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Chapter 1. Introduction

1. Introduction

Quantum Field Theory (QFT) is the theoretical foundation of modern quantum theory. It underlies the de-
scription of the fundamental interactions of matter in terms of the Standard Model (SM) of particle physics,
as well as for (Effective) field theories beyond the Standard Model (BSM). In terms of, e.g., asymptotically
safe quantum gravity, lattice quantum gravity or loop quantum gravity it is also the theoretical foundations of
some of the contenders for a unified quantum theory of matter and gravity, alongside with string theory. Non-
relativistic quantum field theory also underlies the description of many-body phenomena in condensed matter
and statistical physics, ranging from superconductivity and superfluidity to quantum phase transitions.
Quantum field theory can be understood as the many-body limit of quantum mechanical systems such as
(an)harmonic oscillators. This is depicted in the lower horizontal map in Figure 1.1. It can also be obtained
from a quantisation of a classical field theory, depicted in the right vertical map in Figure 1.1, historically called
second quantisation. Evidently this simply is the quantisation introduced in quantum mechanics, as can be seen
from Figure 1.1.

x,p ¢(x), TI(y)
classical mechanics classical field theory
[£.p]=in [0, 2(y)]=ifo(x—y)
quantum mechanics quantum field theory
X p $(x), #(y)

Figure 1.1.: Different paths from classical mechanics to quantum field theory.

As mentioned above, the applications of quantum field theory are manifold, and encompass all quantum systems
from small to large scales. In particular modern theoretical particle physics is a great success story of quantum
field theory. In the Standard Model the Higgs-boson corresponds to a scalar field (spin 0), leptons and quarks are
described by fermion fields (spin 1/2), and vector (gauge) fields (spin 1) are used for photons, W* and Z bosons,
and gluons. More generically one distinguishes bosonic fields (spin ») and fermionic fields (spin 2rn + 1/2) with
n € N. A prominent example for a higher spin field is the graviton (spin 2) and the higher spins come with
the additional conceptual problems (perturbative non-renormalisability) that potentially renders the respective
theories ill-defined for large momentum scales. While being highly interesting, the respective theories will not
be considered in this lecture course.

Due to its pivotal importance for the descriptions of general quantum systems, quantum field theoretical meth-
ods has been continuous and rapid advances from its early beginnings in the 30ties and 40ties of the 20th
century. From the very beginning one of the key methods used in QFT applications is perturbation theory, that
is the expansion of the physics at hand about a non-interacting case in order (number) of interactions (scatter-
ings). This is a Taylor expansion in the interaction strength of the theory, in QFT this series is an asymptotic
one (to be explained later). This will be the main method used in the applications in the current lecture course,
and its success and limits will be discussed in detail. As a side remark we mention that, despite its matureness,
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even in perturbation theory there have been recently exciting new developments that go under the name of
resurgence.

Despite its success the limits of perturbation theory are apparent: for strongly coupled or correlated systems an
expansion in the number of scatterings may not be sufficient. A simple but relevant example is an observable
O() that has the following dependence on the coupling,

(1.1

O() = Poly(A) + Pol; (1) exp {—Com‘} ,

/12

where Pol;(1) with i = 0, 1 are polynomials or converging series in A. Evidently, an expansion of (1.1) about
A = 0 will only catch part of O(1), namely Poly(2). Terms such as (1.1) arise typically from topological effects
in QFT and quantum mechanics, and it is also here where the recent developments in resurgence have their
merits.

Thus, the description of the physics of strongly correlated systems calls for non-perturbative methods. Promi-
nent and important examples are the lattice approach to QFT, where the QFT is put on a space or space-time
grid, and (functional) renormalisation group approaches, where the scale-dependence of the theory is resolved
successively. Both approaches will be discussed briefly in Part Il (second term) of the current lecture course,
while more details are given for the latter, the renormalisation group, as it is also essential for perturbation
theory. A full account of these approaches has to be subject of dedicated advanced QFT courses.

Let us now come back to the limits in Figure 1.1, which we want to elucidate with two examples, the oscillating
masses/string and electrodynamics:

Example 1-1: Oscillating masses / string. We consider a chain of oscillating point masses with a fixed
position in x on a string (harmonic forces between next neighbours). This situation is depicted in Figure 1.2.

ql

_a0 (1, X)

\/

n-1 n n+l n+2

Figure 1.2.: Oscillating masses at a distance a on a string.

Now we take the limit of an infinitesimal lattice spacing a between the neighbouring point masses, thus storing
more and more oscillating masses on a given interval with length L on the string. A mass point g, on the string
experiences a harmonic force F(q,, g;) proportional to the distance d between ¢, and its neighbouring points
withi = n — 1,n + 1. For example, the force between ¢, and g, is given by

2
C
F(Qn’ Qn—l) = _a_z(Qrt - ‘In—l) > (12)

with the spring constant ¢?/a?, which pulls the mass point in the direction of g,_;. Summing up the two forces
F(qn, qn-¢) and F(q,-1,qy,) leads us to the equation of motion,

2(Qn = qn-1+qn — Gn+1)
—C R
02

8%q, = (1.3)

where we have dropped the mass m on the left hand side (m = 1). In the current one-dimensional example
lattice spacing is seemingly a misnomer, but the example readily extends to d dimensions, where one typically
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considers a rectangular lattice of point masses. In d = 2 this leads to a two-dimensional rectangular lattice,
describing a membrane, in d = 3 we have a cubic lattice.
Coming back to our one-dimensional example, the continuum limit a — 0 leads us to

Gn — 4n-1 | ES (1.4)
a

the differences turn into derivatives. We now also make this limit manifest in the position variable g,. Instead
of the single position variable we introduce the density of the mass points with

qn:¢(na)[:(>)¢(x), with x=naeR. (1.5)
with a ’density’ field ¢(x). Collecting all theses definitions and limits we are led to

2 (Qn —qn-1tqn— Qn+1)
—C
Cl2

a12%1 =
3
P, x) =3¢t x) . (1.6)

Equation (1.6) entails that in the limit @ — 0 the difference interactions turn into derivative (kinetic) terms. As
the basic object in quantum field theory we will make use of the action of the theory at hand. In the current
example the action of this system of oscillating masses is given by

. 1 (giv1 — i)
stal = [ ar £aqoraw.0 = [ara)’ 3 [(g»z Ry Al (1.7)
- a
with ¢; = 0,q;. The Euler-Lagrange equation
da 0 0q; 9gi
4oL oL o im0, - % (1.8)
dtdq, 0q, oqn O0dn
for a mass point g, lead to (1.3).
Performing the continuum limit a — 0 in (1.7) the action turns into that of a classical scalar field theory
S[e] = f di f dx ((a,¢)2 - 02(6x¢)2), with  lima )" f(na) = f dx £(x). (1.9)
a—
n
In general dimensions the action of a scalar field ¢ can be written as
1
Sigl = f a'x (5097 - (V) - V(@). (1.10)

where V denotes the potential, and we have used the common QFT notation, setting ¢ = 1. We close this
discussion with two remarks:

(i) The problem can be simply described by a bunch of (coupled) harmonic oscillators.

(i) The action S [¢] has Poincaré invariance (to be discussed later).
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The second example is used to briefly recapitulate some basic facts of the most important example of a classi-
cal field theory, electrodynamics. This is also used for establishing some notation. If you feel that you are not
familiar with some of the parts in this example, please recapitulate these parts. Quantum electrodynamics is
discussed in the first part (first term) of the lecture course, and serves as a simple example for the quantisation
of gauge theories discussed in the second part of the lecture course. Some familiarity with it may come handy.

Example 1-2: Electrodynamics. Electrodynamics with only photons is a free field theory. It is formulated in
terms of the gauge (vector) field A,, in quantum electrodynamics this describes the photon. Its classical action
is given by

S[A,] = f d*x L(Au(x),0,A,(0)), (1.11)

where x° = r and (xi) =xfori=1,2,3, and the Lagrangian L is given by

1
LZ_Z ‘quﬂv, (112)
with the electromagnetic fieldstrength F,,,
Fuy = 0,A, - 0,A,, with FY = 0" F o (1.13)

where the flat Minkowski metric 7,,, is used for lowering and raising indices. The diagonal metric (7*”) has
detn = —1 and 5°° = —5 (no sum over i). This leaves us with the options 7°° = +1, and in this lecture course
we resort to that commonly used in QFT,

+1 0 0 O
y 0O -1 0 O N Y y
(TIM ) = 0 0 _1 0 ’ and 77 pnpp = 77;1 = 6 ’ (114)
0O 0 0 -1

where the latter relation in (1.14) is the orthogonality relation. Again we close with a few remarks:

(i) The representation of the Minkowski metric with 7°° = —1 is commonly used in general relativity and
quantum gravity.

(i1) For general curved space-times with metrics g"¥ the orthogonality relation in (1.14) still holds

8" 8up = 84" =3, (1.15)

In both examples the fields is quantised by inheriting the quantum mechanical quantisation from the underlying
discrete systems, this can be depicted as

qg — ¢, A q — ¢A5 > Ay
. . Quantisation N N
p - ¢ > A/J - 5 p — g, A,

7Z'¢ , 7TAH

) (1.16)

where the operators on the right hand side of 1 describe the annihilation and creation of particles:
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(i) The Hilbert space construction rests on the operator algebra spanned by e.g., ¢, 7. These operator can be
represented by a linear superposition of creation operator a' and annihilation operators a (similar to that
defined in the harmonic oscillator). Then, all states in the Hilbert space are created by applying functions
f(a*) of the creation operators a’ to the vacuum state |Q) (also noted by | 0)) which is annihilated by
a with a|Q) = 0. For example, the one particle state reads |1) o« a’|Q), and the annihilation operator
reduces an n-particle state to an n — 1 particle state: a|n) o« [n — 1).

(i) Modern particle physics is described by renormalisable quantum field theories with spin 0, 1/2, 1 fields:
— scalar fields (spin 0): Higgs
— fermion fields (spin 1/2): leptons; quarks
— vector fields (spin 1): photon; W=, Z; gluons
where renormalisation will be discussed later. As discussed before, most quantum field theories used in in
statistical physics and condensed matter physics host (non-relativistic) spin 0, 1/2, 1 fields. In this lecture

course we will discuss the quantisation of all the above fields, including their quantum phenomenology as well
as the important aspect of quantum symmetries and renormalisation.
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2. Free Scalar Field

In this chapter we discuss the quantum field theory of a free scalar field,which we have introduced in the first
example with the continuum limit / many body limit of harmonic oscillators on a string, leading to the actions
(1.9) and (1.10). The scalar field theory is the primary example for a quantum field theory, and also has many
applications in physics, ranging from the Higgs field in the Standard Model to condensed matter and statistical
physics systems, where it describes (composite) bosonic excitations such as Cooper pairs (Spin 0 & 1) or atomic
dimers.

We discuss its classical field theory and the equation of motion in Section 2.1. Continuous Symmetries and the
Noether theorem are reviewed in Section 2.2. The Noether theorem and its consequences is chiefly important
in quantum field theory, and a deep understanding is pivotal for many applications in quantum field theory.
The quantisation of the free scalar field is then discussed in Section 2.3. The canonical commutation relations
for a free scalar field follow straightforwardly from the underlying quantum mechanical ones, see 2.3.1. The
Hamiltonian operator of the theory is put forward in 2.3.2. The Hilbert space of the quantum field theory is,
roughly speaking, the sum of the n-particle Hilbert spaces and is called the Fock space. Its construction is
discussed in Section 2.3.3.

2.1. Classical Theory

For our first considerations we use a real scalar field ¢(x). Here, scalar refers to the Poincaré group P, and the
scalar property entails that ¢ is invariant under Poincaré transformations P € P,

o(x) = P(d(x)) = ¢(x), where PeP. 2.1
Poincaré transformations are (global) space-time transformations that leave the scalar product
(=37 = (=37 (v = W), 2.2)

of space-time differences invariant: To begin with, (2.2) is invariant under space-time reflections, the discrete
Lorentz transformations, that are hence part of $. Moreover, a translation of the coordinates with a constant a:
X,y = x + a,y + a leaves the scalar product invariant as the shift drops out from the difference x — y. Finally,
the continuous Lorentz transformations A, rotations and boosts, leave the Minkowski metric invariant,

(ATnA) =7, in components:  A”,1,cA%y = 1y . (2.3)
In summary, Poincaré transformations P are given by the pair,
P=(A,a): x— P(X*)=Ax"+d", 2.4)
and the composition of Poincaré transformations is given by
(A1 a1) o (A2, a2) = (A1Ag, Ajaz + ay). (2.5)

Accordingly, the Poincaré group P is a non-compact non-Abelian Lie group.
We will mostly consider Lorentz-invariant actions, and we exemplify this requirement within the standard scalar
field theory, the ¢*-theory. Its action is given by

5191 = [ dtx £(000.0,000). 2.6)
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with the Lagrangian

1 1 A
L=30u00"9-V(@), Vig) = 5m*e’ + 4" 2.7
In (2.7), we have introduced a self-interaction term with the interaction strength A. In view of the many-body
limit, in which we have obtained the scalar field theory, the underlying quantum mechanical system is a simple
anharmonic oscillator.
For the kinetic term, Lorentz invariance follows from

y v 23 y
upd'p — OBNN 8= 0,8 (NnA) 679 = 0,007, 2.8)

while it trivially follows for the potential term due to the scalar property of the field ¢,

V() = V(9). (2.9)

In summary, the Lagragian and hence also the action are Lorenz invariant,

L(p,0u9) = L($,0u9), = S[¢] = Slel. (2.10)

We proceed by deriving the general solution of the equation of motion (EoM) in the free theory. This general
solution turns out to be a simple superposition of plane wave solutions with general coefficients, the latter
reflecting the fact, that the free theory is nothing but the continuum limit of a d-dimensional version of the
string we have started with. The coefficients of the general solution characterise the density of these harmonic
oscillators. This representation serves as the starting point for the canonical quantisation of the theory by using
the quantum mechanical commutation relations for the single harmonic oscillators.

The equation of motion follows from the action (2.7) with A = 0 from the extrema of the action 4S5, obtained
from a general variation d¢ of the field, ¢ — ¢ + d¢p. We get

S[¢ +6¢] — S[¢] = f d*x (a¢ A6 — m*¢ 5¢) + 0(6¢°)
o9 f d*x (a,ﬂp 0,56) 7" — m2$ 5¢)

= — f d*x (n’”@,ﬁvgb + m2¢) 6¢ (using partial integration)

- fd4x 5¢ (0> +m*) ¢, (2.11)

where we used the standard short hand notations 9> = 0,0" and (0p)* = 0,90"¢. We conclude that the scalar
field satisfies the Klein-Gordon equation,

Klein-Gordon equation

@ +m*) ¢p(x)=0. (2.12)

The Klein-Gordon equation in (2.12) is the equation of motion for a four-dimensional free scalar field. It
describes the free propagation of the scalar field with the mass m?. A general solution ¢ of (2.12) is a linear
superposition of all solutions of (2.12). Let us start with the solution for the 1+0 dimensional theory, and
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subsequently generalise it to d dimensions. Note that 140 dimensional quantum field theory simply is quantum
mechanics in disguise,
1 22 A4

1
(1, X) = ¢(t) = q(1), L= Eq'z ——m’q* - =g

2.13)
140 dim 2 4 (

The first two terms correspond to a harmonic oscillator and hence to a free theory, while the last anharmonic
term is an anharmonic term is a self-interaction. The equation of motion is the Euler-Lagrange equation

; % - % =0 (2.14)
Using the Lagrangian (2.13) in (2.14) we arrive at the EoM
j+m’q+ g’ =0. 2.15)
For A = 0 this is the differential equation of a harmonic oscillator, which is solved by a plane wave
q(t) =Ag & with K> -m?>=0, (2.16)

and hence with k = +m. When extending to d dimensions (1 time + (d-1) spacial dimensions) to (2.12), the
only change is k> — k(z) — k2. Hence, instead of a discrete set of solutions the continuous set of solutions of the
EoM are given by the on-shell condition

ko = + VK2 +m2, 2.17)

that are related by Lorentz transformations. The general solution ¢ of the Klein-Gordon equation (2.12) is
given by a linear superposition of the single solutions (2.17). Hence, ¢ describes a density of coupled harmonic
oscillators with

P 1
2m)3 2wy

with the spatial momentum density a(k). The two terms in parenthesis are complex conjugates of each other
and hence ¢ is real and satisfies (2.12), as the four-momentum (wk, K) satisfies (2.17).

We close the derivation of the general solution of the Klein-Gordon equation with a remark on the properties
of the momentum density a(k) under Lorentz transformations: To begin with, the normalisation of the spatial
momentum integral with 1/ y/wy is a common but not unique choice, and the choices 1/wy and 1 are also found
in the literature. As the spatial momentum measure d’k and wy are not Lorentz scalars, but the field ¢(x) is,
evidently the different choices affect the properties of the respective a(k) under Lorentz transformations as the
Lorentz transformation A of a(k) has to compensate that of the rest, in short

A[ P 1
(213 2wy

as the phases exp(xikx) are Lorentz scalars to begin with.
The role of wg and the transformation property of a(k) is more easily seen after a reparametrising of the
momentum integral in (2.18) as

3
$(x) = f &'k L(\/zwka(k) ik \/2a)ka*(k)) ok (2.20)

(27)3 2wk

P(x) = (a(k) e 4 a*(k) ei’”) with wg = VK? +m?, (2.18)

a/(k)]— dk ! a(k) (2.19)
T2} VZog ‘

Alp(0)] = ¢(x)

Now we use that the spatial momentum integral measure, normalised with 1/2wy, can be rewritten in a mani-
festly Lorentz-invariant way,
ek 1 d*k

oo~ @ 2n) 6(k* — m*) 0(k°). (2.21)
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More precisely, (2.21) is invariant under proper orthochronous Lorentz transformations: the four-momentum
measure d*k is invariant and so is the §-function as its argument is a Lorentz scalar. Finally, the proper,
orthochronous Lorentz transformations keep the sign of k.

Equation (2.21) can be derived by using

1
6(g(x) — g(a)) = ———=d(x—a), (2.22)
g’ (a)l
where g(x) is any C ! function. This entails that
52 — m?) = 6((k0)2 K em ) 5(1 - ) = —— 5 (ko - i) - (2.23)
|2 K
Inserting (2.23) on the right hand side of (2.21), we are led to the left hand side,
d*k d*k ek 1
2m) 6 (k> — m?) 6(k°) = L ko — w0 6 —. 2.24
el (k2 —m?) 0 (k%) o @) 7 0 o = w0 (k%) = 0 o (2.24)

Accordingly, +/wka(k) is a Lorentz scalar, or, put differently, a(k)@*(k transforms inversely to the spatial
momentum measure. This is important for the density interpretation of the a’s. For example, it follows that

(zﬂ)g a/(k) a*(K) is a Lorentz scalar, and this quantity relates to the (electric) charge of a charged scalar field.
In view of this application we close this Section with extending the real scalar field to a complex scalar field
¢ € C. We know from classical electrodynamics, that charged fields or particles such as the electrons transform
under the electromagnetic gauge group U(1) by multiplication with a phase. In the present scalar case this
requires a complex scalar field, and we define

$(x) = () +iga(v)], (2.25)

\/—[‘ﬁ]
where ¢, and ¢, are both real scalar fields and the phase transformation is given by ¢ — ¢'“¢ with a global
phase w: 0,w = 0. The free action is given by

S[¢] = f d*x £(¢.9.9). (2.26)
with
1
L(9.0u0) = 90 99" = 98" = 5 [@01)” + (062)° = (@] + 6)] . (2.27)

In short, (2.26) is the sum of the free actions of the fields ¢; and ¢,. The reader can readily convince themselves,
that (2.26) is the only free action which is invariant under U(1) rotations.
Then the general solution of (2.12) is given by

e 1
1)} 2wy

We close this Section with two remarks:

P(x) = (e ™ + g K)e™)  with  w = VK +m?. (2.28)

(i) As mentioned above, the action (2.26) is invariant under multiplication of ¢ with a global phase €.
This global U(1) symmetry implies a conserved charge, as will be discussed in the subsequent section.
Moreover, if augmenting the free action with a self-interaction such as the ¢*-term in (2.13), the U(1)-
symmetry dictates

* )l *
V(g) = m’¢'d+ S(¢°9), (2.29)
the potential can only depend on the U(1)-invariant ¢*¢.

(i) An action, that is invariant under a local U(1) rotation, ¢(x) — eiw(x)gb(x) is gauge invariant. The action
(2.26) is not gauge-invariant, this would require the introduction of a U(1) gauge field, to be discussed
later.
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2.2. Noether Theorem

Symmetries play a pivotal role in quantum field theories. Their applications range from the direct deduction
of physics simply from symmetry arguments, i.e. the exclusion of processes based on their lack of symmetry,
to general construction principles (and hence restrictions) of quantum field theories. The latter is particularly
relevant for the construction of Effective Field Theories (EFTs) in Beyond Standard Model (BSM) physics.
Most of these powerful symmetry principles originate in Noether’s theorem. Loosely speaking it states, that

Continuous symmetries of the action lead to a conserved current density and a conserved charge.

These symmetries can be space-time symmetries as translation invariance or rotation invariance already dis-
cussed in classical mechanics. The respective conserved charges in these cases were the (spatial) total momen-
tum and (total) angular momentum. In the present case of Poincaré-invariant field theories these space time
symmetries also includes boost invariance, and we will discuss the conserved currents and charges.

Moreover, we also have important internal symmetries such as the global U(1) symmetry that we have briefly
introduced for the complex scalar field at the end of the last Section. As indicated there, this symmetry relates to
the conserved electric charge of this field, and we used this simple example for elucidating the Noether theorem
for a continuous symmetry with one parameter.

Example 2-1: U(1)-symmetry of action of a complex scalar field.

A simple example, that captures much of the general structure, is given by the field theory with a complex
scalar with the action (2.26). The action is invariant the symmetry ¢ — ¢/“¢ as discussed at the end of the last
chapter. An infinitesimal transformation with w = € and € — 0 is described by

06
0€ le=o

Fh=¢+6p+0(), with 6. =iep, Ap= =ig. (2.30)
In (2.30), 6.¢ is the infinitesimal transformation, and A¢ (or rather its ¢-derivative) is the generator of the
transformation. Evidently the action (2.26) is invariant under such the global transformation with d,e = 0. Let
us now consider a space-time dependent €(x). Then, the action is shifted with

S[¢(x0)] = S[p(x) + ie(x)p(x)] = S[P(x)] — i f d*xd,ex) [¢°0'6 — ('¢")p] + O() . (23D

With a partial integration of the last term we arrive at

S[p(x) + ie(0)p(x)] = S [H(x)] + f dxe) ./, with = i[p°¥¢ - (9] . (2.32)

This is an important result. It entails that for global symmetries the local variation of the action can be written as
an integral of a total derivative d,,j*, multiplied by €(x). In turn, without the global symmetry, the non-invariant
term cannot be written as a total derivative.

Clearly, the action is not invariant under the space-time dependent U(1)-transformation. We also see, that for
choosing constant €, the e-dependent terms reduce to a total derivative and vanishes upon integration, as it must.
Now we use that 6.¢ simply is a specific variation of the field in the direction of the symmetry. This entails
already that the term linear in € in (2.31) has to vanish on solutions of the equation of motion, as the latter are
the stationary points of the action under a general variation. This leads us to

Oy 0, (2.33)

" 3
S lBoMm =

and hence the theory exhibits a conserved current, the Noether current. Equation (2.33) follows with the
definition (2.32) and the EoM (2.12). We leave the explicit proof of (2.33) to the reader.

10
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The current j* can be easily derived from the Lagrangian as it is only generated from the terms dependent on
0,¢. We have

_or . 5S[g]
= 66,,¢A¢’ or Ouj'(x) = 50 | o’

J (2.34)
up to a global minus sign between the two definitions in (2.34). The latter definition yields (2.32) including the
global sign. It is the far more convenient one but requires some knowledge about functional derivatives. While
not required at the present state of the lecture course, we suggest to the reader to get acquainted with functional
derivatives as soon as possible, they facilitate quite some derivations and computations.

We also see that an additional term f d*x e(x) d,J* in (2.31) would not have changed the existence of a con-
served current. It simply would have led to a subtraction of J* on the right hand side of the first definition
in (2.34), and would not have altered the second one. The latter fact again emphasises the naturality of using
functional derivatives.

We emphasise again that (2.33) only holds true in the presence of a global symmetry. In turn, with a global
symmetry (or for general variations) the right hand side is non-vanishing. An additional term occurs, namely
(L3, $)A.

The conserved current (2.33) leads to a Noether charge Q, which is conserved on the EoM. We define
Q= f Ex ) =1 f dx [¢70,¢ — (D:0")¢] . (2.35)
Using 9, j° = Vj from (2.33) we are led to

0@ ppg = f @xd, () = f dxVjx) =0, (2.36)

which can be also proven directly with the EoM. Up to a normalisation, the charge (2.35) is nothing but the
electric charge of the complex scalar field.

We now proceed with the derivation of the general Noether theorem. Each step can be mapped back to our
simple example discussed above. We consider an infinitesimal global symmetry transformation 6, with

P(x) = P(x) + Sep(x) . (2.37)

As has been discussed in our example, the global symmetry is described by a constant infinitesimal parameter
€ with d,,€ = 0. The transformation (2.37) is a symmetry of the action for

S[p(x0)] = S[P(x) + dep(x)] = S[P(x)]. (2.38)

For the general case it is convenient to consider the transformation of the Lagrangian £. Equation (2.38) holds
if the Lagrangian transforms with

L L+€d, "), (2.39)

as has been also discussed briefly in our introductory example below (2.34). Inserting the transformed La-
grangian on the right hand side of (2.39) into the action, the last term, d,,J#, vanishes upon space-time integra-
tion as it is a divergence. Strictly speaking this necessitates the absence of surface terms, that is (IxP I ToDIx] —
o) = 01in 1 + 3 dimensions, which we assume in the following. Then it follows

S[¢] :fd4x£—> fd4x.£+efd4x8ﬂ1”(¢):S[¢]. (2.40)

11
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In our simple example we have J# = 0. Symmetries with J* # 0 are e.g. space-time symmetries that lead to a
conserved energy momentum tensor and are discussed later.

Let us now assume that the theory has a global symmetry leading to (2.39). We have already seen in our
example, that this leads to a local current, that is conserved on the equations of motion. Accordingly, we
consider the explicit global symmetry transformation of the Lagrangian £,

oL oL
_L — .£+ %(55¢+ a(a—maﬂédb (241)

The last term on the right hand side of (2.41) depends on the derivative of the variation. We rewrite this term as
a total derivative and a term, where the derivative hits the 9, ¢-variation of the Lagrangian. This term combines
with the first term on the right hand side of (2.41) to the equation of motion, indicated in red,

oL 0L oL
L L+ % Sedp + 0, (—6((’)#@ 6E¢) - (6,1 —6(8,@)) O
) oL
=L+ (9,, (a(a—m (5€¢) + (EOM) 65(]5
L L+ed ", (2.42)

The steps in (2.42) are the same as for the derivation of the Euler-Lagrange equations for the field theory (with
variations restricted to the global symmetry). It is the identification of the non-invariant terms with a divergence
€0, J" in the last line of (2.42), that only holds for global symmetries. In summary we are led to the relation

0L
Oy (a(a—m) Sep— € J") = —(EoM) 04 . (2.43)

that holds for general field configurations ¢. For fields that satisfy the EoM, the right hand side vanishes and we
are left with a conserved current, that is defined by the linear order in € of the right hand side of (2.43). Using

00

L =g, (2.44)

e=0

we arrive at the general definition of the Noether current for a one-parameter global symmetry,

Conserved current (for a one-parameter global symmetry of a single scalar field)

po L

=——A¢p-J", with 9,/*=0. (2.45)
9@.0) "7 v

The conservation law can also be expressed in terms of the

Noether charge (for a one-parameter global symmetry of a single scalar field)

(1) = f &x @, x) with 8,0() =0. (2.46)

The Noether theorem extends readily to field theories with more than one field, indeed our example is such a
case with (2.25). Then, the first term in j* needs to be replaced by a sum of the variations of the different fields.

12
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Also, the generalisation to the case of symmetries with NV parameters r = 1, ..., N is done by extending ¢ — J, .
This leads us to the generators of the symmetry, A,¢; with

666¢i
0€r le=0 ’

Ao = (2.47)

Repeating the derivation above in this general case leads us to the general definition of N Noether currents,

Conserved current (general case)

oL
#oo O Agi— ', with 8,/ =0, —1,.,N. 24
T @y I W G =0, r=LeN 249

The N conserved currents give rise to N conserved Noether charges

Noether charge (general case)

0,(1) == f &x %), with 8,0.() =0, r=1,..,N. (2.49)

We close this derivation with a remark on general symmetries that involve both, transformation of the field as
well as of its argument, the space-time variable x. This suggests to split d.¢ into an infinitesimal transformation
of the field ¢, d¢|, ¢, and the symmetry variation of the space-time variable d¢x,. We obtain

00¢|y ¢i 00ex

Scp = Ocli ¢ +0ex, 0, with A = . Aax=
e le=0 0€r le=o

(2.50)

This split of the transformation translates into an according one for the Noether currents j*: they have a part that
stems from the symmetry variation of the field, Ag”’)qb, and the one which stems from the symmetry variation of
the space-time variable x. Inserting the split (2.50) into the definition of the Noether current, (2.48), leads us to

General Noether current

Py PRIy P

- J. 2.51
() 0(0,9) @20

As a first relevant application of the Noether theorem we discuss the conservation of the energy-momentum or
stress-energy tensor. The related conservation laws entail momentum and energy conservation. The underlying
global symmetries are that of translation invariance of physics under a spatial as well as temporal shift of the
laboratory system: the fundamental law of physics do not change with time or space. Hence we consider an
infinitesimal global (d,,€ = 0) space-time translation, x — x + €, of the field

d(x) = d(x + €) = p(x) + €'0,p(x) + o), with Aup =1,"0,¢, (2.52)

or Al(?)gb = 0 and A,x” = n,”. Translations have four parameters, r = p = 0, ...,3. Note also that in (2.52)
the scalar property of the field has been used, it is invariant under Poincaré transformations. This is different
for fermion (spin 1/2) and vector fields (spin 1) to be considered later. We proceed by discussing the current
J#,. Applying the infinitesimal transformations (2.52) to the Lagrangian amounts to simply taking a space-time
derivative of £, as the only x-dependence of the Lagrangian resides in the fields and its derivatives. We get

L(p(x),0,(x)) > L+ €0, L =L+, L, (2.53)

13
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leading us to
Jh=1L. (2.54)

Inserting (2.54) in the definition of the Noether current (2.48) or (2.51) leads us to the energy-momentum tensor,

Energy-momentum tensor (or stress-energy tensor)

oL

N
TV'—]Hv—avd)a(aﬂgs)

-%L with ,T" =0. (2.55)

Consequently, we have four conserved Noether currents as well as the respective Noether charges,
P = f &x T, (2.56)

the 4-momentum. The energy-density for time translations is given by the zeroth component of the 4-momentum,

namely
0_ 3. 100 _ 3 0o 0L )\ 3 0N
P _fde —fdx((8¢)a(ao¢) L)—fdx(((')g{))ﬂ L)

= f PxH=H, (2.57)

with the canonical momentum of the field,

oL
= —, 2.58
3000 229
and the Hamiltonian density

of the Hamiltonian H. The result (2.57) was to be expected, as P is the Noether charge that originates from the
invariance of the system under translations in time. The Hamiltonian of a theory generates the time evolution
of the system. Note also that the Hamiltonian density and the Hamiltonian are positive definite functionals. For
instance, the Hamiltonian density for the standard case of a scalar field theory with £ = %(6(15)2 - V() is

H = %ﬂ(x)z + %(V@Z + V(o). (2.60)

oL
(009)

has the transformation properties of the measure

We also remark that the covariance of P* is not apparent. Note however, that transforms as the O-

oL
T

d3x dx°, which is Lorentz-invariant. We leave the rest of the explicit proof of covariance of P to the reader.
We proceed with the spatial components P’ of the Noether charges steming from invariance of the system under
space-time translations. We already discussed, that P° generates time translations, and the P’ are the generators
of spatial translations of the fields within the Poisson brackets. To see this we use the explicit form of the P,

Pi:fd3xT0i:fd3xn6i¢=(fd3xﬂv¢) . (2.61)

component of a contravariant vector. Hence, f d?

14
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Inserting (2.61) into the Poisson brackets with the fields generates infinitesimal spatial translations,

Generator of spatial translations with Poisson brackets

(P(x), p(x)} = —Vg, with {p(x), n(y)} =6x—y) and {p(x), p(y)} =0,  (2.62)

with (P#) = (P°, P). The property (2.62) is sustained in the quantisation, which promotes the Poisson brackets
to commutators of the field (and momentum) operators. We close the discussion of the energy-momentum
tensor and the respective Noether charges with three remarks:

M

(ii)*

(iii)

In general the canonical energy-momentum tensor is not symmetric, i.e. 7#¥ # 7. This originates

in d, However, T#” can always be symmetrised by adding a divergence to the canonical EMT.

0(0ud)
Its symmetry is an important property for the coupling to gravity. An alternative -symmetric- definition

results from the variation of the action with respect to the metric g*”:

2 oS

Toim = | 2.63
g \/—detg 08 lg=n ( )
with
6ga’ﬁ(x) 1 a @ 5\/% 1
6gﬂv(y) = 5(6 /J(Sﬁv+(5 véﬁﬂ)é(x_y)y and W = —§1l_g(x)gﬂv6(x_y)‘ (264)

The derivation of the EMT from the variation of the metric inherits the symmetry of the latter.

We have already suggested the use of functional derivatives in the derivation of the Noether theorem
instead of using variations. Functional derivatives are conveniently defined by
0
0009 _ sz~ y). (2.65)
op(y)

Note also that the scalar field is invariant under a combined transformation of field and space-time vari-
able, i.e. ¢’(x’) = ¢(x), and so far we have only used ¢(x) — @(x"). For the combined transformation we
are led to

Ap =0
Ava — npv
J‘;J =0 (L'=0. (2.66)

Finally, we briefly revisit the charge of a complex scalar field, used as an example in the beginning. The
(free) Lagrangian of a complex scalar field, (2.25), is given by

L=0,00"¢" —m*p¢*, (2.67)
and is invariant under global U(1) rotations, see (2.30), leading to J*# = 0. We choose
Ap = —ip, A¢* = ip"*, (2.68)
related to ¢ — e¢, and we obtain the Noether current of the complex field,

0L oL oL . oL
A Ap* = —
56,0 " T 30,00 T 96,0 T 36,0

J= i¢” = i(¢* ¢ - (5”¢*)¢), (2.69)

15
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in agreement with (2.32). The Nother current is the spatial integral of ;°:

Noether charge of a complex scalar field

0= f dx =i f d3x(¢*6t¢—(at¢*) ¢). (2.70)

We have already noted in our introductory example, that the (Noether) charge is conserved on the equa-
tion of motion. This is now checked explicitly,

0

=ifd3x(¢'* b0 b+ 070 —(079") ¢)
EoM

(2.12) - :ifd3x(¢* (V2 =m?) ¢ —[(V2 - m?) ¢ ¢)

i f d3x(¢* Vi — ¢ V2¢) =0, (2.71)

where we have performed twice a partial integration for the last identity as well as assuming the absense
of boundary terms. On the equation of motion we can also use (2.28) for rewriting the Noether charge
(2.70) as a momentum space integral,

d3p
0= f ) (01*(17) a(p) —ﬁ*(P)B(P)), (2.72)

and the global sign of (2.72) is changed by changing (2.68) to A¢ = i, Ap* = —i¢ as in (2.30).

In the next section we discuss the quantisation of the scalar theory. As already mentioned, in the quan-
tisation procedure the coefficients a, a* and 3, 8* are elevated to annihilation and creation operators for
particles and anti-particles, respectively. Then, their combination in (2.72) is simply the quantum field
theoretical analogue of the number operator in quantum mechanics.

2.3. Quantisation

In the introduction, Chapter 1, we have argued, that quantum field theory can be understood as the field-
theoretical limit of quantum mechanics. This entails, that the canonical quantisation relations of the position
operator and the momentum operator of a single quantum mechanical system are simply carried over to the
field theory, see Figure 2.1. This limit has been roughly described in the beginning of this lecture course, see
Figure 1.1, and is put to work in the present section.

In Figure 2.1 we have set 7 = 1 and ¢ = 1 on the right hand side. This leads to convenient simplifications in
all computations. The results are then presented in these natural units and the standard units such as SI can be
easily restored. In thermal quantum field theory or quantum gravity these units are typically augmented with
kg = 1 (Boltzmann constant units) or mpjanck = 1 (Planck mass units).

2.3.1. Canonical commutation relations

The above general picture entails that the canonical quantisation in quantum field theory can be performed anal-
ogously to quantum mechanics. For emphasising this analogy, let us briefly recapitulate quantum mechanics as
140 dimensional quantum field theory. The generalisation to general dimensions is straightforward and is done
subsequently.
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Quantum Mechanics Quantum Field Theory

[g.p] = i 60, 2| = i6x-w)
-

[4.9) =0="[p, ] [$). 3] =0="[#(x), 2(y)]

Figure 2.1.: Quantum field theory from the many body limit of quantum mechanics. The canonical quantisation
relations of QM are transported to the canonical quantisation relations of QFT.

Example 2-2: Quantum mechanics as 1+0-dimensional quantum field theory.

Reducing the dimensions to d = 1 + 0O, the spatial integration in the action is removed. This integration
is an integration over the density of (quantum) mechanical systems. We will stick to our QFT convention
=1, ¢ = 1, as this facilitates the generalisation to quantum field theory. In summary we are left with the
action of a harmonic oscillator,

1 1
S[ql = f dr £ = f &t (58 - 30°). 2.73)
where, as before, we also set the mass to unity. The corresponding Hamiltonian reads
1 1 0
H=pg-L=-p"+-w’q¢, with p= oL _ q. (2.74)
2 2 aq

The quantisation entails p,g — p,§, with the canonical commutation relation [§, p] := i (with i = 1). We
introduce creation operators a' and annihilation operators a as

4= \/lz_w<a+a*>, ﬁ=—i\/§(a—a*>. (2.75)

The (canonical) commutation relations for the creation and annihilation operators follow from that of § and 7,

la,a']1=1, la,al=[a",a'1=0. (2.76)

The Hamilton operator can then be written in terms of the creation and annihilation operators,

. 1
H= (aT a+ 5) w, 2.77)

where (1/2) w corresponds to the vacuum energy. In the Heisenberg picture the operators evolve with time,
whereas the states are stationary, i.e.

i%f)(t):[é(r),ﬂ], with  O®) = ' O0) e 11, (2.78)

Now we use (2.78) for showing that the commutation relation do not evolve in time: the position and momentum
operators always admit canonical commutation relations,

[a(), po] = ¢ (g, p] e " =1 2.79)

A final remark concerns a first step into the direction of a quantum field theory, namely the extension of the
present harmonic operator to the superposition of many harmonic oscillators as discussed in the beginning of
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the lecture course. Then, the total Hamiltonian is a sum of the single ones, in the most general case also with
different frequencies w;, that is }; H(§;, pi; w;) = H (&:.r, a; w;). The commutation relation of the operators stay
the same, and operators stemming from the different subsystems commute. This leads us to

|ai. pi| =10 |a;. at] = 6. (2.80)

With this remark we close the brief recapitulation of some basic properties of the harmonic oscillator.

The astute reader may have noticed that all derivations and properties discussed in the quantum mechanical
example above carry over to quantum field theory: the only difference of a field operator ¢ in QFT and the
position operator ¢ in QM is the integration over spatial momentum in the former. This is a linear operation and
we expect that we simply have to change the Kronecker-6’s in (2.80) into 6-functions. With this introductory
remark we proceed to the 1+3 dimensional theory, which serves as the generic case. From now on we shall
drop the hat marking the operators, it is understood implicitly. The Hamiltonian density for a real scalar field
operator is

H=ndy¢p— L= %[n(t, )+ ¢(t, %) (-A + m?) (¢, x)

) (2.81)

with the Laplacian A = V? and the field momentum operator 7. The Hamiltonian H is the spatial integral of
the density H. For example in 3 (spatial) dimensions we have H = f d*xH, , see (2.57). The respective
Lagrangian is given by a Legendre transform and reads,

oL
A(909)
the commutation relations of the field operator ¢ with the momentum operator n follows from that in the
quantum mechanical case: for a system of harmonic oscillators we have, see (2.80),

lgi, mj] = id;; . (2.83)

L= %(aw - (Vg): — m2¢2), with  7(t,x) = (t,x) = 6% = . (2.82)

In the many-body limit discussed in the beginning the operators ¢; and 7; turn into spatial densities of quan-
tum mechanical operators. More precisely their products ¢, p?, gp in the quantum mechanical Lagrangian or
Hamiltonian turn into densities proportional to the inverse spatial volume element 1/a“~!. For example we have
in one spatial dimension,

pi@)

a—0 2 = a—0
—_— 1, , dx, 2.84
- — 7n(t, x) ai;mﬁf X (2.84)

where we have already assumed a system with infinite spatial extent. In d — 1 spatial dimensions the index i
turns into a vector i = (iy, ..., iz_1)’, and we have

> popity = a Y’ (p ‘(t))(p{f_’l)) =) f A x (e, 0)m(1, %), (2.85)

d—1

: az a2

with 71(¢, x) being defined analogously to the one dimensional example.

Consequently, the quantum mechanical commutation relations (2.83) have to be multiplied with a?~!, where the
exponent simply is the (inverse) dimension of space-time. Thus, in the many-body limit the product 1/a?"'6; j

turns into the spatial 6-function, §(x —y), and we obtain canonical commutation relations for the field operators,

Canonical commutation relations
[¢(t’ x) 5 ﬂ(t’ Y)] = 1 6(x - Y)

[¢(t. %), ¢(t,y)] = [#(t,x), n(t,y)] = 0. (2.86)

The field operators ¢, 7, that satisfy the canonical commutation relations (2.86) operators, define the free scalar
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quantum field theory. We add a few remarks:

(i) The field operator ¢ satisfies the EoM, as do its matrix elements (A|¢|B) of time-independent states
|A),|B).

(i1) The free field theory describes a (coupled) set of harmonic oscillators due to the presence of pA¢ in the
action. In Fourier space this term turns into ¢(—p) p> ¢(p). Consequently, we can diagonalise £ and H
in momentum space. This is done analogously to the 1+0 dimensional theory.

The field and momentum operators can be written as spatial momentum integrals by elevating the classical
solutions (2.18) to operators,

Field operator
_ d3p 1 —ipx T ipx)
P(x) = Qn) 2wy (a(l’)e +a'(p)e
3
nm=wan=—i(;$q%pwnﬂhw@nwy (2.87)

with the on-shell frequency (2.18),

wp = P*+m?. (2.88)

In (2.87) the coefficients a, a’ are operators that inherit their commutation relations from (2.86). For the deriva-
tion of the commutation relations we go to momentum space. The Fourier transform is defined as

ﬂm=f&mwmw

d4p —ipx ¥
ﬂm=jkﬂge”¢@) (2.89)

With the spatial Fourier transform (r = 0) we get the representation of the field operator and its canonical
momentum, ¢ and 7 respectively, in momentum space,

Field operator in momentum space

1

‘/Za)p
ﬁ@ﬁif&mﬁmwmw:—uﬁg@@»ﬂ%mﬁ. (2.90)

For the derivation of the commutation relations of the operators a, a’ we insert (2.90) into (2.86), and derive
the commutation relations of ¢(p), #(p),

(00 @] = [ Py O o) n(y)

ﬂm=j}%fwaw= (o) +a"-p).

= f Bx &Py e PFW i 5(x —y) =i f d3x £ PHOx

=iQ2n)’6(p+q), (2.91)
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and

6. $@] =0 = [7(p). 7(q)] . (2.92)

Equations (2.91) and (2.92) entail that 7(q) is conjugate to #(—q). Now we use that the creation and annihilation
operators are related to sums of the field and momentum operators similarly to quantum mechanics,

Creation and annihilation operators

a@) = |2 §(p) + i —— 7(p)
p)= > \/ﬂ y4

R R i) (293

2wp

From the commutation relations (2.91) and (2.92) of ¢, 7 we deduce that for the creation and annihilation
operators:

[op). o' @)] = - \/Z:Z [#0). i) - £ \/Z:Z b, 7p)] = CoPop -, 9%

and

la(p), a(@)] = 0 = |a"(p), a'(q)] - (2.95)

This concludes our discussion of the canonical commutation relations in a free scalar field theory.

2.3.2. Hamiltonian of the free scalar field

In the 1+0-dimensional quantum mechanical example in the beginning of this section and in the classical scalar
field theory we have seen, that the Hamiltonian density can be diagonalised. In terms of quantum mechanical
annihilation and creation operators it could be rewritten in terms of the number operator. We now follow this
derivation in the scalar quantum field theory. To that end we diagonalise the Hamiltonian density in momentum
space. We start with the kinetic term,

dp &g ~ ~ dp - ~
_ 3 _ 3 9 —ix(p+q) 2 — 2 %0
fd 6(x) Ad(x) = fd oy €T HP) 4 @) f P PP, (296

where we have used that Ae™'% = —q?¢™'%%. Analogously we get

m f &x $2(x) = m? f D 5 i) f x 22(x) = f Er cwaen. o
2n)3 ’ Q) . .
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All terms are diagonal in momentum space. Note that this complete diagonalisation is specific to free theories.
Local interactions such as the ¢*-term cannot be diagonalised in momentum space. In the free case we arrive

at the diagonal Hamiltonian

Diagonal Hamiltonian

B dp 1
J @n)32

[fr(p) #(—p) + wy ¢(p) &(—p)] with  wp = p*+m?.

(2.98)

The physics interpretation of H is best done in terms of the annihilation and creation operators a, a'. Hence,

we use (2.90) to rewrite

1

d? 1

1
+dpap) - 3("@a"-p) + ap a-p)) + [ap), a' () }

_(&p 1 d’p
= f (2ﬂ)3wpa (p)a(p)+§(V f —(2ﬂ)3wp,

where we have used (2.95) for the last equality. We also used

=YV,
p=0

o). )] = 760 = [ Exem

(2.99)

(2.100)

where V is the volume of the spatial R3. The second term in the last line of (2.99) is sometimes called the
vacuum term, and contains two infinities. As in physics energy differences are measured and not total energies
this infinite constant can be conveniently dropped. However, it reflects one of the many divergences we will

encounter on the way and we add a few remarks:

(i) The volume of R3 is an infrared infinity related to considering arbitrarily large distances or wavelengths.

It occurs in the infinite volume limit and can be dealt with by putting the theory in a finite volume, i.e. a
box B, a sphere S 3 or a torus T (periodic box, no artificial curvature or boundary). All these choices are
used in QFT:

The box or other compact spaces occurs in physics situations, where we discuss quantum systems in the
laboratory or for the discussion of the Casimir effect, best known for the attractive force between two

3
plates triggered by quantum effects buried in the ’vacuum’ term 1/2V f (CZIT’)Qa)p.

The sphere is mostly used for topological considerations, as then the fields can be understood as maps
from S or more generally S¢~! or S¢ into the field space or the vacuum manifold, that is the subspace
of solutions of the (quantum) equation of motion. In the case of N real scalar fields ¢ = (¢, ..., ¢y), or
N, we can define potentials that is invariant under general rotations of the fields into each other, ¢ — O¢
with O € O(N). Such a potential is given by

A 1
V@ =+ 307 p= (674 ah) (2.101)

For N = 1 we are back to the real scalar field, and the vacuum manifold is simply a point, ¢ = 0 (u > 0),
oritis {+¢g} ~ Zp (u < 0 and q% = —2u/Ay). For the complex scalar field it is {¢g exp{iw}} = U(1) ~ S 1
and for N copies of the scalar field the vacuum manifold is isomorphic to O(N). We leave the proof
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of this statement to the reader. In all cases, the vacuum manifold carries the symmetry group G of the
action. Naturally, then the characterisation of maps S%~! — @G is important for the theory at hand.

Finally, the torus T¢ is used in lattice formulations of QFT, mostly out of numerical convenience. A
further interesting property is, that the torus neither has a boundary such as the box nor does it introduce
an artificial curvature to space-time such as the sphere.

All these choices lead to finite volume factor, and all of them, and others, have been considered in QFT.

3
(i1) The second inﬁnit}'/ is' given by the vacuum energy density and occurs as the integral f (ST;“)P ‘diverges.
It is related to the limit of large momenta or small wave lengths and hence is an ultraviolet infinity. It can
be dealt with by regularising the momentum integral, e.g. with the constraint p*> < A? with some finite
ultraviolet cutoff A.

(iii) Although we ave argued that the constant term can be dropped as only energy differences can be mea-
sured, it has to be considered in general: it plays a role at finite temperature or more generally for QFT
with boundary conditions. The latter has an interesting and measurable application with the Casimir ef-
fect in QED already mentioned above: it introduces an attractive force between conducting plates, more
generally the strength of the Casimir force and even the sign depends on the considered geometry. Last
but not least the constant term is important for QFT in curved space-time and/or coupled to gravity,
specifically but not exclusively for the cosmological constant problem.

For now we continue with our derivation and simply drop the vacuum term. The remaining Hamiltonian is
diagonal, and is given by a a spatial momentum integral over harmonic oscillators with frequencies wy.

Hamiltonian

d3
H= f (2;)’3 wpad' (P)a(p),  with  wp= P2 +m?. (2.102)

As anticipated in the beginning, (2.102) is nothing but an integral over an operator density of harmonic os-
cillators. As in the quantum mechanical case the operator is the number operator: a, a' are annihilation and
creation operators respectively, and the combination a'(p) a(p) is the momentum density of the number opera-
tor. Accordingly, H simply counts the number of particles with a given momentum p and integrates over their
energies wy.

2.3.3. Fock space of scalar quantum field theory

This leads us directly to the question of the Hilbert space of the quantum field theory which we have to construct
in terms of its operators. In quantum mechanics the Hilbert space is given by the span of all states that can be
created from the vacuum by applying sums of powers of creation operators. The same construction works here,
and the Hilbert space of quantum field theory is the Fock space, which is basically a sum of a set of Hilbert
spaces of the n-particle states. The Fock space is systematically constructed from the vacuum state and the
operator algebra given by a, a’.

22



Chapter 2. Free Scalar Field

(i) Vacuum & generic states: The vacuum is the state with the lowest energy, and we define

Vacuum state

H|0)=0 with a(p)|0)=0 and (0/0)=1. (2.103)

Note that it is the definition (2.103) that leads to the interpretation of @ and a' as annihilation and creation
operators respectively. With (2.103) we now create all states in the Hilbert space by applying a, a on the
vacuum state |0). Indeed it is sufficient to only consider a', as any a can be commuted through to the right
where it finally hits the vacuum state. We also remark that a general state is given by applying a sum of
products of creation operators to the vacuum,

d’pi d PN ¥ +
0= [ S S i) ) () 0), (2.104)
NZO o iy 5 o
where f = (fy, fi...) is the inifinite-dimensional vector of the coefficient functions f,(py, ..., Py)-

(ii) General one-particle state: In order to construct such a general state and for discussing its properties,
we first consider the one-particle state with momentum p, which is proportional to a'(p)|0). The normalised
state is given by

One-particle state

Iy = \J2wpa’(p)10) with  H|p) = wplp) . (2.105)

The combination /2wp a’(p) is Lorentz-invariant, as discussed below (2.20). Moreover, the state in (2.105) is
normalised and is an eigenstate of the Hamiltonian with the energy w,. Both these properties are proven below:
Let us first consider the latter property. Applying the Hamiltonian (2.102) to the state (2.105) leads us to

- [

B 753 wp a' @) a(p’) \2wpa’ () [0)

3.7
(2,53 wp @' ) y20p ([a®), @ ®)] + o' ®) @) 0)

= wpa'(p) \[2wp 10) = wp Ip) . (2.106)

In (2.106) we have used the canonical commutation relations (2.95) as well as the vacuum property al0) = O,
see (2.103).

‘We now prove the first property: the states (2.105) are orthonormal with respect to the Lorentz invariant measure
f & p/ n)31/ (2wp). First of all the scalar product of two states with momenta p and g is proportional to
the spatial momentum J-function. Moreover, it is scalar and hence the factor has to involve w). This leads
us to the normalisation of the momentum states with (2n)3wp6(p — @). We note in passing that the scalar
product of the momentum state is Lorentz-invariant. Indeed, integrated over the Lorentz-invariant measure
f dp/2n)*1/ (2wp) the total normalisation is unity, trivially being Lorentz-invariant. With (2.105) we arrive at
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(Plgy = 2wy wg (Ola(p)a’(@)|0) = 2 vy ag (Ol [ap), a'(@)] 10) = 2wp @) 6(p-q).  (2.107)

and

&p 1
Gy 2, PO =1 (2.108)

The state defined in (2.105) is not only an Eigenstate of the Hamiltonian, but also an Eigenstate of the momen-

tum operator, which is discussed later, see in particular (2.137).
With (2.105), the general one-partical state is given by a weighted momentum integral of |p),

General one-particle state
dp 1

@ny 2o,

where f(p) denotes the distribution of momenta present in the state. The norm of the general one-particle state
is given by

If) = f(p)a'(p)0y, (2.109)

dp d3q 1
@n?J @ \Pwprw,
If the state is normalised to unity, f*f (or rather f*f/(2wp) ) is nothing but the propability distribution of a

given one-particle state in momentum space. While the momentum eigenstate (2.105) is also an eigenstate of
the Hamiltonian, the general one-particle is not due to the momentum integral involved. We find

d3p
(2n)3

1
flH= f*(p) f(g) Ol a(p) a' (g)0) = f Yo f(p) f(p) . (2.110)
p

3.7

d .
Hin = [ Ghowd @)aw) [

d3p 1 ¥ B d3p \/wip .
e Jron PPN = | o7 @ @0, @1

the energy is distributed according to the momentum distribution of the state. If sandwiched with this state this
becomes even more obvious,

aipy = (L2 [ 1 s 2.112
s = [ ok 0 F )| 0y, @.112)

for normalised states |f) this is nothing but the energy distribution following from the probability f*(p) f(p).

(iii) N-particle state: The analysis done above for the one-particle state extends straightforwardly to the
n-particle state. First we note that particle momentum states are eigenstates of the Hamiltonian and energy-
momentum is additive. Assume now that we have a state |8) with H |3) = Eg|B). Then a’(p)|B) is a state with
one additional particle with momentum p and the energy Eg + wp,

H(d @) ) =’ @ HIB) + [H, a'@)]18) = B+ wp) (' 0)1B)). @.113)

Accordingly, we simply have to consider N creation operators acting on the vacuum. This leads us to N-particle
momentum states:

N-particle state

N

N
PP = [ | (205 d'@)10) . with H|p1---pN>=(pr,.]|p1---pzv>, (2.114)
i=1

i=1

where the latter property follows by starting with the vacuum, recursively multiplying the creating operators
and using (2.113). Note also, that the N-particle states have Bose symmetry, i.e.

[P1- PiPiet - PN) = [P1- - Piv1 Pic - PN) (2.115)
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as [aT(pi), aT(piH)] = 0. While the energy relation in (2.114) follows concisely from (2.113), we re-derive
it with the explicit form of the state and the Hamiltonian operator for further exemplifying the use of the
commutation relation. This leads us to

d3 ’ N
Hlpi---p) = f ﬁww [ [ y2en (a*(p’)a(p’)a*(m)---a*(pN) 10)). (2.116)
i=1

In the next step we shift all creation operators to the left and all annihilation operators to the right, which is
called normal ordering. Then we use (2.103) and the canonical commutation relations for the creation and
annihilation operators, (2.95), to simplify the equation,

a®) (a0 -+’ o) 10 = ([a®) . a"@0] ' B2+ a" (B + ..
w+dl(py) [a®), a'(p2)| @' (p3) - a"(pr) + .+ ..

+dl(pr) - a(pan) [a(p)), a*(N)]) 0) . (2.117)

With (2.117) it follows that |p; - - - py) is an energy eigenstate with the energy », wp,, see (2.114). The odering
of operators of the final expression, namely all annihilation operators to the right, is called normal ordering.
We have already used it implicitly in the definition of the Hamiltonian (2.102), and it will be discussed in more
detail later.

Analogously to the general one-particle state, the general N-particle state is then given by a momentum integral
of a distribution f(py, ..., py) of momentum eigenstates similarly to (2.109):

General N-particle state

d3 1 &3 1
= | =2 LBy FPro o) a (p)--a’ (py) 10) . (2.118)

Qn) 2w, Q1 2wy,

This leads us directly to the definition of generic states in the Fock space of the scalar quantum field theory as a
sum of general N-particle states for all N as defined in (2.104). We close the discussion of the N-particle state
with a remark on the generation of an (N — 1)-particle state from an N-particle state. This is naturally achieved
by applying an annihilation operator to the N-particle state, which is illustrated with the example of N = 1
below,

Example 2-3: Annihilation operator applied to general one particle state.

1

A /pr/

f(p’)a' (p’)|0)

~ d3p/
a(p) 1> —a(P)fW

_f&y 1
(2n)3 V2w

f(p') [a(p) . a"(p")]10)

1

A /2wp

f(p) 10 (2.119)
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(iv) Field operator ¢ and coherent states: Let us now discuss the interpretation of the field operator ¢(x)
in (2.87). We first remark that applying ¢ to the vacuum state yields a one particle state,

d3
(27)% 2wp

dp 1
20wy

Equation (2.120) is the Fourier transformation of a momentum one-particle state, hence a position state. Testing
this state with a momentum one-particle state results in

$(x)[0) = (a(p) P 1 4 (p) e‘“’") 0) = P p) | (2.120)

(plp(x)[0) = €P*, (2.121)

is a plane wave with the momentum p and reminiscent of non-relativistic QM, as (p|x) = '”*. Applying ¢ to
the dual (bra-vector) vacuum vector (0| leads to a similar conclusion for the annihilation operator part of ¢. We
conclude that the field operator ¢(x) creates and annihilates a particle at the spatial position x. Moreover, states
with defined particle number have a vanishing expectation value of ¢. In particular this applies to the vacuum,

(0lp(x)|0) = f ((12371;3 \/2171) PX 4 a"(p) e PX|0) = 0, (2.122)
with (0]a|0) = 0 = (0]a'|0). Similarly it follows, that
(pl¢X)p) =
(P1- - pNl¢X)[p1---pN) =0, (2.123)
by using
P1-pN) = a'(pr) -’ (pN) [0) - (2.124)

Let us now concentrate on the annihilation part of the field. A potential eigenvector for this part is one for the
annihilation operator,

a(p) ) = a(p) le) , with (aay =1. (2.125)

The state is unchanged by the annihilation (detection) of a particle with momentum p and the eigenvalue is the
amplitude a(p). Equation (2.125) defines a coherent state, heuristically one with minimal uncertainty, hence a
“classical’ state. If the field operator is sandwiched with |a), this interpretation is very suggestive. We find

d? 1 .
(|p(X)|a) = f (2;)’3 m(e‘pxa/(p)+e ipx *(p)) Pa(X). (2.126)

We emphasise,that a(p), @*(p) are no operators, and (2.126) is equivalent to (2.18), i.e. the classical real scalar
field ¢¢(x). It is left to explicit construct |@). Its defining property (2.125) implies that it must be a sum of
N-particle states |ay) that are mapped into |ay_1) if hit by an annihilation operator a. This leads us to

1 [ee)
= N(Cl) /;)la'N> s with a(p) |CIN> = a/(p) |a/N_1> , (2127)

with |a—;) = 0 and a normalisation N (). Such an N-particle state is given by

d pl . e
o) = N,]_[( oy Ha(p.)]lpl Pn) (2.128)
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and the property in (2.127) is shown with successively using
n
a(p)Ip1-+-pn) = ) (2m)° \[2wp, Ip1- - Pict Pist -+~ Pa) 6(p — PA). (2.129)

more details can be found in Appendix A. It is left to compute the normalisation N (@) necessary for {(a|a) = 1
in (2.127). This computation is deferred to Appendix A. This concludes our construction of the coherent state.
The sum in (2.127) with the N-particle states |ay) defined in (2.128) is the exponential series and we write
conveniently

Coherent state
1 dp 1 _ d*p 2
loy = ——ex a(p)a’(p)| 10y,  with Na—ex( | |).
(2.130)
Coherent states are not orthogonal which can be deduced from their scalar product,
1 dEp 1,
Bla) = N@NG) CXP( 2n) 2—%ﬁ a(P))

__ _l p [|a< )+ B - 28 (p) (2.131)

“NaNE P @) 20, 1P TP Ul |
where we used the Baker—Campbell—Hausdorff formula

exp (A) exp (B) = exp (B)exp(A)exp (A, B) for [A,[A, Bll=0=[B, [B, All . (2.132)

Indeed the set of coherent states is overcomplete. Note that in quantum mechanics (1+0 dimensional theory)
we can easily show that

%fdQQ/ lay(a] = 1, (2.133)

where 1 is the unity operator in the Fock space. This completes our discussion of coherent states and the
interpretation of the field operator.

(v) Conserved energy-momentum tensor: Let us now discuss the fate of the classical conservation laws
in the quantisation procedure. To begin with, as nothing in the derivation of the Noether theorem made use of the
nature of the field (function or operator), the conservation laws should also hold in the quantised theory. Indeed
we have already discussed the Hamiltonian as the generator of time translations. This is the O-component of the
conserved current P# = f d3x T, see (2.56). Corresponding to (2.56) we now calculate the spatial momentum

operator as
P' = fd3x T = fd3x7r6i¢

ol 25 B

d3q 1 S A1) i s iy —iqx
X f ny m(a(q)(—w)eq +a'(g) (ig) e )}

f a3 P { — a(p) a(-p) + a(p)a’ (p) + a' (p) a(p) — ' (p) a%—p)} : (2.134)
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where we have used the Fourier representation of the field and its canonical momentum, (2.87), and have pulled
out the common factor ip’. Note also that §'(px) = —0(x g p/) = —p'. The first and last term in the momentum
integral proportional to p a(p) a(—p) and p'a’(p) a’(=p) vanish: a(p)a(—p) is even under p — —p as the
operators commute. This follows similarly for a'(p) a’ (—p). Hence, the total integrands are odd under p — —p
and the integrals vanish, i.e. f d*p p' a(p) a(—p) = 0. We normal order the operators (all annihilation operator
to the right) and arrive at

1 [ dp ; ; &Pp [ 1
P=3 f Gy p(za (p)a(p) +[a'(p). a(p)]| = f Gy PP ap) - 700’ 2135
Analogously to the Hamiltonian in (2.100), the second term in the last line of (2.135) is ill-defined. In con-
tradistinction to the Hamiltonian, it contains an infinity, (27)36(0) = V and a zero (after regularisation of the
momentum integral with an ultraviolet cutoff, p> < A%. Then the second term reads

&p 3 &p
2m)76(0 % =0, 2.136
f<2n)3”( 7)°5(0) — f o P (2.136)
p2S A2
and can be safely dropped. This already indicates that divergences can be avoided if the theory is first defined

in a regularised way. Here, regularisation is a well-defined mathematical procedure known from distribution
theory (functional analysis) and is used for tempered distributions. With (2.136) we are led to

4-momentum operator

P’ =H

(spatial momentum) P = f ExnVe

d3
) f (2n]))3P“T(P) a(p) with plp) = plp) . (2.137)

(vi) Lorentz symmetry: We close the construction of the Fock space with discussing Lorentz symmetry. Let
U(A) denote the unitary Fock space representation of a Lorentz transformation A. Then

U(A)|0) = |0)
UN)Ip) = |Ap) . (2.138)
Note, that
(qIp) = 2wp(21)° 5(p - q) (2.139)
is Lorentz-invariant, as
&p 1 d*p 2 2,0
= 21 6(p> — m?) 6 2.140
) 2 ) né(p” —m7)6(p°) ( )

is invariant under proper orthochronous Lorentz transformations (detA =1, AOO > 0), and

d*p

3 _
@ T 2wp2n) S(p—q) = 1. (2.141)
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With this, we have completed the Fock space construction.
A final remark concerns the causality of the theory. For this purpose we recall that ¢(x) generates a superposition
of one-particle states from the vacuum (2.121). This entails, that the propagation of a particle (or state) in the
theory and hence its causality is encoded in the propagator

D(x = y) = (0l¢(x) ¢()I0) . (2.142)

As the underlying differential equation is of second order, (2.142) is only one of two independent solutions.
Typically, we will deal with retarded, advanced, time ordered or causal propagator, all of them convenient
choices in specific situations. Note that all the different propagators can be constructed from two of that men-
tioned above, for example from the retarded and advanced propagators. This is further discussed in Chapter 3,
Section 3.1. In summary we have constructed and discussed the Hilbert space for the free real scalar field, the
Fock space, in the paragraphs (i) - (vi).
The quantisation as well as the construction of the Fock space readily carries over to complex scalar field and
O(N)-theories, ¢ = (@1, ..., pn). We refrain from repeating the identical steps of the construction and simply
quote some of the important result. The action is given by

NOE f d*x (a#¢ Fo" —m* ¢T), with ¢ = i(¢1 +ig), (2.143)

V2

where we have written the action of the complex scalar in terms of real scalars ¢; with i = 1,2 with (2.87) with
respective creation and annihilation operators ay, ai and a, a;. If rewriting S [¢] in terms of the ¢, ¢, we arrive
at

2
S[¢] = Z % fd4x (ay¢i oMo — m2¢i ¢,) (2.144)
i=1

In the representation (2.144) it is apparent, that the action encounters no operator ordering problems. Hence, it
is suggestive to use this representation of the complex scalar field in order to avoid operator ordering problems
within the quantisation of composite operator expression such as the action, Hamiltonian and Noether currents.
Evidently, the complex field and its canonical momentum can be written in terms of two pairs of creation and
annihilation operators. Instead of a;,a, and their adjoints one usually combines them in complex pairs that
reflect the representation of ¢ by ¢ and ¢»,

d3p 1 ipx T —ipx
P(x) = f@ N a(p)e +b'(p)e ,

2wp
3
m(x) =8%"(x) = —i (‘21”1)’ T 4 /% (b(p) P —a'(p) e—iPX), (2.145)

with

1 1 ] i
a= —(ay+iam), b=—(a—ia), o a=—(@+b), am=—0b-a), (2.146)

V2 V2 V2 V2

It can be checked readily, that (2.146) and the commutation relations (2.94) for a;, aj, lead to canonical com-
mutation relations for the complex field,

[¢(x), n(y)] =id(x —y),
lap). a' (@] =@n)y s(p - g,

o), bi(g)] =)’ 6(p - g . (2.147)
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and all other commutators vanish.

We identify a,a” with the annihilation and creation operators for particles, while b, b' are the annihilation and
creation operators for anti-particles. This can be also deduced from the respective Noether charges for energy
conservation and U(1) ~ O(2) invariance, H and the (electric charge) Q respectively:

The Hamiltonian operator is given by

1 dp
2J @2n)3

#(p) 7' (p) + w $(p) &*(p)] : (2.148)

and reads in the diagonal momentum representation

H~1f
2

where the integrand corresponds to the sum of the energy of particles and antiparticles, and we have dropped
the vacuum term.

Finally, the Noether charge operator Q is derived from the classical Noether charge (2.70) by inserting field op-
erators and their derivatives. In contradistinction to the Hamiltonian we encounter operator ordering problems,
which are typically circumvented by using the normal ordered form of the Noether charge. However, for illus-
tration we keep the full expressions. As suggested above we use the representation (2.144) for the derivation of
the Noether current and charge. The infinitesimal O(2) rotation is given by

d3
(zﬂ’; wp [a*(p) a(p) +b'(p) b(p)] : (2.149)

é1 > d1—€h2, 2 > dr +€Py, (2.150)

and the Noether charge reads

Q= fd3x (620,61 — ¢10:¢2) . (2.151)

without any operator ordering problems. In (2.151) we have used the fact that ¢; commutes with d,¢; for i # j,
which allows us to bring the derivative terms to right. We remark, that (2.151) is manifestly symmetric under
1 & 2. Hence, if expressing (2.151) in terms of ¢, ¢* or a, a',b,b', this expression is necessarily symmetric in
a & band ¢ & ¢'. Not the these transformations exchanges the role of creation and annihilation operators,
which should be a symmetry of the theory: the definition of a,a’ as annihilation and creation operator came
via our choice of the vacuum a|Q) = 0. We could as well have chosen a' as annihilation operator.

Inserting (2.87) into (2.151) and using (2.146) leads us to

o-f

which has the symmetries discussed above. Note also that no vacuum term is present in contradistinction to the
Hamiltonian. This property originates in the symmetry between particles and anti-particles, being correlated to
the symmetry between a,a’, b, b': a vacuum term corresponds to an either positive or negative vacuum ’charge’
and hence has to be absent in a symmetric formulation.

The computation of the Noether charge (2.152) within the ¢, ¢, representation is straightforward but a bit
tedious. It is facilitated by translating (2.151) into a form with ¢, 7, ¢", 7" and using (2.145). We arrive at

Q:%fd3x({¢T,ﬂ'T}_{(p,ﬂ}):ifd3x(¢TﬂT_¢ﬂ)’ (2.153)

where {A, B} = AB + BA is the anti-commutator of operators, being pivotal in the quantisation of fermionic
fields discussed later. The second relation is obtained by bringing all momentum operators 7, 7" to the right.
This generates two vacuum charges with opposite sign which cancel each other which again reflects the symme-
try between annihilation and creation operators or particles and anti-particles. Moroever, (2.153) is hermitian

&p f ¥
207 a'(p)a(p)—b'(p)b(p)|, (2.152)
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for the same reason: to begin with, QT has the same for as (2.153), but with 7, 7' to the left. However, bringing
both to the right produces two vacuum terms that annihilate each other.
With (2.153) we are led to (2.152),

0=i | d (¢Jr7rJr —¢JT)

—ifd%cf ¢’ ¢ ! (2.154)
B Q) J (2n)° \Pwp 2wg '

X |(a" () ™ + b(p) ™) (it alg) ¥ + iwq b () )

~ (alg) €% +b7(g) ™) (iwp a” (p) P ~ iy b(p) ei"x)]

&p [ s t
- | SEld paw - @], (2.155)
The ’classical’ charge in a coherent state is given by
&p |, .
(@loio) = [ Sl e - (2.156)

which agrees with the classical Noether charge derived in (2.70).
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3. Perturbation Theory

Perturbation theory is a standard computational method in quantum field theory. It considers interactions as a
perturbation of the free theory. For example, a scattering event of such as 2 — 2 scattering in the ¢*-theory,
(P;P>I/P3P4) in momentum space can be expanded in powers of single scatterings: the zeroth order describes
just the propagation of two fields (either with p; = p; and p, = p, or 3 & 4 ), the next order describes a single
scattering of the fields involved (in general with momentum transfer, so only momentum conservation holds,
P; + P, = P; + Py ) and is linear in the coupling A. Two single scatterings are proportional to A2 and so on. In
perturbation theory we assume the coupling to be sufficiently small, 4 <« 1, and expand the observables, e.g.
scattering amplitudes such as described above, in orders of A and strive for convergence.

We also remark, that strictly speaking perturbation theory is an amplitude expansion in the field amplitude as
the coupling always comes with powers of the field. This differentiation is important for strong field physics,
e.g. electrodynamics in strong fields. There, the coupling is small, the fine structure constant « is of the order
1072, but perturbation theory at least has to be resummed.

3.1. Interaction Picture

Perturbation theory in QFT is typically done in the interaction picture, which is a mixture of the Heisenberg and
Schrodinger picture known from quantum mechanics (1+0 dimensional QFT). In short, in the interaction pic-
ture the operators evolve with the Hamiltonian of the free QFT, while the states are evolved with the interaction
Hamiltonian. For the construction we first briefly recapitulate the Heisenberg and Schrodinger pictures.

In the previous chapter, the Fock space construction was performed in the Heisenberg picture. As mentioned
above, in the Heisenberg picture the operators evolve in time, whereas the states are stationary,

i0:1f) =0,
i, 0(r) = [0(1), H] , (3.1

and the latter equation holds true for a time-independent Hamiltonian. The time evolution equation for the
operator O(¢) in (3.1) has the simple solution

0@ = o e (3.2)
with the unitary time evolution operator
U(t,t") = exp(iH (t — 1)), (3.3)

that describes the time evolution over a time distance t = ¢t — ¢’.
An important example is the field operator ¢(x). In the discussion of the free field we only discussed equal time
commutation relations and operators at ¢ = 0 such as ¢(x). Due to the simple time evolution of operators in
(3.1), the commutation relations do not evolve in time, see (2.79) in Section 2.3.1. The proof there was based
on the time translation invariance of the free theory or rather the free Hamiltonian.
The time evolution of the field operator ¢(x) defined in (2.87) is determined by that of the creation and annihi-
lation operators a’ (p) and a(p). Their time evolution is given by (3.2) and we are led to

eth iH

a(p) e— t — a(p)e—iwpt , and eth a?(p) e—th — a[(p) eiwpt’ (34)
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the time evolution of the a,a’ is imply given by phases with the on-shell frequency. For the derivation of (3.4)
we use the series expansion of the exponential,

; 1
iHt _ — mpn
e —Zn!tH, (3.5)
which defines the exponential of an operator in the first place. First we consider the time evolution of the
annihilation operator. For its computation we have to pull one of the exponentials to the other side. This task
boils down to computing the commutator [H" , a(p)], which can be done by successively using the commutator

[H, a(p)],

d3
. a@)] = [ Lo ('@ lat@). a®)] + o' @ a®)] a@) = ~opa). (36)

R

where we have used the canonical commutation relations (2.95). This can be conveniently rewritten as
n n
Hap)=ap) (H-wp) —  H'a(p)=a(p) (H - wp) (3.7)

Then, the time evolution of the annihilation operator in (3.4) follows straightforwardly from (3.5) and (3.7)
with

eth a(p) e—th — a(p) ei(H—a)p)t e—th — a(p) e—ia)pt . (38)

The time evolution of the creation operator in (3.4) follows similarly. This allows us to derive the time-
dependent field operator ¢(x), using (3.2) and (3.4),

gx) =€ glx) e

3
_ GiH d’p 1 ( a(p) €™ + a' (p) e—ipx) i1

W \2wp

3
_ f d’p 1 (a(p) @9 4 4t () ei(wpl—px))

2n)* 2w,
B &cp 1
~J @ 2w,

with pp = wp. Equation (3.9) is nothing but the quantised version of the time-dependent classical solution of
the equation of motion, (2.18), and the field operator in (3.9) collapses to the time-dependent classical free field
if sandwiched with a coherent state (2.130), (@|¢(x)|a) = @c1(x) with ¢¢1(x) being defined in (2.18). This closes
our brief recapitulation of the Heisenberg picture.

In the Schrodinger picture the states evolve in time and the operators are stationary,

(a(p) P 4 4t (p) eiW) , (3.9)

10 |f(0) =HIf),
10,0 =0, (3.10)

where the first equation holds true for a time-independent Hamiltonian. As for the time evolution of the opera-
tors in the Heisenberg picture, the time evolution of the states in the Schrodinger picture have a simple solution
in terms of the unitary time evolution operator exp(—i H ?),

lf(0)y = e |y . (3.11)
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\ backward lightcone

2

Figure 3.1.: Lorentz transformations connect all points on a x~ = const. surface in the Minkowski diagram.
Thus, for space-like separations we find a Lorentz transformation A with A(x —y) = —(x — y),
sketched in the figure on the right hand side. In turn, for time-like separations this is not possible,
see the figure on the left hand side.

Hence, the time evolution operator U(t, ') defined in (3.3) either acts on the operators (Heisenberg) or the states
(Schrodinger); the expectation values are the same.

This leads us to an important property, the causality of a local Poincaré-invariant QFT: Causality is a necessary
requirement of any physics description, and has to be present in a QFT on the microscopic level. In a local
QFT we have point-like interactions, a necessary requirement for the causality of the QFT. This property has
to be carried by the field operator ¢. In particular, ¢ should not connect space-like regions. This leads to the
requirement

[¢(x), ()] =0 for (x—y)*<0. (3.12)

Equation (3.12) entails that two measurements with a space-like distance have no impact on each other, and
hence the field operators should commute at space-like distances. We proceed with proving (3.12), using the
explicit representation of the field operator ¢(x) in terms of creation and annihilation operators, (3.9),

3 3
[¢(x), d()] = f <o f g : ([a(P), aT(q)] omipx=ay) | [aT(p) , a(q)] ei(px—qy))

@n? J Q2n)? (22w, 2w,
3 3
R N L P
(27)3 2wy (27)3 2wy
— d4p 6( 2 mZ) 9( 0) e—ip(x—y) _ d4_p 6( 2 m2) 9( 0) eip(x—y) (3 13)
J e’ b 2np P . ‘

with pg = VK2 +m? > 0, and using (2.21) in the last step. Now we utilise the manifest Lorentz-invariant form
of the momentum measures that in (3.13): For space-like separations (x — y)2 < 0, there is a orthochronous
Lorentz transformation with

Alx=y) = =(x~-y), (3.14)
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see Figure 3.1. Hence, for (x — y)? < 0 we have

f d*p (0 — m?) 6(p) P d*p (0 — m?) B(p") P A=)
—m e = _— —m e
(27 p 4 2n) p p
d* ,
- f P 5p* - m?) 6(p%) e 3.15)
(27)

With (3.15), the two terms in (3.13) cancel, and we are led to the causality relation (3.12). Evidently, the
derivation carries over directly to a complex scalar field, or more generally, to N copies of the real scalar field,

¢T = (41, ..., 0n). We find
[6:0, ;)] =0, for (x=3P<0 and Vi je(l,..,N}. (3.16)

In summary, local (point-like) interactions (trivially preserving causality), and the causal propagation of parti-
cles or fields as is inherited from the free field operators ¢(x) lead to the necessary causality of the QFT on the
microscopic level.

We now proceed to the interaction picture. As already mentioned above, in the interaction picture we expand
the theory in powers of interaction about the free theory, the latter being formulated in the Heisenberg picture.
In turn, the states evolve with the interaction Hamiltonian. For this construction we decompose the Lagrangian
density in a free and an interaction part

1
L9) = Lo@) + Lin(d) = 56@) (=0 = m’) $(x) + Lin(9). (3.17)
where the interaction Lagrangian is given by the local point-like interaction V(¢) with,

Lin(@) = -V(@), (3.18)

whereV(¢) is a polynomial in ¢(x) at the same space-time point x. This decomposition carries over to the
Hamiltonian density

1 1
H(r. §) = Ho(m. ) + Hin(@) = 57(x) + 58(0) (=4 +m) §(x) + Hin(8) (3.19)
where the canonical momentum solely occurs in the free part and

Hini(9) = V(@) (3.20)

For the time being we restrict ourselves to the ¢*-interaction,

Interaction part of the Hamiltonian density

A
Hin(9) = V($) = 57 p(x)*. (3.21)

Note, that the normalisation factor varies in literature, common choices are of 1/(4!) as in (3.21), or 1/8,
commonly used in O(N)-theories. Let us also add a few remarks:

(i) Higher order terms are excluded by lack of renormalisability (predictivity) in four space-tim dimensions.

(ii) ¢’ terms are not bounded from below, which leads to an unstable theory. Moreover, they lack the discrete
symmetry under ¢ — —¢. Still, these models are used within perturbation theory, mostly due to the fact,
that they allow for simply computations and the quantum corrections in a ¢>-theory show some properties
of more physical theories. For example, the incorporate 1-to-2 scattering, also present in QED, QCD and
the Standard Model.
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(iii) As the simplest interacting and potentially stable QFT, the ¢* theory is the *workhorse’ and *guinea pig’
of QFT.

In the interaction picture, the operators evolve in time with the free Hamiltonian

0,0 = [0, Hy]
= O(r) =1 Q ¢! | (3.22)

with
Hy = f d*x Hp . (3.23)

Accordingly, the evolution of the operators is well and analytically under control, as we have solved the free
theory in Chapter 2, and all operators can be written in terms of the creation and annihilation operators of the
free theory.

The states evolve with the interaction Hamiltonian

10;1f) = Hinc | f) - (3.24)

Equation (3.21) looks deceivingly simple, and for a time-independent interaction Hamiltonian the time evolu-
tion operator would be given by (3.3). However, the interaction Hamiltonian does not commute with the free
one, and hence it follows with (3.22), that Hjy is time-dependent,

10Hine = [Ho, Hinddl # 0 = Hine = Hine(2) . (3.25)

We remark that if the interaction Hamiltonian would commute with the free one, the free states would evolve
trivially in time and hence the whole theory would stay free.
It is left to determine the unitary time evolution operator U(t,t’) of the states with the property

lf@®) = U, 1) |f (o) (3.26)

With (3.24) we find

Time evolution of U(t, ty)

10,U(t, ty) = Hine(t) U(t, 1) . (3.27)

The time evolution operator U(t, #p) defined via the differential equation (3.27) encodes all the scattering pro-
cesses of the theory. This entails that if we initiate our time evolution within an eigenstate of the free theory at
some time f, it will evolve into a fully interacting one via the multi-scattering events encodes in U(t, fp). The
scattering matrix S is defined as the time evolution operator from g — —oco to t — +o0,

S-matrix

S = . lim U(,t), (3.28)
0—>—00

t—+00

and carries all interactions in the theory. In short, if we know the S-matrix, we have ’solved’ the theory: the
result of a given experiment is then computed by computing the matrix element ( f|S |in). Here, |in) is the initial
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—
>
\{

Figure 3.2.: Sketch of the adiabatic switching on and off of the coupling A of the interaction (3.21).

state of the experiment, say a colliding pp pair, two colliding bunches or two colliding beams at LHC, and |f)
is the outcome of such a collision measured in the detector (ALICE; ATLAS, CBM, LHCb).

Strictly speaking, the S -matrix is only well-defined if A is adiabatically switched on and off for asymptotically
large times —fy, t — oo, for a graphical depiction see Section 3.1. Otherwise it would collect infinitely many
scattering events. Thus, the initial state |{) and the final state |f) are free states,

|state t —> —oo0) = |i)
|state t — +o0) = |f) (3.29)

which evolve non-trivially through scattering events transmitted by the interaction Hamiltonian. For a proper
treatment of the S-matrix the LSZ-formalism (L.SZ: Lehmann, Symanzik, Zimmermann) is used, as the naive
treatment of respective scatterings come with infinities, the precursors of which we already discussed in the
free theory in Chapter 2. For the discussion of LSZ further preparation is required, and we come back to it in
Section 3.5.

It is left to derive an explicit and tractable expression for U(t, fp) that allows an iterative treatment of scattering
events. For this purpose, we take the infinitesimal form of (3.24) and use it to rewrite the state | f(¢)) iteratively,

|f( + An) = 1f(©)) — 1 At Hin () 1£(0))

= (1 —iAr Him(t)) If(2))

= (1 - 1At Him(t)) (1 — 1At Hipg(t - At)) |f(t = AD)

N
= l_l (1 — 1At Hipy(t - nAt)) |f(t— N Ap)) . (3.30)

n=0

Equation (3.30) provides us with a product form of the time evolution in terms of infinitesimal time-steps,

N
Ut + At 1 — NAS) = ]_[(1 —iAtHim(t—nAt)). 3.31)
n=0

Now we order (3.31) in powers of the infinitesimal time-step At,

N
U@+ At,t — NAY) =1+ (-1)At Z Hin(t — n A1) + (—1)%(A1)? Z Hin(t —nAt) Hip(t —mADH + ... (3.32)

n=0 n<m
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Note, that n < m in the second sum corresponds to the time ’on the left’ being larger than the time ’on the right’
(time ordering). This entails, that for a given index n, the index m is summed from N to n. Put differently, the
time ¢t — mAt is summed from fy =t — NAtto ' =t — (n+ 1)At.

In the limit Ar — O with a fixed N At = t — 1y, all sums turn into integrals and (3.32) approaches

t t t
1+(—i)fdt’ Him(t’)+(—i)2fdt’fdt” Hini(#) Hine (&) + ..., (3.33)
to 1o fo

where the left integral in the last term corresponds to the sum over n and the second integral to that over m.
Naturally, the integrals carry the same time ordering as the sums. The higher terms in At are derived similarly,
all carrying the time ordering and the combinatorial factor unity. This leads us to the final expression for the
time evolution operator,

Time-evolution operator

13
U(t, tg) = Texp{ —i f dt’ Hyy(t) for t>1ty, (3.34)

fo

with the time ordering operator T, defined by the property
TA@®)B({') =A@ B0t - 1)+ B()AMD O —1). (3.35)

The series expansion of the exponential in (3.34) without time ordering leads to nth powers of the interaction
term —i f dt’ Hin (") with the prefactor 1/(n!). The time ordering of the nth power of the intergal leads to n!
identical time-ordered integrals such as in (3.33), which proves the validity of the representation (3.34). As an
example for the above we use again the quadratic term, which already reveals the underlying structure.

Example 3-4: Time ordering for the second order term of U(t,ty). This example shows, how the time
ordering operator acts on the second order term in the expansion of (3.34), yielding the second order term of
(3.33).

t t t t
1 ’ ’ 144 ’’ 1 ’ ’ ’ 74 ’ ’
ET f dr’ Hine(2") f dr” Hin(2 )=§ f dt’ Hin(2) f dr”" Hine(1") (" <1)
o 1o

o 1o

t t/l
+ f dt” Hin () f dt’ Hin(?) @ >t
to I

t t

= f dt’ Hy (1) f dt” Hy (1) . (3.36)
1o

fo

As already argued above, this derivation works analogously for the higher order terms in (3.35), and the occur-
rence of n! identical terms cancels the 1/(n!) factor from the series expansion.
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7 P
p;
~ |p1p2)

att — —oo

VAARS

Figure 3.3.: 2-to-2 scattering process. The in-state for ¢ — —oo is proportional to a momentum state of two
(free) particles in) o [p;p,), as is the out-state out) o< |p}p5).

We proceed with the discussion of the interactions or scatterings generated by Hiy. First we note that all terms
in ¢* carries four creation and annihilation operators. Ignoring the operator ordering for the moment, we deal
with a*, a'a®, (a")?a?, (a")3a, (a")*. For example, one term reads

Hip = f Ax¢*(x) ~ d® (d"?, (3.37)

with two creation operators to the right and two annihilation operators to the left. Acting with this specific part
of the interaction Hamiltonian on a given state creates two additional particles in this state and then annihilates
them again. If we apply Hj, on the vacuum, this leads to infinite vacuum processes in (0|Hj,|0). These
processes are not physical (similar to the vacuum energy in the free case) and we shall drop them from now on.
This is done by normal ordering: all annihilation operators in a product of creation and annihilation operators
are pulled to the right. If ordering (3.37) this way, we get (0|Hjy|0) = 0.

Example 3-5: 2-to-2 scattering.

Now we elucidate this in a more physical example, 2-to-2 scattering: our initial state for r — —oo is a momentum
Eigenstate of two (free) particles or fields, [p; p,) = /@Wp, @p,|P|P,) » and the final state at 7 — oo also contains
two (free) particles with different momenta, [p} p5). This situation or experiment is depicted in Figure 3.3. The
S-matrix for this scattering event is given by

S=1+iT, (3.38)

where the unit matrix 1 represents the part without scattering. For the 2-to-2 scattering event depicted in
Figure 3.3 we arrive at

A
Ti = =i 20, 20y, 20p, 203, (0la(p}) a(p) [E f d'x ¢')| a'(pp) @’ (p2)l0) + O, (3.39)

and from now on we drop the higher order terms and only consider the first order linear in A.

