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1 The Klein-Gordon equation

We start out with the aim of generalizing QM for the special relativistic case. Let us take the Schrédinger
equation for a single free mass point with no potential

hz 2 = 8

We use natural units = c =1 and relativistic notation

and a metric

1 0 0 O
| 0-10 0
=10 0 -1 0
00 0 -1
The free Schrodinger equation thus reads
—iaa-qﬁ— Ite) ¢
om Vi — 100

Solutions are given by plane waves

¢ _ ei(/?-)?*tdt)

and we find

For nontrivial wave functions ¢ this implies



which, using the de Broglie relations E =w, p' = k' exposes the physical content of the Schrédinger equation
as the nonrelativistic relation between energy and momentum of a free patricle

=2
p
E=—
2m

For the relativistic generalization, we simply try to replace this relation with the relativistic one
E2= 4+ m?
Acting on a plane wave we find
(—w?+ k2 + m?) ¢ = (8o0p — 0id; + m*) ¢ = (869° + D' + m?) = (9,0" + m?)p =0
We thus find the Klein-Gordon(KG) equation
(0,0"+m?)¢=0
as a generalizarion of the free Schrodinger equation for the free, relativistic particle.

2 Probability interpretation

2.1 The Schrédinger equation

In quantum mechanics, the wave function is interpreted as a probability amplitude. A probability density
p can be formed as

p=¢"¢

There are two essential properties for a probability density: It needs to be positive and its integral needs
to be conserved (and normalized to 1). Positivity of p is obviously fulfilled. To check for the conservation
of the total probability, we look at the time derivative of the probability density

Oop = ¢Opd* + ¢*Oogp
_ %F_i¢a;a;¢* )
1 * *
— —%(qb(’),@,-qb — ¢ 0:0i)
= (@000~ (06)(D16) — 0/(6"08) + (967)(919)

i * *
= 3i<—%(¢3i¢ + ¢ 3i¢)>

We thus have a continuity equation
dop — 9yji =0
with a probability current

Ji= (906" — 6"010)

which allows us to define a conserved quantity

Q= d®p Q= / d®x0op = / d3xVj = / dA-j
R3 R3 JR3 OR3



as long as the probability current vanishes at spatial infinity.

2.2 The Klein-Gordon equation

In the relativistic case, p does not satisfy any continuity equation. In fact, it can not be consistently
interpreted as a probability density as it is a Lorentz scalar. Assume e.g. that in a certain reference frame
the probability density is given by (1D for simplicity)

1
0 |x|>L

p(x)=

so @=1. In a boosted system (£, X) with relative velocity v, one would then have

1 - -
(2= oL |x — vE| < Ly/1—v2
0 |x—vi|>Ly/1-Vv?
and thus @ =+/1 —v2.

A candidate quantity that has the correct behaviour under Lorentz transformation (i.e. that is a time
component of a 4-vector) is jo= —5—(pd* — ¢*Iop). We can define a 4-vector

2m
Jn= =5 (60,0" — 6°0,0) M

and, using the Klein-Gordon equation, we find

O = —5(Ou(00"9") ~ 0,(6"0"))
= 5 ((0:0)(0°6") + 60,0"6" = (9,6")(9"0) — 6"0,0"9)
$0,01p* — $*0,0"¢) =0

i
“om!

so that in fact Q:fR3d3xj° is a conserved quantity. However, jOis not positive definite. We can explicitly
write it as

1
m

2= 56000~ 6006") = (106 ~ Rovl)

with R=R(¢) and | =(¢). We thus have a conserved current, but we can not interpret it as a probability
current.

3 Negative energy

The Klein-Gordon equation has one more problem. Per construction, it has plane wave solutions that fulfill

We thus get
E=4+\p*+m?

so there are negative energy solutions and their energies decrease with momentum. In a free theory this is
not a problem as there is no way to gain/loose energy. But as we couple such a system to anything else,
it may accellerate, producing energy in the process. It is not concievable how such a system should have
a stable minimum energy state.



4 Field theory

In order to proceed, we could abandon the KG equation, or we could try to replace the probabilistic
interpretation. We try the later.

At face value, both Schrédinger and KG are classical field equations. Let us therefore try to quantize the
fields themselves. We will try this in the canonical formalism known from QM. This is based on the classical
Hamiltonian. So let us try to construct the classical Hamiltonian for our field theory. The first step is to
identify the Lagrangean.

4.1 Lagrangean for the classical KG field

We obtain the equations of motion (Euler-Lagrange equations) of an arbitrary system by extremizing its
action

05=0

Generically, the action S is defined from the Lagrangean £ as
5= / dtl(q, q)
for a local field theory that is Lorentz covariant, we have (more on this later)
5= [dx2(6.0,0)

with the Lagrange density .Z and ¢ collectively denoting all fields ¢;. Extremizing is thus achieved by

_ 4, 0L
0S = /d ( 0p; + 500 H¢l)5au¢,>
0L 0L
d*x 0¢;i + 0y, 0p; Oy
/, (aqb,“*((,@f)‘z’) s7™)
— 4 8$ ) 3 8$
/d <a¢l M ( M¢l) 5¢l Vd 50 ( [L¢I) (z)

Integrating over a region larger than the support of the variation d¢ we obtain

’ 02 \.,
05 = / d <8¢, “8@@))@

recognizing that otherwise d¢; is arbitrary, we obtain the Euler-Lagrange equations for a local field theory

0L _, 0%

%_ #G(BM@)
A Lagrangean that leads to the KG equation as an equation of motion is easy to find. We take
L= (2,006 — m’?) (2)

which describes a real-valued scalar field ¢. In order to arrive at the Lagrangean for a complex scalar field,
we have to assume independent real and imaginary components and derive separate equations of motion for
both. Alternatively, we may view ¢ and ¢* as the two independent components. We can thus simply write

L= 0,870 — mP¢"



which results in the equations of motion

_m2¢* — 8,u8#¢*
—-m’¢ = 0"0,¢

4.2 Hamiltonian

In order to define the Hamiltonian, we need conjugate momenta. Keeping in mind that

L= / P AR)

we obtain them in the standard fashion

@)= 9L _ 24)

T 50(x)  0(0odi)

The Hamiltonian is thus

H= / xS Mi(R) (%) — L= / P AR
where we have defined the Hamiltonian density as

HR) = Ni(X)dedi(X) — LK)
For the real KG theory we have
0L

:—:60
R
and for the complex one we get
0L
M = ——= —9%*
o) ¢
0L
n* = :aO
50wy 2

For the Hamiltonian density of the real KG theory we thus obtain
0 1 2,0y _ 1o 2.2
H= 8000 — L= 75(00¢00 + 9ip0ip + m*¢%) = 5(1° + 9ipdip + m*¢°) 3)
whereas for the complex theory we get
H=°¢* 0o + °p0o¢"™ — L= 9op* o + 0ip*0jp + mP¢* ¢ =TT + 9" Dip + M**

We see that in both cases the Hamiltonian is nonnegative. If this property is not violated upon quantization,
the problem of the relativistic energy being unbounded from below would be solved.

4.3 Nothers first theorem

Let us go back to the Lagrangean formulation and assume that the equations of motion exhibit an invariance
under a continuous transformation. Such a transformation is called a continuous symmetry transformation.
An infinitesimal form of this transformation can be written as

o= ¢/ = ¢ +eAs
with an infinitesimal parameter A¢. This transformation will generically change the Lagrangean

L= L'=L+eNL



The action thus transforms as

S’:/d“xaf':S—f—a/d“fo

Since the transformation is a symmetry, i.e. it leaves the equations of motion invariant, we have

0L _, 0%
o) "0(0u0)

and thus the variation of the action S’, which can generically be written as

0. 0L
d* 5!+ 50,0
/, X( AR Gy “¢>
0! 0! 0L
= [ d* St 40, ——Z— 56! 0P}
/ < 8¢l ¢ + l( ( p¢l) ¢>> Ma( ﬂ¢l) ¢>

0L 0L 0L
d*x -9 5o+ [ dPxr =5

/ ( ¢ “6(6,@,‘)) o +/9v 50.5)"
=0

35S’

does also vanish. Varying S’ in terms of the original fields we obtain

58! = 55+5<5/d4xA,$>
Vv
5</d4xA.5f>;0
Vv

which can only be fulfilled if fvd“xAZ is a constant and thus

and thus

AL=0,J"
can be written as the divergence of a current J*. In terms of the original fields, we may now write

X% 0L
AL =e| SENG+ DD
) (3@ ST “¢>

vanishes because of the equations of motion, so we are left with

ed, J"

0L o

0L
The term B_dh_ “—3(3,1@)

0L
auJ'u = 8#( 5(3;@,) A¢/>

which is a continuity equation

O " =0
for the No6ther current
. 0L
“Z:—A P J'u
/ B(BMZ),-) ¢

We have thus proven the first Noether theorem, which states that a continuous symmetry of the equations
of motion implies a conserved current.



We can now define a conserved charge

Q= &*° Q= / d3x0j° = / d3xVj = /
R3 R3 R3 OR3

Example 1. For a free, real massless scalar with

-

dA-j=0

1
L= 50,60"%
there is a continuous symmetry
o= p+e
under which A Z=0. We have A¢ =1 and thus the Néther current

. 0L
1T 90,0)

Q:/ d3xj°:/ d3x ¢
R3 JR3

Example 2. For the complex KG theory

Ap =04

and the conserved charge

L= 0,0°0"6 — P70
there is a continuous symmetry

¢ — e

¢* N ¢*e—i5
We have A¢p=ip, A¢p*=—ip* and AL=0. The Noether current is thus

. 0L 0L . " "
jﬂza(a—mAqﬁ—Fa(a—mAﬁb =i(¢0.¢" — ¢*0.0)

which, up to a trivial multiplicative factor, is our failed probability current (1)

Example 3. As a final example, we look at a spacetime translation
xH — xH —eat
with a constant vector a*. Under this transformation the fields transform as
P(x) = d(x +ea) = ¢(x) + ea"0,9(x)
while the Lagrangean density
L(x) = L (x+ea)=2L(x)+ea"d, L(x)

We can thus identify A¢p=a"0,¢ and A L=a"0,.Zand consequently J#*=a*.Z. Constructing the Noether
current we find
0L 0L

L R G K i



If we take for the a¥ the unit vectors e(of,) =05, we find

. 0L
[ _SH
./(1/) - 3(@@) ay(b 61/”%

and

0.
Qu) = /R 3d3x<mﬁy¢ _ 533) - /R P96 - 29)

For time translations, =0 and we find

Qo= [ Px(Nows -~ 2)

which is just the Hamiltonian.

5 Quantization of the real KG field

5.1 The real KG field in momentum space

The Lagrangean density of a free scalar field is given by (2)
L= (0,606 — M) = 5(0udo6 — D60ip — m°?)
We write the field in terms of its 3D Fourier components
6.0~ [ ZErem i, )

which implies the convention

(. B) = / dixe=P74(t, )

The reality of the field ¢*(¢t, X) = ¢(t, X) implies

~

3(t,B) = / PPxe=P7g(t, %)
/d3xe”'ﬁ"?¢*(t7>?)

< / d3xefﬁ-x“¢(t,z)>*

é*(ﬁ _ﬁ)

Plugging the Fourier decomposition of the field into the Lagrangean gives

L= % / d*x(Do¢pBop — Dipdicp — m*$?)
3, . 3, . X R
- %/Cﬁx/(gﬂl))se'p'x/(gﬂc)lge'q'x(aw(t,5)30¢(t73)—(—p;q;+m2)¢(t,ﬁ)¢(t,3))
3 3. R A
= %/GB)(/%%GI(PJrQ)-X(aO(ﬁ(t,ﬁ)ao¢(t7 a)_(_p,ql+m2)¢(t75) (t7 a))
3,43 . R A A
B %/ %53“” 3)(@0d(t. B)Aod(t. §) — (—piai + m?) (¢, B)(t, G)
3 i n ~ ~
— 3 B (0dte, Powie, ~B) ~ (i + e, BYE, )

= %/(g—;l))g(aoé(ta B)oud*(t, B) — (B2 + m?)d(t, B)d*(t, B))

<



We can see that field components at momenta g only couple to components at —p. Treating the momentum
components of the field as our generalized coordinates, we construct the canonically conjugate momenta

to the coordinates (dp/27r)%<3(t, p) as

(dp/27):M(, B) :=<dp/2w)3m=(dp/zw)iaoqﬁ(t,—5)

and thus write the Hamiltonian

H

/(gjrl))3 [(t, B)dod(t, B) — L
_/d3p1ﬁ . R q |
= | Gy 2N PNCE,=B)+ (5 + m)ie, P)Ae, ~ ) )

- %/(Qd—;’-,;( (t’ﬁ)ﬁ*(tvﬁ)+(ﬁ2+m2)(§(t’fj)é*(mﬁ))

>

From the canonical equations of motion

OH oH

a—p—aoq 6_q: —0op

we thus obtain (using g = (dp/2r)%/2¢(t, B) and p=(dp/2x)*?M(t, B))

oH
o((dp/2n) (2, 5) )

oH
o((dp/2m):d(t. B))

(dp/2m)A(t, ~P) (dp /2062, B)

(dp/2m): (B + m)(t, ~B) = —(dp/2x):acM(¢. p)

so ultimately
odod(t, B) = 0of1(t, —B) = (B + m) (1, )
and we see that every momentum component of the field behaves as a harmonic oscillator

¢=—-wo

where we have introduced the shorthand notation ¢ = (dp/2r)%?4(t, B) and w? = B> + m?. For later
convenience, we also introduce the shorthand notation m = (dp/27r)3/2lcl(t7 —p) for the corresponding
canonically conjugate momentum.

5.2 Quantization of the harmonic oscillator

Quantizing the free, real KG field in momentum space thus amouts to quantizing a harmonic oscillator
with angular frequency w = /B + m? for every momentum mode. According to (4), the contribution to
the total Hamiltonian of the momentum p and —p modes is given by

1
Hp = 5(mm +whop” + 71" 4+ w2p™p)

We now quantize this system by promoting ¢ and 7 to operators and demanding canonical commutation
relations

[30777]:[95[77”]:’. [(pvﬂT]:[Wv(pT]:[(pv(pT]:[ﬂvﬂT]:O (5)

10



The hamiltonian contribution thus reads

1
Hp = 5(r'm +wkop! + 7t 4+ w2py)

By substituting
1

v = glathh
o= %(af b)

we can rewrite

Hy = %(WTW“‘W%P‘PH'WH‘FWQSDT(P)
= %(w(a—b*)(af—b)—i-w(a—i- b")(at + b) + w(af — b)(a— bT) +w(al + b)(a+ b'))
= %(aaf—i—bfb—i-aTa—l—bbT)

In terms of the original fields and momenta, we can write

and from the commutation realtions (5) we find that

1

021 = {levo 1+ 2l 1= 2ol + ol ]
6.6 = 516", o1+ 2,1 - 2Lt ]+l a']) =1
281 = {level+ 2t = Lo+ Sl 1) =0

08 = S(levp1+ 2t o+ Lo nl + otatn] ) =0

so the contributions from a and b decouple and H, can be written as the sum of two independent harmonic
oscillators

Hy,=H,+ Hp
with

H, = %(anr + afa) :w<a*a +%>

Hy = (bb' 4+ bib) :w<bTb+%>

5.3 Properties of a single momentum mode of the KG field

We concentrate on one of the two harmonic oscillators H, describing the two momentum modes g and —p
of the real KG field. We label the harmonic oscillator energy eigenstates by |n), starting from the ground
state |0). Evidently, the lowest possible eigenvalue of H, is w/2 and the corresponding eigenstate fulfills

Ha|o>:w<afa+%>o>:§o> = afalo)=0 (7)

11



Let us next examine what state we obtain when acting with af on an energy eigenstate |n) with eigenvalue
E,. The Hamiltonian acting on such a state gives

H,afln) = w(ah—l—%)aﬂn)
1
= w(afaaT+aT§>|n>
1
= aTw<aaT+§>|n>

= a*w(a*a—f— 1+%>|n>

= an(Ha +w)|n)
= (E,+w)alln)

so it again is an eigenstate with energy E, + w. Acting with a on an eigenstate |n) on the other hand
results in a state on which the Hamiltonian gives

H,a|n) = w(a*a—l—%)an)
n 1
= w aaa+a§ [n)
_ i 1
= w| aa a—l—i—aE [n)

_ aw<afa—%>n>

= a(H, —w)[n)
= (E,-w)aln)

so it is also an energy eigenstate with energy E, —w. On the ground state |0), this property together with
(7) implies that a|0) =0. We thus have a method to construct all energy eigenstates, |n) with n€ Ny from
the ground state |0) by repeated application of a on it. We define

(a")"[0)

|n) =

3~

and find E,=w(n+1/2).
Exercise 1. Show that (n|n) = (0|0)

It is also easy to show that there are no further energy eigenstates: Let us suppose that |r), r ¢ Ng is an
eigenstate of the Hamiltonian with energy E, = w(r + 1/2). Because of the positivity of aa, we know
that r > 0. Let us label with /i the largest integer smaller than r. Starting from |r), we can thus construct
another energy eigenstate |r — i) oca’|r) with E, _;=w(r—i+1/2) and r —i < 1. Acting on such a state
with a can not produce an energy eigenstate |r — i — 1) since its energy E,_; = w(r — i — 1/2) would
violate the positivity of afa= H/w —1/2. The only way out is that a|r — i) =0. But a|r — i) =0 implies
H|r—iy=w/2, so |r—i)=|0) which is in contradiction with our assumption.

