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”The career of a young theoretical physicist consists of treating the harmonic oscillator in

ever-increasing abstraction.” — Sidney Coleman
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Quantum field theory is the most complete and consistent theoretical framework that provides
a unified description of quantum mechanics and special relativity. In the limit A — 0 we obtain
relativistic classical fields which can be used to describe for example electrodynamics. In the limit of
small velocities v/c < 1, we obtain non-relativistic quantum mechanics. Finally in the limit & — 0
and v/c < 1 we obtain the description of non-relativistic classical fields such as sound waves.

Fields are described by a function which assigns a value to every point on the base manifold which
we consider. In this course we will be mostly looking at relativistic quantum field theory, which is
defined in 341 -dimensional Minkowski space-time. Most results can be straightforwardly translated
to other systems, like 2-dimensional systems in condensed matter physics.

The notes are very brief and obviously only give an introduction to quantum field theory. The
following books provide more detailed explanations and also more in-depth knowledge about quantum
field theory.

1. L. Ryder, ”Quantum Field Theory”

2. M. Srednicki, ”Quantum Field Theory”

3. S. Weinberg, ”The Quantum Theory of Fields”, Vol. 1

4. M. Peskin, D. Schroeder, ” An Introduction to Quantum Field Theory”
5. D. Bailin, ”Introduction to Gauge Field Theory”

6. C. Itzykson, J-B. Zuber, ”Quantum Field Theory”

7. A. Zee, ”Quantum Field Theory in a Nutshell”

8. M. Schwartz, ”Quantum Field Theory and the Standard Model”

Throughout the notes we will use natural units
h=c=kp=1

and the signature (+ — ——) for the metric. Thus length scales and time are measured with the same
units 1 . )
-1
V]—[t]—m—ﬁ—m—ev
which is the inverse of energy. Temperature is measure in the same units as energy.

Often we will use formal manipulations which require a more mathematical treatment. In quantum
field theory we will encounter many divergences which have to be regulated. This is generally possible
by considering a finite volume V and to quantize the theory in this finite volume. In the infinite
volume limit we obtain V — (27)36()(0) which is divergent. See arXiv:1201.2714 [math-ph] for some

lecture notes with a more rigorous discussion of different mathematical issues in quantum field theory.
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https://arxiv.org/abs/1201.2714
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1 Spin 0 — scalar field theory

1.1 Relativistic classical field theory

An intuitive derivation of the Klein-Gordon equation. Any theory of fundamental physics has to be
consistent with relativity as well as quantum theory. In particular a particle with 4-momentum p*

have to satisfy the relativistic dispersion relation
Ppu=E*—p*=m?. (1.1)

Following the standard practice in quantum mechanics we replace the energy and momentum by

operators
E — ihoy 7 — —ihV (1.2)

and postulate the wave equation for a relativistic spin-0 particle

m?¢ = (i0,)* — (=iV)’¢ = —(8} — V*)¢ (O+m?)¢=0 (1.3)
which is the so-called Klein-Gordon equation. The Klein-Gordon equation is solved in terms of plane
waves exp(ik - T + iwgt) with w, = (k2 + m?)Y/2 and thus the general solution is given by their
superposition

¢(x t) _ / d3k (a(k)eiﬁ-i—iwkt + b(k)eik’i‘i_iwkt) (1 4)
’ (27)32wy, )

The factor 1/wy, ensures that the field ¢ is a Lorentz scalar, i.e. invariant under orthochronous Lorentz

transformations (A% > 1). This can be directly seen from noticing thatﬂ

1

052 2yp0y L
/ AR ( — oK) =

—0o0

, (1.6)

since there is only one zero at k° = wy, for kK > 0. Thus we can rewrite the integration in terms of
d*kd(k? — m?)0(k°) with the Dirac J-function and the Heaviside step function @ which is manifestly
Lorentz invariant. For a real scalar field [¢(x,t) = ¢*(x,t)], the coefficients a and b are related by
b(k) = a*(—k). Thus for a real scalar field we find

d®k e A
z,t) = [ ————a(k)e *®" 4 o*(k)en® 1.7
0@.) = [ Gygol®) (k) (17)
where we changed the integration variable k — —k for the second term. If we were to interpret
the solution as a quantum wave function, the second term would correspond to ”negative energy”

contributions.

'Note that 1
/dmd(f(m)) = Z el (1.5)

where x; are zeros of the function f.



Using the representation of the ¢ function

(21)353) (k) = / dBre®? (1.8)
we can invert Eq. (1.7]) to obtain
. 1 1 ..
3,. ikt - - 2Gwgt % 1
/ e g(z) = alk) + 5 () (1.9)
/d?’xeik“xuﬁogi)(x) = —%a(k) + %e%w"ta*(k‘) (1.10)

and thus we obtain for the coefficients a(k)
a(k) = /d3xeik“‘vu [wi + 10p] P(x) = i/dgm ekuzt 5:) o(z) . (1.11)
with f(2) 0, g(x) = f(@)0sg(x) — (Duf (2))g(x).

1.2 Least action principle
This equation can also be derived from the least action principle using the following Lagrangian density
1 1
L= 5 PO ) — §m2¢2 (1.12)

and thus the action S = [dt [ d®zL. Consider a variation of the action with respect to the field ¢

and the coordinates x*
£ = 4 ¢(@) = 6(2) + 06(2) (1.13)

and thus the total variation of ¢ is A¢p = d¢ + (Ou¢)dz*. Variation of the action yields

6S = / d*'x'L(¢), 0,4, x") — / d*zL(p, 0,0, ) (1.14)
R
[ (0L oL c
_/Rd a:( 5509+ 313 009) + ot + L0 w) (1.15)
. (0L oL > . ( L. oL >
/d <8¢ 8“73(6/@) 5(]5—!—/Rd x0, | Loz + 0,0) e (1.16)
. (0L . O > ( L. oL )
/d <8gb 8“3( ) 5(]5—!—/8Rdau Lox +8(8u¢)5¢ (1.17)

where we used det(agC +) = 64 + 002" in the second line. If we demand on the boundary R that

there is no variation in the fields dx* = 0 and d¢ = 0, we obtain the Euler-Lagrange equations

oL oL
0=——-0y=—— 1.18
96~ 90,0 -
For a real scalar field the Euler-Lagrange equation is
oL oL
=0y—— — — = 0,0" 26 . 1.1
0 6#53;@ 50 0,01'd +m=¢p (1.19)
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The conjugate momentum to the field ¢ is

oL
"= 9000

and the Hamiltonian density is obtained by a Legendre transformation
H =70y — L

The Poisson brackets for two functionals L1 2 are defined asE|

. 3 5L1 5L2 _ (5L1 5L2
{Ll,LQ} = /d x |:(57T($,t) 5¢($,t) 5¢([[‘7t) 5F($,t)

and thus the Poisson brackets for the field ¢ and conjugate momentum 7 are

{m(z,1),6(y,1)} = 6°(z —v)
{m(z, 1), m(y, )} = {(z,1), 6(y,£)} = 0

The equations of motion are as usual determined by Hamilton’s equations

Gop(x,t) = {H, ¢(x,1)} dor(x,t) = {H,m(2,)} .

The generalisation to an arbitrary number of fields is straightforward.

1.3 Symmetries and Noether’s theorem

For an arbitrary surface R we can rewrite the second integral as

oL oL
LoxH 1) = —— _A¢p — OF "
/aRd"“( " B0.9) ¢> /aRd"“ [a@m) R

where we defined the energy-momentum tensor

oL
or =% 96— Lok
50,9 "

If the action is invariant (i.e. S = 0) under the following symmetry transformation

oxt = XHow” A¢p = ¢, 0w

The surface term vanishes because 45 = 0 and since dw"” is arbitrary

4
0= Jhdo,ow” = / d*x0,J,0w”
OR R
2The functional derivative of a functional is the straightforward generalisation of the ordinary derivative
5 ’ /
——f)y=6@t—1t).
s 1) = 8= 1)

(1.20)

(1.21)

(1.27)

(1.28)

(1.29)

(1.30)

(1.22)



with the Noether current

oL
K= o, — 0L X" . 1.31
v 8(@@) v K v ( )
As dwt is arbitrary function and for sufficiently smooth JJ' we obtain
ouJl =0. (1.32)
Thus we can define a conserved charge
Q. = /V Bz, (1.33)
of the system which is conserved when integrating over the whole volume
Qv [ prast = [ @eor, = [dot 7 =0 1.34
dt L 0oJ, = L0, = o J,=V, ( : )

where we used the conservation of the Noether current, 9,J; = 0, in the second step. The last
equation holds because the current has to vanish at infinity.
1.3.1 Examples

Consider A¢ = 0 and dx* = a*, where a* is a translation in space-time. Noether’s theorem tells us
that the Noether current is

JI = —0kad" (1.35)
Time-translations, a® # 1, a’ = 0 imply the conservation of energy
oL
H = /d3x@0 = /d%[ 0 —[,] 1.36
° 900) (139
and spatial translations similarly imply the conservation of momentum
oL
P = /d%@% = /d3x ; 1.37
5(00) ' 37

and thus we can interpret 64 as energy-momentum tensor.

The energy-momentum tensor as it is defined in Eq. is not symmetric and also not unique.
We may add a term 9y fM with fA = — f#\ because 00 fM vanishes due to f being antisym-
metric in p, A while the derivatives are symmetric. By choosing f*¥ appropriately we obtain the
canonical energy-momentum tensor

THY = @MY 4 9y fAV (1.38)

which is symmetric in u, v. The total 4-momentum of the system is the same, since

/ d3zoy fA% = / d320; [ = / doi f% =0 (1.39)

irrespective of the choice of f. The last equality holds because towards infinity the fields have to
sufficiently quickly go to zero, in order for the action to be normalizable and thus also any combination
of the fields 9; f% has to go to zero.



1.4 Canonical quantization — free real scalar field

Before moving to quantizing a scalar field let us review the quantization of the harmonic oscillator.

The quantum harmonic oscillator is defined by the Lagrangian

L=—¢—-—9q (1.40)

We can directly determine the conjugate momentum, Hamiltonian and Poisson brackets using standard

techniques
oL
e 1.41
P= g =M (1.41)
1 muw?
H=npi—1 = —p21 2 2 1.42
pq 5P T 5 (1.42)
{p.a}=1 {p.pt={q,q} =0 (1.43)
We obtain the quantum harmonic oscillator by replacing ¢ and p by operators ¢ and p = —idiq and
the Poisson bracket by the commutator
g L, me o (1.44)
“om! T2 ! ‘

We proceed in the analogous way for the real scalar field. The Lagrangian density for a free real scalar

field, generalized momentum, Hamiltonian density and Poisson brackets are given by

L= Lop0ms - 4 1.4

= 50u00"6 — =0 (1.46)
=0y (1.47)
H= %(%gb@ogb + %w Vo + ”;2¢2 (1.48)

{m(@,1),0(y, 1)} = *(x —y)  {m(x,t),7(y,0)} = {d(z,1), $(y, 1)} = 0. (1.49)

The Hamiltonian is positive definite and thus there is no problem with negative energies. We now
quantize the real scalar field and replace the field and its conjugate by hermitian operators which

satisfy the canonical (equal-time) commutation relations

[r(z,1),6(y,1)] = —i8°(x —y)  [n(z,t),7(y,0)] = [$(z, 1), &(y, )] = 0. (1.50)

Thus the coefficients a(k) in Eq. (1.7) become operators

oz, 1) = / (2:)3’;% {a(k)e”k“m + af(E)eiue } (1.51)
3 . .
:/M [a(k>fk(w> ‘f'aT(k)f;(x)} (1.52)



with the positive frequency (energy) solutions

Jula) = M (1.53)
which form an orthonormal set

/ Baf(@)i Dy fu(z) = 6O (F — 7). (1.54)

The operators a(k) and af(k) satisfy the commutation relations
la(k),al (k)] = / drdy(2m) () V2fi (2)i 3o 6(), ()i Do fio (v)] (1.55)
— i(2m)? / Bardy(dwpwy)? (1.56)
(i Bidn ey, Dl 1), 60, 0] + 3005 (0 iy ) lol, ), 7, 1]) (157)
= (20)° [ (o) 2 fi .0 90 oty (158)
= (27)%2wp 6P (k — k') (1.59)

Note that for k = K, there is a divergence, 6®)(0). We can formulate the quantum field theory in a
mathematically more rigorous way by quantizing the theory in a finite volume V. In this case, the
integrals are replaced by sums and (27)26(®)(0) — V. See the textbook ”Quantum Field Theory” by
Mandl and Shaw for a discussion in terms of fields quantized in a finite volume. However this breaks
Lorentz invariance and for simplicity in this course we will always work with the infinite volume limit
directly using formal manipulations, but keep in mind that we can always go to a finite volume to

regularize the theory. Similarly we can derive the other commutation relations

la(k), a(K)] = [a' (k),al(K')] =0 . (1.60)

The operators a(k) and af (k) play a similar role to the ladder operators for the quantum harmonic

oscillator. We define the number operator for the wave with momentum &
(2m)32wp 0% (0)N (k) = al (K)a(k) . (1.61)
The number operator N (k) satisfies the following commutation relations
IN(k), at (k)] = af (k) [N (k), a(k)] = —a(k) (1.62)

which are straightforward to show, e.g. the first one follows from

(2m)*2w 6% (0)[N (k), a' (k)] = [al (k)a(k), a' (k)] (1.63)
= al(k)[a(k), a (k)] + [a' (), a' ()]a(k) (1.64)
= (27)32uw8%(0)al (k) (1.65)



Thus if |n(k)) is an eigenstate of N (k) with eigenvalue n(k) then the states af [n(k)) and a(k) [n(k))
are also eigenstates of N (k) with eigenvalues n(k) + 1 and n(k) — 1 respectively. This justifies the
interpretation of the operator N (k) as a particle number (density) operator for momentum k. The

number operators for different momenta k& commute
[N (k), N(K)] = 0 (1.66)

and thus eigenstates of the operators N (k) form a basis. Similar to the quantum harmonic oscillator
there is a ground state energy. It gives an infinite contribution to the energy when integrating over

all momenta

T
H = / o 32wk wia' (k)a(k) + eV (1.67)

where we interpreted (27)30%(0) as volume V and eV denotes the zero-point energy with

3
YR o9

As only energy differences matter in the absence of gravity, we can subtract the zero point energy and

redefine the Hamiltonian as B

which is formally equivalent to writing all annihilation to the right of the creation operators. This
is denoted normal ordering and we define the normal ordered product of operators AB by : AB :.

