) _§|M‘f +ﬁ7 —07 Where f:a (6117)
This first-order differential equation for f(x) can be solved by separation of variables. How-
ever, it is faster to recall the identity sinh?z — cosh? z + 1 = 0, and look for the solution in the

form
f(z) = acosh (B(x — x0)), where «,8>0 and z¢€R. (6.118)

The constants « and 3 are determined by plugging this ansatz into Eq. (6.117),

2m lg|
=/ =4/ 6.119

while zy remains as an arbitrary integration constant.
To eliminate the Lagrange multiplier p we evaluate the integral

+oo ) _ +oo 1 B 1 oo
/_0O dx (a:)—/_oo dmm—@[tanh(ﬁx)km_ @ |g|’/ \/m N,

(6.120)
Altogether, we obtain the condensate wave-function (a ‘bright soliton’)

L) 1 h R4
cosh(Z2e) ' B \/2mlu] 2m Nlgl’

which represents a cloud of bosons centred around point xg, and with the size is of the order L.

W(z) = (6.121)

Remarks:

The arbitrariness of the point x reflects the symmetry of the system (namely, of the La-
grangian (6.69) with V5 = 0) under spatial translations. Once the location of the cloud zg is
decided, this symmetry is spontaneously broken (the cloud itself is not translationally invariant).
The resulting location, however, cannot be deduced from the Lagrangian of the system (hence the
adjective ‘spontaneous’). In practice the Bose-Einstein condensates are trapped in an external
potential Vy(z), e.g., ¥(x—20)?, which decides the location of the cloud. The explicit dependence
of Vo (and hence the Lagrangian) on z then breaks the translational symmetry explicitly.



Chapter 7

Canonical quantization of
Klein-Gordon field

Let us turn back to natural units A = c = 1.
The simplest model of relativistic field theory is a real scalar one-component field described
by the Klein-Gordon Lagrangian (density)

2(6,006) = 5(0,0)(0"9) — 5% (11)

This falls within the category of ‘free’ field theories, whose Lagrangian is at most quadratic in
fields and their derivatives, and hence leads to linear equations of motion. (We will now be
dealing with free fields for some time — until Chapter 11.) The corresponding Hamiltonian is
given (according to Exercise 21) by

m(x) = dhp(x) — H= /d% % (WQ +(0:0) (0i9) + m2¢2). (7.2)

Quantization consists in promoting the classical fields ¢ and 7 to operators, and postulating the
equal-time canonical commutation relations

[gf)(m,t),fr(y,t)] = Zé(w - y) and [¢(mvt)> d)(y,t)] = [ﬁ<$>t)a ﬁ(yat)] =0. (73)

(The use of commutators, rather than anticommutators, is in fact required by special relativity, as
will be discussed in Section 9.1.) Real-valuedness of the classical field ¢ translates to hermiticity
on the quantum level: QAST = QAS The classical Hamilton’s canonical equations of motion derived
in Exercise 21 turn into the quantum Heisenberg equations

dp="n , O =-m>p+8;0;6, implying ("0, +m?)¢(x) =0, (7.4)

which is the (real) Klein-Gordon equation for an operator-valued function g5

In this introductory course we study quantum fields by standard methods of quantum me-
chanics extended to infinite-dimensional systems. The central role is therefore assumed by the
canonical variables and the total Hamiltonian (the total energy of the system), which generates
time evolution. This approach, referred to as ‘canonical quantization’, singles out a preferred
time coordinate, and is therefore not manifestly Lorentz invariant. (The fields in equal-time com-
mutation relations (7.3) are taken simultaneously with respect to this particular time ‘slicing’.)

78
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Alternatively, quantization can be carried out with the Feynman path integral, which sums
over all histories in the configuration space, weighted by phase factors e#®. In the case of
local field theory the action S = [ d*z ¥ features a Lagrangian density ¢, which for relativistic
theories is a scalar under Lorentz transformations. This approach is manifestly Lorentz invariant,
but requires familiarity with field-theoretic path integrals. It will be explored in the advanced

quantum field theory course (KTPA2).

7.1 Mode expansion of Klein-Gordon field

To study quantum theory of the Klein-Gordon field we note that its Hamiltonian (7.2) can be
cast in the form

H= /dgm # + %/dgx Py d(x)U(x,y)o(y), where U(z,y) = (=L, +m?)d(z —1y),

(7.5)
which resembles the Hamiltonian of a system of coupled oscillators,
P 1
H(Qn7pn) = a ﬁ + 5 Z Unn' Gn G (76)

studied on the classical level in Section 5.1, and on the quantum level in Section 6.1. The
(generalized) function of two variables U(«,vy) is a continuum analogue of the ‘potential energy
matrix’ (or ‘stiffness matrix’) Uy, . In a continuum sense, it describes homogeneous nearest-
neighbour coupling in a three-dimensional space, where each point hosts one degree of freedom
¢(x) (recall Section 5.1.3, where we studied the continuum limit of a linear chain). The mass M
of the discrete oscillators does not appear in the Klein-Gordon Hamiltonian (7.5) (it is absorbed
in the light velocity ¢ = 1). Note that M has nothing to do with the parameter m of the Klein-
Gordon theory, which represents the mass of field excitations entering the relativistic dispersion
relation p#p, = m2.

Let us determine normal modes of the Klein-Gordon field theory. The eigenvalue problem for
the ‘continuum matrix’ U(x,y) can be stated in analogy with the more common discrete case:

This differential equation is clearly solved by the plane waves
eip-m

e _ 2 2_ 2 3
Gn) Ap=p +m” =w (p e R%). (7.8)

fp(w) = P
(It is convenient to use complex-valued modes in what follows.) It is worth to note that the
function of two variables F'(x, p) = fp(x), where p enumerates the various modes, plays the role
of the ‘matrix of normal modes’ V = (V,;) in Eq. (5.8). In analogy with the discrete case we
write

3

. d N
wlt) =X Vun) = @)= [P R0 = [z ertimo. 09

where the ‘continuum normal coordinates’ gzNS(p, t), as it turns out, stand for the three-dimensional
(i.e., spatial) Fourier transform of the Klein-Gordon field ¢(x,t). Since ¢(x,t) is real-valued, we
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observe that

3 - 3 ) - ~
/ (2i)§/z P To(p,t) = / (2?7)1;/2 e PEY(pt) = N(p,t) = ¢(=p,1). (7.10)

The continuum analogues of orthonormality and completeness relations (5.10) (extended to com-
plex domain) are:

orthonormality :  (VIV)ge = Vi Vo = Ok

N Er o ow
~ /dng (:mp)F(:c,p’):/We(p PIT — 5(p' — p),

completeness : (VVT)m/ =Vok Vi = O
” / d*p F(z,p)F*(z',p) = / v 5@ o). (1)
) ) (27{_)3 * *
Normal coordinates oscillate in time with their respective angular frequencies (as in Eq. (6.7)).
In our continuum (and complex) case this means that, on the quantum level,

2 1 , ,
o(p,t) = — (dp e~irt 4 gl e“"”t), where wp = v/ p? + m?, (7.12)
2wy P
T ol

and where the minus sign in a',, ensures the reality constraint ot (p,t) = ¢(—p,t). A general
solution of the equations of motion (7.4) (i.e., of the Klein-Gordon equation) is then given by
(cf. Eq. (6.17))

1P
S
P e,
_/d3p (& e
) @R, \ P

The substitution p — —p in the second integral then leads to the standard form of the mode
expansion of a one-component real Klein-Gordon field

o(x. 1)

~ —iwpt ~F twpt
(ap e + a_pe

—iwpt+ip-x —i—dT eiwpt+ip~m) (7 13)
—p . .

. d3 . )
o(x,t) = /\/ﬁ (&p e T 4+ &L e”””), where py = wp. (7.14)
This is a general solution of the Klein-Gordon equation (7.4), which can be also derived by
solving the Klein-Gordon equation directly (see Exercise 28). The two terms in the bracket are
Hermitian conjugated so this expression for q@(x) is clearly Hermitian.

The occurrence of two terms in the mode expansion (7.14) signals a qualitative difference
between relativistic field theories and the non-relativistic Schrodinger field studied in Section 6.2,
whose mode expansion is i(x, t) = i age w % uy(x). This difference can be traced back to
the time derivative term in the Lagrangian, which in the case of Klein-Gordon field, Eq. (7.1),
reads (0;¢)?, yielding a second-order-in-time (Klein-Gordon) equation of motion, whereas in the
non-relativistic case, Eq. (6.24), the term ¢* 0,4 yields an equation of motion that is of first-order
in time derivative (the Schrodinger equation).

The operator-valued amplitudes d; and ap are (time-independent) creation and annihilation
operators of the respective modes fp(x) whose commutation relations read (in analogy with the
discrete case, Eq. (6.13))

T ] =

lap, ] =0(p—p') and [ap,ap] = [a),al,] = 0. (7.15)
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The total Hamiltonian operator is given by an integral over all normal modes (cf. Eqs. (6.5)
and (6.14)),
A w PN N N
H= /dSp 7’7 (al,ap + apa;f,). (7.16)
This result is confirmed in Exercise 28 by explicit substitution of the mode expansion of ngS(a:, t)

into (quantized) formula (7.2). A use of the commutation relation &P&;’ = dL,&p +d(p—1p') to
formally rewrite

- / 0 p iy + 5(0) / a*p (7.17)

reveals an infinite vacuum energy (0| H |0) = §(0) [d®p “2. To avoid this contribution we define
the normal-ordered Hamiltonian

H:=H— (0| H|0) = /dgpwp d;,dp. (7.18)

one degree of freedom ([a,af] = 1):
raat:=ata#:1+ata:=1+ala, (7.19)

i.e., one may not use commutation relations under normal ordering. Rather, all (bosonic) oper-
ators should be treated as commuting — they can be written in any order, since, after all, they
are put to a specific order by the normal ordering.

Likewise, we normally order all components of the total four-momentum operator:

R R 1
P, = /d3:v :1°:, where T" =0"¢0,¢— 555(6[,(;5 0P —m?p?) (7.20)

is the Klein-Gordon energy-momentum tensor (5.65). For the zeroth component we have By =:
H: given by Eq. (7.18), and for the spatial part we find (in Exercise 28)

B = / P 70— / & pp; i, (7.21)

so in total we have
I—C’It = /d?’ppu &L&p, where py = wp. (7.22)

The elimination of infinite vacuum energy by means of normal ordering deserves a few com-
ments. The divergent factor 6(0) can be related via

3x . 31’
§(p) = / (;ZT)?)eW - 6(0) = / (;17)3 = % (7.23)

to the volume V of the R3 space. One could regularize this divergence by using a box of edge
length L instead of R*, and imposing periodic boundary conditions on the fields. (Periodic
boundary conditions are easier to discuss than, for example, Dirichlet boundary conditions. In
the end we are interested in the limit L. — co, when the details on the boundary should not



CHAPTER 7. CANONICAL QUANTIZATION OF KLEIN-GORDON FIELD 82

matter.) The periodicity constrains the normal modes f,(x) o e’P'® by the conditions e?'L =1
(Vi), resulting in a discrete set of modes

e'P® T

2
fr(x) = 7373 with wp = vp?+m?, where p= fk (k €Z?). (7.24)

These are normalized to the (three-dimensional) Kronecker 0 jr = Oky k| Ok kyOks k7, instead of
the Dirac 6(p — p’), and so are the corresponding creation and annihilation operators:

[ @5 fi@o@) = e loial] = S (7.25)

In the large-L limit, identifying a, = L?/%ay, the discrete Hamiltonian (formed by a sum over
the discrete modes labelled by k) turns into the integral over p € R? in Eq. (7.16):

=Y S (afanranal) = Y 35 (ahay +apal) ‘p:uk L2 [op 2 (aay + apa,).
kez3 kc73 L
(7.26)
By default we will formulate quantum field theory in infinite volume, keeping in mind that the
finite-L ‘box regularization’ can be adopted if required.
In an infinite volume it is more sensible to talk about vacuum energy density

(0[H10) _ _ 4(0) /d?,p%p _ 2(217)3/6531, P2t m2, (7.27)

v (27)36(0)

which, however, is still infinite due to the infinite range of integration. (In a finite box we would
encounter an equally infinite sum over k € Z3.) This divergence could be tamed by introducing
an upper limit on the value of spatial momentum |p| (an ‘ultraviolet cut-off’, usually denoted
by A), which is equivalent to a minimum wavelength A, of the normal modes (due to the
relation [p| = 2F). A nonzero minimum wavelength would stem from a certain granularity
(discreteness) of space. For example, if the space were a rectangular lattice with distance a
between neighbouring points, A, = 2a (see [9, Ch.2.1.1]), and the integration would only

involve momenta with [p| < A = . Here a is often considered to be of the order of Planck
length

[hG
Lplanck = 3 = 1.6 x 107 m = 1072° x (proton diameter). (7.28)

A common practice in quantum field theory is to regard the space as a continuum and neglect
the divergent momentum integral (7.27) by adopting normal ordering. (Later on we shall see
that in interacting quantum field theory many other divergent momentum integrals appear, and
these are dealt with by the method of renormalization.)

The constant vacuum energy (density) can be neglected if we are interested only in energy
differences between various states, which will be the case in this course. However, in general
relativity every energy, in principle, contributes to the Einstein equations and hence influences the
spacetime dynamics. The quantum-field-theoretic vacuum contributes to Einstein’s cosmological
constant by an amount that is, theoretically, some 120 orders of magnitude larger than the
value determined experimentally by observing the accelerated expansion of the universe. This
discrepancy between theory and experiment is called the ‘cosmological constant problem’ — the
“worst theoretical prediction in the history of science”.

A more down-to-Earth aspect of the vacuum energy is that it refers to certain choice of
boundary conditions, for example, the size of the box that the field occupies. If the boundary
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varies, the vacuum energy varies as well, and the system’s tendency to minimize it results in a
force exerted on the boundary. Although tiny, for quantized electromagnetic field constrained
between two parallel conducting plates (so that the electric field components parallel to the plates
vanish) this so-called Casimir effect has been measured in laboratory. In Exercise 30 we discuss
a simplified version of this setup: one-component massless scalar field in one spatial dimension.

7.2 Multiplet of scalar fields

We will study a multicomponent Klein-Gordon field ® = (¢,) described by the Lagrangian

ZL(br, 0utpr) = Z (;(amr)(a“qbr) - ;ngbf) = %(a“@T)(aﬂ@) - %m2<I>T<I>, (7.29)

r

which is a sum of single-component Lagrangians (7.1). The individual (real) field components ¢,
are independent of one another (there are no terms containing products of different components).
Since all field components have the same mass parameter m this theory is invariant under internal
rotations (generated by Hermitian purely imaginary matrices T,)

&' (2) = exp (iA,T,) ®(z). (7.30)

Canonical quantization proceeds similarly as in the one-component case. We find the canon-
ical momenta, and postulate equal-time commutation relations:

fr =0, [dr(®@, 1), 7oy, )] = i 6,0 O( — y). (7.31)

(The commutators involving other combinations of canonical fields vanish.) A general solution
of the equations of motion (8#8,, + m?)¢,(z) = 0 (Vr) has the form of a mode expansion

A 43 , ,

or(x,t) = /7]9 (dm, e T4 &Ip e”””) . po=wp=1\p?+m2, (7.32)
v (27)3 2wy '

where the creation and annihilation operators (now labelled by the field component index as well

as the spatial momentum) satisfy the commutation relations

[arps @] ] = 0,s0(p—p) and  [arp, ] = [af a0 ] = 0. (7.33)

A new feature not present in the one-component case is the appearance of conserved currents
and charges that we derived in Section 5.4.3 in classical context. In quantum theory they are
the operators

. .0 . o .
]5 = _ZW(TG)T‘SQSS = _Z(augbr)(—ra)rsﬁz)s,
Q. = /d?’x 50 = —i/d3a: i (Ta)rs®s : (7.34)

where in the definition of the conserved charges we again include normal ordering, so that
Q. 10) = 0. Plugging in the mode expansion (7.32) one can show (see Exercise 31) that

Qo = / dp a;p(Ta)mas’p. (7.35)

It is then interesting to note that the charge operators Qa obey the same commutation relations
as the rotation generators T, (see Exercise 32):

[Taa Tb] = fabcTc = [Qa7 Qb] = fabc@c- (736)
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7.2.1 Complex scalar field

Let us consider a two-component field ®. Out of the two real components we can define a complex
field ¢ (and its conjugate ¢*) as in Eq. (5.77):

1 .
(;’;) =U®, where @ = (Z;) and U= 7 (} ZZ.> is unitary. (7.37)

The Lagrangian (7.29) then takes the form

2 2
&= %@@*)(aw) - Sole = %aﬂ<u<b>*aﬂ<uq>> - 5 (U2)1UD = (9,6")(0"¢) — m?p" .

(7.38)
Correspondingly, we define the creation and annihilation operators (suppressing the label p for
a moment)
a a 1 (a1 + ids af 1 (&l —ial
=Uu(t) = — (" " === , 7.39
6)-0@)-56e) - G)-mG). o
and observe that the mode expansion of the complex field reads
Pz, t) = ! (¢1(w t) +iga(z, t / a e~ 4 bt em),
V2 V/(27) 32w,, i P
T, t) = /71)(3 e~y gl eip'””). 7.40
Bl 1) G » (7.40)
The creation and annihilation operators satisfy the commutation relations
[ap, d;r,,] = [Ep, 13;/] =3§(p-p) and all other commutators zero, (7.41)

which follows by a straightforward calculation. For example,

A 1., o . o, P
(g, aby) = 5l +itzp,al , —ial ] = 5 ([01p:a] ] + [a2p0a) 1) = 3P =P (7.42)
The Lagrangian (7.38) is clearly invariant under the internal transformation ¢ = ey,
o = e~ p*. This is a U(1) (complex) equivalent of an SO(2) (two-component real) internal
rotation by angle A generated by the matrix
(0 i e i (1 0
T= (z O) , satisfying UTU' = (0 1) (7.43)

(see Section 5.4.3). The Noether current corresponding to this internal symmetry is
0L ot i 0L
(0pup) (O

The total Noether charge operator Q expressed in terms of creation and annihilation operators
can be read-off from Formula (7.35):

4 . . a . a o it
Q:/d3p (al, al,) (éz) /d3 il ) UTUT<”) /d3 bip = Dby
7

g =i *)w* = —ipdMy™ +ip 0. (7.44)
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Since the complex Klein-Gordon field possesses a conserved Noether charge, it is also referred
to as ‘charged Klein-Gordon field’, while the real Klein-Gordon field is referred to as ‘neutral
Klein-Gordon field’.

Finally, let us note that the total four-momentum operator of the multicomponent field (¢,.)
(with Lagrangian (7.29)) is given simply by a sum of the four-momentum operators (7.22) for
each component (recall the general formula for the energy-momentum tensor (5.60)). In the
present case of real two-component (or complex one-component) field this gives

B, = /d?’ppu (&J{?pél,p + d;,p@,p) = /d PO ( plp + b b ) , where po=wp. (7.46)

Note that [Q, 15#] = 0, since all number operators mutually commute.

7.3 States and particle interpretation

The Klein-Gordon field is a continuous system of coupled oscillators whose normal modes are
labelled by p € R?. Each mode behaves as a one-dimensional harmonic oscillator with frequency
wp whose nth energy level is reached by n-fold application of the creation operator d; on the
vacuum state |0) (recall Section 6.1, in particular, Eq. (6.8)). This creates a collective excitation
of the field, whose spatial variation is given by the shape of the mode f,(x) o< eP*. (For a
multicomponent field, each component can be excited separately by its corresponding creation
operator di)p.)

The system’s Hilbert space is spanned by the (collective) states that arise by applying all
possible (finite) strings of creation operators on the vacuum, thus replicating the construction of
the bosonic Fock space for non-relativistic Schrodinger field in Section 6.2. This suggests that
the excited states of the collection of oscillators (i.e., of the quantum Klein-Gordon field) be
interpreted as relativistic multi-particle states — adding a quantum of energy wy, in the mode p
of the field component 7 is understood as adding a particle of ‘type’ r with energy wp and spatial
momentum p.

The claim that the mode label p is to be interpreted as spatial momentum is supported by
the following analysis of total four-momentum operator P (For definiteness we will consider
the complex Klein-Gordon field ¢.) Expression (7.46) and the commutation relations (7.41) yield

[Py, af)] =/d3p pu[ by + bbby p} /d3p p,a5,8(p' — p) = pual, (7.47)

and similarly for l;; Hermitian conjugation (keeping in mind that 15;: = }5#) produces the
corresponding relations for annihilation operators. Altogether,

[P ] bpayp af , [Puv dp] = *p,udp and [Pm b;;] ;AEL , [pm Bp] = *p,ui)p»

A (7.48)
where, just to remind, py = wp. These relations, and the fact that P, is normal-ordered (so
that P, |0) = 0), allow us to easily determine (using the commutator Leibniz rule) the total
four-momentum of a state created from the vacuum by an arbitrary string of operators &Iﬁ l;;:

P T caf it it _ o at At 7t
PH Ay, - Oy bp1 bp”b |O> = [P/ al, ---al abp . Pnb] |0>

= (pib'i-""’_pn,,, _|_p1 +..~—|—p%)d;1 ~~~&LnabL bLnb |0) .
(7.49)
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The spatial part of this relation (u = ¢) asserts that adding an excitation to mode p increases
the total momentum by the amount p, i.e., a particle with momentum p is added to the system.

