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Preface

This book is largely based on the lecture notes from an introductory course on
QFTs that I taught for several years during the final semester of the undergrad-
uate Physics program at the Universitat Autonoma de Barcelona. In this regard,
I am especially grateful to Erika Dengra, who made an initial transcription of
these notes into LaTeX.

Chapter 1 presents some preliminary material. The first section introduces a
small set of acronyms used throughout the book. The second section provides
a brief summary comparing relativistic and NR notation. The third and fourth
sections contain material that, depending on how the undergraduate physics
program is structured, could be skipped or significantly condensed. This is ma-
terial that students are expected to know beforehand. Otherwise, it represents
the minimal background required to follow the course. The third section serves
as a refresher on CF'T, while the fourth revisits special relativity, with an em-
phasis on its group-theoretical aspects relevant to the construction of relativistic
QFTs.

Chapter 2 focuses on QFTs for NR particles. Several aspects of the construction
of a QFT and of its physical interpretation can already be explored within the
NR framework. In particular, we will introduce the Fock space and the cre-
ation and annihilation operators associated with particles. We will also address
common misconceptions regarding the distinction between fields (as operators)
and the probabilistic interpretation of quantum states, and how this connects
with standard quantum mechanics courses. This chapter will serve as a smooth
transition toward the study of relativistic QFTs in later chapters.

Chapter 3 emphasizes that the building blocks of the Fock space in relativistic
QFTs are the one-particle unitary irreducible representations of the theory’s
symmetry group—in our case, the Poincaré group.

Chapter 4 focuses on the construction of the KG field, both real and complex,
and its connection to scalar particles. Noether’s theorem is also introduced in
this chapter.

Chapter 5 presents the general structure of the S-matrix for relativistic QFTs.
Chapter 6 applies this framework to interacting scalar theories. These examples
serve as templates for introducing Feynman diagrams and the corresponding
Feynman rules.
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Chapter 7 provides a field representation of the photon in position space.

With all the background material covered in the previous chapters, Chapter 8
presents a general set of Feynman rules applicable to most Lagrangians, and,
certainly, to the physical processes discussed in this book.

Chapters 9, 10, and 11 delve into interacting theories involving photons and mat-
ter—whether scalar relativistic particles or NR ones. Finally, the bibliography
lists the references that had the most significant influence on the development
of this book.

Sections marked with an asterisk (*) indicate content that may be skipped or
summarized in a more basic version of these lecture notes. This applies, for
example, to the Wigner method, where one may simply use the results presented
in Sec. 3.4. However, in a more advanced QFT course, such topics should be
explored more thoroughly.

Based on my experience, the material presented in this book is more than suf-
ficient for a one-semester undergraduate physics course. Therefore, we do not
cover relativistic spin—% particles (typically, but not exclusively, Dirac fields),
nor do we address the regularization and renormalization of loop diagrams, nor
gravity. However, we do include a final chapter on quantum gravity to briefly
highlight its conceptual similarity with the photon case, and to show that we
already possess the tools to compute Feynman diagrams involving gravitons cou-
pled to matter and/or photons. A proper treatment of these topics—covered in
the associated Master’s course at the Universitat Autonoma de Barcelona—is
postponed to the writing of the second part of this book.

The approach taken in this book differs in some respects from traditional QFT
textbooks. I have always felt uneasy with treatments of QFT that did not
provide a smooth connection to previous courses in NR quantum mechanics or
CFTs, even though these should naturally emerge as limits of relativistic QF T's.
These lecture notes make a deliberate effort to build that bridge, particularly
with NR quantum mechanics. We also feel that, at times, introductory QFT
courses aim too high, too far, too soon—trying to see the whole of the moon.
Our goal here is more modest, and we aim to truly remain introductory, paying
close attention to the details.

Antonio Pineda

UAB, January 2026
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1 Background Material

1.1 Table of Acronyms

For ease of reference, we list below the acronyms used in this book.

QFT: Quantum Field Theory

CFT: Classical Field Theory

CM: Classical Mechanics

NR: Non-relativistic

KG: Klein-Gordon

E-L: Euler-Lagrange

EoM: Equations of Motion

QED: Quantum Electrodynamics

NRQED: Non-relativistic Quantum Electrodynamics
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1.2 Relativistic/Non-Relativistic Notation

The conventions we follow are similar to those of [7]. We take the (1,—1,—1,—1)
sign signature convention for the Minkowski metric. We will generically refer to
D =1+ d for space-time dimensions and to d (= 3) for space dimensions. By
default, d-dimensional vectors in the NR notation will have the index up. We
will use boldface to emphasize NR conventions, particularly when the notation
is potentially ambiguous.

e 0= % =V
e Four-vector notation: A* = (A% A) = (4° A)
e Magnetic field

1 1 1

B* = —ie’cifFij = —iekij(ﬁiAj —PA) = 5e’“?f(a,-,Af —9;AN = (V x A)*.

We stress that the i sum index does not have a (—1) associated with it, as
it is the relativistic convention for summation of one upper and one lower
index. In the NR notation, we want all indices to be up and use Euclidean
summation convention. This is why we introduce V.

e Electric field

E' = -0°A" + 0°A” = F* = —9yA" — V' A,.

e Covariant derivative (minimal coupling with the electromagnetic field)
1Dy =10y — eAo, iD=iV +eA or iD,=10,—eA,, (1.1)

where the minus sign multiplying e is convention.

e Canonical coordinates for a four-vector. We take the coordinates to be A*.
This means that we have to perform functional derivatives with respect

tos AH.
_oe_ oc
T = 8AH - 814”,0 ’

and the Hamiltonian would read (if they were independent canonical co-
ordinates)

H = /ddXWMA“ —L. (1.2)

If one only has spatial-vector components, one can go to a NR setup with
the assignment: ¢ = 7;. Note that a naive analysis may lead to a wrong
sign for the spatial components.
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1.3 Classical Field Theory*

1.3.1 Motivation

We use the following example (see [1], for instance) to illustrate how CFT
emerges in the continuum/scaling limit (@ — 0)

We consider N = L/a coupled oscillators in one dimension (d = 1):

a
>
WWWWWWWWWWWWWWWEAMAN NV ANEANVAANNBANAAANAN
m m m

CM analysis

The kinetic term of each oscillator reads (we change notation: z; — ;)

7= Smi?, (13)

where 1; is the relative position of the particle with respect to the minimum
energy position. The sum of all kinetic energies reads

N/2
1 9 L —oo 1 )
T—24%Wm% - T_ngwg, (1.4)

where in the last equation we have taken the infinite volume limit.
The total potential energy reads (in the infinite volume limit)
1 2
V= 2%16(%1 — ) . (1.5)

As it is a conservative system, the Lagrangian reads

L=T-V . (1.6)
Using the E-L EoM:
L d oL
OL 4oL _, (L7)

one obtains

mah; =k (i1 — 20 + 1) = —k(v; — Yip1) — k(i — 1) (1.8)
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From now on we switch to the following notation:

i = Y(t,1a) = (t,x) or, sometimes, ¥(z). (1.9)

This is a more suitable notation for field theory.

If we define p = and y = ka, our EoM reads

2

) = Libx @) - () vt —a). (110)

Now, recall that

f/(f):(lll_% f(x+ac)l_f(x) 7 (111)

fra) g PO DI @) Tt a) + I —a) =2 (@)

a—0 a - clzlg(l) a? (1.12)
At the continuum /scaling limit, where a — 0 and { p= ﬁn_lte , we obtain the
y — finite

wave equation (V¢ = (2 )2 ind=1)

2

Pt x) = yVu(t, %) (1.13)

If we redefine x' = \/ﬁx and ¢ = VI, we obtain
Y

L_;/ddx’ (g‘f) - (VQL)Q \/z (1.14)

which, up to an overall constant, is the same Lagrangian that describes electro-
magnetic waves.

Overall, when taking the continuum/scaling limit, one obtains wave equations
and fields emerge naturally.! The path we have followed is the following:

(A) CM — L — EoM — EoM (fields).
a—

!'Note that the continuum limit can also be taken for a system in a finite volume.
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There is an alternative method, though. It consists of taking the continuum
limit at the beginning:

(B) CM — L (fields) w0 oM (fields).
a—

derive it?

To follow this alternative path, we first need to write the Lagrangian in terms
of fields using the following limit:

a— | dx. (1.15)
>a f
Then,
T= LS ap @t ia)? — T = 2 [ i@t %)) (1.16)
_2 ap tw , 14 a0 _2,u X tw » X ) :

i€

. lzay (1/J(t,ia ta)— w(t,m>) — ;y/ddx (Va(t, x))2,
(1.17)

Y .
p= [ax{bir- S vwr} = o (L tike). (118)
We can easily generalize the above discussion to d = 3 dimensions with the
replacement (V)* = (8,10)% + (8,20)% 4 (9,51)°.

Overall, we have obtained an expression for the Lagrangian that depends on the
values of the fields all over space —this is an example of a functional. Now, the
question is how to work with functionals in order to derive the EoM. This topic
is discussed in the following sections.

1.3.2 CM vs CFT (general discussion)

In CM, we work with generalized coordinates ¢;, i = 1,...,n, and the solutions
are ¢;(t). To find these solutions, we write down a Lagrangian and apply the
variational principle to the action to derive the EoM:

Gi(t) = fil{g;}. {ds}:t) Vi (1.19)
One then solves these equations and gets ¢;(t) Vi.

Analogy
In CFT: i — x and ¢ — ¢. So, we have the following notation (more covariant)

xi@) - (bf(t) = ¢A(t7 X) ) (120)



6 Materials Antonio Pineda

where A labels internal degrees of freedom or spin, if there are any. Consequently,
the analogue of Eq. (1.19) would read

I = B (9], 19]:1) (1.21)

where [¢] = ¢y V y and [¢] = &, ¥ z, indicates that the equation may depend
on the values of the fields and their time derivatives throughout space. However,

in the previous example, we had a local equation: 92 (t,r) = QVQw. Indeed,

this is what will happen in most cases. Regardless, we will derive Eq. (1.21)
using a variational principle as well.

We now explore the analogy at the level of the action and the E-L EoM.

CM: We consider an action

t2
S —/ dtL(q,q,t) — 0S =0 — oL _ d <8L> =0. (1.22)
t1

dq; ; % dq;

d - 0 0 0
—=D= ji— + i —— —. 1.2
CFT:
to .
S = / dtL (o), [3:1) —s 65 =0 —— L _p <M> —0,  (124)
t analogy 5¢x 6¢X

where now
D= [d — A+ dy— | + = 1.25
/ y(ebywy %wy) - (1.25)
Usually, we can write the Lagrangian in terms of a Lagrangian density?

L(16) [9):0) = [ 'L (662, 0063, 0,0(6.%) ., 6(6:%). 06, t.x)
(1.27)

Observations:

2Note that
0id(20,x) = —— —p(2°,x). (1.26)
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e Note that we can include an arbitrary number of spatial derivatives, even
if we only have a single time derivative.

e Second-order time derivatives are not allowed if we intend to transition to
the Hamiltonian formalism and quantize the theory.?

e Note that, if we impose Poincaré symmetry, the number of time and spatial
derivatives in the Lagrangian are linked.

To quantify the above analogies we need some basic working knowledge of func-
tionals. We provide this in the following section.

1.3.3 Functionals

A functional is a mapping

()
Fl]: () — or (1.28)
A — field(R, C)

where (1) is a set of functions.

We have already seen examples of functionals. For example,

L([¢], [¢;t) or S[¢]- (1.29)

The functional derivative follows from the following definition (for arbitrary
number of dimensions and metric):

Definition

Let’s see how this definition works for some particular examples.

Example 1: Flp] = ¢(x) identity.

(p) = (¥)
Fl o(x) = (), (1.31)
p(x) + dp(x) = () + dp(x)
SF[¢] = Flp+6¢] - Flg) = dp(x) = /dy&p(y) gi([j)] = gig; =d(z —y).

(1.32)

3This condition can be relaxed if such terms are treated as perturbations or if generaliza-
tions of the standard Hamiltonian formalism were considered.
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Ezample 2: Flp] = Oip(x) =

2 o(x) derivative.

() = ()
Pl o) — Bip() (1.33)
o(z) + 5 = Op(x) + 0idp(x)
ol = aibele) = [ duset)3 5 (1.34)

0 (recall that dp(z) is arbitrary),

8% olr) = / dySp(y)d(x — ) = / dysely) (aiia(g;_y)» (1.35)

/dy5¢(y)6(aﬁp($)) = 0 OFo(x) = (9ii5(x —y) = _8?/i5(x —y).

p(y) e (y)
(1.36)
The last equalities should be carefully understood within distribution theory.
Ezample 3
0y ol = (i) s 3(z ) (137)
Ty ) = (—1 - - T —1). .
dp(y) o Iy’ ..., oy
Example 4
e a constant: W =0; 6@ EE) [aF + bG] = aéw(z béif’;
o 52 (FIPIGIY)) = S al] + Fle) 2.

Action
The action can be written as follows
to .
Stel = [ Lol )0 (1.38)
t1

For simplicity, we omit the time integration limits in the following. We also omit
any reference to the volume V where the Lagrangian is defined. By default, we
set V = R%.

e Minimal action

It is determined from the following equation (recall that D = 14 d = time
+ ‘space’ dimensions)
0S5
0¢(x)

=0, with 69 = / dPxo¢(x) (1.39)

06(x)
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05

Sto-+ 0] — Si6) = [ dt [L(06 -+ 061,16+ 861st) — L0} (6

— /dt/ddx [&b(tx) 5¢(<5£X) + 6(t, %) &i)((stl,jx)]

Definition of functional variation: variation over all independent fields

Jufree s (o) -wt (B, o

This term is zero because

5¢(t2,X) = 5¢)(t1,x) =0Vx €V
where d¢ = %&b. So, we have

o 6L d ( oL
—55‘/d 0o [&b(t,x) dt <5¢<t7x)>] "

SL d [ 6L
= 5ot @ (&b(t,x)) =0. (1.41)

This is the E-L EoM in its most general form if L only depends on, at
most, first-order time derivatives of the fields.

In Eq. (1.41), 4 £ stands for the total time derivative. Its explicit form is given
in the following exercise.

Exercise

Prove that
i oL a ) - 0 g oL
a 00t %) [/ Y ss T ey 8t] 560t %)°
(1.42)
Hint. We can define
oL o _
o (6L B0 = £60). (1.43)
and use the definition of derivatives
. fE+ A = f(t) 8¢ = At o(t;y)
A At — { 5 = At ¢(t;y) (1.44)
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Functional Densities

Actions and Lagrangians are typically expressed in terms of densities. We take
the following expression as an example for an action of a relativistic theory:*

Slo| = /deC(¢(x),gZ),H(x),gb,W(m);x). (1.46)

We now want to determine how the E-L EoM looks like. The variation of the
action reads

08 = /dDm { £(¢ + 00, ¢>/u + 5¢/u7 ¢/,u,1/ + 5¢/W; x) - £(¢7 ﬁb/;u ¢/up§ $)}

oL oL oL
/ ’ [(% O B 0P T g 00

o foc (0 oc 0 0 oc
_ /dxégé[a(b <8x”8¢m>+<8xuaxu8¢mu>] Voo, (147)

Note that the derivatives appearing in the second equality are the standard
derivatives for functions, since the Lagrangian density is a function (not a func-
tional) of the field variables. Also note that there is no variation of x. Only the
fields are varied, since x is a label, not a variable. In the third equality, we have
performed integration by parts and fixed §¢ and its derivatives to be zero at the
time and spatial boundaries. This eliminated total derivative terms such as

0 oL
dPr | —¢ 1.48
[ e (smoons) (1.48)
in the last equality. Overall, we obtain the following EoM:
oL o0 oL o 0 J0L
— - =— — =0. 1.49
8¢) <8x“ 8¢’H> N <al‘“ 851;1/ a¢/uu> ( )
Note that this is not the standard form for the E-L EoM. The standard expres-
sion reads or 5 ar
hdadu I =0. 1.50
0p <6x“ 8@%),“) ( )
This is the result obtained if the Lagrangian density has the following form
L(¢, b ) - (1.51)
4Shortcut notation
9 9 )
O = G O = Gy 00w = G 09 (1.45)
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There are strong motivations for favoring Lagrangians of this form. First, we
aim to include only first-order time derivatives, which allows us to transition to
the Hamiltonian formalism and proceed with quantization. Furthermore, if we
impose relativistic invariance, it links the number of time and spatial deriva-
tives that can appear, leading to the general form presented in Eq. (1.51).
However, this condition can be relaxed: higher-order time (and consequently
space) derivatives may be included if treated within perturbation theory. Ad-
ditionally, relativity enforces translational invariance, as we will discuss in Sec.
4.2.2, implying that the Lagrangian density must not depend explicitly on the x
space-time coordinates. On the other hand, if we only require the presence of, at
most, first-order time derivatives—without enforcing relativity—the Lagrangian
may have this form

L([g], [¢]; t) = / d*XL(), 0, i, . . . b, 0i6), Dijb, . . .3, %) (1.52)

with an arbitrary number of spatial derivatives.

Finally, let us emphasize that both Lagrangians, Eqgs. (1.51) and (1.52), yield
Eq. (1.41), as they only depend on first-order time derivatives at most. On the
other hand, the explicit expression for the E-L EoM will differ once written in
terms of the respective Lagrangian densities.

1.3.4 Hamiltonian Formalism

CM
We consider a system with N (fixed and small) degrees of freedom. We assume
that its dynamics can be described by the following Lagrangian:

Instead of ¢ and ¢, the Hamiltonian formalism uses the canonical coordinates:
q and p. Therefore, we replace ¢ with p:

) oL .
qiﬁpi—a—qi—f(q,q,t% (1.54)

It is important to note that we can only perform this change of variables if it is

invertible. In other words, if the Jacobian is different from zero: ‘ 82_2(9% . ‘ #0. In
the following discussion, we assume this condition is satisfied.

We can also define the Hamiltonian:

H(qi,pist) = sz‘% — L(q,4,t), (1.55)
i—1
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where ¢ = ¢(q, p, t).

We can derive the EoM from this quantity using Hamilton’s equations
df of
—={f,H}+ = 1.56
Y_ym+ % (1.56)

where

" /OF G OF 0G
F = — . 1.
{ 7G} ; (a%’ Op; Op; aqi) ( 57)

Of particular relevance to us is the particular case:

{a;pi} =65, {a 5} =A{pip;} =0, (1.58)
since it leads to the canonical quantization condition:

[Gi, ] = ihdi; (G, @] = [Pis B3] = 0. (1.59)
Note that in this equation ¢ and p are operators acting on a suitable Hilbert
space.
CFT

Let us now turn to CFT (N large and arbitrary). As before, we can also move
to canonical variables by defining the momentum as:

5L
(t,x) = et (1.60)

and the Hamiltonian as
H(ghlrl.6) = [ dxdtxmxt) -2 (6l 6le) . (Lon

where ¢ = ¢ ([¢], [7]:1).

To move to canonical coordinates (and back) we need the Jacobian of the canon-
ical transformation to be different from zero:

5L
S(x', )0(x, 1)

so that the inverse of the canonical transformation exists (this is a problem in
realistic physical cases, especially in those involving photons).

‘ 40, (1.62)

Hamilton’s equation for a general functional F' = F([¢], [r];t) now reads

F
D.F = {F,H} + %—t, (1.63)
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where D, is the total time derivative of the functional, and we have used the
following definition:

Definition of Poisson’s Bracket

{F,G}:/ddx< SF oG 5G  OF > e

6p(t,x) om(t,x)  d¢(t,x) om(t, x)

This equation implies that

{o(t,x), 7(t,x")} = 6D (x — X, (1.65)
[o(t,x), o(t, x")] = [r(t,x),m(t,x)] = 0. (1.66)

If the Lagrangian can be written in terms of a Lagrangian density

L (169 t) = [ a'x (o), ono)itx) (167
the following simplifications occur:
_ oL oc
m(t,x) = Saix) 36 (1.68)

H(6(2), 7(x); 2) = d(a)m(a) — £ (9(a), d(a);t.x) (1.70)

Quantization

Working with the canonical formalism allows us to perform canonical quanti-
zation, which means promoting the classical Poisson brackets of the canonical
coordinates to quantum commutation relations:

[&(t, x), 7 (t, x')} — ihd@ (x — ),

) . (1.71)
[¢(t,x),¢(t,x')] = [#(t,x), 7 (t,x)] = 0.

We conclude with the following remarks (some of which will also appear later
but are worth mentioning at this stage).
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Remarks

Unless stated otherwise, we will set A = 1 throughout the book.

Note that, while p can be interpreted as the generator of spatial transla-
tions in quantum mechanics, 7(¢,x) does not play the same role in QFTs
(see Exercise 8 in Sec. 1.3.5).

In QFT the fields are operators. Therefore, fields do not have probabilistic
interpretation.

Related to the previous point, there is no first and second quantization.
There is only one quantization (albeit with an arbitrary number of de-
grees of freedom) with operators acting on elements of a Hilbert space
(as in standard quantum mechanics courses) generating standard matrix
elements: ( |O(x)| ).

Treating space and time on an equal footing will naturally lead us to work
in the Heisenberg picture.

1.3.5 Exercises

Some of these exercises require application of Noether’s theorem, which will be
presented in Sec. 4.2.1.

1.

2.

3.

Compute
’ SFIYIGIY)
oY (z)
Compute
’ )
o (x)’
where
Flv) = [ dtxuo)e(TVE)°
Compute
’ SF[y)
o(x)
where

1

1= [ 5 e

Using the principle of minimal action, find the EoM for the Lagrangian

L= [ {Gowexy - Yviexp)
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4. Using the principle of minimal action, find the EoM for the Lagrangian

L= ddx{i¢*<t7x><at¢<t7x>>—2}ﬂ<vw*<t,x>><vw<ux>>

—V(x)¢*(t,x)¢(t,x)} . (1.72)

Also obtain, if possible, the four-vector P* using Noether’s theorem.

5. a) Using Noether’s theorem obtain the four-vector P* for the Klein-Gordon
real free field theory:

71 2_1 2.2,

b) Determine the E-L and Hamilton’s EoM. Also determine H.

6. a) Using Noether’s theorem obtain the four-vector P* for the KG complex
free field theory:

L= (0,0")(0"9) = m*¢"¢;
b) Determine the E-L and Hamilton’s EoM. Also determine H.

7. Study the continuous and discrete symmetries, and obtain the associated
charges (using Noether’s theorem when possible), of the Lagrangians in
exercises 5 and 6.

8. Shift symmetry. Consider the following Lagrangian:

1
L= 5(@@)2 s

and the transformation: ¢(x) — ¢(z) + A\. Find the generator of this
symmetry.
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1.4

1.4
1

Poincaré Group*

.1 Group Definitions

M'ﬂ

. A set G is a group if it has an operation with the following properties:

e Closure: If g1,9, € G, then ¢1 - g2 € G.
e Associativity: (g1-g2) - 93 =91 (92" g3)
e Identity: There exists e € G suchthate-g=g-e=g V g € G.

e Inverse: For every g € G, there exists g~! € G such that g- ¢! =
glg=e
A group is non-abelian if g1 - g2 # g2 - ¢1 in general, and abelian if g, - go =
9291 V91,92 €G.

O(N): The set of real orthogonal matrices A of dimension N x N such
that A- AT = AT - A=1.

SO(N): The set of real orthogonal matrices A of dimension N x N with
determinant 1: A- AT = AT . A =1, and det(A) = 1.

so(N): The set of real antisymmetric matrices A of dimension N x N:
A= AT

U(N): The set of unitary complex matrices U of dimension N x N.

SU(N): The set of unitary complex matrices U of dimension N x N with
determinant 1: det(U) = 1.

su(N): The set of complex antihermitian matrices A of dimension N x N
with trace zero: A = —AT, and Tr[A] = 0.

Associative Algebra A: A vector space over R or C with an internal product

(A, A) — A
(a,b) — a-b

satisfying:
e Distributivity:
(va+ fe)-b = afa-b)+ p(c-b) (1.73)
a-(ab+pc) = afa-b)+B(a-c) (1.74)

e Associativity: a-(b-c) = (a-b)-c
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10.

11.

12.

13.
14.

15.

16.

17.

18.

Lie Algebra L: A vector space over R or C with an internal product
called the Lie bracket [A, B]:

(L,L) — L
satisfying:
e Antisymmetry: [A, B] = —[B, A]

e Distributivity: [A+ B,C] = [A,C] + [B, C]
e Jacobi Identity: [A, [B,C]] + [B,[C,A]] + [C,[A,B]] =0

Remark. Elements of SU(N) and su(/N) act as linear operators on a
complex vector space of dimension N.

Remark. Elements of SO(N) and so(NN) act as linear operators on a real
vector space of dimension N.

Remark. so(N) and su(N) are Lie algebras over R.
A representation of L is any mapping

T:L — H
X — T(X)

where H is a set of linear operators acting on a vector space-V over R or
C such that:

o T(A+ B)=T(A) + T(B)
e T'([A, B]) = [T(A), T(B)]

Defining Representation: Defined as the representation where H = L and
T(X)=X.

Remark. Every representation is determined by the behavior of the basis
I'*. We consider Lie algebras over R with structure constants f*¢ € R:

[T T = — fabere. (1.75)
Equivalent Representations: Two representations I'® and ©¢ are equiva-
lent if 3 & / €69¢~1 =T'*. This implies that
[f\a7 f\b] — _fabcf\c - [éa, éb] _ _fabcéc.

Complex Conjugate Representation: Given a representation re, its
complex conjugate I'* satisfies [['¢*, T%*] = — fabepex,
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19.

20.

21.

22.

23.

24.

25.

Real Representation: A representation is real if it is equivalent to its
complex conjugate.

Adjoint Representation: Defined as 7'(X) = adx, where

ady : L — L
Y — adx(Y)=[X,Y]

Unitary Representation: A representation T is unitary if 77(A) = —T'(A)
VAe L.

Reducible Representation: A representation 7' is reducible if there exists
a subspace U CV (with U # V) / T(A)U CUVY A € L.

Irreducible Representation: A representation 7T is irreducible if # U C V
(withU #V) / T(A)UCUVY A€ L.

Completely Reducible Representation: A representation 7' is com-
pletely reducible if it is reducible and T(A)U Cc UVA € L = T(A)U Cc U
VAeLandV=UaU.

Lie Groups. They are defined as groups where it is possible to tag all
its elements with elements of a domain of RY. Moreover, these mappings
between elements of the group and the N dimensional manifold are per-
formed via analytic functions.

We define (up to a sign) the generators, L', following the usual convention
in the physics community:

dg(d)
oat |-

a=0

—iL' =

(1.76)

Note that with this definition, iL’ are elements of the Lie algebra. They
yvield a basis of the Lie algebra in RY. For (simple) connected Lie groups,
all elements of the group can be obtained via exponentiation of its genera-
tors. Therefore, in most cases, studying the Lie algebra will prove sufficient
for our purposes.
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1.4.2 Lorentz Group and Lie Algebra

The Lorentz group (boosts and rotations) can be defined by the condition that
the Lorentz transformations
o =AY, (1.77)

leave the Minkowski metric invariant:
o, =M g, = NN aPg, = 2720 g,, = AN g = gop - (1.78)
We restrict to the subgroup

0(1,3) — 50,(1,3), (1.79)

det(A)=1,A%>0

where SO, (1, 3) is the subgroup of the Lorentz group continuously connected to
the identity (the proper orthochronous Lorentz group).

We can write any Lorentz transformation A € SO,(1,3) as

A = BR = ¢ 1 ®KeOM (1.80)
where R represents a rotation and B a boost. The parameters ® are normal co-
ordinates of the group. In physical terms, they are rapidity coordinates, and are
unbounded. On the other hand, the ® coordinates, the angles of the rotation, are
bounded. The generators of the rotations read ((M,, M,, M,) = (M*, M?, M?))

00 0 O 0 00 O 0 0 00
.0 0 0 O 000 —1 0 0 10
Mc==lg 0 o t|"™=""1o00 o |™=o 100
00 —10 010 O 0O 0 00
(1.81)
In components they can be written in a compact way as follows: (M*)4 = —jeh,
For boosts, the generators read ((K,, K, K,) = (K', K? K?)):
0100 0010 0001
.11 0 0 0 0000 .10 0 0 O
Ke=itg o0 o[ =" 10000000 U5
0 00O 0 00O 1 0 00

The Lie algebra of SO(1, 3) reads

[M*, M) = ie* M*, (K, K7 = —ied* M*, (M, K7) = ie’* K%, (1.83)
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The Lorentz generators can be compactly written as a single tensor, J*, with
the following structure

g _ JU = —Jit = ik MF
o Ji0 — _ J0i = K

These 4 x 4 matrices can be written in a compact form in terms of their com-

ponents as follows:
(J")ap = —i(6",0"5 — 5“5(5”a) .

The Lorentz matrix can then be written as follows (we leave it to the reader to
identify the antisymmetric tensor w,, with the parameters ® and ©):

(A)pa — (e%wwjuu>ﬂ ~ 5pa I u)pa 7
and the Lorentz Lie algebra in terms of J*” reads

[0, JO7) = (g — g T — ) (L84)

1.4.3 Action on Fields

The Lorentz Lie algebra can also be derived from alternative representations.
Particularly useful to us is the one obtained by applying Lorentz transformations
to scalar fields. We define the general transformation as follows:

¢(r) = ¢(A ') = T(A)p(x).
Under a rotation, a scalar field ¢(z) transforms as
d(z) = S(R™'2) = ¢(z +idp i - M) = ¢(z) — idpir - T(M) ¢(z),  (1.85)
where ¢(z) is a scalar function and T(M) = x x p, where p = —iV.

For a boost in the z-direction (standard boost) with velocity v, we have:

z' = y(z 4 vt), Yy =y,

/

t' = (t +vz), 2 =z,
which gives the infinitesimal transformation

H(B™'x) ~ ¢(x + i6vK,x) ~ ¢(x) — idvT (K, )p(x); T(K,) = —i(td, + x0).
(1.86)
and similarly in the other directions. Overall, the boost generators read

T(K,) = —i(td,+20,),  T(K,) = —i(td,+yd),  T(K.) = —i(td,+20,).
(1.87)
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In general, under a finite Lorentz transformation, we have
P=Ar = 6@) =B Tg(e)  6la) — Sow, T(I™)é(x), (L88)
where
T(J") =i(xh0” — z"o"). (1.89)
1.4.4 Poincaré Group and Lie Algebra

The Poincaré group includes space-time translations in addition to Lorentz
transformations:
't = AV + at. (1.90)

Thus, we introduce four additional generators P* for space-time translations.