The operators a and a move us up and down the tower of energy eigenstates and are therefore called
ladder operators. The operator

N=afa

evidently has the same eigenstates as H. Its eigenvalues are



5.4 The quantum KG field in coordinate space

Remembering the definitions ¢ = (dp /27)3/?4(t, B) and = = (dp /27)*/?(1(t, —B), we define ladder
operators per momentum as

so that

Me.p) = %(au B)+ai(t,—P))

V2w ()

(8)
A(t,-p) = \/ (aT t,p) - a(t,—p))

We can rewrite the field Hamiltonian (4) in terms of the ladder operators as

H=gf (;’;; W(B)(al(t, Ba(t, )+ a(t, B)a(t, §)) (9)
with

w(p) =P+ m?

From the commutation relations (6) it follows that

[a(t, B), a'(t, D=5

and
[a(t, §). a(t, 4)] = [a'(t. B). a'(t, §)] =0

To make sense of the normalization factor (27)%/ d®p, we construct the integral [dp as the limit of a
sum over finite momentum space volumes d3p

= | 3
[ o= fim, 3

Pluging the commutation relation into such an integral we obtain

3 T _ . 3 (27'[' L. R
/kfpf )a(t, B), a'(t, §)] dQQOE:"P 35.,4f (P)
= (2r)3 ||m Z 35,4 (P

(27T)3f(q)
so the commutation relation
[a(t, B), al(t, )] = (27)*6%(5 — §)

13



contains the proper Dirac . The commutation relations of the fields themselves thus read (8)

[6(¢,5). (e, )] = A(la(t, B), ol (¢, ~ )] — [a/(t, ~ P). a(t. )
) A = i(2w)3§3(ﬁ+ q)
16(¢, 5). &(t, ) =[A(z, ), A, §)] =0

Finally, transforming back to coordinate space, we obtain

L d3peiﬁ->?A L [ P Ao ) al(e 5
o0%) =[G ien) =[Gl it B el p) "

M(e0) = [Erer e = i e\ Al ) - ae.5)

with the commutation relations

o)) = [ (;’—;’;3/ (zd—f;efﬁ-ieﬁ-f[q?(t, 5).fi(z. 4)

3 — = o =
= i/(Zﬂl))3/d3qe”"xe’q'y53(ﬁ+ )
A dBPp e
— ,/(2_7:536;3( 7)
_ P(x-7)
[o(t, %), o(t, ¥)] =[N(t, %), N(t, ¥)] =0

5.5 The first divergence - cosmological constant renormalization

Quantizing the real KG field in momentum space revealed a harmonic oscillator per momentum 5 and we
have now found the expression for the fields in the ladder operators of these oscillators. But what does
this mean physically?

To answer this question, we first look at the full Hamiltonian in terms of the ladder operators (9). Utilizing
our commutation relations we find

H = %/%w(ﬁ)(af(t,ﬁ)a(t,,3)+a(t7b’)af(t7/3))

_ /%w(ﬁ)af(t, B)a(t, p) +%/d3pw(ﬁ) 5%(0)

This expression is ill defined as the second term diverges. It originates from the ground state energies of an
infinite number of harmonic oscillators. The problem can be overcome by noticing that - with the exception
of gravity - we always are interested in energy differences only. Outside of gravity absolute energy is not
an observable and we may redefine the energy of each harmonic oscillator by subtracting the ground state
energy before taking the limit of an infinite number of harmonic oscillators (i.e. momentum modes). For
gravity the subtraction of a constant energy amounts to a redefinition of the cosmological constant A,
which would have to absorb the pertaining divergence. The procedure is thus called cosmological constant
renormalization.

Technically this elimination can be achieved by a procedure called normal ordering. It consists of commuting
a operators to the right and af operators to the left and discarding the commutation terms and is denoted as

:aaT = aTa

14



Redefining the Hamiltonian as the normal ordered product we obtain

H = i3 [ B pal(e, pale. ) + (. (2. )

- [ i pate.p

5.6 Physical interpretation

After normal ordering, the Hamiltonian has a very simple interpretation. If all oscillators are in the ground
state, the total energy vanishes. This is the lowest energy state and we call it the vacuum |0). Technically,
this vacuum is a direct product over the ground states of each momentum mode

10) =@5(0)5

We may act on the vacuum with a ladder operator af(t, p) for any momentum 5 an arbitrary number of
times. The entirety of resulting states spans the Hilbert space of the theory, which is called Fock space.

Each such application of af(t, B) raises the energy of the state by a fixed amount w(p) = /B> + m?, which
happens to be exactly the energy of a relativistic point mass of momentum B. We call these field quanta that
are created by af(t, 5) and annihilated by a(t, B) particles and the the operators creation resp. annihilation
operators. Note that the Hamiltonian literally counts the number of particles in each mode with the number
operator a'(t, B)a(t, p) and multiplies it with the relativistic energy of a single particle at that momentum.

Exercise 2. Show that thegfield momentum, i.e. the normal ordered Noether charge pertaining to spatial translations,
. i d’p — =
can be written as P' = (ZW)Sp’aT(t, pa(t, p)-

The momentum of the quantum field is given by
= dp o o
P:/Wpaf(mp)a(t,p)

which also counts the number of particles per momentum mode and multiplies it with the momentum of
that mode.

Note that the operators for creating two particles at equal times always commute

a'(t, p)a’(t, §)|0) = a'(t, §)a'(t, p)[0)

and thus a multiple particle state is unique.

Finally, we want to clarify the meaning of the operator valued quantum fields themselves. Acting on the
vacuum, we obtain a state we call |t, X)

(P
w (11)
_ [ e BT L
- /(2,”)3 2&)([3) (t,p)‘0>

We defne a single particle state of momentum p in Fock space as
¢, B) = Npal (¢, B)[0)

15



with a normalization factor Nj still to be chosen. We now have

= N3 [ —————(0|[a(t, §), af(¢t, B
%A%pﬁ@a@HL% (&, P)II0)

= N d3q—)53(5—<’i)<0\0>

so |X) can be identified with a single particle state at position X in complete analogy to the quantum
mechanical case where an eigenstate of momentum B is given by (t, X|t, B) = ¥(X) = e 7. For future
convenience we choose Nz=+/2w(p) so that

t,5) = V2a(B)al(t. PI0) (X B)=e"PF (¢, plt.q) = 20(B)(2n)%*( - 4)

6 Spacetime behaviour of the free scalar quantum field

6.1 The dynamical equations

After quantizing the real KG field, we are left with time dependent operators acting on time independent
state vectors, i.e. we are in the Heisenberg picture. Following general quantum mechanical principles, the
time translation of any operator is generated by the Hamiltonian as

O(t+dt)=U(t,dt)O(t)Ul(t,dt)  U(t,dt) =€)

which implies

O(t+dt) U(t,dt)O(t)Ui(t, dt)
(L+iH(t)dt)O(t)(1— iH(t)dt)

= O(t)+i[H(t), O(t)]dt

and thus the operators fulfill the Heisenberg equation

00 .
E— —I[O, H]

We could shift the time dependence into the states, i.e. go to the Schrodinger picture, by noting that a
generic matrix element, and thus the physics content

(s'()IO(t +dt)|s(t)) = (s'(t)|e" D" O(t)e D |s(t))
(s'(t+ dt)|O(t)|s(t + dt))

is invariant when applying the time evolution to the state rather than to the matrix element
(¢ -+ dt)) = e~ |s(6)) = |s(e)) — iH()de]s(t))
Obviously, this implies the Schrédinger equation
0 .
Dls)=—iH]s)

Notice that there is no need now to adapt the Schrddinger equation to the relativistic case. The Schrédinger
equation does not encode the nonrelativistic dispersion relation any more but simply the time evolution of
the system. The relativistic physics content is in the field Hamiltonean H.

16



6.2 Time evolution

We start by computing the time evolution of the creation and annihilation operators

9a(p)
ot

da'(

Tl
~

—i[a(p), H]

-if %w(ﬁ)[a(ﬁ) 2H(@)a(d)

—//d3qw gd)a(q)

—iw( (12)
~ila'(p). H]

i / f'—3c)’3w(6)aT(C7)[aT(5)a a(q)]

,-/d w(§)53(F — )a’(d)

w(p)a'()

The time evolution of momentum components of the field and the field momenta are thus

06(B) _ 1 <6a(/3) aa*(—ﬁ))

ot 2w () ot ot
= ; iw iw B
= 2w(ﬁ)( (B)a(p)+iw(B)a'(—p)))
= i/ AP (a(p)at(-p)
= A(p)

on(-pg) daf(p)  9a(—p)

atp B ( ot p)

and finally for the fields and field mo

an(z)

ot

(W(p)aT(p)Jr'w(p)a( p))
5) af(p) +a(—p
m( (P) +a(—p))

= —w?(P)d(— P)

= —(F+m)(-p)

A

menta in coordinate space we have

9¢(X)
ot

2= m?)¢(X)

17



Putting these together we find

0*¢(%) _ ON(X) _ @2 _ 2y 4x
atQ - It _(V —m )¢(X)

which we can rewrite as
(9000 — 0,0; + m*)$(X) =0
or, in relativistic notation

(9,0" + m?)p(X) =0

which is the Klein-Gordon equation. Note that this result is not trivial: It tells us that the KG equation is
fulfilled exactly by the quantum fields, so it survived quantization.

6.3 Explicit expression for the time evolution of the quantum KG field

Solving the Heisenberg equations for creation and annihilation operators (12), we find
a(t, p) = e~ “(Pia(p) al(t, B) = e“(Ptaf(p)
where we have introduced the shorthand notation
a(p) :=a(0, p) af(p):=af(0, B)

for creation and annihilation operators at the reference time t =0. Plugging this result into our expression
for the momentum state fields (8) we obtain

ot p) = %@(e‘i“‘ﬁ)fa(ﬁﬁre’“‘mfaf(—ﬁ))

A = - Jw(PB) [ iw(p = —iw(p =
A —p) = i/ L2 (e Pal(p) — e~ Pta(—p))

and after Fourier transformation into coordinate space

o P mrr, = a? X —iwt(F) (B iw(p -
o(t,x) = /(2—7:33ep (t,p) = /(2_7536—(6 t(P)a(p)+e (p)taf(_p))

v da? iB-X[ 3 [ & iB-x P) ( (P = —iw(P)t 5 7
n(t, %) = /Q_&elpxn(mp) _ ,/ P_ginx, [9(P) (oi)yi(_p) — e Pia(p)

We can rewrite these expressions in a slightly more compact way by first defining the time component of
the momentum vector as the positive frequency

POi=w(B) = +V/F +

and then changing the definition of the dummy momentum integration variable 5 — —p for the creation
operators. We obtain

X = ﬁ 1 efip-xa = e,'p.xaar R
P(x) /(277)3 \/2_[10( (P)+ (B) )

10) = i [ (2Bt (5) — e a(5)

where we used the shorthand notation

p-x = p,xt
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6.4 Propagators

We now investigate the propagation of a single particle state, i.e. we compute the probability amplitude
for a particle that is created at a space-time point y to reach a spacetime point x. Accorfing to (11), a
single particle state at space-time point y is given by

ly)=¢(y)I0)

Consequently, the probability amplitude for a particle that is created at a space-time point y to reach a
spacetime point x is given by

<0|¢(§;<)¢(y)(|jg>
1 1 I L
= [ G e O @

3 3
_ /(dp/dq 11 e~ iPxeiy (27 Y353( — ) (14)

2r)2 ) 2n) /200 /20

xly)

which is only dependent on the differecne in positions x — y. We call this object the propagator

[ dp 1

D(x)= Wz—poe*"‘” (15)

There is an interesting connection between the propagator and the Green's function of the Klein-Gordon
equation. We recall that the Greens function is the solution of an inhomogenous differential equation with
a J source term, so in the case of the KG equation

(0,0" + m?) G(x) = —i6*(x)
We take the four dimensional Fourier transform which is generically defined as
(Zg(p) :/d4xeip-x¢(x)
with the inverse
— d4p —ip-x 7
P(x) = [ o(p)
and obtain
(=p"pu+m?)G(p) = —i
so the solution is

A i
Glp)=——
(p) P“Pp—mz

In position space, the propagator is thus given via the inverse Fourier transform as

6() = [ EEse ()
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Note that in this expression p? is not fixed but rather is an integration variable. We now proceed to compute
explicitly the innermost integral over p®. With the shorthand notation E = p® and w = ++/p%>+ m? we
need to compute the integral

o
/= / oy = (16)

The integrand has two poles at
E=+w

which lie on the real axis, i.e. on our integration contour. We will therefore need to be very careful with our
choice of integration contour, but let us first compute the residues. To find them, we choose an integration
contour describing an infinitesimal circle around the poles. We substitute

E=+w+ce® dE = ice™da

. _iE 0 : . i 0
i dE je Ex lim i 2T gl jeFiwx
im ¢ ———— = limic —_—
e—0) 2m E2—w? es0 Jo 2w F2wee®

To compute our integral /, we first note that there are no other poles in the complex plane than those at
+w. In addition, if we suppose that our time component x° is real and positive,

Re(—iEx®) <0 for Im(E)<0

so the exponential function in the integrand of (16) vanishes for Im(E) — —oo, i.e. if we close the integration
path of our integral | from below.

4+ Im(E)
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We now have to decide what to do about the poles. Including none of them would render our integral
zero according to the residue theorem. Including the pole at E =w (thereby encircling it clockwise, so in
mathematically negative sense) we would obtain (see (15))

—iwxo

G(x)= / G 5 = D)

which can be interpreted as a momentum p mode propagating with positive wave number w, i.e. energy.
Conversely, if we include the pole at E = —w into the integration contour, we would obtain

B 0
d3p 5% elwx

Sl N e )

which would correspond to a negative wave number. Since we would like to eliminate negative energy
modes, we chose to include the E = w pole only, which corresponds to choosing the integration contour
depicted in the following figure:

We now investigate the case of a real, negative time component x°. There we have
Re(—iEx?) <0 for Im(E)>0

so the exponential function in the integrand of (16) vanishes for Im(E) — 400 and we consequently close
our integration contour above. Including a pole does now imply encircling it counterclockwise. From the
E = w pole we would thus get (15)

corresponding to a negative wave number for a causal, forward in time |x°| propagation. At the E = —w
pole we would get a contribution
d* e

€= [ oy 2

= D(—)

corresponding to a positive wave number for forward in time propagation. We again chose the positive
wave number propagation only and the corresponding contour looks like this:
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4+ Im(E)

Thus both of our choices for going around the poles in the x°>0 and x° < 0 cases are identical. We can
thus define a Green'’s function containing positive energy modes only and via (15) relate it to the propagator

) D(x) x0>0
G(X)_{ D(—X) X0<0

We call this Green's function with the specific contour prescription the Feynman propagator
Dr(x) = 0(x°)D(x) +0(—x°)D(—x)
Expressing the propagator in terms of the fields via (14) we obtain

De(x = y) = (0| T(o(x)9(y))[0) (17)

where we have defined the time ordered product

T(o(x)d(y)) :=0(x° = y°)p(x)p(y) + 0(y° — x°) p(y) p(x)

which sorts a product of operators according to their time coordinate with the latest one appearing at the
leftmost place. Note that the time ordering of fields is a relativistically consistent prescription since field
operators at equal time do commute.

Although we have succeeded now in defining a consistent probability amplitude for single particle prop-
agation that only includes positive energy modes propagating forward in time, the choice of integration
contour seems somewhat arbitrary and ad-hoc. This may be mitigated by noticing that encircling the poles
as described above can also be achieved by infinitessimally tilting the integration line off the real axis, i.e.
integrating along

pl= - reR

instead of simply p® € R. This line will go around the poles in the desired manner, but when closing the
contour we will have problems as e.g. in the case x° >0 we have

Re(—ip°x%) <0 for Im(p°)<0
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but the contour needs to be closed at the r— oo side with a positive imaginary part. This can be rectified
by also tilting the time axis infinitesimally off the real axis. Using

XO=t(1—i6) JeR* (18)
we now have
Re(—ip°x%) =Re(—irt) <0 for Im(r)<0

and we thus can properly close the contour in the halfplane of a negative imaginary part of r.

Giving the time an imaginary component might seem even worse than choosing an ad-hoc contour at the
moment, but we will soon see that in fact it is not only allowed but even mandatory when isolating the
ground state of an interacting theory.

As a notational tool to remember how to go around the poles, it is customary to write in a slightly sloppy
fashion

DF(X) :/(g;§4e—ip-x i (19)

p2—m?+ie
7 Interacting fields

The Klein-Gordon equation is linear and thus its dynamics is trivial. We have explicitly seen that the
different momentum modes decouple and thus there is no interaction. There is not even a measurement
possible in this theory and thus it is not a good candidate to describe any naturalphenomena.

In order to introduce some nontrivial dynamics, we need to add some interaction. In quantum mechanics, we
introduced a potential into the Schrédinger equation. This is not appropriate in a relativistic field theory as
an action at a distance violates causality. We will therefore restrict the interaction terms to additionalterms
in the Lagrange density.

