June 2012

Introduction to quantum field theory I

lectures by
Horatiu Nastase

Instituto de Fisica Teoérica, UNESP

Sao Paulo 01140-070, SP, Brazil



Contents

1 Lecture 1: Review of classical field theory: Lagrangeans, Lorentz group
and its representations, Noether theorem 4

2 Lecture 2: Quantum mechanics: harmonic oscillator and QM in terms of

path integrals 14
3 Lecture 3: Canonical quantization of scalar fields 24
4 Lecture 4: Propagators for free scalar fields 33
5 Lecture 5: Interaction picture and Wick theorem for \¢*! in operator for-

malism 42
6 Lecture 6: Feynman rules for \¢* from the operator formalism 51
7 Lecture 7: The driven (forced) harmonic oscillator 61
8 Lecture 8. Euclidean formulation and finite temperature field theory 70
9 Lecture 9. The Feynman path integral for a scalar field 79

10 Lecture 10. Wick theorem for path integrals and Feynman rules part I 85
11 Lecture 11. Feynman rules in x-space and p-space 93
12 Lecture 12. Quantization of the Dirac field and fermionic path integral 100

13 Lecture 13. Wick theorem, gaussian integration and Feynman rules for
fermions 112

14 Lecture 14. Spin sums, Dirac field bilinears and C,P,T symmetries for
fermions 122

15 Lecture 15. Dirac quantization of constrained systems 131

16 Lecture 16. Quantization of gauge fields, their path integral, and the

photon propagator 140
17 Lecture 17. Generating functional for connected Green’s functions and

the effective action (1PI diagrams) 151
18 Lecture 18. Dyson-Schwinger equations and Ward identities 161
19 Lecture 19. Cross sections and the S-matrix 171



20 Lecture 20. S-matrix and Feynman diagrams 181

21 Lecture 21. The optical theorem and the cutting rules 189
22 QED: Definition and Feynman rules; Ward-Takahashi identities 197
23 Lecture 23. Nonrelativistic processes: Yukawa potential, Coulomb poten-
tial and Rutherford scattering 205
24 Lecture 24. ete~ — ] unpolarized cross section 215
25 Lecture 25. ete™ — Il polarized cross section; crossing symmetry 224
26 Lecture 26. (Unpolarized) Compton scattering 235
27 Lecture 27. Omne-loop determinants, vacuum energy and zeta function
regularization 243
28 Lecture 28. One-loop divergences for scalars; power counting 252

29 Lecture 29. Regularization, definitions: cut-off, Pauli-Villars, dimensional
regularization 262



1 Lecture 1: Review of classical field theory: Lagrangeans,
Lorentz group and its representations, Noether the-
orem

In these lectures, I will assume that classical field theory and quatum mechanics are known,
and [ will only review of few notions immediately useful in the first two lectures. In this
lecture, I will start by describing what is QFT, and then I will review a few things about
classical field theory.

What is and why Quantum Field Theory?

Quantum mechanics deals with the quantization of particles, and is a nonrelativistic
theory: time is treated as special, and for the energy we use nonrelativistic formulas.

On the other hand, we want to do quantum field theory, which is an application of
quantum mechanics to fields instead of particles, and it has the property of being relativistic
as well.

Quantum field theory is often called (when derived from first principles) second quanti-
zation, the idea being that:

-the first quantization is when we have a single particle and we quantize its behaviour
(its motion) in terms of a wavefunction describing probabilities.

-the second quantization is when we quantize the wavefunction itself (instead of a func-
tion now we have an operator), the quantum object now being the number of particles the
wavefunction describes, which is an arbitrary (a variable) quantum number. Therefore now
the field is a description of an arbitrary number of particles (and antiparticles), and this
number can change, i.e. it is not a constant.

People have tried to build a relativistic quantum mechanics, but it was quickly observed
that if we do that we cannot describe a single particle.

-First, the relativistic relation £ = mc?, together with the existence (experimentally
confirmed) of antiparticles which annihilate with particles giving only energy (photons),
means that if we have an energy FE > m,c* + mzc* we can create a particle-antiparticle pair,
and therefore the number of particles cannot be a constant in a relativistic theory.

-Second, even if E < m,c® + myc?, the particle-antiparticle pair can still be created for
a short time. Indeed, Heisenberg’s uncertainty principle in the (E,t) sector (as opposed to
the usual (z,p) sector) means that AE - At ~ h, meaning that for a short time At ~ h/AFE
I can have an uncertainty in the energy AF, for instance such that £+ AE > m,c* + m;c?.
That means that I can create a pair of wvirtual particles, i.e. particles that are forbidden
by energy and momentum conservation to exist as asymptotic particles, but can exist as
quantum fluctuations for a short time.

-Thirdly, causality is violated by a single particle propagating via usual quantum me-
chanics formulas, even with the relativistic formula for the energy, £ = \/p? + m?2.

The amplitude for propagation from &y to ¥ in a time ¢ is in quantum mechanics

U(t) =< Zle "7, > (1.1)



and replacing F, the eigenvalue of H, by 1/p? + m?, we obtain
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For 2% > t? we use a saddle point approximation, which is the idea that the integral

I =7 dze’™® can be approximated by the gaussian around the saddle point, ie. [ =~
/@) [ dspel”@)0w* ~ ol (w0 /77 (xy), where xq is the saddle point, where f'(z) = 0.
Generally, if we are interested in leading behaviour in some large parameter, the function
ef(@) dominates over /7/f"(xy) and we can just approximate I ~ ef(®0),

In our case, we obtain
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Since we are at 22 > t?, we obtain
U(t) o ePor—itV/pitm?  o=Vai=t2 £ (1.6)

So we see that even much outside the lightcone, at 2% > t2, we have nonzero probability for
propagation, meaning a breakdown of causality.

However, we will see that this problem is fixed in quantum field theory, which will be
causal.

In quantum field theory, the fields describe many particles. One example of this that
is easy to understand is the electromagnetic field, (E, E) — F},,, which describes many
photons. Indeed, we know from the correspondence principle of quantum mechanics that
a classical state is equivalent to a state with many photons, and also that the number of
photons is not a constant in any sense: we can define a (quantum) average number of photons
that is related to the classical intensity of a electromagnetic beam, but the number of photons
is not a classically measurable quantity.

We will describe processes involving many particles by Feynman diagrams, which we will
be an important part of this course. In quantum mechanics, a particle propagates forever,
so its "Feynman diagram” is always a single line, as in Fig.1

In quantum field theory however, we will derive the mathematical form of Feynman
diagrams, but the simple physical interpretation for which Feynman introduced them is that
we can have processes where for instance a particle splits into two (or more) (see Fig.1 a)),
two (or more) particles merge into one (see Fig. 1 b)), or two (or more) particles of one type
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Figure 1: Quantum Mechanics: particle goes on forever. Quantum Field Theory: particles
can split (a), join (b), and particles of different types can appear and disappear, like in the
QED process (c).

disappear and another type is created, like for instance in the annihilation of a e™ (positron)
with an e~ (electron) into a photon () as in Fig. 1 ¢), etc.

Moreover, we can have (as we mentioned) virtual processes, like a photon «y creating a
ete” pair, which lives for a short time A¢ and then annihilates into a 7, creating a ete™
virtual loop inside the propagating ~, as in Fig.2. Of course, E, p’ conservation means that
(E,p) is the same for the v before and after the loop.

Now we review a few notions of classical field theory. To understand that, we begin with
classical mechanics.

We have a Lagrangean L(g;, ¢;), and the corresponding action

s- [ " L), 4 0) (1.7)

By varying the action with fixed boundary values, 6.5 = 0, we obtain the Lagrange equations
(equations of motion)

oL d OL
- = (1.8)
0g¢;  dt 0¢;
We can also do a Legendre transformation from L(g;, ¢;) to H(g;, p;) in the usual way,
H(p,q) = ZPin‘ — L(qi, ¢i) (1.9)
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Figure 2: Virtual particles can appear for a short time in a loop. Here a photon creates a
virtual electron-positron pair, that then annihilates back into the photon.

where

OL
9qi

pi = (1.10)

is a momentum conjugate to the coordinate ;.
Differentiating the Legendre transformation formula we get the first order Hamilton equa-
tions (instead of the second order Lagrange equations)

OH .

0H OL

dq; B _5% -

(1.11)

The generalization to field theory is that instead of a set {g;(t)};, which is a collection
of given particles, we now have fields ¢(Z,t), where ¥ is a generalization of ¢, and not a
coordinate of a particle!!

We will be interested in local field theories, which means all objects are integrals over 7
of functions defined at a point, in particular the Lagrangean is

L(t) = /d?’a?c(a?, t) (1.12)

Here L is called the Lagrange density, but by an abuse of notation, one usually refers to it
also as the Lagrangean.

We are also interested in relativistic field theories, which means that £(Z,t) is a relativis-
tically invariant function of fields and their derivatives,

L($(Z,1), 0u0(Z,1)) (1.13)

Considering also several ¢,, we have an action

5
G
[

S— / Ldt — / AL (b0, Dhe) (1.14)
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where d*zr = dtd®Z is the relativistically invariant volume element for spacetime.
The Lagrange equations are obtained in the same way, as
oL oL
‘u/ =

99 " [0(0u00)

Note that you could think of L(g;) as a discretization over @ of [ d*ZL(¢,), but it is not
particularly useful.

In the Lagrangean we have relativistic fields, i.e. fields that have a well defined transfor-
mation property under Lorentz transformations

(1.15)

't = AP ¥ (1.16)

namely
¢i(a") = R ¢y(x) (1.17)
where 7 is some index for the fields, related to its Lorentz properties. We will come back to
this later, but for now let us just observe that for a scalar field there is no ¢ and R =1, i.e.
¢ (') = o(x).
In these notes I will use the convention for the spacetime metric with "mostly plus” on
the diagonal, i.e. the Minkowski metric is

N = diag(—1, 41,41, +1) (1.18)

Note that this is the convention that is the most natural in order to make heavy use of
Euclidean field theory via Wick rotation, as we will do (by just redefining the time ¢ by a
factor of 7), and so is very useful if we work with the functional formalism, where Euclidean
field theory is essential.

On the other hand, for various reasons, people connected with phenomenology and
making heavy use of the operator formalism often use the "mostly minus” metric (1, =
diag(+1,—1,—1,—1)), for instance Peskin and Schroeder does so, so one has to be very
careful when translating results from one convention to the other.

With this metric, the Lagrangean for a scalar field is generically

L= —50,00"0 — w6~ V(0)
1. 1 = 1
56— 590 = w6t~ V(9) (1.19)

so is of the general type ¢2/2 — V(q), as it should (where 1/2|V¢|? + m2¢$?/2 are also part

of \N/(q))
To go to the Hamiltonian formalism, we first must define the momentum conjugate to
the field ¢(Z) (remembering that 7 is a label like 7),

oL 0

D= 5@ = 293

/ BILOG), 0,0(7)) = n(7)d*E (1.20)



where

oL
6¢(Z)
is a conjugate momentum density, but by an abuse of notation again will be called just

conjugate momentum.
Then the Hamiltonian is

0 = Zp(f)é(f)—L

(7)

(1.21)

- / Palr@(@) - £)= [ o (1.22)

where H is a Hamiltonian density.

Noether theorem

The statement of the Noether theorem is that for every symmetry of the Lagrangean L,
there is a corresponding conserved charge.

The best known examples are the time translation ¢ — ¢+ a invariance, corresponding to
conserved energy E, and space translation ¥ — £+d, corresponding to conserved momentum
p, together spacetime translation x# — z* + a*, corresponding to conserved 4-momentum
P#. The currents corresponding to these charges form the energy-momentum tensor 7,,.

Consider the symmetry ¢(z) — ¢'(x) = ¢(x) + aAg¢ that takes the Lagrangean density

L= L+ ad,J" (1.23)

such that the Lagrangean L is invariant, if the fields vanish on the boundary, usually con-
sidered at t = 400, since the boundary term

/ 20, " = 7{ d8,,.J" = / PRIt (1.24)
bd
is then zero. In this case, there exists a conserved current j*, i.e.
0ujt(z) =0 (1.25)
where

Lo oL
J (x) - 8(({9#(@

For linear symmetries (linear in ¢), we can define

Agp— J* (1.26)

(aAg)' = a“(T“)ijgzﬁj (1.27)
such that, if J# = 0, we have the Noether current
oL

7= sy T (129




Applying to translations, # — x* + a*, we have for an infinitesimal parameter a*

o(x) = ¢(r +a) = ¢(z) + a"0,¢ (1.29)

which are the first terms in the Taylor expansion. The corresponding conserved current is
then

oL
T, = ———0,¢0 — L5} (1.30
5(0,9) )
where we have added a term J(’fj ) = L% to get the conventional definition of the energy-

momentum tensor or stress-energy tensor. The conserved charges are integrals of the energy-
momentum tensor, i.e. P*. Note that the above translation can be considered as giving also
the term J(“V ) from the general formalism, since we can check that for o = a”, the Lagrangean
changes by 3HJ(“V).

Lorentz representations

The Lorentz group is SO(1,3), i.e. an orthogonal group that generalizes SO(3), the
group of rotations in the (euclidean) 3 spatial dimensions.

Its basic objects in the fundamental representation, defined as the representation that
acts onto coordinates z* (or rather dz*), are called A*,, and thus

da'™ = A, dx” (1.31)

If n is the matrix 7,,, the Minkowski metric diag(—1,+1,+1,+1), the orthogonal group
SO(1,3) is the group of elements A that satisfy

AnAT =7 (1.32)

Note that the usual rotation group SO(3) is an orthogonal group satisfying

AT =1=A"1=A" (1.33)
but we should write is actually as
AIAT =1 (1.34)
which admits a generalization to SO(p, ¢) groups as
AgAT =g (1.35)
where g = diag(—1,...,—1,4+1,... + 1) with p minuses and ¢ pluses. In the above, A satisfies

the group property, namely if A;, As belong in the group, then

is also in the group.
General representations are a generalization of (1.31), namely instead of acting on z, the
group acts on a vector space ¢* by

¢ (Ax) = R(A)",0"(x) (1.37)
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such that it respects the group property, i.e.
R(A1)R(As) = R(A,; - Ay) (1.38)

Group elements are represented for infinitesimally small parameters 5 as exponentials of
the Lie algebra generators in the R representation, t((zR), ie.

 gay(R)
R(B) = eB*t" (1.39)
The statement that ¢ form a Lie algebra is the statement that we have a relation
[t 459] = i fop et (1.40)

where f,;,° are called the structure constants. Note that the factor of i is conventional, with
this definition we can have hermitian generators, for which tr(¢,t,) = dup; if we redefine ¢, by
an ¢ we can remove it from there, but then tr(¢,t,) can be put only to —d,, (antihermitian

generators).
The representations of the Lorentz group are:
-bosonic: scalars ¢, for which ¢'(2') = ¢(x); vectors like the electromagnetic field

-,

A, = (¢, A) that transform as d, (covariant) or dz* (contravariant), and representations
which have products of indices, like for instance the electromagnetic field strength F},,, which
transforms as

F (Ax) = NN Fpo () (1.41)

where A" = 1,,n"°A?,. and for fields with more indices, By} it transforms as the

appropriate products of A.

-fermionic: spinors, which will be treated in more detail later on in the course. For now,
let us just say that fundamental spinor representations v are acted upon by gamma matrices
v

The Lie algebra of the Lorentz group SO(1,3) is

[Juvs Jpo| = =iNupdvo + iNuoJup — Nve Jup + iNupduo (1.42)
Note that if we denote a = (uv),b = (po) and ¢ = (A7) we then have

o™ = =up0003 + Mo 0307 — M0 07) + Mp0 00, (1.43)
so (1.42) is indeed of the Lie algebra type.

The Lie algebra SO(1,3) is (modulo some global subtleties) the same as a products of
two SU(2)’s, i.e. SU(2) x SU(2), which can be seen by first defining

Joi = Ky Jij = € i (1.44)

where 7, j, k = 1,2, 3, and then redefining

Ttk ik

MiE ;
2 2

(1.45)
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after which we obtain

N;
[M;,N;] =0 (1.46)

which we leave as an exercise to prove.

Important concepts to remember

e Quantum field theory is a relativistic quantum mechanics, which necessarily describes
an arbitrary number of particles.

e Particle-antiparticle pairs can be created and disappear, both as real (energetically
allowed) and virtual (energetically disallowed, only possible due to Heisenberg’s uncer-
tainty principle).

e If we use the usual quantum mechanics rules, even with £ = /p? + m?2, we have
causality breakdown: the amplitude for propagation is nonzero even much outside the
lightcone.

e Feynman diagrams represent the interaction processes of creation and annihilation of
particles.

e When generalizing classical mechanics to field theory, the label i is generalized to 7 in
¢(Z,t), and we have a Lagrangean density L(Z,t), conjugate momentum density 7 (&, t)
and Hamiltonian density H(Z,t).

e For relativistic and local theories, £ is a relativistically invariant function defined at a
point z*.

e The Noether theorem associates a conserved current (9,j* = 0) with a symmetry of
the Lagrangean L, in particular the energy-momentum tensor 7 with translations
ot — ot +a.

e Lorentz representations act on the fields ¢%, and are the exponentials of Lie algebra
generators.

e The Lie algebra of SO(1, 3) splits into two SU(2)’s.

Further reading: See chapters 2.1 and 2.2 in [2] and 1 in [1].

12



Exercises, Lecture 1

1) Prove that for the Lorentz Lie algebra,

(S Joo) = = (=iupdve + Nuodup — Mo dup + Nupd s )
defining
Joi = Kj; Jij = Gijk;Jk
M, = J,-—i—z'KZ-; N, = J; —1K;
2 2

we obtain that the M; and N; satisfy

2) Consider the action in Minkowski space

5= [t (~1RuF — 00 +m)s - (0,07 D)

(1.47)

(1.48)

(1.49)

(1.50)

where D, = 0, —ieA,, P = D", F,, = 0,A, — 0,A,, ¥ = ¥liy, ¢ is a spinor field and
¢ is a scalar field, and v, are the gamma matrices, satisfying {~,, v, } = 2n,,. Consider the

electromagnetic U(1) transformation

() = @) ¢(x) = NDg(a); Al(r) = Au(x) + O @)

Calculate the Noether current.

13
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2 Lecture 2: Quantum mechanics: harmonic oscillator
and QM in terms of path integrals

"The career of a young theoretical physicist
consists of treating the harmonic oscillator
i ever-increasing levels of abstraction”
Sidney Coleman

In this lecture, I will review some facts about the harmonic oscillator in quantum mechan-
ics, and then present how to do quantum mechanics in terms of path integrals, something
that should be taught in a standard quantum mechanics course, though it does not always
happen.

As the quote above shows, understanding really well the harmonic oscillator is crucial:
we understand everything if we understand really well this simple example, such that we
can generalize it to more complicated systems. Similarly, most of the issues of quantum
field theory in path integral formalism can be described by using the simple example of the
quantum mechanical path integral.

Harmonic oscillator

The harmonic oscillator is the simplest possible nontrivial quantum system, with a
quadratic potential, i.e. with the Lagrangean

2 2
L=2 2% (2.1)
2 2

giving the Hamiltonian
1
H =50 +w'¢) (2.2)

Using the definition

(wg — ip) (2.3)

inverted as

we can write the Hamiltonian as

14



where, even though we are now at the classical level, we have been careful to keep the order
of a,a’ as it is. Of course, classically we could then write

H = wad'a (2.6)
In classical mechanics, one can define the Poisson bracket of two functions f(p,q) and
9(p,q) as or 09 070
g 9
= — 2.7
t.g3rs. zl: (afb' Opi  Op; aQi) 27)
With this definition, we can immediately check that
{pi,qtpe. = —0i; (2.8)
The Hamilton equations of motion then become
oH
.’i = = i?H
g o, {a:, H}
OH
i = = =i H 2.9
p 90, {pi, H} (2.9)

Then, canonical quantization is simply the procedure of replacing the c-number vari-
ables (¢, p) with the operators (¢, p), and replacing the Poisson brackets {, } p 5. with 1/(ih)], ]
(commutator).

In this way, in theoretical physicist’s units, with A = 1, we have

[5,d] = i (2.10)
Replacing in the definition of a, af, we find also
[a,a'] =1 (2.11)

One thing that is not obvious from the above is the picture we are in. We know that
we can describe quantum mechanics in the Schrédinger picture, with operators independent
of time, or in the Heisenberg picture, where operators depend on time. There are other
pictures, in particular the interaction picture that will be relevant for us later, but are not
important at this time.

In the Heisenberg picture, we can translate the classical Hamilton equations in terms of
Poisson brackets into equations for the time evolution of the Heisenberg picture operators,
obtaining

dg; .
h— = Iz H
i @ (i, H]
5 AD; A
h iy H 2.12
T = [p,, ) (212)
For the quantum Hamiltonian of the harmonic oscillator, we write from (2.5),
~ hw 1
Hyy == (aa' +a'a) = hw(a'a + 3) (2.13)
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where we have reintroduced A just so we remember that Aw is an energy. The operators a and
a' are called destruction (annihilation) or lowering, and creation or raising operators, since
the eigenstates of the harmonic oscillator hamiltonian are defined by a occupation number
n, such that

alln >xn+1>; adn>x|n—1> (2.14)

such that )
a'aln >= N|n >=n|n > (2.15)

That means that in the vacuum, for occupation number n = 0, we still have an energy

Ey = - (2.16)
called vacuum energy or zero point energy. On the other hand, the remainder is called
normal ordered Hamiltonian : H -,

A~

 H = hwa'a (2.17)

where we define the normal order such that a' is to the left of a, i.e.
cata:=a'a; caal=d'a (2.18)

Feynman path integral in quantum mechanics in phase space
We now turn to the discussion of the Feynman path integral.
Given a position ¢ at time ¢, an important quantity is the probability to find the particle
at point ¢’ and time ¢,
F<q/>t/; q, t) =< q/:t,’qat >H (219)

where |q,t >y is the state, eigenstate of §(t) at time ¢, in the Heisenberg picture.

Let us remember a bit about pictures in Quantum Mechanics. There are more pictures,
but for now we will be interested in the two basic ones, the Schrodinger picture and the
Heisenberg picture. In the Heisenberg picture, operators depend on time, in particular we
have ¢y (t), and the state |¢,t >g is independent of time, and ¢ is just a label, which means
that it is an eigenstate of ¢y (t) at time ¢, i.e.

qu(T =1)|q,t >g=qlq,t >n (2.20)

and it is not an eigenstate for 7 # ¢t. The operator in the Heisenberg picture §g(t) is related
to the one in the Schrodinger picture gg by

G (t) = e gge=" (2.21)
and the Schrodinger picture state is related as
g >= e gt >p (2.22)

and is an eigestate of §g, i.e.
dslqg >=qlqg > (2.23)

16



In terms of the Schrodinger picture we then have
(¢, tg.1) =< ¢]e”" g > (2.24)

From now on we will drop the index H and S for states, since it is obvious, if we write |g,t >
we are in the Heisenberg picture, if we write |¢ > we are in the Schrédinger picture.

Let us now derive the path integral representation.

Divide the time interval between ¢ and ¢’ into a large number n + 1 of equal intervals,
and denote
t—t '
n+1’
But at any fixed t;, the set {|g;,t; >g |¢: € R} is a complete set, meaning that we have the
completeness relation

tozt,tl :t+€,...,tn+1 :t/ (225)

/in|Qiuti >< g ti| =1 (2.26)

We then introduce n factors of 1, one for each t;, ¢ = 1,...,n in F(¢,t;q,t) in (2.19),
obtaining

F(q,t';q,t) = /dql-.-dqn <G |G tn >< @ustulGn_1,tn1 > |q1, t1 >< qu, t1]g, t >

(2.27)
where ¢; = q(t;) give us a regularized path between ¢ and ¢'.

But note that this is not a classical path, since at any t¢;, ¢ can be anything (¢ €
R), independent of ¢;_;, and independent of how small € is, whereas classically we have a
continuous path, meaning as € gets smaller, ¢; — ¢;_1 can only be smaller and smaller. But
integrating over all ¢; = ¢(t;) means we integrate over these quantum paths, where ¢; is
arbitrary (independent on ¢;_1), as in Fig.3. Therefore we denote

Dy(t) = H dq(t;) (2.28)

and this is an ”integral over all paths”, or "path integral”.
On the other hand, considering that

dp
lg >= o lp >< plg >
v

lp >= /dq\q >< qlp > (2.29)

(note the factor of 27, which is necessary, since < qlp >= €7 and [ dge’®PP) = 276(p—p')),
we have

(q(t:), tilg(tin), timt )i = (a(t) e P |q(t,-1)) = /M<Q(tz‘)|p(tz‘)>(P(ti)|€_i€ﬁ|Q(tz’—1)>

2
(2.30)
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Figure 3: In the quantum mechanical path integral, we integrate over discretized paths. The
paths are not necessarily smooth, as classical paths are: we divide the path into a large
number of discrete points, and then integrate over the positions of these points.

Now we need a technical requirement on the quantum Hamiltonian: it has to be ordered
such that all the p’s are to the left of the ¢’s.
Then, to the first order in €, we can write

< p(ti)‘e*iﬁﬂ(ﬁ,fi”q(tiil) >— e teH(p(ti)a(ti-1)) ~ p(t)|q(tizy) >= e~ teH (p(t:),q(ti—1)) p—ip(ti)a(ti—1)
(2.31)
since p will act on the left on < p(t;)| and ¢ will act on the right on |g(t;—1) >. Of course,
to higher order in €, we have H (p, )[:I (p, ¢) which will have terms like pgpg which are more
complicated. But since we have ¢ — 0, we only need the first order in e.
Then we get

P 0 = [ TT 2 TTe) ottt o).
) (e)leg(t0)

1) e
( Dq(t) exp {7 [p(tni1)(q(tns1) — q(tn)) + ... + p(t1)(q(t1) — q(to))

—e(H(p(tni1),q(tn)) + . +H( ( ),Q( o))}
Dq(t)

|
exp{ " - H<p<t>,q<t>>1} (2.32)

where we have used that q(t;11) — q(t;) — dtq(t;). The above expression is called the path
integral in phase space.

We note that this was derived rigorously (for a physicist, of course...). But we would
like a path integral in configuration space. For that however, we need one more technical
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requirement: we need the Hamiltonian to be quadratic in momenta, i.e.

2

H(p.q) =5 + V(o) (2:33)

If this is not true, we have to start in phase space and see what we get in configuration space.
But if we have only quadratic terms in momenta, we can use gaussian integration to derive
the path integral in configuration space. Therefore we will make a math interlude to define
some gaussian integration formulas that will be useful here and later.

Gaussian integration

The basic gaussian integral is

too 2 ™
I :/ e “dr = \/j (2.34)
oo o}

Squaring this integral formula, we obtain also

2 oo
I’= /dmdye(szryQ) —/0 d(b/o rdre™ = (2.35)

We can generalize it as
/ e 3T — (2702 (det A)~1/2 (2.36)

which can be proven for instance by diagonalizing the matrix A, and since det A = [, c,
with a; the eigenvalues of A, we get the above.
Finally, consider the object

1
S = ixTA:c + bz (2.37)

(which will later on in the course be used as an action). Considering it as an action, the
classical solution will be 95/0z; =0,

T.=—A"1b (2.38)
and then .
S(z.) = —§bTA‘1b (2.39)
which means that we can write
S = %(x —z) T Alr — z) — %bTA_lb (2.40)
and thus we find
/ dwe=SE) = (20)2(det A)2e=SE) — (27)M/2(det A) M2+ AT (2.41)

Path integral in configuration space
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We are now ready to go to configuration space. The gaussian integration we need to do
is then the one over Dp(t), which is

/ Dp(r)el S drip(r)a(r)—p2(r)] (2.42)
which discretized is p (t ) 1
P\li . .
11 — exp {ZAT(p(ti)Q(ti) - 5192(%)) (2.43)

and therefore z; = p(t;), A;j = iATd;j, b= —iAT{(t;), giving

)2

/ Dp(r)ei I i) =4 _ preifi ar i (2.44)

where N contains constant factors of 2, 7,4, A7, which we will see are irrelevant.

F(qd't;q,t) = N/quxp{i/tt/ dr {@ - V(q)”

_ ./\/'/quxp{i/ttl er(q(T),ci(T))}
_ N/quiS[q} (2.45)

This is the path integral in configuration space that we were seeking. But we have to
remember that this is valid only if the Hamiltonian is quadratic in momenta.

Correlations functions

We have found how to write the probability of transition between (g,¢) and (¢/,t'), and
that is good. But there are other observables that we can construct which are of interest,
for instance the correlations functions.

The simplest one is the one-point function

< ¢, t|q(t)lq,t > (2.46)

where we can make it such that ¢ coincides with a ¢; in the discretization of the time interval.
The calculation now proceeds as before, but in the step (2.27) we introduce the 1’s such that
we have (besides the usual products) also the expectation value

< i1, tir1|q(O)|qi, ti >= q(t) < Gi, tisa|qis ti > (2.47)

since t = t; = q(t) = ¢;. Then the calculation proceeds as before, since the only new thing
is the appearance of ¢(t), leading to

< lilbla.t >= [ Dacq(n (2.48)
Consider next the two-point functions,
< ¢, t'q(t2)q(t1)lg, t > (2.49)
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If we have {; < tz, we can proceed as before. Indeed, remember that in (2.27) the 1’s
introduced in time order, such that we can do the rest of the calculation and get the path
integral. Therefore, if #; < t5, we can choose t; = t;,ts = t;, such that j > 4, and then we
have

<_Qj+17tj+1|ff(f2)\%7tj > < Giv1, tig [G(E1) | qi ts > ...
= q(t2) < g1 tjlgs, ty > q(th) < Givrs tiva|gi ti > ... (2.50)

besides the usual products, leading to

[ Pacaea(e) (2.51)

Then reversely, the path integral leads to the two-point function where the ¢(t) are ordered
according to time (time ordering), i.e.

/ De®g(f)q(f) =< ¢, | T{a()i(E) g, t > (2.52)

where time ordering is defined as

T{q(t1)i(t2)} = q(t)q(t2) if 4> 1,
= q(t2)q(t1) if t2>1 (2.53)
which has an obvious generalization to
T{cj(fl)é(f]v)} = qA(tl)(j(t_N) if 2?1 > 2?2 > > Z?N (254)

and otherwise they are ordered in the order of their times.
Then we similarly find that the n-point function or correlation function is

Gobrs o B) =< ¢ TG0 g(E) st > / DeSg(®). q(f)  (2.55)

In math, for a set {a,},, we can define a generating function F(z),
1 n
F(z)=> —an (2.56)

such that we can find a,, from its derivatives,

d"
ap = %F(Z')‘zzo (257)

Similarly now, we can define a generating functional

200 = Z/dtl.../dtN%GN(tl,...,tN)J@l)...J(tN) (2.58)

N>0
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As we see, the difference is that now we have Gy(t1,...,ty) instead of ay, so we needed to
integrate over dt, and instead of z, introduce J(t), and ¢ was conventional. Using (2.55), the
integrals factorize, and we obtain just a product of the same integral,

i 1 , N
200 = / Dyt Y L [ / qu(t)J(t)] (2.59)
N>0
so finally
Z[J] — /quiS[q,J] — /quiS[q]+ifdtJ(t)q(t) (2.60)
We then find that this object indeed generates the correlation functions by

5N
0T (1) (ty)

Z[J“J:O = /quzs[q}q(tl)q@]v) = GN(tla ...,tN) (261)

Important concepts to remember

e For the harmonic oscillator, the Hamiltonian in terms of a,a’ is H = w/2(aa’ + a'a).

e Canonical quantization replaces classical functions with quantum operators, and Pois-
son brackets with commutators, {, } p5. — 1/(ih)], ].

e At the quantum level, the harmonic oscillator Hamiltonian is the sum of a normal
ordered part and a zero point energy part.

e The transition probability from (q,t) to (¢/,t) is a path integral in phase space,
F(q,t;q,t) = [ DgDpe' I #i=10),

e [f the Hamiltonian is quadratic in momenta, we can go to the path integral in config-
uration space and find F(¢,¢';q,t) = [ Dge™.

e The n-point functions or correlation functions, with insertions of ¢(t;) in the path
integral, gives the expectation value of time-ordered ¢(t)’s.

e The n-point functions can be found from the derivatives of the generating function

Z[J].

Further reading: See chapters 1.3 in [4] and 2 in [3].
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Exercises, Lecture 2

1) Let
@ A

L(g,d) = 5 — 374" (2.62)

Write down the Hamiltonian equations of motion and the path integral in phase space for
this model.

2) Let
In Z[J] = /dtJT“)f(t) +A/dt‘]3—(,t) +5\/dtJ4—('t) (2.63)

Calculate the 3-point function and the 4-point function.
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3 Lecture 3: Canonical quantization of scalar fields

As we saw, in quantum mechanics, for a particle with Hamiltonian H(p, q), we replace the
Poisson bracket

of 99  0f 9y
, = — 3.1
SR ;(a% Op;  Op; aQi) (3.1)
with {p;,q;}pp. = —0i;, with the commutator, {, }pp — %[,], and all functions of (p,q)
become quantum operators, in particular [p;, ¢;] = —ih and for the harmonic oscillator we
have
[a,a'] =1 (3.2)

Then, in order to generalize to field theory, we must first define the Poisson brackets. As
we already have a definition in the case of a set of particles, we will discretize space, in order
to use that definition. Therefore we consider the coordinates and conjugate momenta

a(t) = \/A_V@(t)
pi(t) = VAVT(t) (3.3)

where ¢;(t) = ¢(Z;,t) and similarly for m;(t). We should also define how to go from the
derivatives in the Poisson brackets to functional derivatives. The recipe is

L 0fit) , 0f(é(Tit), n(Ti, 1))
AV d¢;(t) 0p(7;,1)
AV — &z (3.4)

where functional derivatives are defined such that, for instance
¢*(Z,t) _ O0H(t)

H(t)= | &
=[50 oy

i.e., by dropping the integral sign and then taking normal derivatives.
Replacing these definitions in the Poisson brackets (3.1), we get

_ 3 of 0g of 0g
s gden. = / & [5¢(f, 1) on(Z,0)  on(T, 1) 00(Z, 1) (36)

= ¢(Z,t) (3.5)

and then we immediately find

{6(, 1), (&, t)}pp. = 8° (T — &'
{6(Z.1), 6(&, 1)} pp. = {7 (&, 1), m(& 1)} =0 (3.7)

where we note that these are equal time commutation relations, in the same way that we had

before really {q;(t),p;(t)}ps. = ;.

We can now easily do canonical quantization of this scalar field. We just replace classical
fields ¢(#,t) with quantum Heisenberg operators ¢y (Z, t) (we will drop the H, understanding
that if there is time dependence we are in the Heisenberg picture and if we don’t have
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time dependence we are in the Schrodinger picture), and {, } p5. — 1/(ih)[,], obtaining the
fundamental equal time commutation relations

(0(7,1), 7(7, )] = i6*(7 — 7)
[0(,1), 6(7', 1)) = [7(Z, 1), 7(&,1)] = O (3.8)
We further define the Fourier transforms
5 d3p B (=
= (1) = [ e ()

3
n(T,t) = / L)

o (it = / Bre P (z 1) (3.9)

We further define, using the same formulas as we did for the harmonic oscillator, but
now for the momentum modes,

a(k,t) = o( )+mw(k,t)
al(k.t) = %w(/%,t)— \/;TH(E,t) (3.10)

where we will find later that we have wy = V k2 + m?2, but for the moment we will only need
that wy = w(|k|). Then replacing these definitions in ¢ and 7, we obtain

o@t) = [ e (e e
_ Ep 1 s _
= | G e+l p0)
m(7,t) = /(;175;3 (_Z %) (a(jt)ezﬁf_af(ﬁt)e_lﬁf)
d3p C Jwp . .
_ / o <—z 7) (a( t) — a'(—7,1)) (3.11)

In terms of a(p,t) and af(p,t) we obtain the commutators

[a(@,t),a (7', 6)] = (27)°6° (P — )
la(@,t), a(@’, )] = [a'(7,t),a' (7, )] = 0 (3.12)

We can check, for instance, that the [¢, 7] commutator is correct with these commutators:

otz 0.7@.0) = [ AL (= B (.00 )] = ol ) ol (0P
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= iBF— 7).

We note now that the calculation above was independent on the form of w, (= /p? + m?),
we only used that w, = w(|p]), but otherwise we just used the definitions from the harmonic
oscillator. We also have not written any explicit time dependence, it was left implicit through
a(p,t),a’(p,t). Yet, we obtained the same formulas as for the harmonic oscillator.

We should now understand the dynamics, which will give us the formula for w,.

We therefore go back, and start systematically. We work with a free scalar field, i.e. one
with V' = 0, with Lagrangean

1 2
L= ~50,00"6 - %& (3.14)

and action S = [ d*zL. Partially integrating —1/2 [ 9,¢0"¢ = +1/2¢ [ 9,0"¢, we obtain
the Klein-Gordon (KG) equation of motion

(0,0 —m*)p =0 = (=0} + 92 —m?)p =0 (3.15)

Going to momentum (p) space via a Fourier transform, we obtain

lg—; + (p* + mz)} P(p,t) =0 (3.16)

which is the equation of motion for a harmonic oscillator with w = w, = /p? + m2.
This means that the hamiltonian is

H = %(pQ + w¢?) (3.17)

and we can use the transformation

gb:\/lz_w(a—i-aT); p:—z'\/g(a—cﬁ) (3.18)

and we have [a,a’] = 1. Therefore now we can justify the transformations that we did a
posteriori.

Let’s also calculate the Hamiltonian. As explained in the first lecture, using the dis-
cretization of space, we write

H = ) p@toF t)—L
— / Ba[r(Z,1)p(Z,t) — L] = d®xH (3.19)

and from the Lagrangean (3.14) we obtain

(3.13)



(V)2 + ~m?¢? (3.20)
Substituing ¢, 7 inside this, we obtain

H d3 e {_ VR

—Z i Z - < <p, t)+al(=,0) (@', 1) —a‘“(—ﬁﬁtﬁ}

= /é;; C;p(cﬁ(p t)a(p,t) + a(p,t)al (p,1)) (3.21)

where in the last line we have first done the integral over Z, obtaining §3(p'+ p’) and then we
integrate over ', obtaining p’ = —p. We have finally reduced the Hamiltonian to an infinite
(continuum, even) sum over harmonic oscillators.

We have dealt with the first point observed earlier, about the dynamics of the theory.
We now address the second, of the explicit time dependence.

We have Heisenberg operators, for which the time evolution is

d —
ZE“(Z% t) [CL(pa t)vH] (322>
Calculating the commutator from the above Hamiltonian (using the fact that [a,aal] =

[a,a’a] = a), we obtain

d S
1 a(@t) = wya(p;1) (3.23)
More generally, the time evolution of the Heisenberg operators in field theories is given by
O(z) = Oy(7,t) = ' O(F)e ! (3.24)
which is equivalent to
0
—Op =[0,H 3.25
15,91 =10, H] (3.25)
via g
i%(eiAtBe_iAt) = [B, A (3.26)
The solution of (3.23) is
a(p,t) = aze "t
a'(pt) = alet™! (3.27)

Replacing in ¢(Z,t) and 7(Z,t), we obtain

— d?’p 1 p-x ip-x
A1) = /(27T)3 2F (aze™ +a“€ g )’p(’:Ep
p

n(@,t) = %(b(:i", ) (3.28)



so we have formed the Lorentz invariants e*?  though we haven’t written an explicitly
Lorentz invariant formula. We will do that next lecture. Here we have denoted E, =
\/D? + m? remembering that it is the relativistic energy of a particle of momentum p’ and
mass m.

Finally, of course, if we want the Schrodinger picture operators, we have to remember
the relation between the Heisenberg and Schrodinger pictures,

G (T, 1) = eo(z)e (3.29)

Discretization

Continuous systems are hard to understand, so it would be better if we could find a
rigorous way to discretize the system. Luckily, there is such a method, namely we consider a
space of finite volume V| i.e. we "put the system in a box”. Obviously, this doesn’t discretize
space, but it does discretize momenta, since in a direction z of length L., allowed momenta
will be only k,, = 27n/L,.

Then, the discretization is defined, as always, by

1
/d3k—>vz
k

Bk — k) = Vg, (3.30)
to which we add the redefinition
ap =/ V(2m)ay (3.31)
which allows us to keep the usual orthonormality condition in the discrete limit, [oy, ag,] =
Oz

Using these relations, and replacing the time dependence, which cancels out of the Hamil-
tonian, we get the Hamiltonian of the free scalar field in a box of volume V,

hwy
H = Z T(a;&g + O‘EG;TQ) = Z h (3.32)
k k
where hj is the Hamiltonian of a single harmonic oscillator,

1
hE = wy (NE + 5) , (3.33)

N; = a%a,g is the number operator for mode E, with eigenstates |n; >,

NE|nE >= nE|nE > (334)

and the orthonormal eigenstates are

1
In>= —=(a""0>; < n|m >= (3.35)

Vnl
28



Here alg = raising/creation operator and ap=lowering/annihilation(desctruction) operator,

named so since they create and annihilate a particle, respectively, i.e.

aglng > = /ngng —1>
oz£»|n,;> = \/n,;+1]n,;+1>
1
hgln > = wg (n + 5) |n > (3.36)

Therefore, as we know from quantum mechanics, there is a ground state |0 >, < ngz € N,

in which case nj; is called occupation number, or number of particles in the state k.

Fock space

The Hilbert space of states in terms of eigenstates of the number operator is called Fock
space, or Fock space representation. The Fock space representation for the states of a single
harmonic oscillator is Hy = {|ng >}.

Since the total Hamiltonian is the sum of the Hamiltonians for each mode, the total
Hilbert space is the direct product of the Hilbert spaces of the Hamiltonians for each mode,
H = ®@;Hp. Its states are then

g} >=[Ting >= ([T gtep | 0> (3.37)

Note that we have defined a unique vacuum for all the Hamiltonians, |0 >, such that az|0 >=
0, Vk, instead of denoting it as [1;10 >;.

Normal ordering

For a single harmonic oscillator mode, the ground state energy, or zero point energy, is
hwy:/2, which we may think it could have some physical significance. But for a free scalar
field, even one in a box ("discretized”), the total ground state energy is ) ;hw;/2 = oo,
and since an observable of infinite value doesn’t make sense, we have to consider that it is
unobservable, and put it to zero.

In this simple model, that’s no problem, but consider the case where this free scalar field
is coupled to gravity. In a gravitational theory, energy is equivalent to mass, and gravitates,
i.e. it can be measured by its gravitational effects. So how can we drop a constant piece from
the energy? Are we allowed to do that? In fact, this is part of one of the biggest problems
of modern theoretical physics, the cosmological constant problem, and the answer to this
question is far from obvious. At this level however, we will not bother with this question
anymore, and drop the infinite constant.

But it is also worth mentioning, that while infinities are of course unobservable, the finite
difference between two infinite quantities might be observable, and in fact one such case was
already measured. If we consider the difference in the zero point energies between fields in
two different boxes, one of volume Vi and another of volume V5, that is measurable, and
leads to the so-called Casimir effect, which we will discuss at the end of the course.

We are then led to define the normal ordered Hamiltonian,

1
:H::H—§ZME:ZFMENE (3.38)
k k
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by dropping the infinite constant. The normal order is to have always a! before a, i.e.
:ala := a'a, : aa’ := a’a. Since a’s commute among themselves, as do af’s, and operators
from different modes, in case these appear, we don’t need to bother with their order. For
instance then, : aa'a’aaaa’ := a'ata’aaa.

We then consider that only normal ordered operators have physical expectation values,
i.e. for instance

<0/:0:10> (3.39)

is measurable.
One more observation to make is that in the expansion of ¢ we have

(age™" + ale ™) 0_p, (3.40)

and here E, = ++/p? +m?2, but we note that the second has positive frequency (energy),
a;e_iEPt, whereas the first has negative frequency (energy), aert i.e. we create £ > 0 and
destroy E < 0, which means that in this context we have only positive energy excitations.
But we will see in the next lecture that in the case of the complex scalar field, we create
both £ > 0 and F < 0 and similarly destroy, leading to the concept of anti-particles. At
this time however, we don’t have that.

Bose-ETinsTtein statistics

Since [ar, a,] = 0, for a general state defined by a wavefunction W(ky, k),

[0 > = Y Wk ke)al al 0>

= > Uk, koal ol [0 > (3.41)

where in the second line we have commuted the two af’s and then renamed gl ~ /;2.
We then obtain Bose-FEinstein statistics,

Uk, k) = (ks k1) (3.42)

i.e. for undistiguishable particles (permuting them we obtain the same state).

As an aside, note that the Hamiltonian of the free (bosonic) oscillator is 1/2(aa’ + a'a)
(and of the free fermionic oscillator is 1/2(bTb—bb")), so in order to have a well defined system
we must have [a,a’] = 1,{b,b'} = 1. In turn, [a, a’] = 1 leads to Bose-Einstein statistics, as
above.

Important concepts to remember

e The commutation relations for scalar fields are defined at equal time. The Poisson
brackets are defined in terms of integrals of functional derivatives.
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The canonical commutation relations for the free scalar field imply that we can use the
same redefinitions as for the harmonic oscillator, for the momentum modes, to obtain
the [a,a'] = 1 relations.

The Klein-Gordon equation for the free scalar field implies the Hamiltonian of the free
harmonic oscillator for each of the momentum modes.

Putting the system in a box, we find a sum over discrete momenta of harmonic oscil-
lators, each with a Fock space.

The Fock space for the free scalar field is the direct product of the Fock space for each
mode.

We must use normal ordered operators, for physical observables, in particular for the
Hamiltonian, in order to avoid unphysical infinities.

The scalar field is quantized in terms of the bose-einstein statistics.

Further reading: See chapters 2.3 in [2] and 2.1 and 2.3 in [1].
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Exercises, Lecture 3

1) Consider the classical Hamiltonian
2@ 1< A A
H= / & {% T 5(VoP + 56°(@.1) + 50'(@, t)} (3.43)

Using the Poisson brackets, write the Hamiltonian equations of motion. Quantize canonically
the free system and compute the equations of motion for the Heisenberg operators.

2) Write down the Hamiltonian above in teerms of a(p,t) and af(p,t) at the quantum
level, and then write down the normal ordered Hamiltonian.
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4 Lecture 4: Propagators for free scalar fields

Relativistic invariance

We still need to understand the relativistic invariance of the quantization of the free
scalar field. The first issue is the normalization of the states. We saw that in the discrete
version of the quantized scalar field, we had in each mode states

1
B vnk!

normalized as < m|n >= d,,,. In discretizing, we had az — v'Voy and Bk —K) — V.
However, we want to have a relativistic normalization.

< P17 >= 2E;(20)°5(5 - @) (4.2)

(al)"#[0 > (4.1)

|n,; >

or in general, for occupation numbers in all momentum modes,
< kgt >= 3 [ ] 2w (2m)°0° (ki — Gois) (4.3)
m(j) ¢

We see that we are missing a factor of 2w,V in each mode in order to get 2wk(53(l_5 — K )
instead of djz,. We therefore take the normalized states

H\/_r\/ (27)3 "’0>%H\/— laly/2w]"E[0 >= |{k;} > (4.4)

We now prove that we have a relativistically invariant formula.
First, we look at the normalization. It is obviously invariant under rotations, so we need
only look at boosts,

Py ="(ps+ BE); E =~(E+ fps) (4.5)

Since
1

and a boost acts only on ps, but not on py, po, we have

Sz — xp) (4.6)

d dE E’
B 0) =~ D)2 =0y (14 55 ) =8~ D) B+ ) =8 -
(4.7)
That means that E§3(p — ¢) is relativistically invariant, as we wanted.
Also the expansion of the scalar field,
71) = d3 1 ip-x —ip-x 4.8
o) = [ g e + e, (4.9

contains the relativistic invariants e, but we also have a relativistically invariant measure

/ (%3% :/ (;iﬂ) (2m)0(* +m?)lye>0 (4.9)
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(since d(p* +m?) = 6(—(p°)* + E;) and then we use (4.6)), allowing to write

— d4p - —ip-x
() = 6(7,1) = / i CTIw + m)aso(age™ + ale "), (4.10)
Complex scalar field
We now turn to the quantization of the complex scalar field, in order to understand better
the physics of propagation in quantum field theory.
The Lagrangean is

L = —0,00"¢" —m?|¢”|* — U(|g]*) (4.11)

This Lagrangean has a U(1) global symmetry ¢ — ¢¢’®, or in other words ¢ is charged
under the U(1) symmetry.

Note the absence of the factor 1/2 in the kinetic term for ¢ with respect to the real scalar
field. The reason is that we treat ¢ and ¢* as independent fields. Then the equation of
motion of ¢ is (9,0" — m?)¢* = OU/O¢. We could write the Lagrangean as a sum of two
real scalars, but then with a factor of 1/2, —0,010"¢1/2 — 0,,¢020"¢2/2, since then we get
(0,0" —m?*)py = OU | D¢.

Exactly paralleling the discussion of the real scalar field, we obtain an expansion in terms
of a and a' operators, just that now we have complex fields, with twice as many degrees of
freedom, so we have a4 and al, with half of the degrees of freedom in ¢ and half in ¢,

o) = [ e ol (e )

s [k Ji—%@(w)eﬂma_<ptt>e“f>

w0 = [t (<iy)%) e ol e

mi(Zt) = / (gjf;g (z\/%) (a' (7, t)e™P% — a(p,t)ePT) (4.12)

As before, this ansatz is based on the harmonic oscillator, whereas the form of w, comes out
of the KG equation. Substituting this ansatz inside the canonical quantization commutators,
we find

las (5, t), al (7', 0)] = (2m)°6° (5 — ) (4.13)
and the rest zero. Again, we note the equal time for the commutators. Also, the time

dependence is the same as before.
We can calculate the U(1) charge operator (left as an exercise), obtaining

la' ca, ;p—a' .a_j] (4.14)

Thus as expected from the notation used, a has charge 4+ and a_ has charge —, and therefore
we have

Q= / %[Mz - N 4l (4.15)
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(the number of + charges minus the number of — charges).

We then see that ¢ creates — charge and annihilates 4+ charge, and ¢' creates + charge
and annihilates — charge.

Since in this simple example there are no other charges, we see that + and — particles are
particle/antiparticle pairs, i.e. pairs which are equal in everything, except they have opposite
charges. As promised last lecture, we have now introduced the concept of antiparticle, and
it is related to the existence of positive and negative frequency modes.

Therefore in a real field, the particle is its own antiparticle.

We consider the object

< 0[¢"(x)o(y)|0 > (4.16)
corresponding to propagation from y = (¢,,7) to * = (¢, %), the same way as in quan-
tum mechanics < ¢, t'|¢,t > corresponds to propagation from (g,t) to (¢,t'). This object
corresponds to a measurement of the field ¢ at y, then of ¢ at z.

For simplicity, we will analyze the real scalar field, and we will use the complex scalar
only for interpretation. Substituting the expansion of ¢(x), since a|0 >=< 0la’ = 0, and we
have < 0|(a + a')(a + a')|0 >, only

< O|aﬁaj7]0 > lPTHTY) (4.17)
survives in the sum, and, as < 0|aa’|0 >=< 0lata|0 > +[a,a’] < 0|0 >, we get (27)35(F — )
from the expectation value. Then finally we obtain for the scalar propagation from y to x,

dp 1

Py 4.18
(2m)32E," (4.18)

D(s — y) =< 0o(@)o()l0 >~ [

We now analyze what happens for varying x — y. By Lorentz transformations, we have
only two cases to analyze.

a) For timelike separation, we can put ¢, —t, = t and & — § = 0. In this case, using

d*p = dQp*dp and dE/dp = p/+\/p? + m?,
* p*d 1 .
D(x—y) = 4m / v etV PmRt
o (2m)?2,/p2 4+ m?
1 [~ I
= = AEVE? = m2e Pt "33 omimt (4.19)

2
dm= /.,

which is oscillatory, i.e. it doesn’t vanish. But that’s OK, since in this case, we remain in
the same point as time passes, so the probability should be large.
b) For spacelike separation, t, = t, and & — i = 7, we obtain

d3p 1 ... &0 pzdp 1 )
D(Z — 1) = T _ 9 d 0 ipr cos 6
(7 — ) /—(27r)3_2E’p€ 7T/0 —2Ep(27r)3 /1 (cosf)e

e8] 2 ipr —ipr 400 ipr

p2dp [ep e P ] —1 e'?
= 2 = dp———— (4.20
”/0 2B,(2m)P L ipr G | o PP e 420

where in the last line we have redefined in the second term p — —p, and then added up fooo
0
to [~
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/ - +|m \

Figure 4: By closing the contour in the upper-half plane, we pick up the residue of the pole
in the upper-half plane, at +im.

In the last form, we have e” multiplying a function with poles at p = 4im, so we know,
by a theorem from complex analysis, that we can consider the integral in the complex p
plane, and add for free the integral on an infinite semicircle in the upper half plane, since
then e oc e~ I™®)" — 0. Thus closing the contour, we can use the residue theorem and say
that our integral equals the residue in the upper half plane, i.e. at +im, see Fig.4. Looking
at the residue for r — oo, its leading behaviour is

D(& — ) oc e — g=mr (4.21)

But for spacelike separation, at r — 0o, we are much outside the lightcone (in no time, we
move in space), and yet, propagation gives a small but nonzero amplitude, which is not OK.