To explicitly compute the scattering part i 7¢; of the S-matrix, we use the commutation relations (2.95) of the
creation and annihilation operators and pull all creation operators in H;y to the left and all annihilation operators
to the right. We conclude that due to (2.103) and the present situation with the same number of particles in the in
and out states, only terms with the same number of creation and annihilation operators contribute. Accordingly,
we only have to consider the terms in Hj, with two creation and two annihilation operators.

Moreover, as discussed above, first we only consider normal ordererd terms and hence the normal ordered
interaction Hamiltonian. Normal ordered expressions are marked by colons, e.g.,

ta(p)a’(p2) 1 = a' (p2) a(py) .- (3.40)
For instance, with normal ordering the infinite vacuum terms of the free Hamiltonian Hy in (2.99) disappear,

d? p
(2n)3

1 d 1. 1 .
Hy := 3 (27273% (150’(p)a(p)+§a(p)a'(p) :)=f

wpd (p)a(p), (3.41)
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More importantly, the normal ordered interaction Hamiltonian, integrated over time, f dtHiy, already yields all
scattering processes, that connects the incoming fields to the outgoing ones via the interaction term. Concen-
trating on the operators involved, we get

T,,7 i

A N
[: (aT)2a2+a'aaTa+aa aa' +a

y} a*a' +a(aT)2a +d (a‘L)2 :]

i A

- % (a) a2, (3.42)

while the respective full expression including the spacial momentum and space-time integrals reads

A d i —ix(g3+q4—q1— I
o | 4wt = [1_[ f (zﬁq)3 ] f 0y e [aT(ql)aW(qz)a(qs)a(qat)]

&g 1
(n f (27rq)3 ) [aT(ql) a'(q2) a(q3) a(q4)] Co'o(qr+q2 — (g3 +qa),  (3.43)

where g3, g4 are the momenta of the creation operators and ¢y, g, that of the annihilation operators. The inte-
gration over space-time leads to a §-function that carries total four-momentum conservation in the scattering
process. Hence, one of the momentum integrals in (3.43) can be performed, eg. leading to g4 = q1 + g2 — g3.
We emphasise that this basic property holds not only for on-shell, but also for off-shell processes.

Acting on the in-state /@Wp, @p,|p;P,) With the products of annihilation and creation operators in (3.43), anni-
hilates the two incoming fields with on-shell momenta p; and p,, and generates two with momenta g3, g4 with
total momentum g3 + g4 = p; + p2. Then, the projection on the out-state leads to p; + p» = p3 + pa. First
leaving out the space-time integral that leads to total momentum conservation, we get

d’q _ g
[l_[f(zﬁ)g ]e ix(q3+q4a—q1—q2) \/2wp1,2wp; 2wp1 2wp2

x (Ola(p}) a(p)) (a*(qna*(qz)a(qs) a<q4))a*<p1)a*<pz>|0>

A &g 2a)q —ix(q3+q4—q1-q2) ’ ’
n | | ’ (P} — q1) (P, — q2) 6(p1 — q3) 6(p2 —
4( l. f(27r)3 \ 20, | ¢ (P} — q1) 5(p; — 42) (P1 — q3) 5(P2 — qa)

= ) ¢ XP1+p2=p|=p3) , (3.44)

where we have consecutively pulled the annihilation operators to the right with

a(qa)a’(p1)a’(p2)10) = [a(qa), a’(p1)] a'(p2)10) + a' (p1) alqa) @’ (p2) 10)
= (277 8(as ~ P @' (p2) + 0 (b [a@e), @' (0] + ' 1) @' (b2 al@)) 0)

- <2n)3(6<q4 —pya’(p2) + 6(qs — p2) a*(po), (3.45)

and similar relations. In a final step we perform the space-time integration, leading to total four-momentum
conservation

fd4x e PP = (Om)*S(py + pa - Pl - Ph). (3.46)
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In summary this leads us to
1Ty =: i MQ2r)* 8(py + pa — ) with M=-2, (3.47)

where in general M denotes the matrix element, which here is trivially just the coupling.

We close this example with a qualitative discussion of the remaining terms. We have already argued that these
terms, analogously to the infinite vacuum terms in the free Hamiltonian, comprise vacuum processes. To see
this explicitly, we start with the full interaction Hamiltonian and rewrite it in terms of the normal ordered
one and the remaining terms. The latter are proportional to a single commutator and a pair of creation and
annihilation operators, and a product of two commutators. These terms are created, when pulling all creation
operators to the left and all annihilation operators to the right. Starting with the sum of terms in (3.42), we
arrive at

Hine = : Hipe -
Fq P 1 Cix(a1
+ 3 xq1—-q2) ,t
( @n) 2a)p)~[ f (27)3 (27)3 \ 2wq,2wq, ¢ a'(qz)a(qy)
A &cp 1 2
g ¢ 1) 209 3.48
+81n x( Qm3h%) (3.48)

where the second line collects all (12) terms proportional to [a, a"a"a and the third line collects all (3) terms
proportional to [a,a']?. The interpretation of this term is discussed in detail in Sections 3.2 and 3.3, at present
we only remark that the commutator [a,a’] is nothing but the vacuum expectation value of two fields, also
discussed later around (3.53). The latter expectation value is the propagator (or correlation) of two fields in
momentum space. Its Fourier transform is the two-point correlation in space-time, {0|¢(y)¢(x)|0) and describes
the creation of a field or particle at x, its propagation to y and its annihilation there. In short, it describes the
propagation of a field from x to y. Hence the vacuum term in (3.48) or rather its integral over time can be
rewritten as

A (. Ep 1V, >
gfd x( L ﬁ) = gfd x (€0l (x)(x)|0y)” . (3.49)

In view of the above interpretation of propagation, (3.49) describes the creation of two fields at x, their *virtual’
propagation to the same point, and their ’subsequent annihilation there. Clearly such a process is not physical
and only arises due to our chosen expansion scheme: perturbation theory. We shall see in the following, that
these apparent deficiencies can be treated in a consistent systematic way, leaving us with finite physical results
for e.g. cross sections.

Inserting the full Hamiltonian and not just the normal order part in the expansion of the 2-to-2 scattering
process, leads to further terms, and their graphical depiction and interpretation as well as the physical term is
depicted in Figure 3.4:

The first diagram is the scattering term, we have just discussed. It is proportional to the coupling A and carries
no momentum dependence. This lack of any ’feature’ originates in the fact, that we are dealing with a scalar
(featureless) field.

The first line of vacuum diagrams includes the trivial process related to the matrix element of the unit matrix
1 in the §-matrix, multiplied with a vacuum diagram, that connects two of the four fields with two other ones
respectively and is proportional to A. The full prefactor of the trivial process is given by

A, Sy
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Figure 3.4.: All parts of the linear order of the 2-to-2 scattering process, including the vacuum contributions.

which is precisely the vacuum term in the Hamiltonian. Evidently, this process to the nth power is also generated
in the nth power of the interaction term, 1/n!( f d*Hin)". Summing up all these terms would lead to a phase
multiplying the identity part in the S-matrix,

A e o1V A (. Sy
—1gfd)€( (271_)3 2—0)1)):| —]leXp{—lg de( (27‘[)3 ﬂ) . (351)

the vacuum terms sum up to a phase. We shall see later, that all terms exhibit these phases, which accordingly
can and should be dropped. For the present 2-to-2 scattering process and in the first order this entails

(o)

1
HZE

n=0

P! e 1\
(Ola(p}) a(py) a'(p1) a’ (p2)|0) [1 _i§ fd4x ( ) }

2n)} 2w,
= (Ola(p}) a(p}) a’(p1) @' (p2)I0) |exp ;2 f d“x( ¢ i)z O(?) (3.52)
172 8 2n)3 2wy ‘ '

As has been indicated above, it can be shown that all the vacuum terms sum up to an infinite phase, and this
property extends to all vacuum processes. However, theses phases and the vacuum loops involve infinities,
which calls for an appropriate treatment. This is discussed later in the Chapter about renormalisation.

The above example of the on-shell 2-to-2 scattering process is the building block of perturbation theory: all
scattering processes can be built up from on- and of-shell 2-to-2, 1-to-3 and 3-1 scattering processes, all fol-
lowing the above pattern.

At the linear order evaluated above the time ordering did not play any rdle. In all higher orders it does. Ac-
cordingly, we will have to deal with time ordered matrix elements or expectation values of powers of fields.
Moreover, from the above analysis we saw already that the two point function in the vacuum will play the key
role in our expansion. In the linear order (and higher order ones) all our final expressions are proportional to
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products of commutators of the creation and annihilation operators from the interaction Hamiltonian and the
states. In the free theory the commutator is nothing but the vacuum expectation values of a product of fields
(2.90) in momentum space,
o 1 s 1
Olg(p2)¢(p1I0) = o= la(p2), a'(pD)] = 5——

Q2n)*5(py — py). (3.53)
wpl wpz a)pl

With the time ordering, (3.53) has to turn into a time-ordered two-point function. Moreover, the creation and
annihilation operators in the initial and final states carry the earliest and latest time respectively, and all our
expressions can be reduces to sums of vacuum expectation values of time ordered products of fields, the time-
ordered two-point function or propagator playing a special role.

For its evaluation we use the fact, that while states and operators and their time evolution depends on the under-
lying picture, expectation values (matrix elements) do not. In the latter, the respective unitary time evolutions
cancel out. Hence, we will start with the two-point function in the Heisenberg picture, and then rewrite it in
terms of the interaction picture. The advantage of the latter is that it is tailor made for a perturbative expansion.
To begin with, we introduce the vacuum of the full theory |(2),

10;1Q) =0. (3.54)

As we have discussed in the beginning of this Chapter, in the Heisenberg picture the operators evolve with the
full Hamiltonian,

10,05 = [¢n, H] — Pu(x) = ¢ ¢(0,x) e, (3.55)

with the solution (3.9) for the field operator ¢(¢) in the free theory. The two-point function of interest is given
by the time-ordered two-point function,

QT Pu (X)) . (3.56)

For rewriting (3.56) within the interaction picture we have to disentangle the full time evolution with H and
that with Hy and Hjy for both, the states and the operators.
In the interaction picture, the states evolve with Hjy and the operators evolve with Hy,

lf(D); =U(t,0)[f(0)),
10,1 = [¢1, Ho) — ¢1(x) = 0 $(0, x) 710" | (3.57)

The time evolution of the operators in the interaction picture is the same as in the free theory, and the solution
(3.9) readily carries over to the present case. For the derivation one can use that for an asymptotically early
time, t — —oo, the field operator obeys the free solution. Then the derivation steps leading to (3.9) are repeated
and we arrive at

dp 1
21 2y

For rewriting ¢y in (3.56) with ¢; defined in (3.58), we use that the operator ¢(0, x) can be obtained from ¢y
by sandwiching it by the (inverse) time evolution. In the Heisenberg picture we may reverse the time evolution
in (3.55), and solve it for ¢(0, x). Doing the same for ¢; in (3.57) leads us to

$1(x) = (a7 + a'(p) eif”‘) _ (3.58)

Po=wp

$(0,x) = e Figpu()e™’,  ¢(0,%x) = el (x)eh! (3.59)

We emphasise that both, H and Hy are time-independent as their time dependence follows the time evolution
equation in the Heisenberg picture (3.55) and interaction picture (3.57) respectively.
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In combination (3.59) leads us to
¢u(x) = U0, x°) ¢1(x) UK, 0), (3.60)
with
U(t,0) = ¢t o711 (3.61)

With the operator relation between ¢; and ¢y we can also rewrite ¢x|Q) within the interaction picture. Indeed,
it follows for general states, that

Gy =U0,x°) ¢1(x) UG, 0) |y

10,U(x°,0) £ g = Hine UG, 0) 1) pr (3.62)

the state U(x°, 0)|f) y satisfies the time evolution equation of states in the interaction picture. As it is a unitary
rotation of the state |f), it is tempting to identify U (x%,0)| />y with the normalised interaction picture state
|f(#));. To check the normalisation, let us discuss its relative normalisation to the free state, which are well-
defined:

To that end we consider the states for asymptotically early or late times, t — oo, where A is switched off
adiabatically, and |f); tend to free in/out states, see Section 3.1. We also use, that the time evolution from
t — oo to t = 0 is the inverse of that from r = 0 to t — oo, that is U(0, c0) = U(co, 0)~'. This operator includes
the time evolution U(#,0) within an infinite time interval + — co and has to be regularised. Typically this is
done by tilting the time into the complex plane,

t — (1 —ie), (3.63)

with € — 0. This assumes that the eigenvalues of U are given by that of H, with Hj, leading to a small
perturbation. Then, only the lowest lying Eigenvalues survives the t — oo limit. Moreover, adiabatically
switching on and off the coupling entails, that the full states approach the free ones with the time evolution
operator U for asymptotically early and late times. For example we have

. U(t—0,0) .
|n—partlcles)full t=0) — |n—partlcles)free . (3.64)

In combination this leads us to

(QIU0, x") = (Q U(0, 00) U(co, x°)

= > (QIU(0,00) Iy, (1] U(co,x°)

= (Q| U(0, o) |0) (0] U(co, x°). (3.65)

For the last step we have used (3.64) and the fact, that with (3.63) and asymptotically large times the lowest
Eigenvalue of U dominates. Finally, we need a non-vanishing overlap (Q| U(0, ) [0) # 0, where again we
resort to the perturbative setting, that entails that |Q2) is only a perturbation of the free vacuum and U is only a
perturbation of unity. Similarly to (3.65) it follows that

U(x",0)1Q) = U(x°, —0)|0) (0] U(—c0, 0) |Q) , (3.66)

In summary, both left hand sides (states and dual states) in (3.65) and (3.66) evolve from them the free states at
t = +oo. It also can be shown that the respective factors are phases, i.e. | (Q| U(0, o) |0)| = 1. For this purpose
we first remark that

(QIU©O,x") =1, 10| U(=c0, x")? = 1. (3.67)
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Equation (3.67) follows straightforwardly from U being unitary, and hence

QI U0, x")* = (QIU0,x") UT(0,1°)1Q) = (QIQ) =1, (3.68)

and similarly for | (0] U(—oco, K92, Combining the two relations in (3.67) yields
[{QIU(0, 00)[0) > = (Q| U(0, )|0XO0|U (0, 00) Q) = 1, (3.69)

where for the second identity in (3.69) we have used that at = co we can substitute )[0)0] — >.,)In){nl, see
also (3.65).

We close this analysis of the link between interaction and Heisenberg pictures with confirming the evolution
equation of U as defined in (3.61),

10,U(t,0) = H;(1) U(¢,0),

‘ A
Hi(t) = Hi (1) = & Hyyy e7H0 = a fd3x ¢r(0)*,

i0,H; = [H;, Hp] . (3.70)

In summary, the evolution operator is that defined in (3.34).
The results above allow us to compute the time ordered propagator (3.56) in terms of interaction picture opera-
tors and states. To that end we disentangle the two different parts of the time ordered product,

(QIT¢r()$rMIQ) = (QApn(0PHMIR) 0" =) + ( QoM (DIQ) 66° = 2%, (3.71)
and proceed with the first part with x° > 0 > y°,

(QITpu(x)Pu()IC2)
(3.60) = = (QUUO,x%) ¢1(x) U, y") 1) UG, 0)ID)

_ (010, ) ¢1(0) UG, )") ¢1() UG, ~0)[0)

(3.66) — — (3.72)
(41 U0, 2)10) - 01 U-e0,0) 1))
In (3.72) we have used, that in general
U2 =0y Uup°% for x0>y°>70, (3.73)

which follows straightforwardly from (3.34). Our result (3.72) shows a very interesting structure. To begin with,
the operator in the numerator is a time ordered product of ¢; and U. Moreover, the time evolution operators in
the denominator entail the evolution from ¢ = +oo to t = 0: together this would comprise the time evolution
from t = —co to t = +o0, the S -matrix. The following final steps aim at making explicit both structures.

First we deal with the denominator in (3.72). We know already from (3.67), that it is a phase. More explicitly
we have

(QIU(0,00)[0)™" = (Q| U(0, ) [0)* = (QUT(0,0)10) , (3.74)

i.e. the normalisation factor in (3.72) is a phase. Now we follow the same arguments as in (3.65) and (3.69) for
combining the two matrix elements into one of the S -matrix,
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(QU(0,00) [0y~ (0] U(~o0, 0) |Q) ™"
using (3.74)  — = (0] U(0,0)|Q)(Q| U(0, —0) |0)

= (0]U(e0,0) U(0, =0)|0) = (0]U (=00, ©0)]|0)

= (0[S]0) = (O|Texp (—ideHim(t))lO) . (3.75)

The normalisation is nothing but the vacuum expectation value of the §-matrix. Accordingly, it has a series
expansion in terms of vacuum diagrams, some of which we already have encountered in the 2-to-2 scattering
example.

As already mentioned above, the numerator in (3.72) is a time order product, and using the time ordering
operator we can combine all the time evolution operators into U(co, —00). This leads us to

(01U (00, x%) ¢1(x) U, y°) 1(y) U, —00)[0)

= 01T ¢1(x) ¢1(y) eXp(—i f dTHim(t))|0> : (3.76)

The same line of arguments works for the second part in (3.71) with y° > x°. In summary we obtain our final
expression for the time ordered two-point function, where we drop the subscript ; for the fields, ¢; = ¢,

Propagator (two-point function)

(OIT$(x) $(v) exp (=i [ dT Hini())I0)

QT on(x) o (»IQ) = .
(OTexp (i [ dT Hin(1))[0)

3.77)

The denominator in (3.77) is a phase, and comprises all possible vacuum diagrams. These diagrams are also
present as multiplicative factors in the numerator and cancel out.

We have already discussed this property for the first order terms in our 2-to-2 example, which is related to a
time ordered vacuum expectation value of the four fields, the four-point function. The four point function and
general higher order correlation functions are straightforward extensions of (3.77). We get

n-point correlation function

(OIT$(x1) - - ¢(xa) exp (~i [ dT Hin(1))10)
(OTexp (—i [ dT Hini(1))[0)

QT pr(x1) - r(xn)|2) = ; (3.78)

with the same denominator as in (3.77), that can be expanded in terms of vacuum diagrams, and hence in
powers of A. The respective linear term in A in the denominator in (3.77) and (3.78) is given by

bl 2 $Bg 1\
—i(0| f dT Hin0) = =i (0l f d*x ¢(x)*0) = —ig f d4x( (27;13%) , (3.79)
: q

which precisely cancels the vacuum term in (3.48). We remark, that both, phase factor (denominator) and the
vacuum contributions in the numerator, are formally infinite, but cancel.
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3.2. Wick’s Theorem

The final result (3.78) allows us to compute general scattering processes in terms of time-ordered correlation
functions: the given in-states with r fields and out-states with n — r fields with n > r are given by [i) o
d(x1) - d(x,)|0) and [f) o< p(x1) - P(x,—,)|0). The scattering is given by the S -matrix, which leads us to (3.78). An
expansion of this correlation function in terms of the number N of single scattering events (an expansion in A™)
entails, that the general task is the computation of general time-ordered m + n-point functions. This is detail in
the next two Chapters: in the present Chapter Section 3.2 we discuss Wick’s theorem, that relates time-ordered
correlation functions to normal ordered ones, in the next one, Section 3.3, we discuss the Feynman rules, that
allow for an efficient book keeping of the computation.

We start with (3.78), and expand it in powers of the coupling. The interaction exponential can be written in
terms of the interaction part S [¢] of the action,

OIT$(x1) - - - pxy) ] &Y Lo (3.80)

where

Sinld] = f d*y L) = - f dt Hin . 3.81)

In perturbation theory, we assume the coupling to be small, 4 <« 1, and expand the exponential in powers of A.
For the mth order we obtain,

m
1
OIT p(x1) - - - d(x) l_lllim(yi)IO) = @y Ol(x1) « - - (xn) P(Xn+1) * + * P(Xn44m)I0) (3.82)
i=1 )
With X1, .00, Xpwd = Y15 5 Xnwd(m=1)s - - - » Xntdm = Ym. In (3.82) we have dropped the m four-dimensional
integrals over Xxy41, ..., Xp+4m for emphasising the time-ordered correlation functions involved. Hence, the only

building block in (3.80) is the general n-point function with n € IN,

Time ordered n-point function

OIT$(x1) - - - p(xn)[0) (3.83)

Importantly, ¢ = ¢; evolves with the free Hamiltonian, and hence has the form of a free field operator, and
(3.83) is a vacuum expectation value with the respective vacuum |0). In combination, this is a crucial technical
simplification, we owe to using the interaction picture and it allows for a relatively straightforward computation
of (3.83).

It is left to develop efficient computation techniques for evaluating the general time ordered n-point functions
(3.83). The respective computation is illustrated at the example of the time-ordered two-point function, which
also is important for the computation of the general n-point function. Before we proceed with this specific
analysis, we briefly review the general structure: For x‘l) > > x2 (3.83) reduces to (O|¢(x1) - - - ¢(x,)|0). Now
we rewrite the product of fields as its normal ordered version and additional terms, that contain at least one
commutator of creation and annihilation operators (2.95), and hence at least two field operators less. In this
additional terms we can iteratively normal order the remaining fields. This leaves us finally with normal ordered
products of fields, multiplied by products of commutators. Then, the vacuum expectation value annihilates the
terms with normal ordered fields and leaves us with the product of commutators. This structure already entails
that we only have to concentrate on even n, that is n = 2m. In short we write qualitatively

To(x1)---d(xn) = : Px1) - d(xy) : +(: (n — 2) — field operators :) X [a,a']-terms

+ (: (n —4) — field operators :) x [a,a 1P-terms + ... + [a,a’]? -terms . (3.84)
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As mentioned above (3.84), all the normal ordered parts have a vanishing vacuum expectation value and the
remaining last term in (3.84) is a c-number. However, due to the time ordering, the commutator terms will also
include products of Heaviside 6-functions 9()621 - xgz) of the time arguments. The vacuum expectation value of
(3.84) reads

OITp(x1) - - - d(x,)]0) = [a, aT]%—terms, (3.85)

Indeed, we have already encountered these terms in our example of 2-to-2 scattering: In hindsight, all terms
discussed there, are related to the right hand side of (3.85).

In case of the two-point function we have a single commutator on the right hand side, see also (3.53). For
the computation indicated in (3.84), it is beneficial to write the field as a sum of its creation part, ¢, and its
annihilation part, ¢_,

$(x) = ¢ (x) + ¢_(x), (3.86)
with
_ d3p 1 + ipx
P+ (x) = ) \/2—71) a'(p)e”
— d3p 1 —ipx
¢m‘f@$’%ﬁ®e _ (3.87)

Moreover, we treat the different parts in the time-ordered product separately. First we discuss the case x° > y°
and apply the iterative normal ordering procedure in (3.84), to wit,

To(x) p(y) = ¢+ (X) $+(¥) + $+(x) 9 () + ¢ (%) 1Y) + ¢-(x) $-(¥)

=940 $:0) + 1) 6-0) + (600 8- + [9-(), 92 0)] )+ 6-(0 9-0), (3.89)
and we arrive at the simple relation
TH0P|  =100090): +9-(). 9] (3.89)
The only non-trivial operator ordering in (30 .8;) is the normal ordering in (: ¢_(x) . (y) :). It reads
o) 64 () 1= B2 () ¢-(), (3.90)
valid for all space-time points x, y. This relations follows straightforwardly from
ca(p)a’(q) : = a'(q)a(p). (3.91)

Importantly, (3.90) and hence also (3.89) do not distinguish different space-time points (except y = y), and the
case x° < ¥ can be treated analogously. In summary this leads us to

Te(x) $(v) = : () () : +[6-(0), $+M] 0(x* =3°) +[-O), ¢ (0] (1" - x°) . (3.92)

Taking the vacuum expectation value of (3.92), the normal ordered part vanishes. This is the time ordered
propagator and is also called the Feynman propagator.

Feynman-propagator

Dr(x = y) = 0T ¢(x)p()|0)

= [6-(0), ¢+ ] 0(x* =3°) + [6-0), (0] O(y° - x°) . (3.93)

Evidently, the Feynman-propagator is the key-ingredient in (time ordered) perturbation theory: Equation (3.84)
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1 —yY <0 : close contour in upper half plane
¥ =y >0 : close contour in lower half plane

Figure 3.5.: Sketch of the poles of the integrand of (3.96) and the contour for the Residue theorem.

entails that the right hand side of (3.85) contains products of time ordered commutators, that are nothing but
(3.93). Hence, (3.85) is given by sums of products of Feynman propagators.
For the explicit computation of the Feynman propagator we again first consider x° > y° with

d’q d&p 1
Q2ny J 2} (2w, 2w,

Fp 1 e
- —(27:)) 2 ¢ P09 g (x0 — ) . (3.94)

(-0, ¢+ 0] 6" =5°) = |a(p), (@] 7P 0 (x0 - y°)

The case x° < y° can be treated analogously, and we are led to

&Ep 1L :
Dr(x—y) = > ’)’3 Z—(e—w(x-y) 0(x"—y°) + P09 (y" - ) ) (3.95)
T wp

It follows directly from (3.95) that the Feynman propagator can be written as

Momentum space representation of the Feynman-propagator

d*p i

i e PO 1 with e > 0, . (3.96)

Dp(x—y) =

To prove (3.96), we use the Residue theorem from complex analysis. We quote it here as a reminder,

Residue theorem
The contour integral of a function f(z) around a closed, counter clockwise path encircling a domain
where f(z) has a finite number of isolated singularities (poles at z = z;, i = 1,2,...,n) is

56 dz f(z) = 2ri Z Res(f, ), (3.97)
i=1

where the residue of f(z) at a simple pole z; is Res(f, z;) = lim(z — z;) f(2).
77

The integrand in (3.96) has poles at p0 = + 1/p2 + m? — i€, as shown in figure Figure 3.5. In order to use (3.97)
we close the contour either in the upper or lower half plane, depending on the sign of x° — y:
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For x° — y* > 0 the exponential exp{—ipo(x" — y°)} grows exponentially for positive and diverging real part
Re(ipg) > 0 in the upper half plane. Accordingly, we have to close the contour in the lower half plane, where
Re(ipg) < 0 leads to an exponential damping. Then, the integral over the closed (red) path in Figure 3.5 is finite
and the half circle does not contribute. Hence, we can use (3.97), which gives us the result for (3.96). The

relevant pole is at p% = /p? + m? — i€ — wp, and thus

d&*p 2ri i .
De(x—vy)= — | L2 iy
r(x=y) (27)3 2n e (p2 e
d3p e—iP(X—Y)
_ , (3.98)
@2n} 2wp  p=w,

with the residue i/wy exp{—iwp(x0 —y9) exp{ip(x—y). In turn, for x°—y° < 0 the exponential grows exponentially
for ipg < and we have to close the contour in the upper half plane. The distinction of both cases can be accounted
for by #-functions, and we are led to the equivalence of (3.96) and (3.94).

Let us summarise the result for the two-point function or rather that for the time ordered product of two fields
in an efficient way that allows us to extend it straightforwardly to the time order product of n fields: in short,
we have parametrised the time ordered two-point function in terms of time ordered commutators, the Feynman
propagator. On operator level we have (3.92), which can be written as

1
TH(x) () = : $(X) $() : +$(P(), (3.99)
with the contraction
0 0 0 0
$() 60 = [6-(0), 6] 0(x" =3°) +[#-0), ¢+(0)] (3° = 2°) = Di(x - ). (3.100)

Note, that Dg(x — y) is a c-number and not an operator. Equation (3.100) generalises straightforwardly to the
time ordered product of n fields, where n € N, that is for both even and odd number. This is Wick’s theorem,

Wick’s theorem

To(x1)-- - d(xy) =: d(x1) - - - d(xy,) + all contractions :, (3.101)

where a contraction is defined by
S
Gx1) -+ pxi) - - (x) - - - plxn)

—
=@(x1) - p(xim1) P(xis1) - - D(xj-1) P(xji) - - p(xn) P(x) P(x)). (3.102)

We illustrate the content of (3.101) and the use of (3.102) at the example of the product of four fields:

Example 3-6: 4-point correlation function. Wick’s theorem allows us to rewrite the time ordered product of
four fields in terms of normal ordered products and contractions. For the sake of structural simplicity we use
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the short hand notation ¢; = ¢(x;). We find

To(x1) - d(xa) =Th1 P2 ¢3 P4

= |P1920304

I I [ 1 [ 1 [ 1
+PLD2P3Ps+ DL P2 D3 P4+ P1L P2 P3P+ P1L P2 D3 P4+ P1 P2 P3P+ D1 P2 D3 P4

— —— 1 [ 1
+P1P2P3Ps+ PLP2P3 P+ P12 D3 Pa 2, (3.103)
where e.g.
— —
P12 P3Pa = P3da: p1dy = P3ds: Dp(x) — x2). (3.104)

The term on the right hand side of the first line of (3.103) contains four normal ordered fields, the terms in the
second line contain two normal ordered fields, multiplied by one Feynman propagator or contraction, and the
terms in the last line are products of two contractions and hence two Feynman propagators.

For the vacuum expectation value all terms but that in the last line vanish due to

0]: 0:0) =0, (3.105)

and we arrive at

OITp(x1) - - - P(x4)10)
= Dr(x1 — x2) Dr(x3 — x4) + Dp(x1 — x3) Drp(x2 — x4) + Dp(x1 — x4) Dp(x2 — x3). (3.106)

Each term in the second line of (3.106) corresponds to one of the terms with two contractions in the last line of
(3.103), and they are ordered the same way.

It remains to prove Wick’s theorem, which is done by induction: First we show, that (3.101) holds for the one-
and two-point function,

T¢,

OIS

[
Toydo= P12 : +d1 2, (3.107)

where n = 1 is trivial and n = 2 was our introductory example. Next, we assume that Wick’s theorem applies to
the n-point function, i.e. T, - - - ¢,+1. It is left to prove that then also the time-ordered product of n + 1 fields,
Ty - - pnye satisfies Wick’s theorem:

Without loss of generality we can assume that x(l) > x? foralli = 1, ...n. If this is not the case we can just relabel
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the space-time variables x; such that x(]) is the largest time. Then we find

Tor---¢nr1 = ¢1Th2 -~ Puri

= ¢ ( D¢ -+ duy1 + all contractions : )

(¢1+ + ¢1,)( : ¢+ Puy1 + all contractions : )

SQ1 b D1, D] B3 byt 2 (D1, B3] Paurr Do (D1, D]

+ (¢1+ + ¢1,)( : all contractions : ) (3.108)
The commutators in (3.108) are contractions themselves,
—
(61, ¢l = [#1_. ¢i,] = b1 0. (3.109)

Moreover, the contractions in the last line include smaller powers m < n — 2 of normal ordered fields, and are
treated similarly to the product of n normal ordered fields in (3.108) with

(¢1++¢1_)(1¢i,)"'¢im ) (3.110)

with iy, ..., i, € {1,...,n}. Accordingly, we are only left with terms of the contraction form in (3.101), and all
terms are present. This leads us to

To(x1) - d(xpe1) =: d(x1) - - p(x,41) + all contractions :, (3.111)

which completes the induction.

3.3. Feynman Rules

With Wick’s theorem (3.101) we have turned every time ordered n-point function into a product of Feynman
propagators (3.93) and additional normal ordered terms. As mentioned before, scattering amplitudes, as com-
puted in perturbation theory in the interaction picture, only consist of vacuum expectation values of products
of n fields. With Wick’s theorem all those vacuum expectation values are reduced to the products of Feynman
propagators, while the normal ordered terms drop out. As we have already seen in our 2-to-2 scattering ex-
ample, the propagators either depend on space-time arguments from the in- and out-states or from the powers
of the interaction term. We have to integrate over the latter arguments, while the former are kept fixed or are
treated with a Fourier transform, if the states are momentum space states. This structure allow for a simple
diagrammatic notation with simple composition rules, that also facilitates the computation tremendously: the
Feynman diagrams and rules:

To begin with, the propagator is represented by a line with the space-time arguments as the endpoints,

Dr(x1 — x2) = OT ¢1 ¢,/0) = ?—3 i

The other core ingredient is the interaction term, which is represented as a blob with four lines emanating from
it, representing the four propagators, which end at the space-time point of the interaction.

For illustration we again consider the 2-2 scattering. With the simple diagrammatic rules we shall quickly
rederive the result obtained there. The zeroth order term proportional to A°, i.e. the term without interaction, is
given by the expectation value of the 4-point function and it follows with Wick’s theorem that
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12 5 1 2
Oo——=o0
01 : O g1d2¢3ul0) =+ I T * Z><
3 O 4
3 4 3 4

The first order term is given by

T [ 0T 920364 999900

—id [ e B

= —— | d*x 4'¢ﬁ b bbsd + 1266
= '010020 030040 + 120 P\ d1 P P2d P3 s |+ perm.

I_ll_l(l_l [

13666 ¢1¢z¢3¢4)+perm.]. (3.112)

Note, that the factor 4! accounts for all possibilities to contract ¢* with ¢ - - - ¢4, and the factors 12 and 3
account for permutations of the contractions, that give an identical expression. This will be discussed further
below. Diagrammatically and without the symmetry factors this reads

1 2
1 2
1 . : 21 02 P 4 o°
o) : Xt vt O )+ .
37 4 34 3 4
where the vertices correspond to (—i A f d4x).
The second order term
1 (=)’
E(T) f d*x f d*z (OIT¢1 62 ¢35 da H()* $()*10) (3.113)
comprises
L9

o2 : % }C}i + + z><><z t o
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To determine the correct prefactor for each diagram, some combinatorics is required: The different possibilities
of contracting ¢ ¢ ¢ ¢ in Hj, with the external fields lead to a factor 4!, which cancels the denominator in 74—‘!”.

Indeed this factor triggered the normalisation in (3.21). When loops are present, we further have to account for
the symmetries that result from contracting the ¢* amongst each others in Hiy. For this purpose we introduce
the symmetry factor %, where S corresponds to the number of interchanging components without changing
the diagram. This leads us to the Feynman rules:

Feynman rules (position space)

i) 0—0 = Dr(x; — x
S F(X1 — x2)

i) X = (i) [t (3.114)

1
iii) multiplication with 3

With (3.114) we have achieved our main goal of the present Chapter, systematic and computational simple rules
for computing n-point functions and hence scattering amplitudes.

Still, this efficient computational way has not resolved the problem of vacuum processes: Beyond the lowest
order without interaction we encounter diagrams that are completely disconnected from any of the external
space-time points xi,...,x4. Instead they close on fields from the interaction terms and are called ‘vacuum
bubbles’. As we have discussed before, these terms contain infinities, but we shall see that the infinities can be
removed by a proper normalisation of our input parameters, the couplings and masses as well as the normalisa-
tion of our field operators, in a systematic way. This is done in the Chapter on renormalisation.

For now we only evaluate the structure of the vacuum bubbles and discuss how the respective infinities emerge.
The simplest type one is actually just a closed loop of the propagator. It emerges from a contraction of two
fields from the same interaction Lagragian or action, 1/(4!) f d*x¢(x)*. This propagator at the same space-time
point x is the time ordered expectation value (0|7 ¢(x) #(x)|0). With (3.96) we find

o
D-(0) = = R
F(0) QY pr-mi+ie X

where the x in the diagram indicates that this process happens at the space-time point x in the expectation value
/(4" f d4x(0|¢2(x)|0)2. The result has no x-dependence as the theory is translation invariant. The momentum
integral is divergent, and we regularise it with the introduction of a (spatial) momentum cutoff with p> < A?
in the spatial momentum integration. Here, regularisation is used in the distributional sense analogously to
introducing a regularisation of the tempered distribution such as the Dirac d-function,

1
5(x) = 5e(x) = — 55—, (3.115)
TE + X
with € — 0. In the present momentum integral case we have € — 1/A — 0,. As the momentum dimension

of Dr(0) is two, the result of the integration has the form
Dp(0) =i (Am® + const. A?) , (3.116)

with an additional *mass term’ const. A>. However, finally we have to remove the cutoff as the physical scat-
tering amplitudes cannot depend on it. We shall see, that terms such as const. A% in (3.116) can be absorbed or
rather removed by an appropriate adjustment of the parameters of the theory (renormalisation).

Finally, we remark that the first term of this type we have encountered, (3.49), is even worse than (3.116) in
terms of divergences. We have already discussed, that this term carries two singularities,

(=i d) f d*x [DFO0)? ~i1V4AY, (3.117)

54



Chapter 3. Perturbation Theory

where Vy is the volume of space-time (infrared divergence) and A* is the volume of four-momentum space. In
combination the two infinities are dimensionless as required, they have shown up in the phase factors discussed
in (3.79).

There it was already indicated that we do not have to deal with all those divergences directly. The important
step is to realise that so far we have only calculated the numerator of the products of Heisenberg operators that
we are after. The full expression under investigation is the vacuum expectation value (3.78),

(OIT ¢y - puexp i [ d*x Lin)I0)
(0|Texp (i fd“x Lint)lO)

QT pp1 - PralQ) = (3.118)

For the computation we note, that each term (O|T¢; - - - ¢, %lO) can be ordered in terms of contractions
between the ¢; and the Lj,,’s,

(Lin)" 1
OT ¢y - by ,;:: [0) = <0|T'¢1 - - - $nl0) ) OIT (Lind)"|0) (3.119)
1 _
+ {0IT ¢ -+ Linl0) ———— OIT (Lin)™ ' [0) + ...,
[ (m-1)!
where " " denotes all contractions, where internal fields from the interaction Hamiltonian are connected to

L1
external fields (and not amongst themselves). We use that

m-(m-—1)

1 1
— (0T -+ $u (Lind"I0) = — (O~ ¢ (Lin)*10) (OIT(Lin"210)
m! m! [ 2

(Ling)?—contr.

1
=5 OT g1+ ¢ (Lin)10) OIT(Lin)"10) . (3.120)

(m-2)!

and that in general the combinatorics factor for .Efm—contractions is

1 | ! |
"M== ___ . (3.121)
m\1) " =D~ m= D 1!

Then,

<0IT¢1---¢neXp(i f d4xLim)I0>=[<OIT¢1---¢nl0>+ f d*y; (OIT ¢y - - - ¢ LintlO)

; f dy1d*ys (OT 1 - - o (Lin/210) + .
| I |

(0|Texp (i f d*x Lim)|0>. (3.122)

Consequently the denominator cancels all the vacuum terms. Therefore, the vacuum expectation value is given
by

(OIT g1 - gnexp (i [ d*x Lin)I0)
OlTexp i [ d*x Lin)10)

= (0T -~y €] ¥¥ Lm0y | (3.123)

which corresponds to all diagrams without "vacuum bubbles".

Most explicit computations are carried out in momentum space, and we have already discussed the singular-
ities in momentum space in terms of vacuum momentum integrals over the propagator. Hence we conclude
this section by deriving and discussing the Feynman rules in momentum space. To begin with, the Feynman
propagator in momentum space is simply the integrand in (3.96) without the phase,

Dr(x—y) = Dr(p.q) = Dr(p20)* s*(p-q),  with  Dr(p) = —

> (3.124)
p* —m* + i€
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where (27)* 6*(p — q) carries the momentum conservation in the two point function and Dg(p) is the inverse
dispersion in momentum space. Diagrammatically, (3.124) is given by

X1 X2 p

where the right hand side represents the Feynman propagator in momentum space, the arrow indicating the
momentum direction important for the bookkeeping of momentum conservation at the vertices. The latter are
derived from the interaction action term S i in momentum space,

4 g4

d*p;

-id f dhx gt = ~id f [ [ e @0 81 + 2+ s+ po). (3.125)
i=1

where the delta-function (27r)* 6*(py + p2 + p3 + pa) carries the momentum conservation at the vertex: the sum
of all (incoming) momenta vanishes. This leads us to

—id N —iAQ2m)*6* (p1 + p2 + p3 + pa)
Pl p4

>< - >l< p4=—(p1+p2+p3)
P2 D3

where as in the case for the propagator the arrows indicate the momentum flow.

Before we write down the Feynman rules in momentum space, we illustrate the above diagrammatic notation
at the example of the second order correction to the scattering vertex already discussed below (3.113). The
respective diagram (fish diagram) in momentum space is given by

p

pi P3 »
>©< = Q2n)* *(p1 + p2 — p3 — pa)

) 2] _ _ Pa
P—P1L—P2 f d4p 1 1
Qmy*  pP-m?+ie (p—p1 - p2)?—m?+ie
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This leads us to the Feynman rules in momentum space for the ¢* theory with the action
Sl¢l=— | d*x l¢(a aﬂ+m2)¢+i¢4
- 2"V 4"

They follow directly from (3.114) and the diagrammatic conversion below (3.124) and (3.125).

(3.126)

Feynman rules (momentum space)

i

) o .

iii) [ o
iv) 2n)*6* (3 pi)

1
v) multiplication with 5

T 2,2
D p>—m? +ie
P1 P4
ii) >< =
P2 P3
d4p

for each loop

and p4 =—(p1 + p2 + p3) (momentum conservation)

1 Pn
for {K@)/

(3.127)

We emphasise, that with the developments of the present chapter we can simply read off the Feynman rules
from the action (3.126): the propagator is nothing but the (time-ordered) Green function of the kinetic operator
- (p2 - mz), and the vertex is simply the coupling —iA.
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As a first example we discuss the two-point function at order A. This also provides us a first glimpse on the
consistent treatment of infinities in QFT.

Example 3-7: two-point function in momentum space.

(QIT 61(p1) 911 (=p2)I) = Q)" 8*(p1 + o) o——(ffh——
1

p
i 4 o4 1 o g:) 0 2
=5 Q@06 (p1+p2) + 5 + 017 .
py—m-+1e L2 o
7
S
Without external propagators the loop (fadpole) is given by
p
d*p i
= —id = —ill+0(?) .
Q f(zn)‘* P O
p1 P2

Including the external propagators we are led to

i i i
o o= + —ill) w———— +0*
@p p?—m? +ie p2—m2+ie( )pz—m2+1€ @)

i
= +O(2?
p*—m? —Tl+ie @)

2

It follows, that we have an interacting mass Mohys = m? + I1. Since this is the mass which is measured, we

have to discuss the combination
mghys = m* + A(Am?* + const.A?), (3.128)

where we have used the parametrisation (3.116) for the contribution of the tadpole. At order A we have m?> =
mghys — Am? — Aconst.A?, and hence the A-dependence drops out of the scattering amplitude, and hence out of

the measurement of the mass.
Going beyond one-loop we have a momentum- and A-dependent correction,

I — TI(p) (3.129)

In perturbation theory, the quantum correction II(p), called the self-energy, is expanded in powers of A, and
each power A" may include divergent terms.

How and that these divergences can be consistently treated at each order of perturbation theory, is called renor-
malisation, and is discussed in the respective Chapter. The relation of the scattering amplitudes to the measured
quantities has to also include a careful investigation of the phases, which is done within the LSZ-formalism,
discussed in Section 3.5. In combination this leads us to a A-independent result for cross sections within a
self-consistent treatment in any order of perturbation theory,
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density pp density o4
velocity v velocity 0

Figure 3.6.: Fixed target collision of a accelerated bunch of particle species B with velocity v with a target that
consists out of particles of species A.

3.4. Cross Section

We consider general fixed target (e.g. heavy ion experiments as NA61 at CERN or CBM at FAIR) and collider
experiments (e.g. pp at LHC or e*e™ at LEP) with particle species A (fixed target in the first case) and B.
In the second case two bunches of highly relativistic particles A and B collide "head on” which increases the
interaction energy, in the first case only one of the species (B) is accelerated, while the other is a fixed target.
This increases the luminosity or interaction rate of the experiment.

Consider now as a first instructive example a single particle B colliding with a target of particles A with a
constant number density p4 (particles / volume). While both particle species A and B are assumed to be
pointlike, due to their interaction they can interact/scatter within a given scattering area around their location,
effectively giving them a finite size. This scattering area is the cross-section o-. A simple example are billiard
balls A and B of different size r4 and rp. Their cross-section simply would be m(rs + rp)>. Seemingly, the
cross-section o does not comprise that much information. However, as interactions depend on momentum,
spins and other properties of the particles, one can indeed learn a lot from its energy and angular dependencies.
If the target is asymptotically thick, [ — oo, and we allow for multi-scatterings, the constant particle density
p4 times the ’scattering volume’ o [4 provides the number of scattering events. Solving this relation for the
cross-section o, we are led to

NBVBH S
o= Ll (3.130)
pala

This example is easily generalised to a more realistic situation where we have a whole bunch of particles B
being scattered on the fixed target. Both the target (or bunch in a collider experiment) and the accelerated
bunch have a finite transverse area and scatter only in an overlap area A. For a fixed target experiment this
situation is depicted in Figure 3.6. The number of scattering particles of species B is given by

Np =pp(pA), (3.131)

with the scattering volume [z A. Equation (3.131) with B — A also holds for the target or bunch A. This
preparation allows us to generalise the definition of the cross section in (3.130) for the scattering of a single
particle B onto a target to the scattering of a particle bunch B with Np particles on a target or bunch A: The
number of scattering events on the right hand side of (3.130) now has to be devided by Np, as it has risen by

59



Chapter 3. Perturbation Theory

the same factor. Hence, in the case of constant particle densities in bunch and target, we are led to

N events

= = 3.132
7T WNp-NoJA (5-132)

with the transverse scattering area (A, see Figure 3.6. We have also used that it follows from (3.131), that
pals = Na/A. In terms of the constant particle densities p4,p, the cross section (3.132) turns into

N events

_ _ 3.133
7= Unpn Uspp) A (3133)

Finally, if the particle densities are (transverse) space-dependent, the product of the densities has to be integrated
over the overlap area

(NB-NA)/ﬂ—>deXpA(X)pB(X)lA Ip, (3.134)
A

and the cross section (3.132) turns into

o= Nevents . (3.135)
Ialp fA d?x pa(x) pp(x)

This concludes our discussion of the definition of the cross-section and its interpretation.
Let us now compute the cross section for the above example depicted in Figure 3.6 in terms of the S -matrix
element in (3.38). The particles in the bunch are localised in space and (sharply) in momentum. Hence, we
consider the wave packet defined in (2.109),

&k 1

\fo) = Wz—%fp(k) k) , (3.136)

where fj(k) is a GauBian wave packet packet with momentum argument k, centered at p and with a width
N/2,

fiy(k) ~ e &PV (3.137)
The prefactor is determined by the normalisation of the states, and it follows

&k A |

L= {flfe) = o7 | G 3 3 T o0 ()
(k1 >
= Wz—wkﬁp(k)l , (3.138)

see also (2.110). The GauBian in (3.137) is localised in k and x as required, since a Fourier transform of a
Gaussian remains a GaufBlian. In our case, the initial state is given by

By Pkp 1

= o (Ka) o, (k) [ka kB) . 3.139
|i) Qry J (27)? 2wy, 2w, pa (Ka) fpy (k) [Ka Kkg) ( )

with
ks kp) = 2wk, 201 a' (ka) a' (kp) [0) . (140,
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Figure 3.7.: Sketch of the impact parameter b.

So far we have described central collisions as in our 2-to-2 example. The general scattering event is depicted
in Figure 3.7, where we have introduced the impact parameter b (see figure 3.7). For this purpose, we recall,
that the momentum operator P from (2.61) generates translations. Thus,

e PP k) = e TkP k) (3.141)

for the plain wave momentum state |k), and the impact parameter only enters as an additional phase shift. This
leads us to the initial state for a given impact parameter b:

initial state with impact parameter b

&Py Pkp 1
2n)? J (2n)? 2wk, 2wk,

lib) = £ (Ka) fpp (Kp) € 5P [k k) . (3.142)

For the computation of the cross section we have to compute the probability of the scattering event with an
initial state |ip) and a given final state. For the sake of simplicity we initiated our computation with a final state
that is a 2-particle momentum eigenstate. As these states are plain wave normalisable and hence normalised to
a o-function in momentum space, this computation only leads us to the momentum density of the cross-section
and finally we have to integrate over a given momentum region that follows from the geometry of the detector.
We leave the respective evaluation to the end and proceed with the momentum Eigenstates. To begin with, we
prepare our initial state such that the wave packets have an infinite distance from each other for #y = —co. Then
we compute the time-evolution and the scattering event within perturbation theory, and finally, the measurement
of the scattering products takes place at t = +oco. Accordingly the transition amplitude is given by

lim — (p1p2| U2, 10) lin) = (P1P2IS lin) , (3.143)

fh—00, —+00

where we have used the time evolution operator U(t,fy) and the definition of the S-matrix from Eq. (3.28).
The probability density in (final) momentum space is then given by |{(p1 p2|S |ip) . In a final step one has to
integrate over a momentum region of final momenta, v, which we postpone for now as discussed above.

In the following we restrict ourselves to a collision of the bunch with a single target, i.e. Ny = 1. Let us now
distribute Np particles homogeneously over an area A. Then, the integration over the impact area (A is equal to
integration over the impact parameter b and the number of events in a dense beam is

N .
N 5 22 [ @0 1(p1pals 1) P (3.144)
A
where the right hand side is rather an event density in momentum space. With (3.132) it follows
Nevents 2 c o\ 12
P2 = — d°b S . 3.145
o(p1, p2) Vg /A ocﬂ |(P1P2[S i) | (3.145)

Equation (3.145) is the result for a sharp momentum measurement of the final state with momenta p; , p» for
the two final particles. A realistic scenery or rather a detector measures a maybe small but finite momentum
region vy,
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correlated
momenta

This cross section in the momentum regime v is obtained from (3.145) by integrating over v, to wit,

Epi 1 d&py 1
(27)3 2wp, (271)3 2wp,

o(vy) =

vf

f d?b [(p1p2l S liv) I, (3.146)

where (2.24) implies that all final momenta are on-shell, i.e. that p? = m? for i = 1,2. Accordingly, the core of
the cross section (3.146) is the differential one, do-:

differential cross section (for n particles)

T 1 2 2
do = — | d°b <--pnlS i . 3.147
7=] 1oy | #2100 mls v (3.147)

Equation (3.147) relates the differential cross section to the S-matrix element between the initial state and a
momentum Eigenstate. The S -matrix has a trivial forward scattering part, where the particles simply traverse
the target without interaction and the scattering part, see (3.38). For the following computation we assume, that
the p; are not parallel to pg, so we do not want to consider the forward scattering part. Using

Sp=1p+iTyi, iTs =My’ 5(2 pi- ), ki), (3.148)
we can represent the interaction part of the S-matrix element squared in (3.147) as

[<p1 -+ Pal S lib) > = (P1 -+ Pal S lib) (P1- - Pul S lin)" (3.149)

and insert all the expressions for this matrix element into that for do. This leads us to

d Di f f d3ky Bk 1
do = Ka) £y (K
o= (27r)3 2wp (2r)3 2ka )} 2w pA( A) fpp (KB)

377 ’
&k, 1 k1
(2n)3 2wy, (273 2w,

5 oiP(kp—kp) |Mﬂ|2 n)? (5(2 i — Z ki) Q2ny* (5(2 pi— Z kz’) (3.150)

with k; = ka, kp = kp. For the explicit computation of (3.150) we first perform the integral over the impact
parameter, as the only b is that in the phase factor. This leads us to yet another momentum J-function with

£, (K3 £ p (Kp)

f d®b %% = (27)? 5(kf; — ks, ) (3.151)

with q, = (g1, ¢2) is the two-dimensional transverse momentum vector of a spatial momentum q = (g1, 2, g3).
Transverse here refers to vectors perpendicular to the beam axis.
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Next we examine the integral over the primed momenta,

fd3kj4d3k; 6(2 pi— Z k;) 6(kp, — ks,
= [ayay oS - D))o (X - )
= [y oS- 2 ) 3152

with k;’h =kg,, k;n =ka,, (k%)/ = p? - (ki),. Here, the integral over the transverse §-function for the kiﬁ
is trivial. The equality k), = ka, is due to the four dimensional 6-function. For example in the 1-direction it
enforced,

pi+py—ky —kp=pi+ps -k — Ky, (3.153)

Using the equality of the transverse k;h = kp, we readily obtain k4, = k;h‘ This allows us to perform the
integration over (kf‘)’, where we use that the arguments in the J-function in the last line of (3.152) are functions

of (k) with (ky)* = k2 +((K3)) and (kp)? = k3, + (X p? - (k3))". This leads us to
J s (3 - 3 2, k)
fd (kz)/ 6(2 p? _ \/(kA,)z + mi — \/(kBl)z + mlzs) ‘kA/Bi:k;\/BL

Thi=2(k)
ENCHE

1 3 1
() _ )| va-vsl’
(k)" (kp)
the term in the denominator is just the relative velocity of the beams in the laboratory frame. Now we use that

the wave packages fp, , are located around pa/g. Accordingly we can substitute £/, 8 = PA/B in all prefactors,
and arrive at

(3.154)

dp; 1 1 &3k &’k 1
da_zl_l p A B

2 2
fpa(Ka)[ ™ [fpg(KB)
(27)3 2wp, 4P P lva —vel J @m0 J 2n)% 248 248, (e[ [ )|

i

x |Mpl* @mts* (D pi- > ki) - (3.155)

Again, we use the localisation to replace } k; — 2, p; = pa + pp. The remaining k4, p-integral are simply
o 2
the normalisations of the wave packets, %ﬁ | fp(k)| = 1, and drop out. Moreover, we can use ), p; =

2. Py — pi- This leads us to the final expression for the differential cross section,

differential cross section

n

191 1 2 .
dor= g @7 2% 493 p va — vl [Ml” @x)*s (D pr= D pi) - (3.156)

Note, that except for the first fraction all expressions are Lorentz invariant. The first fraction is invariant under
boosts along the beam axis. This is to be expected, as do is a differential transverse area and has to be invariant
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under boosts along the beam axis. We define the n-particle phase space factor as

noo33
d Pi 1 4
dIl, = — @n)'o(py — pi) - (3.157)
35,0
!‘:—1[ (@m)” 2p;
Let us now consider the highly relativistic case. Then
2 2
Isl = (pa + pp)” = (P3) —pa” +(P}) —P8” +2p% P — 2paps (3.158)
=m3 +m3 + 2 pS pY — 2pa pp > m3 + m. (3.159)
and it follows
4p} pyIva — vl = 2s, (3.160)
and
1 2
do = - |My|" a1, . (3.161)

Example 3-8: Differential cross section of 2-to-2 scattering.
Let us exemplarily discuss the 2-to-2 scattering in ¢*-theory in the highly relativistic case. Then, we have n = 2
in (3.161). It follows

d3p1 1 d3p2 1
i, = | (2 454( +pr—(pa+ )————
f 2 f (2n)* 6" p1 + p2 — (pa + pB) @7 250 (21 20

1
x| Epr5(pt + p) - V) for + pp) > mi,my. 3.162
2 40 0 f P2 (P1 py— Vs ) (pa + pB) 4 Mp ( )
We compute this in the center of mass system (CMS). Therefore, we have p; = —p2 — p‘l) = pg, i.e. equal
masses. We also use
&*py = dQ [p2I*dipal, (3.163)

with the solid angle dQ = dysin8d6.
It follows, p(l) +pg — s = 2p(2) — 5 =2ip2 = 5, p? = \5/2

1 4 1
dez L /L ST ——da. (3.164)
2 2n)2 4p9 pY 32n
Now we use (3.47), i.e. that for classical scattering it is
My = 2. (3.165)
'With this, we obtain the
differential cross section (2-2 scattering)
do 1 2 21
— = — My dil, = —-. 3.166
a0 = 25 M f > 64’ s (5.166)
dQ(p)fixed

Lastly, we discuss the computation of the S-matrix elements. In the 2-2 scattering example we used, that
IMpf* = 22+ 0. (3.167)

We make an expansion in the Feynman diagrams:
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o) 0% o)
P1p2liTIpaps) = ><+ (>©<+perm. ) + >%+
Computing N with
P1
V_Q n
p2 s 2
gives
i . .
————— (-iID)(=id) - 2m)* 8(pa + pg = p1 = p2)
Py —m°+1€
. -1 . .
1 1 . 1 . 4
:( > N ] > > (FID) w————(-10) - 21)"6(pa + pp — p1 — P2)
Dy —m° +1€ Dy —m°+1€ Dy —m°+1€
PA
1 D1 P1 PA
= 5 +
p2 DB P2 DB
i - i i i
=—i/l( 5 > ) ( 5 ) s (HID) 5—7— - (2m)*6(pa + ps— p1 = p2)
Dy —m-+1€ py—m°+1€ py —m-+1€ Dy —m-+1e
i B i
= —id - 2n)*6(pa + p — p1 - 3.168
(pi—m2+ie) 22—+ +ie (27)"6(pa + B — P1 — P2) (3.168)

=[—iﬂf54(pA+pB—p1—pz)] —>—"" - —>{h)— + OW)

R

(bare) free inverse full propagator
propagator with pa with py

We remark, that the free inverse propagator is related to the fact, that the particle A in the initial state was
prepared as a free state, which is only true for # — —oco. The correct state should relate to full (inverse)

propagation, i.e.

s ! - _@+—1

PA PA

This leads to

PA PA
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in the above equation. Thus, we conclude, that M; is obtained by computing amputated, connected scattering
diagrams. This will be discussed further in the subsequent section.

3.5. LSZ-Formalism

In the last section we have seen that the crucial QFT input in the calculation of scattering cross sections are
the S-matrix elements. As has been apparent from all the computations before, the S-matrix elements have
a representation in terms of Feynman diagrams. In our examples so far we have seen that the overall phase
factors related to vacuum diagrams cancelled. However, we have also seen in our discussion of the one loop
contribution (tadpole) to the propagator, that the measurable observables such as pole masses of particles or
fields are not identical with the respective input parameters that enter the classical action. Put differently, while
the in and out states are related to the states in the free theory, they are not identical and the transformation
between them is also part of the S-matrix. This can be dealt with the LSZ-reduction formula, named after the
three German physicists Harry Lehmann, Kurt Symanzik and Wolfhart Zimmermann.

3.5.1. The spectral function and the Kallén-Lehmann representation of the propagator

The crucial ingredient in perturbation theory is the propagator, and the proportionality problem discussed above
is all about the propagation from ¢ — —oo to the scattering time and then to t — +co. In the previous section we
have seen, that the naive preparation of our in-state lead to a product of the free inverse propagator with the full
propagator in our scattering amplitudes (3.168). We have encountered a similar problem with vacuum bubbles
before. In this section we shall see that

ot = Foo) — AL dinjour  (weak op. equivalence), (3.169)

with Z < 1. So far, we have implicitly assumed Z = 1. In the following we determine Z by computing the two-
point function and subsequent generalisation to the n-point function. We shall see that the factor Z is related to
the probability of an interaction free propagation while (1 — Z) takes care of scattering events.

For its computation as well as its interpretation we begin with the vacuum expectation value of the two-point
function, which is expanded in terms of Eigenstates of the Hamiltonian, which are given by |1) with the energy
E,, the spectral index A and vanishing (total) momentum P|4) = 0. If boosting these states with a momentum
p, we get a complete set of states |4, p). This leads us to

(@(x) p(y)) = (Qlon(x) p(VI2) = ; (Qlon(x) |2, p) {4, pl (M) . (3.170)
P

In (3.170) we have introduced the short hand notation {(¢(x) #(y)) for the vacuum expectation value of two
fields. In a second step in (3.170) we have inserted the identity operator in the Hilbert space, 1, in terms of a
sum/integral over a complete set of states |4, p). As discussed above (3.170), these states are eigenstates of the
four momentum operator

(P*) = (H,P). (3.171)

The |4, p)y are Eigenstates of the Hamiltonian A with the given energy E,, and the spatial momentum operator
P with a given spatial momentum p, and the (on-shell) mass mﬁ with Eﬁ - pfl = mﬁ. While the integration over
spatial momentum for a given on-shell condition originates in Poincaré invariance, the spectral index carries
the sum or integral over the mass spectrum of the theory. In summary this basis obeys the relations

Hii,p)=E, |4,p), P4, p)=p1 i, p), (3.172a)
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E A

scattering spectrum/
multi-part. continuum

one-part. state . bound states

E2—p®=m?

lightcone
p
Figure 3.8.: On-shell mass spectrum
with the relativistic normalisation (2.107), and hence
I = 1Q){Q| + I‘f &p | 14, p) {4, pl (3.172b)
L) @np 2Eap) '

Equation (3.170) represents the two-point function as an integral/sum of the overlap of the field state ¢x(x)|Q2)
with mass eigenstate with mass m,. The expression [(Q|dg(x) |4, p)J? is the respective probability density. It
depends on the spectral parameter A, spatial momentum p and the space-time coordinate. In order to eliminate
the latter dependence we transport the field to x = 0 with

$u(x) = e 9y (0) ¥ (3.173)

With (Qleip ¥ =(Q| and emiPx |4, p) = |4, p)e‘ip" we convert the matrix elements in (3.170) to that at x = 0 and
p=0,

(QUpr(0)|, p) = (QUgr (O, e " = (QUpr(O)V)e 7, (3.174)

where the last relation follows from the boost invariance of the vacuum. In summary we arrive at

<¢(x)¢(y)>:£[ Iy ;e_i‘”(x_”]|(QI¢H(0)|/1)|2, (3.175)
L |J @n)* 2E(p)

for x° > y°. The expression in the square bracket is nothing but the forward part (xo — yo > 0) of the Feynman
propagator (3.95). Repeating the same steps for xy — yg < 0 leads us to

_ d*p 1 —ip(x—y>]
(To(x) p(y)) = };[ oy e |(Q1 ¢ (0) |)

2

(3.176)
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p(p?)
m? \/ (2m)? \ P’
mass of particle bound states continuum of
pole of propagator  (resonances) multiparticle states

Figure 3.9.: Spectral function of a particle with mass m, bound states below the threshold mg., = 2m that
originates from 1 — 2 scattering.

where the ie with € — 0, takes care of the time ordering. This leads us to the Kdllén-Lehmann spectral
representation of the two-point function,

Killén-Lehmann spectral representation
(" dm? » 5
T¢x) ) = | ——pM) Drp(x -y M%), (3.177)
0
with the spectral function p(M?) with
Spectral function
2 2 2 2
o) = ,0050% - )| @O W (3.178)
il

The spectral function is depicted in figure 3.9. In the absence of excited states/resonances it can be parametrised
as

p(p?) = Z2r8(p* — m?) + 6(p* — m2 )PP, (3.179)

with the pole mass m, and the scattering spectrum starts at the threshold .. In the exemplary ¢*-theory we
have 1 — 3 scattering and hence mgc,c = 3m, the total energy has to be larger than three times the rest mass of
the particle. In the presence of 1 — 2 scattering processes such as in a ¢> theory (or ¢*-theory in the broken
phase) we have mgc = 2m, seee Figure 3.9, which also features bound states. Inserting (3.179) in (3.177) leads
us to

(o8]

2

dMm
(TH(x) p()) = Z Dp(x — y;m*) + f T p(M?) Dp(x — y; M%) (3.180)

2

mscal
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where the first term proportional to Dp(x — y; M?) carries the one-particle pole of ¢. This consolidates our
previous interpretation of Z as the probability of the simple propagation of the field without scattering events.
In the beginning we have already indicated, that the initial state field ¢;, is related to the full field by (3.169),
and hence simply by multiplication with z!/2. We now assume that the proportionality constant is Z!/? and
prove that Z = Z. To that end we consider only one-particle states |4;) in |4) (1| instead of the full spectral sum.
This projects the spectral function on the first term in (3.180),

Cip (e 2
Ppole = I‘e P10 | Q| g(0) [41) | (3.181)
1
and propagates the field from ¢ = 0 to t — —oo with the time evolution operator, U = U(—c0,0),
2 _ _ 2 2 - 2
Z=[(QO ) [ = qUT U U U [ = [ 101 gr(=00) A1) | = | 1O1Z'2 pin |1}, |
=Z (3.182)

Let us now determine Z. For this purpose, we consider the expectation value {¢(x) ¢(y)) without time ordering.
Then Dr in (3.180) is substituted by the propagator O without time ordering. The expectation value of the
commutator is then given by D(x — y) — D(y — x). A time derivative with respect to yy converts this into
a commutator of the field and the field momentum, and for yp = xg we can use the canonical commutation
relations. We find

i [i(D(x ) - Dy - x))]

Ja :
7 = —i [a—yo (6(x), ¢(y>]>] = =i ([6(0), T 0_y0) = 8 (x—y),

x0=y0 x0=y0

(3.183)

An integration over position eliminates the spatial 6-function and (3.183) reduces to unity. We also can use the
representation (3.175) for the left hand side of (3.183). There the yg-derivative pulls down +iE,, which cancels
the denominator 1/(2E,). This leads us with the spectral sum rule,

Spectral sum rule

MZ
l:Z+fd—p(M2), (3.184)
2

)
m

where m; > m is small enough to include possible resonances. In their absence we can choose m| = mgcyt
and p = p in the integral in (3.184). The spectral sum rule entails probability conservation: the square of the
overlap of the field state with a complete set of states is normalised to unity. In consequences this also proves
that Z > 0 is bounded from above by one.

0<z<1. (3.185)

In the free theory and hence in the absence of any scattering we have Z = 1. In turn, in the interacting theory
scattering is present, leading to Z < 1. As already indicated before, 1 — Z accounts for the overlap of ¢ |[Q) with
multi-particle states, and (3.169) holds for t — —oo.
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As most computations in QFT are done in momentum space, both analytically and numerically, we close this
discussion with some properties of the momentum space representation of the spectral function. The Fourier
transform of the full propagator leads us to

e [ dM? i
T -p)) = “x(T = | T p(M*)————— . 1
(TH(P)d(~p)) f d*x(TP(PO))) e f SRl gy v s (3.186)
0
Close to the mass shell, i.e. p> — m?> — 0, the propagator is dominated by the one particle state,
iZ )
(THPI(=p)) = ———=—— + finite. (3.187)
p* —m* +ie

Equation (3.187) is crucial for bound state computations such as Bethe-Salpeter equations as these typically
inhomogeneous integral equations turn into homogeneous ones which are far simpler to solve. It is readily
derived within a split of the integral in (3.177) into a part from O to m% and one from m% to oo,

m?

_ (a2 o i famn®
Ty = [ Goptr———+ [ S
0 m2

. 3.188
pr—M? +ie ( )

The first part gives (3.187) whereas the second is finite in the limit p* — m?.

As a final example for the power of the spectral representation we derive an interesting general result for the
decay of the propagator at large space-like momenta with p? = p% — p?> — —oo. For space-like momenta the
spectral kernel i/ (p*> = M? +i€) in (3.186) has no pole, and we arrive at

2 2

(M
o ip2<T¢<p)¢(—p>>|=pzlgr_lw f E o) =1. (3.189)
0

2 M? - p?

Here, we have used the spectral sum rule (3.184): the M?-integral of p(M?) exists and hence the p?-limit can
be commuted with the integration. Furthermore, with the sum rule the integral is one and hence the propagator
turns into the classical propagator for large spatial momenta (without a non-trivial factor).

We have used the limit of space-like momenta as then the integrand of (3.186) exhibits no pole. For large
time-like momenta, p> — +co, the integrand has a pole at p> = M? — ie and we use

1
=P
p?—M? +ie [pz—M2]

—iné(p* - M?), (3.190)

where P[1/x] is the principal value. The principal value part is treated as in (3.189) and the integral over the -
function is readily performed. We are led to

1
Jlim [p(To(p)o-p)| = lim N1+ 57200 =1, (3.191)

where we have used that the spectral sum rule (3.184) implies that p(p*) decays more rapidly than 1/p?.
Equations (3.189) and (3.191) imply that the full propagator of a physical field decays precisely with 1/p?
without a non-trivial prefactor,

lim (To(p)d(—p)) = — . (3.192)
pPoeo p
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that is the classical propagator. In turn, for p> — m? the propagator also takes a classical form, but with a
non-trivial factor Z, see (3.187).

We close the investigation of the Kéllén-Lehmann spectral representation with the remark, that the derivation of
the sum rule with the commutator relation related the trivial limit (3.192) to the canonical commutation relations
of the field. One either can see this by ’inverting’ the derivation of the sum rule with (3.183) or applying time
derivatives on the Feynman propagator itself: We note that

P (TP = 2{[0(x), By )] 8(x0 = y0)) + {[¢(x) . #3)] By, 8(x0 = 30)) + (TH() 6(3)) ,  (3.193)

Taking the Fourier transform of (3.193) with respect to xy — yo leads us to

p(2)<T¢(p07 X)(b(_PO, Y)> = <[¢(t’ X) ) ﬂ(t, Y)] > + <T¢(_p0’ X)ﬂ-(_pOs Y)> . (3194)

In the limit pg — oo the second term decays as it is a correlation function of local operators. Accordingly
this limit leaves us with the equal-time commutator of the field ¢ and its momentum x. This procedure is
called the Bjorken-Johnson-Low (BJL) limit and is a simple way of computing commutators (or rather their
expectation values) in an interacting quantum field theory. Taking also the Fourier transform with respect to
spatial momentum leads us to

lim pg(T(p)p(~p)) = i (3.195)

p%eoo

where we have used (3.191). Hence, the large momentum limit of the propagator encodes the canonical commu-
tation relations. This is a very strong result as the only presupposition of the derivation of the Kéllén-Lehmann
spectral representation was the completeness of the set of states of the Hilbert space and the property, that the
field state ¢(x)|€2) has an expansion in these states: in short, the field generates a state in the Hilbert space. We
shall however see that this seemingly trivial property is not present in many QFTs.

3.5.2. The LSZ reduction formula

The results concerning the spectral representation of the propagator are pivotal for that of the n-point function
relevant for the computation of the cross section, which is proportional to or can be obtained from S-matrix
elements of momentum eigenstates, see (3.147). Accordingly, we start with a general n-point function

(Tp(x1) p(x2) - - - p(xn)) (3.196)

and evaluate its Fourier transform on-shell. Analogously to the derivation of the Kéllén-Lehmann representation
of the two-point function we then insert the identity in form of a sum of energy and total momentum Eigenstates
(3.172). This leads to the wanted relation, which is called the LSZ-reduction formula. From our 2 — 2
scattering example at the end of Section 3.4 we already expect the residues Z of the on-shell propagators
(3.187) to emerge.

The analysis described above is done iteratively for each field, and and we first perform the Fourier transform
for the field ¢(x) with x = x|,

f d*x P (T (x) p(x2) - -~ p(xn)) = (TP(P) $(x2) - -~ B(xn)) - (3.197)
In anticipation of the emerging structure we split the time integration in asymptotic ones, where the time x° is
either larger or smaller than all the other times x? with i = 2,...,n and an intermediate one which includes all

the times of the other fields. With T, > xg, ey xg and T_ < xg, e xg this split of the time intergation reads

T- T+ +00

f dx? P’ = f + f + f dx? P (3.198)
—o0  T_ Ty
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We expect that the two asymptotic regimes carry the poles of the asymptotic on-shell propagation, while the
integral over the intermediate times is finite. We get

T T,
f dx &P (TR d(x2) - $n)) = f . f (TH) $(x2) - $6)
—00 T_

fd4xe I‘f@ ¥ 20g QIO @) (A, qIT 2 - - - Pn) (3.199)

where, additionally to the split, we also have inserted the identity operator in terms of the complete set of Eigen-
states of the Hamiltonian as in the case of the two-point function. With (3.173) and (3.174) we transport the
field to x = 0 and convert the momentum dependence of the state into a phase, (Q|¢(x)|4, ) = (Q| #(0) |1) e iax,
Inserting this relation in the second line of (3.199) we can perform the x-integration. The full spatial x depen-
dence is given by the phase and the respective integral leads to a spatial momentum §-function (27)*6(p — q).
The remaining x° integral leads us to

i f (2n)} qu fd 0 1(17 —¢0+i€)x? Q| $(0) ), q|T 2 - - - By - (271.)3 53(p —q)

1 lel(p cup+1e)TJr

= I: — (Q¢(0) 1) {4, plp2 -~ ¢n) - (3.200)

h 2wy PO — wp + i€

Now we use that the in- and out-states are on-shell and hence p® — wp. Accordingly, on the pole the spectral
sum in (3.199) reduces to one over one-particle states as already discussed for the two-point function around
(3.181). Hence, the overlap is nothing but Z!/? and we arrive at

+00

‘ i 7172
lim | d*xe? (Top(x) p(x2) -+~ $(xn)) = ———5—— - 5 (PITP(x2) - - - p(x)) + finite . (3.201)
p° —m* + i€

pP>wp
T,

Equation (3.201) is the anticipated result, the correlation function with an on-shell momentum state |p) is related
to the Fourier transform of the correlation function with a field state ¢(x)|Q2) by the full on-shell propagator.

Similarly to the derivation of (3.201) we find for the f -term,

T_
1/2

. i1Z
lim [ d'x e <(T¢<xz>~--¢<xn))¢<x>> = o (Tg(n) - @lx)|-p) + finite. (3.202)
P—-wp p-—m- +1€

As mentioned before, the last term fT ... is finite as the integration interval has a finite length.
Now we repeat the above analysis iteratively for the remaining ¢(x;) with i = 2, ..., n. Importantly, states |p) are
at time t — —oo and states (p| are at time t — +oo, and that after iteration we arrive at the matrix element

~oo (P1° - PolK1 - Km)yoo = (P1- - Pul S (K1 -+ Km) , (3.203)
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multiplied by the on-shell propagators for each particle in the in- and out-states. This is the LSZ-reduction
formula,

LSZ-reduction formula

(P1--Pul S K1 - Km)

= fﬁ d*x; e'Pii ﬁ d4yi e kiyj ﬁ (6)2@ + mz) ﬁ (63(_ + mz)
; ; o

on-shell i=1 el i=1 ;

% [ﬁ] (T(x1) - ¢(xn) pO1) - )y, (3.204)

where —i (63{. + m2) takes care of the classical propagators i/ (pl.2 — m? + i€) and the Z’s are cancelled out by

Z~(m*m/2 - We emphasise that the on-shell condition p?> = m?

parameter m% in the Lagrangian.

The amplitude of the on-shell propagator, Z, is called wave function (or field strength) renormalisation, as it
(re-)normalises the field. If we rescale the field with Z=1/2, that is ¢ — Z~!/2¢, the full on-shell propagator
reduces to the classical one with the physical pole mass,

(TZ72 (0 272 p(3))

Note, while this rescaling adjusts for a classical on-shell propagator, the rescaled field does not admit canonical
commutation relations with d;¢, the latter not being the field momentum any more, but 1/Z'/? of it. In our
analysis in the present Chapter, Section 3.5 we have derived that the on-shell n-point correlation functions are
proportional to a product of full on-shell propagators. This trivial prefactor is removed by defining (on-shell)
amputated correlation functions,

is on the physical mass pole and not the mass

, = Dr(x—y;m?). (3.205)

prom

pr+m?

Z

TP O Py = | |

i

(Te(p1) -+ d(pn)) - (3.206)

Let us elucidate the content of (3.206) by a discussion of the two- and four-point functions.

Example 3-9: n=2. First we consider (T'¢; - - - ¢,).
) o)

¥_/\/\"/

H(p): O_%I_O 1PI: one-particle irreducible

cannot be split by cutting one line

= 0—O0+ 0—)—o+ o—)—)—o+---

1PI 1PI 1PI

i i . i
R RS N B B (_ln(p))ﬁJ“"'
p*—mg+ie  p? —mg +ie p*—mg +ie

i
= 3.207
pr - (m% + H(p)) +ie ( )
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with
. -
— — pemtes (3.208)
pc - (mo + H(p)) + 1€

p?—m? +ie

Example 3-10: n=4.

And in general:

Evidently, the right hand side of the LSZ-reduction formula (3.204) can be rewritten in terms of the ampu-
tated correlation function, multiplied by Z+"/2, Moreover, in terms of the renormalised fields the amputated
correlation function is defined by a multiplication of classical inverse propagators,

Z(n+m)/2 (Td)(p]) .. '¢(km)>amp

+ k2 + m?
~ Zm)/2 1—[ pZI/;" l_l ]Zl/2 (To(p1) -+ plkp))
= ﬂ(p, + ) H(k2 +m?) (1272 ¢(p) -+~ 2717 glhn)) (3.209)

where <TZ‘1/ 2d(p1)--- 27112 ¢(km)> is just the expectation value of the renormalised fields.
In conclusion this leads us to a simple relation of S -matrix elements in terms of amputated correlation functions,
This entails for the S-matrix elements with (3.204)

P1- PulS Ky ---km) = Zm+m)/2

on-shell

which concludes our discussion of the LSZ formalism.
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4. Fermions

With the last chapter, Section 3.5, we have completed the discussion of the scalar quantum field theory with the
computation of S-matrix elements. Still, some computation details and the systematic treatment of the singu-
larities within a regularisation and renormalisation procedure is postpone to the chapter on renormalisation.

In fundamental particle physics the only scalar field is the Higgs boson, all the other matter fields are fermions,
namely the leptons and quarks, and the Standard Model is completed with the gauge fields of the SM gauge
group U(1) x SU(2) x SU(3). In turn, in condensed matter and statistical physics systems scalar particles are
composite fields, the fundamental ones are bosons with spin n # 0 and fermions with spin n + 1/2.

With the results in scalar quantum field theories we are prepared to discuss general field theories, and in par-
ticular fermions (this chapter) and gauge fields (next chapter). Fermions play a pivotal r6le in the dynamics of
the Standard Model (SM) of particle physics and beyond SM physics; in low energy QCD with Confinement
and strong chiral symmetry breaking, the latter being responsible for most of the mass of visible matter; as well
as in many condensed matter and statistical physics systems. Fermionic systems show some of the most intri-
cate phase structures, their understanding being essential for high 7. super conductivity, graphene, fermionic
ultracold gases and many other exciting systems.

4.1. Fields and Lorentz Invariance

As mentioned in the introduction above, fundamental fermions carry a spin 1/2 representations of the Lorentz
group, while scalar fields carry the trivial representation: the scalar field is invariant under Lorentz transforma-
tions,

B0 5 F ()= p(x)  with o P =AL X (4.1)

and ¢’ (x) = ¢(A~" x). This entails that the full transformation of the field simply undoes that of the coordinates,
the field itself is invariant. In other words, all Lorentz transformations are represented as a multiplication with
one on the field. This defines a map R or representation from the Lorentz group to the scalar field space with
R(A) =1 for all A.

Similarly, a vector field A, transforms as a covariant four-vector under Lorentz transformations such as the
position or momentum vectors x, and p,, see Section 2.1,

Au(x) = A A (x), 4.2)

and A;l(x) = A A,(A7! x). The transformation law (4.2) entails that a Lorentz transformation is represented
by the transformation matrix A with the map R(A) = A.

The discussion of transformation properties of different field is extended straightforwardly to tensor fields
(e.g. tensor fields of rank two as the fieldstrength in QED, QCD, weak interactions),

Fiu(x) = AL N Fpp(x), 4.3)

and an example for a fundamental tensor field is the graviton g,,, which carries spin 2 degrees of freedom.
In four dimensions quantum field theories with spin n > 1 are typically perturbatively non-renormalisable,
the perturbative renormalisation programme discussed in the renormalisation chapter leads to infinitely many
fundamental parameters or couplings. Consequently, the (perturbative) theory lacks predictive power. As for
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the scalar field and the vector field we can define the representation map R from the Lorentz group to the tensor
field space.
For a general field ¢' we define the transformation law under Lorentz transformations with

) - RN ), (4.4)

with the general index i, e.g. i = {},u, uv,... and the representation R in field space. The representation is
chosen accordingly to the field, i.e.

scalar:  R(A) =1 trivial representation

vector: R(A) =A fundamental representation

(2nd rank) tensor: R(A) = (A” P AVU) tensor representation . 4.5

While we have introduced the concept of a representation at the example of the Lorentz group, it applies to
general groups G. Then, the representation R : G — R(G) has the properties,

R(1)=1,
R(g - h) =R(g) - R(h). (4.6)
For instance, for rotations in R3, i.e. the Lie group SO(3) group, we find
trivialrep: R(A)=1 A € SO@3)
fundamental rep: R(A) =A Lie group. 4.7

A useful property of Lie groups is, that we can write every element of the connected component of unity in the
group in terms of an exponential

A=, (4.8)

where J = (J L J") are the generators of the Lie group, and J is contracted with w = (a)l, .., ). In our
example Lie group SO(3), the generators are J = (J!, J2, J3). The three-dimensional vector w = (w!, w?, w?)
has real entries, w' € R and the scalar product w J is an element in the Lie algebra so(3).

We proceed by discussing different representations of the rotation group as simple and relevant examples. To
begin with, the trivial representation has the generators J° = 0 for i = 1,2,3. The three generators in the
fundamental representation read

0 0 0 0 0 —i 0 i 0
J'={o 0 i JF={0 0 0 P=|-i 00 (4.9)
0 —i 0 i 0 0 0 0 0

with eigenvalues +1. As discussed before, the vector field carries the fundamental representation of the Lorentz
group that includes the rotation group. Accordingly, the eigenvalues of the generators are linked to the spin
eigenvalues of a vector fields, which is a spin 1 field.

Example 4-11: Rotation about the x3; axis.
Let us now consider a rotation about the x3 axis with angle w3 = @, and hence the rotation vector

w=(0,0,a). (4.10)
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Inserting this in (4.8) we are led to

0 -1 0
exp(ioJ) = exp (iaJ?) = exp [a[ 1 0 0 ]] 4.11)
0 0 0
100 0—10a20—102
=0 1 0f+a| 1 0 0 f+=11 0 0+
00 1 0 0 0 0 0 0
1 00 0 -1 0) (-1 0 0
=0 1 0f+al 1 0 0 |+=1 0 -1 0 |+
00 1 0 0 0 0 0 0
cos(a) —sin(a) O
=] sin(e) cos(a) O
0 0 1

Evidently this corresponds to a rotation about the three-axis.

An important property of the generators J are their commutation relations, the Lie algebra. They entail the
composition law of the group as well as its non-Abelian nature. In the case of our SO(3) example the Lie
algebra reads

[J, 7] = ié*J,. (4.12)

with the structure constants €'/ that encode the local structure of the Lie group. Indeed, the Lie algebra (4.12)
is that of SO(3), but also that of SU(2), and we have the map SO(3)~SU(2)/Z,, where the latter is given by +1.
Equation (4.12) holds true in any representation. For the trivial representation this is evident. Let us now
discuss a infinite-dimensional representation in terms of space-derivatives and coordinates, already known from
Quantum Mechanics.

Ji= —iek xigh = —Ee’fkﬂk , with  J* = i(xfak - xkaf) . (4.13)

For instance, (4.13) is used in quantum mechanics in the n-dimensional representation of spins with n = 25+ 1.
Finally we consider the spin 1/2 representation of the rotation group. To that end we recall, that the Lie algebra
(4.12) is also that of SU(2) with the generators

i=Z,  i=123, (4.14)
2
with the Eigenvalues +1/2. The generators are half of the Pauli matrices
0 1 0 —i 1 0
1_ 2 _ 3_
o —(1 0), o _(i O)’ o _(O _1). 4.15)

Using the commutation relations of the Pauli matrices or their explicit form we get,
£, ] =ie -, (4.16)

which agrees with (4.12). This analysis has also elucidated the fact that the Lie algebra provides the local
information about the Lie group (tangential space).

For the preparation of the similar discussion of the Lorentz group we wrap up this information in the following
brief discussion of the respective manifolds.
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Example 4-12: SO(3) and SU(2)~ S>. The Lie algebra of SO(3) and SU(2) is given by (4.16). As the Lie
group is a differentiable manifold, SU(2)~ $3 is the double covering of SO(3)=~ RP?, which is visualised in
figure 4.1

group

SU2) algebra:
tangential space

at the identity

Figure 4.1.: Schematic representation of the SU(2) and the Lie algebra.

This concludes our analysis of the rotation group, and we readily proceed to the Lorentz group.

As for the rotation group we can embed the Lorentz group SO(3) in a universal covering group (simply con-
nected), SL(2,C). Before we discuss this aspect, we derive the Lie algebra of the Lorentz group. To that end
we consider an infinitesimal Lorentz transformation A € SO(1,3),

A = @)Y =6, +iT,, 4.17)
where T is in the Lie algebra of the Lorentz group. We recall the invariance property of the scalar product (2.2),
A/,zy Apo- Mve = MNup » (4.18)

which reads in terms of the traceless Lie algebra element 7',
(6" +iT.") (67 +iT, ) o =My + OT?) = T+ Ty =0, (4.19)

This entails that T is antisymmetric and traceless, and hence has (16 —4)/2 = 6 independent components. Three
of them generate rotations about the axes x, x;, x3 and three of them generate boosts parallel to these axes. The
Lie algebra is written in terms of antisymmetric components «*“ and the generators M, of the Lorentz group.

Generators M of SO(1,3)
WP v
T} = —- (Mpc,)ﬂ : (4.20)
The generators M satisfy the Lie algebra of the Lorentz group,
Lie Algebra of SO(1,3)
[M*, MP7) =1(n"? MFT =g MY — "7 M** + " M'P) . (4.21)

Equation (4.21) is the Lie algebra of SO(1,3) rotations. To see this more explicitly, we extend the SO(3)-
generators of rotations, J*/ in Equation (4.13) to boosts J% and find

T =i (9 - X | (4.22)
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which satisfy (4.21). To find general representations, we also look for M, that satisfy (4.21). For instance, for
the fundamental representation we obtain

(M"),y =i(6, 8" — 6" 6%,) . (4.23)
Thus, boosts and rotations are given by

Rotations:  J; = Efijk My

Boosts . K; =My, . 4.24)

Example 4-13: Boosts along xj-axis. Analogously to our example of a rotation about the x3 axis we briefly
discuss a boost along the x| axis.

vy —yw 0 O
4o -y v 0 0 iw Ky W . _ 1
A = o 0 10 = (e ) with == (4.25)
0 0 0 1
with the rapidity w = artanh3 and the generator
0 -1 00 0 0 -1 0 0 00 -1
-1 0 00 0 0 0 O 0 00 O
ol Ry Ry
I(Kl V) 0 O 0 ’ l(KZ V) _1 0 O O 71(K3 V) O 0 O 0 ’ (4'26)
0 0 00 0 0 0 O -1 0 0 O

where we have also provides the generators of boosts along the x, and x3 axes. Removing the empty rows
and columns, the generators K = (K1, K3, K3) resembles the generators J of the rotations. This is an expected
property, as the boosts have the structure of ’imaginary’ rotation in i.e. xp, x; in our example due to the relative
minus sign in the Minkowski metric.

The generators in (4.24) make the structure of the Lorentz group more apparent. To that end we formulate the
Lie-algebra in terms of J and K,

|7, 7] =ie* J*
[k, K] = —ie* It
|7, k7| =i K. (4.27)
Equation (4.27) entails that the rotation group is a subgroup in the Lorentz group as the commutator of two
generators of rotations is a third rotation. In turn, the commutator of two boosts is a rotation, hence boosts are
not a subgroup of the Lorentz group. Finally, a rotation of a boost is a boost.