Similarly the normal-ordered momentum is given by

3
P /(275)3’;% kat (B)a(k) (1.70)

Thus the energy is always positive given that the particle number does not become negative. This

does not occur given that the norm of the states in the Hilbert space have to be non-negative
[a(k) [n(k)]F [a(k) [n(k))] = (n(k)|af (R)a(R)ln(k) ) = (27)*28*(0) (p(R)IN(R)In(R) — (1.71)
= (27208 (O)n(k) (n(k)n(k)) > 0.
Thus as a(k) reduces n(k) by 1, there is a ground state |0) with
a(k)[0) =0 (1.72)

which does not contain any particles N(k)|0) = 0 of momentum k. The operator a(k) and af(k) are
commonly called annihilation and creation operators, because they annihilate and create one particle
with momentum k£, respectively.

The one-particle state |k) = a'(k) |0) is normalized as

(k|K) = <oya(k)aT(k')yo> - <0|[a(k),af(k')]\o> = (21)%2w.0% (k — k) (1.73)



where we used the commutation relatiorﬁ of the creation and annihilation operators and the nor-
malization of the vacuum state (0|0) = 1. The one-particle wave function ¢ (z) for a particle with
momentum p is

d®k

P(a) = (06 () lp) = / 252

[(0la(k)lp) e + (0lat (k) p) 7| = =7 (1.74)

1.5 Complex scalar field

So far we considered a real scalar field. For a complex scalar field the discussion is very similar, but

there are some important differences. The Lagrangian of a free complex scalar field ¢ is given by
L=0,610"p —m?¢Te (1.75)

The Lagrangian is invariant under an internal symmetry ¢ — ¢*®¢ and thus there is a Noether current.

For convenience we replace &« — —qg and thus obtain

: f ] — oot &
Ju = =ia (0,616 — (9,0)¢' | = ias" O, (1.76)
and a conserved charge

x4
Q ziq/cl?’xcbT 0 ¢ . (1.77)

The Euler-Lagrange equations and conjugate momenta are
(O+m?)e=0 (O+m?)el =0 (1.78)
w:%zﬁ WT:%% (1.79)

d¢ 2y

The general solution for the fields ¢ and ¢! are given by

3 , . 3 ' 4
o(z,t) = / (2:);;% (a(k)e*““fjubT (k)e”“”) ¢l (z,t) = / (2:)3];% (aT(k)ezlm n b(k)eﬂka/a) .
(1.80)

We quantize it in the usual way, but we have to keep in mind that ¢ and ¢! are independent. The

equal time commutation relations are

[r(x,t), d(y, )] = [7'(2,1). ¢ (y, )] = —i8*(x —y) (1.81)

while all other equal time commutation relations vanish. This leads to the following commutation

relations for the operators a(k) and b(k)

la(k), at (K)] = [b(k), 6T (k)] = (22, 3(F — ) (1.82)

3Note that some textbooks use a non-covariant normalization of the commutation relation [a(k),a (k)] = 6(k — K').



where a(k) and b(k) are annihilation operators. Thus there are two types of particles, a and b, with

number operators and Hamiltonian

(27)32wi 03 (0) Ny (k) = a' (k)a(k) (27)32w, 63 (0) Ny (k) = bT (k)b(k) (1.83)

H= / o 32wk [a*(k)a(k)+bT(k:)b(k)]. (1.84)

Thus the particles both have the same positive energy, but they have equal and opposite charges,

because the charge operator is given by

Q=g / / - 32wk [al (k)a(k) — b1 (k)b()] - (1.85)

Otherwise their properties including mass are equivalent. They form a pair of particle and antiparticle.
The existence of antiparticles is a general feature of relativistic quantum field theory which we will

encounter later as well for Dirac fermions.

1.6 Lehmann-Symanzik-Zimmermann (LSZ) reduction formula

Consider a real scalar field theory. States in a free theory (i.e. which contain at most terms quadratic
in the fields) are constructed by acting with the creation operators on the vacuum. A one-particle

state is given by
k) = a' (k) |0) (1.86)

where the creation operator can be written in terms of the field operator as derived in Eq. (|1.11))

at (k) = / & e (g — i0) d(x) = —i / B e * 5y ¢(x) (1.87)

and similarly

a(k) = / B ¢ (o + i) H(x) - (1.88)

We can define the creation operator of a particle localized in momentum space near k; and in position

space near the origin by

= /d3kf1(k)aT(k) (1.89)
where the function f; describes the wave packet of the particle, which we take to be a Gaussian with
width o

f1(k) oc exp (— (1.90)

In the Schrodinger picture the state ai |0) will propagate and spread out. The two particles in a two-

particle state a{ag |0) with k; # ko will be widely separated for ¢ — oo. The creation and annihilation



operators will be time-dependent. A suitable initial (final) state of a scattering experiment will be

[i) = lim_aj(t)ab(t) |0) = af (~o0)aj(~oc)|0) (1.91)
) = lim al,(t)al,(t) |0) = al, (c0)al, (<) [0) (1.92)

The scattering amplitude is then given by (f|i). Note however that the creation and annihilation
operators in the scattering amplitude are evaluated at different times. We thus have to relate them

to each other.

aJ{(oo) - a];(—oo) = / dt@oa]; (t) fundamental theorem of calculus (1.93)

—00

= / Bk fi(k) / d*zdy (e—"’“(wk —i@o)qﬁ(:v)) (1.94)
- ‘i/ k() / d'ze™ (35 +w”) §(x) (1.95)
= / &Pk fi(k) / dipeihe (ag + k2 4+ m?) ¢(x) (1.96)

)
- / Pk fi (k) / d*ze T <6§— v +m2> o(z) (1.97)
(8= 0)

=—i / 3k fy (k) / dize” ™ (92— v 4+m?) é(z) (1.98)
= —i / >k f1(k) / d*ze ™ (9,01 +m?) ¢(x) (1.99)
and similarly for the annihilation operator
a1 (o0) — a1 (—o0) = i/dgkfl(k:) /d‘%eikm (0,0" + m?) ¢(x) (1.100)
Thus we are in a position to evaluate the scattering amplitude, the matrix elements of the scattering
operator S,
S5i = (i) = (01T (az (00)ar (00)al (~o0)al(~o0)|0) (1.101)

= i / d*zie *T (02 4 m?) .. diaydray e ™ (02 + m2) (0T d(z1) . . . d(z2)|0)

where we inserted the time-ordering operator in the first step, then used the derived relation of the
creation and annihilation operators. The expression directly generalizes for more particles in the initial
and/or final state. The general result is called the Lehmann-Symanzik-Zimmermann (LSZ) reduction
formula, which relates the scattering amplitude to the expectation value of the time-ordered product
of field operators. The same holds in an interacting theory if the fields satisfies the following two

conditions

(0l¢(x)[0) =0 (Olg(x)|k) = e~ (1.102)

10



These conditions can always be satisfied by shifting and rescaling the field operator appropriately.
The two conditions ensure that the interacting one-particle states behave like free one-particle states.
In general the creation operator will create a mixture of one-particle and multi-particle states in
an interacting theory. However, it can be shown that multi-particle states separate from one-particle
states at the infinite past and future and thus we can consider scattering between (quasi-)free particles.
See the discussion in the book by Mark Srednicki for a rigorous argument why the same also holds in
an interacting field theory.

The S matrix is unitary because for two in-states |i) and |j) and the final (out-state) |f) we find

>S5S = 3G (i) = Gili) = 8 (1.103)
f f

where we used the completeness of the out states |f). Thus the probability to scatter to any final

state | f) is unity. It is often convenient to write the S matrix as
S=1+4T (1.104)

where the identity refers to no scattering and the 7' matrix describes any (non-trivial) scattering.

Then unitarity translates into
1=8TS =1 —iTH(A+iT) =1+iT —iT"+T'T =  T'T=—i(T—T" =2Im(T) (1.105)
which is one form of the optical theorem. Next we develop tools to calculate correlation functions

such as (0|T¢(x1) ... d(x,)|0).

1.7 Spin-statistics connection

Could we quantize the scalar field also with anticommutators instead of commutators? Consider spin-0

particles with the Hamiltonian

3
Hy :/@gg%wkaf(k)a(k). (1.106)

The creation and annihilation operators either satisfy commutation or anticommutation relations
(a(k), a(k)]5 = [al (k). a (F)]5 = 0 la(k),at ()] = (27)*2w0%(k — k) (1.107)

Now construct a theory with local Lorentz-invariant interactions out of the non-hermitian fields

3 . 3 o
¢T (x,0) :/(dk e F%a(k) ¢ (x,0) :/(dk e*Tal (k)

27)32wy, 27)3 2wy,

d*k

Fikz (1)
)52 et a\ (k) (1.109)

5 (w.0) = M09 (@, 0)e 0 —

11



which are related by hermitian conjugation ¢* = (¢7). ¢*(z,t) is the time-evolved field ¢*(z,0).

The field ¢ is invariant under proper orthochronous Lorentz transformations A

UA)'o(@)U(A) = (A" ") (1.110)

and thus also the creation (af(k)) and annihilation (a(k)) operators as well as the fields ¢*(z) are
Lorentz scalars. Construct an interaction Lagrangian density £; which is local and Lorentz invariant.
The corresponding Hamiltonian density is denoted by H; and H; denotes the interaction Hamiltonian

in the Schroédinger picture

H = /d3x’}-[1(:n,0) (1.111)

where H(x,0) is a hermitian function of ¢*(x,0). The corresponding Hamiltonian density in the
interaction picture H(z,t) is defined by the same function, but with ¢¥(x,0) replaced by ¢*(z,1),
since the interaction Hamiltonian is given by H(t) = exp(—iHot)H; exp(iHot).

Consider now a transition amplitude from a state |i) at ¢ = —oco to state |f) at t = oo
[e.e]
Tpei = <f|Texp [—z/ dtHI(t)] |z> : (1.112)
—0o0

The transition amplitude is only Lorentz invariant, if the time-ordering is frame independent. This
is trivially satisfied in the forward and backward lightcone for time-like separations of two events
(r — 2')2 > 0. However events with a space-like separation can have different temporal ordering.
Thus we have to require that the interaction Hamiltonian commutes with itself at different times for

space-like separations
[Hi(z), Hi(2")] =0 (x—2)> <0 (1.113)

The interaction Hamiltonian densities are constructed of the fields ¢*(x,t) and thus we have to

consider the commutator (anticommutator) of the fields ¢* for space-like separations r? = (z—2)2 < 0

&k 3K e ! B3k L
w*m%¢‘mﬁh:=/k%ﬂwwk@me%eﬂ“”*”NMM¢ﬂw%¢:i/ChPZ%eﬂ““”)(LH@

The integral is best evaluated for ¢t = ¢’ using spherlcal coordinates. For t =t/ k = |k| and r = |Z— &|

—ikr
zkr cosf _ —€ _ ikr
— dk/ dcos@ / dk T 87T / k:2+m2 .
(1.115)

The integrand has branch cuts along the imaginary axis starting at £im. We deform the integration
contour such that it wraps around the upper branch cut by defining p = ik/m and thus

, 0o —pmr 9] 9 -
@070 = gy [ e = g [ (1) (1116

= {[\/;ﬁ — 1e—f’”““}1 —/ dpr/p? — 1;[)@—0”““} (1.117)
1

4mer
m2

— dp\/ —le ™ =

42

(mr) = C(r) (1.118)
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where K denotes the modified Bessel function. Thus the (anti)commutator is non-zero for any r > 0.
Consider now the linear combination ¢y(z) = ¢*(x) + A¢~ (z) with an arbitrary complex number \.

The (anti)commutators of ¢, for space-like separations are then

[@a(@), 852Nl = [0 (2), 0~ (@5 + N[6™ (@), 67 (2')]5 = (1 = AP)C(r) (1.119)
[DA(2), ¢a(2")]& = A[dT(2), &~ (2)]5 + Alg™ (), 6" (2")]& = AL F 1)C(r) (1.120)

Thus in order for both (anti)commutators to vanish and to have a suitable interaction Hamiltonian
built out of the field ¢) we have to choose commutators with |[A\| = 1. This brings us back to a real
scalar field if we choose A = €', then e~/2¢, () = ¢(z).

The same argument can be made for higher spin fields in any number of space-time dimensionsﬂ
The allowed choice is always commutators for integer spin and anticommutators for half-integer spin.

Hence particles with integer spin are bosons and particles with half-integer spin fermions.

4For d = 2 there are more possibilities apart from fermions and bosons, so-called anyons.
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2 Feynman path integral

We develop the formulation of a quantum theory in terms of the Feynman path integral. Consider the
generalized coordinate operators (), and their conjugate momentum operators P, with the canonical

commutation relations

[Qa, Py = idap [Qa, Qb] = [Pa, B] =0 (2.1)

In a field theory the operators depend on the position . Thus the index a labels on the one hand the
position x and on the other hand a discrete species index m. Thus the Kronecker delta function g
should be interpreted as 0z m:yn = 0(z — y)0mn. As the Qq (P,) commute among each other there

are simultaneous eigenstates |q) (|p)) with eigenvalues ¢, (pq)

Qa ‘Q> = {qa |Q> P, |p> = Pa |p> (2‘2)
which are orthogonal and satisfy a completeness relation
(d'lg) = ad(ds — ga) = 0(d" — q) (0'lp) = Tad(p, — pa) = (0" —p) (2.3)

1=/m@ﬂMﬂE/@mw 1=/m@mmm5/@mw| (2.4)

From the commutation relations ([2.1)) the scalar product

1 .
(alp) = Ha—me’q‘”’a (2.5)

follows. In the Heisenberg picturelﬂ7 where operators P and () depend on time, the corresponding

completeness and orthogonality relations apply

(¢stlg;t) = ad(qy — q) = 0(¢ — q) (Pitlpit) =T (p, —p) =0(p' —p) (2.7
V= [aalait) ol = [aplpit) Grtl (it ) = e, 28)

Now we want to calculate the probability amplitude for a system to go from state |¢; ) to state |¢;t'),

i.e. the scalar product (¢’;t'|¢;t). For an infinitesimally small time difference dt = ¢’ — ¢, it is given

by
(qt|g;t) = <q/;t\ef"H(Q(t)’P(t”dt\q;t> = /dp <Q’;t\e*iH(Q(t)’P(t))dt!p;t> pitlgt)  (2.9)

_ /H %efiH(q’,p)dtJriZa(q{rqa)pa (2.10)

o

5States |a) and operators A in the Heisenberg picture are related to operators in the ”Schodinger picture at fixed
time ¢t = 0” by

last), = e |a) Au(t) = e Age Mt (2.6)

5The Hamiltonian is a function of the operators @ and P. In the Heisenberg picture, it is given by the same function
of Q(t) and P(t). We adopt a standard-form of the Hamiltonian where all operators @ appear to the left of the operators
P. Other conventions are possible (e.g. Weyl ordering) but will lead to slight differences in the definition of the Feynman
path integral.
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The last step is only possible for an infinitesimal time step, where exp(—iHdt) ~ 1 — iHdt, because
we can neglect higher orders in dt. For a finite time interval, we split the the time interval in many
intermediate steps, t = 19, 71,72, ..., 7N, TN+1 = t' with 7411 — 7, = 07 = (¢’ — t)/(N + 1) and insert
the identity using the completeness relation for the states q. Hence the scalar product is given by the

constrainedlﬂ path integral
(¢;t']q;t) :/H{cvzldq<7k)<Q(TN+1>?7N+1’q<TN)§TN> (a(rn); T lg(Ta—1); Tv—1) - - - {q(T1); T1lq(70); T0)

= [ msdg(r] g, | .11

N+1
X exp (l > [Z(qa(ﬁc) — qa(Tk—1))Pa(Th—-1) — H(Q(Tk)ap(Tk—l))dT]>

k=1 a
Novge /q o DIPPED (2 /t [Z Ga(T)pa(T) — H(q(r), p(T))] m) (2.12)

where we implicitly defined the integration measure

. dpe (T
/ DgDp = lim / [T adga(7)] [Hﬁzona p;“] . (2.13)

Note that ¢ and p in the path integral are ordinary functions (instead of operators). They are variables
of integration and do not generally satisfy the classical Hamiltonian dynamics. For convenience we

define the function ;
s= [ darlatrpr) - H] (2.14)
t

which reduces to the action if the Hamiltonian dynamics holds.