But the relevant question is, will measurements be affected? We will see later why,
but the only relevant issue is whether the commutator [¢(x), ¢(y)] is nonzero for spacelike
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separation. We thus compute

[¢($)7¢(y)] = / 4 / @ 1 [(aﬁeipm _i_a;e—ip.x),(a(jeip~x+ag€—iq.y)]

@n? | @n) 2B,

3
_ [ 4L ey _ ieta))
(27)? 2E,

= D(z—y)—D(y—x) (4.22)

But if (x—y)? > 0 (spacelike), (r—y) = (0, 7—%) and we can make a Lorentz transforma-
tion (a rotation, really) (Z—7) — —(Z—17), leading to (r—y) — —(z—y). But since D(x—y)
is Lorentz invariant, it follows that for spacelike separation we have D(z — y) = D(y — x),
and therefore

[¢(x), d(y)] =0 (4.23)

and we have causality. Note that this is due to the existence of negative frequency states
(e”7) in the scalar field expansion. On the other hand, we should also check that for
timelike separation we have a nonzero result. Indeed, for (z —y)? < 0, we can set (v —y) =
(ty —t,,0) and so —(z —y) = (—(t, —t,),0) corresponds to time reversal, so is not a Lorentz
transformation, therefore we have D(—(z — y)) # D(x — y), and so [¢(x), ¢(y)] # 0.
Klein-Gordon propagator
We are finally ready to describe the propagator. Consider the c-number

Ep 1 . }
[¢($)7 ¢(y)] = < 0”925(11), ¢(y)]|0 >= / (QW];?)E(GZP-(w—y) . G_Zp'(m_y))
4’ I 1
= /(2733 {Eew.(x—y)’po:};}) + _2Epezp.(x—y)|p0:_Ep (4.24)

For 9 > ¢°, we can write it as
b

d3p dp® 1

v [ - ip(e-y)
/ (2m)3 /C 2mi p? + erp ’ (425)

where the contour C' is on the real line, except it avoids slightly above the two poles at
p’ = £E,, and then, in order to select both poles, we need to close the contour below,
with an infinite semicircle in the lower half plane, as in Fig.5. Closing the contour below
works, since for 20 — y° > 0, we have e~ #"(@"—¥") = ¢~ Im®")(="—") _y (. Note that this way
we get a contour closed clockwise, hence its result is minus the residue (plus the residue is
for a contour closed anti-clockwise), giving the extra minus sign for the contour integral to
reproduce the right result.

On the other hand, for this contour, if we have 2° < ¢° instead, the same reason above
says we need to close the contour above (with an infinite semicircle in the upper half plane).
In this case, there are no poles inside the contour, therefore the integral is zero.

We can then finally write for the retarded propagator (vanishes for 29 < ¢°)

dp dp® 1
(2n)3 271 g2 + m?

et (@=y)

Dr(r—y) = 0 —4°) < 0][6(x), 6w)]0 >= /
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Figure 5: For the retarded propagator, the contour is such that closing it in the lower-half
plane picks up both poles at +F,.

d*p —1 ,
- ip-(z—y)
- / (2m)4 p? + m2< o (4.26)

This object is a Green’s functions from the KG operator. This is easier to see in momentum
space. Indeed, making a Fourier transform,

D _ [P e 4.27
R(x - y) - (271')46 R(p) ( : )
we obtain .
—t 2 2 ;
Dg(p) = o (p” +m”)Dg(p) = —i (4.28)

which means that in x space (the Fourier transform of 1 is §(z), and the Fourier transform
of p? is —0?),

(0* —=m*)Dg(x —y) = i6*(x — y) < —i(0*> — m*)Dr(z — y) = 6*(z — y) (4.29)

The Feynman propagator

Consider now a different ”ie prescription” for the contour of integration C'. Consider a
contour that avoids slightly below the — £, pole and avoids slightly above the +F, pole, as
in Fig.6. This is equivalent with the Feynman prescription,

d* —1 -

Driz—y) = / (27:;4 e o (4.30)

Since p* +m? —ie = —(p°)* + E —ie = —(p° + E, — ie/2)(p° — E, +i€/2), we have poles at

p’ = £(E, — i€/2), so in this form we have a contour along the real line, but the poles are
modified instead (4E, is moved below, and —E), is moved above the contour).

For this contour, as for Dg (for the same reasons), for 2° > y° we close the contour below

(with an infinite semicircle in the lower half plane). The result for the integration is then
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Figure 6: The contour for the Feynman propagator avoids —E, from below and + £, from
above.

the residue inside the closed contour, i.e. the residue at +E,. But we saw that the clockwise
residue at +E, is D(xz —y) (and the clockwise residue at —E, is —D(y — x)).

For 2° < 4%, we need to close the contour above (with an infinite semicircle in the upper
half plane), and then we get the anticlockwise residue at —E,, therefore +D(y — x). The
final result is then

Di(a—y) = 0(x"—y") < 0l6(x)6(y)|0 > +0(5"—2°) < 06 (y)é(x)]0 >=< 0T (B(x)(y))[0 >
(4.31)
This is then the Feynman propagator, which again is a Green’s function for the KG operator,
with the time ordering operator in the two-point function, the same that we defined in the
n-point functions in quantum mechanics, e.g. < ¢, t'|T[¢(¢t1)q(t2)]|q,t >.
As suggested by the quantum mechanical case, the Feynman propagator will appear in the
Feynman rules, and has a physical interpretation as propagation of the particle excitations
of the quantum field.

Important concepts to remember

e The expansion of the free scalar field in quantum fields is relativistically invariant, as
is the relativistic normalization.

e The complex scalar field is quantized in terms of a4 and al, which correspond to U(1)
charge +1. ¢ creates minus particles and destroys plus particles, and ¢' creates plus
particles and destroys minus particles.

e The plus and minus particles are particle/antiparticle pairs, since they only differ by
their charge.

e The object D(x—y) =< 0|¢(x)¢(y)|0 > is nonzero much outside the lightcone, however
[6(x), ¢(y)] is zero outside the lightcone, and since only this object leads to measurable
quantities, QFT is causal.

e Dg(x —y) is a retarded propagator and corresponds to a contour of integration that
avoids the poles £, from slightly above, and is a Green’s function for the KG operator.
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e Dp(x —y) =< 0|T[¢p(x)p(y)]|0 >, the Feynman propagator, corresponds to the —ie
prescription, i.e. avoids — £, from below and + £, from above, is also a Green’s function
for the KG operator, and it will appear in Feynman diagrams. It has the physical
interpretation of propagation of particle excitations of the quantum field.

Further reading: See chapters 2.4 in [2] and 2.4 in [1].
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Exercises, Lecture 4

1) For
L = —0,00"¢" —m?|g* — U(|]) (4.32)

calculate the Noether current for the U(1) symmetry ¢ — ¢e'® in terms of ¢(Z,¢) and show
that it then reduces to the expression in the text,

&k | i i
Q= 2m)? [a+Ea+E —a' ca_g] (4.33)

2) Calculate the advanced propagator, D4(x — y), by using the integration contour that
avoids the £E, poles from below, instead of the contours for Dg, Dp, as in Fig.7.

Figure 7: The contour for the advanced propagator avoids both poles at £, from below.
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5 Lecture 5: Interaction picture and Wick theorem for
A\¢* in operator formalism

Quantum mechanics pictures
One can transform states and opertors (similar to the canonical transformations in clas-
sical mechanics) with unitary operators W (W1 = W~=1) by

by >= Wy >
Ay = WAW ! (5.1)

Then the Hamiltonian in the new formulation is

L OW
H = Hw + ih—WT (5.2)

ot
where Hy, stands for the original Hamiltonian, transformed as an operator by W. The
statement is that H’' generates the new time evolution, so in particular we obtain for the

time evolution of the transformed operators

LO0Aw . (0A LOW

and that the new evolution operator is
U'(t,to) = W (D)U(t, to) W (to) # Uw (5.4)

(note that on the left we have time ¢ and on the right ¢;, so we don’t obtain Uy ). Here the
various pictures are assumed to coincide at time t = 0.

With this general formalism, let’s review the usual pictures.

Schrédinger picture (usual)

In the Schrédinger picture, 1g(t) depends on time, and usual operators don’t 8;% = 0.
We could have at most a c-number time dependence, like A (¢) - 1, maybe.

Heisenberg picture

In the Heisenberg picture, wavefunctions (states) are independent on time, 0y /0t = 0,
which is the same as saying that H' = 0, the Hamiltonian generating the evolution of states
vanishes. That means that we also have

ow

=Hg = —ih—W" 5.5
Hu Hs 1 ot ( )
giving the time evolution of operators,
L -
iheAy(t) = [Au(t), H) (5.6)

ot
If at tg, the Schrodinger picture equals the Heisenberg picture, then

W(t) = Ug'(t,t0) = Us(to, t) (5.7)
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where Us(t, tp) is the evolution operator (giving the time evolution of states) in the Schrédinger
picture.

Dirac (interaction) picture

The need for the general theory of QM pictures was so that we could define the picture
used in perturbation theory, the Dirac, or interaction, picture. We need it when we have

H=H,+H (5.8)

where H, is a free quadratic piece, and H, is an interacting piece. Then, we would like to
write formulas like the ones already written, for the quantization of fields. Therefore we need
the time evolution of operators to be only in terms of Hy, leading to

i) == Hulys(t) >

ihaAI(zﬁ) = [A;(t), Ho| (5.9)
where note that Hy; = Hyg. Note that here we have denoted the interaction piece by H;
instead of H;, as we will later on, in order not to confuse the subscript with I, meaning in
the interaction picture. Once the distinction will become clear, we will go back to the usual
notation H;.

Why is this picture, where operators (for instance the quantum fields) evolve with the
free part (FIO) only, preferred? Because of the usual physical set-up. The interaction region,
where there is actual interaction between fields (or particles), like for instance in a scattering
experiment at CERN;, is finite both in space and in time. That means that at t = o0, we
can treat the states as free. And therefore, it would be useful if we could take advantage of
the fact that asymptotically the states are the free states considered in the previous lectures.

We must distinguish then between the true vacuum of the interacting theory, a state
that we will call |2 >, and the vacuum of the free theory, which we will call |0 > as before,
that satisfies a5|0 >= 0,Vp. For the full theory we should use |2 >, but to use perturbation
theory we will relate to |0 >.

The basic objects to study are correlators, like the two-point function < Q|T[¢(z)p(y)]|Q2 >,
where ¢(x) are Heisenberg operators. The interaction picture field is related to the field at
the reference time ¢y, where we define that the interaction picture field is the same as the
Heisenberg and the Schrodinger picture field, by

or(t,7) = etHolt=t) (s 7)eiHolt=to)

d?’p 1 pT T _—ipx
- (2m)3 QEH(aﬁe tage )|xo=t*to,p0=Eﬁ (5.10)
iz

:

since, as explained in a previous lecture, ihdA /0t = [A, Hy] is equivalent to
A(t) = e110) A(tg)e*Holt—to), (5.11)

so the first line relates ¢;(t) with ¢;(to), and then by the definition of the reference point ¢y
as the one point of equality of pictures, we can replace with the Schrodinger picture operator,
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with no time dependence and the usual definition of space dependence in terms of a and a'
(as in the canonical quantization lecture). Then the action of Hy is replaced with the usual
(free) p° in the exponent of ¢?* (again as in the canonical quantization lecture).

Aot theory
We will specialize to A¢? theory, with the free KG piece, plus an interaction,

H:H0+H1:Ho+/d3 —¢4 (5.12)

for simplicity.
Let us consider the interaction picture evolution operator (note that here ¢, is the refer-
ence time when the pictures are all equal; compare with (5.4))

Up(t,tg) = etHolt=to) g=iH(t=to) (5.13)

#H(t=t0) is the Schrodinger picture evolution operator Usg(t, ), i.e

[Vs(t) > = Us(t,to)|ps(to) >
[Ur(t) > = Us(t, to)hr(to) > (5.14)

Since the Heisenberg operator has ¢(t, 7) = et t=%0)g(ty, )~ (=) we have

Qb[(t, f) — eiHo(t to) —lHt to (t .T) iH(t— to)e—iHO(t_to) =
o(t,7) = U}f(t,to)@(t,x)Ul( t, o) (5.15)

where e~

The goal is to find an expression for U;(t, to), but to do that, we wil first prove a differential
equation:

0

iaUl(t,to) = H, ;U;(t, to) (5.16)
Let’s prove this. When we take the derivative on U;, we choose to put the resulting H and
Hj in the same place, in the middle, as:

) . .
ZEUI(t, to) = etolt=to (g _ f)e~tH(t=t0) (5.17)

But H — Hy = H,; s (in the Schrédinger picture), and by the relation between Schrodinger
and interaction picture operators,

H; = eol=to) i, ge=tHolt=to) (5.18)
and therefore 5
ZaU](t, to) == Hi7[6iH0(t_tO)€_iH(t_tO) == HZ‘JU[(t, to) (519)
g.e.d. We then also note that
Hy = U=l i, gemtHi=l0) = / d*x —¢1 (5.20)

44



We now try to solve this differential equation for something like U ~ e~*#1* by analogy with
the Schrodinger picture. However, now we need to be more careful. We can write for the
first few terms in the solution

U](t,to) =1 +( )/ dtl il tl / dtl/ dtg il tl 1[(t2) + .. (521)
to

and naming these the zeroth term, the first term and the second term, we can easily check

that we have

i0y(first term) = H; ;(t) x zeroth term
i0;(second term) = H; ;(t) x first term (5.22)

ax

and this is like what we have when we write for c-numbers for instance 0, = ae®, and

expanding e®® = " (ax)"/n!, we have a similar relation.

t2

t1

Figure 8: The integration in (¢, t3) is over a triangle, but can be written as half the integra-
tion over the rectangle.

But the integration region is a problem. In the (¢1,%5) plane, the integration domain is
the lower right-angle triangle in between ¢y and ¢, i.e. half the rectangle bounded by ¢y, and
t. So we can replace the triangular domain by half the rectangular domain, see Fig.8. But
we have to be careful since [H;(t), H;(t')] # 0, and since in the integral expression above, we
actually have time ordering, since ¢; > t5, to obtain equality suffices to put time ordering in
front, i.e.
dtl

U[(?f,t()) =1+ (—Z) /t dtlHZ[ tl dtQT{HZ[ tl) Z[(tg)} + ... (523)

to

and the higher order terms can be written in the same way, leading finally to

Us(t, to) = T{ exp [— i / t dt’Hi,,(t')]} (5.24)

to

Now that we have an expression for U;, we still want an expression for the vacuum of
the full theory, |2 >. We want to express it in terms of the free vacuum, |0 >. Consider
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< QH|2 >= Ej (the energy of the full vacuum), and we also have states |[n > of higher
energy, E, > E;. On the other hand for the free vacuum, Hy|0 >= 0. The completeness
relation for the full theory is then

1=1Q><Q|+ Z In >< n| (5.25)
n#0
and introducing it in between e *#7 and |0 > in their product, we obtain
e M0 >= e T >< Q0> +> e n >< nf0 > (5.26)
n#£0

Then consider " — oo(1 — i€), where we take a slightly complex time in order to dampen
away the higher |n > modes, since then e T — =m0 . g=Enoce g e=Enooe « o= Foooe,
so we can drop the terms with n # 0, with e=*#T. Thus we obtain

e—iH (T+to) |0 >

Q> = li ,
| A R < [0 >
e—tH(T+to) giHo(T+t0) |O >

= li .
T—)og(rll—ie) e~ Eo(T+o) < Q0 >

. U[(to,—T)‘O >
= lim .
T—o00(1—i€) e~iEo(T+to) < Q|0 >

(5.27)

where in the first line we isolated T' — T+ tq, in the second line we have introduced for free
a term, due to Hy|0 >= 0, and in the third line we have formed the evolution operator.
Similarly, we obtain for < Q|

, < 0|U(T, ty)
<Ql= 1 4
| T%oir(lll—ie) e~ tFo(T—to) < 0|02 >

(5.28)

We now have all the ingredients to calculate the two-point function.
Consider in the case 2° > y° > t, the quantity

_ : < O[U(T', %) t00 0
< Qp(x)p(y)[2 > = Teiir(lll—ie) B (T—10) < 0|0 >U1($ o) or(x)Ur(x”, tg) X

Us(to, —T)|0 >
XU}L(yoa tO)gb(y)UI(yoa tO)e*iEo(TOﬁ?o) < Q|0 >
— hm < O’UI(T7 x0)¢1<x)UI(x0? y0)¢1(y)UI(y07 _T) |0 >/5 29)

T—o0(1—ie) e~ E0T)| < 0|02 > |2 e

where we have used UT(¢,t') = U~ (t,t') = U(t',t) and U(t1,t2)U (ta, t3) = U(ty, t3).
On the other hand, multiplying the expression we have for |2 > and < 2|, we get
_ < OJUL(T, to)Us(to, =T)|0 >

L=< QI >= —— e (5.30)
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We divide then (5.29) by it, obtaining

L < 0|UH(T,2°)pr(x)Ur(2°, y*) 1 (y)Us (y°, =T)[0 >
< Qoo >= lm < 0[UL(T, —T)[0 >

(5.31)

We now observe that, since we used z° > y° > ¢, in our calculation, both the left hand
side and the right hand side are time ordered, so we can generalize this relation with 7°
symbols on both lhs and rhs. But then, since T(AB) = T(BA) (the time ordering operators
orders temporally, independent of their initial order inside it), we can permute how we want
the operators inside 7'(), in particular by extracting the field operators to the left and then
multiplying the resulting evolution operators, Ur(T, 2°)U;(2°, y"\U;(y°, =T) = U (T, -T).
We then use the exponential expression for the evolution operator, to finally get our desired
result

< QT{o(2)p(y)}|Q >=  lim < 0|T{¢I<x>¢l(y) exp [— lf—TT dtH](t)] }|0 >
P el o { exp | —i [T dtr ()] o >

(5.32)

This is called Feynman’s theorem and we can generalize it to a product of any number of
¢’s, and in fact any insertions of Heisenberg operators Og, so we can write

< O|T{01(x1)...(91(xn) exp [— if" dtHI(t)] }\0 >
< QT{Ox(x1)..0p(x,)}2 >= lim
T—oo(1—ie) < 0|T{ exp [— it dtHI(t)] }|o >
(5.33)
Wick’s theorem
From Feynman’s theorem, we see we need to calculate < 0|T{¢;(x1)...¢r(x,)}0 > (from
explicit insertions, or the expansion of the exponential of H;(t)’s). To do that, we split

¢1(x) = ¢ (x) + ¢; (v) (5.34)

where

Bp 1 |
o [
Bp 1 |
o7 = / b ale—iv (5.35)

Note that then ¢7]0 >= 0 =< 0|¢;. We defined normal order, : () :, which we will denote
here (since in the Wick’s theorem case it is usually denoted like this) by N(), which means
¢, to the left of ¢} .

Consider then, in the 2° > y° case,

T(o1(x)o1(y)) = o7 ()] (y) + &1 (2)d; (y) + &1 (2)67 () + &7 (V)07 (%) + [¢7 (x), &7 ()]
= N(or(2)¢1(y)) + 7 (v), ¢1 ()] (5.36)
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In the 1° > 20 case, we need to change x <+ y.
We now define the contraction

—
or(x)or(y) = |67 (x), 67 (y)], for 2°>¢°
= [67 (), o1 ()] for y° > 2" (5.37)
Then we can write
—
T(or(x)¢1(y)]l = Nor(z)¢1(y) + ¢1(x)dr(y)] (5.38)
But since [¢T, ¢7] is a c-number, we have
(67, ¢7] =< 0][¢", 1|0 >=< 0]¢"¢"|0 >= D(z — y) (5.39)
where we also used < 0]¢~ = ¢*|0 >= 0. Then we get
—
¢(x)o(y) = Dr(z —y) (5.40)
Generalizing (5.38), we get Wick’s theorem,
T{o1(x1)...01(x)} = N{¢ps(x1)...¢1(x,,) + all possible contractions} (5.41)

where all possible contractions means not only full contractions, but also partial contractions.
Note that for instance if we contract 1 with 3, we obtain

—
N(p1¢2¢304) = Dp(x1 — 23)N(p264) (5.42)

Why is the Wick theorem useful? Since for any nontrivial operator, < 0| N (anything)|0 >=
0, as < 0]¢p~ = ¢T|0 >= 0, so only the fully contracted terms (c-numbers) remain in the
< 0[N ()|0 >, giving a simple result. Consider for instance the simplest nontrivial term,

[ 1
T(P1020304) = N(P102030s + Q1020304 + P1P20304 + P102P304

1 1 [
+P1P20304 + Q1020304 + G1P2030,4

— —— ——= ]
+P1020304 + P1P20304 + P1P20304) (5.43)

Which then gives under the vacuum expectation value,

< 0|T(¢1¢20304)|0 > = Dp(x1 — 22)Dp(x3 — 24) + Dp(21 — 24) Dp(z2 — 23)
—f-DF(l‘l — (L’g)DF(lL'Q - ZE4) (544)

For the proof of the Wick’s theorem, we use induction. We have proved the initial step,
for n = 2, so it remains to prove the step for n, assuming the step for n — 1. This is left as
an exercise.

Important concepts to remember
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e Unitary operators transform states and operators in quantum mechanics, changing the
picture. The new Hamiltonian is different than the transformed Hamiltonian.

e In QFT, we use the Dirac or interaction picture, where operators evolve in time with
Hy, and states evolve with H; ;.

e Perturbation theory is based on the existence of asymptotically free states (at t = £oo
and /or spatial infinity) where we can use canonical quantization of the free theory, and
use the vacuum |0 > to perturb around, while the full vacuum is [ >.

e In the interacting theory, the interaction picture field ¢;(t, ) has the same expansion
as the Heisenberg field in the free KG case studied before.

e The time evolution operator of the interaction picture is written as Uy (¢, to) = T exp[—i [ dtH; 1(t)]

e Feynman’s theorem expresses correlators (n-point functions) of the full theory as the
ratio of VEV in the free vacuum of T of interaction picture operators, with an insertion
of Ur(T, —T), divided by the same thing without the insertion of operators.

e the contraction of two fields gives the Feynman propagator.

e Wick’s theorem relates the time order of operators with the normal order of a sum of
terms: the operators, plus all their possible contractions.

e In < 0|7(...)|0 > that appears in Feynman’s theorem as the thing to calculate, only
the full contractions give a nonzero result.

Further reading: See chapters 4.2,4.3 in [2] and 2.5 in [1].
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Exercises, Lecture 5

1) For an interaction Hamiltonian

A
H; = /d?’:caqﬁ‘}, (5.45)

write down the explicit form of the Feynman theorem for the operators Or(z)O;(y)O;(2),
where O;(z) = ¢*(z), in order A* for the numerator, and then the Wick theorem for the
numerator (not all the terms, just a few representative ones).

2) Complete the induction step of Wick’s theorem and then write all the nonzero terms
of the Wick theorem for

< 0[T{d1¢203010506 0 > (5.46)
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6 Lecture 6: Feynman rules for \¢* from the operator
formalism

We saw that the Feynman theorem relates the correlators to a ratio of vacuum expectation
values (VEVS) in the free theory, of time orderings of the interaction picture fields, i.e. things
like
< 0|T{p(x1)...0(x,)]|0 > (6.1)
which can then be evaluated using Wick’s theorem, as the sum of all possible contractions
(products of Feynman propagators).
This includes insertions of

B / dtH,-J(t)]n (6.2)

inside the time ordering.
We can make a diagrammatic representation for

< 0|T(¢1¢20304)|0 > = Dp(x1 — 22)Dp(x3 — 24) + Dp(21 — 24) Dp(22 — 23)
—f—DF(ZEl — JIg)DF(l'Q — ZE4) (63)

as the sum of 3 terms: one where the pairs of points (12), (34) are connected by lines, the
others for (13), (24) and (14), (23), as in Fig.9. We call these the Feynman diagrams, and we
will see later how to make this in general.

Figure 9: Feynman diagrams for free processes for the 4-point function. We can join the
external points in 3 different ways.

These quantities that we are calculating are not yet physical, we will later relate it to
some physical scattering amplitudes, but we can still use a physical interpretation of particles
propagating, being created and annihilated.

We will later define more precisely the so-called S-matrices that relate to physical scatter-
ing amplitudes, and define their relation to the correlators we compute here, but for the mo-
ment we will just note that we have something like Sy; =< f|S]i >, where S = Uj(400, —00).
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So in some sense this corresponds to propagating the state |i > from —oo to +00, and then
computing the probability to end up in the state |f >. For now, we will just study the
abstract story, and leave the physical interpretation for later.

Let us consider a term with a H; ; in it, for instance the first order term (order A term)
in H, ; for the 2-point functions,

<0|T {¢(x)¢(y) [ _ / dtH“] } 0> (6.4)

where [dtH; (t) = [ d*2)\/41¢7. We then write this term as

<ot {oowm (-i ) [aoeee00 o> (65)

In this, there are 2 independent Wick contractions we can consider:
1 —

-contracting x with y and z’s among themselves: ¢(x)é(y) and ¢(2)d(2)d(z)d(z)
-contracting x with z and y with z: gzﬁ(a:)qlb(z), gzﬁ(y)glb(z), gzlﬁ(z)glb(z)

The first contraction can be done in 3 ways, because we can choose in 3 ways which is
the contraction partner for the first ¢(z) (and the last contraction is then fixed).

The second contraction can be done in 4 x 3 = 12 ways, since we have 4 choices for the
¢(2) to contract with ¢(z), then 3 remaining choices for the ¢(z) to contract with ¢(y). In
total we have 3+ 12 = 15 terms, corresponding to having the 6 ¢’s, meaning 5 ways to make
the first contraction between them, 3 ways to make the second, and one way to make the
last.

The result is then

< O[T {(b(:t:)gb(y) E z’/dtH“] } 0> — 3 (—z%) De(z — ) / 42Dy ( — 2)Dp(z — 2)

+12 <—z’%> /d4zDF(x — 2)Dp(y — 2)Dp(z — 2)
(6.6)

The corresponding Feynman diagrams for these terms are: a line between x and y, and a

figure eight with the middle point being z, and for the second term, a line between x and y

with a z in the middle, and an extra loop starting and ending again at z, as in Fig.10.
Consider now a more complicated contraction: In the O(A\?) term

<o {¢<x>¢<y> ! (—'ﬁ) [ =00:0:006) [ dtuotuiswowow) [ duswotns

— | =
3! 4!

(6.7)
contract ¢(z) with a ¢(z), ¢(y) with a ¢p(w), a ¢(2) with a ¢p(w), two ¢(w)’s with two ¢(u)’s,
and the remaing ¢(z)’s between them, the remaining ¢(u)’s between them. This gives the
result
L/=iNN° [, o,

G d*zd*wd uDp(r—2)Dp(2—2)Dp(z—w) Dp(w—u)Dp(w—u) Dp(u—u) Dp(w—1y)

(6.8)
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Figure 10: The two Feynman diagrams at order A in the expansion (first order in the
interaction vertex).

The corresponding Feynman diagram then has the points x and y with a line in betwen
them, on which we have the points z and w, with an extra loop starting and ending at z,
two lines forming a loop between w and an extra point u, and an extra loop starting and

ending at u, as in Fig.11.
: 8 u
z w y

Figure 11: A Feynman diagram at order A3, forming 3 loops.

Let us count the number of identical contractions for this diagram: there are 3! ways
of choosing which to call z,w,u (permutations of 3 objects). Then in [ d*z¢pgpp, we can
choose the contractions with ¢(z) and with ¢(w) in 4 x 3 ways, in [ d*wedped we can choose
the contractions with z,y and u,u in 4 X 3 X 2 x 1 ways, and then choose the contractions
in [ d*upppg with ¢p(w)¢(w) in 4 x 3 ways. But then, we overcounted in choosing the two
w — u contractions, by counting a 2 in both w and wu, so we must divide by 2, for a total of
1 30 (41)?

B x (4x3)x(4x3x2)x(4%x3)x =

> - (6.9)

We note that this almost cancels the 1/(3! x (4!)) in front of the Feynman diagram result.
We therefore define the symmetry factor, in general

denominator pl(4!)?

= 6.10
nr. of contractions # of contractions ( )

which in fact equals the number of symmetries of the Feynman diagram. Here the symmetry

factor is
2x2x2=28 (6.11)
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which comes because we can interchange the two ends of Dp(z— z) in the Feynman diagram,
obtaining the same diagram, then we can interchange the two ends of Dp(u—u) in the same
way, and we can also interchange the two Dp(w — u) obtaining the same diagram.

Let us see a few more examples. Consider the one loop diagram with a line between x
and y, with a point z in the middle, with an extra loop starting and ending at the same z,
see Fig.12a. We can interchange the two ends of Dp(z — z) obtaining the same diagram,
thus the symmetry factor is S = 2. Consider then the figure eight diagram (vacuum bubble)
with a central point z, see Fig.12b. It has a symmetry factor of S = 2 x 2 x 2 = 8, since
we can interchange the ends of one of the Dp(z — 2), also of the other Dp(z — z), and we
can also interchange the two Dp(z — 2) between them. Consider then the ”setting sun”
diagram, see Fig.12c, with Dp(x — z), theree Dp(z — w)’s, and then Dp(w — y). We can
permute in 3! ways the three Dp(z — w)’s, obtaining the same diagram, thus S = 3! = 6.
Finally, consider the diagram with Dp(x — 2), Dp(z —y), Dp(z — u), Dp(z — w) and three
Dp(u — w)’s, see Fig.12d. It has a symmetry factor of S = 3! x 2 = 12, since there are 3!
ways of interchanging the three Dp(u — w)’s, and we can rotate the subfigure touching at
point z, thus interchanging Dp(z — u) with Dp(z —w) and u with w.

S=3Ix2=12
S X §‘§ y
x N/ v
c)

d)

g
¥

Figure 12: Examples of symmetry factors. For diagram a, S = 2, for diagram b, S = 8§, for
diagram c, S = 6 and for diagram d, S = 12.

x-space Feynman rules for \¢*
We are now ready to state the x-space Feynman rules for the numerator of the Feynman
theorem,

<0|T {¢1(x1)...¢1(xn)exp [—@'/Hi,l(t)} } 0>, (6.12)
see Fig.13.

propagator =

vertex= x  externa point= ———
X y «

Figure 13: Pictorial representations for Feynman rules in x space.

-For the propagator we draw a line between x and y, corresponding to Dp(x — y).
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-For the verter we draw a point z with 4 lines coming out of it, and it corresponds to
(—iX) [ d*z.

-For the external point (line) at x, a we draw a line ending at z, corresponding to a factor
of 1 (nothing new).

-After drawing the Feynman diagram according to the above, we divide the result by the
symmetry factor.

-Then summing over all possible diagrams of all orders in A\, we get the full result for the
numerator above.

Let us now turn to p-space.

The Feynman propagator is written as

d*p —i ,
— ip-(z—y)
DF(x_y)_/<27r)4p2+m2—iEep Y <613)

so that the p-space propagator is

Dr(p) = 35— (6.14)

Figure 14: Examples of momenta at a vertex, for definition of convention.

We must choose a direction for the propagator, and we choose arbitrarily to be from x
to y (note that Dp(z —y) = Dp(y — x), so the order doesn’t matter). Then for instance the
line going into a point y corresponds to a factor of e~¥ (see the expression above). Consider
that at the 4-point vertex z, for instance ps goes out, and py, pe, p3 go in, as in Fig.14. Then
we have for the factors depending on z

/d4zeiplze””e”“e*”“ = (2m)*6W(py + py + p3 — pa) (6.15)

i.e., momentum conservation.

p-space Feynman rules

Thus the Feynman rules in p-space are (see Fig.15)

-For the propagator we write a line with an arrow in the direction of the momentum,
corresponding to Dg(p).

-For the vertex, we write 4 lines going into a point, corresponding to a factor of —i\.

-For the external point (line), we write an arrow going into the point z, with momentum
p, corresponding to a factor of e=#%.
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-We then impose momentum conservation at each vertex.
-We integrate over the internal momenta, [ d*p/(2m)*.
-We divide by the symmetry factor.

propagator= + _vertex external point= #
P

Figure 15: Pictorial representation of Feynman rules in p space.

We should note something: why do we have the Feynman propagator, i.e. the Feynman
contour? The Feynman contour avoids the +F, pole from above and the —FE, pole from
below, and is equivalent with the —ie prescription, which takes p° o< 1 + ie, see Fig.16.

Bl _ B

T e o

Figure 16: The Feynman contour can be understood in two different ways. On the rhs, the
contour is a straight line.

It is needed since without it, due to T — oo(1 — ie), in fTT d20dP ze!PrHp24ps—pa)2z e

would have a factor of e=@I+P2175-rDe which blows up on one of the sides (positive or negative
p”). But with it, we have in the exponent (14 i€)(1 —ie) = 1+ O(€?), so we have no factor
to blow up in order e.

Cancelling of the vacuum bubbles in numerator vs. denominator

Vacuum bubbles give infinities, for instance the p-space double figure eight vacuum di-
agram, with momenta p; and py between points z and w, and also a loop of momentum
p3 going out and then back inside z and another loop of momentum p4 going out and then
back inside w, as in Fig.17. Then momentum conservation at z and w, together with the
integration over p; gives

d4
/ e : )14 (2m) 6% (p1 + p2) x (2m)*6*(p1 + p2) = (27)*6*(0) = o0 (6.16)
which can also be understood as [ d*w(const) = 2T -V (time T — oo and volume V — 00).

But these unphysical infinities cancel out between the numerator and denominator of the

Feynman theorem: they factorize and exponentiate in the same way in the two. Let us see
that.
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p3

p2

Figure 17: Vacuum bubble diagram, giving infinities.

In the numerator, for the two point function with ¢(z) and ¢(y), we have the connected
pieces, like the setting sun diagram, factorized, multiplied by a sum of all the possible vacuum
bubbles (i.e., with no external points = and y): terms like the figure eight bubble, that we
will call V;, a product of two figure eights, (V7)?, the same times a setting sun bubble (4
propagators between two internal points) called V5, etc., see Fig.18.

o= (3 (59)(396)"

Figure 18: The infinite vacuum bubbles factorize in the calculation of n-point functions
(here, 2-point function).

Then in general we have (the 1/n;! is for permutations of identical diagrams)

T

lim < O[T {@@;)@@) exp [—z‘/TdtHI(t)] } 0>

T—o0(1—1€)

1
= connected piece X Z H_'(Vl)”
n;.

all {n;} sets 1

1 1
= connected pieces X (Zm(‘ﬁ)’“) (ZF(VQ)M) X ..
1 2!

ni ’ ng

1
= connected pieces X H (Z m(%)”)

ng

= connected pieces x =iV, (6.17)
as in Fig.19.
But the same thing happens for the denominator, obtaining
T
lim < O0|T {exp [— z/ dtHI(t)} } 10 >= XV (6.18)
T—00(1—1€) _T
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exp + +

0.5,

Figure 19: The final result for the factorization of the vacuum bubble diagrams in the 2-point
function, with an exponential that cancels against the same one in the denominator.

and cancels with the numerator, obtaining that

< QT{¢(x)p(y)}S2 > (6.19)

is the sum of only the connected diagrams.
Thus in the same way, in general,

< QT{p(z1)...0(x,)}|2 >=sum of all connected diagrams (6.20)

This is the last thing to add to the Feynman rules: for the correlators, take only connected
digrams.

Important concepts to remember

e Feynman diagrams are pictorial representations of the contractions of the perturbative
terms in the Feynman theorem. They have the interpretation of particle propagation,
creation and annihilation, but at this point, it is a bit abstract, since we have not yet
related to the physical S-matrices for particle scattering.

e The symmetry factor is given by the number of symmetric diagrams (by a symmetry,
we get the same diagram).

e The Feynman rules in x-space have Dp(z — y) for the propagator, —i) [ d*z for the
vertex and 1 for the external point, and dividing by the symmetry factor at the end.

e The Feynman rules in p-space have Dp(p) for the propagator, —i\ for the vertex, e~*
for the external line going in x, momentum conservation at each vertex, integration
over internal momenta, and divide by the symmetry factor.
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e Vacuum bubbles factorize, exponentiate and cancel between the numerator and de-
nominator of the Feynman theorem, leading to the fact that the n-point functions
have only connected diagrams.

Further reading: See chapter 4.4 in [2].
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Exercises, Lecture 6

1) Apply the x-space Feynman rules to write down the expression for the Feynman
diagram in Fig.20.

Figure 20: x-space Feynman diagram.

2) Idem, for the p-space diagram in Fig.21.

>©O>
p

P

Figure 21: p space Feynman diagram.
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7 Lecture 7: The driven (forced) harmonic oscillator

We have seen that for a quantum mechanical system, we can write the transition amplitudes
as path integrals, via

F(d tiqt) = g<d,t)gt>g=<qle T D|g>

— [ Dowpawess (i [ i) - Haw. @)} (1

to

and, if the Hamiltonian is quadratic in momenta, H(p,q) = p*/2 + V(q), then
P tia.t) =N [ Dgett (72)

where N is a constant. The important objects to calculate in general (in quantum mechanics
F(q't; ¢'t) would be sufficient, but not in quantum field theory) are the correlators or n-point
functions,

Gn(ty, . ty) = < ¢ F|T{4(t).-4(n)}g, t >

q
— [ Pattyeg()..alt) (7.3)
We can compute all the correlators from their generating functional,

Z[J] = / DgeSlall = / DyeiSlati [ i (a(t) (7.4)

by
1) 1)

T8 (t) 0T (ty)
In the above, the object J(t) was just a mathematical artifice, useful only to obtain the
correlators through derivatives of Z[J]. But actually, considering that we have the action
Slg; J] = Slg]+ [ dtJ(t)q(t), we see that a nonzero J(t) acts as a source term for the classical

q(t), i.e. an external driving force for the harmonic oscillator, since its equation of motion is
now

GN(tl, ...,tN)

Z[J]|1=0 (7.5)

_6Slg:d) 65l
oq(t)  oq(t)
So in the presence of nonzero J(t) we have a driven harmonic oscillator.

We can consider then as a field theory primer the (free) harmonic oscillator driven by an
external force, with action

+ J(t) (7.6)

1
Sig ) =[5~ ) + a0 (.7
which is quadratic in ¢, therefore the path integral is gaussian, of the type we already

performed in Lecture 2 (when we went from the phase space path integral to the configuration
space path integral). That means that we will be able to compute the path integral exactly.
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But there is an important issue of boundary conditions for ¢(¢). We will first make a
naive treatment, then come back to do it better.

Sloppy treatment

If we can partially integrate ¢*/2 in the action without boundary terms (not quite correct,
see later), then we have

a1 = [ ] = Jato) 355 + a0 + H0a(0) (78)

so then the path integral is of the form
Z1J] ZN/qu_éqA_lq”J‘q (7.9)

where we have defined iS = —1/2¢A~1q + ..., so that

A lg(t) = @'[j—;w?]q(t)

J-q = /dt](t)q(t) (7.10)

Here A is the propagator. Then, remembering the general gaussian integration formula,
L 7 T
S = 3% Ar+ bz =
/d"xe_s(z) = (27m)"%(det A)_1/2e%bTAflb (7.11)
where now b = —iJ(t) and A = A™!, we obtain
Z[J) = N'e /27 (7.12)

where A contains besides N and factors of 27, also (det A)'/2, which is certainly nontrivial,
however it is J-independent, so it is put as part of the overall constant. Also,

JoA-J= / dt / dt J(OA ) I(F) (7.13)

Here we find

dp e_ip(t_tl)
AN
A(t,t') =i ﬁ—pQ — (7.14)
since
d? dp e~ ®(t=t) dp —p> +w? _. . .
ATIAt ) = [— 2} /—— —_ | 2L T ip(t=t)
(t,t) zdt2+w ) 21 P2 — w2 2ﬂ_p2_w26
dp _. i _u
= / %wﬂt_t) =0(t—1) (7.15)
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But we note that there is a singularity p?> = w?. In fact, we have seen before that we avoided
these singularities using a certain integration contour in complex p® space, giving the various
propagators. Let’s think better what this means. The question is, in the presence of this
singularity, is the operator A~! invertible, so that we can write down the above formula for
A? An operator depends also on the space of functions on which it is defined, i.e. in the
case of quantum mechanics, on the Hilbert space of the theory.

If we ask whether A~! is invertible on the space of all the functions, then the answer is
obviously no. Indeed, there are zero modes, i.e. eigenfunctions with eigenvalue zero for A=!,

namely ones satisfying
2

[% + wﬂ Q(t) =0 (7.16)

and since A~lgy = 0, obviously on gy we cannot invert A=, Moreover, these zero modes are
not even pathological, so that we can say we neglect them, but rather these are the classical
solutions for the free oscillator!

So in order to find an invertible operator A~! we must exclude these zero modes from
the Hilbert space on which A~ acts (they are classical solutions, so obviously they exist in
the theory), by imposing some boundary conditions that exclude them.

We will argue that the correct result is

. dp e_ip(t_t/)
Ap(t,t') = — 7.17
F(t 1) 2/27Tp2—w2+i6 (7.17)

which is the Feynman propagator (in 0 4+ 1 dimensions, i.e. with only time, but no space).
Indeed, check that, with p-p = —(p°)?, and p° called simply p in quantum mechanics, we
get this formula from the previously defined Feynman propagator.

Note that if Az' has {g;(t)} eigenfunctions with )\; # 0 eigenvalues, such that the eigen-
functions are orthonormal, i.e.

i = [ dealt) oo =6 (7.15)
then we can write

AR ) = 3 Niai(t)as(t)” (7.19)
inverted to Z 1

Ap(t,t) = Z /\—i%(t)%(t/)* (7.20)

More generally, for an operator A with eigenstates |¢ > and eigenvalues q,, i.e. Alg >=
aqlq >, with < q|¢’ >= J,y, then

A=) "a,lqg><q (7.21)

q
Our operator is roughly of this form, but not quite. We have something like ¢;(t) ~
e"® S~ [dp/(2r) and \; ~ (p* — w? + i€), but we must be more precise. Note that
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if at t — 400, all ¢;(t) — same function, then Ap(t — +00) gives the same, and analo-
gously for t — —o0.

We can in fact do the integral in Apr as in previous lectures, since we have poles at
p = £(w — i€), corresponding to the Feynman contour for the p integration. For ¢t — ¢’ > 0,
we can close the contour below, since we have exponential decay in the lower half plane, and
pick up the pole at +w, whereas for ¢ — ' < 0 we close the contour above and pick up the
pole at —w, all in all giving

1 oy
Ap(t,t) = Ze‘W't—” (7.22)

We see that for t — 0o, Ap ~ e ™! whereas for t — —o0o0, Ap ~ e™™! therefore the
boundary conditions for the ¢(t)’s are

q(t) ~ e‘f“t, t — o0
q(t) ~ ™ t — —co (7.23)

Note that [d?/dt? + w?|e*™! = 0, though of course [d?/dt* + w?]q(t) # 0 (since it is nonzero
at finite time).

That means that we must define the space of functions as functions satisfying (7.23), and
we do the path integral on this space.

So, a better definition of the path integral is in terms of

q(t) = qa(t; J) +q(t) (7.24)

where the classical solution g.(¢; J) satisfies the correct boundary conditions, and the quan-
tum fluctuation (¢) satisfies zero boundary conditions, so that it doesn’t modify the ones of
qa(t; J). But we know that if we have

S(x; J) = %Ax2+J~x:
S(a:d) = Saed)+ 3A( — o) = Sa; J) + S(z — 00) (7.25)
where g = z((J) is the extremum. Therefore in our case we have
Slg; J] = Slger; J] + S[4; 0] (7.26)

and the path integral is
Zlq; J) = /quis[q;ﬂ — i5Mgc3J] /quis[d;ﬂl (7.27)

and the path integral over ¢ is now J-independent, i.e. part of N. The classical equation of
motion

A7 ga(t; J) = iJ (1) (7.28)

is solved by
qa(t; J) = qa(t;0) + i(A - J)(¢) (7.29)
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where g4(t;0) is a zero mode, satisfying
A™qa(t;0) =0 (7.30)

Note the appearance of the zero mode g4(t;0) that doesn’t satisfy the correct boundary

conditions. But the quantum solutions ¢(¢) on which we invert AL' have correct boundary

conditions instead, and do not include these zero modes. This is so since g4 (¢;J) has the

boundary conditions of the i(A - J) = i [dt/A(t,¢')J(t') term, ie. of A(t, ') (the only

nontrivial ¢ dependence), as opposed to g (t;0) which has trivial boundary conditions.
Then we have

OrannS|qer; J [0S 0qu(t; J 0S
“full7 14 7] [ l ] = /dt qu ” |q=qcz l( ) (7'31>

O (1) (t) 3 J(t) 0J(t)

and the first term is zero by the classical equations of motion, and the second is equal to
qa(t; J), giving

% = qu(t;J) = qu(t;0) +i(A -.J)(t) =
Slga(0); J] = S[gu(0);0] + qu(0) - T+ ~J - A-J (7.32)

2

where in the second line we have integrated over .J the first line. Then we obtain for the
path integral
Z[J] _ N//eféJ-A-JJriqcl(O)-J (733>

where the second term is new, and it depends on the fact that we have nontrivial boundary
conditions. Indeed, this was a zero mode that we needed to introduce in ¢, as it has
the correct boundary conditions, as opposed to the quantum fluctuations which have zero
boundary conditions.

All of the above however was more suggestive than rigorous, as we were trying to define
the boundary conditions for our functions, but we didn’t really need the precise boundary
conditions.

Correct treatment: harmonic phase space

The correct treatment gives the path integral in terms of a modified phase space path
integral, called harmonic phase space. Let us derive it.

The classical hamiltonian of the free harmonic oscillator is

H(p,q) = %2 + ”22‘12 (7.34)
Making the definitions
1
() = —=la(t) + (1)
p(t) = —iy/Slal) —a'(®)] (7.35)



inverted as

—iwt

lwg —ip] = a(0)e

[wq +ip] = a' (0)e™™", (7.36)

il
& &

the Hamiltonian is

=

(a,a") = wa'a (7.37)

In quantum mechanics, we quantize by [a,a'] = 1, and we write the Fock space representa-
tion, in terms of states
1
_ ATy
n>=—(a")"|0 > 7.38
n>= (@) (7.38)
which are eigenstates of the Hamiltonian.
But we can also define coherent states

|a>:éwm>:§:%ﬁﬁwm> (7.39)

n>0

which are a linear combination of all the Fock space states. These states are eigenstates of
a, since

ila >= [a,e"™|0 >= ae®®'|0 >= a|a > (7.40)
where we have used
~aaf anAAAn— ~AtTA AT/ AaT\n— ~t\n—17~ =~
G, e ] = ZH([a,aT](aT) "+ alfa,a’)(ah)"? + .. (ah)" M a, af)
n>0
. an_l ~Tyn—1 __ aat 7 41
= &Zm(& ) = Qe ( . )
n>0

Thus these coherent states are eigenstates of a, with eigenvalue a. Similarly, defining the
bra state
<at| =< 0e*? (7.42)

we have
<ala’ =< a*la* (7.43)

For the inner product of coherent states, we obtain
<afla >=< 0" a >= e < Ola >= > (7.44)
since < 0la >=< 0[e*'|0 >=< 0]0 >= 1, as < 0la’ = 0. We also have the completeness

relation
/ dada* _ -
1= e

271

a><a (7.45)

which is left as an exercise. (note that the constant depends on the definition of the complex
integration measure dzdz).
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We will compute the transition amplitude between the Heisenberg states |a,t >y and
g <a, t/‘,
F(a* ta,t) = g < o’ V], t >p=< a*le " HE|q > (7.46)
where | > and < | are Schrodinger states.
The Hamiltonian in the presence of a driving force is

H(a', a;t) = wa'a — y(t)a’ — 3(t)a (7.47)

The sources (driving forces) v,% are related to the J defined before in the Lagrangean
formalism as )
J(t
it = 2L 5 =2 (7.43)
Indeed, we can check that for real J, i.e. J = J, the coupling is y(t)a’ +~(t)a = J(t)q(t).
We need one more formula before we compute F'(a*,t'; o, t), namely
< a|H(a',a;1)|8 >= H(a", B;1) < a*|8 >= H(a", B; )™’ (7.49)
Now, like in the case of the phase space path integral, we divide the path in N + 1
small pieces, with e = (¢’ — t)/(N + 1), with times tqg = ¢,t1,...,tn,tne1 = t'. We then
insert the identity as the completeness relation (7.45) at each point ¢;, 1 = 1, ..., n, dividing
e =) — g=iell e~ We obtain

da(t;)da (¢, * -
F(a*,t/;a,t) — /H [Mea (ti)a(ti)] < Oé*(t/)|€7“H’Oé(tn) S %

21
x < a*(to)|e M a(tn) >< alty_1)|... < a*(tr)]e " “F|a(t) >(7.50)

Since o .
< O{* (t1+1)|€_zEH|OZ<tz> >: e—zeH(a*(ti+1),o¢(ti))€a*(ti_;,_l)cx(ti) (751)

when we collect all the terms we obtain

/H [da@i)da*(ti)‘} exp [Oé*(t')a(tn) —a(tn)a(ty) + o (tn)a(ty-1) — @ (th-1)a(tn-1) + ...

271
b+ (t)alt) —i /t drH (o (7). a(7); 7)] (7.52)

We see that we have pairs with alternating signs, with a(t;11)a(t;) — o*(t;)a(t;) being the
discrete version of drda*(7)a(7), and the last term remaining uncoupled, giving finally

/ H[M] exp { /t’ 4rl6* (P)a(r) — (@ (7). a(r)i7)] +a*(Da()} (753

2mi ¢

so that we obtain

F(a*, t';a,t) = /DaDa* exp {z /ttl dT[d*gﬂoz(T) —H| + a*(t)a(t)} (7.54)

]

Important concepts to remember
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The source term J in the generating functional Z[J] acts as a driving force, or souce,
for the classical action.

At the naive level, the Feynman propagator appears as the inversion of the kinetic
operator, but we need to avoid the singularities.

To avoid the singularities, we need to define boundary conditions for the space of
functions. We find that the correct boundary conditions are e=™* at +o0o and e™™? at
—oo, which means that the classical driven field has these boundary conditions, but
the quantum fluctuations have zero boundary conditions. In this way, the zero modes
do not appear in the space on which we invert A=,

With the boundary conditions, we also get a term linear in J in the exponential,
Z[J] _ N//6—1/2J-AJ+iqcl(0)J'

The correct treatment is in harmonic phase space, in terms of coherent states |a >,
which are eigenstates of a.

The transition amplitude between Heisenberg states of |« > is written as a path integral
over a(t) and a*(t).

Further reading: See chapters 1.4 in [4] and 2.3 in [3].
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Exercises, Lecture 7

1) Using the Z[J] for the free driven harmonic oscillator calculated in the lecture, calculate
the 4-point function Gy4(t,te,t3,t4) for the free driven harmonic oscillator.

2) Prove that

dada® .
1 :/ UL 0’ |g >< o (7.55)
271
and calculate -
ez[aTa+/\(a+aT)3}|a > (7.56)
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8 Lecture 8. Euclidean formulation and finite temper-
ature field theory

In this lecture we will define the Euclidean formulation of quantum mechanics, to be extended
next lecture to quantum field theory, and the finite temperature version associated with it,
making the connection to statistical mechanics.

But first, let us finish the discussion of the path integral in harmonic phase space. We
have seen that the transition amplitude between Heisenberg states |o,t > and < a*,t'| is
given as a path integral,

t/ -k
F(a*, t;a,t) = /Doﬂ)a* exp {@/ d7'|:a ET)Oé(T) —H| + a*(t)a(t)} (8.1)
t
But we need to understand the boundary conditions for the path integral, related to the
boundary conditions for the transition amplitude.

Classically, if we have two variables, like a(t) and a*(t), obeying linear differential equa-
tions, or one variable obeying a quadratic differential equation, we could choose to impose
their values (or the values of the function and its derivative in the second case) at a given
initial time ¢, or the same at a final time ¢. But in quantum mechanics, it is not so sim-
ple. We know that the eigenvalues of two operators that don’t commute cannot be given
(measured with infinite precision) at the same time (in the same state).

The precise statement is that if we have operators A and B such that [A, B] # 0, then
defining AA by (AA)? =< |(A — A1)%]¢) >, where | > is some given state, we have
(theorem in quantum mechanics) the generalized Heisenberg’s uncertainty principle

(AA)AB) > 2| < glilA, Blly > | (8.2)

For instance, since [§,p] = ih, we get (Aq)(Ap) > h/2 in a given state, for instance at a
given time ¢ for a single particle in its evolution.

That means that now, since [a,a’] = 1, we can’t specify their eigenvalues o and o* at
the same time (with infinite precision). So the only possibility for boundary conditions is
something that from the point of view of classical mechanics looks strange, but it’s OK in
quantum mechanis, namely to define

-at time ¢, a(t) = o and «*(t) is unspecified (free), and

-at time ¢/, a*(t') = o* and «a(t) is unspecified (free).