7.1 Constructing an interaction term

In principle, we can add any local combination of constants, fields and their derivatives to the Lagrange
density .Z that are Lorentz scalars and of mass dimension [m]*, the latter requirement comming from the
fact that the action S = [ d*x.Z needs to be dimensionless. From the free Lagrangean

L= (0,60"0 — m’?)

we can deduce that the mass dimension of the field is
[m*@]=[m]* = [¢]=[m]

The simplest thing we could do is adding a constant term to .Z. It is easy to see however that this term
does not affect the equations of motion and so is irrelevant.

Similarly, one could add a term c¢ to .Z. We could however write

2

= 50,000 — ) + o = 5(0,00" =m0 =5 )" ) + 5

m

and thus simply absorb it into a field redefinition, which will again have no effect on the equations of
motion. A quadratic term is already present in .2 and so is a quadratic term in the field derivatives. The
first nontrivial term we can add thus is a term of the form ¢3. This term does have a problem though as
it results in a Hamiltonean that is not bounded from below, which can be anticipated from the fact that
¢3 is not bounded from below.
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Finally, we can add a ¢* term to the Lagrangean density
1 20y A 4
L= 5(6ﬂ¢6“¢ —m ¢ ) - E(z)
which is nontrivial and results in a Hamiltonean that is bounded from below. We will thus proceed studying

this ¢* theory as an example of a nontrivial quantum field theory.

Exercise 3. Show that for a Lagrangean of the form £ = %(6;@6“(17 — m?¢?) — %d)“, n € N the canonical equation of

motion reads (8,0" + m?)¢ = *(n%l)ﬁn L

Exercise 4. Show that the Hamiltonean density of ¢* theory is given by %:%(nz + 0ipdip + m24?) + %(;54 and is thus
bounded from below.

7.2 ¢* theory

The Hamiltonean of ¢* theory is given by
H(e) = [ ax( 5(0(e,%)+ 0(e, 00(2.2) 1+ (e, D) + 31407

When going to Fourier space, the first three terms are diagonalized as for the KG theory, but the last term
reads

= o3 d3 o3 A3Ps (31t Bt Bt B) R = \ N \ =\ B =

= /((er)%/ (Cgrp)%/ (‘;;%33/d3p453(51+ B+ B3+ Ba) b(B1) 9 (B2) H(B3) H( Ba)
-/ (Z;’jg (‘Z”; / (Z;”)Zé(ﬁw(ﬁz)q@(ﬁs)é(—ﬁ )

making it explicit that momentum modes do not decouple. On the one hand this implies that the theory is
not as simply solvable by Fourier Transformation as the KG theory, but on the other hand it implies that
the theory has some nontrivial dynamics.

We can determine the dimensionality of A\ by power counting. Comparing the m?¢? and ¢* terms, we see
that

[¢f]=[m*¢?|=[\¢"] = [N=1
and thus the coupling constant )\ is dimensionless.

8 Perturbation theory

In order to extract predictions from our theory, we want to compute the propagator

(QIT(2(x)e(¥))I2)

where |Q) denotes the ground state or vacuum of ¢* theory. We introduce this notation to delimit |Q)
from the vacuum of the KG theory, which we will continue to call |0). Since a closed form solution for
this propagator is not easily obtainable, we will make use of perturbation theory. We assume A\ <1 and
make an expansion around A=0. For A =0, the theory reduces to the well-known KG case, which we have
solved exactly.

Formally, we decompose the Hamiltonean H = Hy + Hi, into a trivial part

Hot) =2 / Px(MP(t, %) + 06(t, D)9i0(t, %) + mPeA(t, %)) (20)
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and an interaction part
A -
Hint(t) :ﬂ/d?)X(ﬁA(t,X)
8.1 The interaction picture

We can now decompose the time evolution of our fields ¢ into a trivial part from Hy and a small correction
due to Hint, which is proportional to A. For this purpose we introduce the “interaction picture” field ¢;.
This field coincides with the field ¢ at a reference time that we call tg

®i1(to) = ¢(to)

but from this point on its time evolution is not given by the full Hamiltonean H but rather by the trivial
piece Hy only. This field is called interaction picture field because the time dependence is neither fully
in the operator valued field (Heisenberg picture) nor is it fully in the states (Schrédinger picture). In the
interaction picture, the trivial time dependence (sloppily speaking the part according to Hp) is absorbed
into the operators (fields) whereas the time dependence due to the interaction Hamiltonean has to be
accounted for by the time dependence of the states.

At the reference time tg, the Heisenberg equation for the interaction picture observables O generically reads

60/(1?)
ot

= —i[O/(to), HO(tO)]

to
Moving away from the reference time, the time evolutions for the free (Hp) and interacting (H) theory

diverge. The Hamiltonean of the free theory will have the functional form (20), but with interaction picture
fields (i.e. the fields following the free time evolution) instead of the ¢

1 o = = -
Ho/(t) = §/d3x(n%(tax) +0iu(t, X)Dihi(t, X) + m*¢i(t, X))
Similarly, we define the interaction part of the Hamiltonian in terms of the interaction picture fields
Hi(e) = [ gz, %)
| = E XQj s X

The advantage of this definition is that the time evolution of ¢, is identical to that of a KG field (13),
thus the interaction picture fields

o= [ %ﬁ(e"%(ﬁ) + e aT(5)) (21)

can be written in terms of creation and annihilation operators (again with the implied p®=+/p?+ m?).

The Heisenberg equation for interaction picture quantities O; at arbitrary times thus reads

aO/(t)
ot

= —i[Oy(t), Ho(1)]

and thus an infinitesmial time evolution has the form

O,(t+ dt) Oi(t) — i[O(t), Hoi(t)]
(1+ iHoi(t)dt)O(t)(1 — iHoi(t)dt)

_ eiHO/(t)dtOl(t)e—iHO/(t)dt

Defining a unitary time evolution operator as the time ordered product

V(t):= T< e"ffo‘“”o«(f))
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and assuming dt >0, we can write
O)(t) = V(t)Oi(t) VI(t)
or

VI(t)Oi(t)
Oi(t)V(t)

Oi(to) V1(2)
V(t)Oi(to)

In case of dt <0 we have reverse time ordering, i.e.
V(t):= TH( i)
The Heisenberg equation of the full field ¢ reads

00(t)
T__I[O(t)a H(t)]
and thus

O(t+ dt) _ eiH(t)dto(t)efiH(t)dt

Similar to the case above, we define a time evolution operator

T(e"f‘todTH(T)> t>to

W(t):= -
T*(e’ftodTH(T)> t < to

we can write
O(t) = W(t)O(to) W(t)

Wi(t)Oo(t)
O(t)W(t)

O(to) WT(t)
W(t)O(to)

Remembering that the fields are equal at the reference time ty, we have

o(t) = W(Re(t)Wi(t)
— WV s(e)V(OWI(e) (22)
Ui(t)oi(t)U(2)

where we have defined the unitary operator that transforms the field to the interaction picture

U(t) = V(t)Wi(t) (23)
Let us look at this operator in a bit more detail. Going an infinitesimal time step further, we have

U(t+dt) V(t+dt)WTi(t+dt)

(1 + iHo(t)dt)V(t)WT(t)(1 — iH(t)dt)
U(t) +i (Ho(t) V(t)WT(t) — V(t)WT(t)H(t))dt
U(t) +i (V(t)Ho(to) WT(t) — V(t)H(t)WT(t))dt
U(t) +i (V(t)Ho(to) WT(t) — V(t)H(to) WT(t))dt
U(t) — iV (t)Hi(to) WTi(t)dt
U(t) — iV (t)H(t) VI(t)U(t)dt
= (1-iH(t)dt)U(t)
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and thus we can construct the transformation operator from the interaction picture to the full theory as a
reverse time ordered product of exponentials of the interaction Hamiltonean in the interaction picture

T<e_iffodTH’(T)) t>ty

U(t): cpt
TT(e_’ftodTH’(T)) t<to

8.2 The full propagator in terms of the interaction picture fields

We now return to computing the propagator of the full, interacting theory

QT (o(x)o(y))IS2)

One immediate problem we face is that we do not know the true vacuum |Q) of the theory. Assuming
that the vacuum state is unique (which will not be true for all theories) and further assuming that the
theory has a mass gap, i.e. that the first excited state above the vacuum has a finite energy difference to
the vacuum, we can however isolate the vacuum of the theory |Q2). For this purpose, we first take a state
we know from the free KG theory, e.g. the vacuum of the free KG theory |0) at a certain time t. In the
interaction picture, this state is time invariant (since there we are in the Heisenberg picture of the KG
theory). To transform it into a full Heisenberg picture state, we apply the transformation operator (23) on it

ut(1)/0)

Assuming that we are interested in times before our reference time, i.e. t < to, we have

I
<

ut(1)l0)

®
o
~

[
s
S
<

where in the second line we have used the fact that |0) is an eigenstate of Hp, independent of time and in
the third line we have used that its energy Eg=0 vanishes. To proceed further, we will insert a complete

set of eigenstates |/) with energies Er of the full Hamiltonean H

JCLEDY T1( 5™ 7 (o).
_ Z e/E{t t0)| | >

where the sum over i denotes a sum/integral over all energy eigenstates of the full theory and we have
used the fact that |i) is an eigenstate of H independent of time. The subscript t on the matrix element
(i]0); denotes that it has to be taken at time t, which is important since |0) and |i) are time independent
eigenstates of different Hamiltoneans.

For real t, different energy components thus obtain different phases. We now remember however, that
we had to give time a small imaginary component in order to obtain an unambiguous expression for the
propagator in the KG theory (18). Plugging this in and shifting our the time ¢ to the infinite past, we obtain

l Ut(t)o) = Bt = 0
(tg—t)—|>Tc(1—i6) ( )| > (to— t)—>oo(1 :6)Z € ‘ >
_ . |It’;n—> 2 :elEitfto )(1— IO‘ >< ‘0>t(1 is)
0 [e)
_ . l'tmﬁ Z e*E{fO t)s "Ef{tfto)\l?><ﬂ0>t(1fi5)
0 o0

27



When shifting the time t to the infinite past, all modes will thus be infinitely suppressed with respect to
the lowest lying one. Since this lowest energy mode is our vacuum |Q) = |0) and under the additional
assumption that (€2|0);(1—i5) 70 (which is a very reasonable assumption since we these are vacua of theories
that only differ by a smaII perturbatlon) we thus obtain

Ui(1)0) eFalt=0Q)(Q0).

t —to— —oo(1—1id)

leading to an explicit expression for the vacuum of the full theory

Q) = lim (Q[0); te~Elt =0 Yi(1) 0)

(to—t)—o00(1—1i)
I T IftOdTH/ 0
(to—t) e (1—is) " ( >| )

li T 7Ift0dTH/ 0
(to—t)—l>To(1—i6)Ct ( )| >

where we have defined the constant

<Q‘O> 1 71Eg(t to)

In complete analogy, we may express (Q| as

Q= lim clor(e M)

(t —to) —o0(1—id)

and thus we obtain for the propagator

@T(()s()NIR) = lim cleo(0]T(e ™) T(o(x)0(y)) T(e ™) o)

t—o00

- |in;ccjc_t<0\U(t)T(eb(X)qﬁ(y))UT(—t)IO)

t—

where we have implied the small imaginary part on all time variables for notational convenience. This
expression may be further simplified by expressing the Heisenberg picture fields ¢ in terms of the interaction
picture fields ¢, via (22).

QITGEOWNIR) = fim cleo(0[U(E) T(6(x)o(y) Ul (~1)[0)
- |.m ct —0]U() T(UT(O)1(x) U UT(y0) () U(y)) UT(—1)]0)
- tgm cle_ (0| T(U()1(x)1(y) UT(~1))[0)
= lim cfe 0 T(6ix)o(y)e =)o)

Obviously, this expression generalizes to generic time ordered products of any number of fields. In particular,
we can thus compute

. —i drH(
(@) = im cle (0] T(e” "))
to obtain our final expression for the propagator

liMees oo <0‘T(qﬁ,(x)qﬁ/(y)e_ffitd'rH/(‘r(l—ié)))‘O>
QT (p(x Q)= i ' *
(QIT(o(x)o(y))I2) lime_so0 (0] T (e a™ =)y ) (24)
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where we have again explicitly written the small imaginary tilt in the time axis.

9 Wicks theorem

In order to compute propagators in our interacting theory, we could now simply expand the r.h.s. of (24)
to any desired order ), leaving us with generic vacuum expectation values of time ordered products of
interaction picture fields

(OIT(¢1(x1) 91 (>x2)---d(xn))[0)

To evaluate these expressions, we remember that interaction picture fields simply evolve according to the
free KG equation and can be expressed in terms of creation and annihilation operators as (21)

bi(x) ¢T(Zg+ o1 (x)

+ _ P 1 efip-xa =
oy (X) = /(277_)3\/2—[)0 (P)
— _ d3p 1 eip-xa =
o (x) = /(277_)3\/2—[)0 T(p)

where we have explicitly separated the components with creation (¢;") and annihilation (¢;) operators.
This is useful because these components annihilate the vacuum on one side, i.e.

¢ (x)[0)=0  (0]¢y (x)=0

Let us write explicitly the time ordered product of two interaction picture fields

[ GRG0 + 6T G+ 6T R () + (X)) x>
T(@i(x)ouly)) { o ()61 () + 61 (V)67 () + 67 (V) ér () + o (V)6 (x)  ¥0>x°

Because all creation and annihilation operators commute with each other, ¢/ (x)¢; (y) = ¢/ (y)o/ (x)
and ¢; (x)é; (y)= o7 (v)é; (x). Thus, for x°> yO, all terms in the above expression are in normal order
except ¢ (x)¢; (y) and for y°> x%, all terms are in normal order except ¢; (y)¢; (x). We can thus write

[0 (x), &7 (V)] x°>y°

T(¢/(X)¢/(Y))=1¢/(X)¢/(Y)5+{ [67(0), 67 ()] y°>x°

The second term in the above expression is the “Wick contraction”, which we denote by!

Load oy TIer), 65 (] x0>y°
@/ (x)p(y): {[¢/+(Y)7¢/_(X)] 0550

thus we have

T(61(x)01(y)) = :61()31(y): +0,()0,(y) (25)

Taking the vacuum expectation value of the above expression, we see that

(0| T(61(x)81())[0) = (016, (x)3,(y)[0)

1. The usual notation for wick contractions is an over- or underbrace. Because of typsetting restrictions, we will use above
or below script numbers with the implication that equal numbers are contracted.
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and thus, according to (17) is equal the feynman propagator. In addition, the commutator of two fields
and thus the Wick contraction is proportional to the unit operator and thus the Wick contraction itself is
equal to the Feynman propagator

The result (25) does in fact generalize to arbitrary time ordered products of interaction picture fields. This
is the Wick theorem which, sloppily stated, is the equivalence of the time ordered product of interaction
picture operators to the sum of the normal ordered product plus all possible contractions. More formally,
the Wick theorem states that given a number of interaction picture fields at points x; for which we will
use the shorthand notation

oi:=di(x;)
we have

T(¢1¢N) = :1¢11.“¢N:+ . ) )
Q1P2 1D3... ON: F+P1P3 1 P2Pa... QNI ...+ Q1P 1 P1.. DN —2i F

11 2 2 1 1 2 2

P12 P3Pa 5. O+ + Py 3PN 2PN 1PN 1P1-- PN —at F
.+

1122 Ny N 1234 2 1

P1P2 P3P4--- Py _1 Py T oo T Q1P P3Ps--- Py 1Py T

The most important feature of this identity is exposed when taking the vacuum expectation value. Since
contractions are simply numbers and any normal ordered product has zero vacuum expectation value, only
the last line is remaining on the r.h.s. of the above equation and we obtain

2.2 Ny N/ 2 1

11 1 5 34
(O T(¢1---&n)|0) = (0|Q1P2 P3Pge-- Py —1 G [0) + - + (0] 9102 P3Py Oy 10 [0)

or, in words, the vacuum expectation value of the time ordered product of interaction picture fields is equal
to the sum of all their Wick contractions.

We can prove the Wick theorem by complete incuction. We have explicitly seen that the theorem holds for
two fields. Let us now assume that it works for N — 1 fields ¢»...¢n and that, without loss of generality,
we have labeled our coordinnates in a time ordered way such that x{ > x9 > ... > x%. Then

T(p102...0n) = d162...0n = (&1 + 1 ) P2...dw

and we can use the Wick theorem for the product ¢...¢n. We obtain

T(¢r...0n) = (o1 + 1) doobn: +

+ 11 n 1 1
(o1 + &1 )03 04 On: +.o. + (D1 + &1 )oy _10p 12PN 21 +
11 22 Ny o N, 234 2 1

1
(1 + O1) 02039495 Gy 1P + -+ (&7 + D1 )P2P3 PaPs.--Ppy 1P

The field ¢ is already at the leftmost position, i.e. it is in the correct position for any normal ordered
product. It can thus simply be absorbed into any normal ordered products. In addition, contractions are
scalar and thus commute with the fields, so we obtain

T(¢1...0n) = :¢1I¢2---¢N:+¢1+3¢12---¢N:+
1 1
PrP3 07 Paer- BN +PrP3 T Pae Py +oo. +
1122 Np N/ 1122 N N/

D1 P2P3P4Ps- Py 1Py + DT PoP3P4P50- Gy 1P+ oo+
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It now remains to commute the ¢7 all the way to the rightmost place in all normal ordered products.
Picking the first (and longest) term we obtain

O oo = 1o dn: B + (07, 2. dn:]
(0T oo +[DT L (2. ]

For computing the commutator term in the expression above, we can again use the fact that the commu-
tator between fields is proporeional to the unit operator and thus commutes with all other fields. We obtain

[T, :d0...0n:] = [¢>17¢>2] ¢3... 0N +[¢> ¢3): ¢2¢4---¢N3i’-1—-+[¢-1~_7¢N]:¢2~~~¢N71:
= <P1<Pz ¢3... - +<P1<P3 GoPa-.. PN+ P Py P2 PN -1

i.e., in addition to the normal ordering we obtain all the contraction terms including ¢1, thus proving that
the Wick theorem is fulfilled for the product of N fields ¢o...¢n.

