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Part I: Free Fields






Relativistic Quantum Mechanics

In this chapter we will follow the books of Griffiths (special relativity) and Peskin
and Schroeder (relativistic wave equations).

1.1 Special Relativity

1.1.1 Postulates

Classical mechanics obeys the principle of relativity which states that the laws of
nature take the same form in all inertial frames. An inertial frame is any frame
in which Newton’s first law holds. Therefore all other frames which move with a
constant velocity with respect to a given inertial frame are also inertial frames.
Any two inertial frames O and O’ can be related by a Galilean transformation

which is of the general form

t=t+T

7 =Ri+ot+d (1.1)

In above R is a constant orthogonal matrix, d and @ are constant vectors and 7
is a constant scalar. Thus the observer O sees the coordinates axes of O rotated
by R, moving with a velocity v, translated by d and it sees the clock of O running
behind by the amount 7. The set of all transformations of the form (1.1) form a
10-parameter group called the Galilean group.



8 YDRI's QFT.

The invariance/covariance of the equations of motion under these transforma-
tions which is called Galilean invariance/covariance is the precise statement of the
principle of Galilean relativity.

In contrast to the laws of classical mechanics the laws of classical electrodynam-
ics do not obey the Galilean principle of relativity. Before the advent of the theory
of special relativity the laws of electrodynamics were thought to hold only in the
inertial reference frame which is at rest with respect to an invisible medium filling
all space known as the ether. For example electromagnetic waves were thought to
propagate through the vacuum at a speed relative to the ether equal to the speed
of light ¢ = 1/\/figeg = 3 x 10°m/s.

The motion of the earth through the ether creates an ether wind. Thus only
by measuring the speed of light in the direction of the ether wind we can get the
value ¢ whereas measuring it in any other direction will give a different result. In
other words we can detect the ether by measuring the speed of light in different
directions which is precisely what Michelson and Morley tried to do in their famous
experiments. The outcome of these experiments was always negative in the sense
that the speed of light was found exactly the same equal to ¢ in all directions.

The theory of special relativity was the first to accommodate this empirical
finding by postulating that the speed of light is the same in all inertial reference
frames, i.e. there is no ether. Furthermore it postulates that classical electrody-
namics (and physical laws in general) must hold in all inertial reference frames.
This is the principle of relativity although now its precise statement can not be
given in terms of the invariance/covariance under Galilean transformations but in
terms of the invariance/covariance under Lorentz transformations which we will
discuss further in the next section.

Einstein’s original motivation behind the principle of relativity comes from the
physics of the electromotive force. The interaction between a conductor and a
magnet in the reference frame where the conductor is moving and the magnet is at
rest is known to result in an emotional emf. The charges in the moving conductor
will experience a magnetic force given by the Lorentz force law. As a consequence
a current will flow in the conductor with an induced motional emf given by the
flux rule £ = —d®/dt. In the reference frame where the conductor is at rest and
the magnet is moving there is no magnetic force acting on the charges. However
the moving magnet generates a changing magnetic field which by Faraday’s law
induces an electric field. As a consequence in the rest frame of the conductor the
charges experience an electric force which causes a current to flow with an induced
transformer emf given precisely by the flux rule, viz & = —d®/dt.

So in summary although the two observers associated with the states of rest of
the conductor and the magnet have different interpretations of the process their
predictions are in perfect agreement. This indeed suggests as pointed out first
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by Einstein that the laws of classical electrodynamics are the same in all inertial
reference frames.
The two fundamental postulates of special relativity are therefore:

e The principle of relativity: The laws of physics take the same form in all
inertial reference frames.

e The constancy of the speed of light: The speed of light in vacuum is the
same in all inertial reference frames.

1.1.2 Relativistic Effects

The gedanken experiments we will discuss here might be called “The train-and-
platform thought experiments”.

Relativity of Simultaneity We consider an observer O in the middle of a
freight car moving at a speed v with respect to the ground and a second observer
O standing on a platform. A light bulb hanging in the center of the car is switched
on just as the two observers pass each other.

It is clear that with respect to the observer O light will reach the front end
A and the back end B of the freight car at the same time. The two events “light
reaches the front end” and “light reaches the back end” are simultaneous.

According to the second postulate light propagates with the same velocity with
respect to the observer O. This observer sees the back end B moving toward the
point at which the flash was given off and the front end A moving away from it.
Thus light will reach B before it reaches A. In other words with the respect to O
the event “ light reaches the back end” happens before the event “light reaches the
front end”.

Time Dilation Let us now ask the question: How long does it take a light ray
to travel from the bulb to the floor?

Let us call & the height of the freight car. It is clear that with respect to O
the time spent by the light ray between the bulb and the floor is

b

Al =2 (1.2)

The observer O will measure a time At during which the freight car moves a
horizontal distance vAt. The trajectory of the light ray is not given by the vertical
distance h but by the hypotenuse of the right triangle with h and vdt as the other
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two sides. Thus with respect to O the light ray travels a longer distance given by
Vh? + v2At? and therefore the time spent is

Vh? + v2At?

At = 1.3
. (13)
Solving for At we get
h /
At = y— = yAt . (1.4)
c
The factor v is known as Lorentz factor and it is given by
1
V= = (1.5)

Hence we obtain

’ U2
Al =11- S At <AL (1.6)

The time measured on the train is shorter than the time measured on the ground.
In other words moving clocks run slow. This is called time dilation.

Lorentz Contraction We place now a lamp at the back end B of the freight
car and a mirror at the front end A. Then we ask the question: How long does it
take a light ray to travel from the lamp to the mirror and back?

Again with respect to the observer O the answer is simple. If Az’ is the length
of the freight car measured by O then the time spent by the light ray in the round
trip between the lamp and the mirror is

Al =92 (1.7)
c
Let Ax be the length of the freight car measured by O and At; be the time for
the light ray to reach the front end A. Then clearly

cAty = Ax + vAt;. (1.8)

The term vAt; is the distance traveled by the train during the time At;. Let Aty
be the time for the light ray to return to the back end B. Then

cAty = Ax — vAt,. (1.9)
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The time spent by the light ray in the round trip between the lamp and the mirror
is therefore
Ax Ax o Az

c— c+v [

The time intervals At and At  are related by time dilation, viz
At = yAt (1.11)
This is equivalent to
Az =yAz > Ax. (1.12)

The length measured on the train is longer than the length measured on the ground.
In other words moving objects are shortened. This is called Lorentz contraction.

We point out here that only the length parallel to the direction of motion is
contracted while lengths perpendicular to the direction of the motion remain not
contracted.

1.1.3 Lorentz Transformations: Boosts

Any physical process consists of a collection of events. Any event takes place at a
given point (x,y, z) of space at an instant of time ¢. Lorentz transformations relate
the coordinates (x,y, z,t) of a given event in an inertial reference frame O to the
coordinates (x’, v,z t/) of the same event in another inertial reference frame O'.

Let (x,y,z,t) be the coordinates in O of an event E. The projection of E
onto the z axis is given by the point P which has the coordinates (z,0,0,t). For
simplicity we will assume that the observer O' moves with respect to the observer
O at a constant speed v along the x axis. At time ¢ = 0 the two observers O and
O’ coincides. After time ¢ the observer O moves a distance vt on the z axis. Let
d be the distance between O" and P as measured by O. Then clearly

r =d+ vt (1.13)

Before the theory of special relativity the coordinate z’ of the event E in the
reference frame O is taken to be equal to the distance d. We get therefore the
transformation laws

a:l =x— vt

y =y

Z/ =z

t =t (1.14)



12 YDRI's QFT.

This is a Galilean transformation. Indeed this is a special case of (1.1).

As we have already seen Einstein’s postulates lead to Lorentz contraction. In
other words the distance between O" and P measured by the observer O" which is
precisely the coordinate z' is larger than d. More precisely

z = d. (1.15)
Hence

r =~(x —vt). (1.16)

Einstein’s postulates lead also to time dilation and relativity of simultaneity. Thus
the time of the event E measured by O is different from ¢. Since the observer O
moves with respect to O at a speed v in the negative z direction we must have

x=~(x +ut). (1.17)
Thus we get

’ v

t=~(t— g:v) (1.18)

In summary we get the transformation laws

!

x =y(x —vt)

Z =z

, v

t=~(t— g:v) (1.19)

This is a special Lorentz transformation which is a boost along the z axis.

Let us look at the clock found at the origin of the reference frame O. We set
then ' = 0 in the above equations. We get immediately the time dilation effect,
Viz

(1.20)

At time ¢t = 0 the clocks in O read different times depending on their location
since

’ v

t =—y=z. (1.21)

c2

Hence moving clocks can not be synchronized.
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We consider now two events A and B with coordinates (z4,t4) and (zg,tp) in
O and coordinates (zy,t,) and (x,15) in O". We can immediately compute

/ v
At = y(At — gAZL‘) (1.22)

Thus if the two events are simultaneous with respect to O, i.e. At = 0 they are
not simultaneous with respect to O since

/ (%
At = —ygAx. (1.23)

1.1.4 Spacetime

The above Lorentz boost transformation can be rewritten as

2 =(a — ')
2! = y(a! - Ba?)
22 = g2
23 = 3 (1.24)
In the above equation
P =ct,at=z,2 =y, 3=z (1.25)

Bzg,vzx/l—ﬁ? (1.26)

This can also be rewritten as

o =" A (1.27)

v=0
v =B 00
| 8 ~ 00
A= 0 0 10 (1.28)
0 0 0 1

The matrix A is the Lorentz boost transformation matrix. A general Lorentz boost
transformation can be obtained if the relative motion of the two inertial reference
frames O and O’ is along an arbitrary direction in space. The transformation law
of the coordinates x* will still be given by (1.27) with a more complicated matrix
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A. A general Lorentz transformation can be written as a product of a rotation
and a boost along a direction n given by

2% = 2° cosh @ — Ad'sinh o

T =7+ fz((cosha —1)nZ — 2° sinh a). (1.29)
U .
— = tanh o 7. (1.30)
c

Indeed the set of all Lorentz transformations contains rotations as a subset.
The set of coordinates (z°, z!, 2%, #3) which transforms under Lorentz transfor-
mations as x* = AYz” will be called a 4—vector in analogy with the set of coor-

dinates (z!, 2%, 2%) which is called a vector because it transforms under rotations

/ . .
as ¢ = R¢z’. Thus in general a 4—vector a is any set of numbers (a°, a', a?, a3)
which transforms as (2°, 2!, 2%, #3) under Lorentz transformations, viz

4

a" =Y Aa”. (1.31)

v=0

For the particular Lorentz transformation (1.28) we have

"'=7(a’ ~ pa')

a

a" =~(a' - pa’)

CL2I — CL2

¥ =d’. (1.32)

The numbers a* are called the contravariant components of the 4—vector a. We
define the covariant components a,, by

ap=a’, a=—a", ay=—a’, a3 = —a’. (1.33)

)

By using the Lorentz transformation (1.32) we verify given any two 4—vectors a
and b the identity

a”b” —a'b" — 0¥ — ¥ b = — a'b! — a?0? — PbP. (1.34)

In fact we can show that this identity holds for all Lorentz transformations. We
recall that under rotations the scalar product ab of any two vectors @ and b is
invariant, i.e.

ar' b+ a¥b? + *b = albt + a0 + P, (1.35)
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The 4-dimensional scalar product must therefore be defined by the Lorentz invari-
ant combination a’d’ — a'bt — a?b? — a3b?, namely

ab = a’® —a'bt — a?v? — a3v?
3
= Dol
pn=0
= q,b". (1.36)

In the last equation we have employed the so-called Einstein summation conven-
tion, i.e. a repeated index is summed over.
We define the separation 4—vector Az between two events A and B occurring

at the points (29, rl, 2%, 2%) and (2%, 2k, 2%, x%) by the components

Azt = aly — ols. (1.37)

The distance squared between the two events A and B which is called the interval
between A and B is defined by

As® = Az, Azt = AP — AP (1.38)

This is a Lorentz invariant quantity. However it could be positive, negative or
Zero.

In the case As? > 0 the interval is called timelike. There exists an inertial
reference frame in which the two events occur at the same place and are only
separated temporally.

In the case As? < 0 the interval is called spacelike. There exists an inertial
reference frame in which the two events occur at the same time and are only
separated in space.

In the case As? = 0 the interval is called lightlike. The two events are connected
by a signal traveling at the speed of light.

1.1.5 Metric
The interval ds? between two infinitesimally close events A and B in spacetime

with position 4—vectors o'y and 'y = 2/} + da# is given by

ds® = Z(JTA —2p)u(rs — 1B)"

A (dt)? — (dz)?. (1.39)
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We can also write this interval as (using also Einstein’s summation convention)

3
ds* = Z N dx"dx” = n,,da"dz”

pv=0

3
= Z n"dz,dx, = n"dz,dx,. (1.40)

pr=0

The 4 x 4 matrix 7 is called the metric tensor and it is given by

1 0 0 0
y 0 -1 0 0
e =1"=1 0 0 _1 o0 (1.41)
0 0 0 -1
Clearly we can also write
3
ds* = Z nydatdz, = n,dr"dz,. (1.42)
p,v=0
In this case
Ny =0, (1.43)
The metric 7 is used to lower and raise Lorentz indices, viz
Ty = N’ (1.44)

The interval ds? is invariant under Poincare transformations which combine trans-
lations a with Lorentz transformations A:

ot — = Alta¥ + at. (1.45)

We compute

ds* = nu,,da:/“d:c/” = N dztdx”. (1.46)
This leads to the condition

Nuw NGNS = 1py < ATnA = 1. (1.47)
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1.2 Klein-Gordon Equation
The non-relativistic energy-momentum relation reads
P
E=—++V. 2.48
o T (2.48)
The correspondence principle is
0 ho
E—ih—, p— =V. 2.49
This yields immediately the Schrodinger equation
R _, oY
- — VY =ih—. 2.50
< 2mV * )7/1 ot (2:50)
We will only consider the free case,i.e. V = 0. We have then
h? oY
—— V%) = ih—-. 2.51
2m Y=t ot (2:51)
The energy-momentum 4—vector is given by
”w o ,1,2 3 E
p= 00t pt) = (D). (2.52)
The relativistic momentum and energy are defined by
- 2
j=— p=_"C (2.53)
u? u?
e T2
The energy-momentum 4—vector satisfies
E2
Pou = —5 —0° = m?e (2.54)
c
The relativistic energy-momentum relation is therefore given by
pic® +m*ct = E°. (2.55)

Thus the free Schrodinger equation will be replaced by the relativistic wave equa-

tion
0%

2 272 2 4 2
(—h*c"V +mc)¢:—hﬁ.

(2.56)
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This can also be rewritten as

182 2.2
(—C——+V2—mc)¢=0- (2.57)

This is Klein-Gordon equation. In contrast with the Schrodinger equation the
Klein-Gordon equation is a second-order differential equation. In relativistic no-
tation we have

.0 . 0 10

E— ’lﬁa & Po — Zhao , 80 = % = Ea (258)

| he : 0

1 ox’

In other words
: 0
Pu ? Zha,u ) a,u = i’ (260)
" 2 “w 2 1 62 2

P — —W0,0 = W[ = o5+ V? ). (2.61)

The covariant form of the Klein-Gordon equation is

<auau + m;f)qs = 0. (2.62)
Free solutions are of the form
o(t, @) = eTHPT | py = puxt = Et — pi. (2.63)
Indeed we compute
00" p(t, T) = —%(E2 — pPA)o(t, T). (2.64)
Thus we must have
E? — p*c = m2ct. (2.65)

In other words

E? = 44/p2c® 4+ m2ch. (2.66)
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There exists therefore negative-energy solutions. The energy gap is 2mc?. As it
stands the existence of negative-energy solutions means that the spectrum is not
bounded from below and as a consequence an arbitrarily large amount of energy
can be extracted. This is a severe problem for a single-particle wave equation.
However these negative-energy solutions, as we will see shortly, will be related to
antiparticles.

From the two equations

2.2
& (auau + mh; )¢> —0, (2.67)
2.2
¢>(aua“ n mh; )¢* — 0, (2.68)
we get the continuity equation
o"J, =0, (2.69)
where
th ., .
Ju =5 1070k — ¢0,7]. (2.70)

We have included the factor ih/2m in order that the zero component Jy has the
dimension of a probability density. The continuity equation can also be put in the
form

5% +VJ =0, (2.71)
where
B @ _ih *% B 0¢p*
p= ¢ 2me? ¢ ot ot ) (2.72)
J= M 1596 g9 (2.73)
 2me ’ )

Clearly the zero component J; is not positive definite and hence it can be a prob-
ability density. This is due to the fact that the Klein-Gordon equation is second-
order.

The Dirac equation is a relativistic wave equation which is a first-order differ-
ential equation. The corresponding probability density will therefore be positive
definite. However negative-energy solutions will still be present.
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1.3 Dirac Equation

Dirac equation is a first-order differential equation of the same form as the Schrodinger
equation, viz

L0y
th>, = Hu. (3.74)

In order to derive the form of the Hamiltonian H we go back to the relativistic
energy-momentum relation

pup" —m?c® = 0. (3.75)

The only requirement on H is that it must be linear in spatial derivatives since
we want space and time to be on equal footing. We thus factor out the above
equation as follows

pup —m*c® = (y"p, + mc)(B"p, — mc)
= ’Yuﬁypupu - mC(W“ - ﬁu)pu - mQCQ. (376)

We must therefore have S* = +*, i.e.
P = VY 'Dupy- (3.77)
This is equivalent to
po—pi—ps—p5 = ()5 + ()i + () + (V)
+ (Y242 pipe + (VY + 3y pips + (VP + P paps
+ (7" +%pipo + (V" 4+ ) papo + (7P° + 7% )pspo.

(3.78)
Clearly the objects v* can not be complex numbers since we must have
(")?=1, (") =0*)=0%=-1
Y+ =0. (3.79)
These conditions can be rewritten in a compact form as
VY + At =20, (3.80)

This algebra is an example of a Clifford algebra and the solutions are matrices
~# which are called Dirac matrices. In four-dimensional Minkowski space the
smallest Dirac matrices must be 4 x 4 matrices. All 4 x 4 representations are
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unitarily equivalent. We choose the so-called Weyl or chiral representation given

by
0 1 - 0 o
0 __ 2 i

The Pauli matrices are

01:<?é),02:<8 _Oi),a?’:((l)_ol). (3.82)

Remark that
() =", (") =" & (") =" (3.83)
The relativistic energy-momentum relation becomes
pupt —mP® = (y"p, +me)(y'p, — me) = 0. (3.84)
Thus either v*p,, +mc = 0 or ¥*p, — mec = 0. The convention is to take
Yp, —me = 0. (3.85)

By applying the correspondence principle p, — hd, we obtain the relativistic
wave equation

(thy" 0y — me)yp = 0. (3.86)

This is the Dirac equation in a covariant form. Let us introduce the Feynamn
"slash" defined by

? = ~+"0,. (3.87)

(ihd — mc)y = 0. (3.88)

Since the ~ matrices are 4 x 4 the wave function ¢ must be a four-component
object which we call a Dirac spinor. Thus we have

Y1
_ | ¥
Y= v | (3.89)

Uy
The Hermitian conjugate of the Dirac equation (4.100) is

R0+ me) = 0. (3.90)
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In other words
w+(ih707“70§ +mc) = 0. (3.91)
The Hermitian conjugate of a Dirac spinor is not ¥* but it is defined by
b=y, (3.92)
Thus the Hermitian conjugate of the Dirac equation is
@E(ihv“gu +mc) = 0. (3.93)

Equivalently

Y
Y(ih @ + mc) = 0. (3.94)
Putting (3.88) and (3.94) together we obtain
DR G + ihd)w = 0. (3.95)

We obtain the continuity equation

Ot =0, J" =yt (3.96)
Explicitly we have
dp ==

5 TV/=0 (3.97)

JO 1o, 1,
p=—= -y = (3.98)

C C C

T =y = ¢t ay. (3.99)

The probability density p is positive definite as desired.

1.4 Free Solutions of The Dirac Equation
We seek solutions of the Dirac equation

(thy" 0, — me)y = 0. (4.100)
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The plane-wave solutions are of the form
W(x) = a e P u(p). (4.101)
Explicitly
W(t, &) = a e 1Py (B, p) (4.102)
The spinor u(p) must satisfy
(v'py —mc)u =0 (4.103)
We write
_ [ ua
= ( . ) . (4.104)
We compute
E - —
wo _ —-mec T —0
Ypu —me ( 54 g5 “me ) (4.105)
We get immediately
E_zp
Uy = =4 up (4.106)
me
E - —
- to
ug = = Uy (4.107)
me
A consistency condition is
E _ 22E | = E? 22
=—0op=+0 = — (0
Uy = < c TP, &M (4.108)
mc mc m2c?
Thus one must have
E? 2 2 2 2 22 2 4
?—(c?ﬁ) =m-c" & E*=pc”+mc. (4.109)
Thus we have a single condition
E - —
E+
up =< Py, (4.110)
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There are four possible solutions. These are
1
1 W N0 | L
ua =1\ | & u/ =N Epps | (4.111)
T
0
0 ) _ @ L
Up = 1 = U =N pl—ip? . (4112)
£y
ol i
q,]:,il 2
up = ( (1) ) & u® =NO p—lmcp . (4.113)
0
p'—ip?
up = ( ? ) & u? =NO e : (4.114)
1
The first and the fourth solutions will be normalized such that
up +upua = 2me. (4.115)

uu = u+70u = Uy

We obtain
2.2
NO — NO — /EmTsz' (4.116)

Clearly one must have E' > 0 otherwise the square root will not be well defined. In
other words u™ and u® correspond to positive-energy solutions associated with

particles. The spinors u(p) can be rewritten as

40 — < NGES ) _
NGES

(4.117)
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The 2—dimensional spinors &' satisfy
(£)7E =om. (4.118)

The remaining spinors «® and «® must correspond to negative-energy solutions
which must be reinterpreted as positive-energy antiparticles. Thus we flip the signs
of the energy and the momentum such that the wave function (4.102) becomes

W(t,T) = a ey (—E, —p). (4.119)

The solutions u® and u* become

e 0

1+n;;2 1
U(l) <E7p) = u(B)(_Ev _pj = N(s) ”]L_C ) U(Q) <E7p> = u(4)<_E7 _ﬁ) = N(4) _p'—ip?
0 B %@;3

(4.120)

We impose the normalization condition

w = v % = vivg +vhva = —2me. (4.121)
We obtain
2,2
N® = N® = [ (4.122)
i

The spinors v (p) can be rewritten as

@ = < vaup“?f ) .
vV 5;1]7“772
(4.123)

Again the 2—dimensional spinors n’ satisfy

(n") ™" =0 (4.124)

1.5 Lorentz Covariance

In this section we will refer to the Klein-Gordon wave function ¢ as a scalar field
and to the Dirac wave function ¢ as a Dirac spinor field although we are still
thinking of them as quantum wave functions and not classical fields.
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Scalar Fields: Let us recall that the set of all Lorentz transformations form a
group called the Lorentz group. An arbitrary Lorentz transformation acts as

o — = AP (5.125)

In the inertial reference frame O the Klein-Gordon wave function is ¢ = ¢(x). It
is a scalar field. Thus in the transformed reference frame O’ the wave function
must be ¢ = ¢'(2') where

6 (&) = olx). (5.126)
For a one-component field this is the only possible linear transformation law. The
Klein-Gordon equation in the reference frame O if it holds is of the form

2.2
(a;a’u + )gb/(x/) — 0. (5.127)
It is not difficult to show that
8,0 = 0,0" (5.128)
The Klein-Gordon (5.127) becomes
m2c?
(aua“ 0 )(;5(3:) = 0. (5.129)

Vector Fields: Let V#* = V#(x) be an arbitrary vector field (for example 0" ¢
and the electromagnetic vector potential A*). Under Lorentz transformations it
must transform as a 4—vector, i.e. as in (5.125) and hence

VH(z) = AV (). (5.130)

This should be contrasted with the transformation law of an ordinary vector field
V'(x) under rotations in three dimensional space given by

V'i(z') = RIVI(z). (5.131)
The group of rotations in three dimensional space is a continuous group. The
set of infinitesimal transformations (the transformations near the identity) form a
vector space which we call the Lie algebra of the group. The basis vectors of this
vector space are called the generators of the Lie algebra and they are given by the
angular momentum operators J* which satisfy the commutation relations

[J4, J7] = ihei* J*. (5.132)
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A rotation with an angle || about the axis 6 is obtained by exponentiation, viz
R=¢"7" (5.133)

The matrices R form an n—dimensional representation with n = 25 4+ 1 where j is
the spin quantum number. The angular momentum operators J* are given by

Jt = —iheTF i oF. (5.134)
This is equivalent to
= —ih(z' —279"). (5.135)

Generalization of this result to 4—dimensional Minkowski space yields the six
generators of the Lorentz group given by

JW = —ih(zhd” — 2 O"). (5.136)

We compute the commutation relations
[JH J7] = ih(n”pJ’” — P JYT — T JH 4 n“aJ”p). (5.137)

A solution of (5.137) is given by the 4 x 4 matrices
(T o = iH(05% — 37, (5.138)

Equivalently we can write this solution as

(T*)* g = ih(n" 55 — 55m""). (5.139)

This representation is the 4—dimensional vector representation of the Lorentz
group which is denoted by (1/2,1/2). It is an irreducible representation of the
Lorentz group. A scalar field transforms in the trivial representation of the Lorentz
group denoted by (0,0). It remains to determine the transformation properties of
spinor fields.