The equations of motion, i.e. the equations obtained from the stationarity of the path
integral, by varying the exponential with respect to a(7) and a*(7), are

OH
at+iz—=0—>a+iwa—1y=0
da*

0OH .
& —i—=0—>4& —iwa"+iy=0 (8.3)
Oa

The classical solutions of this system of equations is
au(t) = ae®t7) 4 2/ e (s)ds
t
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t/
ay(1t) = a*ew(T_t/)nLi/ ei“’(T_S)v(s)ds (8.4)

On these solutions (i.e., using the above equations of motion), we can compute that the
object in the exponent in the path integral is

= oz*(t)oz(t)+i/t dry(T)a*(T)

t/
~ et —I—i/ ds[a@iw(t_s)’_}/(s) + a*eiw(s—t/)fy(s)]
t

1 t t o
—5/ ds/ ds'~(s)7(s")e I~ (8.5)
¢ ¢

In the above we have skipped some steps, which are left as an exercise.

Then, like we did in the last lecture for the configuration space path integral, we can do the
gaussian integral by shifting a(t) = ay(t)+a(t) and o*(t) = o, (t)+a*(t), where aq(t), o (t)
are the above classical solutions, and the tilde quantities are quantum fluctuations. Then,
by shifting the path integral, we get that (due to the quadratic nature of the exponential)
the object in the exponent,

Ela(t),a”(t);7,7] = Eloa, ag(t); v, 9] + Ela(t), a*(t); 0] (8.6)
resulting in the path integral being a constant times the exponential of the classical exponent,
N ePlac(t),ag(t):7,7] (8.7)

We see that this object has the same structure as (7.33), since we can absorb the constant
in (8.5) in NV, and then we are left with a term linear in J and a term quadratic in J in the
exponent, like in the case of the configuration space path integral.

But we still need to relate the above harmonic phase space path integral with the config-
uration space path integral of the last lecture. First, we would need to have vacuum states
at the two ends. Since |a >= e‘mTIO >, choosing o = 0 gives |a@ >= |0 >, and choosing
a* = 0 gives < a*| =< 0]. Next, we need to take t — —o0 and t' — o0, since this is the same
that was required for the configuration space path integral. In this case, in the exponent in
(8.5), the constant and linear terms disappear, and we are left with the object

1
Z[J] =< 0,400, —00 > ;= exp{—iJ-AF-J} < 0[0 > (8.8)

where |0, —o0 > means |« = 0,t = —oo >, and we have written the overall constant as
< 0]0 >, since it is indeed what we obtain for the path integral if we put J = 0. Note that

here we have 1
Ap = —e @l 8.9
P 0w (8.9)
in the quadratic piece in the critical exponent, as we can see by substituting v = J/v/2w.

This is, as we saw, the Feynman propagator.
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Now the boundary condition is a(t) = 0 at t = —oo, and a*(t) free, in other words, pure
creation part (o is eigenvalue of a') at t = —oo, and a*(t) = 0 at t = +o00, and «a(t) free, in
other words, pure annihilation part (« is eigenvalue of a). Since

1
V2w

we see that this is consistent with the previously defined (unrigorous) boundary condition,
q(t = —0) ~ et and ¢(t = +00) ~ e~“!. But now we have finally defined rigorously the
boundary condition and the resulting path integral.

Wick rotation to Euclidean time

But while the path integral is well defined now, its calculation in relevant cases of in-
terest is not. A useful approximation for any path integral is what is known as ”saddle
point approximation”, which is the gaussian integral around a classical solution, which is an
extremum of the action,

q(t) = [ae™™! + ale ] (8.10)

1

where Sy = S[qq : 05/0q(gq) = 0]. If we have a free action, this is exact, and not an
approximation. We have performed the gaussian integration as if it were correct, but in
reality it is only correct for real integrals, which decay exponentially, fj;o dre=**" | whereas

for imaginary integrals, when the integral is over a phase (purely oscillatory), [ dxeiow?

is much less well defined (since if we take :X\ or f/fjcc where A — oo and C finite,
the two integrals differ by a finite contribution that is highly oscillatory in the value of C,
~ 2 foc dre~2A7) - And when it is a path integral instead of a single integral, it becomes
even more obvious this is not so well defined.

So if we could have somehow instead of ¢, e, that would solve our problems. Luckily,
this is what happens when we go to Fuclidean space.

Consider a time independent Hamiltonian H, with a complete set of eigenstates {|n >}
(so that 1 = |n >< n|), and eigenvalues E,, > 0. Then the transition amplitude can be

written as

g<d tlgt>y = <dle g >= ZZ < qn >< nle D m >< m|g >

= > <dln><nlg>e 0 =% (g (ge Y (8.12)

where we have used < n|e ¢ =0|m >= §,,eE'~) and < g|n >= 1,,(q). This expression
is analytic in At =t —t.

Now consider the analytical continuation to Euclidean time, called Wick rotation, At —
—if3. Then we obtain

<q Blg,0>="> " thn(q ) (q)e P (8.13)
Then we note that if we specialize to the case ¢ = ¢ and integrate over this value of g,

we obtain the statistical mechanics partition function of a system at a temperature T', with
kT = 1/, thus obtaining a relation to statistical mechanics!
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Indeed, then we obtain
< ¢,Blg,0 >= / dg 3" [ag) 25 = Te{e P} = Z[ (8.14)

This corresponds in the path integral to a taking closed paths of Euclidean time length
g =1/(kT), since ¢ = q(tg = B) = q(tg = 0) = q.
Let’s see how we write the path integral. The Minkowski space Lagrangean is

L(g,q) = % (%) —Vi(q) (8.15)

meaning the exponent in the path integral becomes

. /0th6 (idtp) [% (d( —dgtE))Q ~V(e)] = ~Ssld (8.16)

where then by definition, the Euclidean action is

Spla] = / it E (%) ROE / dtsLi(g,d) (8.17)

We finally obtain the Feynman-Kac formula,

2(9) = Te(e "1} = [ Dae 0040 .19

where the path integral is then taken over all closed paths of Fuclidean time length (.

As we know, the partition function in statistical mechanics contains all the relevant in-
formation about the system, so using this formalism we can extract any statistical mechanics
quantity of interest.

To do so, we can introduce currents J(¢) as usual and calculate the correlation functions.
That is, we define

2(6:0) = [ DaerSe®83 etonstngr (8.19)

Note that here, the current term is the usual we encountered before, since

i / dtT(t)q(t) = i / d(—itp)J (—itp)g(—itp) = / dtpTp(te)aslts)  (8.20)
Let’s see a simple, but very useful quantity, the propagator in imaginary (Fuclidean)

time. We immediately find in the usual way

1 822[8;J]
Z(B)8J(11)0J (s

_ 7)q(71)q()e 52 P)
= 50 | Pttt (5.21)
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Note that here in J(7), J(72), ¢(71), ¢(72) we have Euclidean time (7), but since the formula
for Z[3; J] was obtained by analytical continuation, this is equal to

< QT{G(—im)q(—im)}Q >5= — = Trle B T{G(~im)q(—im)}] (8.22)

1
Z(B)
Also note that here Z(f) is a normalization constant, since it is J-independent (now we
have a new parameter, (3, but except for this dependence, it is constant). In the above, the
Heisenberg operators are also Wick rotated, i.e.

(j(t) — eiﬁtqe—iﬁt :
G(—it) = ef'mge 7 (8.23)

We could ask: why is it not the Euclidean correlator the VEV of the time ordered
Euclidean operators? The answer is that in Euclidean space, space and time are the same,
so we can’t define the "time ordering operator”. In a certain sense, what we obtain is then
just the VEV of the product of ¢’s in Euclidean space, for the above < Q|G(m1)q(72)|2 >,
just that it is better defined as the continuation from Minkowski space of the VEV of the
time-ordered product.

We can now extend the definition of the free propagator A(7) to the interval [/, 5] by
the periodicity of ¢(7), ¢(7 + 8) = ¢(7). We can then define

A1) =< QT{G(=i7)q(0)} |22 >4 (8.24)

such that
AT —pB) = A(r) (8.25)
We could of course compute it from the path integral in principle, but consider reversely,

the following problem. The propagator equation

d? 9
|- | K ) = o7 (8.26)
with the above periodicity, where K(7,7") = Aee(7—7'), has a unique solution: if 7 € [0, ],
the solution is

Bgreelr) = (1 nlw))e™" + n(w)es] (3.27)

where
1

n(w)

is the Bose-Einstein distribution. The proof of the above statement is left as an exercise.
We also can check that for § — oo,

Apree(T > 0) = Ap(7 > 0) (8.29)

So we obtain the Feynman propagator in the limit of zero temperature (8 = 1/(kT) — 00).
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Moreover, in this zero temperature limit, in which we have an infinite period in Euclidean
time, we have

< ¢, 80,0 >=>  ul@)r(@)e” ™ — do(d)o(g)e ™ (8.30)

that is, we only get the vacuum contribution.

In conclusion, we can define the sources J(t) to be nonzero on a finite time interval, and
take infinitely long periodic Euclidean time. Then we obtain a definition of the vacuum
functional, where the initial and final states are the vacuum |2 >, like we defined before in
Minkowski space, and this functional is given by the path integral in Euclidean space.

Because of the statistical mechanics connection, we call Z[J| = Z[f — oo; J] the partition
function, and we will continue to call it like this from now on. We will also call later
—In Z[J] = W]J] the free energy, since the same happens in statistical mechanics.

Note that all we said here was for quantum mechanics, and the corresponding statistical
mechanics by the Feynman-Kac formula. But we can generalize this formalism to quantum
field theory, and we will do so next lecture. We can also generalize statistical mechanics to
finite temperature field theory.

Driven harmonic oscillator

Let us now return to our basic example for everything, the harmonic oscillator. The
Euclidean partition function is

ZulJ] = / Dyesp{ - % / it (%)2 roig] + / atT(t)a(r)} (8.31)

We saw that in Minkowski space the partial integration of the kinetic term can introduce
problematic boundary terms related to the boundary conditions. But now, in Euclidean
space, we have only closed paths, so there are no boundary terms!

Therefore we can write as before,

2

ZplJ] = /quxp{ — %/dtq(t)[— %+w2}q(t)+/dt<](t)q(t)}
= Nexp{%/ds/ds’J(s)AE(s,s’)J(s’)} (8.32)

where the Euclidean propagator is defined by —Sp = —1/2¢A™1q + ..., giving

42 -1 dEg e—iEE(s—s’)
AE(S’ 3/) = (—@ + w2> (5,3/) = / o E% _{_w2 (833)

Note first that the gaussian integration above is now well defined, as we explained, since
we don’t have oscillatory terms anymore, but we have the usual integral of a real decay-
ing exponential, [ dre**. Second, the Euclidean propagator is well defined, since in the
integral, we don’t have any singularities anymore, as E% + w? > 0, so we don’t need to
choose a particular integration contour avoiding them, as in the case of the Minkowski space
propagator.
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Let us summarize what we did: we Wick rotated the Minkowski space theory to Euclidean
space in order to better define it. In Euclidean space we have no ambiguities anymore: the
path integral is well defined, Gaussian integration and the propagators are also well defined.
Then, in order to relate to physical quantities, we need to Wick rotate the calculations in
Euclidean space back to Minkowski space.

Let’s see that for the propagator. We have ¢t = —is, where s is Euclidean time. But then
we want to have the object Et be Wick rotation invariant, £t = Egs, so Ep = —iF.

The Euclidean space propagator is well defined, but of course when we do the above
Wick rotation to Minkowski space, we find the usual poles, since the Euclidean propagator
has imaginary poles Eg = +iw, corresponding to poles at £ = +w. Therefore we can’t do
the full Wick rotation, corresponding to a rotation of the integration contour with 7/2 in
the complex energy plane, since then we cross (or rather touch) the poles. To avoid that, we
must rotate the contour only by 7/2 — ¢,

Ep — e "G79E = —i(E + i) (8.34)

Doing this Wick rotation, we obtain

—iEt

T dE e
so=it) =i [ S = Arlt) (8.35)

(e}

that is, the Feynman propagator. We see that the 7/2 — ¢ Wick rotation corresponds to
the Feynman prescription for the integration contour to avoid the poles. It comes naturally
from the Euclidean space construction (any other integration contour could not be obtained
from any smooth deformation of the Euclidean contour), one more reason to consider the
Feynman propagator as the relevant object for path integrals.

In conclusion, let us mention that the puristic view of quantum field theory is that the
Minkowski space theory is not well defined, and to define it well, we must work in Euclidean
space and then analytically continue back to Minkowski space.

Also, we saw that we can have a statistical mechanics interpretation of the path integral,
which makes the formalism for quantum field theory and statistical mechanics the same. A
number of books take this seriously, and treat the two subjects together, but we will continue
with just quantum field theory.

Important concepts to remember

e Relating the harmonic phase space path integral with the configuration space path
integral, we obtain the boundary conditions that we have a pure creation part at
t = —oo and a pure annihilation part at ¢ = 400, compatible with the configuration
space boundary condition ¢(t = —oo) ~ €™, ¢(t = +o00) ~ e ' This defines
rigorously the path integral.

e The Feynman-Kac formula relates the partition function in statistical mechanics, Z(8) =
Tr{e #H}, with the Euclidean space path integral over all closed paths in the Euclidean
time, with length 3.
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e The correlators in imaginary time (like the imaginary time propagator) are the ana-
lytical continuation of Minkowski space correlators.

e The free Euclidean propagator at periodicity  involves the Bose-Einstein distribution.

e The vacuum functional, or partition function Z[J], is given by the Euclidean path
integral of infinite periodicity.

e For the harmonic oscillator in Euclidean space, we can rigorously do the gaussian
integration to obtain the exact solution for Z[J], in terms of a well-defined Euclidean
propagator.

e The analytical continuation (Wick rotation) of the Euclidean propagator, by smoothly
deforming the integration contour to avoid the poles in the complex plane, uniquely
selects the Feynman propagator.

Further reading: See chapters 1.5 in [4] and 3.7 in [3].
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Exercises, Lecture 8

1) Complete the omitted steps in the proof for going from

a* (1)

Fla* 1 a,t) = / DaDa’ exp {i /t ' ar [\ a(r) — H] + a*(H)a(r)} (8.36)

1

to

1
Z[J] =< 0,+400|0, —00 > ;= exp {_§J -Ap - J} < 0[0 > (8.37)

2) Prove that
2

[ 4 + wQ] K(r,7)=0(r — 1), (8.38)

dr?
where K (7,7) = Appee(T — 7'), and A(7 — ) = A(7), has a unique solution: if 7 € [0, ],
the solution is

Ajrec(7) = % (1 4 n(w))e + n(w)e] (8.39)
where )
n(w) = el 1 (8.40)
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9 Lecture 9. The Feynman path integral for a scalar
field

In this lecture we generalize what we have learned from quantum mechanics to the case of
quantum field theory.

We have seen that in order to better define the theory, we must do a Wick rotation
to Euclidean space, t = —itg. If we choose closed (periodic) paths, ¢(tg + 8) = ¢(f) in
Euclidean time, we obtain the statistical mechanics partition function, Z(8) = Tr{e 5},
given as a path integral [ qu‘sE[q]lq(tE+5):q(tE) (Feynman-Kac formula). The Euclidean
action is positive definite if the Minkowski space Hamiltonian was. To obtain the vacuum
functional (transition between vacuum states), we take 8 — oo. In Euclidean space we
obtain well defined path integrals; for instance, the driven harmonic oscillator can now be
easily solved. Partial integration has no problems, since periodic paths have no boundary,
and we obtain Zg[J] = N e27287  where the Euclidean propagator is well defined (has
no poles). Wick rotation however will give the same problem: a full Wick rotation with
/2 rotation of the integration contour will touch the poles, so we must rotate only with
/2 — €, obtaining the Feynman propagator. No other propagator can arise from a smooth
deformation of the integration contour.

To generalize to field theory, as usual we think of replacing ¢;(t) — ¢z(t) = ¢(Z,t) = ¢(x).
Of course, there are issues with the correct regularization involved in this (some type of
discretization of space, we have discussed that a bit already), but we will ignore this, since
we only want to see how to translate quantum mechanics results into quantum field theory
results.

In Minkowski space, the action is

1 1
S[g] = /d%[ — 504006 — §m2¢2 — V(M (9.1)
and the Minkowski space n-point functions, or Green’s functions are
(s s ) =< O|T{(21)... b () }0 >= / Do (1), () (9.2)

To define the theory better, we go to Fuclidean space, where we take only periodic paths
with infinite period, obtaining the vacuum functional. The Euclidean action is

1 1
Sele) = [ dte[50,00,0+ 3w + V(o) (9.3
where, since we are in Euclidean space, a,b, = a,b" = a,b,6"”, and time is defined as
tuy =2 = —xg = —ity, tg = x4 = 2%, and so z* = iz".

The Euclidean space Green’s functions are

G 1y ntn) = [ Do (a)..0(,) (9.4)
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We can write their generating functional, the partition function, so called because of
the connection with statistical mechanics which stays the same: at finite periodicity £ in
Euclidean time,

26,91 = T} = [ Do sty (95)
so in the vacuum,
21 = / DgeSeHI0 = | 200 >, (9.6)
where in d dimensions
J-¢= / dxJ(x)p(z) (9.7)
So the Green’s functions are obtained from derivatives as usual,
G2y, ... 1) = 0 0 /D¢e—SE+J‘¢|J_O (9.8)
’ 8J(z1)  0J () -

Note however the absence of the factors of 7 in the denominators, since we now have J - ¢
instead of iJ - ¢. The partition function sums the Green’s functions as usual,

2= % / [L5:G e, a) (01).. T ) (9.9)

n>0

Perturbation theory

We now move to analyzing the perturbation theory, i.e. when S[¢] = So[¢] + Si[¢],
where Sy is a free (quadratic) part and Sy is an interaction piece. As before, we will try
to perturb in the interaction piece. We can generalize the harmonic oscillator case and
calculate transition amplitudes between states. But even though in physical situations we
need to calculate transitions between physical states, which are usually wave functions over
particle states of given momentum, it is much easier from a theoretical point of view to
calculate the Green’s functions (transitions between vacuum states).

We will see however that the two are related. Namely, we can consider the Green’s func-
tions in momentum space, and the S-matrix elements, of the general type Sy; =< f|S]i >,
where S = Ur(+00, —o0). Then the S-matrix elements will be related in a more precise man-
ner later with the residues at all the mass-shell poles (p? = —m? for external lines) of the
momentum space Green’s functions. The proof of this formula (which will be just written
down later in the course), called the LSZ formula, will be given in QFT II, since the proof
requires the use of renormalization.

The momentum space Green’s functions are

Gn(p1s . pn) = /dd:pl...dda:nei(plzlJ““"p"x")Gn(:vl, ey Tp) (9.10)
But due to translational invariance (any good theory must be invariant under translations,
x; — x; + a),

Gu(z1, . oyxy) = Golry — X, 20 — X, o2, — X)) (9.11)
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Choosing X = z; and changing integration variables x; — x; + X, for i = 2, ..., n, we get

Gn(pla 7pn) _ [/ddxleiwﬂpl-l-...-i—pn)] /ddl’g...ddfbnei(x2p2+'"$npn)Gn(oal‘27 71»”)
= (2m)%%p1+ .. + ) Ga(p1s - Pn) (9.12)

and we usually calculate G,,(p1, ..., pn), where these external momenta already satisfy mo-
mentum conservation.

As we said, it will be much easier theoretically to work with Green’s functions rather
than S-matrices, and the two are related.

Dyson’s formula

This is a formula that was initially derived in the operator formalism, but in the path
integral formalism it is kind of trivial. It is useful in order to define the perturbation theory.

Working in the Euclidean case, we define |0 > as the vacuum of the free theory, and
we consider VEVs in the free theory of some operators, which as usual are written as path
integrals,

< 0[O[{4}]0 >= / De 09 0[{5)] (9.13)

Now, considering the particular case of O = e~1l%l we obtain
/ DepeS0l61-5116] — < g|=5119]|0) (9.14)
If the operator O contains also a product of fields, we obtain the Green’s functions, i.e.

G@1, ooy Tn) =< 0|3(21)..0(20)e 51190 >= / Dpe (1), p(x,)e 1 (9.15)

We note here again that in Euclidean space, there is no distinction between time and space,
so we cannot define an "euclidean time ordering”, so in a certain sense we have the usual
product. Just when we analytically continue (Wick rotate) from Minkowski space we can
define the time ordering implicitly (via the Minkowski time ordering).

Finally, for the generating functional of the Green’s functions, the partition function, we
can similarly write, by summing the Green’s functions,

Z[J] =< O’e—sl[é]efddxj(x)é(x)‘o ~— /D¢6—So[¢}+J~¢€—Sz[¢] (9.16)

which is called Dyson’s formula, and as we can see, it is rather trivial in this path integral
formulation, but for S-matrices in the operator formalism in Minkowski space, where it was
originally derived, it is less so.

Solution of the free field theory

We now solve for the free field theory, S;[¢] = 0. We have

ZolJ] = / Depe=Solel+7¢ — / D(b{ — % / d*z[0,00,¢ + m?*¢*] + J - ¢} (9.17)
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In Euclidean space we have no boundary terms, so we can partially integrate the kinetic
term to obtain

- /D¢ exp{ - %/ddxgb[—ﬁuﬁu +m?|o+ J - gb}, (9.18)

where [—9,0, + m? = A™! and we can then shift the integration variable by first writing

ZolJ] = /Dqﬁexp{—%[gb—J AJA G~ AT+ 5 Lia. 7)
= eéJ'A'J/Dqs’e 29 A7 (9.19)
and now the path integral that remains is just a normalization constant, giving finally
Zo[J) = €272 < 0]0 >, (9.20)

and we can put Zy[0] =< 0|0 >¢ to 1. Note that here the propagator comes from A™' =
—9,0, + m? and is given by

ddp etp(x Y)

and now again it is nonsingular, since in the denominator p? +m? > 0. But again, analytical
continuation back to Minkowski space (Wick rotating back) can lead to the usual poles at
|p| = £im, so we need to rotate the integration contour in the complex p° plane with /2 — ¢
instead of the 7/2. Then we obtain the Feynman propagator, since p% +m? — p3, +m? —ie.
Note that here, p3, = pplo*, but pi, = pi'p)'n* = —(p°)* + p°. And again, after the
rotation (smooth deformation of the contour),

Als = it, 7) = Ap(t, 7) (9.22)

uniquely chosen.

Wick’s theorem

In the path integral formalism, Wick’s theorem is both simple to state, and easy to prove,
though it will take us some examples (next class) to figure out why it is the same one as in
the operator formalism.

Let’s start out with an example. Consider, e.g., the function F[{¢}] = ¢*(z1)d(x2)d* (x3).
Then its VEV is a path integral as we saw, which we can write as

< O[F[{g}]|0 > = /D¢€S°[¢]¢2(x1)¢($ )9* (x3)

B <5J?w1)>25fo2) (M (23) ) /D¢€ ot e (9.23)

or (as we can easily see) in general, for an arbitrary function F', and in the presence of an
arbitrary source J,

7 <O0|F[{¢}]|0 >,=F H 5(3” ZolJ]| s (9.24)
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In particular, we can use Dyson’s formula, i.e. apply it for
F{¢}] = e~ T4V (@) (9.25)

to obtain
S5 5

200) = e 1V Gm) Z, ) = eI V(T ) e 2 (9-26)

which is the form of Wick’s theorem in the path integral formalism.

This formula seems very powerful. Indeed, we seem to have solved completely the in-
teracting theory, as we have a closed formula for the partition function, from which we can
derive everything.

Of course, we can’t get something for free: if it was tricky in the operator formalism,
it means here also is tricky. The point is that this formal expression is in general not well
defined: there are divergences (infinite integrals that will appear), and apparent singularities
(like what happens for instance when several derivatives at the same point act at the same
time). The above formula then has to be understood as a perturbative expansion: we expand
the exponential, and then calculate the derivatives term by term. We will do some examples
first in the next class, then formulate Feynman rules, which will be the same ones as we have
found in the operator formalism.

Important concepts to remember

e The generalization from quantum mechanics to quantum field theory is obvious: the
vacuum functional is the path integral in euclidean space over periodic paths of infinite
period, with a positive definite euclidean action.

e Green’s functions are obtained from a partition function with sources.

e In perturbation theory, we will study Green’s functions, because they are simpler, but
one can relate them to the S-matrix elements (real scattering amplitudes) via the LSZ
formula, whose precise form will be given later.

e For momentum space Green’s functions, one usually factorizes the overall momentum
conservation, and talks about the Green’s functions with momenta that already satisfy
momentum conservation.

e Dyson’s formula relates < 0|e=57[?le7?|0 > with the partition function (path integral
over the full action, with sources).

1

e In free field theory, Zy[J] = e2727.

e Wick’s theorem gives the partition function of the interacting theory as the formal
expression Z[J] = e~/ VI/9T1 7,1 ]].

Further reading: See chapters 2.1,2.2 in [4] and 3.1,3.2 in [3].
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Exercises, Lecture 9

1) Using the formulas given in this class, compute the 4-point function in momentum
space, in free field theory.

2) If S; = [ A¢*/4!, write down a path integral expression for the 4-point function
Gy(ry,...,14) up to (including) order 2.
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10 Lecture 10. Wick theorem for path integrals and
Feynman rules part I

In the previous class we have seen the Euclidean formulation of scalar field theories. We
have written Dyson’s formula for the partition function,

Z[J] =< O,@—Sl[é]efdda:J(x)qg(:p)‘O >— /D¢€So[¢]+J-¢€Sz[¢] (10.1)

calculated the partition function of the free theory,
ZolJ] = 2727 < 00 >= ez 2 (10.2)
where the Euclidean propagator is

ddp eip'(z_y)

Az, y) :/WW (10.3)

And finally we wrote Wick’s theorem for path integrals, which is
Z[J] _ effdde(%m)ZO{J] — e*fdd:pV(%(:E))eJ-A-J (104)

It is not completely obvious why this is the same Wick’s theorem from the operator formal-
ism, so we will see this by doing explicit examples.

Let’s consider the theory at zeroth order in the coupling constant, i.e. the free theory,
ZolJ].

We will denote the Green’s functions as G )(xl, ..., Z,) for the n-point function at order
p in the coupling.

We start with the one-point function. At nonzero J,

6 1 1
Gﬁo) (z1)s = 57 (x )GEJ'A'J = A J(xy)e2? 7 (10.5)
1

where A - J(z1) = [ d*zA(zy,2)J(z). Putting J = 0, the one-point function is zero,
G(z1) =0 (10.6)

We can easily see that this generalizes for all the odd n-point functions, since we have even
numbers of J's in Zy[J], so by taking an odd number of derivatives and then putting J =0
we get zero,

Gg(]]f)-‘rl(xl’ ceuy I2k+1) =0 (107)

The next is the 2-point function,

Ggo)(th)J = 5=]?5U1) (wf%)e;JA-J _ %[A . (](x2)€%J.A.J]
= A, w2) + (A T(w2))(A - T(w))]ex” > (10.8)



and by putting J = 0 we find
G\ (w1, 22) = A2y, 22) (10.9)

The corresponding Feynman diagram is obtained by drawing a line connecting the external
points x; and .
For the next nontrivial case, the 4-point function is

4
N
Gio)(xl,xg,xg,u) = H el |

1
= Az, 12)A(xs, 4) + Aw1, 23) A(T2, 24) + A2y, 24) A2, 23)
(10.10)

which can be represented as the sum of Feynman diagrams with lines connecting (12) and
(34); (13) and (24); (14) and (23), as in Fig.22. The (simple) details are left as an exercise.

x1 X2 X1 X2
x1 X2 4 N /
—— /

Figure 22: Free contractions for the 4-point function.

We then get the general rule for computing Gﬁ?’(xl, ey Tpn).  Write all the Feynman
diagrams by connecting pairwise all external points in all possible ways.

We now move to the first nontrivial example of interaction. Consider the theory with
V(¢) = A¢?/3!. Of course, such a theory is not so good: the Hamiltonian is unbounded from
below (the energy becomes arbitrarily negative for large enough negative ¢), so the system
is unstable. But we just want to use this as a simple example of how to calculate Feynman
diagrams.

Consider the theory at first order in A, i.e. we replace

() S gl (2 10.1)
‘ 31\ 67 (2) ‘
Then we have
A6 N\ . A 5 \? .
7] 3 \6i@) ) © 51 ) TGy ) 1A T@e
— _/\ d 0 21 2 JAT
T 57 (@) Az, z) + (A - J(z)) e



= 2 [ aBAGE A - D) + (A @) (10.12)

From this expression, which contains only odd powers of J, we see that the even n-point
functions at order 1 are zero,

GO (@1, ... o) = 0 (10.13)

The one-point function is

) = 5 fol)Zm[JHJo - / Az (@, 2) Az, 1) (10.14)

which diverges due to A(z, z), and has as Feynman diagram a propagator from the external
point x; to the point x to be integrated over, followed by a loop starting and ending at =,
as in Fig.23.

Figure 23: One point function tadpole diagram.

Next, we calculate the 3-point function,

o ) 4]

(1) 1
Gal(wn 22 ms) = S S 5T 5J(1:3)Z( 1=
_ —)\/dda:{A(x,xl)A(a:,@)A(a@asg)+%A(@m)[A(az,xﬁA(@,m)
+A(z, 22) Az, x3) + Az, x3) A2, 22)] } (10.15)

which can be represented as 4 Feynman diagrams: one with a 3-vertex connected with the 3
external points, one with xo connected with z3 and a Ggl)(xl) contribution, i.e. a line with
a loop at the end connected to x1, and the 2 permutations for it, as in Fig.24.

1 x1 x1 x1
)\ + é + \+ / O\.
X2 x3  x2 X3 o x3 X2 x3

Figure 24: Diagrams for the 3-point function at order A.
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We now exemplify the diagrams at second order with the O-point function (vacuum
bubble), at second order O(A\?), i.e. Z*[J = 0]. We have

But when we put J = 0, only terms with 6 J’s contribute, so we have

1 Ao A/s N1y
@7 — — d d - d gd_ d_ d_t 3d_t 3d 1
ZWNJ =0 = 5 d T3, (5J(:17)> /d y3; (5J(y)) 3 (2) /d 21d%29d" 23d" 2d" 25 d 2

J(21)A (21, 20)J (21) ] (22) Alz2, 25) I (25) ] (23) A3, 25) S (25) ] s=0 (10.17)

When we do the derivatives, we obtain a result that is the sum of two Feynman diagrams,

2

23!

)\2
2017 = 0) = 55 [ s’y w,0) Az, ) Awey) +

/dd:vddyA3(x, Y) (10.18)

the two Feynman diagrams being one with two loops (circles) connected by a line, and one
with 3 propagators connecting the same two points (integrated over), z and y, as in Fig.25.
The details (which derivatives give which diagram) are left as an exercise.

O—0O
S

Figure 25: Diagrams for the vacuum bubble (zero point function) at order \2.

Wick’s theorem: second form
We now formulate a second form for the Wick theorem,

20 = e%%'ﬁ'%{e—fddwi)u-qb lozo
1 50 T i
- oo f; [ dad'yAe—y)giessos | {e IO (1019

To prove it, we use the previous form of the Wick theorem, and the following
Lemma (Coleman)
Consider two functions of multi-variables,

F(z)=F(z1,...,x,); Gy) =GW1,-,Yn) (10.20)

F (a%) G(z) =G (%) {F(y)e”y}yzo (10.21)

Then we have



To prove it, because of the Fourier decomposition theorem, we only have to prove the
lemma for
F(z) =e""  G(y) =" (10.22)

Let’s do that, first on the left hand side of the lemma,

a _ al obx 1 8 " bxr m bz __ _ab bz _ _b(atz)
F(%>G(x)—e oz e —Zﬁ(a-%) e —Z(a-b) et =e"e"" =e

m

m!

(10.23)
and then on the right hand side of the lemma,

G (a%) {F(y)e”"y}yo - eb'é’y{ea~yez~y}yo (10.24)

Using the result for the lhs of the lemma, we have

0

G (—) {F(y)ew'y} - eb'(a+r)e(a+9¢)'y|y:0 — pbl(ata) (10.25)
Jy y=0

which is the same as the left hand side of the lemma. Q.E.D.

We can now apply this lemma on the previous form of the Wick’s theorem, with © — J(z)
and y — ¢(x), so we generalize between a discrete and finite number of variables in the above
to a continuum of variables. Then we obtain

2 = BV Blerras = dad s iavonse] (10.26)
$=0
Q.E.D.
Feynman rules in x-space
Consider the general polynomial potential

V(g) = AP (10.27)

We write down the Feynman rules for the n-point functions, in order AN. But note that
now we will consider Feynman diagrams that give the same result as different. This is an
algorithmic method, so when we can’t compute the symmetry factors for diagrams, we can
use this construction. We will return to the usual Feynman rules in the next class.

The rules are: we write down the n external points, xy,...,z,, each with a line (leg)
sticking out, and then N vertices, i.e. internal (to be integrated over) points yi, ..., yn, each
with p legs sticking out. We then connect all the lines sticking out in all possible ways by
propagators, thus constructing all the Feynman diagrams. Then

-For each p-legged vertex, we write a factor of —\, see Fig.26. (Note the missing factor
of © with respect to Minkowski space. But now we are in Fuclidean space.)

-For each propagator from z to w, we write a A(z — w).

-The resulting expression Ip(z1, ..., Tp; Y1, ..., yn) is integrated over the vertices to obtain
the result for the Feynman diagram,

FéN)<x17”'7'rn) :/ddyl"’ddyN-[D<'r17"'wrn;yla"'7yN) (1028)
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Figure 26: Feynman diagram for the p-vertex.

-Then the n-point function is given by
1 N
Gul@1, o) = Y GV (ay, y2) =) i > FS (@, @) (10.29)
N>0 N>0 D

As an example, we take the 2-point function to order A! for a potential with p = 4.
Then we draw the 2 points z1, x5 with a line sticking out and a vertex y with 4 legs sticking
out, as in Fig.27a.

4 Vs
X x1 Y X2 xl@@x2

a) b) C)
x1 y@ X2
\J x1 X2
d) e

Figure 27: We can draw all the possible Feynman diagrams at order A in the 2-point funtion
by drawing the vertex and the external lines (a). Then we can connect them in all possible
ways, obtaining diagrams b,c,d,e.

We can connect x; with zo, and we have 3 ways of connecting the 4 legs of the vertex to
each other, as in Figs.27b,c,d, leading to

Fp1 = Fpy = Fp3 = —A/ddyA(xl —29)A(y — y)Aly — y) (10.30)

We can also connect each of the x; and x, with one of the legs of the vertex, and the
remaining two legs of the vertex to each other, as in Fig.27e. That gives 12 diagrams, since
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we have 6 ways of choosing 2 lines out of the 4, and 2 ways of choosing which of the two to
connect with ;. Thus we have

Fpy=..=Fpis= —)\/ddyA(xl —y)A(xe —y)Aly — y) (10.31)

Important concepts to remember

e In free field theory (zeroth order in perturbation), the odd n-point functions are zero,

Ggl]c)—',-l(xla coy Togy1) = 0.

e For Gg,? (21, ..., x9;), we write all the Feynman diagrams by connecting pairwise all
external legs in all possible ways.

e We can write down a second form of the Wick theorem, using Coleman’s lemma, as
Z[J] = e25 58 {effV(¢>)+J-¢>}|¢:0.

e The Feynman rules in x-space, for G in AP theory, the long form, are: write n
external points, with a leg sticking out, and N vertices, with p legs sticking out, then
connect all the legs in all possible ways. For a vertex write —\, for a propagator write
A(z,y). Then integrate over the vertices, sum over diagrams (now we will have many
diagrams giving the same result) and sum over N with 1/N!.

e This prescription is equivalent to the usual one of writing only inequivalent diagrams,
and writing a symmetry factor S.

Further reading: See chapters 2.3 and 4.1 in [4].
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Exercises, Lecture 10

1) Prove that G\ (x1,...,4) is the sum of the three diagrams with connections of
(12),(34); (13),(24); (14),(23) in Fig.22 and then generalize to write down Géo) (1, ..., Tg).

2) Explain which derivatives give which Feynman diagram in the calculation of the 0-
point function to O(A\?) in A\¢* theory (two circles connected by a line; and two points
connected by 3 propagators as in Fig.25), and then write down the Feynman diagrams for

G'? (21, ..., z4) in A¢* theory.
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11 Lecture 11. Feynman rules in x-space and p-space

Proof of the Feynman rules
Let’s compute now the Green’s functions,
AN
60J(z1)...0J (zp

G(xy, ..., ) = >|Jo:eé‘l“{¢(m1)..¢<xn>e—f‘m NI @Y o] 5

(11.1)

Note that these Green’s functions are the Green’s functions corresponding to
< 0|T{¢(x1)...0(x, )¢’/ Himt 3|0 > (in the free vacuum of the theory) in Minkowski space,
and as a result they still contain vacuum bubbles. The vacuum bubbles will be seen later
to factorize exactly as in the operator formalism, and then we will calculate the Green’s
functions corresponding to < Q|T{¢(z1)...6(x,)}Q > from W = —1In Z[J].

We next note that in the above we can drop the J - ¢ term, since by taking all the
derivatives we will have only terms linear in J from this contribution, and putting J = 0
these terms vanish. The result is then

35355 { (1) .. d(an e PV g (11.2)

This means that in order N (i.e.,O(AY)) we find

N[

G(x1,...,x,) =€

(™) _ iEad Y e ;
G2y, ., xy) = €236 775 {p(x1)...0(x,,) N d*yr...d*Ynd® (11)...0  (yn) Ho=o (11.3)

Consider now that there are ) = n + pN ¢’s, on which we act with the derivatives on the
exponential. If we have more derivatives than fields, we obviously get zero, but we also get
zero if we have fewer derivatives, because at the end we must put ¢ = 0, so if we have ¢’s
left over, we also get zero. Therefore we only get a nonzero result if Q) = 2¢ (even), and then
the result is

G(N)(:cl,...,xn) = ql_lzq ddzlddwl...ddzqddwqx
) ) ) )
X —A(2; —w Az, — w,) ———X
o) (1)(;?3(@01) 9 5w,
-

<folwn)edlen) o [ Ay )@ )} (110)

Then when acting with a factor of [ d?zd%w A( )5¢( 5 on some o(z)¢p(z) we obtain
—
a Wick contraction ¢(z)p(y), i.e. we replace it with A(z — y). But with a factor of 2 in

front, since it comes from [ d’zd%w[§(z — z)d6(w — y) + 6(2 — y)d(w — z)]A(z — w). Since all
the ¢ factors above give the same factor of 2, in total we get a 29 cancelling the 1/27. Also,
we have ¢ factors as above with which we can act on the @) = 2¢q ¢’s, and so by permuting
them, we get the same contribution. Then the resulting factor of ¢! will cancel the 1/¢! in
front.

Statistical weight factor (symmetry factor)
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As explained before, from most diagrams, we get a lot of contributions that are identical,
almost giving an p! factor for each vertex, and an overall N!, so it is customary to redefine
A = \,/p!, so as to (almost) cancel this factor. Then, we have in front of the result for
a Feynman diagram a factor of 1/S, where by definition the statistical weight factor, or
symmetry factor S is

_ NI(pHY
~ #of equivalent diagrams

(11.5)

Then we can construct only the topologically inequivalent diagrams, and associate a statis-
tical weight factor, or symmetry factor S, corresponding to all possible symmetries of the
diagram, that leave it invariant. If there is no symmetry, then S = 1.

For tree digrams, always Sy.c. = 1. For instance, we can write a Feynman diagram in ¢*
theory, like in Fig.28.

Figure 28: Example of a tree diagram. It has S = 1.

There are N! ways to label the vertices as yi,...,yny. Many topologically equivalent
diagrams obtained by connecting the p = 4 legs on the vertices with other legs from vertices
or from the external lines, can be thought of as just the above relabelling the vertices. Then
there are p! = 4! ways of attaching given propagators at the p = 4 legs of the vertex. In
total, we cancel the 1/(N!(p)") factor in front, giving Sy.e. = 1.

We can do more symmetry factors. The figure 8 vacuum bubble diagram of Fig.29a has
a symmetry factor of 8, which matches with the number of diagrams. One vertex with 4 legs
has 3 ways of connecting them 2 by 2, giving 3 x 1/(1!(41)!) = 1/8.

The propagator from 1 to x5 with a loop at an intermediate point x, as in Fig.29b has
a symmetry factor of 2. From the vertex there are 4 ways to connect one leg to z1, then 3
ways to connect to z, and one way to connect the remaining 2 legs between themselves, for
a total of 4-3/(1!1(4)1) = 1/2.

The "setting sun” diagram, propagating from x; to x,, with 3 propagators between two
intermediate points z and y, as in Fig.29¢ has a symmetry factor of 3!, from permuting the
3 propagators between x and y. On the other hand, we draw 2 vertices with 4 legs, and two
external lines. For the first contraction there are 8 ways to connect x to a vertex, then 4
ways to connect y with the other vertex, and then 3! = 3 x 2 X 1 to connect the 3 internal
propagators, for a total of 8 -4 - 3!/(2!(4!)%) = 1/3!, as expected.
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A
N O,

a)

Figure 29: Computing the symmetry factors for 3 loop diagrams (a,b,c).

Feynman rules in p space

As we already explained, we can define the Fourier transform of the x-space Green’s
function, but by translational invariance we can always factor out a delta function, with the
remaining Green’s function, already satisfying momentum conservation, being the one we
usually calculate,

G(p1y .oy pn) = /Hddxieiszpr(xl, ) = (20)%6% Py + oo + )G (p1, s pn)  (11.6)

where in G(p, ..., p,) the momenta already satisfy momentum conservation.
Since the Euclidean propagator is

dip ey

in momentum space we have
1

I — 11.
p2 +m2 ( 8)

A(p)

By convention, a momentum p going out of a point x means a factor of e¢* and going in
means a factor of e™*  as in Fig.30.

IpX —
> e >

X

Figure 30: Momentum convention for external lines.

We write a version of the Feynman diagrams where we already include the momentum
conservation. But for that, we need to know the number of loops, i.e. independent loops
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(circles) in our diagrams, or the number of integrations left over after we use the momentum
conservation delta functions.

We denote by V' the number of vertices, I the number of internal lines, £ the number
of external lines, and L the number of loops. There are I momentum variables (one for
each internal lines), but there are V' constraints on them = momentum conservation delta
functions. However, one of these is the overall one which we put outside G to form G. So
for the calculation of G, we have L = I — V' + 1 loops (independent integrations). But we
must express this in terms of things that are independent of the diagram, and depend only
on having G™)(p1, ..., pn), so we must find another formula. If we cut all propagators (or
equivalently, consider the diagram before we make the connections of the p legs on vertices
with other legs on them and on external lines), the legs on the vertices come as follows. For
each external line, one of the two pieces of propagator stays on the external point, but one
comes from a vertex. For internal lines however, both come from the vertex, so all in all,
E + 21 = pV. Replacing this formula in the above for L, we finally find

P E
LJ/(2 1) 5 +1 (11.9)

So after using all the momentum conservation delta functions, we are left with L inde-
pendent integrations, and the Feynman rules become:

-draw all the topologically inequivalent Feynman diagrams with n external lines and N
vertices.

-label external momenta py, ..., p, with arrows for them, introduce [, ..., [;, independent
loop momenta, integrated over with [ d%;/(2m)?...d%,/(27)%, and label the propagator lines
by g;, using the /; and momentum conservation for them.

-for an external line (between two points), put a propagator 1/(p? + m?).

-for an internal line (between two points), put a propagator 1/(q7 4+ m?).

-for a vertex, we have a factor of —\,

-calculate the statistical weight factor (symmetry factor) S and multiply the diagram by
1/S.

-sum over Feynman diagrams.

Let’s understand better the p space rules. Consider the x-space "setting sun” diagram
consider above, and Fourier transform it to p space. This gives G (p1,p2), with two external
points, but without z labels, so it has a A(p;) and a A(ps) factor. The external line rule for
a momentum p going out of an external point labelled by z, giving a factor of e* is just a
wavefunction for a more physical case: the only way to introduce an x dependence into a p
space object is an explicit wavefunction for the external states of momenta p;. If there is no
label z, we have no wavefunction. But also, if there is no external point (what is known as a
amputated diagram, to be discussed later in the course), we have no corresponding external
propagator. The final thing to observe is of course that in general, we are not interested
in G(py,p2), but in G(p1,p2) = G(p1, —p1) = G(p1), in which momentum conservation is
already taken into account.

For instance, consider the free propagator, a line between the two external points. We
could in principle consider momentum p; going in at one point, and p, going in at the other.
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But then
ddp eip(xl—xg)
(2m)d p? + m?

G(p1p2) = /ddiﬂldd@ei(plxﬁpz’“)G(:El,x2)Z/ddmlddmgei(’“”ﬁpm)/

. eip271 1
= /ddmezmxlm = (2m)?8(py +p2)m = (2m)*6%(p1 + p*) G (p2)
2 2
(11.10)

Most general bosonic field theory

We now deal with a general bosonic field theory. Consider fields ¢,.(z), where r is some
general label, which could signify some Lorentz index, like on a vector field A, (x), or some
label for several scalar fields, or a combination of both.

Consider the kinetic term

Sy = %/dd:ﬂZ@(x)An;qﬁs(x) (11.11)

where A Lis some differential operator. We invert this object, obtaining the propagator A, .
If it is not possible, it means that there are redundancies, and we must find the independent
fields. For instance, for a gauge field A, (), there is a gauge invariance, A4, = d,A(x), which
means that we must introduce a gauge fixing (and also introduce "ghosts”, to be defined
later) in order to define independent fields. Then we can invert the propagator.

Then we can derive a generalized Wick’s theorem, for a general interaction term

Sy = / s Ay, b0, (1), () (11.12)

where A, ., can contain couplings and derivatives, so it’s more general than the construction
of ¢P theory above.
Then, the vertex is
, ) )
— | d%y...d%, e Fr @t k) Sy

/ i 5¢r1 (331) 5¢Tp (xp) et
(Note that we don’t really need to define A ..r,» all we need is the form of the interaction
term in the action, Srl...rp-) Let’s check that this gives the correct result for the \y/4!¢*
theory. Indeed, then we have the interaction term

(11.13)

A
Sy = 4—‘;‘ / dzg* (x) (11.14)
We easily find that applying the above formula we get
—(2m) 40U ky + . g N\ (11.15)

which is the correct vertex (it has the —\ factor, as well as the momentum conservation at
the vertex that we need to take into account).

Important concepts to remember
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e We can write the Feynman rules in p space directly in terms of independent integrations
= loop momenta. The number of loops or independent integrations is L = V(p/2 —
1)—FE/2+41.

e The Feynman rules then consist of labelling the internal lines using the loop momenta
and momentum conservation, with A(p;) for external line (ending at an unlabelled
point) and A(g;) for internal line, and —A\, for vertices. Then we must divide by the
statistical weight factor (symmetry factor for the diagram).

e For the most general bosonic theory, we need to invert the kinetic term to find the
propagator (if there are redundancies, like for gauge fields, we must first find the
correct kinetic term for the independent fields). For the interaction term Sryorys We
find the vertex as the Fourier transform of —§"/ OPpy . Pry Sy -

Further reading: See chapters 2.4.2, 2.4.3, 2.7 in [4], 4.1 in [3] and 3.4 in [1].
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Exercises, Lecture 11

1) Write down the statistical weight factor (symmetry factor) for the Feynman diagram
in Fig.31 in x-space, and then write down an integral expression for it, applying the Feynman
rules.

o1

o1

Figure 31: x-space Feynman diagram.

2) Consider the interaction term

Si= [ de 3 (060,676,061 (11.16)

i1,49=1

for N scalars ¢;, ¢ = 1,..., N, each with the usual massless kinetic term. Write down the
Feynman rules for this model.
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12 Lecture 12. Quantization of the Dirac field and
fermionic path integral

The Dirac equation

We start by reviewing the classical Dirac field.

Spinors are fields in a Hilbert space acted on by gamma matrices. The gamma matrices
are objects satisfying the Clifford algebra

{7} =29"1 (12.1)

Therefore the spinors are representations of the Clifford algebra (Hilbert spaces on which we
represent the abstract algebra). Since then

1
S/u/ = Z[’Y,u;f)/z/] (122)
satisfy the Lorentz algebra
[JH TP = i[g"P JHT — gHP JYT — ¥ JHP + gH JVP, (12.3)

the spinors are also a representation of the Lorentz algebra, called spinor representation.
For instance, in 3 Euclidean dimensions, the gamma matrices are the same as the Pauli
matrices, 7 = ¢*, since indeed then {7%,77} = 2§%. Remember that the Pauli matrices,

N T (S B (Y (12

olod = 6 4 itk (12.5)

satisfy the relation

from which follows that they indeed satisfy the Clifford algebra in 3 Euclidean dimensions.

We can make linear transformations on the spinor space (Hilbert space for the Clifford
algebra), via ¢ — S and v* — Sy*S~1, and thus choose various representations for the
gamma matrices. A particularly useful one such representation is called the Weyl (or chiral)
representation, which is defined by

01 ; 0 o
0 _ _, . i g ) R
’}/ - ? (1 O) ) ’V ? (_O.z 0) I ? 172737 (126)

where 1 and 0 are 2 x 2 matrices. For this representation, we can immediately check that
(7°)T = =% and (7%)" = 4*. We can also define the 4-vector 2 x 2 matrices

ot =(1,0"); & =(1,—0"), (12.7)

such that in the Weyl representation we can write

(0 ot
= —i (6“ 0) (12.8)
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We can also define the matrix
75 = =177y, (12.9)

which in the Weyl representation becomes just

Vs = ((1) _01> . (12.10)

This is not a coincidence, in reality the Weyl representation was chosen such that s, the
product of gamma matrices, has this form. Also, the notation ;5 is not coincidental: if we
go to 5 dimensions, the first 4 gamma matrices are the same, and the 5th is vs.

Also, as a side remark, the pattern of obtaining the gamma matrices as tensor products
of o* and 1 continues to be valid in all dimensions. The gamma matrices in 2 Euclidean
dimensions can be chosen to be o', 0% (note that then 03 = —ig'0?) and in higher dimensions
we can always build the gamma matrices in terms of them.

We now write down the Dirac equation for a Dirac spinor,

(70, +m)y = 0. (12.11)

We can define the Dirac conjugate,
b=198; B=1ir" (12.12)
which is defined such that 1¢ is a Lorentz invariant. Note that there are several conventions
possible for 8 (for instance, others use = iyy = —i??, or f = Y or 7). With these

conventions, the Dirac action is written as

Sy = —/d‘*w(y“aﬂ +m)b. (12.13)

We will use the notation @ = vy#9,,, which is common. Since the Dirac field ¢ is complex, by
varying the action with respect to 1 (considered as independent from 1), we get the Dirac
equation. Note that shortly we will find for Majorana (real) spinors, for which 1 is related
to 1, there is a factor of 1/2 in front of the action, since by varying with respect to 1 we get
two terms (one where we vary v proper, and one where we vary the ¢ from 1, giving the
same result).

Weyl spinors

In 4d Minkowski dimensions, the Dirac representation is reducible as a representation
of the Lorentz algebra (or of the Clifford algebra). The irreducible representation (irrep) is
found by immposing a constraint on it, and the spinors are called Weyl (or chiral) spinors.
In the Weyl representation for the gamma matrices, the Dirac spinors splits simply as

Up = (Z;) (12.14)

which is why the Weyl representation for gamma matrices was chosen such. In general, we
have

147

v = 5 Yp =

L—7
2

Y, = 0;
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1-— 1+
e 2%% = 27%3 =0 (12.15)
and we note that we chose the Weyl representation for gamma matrices such that
1+’Y5_ 1 0\ 1—75_ 00
2 (0 O) ’ 2 \0 1 (12.16)

Another possible choice for irreducible representation, completely equivalent (in 4 Minkowski
dimensions) to the Weyl representation, is the Majorana representation. Majorana spinors
satisfy the reality condition

v =y° =yTC (12.17)

where ¢ is called Majorana conjugate (thus the reality condition is " Dirac conjugate equals
Majorana conjugate”), and C' is a matrix called charge conjugation matriz. Note that since
YT is just another ordering of v, whereas ¢ contains ¥" = (¢*)7, this is indeed a reality
condition ¢* = (...)%.

The charge conjugation matrix in 4 Minkowski dimensions satisfies

ct'=-C; Cy*0ot=—(y")T (12.18)

In other dimensions and/or signatures, the definition is more complicated, and it can involve
other signs on the right hand side of the two equations above.
In the Weyl representation, we can choose

_caf
C:( 8 ESB) (12.19)
where we have
P = (_01 (1)) =io? (12.20)
and so ,
o —7;0' 0 0.2
C= ( 0 wQ) = —iy "y (12.21)
Then we have also .
C! = <Zg _?02) - —C (12.22)

We can now check explicitly that this C'is indeed a representation for the C-matrix, i.e. that
it satisfies (12.18). )
As we mentioned, the action for Majorana fields, with ¢ related to v, is

Sy = —%/d‘{mﬁ(@ + m)a (12.23)

The Dirac equation implies the Klein-Gordon (KG) equation; more precisely, the Dirac
equation is a sort of square root of the KG equation, which is roughly how Dirac thought
about deriving it. Let’s see this. First, we note that

9P =~"v"0,0, = %{7’”, 7"}0,0, = g"0,0, = O (12.24)
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Then, it follows that
(@ —m)(@+m)b = (° —m*), (12.25)

so indeed, the KG operator is the product of the Dirac operator with +m and the Dirac
operator with —m.