We close this discussion with the remark, that SU(2) and SL(2,C) with the generators (J + iK', J' — iK') are
universal covering groups of SO(3) and SO(1,3) respectively.
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4.2. Spinor Fields

In Section 4.1 we have discussed the mathematical structure of the Lorentz group. It contains the rotation
group with its covering group SU(2) and hence spin 1/2 representations. Moreover, (4.27) already suggests
the existence of a further SU(2) subgroup in the Lorentz group we want to uncover now. This leads us to
the definition of right- and left-handed spinors respectively. In short, we use different combinations of the
generators J, K that both satisfy the Lie algebra relation of SU(2). We already have mentioned in the discussion
of the example of the boost in x| direction that the structure of the generators of boosts and rotations are related,
the former is an *imaginary version’ of the latter. This suggests to consider the following combination of boosts
K' and rotations J,

1
2

that both satisfy the SO(3), SU(2) Lie-algebra relation,

NL=—(J +iK'), (4.28)
[NL. NL| = ieNE, [N.,N/]=0, (4.29)

and hence can be represented by SU(2) matrices and carry spin 1/2 eigenvalues. These two-dimensional spin
1/2 representations Ry r(A) = Ayr/g are that of left-handed and right-handed spinors

left-handed spinors: Ay = exp {% ol (w; — iv,-)}

right-handed spinors: Ag = exp {% o (w; + ivi)} , (4.30)

where w; and v; denote the rotation parameters and boost parameters respectively and Az, Ag € SL(2,C), the
universal covering group of the Lorentz group. The two spin representations in (4.30) are linked with a parity
transformation P with

(xo,x) N (xo,—x) , 4.31)

that maps left-handed < right-handed. Moreover, it leaves spacial pseudo-vectors such as e.g. x X p invariant.
It follows

J LN J pseudo-vector
P
K — — K vector. (4.32)

The spinor representations (4.30) also encode the Lorentz transformations of coordinates x;, or more generally
four-vectors. For this purpose we define

g=x0t,  with (") =(c"0), =1, (4.33)

and the spatial vector o~ of the Pauli matrices o = (o', 02, o) with the o provided in (4.15). The explicit form
of this matrix is given by

N Xo—X3 X]+ix ) .
xz( 07 A 2), with  det® = x,x*, (4.34)
X1 —1XxX2 Xo+ X3

and Lorentz transformations of x,, are implemented via

¥ =AL chz with  det®’ = det®, (4.35)
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as det A(LT) = 1. For the right-handed spinor representation we have to contract x, with

=0 o), (4.36)

and o, & defined in (4.33) and (4.36) transform as vectors under Lorentz transformations. We also remark, that
Ap and —Ay lead to the same %’ (double covering). Furthermore we have

AE/R = AI_Q/IL . 4.37)

These relations are discussed below in more details. We close this discussion with putting the representation to
work within a simple example of a boost in x3-direction.

Example 4-14: Boosts along x3-direction. Let us consider the transformation where only v3 is non-vanishing.
The respective spinor representation of A(v3) is given by

: 3
AL = exp %(73(—1'\13)] = exp [%] (4.38)
_ 1 0 vs{1 O 1/vm\2(1 0O
“lo 1) 210 -1 +§(3) 0o 1)
_ [ exp(v3/2) 0 f(a O
a ( 0 exp(—v3/2) )_( 0 a! ) (4.39)

Now we apply (4.39) to %, leading to
N At _[a O Xo— X3 X|+ixp a O
. _ALXAL_(O a’! )(xl—ix2 X0 + X3 )(O a’! )

(a 0 )( a(xy — x3) a‘l(x1+ix2))
1o

a’! a(x; +ixy)  a (xp + x3)

a*(xp — x3) X1+ ixp
- ( X1 —ixa  a>(xp+ x3) ) (4.40)

Evidently, the coordinates x; and x; remain unchanged under this transformation. Moreover, x6 and x’1 can be
read off from (4.40) as

Xo = YXo = Yvx3, Xy = yx3 —yvxo, (4.41)
with
1, 1 1{, 1
725(“ +;)’ VVZE(G —;), (4.42)

which is the standard form for a Lorentz boost along the x3-axis.

This concludes our introduction of spinor representations of the Lorentz group.
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4.2.1. Dirac equation

It is left to construct the classical Lorentz invariant action of a spinor field. We start this derivation by consid-
ering the field equations for a two-component left handed spinor,

Dy, =0, (4.43)

where ¢, is the left-handed Weyl spinor and D, is the kinetic operator of the theory, the analogue of the Klein-
Gordon operator 90" + m?. Equation (4.43) or rather its solutions have to be left unchanged under Lorentz
transformations. The field carries a left-handed spinor representation of the Lorentz group,

Uy () — A, (). (4.44)

It is left to determine the transformation property of O, . As an operator in spinor space its transformation form

is that of X, however it has to transform from the right with AZI = A; in order to annihilate the transformation
of the spinor i, . These considerations leads us to

A /
Dy (x) — Dy A, (x) = AgDy i, (%), (4.45)
with
D) = MDA, as A =A7", (4.46)

where we have used (4.37). Equation (4.45) entails that the Weyl equation of the left-handed spinor transforms
as a right-handed spinor. Hence, the operator ; maps left-handed-spinors into right-handed ones. Moreover,
the minimal form of the left-handed kinetic operator is given by D, = id#9, and 7 = (0'0, —5’). The latter
follows from the fact that O, transforms with the right-handed spinor representation. The analogous derivation
can also be done for the right-handed Weyl spinor, with O = i0#0,, which yields the Weyl equations.

Weyl equations
icto,y;, =0

18,0, =0, (4.47)

with o#,d#* defined in (4.33) and (4.36). The Weyl equations (4.47) are the equations of motion of two-
component spinors. We emphasise, that they do not have parity invariance, but a parity transformation leads
us from the left- to the right-handed Weyl equations and vice versa. Let us now connect (4.47) to the Klein-
Gordon equation (2.12). To that end we multiply the left-handed Weyl operator with the right-handed one, and
the product maps left-handed spinors to left-handed spinors. We arrive at

1
00,070,y = 3 (00" + ") 0,0, ¢, =" 0,0,y , (4.48)
For the derivation of (4.48) we used that

% (0'00'0 + 0'00'0) =1, % (o-oé'i + o-ié'o) =0, % (O'ié'j + o-jé'i) S (4.49)

Equation (4.48) is nothing but the Klein-Gordon equation for a massless field, 4,0 ¢, = Oy . = 0. Similarly,
one shows 9> Y = 0, which implies, that the Weyl spinors also satisfy the massless Klein-Gordon equation.
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While Weyl fermions carry the spinor representation of the Lorentz group, they are not invariant under parity
transformations, that map left-handed spinors into right-handed ones and Po = &, and hence

PD, =D,, with D, =i5%9,, Dyp=ic"d,. (4.50)

This suggests to combine left- and right-handed spinors into a four-dimensional spinor, the Dirac spinor

= "bL) 4.51
lﬁD (lr//R ’ ( 5 )

We have already discussed, that D,y transforms as a right-handed spinor, and Dgy, transforms as a left-
handed one. This is reflected in the following representation of the two Weyl equations in terms of the massless
Dirac equation for the Dirac spinor,

0 Dg\(¥;) _ . . [0 D
([0 2)()-puy=ivauy i p=(2 ). 05

with the Dirac operator D and the y-matrices y*
0 o
H =
y (0__# 0 ) , (4.53)

with o, o* defined in (4.33) and (4.36). The y-matrices satisfy the Clifford algebra,

Clifford algebra

.y =20 (4.54)

which is their defining property. Note that there are different representations of (4.54) related by unitary rota-
tions, that better suited for different application. For instance, the representation (4.53) is the chiral represen-
tation, and emphasises the chiral structure of left- and right-handed spinors.

The transformation properties under Lorentz transformation of the Dirac spinor ¢, follows from that its left-
and right-handed components ¢z with

A A . A, O
Yp — Np¥p = (A;:lb’;) , with Ay = ( OL AR) , (4.55)

where Aj; is in the four-dimensional spin 1/2 representation of the Lorentz group. Similarly, the transforma-
tion properties of the Dirac operator O follow from that of Dy r in (4.46),

DA, DA, (4.56)

As the above transformations where derived from that of the left- and right-handed components, the massless
Dirac equation (4.52) has to transform as a Dirac spinor under Lorentz transformations. With (4.55) and (4.56)
this properties follows straightforwardly,

. A . - .
Y0, — A iV O AT Aijp i = Ay iv O . (4.57)

With the above analysis we are in the position to formulate the general equation of motion for spin 1/2 fields.
So far, the spinors have been massless, as the Weyl equations do not admit a mass term: the Weyl operators
Dy g map left- to right-handed spinors and vice versa, while a mass term is diagonal in spinor space,

1 0
m(O Il)wD:mt//D. (4.58)
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with the 2 X 2 identity matrices 1,4, in the left- and right-handed spaces. In consequence, the massive Dirac
equation will mix left- and right-handed spinors. In the following we drop the subscript p for the Dirac spinor,
¥ = ¥, and the massive Dirac equation follows from combining the massless Dirac equation (4.52) and the
Dirac mass term (4.58),

Dirac equation

(id-my=0, (4.59)

with the shorthand notation

P =YD (4.60)

for a given four-vector p. Similarly to the Weyl spinors, that satisfied the massless Klein-Gordon equation, the
Dirac spinor satisfies the massive Klein-Gordon-equation (2.12),

(—iy“c?u - m) (iy"d, —m) ¥ = (y" Y'0,0y + mz) U= (% W, v a.0, + mz) VE (77’”@,8‘, + mz) v, (4.61)

where we have used the Clifford algebra (4.54). We close our discussion of the equation of motion for spin 1/2
spinors with a final remark: while the two-dimensional Weyl spinors are necessarily massless, it is possible to
construct massive two-dimensional spinor representations, the Majorana spinors, that play a role in the Standard
Model, if massive Neutrinos are taken into account.

In the remainder of this section we collect some results on the spin 1/2 representation of the Lorentz group
that are relevant for the derivation of the Dirac action in Section 4.2.2 as well as for the discussion of general
symmetry properties of spinor fields. To begin with, the spin 1/2 representations of the generators M, (4.20), is
given by,

i i (octdY — oVdH 0
B — 2 TaH V] = 2
S =7 Y, 7= 4( 0 6'“0"’—6"’0'”)’ (4.62)
withoo : L - Land 6o : R — R and hence
it ogwy AL 0
Al/z—e 2 —(0 AR) . (463)

with the block diagonal components Ay in (4.30): We can confirm straightforwardly that the S#” are a repre-
sentation of the generators of the Lorentz group as they satisfy the Lie algebra (4.21). Moreover, (4.62) makes
the block-diagonal structure of left-handed and right-handed transformations explicit. The structure is even
more apparent when discussing the boosts and rotations K, J in (4.24) in the spin 1/2 representation. First
concentrating on the left-handed part with K, J;, we are led to

i

: ; o o
Kl :SOl:—.—:.—
L L 1 2 1 2
PR S Y Ll DR 7Y P B (4.642)
) 2 272 2 2) 27 ‘
The relations for the right handed transformation follows analogously,
O o
Ky =i, =7 (4.64b)
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With (4.64) we can convert (4.63) into the form (4.30) with

- Wuy y A O .
Ay = P el ( OL A ) , with Woi = Vi, Wij = €jk Wk - (4.65)
R

In summary, we have worked out the representation of the Lorentz group in the four-dimensional spin repre-
sentation in terms of its generators M, = S ,,. The final ingredient of our derivation and consistency checks
of the Dirac equation was its transformation properties under Lorentz transformations that required the inverse
Af/lz. We have already seen, that the inverse of the right- and left-handed transformations where the adjoint
of the left- and right-handed transformations, (4.46). With this relation we can show, that the inverse of Ay,
is obtained by a ’rotation’ or conjugate with y°: To begin with, the Clifford algebra (4.54) entails that ° is

Hermitian, while the yi are anti-Hermitian,

BP=n ()= e ) = o0

As (4.66) follows only with the Clifford algebra, these properties hold in any representation. From (4.53), that
is in the chiral representation, it also follows

¥’ (7")T YW=, (4.67)

As (4.66), the relation (4.67) is independent of the representation of the y-matrices: rotating the y-matrices into
another representation does not change (4.66). With (4.67) we derive the wanted relation, the adjoint of the
generators S*” is given by the conjugation with 7°,

Y5 90 = 51 (4.68)

Thus, the inverse Lorentz transformation for the four-dimensional spin 1/2 representation is given by

YA n = AL, (4.69)

4.2.2. Dirac action, invariants and symmetry properties

In the remainder of this section we discuss the Dirac Lagrangian, that leads to the Dirac equation as well as
the transformation properties and generators in the spin 1/2 representation. The Dirac equation is linear in the
Dirac spinor ¢, and hence the Dirac Lagrangian is a bi-linear in ¢, and we simply multiply the Dirac equation
from the left with . This leads us to the Dirac action S p with

Sply, ¥ = f d*xLp, with  Lp=¢(id-m)y. (4.70)

The field i is linearly related to ¢ or rather ¢, the latter being seemingly obvious choice. However, the
Lagrangian is a Lorentz scalar and we use this property to determine the transformation properties of ¢ which
turn out not to be that of ". A Lorentz transformation of the Dirac Lagrangian (4.70) is given by

Lp LN W' A1 (id—m) g

l

U =yAT),. (4.71)
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¥

The adjoint of the Dirac spinor transforms with ¢’ — (//TAI 12 and this factor does not cancel Af/lz’ but the

transformation of the Dirac conjugate does. The Dirac conjugate is defined with

b=y, (4.72)
and with (4.69) it follows
§ = v Y =0Ty 0 = IA ), (4.73)

With the definition (4.72) for ¢ the Dirac Lagrangian (4.70) is invariant under Lorentz transformations. The
Dirac equation (4.59)is the equation of motion, that follows from (4.70),

oL oL oL - (=
==0=Gd-my, ad g =0=7(id -m), 4.74)
op ~ 0 = (0=my A N7

with the notation f a = =0, f. In Section 4.3 we discuss the quantisation of fermionic theories. In view

of this application we also provide the Hamiltonian density of the Dirac field, that is obtained from the Dirac
Lagrangian (4.70) with a Legendre transform. With 7, = iy? we derive

H=npf— L=10y% - L=y Gyo+m y, (4.75)

where ¥ d = y'&". As the kinetic operator is linear and not quadratic as for the scalar field theory, the Hamilto-
nian is seemingly not bounded from below. This particularity of fermionic theories will be discussed in detail
in the chapter about the quantisation of the theory, Section 4.3.

We close the present chapter with a discussion of (bilinear) invariants and general properties of the spinor space.
First we note that some of the derivations above were performed within a specific representation of our spinors
in left- and right-handed Weyl spinors, the chiral representation. While we have argued that the respective
derivations hold true under unitarity rotations of the y-matrices, the chiral representation may not always be
the best-suited one for the application at hand. In particular for massive Dirac fermions this is certainly not the
case.

Hence, we discuss different representations more systematically. First we note that unitary transformations U
of y’s and ¥’s with

y - UyUT, W — Uy, (4.76)

leave the Dirac Lagrangian (4.71) invariant. Moreover, (4.76) leaves the Clifford algebra unchanged. However,
after such a unitary rotation of the y-matrices and the generators S, of the Lorentz group, the projection Py g
onto the left- and right-handed eigenspaces is not obvious any more. Obviously, a definition of the projection
operators in terms of the y-matrices provides us with an representation-invariant definition of the Py g. For this
purpose we define

ys = 1YYy, (4.77)

In the chiral representation, the matrix ys is given by

-1 0
y5=(0 11)‘ (4.78)
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Hence it assigns in any representation the Eigenvalue —1 to left-handed spinors, ysy; = ¢ and the Eigenvalue
+1 to right-handed spinors, ys¥r = ¥g. While the diagonal form (4.78) only holds true in specific representa-
tion, i.e. the chiral one, s exhibits remarkable representation-independent properties,

y2=1 — eigenvalues + 1,
{rs, ¥} =0,
[S uv s 7’5] =0 — 8., s can be diagonalised at the same time . (4.79)

In particular we can define the projection operators Py g with

Projection operators on the spaces of left- and right-handed spinors
1 Fvys
P = 27 : (4.80)
with P%/R =Prjpand Pp + Pp =1, and
PrrY =Y k- (4.81)

With y,, and ys we can also generate the full space of 4 X 4 matrices in terms of Lorentz scalars, vectors and
tensors. With these matrices we can also span the space of all Dirac field bilinears. Amongst other applications,
they are relevant for the construction of interacting fermionic theories. For instance, with the Dirac equation
or rather the Dirac Lagrangian we have already introduced two of these bi-linears, the Lorentz scalar y/ (mass
term)and the Lorenz vector ¥y, (kinetic term). Their squares give us Lorentz invariant four-Fermi interac-
tions. The scalar and vector property origin in the transformation properties of the y-matrices with y* — A¥y",
and hence products of the y-matrices carry the respective tensor representation. This leads us to a basis of

sixteen 4 X 4 matrices, defined as antisymmetric combinations of y-matrices,

1 scalar 1

) vector 4

yliyY] tensor 6

Yy yPl  pseudo-vector 4

Ys pseudo-scalar 1 52
16 total

where yl#1 ... y#] are the (completely) antisymmetric part of the product of n y matrices. In particular we have

Yyl = % .7 Pyl = é(v”vvyp —PVY VYV =YV VY - ypyvy“)- (4.83)

The prefix pseudo in (4.82) entails, that the respective quantities transform as pseudo-scalars / vectors / tensors
under the Lorentz transformations (odd under Parity); a simple example for a pseudo-vector is the angular
momentum.
Evidently, s is a pseudo-scalar as the temporal y° does not change under parity, while the product of three
spatial matrices in the definition (4.77) lead to (=1)° under a parity transformation. Moreover, any of the
anti-symmetric products y“‘yvy/” can multiplied by (eﬂv,wy(’)2 = €upo€up’ > and hence is proportional to
1Y€up0Y5Y” , the latter being a pseudo-vector.
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Finally, we derive the conserved Noether charges for the Dirac action. To begin with, the Dirac action (4.70) is
invariant under unitary phase rotations, similarly to the complex scalar field,

- — o e, (4.84)

and with (2.34) (second equation) the respective Noether current is given by
F =y, with A Wy y) =imyy—impy =0. (4.85)
EOM

The Noether charge Q is the fermion number or electric charge with

0= f dxj = f Exyly,  with =9y =yly, (4.86)

and plays a pivotal rdle in relativistic and non-relativistic theories.

We know from the derivation, that the massless Dirac action simply is a sum of the left- and right-handed Weyl
actions, as only the mass term connects the left- and right-handed spinors. Hence, for m = 0, the Dirac action
enjoys a further phase symmetry, best captured with ¥;/r — exp{Fia}y/r. These are axial (pseudo-scalar)
transformations summarised with

Y- e — o e, (4.87)
For the derivation of the transformation law for i from that of ¢ we have used that {ys ,yo} = 0 implies
e—i‘ysa’,yo — ,y()e+i’)/5(l . (488)

Similarly to the derivation of (4.85), the axial Noether current /5' for massles Dirac fermions is given by

Fmiyyse.  with 8, (FYvsw) \EOM -0, 4.89)

and the Noether charge Q is the axial charge
s = f dx jg = f Exylysy,  with 8 =9y ysu = ylysy. (4.90)

We emphasise again, that the axial current fS' is only conserved for m = 0 with chiral symmetry. In the presence
of a mass term we find

O WY'ysy) = 2imyysy (4.91)

In quantum field theories the axial current conservation is not only violated by mass terms, but also by the
axial anomaly, related to topological configurations (instantons). It manifests itself already on the level of
perturbation theory, where it originates in the incompatibility of a local regularisation that respects both, the
vector symmetry carried by the bilinear y*y, and the axial vector symmetry carried by the bilinear, Yy"ysy.

4.2.3. Solutions of the Dirac equation

Before we turn to the quantisation of the fermion field in the next Chapter, Section 4.3, we discuss the general
solutions of the Dirac equation. As in the scalar field theory, the general solution of the Dirac equation can
be written as a spatial momentum integral over all solutions with general coefficients, labelled by the on-shell
condition p?> = m?. This follows already from the fact, that a solution of the Dirac equation also satisfies the
Klein-Gordon equation, see (4.61). Moreover, due to the spin degrees of freedom we expect additional spin
sums. As in the scalar QFT we derive the quantum field by the canonical quantisation relations, elevating
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the coeflicients of the general classical solution to creation and annihilation operators, whose commutation
relations follow from that of the fermionic field.

In view of the fact, that the Dirac fermion also satisfies the Klein-Gordon equation, we parametrise the solutions
with

Y(x) = u(p) e P~ Y(x) = v(p) e (4.92)

with a spinor vectors u(p), v(p) and the on-shell momentum p* =m. Inserting (4.51) into the Dirac equation
(4.59) leads to an Eigenvector equations for u(p), v(p) with

([ —m)yy(x) = (p—m)u(p) =0,  and  (p+m)v(p)=0, (4.93)

where it is understood that m stands for m14x4. For the solution of the two matrix equations in (4.93) we first
simplify them by going to the rest frame of the field with vanishing spatial momentum p = 0. There, the
equation is solved readily and the general solution is then obtained by applying a general boost to the rest frame
solution.

In the rest frame, p = (po,0) with pg = m, the Dirac equation simplifies significantly and reads
m(y’-1)up)=0, and  m(y*+1)w(p)=0. (4.94)

In the chiral representation used so far for explicit computation, we find

(Y x1)= (ilﬂ ill) . (4.95)

where the 1 are 2X2 matrices. With (4.95), the vectors u(p), v(p) with vanishing Eigenvalues take a complicated
form. Clearly, a diagonal form of y° + 1 is preferred both for finding a solution as well as discussing its
properties, and in particular discussing the non-relativistic limit. Therefore, we change the representation with
a unitary rotation U defined in (4.76) such that y° + 1 is diagonal. This is the Dirac representation, which is
obtained from the chiral representation with

1
U= $( _ﬂl i ) (4.96)

The y-matrices in the Dirac representation are derived from that in the chiral one, (4.53), by applying the
rotation (4.76) with (4.96),

1 0 , 0 of 0 1
0 _ i _ _
Y = (O _]]_) 5 Y = (_O_i O) 5 Vs = (:H. 0) . (497)

In particular, the Dirac representation contains a diagonal y°, while ys is off-diagonal. The diagonal y° leads to
a simple diagonal form of (4.95) with

(°-1)= 2(8 _Oﬂ) , (' +1)=2 ((]; 8) , (4.98)
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This leads to simple solutions to the eigenvector equations (4.94),

us(p®) = V2m (OS) , vs(p") = V2m (6?( ) , (4.99)

with the spin eigenvalues s = £1/2 and the respective eigenvectors y, ” with

1 0 0 1)_.
X1/2=(0)’ X_l/zz(l), and e=(_1 0):102. (4.100)

In (4.100) we have also defined €, the symplectic metric in spinor space. The solutions (4.51) with the vectors
(4.99) constitute the general solutions of the Dirac equation in the rest frame. Now we apply a general Lorentz
boost to these solutions for obtaining the solutions in a general frame. As the solutions (4.51) have been
obtained in the Dirac representation, we have to transform our Lorentz transformations A1/, from the chiral
representation Acpira in (4.55), to the Dirac representation Ap. With (4.96) we are led to

(4.101)

1(AL+AR AR—AL)
5 .

_ . [
Ap = UAhiraU' = AR —Ar Ap+Ag

Finally, boosting our solution with (4.101), we arrive at,

Solutions of the Dirac equation

_ 1 p+m 0y — 0 (O_XS )
ug(p) mmus(p) \/p +m 0+meS

p

o

Lm0y = [0 (p°5n€XS) 4.102
vs(p) mmvs(p) p’+m eve ) (4.102)

We close this Chapter with some important identities, such as orthogonality and completeness relations of the
general solutions of the Dirac equations. We start with the normalisation and orthogonality of the spinors
us(p), vs,

i (p)us(p) = 2mo,y, Vr(p)vs(p) = =2mb,s, i (p)vs(p) =0 =v.(p)us(p). (4.103)

They also satisfy completeness relations with

D Pl ts(p)g = (p + mgz, D v 5P = (p — gz (4.104)

N s

The above relations are specifically important within the computation of S-matrix elements but find applications
everywhere in fermionic QFTs. Their proof is deferred to Appendix B.

4.3. Quantisation

With the preparations in the last Chapter Section 4.2 we proceed with the quantisation of the fermionic field,
where we follow, as much as possible, the steps of the quantisation of the scalar field, as done in Section 2.3.
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4.3.1. Canonical anti-commutation relations

In analogy to (2.145), the fermionic field operator is given by

General solution to the Dirac equation

W(x) = (2703 \/_Z[ “ay(p)us(p) + bl (pvp)].  with  p¥ = P2 +m?. (4.105)

The creation and annihilation operators ag, bz have undetermined commutation properties. We proceed with
the Hamiltonian operator, whose spectrum should be positive or rather bounded from below. It follows with the
Hamiltonian density in (4.75) as

H= fd%?{:fd%f(x)yo (iy 8 +m) y(x)

d&p 2p°
- [ G Yldw e -bwbiw) . @106

where the 2p° in the numerator originates in the completeness relation (4.104). We emphasise again, that
d'x' = —3 and hence the i yde'?* = ype'P*. Then, the relative sign between the two terms in (4.106) is derived
from (4.103) and

o+ m up) = (= (p=m+9°p°)up) =5 P u(p)

(—yp+m) v(p) = =¥ P’ u(p), (4.107)

Due to the relative minus sign between the two terms in the Hamiltonian operator we cannot impose canonical
commutation relations for the creation and annihilation operators as for the scalar field. There, the relative
minus sign was missing. The incompatibility of the cannonical commputation relations is easily seen by using
commuting operators with

by b = bl by + c-number, (4.108)

leading to

H~ (2 . pOZ |al(p) as(p) - bi(p) b,(P)] -
) \é

Evidently, such the Hamiltonian operator is unbounded from below and the theory would be unstable. Note
also that canonical commutation relations for the fermionic fields

lve), 1w ] =is(x - ), (4.109)
implies
|a:(p). al(@)] = @n)* 6(p - 9) 65 = - [bs(p). bi(q)] - (4.110)

The relative minus sign in the last line rescues causality but does not cure the unboundedness due to the minus
sign between the two terms in the Hamiltonian.
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This leaves us with anti-commutation relations as the only potentially consistent option,
byb! = —b! by + c-number. 4.111)

The fermionic creation and annihilation operators have satisfy canonical anti-commutation relations,

Anti-commutation relations of creation and annihilation operator

{asp), al(@)} = @)’ 64 6(p - @)

{bs(p). b(@)} =2m)* 6, 6(p - q). (4.112)

while all the other anti-commutators vanish,
la,(p). ar@)} = {a,(p). b} = {alp). b} = {a,(p). b(@)} = {b,(p). b} =0. (4.113)

This implies in particular a,(p) a;(p) = a> = 0, and hence the annihilation and creation operators are Grassmann
‘numbers’ . It follows, that the fermionic fields satisfy canonical equal time anti-commutation relations,

Anti-commutation relations of field operators

(), wE ) = 6 8x - y), {pe), we ) = 0= {yl, v}, (4.114)

with ¥(x) = »,.//(xO = 0, x). The relations (4.114) hold true for any ¢(x), t//T(y) with x0 = yO as the temporal phase
in (4.105) drops out. They can also be rewritten in terms of ¢ and the Dirac conjugate y that occur in the action,
ie.

(Ve 0} =7 6x - ), (4.115)

where we indicated the Dirac index of ¢ with & The anti-commutation relations (4.114) also have consequences
for the classical fermionic field theory: for the scalar quantum field theory the classical field theory is obtained
by setting the canonical commutators to zero, which is also the classical limit in quantum mechanics. However,
setting the right hand side of the anti-commutation relations to zero leads to anti-commuting spinors. Hence,
the classical analogue anti-commute, and are represented by Grassmann numbers. The basic properties of the
latter are discussed in Appendix C.

4.3.2. Fock space of the Dirac field and conserved charges

Similarly to the construction of the Fock space of the scalar field in Section 2.3.3, we construct the Fock space
of the Dirac field. We define a vacuum state |0) with

\2wpag(p)10) =0 = (2w, by(p)10) , (4.116)

for the analogue in the scalar field theory see (2.103). Then, the one-particle momentum states are obtained by
applying the creation operators a'(p) and b'(p) to the vacuum state,

P.5) = \2wpal(P)0) . \[2wpbl(p)10) . (4.117)
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Equation (4.117) comprises the one-particle and one—anti-particle states respectively. These states are nor-
malised similarly to the one-particle states in the scalar theory, including a Kronecker ¢ (orthogonality) in their
spins s = =1/2,

(g, rlp,s) = 1)’ 2p° 6,5 6(p - @) - (4.118)

Iteratively applying creation operators a'(p) and b'(p) generates all (N-particle, M-anti-particle) states of the
fermionic quantum field theory,

N-particle state

M N
7 G s P St P Sy) = | | 2wa, b1 @) [ | y2en, a" @010y (4.119)
j=1 i=1

Note, that these states are anti-symmetric under interchanging any of the particles /anti-particles or fields due to
the anti-commutation relations of the creation operators, (4.113). For instance, for two-particle states we find,

al(p)al(g) 10y = —al(g)al(p) |0y, (4.120)

which implies in particular

al(p)aj(p)|0) = 0, (4.121)

the Pauli exclusion principle.
We conclude this Chapter with the discussion of continuous symmetries and the respective conserved charges
in the fermionic quantum field theory. Poincaré invariance leads to a conserved 4-momentum, and the corre-
sponding operator is given by

d? . .
PO~ f (2753 P° Z [a;(p) as(p) + bi(p) bs(p)] “H, with P=E>0

. &3y .
P~ f #p’Z[aI(p)as@HbI(p)bs(m], (4.122)

where the anti-commutation relation are required to obtain the relative plus sign in (4.122).

We have already discussed the U(1) invariance of the Dirac theory under phase transformations (4.84). For later
use we augment the phase transformation with the electric charge: ¢ — ¢'® . The respective Noether charge
(4.86) is the fermion number or electric charge and the operator of the Noether charge follows from (4.86) as

Noether charge

d3
0= [xf=c [Exviwum=e [ T Y lalpase - bebp)]. (4.123)

where e is the elementary charge, and (al:(p) a s(p)), (bl'(p) bs(p)) correspond to a fermion with charge e and an
anti-fermion with charge —e, respectively.

We close this Chapter with a remark on the interpretation of the Noether charge (4.123): the charge Q can
be positive and negative, depending on the number of fermions and anti-fermions in a given state. This is in
seeming contradiction to the definition of the charge density Y’y = ¢y, that would be positive for C-valued
functions  and ¢". However, the fermionic fields are Grassmann-valued, leading to (4.123).

This concludes our discussion of the quantisation of the free Dirac field.
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4.3.3. Perturbation theory and Feynman rules

We proceed with setting up perturbation theory for interacting fermionic theories. A simple example is a
combination of the two theories discussed so far, the Dirac fermion and the scalar field theory, a Yukawa theory.
The respective action is simply a combination of the two separate actions, connected by an interaction term,

S[.0.6] = f L. with L= Lo+ Lome + L. (4.124)

with the scalar Lagrangian (2.7) with or without the interaction term, the Dirac Lagrangian (4.70), and the
Yukawa interaction term,

Li=-hyoy, (4.125)

with the Yukawa coupling /. Then, perturbation theory and the corresponding Feynman rules are obtained with
the scalar propagator, the Dirac propagator, and the Yukawa vertex derived from (4.125). A more elaborate
variant of this theory is the Higgs sector of the Standard Model, where the fermions are the matter fields
(quarks and leptons) and the scalar field is the Higgs field which is an electroweak doublet.
A further example are gauge theories, and the simplest one is quantum electrodynamics. This is discussed in
details later and we only quote here, that the interaction term is given by ey, A*y with the photon gauge field
A, and the electric coupling e.
In all these cases perturbation theory and the Feynman rules are based on the propagators of all the fields as
well as the vertices. While the latter can be obtained readily from the interaction terms, we still have to derive
the Feynman propagator of the Dirac field. The respective computation follows the same line of arguments as
in the scalar case, but special care has to be taken with the ordering of operators due to the anti-commuting
properties of the fermion fields.
Before we consider the time-ordered Feynman propagator, we consider the two-point function without ordering,
3 3
e 7 )0 = [ ;T’;zipo [Z ()¢ (as)g} e ;ﬂ’; zipogp + m)gp €7V

&p 1
— (i _ pmip(x-y)
= (idy + m)gp n)7 250 e (4.126)
where we have used (4.104) in the first line. Similarly we have

OV We10) = — (e + mlge [ L L eriron (4.127)

3 3 x & (27)3 2p° ) )

We remark that both integrals in the final expressions correspond to the scalar propagator in (3.95) without the
@-function from time ordering. Also note the relative global minus sign in (4.127) in comparison to (4.126),
that originates in the anti-commuting properties of the fermionic fields. This has to be taken into account in the

time ordering and we define

T y()F») = 0° = ) y(x) F() — 007 — X PO ¥(x) = =T J(») P(x) . (4.128)

In (4.128) it is implicitly understood that the Dirac indices of the fermionic fields ¢ and ¢ are open and not
contracted. Hence, (4.128) is a matrix in Dirac space. With the fermionic time ordering (4.128) we find in
analogy to Eq. (3.96) the Feynman propagator,

Feynman-propagator

d*p i(p+m)
Q2n)* p? —m? +ie

Sr(x—y) =0T y(x) y(y) |0y = e Py (4.129)

In (4.129) we have used the short hand notation introduced in (4.128), and the propagator S r is a matrix in
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Dirac space with the components S F,_fg(x =) = 0T Ye(x) (Zg(y)|0>, and hence

d4p 1(#7 + m)§§' e—ip(x—y)
Q2n)* p? —m? +ie ’

Speg(x—y) = (4.130)

Now we are in the position to formulate the Feynman rules for fermions. We can directly transfer the results
for the scalar theory Section 2.3 — Section 3.5 to the fermionic theory, the only novel ingredient or difference
is the anti-symmetry of fermions. That showed already in the time ordering of the fermions (4.128) with the
structure

Tyy=-Tyy. (4.131)

Accordingly, contractions of fields in the fermionic theory are the reduction of a product of »n field operators
to a product of n — 2 field operators, multiplied with the propagator of the contracted fields. For the respective
ordering of fields we have to take into account that the fields anti-commute. First we note

—

1 _ -
YY) =0T Y)Y 0y = Sp(x —y) = —p () Y (x), (4.132)

without any contraction of Dirac indices. For a general Wick contraction of two fields, between which we have
a product of n fields y and m fields ¢ we find

nopm.7r n+m rl n o
Evidently, this anti-commuting rules also hold true for normal ordering,

caa =-:a

a.:=-—a a
:wl...wnwn_'_]...::_:wl...wn+1wn...:
U et == G D (4.134)

Collecting all the anti-commuting rules discussed above, we obtain the Wick theorem for fermions,

Wick’s theorem

T y(x1) - Y(xn) Y(Xns1) - = Y Xnem) = 2 Y(x1) - (X)) Y(Xps1) - - Y(Xsm) + all contractions :, (4.135)

similarly to the Wick theorem (3.101) for scalars. Note that all Dirac indices in (4.135) are open.

With these preparations we can derive the Feyman rules for interacting fermionic theories. Here we concentrate
on the Yukawa theory defined in (4.124) with the interaction term, (4.125). The Feynman rules require the
propagators and vertex, and we readily the scalar and fermionic propagators and the Yukawa vertex,

Propagators:
1 i
¢: ¢p= ->- =——>—
)4 p” —my +ie
1 i(p+m,)
Yoo YU = =
p pT—my t1e
Vertex:

>___ = —ih (4.136)
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The second ingredient in the Feynman rules are the contractions of the external legs with the external states.
For scalars the contraction of the external legs is taken into account with

¢1p).<pl¢p — 1. (4.137)

For fermions we derive

v lps) = (2 )3 Z [e79 u.(g) a(g) al(p) 10)]

- (271)3 Z “u,(g) {ar(q). al(p)}10)]

=e P¥y(p). (4.138)
We drop the phase in (4.138) and are led to

IS =) = >

p

and

(p.sly = iis(p) = +/

p
Anti-fermions:
\+ = J/lk, s) = v*(k)
k bi(k)|0)
N
¢ E (4.139)
k

Finally, we have to augment the Feynman rules for the loops with the anti-commutation properties. This is
exemplified with the vacuum polarisation diagram depicted in (4.140) , that is a quantum correction to the
propagation of the scalar field.

k+p

N O N ' (4.140)

14 p
This diagram comes from considering the scalar twp-point function in first order perturbation theory, which
requires the insertion of two Yukawa interaction terms. The two Dirac propagators depicted above come from
the contraction of the fermions in the two interaction terms involved.
L | o 1 ml
(gl v) (@vyv)Ip) =gl (@Y ) (pyY¥)Ipy = —(qld (WYY ) d1p) . (4.141)

Consequently, closed fermionic loops lead to minus signs, and the final expression for the vacuum polarisation
is given by

—(-ih? [ d*x | d* e iy, Uy,
YAl ¢ Y by, Wy, Ye SO 1P - (4.142)
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Evidently, (4.142) contains a Dirac trace,

—1 1
Yo Yy, Yy, Uxe = SFe (X =) S,y — ) = tip, |[SF(x = Y) SF(y — 2| (4.143)

In summary, the loop in (4.140) is represented by the loop integral

TN 4 ra
(=ih) d'x | d y<q|¢x‘//x§ Wy, ¥y, ¥x: by Ip)

(4.144)

, [ d*% (lé+m¢ k+p+my )

tr
Qmyt k2 —mj +i€(k+ p) —mi

+ie
which is analogous to the same expression for a scalar loop but with an overall minus sign that originates in
the Grassmann nature of fermions. In combination this leads us to the Feynman rules of the Yukawa theory in

momentum space,

Feynman rules for Yukawa theory
B o _ l(p + ml/,)
T BB ot
) p* —my +ie
> i
o— - - - 0 = 7 2 -
» p*—my +ie
LM
i1) -¢- =-ihéy, and p; =—(p;+p3) (momentum conservation)
pP3
P2, M
d*p
iii for each loo
) J Gy P
(-) for each fermion loop
{1\ K Pr
: 4543 . p. i ®
iv) @m* 5% p) for (). : (4.145)

In comparison to (3.127), there is no symmetry factor in (4.145): the interaction Lagrangian £; is built-up from
3 different fields. Also, the momentum flow of the fermion line is important. ~Finally, we note that along
fermion lines Dirac indices are contracted, e.g.

( V V V ) - i ( 1(p +my) ] [ i(p +my) )
. . -\ 2_ 2 I :
p p p p e p mw+16 n p ml/j+1€ e

Go|wiewi)| v
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We close this Chapter on fermionic QFTs with two illustrative examples for the application of Feynman rules
in fermionic theories:
A first example concerns the (tree-level) scattering of fermions via a boson (scalar) exchange.

Example 4-15: scattering process.

pl k/
——————————— +
p k
1 1
= iM = (=ih)* |a(p") u(p) ——5—— (k") u(k) — a(p') u(k) ————— a(k)u(p)| . (4.146)
(p—p') —m (p = k)" —my

The second example is a sneak preview on quantum electrodynamics, to be discussed in the next two chapters.
Here we only derive the electron-photon vertex.

Example 4-16: QED: Electron-photon vertex. The QED action is given by the Dirac action and an interac-
tion term, which couples the vector current to the vector (gauge) field A, the photon field. The full action is
given by

SQED [11/7 Jh Al = fd4x -EQED s with LQED = Lphoton + Lpirac + L1 - (4147)

The photon part of the action with the Lagrangian Lphoon is derived in the next Chapter. The Dirac action and
the interaction term can be combined in a closed form,

Loiac + L=y (D —m) ¢, (4.148)
with the covariant derivative
D,=0,-1eA,, (4.149)

known from classical electrodynamics. In this form the gauge invariance of the action is apparent. In any case,
the interaction Lagrangian is given by

Li=ey ANy, (4.150)

and we can read of the electron-photon vertex with

MW< =ie (4.151)
Y e~

For explicit computation of diagrams with inner photon lines we need the photon propagator to be derived in
the next Chapter.However, the electron-photon vertex can be already used for the computation of diagrams with
fermion lines only such as the vacuum polarisation of the photon. This computation is analogous to that of the
vacuum polarisation of the scalar field, (4.140), substituting the Yukawa vertex by (4.151).
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5. Gauge Fields

Gauge theories play an important part in particle physics and condensed matter physics. In the Standard Model
all interactions are transmitted by means of gauge bosons, the photon as a carrier of the electromagnetic force
with the gauge group U(1) (Quantum Electrodynamics (QED)), the intermediate vector bosons Z, W* for the
weak interactions with the gauge group SU(2) with three generators, and the gluons A, = Aj#* (or sometimes
G, ) with the gauge group SU(3) with eight generators (the Gell-Mann matrices) of the strong force (Quantum
Chromodynamics (QCD)). Moreover, also (quantum) gravity is a gauge theory, the gauge group being the
diffeomorphism group. In condensed matter systems, QED is pivotal for superconducting systems, and there
are also systems with ’emergent’ gauge symmetries.

The best-known example is electrodynamics with the vector field A, that satisfies the classical Maxwell equa-
tions. In the present Chapter we discuss its quantisation, and basically we only have to discuss one intricacy:
the redundancy of the gauge field A, that obstructs the construction of the field operator with canonical com-
mutation relations. This can be seen already on the classical level as the canonical momentum #° is vanishing,
the derivative with respect to 3°’A° vanishes. Consequently we expect the standard introduction of the quan-
tum gauge field A, with creation and annihilation operators for all four vector components to be modified by
constraints. In QED these constraints are linear, and can be worked in within the Gupta-Bleuler formalism,
essentially dividing the Fock space with the gauge redundancies into the physical Hilbert space and the un-
physical complement. In non-Abelian gauge theories the constraints are non-linear and this separation is more
complicated, typically done with the Faddeev Popov quantisation discussed in the second part of the lecture
course.

5.1. Gauge Symmetry

We consider two different U(1) gauge theories, the first is Quantum ElectroDynamics (QED) already introduced
in the last Chapter in (6.1a) at the example of the electron-photon vertex. The free fermionic action of a theory
with electrons and positrons, e, e is given by

Sply, vl = fd4x£D, with Lp=¢x) (id—m) y(x), (5.1)

The second theory we consider is scalar electrodynamics based on a complex scalar theory with the action
Sslp] = f d*x Ly,  with  Ly=08,00,6" -V ($g"), (5.2)

where we have absorbed a potential mass term in the potential V = m2¢*¢ + /1/2(¢*¢)2, see also (2.26) with
(2.29) in Section 2.1. This theory serves as a toy model for the Higgs sector of the Standard Model and is also
called the Abelian Higgs model used for the description of superconductivity.

We have already discussed before about (2.70) in Section 2.2, and in Section 4.2.2 below (4.84), that the actions
in (5.1) and (5.2) are invariant under global U(1)-rotations. The respective Noether charge operators are (2.152)
and (4.123), and constitute the electric charges in the theories. We sum up the respective transformations,

'70_) eieaw, &H&e—iea ¢H eiea¢, ¢* _>¢>k e—iea, (53)
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Let us require the invariance of the theories under local rotations (gauge symmetry). We first discuss the QED
example with the local transformations

Y(x) = 0y (x). (5.4)

This transformation does not leave the QED action invariant, indeed it can be used to derive the Noether current.
We find

Lp—> Lp—ey@ay = Lp—ed,aj, with F =y, (5.5)

with the gauge invariant current j*. Accordingly, we may add a term A, j* to Lp with the vector field A, and
fix the transformation property of the vector field under local U(1) transformations such, that the total action
is invariant. First we note that A, has to transform as a vector under Lorentz transformations in order to keep
Lorentz invariance of the action,

Ay ANA, — AP D A (5.6)
The requirement of local U(1) invariance of the action leads us to
Lp+eA ! = Lp—daf +eAl = Lo+eA ' — A0 > A+ 8. (57)

The Lagragian Lp + A, j* is nothing but that of the Dirac action (4.148) with the covariant derivative (4.149),
and we define

Splw. i, Al = f Ex Lo 0. A).  with  LoW.d.A) =§ (D —m) (5.8)

with the covariant derivative

D, =0,—-1eA,. 5.9
A, is also called a connection (German: "Zusammenhang"). Its transformation under gauge transformations,
Ay — A+ 0, (5.10)
induces covariant transformation properties for D,,,
D, — 8, —ieA, —ied,a = €W D, e (5.11)

the covariant derivative transforms as a tensor under gauge transformations. Hence D,y transforms as the field
itself,

Dﬂl,l/ N eiea(x) Dﬂ e—ie(z(x) eie(x(x) d/ — eiea(x) Dﬂl,b. (5.12)

Accordingly, the covariant derivative transports the gauge transformation to the left. Geometrically, it generates
a parallel transport of the phase.

A similar analysis also leads to the gauge invariant Abelian Higgs model. With the transformation property
(5.11) also the covariant derivative of the scalar field transforms as the field itself,

Dyp — € Dyg. (5.13)

With (5.13), the covariant version of (5.2),

Syle, Al = f d'x Ly(@,A)  with Ly, A) = Do (Dug) —m? g™ =V (¢¢") , (5.14)
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is invariant under the combined gauge transformations of scalar and gauge field,
P(x) — €W ¢(x) Ay — A+ . (5.15)

This finalises our analysis of gauge invariant extensions of fermionic and scalar theories. In short, we promote
the partial derivatives of the field to covariant ones and the latter transform as fields.

It is left to derive the pure gauge field action and to quantise the gauge field A,. We start this endeavour by
constructing general gauge-invariant scalar quantities from A,. This is easily done from general functions of
D,,, using its covariant transformation properties. The simplest of these functions is the commutator of the
covariant derivative,

Fu = é Dy, D] = (9,4, - 0,A,) . (5.16)

This is nothing but the fieldstrength tensor in electromagnetism. In terms of differential geometry is is the
curvature tensor, as it ‘'measures’ the difference of infinitesimal parallel transports first in the v-direction and
then in the u-direction and the other way around. The fieldstrength F,, is a covariant rank two Lorentz tensor,
which follows from the transformation law of the derivative as a vector and that of the gauge field A, as a
vector, (5.6). Combining this transformations we obtain explicitly,

Fuy = AN Fpp . (5.17)

Moreover, as the covariant derivatives transform as tensors, so does F,, as a product of two covariant deriva-
tives. However, since it is a function, we can commute the phases through and hence F, is gauge invariant,

i . -
= e (<ie Fyy) " = Fpy.  (5.18)

i o : i :
F,uv N Z [e 1eaDﬂ P 1eaDyelea] _ ;e iea [Dﬂ, Dv] ol — ;

In summary we find that F,, is a gauge invariant Lorentz tensor. We can construct a simple action with a kinetic
term from it with contracting F,, with itself, leading to a gauge field (kinetic) action,

1
SA[A]:fd4x£A, with Ly == FuF". (5.19)

Equation (5.19) is the (minimal) searched-for action of the gauge field. Note that from the construction principle
we may have used even higher orders of the field strength such as (Fﬁ‘,)2 or sandwiching the fieldstrength with
powers of the covariant derivative such as F WD%F #_ The latter kinetic term does not lead to a 1/r-potential
observed in electrodynamics while the Fﬁv—term does. Instead, F, WD,%F #V leads to a linearly rising potential.
In turn, the higher order term in the field strength, (Fﬁv)2 is simply a interaction term which results in a four-
photon scattering (non-linear effects in QED). This scattering is not observed on the classical level but only on
the quantum level. Finally, all these terms do not lead to a perturbatively renormalisable quantum field theory.
In short, experimental observations together with conceptual ones leave us with a unique choice: Equation (5.19)
with the Dirac action (5.8) leads us to the classical action of QED,

- ) 1 _
SQEDW, U, Al = fd4xLQED > with LQED = _Z Fva#V + (i D - m) . (5.20)
with the invariance under the gauge transformation
Y(x) = O yx),  Px) > ge e, Au(x) > Au(x) + da(x) (5.21)
" H iz

This concludes our construction of the classical QED action. That of the Abelian Higgs model or scalar elec-
trodynamics follows as a combination of (5.14) and the pure gauge field action,

1 #
Solg, Al = f d*x Ly(¢.A), Ly(@.A) = 7 FuF* + Dyt (Dus) —m® ¢¢" =V (8¢") . (5.22)
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We close this Chapter with a short discussion of generalisations of the construction and the ensuing actions
above in view of the non-Abelian gauge theories in the Standard Model and beyond. To begin with, the con-
struction also goes through for SU(N) gauge theories or more generally non-Abelian gauge theories. To that
end we consider fermions 4 that also carry the fundamental representation of SU(N) with group index A apart
from the four-dimensional spinor representation with indices ¢ which we suppressed here. For instance, for
SU(2) (weak gauge group) the indices A run over A = 1,2 and for SU(3) (strong interactions) the indices A run
over A = 1,2,3. The gauge transformation now are elements of S U(N). This leads us to the classical action of
a non-Abelian gauge theory coupled to fermions in the fundamental representation, and for QCD we find

- 1 -
SQCD[J’? Y, Al = fd4x ‘EQCD > with ‘LQCD = _5 trf FﬂVF#V +y (1 D- m) v, (5.23)

where the trace try is in the fundamental representation. The covariant derivative D in the fundamental repre-
sentation and the fieldstrength F,, read,

D, =3, —igA,, Foy= é [D..D)].  with A, =AY (5.24)

where g is the SU(N) gauge coupling. The ¢ are the generators of SUN) with a = 1, ..., N> — 1, satisfying the
SU(N) Lie algebra,

1
T Y A tr, 12" = 6% . 5.25
[ ] if Iy 5 ( )

In terms of its components the fieldstrength is given by

Fu = Fot*,  Fi, =0,A% - 0,A% — gfALAC. (5.26)
In contradistinction to QED, already the pure gauge field action is interacting. It is precisely this feature that
leads to asymptotic freedom of QCD: the gauge coupling g weakens with increasing momentum scale and
vanishes in the limit of p> — co. In turn, it increases for small momenta, and this regime is not covered by
perturbation theory. This has to be compared with QED, where electric coupling increases with increasing p?
due to its interaction with fermionic matter, and finally hits a singularity (in perturbation theory), the Landau
pole.

We have chosen the subscript as the above action is that of a confining SU(N) theory. Only the coupling to
the Higgs sector and the related spontaneous symmetry breaking lead to the weakly coupled weak interactions.
The QCD action (5.23) is invariant under the combined gauge transformations of the fermions (quarks) and the
gauge fields (gluons),

- Uy, Aﬂ—>UA,JU*+§U(a#UT), — D,—»UD,U", F,—>UF,U". (5.27)

While the invariance of the Dirac term follows directly, that of the pure glue dynamics follows from Ffw -
U FﬁvU T and the cyclicity of the trace, try UFI%VU "=u,UU Fﬁv = try Fﬁy. We also note that (5.27) entails
that the non-Abelian fieldstrength is not gauge invariant but transforms as a tensor under gauge transformations.
Only the gauge field action itself is invariant. Consequently, the chromo-electric and chromo-magnetic fields
cannot be measured.

5.2. Quantisation

We expect that the gauge redundancy leaves its trace in the quantisation procedure. If the gauge field simply
would be a vector field, we would treat each component as an independent field and quantise it accordingly.
In a gauge theory, however, this cannot work out. We know that the the theory only exhibits two physical
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(transervse) polarisations and hence the gauge field comprises two redundant degrees of freedom. A first hint at
the failure of the naive canonical quantisation is given by the fact, that the perturbative treatment of a quantum
field theory requires the propagator of the gauge field which is also pivotal for many applications in classical
electrodynamics. Since the kinetic operator is transverse, we have to fix a gauge for inverting it, as we have
done in classical electrodynamics. Standard gauges are covariant or Lorenz gauges d,A* = 0, the Coulomb
gauge, VA = 0, or axial gauges n,A* = 0.
Specifically the latter class of gauges allows for removing one of the gauge field components altogether. For
example, if we choose n, = 6,0, the axial gauge fixing is given by A® = 0, the temporal or Weyl gauge.
Evidently, this excludes canonical commutation relations for Ag. Indeed, its canonical field momentum is not
even present in the action.
We proceed with the quantisation of gauge fields, keeping the above intricacies in mind. The pure gauge field
Lagrangian in (5.19) is given by

1

LA = _Z F/JVF#V with F#y = aluAy - avAlu s (528)

with the Maxwell equations as equations of motion,

9 0L

2L g0 = (0 -7 A =0, 529
uy

In the presence of source terms, e.g. arising from the matter part in the QED action in (5.20), we are led to
o F" =", QED: J' = —eyy"y. (5.30)

Equation (5.30) are the inhomogeneous Maxwell equations, the homogeneous ones are encoded in the definition
of the fieldstrength with the gauge field, (9#1:“ # = ( with the dual fieldstrength (Hodge dual)

.
P = " Fy. (5.31)

The equation of motion (5.29) of the gauge field reflects the gauge redundancy of the gauge field A, as it
should: a solution of the EoMs (5.29) and (5.30) stays one under a gauge transformation with (5.10) or (5.21).
For the pure gauge theory we find

OuF" + ¢ (0,00 = 80" ) dpx = 0, P, (5.32)
where we have used the transversality of the kinetic operator of the gauge field,
(6,00 = 9"97) 0y = 0. (5.33)

Most of our explicit computations are performed in momentum space, were the transversality relation (5.33)
takes the simply form

(P = p"p”) po = 0. (5.34)

where the term in the brackets is the transverse part, which we will discuss later in the section. Equation (5.29)
already entails, that A¥ cannot have canonical commutation relations, the longitudinal part of the gauge field is
not restricted by the equations of motion. Moreover, we have already indicated at the beginning of this Section,
that the redundancy also leads to the absence of the canonical field momentum of A? in the action. The field
momentum [1# is defined with

o L 19

_ 14 ! _OFys
6(60AH) 4 8(60AH)

(ForFyari”n7) = =5 Foort ™" 5.2 TR (5.35)
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and hence are simply components of the fieldstrength tensor. This leads to the vanishing of the canonical field
momentum of Ay,

m’=o0. (5.36)

Equation (5.36) follows directly from the antisymmetry of the fieldstrength tensor, which also is the origin of
the transversality of the kinetic operator, both reflecting the gauge redundancy. We now remove the gauge
redundancy by fixing the gauge, which allows us to define a propagator or Green function of the gauge field.
This is pivotal for the perturbative or more generally, diagrammatic, formulation of gauge theories. While
gauge fixing is required, we have the free choice as physics does not depend on it. In given applications the
respective choices are in most cases taken guided by computational convenience. For example, out of the three
gauges mentioned in the introductory discussion,

Covariant gauge: d,A" =0, Coloumb gauge: #A’ = 0, Axial gauge: n,A* =0, (5.37)

only the covariant gauge is Lorentz-invariant, hence the name. Due to its Lorentz-invariance, the covariant or
Lorenz (by Ludwig Lorenz) gauge

0,A" =0. (5.38)

leads to significant simplifications in loop computations as it reduces the number of possible tensor structures
that have to be considered. If we restrict ourself to gauge fields, that satisfy the covariant gauge (5.38), we can
add the gauge condition as a simple quadratic term to the action,

1 1
-EA = __FvaﬂV_ Zr

2 (5.38) 1
4 ) -
where the last identity follows for gauge fields with (5.38). The action with the gauge fixing term reads

(9,.4¢ ~ 3 Fuw P (5.39)

S[A] = % f d*xA, [apaw” - (1 - é)aﬂaw} Ay, (5.40)

where the kinetic operator in the square brackets in (5.40) is invertible in contradistinction to that of the original
action without gauge fixing. The respective propagator or Greens function in momentum space is discusses later
in the context of the Feynman rules, see (5.80). However, it follows straightforwardly from (5.40) and illustrates
the impact of the gauge fixing, so we already provide the Feynman propagator here,

ky ky,
k2 +ie

D,y (k) = — , (5.41)

k2 +ie

[va_(l - &)

the propagator is nothing but that of a scalar field, multiplied with a combination of the transverse and longitu-
dinal projection operators. We proceed by discussing the equation of motion that follow from the gauge fixed
action (5.40). It is given by

8, F = —éav (3,4%) . (5.42)

The right hand side includes a longitudinal projection and hence only contains the longitudinal part of the gauge
field that vanishes on the gauge fixing condition. In turn, the left hand side includes a transverse projection and
hence only contains the transversal part of the gauge field. Accordingly, both sides have to vanish separately
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and a solution of the gauge fixed EoM satisfies the gauge condition (5.38). To see this more explicitly, we split
the gauge field in its transverse and longitudinal parts,

Ap=AD,+@Ap, . with  8,(A), =0, and (9,007 - 3"0")(AL), =0. (5.43)

The gauge fixed EoM (5.42) can be written in terms of the transverse and longitudinal gauge fields,
1
(6,00 = 0"0") (A1), = Ea‘TaVA; =0, (5.44)

where that last identity comes from the fact that the two sides of the EoM in (5.42) are transverse (left hand
side) and longitudinal (right hand side) respectively. We conclude this discussion of the gauge fixed action
(5.40) and the gauge-fixed EoM with an evaluation of specific gauges. First of all, ¢ — 0 (Landau gauge) and
& — oo (unitary gauge) stick out. In the former case, the propagator (5.41) is transverse and the transversality
of the theory is explicit on the level of the propagator. Obviously, in this case one only has three propagating
degrees of freedom, and one of the two redundant degrees of freedom is manifestly absent. It also facilitates
the inclusion of gauge symmetry in non-perturbative diagrammatic (functional) approaches and is the standard
choice for diagrammatic non-perturbative (numerical) computations. In turn, for £ — oo the gauge fixing is
removed and the propagator (5.41) exhibits a singularity. Still, one can compute in the limit of diverging ¢ and
observables are independent of the gauge fixing in the first place.

Finally, the propagator (5.41) is specifically simple for & = 1, where it simply is the scalar (massless) propagator,
augmented with B,,. This facilitates perturbative loop computations significantly and is hence the standard
choice in perturbation theory. We obtain from (5.42) with & = 1,

EOM in the Feynman gauge

9p,0°A” =0, (5.45)

reminiscent of the Klein-Gordon equation (2.12), as is the propagator. Equation (5.45) suggests the definition
of the quantised gauge field,

Field operator

dPrk 1

Au(x) = 207 N

e au (k) + % af (k)| (5.46a)

with the commutation relations

Commutation relation

|au(k), aj(K)] = —my @06k = K),  and  [au(k), ay(k)| =0 =[a)k), al(K)| .  (5.46b)

where the 7, in the first relation in (5.46b) follows from Lorentz-symmetry. However, (5.46) is not compatible
with the gauge condition (5.38) and hence with the EoM (5.42), as this requires

dPrk -
(27)3 \2k0

B4 = (e—ikx k, a"(K) + &5 k, (af)” (k)) o, (5.47)
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This entails, that k,a"(K) = 0, which is in clear contradiction to the canonical quantisation relations (5.46b),
K [au(k), al(k)] = k" 2m)*6(k - K') # 0. (5.48)

Indeed, similarly to the above one can show, that it is not possible to quantise the gauge field A, with canonical
commutation relations and hence (5.46) for any (linear) gauge condition: the gauge has to be implemented on
the states, and hence the analogue of (5.48) fails due to the lack of redundancy in the gauge field or rather the
creation and annihilation operators ay, aZ,.

We will discuss this issue later in this section, but prior to this, we construct a Fock space ¥ based on creation
and annihilation operators satisfying (5.46b). Then, we will define a subspace of ¥, where the gauge condition
is satisfied. The construction of the Fock space follows that of the scalar field, and we define the vacuum state
|0) with

010y =1. (5.49)
One-particle states are given by
2k0 (k) |0) (5.50)
and their norm follows with (5.46b) as
\2K02 (k) (0] @y (K) a(K) [0) = 17,y (27)° 2K° 5(k — K') . (5.51)

n-particle states follows accordingly. Equation (5.51) entails that we have positive norm states for u = v = i,
and negative norm states for u = v = 0. Consequently, ¥ is not the physical Hilbert space H, as it does not
allow for probability interpretation. We remark, that 1, — 7" does not solve the problem of negative norm
states (leave aside the wrong commutators [Ai , Hi]). But separating the positive norm subspace of 7 will solve
all problems of quantisation. This is the Gupta-Bleuler quantisation procedure.

Its construction starts from the Fock space above. We are interested in the subspace, where the equation of
motion (5.29) is satisfied. This singled out states with

Physical states

hysical states’| d,F*” |physical states) = 0, (5.52)
phy (7 phy

that is, matrix elements of the EoM (5.29) vanish. Inserting the field operator (5.46a), the constraint (5.52)
reduces to one on the annihilation and creation operators,

K a, (k) |physica1 states) = 0. (5.53)

Evidently, the vacuum belongs to the physical states as it is annihilated by a,.. The above suggests to rewrite A,
in (5.46a) in terms of transverse and longitudinal polarisations. In a first step we rewrite the annihilation and
creation operators a,, a; in terms of new creation and annihilation operators a, and afz with 4 =0,1,2,3 and

a, = Z (k) e (k) , (5.54)
A

where the s/lﬂ are unitary rotations from a, to a, and vice versa. This ensures that the novel creation and
annihilation operators a,, a/jl also satisfy the canonical commutation relations. Then we arrive at
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Field operator
Pk 1 pl —ikx  f A% oy ikx
Au(x) = R ;) | &uk) e + @ (k) & (k) €] (5.55)
where the 8/1# have the properties
Polarisation vectors
g4k eV k) = g4 k) 25 (k) = Ty - (5.56)

This also allows us to express the "new" operators « in terms of a linear combination of the "old" operators a,
aa(k) = ay(K)e " (k) (5.57)

and a similar relation holds for ' and a'. These rotations enables us to disentangle the *physical’ polarisations
from the "unphysical’ ones. The former one are transverse and we define without loss of generality

@y k-£=0, for i=1,2. (5.58)

The respective part of the photon field operator drops out of the equation of motion, and hence the respective
creation operators a/1f , generate states in the physical part of the Fock space. We also choose k- =k =k-&,
being parallel to the zero and three-direction,

o3 k- =k-&, . = —(ao + 013), (5.59)

V2

where @, « k"a, generates the longitudinal part of the gauge field operator while ar_ generates the remaining
transverse part. Due to their polarisation properties, the &’s are called polarisation vectors. We emphasise that
the above choice is not unique,which is already clear from the selection of specific spatial and the temporal
direction. Moreover, it depends on the chosen gauge. This is the reason for the quotation marks above. The
constraint (5.53) can now be rewritten in terms of @, defined in (5.59) from a( 3. We find

ay |physical states) = 0, (5.60)

We have already stated that the @’s have the same commutation relations as the a’s due to the unitary nature of
the transformation, see (5.56) and (5.57). In our novel basis the canonical commutation relations (5.46b) read,

Commutation relations

|, (), k)] = 6;527) 5k - K, o), @l (k)] = —27)* 6k - k)

lee®), L)) =0 = [esk), o{"K))] . (5.61)

Note that the commutation relation of the two ’physical’ polarisations ;> has the canonical form, while a.
and al commute with each other. Note also that the relative minus sign in 7, that led to the negative norm
states in the Fock space, is now carried by the latter commutation relation.
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We close this investigation with the remark, that a specifically simple representation is found in the Lorentz
frame with () = (k°,0,0, %) with

(e’l)ﬂ =5,. (5.62)

We still have to derive the physical Hilbert space /. While we have defined the physical subspace Fphys of
the Fock space ¥ that satisfy (5.60). This subspace still contains three polarisations and hence cannot be the

physical Hilbert space. Before we can discuss this point in more detail, we first generate all states in Fphys from

"

the vacuum. To that end we remark that with the creation operator «, ,

from a given one,

we can create further states in Fphys

W) € Fonys  — ] ) € Fonys, for i=1,2. (5.63)
This follows readily by showing that this state also satisfies (5.60),
.ol ) = of avly)y = 0. (5.64)

With the same line of reasoning it follows that states generated from states in Fypys by the application of ai are
in 7'-phyg.
W) € Fonys —> @l € Fonys. with  ayal)=ala.ly)=0. (5.65)

In summary, all states that are generated from [)) € Fpnys With the application of creation operators, that
commute with o, are in the physical subspace Fpnys. In turn, states created by applying a’ to /) € Fpnys are
not in Fphys, as (xi does not commute with a, .

al ) ¢ Fonys, with  avallp) = alasly) +|ar, ol ) = ar, oLy ~ )y 20, (5.60)

This concludes our construction of states in Fppys. It is simply given by the span of states that are created by
applying a/; , , to the vacuum.

Physical subspace

Fonys = span[(az)'“ (@) () |o>] | (5.67)

and all states in Fpnys have a semi-positive norm

Wly) =0, (5.68)

as we have eliminated the longitudinal polarisation. However, Fpnys also contains zero norm states which are
related to the fact that ai generates states in Fppys. Indeed we find that any state, that is generated by the
application of a/fr to a state in the physical subspace, [/) € Fpnys, has vanishing norm,

llal Wy I = Wlas al by = Wlal asly) = 0. (5.69)

In turn, any state which is only generated by applying “T,z to the vacuum, has a non-vanishing norm,

” (af)" (ad)” |0>H >0, (5.70)

due to the canonical commutation relation of @;>. Obviously, the zero norm states comprise the remaining
redundancy of our construction: In the physical subspace we cannot distinguish two states |i1), [y2), if their
difference is a zero norm state, ||[1) — [¥2)|| = 0. Then, all matrix element of an operator O(agﬂ,af@)
vanish, (| O (Jy1) — W2)). Hence we can identify these two states as physically equivalent. This leads us to
the definition of the physical Hilbert space as the space of equivalence classes of the physical subspace Fpnys

defined in (5.67),
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Physical Hilbert space

H = Fonys/~, where 1) ~ W2y for Y1) —l2) [l =0. (5.71)

All states |y) € H have a non-vanishing norm for ) # 0, and satisfy (5.60), a[) = 0. With (5.60) being
satisfied, the EOM (5.42) is satisfied in the Hilbert space, (¢/'| 9, F* |y) = (¢’ 0,0,A" ) =

This concludes our construction of the Hilbert space on the basis of the field operator (5.46a) with the com-
mutation relations (5.46b). The last ingredient missing for setting up perturbation theory for an Abelian gauge
theory are the Feynman rules. For the propagator of the gauge field we find for x > y°,

NS |
\/ﬁ Q@n)? 2 (k)0

(01 A (x) A3 10) = (0| f a7 Y Ja, (), aj(K)]10)

&K —ikx+ik'y 3
— 1KX+1 2 (5 k _ k/
f(27r)3 @f(2ﬂ)3 2(}(/)0@ 2m)” o( )

P B
) @n) 2k0 ’
where the last integral corresponds to the scalar propagator Dr(x — y), see (3.95). Repeating the same analysis

for x’ < y¥ and adding up the two results leads us to the Feynman propagator of the gauge boson, see also
(5.41) in the Feynman gauge ¢ = 1.

(5.72)

Feynman-propagator in the Feynman gauge

OIT A(x) Ay (1) 10) = =1y DF(x = y). (5.73)

The respective diagrammatic Feynman rule is given by

17,y
anpng = —. (5.74)

k2 +ie

It is not surprising that we end up with the gauge field propagator in the Feynman gauge as our definition of the
gauge field operator and the commutation relations for its creation and annihilation operators in Equation (5.46)
was guided by the similarity of the EoM in the Feynman gauge, Equation (5.45), to that of a scalar field. We
proceed with the initial and final states, that are given by

Kk, e) = V2k0a'(k)|0) , (5.75)

and the dependence on € refers to (5.57). With (5.56) and the commutation relations (5.61) we find

d.3 k' 2k0 iy A drop phase
K, €) = W K ya k) a (K)0Y — e, k), 5.76
annihi].l ) (271)3\/2(1(,)0 (k") a (k") a' (K')|0) (k) (5.76)

and in summary we find

Ay

Alk,e) =€, and (K, e|lA =€". 5.7

The Feynman rules for the vertices are read off the matter Lagrangians coupled to the pure gauge field action.
For the two theories considered in this Chapter, QED with the action (6.1a) and the Abelian Higgs model with
the action (5.14) we find
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a) Li=eyAy:
>\Aww =iey

b) L= Dup (D) — 3, ¢" :

7> p S k’,V
VvV = ie (pu+pl). 7 =2ie?n”. (5.78)
p 7 p /7 k,u ’

In a final step we now generalise the setting from the Feynman gauge with the gauge fixing parameter ¢ = 1 to
general gauge fixing parameters. The whole construction of the physical Hilbert space entails that we can add
a longitudinal part to the field A,, without changing the physics,

1
A/J - A/J + aaﬂm(?vAv , (579)
which goes hand in hand with only changing the prefactor of the gauge fixing term in the gauge-fixed action
(5.40) in the Landau gauge by 1/2 — 1/2(1 + @)?. This is simply a change of the gauge fixing parameter 1/&

and respective general propagator is given by (5.41),

ky ky )

i
AT e e T T (5.80)

This finalises the discussion of the quantisation of Abelian gauge theories. With the Feynman rules above we
now can compute processes in QED and the Abelian Higgs model. We close this Chapter with a few remarks
on the gauge invariance of observables. A first example is given by scattering amplitudes such as the given by
the scattering of an electron-positron pair into some final state, e.g. e*e~ — p*u~, which is discussed in detail
in Section 6.2.

e+

k
>\A/»\A<§ 01T A 10 K 2 =p = B P (), (5.81)
y —

e

where we have taken into account that the momentum arguments in u(p) and év(p’) are counted as incoming,
see (4.139) for the Yukawa theory and (6.4) in Chapter 6 for QED. Hence p’ = —(p + k).

Seemingly, this process depends linearly on the gauge fixing parameter via (5.80). Evidently, the on-shell
condition for the in- and out-states has to eliminate this dependence and hence the parts of the propagator
proportional to k,k,. We concentrate on this part and derive

(I -Okkyv(=p -y ulp) = A-Ok¥(=p-kkup)=~1-Ek W(=p-kk+p-p)up)

-k a-p-k®+p-mup) 20, (5.82)

Equation (4.93) entails (p + m)u(p) = 0 and (p — m)v(p) = 0. The first relation is used directly in (5.82). The
latter relation implies

Vi) (pT +m)y® =vi(py GOy’ + m) = 5(p)(p + m) =0, (5.83)
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which leads to ¥(—p — k) (k + p) = ¥(—p — k)m in the last step in (5.82).

We conclude that we can drop the k,k,-term and the computation reduces to that in the Feynman gauge. Pecu-
liarly, the exchange photon is proportional to 7,,, as if there are four polarisations. Note that the £-independence
only holds on-shell, i.e. general Feynman diagrams are £-dependent as they do not involve the on-shell projec-
tion.

The second example concerns gauge invariant observables in terms of matrix elements of gauge invariant oper-
ators, such as the electric and magnetic fields, the E and B-fields. We have

E = —FOi =— (aoAi — 6iA0) R B = Giijjk . (5.84)

Using (5.46a), we are led to the electric fieldstrength

ek 1 k : Kk :
E= Wﬁ ik? [(a ~ 0 ao) —ikx _ (aJf ~ 0 ag) elkx]
)

ek 1, .
WQ,_kolko[(SI ar+&ap)e 1kx_( —; -{4—81—0’;)61,“
Kk R "
- (@ a, ek 5 al elkx)}, (5.85)

with the physical polarisations €. Applied on a state in the physical Hilbert space (5.71), the third line
proportional to a4, ai drops out. Analogously, we find for the magnetic field

. . $r 1 . : )
Bi(x) = € W \/2_ [(El ar + eé afz) e kx _ (6{ a; + eé a;) elkx]. (5.86)
As for the electric field, applying B to a state in the physical Hilbert space (5.71), the terms to a4, a/:fr drops out.
In summary, only @, and a, appear in E and B, and sandwiched between physical states |¢) € H, the @, ai

parts drops out.
The Hamiltonian reads with TI' = E? and 1/4F,,, F*” = 1/2(E* - B?),

1 _ 1 1
H= fd%[n (@A — VAg) + ZFWF”"] vE? fd3x [5 (E?+B?)+V (EAO)] =5 fd3x (E?+B?),

(5.87)
where we have used
L . 8, AH=0 .
E- (—806’Al ; (6’)2A0) L [— () + (&) ]AO 0. (5.88)
Now we insert the operators of the E- and the B-field, (5.85) and (5.86), and arrive at
1 &k ky o< Pk k
0 _ 77 . - "0 0 T AT 0 x° i
Pr=t=3 | Sk ; (eiaf +a] o) = T Z (k) (k). (5.89)

where we have dropped the a,-terms in the first line, and the vacuum terms in the second line. Similarly, we
get for P

P= fd3xE><B: o )3kZa (k) o;(Kk) (5.90)

where we have dropped the vacuum terms.
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6. QED

In the lecture course so far we have discussed the quantisation of scalar fields, Chapter 2, fermionic theories,
Chapter 4 and gauge fields, Chapter 5. Chapter 3 was dedicated to the computation of the cross section of
scattering processes within perturbation theory.

In combination this allows us to discuss a plethora of quantum phenomena in condensed matter, statistical and
particle physics. A first physics application is given by scattering processes in Quantum Electro Dynamics
(QED), which also serves as a blue print for many scattering processes in the Standard Model. Specifically, we
shall compute the tree-level contribution of the annihilation of an e*e™ pair into a u*u~ pair in Section 6.2.

6.1. Action and Feynman rules

QED describes the electromagnetic interaction of the Leptons and quarks via the exchange of photons vy, de-
scribed by the U(1) gauge boson A, of the electromagnetic force. We collect the respective fermionic matter
fields where the masses are taken from the Review of Particle Physics 2022 [1].

1! Gen. | 2™ Gen. 3 Gen. Charge
Lepton e* u* T* +1
Ve Yy Y

Mass [MeV] 0.511 105.658 1776,86(12)
Mass [MeV] 1.5-4 | 1150-1350 170x10°

Quark u c t i%
Quark d s b T3
Mass [MeV] 4-8 80-130 | (4.1-4.4)x103

Table 6.1.: Masses and electric charges of quarks and leptons.

The action is a sum of the Dirac actions of e, u, 7 and the gauge field action of the photon, see (5.20). We
collect

SQED[A, We, Yy, Y] = SalA] + Sg[A] + Z SplA,¥il, (6.1a)
i=e,u,T
with the Dirac actions
SplA,y] = fd4)Cl/_/i (ilD — me,ﬂ,r) Vi, with D, =0, —ieA,, (6.1b)

and the gauge field action
1
SalA] = -7 fd4xF,,VF’“’, with  F,, =d,A, - 0,A,. (6.1¢)

The gauge fixing term S, ¢[A] in the covariant gauge is

S f[A] = —é f d'x (3,44) (6.1d)
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with the gauge fixing parameter €. We have left out the Dirac action of the quarks, which can be simply added

by a sum of Dirac actions with ¢ = u,d, s,c,b,t. The action (6.1) is invariant under the combined gauge
transformations

Yi(x) = € yi(x), Ay(x) = Ay(x) + dpa(x). (6.2)

Next, we collect the Feynman rules of the fermions, (4.145), and the gauge field (5.77) and (5.78). We also
remark, that any other coupling of leptons and photon introduces dimension-full couplings to the theory, e.g.
the spin-coupling

%&wwaﬁw, (6.3)

where A carries momentum dimension one. Such a term makes the theory non-renormalisable.

Feynman rules for QED
Propagators
’ + m,
Leptons: ﬂ+ﬂ = 1(210—2[/’)
) p* —my, +i€ -
i k, ky,
Photon: H [ — —(1- H )
oton -’\/\k/\/\; [ (nuv ( f)k2+ie)
Vertex: n moo.
>Aw =ie(ywyy -
n
incoming lepton: outgoing lepton:
—>—  =u(p) =i
—<— =iulp)
7; -
p
incoming anti-lepton: outgoing anti-lepton:
—<—  =W(p) —>— =v(p)

— -—

)4 p
incoming photon: outgoing photon:

EAVAVAV AN IR N () VAVAVAVERERH ()
k k (6.4)

We also remind the reader on the rules iii) (minus sign for fermion loops) and iv) (total momentum conservation)
in (4.145). They are not repeated in (6.4), as they apply to any theory.
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6.2. Elementary Processes

With the Feynman rules for QED collected in (6.4) at hand, we can compute the cross sections of elementary
processes. We encourage the reader to compute some or all of the cross sections of the processes listed below,

i) Compton scattering: e~y — e~ y

ii) Elastic e e™-scattering:

iii) Pair-annihilation/creation: e* e~ — yy tree level

processes
>£\\//?//: ) }EEL

iv) Bhaba-scattering: e* e~ — e* e~

§ + =+ e
6.5)

v) light-by-light scattering: (non-linear electrodynamics)

effective four photon vertex

vi) Landé factor (gyromagnetic ratio): loop
effects
Ag e a e’
. _ . _ =5 F’uy A =—, - —
ip-m, — i) —m, + 2 I o P, 8= @=

AN

ZZ/UQS (6.6)

In this lecture we compute the simplest one in detail, that of e*e™ — u*u~ at tree level in the highly-relativistic
limit.
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Example 6-17: Electron-positron annihilation into a muon-anti-muon pair (e* e~ — uuo).
We have chosen this example, because there is only a single Feynman diagram for this process at tree level,

e 0

P1 p3

P2 P4 6.7)
et ut

As we look at the highly relativistic case of 2-2 scattering we can use (3.166),

1 2f . f 1 s/4 5
do=— |My; dIl,, with dilhb =-————-dQ, s= + . 6.8
5 M) 2 = 2 A (p1 + p2) (6.8)

‘We find

MP? = % > % > MG s, 5P, (6.9)

roos,s

where we computed the spin averages by summing over 7,7’ and summed over all possible splits s, s,”. The
scattering amplitude is read off from the Feynman rules,

g
iM =iy, (p3) (i e yp) Vu, (P4) [T] Ve, (p2) (i€ yy) te,(P1) 5 (6.10)
where the term in square bracket corresponds to the photon propagator in the diagram (6.7), taken from the
Feynman rules (6.4). We have shown in (5.82), that the term proportional to (1 — &) in the propagator drops out
and effectively the propagator is that in the Feynman gauge, independent of the gauge taken. The other terms
correspond to the e + e~ and u*u— currents, connected to the in- and out-states in the diagram (6.7). It follows

from (6.10), that

4
e
IM* = 27 Twas (T.)*, 6.11)

with

*

(T = 3,009 Yo i (9 |1 (p2) ¥ v, ()|

s,8"
*

(T = 3 5 P2V e, (1) [, (2) Ve ()| (6.12)

r,r’

The tensors Tg'i can be computed with the completeness relations (4.104). For the computation of 7,, we need
the relations for the muons,

D (P3) B, (p3) = (3 + ). D Ve (P9 Py (1) = Py =), (6.13)

N N

and the respective one of the electrons for 7. Inserting these relations in Tj/'i in (6.12), leads us to

Z iy, (p3) Va[vw (P4) Vi, (p4)]72 t,(p3) = tr (s + my) Yo (Ps = ) V8 (6.14)

s.s’
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where we have used that
[mmvsf (q)] =L@ Y Y LYY 7l (p) = 95(9) yo us(p) .- (6.15)

with y%9% = 1 and y%y7y? = y0. With the above results we arrive at

tr 2n+1 =0

(Tp)(zﬂ =tr (pg + m;z) Ya (h - m;z) VB = tr P37QP47[3 +ir Yo'YB m2 ’ (616)

which can be computed with the traces of two and four y-matrices, that follow straightforwardly by repeated
application of the Clifford algebra,

Y =Sl ) = S P =

Yy YV =27y — ey Yy = 8T — ey Yy = A (T = T+ P) L (6.17)

Furthermore, as we consider the highly relativistic limit, m,,, m.-contributions are sub-leading, and we obtain
our final results for 7, with

2
s>>m#

(Tuap = 4 (D3, D4y + P3,Pa, = TlapD3Ps) = Anapmy, =" 4| pa, pa, + P3,pa, — Nap P3Pa] - (6.18)
Similarly, we get
(T =4[ piph + Pips =" pipa) . (6.19)
Inserting these results in (6.11), we arrive at
, & 8et
IM|” = 12 2x 16[(191 p4) (p2 p3) + (p1p3) (P2 P4)] = [(Pl p4) (p2 p3) + (p1p3) (P2 pa)|. (6.20)
In summary, and after inserting (6.20) in (6.8), we find
do 2% 1 ) e’
— == 0—[(171 p4) (P2 p3) + (p1p3) (2 P4)], with o= _—, (6.21)
dQ pipy S 4r

Here, « is the fine structure constant, and the results depends on the scattering angle J with

ost = PP (6.22)
) 115
Equation (6.27) can be simplified further by using the Mandelstam variables
s=(p1+p)°, t=(p1—p3) u=(pi—pa). (6.23)

These are the momenta squared of the three different momentum channels in a 2 — 2 scattering.

s

s-channel
ps3 i »
_ 9 .
e » < e t-channel
P1 P2
D4 P2 P4

i Ni—channel (6.24)
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Again using the highly relativistic limit, we obtain,

1 1 1 1
Zs— Zs cosd = ZS(I —cos) =prps, pLps= Zs(l +cost) =pyp3. (6.25)

Using these limits, the sum of products of the different momenta in (6.21) reduces to

pips= pipS—pips =

1 1
(P1P4)(P2P3) + (1 P3) (P2 p3) = 1557 (2+ 208 8) = 5% (1 + cos” B) . (6.26)

The final result for |M|? is

IMP? = €* (1 + cos® ) = 16m°a? (1 + cos*9) , a=—. (6.27)

The matrix element squared in (6.27) has an angular dependence, that is absent in the respective result for scalar
2-2 scattering in (3.47) with |M P =22 Inserting (6.27) in (6.8) and using 4p(3)p2 ~ g yields the differential
cross section

d 2
d—g - Z—s(l +cos2 ), (6.28)

in comparison to the differential cross section of scalar 2-2 scattering, do/dQ = 1/4(1/ (4n)* 1/, provided in
(3.166).

We remark, that in the high energy limit also (p1 — p2),V(p2) ¥* u(p1) ~%¢ 0. Only the physical polarisations
€1 and e play a role, e drops out, see (5.56). This argument also applies to #(p3)y” v(ps). In summary we
have

u(p3)y" v(ps) (p3/4)y = 0 V(p2) ¥ u(p1) (p1/2)u = 0.

So if p3 4 are orthogonal to the beam axis, defined by pj/2, the related polarisation € or & also ’drops out of
the game’. In this case, # = m/2, only one polarisation contributes to the scattering, for ¢+ = 0, both. Lastly,
note, that in the highly relativistic case and for ¢ = 7/2,

e g
This closes our discussion of elementary processes in QED. The evaluation done for the tree-level contribution
of ete™ — p*u~ scattering carries over straightforwardly to other tree-level processes discusses in the beginning
of this Section, i.e. the processes i) - iv) depicted in (6.5). The last two processes discussed there and depicted in
(6.6) are loop processes and the correlation functions involved are the one-loop contribution of the four-photon
vertex, and the one-loop correction to the electron-photon vertex. The former correction has no counterpart
in the classical action and turns out to be finite. These statements also holds true for the contribution to the
electron-photon vertex proportional to o7, F*" that is relevant for the Land€ factor: it also has no counterpart
in the classical action and turns out to be finite. However, the respective diagram also includes a correction
with the tensor structure of the classical vertex, vy, Naively, this correction diverges, and has to be regularised.
For example we could cut off the spatial momentum integral with p?> < A2 with a large momentum cutoff
A. However, then we are left with a divergent A-dependence, in this case proportional to In A/u, where u is

some reference scale. This contribution can be absorbed in a redefinition of the classical vertex, which is called
renormalisation, and its consistent setup and application is the subject of Chapter 7.
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7. Renormalisation

In the previous chapters we have encountered many occasions, where the naive expressions we encountered,
involved singular momentum integrals. The first prominent example was the *vacuum contribution’ or vacuum
loop in the Hamiltonian, we have also encountered in perturbation theory. Moreover, in the discussion of the
latter we also came across many loop corrections to correlation functions, whose momentum integrals where
not well-defined. This cumulated in the loop examples for the elementary processes discussed in Section 6.2,
and in particular the loop correction of the photon-electron vertex. Moreover, in Sections 3.5 and 3.5.2 we have
also encountered factors Z, that originated in potentially divergent loop corrections of the external propagators,
and are related to redefinitions of the fields.

In the present chapter we will discuss the mathematically consistent setup of quantum field theories within per-
turbation theory, in which these divergences of momentum integrals are first regularised, the simplest example
being a (spatial) momentum cutoff regularisation: only loop momenta with p> < A? are allowed in the loops.
This leaves us with finite, but A-dependent expressions for the loops. If divergences only occur for correla-
tion functions that have a classical counter part such as the correction to the electron-photon, or the two-point
function of the electron and photon, these divergences can be consistently removed by a redefinition of the
"classical’ couplings, masses and fields. If these properties hold true for all orders in perturbation theory, the
theory is called perturbatively renormalisable.

In the present chapter we shall show, that both, the ¢*-theory as well as QED are indeed perturbatively renor-
malisable. Again, we start with the ¢*-theory in Section 7.1 in four space-time dimensions as the simplest
model theory. In Section 7.3 we extend our analysis to QED.

7.1. Renormalisation in the ¢*-theory

The perturbative setup of the ¢*-theory has been provided in Section 3.3 with the action (3.126) and the ensuing
Feynman rules (3.127). In view of potential redefinitions of the field, the mass and the coupling we write the
action as

1 A
S[¢] =—§fd4x¢o (6% + mj) ¢o—4—?fd4x¢3, (7.1)

with bare fields ¢y and parameters/couplings m% and Ao.

7.1.1. Renormalisation conditions and Feynman rules

Now we anticipate , that we want to absorb the A-dependence of corrections of the mass, the coupling and the
kinetic term in the classical parameters of the theory. To that end we introduce factors for all the quantities,
@0, mp, Ag in the bare action (7.1). We write

b0=2"¢, my=Z,m’, =24, (7.2)

with renormalised or physical fields ¢, parameters m?, A and multiplicative renormalisation factors Zy, L, Z).
Inserting the relations (7.2) in (7.1), leads us to

S[¢] = —% fd4xZ¢ ¢ (0% + Zum®) ¢ - Zgzﬂ% d*x¢*, (7.3)
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Evidently, the Feynman rules in terms of the renormalised fields involve the prefactors Zy, Z,, and Z;. For
example, the Feynman propagator of the renormalised field is now given by

1 i
D =S, 7.4
r(p) Zo PP~ Zyrl 1 i (7.4)
while the Feynman rule for the vertex gives
—iZyZ)A. (7.5)

In perturbation theory the Z’s are expanded in powers of the coupling, and the classical part is of power A° and
is simply unity. We write

Z=1406Z, 6Z =011+ +..., (7.6)

Let us now related the renormalised quantities to physics. This is best done on-shell and we recall the LSZ-
formalism with (3.179) for the bare fields ¢,

iz .
(T $060) (D)0 = 55— + finite = Zy(T 6 ) (p)] . - (1.7)
p pole
Fixing Z4 = Z and identifying the renormalised mass m? with the pole mass m,oe leads us to
i .
(T ¢ §) (p)|pole = AT + finite . (7.8)

Evidently, this links m? to a physical quantity, the pole mass squared, > o With m? = m> - Note also, that Z
pole pole

is a physical quantity, that enters the spectral sum rule (3.184). It carries the spectral weight of the particle pole

and is smaller than one, (3.185). In turn, 1 — Z is the spectral weight of all the scattering states. Note that this

relation implies that the amplitude of the pole of the renormalised propagator is unity, and the sum rule (3.184)

does not hold for the renormalised propagator. Indeed, it satisfies the sum rule

" dm?
1=Z+ f Z—Zpren(Mz), (7.9)
by
mi
where pren is the spectral function of the renormalised fields, and m; is the onset of the scattering continuum.