2.1 Expectation values of operators

The Feynman path integral formalism allows to calculate expectation values of operators for interme-
diate times. Consider an operatmﬂ O(t1) at time t; with ¢t < t; < ¢. For an infinitesimal time interval

[t,t + dt] with an insertion of an operator at time ¢ we find

(¢t + dtlO(P(t),Q(t))]g; ) Z/Haé]:: <q’;t\e”'H(Q(T)’P(T))dt\p;t> (p;t|O(P(1), Q(1))g:t)  (2.15)

d a . ’ . ’
_ / 11, 2220(p, g6 D Zalti e (2.16)

i.e. for every operator we insert the operator with () and P replaced by the integration variables ¢

and p, respectively. Thus for a finite time interval ¢ < t; < t’ we simply obtain

(¢5¥'|0(P(t1), Q(t1))lg: t) = /Dql?p O(p(t1), q(tr))e’™ . (2.17)

"The initial and final state are fixed and not varied.
8The operators Q, have to be ordered to the right of the conjugate operators P,.
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Then its expectation value can be expressed in terms of a path integral. Similarly for multiple operators
01 (tl) and 02 (tg)

(¢;'102(P(t2), Q(t2))O1(P(t1), Q(t1))lg; t) 1 < t2

(¢;U']O01(P(t1), Q(t1))O2(P(t2), Q(t2))lg;t) ta <t
(2.18)

/ DgDp O (p(t1), (1)) O (p(t2), q(t2))e’™ =

The right-hand side can be expressed in terms of the time-ordered product of the operators

TO(t)O(ts) = O(t1)O(t2) ta <t (2.19)
O(tg)O(tl) t1 < tg ‘ .

It straightforwardly generalizes to the time-ordered product of an arbitrary number of operators.

(¢;¢'|TO1(t1) ... On(tn)|g;t) = / DqDpO1(t1) ... Op(tn)e™ . (2.20)

This motivates the introduction of external sources J and K for a the particle in quantum mechanics

(field in quantum field theory)
<q’;t’]q;t>J,K = /Dquei(S+Jq+Kp) (2.21)

where the products Jgq and Kp should be understood Jg = [ drJ(7)q(7). Functional derivatives (See
footnote with respect to the external sources evaluated for vanishing external sources then generates

the time-ordered product of the corresponding operators. For example there is

16 .
i 0J(t) (5Tl t) = / DqDpq(t1)e™ = (¢';t|Q(t1)lg; t) (2.22)
J=K=0
1 4 .
Tk 16k = / DyDpp(tr)e’™ = (¢'st'|P(t1)la: ) (2.23)
J=K=0
! 0 ! 0 ! / S 1.4l
i i I = | D¢D Y= (T : 2.24
i 0J(tg) i 6J(t1) <q b ‘q>t>J,K Ko qDpq(t1)q(t2)e <q ;U] Q(tl)Q(tQ)‘q,t> (2:24)

and in general

1 0 1 ot e _ Ty .
TSI TR (q;t ‘q’t>J’K‘J—K—o = (¢;V|TQ(t1) ... P(tn) ... |g;t) . (2.25)

2.2 Vacuum-vacuum transition

So far we only considered position eigenstates as initial and final states. For other initial and final
states we have to multiply with the wave functions (g|¢) = ¢(q) of these states and integrate over the
generalized positions. In particular if we consider transition amplitudes from the infinite past to the
infinite future

(6 00lth; —00) 5 = / dq'dg / DgDpé* (g(00) ) (a(—00))eSH+ED (9,96

q(o0)=¢q’,q(—o0)=q

— / DgDps*(4(00) (gl —o0))5+a+Ep) (2.27)
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where we used that the unconstrained Feynman path integral is equivalent to the constrained path
integral when we integrate over the boundary conditions. An analogous expression holds for the
expectation value of operators.

As discussed in the derivation of the LSZ reduction formula we are specifically interested in vacuum

to vacuum transition amplitudes
(05 00]0; —00) ;= /qup e!SHIIHER) (0 out|g(o0); 00) (g(—00); —00|0; in) (2:28)

Thus we have to evaluate the ground state wave functions in the infinite past and future. We consider
two concrete simple examples of free field theories, a quantum theory which reduces to the quantum
harmonic oscillator in the absence of interactions and a real scalar field, but before discussing them

we first introduce the Lagrangian version of the path integral.

2.3 Lagrangian version

In case the Hamiltonian is quadratic in the conjugate momenta it is a Gaussian integral and the
integral over the conjugate momenta can be performed exactlyﬂ If additionally the quadratic term
in the conjugate momenta does not depend on the generalized variables ¢ the result will only involve

constants which can be absorbed in the definition of the integration measure

(¢stg;t) = /(t(’)) " Dq exp (z/t dTL(Q(ﬂaQ(ﬂ)) (2.30)

The function L(q, q) is computed by first determining the stationary point, i.e. by solving

( / [an palr H(qv’),p(f’))] df'>=q'a<7>w (231)

for p in terms of ¢ and ¢, and then inserting the solution in integrand. This exactly mirrors the

5pa

procedure in classical mechanics, when we move from the Hamiltonian formulation to Lagrangian
formulation. The function L is the Lagrangian of the system. In the Lagrangian formulation the path
integral is explicitly Lorentz invariant. This situation is very common and in particular it applies for
the theories we are interested in for the rest of the lecture. Thus we will mostly use the Lagrangian

version in the following.

2.4 Quantum harmonic oscillator

The Hamiltonian and the Lagrangian of the harmonic oscillator take the form

2
p L 95 Lo 1559
9Note that the Gaussian integral is simply
/dmef(%zAzJﬁb:brc) _ /dxle—(%cc’Az’chf%bA*lb) _ %e%bfrlbfc (2.29)

with 2’ =2 + A~ 1.
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using convenient units where m = 1. The relevant commutation relations are

[p,q] = —i [p,p] = [g,q] =0 (2.33)

and the annihilation operator is defined by

a= @ (q+z‘£) . (2.34)

In position space the momentum operator is represented by p = —id/dq. Then the ground state wave

function is determined by (a |0) = 0 in position space)

0= [wq + gq] @0y = (g|0) = Ne 3%’ (2.35)

with some normalization constant N. In particular this expression holds for the wave function in the

infinite future and past and thus the product of the two wave functions is given by.

(05 out|g(00); 50) (g(—00); —00|0; in) = |N|2e~ ¢ [a(-0) +a(0)’] (2.36)
— elir(])a+ |N[2e 5% o dra(r)?e ! (2.37)

where we used the final value theorem of the Laplace transform. Note that the wave function is
independent of the sources and thus only contributes a constant factor to the Feynman path integral.
As we are only interested in the limit € — 0 (and ¢(7)? is integrable for the harmonic oscillator), this
motivates the definition of the partition function

lim€_>0 fDqu 6i(5+]q+Kp+i€fd‘r%q2)

Z|J, K] = (0;00]0; —0c0 = e

(2.38)

as a generating functional of all correlation functions for vacuum to vacuum transitions. The correla-
tion functions are obtained by taking derivatives with respect to the sources of Z[J, K|. Equivalently
we could discard the normalization factor and consider In Z[J, K|, because derivatives of In Z[J, K] are
automatically correctly normalized such that vacuum-vacuum transition amplitude in the absence of
sources is normalized to unity, i.e. (0|0);_j_, = 1. Similarly the partition function in the Lagrangian

formulation is given by

lime—)O fDq 6i(S+Jq+i€de%q2)
J) = d

2.39
lim,_o J‘ Dq 6i(5+iequ—%q2) ( )

It is convenient to consider the Fourier-transform of ¢

i(E) = [ dte gt att) = [ Soe P ae) (2.40)

and equivalently for the source J(¢). Thus the term in the exponent becomes

Sda+ [ arP = [argE e B [(SBE - 4 i () + JEN(E) + HE(E)
- % / % [cI(E) (E? — w? +i€) (—E) + J(B)j(—E) + j(—E)q(E)] (2.41)
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where we used that the 7-integration yields a factor 2w6(F + E’) which has been used to perform
the E’-integration. The path integral measure is invariant under a shift of the integration variables,

J(E) = q(FE) — ﬁf?ﬂe and thus the amplitude is given by

P ( f Céf JE(QEwaJr'Le ) fDq exp ( dEQ(E) [EQ —w? + ’iE] q*(_E))
7] = 70

i [dE J(E)J(-E
= exp <_2/27TE§—)0J(2—{—1)€> . (2.43)

Taking an inverse Fourier transform we obtain

(2.42)

Z|J] = exp (—; /dtdt’J(t)G(t — t’)J(t’)> (2.44)
The Fourier transform of the kernel
dE efiE(tft’)
Gt—-th= | ——— 2.45
( ) / 2 B2 — w? + e (245)

is a Green’s function of the harmonic oscillator
62 / /
<8t2+w)G(t_t):_5(t_t) (246)

which can be shown by a straightforward calculation of the left-hand side. The integral over the
energy F in the definition of the Green’s function can also be evaluated via a contour integral in the
complex E plane via the residue theoremm The two simple poles are at F = + (w — i€), i.e. the pole
for positive (negative) energy is shifted slightly to the lower (upper) half of the complex plane. For
t—t' >0 (t—t <0) we close the contour via the lower (upper) half of the complex plane and thus
the residue theorem results in

1 . /
G(t — t/) = ﬂe_lwlt_t | . (249)

The Green’s function can similarly be expressed in terms of the 2-point correlation function. The

second derivative with respect to the sources of the partition function is

01T Q(t1)Q(t2)[0) = 15J((5t1)15<]((5t2) U= 1ufu> [_/ At Glte = )] “')} 2 250
— iGts — 1) . (2.51)

10The residue theorem relates the contour integral along a positively oriented simple closed curve to the sum of the

residues of the enclosed poles

7{ f(z)dz = 27TiZRes(f, ak) . (2.47)
~
In particuar for a holomorphic function f the Cauchy integral theorem states

2mif(a) = 7{(12% . (2.48)
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We can similarly evaluate higher-order correlation functions. For the four-point function we find

0ITQ(t)Q(t2)Q(t3)Q(t4)[0) = i* [G(ta — t1)G(ts — t3) + Gtz — t1)G(ts — t2) + G(ts — t1)G(ts — t2)] .
(2.52)

Thus the 4-point correlation function is given by the sum of the Green’s functions of all possible

pairings. More generally 2n-point function is given by
OITQ(t1) ... Qt2n)|0) =" > Gltiy —tin) ... Gltin,_, — tiy,) - (2.53)
pairings

All other n-point functions, i.e. with odd n vanish, because there is always one remaining source term.
Interactions from terms in the Lagrangian with higher powers of the generalized coordinate ¢", n > 2

will change this result.

2.5 Free scalar field

The Hamiltonian and Lagrangian densities of a free real scalar field are given by

m2

H=in2i lvep s g £=1g ¢aﬂ¢—m—2¢2 (2.54)
2" T3 2 — % 2 ’

with the conjugate momentum 7m = Jy¢. The relevant equal-time commutation relations are

(2, 1), ¢(y, t)] = —id(z — y) [m(x,t), w(y, )] = [d(2, 1), 6y, 1)] = 0 (2.55)

and the annihilation operator is defined as

a(k) = / Bre™ [in(z) + wno(z)] . (2.56)
We follow the discussion of the quantum harmonic oscillator to obtain the ground state for a given
time ¢t. In the field ¢ basis, the conjugate momentum is given by w(z,t) = —i% and thus the
defining equation of the ground state is
0= /algﬂlce_“;'gE 0 + wirp(x, t)| (¢;t|0) (2.57)
6¢(z, 1)

In analogy to the quantum harmonic oscillator we use a Gaussian ansatz for the ground state wave

function
1 3.3
@itl0) = Nexp (3 [ dadyeteote. o) (2.59)

It provides a solution provided that

0= / dBpeinte—ikE [— / dByE(z,y)d(y, t) +wk¢(az,t)] (2.59)
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is satisfied for all ¢. We can rewrite it as follows
0= [ dhactoreie [— [ v own + [ @i - poi.o (2.60)
= /d?’y [—/d‘q’ajei’;’fﬁ(x,y) + eiE'gwk} Py, t)ert (2.61)

As the equation holds for all ¢ and the expression in the square brackets is a smooth function, the

expression in the square brackets has to vanish identically. Inverting the Fourier transform we find

Bk g

This also holds in the infinite past and future (even for an interacting real scalar field theory) and
thus

for the kernel

(0; out|g(x, 00); 00) (¢(z, —00); —00|0; in) (2.63)
— N2 1[5 s _ _

N Eexp (g [ P ye(e.0) e 0)6(0.00) + 6o ~)o(0. o)) (200

= lim |N|?exp (—;/d3md3y/oo drg(x,y)¢(x,7)¢(y,r)e”') (2.65)

e—0t

This term will slightly shift the poles in the complex F plane and thus will determine the form of the
Green’s function like in the case of the quantum harmonic oscillator. The generating functional in

this case is given by

ngbeXp( fd4 (L+ J(x)p(x)) — 5 fd?’mdgydTE(m y)o (az,T)qu(y,T))
fD¢eXp( Jd*al —§ fd3xd3yd78(x y)p(z, 7)o (y,T))

:fquexp( [ d*zd*s’ ¢(z)p(2)D(z,2') +i [ dzJ(2)p(z))

[ Doexp (3 [ d*zd e’ ¢(z)p(a')D(x, 2"))

where we dropped the factor eIl in the first line and it is understood that in the end the limit € — 0

Z[J] =

(2.66)

(2.67)

is taken. D(zx,y) in the second line is defined as

75(.(13—1‘,) —m25(x — z') +ie€(Z, 7)ot — 1) . (2.68)