Example 4. As a simple example, let us use the Wick theorem to compute the vacuum expectation value
of a time ordered product of four interaction picture fields:

O T(61(x)d1(y)1(2) dn(u))]0) = cp( )clm )én( )én( )+
(P/(X)(P/(Y)(P/(Z)(P/(U)"‘
CP/(X)CP/(Y)CP/(Z)CP/(U)

= Dr(x—y)Dr(z —u)+
Dr(x = 2)Dr(y — u) +
Dr(x — u)Dr(y — 2)

We can represent this graphically with lines representing the Feynman propagator between two points as
follows:

Xeoe—eYy
(O T (1) 1(y)1(2) $1(u))]0) = + [ [+ ><

10 Perturbative expansion of the full propagator

The wick theorem now allows us to write the perturbative expansion of the full propagator in terms of the
Feynman propagator for the KG field. We will from now on drop the subscript I on interaction picture
fields - all fields are meant to be in the interaction picture unless otherwise noted. Let us first expand the
numerator of (24) to first order in A:

O T(6(x)o(y)e a0 ) o)
OIT(65)l0) -

/d“ or( )o(y )(2 Ttz )>|o>+0(Az)

O/ T((6(x)d(y)e === ) g

The 0" order term simply is
(0] T(¢(x)4(¥))I0) = Dr(x — y)

which has the simple graphical representation
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O (6N = o >

For the first order term, we have a larger number of contractions because there are 6 fields involved that
are at 3 different points (x, y and z). First, we can have contractions of the form

6(x)0(0)0(2)0(2)3(2)5(2)

which can be graphically represented as

@

y

It is easy to enumerate the number of contractions of this form. First of all, the contraction between x
and y is unique. For the first ¢(z) there are then 3 possibilities left: it can either contract with the second,
third or fourth ¢(z). In each of these cases, there are two ¢(z) left that have to be contracted with each
other. We therefore have a total of 3 possibilities. Explicitly written, the Wick contractions are

{p(x)c}(y)c}(z)c}(z)c}(z)c}(z)
clp(X)clp(y)cg(Z)cg(Z)?(Z)?(Z)
P(x)e(¥)e(2)9(2)0(2)9(2)

The other possibility is to contract ¢(x) with one of the ¢(z) - for which there are 4 possibilities. Con-
sequently, ¢(y) has to be contracted with one of the remaining ¢(z), for which there are 3 possibilities
left. The remaining contraction of two ¢(z) is then unique, so that there are all together 12 such terms.

Diagramatically, they can be representes like this:

O

z y

For the first order in \ expression we thus have

—i%(wp(x — Y)D¥(z — 2) + 12D¢(x — 2)De(z — y)De(z — 2))

= ~2Dp(x ~ y)DH(0) ~ 2 De(x — 2)Dr(z ~ y)D (0)

i OIT(0() (1) 6*(2)0)

or, diagrammatically

—ig [ d*z (0| T(6(x)6(y)#*(2))|0) =

11 Feynman graphs

We have already seen that Wick contractions can be conveniently displayed graphically. This correspon-
dence can be made exact with a set of Feynman rules and the corresponding graphs are called Feynamn
graphs. Each graph corresponds exactly to one contraction with each element having a precise meaning.
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Let us start with the simplest element, an external vertex: o_. These are points where propagators “start”
and “end” and they simply contribute a trivial factor 1 to a Feynman graph. The next element we know
already is the propagator ______ running between two vertices x and y. It represents the Feynman
propagator between these points Dr(x — y). As we have seen above, an internal vertex w always comes
with the coupling —i\ as well as an integration over its coordinate, z in the examples above. In addition,
an internal vertex comes with a symmetry factor. This symmetry factor originates from the perturbative
expansion of e_'%fw1
symmetry factor = ( ) The = factor is cancelled simply by not distinguishing the dummy |ntegrat|on

4
29z Expanding this expression to order n we obtain n internal vertices with a total

variables in a Feynman diagram i.e. by a permutation of the internal vertices. The remaining - L factor for
each internal vertex is then cancelled by permuting the “leg” of the vertex that attaches to an incoming
propagator. In the simple case depicted here

there are 4 different legs to choose from for attaching to xj, 3 remaining legs for x; and 2 for x3. All
together we have 4! different possibilities, which exactly cancels the ; factor in the expansion. (Note that
this argument extends trivially to any number of equivalent legs attached to an internal vertex.)

It is evident that the last argument only holds if the legs attach to distinguishable points in the graph. We
can imagine two kinds of situatuions where this is violated: First, a propagator might start and end in the
same vertex:

O

In this case, the naive argument from above is overcounting by a factor of 2 the number of graphs because
there is only a single contraction between the two legs, not two. Similarly, if more than one propagator is
connecting two vertices as in

e

the number of distinct graphs is overcounted by a factor k! with the simple argument above. With these
two exceptions however, the cancellation of the —, is valid, so we can formulate our Feynman rule for an
|nterna| vertex as giving a factor —i)\, integrating over the vertex p05|t|on and incorporating a symmetry
factor 5 for every propagator staring and ending in the same vertex and for each instance of k propagators
that have the same start and ending vertices.

Example 5. As an example for the symmetry factors, we may look at the two Feynman graphs we have
already drawn:

7O

In this case, we have two quark lines starting and ending in the same point, so we get a factor % for each of
them. In addition, there are 2 propagators with the same starting— and ending vertices resulting in a third

factor . The total symmetry factor of this graph is therefore <, in accordance to what we have found by

3
cou ntlng Wick contractions.

The second graph

O

z

x
<e
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has one propagator starting and ending in the same point, so its symmetry factor is % also in accordance
with the result from counting Wick contractions

As a summary, let us list the coordinate space Feynman rules for ¢* theory that we have just found:

o 1
X Y De(x—y)
Z —I)\f dAZ
each line starting and ending at the same point %
1

k lines between same points

X

11.1 Momentum space Feynman rules

Let us look at an arbitrary propagator in a Feynman diagram that starts at a point x and ends in y. The
propagator is

i
p2—m?+ie

d*p  _ipx
DF(X—Y)Z/(QW[))F Pl

Since the propagator always starts and ends in an (external or internal) vertex, we can associate the Fourier
factor e'P* with the vertex at x (where the momentum is outgoing) and the factor e'?’ with the vertex
at y (where the momentum is incoming) instead of with the propagator. A propagator ___ will

thus denote m, i.e. the momentum space propagator at momentum p, together with an implied

. d* . . .
integral f(z—ﬂp)4 over the momentum. At any internal vertex z however we will have - if we count all momenta

pi as incoming

—i\ / d4ze? 2P = —i)\(27r)454<z p;)

1

d4Pi
(2m)*
Thus in momentum space, an internal vertex represents a factor —i\ and momentum conservation. For an
external vertex at x, we simply have e~'P* where the momentum is treated as outgoing from the external
vertex.

The factor (27)*6*(3", pi) demands momentum conservation at the vertex by eliminating one of the [

This would complete our set of momentum space Feynman rules, but it is slightly awkward to have
represented everything in momentum space except for the external vertices, which are still at a definite
space-time point. We recall that these external vertices correspond to the points x; at which fields are
placed in the original vacuum expectation value of the full theory

(Q[T(¢0a)--- o))

thus they are the creation or annihilation points of particles. In reality, we will more frequently be confronted
with a situation where particles will be created in (approximate) momentum rather than position states.
Although there are some subtelties in relating these amplitudes to experimental observables that we will
investigate later, we can for now simply take the Fourier transform of the external vertex positions

N
(QUT (k- D kn))I) :=/H d*xie™ " (Q| T(d(x1)...6(xn)) Q)

45,
Recalling that for every propagator attached to an external vertex on one side we have an integral f—(‘;ﬂp)",
remaining and from that vertex we have an e /P* factor, an external momentum line _ thus simply

represents

d*p;
(2m)*

dixe =Pk = /d4pf54(Pi—ki) =1
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There is a special case where a propagator is connected to two external and no internal vertices. In this
case we can rewrite the propagator as

_ dp o (x—) i
Dr(x—y) = /(zﬂ)ﬁ Z_mifie

— d4p1 —ip1-x d4p2 ip2-y i 454
A A e R

d4Pi
(2m)*
the price of an additional momentum conservation (27)*6*(p1 — p2).

which serves to show that also in this case we can shift an overall | e~ PXi to every external vertex for

Note that in the deriavation above we have cheated a bit. We assumed that single particle momentum
states are created by the Fourier transform of the fields q@(k,—). This was true in the free theory, but a
priori it is not clear at all whether this is also true for the interacting theory. Intuitively we guess that if
the state is sufficiently far away from everything else (e.g. an incoming paricle in a scattering experiment
in the asymptotic past) this should be true. It is in fact true under some reasonable assumptions and
the corresponding theorem is the Lehman-Symanzik-Zimmermann (LSZ) reduction formula that we will
investigate in some more detail later.

Now that we have external momentum lines, it is even possible to hook them up to an internal vertex
directly instead of to an external vertex. If the original vertex position was labeled by z, such an external
momentum line at momentum p simply had a factor of €’P?, which gets absorbed by the vertex. Therefore,
a momentum line hooked up to an internal vertex directly also just gives a factor 1. Feynman diagrams that
have momentum lines hooked up directly to internal vertices are called amputated and are very practical
in a number of calculations.

We can now summarize the momentum space Feynman rules. To evaluate a vacuum expectation value of
the Heisenberg picture fields

QT (k). d(kn))|)

draw all diagrams possible with external momentum lines k;, sum them and divide them by the sum over
all diagrams with no external momentum lines, where the diagrams correspond to expressions according
to the following rules:

_ 1
p i
p2—m?2+ie
w  —iA
each line starting and ending at the same point %
k lines between same points %

impose momentum conservation at each vertex
impose momentum conservation on every subgraph
. d*k
integrate over all open (loop) momenta k IW
Example 6. Let us compute as a the trivial exapmle the matrix element of the leading order propagator
p . According to our momentum space Feynman rules, we simply have
~ ~ i
(OIT (o(ka) &((k2))I0) = (2m)*6"(ka = ko) o=
{—m-+ie

12 Vacuum subtraction

As we have already seen, Feynman diagrams can have disconnected pieces. Let us take as one example
the diagram that appears in the first order expansion of the propagator

35



Using momentum space Feynman rules, this diagram corresponds to the expression

i (—i)\)l d*k i 2
p?—m?+ie 8\ ) 2m)*k2—m2+ie

It is evident that both the symmetry factor and the expression for the “figure 8 piece” of the diagram are

independent of the first “propagator” part p . This is a generic feature of disconnected diagrams

1
—m2+ e
which can easily be deduced from the Feynman rules: Disconnected parts of Feynman diagrams give entirely
independent factors.

When looking at a generic diagram F, we can thus factor it into a connected piece C and a disconnected

piece D
F= 8

S N —
C D

Let us now consider all diagrams F{ for which the connected pieces C are identical (including the one with
trivial D=1) and sum over them. Because of the factorization, this sum will be

Y Fe=CY D

In the special case where C =1, this will be the sum over all “vacuum diagrams” i.e. diagrams with no
external legs, which is nothing else but the denominator expression in (24). We see that

(0 T(efiffcocd-rH/(-r(lfié)))‘0> — (0| T(e—i%fd4z¢4(z))‘o> _ Z Di

and thus, if we resum the numerator of (24) to group all expressions with equal connected pieces, the
denominator serves to exactly cancel out the disconnected diagrams in the numerator. This cancellation is
a huge simplification as it allows us to both ignore disconnected diagrams and the division of our result by
the sum of vacuum diagrams. Our rule of computing vacuum expectation value of time ordered products
of Heisenberg picture fields in ¢* theory therefore reduces to

QIT(d(k)-- sk =" C
where the C; are the connected Feynman diagrams with the correct number of external legs.

13 The propagator of ¢* theory to 1 loop order

We finally have all ingredients in place to actually compute the perturbative expansion of the propagator

(QIT(d(k1) P (k2))IQ) = (27)*5% (k1 — ko) S(k1)
Diagrammatically we can write

S(p)= P+ PQOPLoMN)
— w----/

sO(p) sW(p)

According to the Feynman rules, we have



and

S )__ﬂ i 2[ d'q i
Pl o\ = mtie Jre(@m)* g2 — m?+ ie

which, for later convenience, we will write as

S®(p) = ~2(SO(p)N

with

M= d*q i
re(2m)* g2 — m? + ie

. .
Evaluationg 5(1)(p) we encounter a divergence: the integral fRA g :

2n)* g2 —m2+ie

problem arises from the integration over the large |g| region. One can see this easily by rewriting (15,19)

is not well defined. The

d*q i B d3q 1
reRr)* @2 —mP+ie  Jra(2m)32, /G + m?
B /°° dq 4q?
o 27)2/@+m?
A— oo 0 471'2 A /q2+m2
dq 1m m 2
22 ((a- 32+ 0n))

Il
-
83
|>N
>
N
ﬁl\.)

I
Ef
J’_

Although this divergence appears in a physical quantity, it is not as desastrous as it appears to be on first
sight. The reason for its apearance is in fact a remnant of the free KG theory that has not been eliminated
in our expression: the mass m. The mass m appearing in the expressions above is still the mass of the free,
A =0 theory. A priori, we do not know that this mass is in any way connected to with the mass of the full
¢* theory. In fact, we do not even know that the ¢* theory has a properly defined mass.

Let us therefore atempt to define what the mass of the ¢* theory is. In the KG theory, it was simply the
position of the pole in the propagator. So let us try using this definition here and see if we can find the
mass m, (the renormalized mass) of the ¢* theory with it.

It should be noted that this step, as trivial as it might seem, is indeed very subtle. Generically, it is not
at all clear that the propagator of a ¢* theory should have a single (up to the sign) pole. It might have
multiple poles, a continuous spectrum or even a superposition of both. But since we are in a perturbative
framework, we will simply assume that the pole structure of the interacting theory is sufficiently close to
that of the free theory so that we can carry over our notion of mass of a particle and continue on.

We thus want to identify the poles of the propagator, working to O(\) in perturbation theory. Since the
poles are the zeroes of the inverse propagator, it is easier to look at the inverse

(5O 4 sW)1 _ <5(0)<1_%5<0)|—|>>1
_ 5<o>—1<1_%5<0)n>_1
_ 5<°>‘1(1 +%5<0)n> +0(2)
= 5074 2y o)
= —i(p2—m2+ia)+%ﬂ+0()\2)

- —i<p2— m2—%l'l+ ia) +0(\?)
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where we have suppressed the argument p. Ignoring for the moment that I is divergent and noting that
it is independent of p, we can easily identify the pole by the condition

A
2 m2_ M=
p-—m 0

and thus, according to our definition, we find the renormalized mass to be

A
2

N=m?+—2 fim A+ ... (26)
— 00

2 o
mp = m+ 1672

In terms of this renormalized mass, the propagator of the full theory is simply

§=50 4504 0(N) =

p?—m?+ic

+ 0(N?)
and thus has the same form as the free propagator albeit with a different mass.

14 Renormalization

As we have seen in the preceding section, it is possible in principle to absorb a certain class of divergent
results into a redefinition of the parameters of our theory. This procedure is not always applicable though
and we have not yet defined a theory that is entirely finite. In this section we will outline this procedure,
which is called renormalization generically and see where it is applicable.

14.1 Mass and wave function renormalization

Let us start with a theory that is finite for large momenta (UV finite). Such a theory is easily obtained e.g.
by modifying the Feynman rules such that a momentum cutoff at a scale A is implied in all of integrals.
The Lagrangean of the theory is

1 A
Lo=5(0ud0d" b0 — misst) — 5708

where ¢o(A), mo(A) and Ag(A) are called bare quantities that have a yet unspecified dependence on the
cutoff A. With this bare Lagrangean, we construct the usual perturbative expansion in the parameter .
If we look at the resulting propagator of momentum p to a certain order in perturbation theory, we will
obtain corrections that are generically functions of both p and the cutoff A. In addition, the symmetry
under p— —p will be preserved, so that the corrections are generic functions of p? and A. Separating out
the part independent of p?, we can write the propagator as

A(N, p?)p? — mi(A) — B(A)

In our example above, we had A(A, p?) =1+ O(\3) and B(A) = AoM(A) + O(\3) where

A 2
dq q A
nAN)=| ———=——=-—+...
(M) /0 472 m\2 8m? *
Jr+(2)
q
Whenever A=1, we can define
m? = mj3(N\) + B(N) (27)
and obtain a propagator of the form
i
p>—m;



Identifying m, with the actually observable, physical mass of the particle we can use (27) as definition
equation for the bare mass m3(A). The propagator is now expressed in terms of the physical m, and
independent of the cutoff A. We can thus take A — oo without causing any physical quantity to diverge.
What diverges is the bare coupling mg(A), but this does not cause any problems because no physical
quantity depends on it.

