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Abstract

This document is a set of notes I took on QFT as a graduate student at the University
of Pennsylvania, mainly inspired in lectures by Burt Ovrut, but also working through
Peskin and Schroeder (1995), as well as David Tong’s lecture notes available online.
They take a slow pedagogical approach to introducing classical field theory, Noether’s
theorem, the principles of quantum mechanics, scattering theory, and culminating in
the derivation of Feynman diagrams.
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1 Preliminaries

1.1 Overview of Special Relativity
1.1.1 Lorentz Boosts

Searches in the later part 19th century for the coordinate transformation that left the
form of Maxwell’s equations and the wave equation invariant lead to the discovery of the
Lorentz Transformations. The “boost” transformation from one (unprimed) inertial frame
to another (primed) inertial frame moving with dimensionless velocity 5 = U/c, respect to

the former frame, is given by

()= (0 ()

Because a boost along one of the spacial dimensions leaves the other two unchanged, we
can suppress the those two spacial dimensions and let 5 = | 3 |. 7 is the Lorentz Factor,

defined by )
— 1
Y T2 (1)

v ranges from 1 to co monotonicly in the nonrelativistic (5 — 0) and relativistic (8 — 1)

limits, respectively. It is useful to remember that v > 1. Note that being the magnitude of
a vector, 8 has a lower limit at 0. (3 also has an upper limit at 1 because v diverges as (8
approaches 1 and becomes unphysically imaginary for values of § > 1. This immediately
reveals that 8§ = 1, or v = ¢, is Nature’s natural speed limit.

The inverse transformation is given by

()=

1.1.2 Length Contraction and Time Dilation

The differences between two points in spacetime follow from the transformations:

cAt = ycAt—~p Ax
Ax = —yBcAt+~vAx
cAt = ~ycAt +~B8 AL
Ax = yBcAt +v AL

Consider a clock sitting at rest in the unprimed frame (Az = 0). The first of the four

above equations and the fact that v > 1, imply that the time interval is dilated in the
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primed frame.

At =~y At

Now consider a rod of length Ax in the unprimed frame. A measurement of the length
in the primmed frame corresponds to determining the coordinates of the endpoints simul-
taneously in the unprimed frame (At = 0). Then the fourth equation implies that length

s contracted in the primed frame.

_ Ar
v

Ax’

We call time intervals and lengths “proper” if they are measured in the frame where the
subject is at rest (in this case, the unprimed frame). In summary, proper times and lengths

are the shortest and longest possible, respectively.

1.1.3 Four-vectors

Knowing that lengths and times transform from one reference frame to another, one can
wonder if there is anything that is invariant. Consider the following, using the last two of

the four equations for the differences between two spacetime points.

(cAt)? — (Az)? = (yeAl' +4BA2)° — (v8c Al + Az')’
= ¥ [(cAt)? + 28 e APAT + B2 (Ax)?
—B% (c At)? — 2B e At NT — (Ax')z}
= 7* (1-5%) [(cAt)? - (Az')?]
——

,Y—Q

= (cAt)? — (A2))? = (AT)?

Which shows that A7 has the same value in any frames related by Lorentz Transformations.
AT is called the “invariant length.” Note that it is equal to the proper time interval.
This motivates us to think of (¢,7Z) as a four-vector that transforms according to the
Lorentz transformations, in a “spacetime vector space,” and there should be some kind of
“inner product,” or contraction, of these vectors that leaves A7 a scalar. This can be done

by defining the Minkowski metric tensor as follows.

1 0 0
0O -1 0
v = 2
Um 0 0 -1 (2)
0 O 0 -1

1%

Four-vectors are indexed by a Greek index, z# = (ct, ¥ )*, u ranging from 0 to 3 (2° = ct,

z' =2, 22 =y, 23 = 2). The contraction of a spacetime four-vector with itself, its square,
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is give by

o'z, = ok, at = (ct)? — 77 = (AT)? (3)

giving the square of the invariant length between x# and the origin. In equation (3), we
have defined that the lowering of a four-vector index is done by multiplication by the metric
tensor. Explicit matrix multiplication will show that n*" is the inverse Minkowski metric

and has the same components as 7,

man™ = o, (4)

Raising the indices of the metric confirms that the components of the metric and inverse

metric are equal.

U vo

" =" 0" e = 1M mae (0T

Anything that transforms according to the Lorentz Transformations, like (ct, ), is a

four-vector. Another example of a four-vector is four-velocity, defined by
u = (c, )" (5)

One can show that the square of u# is invariant as required.

Py = (=)
1
_ 1 32) 2
-8
= CQ

which is obviously invariant. Any equation where all of the factors are scalars (with no
indices or contracting indices), or are four-vectors/tensors, with matching indices on the

other side of the equal sign, is called “manifestly invariant.”

1.1.4 Momentum and Energy

The Classically conserved definitions of momentum and energy, being dependent on the
coordinate frame, will not be conserved in other frames. We are motivated to consider the
effect of defining momentum with the four-velocity instead of the classical velocity. The
mass of a particle, m, being an intrinsic property of the particle, must be a Lorentz scalar.

Therefore, the following definition of the four-momentum is manifestly a four-vector.
pr=mut =ym(c,v)" (6)

The square of which is

oy = m® u Up = m? ¢ (7)
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Now let’s give some interpretation to the components of the four-momentum. To con-

sider the nonrelativistic limit, let us expand « in the f — 0 limit.
1 3
~ 1 Z B2 2 p4 .
yl+g 8+ 8+

Then the leading order term of the space-like components of the four-momentum is just the
Classical momentum.

F=mi+---

We therefore, interpret the space-like components of the four-momentum as the relativistic

momentum.

—

p=ymv (8)

The expansion of the time-like term giVGS
2 1 2
mc +-muv° +---

We can now recognize the second term as the Classical kinetic energy. The first term is
evidently the “mass energy,” energy present even when v = 0. Higher order terms give
relativistic corrections.

E=~ymc 9)

We can therefore write the four-momentum in terms of the relativistic energy, F, and

relativistic momentum, p.
p' = (E,p)" (10)

The four-momentum is the combination of momentum and energy necessary to transform
according to Lorentz Transformations. Both E and p are conserved quantities in any given
frame, but they are not invariant; they transform when going to another frame. Scalar
quantities, like mass, are invariant but are not necessarily conserved. Mass can be exchanged
for kinetic energy and wice versa. Charge is an example of a scalar quantity that is also

conserved.

Looking at the square of the four-momentum with this energy-momentum interpretation
of its components gives the very important relationship between energy, momentum, and

mass.

o, =E*—[p*PF=m?c! (11)

Taking the ratio of equations (8) and (9) gives the following interesting relation.

(12)

|y
Ow‘ St
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which leads to

Sy

c -
. (13)

Note from equation (11), in the case that m = 0, we have that E = |p| ¢, which implies
that 8 = 1. Therefore, massless particles must travel at the speed of light. In which case

(13) agrees that the following is the energy-momentum relation for massless particles.
E=|p|c (14)

Also note the relationship to Einstein’s equation for the energy of a photon, F = hw =

|| = h ¢ = hk, consistent with de Broglie’s relation.

1.2 Units
1.2.1 Natural Units

Factors of ¢ were explicit in the above review of special relativity. From now on, we will
use a form of natural units, where certain natural constants are set to one by using units

derived from the God-given scales in Nature.
h=c=¢eg =1 (15)

From i = 6.58 x 1072% GeV -s = 1, it follows that if we choose to measure energy in

units GeV, then time can be measured in units GeV ™!,
1 GeV 1 =658%x10"%5 (16)
From ¢ = 3 x 108 m/s = 1, it follows that
1= (3x10°m) (6.58 x 107* GeV) = 1.97 x 107 '° m - GeV (17)

= 1GeV ! =197%x 107" m (18)

Summarizing the dimensionality:

time = length = (19)

energy

1.2.2 Barns

When calculating cross sections, the conventional unit of area in particle physics is a barn.

1 barn = (10 fm)? = 10724 cm? (20)
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1 mb = 1073 barns = 1027 cm?

From (18), it can be shown that

1 GeV~2 = 0.389 mb

1.2.3 Electromagnetism

Finally, from ¢g =1 and c =1
1
v Ho €0

giving Maxwell’s equations the following form.
Field Tensor:

CcC =

FH = 9FAY — §” A"

Homogeneous:
8MF1,)\ + a,,FM + 8)\F,uy =0

Inhomogeneous:
o,F* = J#
1.3 Relativistic Kinematics

1.3.1 Lorentz Invariant Phase Space

1.3.2 Mandelstam Variables

(21)

(22)
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2 Variation of Fields

2.1 The Field Worldview

We will see that the dynamical variable in quantum field theory is the field itself. A field
is a mathematical concept that has a number or a construction of numbers (a complex
number, vector, spinor, tensor ...) defined at every point in spacetime. We assume that
the fields are smoothly varying, such that derivatives are well defined. To simplify notation,
in these first few sections, we will denote a general field by ¢,(z), where a indexes all of
the components of ¢, being components of vectors, spinors, etc. or some direct product of
them.

2.2 Variation

By studying the variation of fields we will discover the effect the Principle of Least Action
has on dynamics, giving the Euler-Lagrange equation. Then we will discover the effects the
symmetries of spacetime have on dynamics, giving Noether’s Theorem. But first, we need

to derive some properties of variation of functions in general.

We define the following.

ozt 't — gt

bod(z) = ¢'(z) — ()
6o (x) ¢'(2') — ¢(x)

dz* is the difference in the values of coordinates referring to the same spacetime point but
in different coordinate frames. d,¢(z) is the value of the field ¢(z) subtracted from the value
of a field with a slightly different functional form, ¢'(z), evaluated at the same spacetime
point, in the same coordinates. d¢(x) is the difference in the functions ¢'(z’) and ¢(x)

evaluated in in different coordinate systems.

Using the above definitions we can derive the following.

0¢(z) = ¢'(z+0z)— ()
= ¢(z)+ 62" 0,9 (x) + ... — ¢(x)
~ Go¢(z) + dxt 0,0 (x)
= Gop(x) + 62" I (p(x) + dod(2))
od(x) + ozt Opp(x) + ...

We have used that the variations are small and that field is smooth by Taylor expanding
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¢'(x). Therefore, to leading order in the variation, we have

dp(x) = dopp(x) + o2 Ouo(x)

Similarly for a function of several variables, we have

5Of(x7y) = f/(xvy)_f(xvy)
5f(:c,y) = f'(w',y/)—f(x,y)

0f(y) = fla+ow,y+oy) — fz,y)
= Pl b0 L ) 40 )+ S

12

2 2
dof(z,y) + ot @f (z,y) + oy* @f (z,y)

= oof(ay) 0" L (Fany) + ol (@) + 0y o () + 00l (2,9)

ozt oyt

0 0
Oof(2,9) + 0u" 5 o flwy) + 0y 5 L f (@ 9) + -

0 0
5f(xay) = 6of($7y) + dxt wf(wvy) + 53/“ @f(xvy)

(28)

One can begin to see that variation, J, follows similar operational rules as that of the

differential operator, d. Indeed, we can derive a product rule for variation as follows.

Let f(z,y) = g(x) h(y)

= S = ulo(e) ) + hlw) 8 5 g(e) + gla) By 5k

So(g9(x) h(y)) = ¢'(x) W (y) — g(z) h(y)
= (g(x) + dog(x)) (h(y) + Soh(y)) — g(z) h(y)

Y)

O[6?]

= g@Htg) + (0og(x)) h(y) + g(x) doh(y) + (Jog Ni(y)) — g(x)-ty)

= (6,9(x))h(y) + g(x) Soh(y)

oxH

= df(x,y) = h(y) <5og(w) + oz’ 89(:@) + g(x) (5oh(y) + oy ah(y)>

oyt

5(g(x) h(y)) = h(y) 6g(x) + g(x) 6h(y)

10
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One can show that §, commutes with partial derivatives as follows.

Oudod(x) = Ou(¢'(z) — d(2))
= 0,9 (x) — Ouo(x)
= 5oau¢<$)

5oau¢($) = 8u50¢($) (30)

2.3 The Principle of Least Action

The Classical Mechanics of a field can be described by introducing a Lagrangian density

(often just called a Lagrangian), £, a function of the field and its first derivatives'.