When we combine the knowledge of relations (7.48) with the mode expansion (7.40), we
obtain

5 d*p . o
[Py, §(x)] = /M([Pmap] e~ 4 [Py, b] e x) = —i0,$(), (7.50)
P
which for u = 0 recovers the Heisenberg equation of motion

0p(x) = —ilp(x), H]. (7.51)

Contracting Eq. (7.50) with a spacetime vector a*, and using the Campbell identity (2.14), we
relate the field operator ¢ at different spacetime points:

0Py (@) = a0upla) - e Peplmpeio B S WO b0y pia) (75

n!
n=0

(Here we note that the infinite series is actually the Taylor expansion of ¢ around point z.)
We can make similar observations for the charge operator ) (given by (7.45)) in place of P,,.
First, we find the commutators

Q.al] =al, , [Qapl=—ap and  [Q,b)]=—bl . [Q, bp]=bp. (7.53)

. 2

From the mode expansion (7.40) and the Campbell identity (2.14) we then obtain the relation

Q. ¢(x)] = —@(x) — €*9p)e =" p(a) = e p(x). (7.54)

n=0

The total charge of a state created from the vacuum by a string of operators d;f,, EI, reads

Qaf, ---af, bL,l » ~bL,nb 0) = (na —mp)al,, - -a;nabL,l . -bL,nb o), (7.55)
where we have used the fact that Q |0) = 0, and the Leibniz rule. This result can be easily
deduced already from Eq. (7.45), since &Ldp is the number operator for particles of type a with
momentum p, and so N, = f d3p &Ldp is the number operator for the type-a particles regardless
of their momenta. Similarly, for type-b particles the number operator is 7, = [ d3p I;LIA)T,, and
hence Q = Ng — M.

The operators ELL create a particle with charge +1, and four-momentum (wp,p), while the
operator I;L creates particles with charge —1, and the same four-momentum (wp,p). The b
particles therefore are called the antiparticles of the a particles. Particles described by a real-
valued Klein-Gordon field do not have antiparticles (one may as well say that they “are their
own antiparticles”). In particle physics, a charged scalar field describes, for example, m-mesons
(pions) 7+ and 7~, while a neutral scalar field describes the pion 7. These are mediators of the
nuclear force (the residual strong force) that holds protons and neutrons together in a nucleus.
In this example the Noether charge is the usual electric charge. Nevertheless, even electrically
neutral particles can have antiparticles because other types of charges can arise from internal
symmetries. For example, the electrically neutral K meson (kaon) K° has an antiparticle K°
with opposite ‘strangeness’.

In this section we have given a particle interpretation to the quantized Klein-Gordon field,
which we originally introduced merely as a continuous system of coupled oscillators. This ap-
proach is quite the opposite of what was done in Section 6.2, i.e., the ‘second quantization’,
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where we started with a system of quantum-mechanical particles and developed the formalism
of non-relativistic quantum field theory to describe them more efficiently.

In general, it is really the concept of a quantum field that is more fundamental. (Quantum
field theory is a quantum theory of fields, not particles.) For free field theories (i.e., quadratic
Lagrangians) the normal mode decomposition allows to set up a particle interpretation of states,
however, for interacting field theories (containing higher than quadratic terms in the Lagrangian)
normal modes can be used only as an approximation and particle interpretation becomes problem-
atic. Still, in most cases we will encounter, the interaction terms can be treated as perturbations
added to the free Lagrangian, and the particle interpretation is justified (and indeed useful) at
least on the perturbative level.

Another issue with the particle interpretation is that it depends on an observer. What an
inertial observer in Minkowski spacetime calls the vacuum is in fact a state that an observer
moving with acceleration a describes as a thermal bath at temperature 7', where the mean
number of particles with energy FE is given by the Bose-Einstein distribution

1 T h
n(E) = ——————, where —=-—— =4x10"'K. (7.56)
exp (ka) 1 a 2mckp

This so-called Unruh effect (to be discussed in detail in Chapter 13.2) is rather small and so
far has not been experimentally detected; 1 Kelvin corresponds to an acceleration of the order
10?9 ms—2.

7.3.1 Relativistic normalisation and one-particle states

Before closing the chapter on Klein-Gordon field let us make a few observations about relativistic
particle states and their normalization.
Consider a Lorentz-invariant function f(p), and write an integral
4 2 2 d*p
d'pOpo)s(? —m*) () = [ 52 F(wp,p), (757)
Wp
where 6 is the Heaviside step function, and we employed formula (7.72). Since the left-hand side is
invariant under (proper orthochronous) Lorentz transformations, we identify a Lorentz-invariant

. . . . a3 ..
three-dimensional integration measure ﬁ. Moreover, writing
D

3
1 :/d3p5(p—Q) :/;%p 2wpd(p — q) (7.58)

then reveals a Lorentz-invariant modification of the three-dimensional delta function, 2w,d(p—q).
The one-particle relativistic wave-function corresponding to a state @, |0) is constructed sim-
ilarly as in the non-relativistic case, Eq. (6.39),

Oy g e
v/ (27)32w, V(27)32w,

(Here (;AS is a real field for simplicity, but the discussion extends to multicomponent or complex
Klein-Gordon fields in a straightforward manner.) It is convenient to modify the normalization
and define the one-particle states

0] apral, |0) e=#' = (7.59)

(01 d(x)af,

Ip) =1/ (27)32wp d; 0Y, such that (0] ¢(z) |p) = e~ 7. (7.60)
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These states are normalised in a relativistically invariant way:

(pla) = 1/ (2m)32wp [ (2m)32uq (0] it [0) = (27)* 2up(p — ). (7.61)

For multi-particle states |pi,pa,...) we include for each particle with momentum p a factor
V/ (2m)32wp, and should there be several, say n, particles with the same momentum we also
multiply by ﬁ (see Eq. (6.40)).

Finally, observe that if the field operator gig(:c) satisfies the Klein-Gordon field equation of
motion (7.4), then the one-particle wave-function (0| ¢(x) |a), where

o) = / &po(p) |p) (7.62)

is a wave-packet characterized by an arbitrary function «a(p), automatically satisfies the Klein-
Gordon wave equation (1.19):

(040, +m2)p(z) =0 — (99, +m?2) (0] d(x)|a) = 0. (7.63)

The field dynamics, which was determined by our choice of Lagrangian (7.1), therefore cor-
rectly reproduces the one-particle dynamics established within relativistic quantum mechanics.
Such correspondence is an important guiding principle for the choice of quantum field theory
Lagrangians.
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7.4 Exercises

Exercise 28. Mode expansion from Klein-Gordon equation. Write a general solution of the
(operator-valued) Klein-Gordon equation

(849, +m?)p(x) = 0 (7.64)
as a superposition of plane waves, and recover the mode expansion (7.14).
Solution:
A plane wave that satisfies the Klein-Gordon equation is of the form
A(p) e~ where plpu = m2. (7.65)

A general superposition of these waves (that respects the dispersion relation) reads

x) = /d4p S(p"pu — m?)A(p) e 2. (7.66)

Now recall that for a function f(¢) composed with o-function the following identity holds:

Z |t*t , (7.67)

where the sum extends over all roots of f, f(¢;) = 0, and it is assumed that f'(¢;) # 0. To
understand this formula, note that §(f(¢)) vanishes unless f(¢) = 0, and in the neighbourhood
I; of a zero point t; we can make use of the Taylor expansion of f,

S(t —t;)

S(£() = St 41t~ t) + ) = Ty

=0

(t e I). (7.68)

Summing the right-hand side over i we obtain a function that equals §(f(t)) for all ¢ € R, hence
the identity (7.67). More rigorously, since f is monotonous on each (small enough) interval I,
taking an arbitrary test function ¢ we can write

/R a1 (0)el) = 3 / ()l (7.69)

and perform the substitution w = f(¢) in each of the sub-integrals:

_ w d(u) 1y,
J oo = [ dugrtese ) = g = [amsew. @)

Since ¢ is arbitrary we obtain the equality (7.67).
In Eq. (7.66) we have (denoting w, = v/p? + m?)

f(po) = p'pu —m® = p§ —wp = (po —wp)(po +wp) , [ (Po) = 2po, (7.71)

and so

m?) = 0(po —wp) | 9(po +wp)

7.72
2wp 2wp ( )

4 (p“p# -
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Hence, we can carry out the py integration and find

~ 3 N .
o(x) = /;jwl; /dpo (5(po — wp) + (5(p0 + Wp))A(p) e~ ipT

a? A —iwpt+ip-x A iwpt+ip-x
22 o e o)
D
Bp /- . . .
_ —ip-x _ _ ip-x
- / 2 (Alpp) e 1+ Ay, —p) 7). (7.73)

where in the last expression py = wp. For gf)(:z:) to be Hermitian we must have A(—wp, -p) =

Alwnp) =\ 22y (7.74)

AT (wp, p). The identification
then recovers the mode expansion of the Klein-Gordon field, Eq. (7.14).

Exercise 29. Total four-momentum in terms of creation and annihilation operators. Using the
mode expansion of the Klein-Gordon field,

ape T 4 af e eTirttip® 4 gt e%t‘“"m),

- d*p / d3p
at)= [l = [ (4
ol 1) /w/(zw)32wp< ) 1/(27r)32w,,< P
o (1.B)
derive the formula (7.22) for the (normal-ordered) total four-momentum operator P,,.
Solution:

Since }5# is time-independent (it is a conserved quantity), we may choose to evaluate it at
time ¢ = 0 for convenience. We will use the mode expansions

I _ d3p A~ ip@ ~t —ip-x
qS(m,O)—/\/W(apep +ape P )

d3p

_ d*p Qs ip
1= i (7o

#(2,0) = 8;d(z, 0) = (— iwp G € + i e—ip'w)

8:4(x, 0 ® _ipfal, e*ip'm) (7.76)
to calculate the integrals

1. /d% 7% = /d%« 70,0,

2. /d% 10 = /d% % (fr2 + (8;0)(0: ) + m2q§2>, (7.77)

and then apply normal ordering. Before starting, let us recall the integral formula [ d3z ePT =

(2m)34(p).
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dB3x d3pd3 /w ] . o, »
/d TR0 = / p pwpp” (dp e _ 4t e—zp'm) (&p/ o T _ &L’ o ip w)

2wp 20.),, p

d3 dgp/ apa’p Wpp p A

(apap/é p+p) —apal,d(p—p)
£\ 2wp 2wy

~ by d(—p+p) + ahal,o(—p — )

d*pw T et st st
P p
/ d*p L (apa_,,+a,,af +abap + ahal ) (7.78)

Now, G, commutes with G_p, and so, by substituting p — —p,
/d?’ppi api—p = /d?’p(—pi)d—p&p =— /dsppi apa—p =0, (7.79)
and similarly for the aJr al p term. Hence we arrive at
/d?’x 70,4 = /di’*p%(apa; n a;a,,) S P= /d% O = /d?’ppi ibip (7.80)

2. By the same methods we can derive the following:

R & At
/d3gg772:/2(f;wf,<—apa_p+apa —I—a p—ai,aip),

5 n a2 d’p ata +atal
dBx (3@)(3@) = N P (apa_p + apa + aplp + aya _p)
p

. 43
/d3x m?¢? = /% m? (dpa_p + apal, + alap + ala al ) (7.81)
P

Summing up (including the factor ), and taking into account the relation w? = p* +m?,
we obtain

H= /d3p— a,,a* ;a,,) — Pozzﬁ;:/d%w,,a;&p. (7.82)

Exercise 30. Casimir effect. Consider a one-component massless Klein-Gordon field ¢ in one
spatial dimension, which is constraint to vanish at points x = 0,d, L. What is the dependence
of the vacuum energy on the position of the intermediate point d?

Solution:

The field modes between points 0 and d (region I) that solve the equation (92 — 92)¢ =
and respect the boundary conditions ¢(0) = ¢(d) = 0 are given by
km

fr(x) xsin(pgz), with sin(ppd) =0 — pp = - (k=1,2,...), (7.83)
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and the respective energies (for the massless field) read wy = |px| = %’“. The vacuum energy
between 0 and d is therefore - -

~ WE ™

Er(d) = kz_l 5 = 5 ; k, (7.84)

which is very infinite. This infinity can be regularized by introducing additional factors e~
(which are relatively easy to handle analytically), so that frequencies wy > % effectively do not
contribute to the vacuum energy. (In an actual experiment with electromagnetic field the plates
do not have infinite conductivity, therefore they become transparent to electromagnetic waves of
high-enough frequency.) Then we can calculate

T = arm T d O — am 10 1
Eild) = 5 ke (= Th) = =57 50 20 (= TH) = 550 T (— )

_r_ow(=) om 1 (7.85)

Since we eventually want to drop the regularisation, we look for an expansion as a — 0:

d 22 d 1 d 22
Bl = gy | =50 S (B
2ma® sinh®(z) amaz 2ma (1+ %? +0(24)) e 2ma 3 a—ax
d s 9
= Y - @ + O(a ) (786)

By analogy, we have for the modes between d and L (region IT) the regularised energy E;;(d) =
E;(L — d), and so the total energy reads

E(d) = E;(d) + Er1(d) = ﬁ - % <(li + Ll_d) + 0O(a?) (7.87)

The force F(d) exerted on the middle point (or plate in three dimensions) is calculated as the
negative gradient of the total energy:

Py - 9 _ 7r(1 1

= (- (Ld)2> +0(a?). (7.88)

Interestingly, we can now send a — 0, and obtain a finite result even without the regularizing
parameter. If the middle point is close to the origin (L > d) we obtain the Casimir force

whe
F(d) ~ — YL

(7.89)

where we reintroduced /& and c¢. The Casimir force is attractive, and (being proportional to )
very tiny for macroscopic setups.

Exercise 31. Conserved charges in terms of creation and annihilation operators. Using the

mode expansion of a multicomponent Klein-Gordon field,

€ PTGl eW) , (7.90)

A 3
oo~ [ ey
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derive the expression (7.35) for (normal-ordered) charge operators

Qo = —1 /d3x :fTT(Ta)rs(ﬁsz . (7.91)

Solution:

Following the same route as in Exercise 29 we find

- A3z dp d3p’ , , L L
B 7 = /— ( — Wy Gy €PT 4wy Al e_"p'm) (d cePlr g gt emip m)
/ T¢S (27T)3 /2wp2wp/ pYr,p P Yr,p S,P S,p

Bp d3p'iwy

CLELD (it 0o+ B) — i it 30— 1)
\/ 2wp 2wy ’

+ dl,pés,p%?(*p +p) +al yal 6(—p— p’))

d®piwy o .
ity iroty ey il il )
i S
= /d3p§(_ Urpls,—p — arpa +a asp—l—a,,p l p). (7.92)
Now T, are Hermitian and purely imaginary, therefore antisymmetric: (To)rs = (Ta)%, =

—(T4)sr- Hence

/ @ (To)raiin pil p = — / 0 (To) artr—plap = — / B (To)ratrpie, p=0,  (7.93)

and similarly for the term a a . Therefore we obtain

=—1 /dgx 7 (Ta)rs@s: /d3 rs — Qg paT,p + ar paa,p /dspa”f p(Ta)rs&s,p-
(7.94)
Exercise 32. Algebra of Noether charges. Show that the Noether charges

/dgp arp a rs&s,p (795)
satisfy the same commutation rules as the generators of internal transformations T,,.
Solution:

A straightforward application of commutation rules for creation and annihilation operators,
Eq. (7.33), yields

[QaaQb /dgp d3 / a)rs(Tb)r’s’ [&17 as 5,p al/ p/as’7p’]
:/d3pd3p/ (T (
:/d3pd3p’ (Ta (

:/d3p((T) (T0)awr ] it — (Tdeal(To)r s e )

alrs ss’ Uy pUs’ p a)rs\1b)r'r Qpr nUs,p

:/d3p ((TaTb) — (TyTa)s ) al pisp (7.96)

a)rs (Tb)T’S’ di,p[&sap ) di’,p’]&slapl + di’,p/ [dI%P ’ dslvp/]&&p)
)rs(Tb)r/s’ &;pds’,p’ 537“’6(1) - P ) - aj/ p/as,p 57".9’6(1) - p/))
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If now
[Ta7 Tb] = fabcTc

for some structure constants fup., we find

[Qay Qb] = /d3p fabc(Tc)rs di7pa's,p = fabc@c-

94

(7.97)

(7.98)



Chapter 8

Canonical quantization of Dirac

field

When quantizing the Klein-Gordon field we repeatedly used the intuition (as well as concrete
formulas) gained while studying quantum oscillatory systems in Section 6.1. However, this
approach, although intuitively pleasing, has its limits — not every field theory has a direct
interpretation as a continuum of coupled oscillators. (Recall the non-relativistic ‘Schrédinger’
field of Section 6.2 whose Lagrangian contains the term *0:1), which has no analogue in the
standard oscillatory Lagrangian (5.6).) This is not really an issue since what we are ultimately
interested in is a general solution of the quantum field’s equation of motion in the form of a mode
expansion, where we can identify spatial shapes of the modes, energies, and polarization states.

This will be our strategy in dealing with the Dirac field described by the Lagrangian (studied
in Exercise 22)

L(0,,0,9,0,9) = V(iv'0,—m)¥ = Ui (id,— Hp)¥, where Hp = —iy"y'9;+m~" (8.1)

is the quantum-mechanical Dirac Hamiltonian introduced in Eq. (4.5). (We omit the ‘hat’ over
Hp to reserve it for quantum field operators.) The four-component fields ¥ = (¢p,) and ¥ = (¢,)
are treated as independent. From the Dirac Lagrangian we easily deduce the canonical momenta

0.7 0L
To = =) , To=—="=0, 8.2
S Y B(ai) 82
and the total Hamiltonian
H = /d% (Tt — L) = /d% (VT — Z) = /d% U HpW. (8.3)

Thus, there are only eight independent canonical fields 1, and 7, (7, vanish and v, are algebraic
combinations of the momenta 7, ).

The Dirac Lagrangian (8.1) yields the Dirac equation (iy#0, —m)¥ = 0, which describes,
according to Chapter 3, particles with spin 3 1 (such as electrons). These are fermions, and so
the corresponding quantum field theory bhould implement the Pauli exclusion principle. For the
quantized canonical fields 1[1a and T, = Zl/JT we therefore postulate the equal-time anticommuta-
tion relations (as we have seen in the non-relativistic case in Section (6.2.2))

{Q/Aja(w7t)7ﬁ5(yat)} = Z’(SOCB 6(33 - y) ) {¢a<wvt)v¢5(y7t)} = {ﬁa(wat)’ﬁﬂ(y>t)} = 0. (8'4)

95
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Further reason for using anticommutators (rather than commutators) is to have the total energy
bounded from below, as will be discussed later (Eq. (8.15)).
The Heisenberg equation of motion for the quantum field ¥(z) reads

Oha(,t) = —ilda(@, 1), H] = — /dgﬂﬂ' [fa(.t), 75(@ ) (Hp)sntu(a' )], (8.5)
where (Hp) g = —i(7°7%) 3 0; +m(7°) g, and using the anticommutator Leibniz rule [4, BC] =

{A,B}C — B{A,C} we find

Otha(x,t) = — /de'icSa[; 5(x — &) (Hp) puthe (', 1) = —i(Hp)o(m,t) — 0% = HpW.

(8.6)
The same conclusion would, in fact, be reached had we used commutators instead of anticom-
mutators in Eq. (8.4); in either case we obtain the Dirac equation

(iy"8, —m)¥ =0 (8.7)

for the quantum field ¥ (z).

8.1 Mode expansion of Dirac field

We can copy a general solution of the quantum-field-theoretic Dirac equation (8.7) from Chap-
ter 3, Eq. (3.29) (only replacing the classical plane wave amplitudes Bp s, Dy, by constant

operators IA)I,’S, d Thus we obtain a mode expansion of the quantized Dirac ﬁeld

ps)
-3 / 3 3/2,/ (bpsu®ss)e™#" + df o(p,5)e™™), where po=wp  (88)

and its Dirac conjugate

E(b

Z / 27T 3/2 \/ dZLS’U(pv ) i + Eg,sﬂ(pvs)eip'm)' (89)

The polarisation spinors u and v satisfy the algebraic equations

Ypu —m)ulp) =0 , (v*p, +m)v(p) =0, (8.10)

whose solutions are given by (standard Dirac representation of y-matrices assumed)

u(p, s) = mu(o,s) , v(p,s) = mv(ﬂ,s), (8.11)
with
1 0 0 0
(0. )= || wo.-H={ ] w0.H=|]] wo.-bH=], (8.12)
0 0 0 1

Note that here, unlike in the case of multicomponent Klein-Gordon field, the label s refers to
polarization states (spin ‘up’ for s = % and spin ‘down’ for s = —%); it does not enumerate the
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components of the field ¥ (this is the role of indices «, 3,...). We do not sum over s unless
is explicitly displayed.

The amplitude operators by, s, lA)I” and dp,sd;g,s can be expressed in terms of U and VU, and in
Exercise 34 we find the following anticommutation relations:

{l;p,sa 52/75/} = 653/ 5(1) - p/) ) {dAp,sv CZ;/,S/} = 588/ 5(17 - p/); (813)
T

whereas anticommutators involving the remaining combinations of the operators 13, Z;T, cz, dt van-
ish:

{b,0} = {b7,67} = {d,d} = {d",d"} = {b,d} = {b,d"} = {b',d} = {b,d"} =0 (8.14)
(Here we have, for short, hidden the arbitrary parameters p,p’ and s,s’.) The Fock space

corresponding to the quantized Dirac field can be built, similarly as in Section 6.2.2, by acting

with fermionic creation operators IBL,S, Jg’s on a vacuum state |0), which gets annihilated by all

the operators IA),,,S, ch,S.
Plugging this mode expansion into the (quantized) Hamiltonian operator (8.3), we find, in
Exercise 33, the expression

=3 / P pep (B obps — dpady ) = / oy (B obps +df s~ 5(0)). (8.15)

where in the second step we reordered the d and df operators using the anticommutation rela-
tion (8.13). Subtracting the infinite vacuum energy (note that this time the sign is opposite to
the bosonic case in Eq. (7.17)) we obtain the normal-ordered Hamiltonian

H:=H - (0[H|0) = /d?’pwp (13;,,56,,75 + dgysd,,ﬁ» (8.16)

which is positive-definite on all states in the Fock space. For fermionic operators the normal
ordering :...: is defined slightly differently compared to the bosonic case. It again pushes all
creation operators to the left of all annihilation operators, but every swap in this process incurs a
factor of —1 (for example, :dd'bb: = (—1)3d’bTdb). Under normal ordering, fermionic operators
behave as Grassmann symbols (see Eq. (6.108)). With this rule, the form (8.16) follows from the
first expression in Eq. (8.15).

