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1 Introduction

1.1 What is quantum field theory?

Quantum field theory is the modern theoretical framework to describe almost all phenomena in
fundamental physics. This includes the standard model of elementary particle physics with the
electromagnetic, the weak and the strong force and most likely, in one way or another, also dark
matter and gravitation.

There are close connections to quantum mechanics and historically quantum field theory was
developed as quantum theory for infinetly many degrees of freedom when it became clear that a
relativistic version of quantum mechanics is not consistent. In the modern understanding quantum
field theory in actually underlying non-relativistic quantum mechanics and the latter follows from
the former in a limit. There is also a non-relativistic version of quantum field theory which can
describe few-body physics of non-relativistic particles, but can also be used favorably to describe
many-body physics and condensed matter.

Another very interesting connection is between quantum field theory and statistical field theory.
Many of the concepts needed for relativistic quantum field theory can only be properly understood
from the point of view of statistical physics and moreover, the same concepts can be used to describe
stochastic theories where fluctuations are not of a quantum origin but have different reasons. This
goes even beyond physics and the natural sciences.

Relativistic quantum field theories have also an interesting intersection with group theory, the
theory of symmetries. Specifically Lie groups of various kinds play an important role to understand
the phenomena of the standard model of elementary particle physics. Also consequences of space-
time symmetries like conservation laws or the basic notion of what a particle actually is can be
mentioned here.

There is also a very interesting relation to (quantum) information theory that is currently being
explored in more detail. It is well possible that further insights into quantum field dynamics arise
here in the coming years.

1.2 What concepts are needed to understand it?

e Quantum theory
e Symmetries and Lie group theory

e Concepts from statistical physics

2 Basics of Lie groups

2.1 Symmetries and groups
Symmetry transformations

Studying symmetries and their consequences is one of the most fruitful ideas in physics. This holds
especially in high energy and particle physics but by far not only there. To get started, we first
define the notion of a symmetry transformation and relate it to the mathematical concept of a
group.

It is natural to characterize a symmetry transformation by the following properties



e One symmetry transformation followed by another should be a symmetry transformation
itself.

e There should be a unique (trivial) symmetry transformation doing nothing.

e For each symmetry transformation there needs to be a unique symmetry transformation re-
versing it.

With these properties, the set of all symmetry transformations G forms a group in the mathematical
sense.

Properties of groups

More formally, a group G has the following properties.

(i) Closure: For all elements f, g € G the composition g- f is in G. (We use here transformations
acting to the right so that g- f should be read as a transformation where we apply first f and
then g.)

(ii) Associativity: h-(g- f)=(h-g)- f.

(iii) Identity element: There exists a unique unit element 1 in the group, 1 € G, such that

1-f=f-1=fforall fegG.

(iv) Inverse element: For all elements f € G there is a unique inverse f~! € G such that f- f~! =

flr=1

These basic properties define groups of many kinds, both finite and infinite, discrete and continuous.

Representations

One distinguishes between groups as abstract entities and concrete representations. The abstract
abstract group is defined through the set of its elements and composition law. A representation
is a concrete realization of the group elements and their composition law, for example as matrices
acting on a vector space or transformations of some type.

For example, a very simple group is Zs. It has two elements, the unit element 1 and an element
R with R? = 1. A representation of R on the space of functions f(z) of a single variable z could
be given by the parity transform f(xz) = f(—x). The unit element is represented by the identity
transform f(x) = f(x), and we thus have a representation of the group Zs.

Abelian and non-abelian groups

A group is called abelian if the group product is commutative, f-g = g- f for all f,g € G. Otherwise
the group is called non-abelian.

2.2 Examples for Lie groups

Lie groups can be defined as differentiable manifolds with a group structure. They have an infinite
number of elements. Let us start with a few examples.

e G = R, the additive group of real numbers. The group “product” is here the addition, the
inverse of an element is its negative and the neutral or unit element is zero. This is clearly an
abelian group.

o G =7, the multiplicative group of positive real numbers. Also an abelian group.



o G = GL(n,R), the general linear group of real n x n matrices g with det(g) # 0 (such that
they are invertible). Similarly, G = GL(n,C), the general linear group of complex n x n
matrices. These groups are non-abelian for n > 1.

e G = SL(n,R) the special linear group is a subgroup of GL(n,R) with det(¢g) = 1. This is a
more general notion, the S for special usually means det(g) = 1.

e G = O(n), the orthogonal group of real n x n matrices R with R” R = 1. This immediately
implies det(R) = +1. Again this is a subgroup of GL(n,R). As a manifold, O(n) is not
connected. One component is the subgroup SO(n) with det(R) = 1, the other is a separate
submanifold where det(R) = —1. One can understand O(n) as the group of rotations and
reflections in the n-dimensional Euclidean space. The simplest non-trivial case is for n = 2
where SO(2) consists of elements of the form

_ (cos(#) —sin(0)
R(9) = (sin(@) cos(0) > '

This is clearly isomorphic to the group U(1) of complex phases €. SO(n) is non-abelian for
n > 2.

o G = U(n), the unitary group of complex n xn matrices U with UTU = 1. Now we immediately
infer that det(U) is a complex number with absolute value 1. U(n) is non-abelian for n > 1.

e G = SU(n), the special unitary group with unit determinant. Plays an important role in
physics, most importantly SU(2) and SU(3).

e G = O(r,n — r) the indefinite orthogonal group of n x n matrices R that leaves the metric
n =diag(—1,...,—1,+1,...,+1) with r entries —1 and n—r entries +1 invariant, in the sense
that R”nR = 1. An example is O(1,3), the group of Lorentz transformations in d = 1 4 3
dimensions.

e G = Sp(2n,R) is the symplectic group of 2n x 2n matrices M that leaves a symplectic bilinear

Q- (_?ln +§”> (2.1)

invariant in the sense that MTQM = Q. Here 1,, is the n dimensional unit matrix and
similarly 0. This is obviously a subgroup of GL(2n,R). There is also a complex version

Sp(2n, C).

form

Lie groups have very nice features and a rich mathematical structure because they are both,
groups and manifolds. We will now first introduce Lie groups and Lie algebras from an algebraic
point of view, and subsequently also briefly introduce a differential-geometric characterization.
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2.3 Algebraic approach to Lie groups and Lie algebras
Lie algebra and generators

Because a Lie group is also a manifold, group elements can be labeled by a (usually multi-
dimensional) parameter or coordinate £ = (£1,...,6™), i.e. we can write them as g(¢). Without



loss of generality we can assume that & = 0 corresponds to the unit element, g(0) = 1. Let us now
consider infinitesimal transformations. We can write them as

g(d€) =1 +4d&T; + ..., (2.2)

where we use Einsteins summation convention implying a sum over the index j, and the ellipses
stand for terms of quadratic and higher order in the infinitesimal d¢. Note that we can write

0

i1y = 569(6) (2.3)

£=0

Formally, the objects T} constitute a basis of the tangent space of the Lie group manifold at the
position of the unit element g(¢) = 1, which is at £ = 0. The factor ¢ is conventional and used by
physicists, while mathematicians usually work in a convention without it. The T} are also known
as the generators of the Lie algebra, to which we turn in a moment. The generators constitute a
basis such that any element of the Lie algebra can be written as a linear superposition v7Tj.

Exponetial map
A very important idea is now that one can compose finite group elements, at least in some region

around the unit element, out of very many infinitesimal transformations. In other words one writes

s N
g(&) = lim <1+WNTJ'> = exp (i¢T}) . (2.4)

N—o00

One recognizes here that the limit in (2.4) would give the exponential if T; were just numbers, and
one can essentially use this limit to define also the exponential of Lie algebra elements. Alternatively,
the exponential may also be evaluated as the usual power series

i i 1, 2 1, . 3
exp (ig7Ty) = 1 +i&T; + 3 (i&Ty)" + 30 (&T;)" + ...
Note that for a;, 8 € R one can combine
exp (i’ Tj) exp (iBE7Ty) = exp (i(a + B)ETy) . (2.5)
Such transformations (for fixed &) form a one-parameter subgroup.

Combining transformations

It is more difficult to combine transformations exp (iﬁj Tj) and exp (iCj Tj) when £ is not parallel to (.
The reason is that £&/T; and (77} can not be assumed to commute. To combine two transformations,
one needs to use the Baker-Campbell-Hausdorff formula

exp(X)exp(Y) = exp(Z(X,Y)), (2.6)
with 1 1 1
Z(X,)Y)=X+Y + 5[X,Y] + 1—2[)(, (X, Y]] - 1—2[Y, (X, Y]] +... (2.7)

This shows that it is crucial to know how to calculate commutators between the Lie algebra elements.

Commutator and structure constants

For transformations close to the identity element we can write using (2.6) and (2.7)

exp (z{jTj) exp (iCjTj) = exp (szT]) , (2.8)



with )
j l
w=g ¢ =St
where the ellipses stand now for terms of quadratic and higher order in £ and . We are using here
the structure constants f ; kl of the Lie algebra defined through the commutator

P
(T}, T] =i f, T0- (2.9)
The structure constants are obviously anti-symmetric,
l l
Firw =~Fus -

Equation (2.9) tells that the commutator of two generators can itself be expressed as a linear
combination of generators. Together with egs. (2.6) and (2.7) this makes sure that the group
elements (2.4) can be multiplied and indeed form a group. In other words, if eq. (2.9) holds, we
can multiply group elements as in eq. (2.8) to yield another term of the same structure such that
they form a group. On the other side, one could also start from the group multiplication law and
demand that the left hand side of (2.8) can be written as on the right hand side. At order ~ &(
this implies then a relation of the form (2.9).

Generators and stucture constants for unitary groups

For unitary Lie groups where gf = (1 — idng]T) = g~ ! = (1 — id¢Tj) the generators must be
hermitian,
T; =T}

Also, in that case the structure constants are real,
f L pex 1
gk T Jgk -

This follows from
—if5 T = 13, ]t = [T, Tj) = ify,; ' T = —if,,'Th.

Lie algebra

The definition (2.9) also makes sure that linear combinations of generators, which obviously form
a vector space, constitute a Lie algebra. To that end, the Lie bracket [-, -] must have the properties

(i) Bilinearity: [NA+ uB,C| = MA,C] + u[B, C],
(ii) Antisymmetry: [A, B] = —[B, 4],
(iii) Jacobi identity: [A,[B,C]] + [B,[C, A]] + [C,[4, B]] = 0.
From the Jacobi identity for the generators
[T5, [Tk, T} + [T, [T0, T3] + [T, [T5, T ]] = O, (2.10)
one infers for the structure constants
Fin " fia™ + fon " "+ fi " " = 0. (2.11)

Representations

The commutation relation (2.9), expressed also in terms of the structure constants, define a Lie
algebra, similar as the multiplication rules do for a group. One distinguishes between a particular
Lie algebra as an abstract entity and a concrete incarnation or representation of it.



Fundamental representation

A first example is the fundamental representation
(T;7)™ = (1) (2.12)

For SU(N), the generators in the fundamental representation ¢; are hermitian and traceless N x N
matrices. This is a real vector space of dimension N2 — 1.
For SU(2) we can write t; = 0;/2 with the three Pauli matrices,

(0 (0 i (10
=\ o)’ 2=\ o) 5= \o -1/

For SU(3) one takes t; = A;/2 with the eight Gell-Mann matrices

010 0 —i 0 1 0 0
M=[10 0], =i 0 o], = [0 -1 0],
000 00 0 00 0
001 00 —i
M=100 0], M=[00 0],
100 i 00
000 00 0 L (100
N=|00 1], x=[0 0 =i, N
010 0 0 3\0 0 -2

The restriction to the purely imaginary matrices Ay, A5 and A; generates the Lie algebra of the
orthogonal group SO(3) in its fundamental representation.

Adjoint representation

From the Jacobi identity (2.11), one can see that the structure constants can actually be used to

construct another representation, the so-called adjoint representation. Here one sets the matrices
to

A .

(@ =i

Indeed one has for the commutator of two generators

A A . A
[Tj( )7T1§ )]ml = _fjnmfk:ln + fin™ jln = _fjk:nfnlm =1 jkn(Ty(l ))ml'
The dimension of the adjoint representation equals the number of generators of the Lie algebra.

For example, the Lie algebra of SU(3) has 8 generators and accordingly the adjoint representation
is given by 8 x 8 matrices.

o (2.13)

The fundamental and the adjoint representation are the most important representations. The
adjoint representation always exists and can be used to classify Lie algebras.

However, there are many more representations of Lie algebras and they all induce corresponding
representations of the Lie group through the exponential map (2.4).
2.4 Differential geometric approach to Lie groups and Lie algebras

Left translation

Now that we understand already some of the properties of Lie groups and Lie algebras, let us discuss
them also from a geometric point of view. It is interesting to consider the group multiplication as
a map on the group manifold,

Ly :G— G, Ly (g) = hg. (2.14)

This is the so-called left translation.



Tangent space at unit element

Recall that in (2.3) we have introduced the generators T as a basis for the tangent space of the
group manifold G at the identity g = 1 or & = 0. More formally, one can construct the tangent space
of a manifold as a basis for vectors, which are in turn defined through curves. For this construction
we first consider a curve in the group manifold parametrized by some parameter o € R and we
assume that it goes through the unit element g(ap) = 1. We can write the curve as g(«), or in
terms of coordinates £ on the group manifold as £(«) such that g(a) = g(£(«)) and &(ap) = 0. Now
consider the derivative

d 0

- dgj . dgj
90| . = 5590) T

S s R S
£=0 da T da

This is now an element of the tangent space T3(G) of the group manifold at the point where
g(&) = 1. Any element of this vector space can be written as a linear combination of the basis
elements

0
Ty = 2=0(6)| _ .
(&% 3§J g(&) £=0
Induced basis for tangent spaces at other points

Interestingly, this basis for T} (G) can be extended to a basis for the tangent spaces at other positions
of the group manifold. To that end we can use the left translation (2.14). Specifically, from the
curve g(a) we can construct another curve through the left translation (2.14)

g(a) = Lp(g(a)) = hg(e).
The derivative at the point g is now

d

%g

9 d¢
a=ap n T@hg(ﬁ)L:O%

(@)

One observes that a basis for the tangent space Ty (G) is given by

7] 0

iTj(h):a?jhg(f)‘ :h@g(f) = i hT}. (2.15)

£=0 ‘5:0

In this way we can actually get a basis for the tangent spaces everywhere in the entire group
manifold. It is quite non-trivial that the tangent spaces can be parametrized by a single set of basis
functions ¢T};(h). One says that the manifold G is parallelizable.

Vector fields on group manifolds

Formally, the map (2.15) between the tangent spaces T3 (G) and T, (G) is an example for a push-
forward, induced by the map (2.14) on the manifold itself. One also writes this as

T;(h) = LpsTj(1) = Ly T;.
One may now construct vector fields on the entire manifold as linear combinations,
V(h) = v/ (h)T;(h). (2.16)

Left-invariant vector fields

Such a vector field is called left invariant if
Ly.V(h) =V (gh).

Because the basis T} (k) is left-invariant by construction, the vector field (2.16) is left-invariant when
the coefficients v/ (h) are independent of the position on the manifold, i. e. independent of h.



In summary, we may say that the generators of the Lie algebra 7 induce actually a left-invariant
basis for vector fields on the entire group manifolds. One may even understand the Lie algebra itself
as an algebra of left-invariant vector fields. The Lie bracket is then introduced as the Lie derivative
of vector fields.

2.5 Examples for matrix Lie algebras

Let us end this section with a few examples for Lie algebras corresponding to matrix Lie groups
introduced previously.

o su(n) is the Lie algebra corresponding to the group SU(n). We write the group elements
as U = exp(it). From UTU = 1 one infers ¢t = t. Writing this in components, the real
part is symmetric, Re(tnm) = Re(tmn), and the imaginary part is anti-symmetric, Im(¢,.,,) =
—Im(¢,,n). Moreover, we have the condition det(U) = 1. The latter can be rewritten as

det(U) = exp(In(det(U))) = exp(Tr{ln(U)}) = exp(iTr{t}) = 1, (2.17)

so that we need Tr{t} = 0. These arguments show that the Lie algebra su(n) as a real vector
space has n? — 1 linearly independent generators T;.

 s0(n) is the Lie algebra corresponding to the group SO(n). Here we write the group elements
as R = exp(it) and they are real matrices such that RT R = 1. For the Lie algebra elements
we have again ¢t = tI. In order for an infinitesimal transformation R = 1 + it to be real,
the components t,,, must be imaginary, and therefore also anti-symmetric. The condition
Tr{t} = 0 is then automatically fulfilled. These arguments show that the Lie algebra so(n)
has n(n —1)/2 linearly independent generators Tj.

o 5p(2n) is the Lie algebra corresponding to the group Sp(2n). The group elements R = exp(it)
are real matrices that satisfy RTQR = Q with Q = —Q7 given in (2.1). For an infinitesimal
transformation R = 1 + ¢t one finds the condition

A+tTQ =t —t7QT =t — ()T =0. (2.18)

In other words, Qt must be symmetric. These arguments show that the Lie algebra sp(2n)
has n(2n + 1) linearly independent generators 7).
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3 Classical field theory

3.1 Relativistic scalar field theory
Classical action

Let us consider the classical action for a real scalar field

519l :/dt/dsww,m) /dt/d%{;g{}? L (vor - tmegr 2&}

1 1 A
_ 3 e 127 _ Tan242 4



We have suppressed here the argument, but the field ¢ is to be understood as a (real) function of
time and space

¢ = o(x) = o(t, x).

The integrand .Z is known as the Lagrange density. We represent time derivatives by dots, i. e.

.0
¢ = ad)(t X)a

and the spatial gradient by V¢(¢,x). In the following we use the abbreviation

[ Jo-faf o

It is sometimes convenient to restrict the integrals to some intervals in time, for example t; < ¢ < t¢,
and the spatial integral could be restricted to some volume V. In that case one must specify what
boundary conditions the field ¢(¢,x) is supposed to satisfy on the boundary 0V. Some common
choices are Dirichlet boundary conditions, where the field is fixed to some value on the boundary,
or Neumann boundary conditions, where the normal derivative of the field is fixed, or periodic
boundary conditions.

The square brackets in S[®] indicate that the action depends on the fields in a functional way,
which means it depends not on single numbers but on the entire set of functions of space ¢(t, x),
with (¢,x) € R? where we usually take d = 1 + 3. We also use the Minkowski metric with mainly
plus signature, g, = diag(—1,+1,+1,+1).

Blackboard video

Fields as vectors

One can consider ¢(t,x) as a vector in a (real) vector space of infinite dimension where compo-
nents are labeled by time ¢ and the spatial position x. In particular, linear superpositions of field
configurations ¢(t,x) = A\1¢1(t, x) + Moo (t, x) are again field configurations. It is sometimes useful
to think about a field theory as limit of a discrete lattice model where the positions x and times ¢
are restricted to discrete points on some lattice. When space and time are furthermore constrained
to a finite region of spacetime, the number of spacetime positions (¢,x) becomes finite. A field
configuration is then specified by a set of real numbers, one per spacetime lattice site. This would
be a finite set of numbers in the lattice scheme but it becomes infinitely large in the continuum and
infinite volume limits.

Functional spaces

How regular should one assume field configurations ¢(¢,x) to be? It is tempting to assume that
they should be continuous and at least differentiable once so that the action in eq. (3.1) is well
defined. Assumptions of this kind are sometimes justified in classical physics, but in the statistical
and quantum field theoretic formalism we discuss below one also needs to work with very irregular
field configurations that are not even continuous.

3.2 Variational principle and equations of motion

Variation of the action

One can obtain the classical equation of motion by the principle of stationary action

05 =0.

~10 —


https://www.tpi.uni-jena.de/~floerchinger/assets/videos/M4KRqv3A4L.mp4

For the action in (3.1) this yields
o5 = [ {ia)8ia) = Vo) 59 0(e) — moa) ) - yo(0)* (o)}

= [ {00t 00,000) - mota) 6t0) - 000 30(0) .

Note that on the right hand side the variation of the field d¢(x) occurs, but also the variation of
the derivatives 60,¢(z).
Partial integration

To deal with the time derivative of the variation 6(]5(96) we integrate by parts,

/ i | #a{dw i} = [ @t {otre0 b0t - ot x) dofn )

- /t " /V d3x{¢§(gg)5¢(z)}

The first term on the right hand side is a boundary term at the final time ¢; and initial time ¢;.
Similarly one can deal with the spatial gradient term,

[ [ ¢V ioy = [ [ aen(Towsot)
v [t [ #oe Vo sy,

The first term on the right hand side is a surface integral with outward-pointing normal vector n
on the boundary 9V

Fixed boundary conditions

We consider now fully fixed or constrained field configurations on the boundaries of the spacetime
volume at t;, tr and the spatial boundary 0V. This means that the variation d¢(z) is supposed to
vanish there, d¢(z) = 0. For example we could demand at initial and final time

o(ti, x) = ¢i(x), o (ts, x) = (%), (3.2)

and take the spatial volume V to be all of R? so that there is actually no spatial boundary.
Combining terms yields then

s - | {—é(w) FV20(2) ~ mPo(x) ~ <w>3} 5().

For this to vanish for arbitrary variation d¢(x) inside the spacetime volume we need

. A

~(a) + V20(a) - () - 5

which is the classical equation of motion. Together with the boundary conditions (3.2) the classical
field ¢(¢,x) is actually fully fixed through this differential equation. Indeed, this equation of motion
is a quasi-linear hyperbolic partial differential equation of second order. A solution is determined
by initial data in the form of a configuration of the field ¢(¢;,x) = ¢;(x) and its first time derivative,

(z)® =0, (3.3)

on some Cauchy hypersurface like ¢t = t;, or alternatively by field configurations at initial and final
time as in eq. (3.2).

Blackboard video
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3.3 Maxwell theory
Gauge field and field strength tensor

Another example for a classical field theory is Maxwell theory. The field is here the four-vector
potential, or gauge field A, (z) = (—®(z), A(z)). We work in unites where ¢ = 1 and with Minkowski
space metric 7, = diag(—1,+1,+1,+1). The electric and magnetic fields are given by

0

E(z) = —&A(x) — Vo(x), B(z) =V x A(x),

and can be combined into the field strength tensor

0 —F, —Ey —F;
E, 0 —B; B
E2 B3 0 7B1
Es —By By 0

Fu(z) =0,A,(x) — 0, A, (x) =

Note that this immediately implies the homogeneous Maxwell equations,
et PoQ, Fpp(z) = P90, [0,A0(x) — 0, A,(2)] =0,

following from the fact that 0,0,A4,(x) = 0,0, As(x). Here we are using the completely antisym-
metric Levi-Civita symbol ¢#*7? in d = 1 + 3 dimensions.

One can also write the homogeneous Maxwell equations in the familiar form V - B = 0 and
B+ V xE=0.
Gauge invariance

We note immediately that the field strength tensor is antisymmetric, F,, = —F,,. It is invariant
under gauge transformations

Au(z) = Au(z) + 0pa(x), (3.5)

where a(x) is an arbitrary scalar function with 0,0,a(z) = 0,0,a(x). This also implies that
A, (x) is not fully fixed by the measurable electric and magnetic fields, but only up to gauge
transformations.

Action

The action for classical Maxwell theory in in the presence of some electromagnetic current J*(z) =
(p(x),J(x)) given by

1
St = [ ate {1 @) Fule) - (@) A0}
1 1
:/ddx {28MAV(I)8“AV(1‘) + 58“/1”(17)3”14“(17) — J”(I)Au(x)} .
Note that this is invariant under gauge transformations (3.5), up to a boundary term, when the
current is conserved, 0, J*(x) = 0. For the first term this is clear because the field strength tensor
is invariant, and for the second term it follows through partial integration.
One can expand the action (3.3) in the form

1 1 1 1
S :/ddx {28kA08kA0 = B0 Ak Ao + 500 Ak00 Ay — 50; ArD; Ay + 50 AkOkA; — JOAy — J‘fAk} :

where Latin indices j, k = 1,2, 3 run over spatial components.
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Variation

To vary the action we need the variation of the field strength tensor, expressed in terms of the
variation of the gauge field,

0Fu () = 0u0A,(x) — 0,0A4,(x).

Performing then partial integrations and using the anti-symmetry property of F,, yields
58 = / iz {—;F“”(x)éFW(a:) - J“(x)éAM(z)}
= [ ds (0, () - (@) 5A, 2))
Accordingly, the principle of stationary action implies the inhomogeneous Maxwell equations
O F* () = J¥ (z).
One can also write these in the familiar form V-E =p and —0;E+ V x B = J.

3.4 Gross-Pitaevskii theory
Action

We also discuss an example for a non-relativistic classical field theory. It describes a Bose-Einstein
condensate of bosons with repulsive contact interaction. The action is

; 2
st = [t [ @2 { G600 - 000 - LVeVo-VEo- SR} (30)

The field ¢(¢,x) is here complex. We have included an external potential V' (¢,x) which could be an
optical trap, for example, and A > 0 is the interaction parameter. Note that despite the presence
of the imaginary unit ¢ the action is real. This becomes more explicit when it is rewritten in terms
of real fields o1 and @, defined through ¢ = [p1 + ipa]/V/2.

Variation and equation of motion

For a complex field one can either consider the real and imaginary part as independent fields,
and vary with respect to them, or one can vary with respect to ¢ and ¢*. In the latter case one
obtains two complex conjugate equations of motion, so it is enough to do one of these variations.
Specifically, variation with respect to ¢* yields, up to boundary terms,

68 = /dt/d3x { [ih@tqb + %qub — V- A¢*¢¢} 5¢*} )

The corresponding equation of motion is a kind of non-linear Schrédinger equation, the Gross-
Pitaevskii equation

h2
Zhat¢(ta X) = _%VZQS(ta X) + V(ta X)¢(t7 X) + >\¢* (t7 X)¢(t, X)¢(t7 X)' (37)
Because this is a differential equation of first order in time, initial conditions can be posed in the

form ¢(ti,x) = ¢i(x). As a complex equation this fixes both the real and imaginary part ¢ (¢, X)
and @2 (t;,x), so the number of initial conditions is the same as for the relativistic real scalar field.
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3.5 Hamiltonian formalism
Conjugate momentum field

As familiar from classical mechanics, one may also introduce a Hamiltonian description which is
connected to the Lagrangian description through a Legendre transform. As a first step in that
direction one defines a conjugate momentum field. One starts here from the Lagrange function at
some given time ¢,

L[®(t), d(t)] = /d?’a;g(«p(t, x), 0, ®(t,x)).

For a field theory, the Lagrange function is a functional of the field ®(¢,x) at fixed time ¢, with
spatial position x treated similar to an index in mechanics. In other words, we can see the field
theory as a mechanical system in the continuum limit with one degree of freedom per spatial position
x. The difference is that x is being integrated over instead of the sum over different mechanical
degrees of freedom familiar from mechanics.
The field ®(¢,x) has a canonical conjugate momentum field II(¢, x), which is defined through
0Z(®(t,x),0,9(t,x))

H(t,x) = 0% (t, x)

Examples

Let us consider the actions we have introduced already.

o For the real relativistic scalar field with action as in (3.1) one finds the momentum field
conjugate to the real scalar field ¢(¢,x) to be

7(t,x) = ¢(t,x).

e For the Maxwell theory with action as in (3.3) one finds the momentum field conjugate to
Apg(t,x) to be minus the electric field,

0L

— = 9y Ak(t,x) — O A (t,X) = For(t,x) = —E(t, x).
8Ak(t,x) 0 k( X) k o( X) Ok( X) k( X)

7 (t, x) =

In contrast, the field Ag(#,x) has a vanishing conjugate momentum field,

mo(t x)—ﬂ—o
OO 9Ag(tx)

o Finally, for the Gross-Pitaevskii theory with action as in (3.6) one finds the momentum field
conjugate to the complex scalar field ¢(¢,x) to be

0L ih
T t,X = D =—¢" t7X7
R e A
while the conjugate momentum field to the complex conjugate field ¢*(¢,x) is
0L —ih
Ty (1, X) = ——— = —¢(t, X).
(1) = s = SRl
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Hamiltonian as Legendre transform

The Hamiltonian (at some time t) is now given by the functional Legendre transform
H[®(t),T1(t)] :/d?’x,}f(q)(t,x),V@(t,x),H(t,x))

:/d% sup {T1(t,%)(1,%) — Z(®(t, %), 8, (1, %)) }.
D(t,x)

It is to be understood as a functional of ®(¢,x) and TI(¢,x) at fixed time ¢ but with x playing the
role of an index. Through the Legendre transform the time derivative of the field ®(t, x) is replaced
by the conjugate momentum field TI(¢, x).

Blackboard video

Examples

For the three theories introduced above we find

o For the real relativistic scalar field with action as in (3.1) the Hamiltonian is

1 1
H= /de {27r(t7x)2 + §(V¢(t,x))2 + V((b(t,x))} ) (3.8)
where we have introduced the potential

1 A
V(p) = §m2¢2 + I¢4-

Blackboard video

o For the Gross-Pitaevskii theory with action as in (3.6) one finds the Hamiltonian to be
3 h’2 * * )‘ * 2 2
H = d’x %ng (ta X) : V¢(t,X) + V(t7 X)(b (ta X)¢(ta X) + §¢ (t7 X) ¢(ta X) : (39)

Note that in both theories the Hamiltonian density . is bounded from below for A > 0. For the
Maxwell theory the Hamiltonian description is more involved, essentially because Ag has vanishing
conjugate momentum field. We will not discuss this here.

Functional differentiation

In the following we need the notion of a functional derivative. For a functional I[¢] with variation

511¢] = / dhx {f (2)66(x)}

one defines
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More generally, when the variation is of the form
2

OzI Oxk

9 ,
o1161 = [t { rersota) + 99(a) s d0te) + 104(0) S dote) + )
one needs to first perform partial integrations. Usually the series on the right hand side terminates
after one, two or three terms.When d¢(z) is assumed to vanish on the boundaries one can drop the
boundary terms arising from the partial integration. This yields

stlol = [ s {[10) - 35 @0+ et @) — . ot |

and the functional derivative is thus

5Il¢) o . o2
so@) 1@ 57 O F Giaa

Rk (z) — ...

As an example consider the functional I[¢] = ¢(y). One can write this as

1] = / 15D (z — ) (x),

and thus the functional derivative is here

OL10) _ 00W) _ sy, —
0p(z)  do(x)

The definition of the functional derivative depends slightly on the context, in particular it is some-

Y).

times used for integrals over space and sometimes for integrals over space and time. With a bit of
care it gets clear from the context what is the right definition in a given context.

Poisson brackets

In classical mechanics one introduces Poisson brackets to describe time evolution or symmetry
transformations in the Hamiltonian formalism. This can also be done in a classical field theory. The
Poisson bracket between two functionals A[®(¢),TI(t)] and B[®(t), II(¢)] of the fields and conjugate
momenta at some given fixed time ¢ is defined as

6A 6B 6A 0B
{A,B} = /d3x {6@(1?0() STI(L, %) o OTI(t, x) 6D(t, %) }

The functional derivatives are here defined for three-dimensional integrals over space.
In particular, by taking the Poisson bracket with the Hamiltonian, one can obtain the time
derivative of a functional A[®(t),TI(¢)] without explicit time dependence, along the solution to the

equation of motion,

d

4 Ale(n), (1) = {4, 1), (3.10)
For a functional A[®(¢),II(¢)] with explicit time dependence one has to add the partial time deriva-

tive of A to the right hand side.

Relativistic scalar theory as example

For the real relativistic scalar field theory the Hamiltonian is given in eq. (3.8). To calculate the
Poisson brackets we need the functional derivatives

SH(r(t), p(1)]

oty )
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and

§H[m(t), ¢(t)]
0o (t,x)
As a first example let us take A[r(t), ¢(t)] = ¢(t,y). Here we find §4/06p(t,x) = 6 (x —y)
and 0A/dm(t,x) = 0 such that eq. (3.10) gives

= V261, %) + m?9(t,%) + (%)

& Al6(0), 7)) = b(t.y) = 7(t,%). (3.11)

This is consistent with the definition of the conjugate momentum field for this theory.
Similarly, for the choice A[¢(t), n(t)] = w(t,y) we have §A/5é(t,x) = 0 and dA/ém(t,x) =
6B (x —y) such that eq. (3.10) gives

d

LA, 7(0)] = 7(t,y) = Fo(t,y) — m*(t,y) - 56(t.y)"

This is the equation of motion previously obtained from variation of the action.

Fundamental Poisson brackets

Based on the definitions one may easily check the fundamental Poisson brackets

{o(t,%), o(t,y)} = {m(t, %), 7(t,y)} = 0, {o(t, %), 7(t,y)} = 6 (x —y).

These can be taken as a starting point for “canonical quantization”, which is a heuristic transition
from a classical field theory to a quantum field theory.

Blackboard video

LECTURE 04

3.6 Noether’s theorems

There is a fundamental relation between symmetries and conservation laws, first formulated by
Emmy Noether (1882 — 1935). We discuss this here in the context of classical field theory.

Global symmetries

Consider again the action for a classical field theory, which we write in the form
S[@] :/d4x$(¢(x),8ﬂtl>(x)).
Q

Here 2 denotes some region in spacetime, for example bounded by an initial time ¢; and final time
t. We now study continuous transformations of the fields parametrized by some real number &
such that & = 0 is the identity transformation. It is enough to study infinitesimal transformations
out of which we can build also finite transformations. We write them as

P(x) = P(x) + 0:P(x).