Equations (7.7) and (7.8) can be cast into conditions for the renormalised propagator (T ¢¢) (p), the renormali-
sation conditions.

Renormalisation conditions for the inverse propagator

-1
[<T ¢d) (”)]pz:mf 0 (7.10a)

9 L
1@[<T¢¢>(p>] =1 (7.10b)

pP=m

This fixes the constants Zs and Z,, at the momentum scale p’ = mgole. We have chosen the on-shell condition
as this makes the relation to the physical mass most obvious. However, the procedure clearly also goes through
if choosing any other scale. In general, we fix (T ¢¢) at some scale p?> = u?, where u is called renormalisation
scale. We remark, that the inverse propagator is one-particle irreducible: it has a representation in terms of

diagrams, that are still connected after cutting one line. Its inverse, the propagator, is only connected.
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Let us now elucidate the content of the renormalisation conditions for the inverse propagator, (7.10a) and (7.10b)
within an explicit parametrisation. The full, momentum dependent two-point function is written as

i Dy(p?)
Go(p) = 7—F—>
pr—m . +ie

(7.10c)

with the dressing function D¢(p2). Equation (7.10c) reduces to the classical finite renormalised propagator for

D¢(p2) — 1. The propagator has a pole at p> = mg ole (We assume D(mﬁ ol # 0), and hence mIZ) ol 18 the physical

pole mass. The momentum dependence of Dg( p?) carries the non-trivial quantum corrections of the diagrams.
Inserting the inverse G;l in the renormalisation conditions (7.10a) and (7.10b) with ,u2 = m? leads us to

oD, (p?)

PP =1. (7.10d)

pr=p?

1
2 2 2 2
m-=m_ ., and ——+(p"—-m

pole D¢ ( pz) ( pole)

where we have left the RG-scale u? general in the RG-condition (7.10b). As discussed before, the on-shell RG-
condition (7.10a) fixes the renormalised mass parameter to be the physical pole mass. The second condition,
(7.10b), fixes the global amplitude of the propagator. In contradistinction to the first condition is simply fixes
a parametrisation freedom. For y? = mgole is reduces to the simple condition D(mzole) = 1. Evidently, the
spectral sum rule (3.184) does not hold any more and we are left with the modified one, (7.9).

It is left to fix the one remaining free parameter, the coupling renormalisation Z;. This is usually done by
a renormalisation condition for the one-particle irreducible part of the four-point function, in order to avoid
redundancies. In the present case of a ¢*-theory the one-particle irreducible part of the four-point function is
simply the amputated four-point function. Note that this is different for theories with non-vanishing three-point
functions, and we shall discuss this in the context of QED.

A common choice is the symmetric point with s = ¢ = u = m? with the Mandelstam variables (6.23),

N

—_—

P P lt L. (7.10¢)
P2 D3

s=t=u=m?

If we write this in terms of the two- and four-point function, we obtain the third renormalisation condition

Renormalisation condition for the vertex

=-id, (7.10f)

s=t=u=m?

-1
AT ¢(p1) -+~ d(pa))

[T o0

i

where A = Aphys|symmetric point and we have dropped the overall §-function that carries the momentum conserva-
tion on the vertex. As in the case of the renormalisation conditions for the propagator we discuss that for the
vertex within a parametrisation of the amputated vertex. We write

[

1

-1
(T ¢ ¢>(pi)] AT ¢(p1) -+~ d(pa)y = =iAVy(p1, p2, p3) @r)* 8(p1 + pa + p3 + pa) (7.11)

with all momenta incoming and ps = —(p; + p2 + p3). Inserting (7.11) into (7.10f) leads us to the RG-condition
for the vertex dressing,

V(1. p2.03)| e = 1- (7.12)
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Equation (7.12) entails that the full (on-shell) vertex strength is given by A. In summary, (7.10d) and (7.12)
relate the renormalised parameters to physical ones: the physical pole mass and the full scattering strength at a
given momentum configuration.

Moreover, on the technical side, the renormalisation conditions (7.10) also fix the map between the bare quan-
tities ¢, mo, Ag to the renormalised (finite) quantities ¢, m, A. The finiteness of correlation functions of the
renormalised fields ¢ follows from the finiteness of (7.10). Hence, the Z’s have to cancel the loop divergences
and carry (minus) the singularities themselves. Note, that in renormalisable theories, it is sufficient to introduce
the Z’s, and similar renormalisation factors for parameters (couplings, masses, fields) in the classical action, for
getting a manifestly finite theory.

In turn, if the perturbative loop expansion leads to further divergences, for example a hypothetical one for the
0 F* or for the #° correlation function in a ¢* -theory, these terms have to be added to the classical action if we
want to cancel the emergent singularities as described above. However, these terms in the classical action may
generate further singularities and in the two examples they indeed do. Evidently, if we have to add infinitely
many terms to the classical action in order to get finite results, all these terms have their own renormalisation
conditions similar to (7.10). They have to be fixed by linking them to physical observables, and we loose the
predictive power of the theory. Such theories are called (perturbatively) non-renormalisable and cannot be used
as fundamental theories as they lack predictive power.

Note also that the freedom of (re)-normalising fields and couplings encodes, that correlation functions are
not by themselves physical observables, even though they are linked to them. For example, we could have
renormalised the theory at some other momentum scale p> = u? with the renormalisation conditions, with

_ 2_ .2
A = Aphys P M= M) 2 - (7.13)

Importantly, physics is invariant under changing the renormalisation scales u. This is expressed in the renor-
malisation group equation.

Renormalisation group equation

d
,u@(phys. observables) = 0. (7.14)

Note, that the renormalisation conditions encode the reparametrisation invariance of the theory and the insen-
sitivity of physics to the specific renormalisation scheme used. The scale u is called renormalisation group
(RG) scale. We remark, that the generator of the RG is the logarithmic scale derivative u%, and the RG is a
one-parameter Abelian semi group (see QFT II). In the founding paper of renormalisation group theory, [2], the
reparametrisations discussed also include conformal transformations, and the respective group is non-Abelian.

Let us now reformulate the Feynman rules for the renormalised theory, (7.4) and (7.5) in terms of classical
propagators and the 6Z’s, that carry the singularities.
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Feynman rules for renormalised fields

Propagator: 1 ] 1
Eﬁ ¢] _ pz_mez_ 1 _
— i | pE-m? e ’
where  —@—— =(D|(1=Zp) PP = (1= ZsZ)ne|.
e
<1
Vertex:

><:—iZAZ£/l:—i/l + >®< ,
h =il(1=-2%227).
whete >®<1 (1=2,2) (7.15)

The 6Z-dependent quantities, & , >8< are called counter terms, as the renormalisation factors Zg, Z,,,
Z, cancel or counter the singularities of the loop contributions, that are proportional to p?, m? and A respectively.

7.1.2. Generating funtionals and one-particle irreducible vertices

We have mentioned in the context of the renormalisation condition for the vertex, (7.10f), that these conditions
are usually applied to one-particle irreducible (1PI) correlation functions. In this chapter we briefly elucidate,
how to generate these correlation functions as well as the connected one. A more detailed discussion will be
done in QFT II. To begin with, the generating functional of full correlation functions, Z[J], is given by

Z[J] = <Q‘T exp {i f d4xJ(x)¢(x)}

which is simply the S-matrix, where a source term has been inserted. Taking n derivatives with respect to the
current J provides the n-point functions,

Q> i (7.16)

1 i"0"Z[J]

(Te(x1) -~ d(xp)) = Z[0] 6J(x1) - - - 6J(xp)

(7.17)

where the normalisation with Z[0] normalises the zero-point function to unity, see (3.78) in Chapter 3. As
discussed there, the correlation functions in (7.17) also contain disconnected diagrams. These diagrams are
removed if taking derivatives of the logarithm of Z, the Schwinger functional W[J],

i"0"W[J]

(Te(x1) - P(xn))e = 5T oz with  W[J] = logZ[J], (7.18)

where the subscript . indicates the connected part of correlation functions. A simple example is the Feynman
propagator Dr(x; — x2), which is the connected two-point function. From we arrive at

5*WIJ]

Dr(x1 = x2) = ToIGn) 60 ) (TP(x1)P(x2)) = p(x1)(x2) = (TP(x1)P(x2))c » (7.19)

with ¢(x) = (¢(x)). The connected two-point function only contains the part of the two-point function, that is
not already contained in the one-point function (squared). The latter is the disconnected part of the two-point
function. This subtraction property carries over to general n-point function.
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Hence, going from the full correlation function to the connected correlation functions removes a redundancy,
as the information of lower correlation functions is subtracted. Clearly, in a renormalisation programme it is
advantageous (but not necessary) to implement renormalisation conditions on the correlation functions with
the least redundancies. A final step in this direction is done by going from connected correlation functions to
1PI correlation functions. This is done by deriving the generating functional of 1PI correlation functions, the
effective action I'[¢] from the Schwinger functional. This is done by a Legendre transformation,

il[¢] = sup|i f d*x J(x0)$(x) — W[J]] , (7.20)
J
where for our purposes here the supremum in (7.20) is a maximum, leading to the determination of J as
_ L 8w &T(g] -
b =—i R ) S S (7.21)
80 |, 5P(x1)6p(x2) |5

where in general ¢ has to be evaluated on the equations of motion. In the present ¢*-theory we assume ¢ =
(¢) = 0. The inverse propagator is indeed 1PI. It is also straightforward to show that the four-point function,
derived from I'[¢] with four derivatives w.r.t. ¢, is 1P1. A general proof will be given in QFT IL.

7.1.3. One-loop renormalisation in the ¢*-theory

For illustration, we work out the renormalisation programme of the ¢*-theory at one loop. First, we consider
the mass correction, see (3.207). At one loop we have graphically

o—@—o= o—o+@QO+ 0%

1
2

1 1 ) 1
= i +p2—m2[_ln(p)]—p2—m2 +...,

o@o +—®—i|
OQO + i(1=Zy) p* +i(l = Zy Zy) m? ]

with the finite renormalised self-energy

—ill(p) =

|m|>—|

|NI'—‘|

(O :_Mf(dﬁ;. (1.22)

In summary, the renormalised self-energy II(p) reads

, il [ d*
SiTp) = -= | =

7 ) i 1420 P+ =2, 2 (723)

p p
Note, that 9@ has no dependence on the external momentum p. Hence, the renormalisation condition
(7.10b) leads to a vanishing correction term —i(1—Zg) p? = 0 with Zy 1 oop = 1. Then, the constant term reduces

toi(l-ZyZ,) m?> = i(1 = Z,)m?, and (7.10a) directly fixes Z,.
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i(gek
o
e PP+ m?
— > -
integration contour 0
Y S g (gm)
\p?+m >
o
rotate by

avoiding the poles

Figure 7.1.: Recall the i€ of time-ordering: 7 . The rotated Euclidean contour runs i(gg)? from —ico to

P-mP+ie
+ico, or (gg)° from —co to +co. As this rotation does not swipe the poles, the integration stays the
same.

The renormalisation condition (7.10a) implies the vanishing of the on-shell inverse propagator. Graphically this
is given by

-1
[O / C] =0. (7.24)
)4

22

As the tadpole is momentum-independent, the renormalisation condition (7.10a) or (7.24) implies that the
renormalised self-energy vanishes on one-loop,

T(P)) 100 = O- (7.25)

It follows, that

1A d*q i

1-7,== .
" 2m2 ) Qn)t g2 —m? +ie

(7.26)

This concludes the derivation of the one-loop renormalisation of the mass, including the manifest finiteness of
the result. Note that while (7.26) is only a formal relation without the loop integral being finite, the latter is
easily achieved by introducing a spatial momentum cutoff with p> < A2. Then, Z,, o AA%/m?, however, the
total result for the mass, namely m?, is manifestly A-independent.

While the result is trivial, the tadpole is a simple toy example to explain two computationally important tricks
that are commonly used within perturbative loop computations. To begin with, we notice that the spatial cutoff
regularisation breaks Lorentz invariance. For the present computation this is not important as it is momentum-
independent. However, in general such a cutoff will introduce a cutoft-dependent separation of frequency and
spatial momentum dependences, which then has to be removed via the definition of appropriate counter terms,
that have to break Lorentz invariance themselves in order to restore it on the level of the final results. This is not
very appealing. Seemingly it is tempting to introduce a four-momentum cutoff with p?> < A2. However, then
the integrand of the tadpole, (7.22) or (7.26), still diverges on-shell (q2 = m?). This intricacy can be resolved
with the Wick rotation, see also (8.10). Within the Wick rotation we rotate the loop frequency in Minkowski
space to Euclidean space such, that we do not sweep over the poles in the Feynman propagator in the integrand,
for a depiction see Figure 7.1. Then, the result for the integral stays the same according to the residue theorem.
The Wick rotation can be implemented in the loop integral via the substitution,

(gm)° =i (qe)°, (7.27)
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which implies
(@mu(gm' = (qe)u(ge)' = ~(qe)ulqe),,  and f diqm =1 f d*q, (7.28)
R4 R4
With the relations (7.27) and (7.28), the tadpole turns into

dgy i (diqp 1
(277)4 q%/l —m2 (271-)4 ‘1125 + m2

(7.29)

Note that with the Wick rotation the non-compact Lorentz group turns into the compact Euclidean symme-
try group O(4). The Euclidean momentum integral is still divergent, but we can now use a Euclidean four-
momentum cutoff with g> < A%, where we have dropped the subscript ¢ and ¢> = q(z) + ¢°. This regularisation
preserves the Euclidean O(4) symmetry, and hence implicitly it also preserves Lorentz symmetry. It is imple-
mented via

d* d*
Bl BN 4 (7.30)
2m)* Q2m)*
R4 G2<A2
Using (7.30) in the Euclidean tadpole (7.29) leads us to
d aQ, [ 3 r 3 :
g 1 4 f q 1 q 1 2, 2 m
= = — = — A + 1 5 731
et grmd ) @ P ) Y T Tee N T M| P
g*<A? 0 0
where we have used that f dQy = 272 Equation (7.31) is readily used in (7.26), leading to
Z 1 LAl o + ! (7.32)
=l-———=|—=+1In , .
" 2 1672 | m? 1+ 4
m

the desired explicit finite result. As discussed before, using the finite Z,, and the regularised finite tadpole (7.31)
leads to the trivial result (7.25). Importantly, all expressions are manifestly finite in all steps involved. Hence,
the result is mathematically sound.

The mathematical foundation of the momentum cutoff regularisation is intriguingly simple to understand. It
is closely related Bogoliubov-Parasiuk-Hepp-Zimmermann renormalisation scheme, which has been used for
many proofs or renormalisability. Indeed, in modern renormalisation theory (functional renormalisation) used
for non-perturbative numerical computations, a generalised combination of the two is used.

However, for the present purpose of analytic perturbative computations another regularisation scheme, dimen-
sional regularisation, is more tailor-made, and is indeed used for the overwhelming majority of the respective
computations. It is based on the analytic properties of loop integrals, that can be understood as analytic func-
tions of a continuous dimension d. Similarly to the introduction of the momentum cutoff regularisation we
introduce dimensional regularisation at the example of the Euclidean tadpole (7.29). We rewrite the four-
dimensional integral as

dlg 1 (@ G [ diq
>
Q2n)* ¢ + m? 2n)d

1 Qs (5 T‘f a1 1

= d _, 7.33

2+m (20 (%) 19 2w (7.33)
0

withd = 4—2€ and € — 0. Equation (7.33) depends on the d-dimensional angular volume Q; and a momentum
scale 1. The latter scale had to be introduced in order to keep the momentum dimension two of the loop integral:
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the term in square brackets in has dimension 4 due to the scaling factor in front of the d-dimensional integral.
Note that one should understand the right hand side in (7.33) as the definition of the d-dimensional integral for
d € R. For d < 2 the integral in the last line is finite, and we can compute (7.33) analytically. The result defines
an analytic function, that can be continued to d > 2.

We first compute the d-dimensional angular volume €. For this purpose we consider

d (9]
1
\/_d:(fdxe_xz) :fddxe"‘r2 :fngzfdxxd_1 e = Efdgdr(g)’ (7.34)
0

where we have used an integral representation of the I'-function: I'[¢] = fooo ds s'~! exp{—s} with s = x* and
ds = dx? = 2dx x. The radial momentum integral in (7.33) is readily computed also for higher powers of the
propagator. We collect both results,

2nt ] 1T(5)Cn-5) 1y
Mg Of Ul Gy T tw ) )

which can be combined in one of the important master integrals in dimensional regularisation,

(7.36)

0 ddq 1 _ 1 F(n_%) (L)n—
Qryd (2 +m?)"  (@4n)d2 Ty \m?
0

With the general relation (7.36) we proceed with the computation of the tadpole diagram. It is given by (7.36)
with n = 1 and d = 4 — 2¢e with € — 0, multiplied by 7*~¢,

d
4d KRG 1 1 d\ (a2\? 21 2
(@) T = —r[1-3)(5) m=5 |ty -1thdren S|, (737
2n)d g+ m (4m)2 2)\m 16 € 7
where we have used that
- 1 1
r-1+e "2 e =--ty-1+0), (7.38)
-1+e€ €
and the Euler-Mascheroni constant v = 0.577.... Similarly to the derivation of Z,, within the momentum

cutoff regularisation, (7.32), we also can extract Z,, within dimensional regularisation,

1 2
Zmzl___(__+y_1+1n ’"_2). (7.39)
€ 4rja

The equivalence of (7.32) and (7.39) is best seen with In1/(1 + A?/m?) = Inm?/A®> + In1/(1 + m*/A) —
Inm? /A2, as the latter logarithm vanishes in the limit A — co. This leads to the same relation for the logarithmic
mass derivative of Z,,, derived from both (7.32) and (7.39),

dz,, A

hn—— 7.40

"am T T 16r (7.40)

Note also, that the factor 1/(167%) in both (7.32) and (7.39) is the universal coupling coeflicient in the pertur-
bative expansion of the ¢*-theory. Similar coefficients are present in other theories such as QED. There we
encounter the fine structure constant @ = e2/(4x) or rather a/(4n). Finally, for both regularisation schemes we
find the renormalised one-loop propagator
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—@h——o = 55— +0). (7.41)

p?—m? +ie

This concludes the one loop renormalisation programme for the two point function in the ¢*-theory: the wave
function renormalisation is trivial, Zg = 1, and the mass renormalisation is given by (7.32) and (7.39). Evi-
dently, the renormalised propagator (7.41) satisfied the renormalisation conditions (7.10a) and (7.10b).

This leaves us with the third renormalisation condition (7.10f) which fixes the coupling renormalisation Z,.
Note that the counter term (and the vertex) also depends on the wave function renormalisation. With the trivial
one-loop result for the wave function renormalisation, the vertex counter term reduces to i 4 (1 — Zqzj Z) —
iA(1 — Z,), similarly to the reduction of the mass counter term. With this reduction we get

P GG s SRS Ve NTE
_:;<+[%1X3<h“+><]+OW)

P!
Zl1100p = 1 ™ = ><+[% >Q<+...+i,1(1—zﬁ)}+0(a3)
-

=0 (u=0)

(7.42)

where we now have chosen u = 0 for the sake of simplicity. This implies f = s = u = 0, and the renormalisation
condition follows from (7.10f) and (7.42) as

320 (" dYq i

1-7,=2 :
T2 ) ot (- m? +ie)

(7.43)

We can solve the integral on the right hand side of (7.43) with cutoff regularisation, dimensional regularisation
or other regularisation schemes as discussed in the case of the mass renormalisation Z,,. Dimensional regulari-
sation is by far the simplest choice, in particular if we would go to u # 0. Moreover, we can simply read off the
result from the master integral (7.36) with n = 2 and 2 — %’ = €. This yields

27 ) el @R T T2 i T

3. s [ d 1 3.1 I(e(m®\°_ 31 1 (1 m?
-2 16n2

— ——y+Indr-In—|, (7.44)
H € H

where we used the expansion I'(e¢) = % — v + O(e¢) as in (7.38). In summary we obtain at the renormalisation
group scale u = 0,

3 1 2
ZA:1+——(——y—ln - ) (7.45)

If we want to make the u-dependence explicit, we have to choose a non-vanishing renormalisation point p? =
u* # 0, and the only change in (7.45) is a respective shift in the mass, Inm? /> — ln(m2 + ,u2) /i
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This concludes the one-loop renormalisation programme in the ¢*-theory. The results for the renormalisation
factors Zy, Z,,, Z, are provided with Zs = 1, (7.39) and (7.45).

We remark, that the renormalised correlation functions {(¢(p1) ¢(p2))1_100p, (p(p1) -+ ¢(p4))1_100p are finite, but
depend on the renormalisation scale y. Furthermore, for (one-loop) renormalisability we also have to show,
that all other correlation functions are finite. For this purpose we consider the six-point function at p; = 0,

d*q 1
Qr* (¢? + m?)3

<¢0(P1) U ¢O(p6)>l-loop ~ /13 (746)

where we have performed a Wick rotation. The integrand decays with 1/(¢?)? or large loop momenta and hence
the integral is finite. This decay is also present for external momenta pf # 0 and hence the six point function is
finite for all external momenta. Higher correlation functions are also finite as their loop integrands decay with
even larger power. Indeed, the integrand of a 2n-point function decays with (1/p*)*" and hence the one-loop
contributions for n-point functions are manifestly finite for n > 4.

We close the discussion of one-loop renormalisation of the ¢*-theory with the remark, that a singularity in
(Po(p1) -+~ ¢0(p6))1_100p would be disastrous, because there is no counter term for it. Hence, perturbative
renormalisability (in ¢*-theory) implies, that all correlation functions fo all orders in perturbation theory are
finite, by adjusting Zy, Z,,, Z,.

7.1.4. The renormalisation group and the running coupling

In the last Chapter we have computed the two- and four-point function, that, together with higher correlation
functions, give us access to scattering events in quantum field theories. The renormalisation condition (7.10)
also entail, that changing the renormalisation scale u provides some information about the momentum depen-
dence of physics. This is most apparent from the renormalisation condition for the vertex, (7.10f), where we
have set the vertex strength to the interaction strength of the physical scattering process at the momentum scale
p? = p?. This allows us to extract the physical momentum dependence of the interaction strength (running
coupling) from the renormalisation-scale dependence of the renormalised coupling. While the two are often
used as synonyms, the latter cannot be physical as it depends on the renormalisation scale. We have already
discussed this below (7.14): observables cannot depend on the renormalisation procedure, and in particular
they cannot depend on the renormalisation scale . We recast (7.14) in terms of the generating functionals for
renormalised correlation functions,

dwiJ] _ o _ drig)

s u a (7.47)
We emphasise that (7.47) does not imply that the correlation functions are y-independent. Indeed, they are as
the renormalised fields depend on i, which is discussed below.

Note also that changing the scale u is a scale transformation, the logarithmic derivative w.r.t. u is the generator
of (renormalisation) scale transformations, that form a (semi) group, hence the name renormalisation group.
Equation (7.47) readily allows for a more general interpretation, the theory or rather its physics predictions
should be invariant under general reparametrisations of the theory, and these reparametrisations can be labeled
by the scale parameter u, called the renormalisation group scale. This general point of view incorporates generic
renormalisation group setups and is a very versatile framework.

The renormalisation group equations (7.47) or (7.14) should be augmented with a similar one concering the
cutoff dependence. Evidently, the generating functionals do not depend on the cutoff scale A. Moreover, the
renormalised correlation function are A-independent,

d
A TéCx1)---¢(xn)) = 0. (7.48)
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With (7.47) and (7.48) we are now in the position to find concise differential equations that cover the u-
dependence of the renormalised fields, masses and couplings. We start with the observation, that the bare
quantities know nothing of the renormalisation point p,

dgo _ dmyg B dAy

p— = =0, p—2A=0. (7.49)
du

0, —_—
K du du

but the renormalisation factors Zg, Z,, Z, depend on it. Inserting the relation (7.2) between renormalised and
bare quantities in (7.49), leads us to

do 1 dm 1 dal
. =y = u—=—. 7.50
Yo Mdﬂ(p Y ﬂdﬂm Ba ﬂdM (7.50)

where the anomalous dimensions y4, v, and the S-function 8, can be computed from the u-dependence of the
renormalisation factors,

dZs 1 az, 1 dz, 1

—— = = —y—— 7.51
’“‘du Z Y Ba (7.51)

2 = - "M 5 ’
e " z, du 7,

Equation (7.51) are referred to as either beta-functions or anomalous dimensions. Specifically, Equations (7.50)
and (7.51) allow us to compute the u-dependence of the renormalised coupling A(«) upon integration of the S-
function 3,. Before we proceed with this computation at one loop, we remark, that the cutoff-independence of
the renormalised quantities,

A%(b = A%m = A%/l =0, (7.52)

implies, that A and u scaling of the renormalisation factors are directly related for asymptotically large scales:
they are dimensionless and hence can only depend on ratios of scales. For asymptotically large scales we are
left with ¢ and A, all mass and coupling scales can only lead to a subleading behaviour. Accordingly, we have
Z; =y(u/A\) fori=¢,m,A.
We close this Chapter with the computation of the running coupling and a discussion of the general structure
of our findings. As already indicated above, we first compute the renormalised coupling by integrating its
B-function, and then we related its p-running for asymptotically large scale to the momentum running of the
running coupling. The renormalisation group equation for the running coupling is given in (7.50) with (7.51).
There, Z, was computed for u = 0, and the general result is obtained by shifting m? with u2, see also the remark
below (7.50). Hence, the one-loop B-function in the asymptotic scaling regime (or m — 0 ) can be read off
from (7.45) as B, = j10; log Z,. Note also, that at 4 = 0 this is also equal to —mdg:nZ/‘. In any case we arrive at
the one-loop S-function,

dinZ 3
B = —u=g 2 - Tea O, (1.53)

where O(4%) comprises all the higher loop orders, the n-loop order being proportional to A”. Inserting 8, from
(7.53) in the RG-equation for the coupling in (7.51) leads us to
dr 3
K du 1672
Equation (7.54) is readily integrated and its solution is the renormalised coupling at one loop as a function of
the renormalisation scale,

2+ 0. (7.54)

A -
Ap) = ———. with A = Aref) . (7.55)
1+ To2 In T
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Aphys

perturbation

inon-perturbative
theory =

psing p

Landau pole
Figure 7.2.: Sketch of the running coupling.

Equation (7.55) is proven correct by insertion into the RG-equation (7.54). Here, p.f is some reference scale.
At u = per, the right hand side reduces to A = A(urer), and the coupling increases with the RG-scale u, dictated
by the sign of the S-function.

Finally, we relate the renormalised coupling A(u) in (7.55) to the running coupling Aphys(p). With our renormal-
isation condition, we have fixed the renormalised coupling A(x) to the physical running coupling Apnys(p* = ).
This allows us, in the absence of further scales, and in particular for asymptotically large momenta, to simply
identify 4? = p? in (7.55), that Apnys(p) = A = p?). With (7.55) we arrive at

Aphys(P) = with by =3, (7.56)

with the coefficient by of the one-loop S-function. We emphasise that (7.56) does not depend on u, nor does it
depend on A. The only input in (7.56) is the value A of the coupling at the momentum scale p.

The normalisation and the notation of the coeflicients b; of the i + 1-loop coefficients of the bs-function is a
commonly used one, but by no means unique. Another choice is using 1/(4x) instead of A/(16x%). The former
choice reflects the choice of the fine structure constant @ = e?/(4r) as the expansion parameter in QED, or
@, = g2/(4m) in QCD with the strong coupling g;.

Equation (7.56) is linked to the triviality of ¢*-theory: If the theory is a fundamental theory, it has to be well-
defined for all momenta, and hence we conclude Aphys(p) < oo for all p. However, for any finite value A for
Aphys at some momentum scale P2, it follows from (7.56), that the running coupling diverges at some finite

momentum scale,
_p 321

Ping =P €T, (1.57)

see also Figure 7.2. This singularity is called the Landau pole. Lowering the value of A shifts the Landau pole
towards larger scales. Only for A = 0 its position is at infinity, and hence it follows that

Aphys = 0. (7.58)

In turn, if the S-function would be negative,

Ba=bo with by <0, (7.59)

1672’
the running coupling (7.56) would decrease with increasing momenta, finally approaching zero. This behaviour
is called asymptotic freedom and is observed in QCD, where the one-loop B-function of QCD reads

22 4
and b() = - (?NL - ng) , (760)

@s

o _&

a 2 .
= boﬁ + O(ay), with ay = 1
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and the respective running coupling,

@s
by
2

a’s,phys(p) = > with a5 = as,phys(ﬁ) . (7.61)

1+

=]}
|'G\
ol ™

s ln
T

IN
BS]

with @ phys(p — 00) = 0. It is this feature with admits QCD as a fundamental theory, in contradistinction to
the ¢*-theory. With o s,phys(p — 00) = 0, the expansion point of perturbation theory, the free theory is achieved,
and one can hope for the convergence of the asymptotic series. The one-loop result in (7.61) has been shown
by David Gross and Frank Wilczek [3], and David Politzer [4]. It was awarded with the Nobel prize in 2004.
Note however, that the perturbative QCD coupling runs into a Landau pole at small momenta, and there QCD
can only be treated (numerically) with non-perturbative methods.

We close with the remark, that the persistence of the Landau pole (7.57) beyond one-loop in the full theory
can only be proven non-perturbatively, as perturbation theory certainly fails for sufficiently large couplings, see
Figure 7.2. The insufficiency of (7.56) for a proof of triviality can already be discussed with the next order of
perturbation theory. This leads us to

2

d /l:bo(/l)+

b( A )3 with  by=3. by =—t (7.62)
Hauten 16n2) 77 ’ 0= =73 ‘

1672 3
with the one-loop and two-loop coefficients by and b; respectively. If (7.62) would capture the full running of
the coupling at least qualitatively, the coupling would rise with momenta p until it saturates at a so-called UV
fixed point with the value A",
uv) _ bo _ 9 2

A = b T ﬁ167r . (7.63)
Equation (7.63) looks intriguing, but the fixed point value A, is large, and even that of A,/(16x%) is of order
one. Indeed, the alternating sign is not surprising and a common feature of Taylor expansions, a trivial example
being the geometric series 1/(1-x)—1 = x—x2+0(x). For the ¢4-the0ry, the next orders in perturbation theory
and fully non-perturbative computation with either the lattice or non-perturbative diagrammatic methods do not
support the fixed point behaviour but the steady increase of the coupling, and the ¢*-theory most probably suffer
from a physical Landau pole.
However, if a ultraviolet fixed point such as (7.63) is present in the full theory, this theory is called asymp-
totically safe. While such a theory does not run into a perturbative regime for asymptotic large momenta, its
coupling does not diverge by stays finite. One may hope, that then a (perturbative) expansion about the in-
teracting theory or fixed point in powers of A% — A works. This scenario encompasses asymptotic freedom
as a special case. Asymptotic safety may be realised in quantum gravity with a non-trivial fixed point for the
Newton constant. It also is realised in model theories.

7.1.5. A glimpse at two loops and loop computations

In the last section we discussed the potential impact of the two-loop S-function on the physics of the ¢*-theory,
or more general, the quantum field theory at hand. At one-loop the RG-equation of the coupling was equivalent
to that of the vertex as the wave function renormalisation was trivial, Zs = 1. In general this is not correct
and the vertex incorporates the renormalisation of the coupling and the field: the vertex in the Feynman rules
of the renormalised theory (7.15) has the counter term (1 — ZéZ/l)/l. Accordingly, the amputated correlation
function (7.10e) with the renormalisation condition (7.10f) has a singular part Zy: = Z(%ZA. Consequently, the
RG-equation of the coupling reads

2
| L2 e T 0T 4y, - —, 7.64
e 22 | Zy Wy 2 " Hapz, =70 Yo =T 7, (7.64)
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p p

p—li—1
Figure 7.3.: Sunset diagram, contributing to the momentum-dependence of the (inverse) propagator at two-loop.

where y,4 is the anomalous dimension of the vertex. Equation (7.64) entails, that only for y, = 0 the S-function
B agrees with the anomalous dimension of the vertex, while in general the latter also encodes the running of the
fields attached. Hence, we have to compute both, the RG-running of the vertex and the anomalous dimension of
the field for the RG-running of the coupling. Only at one-loop in the ¢*-theory this reduces to the computation
of the vertex running. Here we only sketch the computation of the two-loop anamalous dimension. The inverse
propagtor only has one one-loop contribution, the sunset diagram, see Figure 7.3. The self-energy is defined
with
i

(Pp)(p)] = i) v i (7.65)

and is the quantum part of the 1PI two-point function. We have already discussed the mass correction, and at
two-loop the self-energy is given by

d*, d*, 1 1 1

(4m)* (4m)t 12 —-m? +ie l% —m? +ie l% —-m2 +ie’

Ho(p) =~ —— with  L=p-1L1—-L, (7.66)

with the loop momenta /; and /. The subscript (¢ indicates that (7.66) is not renormalised yet, and we dropped
constant parts related to two-loop tadpole corrections. As in the one-loop case the respective renormalisation
can be done implicitly. The mass on-shell renormalisation condition (7.10a), enforce that the mass counterterm
has to cancel the loop contribution for p> = m?. Accordingly, we are led to

To(p) — Ho(p) — Mo(p* = m?), (7.67)

which eliminates the quadratic divergence and guarantees (7.10a).

It is left to enforce (7.10b). To that end we compute the momentum-dependence of Iy(p) and take a p>-
derivative. The latter step annihilates the subtraction ITo(p*> = m?) and we ignore this term from now on. First
we use the Feynman trick to reduce the integral to one with a uniform denominator,

FoJe(i-zn @)
X =mn-1)! fda/, — (7.68)
17 z 1a'lAl)

In the present case with n = 3 we obtain for the integrand of (7.66),

d*, d* 2001 —ay —
Ho(p)~—— f da, f das f L2 Sl - (7.69)

4
O A (1B + a2 + (1 - a1 — a)E = m? + i)
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The iterative solution of the loop integral requires a further master integral, that can be derived readily from the
master integral (7.36), which yields in Euclidean space,

ddq 1 3 r (l’l - %) 1
Qm)d (g2 +2pg +m2)" — Gm)PT(n) (2 — p2y"=d2

(7.70)

The left hand side of (7.70) can be reduced to the form of the master integral (7.36) by using ¢> + 2pg + m?* =
(g + p)> + (m* — p?) and the right hand side of (7.70) follows readily. Equation (7.70) can now be used twice
on (7.69), keeping track of the a;-dependent prefactors.

Here we follow a slightly different route and perform the ’diagonalisation’ in loop momentum, that was key for
the derivation of (7.70) from (7.36), directly on the integrand in (7.69). We arrive at

1B+ arl2 + (1 — a1 — @) = by + bag? + b3p?, 71.71)

with the new momentum variables

a3 a1a3
=h+ L=p), =h- 7.72
NENT CY3( 2= P) =0 ajaz + az(ay + C¥3)p (7.72)
with a3 = 1 — @] — a, and the coeflicients
aja ajara
bi=a+as3, by =ar + 173 , b3=1—23. (7.73)
a] + a3 a1 +ay + a3

We proceed by inserting (7.71) into the self-energy and rewriting the /1, >-integrals as ¢, g>-integrals, where
we use that the respective Jacobian is unity as the transformation matrix is triangular, see (7.72). Taking also
the p?-derivative as in the renormalisation condition (7.10b) leads us to

8H0(p) 2 fdch fdazf d*q; d*qn 2b36(1 — a1 — ay) (7.74)
3 A e :
(47) (470 blq% +bogs + b3p? —m? + ie)

The loop integrals in (7.74) can be rotated into Euclidean space and are solved with the master integral (7.36).
After a tedious but straightforward computation we are led to

1
Ally(p) IV ERC 1 Ani? bibs

b3
=2 | day | dent =) —a)—2—| = +21n T 2y 41
op? 12[1671'2] f a/lf @261 ~a az>(b1b2)2 €+ ’ m? i n(l b p2)2
0 0 R

(7.75)

A further simplification is obtained by going to the renormalisation point with p> = m?. Then, the last term in
parenthesis in (7.75) reduces to In by by /(1 — b3)?. In a final step we solve the two «; integrals with i = 1,2 and
arrive at our final result for the p>-derivative of the self-energy,

1 a2 771 Anji? 3
=5 +2In—— -2y - 5|, 7.76
[167r2] (e m? 2) (7.76)

ollo(p)
op?

pr=m?

which also confirms the previous statement about the expansion parameter being 1/(1672). Now we insert
(7.76) in the renormalisation condition (7.10b) and determine the wave function renormalisation Z4 and the
anomalous dimension: The sum of the p?-derivative of the self-energy and the counter term contribution 1 — Z,
have to sum up to zero. We conclude with (7.23),

133



Chapter 7. Renormalisation

17 A4 P2(1 Ani? 3
Zeg=1—-—|—]| |- +2In— -2y — =] . 7.77
¢ 24[167#] (e S 2) (7.77)
In a final step we compute the (asymptotic) anomalous dimension y,4 from its ji-dependence,
1.dZy 11 1 7
=—fn—=—|— . 7.78
Yo = M an 24[167#] (7.78)

Note that often the factor 1/2 in the definition of the anomalous dimension in (7.78) is dropped.

7.2. Renormalisability

In this Chapter we provide a brief discussion of the consistency of the renormalisation programme at all loop
orders in both, the ¢*-theory and in QED. In particular, this requires that no further divergence is produced.
The mathematical proofs of perturbative renormalisability are rather involved and are not subject of the present
lecture course. Instead we concentrate on the general counting of singularities. This is facilitated in the presence
of a mass, as otherwise we also would have to discuss infrared singularities.

7.2.1. Renormalisability of the ¢* theory in d dimensions

Ultraviolet divergences in loop integrals in the ¢*-theory are present if the sum D of the momentum dimension
of the integrand and the loop integrations is positive. The number D is called the superficial degree of diver-
gence, and only counts the overall divergence. A full proof of renormalisability also has to take into account
potential sub-divergences triggered by a sub-diagram in the diagram considered. Then it also has to be shown,
that if present, these subdivergences can be absorbed into the renormalisation constants Zg, Zy, Z,. It is this
aspects, which requires much work.

If we have D < 0, the diagram is finite while for D > 0 the diagram is ultraviolet divergent. The respective
operator with a positive (total) momentum dimension is called (UV) relevant, that with a vanishing momentum
dimension are called marginal with logarithmic divergences, and that with a negative momentum dimension
are called irrelevant. We emphasise that presently we count canonical momentum dimensions, but the total
momentum dimension also takes into account the anomalous scaling.

The latter integrations have the momentum dimension d and in general we have L of them. The P propagators
have the momentum dimension —2 and we consider general diagrams with N external lines. With this informa-
tion we can link the number of loops L to that of the vertices V and the propagators P: each propagators comes
with a momentum integration and each Vertex comes with a momentum conserving o-function. However, there
is also the momentum conservation for the external momenta, and we arrive at

L=P-V+1. (7.79)
Moreover, there are 4 lines emanating from each vertex and we find
4V =N +2P, (7.80)

as the propagators are connected to two lines from the vertex. We note that (7.79) is independent of the number
n of lines emanating from a vertex, and (7.80) is readily generalised with 4 — n.
Finally, the degree of divergence D in the ¢*-theory in d space-time dimensions is obtained as

D=dL-2P=d+

d-2 d-2
4 —— — V—-—N. 81
3 d] 5 N (78)
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where the second relation follows by inserting (7.79) and (7.80) into d L — 2P. The factor dp = 2 in front of the
number of propagators P is the momentum dimension of its dispersion or kinetic operator #, in the scalar field
theory # = §,0". This leads to the counting factor —dp for the propagator. For a fermion we find dp = 1 from
its dispersion P = y,,0". In general we have

dp =—-[SF], (7.82)

where S r is the propagator of the scalar field and [O] is the momentum or mass dimension of the operator or
parameter O. The +d in front of the number of loops L is the dimension of the momentum integral.

We can easily generalise (7.81) to a theory with a ¢"-interaction, for example the ¢°-theory with n = 3. With
4 — n we deduce from (7.81)

D=dL-2P=d+

n V- TN. (7.83)

d-2 d-2
_d]

For the interpretation of (7.81) and (7.83) we note that the dimension [¢] of the field ¢, that of the dispersion,
dp in (7.82), and the dimension [1] of the coupling are linked with

[¢]=¥, [/l]zd—n[qﬁ]:d—nd_zdp. (7.84)
With (7.84) we rewrite (7.83) in terms of the dimension of the coupling and the field,
D=d-[1]V -[¢]N. (7.85)
Coming back to the ¢*-theory in d = 4 space-time dimensions, the relation (7.81) is given by
D=d-N. (7.86)

The term with the number of vertices V in (7.83) has dropped out in d = 4 dimensions as the prefactor vanishes.
This is related to the vanishing momentum dimension of the coupling A in d = 4 dimensions. In short, the
superficial degree of divergence D in the ¢*-theory decays with the number of external legs. Apart from D = 4
for vacuum diagrams, we have the quadratic divergence of the two-point function (Z,,), which also contains a
logarithmic divergence for its p>-derivative (Zg). The latter is easily seen as the p?-derivative of a propagator
has a momentum dimension —4. Finally, we have the logarithmic divergence of the 4-point function (Z,).

In d > 4 the expression in the square bracket is larger than zero: d — 4 > 0. In this case the coupling has a
negative momentum dimension [A] = 4 — d. In this case we encounter more and higher superficial divergences
at each loop order. Such a theory is perturbatively non-renormalisable. In turn, for d < 4 only the mass requires
renormalisation. On also can show that there is only a finite number of divergent diagrams. Such a theory is
called super-renormalisable. Finally, in d = 4 dimensions the theory has a dimensionless coupling and is in its
critical dimension.

7.2.2. Renormalisability of QED in 4 dimensions

A similar analysis as done in Section 7.2.1 for the ¢*-theory can be done for QED: For the sake of simplicity
we restrict ourselves to the photon and the electron. Then the diagrams contain P, photon and P, electron
propagators and N,, N, external legs. The relations for the loop order, (7.79), the counting of vertices, (7.80),
and the superficial degree of divergence in d dimensions are given by

L=P,+P,-V+1
1
V=2Py+Ny=5(2Pe+Ne),

d-4_ d-2_ d-1
D=dL~Pe=2Py=d+——V~"—N,~ ——N.. (1.87)
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From the prefactor of the vertex number V in (7.87) we conclude that the critical dimension of QED is d = 4
as for the ¢*-theory. For d = 4, the superficial degree of divergence in (7.87) reduces to

3
D=4-Ny=>N.. (7.88)

Moreover, the correlation functions with a superficial degree of divergence are the electron two-point function
with N, = 0, N, = 2 and D = 1, the photon two-point function with N, = 2, N, = 0 and D = 2, and finally the
electron-photon vertex with N, = 1, N, = 2 and D = 0. Potentially, this leaves us with mass renormalisation
conditions for electron (D=1) and photon (D=2), wave function renormalisations for electron and photon (D=0
in both cases), and the vertex renormalisation (D=0) via the coupling renormalisation. We shall see in the next
Chapter, Section 7.3, that the mass renormalisation condition for the photon drops out.

Furthermore, we conclude that in d > 4, QED is not perturbatively renormalisable, while in d < 4 the theory
is super-renormalisable. We emphasise once more, that the difficult part in proofs of renormalisability is not
the check of a positive superficial degree of divergence D > 0 is only present for a finite number of correlation
functions. The difficult part is to show that the divergences are local and can be absorbed in the renormalisation
constants in the classical action. Moreover, this iterative (in orders of perturbation theory) procedure renders
all sub-diagrams in a given diagram finite.

7.3. QED

In this Chapter we put to work the general renormalisation programme for QED, and we restrict ourselves to
the electron, leaving out the muons and the 7-lepton. In Section 7.2.2 we have already shown that QED is in
its critical dimension in d = 4 dimensions with a dimensionless coupling. We introduce the renormalisation
constants for the electron and photon fields, the electron mass and the coupling via the QED action (6.1a),
written in terms of the bare fields and coupling parameters,

Aoys  Wo.¥0, mo, o, &, (7.89)

and the bare gauge fixing parameter &). The respective bare action is given by
S oeplAo, Vo, B0l = | d*xio D L dteFoan A - — [ dtx (9,41 7.90
QED[A0, Yo, ¥0] = X ( —mo)',lfo—z1 X Fpy(Ag)FF( 0)—2—&) X(,; 0) , (7.90)
with D, = 8, —iepAq, and ¥ = .. The action (without the gauge fixing term) is gauge invariant under
1 .
AO/J - Aoﬂ + —(9,1a/ Yo — e ¢ Yo, (7.91)
€

of the bare fields Ao, and ¢, see also (6.2). We introduce the respective finite renormalised fields and coupling
parameters analogously to that in the ¢*-theory in (7.2) with

A =2 A w0 =2y, mo=Zum, e =Ze, fo=Z¢.  (192)

With the relations (7.92), the QED action takes the form

B _ z Za 1
S oeplA, ¥, ] = f d*x Zy s D — Zyym) @ — ZA f d*x F(A)FY (A) - Z_AE d*x (év,,Aﬂ)2 . (7.93a)
3
with
Dy =08,-7Z2Z/%ieA,. (7.93b)

Note that in (7.93a) we have used S gep[A,, ] with the renormalised fields with a slight abuse of notation.
Equation (7.93b) poses a problem insofar that the covariant derivative in terms of the finite renormalised gauge
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field and the finite renormalised coupling contains the product of the cutoff-dependent renormalisation constants
Z, and Z/i/ 2Z,. Moreover, physical gauge invariance is obtained in terms of the renormalised quantities and
hence physical gauge invariance should apply to renormalised quantities, with the covariant derivative

D,=8,—ieA,. (7.94)

Both, (7.93b) and the gauge symmetry in the renormalised quantities with (7.94) enforce

d 1/2 d
o (z)?z)=0, o u@eAﬂ =0. (7.95)
Equation (7.95) and similar relations for correlation functions are called Ward-Takahashi identities. Note that
the above simply argument is implicitly based on the simple additive structure of the gauge invariant F2 term
and the gauge fixing term. To that end we evaluate the difference of the expectation value of a gauge transfor-
mation of the gauge-fixed action and that without a gauge transformation,

- Zy 1
(S QEDIA®, ¥, 1 = S qrnlA, ¥, Y1) = ‘Z—Ag d*x (3,A°) 6,00 (7.96)
&
The right hand side vanishes on the gauge fixing condition and in any case it simply is the gauge transformation
of the gauge fixing term of the mean field (A,): It does not involve any higher order correlation functions. We
conclude, that (7.95) holds for general linear gauge fixings. Moreover, (7.96) also entails that the gauge fixing
term receives no quantum corrections, leading to

Ze =17y (7.97)

We derived the absence of quantum corrections for the longitudinal two-point functions expressed by (7.97)
from gauge invariance of the action. Indeed, any correction to the longitudinal part of the two point function
violates gauge invariance, but specifically this holds true for a mass term. Hence, we already conclude, that a
gauge invariant regularisation scheme such as dimensional regularisation has to preserve transversality of the
quantum corrections to the inverse propagator. In Section 7.3.1 this is confirmed within an explicit one-loop
computation. A welcome benefit is, that the mass renormalisation of the photon drops out and we are only left
with renormalisation conditions for the electron mass, the electron and photon wave functions and the vertex.
Note that the present rather heuristic argument for (7.95) will be derived from the effective action in a systematic
way in QFT IL

In non-Abelian gauge theories the non-linear nature of the gauge transformations complicates matter, and (7.95)
does not hold any more, as (7.96) fails due to the non-linearity of the gauge transformation in field space. The
underlying symmetry of the gauge fixed theory is the Becchi-Rouet-Stora-Tyutin (BRST) symmetry, and is
encoded in terms of Slavnov-Taylor identities, for more details see Chapter 13 in Section 13.4. They can be
written concisely in terms of the effective action I' introduced in (7.20) in Section 7.1.2, the BRST master
equations, for example the Zinn-Justin equation (13.151).
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We proceed with the Feynman rules in terms of renormalised quantities, that can be read off from (7.93).

Feynman rules of QED for renormalised fields
Propagators:
-1 B
1 P+ m? :
—>— | =-Z4(p-Zym) =|i - —R—
p 1 p-—m
where:
—QR— =-i(l-Zyp+i(l-2ZyZ,)m.
-1
. 1
W} =i 2=t 1 )
Hy A
1 k,ukv =L
:[—ﬁ N —(1=§) 2 ] AUV % YV
where:
@ = i (1= Za)K? = kiky)
L only transversal modes
get renormalised
Vertex:
>W7 =iZ 2  Zeey, =ieyu+ >®AAM :
where: "
>®/V\/\» = —ieyﬂ(l ~7,2)/ Ze). (7.98)

This concludes the discussion of renormalised perturbation theory in QED.

7.3.1. One-loop renormalisation in QED and the running fine-structure constant

QED features a running coupling, typically expressed in terms of the fine-structure constant a(p). On one-loop
its momentum dependence can be inferred from the y-dependence of the renormalised

W

Qren(u) = 4n

. (7.99)
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The RG-running of e(u) can be computed from its S-function, and with (7.92) we relate the renormalisation
group running of the fields and renormalised coupling e and electron mass m to that of the respective renormal-
isation constants,

1 dZy 1

1 dz, 1 dz, 1
M 7y

= — _, 7.100
B #dﬂZe ( )

YA = Yy =

a7

The respective renormalisation conditions are given by

Renormalisation conditions in QED
10 -1 plp”
-i- —|(TAA v — =1, 7.101
13 apz [ < H V> (p) (77# pz ):| pzzﬂz ( a)
11 - =1
ig — wB|(Tud) )| =1, (7.101b)
4 P =l
1 B 1-1
—i—tr [(T W) (p) =m, (7.101¢)
4 1p2=y2
1 = ]
i (T 04 i pops)| | e (7.101d)
where we have chosen a general renormalisation point y and p3 = —(p; + p2) in (7.101d). The vertex is

evaluated at the symmetric point with pl.2 = u? with i = 1,2, 3 with all momenta counted incoming and p; - p ;=
(36 — p?/2. We emphasise that for ,u2 * mgo,c, the mass m in (7.101d) is not the pole mass, but has to be
tuned such that the electron propagator diverges for p? = mgole.

Before we come to applications, we write the renormalisation conditions (7.101) in an explicit form. To that

end we first parametrise the full electron propagator G4(p) and photon propagators G (p)

Gaw(p) = TALA)D) Gyni(p) = (T¥ii)(p) » (7.102a)

where G4 (p?), and G(ﬁ(pz) are the two-point correlation functions without the 6-function Qr)*s(p + q) which
carries momentum conservation,

(TAUDAAP)) = (TALANP)R)*S(p + q). (7.102b)

We parametrise the propagators now in terms of dressing functions that carry their non-trivial momentum
dependence,

1 1 p+ My
Ga(p) = =i — [Da(p”) I, +£T1, Gy(p) =i , (7.102c)
pZ [ ] v Al//(pZ) p2 + M{/Z/(pZ)
with the longitudinal and transverse projection operators
pup PubP
I, ,uv(p) = (npv - %) > Hva(p) = ;zv s (7.103)
with
M, =My, Mo+0,=1 I,-M,=0. (7.104)
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For D4 (p?), Aw(pz) — 1 and M¢(p2) — m the full propagators reduce to the classical finite renormalised ones:
Ga(p) = Dp(p)in (5.41) and Gy (p) — S p(p) in (4.129). In turn, the momentum-dependence of the dressing
functions DA(pZ),Al/,(pz), M,p(pz) in (7.102c) originates in the loops. The renormalisation conditions (7.101)
use the inverse propagators, which are readily obtained from
1 P’ 1, 1 2 2
Gy (p)=1|—=I+ - pTL|, G, (p) = —-1Ay(p7) |p — My(p?)| . (7.105)
A Da(p?) € v o2~ My 0]

Let us now reformulate the renormalisation conditions (7.101a) to (7.101c¢) for the inverse propagators as con-
ditions for the respective dressings.
We start with the photon two-point function: its parametrisation in (7.105) already contains non-trivial infor-
mation: the longitudinal part is trivial, it is simply the classical gauge fixing term, which receives no quantum
corrections. The latter only contribute to the transverse part and are comprised in 1/D( pz). The function D( p2)
is also called the dressing function of the propagator, as it ’dresses’ the classical one. The transversality of the
quantum corrections is a consequence of gauge invariance as carried by the Ward identity,

1
Pu [Gglw(p) - Epzpy] =0. (7.106)

If we contract GATI (p) with the transverse projection operator, we obtain

2
_ PuDv . p
G _ — , 7.107
A yv(P) (77;11/ p2 ) ID(pz) ( )
and the renormalisation condition (7.101a) takes the form
1 aD—l 2
[ A (zp )} - 1. (7.108)
Da(p?) op> e

A preferred choice is ¢ = 0 and (7.108) reduces to D4(0) = 1, fixing the amplitude of the propagator at its pole
to one. With (7.108), the physics content of the renormalisation condition is apparent, it fixes the amplitude of
the propagator at p> = u*. Hence, apart from removing the singularities, Z4 or rather its finite part adjusts the
global amplitude of the photon propagator.
The inverse fermion propagator G(/_/l (p) in (7.105) depends on the momentum-dependent functions Ay ( p?) and
Mw(pz). While the former contains the full momentum dependence of the Dirac part of the propagator, the
latter is the mass function, and the pole position is determined by

me e = My(m ). (7.109)
Note that such a split is unique for the Dirac fermion due to the Dirac tensor structure of the kinetic term and
the scalar tensor structure of the mass term.
Inserting the parametrisation (7.105) for G;l into the second renormalisation condition, (7.101b), we readily
obtain

Ay =1, (7.110)

analogously to the renormalisation condition for the wave function of the photon, (7.108). The wave function
renormalisation Z,, adjusts the global amplitude of the fermion propagator, apart from removing the singularities
in the diagrams that are proportional to the Dirac structure. Note that we could have also chosen a division by
1/p? instead of a derivative for the photon renormalisation condition (7.108). However, for u = 0, the two
conditions agree anyway. Moreover, for massive bosons, using the derivative is far more convenient.
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The fermion propagator also requires a renormalisation condition for the mass, (7.101c). With (7.105) we
obtain

My () = m*, (7.111)

2
pole

M(p?) is used both for removing potential singularities from the diagrams as well as adjusting (7.101c). As Zy
is already fixed by (7.110), Z,, is fixed by (7.111).

In summary we have shown, that the renormalisation conditions (7.101a) and (7.101b) simply fix the overall
amplitude of the photon and electron propagator, and as such do not determine physical parameters such as the
couplings or the masses. In contradistinction, (7.101c) adjusts the physical electron mass.

The renormalisation condition for the vertex (or vertices in general) is slightly more complicated, as the
electron-positron-photon three-point function not only has a contribution that is proportional to the classical
tensor structure y,,, but also further ones, i.e. that of the Landé factor, see process vi) in (6.6). This makes the
projection on the classical tensor structure non-trivial. For example, if contracting the three-point function with
Yu, this process drops out, but a (potential) part of the vertex being proportional to y*c*”, remains. In any case,
the vertex has a part that is proportional to the classical tensor structure and we write

and for on-shell renormalisation with u?> = m?> , we are led to (7.109). The counter term i (1 — ZyZy)m in

(T A Yp)iei(pr, p2) = —iey,; V(pi,p2) + -+ (7.112)
where - - - stands for the other tensor structures, and p; and p» are the incoming momenta of fermion ¥ and
gauge field A,. Due to momentum conservation at the vertex we have p3 = —(p1 + p2). The scalar function

V(p1, p») is the dressing function of the classical tensor structure analogously to the dressings D(p), A(p), M(p)
of the propagators. As for the propagators, we have dropped the 6-function (27)*8(p; + p» + p3), that carries
total momentum conservation at the vertex. For V = 1, this term reduces to the classical finite renormalised
vertex. We project on this term with

(T Yy, AYyip1i(p1, p2, p3) = ieV(p1, pa, p3) try Y = ieV(p1, pa. p3)4d. (7.113)
Inserting (7.113) into (7.101d) leads us to

V(p1, 2, p3)l ooy = 1, (7.114)

with pl.2 = ,u2 fori = 1,2,3, all momenta counted incoming and p;-p; = (36;;— 1)p2/2. The vertex dressing V in-
cludes potential regularised singularities from the diagrams as well as the counter term —iey, (1 -ZyZ é/ 2 Ze).
In dimensional regularisation the singularity is a term const./e which can be removed by an appropriate choice
of the counter term or rather Z,, as the other two constants have already been fixed with (7.108) and (7.110).
Z, can be also used to reduce V(py, p2, p3) can be reduced to unity at the renormalisation point, leading us to
(7.114).
In summary, the renormalisation constants Z4, Zy, Z,,, Z. are used for removing the potential singularities from
the diagrams as well as adjusting to finite parts of the correlation functions such, that they satisfy (7.108),
(7.110), (7.111) and (7.114), which link the finite renormalised couplings and masses e, m to the physical ones.
As in the ¢*-theory the coupling renormalisation, Z,, is linked to that of the electron-photon vertex, Zyay- The
latter is given by the product of the wave function renormalisations of electron and photon and that of the
coupling, see (7.93),

Zony = Z2,2%, —  Z,= Z‘”Af/z . (7.115)

ZyZ,

With (7.115) we compute the one-loop S-function of the fine-structure constant, 8., by computing the y-running
of the propagators and the vertex. From its definition in (7.100) we conclude

du Zgay

— 5| = Yoay —2vy —va,  with oy, = —u (7.116)
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k+p

Figure 7.4.: One-loop vacuum polarisation Hﬁg,iag) (k) of the photon in QED.

Equation (7.116) is the analogue of (7.64) in the scalar theory, and follows directly from the relation of the

renormalised quantities and renormalisation constants to the bare quantities.
1/2

A far simpler way is provided by using the relation (7.95): the y-running of Z, is inverse to that of Z,“, and the
latter only requires the computation of the u-running of the photon propagator. This leads us to
1 dZs 1
= —U—2— = —yy,, 7.117
Be 2/1 du Za YA ( )
which also implies
Yiay = 2y » (7.118)

the anomalous dimension of the electron-photon vertex and the electron are related. We emphasise that this is
also a non-trivial constraint for the singularity structure of the diagrams: Z4, Z,, and in particular its singular
parts, are adjusted by (7.108) and (7.110), and (7.117) and (7.118) link the singularities of the vertex to that of
the fermion propagator.

It is left to compute the renormalisation constant of the photon. The only one-loop diagram is the vacuum polar-
isation Figure 7.4, and the full renormalised vacuum polarisation I1,,, is obtained by the sum of the regularised

diagram H(c}}iag) in Figure 7.4 and the counter term in (7.98),
i1l k —‘H(diag)k -i(1-2 k2 —k k 7/ 119
1 ,uv( ) 1 yny ( ) 1( A) Nuv uhy ) - ( . )

We already inferred from gauge invariance and the Ward identities, that the vacuum polarisation is transversal,
see (7.106) and also (7.105). Hence, it can be written in terms of the transversal projection operator, multiplied
by the scalar part II(k) of the vacuum polarisation,

iH#V(k):i(nyv—%) M(k),  with  TI(k) = d%l‘[,,“(k). (7.120)

The vacuum polarisation is now computed with the Feynman rules (7.98) as

i dip p+m prk+m
a2 Yu 2 2.
Q2nr)}é¢  p*—m* +ie’" (p+ k) —m* +ie

P15, (k) = —e? (7%) . (7.121)

For the computation of II(k) in (7.120) we contract the Lorentz indices in (7.121) and compute evaluate the
Dirac trace in [1428)(k),

tr(p+m)y,(p+k+my,. (7.122)

The contraction and the tracing reduces the loop integral to a standard one of the type already discussed in the
scalar theory. In d = 4 — 2€ dimensions we have

nt=d, vt =dl, trl=4, VPy. =2p -V yup=Q-dp.  (1.123)
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With the relations in (7.123), the Dirac trace in (7.122),
w(p+myu(p+k+my, =t [Q=dp+dm|(p+k+m)=4[2-d)pp+k) +dm’|. (7.124)

With (7.124), the scalar part I142®) of the vacuum polarisation diagram takes the form

i H(diag) k) =

4-d d ) _ 2
ez(ﬂz 7 d“p (d-2)p(p+k)—dm (7.125)

d-1 Qm)d [p? — m? +i€] [(p + k)? —m? +ie]

Equation (7.125) has the standard form of a scalar integral and can be computed from the respective master
integrals such as (7.36) and (7.70). For their application we have to convert (7.125) into a form with a single
denominator, using the Feynman trick (7.68) for i = 1 with

1
1
— 7.126
AB Of[ozA+(1—oz)B]2 ( )

With (7.126), I1(k) takes the form

1
(i 42 I (d-2)p(p +k) —dm?
1198 (k) = fd 2)2 f P . (7127
1 ® d_lo a(u) QO [(1 - a) (p> —m? +i€e) +a (p + k)? — m? + ie)]* ( .

Equation (7.127) is of the form of the master integral (7.70) after rescaling the loop momentum p. Instead of
this rescaling we use a shift p — p — ak, that converts (7.127) into the form of the master integral (7.36). We
emphasise that the use of either procedures is a matter of taste and it is suggestive to take that which is the least
error prone. With p — p — ak we get for the integrand in (7.127)

(d=2)p(p+k) —dm’ pop-ak (d =2) (P> + (1 = 20)kp — (1 — )k?) - d m?
(=) (p2 = m2) + @ ((p + k)2 - m2) + ie] [p? - A + €]

(7.128)
where the mass squared’ parameter A in the denominator is given by,
A=a(l —a)k> —m”. (7.129)

Inserting (7.128) into (7.127) leads us to the final expression that has the form (7.36) after a Wick rotation.
We use that the denominator in (7.128) does not depend on the angles in the loop integral and hence the part
proportional to kp vanishes. This leads us to

. 42 ad [ gdp (d=2)(p? —a(l - a)k?) —dm?
iH(dlag)(k) — ¢ fda/ ('aZ) 2 pd ( - ) , (7.130)
d-1 J (2) [p? — A +i€]
and after the Wick rotation (7.27) and Figure 7.1 we get
1
. 462 4= d, (d-2)(p* - a(l —a)k?)—dm?
M) ) = f wl@)” [ 5L ( 2 ) : (7.131)
(27) [p? + A]

d-1
0
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with the Euclidean mass squared parameter
A=a(l-a)k* +m’. (7.132)

Equation (7.131) is readily computed with (7.36) for d = 4 — 2¢ and we arrive at

(diag) 42 1 : il )
I (k):_d_1Wfda <l 1@-2 T(-1+€)A-T(e) (A + (1 — )k?)
0

+ dr(e)mz}. (7.133)

An expansion in € — 0 leads us to the final result

1

! +y—1n(4zr)+6fa(l —a)ln _%] (7.134)
€ fi
0

(diag) 1 e 2
H g(k)=—3—4—k
7w dr

The remaining a-integral can also be performed, leading to

1 A | sapz  2(—2m?) ViZ + 4m? arctanh ( \ /%) 2
6| al-a)n= =|-2—+ +In=|, (7.135)
i 3 k2 k3 'u2

0

which can be rewritten in terms of logarithms with artanh(x) = 2[In(1 + x) — In(1 — x)].

Equation (7.134) is the regularised results for the vacuum polarisation diagram. We insert it into the full
vacuum polarisation (7.119) and determine Z, with the renormalisation condition (7.101d). We choose u = 0
for convenience and compute the k>-derivative of T1(¢122),

AN (k) 1 ¢

ok? 3mdn

1 2
L am ] (7.136)
il

where we have used that the k>-expansion of (7.135) about k> = 0 is given by Inm? /i + O(k*). Collecting all
results leads us to

2

1 1 2
Zy = 1+—e—[——+y+ln m ] (7.137)
nan| € Arji®

We use (7.137) in the S-function of QED, (7.117), and arrive at the one-loop result,

I »

=2, 7.138
1222°¢ (7.138)

Be
where we have used the asymptotic scaling argument. Equation (7.138) is just the matter part of the QCD
B-function. The B-function is ag = gf /(4r) is given in (7.60) and the one of g, has 1/2 of the coefficient given
there. It is reduced to that of QED with N. = 0 (no gauge boson self interaction), Ny = 1 and an additional
normalisation factor 2. The relative factor 1/2 comes from the group trace, try 1" = 1/26°. This agreement
is expected as the matter part of the QCD S-function originates from the same polarisation diagram, only with
quarks running through the loop. The respective renormalised coupling e(u) is obtained by integrating 5, in
(7.138) from p = 0 to a given u. We obtain the asymptotic running coupling eppys With

ephys(k) = ———— with & = epnys(h), (7.139)
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with
dephys (k) _
k% =B, (7.140)
as required. From (7.139) we also deduce the one-loop fine structure a(k) = eghys(k) /(4n),
a . _ -
Cl(k) = ﬁ 5 with a = Q(k) . (7141)
1+ 22 In 2z
Its value at vanishing momentum is measure very accurately, [?],
a(k =0) = 1/137.035999084(21), a(my) ~ 1/127, (7.142)

and the second value is the approximate one at the electroweak or Z-boson scale m, ~ 91.2 GeV. Note that
k — 01is not in the validity regime of (7.139) which was obtained for asymptotically large momenta, relative to
any mass scale. While the Standard Model below the electroweak scale is described by a combination of QED,
QCD and the weak interaction due to spontaneous electroweak symmetry breaking via the Higgs , above the
electroweak scale we have to discuss the running of the U(1)- hypercharge. This is deferred to QFT II. Here we
simply collect all the different one-loop terms in the 1-loop coefficient by and write

(k) d with i (7.143)
ephys(k) = ———, a=—. .

phys 1+2a) ’Z—i 4n

with by = 4/3 for QED with an electron, following from (7.138). The position of the Landau pole is then given
by

8n

Pling = Po€™" (7.144)

analogously to (7.57). A rough estimate in the Standard model (3 families of leptons and quarks as well as
the charged Higgs) provides us with a position in the Landau pole very far above the Planck scale my, ~
1.22 x 10! GeV, a computation within the Standard Model is done in QFT II.
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8. Anomalies*

In this Chapter we reconsider the invariance of a massless fermionic theory under axial U(1) transformations
as introduced in (4.87) and discussed below. The respective conservation law was given in (4.89) with the
Noether charge (4.90). We consider a fermionic theory, coupled to a background SU(N) or U(1) gauge field
with A, = Ajr*. The action is given by the fermionic part of (5.23),

S[A, ¥, 0] = fd4x:ﬁ (ip-my)y,  with D, =0,—igA,, 8.1)

and the U(1) case in (6.1a) is achieved for the U(1) photon field and g = e. The properties under gauge
transformations are discussed in the last Chapter, Section 5.1.
First we discuss the classical current conservation for both, the vector and the axial current,

F=ury. 5=y (8.2)
with the help of the equations of motion (EoM). The EoM can be written as
() = (igAd —imy)Wp,  and  Gub(x)y, = P (~igh +imy) . (8.3)

The respective steps will also be of use for discussion current conservation and anomalies in the quantised
fermionic theory.
Now we restrict ourselves to the massless theory with m,, = 0. For the vector current we find

AP ()Y Y] = [0 ()Y Y(x) + ig Y()AY(x) + YD Y(x) (8.4)

where the first two terms on the right hand side of (8.4) are the EoM for i contracted from the right with ¢, and
the last one is the EoM for , contracted from the left with . For later use it is more convenient to cast (8.4) in
form of a Dirac and gauge group trace tr, where the group trace is in the fundamental representation.

3,7 ) = — tr | PyF() — p(I) D] . (8.5)

where 15# = —0d, ¢, and Y(x)Y(x) is a tensor in Dirac and gauge group space with
W) I = v FE), (8.6)

with the spinor indices £,E=1,2,3,4 and the gauge group indices A, B = 1, ..., N in the fundamental represen-
tation. The expectation value of (8.6) is nothing but the fermion propagator (4.129) , or rather its components
(4.130). Evidently, (8.5) vanished on the equations of motion.

Similarly it follows for the axial current,

Oy ()Y ysy(x) = [0, (O ysi(x) +ig Y()Ays(x) — Y(xX)ys D y(x), (8.7)

or in the trace form,

0,400 =t 3 (DY) + pWD) (8.8)
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which also vanishes on the equations of motions. Note that there is a crucial difference between (8.5) and (8.8):
for the vector current there is a relative minus sign between the EoM contribution of ¢ and . Accordingly,
potential mass contributions to the EoM cancel in (8.5) and the vector current is also conserved for the massive
theory. In turn, mass contributions add up in (8.8) and current conservation is lost. This difference is triggered
by the ys in the axial current trace.

We have already mentioned there that the classical conservation law is broken on the quantum level. Indeed it
is the fermionic quantum effects that trigger an anomaly in the conservation law (8.7), leading to

3 (fs) = A. (8.9)

The term (A is the axial anomaly, which vanishes in the classical conservation law (8.7). Equation (8.9) and its
cousins for chiral transformations have far reaching physics consequences. For instance, (8.9) is pivotal for the
decay of a neutral pion into two photons, 7% — 2y, as well as for anomalous chiral symmetry breaking. In its
integrated form it constitutes the baby version of the Atiyah-Singer index theorem, relating the analytic index
of the Dirac operator to a topological invariant.

In the present lecture we concentrate on the latter topological aspects of anomalies, and we aim at the derivation
of a simple version of the Atiyah-Singer index theorem. Applied to the present fermionic theory with the Dirac
operator 1D , this theorem connects the topological index of the Dirac operator to the analytic one. It holds
true on compact manifolds, and Minkowski space-time is not. Accordingly, the current derivations should
be done in Euclidean space-time, which we obtain from Minkowski space time by the Wick rotation, already
mentioned before as an efficient tool for numerical computation of Feynman diagrams: we rotate a positive
Minkowski frequency pg towards positive imaginary values, thus avoiding the poles in the Feynman propagator,
see Figure 3.5. In particular, this does not change the results of momentum loops. Such a rotation with the angle
/2 leads us to pg — ipOE , and we obtain

~(py— P> —my) = (pg)* + P> +my, —(ilygpo — ypl —my) = i po+yp) +my.  (8.10)

with yOE = iyY. Note that the Wick rotation also implies x° — ixOE and ¢ — ig. The Euclidean Clifford algebra
and the Euclidean y5 are given by

Y yYy = 20", ys =Yy, yi=1, (8.11)

with Hermitian y#. The respective Euclidean metric is ° = —1, which can be readily converted to n* = 1,
which leaving us with a standard flat Euclidean space R*. In a final step we compactify R* by identifying all
points at infinity, this leaves us with the four-dimensional sphere S*.

Importantly one sees directly, that the Euclidean theory has no infrared problem for non-vanishing masses.
Furthermore, the topological considerations below including the respective topological invariants are defined
for compact Euclidean spaces. However, for the sake of convenience and the direct connection to the lecture
course we simply stick to the Minkowski conventions. However, it is implicitly understood that space-time
integrals are taken in the compact Euclidean space S*. We first consider the integrated form of (8.9),

f d*x (9. /) = f d*xa, () = - f d*xdytr [yuys W) = f d*xA, (8.12)

The expectation value in (8.12) is simply that of (8.6). These are the components of the fermion propagator at
equal space-time points, traced over Dirac indices and gauge group indices (in the fundamental representation).
Naively the integral over the divergence of the current vanishes (if the integrand is globally well-defined and
no boundary terms are present) as it is an integral of a total derivative. The formal expression in (8.12) is
potentially subject to both ultraviolet and infrared divergences, and we shall regularise both of them. The right
hand side is the integrated anomaly, and the latter, A may and will arise within the fermionic quantisation.
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We proceed by introducing a small mass my for the fermions, which regularises the infrared divergence:
iy — Y@ — my)y. Then, the axial current is not conserved, see (4.91). Its integrated form reads,

f d“x(ay @w%lﬁ)—ﬂ):ﬁmw f d*x (Dysy) = ~2imy f d*xtr [ys (i) - (8.13)

Now we use that the propagator of a field is nothing but the inverse or Greens function of the kinetic operator,
and for the fermionic propagator we find

WP = s with (iD= ) WD) = 6= ). (8.14)

lZ) _
where on the right hand side the identity matrix in spinor and gauge group indices is implied (as with the mass
term). Note that the on-shell condition used for the derivation of the fermionic field operators now depends on
the background gauge field and the momentum space integral in (4.105) has to be substituted by an integral/sum
over eigenvalues of the Dirac operator Ip. Luckily, we do not need this explicitly and only use generic properties
of the field operators. For A, = 0 the reduces to the free propagator, that is the Greens function of i@ — m.
With these preparations, the right hand side of (8.13) can be written as an operator trace,

2imy f d*x (Jysw) = 2my, Tr [y5 i zp—lmw esﬂ’z] , (8.15)

where the operator trace Tr now also includes the integration over space-time, Tr = f d*x tr. We also have
introduced a regularisation of the operator trace with the damping factor exp{sl])z} with £ — 0, as the integral in
(8.15) is potentially cubically divergent (best seen in momentum space for A, = 0). Note that £ has momentum
dimension -2.

Now we use that a trace can be represented in terms of a complete sum of all basis vectors in any orthonormal
basis of the Hilbert space. Evidently, the most convenient choice are the eigenstates |¢,) of the Dirac operator,

ip lon) = Anln) » (@nlom) = Opm » with 1= Z lonXenl, and  @u(x) = (xlen) , (8.16)

with n € IN and the eigenfunctions ¢(x), that are the projection of the eigenstate |¢,) on the position state. This
leads us to
s

2my, T
I/I/lwr‘}/jim

(%IVsI%) (8.17)

} 2m, me ko) = 2m Z

where we assume that my, # A, for all n. It is left to compute the overlap of ys|p,) with |p,): first we infer
from the anti-commutation relation {1}, ys} = 0, that the state ys|p,) is also an eigenstate of the Dirac operator
with the eigenvalue —4,,. Accordingly, the overlap vanishes for non-vanishing eigenvalues. This is proven
straightforwardly by

Dyslen) = —ysDlen) = —Anys lon) — (@ulyslgn) =0, for A,#0. (8.18)

In consequence, the sum over the full Hilbert space in (8.17) reduces to the sum over the subspace spanned by
the zero modes |<pn0) with vanishing eigenvalues of the Dirac operators, ) |go,,0> = 0 and hence 4,, = 0. These
states are labelled by ng. With these preparations we arrive at

2ml/, Tr

e‘glp2 }
s+ = =2 ) (@nlyslen,) s (8.19)
i —my nzo

148



Chapter 8. Anomalies*

2 . .
where we have used that ¢*? |ony? = ln,)- As the Dirac operator commutes with s on the zero mode subspace,
we can diagonalise both operators simultaneously on this space. Thus, we can define ¢,, such, that they have
can positive and negative chirality,

¥slen) = £|en)y . — (Prolyslen,) = 1, (8.20)

and |gy,,) live in the positive and negative chirality subspaces, and can be labelled by their chirality, |t,0n§) with
(1=« 75)|<Png> = |<pn§> and (1 ¥ 75)|go,,3> = 0. In summary we are led to a remarkable identity,

2my, Tr [75 m] =2(N-—-N,) (8.21)

where N, N_ are the number of zero modes with positive and negative chirality respectively. This leaves us
with the exciting result the the right hand side of (8.13) is non-zero and independent of the mass. Indeed it is
the analytic index of I, while the left hand side is the space-time integral of a total derivative and bound to
vanish. As long as the fermion is massive, we certainly have

f d*x 0, (Iyysw) = 0, (8.22)

as correlations and fields in a massive theory decay exponentially with the spacial distance r, in the present case
with e™"" . This leaves us with the equation

f d*xA=2(N,-N_), (8.23)

which relates the presence of an anomaly in the axial conservation law for background fields A, with a non-
vanishing index of the Dirac operator. Note that seemingly this is very puzzling as the axial transformation is
a unitary rotation that naively should be an invariance on fermionic the Hilbert space. This leaves us with the
question which of the implicit assumptions of the above seemingly trivial statement is wrong. At its root it is
the property (8.18), which fails on the zero mode space: an axial rotation rotates states with eigenvalues A,, into
states with eigenvalues —1,,. However, on the zero mode subspace with N, # N_ the states cannot be paired
and the rotation is “incomplete’. Hence the phase rotation is not unitary on the Hilbert space, but only on the
subspace spanned by states with 4, # 0.

This observation is the starting point of the derivation of the anomaly within the path integral (Fujikawa trick),
and we shall pick up this very elegant and powerful derivation in the second part of the lecture course. With
the present perturbative techniques we may resort to perturbation theory and compute the expectation value of
(8.8),

(012 = e |5 (P W) + a0 )| (8.24)

in terms of perturbation theory: the first non-trivial term is proportional to two gauge fields, and is computed
from the triangle diagram with two fermion-gauge field vertices that are proportional to y, and one axial vector
vertex, proportional to ysy,. Again, this loop seemingly vanishes for symmetry reasons. However, as it is
linearly divergent, it has to be regularised as we did in (8.15). Then it leads to a finite result. This can be read
as the fact, that the regularisation breaks the axial symmetry, but at its root it is the non-unitarity of the rotation.
The computation of the triangle diagram is a standard one contained in QFT textbooks, in particular for its
importance for the 7 — 2y decay and spontaneous chiral symmetry breaking. We refer the interested reader
to the literature, while we resort to a more hands-on approach here. To begin with, we regularise the expression
in (8.24) as we have done in (8.15) with ¢y — exp{8/2l2)2}w and ¥y — »,Zexp{s/ZlZ)z}. This is damping the
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contributions of the large eigenvalues of the Dirac operator and renders (8.25) finite. Also using (8.14) leads us
to

, 1 1 e >
(Oufs) =tr [(xlys (12) 57 Em) P Ix)] =2t |(xlys &P ) | (8.25)
Note that the same computation for the conservation law of the vector current leads us to
9.1 = te [ (B~ = L) e 19| = 0 8.26
(ufs) =t | B 55 = 2] e 10| = 0. (8.26)

Naively, (8.25) also vanishes identically as the trace of ys does, tr ys = 0. However, (8.25) is defined with states
in the Hilbert space, and the use of the position states |x) are a bit deceiving. We know already that the trace
of s on the Hilbert space is not vanishing, if the number of right- and left-handed zero modes of the Dirac
operator do not agree, see (8.21). This relation is more explicit if using the eigenstates of the Dirac operators,
(8.16). Inserting the completeness relation in (8.16) twice, leads us to

(92 22 ehxys e g (x), (8.27)

with is the (intermediate) expression for the anomaly within the Fujikawa trick, where it arises as the Jacobian
of the transformation of the fields i, to the fields ye'®”s, §e'®?s. Here it has been obtained in a hands-on
approach that lacks the rigorosity of the path integral derivation, but only makes use of the results obtained so
far in the QFT lecture course.

The final step concerns the explicit computation of (8.25). For that purpose we switch to momentum states with

2ur [Gitys ey =2 (w f G F () aiys &7 1) ol

d* 4 a2 .
:2f (2711))4 Tr ys 68[(1p”+6"_1gA”) ~$ow P . (8.28)
where we have used where we have used that (g|p) = (27r)4<5(p —¢q) and

P = (%m, Yol + 30, m)DﬂDy =0 -S0, P, Wit o= sDuwl. (829)
The derivatives in the exponent in the second line of (8.28) hit the field A, and the fieldstrength F*" in the series
expansion of the exponential. Now we use that the first non-trivial Dirac trace is trysy,, ¥, ¥u; Yy, Stemming
from &2/2 (o F #)2 the traces with less y-matrices vanish. The factor €> cancels the 1/&? factor from the
momentum integral. Other terms with non-vanishing traces vanish in the limit € — 0 as they are either propor-
tional to &" (o, F*")" with n > 2, or proportional to additional powers of derivatives of the gauge field, €9,A,

or derivatives of the field strength. This leaves us with
2
tr [(x|y5 e |x> f Gy U VSO e =7 1 O(e) — ; 1§ ety FVFPT . (8.30)

with the gauge group trace try in the fundamental representation and €123 = 1. In (8.30) we have used
Minkowski: trp ys091023 = —1i, (8.31)

with the trace trp in spinor space. Then, the occurrence of g, follows by the antisymmetry of o,,. We have

also provided the Euclidean analogue, leading to

2

2
Euclidean: trpysogio3 =-1, — tr [(Xb/s P |X>] =

=3 é Sty FVFP7 . (8.32)
&=
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In summary we arrive at the important relation
&

-3 16 o trp FVFPT (8.33)

Z o (@yse™ gu(x) =

where the limit £ — 0 is understood. In (8.33), we have also used the representation of the left hand side of
(8.30) in terms of the eigenfunctions of the Dirac operator, (8.27). The final axial current conservation law for
massive Dirac fermions reads

2

0us - 2m rysy) = i<

Loty PP (8.34)

with the chiral limit

2
Bt = 1‘2 S PP (8.35)
The right hand side of can also be expressed in terms of the Hodge dual (5.31) as —ig?/(87%) try F, WF’”. The
Euclidean version of (8.34) and (8.35) imply the (baby) Atiyah-Singer index theorem upon integration over a

given compact Euclidean manifold (without boundary),

Atiyah-Singer index theorem

1

~557 | e FPUAF(A) = Ny =N, with A = gy, (8.36)
T

where we have absorbed the coupling in the gauge field. The Atiyah-Singer index theorem connects the topo-
logical Pontryagin number of the manifold (left hand side, topological index of the Dirac operator) to the
analytical index of the Dirac operator (right hand side).
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9. Functional integral approach

The lecture course so far has been based on the operator approach to quantum field theory. We have introduced
this approach within the many-body limit of operators in quantum mechanics, see Section 2.3, Figure 2.1. It is
based on the operator algebra of creation operators ¢’ and annihilation operators @ of a given quantum field as
well as the Hilbert space, that can be generated from a vacuum state [QQ) by applying sums of products of the
creation operators on this state. This allowed us to describe scalar, fermionic and vector/gauge field quantum
field theories, and in particular their scattering events. Certainly, the astute reader has realised that we have been
leaving out or cutting short specific topics, starting from the conceptual discussion of the fate of symmetries
on the quantum level including quantum symmetry identities, with the exception of the brief discussion of
Ward identities in QED in Section 7.3. A further important topic is renormalisation theory, which is best done
within a functional path integral approach; again first indications for this have been included in Section 7.1.2
on Generating Functionals.

Moreover, we have already learned, that (numerical) computations in perturbation theory are best done after a
Wick rotation from Minkowski to Euclidean space time, or more generally from real-time QFT to imaginary-
time QFT. The Wick rotation leads us from a unitary time evolution to an exponential damping as we encounter
in statistical theories. This is a very fruitful analogy which is also behind the standard non-perturbative compu-
tational approach to QFT with lattice field theories. In the latter, the statistical theory after the Wick rotation is
sampled numerically over all states.

Both, the conceptual advantages for symmetry considerations in particular in quantum gauge theory and renor-
malisation theory as well as the numerical applicability in particular in non-perturbative settings are naturally
realised within the path integral approach to QFTs.

Before we derive the path integral for quantum mechanical systems in the next Section, Section 9.1, we briefly
elucidate the idea as well as some of the statements above at the example of the S-matrix element in a quantum
theory between an initial state |i) at a time #y and a final state |f) at a time ¢ of the time evolution operator (3.34)
in Section 3.1. We recall the matrix element for the sake of convenience,

.t , ,
—i fto dt’ Hin (1)

Tyi = (fIU@0)li) =(fITe li) . 0.1

Equation (9.1) has been obtained in Section 3.1 by considering products of infinitesimal time evolution oper-
ators from times g + nAt to times ty + (n + 1)At, see (3.30). This can be rewritten in terms of products of
infinitesimal matrix elements which will be done in detail in Section 9.1. Here we simply consider an insertion
of a complete set of states |A) at the time 7y < ¢’ < . Here A can be a discrete or continuous index of the basis,
and we have

Tji= I: (flua. Oy U 1) i) = i: TiaTai. 9.2)
A A

In quantum mechanics we might take a position basis with A4 = x in one spatial dimension or 4 = x = (x,...) in
several spatial dimensions. If also the initial and final states are position eigenstates, |i) = |x;) and |f) = |xz); we
have rewritten the S-matrix element as the product of S-matrix elements of processes which are at the position
x at the time #. Accordingly, we only consider processes along a path with the position x(¢’). Finally, this
position x(¢’) is integrated over, hence the name path integral. If we use the insertion (9.2) after infinitesimal
time steps as done in the derivation of the time-ordered time evolution operator, we end up with a path ordered
path integral, which contains integrations over all positions x(¢') for all ' € (#y, t). After a Wick rotation this
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yields an infinite-dimensional statistical integral. Similarly to the operator approach we then take the many-
body limit of the quantum mechanical path integral, thus arriving at the path integral formulation of quantum
field theory.

9.1. Path integral in quantum mechanics

We now put this idea of writing the S-matrix element (9.1) in terms of products of S-matrix elements, integrated
over the patching position, to work in quantum mechanics. The S-matrix element or transition amplitude of a
one-dimensional quantum mechanical system is given by

(qrlU, t0)lgi) » 9.3)

where ¢ is the position, § is the position operator and |g) is the position eigenstate with

qla) =qlq) . plpy=rip), 9.4)

with continuous spectra ¢, p € R and the commutation relation
[q.p] =1 9.5)

In (9.4) we also defined the momentum operator p and the respective eigenstate for later use. The time evolution
operator satisfies the equation of motion,

i0,U(t, 1) = HU(t, 1) , with Ultg, t0) = 1, (9.6)

where A is the Hamilton operator of the (static) system. This is reminiscent of (3.27) in the interaction picture,
but U(t,ty) in (9.6) evolves with the full Hamiltonian. In the following we restrict ourselves to separable
Hamiltonians of the form
. p?
H(p.q) = 7+ V(D). 9.7
m
The separation of the Hamiltonian in a kinetic part that only depends on the momentum operator and a potential
term that only depends on the position operator leads to the following simple identity,

2 2

(plH(P. §lg) = L V(q)] (plg) = H(p,9)<{plq), with H(p,q) = ;; +Vig), 9.8)

2m m

the p — g matrix element of the Hamiltonian operator is simply the Hamiltonian functional, multiplied with the
matrix element (p|g). The latter is simply a phase, which is readily seen from the following considerations. To
begin with, the Hilbert space H of the above system with the algebra (9.5) is the space of square-integrable
functions

Vigoul@  with f dq uP(q) < oo. 9.9)

R

This is accompanied with the position space representation of momentum and position operators,

A A . . .0 . .0

G qu@ =qule. i U@ = -ise(@. with p=-irr, (9.10)
dq dq

and p, ¢ in (9.10) satisfy (9.5). We emphasise that the above is only a possible representation of the Heisenberg

algebra (9.5) and the Hilbert space H. For example, the dual one is that in momentum space, where p is

represented by multiplication and § is a p-derivative.
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1o t

Figure 9.1.: Discretisation of the variables’ values.