When we have an A(A) which does not depend on p?, we could make a similar argument. In such a case
our propagator expression will read

i _ iA~Y(N)

with

>_ mi(A) + B(A)
A(N)

Remembering that the propagator is quadratic in the fields ¢q

/A 1(/\)

r

Pogo x
we can define a renormalized field ¢, =+/A(A) ¢ for which the propagator again takes on the free field form

i
Grpr x W

r
Generically, if we can cast a propagator into the form

iZ
Potho < m

r

we have reobtained the free field behaviour in the renormalized field ¢, = ¢ /+/Z.This procedure is called
wave function renormalization and Z is the pertaining renormalization constant.

One might be tempted by the preceeding analysis to conclude that no Feynman diagrams that correct
the leading order propagator do have any physical consequences. This is not the case and it can be seen
quite easily. The diagram we have investigated thus far Q - which is called the “tadpole”’ diagram as

it has has reminded some people of a tadpole - has a loop integral that does not depend on the external
momenumm. Such integrals thus generically contribute to B(A) only. In ¢* theory this is the only diagram
at O(\g), but at O()\3) we have e.g.

e
NS

where one of the intermediate propagators has a momentum dependent on p. We will not delve into the
technicalities of computing these diagrams here as they are quite lengthy. For the diagram above we simply
note that it evaluates to

Q -sai((3)

with some constants A and c. If we start from the free propagator

i

sO_—__
p2— m3+ie
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we can add to it the above diagram (which is more convincingly called the sunset diagram) and look at
the inverse propagator

2 -1
(S 4 5CPH-1 = <5<0><1 M350 Ap2 (m(%) )))

(o) )
- <1+>\%S gm(%) >>+O(>\‘(‘))
o (o(5)--
= —i(p’—m?+ i) + N3A < > >+O(/\é)

oo 5)f) s

This expression clearly does not have the form of a free propagator anymore. The additional term ocp?In(A?/
p?) is new and arises only in the interacting theory. It can not simply be absorbed by the wave function
renormalization, but we can nonetheless define physical quantities that are free of divergencies. The key
insight is that we do not necessarily need to absorb the entirety of the new terms into our redefinitions
of m and ¢. It is sufficient to absorb the divergent part. Once we have absorbed the divergent part, the
remaining finite part will actually give us nontrivial corrections in the interacting theory.

Before we proceed to actually perform the renormalization for a generic A(A, p?), we need to expose one
subtelty of this general, p? dependent case that was not obvious in the p? independent cases discussed
above. In the p? independent scenario, we had a clear guide as to what the renormalized propagator
should look like: It should simply be in the form of the free propagator. This was a logical choice, but it
nonetheless was a choice. Imagine that for the tadpole diagram, where we chose the renormalized mass to
be m, = m§(A) + B(A) with the corresponding propagator

p>—m;
we would instead have decided to use m/?> = mg(A) + B(A) — 1eV2. With this choice, the propagaror would
have been
-
p?—m/*—1eV2

which might not be pretty but still is a perfectly fine definition. The renormalized mass m, as well as
the propagator are independent of the cutoff A and all physical quantities are still finite. Of course the
propagator would not have a pole at p? = m/? but instead at p2 = m/*> + 1eV2, i.e. m’ is not what we
conventionally understand as the mass of a particle, but no matrix element and thus no physical prediction
would be affected by this.

For the generic, p? dependent case A(A, p?) we have seen that there is no obvious choice anymore as the
form of the propagator is different from the free one. Any such choice is referred to as a renormalization
scheme and intermediate results will depend on this scheme although of course physical quantities will
ultimately be unaffected. We will use here as an example the on-shell renormalization scheme. Its defining
property, the renormalization condition, is that when a particle is “on the mass shell”, i.e. when p?= m?

then the propagator should have the form of the free propagator. This condition can be expressed as

i 74
AN, p?)p? = mi(A) = B(A) p*=m? p? —m;

which implies

m2— md(A) + B(A)
’ A(N, m?)
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for the correct location of the pole. Expanding the denominator of the r.h.s. around p?= m? we then obtain
A(N, p?)p? — A(N, m3)m? (AN, m?) + A(A, m2)(p? — m?) + O((p? — m?)?)) p? — AN, m?)m?

AN m2)(p? — m2) + A'(A, m2)(p? — m2)p? + p2O((? — m?)?)

(p* = m) (AN, m2) + A'(N, m2)m?) + p*O((p* — m7)?)

(p>—m?)/Z

which implies

7_ 1
AN, m?) + A/(N, m?)m?

where A'(A, m?) :aip? mzA(/\, p?).

14.2 Renormalizability

We now know in principle how to absorb divergent integrals in the perturbative expansion of the propagator
into the bare mass mg and the wave function renormalization constant Z. But how can we check whether
more parameters of the theory need to be renormalized?

It seems that renormalization is necessary whenever a Feynman diagram contributing to a certain n-point
function shows a divergence. So any divergence in a diagram of the form

should contribute to a renormalization of the coupling \g. Even worse, it seems that if there is a divergence
in any diagram with e.g. 24 external legs, then the coupling of the term ¢?* needs to be renormalized even
if such a coupling is not present in the bare Lagrangean at all. Worse still, an infinite number of divergence
absorbtions might be necessary imposing in principle an infinite number of renormalization conditions on our
theory. As each of these conditions ultimately requires experimental input to link the theory to experiment,
predictability of the theory might be lost.

Let us examine first whether we can draw a Feynman diagram that leads to a divergent integral for any
number of external legs. This is in fact easy to do: We already know that the tadpole diagram is divergent,
so we can simply replace a leg of an arbitrary diagram with a tadpole and obtain a divergence, e.g.

Because of the tadpole subdiagram, this diagram certainly contains a divergent integral. However, we have
already learned how to deal with this particular type of divergence. We know that we can absorb it by a mass
renormalization and therefore do not really need to treat it separately again. All we need to do is to note
that if we replace the bare propagator in any part of the Feynman diagram with the renormalized
propagator, the tadpole and all other diagrams contributing to the renormalized propagator will already be
included and the renormalized propagator is finite. We generically denote a renormalized propagator by
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With this in mind, let us look at whether there are any nontrivial UV divergencies left in other matrix ele-
ments than just the propagator. At first this task seems hopeless, but in fact it is relatively straightforward.
All we need to do is consider that the UV divergences arise from the momentum integrals represented by
the loops in a Feynman diagram. Every such integral goes over d*p, so without anything damping its UV
behaviour it will diverge as A* where again A is our generic cutoff scale. On the other hand, every internal
propagator goes for large momenta as p~2 so it is UV convergent as A~2. If we now take an arbitrary
Feynman diagram with L loops and P propagators, we get a naive dimensionality of the expression in terms
of the cutoff AP with

D=4L-2P

The dimensionality D is called the superficial degree of divergence of a diagram. If D > 0 it means the
diagram is naively expected to be power divergent as AP, if D <0, it is expected to be convergent as AP
and for D=0 it is expected to be logarithmically divergent as In(A). There are two cases where this naive
estimate fails:

1. When the diagram consists of two or more independent integrals, the power counting needs to
be done for each one of them separately. Denoting the superficial degrees of divergence for each
independent subdiagram as D, it might happen that one D; > 0 although the sum }.D; < 0. A
good example of this is the above mentioned tadpole on a leg of the diagram. In this case, the
renormalization on the subdiagram has to be performed first. Once this is properly done however,
the resulting diagram is even more convergent and D is thus a good conservative estimate for the
worst divergence possible.

2. Symmetries may reduce the actual degree of divergnce. Evidently, this makes the estimate more
conservative, too.

Thus we see, that the superficial degree of divergence is actually usefull as an upper bound on the worst
possible divergence for classes of diagrams and we will try to bring it into a more useful form. For this we
note that every propagator attaches to two vertices and every external line attaches to one vertex, whereas
every vertex has four legs attached. Denoting the number of vertices with V' and the number of external
lines with E, we thus have the relation

4V =2P+E

As a side note, this relation changes into NV =2P + E for a generic ¢" theory.

Finally, we observe that when there is one internal propagator there need to be at least 2 vertices so that
there is no loop. If there are more than two vertices the diagram is disconnected, which we disregard. So
one internal propagator and one vertex means one loop while one internal propagator and two vertices
means no loops. Adding one internal propagator without adding a vertex always produces one more loop
while adding one vertex without adding an internal propagator will destroy an existing loop or produce a
disconnected diagram, which again we disregard.

L=0P=2V=2
L=1P=2V=2

/
<> v
H% @ L=2P=3V=2
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In summary, we therefore have the number of loops equal to the number of internal propagators minus the
number of vertices plus one or

L=P-V+1
and we obtain as our final result for the superficial degree of divergence
D=4L-2P=2P -4V +4=4—F

This result is extremely useful as it tells us that the only divergent Feynman diagrams are those with two
or four external legs (again disregarding the vacuum bubbles with no external legs). Thus in addition to
renormalizing m and ¢ we need to renormalize the coupling A but nothing more. Without going into any
detail, we can diagrammatically represent the renormalized ¢* vertex by

DK )X A

When doing a systematic perturbative expansion for E external legs to O(\") with Feynman diagrams, one
can therefore adopt the following strategy: First compute the renormallzed propagator and the renormalized
coupling to O(A"~1). Then draw all connected Feynman diagrams with E external legs, replacing each
propagator and 4-vertex subdiagram by the properly renormalized one. Although there are many technical
subtelties, this procedure will in principle yield a finite result for all correlation functions.

As a final remark, let us compute the superficial degree of divergence for a generic ¢" theory. As we have
seen above, we obtain

D=4L—-2P=2P -4V +4=(N—-4)V+4—E
so for any N >4 the superficial degree of divergence increases with the number of vertives. Thus any such
theory needs renormalization of an infinite number of couplings. Such theories are called (perturbatively)

non-renormalizable and it is unclear whether they make any sense as candidates of fundamentally correct
theories.

15 One loop renormalization of ¢* theory

15.1 Evaluating a logarithmically divergent diagram

While it is beyond this lecture to introduce the standard techniques to compute loop diagrams fully, let us
look at one example, namely the second order vertex correction diagram

p1 P3
q

P2 P4

Denoting the sum of incoming momenta by p= p; + p», the amputated diagram translates to the integral

1l d*q i i
_2( A)/(277)“t72—r772(q—p)z—mz
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First we rewrite this integral using the Feynman identity

1 1
B:/o‘“m

into

A2/ dX/ 1
(2m)* (x(¢° — m?) + (1 = x)((q — p)* — m?))?
which, after a variable substitution
r=(g—(1—x)p) D =m?—x(1—x)p?

that completes the squares simplifies into

=) o

The integral above contains an ry integration along the real axis. Regarding this as an integral in the
complex plane and remembering the position of the poles of ry, we are allowed to rotate the integration
contour so that it runs along the imaginary axis, as long as the integrand falls off sufficiently fast (i.e.
faster than 1/rp) at infinity such as not to contribute to the total integral.

Performing this so-called Wick rotation amounts to making the substitution rg— irg. This would however
leave us with a negative metric, so we would have the slightly paradoxical notation

2 __ B
re=nur"=—=rtr

We circumvent this by additionally multiplying all components with —/, so in total we replace the spatial
components r;— —ir; to have a positively defined metric. This results in

4 ot

where we have explicitly split the radial and angular part of the integration. As one can see, this integral
is logarithmically UV divergent, we therefore need to renormalize it. The currently most commonly used
procedure for this is dimensional regularization, where the four-dinemsional integral is replaced by an
integral in 4 — ¢ dimensions, where we ultimately send ¢ — 0. The resulting integral

)\2
=5 [, [ ey op e

is then convergent for any € > 0. Noting that there is no angular dependence, we can perform the integral
over the surface of the 4 — ¢ sphere explicitly

/d§24_5 :r%;: 722+ £(1— v — In(r))) + O(c2)

(2-3)

Similarly, the radial integral can be performed

/er:E(z—g)Dﬁ;:l—E(l+|n(D))+ 0(c)
(r’+D)> 4 sin(57) € 2

and for the prefactor we obtain

(2m)e=*=(27)"*(1 +eIn(27)) + O(£?)
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Notice that D is a dimensionful quantity and we are taking the logarithm of it. This slightly awkward
expression is clarified by noting that, due to the change in the dimensionality the coupling constant X is
no more dimensionless. More precisely, the requirement of a dimensionless action implies that

PR =1 = [dl=[x" " =[m]' 2
and thus

[x* A =1 = [)\]:[X]574[¢]*4:[X]57474(%71):[X]75:[m]5

so that the coupling A has positive mass dimension €. We therefore introduce a scale parameter p with
mass dimension 1 (i.e. [p] =[m]) and define a dimensionless coupling A via

A=)\ =A(1+eln(fi)) + O(<?)

Plugging all these explicit expressions in, we arrive at

L= /dx2+5(1— —In(x )))<é—%(1+|n(D))+O(a)>x
X (272r) (1+5|n(27r))(1—|—5|n( )) + O(e?)
_ fwl/ dx(14+5(1— 7~ In(x)) )(1- 51 +In(D)) +0() ) x
x  (1+eln( 27r 1—|—5|n( )+ O(¢g)

)(
= )‘2 - < —In(7r)—1—|n(D)+2|n(27r)+2|n(ﬁ))>—|—O(€)

A2 E —|n 4 i /e”*D)) +0(e)

_ f;/ dx<é+§|n(47r/e7)—%In(D/ﬁ2)>+O(f—:)

where we kept one factor [i° to account for the explicit dimensionality of the integral. Performing the
integration over the Feynman variable x we obtain

- f;f( +§|n(4w/ev)—%F(pZ/ﬂ%mZ/m)+O(e)

where the function

1
F(a,b):/ dxIn(b— x(1— x)a)
0
evaluates to

>+In(b)—2 y=j1-4P

—1
F(a,b)=—yln[ £
(a,b) yn<y+1

Note that for finite b F(a, b) has a well defined limit

a—0

F(a, b) == In(b)

Puting everything together we eventually obtain

>\2~5 1 2/ 82 VP —4m> Vp2—4m*—p
.= 162 ( +§<In(47rm A5 —y—2— > (\/m-i-p)))—'_()(g)
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which, in the limit p?— 0 simplifies to

20 i (L S ntamme ) 2) ) + 00

Note that for p < 2m the integral is real whereas for p > 2m it has an imaginary component. This is a
mathematical reflection of the physical fact that the two particles can be real only for p >2m. A similar
situation occurs in quantum mechanics where the behaviour of the wave function s substantially different
in the classically allowed and the classically forbidden regions.

15.2 Vertex renormalization

In order to proceed further, we write down the relevant diagrams with four external legs up to second order:

A

Note the renormalized propagator in the first order diagram which is present according to our prescription
of treating divergent subdiagrams seperately. The three nontrivial second order diagrams are all of the
same type which we have computed above, the only difference being the value of p. Labeling p; and ps as
incoming momenta, we define s = (p1+ p2)?, t=(p1— p3)? and u=(py — ps)? the so called Mandelstam
variables. The second order contribution to the diagram with four external vertices is therefore given by

I(p*=5)+ I(p* = t) + I(p* = u)

and the total contribution up to second order is therefore

AN = it (PP =s)+ L(PP=u) + L(P*=u)

= N 1+% > <i (ln(47rm2/u2) v-2- ypﬂn( +1>>> (28)

pZ:s t,u

_ iA<1+16)‘7T2<2 3 (In(amm?/ ) — 5~ 2) ~ (L(s) + L(8) + L(w) )
with

L(q)=

Vo, (- g
2Vq Va—4m?+./q

which has the property

L(4m*) =0  L(0)=-1

Let us now perform the actual renormalization. We see that /\f) contains an explicit divergence, which
can be absorbed into the coupling constant A\. How this absorbtion is done however is not unique. We
can demand e.g. that at a certain scale [i and for certain s, t and u the renormalized coupling has some
specific value. To keep things simple, let us demand that when all external lines are on shell and the spatial
momenta vanish (5;=0, s=4m? ) the total contribution A®) is just the renormalized coupling \,.