We assume that the action is invariant up to a total derivative or boundary term,
S[®] — S[®] + 4S[®] = S[P] +/ d*z {0,A"(2)} = S[®] +/ d%, A* ().
Q a0

In such a situation we speak of a continuous global symmetry of the action.
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Local conservation law

Noether’s first theorem states that for every continuous global symmetry of the action there exists
a conserved current. So see this we consider the change in the action, written in the form

IS[P] = /Q dz {a?{:z)égq)(l‘) + 8(69?-{?;1.))6”55@(1‘)}

= [ 24 [0 ~ o0, 000) ¥ + 0 [ a7a,my )]} = [ ateon 1o,

We now use the equations of motion,

S _ 0% ., 9Z
50(z)  0®(z)  "9(0,%(x))

:O7

and obtain the local conservation law

0L

O | 50,0 ())

0P (z) — A¥(2)| =0.

Global U(1) symmetry

As a first example we consider a global U(1) transformation for the complex scalar field,
$(x) — e o(x), ¢*(x) = e (x).

In infinitesimal form this reads

0ap(z) = iad(x), 000" (2) = —iag™ (x). (3.12)
The Gross-Pitaevskii action (3.6) is invariant under this transformation with A#(z) = 0. We find
here
0L @(b* 0L _@(b
(o) 2 9og*) 27
and 0L h? 0L h?
0G0 m” aGey  m”

Noethers theorem implies the conservation law
h? h?
80 [—ah¢*(x)¢(x)] + 8]‘ ia—(b*ajqb - ia—¢6j¢* = 0,
m m
or equivalently 0, N*(x) = 0 with the current composed out of the particle number density
N(t,x) = ¢"(t,x)$(t, %)
and the particle number current
ih, *
N(ta X) = _E [(b (t,X)V¢(t, X) - ¢(ta X)V¢ (t7 X)] .
These expressions agree formally with the probability density and probability current in single-

particle quantum mechanics, but have gained a different significance in the context of the classical
Gross-Pitaevskii field theory.
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Translations

Another interesting symmetry transformation is given by translations in spacetime, z# — z# + a*.
This should actually be seen as a set of four linearly independent transformations for the choices
w=0,1,2,3, which we discuss here together. Fields change according to

o(z) = (x — a),

such that for example a maximum at a position 2/} before the transformation is moved to zf + a*
after the transformation. When the transformation is infinitesimal we can write

O(z) = P(x) + 0,P(z) = (x) — a0, P(x).
The Lagrangian density transforms itself like a scalar field, £ (z) — £ (z) — a*0,Z ().

Energy-momentum conservation law

Accordingly we find a symmetry of the action with A#(z) = —a*.Z(z), and the local conservation
law is according to Noethers first theorem
0¥
0y | ==—=a"0,® —a"Z| =0.
" 09,0" “
Because a* is arbitrary we obtain the conservation law for the canonical energy-momentum tensor,
0, TH (x) =0,
with .9
T (r) = —=—=——g""0,P m L(x).

Energy-momentum tensor for real relativistic scalar field

As an example we consider the real relativistic scalar field theory with action in eq. (3.1). The
energy-momentum tensor is given by

T (@) = 404 By (2)050(2) + g |39 0,0(2)050(x) — V(9(2))

The zero-zero component is again the Hamiltonian density already derived by different means in
equation (3.8).

LECTURE 05

3.7 Scalar field theory in general coordinates
Action for complex scalar field in general coordinates and with external gauge field

There exists are more elegant formulation of symmetries and the associated conservation laws wich
is the subject of Noethers second theorem. The idea it to promote the global symmetry to a local
transformation, i. e. one that depends on spacetime coordinates. Consider the following action for
a complex relativistic scalar field

Slel = /d4$\/9(9€) {=9"(2) [0,0"(x) + iAu(2)0" (2)] [0y P (x) — iAu()p(x)] — V(" (x)d(x))},
(3.13)
with \/g(z) = \/—det(g,.,(z)). We have written the theory in general (not necessarily Cartesian)
coordinates which leads to the appearance of the spacetime-dependent metric g, (z) with inverse
g"”(z). We have also introduced an external gauge field A, (x) and replaced partial derivatives
0u¢(x) by covariant derivatives 0,¢(z) —iA,(x)p(z).
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Local U(1) symmetry

Due to the presence of the gauge field A, (z) we can now consider local U(1) transformations of the
form

$z) = ¢*Dg(2), ¢ () = e " (a), Ap(x) = Au(z) + Oua(). (3.14)

This leaves the action (3.13) invariant. This is immediately clear for the potential term V' (¢*¢)
when it is taken to depend only on the U(1) invariant combination ¢*¢. For the derivative terms
we have

0u0(x) = By [ o(x)| = 2D, 0(x) + €D g(2)i0y ().

However, the inhomogeneous term on the right-hand side gets canceled by the transformation of
the gauge field term in covariant derivatives.

Conservation law from gauge invariance

Noether’s second theorem is concerned with the conservation laws that arise from local symmetries.
Let us consider the local U(1) symmetry in eq. (3.14) in the infinitesimal form é,¢(x) = ia(z)p(x),
da0*(x) = —ia(x)p* (x) and 04, (x) = dya(x). The change in the action can be written in the form

. [. &S i 65 (o 765 alz) by =

By the principle of stationary action the functional derivatives with respect to the fields ¢(z) and
¢*(x) vanish. For the third term we define the current J#(z) through

éS
= JH(x). 3.15
S~ Vo) (3.15)
Using partial integration we obtain from local U(1) gauge invariance the conservation law

1
—0, x)J*(x)| = 0. .
a0 V@ @] =0 (3.16)

This can be seen as electromagnetic current conservation. To make things concrete we give the
corresponding expression for the action in eq. (3.13), as obtained by variation of A, (z),

Jt(x) = —ig"”(z) [¢" (2)0vd(x) — ¢(2)0, " ()] .
General coordinate invariance

The action in eq. (3.13) is also invariant under invertible general coordinate transformations, # —
a'"(z). The scalar fields transform like

¢(x) = ¢ (a') = p(x(2')),
which implies for its derivatives

o ., . dxv 0 )
S0 = S (a(a))

O )

oxH

A similar transformation behavior is needed for the external gauge field,

Aula) = A, = S0 A (o),

and for the metric,
oxP 0x°
G (z) = g:“,(x/) = oo nga(x(fl))
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Using the Jacobi determinant one finds that d*z./g is a covariant spacetime volume element. Also,
for the inverse metric this implies

. by OO
g (@) = " (') = S g (o))

Combining terms we find that the action (3.13) is indeed invariant under general coordinate trans-
formations.

Infinitesimal general coordinate transformations

In an action as in eq. (3.13) the coordinates x* are just integration variables. One may therefore
label them from 2'* back to z# after the coordinate transformation. For the metric this leads to
the transformation rule

oxP 0x°
@) = 6 () = 550 g () — [ &) — g )]

We now also specialize to infinitesimal coordinate transformations, ' = z# — #(z). This implies
for the metric

QW(JJ) — g;w(z) + ‘Ceg;w(m)y

where the Lie derivative of the metric is defined as

Legu(x) = P (x)0pgun () + gpu (2)0ue’ () + gup(x)0ye’ ().
Similarly, the external gauge field transforms A,(x) — A,(x) + L. A, (x) where the Lie derivative
of a one-form field is given by
LA, (z) =¢e"(2)0,Au(x) + Ay (x)0,e" ().

Finally, the scalar field transforms as ¢(x) — ¢(x) + Lo () with the Lie derivative of a scalar field
defined as

L.op(x) = e (x)0,9(x).
Formulated in this way, general coordinate transformations resemble closely other local symmetry
transformations like the local U(1) gauge transformations discussed above.

Energy-momentum conservation from general coordinate invariance

We also know that the action must be invariant under general coordinate transformations. For an
infinitesimal transformation we can write

= 4y 05 M)z 05 M) (x 575”9: T x Y(x
05 = [[dta { S @o(a) + Tt @007 (@) + s (0, A) + A0 )]

1)
59;15@‘) [€7(2)0p 90 (%) + gpu (x)0ue” (x) + gup($)8y€p(x)]} -0

Again the first two terms on the right hand side vanish when the equation of motion for ¢(x) is
fulfilled. We use now the definition (3.15) and also define the energy-momentum tensor T (x)

through
éS 1
= - z)TH ().
e 5 V9(@)T" ()

It is symmetric by definition, T+ (x) = T"#(x). The change in action can now be written as

58 = / da gD { 1(2) [ (2)0, A, (2) + Ay (2)0,2" ()]

T (@) [ ()0, () + G (1) (@) + 0y (2)B0? ()] } = 0.
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For the last term in the first line we perform a partial integration and use the current conservation
law (3.16). This leads to a term involving the field strength tensor F,, = 9,4, — 0, A,. For the
second and third term in the last line we also perform partial integrations and use the symmetry
of the energy-momentum tensor. This yields, up to boundary terms,

58 = / da/g(@) Ep(x){Fpu(x)J“(m) - \/91(7)@ [Va@r, (@) + ;T‘“’(x)ﬁpgw(x)} ~0.

Because £”(z) is arbitrary the term in curly brackets must vanish. For vanishing field strength of
the external gauge field, F),,(x) = 0, and constant Minkowski space metric, ¢, (2) = g, this
reduces to the standard energy-momentum conservation law in Cartesian coordinates, 9, T (x) =
0. In summary, energy-momentum conservation can be seen as a consequence of general coordinate
invariance of the action in terms of Noether’s second theorem.

Energy-momentum tensor for complex scalar field in general coordinates

Let us finally calculate the energy-momentum tensor for the action in eq. (3.13) by variation of the
metric. Varying only the metric but keeping the scalar field ¢(z) fixed, and setting the gauge field
A, (x) to zero for simplicity, we find

55 = [ d(63) (-0 0,000 ~ V(& 0)} + [ oy {- 169")0,070,0)
We need the formulas
V= GG g 0" = "G 50,
Writing then
08 = /d4x\/§ {;T‘“’(Sg,ﬂ,} )
and comparing terms, leads to the energy-momentum tensor of a complex scalar field
T =2g"g"?0,0" 056 — 9" 977 0,0" 05 ¢ + V(0" )] - (3.17)
Specializing to the zero-zero component we find the energy density

T = = ¢*p+ V" Vo + V(¢ ).

LECTURE 06

4 Classical statistical field theory

Classical field theories are deterministic in the sense that one may fix initial data in the form of the
field ¢(t,x) and its first time derivative or conjugate momentum 7(¢,x) = ¢(¢,x) on some Cauchy
surface, and the equation of motion (3.3) then fixes it everywhere. However, there are situations
where the field configuration is not known precisely, but only stochastic information is available.
We will now discuss such situations in some detail. This is interesting by itself but also serves as

an excellent technical training for quantum field theory.
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4.1 Static probabilistic description
Boltzmann probability weights

Recall from statistical mechanics that for a classical system in the canonical ensemble the probability
density for a microstate to be in a phase space region dqd"p with coordinates q and conjugate
momenta p is given by

Q(q,p) = %exp(—ﬁH(q, P)),

where H(q, p) is the Hamiltonian, 8 = 1/(kgT) is the inverse of temperature times the Boltzmann
constant kg, and Z is the partition function. The latter has to be fixed such that the probability
distribution is properly normalized,

7 — / ¥ gdpexp (—BH(q, p)) -

In thermal equilibrium one can determine many different observables by taking averages with respect
to the probability distribution Q(q, p). For example, the expectation value of energy would be given
by

E=(H)= /qudeQ(q,p) H(q,p).
We are here interested in generalizing this probabilistic description to field theories.

Infinite number of degrees of freedom

When considered from a mechanics point of view, a field theory has one degree of freedom per space
point, so formally infinetly many. The infinity arises here in fact for two reasons:

 Points are dense in space / space is a contiuum.
o The space R? we consider has infinite volume.

As we will see in due course, these two kinds of infinities lead to all kind of interesting consequences
and differences to quantum mechanics for a finite number of degrees of freedom. In order to make
progress it is oftentimes needed to regularize the theory. We introduce now a first regularization
scheme, although there are many more.

Lattice regularization

A lattice regularization, which is also often used for numerical calculations, consists of two steps:
e Space is being discretized by considering points on a lattice.

e The volume is made finite by restricting it to a box, typically with periodic boundary condi-
tions.

To recover the original theory from this regularized theory we need to study two limits:
e The contiuum limit where the lattice spacing goes to zero.
¢ The infinite volume limit where the box size becomes large.

For the technical steps we restric ourselves for simplicity to a single space dimension, the general-
ization to three spatial dimensions is straightforward.
Consider the chain of points

zj; €{0,¢e,2¢,..., (N —1)e},
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with the periodicity condition that xny = Ne¢ is again the point zog = 0. One may visualize this as a
ring with circumference L = Ne. The length e corresponding to the distance between neighboring
points is known as the lattice spacing. The contiuum limit corresponds to € — 0, while the infinite
volume limit corresponds to L — oc.

Let us now consider the real scalar field on this discretized space. The “mechanical” degrees of
freedom are essentially the N field values

¢(t7xj) = ¢(t7]€)
We also need spatial derivatives, which get discretized according to

)= ¢t zj1) — $(t 25)

£

0
—(t
ax (b( ) X

Blackboard video

Discretized Hamiltonian

We leave the details as an excercise and give here just the regularized form of the Hamiltonian for
the real scalar field in one spatial dimension,

N 2
o3 {;wu,xﬁ 1 (¢(t,xj+1) — ot zj>) . W(t,mj))} |

2 €

Blackboard video

Probability distribiution and partition function

For the discretized theory we can immediately write down the thermodynamic equilibrium prob-
ability distribution for a field configuration specified by the 2N numbers ¢(t,z;), 7(¢,x;) with
j=1,...,N at some given time ¢t. In other words, this is a probabilty density for a given field
configuration to be in the 2N dimensional infinitesimal phase-space volume element

N
[T {do(a;)dn(z;)}
j=1
and it is given by
1
= —e PH. 4.1
plo,m] = e (4.1)
The normalization factor is here the partition function, given as a 2N dimensional integral,

Z = f[l {/_Z do(z;) /_Z dw(xj)} e PH,

We introduced here the Boltzmann weight e™## with (discretized) Hamiltonian H and inverse
temperature = 1/T (in units where kg = 1). The partition function is a “sum”, or actually an
integral, over the possible field configurations at the given time ¢ weighted with the Boltzmann
factor.

Blackboard video

— 24 —


https://www.tpi.uni-jena.de/~floerchinger/assets/videos/7Glwtc8mcZ.mp4
https://www.tpi.uni-jena.de/~floerchinger/assets/videos/XKti4mz67B.mp4
https://www.tpi.uni-jena.de/~floerchinger/assets/videos/4sOmQT87lp.mp4

4.2 Functional integrals
Functional integral

The functional integral over fields is formally defined from the continuum and infinite volume limit
of the phase-space integral

N oo
D¢ = lim do(x;
[po=_tim H/Oo Bla5),
j=
and similar for the conjugate momenta. With this we can write the partition function as

Z = /D¢>D7r e PHIST

At this point we can at least formally again work with the contiuum version of the field theoretic
Hamiltonian H in (3.8).

A remark is in order at this point: for situations where the Hamiltonian contains terms of higher
order than quadratic in the fields (which is the case for the Hamiltonian in (3.8) when A > 0) the
continuum limit needed to define the functional integral is more involved than we have described
here. The short distance regularization can only be removed (by letting € go to zero) if the theory
is at the same time renormalized. We will discuss renormalization later on. For the time being take
the above to be a formal definition of the functional integral.

Blackboard video

Expectation values

Of particular interest are observables A[¢] that depend on the field ¢ but not the conjugate momenta
7, for example products of field values at different positions. Such expectation values can then be
calculated as

(Algl) = % / DéDrA[g] e PHI#,

A first example would be the field expectation value (¢(t,x)), another the correlation function of
fields at different spatial positions (¢(t, x)o(t,y)).

Blackboard video

Scaling the partition function

Consider an additative change in the Hamiltonian of the form
BH|$,m| = BH|p, 7| + C,
where C' is independent of the fields. This changes the partition function by a factor,
Z e %27,

but does not change expectation values like (A[¢]) because the factor cancels in the ratio! It can
even happen that terms like C' diverge such that formally Z — oo or Z — 0, but this is not
a problem because the absolute value of Z is irrelvant. The probability density in (4.1) is not
modified by this transformation.

Blackboard video
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Integrating out the conjugate momenta

Note that the partition function separates into two factors, one involving the conjugate momenta,
and one the actual fields. In the discrete version, the functional integral over the conjugate momenta
is simply an N-dimensiona product of Gaussian integrals,

N

it {/_: d”(xj)eﬁéw(w,.)z} |

Jj=1

These integrals are easily performed and we obtain just a factor

o N/2
(&)

This is in particular independent of the field ¢ and can therefore be dropped according to the
argument above. It remains to work with the functioal integral over the actual fields ¢ and a
reduced Boltzmann weight where the Hamiltonian involves just the potential energy Hpoi[d].

Blackboard video

Euclidean action

The exponent of the Boltzmann weight factor is, mainly for historic reasons, also often called
Euclidean action and denoted by S[p]. For example we have for the real scalar field

Slp] = BHpor = /dsx {;@wajs@ + V(w)} :

We have rescaled the fields by a factor, ¢ = /B¢, and adapted the definition of the potential V (i)
accordingy, such that the coefficient of the spatial derivative term becomes 1/2. This is a common
convention. We are also using Einsteins summation convention where j is summed from 1 to 3.

As all fields are evaluted at a single instance in time ¢ we can drop this time argument as long
as we are interested in classical thermal equilibrium situations, and work with fields ¢(x). In the
following we will introduce a somewhat larger class of field theoretic models.

Blackboard video

4.3 O(N) models
Universality classes and models

In condensed matter physics, microscopic Hamiltonians are often not very well known and if they
are, they are not easy to solve. However, in particular in the vicinity of second order phase transi-
tions, there are some universal phenomena that are independent of the precise microscopic physics.
This will be discussed in more detail later on, in the context of the renormalization group. Es-
sentially, this arises as a consequence of thermal fluctuations and the fact that at a second order
phase transition fluctuations are important on all scales. Roughly speaking, a theory changes in
form when fluctuations are taken into account and can approach a largely universal scaling form
for many different microscopic theories that happen to be in the same universality class.
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In the following we will discuss a class of model systems. These are particularly simple field
theories for which one can sometimes answer certain questions analytically, but one can also see
them as representatives for their respective universality classes. In the context of quantum field
theory, we will see that these field theory models gain a substantially deeper significance.

Blackboard video

Scalar O(N) models in d dimensions

Let us consider models of the form
1 1 1

Here, ¢, = ¢p(x) with n =1,..., N are the fields. We use Einsteins summation convention which
implies that indices that appear twice are summed over. We have formulated the theory in d spatial
dimensions (where in practice d = 3, 2, 1 or even 0 for condensed matter systems and d = 4 will
correspond to a quantum field theory after Wick rotation to Euclidean space). The index j is
accordingly summed in the range j =1,...,d.

Blackboard video

Applications

Models of the type (4.2) have many applications. For N = 1 they correspond to the continuum
limit of the Ising model. For N = 2 the model can equivalently be described by complex scalar
fields. It has then applications to Bose-Einstein condensates, for example. For N = 3 and d = 3 one
can have situations where the rotation group and the internal symmetry group are coupled. This
describes then vector fields, for example magnetization. Finally, for N = 4 and d = 4, the model
essentially describes the Higgs field after a Wick rotation to Euclidean space. Scalar fields are also
used in cosmology, for example for the inflaton, or in nuclear physics, for example to describe pions.

Blackboard video

Engineering dimensions

In equation (4.2) we have rescaled the fields such that the coefficient of the derivative term is 1/2.
This is always possible. It is useful to investigate the so-called engineering scaling dimension of
the different terms appearing in (4.2). The combination SH or the action S must be dimension-
less. Derivatives have dimension of inverse length [9] = L~! and the fields must accordingly have
dimension [¢] = L=2!. One also finds [m] = L' and [\] = L% *. Note in particular that X is
dimensionless in d = 4 dimensions.

Blackboard video
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Symmetries

Tt is useful to discuss the symmetries of the model (4.2). Symmetries are (almost) always very helpful
in theoretical physics. In the context of statistical field theory, they are useful as a guiding principle
in particular because they still survive (in a sense to be defined) when the effect of fluctuations is
taken into account.

For the model (4.2) we have a space symmetry group consisting of rotations and translations,
as well as a continuous, so-called internal symmetry group of global O(N) transformations. We
now discuss them step-by-step.

Rotations

Rotations in space are transformations of the form
2 — 2 = RIFgF,

The matrices R fulfill the condition RT R = 1 and we demand that they connect continuously to
the unit matrix R = 1. This fixes det(R) = 1. Matrices of this type in d spatial dimensions form
a group, the special orthogonal group SO(d). Mathematically, this is a Lie group which implies
that all group elements can be composed of many infinitesimal transformations. An infinitesimal
transformation can be written as

, g "
Rk = 57k 4 30%mn Sy
where Jgn]zn) =
anti-symmetric matrices. One may easily count that there are d(d — 1)/2 independent components

—1(0m jOnk —Omi0n;) are the generators of the Lie algebra and dwy,,, are infinitesimal,

of an anti-symmetric matrix in d dimensions and as many generators. Finite group elements can
be obtained as

. N .
. 2 w'fn./n/ 1
R = lim (]]. + QNJ(mn)) = exp <2Wmn<](mn)> .

N—oc0

Let us now work out how fields transform under rotations. We will implement them such that
a field configuration with a maximum at some position x before the transformation will have a
maximum at Rx afterwards. The field must transform as

Pn(X) = ¢,(x) = ¢u(R™'x).
Note that derivatives transform as
9j6n(x) = (R 1)k (Okdn)(R™1x) = Rjk (kb ) (R™'x).

The brackets should denote that the derivatives are with respect to the full argument of ¢,, and we
have used the chain rule. The action in (4.2) is invariant under rotations acting on the fields, as
one can confirm easily. Colloquially speaking, no direction in space is singled out.

Blackboard video

Translations

Another useful symmetry transformations are translations x — x + a. The fields get transformed
as

Pn(X) = ¢ (%) = du(x — a).
One easily confirms that the action (4.2) is also invariant under translations. Colloquially speaking,
this implies that no point in space is singled out.
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Global internal O(N) transformations

There is another useful symmetry of the action (4.2) given by rotations (and mirror reflections) in
the “internal” space of fields,

Dn(x) = Opm i (x).

The matrices O, are here independent of the spatial position = (therefore this is a global and not
a local transformation) and they satisfy OTO = 1. Because we do not demand them to be smoothly
connected to the unit matrix, they can have determinant det(O) = 1. These matrices are part of
the orthogonal group O(N) in N dimensions. It is an easy exercise to show that the action (4.2) is
indeed invariant under these transformations.

Blackboard video

LECTURE 07

Partition function and functional derivatives

The partition function for the model (4.2) reads
2] = / D eSO+ d'e {7 ()60 ()} (4.3)

We have introduced here an external source term [ d?z{.J,(x)¢,(x)} which can be used to probe
the theory in various ways. For example, one can take functional derivatives to calculate expectation

values, 5
1
(6009 = 77775 Jn(X)Zm]J:O,
and correlation functions, e. g.
_ 1 5? _ /DY 6n(x) om(y) e~

Blackboard video

Classical field equation

In the the functional integral the contribution of field configurations ¢(x) is suppressed if the
corresponding action S[¢] is large. In the partition function (4.3), large contributions come mainly
from the region around the minima of S[¢] — [ Jn ¢y, which are determined by the equation

5 (S[¢] /ddx{Jn(X)¢n(X)}> _3S[g]

(%)

= 5o x) Jn(x) = 0.
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This equation is the field equation or equation of motion of a classical field theory. For the model
(4.2) one has concretely

55[¢]
5¢n (%)

Note that this field equation is from a mathematical point of view a second order, semi-linear,

= 030360 ) 1260 (3) + 3700 (X)01 (X)58(3) = Ju(x).

partial differential equation. It contains non-linear terms in the fields ¢,,, but the term involving
derivatives is linear; therefore semi-linear. The equation involves the Euclidean Laplace operator
A = 0;0; and is therefore of elliptic type (as opposed to hyperbolic or parabolic). This field
equation is the correspondence of Maxwells equations in electrodynamics for our scalar theory. The
source J corresponds to the electromagnetic current in Maxwell’s equations.

Blackboard video

The O(N) symmetric potential

The model in (4.2) can be generalized somewhat to the action
1
ol = [ s { 3056,0,00 4 Vi) }. (1.4

where p = ¢, ¢, is an O(N) symmetric combination of fields and V(p) is the microscopic O(N)
symmetric potential. The previous case (4.2) can be recovered for V(p) = m?p + %)\pQ.

More general, V(p) might be some function with a minimum at py and a Taylor expansion
around it,

1 1
V(p) =m*(p— po) + 5A(p = po)* + 357(p = po)* + ...

If the minimum is positive, py > 0, the linear term vanishes of course, and one takes m? = 0. In
contrast, if the minimum is at py = 0 one has in general m? > 0. In practice, one uses either py or
m? for a parametrization of V(p). It costs a certain amount of energy for the field to move away
from the minimum. In particular, for large A such configurations are suppressed.

Blackboard video

Homogeneous solutions

It is instructive to discuss homogeneous solutions of the field equation, i.e. solutions that are
independent of the space variable . For vanishing source J,,(x) = 0, and the model (4.4) we need
to solve

0
In

This has always a solution ¢,, = 0 and for py = 0 and positive m? this is indeed a minimum of

Vip) = ¢n§pv<m —0.

the action S[¢]. For positive py the situation is more interesting, however. In that case, ¢, = 0 is
actually typically a maximum while the minimum is at ¢r¢r = 2pg, i. e. at a non-zero field value.
One possibility is ¢1 = 1/2pg with ¢2 = ... = ¢, = 0, but there are of course many more. But such
a solution breaks the O(N) symmetry! One says that the O(N) symmetry is here spontaneously
broken on the microscopic level which technically means that the action S[¢] is invariant, but the
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solution to the field equation (i. e. the minimum of S[¢]) breaks the symmetry. It is an interesting
and non-trivial question whether the symmetry breaking survives the effect of fluctuations. One
has proper macroscopic spontaneous symmetry breaking if the field expectation value (¢,,) is non-
vanishing and singles out a direction in field space. An example for spontaneous symmetry breaking
is the magnetization field in a ferromagnet.

Blackboard video

Constrained fields

It is also interesting to consider models where p = pg is fixed. In fact, they arise naturally in the
low energy limit of the models described above when the fields do not have enough energy to climb
up the effective potential. Technically, this corresponds here to the limit A — co with fixed pg and
can be implemented as a constraint

B (X)bn(x) = 2p0. (4.5)

Note that with this constraint, the field is now living on a manifold corresponding to the surface
of an N-dimensional sphere, denoted by Sy_;. One can parametrize the field as (the naming
conventions are historic, one should not confuse the fields m; with conjugate momentum fields)

$p1=0, ¢o=m1, ... OGN =TN_I,

where only the fields 7, are independent while o is related to them via the non-linear constraint

o =1/2py — T2

Blackboard video

Linearly and non-linearly realized symmetries

The symmetry group O(N) falls now into two parts. The first consists of transformations O(N — 1)
which only act on the fields 7, but do not change the field o. Such transformations are realized in
the standard, linear way

T — O,(f,vn_l)ﬂm, o — 0.

In addition to this, there are transformations in the complement part of the group (rotations that
also involve the first component o). They act infinitesimally on the independent fields like

0Ty = 0o = day/2p9 — T2, 00 = —da, T,

where day, are infinitesimal parameters (independent of the fields). Note that this is now a non-
linearly realized symmetry in the internal space of fields. This explains also the name non-linear
sigma model.

Blackboard video
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Action

Let us now write an action for the non-linear sigma model. Because of the constraint (4.5), the
effective potential term in (4.4) becomes irrelevant and only the kinetic term remains,

S[ﬂ-] = /dd':E {;8j¢naj¢n} = /ddiﬂ {;Gmn(ﬁ)ajﬂ'majﬂn} .

In the last equation we rewrote the action in terms of the independent fields m,, and introduced the

metric in the field manifold
- TmTn
G (T) = Omn + m-

The second term originates from

1
00 = 0jv/2py — T? = ———=T,0jTp,.

2,00 —7?2

Blackboard video

Functional integral

Note that also the functional integral is now more complicated. It must involve the determinant of
the metric Gy, to be O(N) invariant. For a single space point 2 one has

/Hd¢>n — /Hd¢n 8(hnbn — 2po) = const x / Vdet(G(7)) [ dmn.

Only in the presence of the determinant det(G(7)) the functional measure preserves the O(N)
symmetry. Accordingly, the functional integral for the non-linear sigma model must be adapted to
contain the factor det(G(7)).

Ising model

Everything becomes rather simple again for N = 1. The constraint ¢(x)?> = 2p allows only the
field values ¢(x) = £+/2p9. By a multiplicative rescaling of ¢(x) one can obtain 2py = 1. On a
discrete set of space points (a lattice), this leads us to the Ising model.

4.4 Gaussian functional integrals and perturbation theory

Gaussian integrals

We now want to develop methods to actually eveluate functional integrals and to calculate correla-
tion functions. We digress for a moment and consider Gaussian integrals of the type

1
/ Ve {GXP (—Q@jKjktpk + Jks%) } ,
]RN

where indices j and k are summed in the range 1,..., N. The integral is here an infinite volume
integral in N real dimensions weighted by a Gaussian function. We need to assume that the real
part of the (symmetric) matrix K is positive definite, in the sense that the eigenvalues of Re(K i)
are positive. With some eigenvector v this implies

viRe(K 1 )vr = Re(v; Kjrvg) = Re(A)vgvg, > 0.
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The source Jj is not restricted and can be complex. We want to show

1 9 N/2 1
/ dN o {exp <—2<ijjk90k + Jk@k)} = (2r) exp <2Jj(K1)ijk> . (4.6)
RN

vdet K
Blackboard video

Proof

The proof is done in three steps:

1. Assume first that K is real and J = 0. Then one can find an orthogonal Matrix O with unit
determinant such that
K =070,

with A = diag(A1, Ag, ..., An) a diagomal matrix with real positive entries. One can substitute
integration variables d" ¢ — d™Vy, where y; = Ojrpi because the Jacobi determinant is unity
here. That implies

N
1 1 _ 1
/ngaexp (—2$jKjk90k> = /dNyexp (—2 E )\ky%) = H {)\k 1/2/c1x6>(p (—2252)},
k k=1

where we did another variable substitution z = v/ Aryx in the last step. Now one uses
o 1
/ dx exp (—:52) = V2m,
o 2
and

det(K) = det(A) = ﬂ Ak
k=1

which proves our formula in this special case.

2. Now consider real K and real J. Completing the square gives

1 1 1
exp <—280TK90 + JT<p> = exp <2JTK1J> exp < (o =K 'NTK(p— KlJ)) ,

2

and the integral over the second term gets reduced to what we have done before with a shift
of integration variables.

3. Finally, the result can be extended to complex K and complex J (with the restriction that
Re(K) has positive eigenvalues) by observing that the left and right hand sides of eq. (4.6)
are holomorphic functions of K and J.

Gaussian integration can actually be extended to field theories and will be very useful for the

following.

Blackboard video
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Wick theorem

Now that we understand how to do Gaussian integrals we can also consider correlation functions of

the type
1 N 1
Gijete = - | A7 @5 prexp | —59iKier | o
RN

First we note that the number of ¢; insertions under the integral must be even, otherwise the
integral must yield zero, as a result of the odd transformation behavior of the integrand with
respect to reflections, ¢ — —¢. To evaluate such integrals we can use the trick

1 8 0 B
k= | o= — 2
G (Z[J] aJ;0J; 0y [‘”)J_O’

where

Z[J] / v Lo Ko+ J (2m) ™ L (k1)
= X O . = -7 ___ex _7T. .
¥ q eXp 2% JkPk kPk Jdot K €Xp 973 jkJk
RN
is an extended version of the partition function. The prefactor

(271.)N/2
vdet K

cancels out, so all we have to consider is the exponential
1 -1
exp §J](K )ijk .

Acting now with partial derivative operators brings down terms like (K~1);;. Recall that we need
to set J = 0 at the end.
For example, the two point correlation function gives simply

Gij = (pips) = (K1),
and similarly, the four-point correlation function gives
Gijet = (igsorer) =(K )i (K™ e + (K™ (K1) + (K Ha (K™Y
=(pij)(erpr) + (pivr)(ier) + (pipr)(PiPk)-

These are examples of a general relation: For a Gaussian (probability) weight one can calculate
correlation functions by adding up all possible contractions which each contribute an term of the
form of the two-point function or covariance matrix. This is known as Wick’s theorem.

Blackboard video
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Gaussian field theory

We now consider the O(N) model in the quadratic regime, i. e. for A = 0. We can write the partition
function as

2171 = [ Do e (~ [ (060,05 4 m?)on} + [ 16,00
= [poes (=5 [ tonDumteyIont+ |

X

1(396,())

—xp (5 [ TG (0)).
Xy
In the last step we have dropped a constant, i.e. J-independent, multiplicative factor which is
irrelevant for the determination of expectation values and correlation functions. So far this is a
formal result, in analogy to Gaussian integration in finite dimensional spaces. We will determine
Grm(x,y) further below.
Field expectation values follow as

(On0) = 72 575 221 = | Gunoe9)In)

This is the general result in the presence of a non-vanishing source J. When the latter vanishes
this is accordingly also the case for the expectation value.