The use of anticommutators now turns out as crucial, for if we postulated commutation
relations between the fields in Eq. (8.4), and hence obtained commutation relations for the
creation and annihilation operators in Eq. (8.13), the term dg7sdp7s would keep the negative sign.
As a result, the field would indefinitely create more and more d-type particles while minimizing
its total energy. Therefore, the use of anticommutators for the Dirac field is dictated by the form
of the Dirac Lagrangian (8.1).

When developing his relativistic quantum mechanics for spin—% particles, Dirac was concerned
with negative-energy states (those with wave-functions v(p)e’?'*). He postulated what is now
known as the ‘Dirac sea’: that the ground state has all negative-energy levels filled with particles
(this is possible due to Pauli exclusion principle for fermions), but it is homogeneous and hence
unobservable. Occasionally a negative-energy electron in the Dirac sea can absorb a photon
of large enough energy in order to overcome the energy gap of 2mc?, and jump to one of the
positive-energy states. This creates a hole, which Dirac interpreted as an antiparticle — the
positron (discovered a few years later in 1932).

We have seen that on the level of quantum field theory the problem with negative-energy
states is avoided by adopting anticommutation relations between the field operators. Particles
created by the operators d will shortly turn out to be antiparticles of the particles created by
bt.
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8.2 States and conserved quantities

JI dg)s are eigenstates of

the operators of total four-momentum P# and total charge Q of the Dirac field (analogously to
the case of complex Klein-Gordon field, Section 7.2.1).

First, let us recall Exercise 22 where the energy-momentum tensor of the Dirac field and the
Dirac current were determined:

We will show that the states created from the vacuum by operators b

TH, = iUy"9,V — 61 | JH = Uy U, (8.17)
The total four-momentum operator ]5# and the total charge operator Q are then given by

Py=:H: |, I:’j:/de :Toj::/d3x:i\iﬁ8j\i/: , Q:/d?’x:JO::/clgav:\i/T
(8.18)

where fermionic normal ordering has been used. Plugging in the mode expansions (8.8) and (8.9),
and using the anticommutation relations (8.13) and (8.14), they read (by calculations analogous
to those in Exercise 33)

b, = Z/d?)pp# (EL,SBP,S + cig,sdp,s) . Q=) /dsp (z;;ysz}p,s - Jg’sd},,s). (8.19)
The ‘anticommutator Leibniz rule’ [AB,C] = A{B,C} — {A, C} B then yields
P bT Z/dgp p# D, S/A /8! + dg/7sldp/,s/ 5 BI’75:|

5 s i)

= pubT (8.20)

t§<>

By similar calculations, and Hermitian conjugation, we find altogether

[PUMBI),S] = pui’;s ) [PM’EP,S] = _pui’p,s ) [p/ud;,s] = pu‘i;,s ) [pwczp,S] = _pu‘ip,m
(8.21)
and
[Qa P, s] = BI},S ’ [Q bp S] = bp, ) [Qa P, s] - 7(?]-‘)—,5 ) [Q dII S] = : (822)

This is what we need in order to evaluate the action of the operators ]3“ and Q on a generic
state . . .
la)=bt _ -.-bf df, ,---dl, |0) . (8.23)

P1,51 PrnyySny, P8 pnd,s’,

In complete analogy with Egs. (7.49) and (7.55) for the complex Klein-Gordon field we find

Pra) = (Zp,z + pr) ),

=1
Q o) = (np — ng) ). (8.24)

In words, the operator b s creates a particle with four-momentum p,,, spin projection s, and

charge +1; the operator d creates an antiparticle with four-momentum p,,, spin projection s,

sS
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and charge —1. (Note that there is no conserved spin operator. Only spin plus orbital angular
momentum yield conserved Noether charges — see Eq. (5.71).)

Let us also mention that the commutator identities (8.21) and (8.22) imply for the Dirac field
the formulas

ia" P, ¥(z)] = a*0,¥(z) — " Peli(a)e " Pu = P (2 + a), (8.25)
and
0,¥(z)] = -F(z) — ePQP(x)e Q= e M(a), (8.26)

analogous to Klein-Gordon field’s Egs. (7.52) and (7.54).
Finally, relativistically normalised one-particle states are defined

_ V)2 o @2y
Iprs) = " beal0) o IPS) = ey [0) (8.27)

with w
(pslp'ss') = (P slp', &) = (2m)* 24, 00(p — ), (8.28)
where the extra factor \/%n (compare to the scalar field case, Section 7.3.1) has been added to

obtain simple expressions
0] U (x)|p,s) = u(p,s)e” = | (0| ¥(z)|p,5) = v(p,s)e P2 (8.29)

Since (iy*0, — m)\il = 0, and hence also z'(“)#\i!'y“ + m = 0, these one-particle wave functions
satisfy the Dirac equation, and its Dirac conjugate, respectively.
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8.3 Exercises

Exercise 33. Dirac field Hamiltonian in terms of creation and annihilation operators. Using
the mode expansion of the Dirac field,

Z / o) 3/2\/ Ep,w(p, s)e ’p"”+dg,sv(p,s)eip'w) (8.30)

derive the formula (8.15) for the Hamiltonian operator of the Dirac field.
Solution:

Since W(z) satisfies the Dirac equation, (i7°8y+iv'8; —m)¥ = 0, we can cast the Hamiltonian
as

H= /d3 W(—iy'd; +m)W /ddx\mao (8.31)

We shall need the following versions of the mode expansion:

m O Z/ 2T 3/2\/> Cip“s’l]-i'(p?(g) me—'—bT (p, ) lp~m)
e Z/ m ‘Wr p bp 1P, )T —wp 0 vlp.s)ePT) (832)

where we have take the liberty to choose (as in Exercise 29) time ¢ = 0, since H is time-
independent. Now calculate

de d3 d3 /
Z_/ 2m)3 .\ fopWp’ e
X (dp,sv (p, s)eP® + I;L’SuT (p, s)e‘“"w) (i)plysru(p/, s’)e”’l'w — a?;,,s,v(p/, s’)e‘”’l'w)

d?’p dsp/ o . R
= Z / mep’ (dp,sbp’,s’vf(pa S)U(pl7 5/)5(p+p,) - dp,sd;;gs/v]L (p7 S)U(p,, 5’)5(p7p/)
s p*p’

+ b bp sul (p, s)u(p', s )o(—p+p') — bl Scfp Jul(p,s)u(p',s")5(—p —p))

= Z /d3pm (ip,séfp,s’UT(pa S)u(—p, SI) - dp,sJ;’SIUT(pa S)U(p, 8/)

+ I;L’Slgp’szuT(p, s)u(p, s') — bl Sdip Ju'(p, s)v(—p, s’)) (8.33)
Using the identities for polarisation spinors from Eq. (3.31),
w w
UT (pa S)U(pa Sl) = Ep(sss' ) ’UT(pa S)U(pa Sl) = Ep(sss’ ) uT(pv S)U(_p7 S/) = O? (834)

we finally obtain

H Z/dg‘pm 7688,dp78d\£75/ + %(553'6;7‘58},)3/) = Z/d3pwp (ZA)I))SI;p,s - Czp)s ;’S)-

s,s’ s
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Exercise 34. Anticommutation relations for creation and annihilation operators. Using the
canonical anticommutation relations

{tha(@. 1) 75(y. 1)} = idap bz — y) (8.36)
derive the anticommutation relations between creation and annihilation operators,
{bp,s: bl o} =0 6(p—P) , {dps,dl) ) = 80w 6(p — P'). (8.37)

Solution:

Taking the Fourier transform of the mode expansion (8.30)
—ip-x d3 ! /o ’ 7t /o /
B e P (2, 0) Z an (277) (b,,@s,u@ ,s)o(p—p) +d, o(p,s)3(p+p ))
= Z /—(27r)3/2 Ep,s/u(p, s') + cﬂp +U(—p, s’)), (8.38)
s/ (A]p ’

and projecting by uf(p, s) with a help of the identities (8.34)

u'(p, s) / Bre PO (x,0) = /wﬁ(zw)i*/?z;pys/‘;j(sss, = (2@3/28,,,5,/% (8.39)
SI p

we obtain the annihilation operator I;p7s expressed in terms of the field ¥,

N d2x m - X
_ T —ip-x
bps = /(271_)3/2 4 /pr u'(p, s)¥(x,0) e "PZ, (8.40)

R drd3z’  m < - —ip-atip @’
{by,s,bL/,s/}/WW{UT(P,S)‘I’(CC,O),‘I’T(ZC',O)U(P/,S')}e patpE. o (8.41)
PP

Now we can calculate

where the anticommutator reads

s (P, ) {Pa(@,0), 9} (', 0)}us (p', ') = uly (P, 5)0apd(@— us(p',s') = ul (p, s)u(p/, )3 (x—a').
(8.42)
This allows to eliminate the integrations over x and ',

N N 43 -
(sl o} = [ o s)ulp!, ) P = — (s )6~ )

(2m)% \/@ptpr W 512

and noting that due to the delta function §(p — p’), p’ gets identified with p in the surrounding
factors, we finally arrive at

~ m
{bp,sa b;gg} = wiuT(pv s)u(p, 81)5(1) - p/) = 588/ 5(1) - p/), (844)
p

where Eq. (8.34) has been used once again.
To find the anticommutator between d and d' we project Eq. (8.38) on v'(—p, s),

vi(=p, s) /d3x e PP (2, 0) = Z \ IE(QW)3/2CZEP o wpé (2w 3/2d1p s\ — p (8.45)
s Wp ' m
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A d2x m A )
- [ ip
dp s = /(27T)3/2 wi,v (p,5)¥(x,0)eP™.

The rest is completely analogous to the 137 b case.

and express

Exercise 35. ****#*
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(8.46)



Chapter 9

Free-field propagators

9.1 Commutation function

Up to now our discussion of field quantization has been based on canonical commutation or
anticommutation relations at equal times. In the simplest case of a real one-component Klein-
Gordon field with Lagrangian (7.1) these can be stated as (the canonical momentum field & =
) o o
where the field operator is given by the mode expansion (7.14):
~ d3 . )
o(z) = /7]) (dp e~ 4 &L ezp"”>, where pg = wp = /p? +m2. (9.2)
(2m)32wp
It would be gratifying to have a formulation of commutation relations that is relativistically

invariant, i.e., that does not single out the time coordinate. For that purpose let us define the
(Pauli-Jordan) commutation function

iA(z —y) = [b(x), d(y)], (9-3)

where we have anticipated that A is a number-valued function that only depends on the difference
x — y. Indeed, substituting the mode expansion (9.2) we find

) 3] — &p d°p/ i ol 1 eirrin’y ot 4 ip-w o, —ip’ 'y
[p(z), p(y)] = W( [ap, al,] e” P e Y + [al ay] e e )
3(p—p’) —d(p—p’)
_ d°p —ip-(z—y) _ gip-(z—y) h — 9.4
= Me e , where py=wp. (9.4)

Meanwhile we observe that since the operator (ﬁ(x) satisfies the Klein-Gordon equation, the
same holds for the commutation function (regarded as a function of x):

(Op +m*) Az —y) = =i[(0, +m?)d(x), d(y)] = 0, (9.5)
with the initial conditions
0A
A|z‘j:yo =0, 920 0_yo = _5(58 - y) (96)

103
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given by the equal-time commutation relations (9.1). A(z — y) therefore describes a wave that
starts from a localised distortion (“a hammer hit” at point y and time 3°) of a uniform classical
field. As a remark, note that we could as well define another commutation function iA(z — y) =
[¢(x), 7(y)], that would be again a solution of the Klein-Gordon equation, now with initial
conditions

0A

oxY
20=y0

A|zo:yo = (5((1: - y) y = 0, (9.7)

corresponding to “pulling the field infinitely high” at point ¢ and time y°.

The commutation function A(z —y) can be rewritten in a manifestly Lorentz-invariant form.
To this end we make the substitution p — —p in the second term of expression (9.4), and
introduce an extra integration over (now independent) variable py:

d4p ; 0_,0y\, + . 0,0y,
iA(x —y) = /7 8(po — wp)e PE —YIFIP(@=Y) _ 55 4y e 0@~y )P (@y)
(27)32wp ( P P )
d'p 2 2y g—ip-(z—y)
= ngn(pow(p —m’)e ) (9.8)

where we have used the d-function formula (7.72). Since d*p’ = d*p|detL| = d*p, the resulting
integral representation is invariant under orthochronous Lorentz transformations ' = Lz (these
do not change the sign of pg, sgn(po)):

Al —y') = Az —y). (9.9)

Given any two distinct space-like separated points x and y, a Lorentz boost exists such that
in the new frame of reference the times become equal: z’ 0= y °  This then implies that

Va,y:(@—y)® <0: [d(x), $(y)] = iA(z—y) = iA@' —y) = [$(z), 6(y)]|zro=yo = 0, (9.10)

i.e., the field operators taken at two space-like separated points commute. This property is called
microcausality. It implies that measurements at two points that have a space-like separation, i.e.,
those which cannot get into contact through the transmission of light signals, do not influence
each other.

For the Dirac field one can similarly study anticommutation relations {tq (), ’(/Alﬁ (y)} at ar-

bitrary times, and find that local observables, i.e., bilinear combinations &a(x)Oaf;(z)zﬁg(x),
commute for space-like separated points [2, p. 138] — microcausality again holds (as it does also
for all the other relativistic field theories).

9.1.1 Spin statistics connection

If we tried to postulate anticommutation relations between Klein-Gordon field’s creation and an-
nihilation operators, then microcausality (on the level of bilinear observables) would be violated
for spatial distances of the order of the Compton wavelength % [2, Ch.4.4]. That is, commu-
tation relations (which imply bosonic statistics for particle excitations) are necessary in order to
obtain a ‘consistent’ relativistic quantum field theory with the Klein-Gordon Lagrangian. At the
same time, in Section 8.1 we argued that the Dirac field must be quantized with anticommutators
(which imply fermionic statistics) in order to avoid infinite negative energies.

These conclusions are part of a more general result, the spin-statistics theorem, first derived

by Pauli: Lorentz invariance, positive energies, positive norms, and causality together imply
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that fields with spin 0,1,2,... are quantized using commutators and the corresponding parti-
cle excitations obey Bose-Einstein statistics, while fields with spin %, %, ... are quantized using

anticommutators and their particle excitations obey Fermi-Dirac statistics.

Such distinction is not available in non-relativistic field theory, Section 6.2, where the choice
between commutators and anticommutators, i.e., between symmetric (bosonic) wave-functions,
and antisymmetric (fermionic) wave-functions is made ‘by hand’.

Quantum-field-theoretic description of particles also naturally explains why particles of the
same type, even created in different parts of the universe, are all absolutely identical and indis-
tinguishable. They are created as excitations of one and the same quantum field.

9.2 Feynman propagator of Klein-Gordon field

An essential ingredient for the perturbative investigation of interacting quantum field theories
(starting in Chapter 11) is the Feynman propagator. For a free one-component real Klein-Gordon
field it is defined as

iAp(z —y) = (0| T(d(x)(y)) |0) , (9.11)
where the time ordering T(.) reorders the operators to chronological order so that the earlier
time is placed on the right:

T(‘Zg(l’)ég’(y)) =0(2° — ") d(2)d(y) + 0(y° — 2°)d(y)p(x) = {?(@W?J)a 20 > y°

o(y)d(z), y°>a® (9-12)

The relevance of time ordering stems from the perturbation expansion of the Dyson operator
Texp (—i ftz; dt' H F(#')) (the evolution operator in the interaction picture), where Feynman prop-

agators feature as basic building blocks, as we shall see in Chapter 11.
An explicit form of the Feynman propagator is found with a help of the mode expansion (9.2).
First, for 2° > »° we have

(0] $(2)d(y) [0) = /‘W (0] apal, [0) e~Pweir’y _/d?’pe—ip«z—y) (9.13)
e (2m)3\/2wp2wpy L P~ — ] (27)32w, A

3(p—p')
and hence, altogether,

. dgp —ip-(z— ip-(r—
iAp(z—y) /(27032%0(9(9:0@/0)6 L y)), where pg = wp. (9.14)

This also shows that (0] 7(¢(z)¢(y)) |0) is a function of the difference x —y, which is in fact clear
on theoretical grounds from translational invariance of the vacuum state, U(a) |0) = |0), where

= |
U(g) = ¢i@"Pu and PM |0) = 0, together with the transformation property ¢(z) = U(y)d(z —
y)UT(y) (see Eq. (7.52)):
(01T (6()e(y)) 10) = (0| U()T ((x — y)TT ()T (y)$(0)) U () [0) = (0] T (¢(= — )$(0)) (|8>1.5)

A very useful (Lorentz invariant) form of the Feynman propagator can be derived by employ-
ing the integral representation of the Heaviside step function from Exercise 36,

+o00 d —ipoz’ +o0 d —ipox®
. . Po € 0 . . Po €
6(z°) = 1 —= 6(—z%) = lim (— = . 1
(z ) Soy [oo 2m Do + ie ( v ) E‘1>%1+( Z) [oo 21 po — i€ (9 6)
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(For brevity, the limit in e is usually not displayed, but remains implicit in all calculations.)
Putting y = 0 this gives

iAp(z) =i / Bpdpy (e iPotena’tive  o-ilp-wp)’—ipe 9.17)
2 = — . .
o (2m)42wp po + i€ po — i€

In the first term we make the substitution py — po —wp, and in the second term the substitutions
po — po +wp and p — —p:

. . d*p e T e~ . d*p 2(wp — i) e~
iAp(z) =1 — — — ) =1 5 - .
(2m)*2wp \po — (wp —1€)  po +wp — ig (2m)*2wp pjg — (wp — i€)?
(9.18)
In the limit € N\, 0 we can neglect the € in the integrand’s numerator as this act has no singular
effect, approximate (w, — ic)? ~ wf, — 2iwpe, and write ¢ instead of 2wpe (this does not change
the limit). In total, we find the momentum-space representation of the Feynman propagator of
the Klein-Gordon field

dtp e w(e-y)
(2m)% p2 — m2 +ie

iAp(z —y) :i/ (e 0). (9.19)
Let us stress that py in this expression is ‘off-shell’ — it is independent of the three-momentum
P (po # wp). The ¢ in the denominator, although infinitesimally small, must be kept to avoid
singularities at pg = fwp. It informs us that these poles are shifted from the py axis to locations
wp — i and —wp, + i€ (see Section 9.2.1 below).

From the expression (9.19) it is easy to see that the Feynman propagator is a Green function
of the Klein-Gordon equation, since application of the Klein-Gordon differential operator yields

d4p _p2_|_m2 . d4p )
O 4 m2)A el — o) — —zp-(z—y):_/i —ip(EY) _ _§( — ).
O+ mt)arw—y) = [t e 5z - v)
(9.20)

(Note that we could drop the ¢ since the singularity in the denominator was compensated by the
numerator.) This observation can be made also by applying the differential operator O, + m?
to expression (9.12), and carefully differentiating the #-functions (see Exercise 37).

It is much more practical to work with the momentum space representation of the Feynman
propagator, as explicit integration over the momenta leads to rather unpleasant expressions. This
is illustrated in Exercise 38 where we treat the case of space-like separated equal-time points x
and y. For equal times, using Eq. (9.13), we find that the Feynman propagator is given by the
formula

d3p eip~(ac—y) _ m Kl(m|w - yl)
(27)%2wp (2m)? |z -yl

iAp(E —y,0) = (0] (@, )by, 1)]0) = / . (921)

where K is one of the Bessel functions. This function decays exponentially fast for separations
|z —y| 2 % = -1 where we have reintroduced % and ¢ to obtain a quantity with dimension

mc’

length — the (reduced) Compton wavelength of a particle with mass m. In the limit m — 0 one
finds a much slower polynomial decay
1 1

iAp(x —y,0)|lm—so = WW (9.22)

As we have seen, although space-like separated field operators (;AS(x) commute (they respect
microcausality), they still develop nonzero vacuum correlations due to the quantum entanglement
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of the vacuum state. In this respect let us recall the discussion for a system of coupled quantum
oscillators in Section 6.1.3, where it was shown that for the (Gaussian) vacuum state characterized
by the matrix A, correlations between different points are given by

(0 Grnr 10) = g(A—l)m,, where A™! = %VQ” V. (9.23)
For a continuous Klein-Gordon field the mode matrix V translates as (see Section 7.1)
oipT
k~p , Vi~ F(z,p)= oEE (9.24)
and we obtain (with h = M = 1)
016@dw) 0 = 3 [EpFap Lrwp = [G00crsery, o)
2 Wp (2m)32wp

in agreement with Eq. (9.21).

Eq. (9.21) shows that the states ¢(, t) |0), for varying values of z, are not completely localized
(unlike in non-relativistic field theory — see Eq. (9.49)), but rather overlap one another for
distances comparable to the Compton wavelength. With this proviso, the Feynman propagator
iAp(x —y) = (0] T(qg(x)qg(y)) |0) is a function that specifies the probability amplitude for a
particle to travel from a spacetime point y to another spacetime point x (if z° > 3°), and vice
versa (if y° > z9).