Spinor Fields We go back to the Dirac equation in the form

(thy" 0, — me)y = 0. (5.140)



28 YDRI's QFT.

This equation is assumed to be covariant under Lorentz transformations and hence
one must have the transformed equation

/

(ihy'"0), — me) = 0. (5.141)

The Dirac ~ matrices are assumed to be invariant under Lorentz transformations
and thus

/

Voo = Vo (5.142)

The spinor ¢ will be assumed to transform under Lorentz transformations linearly,
namely

U(z) — ' (z) = S(N)(w). (5.143)
Furthermore we have
d, = (A"H" ,9,. (5.144)
Thus equation (5.141) is of the form
(ih(AY” L STHA)Y#S(A)D, — me) = 0. (5.145)
We can get immediately
(A1) WSTHANY#S(A) =" (5.146)
Equivalently
(AT WSTHANMS(A) =" (5.147)

This is the transformation law of the 7 matrices under Lorentz transformations.
Thus the v matrices are invariant under the simultaneous rotations of the vector
and spinor indices under Lorentz transformations. This is analogous to the fact
that Pauli matrices o’ are invariant under the simultaneous rotations of the vector
and spinor indices under spatial rotations.

The matrix S(A) form a 4—dimensional representation of the Lorentz group
which is called the spinor representation. This representation is reducible and it
is denoted by (1/2,0) & (0,1/2). It remains to find the matrix S(A). We consider
an infinitesimal Lorentz transformation

1 _ G aff -1 _ i aff
A=1 —2hwa5j , AT =1+ —2hwa5j . (5.148)
We can write S(A) as

b a8 golay 1o b rap
SN = 1= owngT™ | §7HA) = 1+ el (5.149)
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The infinitesimal form of (5.147) is
_(jaﬁ)u vV = [’71/7 Faﬁ]- (5150)

The fact that the index p is rotated with 7 means that it is a vector index. The
spinor indices are the matrix components of the v matrices which are rotated with
the generators I'*. A solution is given by

10
I = 2" (5.151)

Explicitly

0@'_@ 0 z__@ a0
™ =bhT= (0 _gi)

g _ Wi g _th([ehel 0 N Bt 0
r —4[’77’7]— A 0 (07, 0] _26 0 o )

(5.152)

Clearly T' are the generators of rotations. They are the direct sum of two copies
of the generators of rotation in three dimensional space. Thus immediately we
conclude that I'” are the generators of boosts.
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1.6 Exercises and Problems

Scalar Product Show explicitly that the scalar product of two 4—vectors in space-
time is invariant under boosts. Show that the scalar product is then invariant under all
Lorentz transformations.

Relativistic Mechanics

e Show that the proper time of a point particle -the proper time is the time mea-
sured by an inertial observer flying with the particle- is invariant under Lorentz
transformations. We assume that the particle is moving with a velocity @ with
respect to an inertial observer O.

e Define the 4—vector velocity of the particle in spacetime. What is the spatial
component.

e Define the energy-momentum 4—vector in spacetime and deduce the relativistic
energy.

e Express the energy in terms of the momentum.

e Define the 4—vector force.

Einstein’s Velocity Addition Rule Derive the velocity addition rule in special
relativity.

Weyl Representation

e Show that the Weyl representation of Dirac matrices given by

o [ 0 1 i_( 0 o
T 1, 0 ) 7T 26t 0 )

solves Dirac-Clifford algebra.

e Show that
() =409,
e Show that the Dirac equation can be put in the form of a schrédinger equation
0
h—vy = H
it = HY.

with some Hamiltonian H.
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Lorentz Invariance of the D’Alembertian Show that

n = ATpA.

9,0" = 0,0".

Covariance of the Klein-Gordon equation Show that the Klein-Gordon equa-
tion is covariant under Lorentz transformations.

Vector Representations
e Write down the transformation property under ordinary rotations of a vector in
three dimensions. What are the generators J*. What is the dimensions of the
irreducible representations and the corresponding quantum numbers.
e The generators of rotation can be alternatively given by
Calculate the commutators [J¥, J*].

e Write down the generators of the Lorentz group J*¥ by simply generalizing J%
and show that

[JH, 7] = m(,f/p JHT e JVT _ P JHP 4 o JVP>_

e Verify that
(T")ap = ih(0505 — 0567),
is a solution. This is called the vector representation of the Lorentz group.

e Write down a finite Lorentz transformation matrix in the vector representation.
Write down an infinitesimal rotation in the zy—plane and an infinitesimal boost
along the x—axis.
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Dirac Spinors

e Introduce o* = (1,0%) and # = (1, —c?). Show that

(oup") (") = m?c®.

e Show that the normalization condition u = 2me for u(!) and u(? yields

m2c?
NO = y©@) = - 5
© TP
e Show that the normalization condition v = —2me for vV (p) = u®(—p) and
v® (p) = u® (—p) yields
NG _ y@ | mPe

-
e Show that we can rewrite the spinors u and v as
u® = ( Vaﬂp%li > .
vV 5';LPM£Z

o — < Vo' > |
=P

Determine &° and 7'

Spin Sums Let u(")(p) and v(")(p) be the positive-energy and negative-energy solu-
tions of the free Dirac equation. Show that

[ ]
My = 2mes™ |, 50 = —2mesms , aMo® =0, oMy =0

2F
WMy — 28

§rs | s = 2E
C

el

c

u (B, p)v(E,—p) =0, o (E, —p)u) (B, p) = 0.

2 2
Zu(s) (E,p)u®)(E, p) = YHp,, +me Z OB, p)o)(E, p) = Vpu — me
s=1

s=1
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Covariance of the Dirac Equation Determine the transformation property of the
spinor ¥ under Lorentz transformations in order that the Dirac equation is covariant.

Spinor Bilinears Determine the transformation rule under Lorentz transformations
of 1, P, Yy, YyHeh, hykyPep and PTHep.
Clifford Algebra

e Write down the solution of the Clifford algebra in three Euclidean dimensions.
Construct a basis for 2 x 2 matrices in terms of Pauli matrices.

e Construct a basis for 4 x 4 matrices in terms of Dirac matrices.
Hint: Show that there are 16 antisymmetric combinations of the Dirac gamma
matrices in 1+ 3 dimensions.

Chirality Operator and Weyl Fermions

e We define the gamma five matrix (chirality operator) by

P = iyl 2A3.
Show that
5 _ i BmV m PO
v = _Ie,ul/po’y Y-
() =1
) =9
{°,7"} =0.
[y°, T"] = 0.

e We write the Dirac spinor as

o= ()

By working in the Weyl representation show that Dirac representation is reducible.
Hint: Compute the eigenvalues of 4° and show that they do not mix under Lorentz
transformations.

e Rewrite Dirac equation in terms of ¥ and ¥r. What is their physical interpreta-
tion.
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1.7

Solutions

Scalar Product Straightforward.

Relativistic Mechanics

The trajectory of a particle in spacetime is called a world line. We take two
infinitesimally close points on the world line given by (2, 2!, 2% 23) and (2° +
dae®, 2t + dat, 2% 4 d2?, 23 + da®). Clearly da! = uldt, do? = u?dt and da® = u3dt
where 1 is the velocity of the particle measured with respect to the observer O, viz

L dax
U= —.
dt
The interval with respect to O is given by

ds® = —c2dt* + di? = (=2 + u?)dt>.

Let O' be the observer or inertial reference frame moving with respect to O with
the velocity 4. We stress here that 4 is thought of as a constant velocity only
during the infinitesimal time interval dt. The interval with respect to O’ is given

by

ds* = —c*dr?. (7.153)

2
dr = \/1- 2.
C

The time interval dr measured with respect to O which is the observer moving
with the particle is the proper time of the particle.

Hence

The 4—vector velocity 7 is naturally defined by the components

dzt
H = —
" dr

The spatial part of n is precisely the proper velocity 77 defined by

L dx 1 L,
= — = —1.
g dr u?
=l
The temporal part is
oot e
dr u2
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e The law of conservation of momentum and the principle of relativity put together
forces us to define the momentum in relativity as mass times the proper velocity
and not mass time the ordinary velocity, viz

L dr m

p=mij=mo_ = ﬁu

_c_2

This is the spatial part of the 4—vector momentum

P = mngt = mdx_“
dr
The temporal part is
O—mo—mdxo— mc F
pr=ma =g = 2 c
c2
The relativistic energy is defined by
B mc?
= ; u_22

The 4—vector p* is called the energy-momentum 4—vector.
e We note the identity

E2 — 2.2
pupt = ——5 +p = —mich

Thus
E = \/p?c® + m2ct.
The rest mass is m and the rest energy is clearly defined by
Ey = mc?.

e The first law of Newton is automatically satisfied because of the principle of rel-
ativity. The second law takes in the theory of special relativity the usual form
provided we use the relativistic momentum, viz

. dp

F=22

dt

The third law of Newton does not in general hold in the theory of special relativity.

We can define a 4—vector proper force which is called the Minkowski force by the

following equation

dp*
Kt =—.
dr
The spatial part is
F=®__1 F
dr u2
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Einstein’s Velocity Addition Rule We consider a particle in the reference frame
O moving a distance dx in the z direction during a time interval dt. The velocity with
respect to O is

_dz
Cdt’

u

In the reference frame O the particle moves a distance dz’ in a time interval dt given
by

dz’ = ~(dx — vdt).

’ (Y
dt = ~(dt — C—de)

The velocity with respect to O is therefore

!
, dx U—v

At T 1-%

In general if V and V' are the velocities of the particle with respect to O and O’ respec-
tively and @ is the velocity of O with respect to O. Then

LT
V:
1_

<l

ol<u
‘°|e1

Weyl Representation
e Straightforward.
e Straightforward.

e The Dirac equation can trivially be put in the form

L0 he o 4
zha—qf = (7707 9 + mc?~°)y. (7.154)

The Dirac Hamiltonian is
e - . ‘
H="Sav +mc*B, o =4%", g=4" (7.155)
7

This is a Hermitian operator as it should be.
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Lorentz Invariance of the D’Alembertian The invariance of the interval under
Lorentz transformations reads

Nuwrhz” = nuyx/“x/” = N A" 2P A Az
This leads immediately to
n = ATpA.
Explicitly we write this as

no= A, PigAT
= A, AP,

But we also have

In other words

Ay #= (A",
Since z# = (A~')* ,z'¥ we have

ozt I\

o = AT )
Hence

9, = (A"H" 0,
Thus

9,0" = n"a,0,

= ™A W(ATHY 18,0,
n" A, PA, 28,0\
(ATnA)P20,0,
= 9,0".

Covariance of the Klein-Gordon equation Straightforward.

Vector Representations

e We have

V'i(z') = RIVI(x).
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The generators are given by the angular momentum operators J* which satisfy the
commutation relations

[J¢, J7] = ihek gk

Thus a rotation with an angle || about the axis 6 is obtained by exponentiation,
viz

R = e*iGiJi

The matrices R form an n—dimensional representation with n = 25 + 1 where j is
the spin quantum number. The quantum numbers are therefore given by j and m.

The angular momentum operators J* are given by
Jt= —iheTF I ok,

Thus

(iik gk

—ih(z'd — 27 0Y).

JY

We compute
[T, JH] = ih<77jk<]il == T ”il‘]jk>'

Generalization to 4—dimensional Minkowski space yields
JH = —ih(axH0" — Vo).

Now we compute the commutation relations

[JH, JP7) = z’h(n”p JHT e JVT _ P JHP 4 o JVP>_

A solution of is given by the 4 x 4 matrices
(T")ap = iM(6h65 — 6563).

Equivalently

(T g = ih(n"* 85 — o5n"*).
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We compute

(T 5(T7°)P 5 = (ih)? (n““n””5§ =t OR — oS + 77”“77”“5§>-

(T77)* s(T*)? 5 = (ih)? <77’“?7“"5K — "7y — 07PN + 77"0‘?7””55‘>-
Hence
(T, TP = (ih)? (77‘“’ (708 = nP05] — " [0 — K] — " [ 65 — 0%
+ P ntess - 77"“&‘])

= T TN TN )
e A finite Lorentz transformation in the vector representation is

i

A = e arem T

wyy is an antisymmetric tensor. An infinitesimal transformation is given by

;
A =1- ﬁwlm/j'wj.
A rotation in the xy—plane corresponds to wigo = —ws9; = —0O while the rest of the
components are zero, viz
1 0 00
7 0 1 6 0
A% . = (1 - 12ya
p= 30T 5= 9 1 0
0 0 01
A boost in the r—direction corresponds to wg; = —wig = — 5 while the rest of the
components are zero, viz
1 -5 0 0
a 1 0lya _5 1 0 0
AMp=0+38T0%=1 o o 1 0
0 0 01



40

YDRI's QFT.

Dirac Spinors

o We compute

E E_ 3 — (' — ip?)
opt =——0op= ¢
S (—(plﬂpZ) E4p?
E E L3 pl_jp?
M:— _)_): c
Oul C+U <p1+ip2 %_ps

Thus

The normalization condition is

UU = u+fyou = ujguB =+ uEuA = 2mec.

We obtain immediately
m2c?

E+p3'

[

NO = y@ =
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e Recall that

41
<
A
V(B p) =u®(—E,—p) =N | & |,
1
0
0
V(B §) =u (B, —p) = NI | _pip
Emcs
o Pp
- mc
The normalization condition in this case is
v = v+’yov = vij + UEUA = —2mec.
We obtain now
2.2
NG — v& m-e
E_ 37
C
o Let us define

1 0
() - (1)
We have

1
L N(1)< , S0 >: yo_ L
=P 1
€o

i (B4)
mc O’H]pu

vV 5’;117“&% vV 5'upM§1
E ==
W@ = N@ [ € ) = yor 1 ( VauP"Ey > _ ( VOuPTE? > ‘
& Vo \ VouprEs Voupt§
The spinors ¢! and &2 are defined by
1 o,pH
1_ () 1_ [0 1
1 o,pH

2 _ N2 2 _ [

‘ Ve
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They satisfy
(€)re =0,

Similarly let us define

Then we have

E_zp
o) = NG ( —=2n ) _ Ne L < NCITZ > _ < Vo' >

VOoupt \ —v 5up“775 —V 5#10“771

2
W@ N (gl ) N ( VoL, ) - ( e > |
Voupf \ —\/ouprng —\/0upt'n

Again they satisfy

Spin Sums
e We have

. _ /o, DF. pugr , _ /o punT
u( )(Eam_<\/#£r > ) U( )(E’m_< _\/ngnr )

We compute

aMu(®) = ¢ (F40y(8) = g¢rt (0,p")(Fyp?)E" = 2met" T E° = 2med”™.

Myl = oM+ 0408 — _gyr+ (oup") (5o )n° = —2mentn® = —2med”.

‘We have used

(oup)(oup”) = m2c.
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§r+§s — 57“5 , nr+773 — 57‘5_

We also compute

aMo®) = uF 0 = —e [0, p0) (G,07)0° + €7\ (o) (Gup* )7 = 0.

A similar calculation yields

5O — (404 Z g,

e Next we compute

2F 2F
u(r)Jru(s) _ §T+(O'Mpﬂ + 5.Mpu)§s _ 7§r+§s _ 75%.

=n"(oup" + 50" )n* = —n

2 +,(8) + 5 s _2E "yt = E(;TS_
C C

We have used
ot =(1,6%) , o" = (1,—0").

We also compute

(B B, ) = € ([ (o) Fup) /o) @p)E = 0.
Similarly we compute that
H(E, —p)u® (B, p) = 0.

In the above two equation we have used the fact that

e Next we compute
Zu(s P (B, p) = Zu (E, p)u® (B, p)°

Z< VOuPPE o pF [T pFE T /T, pF ) <
N N N N

We use

Y et =1

01
0

)
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We obtain

> u (B, pu(EB,p) = (

mc  o,pt

gt me ) = 7"pu + me.

Similarly we use
Dt =1
S
to calculate

S OB, o) (B, 5) = (

—mc  o,pt

5-;14])“ —mc > - ’Yﬂpﬂ —me.

Covariance of the Dirac Equation Under Lorentz transformations we have the
following transformation laws

W(@) — ¥'(2) = S(A)(w).
Vo — Y = Vue

& — 0, = (A"H 3.
Thus the Dirac equation (ihy*0d, —mc)y) = 0 becomes
(ih’y,“a; —me)y =0,
or equivalently
(iR(A™YY ST A)Y HS(A)D, — me)y = 0.
We must have therefore
(AT WSTHANWS(A) =9,
or equivalently
(A7) WS~ (AN S(A) ="
We consider an infinitesimal Lorentz transformation

) 7
A =1- ﬁwaﬁjaﬁ s Ail =1 + ﬁwaﬁjaﬁ

The corresponding S(A) must also be infinitesimal of the form

_1_ b raB g-l(A) =14 b, B
S(A) 1 %waﬁf ,S (A) 1+2hwa51“ .
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By substitution we get

(7°7) [, 7]

Explicitly this reads
—ih(6 33797) = [y, ]

or equivalently

[0, T] =

[v;, T%] = zh(S’ 0

[0, T] = o

[, T] = —Zh(5 —077)-
A solution is given by

s o]

Spinor Bilinears The Dirac spinor ¢ changes under Lorentz transformations as
Y(@) — ¢ (@) = S(A)Y(x).
S(A) = e~ amwast™’
Since ()t = 70949 we get (T**)+ = A°T*4Y. Therefore
ST =125(A)7".

In other words

d(a) — 1 (2) = P(@)S(A)

As a consequence
P —> DY =Py,
PP — Y =y
Py — DY = Ay,
VY — P Y = AR Ly .
We have used [y°, T#] = 0 and S~14*S = A* ,+”. Finally we compute
P — PTHY = ST S
—ih. 1y
= Y [87I9"8, 57" Sly
= A¥ A gT Py,
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Clifford Algebra

e The Clifford algebra in three Euclidean dimensions is solved by Pauli matrices, viz
(VA y=20", 4 =0".

Any 2 x 2 matrix can be expanded in terms of the Pauli matrices and the identity.
In other words

Msyo = Myl + M;o;.

e Any 4 x 4 matrix can be expanded in terms of a 16 antisymmetric combinations
of the Dirac gamma matrices.

The 4—dimensional identity and the Dirac matrices provide the first five indepen-
dent 4 x 4 matrices. The product of two Dirac gamma matrices yield six different
matrices which because of {y*,7”} = 2n*¥ can be encoded in the six matrices I'*”

defined by

v Zh v
M = wa ].

There are four independent 4 x 4 matrices formed by the product of three Dirac
gamma matrices. They are

0 e e AN i o A L A LN Ao e
These can be rewritten as
jehvos 7575.

The product of four Dirac gamma matrices leads to an extra independent 4 x 4
matrix which is precisely the gamma five matrix. In total there are 1+44+6+4+1 =
16 antisymmetric combinations of Dirac gamma matrices. Hence any 4 x 4 matrix
can be expanded as

Myxq = Mol + My* + M, T + Myyaie™ P rygy® + MsaS.

Chirality Operator and Weyl Fermions

e We have

V5 = in0y 123,



YDRI's QFT. 47

Thus

{ - l
=1 = = (@oaer ™"
= —1(4-3)60@3707’7]73
i
= — (432"’

— 170717273

= 75_

We have used

0123
€0123 = —€ = -1

We also verify

() = "y

— Ala243 414243

— 243428

= 1.

() = () TEATENTENT
— 210
N N SN

—  —in0qyly32

— 2‘70717273

= ")/5_

(7’7" ={" " =" =" =0
From this last property we conclude directly that

[75, ] =0.

e Hence the Dirac representation is reducible. To see this more clearly we work in
the Weyl or chiral representation given by

0 __ 0 12 i O'O'i
T\ 1, 0 )T Tt 0 )

In this representation we compute

5_ olo?o3 0 (-1 0
= 0 oto?o3 | 0o 1 )°
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Hence by writing the Dirac spinor as

_( YL
w_<1/’R>’

we get

and

In other words
5 _ 5 _
YU =V, 7’V = Vg

The spinors ¥y, and ¥ do not mix under Lorentz transformations since they are
eigenspinors of 4° which commutes with I'*’. In other words

Uy (x) — Uy (a) = S(A)TL(x).

Up(z) — Up(z) = S(A)Ug(z).

The dirac equation is
(ihy*0,, — me)yp = 0.
In terms of ¢y, and 1R this becomes
il + 0'0) YR = mey, , () — 00, = meyr.
For a massless theory we get two fully decoupled equations
ih(0y + 0’0 Yr = 0, (D — 0'd;)r, = 0.

These are known as Weyl equations. They are relevant in describing neutrinos. It
is clear that ¢y, describes a left-moving particles and g describes a right-moving
particles.



Canonical Quantization of Free Fields

2.1 Classical Mechanics

2.1.1 D’Alembert Principle

We consider a system of many particles and let 7; and m; be the radius vector and
the mass respectively of the ith particle. Newton’s second law of motion for the
1th particle reads

= ~(e = d_;
Fi=F9+Y Fi=— (L1)
J

The external force acting on the 7th particle is ﬁi(e) whereas ﬁﬂ is the internal
force on the ith particle due to the jth particle (F;; = 0 and F;; = —F};). The

momentum vector of the ith particle is p; = m;v; = mi%. Thus we have

2 =
5 _ A = AT
By summing over all particles we get

. L d2—;_ d2_’
OZF}:ZE():Zmid—tZ:Md—j. (1.3)

i
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The total mass M is M = ) .m,; and the average radius vector Ris R =
>, my7; /M. This is the radius vector of the center of mass of the system. Thus
the internal forces if they obey Newton’s third law of motion will have no effect
on the motion of the center of mass.