Blackboard video

Two-point functions

Also two-point correlation functions of fields can be calculated within this Gaussian approximation

easily,
1 52
73 600(xX)0m ()

The two-point function decomposes into a product of expectation values and a connected correlation

(Pn(x)Pm (¥)) ZolJ] = Gum(x = y) + (9n (%)) (Im(¥))-

function, sometimes also called propagator,

Grn(x —y) = (0n(X)Pm(¥))e = (Pn(X)m(y)) — (Dn (X)) (m(¥))-

Usually the connected correlation function goes to zero in the limit of large separation |x —y| — 0.
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Greens function

The analog of the matrix K;; in this field theoretic context is the kernel (read as an infinite-
dimensional matrix)

0 i + m2> 8D (x —y).
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This is also known as inverse propagator. We need to find its inverse, i. e. another integral operator
Gnm(x,y) such that

/ DnLn(X7 y)Gnk (Y7 Z) = 57nk6(d) (X - Z)'
Yy

As a consequence of translational symmetry, G is actually only a function of the difference of
coordinates x — y. After partial integration we find the relation

o0 0
<.Z‘ + m2> ij(X — y) = 53k5(3) (X — y).
This shows that the so-called propagator Gji(x —y) is actually a Greens function to the operator

(—0? + m?). As usual, a Greens function can also depend on the boundary conditions which
parametrize here the state of the theory in more detail.

Blackboard video

Solution in terms of Fourier transforms

For the ground state one can find the correct Greens function through Fourier transform. We write

AP ipex—y)
ij(X—Y) = We ij(P),

and similarly

ddp ip(x—
Dyn(x—y) /(27T)d6p( y)Dmn(p)'

With D, (p) = p? + m? we obtain the simple relation for the Greens function in Fourier space,
Ojk

ij(P) = m
Blackboard video

Correlation function in position space

For d = 3 spatial dimensions, let us calculate the correlation function in position space. The integral
can be written as

0jk
2 ip|x—y]| cos
Gin(x — /dQ/ dp ePIx—yleos(d )p ppm
47‘(‘ . (5'k
= d 9 p2dp ePPx—ylcos(®) _TIk
2(27r) /1 cos{ )/0 pe p? +m?

djk
- - d ( iplx—y| _ ,—iplx— y\) __ik
4z7r2|x—y/ Py ‘ p? +m?’

The momentum integral can first be rewritten as an integral along the entire real line and one can
then close the integration contour in the upper half of the complex plane,

djk
Ga(x — - - dpp ePIx— yli
wx=y) = 4z7r2|x y|/ ppe p? +m?
. Sin
_ dppeirtyl %k
4z7r2|xfy|% PP (p+im)(p —im)
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Here one can use the residue theorem which tells that the integral is 27 times the residue at p = im.
The final result is

_ Ok
dm|x —y|

Gir(x—y) = e,
We see that m has the effect of supressing correlations at large distances exponentially, in addition
to an algebraic decay which is also there for m = 0. In fact,

is also known as the correlation length in the context of statistical field theory. We also note that
Gjr(x—y) is divergent in the coincidence limit |[x —y| — 0, which corresponds to the region of large
wavenumbers in Fourier space. This is known as an ultraviolet divergence. In concrete applications
to condensed matter problems there is typically no such divergence but the model theory we have
started with looses its physical significance for very high momenta or very short distances.

Blackboard video

Exercise

Determine the correlation function G,(xz —y) in d = 1 spatial dimensions. Determine also the four-
point correlation function (¢(z)d(y)P(z)p(w)) for a single real scalar field N =1 in the absense of
a source term, i. e. for J = 0.

LECTURE 09

Perturbation theory

Let us now consider for simplicity the simple scalar theory (N = 1) with an interaction term
(A\/4")¢* and write the partition function formally in the form

~ [Dsexn (5 [etsots ¢<z>) exp (=5a001+ [ )0
~eo (<3 [ 57570 i S ) [ oo (<sutel+ [ a6000)

=t x e (3 [ s s ) o0 (6 ) , G 9.

)

Z[J

The two exponentials can be expanded into their Taylor series. Specifically the expansion of the
first exponential leads to a perturbative series in the coupling constant A\. The constant term in
the last line contains is independent of the source J but depends on temperature 1" so that we will
have to partly take it into account for discussing thermodynamics.
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Feynman diagrams for the partition function

Terms in the perturbative series for the partition function Z[.J] and for correlation functions that are
obtained as functional derivatives of Z[.J] have a nice graphical representation in terms of Feynman
diagrams. This arises here in a purely classical statistical setup, but works very similar for quantum
fields as we will see later on.

Expanding the two exponential functions in the partition function, one finds

21) = const x Vi w(A i) S (L] IGly) )

P=0

where the index V' can be understood as couting the number of four-vertices and P as counting the
number of propagator lines. Once the functional derivatives associated with every vertex have been
done, we have 2P — 4V powers of the source J(x) left. When we later want to calculate correlation
functions by taking functional derivatives of the partition functions, the functional derivatives act
on these source terms.

Graphical representation

It is convenient to introduce a graphical representation for objects that appear in a systematic
manner in the terms of the perturbative series (4.7). The three building blocks are composed of the
propagator G(x,y), the sources J(x) and the four-vertex associated to the coupling constant A. We
introduce a graphical representation where propagators correspond to lines, sources to endpoints,
and interaction terms to vertices where four lines meet,

— —Gxy), H:/XJ(X), ><:—)\/x.

The corresponding Feynman rules are rather simple for this model: each propagator gets attached
with its two ends to a source or a vertex.

Blackboard video

Terms without vertices

As an exercise let us consider a few diagrams out of the infinite series generated by the expansion
(4.7). Consider e.g. the term corresponding to V =0 and P =1,

! / JX)CxY)IyY) = - o (48)

2 2
This has no vertices can can be seen as a contribution at lowest order \° in the perturbative
expansion. For V' = 0 and larger values of P, we get products of these terms which give a factorized
form of the partition function. For example, for V' =0 and P = 3 we get

3 1

=l TG = g - . (19)

3123
Like this on can go on and finds 2P sources in each term. The correlation functions following

from these terms by taking functional derivatives with respect to the sources J are obeying Wicks
theorem. This means that two
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Diagram with one vertex but no sources left

For positives values of V' one obtains from the expansion of the first exponential in eq. (4.7) for each
power of A four functional derivatives with respect to the sources J(z). This reduces the number
of sources to 2P — 4V

For example, for V=1 and P = 2 one obtains the expression

A . 1

This is a diagram with two loops, but no source terms left, so it will not contribute to any correlation
function. This is called a vacuum diagram.

Diagrams contributing to two-point function

For V =1 and P = 3 there are two type of diagrams appearing,

_%/zg(z,z) Uy G(z,y) J(y)r - SG/ZG(Z’Z)Q/W J(x) G(x,y) J(y)

jl>©+;6©©[

Here the first diagram gives a non-trivial and connected contribution to the two-point correlation

(4.11)

function with one loop. In contrast, the second diagram falls into a product of two disconnected
pieces with the first being a vacuum diagram and the second a contribution to the two-point
function.

Tree diagram with one vertex

For V =1 and P = 4 there are a couple of diagrams, but one of them has the form

— % G(z,x1)J(x1)G(z,%x2)J (x2)G(z,x3)J (x3)G(2,%4)J (x4)

Z,X1,X2,X3,X4
4.12
o (1.12)
]

Taking here four functional derivatives with respect to the sources leads to a contribution to the
four-point correlation function that does not factorize into two-point functions. It describes a proper
correlation between all four points.

Different kinds of diagrams

In these three examples we already encountered two important classes of diagrams. There exist
diagrams which do not include closed cycles or loops and are usually called tree diagrams whereas
diagrams including closed cycles are call loop diagrams. Furthermore, there are diagrams as in (4.8),
(4.10) and the first diagram in (4.11) which are connected whereas the second diagram in (4.11)
is disconnected. A further distinction arises between vacuum diagrams and diagrams that actually
contribute to correlation functions.
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Divergences

At first sight, it might seem diagrams such as (4.10) contain divergencies associated to the coinci-
dence limit of the propagator as well as an integral over the whole space. As we will realise later,
these kind of diagrams (in QFT called ‘vacuum bubbles’) do not contribute to correlation functions.
In contrast, loop diagrams such as the first diagram in (4.11) do contribute to correlation functions
and the associated ultraviolet divergence from G(z,z) = oo is handled later on by renormalisation.

Blackboard video

4.5 Generating functionals
Schwinger functional and connected diagrams

It is often useful to consider instead of the partition function Z[J] the Schwinger functional W[J]
defined through
Z[J] = VUL,

The expectation value is simply obtained through

66 = 57051 = 7175769 2V

The second functional derivative yields the connected two-point correlation function
52 1 52 1 ) )
% - 71T —
6J(x)5J(y)W[J} 7]
= (¢(x)o(y)) — (¢(x))(o(y))-

This connected correlation function the usually vanishes at large separation. Note that the full
correlation function G and its counterpart G for the free theory agree at the leading order \° in a

G(x,y) =

perturbative expansion but differ beyond that.

Blackboard video

Connected three-point correlation function

In a similar way one can now determine third functional derivatives,

3
(OI03)0(a))c = T W] = (6(00(y)ola)

— (6(x)(y))(8(2)) — (¢(y)d(2))(¢(x)) — (¢(2)9(x))(D(¥)) + 2(0(x)){8(y))($(2)),

which is known as the connected three-point correlation function. Note that for vanishing expec-
tation value, the connecetd three-point correlation function equals the full three-point correlation

function.

Blackboard video
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Connected four-point correlation function
The four point function can be worked out in a similar way. One finds
MW

(p(x)9(y)p(z)p(W)) e = 5J(x)5.J (y)6J (2)8J (w)

= (6(x)0(y)o(2) (W)

— (0(x)0(y))(d(2)p(W)) — (6(x)0(2)) (d(y)P(W))

— (0(x)p(w))(¢(y)(2)) + terms involving ().
4.13)

For vanishing expectation value, the connected four-point function subtracts from the four point
function the “unconnected parts”. In this way one can go on and decompose all correlation functions
in connected and disconnected parts. It turns out that in many physics applications one actually
is interested in connected terms only.

In the context of finite dimensional random variables, correlation functions are known as mo-
ments and connected correlation functions are known as cumulants.

Blackboard video

Thermodynamic significance

Recall that in our present context the partition function is for J = 0 and with 5 =1/T
Z[0] = W0 = ¢=AFT) — 1y {e=PH}.

Up to an additive constant the Schwinger functional at vanishing source is the free energy devided
by the temperature,
WI[0]=—-F(T)/T =—(E-TS5)/T.

From the free energy one can obtain for example the entropy according to S = —9F/JT or the
expectation value of energy as £ = F +TS. Of course, to calculate this we need to follow carefully
the dependence on temperature 7. This can be generalized to situations with more conserved
quantum numbers, such as some particle number N coupled to a chemical potential u. We will
later also study the generalization to quantum statistics.

Blackboard video

Partition function and Schwinger functional at vanishing source

We concentrate now first on the leading contribution at order A° to the partition function and
Schwinger functional at vanishing source. From the evaluation of the Gaussian integral we find
(still neglecting the contribution of conjugate momenta here)

Z[0] = ™0 = lim (27)V/2det(D) /2,

N—o0

where D is the matrix inverse to the propagator function G(x,y). The factors of 27 can be dropped,
they only lead to a numerical offset in W0] that is independent of temperature. To evaluate the
determinant we use the identity

In(det(D)) = tr{ln(D)}.

The latter can be easily proven in case that D is diagonal and extended beyond that by the definition
of the logarithm.
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Loop expansion for Schwinger functional

This leads to 1
W[0] = const — itr In(D).

The second term can be graphically represented by a single closed loop. In a perturbative expansion
we find that this gets supplemented by a two-loop term at order A!, two possible tree-loop terms
at order A\? and so on,

W10] = const — %tr (D)} + O\ + OO + ...

While it is straight forward to write down the connected vacuum diagrams and also to write down
corresponding integral expressions, it will be more work to properly evaluate them.

In the partition function Z[0] = exp(W[0]) we also get products of the connected diagrams
through the expansion of the exponential and it is therefore given by a sum of all possible vacuum
diagrams.

Blackboard video

Perturbative expansion for two- and four-point functions

We can now go ahead and consider terms in the Schwinger functional W[J] that depend on the
source. Because our theory is invariant under the Zs symmetry ¢ — —¢, J — —J, there are only
even orders in J. We can write

WU =Wilg [ I8y Tty [ T T T Gxa) ¥ (xa xa e xi)

X,y ©JX1,X2,X3,X4
where ¢(x,y) is a connected two-point correlation function including perturbative corrections,
¥ (x1,X2,X3,X4) is a connected four-point correlation function including perturbative corrections
and so on.
For the two-point function we find at order \°

Y(x,y) = Glx—-y),

and this gets corrected by a one-loop term at order A, three different two-loop terms at order A2
and so on.
Similarly, the four-point function has the leading contribution (a tree diagram)

YV (x1,X2,X3,X4) = —)\/ddm G(x1 —x)G(x2 — x)G(x3 — x)G(x4 — X),

and this gets supplemented by different one-loop terms at order \, two-loop terms at order A% and
SO on.
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5 Quantum states

Let us now address quantum states in a quantum field theory. We start by recalling some notions and
concepts from quantum mechanics of non-relativistic particles and will then transfer the different
concepts to field theory.

5.1 Canonical quantization

A set of harmonic oscillators

We start with a set of mechanical harmonic oscillators. We write their amplitudes as ¢;(t) where
j=1,...,N is aset of indices. The classical action is (for units where m = 1)

N
. 1. 1
5= [arnies0.650) = [ar> {56502 - gutosr |
j=1
With the canonical conjugate momenta, 7;(t) = AL/¢;(t) = ¢;(t), we can write the Hamiltonian

as N . .
H=Y {ﬁ@) " 2w§¢§(t)} |
j=1

The classical Poisson brackets are here defined for two functions A(¢;(t),n;(t)) and B(¢;(t), m;(t))

in phase space,
N
0A OB 0A 0B
A, B} = —_— .
{ ’ } Z{E)gbjawj 879841)]}

In particular one has {@., (t), 7, (t)} = dmn and {Pm (t), dn ()} = {mm(t), m7n(t)} = 0.

Canonical quantization for harmonic oscillators

Canonical quantization works by promoting the oscillator amplitudes ¢,(¢) and 7, (¢) to hermitian
operators ¢,(t) and 7;(t), and the classical Poisson brackets to commutation relations at equal
times,

[ém(t)jrn(t)] = thOpmn, [ng(t)v(lgn(t)] = [ﬁm(t)vﬁ'n(t)] = 0. (5‘1)

Note that we are working here in the Heisenberg representation of quantum mechanics where the
operators are time-dependent.
It is beneficial to introduce the linear combination of operators

eiwjt

a;(t) :\/?hwj
a)(0) = ms [wds(0) iy (0)].

[widi(®) + 75 (1)]

so that one has

0i() = |5 [T a;(0) + ertal 1))
(5.2)

[—ie_i‘“jtaj (t) + ieiwﬂ'ta; (t)] .
The equal time commutation relations (5.1) are then equivalent to

[am (), af,(£)] = Gun, [am (), an(t)] = [al,(t), al,(t)] = 0.
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Time evolution

For free oscillators one can write the time evolution equations as de; (t)/dt = #;(t) and d#;(t)/dt =
d?¢p;(t)/dt* = wjngj (t). These equations are solved by the ansatz in eq. (5.2) when a;(t) = a; and
a}(t) = a;{ are independent of time ¢. We restrict to this case in the following.
Hamiltonian, ground state and excitated state
We can write the Hamiltonian as

iy 1

— T T — T
H = Z §hwj {ajaj + aja]} = Zhwj [ajaj + 2] .
j=1 j=1

In the last line we used the commutation relation.

One postulates now that there is a state |0) with the property a;|0) = 0 for all indices j. This
state is called the ground state or vacuum state. The energy is given there by zero-point fluctuation
haw; /2 for each mode.

One can also create excited states where the oscillator with index j has occupation number
n; € Ng. Up to a normalization factor it is given by

n1,. . n) = (@)} - (ak)"V]0).

The non-relativistic complex scalar field

We now discuss canonical quantization for a field theory, specifically the free, non-relativistic scalar
field with action

Slg] = / dt / P {ihd)*(t,x)&tqﬁ(t,x) - ;—quS*(t,x)qu(t,x) _ V(t,x)¢*(t,x)¢(t,x)} .

Here the momentum field conjugate to ¢(t,x) is w(t,x) = ihgp*(¢,x). The non-vanishing elementary
classical Poisson bracket with the field theoretic definition in eq. (3.11) evaluates here to

{o(t,x), w(t,y)} = ih {6(t,x), 0" (t,y)} = 6 (x — y).
Field quantization or second quantization

Field quantization now promotes ¢(f,x) to an operator ¢(t,x) and ¢*(t,x) to ¢f(¢,x) with the
commutation relation given by i/ times their classical Poisson bracket,

[6(t,%), 81 (t,)] = 6 (x — y).

This can be solved by writing the free Heisenberg field operator as

7 Pp t+i 2 &p ;
_ — 1w 1px T _ iwpt—ipx T
o(t,x) = / (277)36 PP, o'(t,x) = / (277)3@ ptTIPXg L

with wp, = p?/(2m) and time-independent ap, for the solution to the free evolution equations, and
the commutation relations

lap,al] = (27)%6®) (p — q), [ap, ag] = [af,,al] = 0.

Particles as quantum excitations

The operators a, and af) have the same properties as the annihilation and creation operators
for the energy levels of the harmonic oscillator. But what they annihilate and create are actually
particles! This provides a new possibility to understand many-particle states in quantum mechanics
as corresponding excitations of a vacuum state.
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Vacuum states

In the present formalism (for non-interacting fields) one can take the vaccum state |0) in the field
theory to be such that
a’p|0> = 07

for all momenta p.

Single particle states

One can also construct now states for single particles in a momentum eigenstate by using the
creation operator,

[p) ~ ab0).
We discuss the normalization and related issues later on. In a similar way one can construct
two-particle states,
p.q) ~ afal|0),

and as a consequence of the commutation relations it is autmotically symmetric,

p,q) = |a,p)-
Blackboard video

5.2 Schrodinger functional representation of quantum states

The algebraic method we used for canonical quantization of harmonic oscillators and the free non-
relativistic field works in a similar way for many free or non-interacting quantum field theories. It
shows that in a quantum field theory particles can be seen as excitations.

To address more general situations it is often useful to have a concrete representation of the
quantum states and operators. We develop this now by appealing to concepts used in quantum
mechanics.

We are interested in describing quantum states at a fixed time ¢ = 0. In that case the Heisenberg
and Schrodinger picture coincide. We use the field theoretic analoge of the position space represen-
tation of quantum mechanics to describe quantum states. For a field theory, the Schrédinger wave
function will become a Schrodinger functional ¥[e].

The density matrix

Recall that in the position space representation of quantum mechanics for N degrees of freedom,
such as particle positions, one can represent an arbitrary pure state |¥) at some time ¢ in terms of
a Schrodinger wave function

\I/t(a?l, s ,xN).

A general mixed state needs to be described by a density matriz or a density operator. For a mixture
of states [W;) with probability p; such that 3, p; = 1, the density operator is formally given by

pr="Y_pi|¥;)(T,].
J

The concept of a mixed state is needed if one does not know the state with certainty but has only a
probailistic description available. Mixed states are also needed if one would like to describe degrees
of freedom that are not fully isolated but entangled with other degrees of freedom. This is actually
the general situation for the local description of a quantum field theory in some subvolume of space.
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Expectation values

From the density operator, one can calculate expectation values at time ¢ as

(A@t)) = Tr {p A} = ZPJTT{PI’J‘)(‘I’HA} = ZP;‘(‘I’J‘\A|‘I’J‘>~

J J

Concretely, for the position space representation one would have

pt(xla--~7xN;yl7"'>yN) :ZPJ\IIJ($177$N)‘I’;(ZU1,7Z/N)
J

An arbitrary operator can be written as

A(‘rla"'vng;ylv"'7yN)a

and the expectation value would be

<A(t)>:T‘I‘{ptA}:/ / pt(xla-“7xN;y17"'7yN)A(y1a"'7yN;$17-~-awN)-
L1y TN Y YLy YN
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Momentum operator

As an example let us consider just a single particle. We want to calculate the expectation value
of the momentum component Py. It corresponds to a derivative operator in the position space
representation we use. In our notation it can be written as a distribution,
Pulx,y) = —i-2 0@ (x — y).
’ Oxk
With this one finds with a few steps involving partial integration

o) = [ o) [0 =] = S0 |-z

which is the expression familiar from quantum mechanics.

Blackboard video
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Transition to field theory

Let us now go to quantum field theory. Instead of the positions z1,...,xy, the degrees of freedom
are now the field variables ¢(x) at some fixed time ¢, for all possible spatial positons x. The spatial
position x now plays the role of the index n = 1,--- , N and labels the different degrees of freedom
(quantum fields).

Blackboard video

Pure and mixed states

A pure state at some time ¢ is now specified by a so-called Schrodinger functional ¥i[¢], and a
mixed state in a similar way by a density matriz functional p:[¢,¢_]. The most general observable
is also specified by a similar functional A[¢q, ¢2], and an expectation value is given by

(4) = / D64 Db pilbr, 6_1Alb-, 6.

The functional integrals [ D¢, and [ D¢_ are here over fields at constant time ¢ but for all spatial
positions x. The definition is as we have studied it for statistical field theory.

Blackboard video

Conjugate momentum field

In this “position space” representation of a field theoretic state, the conjugate momentum field
corresponds to an operator,

()] = | i | O - o,

with the “functional Dirac delta” 6[¢1 — ¢2] defined such that for some functional f[¢]

/ D61 f161]3[61 — b2] = Flda]

With this one obtains the expection value

(w(e.)) = [ D [—z' pulbsr ]

_ s
64 (x) br=p_=p

In this way one can now calculate all kind of observables at some given time t.

Blackboard video
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5.3 Ground state and excited states
Field theory of a single mode

To get an intuition, let us consider the simple case of a field theory in d = 1 4+ 0 dimensions. This
describes a single field mode and has applications for example to cavity-quantum electrodynamics.
The Lagrangian for a real variable ¢ is

_1 2_1 2.2
L= 5(0:0)° = 5m*¢”,

and it is equivalent to the harmonic oscillator. This means that we can easily take over some results
known from quantum mechanics.

Blackboard video

Ground state

By recalling results from quantum mechanics for the harmonic oscillator, the Schrédinger functional
for the ground state can be immediately specified as a Gaussian,

m
Uo[¢] = cexp (—§¢2)
with a complex constant ¢. Accordingly, the density functional in that state
1 m
polos 6] = 7 exp (=T (63 +02)).

One can directly see that this is a pure state because it factorizes into a ket and a bra contribution.

Blackboard video

Excited states

Excited states with n particles or quanta are of the form
1 m
pulrs,6-) = — Ha(v/mo ) Ha(Vims-)exp (=2 (62 +62))
where H,,(z) are the Hermite polynomials
Hy(z) =1, Hi(x) = 2z, Hy(z) = 42% —2,---

These are still pure states. The corresponding Schrédinger functional would be

= \/%Hn(\/ﬁqb)cexp (—%qﬁz) .

Under time evolution, the Schrodinger functionals above would pick up a factor e=“("+1/2)t which
cancels, however, in the density functional.

Un[g]

Blackboard video
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Coherent states

Another interesting class of states are coherent states. In quantum mechanics they are described
by

—|a|? S a” —|a|? aat
\a>:e||/2zﬁ|n>:e\|/2e 0),
n=0 :

with complex parameter o. Here they lead to the density matrix functional

palb 1= yoxp | —ym (m— \/zRem)) T (¢_ —ﬁwa))

Again these are pure states. Under time eolution, one must replace o — a(tg)e~**=*) and one
finds that Re(a(t)) describes the oscillatory behaviour of classical solutions to the equations of
motion. The density matrix p,(¢) describes Gaussian fluctuations around this mean value.

2

Blackboard video

Themal states for a single mode

Finally, let us consider a thermal state. In the quantum mechanical formalism, it is described as
p=(1-0)) b"n)(nl,
n=0

where b = e="/T is the Boltzmann weight. Here this leads to the density matrix functional

= b\" 2 42
prldnso) = 500> 5 (2) Hy (Vg ) Hn(Vimg e (@ H02)/2,
n=0 "

Here, one can use a property of the Hermite polynomials (Mehler’s formula)

> L () Ha(y) (g) = Vlljzexp mbw - _y)g} |

n=0

We thus find

1 5 9 b? 5  2b
PT[¢+7 ¢7] = - €Xp [—m(¢+ +¢7) — iy m(¢+ —¢-)"+ 1+bm¢+¢}
(5.3)

b2 b
= lexp [—m <1 + 1262) (0% + %) + 1 3 b2m¢+q§} )

This does not factor into a ket and a bra part for b > 0. It is therefore not a pure state as expected.

Blackboard video
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Gaussian versus non-Gaussian states

Let us summarize this discussion by remarking that the vacuum or ground state, the coherent
states, as well as the thermal states all have density matrices p[¢4, ¢_] of Gaussian form. This is
not the case for single or multiple particle excited states, though. For free quantum field theories,
one can also expect Gaussian states in many circumstances. However, already with non-vanishing
interaction this ceases to be the case.

Blackboard video

Higher dimensional Gaussian states

Let us now generalize the situation somewhat and consider a set of fields ¢,,. The index n is here
taken to be discrete and can run over a finite set of modes for example. However, it could be running
over an infinite set. One may even consider n to be an abstract index that combines several indices
such as momentum, flavor or spin.

We assume the Schrédinger functional to be of the form

\P[QZ)] = CexXp |:;(¢ - (rz_S)mhmn(QzS - Q_S)n + Z]n¢n ’

with a symmetric and real matrix h,,, = hnm. The density functional for this pure state is
accordingly

P[¢+, d)*] = %exp |:_ %(¢+ - q;)mhmn(¢+ - é)n

= 56 = Dt (6 = B +ida 01~ 021

Blackboard video
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Characterization through one- and two-point functions

Let us characterize this state by its expectation values and correlation functions. Besides the field
¢n, another observable is its conjugate momentum field m,. In the position space representation,
we are working in here, it is represented by a derivative

0

T = —i—

O¢n’

This operator acts on the Schrodinger functional or density operator. The canonical commutation
relations

[¢ma 7Tn] = Z(smn; [(bmv ¢n] = [Wma 7Tn] = 0;

are automatically fulfilled.
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The field expectation value is given by

) =5 [ D6 sl é) = .

In a similar way, the expectation value for the conjugate momentum can be obtained,

1)
) =3 [ 6 (iggmoned)  =im

An exercise in Gaussian integration yields the connected correlation functions

<¢m¢n>c = <¢m¢n> - <¢m><¢n> = %(hil)mnv <7Tm777n>c = %hmru

<¢m7rn + 7Tn¢m>c =0, <¢m7rn - 7Tn¢m>c = [¢m77Tn] = 10

If the matrix h,,, is diagonal h,,, = [ - (no sum convention), the different field modes are
independent, otherwise they are correlated.

Blackboard video

Uncertainty relation

Imagine now that h,,, is diagonal. One then has

CALLAEES

This is in fact the statement that Heisenberg’s uncertainty bound is satisfied and saturated. Note
that for a single mode in the ground state, we have

1
2 2
= s = —.
=5 ()
The energy E = m here sets the quantum uncertainty. In quantum optics, it is possible, however,
to prepare so-called squeezed states with

W) =g =1,
where h > m or h < m. These are still pure states and they are still Gaussian states. They also
still satisfy the Heisenberg bound but, for n > m, have a reduced uncertainty of the field at the
cost of an increased uncertainty of the conjugate momentum. For n < m, the uncertainty of « is
reduced while the one of ¢ is increased.

For diagonal h,,,,, the different modes ¢,,, are fully independent and the density matrix p[¢4, ¢_]
decomposes into a product of independent factors. This indicates that these degrees of freedom are
not entangled. The situation is different in the presence of off-diagonal terms in h,,,. In that case,
there are non-vanishing correlations between fields and between conjugate momenta - but there is
also quantum entanglement.

When quantum field theory is developed from a version of the theory with lattice regularization
one finds that the field degrees of freedom in position space are strongly entangled by the spatial
derivative term. For a quantum field theory entanglement is in this sense ubiquitous.

Blackboard video
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5.4 Entanglement
Two-mode squeezed state

As the simplest example for an entangled Gaussian state consider the two-mode squeezed state with
Schrédinger functional

627" 6—21“
U, (01, ¢a] = cexp [—47”((?1 — ¢2)* — 1

m(¢1 + ¢2)2] .

For r = 0, this simply becomes the product state

1 1 1
Uo o1, 2] = cexp {2m(¢% + ¢§)} = cexp {quﬁ] exp {ngﬁ} .
For r > 0, such a product decomposition is not possible, however. Generalizations of such two-mode
squeezed states describe entangled states from inflation in the early universe or the entanglement
of Hawking radiation emerging from a black hole with radiation falling into the horizon (for free
bosonic theories). The density matrix for the two-mode system in the squeezed state is

1 eQr ) 6—27‘ 5
pi2[d1+4, oy P1—, Pa] = - eXp [— Tm(ﬁbw — $ay)” — Tm(¢1+ + ¢a2y)
627" 6—21"
- Tm@k — ) — 1 m(¢1— + da_)?|.

Blackboard video

Reduced density matrix

It is instructive to calculate the reduced density matrix for the mode ¢; by taking the partial trace
of the density matrix. Quite generally, the reduced density matrix for a subsystem A of a larger
system consisting of the parts A and B is given as the partial trace

pa=Trg{pan}.

If A and B are entangled and pap describes a pure state, the reduced density matrix is of a mixed
state form.In contrast, for a pure product state pap = pa ® pp, the reduced density matrix p4 is
also pure. In the present case, taking the partial trace for the second mode corresponds to

p1[brs, d1-] = / Dé praldrs. b b 0]

1 2r —2r
= / D¢ exp [— gk, + )
2r _ —2r 2r —2r
+2me (ejm(m + ¢1>) - m¢2€+j}

1

= exp [ - %m cosh(2r) (o7, + ¢ ) + %m cosh(2r) tanh?(2r)(¢1 4 + ¢1)2] (5.4)

2
X /D(b exp [ — m cosh(2r) ((b — %tamh(%)((ﬁl+ + ¢1)> }
1 1 1

— 5 exp | = gmeoshizn) (1 o 2n)) (62, + 67 )

+ %m cosh(2r) tanh2(2r)¢1+¢1_} .

— 52—


https://www.tpi.uni-jena.de/~floerchinger/assets/videos/qydLkdFYgW.mp4

In the last step, we have performed the Gaussian integral over ¢ and dropped an irrelevant factor.
As expected, for r > 0, the density matrix p; now is not of pure state form anymore. It does

not factor into a ket and a bra because of the term o ¢14¢1_ in the exponent.

Note the resemblance of (5.4) and (5.3). This is an indication that entanglement can sometimes

lead to a locally thermal looking state, albeit it is globally pure.

Blackboard video

LECTURE 12

6 Dynamics

So far we have been concerned with the description of states in the field theory, which can be
specified for example at a globally fixed constant time ¢ = t3. Our next goal is to understand
dynamics in time. Before going there it is worth to clarify an issue related to relativistic causality.

States on Cauchy surfaces

It seems a bit strange that time is singled out for the description of states, because, according to
special relativity, observers that move with a velocity relative to each other have different notions
of what equal time actually means. Indeed, states can be specified somewhat more generally on any
Cauchy surface ¥. This is a (d—1) dimensional submanifold of d-dimensional spacetime, a so-called
hypersurface, with a normal vector that points in a time-like direction everywhere. A hypersurface
t = to with normal vector n* = (1,0,0,0) is then just a special case.

In the more general case, the density matrix on the hypersurface ¥ is specified as a double
functional of fields ¢4 (x) and ¢_(x) where the coordinates are now on the hypersurface, that is
x €%, p=pslds,d_]. In this formulation, a generalization of time evolution would correspond
to an evolution between neighbouring Cauchy surfaces, e. g. X7 — Y5 — -+ — Xy. Keeping
this generalization in mind, we can still take evolution according to some globally defined time
coordinate as a convenient special case in the following.

Blackboard video

Unitary time evolution

Similar as in quantum mechanics, the evolution in time, or between Cauchy surfaces, is realized
by unitary evolution operators. For N-body quantum mechanics, this would be an operator of the

type
Ut2<—t1(X1a"' XN Y1, aYN)a (61)
such that

wtz(xlf"aXN):/ Utzetl(xlf">XN;yla"'7yN),(/Jt1(yl7"'7yN)- (62)
Yi,--0 YN
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The density matrix also needs the hermitian conjugate operator

UtTl—)t2<X1a"' JXNIY1, ,YN) (6.3)

so that the density matrix evolves as

ptg(xlv"'7XN;YIa"'7YN):/ / Utz(—tl(xh"'aXN;ulv"'7uN)'
up,uy SV vy (6.4)

. T .
'ptl(ula"' ,UN; VL, s 7VN)Ut1—)t2(V1a"' s VNI Y1, 7YN)

In a quantum field theory, one can specify in a similar way the unitary operator for evolution from
one hypersurface to the next, e.g. 31 — X, or t; — to

Ut2<—t1 [¢27 ¢1]; (65)

such that the density matrix functional evolves as

Pty P24, P2-] = /D¢1+/D¢1—Ut2<—t1[¢2+a¢l+]pt1 [¢1+,¢1—]Ujl—>t2 [f1-, pa_]. (6.6)

This evolution equation of the density matrix functional is a special case of the general evolution
equation for the density matrix in quantum mechanics

th — 67’L‘H(t27t1)pf eiH(t27tl)
t1 .