All three terms only depend on the difference x — 2’ and thus the result is translation invariant. In

momentum space with

~ . 4 . ~
30) = [ dtaemo(a) o) = [ e o0 (2.69)

we thus obtain
D(p) = p* — m? + ieE(p) (2.70)

1 [ d*
S+J¢+ieterms—2/(27§4

(6 D@)I(—p) + JD)d(—p) + J(-p)op))  (271)
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Analogously to the derivation in case of the quantum harmonic oscillator the d*z integration yields
a factor (27)%6@ (p + p/) which introduces the different signs for the momenta. Note that D(p) is
= D(—p) and thus using linearity of the path integral measure by shifting the field
(p)~J(p) we obtain

symmetric, D(

symmetric, D(p)
¢(p) — é(p) — D

Z[J] = Z%O]exp (—;/ (§i§4j(p)ﬁ(p)_lj(—p)) X /DéeXp (;/ (;ijf;ﬁ(p)b(p)@(—p)) (2.72)
—on (-5 [ AL I - 2.13)

In position space we obtain

Z[J] = exp (—; / dtzd's’ J(z)Ap(z — x')J(:v’)) (2.74)
where we implicitly defined the Feynman propagator

S = T @75)
FE=T)= (2m)4 p2 —m2 +ieE(p) '

As we are only interested in the limit e — 0T, it is common to replace i€ E(p) by ie which we will do
in the following for simplicity. The Feynman propagator is a Green’s function of the Klein-Gordon

equation and thus satisfies (in the limit € — 0)
(Oz +m?) Ap(z — ') = —6W(z — ') (2.76)

which follows directly from its definition. In the complex plane of the energy there are two simple

poles at + < P2 +m? — ie). Using the residue theorem we can evaluate the integral over the energy

and obtain
d®p A Moo
A ey = 5 %Y —iwp|t—t | +ip(Z-T) 9.
rlr—2a") z/ (27r)32E(p)e (2.77)
d3p . / d3p . ’
= —i0t—-t _ Ty —iple—a) _ 0t — ¢ / —ip(z’ —x) 9
# )/ (277)32%76 i ) (27r)32o.;p6 (2.78)

using the result from the same calculation for the harmonic oscillator. The two remaining integrals can
be evaluated in terms of modified Bessel functions which we will see when looking at the spin-statistics
connection theorem. Finally analogously to the discussion for the harmonic oscillator we obtain the
expectation values of the time-ordered products by taking functional derivatives with respect to the

sources

1 s 1
= 15760 ...géj(xn)Z[J] - (2.79)

In particular the 2-point correlation function is given in terms of the Feynman propagator

01T ¢(x1) - .. ¢(xn)|0)

(O]T¢(z1)p(22)]0) = iAF(z2 — 21) - (2.80)
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or explicitly writing out the time-ordered product we find

iAp(z2 —x1) = 0(t1 — t2) (0]p(21)(22)[0) + 0(t2 — 1) (0|¢(w2)(21)[0) (2.81)
= 0(t1 — t2) (0[¢™ (x1)¢™ (22)]0) + O(t2 — t1) (0]¢™ (22)d™ (1)[0) . (2.82)
with the positive and negative frequency solutions
3 .
o+ (a,t) = / (2733’;%@(/@)6—1“ (2.83)
3 .
¢ (z,t) :/@g?zc%aukz)emz . (2.84)

Thus the Feynman propagator for to < ¢ can be interpreted as the creation of a particle at xo and
the annihilation of a particle at xz1 and vice versa for t; < t5. The time-ordered product of 2n field

operators is given by the sum over all pairings
(OTh(1) ... B(w2n)[0) =" Y Ap(wi, —2iy) - Ap (@i y — Tizy) - (2.85)
pairings

This result is known as Wick’s theorem.

2.6 Interacting scalar field theory

Finally we will be considering interactions. Consider a Lagrangian £ = Lo + £ where Lg is the
Lagrangian of a free field (or exactly solvable) and £; denotes the interaction Lagrangianﬂ Then the
generating functional can be written as
Doet | Po(LotLitIotise?)
710 = 120 ‘
f D¢€Zfd4x(£0+£1+l§¢2)

(2.86)

We are going to use our solution for the free field theory to obtain a more convenient expression for
the interacting theorylﬂ

g (g €2 1 6
Z[J] X /D¢€Zfd x£1elfd w(£0+‘]¢+l§¢ ) = exp |:’L/d4$£1 <’L(5J(x)>:| Z(][J] (287)

with the generating functional of the free theory

ZolJ] = exp <—; / dd s J () Ap(z — :n’)J(:z:’)) (2.88)

Thus vacuum expectation values of time-ordered products of operators are given by

<0|:r¢>(;cl)...¢>(ggn)|o>:Z1 L o L 9o )exp[i/d4xﬁl(1 0 >]ZO[J] (2.89)

0] i6J(z1) " i6J(2n i 6J(x)

J=0

Recall that we made several assumptions when going to the Lagrangian formulation: H is no more than quadratic
in the conjugate momenta and this term does not depend on the generalized coordinates. If this is not satisfied or if we

want to calculate expectation values of conjugate momenta, we have to resort to the Hamiltonian formulation.
12The derivation is intuitive. A more rigorous derivation can be found in Ryder chapter 6.4.
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Figure 1: E=0and V =0

Oo—0O ©

Figure 2: E=0and V =2

In order to better understand the expression we will do a double expansion of the generating functional
in terms of the number of interactions and the number of propagators Ar. For concreteness we will

consider the simplest interaction Lagrangian
L3

This theory is not bounded from below and thus there is no ground state (similar to the harmonic
oscillator with a ¢3 correction). This however does not become obvious in perturbation theory, when
we expand in the small coupling g. We will ignore it in the following and illustrate the perturbative
expansion of the generating functional. The expansion of Eq. then results in

201 | s V] T , R
Z[J]ocvzzov! g/d%(i(wm) PZ:OP![—2/d4xd4xj(x)Ap(a:—x)J(x) (201)

For a given term in the expansion with P propagators and V vertices the number of surviving sources
is F =2P — 3V, where F stands for external legs. In case of the expectation value of a time-ordered
product F has to match the number of operators in the time-ordered product. The overall phase
factor of each term is ivi%‘,iip = i~P=2V There are several identical terms for a given set of (V, P, E),
because the functional derivatives can act on the propagators in different combinations. We can
represent each term in the expansion diagrammatically. The diagrams are called Feynman diagrams
which have been first introduced by R. Feynman. We represent each propagator by a line and each
interaction by a vertex where three lines meet. For example there is one connectedﬁ diagram with
E =0 and V = 0 as shown in Fig. |l| and there are 2 connected diagrams with £ =0 and V = 2 as
shown in Fig. The multiplicity of each diagram can be obtained by the following considerations:
(i) we can rearrange the three functional derivatives of each vertex without changing the diagram.
This results in a factor 3! for each vertex. (ii) We can similarly rearrange the vertices which results
in a factor V!. (iii) For each propagator we can rearrange the ends which results in a factor 2! for
each propagator. (iv) Finally we can rearrange the propagators themselves and thus obtain another
P! diagrams. These factors exactly cancel the factors in the double expansion. Thus we represent

each vertex by a factor ig [ d'z, a propagator by iAr(z — 2’) and an external source by i [ dizJ(z).

3 A connected diagram is a diagram, where I can trace a path along the diagram between any two vertices.
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This outlined counting of the diagrams generally leads to an overcounting for diagrams which
possess a symmetry which corresponds to cases when a rearrangement of the functional derivatives
can be exactly reverted by a change of the sources. For example for the first diagram in Fig. 2] we
can swap the propagators which are connected to the same vertex and compensate it by swapping
2 derivatives yielding a factor 22. Furthermore the propagator connecting the two vertices can be
swapped and compensated for by swapping the two vertices. For the second diagram we can arrange
the propagators in 3! ways and compensate this by exchanging the derivatives at each vertex. In
addition, it is possible to simultaneously swap all propagators and compensate it by exchanging the
vertices which yields another factor of 2. Thus the term corresponding to each diagram has to be
divided by the symmetry factor S of the diagram.

The shown diagrams are all connected. In general there are also disconnected diagrams. A general
diagram can be thought of as the product of the different connected subdiagrams and thus a general
diagram

D= e (2.92)

Sp

where C denotes a connected diagram including its symmetry factor, ny is the multiplicity for each
connected diagram and Sp the symmetry factor from exchanging the different connected diagrams.
As we already considered the symmetry factors of each individual connected diagram, the symmetry
factor Sp can only account for rearrangements between diagrams. However we only end up with
the same diagram, if we exchange all propagators and vertices of one diagram with an identical one
and hence Sp = IIyny!. The generating functional up to normalization is given by the sum over all

diagrams

1 n - 1 n
ZU o Y D= Y MmOt =g 0 - O = e = e € (2.93)
{n1} nr=0

We find that the generating functional is given by the exponential of the sum of all connected diagrams.
If we omit diagrams without any external sources in the sum, the so-called vacuum diagrams, we
automatically obtain the correct normalization Z[0] = 1 and thus define the generating functional W
for fully connected diagrams
W =WmZ[J) =Y C (2.94)
I#{0}
where the notation I # {0} implies that vacuum diagrams are omitted.

We now calculate the vacuum expectation value of ¢.

OSI0) = § 557571

(2.95)

J=0 - 8 (x) J=0 '

The leading order contribution at order O(g) can be obtained from the diagram on the right-hand

side of Fig. [3 where the filled circle denotes a source. The source is removed by the derivative and
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thus we obtain

01610 = 1 570255 |19 [ 9] [i [ atvaw] isrt-iiaet—n = ~iar0) [atyart-2)

)
(2.96)
with symmetry factor % This is in contradiction with the requirement for the L.SZ reduction formula
which requires that (0|¢(x)|0) = 0. Thus we have to modify our theory by introducing an additional

term in the interaction Lagrangian, a so-called tadpole term, Y ¢
Ly = %gb?’ YY6. (2.97)

It will lead to a new vertex which contributes a factor iV [ d*y. In this modified theory there is a

second contribution from the diagram on the left-hand side in Fig. [3| and thus

016(@)0) = (v = 22r©)) [ d'yArly-a). (2.98)

By choosing Y we can ensure that the vacuum expectation value of the field vanishes as required by
the LSZ reduction formula. This procedure is called renormalization. Let us evaluate Ar(0) to obtain

the required value of Y

AF(O):/(d4k L (2.99)

2m)4 k2 — m?2 + ie
This integral diverges quadratically! Thus we have to regularize the integral first before evaluating it.
We are using cutoff regularization, where we impose a cutoff on the momentum in Euclidean space
|kg| < A. We first perform a so-called Wick rotation, k& — z'k4E, k' — k% to go from Minkowski space

to Euclidean space, then use spherical coordinates to evaluate the integral.

. d*k 1 Ay 1
l /k:E<A @m) k2 —m? +ic /kE<A 2m) k2 +m? (2.100)
/dﬂ4 /A2 kEdki 7 imQ (2.101)

24m?2
- 2(2;)4 m/: ' dx (1 - nj) (2.102)
= 1617T o —m?ma] ), (2.103)
= 161 [A2+m 1n< A22>] (2.104)

where we used that the area of a d-dimensional unit sphere is given by
2md/2
ds) 2.105
[ a0 = s (2.105)
and the substitution z = k% + m?. Thus the leading divergence is quadratic and the second term

diverges logarithmically. The tadpole coupling Y = iAp(0) is real as it is required for a hermitian

Lagrangian.
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Figure 3: Leading contribution to tadpole. Filled circle correspond to external source. x denotes

vertex Y.

Divergences in the evaluation of loop integrals are a common feature in quantum field theory. They
are dealt with by first regularizing the integrals and then renormalizing couplings in the Lagrangian
to absorb the divergences. Time-permitting we will discuss it in more detail at the end of the lecture
course.

Summarising, the generating functional Z[J] can be expressed in terms of the generating functional
W [J], which is given by the sum of all connected diagrams with no tadpoles and at least two sources

J. The Lagrangian has to include all relevant couplings such that all divergences can be absorbed.

2.7 Scattering matrix

We are now in the position to calculate the probability for a transition from an initial state |i) to a
final state | f). We consider the example of 2 — 2 scattering 1 + 2 — 3 + 4 and thus need the vacuum

expectation value of the time-ordered product of four field operators
(1T (1) (w2) (3)b(w0)]0) = 8162058421711 _q (2.106)
= 010203041 W [J] (2.107)

+ 51522W[J]53(541W[J] + 51531W[J](5254ZW[J] + (51(54ZW[J]52532W[J]]

= (0|Tp(x1)p(w2)Pp(23)P(74)[0) ¢ — Ap(z1 — 22) Ap (23 — 74) (2.108)

— Ap(z1 —x3)Ap(x2 — x4) — Ap(z1 — 24) Ap (22 — 23)

where we used Z[J] = exp(iW]J]), ;W [0] = 0 and defined a short-hand for the functional derivative

with respect to the source

5= 10
7

The first term corresponds to a fully connected diagram, where all four particles are connected to each

(2.109)

other, while the others are products of 2-point functions and thus represent disconnected diagrams
where always 2 particles are connected with a propagator. The LSZ reduction formula then determines
the transition matrix element. Let us first consider how the disconnected diagrams contribute to the

scattering amplitude. For example the contribution from —Ap(x; — 23)Ap(x2 —x4) can be separated

i4/eiklm+ik2x2_ik3x3_ik4x4ﬂid4xi(812 + m2)iAF(ac1 — wg)iAF($2 — .7}4) = F13F24 (2.110)

J=0
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Figure 4: Tree-level diagrams contributing to 2 — 2 scattering

with
Fi3 = i/d4$1d4$3 (;111;4 (p2 o m2)eiklxl—ikgmg,—ip(zl—xg) (2111)
4
=i [ a7 — m)ematn = p)(am)oCs ) (2112)
= i(2m)*6 (ks — k1) (k] —m?) (2.113)
= i(2m) 6 (ks — ko) (k5 —m?) . (2.114)

Thus the 4-momenta of the outgoing particles are equal to the ones of the incoming particles and it
only contributes to forward scattering when the final state is the same as the initial state and thus
does not contribute to the 7" matrix. The other two disconnected contributions are proportional to
§ functions like d(ky + ko) with k9 + k9§ > 2m > 0 and thus do not contribute. Generally only fully
connected diagrams which are generated by taking derivatives of W are of interest.

Here the leading order is generated by the tree-level diagrams in Fig. They translate to (We
drop the subscript F' from the Feynman propagator in the following.)