The goal of mechanics is to solve the set of second order differential equations
(1.2) for 7; given the forces ﬁi(e) and f}l This task is in general very difficult and it
is made even more complicated by the possible presence of constraints which limit
the motion of the system. As an example we take the class of systems known as
rigid bodies in which the motion of the particles is constrained in such a way that
the distances between the particles are kept fixed and do not change in time. It is
clear that constraints correspond to forces which can not be specified directly but
are only known via their effect on the motion of the system. We will only consider
holonomic constraints which can be expressed by equations of the form

f(FhFQ)Ffﬂa)t) =0. (14)

The constraints which can not be expressed in this way are called nonholonomic.
In the example of rigid bodies the constraints are holonomic since they can be
expressed as

(7 — 7)) — ¢, = 0. (1.5)

The presence of constraints means that not all the vectors 7; are independent,
i.e not all the differential equations (1.2) are independent. We assume that the
system contains N particles and that we have k£ holonomic constraints. Then there
must exist 3N — k independent degrees of freedom ¢; which are called generalized
coordinates. We can therefore express the vectors 7; as functions of the independent
generalized coordinates ¢; as

—

™ 771(6117(]27---->Q3N—k7t)

N =Tn(q1,q2, vy G3N—k: T)- (1.6)

Let us compute the work done by the forces F;(e) and ﬁﬂ in moving the system
from an initial configuration 1 to a final configuration 2. We have

Wiy = Z/Q Fds, = 2/2 ﬁz’(e)dgz‘ + 2/2 F;]zdgz (1.7)
- - 1 . 1
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We have from one hand

2o dv;
W12 = Z/ EdSZ = Z mlﬁvldt
i 1

- T,-T. (1.8)

The total kinetic energy is defined by

1
T = Zémzvf (1.9)

We assume that the external forces ﬁi(e)

potentials V; such that

are conservative, i.e they are derived from

F = -VV. (1.10)
Then we compute
2 2
Z/ F9ds; = —Z/ VVids, = - S Vil (1.11)
i 1 : 1 i
We also assume that the internal forces ﬁﬂ are derived from potentials V;; such
that
Fii = —V,Vi,. (1.12)

Since we must have F}j = —ﬁji we must take V;; as a function of the distance
|7i — ;] only, i.e V;; = V};. We can also check that the force F’ij lies along the line
joining the particles ¢ and j.

We define the difference vector by 7;; = 7;—7;. We have then ﬁiVij = —ﬁj‘/ij =
%v;j. We then compute

2 = 1 2 = —
> / Fds, = —5 / (ViViydsi + V,Viyds))
— J1 24~/
Y} 1,7
1 L . .
= _5%:/1 Vi Vi (d5; — d5))
1 L -
= —52/1' Vl-jVijdrij
1
= —52‘/@@- (1.13)

i#]
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Thus the work done is found to be given by
The total potential is given by

V= ZV+ ZVw (1.15)

i#j

From the results Wi, = T5 — T} and Wi = —V5 + V] we conclude that the total
energy T'+V is conserved. The term % > +; Vij in V' is called the internal potential
energy of the system.

For rigid bodies the internal energy is constant since the distances |r; — 7| are
fixed. Indeed in rigid bodies the vectors dr;; can only be perpendicular to 75; and
therefore perpendicular to F}j and as a consequence the internal forces do no work
and the internal energy remains constant. In this case the forces F}j are precisely
the forces of constraints, i.e. the forces of constraint do no work.

We consider virtual infinitesimal displacements d7; which are consistent with
the forces and constraints imposed on the system at time ¢. A virtual displacement
0r; is to be compared with a real displacement dr; which occurs during a time
interval dt. Thus during a real displacement the forces and constraints imposed
on the system may change. To be more precise an actual displacement is given in
general by the equation

3N—k

or;
di = <t + Z 8 (1.16)

A virtual displacement is given on the other hand by an equation of the form

3N—k

87“,
1.17
-3 S a1
The effective force on each particle is zero, i.e Fiog = ﬁ — % = 0. The virtual work

of this effective force in the displacement 67 is therefore trivially zero. Summed
over all particles we get

> (Fi - %)5@ = 0. (1.18)

We decompose the force F. into the applied force ﬁ;(a) and the force of constraint
fi, Viz F’Z = F’i(a) + f;- Thus we have

—(a d_; — r oo
Z(F}( - d—i)ém +Y fior = 0. (1.19)
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We restrict ourselves to those systems for which the net virtual work of the forces
of constraints is zero. In fact virtual displacements which are consistent with the
constraints imposed on the system are precisely those displacements which are
prependicular to the forces of constraints in such a way that the net virtual work
of the forces of constraints is zero. We get then

—

N dp<
F@ 20055 = 0. 1.20
SR - (1.20)
This is the principle of virtual work of D’Alembert. The forces of constraints which
as we have said are generally unknown but only their effect on the motion is known
do not appear explicitly in D’ Alembert principle which is our goal. Their only effect
in the equation is to make the virtual displacements 07; not all independent.

2.1.2 Lagrange’s Equations

We compute

. ) OF;
Fi(a)(;,,—,; — Fz'(a) ? 5(],
)3 A
= > Q;dg;. (1.21)
J

The @); are the components of the generalized force. They are defined by

—(a 87:;
Q= F )8%- (1.22)

i

Let us note that since the generalized coordinates ¢; need not have the dimensions
of lenght the components (); of the generalized force need not have the dimensions
of force.

We also compute

dp; B
Z o —0r; = Zmld
_ df ori\ _drid (Ori\ |
- dt dt dt\ag; )|
_ { ( ) a“’}aqj. (1.23)
Jq;

—» —»
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81)2 _ 8?1
i Oq;

dp; ., {d <ﬁ617l-) 8112}
—0T; = mi | — | Vig: 0q;
; ; dt \ " 9g; 8q !
d ( or ) 8T}
= —\ == 0q; (1.24)
; [dt 0q; oq; |
The total kinetic term is 7' = Y, 3m;v?. Hence D’Alembert’s principle becomes

;(ﬁf”) dﬁ ro= —Z{Qa (QT) gﬂéq]_. (1.25)

By using the result we obtain

qj

Since the generalized coordinates ¢; for holonomic constraints can be chosen such
that they are all independent we get the equations of motion

d (0T oT
—0.+— =] === =0. 1.26
o+ i) - 20
In above j = 1,...,n where n = 3N — k is the number of independent generalized
coordinates. For Conservatlve forces we have F; (@) = -V, V,ie
ov
Qi=——. 1.27
J aqj ( )
Hence we get the equations of motion
d (0L oL
—(=—]—-—=—=0. (1.28)
dt 8qj 8qj

These are Lagrange’s equations of motion where the Lagrangian L is defined by

L=T-V. (1.29)

2.1.3 Hamilton’s Principle: The Principle of Least Action

In the previous section we have derived Lagrange’s equations from considerations
involving virtual displacements around the instantaneous state of the system using
the differential principle of D’Alembert. In this section we will rederive Lagrange’s
equations from considerations involving virtual variations of the entire motion
between times t; and ¢y around the actual entire motion between t; and t, using
the integral principle of Hamilton.

The instantaneous state or configuration of the system at time t is described
by the n generalized coordinates ¢y, ¢o,...,q,. This is a point in the n-dimensional
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configuration space with axes given by the generalized coordinates g;. As time
evolves the system changes and the point (qi,¢s, ...,¢,) moves in configuration
space tracing out a curve called the path of motion of the system.

Hamilton’s principle is less general than D’Alembert’s principle in that it de-
scribes only systems in which all forces (except the forces of constraints) are derived
from generalized scalar potentials U. The generalized potentials are velocity-
dependent potentials which may also depend on time, i.e U = U(g;,§;,t). The
generalized forces are obtained form U as

ou d [oU
Q; = o0, Tt (6—%) (1.30)

Such systems are called monogenic where Lagrange’s equations of motion will still
hold with Lagrangians given by L =T — U. The systems become conservative if
the potentials depend only on coordinates. We define the action between times t;
and t, by the line integral

1lq] :/tg Ldt, L—T—V (1.31)

t1

The Lagrangian is a function of the generalized coordinates and velocities ¢; and
¢; and of time ¢, i.e L = L(q1, @2, ---, Gn, G1, G2, ---, Gn, t). The action [ is a functional.

Hamilton’s principle can be states as follows. The line integral I has a sta-
tionary value, i.e it is an extremum for the actual path of the motion. Therefore
any first order variation of the actual path results in a second order change in
I so that all neighboring paths which differ from the actual path by infintesimal
displacements have the same action. This is a variational problem for the action
functional which is based on one single function which is the Lagrangian. Clearly
I is invariant to the system of generalized coordinates used to express L and as a
consequence the equations of motion which will be derived from I will be covariant.
We write Hamilton’s principle as follows

) 5§ [
=1L e G G Gs s Gy £ 1.32
5QZ [q] 5QZ /tl <Q17q27 ydny 41, G2 q ) ( )

For systems with holonomic constraints it can be shown that Hamilton’s principle
is a necessary and sufficient condition for Lagrange’s equations. Thus we can take
Hamilton’s principle as the basic postulate of mechanics rather than Newton’s laws
when all forces (except the forces of constraints) are derived from potentials which
can depend on the coordinates, velocities and time.

Let us denote the soultions of the extremum problem by ¢;(¢,0). We write any
other path around the correct path ¢;(¢,0) as ¢;(t, ) = ¢;(t,0) + an;(t) where the



56 YDRI's QFT.

n; are arbitrary functions of ¢ which must vanish at the end points ¢; and ¢, and
are continuous through the second derivative and « is an infinitesimal parameter
which labels the set of neighboring paths which have the same action as the correct
path. For this parametric family of curves the action becomes an ordinary function
of a given by

I(a) = / ® L(t.a). du(t. o). )L, (1.33)

t1

We define the virtual displacements dq; by

0q; = <ng) la=odax = m;dav. (1.34)

Similarly the infinitesimal variation of [ is defined by

dI
51 = <da)|a oda. (1.35)

We compute
ar / 2 OL 8qz 0L 9q; gt
da 4 \0¢ 0o 6@- oo

B / 2 /0L 8qZ oL Q 0q; it
n 4 \0gq; Oa 8q'i ot O«

0L aql oL d dq;

0q; O 8q'i dt O

2 (9LOq; d [OL\ Oy OL 0g; \ ™
_ e dt . 1.
/tl (8(1@- D dt(@q’i)&m) + (8(1’1- 8a)t1 (1.36)

The last term vanishes since all varied paths pass through the points (t1, y;(¢1,0)
and (t2,yi(t2,0)). Thus we get

2 /9L d (0L
= (% (8 a "
Hamilton’s principle reads
ol dl
= (G)mao. (1.39)

This leads to the equations of motion

2 /9L d (OL
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This should hold for any set of functions 7;. Thus by the fundamental lemma of
the calculus of variations we must have

oL d (0L
aq i (861}) = 0. (1.40)

Formaly we write Hamilton’s principle as

I 9L d <8L) 0

5 O dt\0q;

(1.41)

These are Lagrange’s equations.

2.1.4 The Hamilton Equations of Motion

Again we will assume that the constraints are holonomic and the forces are mono-
genic, i.e they are derived from generalized scalar potentials as in (1.30). For a
system with n degrees of freedom we have n Lagrange’s equations of motion. Since
Lagrange’s equations are second order differential equations the motion of the sys-
tem can be completely determined only after we also supply 2n initial conditions.
As an example of initial conditions we can provide the n ¢;s and the n ¢;’s at an
initial time tg.

In the Hamiltonian formulation we want to describe the motion of the system
in terms of first order differential equations. Since the number of initial conditions
must remain 2n the number of first order differential equation which are needed to
describe the system must be equal 2n, i.e we must have 2n independent variables.
It is only natural to choose the first half of the 2n independent variables to be the
n generalized coordinates g;. The second half will be chosen to be the n generalized
momenta p; defined by

aL(ijqpt).

1.42
i 42

i =

The pairs (g;, p;) are known as canonical variables. The generalized momenta p;
are also known as canonical or conjugate momenta.

In the Hamiltonian formulation the state or configuration of the system is de-
scribed by the point (g1, g2, ---, ¢, D1, D2, ---, D) in the 2n-dimensional space known
as the phase space of the system with axes given by the generalized coordinates and
momenta ¢; and p;. The 2n first order differential equations will describe how the
point (q1, 42, .-, qn, P1, P2, ---, Pn) Moves inside the phase space as the configuration
of the system evolves in time.

The transition from the Lagrangian formulation to the Hamiltonian formulation
corresponds to the change of variables (g;, ¢i,t) — (gi, p;, t) which is an example
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of a Legendre transformation. Instead of the Lagrangian which is a function of
¢i,q; and t, viz L = L(q;, ¢;,t) we will work in the Hamiltonian formulation with
the Hamiltonian H which is a function of ¢;, p; and ¢ defined by

H(qs,pint) = > dipi — L(gs, G t)- (1.43)

We compute from one hand

OH  OH  OH
9. " p, P o (1.44)

From the other hand we compute

oL .. 0L oL

dH = ¢dp; + p;dg; — —dq¢; — —dg; — —dt
¢idp; + piaq 4, q 94, q ot
oL oL
= ¢dp; — —dg; — —dt
L e T
oL
ot
By comparison we get the canonical equations of motion of Hamilton
0OH OH
Gi=g, 0 Th=g (1.46)
We also get
oL OH
- = 1.47
ot ot ( )

For a large class of systems and sets of generalized coordinates the Lagrangian can
be decomposed as L(q;, ¢;,t) = Lo(qi,t) + L1(qi, 4ist) + La(qi, Gi, t) where Ly is a
homogeneous function of degree 2 in ¢; whereas L; is a homogeneous function of
degree 1 in ¢;. In this case we compute

) 0Ly . 0L,
@ip qaqi+q 9 1+ 2L, (1.48)
Hence

If the transformation equations which define the generalized coordinates do not

depend on time explicitly, i.e 7; = 7i(q1, g2, ..., ¢s) then v; = Zj ggf ¢; and as a
J

consequence 1" = T, where T5 is a function of ¢; and ¢; which is quadratic in the
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¢;’s. In general the kinetic term will be of the form T = Ty(q;, ¢, t) + T1(q;, ¢, t) +
To(gi,t). Further if the potential does not depend on the generalized velocities ¢;
then Ly =T, L; =0 and Ly = —V. Hence we get

H=T+V. (1.50)

This is the total energy of the system. It is not difficult to show using Hamilton’s
equations that dd—lf = %—If. Thus if V' does not depend on time explicitly then L will
not depend on time explicitly and as a consequence H will be conserved.

2.2 Classical Free Field Theories

2.2.1 The Klein-Gordon Lagrangian Density

The Klein-Gordon wave equation is given by

m2c?
<8M8“ + = )gb(x) =0. (2.51)
We will consider a complex field ¢ so that we have also the independent equation
m2c?\ |,
(Qﬁ“ + = )(;5 () =0. (2.52)

From now on we will reinterpret the wave functions ¢ and ¢* as fields and the
corresponding Klein-Gordon wave equations as field equations.

A field is a dynamical system with an infinite number of degrees of freedom.
Here the degrees of freedom ¢z(t) and gz(t) are the values of the fields ¢ and ¢* at
the points ¥, viz

3z(t) = ¢*(a°, T). (2.53)
Remark that
. dgz dx’
qz = pT cOyo + 7t 0,0
0z = = * OF. 2.54
G = = con + 00 (2.54)

Thus the role of ¢z and gz will be played by the values of the derivatives of the
fields 0,¢ and 0,¢* at the points 7.

The field equations (2.51) and (2.52) should be thought of as the equations of
motion of the degrees of freedom ¢z and ¢z respectively. These equations of motion
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should be derived from a Lagrangian density £ which must depend only on the
fields and their first derivatives at the point #. In other words £ must be local.
This is also the reason why L is a Lagrangian density and not a Lagrangian. We
have then

(¢ ¢ 8u¢> u¢ ) (fL' l‘) (255)
The Lagrangian is the integral over T of the Lagrangian density, viz
L= / dzL(2°, 7). (2.56)

The action is the integral over time of L, namely

. / dtL = / d*zL. (2.57)

The Lagrangian density £ is thus a Lorentz scalar. In other words it is a scalar
under Lorentz transformations since the volume form d*z is a scalar under Lorentz
transformations. We compute

55 = /d4a;5£,
_ / d'a 5¢ = £ 50,0 - 8;) h.c}
_ /d4;1: 5¢5¢+85¢5‘;f’¢ hc}
_ /d% (5¢ 0 “5(;;6 (5‘?53@) +h.c]. (2.58)

The surface term is zero because the field ¢ at infinity is assumed to be zero and
hence

0p=0, 2" — £o0. (2.59)

s = faufso(E o025 ) end s

The principle of least action states that

We get

55 =0. (2.61)
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We obtain the Euler-Lagrange equations

5L 5L
5 aum = 0. (2.62)
oL L (2.63)

tad - S e
5¢* K 5@#5*
These must be the equations of motion (2.52) and (2.51) respectively. A solution
is given by
2

2

2

2
<8M¢>*8“gb . mhf ¢*¢). (2.64)

Lxg =

The factor A2 is included so that the quantity | d*zLkg has dimension of energy.
The coefficient 1/2 is the canonical convention.
The conjugate momenta m(x) and 7*(z) associated with the fields ¢(x) and

¢*(x) are defined by

. 5£KG % o 5£KG
m(z) = 500 ™ (z) = 50,0 (2.65)
We compute
h2 . . h2
m(z) = 55007, 7 (2) = 5500, (2.66)

The Hamiltonian density Hx¢g is the Legendre transform of Ly defined by
Hie = w(x)0o(z) + 7 (2)0o"(z) — Lxa

2 2.2
_ % (80¢*80¢ Y VOV + mhf ¢*¢) . (2.67)

The Hamiltonian is given by
Hye = /d3$7’lKG- (2.68)

2.2.2 The Dirac Lagrangian Density

The Dirac equation and its Hermitian conjugate are given by

(thy" 0, — me)y = 0. (2.69)
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@(ihfy“gu + mce) = 0. (2.70)

The spinors ¢ and ) will now be interpreted as fields. In other words at each point
# the dynamical variables are ¢ (2%, ¥) and ¢ (2°, 7). The two field equations (2.69)
and (2.70) will be viewed as the equations of motion of the dynamical variables
(2%, %) and ¥(2°, F). The local Lagrangian density will be of the form

L= L, ,0,,0,) = L(2°, 7). (2.71)
The Euler-Lagrange equations are
oL oL
oL oL
— —0,—— =0. 2.73
5,¢) M(Sauw ( )

A solution is given by
LDirac = @(ihc*y“au —me?)ip. (2.74)

The conjugate momenta II(z) and II(z) associated with the fields 1 (z) and ) (z)
are defined by

o 5£Dirac

5»6 irac
I(z) = 0 =

, (z) = 500

(2.75)

We compute
(x) = ¢¥ifn° |, Ti(x) = 0. (2.76)
The Hamiltonian density Hpiac is the Legendre transform of Lpji... defined by
HDiraC - H(l’)at'll)(l’) + aﬂz}(fﬂ)ﬁ@) - ‘CDirac
= P(ihey 0, + me)y
= )t (=iheaV + meB). (2.77)
2.3 Canonical Quantization of a Real Scalar Field

We will assume here that the scalar field ¢ is real. Thus ¢* = ¢. This is a classical
field theory governed by the Lagrangian density and the Lagrangian

2 2.2
Lia = %(é’ma% - mh_¢) (3.78)
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Lyg = / d*xLxq. (3.79)
The conjugate momentum is
0Lxa h?
T = 500 gﬁtgb. (3.80)

We expand the classical field ¢ as

d? i
o(2°, 7) = %/@T%Q(ﬁ,ﬁ)ew (3.81)
In other words Q(z?, p) is the Fourier transform of ¢(x°, Z) which is given by
%Q(wo,ﬁ) = /d%(b(:co,f)e;ﬁﬂ. (3.82)
Since ¢* = ¢ we have Q(z°, —p) = Q*(2°, p). We compute
1 a3
b = 3 [ o ]aQ @ maQ. ) - Q6 PR )
23
-/ ﬁ[@@*(wﬂ )0Q(". ) —w(@?@*(z%ﬁ)@(x%ﬁ)} (3.83)
n
wWi(p) = %(ﬁQCQ +m?ch). (3.84)

The sign [ . stands for the integration over positive values of p', p* and p*. The
equation of motion obeyed by @) derived from the Lagrangian Lkq is

(07 +w(@)Q(°,p) = 0. (3.85)
The general solution is of the form

1
20(p)

This satisfies Q(z°, —p) = Q*(2°, p). The conjugate momentum is

Q2" p) =

[a(ﬁ) e WPt g (—p)* @] (3.86)

— h d3 i
(@8 =2 / G @ P PG ) =000 (38T
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h i
—P(2°,p) = | dPrr(a®, 2)e w7 (3.88)
c

Since 7* = 7 we have P(z°, —p) = P*(2°, p). We observe that

dLka

PP = g

(3.89)

The Hamiltonian is

d’p (.0 0 2 * (.0 0
Hio = [ o | PEDPE.D + X 0Q . HQCR|. 690

The real scalar field is therefore equivalent to an infinite collection of independent
harmonic oscillators with frequencies w(p) which depend on the momenta p’of the
Fourier modes.

Quantization of this dynamical system means replacing the scalar field ¢ and
the conjugate momentum field 7w by operators gZA> and 7 respectively which are acting
in some Hilbert space. This means that the coefficients a and a* become operators
a and a* and hence @ and P become operators Q and P. The operators <;5 and 7
will obey the equal-time canonical commutation relations due to Dirac, viz

(62, 2), 7 (2, §)] = ihd*(T — 7). (3.91)
(62, 2), 6(a°, 7)) = [7(a°, 2), 7 (", 7)) = 0. (3.92)
These commutation relations should be compared with
(9i, pj] = ihdy;. (3.93)
(9, 4;] = [pis pj] = 0. (3.94)

The field operator <;A5 and the conjugate momentum operator 7 are given by

oo o [ dp ipg _ dp . wE &p — 7
E(b(xowr)_/(Qﬂ_h) ( 7]7)6 _/F(Qﬂh)?’Q(xO’ﬁ)e +/4_(27Th>3Q+<x07ﬁ)e (1395>

Crr 0 = D p0 i = / P p0 7 / Ep avi 0 o i
bt - P w_ [ 2P p 7 p 7y
hw(x , @) /(27Th)3 (7, p)en . rhy (z”, p)en?” 4+ . rhy (7, p)e” #13.96)

It is then not difficult to see that the commutation relations (3.91) and (3.92) are
equivalent to the equal-time commutation rules

[Q(2°,p), PH(2°, Q)] = ih(27h)*6° (5 — ). (3.97)
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0", 7), P(a", @] = 0. (3.98)
[Q(ZL‘O,@,Q( 7@)] [ ( 723) P( 7@)] = 0. (399)
We have
520 ) — ity (o i
Qz",p) = QM@{ a(p) + a(—p) } (3.100)

P(a p) = \/W[ (p) e Pt _ g(—p)+ eiw(ﬁ)t]. (3.101)

Since Q(2°, ) and P(a°, p) satisfy (3.97), (3.98) and (3.99) the annihilation and
creation operators a(p) and a(p)™ must satisfy

[@(p), a(@)"] = h(2mh)*6* (5 — q)- (3.102)

The Hamiltonian operator is

e = [ oot P PP + P PO D)

d*p
— [ Gt |atali) + aa)’]
. @rhyp
d°p +5 h 353
= 2 ey w(p)|alp)*a(p) + 5 (2rh)°5°(0)
d3
/ i) (@[ (p)Ta(p) + 5(27?71)353(0)]. (3.103)
Let us define the vacuum (ground) state |0 > by
a(p)|0 >= 0. (3.104)
The energy of the vacuum is therefore infinite since
A d3
Hyggl0 > = / i) (ﬁ)[ (2mh)*6%(0 )} 0> . (3.105)
This is a bit disturbing. But since all we can measure experimentally are energy

differences from the ground state this infinite energy is unobservable. We can
ignore this infinite energy by the so-called normal (Wick’s) ordering procedure

defined by
a(P)a(p)” = a(p) a(p) , - a(p)"a(p) = a(p)"a(p). (3.106)
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We then get
ST dp S (A4
: Hgg: = (27Th)3w(ﬁja(]§') a(p). (3.107)
Clearly
:Hgg: 10> = 0. (3.108)
It is easy to calculate
[Axa,a(p)*] = ho(Pa(@)* , [H,a(p)] = —hw(p)a(p). (3.109)

This establishes that a(p)* and a(p) are raising and lowering operators. The one-
particle states are states of the form

1

|p>= E\/Qw(ﬁ)d(ﬁ)ﬂo > . (3.110)
Indeed we compute
Hylp >= hw(p)|p>= E@)|F> , E@) = /P22 + m2ch. (3.111)

The energy E(p) is precisely the energy of a relativistic particle of mass m and
momentum p. This is the underlying reason for the interpretation of |p' > as a
state of a free quantum particle carrying momentum p and energy FE(p). The
normalization of the one-particle state | > is chosen such that

2 (2mh)*E(p)6* (' — q). (3.112)

<ﬂ§>:g

We have assumed that < 0|0 >= 1. The factor y/2w(p) in (3.110) is chosen so
that the normalization (3.112) is Lorentz invariant.

