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An outline of the material covered in the lectures and in the problem sheets (students are
not expected to have looked at the the optional questions on problem sheets). The (Lmm-Lnn)
notation indicates that material was covered in lectures mm to nn (approximately).

1 Introduction

1.1 Statement of conventions (L1)

Students should be familiar with natural units where ~ = c = 1 and summation convention
for standard (Euclidean) vectors and relativistic four-vectors.

1.2 QFT: What and Why (L1-L2)

Students will be able to give qualitative arguments to motivate the use of QFT (Quantum
Field Theory) not QM (Quantum mechanics). Students will be aware that electromagnetic
fields describing the photon provide a well known example. Students will be able to give an
overly simple visualisation or interpretation of a field in QFT.

2 Classical Field Theory

2.1 Actions, Lagrangians and Hamiltonians (L2)

Actions, Lagrangians and Hamiltonians, eom (equations of motion), linear and non-linear eom,
free and interacting field theories, eigenmodes and waves. Students should know how to derive
the equations of motion from Hamiltonians and Lagrangians for simple examples including the
SHO (Simple Harmonic Oscillator). Students should understand that quadratic Hamiltonians
and Lagrangians are linked with eom which are linear partial differential equations and to be
able to interpret the physical meaning of such linearity. Students should know the relationship
between Actions, Hamiltonians and Lagrangians.

2.2 Masses on a Ring (L2-L3)

Example of identical masses lying in a ring connected by springs. Students should know the
relationship of the model to generic 1+1 dimensional models. Understanding of normal or
eigenmodes as collective motion. Students should be able to take the continuum limit to find
a field theory representation with collective modes as particles with given momentum.

2.3 Classical Field Theory and Symmetry (L4-L5)

Relationship between space-time symmetry and properties of the action and Lagrangian den-
sity. Construction of Lorentz invariant terms for Lagrangians based on a scalar field. KG
(Klein-Gordan) equation and it’s solutions.

https://www.imperial.ac.uk/theoretical-physics/postgraduate-study/msc-in-quantum-fields-and-fundamental-forces/current-students/quantum-field-theory/
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2.4 Complex Scalar Fields and their Phase Symmetry (L6)

Relationship between two real fields of equal mass and a single complex scalar field.

2.5 Symmetry and conserved charges (L6-L7)

Students should be able to derive the form of the four-current for a complex scalar field and to
show it is conserved. A understanding of Noether’s theorem for general continuous symmetry
groups is not required.

3 Fermions

From 2016 onwards, there will be no section on fermions. This will be dealt with in Unification
and other courses. All the examples in this course will use scalar (spin zero) particles.

4 QFT for Free Real Scalar Fields φ̂

4.1 QHO (quantum harmonic oscillator) (L8)

Students should be familiar with the solution for several QHO (quantum harmonic oscillators)
in terms of position/momentum or annihuilation/creation operators. This includes knowing
the standard commutation relations.

4.2 Free Real Quantum Scalar Fields (L9-L10)

Students should know how to write down an expression for a free real quantum field φ̂ in
terms of annihilation and creation operators and plane wave solutions. Students should be
able to show this is Lorentz invariant. Students should be able to derive an expression for
the conjugate field operator Π̂. Students should know the ETCR (equal time commutation
relations) for these fields and should be able to confirm the fields satisfy the ETCR. Students
should be aware of the state space structure (Hilbert space, Fock space) and should be able to
perform simple calculations but awareness of the detailed and precise mathematical definitions
of the state space is not required. Students will know the expression for the Hamiltonian and
to derive it from the classical form.

4.3 Time and Free QFT (L9-L10)

Students should be able to define the Schrödinger and Heisenberg pictures for general oper-
ators, for scalar fields and for any state. Students should be able to derive the relationship
between them.