L(x) = L(¢a(2), Ouda(2)) (31)

The Principle of Least Action from Classical Mechanics states that the dynamics of a
system obeying the physics described by some Lagrangian is such that the action functional

is minimized. The action functional is defined by
16w 0,00] = [ &' £(64(2). 0,00() (32)
Let us consider variation by perturbing the field, but leaving the coordinates alone.
Sota (@) = ¢ (@) — Pa(x)
Using the properties of variation that we have derived, we have

5,8 = / d*z 5,L

oL oL
= d4 50 a a7 A N 60 a a :|
/ ‘”[8% %t G ondn) 2 ude)
Ou(60ba)

oL oL oL
= d4 oPa — Y2 Y o®Pa a9 - YoPa
[t | 3000 (i) 00+ 0 (i o)

oL oL oL
- d4 - PN 50 a d 750 a
/ x[@% 8“<6<éwa>ﬂ ¢ *7{ 7 50,00)

0

Note that terms with repeated a have an implied sum over a. We assume that we know the

boundary conditions of the field, and that we are trying to derive an equation of motion for

Tt can be shown that £ cannot depend on higher derivatives of the field if the theory is to remain causally
consistent.

11
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the field within the boundary. Therefore, the surface integral above is zero because d,¢, = 0

because we are not varying the field on the boundary.

The action is minimized at a critical point.
005 =0

Minimizing the action for arbitrary d,¢, gives the Euler-Lagrange Equation.

_ [t |95 <6£>]
0 /daz[a% Oy 20da) 0o®Pa

oL oL
= %—8# <a(8u¢a)>:0 (33)

Given a Lagrangian, the Euler-Lagrange Equation can be used to derive the equation of
motion for the field.

2.4 Noether’s Theorem

Now let us allow for variations where the coordinates transform infinitesimally, called a
diffeomorphism.

St = o' — gt

Then the Lagrangian varies like any other function of the coordinates.

SL = 8oL+ 62" 8,L

oL oL
= 0. 0oPa + m 00(Oupa) + 02t O,L
oL oL oL
= [t =2 (gt o0+ 00 (s ) -

0

The above term is zero because ¢,(z) that is the physical solution satisfies the Euler-
Lagrange Equation. Therefore, the change in a Lagrangian under a general diffeomorphism

is given by the following.

oL
0L =20 < 5O¢a> + 6zt 0, L 34
1 a(aﬂ¢a) 12 ( )
Let us consider only those diffeomorphisms that are symmetries of physics. That is,

those transformations that leave the equations of motion invariant. This is guaranteed only

if the diffeomorphism leaves the action invariant. Note that because a diffeomorphism is a

12
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change in coordinates, in general, the volume element, d*z, also varies.
58 = / (6(d'2)£ + d*z oc) (35)
The change in the volume element is given by the following.
(5(d4:v) = (0,02") d*z (36)

Therefore

55 = /d4(E |:(8u51}u) £ =+ 8“ <8(3L;)) 50¢a> + (5(,6'“ 8M£:|
nPa
oL

a/a 4\ 50 a
X
using equation 27, do¢pq = 6 — 62" Opa

B 4 [ oL B
- /d z 0y, :E St + O] (0pg — 0t (%%)}

o oL , oL,
- [d=a, | 9(00) ‘5%*(‘”” a(ﬁm)”“) 54

= /d4a;8“ Léx* +

Let us define the energy-momentum tensor, whose convenience will become apparent,

as

oL
9(0u¢a)

uv

0 ¢a — L™ (37)

Then

oL
5S:/d4x8 {5 o — TH 0z,
b 000) 7

Now define the Noether current as

_ ot v
J" =5 66 Spa — TH G, (38)

Because physical symmetries leave the action invariant for any region of spacetime, we can

derive a conservation law as follows.

68 = /d4:c O JT" =0

- o

Therefore, for each diffeomorphism that is a symmetry of physics, there exist a conserved

Noether current.

13
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Expanding the Einstein sum in the conservation law gives

We define the Noether charge as

0= / 3z J° (40)

Consider the time derivative of the Noether charge. Using Stokes’ Theorem, this can be
converted into a surface integral. For large enough regions, on physical grounds, we expect

the flux of the spacial Noether current to be zero across the boundary.

dQ

o= d%aojoz/d%ﬁj:fd&-j:o

Therefore the Noether charges are conserved in time.

iQ
=0 (41)

They are a formal expression for the Classically conserved quantities in physics like energy
and momentum. Noether’s theorem links each of these conserved quantities to a physical

Symimetry.

2.5 Spacetime Translation

Consider a diffeomorphism that does not mix components of the spacetime coordinates. All

it does is shift each of the coordinates by a constant, c*.
ot =t 4 M (42)

= oxt = ct (43)

After the transformation, the value of the field is the same for the same spacetime point.
50 =0 (44)
Then, the definition of the Noether current, equation 38, gives
JH=—=TW x, = —-T" ¢, (45)

14
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Because translating spacetime coordinates by an arbitrary constant is an observed symmetry

in Nature, Noether’s theorem says that the corresponding Noether currents are conserved.
OuJ" =0

The arbitrariness of ¢, implies
0,T" =0 (46)

We define the total four-momentum of the field ¢, as the corresponding Noether charges.
P’ = / d3x Tv (47)
The four-momentum density, ?”, is defined by T, such that
PY = / 3z P (48)

Using the definition of the energy-momentum tensor, equation 37, we have

oL

_ = qv o Ov
REICYD 0"¢a — L (49)

Tl/

We define the conjugate momentum of a field as follows.

oL
Mg = —— (50)
I
Then, in this notation, we have
P =714 0" g — L. (51)

The temporal component of the four-momentum density is the Hamiltonian density,
denoted # = P°. The temporal component of the four-momentum is the Hamiltonian,

representing the total energy of the field.

H_PU_/d%(qua—,c)_/d%ﬂ (52)

The remaining spacial components are the three components of the total momentum of
the field.

P = —/d3IL‘ Ta Vo (53)

Energy and momentum conservation are a consequence of the translation symmetry of space-

time.

15
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2.6 Lorentz Transformations

Now consider a diffeomorphism that mixes components of the spacetime coordinates. We
know that the Lorentz transformations do this, and that physics is invariant under such a
transformation. The Lorentz transformations have a unitary representation, where A", are

the components of a real antisymmetric matrix.
o AM, v
Pt =et vy (54)
Therefore, for infinitesimal A”,, the transformation can be written as
o't (68 4+ AM)) 2V (55)

=zt =AY (56)

There exists a set of spin matrices, (Eaﬂ )ab, labeled by four-vector indices, o and 5, but
the indices of a single matrix are a and b. The spin matrix relates the transformation of
the spacetime four-vector coordinates to the transformation of the components of the field

under a Lorentz transformation.

1
SV AN - af
o) = (3 + 5 (%), Aot ) 4l2) 57)
Note that there is implied summation over all paired indices: b, «, and 3.
1
— ~ (waB
= 00u(@) = 5 (Z%)  Aas (@) (58)

Plugging in equations 56 and 58 into equation 38 for the Noether current gives

1 ac
w1 af _ qua 8
I =5 900,60 (57),, Aas 60 =T Aap o

Using the antisymmetry of Az, we have

Now factoring out the arbitrary infinitesimal A3 and the factor of % gives

o (5, o -
Let
MR = (g,ib . (227) = (Tro0? — 117 ae) (59)

16
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Then
1

J" =5 M" Mg (60)

Because the Lorentz transformations are an observed symmetry in Nature, Noether’s theo-
rem says that 9,J# = 0. The arbitrariness of A,g means that there is a conserved current
for each o and 3.

O MHP =0 (61)

The corresponding Noether charges are then given by
MP = / d3x MOP (62)

Plugging in equations 51, 50, and 59 gives

Mo = / & [na <2aﬁ)ab b + (3:0‘ P8 4P zpaﬂ (63)

Like all Noether charges, each of these are conserved in time. The asymmetry of A,z implies
that both 3*? and M®? are asymmetric as well.

Upon multiplication by % and a Levi-Civita symbol, the spacial terms with the four-
momentum density would give a cross product, Z x #. This motivates us to interpret them
as the orbital angular momentum. With this in mind, notice that the ¥ term mixes the
components of the field, a transformation in a space internal to the field as opposed to
spacetime. This leads one to recognize this term as a component of angular momentum
that is internal to the field, which will later be interpreted as spin of particles when the

field is quantized.

M = /d3x[7ra (Z“ﬁ)ab o+ <a:°‘ PP — 2P ?a) ] (64)

~-
spin orbital angular momentum

The angular momentum is given by

1 ..
JE = 5ew’ﬂMij (65)
Angular momentum conservation is a consequence of the rotation symmetry of spacetime,
part of Lorentz invariance. The MY charges, derived from the transformations mixing space
and time components, correspond to Lorentz boosts. They too are conserved, but are not

as physically apparent as angular momentum.

17
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2.7 Internal Symmetries

In addition to the symmetries of spacetime, some fields have symmetries relating their
internal degrees of freedom. These types of transformations have the following unitary

representation

G(w) = e (Grlav Or gy () (66)

where G, are hermitian matrices, such that the transformation is unitary. (Note that sum-
mation is implied over r, a, and b.) G, are called the “generators” of the transformation,
and 6, are the corresponding parameters. Note that this type of transformation has nothing
to do with spacetime. Instead, it directly mixes the components of the field. If this type of
transformation leaves the equations of motion invariant, and is therefore a symmetry, then
physics is unaffected by whether phenomena are described by ¢, (z), or a field related to
¢q(x) by such a transformation. Fields related to one another by such a transformation are
called different “gauges” of the same field, and this type of symmetry is known as “gauge
invariance.”

For infinitesimal 6,., the transformation can be expanded as
$a(@) = (dab + 1 (Gr)ap Or) P(2) (67)

= 5¢a(x) =1 (Gr)ab 0 ¢b($) (68)
Plugging this into equation 38 gives the Noether currents.

Tr—i (a;a) (G )as 7 61(a) (69)

If the Lagrangian is gauge invariant, then those Noether currents are conserved, and the

corresponding Noether charges (derived using equations 40 and 50) are conserved in time.

Qr —/d3xma ab Or P (70)

18
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3 The Free Real Scalar Field

We will investigate the simplest example of a field, a real scalar field. That is, one that
has a single component that is a real number and therefore transforms trivially under the
Lorentz transformations. After studying the Classical properties of the real scalar field, we
will summarize the principles of quantum mechanics, and finally quantize the real scalar
field. We will use this simple example to explain the canonical quantization procedure that

can then be applied to any other type of field.

3.1 The Classical Theory

The Classical theory of a field has two inputs: the type of field, and the Lagrangian that
describes its dynamics. The field we are now studying is the real scalar field that we will

denote ¢(z). The Lagrangian? describing the free relativistic dynamics of this field is

L= ((9u9) (9"¢) —m?* ¢?) (71)

I\D\H

where m is a real constant.
The first step in studying the Classical theory of a field is to calculate its equation
of motion and its Noether charges. The equation of motion, calculated by plugging the

Lagrangian into the Euler-Lagrange equation 33, is

(®+m?) =0 (72)

This is called the Klein-Gordon equation. Equation 50 says that the conjugate momen-

tum for the real scalar field is

m(z) = d(x) (73)
The Hamiltonian and momentum are given by equations 52 and 53.
H= / P (7 + (Vo +m? 6?) (74)
ﬁ_—/di”m% (75)
This implies that the four-momentum density is given by
PO =9 = % (772 + (V)2 +m? ¢2) (76)

2The appropriateness of this Lagrangian will become apparent when we see that it insures that the field
is relativistic by satisfying equation 11.
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and
P=—nVo (77)

which is used in equation 63 to calculate M*¥.

MM = / dBx (zt P — z¥ P (78)

Note that the spin term in M*" is zero because the real scalar field does not change under
the Lorentz transformation and therefore equation 57 implies that the spin matrix, 3, is

Zero.

We next turn our attention studying the solutions of the Klein-Gordon equation. Con-

sider the plane-waves e’*? of various k. Plugging this into the Klein-Gordon equation
gives

(82 + mQ) etk — ((z k)2 + m2) ethr — (—k2 + mz) kT — (.
= k2 =m?