Under space-time translations, a scalar field ¢(z) transforms as

6(z) = TP §(z) = ola — 5a) = B(x) — da, -2

— 5au%
"

so that T'(P*) = P" = i0" are the generators of translations.

(), (1.91)

Lie algebra of the Poincaré Group
The complete Poincaré Lie algebra is obtained by adding
[PH P =0, [PPJP) = i(gPT g PP (1.92)

to the commutator relations obtained in Eq. (1.84).
Generators Summary

3 rotations: Jt = 1k Jik,
3 boosts: Ki=J% = basis of the Poincaré Lie algebra.
4 translations: P*,

(1.93)

It should be emphasized that the Lie algebra of the Poincaré group does not
involve any h.

1.4.5 Exercises

97, where © = (1, 72,73, 24) and (A? +

1. Compute Ly = €% and 2/ = e
pr vt =1)

0 0 0 X

0 0 0 iu

0 0 0 v

—tA —ip —iv 0
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2. Rewrite the result of the previous exercise after applying the transforma-
tion x4 = ict = ixy and using the coordinates (xg, 1,2, x3). Include
rotations and obtain the 4x4 matrix generators of the group SO(1,3).
Obtain the associated Lie algebra by computing the commutation rela-
tions among the different generators of the symmetry group. Finally, try
to express the result in a manifestly covariant form.

3. Determine the Lie algebra of the subgroup of the Lorentz transformations
that leave the vector k* = (k, 0,0, k) invariant (see Sec. 3.3.5).

4. We perform two boosts. The first one with velocity v, along the axis x;.
Then a second with velocity vy along the axis x5. Prove that the result
cannot be understood as a pure boost.

5. Consider the group SO(1,3) in its defining representation. Given e**7,
the Levi-Civita tensor, completely anti-symmetric, and with €% = 1,
determine the value of €gqa3.

6. Compute the determinant of a general Lorentz transformation.

7. Compute the following commutators:

{Jumt]ozﬂ] [J/JIM a]a

and
[J;LV; Wa] [Pua Wa} )
where

1
Wi = = Seupod P (1.94)
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2 Non-relativistic QFT

In this chapter, we discuss NR QFTs. These QFTs will help us to highlight
aspects of QFTs that already appear in a NR setup.

2.1 NR Many-body Systems (bosons)

2.1.1 CFT Analysis

We start by working in CFT. Let us consider the following Lagrangian density
in d (=3) spatial dimensions:

- X - 1 * *
L= e (VN -Vete S= [dac (21)
N 2m
21" (B0p)—(Bog*)¢]
where ¢ = %‘t’, and we have shown two possible ways to write the first term.

Both yield the same EoM, but only the one below is Hermitian/real. In either
case, we can easily obtain the EoM:
0 1
55 =0= E-LEoM=i" = ——
ot 2m
Note that this is the Schrodinger equation. Even so, we do not assign any
probabilistic interpretation to ¢—as expected, since we are still working within
the framework of CF'T. More importantly, this statement will also remain valid
after quantization, since ¢ will become an operator rather than a wave function.

(V) +V(x)p. (2.2)

We now move towards the Hamiltonian formalism

_oc
- 5

T=— =105 *

oy

=0=>H=mp+1"0" - L. (2.3)

(2.4)

Tt is interesting to note that one obtains the same expression for the Hamiltonian if one
uses 5[p*(Gop) — (Qop*)y] instead of ip*¢.
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for which in the last equality we performed integration by parts and neglected
the boundary contribution at spatial infinity. This leads to the appearance of
iLx, which can be considered an operator acting on elements of the Hilbert space
E]%{d. This establishes an important link to what is called first quantization. Note

that, in general, iLxgo # A\, which means that ¢ is not an eigenstate of h.
Change of Basis

To connect with the concept of particles, it is useful to change basis.

e The eigenstates of B X
h@n(x) = en(Pn(X) ) (2.5)
yield a basis {¢,} of £2,. We can do this for any Sturm-Liouville oper-
ator. If V(x) = 0, the eigenfunctions are plane waves, ¢, ~ eP»* and
n becomes a continuous variable when the volume is V = R?. In a finite
volume, n is discrete.

e The wavefunction (x) can then be expanded as:

P(x) = anpn(x), ©hx) =D aren(x). (2.6)

e We choose the basis to be orthogonal:

/ 0% 0% (%) (%) = Gy (2.7)

We can then obtain the expansion coefficients a,, by projecting the wave
function to each eigenstate:

0= [ dixx)ox). (2.8)

Hamiltonian Representation

Where does this change of variable lead us in the Hamiltonian formalism?

We have . X
hxp(x) = Z Py pn(x) = Z enlnPn(X). (2.9)

n

Therefore,

Hamiltonian Expression

H= /ddx (Z @%(x)a%) <Z anengpn(x)> fom Zena;an. (2.10)




Introduction to Quantum Field Theory Materials 29

2.1.2 Quantization

We are now in the position to quantize the theory. We have two options.

Option A: Correspondence Principle (canonical quantization)
Using 7 = ip!, we have

{p(x),7(y)} =6 (x—y) — [p(x).7(y)] =ihdP(x—y), (2.11)
{rp(x),0(¥)} =0 — [&(x),¢(y)] =0, (2.12)
{r(x),7(y)} =0 — [7(x),7(y)] =0, (2.13)

where in the right-hand side we have operators. This is emphasized by intro-
ducing the ™ notation.

Note that the first equality can also be written as
[2(x), 9" (y)] = 0V (x —y). (2.14)

The quantized field (operator) can be written in terms of the eigenstates of h
P(x) =) anpn(x). (2.15)
n
Note that the a,’s have now become operators, since

i = / dtx 7 (%) P x) (2.16)

It is straightforward to show that their commutation relations are

Gy ] = [a6, 00 ] =0, [Gn,al] = G- (2.17)

n? m

To illustrate, we prove the last equality:
[ / d'x ¢}, (x)@(x), / d'y @m(yw(y)] (2.18)
— [0 [ty g3 [660.4'0)]
= [t [ty 156 y) = [ dixirxen(x) = b

Then, the Hamiltonian operator is given by

H =" enil . (2.19)
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Conclusion. The commutation relations for the a’s, Eq. (2.17), and Eq. (2.19),
lead to the following interpretation:

We have an infinite number of decoupled oscillators with different frequen-
cies.

We know how to quantize these: we create a vacuum state |0) for each oscillator
and then generate new states by applying the creation operator as many times
as necessary:

at|oy ~[1).... (2.20)

We elaborate on this in the following section.

2.1.3 Hilbert Space and Fock Space
Overall, the structure of the theory is the following:

e Hilbert space = Fock space = direct product of the Hilbert space of each
oscillator (and we have an infinite number of them).

e Ground state = vacuum

Ivac) = |0) = [(0,0,...)) = [0}, [0),...]0), ...|0) (2.21)

00 *

e Other states are generated by applying the creation operators to the vac-
uum

(a1 10),) 105) [03) - - = @} |0) = |(1,0,0,...,0)), (2.22)

(@1)?101) [02) (d5")*[03) - - = (a])*(d5")* |0) = 1(2,0,4,0...)) . (2.23)

e If we want them to be normalized, we include a prefactor. A general state
looks like this

General Fock State

1

)= JNIN,I. N,

‘(N17N27--~,Nj,...

e These states are eigenstates of H
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Hal [0) = emal,amal, [0) = e,d], |0) (2.25)

HI|(Ny,...,N;,...)) = (szje]) |(Ny, Na, ... Nj, ) (2.26)
j=1 N

We have N; particles with energy e;.

Alternative quantization conditions

The previous construction of the Hilbert space using creation and annihilation
operators, along with the associated vacuum, leads to the following question:
What is the quantization condition? The one on the left-hand side or the one
on the right-hand side below?

Option A Option B
(@, 07 =0 — [, l,] = G, (2.27)
[@7 @] = [@Tv @T] = O [&717 &m} = djw &In] = 0

Both options appear to be valid prescriptions.? At this point, it is worth em-
phasizing that the right-hand side quantization conditions do not bear any A
at all. However, it is precisely for those quantization conditions that the word
quantum takes its full meaning, as the operators a! and a,, indicate the creation
and annihilation of quanta with quantum numbers n, where n is directly linked
to observable quantities. This raises the question of whether introducing A is
necessary at all. In fact, with a proper rescaling of the fields, one could elimi-
nate h from the equations entirely and describe the system purely in terms of
frequencies, wavelengths, or the number of quanta present in a given state.

2.1.4 Evolution in Time

Once we have characterized the Hilbert space, we can implement the time evo-
lution of its states using the

Time Evolution Operator

-l
Il
Q]

A (2.28)

Pictures

In Quantum Mechanics courses, it is standard to work in the Schrédinger picture
where time evolution is incorporated into the states of the Hilbert space. For
QFTs, however, it is more convenient to work in the Heisenberg picture, where

2In both cases, we also assume that the Hamiltonian is a positive semidefinite operator.
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the time evolution is incorporated into the operators rather than into the states.
The reason is that

2i(t) = (t,x), (2.29)
so now time and space are continuous variables and it is convenient to treat
them in a more symmetric way. This favours the Heisenberg picture. FEither
way, obviously, matrix elements remain invariant:

s 0s ) = (W Op[¥)y, UTOsU=0n, |)y=U'l)s. (2.30)
We set both pictures to be equal at a fixed time ¢y, which we typically set to
zero: ty = 0.

In summary, we have

e Schrédinger: |U(1)), O(X).

A~

e Heisenberg: [V (X)), O(1).
We return to this discussion in Ch. 5 on relativistic theories.
Time Evolution of the Creation and Annihilation Operators

The time evolution of the creation operator in the Heisenberg picture is given
by

al (t) = Utal (0)0 = e'ftal =1, (2.31)
To solve this, we use the differential equation (note that [H, U] = 0)
d . N PN A .
—al(t) = i [a;(t),H} = [U’fa; H] T [a;,H} U (2.32)

= ie, Utal (0)U = ienal (t) = | af (1) = ale™t,  a,(t) = ane ",

where we have used af (0) = a and the following identity

[AB,C| = A[B,C]| + [A, C]B. (2.33)
Time Evolution of the Field Operator

Pl(t.x) = UMM (6, )0 =U" ) ale,(x)U =] algl(x)e™ = §i(t,x) .

n

(2.34)

Note that the canonical commutation relations are preserved after time evolu-
tion:

p(t.x)¢(ty) — @'t y)p(tx) = 8Dy —x) V1, (2.35)
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2.1.5 Localizability and Particle Interpretation of the
Theory

Number Operator

The total number of particles in the system is measured by the number
operator

N=>) dlan — NN, Ny Ny )y =) Ny [(N1, Noy ., NG, L))
! 1 (2.36)

whereas N; = &Zdi measures the number of particles with energy e;.

Since the particle number operator is conserved, the following equalities hold

N(t) = N(0), Ni(t) = Ny(0). (2.37)

and its commutation relations remain invariant under time translations.

We now rewrite N in terms of the position field operators

Show that

N:/ddxng(t,x)@(t,x) Vit. (2.38)

This opens a window to look for observables that measure the number of particles
in a finite volume. We consider the following operator

A

Nu(t) = [ dx (e 05%) (2.39)
v
and see how it acts on the following state

Ix;t) = ¢T(¢,x)]0) . (2.40)
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Exercise

Byt [0) = [N(), 61(6%)] 10) + (¢, %) K (8)]0)

e . _lxt), xeV,
- {Nv(t),d(t,x)} 10y = {le;t), x¢ V.
(2.41)
To obtain this result, we have used
g . it x), xeV,
[#v(0).41(t. )] 10) = {07 o (242)
Proof:
[T een] = [y [ Eye). o) (243)

¢it,x), xeV,
0, x ¢ V.

—‘Afyﬁ@wﬂmy—@—{

J

Note that Nv(t) does not commute with H. Therefore, we emphasize that the
above discussion refers to states at the very same time ¢.

We now consider multi-particle states. We first consider a two-particle state:
%, y;t) = o1t %)@ (t,¥) |0) = |y, x;2) . (2.44)

In the last equality, we used the quantization conditions (2.27). Therefore, we
see that with such quantization conditions multiparticle states are bosonic.

We now consider how the operator Ny (t) acts on these states. First note that
Nv () I, yit) = [N (0), 21 (13)¢1 (1, y)] [0) (2.45)

and show that

Exercise for the reader

2|x,y;t), ifx,yeV,

. . ) xeViy ¢V,
N |x,y:8) = 1|x,y:8), if 2.46
v(t)|x,y;t) x,y;t) l{yewx¢w (2.46)

0lx,y;t), ifx,y ¢V
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Overall, we see that these results fit the interpretation of particle(s) located at

x (y)-

2.1.6 Connection with Quantum Mechanics and the
Probabilistic Interpretation

Since the fields are now operators (rather than wave functions, as in quantum
mechanics), we would like to understand what has become of the probabilistic
interpretation that we had in previous quantum mechanics courses.

One-particle Case:
The state |x;t) is an idealization. Real elements of the Hilbert space will have
the following form

(1)) = / dixp(x) i), with (x) € L2 (2.47)

We can also introduce the time dependence on the wave function:

(1)) = / dxp(t, %) [x) (2.48)
where |x) = |x;t = 0).

Irrespective of how we write the ket, it represents a real physical state and has a
probabilistic interpretation, as we will see. If we compute the expectation value
of Ny, we obtain

Probability density

W) Ny (1) [()) = / dx )P Yt (2.49)

Note that we can formally make V' as small as we want. Then, [¢(x)[?
represents the probability density of finding a particle at position x.

We now apply the Hamiltonian to this one-particle state
H0) = [ axuxag o) (2:50)
= [atxutex [y o)y o3)6 0 10).

Using the commutation relations, the term ¢f(x)$(y) applied to |0) is 0, and
we obtain

Hp) = [axo) [y o) (i 96 -3) 10 (2:51)
= [ty ') (hyvey) 0) = [y (yoit.9) () 10).
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On the other hand, we have

.0
iy W) = H[p()) . (2.52)

Since this equality should hold for any ¢, we have

hyo(t,y) = idotb(t,y), (2.53)

If we demand H [¢)) = E |¢), this can be achieved if

hy(y) = By (y). (2.54)

These two equations, together with Eq. (2.49), nicely establish the connection
with the Schrodinger equation and the probabilistic interpretation of the wave
function introduced in earlier quantum-mechanics courses.

Two-Particle Case:
A general two-particle state reads as follows

(1)) = / d'x / dhy (t, %, y)¢ (008 (v)[0) (2.55)

As we know, see Eq. (2.44), the quantization conditions we are using imply
that the particles obey Bose statistics. This has consequences for the wave
function. Since it always appears multiplied by the fields (see Eq. (2.55)), only
the symmetric part of the wave function is physically measurable and, without
loss of generality, we can take

w(t;X;Y) = lb(t;y,X), (256)
The probabilistic interpretation of the wave function also holds in this case:

(W ()| Ny ()| (t)) = 2 /

VxV

d?xd%y | (x,y)|* + 1/ . (2.57)

R-V

and something similar happens to the energy:

HIgW) =ig [60) = |t b0l %) =ino(txy). | (259)
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2.2 NR Fermions

Bose statistics is not the only option for quantization. We may also have Fermi
statistics, which we analyze now.

The classical computation is equal than in Sec. 2.1.1 (we only change a — b).
Indeed, we obtain

H = / d'x " (x) (hxth (%)) = > eabiby (2.59)

for the Hamiltonian. Differences arise at the level of the quantization conditions,
which we now take as follows

Anticommutation quantization condition

These imply Fermi statistics:

D) (y) = =i (y)df(x) (2.61)

and yield the following commutation relations for the b’s:

{i)nv l;jn} = Opm, {i)na l;m} = {I;L? l;jn} =0. (2'62)

As in the boson case, we may wonder whether the quantization condition in Eq.
(2.60) or that in Eq. (2.62) is more fundamental.

The Hamiltonian operator is equal to the one in Eq. (2.59) transforming the b’s
into operators (simply by adding hats):

H= / A% T (x) (hatp (x)) = ) enblby, . (2.63)

n

As in the boson case, this looks like an infinite number of decoupled oscillators
with different frequencies. There will be important differences in the structure
of the Fock space, though.
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Fock Space Representation

The Fock space formalism still applies (oscillator interpretation). States can be
written in the following way, as in the boson case:

(Ny, Ny, .. NG, ) (2.64)

Nevertheless, it’s important to note that for fermions {7,[1,1[)} = 0. This will
severely constrain how the number operator(s)

N =Y eadibe, o= b, (2.65)

act on the kets, and, consequently, what states are allowed in nature.

Exercise

Prove that N; is a projector (idempotent and hermitian) operator:

N/ =N;, and N?=N,. (2.66)

Proof (bib] = 0):

(3

J

From this result, we conclude that the values of N; in Eq. (2.64) can only be
0 or 1. This is nothing but Pauli’s exclusion principle: There cannot exist two
particles with the same quantum numbers. Note that this is not a hypothesis
(principle) in our case, but follows from the quantization conditions we have
chosen.?

Time Evolution of Operators

The time evolution of fermions is similar to the case of bosons but there are
some differences in the derivation. We first have

bt (t) = e H it e=itH (2.68)
which can be written as a Hamilton’s equation

d - o A
SO0 = —ibl(1). ). (2.69)

The solution to this equation is given in the following exercise

3In relativistic four dimensional quantum theories Fermi and Bose statistics are the only
possibilities for quantization conditions. The situation is different in three dimensions, where
parastatistics (anyons) may appear (see, for instance, the discussion in [4]).
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Exercise

Show that®

Dat oy ) B = i | eitH T it AN
dtbn(t)— i[bl (t), H] = —i [e"7ble ,;embmbm = ie,b) (1)

= bl (t) = bleTnt, by (t) = bpe ot (2.70)

“Here we apply the following identity [AB,C] = A{B,C} — {A,C}B instead of
[AB,C] = A[B,C] + [A, C]|B, which was used for bosons. It should be noted that we
do not need more for fermions, but for bosons we can apply the other identity as many
times as necessary.

Localizability (and particle interpretation)

The localizability properties are equivalent to the bosonic case. We can define
a number operator in a finite volume V:

A

Nv(t)—/vddxaﬁ(t,x)@(t,x). (2.71)

Using that (where in the second equality we have applied, again, the identity

N0, 6163 = [ d'x (6600500, 01ty

= [ gt {4600, ¢1 1.3
it x), x
:/Vddx@T(t,X)é(d)(x—y): {g (t, ), XZK (2.72)

we obtain

One-particle Case

l|x;t), xeV

i (2.73)

Ny (@' (t,x) 0) = {

An analogous result can be obtained for the two-particle state (see the discussion
in the bosonic case). This is left as an exercise for the reader.

Note that the starting point in Egs. (2.69) and (2.72) involves commutators.
Therefore, the initial expressions are equal for bosons and fermions. The differ-
ence arises when we express the operators (H, N, Ny) in terms of the fields. At
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that stage, we are compelled to use different identities for each case in order to
take advantage of the specific commutation or anticommutation relations that
hold due to the quantization conditions given in Eq. (2.13) and Eq. (2.61).

Connection with quantum mechanics and probabilistic interpretation

The connection with NR quantum mechanics and the probabilistic interpretation
follows an analogous discussion to the boson case. If we have the one-particle
state

W(t)) = / dx(x) |x;t), with ¥(x) € L2, (2.74)

we obtain

WO Ny (1) [¥(2)) = /Vddx (). (2.75)

Similarly,

H[p) = B ) — hett(x) = Ei(x). (2.76)

Perform the same analysis for the two-particle case.

2.3 Exercises

1. Consider the following Lagrangian
v? v?
— d t + 00 v d T .00 v
L /d X (x){z@ + le}gp(x) +/d XXC(X){Z(9 + QmQ}Xc(X)
- /dXmddXQ(PT(ta Xl)Xi(tv XQ)V(Xl - XQ)XC<t7 X2)¢(t7 Xl) ) (277)

where ¢ is a fermion and y. an anti-fermion. Obtain H, project to the
following one fermion-antifermion state:

[9) = /ddxl ddXQ (X1, X2) @T(Xl)f(i(xﬁ 0) (2.78)
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and show that

A () = i 19(0)

l

v, V. 0
[—2ml " o, +V(|x1 — X2|)] Y(t;x1, %) = Z&W’ X1, X2)

(2.79)

2. Number operator for free NR particles
We define the number operator as

a) Show that
Naf|0) =1af|0)  Naf.al|o) = 2af,al|0) - -

b) Show that
N = [ttt x)

c¢) If we define

A~

Nv(t):/‘/ddX@T(t,X)@(t,X)

compute [Ny (), ¢(t,x)] and [Ny (t), Ny (t)]. Interpret these results.
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3 Fock Space and Asymptotic States

1 Scattering processes of relativistic particles can be represented as follows

\ /
t—>—oo/ \f—>oo

These processes are described in terms of asymptotic states. Asymptotic states
correspond to free particles in the infinite past and in the infinite future: They
are too far apart to interact with each other (or we will assume that such in-
teraction can be neglected?), but they may eventually interact with an external
detector (e.g., via electromagnetic or gravitational interactions). Therefore, their
interaction occurs, at most, only for a finite period of time. Due to relativity,
this interaction also occurs within a finite spatial volume. Thus, the interaction
between these states takes place within a finite space-time volume. This is one of
the reasons why constructing the Fock space of free particles is so important in
QFTs. The concept of Fock space is essential for describing these multiparticle
states that arise in scattering processes.

Therefore, our first task is to characterize these asymptotic states.

Asymptotic States and Free Particles

e Free particles are one-particle unitary irreducible representations of
the proper orthochronous inhomogeneous Lorentz group (Poincaré
group for short).

e Parity and time-reversal transformations are not included in the
group. This is the reason we do not consider them in the char-
acterization of free particles we discuss in this chapter.

e The Hilbert space that will describe these scattering processes is
the direct product of these one-particle unitary irreducible represen-
tations of the proper orthochronous inhomogeneous Lorentz group.
We refer to this object as Fock space.

J

'In this chapter, we use capital letters to denote operators, except when referring to creation
and annihilation operators, for which we keep using the = notation.
2There are qualifications to this statement, which we do not address in this book.
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To fully characterize the Hilbert space associated with one-particle unitary ir-
reducible representations of the Poincaré group, we must first understand how
symmetries are realized in quantum theories, and then apply this understand-
ing to the specific Lie group at hand (Poincaré). We discuss this issue in the
following section.

3.1 Connection Between Symmetry Groups and Physics

We consider that we have a connected Lie group. We look for unitary represen-
tations that can be obtained from its associated Lie algebra. Given a group G,
with associated Lie algebra L, the connection goes as follows:

G — L — Ty(A) — Ty(g) = @

— /HN, (3.1)

where A € L. Ti(A) is an anti-Hermitian representation of A (and similarly for
all elements of L): so that e’¥4) = Uy (g) are unitary operators. In general, N
will be a collection of numbers that completely characterizes the Hilbert space
to which the unitary representation of G applies®. Overall,

o If Ty(A)f = =T (A), then T (g) is unitary.

e The Hilbert space Hy carries the representation and is the space where
physical states live.

e Applying Un(g) Vg allows us to move between all elements of Hy.

3.2 Example: SO(3)

In this section, we apply Eq. (3.1) to the group G = SO(3). The unitary
irreducible representations of this symmetry group act on Hilbert spaces of dif-
ferent dimensions depending on the physical system under consideration. Below,
we present a few key examples of representations of the L = so(3) Lie algebra
(which is part of the Lorentz algebra), relevant to the Poincaré group.

We have that A= —iY a;M’, and M are the 3 x 3 sub-matrices in Eq. (1.81).
Tn(A) is an anti-Hermitian (unitary) representation of the so(3) Lie algebra in
a Hilbert space (and N is the dimension of the V-space-C).

3As we will see later, for SO(3), one can take N to be the dimension of the V-space-C, i.e
of the Hilbert space on which the operators act.
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Unitary Representation

The unitary operator implementing the rotation is
Un(R) = e #* v, (3.2)

where 7 is the rotation axis, f the angle, and Ty(MF¥) are Hermitian
operators, which we name as

Ji = (M) = (I, J7] = iek gk, (3.3)

The associated Hilbert space Hy is characterized by the eigenstates of the
Casimir operator J?, and spanned by the eigenvectors of J* (or any other linear
combination of J’s)

Hy = |casimir, (basis)) = span {|J?, J.)}. (3.4)

The representation Uy (R) acts on the elements of this Hilbert space

) € H. (3.5)

Hilbert space carries a unitary irreducible representation of the symmetry
group.

Examples:
e Spin-; representation (dimension 2)

) o’i
To(M") = 5 (3.6)
where o° are the Pauli matrices. This is the representation used for spin—%
particles such as electrons. The corresponding Hilbert space has dimension

2.
e Spin-1 representation (dimension 3)
T3(M") = M, (3.7)

where M? are the generators of rotations acting on three dimensional vec-
tors. This representation is relevant for massive vector bosons. Its Hilbert
space is 3-dimensional.
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e Infinite-dimensional representation (wavefunction in position
space)

0 0
To(M)=L,=—i|lo— —y=— ], 3.8
oo (M) z ( By Y a$> (3.8)
where the generators act as differential operators on wavefunctions ¢ (x) €
L2;. This representation is infinite-dimensional and corresponds to the
standard angular momentum operator in quantum mechanics.

These examples illustrate how different physical systems correspond to different
representations of the same symmetry Lie algebra.

Particles are associated with Hilbert spaces that carry a unitary irreducible
representation of the Poincaré group. We now discuss how to characterize these
Hilbert spaces. This is achieved using the Wigner method.

3.3 The Wigner Method*

Aim. The goal is to obtain the unitary irreducible representations of the
Poincaré Lie algebra for one-particle states.

The Fock space that describes physical processes is then constructed as an in-
finite direct product of these irreducible representations—but not all of them—
since not all irreducible representations are realized in nature as elementary
particles (we neither observe all masses nor all spins).

Important note: Whether or not parity is considered a symmetry makes a
difference in the construction of these irreducible representations. This is espe-
cially relevant in the massless case. However, one must bear in mind that parity
is not a fundamental symmetry of nature, and it is not included in SO,(1,3).

3.3.1 Omne-Particle States

First, we need to identify the quantities that remain invariant under Poincaré
transformations. These are the Casimir operators of the Poincaré group. We
will obtain them below. They yield quantum numbers that are equal for all
elements of the Hilbert space describing one-particle states. Next, we look for
operators that commute with H = P°.

e We assume P° > 0 (positive energy condition).

e We take P* as the initial input ([P*, P¥] = 0) to classify the states and
look for other quantities that commute with PP°.
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Definition of One-Particle States

|1 particle state) = [p#, .7.)  (labels still to be determined).  (3.9)

The one-particle state will be characterized by its momentum p* and other
quantum numbers to be identified.

Classification of states from p? and p°
We take the first Casimir invariant of the Poincaré Lie algebra to be

eigenvalues

Cy = P'P, p?=m? (3.10)

The momentum operator satisfies (we omit the possible action on other quantum
numbers in this discussion)
P |p) = p"|p). (3.11)

We now focus on how p* transforms under Lorentz transformations
U(A,a)[p) o< |Ap),  P"[Ap) = (Ap)" |Ap).

Since
(Ap)?* = (Ap)"(Ap), = p°,

we conclude that p? is Lorentz invariant. On top of that we have that

Important Observation

The sign of p° does not change under proper orthochronous Lorentz trans-
formations.*

“See also pp. 37,38 in [6].

Thus, one-particle states are organized according to the possible values p? and

(i) pP=m?>>0, p°=+/m?+p2=FE,>0: Physical (massive modes).
(ii) p*=0, p’=|p|= E, > 0: Physical (massless modes).
(iii) p* = 0: Physical (vacuum).
(iv) p* < 0: Non-physical (Note: Lorentz transformations can flip the sign of
pY if p* is space-like).

(v) p2=m? >0, p°<0: Non-physical.

(vi) p2 =0, p°<0: Non-physical.
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3.3.2 Little Group

To further characterize one-particle states, we introduce the concept of the little
group of p*.

Definition

The little group W(p) is the subgroup of the Lorentz group that leaves p*
invariant.

Little Group: Vacuum
The little group of p* = 0, the vacuum, is the full Lorentz group.

3.3.3 Little Group: Massive Case

To determine the little group of massive modes (p* > 0, p° > 0), we use the
following Theorem.

Theorem 1 (Page 39 [6])

Given a four-vector v*, its little group depends solely on the sign of v?. In
other words, if sign(v?) = sign(v'?), then

W(v) = W(). (3.12)

That is, the little groups of v and v’ are isomorphic.

J

This theorem applies to time-like, space-like, and light-like vectors. For time-like
vectors, we give below an explicit demonstration.

Strategy: Choose a reference vector p* such that the little group is easy to
identify. This way, we can fully determine the one-particle unitary irreducible
representation for massive modes. The simplest choice is to take the rest frame:

k" = (m,0,0,0).

In this frame, the little group is the rotation group:
W(k) = S0O(3),

and we know all the irreducible representations of SO(3)!