9.2.1 Retarded propagator

We have mentioned earlier that the ie term in Eq. (9.19) serves to avoid the singularities of the
denominator when performing the pgy integration. These singularities are displayed in complex
po plane in Fig. 9.1 (left). Let us recall the Cauchy integral theorem,

for a closed contour I' and a holomorphic function f : % f(z)dz=0, (9.26)
r

which allows us to freely deform the integration contour so long as we do not cross any singularity
of the function being integrated. Hence, we may modify the contour of the po integration (the

Im
—wp + 1€ (Po) /\

r
X F
Re(po) —Wp
- | > m

Wp — 1€

Figure 9.1: Poles of the Feynman propagator avoided by the contour I'g.

real axis) so as to avoid the points w)p, on the real line, and obtain the contour I'p on the right
side of Fig. 9.1. The ¢ in the denominator can now be sent to zero, and we arrive at the following
representation of the Feynman propagator

dp e—ip(z—y) _/ d3p @e—m(w—y)
o R3 (27T)3

Ar(r—y) = /(27r)4 p? —m?2 +ie rp 2m p?—m? (9:27)
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The Feynman propagator is one of infinitely many Green functions of the Klein-Gordon
operator. Any other can be obtained by adding a solution of the homogeneous Klein-Gordon
equation. For example, consider the integration contour ' = I'p + 'y depicted in Fig. 9.2.

Since
Im(po) /_\

Figure 9.2: Adding the Feynman contour I'p and a loop around the point —wy (denoted T'y)
yields the contour I'g for the retarded propagator.

a3 d —ip-(z—y) d
(Op +m?) L = / fé PO (_qyemirle=w) =g, (9.28)
rs (2m)3 Jp, 20 p? —m? =3 (

the function

d3p dpy e~ (==v) d*p e~ (z—y)
O Yy T N
rs (2m)3 Jp, 21 p?—m (2m)% (po + ie) — w2

is again a Green function of the Klein-Gordon equation, called the retarder (or forward) propa-
gator. An alternative representation is obtained by carrying out the py integration (essentially
reversing the steps that led from Eq. (9.14) to Eq. (9.19)):

3
iAp(z—y) = 6(°—4°) /& (e —giran))

(2732w, = 0("—y")iA(z—y), (9.30)

Po=Wp

where iA(x —y) is the Pauli-Jordan commutation function. The retarded propagator is therefore
a Green function that propagates a classical field to the future. We shall make use of it in
Exercise 39.

9.2.2 Propagators from the action

Rewrite the action of the Klein-Gordon field as a quadratic form

S = /d4 ( 0,9) 8”¢)—fm ) /d4 ~¢(2)(— 0,0" —m?)¢(x), (9.31)

where we have neglected a boundary term (therefore the sign ‘=’). The Feynman propagator
Ar is a Green’s function (an operator inverse) of the bracketed differential operator:

(=0, —m*)Ap(z —y) = 6(z —y). (9.32)

(Note that the minus sign naturally moved from the right-hand side of (9.20) to the left.)
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We can formally solve this equation by dividing by the differential operator, adding Feynman’s
i€ to avoid singular behaviour, and using the Fourier representation of the J-function. We obtain

1 d*p o d*p e~ (z—y)
A _ — —ip-(z—y) — / 9.33
r(z=y) 0, —m?2 +ie /(27r)4 ¢ (2m)% pupt — m? +ie’ (9:33)

reproducing formula (9.19).

This way of inferring the Feynman propagator from a free field theory action is rather efficient
and indeed very useful, especially when dealing with more complicated field theories (as, for
example, in Exercise 40).

9.2.3 Multicomponent Klein-Gordon field

For a multicomponent Klein-Gordon field ® described by the Lagrangian (7.29), all the compo-
nents ¢, are equivalent, and the creation and annihilation operators corresponding to different
components commute. Hence, the Feynman propagator essentially reduces to that of a one-
component field:

i(AF)rs(x —y) = (0] T(¢r(2) 05 (1)) |0) = 675 (0] T(1(2)d1(y)) |0) = 6rs iAF(z —y).  (9.34)

A complex Klein-Gordon field is built out of two real (or, after quantization, Hermitian)
components according to the formulas (see Section 7.2.1)

(;) =U®, where &= <£;> and U= % (} Z.) is unitary. (9.35)

Writing Eq. (9.34) in matrix form, and applying U on the left and UT on the right, we find

01T (@) (1)) [0) = iAp(z — )T = (0] (Ud(x)(Ub(y)) 10) = iAr(z - y)L (9.36)

Diagonal matrix elements yield

(01T (2(x)2" () 10) = (O] T (¢ (2)@(y)) |0) = iAp(z —y), (9.37)
while the off-diagonal ones give
(01 T ((2)2(y)) 10) = (0| T(¢"(2)¢" (1)) |0) = 0. (9-38)

9.3 Feynman propagator of Dirac field

The mode expansions of the Dirac field, Egs. (8.8) and (8.9), involve two independent types of
operators: b and d. The vacuum expectation value of a (time ordered) product of field operators

is nonzero only if we take ] together with W. Hence we define the Feynman propagator of the
Dirac field

i(SP)ap(@ —y) = (O] T (da()ds(y)) 0) (9.39)

where now the time ordering

. ~ N N R T 1,0 0
T () (1)) = 0(a® — 1)) () — O5° — 2 () () = {_M Jost)s =
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includes a minus sign, which, similarly as for the normal ordering, ensures that the fermionic
fields can be freely anticommuted under the time ordering sign. (Also, with the minus sign Sp
will turn out to be a Green’s function of the Dirac equation.)

Substituting the mode expansion of the Dirac field we obtain (after a straightforward calcu-
lation)

3 m 4
USk)as(@ —y) = Z/ o (02" — y")ua(p, $)a(p, s)e ¥ o)

(2m)3 wp
— 0" — 2% a(p, s)v5(p, s)eip'(l_y) ) (9.41)
Po=Wp
The sum over the spin s can be carried through by virtue of the identities
_ p+m B p—m
_ =7 42
Sutpsutes) = E5E L S etpsynte) = F (9-42)

derived in Section 3.2, Egs. (3.24) and (3.27). (We have used the Feynman ‘slash’ notation
Ypu = p.) This leads to

. d3p —ip-(x— ip-(x—
iSp(x —y) = /(%)32% (9(3;0 _ yO)(p +m)e” " (z—y) _ e(yo _ xO)(p —m)e’? ( y)) _—
. d*p 0 0y, —ip-(z—y) 0 0y ip-(z—y)
= (Za + m) /(2/”)32%) (9(35 ) )8 + 9(y - )6 ) —
dp . X
- 0 0 0 —ip-(xTx— wp-\T—
— iz —y )/W (e p(z—y) _ gir-( y)) oz (9.43)

where in the first term we recognize the Feynman propagator of the Klein-Gordon field (see
Egs. (9.14) and (9.19)), and the second term vanishes since the delta function identifies 20 = ¢°
and the integrand is then an odd function of p:

/d?’p (eip(m—y) _ e—ip(w—y)) _ /d?’p% sin (p - ( —y)) =0 (9.44)
(2m)32wp (2m)32wp ' '
Hence,

d*p p+m
2m)* p2 —m? +ie

iSp(r —y) = (i + m)iAp(z —y) = z/( e~ @=y), (9.45)

This relation between the Dirac and the Klein-Gordon field’s Feynman propagators makes it
particularly clear that Sg is a Green’s function of the Dirac equation, since

(i —=m)Sp(z —y) = (id = m)(id + m)Ap(z — y) = (0o = m*)Ap(z — y) = 6(z — y). (9.46)
(Note that there is also an implicit identity matrix accompanying the §-function that carries the
matrix components of the expression.)

9.4 Feynman propagator of Schrodinger field

For completeness, let us also examine the case of a free non-relativistic (bosonic or fermionic)
field ¥ (x,t) introduced in Section 6.2. We note that the function

K((L’,t;wo,to) = <O|’(ﬁ($,t>’g/ﬁ($o7t0) |0> (947)
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is a solution of the Schrodinger equation,

(ih0y — Hy) K (,t; 0, to) = (0] (ihdy; — He )t (z, )T (0, 10) [0) =0  (Hp = —%Am +V(x))
(9.48)
with the initial condition

K (@, to; o, to) = (0] (, t0) ¥ (20, t0) [0) = (0] [1h(, to), T (wo, t0)]5 [0) = d( — o). (9.49)

(Here [ ,]- = [, ] corresponds to bosons, while [, ]+ = {, } to fermions, and a use has been
made of Egs. (6.31) and (6.52), respectively.) In the second step we used the fact that the
non-relativistic field operator consists of annihilation operators only, ¥ (x,t) = 3, a5 (t)u(x),
and so it annihilates the vacuum state, ¢)(z, ) [0) = 0. In the last step we employed the bosonic
commutation (6.28), or fermionic anticommutation relations (6.51), respectively. Note that unlike
in the relativistic case, Eq. (9.21), the overlap between the states ¥ (x, ¢) |0) with different a is
zero (the states are completely local).
The non-relativistic Feynman propagator G is defined as usual,

iGr(z, tyxo,to) = (0| T (P(z, )b (20, 10)) 10) = O(t — to) K (2, t; 0, to), (9.50)

where the term with 0(ty — t) has automatically vanished. A simple differentiation shows that
this is a Green’s function of the Schrodinger equation:

(zh(‘)t — Hw)ZGF((II, t; o, to) = Zh(S(t — to)é(w — wo). (951)
It is worth to note that the quantity K is commonly referred to as the quantum-mechanical
propagator, and it can be represented by the quantum-mechanical Feynman path integral

ac(tb):wb i ty m
K (2, ty: o, ta) = / Da(t) e 50 where S[a(t)) = / dt <§:’c2(t) - V(:c(t)))
x(ty)=xq ta
(9.52)
is the classical action. It gives the probability amplitude of transition from a point x, at time
t, to a point x; at time ;.
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9.5 Exercises

Exercise 36. Integral representation of the Heaviside step function. Verify the following integral
representation of the Heaviside step function:

; +oo —itx 1 t 0
0(t) = lim i/ S dx:{ R (9.53)
e—01 21 J_ o T+ e 0, t<0

Solution:
We provide two derivations as both of them are conceptually interesting.

1. Application of the Sokhotski formula (with infinitesimal € > 0) |

1 1
=P— —ind 9.54
x + i z 7 (z), (9:54)
yields
. oo —itx ; —itx : 0o
K2 e _ i e dx—i—} :/ sin(tx) da:—i—l :/ sin(tx) dx—i—l.
2w — 0 x 1€ 2w R\[—¢,¢] T 2 R\[—¢,¢] 2mx 2 0 ™ 2
(9.55)
The remaining integral, known as the Dirichlet integral, is given by (formula 3.721:1 in
[12])
/ sin(tz) dx = sgn(t)/ sin(x) dx = sgn(t)z. (9.56)
0 T 0 T 2
Altogether we have
i‘ +oo e*itx do — sgn(t) + 1 o 9(t) (9 57)
21 J_o T+ i€ 2 2 '

(with 6(0) = 1),

2. Alternatively, we make use of the methods of complex contour integration, namely the
Cauchy integral formulas for a holomorphic function f(z),

REVarIC)

2mi Jr 2 — 20

dz = f(z0) (20 counterclockwise encircled by T').

(9.58)

ﬁf(z) dz=0 and

In our problem, f(z) = e~ ** and 29 = —ie, where € > 0.

For t > 0 we take a sequence of (counterclockwise oriented) semicircles of radius R, I'g,
that close in the lower half-plane, and hence enclose the pole. We have z = z, dz = dz
along the segment from R to —R, and z = Re'?, dz = izdy along the arc. Thus,

—it(—ie) _

de.
(9.59)
Now, crucially, the second integral on the right-hand side vanishes in limit R — oo (due to

tsin ¢ being negative for ¢ € (7, 27), and the integrand being dominated in absolute value
by a constant, e.g., %) So, we conclude that

1 e~ itz 1 -R e~ itz 2 iRet¥ e—itRcosp tRsinp
e — —dz = — —dx + . . .
2mi Jp, 2 + i€ 2mi [, g T +ic <  2mi Re* + e

e i +oo efztx
e

dz  (t>0). (9.60)

T on oo T e
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For ¢t < 0 we take (counterclockwise oriented) semicircles that close in the upper half-plane,
so that ¢sin ¢ is again negative. These contours do not encircle the pole, and so we have

+R _—itx T i RetPe—itRcos ¢ tRsin g +oo —itx
0:/ < _dm—i—/l ee ¢ g, fox / © _dr=0 (t<0).

_p T H+1e 0 Re'% +ie oo Tt
(9.61)

Combining the two cases and taking the limit € — 04 yields Eq. (9.53).

Exercise 37. Feynman propagator is a Green’s function. Show (by a direct calculation) that
the Feynman propagator of the Klein-Gordon field

iAp(e —y) = (0] T((x)o(y)) |0) (9.62)
satisfies the equation
(Op +m*)Ap(z —y) = —6(z —y). (9.63)
Solution:
We take into account the definition of time ordering,
T(d()d(y)) = 0(z° = y*)d()d(y) + 0(y° — 2°)d(y) (=), (9.64)

and the rule for differentiation of the Heaviside step function (all derivatives in this exercise will
be with respect to the x coordinates), 9of(z° — y°) = §(x° — y¥), to find

T(3(2)o(y)) = 6z — y*)(x)dly) — 6(4° — 2*)d(y)d(x)
+0(2” —y")00d(x)d(y) + 0(y° — 2°)d() 0o (x)
=6(2° =) [6@),6W)]| ,_ , +T(005(2)0(v))
— T(9(@)d(y)). (9.65)
where we have used the equal-time commutation relations (9.1). Similarly,
AT (6@)0() = 3"~ 1) [006(0). 6|, + T(0o(x)dw))
= —i8(2* —y*)3(x —y) + T(Ro(x)o(y)), (9.66)

so finally we observe that

(O +m*)Ap(z —y) = (05 — 0,0 + m”)(—i) (0| T (d(x)d(v)) |0)

= (—0)*5(x — y)(0]0) — i (0| T((95 — D:0; + m*)p(x)b(y)) 0)
= —§(x —y). (9.67)

Exercise 38. Feynman propagator of the Klein-Gordon field in position space. Show that for
equal-time space-like separated points the Feynman propagator of the Klein-Gordon field is given
by the formula

m_ Ki(m|z —y|)
2m)? |z —yl

where K7 is a Bessel function. Find the limit m — 0.

iAp(r —vy,0) = , (9.68)
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Solution:

According to Eq. (9.21) we need to calculate the integral

dp < gp p2 2 - _
Ap(x —y,0)= [ ———— P (@—y) _ / / d / do SingezPRcose’
w0 / (2m)72up o CoravPrrm Jy s
(9.69)
where we have denoted R = |« — y|, and introduces spherical coordinates (P = |p|, 6, ¢) in the

momentum space with the ‘p,-axis’ pointing along the vector & — y. The angular integrations
can be carried out yielding

> dp p? iPReosOI™ 1 % P Psin(P
iAF(m—y,O):/ {_8 ] - / SIPR) — (970)
0 0

o (2m)22V/P2+m2 iPR " RJy, Cr2VPErm2

Further rearrangements reveal an integral representation of the Bessel function K (see formula
3.754:2 in Ref. [12]):

‘ 7 1 19 [ cos(PR) 1 190 ~ m Ki(mR)
iAp(@—y.0) = (%)2353/0 e @Rl =T R
(9.71)

where in the last step we used formula 8.486:18 of [12].
The asymptotics of the K; function are given by formulas 8.446 and 8.451:6 of [12],

1
Ki(z)~- (forz<1) and K(z)~ /21 e~ (for 2> 1). (9.72)
z z
In the limit m — 0 we therefore obtain
lim iA 0) = 11 9.73
lim i rlx—y, )—Wﬁ (9.73)
Exercise 39. Particle creation by a classical source. Consider the Lagrangian
1 1
L($, 040, ) = 5(0u8)(0"9) — 5m?¢* + J(2)¢ (9.74)

of a one-component Klein-Gordon field coupled to an external (Schwinger) source J(x), which is
an explicit classical function of . Assume that J(z) vanishes outside of the time interval (0,T).
Let |0) denote the vacuum state before ¢t = 0, i.e., before the intervention of the source J.
For t < 0 the vacuum expectation value of the total four-momentum clearly vanishes,
(0| P,(t) |0) = 0. Determine
(0| P,(t)|0) for t>T. (9.75)

(Note that Pu(t), and its expectation values, are not a priori conserved quantities since the
Lagrangian (9.74) depends explicitly on time.)

Solution:
The equation of motion for the given Lagrangian reads
(Oa +m?)d(x) = J (). (9.76)

(The source J can therefore be interpreted as an external driving force.) A general solution
consists of the solution of the homogeneous problem ¢g(z), given by the mode expansion (9.2),
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and a particular solution given by the convolution of the right-hand side with a Green’s function of
the Klein-Gordon operator. We use the retarded propagator Ag, which satisfies (O, +m?)Ag(z—
y) = —0(x — y), and write

3(0) = dola) — [y rle =)0, (9.77)
Eqgs. (9.2) and (9.30) then yield

Gf;(l") = /\/(;j)p%?%(ap e PT &L eipI)
" /d4y T 1) /(d?’p (e_ip.(z_y) B eip‘(x_y))- (9.78)

27)3 2wy

Here, and also in the following, py = wp.
We are interested in times 2° = ¢ > T, for which the source .JJ “has passed”. In this case
O(x® — y°) is effectively equal to 1, and we can write

Q>

!
p=0p+

iJ(p) J(p) = /d4y J(y)e?y.

~ B d3p
olz) = / N ( N o

Now, since the commutation relations for ay,, &g and ayp, d; are identical, we can immediately
write the formula for the total four-momentum operator at times ¢t > T' (cf. Eq. (7.22)):

» NAPY] ~ Zj*( ) ~ 'Lj( )
Pu(t) = /dgppu apTap = /dgppu (aL - (277)52%) (ap + (270];2%)> . (9.80)

The ensuing vacuum expectation value reads

~l _—ip-T AT _ip-x ~
ape +ape ), a

A 3 ~
O Bo)10) = [ BT 0> T) (981)

which is nonzero. The classical source has excited the quantum field, i.e., has created particles.
With respect to the annihilation operators a, the state |0) is no longer ‘empty’: a, [0) # 0.



Chapter 10

Canonical quantization of
electromagnetic field

10.1 Classical electromagnetism

The ‘Maxwell’ Lagrangian

1
Lu(Ay, 0,A)) = _ZF’“'FW’ where F,, = 0,4, —0,A,=—-F,, (10.1)
yields the equations of motion
0Lm 0Ly 1 OF s 1
- = - — L FP7 ) == hov — GVORVFPT ) = 0, FH = 10.2
aAV aﬂ a(aﬂAy) 2811‘ (8(8#14”) > 2(3#((60 50 5p60') ) aﬂ 07 ( 0 )

which is a half of the (sourceless) Maxwell equations of electrodynamics. The other half is a
consequence of the definition of the Faraday tensor F),, in terms of the electromagnetic four-
potential A,,, and of commutativity of partial derivatives:

0,Fyp + 0,F . + 0,F,, = 0. (10.3)

Traditional form of the Maxwell equations can be recovered by relating F),, to the electric and
magnetic field intensities E and B via Eq. (4.2).
In terms of A, the Maxwell equations (10.2) read

o F*, =04, — 0,0, A" = (9,0 — 0,0,)A* =0, (10.4)
which has a particularly simple form with the Lorenz gauge condition imposed,
0,A* =0 — [0OA” =0. (10.5)

(This gauge condition is named after Ludvig Lorenz, not to be confused with Hendrik Lorentz of
Lorentz transformations. Clearly, the Lorenz condition is Lorentz-invariant.) However, without
a gauge fixing condition, the differential operator g,,0 — 0,,0, does not have an inverse (i.e.,
a Green’s function), and so the Feynman propagator does not exist. This is because any four-
potential of the form A, = d,A, where A(z) is an arbitrary function lies in the kernel of this
operator. The problem stems from gauge invariance of electromagnetism, A4, — A, + J,A.

116
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One way to resolve this issue is to fix a gauge (commonly, the Coulomb gauge Ay = 0,
9;A* = 0), and quantize only the remaining degrees of freedom (recall the advanced quantum
mechanics course). This approach, however, lacks manifest Lorentz covariance, and is therefore
not suitable for perturbative treatment of interacting relativistic quantum field theories.

To retain manifest Lorentz covariance we aim to use the Lorenz gauge condition 9, A* = 0,
but, rather than imposing this gauge explicitly, we define a modified Lagrangian with an extra
‘gauge fixing’ term:

1 1
Le == Fu " - %(apAﬂ){ where ¢ €R (10.6)
is, for the moment, an arbitrary parameter. The corresponding equations of motion read

0% 0.5,

i 2(0,As)
94,  "89(0,4,)

90, 4,7

1 1
= OuF"™ + 2 0, ((a AP) ) = 0" + 2 0"(8,A%) = 0, (10.7)

or, in terms of the four-potential,
1
Ou(OMA” — 0V A*) + Ea“(GMA“) =AY — (1 — E) 0" (0, A") = (10.8)

This reduces to a simple equation
0AY =0 (10.9)

for the choice of the parameter £ = 1, referred to as the Feynman gauge.
We will assume £ = 1 from now on, and hence work with the Lagrangian

1 L1
L = =1 Fu " = S (0,47

1 1 1
= (DA A) + 5 (0, 4,) (0 AF) — 5 (8, A")(0,4)
— _%(BHAV)(G“A") + %8,4(14”6”/1“ — AR, AY), (10.10)

which is equivalent, after dropping the inessential four-divergence term, to a collection of four
real massless Klein-Gordon fields:

¥ = _%(8HAV)(8MAV) = —%(aﬂAo)(aqu) + %(5MA1‘)(8“A1‘)- (10.11)

It is important, however, to mind the minus sign of the zeroth component. Also, note that A,
is not a multiplet of scalar fields, but a vector field that transforms in the spin-1 representation
of the Lorentz group,

A2y = LAY (2). (10.12)

The canonical momenta and the Hamiltonian corresponding to the Lagrangian (10.11) are

- 0% - _ W — ,} / 3 ( / 3 )
i T QA" H=—3 B ()2 4 (VAp)? Z Bz +(V4,)
(10.13)
The zeroth component of the field is therefore a source of negative energy.