51090304iW = (ig)?i® / dtzdyA(z —y) [A(xl —2)A(z2 — 2)A(y — 23) Ay — z4) (2.115)
+ Az — 2)A(ws — ) Ay — 22) Ay — 24)
+ Az — 2)A(xg — 2)A(y — 22) Ay — x3)

and thus it contributes to the S matrix as follows

—ig? / d4xd4yeik1x1”mrik”rik““Hid4xiA(az =) [5(:61 —x)0(z2 —2)6(y — x3)0(y — z4) (2.116)
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— —Zg2/d4$d4yA(I1}' o y) [ei(k1+k2)1‘7i(k3+k‘4)y + ei(k1*k3)1+i(k27k4)y + 6i(l€17k‘4)x+i(k27k3)y:| (2117)

4 —ip(z—
_ —ng/d4xd4y d*p e ip(z y)- [ei(k1+k2)17i(/€3+k4)y+ei(k17k3)x+i(k27k4)y+€i(k17k4)x+i(k27k3)y}
(2m)4 p2 — m? +ie

(2.118)
o[ d'p eilk1tke—plr—i(ks+ka—p)y | ci(k1—ks—p)atilka—ka+p)y | oi(k1—ka—p)ati(ka—ks+p)y
= —ig” | d*zd’y -
(2m)4 p? —m?2 + ie
(2.119)

cod o [ a4 Okt +ke—p)o(k3+ ks —p)+ (ki — k3 —p)6(ka — ks +p) + 0(k1 — ks — ) (k2 — k3 + p)
—i@m)g” [ p? —m? + ie

(2.120)
= —ig?(2m)*0(ky + ko — k3 — k) L + ! = (2.121)
-4 ! 2 T M T2 e t—m2 tie | u—m2+ie '
where we introduced the so-called Mandelstam variables
s = (k1 + ko)? t = (ky — k3)? u=(ky — ky)? (2.122)

In the centre-of-mass frame s is simply given by the square of the total energy of the system s =
(E1 + E3)?. The Mandelstam variables satisfy

s+t+u=mi+m3+mj+m]. (2.123)
For general scattering processes it is convenient to define the matrix element M via
(fli) = iTp; = i(2m) S (kin — Kout) M (2.124)

where k;y, (koyt) is the sum of incoming (outgoing) momenta. Looking at our calculation we can derive

a simple set of Feynman rules to calculate the matrix element:
1. Each external line corresponds to a factor 1.
2. For each internal line with momentum p write m
3. For each vertex write ig.
4. At each vertex the four-momentum is conserved.
5. Integrate over internal free momenta k; with measure d*k;/(2m)?.
6. Divide by symmetry factor of the diagram.

7. Sum over the expressions of the different diagrams.

Note momenta of incoming (outgoing) particles are going in (out).
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The probability for a transition from state |i) to state |f) is then given by

po LU (2.125)

(f1.f) (ilé)
We will first consider a finite volume V and time interval 7" in order to avoid infinities and then take

the continuum limit. Thus
(27)383(0) = / dBre =V (2m)16%(0) = / dze®® = VT (2.126)

For definiteness we will consider the scattering of 2 particles to an arbitrary final state with n particles.

The norm of a one-particle state is given by
(k|k) = 2k°(2m)353(0) = 2KV (2.127)

and as the two-particle state in the infinite past and future can be effectively described by the product

of two one-particle states, we obtain
(ili) = 4B B,V (F1f) = TL(2KV) . (2.128)
Similarly for the squared transition amplitude we obtain
| (Fl) 1 = [(2m) 8 (Kin — kout) P|M|* = (27)*6 (kin — kout) VT M. (2.129)

Finally we have to sum over all possible final states. In the box with length L the 3-momenta are

quantized k; = Q%ﬁz and thus summing over the different modes corresponds to an integration

Z — (215)3 /d%. (2.130)

The volume V = L3 cancels against the volume factor from the normalization. Thus the transition

rate is

P=

(27r)45(km—kout)/ . Bk P
AEE,V =1 (2m)32w;

The Lorentz-invariant differential cross section can be obtained by dividing by the incoming particle

(2.131)

flux. In the rest frame of the second particle, it is simply given by the velocity of the first particle per
volume. In the centre-of-mass frame (where the 3-momenta of the incoming particles add to zero), it

is the relative velocity per volume o = PV/ vre; Where the relative velocity can be expressed by

n_»

R )

|D1]
= E Fo) = 2.132
BB, + E3) Vs (2.132)

"~ E1Fy

Urel = |771 - 172‘ =

or in terms of the flux factol

1
F = E1FEyvye, = 5\ E? —m? = 5\/(5 +m? —m3)2 — 4sm3 = \/(pl - p2)? — mim3 (2.134)

' The energy of one particle in the centre-of-mass frame is

s—i—m%—mg

25

which can be derived by using the definition of s and p; + p2 = 0.

E, = (2.133)

30



where we used s = m% + m% + 2p1 - po. and thus the differential cross section is determined by
4Fdo = |M*dLIPS,, (ki + k) (2.135)

where the Lorentz-invariant n-body phase space is defined by

=1 (2m)32uw;

dLIPS, (k) = (27)% (k — En: k) n (d% (2.136)
=1

The 2-body phase space is particularly simple to evaluate in the centre-of-mass frame

3 3
/ dLIPS,(k) = / 2m)*5(k — ky — ko) (2i)f2lw1 (2i)f§w2 (2.137)
3
= / 2m)6(v/s — By — E) (%)3;;1’“21& & (2.138)
B k1|dE1dQ [ dQ |k
_ /5(\f— By~ B g () = / 67 s (2.139)

:/1 dcosﬂ@ (2.140)
—1 87T \/g )

where the last line holds if the integrand does not depend on the azimuthal angle ¢.
In case that there are n identical particles in the final state, we have to divide by the symmetry fac-
tor S = n! in the cross section in order to avoid double-counting the different final state configurations.

Thus the total cross section is given by
1

If there is one particle in the initial state and we are studying decays we have to slightly modify
our assumptions, because we assumed all particles to be stable in the previous discussion. However it
turns out that the LSZ reduction formula also holds in this case. We only have to modify the initial
state normalization (i|i) = 2E,V and find for the differential decay rate

|M?

M
dr = S dLIPS, () (2.142)

and the total decay rate is obtained by summing over all outgoing momenta and dividing by the

symmetry factor
1
'=— [dl. 2.143
s/ (2143)

Note that the decay rate is not a Lorenz scalar. In the centre-of-mass frame of the particle, there is
E; = my, while the decay rate is smaller in any other frame by a factor v = E;/m;, the relativistic
boost factor, which accounts for the relativistic time dilation. Faster particles have a longer lifetime,

e.g. muons generated in the atmosphere reach the Earth’s surface due to this time dilation factor.
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3 Spin 1 — gauge theories
Consider complex scalar field ¢. The Lagrangian
L=0,0'0"p -V (¢ie) (3.1)

with potential V is invariant under global phase transformations ¢ — e®¢: ¢'¢p — ¢f¢ and also
|0,6|> — |0,6|*. The potential is also invariant under local phase transformations, a so-called gauge

transformation, i.e. transformations which depend on the position
(x) = () , (3.2)
but the kinetic term is not invariant under gauge transformations, because
Oud(x) = 0P (x) = ) [96(x) + i(dua(x))d(x)] - (3-3)

In order to obtain a field theory which is invariant under gauge transformations, we introduce the

covariant derivative

D, =0, +1igA, (3.4)
with a gauge field (or vector field) A, i.e. the field transforms as a vector under the Lorentz group.
The Lagrangian

L= (Dud)'D"é —V(p'9) (3.5)
is invariant under gauge transformations if the covariant derivative transforms as
Dyo(z) = @D, (x) (3.6)
or the gauge field A, transforms as follows with respect to a gauge transformation
gAu(x) = gAu(z) — Oupa(x) . (3.7)

From the gauge field A, we can form the field strength tensor

F,Lw = [D/u Du] = 8;LAV - aVA,u ) (3'8)

1
ig
and its dual field strength tensor F* = %GMWJUFPO—. The field strength tensor is invariant under gauge

transformations, i.e. F},,, — F},. The components of the field strength tensor F'*” can be identified

with electric E and magnetic B fields
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and thus we can write Maxwell’s equations as

OuF™ = Jv O F* =0 (3.10)

-, —.

with external source (J”) = (p, j) [scalar potential p and current j|. The first set of equations can be

derived from the Lagrangian of quantum electrodynamics (QED) together with a source term

1
L= —ZFW,FW + J, AP (3.11)
and the second set of Maxwell equations is a direct consequence of the Bianchi identity.
In addition to the kinetic term there is another term which can be formed out of the field strength
tensor and its dual .
i
~ ‘1672

As it can be written as a total derivative using the Bianchi identity, it is a topological term.

N i Y
c Fu P = 250, (4P . (3.12)

The Lagrangian is invariant under an infinite number of symmetries defined by the functions a(z).
However there is not an infinite number of conserved charges! We should interpret a gauge symmetry
as a redundancy in our description of the fields. In electrodynamics there are only two physical degrees
of freedom, the two polarisation states of the photon. This has to be compared to the 4 components
of the gauge field A,(x). This requires us to fix the gauge, i.e. to impose conditions on the gauge

field. Common choices are:

e Lorentz gauge: 0, A" = 0, which is Lorentz invariant as the name suggests. It however does not

fix the gauge completely, because there are non-trivial solutions to d,0"a = 0.

e Coulomb gauge: V - A= 0, is not Lorentz invariant, but fixes the gauge completely. In the
absence of charged matter, the zeroth component of the gauge field vanishes and thus the only
remaining degrees of freedom are the two transverse components of A. Thus it is straightforward
to quantize a gauge field in Coulomb gauge using canonical quantization for the two physical

degrees of freedom.

3.1 Gupta-Bleuler quantization

We would like to obtain a Lorentz covariant quantum theory of free electrodynamics

1 1
Loep = _ZFWFW = —§8uAl, (OHAY — 9" AF) (3.13)
1
= §Al, (00" AY — 0,,0” A*) + total derivative (3.14)
= %Au [»g"” — 0*0"] Ay, + total derivative . (3.15)

As we require Lorentz invariance we have to consider all four components of the gauge field A, and

its conjugate momentum m,. They should satisfy the canonical equal-time commutation relations
[AN(LL‘, t)a Trlj(y’ t)] = _ig/u/(g(S) (‘/L‘ - y) [AN(LL‘, t)a Al/(yv t)] = [71'“(337 t)v Wu(y’ t)] = 0 . (316)
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However there is a problem, since the conjugate momenta

oL
= = = FHO (3.17)

0A,
do not have a time-component, 7% = 0. Thus it is impossible to define an operator which satisfies the
equal-time commutation relations. We thus have to modify the Lagrangian. One way forward due to

Fermi is to start from the Lagrangian (with & = 1E|)
1
4

1
26

It is equivalent to the original Lagrangian after imposing the Lorentz gauge condition and leads to

L=——FM"F, — —(0,A")?. (3.18)

the following equations of motion
1
o~ (1~ D) oer] 4, =0 529

and in particular for £ = 1 the equations of motion is simply the massless Klein-Gordon operator

applied to the gauge field

0A4, =0 (3.20)
and thus the propagator is AW (p) = —guw/(p* + i€). The conjugate momentum now becomes
= FH0 — g1, AV (3.21)

and the equations of motion (3.20]) are solved by a plane wave expansion

dSk : —ikx * ikx
Au(flf) = / m Z |:6;(L)\)(k) ay e k + 6/(‘*)\) (k) a; (& k ] (322)
A=0

(A)

with the four polarisation vectors ¢, ’ with a Lorentz invariant normalization
N (N AN
e Mgt = g™ (3.23)

i.e. €9 is time-like, while the others are space-like. For a photon moving along the third axis, i.e. with
momentum k* = (k, 0,0, k), the polarisation vectors can be chosen as 69) = 5;‘, and thus k- el = 0.
Thus the polarisations €©) is *time-like’ or ’scalar’, ¢®) longitudinal and thus clearly unphysical, while

(1,2)

the polarisations € are transverse. Let us go ahead and try to quantize the theory. We calculate

the commutation relation
[ax, al,] = —gan2ko(2m)263) (K — ) . (3.24)

This however poses a problem. The time-like polarisation has an opposite sign. This implies that

1-particle time-like states
d3k 4
1) = (2m)52k0 %0 10) (3.25)

15We keep & general because we will recover it from the Faddeev-Popov trick which is discussed in the next section.
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have a negative norm (1]|1) < 1, also the Hamiltonian

A3k /
H = /(27‘()32k0k0 |:—g)\)\ a;a)\/} (326)

has a negative expectation value for a 1-particle time-like state, (1|H|1) < 0. This indicates a problem
with time-like states. They are clearly unphysical and have to be removed, also we did not impose the
Lorentz gauge condition yet. The Lorentz gauge condition can not be applied at the operator level,
because otherwise the commutation relations can not be satisfied. Gupta and Bleuler suggested to
impose the following weaker condition

QAT |9y =0 (3.27)

on any physical state [¢)) where AT is the positive frequency part of the gauge field expansion, i.e. it
contains the annihilation operator. This implies that the expectation value of 9, A" vanishes for all
physical states

(10,4 15) = (W], A + B, A1) = 0. (3.28)
If we substitute the field expansion into Eq. we find that physical states contain an

admixture of time-like and longitudinal degrees freedom

kH:(k’070’k)
e

3
S kreMay (k) [9) =0 las(k) — ag(k)] [¥) = 0 (3.29)
A=0

such that their contribution exactly cancels, e.g. in the Hamiltonian.

3.2 LSZ reduction formula for quantum electrodynamics

From the expansion of the gauge field in Eq. (3.22)) together with the normalization of the polarisation

vectors we obtain expressions for the annihilation/creation operators (no summation over \)

eV (k) / B [k 4 iy] A*(x) = g™ ax (k) (3.30)
M (k) / dPre=* [K0 —idy] AM(z) = g™ al (k) (3.31)

From here we can follow the derivation in Sec. [L.6] to deduce the LSZ reduction formula for quantum
electrodynamics. Creation (annihilation) operators for incoming (outgoing) photons will be replaced

by (no sum over \)
a;(k)in — —ig)‘)‘eff‘) /d4meikx82A“(w) ax(k)ouws — —ig)‘)‘el([\)* /d4xeik182A“(aﬁ) . (3.32)

Thus the transition amplitude is given by replacing the creation and annihilation operators as outlined
above and taking the vacuum expectation value of the time-ordered product of the field operators.
Similar to the case of the real scalar field, the LSZ formula is valid if the field is normalized like a free
field

(0] Ay (x)]0) = 0 (0] Ap (@) |k, A) = €V (k)e " (3.33)

where |k, \) is a single photon state which is normalized to (k', N[k, ) = —gaxn (27m)32k06G) (k — k).
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3.3 Path integral quantization of quantum electrodynamics

We now move on to look at the path integral for quantum electrodynamics. The gauge freedom poses
a problem for the path integral: The integration over the redundant degrees of freedom in the path
integral leads to a divergent result, which can be seen by considering a gauge field configuration which
is pure gauge. In this case the kinetic term vanishes and thus the integration over this direction in
field space diverges.