Solutions of the free Dirac equation

Since a solution of Dirac is also a solution of KG, solutions of Dirac have to be solutions
of KG, i.e. e with p> + m? = 0, times some matrices (column vectors) depending on p.

One set of solutions can then be written as

b(x) = u(p)e®* (12.26)

where p? +m? = 0 and p° > 0. Since this is basically a Fourier transform, u(p) satisfies the
Fourier transformed equation,

(1p+m)u(p) =0 (12.27)

where p = y#p,, (note that p, = g,,p”, and for the same p”, the p, changes by a sign between
our "mostly plus” metric convention and the "mostly minus” one). The two solutions for
the above equation for u(p) can be written compactly and formally as

) = (Vo) (12.28)

where s = 1,2 and £ = (é) 62 = ((1)) Here \/=p -0 = \/—p,0" is understood in matrix

sense (if A2 = B, then A = \/E) In the case the matrix is diagonal, we can take square
root of the diagonal elements, but in general we can’t. For instance, in the rest frame, where
p=0and p° = m,

0 1

s 1 0
u®(p) o ol o | (12.29)

1 0

The other two solutions are of type
b(z) = v(p)e 7 (12.30)
where p? + m? = 0, p® > 0 and v(p) satisfies

(—ip+m)v(p) =0 (12.31)

The two v*(p) can be similarly written as

o= (2% (12:32)
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and in the rest frame we have

or 1 (12.33)
-1 0

The normalization conditions for the u(p) and v(p) are written in Lorentz invariant form
as

u’(p)u®(p) = 2md"
" (p)v®(p) = —2md"* (12.34)

or using u! and v’ as

u(p)u(p) = 2E,0"
V" (p)vs(p) = 2,6 (12.35)

The u and v solutions are orthogonal, i.e.

u' (p)v*(p) = 0" (p)u’(p) =0 (12.36)
Note that now
u(p)v*(p) # 0; v (p)us(p) # 0 (12.37)
however, we have also
u(p)o*(=p) = v (=p)u*(P) = 0 (12.38)

Quantization of the Dirac field

The spin-statistics theorem says that fields of spin S = (2k + 1)/2 (k € N) obey Fermi
statistics, which means that in their quantization we must use anticommutators, {, }, instead
of commutators [,]. On the other hand, for S = k, we have the Bose-Einstein statistics, with
commutators [, | for their quantization.

The Lagrangean for the Dirac field is

L= =y 0 — mpyp + ... = =l 0,0 + ... = +it o + ... (12.39)
(since (7°)2 = —1). Then the canonical conjugate to v is
oL
= = gt 12.40
P =50 it (12.40)

Then the Hamiltonian is
H=pj—-L= z’/d?’:z:w(ﬂofy"ai +my° ) (12.41)

When we quantize, we write anticommutation relations at equal time, {, }p5 — 1/ih{, },
namely (after cancelling the 7)

{Wa(@6), ¥}(F.0)} = 6°(T — §)dag
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{Wal@ 1), 055, )} = {U4(& 1), v} (F. )} =0 (12.42)

are the equal time anticommutation relations.

The quantization proceeds exactly as for the complex scalar field, just that instead of the
properly normalized solution of the KG equation, e*®* we have the above solutions of the
Dirac equation, and again, their coefficients are harmonic oscillator operators. Therefore we
have

ve) = d—Z%Zm;uS(p)eW+bf;vs<p>eW)
O(z) = / WZ (b50° (p)e™™ + aZfu’ (p)e ™) (12.43)

where the a’s, af’s, and b’s and b’s are the annihilation/creation operators obeying the
anticommutation relations of the fermionic harmonic oscillator, i.e.

{a, al’} = {0 02} = (27)*6° (5 — §)6 (12.44)
and the rest of anticommutators are zero. There is a Fock vacuum |0 >, satisfying
azl0 >=b30 >=0 (12.45)

and then Fock states created by acting with a‘iT and b“iT on it. But, due to the anticom-

mutation relations, which mean in particular that (a; ) (bsT) = 0, we can’t have two
excitations in the same Fock state,

(azh)?|v >= (b3)?[1p >=0 (12.46)

which is a manifestation of the Pauli exclusion principle.
The Hamiltonian is then written as

_ TS s syts
H = / SZE 5 — bEbr)
_ / 3ZE (al?as -+ b2lbs — {012, b5) (12.47)

where the anticommutator in the integral in = 1, giving a negative infinite constant. As in

the bosonic case, the infinite constant is removed by normal ordering. The difference is that
rf st _ st rT

now, since apay = —Ggay, Gy Gx = —az 0; and similar for b’s, we have
TS . TS __ ST
azaz = azar = —azay etc. (12.48)

and so also
catall = —alal (12.49)

So the net effect of normal ordering is to remove the anticommutator terms, moving all the
creation operators to the right with the anticommutation rules. Note that since the fermions
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have a negative infinite constant, whereas the bosons have a positive infinite constant, the
infinite constant can cancel in a theory with an equal number of bosonic and fermionic
modes, which is called a supersymmetric theory. These supersymmetric theories therefore
possess a better behaviour with respect to unphysical infinities.

Also, note that we can interpret a; as creating positive energy particles and by as creation
operator for a negative energy particle, as the second term in the first line in (12.47) shows
(compare with the first). Dirac introduced the concept of Dirac sea, which is that there is
a full ”sea” of occupied states of negative energy (remember that for fermions a state can
only be occupied by a single particle). Then b; destroys a particle of negative energy, which
is equivalent to creating a "hole” in the Dirac sea (unoccupied state in a sea of occupied
states), which acts as a state of positive energy (consider the second line in (12.47)).

The fermionic path integral

How do we write a path integral? The path integral is used to describe quantum mechan-
ics, but it involves classical objects (functions), just going over all possible paths instead of
just the classical path. These classical objects are obtained in the classical limit of quan-
tum operators, i.e. when A — 0. For bosons, for instance for the harmonic oscillators
[a,a’] = h — 0, so in the path integral over the harmonic phase space we used the classical
objects o and a*, for the quantum objects a and af.

But now, we have anticommutation relations, in particular for the fermionic harmonic
oscillators, {a,a'} = h — 0. So in the classical limit for these operators we don’t obtain
the usual functions, but we obtain objects that anticommute, forming what is known as a
Grassmann algebra. Considering the a,a' of a fermionic harmonic oscillator, we have

{a,a'} = {a,a} = {a',a'} =0 (12.50)

The objects a,a’ are known as the "odd” part of the algebra, since they anticommute,
whereas products of odd objects are called "even”, since they commute. For instance, we
see that [aa’, aa’] = 0. Thus in general we have bose x bose = bose, fermi x fermi = bose
and bose x fermi = fermi, where bose stands for even and ferms stands for odd.

However, what is the meaning of a ”classical” Grassmann field if even in the classical h —
0 limit we can’t put more than one particle in the same state: {af,a'} = 0 = afa’|0 >= 0,
where a' is an object that appears in the expansion of the ”classical” Grassmann field 1(z).
The meaning is not clear, but this is one of those instances where in quantum mechanics
there are questions which are meaningless. The point is that this is a formalism that works
for the path integral (i.e., we obtain the right results, which agree with experiments and
also with the operator formalism of quantum field theory), and the path integral is quantum
mechanical in any case, even if it is written as an integral over ”classical” Grassmann fields.

Definitions

Let’s now define better the calculus with Grassmann fields. The general Grassmann
algebra of N objects z;, i = 1,..., N is {x;,z;} = 0, together with the element 1, which
commutes with the rest, [z;,1] = 0, and with complex number coefficients (i.e., it is an
algebra over C).

Since (z;)? = 0, the Fourier expansion of a general function stops after a finite number
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of terms, specifically after N terms:

F({xz;}) = F(x) + Z fz-(l)a:i + Z fz-(f)xi:cj + Z fi(fk)xi:cj:ck + .+ fl(évn).le...:z:N (12.51)

i<j i<j<k

Only for an infinite number of generators x; is the Taylor expansion infinite in extent.
Note that here, since we cannot add bosons (even objects) with fermions (odd objects), the
functions must be either even, in which case there is always an even number of z’s in the
expansion, or odd, in which case there is an odd number of z’s in the expansion.

However, we will often think of only a subset of the z’s in making the expansion. For
instance, we can expand in terms of a single « (even though there are more objects in the
Grassmann algebra), and write for a general even function of z the expansion

f(x) =a+bx (12.52)

where, since = is odd, a is even and b is odd (fermionic). This is possible, since there is
at least one other Grassmann object, for instance called y, so we could have b = cy, i.e.
f(z) =a+ cyx.

In fact, we will often consider (at least) an even number of z’s, half of which are used
for the expansion, and half for the coefficients, allowing us to write the general expansion
(12.51) with coefficients f*) being even (bosonic) but f+1) being odd (fermionic). (This
is what one does in the case of supersymmetry, where one expands a ”superfield” ® in terms
of auxiliary €’s like the x’s above, with odd coefficients which are still Grassmann functions
corresponding to spinor fields.)

We define differentiation by first writing

0
but since differential operators must also be Grassmann objects, we have
0 0

Note that for bosons we would have a plus sign in the second term, but now 9/0x; anticom-
mutes past z;.
As an example, we have

0

n—1
o (.%’11’2...27”) = 0;1X9%3...Ly — 0;2T123...Ty, + 5i3$1l‘2$4...$n + ...+ (—) 5in$11'2...$n_1
i

(12.55)
Then, for instance, differentiation of a product of even functions f(x) and g(z) is done
in the usual way,

2w = (o)) o) + 1) (gt -
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but if f(z) is an odd function, we have the modified rule

et = (51)) ato) - 1(0) (5000 (1257)

As another example, consider the function e2-i % which is defined in the usual way, just
that now we substitute (x;)? = 0 in the Taylor expansion of the exponential. Then we have

0 . .
_ezz' TiYi ykezz ZiYsi
8Ik

0
oY e o0 Tl 12.58
5yke TLe ( )

Next, we define integration, which is not defined as a Riemann sum in the usual way
for functions over complex numbers. Indeed, due to the Grassmann properties, we cannot,
but rather, we must define it as a linear operator, and in particular we can only define the
indefinite integral, not a definite one.

Since the two basic elements of the algebra with an element x is 1 and =, we must define
what happens for these two elements. We define

/dxl = 0; /d:m: =1 (12.59)

For several x;’s, we define the anticommutation relations for ¢ # j,

{dzi,dz;} = 0; {wi,dr;} =0 (12.60)

/d$1d$2I1$2 = —/dI1$1/d$2I2 =—1 (1261)

Then the integral operation is translational invariant, since

For instance, we have

/dxf(m—l—a) = /dm[f0+f1(x+a)] = /dxflm = /dxf(x) (12.62)

In view of the above relations, we see that integration is the same as differentiation
(satisfies the same rules). For instance,

/d:vgaslQOxg = —/dl’21’21’1$3 = —T,T3 (12.63)

the same as

__ - = — 12.64
aleﬂlﬂfﬂs 8x29€23313?3 X123 ( )

We now define the delta function on the Grassmann space. We have

éz) ==z (12.65)



To prove this, consider a general even function of x, f(x) = f° + flz, where f° is even and
f!is odd. Then

/ dr8(x — y) f(x) = / dx(x — y)(f* + f'a) = / de(zf° — yf'a)
=ﬂ+y/mwxzﬁ—uﬂ=ﬂ+fw=ﬂw (12.66)

Finally, let us consider the change of variables from the Grassman variable x to the
variable y = az, where a € C. But then we must have

1= /dxa: = /dyy: a/dyx (12.67)

1
dy = —dx (12.68)
a

so it follows that

which is not like the usual integration, but is rather like differentiation.

Important concepts to remember

e Spinor fields are representations of the Clifford algebra {+*,~"} = 2¢"”, and spinorial
representations of the Lorentz algebra.

e In the Weyl (chiral) representation, 75 is diagonal and has +1 on the diagonal.
e The Dirac action is — [ 4(@ + m)t, with ¢ = ¢Tirn®.

e The irreducible spinor representations are, in 4d Minkowski space, either Weyl spinors,
or Majorana spinors. Weyl spinors satisfy (1 4 v5)/2¢) = 0 and Majorana spinors
satisfy 1 = ¢TC, with C the charge conjugation matrix.

e The Dirac operator is a kind of square root of the KG operator, since (§ —m)(@d+m) =
O —m?

e The solutions of the Dirac equation are u(p)e* and v(p)e %, with u(p) and v(p)
are orthornormal, and in canonical quantization we expand in these solutions, with
fermionic harmonic oscillator coefficients.

e The momentum conjugate to 1 is i1)f, giving the nontrivial anticommutator

{va(7.), 057 1)} = 6(F — §)das.
e The infinite constant (zero point energy) in the Hamiltonian is negative.

e We can interpret as: a' creates positive energy states, b creates negative energy states,
and b destroys negative energy states, thus effectively creating "holes” in the Dirac
sea of positive energy.
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For the fermionic path integral, we use Grassmann algebra-valued objects.

The Taylor expansion of a function of Grassmann-algebra objects ends at order N, the
number of x;’s.

e Grassmann differentiation is also anticommuting with others and with z’s.

e Grassmann integration is the same as Grassmann differentiation and 6(xz) = =z for
Grassmann variables.

Further reading: See chapters 3.1.1, 3.1.2, 3.3 in [4], 7.1 in [1], 3.2 and 3.3 in [2] and
5.2 and 5.3 in [3].
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Exercises, Lecture 12

1) Consider the Rarita-Schwinger action for a vector-spinor field v, in Minkowski space,

S = _% / d*z ), /"0, (12.69)

where (1,)q is a Majorana spinor and y*** = Ay~ Calculate the variation §S under a
variation 01, and then the equations of motion, in x and p space.

2) Consider the Lagrangean for a Dirac field in Minkowski space,

5= / LGP+ mp + (@) (12.70)

and use the free field quantization in the lecture. Compute the quantum Hamiltonian in
terms of a, af, b, b’ and then the normal ordered Hamiltonian.
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13 Lecture 13. Wick theorem, gaussian integration
and Feynman rules for fermions

Last lecture we saw that the path integral for fermions is done using integrals of objects
in a Grassmann algebra. We defined the calculus on the Grassmann algebra, defining an
anticommuting differential operator, and an integral operator (defined as a linear operation,
not a Riemann sum) which turned out to have the same properties as the differential operator.

We then saw that changing variables in the Grassmann algebra, between x and y = ax,
where a is a c-number, give us dy = dz/a, like for the differential operator. The obvious
generalization to a n-dimensional Grassmann algebra is: y = A-x implies d"y = d"z/ det A.

Gaussian integration - the real case.

We now define Gaussian integration over a Grassmann algebra over real numbers.

Theorem 1

Consider a real n x n antisymmetric matrix {A;;}, such that the (symmetric) matrix A?
has negative, nonzero eigenvalues. Then n = 2m, and for x4, ..., z,, Grassmann variables,

/d”xexTA” =2"vdet A (13.1)

Proof:
Consider first the case m = 1, i.e. n = 2. Then

A= (_0A g) = A% = <_0AQ _ov> (13.2)

and det A = A\? > 0, whereas T Ax = \(z123 — T211) = 2\z179. Since (7;)? = 0, we then
have

AT — 1 4 2 \x 119 = /d%ewTA"” = /dxgdxl[l + 2 z25] = 2A (13.3)

Note that here we had to choose a specific order for the integrals in d?z, namely dzydzy, in
order to get a plus sign.

Next, we consider a version of the

Jordan lemmoa for the Grassmann algebra, namely that there is a transformation matrix B
(real, orthogonal) acting on the Grassmann algebra space such that BT AB is block-diagonal
in Jordan blocks, i.e.

0 N
-\ 0

0 Ao
BTAB = —X 0 (13.4)

which gives then det A = det(BTAB) = \2..\2 .
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Proof of lemma:
We need to show that there is a basis of vectors {€1,€ 1, €5, o, ..., €n, €_n} such that

Then we have A%€.; = —Aié.y,. We see then that it is sufficient to take a basis of eigenvectors
of A% since we already know A? has nonzero negative eigenvalues. We need to check that
there is a two-fold degeneracy for the basis, which is true, since if € has eigenvalue —\2, so
does & = A€/ )\, as we can easily check: A%¢ = —A\A€ = —\?¢’. The basis of vectors is linearly
independent, since if there would be a number f such that ¢ = fe, on one hand, we could
write what € is and obtain A = \fé, and applying twice we obtain A%€ = A\2f?¢. On the
other hand, we know that A%¢ = —\?¢, but since f is real, f? > 0, giving a contradiction.
Therefore € and €' are linearly independent, and we have found the Jordan basis for the
matrix A. Finally, - ¢’ = §€A€ = 0, since A is antisymmetric, hence the eigenvectors are
also orthogonal. g.e.d. lemma.
Then we can write

/d”:rexTAx = /dnx'e(BTx)TBTAB(BTx) = H[m =1 case]; = 2"V det A (13.6)

i=1

where 2/ = BTz, q.e.d. theorem 1.

Theorem 2. Complex gaussian integration.

We write independent complex variables x;,y;, without putting y; = z;, and an n X n
antisymmetric matrix A, and then we have

/d”:cd”yeyTA’” =det A (13.7)
We consider this since in the path integral we have something exactly of this form, for
instance [ DyDipe v@+mv,
Proof:
In e¥ 47 the terms that are nonzero under the integration are only terms of order n

(since (x;)% = 0, so for n + 1 terms necessarily one of the z’s is repeated, and for < n terms
we get some [ dz;1 =0). Specifically, these terms will be:

1
— 2 2 _wrmArmemzem) - (Upem ApmemTem)
|4 &

1
ol DY wiAierr@Ter1 ) (UnAnor-imTor-im)
|4 &

= 1Y (11410 T 1) UnAn @ mTem)

Q/
= e(yl...yn)(xl...xn)ZGQAlQ(l)...AnQ(n)
Q
= €(y1...yn)(x1...7,) det A (13.8)
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where in the first line we wrote the sums over permutations P, () of 1,2, ...,n, in the second
we have rewritten the sum over permutations, such that the ), is done trivially as a factor
of n!, then we commuted the x’s and the y’s, obtaining y1x1ysxs...YnTp = €Y1...YnT1...Tp,
with ¢ a sign that depends on n, but not on ). We can fix the sign of the integral
d"xd"y(y...yn)(x1...x,) to be € by properly defining the order of dz’s and dy’s, in which
case we obtain just det A for the gaussian integral. q.e.d. theorem 2.

Real vs. complex integration

We can also check that complex Gaussian integration is consistent with the real integra-
tion case. If the complex objects x; and y; are written as x; = a; + tb; and y; = a; — ib;, then
yT' Az = a¥ Aa + bT Ab. The Jacobian of the transformation d"zd"y = Jd"ad"b is J = 2~™
(for usual complex numbers we can check that it would be 2, and the Grassmann integral
works as the inverse). Then the result of the integral done as the double real integral over
d"ad"b is J2™(v/det A)? = det A, as we want.

The fermionic harmonic oscillator

For the fermionic harmonic oscillator, the quantum hamiltonian is

. a1
Hr=w (bfb — 5) (13.9)

We consider then as in the bosonic case coherent states |5 > defined by (5 is a Grassmann
valued number)

8 >=¢"710 >= (1+b!3)[0 >= (1 — Bb)|0 >= b|3 >= BJ0 >= B(1 — pb})|0 >= 5|3 >

(13.10)
that satisfy the completeness relation
1= /dﬁ*dﬁw >< fFle PP (13.11)
Then consider the Hamiltonian with currents
H(b', b;t) = wb'b — bin(t) — 7(t)b (13.12)
and define as in the bosonic case the transition amplitude
F(B"t;8,t) =< B, ¢'|B,t > (13.13)

for which we do the same steps as for the bosonic case and find the path integral

F(t:5,0) = [ DFDIesp i / dr[-if* (0B — H] + B 080} (13.14)

The equations of motion of the Hamiltonian with sources are

B* —iwp* +in =0
B +iwB —in=0 (13.15)
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with solutions
Blr) = BeD i / ¢“=n(s)ds
t
t/
Fi(r) = g i / en(s)ds (13.16)

For the case § = * = 0, and t - —oo and ¢’ — +0o0 we obtain the vacuum functional
(vacuum expectation value).
In the usual manner, we obtain

+o0 +o00 )
Z[n,n) =< 0[0 > exp{ — / dT/ dsew(T_S)ﬁ(s)n(T)} (13.17)

The details are left as an exercise. Renaming $ — ¢ and §* — 1 for easy generalization to
the field theory case, and writing [ 8*6 — [ 9ppyp = — [0y, the path integral becomes

Zlni) = [ Dipvesp {i [ dtotio - wyv -+ in-+ vl

= Z[0,0] exp{ —/deT’r_](S)DF(S,T)T](T)} (13.18)

Here we have defined the Feynman propagator such that (as usual) iS™ = —pA~l), i.e.

dE e—iE(S—T) )
D = (—i(i0, — w)) ™ =i [ ——————— = (s —7)e ) 13.19
Plo,m) = (=ili0 — ) () =i [ G = Bls = 7)e (13.19)
where we have first written the Fourier transform, then we have done the complex integral
with the residue theorem: there is now a single pole at £ = w — ie. We get a nonzero result
only if we close the contour below (in the lower half plane), which we can do only if s—7 > 0,

so that —iE(s — 7) = —|ImE|(s — 7)+imaginary, otherwise the result is zero. Substituting
this Dp(s,7) we indeed obtain (13.17).
In the Euclidean case, we write t); = —itg as usual, and substituting in Z[n, 7] we obtain

Zgln. ] = /D&Dw exp [— /dtmﬁ (% + w) v+ /th(% + W)]
—  Z[0,0] exp { / deSﬁ(S)D(S,T)n(T)} (13.20)

where we define —Sg = =D~ + .., i.e.

. dE efiE(sf‘r)

— -1 _ il
D(s,7) = (O +w) " =i | S (13.21)

and as usual this Euclidean propagator is well defined.
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The Wick rotation to Minkowski space also proceeds as usual, namely 75 — 473, and in
order to have the same ET product, Ep = (—i+¢€) E)y, where we only rotate with 7/2 — € to
avoid crossing the Minkowski space pole. Then we obtain the Feynman propagator as usual,

dE )y e—iEM(SM—TM)

2m EM—CU‘I"éE/

D(ispg,iTar) = z/ = Dp(sa, ™) (13.22)

We are now ready to generalize to field theory. The Minkowski space Lagrangean is
LY = (P +m)p (13.23)
The Euclidean action is defined by the Wick rotation tg = ity;, with iS™ = —S* as usual,

with [ dty = —i [ dtg, thus giving

LY = (P +m)y (13.24)

Note however that since the gamma matrices must satisfy the Clifford algebra {y*,+"} =
2¢"”, in the Minkowski case we had (7°)? = 1, but in the Euclidean case we have (y4)? = +1,
which is satisfied by choosing the Wick rotation v* = i7° (same rotation as for ¢), and as a
result we also write

) = Plin® = ¢ly! (13.25)
Also, in Euclidean space with 44 = i7? we can check that y* = v, = (y*)T.
Then the free fermionic partition function is

20 = [Divves{ - [aei@+m+ [+ o)
= Z[o, O]eﬁ(@+m)_1n (13.26)

The euclidean propagator is defined by —Sg = —¢A~1), giving

d4p et (z—y)

_ -1 _ 13.2
Sr(z,y) = (9 +m) Z/ (2m)* —p 4+ im (13.27)
Note that then
d'p . ip-(z—y) z 4
and note also that ) »
_—poim (13.29)

—p+im  p*+m?
The relation to Minkowski space operators is also as in the bosonic case, namely consider
the general N + M point function

< O\ T {thay (1) W (@ )0y (1) D (yar) O >
/ DIDYESE {1y (1) Wy (23) U, (11) D (yx)} (13.30)
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In particular, the propagator in the free theory is

o _ [ ey / d'p —p—im iy
SP(@—y) =< 0TI >=i [ gl = [ R

(13.31)

As usual, by Wick rotation (tg = ity, Ep = (—i + €)Ey),we get
S ity — ithy: 7 — i) = iSW (z — ) (13.32)

The Wick theorem for Fermi fields, for instance for some interaction with a scalar ¢
with source J and interaction term St[i), v, ¢, is

Zln,n, J) = e 515035:37) 20, 5] 201 (13.33)

Note that the only difference from the bosonic case is the minus sign for §/47, due to the
fact that we have the source term [ d*z[jy) + ¢n + ¢J], so we need to commute the §/n
past QZ to act on 7.

Coleman’s lemma for fermions is also the same, except for the same minus sign, i.e.

o 0 b 0
F(- =) 2l =7 |- —| (F Y e 13.34
(“5 ) 2 =2 |~ (Fe ™) oy (1330
Then applying it to the first form of the Wick theorem we get the second form of the Wick
theorem,

Z[T_], n, J] _ e_SI(_%’%’%)GﬁSFnZéO)[J] _ e—%sFﬁ;6*51(157¢,¢)+f(1/_”l+77¢)Z(;O) [J”T/) im0
(13.35)
Feynman rules for Yukawa interaction
We are now ready to write down the Feynman rules for the Yukawa interaction between
two fermions and a scalar,

Ly = ginp¢ (13.36)
Then the second form of the Wick theorem is
Zli,m, J] = e%%A%G_%Sﬂ%e—gfd%@w¢+f d*z[n+ip+J¢) - (13.37)

For the free two point function, we must take two derivatives, and consider only the order
1= ¢° term, i.e.

<Gl - i (57 ) 20 e
5

= 1/} {w< 0()Hy=g=s=0 = Sr(z —y) (13.38)

Therefore the first Feynman rule is that for propagator we have a Sr(xz — y), represented
by a solid line with an arrow between y (¢ (y)) and z (¢(x)), see Fig.32. Note that now,
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- = =SF(X— -
Yy > X ) a g -, =1
X <
V \.lJ ,
1- 1

Figure 32: x-space Feynman rules for Yukawa interaction.

because fermions anticommute, the order matters, and if we interchange two fermions, for
instance these ¢ and ¢ (interchange the order of the arrow), then we have a minus sign.

A scalar is now represented by a dotted line without an arrow on it.

Also, the vertex is standard. Since all the fields in the interaction term are different (no
field is repeated), we have just a factor of —g for the vertex (in the pure scalar case, for a
¢" /n! interaction we have a factor of n! in front, which comes from permuting various ¢’s,
but now we don’t have this).

The interchange of two fermions means also the only real difference from the bosonic
rules. If we have a fermion loops with N lines sticking out of it (in this case, ¢ lines), it
means that we must act with —&S Fé%} on factors of 11, obtaining Sr as above. But the

factors of ¥t come from expanding the e=9/%¥¢ and since the —g is part of vertex, the

important part is
) o 4] ) - _
(_@SF(S_@> <—wSFw) [(2))...(e)] (13.39)

But in order to form the 1) combinations giving us the Sp propagators, which by our
assumption are cyclically linked (form a loop) as Sp(xy — x1)Sp(x1 — x2)...Sp(zN_1 — TN),
we must commute the last (zy) past the other 2(N — 1) 4+ 1 fermions, to put it in front,
giving a minus sign.

Therefore a fermion loop gives a minus sign.

The p-space Feynman rules are then

-the scalar propagator is as usual

1
- 13.40
p2 + M2 ( )

-the fermion propagator is

1 i _ —ip+m

ip+m  —p+im  p2+m?

(13.41)

-the vertex between two fermions and a scalar is —g. B
-there is a minus sign for a fermion loop, and for interchanging a 1 with a .

118



Then for a general interaction between fermions and a number of scalars, with
interaction term

Si(¥, 0, 61, - ) (13.42)

the vertex is found exactly as in the pure bosonic case, with the exception of the usual minus
sign in the functional derivative for fermions, namely

—1 /
drrdiydz ... d z,e iprtp'ytarzit anzn)

0 0 5 6 _
e R CIB el 084)
————— :_I/(pAZ_MAZ_I E ) j :—|(—|p+m)/(p/\2+m/\2_£)

P

Figure 33: p-space Feynman rules in Minkowski space.

The Minkowski space Feynman rules in p-space are (see Fig.33)
-The scalar propagator is »
—1

_ 13.44

p? + M? —ie ( )

-The fermion propagator
L —tm (13.45)
p*+me — e
-The vertex is —ig. B
-There is a minus sign for a fermion loop or for changing a 1 with .

Important concepts to remember

e Real gaussian integration over n Grassmann variables gives 2"/2v/det A, and complex
gaussian integration, [ d”xd”yeyTAx, gives det A.

e For the fermionic harmonic oscillator, the vacuum functional (vacuum expectation
value) gives the same expression as in the bosonic case, just in terms of the fermion
propagator Dg(s, ).

e Again the Euclidean propagator is Wick rotated to the Minkowski space propagator.
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e The generalization to field theory contains no new facts.

e We can now have N + M point functions of v’s and 1)’s, again given by the usual path
integrals.

e In the Wick theorem for fermions the only new thing is that we replace ¥ by —&/dn,
due to the anticommuting nature of the sources and fields.

e In the Feynman rules for Yukawa theory, the only new thing is the fact that for a
fermion loop we have a minus sign, as we have for interchanging a ¢ with a v, or
equivalently, the direction of the arrow. The vertex factor for —g [ Y¢ is —g.

Further reading: See chapters 3.1.3, 3.1.4, 3.3.2, 3.3.3 in [4], 7.2 in [1], 5.3 in [3] and
4.7 in [2].
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Exercises, Lecture 13

1) a) Consider 6%, a = 1,2 Grassmann variables and the even function
O(z,0) = ¢(x) + V20*a(x) + 02 F(2) (13.46)
where 02 = ¢,50%0°. Calculate

/d29(a1<b + ap®* + a3 ®?), (13.47)

where

1
d?0 = ~ / d0°df° e, p (13.48)

and z,ay,aq, a3 € R.
b) Fill in the details missed in the text for the calculation of

Z[n,n] = Z|[0,0] exp {—i/desﬁ(s)DF(s,T)n(T)} (13.49)

2) Write down an expression for the Feynman diagram in Yukawa theory in Fig.34.
p2
N\
\% .
7 / p3
” / =
pl

Figure 34: Feynman diagram in Yukawa theory.

Note: there are no external points on the p; lines.
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14 Lecture 14. Spin sums, Dirac field bilinears and
C,P,T symmetries for fermions

In the previous 2 lectures we have defined the quantization, path integrals and Feynman
rules for fermions. This lecture is dedicated to some technical details for fermions that we
will use later on.

Often when doing Feynman diagrams we will need to do sums over polarizations of
fermions. For instance, if we do an experiment where we can’t measure the spin of external
particles, we should sum over this spin. It is therefore important to compute the relevant
spin sums.

The first one is

> wp)u(p) = Z(\/—pg) (&tv=p-a &ly/=p-0)

s=1,2 s

= (\/_p'a\/_p"’ \/—p-U\/—p-a)
V=D O0\—p- G P oJp- O
- (—;nﬁ _]:ﬁa):_iﬁ+m (14.1)

where we have used @ = ufin?, D e ¢t = 1 and {0y,0;} = 26;; implying {0",5"} =
—n* and so

(p-o)(p-o)= pupué{o“, 7"} =—p* =m’ (14.2)

The second sum is over v’s, giving similarly
> v (p)vt(p) = —ip—m (14.3)

Dirac field bilinears

A single fermion is classically unobservable (it is a Grassmann object, which cannot
be measured experimentally). Classically observable objects are fermion bilinears, which are
commuting variables, and can have a vacuum expectation value (VEV) that one can measure
experimentally. Even in the quantum theory, the fermion bilinears are objects that appear
very often, so it is important to understand their properties, in particular their properties
under Lorentz transformations.

We have defined 1 by the condition that 1) is a Lorentz scalar, so that is given. The
spinorial representations of spin 1/2 are the fundamental, or 1/2, to which ¢ belongs, and
the conjugate representation, or 1_/2, to which v belongs, such that 1) is a scalar. The
Lorentz transformation of v is

't = A aY = 'Y = S (A)yP (14.4)
The next bilinear is 1)y*1). v* is a vector under Lorentz transformations, meaning that
S ()87 = AL (1) (14.5)
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and therefore ¢)y*1) is a vector, i.e.

Py — ALY (14.6)

What other bilinears can we form? The most general would be ¢TI, where I is a general
4 x 4 matrix, which can be decomposed in a basis of 16 4 x 4 matrices. Such a basis is given

by

4 1 14
O = {1,9",%,7"735, 7" = 577"} (14.7)

which is a total number of 14+4+1+4+4-3/2 = 16 matrices. Then this basis is normalized
as

since for instance Tr{1l x 1} =4 and

1
Te{y"y"} = 5 Te{y", 7"} = 4™ (14.9)
Moreover, this basis is complete, satisfying the completeness relation

1
500 = (OO (14.10)

which is indeed a completeness relation, since by multiplying by Mg we get

1
M, = ZTr(MOi)(Oi)‘sa (14.11)
which is indeed the expansion in a complete basis. The coefficient is correct, since by
multiplying again with O;§ we get an identity. B
Now by multiplying (14.10) by arbitrary spinors yg,¢” and N¢s, where N is a matrix,
we obtain the relation (after multiplying it by yet another matrix M)

MA(ING) =~ 3 MONG(GO:) (14.12)

which is called Fierz identity or Fierz recoupling. Note the minus sign which appears be-
cause we interchanged the order of the fermions. The Fierz identity is useful for simplifying
fermionic terms, allowing us to "recouple” the fermions and hopefully obtain something
simpler.

We might think that we could introduce other Lorentz structures made up from gamma
matrices, but for instance

Vpvpo] = VW Vp Vo] X €uvpss (14.13)

since v5 = —i7°y1y2~3, and the gamma matrix products are antisymmetric by construction,
since gamma matrices anticommute. Then we also have

VNuvpe] X Euupo'ygf}% (1414)
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and there are no higher antisymmetric bilinears, since the antisymmetric products of 5 v, is
Zero.

As terminology, 1 is a scalar, 75 is a pseudoscalar, v* is a vector and Y*7; is a pseu-
dovector, and v*" is an antisymmetric tensor. Here for instance pseudoscalar means that
it transforms like a scalar under usual Lorentz transformations, except under parity gets
an extra minus. Similarly, pseudo-something means it transforms usually under Lorentz
transformations, except under parity gets an extra minus sign.

If /() satisfies the Dirac equation, then the vector current j* = (x)y*4)(z) is conserved:

Oug" = (Oub )"t + ¥y Ouh = (mp)y + (=myp) = 0 (14.15)

and the azial vector current j*° = (x)y*v51)(x)

0" = (B0 )7 159 + DYV 50,0 = mapysth — s = 2mipysy) (14.16)

is conserved 9,j"° = 0 if m = 0 only.

C,P,T symmetries for fermions

The continuous Lorentz group Ll, the proper orthochronous group, continuously con-
nected with the identity, is a symmetry. But we have also the parity and time reversal
transformations

: )
T @ (t,4) — (—t,7) (14.17)

which can also be symmetries, but not necessarily (there is no physical principle which
demands it).

Besides Ll, there are 3 other disconnected groups, LT_, Li and Li. L, is called proper
group, and L_ improper, and the two are related by P, whereas L' is called orthocronous
and L+ nonorthochronous, and the two are related by 7.

Besides these transformations, we also have (', the charge conjugation transformation,
which transforms particles into antiparticles.

For a long time, it was thought that C, P,T" must be symmetries of physics, for instance
since:

-gravitational, electromagnetic and strong interactions respect C, P, T.

-weak interactions however break C' and P separately, but preserve C'P. The Nobel prize
was awarded for the discovery of this breaking of parity, thought to have been fundamental.

-by now there is good experimental evidence for C'P breaking also, which would point to
interactions beyond the Standard Model.

-However, there is a theorem, that under very general conditions (like locality and uni-
tarity), C'PT must be preserved always, so C'P breaking implies T' breaking.

In the quantum theory, the action of the C, P, T symmetries is encoded in operators
C, P,T that act on other operators. The c-numbers are generally not modified (though see
T below), even if they contain ¢, Z.

Parity
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Parity is defined as being the same as reflection in a mirror. If we look in a mirror at a
momentum vector with a spin, or helicity, represented by a rotation around the momentum
axis, we see the momentum inverted, but not the spin, hence parity flips the momentum p,
but not the spin s, see Fig.35.

mirror

N -
" U

-

P

Figure 35: Parity is reflexion in a mirror. The momentum gets inverted, but not the spin.

That means that the action of P on the annihilation/creation operators in the expansion
of the quantum field 1 is

P@~P L= na -

Pbp = b’ ; (14.18)
where 7, and 7, are possible phases. Since two parity operations revert the system to its
original, we have P? = 1, so P~' = P, and then also n? = n? = +1, since observables are

fermion bilinears, so a + sign doesn’t make a difference.
Defining the momenta p = (p°, —p), we have

L%&) N (—%g) = —i"v(p) (14.19)

o_ (01
v = 2(1 0) (14.20)
Then

PUOP = [ Gt Yt ) i e

d3~ 1 . -
= / Z (naa iy us ()Pt =% — *bSTW v*(p)e”PH=9))(14.21)

)\ RE, &

where in the second line we have changed the integration variable from p to p, and then used
the relation between u(p) and w(p) and similarly for v. Finally, we see that we need to have
Ny = —n, to relate to another ¢ field. In that case, we obtain

Py ()P = i7" ¥(t, —7) (14.22)

where

125



Then we have also

(Py(x)P)! = =iy (t, =)yt = iy (¢, —7)7° (14.23)
and so B B
Pi(a)P = (P(t,#) P)in® = in(t, —7)° (14.24)
We can now also compute the behaviour of fermion bilinears under parity. We obtain
PYypP = [na*9(t, =20 (=) (t, =7) = Po(t, -7) (14.25)
i.e., it transforms as a scalar. Here we have used that 7, is a phase, so |1,/ = 1, and
- =1
Next, we have
PyryspP = §(t, =2)7 75 (=)o (¢, —T) = —ys0(t, —7) (14.26)
so is a pseudoscalar. Also,
Pyytp P =y (=9")o(t, =F) = (=1)"Yy"y(t, —T) (14.27)
where (—1)* = +1 for p = 0 and = —1 for p # 0, so it transforms like a vector. Further,
PyyysihP = 7 35 (=)o (t, =F) = —(=1)"i(t, —7) (14.28)

so it transforms as a pseudovector.

Time reversal

Consider now the time reversal transformation. Under it, the momentum changes di-
rection (time flows opposite), and also the spin changes, since it rotates back, see Fig.36.
However, time reversal cannot be made into a linear operator like P, but it can be made
into an antilinear operator,

T (¢ — number) = (¢ — number)*T (14.29)

N L R
0 T T

Figure 36: Time reversal inverts both momentum and spin.

Then we have

Ta%T = a:;
To;T = b:]‘; (14.30)
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and since the T operator is antilinear, for the full Dirac equation modes we have
Ta%TuS (p)e™"T = aifs»[u: (p)]"e™
T (p)e™ T = v_[v*(p)]"e” (14.31)

We now consider a general spin basis, instead of (O) and ((1)), corresponding to spin

oriented along the z direction, we take a spin direction of arbitrary spherical angles 6, ¢,

giving
e =6, (3) = (o)

0 =16.0 () = (" erie”) (1432
and we have & = (£(1),€(])), and then (Go? = o*(—d*) = if i - FE = +&, then (77 -
G)(—io*¢") = —(—io*¢"))

€70 = (&), =€(1)) = —io? (&) (14.33)

Analogously, we write for the annihilation operators a* = (a2, —ay) and b * = (b2, —by).
For the column vectors we have

Cemy (VTP a(=i0%E)\ _ (—io®/=p ot (0% 0\ oo 1 ar s

u”*(p) = <m(—i02§s*) = _iUQ\/Wfs* = —1 0 o2 [ (p)]" = v 7’ [u’(p)]

(14.34)
Here we have used the relation \/p - 002 = 0%/p - 0, which we can prove by expanding the
square root for small p; and then (p'- &)oy = —0a(p- 7*), true since 05 = —03,07 3 = 013.
Then we can compute the effect on the quantum field operator, and obtain
For the fermion bilinears, we then obtain
TYyT = +ip(—t, T)
TYysyT = —hysip(—t, )
Ty T = (~L)dyib(—t, 7) (14.36)

Charge conjugation

Charge conjugation is the operation that takes particles to antiparticles. On the classical
spinor space, it acts not on the classical (¢,Z), but by the C-matrix (charge conjugation
matrix) defined before. We need to define how it acts on the quantum field operators.

As we said before, due to the fact that 1) ~ aZu®(p)e?* +b;;vs(p)e_ip‘x, and in the energy
we have [w(a'a — bb'), we can understand a' as creation operator for fermions of positive
energy (e.g. electrons e~) and b' as an annihilation operator for fermions of negative energy
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in the fully occupied ”Dirac sea”, equivalent to a creation operator for a "hole” of effective
positive energy, or antiparticle (e.g. positron e*).
Therefore the C' operator maps a’s into b’s,

b
a

C’a%C’_l
C’b%C’f1

SIS

(14.37)

Note that we have ignored possible phases here. Then we use that
0 —io® \/WéS) 2 (m&)
v (p)) =1|. .| = . 14.38
(v*(p)) (202 0 ) (mg Y J=p ¢ ( )
where again we used \/—p - 0% = 02\/—p - 6*. Then we have for the column vectors

u®(p) = 7*(v*(p))*
v ¥ (u(p))* (14.39)

Finally, using the linearity property of the C' operator and the above properties, we can
calculate the effect on the quantum field operator,

Cp(2)C™" = y*y*(x) = v* (V)" (14.40)

Therefore the charge conjugation operator interchanges 1 and ! up to some matrix.
For the fermion bilinears we find

CpCt = gy

Ciﬁ%wcfl = Pyt

CYy"pC™ = =yt

CyysipC ™ = gyt sy (14.41)

The full transformations under P,T, C' and C' PT, for various bilinears and for the deriva-
tives 0, are

¥ 41,4141, 41

Vst 0 —1,—1,41,+1
7¢7Mw (=R (=D -1 -1
Vyysy o —(=1)F (=1)F, 41, -1
w’YW?ﬁ : <_1)H(_1)V7_(_1)M<_1)V7_17+1
8, (=1, —(=1)",+1,-1 (14.42)

where of course under P and T we also transform the position for the fields.

Important concepts to remember
e The spin sums are > u®*(p)u®(p) = —ip+m and >, v*(p)v®(p) = —ip — m.
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e The complete basis of 4 x 4 matrices is O; = {1,9", v5, 7"75, ¥*"' }, and fermion bilinears

are P O;1).

e The presence of 5 means a pseudoscalar /pseudovector,etc., i.e. an extra minus under
parity.

e Fierz recoupling follows from the completeness of the O; basis.
e Vector currents are conserved, and axial vector currents are conserved only if m = 0.
e T .C.P act on quantum operators.

e Time reversal T is antilinear and charge conjugation C' changes particles to antiparti-
cles.

Further reading: See chaptes 3.4 and 3.6 in [2].
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Exercises, Lecture 14

1) Using the Fierz identity, prove that we have for Majorana spinors \*
(A" A) (EY*A®) fape = 0 (14.43)
where fu. is totally antisymmetric, and also using

VYoV = =27,
YuYpe ¥ =0 (14.44)

and that Majorana spinors satisfy

EX = X€

EYuX = —XVu€

EV5X = X7V5€

EYuVsX = XV Vs€ (14.45)

2) Prove that the transformations of ¥y*ys1 under T, C and CPT are with (—1)*, +1
and —1 respectively.
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15 Lecture 15. Dirac quantization of constrained sys-
tems

In this lecture we will describe the quantization of constrained systems developed by Dirac.
I will largely follow the book by P.A.M. Dirac, ”Lectures on Quantum Mechanics”, which is
a series of 4 lectures given at Yeshiva University, published in 1964, and is possibly one of
the most influential books in physics, per number of pages. The first 2 lectures describe the
procedure now known as Dirac quantization, which is very important for modern theoretical
physics, and even now, there is little that needs to be changed in the presentation of Dirac.

So what is the problem that we want to solve? We want to quantize gauge fields (we will
do so next lecture), which have an action

1
S = —Z/d“ijV (15.1)

where the field strength is written in terms of the gauge field A, as
F,=90,A,—0,A,, (15.2)
therefore we have a gauge invariance
0A, =0, (15.3)

which leaves F),,, and therefore the action, invariant. This means that there is a redundancy
in the system, there are less degrees of freedom in the system than variables used to describe
it (we can use A to put one component, for instance Ay, to zero). To quantize only the
physical degrees of freedom, we must fix a gauge, for instance the Lorentz, or covariant,
gauge O*A, = 0. That imposes a constraint on the system, so we must learn how to
quantize in the presence of constraints, which is the subject that Dirac tackled. We can deal
with this in the Hamiltonian formalism, leading to the Dirac quantization of constrained
systems. Even though we will not use much of the Dirac formalism later, it is important
theoretically, to understand the concepts involved better, hence we started with it.

In the Lagrangean formulation of classical mechanics, constraints are introduced in the
Lagrangean by multiplying them with Lagrange multipliers. We will see that in the Hamil-
tonian formulation, we also add the constraints to the Hamiltonian with some coefficients,
with some notable differences.

In the Hamiltonian formalism, we first define conjugate momenta as

oL

Pn = B (15.4)

and then the Hamiltonian is
H=> (pndn) = L (15.5)
The Hamilton equations of motion are
0OH 0OH
In=——; Pn=—7"" 15.6
=g, D (15.6)
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We define the Poisson brackets of two functions of p and ¢, f(p,q) and g(p, q), as

_ of dg  9f Og
{f.9}pB. = Zn: [5% 9. op. Oa. (15.7)

Then the Hamilton equations of motion are

qn = {Qny H}P.B.; pn = {pna H}P.B. (158)

and more generally, we can write for time evolution (equation of motion) of some function

on phase space, g(q, p),
g=1{9,H}ps. (15.9)

But now assume that there are M constraints on phase space,
Gm(q,p) =0, m=1,...M (15.10)

We will call these the primary constraints of the Hamiltonian formalism, we will see shortly
why.

We will define =2, called weak equality, as equality only after using the constraints ¢, = 0.
Note that we must use the constraints only at the end of a calculation, for instance when using
Poisson brackets, since the Poisson brackets are defined by assuming a set of independent
variables ¢y, p, (so that partial derivatives mean when we keep all the other variables fixed;
this would not be possible if there is a relation between all the ¢’s and p’s). So only when
all the dynamical calculations are done, can we use ¢,, = 0.

So the weak equality means that by definition

b 2 0 (15.11)

since otherwise ¢,, is some function of ¢’s and p’s, for which we can calculate Poisson brackets,
and is not identically zero.

Note that as far as the time evolution is concerned, there is no difference between H and
H + w0y, (indistinguishable), since ¢, ~ 0. Then the equations of motion are

o0H Obm,
'n = 5 m A~ ") H m®Pm fP.B.
q o, +u e {40, H 4 tmdm}prs
OH O
P aa. u 3a, {p + U Pm } P.B ( )
and in general we write
g~{9,Hr}prs. (15.13)

where the total Hamiltonian Hr is
Hr =H + unom, (15.14)

Note that in the above we have used the fact that the Poisson bracket of the coefficient u,,
(which is in principle a function of (g, p)) does not contribute, since it is multiplied by ¢,,,

so {g, U} = 0.
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Let us now apply the above time evolution to the particular case of the constraints ¢,,
themselves. Physically, we know that if ¢, are good constraints, the time evolution should
keep us within the constraint hypersurface, so we must have gzﬁm ~ 0 (which means that the
time variation of ¢,, must be proportional to some ¢’s itself). That gives the equations

{¢ma H}P.B. + Un{gbma ¢n}P.B. ~ 0 (1515)

This in turn will give other, potentially independent, constraints, called secondary con-
straints. We can then apply the time variation again, and gain new constraints, etc., until
we get nothing new, finally obtaining the full set of secondary constraints, that we will call
o, k =M+ 1,.... M + K. Together, all the constraints, primary and secondary, form the
set

p;j=0, j=1,... M+ K (15.16)

While there is not much difference between primary and secondary constraints, as we
will see, they act both in the same way, there is one distinction that is useful. We will call
a function R(p,q) on phase space first class if

{R, ¢j}P.B. = 0(16, = rjj’¢j’) (1517)

forall j =1,..., M + K, and second class if {R, ¢;}p 5. is not ~ 0 for some ¢;. In particular,
we have for the time evolution of all the constraints, by definition (all the set of constraints
satisfies that their time evolution is also a constraint)

{¢;, Hr}pp. ~ {¢;, H}pp. + um{dj, dm}pp. ~ 0 (15.18)

(here again we dropped the term {uy,, ¢;}¢m =~ 0). These equations tell us first that Hyp is
first class, and second, give us a set of M + K equations for the M coefficients u,,, which
are in principle functions of ¢ and p, i.e. u,,(q,p). Even if the system looks overconstrained,
these equations need to have at least a solution from physics consistency, since if not, it would
mean that there is no possible consistent time evolution of constraints, which is clearly wrong.
But in general the solution is not unique. If U, is a particular solution of (15.18), then the
general solution is

U, = Upy + 0.V (15.19)

where v, are arbitrary numbers, and V,,, satisfy the equation

Vami®s, dm}prp. =0 (15.20)

Then we can split the total Hamiltonian, which is as we saw first class, as

HT = H+ Um¢m + Uavam(bm
— H, _|_ Ua¢a (15.21)

where
H =H+U,¢n (15.22)

133



is first class, by the definition of U, as a particular solution of (15.18), and

¢a = V:zmgbm (1523)

are first class primary constraints, because of the definition of V,,, as satisfying (15.20).
Theorem. If R and S are first class, i.e. {R,¢;}pp =rjidj, {5, ¢;}pp. = sj5¢;, then
{R, S}pp. is first class.
Proof: We first use the Jacobi identity for antisymmetric brackets (like the commutator
and the Poisson brackets), which is an identity (type 0=0) proved by writing explicitly the
brackets,

{{R,S}, P} +{{P,R},S} +{{S,P},R} =0 (15.24)
to write
{{R7 S}P.BJ(bj}P‘BA = {{R7 ¢j}P.B.7S}P.B. - {{Sv ¢j}P.B.7R}P‘BA
= {rjy¢y, Stpp — {850, R}pp.
= =1y b+ {rij, Strp. oy
—8jj (=1 i) — )i, Ry pp.¢j =~ 0 (15.25)
q.e.d.

Finally, we can add the first class secondary constraints ¢, as well to the Hamiltonian,
since there is no difference between the first class primary and first class secondary con-
straints, obtaining the extended Hamiltonian Hg,

Hg = Hy + v du (15.26)

However, the second class constraints ¢,, are different. We cannot add them to the
Hamiltonian, since {¢y, ¢;}pp is not ~ 0, so the time evolution of ¢;, gﬁj = {¢;,H}ppB.,
would be modified.

Therefore, we have the physical interpretation that first class constraints generate motion
tangent to the constraint hypersurface (adding them to the Hamiltonian, the new term
is &~ 0, i.e. in the constraint hypersurface ¢,, = 0). On the other hand, second class
constraints generate motion away from the constraint hypersurface, since adding them to
the Hamiltonian adds terms which are not ~ 0 to the time evolution of ¢;.

Quantization

Now we finally come to the issue of quantization. Normally, we substitute the Poisson
bracket {,}pp with 1/iA[,] when quantizing. But now there is a subtlety, namely the
constraints.

The simplest possibility is to impose the constraints on states (wavefunctions), i.e. to
put .

ol >=0. (15.27)

But that leads to a potential problem. For consistency, applying this twice we get [ggj, ggj/] | >=
0. But since the ¢; are supposed to be ALL the constraints, the commutator must be a linear
combination of the constraints themselves, i.e.

[0, 03] = cjyryndoyo (15.28)
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Note the fact that in quantum mechanics the ¢’s could in principle not commute with the
qu, so we must put the ¢’s to the left of ngJ s, to have the commutator on the left hand side
equal zero.

Then the time evoluton of the constraints should also be a constraint, so

[0, H] = by (15.29)

If there are no second class constraints, then {¢;, ¢;/}pp. ~ 0 (the condition for all the
constraints to be first class), which in the quantum case turns into the algebra of constraints
(15.28), and we have no problem.

But if there are second class constraints, we have a problem, since then the fact that
{¢w, @y} p.5. is not ~ 0 contradicts the consistency condition (15.28).

Let’s see what happens in an example. Consider a system with several degrees of freedom,
and the constraints ¢; ~ 0 and p; ~ 0. But then their Poisson brackets give {qi,p1}pp. =
1 # 0, which means that they are not first class. But then we can’t quantize the constraints
by imposing them on states as

QY >=0=pi|Y > (15.30)

since then on one hand applying the constraints twice we get [G1,p1][tv >= 0, but on the
other hand the commutator gives

[G1, Pl = ih[y > (15.31)

which is a contradiction. Therefore one of the two assumptions we used is invalid: either
éj\w >= 0 is not a good way to impose the constraint, or the quantization map {, }p5 —
1/ih[,] is invalid. It turns out that the latter is the case. We need to modify the Poisson
bracket in order to map to 1/iA[,]. In the example above, the solution is obvious. Since
the constraints are ¢ = p; = 0, we can just drop them from the phase space, and write the
modified Poisson bracket

N
_ of og  Of 9g
{f,9}pp, = ; ( e oo B 8qn) (15.32)

But what do we do in general?