Any other time-like four-vector can be obtained via a Lorentz transformation
from k*. Thus, using the previous theorem

W(pH) = 50(3),

for all time-like p* vectors.
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Explicit Demonstration for Massive Modes

We now explicitly show that W(p#) = SO(3) for arbitrary time-like vectors. An
arbitrary time-like vector can always be written in the following way:

Pt =L, K= (m,0),

where £k is the rest frame 4-momentum, and L(p) is a Lorentz transformation
that can be taken to be a boost in the p direction.*

We then define the state |k, o). ¢ was what we named J? in Eq. (3.4), but we
could have chosen a different direction. It spans the basis of the Hilbert space for
a given J2. From this state, we can define arbitrary states at different momenta
by applying unitary Lorentz transformations:

p, o) = U(L(p)) |k, 0) - (3.13)
Both are eigenstates of the momentum operator:
Ptlp,o) =p"Ip,o),  P"lk,0) =K'k o).
Now consider another time-like 4-momentum p™* = A*p”. Then,
U(A)[p, o)

will be an eigenstate of P* with eigenvalue p’*. Moreover, using the group
structure of the unitary representation, we have

UA)|p,o) = UMNU(L(p)) [k, 0> U(L(Ap)) [UTH(LAp)UMU(L(p))] [k, o)
= U(L(Ap)) [U Ap))U(MU(L(p))] [k, o)
= U(L(Ap))U(L™ ) L(p)) |k, o) - (3.14)

Observation: The operator L™ (Ap)AL(p) leaves k* invariant,
(L7 (Ap)AL(p) k)" = k",

where (AL(p)k)" = p™, (L(p)k)" = p*. Therefore, this corresponds to a rotation
R in the rest frame. That is,

W(k") > LY (Ap)AL(p) = e ®M = R.

4L(p) is an element of SO,(1,3), but we denote it this way (instead of A) to emphasize
that it is characterized by the momentum p.
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Hence, we can write the transformation law as follows

UA) [p,o) = U(L(AP) D Too(R) |k, 0') =Y Toe(R)U (L(Ap)) [k, 0")
= > T.e(R)|Ap, "), (3.15)

where T,/,(R) is a unitary representation of the rotation group SO(3).

The Wigner little group W(p#) for time-like momenta is isomorphic to
SO(3), and the states transform under unitary representations of this
rotation group.

3.3.4 Second Casimir Operator and Spin

The second Casimir invariant of the Poincaré group, (5, is related to spin in the
massive case, and it must commute with all generators of the Poincaré group.
It cannot simply be J?; since [J? K'] # 0. We define it in the following way:

Cy = W? = WHW,, (3.16)
where W* is the Pauli-Lubanski pseudovector (see Eq. (1.94)):

1
W,y = —=€upod PP .

2
By construction, it satisfies
W,P" = 0.

If we apply W, to a particle at rest with k* = (m, 0), we get

Wy |k, o) = 0.
Therefore, WH* is a space-like vector. Explicitly, in the rest frame, we have

W, = —%emeVPP”i - %ezjkoﬂk — —mJ.

Conclusion: When applied to a particle at rest,

W2= —m?J2

Since W? defines a Casimir operator—that is, it commutes with all generators
of the Poincaré group—we can compute its eigenvalues in the rest frame, and
they will remain unchanged in any other frame:

Cy =W, W+ clgenvalues, 2 — —m?j(j +1), with j being the spin.
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Casimir Operators of the Poincaré Group

The Poincaré group is a rank-2 Lie group. Therefore, it has only two
independent Casimir invariants

Cy = P“P,,  Cy=WHW,.

A massive particle state can now be completely characterized by the following
quantum numbers:

‘(m27j);p70—> )
with m? and j the eigenvalues of the Casimirs, and p, o labeling the momentum
and spin component.

3.3.5 Light-like Vectors and their Little Group
We now consider light-like vectors. They satisfy

P’ =gup'p’ =0, p’>0.

To determine its little group, we again use the property (3.12) obtained in The-
orem 1. We choose a standard momentum

= (k,0,0,k), k>0, (3.17)

and perform a proper orthochronous Lorentz transformation that leaves k* in-
variant, i.e. we apply an element of SO,(1,3) such that

(efiil-Kefi@-M)l: gy

We perform the analysis infinitesimally. The allowed transformations are parametrized
in terms of 3 real numbers:

A =T —iOM, — iu(K, — M,) — iv(K, + M,).
These combinations define the generators
M=K, —M, Ny=K,+ M,
Together with M., these generators satisfy the Lie algebra of F(2):
(M., Ni] = iNy,  [M,, Ny = —iNy, [Ny, Ny = 0.

E(2) is the two-dimensional Euclidean group (translations and rotations in a
two-dimensional Euclidean manifold), also known as 1.50(2).

Using the property (3.12) obtained in Theorem 1, we have
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Little Group for Light-like Vectors

The little group of a light-like vector is isomorphic to the Euclidean group
in two dimensions

W(PH) 2 [SO(2).

Unitary representations of the Little Group E(2) and Physical Impli-
cations

The group structure of F(2) and its irreducible representations are known, since
E(2) corresponds to a two dimensional Euclidean manifold. Therefore, we only
have translations and rotations in the plane. We define

P?= N?=N?+ N2, (3.18)

where (N7, Ns) plays a role analogous to momentum in Euclidean space (but it
is not!).

We look for unitary irreducible representations of these generators. The eigen-
values of (the unitary representations of) N? are denoted by

n*=n?+n3. (3.19)

It is interesting to see how the operator N? relates to W?2. If we apply W? to a
state characterized by k* defined in Eq. (3.17), we obtain

w? = —win?. (3.20)

Observation. Only the eigenvalue n? = 0 (= n; = ny = 0) appears in
nature. Therefore, the only eigenvalue of W? that is realized in nature is
Zero:

w® = 0.

Wigner’s original paper provided some arguments as to why w? # 0 representa-
tions cannot appear in physical systems. Other references, such as [4, 6], simply
state that such states do not show up in nature. Nevertheless, attempts to con-
struct nontrivial interacting theories with n? # 0 occasionally appear in the
scientific literature.

To fully characterize the state, we are left with rotations in this two-dimensional
Euclidean plane:
SO(2)=U(1).

The representations of this group are one dimensional. We will label them o, in
analogy to spin in the massive case, and name them helicity. It is the projection
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of spin onto the momentum direction of the massless particle. The value of the
helicity, a priori, could be any real number, and not restricted to integer or semi-
integer values. We need to consider the full ISO(2) group and use topological
arguments based on the fact that the Lorentz group is not simply connected (see
[4]) to restrict the possible values of helicity to be integers or semi-integers (as
the spin of massive particles). Therefore, most of the time, we will use the same
terminology for both massive and massless particles. However, it is important to
note that, even if we call them both “spin”, in general we cannot go continuously
from the massive to the massless case because the dimension IV of the associated
Hilbert space is different.

Extra remarks on helicity

e Helicity of massless particles is Lorentz invariant.

e States with opposite helicities (same magnitude, different sign) do
not need to be related a priori. They would be related only if we
enlarge the symmetry group to include parity.

Finally, note that W* and P* are not independent in the massless case if N? = 0.
In this case, we have P> = 0, W2 = 0 and W - P = 0. Therefore, they are
proportional

implies

WH o« P* (WH—AP")|p) =0,

and it can be seen that A = o, the helicity of the particle.

3.4 Summary. Fock Space and Operator Formalism

One-particle unitary irreducible representations of the Poincaré Group

In summary, from the classification of the unitary irreducible representations
obtained using Wigner’s method, a one-particle state can be characterized by
the following quantum numbers

|(m®, w?); p,o,n), (3.21)

where m? denotes the squared mass, w? is the W? operator eigenvalue, p is the
three-momentum, o corresponds to the third component of the spin or to the
helicity (for massive particles we can also work with the helicity), and n denotes
possible additional quantum numbers. For massive particles, w? = —m?j(j +1),
and it can be traded for j, the spin of the particles. For massless particles, both
p?> = m? and w? are equal to zero. From the context of the computation, it
will be clear whether we are dealing with a massive or massless particle, as well

as what the spin of the particle is. Therefore, we will often use the following
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shorthand notation:

p.o,n). (3.22)

We now address the construction of the Fock space from these one-particle states.
The creation/annihilation formalism is the most convenient.

Creation and Annihilation Operators

We build the Fock space (i.e., the full Hilbert space) using the formalism of
creation and annihilation operators:

Ip,o) =al,, 10), (3.23)

where

|0) = Fock vacuum = state of minimal energy, (3.24)

is the vacuum state. For two-particle states, we apply two creation operators:

|P1,01:P2,02) = dLl,gldL2,g2 |0) . (3.25)
This procedure extends to higher numbers of particles by applying the necessary
amount of creation operators.
Commutation and Anticommutation Relations

As we have already discussed in the NR case in Chapter 2, the statistics is fixed
by the quantization condition:

For bosons For fermions
ip02]0] = OO D)oo, iy} = (20)6(0 P
{dp,m dp/,o’] = [dL,Uv d;’,o’} =0. {dp,da dp’,a/} - {&I),ov &L’,a’} =0 )

(3.26)
where we do not write the Casimirs, which we take to be equal (otherwise the
commutator is 0).

Fractional statistics (e.g., anyons) could theoretically exist, but they do not occur
in (3+1)-dimensional space-time (see [4]). Also, at this stage in the construction
of the Fock space, statistics cannot yet be linked to spin. We can create a Fock
space made of fermions or bosons regardless of their spin. The link only appears
in interacting relativistic field theories: Integer-spin particles need to fulfil Bose
statistics, and half-integer Fermi statistics. We do not prove this, though, in
this book. For the proof, see the discussion in [4].
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Lorentz Invariance and Boosts

The above commutation relations are not explicitly Lorentz invariant. To illus-
trate this, consider a boost in the third spatial direction®

Py =7(ps + BE), Ey =~(E,+ Bps). (3.27)
Applying these transformations to the delta function, we obtain

S(f(x) — f(xo)) = ’f,(lxo)a(:c ) = 6D (p — ) = 5D (p q')%:' (3.28)

This result highlights the non-trivial behavior of the commutators under Lorentz
transformations. Therefore, we choose to normalize the creation and annihilation
operators in the following way:

Normalization Conditions

Bosons — [dp’(,, il } =2E,6(p — p’) 650 (3.29)

0 o0
p,o

2F
g A ~t __ 2P <(d) o
Fermions — {ap,(,, p’,o’} =5 3(p—p’)dser- (3.30)
For fermions, we have followed the popular choice (see [7]) of dividing
the commutation relation by 2m. This convention allows us to smoothly
connect with the normalization used for the commutation relations in NR
quantum mechanics (where E/m ~ 1).

Pauli Exclusion Principle from Anticommutation

We remind the reader that, in the case of fermions, we cannot have two-particle
states with the same quantum numbers, since

‘p,O’;p,O’> - = |p70;p70> = ’paa;pa (7> =0. (33]‘)

As we already discussed in Chapter 2, this is the Pauli Exclusion Principle. We
stress again that this is not a principle we impose—it follows directly from the
anticommutation relations.

Operators

We slightly change notation in the following, writing: ap, — a-(p). We can
easily write the operators P* and N in terms of these creation and annihilation
operators.

5We follow the discussion in p. 23 of [10].
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PO = [ /dewka (k), P_/d/%Zkaj,(k)dg(k). (3.32)
N = / 4k St (k)i (k). (3.33)

Notation (d = 3)

dik 1 ~
— dk
27T)d ka ’

d?k m
(27T)d Wi ’

W = Ek = \/m2—|—k2.
(3.34)

—

fermion

Note that this phase space integral can be written in a Lorentz invariant way:

Show that

/ (;ﬂmw — MG = / (;5;)’2}5

Once we realize that one can write the phase factor in an explicitly Lorentz
invariant way, we may consider rewriting it in alternative ways. One example is
the following:

Exercise

Determine whether there is any value of Z that fulfils this equality (m >
0):

where p* = p° 4+ p? and p~ = p* — p?.

This would correspond to performing the quantization on what is known as
the light-front. For free particles, this is merely a relabeling of the quantum
numbers, replacing P° with P*. Later, when we consider canonical quantization,
this change would correbpond to imposing the canonical quantization condition
at fixed 2= = 20 — 2?, rather than at a fixed time 2°. As interesting as this
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approach is, we will not pursue it further in these lecture notes and will instead
restrict ourselves to the standard quantization conditions in the following.

Finally, it is easy to show that the action of these operators on the one-particle
states yields the following results:

HO4f (k) 0) = wpal (k) 0), Plat(k)|0) = Kaf(k) |0), Naf(k)|0) = 1-af(k)|0).
(3.35)

The attentive reader will have noticed that, while we have characterized all
possible asymptotic states, we have not yet mentioned antiparticles. So, where
are they? The short answer is that they haven’t been overlooked. They are
already included in the one-particle unitary irreducible representations we have
obtained. Exactly where they appear will be addressed in the following chapters.
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4 Scalar Free Fields

In the previous chapter, we focused on the one-particle unitary irreducible repre-
sentations of the Poincaré group. This privileged working in momentum space,
and it is the right attitude when focusing on the asymptotic states that appear
in the S-matrix. Nevertheless, the interaction between particles is most often
described in terms of fields in position space, since interaction terms are most
easily written in position space. We therefore need to work out the relationship
between momentum-space and position-space descriptions. In this chapter, we
establish this relation for the case of scalar particles and KG fields.

4.1 Real KG Field

We consider the following Lagrangian density

2

C— %(a,@)(aw) S R / dix L. (A1)

where ¢(x) € R.

Deduce the E-L. EoM associated with this Lagrangian.
Solution. One gets

(O+m?) ¢(t,x) =0|,  where O=09,0"=0— V> (4.2)

Hamiltonian Formalism (Towards Quantization)

1TrLQc;$2 = 71(x)=— :gz.S(X).

2 99(x)

The Hamiltonian density then reads

_ Ll Ligae
L =58~ 5(9)

H=rp—L=n>— (17r2 — —(V¢)?* — ;m2¢2> =

This far, we have treated the fields as classical.
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Canonical quantization rules

{o(x).7(y)} = 6“x~y) = [0, 7(y)] = i (x ~y) (4.3)
{6(x),9(y)} = {7(x),7(y)} =0 [p(x), d(y)] = [7(x),7(y)] = 0.

The (quantized) Hamiltonian density reads

H= % (7%2 + (V)2 + m2g£2) .

Dynamics (Heisenberg Picture)

We now consider the time evolution of the fields
ot x) = eFt(x)e 1 F7(t,x) = i (x)e . (4.4)

These equalities can be transformed into differential equations, similarly to the
procedure in Chapter 2 for NR fields. The outcome is nothing but the EoM in
the Hamiltonian formalism. Let us obtain them and check that they also yield
Eq. (4.2), but now in terms of quantum fields. For the time evolution of é(t, x),
we have

i%és(t,x) - [&(t,x),ff} = ¢ifit [@(x),ﬁ} e~iflt, (4.5)

For the commutator, we obtain

>

600, = [ot0; [y #) (4.6)
[y {700 [0, 7)) + [960). 73] 703}

/ddy {7(x)i6 D (x —y) +i0D(x — y)7(y)} = i7(x).

N~ N —r—

Therefore, we obtain

0 -
iaﬂt, x) = i7(x) . (4.7)
We now generate the second equation:

z'%ﬁ(t,x) - [ﬁ(t,x),ff} = it [ﬁ(x),ﬁ} e-iflt,

To compute it, we need the following commutator:

7. ] = 5 [ iy [760), (V) + w2 (y)].
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The first term of this commutator yields
1 . A A
g [ty [700,6(3)] = im0

and the second reads

% / d'y [fr(x), (Vyé(y)ﬂ = % / dy [#(x), (V5 ()] Vie(y) + ...

7 N

i i 2 i
=3 /ddy 2(Vy 8V (x—y)) - Violy) = —3 /ddy 259 (x — y)V30(y)
= iV30(x).
So, overall
iaatfr(x, t) = +i (VZ—m?) o(t,x). (4.8)
Combining Eqgs. (4.7) and (4.8), we recover the KG equation:

2

@é(t, x) = (Vi —m)o(t,x) = (D+m?)e(x)=0.

Solution to the KG equation
We now look for the solution to the KG equation. It is convenient to Fourier
transform the KG field:

o(z) = / 0Pk J(k)e

then
(@ o) = [ dPkG(0) (< m?) e =0,
This implies
Qf;(/f) =0 unless k?= k:g —k*=m? = on-shell condition.
Defining (see Eq. (3.34))

dk

fo = = VI, (o) o alk), =

we can write the general solution as

¢(x) = /d/;‘ [a(k)eiik“ +at (k)eik‘i] :
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where a(k) is an arbitrary function.

Its quantum version (quantum field) is obtained merely transforming this ex-
pression into an operator:

o(x) = / dk [a(k)e ™" + al(k)e'*] .

A

a(k), a'(k) and their commutation relations

Exercise

Determine (k) and af(k) in terms of ¢(x) and its time derivative.
Hint: Use the following ansatz

01 ~ [ dixe™*(id(o) + b)),
where £ = w;, = vk2 + m2. Work out the exact normalization factors by

comparing with the mode expansion of the field. Finally, note that the
result holds true for any z°.

Exercise

| \

Prove that

lak), a'(K)] = 2w 2m)?6@ (k - k), (4.9)
lak), ak)] = [a'(k),a'(K)] = 0.

Hint: Use the canonical commutation relations [qg(x), ﬁ(y)] =

i6®)(x —y), ...., together with the integral expressions (from the previous
exercise) that define a(k) and af(k).

| \

Exercise

Show that

i = / ddx% [552 + (ng3>2 +m2¢3} - / d%% (6} (K)a(k) + a(k)al (k)] .

Using this result and the commutation relations obtained in Eq. (4.9), we obtain

H= /di% we af (K)a(k') +/dl§wk;5.
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The term proportional to %5 is infinity but field-independent. Therefore, since
we are only concerned with measuring energy differences (in particular with
respect to the vacuum), we are not sensitive to this term.

The preceding results can be understood within the framework of the Fock Space
for free massive spin-zero particles.! Recall that the vacuum |0) = |0) is defined
by

ak)|0) =0 Vk.

Acting with the creation operator on the vacuum produces a one-particle state
a'(k) |0) = [k), (4.11)
which is normalized in the following way
(K'|k) = 2wy, (27)40 D (K — k) (4.12)
If we consider H |0) or H |k), we will obtain infinite quantities in both expressions
but the energy difference is finite.

Similarly, multiple creation operators yield multiparticle states |k, ko, ...). Again,
in this case, energy differences are finite.

Normal ordering. For boson operators, the normal ordering of the product

a(k)a'(k) is defined as
rak)al(k): = al(k)a(k),

i.e. all creation operators move to the left and the annihilation operators to the
right. Consequently, the normal-ordered Hamiltonian takes the form

H: = /dl% wi af (k) a(k), (4.13)

which eliminates the infinite vacuum-energy contribution. In this way, we do
not have the problem of the vacuum energy being infinite.

Note that Eq. (4.13) is the Hamiltonian of free spin-zero particles given in
Chapter 3, which did not have any infinity problems for the vacuum energy.

The canonical quantization of the Lagrangian of the real KG field gener-
ates the Hilbert space of free spin-zero massive (or massless) particles.

ITo verify that it really represents a spin-zero particle and not (as bizarre as it may sound)
a component of a non-zero spin particle, we must impose that the field transforms as a scalar
(see Exercise 2 in Sec. 4.5).
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Question. Is the KG Hamiltonian the only way to write a Hamilto-
nian for scalar particles in terms of fields? Why not just work with

() /6 ()2

In principle, it is possible to write the Hamiltonian using
60) = [dhaoe e, 60w) =60 = [ dRl et
as building blocks.
i =[x [0 @) + (VIO @) (V@) +m*e )6 )]

gives the right H without any infinite contribution.

There is also another possibility:
i = [ (8=t 6Qw)] (4.14)

using the following fields with NR normalization

d'k : _ 2 d’k ,
SR = [ Graaloe ™, 6w = i@ = [ Gaikaer

(2m)d
[anr (k), ki (k N = @269 (k - K) (4.15)
{05 (2, %), $n (2%, y)} = 0D (x — y). (4.16)

This last option arises from the alternative Lagrangian
£ =6 (x) (z’@o ~ V= m2) o). (4.17)

This Lagrangian can be related to the original KG Lagrangian using Foldy-
Wouthuysen transformations.?

There is no problem with these constructions at the level of free particles. The
problem arises when one attempts to introduce interactions in relativistic QFT's
in terms of ¢(*) and ¢(~) independently (actually it is possible but not natural,
as the natural object that appears in the interaction term will be ¢(z), the KG
field).

2The application of Foldy-Wouthuysen transformations to relativistic Spin—% particles can
be found in [7].
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4.1.1 Propagators

Feynman propagators are basic objects for the computation of S-matrix ele-
ments. Let us discuss the general structure of propagators for KG fields.

We first compute the commutator between fields at different times (thus depart-
ing from the canonical quantization conditions):

where z = (t,x); y = (', y);

/dé‘ik(x_y) =iAT(z —vy),
and we have the conjugation property

At(x—y)=—-A"(y —z), and A(z) = —A(-2x).

Computation of A(z)

We now derive an explicit expression for A(z).

A(:L') _ —i/d/; (efik»z _eik~x) (4,21)
I o S 1 dd—k sin(k - x
= 2/dk:sm(k-$) = (27r)d/ (k- z),

W

where k- x = wit — k- x. Then

A(z) = (xO)Q(A)Jl(m\/X) (")6()\), where A = 2% = (2°)* — |x|%,

m 1
€ — —€
A7\ 2

where
e(n) =60(n) —0(—n).

From this result, it is evident that A(z) behaves as a scalar under Poincaré
transformations.
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Exercise

Show that

2

[6(z),Pp(y)] =0 for space-like separation vectors, i.e. for (z —y)° < 0.

This property is called microcausality. It holds in any reference frame.
Note that, for space-like vectors, there is always a frame in which 2% = 3°.

Discussion

If we promote ¢(x) to be an observable, we may be interested in computing

(0] [6(@)d(y) — dy)d()] 10) .

As expected, this is zero for space-like distances — the ordering of measurements
should not matter at space-like distances. The problem with this argument is
that fields cannot always be promoted to observables. A necessary condition
is that they should be Hermitian, something not fulfilled by fermion fields, for
instance. One may also think that the same problem appears for complex fields,
but those can typically be rewritten as combinations of real fields.

On the other hand, note that
{gfg(”, é(*)} # 0 for space-like separation.

If microcausality is to play a role in our construction of interacting relativistic
theories, this result suggests that ¢(*)/¢(~) alone are not the optimal building
blocks to write such a theory. Instead, one should use a specific linear combina-
tion of them.

Towards a more covariant representation of the propagators

We can rewrite A*(z) in the following way:

1 67ik-z
A*(z) = — / dPk ———, 4.22
(v) 2m)P Jox k? —m?’ (422)
where k° is a complex variable running along the C* path. The denominator can
be written as k* —m? = k2 —k —m? = k2 —w} = (ko — wi) (ko + wi). Therefore,
ko = dwy are singularities. Overall, the integrand is analytic throughout the
complex plane except at k° = +wy,, where the integrand has simple poles.

The k° integration paths for C* and C' are drawn below:
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Paths of Integration

—Wp Wk

It is easy to see that A%(z) can be written as in Eq. (4.22) by using

—ik0t
e
dk’ | ————— + non-singular terms
f[m <2Wk<k0 — wg)

e—zwkt

= 2mi 4.23
i S ( )

and alike. This confirms that Eq. (4.22) is correct. We can perform a similar
analysis for A~ (x).

We can also obtain

A(z) :_(271)0/0de/<;2€_—“:;2‘ (4.24)
We will later use the following equalities:
i@ —y) = [6D).67 )] = 0] [§(@), 60| o) (4.25)
= (016D @) ()10} = (0ld()d(y)[0)

Note that [ng), é(*)} = c-number and can be related with the expectation value

in the vacuum of two KG fields at different space-time positions, i.e. with its
correlation.

Note also that
(O, +m*)A*(z —y) =0,

and, likewise, for any linear combination of them. Therefore, these are not yet
Green’s functions, although they will be related to them.
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4.1.2 Feynman Propagator

Unlike the propagators considered so far, the Feynman propagator is the quantity
that appears in actual computations of physical processes. We begin by defining
the time-ordering operation (for bosonic operators)

) _ (3006 1> 1,
TA#HN} = {¢( o) ¢ >t

Using the Heaviside step function, the above operation can be written as:

T [6(2)0(")] = 0(t — )o(w)(a") + 0(¢ — )d(a)(x).

We define the Feynman Propagator as

FP.=ilAp(z —2') = (O|T{ (x )é( )} 0) .

So,
Ap(x) =0t)AT(2) — A~ (2)0(—1).

Determine (O, +m?)Ar(z)
Solution: We first compute
(O, +m?)(0(H)AT) = (8,0, — V2 + m?)(DAT)
= 2(0AT) +0(=V2 + mHAT = 2(0AT) — AO2AT
Now note that
A(OAT) = 0,()AT + 00,AT = 6(t) AT + 6(t) (0, AT)

!
O2(OA*Y) = 8, [()AY + 0(t)(B,AY)] = 0 (5()AY) + 5(£) DAY + HAZAT

J
st = () [0, (i fd;;em)l = 6(6) [ ] % e
= _%5(15)501 (x) = 15([) (z)

= (@ + m)(BHAT) = 8, (()AY) — 557 (a)
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Exercise (Cont.)

We leave as an exercise to the reader to show that
(0 +m2) (B(—t)A~) = B (—5A") + %5@(:5) (4.26)
Therefore, we have
(O+m?)Ap(z) =8, (0(t)(AT + A7) — 5P (). (4.27)
Let us focus on the first term:
SHA = 6() ( (271r)d> / ;ldwl: o g — 5]
= 5t (- (2;)(1) / AL (—k-x) "0, (4.28)

- 2wk

Therefore,
(@ +m?)Ap(z) = —0D (). (4.29)

This means that Ap(z) is a Green’s function. Note that this result holds
in any reference frame.

Covariant expression of the Feynman propagator

We write?

A (x)_ 1 / de e—ik-x . 1 /ddk ik-x/ dko e—iko-x <4 30)
BT P Jo,” TR —m2 T 2m)P R TR B

Note again that k¥ is a complex variable. The path Cp can be found in the
figure below*

\Wick rotation

—_—— —

Wk

—0—

3Note the overall change of sign with respect to the definition of A(x).

4Wick rotation profits from the fact that we can deform the integration path as long as
we do not cross any singularity, and the contribution at infinity can be neglected. It is then
customary to rotate 90° and make k° purely imaginary.
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As in the case of A(x), the integrand has two simple poles, located at k* = 4wy,
However, unlike in the case of A(z), the integration path in the complex plane
is open. Therefore, we cannot directly apply Cauchy’s theorem. We must first
close the contour. We will then use Jordan’s Lemma.? To do so, we must
distinguish between the case ¢t > 0 and ¢ < 0.

Caset > 0: Let ilm[ko] = ib, = —ikot = bt. Therefore, we need b < 0 to apply
Jordan’s Lemma and neglect the semicircle contribution to the integral. Conse-
quently, we close the integration path in the lower half-plane. This captures the
pole at & = wy, so

IF+Ip:—(27Ti)ZResf(z) =  Ap(z)=AT(z) fort >0,

since we can deform the path to make it equal to —C';.. We show the integration
path below.

—_ —— —_—— —_—
Wk
]1" = 0

Case t < 0: We leave as an exercise to the reader to verify that

Ap(z) = A™(z)
Also note that
1 O+ m?)e k=
F

1 .
- _ dD —ikz _ _5(D) ,
(QTI')D /CF re (£)7

where in the last equality we have used that Cr lies almost on the real axis and
the Fourier transform representation of the Dirac delta in distribution theory.

5Note that, leaving aside the exponential factor, the integrand decays fast enough at infinity
to be eligible for applying Jordan’s Lemma.
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General solution to the KG equation with external sources

(Otm?)F(z) = — () = — / 2Py F()6P) (z—y) = / dPy F(y)(O+m?) Ap(z—y)

= @)= [ d°y 1) rle - ) + A" (@) + BA™ (),

y A
Particular Solution omogeneous solution

where A and B are arbitrary constants.
Other possibilities: Retarded and Advanced

We can also define the retarded and advanced propagators (among other
possibilities, see [2], for instance)

1 5 e—ikw
Barl) =555 | R
AR

where A A A
R — ) R — 07
t>0_>{AA:O. t<0_>{AA:—A. (4.32)
—Wp Wi
—Wk Wi
We obtain

Ar=0)A,  Ay=—0(-HA = Ap—Ay=A.

Show that

(O, +m?) Ag(z —y) = —6P)(z —y).




66 Materials Antonio Pineda

Alternative expression for the Feynman propagator

We can infinitesimally move the position of the poles as follows

. —wg 411
7\"‘”7 n—0

L\ - ~>

‘ A

‘ Wi — M

This ensures that we can treat the four components of k* as real variables and
rewrite the Feynman propagator in the following way:

1 efikz
A = Pk — 4.33
r() (2m)P /RD k? —m?2 +in’ (4:33)

where the n — 0 limit is understood. This is the standard expression used in
perturbative computations of the S-matrix. Let us end by emphasizing that k°
here cannot be interpreted as the physical energy of the particle, since k° # wy,.

4.2 Symmetries

We have chosen to postpone the discussion of symmetries and Noether’s theorem
until this point, even though part of it could have been addressed at the classical
level in Sec. 1.3. The main reason for doing so is that now we can also develop
the quantum version in parallel.

We will use the real KG field as a template, although the methodology will be
general.

Field Redefinition (Transformation)

We consider a Lagrangian density L£(¢) (for simplicity we omit derivatives of
the fields, or any explicit x dependence). We are always free to make a field
redefinition (a change of “coordinates”) as follows:

¢ =¢+00.

We define the Lagrangian associated with the new field as
C6)=L@) = S= [doe)= [der).

If ¢ is a solution of the EoM of £(¢), then — ¢} is a solution of L'(¢').



Introduction to Quantum Field Theory Materials 67

For Lagrangians that depend on, at most, first-order derivatives,® we define the
following shorthand notation for the E-L operator:
oL oL
L, =——0,——.
o =56~ %560
We then have (0.5 = 0)
[Llpy =0 = [L]y =0,

Nevertheless, not all field redefinitions are considered to be symmetries. We
provide a definition of symmetry below.

Definition

A transformation ¢ is a symmetry of the action if for every ¢ solution
of the EoM,
£y =0 = [£]

We emphasize that the Lagrangian has not changed.

4.2.1 Noether’s Theorem (for continuous symmetries: Lie
groups)

Noether’s theorem provides a powerful link between continuous symmetries and
conserved quantities:

e It gives a sufficient condition to determine whether a field transformation
is a symmetry.

e [t also determines the associated conserved quantities (also called charges)
related to these symmetries. These conserved quantities are constant in
time. In some cases, but not always, they will commute with the Hamil-
tonian. Recall that this last condition is required for obtaining a complete
set of compatible observables. This is not the case with all generators
of the Poincaré group. In practice, this means that such operators will
exhibit some explicit time dependence.