It should be emphasized that the theory with Lagrangian (10.6) only becomes equivalent
with Maxwell’s electromagnetism (Lagrangian (10.1)) once the Lorenz condition 9, A* = 0 is
imposed. Then, the equations of motion (10.9) coincide with Eq. (10.5). Imposing this condition
in the realm of quantum theory requires some care, as we shall see below in Section 10.2.
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It is worth to mention that the methods of path-integral quantization provide a very elegant
(and in fact superior) way of handling gauge invariant theories; not only electromagnetism, but
also more general non-Abelian gauge theories. These methods will be explained in the advanced
quantum field theory course (KTPA2).

10.2 Covariant canonical quantization

We impose the usual equal-time commutation relations for the quantized canonical fields A w and
’f( b= 78014” :

[Au(xvt)’ ﬁy(y7t)] = Z(SZ 5(33 - y) ) [AM(.’B, t)vAV(ya t)] = [ﬁ”(m’t)7ﬁy(y’t)] =0. (10'14)

A general solution of the equation of motion (10.9) has the mode expansion

(k2 (kN €™ 4 af s (k) €0), where ko = wy, = [k,

Z/\/ 27)3 2wy, ( |
10.15

and where the polarisation vectors e#(k, A), assumed real for simplicity, form (for each value of
k) a tetrad indexed by A = 0,1, 2, 3, which is

orthonormal: & (k,\)e,(k,\') = gar, (10.16)
3
and complete: Z en(k,N) v en (b, N) = g (10.17)
AN=0

The time-like unit vector corresponds to A = 0, and the space-like unit vectors to A =i =1, 2, 3.
Specifically, we may choose

e(k,0) = (1,0) and e*(k,i) = (0,e;(k)), where es(k) = Ll . gi(k)-ej(k) =64.

L1

(10.18)

Commutation relations between ag, » and d;rc’ »» compatible with the canonical relations (10.14),
are inferred as follows. First, let us cast the mode expansion (10.15) as

3
(éu)k etk 4 éL b e“””), where 4, = Z apxeu(k,A)  (10.19)

x)_/ &3k
) 2m)32uw ! ~

are the annihilation operators corresponding to the individual field components (labelled by ).
Remembering the case of a multicomponent Klein-Gordon field, Eq. (7.33), we need to ascertain
that these creation and annihilation operators obey the relation

3

B dl ] = D eplk, N e (k' N) [k, afy y] = —gu 0k — k). (10.20)
AN =0

Therefore, taking into account Eq. (10.17), the creation and annihilation operators corresponding
to the individual polarization states (labelled by A) must satisfy

ik, afy 3] = —gav 6k —K) , [akaaw ] =0, [af .k ] =0. (10.21)
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Since the Lagrangian (10.11) is a sum of independent massless Klein-Gordon Lagrangians
(where the zeroth component carries a negative sign), the total four-momentum operator is
simply given by a sum of four-momentum operators (7.22) (corresponding to a single-component
Klein-Gordon field), with additional minus sign for the zeroth component:

3
P, = /d3kk (—9up)al 1aps = /d3k k,, (— af, o0 + Za,tﬁkak,x) where ko = w.

A=1
(10.22)
(Here we have used the definition of 3, j in Eq. (10.19), and the orthonormality relation (10.16).)
In particular, Py =: H: is the normal-ordered Hamiltonian. Our current theory has 4 (indepen-
dent) polarization states, one of which (A = 0) carries negative energies. The electromagnetic
field, on the contrary, has only 2 polarizations (typically linear or circular), which are positive
in energy.
In order to obtain a quantum theory of electromagnetic field we need to impose the Lorenz
gauge condition. However, it is not hard to realize that the commutation relations (10.14) are
incompatible with 8“%%(3:) = 0 imposed on the operator level, since

(0" A (@, ), A, (y,0)] = [~2°(@,1), A, (3. )] + [0 Ay(@.1), A, (. )] = 1 805(2 —y) # 0. (10.23)

The correct procedure is more subtle. First, we make the decomposition A#(a:) = Aff)(z) +
/Alff)(x), where

arre (k) e ™ AD) (@) = (AP (@), (10.24)

:gfw
-)

ie., Afjr) contains all the annihilation operators, whereas /1& all the creation operators. Next,
we impose the so-called Gupta—Bleuler condition, which has to hold true for all ‘physical’ states
|a) in the Fock space:

8“121&”(3:) |y =0, which implies {q] 8“/@(3:) |y = (v 8“1215;)(96) + 8“121&”(90) la) = 0.
(10.25)
That is, the Lorenz condition holds on the level of expectation values of physical states.
The Gupta-Bleuler condition written out in detail implies

3
—ik")eu(k, N e a) =0 = Y kFeu(k,N) aga o) =0.

Z/\/ 27)3 2wy, i ( ’ A=0

(10.26)
This gets simplified further, since by Eq. (10.18)
kte,(k,1) = kte,(k,2) =0 , kte,(k,3)=—|k| , Fk'e,(k,0) =k =|k| (10.27)
We obtain
(ak,0 — Gk3)|a) =0  —  (af d;rc,o&k,o o) = (o d};gdkﬁ ), (10.28)

which reduces the total four-momentum of physical states to a sum of only two (transverse)
polarizations,

2
(a] B, Ja) = /d3k ke S (0] 8],y la) - (10.29)
A=1
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This gives energy that is always positive.

The Feynman propagator of the electromagnetic field /1“ is for the Feynman “gauge” £ =1
simply related (due to its similarity with a multicomponent Klein-Gordon field, Section 9.2.3) to
the Feynman propagator of a one-component Klein-Gordon field with mass m = 0, Eq. (9.19).
With regard to the commutation relation of Eq. (10.20) we find

- ~ 4 —_ .
DRz = 9) = O1T () Aul0)) 0) = g i = Do = 1 [ 5 e e,
(10.30)

The same result is derived in Exercise 40 directly from the Lagrangian (for generic &), rewriting
Eq. (10.6) in the form

1 1 1
Ze = —5(0,4,) (" A7) + 5 (9, A,)(0 4%) — ;f(auA“)(auA”)
1 1
£§A“ {gWD — <1 - €> aﬂ&,} A, (10.31)
and inverting the bracketed differential operator. Note that the Gupta-Bleuler condition plays
no role in the derivation of the Feynman propagator.

10.3 Proca’s massive vector field

A massive spin-1 field is characterized by the Proca Lagrangian
Lp = —EFWF‘“’ + %m2A#A“, where Fj,, = 0,4, —0,A,, (10.32)
and where the additional mass term breaks gauge invariance of the theory. The corresponding
FEuler-Lagrange equations read
O F™ +m?AY = (O+m?)A” — 9%(9,A") = 0. (10.33)
Acting further with 9, implies (for m # 0)
0,A” =0  and hence (O+m?)A” =0. (10.34)

That is, the Lorentz condition 9,A* = 0 is a consequence of the equations of motion, which in
turn reduce to a multicomponent Klein-Gordon equation (with extra condition 0, A" = 0).
Plane-wave solutions of the form A, (z) = ¢, (k, \) e***® satisfy

o =wp=vk2+m2 and  kfe,(k,)\) =0, (10.35)
which leads to three independent polarization states

k k
Al t) = Oea(b) L D) = (0.e) k3= (B (030)
where k - €1,2(k) = 0. The polarizations e*(k, \) are (with respect to the direction of motion
k) transverse for A = 1,2, and longitudinal for A = 3. In the ‘massless’ limit m — 0, the Proca
Lagrangian Zp reduces to the Maxwell Lagrangian %) of Eq. (10.1). For the longitudinal
polarization, and the corresponding mode, we have

mer(k,3)moo = (|kl, k)  —  Au(x) =k, eE** = Fig,eF* . (10.37)
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But the latter is merely a ‘pure gauge’ — it yields zero electromagnetic field, F,, = 0. That is,
only the two transverse polarizations survive the massless limit.

For canonical quantization of the Proca field see Ref. [2, Ch.6]. Here we only mention the
result for the Feynman propagator, which follows directly from the Lagrangian (10.32), casting

Ly — —%(@Ay)(a"A”) n %(8#/11,)(8”14") n %mQAuA“
%AM (g1 @+ %) — 3,0, 4" (10.38)

In Exercise 40 we find

v 'k - v —ik-(z—y) ; oy . =9+ kylgp

This can be useful even when dealing with massless vector bosons (photons), if the term k;’;’)

disappears during calculations.

10.4 Standard model particles

The free fields that we have studied so far describe all elementary particles of the Standard
model:

1. Spin-0 Klein-Gordon field: Higgs boson.

2. Spin—% Dirac field: 6 quarks (up, down, charm, strange, top, bottom), 6 leptons (electron,
muon, tau, and respective neutrinos), and their antiparticles.

3. Spin-1 massless field: photon, 8 gluons.
4. Spin-1 massive Proca field: gauge bosons W+ and Z .

The quarks are composed to yield a “zoo” of other subatomic particles — the hadrons. These
fall in two categories, mesons (made of two quarks) and baryons (made of three quarks, for
example neutron and proton).
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10.5 Exercises

Exercise 40. Photon propagator for arbitrary parameter £ and mass m. Find a Green function
of the operator

1
G (O +m?) — (1 - £> 0,0, (10.40)
(with the Feynman’s ie prescription), and study the limits £ — oo and m — 0.

Solution:

We look for a solution of the equation
1 v
{g}w(D +m?) — <1 — £> 6”3”} D (x —y) =00 d(x —y). (10.41)

In the Fourier representation

d*k d*k

Dif(z—y) = /W DY (k)e~*@=v) - §(x—y) = /(27T)4 ek @y (10.42)
we have an algebraic equation
1 .
[—5’;(k2 —m?) + (1 — 5) k:“k:,,] (Dp)” (k) = d%. (10.43)
We are looking for an inverse of a matrix of the form al + 0K, where (K)*, = k’klg” is a

projector, K2 = K. In this respect it is useful to realise that any function of a projector is of the
same form,

oo o0
@)= fax" =  f(K) = fol+ (an)K, (10.44)
n=0 n=1
and hence make the ansatz ~
(Dp)” (k) = by + BE k. (10.45)
Plugging this into Eq. (10.43) yields

(R~ m2)a st — (K — m?)B kM, + (1 - 2) akPk, + (1 _ 2) BE2 KAk, = 6%, (10.46)

which fixes the unknown coefficients as
1 1-¢ 1

=T 2 B:I@—m?k?—gm?'

(10.47)

With Feynman’s ie prescription in the numerators, we finally arrive at the Fourier-space Feynman
propagator

v g9’ (1 — &Kk
D (k) = — . 10.48
r (k) k2—|—i5—m2+(/€2+i€—m2)(/€2+i€—§m2) ( )
Let us study several limiting cases:
1. £ — oo yields the Feynman propagator of Proca’s massive vector field
B —g¥P + k" kP
DYp(k) = o me (10.49)

k2 —m?2 4 e’
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2. m — 0 yields the Feynman propagator for massless photon, and arbitrary &

DYP. (k) = 97 (1- g)ﬂ (10.50)
BET k2 e (k2 4 1ig)? '
In particular, for
(a) & =1 we recover the propagator in Feynman ‘gauge’, Eq. (10.30) ,
(b) & =0 we obtain the propagator in so-called Landau ‘gauge’,
. _gupk2+kukp
Dngzo(k) = (10.51)

(k2 + ie)2

which is transverse in four dimensions: k, D%’ c=o(k) =0,

(¢) € = oo (the Maxwell Lagrangian (10.1)) we hit a singularity — the differential oper-
ator (10.40) cannot be inverted. This fact is visible in Eq. (10.43), where the matrix
—ngQ + kk, has nonzero kernel, namely, when applied to k" it gives 0.



Chapter 11

Interacting quantum fields

The previous chapters were dedicated to (canonical) quantization of ‘free’ fields, whose La-
grangians were at most quadratic in the fields and their derivatives. The corresponding equations
of motion, since linear, were relatively easy to solve in terms of normal modes (plane waves), and
these modes (whose quantum excitations were interpreted as particles) evolved independently of
one another. So far, quantum field theory has been a relatively simple subject.

To describe interparticle interactions we need to include higher-order terms that constitute
an interaction part of the Lagrangian. As a simple example, let us consider the Lagrangian

2 A
= 50,0)0"0) - 58~ (1L.1)
——
g() g[

which describes a self-interacting real scalar field ¢. (The non-relativistic limit, of an analogous
theory with complex field p(z), gives a field theory that describes an ensemble of non-relativistic
particles interacting via contact interaction, Eq. (6.69)). The ensuing equation of motion

O +m?)¢+ %¢3 =0 (11.2)

is nonlinear, and although certain exact solutions can be obtained, they do not allow to evolve
arbitrary initial conditions.

A general strategy for dealing with interacting field theories is to divide the Lagrangian into
a free (quadratic) part %, and an interacting part .Z; (see, for example, Eq. (11.1)), and treat
the interacting part as a perturbation. In quantum theory we correspondingly divide the full
Hamiltonian,

H = Hy + Hy, (11.3)
set up the interaction (Dirac) picture, and develop the perturbation (Dyson) series. An overview
of this standard procedure is provided in the following section.

In the case of Lagrangian (11.1), Hy is the total Hamiltonian of a free Klein-Gordon field
(7.2), and

H(t) = /dsx%$4(m,t). (11.4)

More generally, if .Z; does not contain time derivatives of fields then (according to Egs. (5.39)
and (5.40

)
3 0% 3
H= [dz | ——— 0, — L — & | =Ho+ Hy, where H;y=-— |d’z.%;. (11.5)
8(60¢r)

124
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11.1 Interaction picture

We assume, for simplicity, that the Hamiltonian H has no explicit time dependence.

Consider a state |a) = |«(0)) and an operator A = A(0) at time ¢t = 0. Their time evolution
depends on which of the three basic pictures of quantum theory (indicated by a superscript) is
chosen:

1. Schrodinger picture
jo(6)® = ¢ o)
AS(t) = A, (11.6)
where the state evolves under the full Hamiltonian H , while the operator stays constant;

2. Heisenberg picture

AH (1) = etH f e=itH (11.7)
where the state remains constant, and the operator evolves under the full Hamiltonian H ;

3. Interaction (or Dirac) picture

la(t))’ = e |a(1))® = i e |ay |
Al(t) — eitHOSAefitHOS — eitﬁgefitﬁAH(t) eiz&l;fefzflf][?7 (118)

where the operator evolves as in the Heisenberg picture, but only under the free Hamiltonian
P[ﬁg . (Note that since Hy in general does not commute with the total Hamiltonian H =
H® = HH it undergoes nontrivial time evolution H{?(t) in the Heisenberg picture.)

The above definitions relating states and operators in the three pictures are based on the
requirement that expectation values must be the same regardless of the picture chosen:

S A%(1) |a(t)) ™ = Ta(t)] A" (#) |a()" =" (a(t)] AT (1) |a(0)" . (11.9)

The three pictures agree at (arbitrarily chosen) time ¢ = 0.
_In the interaction picture, operators, such as, for concreteness, the scalar field operator
@' (x, 1), evolve according to the equation

001 = —i[¢!, HY) = —i[o!, HY), (11.10)

where we used the fact that H{(t) = e“ﬁosﬁ(‘)g e ity = H§. This equation has the form of a
Heisenberg equation of motion governed solely by the free part of the Hamiltonian. The field giA)I
is therefore given by the same mode expansion as in the free-field case, Eq. (7.14), in contrast to
the Heisenberg-picture field ¢ (x, ), whose evolution is driven by the full Hamiltonian H. The
‘full’ Heisenberg equation is nonlinear, and in practise intractable (recall Eq. (6.63) for a system
of interacting non-relativistic particles).

The evolution of states in the interaction picture is easily inferred from the Schroédinger
picture via relation (11.8):

()’ = e~ H q(10)) o a(t)) = etHs emiltto)H =it S g W (11.11)
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Here N . .

U(t, to) = eiths g=i(t—to)H g—ito H (11.12)
is the evolution operator of the interaction picture, also known as the Dyson operator (not to
be confused with e~*(t—t)H which is the evolution operator of the Schrédinger picture). The
operator (or rather family of operators) U(t,tg) is clearly unitary (it is a composition of unitary

operators), and satisfies the relations

Ulto,to) =1, Ulta, t1)U(t1,t0) = Ultasto) , U (t1,to) = Ulto, t1). (11.13)
It is a unique solution of the differential equation
iU (tto) = HE U (t,t0) , Ulto,to) =1, (11.14)

which results from the following calculation:

B, U (¢, to) = ™5 ((HE — if)e (o) H gmitoH5 — _j oith§ f18e—itHS 1 (¢ 10y = —i HL(£)U (¢, to).

(11.15)

The solution of Eq. (11.14) can be cast in three different ways, producing three different

representations of the Dyson operator. First of them, Eq. (11.12), features the exponential of

the full Hamiltonian H , which in practice is intractable. Second is based on the infinitesimal
relation

Ult + ¢, t0) = Ult, to) — ieHL () U (t, o) ~ e =10 (¢, 1), (11.16)
which, when used ‘infinitely many times’, evolves U (to,to) =1 to
. A 5 A t—t
Ut tp) = lim e~ieHi(tv-1) | eﬂsH{(tl)eﬂEH{(to), where e = 0 _ togl —tn, tn =t.
N —oc0 N

(11.17)
It should be stressed that HY(t) taken at different times in general do not commute, and so the

product of exponentials cannot be reduced to exp (—1 |, tto dt HY (t)). The representation (11.17)
is often useful in theoretical considerations.

The third representation of U(t, o) is obtained by formal integration of Eq. (11.14), and
repeated substitutions of the right-hand side:

U(t to —1—|- /dtlHI tl tl,to)

:1+(—z‘)/ dtlﬁ{(t1)+(i)2/ttdt1 /ttldtQPI{(tl)ﬁ}(tQ)(?(tz,to)

to

X An t t . ~ t ~
=y %/ dty .. / dt, T(Hf(t1) ... Hf (t,)) = Texp (—z/ dt’ H{(t’)) , (11.18)
n=0 : to to to
where we employed a general (bosonic) time ordering formula

T(Al (tl) cen An(tn» = Ao(l)(to(l)) ce Aa(n) (t[,(n)), where o € Sn : to(l) > ... 2 t(,(n),
(11.19)
to rewrite the nested time integrations as

t t1 tn—1 . R
/dtl/ dtz.../ dt, HL(t)HL(ty)... Hi /dtl /dt T( L HE(t)).
to to to tO

dty...dt,
E>t1>.. >t >tg




CHAPTER 11. INTERACTING QUANTUM FIELDS 127

The representation (11.18), known as the Dyson series, is well suited for perturbative calcula-
tions. It is an expansion in the (presumably small) perturbation H I For the ¢* interaction
Hamiltonian (11.4) the size of the perturbation is controlled by the parameter A (the ‘coupling
constant’, or ‘interaction strength’).

11.1.1 Scattering matrix

For asymptotic times ty — —oo, ¢ — +0o we introduce the S operator and the S matrix
(scattering matriz):

S=U(+00,—00) and Sy = (af|S|ai). (11.21)

Sy is the overlap between an initial state |o;) after it has been evolved by S , and some desired
final state |ay), i.e., the probability amplitude (the ‘scattering amplitude’) of the process under
consideration. Typically, the states describe a group of particles with well-defined on-shell four-
momenta:

@) = |p1,...pa) o df,, ...af [0), (11.22)

where we have considered only scalar particles for simplicity, and omitted normalization factors
(see Eq. (7.60)).

In Chapter 12 we will evaluate a few example scattering amplitudes Sy; in the lowest (non-
trivial) order of the Dyson perturbation expansion (11.18). In general, the creation operators in
Eq. (11.22) can be recast in terms of the fields operators (;ASI, and so the scattering amplitudes, at
certain perturbative order, get expressed in terms of vacuum expectation values of time-ordered
products of fields taken at various spacetime points,

0T (" (1) ... 0" (2,)) [0) . (11.23)

An exact formula and its derivation (which goes under the name LSZ reduction) will be provided
in the advanced quantum field theory course (02KTP2), together with the so-called Gell-Mann—
Low formula that takes into account differences between the free-theory vacuum |0), and the
vacuum of the full interacting theory (which we neglect for now).

11.2 Wick theorem

The Wick theorem provides a way how to express time-ordered products of field operators ¢?I
(which, according to Eq. (11.10), are effectively free fields) in terms of normal-ordered prod-
ucts and Feynman propagators. This is a crucial simplification in calculations of the scattering
amplitudes Sy; (but also other physical predictions) within the perturbation theory.