In general we must introduce the Dirac brackets as follows. We consider the indepen-
dent second class constraints (i.e., taking out the linear combinations which are first class,
remaining only with constraints which have all the linear combinations being second class),
called x,, and we define ¢,y by

Css’{Xs’u Xs”}P.B‘ = 535”7 (1533)

i.e., we have the inverse matrix of Poisson brackets, c,s = {Xs, X« }p5.- Then we define the
Dirac brackets as

[fu g]D-B- = {f7 g}P.B. - {f: XS}P.B.CSS/{XS/7 g}P.B. (1534)
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Then if we use the Dirac brackets instead of the Poisson brackets, the time evolution is not
modified, since

[g, HT]D,B. = {9: HT}P.B. - {97X5}Css’{Xs’a HT}P.B. ~ {9: HT}P.B. ~ g (15-35)

where we have used the fact that Hyp is first class, so {xs, Hr}pp. ~ 0.
On the other hand, the Dirac bracket of the second class constraints with any function
on the phase space is zero, since

[f7 Xs”]D.B. = {f7 Xs”}P.B. - {fa XS}P.BCSS’{Xs’a Xs”}P.B. =0 (1536)

(equal to 0 strongly!) where we have used the definition of cgy as the inverse matrix of
constraints. That means that in classical mechanics we can put ys; = 0 strongly if we use
Dirac brackets. In quantum mechanics, we again impose it on states as

Tty >=0 (15.37)

but now we don’t have any more contradictions, since the Dirac bracket, turning into a
commutator in quantum mechanics, is zero for the second class constraints with anything.
Therefore [f, Xs]|1) >= 0 gives no contradictions now.

Finally, note that in quantum mechanics the difference between the primary and sec-
ondary constraints is irrelevant, whereas the difference between first and second class con-
straints is important, since second class constraints modify the Dirac bracket.

Example: electromagnetic field

We now return to the example which started the discussion, the electromagnetic field
with action

F? 1 1 .
S =— /d‘*xﬂ = / [——EjF” — ~FyFY" (15.38)
4 4 2
where F,, = 0,4, — 0,A,. We also denote derivatives as d,B = B . Then the momenta
conjugate to the fields A, are
i oL
2

Since F'° = (0 by antisymmetry, it means we have the primary constraint

= o (15.39)

P'~0 (15.40)
The basic Poisson brackets of the fields A, with their conjugate momenta are as usual
{Au(@ 1), PY(@ 1)} pp. = 6,0° (T = T) (15.41)

The Hamiltonian is then
1

. 1_.
TFOF + 5F F

H = /d'?’xP“Au’O — L = /d3x |:Fi0Ai7(] + 2

) 1 . 1 .
= /d3$ |:F10A0’i + ZFijFU — §FZOE01
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1 S .
= /dgx |:ZEjF” + §.PZPZ - A()PZ’Z‘ (1542)

where in the second equality we used Fjy = Ap; — A;o and in the second we used P* = F"
and partial integration.

Next we compute the secondary constraints. First we compute the time evolution of the
primary constraint, giving a secondary constraint

{P°, H}pp = P' ;=0 (15.43)
The time evolution of the secondary constraint is in turn trivial,
{P';,H}pp =0 (15.44)

so there are no other secondary constraints.
All the constraints are first class, since we have

{P° PYpp =0={P° P }pp ={P" P’ ;}pp =0 (15.45)

That means that there is no need for Dirac brackets. We have H = H’, and we add the first
class primary constraint P° with an arbitrary coefficient, giving the total Hamiltonian

1 .. 1 . ,
Hy = H + / vP° = / (ZFZJF,-j+§P’PZ) - / AP’ + / (@) P () (15.46)

The extended Hamiltonian is found by adding also the secondary first class constraint with
an arbitrary coefficient,

Hp=Hr+ /deu(x)P’l(x) (15.47)

But A and P? contain no relevant information. We can put P° = 0 in Hy since that only
makes the time evolution of Ag trivial, Ay = 0, and then we can get rid of Ay by redefining
u'(x) = u(x) — Ag(x), obtaining the Hamiltonian

Hp = /d3x (ZF”Fij + §P1Pl) + /d?’xu’(x)Pl,i(x) (15.48)

Finally, we should note that the Dirac formalism is very important in modern theoretical
physics. It is the beginning of more powerful formalisms: BRST quantization, Batalin-
Vilkovitsky (BV) formalism, field-antifield formalism, used for gauge theories and string
theory, among others. However, we will not explain them here.

Important concepts to remember

e Dirac quantization of constrained system starts in the Hamiltonian formalism with the
primary constraints ¢,,(p, q) = 0.
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We write weak equality F'(g,p) ~ 0 if at the end of the calculation we use ¢,, = 0.

The primary constraints are added to the Hamiltonian, forming the total Hamiltonian
Hr = H + um(bm

The secondary constraints are obtained from the time evolution of the primary con-
straints, {¢n,, Hr}pp and iterated until nothing new is found. In total, ¢;, j =
1,..., M + K are all the constraints.

First class quantities R satisfy {R, ¢;} ~ 0, and second class quantities don't.

Hr is written as Hr = H' + v,¢, where H' is first class, ¢, are first class primary
constraints, and v, are numbers.

The extended Hamiltonian is obtained by adding the first class secondary constraints
HE = HT + U;,gbal.

When quantizing, we must impose the constraints on states, gzgj|1/1 >= (, but to
avoid inconsistencies in the presence of second class constraints y,, we must intro-
duce Dirac brackets (to be replaced by the quantum commutators), by subtracting

{fxs s X Yo {xs 9} p.B..

The electromagnetic field has primary constraint P° ~ 0 and secondary constraint
P"J = F%; ~ 0, but in the extended Hamiltonian we can drop Ay and P°.

Further reading: See Dirac’s book [5].

138



Exercises, Lecture 15

Dirac spinor
1) Consider the Dirac action for a Dirac spinor in Minkowski space,

S = /dA‘x(—wTi”yO’y“auw) (15.49)

qith 8 independent variables, 14 and ¥% = (¢?)*, where A = 1,...,4 is a spinor index.
Calculate p4 and p** and the 8 resulting primary constraints. Note that classical fermions
are anticommuting, so we define p by taking the derivatives from the left, e.g. %WX) =X,

so that {p?, ¢z} = —d4. In general, we must define

(b = @100 (e ) + ("(00/00") (51 ) (15.50)

where 0f/0p® is the right derivative, e.g. 9/0¥(x%) = x, and (—)fg = —1 for f and ¢
being both fermionic and +1 otherwise (if f and/or g is bosonic). This bracket is antisym-
metric for f, g being bose-bose or bose-fermi, and symmetric if f and g are both fermionic.
Then compute Hr by adding to the classical Hamiltonian H the 8 primary constraints with
coefficients u,,. Check that there are no secondary constraints, and then from

{ém, Hr}pp ~ 0 (15.51)

solve for u?, vy.

2) (continuation) Show that all constraints are second class, thus finding that
Hy = H' = Hy, (15.52)

Write Dirac brackets. Using the Dirac brackets we can now put p* = 0 and replace i1)* by
—p. Show that finally, we have

Hp = — / d>x(py°~v o) (15.53)
and

[, pelp.s. = {v*, pB} B = —056° (T — 7)) (15.54)

(Observation. Note that the analysis for Majorana (real) spinors is somewhat different,
and there one finds

W™ polos. = —50R0 (T ~ 7)) (15.55)
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16 Lecture 16. Quantization of gauge fields, their path
integral, and the photon propagator

As we saw last lecture, for gauge fields there are redundancies in the description due to the
gauge invariance 0A, = J,\, which means that there are components which are not degrees
of freedom. For instance, since A\(x) is an arbitrary function, we could put Ay = 0 by a gauge
transformation. So we must impose a gauge in order to quantize.

-The simplest choice perhaps would be to impose a physical gauge condition, like the
Coulomb gauge VA= 0, where only the physical modes propagate (no redundant modes
present), and impose quantization of only these modes.

-But we will see it is better to impose a covariant gauge condition, like the Lorentz
gauge 0" A, = 0, and quantize all the modes, imposing some constraints. This will be called
covariant quantization.

Physical gauge

Let’s start with the discussion of the quantization in Coulomb, or radiation gauge. The
equation of motion for the action

1 1 . .
S = 1 /d%Fiy =3 /[(GMA,,)a“A — (0,A,)0" A" (16.1)
is
0OA” — 0"(0"A,) =0 (16.2)
and is difficult to solve. However, we see that in the Lorentz, or covariant gauge 0" A, =0,
the equation simplifies to just the Klein-Gordon (KG) equation,

0A, =0 (16.3)

which has solution of the type A, ~ €,(k)e*™** with k> = 0 and k"¢, (k) = 0 (from the
gauge condition 0*A, = 0 in momentum space). But note that the Lorentz gauge does not
fix completely the gauge, there is a residual gauge symmetry, namely 04, = d,\, with A
satisfying (since 0"6A, = 0)

0M0A, =0XA=0 (16.4)

We can use this A to fix also the gauge Ag = 0, by transforming with dyA = — Ay, since the
KG equation for 4, (16.2), gives

OAg=0= 80N =0 (16.5)

so it is OK to use a A restricted to O\ = 0 only. If Ay = 0, the Lorentz gauge reduces to
V-A=0.
Note that this Ag = 0 gauge is consistent only with J#* = 0 (no current, since otherwise
Ao = [ Jo), but we will consider such a case (no classical background). Therefore we consider
the full gauge condition as
Ag=0; andV-A =0 (16.6)
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known as radiation, or Coulomb gauge, and famliliar from electrodynamics (see e.g., Jack-
son’s book). In this gauge there are only two propagating modes, the physical degrees of
freedom (corresponding to the two polarizations of the electromagnetic field, transverse to
the direction of propagation, or circular and anti-circular), since we removed A, and 0*A,
from the theory.

The classical solution is

Alw) = / (%;f—kmAEQ EO (k) e (k) + VT (ke (16.7)

and with k2 = 0 (from the KG equation) and k-é™ (k) = 0 (from the Lorentz gauge condition
in momentum space). The normalization for the solutions was chosen, as in previous cases, so
that under quantization, a and a' act as creation and annihilation operators for the harmonic
oscillator. We can also chose the polarization vectors € (k) such that they are orthogonal,

&Nk - e (k) = oM (16.8)

Quantization in physical gauge

We now turn to quantization of the system. As we saw last lecture, in Dirac formalism,
we can drop Ay and P° from the system entirely, which is now needed since we want to use
the gauge Ay = 0, and impose the remaining gauge condition V-A=0asan operatorial
condition.

Consider the conjugate momenta

P(=1")=F"=FE' (16.9)
We would be tempted to impose the canonical equal time quantization conditions

) ) Bk e, -
[AY(Z,t), V(2 )] =i / W(wezk'wl‘) = i095% (7 — &) (16.10)
m

but note that if we do so, applylng Vz; on the above relation does not give zero as it should

(since we should have V- A = 0). So we generalize 67 — A% and from the condition
kA% =0, we get

il j [ . d*k ij ik-(Z—&' . &’k ij k'K ik-(Z—T'
[A (I,t),E](.T/,t)] = Z/(27T) Ajek( ):Z/W<5j—?)€k( )

0;0;
_ iy v7) 3(7
= ((5 o2 ) (7 — ) (16.11)
and the rest of the commutators are zero,
[AY(Z,t), AV(Z,t)] = [E"(Z,t), EY (7, t)] = 0 (16.12)

Replacing the mode decomposition of A in the above commutators, we obtain the usual
harmonic oscillator creation/annihilation operator algebra

[a™ (k), a®(K)] = (27)2650 0@ (k — )
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A (1), 0 ()] = 0 = [T (k). a1 (k') (16.13)

We can then compute the energy and obtain the same sum over harmonic oscillator hamil-
tonians as in previous cases,

E = 1/d3 (E* + B?)
_ Z / ;iks /;0 (K)a™ (k) + a® (k)a™i (k)] (16.14)

The proof is similar to previous cases, so is left as an exercise. Again as in previous cases,
we define normal ordering and find for the normal ordered Hamiltonian

d3k

M (E)a™ (k) (16.15)

This quantization described here is good, but is cumbersome, since while the classical theory
was Lorentz invariant, the quantization procedure isn’t manifestly so, since we did it using the
Lorentz-symmetry breaking radiation gauge condition (16.6). That means that in principle
quantum corrections (in quantum field theory) could break Lorentz invariance, so we need
to check at each step Lorentz invariance explicitly.

Therefore a better choice is to use a formalism that doesn’t break manifest Lorentz
invariance, like the

Lorentz gauge (covariant) quantization

If we only impose the KG equation, but no other condition, we still have all the 4
polarization modes, so we have the classical solution

d3k : ik-x —ik-x
Au(z) = / W—mzemm [ek a® (k) + et (k)e~* ] (16.16)
A=0
where again k> = 0 from the solution of the KG equation, but since the KG equation

is obtained only in the Lorentz gauge, we still need to impose the Lorentz gauge in an
operatorial fashion, as we will see later.

Let us fix the coordinate system such that the momentum solving the KG equation k? = 0
is in the 3rd direction, k* = (k,0,0,k), and define the 4 polarizations in the directions of

the 4 axis of coordinates, i.e. e/); = (5{), or

for A=0,1,2,3 (16.17)

o= O O
_— o O O

0
) O ?
0

o O O =

Then for A = 1,2 we obtain transverse polarizations, i.e. physical polarizations, transverse
to the direction of the momentum,
Kt = 0 (16.18)

I
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and for the unphysical modes A = 0 (timelike polarization) and X\ = 3 (longitudinal polariza-
tion, i.e. parallel to the momentum),

ke = By, = ke (k) (16.19)

These modes are unphysical since they don’t satisfy the gauge condition 9*A, = 0, which
would also be needed in order to obtain the KG equation for them. That means that these
modes must somehow cancel out of the physical calculations, by imposing some operatorial
gauge condition on physical states.

The natural guess would be to impose the Lorentz gauge condition on states, 0" A, |y >=
0, which is what Fermi tried to do first. But in view of the mode expansion (16.16), this is
not a good idea, since it contains also creation operators, so 9" A, would not be zero even
on the vacuum |0 >, since a|0 ># 0 (there are some details, but we can check that it is
impossible). Instead, the good condition was found by Gupta and Bleuler, namely that only
the positive frequency part of the Lorentz condition is imposed on states,

A (z)[p >=0 (16.20)

(note the somewhat confusing notation: the plus means positive frequency, not dagger, in
fact only the annihilation part must be zero on states), known as Gupta-Bleuler quantization
condition.

Therefore the equal time commutation relations in the covariant gauge are

(A (%, ), (2, 1)] = g6 (& — &)
(A (T, 1), A, (F,t) = [, (, 1), TL,(&, )] = 0 (16.21)

Note that since from the Lagrangean for electromagnetism we found Iy = 0, this contradicts
the commutation relation above (and within this context we can’t impose Iy = 0 on states,
and even if we do, we would still obtain a contradiction with the commutation relation). One
solution is to change the Lagrangean, and we will see later that we can in fact do exactly
that.

Substituting the expansion (16.16) at the quantum level, we obtain almost the usual
commutation relations for harmonic oscillator creation and annihilation operators, namely

(@ (k), a1 (k)] = g™ (27)*6 O (I — ﬁ’)

[a® (&), ™) (k)] = [V (K),a™ T (K)] = (16.22)
For the A = 1, 2,3 modes that is OK, but for the A = 0 mode not, since

(@@ (k), aOT (K] = —(27)36@) (k — ) (16.23)
This means that these modes have negative norm, since

|a'|0 > ||> =< 0]aa’|0 >= — < 0]a’al0 > — < 0|0 >= —1 (16.24)

so they are clearly unphysical. The Gupta-Bleuler condition means, subtituing the form of
A, and kre? =0,

(K€D (k)a® (k) + k"€ a® (k)| >=0 =
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(@O (k) + a® (k)] >=0 (16.25)

Let’s see how this looks on a state which is a linear combination of one one (0) and one (3)
state:

[a® (k) + 0 (k)] (@t (k) + a®(k))[0 >
= ([ (k), (k)] + [ (k), " (RK)])]0 >= 0 (16.26)

so it is indeed a physical state. In general, we see that we need to have the same number of
(0) and (3) modes in the state (check).

So in general the contribution of a(®’s (timelike modes) and a®’s (longitudinal modes)
cancel each other; for instance, in loops, these modes will cancel each other, as we will see
in QFT II.

Note that by imposing only the positive frequency part of the Lorentz gauge condition
on [t >’s, we impose the full gauge condition on expectation values,

< PO Al >=< P|(0" AP + 9 A >= 0 (16.27)

since (A7 |y >)T =< p|orAS.

We have defined the above two methods of quantization, since they were historically first.
But now, there are also other methods of quantization:

-in other gauges, like light cone gauge quantization.

-more powerful (modern) covariant quantization: BRST quantization. To describe it
however, we would need to understand BRST symmetry, and this will be done in QFT II.

-path integral procedures.

e We can write a Hamiltonian path integral based on Dirac’s formalism from last lecture.
This path is taken for instance in Ramond’s book, but we will not continue it here.

e We can use a procedure more easily generalized to the nonabelian case, namely Fadeev-
Popov quantization. This is what we will describe here.

First, we come back to the observation that we need to modify the Lagrangean in order
to avoid getting IIy = 0. It would be nice to find just the KG equation (what we have in the
covariant gauge) from this Lagrangean, for instance. We try

1 A
L= _ZFi” — §(aMA“)2 (16.28)
and indeed, its equations of motion are
OA" — (1 — \)9"(0xA*) = 0 (16.29)

and so for A = 1 we obtain the KG equation OA, = 0. A = 1 is called "Feynman gauge”,
though it is a misnomer, since it is not really a gauge, just a choice. The Lagrangean above
was just something that gives the right equation of motion from the Lorentz gauge, but we
will see that it is what we will obtain in the Fadeev-Popov quantization procedure.
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Fadeev-Popov path integral quantization
To properly define the path integral quantization, we must work in Euclidean space, as
we saw. The Wick rotation is 2° = ¢ — —ix4. But now, since we have the vector A, that

should behave like z,, we must also Wick rotate A like 29 = —t. Then we obtain
0 0
i 4T Dy oz, (% (16.30)

since Fy; — iFy;, like 29 — ix4. Since the action is Wick rotated as iS™) — —S®) and we
have i [ dt(—F};) = — [ dx4F};, we obtain for the Lagrangean in Euclidean space

1 1 E E
LoNA) = +3EDE = S(EBPY + (B)) (16:31)
and the action
SE) — / d*zLE)(A) (16.32)

Since we are in Euclidean space, we can do partial integrations without boundary terms (as
we saw, the Euclidean theory is defined for periodic time, on a circle with an infinite radius,
hence there are no boundary terms), so we can write

1
Sunli] = 5 [ A4, (@) (-8 + 0,0, (2) (16.33)
So we would be tempted to think that we can write as usual
1
zl)] = / DA (@) exp{ -5 / A {4 (=020, + 0,0,)A,) |
1
7="Z[0] exp{§/dda:ddy(]“(x)GW(x,y)Jy(y)} (16.34)

where G, is the inverse of the operator (—9%9,, + 9,0,). However, that is not possible,
since the operator has zero modes, A, = 0, since

(_825uu + auau)aux - 07 (1635)

and an operator with zero modes (zero eigenvalues) cannot be inverted. This is a consequence
of gauge invariance, since these zero modes are exactly the pure gauge modes, 64, = 0,x.
So in order to be able to invert the operator, we need to get rid of these zero modes, or
gauge transformations, from the path integral. Since physical quantities are related to ratios
of path integrals, it will suffice if we can factorize the integration over the gauge invariance,

Vol(Ginw) = [] / dy () (16.36)

or the volume of the local U(1) symmetry group,

zERI
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Or[A]

after X(A)

M

Figure 37: The gauge fixed configuration is at the intersection of the orbit of A, the gauge
transformations of a gauge field configuration A, and the space M of all possible gauge
conditions.

To do this, we will consider the set of more general covariant gauge conditions
0,A, = c(z) (16.38)

instead of the Euclidean Lorentz gauge 0,4, = 0.

Consider an arbitrary gauge field A and the orbit of A, Or(A), obtained from all possible
gauge transformations of this A, see Fig.37. Then consider also the space all possible gauge
conditions, M. We should have that there is only one point at the intersection of Or(A)
and M, i.e. that there is a unique gauge transformation of A, with x¥, that takes us
into the gauge condition. We will suppose this is the case in the following (in fact, there
is some issue with this assumption in the nonabelian case at least, it is not true for large
nonabelian gauge transformations, there exists what are called Gribov copies which arise for
large difference between A’s, but we will ignore this here, since anyway we deal with the
abelian case). Consider then the definition of x4,

PN (x) = —0,A,(x) + c(z) (16.39)

There is a unique solution in Euclidean space, considering that c(z) falls off sufficiently fast
at infinity, and similarly for A and .
Define the gauge field A transformed by some gauge transformation y as

XA, (x) = Au(z) + ,x(x) (16.40)
Then we have the following
Lemma . )
1T dx@) J] 6(=0.(Au®) + clv)) = dot(—07) (16.41)
z€R4 yeRd
Proof:
We have
—0,(XA,) + ¢ = =X — A, + e = =0 + I*xW (16.42)
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so we shift the integration from [dy to x — x — x| absorbing the second term above.
Then we obtain

/ [T axo) T] s¢-ou ) + o) = [ Tlax@ [[o-0xw)  (16.43)

But note that this is a continuum version of the discrete relation

/HdX’H(S iiXj) ~ de EA (16.44)

for the operator
—0%(x,y) = —026 D (z — y) (16.45)

so we have proved the lemma. q.e.d.
We can then write the lemma with the determinant on the other side as

n1Y — /HdX( ) det(—0?) H5 y)) +c(y)) (16.46)
and we can do a gaussian integration over the gauge conditions ¢(x) of this result as
o) = / De(w)e~ 2 [ '@

= /de ) det( 82)e’ifdd”‘“(8“(x‘4“(x)))2 (16.47)

where in the second equality we used the lemma and used the delta function in it. Note that
”1(a)” means that it is a function of the arbitrary number « only, so it is not important,
since this will cancel out in the ratio of path integrals which defines observables.

Then in the path integral for an obsevable O(A), we obtain

/ DAcSWO[A 1(a)" = det(—5?) / I] dx() / D Ae—SAI=3: [#5@A2 0 1) (16.48)

Now we change variables in the path integral from A to A —0,x, such as to turn 9,,(X4,) —
0,A,. Then the dependence on y disappears from inside the integral, so the integration over
the gauge modes finally factorizes,

/ DAeSHO[A] 1(a)” = [det(—@Q) / de(x)] / DAeM—2a [0’ O (A)  (16.49)

That means that in correlator variables, defined as ratios of the path integral with insertion
to the one without, to cancel out the bubble diagrams, the integration over the gauge modes
cancels,

) —S(A)» ].(OZ)”

D(A
<O(A)> = f fD 6 S(A)”l( )77
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= f D(A..)O(A...)e Sess(Am)

[D(A...)eSers(A-) (16.50)
Here the effective Lagrangean is
1 5 1
Lepr = ZF“” + %(%Au) (16.51)

where the extra term is called the gauge fizing term, as it is not gauge invariant, so the
remaining path integral is without zero modes.

Photon propagator

We can again partially integrate and obtain for the effective action

Serr(A) = %/ddmu (—a%w + (1 - é) 8M8V> A, (16.52)
where the operator in in brackets, (G(O));V1 is now invertible. We write in momentum space
Surld) = 3 [ i ARG R ALH) (16.53)
2 ) (2m)d a
Since
(GD),p (k) = k26,0, — (1 - é) Kok, (16.54)
we have

1
(k25W - (1 - E) k:“k;l,) G =5, (16.55)

meaning that finally the photon propagator is

1 k. k,
G20 = 5 (B (1- 52 (16.56)

Then in the case of « =1 (A = 1/a = 1), the "Feynman gauge” (a misnomer, as we said)
we have the Klein-Gordon propagator

GOk;a=1)= =0 (16.57)

Important concepts to remember

e The physical gauge is Ap = 0 and 0*A, = 0, or VA= 0, and here the equation of
motion is KG.

e Quantization in the physical gauge is done for only the two physical transverse polar-
izations, for which we expand in usual harmonic oscillator creation and annihilation
operators.
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e Covariant gauge quantization is done keeping all the 4 polarization of the gauge field,
but imposing 8“AL+)|¢ >= (0 on physical states.

e Timelike modes have negative norm, but they cancel in calculations against longitu-
dinal modes. In particular, the physical condition says the longitudinal and timelike
modes should match inside physical states.

e Fadeev-Popov path integral quantization factorizes the gauge modes, and leaves an
effective action which contains a gauge fixing term.

e The photon propagator in Feynman gauge is the KG propagator.

Further reading: See chapters 6.1,6.2,6.3.1 in [4], 7.3 in [1] and 7.1 in [3].
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Exercises, Lecture 16

1) a) Prove that for quantization in physical gauge the quantum energy is
L[ s 2, d?”f ’fo ™ ) ()
E= | do(E*+ 57 Z M (E)aD (k) + a™ (k)at® (k)] (16.58)

b) Consider the state in covariant quantization
Y >= (aV (k) — aPM(kz)) (a©F (ko) + a1 (k) 10 > (16.59)
Is it physical? Why?
2) Using the effective action S.sp (with gauge fixing term), for k* = (k,0,0, k), write

down the equation of motion in momentum space, separately for the longitudinal, timelike
and transverse modes, at arbitrary ”gauge” a.
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17 Lecture 17. Generating functional for connected
Green’s functions and the effective action (1PI di-
agrams)

Generating functional of connected Green’s functions
As we saw, Z[J] is the generating functional of the full (connected and disconnected)

Green’s functions.
But now we will prove that the generating functional of connected Green’s functions is

—W1J], where
Z[J] = e WV (17.1)

We define the n-point Green’s functions in the presence of a nonzero source J as
5’!7,
0J(x1)...0J(zy,)

Gn(T1, .y Tp)y = Z[J] (17.2)

(before we had defined the Green’s functions at nonzero J). We will denote them by a box
with a J inside it, and n lines ending on points z1, ..., x,, coming out of it, as in Fig.38. A
box without any lines from it is the 0-point function, i.e. Z[J], see Fig.38.

Notation: X}

J :G(xl,...,xng Gy ==—J J| =0-pnt.fect

Xn

=—= =propagator -X—)( =Aij J; 'X_C]) = connected
a) — —_X + + = /_\ X +...

X X X U
b) w1 ;

: — x [

()
I

Figure 38: Notation for Green’s functions, followed by the diagrammatic expansion for the
1-point function with source J (a), which can be seen diagrammatically to factorize into the
connected part times the vacuum bubbles (b).

For the 1-point function in ¢* theory, writing the perturbative expansion as we already
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did (before we put J = 0), we have

G(z); = /ddyA(x—y)J(y)—g/d"zddylddmddysﬁ(fv—Z)A(yl—Z)A(yz—Z)A(ys—Z)J(yl)J(yz)J(y3)+-

(17.3)
and the Feynman diagrams that correspond to it are: line from x to a cross representing
the source, line from x to a vertex from which 3 other lines end on crosses. There is also:
line from z to a cross with a loop on it (setting sun), etc., see Fig.38 a for the diagrammatic
form of the above equation.

A cross is [ J(z), or >, J; in the discretized version. A propagator is a line, and so a
line between a point and a cross is A;;J; = [ diyA(x —y)J(y), see Fig.38.

As we said, a box with J inside and a line ending on an external point is the 1-point
function G(z),;. We also draw the connected piece by replacing the box with a circle (Fig.38).

Then the full one-point function is the connected one-point function times the O-point
function (vacuum bubbles, or Z[.J]), in exactly the same way as we showed it in the operator
formalism, see Fig.38b. Note that this only works for the one-point functions, since for
instance for the 2-point function we also have contributions like x; connected with a cross,
and x, connected with another cross, as in Fig.39.

a——

o

Figure 39: For the two-point function with a source, the factorization doesn’t work anymore,
since we can have disconnected pieces without vacuum bubbles, as exemplified here.

The above diagrammatic equation is written as

§Z[J]  SW[J]
§J(z)  6J(2)

Z1J] (17.4)

where here by definition —W[J] is the generating functional of connected diagrams. The
solution of this equation is

Z[J] = Ne Wl (17.5)

as we said it should be. Here W[.J] is called free energy, since exactly like in thermodynamics,
the partition function is the exponential of minus the free energy.

Effective action

Another functional of interest is the effective action, which we will define soon, and
which we will find that is the generating functional of one-particle irreducible (1PI) Green’s
functions. One-particle irreducible means that the diagrams cannot be separated into two
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disconnected pieces by cutting a single propagator. An example of a one-particle reducible
diagram would be two lines between two points, then one line to another, and then another
two to the last point, see Fig.40. To make it 1PI we would need to add another line for the
points in the middle.

1PR 1P|

Figure 40: One particle reducible graph (left): the middle propagator can be cut, separating
the graph into two pieces, versus one particle irreducible graph (right): one cannot separate
the graph into 2 pieces by cutting a single propagator.

The effective action we will find is a Legendre transform of the free energy, exactly like we
take a Legendre transform of the free energy in thermodynamics to obtain (Gibbs) potentials
like G = F — Q.

We need to define first the object conjugate to the source J (just like the electric potential
® is conjugate to the charge @ for G above). This is the classical field ¢[J] in the presence
of an external current J. As the name suggests, it is the properly normalized VEV of the
quantum field, which replaces the field of classical field theory at the quantum level,

_ <0p@)0>, 1 ST 1 6z[Jl (=W .,
valt] = <00>,  Z[J] / Dge™ %(m)_zm 5I(x)  oJ(x) = Gilw;J)

(17.6)
that is, the connected one-point function in the presence of the external source.
e.g. free scalar field theory in the discretized version
Consider the action
1 1 _
So—J 0= / A0 + M) ~ T -6 = 6,056, — Iy (17.7)
The classical equation of motion for this is and its solution are

which is the Coulomb law. A
On the other hand, we saw that the free partition function is Zy = e~ 2, so that the
free energy is

TiAG T,
—WolJ] = S5 (17.9)
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implying that in the free theory the classical field is
510 = 2 (WLT)) = By, (1710
i

that is, the same as the solution of the classical equation of motion.

This is so, since free fields are classical, no interactions means there are no quantum
fluctuations.

The classical field is represented by a propagator from the point 7 to a circle with a J
inside it.

1PI Green’s function

Some diagrams for the classical field in ¢* theory are as follows: line from ¢ to a cross;
line from 7 to a vertex, then from the vertex 3 lines to crosses; the same just adding a setting
sun on propagators; the vertex diagram with a circle surrounding the vertex and crossing all
4 propagators; etc., see Fig.41.

classfield | X + I X + O X + I X
+

o — 2y —ge

+1/2

Figure 41: Diagrammatic expansion of the classical field. It can be reorganized into a self-
consistent equation, in terms of the classical field and the 1PI n-point functions.

If we think about how to write this in general, and also what to write for a general theory
instead of ¢*, denoting 1PI diagrams by a shaded blob, the relevant diagrams can be written
in a self-consistent sort of way as: line from ¢ to a cross; plus propagator from i to a 1PI blob
with one external point; plus a propagator from 7 to a 1PI blob with two external points,
and the external point connected with the same classical field, plus 1/2 times the same with
3-point 1PI with 2 external classical fields; etc, see Fig.41.

We then obtain the following self-consistency equation for the classical field

Ci Ci 1 Ci Ci 1 Ci Ci
(17.11)
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Note that only the II;; was not called I'jj, the rest of the 1PI n-point functions were called
Iy, 4., we will see shortly why.
We define the generating functional of 1PI Green’s functions

. 1 1
L(¢") = Tigf! + 510507 65 + i Tignd{ 761 + . (17.12)

such that the 1PI n-point functions are given by its multiple derivatives

6TL

. = =—-—"__
B TG, o g

(¢

41— (17.13)

(only for two points we have II,;). Then the self-consistency equation (17.11) is written as

oW . 6T
¢ J
In turn, this is written as
61:‘ -1 sc 4 P 1 cl A—1 ¢
5o + A =T = 5o [P(gb hH+ §¢klAkj1¢jl] = J; (17.15)
That means that we can define the effective action
. 1 iy
L(¢) = T(¢) + 581 Ay &5 (17.16)
such that we have j—y
just like the classical equation of motion is
05
50, =J; (17.18)

In other words, ¢ plays the role of the field ¢ in the classical field theory, and instead of the
classical action S, we have the effective action I', which contains all the quantum corrections.
For the effective action we define

1
() = D wilinin 051051 (17.19)
N>1"

where the only difference from the generating functional of the 1PI diagrams is in the 2-point
function, where
Ly =1L, + A (17.20)

which does not have a diagrammatic interpretation (we have A~ not A), see Fig.42. Oth-
erwise, the effective action contains only 1PI diagrams.

155



()

Figure 42: The effective action is not technically diagrammatic, because of the inverse free
propagator.

Theorem The effective action is the Legendre transform of the free energy, i.e.
—T(¢)+ 308" _ /D¢6_S[¢]+Ji¢i — e WUI (17.21)

or

L[¢?] = W[J] + Jup¢ (17.22)

Proof: We take the derivative with respect to ¢ of the needed relation above, and obtain

G W Oh 8k g adle O
5¢fl — Yr T 5Jk 5¢cl 5¢cl 1 k 5¢cl 5¢cl

i.e. we obtain an identity, as wanted. q.e.d.

The effective action contains all the information about the full quantum field theory, so in
principle, if we were able to find the exact effective action, it would be equivalent to solving
the quantum field theory.

The connected two-point function

The connected one-point function is

o+ J; = J; (17.23)

W]

G = -2

— 6] (17.24)

and we obtain the connected two-point function by taking a derivative,

5 0  6ge!

GOl = ———W[J 17.25
S =577V -5 (1725
Then we can substitute (17.11) and write
5 cl
GOlT] = Ay — Aully—+ i (17.26)

0J;
where the terms that were dropped vanish when J = 0, with the assumption that ¢¢[J =

0] = 0, which is a reasonable requirement in quantum field theory (classically, at zero source
we should have no field, and so quantum mechanically under the same condition we should
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have no field VEV, or rather, this should be removed by renormalization, of which we will
learn next semester). Then at J = 0, the two point function obeys the equation

Gy = Aij — Aullu G (17.27)
which gives

(ir + Aulliy )G = Ay =
(A + k) G = O (17.28)

which means that the connected two-point function is the inverse of the two-point term in

the effective action,
LG, = 0y (17.29)

or explicitly

GY = (1+ AIl) A = (1 — A + ALIAIL — ATIATIAIL + ...)A =
Gicj = Ay — Al Agy + Al A g I n Ay — ... (17.30)

So the connected two-point function is a propagator; minus a propagator, two-point 1PI,
propagator again; plus a propagator, two-point 1PI, propagator, two-point 1PI, propagator;
minus..., as in Fig.43.

O

Figure 43: Diagrammatic equation relating the connected 2-point function and the 1PI 2-
point function.

So apart from signs, it is obvious from diagrammatics.

Classical action as the generating functional of tree diagrams

In the classical & — 0 limit, the effective action turns into the classical action (all the
quantum corrections vanish). In the same limit, all the 1PI diagrams disappear and we are
left with only the vertices in the action (e.g. the 4-point vertex in the case of the ¢* theory).
Therefore from all the diagrams we are left with only the tree diagrams.

But note that having only tree diagrams is still quantum mechanics, since we still calcu-
late amplitudes for quantum transition, probabilities, and can have interference, etc. The
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point however is that we don’t have quantum field theory (second quantization), but we still
have quantum mechanics. For the transition amplitudes we still have quantum mechanics
rules, and we know for instance that some of the early successes of QED come from tree
diagram calculations. The point is of course that when we talk about external particles, and
transitions for them, that is a quantum mechanics process: the classical field is a a collection
of many particles, but if we have a single particle we use quantum mechanics.

As an example, let’s consider the classical ¢* theory,

1 _ A
Slé] = 50idG 05+ 35 Do (17.31)
with equation of motion
N A
Aij1¢j + g@b? =J; (17.32)
with solution )
¢ = Ay — gAU@B (17.33)

This is a self-consistent solution (like for ¢¢ at the quantum level), written as the classical
field (line connected with a circle with J in the middle, at classical level)= line ending in
cross —A/3!x line ending in vertex connected with 3 classical fields.

It can be solved perturbatively, by replacing the classical field first with the line ending
in cross, substituting on the right hand side of the equation, then the right hand side of the
resulting equation is reintroduced instead of the classical field, etc. In this way, we obtain
that the classical field (at classical level) equals the line ending in cross; —\/3!x line ending
in vertex, with 3 lines ending in cross; +3(—\/3!)?x a tree with one external point and
5 crosses; etc. In this way we obtain all possible trees with one external point and many
external crosses. This is also what we would get from ¢ by keeping only the tree diagrams.

Important concepts to remember

e The generating functional of connected diagrams is —W[J] = In Z[J], known as the
free energy by analogy with thermodynamics.

e The classical field, defined as the normalized VEV of the quantum field, is the connected
one-point function in the presence of a source J.

e The generating functional of 1PI diagrams is I'(¢¢), and the effective action I is the
same, just in the two-point object we need to add A™', i.e. we have I';; = II;; + Ai_jl.

e The effective action T'[¢9] is the Legendre transform of the free energy W1[J].

C

e The connected two-point function at J = 0, Gy,

action I';;.

is the inverse of the two-point effective
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e The classical action is the generating functional of tree diagrams. Tree diagrams still
can be used for quantum mechanics, but we have no quantum field theory.

Further reading: See chapters 2.5, 4.1 in [4] and 3.1, 3.3 in [3].

159



Exercises, Lecture 17

1) Consider the hypothetical effective action in p space (here A™! = p? as usual for
massless scalars)

r(e) = [ G ) + Gt ()

Fexp {A / (_H éf)) 5(p1 +p2+ 1o +p4>¢d<p1>¢d<p2>¢d<p3>¢d<p4>}(1734)

a) Calculate the 1PI 4-point Green’s function L'y, ,,psp,-
b) Calculate the 1PI 2-point function IL, _, and the connected 2-point function.

2) Consider the theory
1 _ A .
Sle] = 500505+ 57 ) o (17.35)

in the presence of sources J;. Write down the perturbative diagrams for the classical equation
of motion up to (including) order \3.
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18 Lecture 18. Dyson-Schwinger equations and Ward
identities
At the classical level, we have the classical equations of motion

05[¢]
0¢;

But we know from Ehrenfest’s theorem for quantum mechanics that in the quantum
theory these classical equations should hold on the quantum average, or VEV (note that
we are talking about the quantum average of the equation for the field, not the classical
equation for the quantum average of the field!). In the path integral formalism, these turn
out to be the Dyson-Schwinger equations in a very easy (almost trivial) way. Historically,
these equations were found in the operator formalism, and it was quite nontrivial to find
them.

Consider the following simple identity

—J;=0 (18.1)

too g
/_oo d:v%f(x) =0 (18.2)

if f(+o0) =0, and generalize it to the path integral case. In the path integral in Euclidean
space, we have something similar, just that the boundary condition is even simpler: instead
of fields going to zero at t = £o0, we use periodic boundary conditions (Euclidean time is
periodic, namely is a circle of radius R — 00), hence we have

0= /D¢> Slol+J-¢ (18.3)

Writing explicitly, we have

0 = /D¢[ 5¢ 165[¢>}+J¢

where in the second equality we used the usual fact that we have for example f DopeSlo+7¢ =
[Do(6/6J;)e161+7¢ = 5/5.7,Z[J]. This equation is the Dyson-Schwinger equation. Now it
appears trivial, but it was originally derived from an analysis of Feynman diagrams, where
it looks nontrivial. Now, we will derive the relation for Feynman diagrams from this.

To see it, we first specialize for a theory with quadratic kinetic term, which is a pretty
general requirement. Therefore consider

+ J] Z[J), (18.4)

= > S0 s+ Silo (18.5)

161



Then we obtain (by differentiating and multiplying with Ay;)

0S
Z Alz (5gb =¢+ Z Ay 5;}205] (18.6)

(3 .
(2

and substituting it in the Dyson-Schwinger equation (18.4), we get

551
_6_Jl — ;Alz ¢7% + ;Aliji Z[J]=0 (18.7)

so that we get the Dyson—SchWinger equation for Z[J],

6Sr(o
5% §:zxwfz }:zsh 5o s 21 (18.8)

From it, we can derive a Dyson-Schwinger equation for the full Green’s functions (with
a diagrammatic interpretation) if we choose a particular interaction term.
Let’s consider a ¢ plus ¢* interaction

_ 93 3, 94 4
Silél =51 Do+ D¢ (18.9)
Then the Dyson—SchWinger equation (18.8) becomes
ZA JZ[J ZA L TR (18.10)
(5Jl " ‘3 3J0J;  ALST0T;00; ‘

We put | = i; and then take (6/0J;,)...(0/0J;,) and finally put J = 0 to obtain a relation
between (full) Green’s functions,

G(n) _AWQG(n 2) +A,”3G" 2) T +AmnGn 2) ZAHZ [_ n+1) + Gn+2 ]

i1...0n i3...0n 1204...in 1213...0n, 1142...0n, 11%12...0n,

(18.11)

We can write a diagrammatic form of this equation. The full Green’s function is represented
by a box with n external points, iy,...,%,. We need to choose one special point, i; above,
and we can write it on the left of the box, and the other on the right of the box. There are
n — 1 terms where we connect ¢; with one of the other by a propagator, disconnected from
a box with the remaining n — 2 external points, minus 1/2!x a term where the propagator
from i; reaches first an 4, where it splits into two before reaching the box, minus 1/3!x a
term where the propagator from 4; reaches first an ¢ where it splits into 3 before reaching
the box, see Fig.44 for more details.

The whole perturbative expansion can be obtained by iterating again the Dyson-Schwinger
equation.

Example We will see this in the example of the two-point function in the above theory.
We first write the Dyson-Schwinger equation for it as above,

2 _
Giliz - 1112 2' Z le 7,7,7,2 3| Z A'L”GHHQ (1812)
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L 12 i2 i2
! — i3 i1 L .3
- : — . i1 = i3 .
—= In = in .
in
_|.2 i2 2
11 —= | L = ——
—1/21i1 i : : 13 _1/31 : = i3
In - in i1 _-'in

Figure 44: Dyson-Schwinger equation for the n-point function for the ¢* plus ¢* theory.

and then substitute in it the Dyson-Schwinger equations for GS’Z)Z and GE;?Z»Q, with the first

index on each considered as the special one (note that we cannot write a DS equation for
o),
itig Jijite

3 _ (1) am 1 (4) 1 (5)
iy = DGy +8iG = o > AGG, - 3 > A6
J J

1119 112 12 i 2| Jiiig
T

@ @) 2) @ 1 (5) 1 (6)
Giny = NiGi) + 0iGi) + 0, G — =N T AGGYL —§ZAijijjiii2 (18.13)
J

These are represented in Fig.45.
We then obtain

@ _ A 0L N
G = AyG0 -5 > A

ij
1

(1) a1 (4) 1 ()
RiiGi,” + Riiy &7 — 5 Z RijGljii, — 31 Z A Gijjii,
J J

2 ) 9) 1 5 1 (6)
NG+ NG+ 0, G — 237 NG Ai;G;

21 Jjjiita
J J

(18.14)

This is represented in Fig.46. By iterating it further, we can obtain the whole perturbative
expansion.

Let’s consider the expansion to order (g3)°(g4)! of the above second iteration. Since for
G| the nontrivial terms need to have at least two vertices, it only contributes to order 0,
i.e. as = 1. Also the first [| bracket does not contribute, since all the terms have at least
one g3 in them. In the second bracket, the last two terms are of orders (g3)'(g4)! and ((g4)?
respectively, so also don’t contribute. Thus besides the trivial propagator term, we only
have the first 3 terms in the second bracket contributing. But in it, the iterated two-point
functions must be trivial to contribute to order (g3)°(g4)! to Gg?), i.e. must be replaced by
1.
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iterate:

N\ /—\.
= I —a + < +
2t T -3 —

Figure 45: Ingredients for iterating the Dyson-Schwinger equation (step 1). Consider the
first iteration for the 2-point function, and choose a specific leg on the rhs. The Dyson-
Schwinger equations for the 3-point and 4-point functions with a special leg as chosen above
are written below.

We then obtain that to order (g3)°(g4)!, the two-point function Gg) is the propagator
A;; plus 3 times 1/3!x the propagator self-correction, i.e.

3
G = Ay + a1 D Dl + (18.15)
Tk

This is written diagrammatically in Fig.47.

Note that in this way we have obtained the correct symmetry factor for the one-loop
diagram, S = 2, since 1/S = 3/3!. That means that the iterated Dyson-Schwinger equation is
an algorithmic way to compute the symmetry factors in cases where they are very complicated
and we are not sure of the algebra.

Note also that we wrote Dyson-Schwinger equations for the full Green’s functions, but
we can also write such equations for the connected and 1PI Green’s functions, and these are
also iterative and self-consistent. We will however not do it here.

Symmetries and Ward identities

Noether’s theorem

We will first review Noether’s theorem. Consider a global symmetry

6¢" = € (iT);;¢’ (18.16)
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— —'—/_\‘ ~1/2! -—O

LT N —1/2T\é‘ — —1/31_6

L[ e

Figure 46: The second iteration of the Dyson-Schwinger equation, using the ingredients from
step 1.

where € are constant symmetry parameters. We have

_ _ 4 7 8£ 7
0 = 55—/d [a(pz‘w’ (8ﬂ¢i(x))aua¢}

If the equations of motion are satisfied, the first bracket is zero, and then substituting for d¢*
the transformation under the global symmetry, we obtain that classically (if the equations
of motion are satisfied)

(OL)%ss = Z €0, [Z GRE T%);¢ (x)] (18.18)
We then obtain that the current is
- oL oy
ji = XJ: s e @ (18.19)

and is classically conserved on-shell, i.e.

95 =0 (18.20)
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— ——a = ————a + 3/3I +

Figure 47: The result of iterating the Dyson-Schwinger equation for the 2-point function, at
order (g3)"(ga)".

which is the statement of the Noether theorem. Since Q* = [ d®zj§, current conservation
means that d@/dt = 0, i.e. the charge is conserved in time.

Under a symmetry transformation, but off-shell (if the equations of motion are not sat-
isfied), we still have §S = 0, which in turn means that

o=sc =i (55 -2 (smay) ) 2 (Gmawr?)] @2

We now promote the global transformation (18.16) to a local one, with parameter e*(z).
Obviously then, it is not a symmetry anymore, so under it, 4.5 is not zero anymore, but
rather

5 = [awiewmn (552 (oasen))? + 2 (easm™)]

b [ae Y@, [%dﬂ( )

a,t,j

= zZ/d4 (9Me = —zZ/eﬂm x)(0"j4(x)) (18.22)

where in the second equality we have used (18.21) and in the last step we have assumed
that €*(x) "vanish at infinity” so that we can partially integrate without boundary terms.
Therefore we have the variation under the local version of the global symmetry,

55—22/d4 (0Me” —zZ/d%e z) (0" ji (7)) (18.23)

This formula is valid off-shell as we said, so we can use it inside the path integral. This gives
a way to identify the current as the coefficient of d,€* in the variation of the action under
the local version of the global symmetry.

Ward identities

Since classically (on the classical equations of motion) we have 0*ji = 0, by Ehrenfest’s
theorem we expect to have 9"j; = 0 as a VEV (quantum average), and that will be the
Ward identity.
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However, it can happen that there are quantum anomalies, meaning that the classical
symmetry is not respected by quantum corrections, and we then get that the classical equa-
tion 97 = 0 is not satisfied as an average at the quantum level.

We consider the local version of the symmetry transformation,

06 (x) =i e(x)(T");;¢ (x) (18.24)

a7j

where ¢/ = ¢ + 0¢. Changing integration variables from ¢ to ¢ (renaming the variable,
really) does nothing, so

/ D'e 511 = / Dpe= 519! (18.25)

However, now comes a crucial assumption: if the jacobian from D¢’ to D¢’ is 1, then
D¢’ = Do, so

0= / D¢ [e59) — *SW’] / DpoS[¢le 5! (18.26)

This assumption however is not true in general. In the path integral formalism, quantum
anomalies appear exactly as anomalous jacobians for the change of variables in the measure,
and lead to breakdown of the symmetries at the quantum level. However, these will be
described in the second semester of the course, so we will not discuss them further here.

Now we can use the previously derived form for §S under a local version of a global
symmetry, eq. (18.23), obtaining

0= /d4$i€a($)/D¢€_S[¢]8“j5(ﬂf) (18.27)

But since the parameters €*(z) are arbitrary, we can derive also that

/ Doe 0" j(x) = 0 (18.28)

which is indeed the quantum averaged version of the conservation law, namely the Ward
indentity:.

Note that here, j; is a function of ¢ also (the object integrated over), so it cannot be
taken out of the path integral (this is an equation of the type [dzf(z) = 0, from which
nothing further can be deduced).

We can derive more general Ward identities by considering a general operator A =

A({¢'}), such that '
A({6}) = / d%%{i)})e“@) (18.20)

Then analogously we get

0= /ma A({e' D] = 2/d4xe /D¢e Sle] {aﬂ HE: )A—z%{bz)}) (18.30)

167



so that we have the more general Ward identities

/que Sl (orja = Z/ng Sl 5?6;{(‘? )}) (18.31)

There are also other forms of Ward identities we can write. For instance, choosing
A =e”7? or in other words adding a current J, giving

_ Le—s Jb _ (T, _ 6S . TN
0= /D¢5€a($) " (T%);; /qu [ (5¢1($)¢ (z) + Ji¢’ ( )} (18.32)

Now using the usual trick of replacing ¢' inside the path integral with §/6.J , we obtain the
Ward identities

05
(5¢Z(

Taking further derivatives with respect to J and then putting J = 0 we obtain Ward identities
between the Green’s functions, in the same way it happened with the Dyson-Schwinger
equation. Also in this case we can write Ward identities for connected or 1PI Green’s
functions as well.

Ward identities play a very important role in the discussion of symmetries, since they
constrain the form of the Green’s functions.

For example, we will see later that in QED, the transversality condition k# A, = 0, coming
from the Lorentz gauge condition, that fixes (part of) the (local) gauge invariance, gives a
similar constraint on Green’s functions. In particular, for the 1PI 2-point function II,, we
can write

i(T%);; { ) {¢ _ 20 } + Ji(x )} %@;)ZM ~0 (18.33)

kML, = 0 (18.34)
which implies that the Lorentz structure of 11, is fixed, namely
I, (k) = (k*6,, — Kk, )TI(K?) (18.35)

This constraint then is a local analogue of the Ward identities for global symmetries.

Important concepts to remember

e The Dyson-Schwinger equation is the quantum version of the classical equation of
motion §5/d¢" = J;, namely its quantum average (under the path integral).

e It can be written as an operator acting on Z[J], and from it we can deduce a relation
between Green’s functions, for ¢* interactions relating G™ with G™~2 and G"+=2),

e By iterating the Dyson-Schwinger equation we can get the full perturbative expansion,
with the correct symmetry factors. It therefore gives an algorithmic way to calculate
the symmetry factors.
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e The Noether conservation gives on-shell conservation of the current j; associated with
a global symmetry.

e By making € — €(x), the variation of the action is 65 =i [(9"e*)je.

e Ward identities are quantum average versions of the classical (on-shell) current conser-
vation equations 0"j; = 0, perhaps with an operator A inserted, and its variation on
the right hand side. However, there can be quantum anomalies which spoil it, mani-
festing themselves as anomalous Jacobians for the transformation of the path integral
measue.

e Ward identities can also be written as an operator acting on Z[J], and from it deriving
relations between Green’s functions.

Further reading: See chapters 4.2, 4.3 in [4], 3.1 in [6] and 9.6 in [2]
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Exercises, Lecture 18

1) Consider the scalar theory with interaction term
95 5
=5 Z o (18.36)

Write down the Dyson-Schwinger equation for the n-point function in this theory (equation
and diagrammatic). Iterate it once more for the two-point function.

2) Consider the Euclidean action for N real scalars ¢;,

d 1 - 2
S:/MkZ 9,6;)? + 5 qu (18.37)

=1

invariant under rotations of the IV scalars. Write down the explicit forms of the 2 types of
Ward identities

for A= ¥0,(60)"
-for the partition function Z[.J].
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19 Lecture 19. Cross sections and the S-matrix

We now turn to experimentally measurable quantities.

We already said that the S-matrix is something like S¢; =< f|S]i >, with S = U;(+00, —00)
(evolution operator in the interaction picture; this lecture we will use the Heisenberg picture
however, next one we will use the interaction picture), and that the LSZ formula relates
S-matrices to residues at all the p? = —m? external line poles of the momentum space
Green’s functions G, (p1,...,pn). Now we define better these facts and relate to experimental
observables, in particular the cross section.