To formalize this procedure, we say that we start from the bare Lagrangean
1 “w 2.2 )‘0 4
Zo=5(8u000" $o — my¢s) — 79
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to which we add counterterms, so that the full Lagrangean reads

1 Ar
L= 5(8u¢r8#¢r - m%@f) - EQ#

What we sloppily labeled “adding counterterms” can in fact be formalized, too. Crucially, we wanted these

counterterms to cancel the divergencies that appear in bare quantities. We thus write the bare Lagrangean
in terms of the renormalized quantities

1 A
Ly =5 (Zs0u6,0" 6 — Znd?) — 2y 0
where we introduced the renormalization constants Z,, Z, and Z\. Comparing coefficients we thus have

Zy$7
Z;' Zpm?
Xo = Z;2Zym,

%

mg

Quite generically, we know that without loop diagrams (at tree level) bare and renormalized quantities are
equal (in fact, one could choose a constant factor between bare and renormalized quantities even at tree
level, but a very convincing choice for these constants is just 1). Adding loops can only be achieved by
adding vertices though, so again quite generically, one can expand the renormalization constants in powers
of \,

Z.=1+ f: Arz(™

n=1

We now perform this expansion up to first order in A,. From our discussion of the tadpole diagram, we

already know that qul) =050 Zy=1+ O()2). From (28) and our convention of the renormalized coupling
we can see that

, X (3.3 -
Ar= _’A£2)‘s_4m2,t_u—0:)\0<1 +T’?T2<E+§(ln(4ﬂ-m2/ﬂz) a ’Y) - 1))

and we read off the divergent renormalization constant
~—€

1) _ M E E 2/ ~2\y L\
2= L (24 Sntann 7)) -1

Note that this renormalization constant also depends on the energy scale /i that was introduced in the
dimensional regularization procedure.

15.3 Mass and wave function renormalization

Although we already looked at the leading order correction to the propagator in section 13, we have not
regularized it dimensionally, but rather with a simple momentum cutoff. For a consistent treatment let us
now do the integral in dimensional regularisation.

Written in terms of the renormalized field, the tree level propagator is

and we have seen in section 13 that in terms of the bare field the propagator is

i i
610 ) P EE—— 1} Y.
p2_m2_% ( 0) p2—m8—%|_| ( )

5:
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where

ﬂ:/ d*q i
re(2m)* g2 — mg +ie

0o dq q3 /
Nn= ——— [ dQ
|, et ] o

which is of course quadratically divergent. Going to 4 — e dimensions, we have

0 dq q375
Nn= 1 [ dQ_.
A (2m)* < g2 + m%/ *

The angualr integration again results in

We can Wick-rotate this to

/ A o= oo = (2+2(1— 7~ In(x))) + O(=)

(2-3)

while the radial one gives

e’} 3—¢ c
/ dgq q U m(2)+a —0 m2<%+|n(mo)>+0(5)
JO

2 2 S (ET
q>+m*  2sin(7)
So in total we get

n= m%%;(l +eln(m))(2+e(1— 7 — |n(7r)))<% + |n(m0)>

m% 2

2
_ mg (2 2
= W(g"‘ |n(47rm0) +1-— ’y)

which again contains a slightly awkward dimensionful logarithm that we will deal with shortly.

The renormalization condition we chose was that near the pole of the propagator the full propagator should
look like a free particle propagator, so we demand

S |p2~m3 = 5(0)‘p2~mr
which can be easily satisfied by demanding

|Z¢ I' 2

= —+ O(X7)

2 m? 2 2 A r
L

Notice that here we have to introduce X, = [\, to have a consistent mass dimension 2 in the denominator.
From the renormalization condition it therefore follows that

3
|

21672
A\ m3

_ o2 A
= Mt e

2 Ar (2 2 =
m0<1—|—327T2 g+|n(47rm0/u2)+l—'y

T 2
2 = mi+ Ar mj <§+In(47rm(2))+1—7>

<§+ In(47m3) +1— 7)(1 —eln(f1))
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15.4 The running coupling

From the vertex correction (28) together with the explicit expressions of the mass, wave function and
coupling constant renormalization, we can conclude that the vertex, up to second order in \,, can be written
as

/\(2):/')\,<1— 12;2(L(5)+L(t)+L(u)+2)> (29)

Note that this is a finite quantity even in the ¢ — 0 limit, so we have taken this limit. Interestingly, this
relation implies that the strenght of the ¢* interaction depends on the external momenta through the
Mandelstam variables s, t, and u. Since we have chosen a renormalization condition that refers to physical
variables only, the interaction does not depend on any unphysical parameters. This is not generically so.
We could e.g. have chosen a renormalization procedure that just eliminates the divergent 3 /¢ term in (28).
This renormalization scheme is known as the minimal subtraction scheme and since it does not absorb the
dependence on the unphysical parameter ji into Z, the vertex is

A = i)\r<1 - ﬁ(%(v - |n47l;';’2> +L(s)+ L(t) + L(u) +2>>

In this scheme, the relation between A, and a physical amplitude is not obvious and will depend on the
choice of fi, which is called the renormalization scale. Of course physical quantities are independent of
the choice of renormalization scheme and thus A, has to depend on ji. This phenomenon is labeled the
“running coupling” that is a typical phenomenon of quantum field theories.

16 Physical predictions

We are finally in a position to relate amplitudes we compute in ¢* theory to experimentally measured
quantities. Let us recall that with Feynman rules we are actually computing quantum mechanical matrix
elements, which are probability amplitudes. We need to take their absolute square to find actual transition
probabilities between states.

16.1 Computing transition rates

Let us now try to compute a quantity that gives us an experimental prediction for how particles interact
with each other in our ¢* theory. Before we actually define this quantity, let us try to see what we can
compute already that could ultimately lead to such a prediction. The obvious candidate is a 4-point
function, diagramatically expressed, to leading order, as

pP1
ka

ks
P2

with two ingoing momenta k4 and kg and two outgoing momenta p; and po. This amputated diagram
represents a first order contribution to a probability amplitude that the incoming states will go over into
the outgoing states (elastic scattering). Our momentum space Feynman rules tell us that this diagram
corresponds to an expression

—(27)**(p1+ p2 — ka — kg)iX

As we have seen in the previous chapter, going to next order in perturbation theory replaces i\ with A(?)
which in the on-shell renormalization scheme is given by (29). We would now like to interpret this as a
probability amplitude. This interpretation however has the obvious problem that the probability, which is
the square of the probability amplitude, can not readily be computed for an expression containing a Dirac
0. So what can we do?
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The underlying reason for this problem is not too difficult to spot: We are trying to construct transition
probabilities between states with definite 4-momentum. Strictly speaking, such states can not be normalized
in infinite volume. One has to either construct wave packets with them or to go to a finite volume for
intermediate steps and only later take the infinite volume limit. We choose the later route, since it is
technically easier.

Let us first consider the 1D case. Suppose we have functions f(x) on a finite interval x € [-L/2, L /2).
We define the Fourier transform and its inverse are

N 1 [L/2 .
f(p) = I/ dxf(x)eP~

—L/2

) = 3 Flp)e
P
where the momenta p can only take discrete values p = 2wn/ L and thus the finite difference between
momenta is
Ap=—- (30)

In this setup we have

L/2 )
dp q:l dxel(P=a)x
L)y

as a definition of a Kronecker-4. In the limit L — oo we have already seen that we obtain the Dirac-d as

6(p— Q)Z%/ dxel(P=a)x

—oo0
Comparing these two expressions we obtain

2m0(p—q) = LImeL5p7q
In 4D with volume V and time T we thus have

@2m)*%*(p—q)= lim VT4, ,

V, T—o0

While we can not square the expression on the |.h.s. directly, we can square the r.h.s. before taking the
limit. This results in

((2m)**(p—q))’= lim V2T24,,
V., T—oo

16.2 The S-matrix and the T-matrix

Knowing now how to compute transition probabilities let us come back to the elastic scattering probability
and let us start by investigating if we drew the leading order contribution. We in fact can easily see that
we did not. The leading order contribution is O(1) and looks like this:

This is not an interesting contribution however. The two particles don't ineract and we will simply get
momentum conservation.
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Let us formalize this statements a little bit. In any process, we generically have an ingoing state and an
outgoing state, both consisting of a number of particles. During a scattering process, there is a time
evolution that transforms the ingoing into the outgoing states. This time evolution is governed by the
interaction Hamiltonean of the system H, and thus is unitary. We can thus generically transform any
incoming state into an outgoing state with this unitary time evolution operator, which we call S, the
scattering matrix. Unitarity means STS=5S5T=1.

In the free KG theory or, equivalently, at A = 0, this time evolution is trivial. No interaction takes place
and particles simply propagate independently of each other, thus the S-matrix is trivial S=1. In fact, even
if we switch on an interaction, since it is only a small perturbation, it will affect the S-matrix only slightly.
Therefore, one defines the T-matrix, which remover the trivial part of the S-matrix as S=1—/T. Unitarity
of S implies

TIT=i(T-TY)
The O(1) diagrams at the beginning of this subsection are there in the free theory already and therefore
contribute to S but not to T. The interaction diagram however does contribute to T as well and we

therefore want to compute it. Notice that this is the only nontrivial diagram contributing to this process
at O(\). Other diagrams such as e.g.

only contribute to the renormalization of the mass and are therefore irrelevant for scattering amplitudes
as we have seen.

Let us now suppose that we have sucessfully computed the T-matrix element of a certain process

(P1--Pn| T |kaks...)

in terms of (amputated) Feynman diagrams and let us collectively denote the sum of the incoming momenta
as k and the outgoing as p. As we have seen, this will generically have the structure

(pr.-pul| T |kaks...) = (2)*6*(k — p)M(kaks... = p1...pn)

where M is the regular part of the expression. We now compute the probability by taking the absolute
square of the matrix element in a finite volume

plk—=p) = [(pr.pn|T |kaks...)’5

1
(VT)?0k,5|M|*(kakg... — PL---Pn) 3

where N is the proper normalization factor of all states. For momentum states in infinite volume we had

(plq) =(2m)*6*(B — 4)2E,
which in finite volume becomes

(plq) =2E,Vi5 4

and thus

N2:H 2E,-VH 2EV
i f
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where the first product runs over the initial states k and the second runs over the final states p. For the
case of one and two incoming particles respectively we thus have

1
— VT2 2 =11 55y
p(k— p)= VT35 ,|M| (kAﬁpl"'p")zEAl:[ 2EV
and

p(k—> p) = T26k,p|M|2(kAkB_> pl...pn)mn m
£

Remembering (30), we can rewrite

(2m)°

V=1

and thus get
p

p(k— p)= VT2, p|/\/” (ka— p1.. Pn}2E H 2Ef(271-)3

for the case of one incoming particle and

3

p(k—> p) = T25k p|l\/l|2(kAk“3_> p1-- pn}2E 2EBH 2Ef(27r)

for the case of two.

16.3 Scattering cross sections and decay rates

Having computed a transition probability, we are finally ready to connect our result to an experimental
observable. In scattering experiments, one usually measures cross sections o. A cross section is a very
intuitive quantity: When you shine geometric light onto a classical object, the cross section is simply the
area of the shadow. More generically in a scattering experiment, the cross section is the area for which
particles get deflected. There is also a differential cross section do, which is the part of the cross section
that gets deflected at a certain angle or more generally, a certain momentum.

Let us now set up our scattering experiment in a finite volume box. We put particle A at rest into the box.
Particle B will be placed somewhere at random on a surface of area F of the box and shot orthogonal to
that surface with velocity v. The probability that an interaction will take place while B crosses the box
from one surface to the opposite one is therefore obviously the ratio between the cross section and the
total area A. We thus have

do p3

— = 2 2
= = P(k—= p) = T2k p|[M[*(kaks = p1...Pn) 52 2EBH 2Ef 27r)

To traverse the box of length L, particle B will need a time T=L/v. Also, the volume of the box is simply
V =FL. Thus we can write

3
2E 2EBH 2Ef(27r)3

do = FT25k7p\M\2(kAkB—> P1---Pn)

= VT M|?(kak n
‘5“’25 2B M (kaks = pr...p H 2Ef 277)3
We can now take the limit V', T — oo and obtain our final result

do = (27)*6*(k — p)—=—=—|M|*(kaks — p1...Pn (31)

dp
4E, E 1:[ 2E,(27)3
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For the case of elastic scattering of two identical particles in the center of mass frame, this expression
simplifies to

do |M|?
il = 32
< dS >cm 64m2Edy 32
where Q is the solid angle of one of the outgoing particles (the other one leaves in exactly opposite direction

of course).

In the case of a single incoming particle, we can only compute a sensible quantity when the particle is
unstable and decays. In this case, the relevant quantity is the differential decay width dI'. The decay width
is simply the probability per time that the particle decays, thus

Apd
Ef(27)3

_p(k—)p)_ 2 \ 1
dr_—T = VT p|M| (kA—>p1...pn,2EA1_f[ 5

For a particle of mass m at rest, Ex = m and taking the V, T — oo limit results in
1 d®p
dr = (27)*6%(k — p)=—| M |*(k <e-Pn —
(27)*0%(k = p)z—IM|*(ka = p1...p. )I,J 2E(2r)3

Integrating over all final states one obtains the total decay width I, which is related to the lifetime of a
particle 7=1/T

16.4 Tree level scattering crossection in ¢* theory

We are now finally in a position to calculate a physical quantity, the differential scattering cross-section to
O(\) in perturbation theory. We will compute this cross section in the center of mass frame, which allows
us to use (32). All we need to do is to compute the T-matrix element M. We have already identified the
only nontrivial contribution, namely the amputated diagram

The momentum asignments simplify since we are in the center of mass frame, but in any case, the diagram
itself is just —i\. Since the definition of the T-matrix contains a —/, the matrix elemet is simply A and
|M|?=X2. The differential cross section to leading order is thus

do X
dQ)cy  64m2EEy
which is an even angular distribution. Computing the total cross section is therefore (almost) trivial - one

simply integrates over half the solid angle 27, so

)\2
o=—
32mEEm
The reason that the integration only runs over half the solid angle and not the full one is the fact that the two
outgoing particles are indistinguishable. Field quanta do not carry a tag - they are literally indistinguishable.

Integrating one final state over half the solid angle is therefore sufficient, since the second, indistinguishabe
particle has then covered the other half. Going one order higher in perturbation theory we have to remember

(29) and obtain
< do > AR
dQ Jem  64m2EGy
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which has a nontrivial dependence on the momenta of the outgoing particles.

17 The origin of field equations

We have started this course by constructing the Klein-Gordon equation as a relativistic generalization of
the Schrédinger equation. Subsequently we saw that we first want to treat it as a classical field equation
and then quantize the field. We thus started out with a classical, scalar field and it is natural to ask how
we could possibly generalize our treatment to other kinds of fields. In order to investigate this, let us first
see, what physical information the KG equation actualy encodes.

17.1 Translational invariance
We obtained the KG equation by demanding the relativistic dispersion relation
E2= 4+ m?
which can copmactly be written as
pup* = m?
on a plane wave of 4-momentum p* resulting in the KG equation

(90" +m*) =0

Because we are for the moment looking at a classical field theory, p* = i9* can not be interpreted as a
momentum operator. It is however still related to a spacetime translation

xH — xH + gt

with constant a*. Under this translation, ¢ transforms as

d(x) = ¢p(x —a) = ¢(x)—adp(x) + O(a?)
= ¢(x)+ia"(id,) p(x) + O(a?)

If we make the translation a infinitesimal, we can identify the generator of the translation on the scalar field
P,=i0,
in the sense that a unitary translation operation U(a) acting on the field ¢ is given by
U(a)=1+iatP,=e""Pr

17.2 A field equation in a single dimension

Before we investigate the 3 + 1 dimensional case in detail, let us look at a simple example of 0 + 1
dimensions, i.e. a scalar “field" that has no spatial but only temporal extension. We call this field g(t). If
we demand time translation invariance, E = p° is constant, so

g = const.
or, similarly
G=0

which happens to be the classical equation of motion of a one dimensional mass point (at coordinate q)
without external forces. Viewed in this way, the equation of motion is a simple statement about a quantity
(E in this case) that is constant under the entire space-time symmetry group.
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17.3 Field equations

Trying to generalize from the simple 0 + 1 dimensional case, we try to find quantities that are invariant
under the full space-time symmetry group in 3+ 1 dimensions. In more mathematical terms, we are looking
for quantities that commute with all generators of the full space-time symmetry group. It is not difficult
to find such quantities: every constant c trivially commutes with all symmetry generators. The equation
¢ =const. however is trivial and tells us nothing about the dynamics of the field. To obtain an interesting
relation, we therefore limit ourselves to quantities that are themselves nontrivial functions of the symmetry
generators. Such combinations of symmetry generators that commute with all generators of the symmetry
group are known as Casimir operators.

Let us try to find the Casimir operators of a 3+ 1 dimensional scalar field. Looking at the 0+ 1 dimensional
example and noting that in 34 1 dimensions all momenta commute

[p/u pl/] =0

one might be tempted to write p* = const., but this is not correct. The reason is, that while indeed the
p" do all commute among one another, translation is not the full space-time symmetry group. In addition
to translations we have rotations and Lorentz-boosts. These, together with the translations, form the full
symmetry group of space-time, the Poincare group.

Anticipating a result that we will derive more rigorously in the next sections, we can already guess one
Casimir operator of the Poincare group: While momenta p* are not conserved under rotations and Lorentz-
boosts, we already know that the square p*p,, is invariant. If we call the pertaining constant m?, we arrive
at the relation

php, = m?

which for a scalar field ¢ indeed implies the KG equation
(90" +m*) =0

The free scalar field equation is thus a statement about the space-time symmetry, namely the expression
that the Casimir operator of the Poincare group is indeed constant.
Clearly it is interesting to explore whether p*p,, is the only Casimir operator of the Poincare group and

how these Casimir operators look like for more general types of fields.