This shows that e**? is a solution if and only if we constrain one of the four degrees of

-2
freedom in the four-vector k such that k* = w? — k- = m?. We do this by setting

KO =w, = B2 rm?. (79)

As one knows from Fourier analysis, the functions {ei kew } for various k form a complete
basis for a complex function space. We can decompose any complex function ¢(z) satisfying

the Klein-Gordon equation by

o(x) = / (;ljjg b(k) (a(k)e—i’f'ua*(k)em) .

We are integrating over the three-momentum k instead of all four spacetime components
because we constrained k by equation 79 to guaranty that ¢(x) is a solution of the Klein-
Gordon equation. The three-momentum integral is not manifestly invariant like an integral
over d*k, so we have inserted the function b(k) which we will use to constrain the rest of the
integrand to be Lorentz invariant. The a(k) are the coefficients of the Fourier expansion.

We have added the complex conjugate to ensure that phi(x) is real.

Note that three-momentum varies under Lorentz boosts, so we need to find b(k) such
that d3k b(k) is the Lorentz invariant three-momentum integration measure. [ d*k L(k) is
manifestly invariant if L(k) is a Lorentz invariant scalar. How can we make an integral over
d®k Lorentz invariant? We can take a Lorentz invariant integral over d*k and constrain one

of the degrees of freedom, while preserving the Lorentz invariance by forcing k2 to always
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remain m?2 with a delta function.

/g:; 21 6(k? —m?) 0(k°) L(k)

The factor of 27 is just a convention because we are going to integrate over one degree

]CO

]{?1

Figure 1: The hyperboloid over which Lorentz invariant three-momentum integration is performed.

of freedom and we want to be left with a factor of 1/(27) for each remaining momentum
integral. Obviously it has no effect on the Lorentz invariance of the result. The step
function limits the integration to the region where £ > 0 because only four-vectors with
non-negative energy are reasonable. Visually, this is an integral over the hyperboloid where
k2 =m? or k¥ = \/m? + Ez, shown in Figure 1. One can simplify this integral with the

following identity for delta functions

5g() = 3 ‘W , (80)

i
where {z;} are the zeros of g(z) and ¢'(x) denotes the derivative of g(x). Note that

d

@(kp - m2) = 2]{;0 = 2Wk s
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therefore

/ (;‘l:; 27 6(K2 — m2) O(K) L(k)

:/(;i];g /dk;o <5<k0_w’“) + 5(k0+w’“)> 6(k°) L(k)

ka 2wk
Bk 1
= | ——= — L(k).
/(271')3 2wy, ()

is the Lorentz invariant three-momentum measure, also called the

Therefore, 0

d3k
2m)3 2wy,
Lorentz invariant phase space element.

Evidently, b(k) = 1/(2wy) and our Fourier decomposition of ¢(x) should be written as

o(x) = / (d% (a(k)e*l‘k'ua*(k)eik'x) . (81)

27)3 2wy,

We can project out the value a(k) for a specific k, but first we need to derive a couple
completeness orthogonality relations for this basis of functions {ei ’”} These relations use
an inner product that involves the following operation, which takes the time derivative to

the right first and then subtracts the time derivative acting to the left.
nd
a 9y b=adyb— (0pa)b (82)
The completeness relation is derived by the following.
P .y . .y .
/d333 ezk T g 80 efzk:-ac — /d333 [ezk T aoefzk:-x _ (agezk z) efzk-x}

— (Wk +wk’) /dsx ei(k'_k)‘:c

= 2wy, (2m)3 &3 (E - k). (83)
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Similarly, the orthogonality relation is derived by
iKx o ik % i k % i &
/d?’x et -miao ethkz — 4 /de |:€z T 6061 T (8061 x) et x}
_ (Wk o Wk/) /de ei(k/-i—k).x
0 e
— (s eten ot [ g i3

(2m)3 63 (k+K')

=0. (84)

Using the completeness and orthogonality relations, we can invert this expansion to find an

expression for the expansion coefficients a(k).

3, ikz 5 _ [ &k 3 ka5 —ika
/dwe z@ogb(x)—/@ﬂ_)g{a(k)/dxe i0ye

(2m)3 55(12—12)

. — .
+ a* (k) /d3a: e R gy etk

0

alk) =i / B et 5 o). (85)

And
We can write this in terms of the conjugate momentum by letting the Jy act on ¢.

a(k) =i / dx[e ™" dop(x) — () Do’ ”]
:i/d%[ei Mr(z) — (z) (iwy) €57

a(k) = / Bz F (wy, 6(2) +im() (86)

3.2 Principles of Quantum Mechanics

It is now appropriate to pause our study of the real scalar field and to outline the canonical
quantization procedure for how one goes from studying a classical field to a quantum field
in general. First we will summarize what quantum mechanics means.

3.2.1 States

Quantum mechanics fundamentally concerns the study of the dynamics of states and op-

erators in a Hilbert space. A Hilbert space is a complex vector space that often has an
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infinite number dimensions, where a vector, |«), denotes the state of a quantum system. In

general, a vector can be expanded in terms of a complete orthonormal basis {|b;)}.

ja) = " ai [by)

i

In the case that we use a basis that is parametrized by a real number, x, instead of integers,

the sum becomes an integral.
@) = [ dzao) |2)

There exists a dual vector space that is the adjoint of the first.

(@l =10 = ai

A Hilbert space has an binary operation between a vector and a dual vector called an
inner product. The inner product of two vectors |a) and |3) denoted as («|B). Two

vectors are orthogonal if there inner product is zero.
{a]B) =0

A set of vectors, {|b;)}, is an orthonormal basis if every vector is orthogonal with every

other vector and the inner product of every vector with itself is one.
(bilbj) = 6

The basis is complete if they span the space and therefore the following sum is unity.
D fbi) (bl =1
i

Using an orthonormal basis, one can decompose any vector into a sum over the basis vectors,

whose coefficients are given by the inner products of the basis vectors and the vector being

) = Z |bi) (bila) = Zaz‘ |b;)

{bil)
e

decomposed.

We can see why we choose the dual vectors be the adjoint of vectors because it conve-
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niently forces the inner product of a vector with itself, its norm, to be real and nonnegative.

(ala) = (ZG? <bi\> Zaj 1b5)
= > ai et
= Zaf a; >0

This is because a; a; is real and nonnegative for any complex number a;. We normalize

state vectors by constraining the above sum to be one.

(afa)y =1

3.2.2 Operators

Like any vector space, one can define linear operators, denoted with hats, to act on a vector

and return another vector.

~

O ) =[¢')

Linear means that
0(01 o) + c2 |5>) =c¢ 0 |a) + c2 O 13)

where ¢; and cy are some complex numbers.

Physical quantities like four-momentum, charge, etc. are represented by operators.
When a state is an eigenstate of an operator, we interpret it as having a well defined value
for that physical quantity.

B; |bi) = b; |b;)

In the above equation, the state |b;) is interpreted as being a state with a well defined value
b; for the physical quantity represented by the operator B;. Operators representing physical

quantities must always be hermitian such that they real eigenvalues.

If one chooses operators that have eigenstates that form a complete orthonormal basis,

one can decompose a general vector into a sum over eigenstates.
W) = ai [b)
i

Such a state with nonzero values for more than one a; is said to be in a quantum mechanical

superposition of the corresponding eigenstates. For example, the following state has no well
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defined value for the quantity represented by B.

1
V) = ﬁ( |b1) + [b2) )

Instead, it has some probability to have the value b; and some probability to have the value
bs. The probabilities are determined by calculating the magnitude squared of the coefficients
in the expansion. In this case, (1/ ﬂ)2 = 0.5, so each value has a 50% probability. In
general, an inner product can be thought of as selecting out the coefficient corresponding

to a basis vector in the expansion of some vector.
(Bilwy = (b D ai [bi) = ai (blbs) = a;

An inner product of a state vector with an eigenvector for some observable is known as the
quantum mechanical amplitude for the state to have that value for that observable, and
the probability for it is the magnitude squared of the amplitude, \<bj\¢>12. An amplitude,

(Bl1)), is also referred to as the quantum mechanical overlap between the states |3) and [¢).

3.2.3 The Fundamental Postulate of Quantum Mech.

When one quantizes a classical field theory, the field ¢(z), and its canonical momentum
7(z) become the operators, ¢(z) and #(z) in a Hilbert space. Classically, ¢(z) and 7 (x),
are determined by the initial conditions of the field (like initial position and momentum
for point particle mechanics) and contain all the information of the system. Similarly, all
operators in the Hilbert space can be written in terms of the operators ¢(x) and #(z). For
example, we will see that the Noether’s charges P* and M*" become the operators P and
MM written in terms of ¢(z) and #(x). This will be explained more concretely when we
discuss the specific example of the quantum theory of the real scalar field.

Since we are going to represent the state of a physical system by a vector in the Hilbert
space, we need to understand how state vectors and operators change when the physi-
cal system changes. How do we represent transformations like spacetime translation and
Lorentz transformations in the Hilbert space? For each type of transformation, there must
be some operator, U(6,), that acts on a state vector, |, and returns a state vector, |a’),
corresponding to the state transformed by some amount parametrized by the parameters
0.

lo') = U(6a) |ar) (87)

Because we want to keep state vectors normalized after such an operation, the operators

representing transformations must be unitary.
(/o) = (o] UT(62) U(6a) |a) = (ala) = 1
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where G, are hermitian, insuring that U(6,) is unitary. In the limit 6, go to zero, the

transformation operator becomes the identity, as one would expect.

U0y)=1-iGab0+...

A~

Similar to the generators discussed in the Section 2.7 on internal symmetries, G, are know
as the “generators” of some transformation.

We represent spacetime translations in the Hilbert space by
Ulzh) = e Ty a

where z* the spacetime four-vector by which the system was translated. And we represent

the Lorentz transformations in the Hilbert space by
O () = i b 0

What could these generators be? What quantities are fundamentally associated with the
spacetime translation and the Lorentz transformations? Noether’s theorem points out that
the Noether charges are fundamentally linked to the symmetry of a transformation. Follow-
ing this hint, we state what this text calls The Fundamental Postulate of Quantum

Mechanics:?

The generators of the representation of a transformation in the Hilbert space

are the operators representing the classical Noether’s Charges that are con-

served under that transformation.

In other words, Tu = 15“ and f)W = %MW (the % is just a convention). Therefore, the
operation of translating a system by x* in spacetime is represented by the following in the

Hilbert space.
Ulzh) = e Pua” (88)

Similarly, a Lorentz transformation where 0¥ parametrizes a combination of boosts and

rotations, is represented by
U(") = ez Muv O (89)

3 TODO: Note this is actually a rephrasing of Wigner’s theorem as the cornerstone of quantum mechanics.
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in the Hilbert space. You may have learned in a quantum mechanics class that the Hamil-

tonian is the generator of time translation.

Equations 88 and 89 are a generalization of that fact.

In equation 87, we introduced the representations of transformations as fixed operators
that act on and transform state vectors. This is called the “Schrodinger picture.” But there
is an alternate picture, called the “Heisenberg picture,” where the state vectors are fixed
and the operators are dynamic. We will more often use the Heisenberg picture, where the
operators ¢(z) and #(z) are dynamic in the quantum theory like the fields ¢(x) and 7 (z)
were dynamic in the Classical theory. From now on in this text, we will use Heisenberg
Operators exclusively unless otherwise noted. What is important is that the amplitudes and

expectation values are the same in either picture the Heisenberg or Schrodinger picture.

Consider a state translated in spacetime by €.
la+€) = et Pt o)
The expectation value of some operator, O(x), for this state is
(o +eO@)|a+ €)= (al ¢ < O(x) e Tr e |a)

Here we see that as we translate the system by e, we can either think of transforming the

vector or the operator. Evidently,

A~

O([L‘ + 6) _ ei P,L et O(ZL‘) e—i P,L eM (90)

is how Heisenberg Operators*® transform under translations in spacetime. Consider an

infinitesimal transformation.
O(z) + e 9,0(x) = (1+iP,e")O(x)(1—iP,e)+ O[]
= O(z)+i P, O(x) " —i P, O(x) e + O[]
= O(z) +i[P,,O(x)]

)
)

9.0(x) = i[P, O(2)] (91)

This is the Heisenberg Equation of Motion. It determines the equations of motion for
operators much like the Euler-Lagrange equation determines the equations of motion for
Classical fields.