All field operators will be by default taken in the interaction picture, and so we shall omit
the superscript “I”. For simplicity, we will initially focus on a one-component real Klein-Gordon
field (5 = qASI . The Wick theorem, in its ‘generating’ form proven in Exercise 41, states that

Texp (z /d4a:,](x)¢3(x)> =:exp (z /d4xJ(a:)dA)(J;)) :exp (— %/d4xd4yJ(x) iAp(x —vy) J(y)),
(11.24)

where J is an arbitrary real-valued function of a spacetime point (i.e., a generic Schwinger source
— see Exercise 39). From this formula, time-ordered products T(qb(xl) ... ¢(a:n)) can be obtained
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by taking variational derivatives,

Texp (z /d4m J(z Z /d4 (J(xigj(yj(x")) T(qg(m) . Qg(xn))

)
i6J (y)
‘n—1

! n/d4 a1 J(@1) . T (@0m1) T(6(21) - .. (1) (y))

|P”ﬂ8

= qb ) exp /d4xJ ] (11.25)

successively at n spacetime points, and setting J(z) = 0 (V).
Equivalently, one can expand both sides of Eq. (11.24), and identify the (symmetrized) coef-
ficients of a monomial J(z1)...J(x,). For example, in second order in J we have

i / A a1d*e; J(20)0(22) T(3(21)0(22)) = 5 / dardhas J(00) () a)d(rs):
- 5 /d4$1d41‘2 J(xl)J(l‘g)ZAF(l‘l — Iz), (1126)

which gives R . . R . .
T($a1)d(22)) =:d(w1)d(w2): + (0] T(dla1)d(x2)) 0) - (11.27)

Symmetrization is trivial in this case as bosonic fields freely commute under both time and
normal ordering, and the Feynman propagator of the Klein-Gordon field, iAp(z1 — x2) =
(01T (d(x1)¢(x2)) 0), is symmetric: Ap(z1—x2) = Ap(zo—21) (recall the representation (9.19),
and substitute p — —p). In Exercise 42, similar calculation provides a formula for a four-point
product of fields.

To state the result for an arbitrary number of points x1, . .., x, let us introduce the shorthand
notation

T(1...n) =T (d(x1)...(zn))
1oon: =:p(x1) ... Plan):
(1...n) = (0| T(d(x1) ... d(xn)) |0). (11.28)

Generalizing the formulas (11.27) and (11.68) it turns out that: for n even,

T(1...n)=:1...n:
+(12) :3...n: + (1-fold contractions)

+(12)...(n—1 n) + (5-fold contractions), (11.29)

while for n odd,
+(12) :3...n: + (1-fold contractions)

+(12)...(n—2n—1) :n: + (%*-fold contractions). (11.30)
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These formulas look cumbersome, but in practise are easy to implement. A k-fold contraction is
a way of selecting k pairs out of the numbers 1, ..., n to form propagators; leaving the remaining
numbers under the symbol of normal ordering. We start with no contractions (all fields under
normal ordering), and in each line increase the number of contracted pairs (i.e., the number of
propagators), while summing over all possibilities (‘contraction patterns’). The combinatorics is
nice enough not to produce any numerical factors in front of the individual terms.

11.2.1 Vacuum expectation values

Taking vacuum expectation value of the Wick theorem, Eq. (11.24), renders the normal-ordered
exponential equal to 1, and so we obtain the formula

Zo[J] = (0] Texp (z /d4x J(m)é(m)) |0) = exp (— %/d‘lx dy J(z)iAp(z —y) J(y)) (11.31)

for the so-called generating functional Zy|J] of a free quantum field theory. This identity, together
with Eq. (11.25), can be used to express the n-point (correlation) functions

O T(d(x1) ... p(x0)) |0) = W‘le) fon) - (0| Texp (z’/d4x J(x)és(x)) 0)
= i5J(z$1) e iéJ((sxn) . exp <; /d4z dyiJ(z)ilAp(z —1y) ZJ(y))

(11.32)

in terms of sums of products of propagators (i.e., 2-point functions (0| T(({)(x)qg(y)) |0)).

Let us calculate the right-hand side explicitly by expanding the exponential, and keeping
only the terms of n-th order in J. All odd-point functions clearly vanish (in agreement with
Eq. (11.30)) as there are no odd powers of .J,

O T(¢(x1) ... d(x4)) [0) =0 (Yn odd), (11.33)

and for n even we obtain

O 7@ - 6)) ) = gy [ @' s o g () - T0)

X iAp(Y1 —y2) - IAF(Yn—1 — Yn)

_ 1 4 4
_2"/2(71/2)!/d Y1 d"yn Z 5(y1—xa(1))~-~5(yn—$a(n))

ocES,,

X iAR(Y1 —y2) - IAF(Yn—1 — Yn)
1 . .
= W Ugs: ZAF($U(1) — .130.(2)) . ZAF(xo(n—l) — l‘g(n)).
(11.34)

The resulting sum over all permutations of n elements decomposes into subsets of 27/2(n/2)!
identical summands, since the order of propagators is irrelevant, as well as the order of points
within each propagator Ap (due to its symmetricity). Hence we can reduce the sum to only

those permutations that give different Z-fold contraction patterns o € C,:

<0‘ T((ﬁ(l‘l) ce é(flf'n)) |O> = Z iAF(mU(l)_xa(Z)) s Z-AF(ch(nfl)_aja'(n)) (Vn even). (1135)
oeCp
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This result agrees with the last line in Eq. (11.29) (which is the only term on the right-hand side
that survives taking vacuum expectation value).

It is convenient (and also common) to represent the various terms of the sum in Eq. (11.35)
graphically. For each contraction pattern we draw a diagram with n points numbered x4, ..., x,,
and n/2 edges representing the individual contractions. With the rule that an edge between
points ¢ and j carries a factor iAp(x; — x;), an n-point correlation function of a real scalar field
can be expressed diagrammatically as a sum over all labelled unoriented graphs with n vertices
and n/2 edges, where each vertex has degree (i.e., the number of neighbours) equal to 1.

As an illustrative example, the 4-point correlation function can be expressed, with the short-
hand notation of Eq. (11.28), as

(1234) = (12)(34) + (13)(24) + (14)(23)

X T2 T To T T2
) . . \/ , (11.36)
/
xs3 X4 €3 T4 xs3 Ty

The general result (11.35) can then be depicted as

Ty T2

xr1 Io Tn—1 Tp o
(0] I I I I |0) = : +  (%-fold contractions). (11.37)

Tp—1 T

Finally, it is worth to mention that the Wick theorem (11.31) provides a passage between
the canonical (operator) formulation of quantum field theory, and the path-integral formulation
(which will be studied extensively in the advanced course 02KTPA2). To see the main point,
recall Egs. (6.79) and (6.82) from Exercise 23, which, with & = 1 and the replacements A — —%A,

f—> ij, produce the formula

N2 / dN g exp (;JTA q+ ijT§> = exp (;*TAlj) : (11.38)

Its continuum version with
Tv6@) o A~ (-0 —m2o@—y) . A~ Ap(z—y) (11.39)

(recall Egs. (9.31) and (9.32)) reads (absorbing the normalization factor A'? in the definition of
the measure D¢(z))

; 1 i (dhe J(2)b(x 1
/'D¢($) ezfd41 Lo(—0p—m*)p+i fd'z J(z)p(z) _ exp (_ 3 /d4.%' d4y J({)S) ZAF(LU _ y) J(y))
= (0] Tesp i / d'w J(2)d()) [0). (11.40)
The left-hand side — the field-theoretic Feynman path integral (or functional integral) — is an oo-

fold integral over the values of a classical field ¢ at all spacetime points x. The exponent consists
of the free-theory action plus the ‘source term’ (see the Lagrangian (9.74) in Exercise 39).
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11.2.2 Multiple fields

The Wick theorem extends seamlessly to fields with arbitrary many components (see Eq. (11.64)
in Exercise 41), and also to fermionic fields using Grassmann-valued sources [3, Ch. 4-2]. General
time ordering formula for fermionic operators B;(t;) reads

T(Bl (tl) cen Bn(tn)) = sgn(U)Bg(l)(tU(l)) cee Bo(n) (tg(n)), o c Sn . to(l) > .2 ta(n)~
(11.41)
(Fermionic fields are freely anticommuted under the time ordering symbol T" until in chronological
order, when the T' can be dropped.)

The equations (11.29) and (11.30) assume the same form even in the multicomponent case,
but with the numbers 1,...,n representing not only the spacetime points z1,...,x,, but also
the types of fields and their components. Moreover, each term carries a sign (—1)P, where p
is the number of transpositions of fermionic components needed to achieve the desired order of
numbers 1,...,n. Note that the propagators (12) etc. are automatically zero when 1 and 2
correspond to different field components. To give an example,

T(Ja(xl)Au(@WB(x?,)) :31Za($1)/iu($2)1ﬁg(x3): —i(SF)palrs —x1) :Au(xe): . (11.42)

It is convenient to set up the following diagrammatic representation of the Feynman propa-
gators of the Klein-Gordon field, Eq. (9.19), the Dirac field, Eq. (9.45), and the electromagnetic
field, Eq. (10.30), respectively:

x Yy T, Y, T, jt Y,V
o———o o ———<4——0 @ NNANNANNNANNNG
iAp(z —y) i(SF)ap(® —y) i(DF)uv(® —y)
= (0] T(o(z)0(y)) |0) = (0] T (da(2)d5(y)) |0) = (0] T(A(2)Au(y)) 0)
(11.43)

These are the basic building blocks of quantum field theoretical correlation functions.

11.3 Examples of interacting field theories

11.3.1 ¢*-theory

In the advanced quantum field theory course (02KTPA2) we will be dealing with full n-point
correlation functions, i.e., the correlation functions of the full interacting theory. These will be
given by

<0|T[<13(x1) O exp( i [rdt HE )} |0) too N
(0] Texp ( eroodt HI( )) 10) ’ [m dt Hj () = /d4$ 1954(17), (11.44)

and reduce to (11.23) for vanishing interaction strength . (Here we consider, for simplicity, a
single scalar field described by the Lagrangian (11.1) with a ‘¢*’ interaction term.)
Perturbative calculation then features terms of the form

(=i
mi(4l)m

[t d OIT(@() ) 6 0) 6 )) 10), (1149
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where the vacuum expectation values can be depicted diagrammatically as

] T T >(< >< 0),  where >’<

and evaluated with a help of the Wick theorem, Eq. (11.37). According to this the dangling
‘legs’ of the ‘prediagram’ (11.46) get connected into edges in all possible ways, producing a sum
of all graphs (Feynman diagrams in the position space) with m 4-valent vertices y1,. .., ym (the
‘interaction vertices’), and n single-valent vertices x1,...,x, (the ‘external points’).

The edges represent Feynman propagators iA g, and the interaction vertices, as a rule, im-
plicitly carry the coupling constant, and are integrated over:

Il
—_— @
—_— Qd
—_— (@

(11.46)

J = i) /d4y, (11.47)

As an illustration of these diagrammatic techniques, we study in Exercise 43 the full two-point
correlation function (the full propagator) of the ¢*-theory in first-order perturbation theory.

11.3.2 Yukawa interaction

A basic interaction that couples different kinds of fields (namely, a scalar boson with mass M
and a fermion with mass m) is the Yukawa interaction, characterized by the last term in the
Lagrangian

& = 1(8ﬂ¢)(8“¢>) M ¢ + W (iy"9, —m)¥ —gUVe. (11.48)
2 2 ——
21

The corresponding interaction vertex has three legs (one fermion, one anti-fermion, and one
scalar):

J = —ig /d4y. (11.49)

We shall make use of the Yukawa interaction in examples of decay and scattering processes
in Chapter 12.
11.3.3 Quantum electrodynamics

Classical electrodynamics describes the electromagnetic field and its interaction with (electri-
cally charged) matter. In quantum electrodynamics, the electromagnetic field is quantized, and
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material particles (most typically, electrons with charge ¢ = —|e| and spin %) are excitations of
a quantized Dirac field.

The interaction between the Dirac and electromagnetic field is introduced via minimal cou-
pling, 9, = D,, = 0,, +igA,, (see Section 4.1), yielding the ‘Maxwell-Dirac’ Lagrangian

1 _ 1 _ _
£ = _ZFWFW + U (iy" (8, + iqgA,) —m) ¥ = —ZFWF’W + ("0, —m)¥ —qUy"TA,.
—_———
<5
(11.50)
(In quantum theory we also need to include the ‘gauge fixing’ term —%5(8PAP)2 from Eq. 10.6.)

Variations with respect to ¥ and A, produce the equations of motion
(iv*D,, —m)¥ =0 and 0, F" = qUy¥ 0, (11.51)

respectively. Note that the Dirac current ¢¥~y*¥ figures on the right-hand side of the Maxwell
equations as a source of the electromagnetic field, i.e., as an electromagnetic four-current j*.
The interaction term .7 is depicted by the vertex

B

v po = —itJ(v“)aﬁ/d“y. (11.52)

«

11.3.4 Standard model interactions

In Section 10.4 we briefly reviewed the particle content of the Standard model. The particles’
mutual interactions (or self-interactions in some cases) are embodied in various interaction terms
of the Standard model Lagrangian. Without going into details, let us just note that all the
previous examples of interaction vertices, (11.47), (11.49) and (11.52), play their role.

Other Standard model vertices are supplied by the non-Abelian (or Yang-Mills) gauge theories
that describe gluons and gauge bosons, the mediators of the strong and weak interactions. In
these theories, the “electromagnetic” four-potential is generalized to a matrix-valued object A, =
A} Ta, where T, are generators of a certain ‘gauge group’ of internal symmetries. The covariant
derivative D, = 0,, + igA,, defines a matrix-valued “Faraday tensor” (cf. Eq. (4.8))

Dy, D] = A, — 3uA, +iglAu, Al (11.53)

1
F,uu =
tg

where the last term is present due to the non-commutativity of the matrices A,. The ensuing
non-Abelian generalization of the Maxwell Lagrangian,

7= _i Tr(F . F*), (11.54)

contains third- and fourth-order terms, i.e., interactions between the gauge fields Aj.



CHAPTER 11. INTERACTING QUANTUM FIELDS 134

11.4 Exercises

Exercise 41. Proof of the Wick theorem. Show that for a free one-component real Klein-Gordon
field ¢(z), and an arbitrary function J(x),

Texp (z /d4a:,](x)¢3(x)> =:exp (z /d4xJ(x)ng(m)) :exp (— %/d4xd4yJ(x) iAp(x —vy) J(y))

(11.55)

Solution:

We divide the proof into three steps.

1.

Let us cast the left-hand side as

T
Tesp (i / a2 (2)d(x)) = lim Texp (i / O RO / Bad(z,t)d(@, 1),
! (11.56)
and introduce a time slicing (¢,)Y_, such that ty = —T, ty = T, NAt = 2T. It is
convenient to use the representation (11.17) of the time-ordered exponential, and employ
the restricted Baker-Campbell-Hausdorff formula eAeB = eA“‘Be%[AB], Eq. (2.13), where for
A and B we take HI(t) at different times. (This is justified since [¢(z), (y)] = iA(z — y),
the Pauli-Jordan function of Eq. (9.3), and hence [HI(t), HI (t')] € C.) We obtain

T ) N N
Texp( — Z/ dt I:[}(t)) ~ e_iAtH{(thl) - e_iAtH{(tl)e_iAtHII(t")
T

eI (tn 1) AT ()~ A (01)+ T (t0)) = 3 (A2 (A (02), ] (t0)]

AN AL (1) g b B (AOP UL (£) B (8,0)]
. T 2 1 r / INT T ] /
xexp(—z[TdtH}(t)) exp(filetdt o(t — ¢ \[H(t), Hl(t )]), (11.57)
that is,
Texp (z /d4sc J(x)q@(x)) = exp (z /d4x J(az)é(m))
xowp (= 5 [dedly @) - )6, 60]). (1159

Now we will rewrite the normal-ordered part of Eq. (11.55). To this end we divide the field
operator into two parts,

. 3
)= [ iz o

the part q3(+)(:1c) containing all the annihilation operators, and the part (;AS(_) (x) containing
all the creation operators. Normal ordering puts ¢(*) to the right of ¢(~), so

:exp (z /d4x J(z)g{)(x)) 1= exp (z /d4x J(x)g?)(*)(x)) exp (z /d4x J(x)qg(ﬂ(x))
—exp (i / d'z J(@)d() ) exp - ; / d'z dty J(@) (1)) (@), 60 )]), (11.60)
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where in the last step we used again the Baker-Campbell-Hausdorff identity. Combining
expressions (11.58) and (11.60) yields

Texp(i /d zJ(x)d(x )) = exp( /d4x J(x)qg(x))
X exp <

3. To finish the proof we realize that, since ¢(+)(z)[0) = 0 and (0] $(=) (z) = 0,

(01 [0 (@), 67 ()] 0) = — (0] 6 ()0 (2) 0) = — (0] $(y) (=) |0} , (11.62)

and so the (number-valued) expression in the second exponential in Eq. (11.61) can be cast
as

d'ed'y J(@)(y) (00" — y")b(2), b(y)] - [0 (@), és<+><y>1)>.

l\D\H

=iAp(z —y), (11.63)

where we made use of the fact that 1 — 6(t) = 6(—1).

Remarks:

Analysing the above proof one may easily ascertain that for a multicomponent bosonic field
(¢r) the Wick theorem extends to

Texp (z /d4x Jr(x)qgr(x)) =:exp i/d4x Jr(x)qgr(x)) :
xoxp (=5 [dadty () OIT(6, (@)0:(0)[0) L)), (11.60)

where there is now one Schwinger source J, per each component of the field.

Exercise 42. Four-point operator Wick expansion. Using the Wick theorem (11.55), expand
the time-ordered product

T(&(%)é(@)é@s)é(%)) (11.65)

in terms of normal-ordered products and Feynman propagators.

Solution:
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We expand both sides of Eq. (11.55),

|
ISH
=
8
-
QL
8
N
<
—
=
=
N—
<
—
=
N
N—
~
—
-
8
=
%ﬁ

- p(x4))

=— [d*;...d*y J(x1) ... J(24) :(;3(2161) ¢3(9€4)

2 ~ A~ ~ ~
+ 21 (;) /d4x1...d4x4 J(x1) ... J(@a) d(z1)d(z2): (0| T (p(z1)d(z2)) |0)

1/ 1\° S L
g (mg) [t aton ). o) OIT(@e)de) 1001 T@e)dw) ).

(11.66)

and compare coefficients at J(z1) ... J(z4) (after symmetrizing over xy,...,x4). With the short-

hand notation of Eq. (11.28) this gives

1
IT(1234) — :1234: +4I Z 2| 5 0(Do(2): (#(3) + 4 Z o 22 a(2))(o(3)o(4)),
0ESy 0ES,

(11.67)

which simplifies to

T(1234) =:1234:
+ :12: (34)+ :13: (24) + :14: (23) + :23: (14) + :24: (13) + :34: (12)
F(12)(34) + (13)(24) + (14)(23). (11.68)

Exercise 43. Full propagator of ¢*-theory in first order. In ¢*-theory determine the full two-
point function

(01T [b(z1)d(w2) exp (=5 [d'z () | 0)
(0| Texp (~5 [d4a 64(x)) [0)

up to the order A\'. (Use the Wick theorem and diagrammatic representation.)

(12)an =

(11.69)

Solution:

Consider first the denominator of Eq. (11.69) up to first order in A:

—1——/d4 (0] ¢*(y 0>—1+%. (11.70)

Here the vertex (which is implicitly integrated over) carries a factor —i\, and the factor 3 is the
number of ways one can contract (0| ¢*(y) |0) to a product of propagators, (0| ¢%(y) |0) (0| ¢*(y) |0).
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The numerator is, up to first order in A, given by

= (0| T($(x1)d(w ﬁ#om 21)d(22)d4 (1) [0)

r1 T2 1 T2

=m] Im—j/ﬁmm]] Vo)

o To 3 T To 4-3 Yy
= + 4 T i . (11.71)

Finally, to determine (12)¢,; = A//D up to order A\, we calculate

Dl=1- a + O(N\?), (11.72)
and
X1 i)
EER 21 To 4-3 Y 9

ND ' = + + O(N%). (11.73)

In analytical terms, we have found that

i .

(12 = iAp(z1 — 22) — 5 /d4y2AF(m1 —y)iAR(0)iAR(y — z2) + O(N?). (11.74)

Expressing the propagators in momentum space, according to formula (9.19), yields (up to the
order \!)

d4 e—ip(zl—mg) . d4p d4 / —ip~(m1_y) e_ip/.(y_rg)
<12>fu11 =1 2 5 ) - ZAF d _ 2 _ 5 -
2m)4 p2 —m2 +ie 4 p2—m2+icp? —m? +ie

d4p e—ip-(x1—T2) i\ e*w (11 x32)
= —iA
Z/(271')4 p? —m?+ie Ty F(O)/(Zﬂ) (p? —m? + ie)?

4 —ip-(z1—x2) ;
:i/(dp - , <1+AM). (11.75)

2m)4 p?2 —m? +ie 2p2 —m? +ic

For first order in A we can now use the identity 1 + AA ~ 1— )\ + to finally obtain

12 4 o S O )\2 11.76
u \ . .
< >f 1= /(2 ) - : ;\Z (0) i —+ ( ) ( )
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That is, we see that the full propagator (up to the order A') has the same form as the free
propagator iApr(z — y), only the mass gets shifted.

Remarks:

The mass shift (or correction) is determined by

. - [dpod®p 1 [ Pp 1
w0 =i [T e = [ e @

where we have rotated the integration contour of the variable py from the real to imaginary
axis. (According to Figure 9.1 this can be done without crossing the poles.) Substituting
po = ips (where the variable ps now runs from —oo to +00), and transforming to four-dimensional

spherical coordinates with P = /p? + ...+ p3,

) B dps d3p 1 B / /oo dpP p3
iAp(0) = /(%)4 T L A (11.78)

The latter integral over P, however, is clearly divergent, so, in order to keep calculations under
control, one adopts a reqularization, such as the momentum cut-off: 0 < P < A.

The shifted mass is the one measured in experiments, hence it is called the physical mass (or
renormalized mass) mpy,. We have the relation

A
m2, =m® + EiAF(O;A). (11.79)

Here m,, is a finite value given by experiment, so m(A) is viewed as a cut-off dependent quantity
(the bare mass), which tends to infinity as A — co.

In quantum field theory, infinities are rule rather than exception. They occur as a result of
loops formed in Feynman diagrams. The renormalization procedure provides a systematic way
to treat the infinities by absorbing them into ‘bare’ parameters of the Lagrangian. However, its
success depends on the Lagrangian — some theories are renormalizable (the physically acceptable
ones), while others are not renormalizable.