In the position space and momentum space representations the basis functions are plane waves (plane-wave
normalisable), that are normalised to Dirac d-functions. It is readily shown that

(qlgy=6(g—¢q),  from completeness: f dq' |¢Y{q|=1 - f dq' {qlg'Y|a’) =lg) . (9.11)
R R

With a Fourier transformation it also follows that

(plp’y=276(p-p’), and  (plg)=e 77, 9.12)

This sets the stage for the derivation of the path integral for the S-matrix element or transition amplitude (9.3).
With (9.12) the p-q matrix element of the Hamiltonian, (9.8), reduces to

(plH(P,Plg) = H(p,q) e . (9.13)
Now we slice the time evolution in (9.3) into small intervals

t—1
Ar=—2, tj=1to+ jAt, (9.14)
n

and 1, = t, see Figure 9.1. If we alternate insertions of complete sums of position and momentum states, we
convert (9.3) in products of infinitesimal S-matrix elements, expressed in terms of H(p;, g;), where j labels the
Jjthinsertion with j = 1, ..., n. This product is augmented by integrations over all p;, g;. This idea is now carried
out in detail, and we discuss generalisations and the respective changes for specific steps in the derivation at
the end. Structurally, (9.7) covers the quantum field theories we have discussed so far with the exception of
fermions, which have to be discussed separately for several reasons, see Chapter 12.

In the first step of the explicit computation we split the time evolution in time steps Ar with (9.14) and

Ut ")=U(,)U({, 1) (9.15)
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fort > ¢ > . Moreover, we only insert complete sets of position states at first. The momentum states are then
inserted in a second step. This leads us to

(qrlU (t,10) lqi) = {qrlU(t, 10 + (n — 1)AD) - -- U(to + At, 10)lq;)

(q11U(11, 10)lq0) , (9.16)

n—1
l_[deIj<61j+1|U(tj+1,tj)|CIj>
j=1

with t, = 1, g, = gy and q; = qo. For At — 0 (that is n — oo) we can expand the time evolution operator in
powers of At, to wit,

U(tje1.tj) = L= iAAL+0 (A7) (9.17)

~e—iHAl

which satisfies (9.6). In a second step we insert the complete set of momentum states to the left of each
infinitesimal time evolution operator U(f + (j + 1)At, to + jAf). This leads us to

(@i lU1, t50l;) = (qjal[ 1 - iHAlg;)
d A
=f§%mme%wwwht

_ AP vipas [ ~ipdi _ (1B
= f@e s 7P — iplHlg )] (9.18)
Now we use (9.13), only valid for separable Hamiltonians (9.7). We emphasise that so far we have not used
specific properties of the system but only the product structure of the time evolution, (9.15), and the expansion
of the time evolution operator for infinitesimal time steps, (9.17). With (9.13) we arrive at

dp .. .. PN
(qj+1lU(tj1,t)lg;)) = fz—ﬂe“qu“ [e ipq, _1<p|H|qj>At]

2
~ fd_peip(q_f+1—qj) 1-il 2
2n 2

o +V (qj)]At}

N f d_pei{p(‘]j-H—L]j)—[%i+V(qj)]At}
2n

:fﬁﬁ*wmq$wﬂ, 9.19)
2n

Equation (9.19) already reveals the structure of the emerging path integral in phase space with momentum
and position integrals. It hosts a momentum integral, the accompanying position integral over ¢; is present in
(9.18). Moreover, the integrand is a phase factor, that consists of the Hamiltonian functional and an additional
phase, that is proportional to the difference of the positions ¢; and g;_1. This is nothing but the discrete (left)
derivative,

. 4j+1 74

and with this definition, (9.19) turns into

p2

dp; iAt{ij'j—[z,f#V(qj)]}

(zﬂ)e 9.21)

(qjn1lU(tj,ti-Dlg ;) =
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where we have relabelled the integration variable p — p; for the sake of convenience. The transition amplitude
is nothing but the product of (9.21) forall j = 1,...,n — 1. We are led to

(a/|UE, )gin) = f

with H(p, q) = p*/2m + V(q), see (9.8). Finally, we take the (formal) limit A — 0 with n — co. We arrive at

n—1

]—[dqjdpj

J=1

A Ejlapi—H (pjaj)] , 9.22)

<qf|U(t, to)’ql-> ~ f@qu ei fro dt’[l?(l')P(t’)—H(P(t'),q(t'))] , (9.23)

where we have used that At Y,; — [ dt’ with t; — '. The path integral measure Dgq 1/(p*)!™>Dp is given by
the product of all position and momentum integrations in this limit,

n—1 n—1
Dq = ndqj = l—[dq(tj) , Dp = l_[dpj = l_ldp(tj) . (9.24)
J=1 J J=1 J

Equation (9.23) is the final result for the path integral in quantum mechanics in its phase space form. A further
step concerns the momentum integration. For separable Hamiltonians of the form (9.7) with a quadratic kinetic
term we can perform the GauBlian momentum integration in (9.23). To that end we use that the integrand is
diagonal in momentum space, see (9.22). Using dt’ instead of At and p instead of p;, we get

dp idf’("f’{”z) f dp —idt'((”_z"’%"’)z) iar ™ L m arm?
m = m 2 = —_— 2 925
f27re 2’ ¢ \ 2z ar ©-25)
R

The g, ¢ independent overall normalisation diverges in the limit n — oo: the factor vm/d¢ diverges as does
the power (Vm/ QCrdr))y'. We will see shortly that this normalisation factors drops out of computation of
correlation functions and observables and it is dropped accordingly. Performing the Gaufian integration (9.25)
for each time, we arrive at

9(10)=4in
‘I(f):‘If

i1 ar|(awpo-£)-va| _ 1 ,
f DgDpe "o 2 ~ 3 f Dq Sl (9.26)
with a normalisation N and the action
t 1
Slql = fdt' {quz - V(q)} . 9.27)
to ———————

L(g.9)

In summary we are led to an integral for the transition amplitude, that only contains integrals over the position
variable ¢(¢’) for all times ¢’ € (1, t),

(a7|U 10)|gin) = f DgDpe' (a5} va] % f Dg S, (9.28)

Equation (9.28) is the final expression for the path integral in quantum mechanics. As it only contains the
integral over the position variable ¢(#'), it averages over all possibles paths ¢(¢') from ¢ = 7y to ' = ¢ with the
weight exp{i S [¢]}.
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9.2. Correlation Functions

In the last section we have derived the path integral representation of the transition amplitude from a fixed
position g; at the initial time #, to a fixed position g at the final time 7. We would like to extend this computation
to time-ordered correlation functions,

QIT4(t) - - - 4(10)I€2) , (9.29)

in the Heisenberg picture with the time-dependent position operators §(¢), see (9.31). We have used these
correlation functions so far for accessing observables such as S-matrix elements.

For obtaining the general correlation functions (9.29), we first consider (9.28) in the presence of additional
position operators ¢ at the times #; with j = 1, ..., n at the times 11, ...t, witht > 1, > t,.1 > --- > 11 > 1,

(qrlU (t,1,) QU (g1, ty—2) - - U (12, 11) qU (11, 10) lqi) = {qr, 11 (ta=1) - - (t1) |gi, t0) (9.30)
with the definition
lg, 1) = U(0,0lg), q() = U(0,nqU(t,0) (9.31)

Before we discuss (9.30) for general n € IN, we evaluate the general structure at the cases n = 0, 1. Evidently,
for n = 0, (9.30) reduces to (9.28),

n=0: {qp g t0) = {qsU (t.10) lg;) = f Dg el (9.32)

The case n = 1 is the first non-trivial one with a single position operator insertion §(¢;) at the time #;. For
its evaluation we insert a complete set of states f dqlgq, t1){q, 1] in (9.30), left or right of the position operator
q(t1). Then, the correlation function is converted to a product of transition amplitudes from #; to ¢; and #; to ¢,
multiplied by the position ¢(#;), which is integrated over,

n=1: (g5 tgt)lgi to) = f dg{qyr.tq,t1) q{q,t1lqi, to)

_ N N
- [daq [ D], [0, e
q(t))=q q(t0)=4;
= | D 1) 14! 9.33
q =gy Q( l)e ’ ( . )

q(t)=q;

where we have used that the two integrations do not overlap, the times of the positions g(¢') of the left integral
are in the interval ¢’ € (¢, t1) and the times #” in the right integral are in the interval ¢ € (11, ).

In essence, the insertion of the complete set of states has reduced the n = 1 correlation function to the product of
two n = 0 correlation functions. Hence, if we have already computed the path integral for n = 0, the one-point
function as well as higher correlation functions follow suit. The two n = O parts of the path integral are ‘glued’
together at #; with a further integration over all positions ¢ (at #1), multiplied with g(#;). This resolves the fixed
boundary condition of the two transition amplitudes at #;, and the two path integrals with a fixed upper and
lower boundary ¢(#;) can be combined into one path integral with fixed boundaries g(¢) and g(%),

f dgq f Dy, f Dy, ., Flg®)] = f Dy, 401)G() Flg(0)], (9.34)

q(t))=q q(10)=q; q(tn)=q;
for all functionals F[g]. For (9.33) we have ¥ [q(¢)] = exp{iS [¢]}. As in (9.33) we have used the time-ordering
of the two integrals: they do not overlap. In this sense, time ordering is natural but not necessary for the path
integral.
With the two cases n = 0, 1 we readily evaluate the general case n € N with ¢t > ¢, > --- > #; > f9. For each
operator insertion g(¢;) with j = 1,...,n we insert a complete set of states to the left or the right as done for
n = 1. This leads us to
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(g7 19 (ta) -+~ (t1) |qins 10) = f Dq‘q(,)qf q(t)...q (1)1, (9.35)

9(10)=4in

where we have used (9.34) or rather (9.33) for all times ¢;. For a specific 7; we use (9.33) for the one-point
function

(qr»tj+11q(t)lg -1, to) - (9.36)

This concludes the derivation of the path integral representation of general correlation functions with boundary
conditions g(fp) = g; and ¢(t) = g for the initial and final time.
However, in QFT, in most physics applications we are more interested in vacuum correlation functions

01 (1n) ... 4 (1110, 9-37)

see also (3.78) in Chapter 3. The correlation functions (9.37) are obtained from (9.35) by sending the initial
and final times fg,# to Foo. As discussed in Chapter 3, in these limits only the vacuum state survives. This
projection is achieved in a controlled way by introducing an infinitesimal damping factor in (9.22) or (9.23)
with

e—iAtH N e—iAt(l—i&‘)H — e—iAtHe—AIH&“ (938)
With (9.38), all states are suppressed relative to the ground state with e~ E~F0A% in each time step. Hence, in
the limit 9 — —oo and # — oo, these suppression factors add up and the contribution of all higher energy states
vanish. This leads us to

lim  (qy,1q (@) -~ q (1) 1gi, 10) = {01 () - -- G (1) 10} . (9.39)

fp > —o0

t —> oo

Note that strictly speaking (9.39) only holds if (g7, T'|0) # 0. Assuming this property we take the limit (9.39)
in (9.35),

OIT§ (ta)--- 4 (11)I0) ~ f Dqq(ty)...qH) e (9.40)
with
1 )
Selgl = | dt qu - V(g) + ieq (9.41)
The derivation of (9.40) was done with ¢, > t,_1 > ... > t;. However, the path integral or functional integral
on the rhs of (9.40) can be written down for general times 71, - - - , t, without time ordering,
OITg (1) ... 4 (11)I0) = f Dqgq(t)...q (1) €1 (9.42)

where the & prescription of (9.41) is implicitly understood. In a final step we have to fix the normalisation of the
correlation functions. This normalisation is fixed, as in (3.78), with the condition, that properly normalised states
are normalised to one. Put differently the expectation value of the unity operator 1 is one. This expectation
value is obtained for n = 0, and we arrive at our final path integral expression for normalised correlation
functions,
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OITqt) 410y [ Daqt)---qt,) &S

QITG (1) - q ) |Q) = 0[0) [ Dgeista

(9.43)

This concludes the derivation of the path integral expression for general normalised correlation functions. We
close this Section with two remarks on the regularisation and ordering implicit in (9.43). In the derivation
above we have introduced a regularising damping factor in the Hamiltonian, see (9.38). This led to a respective
damping in the action, see (9.41). The quadratic part of the action S in (9.41) is the action of the harmonic
oscillator. It reads

Selql = % f diq(r) |-07 - & + i q(0) (9.44)

where we have put the mass to one, m — 1 and the frequency of the harmonic oscillator is given by +w. Its
propagator or covariance C follows from (9.44) in momentum space with momentum p,

C(p)=—— =(C. 9.45
D= (9.45)

Equation (9.45) is the time-ordered (Feynman) propagator. Hence, the path integral in (9.43) provides time-
order correlation function. In turn, changing the covariance or propagator (9.45) in the path integral leads to
correlation functions that carry the ordering or causality structure of the respective covariance,

Choice of covariance C < choice of operator ordering (9.46)

This result is very apparent in terms of generating functionals, that are discussed in the next Section.

9.3. Generating Functionals

In the derivation of the path integral expression for expectation values (9.43) we have used that these ex-
pectation values can be transformed into products of transition amplitudes with operator insertions g(t;) for
j = 1,...,n. Moreover, (9.43) are simply the normalised nth moments of the path integral. This suggests to
define a generating functional Z[ j(#)] for these moments, whose nth derivatives with respect to the currents are
these moments.

9.3.1. Generating functional in a toy example

The following considerations necessitate the use of functional derivatives, as well as being at ease with the
notion of infinite-dimensional integrals. Indeed, while the latter will be treated in most applications as their
finite-dimensional counterparts, this should be done with caution as there are a few notable exceptions to this
phenomenological’ rule. On of them is the axial anomaly (or general anomalies) discussed in Chapter 8 and
we shall rediscuss it later in the functional integral approach.

Apart from these exceptions we shall use the ’phenomenological’ rule. Hence, we start the evaluation of the
generating functional in the present Section with a finite-dimensional toy example. This allows us to discuss the
structural properties in a familiar setting in terms of a generating function, before we transport the respective
results to generating functionals in quantum mechanics and quantum field theory.
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We consider the integral one-dimensional j;% dg ¢59 with the moments,
1 - .
(q"y = ~ f dgq"éS P,  with N = f dgeS@ (9.47)
R

These moments are generated by the generating function Z(j) with

Z(j) = % f dqei{s“””'q}. (9.48)

The generating functional is nothing but the Fourier transform of the path integral *measure’ dg exp{i{S (¢)}.
Its nth derivatives with respect to the current j generate the moments (9.47),

9"Z| ]

@ = =

(9.49)

J=0

We can already discuss some of the advantageous properties of the present formulation within the toy example
(9.48). First of all the path integral is readily performed in the free, GauBian, theory with the free action

1
Solg) = 5929 (9-50)

The factor « is nothing but the dispersion in a field theory which is obtained with @ — —9% — m?, ¢ — ¢(x) and
the respective d-dimensional space-time integral. We insert (9.50) in (9.48) and obtain

(9.51)

0

o N2 -

20() = 5 [ dgétmei — = [ e T R

No N
R R

with the covariance C = 1/a and @ = —ia. In a free scalar field theory this is the free propagator, and with its
choice the operator ordering in the correlation functions is determined. The explicit GauBian form on the right
hand side of (9.51) allows us to determine the correlation functions in a closed form,
2n!'1 1
2ny _ =0 - 2n+1y\ _

(g™ = TR and (") =0, (9.52)
where the odd correlation functions follow from the symmetry of the free action under ¢ — —g¢, see also (9.56)
for the general case. We also note that the even correlation functions can also be obtained from the respective
power of a-derivatives of the normalisation Ny, which is simply the integral in the absence of the source term.
Then, an @-derivative pulls down ¢?/2, and we get

n
(@ = @ (—2%) No(@). (9.53)
The factor 1/a" in (9.52) entails that the even correlation functions in the free theory are nothing but the
products of the covariance or propagator. The combinatoric prefactor suggests that the derivation of Feynman
rules including the combinatorial factors may be simpler in the path integral approach: the denominator 1/(n!)
originates in the fact, that the 2nth derivative with respect to the current (at j = 0) only acts on the nth order
expansion term of the exponential. The power (2n)! is generated by 2n derivatives of j2. Finally, the factor
1/2" is the product of n factors 1/2 in the GauBlian exponential.

This simple access to the combinatorics is further elucidated by extending the present structural analysis in a
toy model to the interacting case with the action,

1 . P
S(q) = 5429 - V(g), with e.g. Vig) = zq“. (9.54)
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With (9.54), the integral (9.48) cannot be performed analytically. However, for the sake of completeness we
note that the integral can be performed for j = 0 and we obtain the normalisation as a modified Bessel function,

(~1)¥* Vae 5K, (——)
N = - i , (9.55)

where we have assumed Im(a) > 0, Im(1) < 0 and Re() > 0. Equation (9.55) comes handy for some analytical
and numerical checks. Note also that the odd expectation values vanish as S (—g) = S (g) and hence

(=" =™y —  (@hH=0 (9.56)

As in the free case this leaves us with the even correlation functions, which can be obtained from (9.53) by sub-
stituting the free normalisation with the interacting one, Ny — N in (9.55). Accordingly, the even correlation
functions are simply combinations of derivatives of the Bessel function and +/a.

Beyond the present toy model, the normalisation cannot be computed analytically and we have to either resort
to numerical methods or to perturbation theory (or other analytic resummation schemes). In perturbation theory
the path integral is expanded about the free path integral. This leaves us to

. iS(@r+ia) _ i1So(@)+ja) ,-IV(@) — (0 ’V(‘I) Si1S0(g)+jg)

NZ[ lV la, ] f dqe {So(@)+jg) — NO Z 16/ ] T\, (]) (957)

The series in the last line of (9.57) is the exponential series of the operator —iV(—id/dj) and we arrive at

Mo -v-i) 7. 9.58)

Z(j) = N

In perturbation theory, the generating functional or the respective correlation functions are expanded in powers
of the interaction operator —iV(—id/dj). All topologies of the *diagrams’ and the combinatorical factors follow
from the combination of the prefactors of the nth powers of j and the j-derivatives.

A final remark concerns the quantum equations of motion and quantum symmetry identities. For the symmetry
identities we consider a complex variable, ¢ — z = x; +iy» € € with polar coordinates z = rexp{if}. The
generating path now reads

1 s
Z(j) = Nf A2 x 1S @+l , (9.59)

where we have restricted ourselves to actions that only depend on the radial coordinate zZ = r* = x% + x%. This
action has rotational symmetry, as has the measure,

d?x’ = d%x, and  S('7)=S5(2). (9.60)

Hence, changing the integration variable to z’, the generating functional has the representation

| e Z(j
Z(j) = —f dPxS@rire) - with (n]) =0. ©-61)
N Ay

The @-derivatives only hit the current term and lead to quantum’ symmetry identities,

(@ =0. (9.62)
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In the present toy theory this simply entails that the expectation value of powers of the phase is vanishing.
Splitting the measure into a radial integration and the phase integration,

) 2
f d*x = f rdr f de, (9.63)
0 0

the above correlation functions in (9.62) reduce to

2
(7" = f %ei"%"):o. (9.64)
2r

0

In short, for phase-independent actions the expectation values of all monomial *operators’ , that have a phase
dependence, vanish.
Finally, the ’quantum’ equation of motion is readily derived from

}%/ f dg %eiww}]=i[<—85(q)>+j]=o. 9.65)

dq
Equation (9.65) entails, that the expectation value of the classical equation of motion in the presence of a
current, dS(q)/dq + j = 0, also vanishes, it is the path integral form of Ehrenfest’s theorem or the quantum
equation of motion, the Dyson-Schwinger equation (DSE). With this remark we conclude our discussion of the
properties of (path) integrals. The chosen examples elucidate, that we can expect significant simplifications for
both, symmetry and structural considerations as well as explicit analytic and numerical computations.

9.3.2. Generating functional for quantum mechanics

Most of the results derived in the toy model in Section 9.3.1 carry directly over to quantum mechanics and
quantum field theory. Structurally this can be understood by undoing the limit A# — 0 in (9.23). Then we have
to deal with a high but finite number of standard integrals as in Section 9.3.1. Moreover, for finite At the source
term reads

n t
exp{iAthl j,} 2D exp i f dr (gt | (9.66)
) T

where a derivative on the right hand side with respect to j; pulls down the position variable ¢g; at the position
to + IAL.

L9 st - g S (9.67)

At 8y,

The cautious reader may stay in this discrete formulation of the path integral and only consider the convergence
towards continuous times at the end. However, it is more convenient to consider directly the limit At — 0 with

1({o0 0 0 0
,JjD — (g0, j(t and — =, ===, —] - 9.68
(q1, j1) = (q(0), j(©)) Ar(aq, 8],) (&1(0 5]@) (9.68)
The functional derivative obeys the rule
) , 80, J(t)
— =6(t—-1), — , =d,6(t-1), 9.69
dj(1) =0 6j(®) =1 069
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and satisfies the Leibniz rule. This suffices to derive other rules such as the product and the chain rules. More
details on functional derivatives can be found in Appendix E. With (9.69), the analogue of (9.67) follows as

O i ar e _ f dr SO ) 6 o TOUO) ) g1 i 1000 (9.70)
5 j(t) J (1)

More details on functional derivatives are provided in Appendix E. In summary we are led to

Generating functional

1 . . ,
ZIj] = Nfquz{S[qudU(t)q(t)} with N = fqu’S[q], 9.71)

and the normalised correlation functions are determined by

Correlation functions

OITq(t) - - 4(@)I0) _ =iy’ 0"Z[j]

— . 9.72
€010y 0j(t1) -+ -6 j(tn) | ;=0 ©72

(Tq(t)---4(tn)) =

Equations (9.71) and (9.72) are the final functional integral expressions for the generating functional and the
correlation functions in quantum mechanics. We close this Section with a discussion of the free GauBian gener-
ating functional in quantum mechanics, and the analogue of the toy example (9.58), set-up for the perturbative
expansion.

The free generating functional is obtained from (9.71) with the (free) action of the harmonic oscillator,

1
Solal = 5 [ dta(o)(~0% - ) o ©.73)
With (9.73), the generating functional is given by
Zoljl = L fﬂqei{so[thdtj(t)q(f)} — L f@q eiSO[q']e—%fdtdt’j(t)G(;’,f)j(t’) (9.74)
N() NO ’
with the covariance or free propagator G(z, t'),
(-07 - ?) Gt = iot - 1), (9.75)
and the shifted position variable ¢’ (¢)
O =q0-i [ drGanjw). (9.76)

While the normalisation drops out in the final expression, it is a simple Gauflian integral. Its explicit computa-
tion is deferred to Appendix F and we quote the result

, 1
No = f DgeSold) ~ = y/det G(1,1"), (9.77)

det (-07 - w?)

where we dropped an (infinite) constant normalisation factor lim,—, Qn)"? present in (F.4). In contradistinc-
tion to the determinant this factor does not depend on the parameters of the theory, and can be safely dropped.
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In (9.74) we have completed the square as in the one-dimensional toy example. In quantum mechanics this
includes the inversion of the dispersion instead of simply taking the inverse of a number. Now we use, that the
path integral measure is translation invariant

Dqg=Dq , (9.78)

which follows directly from the translation invariance of dg = d¢’ and Dg = []; dg(¢x). This allows us to shift
the integration variable to ¢’ and perform the functional integral over ¢’. Consequently we find

Free generating functional

Zolj] = &3 4t 06w jw) ©.79)

with the propagator G(z,t") defined in (9.75) . Equation (9.79) makes it apparent, that the choice of the co-
variance G(z,t") determines the operator ordering implemented in the functional integral, see (9.46). We also
emphasise that while (9.79) looks like a damped exponential, it is actually a phase as the propagator G includes
an imaginary unit i, see (9.75).

The result (9.79) for the free theory sets the stage for the derivation of the perturbative expansion in the inter-
acting theory with the action

Slgl = Solql - fdt Vig), (9.80)

with the free action S ¢ defined in (9.73). In analogy to (9.58) we find

_ &e—ifdz V(-ists)

Zj] ZolJ]. 9-81)

We close this Section with a brief evaluation of perturbation theory and the simple generation of all diagrams
and combinatorial factors in the present functional integral approach. The respective derivation of the Feynman
rules will be detailed in Section 10.2. For the sake of simplicity we restrict ourselves to a quartic potential

V(a) = % f dt g(0)* . (9.82)

The n-point correlation functions or nth moments are obtained by the nth derivatives of the generating func-
tional with respect to the current, see (9.72). The contribution to a given n-point function proportional to A’ is
generated by Z; with

LNl I |
Z][_]] = Wﬁ[—lfdt‘/(—lw)] Z()[]] (983)

We remark that Z;[ j] does not generate /-loop diagrams as the power of the coupling does not coincide with the
number of loops. As Zy[ j] only contains even powers of j and the powers of the potential carry 4/ j-derivatives,
the odd order (2n + 1) correlation functions vanish. Consequently we only consider even order (2n) correlation
functions. Applying 2n derivatives with respect to j(#;) with k = 1, ...,2n to (9.83), and finally setting j = 0
leads us to

2n

0
[ ==zt
k=1

0j(tx) -0
n n [ 2l+n
_No IV e o KRy A
= /1)( 2) Eh {D T f dr (5], o f drdr j(OG ) i) . (9.84)
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Equation (9.84) elucidates the fact that the different classes of diagrams as well as the combinatorial factors are
simply generated by the prefactors of the two exponential series, the factorial factors due to the differentiation
and the different possibilities to generate the same diagram. For more details see Section 10.2.
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10. Scalar field theories

The derivation of the functional integral for quantum field theories is now put forward in a completely analogous
way to that in quantum mechanics in Section 9.1, and we will refer to the respective analogous steps on the
way.

10.1. Functional integral for a real scalar field

We consider a d-dimensional scalar quantum field theory with the action

1
Slel = f d"x[iaﬂw‘w - V(tﬁ)] : (10.1)
with the scalar field
v=¢x) eR with xeR? (10.2)
The corresponding Hamiltonian operator is given by
. 1 1
A= fdd‘lx[zﬁz + E(v(,a)2 + V(@] . (10.3)

As in quantum mechanics we restrict ourselves to separable Hamiltonians with a quadratic dependence on the
field momentum 7(x). The field and momentum operators in the Hamiltonian satisfy the canonical commutation
relations

[$(x), 7(¥)] = i6(x — y) . (10.4)
The functional integral approach is based on the functional integral representation of the transition amplitude
(PAUE, 10)ldin) , (10.5)

with the initial and final states |¢;) and |¢/) in our quantum field theory. Now we split the time evolution into
infinitesimal steps with times ¢; = 7 + jAt, see (9.14). Then the time evolution operator can be expanded in
powers of At, to wit,

U(t,t;+1) = 1 —iHAr + O(AP), (10.6)

with the Hamiltonian operator (10.3). For the insertion of a complete set of field and field-momentum states
these states are required. They are defined in complete analogy to the definition in quantum mechanics in
(9.10),

Plpy = p(D e , flmy = 7(X)lmy, (10.7)

which satisfy the completeness relations

1= f Dy lp)el, (ple”) = dle(®) — ¢’ (D)],

1- f Driyal,  (nl) = ol - (D, (10.8)
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¥
-L
0 | i | | :
//L\‘\t‘ \/‘ X \/ t
AL ———4‘/ to . l L l
ZAL L] L] ° L] L]
L L] L] L] L] L]

X

Figure 10.1.: Discretisation of the function ¢(¢, x) on a space-time lattice (grid).

However, in contradistinction to quantum mechanics, the completeness relation (10.8) in quantum field theory
is already functional: it involves functional integrals dg — Dy and dp — D as well as functional §-functions.
These relations can be derived in the many-body limit of quantum mechanics, which has been used in QFTI to
derive quantum field theory in the first place. To that end we consider

W(g) = ¥ (qr.....qn) > Plel. 5g—q)— | |6(a;-4) = ole) -] . (109)
j

Equation (10.9) implies the formulation of the field theory on a spatial grid at the locations g;, together with
the temporal grid used in the derivation of the path integral in (10.6). This is depicted in Figure 10.1, which is
the basis for the lattice formulation of quantum field theory. This functional integral approach is used both for
formal considerations and proofs as well as most prominently for numerical simulations. We will discuss it in
more detail in Chapter 15.
In summary we have collected all the necessary tools for repeating all steps for the derivation of the transition

amplitude in quantum mechanics. We cut this derivation short, and present the final result for correlation
functions,

Correlation functions

OITP(x1) - gOe)I0) [ Doplx1) -+ () €519]
<0|0> a fD‘P iS¢l

(To(x1) -+ P(xn)) = (10.10)

with the action

Slel = Solg] - f dxVi(e).,  with  Solg] = f dx {%so(x) [—A-m2+i8]¢<x>}, (10.11)
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and the functional integral measure

De= || dg;  with  j=Go ). (10.12)

Jelattice

Equation (10.11) leads to time-ordered correlation functions due to the +ig, other choice are possible as dis-
cussed before. This concludes our discussion of the derivation functional integral for scalar field theories.

We close this Section with a brief discussion of alternative representations of the path integral. The derivations
so far relied explicitly or implicitly on limits of integrals on an underlying space-time grid, and the respective
basis are functions that live on these space-time points. While this emerged naturally in our derivation of the
path integral of the transition amplitude, it is not a natural basis for functions ¢(x) on R? or some (compact)
submanifold of it. These functions may also be expanded in some countable complete set of orthonormal square
integrable basis functions,

=Y. with (o) = [ A0 = o, (10.13)
nelN

Note that the functions ¢,(x) are normalised to unity, and not to d-functions such as the plane waves. Integrating
over all functions ¢(x) is identical to integrating over all values of the coefficients ¢, € R. This leads us to

fﬂ)(peis[‘p] ~ fll—[ dcnl Sl (10.14)

where we have used

Dy = | den. (10.15)

Note that the Jacobian of this transformation is field (or c¢,)-independent. Moreover, the equivalence of the path
integral in terms of f 1., dc,, is readily shown at the example of the free theory as we can use the representation
(9.83) also in quantum field theory. Accordingly, it suffices to show that the normalisation Ay takes the same
form as in (9.77).

In the free theory the action (10.11) reduces to its kinetic part, S [¢] = Sol¢]. We make a convenient choice for
the set of basis functions used in 10.1: the eigenfunctions of the kinetic operator itself,

(-A=m?) gy = dugn,  with 2, €R (10.16)

We emphasise that the results for the path integral does not depend on the chosen basis as the rotation from one
orthonormal basis to another one has the Jacobian J = 1. Note also that in R? the eigenfunctions are the plane
waves and obviously we are back to plane-wave normalisable functions. We assume in the following, that the
theory is formulated in a finite space-time box (hypercube) which reflects the common experimental situation:
the lab has a finite extend and the experiment takes place in a finite time interval. Then the spectrum is discrete
and the eigenfunctions satisfy (10.13). For the path integral we are led to

fz)go eiS()[(,D] ~ flr[ dcnl e% chtzrz(/lm+i8), (1017)
n

with the exponential damping factor exp{—ec2} for each c,,-integration. In (10.17) we have used that the action
is diagonal in the chosen basis (10.16),

Solgl = % > f d’x cum @n(x) |[~A = m? + ie] gn(x)

1 . i RS .
_E;;cncm Ay + i8) f A% 0 (X)pm(x) = 5;6’" (A + i) . (10.18)

169



Chapter 10. Scalar field theories

Collecting all these results we arrive at

f@(p eSolel ~ ]_[ 2 = det? (-a-m?), (10.19)

nelN

where again we dropped an (infinite) constant normalisation factor lim,_,. (27)"/? present in (F.4) as we did in
the derivation of (9.77). The functional integral of the free theory gives us the square root of the determinant of
the kinetic operator. This reproduces the result in quantum mechanics and proves explicitly that the relation is
well justified. As discussed before, with the representation (9.83) in the present quantum field theory the above
result for the free theory suffices. Strictly speaking it is only left to show that the measure in terms of the ¢, is
invariant under a shift of the field with a function c¢(x),

px) > ¢ (W) =) +c(x),  with  c(¥) = ) Acypn. (10.20)

Accordingly, the above shift in the field shifts all coefficients ¢, — ¢, = ¢, + Ac, and hence dc;, = dc,. We
conclude

Dy =~ ]_[dc,; = ndc,, ~ Dy, (10.21)

which finalises our equivalence proof. In short, the path integral can be formulated in any convenient basis.
While in most numerical applications the space-time grid basis is used, it is more efficient to use different bases
in specific applications.

10.2. Generating functional and Feynman rules

In the last Section we have derived the path integral representation of correlation functions in the quantum
field theory of a real scalar field. With the introduction of a source term we readily obtain the generating
functional Z[J], which already in quantum mechanics allowed us an easy access to the Feynman rules, see the
brief discussion around (9.81). In the present Section we use the generating functional for a derivation of the
Feynman rules. The generating functional is given by

Generating functional of a scalar QFT

Z1J] = % f Dip S+ 45/ e} (10.22)

and the correlation functions (10.10) follows as the respective derivatives of Z[J],

Correlation functions derived from Z[ /]

. 0"Z[J]
T¢ s = (=" . 10.23
(Tp0n) =gl = (' es=rs] (10.23)

where we have used the functional derivative

o0J(x)

=0(x—y) (10.24)

5J () Y

for a d-dimensional function J(x) with x = (xy, ..., x2) .
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For setting up perturbation theory we rewrite the generating functional in terms of the generating functional of
the free theory, Zy[/], and the exponential of the interaction term, exp{—i f d?x Vip(=i6/6J)} similar to (9.81).
For the generating functional of the free theory we find

ZolJ] = 72 JARIVIDGENIO) - with (—A = m?), G(x,y) = i6(x - y), (10.25)

see (9.81) for Zy[ j] for the harmonic oscillator. As there the exponential is a phase due to the imaginary unit in
the definition in the propagator.

As simple example for the use of (10.23) we use it for the computation of 2n-point functions in the free theory.
Evidently, the 2n + 1-point functions vanish as discussed before. For the two-point function we find

Topon = 22N | & |1 f d1Xdly J(GW IO = Gley). (1026)
P = T SI00dI) |,y 5I(06I() |2 Y I = B '
Similarly we find for the four-point function,
57 [J]

(Te(x1)...o(xn) =

= G (x1, x2) G (x3, x4) + permutations . (10.27)
J=0

0J (x1)...6J (xp)

This is the well-known results for the free four-point function with the depiction

1 2
1 2
1 2
To()- gy = I + }< (10.28)
3 4
4
3 4 3
These results readily extend to the general 2n-point function, to wit,
62 Z [J]
T = (="
(Te(x1) -~ p(x20)) = (1) 57 () 00 (),
11 6 g
=—— d?xd?y J(x)G(x, y)J
2101 87 (x1) - 0J (x2n) U Wy JGENI)
=G (x1,x) G (x3,x4) ...G (x25-1, X2,) + permutations . (10.29)

The above results iterate the fact, that all correlation functions or moments of the free theory are simply products
of the second moment, the two-point function. This points at the redundancy of the generating functional Z[J]:
it generates full correlation functions of the theory including the disconnected terms. In the logarithm of Z[J],
the Schwinger functional, this redundancy is absent. We define

Schwinger functional

W[J] =InZ[J]. (10.30)

We remark that the logarithm in (10.30) entails that the normalisation N drops out of all derivatives, as it occurs
in (10.30) as the J-independent additive term In N.

The use and content of the Schwinger functional can be already understood within the free theory. We have
already discussed, that the only non-trivial moment or correlation function of the free theory is the two-point
function. Indeed we get for the free Schwinger functional,

WolJ] = InZy[J] = —% f d“x dvy J(0)G(x,y)J(y), (10.31)
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it is proportional to the (classical) propagator, sandwiched between two currents J. Note that strictly speaking it
is only the symmetric part of the propagator, that enters (10.31) due to the symmetry of exchanging the currents
J(x) and J(y). However, the propagator is symmetric in the first place, G(x,y) = G(y, x), so no projection takes
place.

The second J-derivative of the free Schwinger functional is the free propagator,

52Wo[J]

—7 2— —
(=) 570187 (x2) G (x1,x2) , (10.32)

J=0

and all other derivatives at vanishing current J = 0 vanish: we start with the one-point function,

oWplJ 1 8Zy[J
(o)) = (=i ol T 0zolJ]

=0. 10.33
ey Zol1 670 s (10.33)

fdx G(x1,x)J(x)

Note that the expectation value of the field only vanishes for J = 0. For a non-vanishing field it simply is the
current, contracted with the propagator,

oWolJ]
6J(x1)

(p(x)); := (=10) fdx G(x1,x)J(x). (10.34)

This is the solution to the equation of motion of the action in the present of a background, S [¢]o+ f d?xJ(x)p(x),
indicated by the subscript ;. This expectation value is normalised by the path integral in the presence of the
source term. The respective equation of motion reads

5Sole]
0p(x)

and the solution of the EoM (10.35) is given by (10.33) for J # 0.
We proceed with the two-point function derived from the Schwinger functional. We already know from (10.32)
that this is simply the propagator. In terms of Z; the second J-derivative of W[J] reads

+J(x) = (-A - m? + ie)p(x) +J(x) =0, (10.35)

i o | oo Ch___ pL B L o
s1nose |, | znerenese ~ T zmaien i),
= (T (x0) ¢ (1)) ~ (plxn)p(x). (10.36)

Equation (10.36) is the connected part of the two-point function, already discussed in QFT 1. We emphasise
that this property holds true in the interacting theory as well as in the present of a source term. This concludes
our discussion of the structure of correlation functions at the example of the free theory.

We proceed with the interacting scalar theory with the action S[¢] = So[J] - f d?xVin (), see (10.11). This
split into the part So[¢], that includes the full quadratic part in the field, and the higher order interaction term
is designed for perturbation theory, the expansion of the full theory about the free theory. While the following
arguments are not restricted to a specific interaction term, our working example will be the ¢*-theory with

A
Vit (9) = f dx (). (1037)

In analogy to the derivation in quantum mechanics we get for a general interaction potential,

ANES f DipellSole1=J d'xViutor+ [ dxs e} _ =i [ &aVin(~izis) f DyeliSolelt [ dlxI(xp)

o o [ V(i) ZolJ]. (10.38)
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With the analytic GauBlian expression (10.25) for the generating functional Zy[J] of the free theory we arrive at
our final parametrisation for the generating functional of the interacting theory, set-up for perturbation theory,

210 = e P nlists) o2 L 0T g, f - f d'x, f - f d'xdly.  (1039)
X X,y

For the derivation of the Feynman rules in perturbation theory we expand (10.39) in powers of the interaction
potential. For the explicit example of the ¢*-theory this is an expansion in powers of the quartic coupling
A in (10.37). We iterate the comment made below (9.83) in the context of perturbation theory in quantum
mechanics, that the expansion in powers of the coupling is not an expansion in loops. For example, the order
Al hosts all I-loop diagrams for the two-point function, but / — (n — 1)-loop diagrams for 2n-point functions. An
explicit example is given by the two- and four-point functions at the order A2. This is the [/ — (n — 1) = 2]-loop
approximation for the 2n = 2-point function, but the [/ — (n — 1) = 1]-loop approximation for the 2n = 4 point
function.

The structure is already seen clearly in terms of the lowest orders of the expansion of Z[J] in powers of Vi, and
the source term. As we are only interested in the structure, we use the notational abbreviation

Sinle] = —fVimBP], J-G-J:= fJ(X)G(XJ)J(y), (10.40)

X X,y

With (10.40) we get

Generating functional in the perturbative expansion
. 51 1 51\
S| 57| = 5 (S| 55) +

For J = 0, the double expansion in (10.41) terminates for each power of Siy: the latter contains powers of the
field, ¢" with n > 2. In most cases the interaction terms is even a monomial such as in the ¢*-theory. In (10.41)
these powers of the fields are powers in the J— derivatives. Evaluated at J = 0 the number of derivatives have
to match precisely that of the powers of J.

We elucidate this fact within the <p4—theory with Vip(p) = 1/4! cp(x)“, see (10.37). Then the interaction part of

the action reads
4
§ 1 §
3 [_]:__f , 10.42
"lesl T 4l (6J(x)) (10.42)

X

Z[J] =

1 1
[1—§J-G-J+§(J-G-J)2+~-- . (10.41)

We start the discussion of the diagrammatic expansion with the vacuum diagrams that make up the normalisa-
tion N = Z[0]. It follows from (10.39), that the vacuum functional reads

Z10] = Z[0] &Sl 5] g=37G7

J=0
2 2 4
S11( 1 1 SN 11
1+ iSim| 2|2 (-20-G -7 ——(S‘ [—]) “Nezs-G-a) |, 1043
! ““[o'u]z( 2 ) 2 \Cil5yl) a2 " (10.43)
@ ® <0

where we have used condensed notation introduced in (10.40). We start with the vacuum generating functional
of the free theory, Zy[0], which produces a A%-term. With (10.19) the free vacuum functional reads

Zo[0] =~ det™2 (-a-m?) = det>G , (10.44)
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with the propagator G defined in (10.25). We now rewrite this in a form that is closer to a loop diagram. For that
purpose we use that the determinant of an operator or matrix M with (positive) eigenvalues 4,, can be rewritten
in terms of a trace,

detM=[ [ =] [t = et = M0 M, (10.45)
n

Using (10.45) in (10.44), we are led to

Zol0] ~e2 TG with  Trln G = flnG(x,x), (10.46)

X

where we have used that In G!/2 = 1/2 In G (for positive G). For elucidating the relation to vacuum diagrams,
we take a mass derivative of the exponent in (10.46),

1 i

——0,22[0] = = | G(x,x). 10.47

Zoi0]o 0l0] 2f (x, X) ( )
X

As the source is finally set to zero, the power of field derivatives in the expansion of S, in (10.42) has to match

the number of currents from the expansion of the free generating functional Zyg[J]. Each of the field derivatives

can hit all the currents, which accounts for the different diagrammatic topologies. Note also that the symmetry

of G(x,y) under commuting the arguments x, y leads to

0 o 1

57 (1) 67 (%) 2 f JQGI(G) = G (x1,x%2) - (10.48)

X,y

This allows us to generate all diagrams including the combinatorial factors by simply performing the functional
derivatives in (10.43). This can be easily put on a computer. The Feynman rules are derived from the two

building blocks, the vertex
A s \*
_1_ ~
41 ) \6J(x) X
X

1
) f J)G(x, y)J(y) ~ X —— Y (10.49)

X,y

and the propagator

We now proceed with the computation of the first term («) in the expansion of Z[0] in (10.43), the order Al
diagram. This leads us to

! 2
11
(@) s QQ (10.50)
43

where the factor 4! comes from the different permutations for generating the vacuum eight. Multiplying out the

prefactors leads us to
1 2
1 iA
5 DQ :—%fdde(x,x)G(x,x). (10.51)
4 3
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Equation (10.51) is divergent and has to be renormalised as has been already discussed in QFTI. Here we are
only interested in the emergence of perturbation theory, and proceed with the second class of diagrams, (8), the
order 1> diagrams.
2
1111
v b 10.52

®) 41242 (4!) ( )
The analysis above for the normalisation factor N' = (1+vac diags) readily extend to correlation functions. We
get
(D" 9"Z|J]
Z[0] 6J(x1)---0J (xp)

— (=1)"* o" eiSim[%]e_%J.G.J
J=0 1+ vacdiagsdJ(xy)...0J(x,)

(Te(x1)...0(xn) =

o" iSs [i] _15GJ
= . 10.53
i) oS e (10:53)

no vacuum diagrams

It follows directly from (10.53), that all diagrams with external lines are multiplied by (1+vac diags), which is
cancelled by the denominator. In summary this leads us to the Feynman rules

Feynman rules

e Propagator:

x —— y=Gkxy) (10.54)

>< S f & (10.55)

a) Write down all diagrams in a given order N of A of 2n—point correlation function.

e Vertex:

b) Combinatorial factor of diagrams:

1\V 1 1 1 ( tations) (10.56)
—_ — — ———(permutations .
41) NN + nyl 228+ P
derived from
N N 2N+n
1\" 1 5 \* 1 1
(L) L (_) _— —fJ-G-J 10.57
(4!) N! faj ‘ (2N +n)! |2 (10.57)
X X,y

We exemplify this analysis with a brief re-evaluation of the perturbative expansion of the two-point function.

To that end
1

(Tex) ) = x —— yt3 +... (10.58)

For the tadpole term we get schematically for the derivatives,

sy 8 ¢ s (o
f(ﬁ) 6J(x1) 6J(x2) G-Iy = f(g) 3.2-(2J-G)x1)2J - G)x2) (J -G - J)

—314122G3. (10.59)
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This has to be multiplied by the combinatorial factors of the double expansion and the factor 1/2in 1/2(J-G-J),
3
111
131 (E) . (10.60)

In combination this yields the well-known symmetry factor 1/2.

We close this Section on the Feynman rules from the functional integral with the observation that the above
results extend straightforwardly to general scalar theories. A simple example is provided by a theory of two
scalar fields, coupled with a Yukawa coupling,

S[go,aﬁ]:f{%¢(—A—m§)¢+%¢(—A—ﬂ;)¢—hquz}. (10.61)

X

The respective generating functional has the following form,
[S10.01+ [ (Jop+1e0)) Sih [, 52
AR f DDt It 1u0)} o o TN 741, 0] (10.62)
with
Z0[Jgdy| = e 20Ot loGods) —and (<A = m2),) Gypplx,y) = i6(x — ). (10.63)

The Feynman rules for the theory with (10.61) to (10.63) follow from the combinatorial factors of the expansion
and the application of the functional derivatives.

10.3. Wick rotation & statistical interpretation

The functional integrals and the generating functionals were derived from transition amplitudes, that are matrix
elements of the time evolution operator U(co, —oco0) with the infinitesimal element U(t + At, t) = exp{—iAtI:I ]
The latter unitary operator leads to the phase Dye’[#! in the measure of the functional integral. For practical
purposes, both perturbative as well as analytic computations, it is in most cases convenient or even necessary,
to perform a Wick rotation. This is done with

K8, — —ixd, with e 7AH 5 oA (10.64)
which converts the unitary phase into a damping factor. Hence, we also expect exp{iS y[¢]} — exp{—S el¢l},
where we have introduced the notation S »; and S g for the Minkowski and Euclidean space-time actions respec-
tively. For the derivation of this rotation we use

i f d%xy — f dxg, —0,0" — +0,0) , o(xp) = @(xg), (10.65)
the scalar field is invariant under this rotation, only its argument changes. In combination this leads us to
i f ddx{%go(ayaﬂ)(p - V(go)} - - f ddx{%go(—aﬂay)ga + V(ga)} . (10.66)
Smlel SEle]>0

The Euclidean generating functional takes the form

Generating Functional

7] = /%{ f Dip ¢S] a0 I (10.67)
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with the Euclidean action |
Slel = f 50u) + V(@) (10.68)
X

where we have dropped the subscript g. Euclidean correlation function are derived from (10.67) with

0"Z

(Tp(x1) - p(xn)) = RIS I (10.69)
For the perturbative expansion we first discuss the free theory with the free action
Sole] = %fddxgo (-Ag+m)e, Ap =32, (10.70)
with the positive kinetic operator —Ag. The free generating functional follows as
ZolJ] = 2 [EW@GNI0) - yith (=Ap +m) G(x,y) = 8 (x - y) (10.71)

with the normalisation Ny = det™" 2(—AE +m?). The free dispersion (—Ag + m?) is a positive definite operator
and so is the propagator G. Equation (10.71) has to be compared with the free generating functional in (10.25).
The Feynman rules follow similarly to that in Minkowski space-time summarised in (10.54) to (10.57): the
combinatorial factors (10.56) and (10.57) do not change and the Minkowski propagator is substituted by the
Euclidean propagator,

Gu(p) =
M\p p2

1
— Ge(p) = 5 - (10.72)
o p +m

-m? +ie
and the Minkowski vertex s substituted by the Euclidean vertex,
—il— -1 (10.73)

In conclusion, the Euclidean functional integral is a statistical integral with statistical measure Dy e=5¢! (not
normalised). The Schwinger functional is nothing but the free energy F of the Euclidean quantum field theory.
Importantly, Euclidean correlation functions can be Wick-rotated back to Minkowski space (on real time), when
the provide the real-time correlation functions,

(To(x1,) - 0Ciny)) s (Tp(xt,,) -+~ 9(hny)) s (10.74)

where tg — ity stands for the Wick rotation of all Euclidean times in (10.74) back to Minkowski times. If the
Euclidean correlation function on the right hand side of (10.74) is known analytically, this transformation is
readily done. However, in most cases the Euclidean correlation function is only known numerically on some
data points with a given numerical precision. Then, the Wick rotation has to be done numerically, which in
general is an ill-conditioned inverse problem.

177



Chapter 11. Functional Methods

11. Functional Methods

The discussion of the generating functional Z[J] and perturbation theory has already impressively demon-
strated, that the functional integral approach, or more generally, the functional formulation of quantum field
theory, facilitates the discussion of many conceptual but also practical aspects. Indeed, functional approaches
offer a non-perturbative diagrammatic approach to quantum field theory amiable to numerical computations,
which complements the standard numerical non-perturbative approach, lattice field theory discussed later in the
lecture course, Chapter 15. In the present Chapter we will discuss different generating functionals and their use
for perturbative and non-perturbative applications. A very interesting and important example is the computation
of the one-loop effective potential of a scalar field theory and its application. It allows us to discuss fluctuation-
induced spontaneous symmetry breaking (Coleman-Weinberg). This mechanism has to be contrasted with the
Higgs mechanism in the Standard Model. There, the classical potential already carries the seed of spontaneous
symmetry breaking. In the present scalar case with a Z,-symmetry the latter case is given by a classical poten-
tial V(¢) with non-trivial minima +¢j, that survive in the quantum effective potential V.g, see the left hand side
of Figure 11.1.

While this discussion and the respective computations can also be performed with Z[J] or the Schwinger func-
tional W[J], the most convenient access is via the effective action I'[¢], the Legendre transform of W[J]. This
is the generating functional of one-particle-irreducible correlation functions and has already defined in Sec-
tion 7.1.2 in the Chapter about renormalisation, see (7.20). There it has been used for facilitating the renormal-
isation programme, as it allows to set up the renormalisation conditions in terms of 1PI correlation functions.

11.1. Effective Action

The effective action I' is the generating function of the one-particle-irreducible (1PI) Green/Correlation func-
tion. This property can be proven within the functional integral by its definition as a Legendre transformation
of the Schwinger functional W[J] =~ InZ[J]. We refrain from discussing this proof here, and defer it to the
discussion of the Dyson-Schwinger equation (or quantum equation of motion) in Section 13.3.1.

The effective action I'[@] follows from W via a Legendre transformation, see see (7.20) in Section 7.1.2. We
recall the definition there,

Effective action

Tlg] = sup(fdde(x)qﬁ(x) - W[J]) . (11.1)
J

Commonly, one simply writes ['[¢] = f d’x J(x) ¢(x) — W[J], and the supremum is understood. Moreover, in
general quantum field theories the supremum in (11.1) is needed, as the right hand side not necessarily admits a
global maximum. Moreover, differentiability with respect to J cannot be assumed in general, as the Schwinger
functional may have cusps or even jumps in J. While these general cases include some relevant and interesting
cases, we shall assume in the following that (11.1) has a unique global maximum at Jp,x and is differentiable
with respect to J and ¢. If these properties are present, we conclude that the J-derivative of the right hand side
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of (11.1) vanishes at J,x, to wit,

S
mlfj.qs—wm

This implies, that the J-derivative of the Schwinger functional for J = Jax is the argument ¢ of the effective
action. Hence the latter is the mean field in the background Jp,x,

SWLJ] L 6Z1J]
6J() lyey . Zlmax 1 6J(x)1;

—0, o éw= (112)

=Jmax

J=max

o) = (p(x),, .. (11.3)

As the double Legendre transformation is the identity on convex functionals, the Legendre transform of the
effective I'[¢] is the Schwinger functional W[J], or strictly speaking the convex hull of W[J]. This is also
apparent from the short hand notation for (11.1) given by I'[¢] = f d?x J (x) p(x) — W[J]. Resolving the latter
equation for W[J] gives the desired relation. This entails that both sides can be either read as functionals of
J and ¢[J] or of ¢ and J[¢]. The fact, that the Schwinger functional is the Legendre transformation of the
effective action, implies readily the ’dual’ relations

_or _SWIJ]
I = 5o B0 = S5 (11.4)

We close this brief introduction to the effective action with a discussion of the respective two-point functions
of Z[J], W[J] and I'[¢]. This also elucidates the nature of the generating functionals: Generating of all parts
(disconnected and connected) of a given correlation function (Z[J]), generating the connected parts (W[J]) and
only the 1PI parts (I'[¢]). Let us start with the two-point function of Z[ /],

ZOIN(x1, x2) = (@(x1)p(x2)) , (11.5)

where the right hand side is taken in the presence of the current J, indicated by the subscript ;. In (11.5) we
have introduced the short hand notation

__ FIf
5f () 6f (k)

for nth derivatives of a general functional F[f] with respect to the argument f(x). The two-point function
Z@[J] contains connected and disconnected parts, and the latter is simply

FOLFI(X1, ey Xn)

(11.6)

(@(x1)); {p(x2)); = P(x)e(x2) . (1L7)
Now we proceed to the two-point function of the Schwinger functional, which is given by
1 6*Z 1 6Z[J] 1 6&Z[J]
@) = -
WL x2) = ZIJ16J(x1)0J(x2)  Z[J]10J(x1) Z[J] 8J(x2)
=(p(x1)e(x2)); = P(x1)P(x2) = (p(x1)(x2), - (11.8)

We conclude that W[J] is the connected two-point function in a general background current J. The relation
of WO[J] to the 1PI two-point function re [¢] is derived as follows. We consider a -function that can be
obtained from the derivative of a current J with respect to the current itself,

6Jx) 6 o f 5p(z)  OTlpl f S*WlJl 6Tl
§J(x2) ~ 6J(x1) 6p(x2) — J 6J(x1) ¢(2)6d(x2) — J 6T(x1)8U(2) 5p(2)(x2)

Z Zz

0(x1 —x2) = (11.9)
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where we have used both relations in (11.4). In short this reads

f WO(x1, 2) TP[8](z, x2) = 6(x1 — x2), (11.10)

Z

the 1PI two-point function is the inverse of the propagator or connected two-point function,

(p(xD)(x2)), = =—5—(x1,X2), (11.11)

F(z) [#]

where the expectation value on the left hand side of (11.11) is evaluated in the background J[¢].

11.2. Effective action & spontaneous symmetry breaking

With the preparations in the last Section, Section 11.1, we compute the one-loop effective potential Vé;mp) for a
real scalar theory. This computation is done in Euclidean space, and we first consider the generating functional
Z[J] defined in (10.67). For the evaluation of the functional integral in (10.67) we use a saddle-point expansion:
we assume that the neighbourhood of the (assumedly) unique maximum of exp{—S[¢] + fx Jo} dominates the
integral and expand the exponent about the solution ¢ of the equation of motion in the presence of a background
current J,

oS [¢]
0p(x)

For any given background ¢ we can use the shift invariance of the path integral measure, Dy = D(p + ¢) and
hence

=J(x). (11.12)
o=¢

711 f D =S+ [ dx @ [ow 0] (11.13)

If ¢ satisfies (11.12), the first derivative of the exponent in (11.13) vanishes in the Taylor expansion about ¢ and
we arrive at

oS
Sto+¢l- [ 16+ 0 =Si0)+ f%w() 5 [ 51 ee + 0(e) - [0+
X X,y X
=S¢l + f () S Pg1x, ) () ~ ff¢+0 (¢*) (11.14)
xy

where we have used the short hand notation (11.6) for the classical action,

6"S[¢]
6 (x1) -+ 66 (x)

Now we exploit the key assumption of the saddle-point expansion, the subleading nature of the higher order
terms o ¢, ¢* in (11.14). Dropping these higher order terms in the functional integral (11.13), we are left with
a GauBian integral of a free theory with the kinetic operator S ®[¢]. This integral is readily performed and
leaves us with one over the square root of the determinant of S ®[¢]. Taking the logarithm of this expression
leads us to the Schwinger functional at one-loop,

SW[P] (x1,...,x,) = (11.15)

WJ] = f Jé—S[¢]+1n f D e by DSV f Jé—S[d] - TrlnS(z)[qb] (11.16)

X X
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Vold Volud
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Figure 11.1.: Upper two figures: classical potentials with non-trivial minima at ¢ = +¢q (left), and minimum at
vanishing field ¢ = 0. Lower two figures: corresponding effective potentials (convex hull)

Now we use the definition of the effective action I'[¢] in (11.1) as the Legendre transform of the Schwinger
functional, see (7.20). In the condensed notation this reads I'[¢] = J - ¢ — W[J] where we have to take the
maximum (strictly speaking the supremum) of all background currents J. With (11.1) we arrive at the concise
expression

T —toopl¢] = S[6] + %Trlnsa) 4], (11.17)

where the second trace log term includes all one loop quantum corrections: taking »n derivatives with respect to
the scalar field ¢ leads to the one-loop diagrams contributing to the 1PI part of the n-point correlation function.
However, the use of (11.17) or (11.16) goes beyond generating the perturbative loop expansion. The effective
action is the quantum analogue of the classical action and reduces to the latter in the classical approximation.
Consequently, the loop term in (11.17) comprises the one-loop quantum correction to the classical potential.
We project on the effective potential Veg(¢) by evaluating I'[¢] for constant fields ¢,

1

Vet = Vr[‘ﬁc] s with Vi = fddx, and 8ﬂ¢c =0. (11.18)
d

M

Here, M — RR? is the manifold, the scalar theory lives on. In most cases the limit from a compact manifold M
to the space-time manifold R¢ is not referred to and one simply writes V,; = R¢. A trivial example for (11.18)
is its application to the classical action, where (11.18) leads to the classical action.

We will apply this set-up to the scalar ¢*-theory in d = 3,4 and evaluate whether quantum fluctuations can lead
us from a classical potential with a trivial minimum (right column in Figure 11.1) to an effective potential with
a non-trivial minimum (left column in Figure 11.1). If the effective potential feature a non-trivial minimum, this
can give rise to spontaneous symmetry breaking. Note also, that the converse situation is equally interesting:
Can quantum fluctuations wash-out a non-trivial minimum.
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Bearing in mind the potential necessity of renormalising the effective potential, we start with the bare action of
the ¢*-theory in 3d = 3,4 Euclidean space-time dimensions,

1 1 A
Stot=-5 [d'xonno+ [alxvien. wih Voo = gmddi+ et A119)

with the bare (mean) field ¢y, the mass squared m% and the bare coupling 4y. The bare quantities depend on the
regularisation and for the present computation we chose a momentum cutoff: all loop integrals are restricted to
momenta squared smaller than this cutoff scale: p?> < A2. Necessarily, the bare parameters also depend on this
cutoff and in combination the computations yield finite, cutoff-independent results, see Chapter 7.

Now we use that the one-loop wave function renormalisation of the scalar field is trivial, see Section 7.1.3. This
entails ¢9 = ¢ at one loop. In contrast to perturbation theory we do not use the split into the quadratic part of
the action and the interaction part. It is far more convenient to split the action and the effective action into the
kinetic (derivative) terms and the effective potential. For the computation of (11.18) with (11.17) we need the
second derivative of the bare S [¢] with respect to the fields,

SP[pl(x,y) = [—A +m2 + %ﬁz] S(x—y). (11.20)

The computation is conveniently done in momentum space. To that end we perform the Fourier transformation
of (11.20) and take the trace in (11.17) in momentum space. As the fields are constant, the Fourier transform
of (11.20) takes the simple form

SO 18] () = |+ + 27| o+ ). (1121

The trace in (11.17) can be written in a general basis with orthonormal states |1): We take the matrix element
AInS@ [¢]]4), fo to the diagonal A’ = A and integrate/sum over all states. This yields

Trin S@[¢] = }i [<aln s@rg1] @, O], - (11.22)
A

In momentum space the orthogonality relation gives us (27)?5(p + ¢) and

_ [ dp
z_f(Zﬂ')d' (11.23)

We note in passing that (11.23) is finite in the presence of a momentum cutoff and the volume factors drops out
in a mathematically well-controlled way.

A final intricacy is given by the fact that the diagonal matrix element (p|InS®[4](p, PIg)g——p includes a
§-function in momentum space, evaluated at vanishing argument, (27)¢6(0). However, this is simply the space-
time volume,

q->-p
M g—-p M

Qn)s(p + q)| = f d9x P+ = f dix=V,, (11.24)

which is cancelled by the normalisation 1/V; in (11.18). In summary we arrive at the simple momentum
integral for the one-loop effective potential,

_ 1 d’p 2 2 Ao o
Veﬁ(¢)—Vo(¢)+§fW1n(p +m0+?¢)+lnN, (11.25)
pSAZ
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were the momentum cutoff A regularises the loop integral and the terms with positive powers in A are cancelled
by respective ones in the bare action. We write the bare mass and coupling as

mi = m? + Am?, do=A+Ad, with — Am3 =0, Ady= 0%, (11.26)

where m?, A are the renormalised mass squared and coupling respectively. Amg, Ay are the counterterm param-
eters and encode the subtractions of the loop diagrams and hence carry the respective powers of the coupling.
Moreover, we have also resurrected (or allowed for) an overall field-independent normalisation In A’ which can
be adjusted such that the vacuum divergence, the first divergence we encounter in QFT 1, is also cancelled. In
Chapter 7 it have been discussed in terms of vacuum loops.

In short, the right hand side is a sum of the bare potential, the one-loop momentum integral. All terms on the
right hand side are separately divergent, but the sum is finite. It yields the finite renomalised effective potential
V(¢) on the left hand side of (11.25) which does not depend on A, but only on the renormalised mass squared
and coupling m?, A and the renormalisation scale .

Equation (11.25) is the starting point of the standard renormalisation programme discussed in Chapter 7:

(1) Compute the momentum integral in the presence of the cutoff A.

(2) Isolate the terms with a positive power in A within a Taylor expansion in the fields.

(3) Adjust the counterterm parameters in (11.26) such that all positive powers in A are removed.
(4) Take the limit A — oo.

Instead of following this standard perturbative route of renormalisation, we use a different procedure, which
is already introducing the structure of the functional renormalisation group that allows for a non-perturbative
renormalisation procedure as well as the successive (numerical) computation of correlation functions. In the
present context we simply realise that the UV degree of divergence of Vg in (11.25) is lowered by taking a
derivative with respect to the renormalised mass parameter m>. At one loop this yields

Oz Vert(¢) = 0 V(¢)+1 p ! ! (11.27)
R IO ) @ | mi A2 T PR '
where we have used the convenient choice
1 & 1
8,2 N = —= P (11.28)

2J Qn)3pr+m?’

for the overall normalisation NV. On the right hand side of (11.27) we have used that the subtraction terms
Am(z), Ay are of higher order in the coupling. Hence, they only contribute from the two-loop level onwards and
can be dropped within the present one-loop computation.

The subtraction with (11.28) removes the UV divergence of degree d that originates from the vacuum terms.
Then, the m?-derivative has lowered the UV degree of divergence further by two. Consequently, (11.27) has
the UV degree of divergence d — 4. Equation (11.27) also reveals that a further reduction of the UV degree
of divergence is readily achieved by further m?-derivatives. After a sufficiently high power n of m?-derivatives
all terms on the right hand side are separately finite and we can safely remove the cutoff. This seemingly
also removes the necessity of counterterms and of the renormalisation conditions. However, after applying n
derivatives with respect to m?, the effective potential is then obtained by successive n integration of the finite
result with respect to m?, leaving us with n integration constants, tantamount to the renormalisation conditions:
we have converted the task of adjusting renormalisation conditions in a choice of initial conditions of a finite
functional differential equation, and one of the (many) appealing features of such a procedure lies in the inherent
finiteness of all terms at all steps of the computation without the necessity of cutoff terms.
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We close this discussion of the differential renormalisation procedure with the remark, that such an m?-deriva-
tive can also be applied to the effective action. If doing so, we are led to a functional equation, which is
the functional Callan-Symanzik equation, first written down by Symanzik in 1970.This is the first (of many)
functional renormalisation group equations.

In both cases, the d = 3 dimensional and d = 4 dimensional ¢*-theory, the integration can be performed
analytically and we obtain an analytic effective potential V.g(¢). Interestingly, for a classical potential V(¢)
with a minimum at ¢ = 0, the effective potential exhibits non-trivial minima ¢g (within a restricted parameter
range of m, 1) This fluctuation-induced minimum leads to spontaneous symmetry breaking and a first order
phase transition. Below we discuss both theories and their phase structure in more detail, and we start with
d = 3 in Section 11.2.1 and discuss the Coleman-Weinberg phase transition in d = 4 in Section 11.2.2.

11.2.1. One-loop effective potential and first order phase transition in d = 3 dimensions

In the three-dimensional scalar theory only the vacuum diagrams (degree of divergence three) and the mass
requires renormalisation (linear divergent) and we have 1y = A. Hence, the subtraction of the vacuum diver-
gence with (11.28) lowers the degree of divergence to one, and the additional m?-derivative of the effective
potential (11.27) is finite: in terms of loop contributions to the mass this is readily understood as the only one
loop contribution is the tadpole diagram, which has a linear UV divergence. The m?-derivative of the tapole is
finite and hence all divergences are eliminated,

0,0 —Q— | finitein 4 =3. (11.29)

After performing the remaining momentum integral we are led to

02 Vett(@) = 0,2 Vo(9) — é l\/mz + %(/,2 - \/ﬁ} ; (11.30)

where the m?-derivative of the bare potential only hits the mass term,

2
1 ﬁAmo )

p— 11.31
2 0m* " ( )

1
B2 Vo(@) = 507 +
where the finite coefficient 8Am(2) /0m? of the second term is at our disposal and encodes the renormalisation

condition: We use this flexibility and choose it such that it cancels the entire ¢?-contribution in the second term
in (11.30). This leads us to

1 1 pl 1 A 1 dAm? 1 A
O Ver(9) = =¢> — ——A[m2 + S + ——¢* + —m, ith 0. __ =2
e Ver() = 567 = g [me+ 597+ 35 g W o2 16mm

(11.32)

where now we have restricted ourselves to m> > 0. We note that the extension to m?> < 0 can readily be done
with m — Vm?2 in (11.32), if restricting ourselves to ¢> > —2m?/A (and choosing another normalisation In \V).
This restriction is necessary as the one-loop effective potential is non-convex for ¢> < —2m?/A. This already
entails that a perturbative expansion does not maintain the convexity of the effective potential. We also remark
that the renormalisation condition is mass-dependent due to the 1/m factor in the m?-derivative of Am(z).

The last two terms on the right hand side of (11.32) encode the renomalisation of the vacuum contribution (last
term) and the mass renormalisation (penultimate term). The renormalisation condition for the mass and the
renormalisation scale u are given as follows: as we only discuss the effective potential or rather constant fields
with d,¢ = 0, the respective momentum is p? = 0. This relates to a renormalisation condition with u = 0. If we
remove all quantum corrections to the mass at p = 0, we identify the mass parameter in the effective potential
with the physical mass at p = 0, if we evaluate the correlation functions at ¢ = 0. Note that for vanishing mass
such a choice may introduce further (infrared) divergences. Moreover, for a non-vanishing solution ¢q to the
equation of motion we may use ¢ as the expansion point, and this relates to choosing u = ¢y.
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For now we assume m > 0 and y = 0 and ¢ = 0. Then, in terms of correlation functions the renormalisation
condition for the mass reads

r2p? =0) =m?, (11.33)

to be compared with the on-shell renormalisation condition (7.10a). In terms of the 1PI effective action it reads
I'@(p? = —m?) = 0. This concludes the discussion of the renormalisation conditions and the related fixing of
coupling parameters.

It is left to perform the mass squared integration of (11.30), that leads to the full effective potential for a given
mass m,

m2

Vet 1) = Vegt(gs m2.) + f an'? 8, 2 Vea(im'®). (11.34)

m?
mn

The simple form (11.32) of the m?-derivative of the effective potential allows for an analytic integration. We
also choose a simple initial condition for the effective potential or mass mizn with mizn — o0. For m*> — oo the
theory reduces to the classical theory with the renormalised classical potential V(¢; m?) with

1 A
Vg, m?) = 5m2 »* + l Pt (11.35)
The choice of In AV or rather that of its m2-derivative in (11.28) eliminates the constant term at vanishing field,
V(0) = 0. The renormalisation condition (11.33) adjusts the coefficient of the full ¢2 term to be m?. In summary
this leads us to

One-loop Effective Potential in d = 3

1, A,\3% 1 a1
Vef}‘(¢):V(¢)—E(m +§¢) +Em/l¢ +Em . (11.36)

The effective potential (11.36) shows non-trivial minima and hence spontaneous symmetry breaking for small
m/A. This minimum is located at ¢y with
%

3 . - - A
-, th =, /l =
4 Wi % m m

(11.37)

1
_ 5127%\2
0" 64n2

2o {m (22 30md -

6
2

with the dimensionless ¢g and A, measured in the mass m. The rewriting in terms of the dimensionless field and
coupling emphasises the fact, that the theory has one coupling parameter A. This entails that the large coupling
limit is either achieved by 4 — oo or m — 0. Note that the minimum ¢ has to be real (or q_% > 0), which is

achieved for
- - . - 5
A > Admin » with Amin = 167|1 + 3] (11.38)

For A < Apin, (11.37) is complex and the non-trivial minimum is absent. As expected, this includes the limit
A — 0, in which perturbation theory is valid. In turn, for A — oo, the theory is strongly coupled. Importantly,
for A > A., the minimum at ¢y is the global minimum. In turn, for 1 < A,, the global minimum is located at
¢ = 0. Here, A, is given by

A, = 0.0205. (11.39)
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Figure 11.2.: Dimensionless effective potential Veg($)/m> as a function of ¢ for A = (0.971,, 1., 1.031,).

For A = A,, the non-trivial minimum is located at ¢y ~ 0.103 # 0. Accordingly, the expectation value of the
field jumps from (@) = ¢g to (¢) = 0 at 1 = A.. This constitutes a first order phase transition, depicted in
Figure 11.2.

We close this Section with a cautionary remark. It is well-known that the ¢*-theory in three dimensions exhibits
a 2" order phase transition, and the present one-loop computation does not do justice to this fact. Still, it
captures the presence of a phase transition. However, we used a perturbative ordering in powers of A including
dropping higher order terms in the loop while adjusting the full ¢>-term. Evidently, we could have chosen
another RG-condition. Indeed, while the chosen one is seemingly natural, it does not fix the correlation function
on the equation of motion for ¢g # 0.

11.2.2. One-loop effective potential and first order phase transition in d = 4 dimensions

The d = 3 case evaluated in Section 11.2.1 serves as a warm-up for the d = 4 case discussed now. Also in this
case, the one-loop effective potential shows fluctuation-induced spontaneous symmetry breaking: the effective
potential has non-trivial minima ¢y # 0 even for classical potentials with ¢o = 0. This is the celebrated
Coleman-Weinberg mechanism for spontaneous symmetry breaking, discussed in [5] at one loop.

In four dimensions the UV degree of divergence is higher than in three dimensions and (11.27) is not finite,
but logarithmically divergent. This remaining divergence is that of the mass, as can be seen from the m?-
derivative of the tadpole, (11.29). This divergence can be resolved by either taking a further m?-derivative, or
using the standard renormalisation with the help of the bare mass parameter mg in (11.26). Here we follow the
second more standard route and choose the counterterms In A (vacuum terms), Amé (mass counterterm) and
Ay (coupling counterterm) such that we satisfy the following renormalisation conditions,

Vet =0, V2O =m?, VPO =2. (11.40)

The first condition for the vacuum energy is already adjusted with (11.28) used in (11.27). We emphasise again,
that this choice is pure convenience as V.#(0) does not enter observables.

For the second condition we take the second derivative of (11.27) with respect to ¢ at vanishing ¢ = 0, assuming
m # 0. This leads us to

1 da* 1
(2) _ 2 2 p
Veff(o) =m +Am0+ E (2ﬂ)4lm, (1141)
pZS/\Z
and the comparison with (11.40) leads us to
1 d'p 1
Am? = -= _—, 11.42
™= ) et m? (1142)

[72SA2
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Two further field derivatives lead us to Vé‘f‘f) (0) and a comparison of the explicit expression derived from (11.27)
and the renormalisation condition for the coupling in (11.40) leads us to

322 d* 1
Ao = - 5 1)74 — (11.43)
g (PR m)
In summary this leads us to
2
L[ d'p At B LA | B s
V. =V@)+=- | —=|In|l+ - + -1, 11.44
() = V(9) 2 f (2m)* n( pr+m?) p>+m? 2| p*+m? ( )

with the renormalised classical potential V(¢) defined in (11.35). In (11.44), the limit A — oo has been taken
as the momentum integral is finite due to the subtractions. Note however, that the last term in (11.44) contains
a logarithmic infrared divergence for m — 0. This is not surprising as in massless theories the renormalisation
conditions for logarithmically divergent couplings cannot be taken naively at u = 0: an logarithmic divergence
is both, ultraviolet and infrared divergence and a subtraction at all scales vanishing, p = 0 and ¢ = 0 is ill-
defined. Note that in d = 3 we only faced a linear divergence for the mass and this problem was not present. As
we finally also want to discuss the massless limit of the scalar theory in d = 4, we generalise the RG condition
for the coupling in (11.40): instead of renormalisating the coupling at ¢ = 0, we choose ¢ = u. This leads us to

322 d*
Al = 2= - s+l (11.45)
2 J ot )
p2<
where ¢ is chosen such that
V@ = A. (11.46)

The constant ¢A? in the counterterm parameter Ady only leads to the additional term ¢/ 4NHaa2 ¢4 in the effective
potential in (11.44). The momentum integral in (11.44) can be performed analytically, which leads to our final
expression for the one-loop effective potential

One-loop Effective Potential in d = 4

_ 1o L (5 Ao\ 28°) 1L oo 32
veff<¢>—V<¢)+4!cﬂ¢+64n2(m+2¢)1n{1+m2 — |3+ (5#) | e

Verr obeys the mass renormalisation condition in (11.40) and the coupling renormalisation condition in (11.46)
for the choice

c= T with ar=—. (11.48)

3 A, 1 5+
(1+37) - 3oL ;
m

) LW
T3 M\ RF 2
Equation (11.48) reduces to ¢ = 0 for 1 = 0. Before we discuss the Coleman-Weinberg potential for m = 0,
we check the m — oo limit, where the effective potential (11.47) should reduce to the classical renormalised
potential V(¢). We first notice, that the constant ¢ in (11.48) tends towards zero independent of the chosen
renormalisation scale u, c(m — o) = 0. All terms with positive powers in m” stemming from the last two
terms in (11.47) and we are left with the desired result,

lim Veg(d) = V(). (11.49)
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We note that this result also follows readily from the renormalisation condition that fix the first three terms
in the Taylor expansion in ¢> to be that in the classical potential. The higher order terms necessarily carry
inverse powers of m? for dimensional reasons and hence vanish for m — 0. Moreover, in this limit we find
a potential with a trivial global minimum at ¢y = 0. Note that strictly speaking the limit in (11.49) can only
be taken relative to another scale, and the only other dimensionful quantities is the field ¢. Accordingly, the
limit in (11.49) should rather be in the dimensionless field ¢/m — 0, see also our discussion around (11.37).
Accordingly, we briefly discuss the dimensionless potential with

Ve[f(¢) — ¢_2
2 b

-2
m* ¢

u(g) = (11.50)
and ° defined in (11.48). The field can take any value and the only mass dependence left is that in c(), see
(11.48). Inserting the definitions (11.50) into the potential (11.47) leads us to

_ 1, 2 _ 1 A_5\? A 1 [1, 5, 3(2.,)?
u(d, A, fi) = §¢2 + ol +c(@)] ¢* + @(1 + §¢2) ln(l + §¢2)— P [sz + §(§¢2) ] . (11.51)

Finally, we discuss the massless limit as computed in [5]. In our dimensionless variables this is the limit i — oo.
We first note that in this limit the constant ¢ in (11.48) tends towards
G | 3 A 5
L2 (it
W = e A
and the effective potential (11.47) reduces to the Coleman-Weinberg potential. As in the three-dimensional case
we find non-trivial minima for Vg(¢) for sufficiently small m, and for m = 0 we are led to

(11.52)

¢5 32721 11 | (162 1)
—_— 4 —, = X 27, 11.53
L do=pe (11.53)
In terms of the dimensionless variables one easily sees that the above massless limit is concisely defined with
%&3 = %ﬁze‘ﬁ(””z‘“”) - oo, (11.54)

which also implies (1/2)i> — oo as the exponential factor is bounded from above by its 1 — oo limit. This
result relates the scale of the (physical) expectation value ¢ to the RG scale u. Note however, that a full analysis
also involves the one-loop running of the coupling, and u is simply substituted by a physical scale, u — Appys.
In the present case of a ¢* theory in four space-time dimensions this can be the position of the Landau pole or
the physical cutoff scale Apnys, beyond which the scalar theory ceases to be valid. Naturally, in the vanishing
mass limit with m — 0, i or rather

A%
=A% = ;2” , (11.55)

tends towards infinity. Hence, we can take the Coleman-Weinberg limit as (11.54) holds. This leaves us
with the Coleman-Weinberg scenario of fluctuation-induced spontaneous symmetry breaking: it is based on a
large physical UV cutoft Appys with u = Appys. With a sufficiently small coupling, 34 < 1672, the scale of
symmetry breaking is far below the UV cutoff scale Apnys due to the exponential suppression, leaning us with
a huge hierarchy between the explicit scales such as Apyys and the symmetry breaking scale and the size of the
condensate ¢y.

One-loop Effective Potential in d = 4

A
Verr(9) = —¢* +

4! 25672 (11.56)

24 @ 25
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Figure 11.3.: Dimensionless Coleman-Weinberg potential u(¢) for the parameters A = 20 as a function of ¢/u.
We depict the potential for m = 0.19u in the symmetric phase, m = 0.1y in the broken phase and
m =~ 0.17737u at the 1% order phase transition.

We close the discussion of the Coleman-Weinberg potential with depicting the first order phase transition as a
function of the mass m. For the sake of convenience we use a large coupling 4 = 20 and measure all quantities
in units of the RG-scale . Then, for m — 0, the minimum settles at

lirr%) ¢o ~ 0.45u, for A1=20. (11.57)
In turn, for m > m,, the theory settles in the symmetric phase with the global minimum at ¢ = 0. For the
parameter choice in (11.57) the phase transition happens at

m, = 0.17737u. (11.58)

In Figure 11.3 we depict the dimensionless potential u(¢) as a function of ¢/u for the masses m = 0.19u
(symmetric phase), m = 0.1u (broken phase) and m = m. in (11.58). One clearly sees the first order phase
transition.

11.3. Functional Relations

In the last Section we have applied the functional integral within a one-loop computation to the non-perturbative
question of phase transitions in quantum field theory. While this simple analysis already yielded qualitative
results, it cannot fully capture the non-perturbative nature of this specific problem. To begin with, the nature
of the phase transition (1% order, 2" order with infinite correlation length, crossover) cannot be predicted.
Moreover, even its presence can only be predicted within a fully non-perturbative computation: in the vicinity of
a phase transition fluctuations typically grow strong and quantum fluctuations beyond one-loop may dominate
the physics. This is evident for a 2" order, where the correlation length is (by definition) infinite and the
theory develops a massless mode. Accordingly, the resolution of these interesting question (and many others)
requires a non-perturbative formulation of the theory, that is amiable to analytic and numerical computation.
As discussed in the introduction, two main proponents are the lattice field theory approach, see Chapter 15
and functional approaches, discussed here at the example of the Dyson-Schwinger equations and in Chapter 16
in terms of the functional renormalisation group. In the latter approaches one derives coupled diagrammatic
relations for all correlation functions. However, instead of classical propagators and vertices these relations
are cast in form of full propagators (two-point function) and vertices (n-point functions). In specific cases,
the Dyson-Schwinger equations and functional renormalisation group equations, these relations are closed.
Moreover, while they yield diagrammatic relations for correlation functions, they can be cast into a functional
form as closed relations for generating functionals.
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We now elucidate these statements at the example of the functional Dyson-Schwinger equation for the ¢*-
theory, the quantum equations of motion. We start this analysis with the observation, that the path integral
measure Dy is invariant under space-time dependent translations c(x) of the field,

e(x) = ¢'(x) = e(x) + c(x), — Dy’ =Dy . (11.59)

Accordingly, this is a symmetry of the path integral, similarly to that discussed in QFT I in the context of the
Noether theorem, see Section 2.2 and its global version is just a space-time independent shift of the field. As
it deforms a given configuration ¢ into a general other one, ¢’, the respective ’symmetry’ equation resolves
the theory. Its generator is simply the derivative with respect to the fields. Let us now evaluate this symmetry
for the classical theory. As discussed in Section 2.2, the local variation of the classical action vanishes on the
solution of the equation of motion, ¢goMm. In the present case this leads us to

oS [¢]

-0, 11.60
O (x) P=¢EoM ( )

which is nothing but the equation of motion itself, valid for the generating functional for classical correlation
functions, the classical action. Now we proceed to quantum generating functionals. There we expect, that the
functional relations that follow from the translation invariance of the path integral measure capture the quantum
equations of motion of the theory. Moreover, while this relation can be written in terms of all the generating
functionals, the analogue of Equation (11.60) is that for the effective action. For the derivation we first rewrite
the path integral in terms of a shifted field ¢’ (x),

Z[J] ~ fD‘p, e_S[SO,]"'fo(x)‘p,(x) — fz)(p e—S[<p+c]+fXJ(x) [<p(x)+c(x)] , (1161)

where we have used (11.59) and we have assumed the absence of boundary terms in the path integral. Now we
evaluate (11.61) in the linear order of infinitesimal shifts dc(x). Then, the translation in (11.61) is given by a
functional derivative with respect to ¢(x) and we arrive at

1 O [ =S+ I e
! ~0. 11.62
2Z1J] f Dl [e 0 (11.62)

For a one-dimensional integral this reduces to f dgd/dqlexp{—S(q) + Jgq}] = 0, see also the discussion in
Section 9.3.1 around (9.62). Performing the derivative in (11.62) , we get

_ [9S1¢]
J(x) = <6so o >] : (11.63)

Equation (11.63) is called the Dyson-Schwinger equation (DSE) of the theory. Note, that (11.63) is simply the
expectation value of the classical equation of motion for a given background J; see (11.12). We have used the
latter for the saddle point expansion of the effective action, and (11.63) is the quantum equation of motion in a
given background J.

In its form (11.63) it can be written in terms of a sum of first, second and third powers of J-derivatives of Z[J]
or W[J], as (05 [¢]/0¢p(x)) is a sum of {¢(x)), (go(x)2> and (go(x)3>. More explicitly we have

S8 pl
500 - (—A +m?) p(x) + §[go(x)P (11.64)
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and its expectation value is given by

oS 7
< > = (-a+m?) g0+ —<90(X) )= = 3 [0 — o)’ (11.65)

oS
op(x) [, 6p(x)

The expectation value (go(x)3) J can be written in terms of J-derivatives of Z[J] or W[J]. We first illustrate the

general derivation at the example of (¢’);, relevant for the ¢*-theory. We use that the three-point function in
the presence of a background current can be written as a J-derivative of the two-point function,

(e0), = 7075 f Dy p(x)’ e A1) —( 570 T )) 707 f Dy g(x)? &SI+, 9]

+ ¢<x>) ZO(x, x) = ( + ¢<x>) | W20 + 607, (11.66)

_ ( 5
\8J(x) 0J(x)

where ¢[J] = (@), is a functional of J. Iterating the steps in (11.66) leads us to the general functional relation

5
<H¢(Xi)> = H[M S ok l)] (11.67)
i J

Inserting (11.67) in (11.63) leads us to the final DSE in terms of J-dependent generating functionals,

oS 0
J(x) = m [QD(X) = ) + ¢(x)] , (11.68)

with ¢ = WW[J]. In summary, (11.63) in its form (11.68) is the promised closed functional relation for
all correlation functions of the theory. The respective relations for all n-point correlation functions are then
derived by taking further J-derivatives of (11.63) and evaluate them at J = 0.

We now proceed by rewriting (11.68) as a functional relation for the effective action I'[¢]. A first step is done
by using the relation between J and the first ¢-derivative of the effective action, (11.4). This leads us to

sr 68
Sp(x)  Sp(x)

where the background current on the right hand side is the field-dependent maximum current in the Legendre
transformation. Equation (11.69) elucidates the fact, that quantum effective action I'[¢] is the quantum analogue
of the classical action. It encodes the quantum equations of motion (QEoM) in the vacuum,

oS
=0=({—), 11.70
PEoM <6¢> ( )

and for ¢ # ¢gom it constitutes the QEoM in the background J = 6I'/d6¢. It is left to recast the J-derivative in
terms of a ¢-derivative. This has already been used in the derivation of the relation between I'® and W® in
(11.9) and we derive analogously

o _ [¥» _9 o f ! 5
5J(x) yf 5J(x) 66(y) f W1 y) 5¢(y) @1 590y (11.71)

y

[so(x) = + ¢(x )] (11.69)

6J(x)

6T
0¢(x)

Inserting (11.71) in (11.69) leads us to the final form of the DSE,
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(a) Dyson-Schwinger equation for effective ac-
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(b) Full propagator. (c) Classical n-point vertex. (d) 1PI n-point vertex.

Figure 11.4.: Functional Dyson-Schwinger equation

Dyson-Schwinger equation

56~ e |7~ f oG 5 5s0) TP (11.72)

y

which is a closed functional equation for all 1PI correlation functions T[0](x1, ..., Xn). Diagrammatic relations
for the latter are derived by taking n — 1-¢-derivatives of (11.72) and evaluate these relations at ¢ = 0 or, more
generally, at ¢gop. Then the left hand side is simply T™[0]. In the ¢*-theory the right hand side is a sum of
classical terms and one- and two-loop diagrams with full propagators, classical vertices and full vertices. This
is depicted in Figure 11.4. More generally the right hand side contains up to n — 1-loop terms for a classical
action with maximally nth powers of the field.

This concludes our discussion of functional relations and we close this chapter with two applications. The first
one concerns a simple proof of the 1PI nature of the effective action and the second one concerns the derivation
of perturbation theory from Figure 11.4:

We want to show, that I'[¢] generates 1PI correlation functions. This is done by induction. Obviously, the
classical action is 1PI. Inserting it on the right hand side of (11.72) provides us with functional one-loop and
two-loop diagrams, that are 1PI, see Figure 11.4 with classical propagators and vertices on the right hand side.
Moreover, taking n — 1 ¢-derivatives generates 1PI n-point functions in a general background ¢. The next step
in our iteration is then obtained by re-inserting this result into the right hand side, or rather I" ) [¢] and F(3)[¢]
as the right hand side of (11.72) only depends on these correlation functions, see also Figure 11.4 . Let us now
assume that we have proven the 1PI nature of I'[#] for the ith iteration. Now we use the respective FE") with
n = 2,3 on the right hand side. However, as we insert a sum of 1PI diagrams into a 1PI expression, this only
leads to 1PI diagrams. Hence, every order i of the iteration is 1PI and assuming convergence of this iteration
procedure leads to the desired result.

We emphasise that these iterations do not reflect the perturbative ordering, they involve resummations of whole
classes of 1PI diagrams due to the fact, that the propagator is the inverse of I'®. However, in the first iteration
(using the classical propagator and action on the right hand side) all one-loop diagrams are included, in the
second iteration all two-loop diagrams are included and so on. Hence, the ith iteration generates the ith order
perturbation theory and resummations. Dropping the latter higher order diagrams leaves us with ith order
perturbation theory.