The two-particle states are states of the form (not bothering about normaliza-
tion)

P, q >= a(p)"a(q)"|0 > . (3.113)
We compute in this case
Hyalp, § >= h(w(p) +w()|F> . (3.114)

Since the creation operators for different momenta commute the state |p,q >
is the same as the state |g,p" > and as a consequence our particles obey the
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Bose-Einstein statistics. In general multiple-particle states will be of the form

-

a(p)ra(dT...a(k)T|0 > with energy equal to A(w(p) + w(q) + ... + w(k)).
Let us compute (with pz = cp’t — pi)

~ 3 ~ i
i) = [ Qe

c (2mwh)3
= 4 = a(pe” #P* + a(p) et
_ / T ﬁ)< (P)e™ " + a(p) )pozE@/c' (3.115)

Finally we remark that the unit of i is [h] = ML?/T, the unit of ¢ is [¢] =
1/(L32MY?), the unit of 7 is [7] = (M3/2LY/?) /T, the unit of Q is [Q] = M2 L/,
the unit of P is [P] = (M'2L5/?)/T, the unit of a is [a] = (MY2L5/?)/T"/?, the
unit of H is [H| = (M L?*)/T? and the unit of momentum p is [p] = (ML)/T.

2.4 Canonical Quantization of Free Spinor Field

We expand the spinor field as

0 = __ 1 d3p 0 11755
w(ﬂf ,SL’) - E, (27Th)3X<5U 7@65 . (4116)

The Lagrangian in terms of y and y™ is given by
LDiraC = /d?’x‘CDirac
- /d%@(ih@y“@u —mc*)yY
c d3p

= 5 (27rh)3>’<(x°,ﬁ)(ih7°6’o—vipi—mC)x(xO,ﬁ). (4.117)

The classical equation of motion obeyed by the field x(z, p) is
(ihy"0p — v'p" — me)x (2, p) = 0. (4.118)
This can be solved by plane-waves of the form
(@, 5) = e HE (), (4.119)
with

(Y*pu — me)x(p) = 0. (4.120)
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We know how to solve this equation. The positive-energy solutions are given by

Y+ (7) = u (B, 5). (1.121)
The corresponding plane-waves are
x+(2%,7) = e P (Ep), p) = e P (p). (4.122)
w(F) = % - —W. (4.123)
The negative-energy solutions are given by
x-(p) = v (=E, —p). (4.124)
The corresponding plane-waves are
X2, 1) = PO (E(R), =) = P00 (), (4.125
In the above equations
E(p) = E = hw(p). (4.126)

Thus the general solution is a linear combination of the form

2.5 = /5 mz( OGO + P (=) (4120

The spinor field becomes

d? i
v = ¢ [ oo Z( PO D7, 1) + =P (~p)d(—p

i

The conjugate momentum field is
I(2°,7) = ikt
: Ep o i
= i (27Th)3X (2, p)e” nPr. (4.129)

After quantization the coefficients b(p, i) and d(—p,7)* and a s a consequence the
spinors y(2°,p) and x* (2%, ) become operators b(p,i), d(—p,i)", x(z°,p) and
X (2%, p) respectively. As we will see shortly the quantized Poisson brackets for a
spinor field are given by anticommutation relations and not commutation relations.

7))

(4.128)
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In other words we must impose anticommutation relations between the spinor field
operator ¢ and the conjugate momentum field operator II. In the following we
will consider both possibilities for the sake of completeness. We set then

[Wa(a®, ), Mg, §)]« = ihdapd® (T — §). (4.130)

The plus sign corresponds to anticommutator whereas the minus sign corresponds
to commutator. We can immediately compute

[Xa(2°,0), X5 (2°, )]+ = h?0as(27Rh)*6° (9 — §). (4.131)

This is equivalent to

b(p,4), b(q, )]+ = hoy;(2mh)>6° (7 — ), (4.132)

[d(p,i)F, d(§, 5)]+ = hdyy(2mh)*5%(F — @), (4.133)
and

(7, 4), (G, )]+ = [d(, 5)F, b(F, 1))+ = 0. (4.134)

We go back to the classical theory for a moment. The Hamiltonian in terms of y
and xT is given by

_ 3
HDirac — /d xHDirac

= /d%zﬁ(—ihc*yi@i +me* )

¢ dp _ 4 i 0
T R (Qﬁh)?)X(x ,P)(v'p" + me)x(x”, p)
¢ Ep o 0 0
= 72 ) X @R mex (@ p). (4.135)

The eigenvalue equation (4.120) can be put in the form

o E
V(P me)x(a”,p) = —x(", ). (4.136)

On the positive-energy solution we have

X+ (2%, ). (4.137)

i hw(p
V(4P +me)x (2%, p) = 0(7
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On the negative-energy solution we have

ZUN

VO (vip' 4+ me)x_(a°, p) = — (2°, p). (4.138)

Hence we have explicitly

A (V' + me)x(a°, p) = 25)(23)2( “Bty D (P)b(p, 1) — '“(ﬁ’tv(”(—ﬁ)d(—m)*).

(4.139)

The Hamiltonian becomes

Hpirae = %/(26275)3&?(5’) EZ: <b(ﬁ7 i)*b(p, i) — d(—p,i)d(—p, z)*)
- [ X (s — i)

After quantization the Hamiltonian becomes an operator given by
d3p [N +”\ - . TS N = . +
h)3w(ﬁ) Z b(pvl) b(p,’b) - d(p,’b)d(p,l) : (4141)

At this stage we will decide once and for all whether the creation and annihilation
operators of the theory obey commutation relations or anticommutation relations.
In the case of commutation relations we see from the commutation relations (4.133)
that d is the creation operator and d is the annihilation operator. Thus the second
term in the above Hamiltonian operator is already normal ordered. However we
observe that the contribution of the d—particles to the energy is negative and thus
by creating more and more d particles the energy can be lowered without limit.
The theory does not admit a stable ground state.

In the case of anticommutation relations the above Hamiltonian operator be-
comes

HDiraC

Hpirae = / %w(ﬁ); <Z§(ﬁ,z’)+f>(ﬁ,i)+ci(ﬁ,z’)+d(ﬁ,i)). (4.142)
This expression is correct modulo an infinite constant which can be removed by
normal ordering as in the scalar field theory. The vacuum state is defined by
b(,1)[0 >= d(p, )]0 >=0. (4.143)
Clearly

Hpiacl0 > = 0. (4.144)
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We calculate

[Hpisac, b(#,8) ] = ha(9)b(P,6)* , [Hpieae, b(D,6)] = —hw(p)b(p, ). (4.145)

[Hpirac, d(p,8)*] = ho(p)d(p,1)" , [Hpivae, d(7,7)] = —hw(p)d(p,4).  (4.146)

Excited particle states are obtained by acting with B(ﬁ, i)T on |0 > and excited
antiparticle states are obtained by acting with d(ﬁ, i)™ on |0 >. The normalization
of one-particle excited states can be fixed in the same way as in the scalar field
theory, viz

17.ib >= /2w(P)b(P, )"0 > , |p,id >= /2w(P)d(p,)) |0 >.  (4.147)

Indeed we compute

Hpivac|D, ib >= E(p)|7,ib > , Hpirac| P, id >= E(P)|,id > . (4.148)

< p,ib|q, jb >=< p,id|q, jd >= 2E(p)d;;(27h)*6* (p — ). (4.149)
Furthermore we compute

< 0|9 (2)|p,ib >= uld (F)e” P*. (4.150)

< 0[(2)|5, id >= o) (e~ 7. (4.151)

The field operator lﬂ(a:) acting on the vacuum |0 > creates a particle at Z at time
t = 2°/c whereas 1)(z) acting on |0 > creates an antiparticle at Z at time ¢ = 2°/c.
General multiparticle states are obtained by acting with b(p,i)* and d(p,i)*
on |0 >. Since the creation operators anticommute our particles will obey the
Fermi-Dirac statistics. For example particles can not occupy the same state, i.e.
b(p,3) (P, 1)t)0 >= 0.
The spinor field operator can be put in the form

500 = 5 [ e 2 (0 @00 + O )

(4.152)
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2.5 Propagators

2.5.1 Scalar Propagator

The probability amplitude for a scalar particle to propagate from the spacetime
point y to the spacetime x is

D(x — y) =< 0p()d(y)[0 > . (5.153)

We compute

2 d3p Bqg  eTEPT eh®
Dz —y) = /

n2 ) (2rh)® ) (27h)® |\ /2w(p) /20 (])

— 2/ d’p 1 —#p(e—y) (5.154)
- (27rh)32E(pj€ ' '

This is Lorentz invariant since d®p/E(p) is Lorentz invariant. Now we will relate
this probability amplitude with the commutator [¢(x), ¢(y)]. We compute

< 0la(Pa(@*|o >

3 A [ dp dg 1
Be). 00 = 5 iy 5 | oo AT Next

. ( k(). a(@) ] — eiPe 1 a(g) @ﬂ)
= D(x—y)— D(y—uz). (5.155)

In the case of a spacelike interval, i.e. (z —y)? = (z° — y°)? — (¥ — 9)? < 0 the
amplitudes D(x — y) and D(y — z) are equal and thus the commutator vanishes.
To see this more clearly we place the event x at the origin of spacetime. The event
y if it is spacelike it will lie outside the light-cone. In this case there is an inertial
reference frame in which the two events occur at the same time, viz y° = 2°. In
this reference frame the amplitude takes the form

Bp 1
D(r — - 2 2E - ppE-g) 1

It is clear that D(x —y) = D(y — x) and hence
[G(2), 9(y)] = 0, iff (z—y)* <0. (5.157)

In conclusion any two measurements in the Klein-Gordon theory with one mea-
surement lying outside the light-cone of the other measurement will not affect each
other. In other words measurements attached to events separated by spacelike in-
tervals will commute.
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In the case of a timelike interval, i.e. (x —y)? > 0 the event y will lie inside
the light-cone of the event x. Furthermore there is an inertial reference frame in
which the two events occur at the same point, viz i = . In this reference frame
the amplitude is

D(:L’—y) = 02/7d3p 71 e,%po(mofyo) (5 158)
(2mh)3 2E(p) ' '
Thus in this case the amplitudes D(z — y) and D(y — z) are not equal. As a

~ ~

consequence the commutator [¢(x), ¢(y)] does not vanish and hence measurements
attached to events separated by timelike intervals can affect each.
Let us rewrite the commutator as

< 0l[o(2), ()10 > = [d(x), d(y)]

3 ) )
_ @2 / 0 S (P R )
(@rh) 2E ()
3 )
_ 2 / (dp ( L4 (B2 —pa-9)

27h)3 \ 2E(p)
]_ _i(_E® 20 (i
+ TM@ h( Cp ( ’ yo) w y))) . (5159)
Let us calculate from the other hand
0 . , 0
Lfdr & ey _ LA T ey
c) 2w p?—m2c? cJ 2m (po)2 — %@2

(5.160)

There are two poles on the real axis at p® = £E(p)/c. In order to use the residue
theorem we must close the contour of integration. In this case we close the contour
such that both poles are included and assuming that 2° —¢° > 0 the contour must
be closed below. Clearly for 2° — y° < 0 we must close the contour above which
then yields zero. We get then

0 . . . 0o_ E® .
Lfdr” i ey o (P T T i (0060 E-9)
c 21 p? — m202€ 27TC< 27rz) (p0)2 E(p)? €
_EGP
0, E®) )
(P () -e-)
0\2 _ E®?
(P°)? — =2 PO=—E(f)/c
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Thus we get
Dr(r—y) = 0(z° —4°) < 0|[b(x), b(y)][0 >
4 ~ ,
ch / ( b — (5.162)

21h)* p? — m2c?

Clearly this function satisfies

2.2
mhj )Dg(z —y) = —2’%54(3; —y). (5.163)
This is a retarded (since it vanishes for 2° < y°) Green’s function of the Klein-
Gordon equation.

In the above analysis the contour used is only one possibility among four pos-
sible contours. It yielded the retarded Green’s function which is non-zero only for
2% > y° The second contour is the contour which gives the advanced Green’s
function which is non-zero only for 2 < y°. The third contour corresponds to the
so-called Feynman prescription given by

Dp(z—y) = cﬁ/<d4p i

21h)* p? — m?c? + ie
The convention is to take € > 0. The fourth contour corresponds to € < 0.
In the case of the Feynman prescription we close for 2° > 4% the contour below
so only the pole p° = E(p)/c—ie will be included. The integral reduces to D(z—y).
For 2° < 4° we close the contour above so only the pole p° = —E(p)/c + i€ will
be included. The integral reduces to D(y — ). In summary we have

Dp(z—y) = 0@’ =y")D( —y) +0(° — 2")D(y - x)
— < 0|T(x)dy)[0 > . (5.165)

(0,0 +

e~ wP(e=y), (5.164)

The time-ordering operator is defined by

To(@)o(y) = d(x)o(y) , a° > 4°
To(2)o(y) = o(y)o(x) 2" <y (5.166)
By construction Dp(x — y) must satisfy the Green’s function equation (5.163).

The Green’s function Dp(z —y) is called the Feynman propagator for a real scalar
field.

2.5.2 Dirac Propagator

The probability amplitudes for a Dirac particle to propagate from the spacetime
point y to the spacetime x is

Sav(w = y) =< Ofa(@)dy(y)[0 > . (5.167)
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The probability amplitudes for a Dirac antiparticle to propagate from the space-
time point x to the spacetime y is

Shay — ) =< 0[thy(y)ta(2)|0 > . (5.168)
We compute
1
Sw(r—y) = E(ih’y“&ﬁ + mc)gpD(x — y). (5.169)
5 1
Sealy =) = ——(i"0; +mc)ay D(y — ). (5.170)

The retarded Green’s function of the Dirac equation can be defined by
1. .
(SrR)w(z —y) = E(zhfy“au + mc)yDr(z — ). (5.171)

It is not difficult to convince ourselves that

(Spw(@—y) = 0@ —1°) < O0|{da(x), do(y)}:10>.  (5.172)

This satisfies the equation

(ihy" 0% — me)ea(Sr)as(x —y) = ih0* (& — )b (5.173)

Another solution of this equation is the so-called Feynman propagator for a Dirac
spinor field given by

1,. .
(SE)a(z—y) = E(zhfy“au +me)wDr(z —y). (5.174)
We compute

(Se)ule —y) = < 0T}yl > . (5.175)
The time-ordering operator is defined by
D@ = i) >
To(x)y(y) = —v(y)v(z) ,2° <y (5.176)

By construction Sg(x—y) must satisfy the Green’s function equation (5.173). This
can also be checked directly from the Fourier expansion of Sg(z — y) given by

d'p i(Y*p + mc)a
wr—y) = h K 9 o= ip(=y), 5.177
(SF)ar( = y) /(27Th) P2 —m202+le€ ( )
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2.6 Discrete Symmetries

In the quantum theory corresponding to each continuous Lorentz transformation A
there is a unitary transformation U(A) acting in the Hilbert space of state vectors.
Indeed all state vectors |a > will transform under Lorentz transformations as

oo >— U(A)|a >. In order that the general matrix elements < B|(9(1/A1,1/T1)\a >
be Lorentz invariant the field operator ¥)(x) must transform as

~

Y(x) — P (x) = UM (@)U (A). (6.178)
Hence we must have

S(A)Y(A z) = UN) T (x)U(A). (6.179)
In the case of a scalar field ¢(x) we must have instead
H(A'z) = U(N) " d(2)U(A). (6.180)

There are two discrete spacetime symmetries of great importance to particle physics.
The first discrete transformation is parity defined by

(t,7) — P(t,7) = (t, —7). (6.181)
The second discrete transformation is time reversal defined by
(t,7) — T(t,7) = (—t, 7). (6.182)

The Lorentz group consists of four disconnected subroups. The subgroup of
continuous Lorentz transformations consists of all Lorentz transfomrations which
can be obtained from the identity transformation. This is called the proper or-
thochronous Lorentz group. The improper orthochronous Lorentz group is ob-
tained by the action of parity on the proper orthochronous Lorentz group. The
proper nonorthochronous Lorentz group is obtained by the action of time rever-
sal on the proper orthochronous Lorentz group. The improper nonorthochronous
Lorentz group is obtained by the action of parity and then time reversal or by
the action of time reversal and then parity on the proper orthochronous Lorentz
group.

A third discrete symmetry of fundamental importance to particle physics is
charge conjugation operation C. This is not a spacetime symmetry. This is a
symmetry under which particles become their antiparticles. It is well known that
parity P, time reversal T and charge conjugation C' are symmetries of gravitational,
electromagnetic and strong interactions. The weak interactions violate P and C
and to a lesser extent T and CP but it is observed that all fundamental forces
conserve CPT.
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2.6.1 Parity

The action of parity on the spinor field operator is

o ie) = 3 [ o g = (O wuErie e

+ e (R)U(PYH(p, i)*U(P))

= S(P)(P'x). (6.183)

We need to rewrite this operator in terms of 7z = P~lx = (2%, —%). Thus pzx = pz

where p = P~z = (p°, —p). We have also op = 6p and 6p = op. As a consequence
we have

() = 1 uO(F) , v (F) = -0 (F). (6.184)
Hence
U(PYB@UP) = o' ;fm i z( 00 (5)U (P) (5. YU (P)
_ m OGP <P>) (6.185)

The parity operation flips the direction of the momentum but not the direction of
the spin. Thus we expect that

~

U(PY* (5, 1)U(P) = mb(—p.i) , U(P)*d(p.i)U(P) = nad(~p.i). ~ (6.186)

The phases 7, and 1, must clearly satisfy

m=1,n=1 (6.187)
Hence we obtain
ey S ) = 1 [ gt S (e GG et
h) (2rh)*\ 2w(p) =

This should equal S(P)i(Z). Immediately we conclude that we must have

— (6.189)

Hence

UP) (@)U(P) = my"¥(2). (6.190)
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2.6.2 Time Reversal

The action of time reversal on the spinor field operator is

U(T) (2)U(T) = 1 27m 5\/3 @Z( fem i (R)b(p, i) U(T)

£ U@) e (i >+U<T>)

= S(T)(T 'x). (6.191)
This needs to be rewritten in terms of & = T 'z = (—2° 7). Time reversal
reverses the direction of the momentum in the sense that pr = —pz where p =

(p°, —p). Clearly if U(T) is an ordinary unitary operator the phases e¥#P* will go
to their complex conjugates e*#P* under time reversal. In other words if U(T') is an
ordinary unitary operator the field operator U(T) "¢ (x)U(T') can not be written as
a constant matrix times (). The solution is to choose U(T') to be an antilinear
operator defined by

UT) e=cU((T)". (6.192)

Hence we get

UT)Y@U(T) = + Qfﬂ; ,/% Z(e RO (B)U () b(p, 1)U (T)

L PO G UT) G >+U<T>) (6.193)

We recall that

I3 T—00 1
D (p) = N E+§ﬁ§1 oW = NO T (6.194)
0

mc o
Hence (by using 0™ = —g%0'0?) we obtain
1 P 2¢1x
Wz — NO 0 N —1°%
u = B_; E_g :
(ﬁ) ( 0_2 Cmcpo'Qfé* ) v 7 ( p< 25 )
(6.195)
. G2 etP 2 1 L —%+517( iyt
I )*(]5') - N® me Mo — ]\[(3)7 73 me Mo ]
Mo —iony*

(6.196)
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We define

&= —io 50 R 202778*. (6.197)

Note that we can take &, ® proportional to n;. We obtain then

-1
@) = NO w(_§§> P ((VEEE ) =)

mec >0
(6.198)
v (p) = —NOyY ) —’71’73< A ) —y' 30 ().
M /0P
(6.199)
Similarly we can show that
u@)*(p*) _ 71,}/3u(—2)(5) ’ '1}(2)*(]5) _ _7173,0(—2)(5)' (6200)
In the above equations
€ = N ()i, 0" = —NO(—f) 2. (6.201)
N2 NCHZ

Let us remark that if £ is an eigenvector of &7 with spin s then &;* is an eigenvector
of n with spin —s, viz

FnEy = s&b e anéyt = —s&y " (6.202)

Now going back to equation (6.193) we get

IRV = G [ o [ S (e Gy )

i~

PG () U(T >) (6.203)

Time reversal reverses the direction of the momentum and of the spin. Thus we
write

~

UT)* b(p.i)U(T) = mb(—p. i) . U(T)*d(p,i)U(T) = nad(—p, =i). (6.204)
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80
We get then
U@ SO = 17 [ s [ S (e i )
h (27R)3\ 2w(p) -
— e I (p)d(p, —z)+) (6.205)
By analogy with &;° = —i02£5* we define
b(p. ~i) = ~(=i0%)ijb(p. ) . d(p. i) = —(~io®)yd(p. 7). (6:206)
Also we choose
Na =~ (6.207)
Hence

DI UT) = B [ s [T S (GG ) + e G i)

= Y Y Y(—20, T).

2.6.3 Charge Conjugation
This is defined simply by (with C* = C~1 =

Cb(p,i)C = d(p,i) , Cd(p,7)C = b(p,7) (6.209)
Hence
Cij(z)C = 1 27rh 31/ 3 @ZG wru®(p)d(p, i) + eir o ()b, i) )

(6.210)

Let us remark that (by choosing N&r' = —N® i or equivalently £~ = 1'Rs)

_ %_Eﬁ -1 _ %—O’p 1
0
(6.211)

In other words
uD(B) = =0 (5) , o (F) = —in*uV*(p). (6.212)
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Similarly we find
u@)(ﬁ) — —i’}/QU(Q)*(ﬁ) : U(Q)(ﬁ) _ _Z-,qu(z)*(p). (6.213)

Thus we have

CH@)C = L) / (Qf,%s 2;@2(6imv“)*@d(m‘)+e%mu<i>*<ﬁ>é<m+)
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2.7 Exercises and Problems

Scalars Commutation Relations Show that

Q(xov —27) = QJr(xOvm'
[Q(xo,ﬁ), P+(SL’O, Q)] = ih(27h)*8* (p — §).