17.4 The Poincare group

The action of a 3-dimensional rotation on the coordinates x* may be expressed by an orthogonal rotation
matrix A

xH— AP xV
14
In more mathematical terms, the rotation matrices A form a representation of the group O(3), the group
of 3-dimensional orthogonal matrices. There are other representations of this group, e.g. the representation

on scalar fields. All these representations share the common local structure of the group which is given by
the commutation relations between their generators.

Let us first look at a rotation by an angle ¢ around the x3=z axis. Such a rotation is given by

0

A | O cos(p) sin(p) O
N 0

1
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For infinitesimal , we can write
B SH Y
A V_5u+90(.]2) v

with

o o

(2", =

ocoooo
Ol

—
cor~o
oo oo

Defining a rotation by its axis is a peculiarity that applies to 3 dimensions only. In order to be more general,
we therefore identify the rotation by its plane. A rotation around the x3 =z axis is a rotation in the x'-x?
plane and we therefore write

(jZ)MV — (le)MV — g2u5i _ glué‘g
which easily generalizes to

()", = gl — gl

for the generators of general spatial rotations. In fact, we can generalize this expression even further to
include “space-time rotations”, i.e. Lorentz boosts

Py, = gog —g*ro)

Thus, e.g. a Lorentz-boost in x = x! direction has a generator

0100
. 1000
10\ __
UD%=[0000
0000

and thus a rotation by a finite “angle” 6 is given by

cosh(#) sinh(d) 0 0

po_ 0" _ | sinh(f) cosh(d) 0 0
N,=e i 0 10
0 0 01

giving indeed the well-known Lorentz-boost.

Acting on scalar fields, we find that for infinitesimal ¢
Xt — (88 +ejP) x — p(x) = (0] —ej*P) x¥)

and

S0 —ej*")! x) = p(xt —e(j*%)" x")
$(x) — ()" X" 0ud(x)

O(x) + ici(g15g — g*67)x"8,6(x)
B(x) + igi(x*0P — xP*) p(x)
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so that in the scalar field representation the generators are given by
JoP = i(x*9P — xP5*)

These are the generators of the Lorentz-group and, together with the already known generators of trans-
lation

they form the Poincare group.

Exercise 5. Show that the generators of the Poincare group fulfill the commutation relations

PePY] =0
[Pr,Jo%] = i(ghap? - gnipe) (33)
[J‘“/7Jaﬂ] — i(gVaJuBJrgMﬂJl/a 7guajl/ﬂ 7gu[7"/ua)

17.5 The Pauli-Lubanski Pseudovector

With the commutation relations (33) it is trivial to show that indeed P#P, is a Casimir operator. There
is also a second Casimir operator, which is less obvious, namely W#W,, where W* is the Pauli-Lubanski
pseudovector

1
W, = —§5Wa/ﬁJmP’6

Exercise 6. Use the commutation relations (33) to prove that W#W, is a Casimir operator of the Poincare group.

The Pauli-Lubanski pseudovector is orthogonal to the momentum

W, Pr = —%gwﬁJ"aPﬁPu =0

m

Let us now imagine that we are in a quantum theory (without specifying in detail what kind of field we have)
and P* and W*# are promoted to operators. Let us further imagine that the field we are describing has a
mass m and let us look at a momentum eigenstate of a single particle in its rest frame. the momentum of
the particle is thus given by

oo o3

The Pauli-Lubanski vector is thus

o1 . )
w' :EE,'J'koJka: mJ'
where we have used the standard 3-dimensional indexing of the angular momentum by its axis
1 )
J' :§6ijk.jkj
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Thus for a massive particle at rest, W is just the mass times the angular momentum (spin) of the particle
that we already know from nonrelativistic quantum mechanics. We conclude that for a massive particle, the
nonrelativistic quantum mechanical description of the spin carries over. Furthermore, the second Casimir
operator is just

WHW, = —m?J-J
We know from nonrelativistic QM that the squre of the angular momentum of a state is given by
JJ=(s+1)s

where s is the intrinsic angular momentum or spin of a particle and is restricted to be a positive half integer
(or 0). We thus have found a completely generic reason for the quantization of spin for a massive particle
that arises from just the symmetry properties of spacetime.

We can write the second equation of motion
WHW,, = —m?(s+1)s (34)
and find for the special case of a scalar field with s = 0 that it encodes a trivial 0 = 0. For higher spin

representations however we can expect this relation to result in an additional equation of motion.

We can also conclude that in a quantum field theory spin is an additional quantum number. Thus, for
generic fiends, a momentum eigenstate |k) can be further characterized by e.g. the z= x> component of
the spin |k, s3) where s3€{—s,—s+1,...,5s—1,s}.

17.6 Massless particles

For the massless case, it is imposible to go to the rest frame. The best one can do to simplify the discussion is

to choose the momentum of the particle to be along a certain axis, e.g. z=x3. in this case, the momentum is

x
S

Il
o o x

We construct the Pauli-Lubanski vector on an eigenstate of this momentum

1 o
Walk) = —5umasl PPIK)

1
= —55WagJ"O‘k5\k)

1
_§k(5uuo¢0 + 5lwa3)Jya|k>
and thus

Wolk) = FkJ22[k)
Wilk) = k(J2+J92)|k)
Walk) = k(J3!+ J19)|k)
Wslk) = kJ¥2k)

for the individual components. From the generic commutation relations (33) we find that

[J23:|:J027J31:|:J10] — [J237J31]:|:[J027J31]:|:[J23,J10]+[Joz, JlO]
= —iJ+if=0
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and
[J23iJ02,J12] — [J237J12]i[J027J12]:I'(J13iJ01)
[J31:|:J10,J12] — [J31,J12]i[Jlo,le]:i(J23:|:J02)
so using the shorthand

pX:J23:|:J02 py:J31:|:J10 j:J12

we find a group structure

[Px,py] = 0
[pan] = —Ipy
[pyvj] = IDPx

which is not the structure of the 3-dimensional angular momentum group. In fact, it is quite easy to see
that these commutation relations encode the continuous spacetime symmetry of a 2-dimensional plane,
i.e. translations in x and y direction and one rotation:

Px = i0x
py = 0,
J = i(yOx—x0y)

There is no quantization of angular momentum in this group. In fact, it is a mystery why massless particles
in nature, as far as we know, do not appear with arbirtary spins. Maybe this is a hint that either the flat-
space assumption underlying our symmetry considerations is not good enough or that fundamentally there
are no massless particles and corresponding symmetries are only approximate. In any case, within the
framework of quantum field theory in Minkovski spacetime the apparent quantization of spin of massless
particles remains a mystery.

18 Vector fields

18.1 Equations of motion

Let us now look at a vector field A#(x). First we have to find the generators of the Poincare group in this
representation. Let us start with a translation

xY — xV+a”
AH(x) — AH(x —a) = A¥(x) — a"0,AH(x) + O(a%) = AH(x) + ia”id,A*(x) + O(a?)

so we find that the generator of translations
PY =i
is the same as for a scalar field. From the first Casimir operator we thus find
PYP,A*(x) = m?AH(x)
or
(0Y0, + m?)A¥(x) =0

so that the KG equation is fulfilled for every component of a vector field.

Next we investigate infinitessimal generalized rotations

Xa—>/\UVXV /\au — 5g + (p(ja'B)UV
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Since A" is a vector field, its components transform as a vector per definition and we find

AB(x) = N AT((A1)7 x)
= (08 (P )AT((OF — p(P)7,)x")
= A+ (GPY AT(x) — (797 X 0, AM(x))
= () + ipi(— (8705 — g HST)AT(x) + (7755 — 87751 )X D, AR(x)
— () + ipi(— (g0 — g*3T) + (87752 — g2755)x"0,61) AT(x)
AF(x) + ipi(— (8752 — g 57) + (x°0° — x79)5H) A" (x)

which implies that the generalized rotation generator is
(o) = i(— (o5 — g™17]) + (x*0° — xPo™)sL)
and thus the Pauli-Lubanski vector is given by

(Wo)', = —3eoas(J7)" P7

= S oam(—(&763 — g5) + (x0° — xP9)51)

The last two terms are symmetric under the exchange 3 +<+ v resp. a <>~ and thus vanish because of the
antisymmetry implied by €. We therefore get

1
(W), = —Soap, (707 — g"0])0"
1
- E(EoTvﬁgﬁM + 5amagau)67
= o MO

and thus the second Casimir operator is

(WU)M-,—(WU)TV = 57—"/0#6751/(1076&
7M1 50 0%
—2(8)6% — 6,.61)0,0¢
= 2(65,0%0,— 9"d,)

The second equation of motion can thus be found from (34) with s=1

(W) (Wo)T, +2m?5 /) A”(x) =0
which results in
(64(0%0n + m?) — 919,)A¥(x) =0
or equvalently

B, (0 AR(x) — DAY (x)) + mPAl(x) =0 (35)

This second equation of motion for a vector field is known as the Proca equation. In the special case of
m =0 we obtain

B,,(8"A(x) — DAY (x)) =0

which is the free Maxwell equation. It can be more compactly written in terms of the antisymmetric field
strength tensor

F#(x) := 0"A*(x) — 0" A"(x)
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as

9,F*(x)=0

18.2 Lagrangean

Following the example of the scalar theory, we want to construct the Lagrangean as the next step. The
generic Euler-Lagrange equations are

0L 0L

oA, Ay "
From a term in the Lagrangean
2
m
m= _AaAa
< 2
we obtain the mass term
0Lm 5
_ Al
0A,

To correctly reproduce the kinetic term of (35), we need

_ 0L — AVAK _ AR AV
8(8Z,AM)_3A OrA

which can be achieved by a term in the Lagrangean

L = —%&,AA@”A“—@”A”)

_ —%(ELAM — 9,A) (DY A" — DA

1
= _ZFWLFV#

12
_ 1 F;WFM
Both parts together form the Proca Lagrangean
L= F,F* AHA
—ZF,, +—

of a vector field theory. In order to make it more accessible for the Hamiltonean approach that we will
follow, let us explicitly decompose it into spacial and temporal components

2
L = _%F,uVF'uV‘FmTA#A#
L van_ aupry L T A
= 000N~ O'A)
—%6,-A0(8"A° P
2
~SOA(OA — o)+ T pra,
= OADA ~ L(BAPA + DADA + GA (DA — TN) — mPAPA,)

Lo qicai it A j "
= E(A (A + 28,/40) + 8,-A08,-A° — 6JA (@A — 6,-AJ) + mPA# AM)
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Expressing the fields in terms of Fourier components

0= [(ZEre e,
we find for the Lagrangean
L = /d3xﬂx)
= /d3x<8oA;8’A° — 1(80A,-60A" + 8;A08iA0 + 6jA,-(8fA’ — 8’Af) — m2A“AM)>
d°q  ipaaywl Air. an( Aif, = L _
= 3x (P+4)% iA0
/d (277)3/(271.)36 (A (t,p)(A (tvq)+2lqA (taq))
—5-A%(t, p)A(t, 4) + PIAI(e, B) @A (£, §) — q'AI(t, @) + mPA"(t, B)Au(t, G)
1 [ d® aifaxi i oy AL A s i
= 5/(%)3(%\(/4 = 2ip'A*) + (m? + P)A" Al + pIPAAT)

~

where in the last line we have used the shorthand notation A, =A,(t, B) and A**=A%(t, — B).

18.3 Hamiltonean formulation

From the Proca Lagrangean we find the canonical field momentum as

Q. 0L —A'A0 _ 90 pa _ Fa0

which implies in particular M°=0. Thus, the Hamiltonean density is
H = 0pANY—Z
= G0N — SOA(D A — DAY) + mTZA“Au
- M(%Aana _OA(OUA — TAY) + mPARA,)
BoANT — DA(OPAT — DIA®) — DA (VAT — DA) + mPAFA,)
QAT + AN + DA (O'A — VA + m*ArA,)

M '(I'I,- — 28,'/40) + 8,'Aj(8iAj — 8JA’) + mZA“Au)

N I—ll\)l =N =N =

(
(
(=
(MI(N7 = 20'A%) + DA (A — DAT) + mPArA,)

Following our derivation for the scalar field, we will however contiune in momentum space. We construct
3 A
the canonically conjugate momenta to the fields (dp/27)2A%(t, B) as

3a 2 0L

(dp/2m)2Mq:=(dp/2m)*—

0A

First we see that no time derivatives of A® appear in the Lagrangean, thus 1o = 0. This makes explicit
that A° is not a dynamical variable. For the spatial components we have

3
2

= (dp/2r)*(A” — ipiA®)

(dp/27) ;= (dp /2
(5A

and thus



and thus the Hamiltonian in momentum space is

H

d®p
27)3

3 N i~ At Ay i~ A A
[ o (A~ i)~ AR 2ig0) (i )R, + AT

ﬁi(ta ﬁ)’z\i(ta ﬁ) -

—~

—~

2m)3

< (ﬁ,m:-* — i A0) — S((1; — ipA) (A — ipA) & (m? - B)AVA + mﬁ\"/i*f))
2/ (2d—737)3(|'| (117 — ipA0) + (] — ipA)ip'A*® — (m? 4 )AM A, — pp/AAY)

= T((ﬁ,-+fp"/i*O)(ﬁ:-*—ip"AO) (m? + B)AA, — PP AIAY)

%/ a0 AT = i) - (4 ) (AT — AOA) - plpiATA)

3 A A N A Cmn .
%/(g ’)’3(n,-nj-‘+ip'(A*°n,’f—A0r|,-)+(m + P)AIAT — mPA0A* — pipATA%)
. ™

Contrary to the case of the scalar field, it is not obvious that the Hamiltonean is bounded from below. We
will come back to this issue later, for now let us write down the full set of equations of motion. For the
time component we have

M — (dp/2r):A°
o((dp/2m):Ms )
M (dp/2m)(mPA0— ipPy) = —(dp/2n) g
8((dp/27r)2A0)

which, remembering that ﬁ0:0, implies

ip’ﬁ,- = m2A*0 (36)

and specifically for m=0

For the spatial components we have

which implies

— S = (dp/2m)i (R~ ipA) = (dp/2n):A'
3((dp/27r)5|'|,-)
D a0+ A~ ) — /20
o((dp/2m)A)

A= 11— iplA’ = (n+ B)A — plpiA (37)

In the massless case this simplifies to

A= pA - pipiAi

As in the scalar case, the momentum components again decouple.
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18.4 Polarization

Although we have disentangled momentum components in the Hamiltonean, we have not fully diagonalized
the canonical equations of motion. To do so, we write (37) in the form

A = (B +m?)ol — pp)A
We thus need to diagonalize the matrix

M1 = (p*+ m?)6" — pip/

which, written explicitly, looks like this

(p2)2 + (p3)2 + m2 p1p2 p1p3
M = p1p2 (p1)2 + (p3)2 + m2 p2p3
p1p3 p2p3 (p1)2 + (p2)2 + m2

One eigenvector, corresponding to longitudinal polarization (i.e. the component of the vector field along
the momentum direction) is B. We have

Mipl = ((B?+ m?)8"% — p'p/)p/ = m*p’

As M is a symmetric matrix, the remaining two eigenvectors need to be orthogonal to p and orthogonal
to each other. Let us take an arbitrary unit vector € L p. Applying M on any such vector results in

Mgl = ((B* + m?)6" — p'pl)el = (B* + m?)e’

so the eigenvalue of M on all these vectors is (52 + m?). We can thus choose any two mutually orthogonal
unit vectors p L &1 1L #? 1 B representing transverse polarization modes of the field that span a 2-
dimensional subspace of degenerate eigenmodes of M. Defining a third, longitudinal unit vector 23) :=
/3/\//? we can decompose the spatial components of our vector field in momentum space

(dp/27r)3/2/ai — €(k)i(pk
with an implied sum over k=1,2 3. This allows us to cast (37) into the form

90 ( +m?)pk k=1,2
PP =—mp

exposing the full dynamical content of the vector theory. The two transverse modes are again harmonic
oscillators with an angular frequency w? = B2 + m?. Thus we can carry out the quantization procedure
of the scalar field for these two modes unchanged. The longitudinal mode is more tricky however. In the
massive case it is simply an additional oscillator with w? = m?. In case m=0 though we have ¢*>=0 and
thus a “free particle” instead of an oscillator and the energy spectrum is continuous. Without discretized
energy levels a particle interpretation of the longitudinal mode is no longer possible though, exposing its
unphysical nature in the massless case. Indeed this behaviour just reflects the fact that a wave traveling at
light speed can not have a longitudinal structure. Already in classical electrodynamics an electromagnetic
wave does only have the two transverse polarization directions and not the longitudinal one.