The left operator evolves the “ket” forward in time, while the right operator evolves the “bra”
forward.

Blackboard video

Schwinger-Keldysh double time path

The evolution operator for the “bra” et (t2=t1) or

UtTl —to [¢177 ¢2*]

can also be understood as an operator that evolves backward in time. This is the idea beyond the
Schwinger-Keldysh double time path that can be used to describe the time evolution for quantum
field theories in general out-of-equilibrium situations. This is needed for example in cosmology or
to describe non-equilibrium situations in condensed matter contexts. Note in particular that p,
can in principle be any density matrix. Because both the “ket” and the “bra” part of the density
matrix are specified initially or as incoming one speaks of an in-in formalism. The outgoing state
is not specified and must be calculated.

Blackboard video
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Functional integral for time evolution

Let us now consider the time evolution operator

Utf<—t0 [¢f} ¢0] .

We are free to insert here intermediate steps here and to write

Usyeto 66, d0] = / Doy - / Do, / Dy Unyevn 61, ] -+~ Uso vy [02, 31105, 0 [ b1, 0]

By inserting many of these intermediate steps we can reduce everything to evolution operators over
infinitesimal time steps t;11 = t; + €. For these one can write

U.=e " ~1—icH,

with terms of quadratic order and higher vanishing in the limit € — 0. The part 1 corresponds here
to a functional Dirac delta, which we can write as

S[pjr1 — ¢j] = /ij exp {i/d%c (%) [pj41(x) — ¢;(x)]| . (6.7)
This is just the generalization of the familiar expression
dp .
Sz —y) = / 9P ip(a—y)
2

to the functional formalism. The Hamiltonian is itself an operator that involves the fields ¢ and its
spatial derivatives, and the conjugate momentum operators

5
de(x)’

When acting on an expression as in (6.7) this functional derivative operator gives just 7;(x) under
the integral.
Collecting terms we find

Usgcrolt, 0] = / Dry / Do - / Dy / D / Dry

exp iie{/d?’z {wj(x)w} —H[¢jv7fj]}
=0

We have re-exponentiated here the term invoving the Hamiltonian and were a bit sloppy with the

—1

question how to order terms in the Hamiltonian. This is justified by the limit £ — 0 we want to
take next. We can replace with ¢t = to + je the fields, ¢;(x) — ¢(t,x), conjugate momentum fields,
mj(x) — m(t,x) and

= D6t%) = (1. %)

Moreover, the sum over j in the exponent becomes an integral along time.

Pj+1(x) — ¢;(x)
13

Blackboard video
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Phase space functional integral

We find thus the functional integral expression

sty [61, d0] = / Dr / Déexp {z /f:f dt / &z {w(x)qb(x) —jzﬂ}] ,

where S is the Hamiltonian density. The functional integral includes now one integral over the
field at each point in time and space between the initial and final time or Cauchy hypersurface. At
the boundaries of the time interval (or on the bounding Cauchy surfaces) one must keep

P(to,x) = ¢o(x), P(te, x) = de(x), (6.8)

fixed. The integrals over the conjugate momentum fields are not constrained.

Blackboard video

Langrangian functional integral

Finally, for theories where the Hamiltonian is quadratic in the conjugate momentum fields 7 (¢, x)
one can easily perform the functional integral over m(¢,x). Besides an irrelevant overall constant,
this implies to extremize with respect to m(x), which is effectively the Legendre transform to an
integral over the Lagrangian in the exponential,

t
Uspeto 61, 0] = / Déexp [ / "t / B (o, am] , (6.9)

where .Z (¢, 0,,¢) is the Lagrangian density. Specifically, for the scalar field theory one has

2= 58— VG V(6) = 56" 0,00,0 — V(9).

We use here the Minkowski metric with mainly plus convention, g,, = diag(—,+,+,+), and the

microscopic potential
Lo Ay
V(¢)—§m ¢ +I¢ .

At the boundaries in time we still need to keep the fields fixed according to (6.8).

Blackboard video

LECTURE 13

Thermal density operators

Now that we know how to write evolution operators as functional integrals we can do many things
with them. Let us discuss the density matrix of quantum fields in a thermal state. This is not to
be confused with the classical fields in a thermal state we discussed previously. Thermal states are
interesting by themself and the standard vacuum state is included in the limit 7" — 0.
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At fixed time ¢, the thermal density matrix is formally given by

_ 1 sn — Ty e BH
=z " Z(B) = Tr {e P11, (6.10)

where 3 = 1/T. By comparing this to the evolutionoperator e~

we see that the operator e~ #H
is in fact just an evolution operator into an imaginary time direction, for example from ¢ = ¢ to
t = tg — i8. Moreover, in the thermal partition function Z(8) one needs to take the trace which
means to identify the fields at ¢t =ty and ¢t = ty — 5. This leads to a torus geometry with peridicity
in imaginary time direction where the fields satify the condition

(ﬁ(to,X) = ¢(t0 - ’LB’X)

This is called the Matsubara torus.

Blackboard video

Analytic continuation or Wick rotation

Let us analyse what happens to the action when we evaluate it along the imaginary time contour.
We introduce the imaginary time coordinate 7 through

t:to—iT,

and integrate 7 from 0 to § = 1/T. Note that

o .0
e
ot or’
and dt = —idT The real-time action times the imaginary unit,

iS:i/dt/dg’x{; <;¢>2—;(V¢)2—V(¢)},

which is what enters the exponential in the transition operator U, becomes then, when evaluated
along the Matsubara contour,

S = —/Oﬂdr/d%{; (§T¢>2 +5 (V6 +V(¢>}-

This is now an action in Euclidean space, where the metric is
ds® = dr? + dx?,

and the difference in sign between time and space coordinates has disapeared! The Euclidean action
is of the same kind as the “actions” we have studied previously in the context of classical statistical
field theories (which also explains why we called them “actions” even though formally these where
parts of Hamiltonians divided by temperature). The difference is, however, that we now have one
Euclidean dimension more! This additional dimension is periodic at non-zero temperature.

Blackboard video
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Zero temperature or ground state

At this point it is interesting to consider the limit 7" — 0 or  — oo. The circumference of the
Matsubara torus becomes then infinite and 7 is integrated from 0 to oo, or, equivalently after a
change of variables, from —oo to co. In that limit the theory is equivalent to what we discussed
previously in the context of classical fields at finite temperature, but with one dimension more. The
groud state of a quantum field theory in d = 1 + 3 dimensions can be represented by a statistical
field theory with d = 4 dimensions.

Blackboard video

Matsubara frequencies

Taking the periodicity condition at non-zero temperature into account we can write

> By . )
¢(T’X):T Z /(QWI))geiwnT—Flpx(b(_iwn?p)v

where
wy = 27Tn

is known as the Matsubara frequeny. While 7 can be seen as an imaginary periodic time, w,, can be
seen as an imaginary discrete frequency. In the high temperature limit only the lowest Matsubara
modes with w,, = 0 contribute effectively to thermodynamic observables, all others are strongly
surpressed in the correlation function 1/[(277n)? + p?]. Restricting to n = 0 leads to the classical
limit of the theory we have discussed previously. In the opposite limit 7' — 0 we obtain an integral,

dw
Iy [
o2r’
n
over continuous Matsubara frequencies.

Blackboard video

Density matrix functional

The density matrix functional is given by

1
plor o) =iz [ Doersil, (6.11)
0= i
where the boundary conditions for the functional integral are
¢(T:07X):¢+(X)7 ¢(T:ﬂ,x):¢_(X).

One easily confirms that the density matrix is normalized correctly,

1 1
Tr{p} = /D¢+ plo+, d+] = 708 /D¢+ /¢+,¢>+ D¢ e 519 = 70 /DQS e =1, (6.12)

where Z(3) is the thermodynamic partition function. The density matrix (6.11) can be combined
with evolution operators as in eq. (6.9) and a similar representation for U to determine the density
matrix at a later time. When the trace of such a density matrix is taken one obtains a closed time
path, as a special case of the Schwinger-Keldysh double time path.
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In-out formalism

For many problems in quantum field theory one does not need the Schwinger-Keldysh or in-in
formalism. Instead one can work in a situation where the ingoing as well as the out-going state are
actually vacuum or ground states. This describes in particular situations with just a few particles in
the initial and final state for which one can specify convenient creation and annihilation operators
acting on the vaccum state. Much of the scattering physics needed to describe collider experiments
can be described this way.

Blackboard video

Vacuum-to-vacuum transition amplitude

A contour where the incoming state and the outgoing state are the vacuum, but that nevertheless
goes along real times can be achieved by rotating the real time slightly into the complex plane.
By integratig fom tg — —oo(1 — i€) to the final time ¢ — oo(1 — ie) we have at both ends of the
integration contour terms e ~**°(1—i)H  o=cooH which effectively project to the ground state. For
states above the minimal energy, the exponential supression is so strong that only the ground state
remains.

The integration contour will play a role in deciding which Greens functions of a differential
operator to take. Recall that Greens functions are non unique but depend on the boundary con-
ditions. A simple prescription, equivalent to the above rotation in time integration contour, is to
multipy the Hamiltonian with (1 — é€), or, even simpler and equivalently in practice, to replace
m? with m? — ie. We will take this ie prescription into account later on when calculating Greens
functions.

Blackboard video

Feynman propagator

Let us consider now a two-point correlation function of the type

16— 9) = 5 [ Dosla)swe,

where time t is integrated along the vaccuum-to-vacuum or in-out contour and we work with the
quadratic action

4 1 uv 1 5 2 1 d4p * 2 2
Solgl = [ d'w —59 ()0, () — §m o(x)” p = D) W {¢ (p) [p +m ]¢(P)}

We are using now a four-dimensional notation with = = (¢,x), p = (w,p) and p? = —w? + p%. In
the second equation we have introduced the fields in Fourier space through
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where pxr = —wt + px. For real fields one has ¢*(p) = ¢(—p). The two-point function follows now
from the standard receipe of Gaussian integration and we obtain

d'p . 1
Glz — ) = iple—y) =
(x—y) / (2ﬂ)46 p2 +m?2 — ie
4
:/ d’p e’ (2" =y%)+ip(x~y) —1 .
(2m)* (p° — V/P? +m? +i€)(p° + /p? + m? — i€)
Here we have inserted the ie which will help us to pick the right integration contour. Note that
G(x — y) is a Greens function to the inverse propagator in the sense

(6.13)

[~g"0,0, +m?] G(z —y) = 6D (x —y).

One may perform the integration over the frequency p° in eq. (6.13). Note first that there are poles

at

p° = /p2? + m?2 — ie, P’ = —/p2 +m? + ic.
For 2° — y° > 0 we can close the p® integration contour in the lower half of the complex plane and
get a contribution from the residue at p® = /p2 + m?2 = Ey. In contrast, for 29 — 4% < 0 the
contour must be closed in the upper half of the complex plane, and we pick up a contribbution from
the residue at p° = —/p? + m? = —E,,. Taken together this yields

d3p ) ; 0_ .0y,

— ) =0(2° — 0 2 " —iEp(zT -yt )+ip(x—y)
Gz —y) =0(z y)/(%)gwpe

(6.14)

dBp i 2 29 —9°)+ip(x—
+60(y° — 330)/ @) E(ﬁ Ep(2”—y")+ip(x—y)

Depending on the time ordering we find either a term with positive frequency or one with negative
frequency. The Feynman propagator G(x — y) is also called time-ordered propagator.

Blackboard video

Exercise

By choosing different contours of the frequency integration, derive expressions for a retared propag-
tor that vanishes when xz° — ¢° < 0 and an advanced propagator that vanishes when z% — 3% > 0.

LECTURE 14

7 Non-relativistic bosonic fields

From relativistic to non-relativistic scalar fields

In this section we go from a relativistic quantum field theory back to non-relativistic physics but in
a quantum field theoretic formalism. This non-relativistic QFT is in the few-body limit equivalent
to quantum mechanics for a few particles but also has interesting applications to condensed matter
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physics (many body quantum theory) and it is interesting conceptually. We start from the action
of a complex, relativistic scalar field in Minkowski space

S = /dtd3x {—aﬂqs*aﬂqs —mP¢*p — 3(¢*¢)2} :

The quadratic part can be written in Fourier space with (pr = —p°z° + px),
d4p i d4p .
_ pT * _ —ipx |
o(x) / 2n)i o(p), ¢* () / Gm)i° ¢*(p),
as

Blackboard video

Two zero crossings

One observes that the so-called inverse propagator has two zero-crossings, one at p° = /p? + m?2
and one at p° = —1/p2 + m2. At these points the quadratic part of the action become stationary
in the sense 5

@)
The zero-crossings also correspond to poles of the propagator. These so-called on-shell relations
give the relation between frequency and momentum for propagating, particle-type excitations of

the theory. In fact, p° = \/p2? +m?2 gives the one for particles, p° = —y/p2 +m?2 the one of
anti-particles. In the non-relativistic theory, anti-particle excitations are absent. Intuitively, one

assumes that the fields are close to fulfilling the dispersion relation for particles, p® = 1/p2 4+ m?2
which is for large m? rather far from the frequency of anti-particles. One can therefore replace in

a first step
p’ + /P2 +m?2 — 2¢/p? +m?2 ~ 2m.

Moreover, one can expand the dispersion relation for particles for m? > p2,

2

P = \/p2+m2:m+§—m+...
This leads us to a quadratic action of the form

so=— [ 22 o) (40 +m+ 2 ) 2mot}.

or for the full action in position space

S = /dtd%{qs* <i6't —m+ Z;) 2m ¢ — ;\(é*qﬁ)Q}-

Blackboard video
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Rescaled fields and dispersion relation

It is now convenient to introduce rescaled fields by setting

1 —i(m—
¢(t7x) = \/ﬁe (m VO)t(p(LX).

The action becomes then

S = /dtd3x " (10, — Vo + V—Q - L(cp*cp)Q . (7.1)
2m 8m?2

The dispersion relation is now with

dv &p _. ...
oltx) = [ 52 el

given by
2
w=V+ L
2m

This corresponds to the energy of a non-relativistic particle where V4 is an arbitrary normalization
constant corresponding to the offset of an external potential. The action in equation (7.1) describes
a non-relativistic field theory for a complex scalar field. As we will see, one can obtain quantum
mechanics from there but it is also the starting point for a description of superfluidity.
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Symmetries of non-relativistic theory

The non-relativistic action in equation (7.1) has a number of symmetries that are interesting to
discuss. First we have translations in space and time as well as rotations in space as in the relativistic
case. There is also a global U(1) internal symmetry,

o(x) = e p(x), o (x) = e 9" ().

By Noether’s theorem this symmetry is related to particle number conservation (exercise).

Blackboard video

Time-dependent U(1) symmetry

There is also an interesting extension of the global U(1) symmetry. One can in fact make it time-
dependent according to

plz) = e p(a), p*(x) = e O (a).
All terms in the action are invariant except for
O 10y — @ e~ OB g, OB (1) = ¥ (10, — B) .
However, if we also change V[ — V) — 8 we have for the combination

@™ (10 — Vo) — 9" (i0; — B — Vo + B)p = ¢" (i0y — Vo).
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This shows that
p(x) — P, " — et Vo — Vo — B,

is in fact another symmetry of the action in equation (7.1). One can say here that (i0; — Vp) acts
like a covariant derivative. This says that (i0; — Vp)e transforms in the same (covariant) way as ¢
itself. The physical meaning of this transformation is a change in the absolute energy scale, which
is possible in non-relativistic physics.
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Galilei transformation

Note that the action in equation (7.1) is not invariant under Lorentz transformations any more. This
is directly clear because derivatives with respect to time and space do not enter in an equal way.
However, non-relativistic physics is invariant under another kind of space-time transformations,
namely Galilei boosts,

t—t,

X — x + vt.

One can go to another reference frame that moves relative to the original one with a constant
velocity. How is this transformation realized in the non-relativistic field theory described by equation
(7.1)7 This is a little bit complicated and we directly give the transformation law,

plt,x) = ¢ (t,x) = MV o1 x — vt
Indeed one can confirm that
(Zat + %) s0((1/7)() N ei(mv~x—%mv2t) |:(7,8t + %) (p:| (t,X — Vt),

so that the action (7.1) is invariant under Galilei transformations.

Blackboard video

Effective potential

One can write the action in (7.1) also as
S = /dtd3x {gﬁ* (i@t + %) w— V(<p*<p)} , (7.2)
with microscopic potential as a function of p = p*p,

A A
Vip) =Vop+ 50" = —np+ 50"

At non-vanishing density one has Vj = —pu, where p is the chemical potential. For, y > 0 the
minimum of the effective potential is at py > 0. In a classical approximation where the effect of
fluctuation is neglected, one has the equation of motion following from 4.5 = 0.
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Bose-Einstein condensate

If the solution ¢(x) = ¢ is homogeneous (constant in space and time), it must correspond to a
minimum of the effective potential. Without loss of generality we can assume ¢y € R and

V'(po) = —p+ Apo = 0,

¢0:\//70:\/E-

Assuming that it survives the effect of quantum fluctuations, such a field expectation value breaks
the global U(1) symmetry spontaneously, similar to magnetization. This phenomenon is known as
Bose-Einstein condensation. One can see this as a macroscopic manifestation of quantum physics.
The mode with vanishing momentum p = 0 has a macroscopically large occupation number, which

leads to

is possible for bosonic particles. On the other side, it arises here in a classical approximation to the
quantum field theory described by the action in eq. (7.1). In this sense, a Bose-Einstein condensate
can also be seen as a classical field, similar to the electro-magnetic field, for example.

Bogoliulov excitations

It is also interesting to study small perturbations around the homogeneous field value ¢g. Let us
write

o(@) = do + % [61(2) +1 ba(z)]

with real fields ¢;(x) and ¢a(z). The action in eq. (7.2) becomes (up to total derivatives)
1 G, V2
S= [dtds{ 6a0ion+5 Y 65505~V (6 + VEousn + 36 + $03)
j=1

It is instructive to expand to quadratic order in the deviations from a homogeneous field ¢; and
¢2. The quadratic part of the action reads

_v? 2
So Z/dt d?’x{—;((ﬁh@)( 2m BD\% aé2> (2;)}
0, v

In momentum space, the matrix between the fields becomes

. 2L oNGR —iw
G (w, p) =|2m i 2 .
w o
In cases where the inverse propagator is a matrix, this holds also for the propagator. When the
determinant of the inverse propagator has a zero-crossing, the propagator has a pole. This defines

the dispersion relation for quasi-particle excitations,
det G~ (w, p) = 0.
Here this leads to

2 2
2 p 2\ P
- o2 ) B~

“ +<2m+ %) 2m

_ /(P 2\ P2
w = \/(2m + 2>\¢0) o (7.3)

This is known as Bogoliubov dispersion relation.

or

Blackboard video
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Linear and quadratic regimes

For small momenta, such that

p2

= L 2\P2
2m<< %
one finds
AB3
~ 1\ —|p|. 7.4
w22 (7.9
In contrast, for
p2 2
— > 2\
2m>> %

one recovers the usual dispersion relation for non-relativistic particles
W —. (7.5)

The low-momentum region describes phonons (quasi-particles of sound excitations), while the large-
momentum region describes normal particles.

Blackboard video

Superfluidity

The fact that the dispersion relation is linear for small momenta is also responsible for another
interesting phenomenon, namely superfluidity, a fluid motion without friction. To understand this
consider an interacting Bose-Einstein condensate flowing past some body of through a capillary. If
the energy and momentum of the fluid are £ = Ey and p = 0 in the fluid rest frame, they are

1 1
E':E+pv+§Mv2:E0—|—§Mv2, p=p+Mv=DMv,

in the rest frame of the body or capillary. We used here first the general transformation of energy
E and momentum p under Galilei boost transformations and then the particular values for the
homogeneous fluid state.

Imagine now that we can create an excitation or quasi-particle in the fluid with energy e(p)
and momentum p. In the fluid rest frame we have now E = Fy + ¢(p) and p = p. The energy and
momentum in the rest frame of the capillary are then

1
E/=E0+€(p)+p-v+§MV2, p =p+ Mv.
Comparison to the corresponding relation for the homogeneous state shows that the energy and

momentum associated to the excitation are in the rest frame of the capiliary e(p) + p - v and p,
respectively.

Blackboard video
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Landau’s criterion for superfluidity

Now the point is that at small temperature, excitations will only be created in the fluid in appreciable
numbers when it is energetically favorable, i.e. for

6(p)—|—pv<0,

such that the energy of the fluid is lowered. If this relation is not fulfilled for any momentum p,
no excitations that could transport momentum out of a local fluid cell will be created. This means
that there is no viscosity and the flow is superfluid. It follows that for friction to become possible,
the fluid needs to have a fluid velocity larger than

Ve, = min e(p)

p |p|’

known as critical velocity. For the Bogoliubov dispersion relation (7.3) the critical velocity equals
the velocity of sound.

Blackboard video

LECTURE 15

8 Scattering

In this section we will discuss a rather useful concept in quantum field theory — the S-matrix. It
describes situations where the incoming state is a perturbation of a symmetric (homogeneous and
isotropic) vacuum state in terms of particle excitations and the outgoing state similarly. We are
interested in calculating the transition amplitude, and subsequently transition probability, between
such few-particle states. An important example is the scattering of two particles with a certain
center-of-mass energy. This is an experimental situation in many high energy laboratories, for
example at CERN. The final states consists again of a few particles (although “few” might be rather
many if the collision energy is high). Another interesting example is a single incoming particle, or
resonance, that can be unstable and decay into other particles. For example 77 — ut +v,. As we
will discuss later on in more detail, particles as excitations of quantum fields are actually closely
connected with symmetries of space-time, in particular translations in space and time as well as
Lorentz transformations including rotations. (In the non-relativistic limit, Lorentz transformations
are replaced by Galilei transformations). The standard application of the S-matrix concept assumes
therefore that the vacuum state has these symmetries. The S-matrix is closely connected to the
functional integral. Technically, this connection is somewhat simpler to establish for non-relativistic
quantum field theories. This will be discussed in the following.

Blackboard video
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Mode function expansion

Let us write the non-relativistic bosonic fields as
@(tv X) = / Up(tv X) ap(t)7 90* (ta X) = / ’U; (ta X) CLL (t)a
o p

with fp = (3371)13 and the mode functions

vp(t7x) _ e—iwpt-‘ripx.

While we plan to work in the in-out functional integral formalism, let us note that in an operator
picture ap(t) and af,(t) would be annihilation and creation operators for particles with momentum

p and frequency

2
1Y

Note that in contrast to the relativistic case, the expansion of the non-relativistic field (¢, x)
contains no creation operator and the one of ¢* (¢, x) no annihilation operator. This is a consequence
of the absence of anti-particles in the non-relativistic theory.

Blackboard video

Scalar product

For the following discussion, it is useful to introduce a scalar product between two functions of
space and time f(¢,x) and g(¢,x),

(Fg)e = [ a1 x0g(t. )
The integer goes over the spatial coordinates at fixed time ¢. Note that if f and g were solutions

of the non-relativistic, single-particle Schrodinger equation, the above scalar product were actually
independent of time ¢ as a consequence of unitarity in non-relativistic quantum mechanics.

Blackboard video

Normalization of mode functions

The mode functions are normalized with respect to this scalar product as
(v, vq): = (2m)°6C) (p — q).

One can write
n(t) ~(tms i = [ Pz P )

al () =(}, ")e = / P e (1 ).

Blackboard video
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Time dependence of creation annihilation and creation operators

The right hand side depends on time ¢ and it is instructive to take the time derivative,

Orap(t) = /dBm e“PtTIPX[9, +iwpo(t, x)
. . . p2
_ /d3x elwpt—ipx {& 44 ( + V0>} w(t,x)
2m
) . v?2
= /d3:17 !t —iPx {5} +i ( + VO)] o(t, x).
2m

We used here first the dispersion relation and expressed then p? as a derivative acting on the
mode function (it acts here to the left). In a final step one can use partial integration to make the
derivative operator act to the right,

) ) V2
Oap(t) = i/d3x elwpt=ipx [—i@t ™ + Vo} o(t, x).
m

This expression confirms that ap(t) were time-independent if ¢(¢,x) were a solution of the one-
particle Schrodinger equation. More general, it is a time-dependent, however. In a similar way one

finds (exercise)
2

Blackboard video

Incoming states

To construct the S-matrix, we first need incoming and out-going states. Incoming states can be
constructed by the creation operator

(—o0) = lim a;r,(t).

al
p t——o0

For example, an incoming two-particle state would be

[P1, p2;in) = af,, (—o0)af, (—o0)|0).

Blackboard video

Bosonic exchange symmetry

We note as an aside point that these state automatically obey bosonic exchange symmetry

|p1, P2;in) = |p2, p1;in),

as a consequence of
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Fock space
We note also general states of few particles can be constructed as
[;in) = Col0) + / C1(p) |p;in) +/ C2(P1,P2)|P1, P2;in) + ...
P P1,p2

This is a superposition of vacuum (0 particles), 1-particle states, 2-particle states and so on. The
space of such states is known as Fock space. In the following we will sometimes use an abstract
index a to label all the states in Fock space, i. e. |o;in) is a general incoming state. These states
are complete in the sense such that

Z | in) (cv; in| = 1,

«

and normalized such that («;in|8;in) = dups.

Blackboard video

Outgoing states

In a similar way to incoming states one can construct outgoing states with the operators

al,(oo) = tlg(r)lo a;f)(t).

For example
[p1, p2; out) = af, (c0)af, (00)[0).

We consider usually transition amplitudes where outgoing states appear as a “bra”; i. e. in the form

<p1,p2;out| = <O|ap1 (Oo>ap2 (OO)

One can read this in the sense that existing particles get annihlilated at asymptotically large times
before the state becomes the vacuum again.

Blackboard video

8.1 The S-matrix
S-matrix

The S-matrix denotes now simply the transition amplitude between incoming and out-going general
states |a;in) and |5; out),
Spa = (B;out|a; in).

Because « labels all states in Fock space, the S-matrix is a rather general and powerful object. It
contains the vacuum-to-vacuum transition amplitude as well as transition amplitudes between all
particle-like excited states.

Blackboard video
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Unitarity of the S-matrix
Let us first prove that the scattering matrix is unitary,

(STS)aﬁ = Z(ST)M/SW

¥
= (y;out|a;in)” (y; out|s; in)
J
= Z(a; in|7y; out) (y; out|8; in)
J
= (o in|B; in)
= 0ag-
We have used here the completeness of the out states

S Iysout) (y;out] = 1.

J

Blackboard video

Decmposition of S-matrix

It is useful to decompose the S-matrix as
Sap = 0ap + contributions from interactions.

The first part dgq is just the transition amplitude for the case that no scatering has occurred, i. e.
the outgoing state is the same as the incoming state. For example, the S-matrix element for 2 — 2
scattering (qi, q2; out|p1, p2;in) has a contribution

(2m)° [5(3)(p1 —a1) d¥(p2 — q2) + 6% (p1 — q2) ¥ (pa — a1)

This is amplitude that momenta did not change, symmetrized in a way that respects bosonic
exchange symmetry. The contribution from interactions (actual scattering) is more interesting and
we concentrate on it in the following.

Blackboard video

Conservation laws, elaastic and inelastic collisions

The S-matrix respects a number of conservation laws such as for energy and momentum. There
can also be conservation laws for particle numbers, in particular also in the non-relativistic domain.
One distinguishes between elastic collisions where particle numbers do not change, e.g. 2 — 2, and
inelastic collisions, such as 2 — 4. In a non-relativistic theory, such inelastic processes can occur
for bound states, for example two Hy - molecules can scatter into their constituents

Hy + Hy — 4H.

Blackboard video
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Connection between outgoing and incoming states

What is the connection between incoming and outgoing states? Let us write
oo
ap(o6) = ap(-o¢) = [ Duan)
—0o
o0 . . 2
= z/ dt/d?’x glwpt=ipx [—i@t -2+ VO} o(t, x).
—00

Annihilation operators at asymptotically large incoming and outgoing times differ by an integral
over space-time of the Schrodinger operator acting on the field. In momentum space with (px =

—p"2? + px = —p"t + px),
dp® d&’p .
t — 1pT
o(t, %) /Tw 2n)3° ¢(p),

this would read

anloc) — ap(=oc) = i[5+ 2 vi] (o)

In a similar way one finds
a;f)(oo) - GL(_OO) = —i/ dt/d?’x e wpttipx [—iat — % + Vo} ©*(t,x)

p?
=—i {po + o + VO} ©"(p)-

Blackboard video

Relation between S-matrix elements and correlation functions

To create particles in the initial state we can use aL(—oo). In contrast, ap(—00) gives a vanishing
contribution when it acts on the incoming vacuum |0). For the final state we can similarly use
ap(00) to annihilate particles, while af,(co) gives a vanishing contribution when it acts on (0| from
the right.

Blackboard video

So, effectively, one can replace

P’

5 Vo} ¢(p)

ap(00) — i {—po +

and similarly
2

al,(—oo) — 1 [—po + 21’7” + Vo] ©*(p).

This allows to reduce S-matrix elements to correlation functions in the in-out functional integral
formalism.

—71 —


https://www.tpi.uni-jena.de/~floerchinger/assets/videos/vaqeYJVmgQ.mp4
https://www.tpi.uni-jena.de/~floerchinger/assets/videos/NvKCo9Hnyj.mp4

Lehmann-Symanzik-Zimmermann (LSZ) reduction formula

As a concrete example, we obtain for the S-matrix element of 2 — 2 scattering
(a1, qz; out|p1, p2;in)

[ C]1+2+V0:|[ q2+2+‘/0:| |: p1+2+V0:| |: p2+2+V0:|

X (0l¢(q1)p(g2)¢” (p1)™ (p2)]0)-

This shows how S-matrix elements are connected to correlation functions. This relation is known
as the Lehmann-Symanzik-Zimmermann (LSZ) reduction formula, here applied to non-relativistic
quantum field theory.

Blackboard video

Relativistic scalar theories

Let us mention here that for a relativistic theory the LSZ formula is quite similar but one needs to
replace

[ g +;‘ +V0} [—(¢°)2 + a® +m?],

and for particles p(q) = ¢(q), ¢*(q) — ¢*(q), while for anti-particles ¢(q) — ¢*(—q), ©*(q¢) —
¢(=q)-
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Correlation functions from functional integrals

The (formally time-ordered) correlation functions can be written as functional integrals in the in-out
formalism,

(Olp(q1)p(g2) @™ (p1)¥* (p2)|0) = /Dsw a1)e(a2)@" (p1)@" (p2) €14

We can now calculate S-matrix elements from functional integrals!

Blackboard video

Partition function

Let us now consider a non-relativistic theory with the action

S[}—/dtd% * ‘8+V—27V+z‘ 75(*)2
¢l = P10+ 5 —Votic o= S(¢70)"

Compared to equation (7.1) we have rescaled the interaction parameter, ﬁ — A and included the
i€ term needed for the in-out formalism. We introduce now the partition function in the presence
of source terms J as

)= [ Do exp [ism +i [ (@t + J(m)w*(w)}] 7

with 2 = (t,x) and [ = [dt [ d*z.
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Perturbation theory for partition function

Let us write the partition function formally as

Z[J] = /Dso exp [—z;/x (_i(sj(a:)>2 <—15J5(x))2] exp {1'52[@} +i/{J*so+s0*J}],

where the quadratic action is

V2
Sale] = /w* (iat +—-V +ie> .
- 2m

Note that when acting on the source term in the exponent, every functional derivative —i%(w)
results in a field *(z) and so on. In this way, the quartic interaction term has been separated
and written in terms of derivatives with respect to the source field. We can now pull it out of the
functional integral and write

Z[J] = exp [_1/2\/95 (_i(sja(x)f <_i5Jf(:v)>2

with the partition function for the quadratic theory

ZQ[J]a

Zo[J] = / Dy eiS2lel+i [{T" oo™}

The latter is rather easy to evaluate this in momentum space, as we have seen previously. Gaussian
integration yields

Zo|J] = exp {z /p J*(p) (fpo +E v+ ie)_l J(p)] .

Blackboard video

Relating functional derivatives in position and momentum space

In the following it will be useful to write also the interaction term in momentum space. One may

) / TSI 570 / PR i T

d*p . .
_ —ipT — —ipx
/(27r)4€ 0.5(p) /pe 0.5(p)-

Here we defined the abbreviation

use

1 9

5J(p) = (27‘() (SJ(p)

In a similar way

s ,
= lp$5 * .
0J*(x) /p ¢ ()
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We used also

[ e = enysp).

x

Blackboard video

Perturbation series

One finds for the partition function

Z[J] = exp {—z;\/x (%)2 (w)z} Zo[J]

A
= exp {—12/ {@m)*6* (k1 + ko — k3 — ka)6.7(51) 0.1 (k) 0.7+ (heg) 0.7+ (ea) | (8.1)
kq...k4
) “1
X exp {Z/J*(p) (—po + =+ Vo — ie) J(p)] .
P

One can now expand the exponential to obtain a formal perturbation series in A, similar to what
we have seen previously for statistical field theories.
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S-matrix element

Let us now come back to the S-matrix element for 2 — 2 scattering

(1, qz; out|p1, p2;in)
2 2 2 >
=it [ad+ g i) [ s e [t B ve] [a8 4 B

1
g (Z[J]§J*<QI>5J*(q2)5J(p1)5J(pz>Z[J]>J_O

If we now insert the perturbation expansion for Z[J], we can concentrate on the contribution at
order \! = \, because at order A\’ = 1 we have only the trivial S-matrix element for no scattering
that we already discussed.