Cross sections

In almost all experiments, we scatter two objects, usually projectiles off a target (”labo-
ratory reference frame”), or (like at the LHC) in a center of mass frame, collide two particles

off each other.

i — e

Figure 48: Scattering usually involves shooting a moving projectile at a fixed target.

If we have a box of particles target A, with density p4 and length [4 along the direction
of impact, and a box of projectiles B, with density pg and length [z along the direction of
impact, and with common cross sectional area (area of impact) A, as in Fig.48, the number
of scattering events (when the projectiles are scattered) is easily seen to be proportional to
all these, pa,la, pg,lg and A. We can then define the cross section o as

> Nr. of scatt. events (19.1)
palapslpA

This is the definition used for instance by Peskin and Schroeder. But we have more intuitive
ways to define it. Before that, let’s notice that the dimension of o is [o] = 1/[(L/L3)(L/L3)L?] =
L? i.e. of area. The physical interpretation of the cross section is the effective (cross sec-
tional) area of interaction per target particle. L.e., within such an area around one target,
incident projectiles are scattered.

The cross section should be familiar from classical mechanics, where one can do the
same. For instance, in the famous Rutherford experiment, proving that the atoms are
not continuous media (”jellium model”), but rather a nucleus surrounded by empty space
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and then orbiting electrons, one throws charged particles (e.g. electrons) against a target,
and observes the scattered objects. The simple model which agrees with the experiment
(" Rutherford scattering”) is: one scatters the classical pointlike particle off a central potential
V(r) = Ze*/r, and calculates the classical cross section.

The cross section definition for scattering on one single target in that case is, more

intuitively,

ANscatt/At ANscatt/At A]\]’scatt
_ _ — (19.2)

i.e. the ratio of scattered particles per time, over the incident flux, or particles per time and
unit area. Here np is the number of incident particles per area. Also, the flux is

AN, pp(vADA

¢o = AA ALA = pBV (19-3)

since the incident volume in time At is (vAt)A.
Now consider the case of N targets, like above, where N = p4lsA. Then to find the cross
section (defined per target) we must divide by N, getting
o= ANscatt/At _ A]\/vscatt _ A*]\'fscatt (194>
po N (vAt)pp(palaA)  pplppalaA
as above. Note that in general, if both the target and projectiles are moving, v refers to the
relative velocity, v = v, = |01 — U]

The above total cross section is a useful quantity, but in experiments generally we
measure the momenta (or directions, at least) of scattered particles as well, so a more useful
quantity is the differential cross section, given momenta pi, ..., po (almost) well defined in
the final state,

o

do

dpy...d%p,

An important case, for instance for the classical Rutherford scattering above, is of n = 2,

i.e. two final states. That means 6 momentum components, constrained by the 4-momentum

conservation delta functions, leaving 2 independent variables, which can be taken to be two

angles 0, ¢. In the case of Rutherford scattering, these were the scattering angle 8 relative

to the incoming momentum, and the angle ¢ of rotation around the incoming momentum.

Together, these two angles form a solid angle 2. Therefore, in the case of 2 — 2 scattering,
after using the 4-momentum conservation, one defines the differential cross section

do
s

(19.5)

(19.6)

Decay rate
There is one more process that is useful, besides the 2 — n scattering.
Consider the decay of an unstable particle at rest into a final state made up of several
particles. Then we define the decay rate
_ #decays/time  dN

I'= = 19.
#of part. Ndt (19.7)
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The lifetime 7 of a particle with decay rates I'; into various channels is

I = % (19.8)

Consider an unstable atomic state in nonrelativistic quantum mechanics. In those cases,
we know that the decay of the unstable state is found as a Breit-Wigner resonance in the

scattering amplitude, i.e.
1

x

E — Ey+1il'/2
which means that the cross section for decay, or probability, is proportional to ||* of the
above,

f(E)

(19.9)

1
T E B2+ 12/4
L.e., the resonance appears as a bell curve with width I', centered around Ej.
In relativistic quantum mechanics, or quantum field theory, the same happens. Initial
particles combine to form an unstable (or metastable) particle, that then decays into others.
In the amplitude, this is reflected in a relativistically invariant generalization of the Breit-
Wigner formula, namely an amplitude proportional to

1 —1
p?+m?—iml'  2E,(p° — E, + %g)

(19.10)

(19.11)

i.e., of the same form near the mass shell and for I' small.

In-out states and the S-matrix

In quantum mechanics, we first need to define the states that scatter.

-We can consider states whose wavepackets are well isolated at ¢ = —oo, so we can
consider them non-interacting then. But these (Heisenberg) states will overlap, and therefore
interact at finite . We call these Heisenberg states the in-states,

{pi} >in (19.12)

-We can also consider states whose wavepackets are well isolated at ¢ = +o00, so we can
consider them noninteracting there, but they will overlap at finite . We call these Heisenberg
states the out-states,

H{Di} >out (19.13)

Then the in-states, after the interaction, at ¢ = +o00, look very complicated, and reversely,
the out states, tracked back to —oo, look very complicated. But all the in-states, as well as
all the out-states form complete sets,

> Hpikin >< {pi}sinl =) {pi}iout >< {pi}; out| = 1 (19.14)

That means that we can expand one in the other, so the amplitude for an (isolated) out
state, given an (isolated) in state is

out <ﬁ17ﬁ2,--~|EA>EB > = lim <}717]72,~-(T)|EA,EB(—T) >
T—o0
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= lim <7 ph, e Dk, kg > (19.15)

where in the last form the states are defined at the same time, so we can define it as the
time when Heisenberg=Schrodinger, thus think of them as Schrodinger states.
Then the S-matriz is

< Py Doy | S|k kB >= ot < Pry Doy oo kas kp >in (19.16)
which means that .
S = e HED) (19.17)
is the Heisenberg picture evolution operator.

Wavefunctions
The one-particle states are always isolated, so in that case

Din >= Pout >= |7 > (= \/2E,a}|0 >) (19.18)

where in brackets we wrote the free theory result, and we can construct the one-particle
states with wavefunctions

Bk 1 o
>= k)|k > 19.19
6> [ G rgtlF (19.19)
With this normalization, the wavefunctions give the probabilities, since
3k -
[ Gslot@r =1 (19.20)
ik-Z

and so < ¢|¢p >= 1. A wavefunction can be something like e
In the case of 2-particle states, we can write the in-states as

, giving an ¥ dependence.

[ Pha [ Php dalka)dn(kp) i,z 7
‘¢A¢B >ln_/(27T)3/(27T)3 \/m\/m € ’kAkB >in (1921)

Note that we could have absorbed the factor e=#*5% in the B wavefunction, but we have
written it explicitly since if the wavefunctions are centered around a momentum, like in a
classical case, we have a separation between particles. In the Rutherford experiment, the
imaginary line of the non-deflected incoming projectile passes at a b minimum distance close
to the target. Note then that bis perpendicular to the collision direction, i.e. is transversal.

The out state of several momenta is defined as usual

_ A’py ¢y(py)
out < ¢17¢2-~| - 1;[ ((271‘)3 JE) out < ppo’ (1922>

The S-matrix of states with wavefunctions is

S,Ba =< ﬁout’ain > (1923)
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Because this matrix gives probabilities, and the S operator is, as we saw above, an evolution
operator, it corresponds to a unitary operator, so

SSt =515 =1 (19.24)

But the operator S contains the case where particles go on without interacting, i.e. the
identity 1. To take that out, we define

S=1+iT (19.25)

Note that the ¢ is conventional. Moreover, amplitudes always contain a momentum conser-
vation delta function. Therefore, in order to define nonsingular and finite objects, we define
the invariant (or reduced) matriz element M by

< i Py TR, By >= (27)'0" (R + kp = > pg ) iM(ka, ks = py) (19.26)

Reduction formula (Lehmann, Symanzik, Zimmermann)

The LSZ formula relates S-matrices to Green’s functions, as mentioned. We will not
prove it here, since for that we need renormalization, and that will be done in the second
semester. We will just state it.

We also introduce an operator A to make the formula a bit more general, but is not really
needed. Define the momentum space Green’s functions

Gl (Bl K /H/d4“ " %H/d‘ly e < QIT{¢(w1)...¢(n) A0) G (Y1) 6 (Ym) H >

(19.27)
Then we have

in < {pz}n’A(O)’{kj}m > out

n

1 m 5 A
= lim S 24 m? ||/<:2-+ 2 _ ;a6 gk
pio— m% k3——m? (—2\/ )m-i—n HQ}Z m ZE) j:l( iTm 26) "+m(pl J)

(19.28)

For A = 1, we obtain a formula for the S-matrix as the multiple residue at all the external
line poles of the momentum space Green’s functions, dividing by the extra factors of Z.
The full 2-point function behaves near the pole as

—14

p? +m? — ie

Ga(p) = /d%e_ip'm < QT{p()9(0)}[2 >~ (19.29)
In other words, to find the S-matrix, we put the external lines on shell, and divide by the full
propagators corresponding to all the external lines (but note that Z belongs to 2 external
lines, hence the v/Z ). This implies a diagrammatic procedure called amputation that will be
explained next lecture.
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Note that the factor Z has a kind of physical interpretation, since we can define it as
Z =< Qo0)|F > |? (19.30)

In other words, it is the probability to create a state from the vacuum. Note that the factor
Z =1+ O(g?), but the "correction” is an infinite loop correction (this is the oddity of
renormalization, to be understood next semester). However, at tree level, Z = 1.

Cross sections from M.

The probability to go from |¢p4¢p > to a state within the infinitesimal interval d*p;...d%p,
is

d3
P(AB — ].2’/2) = (H ﬁ) |0ut < P1p2---|¢A¢B >in |2 (1931)
f

since it must be proportional to the infinitesimal interval, and with the ||?> of the amplitude,
and the rest is the correct normalization.
For one target, i.e. N4 = 1, and for np particles coming in per unit of transverse area,

the number of scattered particles is
AN = / d*bnsP(b) (19.32)

If np is constant, we can take it out of the integral. Then the cross section is (as we saw in

(19.2)

do = 2N _ d*bP (b) (19.33)
np

Replacing the form of P and on the states in the amplitudes there, we get

o o 1\ [ Bl di(k) [ ki o (k)
! (EI@SQE)/“H/ ¢ Vg | r? R,

e b(l? ks (out < {pf}|{kz} >m) (out < {pf}|{kl} >) (1934)

To compute it, we use

/dzgeil?-(l?BEB) — (2 )25(2)(k iy
o < {psH{ki} == iM(2m) 15 (Z K= pr)
o < (PR} >1= =M (2m) 100 (3 Fi = Y wy) (19.35)

We also use

[ [ st (S k= 3 or) 605 - )
— (k= k) x /dk;dkz (ks + 5 = > p7)d (Ba+ Bp = Y Ey)
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_ /d%;(s(\/@+mg+\/1§%+mg—zEf)
1 1

_ ]%_73‘ - |UA — ’UBl
Ep

k=5 p;—k5

_ 19.
’]f_ix (19.36)
Ey
In the last line we have used that (since £ = vk2 + m?2 and there we have k% = > p; — l?j)
dEsy ks dEp kg  dEg
dka  Ei dkp  Ep  dka
and the fact that [dzd(f(x) — f(xo)) = 1/|f (w0)]-
Putting everything together, we find

. d3pf 1 d3k,4 d3k}B
do = (H (2@32@) / (2r)? / (2m)?

!
[940ka) Plos (k) (2m) 09 (ka+ ks = D" py) (19:38)

(19.37)

(M(ka, ks = {ps})I”
2EA2EB|UA — UB|

For states with wavefunctions centered sharply on a given momentum ¢ (l; — p), we obtain

1 Pp; 1 e aen
do = 2E2Fp|vas — vp] (H —(%)3@) \M(ka, kg — {ps})|?(27m)*0 (kA Tk — pr>

f
(19.39)

In this formula, |M|? is Lorentz invariant,

/ dIl,, = (1;[ (ffﬁ%@) (2m) 6 <kA thp— Y pf) (19.40)

is relativistic invariant as well, and is called relativistically invariant n-body phase space,
however

1 1 1
EaEglva —vg|l  |Espi — Eapp|  |€uuyndir]
is therefore not relativistically invariant, meaning the cross section is not relativistically in-

variant either. However, if k4||kp (for instance in the center of mass frame, or the laboratory
frame), this can be written as

(19.41)

1

\/(p1 - pa)? — mimj
So if we adopt this form in all reference frames, i.e. replace in the formula for the differential
cross section

(19.42)

1 1
%
EAEB|UA - UB| \/(p1 'P2)2 - m%mg

then we obtain the relativistically invariant cross section. This is a theoretical concept, which
is useful since we can write this cross section in simple way in terms of Mandelstam variables

(19.43)
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s,t (to be defined later). But it is not measurable, so for comparison with experiment, we
should remember to go back to the usual form (or just use center of mass frame or laboratory
frame).

To understand the relativistically invariant n-body phase space better, consider the im-
portant case of n = 2, i.e. 2 — 2 scattering, and consider working in the center of mass
frame, so Piotar = 0. Then we have pi, pa, but the delta function over 3-momenta imposes
Po = —p1, SO we are left with

dp1 p? d9
/dH2 - / DL L s (Bon — By — E»)

(271')3 2E1 2E2
|p1|
= d)———— 19.44
/ 1672Ecy, (19.44)

= /dQ n !
16m2 BB, 2+ 2

pP1=—p2

Here Ecy = Ey + Fy and By = /p? +m3, By = \/p? + ma3.

Therefore finally we obtain that in the center of mass frame

do 1 |71 2
) = - 19.45
(dQ)CM E3Epvr— op| 10m2Egy PPz = P1ip2)] (19.45)

In the case of identical masses for all the particles (A,B,1,2), we have

Ecwm

5 = Ea=Ep; |pal = lpsl = || = |2 (19.46)
and substituting above (together with EsEp|lva — vg| = |Eapp — Egpal), we get
d 2
) = —'M‘Q (19.47)
d) oy, 64T EE,

Particle decay

We can now calculate particle decay very easily. Formally, all we have to do is keep only
k4’s and drop the kp’s in the calculation above. Dropping the integrals [ d*kp/(2m)* and
[ d®kp/(27)? implies that in the above we don’t have [ dk% anymore in (19.36), only

/ kA0 (12:; -y p;> 5 (EA -3 Ef) - (EA -y Ef> (19.48)
so in effect, we need to remove the factor 1/|vy — vg| from the calculation. We can then
immediately write the result for the decay rate in the center of mass system,

dl e = 2?711A (H éf)fg 21;) IM(ma — {ps})|*(2m)*6* (m _ pr) (19.49)

f

We only have a problem of interpretation: what does this represent, since the state is unsta-
ble, so how do we define the asymptotic (noninteracting) state A? Nevertheless, the result
is correct.

Important concepts to remember
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The cross section is the number of scattering events per time, divided by the incoming
flux and the number of targets, and it measures the effective area of interaction around
a single target.

The decay rate is the number of decays per unit time, divided by the number of particles
decaying. The sum of the decay rates gives the inverse of the lifetime.

In a cross section, a resonance appears via a relativistic generalization of the Breit-
Wigner formula, with amplitudes proportional to 1/(p? +m? —imI) for the resonance.

In states are well separated states at ¢t = —o0, out states are well separated states at
+00, and their overlap gives the S-matrix.

The S operator is 1 4 i7", and extracting from the matrix elements of 7" the overall
momentum conservation delta functions, we obtain the finite reduced matrix element

M.

The LSZ formula says that the S-matrix is the residue at all the external poles of the
momentum space Green’s function, divided by the Z factors, or the Green’s function
divided by the full external propagators near the mass shell.

The differential cross section equals |M|?, times the relativistically invariant n-body
phase space, times 1/(EaEp|lva — vg). If we replace the last factor with the relativis-
tically invariant formula 1/4/(p; - p2)2 — m$m3, we obtain the relativistically invariant

cross section, a useful theoretical concept.

Further reading: See chapters 4.5 in [2], 2.5, 4.2, 4.3 in [1].
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Exercises, Lecture 19

1) Consider the scattering of a massive field off a massless field (m; = m3 = m;my =
my = 0) in a theory where iM ~ i\ =constant. (e.g. Fermi’s 4-fermion theory for weak
interactions). Calculate the total, relativistically invariant cross section oot e as a function
of the center of mass energy.

2) Consider the theory

1 1 1 1
L= 50,0 = 5(0,9)° = JM®* — Zm’¢’ — Do) (19.50)

Then, if M > 2m, the first order amplitude for ® to decay in 2 ¢’s is | M| = u. Calculate
the lifetime 7 for ®.
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20 Lecture 20. S-matrix and Feynman diagrams

We now want to go from the Heisenberg picture used last lecture to the interaction picture,
the same way as we did for Green’s functions. Last lecture we wrote for the S-matrix

< ﬁlﬁg|S|EAEB >= 711—{20 < ﬁlﬁg...|€_iH(2T)|EAl;B > (201)

where the states are in the full theory (not free states), i.e. are eigenfunctions of H, and are
defined at the same time. But as for the Green’s functions, we want to replace them by free
states, i.e. eigenfunctions of Hy. Before, we wrote

Q>= lim (e7T < Q0 >)te ™ T0>=  lim (e T < Q)0 >)"'U;(0,-T)|0 >
T—o0(1—1€) T—o00(1—1€)
(20.2)

(by introducing a complete set of full states |[n >< n|, with | > having H|Q2 >= Ey|Q >
and the T — oo(1—ie) guaranteeing only the lowest energy mode, i.e. the vacuum, remains).
Now we want to write in a similar way
|EAEB > lim e_iHleAEB >0 (203)
T—o00(1—ie)
where we wrote a proportionality sign, since proving the relation and getting the constant is

now complicated: the external state is not a ground state anymore. Using this, we rewrite
the right hand side of (20.1) as

lim o < pr..ple HCD |Faps >0
T—o00(1—1€)
T
T—o00(1—ie) _7
therefore
Stiline =< flU(400, —00)]i > (20.5)

The proportionality factors cancel out in the Green’s functions case by using the Feynman
and Wick theorems, and only the connected pieces remain. Here a similar story happens,
though the proof is harder to do. We will explain later the result in terms of the LSZ
formalism. The correct formula is

< P1--DuliT|Paps >

= (VZ)"*?  lim ) (0 < Propn|T {exp [—z’ / ! dtHl(t)] } |DADB >0) (20.6)

T—oo(1—ie =T connected,amputated

We have i7" instead of .S, since the formula gives only the matrix elements where the initial
and final states are different. To understand the meaning of ”connected, amputated” we will
do some examples. We first note that the factors of Z and equal to 1 at tree level, and we
will understand the need to put them there later, from the LSZ formula.

We first consider the free term on the right hand side of (20.6). It is given by

0 < Pifa|PaPs >0= V/2EA2ER2E2E, < 0|ayasal,al,|0 >
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= 2E2E5(27)° (0¥ (54 — 51)0P (55 — 52) + 6P (54 — p2)6® (s — 1)) (20.7)

This has the diagrammatic interpretation of propagator lines connecting (1A)(2B) and
(1B)(2A), see Fig.49, and corresponds to the 1 in § = 1 + T, therefore should be ex-
cluded from the right hand side of (20.6). It is excluded, as the two lines are not connected

among each other.
11 12 1 / 2

t A t B A B

Figure 49: Free term for the scattering matrix: it is excluded (only interacting pieces con-
sidered).

We next consider the first order term in A,

o < PilT {—z% / d4a:¢}‘<x>} Padis >0= o0 < PRIV {—z% [ ot + contractions}
(20.8)
where in the equality we used Wick’s theorem.
But now we don’t have |0 > anymore, but rather |papp >¢, so the "non-contracted”
pieces give a nonzero result. Better said, there is another type of contraction. Consider the
annihilation part of ¢r, ¢, acting on an external state:

FloNA _ Pk 1 ikoz i
o7 ()P >0 = / (27)3 \/Eaﬁe (V2Epa,|0 >)

- / %% (MO FE =) [0 >=e"0>  (20.9)

Inside < ..|N(¢™)].. >=< ..|(¢7)"(¢T)"|.. >, we have ¢T’s acting on a state on the right and
¢~ ’s acting on the left, so we define the contraction with an external state,

1 ‘
or(z)|p>=e™*|0 > (20.10)
and the conjugate
r )
< plor(x) =< 0[e™P* (20.11)

We now analyze the first order term in the S matrix (20.8). It contains a term ¢pp¢, a
m mom
term ¢po¢, and a term ¢ P¢.
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Consider the last term, with two ¢¢ contractions. It is

A g oo S
0 d"xpp pdo < Prpa|paps >0 (20.12)
It gives the figure eight vacuum bubble times the free term (zeroth order) above in Fig.49,
so it is a disconnected piece where the initial state and final state are the same. Therefore
again this is a piece that contributes to 1, not to 7', and again is disconnected, consistent
with (20.6).

Next consider the second term, with a single contraction. After applying the normal
ordering N operator, we have ~ a'a’ + 2a'a + aa, but only the term with the same number
of a' and a contributes in the expectation value (e.g. < pipala’al|papp >~< 0laa(a’)*|0 >~
[a,a’]? < 0lata’|0 >= 0), i.e.

A M o o
/—zﬂ/d‘legbqﬁo < pipe|d~ ¢t Pabs >0 (20.13)

Doing the contractions of the ¢’s with the external states we obtain the same zeroth order
term with a loop on one of the legs (thus a total of 4 terms), see Fig.50. Contractions with
external states are as in Fig.51. Since the [ d*z interval gives a delta function, on the leg
with a loop we also have the same momentum on both sides, so this is again a contribution
to the identity 1, and not to ¢7, and is disconnected, consistent with (20.6).

1y 2§ [ 1 C2> 1/2 1/2
", + ‘B +%\B >QB

Al Bl t A

Figure 50: Other disconnected terms, this time with nontrivial contractions (loops), excluded
from the scattering matrix.

Cbimb = >x_ep <ICI> C)||(X) =<p—X<

Figure 51: Feynman diagrammatic representation for contractions with external states.
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Finally, the only nonzero term is the one where there are no contractions between the
¢’s, and only contractions with the external states, of the type

0 < Pield” """ (x)|[Paps >0 (20.14)

where all the ¢’s are at the same point, so this gives a term e!PAtPB=P1=P2) Byt this comes
from N(¢*(z)), with ¢ = ¢ + ¢, so there are 4! = 24 such terms as the above, since from
the first ¢, we can pick either ¢~ or ¢ to contract with either one of the 4 external states,
D1, D2, Da, P, the next ¢ can be contracted with either of the remaining (uncontracted) 3
external states, etc, giving 4 -3 -2 -1 terms. The total result is then

A .
4 x <—25) /d4xe’(pA+polp2)'x = —iX21)*6W (ps + ps — p1 — p2) (20.15)

which is just a vertex connecting the 4 external lines, as in Fig.52a.

Figure 52: a) The first order contribution to the S matrix. b) Even among the connected
diagrams there are some that do not contribute to the S matrix, like this one. It is one which
will be amputated.

Since T is (2m)*(...) x iM, we have M = —\. Replacing in the formula for the
differential cross section in the center of mass frame from last lecture, we get
dcr) A2
— = (20.16)
(dQ oy GAT2EZ,,

This is independent of the angles 0, ¢, therefore it integrates trivially, by multiplying with
) = 4m, giving finally
/\2

— 20.1
32w E%,, (20.17)

Otot =

Here we added a factor of 1/2 since we have identical particles in the final state, so it is
impossible to differentiate experimentally between 1 and 2.

So we need to consider only fully connected diagrams, where all the external lines are

connected as well. But even among these diagrams there are some that need to be excluded.
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To see this, consider the second order diagram obtained as follows: a vertex diagram with a
loop on one of the external states (pg), with &k in the loop and p’ after it, as in Fig.52b. It
gives

1 d*p’ —1 d*k —1 ] 45(4) ) ' 3 ) /
9 (27m)4 p? + m? 2m)* k2 + m2 (—iN)(2m) 0 (pa+p —p1—p2) X (—iX) (27)°6'Y (pp—D')
(20.18)

where the delta functions coming from the integration over vertices. But doing the p’ inte-

gration we get

1 1 1
- 20.19
pr+m?|,_,. pp+m? 0 ( )
so the result is badly defined. That means that this diagram must be excluded from the

physical calculation, so we must find a procedure that excludes this kind of diagrams.
We now define amputation as follows. From the tip of an external leg, find the furthest
point in the connected diagram where we can disconnect the external line from the rest by
cutting just one propagator, and remove that whole piece (including the external line) from

the diagrams. See examples of diagrams in Fig.53.

Figure 53: Examples for the diagrammatic representation of amputation, to obtain the
Feynman diagram contributions to the S matrix.

Therefore we can say that

iM(2r)t6W <pA +pp — pr> = <Z connected, amputated Feynman diag.) x(V Z)"+?
(20.20)

These pieces of diagrams that we are excluding are contributions to the two-point func-
tions for the external lines (quantum corrections to the propagators). We will see the inter-
pretation of this shortly.

But first we consider the Feynman diagrams in x space. See Fig.54, x space.

-Propagator Dp(x — y).

-Vertex —i\ [ d*z.

-External line e*.

-Divide by the symmetry factor.

And the Feynman diagrams in p space. See Fig.54 p space.

-Propagator Dr(p) = —i/(p® + m? — ie).

-Vertex —u\.
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———— =DF(x-y) =>—— =DF(p)

x =vertex — IpX ——i\
X p €

X space _
p space g =1

Figure 54: Diagrammatic representation fot the relevant Feynman rules for S-matrices in a)
x-space and b) p-space.

-External line = 1.

-Momentum conservation at vertices.

- [ d*p/(2m)* for loops.

-Divide by the symmetry factor.

Given the LSZ formula (which we only wrote, we didn’t derive), we can understand the
above rule (20.20). Indeed, we can rewrite the LSZ formula as

Sy = 85 =< FiTli >= (27)'6) (pa+pa — Yy ) iM
n 2 2 _ k2 m? ~
— lim (\/Z)m+"H (W) H <u) X Gy (Dis j)

21 m2 2 m2 —1/ —1i/
pi+m —>0,k]+m —0 im1 =1

(20.21)

But in én+m we have the connected Feynman diagrams, and the factors in the brackets are,
near their mass shell, the inverse of the full propagators for the external lines,

—i4

~—_— 20.22
GQ(p) p2+m2 —Z.E ( O )

So amputation is just the removal (dividing by) these full on-shell 2-point functions for the
external lines. Thus we obtain exactly the rule (20.20).

Important concepts to remember
e In the interaction picture, Sy; < f|Uj(400, —00)|i >.

e The matrix elements of ¢7" (nontrivial S-matrices) are the sum over connected, ampu-
tated diagrams.

186



e Amputation means removing the parts that contribute to the (on-shell) 2-point func-
tions of the external lines.

e The S matrix diagrammatic rules follow from the LSZ formula.

Further reading: See chapters 4.6 in [2], 4.1 and parts of 4.4 in [1].
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Exercises, Lecture 20

1) Consider the second order term in the S matrix

. )\ 2

Using the Wick contractions and theorem, show the only Feynman diagrams which contribute
to the S-matrix.

2) Consider the Feynman diagram in Fig. 55 in A¢?/4! theory.

Figure 55: Example of Feynman diagram.

Write down the Feynman diagram corresponding to this in ¢ < p)ps|S|psps >0 and write
the integral expression for it using the Feynman rules.
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21 Lecture 21. The optical theorem and the cutting
rules

The optical theorem is a straightforward consequence of the unitarity of the S-matriz. In
a good quantum theory, the operator defining the evolution of the system, in our case
Sti =< f|U(400,—00)|i >, has to be unitary, in order to conserve probability (there are no
”sources or sinks of probability”). Therefore, with S = 1 + T, we have

STS=1=858 = (T -1 =T'T (21.1)

which is the essence of the optical theorem. But the point is that in our definition of quantum
field theory, and more importantly in our perturbative definition of S-matrices, there were
many unknowns and approximations, so it is by no means obvious that the S matrix is
unitary. We have to prove it perturbatively (order by order in perturbation theory), and from
the above, that is equivalent to proving the optical theorem.

To obtain the usual formulation of the optical theorem, we evaluate (21.1) between two
2-particle states, |pip> > and |E1E2 >. Moreover, in between 77T, we introduce the identity
expressed by considering the completeness relation for external states,

1 - ZH@%%M >< {3} (212)

obtaining
S ot L ndSQi 1 S ot o = Pl
< | TiT kb, >=> T )3 38, < D | TG} >< {G YT kika > (21.3)
n i=1 ¢
But
ST o Ty > — 454 _
< AP T |kky >= Mk, by — {ps})(2m)*6@ (k1 + ko = > py (21.4)

so by replacing in the above and taking out a common factor (2m)*6™ (ki 4 kg — p1 — p2), we
obtain

—i[M(ky, ky = p1,p2) — M*(p1,p2 — k1, ko)
=> (H éﬁ%’é%) M (prps — {@:}) M (kiks — {g:})(27)16@ (kl +ky — Zqi>

i=1

i

(21.5)

or more schematically (here dIlf is the n-body relativistically invariant phase space defined
in the next to last lecture)

_iM(a = b) — M*(b— a)] = Z/dHfM*(b S PM(a— f) (21.6)
f

which is the general statement of the optical theorem on states.
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An important particular case is when the initial and final states are the same (a = b),
or forward scattering, p; = k;, in which case the right hand side of (21.5) contains the total
cross section,

IIIlM(k’lkg — ]{?1]{?2) = 2EC’MpC’MO-t0t(k1k2 — anythlng) (217)

or the imaginary part of the forward scattering amplitude is proportional to the total cross
section for the two particles to go to anything, see Fig.56.

k2
k2

Figure 56: The optical theorem, diagrammatic representation.

But as we said, we supposed that the S-matrix is unitary, and a priori it could not be, we
need to prove it in perturbative quantum field theory. It was proved for Feynman diagrams
to all orders, first in A¢* theory by Cutkovsky, then in QED by Feynman and in gauge
theories later. In particular, the proof for spontaneously broken gauge theories was done
by 't Hooft and Veltman, which together with their proof of renormalizability of the same
meant that spontaneously broken gauge theories are well-defined, and for which they got
the Nobel prize. That proof was done using a more general formalism, of the largest time
equation. Here we will just present the one-loop case in A¢*.

Optical theorem at 1-loop in \¢* theory

The unitarity proof is done proving directly the optical theorem for Feynman diagrams.

Note that above the reduced amplitude M is defined formally, but we can define it purely
by Feynman diagrams, and that is the definition we will use below, since we want to prove
unitarity for Feynman diagrams. Then, M is defined at some center of mass energy, with
s = EZ,, € R,. But we analytically continue to an analytic function M (s) defined on the
complex s plane.

Consider /5o the threshold energy for production of the lightest multiparticle state.
Then, if s < sy and real, it means any possible intermediate state created from the initial
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state cannot go on-shell, can only be virtual. In turn, that means that any propagators in
the expression of M in terms of Feynman diagrams are always nonzero, leading to an M(s)
real for s < sq real, i.e.

M(s) = [M(s")]" (21.8)

We then analytically continue to s > sy real, and since both sides of the above relation are
analytical functions, we apply it for s+ie with s > sq real, giving (since now the propagators
can be on-shell, so we need to avoid the poles by moving s a bit away from the real axis)

ReM(s +ie) = ReM(s —i€); ImM(s +ie) = —ImM(s — ie) (21.9)

That means that for s > sy and real there is a branch cut in s (by moving accross it, we go
between two Riemann sheets), with discontinuity

DiseM (s) = 2i(ImM (s + ie) (21.10)

It is much easier to compute the discontinuity only, than the full amplitude for complex s
and taking the discontinuity.

The discontinuity of Feynman diagrams with loops, across cuts on loops (equal from the
above to the Im parts of the same diagrams) will be related to [ dII|M|?, i.e. the optical
theorem formula, see Fig.57. We will obtain the so-called ”cutting rules”, ironically found
by Cutkovsky, so also called Cutkovsky rules.

Di R
el
b =

Figure 57: On the lhs of the optical theorem, represent the imaginary part of diagrams as a
discontinuity (cut).

We consider the 2 — 2 one-loop diagram in A¢* where &y, ks go to two intermediate lines,
then to two final lines, called ks, k4. Define k = ki + ko, and in the two intermediate lines
define the momenta as k/2+q and k/2 — ¢, where ¢ is the (integrated over) loop momentum,
see Fig.58. Since this diagram has symmetry factor S = 2, we have for it (we call it 0. M
since it could be part of a larger diagram)

; A2 d*q 1 1
WM = 7/ (2m)% (k)2 — q)2 +m? — ie (k]2 + )2 + m2 — ic (21.11)

This amplitude has a discontinuity for k% > 2m (in the physical region, since with center
of mass energy k” we can create an on-shell 2-particle intermediate state of energy 2m only
if k% > 2m), but we compute it for k° < 2m and then analytically continue.
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k=k1+k2
k/2 k/2+q

k1 k2

Figure 58: The optical theorem is valid diagram by diagram. Consider this one-loop diagram,
to derive the Cutkovsky rules.

In the center of mass system, k = (k°,0), where s = (k°)2, the poles of (21.11) are at
k°/2 £ q| = ¢ + m? = EZ, or at

kZO
¢ = — £ (E,—ie) and
2k0
= —5 £ (B, —id) (21.12)
0 0 q0
—k/2- -
278y ki2-E,
- > \
\\ O n .O \
K2+ k/24¢'i5q

Figure 59: Closing the contour downwards we pick up the poles in the lower-half plane.

We now close the contour downwards, with a semi-circle in the lower-half plane, because
of the prescription T' = oo(1 — i¢), therefore picking the poles in the lower-half planes,
see Fig.59. We will see later that the pole at +k°/2 + E, — ie does not contribute to the
discontinuity, so only the pole at —k°/2 + E, — ie does. But picking up the residue at the
pole is equivalent to replacing

1 N 1 -1
(k/2+q)?+m? —ie ¢"+k°/2— E,+ie2E,
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5(¢° +k/2 — E,)

— 2mid((k/2 + q)* + m®) = 2mi ¥ (21.13)
q
This gives
A2 d3q 1 1
M = —2mi=
oM ™% | @n)*2E, (0 - E,)? - E
A2 Ax [ 1 1
= —2mi=- dE,E 21.14
o ent ) e "|Q|2Eq K0 (ko — 2B,) (21.14)

In the first line we used the above delta function, and (k/2—q)*+m? = —[(k°— E,)*— E}], and
in the second [ d*q = [ dQq¢*dq, with [ dQ = 4r and [ ¢*dq = [ qEdE,, since E2 = ¢* +m?
(which also gives E, > m). Note that if k° < 2m, the denominator in the last line has no
pole on the integral path, as k% < 2m < 2FE,, so 6M is real (has no discontinuity). [Also
note that the pole in ¢° neglected, at +k°/1 + E, — ie indeed does not contribute, since its
residue has now no pole for the F, integral, as we can easily check.] But if k° > 2m, we have
a pole on the path of integration, so there is a discontinuity between k2 + ie and k% —ie. To
find it, we can write

1 1

P Fird(k" - 2E 21.15
Woom, i Lwoag, T o) (21.15)

where P stands for principal part. Therefore for the discontinuity, equivalently, we can also
replace the second propagator with the delta function

1 1 1
(k)2 —q)2+m2—ie —(k°—E,)*+ E? —ie © KO(kY - 2E,)
§(kY —2E,)
L0
We now go back, to see what we did, and rewrite the original loop integration as the integra-
tion over momenta on the propagators, with a vertex delta function (k/2—q = p1,k/24+q =

pa),
/(;qu)4 N / (25)14 / éf)i (2ﬁ)45(4) (p1+p2 — k) (21.17)

In this formulation, the discontinuity is obtained by replacing the propagators with delta
functions for them, i.e.

— 2mid((k/2 — q)* + m?) = 2mis(K°(K° — 2E,)) = 2mi (21.16)

1

So by doing the integrals over the zero component of the momenta [ d*p; [ d*ps, we put the
momenta on-shell, and we finally get

dp; 1 / dpy 1
(271')3 2E1 (271')3 2E2

DiscM(k) = 2iTmM (k) = % /

|M(k)’2(27T)45(4)(p1+p2—k') (21.19)

where the 1/2 factor is interpreted as the symmetry factor for 2 identical bosons, |[M(k)|? =

A2 corresponds in general to M (ky, ks — p1,p2)M*(ks, ks — p1,p2). On the left hand side
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the discontinuity is in the one-loop amplitude M (kq, ko — k3, ky) (we wrote above for forward
scattering k; = ks, ks = k4), where we cut the intermediate propagators, putting them on-
shell, i.e. we replace the propagator with the delta function for the on-shell condition, as in
the lhs of Fig.57. On the rhs we have the rhs of Fig.57.

Therefore we have verified the optical theorem at one-loop, and by the discussion at the
beginning of the lecture, we have thus verified unitarity at one-loop in A¢*. We can also write
some one-loop diagrams in QED, cut them and write the corresponding optical theorem at
one-loop, see 60. One can prove unitarity for them equivalently to the above.

| 2

Figure 60: Examples of the optical theorem at one-loop in QED.

Finally, Cutkovski gave the general cutting rules, true in general (at all loops).

1) Cut the diagram in all possible ways such that cut propagators can be put simultane-
ously on-shell.

2) For each cut, replace

1

in the cut propagators, and then do the integral.
3) Sum over all possible cuts.
Then, he proved unitarity (equivalent to the optical theorem) in perturbation theory.
There exists a more general method, the method of the largest time equation (which is

a generalization of the above method), that was used by 't Hooft and Veltman to prove the
perturbative unitarity of spontaneously broken gauge theories, but we will not do it here.

Important concepts to remember
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The optical theorem is the statement —i(T —TT) = TTT on states, which follows from
unitarity of the S-matrix.

The diagrammatic interpretation for it is that we cut over all possible intermediate
states the amplitude for 2 — 2 scattering, and this equals the cut amplitude parts
M(a — f)M*(b — f), integrated over the final phase space.

It implies that the imaginary part of the forward scattering amplitude is proportional
to the total cross section oy (k1ka — anything).

In A\¢* at one-loop, the discontinuity for M (k) is found by replacing the intermediate
cut propagators with delta function of the mass shell condition, leading to the one-loop
optical theorem (defined diagrammatically), which is equivalent to one-loop unitarity.

The general cutting rules say that we should cut a diagram in all possible ways such
that the cut propagators can be put simultaneously on-shell, then replace the cut
progagators with their mass shell delta function, and sum over all possible cuts.

Using this method, and its generalization, the largest time equation, perturbative uni-
tarity was proven for A\¢* theory, gauge theories, spontaneously broken gauge theories.

Further reading: See chapter 7.3 in [2].
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Exercises, Lecture 21

1) ("Black disk eikonal”) Consider 2 — 2 scattering of massless particles ki, ko —
ks, kg, with all momenta defined as incoming, as in Fig.61, and s = —(k; + k)%, t = —¢% =
—(ky + k3)?, and the S-matrix

S = o) (21.21)

where 0(b, s) satisfies

Re[d(b,s)] =0
Im[d(b,s)] =0 for b > bua(s); Im[5(D,s)] =00 for b < bpa(s)  (21.22)

and

%M(s, t) = /d2beiq”'5T(b, ) (21.23)

where b is the impact parameter. Calculate oo (k1, ko — anything).

k k4

k1 K

Figure 61: 2 to 2 scattering with incoming momenta.

2) Consider the two-loop Feynman diagram in A¢* theory (two incoming external lines
merge into an intemediate one, which splits into a circle with a vertical line in it, then mirror
symmetric: intermediate line splittng into the final two external states) in Fig.62.

Figure 62: Two-loop diagram in ¢? theory.

Write down the unitarity relation for it using the cutting rules. Which cuts depend on
whether all lines have the same mass, and which ones don’t?
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22 QED: Definition and Feynman rules; Ward-Takahashi
identities

We now turn to applications to the real world, in particular to QED (quantum electrody-
namics). It is given by a gauge field (electromagnetic field) A, and a fermion (the electron
field) 1. For generality, we couple also to a complex scalar field ¢.

The Lagrangean in Minkowski space is then

Lapnu(A,,6) =~ F,— (D +m)y— (D) Do—V(5"9) = L(A)+ L, A) + £(p, A)

(22.1)

Here F,, = 0,A, — 0,A,, ) = D,/* and D, = 8, —ieA,, and ¥ = ¥y, {v,, v} = 29,
The Lagrangean possesses a local U(1) gauge invariance, under

U(z H@b( ) = tp(z)e’ X
d(z) = ¢ (x) = ¢(x > iext@)
Au(z) = Al (x) = Au(z) + Oux(x) (22.2)

We note that the Lagrangean at A, = 0 has only global U(1) invariance, and by the condition
to make the invariance local (to ”gauge it”), we need to introduce the gauge field A, (x) with
the transformation law above.

In Fuclidean space, since as usual 1.5, — —95, we get for the Euclidean fermion lagrangean

Lp[y] = (18, +m)y (22.3)

where now {v,,7,} = 2J,,. We also saw that for the gauge field we have

1 v
Lp[A] = +4F§V>F“ (E) (22.4)
Therefore the QED Lagrangean in Euclidean space is
1 I * *
Lp(A,,0) = +7Fp, + 0D +m)i + (Dug)" D6 + V(6"0) (22.5)

Path integral
As we saw, defining the path integral by quantizing, we use a procedure like the Fadeev-
Popov one, leading to a gauge fixing term, with

1
4Fj,, + —(aﬂA )? (22.6)

The action with gauge fixing term can then be written as

1 1 1
SerslA] = 3 / d'zA, (—a%w + (1 - 5) a“ay> A, =3 / d'zA, GO A, (22.7)

Then in momentum space the photon propagator is

% (% —(1-a) kz?) (22.8)

Lepr = L(A) + Lgauge fix =

0) —
G, =
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From now on, we talk about pure QED, without ¢.
The Euclidean space partition function is

Z[J,, &€ = / DADYDipe et 1 A58 (22.9)
where in the presence of sources

Seff = /ddﬁ[ﬁeff(A, ’QZ),@E) — JMAM — gd} — 7]]6] (2210)

The VEV of an operator O(A,,1)) is

[ DADYDYOe5ess

< O(A, P, 9) >= . 22.11
(A6 = S e (22.11)
The free energy F' is defined by
Z[J 1, ] = e T4 (22.12)
The effective action is the Legendre transform of the free energy
T[AY @ ) = F[J, €, 8] + / d*z[J, A + T + ] (22.13)

By taking derivatives with respect to J,, &, £, A/Cj, Y, p? of the Legendre transform relation,
we obtain

oF _ . oF _ . OF _ . 7cl
R T v 55_¢
or or I
5AT Jus o =& S =¢ (22.14)

Feynman rules for Green’s functions in Euclidean momentum space
It is easier to calculate Green’s functions in Euclidean space, hence we first write the
Feynman rules in Euclidean space (see Fig.63a):

e ) propagator from « to § (arrow from « to ), with momentum p is

<;) - (P +m)as (22.15)

ip+m p? + m?

e photon propagator, from p to v is

= (5,“, —(1-a) k;f”) (22.16)



%3 Ep —1/()zf+m)\/\/\/\/\ =photon = WV

P ~\/ propagator

>w —+ue@2i . >W vl

a) Euclidean Green’s fcts. > p)S matrix Minkowski

c) S—matrix external lines:

%p *
=l S <FIATA =)
— S
>\ , = () < FET =< =i
r| '
gt \+—v(p) <K= —>/ =V (p)

;?J

Figure 63: Relevant Feynman rules for Green’s functions and S-matrices.

e vertex +ie(y")qap for a photon with 1 to come out of a line from « to 4. This is so
because the interaction term in the action is Sy, = —ie [ y*A,1, and we know that
for an interaction +g [ []; ¢;, the vertex is —g.

e a minus sign for a fermion loop

Feynman rules for S-matrices in Minkowski space

S-matrices can only be defined in Minkowski space, since we need to have external states,
satisfying p? + m? = 0, but that equation has no real solution in Euclidean space, only in
Minkowski space. See Fig.63b,c.

e The fermion propagator can be found from the Euclidean space one by the replacement
ip+m — ip+m, p> +m? — p® +m? —ie, and an extra —i in front (from the z space
continuation of ¢ in the action), giving

—ip+m —(p +1im)

_in tm?—ic pPtm?—ic (22.17)

e photon propagator. The same continuation rules give

i k,k,
T2 e (Quu - (1-a) kQH_ ie) (22.18)
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o vertex +e(7")ap (there is an ¢ difference between the Euclidean and Minkowski ver-
tices).

e a minus sign for fermion loops.

— M
e external fermion lines: for the ¢|p, s > contraction, = u®(p), for the ¥|p, s > contrac-

tion, = 0°(p), and for the bars, similar: < p, ém = u®(p) and < p, m = v*(p).

I —
e external photon lines, A,|p'>=€,(p) and < plA4, = €*(p).

e We can also see that if we exchange the order of the external fermion line contractions,
we get a minus sign, so we deduce that if we exchange identical external fermion lines
in otherwise identical diagrams, we get a minus sign.

Ward-Takahashi identities
These are a type of Ward identities for QED, i.e. a local version of the global Ward
identities we studied before. Consider an infinitesimal local gauge invariance transformation

0 () = iee(x)y(x)
0A, () = Oye(x) (22.19)

If we consider this as just a change (renaming) of integration variables in the path integral,
the path integral should not change. On the other hand, assuming that the reqularization
of the path integral respects gauge invariance, we also expect that there is no nontrivial
Jacobian, and 6(DADYD¢) = 0.

Note that this assumption is in principle nontrivial. There are classical symmetries
that are broken by the quantum corrections. In the path integral formalism, the way this
happens is that the regularization of the path integral measure (i.e. defining better D¢’s as
1, dp(x;)’s) does not respect the symmetries (the only other ingredient of the path integral
is the classical action, which is invariant). These are called quantum anomalies. But as we
will see in QFT II, anomalies in gauge symmetries are actually bad, and make the theory
sick, so should be absent from a well-defined regularization. Therefore we will assume that
the regularization of the measure respects gauge invariance.

Since as we said, the change is just a redefinition of the path integral, we also have

§Z[J,€,€ =0 (22.20)

Using the form of the partition function, and the fact that both the classical action and
the measure are invariant, we only need to evaluate the change due to the gauge fixing and
source terms. This gives

0=062 = / DADYDpe™ %11 / d®x {J“@ue + dee(Eyp — PE) — é(a“A#)a% (22.21)

where the last term comes from varying the gauge fixing term, and the others from varying
the source terms.
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Taking the derivative with respect to €, and then expressing A, ), ¥ as derivatives of S, if
(e.g., Aye=5ir = §/8.J,e75ir) | taking out of the path integral the remaining objects that
are not integrated over, we are left with an operator that acts on Z, namely

0z 1., 072 (07 07
— - _ = _ A — 4 = 22.22
0= o = =005~ (0, +@e(56£+55 ) (22.22)
Dividing by Z and using that In Z = —F', we get
1 oF O0F OF
0=—0°0,— —0,J, —ie | E—+ — 22.23
o g, T O ’6(555+555) (22.23)
Then replacing the equations (22.14) in the above, we finally get
L on ia or AN A
—aa aNAM — aum — e <5wclw + w W = 0 (2224)

These are called generalized Ward-Takahashi identities, or (for the 1PI functions, as we will
shortly derive some examples) the Lee-Zinn-Justin identities.

Example 1. Photon propagator

By taking derivatives of the LZJ identities with respect to Aff(y) and putting A%, ¢, ¢
to zero, i.e.

)
W(LZ J)| Act— et —gei =g (22.25)
we get
1 5T 1 B
_Eaiaﬂé(x —Y) = O SAL(2)5 A (y) | Aci—ygei—gei—o = —Eaiamv(;(x —y) — O Gy (2,y) = 0

(22.26)
where G;Vl is the inverse of the full connected propagator. Indeed, as we saw before, this
equals the two-point effective action, i.e. the second derivative of the effective action. Taking
the Fourier transform, we obtain

k2
k" {Eaﬂy - Gu,}(k)} =0 (22.27)
On the other hand, we have
Go(k) =T (k) =GO +11,, (22.28)
and since .
Ggoy)fl(k) = k*6,, — k,k, + akuk,, (22.29)
we have
kGO (k) = Kk, 22.30
ny ( ) - a ( . )
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Replacing it in (22.27), we get
KMIL, (k) = 0 (22.31)

That is, the 1PI corrections to the photon propagator are transverse (perpendicular to the
momentum k). That means that we can write them in terms of a single (scalar) function,

I (k) = (K3, — k) TI(k) (22.32)

Example 2. n-photon vertex function for n > 3.
We now take n — 1 derivatives with respect to Aff, i.e. put

571—1
SAT ()0 AL (x,)

(LZJ)|Acl:¢cl:7$cl:0 (2233)

and find now
0 ST

|Acl: cl —qhel — (2234)
Oy, 6 A (11)...0A% (x,) 47070770
Going to momentum space we then find
kmrfﬁ)...un(k(l)a o k(”)) -0 (22.35)

That is, the n-point 1PI photon vertex functions (from the effective action) are also trans-
verse, like the 1PI 2-point function above.

Example 3. Original Ward-Takahashi identity

We take the derivatives with respect to ¥ and ¢, i.e.

52
————————(LZJ)| get— el —ger— 22.36
S ey (2230
to obtain
5T 5T
0=1- ’ cl Tl — ied(z —y) c Jel
Ozt 0 (2)69 (y)d A () 0YG (2)0e ()
+ied D (z — 2) o°T (22.37)
— = el —qfyel —qfel — .
ou(x)ddel(y) | T
Replacing the derivatives with the corresponding n-point effective action terms, we get
0

Tyl ,2) = —ie8 D — 2)(S5 aply — o) + 166D (@ — y)(Si aslz — 2) (22389)
x
where Sgl is the inverse of the full connected fermion propagator, i.e. the 1PI 2-point

effective action.
In momentum space, this relation becomes

P'Tuas(D; @2, 01) = e(S5'(@2)as — S5 (q1)as) (22.39)
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Figure 64: Diagrammatic representation of the original Ward-Takahashi identity.

which is the original Ward-Takahashi identity: the photon-fermion-antifermion vertex con-
tracted with the momentum gives the difference of the inverse fermion propagator (or 1PI

2-point function) for ¢, minus the one for ¢, where ¢ are the fermion momenta, as in
Fig.64.

Important concepts to remember

e QED is a gauge field (electromagnetic field) coupled to a fermion (generalized to include
a coupling to a complex scalar)

e The generalized Ward-Takahashi identities or Lee-Zin-Justin identities are identities
between n-point effective actions, or 1PI n-point functions, resulting from local versions
of Ward identities.

e The 1PI corrections to the photon propagator are transverse, p*II,, (k) = 0.
e The 1PI n-photon vertex functions for n > 3 are also transverse, k11", , = 0.

e The original Ward-Takahashi identity relates the photon-fermion-antifermion vertex,
contracted with the photon momentum, with the difference of the inverse photon prop-
agator (2-point effective action) for the two fermions.

Further reading: See chapters 4.8 in [2], 6.3 in [4] and 8.1 in [1].
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Exercises, Lecture 22

1) Write down the expression for the QED Feynman diagram in Fig.65 for the S-matrix
e (pr)e’(p2) — e (ps)e™ (ps).

pz\ /p4

pl

Figure 65: Feynman diagram for the S-matrix in QED.

2) Using the Lee-Zinn-Justin identities, derive a Ward identity for the vertex I, a8
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23 Lecture 23. Nonrelativistic processes: Yukawa po-
tential, Coulomb potential and Rutherford scatter-
ing

In this lecture we will rederive some formulas for classical, nonrelativistic processes using
the quantum field theory formalism we have developed, to check that our formalism works,
and understand how it is applied. In particular, we will calculate the Yukawa and Coulomb
potentials from our formalism, and derive the differential cross section for Rutherford scat-
tering.

Yukawa potential

Even though we are more interested in the QED example of the Coulomb potential, we
will start with the simplest example, the Yukawa potential, as a warm-up.

In Yukawa theory, the interaction of two fermions, ¥ (p) + (k) — ¥ (p') + 1 (k’), happens
via the exchange of a scalar particle ¢, of nonzero mass m,. We want to see that this gives
indeed the well-known Yukawa potential.

_— P K’
IM= - N f
q Kk
D p
a)

Figure 66: The two Feynman diagrams for the potential in the case of Yukawa interaction.
For distinguishable particles, only the diagram a) contributes.

=
q
b)

There are two diagrams that in principle contribute to M. One where the scalar with
momentum ¢ = p — p’ is exchanged between the two fermions, see Fig.66a, and one where
the final fermions are interchanged (the fermion with momentum p’ comes out of the one
with &, and the fermion with momentum &’ comes out of the one with p), see Fig.66b. But
we will work with distinguishable fermions, i.e. we will assume that there is some property
that we can measure that will distinguish between them (for instance, we could consider one
to be an e~, and another to be a ). In this case, the second diagram will not contribute.
Since this is what happens classically, this is a good assumption in order to get a classical
potential.