4operators in the Heisenberg Picture
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3.2.4 The Poincaré Algebra

Spacetime is observed to have certain symmetries, namely spacetime translation invariance,
and Lorentz invariance, including boosts and rotations. Together, the group of these trans-
formations is collectively called the Poincaré group. If we are going to represent physical
systems in spacetime by states in a Hilbert space, then those states should observe those
same symmetries. This means that the generators of those transformations in the Hilbert

space must satisfy the Poincaré algebra:

[P.,P)] = 0 (92)
[M;wy ]3)\} = —i Nux pu +1 o P,u (93)
[M/uu M}\O‘} = 1 v M/LG’ —1 Nux Mucr —1 Nvo M,u)\ +1 Nuo MV)\ (94)

Plugging in B, for O in the Heisenberg Equation of Motion, and using the Poincaré
algebra, shows that the operator B, is conserved just like its classical Noether’s charge.

~

Similarly, M, is conserved.

P, =0 oMy, =0

3.2.5 Canonical Quantization

We will now outline the procedure for canonical quantization, a method for turning a
classical theory into a quantum theory by representing it in a Hilbert space.

First, the dynamical variables of the classical theory become operators in the Hilbert
space. For a field theory, the dynamical variables are the field, ¢(z), and its conjugate
momentum, 7(z). The classical Noether’s charges become operators as well. The operators
Prand M* are defined in terms of the same classical relations as the functions P* and M m
with ¢(z) and 7(z) changed to their corresponding operators. Following the fundamental
postulate of quantum mechanics, we choose the operators representing the corresponding
Noether charges to generate the Poincaré transformations. Therefore we must demand that
those operators satisfy the Poincaré algebra.

One should now ask what effect the Poincaré algebra has on the field operators é(:c) and
(). We will see when we study the quantum theory of the real scaler field as an example,
that demanding that Pr and M satisfy the Poincaré algebra imposes canonical com-
mutation relations on ¢(z) and 7(z). These commutation relations are what generate
all the hallmarks quantum mechanics including uncertainty relations and the spin-statistics
theorem.

To clarify the details of this procedure, we now turn our attention back to the real scalar

field to quantize it.
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3.3 The Quantum Theory

The dynamical variables é(x) and 7(x) are now operators in a Hilbert space. Equations
74, 75, and 78 with the dynamical variables turned into operators, give expressions for
the operators Prand M. We will now use these expressions and the Poincaré algebra to
derive the canonical commutation relations, also known as the “equal time commutation

relations.”

3.3.1 Equal Time Commutation Relations

Equation 75 implies that
Pa®) = [ () 016(0) (95)
We require that this satisfy equation 92 from the Poincaré algebra.

[£(2%), Pr(y°)] = 0

Evaluating this commutator in terms of ¢(z) and 7(z), we have

&z &y [7(x) 8,5 (), 7(y) Dy d(y)]
x d3y 7r ) Opi () 7 (y) Oy P(y)

(v) Oy (1) 7(x) Dys6(a))
N——

commute

/
/

We will commute ¢ and 7 several times in this derivation asuming they have some commu-

tation relation. Note that for any operators A and B,

AB=[AB|,¥BA

where M, B] _ is a commutator and [fl, B] n is an anticommutator.

[4,B]_

Il
=
.Ef

Il

o

wul

|

ol

N

(AB)], ={ABy=AB+BA
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Using this to successively commute operators, we get

[P(a°), Pi(y”)]
_ / @ dy(7(2) 0, 0(x) 7(y) 0,00(y) — 7(y) 0y [6(y), 7(2)] , s B(a)
+ #(y) 7(x) 9,10 (y) 8mj¢3(x))
N——

- / @ Py (7(2) 0, 0(w) 7(y) 0,00(y) — 7(y) 9y [6(), 7(2)] , s B()

+ [7(y), 7(2)] 4 0y dly) D) — (@) 7(y) 0,10() 0y d(a) )

B / dx dy(7(2) 0, 0(w) 7(y) 0,00(y) — #(y) 0 [6(), 7(2)] , s B(a)
& [(4), #(@)], O, (0) 0 d(x) — #(2) 7(0) Oy [B(0), ()],
- #(2) (y) 00 d() 0,(y))
N——

commute

Ty
- / @ d¥y((2) Dbl T O d(y) — 7() O [d), 7)), Opd(a)
£ 7(2) O [7(1), $(2)] L 0 0(y) — #(x) sy T T aly) )

Note that in the second term, we are allowed to interchange the four-vectors x and y with no
effect on []5] (z0), B, (y")] only if it is an equal time commutator, 2° = y°. The three-vector
components of x and y are irrelevant because they are integrated over. Therefore all the
commutators in this derivation are evaluated at equal times. In that same term, we also
flip the commutator.

[P3, P]

= / de Py ( F #(y) 0y [7(0), ()] 4 0 0(w) + [F(y), 7(2)] . Deb(y) s B()
— 71(x) 7(y) Oy 0 [0(y), $(x)] L £ 7(2) Ops [F(y), B(2)] 3yk¢(y))
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Now we integrate by parts to get the derivatives off of the commutators. Note that all the

surface terms are zero because the field dies off at infinity. Watch the signs.
(75 ]
= [ @y 045 0) (7). 6] 0dl0) £ [7(0),7(0)] . 060) Dys(2)

=0

This must equal zero to satisfy the Poincaré algebra. Note that for general ngb(J:) and 7(x),
there is no way for the [(ﬁ(y), é(m)] and [#(y), #(x)] terms to cancel in general. Therefore,
it must be that

[¢(y)7 ¢($)]i = [ﬁ-(y)v ﬁ-(l‘)]i =0 (96)

The [fr(y), gZ;(:E)] terms, on the other hand, will cancel if we hypothesize that
[7(y).6(2)], = Cx %7~ 1 (97)

where Cy is some complex constant. This is easily demonstrated by integrating out the

S-functions, and integrating by parts again.
[Pj, Py]
= [ @ dty( £ @) [70),6(0)], 0dla) F (07(@) [7(0).6(0)] . 0,:6(0))
= Cu [ @ dy @ - 5) (£ 0p70) 0dla) F (0.7() 0,6(0)
- / P+ (07(2)) 9,0() F (9,7(2)) hd(a)
:Ci/d3x<:F8- H (@) = (i) 6(@)) =0

We have derived the equal time commutation relations for the real scalar quantum field,
except that we do not know the constant C'y. and it is ambiguous whether the commutation
relations should involve commutators or anticommutators. We can discover the value of
the constant C+ by examining another part of the Poincaré algebra. Equation 93 from the
Poincaré algebra says

[Mji, Pr] = —inje Po+ i npe P

My, is given by equations 75 and 78.

Mji(a®) = / d3x<xj #(2) Od(z) — 3 7 () ajg?)(x))
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We will calculate the following equal time commutator (2° = ") in terms of ¢ and #.
[Mk (), Po(y”)]
/ & d’y[z; 7 (x) Oy (@) — zi 7(2) O (). 7 (y) Dy d(y)]

PPz dy[z; 7(x) O (), 7(y) O d(y)] — (j ¢ k)

Consider the first term. Note that x; is not an operator and can therefore be commuted

past everything.

/dgl' d3y[:1:j 7i(x) 8$qu3(:13), 7(y) ayqu(y)]
- / @' dy oy (#(x) 0,00(x) 7(4) ,06(0) — 7(0) Oy $v) 7(z) Duwd(x)

- / de dy y(#(2) 0,0(2) 7(y) 0 d(y) — () e [0(y), 7(2)] ;. Dprd(a)
+ 7(y) 7(x) O, dly) O d(a) )
—_— ——

commute commute

Note that we have already concluded that [qg(y), q@(x)] L= [7(y), 7 ()] 4 = 0, from equation
96.

_ / d dy a; (7(2) e () 7 (y) Dy bly) — 7(y) 0y [(y), 7(2)] , Dpe(@)
+ #t(x) 7(y) O () 6ye¢3(y))
N——

commute

= [ @y (7(a) Dbl H T Bdly) ~ 7(w) e [0l0). 7(e)]., Dysa)
£ () O, [(y), $(a)] . 0, 8(y) — 7(x) Dl (7T 0, () )

Flip the first commutator and integrate the remaining terms by parts.

= [ @y (F 7) 0y [7(2). 60)]  06(0) £ (o) 0 [7(0), G(0)] . 0600))

= / e dy( £ a5 (0,7() [7(2),60)] L 00(@) F e (2 7(2)) [7(y), ()] . 9:d())
= Oy [ @iy @ - 5)(£3; (07W) 0dla) F Oyt (1 7(2)) 0600)

= o / d%(ix]— (9ot (2)) Okd(@) T Ok (w; 7(x)) agé(x))
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N / d%( + 2 (007 (2)) Opd(@) F mye 7(x) Dedb(z) T 5 8kfr(x)84<z§(x)>

Now, integrate the first and third terms by parts.

= Cy / d?’x( F #t(2) ¢ (x5 Opg(x)) F mji 7(x) Degp(x) + () O (H?jaqu(x)»
= Cu [ (% #() e () F 2y 7l B0
F 1ja e OF(E) + Fa ) O00(7) + 23 ADORO() )
We see that we are left with the definition of Pj.

/ @ Pyl #(z) O (@), 7(y) Bud(y)] = FCinje / & 7 (z) Ord(x)

Py

= FCynj by
Similarly for the (j <> k) term:
/dSUC d*y[zy, 7(2) 00 d(@), 7(y) 0ped(y)] = F C e P
Putting these two terms together gives [Mjk, f’g].
(M1, ] = F Cx(nje Pe — e P))
This agrees with equation 93 from the Poincaré algebra only if

Cy =44

We are still left wondering whether we should use commutators or anticommutators. At

this point, there is no way to resolve this ambiguity. For the sake of further discussion, we

will correctly choose to use commutators for the real scalar field. We will revisit how this

ambiguity is resolved when we discuss the spin-statistics theorem in section 3.3.7.

Summarizing our conclusions, the equal time commuation relations for the real

scalar field are
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[6(2).0(y)] = [7(2),7(y)] = (99)
[#(2),6(y)] = —id’@-7)1 (100)

Let us now investigate some of the consequences of these equal time commutation rela-

tions. Plugging qg(x) into the Heisenberg equation of motion, equation 91 gives

dod(z) = i[H, d(x)

/ ay () S 7) + 7(y) [7 (), 6(a)]

#(z) = () (101)

Therefore, the conjugate momentum has the same expression we derived in equation 73 for

the classical case. Now plug 7(z) into the Heisenberg equation of motion.

Boft(x) = ;[/d?’ (3% + (V,0(1))* +m25(y) ), ()
Tntegrate the second term by parts once.
i) = 5 [ dyfol) (-7 +m) 6(y). ()]
= 5 [ (6 (-4 m?) dl) 7(a) — 7(@) b0) (-3 -+ m?) d(1)
-5/ (¢<y> (2P E) ) — B(y) (=72 + 1) [7(2),(0)]
— Oly) Ae) (~FEFT) Bly) — [7(2), d(y)] (-2 +m?) d(y))
Integrate the second term by parts twice.
(o) = —i [ dyfa(a),d)] (~V3+m) d(y)

S K LR Y AROt)
oz) = —(-V*+m?) d()
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= o(@) — V2d(x) + m2d(x) =0

(82+m2)¢;:0

(102)

Which is the Klein-Gordon equation, the same equation of motion we derived for the classical

real scalar field. We have just seen an example of the general fact that quantum operators

satisfy the classical equations of motion.

3.3.2 Creation and Annihilation Operators

Similar to equation 85, we expand é(x) in terms of plane-waves, where the “coefficients” in

the expansion are now themselves operators.

. 3
) = [ Gomya 608 fule) +1(8) fi()

Similar to equation 85, we can project out a(k).

alk) =i / B et 5 o)

a(k) = /d?’:v etk (wi o(x) +i #(z))

We would now like to derive the algebra for the a(k) operators. Consider

~

la(k),a(k)] = /d?’w &y fi(x) fio (y) [on D) + i #t(@), o Sy) +i 7 (y)]

R R 0
= [ @y @) 5) (or o [0 - Jnte)er@]
iy [Be) 7 ()] + i [7(2),60)] )
—— N———
i03(Z-7) 1 —i83(F—7) 1
- / B &y F(z) fi(2) (0w —wp) 1
_ WK T Wk 3, i(k+k)z 4
SN d’x e 1

o Wr T Wik ei(warwk/)xO /de ef'i(lg+l;’)-x i= 0

2, /WL W/

0

(2m)3 63 (k+K')

Because k = —k/ = wp = wy.