4.4 Two-point functions and Propagators (L10-L11)

Students should be able to define and manipulate two-point functions, vacuum expectation
values of two scalar field operators in various orders including Wightman functions, commuta-
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tors, Feynman propagator/time-ordered pairs. This should include the ability to look at basic
Lorentz properties of expressions in terms of the space- or time-like spearation of the two
fields. Fourier transform representation of these expressions in terms of different integrations
in complex energy space.

4.5 Free Complex Quantum Scalar Fields (L12)

Students will know the expression for a free complex scalar field operator and its relationship
to that for two single to two real scalar fields. Students will know the forms for the Hamil-
tonian and the operator for conserved charge, and will be able to derive these from classical
expressions.

5 Interacting QFT

Students will be able to work these examples for real scalar field and for complex scalar fields.
Students will be able to work with theories of one interaction term, cubic or quartic in terms of
one or two types of scalar field. Students will be familiar with λφ̂4 and SYTh (Scalar Yukawa
Theory) gφ̂ψ̂†ψ̂ (where here ψ is a standard relativistic complex scalar field).

5.1 Interaction picture (L13-L14)

Students will know the definition of the interaction picture for general operators, for scalar
fields and for any state. Students will be able to show that expectation values are the same
in any picture. They will be able to derive basic properties, an evolution equation and a solu-
tion for the evolution operator Û(t1, t2) in terms of a time-ordered exponential of interaction
Hamiltonian in the interaction picture.

5.2 Matrix elements, vacuum expectation values (L15-L17)

Students will be able to define of matrix elements in terms of state with either a standard (non-
relativistic) normalisation or in terms of states with a normalisation common in relativistic
problems. The Lorentz properties of the latter types of state should be familiar to students.
Students will be able to derive or give the relationship between a matrix element and a
coordinate Green function.

5.3 Wick’s theorem, Normal ordering (L17-L19)

Students will be able to define Normal Ordering, Contractions and Wick’s theorem for scalar
fields in terms of a general split of fields into “positive” and “negative” parts (φ̂ = φ̂+ + φ̂−).
Students will be able to prove Wick’s theorem for fields with arbitrary times and for field splits
which obey [φ+

i , φ
+
j ] = [φ−i , φ

−
j ] = 0 and which have c-number contractions but are otherwise

arbitrary. Students will know the standard definition of normal ordering and why it is the most
appropriate for standard particle physics problems (i.e. vacuum expectation values). Students
will be able to show the relationship between contractions, time-ordered expectation values of
two fields and the classical Feynman propagator solution to the KG equation.
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5.4 Feynman diagrams in Coordinate Space (L20-L22)

Students will be able to define Green functions. Students will be able to derive Feynman rules
for Green functions or matrix elements in coordinate. This will include the ability to take
account of combinatorial factors including an ability to define and calculate the “symmetry
factor” for simple diagrams. Students will be able to define subdiagrams, connected and
disconnected diagrams, vacuum diagrams and 1PI diagrams. They will be able to classify the
different types of diagram found in the lowest few orders of a perturbative expansion in simple
scalar theories involving one or two real or complex scalar fields.

5.5 The Vacuum (L23)

Students will be able to define the relationship between free vacuum (|0〉) and full interacting
vacuum (|Ω〉).

Students will be able to demonstrate for simple cases that this difference is related to the
existence of vacuum diagrams which they should be able to define.

5.6 Feynman diagrams in Momentum Space Space (L24)

Students will be able to derive Feynman rules for Green functions or matrix elements in
momentum space. They will be able to repeat the work done with coordinate space Feynman
rules, i.e. symmetry factors, diagram types, perturbation theory at low orders for theories
with one or two real or complex fields. Students will be able to calculate the number of loop
momenta these diagrams.

5.7 Cross Section Example (L25)

Students will be familiar with expressions for total and differential cross sections (σ and
dσ/dΩ) in terms of matrix elements (full derivation not required) and will be able to use such
expressions to compute cross sections using Feynman diagrams.

5.8 Renormalisation (L26)

Students will be able to illustrate mass renormalisation for one-loop 1PI momentum-independent
self-energies Σ in simple theories.
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