As a corollary of this proof it follows that the Schwinger functional generated connected correlation functions,
and a simple way to see this is via the relation (11.9). This concludes the discussion of functional relations.
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12. Fermionic field theories

In the present Chapter we extend the functional integral approach to fermionic quantum field theories. It follows
from the structure of the derivations and results so far that most of the steps can be taken over to fermionic
theories, after the anti-commutation relations of fermionic fields are properly taken into account. Instead of the
commutation relations (10.4) of the scalar field we have anti-commutation relations,

fw), g} =7"5x - y), (12.1)

with the fermionic field ¢ and its Dirac conjugate 'y°. This leaves us with the question of defining field
eigenstates and momentum operator eigenstates, for quantum mechanics see (9.4), the respective completeness
relations (9.11) as well as the matrix element between position and momentum states, (9.12). As in the scalar
theory we first discuss these topics at the example of (fermionic) quantum mechanics in Section 12.1, before
discussing fermionic quantum field theories in Section 12.2.

12.1. Quantum Mechanics

We start our analysis with considering a simple free fermionic Hamiltonian with
H=wa'a (12.2)

with the creation/annihilation operators a', a respectively. These operators satisfy the anti-commutation relation

{a, aT} =aa"+afa=1 and a=a?*=0, (12.3)

where the second pair of relations states that the anti-commutator of a with itself and a" with itself vanishes. In
contradistinction to the respective commutator relation these are non-trivial relations that signal the Grassmann
nature of the fermionic creation and annihilation operators. Similar to the position space representation of the
position operator ¢ as multiplication with ¢ and the momentum operator p =~ d,, the algebra (12.3) can be
represented in terms of Grassmann variables

2=t ={c,e)=0. (12.4)

Similarly to the position space representation of the Heisenberg algebra [¢g, p] = i, we can represent (12.3) by

the Grassmann number ¢ and its derivative %,

6 =\ —
{§,%_1, (12.5)
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where we have use that the derivative with respect to a Grassmann variable anti-commutes with another Grass-
mann variable.

12.1.1. Properties of Grassmann variables

This property is but one of many relations that follow from the Grassmann property ¢ = 0. Accordingly, we
now summarise some basic facts about Grassmann algebras, differentiation and integration. When repeating
step by step the derivation of the functional integral of scalars in the present fermionic set-up, we will need
many different Grassmann numbers ¢; and hence we consider n Grassmann variables c;,i = 1,...,n. They
anti-commute with each other,

Grassmann algebra

cicjtcjci = 0, Vl,] (126)
as well as
0
a—CiCj = 6ij . (127)

It follows directly from (12.6) and (12.7) by considering a%— (%cncm, that

0 0 0 0 0 0
=0 Ci— +

22,99y, — i =6, 12.8
86‘,’ aCj aCj aCi aCj aCjc J ( )

Note also that c; c; is not a Grassmann variable, as (c;c;)c, = cpu(cicj) with (12.6). Accordingly, the product of
two different Grassmann numbers behaves as a number, it commutes with a Grassmann number as well as with
a number. However, it is not a number itself, as (¢;c j)z =0.

In summary this leads us to (12.5), where we also can exchange the Grassmann number and its derivative due

to the anti-commutator,
0 0
c.— s =<2 — c¢%=1 12.
{C’ 35} {65’ C} (12.9)

These preparations enable us to provide the ’position space’ representation of the fermionic anti-commutation
relation (12.3) of the fermionic harmonic oscillator,

a" > ¢, a— ﬂ_. (12.10)
oc

The functional integrals will require Grassmann integrations in the completeness relations. First we note that a
general function f(c) is given by

f) = fo+ fic, (12.11)

where higher order terms do not exist due to ¢ = 0. Hence, for the Grassmann integrations we only have to
define the Grassmann integral of a constant and that of c itself. The integral of a constant vanishes, as follows

readily with
0
fdcl :fdc—c:O, (12.12)
dc
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with the assumption that boundary terms are absent. The Grassmann integral of ¢ is non-vanishing and we
normalise it to unity,

fdcc =1. (12.13)

It follows from (12.12) and (12.13), that the Grassmann integration is equivalent to Grassmann differentiation,

0
deiCjZ %CjI(S,‘j. (12.14)

This allows us to discuss general coordinate transformation. To that end we consider f dc f(c), and the change
of the integration variable to the new variable ¢ = ac’ + b. It follows from (12.14) that

fdcf(c) = éfdc'f(ac’ +b), With% = li, (12.15)

Equation (12.15) provides us with a relation for the Jacobian J(c”) of this transformation, defined by

fdczfdc'](c’), N J:é. (12.16)

Equation (12.16) has to be contrasted with the Jacobian in standard integrals, where f dq = f dq'J(q’) and
J = afor g = ag’ + b. Note that the proof of (12.15) used (12.14). We could also compute both integrals
explicitly using (12.12) and (12.13). For a given function f(c) = ac + b we obtain

fdc(ac +b)=a, andfdc’](c') [atac’ + b) + b] = J(c)a? . (12.17)

Comparing both integrals we are led to (12.15). The derivations and relations above extend readily to similar
ones for n Grassmann numbers. Let us consider a transformation

Cizaijc;--i-b,‘. (12.18)

In the straightforward generalisation of (12.15) we find

a .

dey-+-dey = dc} -+ -delJ(c)),  with  J7' =det— = det a. (12.19)
C.
J

Equation (12.19) can also be derived from the derivative nature of the Grassmann integrations,

o ac’, o oc’, P
f dei-denf(e) = | | o= f@) = | | 525700 = det =~ [ | =5 f(0) = f dcf -+ dej, () f(©).
it i ! 'k

oc’. oc’
J k

(12.20)

Finally we consider GauBian integrals as required in the derivation of the functional integral. To that end we
consider complex ¢; with ¢; = ¢;. It follows

fdcldél < de,de, e49iCT = detafl—l de,de; €€ = deta, (12.21)
l
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with ¢; = a;jc; and (12.19). The last step in (12.21) follows from

N N
f ]—[ (deider) ]—[ Cic)=1. (12.22)
=1 i=1

Equation (12.22) is derived from the integration rules (12.12) and (12.14). They entail that only terms of the
form [];(¢;c;) contribute to the integral. All other terms either lack a specific c;, or are proportional to cl.2 =0
after anti-commuting some Grassmann variables.

Finally, similarly to the derivation of the scalar path integral we will use states that are normalised to Grassmann
o-functions. Similarly to the standard d-function the Grassmann J-function is defined as an integral kernel,

f dc8(c) f(c) = f(0) — d)=c= f dc e, (12.23)

where the last relation introduces the Fourier representation of the Grassmann d-function. In the path integral
derivation we also need the scalar product of general functions f(c¢) = fy + fic with general functions g(c) =
8o + gi1c of complex Grassmann variables c. This scalar product is reminiscent of the scalar product of square
integrable functions. We have the orthogonal constant basis functions 1 and ¢ and we define

(f.e9)=fgo+fies, —  WAP=1HP+IAF. (12.24)

In terms of Grassmann integrals, (12.24) is represented by

(f.g) = f dedz € f(c)g(c). (12.25)

We close the derivation and collection of Grassmann differentiation and integration rules with a remark on (real)
GauBian Grassmann integrations. The GauBian integral with an antisymmetric matrix a;; = —a;; is the Pfaffian
Pf(a) of the matrix a,

e 1 1
Pf(a) = fdczn .. dcie'?aaici = Sl deZn ..day (Ciaijcj)n = Sl ZS(P)ailiz S iy iy, (12.26)
P

with the permutations p of {i\, ..., i2,} and the signature &(p) of the permutations p. Note also that the integrals
in (12.26) can also be performed for a general matrix a = a* + a”, where a;; = +a7; are the symmetric and
anti-symmetric parts of the matrix a. We still arrive at Pf(a) = Pf(a™). It follows

(Pf(a))* = deta™. (12.27)

Pfaffians play a crucial role in the path integral quantisation of the Weyl and Majorana fermions.

12.1.2. Fermionic path integral in quantum mechanics

With the collection of rules and relations in Section 12.1.1 we can derive the path integral for a quantum
mechanical fermionic system. We consider the Grassmann representation of the Hamiltonian H in (12.2) with

Hewel. (12.28)
oc

In analogy to bosonic quantum mechanics we introduce position states |c) with &/c) = c|c). These states are
normalised to delta-functions,

clc"y =6(c - "), (12.29)

with the Grassmann - function §(c — ¢’) and its Fourier representation defined in (12.23).
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The momentum state in fermionic quantum mechanics is given by |¢), which is already evident from (12.28).
Note also in this context that the field momentum of a Dirac fermion is i, see also (12.1). The state |c) is given
by the Fourier transformation of a position state |c), to wit

lcy = fdc €“lo), (12.30)

and hence
(cley = . (12.31)
With these preparations we start the derivation of the path integral representation of the Euclidean fermionic

transition amplitude, simply repeating the steps for that in the bosonic quantum mechanical system done in
Section 9.1,

(Ci|U(ti,ti—l)|Ci—]>=fd5<ci|5><E|U(ti,ti—l)|ci—l>=fdaeéci<E|U(ti,ti—1)|Ci—l>, (12.32)

with U(#;, ;1) ~ e 2 and At = t; —t;_;. With the Hamiltonian in (12.28) we get for the infinitesimal transition
amplitude

@ U(t,t - Ab)c) = [1 - Ama% + O(Azt)] e~ = =819 L O(AF). (12.33)

Hence, in the limitfg = =T tot = T, T — oo we get

n—1
@U(t,to)lcy = lim f ]_[ deideie™S @9 (12.34)
n—00 [:1
with the action
n—1 2T n
@3 =- Z i (ci = €im1) = Eutumt + +w = Z CiCiot (12.35)
i=1 i=1

Finally we take the continuum limit, leading to the analogous expression to (9.28),

(0|U(0c0, —0)|0) = f DeDic =S cDe] (12.36)

with the action
Slc,¢]l = - f dt [e(0)e(r) + we(t)e(D)] . (12.37)

The respective fermionic generating functional is given by

Fermionic generating functional

Zin. 7] = f DeDE e Stedl e (12.38)
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where the ordering in the source terms, 7jc — ¢n is one of the common conventions. Another one is 7jc + ¢n. The
correlation functions, including their disconnected terms, read

Fermionic correlation functions

1 0 0 0 0
Z[n. 7 (1239
Zinaonen  oaanen  onon P o 13

(T c(ty) -~ c(tn) E(tur1) - - - €(120)) =

This concludes the discussion of fermionic quantum mechanics. The Schwinger functional and the effective
action are defined as in the scalar case and generate connected and 1PI fermionic correlation functions respec-
tively.

12.2. Quantum Field Theory

The results in the last Section translate directly into fermionic quantum field theories. We consider a Euclidean
Dirac theory with the action

Sply, ¥ = —fddxgzz((hm)l//, (12.40)
withd = YuOy, see also Chapter 4 in QFT L. Equation (12.40) is obtained with a Wick rotation from (4.70) with
Xom — —iX0E , Yom — —IYoE Ym — —IE. (12.41)
The Euclidean Clifford algebra is given by
.y =20", (12.42)
and s or rather y,,41 in even dimensions d = 2n is defined with
Yonel =Y0Y1 Y,  with  y3, =1, (12.43)
A complete basis of the Euclidean O(4) spin representation also includes the (Hermitian) generator
T = 3 o] (12.44)

which generates SU(2) o« SU(2) rotations in d = 4. The derivation of the functional integral is done in complete
analogy to that of the quantum mechanical case in Section 12.1.2, leading to

Fermionic generating functional

Zln, 7l = f DYDY e SWIH [ (W-im) (12.45)

where now we allow for a general fermionic action S [, /], one example being the free Dirac action (12.40).
Correlation functions of a fermionic quantum field theory follow from (12.45) as

Fermionic correlation functions

1 0*'Z .
Z 61 (x1) -+ - 61 (xan) |, 5

(T (x1) - () ¥ (Xna1) -~ (x20)) = (12.46)
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Interacting fermionic theories of particular interest with fermions are of the Yukawa type with the action

S vuclvr 0, 6] = f G@+m+ hoy + Sold)]. (12.47)

with a real scalar field ¢. In (12.47), §4[¢] stands for the purely scalar part of the action, for example a free
scalar action or a ¢* action. In this case the generating functional in (12.45) has to be augmented by a path
integral over ¢.

Another important example is QED with

S QeplY, ¥, Al = f&(a—ie4+m)¢+SA[A], (12.48)

X

where A u is the U(1) gauge field and S 4 is the pure gauge field action. Then, the generating functional in
(12.45) has to be augmented by a path integral over A,. Evidently, as in the discussion of QED with canonical
quantisation, we have to treat the redundancy of the gauge field also in the path integral: the gauge field
integration f DA includes infinities due to the redundancies.

The final example is QCD with a non-Abelian SU(3) gauge group with the fermionic action

Sqcply, ¥, Al = f{/_/(a? —ie A +m + SalAl, Ay = Agt?, (12.49)

where t“ are the generators of the Lie algebra su(3).

Perturbation theory works the same way as in the scalar theory, but we have to take care of the Grassmann
nature of the field derivatives. It is an expansion about the Gauflian generating functional of the free fermionic
generating functional,

Zoln, 7l = f@wz)&e—so[l//,l/_/]*'ﬁ(ﬁ'//—l/_/ﬂ) (12.50)
with the free Dirac action
Solu.91 = [ 5@+ mw. (1251)
X
The Gaufian integral in (12.50) is solved by shifting the fermionic fields similarly to the scalar case,
1 - 1
— ) — , = +1n . 1252
R b=+ (12.52)
Inserting the shifts (12.52) in (12.50) leads us to
Zoln. 7] = f DyDFe Sl f T0Gue) (12.53)
with the free propagator
(@ +m) Gy(x,y) = 6(x = y). (12.54)

The remaining GauBian functional integral yields the fermionic determinant,
f DYDGe W ~ det(d + m). (12.55)

With these steps we are led to the final expression for the generating functional of the free Dirac theory,
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Free Fermionic generating functional

Zoln, 7] = det (@ + m) e s O GoPH0) (12.56)

The generating functional is a look alike of the scalar one and the only non-trivial correlation function is the
two point function. This is shown by going to the Schwinger functional

Woln, 7] = Zoln, 1. (12.57)
We get the two-point function from the 5, f7-derivative of Z[n, 77], which leads us to

1 8Zn, 7
Z[n, 71 67(x)én(y)

(TY (W) = [ ] = Gy(x,y). (12.58)
7,77=0

As an example of the interacting theories we consider the Yukawa theory with the action (12.47), gauge theories
will be treated in the next Chapter. We first remark that the generating functional is still Gau3ian in the fermions,

77’ i, J f@(p [fg)w)we—su[ww]ﬁ(nw l//ﬂ)} =S ylel+ |, Je (12.59)

Accordingly, it can be readily performed, leading to
ZInJ f DySealeltf 3¢ Ly gz 1 (12.60)

with the ’effective’ (non-local) classical action
Seele] = Syle]l — Tr(@ + m + he) (12.61)

—Tr(d + m + he) is nothing but the fermionic part of the one-loop effective potential. Moreover, the relative
minus sign signals the fermionic loops.

We close with the functional representation of perturbation theory of a Yukawa theory with the action (12.47),
where the scalar part is given by

1
S yle] = f (590 (A +m5) e+ vimw)) . (12.62)
X
The perturbative expansion of the generating functional involves a double expansion in Yukawa interactions
and scalar self-interactions, to wit
ZIn. 7, 0] = & B VG L5535 o3 Doy SGed= [ 1Gun (12.63)
with the free fermionic and scalar propagators,
(-A+m3) Gy =6(x—y), (@+my)Gy = 6(x—y). (12.64)
We can combine the sum of the interaction terms into

o V@555 = o S VEH) with V(@) = V(¢)+fw¢¢. (12.65)

for the sake of notational brevity. In any case the above representation leads us to the well-known Feynman
rules,
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(a) Write down all diagrams in a given order N of the coupling.
(b) Combinatorial factors.
(c) (-1) for closed fermionic loops.

Explanation for (c): Consider Yukawa theory:

oprop: TV Gylx.y) (12.66)

x y
- : = Gylx,
Y-prop 7 7 v(x,y) (12.67)

v
Vertex: . < k (12.68)
¥
One-loop 2-point function: __ Q _.

From QFT I we recall:

(1o [dne [Bovveom) = < 1 [ (o0 I N 316 @) o)

’

Grassmann prop 2,2

(12.69)
Via functional integral:

2

5J(x)8J(y)

<T§0(x)90(y)>connected = InZ [77’ 7_]’ J]

e e o I
- 2608y \ZI))\Z I )], 5-0 (12.70)

&’z &
8J(x)6J(y)  8J(x)6J(y)

Xth(s ) 5+h_2f6 ) 6 5 5+0(k3)
on(x’) 6n(x") 6J(x") ~ 2 on (x7) 67(x") 6J(x") 6 (x") 67(x"") 6J(x"")

xl x/’ xll
2 Juy 7God= [, 1Gun ' (12.71)
n,77,J=0
At vanishing fields the linear term (in /) vanishes, and the #>-term gives the 1-loop contribution.
(SZ—Z = Gy(x,y) + h* f {G¢ (x,x") Gy (x”,y) [—Gw («,x7) - Gp(x” x')]} (12.72)
0p(x)op(y) 1-loop o
XX

201



Chapter 12. Fermionic field theories

where the minus sign in the square bracket is that for fermionic loops. h?-term: - <>, _.

In momentum space:

1 _—ip+m

Gulp) = ip+m  p?+m?

1
Gy(p) = - where + in both cases comes from Euclidean space
pr+m

Vacuum polarisation:

(12.73)

>@>» ~—h2f dqu(—‘ +m)(—i(p + ¢) + m) L 1
p P @md AT DT G v

dlg |-da-(p+q)+dm’|
Q2 (g* + m?) ((p + g)* + m?)

(12.74)
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13. Non-Abelian Gauge Theories

Abelian and non-Abelian gauge theories are formulated within the functional integral similarly to scalar and
fermionic theory. However, one has to deal with the redundancy of the gauge field degrees of freedom that has
already complicated the canonical quantisation of gauge theories, see Chapter 5 for the Abelian case. There
we have separated the unphysical part of the Hilbert space within Gupta-Bleuler quantisation. Note however,
that the Feynman rules and hence the pertubative (and non-perturbative) involved both, the physical and non-
physical part of the Hilbert space.

Roughly speaking we will follow a similar approach in the functional integral in Sections 13.1 and 13.2 of a
gauge theory with gauge group

G =U(1),SU(N),...., with Q : Lie algebra of G, (13.1)
see also Section 5.1. The gauge field A, lives in the Lie algebra Q of the gauge group and transforms as
—ig Au(x) > —ig Al (x) = UW)D, U (x)] = —ig U®A()U (x) + U, U'(x),  with UeG, (13.2)
with the (minimal) gauge coupling g and the covariant derivative
D, =0, -igA,, (13.3)
in a given representation of the gauge group. We assume that (13.2) leaves the gauge field action S4[A]
invariant: S4[AY] = S4[A]. The gauge field action will be specified later, the current structural analysis

applies to generic classical gauge field actions. An infinitesimal transformation U = exp {iw} = 1 +iw+ O(w?)
follows from (13.2) as

1
Ay— A=A, + éDﬂw +O0(w?), (13.4)

where D is the covariant derivative in the adjoint representation. Due to the assumed gauge invariance of the
gauge field action S 4, we can separate the path integral measure into a physical part and an unphysical one over
the Lie algebra with A, — (AY"*, w) with w € Q,

DA, = DA™ Dw J(A,) (13.5)
where J(A,) is the Jacobian determinant of the coordinate transformation in field space. Evidently, the func-

tional integration of the Lie algebra drops out of the path integral and may be dropped. This also entails that
the full functional integral with the measure DA, carries an infinite redundancy

f@w, (13.6)

that has to be regularised. This is done with the Fadeev-Popov trick which implements the split (13.5) in terms
of an insertion of unity in the path integral.
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Toy example: two-dimensional Faddeev-Popov trick

We close this introduction with a brief discussion of the respective idea within the example of a two-dimension
integral with a rotation-invariant integrand,

fdzxe_s(r), with r= ,/x%+x§, and x = (x1,x2). (13.7)

R

The integral in (13.7) can be rewritten in terms of a radial integration and an angular part, which is readily

performed,
n
fdzxe_s(’) :fdwfdzxe_s(’) :ZJdezxe_S(r). (13.8)
R R R

Instead of performing the active coordinate transformation in (13.8), the Fadeev-Popov trick resorts to a passive
on by inserting unity in the path integral in terms of an integration over w,

Vs

1 1
| = —rfdwfdcé(rcos&)—c)e %<’ (13.9)
b(%)y &

with the modified Bessel function Ip(x). In (13.9), the 6-function carries a ’gauge fixing condition’: the coor-
dinate x; is fixed to a value c, a natural value being 0. This fixes the value of w. The integration over c is then
introduced for the sake of convenience. Inserting (13.9) into the two-dimensional integral (13.7) allows us to
keep the two-dimensional integral without redundancy at the expense of an additional r-dependence. To that
end we use that we can rotate the coordinate in the x; direction,

x' = O(w)x, with x' = (rcos@, rsin), (13.10)

which absorbs the @-dependence in the integration over x’. This leads us to our final expression for (13.7),

f X e = fdwlfdz _S(r)fdcé(xl—c)e %
10
R
zfd2x—e_s(r)e_21fx%_ (1311)
Iy

We have dropped the redundant integration over @ in the second line and relabelled x* — x. Evidently, in
a functional integral over A, this procedure regularises the redundant part of the gauge field integration by a
Gauflian damping factor. This comes at the expense of the non-trivial Jacobian, in the present case this is the
inverse of the modified Bessel function, 1/Iy(r*/(27). In the present example the Faddeev-Popov trick does not
come with any advantage, as it is in general far simpler to only perform the radial integral. In gauge theories
the latter integral entails that one has to deal with projections on gauge-fixed configurations. These projections
complicate practical computations tremendously, hence the Faddeev-Popov trick is commonly used.

In Section 13.2 we perform the above procedure step by step in a non-Abelian gauge theory, and the reader can
compare these steps one by one to the present trivial example.

13.1. Action & Gauge Invariance

In this Section we briefly recapitulate for the sake of convenience the set-up and derivation of Abelian and non-
Abelian gauge theories done in Chapter 5. To that end we consider fermions ¢ that carry some representation
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of a non-Abelian group G, see (13.1). In most cases we will restrict ourselves to G=SU(N). Then, gauge
transformations of a Dirac fermion in the fundamental representation of SU(N) reads

41
w(x) = yY(x) = Uyp(x), with v=| 1 |, and U € SU(N) (13.12)
(2%
The Dirac action including the gauge field, (5.23), is invariant under the local gauge transformations with
U = U(x). We find

Splv Al = f d B + my(), (13.13)
with the covariant derivative
D,=0,—-igA,, with DAYY=UD,U", (13.14)

where the transformation law of the covariant derivative follows from that of the gauge field in (13.2). We
emphasise that (13.14) is an operator identity and the covariant derivative acts on everything to the right. The
gauge field lives in the Lie algebra of SU(N) with

Ay =A4",  with  a=1,. N -1, (13.15)

The self-adjoint generators #* introduced in (13.15) satisfy the Lie-algebra of SU(N),
1
[, ] = i f1, trp 11" = > (13.16)
with the structure constants f¢.
Note also that in Chapter 5 we have deduced the transformation law (13.14) for the covariant derivative from

the requirement of gauge invariance of the action. This leads us to (13.2). The invariance of Sp in (13.13)
follows readily as

Sply?,g¥, A1 = - f dx () U U@ @D +m) U (U @)y = Sply. 1. Al (13.17)

where we have used that UTU = 1. The action for the gauge field has also been derived in Chapter 5, and
follows from the requirement of gauge invariance and a standard kinetic term with a quadratic dispersion. The
latter requirement is in one-to-one correspondence to a 1/r-potential of the gauge theory such as observed in
QED. We are led to the Yang-Mills action

1
SalA] = Efddx try FuFpy (13.18)

where the trace is in the fundamental representation of the gauge group, and the field strength tensor F,, is
given by

Fuy = é[Dﬂ, Dy| = 0,4, - d,A, - ig| A Ay, (13.19)
with

Fu =Fir*,  with  Fi, =08,A% - 0,A% + g f*ALAS, (13.20)

205



Chapter 13. Non-Abelian Gauge Theories

The field strength F;, transforms as a tensor under gauge transformations: it inherits this property from that of
the covariant derivative, see (13.14). Hence we have

Fu — Fo, =UF,U", (13.21)

With (13.21) the gauge invariance of the Yang-Mills action (13.18) follows straightforwardly from the cyclicity
of the trace,

tty FuyFy — ttpUFy UUFLU" =t UTU FyyFpy = try FuyFy (13.22)

In summary we have introduced the full classical action of a non-Abelian gauge theory (QCD, electro-weak
theory, GUT, ...) coupled to matter (Ieptons, quarks),

S, Al = SalA] + S ply, ¥, A] . (13.23)

In the next Section, Section 13.2, we will derive the generating functional of a pure non-Abelian gauge theory
with the classical action (13.18). Then, that of the full theory with the classical action (13.23) follows readily
by augmenting the generating functional of the pure gauge theory with a functional integral over the fermions
as introduced in Chapter 12.

We close this Section with a brief discussion of observables. They are provided by expectation values of (local)
gauge invariant operators,

0 = (Oly, ¥, Ay, (13.24)
with
O, yY,AY] = Oly, v, A). (13.25)

Evidently, the expectation values of the actions and the Lagrangians (13.13) and (13.18) are observables. How-
ever, the fields are not. The latter already holds true for QED, where the gauge field expectation value (Aﬂ) is
not an observable, and the same holds true for the electron or the scalar field in scalar QED. However, due to
the linear nature of the U(1) gauge symmetry the physical interpretation of the U(1) gauge field as a photon
is commonly used: while the gauge field is not a physical field, the expectation values of the field strength
components, the magnetic and electric fields, are observables,

FY = F,y, E-field : E' = —F% = — (3°A' - #'A°) ,  B-field : B' = g/ F/*. (13.26)

In a non-Abelian gauge theory (like QCD) chromo-magnetic and chromo-electric field strength components
are not observables, as the field-strength is not gauge invariant, F' ffv = UF,U "#F w- Moreover, in QCD
the only physical asymptotic states are colorless due to the phenomenon of confinement. In turn, in QED we
have charge superselection sectors. However, for high energies, QCD and more generally non-Abelian gauge
theories show the phenomenon of asymptotic freedom,

g2 (p* > )
= -

ay(p? - ) = 0, (13.27)
4
and we may consider "asymptotic" gluons due to
—0
gAfl] = gA, + 0w+ O0(g) = A, + 0w, (13.28)

which renders them Abelian in a crude approximation. Indeed, one can identify gluon jets or rather their
decay products in the detectors of high energy colliders such as the LHC. For the computation of the respective
cross sections we have to at least set-up a framework for perturbative computations in non-Abelian gauge
theories. In turn, the infrared physics of QCD with confinement and dynamical spontaneous chiral symmetry
breaking requires non-perturbative methods such as lattice field theory, see Chapter 15, or functional methods,
see Chapters 11 and 16.
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13.2. Generating Functional for gauge theories

We proceed with the formulation of the functional integral or rather the generating functional of a Non-Abelian
gauge theory. As already mentioned, the functional integral is defined analogously to that of scalars and
fermions, but we have to take care of the gauge redundancy. For this purpose we first consider the expectation
value of a general gauge invariant operator ‘'O and perform a (passive) coordinate transformation as outlined
at the example of a two-dimensional radially symmetric integral at the end of the introduction in Chapter 13.
Formally, the expectation value is given in direct analogy to scalars and fermions,

, [ DAO[A]e54lA!
(OIA]) = -
[ DA e=SalAl

(13.29)

However, due to the gauge invariance of the operator, (j[AU] = é[A], and that of the Yang-Mills action (13.18)
with S4[AY] = S4[A], the functional integrals in (13.29) carry an infinite-dimensional redundancy, we also
have D[AY] = DA. While this redundancy occurs both in the numerator and the denominator of (13.29),
it formally cancels out. However, in practical diagrammatic computations this cancellation is present at the
technical level and hence has to be accommodated explicitly.

13.2.1. Generating Functional for Abelian gauge theories

A trivial example for the redundancy is provided by the Abelian U(1)-gauge theory, where we already can
perform all the steps already outlined in the introduction. The gauge field action is a GauB3ian free action,

1 1 1
SIAl = f d*x FF,y = 3 f dx (0uAvDuAy — 0uAvD,A,) = -3 f d"x Ay (670, — 0u0y) Ay (13.30)

The right hand side of (13.30) makes explicit, that the longitudinal components of A, drop out. This suggests to
split the gauge field in its transverse part with d,A,, = 0, and its longitudinal complement, which does not occur
in the action. More generally we write A, = (Aﬁf)U, where Aﬁf satisfies some gauge. In view of the discussion
above we use the covariant or Landau gauge with

8 AE = 0. (13.31)

In the gauge (13.31) the longitudinal component is gauged to zero. The covariance of this gauge entails that
manifest Lorentz symmetry of the correlation functions is maintained within this gauge, which is different for
e.g. for the Coulomb gauge d;,A; = 0 or axial gauges n,A, = 0. All these gauges (and more) are used in
computations.

A gauge should be understood as a reparametrisation of the theory. For a given application the one or the other
gauge is more convenient for the computation. A general gauge field can be obtained from the Landau gauge
one with a gauge transformation,

U 1
Ay =A§f+§ . (13.32)

Equation (13.32) makes the Abelian (linear) nature of the gauge field explicit. It entails that the Jacobian of
the transformation A, — (Agf, w) is gauge-field independent. In turn, in non-Abelian gauge theories the shift is
gauge-field dependent,

U 1
AET =48y Do (13.33)
Equation (13.33) leads to a gauge-field dependent Jacobian in contradistinction to (13.32). This causes qual-

itative differences (and complications) in the quantisation of non-Abelian theories in comparison to Abelian
ones.
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We proceed with performing the change of variables in the Abelian case,
Ay — (A w) (13.34)
leading to a reparameterisation of the integration measure of the path integral,
DA = DAE Dw J, (13.35)

with a A, -independent Jacobi-determinant J. Now we implement (13.35) in the functional integral. This is
done by inserting unity in the path integral as done in the two-dimensional toy example, see (13.9). For a
general gauge fixing condition ¥ and U = ¢ we get,

1 = Af[A] f Dws|F (AY)|.  with  Ag[A]= (13.36)

[Dws[FAV)]
The insertion of (13.36) in the functional integral (13.29) is called the Faddeev-Popov trick, and Ag[A] is the
functional analogue of the Jacobian determinant in the two-dimensional toy example. It is called the Faddeev-
Popov determinant. 1t is easily seen that it is gauge invariant,

A AY] = f Dws|F (A7) = f Dws|F (AY))] = f Dws|F (AYW)| = A7 141, (13.37)
where w’ is defined via

VU(w) = U(W), with Dw = D' . (13.38)

The latter property in (13.38) is that of the Haar measure Dw of the group or rather the algebra, and originates
in the fact that the multiplication of U with V is a unitarity rotation in the group, which is an invariance of the
Haar measure.
It is left to compute A#. To that end we use the property of the d-function that 5(f(x)) = |1/[f”(x0)|0(x — xp) for
a function f(x) with f(xo) = 0 and no other zero. For the functional ¢-function in (13.36) we get

1

P [7—“ (AU(‘”))] = W Slw — wol, where  F [AU(‘“O)] - 0. (13.39)

As for the one-dimensional example we have assumed a unique solution wg. In summary this leads us to the
Faddeev-Popov determinant

Ag[A] =

det @‘ (AV@o)y (13.40)
ow

which can be computed for the given gauge condition. In the following we consider the covariant gauge as our
example case,

F =0,A,. (13.41)
In the present Abelian theory this leads us to
F AV = 8,4, + éaﬂaﬂw, (13.42)
whose variation with respect to the algebra element w occurs in the Fadeev-Popov determinant (13.40),

oF
ga(x, y) = 0,0,6(x—Yy). (13.43)
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Inserting (13.43) in (13.40) leads us to
Mgy, A1 = |det (<8,0,)| = det(~0,0) (13.44)

where we have used —d,,0, < 0 in the last step. we emphasise that apart from the explicit expression (13.44)
every expression holds true for general Abelian and non-Abelian gauge theories.

With the above preparations we are now in the position to derive the functional integral analogue of (13.11) for
expectation values of gauge invariant operators (13.29). We find

O = [ DADwAFIAIS|[F(AY)| €54 O[A] [ DAAFIAISIF(A)] e 54 O[A] (1345,
 [DADwAFAIS[FAV)] eSs [ DAAFAISIF(A)]eSs '

where we have used the gauge invariance of the Faddeev-Popov determinant A#, the classical action S 4 and the
operator O in the last step in order to absorb the gauge transformation U in the 6-function 5[F(AY]) — S[F(A)].
In a final step we introduce the Gauflian averaging we have also introduced in (13.9) in the two-dimensional
toy example. This amounts to using

const = f Dw DC

der 2| (w0 (4%) - ] ek (5007 134

instead of (13.36). The derivation leading to (13.45) is unchanged except of a C-dependent wqy with wy = we(C).
However, wg drops out anyway, and we arrive at at

A 1
(0) :NfZ)AZ)C

det 2—5’ (A)S[F(A) = C) ¢ %S C ¢=SalMl Pa]

1 0 R
=— f DA ’det i’ (A)e [SalAlS Al Oay (13.47)
N ow
with the gauge fixing action §'¢; and the normalisation N,

S oilAl = 2%9”2(/1), and N = % f DA ‘det iiw:‘ (A)e[SalAlSelA1] (13.48)
Equation (13.45) is the final expression for expectation values of gauge invariant operators in an Abelian gauge
theory.

We close the discussion of the Abelian example with a few remarks: to begin with, the linear nature of the
Abelian gauge transformation entails, that the Faddeev-Popov determinant does not depend on the Abelian
gauge field for linear gauges,

F = (A, (13.49)

Prominent Examples for (13.49) are the covariant gauge with £,, = d,,, the Coulomb gauge with ¢; = 9;, £y = 0,
and general axial gauges with £, = n, with a fixed vector (n,). Then, the Faddeev-Popov determinant can be
dropped as it occurs as a constant factor in both the numerator and the denominator in (13.47).

Moreover, the gauge-fixed action with the covariant gauge (13.41) with £, = d,,

1 2
S[A] :SA[A]+2—§fddx(6“Ap) , (13.50)

with S 4 in (13.30) has been used within the Gupta-Bleuler quantisation, see in particular the discussion around
(5.39) in Section 5.2. The present functional integral approach with Faddeev-Popov quantisation is identical to
Gupta-Bleuler quantisation.
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Finally, the generating functional of gauge-fixed correlation functions and gauge-invariant observables follows
straightforwardly from (13.47) as

Z[J] = fDA ‘Z_F' e~ SAlAl=S glA] efddeMA# i (13.51)
w

with the Abelian gauge field action § 4 in (13.30) and gauge-fixing action S ¢ in (13.48). Gauge-fixed correla-
tion functions of the gauge field follow from (13.51) as

6 e 6
Z[016J (x1) 6, (x2)

(A (x1) -+ Ay, (X)) = Z[J] . (13.52)

J=0

Equation (13.52) is readily extended to the expectation values of functions and functionals of the gauge field,
and in particular to that of gauge-invariant operators O, to wit

A — L 5[5 : N X TAL _ 0 [d?xJ,A,
(OlA]) = Z10] [O(aJ)Z[J]]J:o , with Ay (xi)e = 6Jﬂi(x,-)e . (13.53)

Equation (13.53) is readily extend to interacting Abelian gauge theories, for example QED. Then the classical
action also includes the Dirac part (13.13), respective current terms and an integration over the fermions, see
(12.45). This remark concludes our discussion of the functional integral approach of Abelian gauge field
theories.

13.2.2. Generating Functional for non-Abelian gauge theories

With the detailed discussion of the Abelian case we are almost done with the non-Abelian case either: none of
the steps in the derivation of the generating functional (13.51) are specific to the U(1) gauge group. The only
difference is the gauge-field dependence of the Faddeev-Popov determinant. We find

oF

Ag[A] = |det 7N , with FlAl=C, (13.54)

= |det M(A)

w=w

where we have already included the GauBian integration over C in our analysis. The Faddeev-Popov operator
M = —6F [6w is derived in an expansion about the solution A, of the gauge fixing condition. This leads us to

67 (Ax) + 1 Da(x))
Swb(y)

- f 07 “(Aw) D' @) _ fW(A(x»

Mab g ~ _ = A
(x,y) ~ —g 0AL(z)  0wb(y) 0A;(2)

D/lez 6z ~y).

(13.55)
In the covariant gauge (13.41), this reduces to
M™P(A)(x,y) = =0, DL (x - y). (13.56)

The analysis so far used an infinitesimal expansion about the solution A, of the gauge fixing condition, see
(13.54). Now we utilise the gauge fixing d-function to substitute this solution by the general gauge field, in
order to remove any explicit reference to the gauge fixing,

AF[A]S[F(A) - C) = |det M[A]| §[F(A) - C] = Idet M[A]| §[F(A) - C] , (13.57)

for a general gauge fixing condition F(A) — C = 0. Collecting all the different results, we are led to the
generating functional of a non-Abelian gauge theory,
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Generating functional of a non-Abelian gauge theory

Z[J] ~ f DA |det M(A)| e~ SAIH] dxTpAL (13.58)

with the gauge-fixed action

1 1
S[A] = SalA] + Sg[A], SalA] = 1 fFZV(A) FZV(A), Sef[A] = 2—§ f?’“(A)T”(A), (13.59)

X

see also (13.18) and (13.48). The field strength tensor FJ;, is defined in (13.20). Finally, the Faddeev-Popov
operator M has been defined in (13.55) and has the short hand notation form

oF

M=—-—9D,. 13.60

0A, Du ( )
Equation (13.58) is the generating functional of an interacting theory in contradistinction to the Abelian case. It
is precisely this difference that is responsible for asymptotic freedom in a non-Abelian gauge theory. Correlation
functions are obtained similarly to (13.52) from the generating functional as

5 o
Z[0] 6! (x1) 65 (x)

1

(A (xr) - A () =

Z[J] , (13.61)
J=0

and the relation for the observables (13.53) carries over identically.

The final result (13.58) leaves us with an expression for the functional integral, that involves a functional
determinant. Evidently, this is not directly useful in perturbation theory: while the Fadeev-Popov determinant
allows for a perturbative expansion in powers of the coupling g, this form cannot be cast directly into Feynman
rules. Moroever, these intricacies carry over to non-perturbative diagrammatic approach such as the DSE as
discussed in Chapter 11. Hence, in a final step we convert the Faddeev-Popov determinant into a functional
integral over auxiliary fields with a ’classical’ action S g, where the subscript g, stands for ghost, as the auxiliary
field, the ghost field cannot be measured. While this final step can be done for a general gauge fixing condition,
we restrict ourselves to the explicit choice of the covariant gauge (13.41): it is the most versatile and used gauge
condition and the following derivation can be followed better within an explicit choice. Then we have

FUA) =0,A%,  and  SglA]= 2i§ f (3,42)" (13.62)

X

with the Faddee-Popov operator
M“(A) = -0,D,, . (13.63)

We now assume that the gauge fixing condition ¥ (A) = C has only one solution, and the Faddeev-Popov
operator M in (13.63) is positive semi-definite, M(A) > O is positive. Note that this indeed does not hold
for sufficiently smooth gauges including the covariant gauge. It can be shown that the gauge fixing solution
has infinitely many solutions, the Gribov copies, and while the Faddeev-Popov determinant is positive in a
neighbourhood of A, = 0 it turns negative for larger amplitudes. This is a highly intricate and challenging
problem and is not fully resolved yet. However, as it goes far beyond the scope of the present lecture course
and is not relevant for the applications discussed here, we will work with the above assumption. The existence
and consequences of Gribov copies will be mentioned here if this generalisation is relevant for direct extensions
of the computations done here.
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With the assumption M(A) > 0 we can drop the absolute value in (13.58) and only have the determinant. Now
we recall that the fermionic path integral with a bilinear action of ¢ and ¢ such as the Dirac action simply
yields the determinant of the respective operator, see (12.21) in Section 12.1.1. In the case of the Dirac action
we arrived at the determinant of the Dirac operator, see (12.55). These considerations lead us to

|det M(A)| = det M(A) ~ f De Dee SaletAl with  Syle, %Al = f d?x e MP(A)”,  (13.64)
and in the covariant gauge we have
S anlc, X, A] = — f d"x e (x) [0, D] (x). (13.65)

The auxiliary fermionic field c, ¢ are called the ghost and anti-ghost respectively. These names reflect the fact
that they cannot be measured and are merely a technical tool to rewrite the Faddeev-Popov determinant as a
functional integral with a local action.

We remark that the overall sign of the ghost action (13.65) is pure convention, and the most common convention
is to define (13.65) with a global plus instead of a global minus. Then the classical ghost propagator G has a
negative dispersion,

— &% (13.66)
p

While the negative or positive dispersion is simply convention, the ghost does not obey the spin-statistics
theorem, which again reflects it status as an auxiliary unphysical field.

In summary we are led to the final expression for the generating functional of non-Abelian gauge theories in
terms of local gauge-fixed action (including the ghost action),

Sgh[C,E,A]:"'fEaﬂD#C - Gl=-

Generating functional of a non-Abelian gauge theory with ghosts
ZLJ,n, 7l = f DA De Die ¢S A [JiAitie=en) (13.67)
with
S[A,c,c] = Ss[A] + S g[A] + SenlA, c, €], (13.68)

with § 4 and S ¢ provided in (13.59) and the short hand notation form

Sanle, e, Al = - f &0, D80 (13.69)

X

of the ghost action (13.65). The Feynman rules in the covariant gauge follow straightforwardly from the action
(13.68) and are summarised in Appendix G in Figure G.1.

We close this Section with the discussion of the generating functionals of connected correlation functions,
the Schwinger functional W[J,n,77] ~ InZ[J,n,77], and the generating functional of 1PI correlation functions,
the effective action I'[A, c,¢], the quantum analogue of the classical action. It is defined as the Legendre
transformation of W[J,n,7], see (11.1) in Section 11.1. In particular the latter is used in most applications
of functional approaches. For example it was key to the computation of the one-loop effective potential of
a scalar theory, the Coleman-Weinberg potential, and the description of spontaneous symmetry breaking in
Section 11.2 in Chapter 11. Moreover, the DSE is almost always used in its form for the effective action, see
(11.72) in Section 13.3.1. Moreover, it is also used for the Quantum Action Principle, the construction of the
effective action in orders of perturbation theory from the gauge symmetry constraints, see Section 13.4.2.

The effective action is constructed in complete analogy to the effective action of the scalar field theory defined
in (11.1) in Section 11.1,
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Effective action of a non-Abelian gauge theory

F[A,c,E]=fd"X(J~A+f7~c—5-77)—W[J,n,f7], with  WILn.7l = nZ[Jn.7],  (13.70)

where we dropped the supremum condition for the currents J, i, 77 and we have used the short hand notation
J-A+i-c—c-n=J(x) A 0 + 7% (x) ¢“(x) = () (%) (13.71)

The Legendre transformation in (13.70) relates the currents with field derivatives of the effective action. In
turn, the fields are given by the derivative of the Schwinger functional with respect to the fields. In summary
we have similarly to the scalar case described in (11.4) in Section 11.1,

T . . T
Note that while minus signs cannot be avoided in the relations in (13.72) due to the Grassmann nature of the
ghost, anti-ghost and their currents, their location is subject to the definition of the current terms. For example
we could have used 77 - ¢ + ¢ - np instead of 77 - ¢ — ¢ - . Then, the last relation in (13.72) for ¢ would inherit
a minus sign, while that for  would loose its minus sign. While this choice reflects the symplectic nature of
the fermionic field and current space, it is simply that, a choice. The invariant feature these minus signs are
related to, is the minus sign for fermionic loops in perturbation theory and beyond, which is also present for
ghost loops.

13.3. BRST Symmetry & Unitarity

In the previous section we have introduced a functional integral approach for non-Abelian gauge theories that
reduces to Gupta-Bleuler in the case of U(1). In the latter case we were able to define a positive-definite Hilbert
space via projection onto the positive norm states, Section 5.2. In the present Section we discuss its extension
to non-Abelian theories. Put differently, this amounts to defining transverse gluons or rather the physical
Hilbert space. In Abelian theories this was helped by the linearity of the gauge transformation. This entails
that the orthogonal split into transversal and longitudinal subspaces and the respective projection operators are
field independent: an infinitesimal Abelian gauge transformation A, — A, + (1/g)d,w with the infinitesimal
parameter w changes the gauge field by d,w. This shift is orthogonal to the transversal subspace defined by the
transversal projection operator

I, 0,w=0, with Iy =6 — —— (13.73)
see (7.103) in Section 7.3.1 for the momentum space representation. In a non-Abelian gauge theory the in-
finitesimal shift is gauge-field dependent, see (13.4). The respective projection operator is necessarily gauge-
field dependent and is formally given by

. 1

IT,,,(A)D,w=0, with I, y(A) = Oy — DﬂﬁDv , (13.74)
where the order of operators D, and D? = Df, in the projection operator in (13.74) is relevant as [D,, , D?] =
—-2igF,,D, - 2i(D,F ;) # 0. This simple consideration emphasises the intricacy o the definition of orthogonal
projections as required for the definition of the physical Hilbert space. Even more importantly it raises the
question of how classical gauge invariance manifest on the quantum level in the present functional integral

approach.

213



Chapter 13. Non-Abelian Gauge Theories

13.3.1. Slavnov-Taylor identity

We start the respective considerations with casting classical gauge invariance in its functional form. The gauge
invariance of the classical action, S 4[AY] = S4[A] reads infinitesimally

1 1
SA[A + —Dw] + O(w?) = S 4[A] - f—w“(y)DszSA[A] = SalA], (13.75)
8 8 A ()
y
for general w(y). This leads us to the local relation
p* 2 s,A1=0 (13.76)
oAb ’
where we dropped the space-time argument. Hence,
Ga=D 0 (13.77)
ATTsAC '

is the generator of gauge transformations acting on functionals of the gauge field. In (13.77) we used a con-
densed notation for emphasising the structure. The dot stands for the contraction of Lorentz and color indices
as written out explicitly in (13.76). In the U(1) case, (13.76) reduces to
0
0u—S4lA] =0. 13.78
y 6A/1 A[ ] ( )

Performing the derivatives we arrive at

{Dy. D)} Fu =0. (13.79)

The field strength is the commutator of the covariant derivatives, see (13.19). Hence, (13.79) holds true as
the left hand side is the contraction of a symmetric with an antisymmetric tensor. For the Abelian U(1) case,
(13.79) reduces to

{04, 0y} Fuv =0, (13.80)

which vanishes for the same reason.

Now we consider the generating functional (13.67), aiming for the quantum analogue of (13.79). Typically,
symmetry identities are derived from the functional integral by considering symmetry transformations that
leave the classical action invariant. If the invariance also holds for the path integral measure, the theory is
invariant. In the present case the infinitesimal gauge transformation via (13.77) is an invariance of the path
integral measure. Indeed, we could implement it similarly to the derivation of the Dyson-Schwinger equation,
see in Equation (11.66). We find that

f DADcDED - (% g SWeas [ nean)| - (13.81)
where we have used the operator identity

5 5
— D =p®_—_ 13.82
SALH H AL (1382
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that follows with f%** = 0. Hence, the integrand in (13.81) constitutes a total derivative with respect to the
gauge field and the integral vanishes leading to the identity. For a gauge invariant classical action this would
lead to the equivalent of (13.79) for the effective action after a Legendre transform: Assuming a gauge invariant
action S[A, ¢, c], (13.81) leads to (DZbe) = 0, which is (13.79) with § — T, if using the relation J = 6I'/6A as
derived in 11.1, see (11.4).

However, the generator of gauge transformations for the gauge field also hits the gauge field in the ghost action
and the gauge fixing term. While the transformation of the auxiliary ghost fields can be chosen as needed, it
seems natural to augment them with a tensor transformation, as they live in the adjoint representation of the
gauge group and have been introduced as a complete set of state for the Faddeev-Popov determinant. This leads
us to

cocV=UcU, cocl=UeU". (13.83)

which is nothing but the unitary coordinate rotation that accompanies the gauge transformation of the gauge
field. For infinitesimal transformations, (13.83) takes the form

¢ - c+ilw, ], ¢—>c+ilw, c]. (13.84)

We remark that the transformation of the ghost is suggestive as in the ghost action — fx €0y Dyc itis acted on
by a covariant derivative and hence should carry the respective representation. In turn, the anti-ghost is acted
on by a partial derivative and lives in the trivial representation of the gauge group. It is precisely this mismatch
that makes it impossible to accommodate gauge transformations in the gauge fixed action.

The infinitesimal shift (13.84) of the ghost and the anti-ghost can be implemented in terms of functional ghost
and anti-ghost derivatives, similarly to (13.76). For that purpose we consider an infinitesimal transformation
of the full action with a parameter w, dropping higher order terms in w and only keeping the linear term. This
leads us to

1
S[A,c,c] =S A+—Dw,c+i[a),c],5+i[a),5]]
g
1 1) 0 1)
= ¢, Al — —w-D-— —i L= cl- — c.A 13.
Sle,c, Al fgw A lf([w,C] 5C+[w,01 65)%[&6, 1, (13.85)

where we have used the short hand notation introduced in (13.77). The generator of gauge transformation for
both, gauge fields, (13.2), and ghost, anti-ghost, (13.83), can be read off from (13.85), to wit,

0 0 0
a _ pab 4 opabd| b 0 b 0 | 13.86
g =D 6AL A = (13.56)

We can easily verify that G* indeed generates the transformations (13.4) and (13.84) by computing its action

on the fields. We find
l— f W’ (G ()| A) = Dy - w(), (13.87)

for the gauge field, and

l— f w%x)g”(x)} ) = ig[w0). e, {— f w”(x)gb(x)] e = iglw(. o). (13.88)

X X
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for ghost and anti-ghost respectively. In summary, we can represent the infinitesimal gauge transformation in
(13.85) in terms of the generator (13.86), contracted with the parameter w of the gauge transformation,

1 1

S|A+-Dw, c+ilw, c], ¢ +ilw, E]} -S[A,c,c] =—- fddxw“(x)g”(x)S[A,c, cl. (13.89)
8 8

The desired symmetry identity follows from the observation that also the generators of gauge transformations

for the ghost and anti-ghost can be brought into the form of total functional derivatives, similarly to (13.82) .
With f? = 0 we find

5 5 s s
gf“bd[cbﬁ + Eb@] = —gf“bd[—cb + —éb]. (13.90)

This entails that G is a total derivative in the space of gauge field, ghost and anti-ghost and hence (13.81) can
be extended to the generator of gauge transformations of all fields,

f DA De De G° [e_s [A’Cf“fx(fﬂf‘fi*ﬁf‘f")] =0. (13.91)
We remark that the identity (13.91) comprises the fact, that a reparametrisation of the functional integral Z[J] in

terms of gauge-transformed fields does not change the result. Acting with the functional derivatives in (13.91)
on the action and the source term leads us to the Slavnov-Taylor identity (STI),

Slavnov-Taylor identity

(G'S1A.c.l) = DiPJ) + g f ™ (7'C” ~ ) | (13.92)

with Dﬂ = DH(A). In (13.92) we have introduced the expectation or mean values of the fields,
A=), C=(), C=(, (13.93)
which leads us to
(DL I ) + gf P (7'c” — &n?)) = DL I + g f P (7'CP - Chy) . (13.94)
Note that the derivation above without the gauge fixing leads to
D,J, =0, (13.95)

which would constitute covariant current conservation.

We emphasise that the Slavnov-Taylor identity is a functional identity: The right hand side can be rewritten in
terms of derivatives of the effective action I'[A, C, C] of the gauge-fixed theory, and the expectation value (GS)
contains as the DSE for scalar theories loop terms in full propagators and classical and full vertices. As there,
we can formulate the STI in (13.92) in terms of the effective action I'[A, ¢, ¢]. Note also that the loop terms only
arise from the gauge-fixing and ghost term, as the Yang-Mills action is gauge invariant,

GS4lA]1=0, (13.96)
which is nothing but (13.76). Hence we get

(GS) = (G"San) +(G"Sar) - (13.97)
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which leads us to the following final form of the STI in (13.92) in terms of currents and expectation values,
DT + g (7'Ch - Cop) = (G“S an) + (G S ur) - (13.98)

In a final step we convert the STI (13.98) into one for the effective action. To that end we use the relations
between the currents and the field derivatives of the effective action in (13.72). We also redefine in a slight
abuse of notation the mean fields A,C,C — A,c,¢, and hence the effective action has the latter arguments,
I' =T7A,c,c] . This leads us to

Slavnov-Taylor identity for the effective action

oI’ ol’ ol’
ot e 5 ) = (@S ) (6754 13.99
U

The right hand side can be expressed in terms of one- and two-loop terms with full propagators and vertices.
We recall the identity (11.67) as used in (11.72) and write

(G“San) +(G“S ar) = (G*Sen)[$] + (G“S D[] (13.100)

where the operator argument ¢ is given by the sum of the propagators of the fields, contracted with field
derivatives and the fields ¢ itself.

n 0
¢i = G¢i¢j : 57% + ¢i ) with ¢ = (A/J’C’ E) 5 G¢i¢j(x’y) = <¢l(x)¢[(y)>c (13101)

similarly to (11.72). Indeed, (13.99) is nothing but the DSE of the gauge theory, projected on gauge transfor-
mations instead of full shifts in the field.

We readily infer from the fully functional form on the right hand side of (13.100), that it contains the classical
breaking of gauge invariance (G“S gn)[¢] + (G“S or)[#] as well as loop terms. For example, the variation of the
gauge fixing term leads to a single one-loop term proportional to

FGRGCanldl )|, = FP 0L ALONIS] - (13.102)

Equation (13.102) vanishes identically on the equations of motions, but its field derivatives do not. A similar
analysis of the gauge variation of the ghost term reveals that it contains one-loop and two-loop terms as it is
given by an expectation value of three fields.

The form (13.99) of the STI makes its content apparent. The left hand side constitutes an infinitesimal gauge
transformation of the fields in the effective action with (13.2) and (13.83). If the effective action is gauge
invariant, the right hand side would vanish. However, the two loops terms on the right hand side reflect the fact
that the path integral has been gauge-fixed. While this was done with an insertion of unity into the formally
gauge invariant path integral without the currents, gauge invariance is lost in the presence of the current. Indeed,
the latter vanish on the equations of motion of the theory,

T I I
0 0 0 =0 0 =0. (13.103)

SAL T T sed T e

Then, gauge invariance is restored: on the quantum EoM (13.103) the currents vanish and so does the left hand
side of (13.99). This implies that the right hand side of (13.99) vanishes.

217



Chapter 13. Non-Abelian Gauge Theories

13.3.2. BRST-transformations

In summary, we had to introduce the gauge fixing for removing the gauge redundancy. The STI (13.92) encodes
the information, how the theory reacts to a gauge transformation. Due to the gauge fixing, the current Jj; is not
covariantly conserved. However, if we accompany the gauge transformation with a related change of the gauge
fixing condition ¥ such that

A— AY, F-FY, with  FY@AY) =0, for FA) =0, (13.104)

this combined transformation should leave the path integral invariant. Note that such a procedure does not
change the FP-operator for linear gauges. Roughly speaking, this idea is at the root of the BRST-symmetry
(Becchi, Rouet, Stora *76, Tyutin *75). For preparing the shift of the gauge fixing condition we rewrite our
gauge-fixed action with a Hubbard-Stratonovich transformation,

S [A,c,¢,b] = SalA] + Sgnlc,c, Al + SglA, b, (13.105)
with the gauge fixing action
S oflA, b] = f dix [—gb”b“ + b0 (13.106)

In (13.105) and (13.106) we have introduced the Nakanishi-Lautrup field, yet another auxiliary field. Evaluating
S [A, ¢, ¢, b] on the EoM of the Nakanishi-Lautrup field b,
oS [A,c,C,b ) -1
M’ =0, with b=-0,A,, (13.107)
5b b ¢

leads us back to the gauge-fixed action S[A, ¢, ¢] in (13.68) with the general covariant gauge-fixing term ,
1 2
Suldl = 7 f (6,49)" . (13.108)
X

On the level of the functional integral representation for Z in (13.67) this transformation can be introduced
within a Gaufian integration over b,

f Db ¢ SelAb] o o=SulAl (13.109)

where we have dropped the field-independent prefactor on the right hand side. This preparation allows us to
introduce step by step the BRST transformation that keeps the full gauge-fixed action invariant, thus accompa-
nying the gauge transformation of the gauge field with a transformation of the measure:

For discussing the latter we first concentrate on a gauge transformation

A, — Ay + Do, (13.110)

of the gauge fixing term S ¢f[A, b]. For the sake of convenience we have absorbed the 1/g factor in the definition
of w in (13.110). This corresponds to defining the gauge transformations with U = expl{i g w}. Applying the
transformation (13.110) to the action § ¢f[A, b] we get

SgilA, b] — Sg[A, b] + f b8, W . (13.111)

X

The shifted term is proportional to the FP-operator. It can be absorbed with a change of the ghost action with
the combined BRST-transformation ¢, with

0.: A—>A+eDc, c—>c+eb (13.112)
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where the transformation of the gauge field is the gauge transformation (13.110) with the parameter w of the
gauge transformation being identified with

' =¢ec?, (13.113)

with a Grassmann-valued parameter £. We emphasise that w in (13.113) is not Grassmann-valued and hence
the gauge transformation of the gauge field in (13.112) is a shift with a standard function. Likewise, the
shift of the anti-ghost in (13.112) is Grassmann-valued. Accordingly, the transformation (13.112) sustains
Grassmann and number properties. Note also that (13.113) suggests the definition of the BRST-transformation
as its transformation in (13.84) with w = e ¢ as in (13.113). This would lead us to
1

8.: c—oc+igec?, with = et :cacbz[ta, 1. (13.114)

In any case, with the combined transformation (13.112) of gauge field and anti-ghost, the transformation of the

gauge fixing action induced by 6.A is cancelled by that of the ghost action induced by d.¢. This already implies
that

0sb=0. (13.115)

It is left to fix the transformation of the ghost such, that the §.A-change of the ghost action is cancelled by that
induced by d.c, and the show that the suggestive complementation (13.114) holds true. To that end we apply
the combined transformation on the sum of the integrands of gauge fixing and ghost action,

O¢ !
b-8,A, —E0,Dyc ~> b-duA, — 8Dy —8,065(Dyc) = b-,A, —0,Dyc. (13.116)
Equation (13.116) leads us to the constraint
—ig |(eDy0). c| + Dydsc = —ige{Dyc). ¢} + Dudsc = —ig Dy(ec?) + Dydsc = 0, (13.117)

which suffices to determine the BRST transformation of ¢ as (13.114).

This leaves us with a complete set of transformations that constitute gauge invariance on the level of the gauge-
fixed action. As indicated before, the gauge fixing condition defines a coordinate system in the configuration
space of the gauge fields, and a gauge transformation rotates the gauge field in this coordinate system. If this
rotation is accompanied by a respective rotation of the coordinate system, the underlying gauge symmetry is
manifest. Below we summarise the BRST-transformations (13.112), (13.114) and (13.115), making the role in
this combined transformation of gauge field and coordinate system explicit,

gauge transformation: J.A = &Dc,
coordinate rotation:  d.c = sigc?,
rotation of the gauge fixing condition: ¢.¢ = &b,
no transformation of the auxiliary field: 6.0 =0, (13.118)
with
0:S[A,c,c,b] =0 (13.119)

We remark that while the derivation of the BRST transformation was done within a covariant gauge, we have
not used the explicit gauge fixing condition at all. In fact, that Nakanishi-Lautrup field is the gauge fixing
condition in disguise, see (13.107). Hence the rotation of the gauge fixing condition with ¢.¢ takes care of this.
Apart form this it takes a passive role in the rotation, 6.6 = 0.
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13.3.3. Hilbert space

Importantly, the BRST-transformations allow us to construct a Hilbert space analogously to the construction of
the Hilbert space in QED. There, we have split the Fock space ¥ in the subspace of the physical (transversal)
polarisations with the creation operators a/1+/2, that of the zero-norm states related to @, and negative norm
states created by af. Polarisations referred to the momentum vector k,. Then, we restricted ourselves to the
subspace with semi-positive states, and the physical Hlibert space was constructed from equivalence classes of
states, whose difference was a zero norm state, see Section 5.2.

The BRST transformations allow us to define the Hilbert space of a non-Abelian gauge theory in complete
analogy. For this construction we first consider the action of a BRST transformation on a general state in the
Fock space ¥ of a non-Abelian gauge theory, and define the BRST-operator Q,

eQ¥) :=6.1¥), (13.120)
where Q is the e-independent part of .. This leads us to
QA = Dc, Oc =igc?, Q¢ =b, 0b=0. (13.121)

Evidently, the BRST-operator Q is Grassmann-valued and increases the number of ghosts in a state by one, see
(13.118). Moreover, the BRST-operator generates gauge transformations on functionals of the gauge field, and
hence does not change gauge-invariant functionals O[A] = O[AY] and gauge-invariant states,

QO0[A]=0,  0S4lA]=0. (13.122)
We define our physical subspace ¥y as the kernel of the operator Q,
Fonys = {I¥) € F | QI¥) = 0} = KerQ. (13.123)

Equation (13.123) is a linear sub-space of ¥, as Q is a linear operator. Moreover, the physical subspace F s
contains zero-norm states [\o) with (¥o|¥) = 0 as in QED. The existence of these states follows from

0> =0. (13.124)

With the property (13.124) we readily can show, that all states |¥y) = Q |¥) are zero norm states by computing
their scalar product with themselves. We are led to

[¥o) = QIW)y,  with  (¥o|¥o) = (¥IQ¥) =0, (13.125)

It is left to proof (13.124), which is performed by proving this property on the fields. We start with the BRST
transformation of the gauge field in (13.121),

0’A = Q(Dc) = 0. (13.126)

Indeed, we have defined d.c such that (13.126) holds true, see (13.116) and (13.117). Acting twice with Q on
the ghost field using (13.121) produces a third power of the ghost (as Q increases the ghost number by one),
but this ¢3-term vanishes due to symmetry reasons, it necessarily carries both anti-symmetry and symmetry,

Q%c = ig0c? = —g*Pc + g2ec? = 0. (13.127)
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The action of Q? on the remaining two fields vanishes trivially. With (13.121) we find
Q’c=0b=0, and  0’h=0. (13.128)

Note that it is the introduction of the Nakanishi-Lautrup field that guarantees the property (13.124). If we
integrate it out, the transformation of the anti-ghost has to be evaluated on the EoM for b, (13.107), and we are
left with

1
Qclpp = Eé‘#Aﬂ, (13.129)

and Q%¢ # 0, but it is still satisfied on-shell (on the EoMs). With the property (13.124) (and locality), Q is a
derivative, and we can use this property to construct the physical Hilbert space H,

H = Fonys/ ~» with ~ W)~ Y2y it O(Yr)—[¥2)=0. (13.130)

This can be rewritten as:

Physical Hilbert space for non-Abelian gauge theories

Honys = KerQ/ImQ . (13.131)

This construction utilises the BRST cohomology, it is similar to the construction of Hilbert spaces within the
de Rahm cohomology, where the derivative operator Q is simply the plain derivative Q = d = dx#%. There,
the property (13.124) follows readily from d> = dx, A dxvaixv% =0.

In summary we have arrived at the Hilbert space of a non-Abelian gauge theory, whose construction foregoes
and is pivotal for the discussion of unitarity of non-Abelian gauge theories on the quantum level. This discus-
sion is far beyond the aims of this lecture course and defer the interested reader to the literature. In this context
it is worthwhile noting that so far we have ignored the fact that the gauge fixing condition may have several so-
lutions. Indeed for the covariant gauge and other sufficiently smooth gauges there are (infinitely many) Gribov
copies, and the cohomological construction has to be modified. Strictly speaking its global use rests on the ex-
istence of a BRST charge (ghost number) and not only the existence of the generator of BRST transformations.
This intricacies lead to the fact that till today the construction of the physical Hilbert space of non-Abelian
gauge theories faces difficulties. We rush to add that this does not affect the computation of expectation values
of gauge invariant operators, and hence that of S -matrix elements.

13.4. Quantum Master Equation

In this final Section discussing the quantisation of non-Abelian gauge theories we want to discuss the BRST
analogue of the functional STI (13.99). We expect that the BRST symmetry underlying the construction of the
functional integral leads us to a linear identity such as the functional Ward identity in QED rather than the STI
with loop terms as in (13.99).

13.4.1. Derivation of the quantum master equation

For its derivation we again start with the generating functional (13.67), where we have linearised the gauge
fixing with the GauBian integral (13.109) over the Nakanishi-Lautrup field,

Z[J,n, 7] = f DA DeDE Db ¢S Aetbl+ [(JArie=en) (13.132)
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The STI following from the BRST transformations (13.118) with 6, = £Q can be derived similarly to the STI
(13.99): we consider the functional integral with a total derivative of the exponent in (13.132) as the integrand
by applying J, to it. For the comparison, see (13.91). As the full action is invariant, 6. S[A, ¢, c] = 0, we find
1 S e — 1.
- f DA DcDe Db 6, [e—S [A"’L”’“L("A“”—"">] = f (J- (€QA) + 1 (€Qc¢) — (£QF) n) =0. (13.133)
Z[J,n, 7]
X

Equation (13.133) carries explicitly the BRST invariance of the gauge fixed actions as all terms on the right hand

side of the equations stem from the BRST variation of the current term and express the current conservation of
the BRST current. Pulling out the Grassmann parameter € and using (13.121) leads us to

f(f- (QA) =77 (Qc) —(Qe) - ) = f(J-<DC>—igﬁ~<62>—<b>-n) =0. (13.134)

X X

The first two terms in (13.134) still contain expectation values with more than one field, and hence contain
loops. The last term is proportional to the gauge fixing with the mean field A = (A), where we have used
(13.129). Now we utilise that the terms multiplying the currents are simply BRST variations of the fields,
0¢ = (QA, Qc, Oc). Accordingly they could be expressed in terms of derivatives with respect to currents of
BRST variations, if we would augment the generating functional with these currents. However, potentially this
spoils the form of the BRST-identity (13.134), if these additional source terms are not invariant under BRST
transformations. It is here, were the derivative property of Q, Q° = 0 in (13.124) comes to our aid, as it
entails that source terms for the BRST variations are invariant. This leads us to the final form of the generating
functional for non-Abelian gauge theories including the BRST source terms,

Generating functional for non-Abelian gauge theories with BRST source terms

Z[J,n, 7, La, Le, Le] = f DA DeDe Db ¢S ACEI [(JA+T e+ [(La-QA+LeQc+Le QD) (13.135)

Equation (13.135) also includes a source term for the Nakanishi-Lautrup field b, as the latter is the BRST
variation of the anti-ghost, Q¢ = b. With 0% = 0, (13.134) still holds, and we can express the (Q¢) in terms of
derivatives of the Schwinger functional

W[‘L 77’ ]_7’ LA’LC’ LE] = logZ[Ja n’ f], LA9 LC’LE‘] . (13136)
This leads us to
ow ow ow
A) = — = —, c) = =(b). 13.137
(QA) oL (Qc) 5L, (Qc) oL, by ( )
Inserting (13.137) into (13.134), leads us to the final linear form of the STI,
ow ow oW
Jo—-n-——-——-7|=0, 13.138
f[ SLy T SL. oLy " ( )
X
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where we also can use 0W/0Lz; = (b) in the last term. For L; = 0 and using the covariant gauge this yields
(by = 1/€0,A, at Lz = 0, see (13.107).

In a last step we convert (13.138) into a functional relation for the effective action and its derivatives, analo-
gously to the STI (13.99). The BRST sources are spectators in the Legendre transformation done in (13.70),
and we define

Effective action of a non-Abelian gauge theory with BRST source terms

[[A, ¢, La, Le, L] = fd"x(J-A+f7-c—6-n)—W[J,n,ﬁ,LA,Lc,La], (13.139)

where the Schwinger functional has been defined in (13.136), and we have used the short hand notation (13.71).
The relation between the fields Ay, ¢, ¢ and the currents J,, 7,7 is not changed in the presence of the BRST
source terms and hence we still find (13.72): the sources are given by the first derivative of the effective action
with respect to the fields. As the BRST source terms are spectators in the Legrendre transformation in (13.139),
the derivative of the effective action with respect to a BRST source is minus that of the Schwinger functional,
to wit,

or ow or ow or ow

_— =) = - . (13.140)

OLa OLa oL, oL, O0L; OL;

Using (13.72) and (13.140) in (13.138), leads us to the quantum master equation (QME),
Quantum master equation
o o' o' o6 oI oI
fddx—~—+ RCLANRCL AL (13.141)

0Ly 6A 6L, 6c OLz oc

Equation (13.141) is the final form of the STI for the effective action. It has the desired algebraic form and
features no loop terms.

13.4.2. Applications of the quantum master equation

We close this Section and the whole Chapter on the quantisation of non-Abelian gauge theories with a few
illustrative examples for the use and content of the quantum master equation (QME) and some remarks.

Classical and quantum BRST transformations

To begin with, we want to illustrate the symmetry content of the QME (13.141) at the example of the classical
action. In the presence of the BRST source terms it is given by

S[A,c,&La, Lo, L] = S[A, ¢, €] — f(LA QA+ Lo Qc+ Lz - QF). (13.142)
X

with S[A, ¢, c] given by (13.68). Accordingly, the variation of the classical action with respect to the BRST
sources simply provides the BRST variations of the fields,

5S sS 58
- = - A = —D N = - = — 2 S _ =
5L, - 2 ¢ L.~ Q=g o

~Qc = -b, (13.143)
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where we have used (13.121). Hence, on the classical level the quantum master equation (13.141) reduces to

0 P S
A GA Tt | Sl et la Le Ll = 13.144
fI:Q (SA +QC6C +QC6€‘ S[ ,C,C, As Lics C] 0, ( 3 )

X

which is nothing but 6.5 = 0 after multiplication with . Not surprisingly, (13.141) reduces to classical BRST
invariance on the classical level. The form (13.144) also emphasises the underlying structure of the quantum
master equation: it describes the action of the operator of field derivatives, projected on the direction of the
quantum BRST variations 6I'/0L. The respective operator BRST operator s, is given by

o & or ¢ or 6
ot ::f RIS (13.145)
0Ly, 6A O6L. o6c OL;éc
X
and the coefficients
or or or
-, -, —_—, (13.146)
5LA 5LC 5LE

are the quantum versions of the classical BRST variations (13.143). They acquire n-loop contributions at the
nth order of the perturbative expansion. In a non-perturbative functional approach such as the DSE approach
the quantum BRST variations (13.146) have a close loop form in full propagators and vertices.

Quantum action principle

We proceed by illustrating the perturbative use of the quantum master equation (13.141) within the quantum
action principle. This exploits the iterative structure of perturbation theory to constrain the nth perturbative
order in the effective action from the n — Ist order. We start on the classical level, that it n = 0. As already
discussed around (13.144), at this level the quantum master equation simply entails classical BRST invariance,
see (13.144),

. 0 0 _ 0
s¢S[A,c,¢; Lo, Le, L] =0, with £sg =8Q=58=8f[QA-a+QC'§+QC-§ . (13.147)

X

At the one-loop level we utilise the classical results and the QME takes the form

sS o
6Ly 6

or

oS
+ _ p—
6L¢i

= =0, (13.148)
1-loop 6¢i

1-loop

where ¢ = (Ay,c,c) and ¢; with i = 1,2,3 are the components. In (13.148) a sum over all components is
implied. The derivatives of the classical action are input and (13.148) is the BRST-symmetry constraint for the
one-loop order.

This procedure can be iterated and on the nth order we arrive at

5 or
oLy, 06;

oI’
+ E—
6L¢i

ol
1-loop 6¢i

or

oS
+ —_ —
6L¢i

-— =0. (13.149)
n-loop 6¢i

n-loop (n-1)-loop

Equation (13.149) entails that the QME at the nth loop order constrains the nth loop order of the effective action
with the input of the n — 1th loop order. Importantly, the higher orders do not feed back to the lowers ones.
This is similar to the renormalisation conditions, where the higher loops doe not affect the renormalisation at
the lower loop order, as discussed already in Chapter 7.
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BRST without Nakanishi-Lautrup field

The Nakanishi-Lautrup field has faciliated the derivation of the BRST transformations. However, it is by no
means pivotal to the BRST setup or to the QME (13.141). It can readily be integrated out, as it only occurs
quadratically and linearly in the classical action. Indeed, it has been introduced in the generating functional as
a GauBian integral. The integrating out is most conveniently done by solving the equation of motion for b at
vanishing b-current Lz, and consequently inserting the solution b of the EoM into the effective action and the
QME. The EoM yields

I _ 1
a =—-h=—
OLz1.=0 3

E (13.150)

see also (13.107). Inserting (13.150) into the QME (13.141) leads us to

Zinn-Justin equation

c——==-0,A4, - —|=0. (13.151)

f p oL or  of of |1 6T
x — —
8Ly SA  OL. 6¢ & "H se

In a last step we use the linear occurrence of the anti-ghost in the classical action in order to make the underlying
structure of the last term very apparent: the BRST transformation of the anti-ghost was introduced to adjust for
the gauge transformation of the gauge condition, that goes hand in hand with the gauge transformation of the
field. Due to the linear occurrence of the anti-ghost, its Dyson-Schwinger equation takes a simple form,

1
Z[‘L na 7_77 LAaLCa 0

] fDA DC@E‘; [e_S [A,c,E]+L(J.A+f,.c—an)+fx(LA.QA+LC-Qc)] = (@Dycy-n=0. (13.152)
c

In terms of the effective action, (13.152) reads

oT 6T _

—_——— = 13.153
H6Ls, oC ( )
Inserting (13.153) into (13.151) leads us to
ol o' oI oI 1 ol
— —+—-—=-=(0,A,)-0,—[=0. 13.154
f[éLA 6A  SL. oc g( ) V(SLAV] ( )
X

In (13.154) it is evident that the variation of the anti-ghost simply amounts to a gauge transformation of the
gauge fixing term as it was introduced in the first place. This is even more evident, if we combine the terms
proportional to the BRST variation of the gauge field,

oT (o 1 oT T
= (£ +-60,4, |+ — =]|=0. 13.1
f[éLA (5A+§aaﬂ “)+6Lc 6c] 0 (13.155)

X

It is a matter of the task at hand, whether (13.141), (13.151) or (13.154), (13.155) are used.
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STI's for correlation functions & transversality of the gauge field self energy

Evidently, the master equation (13.141) can be used for deriving relations between (parts of) correlation func-
tions. For this purpose we consider (13.141) or one of its variants (13.151) and (13.154), (13.155) as a (zero)
functional and evaluate derivates of this functional at vanishing fields and BRST currents. We define

QMEJg, L] = fddx(% : g + ;LFC : % + 66LFE - %) , (13.156)
with
¢ = (A%, ¢, &, b%), L=(Laj, L, LY. (13.157)
The QME (13.141) is nothing but
QME[¢, L] =0, (13.158)

while its variants (13.151) and (13.154), (13.155) are simply given by an evaluation of (13.158) on the EoM for
b, (13.150), with Lz = 0,

1
QME|A,c,c,b = E(?A,LA,LC,LE. =0|=0, (13.159)

The QME is used frequently for reconstructing full scattering vertices such as the ghost-gluon, three-gluon
and four-gluon vertices from the respective STI's. For example it can be shown that the longitudinal parts
of three-point functions such as the ghost-gluon vertex or the three-gluon vertex are simply given by sums
and differences of two-point functions, while longitudinal parts of the four-gluon vertex are given by sums of
products of three- and two-point functions. These are prominent examples of the general structure, that the
STI’s relate longitudinal projections of higher correlation functions to sums of products of lower correlation
functions. Needless to say, the computation of thee algebraic identities typically requires far less computational
effort than that of the loop identity (13.99), both analytically within perturbation theory as well as numerically
within non-perturbative applications. Moreover, these relations unravel physical gauge invariance of the theory
as carried by the gauge-fixed correlation functions. In summary, one can learn a lot from the quantum master
equation about the physics mechanisms in non-Abelian gauge theories, and in particular it can be used to
significantly reduce the computational tasks at hand.

As a key example for such a useful relation we discuss the STI for the 1PI two-point function of the gauge field,

5T

- - - — 1
SALX)GAL(y) [An'] . (13.160)

¢=¢,L=0

where the subscript .. indicates the connected part of the correlation function, and ¢ = (0,0, 0, b). We will derive
that the longitudinal part of the two-point function is simply given by its classical (gauge-fixing) part, which
obviously reduces the computational costs of computing the longitudinal quantum corrections to zero.

For showing this property we project the functional QME (13.141) or (13.154) on a relation for the two-point
function (13.160). To that end we use that the first term in the QME already contains a first derivative with
respect to A,. Hence a second Aj(x)-derivative of this term already yields the two-point function (13.160),
contracted with 6I'/6L4. The latter term has ghost number one as the BRST operator increases the ghost
number by one. This can be already seen from its classical variant 6S/0Ls = —Dc, (13.143). Accordingly, we
also take a c”(y)-derivative of the QME and then set all fields and BRST sources to zero. This leads us to

5°QME[¢, L]
5ch(y) 6A%(x)

_ f[ 8T or . oT 8T o
s=pr=0 Y 16¢"0) SLY (2) SAY(R)OAL(x)  OLER) BAL(N) 0P 6| o '

(13.161)
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The other terms generated by the two field derivatives of the QME vanish at ¢ = L = 0 as they are products
of terms with non-vanishing ghost number. Hence, they involve products of ¢, ¢’s as well as BRST currents.
The second term on the right hand side of (13.161) is readily computed either from (13.141) or directly from
(13.154), where part of the EoMs have already been used. If we start with (13.141), we are led to

5T 160,A:) 1

- =g 13.162
SLA(2) 6AUx) € AL 20 00—, ( )

where we have performed the Lz-derivative first and ¢ = ¢, L = 0 is implied. We also relate the ghost—anti-ghost
two point function or inverse propagator to the full BRST-transformation of the gauge field,
6T ) or 6T

= d, = : 13.163
6cb(y)6ed(z)  6ch(y) OLY () T Sch(v) LY (2) ( .

with b = b, which amounts to re-deriving (13.154). Note that this relation entails, how a quantum gauge
transformation transports the gauge field along the gauge fibre: classically the kernel of this transformation is
given by the Faddeev-Popov operator —1/(d,D,,), on the quantum level this kernel is the full ghost propagator
(cC)c. By using (13.162) and (13.163) in (13.161), we arrive at the final form of the STI for the gauge field
two-point function,

g oe=Df=0. 13.164
fél‘iv(zwcb@) (514‘5(1) 5AZ(X) i Tt (z—x) ( )

%

at ¢ = ¢,L = 0. Equation (13.164) entails that the longitudinal gauge field two point function receives no
quantum corrections. To see this more clearly, we first use that

f ST 6°S[A,c,e,b,L=0] _ f 8T &S te[A]
- LY ()6ct(y)  SAY()6AL(X) B - SLY (2)6cb(y) SAG(2)5A(x)
6’ 1
= | ——— |-26YF 05z~ 0|, 13.165
fél‘iv(z)écb(y) [ £ v (z—x) ( )

Z

with the solution 4 in (13.150) of the »-EoM, b and Stg[A]in (13.108). With (13.165), the STI (13.164) reduces
to

2 2T _
f d(sr oL =S) =0, (13.166)
SLY (2)5cP(y) 6A%(2) SAG(x)

Z
the STI only constrains the quantum part of the effective action. Moreover, the mixed c, L4-derivative can be
written as a total derivative,

6T
SL{ (D)5 (y)

0 ol 0
— — Dde e
(5Cb(y) 5LiV(Z) < u c (Z)>

—W (13.167)

$=4,L=0

$=4,L=0 9=,L=0

Now we use that the c-derivative of the mixed correlation function ([A, c]) vanishes at ¢ = ¢, L = 0, and we
arrive at
6T

- - = —6P55(z - ). 13.168
5L (0 () oY e

¢=,L=0
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Using (13.168) in (13.166), we arrive at the final form of the STI for the gauge field two-point function. As
correlation functions are typically computed in momentum space, we also perform a Fourier transform of the
result, leading us to

ab 1 . ab ab
py( ram|, - s 6”) =0, with  [[R]V (g =[TR] (meDsp+e.  (13.169)

In (13.169) we have used the natural extension of the notation (11.6) to general theories,

o"T
T (X0 ) = . (13.170)
B T S () - O, ()
Commonly, (13.169) is rewritten in terms of the gauge field propagator, to wit,
PulALPIAY Q) = £6 p,p* Q) 6(p + q) . (13.171)

and the right hand side vanishes for the Landau gauge with & = 0. We emphasise that in this case the (13.169)
is non-trivial while (13.171) is trivial. The reader may convince themselves that (13.171) is also satisfied in the
Landau gauge if (13.169) does not hold and Fﬁa has non-trivial longitudinal contributions.

In summary the STI for the gauge field propagator entails the important information that there are no longi-
tudinal contributions to the gauge field two-point function. This is similar to QED, where it follows from the
Ward identity. We emphasise that this information can also be obtained or confirmed within an explicit com-
putation of the longitudinal two-point function. Evidently this is computationally more demanding and hence
this example shows very impressively the usefulness of the QME in terms of STIs for correlation functions.
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14. QCD

QuantumChromoDynamics is the theory of the strong interactions. Its interaction is carried by a non-Abelian
gauge field, the gluon, with the gauge group SU(3) and the color charge. The gluon couples to the quarks,
and strongly interacting matter makes up most of the visible matter in the universe. In the high energy (ultra-
violet) regime the couplings tends towards zero with increasing momenta and QCD processes are described
with perturbation theory. The phenomenon, that the theory tends towards a free theory at asymptotically high
momentum scales is called asymptotic freedom.

In turn, at the low energy (infrared) regime at momentum scales p> < 1GeV? its coupling grows strong and
QCD turns from a theory of weakly interacting quarks and gluons into an (effective) theory of (weakly) inter-
acting hadrons, the bound states of quarks. This dynamical change of degrees of freedom is governed by two
peculiar properties, confinement and strong spontaneous chiral symmetry breaking, often also called dynamical
(spontaneous) chiral symmetry breaking. The epitaph strong refers to the strong interactions (QCD) and not to
the strength of the symmetry breaking or the coupling. Moreover, dynamical refers to the fact, that the (pseudo)
Goldstone bosons of spontaneous chiral symmetry breaking are the pions built from up (#) and down (d) quarks,
7t ~ ud, 7~ ~ @d and 1° ~ 1/ V2(uit — dd). Accordingly, in contradistinction to the Higgs mechanism, the
Goldstone bosons are dynamically emerging low energy degrees of freedom built from up and down quarks.
These two phenomena, confinement and dynamical chiral symmetry breaking, are also responsible for the rich
structure of hadron resonances, and the rich phase structure at finite temperature and density. Both, the physics
of hadron resonances and the phase structure of QCD are experimentally tested at running and planned heavy
ion facilities/detectors.

These properties of QCD are summarised as follows:

(a) Asymptotic freedom: the strong fine structure constant decays for large momentum scales,

2052Y 2500
8 (p7) o

S M/ , 14.1
iV ( )

as(p?) =

and the theory tends towards the free theory for p> — oo, for experimental measurements see 14.3.

(b) Confinement: Mathematically, it is defined as the existence of a mass gap in Yang-Mills theory (Mil-
lenium problem Clay Mathematics Institute, formulated by A. Jaffe and E- Witten). It is linked to the
fact that (in Yang-Mills theory) the quark—anti-quark potential V,;(r) grows linearly at large distances r
between the quark and the anti-quark,

Vyg(r = ) = or, (14.2)

where o is the string constant. Equation (14.2) entails that an (asymptotic) gg-state has an infinite energy
and hence is not part of the Hilbert space. In QCD with dynamical quarks a dynamical gg pair is built
when the potential energy is large enough. This pair shields the original one and the potential reduces to
a color dipole potential.

(c) Strong spontaneous chiral symmetry breaking: At large momenta 1 GeV< p < 100 GeV quarks exhibit
a current quark mass generated by the Higgs mechanism at the electroweak scale of ~ 100 GeV. These
masses can be found in Table 14.1. At smaller momenta p> <1 GeV strong spontaneous chiral symmetry
breaking generates an additional mass gap for the quarks of the order Am ~ 300 — 400 MeV, leading to
the quark constituent masses. At these scales also confinement takes place and we cannot isolate a single
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Generation first second third Charge
Mass [MeV] || 1.5-4 | 1150-1350 170x10°

Quark u c t %
Quark d S b —%
Mass [MeV] | 4-8 80-130 | (4.1-4.4)x10°

Table 14.1.: Quark masses and charges. The scale of strong chiral symmetry breaking is Am ~ 300 — 400 MeV,
as is Agcp. This entails that only 2 + 1 flavours have to be considered for most applications to the
phase structure of QCD.

quark as they are only found as constituents of hadrons, e.g. the nucleons. The latter (proton p ~ uud
and neutron n ~ udd) have a mass of ~ 1 GeV, being built from the up and down quarks.

In the present Chapter we discuss the phenomenon of asymptotic freedom and compute the momentum running
of the strong fine structure constant a4(p) in (14.1) at one-loop. We also discuss how the phenomenon of
dynamical spontaneous chiral symmetry is mapped to our investigation of the one-loop effective potential of a
scalar theory in Section 11.2, including a rough estimate of its size. Finally, confinement is discussed in the
next Chapter, Chapter 15.

14.1. Renormalisation of QCD

For the computation of the running coupling of QCD we have to set-up the renormalisation programme first.
The color gauge group SU(3) is coupled to the quarks, while the Ieptons do not experience the strong force,
they live in the trivial representation of SU(3). The (Euclidean) action of QCD including gauge fixing and ghost
action is a combination of the gauge fixed Yang-Mills action (13.68) with the gauge fixing term 13.3.2 and the
Dirac action for the quarks,

Ny
1 1 2 :
S[A"l"_l]=f§tff Fﬁv+2—§f(5uf‘fl) ‘fﬁaauDﬁb b_Zf‘_If(Derf)q‘f- (14.3)
X X X f=1%

with the quark field g includes all flavours, g = (u,d, s, c, b, 1), and hence Ny = 6. We use a diagonal mass matrix
m with entries my with m = diag(my, mq, mg, m¢, my,, m;), where we used the running index f = u,d, s, c, b, 1.
The details of the QCD action (14.3) including the field strength F,, and the covariant derivative have been
provided for general SU(N) gauge theories in Section 13.1 see (13.12) to (13.20).

The quarks carry the fundamental representation of SU(3) indicated with capital Latin letters, ¢ = (¢*) with
A =1,2,3, and the gluon is given by A, = Aj1“ witha = 1, ... N> —1 = 8 for N, = 3. The generators are given
by t* = %/l“, where A% are the Gell-Mann matrices. In the fundamental representation they read

a_O'a 0 _ . 1_0 1 2_0 —i 3_1 0
A —(0 0), a=1,2,3, with o —(1 0), o —(. ), o _(O _1), (14.4a)

for the first three generators with the Paul matrices 0. This also indicates an embedding of SU(2) in SU(3).
The remaining five generators are given by

1 —i
0 0 0 0 1 (1 0
4 _ 5 _ 6 _ 7 _ 3 _
A _[1 0 ] A _[i 0 ] A _(0 1), A _(0 2), pi _\/5(0 _2),

(14.4b)
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l

p [+ p
Figure 14.1.: Self energy of the quark in QCD

where the 1 in A3 is the unity matrix in two dimensions. The Cartan sub-algebra (maximal Abelian sub-algebra)
of the su(3) Lie algebra is commonly constructed from A and A% with

|47, 2] =0, (14.5)

This sub-algebra and subgroup places an important role in the discussion of confinement as does the center
of SU(3): center[SU(3)]~ Z3: The confining regime or phase of Yang-Mills theory is center-symmetric while
center symmetry is broken in perturbation theory valid at large momenta.