Let us consider a Lagrangian density £(¢(x)) and the associated action
S = / dPx L(9).

We consider a transformation ¢ — ¢ = ¢ + d¢ and the new action
S = /deE((b’).

60therwise, we should generalize this definition.
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We minimize the action in both cases
05 =0, 55" =0.
Using
5= [ale(@) - L) + [ aw o)
If the Lagrangian changes by a total derivative
L(¢) = L(¢) = 08",
and the fields vanish at infinity, then

[ Paie(@) - £ =0, (4:34)

and both actions yield the same EoM. This is Noether’s result:

Noether’s Theorem 1st part

A sufficient condition for a field transformation d¢ to be a symmetry is

L) — £(9) = 9,00 (4.35)

The second part of Noether’s theorem states that there are associated conserved
currents for every continuous symmetry. Let us derive them. We expand the
change in the Lagrangian to first order under a small field transformation:

oL oL
L(¢)—L(p)=0L=—0¢p+=——0(D
oL

oL oL
= 960 T O (WM) - (a”awm) o

oL oL oL
- [a¢> O (f%%)] o0+ 0 (a@m) ‘5"5)
(1255) 8HQ‘U’.

where we have used §(09,¢) = 0,0¢. We emphasize that d, in the expressions
above is a total derivative (acting on the fields and on the explicit z dependence).
All the above equalities are identities except the final one, which is the condition
for the field transformation to be a symmetry. Overall, we have

oL
+ — 9 —Q* | =0.
(L]0 + 0, (8(6,@) Y0 > 0
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If ¢ satisfies the EoM, i.e., [£]s = 0, then we get
oL
Oy | =00 — Q“) =0,
* (3(%@

and

oL
9(9u9)

is a conserved current. If the fields are solution of the EoM, we have that

Jt =

S5 — Q¥ (4.36)

8,.J"

—0. (4.37)

¢—sol. EoM

In the general case of fields with an extra quantum number A (which could
either be internal or associated with the Poincaré symmetry), one has

B oL
JH = XA: maqu —Qr, (4.38)

From this result, and for fields that are zero at (spatial) infinity, we can also
write the corresponding Conserved charges:

Q= /ddx JO(t, %),

i.e., they are time-independent:

d 0 | o
aQ _ [ 97 _ /ddxaif - —/ Jide! = 0.
dt at )% O(f)C)ﬁU

Note that the conserved charges are defined up to arbitrary multiplicative con-
stants.

Discussion about Total Derivative Terms in the Lagrangian™*

e CM

We first discuss the case in CM. We consider a Lagrangian modified by a
total time derivative term

. . d
L'(qj,4,t) = L(g;,45,t) + %F(qj»t) :

"This discussion is not fundamental for the purposes of this book, and could be skipped in
a first reading.
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Such a term does not affect the EoM. Let us check this out.
d
GE%F(qj,t)= F(g;,t +Zq]a (1)

Since
oG _ 0
9q;  9g;
we get that the E-L EoM

F<q]7t)7

o doc
aq]' dtaqj o

applied to G is nothing but an identity:

doF 0 dF

— =0 due to the commutativity of the derivatives).
dtdq;  Oq; dt ( Y )

e Field theory

We now consider

Qf = Q(z, ¢).
The generalization of a total derivative is
QM

G= 839“(35,(;5) =0, (z,0) + s

-

Since

oG oOH

0(0,0) 90

we get that the E-L EoM,
oL T oL
9o " 0(0u0)
applied to G is, again, nothing but an identity:
0 ,.r o o o ot o
QO T = — Q
¢ (8 ) O < ¢ ) 060z Oz’ 0¢

due to the commutativity of the derivatives.

:07

—0" =0,

e One can write a more general expression for 2,,:

Q= Qlz,0,0,,...),
but then the E-L. EoM must be modified accordingly.
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4.2.2 Translations

Let us apply Noether’s theorem to translations. A space-time translation acts
as
ot — 't =zt + far.

For scalar fields, the invariance condition is
¢'(a") = ¢(z),

which means that both observers assign the same numerical value to the field
V z. In the quantum theory, the equality should be understood at the level of op-
erators (one obtains the same numerical values for all possible matrix elements).

The invariance condition can be written in the following way

¢'(z) = ¢(x — da), (4.39)

which is more convenient for us. Expanding to first order in da, the variation of
the field is (see also Sec. 1.4.4)

9¢

0(z) = ¢'(z) — #lz) = ¢'(2" — ba) — P(z) = ¢'(a) —ba" 50 —

(x) = —0ad"0,0.

We now consider variations for one of the specific coordinates

019 = — (9y9) dal, (4.40)

where there is no summation convention when we write [y, i.e. p is fixed: We
perform a translation for each direction.

Now, let us compute the variation of the Lagrangian density £(¢,¢ ,;z). We

obtain or or
Ok = 550me+ 5 0, ¢)a o 014) -
Using the variation d¢ = —5a[”]8[y]¢, we get
oL oL
= = — (1]
Bl = g (Z0ueda") + 5 (90 (~0a6) da) (4.41)
oL oL
O+ ———— 0 SaM= — (8T 1) §al™
< 95719+ 57,52 ( wf))) : (9.£)

If £ has NO explicit x-dependence: £ = L(¢, ¢s,)
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With the label T" in 83, we want to emphasize that it is a total derivative, which
can be rewritten in the following way:

Sy L = —0F (L7 0al) | (4.42)
so it satisfies Noether’s condition for symmetry: 6L = 9,Q".

Let’s now determine the current. The above expression can also be written as:

oL oL oL
Ol = =0 —0,01,10 = [L]0 o | =—0 : 4.4
Wl 90 We + 67¢>ma w¢ = [£]opgo + 0 <0¢/g [u]@b) (4.43)
By combining Eqgs. (4.42) and (4.43), we obtain
oL o skl
[£]644¢ + 0o %cmﬁ + L70a" ) =0, (4.44)

and the conserved current reads

. oL ” oL .
Jiy = (=6 ¢dal) 0 + L57,0al = — <8%5M¢ - &sM> sa. (4.45)

Remark: This current can be multiplied by a constant, if desired, without
breaking the conservation condition.

Energy-momentum tensor (Noether’s current associated with space-
time translations)®

oL
b1

This expression holds true for any arbitrary interacting theory made of
KG fields with a Lagrangian density of the form: L£(¢, ¢,,).

T =

b — L.

%It transforms as a tensor with two indices under Lorentz transformations.

Generator of Translations

From the energy-momentum tensor T+, we obtain
Pt = / d'x T

These are the conserved charges associated with translational symmetry.

In the case of a free scalar field, we have

T = (0"9)(0"¢) — g™ B(W)(M) - %m%g
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It is easy to see that P® = H°. It can also be written in terms of creation and
annihilation operators (see Eq. (4.10)).

For the spatial momentum operator, we have
P = /ddx(aogb)(a%).

Exercise

Show that
pP—— / d'x $(x)V(x) = / dk k' (k)a(k). (4.46)

Note that in this case, unlike for P°, there is no need for normal ordering
to get this result.

Exercise

Show that P* are the generators of translations.
Solution
We first consider how the creation operator transforms under translations

af(k, \) = P 6l (k)e PP =7 (4.47)

We expect this quantity to be proportional to a'(k) up to, maybe, a phase
factor, since the state does not change under these transformations.
Similarly to the time evolution discussed previously in the NR case or for
KG, a'(k, \) can be obtained by generating a differential equation:

z'aieﬂ(k, A) = [a*(k, 2, 15#} = PP [&T(k), Pﬂ} e~ P = kgt (k, N),

A
(4.48)
where we have used X
[Pﬂ,fﬁ(k)} = kal (k). (4.49)
Solving the differential equation, we obtain
af(k, \) = e P af (k)e P = etk gt (k)
(4.50)

a(k, ) = e P a(k)em Ml = emk g (k).
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Exercise (Cont.)

The creation and annihilation operators acquire a momentum-dependent
phase under translations:

al(k) — e"™*al(k),  a(k) = e ™M a(k),

= a'(k)|0) — e+ a1 (k)|0) . (4.51)
We now check how the field operator itself transforms. Given
) = / dk [a(k)e + af (k)eti*]
show that

ei)vf?gg(x)e—i)\ﬁ _ /diﬂ [d(k)e_ik(gﬁ_)\) + dT(k)e+ik(x+>\)] = é(x + A).

NP h(z)e P = d(z + N) |

so the argument of the field operator is changed by the generator of trans-
lations, as one would expect for a translation.

4.3 Complex KG Field
We now consider a complex KG field. The Lagrangian density is given by

£ = (8,6")(0"6) — m¥6*9 = —¢"(0 + m?)o. (4.52)

The discussion now runs parallel with the one we had for real KG fields. There-
fore, we skip most derivations and discussions and only write down explicitly
the most relevant results.

EoM: For the E-L EoM, we get
(O+mHo(x) =0, (O+m*)¢*(x) =0. (4.53)
Quantization: We impose the equal-time canonical commutation relations

0x), 7y =6V (x—y),  [6(x),d(y)] = [F(x),7(y)] =0,  (4.54)

and similarly for the conjugate.
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A

Using 7(x) = ¢'(x), we can rewrite the first commutation relation above as

[6(x), 6! (y)] = 6"V (x — y). (4.55)
and similarly for the conjugate, where we have #f(x) = ¢(x).
Solution to the EoM: The field operator @(m) can be expanded as

) = / dk [a(k)e™ + (1] (4.56)

and similarly

& (z) = / dk [B(k)e_“” +&T(k)e+i’ﬂ . (4.57)

Here we do not impose hermiticity. Therefore, a and b do not have to be equal
(though they correspond to particles with the same mass, as they satisfy the
same dispersion relation).

Commutation Relations: The canonical quantization imposes the following
non-zero commutators

[a(k), a' (k)] = 2wi(2m)76') (k — K),

(b(k), bt (K')] = 2wy, (27)?6@ (k — K'). (4.58)

All other commutators vanish
la,a] = [af,al] = [0, 0] = [b',01] = [a,8] = - - = 0.

Two-particle Interpretation: This formalism introduces two operators: «a
and b, suggesting the presence of two kinds of particles with the same mass. The
natural question is

How can we distinguish them?

The answer lies in the symmetries of the Lagrangian: the theory has a global
U(1) symmetry, which according to Noether’s theorem implies the existence of
a conserved charge.

We explore this symmetry and its associated charge below.
Global U(1) Symmetry and Conserved Charge

The Lagrangian of the complex KG field is invariant under global U(1) trans-
formations (see also Exercise 7 in Sec. 1.3.5)

d(x) = €P(x) = ¢(2) +dg(x),  ¢"(z) = eT¢ (x) = ¢*(x) — 59" (x),
(4.59)
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where the infinitesimal variation is

3¢ = iagp(x), " = —iag*(x). (4.60)
This transformation leaves the Lagrangian invariant:

L'=L(¢,0,0) =L(6,0,8) = 90" =0. (4.61)

Noether’s Current: Using Noether’s theorem, we can derive the conserved
current associated with this global U(1) symmetry:

oL oL
Lo
7= 50,0 " 30,0

56" = ia [(0"¢") — (0"9)¢] = —ia <<z>*é7‘<z>> .
(4.62)

Noether’s Charge: The conserved charge (integral over the time component
of the current) is

Q= / dix j0 = —ig / dx [dﬁqﬁ - ¢'>¢T} . (4.63)

Note that the normalization is arbitrary. We choose this one for convenience.

Exercise

Operator Form of the Charge: Using the mode expansion of the field
operator show that

O=gq / dk [&T(k)&(k) - bf(k)i)(k)} . (4.64)

This charge distinguishes particles created by a' (charge +¢) and those
created by b (charge —q).

J

Number Operator: We can also define a number operator that counts both
types of particles regardless of charge

N = / dk [a*(k)a(k)+éf(k)z3(k) : (4.65)

Charge and Number Operator Eigenstates

We now define the one-particle states associated with the creation operators as

k) =af(k)|0), k), = bf(k)|0) . (4.66)

a
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Action of the Charge Operator: The charge operator acts on these states

as

Q1K) =a [ dF [af1)a(e) ~ B10)30¢) | al (1) 10) = +q k),

Q k), = —q/k),

Action of the Number Operator

Nk, =1lk),,  Nk),=1]k),. (4.67)

Interpretation: The operator Q) distinguishes between particles of

e Equal mass.

e Opposite charge.

Commutators and Microcausality

e One can show that the field commutators satisfy

[6(2),0'(y)] =0 for (z—y)?<0.

This yields microcausality for complex KG fields.

e We also have

{&(@»é(y)] =0 always.

4.4 Wick’s Theorem and Contractions

Wick’s theorem relates time-ordered operators with normal-ordered operators
plus Feynman propagators. This theorem will prove useful when we compute
the S-matrix in perturbation theory.

We consider (relativistic) fields that are linear combinations of creation and
annihilation operators: ¢ = ¢(*) + ¢(=) with ¢(*) ~ & and ¢() ~ af (or ~ b if
the field is complex). We will discuss both relativistic bosons and fermions.

Definition. Time ordering

We now give the general definition of the time ordering operation on n fields:

T{Al(ml)A2(fL‘2) o An(xn)} (468)
= Z (*1)7)”9(7501 - toz) e g(tanq - tO'n)AU'I (36(,—1) e Aan ($U7L) :
B

(—1)"7 stands for the fact that a (-1) factor has to be introduced each time two
fermion fields are permuted.
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Definition. Normal ordering (general)

¢ =M 4+ ) (4.69)

where 55(“ = annihilation and ¢(~) = creation. leen fields Q R,...,W made
up of ¢, then

CQUWRMSE) T = (—)PSE)  QWRHOTE ~ (afal .. ah)(a. .. a),

(4.70)
where P is the number of permutations (for fermions).
Notation. Contraction
We define the contraction of two fields as
A .
Alw))B(a2) = (01T {A(e)Bz2) } 0) - (4.71)
Notation
- | — 11
ABCDE,...,JKLM ...:= (-1)"AKBCEL:DF,....,JM,...:
(4.72)

where P is the number of permutations (for fermions) needed to reorder the
terms in the left-hand side to match the order in the right-hand side.

Wick’s theorem for two fields

Exercise

Consider the fields A = A® + A©) and B = B + BO) where the (+)
and (-) denote the terms proportional to the annihilation and creation
operators, respectively. Prove that

T{A(zl)é(l’g)} = A1) B(z2) : +<0|T{A(a;1)3(x2)}\o>
= A(z1)B(xs) : +A(z1)B(x,) (4.73)

for both bosons and fermions.

For three fields

T{A(xl)B(xg)C’(xg)} = Al2)B(as)C(a3) - (4.74)
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Wick’s theorem (general)

all different contractions
T {ABOD . WXYZ} - AB(i‘/D L WXYZ: (4.75)
+:ABCD .. WXYZ:+...+:ABCD .. WXYZ:
+terms with two contractions -+ - - -

4.5 Exercises

1. Rewrite the generators of the Lorentz group of the real/complex Klein-
Gordon field obtained in exercise 7 of Sec. 1.3.5 in terms of the creation
and annihilation operators.

2. Determine
if

3. Consider the operator:

Ki=—i / dika’ (K)wy, ( a%d(k))

and compute (7?2 = 1)

ixn-K A —ian-K ez)\n‘KdT(q)e—zAn‘K

e a(q)e
to order \. If possible interpret the result.

4. Compute X R
[6°(2), °(y)]

for space-like distances.

5. Number operator in the relativistic theory.
a) Using Eq. (3.33) for a spin-zero particle show that

§=i [ atx (390 (5690 ) - (5600) 600

b) If we define

5ot =i [ atx (600 (5690 - (567@) 8w

compute and interpret [Ny (£), 6 (¢, x)] and [Ny (t), Ny (t)].
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6. Charge operator in the relativistic theory.
a) Using Eq. (4.64) show that

Q=-ia [ ax (55 @) ét) - (00 d'o)

b) If we define

Qv = —ia [ i ( (5@ dto) - (560) (o))

compute and interpret [Qv (t), ¢1(x, )], [Qv (t), Qv (t)], and [Qv (¢), N] .
7. Consider the operator P = PP, where (n, = £1)

LT
—7—

P = exp[ . / dfc&*(k)&(k)} and P, = exp [ignp / d/%af(k)&(—k)]

and compute

8. Consider the operator
C = exp {—zg / dk (a*(k)a(k) — a'(K)b(k) + bT (k)b(k) — bT(k)d(k))}
and compute
C%, Cak)C', Cbk)CF, Caf(k)C!, Cb(k)CT,

Co(z)Cf, CPC', CHC'.
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5 S-matrix (interactions)

As we have already emphasized in this book, QFT is nothing but quantum
mechanics. The description of any physical process is made via the evaluation
of the appropriate matrix element. There are three pictures that are used to
compute them. We recall them and discuss their advantages and disadvantages
for a QFT.

We begin by working in the Schrédinger picture:
e Initial state: |o,t')g
e Final state: |3,1)¢

We are interested in the following matrix element!

s(B U ), t)g, Ut 1) = e (5.1)

This matrix element describes the evolution of the state |«,t') with time and
the projection onto the state |3,t). From this we can compute the measurable
quantity:

S(B O ) t)s| (5.2)

which is the transition probability. We are particularly interested in computing
this in the limit

t— +oo, t'— —00.

We now want to discuss what these quantities look like in the Schrodinger,
Heisenberg and Interaction pictures.

Observations:

e Schrodinger: More intuitive (our starting point and the starting point
in standard quantum mechanics courses). We tend to think of the system
(us and the universe) as a state (or a density matrix) in a Hilbert space.

I'The time evolution operator U(Li, t') should not be confused with the general unitary
representation of the Poincare group U (A, a). On the other hand, it should also be noted that

0(t,0) = U(L,—t).
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e Heisenberg: States do not evolve in time; time evolution is encoded in
the operators. This is more natural for QFTs where time and space are
treated on an equal footing: = = (¢,x). This is particularly relevant in
relativistic theories where we want to keep Lorentz invariance explicit.

e Interaction picture: The interaction picture is a mixture between the
Schrodinger and Heisenberg pictures. It corresponds to the Heisenberg
picture if the interaction term is zero.

— Natural in perturbation theory (when there is a small interaction
parameter).

— Also appears when dealing with asymptotic states (as we will see).
We will set all pictures to be equal at a reference time ¢, (= 0).

Our Primary Definition of the S-matrix

We define the S-matrix element in the Schrodinger picture as

Sse = lim  G(B, UL )|, t)s. (5.3)
t — 400
t' — —o0

Heisenberg Picture
How does Eq. (5.3) look like in the Heisenberg picture? At ¢t =t = 0, we have

/8.t = 0)s = |a/B,t' =0 = |/ B)ns - (5.4)

These states are time-independent. They are often called “in” for o and “out”
for 8 (we discuss why they are called this way later). At different times, the
equalities go as follows:

wl

)y = U, 0) |, ') g = e o, t')

1), = U1(2,0) 18, 1) = e |8, 1) .

In terms of Heisenberg states, the S-matrix element reads?

S = w(Bla)y = (B, outla,in)y | (5.5)

2This is the standard definition for S-matrix one can find in [3, 4, 10] for instance. However,
the definition in [7] is different.
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Interaction Picture
In the interaction picture, the Hamiltonian is split into two terms:
H=Hy+ H; where H,~a'a, H ~alaata+. ...
We take Hy to be quadratic in the creation/annihilation operators and H; to be
a polynomial of degree greater than or equal to three.

The interaction picture incorporates the time evolution associated with H, into
the fields. There is still a left-over time dependence on the states because of H;.

We now want to understand how the time evolution in the interaction picture
relates to the time evolution in Schrodinger’s picture. We start with

6(t)), = Ul (t 1) [0 (1)) s (5.6)

where

ﬁo(t, t()) = eii(tito)go . (57)
On the other hand we have that
W(t)g =Tt () = [@®), = Uit t)UEE)[0())y . (5.8)

Rewriting |1 (t')) 4 back into the interaction picture

[0(t))s = Uo(t', to) [(); .

we obtain R X X
(1)), = Ul (t,t0)U(t, ) Uo (' to) [(F)); -
If we fixtg =0

= [[(t)), = e O (),

This motivates the following definition of the time evolution operator in the
interaction picture:

U](t, t/) — 6it1:[067i(t7t/)1:167it,f{0 ) (59)

It satisfies R
[ (@) = Ur(t,t) [(t));

and the S-matrix reads

S = lim (B, t|U(t, )], t'); .
t — +oo
' — —o0




84 Materials Antonio Pineda

Asymptotic states vs free states vs the S-matrix

By construction, the three pictures are nothing but rewriting in different ways
the same matrix element:

s{OIO%[0(t)s = u(WIO™ () = 1 ()0 ()] (1)1 -

The S-matrix elements have been defined in the Schrodinger picture taking the
t — 400, t' — —oo limit, but it looks like we could have connected with the
Schrodinger picture at any time. This links with the following question.

Question: Does the S-matrix element depend on ¢ and ¢'? It doesn’t seem so
in the Heisenberg picture.

Answer: The answer is no. There is no time dependence. In the way we
define them, the S-matrix elements yield the same result regardless of the values
of t and t' in the Schrodinger picture.

What is the reason for that? This is due to the meaning we give to |o,t')4. In
other words, how do we interpret/define the label “a”? The point is that these
states are characterized at some fixed reference time. In our case, these reference
times are taken to be

t— 400, t' — —00.

that is, the “in” and “out” states. At those times, we take the states to be direct
products of one-particle states, i.e. direct product of

unitary irreducible representations of the Poincaré group.

The states |a,t)q,|3,t)s should be interpreted as describing how these direct
products of free particles evolve up to ¢ and t'. The states |a),,|3)y in the
Heisenberg picture should then be interpreted as describing how these direct
products of free particles evolve up to t = ¢/ = 0. This yields the link between
the free particles we have characterized in Chapter 3 and the asymptotic states
we measure in detectors. This will be the key point below to link with the
interaction picture.

To make this consistent, it is necessary that in the ¢ — 4oco limit, the states
can be characterized by a set of numbers which are time independent. It is here
where the main assumption comes in, which we quantify below.

We first have the following equality

. _ . A + _ . 7 ]L A
|, in) TtEI_nOOU (t,0) |, t>ST tl}r_nooU (t,0)Un(t,0) o, t); -
These equalities hold true for any t.
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Assumption:3
la,t); = |a), as t— —oo (time-independent)

o We switch off all interactions at t — +oo. Therefore, |a) is an eigenstate
of Hy. In the interaction picture, any time dependence of the states is due
to the interaction, which vanishes in the ¢t — 400 limit.

o |o) =a'(pr)at(pz)---al(pa) [0),  [8) =al(ph)al(py)---al(p],)[0).
|, in) = tlim eithog=ith | ) . |3, out) = tlim eith g=itho | B,
——00 —00

We finally obtain

~ A~

Sgo = (B|S|a), where S = Ur(co, —00). (5.10)

The asymptotic states are completely characterized by the unitary irreducible
representations of the symmetry group of the theory. What is left now is the
determination of S. One can first realize that the S-operator is unitary:

St§=588t=1 St=571, (5.11)
For a complete characterization of S , it is convenient to write down the time-

evolution differential equation of the S-operator, which we discuss next.

5.1 Time Evolution in the Interaction Picture

Time evolution in the Three Pictures

Schrodinger
The time evolution of the states in the Schrodinger picture goes as follows

Z% () s = a [¥(t)g, (We take H to be time independent)

= [(1)s = Ut to) [(t)) s, Ult,tg) = 710,
whereas we take the operators to be time independent: Og.

Heisenberg

1)y = Ut (t, to) [(t))g = [¥),, does not depend on ¢ .

3For simplicity, we will always work with a ket /bra notation ({/)), even for the asymptotic
states. In [3, 4], the states we denote for |«), the (time-independent) asymptotic states, are
written as |a).
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Schrodinger and Heisenberg pictures are equal at ty. We omit the dependence
on ty below. Then,

These are the time-evolution equations if there is no explicit time dependence
on Og.

Interaction
The time evolution of the states has been discussed before. For operators, we
have

Ol(t) = UL (t,t0)O°Us(t, o) ,
or, in its differential form,

oA AL F
i0'(t) = [0 (), H.

These are the EoM we had for the KG field in Chapter 4.1. Alternatively, they

can also be interpreted as time translations:

=P 3(0,%) 7P = dy () = dr(x),

where the last equality holds for free fields (]30 = ﬁo). Note that states and
operators are set to be equal at a fixed time ¢q = 0.

We now want to give an explicit expression for the time evolution operator
Ur(t,t'). To do this, we compute its derivative

d

o d o e NE i B
Z*U t, t/ S eltHoefl(tft )Hef’bt Hy
L5(t.0)

dt

After applying the chain rule and using commutator identities, we find

d ~ . R
iUt ) = H{ (Ui (1,),

Hi(t) = et fr =it (interaction Hamiltonian in the interaction picture).
Integral Form. We can write this equation as an integral equation:

t
Oyt t) =T —i / dr B Ur(r. 1)
tl
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We can now solve this equation iteratively (Dyson series)

U](t,tl)_ﬂ—i/ dTHI /dTl/ dTQ 7'1 (7’2)—‘!‘"'
t’ t/

i—z /dﬁ/ dry - - / dro Hi (1) --- HN(7,) .

The nested integrals impose the ordering

T >Tg>--+>T, = time-ordering!

Dyson Series and Time-Ordering Notation

We can express the Dyson series using the time-ordering operator 7. This
allows us to write

O, 1) = n' /dl /ﬂdﬂl ) B} 612

n=

which, in compact form, becomes

Oy(t.1') = T exp <—i /t Lo ! (ﬂ) , (5.13)

where the operation T' (an operator acting on the set of operators that act on
the Hilbert space) ensures the product is time-ordered:

T { () ()} =

IA{II(Tl) AII(TQ), if T > Ta,
H{(TQ)H{(Tl), lf To > T1.

Summary: The full evolution of the system in the interaction picture is gov-
erned by

(1)), = Ur(t, ) |[9(t)),, U(t,t') = T exp <—z/t dr FI}(T)>

and

S=T {e-iffif d“ﬁfr’(ﬂ} . (5.14)
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If the (interaction) Hamiltonian can be written in terms of an (interaction)
Hamiltonian density:

HL(t) = / d'x H(z), (5.15)

the S-operator can be written as:

S—=T {e—l’fd%ﬁf(x)} . (5.16)

5.2 Motivation for Causal (free) Fields

Asymptotic states are naturally characterized as direct products of one-particle
unitary irreducible representations of the Poincaré group. The quantum numbers
of these depend on the momentum. Furthermore, the S-operator is a polynomial
in powers of creation and annihilation operators of these states. Therefore, one
may wonder why we should bother constructing fields in position space. As
emphasized in [4], the key reason is that the momentum dependence of the
unitary representations of the Poincaré transformations in momentum space
makes the construction of Poincaré-invariant interaction terms very complicated.
This problem can be overcome to a large extent by using fields with suitable
transformation properties under Poincaré transformations. This is the main
reason we construct fields in position space.

Let us first recall the transformation properties of one-particle states (see Eq.

(3.15)):
Us(A, a)al (p) [0) = P N " T9 (R(A, p))al, (Ap) |0) (5.17)

o

where UO(A, a) is a unitary representation of the Poincaré group for free particles;
T is a unitary representation of the little group for particles with spin j, and
R(A,p) is the Wigner rotation. For massless particles it also has this form but
the unitary representation 7' is a pure phase.

Re%ardless of whether we consider massive or massless particles, we can see that

. depends explicitly on the momentum p. To avoid this problem, we construct
ﬁelds in position space, whose transformations under Poincaré transformations
are z-independent and homogeneous:

Us(A, a) ¥ () Z T (AU (Az + a). (5.18)

These transformation laws formally hold both for massive and massless par-
ticles. We emphasize that now T;; is momentum independent. We do not
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state it explicitly but T will depend on the representation. Moreover, these
representations are typically finite-dimensional. The price to be paid is that
these representations are now non-unitary. Also note that Eq. (5.18) yields the
analogous symmetry transformations to those obtained in quantum mechanics
courses. This is why we have Tj;(A™!), with A~1, the inverse element of the
Lorentz transformation. If we had a vector it would transform in the inverse
way, just as would occur in quantum mechanics if we perform a rotation on a vec-
tor operator such as X — U(R)XUt(R) = R~'X. This should not be confused
with how the argument of the field transforms. For these, the transformation
above is the opposite of the convention we took in Sec. 1.4.3 for scalar fields. If
restricted to rotations, that convention corresponds to the transformations one
would have for a wave function in quantum mechanics: (x|U(R)|¢) = (R™'x|¢).

The general expression for these causal fields can be written as

U (@) =" / dp u(p, 0, n)e ™" Ggn(p), (5.19)

on

where n stands for internal quantum numbers, in case the particle has any.
Eq. (5.18) gives some constraints on the form of w;(p,o,n). For the case of
the scalar particle, the solution is trivial, and we have already obtained it in
previous chapters:

5 (2) = / i (k) . (5.20)

For a general spin, this problem may have no solution. Indeed, this is what
happens with photons (see [4]). We disregard this problem in this book, and
still define photon fields in position space following Eq. (5.19). These photon
fields, however, will not satisfy Eq. (5.18) (see Chapter 7).

One may wonder why the causal fields should be linear combinations of annihi-
lation (or creation) operators. The answer is that this is not compulsory at all.
More complex dependencies on creation and annihilation operators are indeed
possible. Actually, they could even be useful in particular problems, such as
when dealing with photons, gluons or gravitons. Examples include Wilson lines
and the like, or the metric in the case of gravitons. In any case, these nonlinear
operators can typically be understood as functions of the linear operators con-
sidered in this book. Therefore, we will not study such constructions here and
will stick to the standard linear dependence.
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5.3 How to Implement Lorentz Invariance in the S-Matrix

We demand the S-operator in relativistically invariant QFTs to fulfill the fol-
lowing condition:

Up(A,a) SUH(A,a) =S ¥ (Aa). (5.21)

This condition guarantees that the S-matrix is (unitarily) covariant under Poincaré
transformations.