In the nonrelativistic limit, we have

- —

p~(m,p); p ~mp); k=(mk); k=(mk)
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g) (23.1)

where £° = <(1)> and (?) for s = 1,2. The last property means that

w W) = 0 =m (e 67) (3 0) (5) =amee —amar @32

Then, writing both terms in M for completeness, we have
—1

— )2 2

p—7) + my

~ (i)

M= (gl ulp); (—ig)a(k'yu(k)

(—ig)u(k")u(p) (23.3)

but as we said, we will drop the second term since we consider distinguishable fermions.
Some comments are in order here. We have considered a Yukawa coupling g, which means
a vertex factor —ig in Minkowski space. The fermions are contracted along each of the
fermion lines separately. The overall sign for the fermions is conventional, only the relative
sign between diagrams is important, and that can be found from the simple rule that when
we interchange two fermions between otherwise identical diagrams (like interchanging u(p)
with u(k) in the two terms above), we add a minus sign.
But we can choose a convention. We can define

.k >~ alal|0 > < 7 F| = (17K >)T ~< 0lagap (23.4)
so that in the matrix element
< P K |(09)2(60)y |5, k >~< Olag ay (01)a($0),alal|0 > (23.5)

the contraction of k" with Yy, P with 1, 7 with 1, and k with ¥, corresponding to the
first diagram (the one we keep), gives a plus sign (we can count how many jumps we need
for the fermions to be able to contract them, and it is an even number). Then we can easily
see that the second diagram, where we now contract K with 1/_)y and § with 1), instead, has
a minus sign. As we said, the simple Feynman rule above accounts for this relative sign.
We then finally have for the contribution of the first diagram (for distinguishable fermions)
;2

. -~ g ss’ rr’
iM ~ +|]7—]7!2 Fap— (2md**)(2mao™) (23.6)

But we then can compare with the Born approximation to the scattering amplitude in
nonrelativistic quantum mechanics, written in terms of the potential in momentum space,

< PliT|f >= —iV(§)276(E, — E,) (23.7)
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where ¢ = ' — p. When comparing, we should remember a few facts: the 2m factors are
from the relativistic normalization we used for the fermions, whereas the Born approximation
above uses nonrelativistic normalization, so we should drop them in the comparison. Then
iT = 2nd(Ef— E;)iM, so we drop the 276 (E,, — E,) in the comparison; and also the formula
is at s = §',r = r'. We finally get

2

-9
V(q) = 72 +m35 (23.8)
We should also comment on the logic: it is impossible to directly measure the potential
V(@) in the scattering, since this is a classical concept, so we can only measure things
that depend on it. But for expedience’s sake, we used the comparison with nonrelativistic
quantum mechanics, where we have a quantum mechanics calculation, yet in a classical
potential, in order to directly extract the result for V(q).
The z-space potential is (here || = r)

fq - s
Vi(E) = iq-T
(@) / @nP | + 2

2 00 iqr __ ,—iqr
g 9, € e 1
= — 2m d ,
(2m)3 /0 L mg

2 +o0o iqr
_ .9 / A1 (23.9)

dm%ir J_o T q? +m]

Here in the second equality we have used [ sin @dfe'? 3¢ = fol d(cos §)eliar) st = (giar
e~"")/(iqr) and in the last equality we have rewritten the second term as an integral from
ffoo. The integral has complex poles at ¢ = £img, so we can close the contour over the real
axis with an infinite semicircle in the upper-half plane, since then e*" decays exponentially
at infinity. We then pick up the residue of the pole ¢ = im,, giving finally

_92 —mgr
Vir)= e (23.10)
the well-known attractive Yukawa potential.
Coulomb potential
We can now move to the case of nonrelativistic scattering in QED, as in Fig.67. The
difference is now that we have a vector exchanged between the two fermions, with a (massless)
vector propagator, in the Feynman gauge just g,, times the KG propagator, and a vertex
factor +evy* in Minkowski space.
We then get _
. o — I\ _Zg,uu
iM = (+e)u(p’)y u(p)—(p —p’)2(
But in the nonrelativistic limit we can check that the only nonzero components are the zero
ones (as expected), so we only need to calculate

ve)a(k )y ulk) (23.11)

a(p)y u(p) = ul ()i(7°)2u(p) ~ —im (&7 €1¥) (g) = —2imo* (23.12)
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g

Figure 67: Feynman diagram for the Coulomb interaction between distinguishable fermions.

(since (79)? = —1, from {y*,~"} = 2¢"¥), finally obtaining

ie?

NEE

Thus there is a sign change with respect to the Yukawa potential, meaning that the Coulomb
potential is repulsive. Also, the mass is now zero. To go to the configuration space, it is
easier to take the zero mass limit of the Yukawa potential, getting

;52
L€"goo

M~ —
17— P'|?

(2mé*)(2md™) = (2mé*s (2mo™) (23.13)

- Adgrr

V(r)

(23.14)

«
r

Note that o = €2 /(47) ~ 1/137 is the electromagnetic coupling, which is very weak.
Particle-antiparticle scattering

Figure 68: Feynman diagram for the Yukawa potential interaction between particle and
antiparticle.

Yukawa

We now consider scattering a fermion off an antifermion in Yukawa theory. Since now
the second fermion line is antifermionic, with momentum £ in and momentum £’ out, as in
Fig.68, we have a few changes from the calculation before. First, we replace the u’s with v’s
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for the second line, i.e.

o
@ (K)us (k) — 0 (k)o* () ~ m (€1 —1) (‘1) é) (5 §5,> — _omgs* (23.15)

which gives a minus sign with respect to the fermion-fermion calculation. But also changing
the fermion into antifermion amounts to exchanging the fermion lines with momenta £ and
k', as we can check. Another way to say this is that if we still do the contraction like in the
fermion-fermion case, i.e. such that the order is: &’ first, then k, we obtain v(k")v(k), and in
order to obtain the Lorentz invariant v(k)v(k") we need to change the order of the fermions.

All in all, we obtain two minus signs, i.e. a plus. Thus the potential between fermion
and antifermion is the same as between two fermions: scalar particle exchange gives an
universally attractive potential.

Coulomb potential

Considering now fermion-antifermion scattering in QED, we again have the same minus
sign for exchanging the fermions, and exchanging the w’s with v’s in the second fermion line
gives now

o(k)7 v(K') = o' (k)i(y°)?v(k) = —im (&% — ¢%) (_528) = —2imo* (23.16)

instead of
a(k)y u(k') = —2imdé* (23.17)

so no change here. Thus overall, we have a minus sign with respect to fermion-fermion
scattering, i.e. the fermion-antifermion potential is now attractive. Indeed, ete™ attract,
whereas e~ e~ repel.

In conclusion, for the exchange of a vector particle (electromagnetic field in this case),
like charges repel, and opposite charges attract.

We note that the repulsive nature of the fermion-fermion potential was due to the presence
of goo in (23.13).

We can now guess also what happens for an exchange of a tensor, i.e. spin 2, particle
(the graviton), without doing the full calculation. Since a tensor has two indices, we will
have propagation between a point with indices pur and one with indices po, which in some
appropriate gauge (the equivalent of the Feynman gauge) should be proportional to g,,g.- +
9us9vp, and in the nonrelativistic limit only the 00 components should contribute, giving
o (goo)* = +1.

Therefore we can guess that gravity is attractive, and moreover universally attractive,
like we know from experiments to be the case.

Rutherford scattering

We now calculate an example of nonrelativistic scattering cross section, namely the case
of Rutherford scattering, of a charged particle ("electron”) off a fixed electromagnetic field
("field of a nucleus”).

We should remember that in the classic experiment of Rutherford that determined that
the atoms are made up of a positively charged nucleus, surrounded by electrons (as opposed to
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a "raisin pudding”, a ball of constant density of positive charged filled with electrons), where
charged particles were scattered on a fixed target made of a metal foil, Rutherford made a
classical calculation for the scattering cross section, which was confirmed by experiment,
thus proving the assumption.

We will consider the scattering of an electron off the constant electromagnetic field of a
fixed nucleus. We will thus treat the electromagnetic field classically, and just the fermion
quantum mechanically.

The interaction Hamiltonian is

H; = / dPrein' A, (23.18)
Then the S-matrix contribution, coming from ~ e~*/ 719 the first order contribution is

[
<piTlp> = <p’|T{ d4xwzefy“w F Ip >

= —ieﬂ(p)ze’y”u(p)/d P =ipf TAL(T)
= Feu(p )y u(p)Au(p — ) (23.19)

But if we consider that A, (x) is time-independent, meaning that

Au(p =) = Au(p'— P')2m0(Ey — E3) (23.20)
and since the M matrix is defined by
< p'liT|p >= iM2r6(E; — E;) (23.21)

we see that in the Feynman rules for i/\/l we can add a rule for the interaction with a classical
field, namely add +ey*A,(q), with ¢ = p'— p', with a diagram: off the fermion line starts a
wavy photon line that ends on a mrcled cross, as in Fig.69.

Figure 69: Feynman diagram representation for the interaction of a fermion with a classical
potential.

We now calculate the cross section for scattering of the electron off the classical field
centered at a point situated at an impact parameter b from the line of the incoming electron
(or rather, the impact parameter is the distance of the incoming electron from the nucleus),
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as in Fig.70. This is in principle a 2 — 2 scattering, even though we treat the nucleus and
its electromagnetic field classically. As such, we must consider a situation similar to the one
in 2 — 2 scattering, by writing incoming wavefunctions with impact parameter b, as

[ i (ki) s
cbl—/(%)g T (23.22)

e «

O(nucleus)

Figure 70: The impact parameter for scattering of an electron off a nucleus (fixed classical
object).

As usual, the probability for ¢ — f is

3

. by 2

= ; 23.2

dP(z — f) (277')32Ef ‘out < pf‘qu >in ’ ( 3 3)
and the cross section element is
do = / d*bdP(b)

d3p d3kZ d3k1¢ Por P N

= /d2b(2ﬂ')32fEf / 27T \/ﬁ/ b(kl kl)out < pf|kz >in (out< pf|kz >zn)
(23.24)

We then use the relations

out < pf|k’1 >in = ZM(Z — f)27T(5<Ef — El)

(out< pf|ki >m)* = —lM*(Z—>f)27T(5(Ef—EZ)
[ et EE — ema e - k)
: S(F; — k)
5(Ef - Ei>5(Ef - Ez) = 5<Ef - El);;—z
Ei
d’py dpsp} aQ [ dpsp? E;
SV ons(Ep—E) = dQ | ——t2n6(Ey — E) = — | — L5, — pi
/(277)32Ef mo(Ey =~ £ /(2%)32Ef Er=E) =55 | g, 00 =P
dQ
— s [ dorpsdtos —p) (23.25)
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where we have used 0(E; — E;) = 0(ki — k) /|2 | and 6(Ey — E;) = 8(ps —ps) /| 2- | Using the
wavefunctions peaked on the value p;, i.e. |¢( ki)|? = (2m)30%(k; — p;), and since k¥ = v; E;,

putting everything together, we finally have

do 1 1 ,
aQ ~ 1672 ;B /dpfpf5<pf — pi)M(pi = py)l (23.26)

where E; ~ m.
We now apply to the case of the electric field of a nucleus of charge +Ze, i.e. take

+Ze
An = 23.27
0 4y ( )
with Fourier transform p
2
0( ) |ﬂ2 ( )
inside the matrix element
iM = eu(py)y"u(pi)Au(Pr — Pi) (23.29)
In the nonrelativistic limit, as we saw (and summing over s', final state helicities),
|a(py)y* Z 12m(£7'¢%) 2610 = am?6"° (23.30)
giving
Z%e?
|IM? = e24m?| Ao(py — )|* = 624m?ﬁ (23.31)
Pf— Di

Since Ey = E; (energy conservation), we have |p¢| = |p;|, and if they have an angle 6 between
them, |py — pi| = 2p;sinf/2 ~ 2muv; sin6/2, see Fig.71.

P

Figure 71: The scattering angle.

Putting everything together, we find

do 1 mu; e*dmPZ?%e?
dQ 872 v;2m 16mtvf sin® 0/2
Z*a?
= 23.32
4m2v}sint 02 ( )
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which is the Rutherford formula, originally found by Rutherford with a classical calculation.

Important concepts to remember

e For distinguishable fermions, fermion-fermion scattering has only one diagram, the
exchange of the force particle, which can be scalar for Yukawa interaction, vector for
Coulomb interaction, tensor for gravitational interaction (etc.)

e In the nonrelativistic limit, the scalar exchange diagram gives rise to the Yukawa
potential. Since the potential is not directly measurable, we calculate it by matching
with the nonrelativistic quantum mechanical calculation of the Born approximation
for scattering in a given potential. The Yukawa potential is attractive.

e In the Coulomb case, due to the gy = —1 in the vector propagator, we have a repulsive
process for like charges (fermion-fermion scattering).

e For fermion-antifermion scattering, we find the opposite sign in the potential for
Coulomb, and the same sign in the potential for Yukawa.

e To derive the classical Rutherford formula for nonrelativistic scattering of an electron
(or charged particle in general) off a fixed nucleus, we treat the electromagnetic field
generated by the nucleus as a time-independent classical field, interacting with the
quantum field of the incoming electron.

Further reading: See chapters 4.7, 4.8 and exercises in [2].
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Exercises, Lecture 23

1) Consider a Yukawa interaction with 2 scalars, ¢, ¢o with masses my, my. Using the
quantum mechanical argument in the text, calculate the potential V(#). What happens for
my < my? How is the above result for V() consistent with the linear principle of quantum
mechanics (wave functions add, not probabilities)?

2) Integrate do/dS) for Rutherford scattering to find oy, (comment on the result). The
do /dQ) formula is the same as for classical scattering in a Coulomb potential (that’s how
Rutherford computed it). Yet we used a quantum field theory calculation. Argue how would
the various steps of the QFT calculation turn into steps of a classical calculation.
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24 Lecture 24. ete” — [[ unpolarized cross section

In the previous lecture we re-derived some formulas for classical, nonrelativistic processes
using the formalism of quantum field theory, in order to gain some confidence in the for-
malism. This lecture we turn to the first new calculation, for the ete™ — Il scattering at
first order (tree level). This will be a relativistic calculation, and also it is quantum field
theory, i.e. it has no classical or (nonrelativistic) quantum mechanics counterpart, since in
this process an electron and a positron annihilate, to create a par of lepton-antilepton, and
this is a purely quantum field theoretic process.

The leptons are e™, 4=, 7~ and their antiparticles, together with the corresponding neu-
trinos (v, v, v, and their antiparticles), but the neutrinos have no charge, so within QED
(interaction only via photons, coupling to charged particles) there is no process creating
neutrinos. The case when | = e™, of Bhabha scattering, is special, and there we have more
diagrams, but for [ = p~ or 7~ we have only one diagram: e~ (p)e™(p/) annihilate into a
photon, who then creates I(k)I(k'). For definiteness we will assume that we have a pu~.
Note that we need sufficient energy to create the lepton pair, so only for Eoy > 2my is
the process possible. Therefore, for Ecy = 2E.cm < 2m,,, we can create only ete™, for
2m, < Ecy < 2m, we can create ete” or utpu~, and for Ecy > 2m, we can create all,
ete ,utu, 7.

Figure 72: Feynman diagram for ete™ — p*pu~ scattering at tree level.

Using the Feynman rules for Fig.72, we can write the amplitude (in Feynman gauge)

/

M = 7 () (+er () (‘qg) @ (k) (+er ) ()

= =5 (W) (@ e (1)) (24.1)

q2

Note that the vector propagator is —ig,,/(¢* — i€), but in this tree level process ¢ is not
integrated, but rather ¢ = p + p', so ¢® # 0, therefore we can drop the ie.
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For the large brackets, since they are numbers, their complex conjugates (equal to the
adjoint for a number) give

(viy"u)* = ul (i) (i) v = ulin iyt = @iyt (24.2)

where we have used (i7°)" = i7" and (y*)7i7° = —i7°(y#). Therefore without the i, we have
(0yHu)* = —uvytv.
Then we can calculate |[M|? as

4
(@) (5@ 0)) || (o ke ) (77 e )
(24.3)

But in many experiments, we don’t keep track of spins (helicities), usually because it is
difficult to do so. Therefore, we must average over the initial spins (since we don’t know the
values of the initial spins), and sum over the final spins (since we measure the final particles
no matter what their spin is). We call the resulting probabilities the unpolarized scattering
cross section.

It is then obtained from

<% Z) (% Z) ZZW 5,8 = 1,1) Z M|? (24.4)

s s’ T spms

MJ* = ()

But in order to do the sums over spins, we use the results derived in lecture 14, that
Zuso‘ uj(p) = —ip” 5 + mdg; va J05(p) = —ip® 5 — mdg (24.5)

That means that
Z Tgy ) gu™ (D)5 (p) ()’ 07 (P) = (=i — me) (1) 5 (—ip + me)’5()°.
- Tr[(_ué me) M(_Z‘IS + me),.)/l/] (246)

Then similarly we obtain

S (@ ) ®)) (57 6w () | = Tl + )y =il = )] (247)

so that finally
1 Z IM* = = Te[(—ip — me)y" (= + me )y ] Te[(=if + my) v (—if —my)v] - (24.8)

To calculate this further, we need to use gamma matrix identities, therefore we stop here
and now write all possible gamma matrix identities which we will need here and later on.
Gamma matrix identities
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First, we remember our conventions for gamma matrices, with the representation

01 ; 0 of 1 0

We then see that at least in this representation, we have
Tr[y"] = Tr[4°] = 0 (24.10)

But this result is more general, since, using the fact that in general (v°)? = 1, and {y*,7°} =
0, we have

Tr[y"] = Te[(v°)**] = = Ty y"y°] = = Te[(7°)*4*] = — Te[y"] (24.11)

and therefore Tr[y*] = 0. Here we have used the anticommutation of 4% with v*, and then
the cyclicity of the trace, to put back the v° from the end of the trace, to the beginning.
Using the same cyclicity of the trace, we have

Telyy] = Tr [gw, vv}] _ g T[] = 4g (24.12)

We can also calculate that the trace of an odd number of gammas gives zero, by the same
argument as for the single gamma above:

Te[y! .y 2] = T[(y° )2yt nt] = (= 1) Tyl i)
= — Tr[(y°)2y#1 .. yHentt] = — Tr[y#.. yHent1] (24.13)

and therefore
Tr[yHt. 2+t =0 (24.14)

In general, the method for calculating the traces of products of gamma matrices is to expand
in the complete basis of 4 x 4 matrices,

Or = {1.9°,9",7"9°, 7"} (24.15)

since for O; # 1, we can check that Tr[O;] = 0. Here and always, a gamma matrix with more
than one index means that the indices are totally antisymmetrized, i.e. v = 1/2[y* ~"],
P = 1/6[y*y"yP — b5 terms], etc. Indeed, we have

1
Tr[y] = 5 Ty, 7)) = 49" =0 (24.16)
(the antisymmetric part of g"” is zero), and also by gamma matrix anticommutation,
Tr[y#~°] = — Tr[y°4"] (24.17)

therefore
Tr[y*4°] = 0 (24.18)
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We also have the relations

1
,y;w,y5 — __Eul/po,ypa
Y = =i s
7}“/'0’75 — _Z‘EHVPUf},U
NHVPT — MRy (24.19)

To prove this, it suffices it to show them for some particular indices. Consider the first
relation for y = 0, = 1. Note that for matrices gamma with several indices, the indices
must be different (the totally antisymmetric part is nonzero only if the indices are different).
But for different indices, the product of gamma matrices is already antisymmetrized, due to
the anticommutation property of the gamma matrices, v#~" = —y”~y*, if u # v. Therefore
we have e.g. 7°! = 799!, etc. On the left hand side (Ihs) of the first relation, we have
P = A0 (=) =~y (24.20)
(where we have used 7%y = —y!4% and (7°)? = —1, (7!)?, which follow from {y#,~+*} = 2¢*)
and on the right hand side (rhs), we have —i/2 x 2¢%123~53 = —iyyy3 = —iy2+3, therefore the
same result. (the factor of 2 is because we can have sum over (23) or (32)).
The second relation is proved choosing, e.g. = 0,v =1, p = 2, in which case on the lhs

we have 7992, and on the rhs we have

—ie" P (=717 = =P = 0P = 0y (24.21)
The third relation follows from multiplication with 7° and using (v°)?> = 1. The fourth
relation can be proven by choosing the only nonzero case, u = 0,v = 1,p = 2,0 = 3 (of
course, we can also have permutations of these), in which case the lhs is 7°v'y2+® and the

rhs is

i€ (=)' v*y? = 409"y (24.22)

To calculate the trace of a product of 4 gamma matrices, we decompose in the basis
Oy, which has Lorentz indices, times a corresponding constant Lorentz structure that gives
a total of 4 Lorentz indices. But in 4 dimensions the only possibilities are g"*, e***?  and
products of them. That means that there are no constant Lorentz tensors with odd number
of indices, and correspondingly in the product of 4 gamma matrices we cannot have y* and
v#v5 in the Oy decomposition, since it would need to be multiplied by a 3-index constant
Lorentz structure. We can only have 1, 5 or v*¥.

For 1 and 5 we can multiply with two possible Lorentz structures, e*”?? and g"” ¢’
and permutations. But we already know that v**?? which should certainly appear in the
product of gammas, can be written as 7€#*??~;, and therefore the g"”¢”?’s should multiply
the 1 term. Then finally we can write the general formula

VAT = a4 gy + 3™y + gty 4 s gt
+c6g"" V" 4 gV 4 csg" g7 + cogt’g" 4 cr09"7g"" (24.23)
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Since Tr[ys] = Tr[vy] = 0, we have

Te[y"y"v"77] = (csg"" 9”7 + c9g"* " + c109"7g"") Tr[1] = 4(csg™ 9" + 99"’ 9" + c109""g"")

(24.24)
To determine cg, cg, c19, we consider indices for which only one structure gives a nonzero
result. We can choose f = v = 1,p = 0 = 2. Then ¢; does not contribute, and also
co — c7, since they have symmetricxantisymmetric indices, unlike here, whereas cg, 1o do
not contribute due to the fact that p = ¢ # u = v. Then the lhs is ¥'v'9272 = +1, and the
rhs is +cg, meaning cg = 1. If we choose p = p = 1,v = 0 = 2 instead, in the same way,

we isolate cg. Then the lhs is v'9?y14? = —1, and the rhs is +cy, meaning ¢y = —1. If we

choose 1 = 0 = 1,v = p = 2, we isolate c;9. Then the lhs is y142y?4! = 41, and the rhs is

+c10, meaning c;g = +1. Therefore
Trly"y"y"y7] = 4(g" 9" — 9" 9" + 9"79"") (24.25)

This relation can be derived in another way as well, by commuting one of the gamma matrices
past all the other ones, and then using cyclicity of the trace at the end:

Tr[y#y"yP77] = Tr[(29"" — "")v"°] =
o = Tr[2g" 4P — 2gMP4Y 47 + 274" ~4°] — Tr[yH~"vP~7]
= Tr[2g"7*7 — 297777 + 29"77"°] = Te[y#4"1P7] (24.26)

which implies the same relation as above. We have calculated it via decomposition in Oy
since the method generalizes easily to other cases. In particular, now we can direcly use
it to calculate Tr[yHy"+Pv7v5], by multiplying (24.23) with 5. Then again ¢; — ¢; do not
contribute, since 7,75 < 7,, as we proved above, so it has zero trace. But now cg — ¢y are
multiplied by 75, so also have zero trace, and the only nonzero result in the trace comes from
c1, since it multiplies (7°)? = 1. Then

Tr[y"y" 777 ys] = dere™?” (24.27)

To calculate ¢y, we isolate indices that only contribute to ¢, namely p =0,v =1,p=2,0 =
3. Then the lhs of (24.23) is 4%v'92+3, and the rhs is ¢;e?'23(—i)y0v1y23 = —iciy0y1y23,
and therefore ¢; = 7, giving finally

Tr[y*y" Py 5] = 4ieP? (24.28)

We will also use contractions of € tensors, so we write the results for them here:

604375604375 = 4!6012360123 =-24
EOCBWNEQQW, == 3!556012360123 == —655
P 5o = 210107 — 018Y) M B 105 = —2(818Y — 5207) (24.29)

In the first relation we have 4! terms, for the permutations of 0123, in the second we have
1 # afy and also v # a7, which means that u = v, and for given u = v, a8y run over the
remaining 3 values, with 3! permutations. For the third relation, we have ur # o3, and also
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po # aff, meaning uv = po, or 686y — 040, , and for given pv, aff run over 2 values, giving
2! terms.
We also have
Tr[y*y”...] = Tr[CH*CrCy O ..C7Y = (=) Tx[(v") T ()T ..]
— (=) [Te[(-y"3)T] = (=1)" Te[.. 7" (24.30)
but since in any case for odd n the trace is zero, it means that the trace of many gammas is
equal to the trace of the gammas in the opposite order

Tr[y#~Y...] = Tr[..y "] (24.31)

Finally, we write the sums over ~*(...)y, with some other gammas in the middle. First,
since {y*,7"} = 2¢"”, it means that

Yy, =0l =4 (24.32)

and further, using this, we get

MYV

VY U= =+ 29" = =2y (24.33)

In turn, using this, we can calculate the trace with two gammas in the middle,
VAV AV Y = =AY+ 29" Y = 29097 + 29097 = 4g™P (24.34)
And finally, using this, we can calculate the trace with three gammas in the middle,
VA ANV = =V AV + 29" = =497 4 2=+ 2977) = 29790
(24.35)
Cross section for unpolarized scattering
We can now go back to the calculation of the cross section. Since the trace of three
gamma matrices gives zero, in the two traces in (24.8), only the traces of two and four

gamma matrices contribute.
We then have for the first trace

Te[(—if — me )V (—ip + me)V’] = —4p,ps (979" — 9”7 g™ + g 9"7) — mi4g"
= A[—pp” —p"p! — ¢"(=p - P +m?)] (24.36)
and similarly for the second trace

Tr[(—if +my )y (=il —mu) ) = =4k, k(9" 9" — g*7 g + g™ g"7) — 4mi g,
= d[—kyuky, — kok, — g (—k - K + m2)] (24.37)

But since m./m,, ~ 1/200, we neglect m. and only keep m,,.
Then we obtain for the unpolarized | M |?,

4
—Z:\MI2 —4p’“p + 0" =P[Rk, + Kok, 4 G (<K - K 4 m)]

spins
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- %[2@ k)P K+ 2p KW k) +2p - pl (k- K )
2k K (=p-p) + 4(=p - P) (kK - m))]
=l R )+ (R = it S

CM frame cross section

Since muons are created, we need to have 2E. > 2m,, ~ 400m,, therefore the electrons
are ultrarelativistic, and can be considered as massless. Therefore for the electron and
positron we have p = (E, Ez) and p' = (E, —FZ2). Since the u"u~ have the same mass,
E. = E,, but they are not necessarily ultrarelativistic, so k = (FE, E) and k' = (F, —E),
and |k| = /E? — m?, see Fig.73. We also define the angle 6 between the electrons and the

muons, i.e. k- 2 = |k| cos 6.

k=(E, k)

p=(E, E2)

k'=(E, —K)

Figure 73: The kinematics of center of mass scattering for eTe™ — putpu™.

Then also
¢ =p+p)=—4E=2p-p = p-p = 2F (24.39)

We also obtain

p-k:p’%’:—EQ—i—E@cose
p-k=p k=—E*— E|k|cosf (24.40)

Then substituting these formulas in |M|?, we get

1 8et
1 Z M| = @[EZ(E — |k|cos0)? + E*(E + |k|cos 0)* + 2E2mi]
spins 64
- ﬁ[EQ + k? cos® 0 +m)
m> m>
= ¢ {1 + Fg + (1 — E—Z) cos? 0] (24.41)
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The differential cross section is

do 1 |p1] 2
- M 24.42
(dQ)C 2EA2EB’UA—UB| 271' 24ECM4SpZns‘ ’ ( )
But 2EA = 2EB = 2F = EC’M7 and 7714 = ﬁA/EA = 2, and UB = ﬁB/EB = —2, SO

|lva —vg| = 2. Then

do k| 11 m? m;, m;,
il S Ll — 1= =2 1 2 (11— —£ ) cos?0
(dQ)C T 2EZ,,16m22E 4 2 M 4EgM T B ) o8

sp ins

In the ultrarelativistic limit &> m,,, it becomes

do ) o? )
— = (1 + cos” @) (24.44)
( dQ C M, ultrarel. 4E%M

The total cross section is found by integrating over the solid angle, d2 = 27sinfdf =
—2md(cos @), and using f_ll d(cosf) = 2 and f_ll d(cos ) cos® 0 = 2/3, we get

1
Otot = 27r/ d(cos@)j—g(cose)

-1

2 m2 4m 2
= 2yl §+——“
AR, E2 3 3E2

A o?
= ——— 1——1 — 24.45
E | *m] (24.45)

In the ultrarelativistic limit, £ > m,,, it becomes

At o

Ttot — ?% (24.46)

Important concepts to remember

e The ete™ — Il is quantum field theoretic, and for | = p, 7, we have only one Feynman
diagram.

e The complex conjugation changes (uyv) into vyu, meaning that the sum over spins in
| M|? generates sums over spins » . v,(p)v*(p), allowing us to convert all the u’s and
v’s into traces of gamma matrices.

e In calculations with gamma matrices, we use the Clifford algebra, anticommutations,
Lorentz invariant structures, the complet set Oy, etc.

e The total unpolarized e*e™ — Il cross section is finite, and given in the ultrarelativistic
limit and in the CM frame by 47/3a?/E2,,.

Further reading: See chapters 5.1 of [2] and 8.1 of [1].
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Exercises, Lecture 24

1) Consider Bhabha scattering, ete™ — eTe™. Write down the Feynman diagrams, and
find the expression for |[M|? in terms of u*(p)’s and v*(p)’s.

2) Consider the gamma matrices in 3 Euclidean dimensions, 7, satisfying the Clifford

algebra {747} = 26%. Calculate Tr[yy7], Tr[y*y/7*] and Tr[y*47y*4!]. You can use a
specific representation for 4% if you want (though it’s not needed).
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25 Lecture 25. ee~ — [l polarized cross section; cross-
ing symmetry

In this lecture we show how to calculate the same process as last lecture, but for given
spin, i.e. the polarized cross section. Then we will explore an important symmetry of QFT
processes called crossing symmetry and how it appears in the Mandelstam variables (which
we will introduce).

For simplicity we will work in the ultrarelativistic case m., m, — 0.

We have seen that in the Weyl representation for gamma matrices, we have

= ((1) _01) (25.1)

That means that P, = (14 ;)/2 projects a fermion v into its upper two components, called
Y, and Pg = (1 — 75)/2 projects the fermion unto its lower two components, called 9g, i.e.
Py =y, Pryp = Yr. Pr, Pr are projectors, i.e. Pf =Py, P}% = Pgr and P, Pr = PrP;, =0,
i.e. Prypp =0 and Pryr = 0.

Here v, and ¥ i have given helicities, i.e. eigenvalues of the projection of the spin onto
the direction of the momentum, i.e. h = S- p/|p] = £1/2. Therefore measuring a given spin,
or more precisely a given helicity, means considering only v, or ¢ g fermions.

Note that if 1y, = Pptp = (14 75)/2¢, then (since 41 = 5 and 5 anticommutes with the
other gammas)

. T+4 1+ \' L+ ol= _sl=% o
B =g = (50 ) 0 = i =g T G T ) (252

so for instance uy = (u)g.

Consider a Lorentz invariant object like the one we calculated before, v(p")y*u(p). We
want to calculate o(p')* y#u®(p) with s, s’ corresponding to ur and (7);, = . Since Prup =
ugr, we can introduce for free a Pr in front of ug. Then, also on the bar side we have a
nonzero element, since

o(p' )" 1 _2%“(19) = @(p’)ﬂv“u(p) - B0 (0 u(p) = B )y ulp) (25.3)

But since Pruy = 0, and also (¢)gPr = 0, we can for free add the terms with the other
spins (uy, and/or (0)g), since they give zero when we have Pg inside, and therefore calculate
the sum over spins for the eTe™ factor in |M?| (note that now it is a sum over spins, not an
average, because now we do know the initial spin, we don’t average over it, we just choose
to add contributions of spins which give zero in the sum)

> o) (1 _2%) up)P =Y o' )" (1 _275> u(p)a(p)y” (1 _275> u(p)  (25.4)

spins spins

224



Using the sums over spins, > | u®(p)u®(p) = —ip+m ~ —ip and > v°(p)v®(p) = —ip —m =~
—ip, we obtain

—Tr {25/7“ (%) 2l (1 _275)1 = —Tr {75’7‘%”%} (25.5)

where we have commuted the first Pr past two gammas, thus giving Pg again, and then used
P% = Pr. Now we have two terms, one is the same as in the unpolarized cross section, with
4 gammas inside the trace, and a new one that has an extra 75 (the trace with 4 gammas
and a 5 was calculated last lecture also). Substituting the result of the traces, we get

4 1 o
—g PP = g D] G dippe e = 2" p” M = g p = i€ ppo] (25.6)

Similarly, we can calculate the sum over spins in the u*p~ factor in [M]?, which gives

> la(k)y, (1 _2%) (k)P = —Tx [M (1 —275> ¥ (%)}

spins

= =2 [kukl, + koK), — gk - K — ik K e (25.7)

Then we get for [M|* (where besides the two factors calculated above we have the factor
e*/q)

(Megel — ppup)l* = 4q—i4[2(p R K+ 200 KW K) = Y ot po kK]
= 4q—i4[2(p k)P K) 420 KW - F) +2((0 - K)(p - K = (- F)(' - K))]
o ol 25.5)
where we used €7Veq,3, = —2(0£05 — 0507). Using also (from last lecture) ¢* = —4E? and

p-k'=p -k=—E(E+k-cosf), and in the ultrarelativistic limit £ = k, we obtain
IM(egper — ppui))? = e*(1 + cos 8)? (25.9)

Then, since in the center of mass frame, in the ultrarelativistic limit we have (as we saw
before)
do |IM|?

—=loMmiso = 5 (25.10)
dQ 77 64m2E2,,
we finally obtain
do (epes — upnl)l o (14 cosf)? (25.11)
CM,m;—0 — .
dQ R T 4EZy,

We can similartly calculate the cross sections for other polarizations. For the process
epel — prp}, for instance, only one of the two factors has 5 — —75, meaning that there
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is a minus sign in front of the e”#¥ in the first term, therefore changing the relative sign in
the next to last line in (25.8). The details are left as an exercise, but it follows that we have

do, _ | R a’ 2
d_Q(eReL — ppbg)lemm—o = F(l — cos 0) (25.12)
CM
It is then clear that the other two nonzero processes give
do , _ _ a?
E(‘ELQE — MR/LI)’CM,WLZ'%O = %(1 — CoS «9)2
do , _ _ a?
E(%e; — ML/LJ}%)’CM,mZ'%O = F(l -+ cos 9)2 (2513)
M

All the other helicity combinations give zero by the fact that PpPr = PgrPp = 0.
There is another way of calculating the polarized cross section that we will just sketch,
but not follow through. Namely, we can use explicit forms for the spinors:

/ 3 (1=d® — 3 ( La? S
u(p) _ (\/T‘zf) _ E+p 2 +VE-p 2 3 Ej>oo ok (%(1 +p‘0)f
/_p'O-é- /E+p3 # + E_p3 —20' 5 p-o

—
)
Iy

and similarly X
v(p) = ( VP ot ) Fope 2E( 21 +p-0)¢ ) (25.15)
N 11—

One can then use the explicit form of the gamma matrices in the Weyl representation together
with the above formulae to compute the |M|?’s. We will not do it here, but the details can
be found for instance in Peskin and Schroeder.

Crossing symmetry

Feynman diagrams contain more information than the specific processes we analyze, since
by simply rotating the diagrams (considering time running in a different direction) we obtain
a new process, related to the old one in a simple way, by a transformation called crossing.
We will find that we can transform the momenta as well in order to obtain the same value for
the amplitude M, obtaining crossing symmetry. Of course, if we apply the transformation
of momenta on the functional form of a given amplitude, in general we will not obtain a
symmetry. We will discuss this more later.

In the case of the ete™ — ptu™ process, the ”crossed diagram” (”crossed process”),
obtained by a 90° rotation, or by time running horizontally instead of vertically in the
diagram, is e~ (p1)u~ (p2) — e~ (P}~ (ph), as in Fig.74, giving

M = () (Feryulin) — 2 a(r) (+er Julps) = —if]—za@;>vﬂu<p1>a<p;mu<p2> (25.16)

Then the unpolarized |M|? gives

12 M = Tl + o) i+ moy Tl =it m i) (25,07

spins
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pl p2
e- JA

Figure 74: Feynman diagram for e”u~ — e~ u~ scattering at tree level.

Here ¢ = p; — p}. This is the same result as for ete”™ — uTu~, except for renaming the
momenta, and some signs. More precisely, when we change antiparticles to particles, we
change v*(p)’s to u*(p)’s, and since > u®(p)u®(p) = —ip+m, but > v°(p)v°(p) = —ip—m,
and since we do this for two terms, changing —ip + m — —ip —m = —(ip + m). Thus we
finally see that the rules for replacing the original diagram with the crossed diagram are

p—p; p——p; k—py K — —po (25.18)

Thus we obtain

1 _ _ 8e? / / / / /
1 S IM(ep = e )|2:?[(pl-pz)(pl-pz)ﬂpl-pz)(pl-szmipl-pl] (25.19)

p1l'=(k, k)

o
p2=(E, —-k2)

Figure 75: Kinematics of e”u~ — e~ u~ scattering in the center of mass frame.

In this process, in the center of mass frame, we have for the initial electron p; = (k, k2),
and for the initial muon we have opposite initial momentum (but higher energy), ps =
(E,—kz), with E* = k* + m?. For the final electron we have p} = (F, k) and for the final
muon ph) = (FE, —IZ), see Fig.75. The angle between the initial and final directions being @,
we have k - 2 = kcosf. We also have the center of mass energy Eoy = E + k and for the
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various invariants

p1-p2=py Py =—k(E+k)

pyopa=p1-py=—k(E + kcosf)

p1- Py = —k*(1 — cosf)

¢ = —2p; -} = 2k*(1 — cosh) (25.20)

Then the sum over spins in the center of mass frame is

1 2 2¢* 2 2 2

Z Z |M‘ = m[(E + k) + (E + k cos (9) - mu(l — COS 9)] (2521)
spins

and the differential cross section is

d_O' _ |M|2 B a2
dQcoyv  64m2E2,,  2k%2(1 —cos0)2(E + k)

S[(E 4 k)? + (E + kcos0)? —m?(1 — cos 0)]

(25.22)
In the ultrarelativistic limit, £ > m,,, we have
do a? 60 1
- - 4+ (1 0)? — 25.23
dQem  2E%,,(1 —0030)2[ (L4 cos)] o 64 ( )

The fact that do/dQ) — 1/6* as § — 0 means that there is a strong divergence at § = 0 (since
[dblo ~ [df/6* — oo in the massless limit m — 0; remember that the exchanged photon
is massless, as is the electron in the ultrarelativistic limit). This is indicative of something
that will be dealt with in the second semester, infrared (IR) divergences for scattering of
massless particles.

To complete this portion, we now can define the general crossed diagram by generalizing
the case eTe™ — ptp™ into e~ — e~ ™, and the corresponding transformation that leaves
the amplitude invariant as

M(p(p) +... = ) =M(.. = ...+ ¢(k)) (25.24)

Here ¢ is a particle, and ¢ is the corresponding antiparticle, i.e. we change particle to
antiparticle, exchanging in and out, and the momenta as k = —p, see Fig.76. This equality
defines crossing symmetry. Note that since k¥ = —p, we can’t have k° > 0 and p° > 0
simultaneously, which means that when a particle is real, the crossed particle is virtual, and
viceversa. Thus really, crossing symmetry also corresponds to an analytical continuation in
energy.

Mandelstam variables

Crossing symmetry is easier to describe in Mandelstam variables, so we will define them
better now.

For a 2 — 2 scattering process, with incoming momenta p,p’ and outgoing momenta
k,K', as in Fig.77, we define the Mandelstam variables s, t,u by

S = —pp)t =~k K) = By
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Figure 76: Crossing symmetry (includes a charge conjugation).

k\ K

Figure 77: Mandelstam variables.

t = —(k—p°=—(K-p)
o= (K —pP=—(k— ) (25.25)

Note that s = E%,,. Also, in the more interesting case that the particles with momenta p
and k are the same one (elastic scattering), Ey = E,, meaning that ¢ = —(l; — p)? is minus
the invariant momentum transfer squared (l;: —p= —(lg’ — p') is the momentum transferred
between the scattering particles).

Now consider again the process ete™ — p*p~. Then

s = _(p+p/)2 — _q2
t = —(k—pP=2p- k=2 F
u = —(p—K)Y¥=2p-K¥ =2k (25.26)

and the sum over spins is
1 , et | [t ? u\ 2
- = — (= — 25.27
- () ¢ ()] o
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Figure 78: 90° rotation followed by mirror image of a), giving crossed diagram b).

Consider the 90° rotation of e~ (p)e™(p/) — p™(k)u= (k') (followed by a mirror image
exchanging left with right that doesn’t change physics), as in Fig.78. By the above crossing
rules, it gives for e =~ — e pu~, e”(p)u (—=k) — e (—p)p~ (K'), the Mandelstam variables
for the process are

s = —(p—k)?=t
t = —(p—(-p))=3
u = —(p—K)Y=a (25.28)

where the quantities with bar are defined using the original (uncrossed) diagram. Therefore
if we have a functional form M(s,t) for the original amplitude, the form of the amplitude
for the crossed process is obtained by exchanging s with ¢ and keeping u unchanged. This
in general will not give the same result. In particular, in our case we obtain

1 ,  8et [/s\2  su\?2

1= (5) 4 ()] (25.29)
spins

which is not the same as for the original process. If nevertheless we obtain the same formula,

we say the amplitude is crossing symmetric.

The Mandelstam variables are not independent. In fact, a simple counting argument tells
us there are only 2 independent variables. There are 4 momenta, and for each 3 independent
components (since £? = p* +m?), for a total of 12 components. But there are 4 momentum
conservation conditions, leaving 8 components. But there are Lorentz transformations A*,
that we can make on the reference frame, corresponding to an antisymmetric 4 x 4 matrix
(u,v =1,...,4), or equivalently 3 rotations (around the 3 axis of coordinates) and 3 Lorentz
boosts (speed of the frame in 3 directions), for a total of 6 frame-dependent components,
leaving only 2 Lorentz invariants. In fact, we can write a simple relation between s, ¢, u

stttu = —(p+p)° —(k=p)?— (K —p)?
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— _3p2_p12_k2_k/2_2pp/+2pk+2pk/
— 2p_<k+k/_p/)_3p2_p/2_k2_k/2:_pZ_pIQ_k2_k/2
4

= > m} (25.30)
=1

R TR,

p t—channel

—channel
s—channel channe

Figure 79: In 2 to 2 scattering, we can have the s-channel, the t-channel and the u-channel,
depending on whether the physical pole of the S-matrix is in s,¢ or u, corresponding to
effective Feynman diagrams shown here.

In the case of 2 — 2 scattering and a single virtual particle being exchanged between
the two, we talk of ”channels”. Consider a particle-antiparticle pair of momenta p, p’ annihi-
lating, and creating a particle ¢ which then creates a different particle-antiparticle pair.
Since then the momentum on ¢ is p + p/, the diagram has a propagator for ¢ with a
1/[(p+ p')> + m3] = —1/[s — m}] factor, meaning

1
M x 5 (25.31)

s—m¢

i.e. it has a pole in s. We thus refer to this as the ”s-channel”, see Fig.79 for details. Consider
now the crossed diagram with the particle with momentum p going into the particle with
momentum k, and the ¢ particle being exchanged with the other particle. In this case, the
propagator for ¢ has a factor of 1/[(p — k)* +m3] = —1/[t —m}], so now

1
2

M o (25.32)

i.e. it has a pole in t. We refer to this as the "t-channel”. Finally, consider a different crossing,
where the particle of momentum p goes into the particle with momentum £’ instead, and ¢
exchanged with the other particle. Then the ¢ propagator gives a factor of 1/[(p—k')*+m7] =
—1/[u —m7], and therefore 1

2
u m¢

M x

(25.33)
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i.e. it has a pole in u. We call this the "u-channel”.

We now define a relativistically invariant differential cross section for elastic scattering
(the same particles are in the initial and final states). We have defined do/dS) before, even a
relativistically invariant formula that becomes the usual do/df2 in the center of mass frame.
But now we can define a formula only in terms of the independent relativistic invariants s
and t. We can write a do/dt. Consider that t = —(p — p’)? and since p = (E, pcys) and
k= (F, IZCM) (if p and k correspond to the same particle, it has the same initial and final

energy),

t= —(ﬁ%M - ECM)Q = —(p%M + k‘éM — 2kcmpon cos ) (25.34)

That means that 5
= 2|k 25.35
Tl |kl P ( )

Consider then that the solid angle element defined by a fixed 6 would be d¢d(cos ), and
integrating over the angle ¢ at fixed # between the initial and final momenta, we have
27td(cos @), therefore

dt dt 1
A ——— 25.
dQ  2md(cosb) 7T| cmllpou| (25.36)

We already defined the relativistically invariant formula

do 1 ECM 2
BTe) = M 25.37
(dQ)Tel.im}. \/(pl : p2>2 - m%m2 647T2EC’M| | ( )

2

where p; — p, po — p/, and since

s=—(p1+p2)’=—pl —p5—2p1-po=mi+m5—2p-ps
= (pl 'P2)2 - m?m% = Z(S — m% — m%) — m%mg (25.38)

On the other hand, in the center of mass frame,

(p1-p2)® —mimy = ({:31E2 +poum)? —mi — 77;% = 2219401\4 tpéM(m% +m3) + 2E1 Eapy
= pCM(2pC’M + 2E11E’2 + mi + mg) =DPcmS (2539)

where we have used s = —(p; + p2)? = m3 +m3 — 2p; - pp = m? + m3 + 2E FEy + 2p%,,-
Then we have

do T < do ) B 1 MP
dt |kCM‘ |pCM’ ds2 rel.inv. 647T|pCM‘\/§\/(p1 : p2>2 - m%m%
1 2
= 25.40
647[(p1 - p2)? — mims3] M (25.40)
We can write for the total cross section
d

Tiot = /dtd—j(si) = 010t(5) (25.41)
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Note that t is the momentum transfer, and as such it can in principle be anything, though of
course we expect that for very large ¢ (in which case at least one of the outgoing 3-momenta,
and therefore also its energy, will be very large) the amplitude for this process would be very
small or zero.

In the case of equal masses, m; = my = m, (25.38) gives s(s — 4m?)/4 and therefore

finally

do 1
— = t)|? 25.42
dt 16%8(3—4m2)|M(S’ ) (2542)

Important concepts to remember

e In order to calculate polarized cross section, i.e. for given helicities, we can introduce
projectors onto helicities Py, Pr for free, since P = v, Priyr = ¥r, and then sum
over spins since the other spins have zero contributions, because of Priyr = Pri = 0.

e The crossed diagrams are diagrams were we rotate the direction of time, and reinterpret
the diagram by changing particles into antiparticles.

e By changing the particle momenta into minus antiparticle momenta when crossing, we
obtain the same value for the amplitude, hence crossing symmetry means M(op(p) +
=) =M= p(k)), with k= —p.

o [f we keep the functional form of the amplitude fixed, crossing symmetry corresponds
in Mandelstam variables to exchanging s with ¢ and keeping u fixed. If we obtain the
same amplitude after the exchange, we say that the amplitude is crossing symmetric.

e In the 2 — 2 scattering, there are only two independent Lorentz invariants, s and t.

We have s+t +u =3+ m?

i=1""""

e In the diagrams with only an intermediate particle ¢, we talk of s-channel, t-channel
and u-channel for the diagrams which contain poles in s, t and u respectively, due to
the ¢ propagator having s,t,u as —p?.

e In 2 — 2 scattering, we can define the relativistic invariant differential cross section
do /dt(s,t), which integrates to oy ($).

Further reading: See chapters 5.2, 5.4 in [2] and 8.1 in [1].
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Exercises, Lecture 25

1) Check that

do . _ . -+ o’ 2
E(GLQR — MRML) = F(l — COSH) (2543)
CM

as in the text (check all the details).

2) Consider the amplitude

[(—a(s)I(=a(t))
M(s,t) =
0= T a(s) ~ att)
(Veneziano), where a(x) = a + bx (a,b > 0). Show that it is crossing symmetric. Write

it as an (infinite) sum of s-channel contributions (processes), and equivalently as a sum of
t-channel contributions (processes).

(25.44)
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26 Lecture 26. (Unpolarized) Compton scattering

In this lecture we will study the most (calculationally) complicated process so far, the last
example of applications of the quantum field theory formalism to QED, namely Compton
scattering, e”v — e~ . After that, in the last 3 lectures, we will preview the treatment of
divergences in the next semester, by showing what are the divergences and how we regularize.
Also, in this lecture, we will have a new ingredient compared with the previous lectures, the
sum over photon polarizations. It is also the first example we calculate when we have a sum
of diagrams. The scattering we will calculate is the unpolarized one, when we can’t measure
the spin of the particles.

We have an electron of momentum p scattering with a photon of momentum k, resulting
in a final electron of momentum p’ and a final photon of momentum &’. There are 2 possible
Feynman diagrams, with the photon being absorbed by the electron line before the final
photon is emitted from the electron line (or we can write it as the intermediate electron line
being vertical in the diagrams), or first the final photon is emitted, and then the incoming
photon is absorbed (or we can write it as the intermediate electron line being horizontal
in diagram), see Fig.80. In the first diagram the intermediate electron line has momentum
p + k, in the second one it has momentum p — &’.

A P A
K
N /'\rr& K
P P
\< + H
Figure 80: Feynman diagrams for Compton scattering, shown in two ways: above as scat-
terings off an electron line, and below as s-channel and t-channel diagrams.

kA

Using the Feynman rules, we can write the expression for the amplitude as (note that
the two fermion lines are identical, so there is no relative minus sign between the diagrams)

P+ K+im

iM = u(p’)(+ev“)e;(k’)(—)m

(+ev")eu (k)u(p)
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p—KF +im

1) e e (R ) P s (el
= —62€;(k/)6y(k)ﬂ(p,) ,yﬂ(gjkk):—jnggy 71}((5__5,;;_?:327“ u(p) (26.1)

But note that (p+k)2+m? = p* +k?+2p-k+m? = 2p-k (since k* = 0 for the external photon,
and p?+m? = 0 for the external electron), and similarly (p—k’)?+m? = p?>+k?—2p-k'+m? =
—2p- K.

We now also use the fact that u(p) and v(p) satisfy the Dirac equation, i.e. (p—im)u(p) =
0 and (p 4+ im)v(p) = 0. Then we have

(P+im)y"u(p) = (=7"P+29" pu+imy")u(p) = 2p”u(p) — 7" (p—im)u(p) = 2p"u(p) (26.2)

where we have used y#+¥ = —+Y~* 4 2g*” and the Dirac equation above. Substituting this
formula in the square bracket in M, we find

VA 2t Y+ 29
E + )

. o 2 % _
M= —e €N<k’>ey(k})u(p’) ok —op I (263)
As we saw last lecture,
(ay"'a)" = —uy'u (26.4)

due to the fact that for a number, complex conjugation is the same as adjoint, and then we
can write the transposed matrices in the opposite order, and use (7#)7i7? = —iy%y# (where
@ = u'iyY). Here u, @ can be either u or v. Then we can generalize this to

(T A a)* = (=) iy A (26.5)
We then find
o e [VEY 29T =AM 42970
—iM* = +e%e,(K)e (k)u(p) [ ok + “op W u(p') (26.6)

Photon polarization sums
We note that if we sum over polarizations, in [M|* we have 3=, € (k)e, (k). We then have
the theorem that in |M|? such sums over polarizations can be done with the replacement

S e k)en (k) = g (26.7)

pol.
More precisely, if
iM = e, (k)M (k) (26.8)
then
S MM =" e (k)e, (k)M (k)M (k) = g M (k)M (k) (26.9)

pol. pol.

Indeed, Ward identities imply that k,M#(k) = 0. Indeed, we have seen from the Ward-
Takahashi identities, that we have the same for the 1PI functions, k*I1,,, (k) = 0, k"L, ., =
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0. The S-matrix corresponds to a connected, amputated n-point function, contracted with
external lines for the states, e.g. for the photons with €,(k). As it is reasonable to assume
that the connected and amputated n-point functions have the same property, we should have
k,M" = 0. Another approximate way to see this is that M*" is the Fourier transform of an
electromagnetic current in between some initial and final state,

MH (k) = / dze™® < fli*(x)]i > (26.10)

where j# = 1)y*1). The reason is that external photons are created by the interaction term
ef d*zj"A,. We can check this fact for our amplitude, where each half of a diagram (initial,
and final halfs) have this property.

Then, consider an on-shell photon momentum (k% = 0), for instance k* = (k,0,0, k)
(moving in the 3 direction). The two physical polarizations are then transverse to the
Tnom.entum, and of unit norm, i.e. e’(‘l) =(0,1,0,0) and eé) =(0,0,1,0). Then k,M"(k) =0
1S written as

—kMO(k) + kM3 () = 0 = M?(k) = M°(k) (26.11)

Thus finally the sum over photon polarizations gives

Y ame(R)MI M (k) = |MP+ M) = = | MO + M + | M + | MP)°
pol.