Moreover, even ignoring this infinity there is no Feynman propagator: The differential operator
0guw — 0,0, is not invertible. It annihilates any pure gauge term d,c and thus it is impossible to derive
a Green’s function/Feynman propagator. The path integral diverges, because we are integrating over
a continuous infinity of physically equivalent field configurations. Thus we would like to restrict the
path integral to the physical configuration space, i.e. pick one (inequivalent) configuration from each
gauge orbit. We follow the approach by Faddeev and Popov on how to isolate the gauge degrees of
freedom. We choose a gauge fixing condition 0 = G(A). For example we obtain the Lorentz gauge
for G(A) = 0,A". Let Aj denote the gauge-transformed gauge field, Af = A, + %@La. Then the
continuum generalisation of the identity

1= / Hidaidet(ggi>5(")(9(a)) - 1= / Da(m)det(éG;Aa)>5(G(Aa)) (3.34)

CLj o

can be used to insert the identity into the path integral. The determinant is generally independent of
A, e.g. in Lorentz gauge we find det (0G(A%)/da) = det(0?/g). We insert the identity into the path

integral and thus obtain

/ DA™ = det <5G((‘j )

- ) / Da / DA §(G(AY) (3.35)

= det <5G§;4Q)) /Da/DA%iS&(G(Aa)) (3.36)
— det <5G§ja)) / Da / DA §(G(A)) (3.37)

where we shift the integration variable A — A® in the second line and then rename it in the third
to A. In this way we isolated the integral over the gauge parameter. The remaining path integral

satisfies the gauge fixing condition G(A) = 0. We choose the gauge condition
G(A) = 0,A"(z) — w(x) (3.38)
with a general scalar function w(x). The usual Lorentz condition is obtained by setting w to zero

/ DA™ = det <;62) / Da / DA 5(9, A" — w) . (3.39)

As this holds for any w, we can integrate over it weighing it with a Gaussian: exp [—i i d*z w?(z)/ 2{]

/ DAES = N(¢) / Dusexp [—i / d%éﬂ det (;(92) / Da / DACSS(D,A" —w)  (3.40)

= N(&) det (;a2> / Da / DAe™ exp [—i / d4x(8“;§)1 (3.41)
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where N () is an normalization constant. Note that the gauge condition is not satisfied exactly. Gauge-
equivalent contributions are however exponentially suppressed. In the last line we evaluated the path
integral over w. In the final result there is a new term in the Lagrangian, the so-called Faddeev-
Popov term which is quadratic in the gauge fixing condition. We can repeat the same derivation
for expectation values of gauge-invariant operators. The restriction to gauge-invariant operators is
important for the step when we shifted the integration variables from A — A%, i.e. performed a
gauge transformation. The pre-factors N(€)det(9%/g) [ Da drop out after properly normalising the

partition function
Z[J] _ /DAeifd4m(£QE(BHA“)QJrieterms) ' (342)

Popular (convenient) choices of the gauge parameter £ are £ = 1, the so-called ”Feynman gauge”, and
¢ = 0, unitary gauge, while the use of a general ¢ is typically called R gauge. All final gauge-invariant
(physical) results are independent of the parameter &.

Similarly to the path integral of the scalar field we introduced some terms +ie which originate
from the ground state wave function. Thus the quadratic term of the integrand in the exponent can

be written as

26

Analogously to the real scalar field, we introduce external source terms J, and derive an expression

1 1 1
L — —(0,A")? + ieterms = §Au [Dg’“’ - (1 - f) 8“8”} A, + ieterms + total derivative (3.43)

for the partition function

Z[Ju] = exp <—; /d4xd4x’J“(:1;)AW(a; — x’)J”(w’)) (3.44)
with the Feynman propagator of the photon field
d4p —ip(z—2') A A _PlW(p)
A/_“/(.% — x/) = / We p( )AMV(p) Auv(p) = m (345)
and the projection operator
P.(p) = (1= 1 Pupv 3.46
v p) = Guv ¢) p2 (3.46)

In scattering processes we consider that the interactions vanish in the infinite past and future. In
the absence of gauge interactions, single particle states of charged scalars and transversely polarized
photons are gauge-invariant, while time-like and longitudinal photon polarizations transform under
gauge transformations. We can thus define the scattering matrix by not considering any time-like or

longitudinal photon polarizations in the initial or final state, i.e. project onto the physical subspace:
S =PRySrpP (3.47)

where Py is the projection onto the physical subspace, Spp the S matrix defined by the Faddeev-Popov
procedure and S the physical S matrix. It remains to show that the S matrix is unitary, i.e. that
there is no scattering from a physical state to either a time-like or longitudinal polarized photon. We

will come back to this later, time-permitting, when discussing the Ward-Takashi identity.
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4 Lorentz group and spin % fermions

I am assuming some basic knowledge of group theory as it is used in physics. See the appendices if

you need to review some notions.

4.1 Rotations, spin and the SU(2) group

Rotations in 3 dimensional space are described by the group SO(3) which leaves the scalar product
>, (2%)? of 3-vectors ' invariant. There are three independent rotations around the three coordinate

axes which are generated by

0 0 ~1 0 1
J=—i 0 1 J? = —i 0 JB=—il-1 0 . (4.1)
-1 0 1 0 0

Thus a general rotation around the ! axis is given by exponentiation of a multiple of the generator
JY, exp (iHlJ 1), and similarly for rotations around the other axes. A general rotation is given by
exponentiating a linear combination of the J*. We equivalently define differential operators through

their action on functions of the three coordinates. The action of J? for example is

F 02 03 _F 1 .,.2 .3
J3F(l‘1,l‘2,l‘3) — 4 lim |: (‘T y ™y L ) (iL‘ y L™y X ):| (42)
63—0 93
1 2,2 _p o1 .3 _ 1,2 .3

i lim [F($ + Os2°, 2° — O3+, x°) F(x,x,x)} (4.3)

934)0 93
=i (2°0' — 2'0%) F(a',2%,2°) = —i[a!, 0| F (2", 2°, 2?) (4.4)

such that we find

Jt = —ieFypigh (4.5)

123

with the totally antisymmetric tensor with ¢’ = 1. These are exactly the generators of the angular

momentum operators which satisfy

(8, J7) = i€k gk (4.6)
Moving on to SU(2). It is the group of 2 x 2 special unitary matrices
a b t
U= I U'lu=1 detU =1 (4.7)
=b* a

which act on a 2-dimensional complex space of (Weyl) spinors x. If x — Uy, the hermitian conjugate
transforms as x! — x'U'. Thus the inner product x'y remains invariant. It is also convenient to

define the charge-conjugate spinor

1 a=1,=2
~ _X* *
X = ( X*2> = <€Oz,3X 5) Ea/j = —1 o= 2,ﬁ =1 (48)
1
0 otherwise
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which transforms like y, while x! transforms like . The outer product yx' transforms as

2

- —X1xX2 X ~

xx! = 5 L) s uxx'ut. (4.9)
X2 X1X2

We can rewrite the outer product using the Pauli spin matrices as

X)ZT =z'o’ (4.10)
with
2 2 2 2
— +

The outer product transforms under a SU(2) transformation as follows
ola" = Us'U s . (4.12)
If we take the determinant we find
—det (o'2") =) (") =) (af)? (4.13)
i i
Thus SU(2) rotations leaves the inner product x* invariant and thus induce SO(3) rotations. In fact
the SU(2) rotations on y are equivalent to the SO(3) rotations on x%. SU(2) transformations are also

described by three real parameters. The matrices can be parameterised in terms of the underlying Lie

algebra using the Pauli matrices as generators

Loy 4
U=¢€727 . (4.14)
which satisfy the commutation relation
] gk
[z,i;]ziaﬂié. (4.15)

In summary we have defined a 3-dimensional vector representation of SO(3) and a spinor representa-
tion of SU(2). We can similarly define other representations of the group SU(2) with generators S°
which satisfy the commutation relation [S?, S7] = i€”/*S*. There is an infinite number of representa-
tions of SU(2) of dimensions n = 2,3,4,....

4.2 Lorentz group

The Lorentz group is formed by the transformations which leave the spacetime interval ds? = dt?> —

dz? — dy? — dz? invariant. In addition to the three generators for rotations, there are three boosts

10
Kl'=—i K= —i K3 = —i (4.16)
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1

in 2!, 22 and 23 direction. A finite Lorentz transformation is obtained by exponentiating the a linear

combination of the generators. For example for boosts in z-direction we obtain
cosh ¢1 sinh ¢
sinh ¢; cosh ¢
0 0
0 0

By = exp(ip1 K') = (4.17)

o = O O
= o O O

2
1

and thus K1 = _iﬁBw‘m—o‘ Note that cosh¢; = v, = \/117 and sinh ¢y = 1y1. The generators
= —v

satisfy the following commutation relations
(K, K7 = —ilik gk (8, J7] = i€k gk (K, J9] = iek Kk (4.18)

The 6 generators generate all proper orthochronous Lorentz transformations in LL or SO(1,3)".
In order to better understand the group structure, it is convenient to consider a complex linear

combination of the generators. We define
1 ,
Ni=35 (J' +iK") (4.19)
The generators NL satisfy the commutation relations
[NL, N1 = ie7* N} INi,N]=0 (4.20)

and thus we can consider the Lorentz group as a direct product SU(2) x SU(2) of two SU(2) (”spin”)
groups. The irreducible representations are classified as (s, s_), where s1 denotes the representation

of the SU(2) group formed by {N.}. For example we can define two spinors

1 1. . »
X ~ (2, 0) with J' = Zo and K' = —%07’ (4.21)
1 o o
7~ (0, 2) with J* = §O'Z and K' = %UZ (4.22)

A general Lorentz transformation can be written as
U =exp (i¢g' K" +i6'J") (4.23)

Using the generators for the spinor representation in Egs. we see that the transformation is
not unitary, UUT # 1 which seems problematic in the context of quantum mechanics. Note however
that rotations and Lorentz boosts only make up part of the Poincaré group which is the fundamental
group for relativistic systems. In particular there are two discrete transformations, parity P and

time-reversal T, which transform between the different disconnected parts of the Lorentz group:

pP= T = . (4.24)
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Time-reversal belongs to the improper non-orthochronous Lorentz transformations Li_, detA = —1
and AY = —1 and parity (space inversion) belongs to the improper orthochronous Lorentz transfor-
mations LT_, det A = —1 and A§ = 1. Parity transformation forms a discrete Z» group and thus we
can classify states according to the eigenvalues of the parity operator £1, e.g. scalars have parity +1
and pseudo-scalars, have parity —1. Parity changes the sign of boosts, i.e. K* — —K', because the
parameters of the boosts (velocities) change signs. Thus parity exchanges the generators Ni ~ N

and the spinor representations y < 1.

4.3 Poincaré group

In addition to the Lorentz transformations, the Poincaré group 150(1,3) contains translations by a
constant vector a*
ot — 2 = 2h +at . (4.25)

Thus a general group transformation in the Poincaré group is given by a combined Lorentz transfor-
mation with a translation
2t = At a¥ + at (4.26)

Translations do not commute with Lorentz transformations

ot =AY 2"+ af ™ =AY 2"+ ab (4.27)
=AYy (AT j2° + af) + ah (4.28)
= (Aol + A Jal + ab (4.29)

The Poincaré group is a so-called semi-direct product group, ISO(1,3) = Py x SO(1,3). Let us now

find the generators for the Poincaré group. The generators of P, are translations
Pt = —iot (4.30)
and the generators of Lorentz transformations are
LM = q(a#0" — z" o) (4.31)

which satisfy the following commutation relations

[LM | LP7) = —i(gMP LY — ghoLYP — g"P LI + g7 LM) (4.33)
(LM, PP = —i(gMPPY — g"PP") . (4.34)

More generally, we can define the spin-orbital momentum operator

MW = LW 4 g (4.35)
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out of the generators of the Lorentz group L*” and the hermitian spin generators S#¥. The spin
operators which can be considered as generators of 'internal rotations’ satisfy the same commutation

relations as L*Y and commute with L*¥
[L*,SP7] =0 (4.36)

and are thus generators of 150(1, 3).

We next construct the representations of the Poincaré group. Lorentz transformations change the
4-momentum p* of a state |p), but leave p,p* invariant. Consider a state |p) with P* [p) = p* [p) then
the transformed state U (A, a) |p) = |Ap) has momentum

P |Ap) = (Ap)*|Ap) , (4.37)
while the interval of the 4-momentum remains the same
(Ap)*(Ap) =Alp"APp, = 65p"p, = p* (4.38)

where we used A’;)Apy = ¢!. Thus Lorentz transformations leave the operator P, PF invariant. It is
a quadratic Casimir operator, since it commutes with all generators of the Poincaré group, and is
associated with the mass of the particle.

There is another Casimir operator W, W# formed from the generators: the Pauli-Lubanski vector
W= Lo quppo 4.39
= 756/“,/)0- . ( . )

As it satisfies W, P* = 0, we find a simple expression for the Pauli-Lubanski vector in a frame where
P, =(m,0,0,0) and thus W, = (0, Wy, Wy, W3)

m

: m
Wi = _?6ijkOSJk = 5

Si (4.40)

where we defined the spin operator S;. The spin operator satisfies the SU(2) commutation relations
and can thus be represented by ¢?/2. Thus particle states are classified by their mass and spin. In

case of proper orthochronous Poincaré transformations PI there are in total six cases

1. time-like 4-momentum and positive energy: p> = m? >0, p° > 0

[\]

. light-like 4-momentum and positive energy: p?> =0, p° > 0

3. zero 4-momentum: p* =0

4. time-like 4-momentum and negative energy: p> =m? >0, p° < 0
5. light-like 4-momentum and negative energy: p?> =0, p < 0

6. space-like 4-momentum: p? < 0
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The first two cases correspond to physical states (particles), the third one corresponds to the vacuum
and the last can represent virtual particles which may have a space-like 4-momentum, while the
remaining ones are unphysical. In the first case the eigenvalue of the mass is real and the eigenvalue of
the second Casimir operator W? is given by —m?s(s + 1), where s denotes the spin. There are 2s + 1
degrees of freedom for a given spin s which are distinguished by the value of the third component S3.
The second case corresponds to a massless particle: Both P2 = W2 = 0 and they are proportional to
each other due to P,W# = 0. The proportionality constant is called helicity and equal to £s, where
s is the spin of the representation.

The variation of a field F' under a general Poincaré transformation is given by
SF=F'(2)— F(z) = F'(x + 0z) — F(z) = F'(z) — F(z) + 0,F (v)6z" = 6F + 0, Fdz"  (4.41)
Scalar fields remain the same in different inertial frames, ¢'(2') = ¢(z) and thus
§¢p =0=0¢ + 0,pdz" . (4.42)
For an infinitesimal Lorentz transformation A4, = 84 + W', we find dz#* = w*x, and thus &Z) =

—%w’“’LW or M, = L,, and S, = 0. The vector field transforms like a Lorentz vector 6 A4, = wﬂ”A,,.