= la(k),a(k)] = [a'(k),a' (k)] =0
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Now consider

A~

[a(k),al (k)] = / B dy (@) o) [on $(@) +i 7 (@), o dly) — i 7(y)]

o 0 0
= [ @y @) fot) (or o [)b @] + nte)r@]
—iwy [b(@), 7 ()] +iww [7(2), )] )
— —
i63(Z—p)i —i83(F—9) 1
- / Bz dy [ () fu(@) (wp +wp) 1

_ W/ + Wk ei(wk—wk/)xo /d3l‘ e—i(E—k?)'m

2,/wk Wi!

=

(2m)3 63 (k—K')
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(107)

We will come to see why af(k) and a(k) are known as creation and annihilation

operators respectively. But first, we define the number operators, N (k) as
N(k) = al (k) a(k) (108)

Note that N (k) are hermitian.

N'(k) = N(k)
For the sake of clarity in the following discussion, let us discretize the four-momentum k,
to have enumerable values k;. Our conclusions will be true in the continuous % limit. In

this case, the creation and annihilation operators have the following algebra.

Let
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Then
N(kj) ) = @' (k) a(ky) alk;) ng)
= (a(k;) al (ky) = [a(ky), a" (k;)]) a(k;) |nj)
= (a(k;y) al (ky) — 1) aky) ny)
= a(k;) (d(kj) &T(kj) - i) )
= a(ky) (nj —1)[ny)
= (n; —1)|n;)

Therefore, a(k;) |n;) is an eigenstate of N(k;), with eigenvalue one less than that of |n;).
= a(kj)|ng) o< |nj — 1)

We say that “a(k;) lowers eigenstates”. An analogous argument shows that &T(kj) raises
eigenstates.
a'(kj) [ng) o< nj +1)

Assuming that |n;) are normalized such that (nj|n;) = 1, the following argument shows

that the eigenvalues n; must be nonnegative.
nj = (nj|N(kj)|ng) = (njlal (ky) alky)lng) = (ijlaz) >0

We hypothesize that there is a lowest eigenstate, |0), with eigenvalue zero®.

a(k;)0) =0 Vk (109)

We call this state the “vacuum.”

We will now find the normalization constant needed to keep raised and lowered states

normalized. Let
a(k;)nj) = C |nj — 1)

Then
nj = (nj|N(kj)lng) = (njla’ (k) a(kj)lng) = C? (n; —1n; — 1) = C*

= C=.mnj
a(k;) [nj) = /nj In; — 1) (110)

® Note that |0) is not the zero vector. 1) + |0) # |t))
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Similarly, one can show that
i) nj) = /nj+1 |nj +1) (111)

Using this, we can build up all the states from the vacuum by raising.
Ing) oc (af (k)" [0)
(@' (k)" 10) = (@ (k)" VI [15) = (aF (k)" 2 V2 125) = ... = Vil |ny)
— \/17? (al(k;))" [0) (112)
Since each raising increases the eigenvalue n; by one, and the vacuum has eigenvalue zero,

we know that the eigenvalues of the number operators are all nonnegative integers. The fact
that [a(k;),a(k;)] = 0 implies that the N(k;) commute as well.

[N (ki), N (kj)] =0

Which implies that N (k;) have simultaneous eigenstates. We can label the states by the

cigenvalues of each N (k;).

\nl,ng,...> = (&T(k’l))nl
1

In the limit of continuous k, we can label a state by a single integer-valued function, n(k).

(k)" ™ |0) (113)

=Ty

So far, we have not discussed the interpretation of these states |n(k)). We will come to see
that |n(k)) is a state with n(k) particles with momentum k, and the number operators, N (k),
count the number of particles with momentum k. In order to motivate this interpretation,

we should first investigate the total energy and momentum of these states.

3.3.3 Energy Eigenstates

Recall that the Klein-Gordon Hamiltonian (equation 74) is

b= % / & (#2(2) + (Vo(a))? + m? $(x))
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Also, recall our plane-wave expansion for ¢(z) (equation 103).

60) = [ s (a0 o)+ i)

We want to express H in terms of ¢(z) and #(x), but first we need to calculate #2(x),

(Vé())?, and ¢*(z).

. 3
#a) = o) = i [ iz o (= alh) fulo) +a1(h) fi (@)

Vo) =i [ s (alh) o) —al () i)

) = - [ O i (a0 @)+ ) @) (- ) fele) +aT0) @)

(2m)3 (2m)

3 31!
- / (gwlj éwk) wpwops (a(k) a(k') fi(@) fio (@) + @ (k) 8T () fi (@) fio (@)

—al (k) a(k') fi(2) fio(2) = a(k) @ (k') ful(a) fi ()

Similarly
- &Pk PE o St AL o
VowP - - | G (B (A0 A Jula) fire) +1(6) &1 () (e Fi (o)
—at(k) a(k) fi (@) fio(w) = alk) T (k) fula) fi ()
and®

. 3 310
m? ) = [ s G B (a0 6) fila) fo(o) +1 (081 (F) i) fia)

+al (k) a(K) fi (x) fio(@) +alk) a' (K) fula) fis ()
Therefore, putting these together gives
~ 1 3k d3K
i = 3 | o e |
(= wrwn — - B+ m?) (a(k) (k) fi(w) fiolw) +al (k) a'(K) fi (@) fi ()
 (Fwnww + - F+m?) (@) alw) file >ﬁ«(az)+a<k>&*<k’>fk<x>f;<x>)}

% Note the signs of the terms of #2(x) and |Vé(z)|? are the same, but m? ¢?(z) has all positive terms.
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We then do the following integrals

—i(wp—wyr )z? IR
3 * _ ¢ 3., i(k—k)-&
/ z filz) fi () s | Pre
_ 1 353 (7 _ 7
= 5o 0% (k k)

3 R i(k+K) 7
/d z fr(z) fi(z) = BN d°ze
—i 2wy, x° . .
_ e o (2m)3 6° <k+k’)

This leaves

- 1 3k 3K
(25 63 (E+ E/)

( —wpwy — kK + m2) (d(k) a(k') e i 2w o 4 at (k) af (k') eTi2en xo)

(2m) 53 (E—E/)]

2wk

-3

(=t B o) (ak) a(-b) 020" sl (1) (k) et =) o
0
+ (wp+ R m?) (@l (k) atk) + a(k) al (k) zik]
b

Therefore

= ;/(;‘lf:;g Wi (&T(k) a(k) + a(k) &T(k))

Note that we have not yet used a commutation relation to commute operators. We have left
them in order. We will now use our commutation relation for the creation and annihilation

operators (equation 107) that we derived as a consequence of the equal time commutation
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relation for ¢ and # (equation 100).

A = / é:; wh (dT(k)d(k)+

- / (;ljjg Wk (dT(k:) a(k) + = 83 (k — k) i)

3 . N
-/ (jf)g o (N (k) + 5 630) 1) (114)

The Hamiltonian commutes with the number operators, because the number operators
commute with themselves. Therefore, the Hamiltonian and the number operators have
simultaneous eigenstates. Similarly, using equations 75, 99, 100, 103, 106, and 107, one can

show a similar expression for the three-momentum.

2 ) AN -

P:/(i:;gk (W(k) + 5 a0 1) (115)
e Bo= [ LE (5 + a0 116

o= [ o e (800 + 5 51000 1) (116)

From equation 114, we see that for any given E, the energy steps in integer units of wy
because we know the number operators have nonnegative integer eigenvalues. The second
term involves a d-function” always evaluated at its singular point. This term is an infinite
constant energy that is there even when all the number operators have eigenvalue zero,
called the “zero point energy.” Evidently, any dynamics of the system will take the system
to states with energies of various amounts of wy always added on top of this uninteresting
infinite zero point energy. We can shift our energy scale so that the vacuum has zero energy,
but we have to find a way to properly subtract the infinity. In order to do this, we introduce

the concept of normal ordering.

3.3.4 Normal Ordering

Let us break PH into its finite part and the infinite zero point energy. Let

. d3k .
/ — [
P, = / @ny? k, N (k)
and . B
= — [ 3

Then
P,=P,+C,1

" The subscript k on the d-function is to remind us that the é-function is in momentum space.
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« R 0
(01B,4[0) = (0L ™+ G, (0]0) = €

because
(0[N (k)[0) =0

= Py =B, — (0|F,]0)
Therefore, P’ p is the total four-momentum without the infinite zero point energy. If we
define M’ wv as in equation 78, only with P u instead of Pm then P’ u and M’ v Still satisfy

the Poincaré algebra because P u is the same operator as pu shifted by a constant. The

Heisenberg equation of motion is also unchanged because

0ud(x) = i[ Py, d(x)] = i[P'y, B(a)]
allﬁ-(x) = Z[Pu,ﬁ'(l‘)] = Z[P/,u,ﬁ'(l‘)]
which implies that the equations of motion are unchanged by using P u and M uv as the

generators of the Poincaré transformations, instead of ]5“ and M -

Now we should formalize what we mean by P u> other than I:’M minus infinity. We will do
this with normal ordering. Consider a real scalar field, QAﬁ(m), with the plane-wave expansion

given by equation 103. Let

ba) = 6 (@) + 6 (@) (117)
where®
- Ek
5 @)= [ gy 60) 1)
. 3
@)= [ G i) fi@)
Then

In the last step we have commuted one term of operators so that all the gZSJF operators are

on the right and all the <;A5* operators are on the left. We define this ordering of operators

8 Note that creation operators, a' (k), are in qAY, while the annihilation operators, a(k), are in (ﬁ*. This
notation is confusing, but it is a convention used by many, so we will conform to it.
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as the normal ordered product:

~ ~ ~ A~ ~ ~ ~

N[d(z) d(y)] = " (2) §* (y) + 67 (y) 97 (2) + ¢~ () 67 (y) + ¢~ () 6~ () (118)

The normal ordering of operators has the convenient property that it has zero vacuum
expectation value because of the ordering of creation and annihilation operators acting on

the vacuum state.
(0IN[d() $(y)]|0) = 0 (119)

Therefore

$(z) d(y) = N[o(x) §(y)] + [¢7 (), 0 ()] (120)

(016 () $()]0) = (OIN[dy3()][0) + (0|[6 (), &~ ()] 10)

Note that because of commutation relation 107,

= (0[[¢7(2), 6~ (W)]I0) = [F (2), 6™ (v)]
= (006(z) d()[0) = [$7 (), 6™ (»)]

Combining this with 120 gives

N[(@) (y)] = d(x) $(y) — (0(z) H(y)[0) (121)

Therefore, the normal ordering of operators subtracts the vacuum expectation value of those

operators. Therefore, P u is the normal ordering of ]?’M.

~

P,#:N[Pu]

We will use the operators representing the classical Noether’s Charges normal ordered
as the generators of the Poincaré transformations. Requiring that these operators satisfy
the Poincaré algebra will imply the same equal time commutation relations in equations 99
and 100 and these operators will have zero vacuum expectation values.

From now on we will drop the primes from P n and M w and let ]5” and M;w denote

normal ordered operators. All this really amounts to is equating 15# to

A~ 3 A
B, = / (g:)?) ky N (k) (122)

One could argue that we could have just ignored the term creating the zero point energy

from the start, but it was worth it to introduce the concept of normal ordering because we
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will use it in our discussion of Wick’s theorem in section 4.2.