Chapter 12

Applications in particle physics

12.1 Decay of an unstable particle

Let us start with a concrete example. A scalar boson with mass M (e.g., the Higgs boson) decays
into fermion and anti-fermion (with masses m). Let p4 denote the initial four-momentum of the
boson, and let (p1,$1) and (pa, s2) be the four-momenta and spins of the fermion and the anti-
fermion, respectively. Schematically, A — 1+ 2. In view of Egs. (7.60) and (8.27), we have the
initial and final state

i) = |pa) = V/(2m)32Ea 4}, |0),

o V(@2r)32E, \/(27m)32E, -
= (p1, 51, P2, 52| = 0] dpy.s3bp, s, 12.1
<f| <p1 1, P2 2‘ m \/% < | P2,52YPp1, ( )

where the energies are on-shell, i.e., B4 = \/p% + M? and Ey 5 = |/p? 5 + m?.
Let us model the decay process by the Yukawa interaction (11.48), for which the interaction
Hamiltonian reads, according to Egs. (11.5) and (11.48),

= - /dgx.i”[ = /dgx gV, (12.2)
and calculate the amplitude
Spi= (| Texp (~ig [t b@)U@)it@)) ) = —ig [d'a (0@ U@ ) (123)

in first order in the coupling constant g. Recall the mode expansions (Egs. (7.14), (8.8) and

(8.9))

0= [ T b (ape ) = $0(@) + 60 (w),

Z/ 2m)3/2 \/7 Bp’su(p’ s)e” T+ df v (p, S)eim) =¥ (2) + ¥ (a),
Z/ 27T 3/2 \/7 dAp,s’U(p7 ) —ipe + Bgysﬁ(p, S)eip.w) = \il(+)(x) + @(_)(x)7 (124)

Ietb

139
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where we denote wp, = y/p? +m?2, and Qp = \/p? + M2. Leaving out all the field products that
do not pair up with the states (and so give automatically zero),

(1@ @)3@) i) = (P 51, B 52] #O) (@) ()6 () [pa) (125)
Now
3D () [pa) = g “ipe gyal () = e~PA[0) (12.6)
§(p—pa)|0)

and for the fermionic fields acting on the ‘bra’ state:
(p1, 51,2, 520 () U ()
vVEIE 5 . PPN ; i
= Z/d3pd3p/ # <0| dP2 S2bP1 Sler sdT’ s’ ﬂ(p, S)ezp-xv(p/’ Sl)elp -
Z NNt i
’ (0182, 48(P1—P)3,, o/ 6(p2—P')

= (0] &¥P1HP2) 5 (py | 51 )0 (pa, s2). (12.7)

Thus, we find R
(f19(2)U(2)p(x) [i) = U(p1, 51)v(pa, so)e P1TP27PA). (12.8)

The integral in Eq. (12.3) is easily done, and so we arrive at the decay amplitude in first pertur-
bative order

Spi & —ig(p1, 51)v(p2, 52)(27) 6 (p1 + p2 — pa)- (12.9)

With this example in mind, let us note that for any scattering (or decay) process, and in any
order of perturbation theory, the scattering amplitude assumes the form

Sfi = 6fi + (27‘(‘)4(5(])]0 — pi) i./\/lfi, (12.10)

where M; is the so-called invariant matriz element (or invariant amplitude), p; is the sum of
four-momenta of particles in the initial state |i), and py is the sum of four-momenta of particles
in the final state |f). The delta function expresses conservation of total four-momentum, which
is a consequence of the Lagrangian not depending explicitly on x.

In our decay example, Eq. (12.9),

iMyi = —igu(pr, s1)v(p2, s2), (12.11)

and we may represent this object diagrammatically as

D181 Yo
o S o« = 1 (incoming scalar particle)

h
,,,,,,,,, where u(p1,s1) (outgoing fermion)

4

v(p2, $2) (outgoing anti-fermion)

(12.12)
and where the interaction vertex carries a factor —ig. In fact, general rules (the Feynman
rules for S matriz) can be developed that allow one to represent the invariant matrix element
M; graphically in any order of the perturbation theory, effectively bypassing the somewhat
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lengthy derivations based on mode expansions of the field operators. They will be systematically
presented in the advanced course (02KTPA2).

To obtain the probability of a given process we need to take the modulus squared of the
scattering amplitude (12.10). Assuming i # f,

|Spil* = (2m)* 8(py — pi) 8(py — pi)| Myil® = 2m) VT b(ps — pi) Ml (12.13)
———
6(p=0)

where V' is the spatial volume, and T the duration of the process (both tend to infinity), and
they stem from the formula

4,
o0 =0) = [ G50 = o (12.14)

similar to Eq. (7.23). The expression (12.13) has to be normalized by (recall Eqgs. (7.61) and
(8.28))
28,V

(plp) = 2Bp(2m)°0(0) = 2B,V or  (p,slp,s) = P,

(12.15)

respectively, for each bosons or fermions with mass m.

The (differential) probability is obtained by multiplying G I X fI ) by the number of states in

Vd’p
GroER since

the momentum of a particle in a box of volume V = L3 is, by Eq. (7.24), p = %k, where k € 73
a discrete mode label.

For a process A — 1+ ...+ n with one initial decaying particle, the (differential) decay rate
can be calculated as

an infinitesimal neighbourhood of a given final state. For one particle this is given by @0

Jr — differential probability of the process

time
1 Vdp Vdpa. |Spl?
T (2m)* 0 (2m)3 (il (fIf)
NA Nl dSpl Nn dSpn

T 2E, (2m)32E; " (27)%2E, 2m)*(p1+ ...+ pn — pa) [Mypil?, (12.16)

where N = 1 for a boson, and N = 2m for a fermion with mass m. (The latter factors are due
to our normalization conventions for the polarization spinors v and v — see Eq. (3.30).) We also
note that if the final state contains indistinguishable particles, factors n%!, where nj counts the
multiplicity of particles of species k, have to be included.

Consider for definiteness the initial particle at rest, pa = (ma,0), and only two decay prod-
ucts with equal masses m; = mg. Integrating dI" over the final momenta p; and ps (and summing
over final spins) provides the total decay rate I" and the mean lifetime 1/T of the particle A. To
this end we need to calculate the integral

— d3p 1 d3p2 4 ,
= | GryaE, @ryag; OB + B2 = ma)d(pr +p) My

Cnsop M2
W( 1—ma)| fi|

dPP2 p? +m2 —ma
/dQ/ 4(P2 ) LMul (P =) (12.17)
1
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The last d-function can be eliminated if we identify

m>2 2P,
f(P)=2\/P24+m? —my: f(P) =0 for Pp=1\/—2 —m?, f(P)=———nr-,
(P =2/ 4 md (7 Lt ) -

(12.18)
and use the formula (7.67), §(f(P)) = ‘s‘(f,( PO‘);
P P? P — P 4
/dQ/ : > A o) = |Myil® = /dQ Vi — dmi IMpi2 (12.19)
(2m)* 8Py\/PF +m? ma

The total (integrated) decay rate I' = %NlNQI reads

d dl' _ NaNiN, )
/deQ’ where dQ 64n?m? \/747711|Mf1‘ (12.20)

Here, the quantity under the square root must be non-negative, i.e., m4 > 2mj; — the rest mass
of the decaying particle must be greater than the sum of the rest masses of the products.

In Exercise 44 we calculate the total decay rate I', including the spin summation, for the
Yukawa theory decay treated at the beginning of this section.

12.2 Scattering cross section

Let us consider scattering processes A + B — 1 + ... + n involving two particles in the initial
state. (In reality two beams of particles, one of which is viewed as the incoming beam and the
other as the target.)

The probability of a given process per unit time is proportional to the incoming flux %|v A —
vp| (one particle density times “relative” velocity). The proportionality factor is the (differential)
scattering cross section

differential probability of the process

do =
7 (time) x (incident flux)

1 % Vd3p, Vd3p, |Sgil?

C Tloa—wvpl (2r)° 7 (2m)3 (@l)(fIf)
B N4yNg N1 d®py N, &p,
- 2E,2Eplva —vp| (27)32E, T (27)32E,

2m)*5(p1 + ...+ Pn — pa — pB) Myl
(12.21)

It measures the likelihood of the given interaction between A and B in units of area, so it can
be visualized as an effective area of the target particle. However, it also depends on the range of
final states considered. (Ultimately, by integrating over all momenta and spins of the final state
particles we obtain the total cross section o.)

From now on we will focus on processes A+ B — 1+ 2 involving only two outgoing particles.
Based on the conservation law p4 +pp = p1 + p2 one defines the (Lorentz-invariant) Mandelstam
tmovariants

s=(pa+pp)* = (p2+p1)? =2pa-pp+mi +mi,
t=(pa—p1)® = (P —p2)’ = —2pa-p1+m}H +mj,
u=(pa—p2)* = (pp —p1)* = =2pa - pa + Mm% + mj, (12.22)
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which satisfy

s+t+u=m%+m%+mi+mi. (12.23)

In the center-of-mass frame, in which pg = —p4 (and, by conservation of momentum, also
p2 = —p1), we have

pa+ps=(Ea+Ep0) — s=(Es+Ep) (12.24)

so +/s is the total energy in the center-of-mass frame. (The other two Mandelstam invariants ¢
and u are related to the scattering angle between three-momenta p4 and p;.)

In addition to working in the center-of-mass frame, let us assume, for simplicity, equal masses:

NG

5, and since v =

ma =mpg =m1 = ms =m. In this case £4 = Eg = E,

s — 4m?
EA Eplvy —vp| = |Eppa — Eapp| =2E4 |pal = \/5# (12.25)

Integration over final-state momenta p; and ps in Eq. (12.21) involves the same integral as in
Egs. (12.17) and (12.19), only with the replacement m4 — +/s:

d3py 3 po 4 2
7 2 FEi+ FEy — i
a5 = / 27)32E, 27r)32E2( O B = V)i ) M

—/dQ 1 Vs —4m?
B 327r2 /s

Combining Egs. (12.21), (12.25) and (12.26), in the case of equal masses the scattering cross
section in the center-of-mass frame is given by

(Ml (12.26)

do d NaN NiNy Vs — 4m? NANpN;N
/dQ—, with 2% _ ANB 1N2 Vs —4m |Mfi|2:M|Mfi|2'
dQ dQ  2EA2FEp|lva—vp| 3272 Vs 64m2s
(12.27)

Let us emphasise that the quantity |M fi|2 is subject to all constraints that we have gathered
during our derivation: ps = —py, By = Fs = B4 = Eg = i ;and [pi| = /7 —m?.

The initial and final states are characterized not only by the particle’s momenta, but also,
possibly, by spins. If not measuring the spins, one should average over the spin states of the
initial particles, and sum over the spin states of the final state particles.

12.2.1 Yukawa potential

Yukawa interaction .%; = —gW¥W¢ is capable of describing a scattering A + B — 1 + 2 of two
fermions (of masses m) mediated by a scalar boson (with mass M). In Exercise 45 we identify
the invariant matrix element in second-order perturbation theory as

7
(p1 —pa)? — M?

u(2)u(B) — (1 + 2), where (1) =u(p1,s1), etc..
(12.28)

iMyi ~ (—ig)? a(1)u(A)
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The first term is represented diagrammatically as

pa n
|
7
!
|
|
|
ps bz (12.29)

The internal line represents the Fourier transform of the Feynman propagator A, whose four-
momentum g = p; — pa is ‘off-shell’ (it need not satisfy the relativistic energy-momentum dis-
persion relation g2 = M?). The boson is referred to as a ‘virtual particle’

In non-relativistic limit |p| < m,

Vwp +m Xs s
wprem , p~x(m,p), and u(p,s)= ﬁ ( op Xs) ~ (%) =u(0,s) (12.30)

according to Eq. (3.22). Hence,

u(p1, s1)u(pa,sa) = u(0,51)u(0,54) = 0s, 5, > UP2,52)u(PB,5B) ~ 0sy,555 (12.31)
which together with (p; — pa)? ~ —(p1 — pa)? reduces Eq. (12.28) to

—1 651,5A 552753
(pr—pa)? + M2 (1 2). (12.32)
In the non-relativistic limit the Yukawa interaction conserves the spin degree of freedom. The
second (‘exchange’) term (1 <> 2) accounts for indistinguishability of the particles involved, and
the minus sign is a consequence of their fermionic statistics.

Non-relativistic scattering of two particles can be also described within ordinary quantum
mechanics. There one considers a two-particle Hamiltonian

. (NR .
z./\/lgci ) ~ (—ig)?

) 2
g=PL Py (12.33)
2m  2m
N———
Ho
consisting of the ‘free’ part (kinetic energies of the particles), and an interparticle interaction
potential V' = V(&1 — &2). The initial and final states of the two fermions are antisymmetric,

|@=%ﬂmwmmﬁm—MHB»7|ﬁ=§4%ﬂwm@—ﬂ9%% (12.34)

2 2
where (z|p) = eP® so that (p,s|p’,s’) = (27)30s +5(p — p’) coincides with the normaliza-
tion (8.28) in non-relativistic limit. R
The Dyson series (11.18) (with H; = V') provides the scattering amplitude (in the lowest
order in the interaction potential)
“+oo

SLM) — <f|TeXp(—i/ dﬂ?l(t)) i) z—i/ dt (FIVI@) i), (12.35)

— 00 — 00

+oo



CHAPTER 12. APPLICATIONS IN PARTICLE PHYSICS 145

where we have assumed that (f|i) = 0. According to Eq. (11.8) we have V' (t) = eitHS 7 g=itHg
and hence
v

Spet) e i / ar (550 88) (717 iy e (5

— 00

+

—_

= —1 27T(5(Ef — El) 5(5513A63233 <p1,p2| V ‘pA,pB>—(A(—>B)—(1<—)2>+(A(—>B, 1(—)2)),
(12.36)

2 2 2 2
where we have denoted E; = 5—”11 + 2’% and F; = 5—;,*1 + 57‘7’;7 and assumed that the interaction
potential does not involve any spin interactions. Furthermore, we employ spatial resolution of

unity [ dPzid3zs @1, T2) (@1, 2| = 1 to calculate
(p1, 2] 14 |pA,PB) = /d3$1d3$2 V(xr — $2)€7i(p1'w1+p2m2)6i(“'mﬁpB'zz)
= /d3z1d3x2 V(@) — @o)e (Pr7Pa)(@1=@2) p—iPrdpa—pa—Pr) @2 (12 37)
and the change of integration variables & = &, — X2, Yy = X2, d>x1d>z = d>x d®y to obtain

(p1,p2| V |[pa,p5) = (21)36®) (p; — p;) V(p1 — pa), where V(g) = /d3x V(x)e ",

(12.38)
Altogether we find the scattering amplitude

. 1
I~ =i (216D (0 —pi) 5 (Fr.a002.00V (Pr—Pa) (A & B)=(1 & 2)+(A & B,1 - 2))
(12.39)
Here the §-function implies the relation p; + po = pa + pr, which renders the first term equal

to the last term, and the second term equal to the third term. The invariant matrix element is
then identified with a help of Eq. (12.10) as

iM% (<0)60s 0400005 V(D1 — D) = (143 2). (12.40)
Equating the latter with the quantum field theoretic formula (12.32), i.e., M@M) Mgc]iVR),

fi
leads to the identification

2

‘7(@ = —ﬁ - V(r) =

92 e—]%r

dTr r

(r = |x]), (12.41)

where the last step — inversion of the Fourier transform from V(q) to V(r) — is carried out in
Exercise 46. The function V(r) is called the Yukawa potential.

This potential is attractive and ‘short-ranged’ — it effectively vanishes for distances r > %
(the Compton wavelength of the boson). For distance 107'® m (roughly the size of a nucleon)
the corresponding rest energy of the mediating scalar particle is found as

ke 10734.3.108 1013
= = J=3-10"" =" MeV = 200 MeV. 12.42
10-5m 10-15 16 °C ¢ (12.42)

M

This is in rough agreement with the rest energy of the mediator of the nuclear force, the 7%-meson:
135 MeV.
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For a scattering of fermion and anti-fermion the Yukawa potential turns out to be again
attractive, as well as for a scattering of anti-fermion and anti-fermion.

In a similar way one can derive the Coulomb potential starting from quantum electrodynamics
and considering a scattering of two electrically charged particles [4, Ch.4.8]. The interaction
turns out to be attractive for opposite charges (a particle and an anti-particle), and repulsive
for like charges, in agreement with classical electrodynamics. Since the mediator, the photon,
is massless, the factor e=™7" is not present, and one recovers the usual form of the Coulomb
potential V(r) oc 1, which is ‘long-ranged’

Instead of forces and potentials between particles, relativistic quantum field theory offers a
more fundamental picture where interactions happen due to an exchange of intermediate ‘virtual’
particles (bosons).



CHAPTER 12. APPLICATIONS IN PARTICLE PHYSICS 147

12.3 Exercises

Exercise 44. Decay in Yukawa theory. The invariant matrix element of a process A — 142 in
the first order of Yukawa theory is given by

iMy; = —igu(ps, s1)v(p2, s2) (12.43)

(Eq. (12.11)). Determine the total (i.e., integrated over the momenta, and summed over the
spins of the outgoing particles) decay rate I' in the rest frame of the decaying particle.

Solution:

The total decay rate is given by spin summation of the formula (12.20) (with Ny = 1,

Ny = Ny = 2m):
2
r=>» /dQ cin 2 ,/m3—4m§ M. (12.44)

$1,82
Here
IMyil* = g% u(p1, s1)v(p2, s2) (@(p1, s1)v p2,32))T
= g>u(p1, $1)v(pa, $2) (P2, $2)u(p1, 51)
= ¢* Tr ((pr,51)(p1, 51) v(pa, 52)0(p2, 52) ) (12.45)

The spin sums of Eq. (9.42),

Sup. .5 = L " S (s = P (12.46)

S S

allow us to simplify

7 Myt = ) Te ((p, +m)(p, —m)) = (2€n)2(4p1 D — 4m?), (12.47)

81,82

where we have used the ‘trace’ identities (2.73) and (2.75).
Moreover, by total four-momentum conservation, p1 + p2 = pa = (M, 0),

2p1 - p2 = (p1 +p2)* — pi — p3 = M? — 2m?, (12.48)

where m 4 = M is the mass of the decaying scalar particle, and m; = ms = m is the mass of the
products. Hence,
24>

Z |Mfl|2 = (Qm)Q (M2 - 4m2)a (1249)
51,82
and plugging this into Eq. (12.44) yields
(2m)2 292 92
= 16702 M2 — 4m2 W(MQ _ 4m2) _ e (M2 _ 4m2)3/2. (12.50)

Exercise 45. Scattering in Yukawa theory. Consider a scattering process A+B — 142 of spin—%
fermions with all masses equal (f + f — f + f). Determine the invariant matrix element iM¢;
in the lowest nontrivial order of the Yukawa theory. (Assume that the states of the incoming
particles differ from the states of the outgoing particles.)
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Solution:

We have the initial and final state

. (2m)32FE 4 \/(27)32Ep » .
|Z> = |pAaSA;pBaSB> = \/ \/% \/ \/% bI)A,sAbLB,sB
V/(2m)32E; \/(27)32Ey |, -
= ) b b = O b 2,82
(fI = (p1,51, P2, 52| Nor Nor (0] by,

where m denotes the fermions’ mass, and all the operators 5, bt mutually commute as they
correspond (by assumption) to different states. The scattering amplitude for the case of Yukawa
interaction £ = —gUW¢ is

10,

bp, 1 (12.51)

Spi = (f| Texp ( —ig /d4x\p(x)\if(x)q§(x)) i) . (12.52)

The lowest nontrivial order (in which the creation and annihilation operators defining the initial
and final state are ‘paired off’ with those supplied by the mode expansions of the fields) is the
second order in g:

CE [ateaty (17 (b b @@ b0 ewow) ). (1259

2!