Order )\

At order X\ we have different derivatives acting on Zs[J],
e 0j(p,) for incoming particles with momentum p;
o 0j+(qy) for outgoing particle with momentum ¢;

e 0k and 9« for the interaction term.

Blackboard video
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Propagator

At the end, all these derivatives are evaluated at J = J* = 0. Therefore, there must always be
derivatives §; and % acting together on one integral appearing in Z5[J]. Note that

2 . _1 .
05(p1)07+(q1) {Z / J*(p) (*PO +om Vo - ZE) J(p)] =iG(p)(2m)*6 (p1 — ).
p

with the non-relativistic propagator in momentum space
1

G(p): pZ -
—p+ 2L+ Vo —ie
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Momentum conservation

If two derivatives representing external particles would hit the same integral in Z5[.J], one would
have no scattering because p; = q; and as a result of momentum conservation then also ps = qs.
This is no real scattering. Only if a derivative representing an incoming or outgoing particle is
combined with a derivative from the interaction term, this is avoided.

Resulting contribution to S-matrix

By doing the algebra one finds at order A the term for scattering

: A
(q1, qz; out|py, p2;in) = —154 2m)*6@W (q1 + g2 — p1 — p2).

The factor 4 = 2 x 2 comes from different ways to combine functional derivatives with sources.

Blackboard video

Momentum conservation

The overall Dirac function makes sure that the incoming four-momentum equals the out-going
four-momentum,

Pt =ptpe =@+ g =™

Transition amplitude
Quite generally, one can define for the non-trivial part of an S-matrix

(B;out|a;in) = (2m)*6@ (pout — pin) i TBa-
Together with the trivial part from “no scattering”, one can write

S0 = 0pa + (2m) 2@ (p° — p') i Tha.
By comparison of expressions we find for the 2 — 2 scattering of non-relativistic bosons at lowest
order in A simply
T = -2},

independant of momenta. More generally, the transition amplitude 7 is expected to depend on the
momenta of incoming and outgoing particles.
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Diagrammatic representation

To keep the overview over a calculation it is sometimes useful to introduce a graphical represen-
tation. For the perturbation series discussed above we may represent incoming particles by and
similarly outgoing particles by These functional derivatives are acting on the partition function Z[J].
The partition function in (8.1) can be written in a perturbative series with the interaction term
represented by One can the let the functional derivatives act on the sources and at the end evaluate
everything at J = 0. While the diagrammatic representation is useful, it is only an auxiliary tool
to organize the algebra. With a bit of experience one can work well with it.
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Transition propability

Let us start from an S-matrix element in the form
(B;out|o; in) = (2m)46W (p°Ut — p') i T

with transition amplitude 7 which may depend on the momenta itself. (For 2 — 2 scattering of
non-relativistic bosons, and at lowest order in A, we found simply 7 = —2\.) Let us now discuss
how one can relate S-matrix elements to actual scattering cross-sections that can be measured in
an experiment. We start by writing the transition probability from a state « to a state 3 as

|(B; out|c; in)|?
(B; out|B; out) (e infay in)

Blackboard video

Transition rate

The numerator contains a factor
. 2 .
|:(27_(_)4§(4) (pout o pln):| _ (271_)45(4) (pout _ pln)(2ﬂ_)46(4) (0)

This looks ill defined but becomes meaningful in a finite volume V" and for finite time interval AT.
In fact
(2m)*6%(0) = / d*z e = VAT.

For the transition rate P = % we can therefore write

- V(Qﬂ.)45(4)(pout _pin)|7—|2
= (B out|3; out) (o inas in)
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Normalization of incoming and outgoing states

Moreover, for incoming and outgoing two-particle states, their normalization is obtained from

(P1, P2;in|p1, p2;in) = lim (p1, P2;in|qi, qz;in)
q; —Pj

= tim [2m)° (69 (p1 — @1)6@ (b2 — a2) + 59 (b1 — 42)6@) (2 — ) )|

— [(%)35(3)(0)}2
=V2
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Counting of momentum states
In a finite volume V = L3, and with periodic boundary conditions, the final momenta are of the
form 5
™
= —\m, n7l )
p="7( )
with some integer numbers m,n,l. We can count final states according to

AprApsA
ZZZAmAnAZ:L?’Z%.

m,n,l m,n,l m,n,l

The differential transition rate has one factor Vd3p/(27)3 for each final state particle.

In the continuum limit this becomes

Blackboard video

Differential transition rate

For 2 — 2 scattering,
1 &g &g
V (27)3 (2m)3°

This can be integrated to give the transition rate into a certain region of momentum states.

dP — (27T)45(4) (pout _ pin)|7-‘2

Blackboard video

Flux of incoming particles

We can go from the transition probability to a cross-section by dividing through the flux of incoming

particles
1 2
Fe —y= 1 )
V mV
Here we have a density of one particle per volume V' and the relative velocity of the two particles is
v = 2|p1|/m, in the center-of-mass frame where |p;| = |p2|, for identical particles with equal mass
m.
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Differential cross-section

This cancels the last factor V' and we find for the differential cross-section

_|TPPm

Bg dBgo
do =
2|p1|

(27)? (2m)%

(271’)45(4) (pout . pin)

Blackboard video

Phase space integrals

In the center-of-mass frame one has also p™ = p; + p2 = 0 and accordingly
SO — ) =SB — B™) 6 (a + ).

The three-dimensional part can be used to perform the integral over qs. In doing these integrals over
final state momenta, a bit of care is needed because the two final state particles are indistinguishable.
An outgoing state |q1,qe;out) equals the state |qo,qp;out). Therefore, in order to count only
really different final states, one must divide by a factor 2 if one simply integrates d®¢; and d>qs
independently. Keeping this in mind, we find for the differential cross-section after doing the integral
over (o,

T Pm

do = ——F———
2|p1|(2m)?

5(Eout _ Ein)d3q1.

Magnitude and solid angle

We can now use
dg@ll = |Q1|2d\(h| dQ(h

where df2,, is the differential solid angle element. Moreover

2 2 2
Eout — $+&+2V0:$+2V0,
2m  2m m
and
dEout B |(l1|
d|a| m

With this, and using the familiar relation 6(f(z)) = §(x —xzq)/|f’(x0)|, one can perform the integral
over the magnitude |q;| using the Dirac function §(E°"* — E™). This yields |qi| = |p1| and

_ TP
do = 6.2

dQ,, .
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Total cross-section

For the simple case where 7 is independent of the solid angle wy, , we can calculate the total cross-
section. Here we must now take into account that only half of the solid angle 47 corresponds to
physically independent configurations. The total cross-sections is therefore

‘7—|2m2
o =——.
8w

In a final step we use T = —2X\ to lowest order in A (equivalent to the Born approximation in
quantum mechanics) and find here the cross-section

A2m?
2

o =

Blackboard video

Dimensions

Let us check the dimensions. The action
* - 2 *
S = /dt Bz {(p (z@t + QVTn — Vo) ©— 3y %0)2}
must be dimensionless. The field ¢ must have dimension
3
[¢] = length™ 2.

The interaction strength A must accordingly have dimension

length®
A= time
Because
2]
2m ] time’
one has [m] = letrig‘tiz and therefore [Am] = length. It follows that indeed
[0] = length?

as appropriate for a cross-section.

Blackboard video

LECTURE 16

- 79 —


https://www.tpi.uni-jena.de/~floerchinger/assets/videos/KJmCWTBOH0.mp4
https://www.tpi.uni-jena.de/~floerchinger/assets/videos/mewu0HLHqE.mp4

9 Non-relativistic fermions

So far we have discussed bosonic fields and bosonic particles as their excitations. Let us now
turn to fermions. Fermions as quantum particles differ in two central aspects from bosons. First,
they satisfy fermionic statistics. Wave functions for several particles are anti-symmetric under the
exchange of particles and occupation numbers of modes can only be 0 or 1. Second, fermionic
particles have half integer spin, i. e. 1/2, 3/2, and so on, in contrast to bosonic particles which
have integer spin 0, 1, 2 and so on. Both these aspects lead to interesting new developments.
Half-integer spin in the context of relativistic theories leads to a new and deeper understanding
of space-time symmetries and fermionic statistics leads to a new kind of functional integral based
on anti-commuting numbers. The latter appears already for functional integral representations of
non-relativistic quantum fields. We will start with this second-aspect and then turn to aspects of
space-time symmetry for relativistic theories later on.

9.1 Pauli spinors

Pauli spinor fields

In non-relativistic quantum mechanics, particles with spin 1/2 are described by a variant of Schrodinger’s
equation with two-component fields. The fields are so-called Pauli spinors with components describ-
ing spin-up and spin-down parts with respect to some axis. One can write this as

v = (310%)

We also use the notation 1), (¢, x) where a = 1,2 and

1/J1(t’X) = d)T(tvx)a ¢2(tax) = dji(tvx)'
Pauli equation

The Pauli equation is a generalisation of Schrodinger’s equation (neglecting spin-orbit coupling),
[(<ioi = % + Vo) 1+ pp o B| w(t,x) =0,
or equivalently
[(—i&t — % + VO) Oab + B Oab - B] ’(/Jb(t,x) =0.

Here we use the Pauli matrices

(0 (o= (10
o) P o) P01

and B = (By, Bs, Bs) is the magnetic field, while pp is the magneton that quantifies the magnetic
moment.
Attempt for an action

Based on this, one would expect that the quadratic part of an action for a non-relativistic field
describing spin-1/2 particles is of the form

? 3 + . v?
So = [ dtd°x < - —z@t—%—l—VO 1+upo-B|¥

However, we also need to take care of fermionic (anti-symmetric) exchange symmetry, such that for
fermionic states

|P1, P2;in) = —|p2, p1;in).

To this aspect we turn next.
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9.2 Grassmann numbers and fields
Grassmann variables

So-called Grassmann variables are generators 6; of an algebra, and they are anti-commuting such
that
92'93‘ + GJGZ =0.

An immediate consequence is that 9j2 =0.

Basis

If there is a finite set of generators 61,05, ...,0,, one can write general elements of the Grassmann
algebra as a linear superposition (with coefficients that are ordinary complex (or real) numbers) of
the following basis elements

L,
0:1,05,...,0,,
0102,0103,...,0203,0204,...,0, 10,,
010505 ---0,.
There are 2" such basis elements, because each Grassmann variable 6; can be either present or

absent.

Blackboard video

Grade of monomial

To a monomial 6, - --6; one can associate a grade ¢ which counts the number of generators in the
monomial. For A, and A, being two such monomials one has

ApA, = (—1)P9AA,.
In particular, the monomials of even grade

L,
91927 91637 LR 92937 ey anle’ru

commute with other monomials, be the latter of even or odd grade.

Blackboard video
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Grassmann parity

One can define a Grassmann parity transformation P that acts on all generators according to
2
P(0;) = -0, P =1.

Even monomials are even, odd monomials are odd under this transformation. The parity even part
of the algebra, spanned by the monomials of even grade, constitutes a sub-algebra. Because its
elements commute with other elements of the algebra they behave “bosonic”, while elements of the
Grassmann algebra that are odd with respect to P behave “fermionic”.

Blackboard video

Functions of Grassmann variables

Because of #? = 0, functions of a Grassmann variable @ are always linear,

f(0) = fo+0fr.

Note that fy and f; could depend on other Grassmann variables but not 6.

Blackboard video

Differentiation for Grassmann variables

To define differentiation of f(6) with respect to 6 we first bring it to the form
f(0) = fo+0f1

and set then 5
—f(0) = f1.
S 10) = £
Note that similar to §2 = 0 one has also (6%)2 = 0. One may verify that the chain rule applies.
Take o(6) to be an odd element and x(#) an even element of the Grassmann algebra. One has then
0 do 0f Oz Of
2 (o(6),z(0)) = 090 " 90 0x
The derivative we use here is a left derivative.
Consider for example

f=fo+616.
One has then
0 0
—f=0 —f=-0
391 f 2 802 1
900, 4 909,
892 691 7 891 892 B )
One could also define a right derivative such that
RS R
a6, % 80,

Blackboard video
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Integration for Grassmann variables

To define integration for Grassmann variables one takes orientation from two properties of integrals
from —oo to oo for ordinary numbers. One such property is linearity,

/_O:od:vcf(x):c/_jodxf(x).

The other is invariance under shifts of the integration variable,

/Zdﬂ(w@:/idﬂ(@

For a function of a Grassmann variable

f(0)=fo+0f

One sets therefore

[0 56) = 5.

/dOzO7 /d99:1.

This is indeed linear and makes sure that

/da f(9+0):/d9{(fo+of1)+9f1}=/d9f(9)=f1.

In other words, we have defined

Note that one has formally

[0 50) = 500)

Blackboard video

Several variables

For functions of several variables one has

/dﬂl/dﬂzf (01,62) — wa—%ﬂol,ez)

It is easy to see that derivatives with respect to Grassmann variables anti-commute

0 0 0o 0

00; 00, 00 00,
and accordingly also the differentials anti-commute

df;dfy, = —dbdb;.

Blackboard video
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Functions of several Grassmann variables

A function that depends on a set of Grassmann variables 61, ..., 0, can be written as
i, 1 j1 Ga 1 s
FO) = fo+ O0if + 505,05 5" 7% oot 05 05, f30

We use here Einsteins summation convention with indices j; being summed over. The coefficients
fi*77% are completely anti-symmetric with respect to the interchange of any part of indices. In
particular, the last coefficient can only be of the form

S = fn€jrens

where €5,...;, is the completely anti-symmetric Levi-Civita symbol in n dimensions with €12, = 1.

Blackboard video

Differentiation and integration

Let us now discuss what happens if we differentiate or integrate f(6). One has

9. 1O = fl+ 05 fa" .+ RN

(n—1)!
and similar for higher order derivatives. In particular

0 0

. _ 12...n:~

This defines also the integral with respect to all n variables,

/ a6, dby f(8) = [ = F,

:/dnaf(e) :/Def(9)-

Blackboard video

Linear change of Grassmann variables

Let us consider a linear change of the Grassmann variables in the form (summation over & is implied)
0; = Jibh,
where Jji, is a matrix of commuting variables. We can write
1 -
FO) = fot ot — (Jujn03,) -+ (Jingn05n) €irvvin fr
Now one can use the identity

€irorindivii ~ - Ji = det(J) Ej1ovin-

nJn
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This can actually be seen as the definition of the determinant. One can therefore write

1
f(@) = fO + ...+ =0 - H;T,ngynjn det(J)fn

n! J1

The integral with respect to 6’ is

/ A0’ £(0) = det(J) fn.

In summary, one has

/ d"0f(0) = detl( 7 / o' £(9).

Linear change of ordinary variables

One should compare this to the corresponding relation for conventional integrals with z; = Jjpx).
In that case one has

/d"xf(x) = det(J)/d"w’f(x').

Note that the determinant appears in the denominator for Grassmann variables while it appears in
the numerator for conventional integrals.

Blackboard video

Gaussian integrals of Grassmann variables

Consider a Gaussian integral of two Grassmann variables

/ dfd¢ et = / dode (1 — 6¢b) = / dfde¢ (1 + £€60b) = b.

For a Gaussian integral over conventional complex variables one has instead

/ d(Re) d(Imar) e * = 7.

Again, integrals over Grassmann and ordinary variables behave in some sense “inverse”.

Blackboard video

Higher dimensional Gaussian integrals

For higher dimensional Gaussian integrals over Grassmann numbers we write
/ dmod"gebimrts = / d0,d&y, - - - dfyd& e 03wk,
One can now employ two unitary matrices with unit determinat to perform a change of variables

ej = egUlja gk = Vkmffm

such that
Ui Vim = @101m,
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is diagonal. This is always possible. The Gaussian integral becomes
d"0d"E e %i%E = det(U) ! det(V) ! / a0 dne e 145 =] a = det(az).
=1

Again this is in contrast to a similar integral over commuting variables where the determinant would
appear in the denominator.

Blackboard video

Gaussian integrals with sources

Finally let us consider a Gaussian integral with source forms,
[ s exp[~oMv + 00+ dn] = 200,

We integrate here over independent Grassmann variables ¢ = (¢1,...,%,) and ¥ = (Y1, ..., 9¥,)
and we use the abbreviation

VM = h; Mty

The source forms are also Grassmann variables n = (ny,...,n,) and 7 = (71, ...,7,) with
mp = 19y, Un = P;n;.
As usual, we can write
Z(7,m) = /d”d_)d"w exp [~ (¢ =M~ )M (= M~ ') + M~ 1a] .
A shift of integration variables does not change the result and thus we find
Z(1,m) = det(M) exp [ﬁM_ln} .

In this sense, Gaussian integrals over Grassmann variables can be manipulated similarly as Gaussian
integrals over commuting variables. Note again that det(M) appears in the numerator while it would
appear in the denominator of bosonic variables.

Blackboard video

Functional integral over Grassmann fields

We can now take the limit n — oo and write
[aaars~ [Davs, 20 - Zln,

with
Z[n,m) = /DQZJDw exp[—t Mo + ip + ] = det(M) exp [pM '] .

In this way we obtain a formalism that can be used for fermionic or Grassmann fields.

Blackboard video
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Action for free non-relativistic scalars

We can now write down an action for non-relativistic fermions with spin 1/2. It looks similar to
what we have conjectured before,

Sy = /dtdsx {—@ [(—i@t A VO) 1+ ppo - B} w} ,
but the two-component fields 1 = (1, %3) and ¥ = (¥1,1)2) are in fact Grassmann fields. Such
fields anti-commute, for example 11 ()2 (y) = —12(y)11(x). One should see the field at different

space-time positions = to be independent Grassmann numbers. Also, 1; and 1, are independent
as Grassmann fields. In particular v (z)? = 0 but 9, () (z) # 0.

Blackboard video
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9.3 Yukawa theory
Yukawa theory

Let us now investigate a theory for a non-relativistic fermion with spin 1/2 and a real, relativistic
scalar boson

_ v?2 _
S/dtd%{q/;(iatm+voie>¢; (5‘t2V2+M2ie)¢gqﬁw1/1}.

Blackboard video

Partition function for Yukawa theory

We will discuss this theory in terms of the partition function
Z[n,m,J] = /DllebD(/) IS, 81+i [ {v+in+J 6}

As usual, by taking functional derivatives with respect to the source fields, one can obtain various
correlation functions. Our strategy will be to perform a perturbation expansion in the cubic term

Quadratic action

Let us first concentrate on the quadratic theory and the corresponding partition function derived
from the action

Sy = /dtd% {—w (—iat — QZ:L +Vy— ie) ) — %qb(af ~- Vi M?— ie)¢} .
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By doing the Gaussian integration one finds
ZafnnJ) = [ DIDUDs exp |isa+i [ (v +dn-+ 0}
; _ 1
—ewp |i [ty {ato) 0w - () + 3I@AE - 0IW)}]
where Y(x — y) is the Greens function for fermions in eq. (??). For the scalar bosons, the Green

function is s
D 1 (o
Alx — ) = ip(z—y)
R e s e

as discussed previously.

Blackboard video

Propagator for non-relativistic fermions
Fcz)r the non-relativistic fermion, the propagator integral over p° has just a single pole at p° =
2pim + VEJ - iE,

dp® d3p 1

T(—y) =1 / dp” =" (=) +ip(x—)
(=) 2m (2m)3 —p0 4 B2 1V — e

When 2° — 3° > 0 the contour can be closed below the real pY-axis, leading to

43 L p2 . ~
Y(x—y)=1 ]l/ (271_])93 6*1(§T,L+V0)(x0*y0)+lp(xfy) (z° — 40 > 0).

In contrast, for 2% — y® < 0, the contour can be closed above and there is no contribution at all. In
summary

3
T(x—y)=i0(z"—y°) ]1/ (;i 2)93 ¢~ (Brt10) (2 o) +imx)
™

As a consequence of the absence of anti-particle-type excitations, the time-ordered and retarded
propagators agree here.

Blackboard video

Propagator and correlation functions

Let us also note the relation between propagators and correlation functions. For the free (quadratic)
theory one has in the fermionic sector

~ 1 ) 0 _
(Ya(x)h(y)) = <ZQ(5%(x)5m(y)ZQ[n’n’ J}>n=n=J=0
= —iTa(z —y),

Note that some care is needed with interchanges of Grassmann variables to obtain this expression.
Similarly for the bosonic scalar field

@@ = (5 57027 5701220091

= —iA(z — y).

f=n=J=0
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Wick’s theorem

As discussed previously, one finds for the free theory

(O(x1)... B(an)) = (212 <_¢5sz1)> (_ZM‘;)) Z2[77777,J]>n_n_J_0
= 3 il - y,)] - [l —1,)].

pairings
The sum in the last line goes over all possible ways to distribute z1,...,z, into pairs (z;,,z;,),
(j5,25,), - (2, ,,2;5,). This result is known as Wick’s theorem. It follows directly from the

combinatorics of functional derivatives acting on Zs.
For example,

(9(z1) @(22) P(z3)P(24)) =[—iA(21 — 2)][-1A (25 — 74)]
+ [—iA(l'l — l’g)][—iA(.Tg — 1'4)]
+ [—iA(z1 — z4)][—iA (22 — x3)].

In a similar way correlation functions involving ¢ and 1 can be written as sums over the possible
ways to pair ¢ and 1. For example

(Yar (21)Vas (22)ay (23)ay (24)) = — (Ya, (21)Vay (23)) (Vs (22) Y, (24))

(Yay (@1)Va, (24)) (Vay (£2)Yay (23))

- [- (1 — 23)|[=1 aya, (22 — 74)]

+ [ a0, (@1 — 24)] [  agas (T2 — 23)].

Note that correlation functions at quadratic level (for the free theory) need to involve as many
fields 1 as 1, otherwise they vanish. Similarly, ¢ must appear an even number of times. For mixed
correlation functions one can easily separate ¢ from ¢ and ¢ at quadratic level, because Zs[7j, ), J]

_|_

1Y a1 as

factorizes. For example,
(D(21) Ya(w2) d(23)Pn(2a)) = [~iA (21 — 23)][~iTap(z2 — z4)]- (9.1)
Graphical representation
It is useful to introduce also a graphical representation. We will represent the scalar propagator by
a dashed line,
—iAz—y)=z------ Y.
The Feynman propagator for the fermions will be represented by a solid line with arrow,

—iTop(x —y) = (v,a) —— (y,b) .

We can then represent correlation functions graphically, for example, the mixed correlation function
in eqn. (9.1) for the free theory would be

(P(x1)a(2)d(23) 0 (1)) = [—iA(x1 — x3)] [~V ap (22 — 24)]

— o @y (w2,0) —— (w0,h)

Blackboard video
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Perturbation theory in g

Let us now also consider the interaction terms in the action. In the functional integral it contributes
according to

(it0) — 550) x| i [ e @) ()bl

We can assume that ¢ is small and simply expand the exponential where it appears. This will
add field factors ~ ¢ () (x)a(x) to correlation functions with an integral over x and an implicit
sum over the spinor index a. The resulting expression involving correlation functions can then be
evaluated as in the free theory. For example,

<¢($1)1/)b(332)7;c(x3)> = <¢(.’L‘1)’(/Jb($2)1zc(gj3)>0
+ <¢<x1)¢b($2)@c($s) {—ig/qﬁ(y)lﬁa(y)wa(y)b 4.
y 0

The index 0 indicates that the correlation functions get evaluated in the free theory. Graphically,
we can represent the interaction term as a vertex,

_ig/zz

Y a

(y,a)

For each such vertex we need to include a factor —ig as well as an integral over the space-time
variable y and the spinor index a.

Blackboard video

Three point function

To order g, we find for the example above

)
:1:11 ' (y,a)
(p(x1)hp(2) Ve (23)) = l +
(w2,b) W (z3,¢)

(x9,b) —<4— (x3,¢)
— g / [—iA(21 — 9)][=iToal@s — )]~ Tacly — z3)

T ig / [—iA (21 — 9)][=iToo(ws — 23)] [~ Taaly — )]

The sign in the last line is due to an interchange of Grassmann fields. The last expression involves
the fermion propagator for vanishing argument
d*p 1

Yun(0) = 6us | : — i0(0)6,6®)(0).
(2" o 4 BV — e

We will set here #(0) = 0 so that the corresponding contribution vanishes. In other words, we will

interpret
p— 1 — 0 p— .
| ab(O) = limo YTor(—At,0)=0

Although this is a little ambiguous at this point, it turns out that this is the right way to proceed.
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Feynmann rules in position space

To calculate a field correlation function in position space we need to

e have a scalar line ending on z for a factor ¢(x): = -------

e have a fermion line ending on «x for a factor ¥, (z): (x,a) —e—

« have a fermion line starting on x for a factor v, (z): (z,a) —»—
e include a vertex —ig fy with integral over y for every order g:

|

|

|

|

A_l_k
(y,a)

 connect lines with propagators —iA(z —y) or —iYp(z — y)
¢ determine the overall sign for interchanges of fermionic fields.

S-matrix elements from amputated correlation functions

To calculate S-matrix elements from correlation functions, we need to use the LSZ formula. For an
outgoing fermion, we need to apply the operator

i {—i@t - 22; +VO] (o tal@)...)

and also go to momentum space by a Fourier transform

/ eJriwpfoipx.
T

The operator simply removes the propagator leading to x, because of

o > . dp o= 24T
i[is0 = T2 + Vo] [=iTan(e — )] = b / Do TomT 0 _ 5 50 (g —y).
(271') 7p0 + % + VO

One says that the correlation function is “amputated” because the external propagator has been
removed.

Feynman rules for S-matrix elements in momentum space

Moreover, all expressions are brought back to momentum space. One can formulate Feynmann
rules directly for contributions to ¢7 as follows.

o Incoming fermions are represented by an incoming line — <« p (to be read from right to

left) associated with a momentum p and energy wp = % + V.

e Outgoing fermions are represented by an outgoing line p — <«——
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e Incoming or outgoing bosons are represented by - - - - - - - p and p------- respectively.

e Vertices,

contribute a factor —ig.

o Internal lines that connect two vertices are represented by Feynmann propagators in momen-
tum space, e. g.

,P) —0ab (p _
— = 2 e = .
-0+ 2+ —(p°)2 +p? + M2

o Energy and momentum conservation are imposed on each vertex.

e For tree diagrams, all momenta are fixed by energy and momenta conservation. For loop
diagrams one must include an integral over the loop momentum /; with measure d*l;/(2m)*.

¢ Some care is needed to fix overall signs for fermions.

e Some care is needed to fix overall combinatoric factors from possible interchanges of lines or
functional derivatives.

For the last two points it is often useful to go back to the algebraic expressions or to have some
experience. We will later discuss very useful techniques based on generating functionals.

Blackboard video

Fermion-fermion scattering

We will now discuss an example, the scattering of (spin polarized) fermions of each other. The
tree-level diagram is

(q1,71) (a2,1)
(P1,1) (P2, 1)

Because the interaction with the scalar field does not change the spin, the outgoing fermion with
momentum q; will have spin 1, the one with momentum q» will have spin |. By momentum
conservation the scalar line carries the four momentum
2 2
(Wp, —Wqy> P1—d1) = (;)TZ - %7131 - Q1) = (wg, — Wpy, A2 — P2).

The last equality follows from overall momentum conservation, p; + p2 = ¢1 + ¢2. The Feynmann
rules give ‘

—1i

- (i \2
ZTi( Zg) _(Wpl_WQ1)2+<p1_ql)2+M2'
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In the center-of-mass frame, one has wp, = wp, = Wq, = Wq, and thus

g2

(p1—q1)?+ M?

Blackboard video

Limits of large and small mass

Note that for g — oo, M? — oo with g?/M? finite, T becomes independent of momenta. This
resembles closely the \(¢*$)? interaction we discussed earlier for bosons. More, generally, one can
write

(P1 —a1)® = 2[p1|(1 — cos(9)) = 4[p1|* sin®(0/2),

where we used |p1| = |q1| in the center of mass frame and ¢ is the angle between p; and q
(incoming and outgoing momentum of the spin 1 particle). For the differential cross-section

do  |T]?m?
dQ, — 16(m)2’
we find
do g*tm? 1
dQ, 1672 | 4p2sin®(9/2) + M?2

Another interesting limit is M2 — 0. One has then

do g*m? 1
dQq,  6472|p1|*sint(v/2)

This is the differential cross-section form found experimentally by Rutherford. It results from the
exchange of a massless particle or force carrier which is here the scalar boson ¢ and in the case of
Rutherford experiment (scattering of a-particles on Gold nuclei) it is the photon. This cross section
has a strong peak at forward scattering 9 — 0, and for p? — 0. These are known as colinear and
soft singularities. Note that they are regulated by a small, nonvanishing mass M > 0.

Blackboard video

LECTURE 18

10 Relativistic fermions

To understand relativistic fermions we need to first understand the properties of the Lorentz group
in more detail. Diracs description of relativistic fermions follows then very naturally.
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Rotations and Lorentz transformations

We use here conventions where the metric in four dimensional Minkowski space is given by
N =N = diag(—1,+1,+1,+1).
Infinitesimal Lorentz transformations and rotations in Minkowski space are of the form
A¥, = 0H, + dwH,, (10.1)

with A¥, € R such that the metric 1, is invariant, 9,, — 7,cA?,A%, = n,,. This implies
(A~1Y)H, = A # and, for the inifinitesimal transformation,

Owpy = —0wy -

The spatial-spatial components describe rotations the three dimensional subspace and the spatial-
temporal components Lorentz boost in Minkowski space or rotations around a particular three-
dimensional direction in Euclidian space.

Blackboard video

Scalar, vector and tensor representations

Lorentz scalars are defined as objects that do not change at all under Lorentz transformations
(including rotations). For scalar fields only the argument gets transformed,

$x) = ¢ (z) = $(A ™ a).

Lorentz vectors are defined as quantities that get transformed by the matrix A. For example, the
momentum of a particle transforms as

Pt = pt =AY
A vector field like for examle the velocity field of a relativistic fluid transforms as
ut(z) — oM (x) = A" u’ (A ).

In addition to the transformation of the space-time argument there is now an exlicit transformation
matrix acting on the index of the field. In a similar way, a covector field like the electromagnetic
gauge field transforms according to

Ay(x) — A (x) = (Afl)"ﬂAy(Aflaj) = AH”AV(Aflx).

One can go on in this way and define tensor field representations, for example a (2, 0)-tensor field
transforms like

T (z) — T () = A? A7, T" (A" z),

In the next step we generalize this concept even further.

Blackboard video
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Lie groups and representaions

We consider representations of a group acting on a complex vector space. It can be seen as a map
p

p: G — GL(n,C),
where GL(n, C) is the general linear group in N complex dimensions or group of complex n X n
matrices. The map must be such that

p(91)p(92) = p(g192),

for all g1, g2 € G. We are specifically interested in Lie groups where finite transformations can be
written in terms of infinitesimal transformations through the exponential map,
; N
i . T
= IT;)= 1 14+i>-2) .

g exp(zg ]) NE)IIOO ( + ? N
Here, T} are the generators of the Lie algebra. The Lie algebra, and indirectly the Lie group, are
characterized by the Lie bracket or commutation relation

(T5, Te) = if; Th,

where fj kl are the structure constants.
A repesentation of a group element can similarly be written as an exponential map

p(g) = exp (ifj T j(R))

where Tj(R) are now representations of the Lie algebra generators acting in some vector space. They
must have the same Lie bracket relation as the original generators or fundamental representation,

R) (R p 1 m(R)
{Tj( Ty )}:ijTl( :

In this sense one can construct representations of a Lie group by finding representations of the
associated Lie algebra.

Complex conjugate representations

)

For Lie groups where the structure constants are real one can find for representations T]-(R acting

in a complex vector space also the complex conjugate representations

C R
Tj( ) _ (Tj( N,

Indeed this also fulfills the Lie bracket relation as follows by taking the hermitean conjugate on both
sides. Sometimes the (representations of the) Lie algebra generators TJ-(R) are hermitean already,
and in this case the complex conjugate representation is equivalent to the original one, but that is
not always the case.

Blackboard video
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Lie algebra of Lorentz group

Representations of the Lorentz group with
L(A'A) = L(N)L(N),
can be written in infinitesimal form as
LA =1+ %5WWMW,

where M#” = —M"# are the generators of the Lorentz algebra (or Lie algebra associated to the
Lorentz group) acting in some representation space with the commutation relation or Lie bracket

(M7, MP?) = i (1 MY — " MP — 5P MM + 1% MHP) (10.2)

Blackboard video

Decomposition of Lie algebra

In general, one can decompose the generators into the spatial-spatial part

1 ,
Ji = §€ijijk7 (10.3)

and a spatial-temporal part,
K; = M7"°, (10.4)

Equation (10.2) implies the commutation relations

[Ji, J;] = +ie€ijnd,
[Ji, Kj] = +i€ijp Ky,
(K, Kj] = —i€ijnJ.

One can define the linear combinations of generators
1 _ < 1 .
Nj:i(Jj_ZKj)’ szi(Jj_Fsz)’

for which the commutation relations become

[Ni, Nj| = ieiji N,

[Ni, Nj] = i€jji N,

[N, N;] = 0.
This shows that the representations of the Lorentz algebra can be decomposed into two represen-

tations of SU(2) with generators N; and Nj, respectively.