4.4 Dirac equation

As we already pointed out there are two irreducible spinor representations of the Lorentz group. Thus

we consider two component spinor fields (Weyl spinors)

;0

) 20 (S0 i) vno) e (T4 )l

which transform as (1,0) and (0, 1) states, respectively. A Dirac (4-component) spinor is defined as

2
[ ¥r(=)
Y(x) = ( m(@) : (4.44)

which transforms under Lorentz transformations [wo; = ¢; and w;j = €;10]
Y (2) = exp (—Ltww T (z) (4.45)
with the generators

D = <[] (4.46)

s (:ﬂ 5()”) (4.47)

constructed out of the v matrices
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with 0% = % = 1 and &° = —o¢®. The fifth v matrix, 5 = i7%y!72~3, is diagonal

e = ((1) _01> (4.48)

It is the chirality operator and is used to defined the two projection operators Pr g = %(1 F v5) which
project onto the left-handed and right-handed Weyl spinors.

The ~ matrices form a Clifford algebra and satisfy the anticommutation relations
{727 =" " = 29" (4.49)

The Dirac equation
(iv" 0y —m)yY(x) =0 (4.50)

is the equation of motion for a spin % fermion which has both left-handed and right-handed compo-

nents. It is convenient to define the Dirac conjugate spinor
b= yiyt (4.51)

which transforms as ¢ — 9U(A)~! under a Lorentz transformation 1) — U(A).
The Dirac equation is solved by the particle u (positive energy) and antiparticle v (negative energy)

spinors

(p —m)us(p) =0 (¥ +m)vs(p) =0 (4.52)

In the rest frame of the particle the solutions are straightforward to solve. There are two solutions for

each of the equations. We distinguish the two solution by their eigenvalue of the spin matrix
Z 0
Sy = ( 2 ) (4.53)
0 g
2

Ss02(0) = %202 (0) S504(0) = F 5010 (4.54)

and denote

Note the different sign for the antiparticle spinor. This is such that both b' and df create a particle
with spin up in the z-direction, i.e. [J3, dl(())} = :I:%dl (0). Thus in the rest frame we find

0 -1
w0 =i | | = v (4.55)

-1 0

w (0) = Vi

O = O
= o = O

The corresponding spinors at finite momentum are found by boosting the spinors which are defined

at rest. The spinors are normalised as

us(p)us’ (p) = _US(p)Us’ (p) = 2mdbsy ﬁs(p)vs’ (p) =0 (456)
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We can construct a projection operator onto the particle states
2mP, = Z us(p)as(p) (4'57)
S

It satisfies
P2 =P, (p—m)Pyp =0 (4.58)
If we take Py = a + bp as ansatz for Py, we obtain

0= (p—m)(a+bp) = (a—mb)p+bpp—am=(a—mb)p+ bp? — am (4.59)
= a=mb (4.60)

from the second relation. The first relation PJQr = P, results in b = 1/2m and thus

_ptm

P 4.61
=5 (4.61)
Similarly the projection operator onto the antiparticle states is given by
2P = =3 vy (p)os(p) = — (B — m) (4.62)
S

and their combination satisfies P, + P_ = 1. The most general solution of the Dirac equation is then
a linear combination

o) = [ oo 32 [ B + e (4.63)

) = (@520 s(k)us(k)e lus(k)e .

b(z) = / 5 321@02[ l ““ers@s(k)e‘“”] (4.64)

with coeflicients by and d;.

4.5 Canonical quantisation

The Dirac equation can be obtained from the Lagrangiarm
L= (d —m) v (4.66)

where we introduced the Dirac slash notation # = v#9,,. The fields ¢ and 1 are treated as dynamically

independent fields. The conjugate momentum is

T = 5 it (4.67)

16The Lagrangian is not hermitian, but it is equivalent to a hermitian one up to a total derivative

L + total derivative = %@ 5 W — mahrp = % (PP — (O, D)V Y) — mapp . (4.65)
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and thus the Hamiltonian density is

H=mp— L= (—ir'0; + m)y (4.68)

= Pliopp (4.69)

where the Dirac equation has been used in the last line. From this we can calculate the Hamiltonian
3 f _ f

H= /d oH = / 7 3%0 [b (k)bs(k) — ds(k)di (k)] . (4.70)

If we quantise with commutators, the d-quanta have negative energy. The way out is to quantise the
field with anti-commutators {A, B} = AB + BA

{Wi(w, 1), w(y, 1)} = i6:56 (x — y) {hi(, 1), ¥;(y, )} = {mi(x, 1), w(y, 1)} =0 (4.71)
The equal-time anticommutation relation of the field operators translate in the anticommutation

relations of the creation and annihilation operators

{bs(k), L, (K)} = {ds(k), L, (K)} = (2m)°2°51) (k — K)d,0 (4.72)
{ba(k), by (K')} = {bl(k), bL, (K)} = 0 (4.73)
{da(k), dy (K')} = {di(k),dl,(K')} = 0 (4.74)
{da(k), b, (K')} = {b(k), d}, (K')} = 0 (4.75)

and hence all particles have positive energy.
Similarly to the complex scalar field, the Lagrangian of a Dirac fermion is invariant under a global

phase rotation ¢ — €. The associated conserved charge is

0= [ oo 3 [bh0eh) - bt (4.76)

and thus b' creates particles with positive charge and df creates the corresponding antiparticles with
negative charge. Similarly to scalar quantum electrodynamics we can promote the global symmetry
to a local symmetry by replacing the ordinary derivative by a covariant derivative D, = 0,, + igeA,,

where ¢ denotes the charge of the particle in units of e. This defines quantum electrodynamics
1 7.
Loep = _ZF’”FW + (i —m)y . (4.77)

It is straightforward to derive an expression for the Feynman propagator. We have seen in the
case of the scalar and gauge fields that the Feynman propagator is a Green’s function for the differ-
ential operator, where we appropriately shift the poles in the complex plane summarised in the +ie

prescription. Here the Green’s function is

(8 — M)arSyp(x — y) = 6* (& — y)dag (4.78)
where «, 8 are spinor indices, and thus we obtain for the Feynman propagator
iSap(® —y) = (0/Tva(x)Ps(y)]0) (4.79)
d*p p+m , dip e =y
S — = —zp(a:—y) — / . 480
(@=y) / (27r)4p2—m2+i€€ 2m)tp—m +ie ( )
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4.6 LSZ reduction formula

Similarly to the gauge field and the scalar fields we can derive the LSZ reduction formula. One-particle
states are created by the creation operators where we distinguish between the particle and antiparticle

states

[, s, +) = b (p) 0) [, s, =) = dl(p) |0) (4.81)

with the normalisation (p, s, q|p’, ', ¢') = (27)32k°6®) (p—p') 855 64- We can invert the field expansion

to obtain the creation operatord!’]

bi(p) = / e 72 ()0 (p) di(p) = / Poe () Ou(r)  (483)

and the corresponding annihilation operators. This leads to the following replacements in scattering

amplitudes

<“—

bl(p)in — i/d4x¢(az)(i Y] —m)us(p)efipx bs(P)out — i/d4xeipxus(p)(iﬂ— m)y(x) (4.84)
dt (P)m — i / P 5, () (id + m)(@)  da(plous — i / Pob(@)(i F +m)vs(p)e? . (4.85)

This holds also for an interacting field theory, if the Dirac field is properly normalised

(Of(z)[0) = 0 (4.86)
Oly(x)p, s, +) = us(p)e” " Ol (x)|p, s, =) =0 (4.87)
(0l (z)[p, s, +) =0 (019 (2)|p, 5, —) = vs(p)e " . (4.88)

4.7 Fermionic path integral

In order to define the path integral for fermions, we first have to introduce Grassmann numbers,
anticommuting c-numbers. See Sec. 6.7 in Ryder for a more detailed discussion. It is in fact a graded

algebra. The generators C; of an n-dimensional Grassmann algebra satisfy
{C;,C;3 =0 = Cc?=0, (4.89)

i.e. the generators are nilpotent. This implies that the expansion of any function in terms of the

generators only contains a finite number of terms, e.g.

f(Cl, Cg) =ag+a1C1 + a2Cy + a3C1Cy = ag + a1C1 + a2Cy — a3CyCy (4.90)

"Tn order to show this we need the normalisation in terms of u' instead of @. It can be shown that

ul (p)us (p) = 2p"0ssr vl (p)vsr (p) = —2p"0ss . (4.82)
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We define differentiation as a left-differentiation (acting from the left)

0 0
aCle =aj + a3zCy 85’2 =as — azC’ (4.91)
The derivatives satisfy the following anticommutation relations
0 g 0
{Cis 571 = 035 {m~7~1=0 (4.92)
0C} J oC; " 9C;

which are straightforward to show. In order to define integration the infinitesimals also have to be

Grassmann quantities
{C;,dC;} = {dC;,dC;} =0 (4.93)

Multi-dimensional integrals are defined by iteration

/dC’ldC’gf(C’l,Cg) :/d01 </d02f((}1,02)) . (4.94)

Using this we can show

(/ d01>2 = /dC’ldC’Q = —/d02d01 =— (/ dC’1>2 = /d01 =0 (4.95)

As there the fermionic integrals are scaleless we define the integral
/dCZCl =1 = /dCZCJ = 51']‘ . (4.96)

Using these relations we can now evaluate integrals over general functions, for example the function
f defined above

[acir = [acifan+wCi+ac+ acicy (4.97)

= /dC1a0 + aq /d0101 — a202/d01 + ang/dC101 =aj + a3zCy (4.98)

which exactly agrees with the result of the derivative. Changing variables from C; to o;, C = Ma,
we find

C1Cy = (My10n + Mysao) (Moo + Magaro) (4.99)

= (M11M22 — M12M21)0410£2 = det MOqOQ (4100)

and thus in order for the integral to preserve our integration rules, we have to demand that
dC1dCy = (det M)~ tdaydasy (4.101)

Now considering 2 complex Grassmann quantities n and 7, we find for the exponential
exp(—in) =1 —1n = /dndn exp(—mnm) =1. (4.102)
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Let us generalise the result to higher dimensions. In 2 dimensions the inner product reads nn =

M + 72m2 and thus
(7m)? = (mm + 72n2)® = 20mijans (4.103)
and thus
/dndne"” = /dmdmdnzdme”” = /dmdmdnzdnz mmipnz =1. (4.104)
The same result applies in n-dimensional space. In particular we find for the Gaussian integral
/ dijdne4iM = det A . (4.105)
Equipped with this we can define the path integral for the free Dirac field
2l = 5y [ Divvey (i [ et myv + 76+ i) (4.106)

with some normalisation constant N. Completing the squares and performing the fermionic Gaussian

integral leads to the partition function

Zo[n, 1) = exp (—i / d'zd*yij(z)S(x — y)n(y)> : (4.107)
Taking two derivatives we obtain the propagator
1 4 )

=iS(z—y). (4.108)

(01T (x)(y)]0) = gmim%m’m =7=0

The different sign for the functional derivative with respect to 7 is chosen to cancel the sign coming
from the ordering of the sources in the exponential. For an interacting fermionic field theory we can
follow the same steps as for a bosonic interacting field theory, while carefully keeping track of signs

from commuting the fermionic fields.

4.8 Quantum electrodynamics (QED)

In particular for quantum electrodynamics which is described by the Lagrangian

1 _
Lopp = = FuF™ +$(il — m)y (4.109)
with D, = 0,, +igeA, we obtain the following set of Feynman rules
«@
. 1 —igeypg
W(P+m)a —iguy
a—<—f 5 7m2+f€ Iz v v
P P g (4.110)
External incoming (outgoing) photons yield a factor ef; (el’\["), incoming (outgoing) fermions yield a

factor s, (@), incoming (outgoing) antifermions yield a factor o5 (vs). Fermion lines always have to
be evaluated against the arrow of the fermion line. Exchanging two external fermion lines yields a

factor —1. Closed fermion loops yield a factor —1.
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A Review

A.1 Quantum harmonic oscillator

The last 1D example which we are studying is the harmonic oscillator. It is very important approxi-
mation to many physical phenomena such as the vibrational modes of a diatomic molecule as shown

in Fig. A particle with mass m is subject to a restoring force —kx, where x is the displacement

Dissociation Energy

L——T1

Energy

re
Internuclear Separation (r)

Figure 5: First few vibrational modes of a diatomic molecule are well described by a harmonic oscil-

lator. Figure taken from https://en.wikipedia.org/wiki/File:Morse-potential.png.

from the equilibrium position. The potential energy of the particle is
Lo 1 5o
V(z) = zka* = S Ww'T (A.1)

where w = y/k/m is the angular oscillation frequency. Thus its Hamiltonian is

52 2 72
p Lo 9.2 h” d L 99
g=Xr .- —_- = 4= A2
om T2 T Toma T (A.2)
and the time-independent Schrédinger equation is given by
2 d2 1 5,
<_2mdx2 + S TW'T > vp(z) = Epg(x) . (A.3)

Now we will be going one step and solve the quantum harmonic oscillator using the ladder operator
method.