The SU(N) groups are semi-simple Lie-groups which have a discrete center[ SU(N)]= Zy, the set of all group
elements that commute with all other group elements. For example, in SU(2) the center is given by {1}, the
square roots of the identity matrix. In SU(N) this generalises to the nth root of the identity matrix.

Finally we note that in low-energy QCD with momenta p < 1GeV one typically uses Ny = 2 + 1 (two light
flavours, u, d, and one heavy one, s) or Ny = 2 + 1 + 1, also including the charm quark c. The heavier quarks
decouple from the dynamics of the theory for these low momenta.

We are now in the position to set up perturbation theory for QCD, and we restrict ourselves to the covariant
gauge, which is the most common choice for perturbative as well as non-perturbative computations. The
Feynman rules derived from the gauge-fixed action (14.3) are collected in Figure G.1 in Appendix G. Note that
in contradistinction to the common notation we use a ghost with a positive dispersion.

We first discuss the perturbative renormalisation of QCD in four dimensions: the gauge-fixed action includes
the kinetic terms for gluons, ghosts and quarks as well as three-gluon, four-gluon, ghost-gluon vertices in the
pure glue sector and the quark-gluon vertex in the matter sector. We begin with the vertices, all of which have
dimensionless couplings which are either given by g or g. Quantum corrections are potentially logarithmi-
cally divergent. In turn, quantum corrections to the gluon and ghost kinetic term are potentially quadratically
divergent and that to the quark kinetic term are potentially linearly divergent.

We start the explicit power counting analysis with the one-loop quark self energy in d = 4, given by

d*l —-i(p+ 1)+ 1 L1,
X(p) = -g° 2P “Yu (;f 02+ m’? t o (5/11/ —(1 —é‘)’;—z) . (14.6)

for its diagrammatic representation see Figure 14.1. X in (14.6) is linearly divergent. The respective momentum
counting adds up the momentum dimensions of the loop integral measure, the quark propagator and the gluon
propagator,

1
ip+1D+m

. H _ . (14.7)

[a%] = 4. 2

Altogether this adds up to
[Z(p]=4-1-2=1. (14.8)

Let us no have a closer look at the divergences. To that end we split the self energy into its scalar part and its
Dirac part with the dimensionless coefficients X;(p) and Xp(p),

Z(p) =ipZp(p) + mEy(p), (14.9)
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l
(p) = — + +omy o 4
p b b D p-._ D p b

>

l+p I+p I[+p

Figure 14.2.: Gluon vacuum polarisation in QCD

with

L X(p), and  Zp(p) = Ly lipz(p)] - (14.10)

S (p) =
P = N m AN, p?

The trace tr in (14.10) incorporates both the Dirac trace and the gauge group trace. Inserting the one-loop self
energy X(p) (14.6) into (14.10), we are led to

4 a*l 1 34¢&
Z(p) = —=&
P==38 | Gop pripem B

(14.11)

for the scalar part of the self energy. Here we have used that C»(R) = t“+ = Cr1 in a given representation R of
SU(N,) and in the fundamental representation R = F we have
_NZ-1

= , 14.12
Cr N, ( )

for the normalisation (13.16) of the generators. For a compilation of this and other useful relations see e.g. [6].
For N, = 3 we get Cr = 4/3, leading to the prefactor in (14.11). We have also used that the Dirac trace of the
product of three y-matrices vanishes and the trace of two y-matrices y, and 7y, is proportional to 6,

tr y,(p+ Dy, =0, try,yy = 4Nc Oy - (14.13)

This already leads us to an important conclusion: the scalar part of the self-energy vanishes in the chiral
limit for m = 0, and the chiral symmetry is maintained in the loop expansion. Moreover, the momentum
integral in (14.11) is only logarithmically divergent, one momentum dimension is provided by the explicit mass
factor in front of the integral. This emphasises the fact, that the power counting analysis only provides the
potentially largest degree of divergence and symmetries can decrease this degree of divergence, even rendering
the momentum integrals finite.

We proceed with the Dirac part. With (14.6) and (14.10) we are led to

d*l 1 1

— _o2 —
2P =8 | i TR P

N2
(-0 ) (14.14)

p-l
((1—§)?—(1+§)—2 R

In (14.14) we have also used (6.17). As for the scalar part, the Dirac part is not linearly divergent, but carries
a logarithmic dimensionless divergence. Moreover, the divergent term is proportional to ¢ and vanishes in the
Landau gauge.

The vacuum polarisation or self energy of the gluon is depicted in 14.2. The respective power counting analysis
reveals quadratic divergences for all four diagrams and hence,

[I(p)] =2. (14.15)
However, a quadratically divergent term would be a mass contribution to the gluon with

T2 (p) o Am3 6,0, (14.16)
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which is the only possible regular tensor structure. It is here, where our STI analysis in the last Chapter
Chapter 13 in Section 13.4.2 pays off the first time: Inserting (14.16) into the STI for the two-point function
(13.169) readily leads to

mi =0, (14.17)

a mass contribution to the two-point function of the gluon is forbidden by gauge invariance. Since the classical

action has no mass term, we conclude Ami = 0 in order to ensure mi = 0. Note that a full analysis has to

exclude irregular tensor structures such as

(14.18)

. PuP
T (p) o Am 6,05 (p),  with  TL(p) = (6;11/_ £ V),

p2

with the transverse projection operator already defined in (7.103) in Minkowski space. The mass term (14.18)
satisfies the STI (13.169) as ppHﬁv(p) = 0. However, such a tensor structure is not generated in perturbation
theory as the momentum-derivative of loop contributions to I'®(p) vanish at p = 0.

Any explicit computation within a gauge invariant regularisation scheme such as dimensional regularisation
gives this result. Note however, that within a regularisation scheme such as a momentum cutoff A with > < A?
the loop contribution produces a mass contribution Amf1 o« A%. Then, the bare classical action S has to
accommodate a counter term

—Am} (A9, (14.19)

in order to ensure the satisfaction of the STI (13.169) for Ffli(p) = Sgﬂ A(p) + II(p). This brief analysis
emphasises once more the importance of the STIs. They offer far more than a formal development that allows
to reduce the numerical costs, they are of crucial importance for maintaining the key feature of gauge invariance
in a non-Abelian gauge theory on the quantum level. We remark that one indeed finds a transverse gluon mass

gap in covariant gauges
1zim0 PT(p) (Au(P)AL(=p))e = 0, (14.20)
p —

which is related to confinement. Its computation requires a fully non-perturbative treatment of QCD, which is
beyond the scope of the present lecture course.

In summary the STI for the gluon two-point function entails transversality of the latter. A particular conse-
quence is the non-renormalisation of the gauge fixing term, or, put differently, the renormalisation of the gauge
field Ag, = Z}‘/ ZAIJ and the gauge fixing parameter &y = £Z¢. Furthermore, a respective analysis of all one-loop
diagrams reveals that only the (parts of) diagrams related to the terms in the classical action are potentially
divergent, as is required for a perturbatively renormalisable QFT. From the analysis above we expect that more
non-trivial relations can be extracted from the quantum master equation in terms of the quantum action princi-
ple . To that end we split the finite effective action I'[¢, L] in 13.4.2 or (13.139) in the bare action S vy and the
regularised nth order loop contributions I'reg ,, t0 Wit,

I' = Spare + Z Iﬂreg,n . (14.21)

n=1

The bare action can be expanded in terms of the renormalised action S [¢; m, g, &] and a series of the n-loop
counter terms S ,, where n again labels the loop order. This leads us to

Stare = S[g3m, 8, €1+ ) S (14.22)

n=1
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Inserting (14.22) into (14.21), leads us to a finite loop expansion of the effective action,

I'g;m, g, &l =Slp;m, g, €] + Z r,, with [y =Tregn+Su. (14.23)

n=1

Inserting (14.23) into the QME leads to the desired relations between renormalisation factors. For the related
investigation it is convenient to introduce a short hand notation for the product of derivatives with respect to
¢=(A,c,c)and L = Ly, L., L in the QME (13.141) or (13.155) and (13.159). The QME takes the form

oT oT
| =0, 14.24
f 0¢i(x) 0Ly, (x) ( )

X

and another common notation is (I, I') = I' * I'. Now we derive relations for the n-loop renormalisation on the
basis of the QME 14.1 and the fact, that in a renormalisable quantum field theory the loop divergences in I,
are local and have the form of the terms in the action. These relations follow by induction. Obviously at tree
level and one loop we have the required locality of the divergences, which can be absorbed in terms of counter
terms in the bare action. We assume now that the effective action has been made finite at n — 1 loop level with
this procedure. Now we insert (14.23) into the QME , retaining only the n-loop contributions. This leads us to

n—1

S % (Sn+Tregn) + (Sn + Trogn) S = = > Ty x Dy (14.25)

m=1

Now we use that the right hand side of (14.25) is finite by induction as it only comprises lower loop contributions
to the effective action including the counter terms, see (14.23). Hence, projecting (14.25) onto the sum of
divergent parts, we are led to

S * (rdiv,n + Sn) + (Fdiv,n + Sn) *§ =0 (14.26)

Evidently, (14.26) fixes the counter term actions as
S, = —Fdiv’,, +AS,, with Freg,,, = l"div,,, + finite , (14.27)

where the finite part AS can only have the same form as the terms in the classical action. Note that (14.27)
also carries the implicit assumption that the divergent parts of the n-loop contribution of the effective action are
local terms that are present in the classical action. This is the assumption of perturbative renormalisability.
Moreover, we conclude directly from (14.26), that the sum of the divergent parts, AS,, = L'givn + S5, carries the
classical BRST symmetry. For the Yang-Mills and Dirac action S 4 + S p this is the classical gauge symmetry.
This important property entails that the bare action S pare can be written in terms of the BRST-invariant classical
action with bare fields and coupling parameters for a gauge-invariant regularisation scheme,

Stare = S [Ao 1> €0, B0, 90, Go; 80, mo, &0 = S |2y Ay, 2:%¢, 2.%¢, 2,%q, 2,1 28, Zum , Ze£| . (14.28)

where ¢g = (Ao, co, Co) are the bare fields and the Zy, are the wave function renormalisations, relating the bare
fields to the renormalised ones. Moreover, go, g, &g are the bare (coupling) parameters, and the renormalisation
factors Z,, Z,,, Z¢ relate them to the renormalised ones. In summary we have

0i=2,"¢;, and (g0, m0, é0) = (Zeg, Zum., Ze£). (14.29)
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We emphasise that the counter terms S, depend on Z; with i < n as the action also depends on products of the
renormalisation factors. This is seen more explicitly, if we write the QCD action in terms of kinetic terms and
vertices. This reads schematically

1 ) 1 3) :
Sba.re = E ¢,‘2¢,‘1 S¢i2¢i1 (x27 xl) ¢i1 (xl) ¢i2(x2) + §Z¢i3¢i2¢il S¢i3¢i2¢i1 (xs )’) l_ll ¢ij(xj)
]:

X1,X2 X1,X2,X3
1 4
+ 3720y, f St 1) | ] 01,5, (14.30)
! L]

where the factors Zy, .., are the renormalisation factors of the two-, three- and four-point functions and are
given by product of the wave function renormalisations and and the coupling and mass renormalisations. By
identifications of the different terms we find for the renormalisation factors Z,4, of the two-point functions,
zt =2y, 2l =% Ze=7 Zy5=7 14.31

AA T CAS AA_Z_é:’ cc = S 99 — “q- (14.31)
Note that in case of the kinetic term of the quark, S%) we had to take into account that it contains two tensor
structures, the Dirac tensor structure with Z,; and the scalar tensor structure of the mass term with Z; 5,, see
(14.3). Then, Z,; stands for the wave function renormalisation Z, that multiplies both terms due to the rescaling
of the quarks. The mass term carries an additional renormalisation factor. For example, for one flavour we find
with (14.29),

f Z,qD+Zym)q,  with  Zg=Z,,  Zsug=ZgZm. (14.32)

X

For the vertex factors we get
Zp =272y, Zy =737, Zaa =227y, Zga =227, (14.33)

In summary this leads us to the renormalisation scheme for QCD in covariant gauges. For gauge invariant
regularisation schemes (14.31) and (14.33) imply

Zy Zg Zeea  Zag
L3 _ LAt LeeA | 2q0A z,*z,. (14.34)
Za  Zy  Zo  Z,

Equation (14.34) can be used to compute the RG-running of the coupling: for this task we have to compute the
u-dependence of Zg, where u is the renormalisation group scale. With (14.34) this amounts to computing the
renormalisation factors of vertices and that of the respective legs. In general we conclude

Zy,, -,

12 12
Z¢i1 Z¢in

Z, = With  Zg, g, = Zas o Zecn s Zagh s Zas (14.35)

The notation introduced above allows to directly identify the renormalisation factors with the vertices and fields
they are linked to. A more common notation is given by

Zy=Zx, Z3=Ze, Z1=Zps, Za=Zp, Z1=Zea, =2, ZiF=ZgaA (14.36)

which allows to compare the results more directly with the literature.
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Finally, we come back to the STI of the gluon two-point function, (13.169), which has already been used
to derive (14.16), the absence of a gluon mass term in QCD. However, with (13.169) all longitudinal quantum
corrections vanish, not only the p = 0 ones: the longitudinal part of the gluon two-point function stays classical,
Z! = 1. With (14.31) this implies

Ze =74, (14.37)

as already discussed before. This concludes our discussion of the consequences of gauge and BRST invariance
for the renormalisation programme in QCD, or, more generally, that for non-Abelian gauge theories coupled to
fermions in the fundamental representation.

It is left to specify the renormalisation conditions. For the following computation we resort to the minimal
subtraction scheme. We consider a general renormalisation factor Z, which we order in powers of the coupling,

div ﬁnite) ’ (14'38)

Z=1+6Z=1+) (& (625, + o7}
i=1
where the finite parts Zi(iir)lite arrange for given renormalisation conditions. In a minimal subtraction (MS) scheme
they are simply dropped,

MS: Z© —o. (14.39)

finite —

We emphasise that this condition depends on the given regularisation scheme, as both, Zé?v and Zf(i?lite depend
on the regularisation procedure as do the Ffﬁi’i and the finite parts.

In the explicit computations we use dimensional regularisation in d = 4 — 2¢ dimensions. Then, minimal
subtraction amounts to

Minimal subtraction

& , y 1
Z=1+)eoz, with 87§ = ~ci. (14.40)
i=1

div —

where the coefficient ¢; of the ith loop contribution carries the information about the RG-running of the renor-
malisation factors. This concludes our discussion of the renormalisation programme in QCD.

14.2. Running Coupling

In this Section we compute the momentum dependence of the strong coupling which leads us to (14.1). The
respective momentum behaviour can also be measured experimentally and the up-to-date experimental data is
summarised in Figure 14.3. Most of the experimental measurements come from jet or #f production processes,
and at the core of most of the measurements is the scattering process of quarks via a gluon exchange. The
respective diagram that contributes to the cross section is depicted in Figure 14.4. Both quark-gluon vertices
and the gluon propagator are full correlation functions as the cross section is compiled out of tree-level diagrams
of full (1PI) correlation functions. The transition amplitude M543 in Figure 14.4 can be written in terms of
1PI correlation functions and we have schematically

) 1 3) 1
Myg—q3(P1, P2, P3, P4) = Z—qrq[—,A(Pl,Pz,P) [ELA(P) L aa(=p3. =pa, —P)Z— , (14.41)

q
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Figure 14.3.: Summary of measurements of a; as a function of the energy scale Q. The respective degree
of QCD perturbation theory used in the extraction of «; is indicated in brackets (NLO: next-to-
leading order; NNLO: next-to-next-to-leading order; NNLO+res.: NNLO matched to a resummed
calculation; N3LO: next-to-NNLO). Figure and caption taken from the Review of Particle Physics
2022 [1].

where all momenta are counted ingoing and the gluon momentum is given by (p; + pz)2 = p2 =(p3 + p4)2.
In (14.41) we have also attached the external (on-shell) renormalisation factors (1 /Z;/ 2)4 from the *asymptotic’
qqg-states, see (3.204). The process Figure 14.4 can be used to define a running strong coupling with

Myg-qa(P) = 47ra;(f ) , (14.42)

where @ ;(p) measures the interaction strength of the process in dependence of the exchange momentum. For its

computation in perturbation theory we use, that we can map the momentum dependence of the running strong

coupling to the RG-scale dependence of the renormalised coupling for asymptotically large momenta:

First we use that (14.41) is a physical process and the renormalisation group equation (7.14) entails that general

observables O do not depend on pu. In the present case we either use the dimensionless part of the transition

amplitude,

8(p*)’
dr

as an observable or we use the dimensionless part of the respective cross-section. For asymptotically large

momenta we can ignore the quark masses and we are led to

O = p"Mygorgg = as(p?),  with  a(ph) = (14.43)

d o o
—0=|u=— —lo=o, ith =
H i (u P +B:8 ag) wi Be=H

dlng dInZ,

=— 14.44
dn U an ( )

Note that the only other (coupling) parameter in the theory is €, which cannot occur in observables. The chosen
observables are dimensionless and can only depend on dimensionless parameters, that is

P2
O(p) = O(as,mnw), ;7) : (14.45)
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q q

Figure 14.4.: gg-scattering with a one-gluon exchange diagram. The quark-gluon vertices and the gluon prop-
agator are full correlation functions.

where the u-dependence of the renormalised coupling as’ren(yz) cancels that of the dimensionless momentum
argument p’u’. Now we choose the renormalisation scale to match the momentum scale, u> = p?, and we
arrive at

2
(0] (a/s,ren(ﬂz)’ /%) = O(a's,ren(pz)a 1) . (1446)
This implies

a5(P?) = Asren(P?) (14.47)

and hence the S-function of the renormalised coupling entails the momentum running of the running coupling:
for a negative B-function, B, < 0, asymptotic freedom is achieved as

das(p?)
p

e 2B, = p)ay(p?). (14.48)

In summary we have converted the task of computing the momentum-dependence of the running coupling a(p)
to that of the u-dependence of In Zé = 2 InZ,. The renormalisation factor of the coupling is simply given by
the product of that of the vertices and propagators involved in the process Figure 14.4,

2 2 P2 2 Zz?éA 252 Zgga
pM-H—(a, (,u),—)ocg—=gZ, with  Z, = —22_ (14.49)
9449 | " sten 12 Z\72 8 * ozl

Note that the renormalised strong coupling squared g(yz)2 combines with 1/(4x) into the argument @ ren(1t) in
the dimensionless transition amplitude pZngﬁqq in (14.49), while Zé(,u) combines with the diagrams to the
momentum dependence on p?/u* of p> Myz—q3-

In the following we perform this computation explicitly at one loop by computing the renormalisation factors
of the quark-gluon vertex Z,z4, and that of the quark and gluon propagators Z, and Z4 respectively. For
this computation we use dimensional regularisation mainly for two reasons: Firstly it is a gauge-invariant
regularisation scheme, and hence we do not need to introduce gauge-symmetry breaking counter terms such as
a mass term for the gluons. Moreover, the STI relations (14.34) holds true.

We rely on the master integrals already introduced in Chapter 7 and listed in Appendix D. For the computation
of the one-loop contributions to the quark-gluon vertex and the quark and gluon propagators we encounter loop
integrals

I d'l T v
@t @y + pR1eld + g)2]

. with Ty € {0uvs PuPin s Purbin» bl - (14.50)

which are all covered directly by the master integrals in Appendix D after using the Feynman trick (D.1). The
master integrals in Appendix D are computed in d = 4 — 2e dimensions and have to by multiplied with ¢ for
keeping their momentum dimension intact, and hence

2e ddl T.UV
Qo (Byn [+ p)2 1+ g1

Tyw=u (14.51)
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l+p
Figure 14.5.: Tree-gluon diagram Il34(p) in Figure 14.2.

With these preparations we start with the computation of the renormalisation factors with the vacuum polarisa-
tion of the gluon, depicted in Figure 14.2,

II(p) = zg(p) + Hag(p) + Hghg(p) + Hgug(p) » (14.52)

where the different parts on the right hand side stand for the single diagrams in Figure 14.2 including the signs,
labelled by the vertices in the diagrams. The computation is done in the Feynman gauge

E=1. (14.53)
We emphasise that each renormalisation factor in the ratio in (14.49) is £&-dependent but the ratio is not.

14.2.1. Gluon vaccuum polarisation

With the QCD Feynman rules in Appendix G, the first diagram is given by

ab — 1 2 2 ddl acd
[T3a(p)] =58 H f i £ 6p(p = Dr + Spo 2L+ Pl + S (=2p = D)
6 / C 60-0./
X Z) bed [6vp(_p + l)o" + 6,0’0"(_2[ - p)v + 50—'V(2p + l)p;] m s (1454)

it is also depicted with all indices in Figure 14.5. The contraction of the group indices and reparametrisations
of the integral including the Feynman trick are deferred to Appendix 8.1 with the final result (H.12), which we
also include here,

1
ab 5% 1 /JZE d
a0 = ot s [ o (- 5)(0 07 )
0

+F(1 = %l) 3(d-1a(l —a)

+ pﬂpvl“(2 = %Z) [(2 —d)(1 =2a)* +2(1 + a)(2 - a)]} ,
(14.55)

with
A =a(l —a)p*. (14.56)

We emphasise that the final result (14.55) is not transverse and hence does not satisfy the STI (13.164) of the
gluon propagator. However, only for the sum of all diagrams in Yang-Mills theory or in QCD the STI has to
hold. Hence, we expect transversality for the one-loop contribution to the Yang-Mills two-point function,

Du [HYM]Zfi =0, with [Iym(p) = zg(p) + Hag(p) + Hgna(p) , (14.57)
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and for the full QCD result. Consequently also the difference of both one-loop contributions has to be trans-
verse. This entails

ab
Pu[Mauer(p)|, = 0. (14.58)

This short analysis again illustrates the power of the STTs.

We proceed with the second diagram in (14.52) depicted in Figure 14.2, the gluon tadpole Il4g. This diagram
leads to a momentum-independent term proportional to ¢, which has to vanish according to the STI (13.164),
for its momentum space formulation see (13.171). With the Feynman rules in Appendix G we get

‘1 1}_

i 7 (14.59)

b
[Maaa(p)]!) = ~8"Neo™ Sy (d = ™ [

in dimensional regularisation. As mentioned before, this originates in the gauge invariance of dimensional
regularisation. However, for the present purpose another representation of the tapole is more convenient. To
that end we multiply the integrand with unity, 1 = (p +1)?>/(p + )2, and use the master integrals in Appendix D.
This leads us to

1

2e
1df = (d—l)[ (l—g)da(l—a)+l"(2—6—21)(1—&)2], (14.60)
? 0

ab
[H4gl(l?)]#v =6 5/41/]72 Nc82 @n) AZ“
g

with A in (14.56). For the pure Yang-Mills or glue contribution we also need the contribution of the ghost loop
[Igpgr in (14.52) depicted in Figure 14.2. With the Feynman rules in Appendix G we get

[Mara(p)] = - g2 UL L e i,
S @yl L+ pP P h

_ gab sz fd"k N
Qm)? (k2 + A)?

with [ = k — ap. We also have used the contraction of the structure constants, f%¢f¢*? = —N,5% with (H.2)
and (H.3). With the master integrals in Appendix D this leads us to the final expression for the ghost loop,

kuk, — a(l — @) pupv|, (14.61)

A3

t\J

1
a d d
[thgl(P)]ﬂi = 5achg fda’ /J d [ may r(l - 5) sa(l-a) - p,upvr(z - 5) a(l - a’)] , (14.62)
0

The sum of the results (14.55), (14.60) and (14.69) constitutes the transverse one-loop two-point function in
Yang-Mills theory, (14.57). Indeed we arrive at the transverse result

(14.63)

ab _ _ cab 2 ,U d d 2
[Tym(p)Iy = =6 (8uvp® = pupy) Ne A2 7 (2 = E) [(1 - 5)(1 —2a) +2|.
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Equation (14.63) is a first key result of this Section. It provides us with the full gluon-two-point function,
that can be used to compute the running of the strong coupling in pure Yang-Mills theory. We emphasise in
this context that the STI relations between the different couplings allows us to compute this coupling even in
Yang-Mills theory from the quark-gluon coupling: we simply have to set Ny = 0O for all vertex and two-point
function corrections. In the present case of the gluon two-point function this simply amounts to dropping the
quark loop.

For the final Yang-Mills results we have to take the limit € — 0 with d = 4 — 2e — 4. With (D.6) this leads us
to

Gluon vacuum polarisation in Yang-Mills theory

2 2
b cab (.2 g°Ne [5(1 p .
[Mym(p)]i = =6 (P*6u = Pupy) =3 [g (E ~In ) finite| , (14.64)

in the Feynman gauge with & = 1, see (14.53). Note that the finite terms also include a —5/3 In(4rx) term that
stems from the expansion of 1/ (4m)42? with d/2 = 2 — €. We have already discussed in Chapter 7, that singular
diagrams in dimensional regularisation always come with the combination
2

LomZ (14.65)

€ pu
This carries the relation between the regularisation with 1/e, the RG-scale Inu and the momentum scaling
with —In p?. Equation (14.65) also opens the possibility to compute the prefactor of the momentum (or )
running from that of the divergence 1/¢€, which is simpler to compute. We shall use this option later within the
computation of the quark-gluon vertex in Section 14.2.3.
Note also that the current computation in the Feynman gauge is straightforwardly extended to general &, leading
to the result

2 2
ab _ ab (.2 &N (5 1 1 p .

[Tym(p)]s = =6 (P*6 = Pup) P [(5 +50-0)(c- 5|+ finite | , (14.66)
and in the Landau gauge with & = 0 the prefactor changes from 5/3 — 13/6. It is this gauge which is used for
most non-perturbative computations.

The Yang-Mills result (14.64) or (14.66) is readily upgraded to full QCD. The remaining quark loop contribu-
tion Iy, is computed with the QCD Feynman rules in Appendix G as

ab d’1 1 1
I = (-1 “ftT“T”f trpi : 14.67
[ qugl(p)]#y (=Dg u™ tre (27-()11 I'Dirac i+ m%/i(l P my/.t (14.67)
with T = t;i. In (14.67)we have restricted ourselves to one flavour, Ny = 1. As the quark-gluon vertex is
flavour diagonal, the (14.67) is generalised straightforwardly to N flavours with

Ny
Hqugl(p) = Z Hqugl(p, m;). (14.68)
i=1

where the second argument on the right hand side indicates the different current quark masses for the different
flavours, see Table 14.1.

The trace try TT? = 1/26%, see (13.16). The momentum integral in the square bracket is nothing but that
already encounter in the discussion of the one-loop vacuum polarisation of the photon. The computation is
done in detail in between (7.121) and (7.134) in Section 7.3.1. With the result (7.134) obtained there, we arrive
at the transverse expression for the quark loop,
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1

Y 2
[Hqugl(p)]:b, =~ i (5/11/172 - pupv) g2 ! fda/ K @ 1

2 @mTd  (A+myid=1p?

X

d d d
d- 2)r(1 - E)(A + mz) —d-2)T (2 - E)(2A + mz) + dr(z - 5) mz]. (14.69)

Note that the expression seemingly is irregular for p> — 0 due to the 1/p*-term. However, in this limit the
second line is proportional to p* and the potential irregularity is absent. Finally we take the limit € — 0. For
€ — 0 we deduce from (14.69),

[Mauet()[ =6% (P60 — p pv)izfda“—ka(l “ T (2= 9] + finite
qug ng M M (47T)2 (A +m2)€ 2
0
1

2 ¢ |1 A+ m? _
— 5% (pzé,n, _ pﬂpv) 5% I[E - fdoz In 2 ] + ﬁnlte} . (14.70)
0

Equation (14.70) depends on the quark mass m. Finally we aim at the computation of the running coupling at
asymptotically large momenta with m?/p*> — 0. This amounts to using m> = 0, and the logarithmln(A + mz) i
reduces to In p?/u* + In a(1 — @), where we have used (14.56). The a-integral of the latter term can be absorbed
into the finite part, while that of the former term simply gives In p?/u>.

In summary we get for the one-loop correction of the gluon two-point function IT) in QCD for m = 0 and Ny
flavours,

Gluon vacuum polarisation in QCD
2

ab _ cab (.2 8 5 1 % 1 P’ .
[T = 6 (P*6u — Pupy) ez |53+ 530 =9|Ne= 3Ny | < = In 5 |+ finite, (14.71)

3 € u

which reduces to the Yang-Mills result (14.64) for Ny = 0. Equation (14.71) is transverse, as required by the
STI (13.171). While it shares this property with the vacuum polarisation Ilggp of the photon, its £-dependence
reflects the fact that in contradistinction to the Ilggp, the vacuum polarisation IT in QCD cannot be related
directly to the running coupling, and to any observable for that matter.

14.2.2. Quark self-energy

As discussed below (14.49), the other two-point function required for the computation of the running coupling
from the quark-gluon scattering, is the quark-self energy. As for the vacuum polarisation of the gluon we
perform this computation in the Feynman gauge with & = 1, and go straight away into the chiral limit m = 0.
With the Feynman rules in Appendix G we get

a1 1

X(p) = —g*p** Qi B Ty w YT, (14.72)

with 7% = z;ﬁ, separately for each flavour. Equation (14.72) is a matrix in the fundamental representation of the

gauge group and in Dirac space. The sum over the generators T°T“ = (N? — 1)/N,1 r has been discussed in
Appendix 8.1, see (H.3) and (H.4). We arrive at
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) 1
a1 1 [ dott - axa- ( d)u_
S(p)=ipg T J da(l - )(d - 2)T (2~ 3 et (14.73)

and in the limit € — 0 we obtain

S(p) =i g Ne UL P2), finic (14.74)
=1p ——= — —1n—= nite | . .
P P 1672 2N. € u?

The result is readily extended to general &, leading to

Quark self energy in QCD

2 N2 -1 1 2
%;T [g(— —1In p_z) + finite ] . (14.75)
Us c

X(p) = ip —

Interestingly, in the Landau gauge the singular contribution drops out. This entails that the quark propagator
does not require renormalisation at one-loop.

14.2.3. Quark-gluon vertex

The final ingredient in the computation of the running coupling is that of the one-loop correction of the quark-
gluon vertex. After the very detailed computations for the propagators we shorten that of the vertex and con-
centrate on the singular piece alone. The full vertex correction is given by

3
Lon (4.0 =D | = Vauar (P @)+ Vagigugi - (14.76)

With the Feynman rules in Appendix G we get for the vertex correction with three quark-gluon vertices,

ar v (L+4) v (L+ )7

Voot (P @) = ig’ TP TT"
e (Do) =18 @y P+ g+ py?

(14.77)

with 7% = tjf Equation (14.77) is straightforwardly computed using the Feynman trick and the master integrals
in Appendix D. For the present analysis we are only interested in the singular piece which we get by evaluating
(14.77) at p = g = 0, and using the same completion with unity as for the tadpole diagram in the gluon vacuum
polarisation. This allows us to extract the coefficient of the logarithmic RG-scale and momentum running
from that of the divergence 1/e. We proceed by using the symmetry of the angular integration, we get for the
numerator /y,/ — 1/ dypyﬂyplz, and hence the integrand in (14.77) reduces to

7\/1')’/1 Iyy N l'}’v?’pyu YoVv (d—2)2 1

~ = . 14.78
PRE d PP T ey (14.78)
We also use the following relation for the generators in the fundamental representation,
1
TPTT? = T°TP T + TP[T¢, T = Co(f) T¢ + 1T f90°T¢ = [cz( f) - Ecz(ad)] T . (14.79)
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with (H.3) and (H.4). For the products of Dirac matrices we use the identities (6.17) and further ones following
from the Clifford algebra. The remaining momentum integral is treated as the tadpole with a completion of
unity, and we arrive at the final result

2 ([IN*-1 N
ungl3(0’ 0) ~igT* : ( C 2

d
A Bedir(2 - 2) + finite| . 14.80
ez \2 7N, 2)[ ( 2)+ me] (14.80)

With a similar analysis we compute the vertex correction with one three-gluon vertex,

2
. g 3 d .
V3glqug12(0’ 0) ~ lgTa’yﬂ @ENC [F (2 — E) + ﬁnlte] (14.81)
In summary we obtain
Quark-gluon vertex
™ (0,-0,0| =igl® Gl 1Ng_]+N“ r(2-2) + finit (14.82)
@A " Py~ B T 62 (27N, T 2 2) e ‘

where the group factor in is the sum of the second Casimir of the adjoint and fundamental representations,

IN2-1 N,
- —= = : 14.
3N, +3 Co(f) + Ca(ad) (14.83)

For general gauge fixing parameter £ and taking the limit € — 0, the result (14.82) reads,

2 2
3 _ _ira, & 1-¢ N; -1
I24(0,-0,0) ooy = 18T Vu Te— [(1 7 )NC HE=S—

1

-+ ﬁnite] . (14.84)
€

This concludes the discussion of quark- and gluon two-point functions and the quark-gluon vertex.

14.2.4. Running coupling

With the results (14.71), (14.75) and (14.82) we are in the position to compute the RG-scale running of the
renormalised coupling and hence the asymptotic momentum running of the running coupling, utilising (14.47)
and (14.48). For the computation of the S-function (14.44), we use the relation (14.49), which leads us to

dInZ, dInZza N dInZ, dInZ,
- u )

1
= S — 14.85
e = —H i H an dn +SH i ( )

Now we put to work the relation (14.65): For a given renormalisation factor Z = 1+6Z we find for the divergent
piece, together with the logarithmic RG-scaling,

r
2

u

dinZ
du

1
6Z ~ #Z(— ~In ) ., and u =247 = 2€ Zloq1 /e - (14.86)
€

Equation (14.86) entails that twice the prefactor of the divergent 1/ term provides the RG-scaling of Z. We
also note in passing that at one loop we can rewrite Z in terms of the 6Z’s,

1
Zg = 1+ 6Zyq0 ~ 62, ~ 5674 (14.87)
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which reflects the full additive relation in (14.85). This leads us to

B(g) = 21im [€ (~0Zyqa +6Z, + 624 )] . (14.88)

Now we collect the 6Z’s from (14.71), (14.75) and (14.82). For the quark and gluon wave function renormali-
sations we find

2 2 A2
g N5 1 2 1 g N:-1_1
0Zy =~ -+ =(1- — =N¢|—, 0Z, = ——— -, 14.89
47 T6n2 [(3 2 ‘f)) 3 € 9= 162 2N, e (14.89)
and for the vertex renormalisation factor we find
2 2
g 1-¢ N:—-111
0Zjon ~ ——— |1 = —=|N, - 14.90
A ) [( 4 ) cTEON |« (14.90)

We insert (14.89) and (14.90) into (14.88) and arrive at

_ & 1-¢ N2-1 N-1) 1(5 1 2 .
ﬁ(g)—@z (I—T)NC+§( N, )+(— N, §)+§(§+§(1—§))NC—§M +0(g%). (14.91)

—0Z4qA 0Z, 0Z

First we notice that the £-dependent terms in (14.91) cancel out, and the result is £-independent as it must. In
summary we are led to the one-loop S-function of QCD,

One-loop B-function of QCD

2 [11 2
B = —% [?Nc = ng} . (14.92)

Note that the Yang-Mills S-function is obtained for Ny = 0, which amounts to dropping the contribution of
the quark-loop to the vacuum polarisation. Curiously, the wave function of the quark and the renormalisation
factor of the quark-gluon vertex still contribute, and we compute the running Yang-Mills coupling from a
scattering process with quarks. The respective approximation to QCD is the quenched approximation, in which
all diagrams with quark loops are dropped but mixed diagrams are still present.

Equation (14.92) entails that QCD is asymptotically free for

11
Ny < ENC + O(2loop), (14.93)

which of course includes Yang-Mills theory with Ny = 0.

For the following discussion of ag(p?) we define the B-function in terms of the n-loop coefficients. For a
convenient parametrisation we utilise, that the expansion parameter of perturbation theory is a,/(4m), which
is also reflected in the one-loop S-function in (14.92). Moreover, we pull out a global minus sign that signals
asymptotic freedom and yield

g ¢ ag\"
5) = —— g =] 14.94
Blas) 4r n:0'8 (47r) (14.54)
with the one- and two-loop coeflicients
11 2 102 38
= —N.- =Ny, = —N,— —Ny. 14.95
Bo 3 3V Bi 3 3N ( )
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and further coefficients have been computed up to 85. The running coupling a(p) is obtained with integrating
the S-function (14.94) in a given order of perturbation theory. To that end we use the implicit solution of
(14.48),

da, 1 d %(pz)d 1 2
s =2 f & = with @, = a,d). (14.96)
as 2B(as) p X ﬁg(x) M

ay

At one-loop, the implicit solution in (14.96) can be solved, to wit,

One-loop running coupling of QCD

a
a(ph) = ————, (14.97)
1 +ﬁ05§r In =

which vanishes for p> — oo for (14.93) . Equation (14.97) has a seeming dependence on y via that on ay =
a,(u?) and the explicit u-dependence. Its u-independence is clearly seen by using

4r
1= f—oas In efoos | (14.98)
s

for unity in the denominator in (14.97). Then the denominator has a global factor a8y /(4r) and a, cancels out
with the numerator. We get

4r 1 e dAZ
2 : 2 2 g Qep _
a’s(p ) = ﬁ() In gz ) with AQCD =ue Bo and ﬂT =0. (1499)
QCD

with the physical scale Aqcp at one loop. In (14.99), any seeming reference to the RG-scale is removed, and
the dependence of the running coupling on the QCD scale Aqcp is made explicit In perturbation theory, Aqcp
is related to the location of the infrared Landau pole at p*> = beyond perturbation theory it is related to
the dynamically generated mass gap in QCD.

In the reminder of this Section we discuss the phenomenological consequences of the occurrence of the run-
ning coupling for scattering processes and the interpretation of experimental accelerator data. To begin with,
the strength of QCD scattering processes with a given transfer momentum p? is directly proportional to the
size of the running coupling at this momentum scale. While the S-function and the solution for the running
coupling (14.97) or (14.99) resolves the momentum dependence, its overall size has to be determined with an
experimental measurement at some momentum scale p> = u2, see also its parametrisation in (14.99). Note that
then p should not be understood as the RG-scale but as some reference scale where the running coupling is
known. For example, we can fix it at the Z-mass scale, where we have

2
AQCD ’

ay(M2)~0.118,  with Mz ~91.19GeV, (14.100)

see the Review of Particle Physics 2022 [1]. Using the one-loop relation for Aqcp in (14.99) with u = Mz and
Ny =5, we arrive at

Agg’gf’):SSMev, and  a,(m;) =0273, with m; ~1.77GeV. (14.101)

The running coupling in (14.101) was determined with five massless flavours as the top quark decouples below
its mass threshold of m; = 170 GeV. In (14.101) we have also provided the one-loop estimate of the coupling
at the tau-scale with m; = 1.77 GeV, which clearly deviates from the experimental value and the theoretical
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prediction in Figure 14.3. Reducing the number of flavours further, the value of the coupling at the tau-scale
increases, but the overall slope does not agree. Evidently, the one-loop approximation fails to capture the
correct running over large momentum regimes.

The above one-loop estimate can be readily improved in two directions. First of all the successive decoupling
of the quarks can be treated more accurately: The quark masses in Table 14.1 lead to mass thresholds that can
be accommodated in the RG-equation (14.44) with the inclusion of mass-dependences,

dInZ, dinZ,
d s Ym=H
I

d 0 0
u@() = (u@ +ﬂgg£ - ymm(')m)() =0, with B,=-u (14.102)

with

20,2
r m(")). (14.103)

O(P) = (a’s ren(ll ), 3T 5
p
The definition (14.102) includes the mass thresholds and reduces to the mass-independent ones for m = 0.

Secondly, we can go beyond the one-loop approximation used so far. The two-loop S-function can also be
integrated, leading to the implicit solution

ﬁZ
5 | A2 131
(P> _ Bo Y. 1 acp | (14.104)
) B 1+ W_i(y) eBi| p

where W_; denotes the lower branch of the real-valued Lambert function, which solves y = W(y) exp W(y). An
approximate solution used often in the literature is given by

as(1?)

1+ 8o *(")[1+ ;?;)ﬁé]l z

as(p?) = (14.105)

The Equations (14.104) and (14.105) together with Ny = 5 already reduce the disagreement with the experi-
mental data in Figure 14.3.

The lack of global precision can also be accommodated by choosing a smaller renormalisation scale. For
example, if the running coupling is fixed with the experimental values at p ~ 40 GeV with

@5(40GeV) ~ 0.140 GeV , (14.106)
we are led to
Py ~ 030, a?*P(m,) ~ 0.33. (14.107)

Of course, the good accuracy for small momentum values is paid for with a lack of accuracy for larger values.
At the Z mass-scale the two-loop coupling with (14.106) yields

2P (m,) ~ 0.122, (14.108)

in comparison to the experimental value (14.100). This entails that even for the large energies at LHC with its
successively decreasing coupling we require high loop orders in order to get quantitative precision. We em-
phasise that this is of paramount importance for the search of new physics beyond the Standard Model (BSM):
while QCD sub-processes only constitute (part of) the background, they have to be subtracted accurately in
order to get access to potential BSM signals in the data.

In turn, for p — 0, perturbation theory clearly fails, signalled by the Landau pole. This regime with chiral
symmetry breaking and confinement can only be accessed within non-perturbative approaches.
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15. Lattice Field Theory

In the present Chapter we introduce a fully non-perturbative approach for solving the functional integral of a
quantum field theory, lattice field theory. One of the chief advantages of lattice field theory is the property, that
it allows for a numerical full solution of QFTs in terms of the generating functional or its correlation functions.
For that purpose the infinite-dimensional statistical integral is approximated by a finite dimensional one on a
space-time or spatial lattice.

A simple example is a quantum field theory with a real scalar field ¢(z, ¥) in a three-dimensional spatial cube
B with length L in all directions. This cube has the volume V = L?, and we now approximate the box with a
regular rectangular grid of points with a (lattice) distance a = L/N and a (large) natural number N. Then, the
field takes real values on the grid points, and the infinite-dimensional path integral turns into a high- but finite-
dimensional integral with N3 computations. Evidently, in the limit N — oo the full path integral is recovered if
the limit exists. Moreover, for small enough N, the finite-dimensional integral maybe solved numerically with
Monte-Carlo methods, typically applied to high-dimensional integration problems.

This set-up leaves us with the exiting possibility to simply solve interacting quantum field theories numerically
within N — oo of the corresponding lattice field theory. An obvious and intriguing advantage of such a
formulation is, that it can be formulated for generic coupling strength and does not rely on a small coupling or
other constraints, that typically come with systematic expansion schemes. Put differently, lattice field theories
are the method of choice for strongly correlated systems, if the N — oo can be taken.

This leaves us with the following tasks:

Task (i) Recast a given continuum quantum field theory as the corresponding lattice field theory, while trying to
preserve as much of the symmetries of the QFT at hand. Evidently, for the example above with a regular
rectangular lattice spatial rotation invariance is broken, and is only recovered in the limit N — oo. This
statement extends to full space-time symmetries, a fact that e.g. complicates the construction of super-
symmetric lattice theories. A further important symmetry that requires attention is the chiral symmetry.
This symmetry plays a very important role in QCD and beyond, and will be discussed thoroughly, when
discussing lattice fermions. Finally, the lattice formulations of gauge theories has great advantages over
corresponding (diagrammatic) formulations in the vacuum: lattice gauge theories are explicitly gauge
invariant while most continuum approaches are based on gauge fixed formulations.

Task (ii) Control of the limit N — co. Here we have to distinguish the thermodynamic limit, ¥V — oo and the
continuum limit, a — 0. While these limits both require N — oo, they are different. In any case they are
signalled by the respective scaling behaviour (with either a or V), and its evaluation is one of the largest
systematic error sources in lattice field theories.

Task (iii) Complex actions. Many systems with interesting physics, e.g. finite density systems, spin imbalance,
mass imbalance, competing orders, require the computation of high dimensional integrals with complex
(or at least non-positive) measure factors. The respective numerics may be NP-hard.

In this Chapter we provide an introduction to lattice field theories, concentrating on the general structure and
not on the computational details. Still, the present introduction allows us to analytically compute the linear
confining potential in the strong coupling phase on the lattice. While this is not the physical phase of lattice
gauge theory, it is an illuminating computation and result.
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15.1. Scalar quantum field theory on the Lattice

Our starting point is the Euclidean generating functional (10.67) for a real scalar field ¢ € R, derived in
Section 10.3 as the Wick rotation of the Minkowski path integral. While ¢ € R described a netural spin O field,
a complex scalar field ¢ € C describes a charged spin O field. For the latter field we have the Euclidean path
integral

Z|J] = fZ)qﬁ exp{ ¢]+f](x)¢(x)} (15.1a)

with the path integral measure

Do(x) = | | g, (15.1b)

where ¢(x) is the integration measure of the complex variable ¢, = ¢(x). The form (15.1b) is already remi-
niscent of the product form on the space-time lattice Figure 10.1 that was used at an intermediate step of the
derivation of the path integral in Chapter 9. The classical action in (15.1a) is given by

S[¢] = f dx [¢*(x) (-A) ¢(x) + V(¢' ¢)] ., with A=2d;. (15.1c)
The potential in (15.1c) is a ¢*-potential with

V(o) = n2 p+ 222 h =L e i Lo
=mpp+ Tt where = s @itid). and p=¢'d=i0i). (51D
The scalar theory shows a sufficiently rich phase structure and strongly correlated regimes to be of interest in
its own, see in particular Section 11.2.1 (3d) and Section 11.2.2 (4d) in Section 11.2. We shall also use it in
the present Chapter on lattice field theory to introduce both conceptual particularities on the lattice as well as
numerical techniques.

15.1.1. Lattice action of scalar field theories

The derivation of (15.1) in Chapter 9 already carries the discretisation with it, as also mentioned above. See
in particular the depiction of the two-dimensional space-time lattice in Figure 10.1 with the temporal lattice
distance At and the spatial lattice distance AL. Instead of taking the limits Az, AL — 0, we identify both
distances with a (hyper)cubic lattice distance a with At = AL = a. A a depiction of this lattice in d = 2
dimensions is found in Figure 15.1. This lattice is defined by the box 8B, ; with periodic boundary conditions.

Ba,Lz{x:an, with n=mn4é,, p=1,..,d with n,€7Z and |n, <L/a=N}. (15.2)
with the Cartesian orthonormal basis
@)y = Oy » with euly = Opy . (15.3)

While for our working horse example we consider a hyper cubic lattice, lattices with different spatial and
temporal extend are commonly used, L = L; = L; # Ly with i, j = 1,...,d — 1. This typically also leads to a
different number of points in spatial and temporal directions, with N; = Lyo/a # N = N; = L;/a. Note that it
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Figure 15.1.: Depiction of a finite 2-dimensional lattice with a lattice size L and a lattice distance a. The space-
time vector takes values x = nopéy + n1é;, and L/a = 8.

is indeed N, N which defines the lattice scales together with the dimensionless parameters of the action. This
will be discussed later.

The periodic boundary conditions are either implemented directly on the box by identifying opposite faces or
simply considering only fields ¢ with

¢+ L) = ¢(x),  for  u=0,1,..,d—1, and Q=8 (15.4)

that live on the lattice sites x = n,a. With the lattice fields in (15.4), we have to define the lattice version of
the classical action (15.1c), as well as the lattice analogue of the path integral measure D¢ in (15.1a), already
indicated in (15.1b), and (10.12) in Chapter 9. To begin with, the space-time integration in the action turns into

finite sums,
fddx—wzd Z , (15.5)

BL XGBQ, L

where 8; = By = L%, and the sum sums over the (L/a)? = N¢ lattice points, or, more generally, N; X Né1
lattice points. Quantum field theories on such a lattice are both, ultraviolet finite and infrared finite. The latter
property is evident as the theory is defined on a finite volume, and the maximal correlation length on such a
lattice is given by the lattice extend L. In turn, ultraviolet divergences occur for infinitely small distances, and
the minimal distance on the lattice is the lattice distance a. Therefore we do not expect any divergences to
occur for finite @ and L, both are controlled on a finite lattice. However, this also entails that in particular the
ultraviolet divergences resurface in the limit a — 0, which has to be carefully studied, invoking renormalisation
group techniques. This will be discussed later.

As already indicated above, it is convenient to express everything in dimensionless quantities in units of the
lattice distance. For example, the field can now be written in terms of the dimensionless field ¢ with

$na)=a'"2d,,  pna) = p,, (15.6a)

where the prefactor a!~¢/? takes care of the canonical dimension of the scalar field ¢. In particular, in d = 4 we
have ¢ = 1/a$. Moreover, the dimensionless field ¢, can only depend on 7 and not on the lattice distance a.
Similarly we can write the mass m and the coupling 4 in (15.1d) in terms of a scaling prefactor in terms of the
lattice distance and the dimensionless lattice mass and coupling,

1 R
my = —ing g =a’™ 2y, (15.6b)
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reflecting the standard canonical momentum dimensions of couplings and fields in QFT. For example, the
momentum dimension of the coupling is 4 —d > 0 for d < 4. This indicates that ¢*-theories are renormalisable
for dimensions d < 4. The upper limit, d = 4 is the critical dimension, and there ¢*-theory faces the triviality
problem: for all we know it has no UV closure.

With the dimensionless fields, couplings and masses the potential term (15.1d) is readily cast into its lattice
form,

fV(p)—ad >

[nu <N

A 2
[a P +a” %pﬁ} =) [m¢pn + —"’pﬁ] (15.7)

Note, that the lattice distance a has disappeared from (15.7), and the continuum limit @ — 0 has to be taken as
the respective limit of the dimensionless mass and coupling 7714 and ;l(p. This already indicates the property of
lattice field theories, that the continuum limit is achieved within a scaling limit of the dimensionless parameters
of the theory. Moreover, the exponential of the potential term factorises in a product of exponentials of the
potential V(ﬁ(n)) =m ¢/3(n) + /Al¢ / 2,62(11) on the single lattice points,

exp {— Z [m¢p(n)+ (n)}} 1—[ e_[méﬁ(n)“%ﬁzm)] = n e Ve, (15.8)

[n <N [nu <N [n <N

Clearly this factorisation takes place for all potentials V without derivative terms. This factorisation mirrors
that in the path integral measure (15.1b), see also (10.12). On the lattice and in terms of the dimensionless field
bn, the path integral measure (15.1b) turns into

f Do | ] f dpm = [ | f dd(n) f ddr(n), (15.9)
M ES <N R

with integrations over the amplitude of the real and imaginary part of the dimensionless scalar field, ¢; and ¢,
respectively. This leads to an interesting intermediate result,

f Dpe LV ]_[ f dd(n) e V@) (15.10)

Inul<N ¢

in the absence of the kinetic term the path integral factorises in a product of single site models that can be solved
independently. We also remark that the above integral is manifestly finite as already argued above. The full
lattice theory tends towards (15.10) in the strong coupling limit, A — co. Seemingly this entails that QFTs with
strong physical coupling can be solved trivially on the lattice. However, an inspection of (15.6b) leads to the
conclusion that a strong but finite coupling A requires A — 0 for d < 4 according to the canonical dimensional
running. In the presence of quantum effects this canonical running is augmented by an anomalous part as
computed in the last Chapter in QCD, see Section 14.1. This analysis is deferred to Section 15.5.2, for the time
being we just keep in mind that the continuum limit obviously requires a scaling limit of the dimensionless
lattice parameters.

It is left to put forward the lattice version of the kinetic term, — fx #"A¢. This is done with a discretised version
of the Laplace operator A in (15.1c). To begin with, we define the left, right and symmetric lattice derivatives,

Bﬁtf)(x) _ (x) — gi(x - f1a) ’ 8§¢(x) _ d(x +ﬁ6;) — ¢(x) ’ Big{)(x) _ d(x + ,aa)z—aqj(x — fa) ,

(15.11a)

251



Chapter 15. Lattice Field Theory

whose continuum limits with a — 0 define the standard left, right and symmetric derivatives. In terms of the
dimensionless lattice fields these derivatives turn into

AR5 g(x) = a"29HRS B, (15.11b)
with the difference operators
AL A A A AR A N n AQ A 1/ R
8ﬁ¢n =¢n— ¢n—,& s 6§¢n = ¢n+/ft = &n, aﬁ¢n = 5 (¢n+ﬁ - ¢n—/ft) . (15.11¢)

While all the finite difference operators in (15.11) have the same continuum limit, the convergence of the
path integral for the different choices may be quantitatively or even qualitatively different. For example, the
symmetric operator 9 does not single out a direction, which may lead to a quicker convergence. In this context
we also remark that the difference operators in (15.11) have a matrix form with énm$m = (%n with

1
(aﬁ)nm = 6n,m - 6n—[1,m , (aﬁ)nm = 6n+ﬁ,m - 5n,m s ((’)2 )nm == (5n+f1,m - 5n—,&,m) . (1512)

2

With the matrix representation (15.12) it follows straightforwardly, that the symmetric difference operator
i(@i )nm 1S @ hermitian matrix, while the two other difference operators are not. We close this discussion of
lattice derivative operators with the remark that (15.11c) are by no means the only possible choices: Clearly,
0 are the only next neighbour definitions and & already connects next-to-next lattice sites. If we allow for a
large and larger amount of lattice sites to be involved, this leads to a large number of possible lattice derivatives.
Typically, for standard applications in scalar theories one sticks to the *canonical’ choices, but we shall pick up
this discussion again in Section 15.2.1 on lattice fermions.

Finally, with the difference operators (15.11c) we can define lattice Laplacians. As for the derivatives, also the
Laplacian is not unique. Here we take the symmetric choice,

R=0EoR = 0805, with A= [6uvium + Sngiom — 26um] - (15.13)
wu>0

Evidently, this matrix is hermitian, while the choices (gllj’R)z are not. With the lattice Laplacian (15.13) we
arrive at the lattice version of the kinetic term,

fqﬁ (-A+m) ¢ > > 3 Kum b (15.14)

where we included the mass term from the potential and the restriction |n|, |m,| < N is implied in the sum. The
hermitian kinetic operator K, in (15.14) reads

Kum == Y |Onviim + Onom = 28| + 9% S = = " [Onsgim + Sngm | + (® +2d) Oy . (15.15)
u>0 >0

This leads us to our final expression for the lattice path integral of a complex scalar field in a finite volume
YV = L4 with the lattice distance a,

N 1 n R o &
Z[J] = N fl:[ do, exp{—S [#] + 22’1: J,,¢n}, (15.16)
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with 2f,,q3,, = Al,n&)l,n + fz,néz,n, the normalisation N and the lattice action
S At ~ ;1 A . A 2T
S[3] =~ Zm] B Kb + 5 ;pi, with = Gl (15.17)

We have already considered this theory in the absence of a kinetic term, see (15.10). Now we discuss the
opposite limit, we drop the interaction term (but keep the mass term). This leads us to the (GauBian) free
theory, which can be integrated analytically. We get from (15.16) for the generating functional of the free
theory, Zp[J],

1

lanjﬂ[(_ljl‘ﬂ 15 18
2 s m
det Knme ' (15.18)

ZolJ] ~

where both the GauBian integral over the real and imaginary part of the field lead to a factor 1/ vdet K. With
derivatives w.r.t. the current we generate the correlation functions of this theory with

I .,
s I S WY 15.19
PY . P == ) (19

These correlation functions are either vanishing (m = 2i + 1) or are sums of products of the two-point function.
The latter is given by

1 0"ZylJ]

ZolJ] 84,0,

= (Gnbm) = Ky » (15.20)

the standard result in QM and QFT: the second derivative of (the logarithm of) the generating functional is the
propagator. In the current free theory it is the classical propagator 1/K.

It is very instructive to transform fields and correlation functions to their momentum representation with a
Fourier transformation, i.e. the dispersion K(p) and the propagator 1/K(p). In momentum space we will see
the ultraviolet finiteness explicitly. In order to facilitate the access we use a lattice of infinite extent, L — oo,
related to the thermodynamic limit of the theory. Not that this limit is different from the continuum limit, a — 0
(augmented with an appropriate rescaling of the couplings), and they should not be confused.

In any case the Fourier transform on a lattice with infinite extent is defined by

n A s R r dp . .
W)=Y Gy, b= [ 5L by, (1521)

neZd (27T)d

with the dimensionless momentum p = a p for the ’standard’ momentum p, defined similarly to x = an. The
integration over the dimensionless momentum is restricted to the Brillouin zone

B, = [-n, 71", (15.22)

originally introduced in condensed matter physics, see also Wigner-Seitz cells. A shift of the momentum p, by
2memy, with my, € 7 leads to

APuA2TmIn _ iputy (15.23)

as e = 1. Accordingly, physical momenta are restricted by —7/a < pu < m/a, and while we will not
do lattice perturbation theory in this lecture course, all momentum loops in a loop expansion or any other

diagrammatic expansions are manifestly ultraviolet finite. Note also that this convenient property comes at the
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price of violating Euclidean symmetry, instead the full Euclidean group O(d) in d dimensions the lattice only
admits rotations by nm with n € Z.
We now perform a Fourier transform of the kinetic operator K, in (15.15) to K(p, @),

v
d% N d-1 o
Ky = f B ’)’ —K(p)e?" ™, with  K(p) = 42 sin’ (%) + i, (15.24)
T
- u=0

where we have used

Ve
4 ..
S = f ﬁew("—mk (15.25)

/4

Note that the classical dispersion is obtained for p — 0, where K(p) — p> + m?. The physical dispersion
is given by 1/a>K(p) — p> + m?. This entails that in the continuum limit only the neighbourhood of the
zeros of sinz(ﬁﬂ /2) survives, all other momenta are suppressed by 1/a°. This is clearly seen by re-instating all
dimensions to the action. Then we have for the kinetic term on the lattice,

J

For momenta p = pa with finite values of K(pa), the expression in (15.26) diverges for a — 0, as does the
full action. Accordingly, configurations ¢(p) with support for these momenta are suppressed in the continuum
limit. In turn, configurations with support in momentum regimes p = pa « a with K(pa) « a* survive. In the
present case there is only one such zero at p = 0. Note that seemingly another definition for the dispersion with
sinz(ﬁﬂ) would work as well, but with this definition there are also zeros of the dispersion at the corners of the
Brillouin zone, leading to additional fields in the continuum limit (doublers). This will be important in the case
of fermions. In summary this entails that discretisation details matters.

d4 p
(2n)d

alp .. : 1
LA KD 06) = [ SL0'p K o). (15.26)
(2n) ) a

15.2. Fermions on the Lattice

In the last chapter we have discussed the lattice formulation of scalar field theories. As in standard quantum
field theory this includes the showcase example, the ¢*-theory, and also covers many interesting phenomena.
However, all matter fields in the Standard Model except the Higgs are fermionic, as are also the fundamental
fields in many interesting condensed matter and statistical systems. In this Chapter we discuss the lattice
formulation of fermionic theories. We shall see that the numerical implementation of these theories is not as
straightforward as that of scalar theories or that of gauge theories treated in the next Chapter. In relativistic
theories, the respective problems are related to the spin 1/2 nature of fermions which neither allows for a
straightforward implementation of the importance sampling due to the Grassmannian nature of the fermionic
fields (and the linear dispersion), nor does it admit the straightforward implementation of one Weyl fermion on
the lattice due to the linear Dirac dispersion: the fermionic doubling problem covered by the Nielsen-Ninomiya
theorem. We note in passing that, while these properties obstruct the numerical simulation of fermionic theories,
they also carry some very interesting (and cool) mathematics and physics.

We initiate this discussion with a short summary on the properties of fermionic continuum path integrals eval-
uated in Chapter 12: In Euclidean space-time the fermionic path integral of the free Dirac action in analogy of
(15.1),

Zin. 7] = % f Dij Dy &SI [(19-0m) (15.27)
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with the free Euclidean Dirac action

Sw[w,&]=f&(<ﬂ+mw)¢/, where @ =y,0,, (15.28)

X

Grassmann fields ,  with > = ?> = 0, and the Euclidean version of the Clifford algebra

Yu» v} =204, and {Yu,vst =0 with s =iyoy17273, (15.29)

with the 4 X 4 dimensional Dirac matrices in d = 4, and the hermitian y5; = y;. In general dimensions,

the Clifford algebra is 2% x 2% in even dimensions d = 2[ with [ € N, and 2% x 25" in odd dimensions
d = 21 — 1. While the Euclidean anti-fermion ¢ is independent from the fermion ¢ as there is no Euclidean
Dirac conjugation, one still writes = ¢ 7y.

In any case we can expand the fermionic fields in a convenient set of basis functions, for example the eigen-
functions of @ with

V) =Y @), B =) bypl(0),  with  ide, = L, (15.30)

n

with the Grassmann expansion coefficients a,a,, = —a,,a,, buby = —byub, and a,b,, = —b,,a,. Within the basis
(15.30) the Dirac action (15.28) has the simple form

Syl ] =) dubuan. (15.31)

and the Grassmann measure in (15.27) reads,

fﬂz@zpz ﬂfdéndan. (15.32)

Using the above relations in the path integral, it yields

f@l/_/@l,l/ e Suld V] o f[l_[ db, danl ¢~ ZnAnbnan — l_l [fdl_on da, /lnanl_?n] = l_[/ln =det(d +m),

(15.33)

where we have used the rules for Grassmann integrations,

fdaa" =01p. (15.34)

15.2.1. Lattice action of fermionic field theories

We now formulate the lattice version of the path integral (15.27) in analogy of the scalar theory.

We conclude our Lattice excursion with a few remarks on fermions. We put fermions on the lattice similarly to
scalars: To begin with, we define our dimensionless lattice fields and parameters as in (15.6). The dimensionless
fermionic fields read,

L (Bunin) (15.35a)

(Y(x), () —>

a

and the lattice derivative and mass,

| PN 1,
Ou(x) = —70un my — —fiy, (15.35b)
az
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where we have chosen the symmetric lattice derivative, éﬂ = 5/51 ,see (15.11c), with

A oA [N o
Bub(n) = 5 (e = Inp) (15.36)
With the definitions (15.35) the lattice version of the Dirac action is given by,
Slﬁ [(2}7 l?/] = Z ’Z}\/a,nKaﬂ,nml/’},B,m (15373)
s

with the space-time points 7, m and the Dirac indices a, 8. The kinetic operator or matrix K reads,

Smnsii = Sy
Kopam = ), (V) 5=+ ity Smp (15.37b)
u

The generating functional (15.27) turns into,

Z[n, ]—7] ~ f n d'&a’,n r[ dlz'g’m e—Su,//[‘z’lz]+Zn,n(ﬁn,n‘&n,n_‘zn,nnn,n) . (1538)
n,a m,ﬂ

The Grassmann integrals in (15.38) are easily performed as in (15.33), and yield,

Z[n,n] =~ det K exp{— Z ﬁa,nK;AnmUﬂ,m , (15.39)

nm

af

with the fermionic two-point function

WDalip) = Kgpm - (15.40)

Equation (15.39) and (15.40) are lookalikes of (15.18) and (15.20) respectively. Seemingly the only difference
is the different power of the determinant. However, another surprise is buried in the kinetic operator. This is
more clearly seen in momentum space. There we have

Kopon = [ L2k (et (15.41)
af.nm = (271_)4 ap ple .
-

with

Rap(p) = i (), sin pyu + ity . (15.42)

ap

Now we proceed with the same argument as around (15.26): only the zeros of the dispersion (15.42) survive in
the continuum limit, as

7 dp . a iy |
f Gy Ve DK (P (h) = f ey VP KA (p). (15.43)
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Figure 15.2.: Fermionic lattice dispersion in one dimension

Accordingly, only configurations with support for momenta p with K(pa) « a lead to a finite action. Let us
first look at an oversimplified example, the dispersion in 1 + 0 dimensions,

K(p) ~sinp, (15.44)

also depicted in Figure 15.2. Naturally, the dispersion (15.44) vanishes at the middle of the Brillouin zone
at p = 0 and shows a linear dispersion with a positive slope, 1/aK(p — 0) — 1/ap = p, depicted by the
straight red tangent line in Figure 15.2. On the boundary points of the Brillouin zone, the dispersion also
vanishes with 1/aK(p) — —p depicted by the dashed blue tangent line in Figure 15.2. This leaves us with fwo
fermions in the continuum limit, one with dispersion p and one with the dispersion —p. Note that the latter
fermion is distributed at the two boundary points of the lattice p = & (positive dispersion) and p = —r (negative
dispersion). In summary our attempt of putting one fermion on the lattice ended in having two of them in the
continuum limit. This is a baby version of the fermion doubling problem.

Let us now try to get rid of the doubler in (15.44), Figure 15.2. Note first that the problem can be avoided by
using left or right derivatives instead of the symmetric one (show it). However, these derivatives are not anti-
hermitian, which leaves us with complex eigenvalues for the Dirac operator that only turn real in the continuum
limit. This is a hefty price to pay. Another possibility consists out of adding higher derivatives terms such as
K(p) — sin p + r/2 sin® p/2, where the second term is nothing but the lattice Laplacean (15.13) in momentum
space, (15.24). Evidently for p o a this term vanishes linear with the lattice distance in the physical dispersion
1/aK(p), while it leads to a 1/a divergence at p — m, —m. Accordingly, the doubler disappears in the continuum
limit.

After this little excursion we come back to the fermionic lattice field theory. As in our baby example we collect
all the zeros of the dispersion. For example, in two dimensions we have the four zeros

0,0), {©,xm}, {(zm0)}, {(xm xm)}). (15.45)
More generally we have 2¢ zeros in d dimensions: at all points where all Py take values (0, £7),
Du €10, xm} Yu=1,...d. (15.406)
At these points the continuum limit of the propagator is given by

1 p d4ﬁ eiﬁ(n—m) Ta d4p eip(x—y) Z f d4p eip(x—y) 0
im — — = —lim =- - +0(a)
a—0ad ) Q2m* K(p) a—0 (2m)* iyt sinap, +m > Qmy* (=D *iy,p, +m

e &l

-r/a

(15.47)
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Note that the sign of the - matrices can be flipped by a p-dependent similarly transformation S (p),
SPYS~ (B = =1y (15.48)

In summary we have produced 16 fermions on the lattice. This is the (in) famous doubling problem on the
lattice.

We note in passing, that the rather heuristic statement above can be cast in a mathematical form by considering
the fermions in momentum space, (p). As in position space, fermions are periodic in momentum space,

G(p+ 1) = Y(p + 2nf), (15.49)

which singles out the Brillouin zone in the first place. Therefore, fermions can be seen as maps from the
d-dimensional (momentum ) torus into the field space, e.g. T4 — C* for a four-dimensional single Dirac
fermion. In general even dimensions, the latter has 2%/? (complex) components as the Clifford algebra is 2¢/2-
dimensional. Then, left- and right-handed eigenspaces can be defined by momentum dependent projections,
and the winding numbers of these projections is related to the total chirality of the theory.

For the purposes of the present lecture course it is sufficient to briefly discuss possible resolutions and concen-
trate on the simple practical ones, the topic is picked up later, when discussing the continuum limit in more
detail, including an renormalisation group (Kadanoff block-spinning) analysis on the lattice.

15.2.2. Wilson fermions

We have already indicated above in the discussion of our baby example, that the introduction of higher deriva-
tive terms in the kinetic term gives us the possibility to suppress the doublers in the continuum limit. This is
done by augmenting them with masses proportional to 1/a,

r 2 N A~
K((I"Z;Vzlm = Kaﬁ,nm + E ; wa,nAn,mw,B,m . (1550)
ap

with Kgu, in (15.37b) and the dimensionless Wilson parameter r and the lattice Laplacian (15.13). In Mo-
mentum space this kinetic term reads

d-1 N
K™ = iy, sin py + g +2r ) sin? (@) , (15.51)
u=0 2

with the lattice Laplacian in momentum space in (15.24). The Wilson term vanishes for the fermion at p — 0,
while it diverges at all the doubler points defined by (15.46),

—1 R
— > — sin (—) > —, for p#0 and p,€{0, +x}. (15.52)

Evidently, (15.51) breaks chiral symmetry as it includes the momentum dependent Wilson mass term propor-
tional to the identity in Dirac space. Only in the continuum limit chiral symmetry is restored (in the absence of
explicit fermion masses, my = 0). While this is a heavy price to pay for theories with chiral symmetry or that
"close’ to chiral symmetry such as present for the light current quark masses of the up and down quark in QCD,
it is a simple deformation which is amiable to numerical implementation in simulations.

15.2.3. Staggered fermions

Another possibility is the exploitation of the doublers as physical mode. For example, as we have indicated
above, putting one (massless) Weyl fermion on the lattice leads us to 2¢ Weyl fermions in the continuum limit
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with different chirality. Now, we even can assign different mass gaps to the fermions which allows us to define
them as different flavours of the original fermion.

Staggered fermions exploit this possibility. Before we come to some technical details, we would like to give
the flavour of the argument (pun intended). The most efficient way of their implementation is a simple counting
and distribution of fermionic degrees of freedom. In the following, we restrict ourselves to even dimensions,
specifically d = 2 and d = 4. In even dimensions d, a Dirac fermion has 2%/ complex components, that can
be distributed over 2¢ zeros of the dispersion at the positions (15.46). This leads us to minimally 2¢/? different
Dirac fermions in this formulation, called different fastes. For example, in QCD in d = 4 dimensions we
then would have 4 tastes. It is tempting to identify them with the flavours in QCD, so a minimal version of
lattice QCD would have four flavours, up, down, strange charm. However, the latter have significantly different
masses, and the chiral structure of the theory crucially depends on the mass ordering, typically indicated 2+1+1
in order to single out the two light quarks, u, d with current masses m,, 4 ~ 2 —5 MeV, the heavier strange quark
with a current quark mass of m; ~ 10> MeV and the charm quark with a current quark mass of m. ~ 103 MeV.
However, the fact, that in our QCD example we have four tastes with identical masses, leads us to

4
exp{trlamce log K} = det K — (det [ﬁ + m,p]) = exp{4 treont lOZ (ﬁ + mw)} . (15.53)

lattice cont

Equation (15.53) suggests to e.g. simply take the square root of (15.53), if considering two-flavour QCD in
the isopsin-symmetric limit m, = my. The latter is typically chosen in many applications as both, the current
quark masses m,,, my and the mass difference m, — my is rather small in comparison to the mass arising from
spontaneous strong chiral symmetry breaking ~ 300 — 400 MeV.

Evidently, for one Dirac fermion one has to consider the fourth root of (15.53). Effectively, this is done on the
level of the exponent on the left hand side of (15.53)

1
Wiatiice 10g K = - tiatice 10g K = treont log |9 +my] . (15.54)

with N = 16 in the case of a four-dimensional Dirac fermion. Such a rooting is commonplace, but has its
problems. While (15.54) provides the core of the argument, the remaining Dirac fermion is de-localised on the
lattice, its component being distributed at the points (15.46).

How one can construct such a fermion technically, is discussed now at the example of a single Dirac fermion
in d = 4. We recall its action (15.37),

4 A — A
Syld.i]=- zﬁ[z yyw + ity Sy | (15.55)
1

and we make a site-dependent transformation of the fermions in Dirac space such that the Dirac structure
"disappears’, and the component fermions ¥, ,, run the show. This is done with the staggered transformations

Un =YYW and =YY (15.56)

The staggered transformation rotates the fermions from one lattice site to the next such that the Dirac structure
of the next neighbour hopping terms is absorbed into the fields. Moreover, for the site terms we have Ynn =
Wi, owing to yZ =1.

Now we consider exemplary one hopping term in the y = 3 direction. There we have

ny _ny n3xl_ng

Y A A A A R A A T A R G D R VAT (15.57)

Here, the factor (—1)"1*" counts, how many times we have to have to anti-commute y; and y, with the explicit
7v3 in the middle. Again using ’yﬁ = 1 we arrive at (15.57), and similarly for the other hopping terms.
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Inserting all these transformations into (15.55), we are led to,

= 1 21 (2 ’ PNy
Sul )= ) [5 Mna Uy (Vs = Wig) + g wn} : (15.58)
nu
with
My =1, M2 = (D", M3 = (=12, Mo = (=117 (15.59)

Importantly, (15.58) is diagonal in Dirac space in the rotated Dirac fields y, ,, and all components have the
same action. Accordingly, the rooting (15.54) simply amounts to dropping the Dirac sum in (15.58), only
considering one component, ¥, = J/a,n. We arrive at the final result,

_ L AP
Sxlx.xl = Z [5 M Xn (Xn+ﬁ — Xap) + manXn] ; (15.60)

nu

With this procedure we have reduced the number of 16 Dirac fermions to 4 Dirac fermions (tastes). In the cur-
rent lecture course we will rarely use staggered fermions, and if, we will use the rooting prescription indicated
above. Hence, for more details as well as a detailed discussion of chiral symmetry and taste violation, we refer
to the literature, in particular to [7], chapter 4 and [8], chapter 10.1.

15.2.4. Chiral symmetry on the lattice & the fate of the axial anomalyx

However, for its importance as well as its elucidative nature we briefly discuss the fate of (naive) chiral symme-
try on the lattice. We emphasise that the derivation below is sketchy and the single step, while straightforward,
are a bit tedious. This topic will be picked up later within a more elaborated point of view also involving
renormalisation group (RG) arguments.

To begin with, let us assume that we have coupled an external gauge field to the fermion, this will be detailed
in the next chapter. Then, the Dirac action reads

SW [lj/’ (?/:I == Z[lznﬂn,m + ﬁ’lwé‘mn]&m > (15.61)

with the naive interacting lattice Dirac operator D, ,, that is proportional to y,, and hence it anti-commutes with
vs defined in (15.29),

{D,ys} =0, (15.62)

It is precisely the property (15.62), that the Dirac operator of Wilson fermions violates, and indeed one can
show, that one either has doublers or one looses (15.62).
In ?? we keep the mass but consider the limit /%2, — 0. Now we apply local chiral transformations

,ﬁn — gl2mys J,n , 'Zn N lf/n £ aMys (15.63)

to the action (15.61). Using (15.61) as the action in the fermionic path integral, the theory is still GauBian
(free). Expanding the transformed path integral in powers of @, we are led to the standard (partial) axial current
conservation,

8uljs ) = 2y Whaystny.  with s, = Yuysin. (15.64)

where the derivative is the symmetric lattice derivative. Now we sum over the lattice, and the left hand side
vanishes as it is a total derivative. There are no boundary terms due to the periodic boundary conditions. This
leads us instantly to

Tty Z@Wslﬁﬁ = —fity Tr ysnthm) = 0. (15.65)
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The expectation value under the trace is nothing but the propagator

Wl = | 5~ | - (15.66)
with the anti-hermitian operator 9 with the spectrum
Do =idjp;, with jeN, (15.67)
For every A; # 0, ys¢; also is an Eigenfunction to the Eigenvalue —id;. Since A; # 0, we have
> e imyyspiin) = 0. (15.68)
n
This leads us to
ity Trys@uthm) = ny —n_ =0, (15.69)

where 7, and n_ is the number Eigenfunctions ¢©) of vanishing Eigenvalues with positive and negative chirality
respectively.

) — 4O O

¢, a4 ys, D}V = 0. (15.70)

Ys¢ i

In conclusion, the total chirality of the fermionic lattice theory is vanishing. Again this reflects the Nielsen-
Ninomiya theorem on the lattice. In this formulation is also hints at some serious physics problems, as the
(non-vanishing) axial anomaly carries important physics.

15.3. Gauge Fields on the Lattice

With lattice formulations of scalar fields and fermions as introduced in Section 15.1 and Section 15.2 respec-
tively, we close our discussion of lattice formulations of field theories with that of gauge theories. Before
introducing lattice gauge theories, we start with a brief reminder of gauge theories in the continuum, see Chap-
ters 6 and 13. For the better comparability with lattice gauge theory textbooks we shall use a slightly different
notation here than in the these two Chapters and Chapter 14. We start with an Abelian gauge theory with a
Dirac fermion,

Sw[;b,&,A#]:f&(ID+mw)gb, where D =7v,D,,  D,=d,+ieA,. (15.71)

with the Abelian gauge field A, € IR, that is in the algebra of the gauge group U(1). Note that the definition of
the covariant derivative differs from that in with D,, = d,, —ieA,, by a relative minus sign. The action (15.71) is
invariant under gauge transformations (x) = exp{iw(x)} €U(1) of the Dirac fermion and the gauge field,

Yx) - QU(x), B - I, A, - —éQ(DMQT) = Ay - O, (15.72)

The transformation of the gauge field implies that the covariant derivative transforms as a tensor under gauge
transformations

D,—QD,Q", (15.73)

where we use the notation Q €U(1) for gauge transformations, instead of U as in (13.2). The pure gauge field
part of the gauge field is given by the standard U(1) action with
1 , i
SalAul = 5 fFﬁv, with — Fyy == |D.. D] = 8,4, - 0,4, (15.74)
X
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The relative minus sign in comparison to (13.19) originates in the definition of the covariant derivative.

This set-up is easily generalised to non-Abelian gauge theories, where we restrict ourselves to SU(N,) theories
coupled to fermions ¥ in the fundamental representation with A = 1, ...,N., where N_. is generically called the
number of colors, referring to QCD. We have

Sulw.d.4,] = f A (p+m) P, where  DEE = 9,6% +igAS(yE, (15.75)

witha = 1,..,N” - 1, and A%x) € R.
The action (15.75) is invariant under gauge transformations Q(x) = exp{iw(x)} € SU(N.) with the Lie algebra
valued exponent w(x) = w*(x)t* esu(N,) of the Dirac fermion and the gauge field, similarly to (15.76),

YD) - Q) , P = e ), A - —éQ(D#Q*) : (15.76)

the difference being the non-commutativity of the gauge field. The transformation of the gauge field implies
that the covariant derivative transforms as a tensor under gauge transformations

D, — QD,Q, (15.77)

with DHQW/ = (D#QT)I,D + QT(Dﬂz//). The pure gauge field action (Yang-Mills action) is given by

1 1
SalAu] = EftrfFf;v = Zf(FZV)Z, (15.78)

X X

with the field strength F,, = Fjj,1“ with

F = —é [D.. D). and  FY, = 8,A% - 9,A% - g fUALAS, (15.79)
As already mentioned above, QCD has the gauge group SU(3) (three colours), and the fermions are the quarks
(u,d,s,c,b,t) or a subset thereof. It is also very common to do simulations in SU(2) theories as these theories
share many communalities but SU(2) is far simpler to simulate, in particular at finite densities. There, however,
it is also differs significantly from QCD with three colours. Moreover, the SU(2) case is also the weak sector
of the Standard Model (SM), and with the hyper charge U(1) it adds up to the electroweak sector of the SM.
In the latter case we also have to consider a scalar field, the Higgs field, that carries a representation of the
electroweak gauge group. Hence, more generally, we consider the kinetic term of a complex scalar field also
carrying the fundamental representation of a non-Abelian gauge group,
Sol, Ayl = f @O Dp*Pe",  with = %«m +ig2). (15.80)
X

The gauge transformation of the scalar field is given by
¢ > Q. ¢ - ' Q"W (15.81)
and the gauge invariance of the action (15.80) follows readily.

With the matter actions (15.71), (15.75), (15.80) and the pure gauge theory actions (15.74) and (15.78) we have
all ingredients of the Standard Model, except the chiral structure of the electroweak interaction.
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15.3.1. Lattice action of gauge field theories

We start our discussion of the action of lattice gauge theories by first working out the lattice analogue of (15.81).
The arguments work the same way for the fermionic action.
As in the continuum we introduce the gauge transformation for the complex matter field ¢,, living on the sites,

$n = Q)dn, B — QT (), (15.82)

where Q(n) € SU(N,) or Q(n) € U(1). The lattice action of the free (complex) scalar theory is given in (15.14)
with the dispersion K, defined in (15.15), which we recall here for the sake of convenience.

Kum == > [Onsgm + On-om] + (5, + 2d) 6y . (15.83)
>0

The terms in gbT »m@ living on a site (part of K,,,, proportional to ¢,,,) are invariant under (15.82), and we have
to ensure gauge invariance for e.g.

O Pip - (15.84)

This entails that we have to transport the group element Q' (n + /1) from the lattice point n + /i to n. To that end
we define the link variable U,(n) eSU(N.) with

Uu(n) — Qn)Uu(m)Q(n + ), (15.85)

and the parametrisation U,(n) = %™ with the Lie algebra field 6,(n) € su(N.). The link variable is nothing
but a parallel transporter along the link between the sites n and n + . It ’lives’ on the link between n and
n + fi. Accordingly, the term &ZU#(n)rfﬁnﬂ, is gauge invariant: The link variable U,(n) parallel transports
(infinitesimally) the gauge transformation from the lattice site n + { to the lattice site n. There it is annihilated.
Explicitly, this upgrade of (15.84) transforms with

¢ Uu(n) e — & QT ()Qn) U(n) QF (n + QU + f2) §y (15.86)

Trivially, this also holds for ¢} U, (n — 2)¢u—,.. Then the free action (15.14) turns into,

n
w>0

S[6, U1 = = > (BiUS (0 = Db + $LUL ) ) + D | bl (2d + 1) (15.87)

which reduces to (15.14) for U, = 1.
We proceed by showing that the continuum limit of the gauge invariant lattice action is the continuum action
(15.80). To that end we write

‘ 1
Uu(n) = ei80aAulan) — 1 4 igoaA,(an) — 3 (igoaAﬂ(an))2 + 0%, (15.88)

which defines a gauge field A, on the lattice. In the following we only need (15.88) up to the quadratic term in
the lattice distance a as displayed in (15.88). This already entails that (15.88) is not the unique definition of the
gauge field. Moreover, we shall see that order a® terms in the exponent of U, vanish in the continuum limit.
Accordingly, the gauge field is only defined up to terms O(a), and these terms disappear in the continuum limit.
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Figure 15.3.: Plaquette variable U,,,(n).

Now we expand (15.87) in powers of the lattice spacing a, using (15.88) as well as (15.6). For the sake of
simplicity we restrict ourselves to d = 4. First, using the expansion in (15.88) we get,

a —0 ~ ~ ~ . N A . A at (. 2 A
S, UIS =) $iKund — ) 8} | -iagoAu(na - i) + iagoAu(nadnsn| = > &3 (iagoAy) d,
n,m ,u’;O n

(15.89)

where we only keep the terms up to order a>. Now we use (15.6) to map our dimensionless scalar lattice fields
to the dimensionful ones, ¢, = a ¢(na). Moreover, we use

¢(na £ af1) = ¢(na) + ad,P(na) + O(az) , Ay(na £ fia) = Ay (na) + ad,Au(na) + O(az) ,  (15.90)

where no sum is implied. Collecting all the terms on the right hand side of (15.89), we arrive at

a

—~a*1> ¢’ (na) K"z’” o(ma) + igo Y ¢7(na) [, (na) + Ay (na)d, | o(na) + > 8] (ig0A,)” b + O(@)

;420
(15.91)
We use that in the continuum limit we have a* 3, — fw and arrive at
2 4% 2 2
S[é, U] — f d*x¢"(x) | D} + m3| ¢(x) + O(a). (15.92)

In summary, we have obtained the desired result, our gauge invariant lattice action (15.87) reduces to the gauge
invariant continuum action (15.80) for a — 0.

Now we proceed with defining a lattice analogue of the pure gauge action (15.74) or (15.78). The building
block of the pure gauge action is the field strength tensor F,, which in the continuum is the curvature tensor
1/(ig) [Dy, Dy], see (15.79). The covariant derivative D, induces an infinitesimal parallel transport in the
direction /i, and hence the commutator is first transporting in the v-, then in the y-direction, and then back in
the inverse path. On the lattice, this operation is implemented by the Plaquette variable,

Plaquette variable

Up(n) = Uu(m)Uy(n + DU (n + DU (n) . (15.93)
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As the link variable, the Plaquette variable lives in the gauge group. In analogy to the algebra-valued gauge
field defined in the exponent of the link variable in (15.88), we can define an algebra-valued field strength in
the exponent of the Plaquette,

Ui () = €804 T (15.94)

with lattice field strength tensor ¥ . In QED we derive from (15.93),

1
Fur(n) = = (Ay(n + 1) = A(m) = (Auln +9) = Ay(m) | (15.95)

4R R
Ay oA,

where the left and right derivatives in (15.95) ensure the anti-symmetry of the expression. In non-Abelian gauge
theories such as QCD we use the Baker-Campbell-Hausdorff formula for the expansion,

AeB = eA+B+%[A,B]+~--. (15.96)
With (15.96) we arrive at,
1 ~ A
Fanl) = |0FA, — 08, + igoalAy . Aln) + O(a)] . (15.97)

Both, (15.95) and (15.97) imply that the Plaquette variable can be expanded in powers of the field strength in
the continuum limit, each power going with higher orders of the lattice distance,

2.2
84

Up() S 1 + igoaF(n) 5 Fa(n) +0(@) . (15.98)

Summed over y, v, the Flzn,-term in (15.98) is the Yang-Mills action in the continuum, up to prefactors. In turn,
the unity and linear term have to be cancelled. Evidently, the linear term is removed by adding the adjoint of
the Plaquette to (15.98),

Up(n) + Ul (n) = 2 - g3 F2.(n) + F (a°) . (15.99)

Then, the constant term simply can be subtracted and we arrive at a lattice analogue of the pure Yang-Mills
action in the continuum,

Wilson action

Sw|U,] =,BZ (1 - % tre (Upv(m) + UZV(n))) ., with B= 21\210 . (15.100)
o ¢ 80

Here, S takes the role of an expansion parameter getting small for large lattice coupling gg, and we shall later
derive analytic results in such a strong coupling expansion about 8 = 0, that is g(z) — oo0. Here we simply check
the naive continuum limit of (15.100), to wit,

R 1
Sw U] Y S 4 1A] = Efd“xtrfFﬁv, (15.101)
where we have used,
1 T g 2 3\ _ god’ 3
Z; (1 ST (U + UW)) =29, tr 72+ 0(a’) = I Tt o(d*). (15.102)

This finally leads us to a well-defined generating functional for compact Yang-Mills theory and U(1)-theory on
the lattice,
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Lattice path integral for non-Abelian gauge theories

ZZIZ)Ue_SW[U“], (15.103)

with the Wilson action S w in (15.100). The path integral measure in (15.103) is the finite product of finite Haar
measures of the link variables,

DU = duy. (15.104)
]«
1 Haar measure
links

The Haar measure is the measure on the gauge group, that is invariant under a gauge rotation with a group

element,
deV=deUVT :de: 1. (15.105a)
: bd
deU“” =0, deU"”U‘d =0, de U (U")" = 6aa (15.105b)
|
6ad
For the gauge group of QCD, SU(3), we also have more specifically,
aned 1 1
f avu (u')* = 39adhe 5 f dUy“br @b yahs = 3y Earanas Ebibabs - (15.106)

where the 1/3 reflects the number of colours, 1/N,. The relations in (15.106) are confirmed straightforwardly
by summing over the indices. For example, summing over b with b = ¢ in the first relation in (15.106) and
using (15.105a) leads to 5%¢ on both sides.