Blackboard video
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Fundamental representation

In the fundamental representation (10.1) one has the generators

(M) = i85 — 0" 5).
It acts on the space of four-dimensional vectors p® and the infinitesimal transformation in (10.1)
induces the infinitesimal change

p* = %(%JW(MI@”)QIB p’ = (5w°‘5p6.

The generator of rotations in the fundamental representation is

(JZF)Jk = _ieijlm
where j, k are spatial indices. All other components vanish, (JI)?, = (JiF)Oj = (JF)?, = 0. Note
that JI is hermitian, (JI)T = JF. The generator K; has the fundamental representation
(K, = =idym,  (K) = —idm,

n =

conjugate of the fundamental representation of the Lorentz algebra has the generators

JE = (Nt =Jr, K =(Kf)'=-K[. (10.5)

and all other components vanish, (K JF )% = (K JF )™, = 0. From these expression one finds that the

This implies that K Jl» is anti-hermitian,
Fyt F
(Kj)'=-Kj.

Note that N; and N]' are hermitian and linearly independent in the fundamental reprsentation.
There is however an interesting relation between them: Consider the hermitian conjugate represen-
tation of the Lorentz group as related to the fundamental one by eq. (10.5). The representation of
the generators N, Nj is

1 1 -
C C - 7-C F s 7o F F
~ 1 1

C _ C c1-CN F 7 A F

This implies that the role of N; and Nj is interchanged in the conjugate representation.

LECTURE 19

Classification of representaions

Representations of SU(2) are characterized by spin n of half integer or integer value. Accordingly,
the representations of the Lorentz group can be classified as (2n 4 1,27 + 1). For example

(1,1) = scalar or singlet,
(2,1) = left-handed spinor,
(1,2) = right-handed spinor,
(2,2) = vector.

One can also construct tensor product representations as done for a single copy of SU(2) and
decompose the latter again in terms of irreducible representations.

Blackboard video
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Pauli spinor representation
In the non-relativistic description of spin-1/2 particles due to Pauli, the generators of rotation are
1

Ji = 501,

where the hermitian Pauli matrices are given by

0w ) ()

and fulfill the algebraic relation
O'Z'Jj = 5ij 1 +i€ijk Of.

In other words, the Pauli matrices provide a mapping between the space of rotations SO(3) and
the space of unitary matrices SU(2). More concrete, an infinitesimal rotation

Ay =0" + 0w,
corresponds to .
1
L(A) =1+ Z(Su)ij €ijk Ok-

By exponentiating this one obtains the mapping. Note, however, that the group SU(2) covers SO(3)
twice in the sense that a rotation by 360 degrees corresponds to L(A) = —1.

Blackboard video

Left handed spinor representations

We now construct first the left handed spinor representation of the Lorentz group by using that it
agrees with the Pauli representation for normal (spatial) rotations. When acting on the left-handed
representation (2,1), the generator N; vanishes. Since J; = N; + N; and K; = i(N; — N;) one has

1
Nj:Jj:—inzﬁaj, NjZO.
Using (10.3) and (10.4) this yields for the left handed spinor representation

; 1
(Mik) = €Ny = 5kl O,

j . 1
(M) = iN; = i595-

As the name suggests, this representation acts in the space of left-handed spinors which are two-
components entities, for example
1/}1)
L= .
o= (1

We also use a notation with explicit indices 1, with a = 1,2. The infinitesimal transformation in
(10.1) reads with the matrices (10.6)

(10.6)

(Swa = %5WMV(M£UJ)QI) wb' (107)

Blackboard video

— 08 —


https://www.tpi.uni-jena.de/~floerchinger/assets/videos/o6S4VqP4IX.mp4
https://www.tpi.uni-jena.de/~floerchinger/assets/videos/GFdsv2tXJO.mp4

Map to special linear group SL(2,C)

From the concrete matrix representation we find that
i v { .
20w (M, )a’ = 5 (dak + ibg ) (or) "

with some coefficients da; and 6b;. The right hand side is a general, complex but traceless 2 x 2
matrix and therefore an element of the Lie algebra of SL(2,C). Accordingly there is a map from
the Lie algebra of the Lorentz group SO(1,3,R) to the Lie algebra of SL(2, C). In fact, there is an
isomorphism between groups SL(2, C)/Z2 = SO(1,3,R). (Excercise: Construct the corresponding
map between group elements explicitely.)

Blackboard video

Tensor representations

One can also construct spinors in tensor product representations. They have several indices and
transform accordingly. For example, a spinor with two left-handed indices transforms according to

7: 17 c c 14
5Xab = 550‘}#1/ [(Mf )a 5bd + 5& (MZ )bd} Xed-

One can decompose such a spinor with two indices into an anti-symmetric and a symmetric part,
corresponding to the decomposition

2,)®(2,1)=(1,1)a®(3,1)s. (10.8)
This is a decomposition into a spin singlet and a spin triplet or spin one representation.

Invariant symbol in left-handed singlet

From (10.8) it follows that there must be a Lorentz-singlet with two left-handed spinor indices
and it has to be anti-symmetric. The corresponding invariant symbol can be taken as €, with
components €91 = 1, €150 = —1 and €17 = €95 = 0. Indeed one finds from the concrete presentation
that

(M7")a et + (M7"), “€ac = 0. (10.9)

This is essentialy due to ojo9 + agajT = 0 for j = 1,2,3 as can be checked easily. For clarity the
non-vanishing components are

512 = f521 =€91 = —€12 = 1. (1010)

As an invariant symbol, 45 plays for SU(2) a similar role as the metric 7, for the Lorentz group.
It is natural to use €45, and its inverse € to pull the indices a,b, ¢ up and down. We can write for
example a left-handed spinor with upper spinor index

,‘/}a _ Eab’(/Jb _ _Ebawb — _1/Jb€ba _ ¢b€ab.

(We wrote different equivalent expressions to show that care is needed here with minus signs.) From
eq. (10.9) it follows also that
(ME")," = (M")",,

as well as
(M) = (M7 )ba,

— 99 —


https://www.tpi.uni-jena.de/~floerchinger/assets/videos/089Hv9ECcl.mp4

so that
e (M} )ap = (M), = 0.

The symbol 7 is also invariant when spinors with upper left-handed indices have the Lorentz-
transformation behavior

U = — Bl (ME), = — G (M)
This implies also that upper and lower indices can be contracted, for example
¥ Xa = ePpXa = =" Poxa = —tpX",
is invariant. (Again we wrote several equivalent expressions to show that care is needed with signs.)

Right handed spinor representation

Similarly one finds for the right-handed spinor representation (1,2) using

~ . 1
NJZO, Nj:Jj:ZKj:§ L
the relations

, |

(MF) = €juN; = €kl 01

. (10.11)

o .

(Mp') = —iN; = 1595

The representation (10.11) acts in the space of right handed spinors, for example

_ P!
i=(%)-
wQ
For right handed spinors we will also use a notation with an explicit index that has a dot in order

to distinguish it from a left-handed index, i. e. ¢»* with ¢ = 1,2 denotes a right-handed spinor. The
infinitesimal transformation in (10.1) reads with the matrices in (10.11)

_. 7 e T
St = Edw,w(Mg )% PP,

Blackboard video

Invariant symbol in right-handed singlet

In a completely analogous way the relation
(1,2) x (1,2) = (1,1)a + (1,3)5

implies that there is a Lorentz singlet with two right-handed spinor indices. The corresponding
symbol can be taken as %, with inverse €,i» With components as in (10.10). This symbol is used
to lower and raise right-handed indices. Spinors with lower right handed index transform under
Lorentz-transformations as

i ~ i i D
dpy = —idwuywb(Mﬁ )ba = —iéww(MI’% )abd’l}‘
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Invariant symbols for vectors

Consider now an object with a left-handed and a right-handed index. It is in the representation
(2,2) which should also contain the vector. There is therefore an invariant symbol which can be
chosen as

(o'u)ad = (]17 0-)’

and similarly
(") = (1,~0).

These symbols are invariant in the sense that they get mapped to themselves when all indices are
transformed appropriately, e. g.

A LR (07 = (07 aa

Here L,° and Rdi’ are finite Lorentz transformation matrices in appropriate representations for left
handed and right handed spinors respectively.
It turns out that the matrices for infinitesimal Lorentz transformations can be written as

(ME"),0 = S(o"a” = 5",
.

(M), = (@ 0" = 50",

Some useful identities are

(0")aalou)py = —2€abesj »
(5#)(10,(5,#)% — 72€ab€dl}7
aabadi)(a“)aa(ff”)bj, = =29,
(5_;1,)(111 _ {_:ab{_:al}(Uu)bi77
(oh5" +ova"),b = —2 st

Tr(ota") = Tr(a" ") = —2nM",
5"0"5, =25,
ole’o, =20".

We leave it as an excercise to prove these.

Complex conjugation
The matrices (10.6) and (10.11) are hermitian conjugate of each other, i. e.
(ME)F = M7, (M)t = Mp".
The hermitian conjugate of the Lorentz transformation (10.7) is given by
bs vy bt
[6'(/10«]1. = _i&*}uu [wb]T [(Mllj )ab] .

:(Mjéy)i)d

(10.12)

For 0w, € R this is of the same form as eq. (10). In Minkowski space it is therefore consistent to
take 9! to be a right-handed spinor with lower dotted index, we write

[Wal" = (@), (Minkowski)
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and in an analogous way one finds that it is consistent to write
Wd]T = (1), (Minkowski)

which is a left-handed spinor. So far we have considered Minkowski space only. In Euclidean space
or for more general complex dw,, the hermitian conjugation is more complicated. For complex
dw, €q. (10.12) constitutes a transformation behavior that is not of any already discussed type.
For a consistent analytic continuation it is actually necessay to have all fields transforming such
that the infinitesimal transformation law involves only éw,, (and not éwy,).

Dirac spinors in chiral basis

Dirac spinors are composed of a left handed and a right handed spinor. In the chiral basis they
read

W= (?) L T= (e d). (10.13)

Note that, as the notation suggests, £ transforms as a left handed spinor and v as a right-handed
one. One should see ¥ and the Dirac conjugate ¥ as independent fields and they are in any case
represented as independent Grassmann variables. In Minkowski space one can identify

U =0fg, U =gt (Minkowski space).

61‘1_ 3 5ab
o) (o)

This is useful to ckeck that actions are hermitean or real and lead to unitary time evolution.

with

Blackboard video
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Clifford algebra

The gamma matrices are in this representation given by!

= <i(a#)db —i(ff“)az;) .

They fulfill an anti-commutation relation

(7,9} = 9" + " = 2. (10.14)

LThis is the convention of Weinberg and Wetterich. There is an alternative definition of the gamma matrices often
used in the literature (for example Peskin & Schroeder, Srednicki, Elvang & Huang) where one has

= ((&u)aa (U#)aa) , A= 2.
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An anti-commutation relation like (10.14) defines a Clifford algebra and can also be taken as the
starting point for the coonstruction of spinor representations of the Lorentz group. Note that one
may redefine the gamma matrices and spinors

A = UAHUT, U U,

to obtain another representation of the Clifford algebra that works equally well.

Blackboard video

Antisymmetric matrices

Define the commutator of gamma-matrices as?

g — L [, = y(oa” —avat),t e
2 9 %(5.#0_1/ _ 6.VO.;L)(1Z_)
It is useful to define also

() = 5(0"5" — a¥ah),!,

(") = (6" 5o

b’
v
ot = ™
- Fuv |

As matrix, o*” can be written in terms of Pauli matrices,

k
o :el]k s
g
iod
o0 =— % = .
—107

Commutation relations with gamma matrices are
1 i

3 [oh 4] = 1 [, 9"],7]

S N 0 )

= —i (Y0P —4"nH).

such that

This can be understood as a kind of adjoint representation of the Lie algebra of the Lorentz group.
One can write the Lie algebra generators acting on Dirac spinors directly as

1
MHY — —ghv,
20’

This definition works also in other representations of the Clifford algebra because only the defining
anticommutation relation (10.14) has been used. In other words, we could have started with some
representation of (10.14) and would have obtained automatically a spinor representation of the
Lorentz group. This would have been a reducible representation though, because it involves left-
handed and right-handed spinors simultaneously. The representation can be decmposed again into
its parts with gamma five, which we introduce now.

2These are the conventions of Peskin & Schroeder. Weinberg uses J#¥ = %U‘“’. Wetterich uses the opposite sign
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Gamma five
The matrix 75 is defined as®
75 = —ir2yl 9y
)
= Eeuuparyﬂ'yu’ypfyg'

The four-dimensional Levi-Civita symbol is completely anti-symmetric with eg;o03 = —1. In chiral

= <ﬂ —1) - <6ab 5de> |

The projectors to the left- and right-handed spinors are

1 5.0 0
PL—2(1+75)—<0 0)»

1 0 O
Pr = 5(1 —5) = (0 5@}_}) :

They can be used to project Dirac spinors with four components to Weyl spinors with only two

representation one has

and

nonvanishing components.
Due to the definitions one has

{75’7#} =0
[’7550-HV] =0
(15)* = L.

Blackboard video

Charge conjugation

Consider a Dirac spinor and its conjugate as in eq. (10.13). The charge conjugate spinors are defined
as
£ _ _
e = <¢7(‘l'l ;o Te= (Y &)
A Majorna spinor is a Dirac spinor which obeys )¢ = 9 or, in terms of Weyl spinors, £, = ¥, and
% = €%, In other words, we can write the four component Majorana spinor as

The relation between Dirac spinors and Majorana spinors is as the relation between a complex and a
real scalar field. As one can construct complex scalar fields out of two real fields, one can construct

3These is the convention of Weinberg, Wetterich. Peskin & Schroeder, Srednicki define 5 with opposite sign
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Dirac spinors out of Majorana spinors (exercise). Note that a Majorana spinor has formally as

many real degrees of freedom as a Weyl spinor.
The charge conjugate fields can be written as

\I/C = %@T, \PC = *\Ichgila
with the transpose spinors
v = (i ) : U = (v, ")

and the charge conjugation matrix*

ab
@ — <€ab di)) ’ %_1 _ <€ > )
€ ab

As a matrix, % obeys
C=-¢1=-¢"=-¢T=¢"=

One has also

Cg_w%:(w %) (—z‘(oﬂ)"’“ _i(ou)bé> <ECd géd)

—i{-:ab(O'“)béEéd)

(—iEal‘)(U”)bcscd
( i(&“)d“>
’i(O’”)da ’

€1y = — ().

or, in matrix notation

Similarly,
C Lo = —(o')T,

G5 = (15)7
G = ()T

The index structure in (10.16) and (10.17) is appropriate for transposed spinors.

Blackboard video

Parity

(10.15)

(10.16)

(10.17)

Parity transforms the coordinates as (¢,Z) — (t,—Z). For a Dirac spinor and its conjugate as in

(10.13) one defines the parity transformed spinors

Up = (;f:) ; Up = (ithq,i€").

4This is the convention of Srednicki
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Note that the role of right-handed and left-handed spinors (and their corresponding indices) is
interchanged for the parity-transformed field. Eq. (10.18) can also be written as

Up = if¥ Up = —iUp 1,

Jd- B 5ab
/B_(5ab b>7 61_(6[117 )

_ X 1
B=pt=p=p5T=5 :(1 )
Parity transformations of the gamma matrices are given by
By B =,
By =1
The gamma matrices on the right hand side of (10.19) agree with (10) as matrices but have a
different index structure such that they fit to the spinors in (10.18),

_Z'(O-u)flb> .

with the matrix

As a matrix, 8 obeys
(10.19)

pyrpt = <

71'(0'”)(16
When doing a parity transform of an expression (e.g. a Lagrangian) and replacing spinors with

parity transformed spinors, one should also replace gamma matrices by the expressions in (10.19).
Similarly for the antisymmetric matrices

Bo g7t =",
Boi0p7t = —5I0,
The matrix 5 is a pseudoscalar in the sense

BysB~ = —s.

Time reversal

Time reversal changes the time direction, (¢t,Z) — (—t,Z). It is also a anti-unitary transformation
that transforms all complex numbers to there complex conjugates. The time-reversed version of the
Dirac spinor and its conjugate as in (10.13) is given by

Ur = (j%) , Ur = (=&, ¥%). (10.20)
Note that the role of upper and lower indices has been interchanged. With the matrices ¢ and 5

one can write this as
Ut = %_1’)/5\117 \T/T = \if’}/s%ﬂ.

When considering time-reversal transformations, the following identities are useful
G101 = (40)*
EE T = ()"
G s = (15)"
G loie=1 = _(o1)*
¢ 1i0 1 = (070,
Similarly as in the case of parity, the index structure of these expressions is such that it fits to

eq. (10.20). In other words, one should use these expressions for (y*)* ect. in connection with
time-reversed spinors.
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Grassmann property of fields and index-free notation

Define products of left-handed two-component Weyl spinors as

X¥ = X"Ya, (10.21)
and similarly for right handed spinors,

XY = Xatb°. (10.22)
In other words, contracted indices that are not written should be interpreted as ©, for left-handed

spinors and ¢ for right-handed spinors. Since y and ¢ are Grassmann valued their components
anti-commute, e. g.

X¥ = X"Ya = —YaX® = VX0 = VX (10.23)
So with this notation one has xt = ¢y and similarly yi = ¢y etc.
Hermitian conjugation includes also a commutation of Grassmann numbers, e. g.

() = (x"va)" = [ T = @Ha N = 0T
Another example for manipulating spinor indices is
Vel x = 1a (") xp = —xp [€¥°€"(0")ae] Ya
= *Xd(U“)dH/—Jé = *XU”IE-

The minus sign in the second equation is due to the Grassmann property and the interchange of
spinors.

(10.24)

Blackboard video

LECTURE 20

Lagrangian for Weyl fermions

A Lagrangian for a left-handed, two-component Weyl fermion v, and its right-handed hermitean
conjugate 1); = 1/}2-[ in Minkowski space can be written as

L =irhe (1) 00,1by — %mw“wa — %mzﬁdz/?d = " O — %mw — %mw. (10.25)

In the second equation we used the short hand notation introduced above, keeping in mind that we
deal here with two-component spinors.

The two mass terms go into each other under hermitian conjugation assuming real m. More
general one could allow them to have complex conjugate masses m and m* respectively, but the
complex phase of m = e¥|m| can be absorbed into a redefinition ¢ — e~ B2, ) — €P/24), so
that real m > 0 can be assumed without loss of generality.

On the other side, if the theory is supposed to be invariant under the U(1) symmetry 1) — e?®1),
¥ — 7"}, a mass term as in (10.25) is actually excluded. In other words, such a symmetry would
only be unbroken for m = 0.

Let us also consider the hermitian conjugate of the first, kinetic term in the Lagrangian,

[iba(e")0,0n]) = —i0 i)' [(6")%]" Wl = —i0 ]! (7))t = —i8,55 (")
= ity ()" 0utha — Oy [i04(0") 0
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The last term on the right is a total derivative and contributes only an irrelvant boundary term
in the action. This shows that the kinetic term in also hermitian. Note also that using (10.24)
with x = 9,4 and droping another boundary term from partial integration, one can also bring the
kinetic term into the form

00,
This shows that (10.25) is as well a Lagrangian for the left-handed field ¢, as for the right-handed
field 9%.

Blackboard video

Lagrangian for Majorana fermions

We can now also write down directly a Lagrangian for four-component Majorana spionors,

vove=(12). w—ve— ().

In fact, the Lagrangian (10.25) can be rewritten in terms of a Majorana spinor ¥ as
ls L5 L Teo—1 L yToo—1
Z = —i\Ilcq/“@H\Il - gm\I/c\I/ = 5\11 €0,V + im\Il ¢ . (10.26)

In the second equation we wrote everything in terms of the spinor ¥ only, using (10.15), to make
explicit that there is only one independant spionor field here.

Blackboard video

Lagrangian for Dirac fermions

Dirac fermions represented by the spinors
(& = b7
are charged fermions. This means one can do a U(1) transformation
U — 'Y, U — We i@,

or
wb — eiawl” gb — eiagba gb — e_ia§b> qu — e_ml;i)- (1027)
This implies that a mass term as for the Majorana fermions is not allowed. However, for Dirac

spinors, which have twice as many degrees of freedom as the Weyl or Majorana fermions, it is
possible to include a differnt kind of mass term, involving the combination

—mUV = —m [£%, + Val”] . (10.28)

Note that this mixes the spinors ¥ and £ and is only allowed because they have opposite charges
under the U(1) transformation in eq. (10.27). In turn a mass term as in (10.28) actually breaks
another U(1) symmetry, the so-called chiral or axial symmetry

’lbb — elﬂwln gb — e_iﬁgi)a gb — eiﬂ§b7 ’J}b — e_iﬁqﬁi)'
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In terms of gamma five this can be written as
U — P15, U — PP,
Indeed, the typical Lagrangian for charged massive Dirac fermions is given by
L= —Uy"9,¥ — mIV
.7 ab . _b R — (1029)
= itha (") Opthy + 1€ (0") 30uE” — MIE Ya + V"],

Blackboard video

Dirac equation

Variation with respect to ¥ yields the Dirac equation,
(Y0, +m)¥ = 0.

The equation of motion following from the Majorana Lagrangian (10.26) would actually be of the
same form, but it would be for a constrained or “real” Majorana spinor and not for an unconstrained
or “complex” Dirac spinor.

Blackboard video

Relation to Klein-Gordon equation

It is interesting to apply another derivative operator to the Dirac equation,
(="0, + m)(v" 0, + m)¥ = 0.
Here one can replace
P 0D, = {17 N 00 = 1" 0,0,
because the partial derivatives commute. This leads to
(=" 0,0, + m?)¥ =0,

which shows that all components of the Dirac spionor that solves the free Dirac equation are also
solutions to the Klein-Gordon equation. This implies also that one can solve the free Dirac equation
in terms of plane waves.

Partition function for Dirac fermions

We can now also write down a partition function for free Dirac fermions in the form of a Grassmann
functional integral,

Zaln,m] = /D@D\I/exp (z’/d‘lx{—\ilfy"au\ll —m\T/\I/} +i/d4x {ﬁ\If +\Ifn}> .

The fields ¥ and W, as well as the sources 1 and 7 are here Grassmann valued fields which also
have the structure of four-component Dirac spinors. For example,

4
7 =Y 7.V,
a=1
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As usual one can now determine correlation functions by taking functional derivatives, for example

; 114 9 I
@a@0) = 5 (350 ) (150 ) el = 3o = ).

The signs take here the Grassmann properties into account.

Blackboard video

Feynmann propagator for Dirac fermions

As usual, it is possible to perform the Gaussian integral by completing the square,

Zolf, 1] = exp ( [ s 1a(@)Suste — <y>}) ,

where the propagator or time-ordered Greens function S,g(x — y) is defined such that

0
(”“axu i m) _ Supla—y) = bapd (e ).

This opertor inversion can be done conveniently in Fourier space,

' ipta—) ~1
Sap(r —y) = (@)t e (ip+m),p5

[ Gt
(2m)* p? +m? —ie

We have used here that
. . v 1 v
(=ip +m)(ip +m) = pp+m* = "7 pupy +m* = S{7", 7" Ypupy + m* = p* + m?,

and have inserted the usual ie term to ensure the right causality properties for a Feynmann propa-
gator.

Blackboard video

Coupling to gauge fields

We can now also write down the Lagrangian for Dirac fermions coupled to the electromagnetic
gauge field 4,
L = —Uy"(9, —ieA,)¥ —mP V.

This is invariant under the local U(1) gauge transformation

U o)y T Geiol), Au(z) = Au(z) + =0,a(x).
(&

Blackboard video
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Lagrangian for Quantum electrodynamics

We can now also write down a Lagrangian for quantum electrodynamics in complete form after
adding a kinetic term for the gauge fields,

- - 1
L =—-Vy"(0, —ieA,)¥ —mU¥ — ZFWFW.
We use here the electromagnetic field strength tensor
F,, =0,A,-0,A,.

It is obviously anti-symmetric and invariant under the U(1) gauge transformations introduced above.
Accordingly entire Lagrangian for quantum electrodynamics (QED) is gauge invariant.

Blackboard video

LECTURE 21

11 Poincaré group, fields and particles

We have seen that quantum fields build representations of the Lorentz group. We have specifically
investigated scalar and spinor fields, but will soon also turn to vector fields. On the other side,
we have seen that excitations of fields in the asymptotic regimes, where they propagate over large
distances, can be understood as particles. In this section we will investigate the relation further
using spacetime symmetries.

Asymptotic states and the Poincaré group

Asymptotic states that describe freely propagating particles correspond fields correlated over large
distances in spacetime and are independent of each other. Formally they can be associated to poles
in propagators or correlation functions in momentum space. These asymptotic regions are governed
by a set of symmetries, and it was shown by Eugene Wigner that one can use them to characterize
the properties of particles.

Transformations of fields

So far we have discussed how the “internal” indices of a field transform under Lorentz transforma-
tions. However, a field depends on a space-time position x* which also transforms. This is already
the case for a scalar field,

o(z) = ¢/ (z) = p(A™"2).
(A maximum at z* is moved to a maximum at A*,z”.) In infinitesimal form
(A—l)/LV = 6“1/ - 6wuu’
and thus
¢(x) = ¢ (z) = ¢(x) — "W, 0, ().
This can also be written as

(a) = (1+ 30 M, ) o),
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with generator
M = —i(x,0, — ,0,).
Indeed, these generators form a representation of the Lie algebra (10.2), i. e.

(Muws Mpo| = i(upMue — NpeMup — upMyus + Mo Myp). (11.1)

For fields with non-vanishing spin, the complete generator contains M,, and the generator of
“internal” transformations, for example for a left-handed spinor

i
(o) = v (0) = (87 + 50 (). ) ),
with
(MAW)ab = (M,fu)ab + MI“’ 5ab'
This can now be extended to fields in arbitrary representations of the Lorentz group.
Pioncaré group
Poincaré transformations consist of Lorentz transformations plus translations,
at — AF ¥ — bH.

Translations only (without Lorentz transformations) form themselves an abelian Lie group, the
additive group R*. It is clear that Poincaré transformations form a group. The composition law is

(Ag,b2) 0 (A1,b1) = (AgAq, ba + Aobr).

[Exercise: Show this.] The composition law is an example for a semi-direct product, namely of the
Lorentz group O(1,3) and the additive group R* of space and time translations,

Poincaré group = O(1,3) x R™.

Lorentz transformations can be parametrized by six parameters, which are supplemented by four
parameters for translations. The entire symmetry group of Minkowski space has therefore ten
parameters.

Lie algebra of Poincaré group

Let us now find the Lie algebra associated with the Poincaré group. As transformations of fields,
translations are generated by the momentum operator

P, = —id,.
For example, as an infinitesimal transformation,

d(x) = ¢'(r) = ¢(A~ ' (z + b))
o(at — dwh,z¥ + bH)

1+ %&UWMW + ib“PM) é(x).
One finds easily
[Py, )] =0, (11.2)
and
My, Pyl =i (nupPy — mupPp), (11.3)
which together with (11.1) forms the Lie bracket relations of the Poincaré algebra. The commutator

(11.2) tells that the different components of the energy-momentum operator can be diagonalized
simultaneously, while (11.3) says that P, transforms as a covector under Lorentz transformations.

- 112 —



Representations of the Poincaré group

Let us now discuss representations of the Poincaré algebra (and corresponding representations of
the Poincaré group). We concentrate here on the part of the group that is connected to the identity
transformations, i. e. SOT(1,3) x R*. It turns out that single-particle states can be understood as
examples for such representations.

As we have done before, we will use a maximal number of commuting generators to label states.
In particular, the different components of the momentum operator P, = —i0,, commute and we can
work with corresponding eigenstates, namely plane waves e’”#*" . The eigenvalues are then energy
and momentum, p,, = (—FE, p).

Casimir operators

To classify representations, we first search for Casimir operators, i. e. operators that commute with
all generators. One Casimir operator is

2 4
P2 =p,pPr,

which obviously commutes with M,,,, and P,. For single particle states of massive particles we have
pup" + M? = 0 so that —P? = M? gives the particle mass. The other Casimir operator follows
from the Pauli-Lubanski vector 1

WH = ie“yp"MVpPU.

It is orthogonal to the momentum, W#P, = 0, and has the commutation relations
[WH P,] =0, Moo, WH] =i (65 Wy — 65W,)

as well as
(WH W] = —ie"PW,P,.

The second Casimir of the Poincaré algebra is then given by
W2 =W, W+,

The little group

When discussing representations of the Poincaré group it is convenient to first make a case separation
in terms of the quadratic Casimir P? = P, P*. In each of the cases one can then fix a reference
choice for p4 and discuss remaining transformations that leave this reference invariant,

(0%, + owh, )pl = pi. (11.4)

This remaining symmetry group is then known as the little group. We will see this working in
practise below.
Representations with vanishing momentum

The eigenvalue of the momentum operator P, may actually simply vanish, p{ = (0,0,0,0). In that
case the little group corresponds to the entire Lorentz group SO(1,3). An example for such a state
is the vacuum.
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Representations with positive mass squared

Let us now first consider situations with —P? = M? > 0. Examples for such representations are
single particle states with positive mass.

We can fix a reference momentum p4 = (M, 0,0, 0) which corresponds to a particle momentum
in its rest frame. The little group then consists of transformations that leave p. invariant. These
are just rotations so the little group is here SO(3) or its double cover SU(2) which has the same Lie
algebra. More explicitly, this follows from searching solutions to (11.4) which is here equivalent to
dwH® = 0. Lorentz boosts are excluded; what is left are rotations.

In the particles rest frame, the Pauli-Lubanski vector evaluates to

M
Wy =0, W; = 76;‘1@1/\41@1 = MJj,

with angular momentum or spin operator J;. The second Casimir of the Poincaré algebra is
accordingly W?2/M? = J2. Single particle states |p, j, m) can be labeled by momentum p*, total
spin J? = j(7 4+ 1) and eigenvalue m of the spin operator in z-direction Js.

Symmetric spinor-tensor representation of SU(2)

Besides the standard representations of SU(2) discussed in the context of quantum mechanics, an
alternativ representation is in terms of symmetric spinor-tensors. As we have seen, the spin-1/2
representation is a Pauli spionor 15, where s = 1, 2, which transforms under rotations according to

)
ws — Lstlpt = ((Sst + 46wij6ijk(0k)st> ’(/Jt, (11.5)

where L% describes here the little group rotation matrix. One can now simply construct higher
order representations as symmtric spinors with several SU(2) indices ts;...,,, and they transform
accordingly under the little group transformations. In this way one obtains representations with
higher spin, and a symmetric SU(2) tensor with n indices describes particles with spin n/2. The
interesting feature about the little group is that every incoming or outgoing massive particle in a
scattering experiment as its own little group and can be rotated independently in its respective rest
frames.

Representations with negative mass squared

Here we have a situation with —P? = M? < 0. This corresponds to so-called tachyonic modes and
if they appear they are usually associated to an instability.

We can fix a reference momentum as pk = (0,0,0, M). The little group consists now of trans-
formations that leave pY invariant and these are Lorentz transformations in the remaining 1 + 2
dimensional space, SO(1,2). We will not discuss these representations in more detail.

Representations with vanishing mass

Let us now consider representations with P2 = 0. This is again a rather interesting case. Examples
are here single particle states with vanishing mass M = 0.

Massless particles do not have a restframe, so to discuss the little group one must pick another
reference momentum, for example p{ = (p,0,0,p) = p(dy + 65). The little group consists of
transformations that leave this invariant. Specifically, eq. (11.4) implies here dw"® = §wH3. One
can write this as

0 aa B 0
—a 0 0 —«
-8 =00 -5

0 a g 0

wh? =
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Here, if only 6 was non-vanishing, it would be the angle of a rotation in the 1-2-plane, i. e. around the
propagation direction of the massless particle. Instead non-vanishing o would parametrize a com-
bination of a boost in 1-direction together with a rotation in the 1-3 plane. Finally, 8 parametrizes
a combination of a boost in the 2-direction with a rotation in 2-3-plane. An infinitesimal group
transformation out of the litte group can be written as

1+ i66.J5 + i A + i6 5B, (11.6)

with
A=K+ Jy = Mg+ Ms, B =Ky — Ji = My + Msy.

The Lie algebra of the little group is
[J3, Al =B, [J3, B] = —iA, [A,B] =0. (11.7)

This is in fact the Lie algebra of the so-called special Euclidean group ET(2) consisting of translations
and rotations in the two-dimensional Euclidean plane. It contains an SO(2) subgroup of rotations,
as well as a subgroup of translations R2. The abelian subgroup of translations is in fact a normal
subgroup. Similar to the Poincaré group itself, the Euclidean group ET(2) has the structure of a
direct product, E*(2) = SO(2) x R2. [Exercise: Check all this!]

In the fundamental representation of the Lorentz algebra, the operators A and B are actually
nilpotent. In fact, one has A% = B3 = AB = BA = 0. However, there are also representations of
(11.7) where A and B are hermitian such that the group has a unitary representation. However, as
for any non-compact group, such unitary representations are necessarily infinite dimensional.