The next point is to determine the conditions that Eq. (5.21) imposes on the
form of the interaction Hamiltonian. Here, we follow the discussion in [4, 3], and
focus on interaction Hamiltonians that can be expressed in terms of a Hamilto-
nian density (see Eq. (5.15)). We now present sufficient conditions on H!(z) to
ensure that the S-operator is a scalar under Poincaré transformations. They are
two, which we now list.

We demand that ﬂf (x) transforms as a scalar under Lorentz transformations:

1) Up(A, a)HE () UL (A, a) = HE(Az + a). (5.22)

Then the full integrand transforms as

A~

Oo(A, a) < / s ﬂ}@)) Oi(A, a) = / 2w H (A + a)
Aata=s! / AP (') = / Pz H (), (5.23)

since |det A| = 1 is the modulus of the Jacobian of a Poincaré transformation.

Condition 1) is not enough. We also need the time ordering to be pre-
served under Lorentz transformations (remember that we restrict ourselves to
proper orthochronous Lorentz transformations). The integrals over space-time
coordinates force us to consider general z# € R* vectors. If 22 > 0 (time-like or
light-like vectors), the time ordering is preserved. Nevertheless, this is not so for
space-like vectors (z? < 0), since Lorentz transformations can change the sign
of 2°. This problem is overcome by demanding

2) [Hi(z),HI (2] =0 for (z—2a')%<0. (5.24)

For theories with scalar particles, this condition is guaranteed if #£(z) is written
as a polynomial of ¢, or its derivatives, because they fulfill microcausality:

[@(2), ¢(a)] = 0 if (w —2')* < 0. (5.25)

This is why we cannot work with ¢(*)(z) separately.
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Conclusion: The building blocks of interaction terms must be specific linear
combinations of creation and annihilation operators

ﬁ;w/dki...aTaT...aa (5.26)

fulfilling conditions 1) and 2).

We have provided sufficient conditions for ensuring Poincaré invariance when
the interaction Hamiltonian is written in terms of a (local) Hamiltonian density.
For theories with only scalar particles this is enough. Nevertheless, there are
more general possibilities. These happen, for instance, if one has massless spin-
one particles. Even though we will consider a relativistic theory of scalars and
massless spin-one particles later, we will not write down explicitly the interaction
Hamiltonian in this case. For a more thorough discussion, we refer the reader
to [4].

5.4 Particles with Internal Quantum Numbers
We define the operator

Q= [ db 3" nal(cmalk.n) (5.27)
This operator counts identical particles weighted by the internal quantum num-

ber n. For example, particles with the same mass but different charge.

For simplicity, we restrict the discussion to only scalar particles.

Exercise: Compute the following commutators

[Q,a(k,n)] = / i’y " n'lal (K, n)a(K ,n'), a(k, n)]

,n/

_ / di S wlat (K, ), adk, m)a(K', n') = —na(k, n),

n/

[Q,al(k,n)] = / di ) " n'lal (K, n)a(K  n'), al (k,n)]

/n/

_ / di 3" n'at () [a(K, '), at (k, n)] = +naf (k, n).

From this, we find

Qaf(k,n)[0) = naf(k,n)|0). (5.28)
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Causal Fields for n = +|q|

We now restrict to the particular case in which n can take two values: n = £|q|.
Then, we can construct four causal fields

X A0) _ a0y At
?)_¢ o ?@:%;N%W
i AN _ 2y
o =0~y Pl = e "~ Ay

Microcausality Condition: The interaction term must be a polynomial in
the causal fields of the form R R

o3+ o)
In principle, any combination (A,B) generates a causal field that fulfills the
microcausality condition (5.25). If we do not have any internal quantum number
we end up with the real KG field

d~a+al.

Question: What happens for particles with internal quantum numbers +|q|?

We already have that
Q.01 =Flal ol 1Q,65)] = +lal 65

To fix which particular combination of QZA)E:_) + 9559_) appears in the interaction
term, we have to impose an extra condition. We demand that

[Q, H] = (5.29)

The free Hamiltonian

A0 = [dbo Y (a0 laaa(h o) + Ok~ <)

o (if they have spin)

already satisfies that [Q, H ] = 0. Therefore, we have the following condition

[Q,Hi]=0. (5.30)

If we define o R

¢ =¢M +40), (5.31)
this field satisfies the requirement of microcausality and transforms homoge-
neously under @)

[qug] = 7‘q|¢v [Q7$T] = |Q| J)T,
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where QBT = ¢E£+) + ¢E(’). Therefore, any interaction Hamiltonian of the form

Hy ~ (¢hme™, (5.32)

for arbitrary power m fulfills the conditions in Eqgs. (5.22), (5.24) and (5.30).
Note that properly placed covariant derivatives could also be incorporated.

We can elaborate on this discussion. Suppose we know of the existence of par-
ticles with charge +|g|. This means that we can measure the charge of the
particle (we may think of them interacting with photons). Consequently, it is
an interacting theory. The only way to have an interacting relativistic theory
is that there are particles with the same mass and opposite charge, = —|q|,
which we refer to as their antiparticles. The Hamiltonian/Lagrangian, or S-

operator of these theories is naturally expressed in terms of QAS = q3(+) + gi?ﬁ’) and
QET = Q%Jr) JquA)(_). For the S-operator, these fields are computed in the interaction
picture. These are nothing but the fields computed using the complex KG free
Lagrangian studied in Sec. 4.3 using the assignments

a(k) — a(k, +lq|), b(k) — a(k, —|ql). (5.33)

This interacting theory possesses a global U(1) symmetry. It is interesting to
emphasize that this theory can also be formulated in terms of real scalar fields.
This could be obvious, as any complex field can be written as a combination of
two real fields: ¢ = %((ﬁl +i¢y) but then the interpretation is that we have two
scalar particles with the same mass and the interacting theory has an SO(2)
symmetry.> The theory in terms of these fields is naturally organized in terms

of vectors (il), and the interaction terms take the form ((¢1, ¢2) <£1> ).
2 2

5.5 Cross Section

We have already provided the general expression for the S-matrix (in the fol-
lowing chapters we will perform perturbative computations of it). The final
remaining step is to relate the S-matrix to observables. We do so in this section,
which partially follows the derivation in [7].

4If ¢ = 0 we say that particle and antiparticle are the same particle. This is described with
a real KG field.

5 Actually, for the case at hand, the symmetry is O(2) = C x SO(2), where C is the charge
conjugation operator.
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Initial state

As we have already mentioned, the eigenstates of momenta are physical ideal-
izations. A more realistic two-particle state would have the following form:

i) = /dﬁl dps f1(p1) f2(P2) [P1,P2) - (5.34)

e For simplicity, we take two spin-zero particles with different masses.

e Wave packets fi, fo are heavily weighted around Py, P.
fi(p1)

Pl P1

e Up to now, we have been working with creation/annihilation operators in
momentum space. Let’s start thinking how things look in position space
by using the real KG field ¢(z).

e Case of a single particle (wave function)

We single out one of the particles of the |i) state

) = / a5/ (p) p) (5.35)

and compute
() = (0] d(x) [4) = (0] d(x) / 45f(p) Ip)
_ / dpf(p) (0] d(x)al (p) [0) = / dpfp)e . (5.36)

e We next see how this relates to (4| N i), i.e. to the matrix elements of
the number operator.

Number operator

The (average) number of particles (of type 7) is given by the expectation value
of the number operator

N = (] N ) = / dpdil £*(0') £ (p) (o) N [p) (5.37)

For each particle, we have

(P'| N; [p) = 2w, (21)46@ (p — p'). (5.38)



Introduction to Quantum Field Theory Materials 99

So,

=3 ddx/dp/ (e-im(ate—ip/x) — (8&”””)6‘”’”)
=i [ dix [dp [ dp' (o) B (-0) ety + )

The wave function is conveniently written as

Y(z) = e P*F(z), with F(z) almost constant in the region of interaction.

(5.39)
F(z)
x
We then get
()] = ¢" (@)e(x) = |F(2)], (5.40)
and the number density becomes
p(x) = 10" () Do) = 2wl + O(F), (5.41)

where [1)|? is basically constant in the region of interaction and F” is small.

We can also define
n=—, 5.42
= (5.42)
as the number of particles per unit volume. Since p(z) is approximately constant
in the interaction region, we have that n =~ p(x), and n represents the density
of states per unit volume.

In the Lab frame, if we take £ = m, we get (we reintroduce index 1 for the
incoming particle)

Prest = 2m1|1/11(x)\2, (543)

and the flux of incident particles reads
o= o= (B) amabia(a) = 2pallia(l. (B

The discussion can also be extended to other spins (see [7]).
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Computation of the transition probability i — f
We define the probability density as
Wy i = |(f, outli,in)]* . (5.45)

Recall that X
(f,out|i,in) = (f|S]q), (5.46)
where |i) has been defined in Eq. (5.34) and |f) = |q1...qw).

We distinguish between the non-interacting part (I) and the purely interacting
term (¢7°) R )
S=0+4T. (5.47)

We take |f) # |i), since in realistic experiments forward scattering is not mea-
sured. Then, the identity part I gives no contribution.

Due to translational invariance

<f’T‘P17p2> = (27T)D5(D)(Pf —p1 — p2)(fIM|p1, P2) - (5.48)

Thus, we have

Wies = / Ay dy dp, dfl £ (Do) f5(P2) Fo(B) fo(P))
(2m)P8P) Py — 1 — p) 2m)POP (W — g — Py) (5.49)
(FIMIp1. pa)* (fIMID), B))

where
(2m)P6P) (p1 + pa — py — ph) = /de eiPrtp2—pi—po) (5.50)

Then,

Wi = / APz dpy dpy df dfl f7(p1) 5 (p2) AP L(PY)  (5.51)
X (I MIPr, po) (1M, ph)e i we b gima ginaa
x (2m)P5s PN (P — py — po).

Note that fi(p;) is collimated around Py, so we can work as if

fi(p1) ~d(p1 — P1), (5.52)
and use Eq. (5.36). Thus,

Wiei =~ /dec [ (@) Pl (2)* (21) P8P (Pr — Py = Bo) [(fIM[P1, Po)[*
(5.53)
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Luminosity Density

We define the luminosity as

L= [ @@ Pl
and the luminosity density as

L = (z) P [va() .

This quantity is specific to the experimental setup. Instead, we would prefer
to work with quantities that are independent of the particular characteristics of
the experiment being used. We discuss this in what follows.

Probability

The probability that the initial state ¢ goes to a bunch of final states f for a
portion Ay of the phase space of each f channel reads

Pa = dQ Wi, (5.54)

where |f) = |q1...dn), Y is the sum over a partial set of channels, and dQ =
f

[]dg; refers to the integration measure over the three-momenta of the final state
i=1
particles.

We can then define the differential probability for a given channel as
dP = dQWy.;. (5.55)

The fact that ¢ (z)|*[)2(x)|? is approximately z-independent in the interaction
region, naturally leads us to define the density probability per space-time volume
unit:

dP
m = [ptarget] [ﬂuX faCtOI"] dO—, (556)

where ((f|M|i) = (q1...qn|M|P1,P2))

do = (2m)P6P)(Pp — P — P2)7| iﬂﬁmzdg (5.57)

This separates the experimental setup from machine-independent quantities.
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The above derivation has been done in the Lab frame. This information is
encoded in the factor 4m,|P3|. We can write this factor in an explicit Lorentz
invariant way by using the following equality (s = (P, + P)?):

4 |Pol = dmy [ B3 — m3 = 44/ (Py - Po)2 — mim3 = 2\/A(s,m3.m3) . (5.58)

The last equality is explicitly Lorentz invariant, and can be written in terms of
the Kdallén function:

Mz,y,2) = 2° +9° + 22 — 2oy — 222 — 2y2. (5.59)

In the center-of-mass frame, it simplifies to

4VE*—m* ~s— /s> vVm? (high energies). (5.60)

The differential cross section is defined in a general reference frame as

1
2
TN, i) )

do = DY Py — Py — Py) [{fIM]i)[dQ . (5.61)

The total cross section reads

2
0_2)\1/2((s7rm i o X [aQaE = A= R lLMi P

pol(1,2) pol(f)

(5.62)

Here, the notation > represents the average sum (via the density matrix)
0l(1,2

over the polarizatior];s (of %he initial 1 and 2 particles. This averaging is necessary
when the preparation of the initial state is incomplete—that is, when only the
momenta are specified, but not the spin of the states. dQ = dq§idgs ... repre-
sents the Lorentz- invariant phase space integration measure of the final-state
momenta. The factor 2 -1 is included in order to avoid double counting should we
have n identical partlcles in the final state. If there are multiple sets of identical
particles, a separate factor should be introduced for each set, such as i nlz!,
and so on.

The expressions above depend on the normalization used for the incoming par-
ticles. The present derivation has used Eq. (3.29), the normalization for bosons.
For fermions the normalization is different. The resulting expressions in this
case can be found in Appendix A.3 of [7].
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5.5.1 Decay Width (rest frame)

The derivation is equal to the cross section but the initial state only has one
particle.

i) = [ dpa f(Pa)IPa)
Pa=)" / dQWyey,  dP=dQW;. (5.63)
! A

% = [(@)PEm)PsP(Pr — P |(fIMIPL]? dQ
= 2ma|e(2)|*(2m)P 5P (Pr — o) [(FIMIPL)[
_ L (5.64)

where p = 2mg | (x)]* and

dr' = (2m)P8P (Py — Po) [(fIM[P,)|” (5.65)

The decay width for a particular channel reads

(D)
o= G55 [l o7 (7320 ) i
pol a pol f
(5.66)
where > is the average over polarizations of the initial particles. It has to be
pol a

introduced if we do not know its initial polarization. »_ corresponds to the

pol f
sum of the polarizations of the final states. It has to be included if we do not

measure the polarizations of the final states, or if we measure them and sum over
all possible states with different polarizations. As in Eq. (5.62), we have to add
# factors to the total decay width for each set of m identical particles we have
in the final state (note that the total number of final particles could be different
to the number of final identical particles, or that we could have different subsets
of identical particles).

The total decay width is the sum of the decay widths of all possible channels.
[(a — all) = Z I'(a — n). (5.67)

channels
Finally, branching ratios are defined as
I'(a—n)

Bla=n) = 55

(5.68)
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5.5.2 Phase Space Integrals

When considering cross sections or decays, we will have to compute integrals over
the phase space of the particles of the final state. In this book, we will typically
consider two-particle final states. We will always assume that we have azimuthal
symmetry. For the cross-section, we will have the following configuration (p; and
po are incoming, and p3 and py outgoing):

b1 ﬂx/\:
/ >
P4

Figure 5.1: Symbolic representation of a 1+2 — 344 scattering.

where the lines could represent equal or different particles. Generally, the matrix
element square will depend on @ only. If the matrix element square is indepen-
dent of the angle of emission, the phase space integral factors out, and merely
corresponds to performing the following integral:

Exercise

Compute the following integral (p7 = m? > 0):

d"p, d'ps
i = D) (py — py — p3).
! / G2k, @n)2E, PP )

Hint: The integral is invariant under orthochronous Lorentz transforma-
tions.

J

This integral is considered in Sec. 6.1.1, where we consider the scattering of two
mesons at tree level in what we name a \¢* theory.

I is also the integral that appears in Eq. (5.66) for the decay into two particles
if the initial state spin does not have a privileged direction, either because it is
a scalar or because we average over the polarizations of the initial particle.

If the matrix element square depends on 6, we cannot use I;, but we can still
partially perform the integration over the phase space. One then obtains the
differential cross section over the differential solid angle, which one traditionally
writes as

do

Q-
Examples of these computations in the center-of-mass frame and in the Lab
frame can be found in Secs. 6.2.1 and 10.2.1 respectively.

(5.69)
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To avoid the frame dependence of these results, one may also consider writing
the differential cross section in terms of ¢ = (p; — p3)?, rather than in terms of
f. The result would then be explicitly Lorentz invariant. The differential cross
sections in terms of ¢ can be written in the following way:

do (27T)D /
R dps dps6P) (ps 4+ pa — p1 — p2)
dt — 2N/2(s, ml,mg)pol%” polz (5.70)

x0(t = (p1 —ps)?) [(FIMIDI,

and the total cross section would read (up to a symmetrization factor for equal

final particles)
do
dt— . 5.71
o= [ a5 6.11)

The integral over the phase space can actually be performed by using the fact
that

Exercise

d’ps d'p,
I, = ot D — St — . 2
’ / Gr)R2E, Er)2E," P P2 ~Ps = Pa)o(t = (b1 —ps)")

s 1

= . 5.72
2(2m)d A\1/2(s, m3, m3) (5.72)
This allows us to write Eq. (5.70) in a more compact way:
do 1
et 5.73
dt 1671')\ (s,m%,m3) Z Z [(F1MIE)] (5.73)

pol(1,2) pol(f
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6 Interaction (examples): o and i

1 We consider an interacting theory between scalar particles (one may think of
these scalars as Higgs bosons or some hadronic mesons). We have

L=Lo+Lr,

with 1 1

Ly = 5(845)2 - §m2¢>2, Lr=F (). (6.1)
We restrict ourselves to the case where L; is a purely self-interacting term and
contains no time derivatives. Therefore, if the theory is Poincaré invariant,
the interaction must be a pure function of ¢ (typically a polynomial). In this
situation, we can easily go to the Hamiltonian formalism. The reason is that
the canonical conjugate 7 of the interacting theory is the same as the free field
case: 9 or

== =, (6.2)
o 0¢

This basically makes the relation between the interaction Hamiltonian term and
the interaction Lagrangian term trivial:

H=mp—Lo—L;=Hy—L;=|H=—L] (6.3)

so the S-matrix operator reads

S=T {eif f“ﬁm} , where Ll(z) = F(¢;(x)). (6.4)

As we mentioned in the previous chapter, ¢;(z) = eiHOQJO(b(X)e*iHO“”O are nothing

but the free fields we obtained in previous chapters for the real KG field:
b1(z) = / dF (% a(k) + **al (k) (65)

The Lagrangian density £;(¢;) has all possible combinations of @ and af. We
want to calculate (3]S|a) where |a) = a'a’...|0) and (3] = (0| aa... . Therefore,
a generic contribution to the S-matrix would have the following structure:

(0|(aa---a) [aa’---aaa'] (a'a’---a')|0). (6.6)

'For simplicity, we omit introducing the ~ notation for the operators in this chapter, and
also explicitly set D = 4 in the rest of the book.
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The point is to look for non-zero contributions to the S-matrix and to have an
efficient way to compute them. In this respect the following result is important:

Exercise

Prove that
(Olga---aa’---al=0 m<n; (6.7)
H/—/
aa---aal T]0)—0 m>mn; (6.8)
Hf—/Hf—/
(Olaa---aa’---a’|0)=0 ifm#n. (6.9)

Therefore, it turns out to be convenient to write the interaction terms in a
normal ordering way: ~ (af---af)(a---a). This is what Wick’s theorem does
(see Sec. 4.4). It relates T-ordered operators with normal-ordered operators
(plus contractions).

6.1 Meson-meson Scattering (\¢')

We now consider a particular interaction term:

A 4

o (6.10)

)\4 _)\4 I _
—Seh Mi=geh H =

¢r is given by Eq. (6.5), the KG free field (we will omit the / index in the
following).

We aim to compute the elastic meson-meson scattering at tree level. The initial
and final states read

i) = a’(p1)a’(p2)]0),  [f) = a(ps)a’(p4)[0), (6.11)

with p3, ps # p1, P2 (we assume there is interaction). The S-matrix reads

(7l = i8] [ dot)

—z.ﬂ/# (6 + $) D + 6B + 6O (B + )],

Spei = (fIT{e I 20 i) — ) +0()

(6.12)

We will use this computation as a first template to illustrate how a diagrammatic
representation of the computation can emerge.
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Feynman Rules in Position Space (¢* Theory)

1. Fundamental Diagram Components
e Interaction Vertex: The interaction term ¢?(x) in the Lagrangian
corresponds to a vertex where four lines meet. Symbolically, we draw
it as below. Nevertheless, the Feynman rule corresponds only to the
dot. We put the lines for convenience, to indicate how many lines it
has to be contracted with.

ﬁ]: —%(ﬁ4(l') =

e Propagator: The contraction of two fields, (0|T{¢(x)o(y)}|0), cor-
responds to an internal line (the Feynman propagator iAr(z — y))
connecting two vertices, x and y.

(OIT{6(2)6(1)}0) —s———s

e External particles: An external incoming particle will be repre-
sented in the following way

and, similarly, for an external outgoing particle:

k

2. Scattering Diagram. A S-matrix (f|S|i) is given by the sum of
Feynman diagrams. Each one of them is represented by connecting ver-
tices, propagators and external particles. The latter are fixed for a given
physical process (initial state |i) and final state (f]).

Important Note (“No dots alone!”): The dot of the vertex has four
“legs”, one for each ¢ field of the ¢*(x) vertex. Each field looks for some-
thing to contract with. The contraction can be either with the asymptotic
states or with other fields of the interaction terms. In both cases legs are
generated. In the latter case, these legs become propagators, in the former
case external legs.

A diagram is connected if all its parts are joined. The relevant contri-
butions to the S-matrix come from connected diagrams (recall that the
initial and final states are different).

We now proceed to compute Eq. (6.12). Since we are working to O(\), all fields
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are located at the same point in space-time and we cannot (naively) apply Wick’s
theorem. Still, it is possible to organize the computation in terms of normal-
ordered contributions plus/times propagators. The qualification in this case
is that the propagators are computed at zero distance. One might wonder how
Feynman propagators may show up, since there is no time-ordered computation.
The reason behind lies in the following exercise:

Exercise

Show that

1
lim 6(2)6(0) = lim (O[T {()6(0)}[0) (6.13)
= @0,600) = [ b

1
—_ = .
R4 kQ—mQ-l-m

As follows from this exercise, this quantity is infinite. This is a problem. Nev-
ertheless, let us see if this is a problem we have to address in this book.

The commutators appear in the computation when trying to get a normal-
ordered expression. Then, using the result of the previous exercise, one can
relate these commutators at zero distance with Feynman propagators at zero

distance. The diagrammatic interpretation of liné ¢(x)p(0) is a propagator where
z—

the initial and final points are located at the same point. This is represented by
a closed loop. Pictorially, what we have is the following:

0 z=0

These objects appear wherever we have contractions within the vertex. We have
1

two possibilities at O(\). One is to have two contractions from terms like ¢ppoo.
This generates a constant term in the interaction Hamiltonian: § H; ~ c-number
(infinite). The contribution to the matrix element would be number x (f|i).
This is zero when the final state is different from the initial one. The number
is, however, infinite. This is a problem. The actual solution to this problem
goes beyond the scope of this book. Nevertheless, we briefly outline the idea.
The procedure is to first regularize the theory, making the number finite but
dependent on a parameter that diverges as it approaches its physical value. On
the other hand, (f|i) remains exactly zero. Diagrammatically, the contribution
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to the S-matrix would be something like

Leaving aside the external legs, this is an example of a vacuum diagram.

Terms with a single contraction will not contribute to the S-matrix either. They
generate a correction to the interaction Hamiltonian that has the following form:
§H; ~ number x (afa'4+aa+aa'+a'a). The first two terms directly give directly
zero because of Eq. (6.9). The other two generate corrections that, pictorially,
can be drawn in the following form:

)

T

which is zero if the final state is different from the initial state.

We now consider the contraction of the four fields of the interaction vertex with
the external particles. The following connected diagram is the only possibility.
The entire interaction occurs at a single point.

pl : ><

2] P4
We have to consider all possible (non-vanishing) contractions. We need to have
an equal number of ¢*) and ¢(~) (in our case, two of each). Therefore,

Sje = =iy (o) U1 [ @'z 6@ @@ ), (6.14)
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where we have already placed them in the convenient order. This generates a
factor (;) = 4!/(2!2!) = 6 that comes from combinatorics. In terms of creation
and annihilation operators, we have

Spei = —23<0|CL (P3)a(pa) (6.15)

</d x/dkzla (ki) “W/dkz /dk‘ga (ks)e ”W/dk4 )

a (P1)a (p2)[0) .

We then need to compute objects such as the following:

(0la(ps)a(pa)a’(ki)a’ (k)a(ks)a(ks)a' (p1)a’ (p2)]0) - (6.16)

This is done by moving the annihilation operators of the interaction term to
the right and the creation to the left, until both reach the vacuum where they
vanish. In the process, we use the commutation relations. For example:

a(ky)a (p1) = al(pr)a(ks) + (27)32w,, 6P (ks — p1). (6.17)

After commuting all annihilation operators to the right until they hit |0), the
only non-vanishing terms are those where every a is contracted with an af. There
are 2 ways to contract the two ¢*) with the initial state particles and two ways
to contract ¢(~) with the final state particles. For the initial state particles, the
two combinations would read

a(ks)a(ks)a’(p1)af(p2)|0) — (27)*2w,, 6% (ks — p1)(27)*2w,, 6 (ks — p2)[0)

a(ks)a(ks)a’(p1)al(p2)[0) — (27)*2w,, 6@ (ks — p1)(27)*2w,,6®) (ks — p2)]0) .
(6.18)

After integration over ks and k4, both terms give the same contribution. For
example,

ddk ikax —ipax
/ (zmﬁ” (27)° 203, 0% (P2 — kg) = €727, (6.19)
3

This is general. For incoming particles, we get e~ and for outgoing particles,
we get et?s%. The final result is thus

A
Sfez’ = _iZ /d4 ( ip3x zp4$e—zp1:c€—zp2x)
= (=N @m)*0W (ps + ps = p1 — pa) (6.20)

and,

(fITli) = (2m)'8" (Sp) (F| M ). (6.21)
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Then,
(fIM]i) = =\ (6.22)

The above discussion applies to the elastic meson-meson scattering. However,
one of the beauties of QFTs applied to relativistic systems is that the same
interaction vertex relates different processes (different particle content in the
initial and final states). At O()), and within the context of this theory, the
range of possibilities is quite limited. Still, we would like to emphasize that the
same vertex can generate diagrams such as

<

or

4

The first example is one scalar decaying into (the same type of) three scalars.
The second is the generation of four scalars out of the vacuum. Both examples
yield zero due to energy-momentum conservation.? Note though, that this would
not necessarily be so if we are in a medium at finite density or temperature.
There, the medium can supply the necessary energy to produce these particles
out of the vacuum. Nevertheless, we will not study those situations in this book.

6.1.1 Cross-section for Meson-meson Scattering

Now, let us compute the (differential) cross-section:

1
do = (6.23)
/A 4\/(p1p2)2 — m3m}3

X / dp3dpa| (ps, ps| M|p1, p2) ?(27) 6™ (p1 + pa — p3 — pa).
A

2The first example could yield a non-zero result if the interaction term were of the form
¢>1¢§ and mq > 3ms.
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In our case m; = my = m. A stands for a fraction of the phase space such that
there is no overlap in the phase space of p3 and pj.

In the distant past, we have two free particles with momenta p; and ps, and in
the distant future, two free particles with momenta ps and ps. We represented
this situation in Fig. 5.1. Here, there is a potential problem of interpretation:
It is not possible to distinguish between particles 3 and 4. We only know that
one particle comes out with an angle 6, and the other comes out in the opposite
direction with opposite momentum in the center-of-mass frame. Therefore, what
we really measure is the integral

/dﬁ3/dﬁ4—>/ dﬁ:s/ dﬁ4+/ dﬁ:s/ dpy. (6.24)
As As As As

As a result, we have to put a symmetry factor 1/2. Alternatively, we can perform
the computation without introducing any symmetry factor, but then we must be
careful with the phase space integral to avoid double counting. In other words,
we cannot integrate over the whole phase space. This boils down to the fact
that |ps, p4) and |py, p3) are the same state and we sum over both of them when
we integrate over the whole space, producing a double counting.

Let us now compute the phase space integral. The matrix element has spherical
symmetry. This will help us to calculate the integral. We calculate it in the
center-of-mass frame (we can do it in any frame because the integral is Lorentz
invariant).

/dﬁ4(2ﬂ)45(4)(p1 +p2 —ps—pa) = (27)6((p1 + p2 — p3)? — m*)O(P) + pS — p3).
(6.25)

In the center-of-mass frame, p; = (E,p), p2 = (E, —p). The prefactor in Eq.
(6.23) then simplifies to

(B2 + %) —m' = (2B —m?)* = m' = 4B — 4F*m’
AE*(E? — m?) = 4E%|p|*. (6.26)

(p1p2)2 —m

Therefore,

d®ps 1
8Eyp, / o 33 2w3 2m)A28((p1 + po — p3)® — m2)OPY + % — pl). (6.27)

But p{ + pf — p3 = 2E — w3 > 0 since p? + p3 = p% + pY > pY. By writing the p;
integral in spherical coordinates, we have

dQs = |p3ldwsdQls, since dws = d(m) |P3|d| .
’ (6.28)

d’ps _ |ps[*d|ps]
w3 Ws
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Additionally,

1
S((pr4pa—p3)®—m?) = 6((2E—w3)*—p3—m?) = §(4E* —4Ews3) = E(S(E—wg).

(6.29)
Then,
)\2 |p3|dW3d93 )\2
_ E — = dQ;. )
do (27r)28E\p\4E/ y OE-w) =gt (630)
So,
do A2
dQ ~ 64n2s’ (6:31)

where s = (p; + p2)? is the Mandelstam variable, and €2 is the angle of any of
the final particles. The integration over the solid angle can be done in two ways.
We can integrate over the whole solid angle and introduce the symmetry factor
1/2. Then, the total cross section reads

A2 Ar A2

77 64n2s 2 327s (6.32)

The other option is to integrate only over the range 27 fol d(cos()). Obviously,
one obtains the same result. Yet, this highlights that obtaining the correct phase
space region to integrate over — so as to avoid double counting — becomes increas-
ingly more complicated when dealing with more than two final-state particles.

6.2 Meson-meson Scattering (\¢?)

This discussion runs parallel to the one of the previous section with the qualifi-
cation that now

A
L= —§¢3. (6.33)
Again, we want to calculate Sy, ; = (f|T{e'/ “*£1@1 ;) where

i) = a'(p1)a’(p2)[0)  and  |f) = a(ps)a’(ps)|0).