In order to simplify our following discussion, we define the variable

mw d h d
_ 4 _Jna A4
¢ n de =V mwde (A-4)
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and can rewrite our Hamiltonian in Eq. (A.2]) as follows

H= %m) (-dQ + 52> (A.5)

In the next step we want to factorise the Hamiltonian in analogy to the identity
2 .2
u*—v°=(u—v)(ut+v). (A.6)

Hence we form two new operators as linear combination of the old ones

=35 (eo )= B () w

The operators satisfy the following commutation relation

[a,al]=1. (A.9)
Looking at the product of the two operators
o (- 2) e 2
3o dect-29
= % <§2 - j; - 1) (A.13)

we observe that we almost obtain the result which we wanted to obtain. Hence, the Hamiltonian can

be rewritten as

H = hw <aTa + ;) . (A.14)

Before interpreting the operators @ and a' physically, we have to show two more commutation
relations:

[H,a] = Ha — aH (A.15)

= hw (aTa + ;) a — ahw <aTa + ;) (A.16)

= hw (aTaa — aaTa> (A.17)

= hw (aTaa - (aTa + [a, aﬂ) a) (A.18)

= —hwa (A.19)

o1



Now given an energy eigenstate |E) with a given energy F, we can calculate the energy eigenvalue of

the states a |E) as follows

H(a|E)) = HalE) (A.20)
= (aH + [H,a]) |E) (A.21)
= (aE — hwa) |E) (A.22)
— (B - hw)(a|E)) (A.23)

Similarly for the operator af
[H,a'] = +-hwa' . (A.24)

and

H(a'|E)) = (E + hw)(a' |E)) . (A.25)

Hence the states a|E), al |E) are also energy eigenstates with energies E 4 hw, respectively. The

operators a and af transform a state with energy F into a state with energy E + Ffw. They are

denoted ladder operators, more specifically al is denoted raising operator and a lowering operator.
Next we have to find the lowest energy eigenstate or ground state. Classically we observe that

there is a minimum energy of the harmonic oscillator. Hence there has to be a lowest energy eigenstate
a|Ejowest) =0 . (A.26)

This is called the ladder termination condition. The energy of this lowest energy eigenstate is given
by
1 1
H |Elowest> = hw <aTa + 2) ’Elowest> = §M ‘Elowest> . (A27)

Note that lowest energy level is not zero as it would be for a classical harmonic oscillator, but %ﬁw
It is known as zero point energy and ultimately due to the non-vanishing commutator of the ladder
operators [a,al] = 1. The lowest energy eigenstate is commonly denoted |0). The energy of the n'

state |n) is given by

B, = hw <n + ;) , (A.28)

because applying the raising operator a' n times increases the energy with respect to the lowest energy
eigenstate by n X hw. In addition to the ladder operators it is convenient to introduce the number

operator,

~

N =ad'a, (A.29)

which counts the energy quanta. It fulfils the following eigenvalue equation

N|n)=nln) , (A.30)
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Figure 6: Energy levels of harmonic oscillator. Raising operator a! increases energy by hw and
lowering operator a lowers it. Figure taken from https://commons.wikimedia.org/w/index.php?
curid=11623546.

where the n in |n) denotes the number of energy quanta. We can rewrite the Hamiltonian as

H = hw (N + ;) : (A.31)

See Fig. [6] for an illustration of the action of the ladder operator on the energy eigenstates. All other
energy eigenstates can be constructed from the lowest energy eigenstate using the raising operator.

By demanding that all states |n) are properly normalised,
(njn) =1, (A.32)
it is possible to Showifl that the raising and lowering operators act on a state |n)

aln) =+vnln—1) (A.33)
allny =vn+1n+1) . (A.34)

Thus we can write the state |n) as follows
n
) = —= (a')"10) , (A.35)

where we denoted the lowest energy eigenstate by |0). The factor 1/v/n! ensures that the states are
correctly normalised.

The wave function of the lowest energy eigenstate ¢o(£) can be determined from the ladder termi-

nation condition in Eq. (A.26)

0= acn(€) = 5 (é n jé) 60(6) (A.36)

8See the discussion in McIntyre Chap.9.
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It is an ODE, which can be solved using standard techniques

o0(6) = (T ez, (A37)

The explicit form of the wave function involves a well studied special function, the Hermite polynomial,

such that the normalised wave functions can be written as

mwy\1/4 1 2 mw
= _ _5 /2 1 = _ =
vp(T) ( — ) an!Hn(f)e with & st andn=0,1,2,3,... (A.38)

where H,, is a Hermite polynomial of order n
Hy(x) =1, Hy(x) = 2z, Hy(z) = 42* — 2 Hs3(z) = 823 — 12z . (A.39)

Figure [7| shows wave functions and probability densities for the first four energy levels of a harmonic

oscillator.

n=3
n=2
n=1
oo — O\

(a) (b)

Figure 7: (a) Wave functions and (b) the probability density for the first four energy levels of a

harmonic oscillator.

A.2 Time-dependent perturbation theory in quantum mechanics

As we are dealing with a time-dependent Hamiltonian, we have to return to the Schrodinger equation
in its original form. So far we always considered the Hamiltonian to be time-independent, while the
quantum states evolved with time. This is commonly denoted as Schrodinger picture. If we however
consider the stated™]

N . . 2
), = U () = (1 + S Ht+ % [;Ht] > [ (1)) (A.40)
we find that
12 gy = in LB () = U0 () + in 2 o) ) =0 (A.41)
ZaW}H—z 8te =e Z@t = )

YNote that e = S0 L AM,

n=0 n!
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This is commonly denoted as Heisenberg picture. In this picture, all operators
AH(t) _ eiﬁt/h,Ae—ifIt/h ’ (A42)

e.g. momentum operator, will be time-dependent and satisfy
d Qs A DA
&AH( ) = ﬁ[HH(t)vAH(t)] + (at>H : (A.43)

Thus the eigenvalues of any operator, which commutes with the Hamiltonian, are contants and provide
good quantum numbers to describe the system. We will now consider the interaction picture, in which
both the Hamiltonian and the quantum state will depend on time. It is useful for cases, where we can
split the Hamiltonian H (t) = Hy+ H' (t) in a time-independent part Hy and a time-dependent one
H'. 1t is defined by

W(t)), = e ot/ (1)) Aj(t) = etflot/h je—itot/h (A.44)

We rewrite the Schrodinger equation for the Hamiltonian H = Hy+ H’ (t) in the interaction picture

(1) = i o (1) (A1)
= —Ho ho(e)) + € hin () (A.46)
= (1)) + O (B + B0 [0(0) (A.47)
= o [p(0)) + et (Hy + (1)) e (1)), (A.48)
= MO (£ M gy (1)), (A.49)
— A0 [0(e), (A50)

We used that the exponential exp(iHpt/h) commutes with Hy. Finally, we can now formally integrate
the equation and obtain the equivalent integral equation

t

9O = W) + o [ B o)) e (A51)

to
This integral equation can be iteratively solved by plugging the solution back in on the right-hand
side of the equation, i.e.

t

o) =), + o [ e W+ () [ [ a i@ w,+

to

(A.52)

We introduce the time-ordered product of operators to simplify the expression further. The time-

ordered product of two operators A and B is defined as

T (A(t)B(t2)) = ‘;((?ijifi f(irhtlz.t?. (A.53)
2 1 otherwise

95



This allows us to rewrite the quadratic term as

¢/ t/ t
/dt/ dt" Hy (Y H (t") /dt/ dt"T H’ H(")) = (/ dt/ dt" Hy(t') HY(t ”))
to to to to to to

(A.54)
" 7
—T(/ dt”/ dt' F (") ) </ dt”/ dt' (¢ H’(”))
to to to to
(A.55)

1 t t ) ) 1 t ) 2
=7 ( / dr / dt”H}(t’)H}(t”)) =27 ( / dt’H}(t’)) C(A56)
to to to

where we introduced the time-ordered product in the first line, relabelled the integration variables
t' <+ t" in the second line, and noticed that summing the last terms of the first and second line and
dividing by 2 can be rewritten as the first term of the third line. Hence we can write the quadratic

term as the square of the integral and

t t 2
(O = o)+ 5 [ A W+ 57 (5 [ o) o)+ s

T (e—% Jiy fﬂ(t’W’) (to)) s - (A.58)

We will only consider the leading order transitions and neglect terms with more than one H. It
we have the set of eigenstates |n) to the Hamiltonian Hy with eigenvalue E,,, we can calculate the
transition amplitude to find our particle in state |n) at time ¢ if we start in state |m) at time ¢y. The

system is initially in the state
m(t) = e Hot/M [y = e=Ent/M i) (A.59)

where |m(t)) denotes the state |m) which has been evolved to time ¢ with the Hamiltonian Hy. The

probability amplitude that there is a transition to the state
n(t)) = e~ Mot/ n) = = Ent/ ) (A.60)

is given by '
(O (®) = (nle ™ Mp()) = (nl(@), (A.61)

where the subscript I indicates the interaction picture. The initial state [1(tg)), = e0!/" |m(t)) =
|m). Inserting the states in Eq. (A.52), we find

1t
() = (nhm) + o [ (ol (A62)
0
1 [t P ) A
= Sum + = teﬂﬂrﬂmﬁ/ﬁ@wH%ﬂNm>dﬂ,
0
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where we used the definition of an operator in the interaction picture in Eq. (A.44). Note that all
expressions in the last line are given in the usual Schrodinger picture, which we worked with in the
previous sections. The probability for a transition from the state |m) to the state |n) # |m) is given

by
2

1 [t . , N
Pont) = | = / dt! ¢! (En—Em)t'/h <n|H’(t')ym> (A.63)

to

The first term in Eq. (A.62) corresponds to an unchanged quantum state |m), which has not been
affected by any interaction. The second term describes one transition between two states induced by
the Hamiltonian H':

1. We start with a quantum system in the eigenstate |m) of the Hamiltonian Hj.

2. Then we evolve the quantum system in time from ¢y to ¢’ using the Hamiltonian Hy. Thus

eigenstates |m) of Hy do not change and only pick up a phase factor exp(iE,,(t' — to)/h).

3. At time t/, the Hamiltonian H' affects the quantum system and leads to transitions between

states, depending on the matrix elements <n|ﬁ ! |m>

4. After the interaction, the system is in a new state |n) and we evolve it with the Hamiltonian H

in time from ' to t and the quantum state picks up a phase factor exp(iE,(t —t')/h).

5. The transition probability is given by projecting this state at time t onto the eigenstates of Hy.

We explicitly include the phase factors from time evolution.
Higher order terms in Eq. (A.52)) can be interpreted in the same way. The only difference is that
there will be multiple transitions at different times ¢’ | ¢, ..., and the quantum states between the
transitions are evolved in time using the Hamiltonian Hj leading to additional phase factors.
A.3 Green’s function
Consider a differential equation of the form
Ly(z) = f(x) (A.64)

with a linear differential operator L = L(z). The Green’s function G(z,y) of the differential operator
is defined by
LG(z,y) = —d(x —y) . (A.65)

It can be used to obtained a general solution for the differential equation Eq. (|A.64))

wmz—/@awwﬂw. (A.66)

This is straightforward to see
1) =L (- [a6aniw) = [ wicenin = [wie-nie) =r@.  @on
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A.4 Group theory

Symmetries are fundamental ingredients in describing physics. A symmetry transformation is a re-
versible operation which does not change the physical system. The set of symmetry transformations
form a group.

Definition: A group G is a set of elements with an operation of multiplication that satisfies the

following four properties:
1. Closure: A, Be G= ABeG
2. Associativity: A, B,C € G = (AB)C = A(BC)
3. Identity: there is E € G such that AF = FA=Aforall Ac G
4. Inverse: For all A € G thereis A=': AA"' =F
Examples include
e Trivial group: {E}
e Discrete Z3 group {A,E} € Z3, A= A~! and thus E = AA™! = A2
e O(N) the orthogonal group: group of n x n orthogonal real matrices

e SO(N) the special orthogonal group: group of n x n orthogonal real matrices with unit deter-

minant
e U(1) the unit complex numbers {¢*}, a € R
e U(N) the unitary group: group of n x n complex unitary matrices
e SU(N) the special unitary group: group of nxn complex unitary matrices with unit determinant
e Lorentz group SO(3,1) with its spin group SL(2,C).

The first two examples are so-called discrete finite groups. The remaining examples are Lie groups,
which are continuous groups. In fact all of them (apart from the Lorentz group) are compact. U(1),
SU(N) and SO(N) are so-called simply Lie groups. The unitary group can be decomposed in terms
of the special unitary group and the unit complex numbers: U(N) = SU(N) x U(1).

A.4.1 Lie groups

The connected component of Lie group which contains the identity can be described by the underlying
Lie algebra. If A is an element in the Lie algebra, exp(aA), a € R is a one-parameter family of group
elements in the Lie group. The vector space of the Lie algebra can be described by the so-called
”generators” which form a basis. Thus any element of the Lie algebra (and the connected component

of the identity in the Lie group) can be described in terms of those generators. In physics we generally
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use exp(ia;T?) with real parameters o; and hermitean matrices T¢. For example the generators of the
spin group SU(2) are the Pauli matrices. For SU(3) they are the so-called Gell-Mann matrices. As
SU(N) is a unitary group, the generators are hermitean matrices. In physics we typically normalize
the generators as tr(T97T?) = 6.

A.4.2 Representations

Symmetries leave the system invariant, but transform states |1)) € H in the Hilbert space. Represen-
tations are defined as mappings from the abstract group to linear transformations acting on a vector
space which preserve the group structure. For example the group SU(2) can be represented by 2 x 2

special unitary matrices. In particular the generators are the Pauli matrices

o1 = (2 (1)> o9 = <(z) ;Z> o3 = <(1) _01> (A.68)

We can however similarly construct a 3-dimensional representation by mapping the three generators
of SU(2) to the matrices

] 01 0 ) 0O -1 0 1 0
1
Ji=—1]1 0 1 Jo=—1]1 0 -1 Js=10 0 0 A.69
1= 2= 75 3 ( )
01 0 1 0 0 0 -1

A.4.3 Special relativitiy and the Lorentz group

The equivalence of inertial reference frames implies that space is isotropic and homogeneous and time
is also homogeneous. It is not possible to distinguish inertial reference frames. In particular, light
moves at the same speed in every reference frame F (F'): the distance travelled, r() = ¢t). Hence

0= (ct)? —r? = (ct')? — r"* and more generally the interval s
§2 = 2?2 — plat = A2 — oIy (A.70)

with r? = z'z' = > .(2%)? is the same in all inertial reference frames. Linear transformations which
leave the interval s unchanged are known as Lorentz transformations.

We measure time in the same units as distance, i.e. ¢ = 1, and combine both of them in a 4-vector
¥, uw=0,1,2,3 with

a2 =t and (z") = | 22 (A.71)
3
and thus the interval s is
s? = 2%2° — 22’ =y at2” (A.72)
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with the metric tensor

10 0 O
0 -1 0 O
_ A.73
O PR (A7)
0 0 -1
From the condition that the interval s is invariant under Lorentz transformations z’/# = A"z
Ntz = Nu AL AL 2P 2% = npeaPx” (A.74)
it follows that Lorentz transformations satisfy
npa_ = UMVAI.:)AVU = n= ATUA (A75)

Taking the determinant we find that

1 proper Lorentz transformations
det A = (A.76)

—1 improper Lorentz transformations

and the 00 component yields the condition |[A%] > 1. If A% > 1(< —1) it is an orthochronous (non-

orthochronous) Lorentz transformation. Thus the Lorentz group splits in 4 disconnected components

proper orthochronous Li : detA =1, AOO 1

v

proper non-orthochronous Li : detA =1, AO0 < -1

improper orthochronous LT detA = -1, AOO >1

improper non-orthochronous LY detA = -1, AOO <-1

The set of events parameterized by z# coordinates together with the metric tensor 7, defines a

space called the Minkowski space-time. Distances are invariant under Lorentz transformations

As? = (o — y*) (z¥ —y") ds? =y, datdz” (A.81)

Indices are lowered and raised with 7,, and n*” (the components of the inverse of the metric, n~ L.

4-vectors with an upper index z# are called contravariant vectors and with a lower index x,, covariant
(co-vary with the basis) vectors. Covariant vectors form the dual vector space to the contravariant
vectors. A general mixed tensor transforms as

T e = NNK2 L APENTIN G2 LN ST (A.82)

viva.../; vy —0102...01
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