Physically, A and B can be related to gauge transformations. To see this consider polarization
vectors for photons with momentum p¥,

1
M= —5(0.1,41,0).

These are eigenstates of J3, namely in the fundamental or vector representation of the Lorentz

group,

(J3)! el = ek
The two polarizations € describe therefore states with helicity +1, respectively. Now consider the
action of (11.6) with §6 = 0,
(b £ 16) "
7\/519 D
Interestingly, the generators A and B are not realized trivially here, but they actually do change
the polarization vector by a term proportional to the momentum. This is in fact a gauge transfor-
mation! To see this, consider the gauge transformation A,(x) — A, (z) + 0,a(x), which becomes
in momentum space

el — el +

Au(p) = Au(p) + ipua(p).

The physical photon states are supposed to be independent of this gauge choice, and one takes them
to be gauge equivalence classes. In other words, all states that differ by a gauge transformation are
getting identified. This works similarly for massless particles of spin two, where the gauge symmetry
is then the one of general relativity.

For such gauge equilvalence classes, or in a gauge fixed description, physical states of single
massless particles can be characterized as having vanishing eigenvalues with respect to the operators
A and B. We are then left with J3 which generates rotations around the direction of propagation.
This is in fact helicity, J3 = h. The little group for massless particles is then U(1).
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Fermionic massless particle states can change by a factor —1 under rotations of 27w around the
propagation direction. This implies half-integer helicity h. In contrast, bosonic massless particle
states should be invariant under 27 rotations, so that helicity h must be integer valued. These
quantization conditions arise here from topological properties of the group, and not from properties
of the Lie algebra.

Spinor helicity variables for massless momenta
Consider the (2,2) representaion of a momentum p*,
()i = (—p0+p3 p' —in)
aa — . .
I pl4ip? —p0 — p

The determinant of this matrix is (p°)? — p? = —1Nuwp*p”. For momenta corresponding to massless
particles this vanishes. This means that one eigenvalue is zero, or that the matrix has rank 1. As
an example, take p* = p&, the reference momentum we have chosen above for massless particles.

In that case,
0 0
pu(oﬂu)ad - <0 _2p0> .

This shows that one can write for such momenta
pu(U“)aa = —Ag\a. (11.8)

The objects A, and X are known as spinor helicity variables or twistors. They are formally
left-handed and right-handed spinors, respectively, but are taken to be commuting, i. e. they are
composed out of ordinary complex numbers and not Grassmann variables. For real momenta p,o*
is hermiten and one has

Mo = ()"

where the positive sign must be choosen for p° > 0 and the negative sign for p® < 0. More generally
one may also consider complex momenta and then )\, and \; become independent. An explicit
realization for p° > 0 and massless on-shell momenta is

P (B) A (5)
‘ O +p3 \ P +p’ ) ‘ O +p3 \ P+’ )
This assignment is not unique, however. Specifically one could transform

Ao — €92, Ao — e 0N,

and obtain new twistors that also fulfill (11.8). One may use this to analytically continue for
negative frequency p® < 0 such that for p# — —pt

Aa = Aas A

Pulling indices up and down

As we have seen previously one can sensibly pull indices up and down with £, and its inverse £%?,

for example a twistor with upper left-handed index is obtained by
A =%\,
Similarly this can be done for right-handed indices. One can then also write

pu(a,u)aa — Edégabpﬂ(gu)bi) — _S\a)\a.
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Bracket notation and scalar products

It is customary to introduce the following notation for the left handed twistor associated with the
momentum p,

IP)a = Aas (p|* == 5ab|p>a7
and similarly for the right handed twistor,

I} = X, [pla = Xa = €45 [p]".
The analytic continuation properties can be choosen such that

| = pa = [D)as | —p)* = —Ip].

The bracket notation (not to be confused with the bra-ket notation of quantum mechanics) allows
also to work nicely in situations where differnt momenta are involved, for example |p), = A\, and
|@)a = pta- One defines the SU(2) invariant scalar product between left-handed twistors

(pq) = (P|*|@)a = A"Ha = €™ Nppta = —p"Xo = —(p|*|@)a = —(gp),

and between right-handed twistors,

[pa] = [plag)® = Nafi* = ey A ® = A" = —[a|*|pa = —[ap]-
Note that it is not possible to sensibly define a scalar product between a left-handed and a right-
handed twistor. The anti-symmetry implies also that for massless momenta

(pp) = [pp] = 0.
This will be useful in the following. In the bracket notation we can also write
Pu(0") g5 = =Ip)alpls, (™) = —p]*(pl".
This also implies
2pug” = —tr{puo”qu"} = —[palplsla)’ (g* = —(ap)lpa] = (p)[pg)-

Weyl equations

The equation of motion i(5#)4d,1y(x) for free massless left-handed Weyl spinor in plane wave
form 1y (z) = 1y (p)eP® reads now

—pu(3*) 4y (p) = [p)* (p[*4u(p) = 0.
One can see that 1,(p) ~ |p)s is actually a solution,
[p)*(p|" )6 = [p]* (pp) = 0.

(Some care is needed here, however, because ¢, (p) is a spinor with Grassmann property while |p);
is a twistor with no Grassmann property.) The complex conjugate

Vi (p) = ™ (Wu(=p))* = —| = pl* = |p]*
is similarly a solution of the right-handed Weyl equation,
~0u(0") 3 [P” = [P)alplilp)” = -Ip)alpp] = 0.

In other words, we can identify ¥4 (p) ~ |p)s and ¥%(p) ~ |p]¢ is the corresponding conjugate spinor
(of course some care is needed with Grassmann properties).
A solution of the free Majorana equation at vanishing mass, v*p,¥(p) = 0, can accordingly be

v = (50) ~ ()

written in the form

- 117 —



Little group representation for massless twistors

To construct |p), = Ay explicitely it is useful to start with a specific reference frame, for example
the one where p* = pi' = (p, 0,0, p) points in the three-direction. One has then

[P)a = Ao = (\;;p) :

One can then apply a Lorentz transformation in the left-handed representation L, to go to other
momenta.

At this point it is also interesting how the little group acts here. For the left-handed represen-
tation one finds

]1+i(59J3+i5aA+i(SﬁB:( 1+ 300 0 )

—da —idB 1— %66
Interestingly this implies that under such a transformation

—i0/2

‘p>a —e |p>a-

For the left handed twistor the generators A and B are represented trivially and have no effect.
The little group is here just a complex phase e~*/2. The negative sign and the factor 1 /2 tell that
we are dealing with states of helicity h = —1/2 as appropriate for left-handed Weyl fermions. For
right-handed twistors oe has instead

i6/2

[p]* — €/2[p)*,

which tells that they have helicity h = 1/2. For practical caluclations it is useful to know that the
little group transformations can be done independently for each incoming or outgoing particle and
a scattering amplitude must transform accordingly with the respective phase factors.

Extension to nonzero mass
Consider now momenta p* such that n,,p"p” + m? = 0 with nonzero mass m. In that case one can
introduce two twistors Ay, with s = 1,2 and write

pu(all«)al} = _)\saj\z = _)\SaEStS\ti).

By taking the determinant of this matrix one obtains —(p°)? 4+ p? = —m? and accordingly one may,
as a matrix with indices a and s, take

det(Asq) = det(N,;) = m.

The index s is here a kind of internal SU(2) index associated with a particle of momentum p# where
the group SU(2) corresponds to the appropriate little group of roations for massive particles with
spin 1/2. Accordingly, these indices can also be pulled up and down with €, and its inverse £%¢, for

example
)\i 9 st )\ta'
. = .

Bracket notation for massive twistors

Also for the massive twistors one can work with the bracket notation

|ps>a = )\saa <ps|a = )\g = 5ab|ps>b~

We can follow conventions where the little group SU(2) index is taken in an upper position. Similarly
for right-handed massive twistors (where As; = (Asq)* in Minkowski space for positive energy)

‘ps]a = 5‘?7 [ps|d = 5\5(‘1 = Edi,\Ps}b
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Sometimes one uses also a notation where the little group SU(2) or spin indices are suppressed but
then uses bold face letters to indicate that these are massive twistors, e. g.

IP)a = |Ps)a-

Little group transformations for massive twistors

The little group of SU(2) rotations acts on these twistors according to

|ps>a — Lst|pt>a7

which is precisely the transformation in (11.5). This is actually the same transformation for any
twistor with an upper little group index.
Dirac equation for Majorana spionors

The Majorana spinor in momentum space can be written as

Vsa(p) Ps)a
) v (p) |ps)®
The index s labels now the little group or, in other words, parametrizes the two independent spin
states in the particles rest frame. The Dirac equation (iy*p, + m)¥,(p) = 0 reads

m(sab_ pM(UM)aI} ‘p5>b — m(_sab _|pt>a_[pt|i) |p5>b =0
pu(@)® méY Ips)® —lp @' mo% ps)® '

One infers from this that

m[ps)a + Pu(0")ilps]® = mlpsha — |pe)alp’ps] =0,

and similarly
mlps]® + pu(@)*|ps)s = mlps]* = |ps) (p'ps) = 0.
These are just other ways to write the free Dirac equation for free massive Majorana particles in
Minkowski space. Here we are using the scalar products (psq:) = —{qps) and [psq:] = —[@ps],
which generalize the corresponding definitions for massless twistors. Because of the additional
index, such scalar products with the same momentum (psp;) and [psp:] are now non-zero, albeit
they are antisymmetric and proportional to eg;.
We leave the generalization of the formalism from Majorana to Dirac spinors for the future.

Mode expansion for Dirac fields

We will also need a mode expansion for free Dirac fields in order to describe asymptotic (incoming
and outgoing) fermion states. We write the fields as

{bs ’I,Lg zpz ds’[ 7sz }

z/ S
z/ g (05 1) € ) ).

Here, b, dj, etc. can be seen as expansion coefficients and become operators in the operator picture.
Because of the fermionic or Grassmann exchange symmetry, they fulfill actually anti-commutation
relations,

{bp, 051} = {dp, dg} = (2m)%67°6') (p — q),
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with all other anti-commutators vanishing. The index s sums over independent spin states. One
can interpret bfj as a creation opertors for fermionoc particles (such as electrons) with momentum
p and spin s, and similarly df‘j as the corresponding creation operator for anti-particles (such as
positrons). The fact that there are particles and anti-particles arises from the “complex” nature of
Dirac spionors; for Majorana fermions there would be only one kind of creation operator.

Blackboard video

Solutions of Dirac equation

The Dirac equation

becomes for the plane waves

(ip +m) us(p)

Oa
(*ZP + m) Vs (p) Oa

with the Dirac slash notation p = y*p,. We consider this first in the frame where the spatial
momentum vanishes, p = 0, such that p* = (m,0,0,0),

The last equation holds in the chiral basis where

0 —ict
H —
K (i&“ 0 > '

with o# = (1,¢) and 6# = (1, —¢). For the spinor us(0) one has the equation

(ip + m)us(0) =m (Jj j) us(0) = 0.

The two independent solutions are

I
=
—
2
|
3
O = O
i~
)
—
2
Il
3
—= O = O

The normalization has been chosen for later convenience. Similarly

(ipt o0 =m (1) o0 =0,

has the two independent solutions

0 -1
+1 0
vi(0)=vm | ", va(0) =vm |
-1 0
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We see here that the Dirac equation has two independent solutions (for spin up and and down with
respect to some basis) for particles and two more for anti-particles. One can now go to an arbitrary
reference frame by performing a Lorentz transformation to obtain us(p), vs(p) and their conjugates
= ul(p)B as well as v,(p) = vl (p)B. We derive more identities about these objects when we need

them later on.

Blackboard video

LECTURE 22

11.1 Relativistic scattering and decay kinematics

Covariant normalization of asymptotic states

For non-relativistic physics this we have used a normalization of single particle states in the asymp-
totic incoming and out-going regimes such that

(pla) = (2m)%®(p — q).

For relativistic physics this has the drawback that it is not Lorentz invariant. To see this let us

consider a boost in z-direction
E' =+(E + Bp°),
p" =p',
¥ =p?,
3 _ 3
p” =y(p” + BE).

Using the identity .
6 (f(z) — f(zo0)) = m5($ — To),

one finds

. dp® dE
5@ (p—qa)=6®(p — g )L =@ (p— 1 il
(Pp—aq) (P’ —d) ap P—a)y|(1+8 pr
1
=09(p" —d) v (B + 8p°)
/
— = 5B (p _ o

This shows, however, that F 63 (p — q) is in fact Lorentz invariant.
This motivates to change the normalization such that

|p;in) = \/QEPCLL(—OO”O) = /2E}, |p;in).

Note the subtle difference in notation between |p;in) (relativistic normalization) and |p}in) (non-
relativistic normalization). This implies for example

(p;ing; in) = 2B, (27)*6® (p — q).

- 121 —


https://www.tpi.uni-jena.de/~floerchinger/assets/videos/jSO6BJD4pi.mp4

With this normalization we must divide by 2E,, at the same places. In particular the completeness
relation for single particle incoming states is

L [ &p 1
1—particle = Wﬁm in) (p; in|.
In fact, what appears here is a Lorentz invariant momentum measure. To see this consider

4 3
[ oGm0t 4 mt) 00 = [ e

The left hand side is explicitly Lorentz invariant and so is the right hand side.

Blackboard video

Covariantly normalized S-matrix

We can use the covariant normalization of states also in the definition of S-matrix elements. The
general definition is as before

Sga = (B;out|a;in) = dga + i Tpa(2m) 6@ (p™ — pot).
But now we take elements with relativistic normalization, e.g. for 2 — 2 scattering

Sth(h,pﬂ)z = <q15 q2; 011t|p17p2§ 1n>

We can calculate these matrix elements as before using the LSZ reduction formula to replace
V2E,al,(—o0) by fields. For example, for relativistic scalar fields

2B, af(—o0) = /2By af(o0) +i [~(p°)* + p* +m?] ¢ (p).

This allows to calculate S-matrix elements through correlation functions.

Blackboard video

Cross sections for 2 — n scattering
Let us now generalize our discussion of 2 — 2 scattering of non-relativistic particles to a scattering
2 — n of relativistic particles. The transition probability is as before
|(B; out|c; in)|?
(B; out|B; out) (c; in|av; in)

Rewriting the numerator in terms of 73, and going over to the transition rate we obtain as before

5 V(27T)46(4)(p0ut _pin)|7—|2
F= (B; out|B; out){c; in|asin) - (11.9)

But now states are normalized in a covariant way
= lim
{plp) = lim (plq)
= lim 2E,(27)36®) (p —
lim 25,(27)°5™ (P — q)

= 2E,(2m)%6)(0)
=2E,V
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One has thus for the incoming state of two particles
(o ino; in) = 4E; B, V2.

For the outgoing state of n particles one has instead
n
(B; out| B; out) = [ {247V}
j=1

The product goes over final state particles which have the four-momentum g;'.

Vv (271_)4 5(4) (pin _ pout)|7"2
AE\E,V2 T {247V}

So, far we have thus

P:

Blackboard video

Lorentz invariant phase space

To count final state momenta appropriately we could go back to finite volume and then take the
continuum limit. This leads to an additional factor

§%V/£%

for each final state particle. The transition rate becomes

> |‘7d|2 in - d d;
P =1y (2m)" 6 (p - Z ) H{ o 3;(] }

The expression in square brackets is known as the Lorentz-invariant phase space measure (sometimes
"LIPS?).

Flux and differential cross section

To go from there to a differential cross section we need to divide by a flux of particles. There is one
particle per volume V' with velocity v = v; — vg, so the flux is

Pl _ P
R St R
1% \%4 \%4

In the last equality we chose the beam axis to coincide with the z-axis. For the differential cross

F=

section we obtain

do = L [LIPS].
4E1E2|1)1 — ’02‘
The expression in the prefactor can be rewritten like
1 1 3 1 1
E1Es|vy — U2| P9pY Tl) _ % 9P — 3 Jeuayuph Y|

This is not Lorentz invariant in general but invariant under boosts in the z-direction. In fact it
transforms as a two-dimensional area element as it should.

Blackboard video
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Differential cross section in the centre of mass frame
In the center of mass frame one has pj = —p} = +|p;| and

1 1 1
1903 — 08| [Pl + 1Y) IPilcomy/s

This leads finally to the result for the differential cross section

L
4p1lcomv/'s (2m 326]

Jj=1

Blackboard video

2 — 2 scattering

For the case of n = 2 one can write the Lorentz invariant differential phase space element in the
center of mass frame (exercise)

i dq d*qo a1 |
9 45(4) in _ _
Cry O = ) oryiagy ) T Ten
such that
dQ ~ 64m2s \p1|

Decay rate

Let us now consider the decay rate of a single particle, i. e. a process 1 — n. We can still use
equation (11.9), but now the initial state is normalized like

(o in|ay; in) = 2E, V.

We find then for the differential transition or decay rate dI’ = P

7_2 N n d3 .
dF:% (2m)*39 (p —Z%)H{(?W);JJZQ?}

In the center of mass frame one has Fy = my. For the special case of 1 — 2 decay one finds in the
center of mass frame or rest frame of the initial particle

2
TPl

dl =
32m2m2

Blackboard video

LECTURE 23
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12 Quantum electrodynamics

Functional integral for photons

For photons, the field one integrates over in the functional integral is the gauge field A, (z). The
field theory is described by the partition function

ZolJ] = / DA exp {z’SQ[A] i / J“AH}

1
= /DA exp {i/d‘lx {—4F“”FW—|—J“AMH :

One can go to momentum space as usual

4
o) = [ 5 A,

and finds for the term in the exponential

1 v
[ )
x

= ;/(;l;];z; {=Au(=p) (>0 = p"p") Au(p) + J*(—p)Au(p) + Au(—p)J" (D)} .

Blackboard video

Attempt to invert the inverse propagator and gauge fixing

The next step would now be to perform the Gaussian integral over A, by completing the square.
However, a problem arises here: The “inverse propagator” for the gauge field

Py —php” = p* P (p),

is not invertible. We wrote it here in terms of

_ pup”
‘@uy(p) - 5MV o P2’

which is in fact a projector to the space orthogonal to p,
2, )2, (p) = 2,"(p)
As a projector matrix it has eigenvalues 0 and 1, only. However,
Z,"(p) pv = 0.
The field A, (p) can be decomposed into two parts,
i .
A0(p) = 2puB() + Au(p),

with
A (p) = 2,7 () A, (p),
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such that p¥ A, (p) = 0. Moreover
e

= —p”A,(p).
B(p) L ()
When acting on A,,(p), the projector f@u”(p) is simply the unit matrix.
Recall that gauge transformations shift the field according to
1
A(2) > A() + 2 0p0(2),
or in momentum space )
i
Au(p) = Aulp) + gpua(p)~
One can therefore always perform a gauge transformation such that S(p) =0 or

9" A, (x) = 0.

This is known as Lorenz gauge or Landau gauge. We will use this gauge in the following and restrict
the functional integral to field configurations that fulfil the gauge condition.

Blackboard video

Quadratic partition function

Now we can easily perform the Gaussian integral,

ZsJ] :/DA exp [;/p{— (AH(—;D) — Jo(~p) 'ﬁ;’u) P2 (AV(P) - iZUJU(p)> H

X exp {;/pJ“(p)‘%';(mJ”(p)}

p

= const X exp [;/ JH(2) A (2 — y)J”(y)] .
T,y
In the last line we used the photon propagator in position space (in Landau gauge)

d4p ip(x— ‘@ V(p)
Aw(xy)/<2w)4 e y)ﬁ.

In the last step we have inserted the i€ term as usual.

Blackboard video

Photon propagator in position space

In the free theory one has

1 1 52 1
@A) = 5 (g 29) | = A=)

We use the following graphical notation

(mau)"’WVWVVVW”(y7V) = %Auu(x - y),

or with sources ¢J*(z) at the end points
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Free solutions
To describe incoming and outgoing photons we need to discuss free solutions for the gauge field.
In momentum space, and for the gauge-fixed field (Landau gauge), the linear equation of motion
(Maxwell’s equation) is simply

P*2," (p)A,(p) = p*Au(p) = 0.
Non-trivial solutions satisfy p? = 0. Without loss of generality we assume now p* = (E, 0,0, E); all

other light like momenta can be obtained from this via Lorentz transformations.

Polarizations

Quite generally, a four-vector can be written as

A= (b

a1 + ao 72.(11 + iag >
Cc].
Y

V2 V2

From the Landau gauge condition p”/l,, = 0 it follows that b = —c, so that one can write
A,(p) = x (=E,0,0,E) + ajelV) + age?,

with

1 —2 1 7
(1) _ g,0> (2)(00),
v (ﬁ\/i ’ ‘v V2 VR

However, the term ~ ¢ is in fact proportional to p, = (—F,0,0, F). We can do another gauge
transformation such that ¢ = 0. This does not violate the Landau gauge condition because of
p’p, = 0. In other words, the photon field has only two independent polarization states, chosen
here as positive and negative circular polarizations, or helicities.

Blackboard video

Mode expansion

In summary, we can expand free solutions of the photon field like

2 3
Aplz) = Z/ d p3 . {ap,A GL/\)(p) et aL A 68)*(1’) e_ipx}7
Furt (2m)3 | 2E, ,

where E, = |p| is the energy of a photon. The index A labels the two polarization states.

In the current setup, ap x and a,L , are simply expansion coefficients, while they become an-
nihilation and creation operators in the operator picture. The non-trivial commutation relation
becomes then

[ap,x, al,w} = (21)°6% (p — p') o

Blackboard video
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LSZ reduction formula for photons

We also need a version of the Lehmann-Symanzik-Zimmermann reduction formula for photons.
Recall that for non-relativistic bosons we could replace for the calculation of the interacting part
of the S-matrix

. 2
aq(00) = i [~¢" + £ + V5| wla),
t(_ 21 IR - v
al(—o0) =i |=q" + 5=+ Vol ¢™(q)-
For relativistic fields this is in general somewhat more complicated because of renormalization. This

will be discussed in more detail in the second part of the course. In the following we will discuss
only tree level diagrams where this plays no role. For photons one can replace for outgoing states

V2Ep ap x(00) = i€y (p) /d4m e~ PT[—0,0"| A, ()
V2E, aL,/\(—oo) — i€y (p)/d4x P [—0,0" A, (x).

These formulas can be used to write S-matrix elements as correlation functions of fields. Note that
[—0,,0"] is essentially the inverse propagator in Landau gauge.

LSZ reduction for Dirac fermions

Finally, let us give the LSZ reduction formulas for Dirac fermions (again neglecting renormalization
effects)

V2B b a(00) — i / dhx e, (p) (140, + m)u(z),
\/QEPdL_’S(foo) — —i/d4x ePrug(p) (Y40, + m)(z),
: 4,07 A=y —ipx
V2Epdp s(00) = —i | d*xips(z) (=" 0y + m)vs(p) e "7,
T oA T Y ipx
V2Epby ((—00) =i | d wyihs(z)(—=7" 0 ) + m)us(p) €.
The left-pointing arrows indicate here that these derivatives act to the left (on the field 1, (z)).
These relations have been obtained as part of the exercises.
The factors of ¢ will typically cancel out in claculations of S-matrix elements with similar

factors that come with propagators. For anti-fermion lines there is an additional factor (—1) in the
propagator because the momentum is there counted opposite to the fermion flow direction.

Blackboard video

Action and partition function

We are now ready to formulate the Feynman rules for a perturbative treatment of quantum elec-
trodynamics. The microscopic action is

S = /d4:z: {—iF””FW — (0, — ieA, )P — mww}

= SQ [7»/;, 11[}5 A] + i€/d4$ QZ’YILAMQZ}
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The last term is cubic in the fields v, v and A,, while all others terms are quadratic. We will
perform a perturbative expansion in the electric charge e.
Let us write the partition function as

Zln,m, J /Dz/)Dz/)DA exp [zs[w ), A +z/{nw+wn+J“AM}]

with Ny = N4, where o = 1,...,4 sums over spinor components. Formally, one can write

s el e L) () L) s

with quadratic partition function

Ty = /D&D¢DA exp [isg[w,w,A] +z‘/{nw+wn+J*‘Au}}

= exp {i/d“xd“y i(x)S(z — y)n(y)} X exp [2 /d4:cd4y JH (@) Ay (z — y)J”(y)] ~

Propagator for Dirac fermions

We have used here also the propagator for Dirac fermions S,5(x —y) introduced previously. We can
now calculate S-matrix elements by first expressing them as correlation functions which get then
evaluated in a perturbative expansion of the functional integral. These perturbative expressions
have an intuitive graphical representation as we have briefly discussed before. We concentrate here
on tree diagrams for which renormalization is not needed yet.

The correlation function of two Dirac fields can also be expressed in terms of the Dirac propa-

gator,
el = 7, Céﬁj@)) (iémiy)) IS L

We introduce a graphical representation for thus, as well,

(7, 0) (9, 8) = £ Suple — 1),

With sources i7j, () and ing(y) at the end this would be

[ T — / M) %SQB(I —y)ing(y) = 2/ i(2)S(z — y)n(y).

T,y
The conventions are such that the arrow points away from the source 1 and to the source 7. It
can also be seen as denoting the direction of fermions while anti-fermions move against the arrow
direction. The Dirac indices «, 5 are sometimes left implicit when there is no doubt about them.

LECTURE 24

Expanding out exponentials

We now consider the full partition function and expand out the exponentials,

Zln,m, J] = 1| [ (z 5JH(x ) (i57lj(33)) (_6755> (1577;5@)”‘/

U yma( )(isaﬁ(x/y’)> z‘ng(y’)r (12.1)

qu
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The index F counts the number of fermion propagators (corresponding to fermion lines in a graphical
representation), the index P counts the number of photon propagators (photon lines). The index
V' counts vertices that connect fermion and photon in a specific way. More specifically, each power
of this term removes one of each kind of sources and introduces —evgﬁ to connect the lines in the
graphical representation. The organization where factors of 1/i come together with the fermion
and boson propagators has also the advantage that factors of ¢ that appear in the LSZ reduction
rules nicely cancel out against them.

Blackboard video

Graphical representation for partition function

In the full expression for Z[7,n, J] many terms are present, in fact all graphs one can construct
with fermion lines, photon lines and the vertex. For example

*— <4—o
[ =—e—<4—o+

+...+ + ...
+ \!/+..+I+.

Note that these graphs need not be connected and the last diagram in the first line consists of two

disconnected pieces.

Connected and disconnected diagrams

One distinguishes connected diagrams where all endpoints are connected with lines to each other,
for example

e

Disconnected diagrams can be decomposed into several connected diagrams.

Blackboard video
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Tree and loop diagrams

One also distinguishes tree diagrams and loop diagrams. Loop diagrams have closed loops of particle
flow, for example

o T

Tree diagrams have no closed loop, for example

Y or I or A
*—Pp——— NN NNNNe

Blackboard video

Counting the number of loops
Consider the partition function in (12.1). We have in each term
o V vertices, each with 3 functional derivatives
e F fermion propagators, each with 2 sources
e P photon propagators, each with 2 sources
At the end this will lead to a term with the following number of sources left
E=2(F+P)-3V.

It is also useful to count the number of internal lines (those not connected to one of the E sources)
and it must be such that
21 =3V - E.

Another useful formula relates the number of loops L to the number of internal lines and vertices
I=L+V -1

To see this one may start drawing each loop in a simple topology with just one vertex and one line
and then to modify it by adding more vertices. One can combine these formulas to give the number
of loops as

1.1
L=3V-gE+1=2V—(F+P)+1L

It is reassuring to check this formula on a few examples.
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Corresponding algebraic expressions

To each of these diagrams with sources corresponds of course an algebraic expression, for example

in(y)

iS(z—v)

in(x)

%S(w —2)

—6’7”

%A#V(Z —w)

i7" ()
[ it 502 er) 356 -0 i) |F806 — )| i)

To calculate S-matrix elements we are mainly interested in the connected diagrams because discon-
nected diagrams describe events where not all particles scatter. Also, we concentrate here on tree
diagrams. Loop diagrams will be discussed somewhat later.

Blackboard video

S-matrix elements

Now that we have seen how to represent Z[#, 7, J], let us discuss how to obtain S-matrix elements.
For example, for an outgoing photon we had the LSZ rule

V2B, apa(00) = ie3) (p)/d4x e P [-9,0M A, (z).

To obtain the field A, (x) under the functional integral we can use

1 6

A (z) — ;m,

acting on Z[7, 7, J]. Moreover, i[—0,,0"] will remove one propagator line for the outgoing photon,

, 1 d*p  ipe—y) Poo (D
i[—=0,0"] EApo(I —y) = [78#8”]/ (277)46 . y)p2p7_(i6)

P ipay) (4)
= (27’1’)46 ’@PU(p) — 771705 ('T - y)

The projector has no effect if the photon couples to conserved currents and the result is simply
np05(4) (z —y). What remains is to multiply with the polarization vector

o)

for the out-going photon with momentum p. Also, the Fourier transform brings the expression to
momentum space. The out-going momentum is on-shell, i. e. it satisfies p,p* = 0 for photons.
Similarly, for incoming photons we need to remove the external propagator line and contract with

G(A)u(p)7

instead.
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For out-going electrons we need to remove the external fermion propagator and multiply with
is(p) where p is the momentum of the out-going electron satisfying p? +m? = 0 and s labels its spin
state. Similarly, for an incoming electron we need to contract with us(p). For out-going positrons
we need to contract with vs(p). For an incoming positron the corresponding external spinor is o (p).

Blackboard video

Propagators in momentum space

Working now directly in momentum space, the photon line is represented by

) Pu(p) N — P
—iA =i = P
v (P) p? — e p? —ie
The fermion line corresponds to
—ip+m
—iS(p) = —i—p L

P2 +m?2 —ie’
The vertex is as before —ey*. Momentum conservation must be imposed at each vertex. Together
these rules constitute the Feynman rules of QED. One can work with the graphical representation

and then translate to formula at a convenient point. However, when in doubt, one can always go
back to the functional representation.

LECTURE 25

12.1 Elementary scattering processes

We are now ready to use the formalism of quantum field theory, specifically quantum electrody-
namics, to determine actually scattering amplitudes and cross section. The incoming and outgoing
states can consist of photons, electrons and positrons but also muons or anti-muons and more gener-
ally any charged particles. When the charged particles are scalar bosons, one would use a variant of
the theory called scalar electrodynamics, but we are here concerned with charged spin-1/2 particles
which are described by standard spinor electrodynamics.

In the following we will bring together several of the elements we have discussed before, such
as

¢ the Lagrangian of spinor quantum electrodynamics,
o the idea of perturbation theory as an expansion in the coupling constant e,
e the graphical representation in terms of Feynman diagrams,

« solutions to the free Dirac equation for incoming or outgoing electrons and positrons (or
muons and anti-muons),

o the propagators for Dirac femions and for photons,

It might be a good idea to go back and revise these topics if you feel uncertain about them. We
will see on the way that we need some additional technical knowledge, specifically
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e how to do spin sums,
e how to calculate traces of gamma matrices
« how Mandelstam variables are defined and how one can work with them.

These points will also be discussed in the exercises.

We will then start to look at the elastic scattering of a photon and an electron, a process
known as Compton scattering. We will write down the Feynman diagrams and the corresponding
algebraic expressions. For another process, namely the scattering of an electron-positron pair to
a muon-anti-muon pair we will do this, as well, but then also go on and evaluate the expressions
further until we arrive at a nice and compact result for the scattering cross-section.

Compton Scattering

As a first example let us consider Compton scattering ey — e~y

D2, 52 g2, A2 D2, 52 q2, A2
P1t+aq D1 — Q2

P1, 81 q1, A1 D1, 51 q1, M1

These are two diagrams at order e?, as shown above. The first diagram corresponds to the expression

—i(p, + +m
Us,y (pQ)(_eA/y) <_Z(pl(p—|l—(]1)g;:-7712) (_e,yﬂ) Usy (pl) 6(A1)H(Q1) 6>(k>\2)v(q2)'

Similarly, the second diagram gives

i_i(% - gl) +m

(p1 = g2)* +m?

iy (p2) (—er") (— ) (—e77) 1oy (P1) €03 (1) €1ray0 (2)

Combining terms and simplifying a bit leads to

v —i(}/ﬁ1+g1)+m "oy uw

N * _ v
iT = —ie 6()\1)M(q1) G(Ag)u(q2) Ussy (p2) |:’7 (pl ¥ q1)2 + m?2 Y (pl — q2)2 + m2 7| Usy (pl)

Electron-positron to muon-anti-muon scattering

As another example for an interesting process in QED we consider e~ e™ — p~u™. From the point
of view of QED, the muon behaves like the electron but has a somewhat larger mass. Diagrams
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contributing to this process are (we keep the polarizations implicit)

The corresponding expression is

iT = 0(p2)(—er™) ulp:) (—”‘k) a(ps) (—ey") v(pa),
with k& = p1 + p2 = p3 + pa.

Blackboard video

On-shell conditions

The external momenta are on-shell and the spinors u(p;) etc. satisfy the Dirac equation,
(ip, +me)u(p1) =0, (—ip, +mu)v(ps) =0,

ﬁ(pg)(i}% + mﬂ) =0, @(pg)(—i}% + me) =0.

This allows to write

These arguments show that the term ~ k,k, can be dropped. This is essentially a result of gauge
invariance.
Complex conjugate and squared amplitudes
We are left with )
e’ _ _
T= —@v(pz)v“u(pl) u(ps)vuv(pa)-
To calculate | T|? we also need 7* which follows from hermitian conjugation
o2
T = —@UT(M)VZQT(PS) ul (p1)y" 10" (p2).