[a(p), a(@)*] = h(2mh)*6*(F — q).-

The One-Particle States For a real scalar field theory the one-particle states
are defined by

| 1 .
[p>= —v2w(p)a(p) "0 > .
e Compute the energy of this state.
e Compute the scalar product < p]¢ > and show that it is Lorentz invariant.

e Show that ¢(z)|0 > can be interpreted as the eigenstate |Z > of the position

operator at time 0.

Momentum Operator

1) Compute the total momentum operator of a quantum real scalar field in
terms of the creation and annihilation operators a(p)™ and a(p).

2) What is the total momentum operator for a Dirac field.

Fermions Anticommutation Relations Show that

[Xa(xoama X;("LD? q_)]+ = h25a5(2ﬂ-h)353(ﬁ_ (j)

A~

[b(5,4), d(q, 5)]+ = [d(d, 5)", b(F, i)]+ = 0.
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Retarded Propagator The retarded propagator is
d*p 7
Dg(x — = ch
&z =) ¢ / (2mh)* p? — m2c?

Show that the Klein-Gordon equation with contact term, viz

e #PE=y)

(0,0" + 72 )Dgr(z —y) = —i—54(3: —v).

Feynman Propagator We give the scalar Feynman propagator by the equation

d*p 1
Drl@—y) = Ch/ (2mh)* p? — m2c? + i

e Perform the integral over py and show that
Dr(z—y) = 0(z"—y")D(x —y) +0(y" —2°)D(y — 2).

e Show that

—tp(z—y)

Dp(z—y) = <O0|T(x)d(y)|0 >,

where T is the time-ordering operator.

The Dirac Propagator The probability amplitudes for a Dirac particle (an-

tiparticle) to propagate from the spacetime point y (x) to the spacetime = (y)
are

Sup( — ) =< O[ba () ()]0 > .

Spaly — ) =< O[thy(y)tha(2)[0 > .

1) Compute S and S in terms of the Klein-Gordon propagator D(x — ) given
by

dsp 1 i
D _ — £ - 77p(x7y).
e = [ Gapamge

2) Show that the retarded Green’s function of the Dirac equation is given by

(Sr)an(@ —y) = < O[{ta(@), vs(y)}0 > .
3) Verify that Sy satisfies the Dirac equation

. - h
(ihy" 0y — mc)ea(SR)ab(T —y) = 1554(37 — )0

4) Derive an expression of the Feynman propagator in terms of the Dirac fields
lﬁ and Q/AJ and then write down its Fourier Expansion.



84 YDRI's QFT.

Dirac Hamiltonian Show that the Dirac Hamiltonian

A~

o = [ o) 3 (0507550 + gy d ) ).

satisfies
[Hpirac, b(7, )] = hw(D)b(7,9)" , [Hpirae, d(7,9)") = B (p)d (7, i)

Energy-Momentum Tensor Noether’s theorem states that each continuous
symmetry transformation which leaves the action invariant corresponds to a con-
servation law and as a consequence leads to a constant of the motion.

We consider a single real scalar field ¢ with a Lagrangian density L(¢,0,¢).
Prove Noether’s theorem for spacetime translations given by

!
ot — g = " 4+ a.

In particular determine the four conserved currents and the four conserved charges
(constants of the motion) in terms of the field ¢.

Electric Charge
1) The continuity equation for a Dirac wave function is
oJ' =0, J"' = Py,

The current J* is conserved. According to Noether’s theorem this conserved
current (when we go to the field theory) must correspond to the invariance
of the action under a symmetry principle. Determine the symmetry trans-
formations in this case.

2) The associated conserved charge is

Q:/fmq

Compute @ for a quantized Dirac field. What is the physical interpretation
of Q.

Chiral Invariance

1) Rewrite the Dirac Lagrangian in terms of ¢y, and v¥p.
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2) The Dirac Lagrangian is invariant under the vector transformations

Y — €Y.
Derive the conserved current j*.

3) The Dirac Lagrangian is almost invariant under the axial vector transforma-
tions

Y — e’

Derive the would-be current j#° in this case. Determine the condition under
which this becomes a conserved current.

4) Show that in the massless limit

=g+ g 3 =i+ g
jf = \I/L’YM\I/L ) jﬁ = \I/R’YM\I/R-

Parity and Time Reversal Determine the transformation rule under parity
and time reversal transformations of 1, Y1), ihpy>1, Yy and Py .

Angular Momentum of Dirac Field

e Write down the infinitesimal Lorentz transformation corresponding to an
infintesimal rotation around the z axis with an angle 6.

e From the effect of a Lorentz transformation on a Dirac spinor calculate the
variation in the field at a fixed point, viz

() = ' (x) — ().

e Using Noether’s theorem compute the conserved current j* associated with
the invariance of the Lagrangian under the above rotation. The charge J? is

defined by
J = / d*z5°.

Show that J? is conserved and derive an expression for it in terms of the
Dirac field. What is the physical interpretation of J2. What is the charge in
the case of a general rotation.
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e In the quantum theory J? becomes an operator. What is the angular mo-
mentum of the vacuum.

e What is the angular momentum of a one-particle zero-momentum state de-

fined by
. 2me?; -~
|0, sb >= > b(0,5)7]0 > .

Hint: In order to answer this question we need to compute the commutator

[J3,b(0, s)*].

e By analogy what is the angular momentum of a one-antiparticle zero-momentum
state defined by

2mc?

10, sd >= d(0,5)*[0 > .
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2.8 Solutions

Scalars Commutation Relations

The One-Particle States

Straightforward.

e The Hamiltonian operator of a real scalar field is given by (ignoring an infinite
constant due to vacuum energy)

A~

Hye

It satisfies

[]:IKGa d(ﬁ)Jr] = hw

Thus we compute

HKG|17>

e Next we compute

d3p

- / G P (o).

Hyel0> = 0.

Da@)* , [H,a(p)] = —hw(@)a(p)-

_ %mm@a@ﬂo >
_ %mmm,a@ﬂ\o >

= LR |0 >
— (@l

< 77 >= S EARPE@RF - ).

We have assumed that < 0|0 >= 1. This is Lorentz invariant since E(p)§*(p—
@) is Lorentz invariant. Let us consider a Lorentz boost along the z—direction,

V1Z

2 = ("= Ba) , @

Vot - ga%) o = a

/
3 _ .3

The energy-momentum 4—vector p* = (p°,p') = (E/c, p*) will transform as

p =" - BpY), p

Y= =8, T =", 0 =D
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We compute

Hence we have
— / 4 4
PoE—a = p"o(p —q).
e The completeness relation on the Hilbert subspace of one-particle states is

Lono-parice = & | 215 8.215
one—particle = C (27Th)3 2E(ﬁ) |p >< ]7| ( . )

It is straightforward to compute

¢($0,$)|0 >= CQ/W%M? > Gﬁ(E(mt p ) (8216)

This is a linear combination of one-particle states. For small p’we can make
the approximation E(p) ~ mc? and as a consequence

i 2
erme t d3p i

Ml & — 5> e wPT 21
o(x”, )]0 > T (27Th>3|17> e n (8.217)

In this case the Dirac orthonormalization and the completeness relations read

< plg >=2m(27h)*8* (P — §). (8.218)

1 d3p
]—one— article — 5 p >< pl. 8.219
particl 2m/ (27Th)3|p p] ( )

The eigenstates | > of the position operator can be defined by

i o

< pIZ >= V2me WP, (8.220)
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Hence

mct

N

In other words in the relativistic theory the operator <;3(:c0, Z)|0 > should be
interpreted as the eigenstate |# > of the position operator. Indeed we can
compute in the relativistic theory

o(2°, )]0 >=

7> (8.221)

< 0|6z, 7)|p >= e i"" | px = E(p)t — jir. (8.222)
We say that the field operator QE(;UO, ¥) creates a particle at the point Z at
time ¢t = 2°/c.
Momentum Operator

e For a real scalar field

e For a Dirac field

b = 1/ 2mh)3? Z( ')+d<m)+ci(ﬁ,¢)).

Fermions Anticommutation Relations

e We have

2, p) = DZ(W (P)b(P, 1) + e“ PO (—p)d(—p )+).

We compute

[Ka(2®, 7). 03 (2%, D) = \/@TZ&W D (F)u (@[5, 1), (G, §)
+ erw@ww W) @) (Db 1), d(~7. )
* S L P @l )
+ WZ O DD (= pyog ™ (~)ld(~p 1), (=7 )]
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We impose
[b(7. 1), b(F, §) ] = hoy (2mh)*6* (5 — ).
[d(p,i)*, d(q, )]+ = hdi;(27h)*8* (5 — ),
and
[b(5, 1), d(q, )]+ = [d(@ 7)*, b(5, 1))+ = 0
Thus we get

a7, 05 D) = ngZu@(mug’*@(%h)%g(ﬁ—@

(—=p)os" (=) (2mh)*6° (5 — ).

By using the completeness relations Y, u®(E, p)u'?)(E, p) = y*p, +mc and
> (B, P10 (E, p) = y#p, — mc we derive

S (B P (B, ) + 3 e (B, el (B, ) = 2

We get then the desired result

[Xa (2", 9), X5 (2", ))& = 17005 (2mh)*6° (7 — ).

e Straightforward.

Retarded Propagator Straightforward.

Feynman Propagator Straightforward.

The Dirac Propagator
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e We compute

Sa(x—y) =

Similarly

Sba(y - l‘) =

d3 d3 1 1 i i ‘ ;
; / ( 3 > emveirud)(@yu’ (p) < q,iblp, jb >

21h)3 2E(p)

2mh)3 21h)3 2E(p) 2E(q) >
d*p 1
e #PE=Y)
(2rh)3 2B " Z“ ) (?)
d3p 1 i
o —Ep(Ey) Ak
P aEG | e
c(ihy" 0 + mc)ap / @ 1 e~ #PE=y)
8 ] @rnp2E@)
1,
Z(zhfy“a“ + me)pD(z — y).
d3p d3q 1
FPY Ty, (Z () dld id
27rh)3/(27rh)32E(ﬁ) 2E@Z€ e (@0 (B) < b, jd|g, id >

d3p 1 . .
pp(z—y) E (@) (775
27Th) QE(_)G Uy (ﬁ)“b (ﬁ)

i

d3p 1

e%p($—y)(7upu —me)a

d3p 1

—c(ihy" 0y, +mc)ab/7762p(:vy)

(2rh)3 2E(p)

1
—E(ihfy“ﬁfj +me)wD(y — ).

e The retarded Green’s function of the Dirac equation can be defined by

1.
(Sr)an(z —y) = —(hy" 0, +mc)wDr(z —y).

We compute

(Sr)an(z = y)

(3 + me)a (e<x° %) < 0[[6(a), )]0 > )

0(a — y°) (il 35, + me)ar < 0[[6(), $(y)]]|0 >

SOl O
St

Va0 0(2" = y"). < 0l[d(x), o()]|0 >

%9(3;0 — yo)(ihfy“aﬁ +me)a < 0|[0(x), $(y)]]0 >

060 ). < 0l[B(2), b)]l0 >
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By inspection we will find that the second term will vanish. Thus we get

(Srale —y) = -0 — ) (i3 + me)as < O][B(2), dw)]J0 >
_ %«9(1’0 — ) (O + me)aD(z — y)
— 206 — )i + me)uDly — )
= 02 =) < Ol @)u(p)|0 > 0" — ) < Olduly)du()10 >
= 0" —3) < 0| {dule), Do)} 0 >

e From the Fourier expansion of the retarded Green’s function Dg(z — y) we
obtain

d4p i(VMpu _'_mC)ab —ip(z—y)
(Selala=9) = b [ G it

We can immediately compute
o d'p (¥ — mC)ea(VPu + MC)ab iy
(177" 0 = mC)ea(Sr)an( —y) = h/ (2mh)4 ] p*— mQCZM ey
= iho*(z — ).

e The Feynman propagator is defined by

(SP)ale—v) = -

(ihy" 0y + me)a Dr(z — y).
We compute

(Se)a(x —y) = 62" —1°) < Otha(2)n(1)]0 > —0(y° — 2°) < 0| (y)dha()|0 >

+ P~y (Dl — )~ Dy — ).

Again the last term is zero and we end up with
(Sp)a(x —y) = <OTda(x)iy(y)0 > .
T is the time-ordering operator. The Fourier expansion of Sp(z — y) is

d4p Z(’y“pu —+ mC)ab o %p(xfy)
2wh)* p? — m2c? + ie

(Sk)a(z —y) = h/(
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Dirac Hamiltonian Straightforward.

Energy-Momentum Tensor We consider spacetime translations
o — " =zt 4 o
The field ¢ transforms as

¢ — ¢'(z) = ¢z +a) = ¢(x) + a"0,0.

The Lagrangian density £ = L(¢,0,¢) is a scalar and therefore it will transform
as ¢(x), viz

oL
L—L =L+0L, L= 5“8 = a0, L.
TH
This equation means that the action changes by a surface term and hence it is
invariant under spacetime translations and as a consequence Fuler-Lagrange equa-
tions of motion are not affected.
From the other hand the Lagrangian density £ = L(¢, 0,¢) transforms as

oL
oL = %&b 5@@56‘@
oL oL oL
= | ——0,——=— +0 0
(5 ~ %50+ gy
By using Euler-Lagrange equations of motion we get
oL
0L = 0O, 0
5,01

Hence by comparing we get

y oL
a 8“<_7]W£+ 5(3M¢)5¢> =0

Equivalently
0", = 0.

The four conserved currents j,SO) = T, (which is associated with time translations)

and j;(f) = T,,; (which are associated with space translations) are given by

oL

T = = g

Ay
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The conserved charges are (with 7 = §L/§(0,¢))
QO = / djl” = / d*xToo = / dPr(ndip — L).

QY = /dngéi) = /ngUTo@' = c/dgsmr@m.

Clearly Tpy is a Hamiltonian density and hence Q) is the Hamiltonian of the scalar
field. By analogy Tj; is the momentum density and hence Q® is the momentum
of the scalar field. We have then

QU=H, Q" =P

We compute

dH T 4
E = d3$—8§0 = _C/d3xaln0 =0.
Similarly
dp;
p7a 0.

In other words H and P; are constants of the motion.

Electric Charge

e The Dirac Lagrangian density and as a consequence the action are invariant
under the global gauge transformations

W — €.

Under a local gauge transformation the Dirac Lagrangian density changes
by

5£Dirac = _hca,u (1/_1’7”1?04) + hcaﬂ(@fy‘uw)a'

The total derivative leads to a surface term in the action and thus it is
irrelevant. We get then

5£Dirac = hcau(i/_fww)a-
Imposing dLpjirac = 0 leads immediately to 9, J* = 0.

e We compute
~ 1 d3p T (= NAL = - 1= NI
0 = 5[ o & (Wi - dgiz).

Q is the electric charge.
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Chiral Invariance

e The Dirac Lagrangian in terms of ¢y, and 1 reads
‘CDiraC = ?Z}(ZFLC’}/Mau - mCQ),le)
= ’LhC <?/JE(80 + ai@)wR + @Z)i(ao — 0’8,)@/),;) — m02 (@Z)E@Z)L + ’QZ);’QZ)R) .

e This Lagrangian is invariant under the vector transformations

P — €Y & Py — Yy, and Y — Yp.
The variation of the Dirac Lagrangian under these transformations is
0Lpirac = Hhc(0,5")a + surface term , j* = 1hy"e).

According to Noether’s theorem each invariance of the action under a sym-
metry transformation corresponds to a conserved current. In this case the
conserved current is the electric current density

" =Pyt

e The Dirac Lagrangian is also almost invariant under the axial vector (or
chiral) transformations

P — Gi’ysa’ll) & —> ei'y5och and Yp — ei'ysawR.

The variation of the Dirac Lagrangian under these transformations is
0LDirac = (hc(@uj“‘r)) — 2imc21/1fy5w)oz + surface term , j"° = yHy 1.
Imposing 6 Lpirac = 0 yields
0 =,
Hence the current j*° is conserved only in the massless limit.

e In the massless limit we have two conserved currents j# and j*°. They can
be rewritten as

G =g+ g 3 ==+ g
g =Wy gk = Upy Vg,

These are electric current densities associated with left-handed and right-
handed particles.
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Parity and Time Reversal Under parity we have
UP) (@)U(P) = n (7).

Immediately we get

UP) d(x)UP) = njd(@)

Hence
U(P) 0 (x)U(P) = |ny|*dnb(&) = ().
U(PY (@) U(P) = —|m2iy® (&) = iy (7).
UPY " d(@)U(P) = +m[*7"$(F) = +7"$(5) , p=0
= —|m|Ppy(E) = — () 7& 0.
U(P) " d(x)U(P) = —|n m V(&) = 127“751/3(5?) , =0
= +mPVy () =+ P (E) L 0.

Under time reversal we have
U p(@)UT) = 'y’ (-2, 7).
We get
U p@)UT) = nyi(—a®, )y

We compute

U(T) b ()U(T) = |nyf2idb(—a®, &) = (=2, Z).

U iy d(@)U(T) = U)oy b@u(T)
=~ i)y (2", &) = —ipy (=20, D).

U(T) oyt (2)U(T) = U(T) (@)U(T).(4")". u(r)* (SC)U(T)
= +n/? @/W“@/)( 0.%) = ﬂ/WW( 0.%), p=0
= —|n Py (=0, B) = (=20, ) , p A0,
I AU = DU O DU
= Py (=", ) = +dyy (=%, T) , =0

— PP (—a0, &) = iy (=2, F) | p A O.
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Angular Momentum of Dirac Field

e An infintesimal rotation aroun the z axis with an angle 6 is given by the
Lorentz transformation

1 0 00
_ i, |01 60
A_th_ 0 -6 10
0 0 01

Clearly

’

t=t, 2 =x+0y,y =—0bz+y, 2 ==

e Under this rotation the spinor transforms as

From one hand

V() = ¢ (t,x+0y,y—0r,2)

= ¥'(2) = 0@y — you)v' (x)
= W) - D@ @)

= ¥(z) - ﬁwaﬁT‘ww(w)
4 12

= Y(z) — ﬁwuf ¥(z)

= w(x) + 500" (x)

where

Hence
, 16

h =
RS DI

2

The quantity & x p'+ gi is the total angular momentum.
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e Under the change v(z) — %' (z) = 1 (x) + 6 (x) the Dirac Lagrangian

Lpirac = Y (ihey 0, — mc?)1) changes by

o 5£Dirac
5£Dirac — 8# <5<auw> 51#) + h.c

= —cf0,j" + h.c.

The current j* is given by
. n — - h 313
J =T x P SR

Assuming that the Lagrangian is invariant under the above rotation we have
0Lpirac = 0 and as a consequence the current j* is conserved. This is an
instance of Noether’s theorem. The integral over space of the zero-component
of the current j° is the conserved charge which is identified with the angular
momentum along the z axis since we are considering the invariance under
rotations about the 2z axis. Hence the angular momentum of the Dirac field
along the z direction is defined by

J? = / &’z
3l L P
= >z (x) ]2 xp—i—EE] .
This is conserved since

dJ3 ,
ﬁ = /dgl’atjo

= - f jds.
S

The surface S is at infinity where the Dirac field vanishes and hence the
surface integral vanishes. For a general rotation the conserved charge will be
the angular momentum of the Dirac field given by

—

J = /dgm/ﬁ(:p)[f X P+ gZ]@D

In the quantum theory the angular momentum operator of the Dirac field
along the z direction is
. R I
- /d%w(x)[sz RG]
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It is clear that the angular momentum of the vacuum is zero, viz

J30 >=0. (8.223)

e Next we consider a one-particle zero-momentum state. This is given by

- o2me? ~ o

10,5 >= 1/ ”;C b(T, 5)|0 > .
PR, 2Mme2 aqr o
|0, sb> = 4 ”;Cjb(o,s)+|0>

2me? ., ~ o
= /S0, )0 >

Hence

Clearly for a Dirac particle at rest the orbital piece of the angular momentum
operator vanishes and thus

. / Pt (@) a).

We have

We compute

. 1 dp . s
7= 5 | Gt ARG,

Next we have

. ¢ —iw D) (AL iw i T
W’ p) = 2w(p) 2 (e DD (5)b(p, i) + P (—p)d(-p, Z)*)-

We get

»- %MC@;;lu("”(ﬁ)E?’u(”(ﬁ)@(ﬁi)+l3(ﬁ,j)+v("”(ﬁ)E?’v(”(ﬁ)d(ﬁiﬂ(ﬁi)*

+ PO (S (—p)b(F i) (=5 )T+ e PO (—p) D (R)d(—5.6)b(5, ) |-
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We can immediately compute

Thus (by using v+ (0)X3u()(0) = (2E(0)¢* 03¢ /c)
[J2,6(0, )*]|0 >= Zg@*%‘ggsaﬁ, Do > .
Hence
J30, sb >= Zg”’%‘ggﬂﬁ, ib> .
Let us choose the basis
o-(1).e-()

Thus one-particle zero-momentum states have spins given by

J3|0,1b >= §|6, 16> , J°|0,20 >= —gld 2 > .

e A similar calculation will lead to the result that one-antiparticle zero-momentum
states have spins given by

A~ — h — ol g h
J30,1d >= —§|0, 1d> , J*|0,2d >= 5

|0,2d > .



Part 1I: Canonical Quantization of
Interacting Fields






The S—Matrix and Feynman Diagrams
For ¢—Four Theory

In this chapter we will follow the ICTP lecture notes by Strathdee and the book
by Peskin and Schroeder.