The basic vertex is a 3-point vertex:

Unlike in the previous section, to O(\), we obtain zero.

(fl - /d4l’[,§(l’) 2|i)y =0 (6.34)
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This is because we do not have the same number of a and a' inside the bracket
once it is written in the form (0] ...|0). We need to go to O()\?).

Spei~ AfIT { SE () [ | d4y¢3<y>} o (639)

We have to compute T{¢(z)p(z)p(z)p(y)d(y)P(y)}, and its sandwich with the
initial and final states. We organize the computation by the number of internal
contractions between the vertices:

e The term with three contractions corresponds to vacuum diagrams, which
do not contribute, as we saw for A¢*. Examples of vacuum diagrams are

O

The left-hand diagram corresponds to the case where contractions take
place in the same interaction vertex. The right-hand diagram would cor-
respond to a contraction with the following structure:

— == |
O(x)d(z)d(2)d(y)d(y) o (y).-

r—{:w
e The term with two contractions, like ¢(x)d(x)d(z)d(y)d(y)d(y), also gives
zero because it leads to terms like number x (f|(aa + atat +...)[i) = 0.

e The term with zero contractions does not contribute either, as the number
of creation and annihilation operators does not match once the expression
is written in a normal-ordered form.

e The term with one contraction between two fields of the two different

vertices, e.g., ¢(x)op(z)d(x)d(y)o(y)o(y):

is the only one that will yield a non-zero contribution. We now discuss
this contribution in depth.

The S-matrix element at tree level (first non-zero order) is given by connecting
the two vertices with one propagator and the remaining four fields to the external
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legs:

[ —

9 d*zdy(py, pi] = p(x)p(x)d(2)d(y)d(y)d(y) « |p1, p2)

@ >

E

) o)
5(5) )

——t— — [ ] ]

(05, Dh| + (@) p(2)(2)P(y) DY) () : [P1,p2) - (2-4)

9 drzd'y x

@[>

i
(

—f— 1 — 1 |
+(ph, Pi| : (@) p(x) () P(y) D (y)(y) - |1‘91’1‘92> -(2-4)

—— 1 I

|
D] S SWOW)Om) < prps) - 2-4) S . (6.36)

= —

+

where the factor 9 comes from the 3 x 3 possible ways of contracting ¢(z) with
&(y). The factor 2 comes from x <> y symmetry and the 4 from the possible ways
to contract the fields with the external state (2(incoming) x 2(outgoing) = 4).

Recall now that ¢(z)|p1) = e “P1|0). So we get:

S & (—i)) /d4$d4 / e e
27)4 k2 —m?+in

% < w(p1+p2) iz (P} +15) + e~ —ph) i@ (Ph—p2) + e W —ph) (P} pa)) ]

We set x = y + 2’ so that

—zk -z’
4, g4 —iy-(Pa+p2—p] —Ph) iz (p1+p2)
/dxd / 2m)4 k2 — m2+m<6 L

—iy-(p1—p| +ph—p2) Jiz’-(p1—p2 —iy-(p1—p| +p2—0h) iz’ -(p1—ph
+€ ( 1 2 )e ( ) + e ( 1 2)6 ( 2) ,

and use

/d4 1 —ik-a’ uc’ (p1tp2) (2#)45(4) (p1 +py — k)£(27r)45(4) (pll +p/2 o k),

[t e ) — (250 K)=(2m) 8D s 5~ )

Overall, after performing the integrals over x and y, which yield delta functions,
and then integrating over k, we obtain:

S & i(2m)*6" (p) + ph — p1 — p2) (6.37)

X (—i))? ( ! + ! + ! >
(p1+p2)?—m?  (pf —p2)?2—m?  (py —p1)2—m?/)
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In conclusion, by using Mandelstam variables s = (p; + p2)?, t = (p1 — p})?,
u = (p — py)?, we have:

<f|M|i>=—A2< I N ) (6.38)

s—m?2 u—m?2 t—m?

6.2.1 Cross-section for Meson-meson Scattering

The relevant computation of the phase space integral in the center-of-mass frame
has already been done in Sec. 6.1.1. It can easily be deduced from Eq. (6.30) if
one factors out A\?, the matrix element square. Overall, we have

do\  _[{(fIMDP A
dQ) ., 64m2E%,,  64n2s

1 N 1 N 17
s—m2 t—m2 u—m?

(6.39)

The total cross section reads (we include the 1/2 factor for identical particles):

e ! do
= —. A4
o=3 /0 d¢ /1 d(cos ) (6.40)

Since By — B} = E, [pi| — [pll, we have t — (p, — p1)? = 2m® — 2y -} —
2m? — 2(E? — |p[? cos 0) = 2(m? — E?)(1 — cosf). The integral can be rewritten
with = cos @ as

s /1 d L ! (6.41)
o= T :
64ms J_, s—m?  3m?—s—2(m?—E?)(1l—ux)

1 2
)1 —a) = m2> '

It is possible to obtain an analytic expression for this integral, which we leave
to the reader to derive.

6.3 Diagrammatic Interpretation

From the previous computations, we have seen that it is possible to provide a
diagrammatic interpretation of the different terms of the S-matrix, and of its
building blocks. Let us summarize them here. The building blocks read

p i
p* —m?+in




114 Materials Antonio Pineda

For A@*, these Feynman rules trivially reproduce (indeed by construction) the
tree level matrix element.
For A¢3, we have one basic topology:

Figure 6.1: Basic topology to O(A\?).

This topology generates three different contributions once contracted with the
(fixed) initial/final states:

Tree-Level Diagrams for ¢* Scattering

The three topologically distinct (once contracted with the initial/final
states) diagrams that contribute at order O()\?) are:
(1) s-channel

/

p1 P
kE=pi+p '
_) ,

p2 P2
Figure 6.2: Corresponds to the term \?/(s —m?).

(2) u-channel

Figure 6.3: Corresponds to the term A2/(u — m?).

(3) t-channel

Figure 6.4: Corresponds to the term \2/(t — m?).
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In these diagrams p; and p, are incoming and ps and ps outgoing. For the
propagators, the arrows indicate the direction of momentum flow.

To each diagram, we assign its corresponding term in the matrix element for-
mula:

Then, to each vertex, we would assign a factor (—i\) and for each propagator
a factor m In addition, we have energy-momentum conservation in each
vertex. Finally, we factor out the overall energy-momentum conservation Dirac
delta: (27)*6™ (py + py — p3 — p4).

All theories with a three-field vertex will have the basic topology shown in Fig.
6.1 to O(\?). Nevertheless, depending on the particle content of this three-field
vertex, not all three diagrams depicted in Figs. 6.2-6.4 will necessarily show up
in a physical process. For instance, in QED with relativistic fermions, charge
conservation excludes some diagrams in the process e"e™ — e~et.
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7 Spin-one Massless Particles: Photons

Photons are bosons characterized by having m = 0 and helicity » = +1 (we
combine fields with positive and negative helicity into a single field). The Fock
space is formed, as usual, by states such as

where the a@’s and the a'’s satisfy the commutation relations
[a,(k), al, ()] = 2w (27) 26D (k — K'),.,. (7.2)

The Hamiltonian reads

H= / dk Y af (k) (K)wy. (7.3)

Our aim now is to obtain this Fock space from a Lagrangian formulation, as it
is within the Lagrangian formulation that we can more easily introduce interac-
tions.

The Lagrangian that describes classical electromagnetism reads
1
L= _ZFWFW’ F,, =0,A, —0,A,. (7.4)

One might try to proceed via canonical quantization. However, this approach is
not viable because the Lagrangian possesses a gauge symmetry:

Ay = A=A, +040, (7.5)
L — L =L. (7.6)
This causes some of the canonical momenta to vanish: II, = % — 1Y = 0,

and we cannot impose the usual commutation relation [Ag, II°] o< §. Even if
we manage to bypass this issue, additional complications arise when trying to
establish canonical quantization conditions for the spatial components of A*.
We avoid these problems by following an alternative path that does not rely on
canonical quantization.

We proceed as follows. We first obtain the EoM (Maxwell equations). The
Maxwell equations in the presence of external sources read

B F = j* (7.7)
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in its covariant form, or

V-E=p, (7.8)

JE
B=j+— .
V x J—|—at, (7.9)

in its original form (where j* = (p,j)). In our case j* = 0.

If we obtain a solution to the Maxwell equations, after U(1) gauge transformation
(see Eq. (7.5)), the transformed A, is also a solution. We use this freedom to
select a particular solution that will allow us to smoothly connect with the
creation/annihilation operator picture. This is nothing but fixing the gauge.
We choose the Coulomb gauge:

V-A =0. (7.10)

This is achieved if, for a given A, we fix 0 to be

0t x) — /ddy <47T|;1—}”> (V, - Alty)) > V-A =0, (7.11)
In this gauge, we have
V- E=0=-AA"=0=4"=0 if A%0cc)=0. (7.12)
Overall, the Maxwell equations simplify to
A’ =0 and OA =0.

The latter is nothing but the KG equation after setting m = 0. Its most general
solution (with the constraint V - A = 0) can be written in the following way:

A(t,x) = /dl;; (Z € (k)a,(k)e % 4 Z e:‘.(k)ai(k)eik'm> . (7.13)
r=1,2 r=1,2
The condition V - A = 0 yields
k-e.(k)=0. (7.14)

We can also take the orthonormalization condition of these vectors to be €, (k) -
€ (k) = d,,». We then have the completeness relation:

i j i KK
> el(k)el(k) =0V — (iR (7.15)

r=1,2
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To deduce this equation, we note that the only tensors with two indices that
are rotationally invariant are 6 and k'k/, so 3 _, , €.(k)€l (k) = Ad7 4 Bk'k/.
The coefficients A and B are then fixed using the normalization and transverse
conditions.

So far, everything is consistent with having two massless KG fields (but with
different transformation properties under Lorentz). Although we cannot apply
the canonical formalism, we can write the Hamiltonian using either Eq. (1.2)
or H = P° where P? is the generator of time translations. To proceed, we first
need to obtain the canonical coordinates:

oL oL 1 0
= —_—— = ——— po
L PRV TR VYt L (7.16)
1 o 1 1
=l = 3t g Fe = P
Overall, we have that (m; = % = —E’)
x=-E. (7.17)
Using the fact that
1
L= 5(E2 - B?), (7.18)
one obtains
H= /dd < (E*+B*) +E- VA0> (7.19)

where we have used the explicit expression for E (we keep it general for lat-
ter purposes but note that Ay = 0). If we write it in terms of the (to-be)
creation/annihilation operators, one obtains (see Exercise 5)

H= /dkz k) + a,(k)a T(k))%. (7.20)

If we now quantize using Eq. (7.2), the Hamiltonian becomes

H= /dkz ) + C)w (7.21)

Similarly to the KG case, the constant C' is formally infinite but this is not a
problem if we only measure energy differences.

This completes the connection with the Fock space of free photons.

Let us conclude with three further results.
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Prove that
Lo OAJ ViV d'k Kki\
AZ — =9 5” = (Sd — =9 _— 61” _ = ik-x
A9, Ty =i (07 - 3 oo =i [ g (o= g )
7
Therefore, %(y) is not the canonical conjugate of AJ(y).

J
Exercise

Prove that the photon (physical) propagator reads

d*k

@F@%&N@m®=/@ﬂfmpim<%—ﬁ$>-(m$

7
Exercise

Prove that A* = (0, A) does not transform as a four-vector under Lorentz
transformations, i.e. it does not fulfill Eq. (5.18).

7.1 Exercises
1. Consider the Lagrangian
1 1
ﬁ = _ZF}LVFHV + 57”214“14“ .
Obtain the EoM. Obtain P*.

2. Study the continuous symmetries, and obtain the associated charges (using
Noether’s theorem), of the Lagrangian in the previous exercise.

3. Consider the Lagrangian
!: 1 uv
- _7F‘/1/VF

and work in the gauge Ag = 0 and V - A = 0. Obtain the EoM. Obtain
PY.

4. Study the continuous symmetries and obtain the associated charges of the
Lagrangian of the previous exercise using Noether’s theorem.

5. Rewrite in terms of creation and annihilation operators

N 1 /- R
H_/ddx2 (B2 +B2) |
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where Ef = —(8)A)", B = (V x A), and

Al(z) = / dk > (el(K)a, (ke ™ + el (K)af (k) ) . (7.24)

r=1,2

6. Determine whether the commutator [A*(x), A¥(y)] is zero for space-like
distances.
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8 Generalized Feynman Rules

In earlier chapters, we introduced some preliminary Feynman rules for scalar
field theories. We now aim to systematize and extend these findings.

In this chapter, we present methods for deriving Feynman rules for vertices and
propagators for a given Lagrangian. We also explain how they are assembled
in a Feynman diagram. Nevertheless, we will not discuss in detail the case of
relativistic fermions.

8.1 Propagators and Vertices

We first consider a Lagrangian with bosons and/or fermions with, in principle,
arbitrary spin. In practice, j = 0,1/2,1,2. We split it as follows:

[,:E()(JJ)+[,](I), (81)

with £y being quadratic (free fields) and £; being a polynomial (interaction
term) of degree greater than or equal to three. We first discuss Ly, from which
we will obtain the propagators. It can be written as:

Lo(x) = / d'y @@(w‘)%(ﬂc —9)6;(y) + X} (@) Vi (z — y)x;(v)
el (2) Xig(@ = )i () (8:2)

¢i(x) represents a real boson field. x; represents a complex boson field. ;
represents a fermion field. The ¢, j indices represent spin or internal degrees of
freedom. Note that this is symbolic. For bigger spins, or with many internal
quantum numbers, the fields have more than one index.

Whereas it is not standard, any free Lagrangian can be written in the form of
Eq. (8.2). Once L is written in this form, one can obtain the propagator using
the following method.

Propagators

To obtain the propagator, we must find the inverse of P;;:

/ a'y S Pute = )Pyt (y = 2) = dadV(a — 2), (8.3)
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This has a unique solution once we introduce the in prescription: m? — m? —in.
In momentum space, it reads
_ d*k e
Pitle) = [ e B ). (3.4)

The momentum-space propagator is then defined as

Feynman Rule: Propagator

Example
For the case of a real KG field, we have P(z —y) = — (0, +m?)é® (x —y). One

then easily finds that the KG propagator reads (with the replacement m? —

m? — in)

which coincides with the Fourier transform of iAr(x) (see Eq. (4.33)) and the
momentum flows from left to right (though for this particular propagator it does
not matter, as it is invariant under the p — —p change).

We may attempt to derive the photon propagator from Eq. (7.4) using the
method described above. This leads nowhere, as the resulting propagator is not
invertible. To avoid this problem, extra terms must be added to Eq. (7.4) so
that the resulting P,, becomes invertible. This procedure is known as gauge
fixing in this context. There are various ways to add these extra terms to the
Lagrangian, each leading to different forms of the propagator. Moreover, the
resulting propagators are, in general, different from the physical propagator of
the photon obtained in Eq. (7.23). We will discuss how this fits in a consistent
physical theory later.

Vertices

Even if the interaction Lagrangian density is local, we can write £; in the fol-
lowing general form:

[,[ = /d4LL‘1 . d4xNai1...im~--in~~-ip~~~iq~~iN (ZL‘, L1y ,.I’N> (87)

XL (1) Wi (@) - i (00) - X () - X, () -+ X ()
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corresponding to an interaction term with m — 1 W' fields, n — 1 — m ¥ fields,
p—1—n ¢fields, ¢ — 1 — p x' fields, and N — ¢ y fields.

The first step is then to rewrite the original £; in the above form. This allows
us to identify au, ,...in.ipigin (Z; 71, .., 7x). We are interested in the Fourier
transform of this quantity:

ail"'im"'i""'il"”iq'”iN (1'17 e xN) (88)
R
= / (27T)4 R (277)46 ki-(z—a1) |, o—ikn( N)O[“ Ameipipeige zN(kl, cey k}N).

Note that the derivatives become multiplicative factors after applying the Fourier
transform.

Important: The minus signs in the exponents indicate that the momentum flow
in the Feynman rules is always incoming. This is something that should be taken
into account when drawing and computing diagrams.

The Feynman rule associated with the vertex reads as follows:

Z Z Z Z Z 71)[)dilu.in‘b“'in“'ip“‘iq"'i]\](k17 000 akN)

Perm  Perm Perm Perm
(1 m 1) (m,n—1) (n,p—1) (p,g—1) (q,N)

(8.9)
(—1)” stands for the fact that a (-1) factor has to be introduced each time
two fermion fields are permuted.
Note also that, when one performs permutations between the quantum
numbers of identical particles, all quantum numbers should be inter-
changed: both labels and momenta.

Example. \¢*.

A
L) = ~26%(a) = (3.10)
= i\' dizyd*rodieyd 246 (2 — 21)0W (2 — 2)6W (2 — 23)0W (2 — x4)

X P(21)p(72)P(73)P(4)

SO

/\H5(4(:p—:p) — a=—— (8.11)

04(55;%7%2,333,5134) Alic
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and the Feynman rule for the vertex reads

. A :
I=i Yy <—4!> = —i\. (8.12)
Final Feynman Rules

e Vertex: I x (2m)*6™® (3 k;). The Dirac delta enforces momentum
conservation. Remember that all momenta are incoming.

e Propagator (always internal): [ %Dag(k)

e In tree level computations, the integrals and Dirac deltas compensate
each other up to an overall energy-momentum conservation Dirac
delta for the external particles that factors out. In such cases one
could simplify the above Feynman rules and work directly with I’s
and D’s, imposing energy-momentum conservation in each vertex,
and multiplying the final result by an overall energy-momentum con-
servation Dirac delta for the external particles. However, this would
not be correct in the general case, in particular, with loops.

8.2 Feynman Rules for External Particles

e Real Scalar: We have already worked out the case of the real scalar field.
The relevant computation was

o (x)a (K)]0) = 1 - e *|0) (8.13)

The exponential gets embedded in the energy-momentum conservation
Dirac delta (note the minus sign indicating they are incoming particles
and that £° = wy). The factor 1 is the Feynman rule for both incom-
ing and outgoing particles with momentum k. The latter is drawn in the
following way

e Complex Scalar: Particle and antiparticle are different states in this
case. Which one is designated the particle and which one the antiparticle
is a matter of convention. We have that ¢ ~ a + b'. We again have that

9 ()it (1)[0) = 1- e *7]0) (8.14)
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Y

) (2)b(K)|0) = 1- e~**|0) (8.15)

AT

and similarly for the outgoing particles:

k

AT

Overall, the Feynman rule for external complex scalars is a factor 1 for
incoming/outgoing particles and antiparticles with momentum k. Arrows
indicate the charge flow and distinguish particles from antiparticles.

We can easily obtain the generalization to particles with general spin.

e Massless Spin-1 (Photon): For a (physical') photon, we have

A () = / AR S 6, N)a(k, e e (5.16)

and
AP ()al (k, N)[0) = e,(k, A)e *]0) . (8.17)
Similarly, K _
(0la(k, NAS) (z) = (0]e, (k, A)e™ (8.18)

Overall, the Feynman rules read

— Incoming: €,(k, \)

— Outgoing: €, (k, )

.vavvvvwvv{ivvvvwvvvvvv—

Is there any other kind of photon?
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e NR spin-% Fermions: The NR fermion field is a vector of dimension
two. We write it as follows

P(x) = / dkd k)e "7 (8.19)

Lelz) = / (;lﬂl;dT_iac(l%,r)czr(k)e_ik'gc. (8.20)

Here, we will consider two possibilities. One is more suitable for the NR
limit, whereas the other allows for a smoother transition to the relativistic
case. The difference will come from how we define a. One option is to
quantize along the axis of motion of the NR particle:

a(k,+) = ( '3 cos ( )) o alk,—) = (‘5;0530()3)> ., (8:21)

€i% sin (g
where the vector k is represented in the following way

N

~—

z

The other option is to make it independent of the momentum of the par-
ticle:

alk, +) = a(+) = (é) . alk, ) =a(o) = (?) L (322)

This is convenient in the NR limit.
Regardless of the basis, the Feynman rules always have the following form.

— Incoming fermion: «(k,r)

k,r
\
7
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— Outgoing fermion: a*(k, )

k,r

3

\
7

~

— Incoming antifermion: «.(k, )

k,r

Vi
A)

— Outgoing antifermion: o (k,r)

k,r

Vi
hd N

For convenience, we put arrows to distinguish particles from antiparticles,

although we could treat them separately.

8.3 Matrix Elements

The amplitude iM is constructed by multiplying these factors together:

iM = (external particles) x (Vertices) x (Propagators),

(8.23)

and integrating over any undetermined internal momenta. The indices of the
vertices are contracted with those of the propagators and external particles to

which they are connected.

The above discussion suffices for the purposes of this book. Additional subtleties

that may arise at loop level are not discussed here.

8.4 Exercises

1. Compute the Feynman propagator of the photon field from the Lagrangian

1 v ’
L= —1FwF" = - (0, A1 )?

(8.24)

in momentum space using the generalized Feynman rule methods.

2. Compute the Feynman propagator of the Proca field in momentum space

using the generalized Feynman rule methods.
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3. Derive the Feynman rules for the following Lagrangian
1 1 1 1 A
L= 5 910" 1 — imfﬁb% + 5@@25#% - §m§¢g - Zﬁf’%ﬁb;-

4. Obtain the Feynman rule for the following vertex of scalar fields

5L = (0,6)(0"6).

5. Derive the Feynman rule for the vertex %gé?’.

6. Discuss whether the following processes (H is a scalar particle): HHH —
H and vacuum — HHHH, are physically possible within A¢" theories.

7. Derive the Feynman rules for A\¢?(¢*)? and A¢?¢3 theories.

8. Derive the Feynman rules of the following interaction vertex

alN,

oL = 247 F,

EuuaﬁF;Ll/Fa5¢7
where ¢(z) is a real scalar field (for instance 7°: the chargeless pion field)
and A, is the field of the photon.

9. Using the vertex of the previous exercise (with N, = 3 and F;; ~ 92 MeV)
compute the decay width of the process 7° — v7. Consult the PDG and
compare with the experimental number.
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9 QFTs with Photons

The interaction between massive particles and a single massless spin-one par-
ticle is what is known as Quantum electrodynamics (QED). In most standard
QFT textbooks, the massive particles are relativistic spin—% fermions. In these
introductory notes, we do not study relativistic spin—% fermions. Therefore, we
have to take a different route. We will consider the interaction of the photon
with either massive relativistic charged scalars or with NR particles of arbitrary
spin. This will be more than enough for the purposes of this book. Nevertheless,
this choice will also force us to make some modifications in some derivations.

As the name QED suggests, we are dealing with a quantum theory. There are
two main routes to construct interacting QFTs involving photons:

1) One is to first pose the problem in a classical setup. We consider the La-
grangian of free matter fields and enforce gauge invariance on it. The solution
to this problem is the introduction of a four-vector (under Lorentz transforma-
tions) field, which transforms inhomogeneously under gauge transformations.
This is the traditional route to derive the QED Lagrangian and the one we will
follow for the matter fields we consider in this book. One then tries to quantize
the resulting Lagrangian. This is complicated in general. We will only work out
the NR case in detail and state the solution for the scalar relativistic one.

2) The other path is to consider the most general interacting theory of massless
spin-one particles (photons) with matter that complies with Poincaré invariance.
As appealing as this approach is, we will not discuss it here, as it would require
additional preparatory material. The interested reader can find a discussion in
[4].

9.1 Scalar QED

The Lagrangian of scalar QED can be derived from the gauge principle. We
start with the Lagrangian density for a free, charged, scalar particle:

L= (0,0")(0"0) —m?| " (9.1)

This Lagrangian density is invariant under a global U(1) transformation, ¢(z)
e~"¢g(x), which leads to the conserved Noether’s current (see Eq. (4.62)):

G = 1€[6"(8,0) — (8,6")¢] = ied™ Db (9.2)
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The above symmetry corresponds to performing the same “rotation” of the field
at every point in space-time—a “rigid” transformation. A natural question
arises: Why not consider a more general type of rotation? See the discussion in
[9]. This would correspond to allowing the field redefinition to vary from point
to point in space-time (a “local” transformation). If we require invariance under
a local transformation: o — «(z), the Lagrangian is no longer invariant, nor is
the difference a total derivative:!

L~ L+ (9u0)j". (9.3)

To enforce gauge invariance, we replace the ordinary derivative 0, with the
covariant derivative D,:

0, =  D,=0,+icA,. (9.4)

This introduces a new vector field: A, (the photon field), which must transform
under gauge transformations as

Au(x) = Al () = Au(r) — o) . (9.5)

This ensures that
D¢ — e @D, é(x) (9.6)

transforms homogeneously under the U(1) gauge transformations, unlike 9,¢(z).
Therefore, we have that

(Dug)*(D"¢) — m*|¢|* (9.7)

is invariant under U(1) gauge transformations. This is not the whole history,
however, as this invariance has been achieved at the cost of introducing an addi-
tional field, A,. Therefore, we must now look for additional operators made of
A,’s (or with A, content) with good transformation properties. In this respect,
the following identity proves useful:

D, D))o = [0, +ieA,, 0, +ieA,|¢ = ie (0,A, — 0,A,) ¢ =ieF,,¢.

We have then that [D,, D,] is gauge invariant and thus F,, too.? This can
easily be generalized to non-abelian gauge theories where it turns out to be
more useful.

1One might be tempted to perform an integration by parts so that the difference becomes
o az)0,j". However, note that Noether’s theorem requires the variation to be, at most, a
total derivative before applying the EoM so that, even if j#* is a conserved current, we cannot
set d, 5" = 0.

2Something that we already knew from Chapter 7.
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The complete gauge-invariant Lagrangian for scalar QED must include a kinetic
term for the new field A,. The only term that is simultaneously U(1) gauge-
invariant, Poincaré invariant, and quadratic in the photon field is —iFWF v
(the normalization is fixed, for convenience, as in Eq. (7.4)). The U(1) gauge
symmetry forbids an A, A" term so the photon is massless.

Adding the photon kinetic term to Eq. (9.7), the Lagrangian reads

1

£ = (D) (D6) - mPlof —

F, F" . (9.8)

If we neglect a possible A|¢|* term, this is the only possible Lagrangian under
the conditions of having a single charged scalar field, U(1) gauge symmetry,
Poincaré invariance, C, P, and T symmetry, and perturbative renormalizability.
Perturbative renormalizability means that the ultraviolet divergences generated
in perturbation theory can be reabsorbed into redefinitions of the paramaters of
the Lagrangian. In this book we do not delve into the issue of renormalizability
of QFTs. We will only mention that perturbative renormalizability imposes a
necessary condition on the allowed operators that can appear in the Lagrangian:
The only allowed operators are those with field content [O] = MP° with Dy < 4.
This means that we can only have superrenormalizable operators (with Do < 4)
or marginal (renormalizable) operators (with Do = 4). Non-renormalizable
operators (with Dy > 4) are not allowed. An example of such an operator is

(Do) (D"9) 9],

which has dimension 6, since [¢] = M' and [A] = M'. Note that these non-
renormalizable operators get multiplied by dimensionful constants with negative
dimensions in the Lagrangian. From an effective field theory point of view these
terms are then less important at low momentum transfer.

Show that the equations of motion derived from the Lagrangian (9.8) are
OF™ =J" 5 [(0+1ed,)(0" +ieA") + m*] ¢ =0

where PN
JV:jV*QGQAVQS*QS : j”:iegzﬁ*@”qb,

and J” is the total electromagnetic current associated with the global U(1)

symmetry of Eq. (9.8).

In the above discussion, we have considered a single charged particle. However,
we could consider a more general scenario involving different particles, each
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potentially carrying a different charge. Additionally, we have focused solely on
deriving the classical Lagrangian of scalar QED. It is also possible to write down
the classical Hamiltonian, which is left as an exercise for the reader. However,
we do not address its quantization in this book. Instead, we will carry out the
quantization for the NR theory in the next section. This will prove sufficient for
the purposes of these introductory notes.

9.2 NRQED

We begin by considering a NR particle of arbitrary spin, which we describe using
the field ¢. This particle may be either a boson or a fermion, representing a
matter field. We will typically consider either scalars or spin-% particles. In the
first case, the field has a single component, whereas in the second, the field is
a vector of dimension two, i.e., it has two components. Most of our discussion
will be spin-independent, since spin-dependent effects are typically suppressed
by powers of the mass of the NR particle. Therefore, we can omit the index as
the interactions will be diagonal in spin space.?

The Lagrangian of a NR particle at leading nonvanishing order in the velocity
expansion reads

V2
L=y <¢ao + m) ©. (9.9)

This Lagrangian is invariant under U(1) global symmetry. As in the previous
section, we enforce U(1) local symmetry. Again, the solution is to transform
normal derivatives into covariant derivatives and add the photon Lagrangian

term
2

D 1
g T 3 . 1224
L=p'(t,x) {’LDO + Qm} o(t,x) 4Fqu 7 (9.10)
with (see Eq. (1.1))

’iDO = 280 — €A0, 1D =4V + eA . (911)

This Lagrangian is perturbatively nonrenormalizable from the start. Therefore,
the usual restriction of requiring perturbative renormalizability does not apply,
and one could, in principle, add further terms to the Lagrangian while still
preserving gauge invariance. Such terms would be subleading in the NR limit.
Therefore, we neglect them here, as one would do in effective field theories at
low energies.

3When this is not the case, we will state it explicitly.
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Exercise

Show that the EoM from the Lagrangian (9.10) are:

1
Do+ —D?) o = 12
(D0 + 5D%) ¢ =0. (9.12)

. e . .
OuF"” = eplp, OuF" = —o (" (V'0) = (V'P)lp) . (9.13)

Egs. (9.13) are nothing but the Maxwell equations in the presence of (NR)
sources (see Eqgs. (7.8) and (7.9)). Note that, without matter (p = 0), we had
Ap =0 (see Eq. (7.12)). Since, we now have charged matter fields (p # 0),

V-E=-V-A-V?4,=e¢p,
which simplifies to (V - A =0)
V32Ag = —eplp, (9.14)

and we can solve this equation (note that there is no evolution in time):

Ap(t,x) = ;/ddx' ﬁ:t_”i,)‘ : (9.15)
where
p=3(x) = ¢ (x)p(x). (9.16)

Overall, the outcome of this computation is that Ay is not an independent field
and that it is non-zero.