3.3.5 Interpretation

We are now in a position to give an interpretation to the eigenstates of the number operators

given in equation 113. Consider an example for n(k) given by

1
k)) = — al(ky) a' (ko)? 12
In(k)) i (k1) a'(k2)” |0) (123)
Recall that n(k) is an integer valued function of the continuous four-vector k. It denotes the
number of times the creation operators af(k) need to act on the vacuum to give the state

|n(k)). Figure 2 illustrates how you might visualize the above example n(k). Equation 122

n(k)
3 .
ol
1 °

& &

NI Ao
k1 ko k
Figure 2: An example n(k) plotted with three of the four-momentum components suppressed.

implies that the four-momentum of this example is
P =k +3 kY

We interpret the state |n(k)) as a state with one particle with four-momentum &} and
three particles with four-momentum k4. The eigenvalues n(k) of the N (k) operators are
the number of particles with four-momentum k*. As one might have guessed, the creation
operator af(k) creates a particle with four-momentum k*, and the annihilation operator
a(k) destroys a particle with four-momentum k*. If no such particle exists in the state,
then

a(k) In(k)) = 0

in accordance with equation 109.
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3.3.6 Internal Charge
3.3.7 Spin-statistics

Now we will reface the issue of ambiguity between commutators and anticommutators we
encountered in section 3.3.1. One can show that if we had chosen anticommutation rela-
tions for the field back in equations 99 and 100, then we would have also derived similar
anticommutation relations for the creation and annihilation operators in equations 106 and

107. In particular, we would have shown that
{at(k),at(¥)} = 0 (124)

A field that satisfies anticommutation relations, like above, is a fermion field. The par-
ticles of such a field are fermions. On the other hand, a field that satisfies relations with
commutators, like those we derived for the real scalar field, is a boson field. The particles
this field are bosons.

Note that the state in equation 123 is one example of any integer combinations of
creation operators. That is, a state can have any integer number of bosons with same
four-momentum. For fermions on the other hand, the anticommutation relation given by
equation 124 has an interesting consequence. Note that if the same four-momentum is used

as the argument each creation operator, then
{a'(k),a'(k)} = al(k) a' (k) +al (k) al (k) =0

= al(k)?=0

Therefore, one cannot create two of the same fermion with the same four-momentum. This is
the explanation of the Pauli exclusion principle that says that no two identical fermions
may occupy the same quantum state simultaneously. This feature of fermions is the cause
of the stability of matter. Without it, electrons and nuclei would not stack into the orbitals
and energy levels that make chemistry possible. Instead, they would all fall into the same
ground state like bosons in a Bose-Einstein condensate.

Whether or not two identical particles can occupy the same quantum state affects the
statistics behind counting the possible states for a system of many particles. This point is
of central importance in the study of statistical mechanics.

It turns out that whether a particle is a fermion or boson is directly correlated with
its spin. Recall that the real scalar field, a boson field, has spin zero, as we discussed
after seeing equation 78. Later on, we will see that the Dirac field has spin 1/2. It will
satisfy anticommutation relations, and is therefore a fermion field. This motivates the spin-
statistics theorem, which states that particles with integer spin are bosons and particles

with half integer spin are fermions.
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3.3.8 The Feynman Propagator

Recall the plane-wave expansion, equation 103, and let it operate on the vacuum.

. 3
s = [ (jf)g(a(k) fila) + (k) f (@) 10)

3 eik-x
= [ Gy 00

Note that the state (Zg(l') |0) is the sum of one particle momentum eigenstates. We interpret
#(x) |0), not as a state with determined momentum, but as a state with one particle at a

definite point in spacetime. Similarly,

R 31./ e—ik’~y
03w = | (Zf)g 7 ola)

ka

Consider the following inner product.

(01d(y) o(2)[0)

We interpret this as the quantum mechanical amplitude for a particle to be created at
spacetime point x and then destroyed at point ¥, called the “propagator”. The problem is
that this inner product is not Lorentz invariant because it relies on a specific time ordering
of events. In order to be physically sensible, the particle must be created at point x before
it is destroyed at point y. But for spacelike separated points x and y, some observer sees

events at x happen after y. In order to remedy this, we use the step function defined as

0 ift<O
0(t) = (125)
1 ift>0

Then we define the time ordered product as

~

T[¢(y) d(x)] = d(y) d(z) O(y° — 2°) + ¢(2) d(y) O(z" — y°) (126)

Basically, the time ordered product orders operators such that those evaluated at later times
are to the left. We will see that the correct form of the propagator that is Lorentz invariant
is given by

(OIT[d(y) d(x)]|0)
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First consider one term in the time ordering.

A R Bk dBE e—iky—a)
0lo(y) ¢(x)[0) = /(271-)3 (27)3 \e/m
B d3k d3k’ efik'(y*ff)
= | oy oy v

/ Pk A (2m)3 63 (E 15’)
pr— 7T p—
(2m)3 (27)3 A wy, wir

B3k e—ik-(y—x)
B /(27T)3 2wy

(Ola(k) af (k")[0)

(0l [a(k),a’(k")]|0)

Therefore,

N o 3 . .
<0|T[¢)(y) ¢($)} |0> _ /(27‘-?3];“}]{: (e—zk'(y—ﬂf) H(y(] _ .TO) + 6—zk~(af—y) 9(1,0 _ yO))

The step function has the following integral representation

o(t) = — /Oo o (127)

2mi J_o  w e

where € is an infinitesimal, positive, real number taken to zero at the end of a calculation.

Plugging this in gives,

Bk dw [ e~ *y—v)—iw@’—a®) ik (y—z)ticv(y’—a°)

OIT[b(y) d(2)]]0) = (2r)d /

i /d3k; dw (e+i13~(ﬁ—ﬁ)—i(wﬁw)(yo—mo) e—ii@(ﬁ—f)+i(wk+w)(y°—r°))

- + -
w + 1€ W + 1€

In the second term, take k— —k.

_ i /d3k: dw () e~ i(witw)(y°—2°) . etilwrtw)(y’—z°)
(2m)* 2 wy, w + i€ w + i€

Now in the first term, take w — w — wj. In the second term, take w — —w — wy.

_ 1 / A3k dw 6_._“2,@*_5) e—iw(yo—wo) 1 n 1
@] 2, wwntic ot

b ﬁ e~k (y—2) 1 - 1
2m)t ) 2wy w—wg+ie  Fw+wg —ie

In the last step, we have combined the variables w and k into a single four-vector, k. Note
that their components are unrelated. wy is the energy corresponding to momentum k given

by wi = V k2 + m2, but omega is free to range over all real values. Cross multiplying the
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terms gives

_ i d'k ik (y—2) W+ wg — i€ — L+ wg, — i€
2m)t ] 2w (w— (wi — 7€) (w — (—wy + i€))

We ignore the € terms subtracted from one in the numerator because they are infinitesimal
and the only purpose of the € in this expression is to indicate how we should push the poles

in the denominator. See Figure 77.

[ dk ik (y—2)
S i e e (128)

How we should integrate around these poles was completely dictated by the step function

Im(w)

—Wi + 1€

wk—ie

Figure 3: The integration of w in equation 128 shown in the complex w plane.

in the time ordering. We arrived at equation 128 in its form so that the orientation of the

poles would become evident. In order to simply, we multiple terms back out.

) dk e—ikz~(y—a:)
N Z/ (2m)* w? — w? + i(—w + wi + w + wg)e + Ole?]

/ dik etk (y—2)

pry ? =

2m) W2 — k2 —m2+i2wpe

In the last step we have used that wz = k2 + m2. Now take 2 wi, € — €. Therefore,

. . 4 etk (y—z)
OT[o) @10 =i [ 5 e

We divide out the i factor and define the Feynman propagator as

Ap(z —y) = =i (0T [(y) o(«)][0) (129)
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dAk eik-(:p—y)
Arp(z —y) _/(27T)4 k2 —m2+ie

While it may not seem obvious at the moment, the propagator is an essential concept in

(130)

field theory. We will refer back to it numerous times.
We will see that it is often preferable to Fourier transform to get the propagator in

momentum space. Evidently, it is given by
Ap(k) = / g e~ A (z)

_ d4 d4k, ’L:C (K'—k) 1
B K2 —m24ie

1
= [ d*® 6K — k) 40—
/ )k’z—m2—|—ze
Ap(k) = — - (131)
E = e T2 e
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4 The Interacting Real Scalar Field

In the free field case, the Lagrangian was simple enough that the equations of motion could
be solved and a general solution could be expressed as an expansion in plane-waves. Quan-
tum mechanically, each plane-wave represents a single particle with a certain momentum.
In a field configuration that is the sum of several plane-waves, each plane-wave satisfied
the equations of motion on its own and therefore evolved in time independent of the other
plane-waves. This means that the particles described by the free field do not interact with
each other.

We will now add terms to the Lagrangian that will represent interactions. This compli-
cation will have the result that the equations of motion can not be solved exactly. We will
consider the special case of scattering, where particles travel virtually free and only interact
briefly in a collision. We will see that the amplitude for a particle to go from x to y can be
written as a power series that will converge if the interaction terms are small enough to be
thought of as perturbation on the free field Lagrangian.

We will introduce the notation of Feynman diagrams which can be used to pictorally
represent the terms of the perturbation series. Finally, we will show that the terms in
this perturbation series can be grouped and factored in a way that simplifies calculations

immensely.

4.1 Correlation Functions

A Lagrangian for an interacting real scalar field is of the form
L=Ly—-V

where Ly is the free field Lagrangian given in equation 71, and V', known as the “interaction
potential”, is a function of the field qg(:n) For example, the first interaction potential we
will consider is V(z) = % ¢*(x), where X is a real constant.

The presence of V' in the Lagrangian density results in the same additional terms in the

Hamiltonian density (with the signs flipped?).
H=Ho+V
So the Hamiltonian has the additional terms Hi,¢, defined as follows.
H = Hy + Hint

Hiy = /d?’x |4

9recall equation 52
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We will come to see that a primary interest in quantum field theory is the calculation of
correlation functions, also called Green’s functions. The n-point correlation function,

or just the n-point function for short, is defined by
G (z1, 29, ..., x0) = (QT[d(x1) d(2) - - - Pla)]|€) (132)

where [Q) is the vacuum state of the interacting field. It will be our goal to calculate the two
point Green’s function, (Q|T [q@(ml) qg(azg)] |©2), which analogous to the Feynman propagator
of the free field theory, represents the amplitude for a particle to propagate from z; to
9. The interaction will affect this calculation in two ways: the interaction terms in the

Hamiltonian, and the distinction of |2) from the vacuum of free field, |0).

Like any Heisenberg operator, the field evolves as
o(t, ) = eiﬁ (t—to) dg(to,f) e—iH (t—to)
As we turn off the interaction, V' — 0 and H — Hj, then
3(t,T) = dr(t, &) = o 1=10) gty 7) ¢~ iHo (t=t0) (133)

QASI is called the “interaction picture field,” or just the “interaction field.” The interaction
picture is an intermediate picture between the Schrédinger picture and the Heisenberg
picture, where the time dependence of the free Hamiltonian is carried by the operators, but
the time dependence due to the interaction part of the Hamiltonian is carried by the state

vectors.

Since (;ASI(t,f) = (;B(t,f) o’ then qgj satisfies the same equation of motion as the free
real scalar field, the Klein-Gordon equation 102. Inverting the definition of the interaction

field, equation 133, implies that

b(to, @) = e 0 (=10) (¢, ) ¢ilo (1=10) (134)
So for general times
g?)(t,f) — Tl (t—to) ,~iHo (t—to) éz(t,f) oFiHo (t—to) ,—iH (t—to)

where we have defined the “interaction picture time evolution operator,” U(t,t), as

U(ty, o) = etito (hi—t2) o—ifl (t1—t2)
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Explicitly taking the time derivative of U (t,to) gives

;U(t to) = etHo(t=t0)(ify — ifT)e=H (i=to)
— eﬂ'ﬁo (t—to) -Hint e*“q (t—to)

— eﬂ'ﬁo (t—to) -Hint e*“qo (t—to) eJriﬁo (t—to) 671’1:[ (t—to)

In this last step we have inserted a factor of 1 = e~iflo (t=to) ¢+iflo (t=to) | Now we define the

interaction picture interaction Hamiltonian:

H1<t) = e+i1:10 (tfto) ﬁint (t) e*iﬁo (tfto)
Then we see that U(t, to) satisfies a Schrodinger-like equation:
i = Ut to) = Hi(t) U(t, to) (136)

If U(t, to) and H(t) were just functions and not operators, then we could divide both sides
by U and integrate getting the simple solution of U(t,ty) = exp (—i fti) dt’H(t’)). But
because U (t,to) is an operator, we do this more carefully, treating U(t,to) as an operator

and noting its ordering. Integrating the differential equation 136, from tg to ¢ gives.