Skipping all the intermediate steps that are equivalent to the scalar case, we quantize our vector field and
arrive at a normal ordered Hamiltonean

3 2
H= %(Z (B*+ m?)ai(t, B)al)(t, B) + m?a®(¢, B)aC)(t, /3)) (38)
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for the case m?>>0 or

Z a)(t, B) (39)

"= [

for the case m?> = 0 where the a)(5) and a)(B) are creation and annihilation operators for transverse
(=1,2) and longitudinal (i =3) polarization particles with the usual commutation relations

[a4(t, B), aV1(t, §)] = (27)°6*( — )

Note that the Hamiltoneans (38,39) are indeed positive definite. In terms of these, the fields and conjugate
momenta for m >0 are (compare (10))

5%

A(t,R) = /(277)3\/WZ
Mi(t,x) = (%)3 e, [0 Z V(t,—p)—Vall(t, p))

with the number of polarization states n=3 for m> >0 and n=2 for m=0. Consequently we have the
commutation relations

B) + e (Vali(t, ~5))

0
0

3% — y)e* (Ve

[A/(t, %), AX(t, 7)]
[M(t, X), Mi(t, ¥)]
[Aj(tv)?)v nk(ta }7)]

Because of the orthonormality of the (), we have in the massive case (where the implicit sum over i runs
from 1 to 3)

V(K _ sik
while for m=0 we have
RTOURGL lﬂﬁg
18.5 Propagator of the massless vector field

We now specialise our discussion to the massless case. We see from (12) and (39) that in the Heisenberg
picture the field and conjugate momenta can be expressed in terms of creation and annihilation operators
at a reference time as

Al(x) = Z (e e—pxa0)() 4 Vet )

(27")3\/2p
) . &p [p° (i) gipx 3N () — (M a—ipx5(1)( 5
rIJ(X) ! (27T)3 2; (E € a (P) ere a (P))

In complete analogy to the derivation of (14,19) we thus find the propagator to be

3 _ L
(0]A*(x)AB(y)[0) = / ("_PLe—fp-(x—y)E*(f) ()

3
2m)32p0 . (40)
_ / (d 1)74 e Uo7
21 p?+ie
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with a sum over polarization states (/) implied.
Exercise 7. Derive the expression (40)

In the derivation of the vector field propagator we have silently disposed of unneeded field components.
In the massless case there were two such components: the timelike A° and the longitudinal B-A. This
corresponds to imposing two conditions on our quantum field

A'=0 pA=0
which resulted in the deletion of the respective timelike and longitudinal components from the polarization

matrix

MeB — () ()P
in (40). The remaining, transverse components fulfilled the standard KG equation
9, 0" M,PA> =0

Remember that the entire quantization procedure was based on using the Maxwell equation which resulted
from the second Casimir operator. We now saw that this implies the KG equation to be fulfilled for the
transverse polarization components. The first Casimir operator on the other hand was giving us the KG
equation for all polarization components. Thus the behaviour of the two transverse components is unique,
but there seems to be some kind of ambiguity as to the longitudinal and the timelike component and
eliminating them both entirely might be too strict.

To see what is happening here, let us simply assume that we quantized using only the first Casimir operator,
i.e. the KG equation on each component individually. This would result in the propagator

e—irlc—y)_—I_gap

oA LM = [55 i E

and the polarization matrix is simply g®?. This however can not be the full story: the propagation of the

longitudinal and timelike modes violate in general the constraint from the second Casimir operator, i.e. the
Maxwell equation. We thus have to impose those additional constraints as boundary conditions.

Comparing the Maxwell equation
Ou(OHA* — 0°A*) =0
to the KG equation
0 0H*A*=0
we see that the additional constraint we have to impose is
0%0,A*=0

which is fulfilled e.g. by

ol
p N
I
o

A'=0
We can however be more sloppy and just demand

9, AP =0 (41)
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which in momentum space reads

puAt =0
which implies that the transverse 4-momentum component is missing from the polarization tensor in the
propagator, i.e.

d*p

ORI = [ gbre L pes (42

with

pes— gos _ PP’
P*py

We will use this expression for the propagaror of a massless scalar field for the remainder of the term,
keeping in mind that external states always come in just the two transverse polarization states.

The propagator (42) is not unique. In fact, massless vector fields exhibit a gauge symmetry and the
condition (41) choses a specific gauge, namely the Landau gauge. Correspondingly, (42) is the propagator
of a free massless vector field in Landau gauge. A lot of interesting things could be said about gauge
symmetry and fixing a gauge which we have to omit for the reason of time constraints.

19 Fermions

In quantum mechanics, we have encountered fermions that have the strange property that they anti-
commute instead of commute. To construct a quantum field theory, we need to take the classical limit
of fermionic variables first and make a field theory from them. The classical limit of fermionic variables
are Grassmann variables that have the generic property that they anticommute. So if 4 and 6 are two
Grassmann numbers, they fulfill

{,0} :=v0+60¢p=0

which trivially implies

v =0
W= 0y
[v0, 0] = 0

Because of the third property we can define a scalar field as a product of two Grassmann fields

Let us assume that ¢ fulfills the KG equation

(0,0" +m?)p(x) =0
or, in momentum space

(Pup" — m?)$(p) =0
at a single momentum we thus have

pup*b(p)0(p) = m*)(p)d(p)

and we may ask how to split up the operators p,p" and m? to act on one Grassmann component only.
For the r.h.s. this is trivial as we can write (omitting the momentum arguments for better readability)

~

PP = (mid)(mé)
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If we straightforwardly try to do the same for the I.h.s. we have a problem: p* is not a scalar, so the simple
split

p;ﬂ& = mz& pué = mé

does not make any sense. Similarly, using the scalar /p,p* results in a nonlocal operator /0,,0"* which
would not allow to formulate equal time commutation relations.

To get a clue how to proceed, we look at the trivial case of 1+ 0 dimensions. There we simply have

(P9)(PO) = (mip)(md)

which can be decomposed into
ph=mj  pl=mb

which are sensible equations for both ) and 6. In order to disentangle the pup" in the general case, we
would need a vector v* with the property that

S0y =g (#3)

With its help we can write
PuP" = puy*pry”
and thus disentangle the general KG equation as
(Pup" — M)l = =0(pup" — m?) ¢ = (—pp+ m?)¢ =0

where we have defined p:= p,y". We can further rewrite this as

O(~p—m)(p—m)d=0
Let us therefore propose the equations of motion

(p—mi =0
(—p-m)'d" =0

An explicit representation of the v* that satisfies (43) is
01
0 _
* = (1)
P 0 o
7 —d' 0

from which we immediately see that
This in turn implies

and therefore



Comparing this to

(p—m)d(p) = 0 (44)

suggests that we can identify

~

B(p) =~°9"(—p)
We define
D(p) = d1(~p)r°=b(p) (45)

so in fact (44), which is the momentum space Dirac equation, implies the KG equation.

19.1 Poincare group for Grassmann fields

For the moment the Dirac equation is just a candidate for a valid equation of motion for Grassmann
fields. What we still lack is a proof that it is invariant under the Poincare group, i.e. that g is a Casimir
operator. In order to show this, we must establish the generators of the Poincare group in the Grassmann
representation. As usual we start with translations

xH — x4 at

As in the case of scalar and vector fields we have

P(x) — a"d,(x) + O(a%)
P(x) + ia"(i0,) Y (x) + O(a?)

Y(x) = P(x —a)

and the generator of a translation in u direction is readily identified as
P,=i0,

which does indeed commute with 2

In order to understand how a Grassmann field transforms under generalized rotations, we remember that
~* transforms as a contravariant vector. Thus under a transformation

Xt (O 4 e ) X (46)
with infinitesimal ¢ and
U0, = g"o; — g+oy
we find that
V= (88 — gj* P ¥ =yt —e(gPhy — gohyP) = ¥ 4 egHly ]

where the brackets on the indices indicate antisymmetrization. Let us now denote the transformation of
the Grassmann field under (46) by A so that a Grassmann constant & transforms as

k— Nk

From the previous section we already know that for a constant « (i.e. at p=0) s 'x is a scalar and xfy"x
is a vector. Thus under (46) we have

ke — k(v + Egula,yﬁ]),i =rIATy AR
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and if we make the ansatz
AN=1+¢cJB
we obtain
_g[ﬁu,ya + gom,yﬁ — _[Jaﬁ’ ¥4

which suggests that

e J consists of 's

e Jis a sum of products of 2 4's as it has two indices

e One of the 4's must coincide with +* for the comutator not to vanish, so the +'s are ¥ and ~+#

e J*%is antisymmetric in a and 3
We therefore make the ansatz

I =y, 7]

and

[[,ya’ 75]7 ’Y”] = ’YQ’Y’B’YP' — ’Y'B’ya’y“ — 'y/uryafylg + fy#,y,B,yOz
_’yﬁ{,ya’ ,YM} + 2ga[5fylb + 2glt[3,yo¢ + ,ya{,y[ﬁ’ 7“} _ 2g(¥ﬁ,_ylb . 2g"‘“vﬁ
= 4guﬁ7a _ 4gau,y[i

implies that c:% so that we finally have

1
S =" ]

Exercise 8. Compute the full generators of Lorentz transformations for Grassmann fields and show that g is a Casimir
operator.

19.2 The Dirac Lagrangean

The Dirac equation in coordinate space reads
(i —m)p(x) = 0
To construct a scalar, we can left multiply with (x) and it turns out that this expression

Ax) = P(x)(id — m)y(x)
is already the proper Lagrangean density. Remembering that ¢(x) and t(x) are independent variables, we
simply get
0L

0L .
a_&:(’ﬁ_m)ﬂ):auwzo

and

0L - 0L .-
a—wz—z/fm:@,,w:l&ﬂ/w

While the first of the above equations is simply the Dirac equation, we can write the second one as
(ip" = m)($)F=0
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which, remembering that ¢ = ¢ 7°, can be rewritten as

(i)' = m)(0)T = (i#" —m)° =i — m)w =0
which again is equivalent to the dirac equation.

Rewriting the Lagrangean in Fourier space we obtain

L = /d3x1/_)(x) (i — m)p(x)
—/d3 d*q P+ 0t @) (ion® + pin — mV(t. B
- (277)3/(271.)3 ( 7q)(’ oYy” + Py m)¢( 7p)
= /( )’ b (t, —B)(i0n°+ p'y — m)b(t, B)

[ 85 i+ 27 o). 5)

which also follows directly from (44) with the identification (45).

19.3 The Dirac Hamiltonean

Following our standard construction, we find the canonical field momenta (omitting phase space factors
3
of (dp/27)?)

=2}
~

f(t, B) = = ip(t, —p)y° =i (¢, p)

[«
=
o
N—r

while the canonical field momentum for the ¢ vanishes. (Note that this again is a convention dependent
statement as we could have moved the time derivative to the ¢ when constructing the Lagrangean). We
thus find for the Hamiltonean

H = / Z;’;ﬁ(mﬁ)aozﬁ(mﬁ)—t
3
- / d) (£, B)(—1%p + A°m) (¢, B)

&p oy
I/(27r) N(t, B)(1°p"' —+° m)d(t, p)

—~

A

and the canonical equations of motion for a single component are

I

~ A oH A o
=in%pY' —m)  N=—"%=—ily"p" —m)

b=

which is again just the Dirac equation. These equations do not look like they describe a classical harmonic
oscillator, but let us investigate them a bit more closely. The structure of these equations is

b= iMD

where the 4 x 4 matrix M is given by

To diagonalize this matrix, we first note that
(6-B)* = o'olplpl = §ipipl = -
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and thus &5 has eigenmodes £|p|.

Exercise 9. Show explicitly that in its eigenbasis

Thus in the proper basis we can write
Flpl —m )
M= -
( —m £[p|
and we find the eigenvalues by the characteristic equation

~ Bl = m*=0

’:Fﬁ—A —-m ‘: 2
—m B

so the eigenvalues of M are simply given by the energy E = ,/|B|?>+ m?. Denoting the eigenvectors

corresponding to the eigenvalues +E as v/, and the ones corresponding to the negative eigenvalues —E
as up /2 and demanding the normalization convention

Ty — . — ,
V' V= U; Uj —2E6,J
we can write

M= %(u,-u;r — v,-v,-T)

and decompose the field and conjugate momentum into

A 1
1/) = ﬁ(u,—ai —+ V,'b,-T)
—ifiy® = ) = - (@3 + 7ib)

V2E

We can now rewrite the total hamiltonean as
A P
H =i ﬁn(ta p)M(p)’(/}(tap)

d’p 1
= / P (uTaT—i—v bi)(uju Jr vjvj*)(ukak—l—vkb,f)

(2m)*2
d’p 1
N / (2771;3 2E(2EU"JF‘Q;r — 2Ev;'b;)(uak + vib{)

d°p - -
— [ P)a(5) - blp)bI(3)
where in the last line we have reinserted the momentum dependence in the notation.

20 Quantization of the Grassmann field

The Hamiltonean we derived in the previous section already looks conspicuously like the Hamiltonean of
a quantum mechanical system although we did not impose any quantization condition yet. In addition, if
we try to interpret it classically, the basic anticommutation property of Grassmann variables implies

a,-Ta,-: —a,-Ta,-: 0
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and thus H=0. So it seems that a classical theory of anticommuting field does not make sense, which is
not really surprising given that only quantum mechanics allowed for them to appear in the first place.

The only way to avoid the triviality of the Hamiltonean is to demand a nonvanishing anticommutator
between the a; and a,-T resp. b; and b,-T. Since we want our field quanta to have the proper energy E =

V P2+ m?, it is obvious that we want

,af(4)} = {bi(P), b/(@)} = (27)°(P — &)dy
= {bi(p), bj(d)} = 0
{a,-(b’),bf(ﬁ)}

—
L
—~
T T T
— = =
l\c.~km
—_—
Q| Q
~— —
— =
1

as our quantization condition. The normal ordered Hamiltonean then reads

H = [ E2 @)l (P)a(p) - (P! ()
= (zd—:ggE(ﬁ)(a?(ﬁ)a;(ﬁ)+b,-’f(,3)b,-(,3))

where we have made the obvious generalization that for fermionic variables the normal ordering anticom-
mutes creation operators to the left and annihilation operators to the right. We also note in passing that the
Wick theorem holds for fermionic fields with the obvious replacement of commutators by anticommutators.

20.1 The fock space

We can interpret a;(B), b(B) as creation operators of Dirac particles and a,(B), bj(B) as the respective
annihilation operators. The anticommutation relations require (a; (B))2= (b, (5))>=0 which implies that
the maximum occupation number of each state is 1, in contrast to scalar and vector fields, where we could
have an arbitrary number of particles with the same momentum. This is the well-known Pauli principle. This
property in fact allowed us to obtain a positive normal ordered Hamiltonean even though the eigenvalues of
the classical Hamiltonean were +E in the following way: Since the maximum occupation number of a state
is 1, we can redefine creation and annihilation operators. For a single mode, we can denote an occupied

state by

and an empty state by

() (1)

with {af,a} =1 and the full set of relations is

afjo)y = 1) afll) =0
all)y = |0) al0) =0
which is obviously symmetric under
at & a
0) < 1)

In the above derivation, we have used this liberty to identiy the annihilation operator of a negative energy
state b,—T with the creation operator of a positive energy state.
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20.2 The Dirac propagator

We are now ready to compute the propagator of a Dirac particle. The Green's function of the Dirac equation
is defined via

(i) — m) G (x) = i8°(x)
which in momentum space reads

(p—m)G(p)=i

SO

and, using the Feynman prescription to circumvent the poles, we have the Feynman propagator for the free
fermion field

(0| T(D(x)1(y))[0) = / AP gy (AT M)

(2m)* p2—m?+ic

21 Quantum Electrodynamics (QED)

We have now seen that we can write the Lagrangean density of a free, massless vector field (photon) and
a free Dirac field (electron) as

s _%FHVFﬂ" + ()i — m)y(x)

Let us now, following our strategy in the scalar case, try to find sensible interaction terms. In order to
obtain a scalar quantity, we must use at least two fermion fields. As a fermion field squares to zero, it is
natural to look for a bilinear expression such as 9). We could couple this to the square of the vector field,
but there is in fact a simpler possibility: If we can construct a vector out of two fermion fields, we could
couple it to the vector field A, itself. We know how to construct a vector out of a fermion bilinear and
thus the suggested form of the interaction term would be

Line = ePyPA,

with an arbitrary coupling constant e. Simple dimensional analysis tells us that [e] =1, so e is dimensionless
and the interaction term does not obviously destroy renormalizability. In addition, the interaction term has
the very curious property of enhancing the symmetry of the theory. While the free Lagrangean is symmetric
under the global replacement

() > e(x)

¥ |
P(x) — P(x)e ™

the full Lagrangean, including the interaction term, is invariant under the local (gauge) symmetry

d(x) = ey(x)
B(x) = P(x)e )
i
Ax) = Aux) — L0,0()
One can write the full Lagrangean density in a compact form

L= 3 FuF+ S()(iB — m)(x)
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where we have defined the covariant derivative
D, :=0,—ieA,

21.1 Feynman rules

The definition of the interaction Lagrangean and the resulting interaction Hamiltonean
%ﬂt = —61;’7“1/”4“

finally allow us to complete the full set of Feynman rules for QED:

Incoming electron line (momentum p, spin i)  ui(p)
Outgoing electron line (momentum p, spin i)  7;(p)
Incoming positron line (momentum p spin i)  vi(p)
Outgoing positron line (momentum p spin /)  v;(p)
) O%(p)
) e Ox(p)

Incoming photon (momentum p, polarization i
Outgoing photon (momentum p, polarization i

v
photon propagator W m
fermion propagator p i

P

interaction vertex >Ll;\/ —iey#

each line starting and ending at the same point %
k lines between same points %

impose momentum conservation at each vertex
impose momentum conservation on every subgraph
a factor —1 for every closed fermion line

4
integrate over all open (loop) momenta k [ d k4
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