Recall that 4(p) = u(p)' 8 with 3 = i7°. With the explicit representation

b —igH
K (ia“ ’
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it is also easy to prove y*f3 = —4*. By inserting 32 = 1 at various places we find thus
o2
T = —@@(m)wuws) u(p1)y"v(p2)

Putting together and using s = —k% = —(p; + p2)? we obtain

T2 = Suou)y o) 5 uln) 1) (pn) ) us).

Blackboard video

Spin sums and averages

To proceed further, we need to specify also the spins of the incoming and outgoing particles. The
simplest case is the one of unpolarized particles so that we need to average the spins of the incoming
electrons, and to sum over possible spins in the final state. Summing over the spins of the u™ can
be done as follows (exercise)

2
Z Vs (p4)1_)s(p4) = —ip4 — my,
s=1
and similarly for p~
2
> us(ps)s(ps) = —ipy + my.
s=1
We can therefore write

> alps)ywv(pa) B(pa)ulps) = tr {(—ipg +my) v (—ip, — mM)W} :
spins
Spins of the electron and positron must be averaged instead,

2

> u

s=1

v

s=

1,
— 5(7Zp1 + TTL@),

[N

(pr)u(pr) =
_ 1,
(p2)v(p2) = 5(*117)2 — Mme).

| —
—_

This leads to

i Z T = 46—:2‘5r {(fipl +me) Y (—ip, — me)fy"} X tr {(71% + my ) (—ip, — m#)fyﬂ} :

spins

In order to proceed further, we need to know how to evaluate traces of up to four gamma matrices.

Blackboard video
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Traces of gamma matrices

We need to understand how to evaluate traces of the form

byt
To work them out we can use {v*,7"} = 2n**, 42 = 1 and {v*,75} = 0. Also, tr{1} = 4. First we
prove that traces of an odd number of gamma matrices must vanish,

tr{y ot} = te{yg A3}

= tr{(y57""75) -+ (7571 75) }

= tr{(=37) - (=37}

= (=D)"r{y" -y
This implies what we claimed.

Now for even numbers

tr{y"7"} = tr{y"y"} = gte{y#y” + 4"} = {1} = 4.
From this it also follows that
r{pg) = 4p- g
Now consider tr{y*~"~+”~7}. This idea is to commute v to the right using {v*,~7"} = 2n*”. Thus
tr{y"y Py} = =t {7} + 20" tr {7777}
= tr{y""y"77} = 20t {y" 7} + 20" {777}
= —tr{y"y"7"} + 207" tr{y"} = 207 tr{y" 7} + 20 tr{y7 )
But by the cyclic property of the trace
tr{y"7* 77"} = tr{¥"7"7"77}
which is also on the left hand side. Bringing it to the left and dividing by 2 gives
tr{y*y""77} = 07" tr{y"y"} = ™ tr{y"77} + 0t {7"77}
= 4(n7Hn"P — Pt + nMnP?).
This is the result we were looking for. Clearly by using this trick we can in principle evaluate traces
of an arbitrary number of gamma matrices.

Blackboard video

Result so far

Coming back to e"et — p~put we find
1 4et y y y
i ST =— [—p'p5 — p{ph + (p1 - p2 — mZ)n*]

spins

X [—(p3)u(pa)y — (p3)u(pa)y + (p3 - pa — mi )™ ]

8et
=5 [(p1 - pa)(p2 - p3) + (1 - p3) (P2 - pa) — mi(m -p2) —mZ(ps - ps) + 2m2mi] .

This looks already quite decent but it can be simplified even further in terms of Mandelstam
variables.

Blackboard video
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Mandelstam Variables
The Mandelstam variables for a 2 — 2 process

yz b3

b1 D2

are given by

s = —(p1+1p2)* = —(p3 + pa)’,

t=—(p1 —p3)® = —(p2 — pa)*,

u=—(p1 —P4)2 = —(p2 —P3)2~
Together with the squares p?, p3, p3, p3, the Mandelstam variables can be used to express all
Lorentz invariant bilinears in the momenta. Incoming and outgoing momenta are on-shell such
that p? + m? = 0 etc. The sum of Mandelstam variables is

s+t+u=—(p] +ps+p3+pi) =mi +mi+m3+mi.

Using these variables for example through

1 1
P1-ps= D) [(m —p4)2—pf—Pi] = 3 [u—mg—i—mi],

one finds for e"et — u=pt

1 2e*
1 Z IT)? = §ey [ + u® + 4s(m? + mi) —2(m? + mi)Q] )

spins

Blackboard video

Differential cross section

From the squared matrix element we can calculate the differential cross section in the center of
mass frame. For relativistic kinematics of 2 — 2 scattering and the normalization conventions we
employ here one has in the center of mass frame

do _ 1 |P3|1 2
dQ 64725 |p| 4 Z 71

spins
Let us express everything in terms of the energy FE of the incoming particles and the angle 6 between
the incoming e~ electron momenta and outgoing p~ muon.

|p1| =V E? 7mg,7 s :4E27
P3| = /E* —m, t =m?+mj, —2E® + 2p, - p3,
2

P1 - Ps = |p1l/ps| cos b, uw=m]+m., —2E* — 2p; - p3.

With these relations we can express do/dS2 in terms of E and 6 only.

Blackboard video
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Ultrarelativistic limit

Let us concentrate on the ultrarelativistic limit £ > m., m, so that we can set m, = m, = 0. One
has then |p;| = |ps| and

2 t2 2
t2 +u? = 8E*(1 + cos? 6), # =1+ cos? 0,
s
which leads to p . )
o e «
m = 647‘(‘23(1 + COS2 9) = E(l + COS2 9)

In the last equation we used o = €2 /(47).

Blackboard video

Electron-Muon Scattering

We can also consider the scattering process e"p~ — e pu™,

By a similar argument as before the term ~ k,k, drops out,

e2

T = fmﬁ(%)’Wu(%)ﬂ(%)vuu(qQ) (eiﬂf N Biﬂf)_

Blackboard video

Comparison to electron to muon scattering
Compare this to what we have found for e”e™ — p~p™

62

T = _m@(p2)'yuu(pl)ﬂ(p3)7ﬂv(p4)’
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where the conventions were according to

q1 = +p1, u(q1) = u(pr),
G2 = —Pa, u(g2) = u(—pa) = v(pa),
q3 = —D2, u(gs) = u(—p2) — v(p2),
qa = +p3, u(qa) = u(ps).-
Crossing symmetry
Recall that
(ip +m) u(p) =0 but (=ip+m) v(p) = 0.

However one sign arises from the spin sums

us(p)us(p) = —ip +m,

hE

@
I
—

M

vs(p) Vs(p) = —ip —m = — Zué ts(—p).

1

@
I

Because it appears twice, the additional sign cancels for |T]? after spin averaging and one finds
indeed the same result as for e”e™ — p~pt but with

sq=—(q1 + QQ)2 =—(p; —p4)2 = Up,
tg=— (01 — q3)*> = —(p1 + p2)*
ug =— (q1 — q1)?=—(p1 —p3)? = tp.

We can take what we had calculated but must change the role of s, tand w ! This is an example of
crossing symmetries.

Blackboard video

Electron-muon scattering in the massless limit

Recall that we found for e”e™ — p~p" in the massless limit me = m, = 0 simply

,Z|T|2 t2—|—u].

spins
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For e"u~™ — e~ u~ we find after the replacements v — s, s = t, t — wu,

1 2¢t
ZZ|T|2:1§L2[U2+52]'

spins

Blackboard video

More on Mandelstam variables

To get a better feeling for s, t and u, let us evaluate them in the center of mass frame for a situation
where all particles have mass m.

While

measures the center of mass energy,

t = —(p1 — ps) = —2p°[1 — cos(0)]

is a momentum transfer that vanishes in the soft limit p?> — 0 and in the colinear limit § — 0.
Similarly,

u=—(p1 —ps)*> = —2p>[1 + cos(6)]

vanishes for p? — 0 and for backward scattering 6 — 7.
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s-, t- and u-channels

One speaks of interactions in different channels for tree diagrams of the following generic types,

| 1
! o ——— s-channel
| —S+m
Pt "
oy
1
,,,,,, x ——— t-channel
—t +m?
/o pa\
PP
1
,,,,,, X ——— u-channel
—u +m?

/;71 P;\

Electron-muon scattering

For the cross section we find for ey~ — e~ p~ in the massless limit

do 1 1 a?[4 + (1 + cosh)?
o LIS mpa [4+( )%
dQ  64m2s4 & 25(1 — cos 6)?
spins
This diverges in the colinear limit # — 0 as we had already seen for Yukawa theory in the limit
where the exchange particle becomes massless.
Note that by the definition s > 0 while u and ¢ can have either sign. Replacements of the type
used for crossing symmetry are in this sense always to be understood as analytic continuation.

LECTURE 26

12.2 Higgs/Yukawa theory

In the following two lectures we will discuss a quantum field theoretic model that extends somewhat
beyond quantum electrodynamics. We add to the theory a neutral massive scalar field that couples
to the fermions through a Yukawa interaction. One may see that additional massive scalar particle
as an analog of the Higgs boson, even though our model reflects only a few of the properties of the
real electroweak standard model.

We discuss the model as a further example for an interesting quantum field theory and because
we can nicely study there decay processes.

¢ A massive Higgs boson can decay into two fermions through the Yukawa interaction. This is
a tree level process and rather easy to calculate.
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o Interestingly a neutral and massive Higgs boson can also decay into two photons. This process
is not allowed at tree level (because the Higgs boson is neutral), but it is induced by loop
diagrams. This will be the first loop diagram we will calculate in detail.

In the second part of the lecture course loop diagrams and their physical consequences will be
studied in much more detail. For the Higgs decay into photons we do not need renormalization yet,
which simplifies the discussion. Nevertheless there will be some new elements to be discussed.

Action for Higgs/Yukawa theory and fermion mass

Let us consider the following extension of QED by a neutral scalar field (with m = gv)

St v. A0 = [

xT

n . - 1 . 1 _
{—wv“&m——wAﬂ)w—wnww——4F“f@f—2¢<—@¢%>+wﬁ>¢—g¢ww}.
Note that a constant (homogeneous) scalar field ¢ modifies the fermion mass according to

Megg = M+ gp = g(v + @)

In fact, one can understand the massses of elementary fermions (leptons and quarks) in the standard
model of elementary particle physics as being due to such a scalar field expectation value for the
Higgs field.

Blackboard video

Propagators and vertices

In the theory above we have now different propagators

1
gA;w(x - y)
1

e sl
1

———————— -y

with scalar propagator

The vertices are

Blackboard video
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12.3 Higgs decay into fermions
Higgs decay to fermions

Let us discuss first the process ¢ — f~ fT. The fermions could be leptons (e, i, 7) or quarks (u, d,
s, ¢, b, t). The Feynman diagram for the decay is simply

Slyf_ 827f+

QI\ ‘ /(;2
Pt
According to the Feynman rules we obtain

T = g s, (q1)vs,(q2).

For the absolute square one finds

‘T|2 = 92 Ug, (ql)vsz ((]2) Usy ((I2)Usl (ql)'

Blackboard video

Spin sums and Dirac traces

We will assume that the final spins are not observed and sum them
SITE = g%t {(—ig, - m)(~ig, +m) |
spins

We used here again the spin sum formula
> vi(p)s(p) = —ip — m, > u(p)is(p) = —ip +m.

Performing also the Dirac traces gives
ST =¢° (—4q1 - g2 — 4m?) .
spins

Kinematics in the Higgs boson rest frame

Let us now go into the rest frame of the decaying particle where

p=(M,0,0,0), %Z(%,Q), QQZ(%,—Q),
with
q® = —m? + 2=, q1-qz=—M72—q2=—M72+m27
and )
ST = 24207 <1-4J\”}2).

spins

Note that the decay is kinematically possible only for M > 2m so that the bracket is always positive.

Blackboard video
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Decay rate
For the particle decay rate we get

dr — ai T2 = gM (o m? 5/
dQ  32w2M2 3272 M? ’

spins

Because this is independent of the solid angle €2 one can easily integrate to obtain the decay rate

I‘—gzM , 4m2 3/2
8w M? ‘

Blackboard video

Dependence on fermion mass

If the scalar boson ¢ is the Higgs boson, the Yukawa coupling is in fact proportional to the fermion
mass m,

g=—.
v

M3 2m
r=— —
327T’l}2f<M>

flw) =22 (1 - a)??

Decay into light fermions is suppressed because of small coupling while decay into very heavy

One has then

where

fermions is suppressed by small phase space or even kinematically excluded for 2m > M.

For Higgs boson mass of M = 125 GeV the largest decay rate to fermions is to bb (bottom quark
and anti-quark). This corresponds to m = 4.18 GeV. The top quark would have larger coupling but
is in fact too massive (m = 172 GeV). (The lepton with largest mass is the tauon 7 with m = 1.78

GeV.)

LECTURE 27

12.4 Higgs decay into photons
Higgs decay into photons

A Higgs particle can also decay into photons and this is in fact how it was discovered. How is this
possible? If we try to write down a diagram in the theory introduced above we realize that there is
no tree diagram. However, there are loop diagrams!

Consider the diagrams

q1 q2 q1 q2
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These terms arise from the expansion of the partition function if the fermion propagator appears 3
times and there are 2 fermion-photon and one fermion-scalar vertices.

Signs in fermion loops

Schematically, the vertices are derivatives

e Ga) (8)Ga)l o Lo (G5) (5) 65

and they act here on a chain like

i) (35) | [ (35) @] [6m (35) @]

Note that the derivative with respect to i can be commuted through the square brackets and acts
on 7] from the left. Factors 1/i and i cancel. The derivative with respect to 7 receives an additional
minus sign from commuting and this cancels against 2. In this way the vertices can connect the
elements of the chain. However, for a closed loop also the beginning and end of the chain must
be connected. To make this work, one can first bring the (in) from the end of the chain to its
beginning. This leads to one additional minus sign from anti-commuting Grassmann fields. This
shows that closed fermion lines have one more minus sign.

Position space representation

In position space and including sources, the first diagram is

i) [ {55 o [350- 9] o) |35}
<[ et @ [f20e - 0] 670 [a6 )] @)

]

The trace is for the Dirac matrix indices.

Momentum space representation for first diagram

If one translates this now to momentum space and considers the amputated diagram for an S-matrix
element, one finds that momentum conservation constrains momenta only up to one free integration
momentum or loop momentum. In fact, more generally, there is one integration momentum for every
closed loop. The first diagram is then (taking a factor (—1) from the closed fermion loop, —ig from
the Yukawa vertex and i® from the LSZ reduction into account)
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1
2 % *
ge 6#(Q1)EV(Q2) /l [l + Q1)2 + m2 — Z€Hl2 I m2 — ZE][l _ q2)2 + m2 + ZE]

X tr { [—z(l +d,)+ m} Y [=il +m] 7" {—z(l —d,) + m}}
Here we use here the abbreviation
[T
l (2m)

Momentum space representation for second diagram

For the second diagram we can write

ge® € (q1) 6$(Q2)/--~

l

where the integrand is the same up to the interchange ¢1 <> ¢2 and p < v. We can therefore
concentrate on evaluating the first diagram.

Analytic continuation and Dirac traces

The Feynman ie terms allow to perform a Wick rotation to Euclidean space {° = 2[% so that 2 is
then positive. First, in the Dirac trace we have terms with up to 5 gamma matrices. However, only
traces of an even number of gamma matrices are non-zero. With a bit of algebra one finds for the
Dirac trace

tr { [fi(l )+ m} V(=i +m] 5 {fi(l —d,) + m} }
= —mtr {([+ g7 17+ L+ 470 (= ) + 2717 = )} +m® b {377}
= —Am [+ @)V + (@) P = (o aqr) ™
F U+ a)" (=) +(+aq) - (=g = +a)’ (- a)"
+1(1 = q2)" + (I = g2)" 1" =™~ (1 - qg)] + At m?
= —dm [AI"1" = P +2q017 = 2051 — qf'q5 + aVdh — (g1 - q2)n™"] + dn'm?.
Feynman parameters

Let us now consider the denominator. One can introduce so-called Feynman parameters to write

1
[+ q1)? + m?][12 + m?][(I — g2)? + m?]

1
[ur[(1 + g1)% + m?] + uz[l? + m?] + us[(l — g2)* + mzﬂg
1
g -1
:2/ duy - - - dus (u1 +uz +uz — 1) N
0 (12 + 2l(u1q1 — usq2) + u1q? + uzqs +m?]

1
:2'/ dul"'dU35(U1+’LL2+U3—1)
0

— 147 —



We have used here the identity (will be proven in the exercise classes)

1 1 5(u1++un—1)
P1-*Pn ( ) 0 1 [U1A1++Unz4n]

In a next step one commutes the integral over u; ...us with the integral over [.

Shifting momenta

It is useful to change integration variables according to

[ +u1q1 —uzqa — k,
l=k—uiq + usq.
Collecting terms we find for the first diagram
d*k Arv
(2m)* (k2 + w163 + uzgd — (urqy — uzge)? +m?]

1
962 6;((]1) *(g2) 2/ duq - - - dus (5(u1+u2—|—u;>,—1)/ 3,
0

where the numerator contains the combination
AMY = —4m [4]4;”]6” — k%" + terms linear in k
+ 4(urqr — usqg2)" (urqr — usqe)” — (urqr — usqe)*n™”
— ' +aidy — (@™ - n‘“’mz]

The integral over k is now symmetric around the origin. Accordingly, there is no contribution from
linear terms in k

d
f e

Some simplifications are also possible due to e, (q1)q} = €:(g2)g5 = 0 and ¢? = ¢2 = 0, and we can
replace

AW = —dm |4 EY — B + (1 — dugug)gh qf + (2uiug — 1)q1 - gan™” — n””mQ]

Dimensional regularization

In manipulating the remaining integral over k£ we need to be careful because a first analysis based
on power counting suggests that the integral of the terms quadratic in k£ in the numerator might
not converge (in the numerator we have d*k x k? and in the denominator (k? 4+ A)? which allows
a logarithmic divergence in the UV regime). We need to first introduce some regularization and
then do the analysis carefully. An often used method is to extend the integrals from four spacetime
dimensions to d spacetime dimensions, where d can actually be taken a complex number, see below.
For d slightly different from 4 one finds convergent expressions and one can take the limit d — 4 at
the end. Let us now proceed using this dimensional reqularization.
For the quadratic terms we use the identity

d d
/(‘;Sdkﬂkyf(k?) = %nw/ (;lﬂl;def(kQ). (12.2)

The overall structure follows from Lorentz invariance and the prefactor from taking the trace on
both sides.
With this, all remaining integrals are of the form

d 2a o] 2a+d—1
/ dp _p* / dpL— . (12.3)
@m)e (P> +A)P  @2m)t ), TP+ AP
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Here we have used the surface of the unit sphere in d dimensions 4. To derive a formula for
the latter we perform a d-dimensional Gaussian integral twice, first in cartesian then in polar
coordinates,

0 Qq [ Q
/dda? e =% = Qd/ drzite " = ?d/ dtts et = %F(d/Q).
0 0

This yields the formula
27('d/2
© T T(2)
We used here the Euler Gamma function I'(z) with the notable properties I'(z + 1) = 2I'(2) for
Re(z) > 0 and

T'(n+1)=nl, T(n+1/2) = (3!21! N

for non-negative integers n. Indeed one finds with this the known special cases
91:2, 92:27'(', 93247'1'7 Q4=27T2.

The remaining integral over the magnitude of momentum can actually also be evaluated in terms
of Gamma functions,

/oo dp p2a+d—1 _ F(b —a — d/Q)F(a + d/2> A—(b—a—d/Z)
o (P+AP 21°(b) '

Taken together, this leads to the useful result

/ ddp p2a ]_"(b —a— d/2)F(a + d/2) Af(bfafd/Q) (12.4)
(

2m)? (p? + AP (4m)A2T (D)0 (d/2)

In this context, the following properties of the gamma function is very useful for integer n > 0 and
small z,

I(—n+z) = il

-n™ |1 "1
H[ *’Y+;E+O(I),

where v ~ 0.5772 is the Euler-Mascheroni constant. In particular T'(z) has a simple pole at the
origin.

Result so far

Using dimensional regularization as outlined above, it is now a straight-forward excercise to prove
that

o [ ATk ARR = (k2 4 Ay
isi | (2m) (k2 1 A)3 -

Taking this into account leads to

AP = —4Am [1 — duyus] [q7 ¢ — (q1 - g2)n™"] .

Note that this is symmetric with respect to (g1, 1) <> (g2, v), so we can add the second diagram by
multiplying with 2. We obtain

T = —8ge’me; ()€ (q2) (47 5 — (a1 - @2)n™]
1

X 2 duy -+ - dus 6(u1+u2+u3—1)[1—4u1u;»,]/
0

d*k 1
(2m)* (k2 + 2uiusqy - g2 + m2]3
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Momentum integral

To evaluate the integral over k we note that in the rest frame of the decaying scalar boson p =
@1 + q2 = (M,0,0,0) such that p? = 2¢; - ¢ = —M?2. If we concentrate on fermions that are very
heavy such that m > M we can expand in the term ujusq; - g2 in the integral over k. One finds to
lowest order

/ d*k 1 o1
CrATRE +m2PB ' (4r)2 2m2’
This 7 is due to the Wick rotation k° = ikJ,.

Integral over Feynman parameters

Also the integral over Feynman parameters can now easily be performed
1
2/ du1 . dU3 (5(u1 —+ uo + Uus — 1)[1 — 4U1U3]
0

= 2/ duldU3 9(1 — Uy — U,3) [1 - 4U1U3]

1— (5%
= / dul/ dus [1 — 4wy us)

— U1 U1 7’[1,12
72/0 dur[(1 = uy) — dur (1 — wr)?]

8 2
=2-3+-—1=2.
+ 3 3
Collecting terms we find

. 8ge?
Z7—723(477)2771

Photon polarization sums and Ward identity

en(q) €(q2) [ady — (a1 - q2)n™™].

Before we continue we need to develop a method to perform the spin sums for photons. In the
squared amplitude expressions like the following appear

o TP= ). @ @M (M (g).

polarizations polarizations

We have extended here the polarization vector of a photon from the amplitude by decomposing
T = e, (a)M"(q).

Let us choose without loss of generality ¢* = (FE, 0,0, E) and use the polarization vector introduced

previously,
1
0 = (0,,_@,()) ’
2 2
1 )
2 — (0, —, — 0)
6 b) b ) b)
(o757
such that
0
*1) (1) L @ @ _ [ 1
€u € +€u €, = 1
0

This would give
2
DG P MM = MU+ | M2

Jj=1
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Ward identity
To simplify this one can use an identity known as the Ward identity,
quM*(q) = 0.
This is a direct consequence of gauge symmetry. For the above choice of ¢ it follows
~M° + M? =0.
Accordingly, one can add 0 = —|MY|2 + | M3|? to the spin sum
2
S €D MM = <[ MO+ MU+ M MO = g MM
j=1

In this sense we can use for external photons

2
ZGZ(J) 6](/]) = T
j=1
Squared amplitude
With this we can now calculate the sums over final state photon polarizations

2 _ 8ge? ? v B v|| B «a afB
S TP = (3(4702) [qqu —(q1 - @2)n" qu a5 — (q1-q2)n }

m
pol.

x Y en(q) ealq) D es(a2) eslq)

pol. pol.
8ge? 2 5 2¢9%a?
=(—— 2(q1- = ———M"
(3 (4m)? m> (01 ¢2) 9m2m?2

In the last step we have used that the momentum of the incoming Higgs particle is p = q1 + ¢o.
The square is given by the rest mass, p> = —M?2 = 2(q; - ¢2). Here we also used that the photons
are massless, ¢7 = ¢ = 0. We also used the fine structure constant a = e2/(4r).

Decay rate

For the differential particle decay rate ¢ — -~ this gives in the rest frame of the Higgs particle
with |qi| = M/2,

dl’ |qu] 2 g*a? 3

= = —2 __ _M°.

dQ  32m2M? 21: 71 9 x 3274m?

pol.
Finally, we integrate over solid angle Q = (1/2)4n where the factor (1/2) is due to the fact that
the photons in the final state are indistinguishable. The decay rate for ¢ — ~ through a heavy
fermion loop is finally
_ g2a? s
14473 m?

Note that because of g = m/v this is in fact independant of the heavy fermion mass m.

LECTURE 28
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12.5 Omne-loop corrections in quantum electrodynamics

In this section we consider systematically one loop corrections in perturbative quantum electrody-
namics. We have calculated previously a one-loop expression for a process that has no tree-level
contribution and found a finite result. In contrast to this, if one finds one-loop corrections to pro-
cesses that actually do have a tree-level contribution, one finds formally infinite results. To deal
with these we need to first carefully introduce a regularization of the theory (we can use dimen-
sional regularization), and in a second step we have to reinterpret what we are doing from a different
persepctive. This leads to renormalisation. Specifically, it turns out that the terms appearing in
the Lagrangian are in fact themselves subject to corrections from quantum fluctuations from loop
diagrams.

Corrected propagators and vertices

Consider again the Lagrangian of QED as written before
_ - 1
L = -Uy"(0, —ieA,)V —mU¥ — ZFWF‘“’.

This Lagrangian enters the functional integral but it is in fact not directly observable. Corrections
from quantum fluctuations are always present and one can in fact only observe asymptotic particles
described by the full propagators with fluctuation corrections taken into account, and similarly
vertices with corrections taken into account. Specifically, at one loop order we have for the effective
photon propagator the tree-level term plus a one-loop term,

(O

and only the sum (including in fact further loop corrections at higher order) can actually describe
a propagating photon.

Similarly, the fermion propagator at on-lopp order contains the tree-level term plus a one loop

—— O

and more terms at higher order. Finally, the vertex is a combination of the tree-level expression

and a loop expression,
\\( . N %

and more terms would contribute at higher orders.

term,

Modified Lagrangian

Motivated by these considerations we modify the Lagrangian by introducing wave function renor-
malization factors Zy and Z 4 for the fields through the replacements

U — \/Zg¥, U — \/Zg¥, Ay — N ZaA,,

and we replace the fermion mass by
m — m+ Am,
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and the electric charge by
e — e+ Ae.

The Lagrangian becomes thus
_ . - 1
L =—ZgUy"*(0, —ile + Ae)V Z4A,)T — (m+ Am) Zy VT — ZZAFWFW-

This is supposed to enter the functional integral of the quantum field theory which has been reg-
ularized, for example by putting it on a spacetime lattice, by introducing a UV cutoff, or through
dimensional regularization.

The idea is now to determine the parameters Zy, Z4 and Am through physics conditions on
the full theory (or some approximation at a given order of perturbation theory to it). For example,
Z 4 will be chose such that the corrected photon propagator has the standard residue at the points
with

p?=—(")? +p°=0.

Similarly, Z¢ and Am can be determined such that the fermion propagator including quantum
corrections has poles at the frequencies p® such that

p*+m?=—(p")? +p*+m* =0,

and that these poles have the standard residue. This is in fact a bit intricate because of infrared
divergences and the fact that a charged particle can experimentally not distinguished from a charged
particle plus a very soft photon. (These two issues are closely connected and need to be dealt with
simultaneously.)

Finally, the correction to the charge Ae will be determined such that the corrected vertex
function represents the physical charge e.

Perturbative expansion

So far we have worked at leading order or tree-level and saw there how the QED Lagrangian lead
to consistent physics results when loop diagrams could be neglected. In the spirit of perturbation
theory we therefore expect that to the leading order in the coupling constant, or in the fine structure

constant

62

T ar

we have simply Z¢ = Z4 = 1 and Am = Ae = 0. In fact, from inspection of the diagrams we infer
Zs—1=0(a), Zy —1=0(a), Am = O(a), Ae/e = O(a).

The idea is now to allow so-called counterterms for these additional contributions to the QED
Lagrangian and to determine them through the physics conditions mentioned above. This must
be done consistently in perturbation theory, i. e. when one wants to calculate including the O(«)
corrections one must take counterterms at that order into account.

Photon self energy

We start with the effective photon propagator. Quantum corrections as the one-loop fermion
diagram introduced above can be taken into account through a geometric series by writing the
corrected photon propagator in momentum space as (known as Dyson equation)

G (P) =80 () + App (DI (P) Mg (p) + - .
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Here we use the free photon propagator (in Lorenz or Landau gauge)

i v — Dubv/D?
Aﬂy(p)* N()inu M /

P2 — e P2 — e

and I179(p) is known as the photon self-energy. The Dyson equation can be better understood in
terms of the inverse corrected propagator obtained by suming the geometric series,

Py — ptp” — 1" (p) = p* 2 (p) — 1" (p)

In other words, —II*¥(p) is the quantum correction to the inverse photon propagator! The first
term is the microscopic or bare inverse propagator with which we have started our discussion of
QED. For the corrected inverse propagator to be gauge invariant, we expect the structure

" (p) = 1(p?) (p°n"" — p"'p") ,
where TI(p?) is now a scalar function of momentum. In perturbation theory at one-loop order, the

photon self-energy, and therefore II(p) has contributions from the fermion loop diagram, as well as
from the counter term Z4 — 1. The latter is in fact easy to determine and

H(pQ) = Hl—loop(p2) - (ZA — 1)

It remains to determine the loop contribution. Using the Feynman rules and dropping terms of
higher order in «, we find

L d* Te{[=i([ +p) + my*[—il +m]y”}
(p) = (71)262/ 2m)* [(p+1)2+m? —ie][l2 +m? —ie]

nz
Hl—loop

The minus sign comes from the closed fermion loop.

Evaluation of loop integral

To perform the Dirac trace one decomposes it into one term with four gamma matrices,
Te{-(l+p" Iy} =4[=(+p)"V" + (U +p) - 1" = (L +p)"1"],
and a term with two gamma matrices,
Tr {mQW‘W”} = 4m*nM.
For the denominator we introduce an integral over a Feynman propagator,

1 ! 1
= d
[(p+1)2 +m?2 —ie][I2 + m2 — ie] /0 u[l2+2ul-p+up2+m2—z’e]2
Now we can shift the integration variable setting k = [ + up. We obtain, dropping linear terms in
k and going to d dimensions,

Al [t kI — 2kPEY — u(l — w)p* 4 2u(l — w)ptp? + m?
(p):_Mez/ d/ au u(l — wp*n™ + 2u( QU)pp +m?
(2m)4 Jo (k2 + u(l — w)p? + m? — ie]

"

1-loop

In the next step we replace 2k*k” — (2/d)k*n* and use the following identity valid in dimensional
regularization (exercise)

/ A% (3-1)k*-A
2m)® [k + AP
This yields
1 d
d°k 8u(l —u)
H;,w — 2/LV_/LV‘2/d/ .
oop(P) = (™1 p'p’) ie o u @m0 k2 + u(l — w)p? + m? — ie]?

Note that this has indeed the tensor structure of the classical inverse propagator for photons, as
expected.
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Scalar integral

We continue to evaluate the integral over k. We do the Wick rotation to Euclidean frequency,
kO = ik which gives a factor i, and yields thus
dky 1

Mi-to0p (p) = _862/0 dun(l = u) / (2m)4 [kE + u(l — u)p? + m?)?’

For the remaining integral we can now use the formula in (12.4). This gives

/“ﬂkE L _T@—d/2) o)
(2m)? [kg + A]? (4m)?/2

We need to evaluate this in the vicinity of d =4 and set d =4 — . We use

D@ - d/2) =T(e/2) = 2 ~ 7+ 0)

and
(4m)Y2 = (47)27¢/% = 1672~ 5 0(4™) = 1672 [1 _ %111(47?) T } 7

as well as
A—(2-d/2) _ g—e/2 _q _ < In(A).
2

Finally we need to take into account that electric charge is not dimensionless away from d = 4. We
replace therefore e? with

€
ut =e* |1+ iln(/f)—i—...} ,
where p is some parameter with dimension of mass and e remains dimensionless.

Fixing the counterterm
Combining everything and expanding to leading order in e gives
e? ! 1 1 u(l — u)p? + m?
I(p) =—— | duu(l-— ——-In|————— || - (Za —1).
0) =5 [ dwut - |2 S (UL (2,
One now fixes the counterterm Z4 — 1 such that II(0) = 0, such that for on-shell photons the
propagator is not modified. This leads to

2 1 2
1 1
ZAfI:fe—/ duu(l—u) |——=1In ).
2 Jo e 2 dre=7u?

The integral over u can easily be performed here and gives a finite result. The important thing
is that the counterterm is formally infinite due to the UV divergence of the involved momentum
integrals.

Result for photon self-energy at one loop

Once the counterterm is subtracted from the self energy, we are actually left with a finite photon

II(p) = < /01 duu(l —u)ln <u(1u)pz+m2> .

T on2 m2
Indeed this satisfies TI(0) and is also independent of the arbitrary scale u we had to intrduce in an
intermediate step. For negative p?> = —(p°)? + p? one finds that II(p) has a brach cut starting from
the point where

self-energy

(p°)* —p° > 4m?.
This corresponds to the physical process where a virtual photon dissociates into an electron-positron

pair. Energetically this is only possible when the virtual photon has an energy of at least twice the
electron mass.
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Final remark

One can now go on and analyse other loop diagrams in this spirit. The story is in principle similar
to what we have seen for the photon self-energy. Counterterms in the form of the terms in the
Lagrangian are needed to counterbalace UV divergences, and they can be fixed through physical
renormalization conditions. Within perturbation theory one obtains then finite results, except
when additional infrared divergences appear. These need a somewhat differnt treatment and have
a different physical significance. After proper renormalization one can calculate finite terms, such
as the electron magnetic moment. We leave a more detailed discussion of renormalization for a
continuation of this lecture course in the next term.
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