3.1 Forced Scalar Field

3.1.1 Asymptotic Solutions

We have learned that a free neutral particle of spin 0 can be described by a real
scalar field with a Lagrangian density given by (with h =c=1)

2

Lo= 30,006 — -7, (1)

The free field operator can be expanded as (with p° = E(p) = Ej)

25(7)

_ [P ay i
- [ G (1.2
Ot7) = J%Eﬁ(a@e-mﬁwa(—wemﬁt). (13)
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The simplest interaction we can envisage is the action of an arbitrary external
force J(z) on the real scalar field ¢(x). This can be described by adding a term of
the form J¢ to the Lagrangian density £,. We get then the Lagrangian density

1 2
L = 50,00"5 - m7¢>2 s (1.4)
The equations of motion become
(0,0 + m*)p = J. (1.5)

We expand the source in Fourier modes as

J(z) = /(53)?)](15 e’ (1.6)

We get then the equations of motion in momentum space
(07 + EXQ(t, p) = j(t, ). (1.7)

By assuming that j(¢,p) vanishes outside a finite time interval we conclude that
for early and late times where j(t, p) is zero the field is effectively free. Thus for
early times we have

Q(t,p) = Qu(t,p) = (am@emﬁt + ain(—wemﬁt) ,t— —o0. (1.8)

1
V2E;

For late times we have

A A 1 - —iEgt | & iEy

Q(t,p) = Qouws(t, p) = m(aom(ﬁ)e Egt +aout(—ﬁ)+eEPt) , t — 400. (1.9)
The general solution is of the form

Q(t,ﬁ):@in(t,ﬁHEi/ dt sin Byt —t)j(t,p). (1.10)

P J—o00

Clearly for early times ¢ — —oo we get Q —> Qi. On the other hand since for
late times t — +o00 we have Q — Qout we must have

. 5 L[
Qoult.P) = Qult.p) + - [t smEe— )P, ()

7 )

We define the positive-energy and the negative-energy parts of Q by

Q" (t,p) (e, Q7 (t,p) = a(—p)Te (112)

1 1
V2E; 2B,
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Equation (1.10) is equivalent to the two equations
. t
Qi) = Qale £ g [ Dl ), (1.13)
The Feynman propagator in one-dimension is given by
, e—’iEﬁ|t—t/ | dE 'l ) ,
WO R e ——— G 1.14
Goll =1) = —35 /271’ E?— El+ic (1.14)
Note that in our case t —t > 0. Hence
t
Q65 = Qutr) i [ Gyt~ )jle ). (1.15)
A t /
Q™ (t,7) = Qut,p) —i | di Gyt —t)j(t', p). (1.16)
For late times we get
+o0 ,
dinlt7) = Q)+ | Gylt )5t ). (117
~ ~ Foo 7
qut<t7m = Q;(tuﬁ) -1 dt Gy (t - t) ( 7]7) (118>
These two equations are clearly equivalent to equation (1.11).
The above two equations can be rewritten as
“+oo
it ) = Qe £ g [ Dl ), (1.19)
In terms of the creation and annihilation operators this becomes
Gou = + . Qo (P)T = ' 1.20
)= )+ i) o) = () — (1.20)
i(p) = j(Ezp) = /dte““ (t,p). (1.21)

We observe that the "in" operators and the "out" operators are different. Hence
there exists two different Hilbert spaces and as a consequence two different vacua

|0 in > and |0 out > defined by
dout (P)|0 out >= 0, a;,(p)|0 in >= 0 Vp.

(1.22)
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3.1.2 The Schrodinger, Heisenberg and Dirac Pictures

The Lagrangian from which the equation of motion (1.7) is derived is

/+ % (&s@(tﬁ)*@t@?(tﬁ) — E;Q(t’p)*Q(t’p) + it D) Q(t, p) —l—j(t,ﬁ)@(t,ﬁ)*).

(1.23)
The corresponding Hamiltonian is (with P(t, p) = 0,Q(t, p))
3
/ éiyf;s (P“’@*PW + EZQ(7)" Q1) — (1, 9) Q(t.5) — j(t@@(t,m*).
+
(1.24)

The operators p(t,ﬁ) and Q(t,ﬁ) are the time-dependent Heisenberg operators.
The time-independent Schrodinger operators will be denoted by P(p) and Q(p).
In the Schrodinger picture the Hamiltonian is given by

/+ % (P (D) P(P) + EZQ(0) Q) — j(t,5) Q(p) — (t, p)@(p)*). (1.25)

This Hamiltonian depends on time only through the time-dependence of the source.
Using box normalization the momenta become discrete and the measure [ d®p/(27)?
becomes the sum ) /V. Thus the Hamiltonian becomes

DN H). (1.26)

We recall the equal time commutation relations A[Q(t,ﬁ),f’(t,ﬁ)*] = 1(2m)30%(p —
D) and [O(t.5), P(t.5)] = (0(t,5).Q(.5)] = [P(t,). P(t.f)] = 0. Using bos

normalization the equal time commutation relations take the form

[Q(tvﬁ)v p(tvﬁ)Jr] = iVéﬁ@
[Q(taﬁ)vp(t?ﬁ)] = [Q(tvﬁ%@(tvﬁ)] = [p(tvﬁ)ap(tvﬁ)] =0. (1'27)

The Hamiltonian of a single forced oscillator which has a momentum p'is

Hp(t) = % (P(ﬁ)*P(ﬁ) + Eé@(ﬁ)*@(ﬁ)) +V(t,p). (1.28)

The potential is defined by

v = (e +itne”) (1.29)
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The unitary time evolution operator must solve the Schrodinger equation
DU (t) = Hy(t)U(t). (1.30)
The Heisenberg and Schrodinger operators are related by
Ot = UM OHUW. (1.31)
We introduce the interaction picture through the unitary operator €2 defined by
U(t) = e Q1) (1.32)

In the above equation H; is the free Hamiltonian density, viz

e = (P re) + BQQw) (183

The operator (2 satisfies the Schrodinger equation

i0,Q(t) = Vi(t, ). (1.34)

‘A/I(t,ﬁ) _ eit?—lﬁf/@’p’)efitﬁﬁ
= U QR AU (13

The interaction, Schrodinger and Heisenberg operators are related by

@1(75717) _ eiﬁ:lﬁ@(mefitﬁﬁ

= Q(t)({(t)_l@(ﬁ)U(t)Q(t)_l
= QQt, p)t) . (1.36)
We write this as
Q) = Q) Qut, HNAL). (1.37)

It is not difficult to show that the operators Q(t,p) and Py(t,p) describe free
oscillators, viz

(0F + E3)Qu(t, ) = 0, (3} + EZ)Py(t,p) = 0. (1.38)
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3.1.3 The S—Matrix

Single Oscillator: The probability amplitude that the oscillator remains in the
ground state is < 0 out|0 in >. In general the matrix of transition amplitudes is

Smn =< m out|n in > . (1.39)
We define the S—matrix S by
Sy =< m in|S|n in > . (1.40)
In other words
< m out| =< m in|S. (1.41)

It is not difficult to see that S is a unitary matrix since the states |m in > and
|m in > are normalized and complete. Equation (1.41) is equivalent to

< 0 out|(Geut (7)™ = <0 in|(am(p))™S
= < 0out|S Haw(p)™S
= <0 out|(S aw(p)S)™. (1.42)

Thus

dout(m = S_ldin(ms' (143)

This can also be written as

Qout(t,0) = S™'Qul(t, P)S. (1.44)

From the other hand, the solution of the differential equation (1.34) can be
obtained by iteration as follows. We write

Q) = 1+ Qu(t) + Qa(t) + Q(t) + . (1.45)

The operator 2, () is proportional to the nth power of the interaction V[(t) By
substitution we get the differential equations

t

10,04 (t) = Vi(t, ) & N (t) = —i/ dt, Vi (ty, p). (1.46)

—00

t

10, (1) = Vi(t, )i (t) © Qu(t) = —i/ A Vi(t, )1 (t1) , n > 2. (1.47)

—00
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Thus we get the solution

t R t R t1 .
Q(t) = l—i/ dtlvj(tl,ﬁ)Jr(—i)Q/ dtlvl(tl,ﬁ)/ dtQVI(tg,ﬁ)

—00 —00

t
+ (—i)?’/ dtlvl thﬁ)/ dt2V1 tz;ﬁ)/ dtsV; (t3,P) + ..
- / dtl/ .. / d Vit ) Vit ). (1.48)

This expression can be simplified by using the time-ordering operator T'. Let us
first recall that

T(Vi(t)Vi(ta)) = Vi(t))Vi(ta) , if 1 > £
T(Vi(t)Vi(ts)) = Vi(to)Vi(ty) , if to > ty. (1.49)

For ease of notation we have suppressed momentarily the momentum-dependence
of V;. Clearly T'(Vi(t1)Vi(t2)) is a function of ¢; and ¢, which is symmetric about
the axis t; = t5. Hence

1 t t R R
5/ dt1/ dtsT(Vi(t1)Vi(ta)) = / dtl/ dtQVI (t1) VI (t2) + / dtQ/ dtﬂ/f (t2) VI (t1)

The generalized result we will use is therefore given by

/dt1 / dt, T(Vi(t1)..Vi(t, /dt1/ dtQ/ At Vi(t)Vi(ts)... Vi(t).

(1.51)

By substituting this identity in (1.48) we obtain

o] 1 t t t . ~ ~
Q) = ) (—i n'/ dtl/ dtg.../ dt, T (Vi (tr, )Vi(ta, §)...Vi(tn, D))
n=0 *J—00 —00 —00
_ ol i dsms,m), (1.52)

It is clear that
Q(—o0) = L (1.53)

This can only be consistent with the assumption that j(t,p) — 0 as t — —o0.
As we will see shortly we need actually to assume the stronger requirement that
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the source j(t,p) vanishes outside a finite time interval. Hence for early times
t — —oo we have ()(f) — 1 and as a consequence we get Qt,p) — Qi(t,p)
from (1.37). However we know that Q(t,p) — Qu(t,p) as t — —oo. Since
Q;(t,p) and Qu(t,p) are both free fields, i.e. they solve the same differential
equation we conclude that they must be the same field for all times, viz

Q1(t,p) = Qu(t,p) , VL. (1.54)

Equation (1.37) becomes

Qt,p) = Q) 'Qu(t,)NAL). (1.55)

For late times ¢ — 0o we know that Q(t, ) — Qout(t, 7). Thus from the above
equation we obtain

Qout(tvﬁ) = Q(+OO)_1Q1n(t7mQ(+OO) (156)

Comparing this equation with (1.44) we conclude that the S—matrix is given by

S = Q(+00) = ( — dsvf“@) (1.57)

Scalar Field: Generalization of (1.57) is straightforward. The full S—matrix of
the forced scalar field is the tensor product of the individual S—matrices of the
forced harmonic oscillators one for each momentum 7. Since Q(t, —p) = Q(t, )+
we only consider momenta p" with positive components. In the tensor product all
factors commute because they involve momenta which are different. We obtain
then the evolution operator and the S—matrix

Q) - T(eiﬁw@waZwWwa%w@)

Pt ds g (2 )3 (J(Sﬁ) Ql(sﬁ)+](sﬁ)QI(3m+)>

- T <eiftoo dsfd3mJ($)q31(x))

— T eiffoo ded?’rﬁint(m)) ] (1.58)

S =Q(+00) = T(&fd%ﬁim(w)). (1.59)
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The interaction Lagrangian density depends on the interaction field operator <;A5 ;=
Oin, Viz

Lint(l‘) = 1nt(

= J(x)

)

O
nla). (1.60)

3.1.4 Wick’s Theorem For Forced Scalar Field

Let us recall the Fourier expansion of the field ¢, given by
7 ’p ipE
Pi(z) = @?Qin(tvﬁje : (1.61)
We compute immediately
1 4 i
[ #otute) = 535 Quit.
p

1)
V & \/2E;

(din(ﬁ)e‘“fﬁt + din(—ﬁ)%"Eﬁt) . (1.62)

Also we compute

Q(t) — ( am #)+ ap() a’i“(ﬁ)))
_ H ( ap(t)ain (P) T —ap(t)* am(@) (163)
12
a(t) = V\/ﬁ/ dsj(s, p)e'. (1.64)

It is clear that the solution () is of the form (including also an arbitrary phase

Pa(t))

Q(t) — H (ea’ﬁ(t)&in(m+—aﬁ(t)*din(ﬁ>+iﬁﬁ(t)) ) (165)

—

P

We use the Campbell-Baker-Hausdorff formula

eAB — eAeBemal4Bl | if [A A B]] = [B,[A, B]] = 0. (1.66)
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We also use the commutation relations
[Gin (D), 4in (@) 7] = Vg (1.67)
Q) = H (eaﬁ(t)dm(ﬁ)* e~ ()" ain(p) eéVaﬁ(t)QJriBﬁ(t))
~ [T, (1.68)
12

In the limit ¢ — oo we compute

1 N N Y 1 R
2V§\Ozp(+oo)| = —§/d x/d a:J(:c)J(:c)VZQEﬁe :
p

(1.69)

We also need to compute the limit of i85(t) when t — +o00. After some calcula-
tion, we obtain

. ot —t') 1o 0t—t) T s
. _ 4 4 ip(lx—x ) ip(x—x )
i Eﬁ Bp(4-00) /d /d z J(x < E S g Yol :

[ g P

(1.70)

Putting (1.69) and (1.70) together we get finally
1 . , o(t —t) T ms
_5‘/2 |agp(+00)|* + lZﬁﬁ(JrOO) = — /d4 /d“x J(z < - Z 25, pa—z)
P P P
t —1 ) 1 —ip(z—=x )
Z TR )
= — /d4 /d4x J(z)J(z)Dp(z — z). (1.71)

From this last equation and from equation (1.68) we obtain the S—matrix in its
pre-final form given by

S =Q(+o0) = H <€a5(+oo)din(ﬁ)+€az—,—(Jroo)*din(ﬁ))eé Jd*a [ &' J(@) (@)D (=)

—

p

(1.72)
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This expression is already normal-ordered since

: (ezﬁ (aﬁ(+00)@in(m+_aﬁ(+0°)*@in(17))) - TI (eaﬁuoo)am(we—aﬁ<+oo>*am<m)_

—

p

(1.73)

In summary we have
S=0(toc) = T <ezﬁ (aﬁ<+°°>@m<m*—aﬁ<+oo>*dm<m))
- . <€Zﬁ (a5(+oo)ai,,(ﬁ)+a,;(+oo)*ain(p))> . o3 Jd'e [d%a' J(2) (2 ) Dp(a—a')
(1.74)
More explicitly we write

S — T(eifd4xJ(x)<5in($)) = i eI @on() , =3 [ e [da I@)I@)Dpe=2) (1 75)

This is Wick’s theorem.

3.2 The o—Four Theory

3.2.1 The Lagrangian Density

In this section we consider more general interacting scalar field theories. In prin-
ciple we can add any interaction Lagrangian density L, to the free Lagrangian
density Ly given by equation (1.1) in order to obtain an interacting scalar field
theory. This interaction Lagrangian density can be for example any polynomial in
the field ¢. However there exists only one single interacting scalar field theory of
physical interest which is also renormalizable known as the ¢—four theory. This is
obtained by adding to (1.1) a quartic interaction Lagrangian density of the form

A
Ling = ] .. (2.76)
The equation of motion becomes
0Lin
@0+ mo =
A
— 3. (2.77)
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Equivalently

(07 +E§)Q(t,ﬁ) = /d%%e‘iﬁ. (2.78)
We will suppose that the right-hand side of the above equation goes to zero as
t — do0. In other words we must require that 0L, /d¢p — 0 as t — +oo. If
this is not true (which is generically the case) then we will assume implicitly an
adiabatic switching off process for the interaction in the limits ¢ — +o00 given by
the replacement

‘Cint — e_E‘tI,Cint. (279)

With this assumption the solutions of the equation of motion in the limits ¢ —
—oo and ¢ —» +o00 are given respectively by

A 1 . .
Q(t,p) = —F—= (éin(ﬁ)e’Eﬁt + din(—ﬁﬁelEﬁt) .t — —00. (2.80)

J2E,
A 1 ~ —iF ~ 1B
Qout(tam = ﬁ <a0ut(ﬁ)e Epgt + aout(—er@ Ept) s t — +o0. (281)
2

3.2.2 The S—Matrix

The Hamiltonian operator in the Schrodinger picture is time-independent of the
form

H = Hy(Q,Q", P, P+ V(Q,Q"). (2.82)
A A+ P P+ @p [ 515 2 A+ (A A
Q.04 PP = [ S PP+ B0

1 N
= 3 > My (2.83)
i

A A1
V(Q,Q7) = HI)%

P1,P2,D3

. / 0L, (2.84)
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The scalar field operator and the conjugate momentum field operator in the Schrodinger
picture are given by

o) = 3 Qe (2.85)

g 1 > DT
(7 =+ Z P(p)e'®. (2.86)
p
The unitary time evolution operator of the scalar field must solve the Schrodinger
equation
i0,U(t) = HU(t). (2.87)

The Heisenberg and Schrodinger operators are related by

~

ot,7) = UR) D). (2.88)
We introduce the interaction picture through the unitary operator €2 defined by

U(t) = e Q). (2.89)
The operator (2 satisfies the Schrodinger equation

i0,Q(t) = Vi()Q(t). (2.90)

Vi(t) = Vi(Q, Q1) = Mov(Q,QF)e M, (2.91)
The interaction, Schrodinger and Heisenberg operators are related by
Oi(t,#) = dg(E)e
QU (1) (@)U ()

~

= Qt)o(t,H)Qt) 1. (2.92)

We write this as

) = QO d()NAL). (2.93)

Similarly we should have for the conjugate momentum field #(z) = 8,¢(x) the
result

Frlz) = etHoq(z)e it (2.94)



116 YDRI's QFT.

i) = Q@) Vi (@)Q). (2.95)

It is not difficult to show that thAe interaction fields gzg 7 and 77 are free fields. Indeed
we can show for example that ¢; obeys the equation of motion

(82 — V2 +m?)¢;(t, ) = 0. (2.96)

Thus all information about interaction is encoded in the evolution operator €2(t)
which in turn is obtained from the solution of the Schrodinger equation (2.90).
From our previous experience this task is trivial. In direct analogy with the solution
given by the formula (1.52) of the differential equation (1.34) the solution of (2.90)
must be of the form

Q) = > m/cm/ dts.. /1#T%h%@)%<n

—0

— ( —zf dsVr( s))

_ T ( oi oo ds fd%ﬁim(éf(svf))) _ (2.97)

Clearly this satisfies the boundary condition
Q(—o0) = 1. (2.98)

As before this boundary condition can only be consistent with the assumption that
Vi(t) — 0 as t — —oo. This requirement is contained in the condition (2.79).
The S—matrix is defined by

S:Q(+OO) _ ( —i [T dsVI(s)

_ 7 <eifd4x£im(<£z(m)>) . (2.99)

Taking the limit ¢ — —oo in equation (2.93) we see that we have ¢(z) — ¢;(2).
But we already know that ¢(2) — ¢ (2) when ¢ — —oo. Since the fields ¢;(z)
and q@in(x) are free fields and satisfy the same differential equation we conclude
that the two fields are identical at all times, viz

61(z) = du(@) , VL. (2.100)

The S—matrix relates the "in" vacuum |0 in > to the "out" vacuum |0 out > as
follows

< 0 out| =< 0 in|S. (2.101)



YDRI's QFT. 117

For the ¢—four theory (as opposed to the forced scalar field) the vacuum is stable.
In other words the "in" vacuum is identical to the "out" vacuum, viz

|0 out >= |0 in >= {0 > . (2.102)
Hence
< 0] =<0]S. (2.103)

The consistency of the supposition that the "in" vacuum is identical to the "out"
vacuum will be verified order by order in perturbation theory. In fact we will also
verify that the same holds also true for the one-particle states, viz

|p'out >= |p'in > . (2.104)

3.2.3 The Gell-Mann Low Formula

We go back to equation
dlx) = Q) o (x)Q(t). (2.105)

We compute

o(z) = Q) o))

_ S_1T<e_ift+°°d8‘7i“(s))q§in( ) ( —ift dst(s)
+00 +OO “+oo
= 5—1(1—2'/ dt, V; / / dtoVin(t2) Vin (1) + )
t
t
X (1—2/ dtl in tl / dtl/ dtg in tl ( )+)

in(T)

_ s—l(qzm(x)_z/ ity Vin(£1) i /ﬁo /+Oodt2 () Vin (1) din ()

— ighn(z )/;dtl Lt + /+OO / dtaVin (1) Oin () Vin (t2)
+ (=) ¢() / dt, / At Vi (t1) Vin (t2) + .. )

We use the identities

“+o00 . R . t R “+o00 R .
/ AT (Gn(0)Vin(11)) = in(2) / Aty Vi (1) + / ity Vi (1) ().
(2.107)

(2.106)
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+o0 +o0 R
/ dt, / dts T (Vi
t t1
400 t1 .
/ dtl / dtQT(¢1n($

Win(t1) Vi

+oo
A1) / / dt,T

) = [ an [ b))

—+00 . .

T / it / Qb Vin (1) ia (2) V()
t —00
R t t1 R R

b ) / dt, / it Vi (1) Vi ().

Via(t2))- (2.108)

(2.109)

olz) = S_1T<g?>in(x) (1—¢ / :Odtl\?in(tl)ﬂ—i)? / :Odtl / :dtQVin(tl)Vin(tQ)Jr...))

- 577 (bulos).

This result holds to all orders in perturbation theory. A straightforward general-

ization is
T(@)dy).) = SIT(azinm)ém(y)...S).

This is known as the Gell-Mann Low formula.

3.2.4 LSZ Reduction Formulae and Green’s Functions

We start by writing equations (2.80) and (2.81) in the form

(2.111)

e'Frt (10, + E5)Qun(t,7) = /2E5 in(p (2.112)
e B (10, + Ey)Qout(t, ) = /2Ey tou (P (2.113)
Now we compute trivially the integral
+o00 )
/ dto, (elEﬁt(i&f + E5)Q (¢, ﬁ)) V2E5 (Gout (P) — Gin(D))- (2.114)

(2.110)
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From the other hand we compute

+00 R +oo
/ dt8t<eiEﬁt(i8t+Eﬁ)Q(t,ﬁ)) = / dte™ (0} + E2)Q(L, p)

o0 —00

— z’/d4 5?(;“ e (2.115)

We obtain then the identity

+oo
z/ dte’™ (02 + E2)Q(t, 1) = /2E7 (Gout (P) — ain (). (2.116)

e}

This is the first instance of LSZ reduction formulae. Generalizations of this result
read

+oo R R R
; / dte (P + ET(Q( PO, 7)Q(ta, o)) =

V2E; (aout(pjT( (t1, P1)Q(ta, h)...) — T(Q(tl,ﬁl)Q(tQ,ﬁQ)...)&m(p)). (2.117)

Next we put to use these LSZ reduction formulae. We are interested in calculat-
ing the matrix elements of the S—matrix. We consider an arbitrary "in" state
|P1ps... in > and an arbitrary "out" state |¢1gz... out >. The matrix elements of
interest are

< qQ1Go-.. Out|pips... in >=< @1 Gs... in|S|p1ps... in > . (2.118)

We recall that
‘ﬁlﬁQ--- n> = ain(ﬁl)+ain(ﬁ2)+...|0 > . (2119)
Q1 G2... out > = aoue(q) Taout () T...|0 > . (2.120)

We also recall the commutation relations (using box normalization)

(a(p), ald)*] = Végg , [a(p), a(q)] = [a(@)", a(9)"] = 0. (2.121)

We compute by using the LSZ reduction formula (2.116) and assuming that the
p; are different from the ¢; the result

< q_)lq_é Out‘ﬁlﬁg... n> = < JQ Out|d0ut<§1)|ﬁ1ﬁ2 .in >
+o0o
= < (.. out| (dm ) / dtie’Fat (97 4 E2 )Q(tl,cﬁ))
\/7(]1 t1 q1

PlﬁQ in >

+o0
_ / dty e Fn (02 + B2) < ... out|Q(ty, )| fan.. in

V 2Eq1

> .