9.2.1 Quantization

Let us now turn to the Hamiltonian formulation. Our goal is to express the
Hamiltonian in terms of creation and annihilation operators, and to decompose
it into the free and interaction terms. To this end, we adapt the derivation
presented in [8] for relativistic spin—% particles to our particular NR setup.

Using the canonical momenta:

;ﬁi =-E' =Vi4,+A’ and gg =iyl (9.17)

the Hamiltonian reads

1 1
H = /ddx {d <—2m> Vip + 5(E2 +B?) +E- (VA + ep'pA
ieA e?
[t - f — A2t b 1
o, 19 (Vo) = (Vo + o Ay sO} (9.18)
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This expression does not yet have the free and interaction terms separated,
because Ay and E depend on the fields ¢, ¢f. We need to eliminate A,. Let us
first note that

/dde VA = —/ddx(V ‘E)A) = —e/ddpro. (9.19)

We now split E into its transverse and longitudinal components: E = Er + E[,
where, by definition, the transverse part satisfies V - Ep = 0. Then, Er = —A
and Ep = —V Ay. Thus, we have

/ dxE? = / d'x(E2 4 2E; - E + E2). (9.20)

We now study the terms proportional to the longitudinal electric field. We first
have

/ddXQET-EL = Q/ddx(—VAo) (—A) = —2/ddxA0(V~A) =0. (9.21)
For the other term, we obtain*

/ dIXE2 = / ddx(VAo) - (VAO) __ / dix Ao (V2 Ag) = e / d'x Aop

_ / ) y| (9.23)

In the end, the Hamiltonian reads

H=Hy+ Hy, (924)
H, —/ddx o -V go—l—}(EQ + B?) (9.25)
0 2m 2T ’ '

mo- | ddx{f;:( (Vo) - <V¢T>¢>+;A%*w}

[ o aPX)ply)
SW/d xdly e (9.26)

where

and

41t is useful to recall the following identities:

d'k e*r 11 1
/W =3 = —g20) 9.22)
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This expression can be quantized directly. Hy is the Hamiltonian of free NR
particles and free photons. H; is the interaction term (it is a polynomial of
creation and annihilation operators with degree greater than or equal to three).
It is made out of two terms. The first is a standard local term (albeit includ-
ing NR fields) for which we can directly obtain the Feynman rules using the
methods discussed in Chapter 8. The second is non-local in space. It resem-
bles a Coulomb-like interaction between NR charged particles. For this term,
a straightforward application of the Feynman rules presented in Chapter 8 is
more difficult (though possible). We will discuss the handling of this term in the
following section. In any case, it should be stressed that the appearance of this
non-local (in space) interaction term is a general feature of QED, regardless of
whether one uses relativistic or NR matter fields for the derivation (see [8]).

9.2.2 S-matrix and (effective) Photon Propagator

In Eq. (7.23), the propagator of the (physical) photon was obtained. This
generates the following Feynman rule in momentum space:

TR i KK
D) = 55, T <5 e (9.27)

i k J

[ )V Vo VA VA VO VAVA VA VAVAVaVe

This expression does not agree with the photon propagator one obtains from the
Lagrangian in Eq. (8.24). Let us see what is going on.

In the previous section, a non-local (in space) interaction term

2 ~ ~
SH, = & / ity PP (9.28)
8w Ix —y|

appeared in H;. This term resembles very much a Coulomb potential interaction.
We cannot diagrammatically represent such a term as a local vertex. We use
the following diagrammatic representation instead®

5In this chapter, we do not draw arrows for charged particles to simplify the discussion.
We will carefully discuss how to put arrows in the next chapter.
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D1 [

The vertical line is really a vertical line, since the time is the same both in the
up and down vertices. In momentum space, this manifests as the absence of any
kY dependence.

If we insist on writing all interactions in terms of local vertices, we must rewrite
the non-local interaction as the propagator of a fictitious particle (somewhat
reintroducing A®). This particle is non-physical, as it does not propagate in
time. This non-physical component, Ay, mediates the instantaneous Coulomb
interaction if we introduce the following local interaction vertex:

6H; = eAypTo (9.29)
and use the following definition for the A, propagator:
. . d*k i i1
T{Ay(z)A = “ikr__ — §(20) ——. :
OT{Aoe) 400 = [ Gie ™ =06 030

In momentum space, we associate the following Feynman rule to this propagator:

K (9.31)

The above procedure succeeds in eliminating the nonlocal interaction term,
which is generated now by the following diagram:

pl\/pll/
Lik=p—p,

/
2 P2

Figure 9.1: Up to a factor, it yields a contribution é to the S-matrix.
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Thus, we have two alternative ways to handle the non-local interaction term in
the S-matrix. One is to use Eq. (9.28). The other is to use the Ay propagator
given in Eq. (9.30) along with the Feynman rule generated by the vertex in
Eq. (9.29) with the qualification that Ay can never be an asymptotic particle.
Indeed, we cannot emphasize enough that Eq. (9.30) is wrong in all possible
ways: There is no creation/annihilation operator nor a vacuum state associated
with Ag. We write it in this way purely for convenience. Indeed, an additional
bonus of this approach is that we can combine Eq. (9.30) and Eq. (7.23) into a
single, formally covariant, object—the propagator:

o d'k . iP
0|T{A,(x)A,(0)}|0) = ke i 9.32
OT{A@ AN = [ e e (9.32)
where®
BLY (. By (L. VI
puv = g BRI (R0t = (R )R e (10), (9.33)

K2
One can easily check that for label indices (i, j) one recovers the physical prop-
agator, i.e. Eq. (9.27), for label indices (0, ) one gets zero, and for label indices
(0,0), we recover Eq. (9.31). We then represent this propagator in the following
way:

(9.34)

Observation. We used wavy lines for the external photons in Sec. 8.2. We
could equally well have used the zig-zag symbol, as only physical photons appear
as asymptotic states.

In NR theories, the longitudinal and transverse components are naturally sepa-
rated in the interaction terms. Therefore, one might wonder about the necessity
of putting them together. Nevertheless, combining them in a single propagator
is almost a must in a relativistic setup. On top of that, the convenience of com-
bining both contributions together gets reinforced by the gauge invariance of
the S-matrix, which mixes longitudinal and transverse components. We discuss
this issue in the next section. Finally, as we have already seen, an extra bonus
comes from the fact that the non-local term can be eliminated by adding a local
interaction term depending on this fictitious A, field.

SNote that P* reduces to P¥ when computed on-shell since, for P, we obtain —g% +
k()k}(]
k2

2 . .
= % which is zero on-shell.
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9.2.3 Gauge Invariance of the S-matrix

The attentive reader (and dedicated student) who has completed Exercise 1 in
Sec. 8.4 may have noticed that we have not yet solved the initial problem posed
below Eq. (9.27). Even if we now take Eq. (9.34)—the Fourier transform of
Eq. (9.32)—as the effective photon propagator, this expression is different (in
general) from the one obtained by applying generalized Feynman rule methods
to the Lagrangian in Eq. (8.24).

This problem is resolved by using the identities that the S-matrix satisfies due
to gauge symmetry. This can be stated as a theorem (see the discussion on p.
450 of [4]).

Theorem: Gauge invariance of the S-matrix

S-matrix elements are unaffected by changing any photon propagator
D, (¢) in momentum space by the following transformation

Dy (9) = Dyn(q) + gy + By (9-35)
and/or the polarizations by the following transformation
en(k, N) = e (k, X)) +ck, (9.36)

where «,, f,, c are not necessarily constants (they could be functions of
q/k). Here, g, does not need to be on-shell (g # |q|), but &, does because
it corresponds to a physical photon (ko = |k|).

An important qualification to this theorem is that such transformations
must be applied to the full S-matrix, not to individual diagrams.

We will not prove this theorem but only show that it holds for the quantities we
compute.

It is easy to see that this theorem solves our initial problem. Propagators that
differ by terms proportional to g, and/or ¢, are equally legitimate. If we compare
Eq. (9.32) with the result obtained in Exercise 1 in Sec. 8.4, the difference
between the propagators is indeed proportional to ¢, and/or ¢,. In fact, we
could use this freedom to choose propagators with a simpler or more convenient
form. One example is the Feynman gauge, where the photon propagator takes
the form

1 1 1

d4k —ikx
’ (=9w) = G

Q" Kty

(0|T{A,(2) A, (0)}0)]pe :/

4im? 22 —in
(9.37)
i.e., we set P* (k) = —g", and still physics remains unchanged. Recall that
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this statement applies to the full S-matrix, individual diagrams may differ.

This closes the loop. With this final qualification, we can use the generalized
Feynman rules for this NR QFT with the assignment

Hy =L, (9.38)

and use any photon propagator obtained from the generalized Feynman rule
methods with an arbitrary gauge fixing term as discussed in Chapter 8.

Note also that the theorem above shows that the S-matrix element is invariant
under changes of the polarization of the external particles. The combined trans-
formations of the propagator and the polarizations of the external particles are
simply the gauge transformations of the A, field.

For relativistic spin—% particles, the construction is similar and can be found in
[8]. If the dependence of the Lagrangian on Ag is more complicated, similar
results can be obtained but the derivation is more cumbersome. This applies,
in particular, to scalar QED. Therefore, we can use the generalized Feynman
rules in this case too (at least for the purposes of this book), again using the
assignment:

Hy =L, (9.39)

and any photon propagator obtained after gauge fixing. This is how we will
proceed for scalar QED in the next chapter.”

It also remains to be explicitly shown that the resulting S-operator is a scalar under
Poincaré transformations. This is deferred to a more advanced textbook.
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10 Scalar QED. Applications

In this chapter, we aim to compute some observables in scalar QED, the theory
presented in Sec. 9.1. We will see how relativity in QFTs relates different
physical processes and verify gauge invariance. First, we need the Feynman
rules, which we will derive in the next section. We will use these examples to
highlight the subtleties of the Feynman rules for charged particles.

10.1 Feynman Rules of Scalar QED

The Lagrangian is written in Eq. (9.8). Propagators have already been com-
puted. The propagator of a charged scalar field is equal to the propagator of
a real scalar field. The photon propagator has been discussed in Sec. 9.2.2
and Sec. 9.2.3, where it was emphasized that one can use any gauge for its
computation.

We now consider the interaction terms. We split the interaction Lagrangian
density into two terms:

6L = ie(0,0%) At p — iep* A*(0,0) + 2 A A PP . (10.1)

sL1) §L(2)

For the first term, we have

5[,(1) == /d4$1d4$2d4$314“1($1)¢*($2)¢($3) (102)
(i)™ (x — xl)[(ﬁfﬁ)é(‘l) (x — 2))0W (z — z3) — 6D (z — xg)(aﬁf)d(@(w —x3))] .

ap (z;w1,22,23)
Changing to momentum space
d4k/" incoming d4k .
(4) ) — () 7Zk:i-(zfzi) T (4) o) = Lo 7 *“fi'(zfri)
Oz xz)—/(2ﬂ_)4e ;0509 (x :13,)—/<27T)4( ik, )e ,
(10.3)

we can obtain the Fourier transform of o, and the Feynman rule for the vertex.
Since all fields are different, there are no combinatorial factors involved. Overall,
we obtain

I = Z'du = Z(+Z€) -1- {(—ikgu) -1-1- (—Z.kgﬂ)} = ie(kgﬂ — k3,u) . (104)
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To give the diagrammatic representation of this Feynman rule, we also need to
assign arrows to the legs of the vertex. This is a delicate issue. The internal
arrows refer to charge, while the external arrows represent momenta. Charge is
conserved, but we need a convention to distinguish between what we call “parti-
cle” and what we call “antiparticle”. If ¢ ~ a+bt, we assign a to the particle and
b to the antiparticle. It should be emphasized that, when asked about providing
Feynman rules, we should give Eq. (10.4) along with the corresponding diagram
(with arrows, and indicating which operator corresponds to the particle), which
in this case reads

Figure 10.1: Feynman diagram associated with the Feynman rule, (10.4).

Recall that all the momenta are incoming.

If we take the time arrow to move in the left-to-right direction, the diagram
above represents! the creation of a particle (a) with momentum k3 that emits
(or absorbs) a photon and continues propagating forward in time. The outgo-
ing physical particle would have momentum —k,. Note that the sign of k) gets
reversed to become positive and, therefore, physical. This is not the only pos-
sibility, though. This very same vertex can represent different processes if we
rotate it in different ways. If we take the time arrow to move in the right-to-left
direction, the diagram above represents the creation of an antiparticle (b) which
emits (or absorbs) a photon and continues forward in time. The same diagram
can also represent the virtual creation of a particle-antiparticle pair, or the anni-
hilation of a particle-antiparticle pair. In all these processes, charge is conserved
but not the particle content. Still, they all originate from the very same vertex.
This is a consequence of the implementation of relativity in QFTs.

We now consider §£3:

4
oL? = /d4$1 iz A (21) A (22) 9" (23)P(74) (€2gmu2 H 5(4)(55 — 7)) -

=1

~~
Qpqpo (QB,QB] 7"')z4)

(10.5)

!Properly embedded in a full Feynman diagram so one does not get zero because of energy-
momentum conservation for physical particles.
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The Feynman rule for the vertex reads
I =1ixa=2ig,,,e, (10.6)

and the associated Feynman diagram reads

ky ks
\ l/
ko / k1
H2 H1

Figure 10.2: Feynman diagram associated with the Feynman rule, (10.6).

We do not write it explicitly but remember that the vertices have associated an
energy-momentum conservation Dirac delta. In this case, the “complete” vertex

would be A
[2g,, pn€?] - (27) 6™ (Z k) : (10.7)
i=1

Since this Feynman rule is independent of the momenta, and symmetric under
the interchange of ©1 and uso, possible ambiguities due to misidentification of the
momenta or indices vanish.

10.2 Compton Scattering with Pions to O(e?)

We now consider the reaction 7~ +v — 7~ 4. We take the 7~ to be the particle
and 7 the antiparticle. The momenta are: p; (incoming 7~), py (incoming =),
ps (outgoing 77), py (outgoing 7). 7 and 7’ are the helicities of the incoming
and outgoing photons, respectively.

There are three Feynman diagrams that contribute to the S-matrix at O(e?):

D1 Dps3 b1 D3 D1 D3

b2 y2 P2 D4 D2 D4

(1) (2) (3)

The first two diagrams already appeared in the analogous computation for the
A¢? theory discussed in Secs. 6.2 and 6.3. They correspond to Figs. 6.2 and
6.3. The topology Fig. 6.4 does not show up however. Diagram (3) above has
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the topology of a A¢* vertex. Note that, in the above diagrams, the momenta
p; represent the physical momentum of the particles. Therefore, p; and p, are
incoming, while p; and p, are outgoing. This should be taken into account when
using the Feynman rules to compute the S-matrix.

We now translate these diagrams into the quantity iM. Recall that iM omits
the factor (27)46™ (py + pa — ps — pa). We obtain

iM = (external particles) x (vertices) x (propagator). (10.8)
Using the Feynman rules we computed in the previous section, we obtain
iMy=1-€,(p2,r)-1-€(ps,1")

< [(=ie)on -+ i+ o) Z'

p1+p2)? —m2 +in

[(—ie)(ps + p3 + pa)"]

_ 2@+ p) 2l +21) € (pu )] (10.9)
(p1+p2)* —m3 +in
Similarly,
iMy — —ie?l 2P =) - € (pay T)I[(2ps — pa) - elp2 )] (10.10)

(p1 — pa)? —m2 +1n
Finally,
iMg=1-€"(par) 1€ (ps,r") x [2ig,e’] = 2ie*e(pa,7) - € (pa,7’) . (10.11)
So, the total S-matrix element reads
iM = iM; +iMy+iM;+ O(e). (10.12)

This expression can be simplified using the fact that e(k;) - k; = 0 for physical
photons (since € =0, and € -k = 0):

Apy - 4p:
iM =i T, with T, =—— Lwbsr PSPl 9,

(p1+p2)> —m2  (p1 —pa)? —m2

Let us now check gauge invariance, i.e. the theorem stated in Sec. 9.2.3. We
will show the invariance of the S-matrix under the transformation

Eu(k‘i) — Eu(k'i) + Oékél, (1014)

where kf is on-shell (kg = |k|). The first observation is that e(k;) - k; = 0 holds
true after this transformation, since k? = 0. Therefore, we can still use Eq.
(10.13). After the transformation (10.14), we have

(€ +apy) (€5 + Bp1) Ty = 6T + B s Tupy + aeiTuph + B pypiTh, .
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Exercise

Show that
PgTWEZV = 0; pZ ,uueg = 0; pngTm/ =0. (1015)
Hint:
pgTuu = 2(]94)1/ . (1016)

J

This result shows that the S-matrix is invariant under the transformation (10.14).
We stress that, to obtain this result, we need the contributions of the three
diagrams. Gauge invariance does not hold on a diagram-by-diagram basis.

10.2.1 Compton Cross Section

The computation of the Compton-scattering cross section is usually done in the
Lab frame, considering the pion at rest. In this reference frame, the expres-
sion for the matrix element computed in Eq. (10.13) simplifies considerably if
computed in the Coulomb gauge since p; - € = 0:

iM = 2ie*e(py, 1) - € (pa, 1) (Lab frame and Coulomb gauge). (10.17)

The phase space integral is similar to the one in Sec. 6.2.1 for A¢>. The differ-
ence is that we are now interested in doing the computation in the Lab frame.
Therefore, we want to emphasize the difference between the pion and the pho-
ton. To do so, we rename the momenta of each particle: p; — p, ps — k, p3 = p’
and p* — K.

We want to compute (m; = m and my = 0):

1

d =
7 2\1/2(s,m2,m3)

(2m)* W (py — po)|(fIM]i)|*dp' k. (10.18)

In our case, 2AY2(s,m?,m2) = 4p - k = 4mwy,. The first equality holds in any
reference frame, and the second in the Lab frame. We next want to determine
k' as a function of k in the Lab frame. Since k' —k = p—p/, we have (k' —k)? =

(p—p)* or
k’l2+k2_2k'k,:pl2+p2_2p,'p,

which simplifies to
—2(wpwp —wpwy cos 0) = 2m* —2mw, = 2m(m—w,) = 2m(wy —wg) (10.19)

in the Lab frame, and we obtain

Wy
1+ %5(1—cosf)’

wy = (10.20)
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or, equivalently,

1 1 1
— — =—(1—cosbh). 10.21
oo = L cos?) (10.21)

Next, we perform the phase space integration of the differential cross section up
to the solid angle of the outgoing photon. Working in the Lab frame, we obtain
(recall that wy, = |k| and wy = |K'|)

/W§#E¢%¢+yp@ (10.22)

_ /ko/\k’\2d|k’|é( k—K)2+m2+ K| —m— k|
/|12 3
z/dQ|kC|l :/dep i
‘1_’_ “"p’/| muwy,

Using this result, we obtain

do
do

o <“”“>2 (€ )2, (10.23)

Lab M2 \ wy

where ¢ - ¢ is the polarization. This is the Klein-Nishima formula for scalar
particles.

Let us now see how this expression simplifies depending on our knowledge of the
polarizabilities of the initial/final photon.

1) No initial helicity. We first assume that we do not know the helicity of the
initial photon. In such a scenario, the photon is described by a density matrix,
and we must average over the helicities of the incoming photon. Therefore, what
we measure is the following quantity:

do_1(do
dQ 2\ dQ

L
a dQ)

@>’ (10.24)

and it will be sufficient to calculate 1[(¢'- €)% + (¢ - €2)?] to obtain it. To do so,
we use the following trick: We decompose four-vectors in a convenient basis. It

is clear that (£, €, €, k) is an “orthonormal” basis of R*, where

- I /(0 p (1
k k<k>, and m_<0)'

Then, for any four-vector u, we have:

U= (—u-e)e + (—u-e)es+ (u-k)k — (u- , (10.25)

S =
S
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and
W= —(u-e)? — (u-e)?+ (u k)Q—i—(u-%)Q. (10.26)
In particular, for u = ¢
=—1=—(d ) —( &)= (k)?+0, (10.27)
and ) )
S e)? + (€ @)’ = (1= (< k). (10.28)
So, then
do _ o (¥ 2 (1—(¢-k)?) (unpolarized initial photon) (10.29)
a0~ 2m? \ & P P ' '

2) Neither initial nor final helicity. Now, let us consider the case where we
do not measure the polarization of the final photon either. This is realistic if we
are only using a calorimeter as a detector. In this case:

do_do
aQ — dQ

Lo
€ dS)

(10.30)

/
€2

Using the same identity (10.25) with « = k and the basis (2, €}, e, k'), we have

B=—1=—(k-€)?— (k-&)>+ (k- k)% (10.31)
Then, we obtain
dﬁ _ LQ e\ (14 cos?#) (unpolarized initial and final ) (10.32)
dQ  2m? \ wy P B '

where 6 is the angle between the incoming photon k and the outgoing k’. In the
NR limit, k| < m, |k/| ~ k|, and

d 2
£ ~ %(1 + cos26), (10.33)
8ra?  8mr?

where o7 is the Thomson cross-section, and 7. = - is the classical radius of

the electron. These NR formulae are universal and hold for massive particles of
arbitrary spin, not only for scalars.
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10.3 Pion-antipion Scattering

Let us now consider the reaction 7t7~ — 777 ~. We will calculate the matrix
element to the first non-vanishing order O(e?). We have the following diagrams

2! ps3 D b3
T T T T
7t 7t

s (s-channel) P (t-channel)

P2 P4
The amplitude for the t-channel is
iMY = [(—ie)(pr + ps)"][(+ie)(pa + pa)”] X Dyu(p1 — p3). (10.35)

D,,, is the photon propagator. We can take any gauge for it but one should
remember that once it is fixed one has to use the same expression in all diagrams.
For instance, we could take

Dy (k) = (pl(:i;?))? [g,w (- _(];j)i(z];;); p3)”} (10.36)
- { kMR = (k) 0"k — (k- n)n"kH
Dy (k) = TR [ Gy e ] . (10.37)

Note that (p; + p3) - (p1 — p3) = p? —p2 = m2 —m2 = 0, so the gauge-

dependent part of the photon propagator is not relevant for iM®. A similar
thing happens for iM®) in the s-channel diagram. Therefore, for this process,
the gauge dependent part cancels on a diagram-by-diagram basis. Overall, both
diagrams give the following results:

MO = 2P ps) - (P2t pa) (10.38)
(p1 —ps)? +1in
P1 T P2

and the total amplitude is iM = iM© M),
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Let us now obtain the NR limit. In the center-of-mass frame,

2 2 12 12
0 b 0 b /0 1Y /0 |Y
R my + =My + ——= _ XMy My + —=.
P 2m2 Pt 2m2 Pr * 2m2 P * 2m2

In this limit, one can ignore the s-channel diagram and approximate the t-
channel contribution to the following expression

e?(4m?)

iM MY :
(p—p')?

(10.40)
This is indeed (proportional to) the Coulomb potential in momentum space.
The factor 4m?2 could be reabsorbed in the definition of the pion fields: ¢(x) —
v2me(x). We discuss this issue further in the next chapter.

With small variations of this exercise, we can consider many other possible
processes. We list some of them in the following exercise.

Compute the matrix element and the differential cross section at tree
level of the following processes: ntnt — wtat, 77K~ — 7t K~ and
7t7~ — 7. Consider their NR limit when possible.

It is interesting to see how, depending on the channel, some Feynman diagrams
appear while others do not. It is also very important to recognize the universality
of the Coulomb potential in the NR limit. It appears in all cases, only the charge
of the scattered particles changes (so the interaction is repulsive for equal charged
particles). As we will discuss further in the following chapter, this result also
applies beyond scalar particles.
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11 NRQED. Applications

' We now proceed to study NRQED, the theory introduced in Sec. 9.2. We
begin by deriving the Feynman rules using the methods developed in Chapter
8. The equivalence between these Feynman rules and the direct application of
Eq. (9.26) was already discussed in Secs. 9.2.2 and 9.2.3.

11.1 Feynman Rules of NRQED

Consider the Lagrangian (9.10) expanded:?

2

e \'%& i e ie e” 4o
L=¢" 100+ 5= | p—ep'Agp —-—¢'V - Ap) — ——p'A - Vp——p'A%p.
2m —_—— 2m 2m 2m
P £ £0B) £(©)

) (11.1)
We first calculate the propagator D(k) = iP~!(k) following the prescriptions of
Chapter 8. For this, we consider L£y. We can identify P to be

Pl —y) = (8o + 3 )0 —).

We need to invert it. Using
/d4y7’(aj —y)PHy —2) =W (a ~2),

we see that (ko — ck%)ﬁfl(l@) = 1. So, the propagator reads

Sop - (11.2)

[ Ny
\r??‘
[ Jo)

In the last equality we have added a Kronecker delta factor to indicate the spin
of the particles, if any.

IFor clarity, in this chapter, we omit introducing the ™ notation for the operators of QFT
but we will still keep them for operators in quantum mechanics.

2The photon propagator has already been worked out before. Therefore, we do not repeat
the discussion here.
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Now, let us calculate the different vertices. For £V, we have
oW (x5 21, 29, 23) = —ed(z — 21)0(z — 22)0(x — x3).
Doing the Fourier transform, we obtain @) = —e. So the Feynman rule reads

I® = —iedos (11.3)

ks ko

\\\/'//
[k ks

Figure 11.1: Feynman diagram associated with the Feynman rule, (11.3).

where, again, we have added a Kronecker delta factor to indicate that the inter-
action is diagonal in the spin space.

For £B) we first integrate by parts and rewrite it as

e
r®B) _ _%(_(V@L)Ago + @A(Vg@)).

Exercise

Show that the Feynman rule of this vertex reads

e
1®) = %(kg —k9)us - (11.4)
ks ka
\ /
T —k3 — ko

)

Figure 11.2: Feynman diagram associated with the Feynman rule, (11.4).

Finally, let us consider £(“). Due to the combinatorics (there are two A’s), and
- 2 ..
because & = —5-0", we have:

-2
€7 s
19 = ——06"0as. (11.5)
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ky ks
>
kz/ /\/ﬂl
i J

Figure 11.3: Feynman diagram associated with the Feynman rule, (11.5).

For all these Feynman rules, the direction of the NR particle is fixed. Therefore,
we cannot rotate the diagram to generate new physical processes as we did in
the relativistic case (see the discussion below Fig. 10.4). Note, however, that
this qualification does not apply to the photon part of the Feynman rule, which
can be deformed at will, as in the relativistic case.

11.2 Compton Scattering to O(e?) in NRQED

For the process 7~ 4+ — m~ + 7 to order 2, we have three diagrams:

D1 D3 y41 D3 D1 D3

b2 P4 b2 Pa D2 Pa

(1) (2) (3)

Using the Feynman rules computed above and the methodology discussed in
Chapter 8, we can construct the matrix element. Let us compare the importance
of these terms. For each vertex, we have a factor 1/m. So, at low energies, the
diagram (3) gives the leading contribution to the S-matrix:

2
iM = —ie—EQ -€; (low energy). (11.6)
m

But in the relativistic case, we had iM®) = 2ie%e; - ¢4 = —2ic’e, - €4 (to ease
computations, we use Coulomb gauge and work in the Lab frame). The factor
of ﬁ difference is due to the different convention for the normalization of the
creation and annihilation operators and does not affect physical results. We
discuss this later.

In fact, this result is universal, independent of the spin of the massive particle.
For a particle with spin, the result is obtained by multiplying Eq. (11.6) by
the identity matrix in the spin space, i.e. a Kronecker delta d,5. This is one
example of what is called a low-energy theorem.
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11.3 Connection to the NR Quantum Theory

In this section, we discuss the relations between QED, NRQED, the NR con-
structions of QFTs developed in Chapter 2 and NR quantum mechanics courses
in general. For the latter, we have in mind a course based on books like [12], for
instance.

11.3.1 Connecting the Relativistic and NR Fields

We first connect scalar QED with NRQED. We have already seen that, up to an
overall constant factor, we obtain the same result for the Compton scattering at
low energies. We now quantify this similarity.

The conventions for the normalization of the commutation relations were chosen
differently in the relativistic (R) and (NR) theories. They read as follows:

lar(k), ak(K)] = (27)4%0D (k — K')2wy, , (11.7)
lanr(k), alz(K)] = (2m)%6@ (k - K'). (11.8)
We can relate them using the following definition: ayg = \/(;RTk ~ \?;Tn We can

then use the fields defined in Eq. (4.16) and the Lagrangian in Eq. (4.17). This
Lagrangian, in the NR limit, can be approximated to

e s (it Vo o)
L~ ¢yg () | 0o m+ o R (T) - (11.9)

This very much resembles the Lagrangian in Eq. (2.1) with V(x) = 0. There is a
mismatch, though, due to the constant mass term in the Lagrangian. Therefore,
we define (in the NR limit):

(,D(a?) — eimxo 1(\]4{{)(1.) ~ ei”fn;po /2m¢(+)(x) (1110)

This shifts the energy levels by a constant and finally matches the expression
we had in Eq. (2.1) with V(x) = 0. Using Egs. (11.7), (11.8) and (11.10), we
obtain the following relation between the S-matrix elements in both theories:
%@‘a]{...(...¢...)...a2|0> ~ <0’aNR'"("'SD/(\/%)"‘)"'@}LVR‘())-
(11.11)
This explains the factor 2m difference between Eq. (10.17) and Eq. (11.6).

11.3.2 Electron-proton Scattering in NRQED

Let us now discuss the electron-proton scattering at low energies. The result is
the same as the 777" — 7~ 7" (or 77 Kt — 77 K1) scattering at low energies
multiplied by the identity in spin of the electron and proton: 6,41 0aaq- Such

109
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process can be determined using the following Lagrangian density that describes
a NR charged pion (¢) and antipion/antikaon (x.) interacting with photons

1

L = @T(t,x){z‘DoJrQDT;}go(t,x) (11.12)

2m2

D2
+X1(t,x) 1D+ —= px.(t,x)

1 17
_EFWFM 7
where 1D§ = i0y + eAp and iD® =1V — eA.

The leading contribution in the 1/m expansion comes from the following diagram

At leading order in the 1/m expansion, we obtain (k = p; — p})

1

iM = z‘e?F.