Finally, from the path integral we can derive correlation functions such as,
1 -
(Ui @) U () = - fDU USP (1) - U (nyy) e=Sw 10 (15.107)

that can be computed either by numerical sampling or, for small lattices or, within appropriate expansion
schemes, analytically.

The generating functional (15.103) is the lattice analogue of the generating functional of Yang-Mills theory or
pure U(1) theory in the continuum (13.58) in Chapter 13, with

Z[J] = fDA# ST S (15.108)

In (15.108) we have dropped a potential gauge fixing and Faddeev-Popov ghost action that typically have to be
implemented in the continuum. Another difference is apparent from the comparison of (15.103) with (15.108):
the latter is built on an integration over the gauge field A, living in the algebra of the gauge group while the
former is built on an integration over the link variable living in the gauge group. Locally, the respective quantum
theories are the same, they may differ globally. Indeed, in two-dimensional gauge theories the two quantisations
are known to differ.
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15.4. The Wilson Loop & the Static Quark Potential

With the Wilson action for Abelian and non-Abelian gauge theories we introduce the strong coupling expansion
at the example of the expectation value of the Wegner-Wilson Loop, called the Wilson loop in the literature. In
QCD or rather pure Yang-Mills theory, this observable serves as an order parameter, and below we discuss its
physics interpretation and its computation in the limit § — 0.

15.4.1. Wilson loop in QED & QCD

To that end we first consider an electron-positron pair or quark-anti-quark pair, which is created at some initial
time, pulled apart, kept at some distance L and then annihilated, see Figure 15.4 for a depiction of the respective
worldline or path C. Here we use the electron-positron (e* — e”) pair as an example with particles that can be
observed as asymptotic states. In turn, the process of interest with the quark-anti-quark (¢ — g) pair does not
relate to asymptotic states as quarks are not. It is precisely this property we want to test here.

The physical process can be related to the path integral with the current J,, of the world line C of the e*e™ pair
to the photon in the source term exp fx J, A, of the (continuum) path integral (15.108). The precise definition
in terms of states will be described below. In any case, the exponent reads

>

n y
f d*xJ,A, = ie f dt (Ao(t, %) = Ao(t, ) + ie f dz(A (1.2 - A (0. 2)), (15.109)
fo X

where the difference in the two terms takes into account the parallel horizontal and vertical path segments, see
also the charge flow in Figure 15.4. The worldline current deduced from (15.109) is given by

Ju(x) = iefdz# 6P -x), (15.110)
C

and the full source term is given by the Wilson loop W,
We = ef @oitu = gie o daudu@. (15.111)

The expectation of the Wilson loop W is proportional to the exponential of the free energy F,+,- of the e* — e~
pair,

(W) ~ e Fere @) (15.112)

and we are interested in its behaviour for large distances L and long times 7. As we are working in a Euclidean
set-up, the distinction between L and T is an artificial one (for vanishing temperature) and the behaviour in 7
is the same as that in L.

For (15.112) being a physical observable, the Wilson loop operator (15.111) has to be gauge invariant. To that
end we consider the Wilson loop with the gauge-transformed gauge field Af} =A, - 0,win (15.72),

WC(AQ) - eiedeZPAfll(Z) = eiefcdz,l(Aﬂ—%Bﬂw) — eieLdZHAH . (151 13)
With the same line of arguments one readily proves that an open Wilson line with a generic path Cy,

W, (A) = € keyy dautut@ (15.114)

transforms similarly to a U(1) link variable on the lattice. Indeed Wc,  is a parallel transport from y to x. As
such, its infinitesimal form for y = x + €t with € — 0 is the continuum version of the the U(1)-link variable
(with a — €). Under a gauge transformation Q(x) the Wilson line (15.114) transforms covariantly,

We,,(A) = Qx)We,, (AHQ (), (15.115)
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A
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T Y C A
to > .
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L

Figure 15.4.: Wordline or path C of a static e* —e™ or g—g pair created at the time 7o and pulled apart the distance
L = ||¥ - ]| and kept at this distance for the time 7" = #; — fo. At the time 7; it is annihilated. The
arrows indicate the electric or colour charge flow.

see (15.85) for comparison. With these definitions we can conclude our derivation of the state or matrix element
for the process Figure 15.4. To that end we consider the matrix element of the propagation of an electron (field)
from a position y to the position x. It is given by

W) We,, (AW(G)) (15.116)

where the Wilson line is required for gauge invariance, it parallel transports the gauge group element from y to
x. For static quarks the phase carries the full dynamics and for closed worldlines C we are led to the Wilson
loop (15.111) in the U(1) theory.

This derivation is now repeated for a non-Abelian gauge group. However, instead of starting with the worldline
we rather use the analogue of the matrix element (15.116). The non-Abelian Wilson line has to parallel transport
the gauge transformation Q from y to x which leads us to a product of infinitesimal Wilson lines along the path
Cy,y. This is nothing but a path-ordered exponential similarly to the time-ordered time evolution operator known
from the derivation of the path integral. We define

Ue,, = P Jow 4@ (15.117)

with the path ordering operator #. For a consecutive order of paths with C,, being composed out of the path
from y to z, C;,, and then from z to x, C,,

] dz, A ] ] dz, A
P e lewy D _ p Lo D p 8 Ly B (15.118)

We remark that the definition of the Wilson line (15.118) in terms of the gauge field A, makes very explicit its
role as a parallel transporter. In particular the covariant derivative is given as the parallel transport of the partial
derivative,

UL, U, = O+ ighAy. (15.119)

This property can be used to write the Dirac equation in terms of the phase factor Uc,, and the free Dirac
operator. The same follows for the respective solution ¢ = Uc,,Ytree of the full Dirac equation.
The closed Wilson loop with a closed Worldline C is given by the trace of the Wilson loop operator Ug,

1
We=—"Tr Ug, (15.120)
N
the traced Wilson loop in a non-Abelian gauge theory. In summary we conclude that the expectation value of a
static gg-pair is proportional to that of the traced Wilson loop with
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Figure 15.5.: Wordline or closed paths C and open paths C,, on the lattice

WIL,T] = (We) = %fdAWC(A)e_SA[A] (15.121)

and a similar expression holds for QED. There, we can resort to perturbation theory, and recover the Coulomb
potential. This exemplary computation is done in Appendix I, and leads to (I.5),

Voo (L) = e 1 (15.122)

T gL '

as expected. The derivation in Appendix I also entails, that the contributions come via the resummation of
multi-photon exchange diagrams presented in Figure I.1 in Appendix I. The Coulomb potential (15.122) serves
as our references result for the computation of the potential of static quarks in the strong coupling expansion in
Section 15.4.2.
The whole derivation and the final expression (15.121) is easily translated to the lattice,

Lattice expectation value of the traced Wilson loop

1
WIL,T] = 2fDU WelU] e S¥1U! (15.123)

with the lattice path C depicted in Figure 15.5 and the general Wilson line

WolUl =t; Us  with  Ug,, = || Ui, (15.124)
1€Cp

for a path C,,, also depicted in Figure 15.5. As already discussed above, up to a multiplicative constant, this
expectation value is related to the free energy of a quark—anti-quark state at a distance L, hold there for a time
T. This leads us to

Tlim WIL,T] = F(L)e DT | (15.125)

where, F'(L) is the overlap with the ground state.
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15.4.2. Static quark potential in the strong coupling expansion

In non-Abelian gauge theories the perturbative computation done in Appendix I for QED within the GauBian
approximation does not work, as we deal with a strongly-correlated system. If performed it yields a Coloumb
potential as in (15.122). The full computation can only be done numerically, and with the current computer
resources it is easily done on a laptop for physical lattice sizes. This is beyond the scope of the present lecture
course.

As a first step towards the full simulation we perform an analytic computation in the strong coupling expansion
with go — oo, to wit,

2N,
B="5—0. (15.126)

8o

Now we use that the Wilson action (15.100) has a field independent summand which cancels out in the numer-
ator and in the denominator in (15.103). Then the expectation value (15.123) turns into

WIL,T | DUWLU) P Ze s W.[U 15.127
T = mgsy = (D (15.127)
with the Plaquette action
Sp= N w(Up+U})  with  Up=Up, (15.128)

and }p in (15.127) summing over all plaquettes on the lattice. Now we expand the exponential measure factor
exp B 2.p S p in powers of the (inverse) coupling S,

ePZrse = [TefSr =T Z%(Sp) (15.129)
P P n :

Now we use the integration rules of the Haar measure in (15.105) in the denominator of (15.127) as well as the
expansion (15.129). This leads us to

f@UeﬁZvSv =fZ)U+O(ﬁ)=1+O(,8). (15.130)

Hence, the normalisation is nothing but the product of the Haar measure of the link variables, which we have
normalised to unity. In the numerator, the respective term of O(8°) vanished as the integration for the link
variables U; with [ € C vanish: There we have del U; =0, see (15.105).

Accordingly we need at least one U; for a finite result. This can only be achieved by inserting an ﬁU; from the
expansion of e#2ZrS» done in (15.129), see the left figure in Figure 15.6.

However, while this matches the link variable Ule, it also creates three ’free’ links from U; which have to

be matched. This is achieved by augmenting also these lines with the respective U;’s, yet again generating
further ’free’ links. The generating of further free links stops for plaquette variables with links being on the
contour C. In conclusion, the smallest number of Plaquettes with all links matched is given by the right figure
in Figure 15.6. There, the Wilson loop is paired with

T L
N A N
T/a Lja =—=A, (15.131)
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Figure 15.6.: Wilson loop with one adjunct plaquette (left). Wilson loop with plaquettes filling the interior
(right).

plaquettes, each of which carries a factor 8. We emphasise that the indices on C# are summed over due to the
trace in the Wilson loop. The expression in (15.131) is nothing but the dimensionless area, counting the number
of plaquettes inside the path C. This leads us to

A
WIT, L] = ]_[de,Ul‘””'(Uj)”d’ (%) +0(B*), (15.132)
leAc ¢

where Ac is the area bounded by C. This area contains (including the boundary) 2A + L + T links (for each
plaquette 2 independent links: 2A, and the remaining half boundary: L + 7). At each link we integrate over
UUT with (15.106). Moreover, at each lattice site all group indices of parallel links and adjoint links are the
same and summed over,

FURGRBFBUFUA = N, (15.133)

As there are (L + 1)(T' + 1) lattice sites within the loop including the boundary, we are led to,

# lattice sites

28+04+T T4 =~ \ A
1 1
NC(L+ (T +1) N, ‘ (15.134)
N, N,
Putting everything together, we arrive at the final result,
Area law for the Wilson loop
BY . (a

_ A+1

WIT,L] = N. (2_1\/2) +0(g*), (15.135)

which entails an area law for the Wilson loop. This is the desired result as it entails an growth of the free energy
with the area A¢ surrounded by the Wilson loop. Evidently, if only the distance L is varied, this entails a linearly
rising potential, the two proportionalities go hand in hand. The logarithm of (15.135) is the static gg-potential,

Static gg-potential

. 1 .
V(L) = - lim — ln<WC[U]> =6(g)l with G=-In

Jim SNE (15.136)
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with the string tension &, measured in lattice units. In summary, lattice Yang-Mills theory shows confinement
in the strong coupling limit (15.126). However, we will see shortly that this exciting result does not survive the
continuum limit:
To begin with, we have not used in the derivation above that the gauge group is non-Abelian. Indeed, it
can be straightforwardly carried out in the U(1) case as well without any qualitative changes. In conclusion,
also compact U(1) theory has a linearly rising static U(1)-potential in the strong coupling limit. Accordingly,
compact U(1) has a confining phase on the lattice, while it has a Coulomb potential in the continuum (quantised
over the algebra). Note however, that also the lattice version has a Coulomb phase with a 1/r-potential, and it
is this phase which encompasses the continuum limit.
This already casts some doubt on the survival of the SU(N,) result (15.135) and (15.136) in the continuum.
These doubts are solidified if discussing the bare lattice coupling g¢. In terms of momentum scales, go(a) is the
coupling of ’classical’ Yang-Mills theory, defined at the *microscopic’ scale a, that is related to the momentum
scale 7r/a. In the continuum limit the lattice distance a is approaching zero, and we are probing the coupling g(a)
at successively larger momentum scales. Luckily, the running coupling in Yang-Mills theory enjoys asymptotic
freedom with the continuum S-function being
3 1 11 5

Be = _@? c8p -
Indeed, this well-known universal result carries over into the present lattice set-up. In any case the sign of the
B-function is negative and we have

(15.137)

. limi
gol@) 5™ 0. (15.138)
Accordingly, the continuum limit is safely governed by (lattice) perturbation theory in the bare lattice coupling
go(a). As it is the only coupling or free parameter in Yang-Mills theory, tuning the continuum limit simply
amounts to

B="C 1 oo, (15.139)
8o

the opposite limit of (15.126), which confirms our suspicion.

15.5. The continuum limit and the renormalisation group

In this Chapter we discuss the continuum limit of lattice field theories. This limit is obtained by keeping the
physical scales fixed, while taking the lattice distance to zero, a — 0. The physical scale are well represented by
the correlation length £ on the lattice that can be extracted from the fundamental two point correlation functions
of the theory. For the present introduction we simply consider a real scalar field theory with

lim (d(X)d(y))e o /¢, where  r=|x—yl. (15.140)
The correlation length is nothing but the inverse mass gap of the theory. Again we consider a simple example,
the classical propagator of the three-dimensional scalar field theory with
dp &P 11
——e

= e 15.141
Qm* p? + mé 8rr ( )

DIt = 0 — B0 =
p* +my
This leads us to ¢ = 1/mg. More generally, the correlation length is nothing but the distance of the nearest
singularity in the complex momentum plane of the correlation function at hand and defines the mass gap of
the modes contributing to the correlation function. Evidently this mass gap in general depends on the chosen
correlation function as not all of them may overlap with the lowest lying states in the theory. The mass gap of
the theory is then given by the smallest mass gap carried by the correlation functions. Again, a simple example
is provided by a free scalar theory with two fields, ¢; and ¢, with masses my, < mgy,. Clearly, the propagators
of the two fields have different correlation lengths &; > &, and the mass gap of the theory is given by m, .
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Figure 15.7.: Going from a lattice theory with correlation length &, defined on a lattice with lattice spacing a
and length L to a theory on a finer lattice with the same correlation length and length, but half the
lattice spacing, a — a/2.

15.5.1. Block-spinning transformations and the RG

So far we have defined lattice field theories by simply introducing an infinite volume lattice with a lattice
spacing a as well as defining a discrete version of the classical action, that approaches the continuum action for
a — 0 up to O(a)-terms. More precisely, the continuum limit is achieved by taking a — 0, while keeping the
physical correlation length £ fixed.

Let us now go to the more realistic situation in numerical applications: a lattice with a finite extent L in all d
directions. Then we deal with a hyper-cubic lattice with (L + 1)? lattice sites (L¢ independent ones). A step
towards the continuum limit in a two-dimensional theory at fixed L is depicted in Figure 15.7 with a — a/2.
This implies L — 2L and hence this procedure increases the number of lattice sites by 2.

Typically one does not have the luxury of achieving the continuum limit by simply increasing the number of
lattice sites. Instead, one is using the maximal lattice one (or rather the computing resources) numerically
can cope with and decreases the lattice spacing, see Figure 15.8. Then, L is kept fixed as is &. Instead the
dimensionless lattice parameters are changed, most clearly this happens for the mass my = mga: at fixed my
we have iy — 2iy. Iterating this procedure i times leads to a lattice spacing 2 g and a lattice extent of L/2'.
Evidently, this implies that the correlation length eventually will exceed the lattice extent, 2/ ¢/L > 1, and
the finite volume effects will dominate the physics. Already the cartoon situation in Figure 15.8 makes this
abundantly clear.

In summary this asks for a careful, mathematically sound description of such a rescaling of lattice field theories,
which should also allow us to facilitate and optimise numerical computations. This is done with the renormal-
isation group (Stueckelberg, Petermann (1953)), that has been introduced for describing the change of a given
theory under general rescalings (and reparametrisations). This will be discussed in the next Chapter, Chap-
ter 16. The discrete version of renormalisation group transformations for lattice theories is the block-spinning
transformation (Kadanoft (1966)). At its heart it is Wilson’s (1971) renormalisation group, that underlies most
modern applications of the renormalisation group.

Such a block-spinning transformation is introduced as a transformation from a finer lattice with lattice distance
a to the coarser lattice with lattice distance 2a. For this transformation we average (coarse grain) the field
values over square blocks of neighbouring lattice sites, see fig. 15.9. This procedure is called coarse graining
and is the first block-spinning step. Applied to the finer lattice in Figure 15.7 with lattice distance a/2, it brings
us back to the original lattice with lattice distance a. Applied to the finer lattice in Figure 15.8, is gives us back
the original lattice with half the lattice extent.

Note that this step implies a loss of resolution at fixed correlation length £. This is reflected in momentum space
by the fact, that the Brillouin zone reduces from p, € [-n/a, n/a] to p, € [-n/(2a), n/(2a)]. This entails that

273



Chapter 15. Lattice Field Theory

the quantum fluctuations of the momentum shell

lpul € [-n/Qa), n/(a)], (15.142)

are averaged over (integrated out). Put differently, this is an information loss, evident in Figure 15.9, and is
mirrored in & = &/a, which transforms & — 1/2 €.

However, in a second block spinning step we can recover the original situation on the right hand side of fig. 15.9.
To that end we rescale & by a factor 2 with & — 2¢&. The latter implies that all the dimensionfull parameters
in the lattice theory have to be rescaled accordingly, i.e. my — 1/2my leading to /iy — 1/2714. Moreover,
this implies that L is kept fixed. Then the final lattice field theory has the same correlation length as before as
before the two block-spinning steps, and we have,

A step 1 é‘ step 2 ~ step 1 R step 2 . A step 1&2 A
— 3 — &, and g —  2mg  —> g, 1A — A. (15.143)

We emphasise again that on a finite lattice, the combination of the two steps is no identity transformation, as

. step 1&2 L,
e 5. (15.144)

The above example is the simple case of a more coarse grainings and rescalings. For example, in a Ising spin
system, the blocking on fundamental plaquettes is not well-defined as the spins can average to zero, while the
spin operators on the coarse grained lattice only take values +1. Generally, we introduce a blocking

by = fr(Bn), (15.145)

with a potentially non-linear blocking function f,/(#,). In the example above the n’ are the vectors of the center
of fundamental plaquettes and f; simply sums the field over the sites of the plaquette. The coarse grained field
¢’ lives on the coarse-grained lattice. For a given lattice action S [¢,] the block-spinning amounts to

e S = f [ [denste), - fu@1e51, (15.146)

which also defines a lattice action on S’[qﬁ;l,] the coarse-grained lattice. Note that the generating functional
Z is unchanged as the Dirac §-function is removed by the integral over all field values on the sites on the
coarse-grained lattice,

fdfzﬁ,} Slel, — fw(d)] =1, (15.147)
o e R
— 2 e
L € e
L L/2

Figure 15.8.: Mapping the lattice theory with correlation length &, defined on a lattice with lattice spacing a and
length L to a theory on a finer lattice with the same correlation length, but half the lattice spacing
and length: a - a/2and L — L/2.
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block-spin transformation

Figure 15.9.: Block-Spinning on the lattice: we average (coarse graining) the field on the finer lattice (black
dots) with lattice distance a on fundamental squares or plaquettes. This defines a field on a lattice
with lattice distance 2a (red dots).

and hence we conclude

2 = [ [Tas > = [[ao, [ [dosot6), - stome ™ = [[Tdo,e %)=z, 5149

Again this emphasises the point that the coarse-grained system has the same expectation values for correlations
¢/, that can also be simulated on the original lattice, but does not resolve smaller distances than 2a.

In summary, our analysis entails that a lattice action at a given lattice distance a, or rather a/&, comprises already
quantum effects of momenta p,, > n/a, as these momenta can be integrated out shell-wise, see (15.142), starting
at an infinitely fine lattice. Coarser lattices are approached by successive block-spinning or coarse graining
within block-spinning RG-steps. The opposite procedure is, strictly speaking only possible on a lattice with
infinite extent, therefore called an inverse RG step. Both, RG and inverse RG are used for optimising lattice
simulations as well as conceptual investigations.

15.5.2. The Continuum Limit of Lattice Yang-Mills

With the understanding gained in Section 15.5.1 we now come back to the continuum limit of Lattice Yang-
Mills theories, already sketchily discussed at the end of Section 15.4.2. In the continuum limit of a lattice
theory we keep the physical correlation length

E=1/mgyp, (15.149)

fixed, where myg,, is the mass gap of the theory; in a scalar theory the mass gap is simply the pole mass of the
scalar field, mgap = mgpole. Note that the latter is not the mass parameter in the action, but rather defined as
the singularity (at pg = —mi’pole) of the propagator. In Yang-Mills theory the situation is more complicated
as the classical action features no mass scale (the theory has conformal symmetry on the classical level). The
quantised theory has a mass gap given by the mass of the lowest glue-ball state.

In any case, (15.149) implies, that the dimensionless mass gap tends to zero on the lattice,

Fgap = Mgapa@ — 0, (15.150)

and hence the correlation length & = 1/7 diverges, This is the signature of a 2" order phase transition. At this
point the system has infinite many points inside a physical distance measured in units of the correlation length.
As discussed above, in lattice YM we only have the bare strong coupling go on the lattice for tuning this limit,

& (g0) et (15.151)

0—8x
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Figure 15.10.: Diagrams contributing to the effective potential V(L) up to order g‘o1

where g* is the fixed point value of the bare lattice coupling gy.

It is left to extract the dependence of gg(a) on the lattice spacing a in the continuum limit. To that end we discuss
the go and a dependence of a general observable O in the continuum limit. Its relation to the dimensionless
lattice observable O is given by

1\%
O(go,a):(;) O (go) (15.152)

where dp is the momentum dimension of the observable O. In the continuum limit we have,
O(gO - gwa—0)= Ophys (15.153)

Thus, if we know the functional dependence of O on gy, we know go(a) with O (gp,a) = Oppys. The above
argument seemingly implies that go(a) depends on the choice of Q. However, the coupling go(a) is two-loop
universal, to that order it does not depend on the observable or the renormalisation procedure. In the continuum
limit with @ — 0 we shall see, that also the coupling go — 0 and hence the continuum limit is governed by the
universal running of the coupling.

Let us now take as O the gg-potential V defined in the previous section:

| NN
V(L.g0.a) = =V (L. ) (15.154)

Now, keeping V (L, go, a) fixed at its physics value Vjpys while a — 0 implies

Renormalisation Group Equation
0 0
a-——pB(8o) 7—|V (L goa)=0 (15.155)
da 0go
with the lattice S-function,
0
B(go) = —a%. (15.156)
a

The standard continuum formulation with a cutoff or RG scale A is obtained with A ~ 1/a and hence Adx =
—ad,. We now consider the RG-equation up to the forth order in the bare lattice coupling gg. The respective
diagrams are depicted in Figure 15.10 and the potential is computed as

V(L) = —‘f’gcz( 1+ g ;]:; In L + const| . (15.157)
If we insert (15.157) in (15.156) we get
g 11 5
B(go) = —@?NC = o8y » (15.158)

the well-known continuum result (14.92) in Section 14.2.4. Since £(gg) < 0 is smaller (asymptotic freedom),
the coupling is driven to zero in the limit a — 0.
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1

1
a= A—Le%s% (15.159)

This concludes the discussion of the scaling of lattice Yang-Mills theory in the limit @ — 0. Let us now rewrite
the RG-equation (15.155) in terms of physical scales, substituting a with the distance scale L in the heavy quark
potential (not to be confused with the extend of the lattice, which is assumed to be infinite here). With (15.157)
this leads us to

0 0
(Lﬁ +ﬁ(g0) Tgo) V(L’g()aa) = _V(L’g()aa)v (15160)

where the right hand side of (15.160) originates in the 1/L factor in (15.157), and constitutes an inhomogeneous
term in the RG equation. It simply entails the dimension-scaling of the potential, and hence can be undone if
we rescale the potential V with L in order to make it dimensionless. The homogeneous form of the RG has
the advantage that we can directly read of the running coupling from it, as discussed below. We define the
dimensionless potential V with

L

V(L,g0) = LV(L, g0), with L =-=. (15.161)
a

In (15.161) we have used that the dimensionless potential can only depend on dimensionless variables, and
hence it only can depend on the ratio of the two length scales L and a. Put differently, the distance scale in the
potential has to be measured in units of the lattice distance, the only scale in the system.

Inserting V = 1/LV into (15.160) gives us the desired homogeneous RG equation,

9 8\ .
(La—L + B(g0) Tgo) V(l,g0)=0. (15.162)

Equation (15.162) entails that a change in the physical distance L can be absorbed in a corresponding change of
the bare coupling go. It is nothing but the lattice version of the renormalisation group equation for the running
coupling of QCD discussed in Section 14.2. Now we perform yet another change of variables, and change from
the bare coupling go(a) to the running coupling g(L) in analogy to our discussion in QCD, where we went from
the renormalised coupling @ ren(t) to the running coupling a(p), see the introduction of Section 14.2. In the
present analysis, the réle of the momentum p is taken by 7/L. In this spirit we write

V=V(LgL),  with L%g(L) = —B&(L)), (15.163)

in a slight abuse of notation. We emphasise that (15.163) is not simply obtained by substituting the bare
coupling in (15.161) by the running coupling. It implies a reshuffling of explicit L and implicit L-dependences
as can be seen from the RG equation for the running coupling. The solution of the RG equation of the coupling
has been already discussed in Section 14.2.4, see (14.97). In the present case we obtain

8
1+pog2InL?/a®’

g (L) = with  go = g(a). (15.164)

Using (15.164) in V and V with (15.157) and (15.161) leads to,
g2(L)

as(L) :

SL Lowith el = (15.165)
The prefactor in (15.165) is the Casimir (14.12) with Cr = NLZ. —1/(2N.), in QCD we have Cr = 4/3. Our
result (15.165) seemingly depends on a. However, with the relation (15.166), the a-independence is apparent,

V(L) = -Cp

277



Chapter 15. Lattice Field Theory

Running lattice coupling

1 £ 41

as(L) = ax 7 02 2 -1Boi2  Bo InL2AZ (15.166)

1+ BoggIn L=Aje™ /P0% 0InLAy

with By = 11/3N,, see (14.95), and the lattice version of Aqcp,
Lattice Agcp
1= d 0 o \(1 5

AL =—e®% | with  a—AL =[a— — B(go)— ||~ | = 0. (15.167)

a da da 0go/\a

Equation (15.166) is the lattice version of (14.99). In the present one-loop treatment the coupling diverges at
the infrared Landau pole L = 1/A;. (14.95) For a better accuracy we can invoke two-loop perturbation theory
such as described at the end of Section 14.2.4 below (14.102).
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16. Renormalisation Group

Renormalisation group transformation describe general reparametrisations of the theory at hand. Let us first
consider Kadanoffs block spinning transformation on the lattice, discussed in Section 15.5. At its heart there
is the coarse graining step where one averages over blocks of lattice sites, see 15.9. With a coarse graining
step we loose resolution and hence we loose access to large momentum modes. Moreover, the lattice action on
the coarse-grained lattice is obtained by the same averaging procedure, see (15.146). With the second block
spinning step we can rescale the correlation length and other scales such, that we return to the original lattice.
Still, the lattice action is changed, even though the physics is not. However, within an iteration of this procedure
we are led to a fixed point of this transformation, the renormalisation group fixed point. While the RG-steps
describe discrete transformations, we have already seen in Section 15.5 that the underlying structure is that of
a one-parameter group of scale transformations.

In the present chapter we will exploit both, the group structure of the renormalisation group in terms of a
reparametrisation invariance as well as its underlying description of physical scale transformation to develop
the powerful modern functional renormalisation group framework.

16.1. Wilsonian Renormalisation Group

In Chapter 15 we have regularised the functional integral of a quantum field theory with an explicit ultraviolet
cutoff, the inverse lattice spacing. The momenta where limited by plzl < n%/a® for all u and space-time was
discrete.

Now we transport this picture to the continuum and explicitly apply a momentum cut-off A = 1/a to the
continuum fields. A respective block-spinning step then can be taken continuously from A — bA. On the level
of the generating functional of a real scalar field theory this is implemented by

Generating functional with ultraviolet momentum cutoff
-S[g] - a. |1 2 A4 4
Zn = | [Dplae™?,  with  S[¢]= | d% 5qs(—A+m)¢+E¢ , (16.1)
with
(Dgla = [ [ dop),  or  ga(p?>AH)=0. (16.2)
PP<A

Equation (16.1) has not source term which can be added without problems. In terms of the full functional
integral, (16.1) lacks the integration over all modes. This constraint can be easily implemented by adding a
quadratic cutoff term to the classical action with

Wilsonian cutoff term

. 1 d’p
S[1—> SI#1+ASAlg],  with  ASAl9l =5 | o

(—=p)RA(PDP(), (16.3)
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where the cutoff term AS  is introduced to suppress fields that have support for momenta p> > A2. This entails
that the regulator Ry = R(XV) is defined as

o p?>A?

1
, with  R"W(p) = A’ ———— - 1) , 16.4
0 A () ( (16.4)

RV (p) = { oA )
with the Heaviside #-function with 8(x > 0) = 1 and 6(x < 0) = 0. Section 16.1.2 is the starting point for
the derivation of functional renormalisation group equations, and in most cases the regulator R(/[\m(p) is taken
smooth and not with a sharp cutoff such as in (16.4). This setting leads to the Polchinski equation, a functional
renormalisation group equation for the Wilsonian effective action (a variant of the Schwinger functional).

The most fruitful formulation is obtained, if we use an infrared cutoff instead of an ultraviolet one. This is
the direct implementation of the coarse graining idea on the lattice: instead of cutting off the ultraviolet modes
we average over an area in space time, or, alternatively, we suppress low momentum modes p?> < k> with
an infrared cutoff scale k. This can be done similarly to the ultraviolet cutoff, and the respective sharp cutoff
regulator reads

0 p*>>k )
, with  R™(p) =k ( (16.5)

——1].
o pr<k? o(p* - k%) )

R (p) = {

The respective functional RG equation is the Wetterich equation, and its variant for R, = k? is the functional
Callan-Symanzik equation, first derived by Symanzik. We will come back to these equations and their applica-
tions at the end of this Chapter.

16.1.1. Momentum-shell RG

We proceed from (16.1) with an RG step that is emulating the block spinning procedure on the lattice. We aim
at representing the generating functional Z for the ultraviolet cutoff bA in the same form as for A. In a first step
we split the functional integral measure (16.2) in the part over modes with momenta p?> < b*A? and the rest.
Then we integrated out the rest and arrive at a functional integral with the functional integral measure [D¢]pa.
To that end we define the field ¢(p), that only has support for momenta p? between H>A” and AZ,

d(p) = . and  @a(p) = dua(p) + B(p). (16.6)

. ¢(p) bA<|pl<A
0 else
Equation (16.6) allows us to perform the split of the measure, to wit,

[Dgla = [DSlon D . (16.7)
With these preparations we write

7, = f (Dé1on f D e-Stom+dl f [DglppeS19m] f D e~ T4 Fdaembr Ak} b+ 303, koo + 1))
(16.8)

where we have used that
fddx$A¢bA =0=m’ fddx$¢bA =0. (16.9)
Equation (16.8) is a functional integral with the measure [D@lpa exp{—S [¢pa]}, augmented with a further non-

trivial measure factor in terms of the ¢ integral. Note that the latter functional integral is finite as it is infrared
and ultraviolet regularised. Integrating over ¢ leads us to
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Generating functional after one Wilsonian RG-step

7\ = f [DglpneSerl?! (16.10)

where we now drop the subscript p for ¢, and
Serlg] = S[4] — log UD& exp {— fddx[%éﬁ(A +m*)$ + a(é&& + %q%sz + é¢<2>3 + %&4)]}} . (16.11)

Equation (16.10) has the same form as the original generating functional, but with a different ’classical” action.
Indeed, S . explicitly includes all quantum effects of momentum modes with b>’A2 < p?> < AZ. Evidently, this
RG-step can be repeated and we can store the quantum fluctuations of momentum shells such as h>A? < p? <
A2 in the Wilsonian effective action S .

The momentum-shell integration that leads to (16.11) is the continuum version of the first block-spinning step
on the lattice. In a second step we want to transform the fields and parameters such, that (16.11) takes again
the form (16.1) for A, bA — oo. This limit is reaches if the ultraviolet cutoffs A, bA are asymptotically larger
than the physics scales such as the mass scale, m?>/A% < 1. Note that strictly speaking this assumptions has to
apply to all physical correlation scales in the quantum theory and not to a classical parameter in the action. In
this case we can expand the ¢-integral in (16.11) about its GauBian part. The ¢* term reads

A N dp . N
[atvbemi= [ SEdowiep. (16.12)
bA<P?<A?
with momentum squared values bA < p> < A2. This entails that only field with amplitudes ¢ < % - 0
contribute to the ¢ integral and we arrive at
f D e [l EH-emi+36)is0°40(8) | (16.13)
Equation (16.13) constitutes a GauBian functional integral with a source term
| D Jepb,  with I =2 (16.14)
— J(- , x) =——=¢’°(x), .
Qmyd PP 6
and J(p) is the Fourier transform of J(x) in a slight abuse of notation with
J(p) = f d(p¢(P2)d(p — p1 — p2). (16.15)

pP1,p2

The representation of the source term in Fourier space makes apparent, that only (16.14) momenta b*A? < p? <
A? are considered in the current as it is coupled to ¢(—p). The GauBian integral (16.13) is readily performed
and yields the determinant of the kinetic operator —A + m? + %(1&2, multiplied by the exponential of

1 A2
. f PGNP, 9@ = 55 f d'x dly G (NG a5 VD). (16.16)

pPq

where Gpa A is the inverse of —A + m?+ %(;52 on the momentum shell (bA, A) as ¢(p) = d(p) O(p> — b*A?)O(A? -
p?). Collecting all the different pieces we arrive at
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1 1¢ ¢
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Figure 16.1.: Wilsonian effective action after one RG-step from A to bA. The double line propagators Gy 1(p)
indicate the fact that their momentum is restricted to the regime 5>A% < p*> < A2, see (16.21).

Functional momentum-shell integral

’

R 15 1 2NA L A3 A -1 A 1
fD¢ o= J 4 30(=0+m*+307)d+56°6+0(87)} o detbK,A (—A +m2 4+ §¢2) 2 Jrg JPIGoAAB)P.0)(@+O(1/A)

(16.17)

where the subscript ;4 A indicates that the determinant only runs over momentum values 5*A% < p> < A, and
we have dropped further terms that are suppressed with powers of 1/A. It is left to compute the functional
determinant in (16.17). It can be written in terms of a trace, det A = ¢™""4 analogously as in our investigations
of the one-loop effective action and potential in Section 11.2. Similarly to there we arrive at
_1 Pl 1 A
logdety , (<A +m + 5¢) = =2 Tryy o In (-2 + m? + 502 (16.18)

As in (16.17), the subscript 55 A indicates the restriction to momenta in the interval p € [bA, A] with p = +/p?.
This is best seen if the trace is evaluated in momentum space with

1 2 A d‘p 2 Ao
ETrbA’Aln(—A+m +50 ): f o 1n(—A+m +50 )(p,p). (16.19)
b2A2<p?<A?

and hence,

Wilsonian effective action after one momentum-shell integration
2

1 A\ A
Serlg] = SI9] + 5 Trypz In (—A m? 4 §¢2) -

1
nfMM®&m@Mwmw¢@+0&)(mm)

Equation (16.20) is the final result for the Wilsonian effective action after a block spinning step at asymptotically
large ultraviolet cutoff scales. Evidently, Seg[¢] is non-polynomial and we have to discuss the new terms in
S cii[#] in comparison to the classical ¢* action. We shall see that in a renormalisable quantum field theory the
higher order terms are suppressed with powers of 1/A, while the (relevant) terms in the classical action are
augmented with a cutoff running with log A (marginal terms) and positive powers of A (UV-relevant terms).
In short, we shall re-derive the perturbative renormalisation programme in a manifestly finite set-up, however,
the Wilsonian or functional renormalisation group approach does not stop there. It accommodates general
quantum field theories beyond perturbative renormalisation. Its diagrammatic depiction is given in Figure 16.1.
The momentum independent tadpole gives a correction to the mass term of the theory, while the fish diagram
contributes to the ¢* term. The diagram carries a non-trivial momentum dependence, which is suppressed
for p? /A% < 1, where pi with i = 1,...,4 are the momenta of the fields. We emphasise that the double line
propagators Gy a(p) in the diagrams are all restricted to the momentum regime b’A? < p* < A2, that is

0(p* — b*A?)O(A* - pP). (16.21)

1
Goan®) =
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Note that the diagrams in 16.1 and hence also (16.20) are not simply given by standard propagators and an
integral in loop momenta that is restricted to the momentum shell (bA, A). Indeed, the latter loop diagram has
no shift symmetry in the momentum while the diagrams in Figure 16.1 have, as have all diagrams in (16.20).
In summary, the Wilsonian effective action can be expanded as follows

Am? 1
S eqil¢] =S[¢]—% f (P)O(-p) + 37 f AAP1, o ) $(P1) - - B(pa) + O(@°). (16.22)
P

PlosPd

with

A [ dp L [ dip
Mt =5 | SEGmA®), M1 p) =38 | S G Gonap+pr+p). (1623)

(

Let us now compute the diagrams or rather the coefficients Am?, A1 defined in (16.23) in an expansion of the
external momenta p; and the mass m measured in the cutoff scale. For the derivation of (16.20) and hence of

m? P2
" <1, A—’2 < 1. (16.24)

With (16.24) we can expand the propagators in the diagrams about vanishing mass, as the momentum of all
propagators is in the regime bA% < p> < A?,

1 m* 1
Gpan(p) = [—2 -—
p

R |0 AN = ). (16.25)

where the second term if of order m?/p? — 0. This allows us to compute the two diagrams in Figure 16.1 and
further ones in powers and inverse powers of the cutoff scale. We start this investigation with Am>. We use
(16.25) and find

A
, A ddp[l m?> 1

1=b92 1-p*m? m*
Am? == | —=
2J @) (
bA

pl
- A%

- - . (16.26
(4n)%’r(g) [d—z d—4 A2 )] ( )

pZ p2 p2 +m?

where we have used the angular volume Q,; in (7.34). Note that for d < 4 all higher orders vanish in the limit
A — oo and only the first term proportional to A9~2 survive and diverge for d > 2. For d = 2 the first term is
finite and reads

A1

lim Am*> = —In —. 16.27
/11—>I{>10m 47rnb (16:27)

Note that (16.27) signals a logarithmic divergence as the In 1/b term stems from
1
In 5= InA —In(bA). (16.28)

For even lower dimensions the mass correction is finite in the limit A — 0 and vanishes for b — 0, that indicates
integrating out an infinitesimal momentum shell. Moreover, the mass correction stemming from integrating out
the momentum shell between A down to bA is larger than zero as b < 0. In turn, if we integrate up to larger
cutoff scales, the correction would be negative.
Let us now consider d = 4. In four dimensions also the A4~*/m?-term survives, and we arrive at

A [ ,1-b%2

lim Am? = A

2
=00 1672 1.2 +m” Inb|. (16.29)
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We conclude that in d = 4 dimensions we have a quadratic divergence proportional to A% and a logarithmic
one, signalled by In(1/b). If we consider d > 4, also the sub-leading divergence is power like. Moreover, for
d > 6, further divergences successively emerge.

For the time being we concentrate on d < 4, where the theory is perturbatively renormalisable, see Section 7.2.1.
For these dimensions we proceed with the coefficient A of the ¢* term. Here we only discuss the leading order
term as it is straightforward to see that the higher order terms vanish for A — oco. The product of the propagators
in the fish diagram reads

+ 2
G (P) Gorn(p + p1 + 12) = Goan(p) Goan(p) + O ((”IA—Z”Z)) : (16.30)
and we find for A — oo,
dip (1) 322 1-pt
AA(Pp1, ..., pa) = =32 L (—2) =-—————A"" ( ) (16.31)
(2m)4\p (4n)zr(g) d—4

For d < 4 the correction vanishes in the infinite cutoff limit, A4 — 0O: the full coupling is given by A and the
theory is super-renormalisable. In turn, for d = 4 we find

2
1
L (16.32)

A/l 9 eeey = - b
(P1, -, P4) TP

which signals a logarithmic UV singularity with (16.28). Equation (16.32) reflects the one-loop S-function
Equation (7.54) derived in Section 7.1.4, which is obtained via a bd/db derivative,

12
d/l 3

—Al= —. 16.33
db 1672 ( )

Finally we also consider the source term in (16.17), which is of order ¢° and higher. We first notice that an
expansion in 1/2¢? in the field-dependent propagator Gy a[¢] generates higher order terms in ¢, connected
by propagators,

A
Gpaaldl(x,y) = Gpan(x,y) — f Gpan(x, Z)§¢(Z)2GbA,A(Z, y)+ee, Gpan(x,y) = Gpaal0](x,y).

Z

(16.34)

Hence, all terms include powers of the momentum-shell propagator Gya A (p, g) with p, g € [bA, A]. The prop-
agators scale with 1/ A2 and subleading terms such as p2 /A* and vanish in the infinite cutoff limit. Specifically
we have

A2 d.ad. 43 3 ¢°
5 d“xd% ¢’ (X)Gpaa(x, )¢ () = O(E) . (16.35)

Similarly to the above scaling analysis there are further terms in the expansion that carry higher derivative terms
or, in momentum space, higher orders of p?/A2. Hence, with (16.24) they decay with the respective powers of
1/A2. An example for such a term is

1
Ef¢2(aﬂ¢)2, (16.36)

where the scaling with 1/A? follows already from the dimension of the term. In summary our analysis has
revealed that the Wilsonian effective action S ., that results from an integration of the momentum shell (bA, A)
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has the form of the original action S [¢] with shifted coefficients and further higher order terms in the fields and
derivatives, that decay with powers of 1/A. Explicitly we have

Senl¢] = f ddx{%(l + AZ)p(-A)g + % (m? + Am?) ¢? + 4l!u + A

+ (@ + Aa)(0,0)* + A (16.37)

Ag + Adg 6 }
where - - - comprises all higher order terms including the connected terms. The terms on the right hand side of
the first line of (16.37) sum up to the classical action S [¢] with shifted coeflicients, and ¢ = ¢pa. This part of
the effective action has the same form as the action S[¢a] in (16.1). The corrections AZ, Am?, AA depend on
A and b. The second line comprises terms that are not present on the classical level and on the classical level
we have @ = g = 0. They are generated from the momentum-shell integration and decay with powers of 1/A.
There are many more terms even at the same order of 1/A, see e.g. (16.36), and we shall illustrate the treatment
of the general terms at the example of these two terms.

Equation (16.37) concludes our derivation of the Wilsonian effective action in the path integral. It is left
to reparametrise the effective action such, that the functional integral after the Wilsonian RG-step, (16.10),
reduces to (16.1). This is achieved with

Seild] = S[¢’] + higher order terms, (16.38)

with @(p) = dpa(p) With ¢(p?> > b>A?) = 0, see (16.2). The new field ¢’ after reparametrisation satisfies

¢'(p?>A)=0, (16.39)
which is achieved via the rescalings
o= %, X =xb. (16.40)
with
0 10
dd’:bdfdd, =——. 16.41
f * Y oy T box (1o4h

Evidently, the path integral measure of the reparametrised field is given by
[D¢' ], » (16.42)

asin (16.1). Moreover, it is apparent from (16.40) that the power of b counts the inverse momentum dimension
of the fields and parameters. We now use the coordinate and momentum rescaling in (16.40), the rescaling
freedom of the field and a redefinition of the parameters in order to map (16.10) to (16.1),

1 1 1
r N 2—d 2 2 _ 2 2 ’_ d—-4
¢ (X)—[b (1+AZ)] ¢(.X), m —(m +Am)1+AZﬁ’ A —(/l'f‘A/l)mb .
1 1
‘=(a+ Aa)——bT, A = (A + Adg) ———bM0, 16.43
a =(a a/)(1 A 6 = (6 6) TS ( )

where the first line in (16.43) summarises the reparametrisations of the field and the parameters in the classical
part of the Wilsonian effective action and the second line indicates the rescalings of all the quantum parts that
are generated by the momentum-shell integrations.

Now we apply the reparametrisations (16.40), (16.41) and (16.43) to (16.10) with the Wilsonian effective action
(16.37). First we remark that the Wilsonian effective action is form-invariant under the reparametrisation and
the A, b dependence is buried in the shifted coefficients,
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Wilsonian effective action after reparametrisation
’

' 2
Ser[#] = f dix’ {%qﬁ () (- +m?) ¢ + %¢'4} o f dix {a/ (a;¢')4 T 6—?(;5’6 +.. } (16.44)

An immediate consequence of the form invariance entailed in (16.44) is, that any further RG-step does not
change the form of the effective action. Moreover, the generating functional takes the form

Functional integral after a full Wilsonian RG-step

Zip = f [D¢'], e S1erld] (16.45)

Equation (16.45) has the same form as (16.1): The integration [D¢’]4 includes the same momentum modes, but
the action has been substituted by S — S .. Note that after the momentum shell integration, the Wilsonian
effective action S | ¢ includes the quantum effects of the momentum shell [bA, A]. However, after the rescaling
of the momenta with 1/b in the second (block-spinning) RG-step in order to obtain (16.45), this momentum
shell is rescaled to the shell

pe [A, é], after p—o 2, (16.46)
b b

which is included in S| ¢f. Note that the rescalings and redefinition of the parameters did indeed change the
generating functional, as it now includes also the quantum fluctuations in the momentum shell (16.46) in the
effective action.

Within a further momentum shell integration starting with (16.45) we again arrive at a similar representation of
the generating functional, but the exponent of the path integral has changed yet again to S .. This Wilsonian
effective action now includes the quantum effects of the first step, but since we have performed a further rescal-
ing, (16.46) is shifted to [A/b, A/ bz], while the second momentum shell integration from [bA, A] is shifted to
(16.46). Altogether this entails, that S, ¢ includes the quantum fluctuations of the momentum shell

A
pe [A, ﬁ} , (16.47)

and after i iterations of this step the Wilsonian effective action ;g includes the quantum fluctuations of the
momentum shell

A i—00
pE[A,E] — pE[A, o] . (16.48)

The generating functional (16.45) is transformed into
Zin = f [Dg] e™r1?], (16.49)

and Z; A now also contains quantum fluctuations up to A/ b'. Note however, that correlation functions with the
functional integral (16.49) only carry momenta with p < A as the momenta above A in the shell (16.48) are
integrated out and are stored in the non-trivial Wilsonian effective action. In the limit i — oo the Wilsonian
effective action runs into an RG fixed point, if the latter exists, as does Z; ». Assuming the existence of this
limit for the theory in hand, we are led to
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Generating function with the Wilsonian effective action

Z = f [Dg], e Ser?] with  Segld] = Sicoeild]  and  Z=Zoa. (16.50)

The generating functional Z is A-independent, but the correlation functions derived from (16.50) only resolve
momenta p < A. We emphasise that the derivation was done within a classical bootstrap procedure, we assumed
the existence of the limit and ended up with (16.50). We shall work with this bootstrap in the present section as
well as in the next, Section 16.1.2 and discuss the presuppositions for its existence in Section 16.1.3.

In the same spirit we remark that the Wilsonian effective action S.g[¢] can also formally be written as

Wilsonian effective action

Sef[#] ~ —1In f [D] 2spe™ [B+91 where d=¢p, with ¢a(p®>>A%=0. (16.51)

where we have used (16.48). Equation (16.50) with (16.48) is the final representation of the generating func-
tional in terms of the Wilson effective action.

16.1.2. Functional flow equations

The fixed point property of the Wilsonian effective action is summarised in a homogeneous RG equation: S ¢
does not change under a further iteration of the RG-step. Hence it is independent of b,

d
b—Ses=0, 16.52
Tpoeft ( )

which also applied for Kadanoff block spinning transformations on the lattice, discussed in Chapter 15 in
Section 15.5.1. Still, S.q carries the dependence on A. The respective renormalisation group equation is
readily derived from (16.51). To that end we implement the infrared cutoff in the path integral measure with

d? p
2n)d

n n n n 1 A A
[Ddl2on = D@lexp{-AS[BI}.  with  ASV[] = 5 f J-PRY(PI(p).  (16.53)

where R(II\R)(p) has been defined in (16.5) with the sharp infrared regulator

R®(p) =k (16.54)

—-1].
(6’(102 - A?) )
Furthermore, we can also introduce smooth regulators where the #-function is changed for a regularisation of
the 6-function. For example we can choose

! 1 r (16.55)
——— 1| > exp{-—. .
6% — A2) awe
This has to be augmented with a respective UV-cutoff action 16.1.2 with R\, leading to

[D¢] = [Dg] exp{-AS ' [g]} [DF] exp{-AS (1} . (16.56)

We defer the general derivation of the RG equation of the Wilsonian effective action and the 1PI effective
action for general regulators including smooth ones to Appendix J and proceed here with the sharp cutoff that
facilitates some parts of the derivation. The A-dependence of the Wilson effective action is described by its
A-derivative. We use (16.51) with the infrared regularised measure (16.53), and its A-derivative reads
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Renormalisation group equation for the Wilson effective action

d dASU181\ 1 [ dip  dRY(p)
ARl = <A—df\ ’ > =3 | o i = G -p)igl. (16.57)
where the expectation value in (16.57) is given by
(B(P)P(—p)g] = Serl?] fD¢ H(P)d(—p) o~ (Sinld+0] +Skm[¢]+SkmA[¢]) (16.58)

with the split of the classical action into the GauBlian part S, and the interaction part Si. The GauBian part
reads

1 d‘p 2 2 A 1 d'p . 2 2 (IR) A
Sunkdl =5 [ SL0p [P +m o). Sunald) =5 [ SEd [0 0+ REP) ).
(16.59)

leading to
S[d + ¢ + AS[B] = Sintl @ + 8] + Skinld] + Skinald] . (16.60)

where we used (16.9): fp #(p)d(p) = 0 for a sharp cutoff.

Equation (16.57) entails the change of the effective action S.g[¢] under the integration of an infinitesimal
momentum shell around A. It is a functional flow equation for S.g[¢] in terms of the two-point function
(¢A5(p)q3(— p)[¢] that can be expressed in terms of ¢-derivatives of S g[¢]. It is left to convert the two-point
function into this form. For this purpose we use

N N 0 A
B(p)exp{=Skinaldl} = -G\ (p)~ pr exp{~Sin.al41} (16.61)
with
O,y _ 1
Ga(p) = p*+m?>+R¥(p) (1662
Equation (16.63) can be iterated, leading to
$(P)d(—p) exp{=SkinalB]} = [ G (P — y ( > G ()= — ; ( S+ Gﬁ’)(ma(m] exp{~Sunaldl},  (16.63)

where we shall drop the field-independent term in the square-bracket proportional to §(0). This can be achieved
cleanly with a point splitting in the momentum variable. Now we use the (16.63) for the representation of
&(p) d(—p) in terms of ¢-derivatives in the functional integral in (16.58). This leads us to

eV = GONGO () Setld] [ g e-Simaldl _ O O (Swld+alsSunlsl) 16.64
GH-PIO = GPPG ()19 [ Dot 2l (16.64)

Now we use that the &—derivatives of Sint [& + ¢] can be written as ¢-derivatives and can hence be pulled out of
the functional integral. We write
Senldl 0O (Suld+a1Sinld) _ Simald _O O Sild+al (16.65)
6¢(p) 6¢(-p) 6¢(p) 6¢(—p)
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where we have defined the interacting part of the Wilsonian effective action with

SingAldl = Serld] — Skinld]. (16.66)

Note that in contradistinction to Siy[¢], the interacting part Sin.a[¢] of the Wilsonian effective action also
contains quadratic field-dependences. With (16.65) we can readily compute the functional integral in (16.68).
Pulling out the ¢-derivatives we are left with

0 4 0 )

Sinealel _ 2 —S intlp+d] — ,Sineald] =Sintald]

e = et e > intAlel (16.67)
o¢(p) 6¢>( P) f Dpe 6¢(p) 6¢(—p)

In summary we arrive at our final expression for the two-point function in (16.68),

BPRI9) = G () |-5 2,161+ (S0, 161) | (0, - G (16.68)

Inserting (16.68) into the Wilsonian flow equation (16.57), we arrive at our final expression for the functional
flow equation for the Wilsonian effective action, the Polchinski equation [9] (1983),

Polchinski equation

d 1 dd %)) 1) 2
A S ald] = f SiCAP) [Sia101 = (St o191 | 0. ). (16.69)
with
(IR)
cp) = -GVp )aRa @) )G(°’<p)=A%Gf)<p>. (16.70)

While we have derived it for the sharp cutoff, it also holds true for smooth regulator functions such as the
example in (16.55). This is shown in Appendix J. There we also derive the analogue of (16.69) for the 1PI
effective action I'[¢] in the presence of an infrared cutoff term with (16.5) and (16.54) and the infrared cutoff
scale k. This is the Wetterich equation [10] (1992),

Wetterich equation

dR™ (p)
LINTE f S G, ~p k= (16.71)

with the effective action I';[¢], which is a modification of the Legendre transform l“l(c1 Ph [¢] with

1

T[] = T[] - AS[g],  Galgl = ———,
k ¢ k ¢ k ¢ A ¢ r](cz)[¢] +R§(IR)

(16.72)

see (J.11) and (J.14).

Both functional flow equations as well as that for the partition function, see in Appendix J, are special cases of
Wegner’s flow equation [11] (1974), which admits general RG-transformations that are also non-linear in the
fields. Moreover, the Wetterich equation (16.71) is a generalisation of the functional Calla-Symanzik equation
derived by Symanzik in [12] (1970) with the infrared cutoff Ry (p) = k2. This is the first occurrence of a closed
exact functional flow equation.
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The functional flow equations are ’simple’ closed one loop exact equations in full correlation functions. This
is most evident for the Wetterich equation, where G¢[¢] is nothing but the full-field-dependent propagator.
However, the same structure holds true for the Polchinski equation due to (16.68). Historically, the Polchinski
equation has been derived for the simplification of proofs of perturbative renormalisability: The algebraic
closed form of (16.69) provides a simple iterative structure for the estimates of the UV momentum decay of
loop diagrams. It is this algebraic structure, which also makes it amiable towards symmetry considerations
such as the fate of gauge symmetry in the presence of the momentum cutoff. On the other hand, its form
as a functional heat equation has its problems within numerical applications. It easily generates parametric

singularities due to the lack of cancellations between S l(ﬁt) A and —(S l(it) A)2. It is there, where the Wetterich

equation excels as its inverse second derivative structures softens potential singularities in F,(f). See also the
discussion in Appendix J.

16.1.3. Asymptotic UV scaling of relevant and irrelevant operators & the fixed point action

In the last two Sections, Section 16.1.1 and Section 16.1.2 we have derived the Wilsonian momentum shell RGs
and the flow equations for the effective actions, both for the Wilsonain effective action and the 1PI effective
action. While the flow equations are certainly well-defined for a given input of an effective action, say the
Wilsonian effective action S.g at an input scale A, it remains to be shown that for a given theory we can take
the iteration order of the momentum shell integration to infinity. Only then is the theory at hand a fundamental
theory.

In order to investigate this question, we come back to the expansion of the effective action in terms of local
operators with #n fields ¢ and m derivatives 0 that are distributed amonst the #n fields. The respective couplings
are given by A, ,,. Examples are given by /14,4[((9,,(,/))2]2 or /14,2¢2((9#¢)2, see also the terms in (16.37). Evidently,
there is more than one operator for a given order n, m and hence several /l,(f)m where i labels the elements in a
complete set of operators {O,(f?m}. Schematically we write

dpm f dx0ppm,  with Oy =38"¢", (16.73)

as we are only interested in the scaling properties of the local operators under the rescalings with b or 1/b.
Under the rescaling (16.43) of the field and (16.41) of the derivative we infer that the operator O,,,, in scales
with

d
Opm = b Oy with  dyy = n(z = 1) +m, (16.74)

where d/2 — 1 is the dimension of the field. Accordingly, the coefficient 4,,,, in 16.1.3 has to scale with

/1n,m i’ bd”'m_d/ln,m P (1675)

in order to compensate for the scaling of a generic operator O, ,, and the scaling of the space-time integral
in 16.1.3. Note that b > 1 and hence for d — d,,,,, > O the coupling A,,,, grows with the rescaling. In turn,
for d — d,,, < 0 it decays while d — d,,,, = 0 signals as logarithmic behaviour as discussed around (16.28).
Importantly, in the iteration limit i — co we have to take care of the operators with growing coefficients. These
different scaling cases are called

(a) Relevant: d —d,, > 0.
(b) Marginal: d —d,,, = 0.

(c) Irrelevant: d — d,, < 0.
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Let us now discuss renormalisability: the couplings of relevant and marginal operators grow towards the ultra-
violet and have to be rescaled in the RG-procedure of the momentum-shell RG. This entails that the respective
terms are part of the ultraviolet effective action and their parameter are physical parameters of the theory. In
a perturbatively renormalisable theory these are the parameters of the classical action. However, the setup is
more general and any fixed point action with a finite number of relevant parameters serves as a UV-closure of a
quantum field theory. Note that in general one looses any predictive power if this UV fixed point action has an
infinite number of relevant parameters even though there have been considerations that in some cases even this
can be accommodated.

This leaves us with the irrelevant terms. A good example is the 1g = Ago coupling of the ¢* theory in four
dimensions. This is an irrelevant coupling and is generated on one loop by the diagram in ??, where we assume
an ultraviolet cutoff for the loop or rather for the propagators. Then, one readily shows that the one-loop
correction of a momentum shell intergation with p € [A, A/b] scales with

/13
Alloop o p2 74 (16.76)

6 A2’
with 44 = A40. Assuming the scaling of A4 with log A, we arrive at dg o = —2. Let us now consider a classical Ag
coupling. Then, at one loop we also encounter the diagram in ?? with one six-point coupling and one four-point
coupling. This diagram leads to the scaling
3% oc 46 logh, (16.77)
from the momentum shell integration with p € [A, A/b]. Evidently, already at one loo, (16.79) triggers a
scaling law dg o = 0 and hence the coupling is relevant. Even worse, it also triggers a logarithmic scaling with
the cutoff scale for Ag which is signalled by In b in the momentum shell integration with p € [A, A/b],
3% oc 22logh. (16.78)

Feeding back this coupling into the momentum shell integration of flow of A¢ in terms of the tadpole diagram,
leads to

A5 oc Agb7 . (16.79)

This also triggers higher order couplings 4,, with n > 8 to become relevant. Moreover, by iterating this proce-
dure the dimensions d, ,, increase with each iteration step. We conclude that the only consistent solution is that
Ag is absent in the classical action and only is generated by quantum fluctuations. Then, it scales with b> and
the marginal scaling with log b in (16.79) reduces to b?, which is sustained in each iteration step.

We conclude that the classical or UV fixed point action only can contain a finite numer of relevant opera-
tors. Moreover, UV-irrelevant operators cannot be present in the classical or UV fixed point action. If these
conditions are satisfied, we have

UV fixed point action

lim Sey — Sirc[0] (16.80)

We note that above we have only sketched the proof of these statements. Mathematically sound proofs even of
perturbative renormalisability require a lot of work, even if using the modern functional renormalisation group
approach put forward here.
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16.2. Fixed Points

In the last Section we have learned, that the UV effective action is a fixed point of the RG group in the sense
of . Evidently, if the limit exists, flow of the effective action of the theory tends towards zero. Not that this
does not entail, that the fields or the parameters do not scale, as they have an explicit momentum dimension.
However, their dimensionless versions obtained by scaling them with appropriate powers of A should loose
their A-dependence. This consideration already leads us to the general definition of a fixed point:

Fixed points of a theory are points in theory space defined by the values of all couplings in the Wilson effective
action, where a scale transformation does not change the physics.

This definition of a fixed point entails that dimensionless ratios of observables/coupling parameters do not
change. If we consider a scale in the RG-scale A, the latter statement implies that the dimensionless version
of every coupling parameter of the theory invariant under a scale transformation. Here, dimensionless means
that one is dividing/multiplying the given coupling with the appropriate power of the RG-scale A as already
eluded to above. Before we cast this statement into an invariance equation, we have to carefully evaluate its
presupposition. Naively one would simply take the parameters 4, ,, in the expansion of the Wilson effective
action in local operators. However, the A,,, in the ¢*-theory used as an example here, are simply vertex
dressings. For example, the dimensionless *coupling’ A4 = A4, 0 in the four-dimensional ¢* theory is of the
type of the quark-gluon vertex dressing Z,z4¢ in QCD, see the discussion in Sections 14.1 and 14.2. It is
proportional to Zq%/_u, where A4 is the RG-invariant coupling. This leads us to the following definition of the
dimensionless couplings

UYV fixed point action

, A N4
Anm = =, (16.81)
Z¢

where the numerator is the dimensionless vertex dressing and the denominator takes care of the anomalous
scaling of the field. The wave function renormalisation or rather the full wave function of the field is not a
coupling in the above sense as it can be absorbed in a (linear) redefinition of the field.

Then, a fixed point of the quantum field theory at hand is defined by vanishing momentum scale dependences
for all couplings with

A%/_ln,m =0, Vn,m. (16.82)
The relations (16.82) can be conveniently formulated in terms of the S-functions of the theory: all S-functions
vanish on the fixed point. Its properties and in particular the question of relevant, marginal and irrelevant
directions or couplings can be determined in an expansion about the fixed point. To that end we define the

B-functions of a given theory with
- d - -
Bi(AD) = Ad—A/li , with A= A,42,....). (16.83)

In (16.83) and from now on, we label all couplings with i € N instead of using the multi-index , ,,. Within this
notation, the Fixed Point condition (16.82) reads

Fixed point equation

BA) =0, with B =(B1.82..). (16.84)
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Chapter 16. Renormalisation Group

We illustrate the content of the fixed point conditions within a first example of the ¢*-theory in four dimensions.
In this theory we have two relevant coupling parameters,

A=A, =2 (16.85)
and the wave function renormalisation. The Wilsonian S-functions in leading order can be extracted from our
momentum shell integration: We first discuss the running of the four-point function. Within one Wilsonian
RG-step the momentum shell integration signalled a logarithmic singularity of the four-point function, see
(16.32). As discussed there, this is nothing but the one-loop -function computed in (7.53) in Section 7.1.4. We
conclude from that the Wilsonian S-function is given by

32
Ba= A%Z = % +0(1), (16.86)
where we have used that the wave function renormalisation is trivial at one loop. Note however, that (16.86)
only provides the leading term. There are further contributions proportional to g and in a general Wilsonian
RG-step we also have to consider the wave function renormalisation.
The respective -function for /i” can be read off from (16.29). However, since m? is dimensionful, its Wilsonian
flow is dominated by the dimensional running. In combination we arrive at

Wilsonian S-functions in the ¢* theory

Ba = . i +0(%) Bm = ALt = oy o) (16.87)
TN T Ten? ’ mTRaNT T ' '

In (16.87) we only consider the leading term. As we have already seen in the derivation, it is nothing but the
one-loop S-functions of the theory at hand. Moreover, on the right hand side the full A-dependent coupling
parameters appear, so (16.87) already contains a one-loop RG-improvement. The fixed point condition reads

Fixed point condition in the four-dimensional ¢* theory

Bn=0, Ba=0 By =0, (16.88)

where we ordered the S-functions or rather the parameters in terms of their UV relevance. Equation (16.89) has
a trivial solution,

GauBian fixed point in the four-dimensional ¢* theory

}.n
1l
S

m? =0, 1=0, ¢ =0, Vi (16.89)

Equation (16.89) is called a GauBian fixed point as it describes a free theory with a Gaufian path integral mea-
sure. With the vanishing fixed point coupling the expansion in orders of the coupling, that allowed us to derive
the fixed point so easily, is self-consistent. Moreover, perturbation theory is nothing but an expansion about
the GaufBian fixed point of a given theory. Therefore the stability of this fixed point or rather its neighbourhood
within this expansion decides about the existence of perturbation theory. We visualise this situation within a
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Chapter 16. Renormalisation Group

a plot of the vector field of the 8-functions around the GauBian fixed point in the /2, A, A plane. The arrows
point into the direction of —f and indicate the flow towards the infrared. This also requires the -function of Ag,
which reads

d- - o
Big = A-de =21+ 0(2, U, 2s) - (16.90)

As for the S-function of the mass, it is the dimensional running, that dominates the flow in the vicinity of the
Gaufian fixed point.
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Appendix A. Coherent states

A. Coherent states

Here we provide some more details for the computations relevant for the discussion of the coherent state |a) in
Section 2.3.3 . We start with the ansatz (2.130) in Section 2.3

Ol ol &p; 1
@) = %ZJU( )y ma(po] P1-Pu) (A1)
with
aP)[p1---Pu) = ) (27)° \[2wp, [P1---Pict Pis1 - Pn) 6(P = Pi). (A2)
i=1

From (A.2) and with normal ordering (2.117) it follows that

1 d3 ’ n
—,a<p>( f #a(p’)a*(p’)) 10)

1 3pi n—1
= —na(p) ( o @) a*(p')) 10)
1 d3p, n-1
—o s [ S ewnalen) o (A3)

and similarly

<|—(f(2 Sa <p)a<p>) a'(p)

o] &EpoL T s
-0 ([ SR ea) v, (A%

Now we can calculate

&p; &p
<“'“>_N2—(a) (n,) f ﬂ((zﬂ)3 On )3 a’(pi) (p,)]

- (Ola(py) - - -a(pn) @’ (p}) - - - a' (p}IO)

(AS)

296



Appendix A. Coherent states

With

where

Finally we get

and it follows that

1
= —NZ(a) exp( (

(Ola(pr) - - - a(pn) @’ (P}) - - - a' (p)IO)

= Olapy) - [aba) o' @] + o' @) atpw)-+- @' BDIO)

=(271)’ 8(pn — P}) Ola(p1) -+ - a(Pa-1) @’ (P,_y) -+ a (PPIO) + ...

ot Ola(py) -~ a(pn-1) a’ (p}) a(Pn) a' (P,,_y) - - a’ (p)IO)

(continue normal ordering)

=2m° > Ola(py)--alpa-1)a’(py) -+ a () -+~ (0)I0) - 5(pn ~ B}) (A6)
i=1
I =1 1 &p, .
B Nz(a’) Z() I? (n-1)! Qr )3a (Pn) @(Pn) - .

n—1 d3 , , L
f l_l((z 1;3 (2n )3 @ (pi) a(PI)) Olapy) -+~ a(Pa-) @' (P} _;) -~ a PPIO)

(continue normal ordering)

1 w1 &dp n
:Nz(a)z(;ﬁ(f (2;))3“(1’)“("))

n=

d 2
- )3| a(p) ) (A8)

1
N(@) =exp(§ L |a<p>|2) . (A9)

d
(2n)?
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B. Normalisation, orthogonality and completeness
of us(p), vs(p)

In this Appendix we provide the technical details for the computation of the normalisation and orthogonality
relations (4.104) as well as the completeness relations (4.103).
The derivation of (4.104) reads,

(p+m)yY° (p+m)

pO+m

it(p) us(p) = u(p°) us(p°)

Yy =y = =4y W us(p")
P +m

MI(PO) = Mr(PO) 0 p2 +m? + 2p0m70

. - =u(p°)y us(p°)
u(PO)Yy us(p°) = 0 PO +m
m( 04+ m)
Pup® = us(p”) = =2u,(p%)y° TE I (0
p +m
=2m6s . (B.1)

The analogous steps hold true for the normalisation identity for v, vy. The orthogonality relation in (4.104)
follows from (p — m)(p + m) = 0.

Finally, the completeness relations (4.104) are proven true by showing that they hold within for the complete
basis uy(p), vs(p) with

D P as(pyup) = > us(p) 2myg

= 2muy(p) = 23%) (00 = % (")
= (p+mu(p), (B.2)
and
3w () (p)vi(p) =0 = (p + m) v, (p). (B.3)

N

The relation for ) vi(p) Vs(p) is shown similarly.
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C. Properties of Grassmann numbers

In this Appendix we briefly discuss the basic properties of Grassmann numbers. They are anti-commuting
numbers: two Grassmann numbers ¢ and 77 obey,

on =-nb. (C.1
which readily implies
¢ =n*=0. (C.2)

This implements their anti-commuting nature. Grassmann numbers can be multiplied and added to complex
numbers. Let us now consider a linear function

A+ BO+Cn. (C.3)
The multiplication of two such functions leads to
(A1 + B16 + Cin)(Az + B20 + Can)

=A1Ay + (B1Ay + A1B2)0 + (C1Ay + A1Co)n + (B1Cy — C1By)on . (C4)

where the quadratic terms proportional to 6? and 772 are absent due to (C.2). We also conclude from (C.4), that
(C.3) is the general function in a Grassmann variable,

fO) =A+Bf. (C.5)

Derivatives with respect to Grassmann variables are defined via

d d d

The integration over Grassmann variables obeys the two rules

fdGI:O, fd@@zl, (C.7)

where the first rule originates in the differentiation rule and the absence of boundary terms,

0
ddl= | d8=60=0, C.8
Jaor=[ao C8)

while the second rule is simply the normalisation of the integral. Hence, for a general function f(0) defined in
(C.5) it follows

fd@f(@) = de(A + BO) = fd@((A + Bn) = B. (C.9)

We note that the Grassmann integral is identical to the Grassmann differentiation.
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D. Dimensional regularisation

In this Appendix we collect some master integrals in dimensional regularisation as well as the Feynman
parametrisation of loop integrals. Loop integrals typically consist out of a product of propagators with dif-
ferent momenta and potentially polynomials of contracted momenta or open momenta in the numerator. The
product of propagators with different momenta can be brought into the form of a power of one propagator with

the Feynman trick,
n 1 -3«
=(n-1)! fda/l = nl),
1 i=1 0 , 1 a; 1)

see also (7.68) in Chapter 7.
In dimensional regularisation, integrals with a power of the scalar classical propagator take the form

d‘q 1 1 r (n - %) 1
@my (g7 +m?)— @m T (p2y-3

All the other integrals listed below can be readily derived from (D.2). The first variant is given by

dlg 1 1 T(e-9) 1
Gl @+ v 2g- 7 @O T eyt

which can be reduced to (D.2) by a shift of the loop momentum.
Applying a p,-derivative to leads us to

d'q g GRS P

QY (@ +m>+2¢-py'  GmPPL() (2 _ oyt

With a further p,-derivative we obtain

d d
d4q 7'q’ _ 1 o [(n-7%) N 15I~W Fn—-5-1)
Qm (g* +m> +2q-py'  (4m)¥*I(n) m2-p2y=t 2 (m2-pryit|’

which can be iterated further.
The explicit results are obtained in the limit € — 0, where we use

xI'(x) =T(x+1), and F(—1+e):—%+y—l+()(e).

(D.1)

D.2)

(D.3)

D.4)

D.5)

(D.6)
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E. Functional Derivatives

As indicated in the beginning of Section 9.3.2, functional derivatives are obtained in the d — oo limit of partial
derivatives in d-dimensional spaces. Partial derivatives are defined by the rules
g
i _ . (E.1)
94
and the Leibniz rule. From these two rules further properties such as the product rule, chain rule follow.
To make the transition to functional derivatives we can think of the variable to be discretized,

b-a
te[a,b]—>t,-=(t1,t2,...)=(a,a+ N ,...), (E.2)
where the final expression on the right hand side just indicates one possible discretization. Indeed for a function
of more than one variable we can generalize the idea of the discretization on a suitable lattice. At the end we
can then use a suitable limit of increasingly fine lattices.
On this discrete lattice we can now represent the function by its values on the lattice points,

q() = qi = (q(t11),q(12),...) = (q1,q2, .. .). (E.3)

For the purpose of our derivative we can now treat all g; as independent variables' fulfilling Eq. (E.1). Taking
the limit of an increasingly fine lattice we find the natural generaliztaion is given by,

oq(1) ,
=0(t—1). (E.4)
oq(1")
Let us breifly consider a couple of explicit examples.
Example 1:
Flq) = f dr'(q(1"))’ (E.5)

This is a functional as it maps a function ¢(f) onto a single number F|[g].
Note also that we have carefully chose ¢’ as the integration variable (which as usual we can choose to name at
will) because we will now take the functional derivative with respect to g(?).

5Flgl _ [, »
m = f dt’ 2(g()o(t —t") (E.6)
24().

Where in the first step we have used the chain rule and in the second we have performed the integral using the
o-function.
Example 2:

s (2 2
F[q]=fdt’[(q(t2)) _(Q(;)) ] ET)

I'This is exactly what we have done in the path integral, too.
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Using the linearity of the functional integral we can simplify,

oFlql ¢ , (G 0 , (q(t))?
s = awl) 5wl =
6 [ @2
= 50 [fdt 5 ] q(1).
In the last step we could make use of our previous result.
Focussing only on the first term we have,
1.6 A4 VT = (o (Dsir— o) aer
E%{fdt (Eq(t ))l = fdt (Eé(t —t))q(t) (E.9)
= - f dr’ 6(t' — 1)g(r")
= —4().

Here , we have used partial integration in the second to last step and assumed that the boundary terms vanish at
infinity.
Putting the two parts together we have,

oF[q] _

o) =G(t) — q(2). (E.10)

As a note, let us remark that the functional F is just the action of a harmonic oscillator with m = w = 1 and
o0F/6g = 0 gives us the equation of motion.
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F. GauBian path integrals

In this Appendix we discuss the computation of Gauf3ian path integrals. To that end we first consider a high-
dimensional Gaufian integral in n-dimensions with

1
f d"q exp([—EqTAq] , (F.1)

where ¢ = (¢q1, ..., q,,)T or g = Y ; qxér with the orthonormal basis &; and k = 1, ..., n is the position variable in
the n-dimensional space and A is an n X n matrix. We assume that A can be diagonalised and is positive definite.
Then, (F.1) can be simplified in terms of the normalised eigenvectors vy of A,

AV =Dk,  with D P = . (F2)

A general vector g can be expressed in terms of the basis {4} with k = 1, ..., n, and this basis is obtained from
the basis ¢; by a rotation,

n

g=) b, and  d'g=dc. (F.3)
k=1

with the new variable ¢ = (cy, ..., c,)7 and the Jacobi determinant det 0q/dc = 1. With (F.2) and (F.3) we find
1T 1 2 L 1, 2 d 1, 2 i 2r
d"ge 29 A9 = fd” —2 2k ke = fd” 3G = fd 3G | = y i
f qge ce c g e g cre g 1

1
= Qn)"? —— . F4
o A €D
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G. Feynman rules for QCD in the covariant gauge

In this Appendix we depict the Feynman rules for QCD in the covariant gauge with the classical action (14.3),

S[A.q.q] = fztrf

X

Ny
zgf aAa _!E_aa’uDzb b_;!qf(lp+mf)qu,

(G.1)

with the covariant derivative and field-strength components (13.14) and (13.20),

D, =0, —igA,,
a b 1
e <5 b= (1- p“p”> 2m)48(p + k
e =50 (G (1= 9P ) )0+
a b
********************* (5ab (27r)d(5(p—|—k‘)
D k
u — 5143; (27T)d5(p + k)
P k 1p—|—m
a §f17“
. b
e, =g f*7| (k2 — k1)p0p + (k1 —
& %%

= —igvu

>
%% _ g2 lfeabfecd (51#26”0 _ 5"“7
%{o

=1ig f*p, (2m)%(p — q — k)

T (2m)%6(p — q — k)

5Vp> 4 feac pebd (5u

9 0,A% +g f“bCA,’jAg )

k3)vdup + (ks — k2) 0

(G.2)

P (27T)d(5(]€1 + k?z + k3)

5/717 - 5;1.0(51/,0 + feadebc <6u1/6pa - 5;1.,0&/0)] (27T)d5 (

Figure G.1.: Feynman rules of QCD in a general covariant gauge in d dimensions.
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Appendix H. Computational details of the one-loop computation of the running coupling

H. Computational details of the one-loop
computation of the running coupling

In this Appendix we collect some computationnal details of the derivation of the one-loop running coupling
in Section 14.2. Specifically we details the gauge group contractions and reparametrisations required as a
preparation for using the master integrals in dimensional regularisation in Appendix D.

8.1. One-loop gluon propagator

The one-loop vacuum polarisation I1(p) of the gluon propagator is given in (14.52) as a sum of the different
diagrams depicted in Figure 14.2.

First, the diagram Il3, has been discussed, which is depicted in Figure 14.5. Using the Feynman rules in
Appendix G, we are led to (14.54), which we recall here for the sake of convenience,

[mgl(p)]m o f o |80 (P = Do + 621 + Py + 6u(=2p = D) |
(2n)
6 4 6 ,
X %bed [6Vp(_p + l)o'/ + 6p/o-’(_2l - P)v + 60'/1/(2[7 + l)p/] ﬁ N (Hl)

The gauge group contraction of the two structure constants in (H.1) is nothing but the trace of two generators
in the adjoint representation,

di b
facdfhcd — (_ifa)cd (—ifb) € _ tr,y tal‘b , with (tZd) c_ _l-fabc , (H.2)

where 77, are the generators in the adjoint representation of the gauge group SU(N,), which is (¥, 2-1)x(N?-1)-
dimensional. The 7, satisfy the Lie-algebra as fade phed o ghde gead  gede pabd — () Tp 3 general representation
R we have

1
trg 1’ = C(R),  with  C(f) = 3 C(ad) = N, . (H.3)

where C(R) the Dynkin index of the representation, and the fundamental and adjoint representations are labelled
by R = f, ad. The second Casimir operator of a group is defined by,

N2 -1
tety = C2(R) 1R, with Cy(ad) = C(ad) = N,, Cr(f) = CN (H.4)
c
Collecting all these results, the diagram takes the form
[Msa(p)], = S8H chw (655 ] 60 ] e (H.5)

where the expressions in the square brackets in (H.5) are that in (14.54). With the Feynman trick (D.1) we
convert the loop integral in (H.5) into the form, that is simply a sum of the master integrals in Appendix D.
Specifically we use

1 1

1 1 1 1
PU+p? f TP -af f RTENE (10
0 0

305



Appendix H. Computational details of the one-loop computation of the running coupling

with k = [+ ap and
A=a(l-a)p*. (H.7)

We can also shift the /-integration: f d/l = f d’k. Tt is only left to rewrite the numerator in (14.54) in terms
of k : | = k — ap. With this reparametrisation terms with a linear dependence on /, in the numerator vanish
identically due to the angular integration,which also enforces, that terms with k,k, are proportional to 6,

k k,k, 1 k?
f d’k——+— =0, and f de—Fr—— = - f dhk—. (H.8)
(k2 + A2) (K2 +A2)? d (k2 + A2)
Collecting all these results, we arrive at
ab d?k 1 Ny
[Maa(p)] | = 6 Neg?p* f f 7 (H.9a)
H o (k2 + A)” 2

with
N = 80P = Dor + s 2L+ Py + 0 (=20 = )] [3up(=p + D + Gpir (=21 = p),, + 52 + 1) |
= [0 (P(1 + @) = k) + 8per(2k + p(1 = 2a), + S (<k = (2 = @)p), |
X [6yp(=(1 + @)p + K)o + Spo(=2k = p(1 = 20), + 8y (k + (2= @)p) .| » (H.9b)

where we have used that / = k—ap. Now we use that the linear terms in (H.9b) do not contribute to the integral
in (H.9a) due to (H.8). Dropping these terms leads us to

Ny = |8 | =P (1 + @) + 2 = @)) = 26| + pupy (2 = )1 = 20)7 + 2(1 + @)(2 = @) + kuky(6 — 4d) | .
(H.10)

With (H.8) for the terms quadratic in k,k, this leads us to

1
B d’k 1
; 2 2e d
[ 3g1(p)] §H of “J and (K2 + A)

X [—% (p2 [+ a7 +@-a?]+6k7|1- 211

) + pupy [2 = )1 - 20)* + 21 + )2 - a/)]] :
(H.11)

In the final step we use the master integrals (D.2) and (D.4) and arrive at

1

a6 5 1 e 2 2 2
[Maai(p)], = 5-Neg G f daAz_g{—éﬂvp [r(z—d/m (1+a?+2-e))
0

+T(1 -d/2)3(d - Da(l - a/)] + pupy T2 - d/2)[(2 —a)(1 -2 +2(1 +a)2 - a/)}} .
(H.12)

with A being defined in (H.7).

306



Appendix I. Wilson loop in QED

I. Wilson loop in QED

In this appendix we discuss the case of an electron-positron pair e*e~. Then the static potential is the standard
Coulomb potential. Indeed in the static limit there is no self-interaction of the photon and the expectation value
of the Wilson loop is simply given by the sum of boxes with n photon exchanges from positions x; to y; where
one integrates over x; and y; on the contour C[L, T]. This is depicted in Fig. I.1.

In other words we have

2
W[L’ T] — 8_7 L[L,T] dx;l J;I[L,T] dyv<Au(x)AV(y)>sub , (I‘ 1)

where we have used that (A, --- A, ) = 0. The subscript (- - - )sup refers to the necessary subtraction of infinite
selfenergies related to close loops with endpoints x = y. Moreover, all correlation functions decay in products
of two-point functions (Wick-theorem), schematically we have (A; - - As,) = (A1A2) -+ - (A2p—1A2,) + -+, and
there are (2n—1)(2n—3) - - - combinations. Upon contour integration all combinations give the same contribution
and overall we have the nth order term in the propagator

@n-D@2n-3)--- [ &\ e n
— o2 (—%) [ f dx, f dyv<Au<x)Av<y>>J _ ;[—% f dx, f dyv<Ay<x>Aycy>>] . 1)
C

c C C

for a general contour C, leading to the GauB3ian expression eq. (I.1). This leaves us with the task of computing

fdxufdyv(Aﬂ(x)Av(y)) —fdxﬂfdyvf(z o 2( —1- é:)pupv) ip(x-y)

c C c
d'p 1 -
:fdxﬂfdyﬂ on) 7 e”( Y)
c c
1 1
=\|d dy, ——. 1.3
fx”f M4 =y ()
C C

To be explicit, we picked a covariant gauge in eq. (I.3). However, we have already proven that the closed
Wilson line is gauge invariant which now is explicit as the £-dependent term drops out with the help of

f dx, pueP* = —i f dx,05e"* =0, (1.4)

c C

which eliminates all longitudinal contributions for closed loops. Note that this is not valid for open Wilson
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Figure I.1.: Perturbative expansion of the Wilson loop expectation value for e*e™.

lines. Finally we are interested in the large T-limit in (I.1), see also (15.125), where we have

) 1 . 1 62 . 1 —1
Ve (1) = = i 7 log WILT1 = Jn 75 m, | 4 f n (W (x=y)? )sub
CIL.T] CILT]

5]

5]
1 1 1
=— lim —¢* lim | dxo f dyy|-—————
Tooo T T—oo 4n? (xo — yo)? + L2
To

fo

1 11—Xo

1 &2 1 1
=— lim —— i d dyy | -——
Tglgo T 4n Tgl«}o 0 f Y0 (”)’(2)+L2)

To 10—Xo

T
1 2
=— lim —Ze—fdxo arctan(@)
T—eo T 4r L
0

-_ (L5)

Equation (1.5) is the Coulomb potential as expected. This has to be compared with the lattice result in the strong
coupling expansion that shows an area law.
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J. Derivation of functional flow equations

For the derivation of general functional flow equations we start with the infrared regularised generating func-
tional

Infrared regularised generating functional

Z0J] = f D &~SEI-ASuI+ [ I an

with the infrared cutoff term

1 d
ASa0 = 5 [ SR oeoRGIp.  wihlm R €L lim Rp)=0. ()

5 0 5 500
K2 K2

Commonly used infrared regulators are the sharp infrared regulator R®* defined in (16.5), the flat or Litim
regulator R™ and the standard exponential regulator R,

1

0(p> —k2)

2

sharj at €X] - L
R (p) = K ( 1) . R =@ -pHer -ph, R =Ker.  (3)
All the choices in (J.3) have in common that they suppress the propagation of infrared modes with p?> < k* and
vanish for p?/k* — oo, thus leaving the ultraviolet physics untouched.
The flow of the generating functional is obtained from (J.1) by a scale-derivative with respect to the logarithmic
cutoff scale ¢ = log k/k..; with some reference scale k... We find

Flow equation for the partition function

1 dip eSS [ 1 [ 4P
Bz = -3 f Gyt VR f D $p)h(p) e SPSHLIN0 - 5 | 2

R (pHZP1J],
J.4)

the flow of Z; is proportional to the full two-point function <<2§(p)q3(— p))J in the presence of an external current
indicated by the subscript ;. These expectation values include the disconnected terms

ZPU(p) . 1I1(-p)

(D(P)d(=p)s = Z] ZuT

d.5)

where we have used the notation

6"Fly]
Sp(x1) -+ 5p(xn)
for functionals F[¢] with the argument ¢ = J, ¢, .... Equation (J.4) reflects the fact that the partition function
Z;[J] generated full correlation functions including their disconnected parts. Moreover, the expectation values
are not normalised. We get rid of part of this redundancy if we consider the infrared regularised Schwinger
functional W;[J] with

FOol(x1, ..., ) = (J.6)

WilJ1 = InZ[J], Jd.7)

in analogy of (7.18). Its flow can be read of from (J.4), to wit
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Flow equation for the Schwinger functional

1 a
AWilJ] = -3 f ﬁ dR(P?) [W2 (. —p) + WOLI=p) W L1(p) | (1.8)

The flow resembles the Polchinski equation and indeed W} defined in (J.7) and S ¢ defined in(16.51) are both
given by the logarithm of the partition function Z;, we simply have to translate their arguments. This is given
by

Serlgl = Wild = (GO)71g]. J.9)

whose proof we leave to the interested reader. The right hand side of (J.8) is proportional to the sum of the
connected two-point function, the propagator W,Ez) and the one-point function squared, (W(")2. The latter is
simply the mean field squared and in terms of the infrared regularised 1PI effective action

rd™g) = sup [ f J()(x) — ka] , (1.10)

X

the flow (J.8) reads

o g] = IQWZM)

1
————(p,—p) + B(P)P(-p)| . J.11)
r*g] }

where we have used the relations (11.4) and (11.11). A last step is done for computational convenience: the

second term on the right hand side is simply
1 d
) d IR (P)P(P)P(=p) = 0:AS k[4], (J.12)

the flow of the mean field cutoff term. This is a trivial term but will numerically dominate the flow. Therefore,
we rewrite the flow (J.11) in terms of the modified effective action I';[¢] defined with

Til¢] = T} "Vp] — AS (lg] . (4.13)

This leads us to our final expression for the Wetterich equation

Flow equation for the 1PI effective action

) 1
¢1(p, —p) 0:Ri(p) , with Gilo] = m (J.14)

8[Fk[¢ (2 )d

This concludes our derivation of functional flow equations. We note that all different forms are indeed used
in conceptual as well as numerical applications. In most numerical applications the numerical self-stabilising
property of the flow equation for the effective action is key for stable flows, the flow for the Schwinger functional
is in most cases best suited for conceptual considerations such as the derivation and use of symmetry identities.
Finally, using the flow of Z; is convenient, if the partition function encounters cuts and zeros. Then, taking its
logarithm is at best computationally inconvenient.
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