(2.122)
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From the LSZ reduction formula (2.117) we have

+o0 R R R R
: / dtac o (32, + B2)T(Oltn, )01, 0)) = /2B (aout@)cy(tl,m—Q(tl,mam@)).
(2.123)

Thus immediately

+o0
Z/ dtQGZE‘Y?tQ(a?Q + Egé) < Q3 out|T( (tg,Qg)Q(tl,Jl))|ﬁ1ﬁ2.. in> =

V2Ez < G.. out|Q(ty, @1)|Pif.. in > . (2.124)

Hence
+oo

+o0
< Q1Qs... out|pips... in > dt, €’
q192 ‘p1p2 \/E\/E/ t1 q1 e

X < Q3 OU_t|T< (tl, ql)Q<t2, q2))‘plﬁ2 in>. (2125)

By continuing this reduction of all "out" operators we end up with the expression

+oo
1Bz to

—+00
< q1(>... out|pps... in > dt eZqutlz 0? + E2 / dtye'Pet2i(9? + E2)...
q192 |p1p2 mm / 1 t1 q1) e ( to qg)
X < O|T( (tl,ql)Q(tQ,QQ)...)|p1p2... > . (2126)

In order to reduce the "in" operators we need other LSZ reduction formulae which
involve the creation operators instead of the annihilation operators. The result we
need is essentially the Hermitian conjugate of (2.117) given by

400 R R R
—i/ dte™""N (07 + E2)T(Q(t,9) T Qtr, p1) T Qta, ) *..) =

o0

2E; (aout(ﬁ) T(Q(tr, 1) Qlta, o)) —T(Q(thﬁ1)+Q(t2,ﬁ2)+---)din(ﬁ)+)-
(2.127)
By using these LSZ reduction formulae we compute
< 0|T(Q(tr, 71)Q(t2, B)...)|[Fia... in > =
[t i + ) < OTQ )00 ) QU 7>

(2.128)

1
V2B,
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Full reduction of the "in" operators leads to the expression

~ ~

< 0|T(Q(t1,(ﬁ)@(t2,(fg))|ﬁ1ﬁ2 m> =
+oo

1 1 oo —iEgt a2 2 "Bt a2 2
mm.../_m dt,e " l(@tflJrEﬁl)/_oo dtye” " Z(@t;+Eﬁ2)... X
< O|T(Q(t17ﬁ)@(t%@)"'Q(t/laﬁ1)+Q(t/27ﬁ2)+"')|0 >

(2.129)

Hence by putting the two partial results (2.126) and (2.129) together we obtain

1 1 too too
< q...outlp]...in > = dteFatri(9? + F2 / dt;e”Fnhi(9% + E2)...
... outlf i | anetaih + B [ ate i + B

x < O0|T(Q(ty, @1)...Q(t,, p1)"..)|0 > . (2.130)

The final (fundamental) result is that S—matrix elements < g;... out|p... in > can
be reconstructed from the so-called Green’s functions < 0|T(¢p(x1)...6(z7)...)|0 >.
Indeed we can rewrite equation (2.130) as

< {y... out|py... in > d*z e (92 + m?)...

o 1 1 4 Q11,92 2
= \/EA@/CZ 1" (0] +m )/
x < 0|T(¢(z1)...0(x))...)|0 > . (2.131)

The factor 1/,/2Eg,...1/1/2E5, is only due to our normalization of the one-particle
states given in equations (2.119) and (2.120).

3.3 Feynman Diagrams For ¢—Four Theory

3.3.1 Perturbation Theory

We go back to our most fundamental result (2.111) and write it in the form (with

Lint(éin(x)) = ‘Cint(x»
< 0|T(d(x1)p(x3)..)[0 > = < O\T(ém(mém(@)...s) 0>
= < O‘T(‘Zgin(xl)Qgin($2)...€ifd4y£int(y)) 0 >

= Y [t [t <O (duten)dnCrad L)L) ) 0>

(3.132)
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These are the Green’s functions we need in order to compute the S—matrix el-
ements. They are written solely in terms of free fields and the interaction La-
grangian density. This expansion is the key perturbative series in quantum field
theory.

Another quantity of central importance to perturbation theory is the vacuum-
to-vacuum amplitude given by

<00>=<0so> = Y& / d'y. / d4yn<0|T(cim<y1>..cim<yn>)dm>33>
n=0

Naively we would have thought that this norm is equal to 1. However it turns out
that this is not the case and taking this fact into account will simplify considerably
our perturbative calculations.

3.3.2 Wick’s Theorem For Green’s Functions

From the above discussion it is clear that the remaining task is to evaluate terms
of the generic form

< 0|T<$in(x1)$in(x2)...éin(:@n)) 0> (3.134)
To this end we rewrite the Wick’s theorem (1.75) in the form
< 0|T(ez‘fd4w(a:)q3m(x)) 0 >= o~ 3 [d'a [ d' (@) I ) Dpe—a) (3.135)
Because the scalar field is real we also have

< O|T<eifd4:vJ(:B)q;in(m)) |0 >— e—%fd4g3fd4m/J(:B)J(1'/)DF(1'7:Bl). (3136)

This means that only even powers of J appear. We expand both sides in powers
of J we get

-2n A R
Z ;—n' /d4x1...d4x2nJ(JZ1)...J(xQn) < O\T(¢in(x1)...¢in(x2n)) 0> =
n=0 :

1 1
Z_'(—§)n/d4$1/d4$2.../d4l‘2n_1/d41‘2n X
0 n:

J(x1)J (x9)...J(x2n—1)J (220) Dp(x1 — 23)..Dp(x9n_1 — x2n).  (3.137)
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Let us look at few examples. The first non-trivial term is

Z'2

51 d*oyd* o J (11)J (19) < O|T<<Zgin(x1)<5in(x2)) 0> =

%(—%)1/d4ZL‘1/d4;p2J(ZL‘1)J(ZL‘2)DF(5L‘1 —l‘g). (3138)

Immediately we get the known result

< 0|T(¢3m(a;1)q§in(x2)) 0 >= Dp(z; — x2). (3.139)

The second non-trivial term is

4
T iz drrodt wsdt g J (1) T (22) J (23)J (24) < 0|T(ésm(xl)qéin(m)gz;m(xg)ém(m)) 0> =
5 —— /d4x1/d4x2/d4x3/d4x4 X
J(z1)J (x )J(az )J(24)Dp(x1 — 29) Dp (x5 — 24)3.140)
Equivalently
.4 ) ) ) )
Z' d4$1d4l’2d4373d 1’4J<.§U1>J<.§U2)J<.§U3)J<SII4) < O|T<¢in<x1)¢in<$2>¢in<x3)¢in<x4)) |0 > =

1,1
— )2§/d4l‘1/d4$‘2/d4l‘3/d41‘4 X

J(x1)J (x0)J (23)J (24) <DF(x1 —29)Dp(xs —x4) +

DF(ZL'l — l‘g)DF(I‘Q - IL‘4) + DF(ZL'l - $4)DF(I‘2 - IEg))(3141)

In the last equation we have symmetrized the right-hand side under the permuta-
tions of the spacetime points x, x5, x3 and x4 and then divided by 1/3 where 3
is the number of independent permutations in this case. This is needed because
the left-hand side is already symmetric under the permutations of the x;’s. By
comparing the two sides we then obtain

< 0|T(Qgin(%)Qgin(!EQ)éf;in(xg)éf;in(m)) |0 > = DF($1 - !EQ)DF(RC?, - !E4) + DF($1 - !E3)DF($2 - $4)
—+ DF(Jfl — SL’4)DF<SL’2 — 1’3). (3142)

The independent permutations are called contractions and we write

<OIT(éin(331)éin(xz)ém(:cs)ém(:m))|0> = Y I Dela; - 23.143)

contraction
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This generalizes to any Green’s function. In equation (3.137) we need to sym-
metrize the right-hand side under the permutations of the spacetime points z;’s
before comparing with the left-hand side. Thus we need to count the number of
independent permutations or contractions. Since we have 2n points we have (2n)!
permutations not all of them independent. Indeed we need to divide by 2" since
Dp(z; — ;) = Dp(xz; — z;) and we have n such propagators. Then we need to
divide by n! since the order of the n propagators Dp(z1 —xs),...,Dp(xe,_1 — T2y,) iS
irrelevant. We get then (2n)!/(2"n!) independent permutations. Equation (3.137)
becomes

-2n ~ N
; % /d4x1...d4x2nJ(x1)...J(x2n) < 0|T(¢in(x1)...¢in(x2n)> 0> =

1, 1,20 [ , . . .
ZO_!(_é)n(Zn)! /d x1/d xQ.../d l’gn_l/d Top X
J(@1) T (02).d (x201) I (2n) Y [ Drlai— ;). (3.144)

contraction

By comparison we obtain

< O\T(ém@l)...(ﬁm(@n)) 0>= > []Dr(zi—). (3.145)

contraction

This is Wick’s theorem for Green’s functions.
An alternative more systematic way of obtaining all contractions goes as fol-
lows. First let us define

< 0|T<<;3m<x1)...¢3m<x2n)) 0 >=< O|T<F(<;Bin)> 0> . (3.146)
We introduce the functional Fourier transform
F(dy) = / DJIE(J) e dw/@)dn(@) (3.147)
Thus
< 0|T(<5m<x1)...¢3m(x2n)) 0> = < ow(/wﬁu) eifd%J(f)éiM) 0>
= / DJF(J) < 0|T<eif d““@)i’in(m)) 0 >

_ /Djﬁv(J)e%fd4mfd4:v/J(:v)DF(mx/)J@2148)
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We use the identity (starting from here we only deal with classical fields instead
of field operators)

f< % ) ot [ ded(@)d() _ faet dlzJ(z)¢(w) (3.149)

In particular we have

o3 e [ G Dr =) S0 e s(@)(e) _ o~ 1 [ dbe [ die' J@)Dr(a—a)I(@) i [ dia (@ )5(3.150)

Thus

_ OIT<q§in(az1)...¢3m(xzn)) 0> — /DJF(J) {6%fd%fd‘*x'%@)Dp(x—w/)ﬁeifdfwuw(x)
$=0

SE()] (3.151)

[ fd4:vfd4 6¢>( D Dp(z—2)
$=0

We think of F as a function in several variables which are the classical fields ¢(x;).
Thus we have

oF 4 oF
8¢($ 1)

=0z —x1) + ... (3.152)

0¢()
Hence
. . 1N 0 o w ) O
< O|T<¢in($1)---¢in($2n)) 0> = {62 25 ooty DF (i J)8¢(zj)F(¢):|
$=0

_ [ 52, 8¢(x 5D (2i— xg)awxj) <¢($1)¢<1’2n)()5]153)

¢=0

This is our last version of the Wick’s theorem.

3.3.3 The 2—Point Function
We have

<O (G0 > = 3

n=0

= < 0|T(¢IH(ZL‘1 gf)m ZL‘Q )|O > +Z/d4y1 < O|T<¢31n(x1)q§in(x2)£int(y1)) |0 >

[t [t <07 () oa) Canin) i) ) 0>

S

+ ﬁ/dﬂxyl/d‘lyz < 0|T(§f;' (1) Gin(2) Ling (Y1) £ (y2)>|0 > + (3.154)
21 in in int int .
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By using the result (3.153) we have (since we are considering only polynomial
interactions)

< O (i) 03) Lo o) i) 0> = [e27(9(02)02) L 1)- L) )|

$=0

(3.155)
1 0 0 1 0 0
0Dp0 = - Dp(x; —xj) ——— + = Dp(y; —y;) =——
P 5 e T T ) T e T W st
0 0
+ —Dp(r; —yj) ——. 3.156
2 oty G50 (3150
The 0th order term is the free propagator, viz

< 0|T<<;3m(x1)$m(x2)) 0 >= Dp(z1 — x2). (3.157)

We represent this amplitude by a line joining the external points z; and x5 (figure
1). This is our first Feynman diagram. Physically this represents a scalar particle
created at xo then propagates in spacetime before it gets annihilated at x;.

The first order is given by

i/d4y1 < O‘T(éin(xﬁ(lgin(xQ)Lint(yl)) 0> = Z<—%) /d4y1 < O‘T(éin(xﬁflgin(:@)(ﬁin(yl)él) 0> .

We apply the Wick’s theorem. There are clearly many possible contractions. For
six operators we can have in total 15 contractions which can be counted as follows.
The first operator can be contracted in 5 different ways. The next operator can
be contracted in 3 different ways and finally the remaining two operators can only
be contracted in one way. Thus we get 5.3.1 = 15. However there are only two
distinct contractions among these 15 contractions. They are as follows

a)— We can contract the two external points x; and x5 together. The internal
point z = y; which we will call a vertex since it corresponds to an interaction
corresponds to 4 internal points (operators) which can be contracted in 3.1 =
3 different ways. We have therefore three identical contributions coming from
these three contractions. We get

3 x i(—%)DF(xl — I9) /d4sz(O)2 = %(—i)\)/d‘lsz(:cl — 19) Dp((F.159)

(3.158)
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b)— We can contract one of the external points with one of the internal points.
There are four different ways for doing this. The remaining external point
must then be contracted with one of the remaining three internal points.
There are three different ways for doing this. In total we have 4.3 = 12
contractions which lead to the same contribution. We have

12 x z(—%) /d4zDF(x1 — 2)Dp(x9 — 2)Dp(0) = %(—i)\) /d4zDF(x1 — 2)Dp(x9 — 2)Dp(0).

The two amplitudes (3.159) and (3.160) stand for the 15 possible contractions
which we found at first order. These contractions split into two topologically
distinct sets represented by the two Feynman diagrams a) and b) on figure 2 with
attached values given precisely by (3.159) and (3.160). We observe in constructing
these diagrams the following

e Each line (internal or external) joining two spacetime points = and y is
associated with a propagator Dp(z — y).

e Interaction is represented by a vertex. Each vertex is associated with a factor

—iA.

e We multiply the propagators and vertices together then we integrate over
the internal point.

e We divide by a so-called symmetry factor S. The symmetry factor is equal to
the number of independent permutations which leave the diagram invariant.

A diagram containing a line which starts and ends on the same vertex will
be symmetric under the permutation of the two ends of such a line. This is
clear from the identity

/d4zDF(0) = /d4z/d4uDF(z—u)54(z — ). (3.161)

Diagram b) contains such a factor and thus the symmetry factor in this case
is S = 2. Diagram a) contains two such factors and thus one must divide
by 2.2. Since this diagram is also invariant under the permutation of the
two Dp(0) we must divide by an extra factor of 2. The symmetry factor for
diagram a) is therefore S = 2.2.2 = 8.

The second order in perturbation theory is given by

Z'2

o d4y1/d4y2 < O|T<Q§in(x1)Qgin(l‘Z)Lint(yl)cint(yZ))|0 > =
1 A

—5(5)2/d4y1/d4y2 < 0|T(Qgin(xl)ﬁf;in(m)qgin(yl)4¢A>in(yz)4>|0 >, (3.162)

(3.160
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Again we apply Wick’s theorem. There are in total 9.7.5.3 = 9.105 contractions
which can be divided into three different classes (figure 3) as follows

1) The first class corresponds to the contraction of the two external points
and x5 to the same vertex y; or y,. These contractions correspond to the
two topologically different contractions a); and b); on figure 3.

In a); we contract x; with one of the internal points in 8 different ways, then
xy can be contracted in 3 different ways to the same internal point (say y;).
If the two remaining y; points are contracted together the remaining internal
points yo can then be contracted together in 3 different ways. There are in
total 8.3.3 contractions. The analytic expression is

8 3. 3 )\
— /d4y1/d Yo Dp(z1 — y1) Dp(za — 1) Dp(0)® =
—2)\

/d4 /d Y2 Dr(z1 — y1) Dp (22 — y1)Dr(0)°. (3.163)

In b); we consider the case where one of the remaining y; points is contracted
with one of the internal points y, in 4 different ways. The last y; must then
also be contracted with one of the y, in 3 different ways. This possibility
corresponds to 8.3.4.3 contractions. The analytic expression is

8343 )\
2

/d4 /d y2Dr(x1 — y1)Dr(za — y1)Dp(y1 — y2)?Dr(0) =

_M /d4 /d4 2Dp(x1 — y1)Dp(x2 — y1) Dp(yr — y2)* Dp(0)3.164)

2) The second class corresponds to the contraction of the external point x;
to one of the vertices whereas the external point x, is contracted to the
other vertex. These contractions correspond to the two topologically different
contractions a), and b)y on figure 3.

In a); we contract x; with one of the internal points (say y;) in 8 different
ways, then x5 can be contracted in 4 different ways to the other internal point
(i.e. y2). There remains three internal points y; and three internal points ys.
Two of the y; can be contracted in 3 different ways. The remaining y; must
be contracted with one of the y, in 3 different ways. Thus we have in total
8.4.3.3 contractions. The expression is

8433 )\
2

/d4 /dy2DF(371 y1)Dp (w2 — y2) Dp(y1 — y2) Dp(0)* =
—z)\

/ d' [ @aDe(er = ) Dr (2 — 1) Do = 1) D (0)13.165)
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In b), we consider the case where the three remaining y; are paired with the
three remaining y,. The first y; can be contracted with one of the y, in 3
different ways, the second y; can be contracted with one of the remaining
yo in 2 different ways. Thus we have in total 8.4.3.2 contractions. The
expression is

8432 )\
2

/d4 /d Y2Dp(21 — y1)Dr(xs — y2) Dr(y — y2)° =

—iA)
(T /d4?/1 /d4?/2DF(901 — y1)Dp (2 — y2) Dr(yr — y2)°. (3.166)

The third class corresponds to the contraction of the two external points x;
and xo together. These contractions correspond to the three topologically
different contractions a)s, b)s and ¢), on figure 3.

In a); we can contract the y; among themselves in 3 different ways and
contract the y, among themselves in 3 different ways. Thus we have 3.3
contractions. The expression is

33 )\
/d4y1 /d yQDF xr1 — .TQ)DF(O) =

In b)3 we can contract two of the y; together in 6 different ways, then contract
one of the remaining y; with one of the y, in 4 different ways, and then
contract the last y; with one of the ys in 3 different ways. Thus we have
6.4.3 contractions. The expression is

6 4. 3 )\
2 /d4y1/d yQDF($1 —xz)DF(y1 ?/2) DF(O) =
—2)\

/d4y1/d4y2DF(:c1 — 29)Dp(y1 — y2)*Dr(0)% (3.168)

In ¢)3 we can contract the first y; with one of the ys in 4 different ways, then
contract the second y; with one of the y, in 3 different ways, then contract
the third y; with one of the ys in 2 different ways. We get 4.3.2 contractions.
The expression is

432 )\
/d4y1/d Yo Dp (21 — 22)Dp(y1 — y2)* =

TS /d4y1/d4y2DF<.§L’1 — SIIQ)DF(yl —y2)4. (3169)
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The above seven amplitudes (3.163), (3.164), (3.165), (3.166), (3.167), (3.168) and
(3.169) can be represented by the seven Feynman diagrams a)i, b)1, a)a, b)2, a)s,
b)s and c)3 respectively. We use in constructing these diagrams the same rules as
before. We will only comment here on the symmetry factor S for each diagram.

We have

The symmetry factor for the first diagram is S = (2.2.2).2 = 16 where the
first three factors of 2 are associated with the three D (0) and the last factor
of 2 is associated with the interchange of the two D (0) in the figure of eight.

The symmetry factor for the second diagram is S = 2.2 = 4 where the first
factor of 2 is associated with Dp(0) and the second factor is associated with
the interchange of the two internal lines Dp(y; — ys).

The symmetry factor for the third diagram is S = 2.2 where the two factors
of 2 are associated with the two Dg(0).

The symmetry factor of the 4th diagram is S = 3! = 6 which is associated
with the permutations of the three internal lines D (y; — y2).

The symmetry factor of the 5th diagram is S = 27 = 128. Four factors of 2
are associated with the four Dg(0). Two factors of 2 are associated with the
permutations of the two D (0) in the two figures of eight. Another factor of
2 is associated with the interchange of the two figures of eight.

The symmetry factor of the 6th diagram is S = 2* = 16. Two factors of 2
comes from the two Dg(0). A factor of 2 comes from the interchange of the
two internal lines Dg(y; — y2). Another factor comes from the interchange
of the two internal points y; and ys.

The symmetry factor of the last diagram is S = 41.2 = 48. The factor 4!
comes from the permutations of the four internal lines Dp(y; — y2) and the
factor of two comes from the interchange of the two internal points y; and

Ya.

3.3.4 Connectedness and Vacuum Energy

From the above discussion we observe that there are two types of Feynman dia-
grams. These are

Connected Diagrams: These are diagrams in which every piece is connected
to the external points. Examples of connected diagrams are diagram b) on
figure 2) and diagrams b), a)s and b), on figure 4.
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e Disconnected Diagrams: These are diagrams in which there is at least one
piece which is not connected to the external points. Examples of discon-
nected diagrams are diagram a) on figure 2) and diagrams a);, a)s, b); and
¢)3 on figure 4.

We write the 2—point function up to the second order in perturbation theory as
. . 1

The "connected" 2—point function at the Oth and 1st orders is given respectively

by

Do(xy — z5) = diagram 1) = Dp(x; — z3). (3.171)

Dy (7 — x3) = diagram 2b) = %(_M) /d4y1DF(551 —y1)Dp(xy — y1) 03:(0R)

The "connected" 2—point function at the 2nd order is given by the sum of the
three propagators Di, D3 and D3. Explicitly they are given by

. —i\)?
D%(l‘l — IL‘Q) = dlagram 4b)1 = % /d4y1 /d4y2DF(l‘1 — yl)DF(ZL‘Q — yl)DF(yl — yg)zDF(O)

(3.173)

) —i))?
D%(azl — x9) = diagram 4a)y = % /d4y1 /d4y2DF(:c1 —y1)Dp(xe — y2) Dp(y1 — yz)DF(O)z.
(3.174)

(—id)?
6

D3(zy — xy) = diagram 4b), = /d4y1 /d4y2DF($1 —y1) D (22 — y2) Dp(y1 — 12)°.

(3.175)

The connected 2—point function up to the second order in perturbation theory is
therefore

< 0|T((x1)d(22))|0 >comn = Dolay — ) + Dy (w1 — x3) + Di(zy — x3) + D3(21 — 22) + D3 (21 — x5
(3.17¢€
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The corresponding Feynman diagrams are shown on figure 5. The disconnected
diagrams are obtained from the product of these connected diagrams with the so-
called vacuum graphs which are at this order in perturbation theory given by V7,
Vo and V3 (see (3.170)). The vacuum graphs are given explicitly by

A
Vi = 8Z d4y, Dp(0)2. (3.177)
—2)\ 4 4
—i\)?
Vs = %/d4y1/d4y2DF(yl — o). (3.179)

The corresponding Feynman diagrams are shown on figure 6. Clearly the "full"
and the "connected" 2—point functions can be related at this order in perturbation
theory as

< 0|T(¢(x1)D(x2))|0 >=< 0|T(d(21)P(2))|0 >conn €xp(vacuum graphs)(3.180)

We now give a more general argument for this identity. We will label the various
vacuum graphs by V;, i = 1,2,3,.... A generic Feynman diagram will contain a
connected piece attached to the external points z; and x, call it W;, n; discon-
nected pieces given by Vi, ny disconnected pieces given by V5, and so on. The
value of this Feynman diagram is clearly

1
Wan—i!Vi i (3.181)

The factor 1/n;! is a symmetry factor coming from the permutations of the n;
pieces V; among themselves. Next by summing over all Feynman diagrams (i.e, all
possible connected diagrams and all possible values of n;) we obtain

¥ X wlliwe = Xw 3 v

7 M1y, Nyyeen i N yeeesMiyene 1
1
- SIS
J TNy
= 2 Wi[Jewv)
i i

- ZVVjeXp(Z V). (3.182)
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This is the desired result. This result holds also for any other Green’s function,
viz

< OT(d(a1)(2)--.)]0 >=< O|T(3(1)$(22)---)|0 >comn exp(vacuum graphf.183)

Let us note here that the set of all vacuum graphs is the same for all Green’s
functions. In particular the 0—point function (the vacuum-to-vacuum amplitude)
will be given by

< 0]0 >= exp(vacuum graphs). (3.184)
We can then observe that

< 0|T(d(x1)p(x2)...)|0 >
< 0[0 >
= sum of connected diagrams with n external points.