N t
U(ti,to)

t1=to

t
= —1 / dt1 H[(tl) U(tl,to)
to
We now use the initial condition that U(to,to) = 1 because we know from equations 135
that when ¢ = tg, it should be that ¢(¢, Z) = ¢1(t, Z).

A ~ t A A

Ul(t,to) =1—14 | dty Hi(t1) U(ty,to)

to

This “solution” only gives U (t, %) in terms of an integral of itself. Iteratively plugging this

expression into itself gives the solution known as the “Dyson series.”

Ult,tg) = 1+ (—i) /tdtl ﬁl(t1)+(—i)2/t dtl/t dty Hy(t1) Hy(ts)

to

t
- )3/ dt1/ dtg/ dts Hy(t,) Hy(tz) Hy(ts) + (137)
to to to

Note that the integrals are nested in the sense that the limits of the inner integrals depend
on the integration variables of the outer integrals. Also note that because the limits of
integration enforce that ¢t > to > --- > t,_1 > t, > tg, the I:II operators are all time

ordered. We can un-nest these integrals with the following trick. Consider the second order
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1) to = ’tl to to = ’tl

Y

—
to4+ T ............................ to+ T ___________________________
: —t : ——11
to t to t
(a) equation 138 (b) equation 139

Figure 4: Un-nesting integrals

term for example.

t t1 R .
[= / dty [ dty () Hi(ts)
to

to

Now consider the following expression without nested integrals,

I = /t " /t at, T[H;(t1) Hi(t2)]

which we will relate to the previous integrals by the following

t t . . t t R .
I = / dty / dts H[(tl) H](ig) + / dt1 / dts H[(tg) H[(fl) (138)
to to to t1

t to . .

= I+/ dtg/ dtq H[(tg) H[(fl) (139)
to to
t t1 R R

= I+/ dtl/ dty H[(tl) H](tg) (140)
to to

= 21

In equation 139, we have changed the limits of integration from those depicted in figure
4(a) to those depicted in 4(b), while still integrating over the same region. In equation 140,
we have simply switched the names of the dummy variables ¢ <> t5. Therefore,

t t1 . R 1 t t R R
/ dty dty H[(tl) H[(tg) = 5 / dtq dto T[H[(tl) H[(tg)]
to

to to to
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and in general,

t tn—1 . . 1 . .
/dtl/ dty - / dt, Hr(t)--- Hi(tn) = /dt1 ~dty, T[Hy(t1) - Hi(tn)]
to to n! to

Plugging this result into the Dyson series, equation 137, gives

Ult,t)) = 1+ (I,') /t:dh ﬁl(tl)Jr(_Q?Q /t:dtl dty T[Hy(t) Hy(ts)]

t
3l / dtq dto dts T[H[(tl) H](tg) H](tg)] +
. to

which we will write compactly as

Ot tg) = T [exp (—z‘ /t: ' ﬁmw)] (141)

From the properties of limits of integrals it is now evident that adjacent U operators, with

the appropriate arguments, can be combined into one!°.

A A tl A t2 A
U(ty,to) Ulta,t3) = T[exp (—i dt' Hy(t') —i dt”HI(t”)ﬂ
t3

o (4 [ a0
Ulty, ta) Ulta, t3) = Uty t3) (142)

f
Ul(ty,t1) = T exp( dt'f[ﬂt’))]

7 ( Car >)]
= T < dt’f[l(t’))]

Ul(ta, t1) = Ulty, ta) (143)

Therefore,
Ulty, to) Ul(ts, ta) = Ulty, t3) (144)

We are almost ready to derive what will be a very useful relation for correlation functions,

0Note that in combining the exponentials, we are not complicated by the Baker-Campbell-Hausdorff
formula (shown below) because thankfully, H(¢') commutes with H;(t") for all times, a fact most readily seen
because we have required that the Poincaré algebra be satisfied (see equation 92). In general, one has to be

~ 1 5 A B A A B
careful when combining exponentials of operators. e(A+B) — (A B =3 [A B] e’ (2 [B’ [AyBH-F [A’ [A’B]D e
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but first we turn our attention to the vacuum, |2). We will relate the vacuum state of the
interacting field, |©2), to the vacuum of a free field, |0), by expanding |0) in terms of the
eigenstates of the complete Hamiltonian with interaction terms, and then evolving it in time

with the complete Hamiltonian.

0) =" [n) (n|0)
n
where |n) are the eigenstates of H.
H|n) = Ey |n)
Now evolve it in time, but with the complete interacting Hamiltonian.

e 1110y = 3~ e Pt ) (nf0)

n
Since the ground state (vacuum) is a term in this sum, we can pull it out explicitly,
e 110y = e 0 |) (R00) + Y e ) (n]0) (145)
n#0

where Ey = (QH|Q) is the ground state energy of the interacting theory. We define zero
energy to be the energy of the ground state of the noninteracting theory, Hy |0) = 0. Now,
in order to kill off all the other terms in the sum, we take time to infinity in a direction

slightly rotated towards the negative imaginary.

. A ) 0
lim e " 71]0) = e P 11Q) (Q]0) + Y = [n) (n]0)

t—oo(1—1ie€) 720

These terms are subdominant to the term with Ey because Ey is the smallest of all E,,.

Inverting this expression for |Q2) gives

Q) = lim (et FotQoy) e A |0)

t—oo(l—ie€)

Since t is now very large, we can shift it by a finite constant, ¢g.

4 1
Q) = lim (ef’L Ey (t+to) <Q’0>) e—i H (t+to) 0)

t—oo(l—ie)
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And we can insert a factor of e~# Ho(~=t=%0) because recall that Hy |0) = 0.

|Q> _ lim (e—i Eo (t+to) <Q’0>)71 e+iﬁ((—t)—to) e—i Ho((—t)—to) |0>
t—oo(l—ie) h N
Ut (—t,to)
. -1 .
= Jm (ﬁ Eo (t-+t0) <Qyo>) U (to, —t) |0) (146)

Note that this indicates that one can get from the free vacuum state to the interacting
vacuum by evolving it with the interaction picture time evolution operator from the asym-

totically infinite past to the reference time 3. The rest is just a normalization factor.

Similar to equation 145, we can express (2| as follows.

(Qf e 7t = (0] (2] e Pt 137 (0fn) (n] e Bt
n#0

Following the same reasoning we have

Q= lim (et (0]0)) " (0] e

t—oo(l—ie)

Shifting ¢t — t — to and inserting a factor of et? Ho (t—to) gives

Q = li(rln )(6 i Bo (t—to) (0|Q>> (0] e o (t=t0) =i H (1=to)
t—oo(l—ie€
= Hogigliiﬁ) (e"‘EO (t—to) <0|Q>) (0| U(t, to) (147)

Combining our results, we can now write the 2-point function in terms of the free vacuum
and interaction fields. For the moment, assume :c(lj > 33(2] > to so that we can explicitly write

out the time ordering. Then we use equations 132, 134, 146, and 147.
(QUT[b(x1) d(22)][Q) = (b (1) d(x2)|2)

. -1
= lim (e_’ont)KO\QHZ)

t—oo(1—1ie€)
0T (t,t0) Ul (a9, t0) dr(x1) U
= tim (72500 (o]0 )

t—oo(1—1ie€)

(a9 T(23, t0) 1(wa) U (a8, t0) U(to, —1)|0)
0

to) U
fftxl ) 61(x1) U(aY,29) dr(x2) U(ay, —)|0)

We have used the property of U operators that allows one to combine them, equation 144.
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We can get rid of the awkward factor in front by dividing by a convenient form of 1:

1 = (@)= lim (e—“%”|<om>\2)‘1<orff<t,to>0<to,—t>\o>

t—oo(1—1ie€)

—  lim (e‘”Eot)|<0|Q>|2>71<O]U(t,—t)|0>

t—oo(l—ie€)

Therefore,

<Q’T[<IB(9U2) ¢(IB1)] Q) = lim

t—oo(l—ie) <0‘

L OT () dia)
t—oo(1—ie) <0‘U(t7 —t)|0)

t—oo(l—ie) <0 U(t, —t)|0

And finally, plugging in our integral solution for U (t,—t), equation 141 gives our formula

for the 2-point correlation function.

- (O [dr(ar) drea) exp (=i [1, dt Fr(t)] 10
QT [d() da)]|Q) = lim o) bies) exp (it 21t (148)

t—oo(1—i€) o|r [exp (—i fjt dat’ ﬁ](t/))] 10)

It may not seem like we have made much progress, but we actually have. We will see
that the expression on the right is one that we can actually calculate because it is in terms of
the free vacuum and the interaction picture fields, which have the same equation of motion
as a free field. Because of this, we will see that we can calculate these expectation values
much in the same way we were able to calculate the expectation value called the Feynman
propagator for free field theory in Section 3.3.8. Also, we will see that the fact that this

expression is the ratio of expectation values will allow many terms to factor and cancel.

For the general n-point function, our derivation of the general formula analogous to
equation 148 would be exactly the same except we would have had more 451 operators to

write down and more U operators to lump together. The general formula is

(QUT[9(w1) dlw) -+ )] 1) =
T [Srtan) dule) - dram) exp (=i [, ¥ Hi(t))] 0
t=voo(1ic) (O[T [exp (—i It ar ﬁl(t’))} 10)

(149)

To make things more concrete let’s choose a specfic Hj to plug into equation 148. It is
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called the ¢* theory. Let
. A -
Viw) = 5 ()

where A is a small positive real number. Then
i = [ s 3 3ha)

Equation 148 is suited for doing purturbative calculations because since A is small, the
Taylor expansion of the exponential is a purturbation series in A. The first few terms of the

expansion of the numerator in equation 148 are

O [dr(01) dr(o2) exp (~i [ tt a i) |10 -
(0T [br(an) dr(2)] [0}

+ 3 (ZA) / LOIT [b1(21) bi(22) 65 )] 10)

i 21‘ < Z'A> / y1 dys (0| T [¢](x1)¢1($2) é‘}(yl)é‘}(yz)} 0)

4. (150)

We have combined the time integral from equation 148 with the space integral from H
into an integral overall all spacetime with the caviet that the time integral is infinitesmially
rotated towards the imaginary by the ¢ — oo(1 — i €) limit. Each successive term in this
series is supressed by higher powers of A, therefore we only need to calculate as many terms

as our precision requires or until the calculation gets unbearably complicated.

4.2 Wick’s Theorem

What we have really accomplished in equation 148 is to relate expressions like (Q|T [q@(:pg) qg(xl)] |2)
to a series of expressions like <0\T[q§1(m1) br(xs) dr(xs)-- -110). In this section, we will de-

rive a theorem called Wick’s theorem that allows us to write any expression of the form of
<0]T[<{51(m1) br(xo) drlxs) - -110) as a product of 2-point functions like <O]T[<ZA>1($1) qgj(arg)] |0).

Consider the following time-ordered product, where we know y° > 20.

T(o(y) d(z)] = o(y)

= "W @)+ W @)+ W) (@) +d (y) & ()

= ¢TW) T (@)+d (@) T+ W) o () + o (y) b (x)
+[oT (W), ¢ ()]

= N[b(y) ()] + [¢* (1), ¢~ (2)]
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We are using the d;i notation we introduced in equation 117. In the last step we have
commuted one term of operators so that all the q§+ operators are on the right and all the
qg_ operators are on the left. This is what we defined as the normal-ordered product in

equation 118.

For general times we have

o . (6 (y), 6~ ()] it y" > a0
T z)| =N x 151
) 6] =N )+ 2 e (151)

We will define the Wick contraction of two field operators as follows to denote this

difference between time ordering and normal ordering.

d(y)d(x) = T[(y) d(x)] — N[b(y) ¢()] (152)

Now we state an identity, known as Wick’s theorem, for converting time order products

of multiple operators to a sum of normal ordered products and contractions.

T[qg(xl) d(x2) - - - P(zn)] = N[Qg(xl) d(x2) - - @(xn)} + all possible contractions — (153)

To see explicitly what is meant by “all possible contractions,” consider the case of n = 4.
For brevity, let ¢; denote ¢(x;).