Sfi%

Employing the Wick expansion (11.29), generalized to multiple fields (see the comments in Sec-
tion 11.2.2), the only term that survives taking (f|...|¢) is the one with scalar field propagator:

(—ig)®

[dtdy (] H@E@IWEG): ) OTE@IW) 0. (1250

Now recall the mode expansions (12.4) of the fermionic field operators ¥ and \il, and retain only
the parts ¥ and U(=) | containing b and BT, as these ‘pair’ with the states (12.51):

1T b (@)U b () [0 = (] 05 @) @05 )5 ()« 1)
= (f1957 W) (@) 95D @5 () 1) - (12.55)

I'Eib

At this point we plug in the mode expansions of U and \i'(_), and calculate, first,

A A E A
Wi =3 Jap iy e, e s ) by B 0
pVp’
(12.56)

where the operators can be reduced with a help of the anticommutator Leibniz rule [A, BC| =
{A, B}C — B{A,C}, and the anticommutation relations (8.13) and (8.14):

l;p,s [bp s’vpr EN pB SB] |0> = IA) (55 SA(S(p/ _pA) I;LB,SB - 55’,536(1) pB) DA, sA) |0>
= (00,0100 = Pa) bssb(p —p) — (A &+ B)) [0). (12.57)

This leads to

SO @S () i) = (valp,sp)us(as sa)e™ P2 7e P40 — (A B))[0).  (12.58)
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Similarly,
V z T . 7 7 7 7
<f|¢ Z/d?) d3 /mua(pas) - ’ng(p S) p y<0|bPQ,SszJ1781bL/’S/bL’S
s,s’
= (0] (@a (P2, 52)5(p1, 51)e €™ Y — (1 4+ 2)), (12.59)
so, in total,
(F| 20 (@) (@) T ()P (y): i) = a(pr, 51)u(Pa, 54)W(P2, 52)u(pp, sp)eiP2PB) T eiPi—pa)y
— (A< B)—(1+2)+ (A< B,1+2). (12.60)

Recalling the formula (9.19) for the scalar Feynman propagator (M denoting the mass of the
scalar particle), the scattering amplitude reads

i o~ 1q (z—y)
/d4 d4/ ie i
2m)4 ¢ — M2 + ie

x (u(l)u(A) W(2)u(B) e P2PE)TeiP=PA)Y _ (4 3 B) — (143 2) + (A B,1 6 2)),
(12.61)

Sy~

where we have adopted a shorthand notation #(1) = @(ps,s1), etc. Note that under the z and
y integration, the second term equals the third, and the first term equals the fourth one. The
integrals can be easily performed, yielding

4 T 4 5 — _ T 4 1 — B B
Spi (ig)i [ gt (e = ZOER A P qayu ) a(ajuB) - (10 2))

7
(p1 —pa)? — M? +ic

= (2m)0(p1 + p2 — pa — pB) ((-@)2 u(1)u(A) a(2)u(B) — (1 + 2))

(12.62)

Finally, we observe that the i¢e can be omitted as the denominator is never zero. To see
this, note that in the center-of-mass frame E4 = Ep = E; = Fs, and hence (p; — pA)2 =
—(p1 —pa)? < 0. By Eq. (12.10) we identify the invariant matrix element

i
(p1 —pa)? — M?
Exercise 46. Yukawa potential. Find a potential V' such that

iMyi ~ (—ig)? a(1)u(A) a(2)u(B) — (1 < 2). (12.63)

2

3, —iq- _ g

Solution:
Applying a further integration [d3qe’@®(...) gives

eiq‘w

(2m)3V (x) = —¢? /d3q peavel (12.65)

and adopting spherical coordinates in the g-space, (g, 6, ¢),

2 d3q e'T® elarcos
V(z)=—g /(27r)3 £ =— / dq ¢* / de sm9 e (12.66)
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where r = |x|. Integration over the angle 0 yields

2 [e’e} iqr —iqr 2 e’} iqr
g q(e'd” —e'") g / qe'
V(iz)=— d =— dg ———. 12.67

(@) (2m)2ir /0 12 Cmnzir | @1 e (12.67)

This integral can be evaluated with a help of the Cauchy formula (9.58), taking as contours
T'r the counterclockwise semicircles of radius R closed in the upper half of the complex g-plane
(so that the integral over the arc vanishes in large-R limit). One finds

2 dq q eiqr 972 e—]\/[r

g
_ 9 [ dg __ , 12.
Viz) 2rr Jp_2mi (g —iM)(q+iM) dr 7 (12.68)




Chapter 13

Change of observer in quantum
field theory

13.1 Poincaré transformations

In Chapter 2 we got acquainted with Lorentz transformations. Adding arbitrary (rigid) transla-
tions results in the full group of spacetime isometries (i.e., transformations preserving spacetime
distances) — the Poincaré group. This has 10 parameters in total: 4 translations, 3 rotations,
and 3 boosts. For concreteness, we will study the Poincaré transformations via their action on a
generic multicomponent classical field ®(x). (Here, unlike in the case of multicomponent scalar
field in Section (7.2), the components of ® can, and will, transform nontrivially under Lorentz
transformations.)
For a translation ' = x + a, the induced transformation of ® is

() =d(@x) — & (z)=(x—a)~ P(x)—id(—id,)®(z), (13.1)
where the infinitesimal form allows us to identify the translation generators

Py = —i0),. (13.2)

For a Lorentz transformation 2’ = Lz, where L = exp ( fo.)WM’“’)7 we have /" ~ zF+wH a”

on an infinitesimal level (see Eq. (2.19)), and the induced transformation on ® reads (cf. Eq. 5.69)
o'(2/) = D(L)®(z) — @'(z)=D(L)®(L'z), where D(L) = exp ( - %MWSW) (13.3)
is certain matrix representation of the Lorentz group generated by the matrices S#. For example,

for spinor fields, D(L) = S(L) with $* = 30" (see Section 2.3). For infinitesimal parameters
wy we find

22

( w/,y )@(x“ —w”, a")

~ Oz )—§w LS D(x) — wh 2”8, D(x)

B(z) — %WW (SM +i(axh0” — x¥ ")) B(x), (13.4)

151
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hence identifying the Lorentz generators, which are composed of the orbital part 4+ the internal
spin part,
M = i(2,0, — ,0,) + Spw- (13.5)

In summary, in classical field theory we encounter three different representations of Lorentz
transformations: (1) the defining representation L on spacetime points, with generators M#¥; (2)
the internal representation D(L) on components of the field, with generators S#¥; and (3) the
induced representation on functions ®(x), with generators M.

Under a (continuous) symmetry transformation the quantum states are transformed by an
operator that is unitary (in order to preserve the Fock space scalar product). For example,
translations 2’ = x + a are realized on the Fock space as

la’y = U(a) |a). (13.6)

Demanding that matrix elements of the quantum field operator é(x) (such as, e.g., the one-
particle wave-functions in Egs. (7.60) and (8.29)) transform as classical fields, we find

(B @) o) = (Bl &(z)|a) =  S(x+a)=U@e(@)Ua) — Ula)=e"", (13.7)

where we identified U(a) based on Eqgs. (8.25) and (7.52).

d(
For Lorentz transformations we recall Eq. (13.3). From
)

o) = U(L) |o) (13.8)

follows

(8| $r(a") /) = D(L)rs (B §s() la) =  D(L)"'(La) = U(L)(2)UN(L). (13.9)

The explicit form of the unitary operator ﬁ(L) is found with a help of the angular momentum
tensor. By Section 5.4.2, Eq. (5.71) we have

MO = —im (SH) s — (T2 —T™ah)  — MM = / d*x MO (13.10)

These are (6 independent) components of the total angular momentum operator. In fact, one may
say total total angular momentum operator, as it is the angular momentum tensor integrated over
space, which has both intrinsic (spin) and orbital part. In Exercise 47 we find the commutator

(&, M) = i(zHd” — 22 ") D (z) + S D (z) = MM D(z), (13.11)

which can be exponentiated by means of the Campbell identity (2.14), and comparison with
Eq. (13.4) yields

i Sy A i o i v A ) 1/e , o
e 2Wur M (I)(x)egwwM — 3w M (I)(x) = lir% (1 + 5%&}#”/\4#1/) @(x) = D(L)fl@(Lx),
e—
(13.12)
Thus, we may identify _ A
U(L) = e~ 2@mM™ (13.13)
Note that since the operators Pu and M" are normal-ordered, the vacuum state is invariant
under both translations and Lorentz transformations:

U(a) |0) = U(L)[0) = |0) (13.14)

This is consistent with the comment under Equation (6.20) — a symmetry of the system entails
symmetry of its vacuum state. All observers that move with constant velocity (they are Lorentz-
boosted with respect to one another) observe the same vacuum state. For mutually accelerated
observers, however, the corresponding vacua differ.
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13.2 Unruh effect

Unruh discovered that an observer accelerating in the Minkowski vacuum sees particles which
have a thermal spectrum, with the temperature being proportional to the acceleration. This
effect is called the Unruh effect, and in this chapter it will be derived in a simplified case. We
shall consider a massless scalar field and assume that the observer is moving with constant
acceleration a in 1+1-dimensional spacetime.

In [13, Ch. 8] it is argued the relation between the Minkowski inertial coordinates (t,z) and
the (so-called Rindler) coordinates pertaining to the accelerated observer, namely 7 (the proper
time of the observer) and £ (a convenient observer’s distance measure), reads

1 1
t(r, &) = Eeaf sinhar , z(1,§) = Eeaf coshar. (13.15)

Note that for £ = 0 this give the observer’s trajectory and the four-acceleration w*

d?z*
2 = (t(1,0),2(7,0)) — w'= szq =a(sinhar,coshar) — wrw, =—a®. (13.16)
; T
To analyze the equation of motion of a massless scalar field in one spatial dimension, i.e.,
the standard wave equation, it is convenient to introduce the ‘light-cone’ coordinates (as in |9,

Ch.2.8))

u=t—x , v=t+x: (02 —0%)p=0 — 0,0,0=0. (13.17)
Casting
1 1 -
u=——e%e " = —Z¢ %% where 4=1— &,
a a
1 a at 1 ad =~
v=—eet = e, where 0=7+4+¢ (13.18)

identifies # and v as the light-cone coordinates corresponding to 7,&. Note that, crucially, u is a
function of @ only, and likewise v is a function of © only. Hence
da do 9 9
00y = Tudo 0:0;0 =0 — (07 —0;)p=0. (13.19)

We have found that the field equation has the same form in both the inertial and the accelerated
frame.

In both frames we may immediately write a general solution in the form of a mode expansion
of the quantized field ¢. The massless dispersion relation in one-dimensional space reads w, = |p|,
where p € R, and hence, in Minkowski coordinates,

+oo
b= / W (ap e r1t=re) 1 g ilni=ro))
—0o /27 2[p| g
* dw , , . ,
A —wu "T wu -~ —lwv ’\T IW'U)
—(ay,e +al, e +a_ge +a.,e , 13.20
0o Vv 21 2w ( ( )
where we have separated the right-moving modes (with p = w > 0) and the left-moving modes
(with p = —w < 0). In the Rindler coordinates, likewise

. too 5 . i o A
b= _w (bﬁ e—illplr =€) 4 it ez(\p\r—p&))
—oo /27 2|p| !
0

- (ba e 4 by b e 4B 7). (13.21)
0 ™
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The u and v parts can be considered separately, and so will focus only on the u part (the v
part is treated in complete analogy). Equating the two expansions (13.20) and (13.21),

T4 (i) eI 4 bl ema) _ [T (& e"wu 4 gl ei‘*’“) where u = —le_‘”1
o VZr2a\ " “ o VImaw ¥ “C ) - ‘ ')
13.22

provides a relation between the inertial observer’s creation and annihilation operators a', a, and
the accelerated observer’s creation and annihilation operators Z;T, b. We shall see that while the
Minkowski vacuum state |0) is annihilate by all a,, it is not annihilated by the operators l;ﬁ (and
therefore contains particles from the point of view of the accelerated observer).

We would like to have an explicit expression for bo in terms of a and af. To this end let us

apply the integral fj;o% eu( ) with € > 0, on the left-hand side of Eq. (13.22):

o dQ ~ "~ bszl
(b 6(Y — Q) +bL,6(Y +Q)) = , 13.23
/0 m(sz ( ) + b 0( )) NoIa ( )

since the argument of §(Q + Q) is always greater than 0. On the right-hand side we get

[e%s) d +ood~ -
/0 \/%(F(W,Q’)aw +F(7w,Q’)&I}>, where F(w,Q) = [m % exp (maﬂge*au).
(13.24)

Therefore,
A o0 Q
by = / dy| = (Fw, 9) a + F(-w,0)al), (13.25)
O w
and, by Hermitian conjugation,
R > Q
b, — / dy| = (F*(~w,9) b + F* (w0, 9) ). (13.26)
0 w

The mean number of particles with momentum €2 that the accelerated observer registers in
the Minkowski vacuum |0) reads

~ ~ o0 Q oo Q
01bhba 10y = | dwde’ —== F*(—w, Q)F(—w',Q) (0| ayal, [0) = [ dw = |F(-w, Q).
0 Vww' —_— 0 w

S(w—w’)
(13.27)
The last integral can be inferred even without an explicit formula for the function F'. First, from
the commutation relations

[d,0] ] = 6(w —«') (otherwise 0)  and by, bl,] = 6(Q2 — ) (otherwise 0) (13.28)

follows

[ba, bl)] :/ dw dw’
0

w’

e w (W' G —w *(—w' al, a
W(F( SO F* (W', Q) [aw,al,] +F(—w, Q) F*( ,Q)[ww])

S(w—w’) —(w—w’)
~ Q
:/ deo = (1P (@, QP = |F(~, ) (13.29)
0 w

At the same time,
o 1%
lba, bly] = 6(2 — Q) = 6(0) = o (13.30)
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where V' is the (one dimensional) volume of space. Second, substituting @ — @ —4Z (or rather
moving the integration contour) in the integral definition of F', Eq. (13.24), we derive the relation

+oo g~
Flw,Q) = / ;l—:: exp (mu + % - i%e‘aﬁ) = F(—w,Q) ™, (13.31)

— 00

Comparing Egs. (13.29) and (13.30), and making use of Eq. (13.31),

174 279/a /°° Q 9
— = g -1 dw — |F(—w,Q)|". 13.32
= (e ) | e S IF-w.0) (13.32)
This can be used in Eq. (13.27) to finally find the mean density of particles in a mode with
momentum p = Q (or p = —Q for the left-moving particles),
1 apa 1 1
—— i - -
n(Q) = v (0] bg,br |0) 5r caja 1" (13.33)

This has a form of Bose-Einstein distribution (F = hf):

1 2 1 T h
n(E) x a1 — @ T where @ " omakn

(13.34)

T is the Unruh temperature. An accelerated detector perceives a thermal bath with temperature
T.
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13.3 Exercises

Exercise 47. Angular momentum field operator. Consider a multicomponent (bosonic or
fermionic) field ® = (¢,), and show that the total angular momentum operator

MHP = / 3z M., where MM = —im,.(S"),s¢5 — (T2 — T 2H), (13.35)

enjoys the commutation property

[@(x), M"™] = (i(x"0” — 27 ") + S")D(x). (13.36)

Solution:

When calculating the commutator we may omit the normal ordering, since the operators
MO and : M°* : differ only by a constant number. In the following we set y° = 20 (M* is
constant in time):

= (S")ss () — / dy ([ér(fc)jo“(y)]y” - [ér(x)jo”(y)]y”) (13.37)

Here we have used canonical commutation (bosonic) or anticommutation (fermionic) relations

[ (2, 1), 75 (y, 1)) = i 0,5 6(x—y) or {Pr(,t),7s(y,t)} =id,56(x—y) (and zero otherwise),
(13.38)
and Leibniz rules [AB,C] = A[B,C] + [A,C]|B or [AB,C]| = A{B,C} — {A, C} B, respectively.
Now recall that T = 7,.0"¢, — ¢°*.%, and hence

[d;r(x)’ TOZ(?J)] = [(ZET(LL'), ﬁ—s(y)anBs(y)} = Z'((>‘r56(a: - y)azqgs (y) = 26(1: - y)azqgr(;r;) (1339)

Moreover, since T% = 7 and H = f d3y #(y), considering the Heisenberg equation

i0$r(x) = [dr(x), H] yields  [§,(z), T%(y)] = [br(x), 7 (y)] = i6(x — y) Doy (w). (13.40)
Thus, we have X . X
[(br(x)v TO“(y)} = “S(:E - y)aﬂ(br(x)a (13'41)
and may finally calculate
[QZAST((E), MW’] = (Sm/)rsdas (SL’) - /dgy (y”zé(:c - y)auér(m) - y“i(s(a} - y)angr(x))
= (S"”)mqgs(x) +i(zh0” — x”é)“)gfgr(x). (13.42)
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Exam questions

10.

11.
12.

13.

14.

15.

. Relativistic wave equations: Klein-Gordon equation, First-order equations (Dirac’s method)
. Lorentz group and Lorentz algebra, Clifford algebra, Representations of gamma matrices

. Dirac equation and its Lorentz covariance, Plane wave solutions, Dirac current and other

bilinears

Dirac particle in electromagnetic field, Non-relativistic limit of Dirac equation, Energy
levels of a Dirac particle in Coulomb potential

Discrete transformations of Dirac equation (Charge conjugation, Parity, Time reversal),
Helicity and chirality

Classical systems of coupled oscillators, Normal modes, Quantum systems of coupled os-
cillators, Vacuum state

Functional derivatives, Lagrangian and Hamiltonian formalism in classical field theory

Symmetries and conservation laws (Noether theorem) in field theory: Translations, Lorentz
transformations, Internal rotations

Field theory for quantum non-relativistic many-particle systems: Bosonic systems, Fermionic
systems, Interparticle interactions

Canonical quantisation of Klein-Gordon field, Mode expansion, Total four-momentum, Nor-
mal ordering

Multiplet of scalar fields, Charged Klein-Gordon field, States and particle interpretation

Canonical quantisation of Dirac field, Mode expansion, States and conserved quantities,
Spin-statistics connection

Pauli-Jordan commutation function, Feynman propagator for Klein-Gordon field, Retarded
(Forward) propagator

Inferring propagators from the action, Feynman propagator for Dirac field, Feynman prop-
agator for Schrédinger field

Classical electromagnetism, Covariant canonical quantization of electromagnetic field, Proca
field
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16. Interacting quantum fields, Interaction picture, Dyson operator, Scattering matrix

17. Wick theorem in generating form, Wick expansion of time-ordered products, Vacuum ex-
pectation values, Diagrammatic representation

18. Applications of quantum field theory in particle physics: Decay of an unstable particle,
Scattering cross section

19. Change of observer in quantum field theory: Poincaré transformations and Unruh effect
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Selected formulas

B.1 Relativistic quantum mechanics

Pauli matrices:

1 (01 2 (0 —3 3_ (1 0 i s sk
o —<1 0 e P =1y 1 , oo =08 +igi R0 (B.1)

Baker-Campbell-Hausdorff formula (restricted):
AeB = ATBesMBl provided  [A,[A,B]] = [B,[A,B]] =0 (B.2)
Campbell identity:
= K

1 n
ABe A =B+ [AB]+ [AAB]+...=> —&, where Ko=B, Kni1=[AK,] (Vn)
2! — n!
(B.3)
Lorentz generators:
(MAV)P = i(ghPsy — g"P8k) . o = Z[y#,5"] (B.4)

2

Finite Lorentz transformations:

L= exp (—;w,wwv) L S(L) = exp (—iwuyaﬂv) CS(L)S(L) = 1M (BS)

Rotations and boosts:
1 , . , 4 ,
Ji = §€ijkM]k, Kz = '\/'0Z s Wi = Eijkek, Woi; = Cl : L= exp (—Z@zJZ - ZCZKZ) (BG)
Rotations and boosts (spin representation):
i bi o i i i _ (0 o i (0" O
S(L)D)W:exp(—QHZ —2C0%7W), Y =I®d, o :z< i (O))’ a%,zz( 0 Z)
Dirac and Weyl representation:

I O) 5 3 0) 0‘7; i 5 (O] I
7%—<@ _H>—7 ) ’YD_<_0.11 (O))—vw ) ’YD_<]I @)—’V%/ (B.8)
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Spin sums:

S ulp)ulp,s) = TS s)o(p,s) = LI (B.9)

Orthogonality of polarization spinors I:
u(p, s)u(p,s’) = dss . O(p,s)v(p,s’) = —0ss , Up,s)v(p,s) =0 (B.10)
Orthogonality of polarization spinors II:
ul(p, s)u(p, s') = %655/ . ui(p,s)u(p,s’) = %’(555/ . ul(p,s)v(—p,s') =0 (B.11)
Discrete transformations:

Uo(z) =720 () , Up(a®, —x)=~"U(z) , Up(—2' z)=+"130"(2) (B.12)

B.2 Quantum field theory

Noether theorem:

0% 0%
o =k 4 sxt(x) , PL(2)) = b (x) + 0 (x) , fH = Oy — ((’L T—(S,‘j.i”)éx”
(@) 1(&") = 0rl@) +600(0) " = 5E=s00n = { =5 000
(B.13)
Energy-momentum tensor:
T, = ﬂ&,qbr — oz (B.14)
Y 9(0u0r) Y
Angular momentum tensor:
07
WP = — svP rs@Ps — T P — THPgY B.15
50,0 S st = ) (B.15)
Schrodinger field:
- * h2 * *
L =il O — %(31‘1/1 )(0i) = V(@)™ (B.16)

Real Klein-Gordon field:

# = L(0,0)(0"9) - 5?0

~ d3p ~ —ipx | A ip-T —
0= [t (i) = VBT

(B.17)
Complex Klein-Gordon field:
* * b djp ~—ipx | 3t ipw
L = (0up")(0"0) —mPo e, @(x) = /\/m (ape P4 bl e ) (B.18)
P
Dirac field:
- . ~ d3 m [~ —ip-x 5 ip-T
2 =0, —mv b= 3 [ [T (bl ) 4 df ol e
P

(B.19)
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— polarization spinors:

Electromagnetic field:

1
- _= uy _ 12
% 4FWF 6<8A>
— polarization vectors:
. k
e(k,0)=(1,0) , &(k,i)=(0,ei(k)), , €3(k)=m » o gi(k)-g;(k) = i

Feynman propagators:

dp e (@Y

Klein-Gordon : Ap(z —y) = /(277)4 P —m?+ie

Dirac: Sp(z —y) = (id + m)Ap(z —y)
Electromagnetic :  (Dp)u(z —y) = —guw Ar(x — Y)|m=0

Scattering matrix:

161

(B.20)

(B.21)

(B.23)

t
sz = <f| U(-I—OO, _OO) ‘Z> ) U(tvt()) = Texp <_7’/ dt’ ﬁ{(t/)> ) Hy=- /d3x$1
to

Wick theorem (for real one-component scalar field):

(B.24)

Texp (z /d%J(x)q@(m)) =:exp (z /d4xJ(x)(£(x)) : exp (— %/d4md4yJ(x) iAp(x —y) J(y))

Invariant matrix element:
Spi=0p + (2m)*6(py — pi) iMy;

Particle states:

spin-0: |p) =/ (27)32E d;r, |0)

1 A/ (2m)32F .
spin—f : |pa8> = Lb;sm)
2 V2m '
Decay rate A — 14 2 (rest frame, m; = my):
dl'  NaNiN / 1 for bosons
—4m3 M % ’ N =
a0 6471'2m 1 Myil 2m  for fermions

Scattering cross section A + B — 1+ 2 (center-of-mass frame, my4 = mp = my = mo):

do - NANBN1N2

a0 _ 2
dQ) 64m2s | |

) Sz(pA +pB)2

(B.25)

(B.26)

(B.27)

(B.28)

(B.29)
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