This is exact in the Coulomb gauge. Nevertheless, we emphasize that this result
holds true regardless of the gauge used for the longitudinal component of the
photon field. In a general gauge, the denominator of the propagator has a k°
dependence: k2 — k?. However, this dependence can be neglected in the NR

limit since k% < k2.

(11.13)

If we compare Eq. (11.13) and Eq. (10.40), we observe that they are equal up
to a factor of (2m)? (or (2my)(2my) for different particles). This is consistent
with adding a factor v/2m for each external particle, as discussed in Sec. 11.3.1.

As we have already seen, the S-matrix is proportional to the Coulomb potential
in momentum space. We would now like to connect this observation with a NR
quantum mechanical formulation. We first observe that this contribution to the
S-matrix can be obtained from the original H; using only Eq. (9.28):

1
x -yl

2
0H; = ;T/ddx d%y p(x) p(y)

(11.14)
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For this to hold, we must generalize the discussion in Sec. 9.2 to the case where
several NR particles with (possibly) different charges are present. This means
generalizing the charge density in Eq. (9.16) to the following expression:

P=Qup o+ Quxixe +-- (11.15)

where the dots represent additional NR particles that may be present in the
system. The overall normalization of the charge, e, has been factored out in the
interaction term. Therefore, in nature, we typically have that (Qx takes integer
or fractional values. In our case, we take @), = 1 and @), = —1.

Eq. (11.14) is a non-local (in space) four field operator. This very much resem-
bles the interaction term we had in Eq. (2.77):

Hr = [ bV (x - x)lee)x). (1L16)

where (o = €?/(47))
2
o ~ e
V- and V-
] k|2

(11.17)
Strictly speaking, Eq. (11.14) is more general and also applies to different chan-
nels.®> The equivalence with Eq. (11.16) holds only when we consider the partic-
ular channel where we have one particle ¢ and one antiparticle x.. We discuss
this further below.

Let us keep the potential general for a moment. If we compute the S-matrix
element to order V using Eq. (11.16), we obtain

(f|(—z')/ drH(1)]i) = (21)*6W (ps — pi)(=iV (k)), (11.19)
where k = p; — p] in the center-of-mass frame. Note ‘that we have translational
invariance for the center-of-mass coordinate. Here, V is the Fourier transform
of V(|x1 — x2|). Therefore, at tree level, we can make the following assignment
in the NR limit:

V =1i(iM). (11.20)

3Eq. (11.14) also generates extra terms when the four fields represent the same particle. In
this case, Eq. (11.14) can be split into the normal-ordered term, which would correspond to
Eq. (11.16) for the particle-particle channel, plus one extra contribution that has the following

form:
~V(0)pep. (11.18)

This term is formally ir}]ﬁnity. Nevertheless, it can be reabsorbed into the definition of m,
which goes into the e?™*" phase that appeared in Eq. (11.10). This provides a first, primitive,
example of renormalization.
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We have already seen this in QED with the Coulomb potential. Nevertheless,

one could also consider replacing the photon with a massive boson. Let us call it

7, with a coupling e. The associated potential would then have a Yukawa form:
e? o

- — = ommlx]
ez V= |x|6 . (11.21)

V=

Eq. (11.20) is nothing but the Born approximation that appears in quantum
mechanics courses. But we can go beyond this. We saw in Exercise 1 in Sec. 2.3
that, in a quantum mechanical formulation, the Lagrangian (2.77) describes a
physical system composed of two NR particles interacting via a potential V' (x).
The solution of the associated Schrodinger equation, Eq. (2.79), incorporates
all-order terms in the V' (x) expansion, whereas the perturbative computation of
the S-matrix we performed in Eq. (11.20) is only valid to O(V). We now look
at how the perturbative computation of the S-matrix to all orders in V' recovers
the Schrodinger equation. We discuss this issue in the next section.

11.3.3 Lippmann-Schwinger Equation

We now want to go beyond O(e?). At order O(e?), we have several possible
diagrams. In the NR limit, the leading one is the following

Let us now compute it. We will also use it as an example of a loop computation.
We will evaluate this matrix element for the general case of two NR particles
with different masses (for instance, an electron and a proton). We neglect the
spin of the particles, as the result is diagonal in spin space.

We will do the computation in the Coulomb gauge. In this gauge, the longitu-
dinal photon propagator is equivalent to the interaction term

2
0H; = 6/ddxddyp(x)p(y).
8 x -yl
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The contribution to the S-matrix from this diagram then reads

IS = (—ie)2(ie)? / é :)14 (C; :)24 (‘;73)14 (‘;73)24 (11.22)

x (2m)* W (p1 — g1 — k1) (27)*6W (o + @1 — ko)

x (2m)*0W (k1 — py — 42)(2m)"8 (K + g2 — 1)
i i i

X

The momenta p; and ps are incoming and p} and pj, are outgoing. The direction
of ¢; and ¢ is irrelevant. The k; and ko flow in the left-to-right direction.

We have four Dirac deltas, one for each vertex. We also have four integrals, one
for each propagator. We will be able to remove three integrals using the Dirac
deltas but one Dirac delta will remain, producing the overall energy-momentum
conservation. This implies that one of the integrals will remain. This is the
loop. Overall, we get

(F1S10)=(2m) 6@ (pr + pa — 1, — 1) (11.23)
d'q i )
2\2
X (—e —
=) /(27T)4012 (p1 — P} —q)?
) 7
X(po_ 0)_ (p1—q)? +i ( + ) (p2+q)? +
174 2 n P +4q 211 ”7

The integration over ¢° can easily be done using Cauchy’s theorem:

dq 1 i
(11.24)
/ (27) () — %) = BT i () + ¢°) — BHEI= i

2m2
i
PR 3 — -
(p + p3) — BB — [B2Tal 4y

Using this result, and rewriting the integral in terms of the center-of-mass coor-
dinates in momentum space (7, = my/(my + mg) and 19y = mo/(my + ms)):

pr=mP+p p2=mP—-p,
we obtain

(f|S]i)=(2n)*(E — E")6® (P — P')et (11.25)

X/ d? 1 1 i
@m*(p-—a? (P -a’E- £ — L +iy’
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where E = p? + pY, M = my + my is the total mass, and m, = % is the
reduced mass.

We are now in a position to connect with the notation used in NR quantum
mechanics.

Reminder of notation in quantum mechanics

In position space, we have the following equalities
(x'|x) = 6@ (x — x), X |V(&)x) = 6D (x — x)V(x), (11.26)
whereas in momentum space we have

(P'p) = 2r)%Dp-p), @VEIP)=VE -p). (11.27)

This means that the free propagator is local in momentum space (something
that we already knew):

7
_ P2 p*
5 amy T U

= (2m)"0' (P — P')(21) "' (p — p')

(P'{p'l

P)|p) (11.28)

where |P)|p) = (IJIF\/R(pl)aJIFVR(pQ)|O>-

Using this notation, we can combine Eqgs. (11.13) and (11.25) in the following
way:

(P'|(p'|S|P)|p) = —i(27)d(E — E) (11.29)
~ N 1 ~ )
<(P'|(p'|[V+V——=V+0 eb> P)|p).
Pp! (V4 ViV 0 ) P
where we have defined:
P . PZ 132
T:TX+TX—W+2W, (11.30)

which is the free kinetic energy. We also have that V' = —ﬁ. Nevertheless, the
discussion can be made for a general potential.

The result obtained in Eq. (11.29) can be extrapolated to an all-order result in
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the NR limit:

(fI8]i) = —i(2m)6(E — E') (11.31)
o 1 N 1 - 1
><<P/\<p/y<v+v_v+v — . v+-->|P>\p>
E—-T+1in E-T+in E-T+1n
- - 1 .
— —i(2n)8(E— E) (P'|(p| [V +V ———— v>P
(2m)d( ) (P'[{p’] E TV P)Ip)

This formula is the Lippmann-Schwinger equation, which is the S-matrix
realization of the Schrodinger equation. This is equivalent to the summation of
the following infinite set of diagrams in the NR limit

NN N
AT N

Since the dependence on the total three-momentum of the system is trivial (P
remains constant), one could work in the center-of-mass frame, where P = 0,
and omit its explicit dependence. Either way, it is interesting to note that the
following propagator appears in the S-matrix element (lA“Lx =T + V(X))

—L1 (11.32)

(x
E—hy+1in

which satisfies the Green’s function condition:

(e = B) (X | ————|x) = —69(x' — x). (11.33)
E —hy +1n

This means that, by studying the analytic properties of the S-matrix, one can
find the poles of the propagator, which is tantamount to obtaining the energy
levels of hydrogen (or whatever analogous system we are studying). Alterna-
tively, solving the Schrodinger equation provides a representation of the hy-
drogen Green’s function, which can then be used in the Lippmann-Schwinger
equation and in the S-matrix.

On the diagrammatic side, it is better to represent the Lippmann-Schwinger
equation directly in terms of the potential (the Coulomb potential in our case):
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Lo H -

Once drawn this way, the result is exact and gauge independent (unlike when
drawn in terms of the longitudinal component of the gauge boson). This formu-
lation is also convenient for incorporating corrections to the Schrodinger equa-
tion, as we will discuss next. The key point is that a fixed-order computation (a
tree level one in our case) generates an all-order result by using the Lippmann-
Schwinger equation. Let us illustrate this with the following exercise:

Exercise

Compute the following diagram for the vertices that appear in Eq. (11.12)
in the NR limit

P P
@ (&
iOM =
p p
b2 yZ

The zigzag propagator indicates a transverse photon.

One can generalize Eq. (11.20) to include this relativistic correction using
i0M = —idV.

This correction will also generate an infinite number of diagrams. These can be
concisely incorporated in the Lippmann-Schwinger equation by simply modifying
the potential:

Vo — Vo +6V. (11.34)

Interpreted in this way, one can obtain the effect associated with i0.M using
standard methods from quantum mechanics courses.*

4A warning though. When corrections to the Coulomb potential are considered, individual
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11.4 NR Particles in an External Potential

In the previous section, we saw how to derive the Schrédinger equation for
the hydrogen atom (and similar systems) from a QFT. We also discussed how
corrections to the Coulomb potential are obtained. However, the connection
with the formulation in Chapter 2 is not yet complete. In that chapter, we had
a QFT made of free NR particles in an external potential. One can make the
connection by considering the proton (or nucleus) to be infinitely heavy, so that
it behaves as a fixed external source of electromagnetic interactions. We then
have NR electrons, which can interact either among themselves or with physical
photons. If we switch off these interactions, we end up with a system of free
NR electrons in an external field. By keeping them, we will be able to deduce
the interactions of these NR particles in an external Coulomb potential with
photons (and therefore, indirectly, among themselves).

Let us quantify this discussion. Recall that we work in the interaction picture.
We first consider the propagator for the heavy particle field x. (a proton, for
instance):

O T W0) = B — 2) 0y e W) 0, )
Ak i
_ —ik(a'—) BT 11.35
e (11.35)

In the limit m, — oo, the propagator in position space becomes:

m o0 d4]€ ; ’ Z
T . Nt p— / —ik(z' —x)
{xe(@)xi(@)}0y,) —— (27T>46 kO + i

=0(2° — 2°)6 (X — X)Lpony, -

(O (11.36)

This represents a particle that does not move, it remains static.

In the above equations, we are using the vacuum associated exclusively with the
particle x.. This differs from the standard computation of a propagator, where
the time-ordered operators are sandwiched between the full vacuum. Therefore,
the expressions in Egs. (11.35) and (11.36) are to be understood as identity
operators acting on the Hilbert space of all particles except x., which we have
indicated with the operator 1,.,,.

Now, let us compute (generically, we will consider that 2’0 > x°)

(O Ixe(@") HXE ()10,

tree-level diagrams may be gauge dependent, and loop diagrams could also generate corrections
to the potentials. A complete set of diagrams is therefore needed to obtain a meaningful
correction to the potential.
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where "
_ 0 0
H=H"+H

other

+ Hj.

Since m, — 00, EQ((OC) =0. H égger stands for the free Hamiltonian of the other
degrees of freedom. It commutes with y.. Then:

(Op xe(@)Hxl(@)]0) = 82" —2)8O (K = x)H, Lo,

other

H0yIxe(@) Hix'()0y,) - (11.37)

Let us now focus on H;. It can be split into the term that only depends on other
degrees of freedom, H9"*" and the term that mixes those degrees of freedom
with y.. This latter term comes from Eq. (11.14), with the qualification that
we set (), = —Z, allowing for a general heavy nucleus. We then obtain

(O IXe (@) Hix () 0g.) = Tnoy (2" = 2°)0@ (x' = %) (11.38)
—Ze? 1
other d T
X (Hz +/d y< o ‘X_y|> @ (y)w(y)> :

In this expression, the nucleus field has disappeared from the equation, effec-
tively creating a Coulomb potential field of strength Za located at x. At the
Lagrangian level this term can be incorporated using the following term:
Za
2
ly — x|

~iLi= [alyly) ). (11.39)

and we can recover the Lagrangian we had in Eq. (2.1) of Chapter 2:

V? Za
0 d 0 . 0
Lo = /d Xt (29, %) (zao oo - ‘X’> o(2°, %), (11.40)

where we have located the heavy nucleus at the origin.> On top of that, we can
trivially include the interactions of the electron(s) with photons due to Hgher
by including the interaction terms, L;, one had in Eq. (9.10). We illustrate this
in the following sections.

Overall, the above derivation can be interpreted as creating an effective field
theory of NR particles in an external field from the original S-matrix projected
onto the one-proton sector:

Se}”fe(xlo - xo)(s(g) (x' = x) = (0, T{XC(x/)e_ifdyOH}(yO)XcT(m)}’Oxc> . (11.42)

5We could easily generalize to the situation where we have several static charged particles
located at positions x; by changing the Coulomb potential to

A Zi
e ey (11.41)
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11.4.1 Radiative Transitions of Hydrogen

The results obtained in the previous section allow us to compute the radiative
transitions of hydrogen-like systems. Our starting point is the Lagrangian

2m  |x|

D? Z 1
L= /ddxw(t,x) (i80 +—+ O‘>¢(t,x) - /ddx4FWFW, (11.43)

where ¢(x) describes the hydrogen(-like) atom field and iD = iV 4 e¢A is the
covariant derivative, which we split in the following way:

L=L"+L,+1L, (11.44)

where Lg)) is the Lagrangian of free NR particles in an external potential (the
Coulomb potential in our case) obtained in the previous section, i.e. Eq. (11.40).
L, = —% [dxF? and the interaction term can be approximated by the follow-
ing expression for the purposes of this section:

L~ /(ﬂie)ddxgoTA - V¢ (Coulomb gauge).

We will calculate the decay of hydrogen in the quantum state n into hydrogen
in the quantum state n’ plus a photon. Our initial state is

i) = 1m)10,) = a}]0,,)]0,) = al|0),

where a! is the creation operator of a hydrogen-like state with quantum numbers
n. We neglect recoil effects (m, — 00). Therefore, we set its center-of-mass
momentum to zero (both for the initial and final states).

Our final state is

1) = ) @ al(k,0)105) = alal (910).
We now compute the S-matrix to O(e).
<fz'/dx°L§(a:°)|z'> (11.45)
= [t (T [ txtu100, 1000 0 A ) - (optt 0) )0,
where, as usual,

A(2°, x) = /dc'jz:(e(,/ag/(q)e"‘1z + e;,az,(q)eiqz) ) (11.46)
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and

o(2°, x) = Z ane” P ¢ (x) . (11.47)

We can factor out the computation associated with the photon from the one
associated with the bound state (¢° = E, = w,):

=) [t [ d (3200, s (6)al (@)]0,)es (@) | e
(52) fare (5 )

X (161 (1, %) (Vo(t, %)) n) = ...

(f1517)

=(“y%wa—w—mww¢/Wme~HW%®»<uw

m

This last integration can be written in regular quantum mechanics as
/ddxqﬁfl/ (x)e"**(V,(x)) = i(n|e”**p|n).

This expression can be simplified using the multipole expansion: e~** = 1 +
O(a). This follows from the fact that |k| = wy ~ ma? for the photon energy,
whereas 1/|x| ~ ma, for the inverse radius of the atom.

The S-matrix element can be written compactly as follows
(F1S15) = (fli) +i(2m)o(Ey — E3){(fIM]i) , (11.49)

where

(FIMi) = =€ (ki{n'|ln) (11.50)

This result does not have the three-momentum conservation Dirac delta be-
cause the original Lagrangian (11.44) does not have translational invariance.
Obviously, physics is translation invariant. The reason we do not see an ex-
plicit three-momentum conservation delta is because we have factored it out of
the S-matrix element computed above. See Eq. (11.31) for an illustration of a
place where we still explicitly write the total three-momentum Dirac delta in
the S-matrix element.

Since there is no explicit translation symmetry, and the normalization of the
states is different, we have to repeat the derivation for the cross sections and
decays we did in Sec. 5.5. Here we perform a slightly different and simplified
derivation. We now have

Wiei = (2m)5(0)(2m)5(E; — E)|(fIMI)I? (11.51)
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where Ey = E,, + w;, and E; = E,,. 6(0) is infinity so we have to look at its
original expression to regularize it.

T/2 ‘
(27)6(E; — E;) = lim daPe i (Fs=Fi) (11.52)

T—o00 7T/2

Then, (27)6(0) ~ T, and the transition probability is infinite. Nevertheless,
a finite number is obtained for the transition probability per time unit, which
corresponds to the differential decay rate:

9P (om)a(Ey — E)(fIMIi Q= dr. (1153)

Unlike in the relativistic case, there are no additional factors needed to obtain dI'.
This is because we are already in the NR limit, where the states are normalized
without any energy factors. See the analogous discussion in Sec. 5.5.1.

Eq. (11.53) yields our first example of a Fermi’s golden rule. We now want to
compute the total decay width associated with this radiative transition. There-
fore, we sum over the final helicities of the photon and integrate over the whole
phase space (note that the phase space integration measure for the photon is
still the standard relativistic one), obtaining

=) =Y / dR(2m)3(E; — E)|{f1M]i) 2

e*w} . , 2w ,
= /2 /dQZ;|€a'Xn’n| :?|Xn’n| ; (11.54)

where we have used the Ehrenfest theorem i(n'|p|n) = m(E, — E,/){(n/|x|n) =
MW X -
11.4.2 Interaction with a Classical Electromagnetic Field

Classical electromagnetic fields can, in some limits, be described using coherent
states. Let us first recall some known results from quantum mechanics courses.
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Exercise 1

Coherent states. Consider the following Hilbert space:

[a,af] =1, [a,a]= [aT,aT] =0, (aT)n |0)

a) Prove that the projector on the vacuum can be written in the following
way

|0)(0] =: e~ :

b) If we consider the states

8

| >—exp{—|c|2}

i) Determine (n|n) and (c|c).
ii) Prove that alc) = ¢|c).
iii) If we define N = afa compute N = (c|N|c) and

(AN)? = (cIN?|c) = ({c|N]e))?

J

Using the results of this exercise, we are in the position to generate a classical
electromagnetic field. To make this connection smoothly, it is convenient to work
in a finite volume V' (which quantizes the allowed values of the three-momentum
k of the photon). For simplicity, we will consider V' to be a square box (though
our results will not depend on this), and work with the commutation relations:

[aT(k)a Q. (k/ﬂ = Oy Ok’ -

This means that the vector photon field reads

=Y o (e o () e e al (k) ) . (1L55)

One then constructs the following coherent state:

&) = le(k, ) —exp{—cwz}zﬁn

where
1

|n>:ﬁ

(af(k))"10).
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This coherent state has the same properties as the state |c¢) in the previous
exercise, but generalized to an infinite number of degrees of freedom. Namely,

(e(k, )X, 1")) = 6 Ox e al (k)|c(K, ")) = 6, le(k', ")) . (11.56)

The average number of photons of this state is related to the absolute value of
c:
N = <C(k7T)‘N‘C(kI,T’/)> = ‘6’25T7T/5k,k/ (1157)

and the root-mean-square fluctuation yields (for simplicity we take equal coher-
ent states)

AN = /(| N2|e) — N2 = |¢] (11.58)

This result is important. Even though |c) is not an eigenstate of N, the relative
fluctuation in the number of photons reads

AN 1
A (11.59)

which goes to zero if N = |c|? — oo.

Compute (c|Alc), (¢|Ele), and (AE)? = (¢|E2|c) — ((c|E|c))?

The result of this exercise shows that the electromagnetic part of the matrix
elements behaves as a classical field for large values of |c|. We illustrate this
below with the following example.

Emission/Absorption of a photon by a hydrogen atom

We can now compute the total transition rate for absorption or emission of a
photon by hydrogen-like systems in an external classical electromagnetic field
characterized by a coherent state |c(k,r)). We interpret this as a hydrogen atom
being in a medium full of photons. In some aspects, this computation is similar
to the one performed in the previous section. On the other hand, it can be
considered a kind of Compton scattering where the photon is classical (actually
an external source).

We can take advantatge of the computation from the previous section. Basically,
we only have to change the initial and final photon states. Therefore, we have

(715t / da® [ a'xtelic.r)|A G x)e(k, )
(|t (2°, x)(Vp(2°, %)) |n) (11.60)
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where the expression for A in the conventions of this section can be found in

Eq. (11.55).

Using the properties of the photon coherent state and doing the integration over
time, we obtain

— 1
(1810) =

+(27m)0(wi, + B, — Ep)er(k)

{(2@5(—% + E, — Ey)e (k) C:v / A", %% (W, (x))

\/7
/ddxqﬁ:;,e_ik'x(Vqﬁn(X))} . (11.61)

Cr

vV

Note that, as in the previous section, we could use the multipole expansion for
the matrix element if we wanted to. Nevertheless, we will keep the expressions
general.

As in the previous section, there is no three-momentum conservation, since, at
this level, there is no translational invariance. There are, however, important
conceptual differences regarding the energy-conservation Dirac deltas. The rea-
son is that we are working with coherent states, which do not have a well-defined
energy. While the final energy has to be equal to the initial energy, neither is
unique. From this result, we see that the coherent state acts as a reservoir of
photons (or energy) that allows the hydrogen to change state. The classical
electromagnetic field can act as a source or a sink of photons and two energy
Dirac deltas appear, one for absorption, and the other for emission.

Following the same steps as in the previous section, we can compute the transi-
tion probability per time unit

dP e\2 1
—=(—) — 11.62
dx0 (m) 2w, (11.62)

X {(QW) §(Ep — By —w) |(n]e ™% (k) - p )| 7 (emission)

+(2m) 8(E, — Ew +w) |(n|e®*e*(k) - p |n’>|2 n (absorption)} ,

where 1 = {f (recall that |c|* = (¢|N|¢) = N). The first option is emission
and the 2nd is absorption of the photon. One may ask how to obtain the
infinite volume limit. One can take the limit V' — oo and N — oo with i =
% = constant and finite, i.e. with a finite photon number density per volume
unit. This yields a finite limit for dP/(dz°), and another example of a Fermi’s

Golden rule.

Finally, we leave the reader with the following take-home exercise:
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For the same coherent state, |c(k,r)) study the photoelectric effect (the
ejection of an electron when the atom is placed in the radiation field).

11.5 Exercises

1. Consider the following correction to the Lagrangian density (11.12):
AV 2
oL = @T(t,x)z—;la -eByp(t,x) — XI(t’X)T;QU -eBx.(t,x). (11.63)

Obtain the Feynman rules for this term and compute the following diagram

P Py
e e
p p
b2 P4

Obtain the associated correction to the potential and compute the hyper-
fine splitting for the case of hydrogen with cg) = 1land cg) = 1+ p,, where
ftp is the anomalous magnetic moment of the proton. Compare the result
with experiment.

2. Redo Sec. 11.4.1 with the Lagrangian

2m x|

2
1
L= /ddxapT(t,x) (i@o - v + S tex E> o(t,x) — /ddx4F,wF“” .
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12 Quantum Gravity

The introduction of massless spin-two particles in a QFT interacting with other
(massive or massless) particles parallels the introduction of massless spin-one
particles we did in Chapters 7 and 9. There is nothing conceptually different
from the point of view of the fundamentals of QFT.! As with the photon, a
Lagrangian that includes graviton fields has a gauge symmetry. We need to
consider a symmetric tensor h,, that, after some gauge fixing constraints, can be
written in terms of a linear combination of the graviton creation and annihilation
operators: hm, ~ @ + &', analogous to the photon one: A W(z) ~a+al. Asin
the photon case, besides explicit Lorentz invariant terms, non-local terms, such
as those that appear in QED: H; ~ [ ddx% show up to make the S-matrix
Poincaré covariant. These terms combine with the physical graviton propagator
to form a full propagator very much as in the QED case. In this book, we will
not study quantum gravity. However, we cannot resist the temptation to give a
small list of exercises that can already be solved with the tools presented in this

book.

12.1 Exercises

1. Using the generalized Feynman rules methods from Chapter 8 determine
the propagator of the following Lagrangian:

1 1
Ly = iaAhuyaAh’”’ — Z(%h@’\h,

where h,,, is a symmetric tensor that describes a graviton and h = h*,,.

2. Using the generalized Feynman rules methods from Chapter 8 determine
the Feynman rule for the following vertex

0L = cV/Ghy T >WJW< (12.1)

where T"” is the energy-momentum tensor of a free scalar spin-zero parti-
cle, G is the Newton constant, and c is a dimensionless constant.

3. Using the results of the previous exercises, compute the scattering of two
spinless and chargeless black holes with masses M; and M, at the lowest

'We do not address here issues such as the (perturbative) renormalizability of the theory.
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non.vanishing order in \/é, take the NR limit and fix the coeflicient ¢
such that the result agrees with Newton’s law of gravitation. Discuss the
similarities with Coulomb’s law.

4. Using the generalized Feynman rules methods from Chapter 8 determine
the Feynman rule for the following vertex

6L = 'V Gh,, T" ;“W (12.2)

where T* is the energy-momentum tensor of a free photon, and ¢ is a
dimensionless constant.



Introduction to Quantum Field Theory Materials 171

Bibliography

1]

ESEES)

=)

H. Goldstein, Classical Mechanics, Addison-Wesley Publishing Company,
2nd Edition (1980).

A. Cornella and J.I. Latorre, Teoria classica de camps; Universitat de
Barcelona, 1984.

D. Lurie, Particles and Fields; Interscience John Wiley & Sons. Inc. (1968)

S. Weinberg, The Quantum Theory of Fields; Cambridge University Press
(1995).

L.H. Ryder, Quantum Field Theory; Cambridge University Press (1985).
F.J. Yndurain, Elements of group theory; https://arxiv.org/pdf/0710.0468.

C. Ttzykson and J. Zuber, Quantum Field Theory; (International series in
pure and applied physics) McGraw-Hill International Book Co (1987).

B. Hatfield, Quantum Field Theory of Point Particles and Strings; Addison-
Wesley Publishing Company,1989.

S. Pokorsky, Gauge Field Theories; [Cambridge monographs on mathemat-
ical physics] (2000, Cambridge University Press), 2nd Edition.

M. Peskin and D. Schroeder, An introduction to Quantum Field Theory;
(Frontiers in Physics), theory-Addison-Wesley Pub. Co (1995).

F. Mandl and G. Shaw, Quantum Field Theory; Interscience John Wiley &
sons, Revised edition (1984).

J.J. Sakurai, Modern Quantum Mechanics; Addison-Wesley Publishing
Company, 1985.



	TRIPA-02_3.ITQC260108 - reduida.pdf
	Preface
	Background Material
	Table of Acronyms
	Relativistic/Non-Relativistic Notation
	Classical Field Theory*
	Motivation
	CM vs CFT (general discussion)
	Functionals
	Hamiltonian Formalism
	Exercises

	Poincaré Group*
	Group Definitions
	Lorentz Group and Lie Algebra
	Action on Fields
	Poincaré Group and Lie Algebra
	Exercises


	Non-relativistic QFT
	NR Many-body Systems (bosons)
	CFT Analysis
	Quantization
	Hilbert Space and Fock Space
	Evolution in Time
	Localizability and Particle Interpretation of the Theory
	Connection with Quantum Mechanics and the  Probabilistic Interpretation

	NR Fermions
	Exercises

	Fock Space and Asymptotic States
	Connection Between Symmetry Groups and Physics
	Example: SO(3)
	The Wigner Method*
	One-Particle States
	Little Group
	Little Group: Massive Case
	Second Casimir Operator and Spin
	Light-like Vectors and their Little Group

	Summary. Fock Space and Operator Formalism

	Scalar Free Fields
	Real KG Field
	Propagators
	Feynman Propagator

	Symmetries
	Noether's Theorem (for continuous symmetries: Lie groups)
	Translations

	Complex KG Field
	Wick's Theorem and Contractions
	Exercises

	S-matrix (interactions)
	Time Evolution in the Interaction Picture
	Motivation for Causal (free) Fields
	How to Implement Lorentz Invariance in the S-Matrix
	Particles with Internal Quantum Numbers
	Cross Section
	Decay Width (rest frame)
	Phase Space Integrals


	Interaction (examples): 4 and 3
	Meson-meson Scattering (4)
	Cross-section for Meson-meson Scattering

	lambda phi3
	Cross-section for Meson-meson Scattering

	Diagrammatic Interpretation

	Spin-one Massless Particles: Photons
	Exercises

	Generalized Feynman Rules
	Propagators and Vertices
	Feynman Rules for External Particles
	Matrix Elements
	Exercises

	QFTs with Photons
	Scalar QED
	NRQED
	Quantization
	S-matrix and (effective) Photon Propagator
	Gauge Invariance of the S-matrix


	Scalar QED. Applications
	Feynman Rules of Scalar QED
	Compton Scattering with Pions to O(e2)
	Compton Cross Section

	Pion-antipion Scattering

	NRQED. Applications
	Feynman Rules of NRQED
	Compton Scattering to O(e2) in NRQED
	Connection to the NR Quantum Theory
	Connecting the Relativistic and NR Fields
	Electron-proton Scattering in NRQED
	Lippmann-Schwinger Equation

	NR Particles in an External Potential
	Radiative Transitions of Hydrogen
	Interaction with a Classical Electromagnetic Field

	Exercises

	Quantum Gravity
	Exercises