= G M) M (k) (26.12)

q.e.d.
We now go back to the Compton scattering calculation, and find for the unpolarized
|M 2, (doing also the sum over electron spins in the usual manner)

1 2 et : VY A 29 T 4 29
- = vo T —upf
P MP = e T i [ R S
(—ip+m) VRV + 207 A ET + 29
2p - k —2p - K

64

_ I N I1 n I11 n A%
A @pk? (2p-B)2p-K)  (2p-K)(2p- k)  (2p-K)
But we note that I = I11, and that I(k = —k") = IV, so we only need to calculate I and

II.
We have

}(26.13)

I ="Tr[(—=ip +m)(Y" kv + 29"p")(—ipp + m) (kv + 27.00)] (26.14)

and we can split it into 8 nonzero traces. Indeed, there are 2* = 16 terms, but as we already
saw, only the trace of an even number of gammas is nonzero, so half of the terms are zero.
We calculate each of the 8 traces separately.

First, the longest trace is

L= (=) TPy Ky Py k] = Tely" k(=20 K] = —4 Te[p k]
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— AT R+ 2 k)] = —Sp- kTP = =320 k) k) (26.15)

Here we have used the fact that 77,7, = —2v,, thus 7/py* = —2p, that the trace is
cyclically symmetric, that y#4* = —~¥y* + 2¢g*, thus pf = —Kp+2p -k, and f§f = k* =0
(the photon is massless), and finally Tr[y#~"] = 4¢g"*, thus Tr[p'}] = 4p" - k.

Similarly,

L = (=i Te[fy"f2p" v pv] = =2 Te[y iy B(—m?)] = —dm® Te[f'}] = —16m*p’ - k

I = (=i Te[y 20" vl = 2 Ty (—m®)k] = —4m* Te[p'}] = —16m2p k

I = (=0)*(2p,2p") Tr[f'y" ] = +4m® Te[p(—2p)] = —32m’p -/ (26.16)
Here we have used also p? = —m? for the external electron, besides the others, already used.

These are all the terms with the (—ip/) and (—ip) factors. There are also terms with (—ip’)m
and with m(—ip), but these are zero, since they have an odd number of gammas in the trace.
Therefore we only have the 4 terms with m? left, which give

Is = m?Te[y" By "y fy) = 4m? Te[y"y, fH] = 0

Ie = 2m> Te[y"kp v, 7,.) = 8m® Te[fp] = 32m*k - p

I; 2m? Tr[y"ply,] = 8m® Tr[pk] = 32m°p - k

Iy = 4m*p’p, Trjy*y,] = —64m* (26.17)

Then for the term I we have

8
I Z = —32(p-k)(p - k) — 32m%* - k — 32m?p - p’ + 64m?p - k — 64m*
=1

= =32((p- k)@ k) +m*p -k +m’p-p —2m°p -k + 2m"] (26.18)
Similarly, we find (the details are left as an exercise, similarly to the above I term)

IT=1I1 = —16[-2k-Kp-p'+2k-pp'-p+m?* -k =2k -pp-p —m* -k +m?p-p/
—m?k - k' +2m*p -k —2m*p - k' — m? (26.19)

We now translate into Mandelstam variables. We have

s = —(p+k)yP=-—p" -k -2p-k=m>-2p-k
— _(p/+k/2:_p/2_k/2_2p/.k/:m2_2p/.k/
t = —(p=p)P=-p=p*+2p-p =2m" +2p-p
= —(k—K)Y?=—-kK—k*+2k- K =2k - ¥
u = —(k'—p)gz—k/Q—pQ—f—Zk'-p:mQ—i—Qk/-p
= —(k—p) =k —p?4+2k-p=m?+2k-p/ (26.20)

which allow us to write all the inner products of external momenta in terms of s,t,u. We

have also to remember that )

sHi+u=> m;=2m’ (26.21)

i=1
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As well, to calculate IV we need to replace k <> —k’, which we easily see to imply exchanging
S 4> u.

We then find
2 anr a2 2 f— om2 2 _
I — _39 _m2 su 2m o2t 2m 2 2m o™ TS g
= —32_—ﬁ—l—m2 §u+£—i—f —§m4
B 4 472 4) 4
[ su m? mt
= 3| -2 -
3 _ YE 4(s—|—u)+ 4}
!
= —16 —E(s—mz)(u—mQ)+m2(3—m2)+2m4] (26.22)

where in the next to last line we used (s + ¢ + u)/2 = m?.
Then we immediately find the expression for IV, by just switching u < s,

1
IV = —16 [—5(5 —m?)(u —m?) +m?*(u —m?) + 2m4] (26.23)
Similarly, after a similar algebra left as an exercise, we find
2 2
IT=1I1=16 {m?(s —m?) + m?(u —m?) + 2m4] (26.24)
Finally then, we have
1 et 16 1
1 > OIMP = T {m {_5@ —m?)(u—m?) +m(s —m?) + 2m4}
spins
16 1 2 2 2 2 4
—|—m —é(s—m Y(u—m*) +m*(u —m*) 4+ 2m
= (s— “(u— 2
+(s—m2)(u—m2) { 5 (s —m?) + 5 (u—m?)+2m
s —m? u — m?

= 4¢t

“2(u—m?) 2(s —m?)

2m, 2m> L1 1\’
+ 5 T 5 T 2m 5 T 2
u—m?  s—m u—m?  s—m
The relativistically invariant differential cross section is

do 1 1 9
— = — E 26.26
dt  647[(p1 - p2)? — mim3l4 M| ( )

(26.25)

spins

But in our case, with p; = p, ps = k, we have

(p1 - p2)? — mims = <S_m )2—0:M (26.27)



giving
4

do e 1 9
dt 4W(s—m2)QZZ‘M|

spins

B Arer® s —m? uw—m?
(s —m2)2 2(u —m?)  2(s —m?)
2m?> 2m?> 1 1\
" m 2+ m 2+2m4( 2+ 2)} (2628)
uU—m s—m uU—m s—m

As we see, this formula is not that simple.
We can also analyze this formula in the lab frame, obtaining the spin-averaged Klein-

Nishina formula
do m? (VN[ w
deosh w2 \w) |wTw Y (26.29)

where w and w’ are the angular frequencies of the incoming and outgoing photons in the lab
frame (where the electron target is fixed), related to each other by

w’ 1

Z = 26.
w 1+ 2(1—cost) (26.30)

We will not prove the Klein-Nishina formula here.
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Important concepts to remember

e For sums over photon polarizations, if iM = € (k)M*(k), we replace >_ €/, (k)e, (k)
by g in M2

e When we have fermion propagators in a Feynman diagrams, we can use the fact that
the u(p) and v(p)’s satisfy the Dirac equation, (p —im)u(p) = 0 and (p+im)v(p) = 0.

Further reading: See chapters 5.5 in [2] and 8.2 in [1].
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Exercises, Lecture 26

1) Show that
Tr [(—gﬁ' +m) (V“MV;* 29Mp) (—ip + m) (Y H A — 29"p")]

— 16 [%(s —m?) + m?(u —m?) + 2m4} (26.31)

2) Using the formulas in the text, calculate the total relativistically invariant cross section,
Otot (S) .
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27 Lecture 27. One-loop determinants, vacuum energy
and zeta function regularization

We now start discussing infinities that appear in quantum field theory, with the simplest
example, that we already saw a bit before, namely the infinite zero point energy.

For a harmonic oscillator, the vacuum has a ”zero-point energy” (vacuum energy) Ey =
hw/2, and we have seen that analogously, for a free bosonic field, for instance for a real scalar
field, we have an sum over all the harmonic oscillator modes of the field, i.e. (in D —1 space
dimensions)

dPk hw _ hw;:
By = /WT’“(%)D '6(0) = Eg =) _ T’f = 00 (27.1)

where [ dP~1k/(2m)P~t = 1/V Yp and 6(5— k) — V.

In the free theory, we have removed this infinity using normal ordering. But the issue
remains, is this something physical, that has to do with quantum field theory, or just a pure
artifact of the formalism? The answer is that it does have in fact a physical significance. Not
the infinite result of course, but we can measure changes in it due to changes in geometry.
This is known as the Casimir effect, and has already been experimentally observed, meaning
the existence of the zero-point energy has been experimentally confirmed.

d

Figure 81: Parallel plates at a distance d, inside a box of length L.

Since the result is not only formally infinite (an infinite sum), but also continuous for
a system of infinite size, we will consider a space that has a finite size (length) L, see
Fig.81 and we will take L — oo at the end of the calculation. Also, in order to consider the
geometry dependence, consider two parallel perfectly conducting plates situated at a distance
d. Strictly speaking, this would be for the physical case of fluctuation of the electromagnetic
field, the only long range field other than gravity. The conducting plates would impose
constant potential on them, i.e. Ay = V =const., thus more generally, Dirichlet boundary
conditions for the fluctuating field A,. In our simple case then, consider a scalar field with
Dirichlet boundary conditions at the plates, such that the eigenmodes between the plates

have n

One of the plates can be considered to be a boundary of the system without loss of generality;,
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so the system is separated into d and L — d. (We can consider the more general case where
there is space on both sides, but it will not change the final result).

If the y and z directions are infinite, then the energy per unit area (area of x, y directions)
of fluctuations between the plates is given by

E h dk,dk, ™\ 2 ) )
2_2;/ o \/(d) + 2 4 A2 (27.3)

and we can do this calculation, related to the real case (experimentally measured), just that
it will be more involved. It is simpler to work directly with a system in 141 dimensions,
meaning there is no ky, k..

The total vacuum energy of the system is the energy of fluctuations between the plates
(boundary conditions) at distance d and the energy outside the plates. If the space is
considered to be periodic, the boundary at x = L is the same (after the equivalence) as the
first plate at « = 0, and the other boundary of the system is at x = d (the second plate), just
that now the space in between the plates is the "outside” one, of length L — d. Therefore
the energy is

E = f(d)+ f(L —d) (27.4)
where o
f(d) = Z—Zzn (27.5)

As we already noted, f(d) is infinite, but let us consider a regularization. This is so, since
at n — 0o, modes have infinite energy, so they clearly need to be suppressed. If for nothing
else, when the energy reaches the Planck energy, we expect that the spacetime will start
getting curved, so this naive notion of perturbation modes in flat space cannot be a good
approximation anymore. In any case, it is physically clear that the contribution of modes
of infinite energy should be suppressed. We consider the regulator e~ i.e. the regulated
function is

f/d —awn, —a 10 —aT\"
B o> = S e - LS ()

n>1 n>1 n>1
10 1 s e %a
_ _ Y N _ 27.6
20a1 —e % 2d(1—e%a)? ( )
Now taking a — 0, we obtain
f(d d
UGN GEN (27.7)

h ~ 2ma?  24d

Adding now the contributions of the two pieces (inside and outside the plates) to the Casimir
effect, we obtain

Fo= f(d)+ f(L—d) = 27fa2 — 5+ 0 (% a2) (27.8)
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and now the infinite term is constant (d-independent), but there is a finite d-dependent term.
In other words, now by varying the geometry, i.e. by varying d, we obtain a force on the

plates,

ok T
F=9d = T

We now consider a generalization of this case to an interacting quantum field theory for
a scalar ¢ with potential U(¢), with minimum at ¢ = ¢y and expand around it. We keep
in the expansion of the action and the associated potential energy only the constant and
quadratic terms (since the linear term is zero by the equations of motion). The potential
energy of the system is then

+ .. (27.9)

Viel = Vig + [ &3 {&b(f, )

B v (%) ‘MJ 5o (7, t) + } (27.10)

We then need to find the eigenvalues (and eigenfunctions) of the operator in square brackets,

namely
- d*U
2 - 2 (=
(—V + i - ) ni(%) = win; () (27.11)
=@0
The eigenfunctions are orthonormal
[ o @ni@ =, 27.12)

We can then expand the fluctuation in the eigenfunctions

0o(Z 1) = ci(t)mi() (27.13)

7

Thus we obtain the total energy
1 .
B = [dueg@@ors [avi
1 1
/ Y [ic',»(tf + waci(t)Q] (27.14)

which is a sum of harmonic oscillators, thus the energy of the vacuum of the system is

12

where we ignored corrections, which can be identified as higher loop corrections (whereas
the calculated term is only one-loop, as we will see shortly). Note that this formula has
many subtleties. In particular, for nonzero interactions, there will be renormalization of the
parameters of the interaction (as we will show in the next semester). But at a formal level,
the above formula is correct.
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As an example, let’s see what happens for the free theory, with U = 0. Then n; = eiEi'f,
SO
(=V)ms = ks = win, (27.16)

Ey = g > \/ﬁ (27.17)

Moreover, for U = m?¢?/2 (just a mass term),

therefore

(=V2 +m?)n; = (k7 + m?)n; = win, (27.18)

EO:SZ\/E§+m2 (27.19)

Let us now understand better the regularization that we used and its generality (or
uniqueness of the nontrivial piece). The quantity we want is ) ., n. It is of course infi-
nite, but in mathematics there is a well-defined finite value associated with it by analytical
continuation.

Indeed, one can define the Riemann zeta function,

therefore

C(s)=>_ ni (27.20)

n>1

For real s, it is convergent for s > 1. However, one can define it in the complex plane C
(Riemann). In this case, away from the real axis, the function ((s) is well-defined close to
-1. One can then uniquely define {(—1) by analytical continuation as {(s — —1).* We then

have
1

—1)=—— 27.21
() = (27.21)
Then we can write directly for the Casimir effect with two plates,
h h hm
Ey~ | —+ ——— = —— 27.22
0 <2d+2(L—d)>;n 24d (27.22)

the same as we obtained before, but with the infinite constant already removed. Therefore
the zeta function procedure is a good regularization.

Zeta function regularization

We now generalize the above regularization procedure using the zeta function to a general
operator.

*We can write an integral representation for the zeta function, by writing an integral representation for
s—1_—

each term in the sum, as ((s) = ﬁ Joo Y e = ﬁ I dtt—%, which form is shown to be

well-defined (analytic) over the whole complex plane, with the only pole at s = +1. For s = —2m, with

m integer, it has in fact (trivial) poles. The Riemann hypothesis, one of the most important unsolved

(unproven) problems in mathematics, is that all the nontrivial zeroes of the Riemann zeta function (other

than the trivial ones above) lie on the line Re(s) = +1/2.
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Consider an operator with positive, real and discrete eigenvalues aq,...,a, and corre-
sponding eigenfunctions f,,

Afa(x) = anfu(z) (27.23)
Then we define 1
Cals) =D — (27.24)

n>1 "
Then p
ECA(S)ISZO = — gln ane” Mo = — 1111;[% (27.25)
So finally,
e — det A = H a, = e ¢4 (27.26)
As we will shortly see, the object that we want to calculate is det A = ™4 50 we can

calculate it if we know (4(s).

Heat kernel regularization

Sometimes we can’t calculate directly det A or (4(s), but it may be easier to calculate
another object, called the associated "heat kernel”, defined as

Gz, y,m)=> e ™ fulx)f(y) (27.27)

n

It satisfies the generalized heat equation

0
AxG(xvy’T) = _8_G(I7y77-) (2728)
T
as we can easily check. We can also easily check that, since the f,(x) are orthornormal, the
heat kernel satisfies the boundary condition

G(z,y;7=0) =0(z —y) (27.29)

Sometimes it is easier to solve the generalized heat equation with the above boundary con-
dition, and then we can find (4(s) from it as

Ca(s) = 1 /00 drrs! /d%G(m,xn’) (27.30)
0

['(s)
since [ d*z|fn(z)]* = 1.
If we find (a(s), then we can calculate det A, as we saw.
Saddle point evaluation
We now see how to calculate the sum over frequencies from the the path integral formu-
lation. For that, we need to make a quadratic approximation around a minimum (sometimes
it is only a local minimum, not a global minimum) of the action.
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This is based on the idea of saddle point evaluation of an integral. If we write the
integrand as an exponential of minus something that has a minimum,

I= / dre~ @ (27.31)

with

%(m — x0)%a" (o) (27.32)

with a”(zg) > 0, then we can approximate the integral as a gaussian around the minimum,
le. as

a(x) ~ a(zg) +

[ o~ ¢~ (@) / de= b0l @) _ gma(eo) [_2T_ (27.33)
a’(zo)
Path integral formulation
Consider the case of field theory in Euclidean space, with partition function
=N / Dpe ST = N / Depe 3819 (27.34)
We can again make a quadratic approximation around a minimum,
1/ 6%5g
Sele, J] = Sel¢o, J] + 5 (¢ — ¢0)1(¢ — ¢0)2 + ... (27.35)
2 5¢15¢2 1,2

where ¢1 = (¢ — ¢g)1 and @9 = (¢ — ¢p)2, with 1,2 corresponding to different variables of
integration (x,y), and <>; 5 to integrating over them.
Then the saddle point evaluation of the partition function gives

Z[J] ~ Ne _SE[¢0]+¢OJ/D¢QXP{—l <¢15(;21§22¢ > }
1,2

— N Spl0l+00 qot [(—0,0" + U (¢))012] ° (27.36)
Since det A = ™4 we have
1
—W[J] =InZ[J| = =S[¢po] + ¢o - J — 5 Trln [(—=0,0" + U"(¢))01 2] (27.37)
and as we saw, we can calculate

Ly

1
) Trin[A] = - s (27.38)

s=0

To make contact with what we had before, we continue to Minkowski space, where the
eigenvalue-eigenfunction problem is

2
(—% NI V2 U//(¢0)) oK(Z,t) = appr(Z, 1) (27.39)
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We separate variables writing

Ou(Z, ) = 0o (Z) fu(t) (27.40)
(i.e. k= (rn)), with
(=V2 4+ U" (o)) (Z) = w;nr (27.41)
Then we have 52 ) s
P\ (1 g
( 2% w,,) sin — = ( 73 wr) sin — (27.42)
So that finally
. 12 n2r? ) —1/2
det [0,0" — U"(¢0)] = H ( s~ wr) (27.43)
n>1
One can calculate the partition function then, and obtain
Z=Y et (27.44)
and as before "
By =3 > w, (27.45)

The first observation is that Ey o< h, and it is obtained by quantum fluctuations around
the classical minimum of the action, so it is the first quantum correction, i.e. one-loop.
It is one-loop since in the quadratic (free) approximation we used, calculating Zy[J], the
only Feynman diagrams there are are vacuum bubbles, i.e. circles, which form one loop.
Moreover, we have seen that the result is given by determinants of the operator acting on
fluctuations. Hence one refers to these quantum corrections as one-loop determinants.

Fermions

In the case of fermions, as we know, gaussian integration gives the determinant in the
numerator instead of the denominator, i.e.

T 1
/d”xe’” Av — on/2\/det A = Net2Trind (27.46)

Moreover, in the operator formalism we saw that the energy is

H="%" h;”i (blbs — bibl) = > 3~ huw (Ni - %) (27.47)

7 n; 7 n;

so in both ways we obtain
h
Ey=—3 Z Wi (27.48)
(2
which are opposite in sign to the bosonic corrections. In supersymmetric theories, the bosonic
and fermionic zero-point energies cancel each other.

Important concepts to remember
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We can measure changes in the infinite zero point energy of a field due to geometry,
but not the infinite constant piece. This is known as the Casimir effect.

We obtain the relevant finite piece by using a regularization, either by introducing a
e~/ factor with a — 0, or better, by using the finite number associated to > n by
the zeta function, ((—1) = —1/12.

We generalize to an arbitrary field theory by calculating the eigenvalue-eigenfunction
problem for the potential energy operator, and summing over hw; /2.

In the path integral formulation, the saddle point evaluation gives a determinant of
fluctuations around the minimum of the action. It leads to the same form of the
zero-point energy. This corresponds to one-loop corrections, namely vacuum bubbles.
Higher loop corrections appear from higher order terms in the action (neglected here).

One can define zeta function regularization by generalizing the harmonic oscillator case

via Ca(s) = an 1/(an)*.
The determinant of an operator is then det A = ¢=a(®).

We can define the heat kernel associated with an operator, that satisfies the generalized
heat equation, with a boundary condition G(x,y;7 = 0) = d(x — y), which sometimes
is easier to solve. Then we can find (4(s) from the heat kernel.

Fermions give (det A)*'/2 instead of (det A)~'/2, and a negative sign in front of the
zero point energy, so they can in principle cancel against the bosonic corrections.

Further reading: See chapters 3.4, 3.5 in [3].

250



Exercises, Lecture 27

1) Consider two scalar fields with potential (A, Ay > 0)
U(g,x) = M(mig — x*)* + Xa(max — ¢°)° (27.49)

Write down the infinite sum for the zero-point energy in 1+1 dimensions for this model (no
need to calculate the sum) around the vacuum at ¢ = y = 0.

2) Write down an expression for the zeta function regularization for the above sum, and
for the heat kernel.
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28 Lecture 28. One-loop divergences for scalars; power
counting

In this lecture we will analyze possible divergences in loop integrals, in particular we will look
at one-loop, and how to determine if a theory contains divergences (using power counting). In
the final lecture we will understand how to regularize these divergences in order to calculate

something finite.

Figure 82: One-loop divergence in ¢* theory for the 2-point function.

Up to now, we have only calculated explicitly tree processes, which are finite, and we
have ignored the fact that loop integrals can be divergent. For example, in A¢* theory in
Euclidean space, consider the unique one-loop O(\) diagram, a loop connected to the free
line (propagator) at a point, see Fig.82. It is

dPq 1
—A/ ( (28.1)

2m)P % + m?

Since the integral is

Qp_ _ 1 _
= _)‘(272)117 /qD 1d‘1m ~ /dq q”? (28.2)

it is divergent in D > 2 and convergent only for D < 2. In particular, in D = 4 it is
quadratically divergent

A
N/ qdg ~ A* (28.3)

We call this kind of divergence "ultraviolet”, or UV divergence, from the fact that it is at
large energies (4-momenta), or large frequencies.

Note also that we had one more type of divergence for loop integrals that was easily dealt
with, the fact that when integrating over loop momenta in Minkowski space, the propagators
can go on-shell, leading to a pole, which needed to be regulated. But the i€ prescription
dealt with that. Otherwise, we can work in Euclidean space and then analytically continue
to Minkowski space at the end of the calculation. This issue did not appear until now,
because we only calculated tree level processes, when the propagators have fixed momenta,
and are not on-shell.

Let us now consider a one-loop diagram for the 2k-point function in A¢**2 theory with
k momenta in, then two propagators forming a loop, and then £ lines out, as in Fig.83. The
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Figure 83: One-loop diagram in ¢**2 theory, for the 2k-point function.

incoming momenta are called py, ..., pr and sum to p = Zle p;- Then the two propagators
have momenta ¢ (loop variable) and ¢ — p, giving

o 1
2 / (2m)D (¢2 + m2)((q — p)2 + m2) (28.4)

Again, we can see that at large ¢, it behaves as

D—1d
/ C— (28.5)

q

so is convergent only for D < 4. In particular, in D = 4 it is (log) divergent, and this again
is an UV divergence. From this example we can see that various diagrams are divergent in
various dimensions.

But this diagrams has also another type of divergence, namely at low ¢ (¢ — 0). This
divergence appears only if we have m?> = 0 AND p? = 0. Thus only if we have massless
particles, and all the particles that are incoming on the same vertex sum up to something
on-shell (in general, the sum of on-shell momenta is not on-shell). Then the integral is

and in the integral over angles, there will be a point where the unit vector on ¢, ¢, satisfies

G - p = 0 with respect to the (constant) unit vector on p, p. Then we obtain

dq

p (28.7)

i.e., log divergent. We call this kind of divergences ”infrared” or IR divergences, since they
occur at low energies (low 4-momenta), i.e. low frequencies.

Thus we have two kinds of potential divergences, UV and IR divergences. The UV
divergences are an artifact of perturbation theory, i.e. of the fact that we were forced
to introduce asymptotic states as states of the free theory, and calculate using Feynman
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diagrams. As such, they can be removed by redefining the parameters of the theory (like
masses, couplings, etc.), a process known as renormalization, which will be studied next
semester. A nonperturbative definition is not in general available, in particular for scattering
processes it isn’t. But for things like masses and couplings of bound states (like the proton
mass in QCD, for instance), one can define the theory nonperturbatively, for instance on
the lattice, and then we always obtain finite results. The infinities of perturbation theory
manifest themselves only in something called the renormalization group, which will also be
studied next semester.

By contrast, the IR divergences are genuine divergences from the point of view of the
Feynman diagram (can’t be reabsorbed by redefining the parameters). But they arise because
the Feynman diagram we are interested in, in the case of a theory with massless external
states, and with external states that are on-shell at the vertex, are not quantities that can
be experimentally measured. Indeed, for a massless external state (m = 0), of energy F,
experimentally we cannot distinguish between the process with this external state, or with
it and another emitted ”soft and/or collinear particle”, namely one of m = 0 and £ ~ 0
and/or parallel to the first. If we include the tree level process for that second process, and
sum it together with the first (loop level), we obtain a finite differential cross section (which
can be experimentally measured), for a given cut-off in energy and/or angle of resolution
between two particles.

Thus the physical processes are always finite, in spite of the infinities in the Feynman
diagram.

Analytical continuation

A question which one could have already asked is: Is Wick rotation of the final result the
same with Wick rotation of the integral to Minkowski space, followed by evaluation?

Let us look at the simplest one-loop diagram in Euclidean space (in A¢*, already discussed

above)
dPq 1
28.8
| G 288)

In Minkowski space it becomes

D D—1
—z’/dq ! .:+z'/—d q/@ ! : (28.9)
(2m)P ¢% + m? — ie 2m)P-1 | 2m 2 — @ — m? +ic
where now ¢* = —¢2 + ¢°.

Then the poles are at gy — i€ and —¢y + i€, where §o = /¢q? + m?. The Minkowski space
integration contour is along the real axis in the ¢y plane, in the increasing direction, called
Cg. On the other hand, the Euclidean space integration contour C; is along the imaginary
axis, in the increasing direction, see Fig.84. As there are no poles in betweeen Cr and C}
(in the quadrants T and IIT of the complex plane, the poles are in the quadrants IT and IV),
the integral along C; is equal to the integral along Cr (since we can close the contour at
infinity, with no poles inside). Therefore, along C7, gy = iqp, with ¢p real and increasing,
and therefore dqy = idqp, so

/CR dgo(...) = /CI dgo(...) = /%(—i)i/(ﬁﬂ@;ﬁ]i o (28.10)
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Figure 84: Wick rotation of the integration contour.

which gives the same result as the Euclidean space integral, after we drop the (now unnec-
essary) —ie.

However, in general it is not true that we can easily analytically continue. Instead, we
must define the Fuclidean space integral and Wick rotate the final result, since in general this
will be seemingly different than the continuation of the Minkowski space integral (rather, it
means that the Wick rotation of the integrals is subtle). But the quantum field theory per-
turbation in Euclidean space is well-defined, unlike the Minkowski space one, as we already
saw, so is a good starting point.

Let’s see an example of this situation. Consider the second integral we analyzed, now in
Minkowski space

X2 [ dPq 1 1

2 ) 2m)P ¢ +m?—ie(q—p)?+m?—ie
We deal with the two different propagators in the loop integral using the Feynman trick.
We will study it in more detail next class, but this time we will just use the result for two
propagators. The Feynman trick for this case is the observation that

(28.11)

ﬁ = /0 dz[zA+ (1 — z)B] > (28.12)

which allows one to turn the two propagators with different momenta into a single propagator
squared. Indeed, now we can write
2 dPq
2 ) (2m)P

/0 dz[r(qg —p)* + (1 —2)¢® + (v + 1 — z)(m? — ie)] 2 (28.13)

The square bracket equals ¢? + xp? — 2xq - p +m? —ie. Changing variables to ¢'* = ¢* — xp*
allows us to get rid of the term linear in q. We can change the integration variable to
¢, since the Jacobian for the transformation is 1, and then the square bracket becomes

q? + z(1 — 2)p* + m? — ie. Finally, the integral is
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which has poles at
G =q +m*—ic+z(l—x)p (28.15)

If p> > 0, this is the same as the in the previous example, we just redefine m?: the poles

are outside quadrants I and III, so we can make the Wick rotation of the integral without
problem. However, if p? < 0 and sufficiently large in absolute value, we can have ¢ < 0, so
the poles are now in quadrants I and III, and we cannot simply rotate the contour Cr to
the contour Cf, since we encounter poles along the way. So in this case, the Wick rotation
is more subtle: apparently, the Minkowski space integral gives a different result from the
Euclidean space result, Wick rotated. However, the latter is better defined, so we can use it.

Power counting

We now want to understand how we can figure out if a diagram, and more generally a
theory, contains UV divergences. We do this by power counting. We consider here scalar
A @™ theories.

Consider first just a (Euclidean space) diagram, with L loops and E external lines, and
I internal lines and V' vertices. The loop integral will be

diq, 1
Ip(p1y .y P M /H i L e (28.16)
=11

where ¢; = ¢;(p;, go) are the momenta of the internal lines (which have propagators 1/ (qj2 -
m?)). More precisely, they are linear combinations of the loop momenta and external mo-

menta,
L E
q9; = Z CjaGa + Z CjiPi (28.17)
a=1 i=1

Like we already mentioned in Lecture 11, L = I — V + 1, since there are I momentum
variables, constrained by V delta functions (one at each vertex), but one of the delta functions
is the overall (external) momentum conservation.

If we scale the momenta and masses by the same multiplicative factor ¢, we can also
change the integration variables (loop momenta ¢,) by the same factor ¢, getting H§=1 dlq —

b Hi:l diq, as well as q; — tq;, and ¢*> + m? — t*(¢*> + m?), giving finally
Ip(tp;;tm) = @Oy (pi;m) (28.18)
where
w(D) = dL — 21 (28.19)

is called the superficial degree of divergence of the diagram D, since it is the overall dimension
for the scaling above.

Theorem This gives rise to the following theorem: w(D) < 0 is necessary for the con-
vergence of Ip. (Note: but is not sufficient!)

Proof: We have

I
1@ +m? Zqz +m?) (28.20)
i=1
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Then for large enough ¢, there is a constant C' such that

1 1

L E 2 L
Y@ +m’)=> (Z Cialo + ) Cijpj) +m?| <CY ¢ (28.21)
a=1 j=1 a=1

i=1 =1

as we can easily see. Then we have

L

1 d’q 1 rPL=1dy
In> o e >/ G (28.22)
> ag>A? a=1 ( 7T) (Za:l Qa) r>A r

where we used the fact that Ziﬂ @ = Z%:l q3; is a sum of dL terms, which we can
consider as a dL-dimensional space, and the condition Y~ _ ¢2 > A?, stated before as ¢, being
large enough, now becomes the fact that the modulus of the dL-dimensional ¢, is bounded
from below. We finally see that if w(D) = dL — 21 > 0, Ip is divergent. The opposite
statement is that if Ip is convergent, then w(D) < 0, i.e. w(D) < 0 is a necessary condition
for convergence. g.e.d.

As we said, the condition is necessary, but not sufficient. Indeed, we can have subdiagrams
that are superficially divergent (w(Ds) > 0), therefore divergent, then the full diagram is
also divergent, in spite of having w(D) < 0.

Figure 85: Power counting example: diagram is power counting convergent, but subdiagram
is actually divergent.

We can take an example in A¢® theory in D = 4 the one in Fig.85: a circle with 3
external lines connected with it, with a subdiagram D, connected to the inside of the circle:
a propagator line that has a loop made out of two propagators in the middle. The diagram
has Ip = 9,Vp = 7, therefore Lp = Ip —Vp+1 =9—-7+1 = 3, and then w(D) =
dLp—2Ip =4-3—2-9 = —6 < 0. However, the subdiagram has Ip, = 2, Vp, = 2, therefore
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Lp,=2-2+1=1, and then w(Ds) =4-1—2-2 =0, therefore we have a logarithmically
divergent subdiagram, and therefore the full diagram is also logarithmically divergent.

We can then guess that we have the following

Theorem (which we will not prove here) w(Ds) < 0VDy 1PI subdiagrams of D <
Ip(p1, ..., pr) is an absolutely convergent integral.

We note that the = implication should obviously be true, and moreover is valid for any
field theory. But the < implication is true only for scalar theories. If there are spin 1/2 and
spin 1 fields, then w(D) < 0 is not even necessary, since there can be cancellations between
different spins, giving a zero result for a superficially divergent diagram (hence the name
superficial degree of divergence, it is not necessarily the actual degree of divergence).

We can now write a formula from which we derive a condition on the type of divergencies
we can have.

We note that each internal line connects to two vertices, and each external line connects
only one vertex. In a theory with ) \,¢"/n! interactions, we can have a number n = n,
of legs at each vertex v, meaning we have

v
2I+E =) n, (28.23)
v=1

Then the superficial degree of divergence is

d—2 d—2
w =dL—2] = (d—- —dV+d=d— ——FE+ E Ny — :
(D)=dL—2]=(d—2)]—d d=d 5 E 5 d (28.24)

where in the second equality we used L = I — V 4 1 and in the last equality we have used
2+ E =5 n,.

Since the kinetic term for a scalar is — [ d%x(9,¢)?/2, and it has to be dimensionless,
we need the dimension of ¢ to be [¢] = (d — 2)/2. Then since the interaction term is
— [ diz\,¢™/n!, we have

o] =d = n,[¢] =d - ——n, (28.25)
meaning that finally

w(D) =d— %E =Y [\ (28.26)

Thus we find that if [A,] > 0, there are only a finite number (and very small) of divergent
diagrams. Indeed, first, we note that by increasing the number of external lines, we get
to w(D) < 0. For instance, consider the limiting case of [A\,] = 0, and d = 4. Then
w(D) =4 —F, and only E = 0,1,2,3,4 give divergent results, irrespective of V. Since
E = 0,1 are not physical (£ = 0 is a vacuum bubble, and £ = 1 should be zero in a
good theory), we have only £ = 2,3,4, corresponding to 3 physical parameters (physical
parameters are defined by the number of external lines, which define physical objects like
n-point functions). For [A,] > 0, any vertices lower w(D), so we could have even a smaller
number of E’s for divergent n-point functions, since we need at least a vertex for a loop
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diagram. In higher dimensions, we will have a slightly higher number of divergent n-point
functions, but otherwise the same idea applies.

Such theories, where there are a finite number of n-point functions that have divergent
diagrams, is called renormalizable, since we can absorb the infinities in the redefinition of
the (finite number of) parameters of the theory.

By contrast, if [\,] > 0, we can make divergent diagrams for any n-point function (any
E) just by increasing V. Therefore there are an infinite number of divergent n-point func-
tions that would need redefinition, so we can’t make this by redefining the parameters of the
theory. Such a theory is called nonrenormalizable. Note that a nonrenormalizable theory
can be so only in perturbation theory, there exist examples of theories that are perturba-
tively nonrenormalizable, but the nonperturbative theory is well-defined. Also note that we
can work with nonrenormalizable theories in perturbation theory, just by introducing new
parameters at each loop order. Therefore we can compute quantum corrections, though the
degree of complexity of the theory quickly increases with the loop order.

Important concepts to remember

e Loop diagrams can contain UV divergence (at high momenta), divergent in diagram-
dependent dimensions, and IR divergences, which appear only for massless theories
and for on-shell total external momenta at vertices.

e UV divergences can be absorbed in a redefinition of the parameters of the theory
(renormalization), and IR divergences can be cancelled by adding the tree diagrams
for emission of low momentum (E ~ 0) particles, perhaps parallel to the original
external particle.

e Wick rotation of the result of the Euclidean integrals can in general not be the same
as Wick rotation of the Euclidean integral, since there can be poles in between the
Minkowskian and Euclidean contours for the loop energy integration. We can work
in Euclidean space and continue the final result, since the Euclidean theory is better
defined.

e Power counting gives the superficial degree of divergence of a diagram as w(D) =
dL — 21.

e In a scalar theory, w(D) < 0 is necessary for convergence of the integral Ip, but in
general not sufficient.

e In a scalar theory, w(Ds) < 0 for any 1PI subdiagram Dy of a diagram D < Ip is
absolutely convergent.

e Theories with couplings satisfying [A\,] > 0 are renormalizable, i.e. one can absorb the
infinities in redefinitions of the parameters of the theory, while theories with [A,] < 0
are nonrenormalizable, since we can’t (there are an infinite number of different infinities

to be absorbed).
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Further reading: See chapters 5.1,5.2 in [4], 9.1 in [1] and 4.2 in [3].
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Exercises, Lecture 28

1) Consider the one-loop diagram for arbitrary masses of the various lines (see class).
Check whether there are any divergences.

2 3
P %

pl

Figure 86: One loop Feynman diagram. Check for divergences.

2) Check whether there are any UV divergences in the D = 3 diagram in A\¢* theory in
Fig.87.

Figure 87: Check for UV divergences in this Feynman diagram.
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29 Lecture 29. Regularization, definitions: cut-off,
Pauli-Villars, dimensional regularization

In this lecture we will preview methods of regularization, that will be used in the second
semester for renormalization. We already saw a few methods of regularization, i.e. making
finite the integrals.

The simplest is cut-off regularization, which means just putting upper and lower bounds
on the integral over the modulus of the momenta, i.e. a [p|nae = A for the UV divergence,
and an |p|yi, = € for the IR divergence. It has to be over the modulus only (the integral over
angles is not divergent), and then the procedure works best in Euclidean space (since then
we don’t need to worry about the fact that —(pg)?+p? = A? has a continuum of solutions for
Minkowski space). Note that having a |p|me: = A is more or less the same as considering a
lattice of size A~! in Euclidean space, which breaks Euclidean (”Lorentz”) invariance (since
translational and rotational invariance are thus broken). For this reason, very seldom we
consider the cut-off regularization.

There are many regularizations possible, and in general we want to consider a regulariza-
tion that preserves all symmetries that play an important role at the quantum level. If there
are several that preserve the symmetries we want, all of them can in principle be used (we
could even consider cut-off regularization, just that then we would have a hard time showing
that our results are consistent with the symmetries we want to preserve).

g

b) P o
C)

Figure 88: Examples of one-loop divergent diagrams.

Let’s see the effect of cut-off regularization on the simplest diagram we can write, a loop
for a massless field, with no external momentum, but two external points, i.e. two equal
loop propagators inside (see Fig.88a):

dp 1 Qs [ApPdp 1 . A
= = —1In— 29.1
/ @r)i ()2 <2w>4/€ P e (20.1)

As we said, we see that this has both UV and IR divergences.
We also already saw that sometimes, we can turn integrals into infinite sums, like in the
case of the zero point energy, where a first regularization, putting the system in a box of
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size L, allowed us to get a sum instead of an integral: > v, /2. The sum however was still
divergent. Then there were various ways of regularizing the sum. We can deduce that if the
result depends on the method of regularization, there are two possibilities:

e perhaps the result is unphysical (can’t be measured). This is what happened to the
full zero-point energy. Certainly the infinite constant (which in e~ regularization
was something depending only on L) was not measurable.

e perhaps some of the methods of regularization are unphysical, so we have to choose
the physical one.

An example of a physical calculation is the difference of two infinite sums. We saw the
example of the Casimir effect, i.e. the difference between two geometries (two values of d).
In general, " o

huory huwsy
D R e (202)
Another physical case of this type arises when we consider quantum corrections to masses
of solitons. Then we can consider the difference between quantum fluctuations () hw,/2)
in the presence of the soliton, and in the vacuum (without the soliton), and this would give
the physical calculation of the quantum correction to the mass of the soliton.

Note that it would seem that we could write

hw(l) . hw(2)
Z n n

5 (29.3)

n

and calculate this, but this amounts to a choice of regularization, called mode number (n)
regularization. Indeed, we have now oo — 0o, so unlike the case of finite integrals, now giving
the ) operator as a common factor is only possible if we choose the same number N as
the upper bound in both sums (if one is N, and the other N + a say, with a ~ O(1), then
obviously we obtain a different result for the difference of two sums).

This may seem natural, but there is more than one other way to calculate: for instance,
we can turn the sums into integrals in the usual way, and then take the same upper limit
in the integral (i.e., in energy), obtaining energy/momentum cut-off reqularization. The
difference of the two integrals gives a result differing from mode number cut-off by a finite
piece.

For > hw,/2, we saw other regularizations as well: zeta function regularization, heat
kernel regularization, and ) w, — > w,e” %",

Returning to the loop integrals appearing in Feynman diagrams, we have other ways to
regulate. One of the oldest ways used is Pauli- Villars regularization, and its generalizations.
These fall under the category of modifications to the propagator that cut off the high mo-
mentum modes in a smoother way than the hard cut-off |p|n.: = A. The generalized case
corresponds to making the substitution

1 _iv:clAm (29.4)
q2_|_m2 q —I—m2 — q +A2 .
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and we can adjust the ¢; such that at large momentum ¢, the redefined propagator behaves

as
A2N

In other words, if in a loop integral, we need to have the propagator at large momentum
behave as 1/¢*Y*2 in order for the integral to become finite, we choose a redefinition with
the desired N, and with ¢;’s chosen for the required high momentum behaviour.
In particular, the original Pauli-Villars regularization is
1 1 1 A% —m? A?

q2_|_m2 q2+m2 q2+A2 (q2+m2)<q2+A2) q4 ( )

We can easily see that it cannot be obtained from a normal modification of the action,
because of the minus sign, however it corresponds to subtracting the contribution of a very
heavy particle. Indeed, physically it is clear that heavy particle cannot modify anything
physical (for instance, a Planck mass particle cannot influence Standard Model phyics). But
it is equally obvious that subtracting its contribution will cancel heavy momentum modes
in the loop integral, cancelling the unphysical infinities of the loop.

However, there is a simple modification that has the same result as the above Pauli-Villars
subtraction at high momentum, and has a simple physical interpretation as the effect of a
higher derivative term in the action. Specifically, consider the replacement of the propagator

1 1
—
q2_|_m2 q2+m2+q4/A2

(29.7)

The usual propagator comes from

[ g8 = [ Ghizewnton = [ GEsewa men (o9

so the above is obtained by adding to the action a higher derivative term:

[ {@@2 ; (a;‘fq -/ (;‘47’;4¢<p> [pQ i (]1_)} o(—p) (20.9)

Now consider a non-Pauli-Villars, but similar modification of the the loop integral, that
is strictly speaking not a modification of the propagator, but of its square. Consider the
same simplest loop integral, with two equal propagators, i.e.

1= | e | (p2+1m2)2_ v )

The new object in the square brackets is
2p2 (A2 —m?) + A* —m?*  2A?

(P2 + m2)2(p? + A2)? ~ S

= I(m?) — I(A?)

(29.10)

(29.11)
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so is now UV convergent. Since the object is UV convergent, we can use any method to
calculate it. In particular, we can take a derivative 9/dm? of it, and since I(A?) doesn’t
contribute, we get for the integral

0 NN d*p -2 N O e pidp
o 1) =10 = | sy = 2, e

where Q3 = 272 is the volume of the 3 dimensional unit sphere. Considering p? + m? = z,
so p*dp = (z — m?)dx /2, we get

(29.12)

9, 1 [ (z—m?)dx 1 1
—— I(m? A = ——— =— 29.13
om? (m”, A% 82 /mz x3 812 2m? ( )
Integrating this, we obtain I(m?), then
I(m? A%) = I(m?) — 1(A%) = —— 10 25 (29.14)
’ 1672 m? '

This object is UV divergent, as A — oo, and also divergent as m — 0 (IR divergent).
However, note that in the way we calculated, we really introduced another type of regu-
larization. It was implicit, since we first found a finite result by subtracting the contribution
with m — A, and then calculated this finite result using what was a simple trick.
However, if we keep the original integral and do the same derivative on it, after the
derivative we obtain a finite result,

o [dp 1 dp 1 1
=2 = ———— = finite. 29.15
om? / (2m)* (p? + m?2)? / (2m)4 (p? + m2)3 1672m?2 nite ( )

and now the integral (and its result) is UV convergent, despite the integral before the deriva-
tive being UV divergent. Hence the derivative with respect to the parameter m? is indeed a
regularization. Both the initial and final results are however still IR divergent as m? — 0.
Now integrating, we obtain

dp 1 1 m?
= — In — 29.1
/ G (R am?E - 1o e (29.16)

which is still IR divergent as e — 0.

However, all the regularizations we analyzed until now don’t respect a very important
invariance, namely gauge invariance. Therefore, 't Hooft and Veltman introduced a new
regularization to deal with the spontaneously broken gauge theories, namely dimensional
reqularization, rather late (early seventies), since it is a rather strange concept.

Dimensional regularization

Dimensional regularization means that we analytically continue in D, the dimension of
spacetime. This seems like a strange thing to do, given that the dimension of spacetime is
an integer, so it is not clear what can physically mean a real dimension, but we nevertheless
choose d = 4 + €. The sign has some significance as well, but here we will just consider
d=4+e.
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We already saw a way to continue a result defined for integers to a result for real numbers,
in the case of the Riemann zeta function: defined initially for integers, but extended for
complex numbers by writing an integral formula for it. A more relevant example for us is
the case of the Euler gamma function, which is an extension of the factorial, n!, defined for
integers, to the complex plane. Again this is done by writing an integral formula,

F(z):/ daa” te (29.17)
0

Indeed, one easily shows that I'(n) = (n — 1)!, for n € N,, but the integral formula can be
extended to the complex plane, defining the Euler gamma function. The gamma function

satisfies
2I'(z) =T(2+ 1), (29.18)

an extension of the factorial property. But that means that we can find the behaviour at
z = € — 0, which is a simple pole, since

T(() = T(1 +¢) = T(1) = 1 = I'(e) ~ % (29.19)
We can repeat this process,
(—14+e)l(—1+4¢€) =T(e) = '(—1+¢€) ~ —%
(24 el(—2+4¢€) =T(-14¢) =T(-2+¢€) ~ 2% (29.20)

etc. We see then that the gamma function has simple poles at all I'(—n), with n € N. In fact,
these poles are exactly the one we obtain in dimensional regularization, as we now show.

Consider first the simplest case, the tadpole diagram, with a single loop, of momentum
q, connected at a point to a propagator line, as in Fig.88b:

_ dPq 1
1_/( (29.21)

2m)P ¢ + m?

We now write

1 & 2 2
- = / dae™ @ +m) (29.22)
g +m 0
and then
[e9) dD [e%¢) Q B 00
I = / dae_am2/ (2_)qD e—aq2 = / d()ze_mn2 <2D)é / dqu—le—oAf
0 T 0 T 0
> —am? QD—l 1 > D_1 g

and we use the fact that [°dwzzP/?*7'e™® = T'(D/2), and that the volume of the D-

dimensional sphere is
o3t
r (%)
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which we can easily test on a few examples, ; = 27/I'(1) = 27, Qy = 27%2/T(3/2) =
232 /(\/7/2) = 4m, Q3 = 272 /T(2) = 272, Then we have Qp_I'(D/2) = 27P/2, so

I= /0 ~ daeom (4ma)" 7 = %r (1 - g) (29.25)

Taking derivatives (9/0m?)"~! on both sides (both the definition of I and the result), we

obtain in general
dPq 1 _ D(n—d/2) (m? e 50,96
[ G~ s (e (2020
We see that in D = 4, this formula has a pole at n = 1,2, as expected from the integral
form. In these cases, the divergent part is contained in the gamma function, namely I'(—1)
and I'(0).
We now move to a more complicated integral, which we will solve with Feynman parametriza-
tion, cited last lecture. Specifically, we consider the diagram for a one-loop correction to the
propagator in ¢* theory, with momentum p on the propagator and ¢ and p + ¢ in the loop,

as in Fig.88c, i.e.
dP 1 1
/ 4 s (29.27)
(2m)P ¢* +m? (¢ +p)* +m
We now prove the Feynman parametrization in this case of two propagators. We do the trick
used in the first integral (tadpole) twice, obtaining

1 /OO /°° _
= [ da dovge™ (181 Ta282) 29.28
A1A2 0 1 0 2 ( )
We then change variables in the integral as a; = t(1 — «), s = to, with Jacobian
l—a a)| ‘o
-t t)| 7
1 Ca T G-a)arrans _ [ 1
= da/ dt te~Im@)Atals :/ do 29.29
AlAQ /0 0 0 [(]. - Oé)Al + OéAQP ( )

We finally want to write the square bracket as a new propagator, so we redefine ¢* = ¢ —ap”,
obtaining

(1—a)A1+aldy=(1—a)¢®+alg+p)?+m?> = +m*+a(l —a)p? (29.30)

Finally, we obtain for the integral

I:/Olda/<qu 1 _I(2-D/2) /Olda[a<l_a)p2+m2],§_l

2P (@ + (a(l—a)p? + m2)]2 (47D
(29.31)

and again we obtained the divergence as just an overall factor coming from the simple pole
of the gamma function at D = 4.
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The Feynman parametrization can in fact be generalized, to write instead of a product
of propagators, a single ”propagator” raised at the corresponding power, with integrals over
parameters « left to do. Then we can use the formula (29.26) to calculate the momentum
integral, and we are left with the integration over parameters. So the dimensional regular-
ization procedure described above is general, and we see that the divergence always appears
as the simple pole of the gamma function at D = 4.

So we saw that the loop integrals of the above type are OK to dimensionally continue,
but is it OK to dimensionally continue the Lagrangeans?

For scalars, it is OK, but we have to be careful. The Lagrangean is

1 2 m? 5, M n
L= 5((%925) + 5+ 0 (29.32)

and since the action S = [ dPz must be dimensionless, the dimension of the scalar is
[¢] = (D — 2)/2 and thus the dimension of the coupling is [A\,] = D — n(D — 2)/2. For
instance, for D = 4 and n = 4, we have [A\4] = 0, but for D = 4+ ¢, we have [A\y] = —e. That
means that outside D = 4, we must redefine the coupling with a factor u¢, where p is some
scale that appears dynamically. This process is called dynamical transmutation, but we will
not say more about it here.

For higher spins however, we must be more careful. The number of components of a field
depends on dimension, which is a subtle issue. We must then use dimensional continuation
of various gamma matrix formulae

g/wg/w =D
Yy = (2= D)p (29.33)

etc. On the other hand, the gamma matrices still satisfy the Clifford algebra {v#, v} = 2g"".
But the dimension of the (spinor) representation of the Clifford algebra depends on dimension
in an unusual way, n = 2/°/2 which means it is 2 dimensional in D = 2, 3 and 4 dimensional
in D = 4,5. That means that we cannot continue dimensionally n to D = 4+ €. Instead, we
must still consider the gamma matrices as 4 X 4 even in D = 4 + ¢, and thus we still have

Tr[yuyw] = 49 (29.34)

This is not a problem, however there is another fact that is still a problem. The definition
of 75 is

Y5 €upe VY VYT = —17° YR = iyomnes (29.35)

i
Tl
and that cannot be easily dimensionally continued. Since chiral fermions, i.e. fermions that
are eigenvalues of the chiral projectors Pr r = (1 £75)/2, appear in the Standard Model, we
would need to be able to continue dimensionally chiral fermions. But that is very difficult
to do.

Therefore we can say that there are no perfect regularization procedures, always there is
something that does not work easily, but for particular cases we might prefer one or another.
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Next semester we will see that the divergences that we have regularized in this lecture
can be absorbed in a redefinition of the parameters of the theory, leaving only a finite piece
giving quantum corrections. But for now, this is the only thing we will say.

Important concepts to remember

We must regularize the infinities appearing in loop integrals, and the infinite sums.

Cut-off regularization, imposing upper and lower limits on |p| in Euclidean space,
regulates integrals, but is not very used because it is related to breaking of Euclidean
("Lorentz”) invariance, as well as breaking of gauge invariance.

Often the difference of infinite sums is a physical observable, and then the result is
regularization-dependent. In particular, we can have mode-number cut-off (giving the
sum operator as a common factor), or energy cut-off (giving a resulting energy integral
as a common factor). We must choose one that is more physical.

The choice of regularization scheme for integrals is dictated by what symmetries we
want to preserve. If several respect the wanted symmetries, they are equally good.

(Generalized) Pauli-Villars regularization removes the contribution of high energy
modes from the propagator, by subtracting the propagator a very massive particle
from it. A related version for it is obtained from a term in the action which is higher
derivative.

By taking derivatives with respect to a parameter (e.g. m?), we obtain derivative
regularization, which also reduces the degree of divergence of integrals.

Dimensional regularization respects gauge invariance, and it corresponds to analytically
continuing the dimension, as D = 4 + €. It is based on the fact that we can continue
n! away from the integers to the Euler gamma function.

In dimensional regularization, the divergences are the simple poles of the gamma func-
tion at I'(—n), and appear as a multiplicative 1/e.

For scalars, dimensional regularization of the action is OK, if we remember that cou-
plings have extra mass dimensions away from D = 4. For higher spins, we must
regulate the number of components, including things like g*’g,, and gamma matrix
identities.

The dimension of gamma matrices away from D = 4 is still 4, so traces of gamma
matrices still give a factor of 4, and the 5 cannot be continued away from D = 4,
which means analytical continuation in dimension that involve chiral fermions are very
hard.

‘ Further reading: See chapters 5.3 in [4] 4.3 in [3] and 9.3 in [1].
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Exercises, Lecture 29

1) Calculate

/ (d4p ! ! (29.36)

21)4 p2 + m? p? + m

in Pauli-Villars regularization.

2) Calculate

D 1 1
/ 44 (29.37)

(2m)P (q* +m3)? (¢ + p)? +m3

in dimensional regularization (it is divergent in D = 6).
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