1 1
T[¢1 ¢2 ¢3¢a] = N1 2 @3 da| + d1 P2 G35 Pa + b1 P2 O3 Pa + b1 P2 P35 Pa

| 1 1
+ 1 P2 @3 Pa + P1 P2 P3 Pa + D1 P2 B3 P4
+ 1 P2 @3 Pa + P1 P2 P3 Pa + D1 P2 B3 P4

The right-hand side of this identity is known as the “Wick expansion.” When a term has

uncontracted fields, our notation means that those uncontracted fields are normal ordered.

1 |
G1 ¢2 ¢3 b4 = ¢1 ¢3 N[ ¢

To prove Wick’s theorem, one uses induction. Wick’s theorem is true for n = 2 by

definition. We assume it is true for n — 1 and prove that it is true for n. Let us label z;
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such that 2§ > 29 > ... > 20,

T[¢1¢2¢n] = ¢1¢2 Py
= ¢ (N (b2~ bn] + ( all cjontraf:tions ))
not involving ¢

_ ((ﬁ +o7) (N[@ N '<Z5n] n < all c‘:ontra('ztions ))

not involving ¢

In the step before last, we used Wick’s theorem for ¢s - - - ¢,. To make this last step look
like Wick’s theorem, we want to pull the ¢ into the normal-ordered product. The ¢] is
already normal-ordered so we can just bring it in, but the QST must be commuted passed all

the other operators.

¢f Nig2---¢n] = Nioz-- %W (61, N[ - - én]]

N[¢] d2 - ¢n] + [&1, 65 ] N[ds - on] + 67, 65 |N[d2 5+ dn] +
N[qbwz n] + [ 1ody | N [qbg--.qbn} (61,65 N [2 63+ ] +
N[of ¢2¢3¢4]+¢1¢2¢3¢4+¢1¢2¢3¢4+

all contractions
= Nlof ¢2 d3 da] + . _
involving ¢

Combining this with the term multiplied by ¢; gives back the form of Wick’s theorem.

all contractions
T[¢1 ¢2-- - bn)

N[gf do--vga] +
involving ¢
_ all contractions
+¢1 N[¢2"'¢n]+ . .
not involving ¢
= N[gbl VR gf)n] + all possible contractions

This completes our proof of Wick’s theorem.

Now recall that what we are really interested in calculating is the free vacuum expecta-

tion value of the time ordered product of interaction picture fields, (0|T [(;ASI(:cl) br(x) dr(x3) -

Using Wick’s theorem, we can make this the free vacuum expectation value of the Wick
expansion. But recall that the vacuum expectation value of any normal-ordered product is

zero''. Therefore, any term with uncontracted fields is zero.

<O’T[¢A>I(xl) <ZA51(372) <ZA51($3) -..}]0) = (0 < all complete > 0

contractions

1 See equation 119
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As before, for brevity, let ¢; denote qASI(xZ) Note that now we are also dropping the I to
denote interaction picture field. When doing contractions we will always be dealing with

interaction picture fields. For example,

1 1 |_|_|—| 1
(0| T [¢1 2 3 ¢4]|0) = (0|1 P2 P3 P4]0) + (0|1 P2 B3 4|0) + (01 P2 3 P4|0)

So what can we do with these completely contracted terms? From the definition of Wick
contraction, equation 152, and knowing that the vacuum expectation value of any normal-
ordered product is zero, we see that the vacuum expectation value of a Wick contraction is

actually a Feynman propagator.

[ 0
(0|1 ¢2]0)

(OIT 61 62]10) ~ (ONIéro3]T0)

= ZAF(l'l — xg)

Note from equations 151 and 107, that because a Wick contraction is ultimately a com-

mutator between creation and annihilation operators, as an operator, it is proportional to

unity. — )
102 x 1
Therefore,
1 1 1 1
(0lp1 d2 ¢3 94|0) = (O[¢1 ¢2]0) (0|3 ¢4|0)
and

1 1
(0T [¢1 d2 @3 $4]10) = (0]¢1 $2]0) (0|¢3 $4]0)
1 1
+ (0[¢1 ¢3]0) (0|2 ¢40)
1 1
+ (0]p1 ¢4]0) (O] ¢3]0)
=— Ap(z1 — 22) Ap(x3 — 74)
— Ap(z1 — 23) Ap(x2 — 74)
— Ap(x1 — x4) Ap(zg — 23)

Note that the vacuum expectation value of an odd number of field operators will always be

zero because it will always leave an uncontracted field.

4.3 Feynman Diagrams

So far, in this chapter, we have derived a formula for relating correlation functions to a
) )
perturbation series where each term is a free vacuum expectation value of a time-ordered

product of interaction picture fields. Then we showed how these vacuum expectation values
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could be converted to products of Feynman propagators using Wick’s theorem.

Let us go back to considering the numerator of the 2-point function, equation 148, whose
first few terms we expanded previously in equation 150. Let us consider writing these terms
as Wick contractions yielding Feynman propagators. The first term is already a Feynman

propagator. For the next term, we need to write out the Wick expansion.

(OIT [Gr(a1) r(a2) G (yn)] 10) = (0161 (2) b1(w1) 1(y1) br(n) r(y1) d1(31)10)

—F— —
+ (0pr(z1) dr(x2) 1(y1) dr(yr) dr(yr) r(y1)|0)

+ all other complete contractions (154)

Note that only a subset of all the complete contractions involve unique combinations of

spacetime points. For example, the following contractions are equivalent.

(0161(x1) d1(x2) dr(y1) dr(y1) dr(yr) G1(y1)]0)

1 | 1

|
= (0|6r(x1) ¢r(x2) dr(y1) d1(y1) dr(y1) r(y1)|0)

To help organize things, we will now introduce a diagrammatic notation, called Feynman
diagrams, for keeping track of the possible unique contractions. To denote the contraction
of two fields, we draw a line connecting two points representing the spacetime points at

which the fields are evaluated.

1

= (01d1(y) $1(2)0) = i Ap(x —y)

xr Y

This line equivalently represents a Feynman propagator from one spacetime point to the
other. Stitching together these lines, we can summarize the Wick expansions. Using this

notation, the first-order term in equation 154 reads as follows.

5 (5) [t o [orten dite) )] 0

3 o ° Y1+ = Q (155)
p— 1 P
114! T To 114! e \

T Y1 T2

Each internal vertex has an implied factor of (—i \) and is integrated over all spacetime.
For now, the rest of the numerical factors are left out front. There are only two diagrams

because there are only two unique topologies for pairing the operators in contractions. The
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factors of 3 and 12 count the number of Wick contractions that generate the same diagram.
The first term in equation 154 is an example of a contraction contributing to the first
diagram, and the second term in equation 154 is an example of a contraction contributing
to the second.

Moving on to the next (second-order) term in the numerator of the 2-point function,

equation 150, we have the following diagrams.

. 2
; <_Z)\> /d4y1 d*ys (O|T | pr (1) dr(x2) éifl(yl)éé}(m)] 0> =

20\ 4l
72
© * 8 Toray T T Q@Q
24 72
Toranez ® ° @ *orane .LL. 8
288 E ; 192
oz oz '_@—'

288
o Lﬂl 150

You are probably daunted by the combinatoric coefficients in front of these diagrams, but

9
o1 (41)2

the following trick makes calculating them much more simple.

e In a diagram with n vertices, if each vertex is topologically unique, then there are
n! combinatoric ways for exchanging the labels of each vertex which give the same

diagram. This n! cancels the % in the Taylor series.

e If each line coming from a vertex connects that vertex to a unique spacetime point,
then there are 4! ways of exchanging the lines which give the same diagram. This 4!
cancels the % in the % coupling. This was the reason for putting this factor in the

coupling coefficient.

If we assume these rules but a diagram has symmetries that violate these rules, then we
would have over counted the Wick contractions contributing to that diagram by some sym-
metry factor. This symmetry factor is the number of ways of interchanging components of
the diagram without changing the topology of the diagram. Therefore the overall coefficient

of a diagram is the reciprocal of its symmetry factor. Examples of symmetry factors are as
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follows.
? ) S=2 flipping the loop

flipping each loop and flipping over

the whole diagram

exchanging the internal lines joining

the vertices

Combining all these terms up to second-order, we have the following for the numerator

of the 2-point function, equation 150.

O [dr(00) drte) exv (57 [ b )| 100 -

1 1 {2
o—o—i—go—o 8—1—2

+i m o (157)

Looking at this expression carefully, notice that the parts of diagrams that are not connected
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to any external spacetime points, called vacuum bubbles, can be factored as follows.

e O

8 16 48

(158)

external vacuum
= . exp (> (159)
diagrams bubbles
Note that the 1/2! symmetry factor from exchanging the vacuum vertices in the term with
the double figure-eight bubbles in equation 158, factored out to given the proper coefficient
for the exponential. Also note that after pulling out this 1/2!, the figure-eight bubble was

left with the reciprocal of its own symmetry factor as a coefficient. This shows that even in

the exponent, the coefficient of any diagram is just the reciprocal of its symmetry factor.
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Therefore, people often write these sums as just the sum of the possible diagrams, leaving
the symmetry factor implied because it can be determined directly from the diagram. From

now on, we leave the symmetry factors of individual connected diagrams implied.

We prove that the vacuum bubbles factor into an exponential as follows. In general, a
diagram has a part with external points and the product of some set of vacuum bubbles.

For example

p=aatelejecelA

Since the set of possible vacuum bubbles is enumerable, albeit infinite, we can label the i-th

vacuum bubble by V;, including its symmetry factor.

Then the value of a diagram with a given external part of a diagram and a given set of

vacuum bubbles is

: t 1 part 1 .
a given external par — (external part) H — (160)
with {n;} bubbles i

i

where {n;} is an ordred set of integers indicating that there are n; coppies of the V; bubble in
the total diagram. That external part can be can be paired with every possible combination

of vacuum bubbles, so we sum over every possible ordered set {n;}.
a given external part (ext I part) Z H 1 i (161)
= (external par —V
with all possible bubbles oy \ i ni! !

Finally, we have to sum over every possible external diagram, each term having a sum over

all sets of vacuum bubbles, so we factor the vacuum bubbles out.
f 7 —i A 4, 24
(OIT {B1(0) br() exp ([ d'y () ) | 10
external | R
=> > (v
un

diagrams ot

7

This sum over all possibles sets {n;} can be written as a product of sums over all values n;,
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the cross terms giving every possible combination.

external | . 1 1
— - 7‘/”2 _ . Y/ns
: ang 1 ng 2 Zn;g! 3

diagrams - - .
1 .
2 g ) T2
1
=2 s ) LLeswt
() e

Therefore we have verified equation 159.

We have simplified the numerator of the 2-point function as much as possible. Now we
turn our attention to the denominator. Using the same argument we used on the numerator:
expanding out the exponential, writing the Wick contractions for each term, converting each
Wick contraction to a Feynman diagram, and regrouping the terms into an exponential; we

would find that the denominator is simply the exponential of the sum of all vacuum bubbles.

o e (S [ diw )| o

8 Neoor @ o

Therefore'?, it cancels the exponential in the numerator. To summarize, for the 2-point

120ne may be tempted to look at equation 162 and think that on the left side one can bring the time
ordering and expectation value into the exponential, and conclude that the arguments of the exponentials
themselves are equal, but this is not so. Recall that the left exponential is actually an abuse of notation, a
mnemonic to denote the entire Dyson series, equation 141. Each successive term in the “exponential” on the
left has an additional integration over a new spacetime point. Without expanding the series to reveal all the
integrals, we would never get additional vertices for the higher order vacuum bubbles. The exponential on
the right, however, is an exponential in the true sense. Recall that the Feynman diagrams really represent
a product of Feynman propagators, which is just a scalar function. So the argument of this exponential is
just a number, even though doing the integrals shows that it is actually infinite.
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function we have.

G (w1, 22) = (Qd(x1) d(x2)[0)

:Z< external )

diagrams

+—@~*@L+” (163)

This factoring and canceling of the vacuum bubbles works the same way for all n-point

functions, so in general, the n-point function is given by
G (1,22, 2) = (Q(1)d(w2) - - - P(wn)|2)

:Z ( diagrams with > (164)

n external points

This sum is over all possible diagrams where every connected part of the diagram has an

external point, but these connected parts can be disconnected from one another. Examples
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of terms like this are in the 4-point function, whose series is as follows.

o—0 /
GW = - -

- /
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