(3.185)

< O|T(€Z§($1)¢;($2))|0 > conn

We write this as

< O|T(P(1)P(22)..)]0 >eomn = < QT(d(21)d(22)..)|Q2 > . (3.186)

0> 1
0 >= B L graphs)|() > (3.187)

/< 0[]0 >

The vacuum state |2 > will be interpreted as the ground state of the full Hamilto-
nian H in contrast to the vacuum state |0 > which is the ground state of the
free Hamiltonian H,. The vector state |2 > has non-zero energy Ey. Thus
H|Q >= Ey|Q > as opposed to Hy|0 >= 0. Let [n > be the other vector states of
the Hamiltonian H, viz H|n >= E,|n >.

The evolution operator €2(t) is a solution of the differential equation i0,2(t) =
V7 (£)Q(t) which satisfies the boundary condition Q(—co0) = 1. A generalization of
€(t) is given by the evolution operator

Qt,t)=T (e—iff' dSWS)) . (3.188)

This solves essentially the same differential equation as (t), viz

iDL, ) = Vi(t, t0)Q(2). (3.189)

Vi(t, t) = effott—to) 7 g—iflo(t—to), (3.190)
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This evolution operator Q(t, t') satisfies obviously the boundary condition Q(t,t) =
1. Furthermore it is not difficult to verify that an equivalent expression for Q(t,t")
is given by

Qt, 1) = etffolt—to) g=ifl(t=t) o=iffa(t' ~to) (3.191)
We compute
T > = ¢TI0 > < Q)0 > +Ze"ﬁT|n >< nl0 >
n#0
= ¢TI0 >< Q0 > +Ze‘iEnT|n ><nl0>. (3.192)
n#0

In the limit 7 — oo(1 — i€) the second term drops since E, > E, and we obtain

e HTI0 > = e BT >< Q[0 > . (3.193)
Equivalently
e H=(-T)|g 5 = ¢ iBoltotT)|() < Q[0 > . (3.194)
Thus
eiEo(to+T)
Q2 >= m@(to, =70 > . (3.195)

By choosing ty = T" and using the fact that Q(7, —T") = S we obtain

oiEo(2T)

A >= —p—
| < Q0 >

0> . (3.196)

Finally by using the definition of |2 > in terms of |0 > and assuming that the sum
of vacuum graphs is pure imaginary we get

Ey  .vacuum graphs
A ) 1
vol ! 2T .vol (3.197)

Every vacuum graph will contain a factor (27)%6*(0) which in the box normaliza-
tion is equal exactly to 27.vol where vol is the volume of the three dimensional
space. Hence the normalized sum of vacuum graphs is precisely equal to the vac-
uum energy density.
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3.3.5 Feynman Rules For ®—Four Theory

We use Feynman rules for perturbative ¢—four theory to calculate the nth order
contributions to the Green’s function < 0|T(¢(x1)...¢(xn))|0 >. They are given
as follows

1) We draw all Feynman diagrams with N external points z; and n internal
points (vertices) y;.

2) The contribution of each Feynman diagram to the Green’s function < 0|T'(¢(z1)...¢(xx))[0 >
is equal to the product of the following three factors

— Each line (internal or external) joining two spacetime points = and y
is associated with a propagator Dp(xz — y). This propagator is the
amplitude for propagation between the two points z and y.

— Each vertex is associated with a factor —i\. Interaction is represented
by a vertex and thus there are always 4 lines meeting at a given vertex.
The factor —i\ is the amplitude for the emission and/or absorption of
scalar particles at the vertex.

— We divide by the symmetry factor S of the diagram which is the number
of permutations which leave the diagram invariant.

3) We integrate over the internal points y;, i.e. we sum over all places where
the underlying process can happen. This is the superposition principle of
quantum mechanics.

These are Feynman rules in position space. We will also need Feynman rules in
momentum space. Before we state them it is better we work out explicitly few
concrete examples. Let us go back to the Feynman diagram b) on figure 2. It is
given by

1

5(‘”\) / d'zDp(x; — 2)Dr(22 — 2) Dr(0). (3.198)

We will use the following expression of the Feynman scalar propagator

4 .
Dea—y) — [-LP L ) (3.199)
F Y (2m)% p2 — m? + i€ ' '

We compute immediately

1 . 4 . T » _ d*p, d*ps dq l—i )4 sh

X e_iplxle_ip2x2A(p1)A(pg)A(q)) : (3.200)
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l

Alp) = (3.201)

p?2 —m? +ie
In the above equation p; and ps are the external momenta and ¢ is the internal
momentum. We integrate over all these momenta. Clearly we still have to multiply
with the vertex —i\ and divide by the symmetry factor which is here 2. In momen-
tum space we attach to any line which carries a momentum p a propagator A(p).
The new features are two things 1) we attach a plane wave e~"P* to each external
point z into which a momentum p is flowing and 2) we impose momentum conser-
vation at each vertex which in this case is (2m)%6* (p1+p2+q—q) = (27)10%(p1 +p2).
See figure 7.

We consider another example given by the Feynman diagram b), on figure 4).
We find

—i))?
( 6 : /d4y1/d4yzDF(ﬂf1 —y1)Dp(z2 — y2) Dp(y1 — 32)° =

[an [ [ [ ot [t (L en s+ mn s - 6 — - ) %

ez‘plxlez’pzmzA(pl)A(pQ)A(ql)A(qQ)A(q3))(3.202)

This expression can be reconstructed from the same rules we have discussed in the
previous case. See figure 8.
In summary Feynman rules in momentum space read

1) We draw all Feynman diagrams with N external points z; and n internal
points (vertices) y;.

2) The contribution of each Feynman diagram to the Green’s function < 0|T'(¢(z1)...¢(xx))|0 >
is equal to the product of the following five factors

— Each line (internal or external) joining two spacetime points = and y
is associated with a propagator A(p) where p is the momentum carried
by the line.

— Fach vertex is associated with a factor —zA\.

— We attach a plane wave exp(—ipz) to each external point x where p is
the momentum flowing into x.

— We impose momentum conservation at each vertex.

— We divide by the symmetry factor S of the diagram.

3) We integrate over all internal and external momenta.
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3.4 Exercises and Problems

Asymptotic Solutions

e Show that
t

N N 1 o, N -yt
Q5 = Qulti) + 3 [ e sin ot —)i(e )
p

—00

is a solution of the equation of motion
(07 + EX)Q(t, p) = j(t, p).

e Show that
—+oco

Q. 7) = QL) + Qo (1.7) + 1 / 0t Gyt — £ )it . ),

—00

is also a solution of the above differential equation.
e Express the Feynman scalar propagator Dy (z — 2') in terms of Gy(t —t').

e Show that this solution leads to

Hx) = (@) +doe(a) +i / &' Dyl — )J (x

!

).

Hint: Use

d [t [t Of(t)
7 _Oodtf(t,t)_/ dt = + f(t,1).

(0} + E2)Gy(t —t) = —id(t —t ).

Feynman Scalar Propagator Verify that the Feynman propagator in one-
dimension is given by

; , —iBglt—t
Gdt_tg::/Yﬁg___lj__feﬂEu4)::E_J;__,
2 B? — Eﬁ + 1€ 2E;

Fourier Transform Show that the Fourier transform of the Klein-Gordon equa-
tion of motion

(0,0" +m*)p=J
is given by
(0 + E)Q(t.p) = j(t.P).
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Forced Harmonic Oscillator We consider a single forced harmonic oscillator
given by the equation of motion

(07 + E*)Q(t) = J(1).

e Show that the S—matrix defined by the matrix elements S,,, =< m out|n in >
is unitary.

e Determine S from solving the equation

?

V2E

1A o o
S ainS = Qout = Qin +

J(E).

e Compute the probability | < n out|0 in > |?.

e Determine the evolution operator in the interaction picture €2(¢) from solving
the Schrodinger equation

~ ~

i0:0(t) = Vi()Q2At) , Vi(t) = =I(6)Qr(D).

e Deduce from the fourth question the S—matrix and compare with the result
of the second question.

Interaction Picture Show that the fields Q;(t,5) and Pj(t, ) are free fields.

Time Ordering Operator Show that

/ dtl/ dtQ/ dtsT VI (t VI(tQ VI (t3)) / dt1/ dtQ/ dt3V1 t1) VI tQ)VI(tg)

Wick’s Theorem For Forced Scalar Field Show that

, , o(t —t) Lo Ot—t) 1
. — 4 4 ip(x—x ) ip(x—x )
zzﬁ:ﬁp(—i-oo) /d /d xJ(x < v ; 2Eﬁe v Zﬁ: 2Eﬁ€ :

Unitarity of The S—Matrix

S—l _ T<6if+;§ds\71(s)).

e Use the above result to verify that S is unitary.

e Show that
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Evolution Operator Q(t) and Gell-Mann Low Formula Verify up to the
third order in perturbation theory the following equations

Q) = T(df“““@)g

dr) = s (Tg&in(x)s)_

Interaction Fields are Free Fields Show that the interaction fields ¢;(t, Z)
and 7;(t, Z) are free fields.

LSZ Reduction Formulae

e Show the LSZ reduction formulae

+o0
i / a7 + EDT(Q(t POt ) Oty ).) =

[e.9]

V2B (G T (@11, 5)Ql02 2)-) = T(QUtr )02 ) ) )
e Show that
i [ e (@,00 4w T (G()3)olz)..) =
VB (G TG e0)d02)..) = T(6le)dr2). )i ).

e Derive the LSZ reduction formulae

400 R R .
—i/ dte™ %7 (0} + EDT(Q(t, 0) " Qt1, ;) T Qta, o) ") =
V2E; (dout<]§>+T<@<tlaﬁ1)+Q<t27ﬁ2)+"') - T(©<t17ﬁ1)+Q<t2aﬁ2)+“')&in(ﬁ)+)-
Hint: Start from

e (—idy + Ep)Qu(t, P = /2E5 awm ().

e Pt (—id, + Eﬁ)@out(tam+ - \/TEI? Gont (D)
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Wick’s Theorem Show that

o2 Zoii Tatey PP #i=2) 35y <¢($1)-..¢($2n)>:| > I Drlai—ay).

contraction

The 4—Point Function in ®—Four Theory Calculate the 4—point function
in ¢p—four theory up to the second order in preturbation theory.

Evolution Operator Q(t,t') Show that the evolution operators

Oty =T (e—ifi dsms)) |

and
Q(t, t/) _ piHo(t—to) ,—iH (t—t' ) ,~iHo(f —to)
solve the differential equation

iDL, ) = Vi(t, t0)Q(2).

Determine V;(t, to).

®—Cube Theory The ¢—cube theory is defined by the interaction Lagrangian
density

'Clnt ¢3

Derive Feynman rules for this theory by considering the 2—point and 4—point
functions up to the second order in perturbation theory.
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3.5 Solutions

Asymptotic Solutions
e Straightforward.

e Straightforward. This is a different solution in which we do not have the
constraint ¢t —t > 0 in the Feynman Creen’s function Gy(t —t').

d*p N ip(@—a d’p dp® i —ipO(t—t ) rip(@—a
/WGﬁ(t_t)ep( ) — / (277)3/ @ 0)2—E2+@'56 pO(t—t ) +ip(Z—1)
p i

/ d4p i efip(mfzv/)
(2m)4 p? — m? + ie

= Dp(z—2x).

e Thus the second solution corresponds to the causal Feynman propagator.
Indeed by integrating both sides of the equation over p we obtain

+oo

. ~ o . d3p i / N,
M) = Gh(x)+ donle) +i / e / 0 Gt — £)i(t )

) f d3 7/ / ’ s
= (@) + Do (@) + 1 / (27£3 / d'a Gyt —1)J (2)e™"T).

In other words

i

Ha) = (@) +don(a) +i / 0 Dy — ) (&),

Feynman Scalar Propagator Perform the integral using the residue theorem.

Fourier Transform Straightforward.

Forced Harmonic Oscillator

e Verify that

>S5S = O
l
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o We get
S = exp(aa;, — a*ay +if) = e in =0 din g 8= al?
a= .
V 2Ej
In this result 3 is still arbitrary. We use [aiy, ;7] = 1 and the BHC formula

eAeB — pA+BAB]

In particular
at at (-
A e®in = ein(ay, + ).

e We find

n

| < nout|0in > |* = x—'e’m ;= |al?.
n!

We use |n in >= ((a)"/v/n!)|0 in > and < n injm in >= §,,.

e We use

N N 1 . .
t) = in t) = — &ineizEt + CAL~+€ZEt .
Q[( ) Q ( ) /_2E< in )
We find

Q) = exp(a(t)at —a*(t)aw, +iB8(t)) = ()] g=a” B)ain o +iB(t) = la(t)?

dsJ )e'ts,

\/ 2K
The Schrodinger equation i0,Q(t) = \A/[(t)Q(t) becomes

1
10,0 = z(@taa — 0y Gy + 10,8 — 8ta.04* + 5&04*.04) Q.

This reduces to
06(t) = (a@ta — a" o).

Thus

p(t) = /t ds(adsa™ — a*0sq).
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e In the limit ¢ — oo we obtain

)
+00) dsJ(s)e'™ = (E) =
! J_/ vae' )
1 +oo +o0
—§|a(+oo)|2 / ds J(s)J (s )eFlss )
Also
+oo 400 ,
if(+o00) = / ds J(s)J(s e El=s )0(5 —s)
+oo +o0o ,
/ ds' J(s )ZESS)Q(S—S).
Hence (by using 1 — (s —s') = 0(s' — s))
1 +°° +oo /
iB(+00) — §|a(+oo)|2 = / ds J(s)J(s )e Bl )0(5 —5)

| e e | /
L ds/ ds' J(s)7(s ) Ee=Da(s — s)

_ _—/+Oods/+oodsJ (s)G(s—s).

The Feynman propagator in one-dimension is

/ ! <eiE(SS,)9(s —5)+ eiE(s*sl)Q(s/ - s))

Gls—s) = —

(s—s) 5E

The S—matrix is
S=e a+€ a* ame 2f+°°dsf+°°ds J(s)J(s )G(s—s,).

This is the same formula obtained in the second question except that [ is
completely fixed in this case.

Interaction Picture From one hand we compute that

i0:Q1(t,p) = —[Qu(t,9), Vi(t, )] + Q)idQu (8, )2 ().

From the other hand we compute

i0.Q(t,7) = U’l(t)[A(ﬁ)"H] (1) + ()[A@,V(tﬁ?w(t)
= Q7N (O[Qr(t,7), HAQ(E) + 2 (O)[Qu(t, 7)., Vi(t. DQ(D).
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We can then compute immediately that
iat@] (tv 17) =
Next we compute

iatQ[<t, ﬁ) = [Ql(tv ﬁ)v ,’Lzﬁ]

Similarly we compute

[P1<t7p>7,}:[ﬁ] =

iatpl(tvm =

[Ql(taﬁ)v 7:[17]'

e'Ms [Q(ﬁ), 7:15]6
ieit?‘lﬁp(m e—it’Hﬁ
iPy(t, ).

M), Hyle
_,L-EéeitﬁﬁQ(ﬁ)e—itﬁﬁ
—iB3Q;(t, ).

—itHy

—itHy

Thus the operators Q; (¢, 7) and P;(t,p) describe free oscillators.

Time Ordering Operator We have

jﬂ(‘?}(tl)‘?}(tz)‘?}(ts)) = ‘?}(tl)‘?}(tZ)
jﬂ(‘f}(tl)‘f}(tz)‘f}(ts)) = ‘f}(t2)‘f}(t1)
T(Vi(t)Vi(t2)Vi(ts)) = Vi(t:)Vi(ts)
T(Vi(t)Vi(t2)Vi(ts)) = Vi(ts)Vi(t:)
jﬂ(‘f}(tl)‘f}(tz)‘f}(ts)) = ‘f}(t2)‘f}(t3)
T(Vi(t:)Vi(t2)Vi(ts)) = Vi(ts)Vi(tz)

1(t3) , if t1 >ty > t3
(t3) , if to >t > t3
(o) , if t1 > t3 >ty
(to) , if t3 >t > 1o
(t1) , if ty >t3>1
1(th) , if t3 >t >t

Thus T(V;(t)Vi(t2)Vi(ts)) is a function of ¢y, t, and t3 which is symmetric about
the axis t; = ty = t3. Therefore the integral of T'(V;(t1)V(t2)Vi(t3)) in the different
six regions ty >ty > t3, to >t > 13, etc gives the same result. Hence

/ dt; / dt / dtsT(Vi(t)Vi(t2)Vi(ts))

/ dtl/ dtz/ dt3VI t1) VI tz)vl(t:s)

Wick’s Theorem For Forced Scalar Field In order to compute i35(t) when

t — 400 we start from

0,2

ﬁ@ﬂ%ﬁrlzdﬁ@d@+—d}®d@4ﬂga

.k

Vi
g — 50@ ag+ 15
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In deriving this last result we used
e 7M@) 5 (5) = (am () — Va(t)) o0 (Dain ()T

Clearly we must have

() = —iVi (1, p).

From the second line of (1.58) we have

LfioodsZ" L j(syﬁ)*din(me p +](Sﬁ)aln(ﬁ)+62Eﬁs
) = T(ev "\/2%( )).

The potential V;(¢, ) can then be defined by

Vi(t,9) ( () (P + (L, P (P) 7 )

V \/2E5
The differential equation 9;Q5(t)Q5(t) ™" = —iV;(t, p) yields then the results

IR

& = Vﬁxe

o=

V. )
%(Oz; oy — G Oé;;»).

The first equation yields precisely the formula (1.64). The second equation in-
dicates that the phase ((t) is actually not zero. The integration of the second
equation gives

T * i Eg(
& 4ZVE / ds/ ds'j(s,7)j(s )"
4WE5 /_oo ds /_OO ds'j(s, ) (s, pe B,

By summing over p and taking the limit ¢ — oo we obtain

1

, , ot —t) 1 0t—t)
. _ 4 4 ip(x—x )
zEﬁ Bp(400) /d /da:J ( Eﬁ 5 56

>

2FE;

eip(:vr/)) )
iz
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Unitarity of The S—Matrix

e The solution €)(¢) can be written explicitly as

00 t t1 th—1 R . .
Q) = Z(—z’)”/ dtl/ dtz.../ dt,Vi(t)Vi(ta)...Vi(tn).
n=0 —0o0 —00 —00
The first few terms of this expansion are
t
Qi) =1 —’i/ dtﬂ/} (t1) + / dt1/ dtQVI (t1) V[ (t2) +

Let us rewrite the different terms as follows

t +o0o +o00
— t

— 00 [e.9]

t t1 R R —+o00 t1 N —+o00 400 N N
t

— 00 —00 — 00 —00

Hence to this order we have

+o00 . +o0 +oo R ~
Qt) = (1+¢/ dtlvf(tl)ﬂ'?/ dt1/ dt2vl(t1)vl(t2)+“')
t t t

—+00 —+o00 t1 N N
(1_2'/ V(1) + (i) dtl/ dt2v,<t1>v,<t2)+...)

o0 —00 —00

_ < ft dsVI ) S.

The operator T is the anti time-ordering operator, i.e. it orders earlier times
to the left and later times to the right. This result is actually valid to all
orders in perturbation theory. Taking the limit ¢ — —oo in this equation
we obtain

X
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e Recall that
) = T(e?fw“W@).

By taking the Hermitian conjugate we obtain

S+ — T(aftfdsf/[(s)).

In other words S is unitary as it should be. This is expected since by con-
struction the operators U(t) and €(t) are unitary.

Evolution Operator 2(¢) and Gell-Mann Low Formula Straightforward.

Interaction Fields are Free Fields We compute
iat(ﬁl(tv 'f) = [é[(t j:)7 FIO]
= (@), Hple it

= e [ Sl [ L. P @@

= jeltHog(F)eitHo
)
Similarly
071t 7) = [A(t, ), H

_ eitﬂo [ﬁ'(f), ]—A{O]efitl:lo

- B o [ BT s N ol
= e [ Sher | L EIPG.QN @ame
+

(2m)3 (2m)
___: itHy *p F210E —itHy
= —ie 2n)? € Q(pe

_ 2(62 _ m2)€itﬁ0¢g(f)e—itﬁo
= (V= m?)éi(t, 7).
These last two results indicates that the interaction field ¢; is a free field since it

obeys the equation of motion

(02 = V2 +m?) oy (t, %) = 0.
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LSZ Reduction Formulae

e Let us consider the integral

+oo
/ dt@t <€iEﬁt<Z'8t + Eﬁ)T(Q(t,ﬁ)@(tl,ﬁl)Q(tQ,ﬁz))) .

[e.9]

We compute

N A

+o0 R R R
/_ dtat(efEﬁt<¢at+Eﬁm@(t,@Q(u@)@(tz,@)...)) _ JIE; (aoutw(@(tl,ﬁl)Q@Q,ﬁz)

- T<@<t1,ﬁ1>@<t2,ﬁ2>...>am<ﬁ>)-

On the other hand we compute

400 ~ ~ A
/ dto, (eiEﬁt(iﬁt + Eﬁ)T(Q(t,ﬁ)Q(h,ﬁl)@(b;@)---)) =

o0

+oo R R R
[ e BT DO ) ).

[e.e]

Hence we obtain the LSZ reduction formulae

[ e+ BT P P ) =
VB (0 (DT (Q01, Q2. 72)) — Tt At )i ) )
e We use the identity (with the notation 6% = 9,0")
[ e+ w)ite) = (@ + EDQ( D),
The above LSZ reduction formulae can then be put in the form
i [ e 0,00+ mT(H(@)dle)i ().
VB (0 (DT (9e1)602).) — T(e1)32)- ) ).

e Straightforward.
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Wick’s Theorem Straightforward.

The 4—Point Function in ®—Four Theory The first order in perturbation
theory is given by

i/d4y1 < 0|T(gzgin(xl)...gzgin(m)ﬁint(y1)> |0 > = ’L(—%) /d4y1 < O|T<§?)in(x1)"'Qgin(xél)ﬁg)in(ylyl) |0 >

In total we 7.5.3 = 105 contractions which we can divide into three classes

e We contract only two external points together and the other two external
points are contracted with the internal points. Here we have six diagrams
corresponding to contracting (z1,x2), (1, 23), (1, 24), (T2, x3), (T2, z4) and
(x3,24). Each diagram corresponds to 12 contractions coming from the 4
possibilities opened to the first external point to be contracted with the
internal points times the 3 possibilities opened to the second external point
when contracted with the remaining internal points. See figure 9a). The
value of these diagrams is

122’(—%) /d4y1DF(0) X | Dp(x1 — 22)Dp(xs — y1)Dp(z4 — y1)

The corresponding Feynman diagram is shown on figure 10a).

e We can contract all the internal points among each other. In this case we
have three distinct diagrams corresponding to contracting x; with x5 and x3
with x4 or z; with x3 and z9 with x4 or x; with =z, and x, with z3. Each
diagram corresponds to 3 contractions coming from the three possibilities of
contracting the internal points among each other. See figure 9b). The value
of these diagrams is

3i(

_%) /d‘lylpp(o)2 [DF<x1 — x2)Dp(z3 —24) +

Dp(xl — ZL’3)DF<SL’2 — .T}4) + Dp(xl — SL’4)DF<SL’2 — .Tg) .

The corresponding Feynman diagram is shown on figure 10b).
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e The last possibility is to contract all the internal points with the external

points. The first internal point can be contracted in 4 different ways with the
external points, the second internal point will have 3 possibilities, the third
internal point will have two possibilities and the fourth internal point will
have one possibility. Thus there are 4.3.2 = 24 contractions corresponding
to a single diagram. See figure 9¢). The value of this diagram is

24i(-3) [ @' | Deles — 1) De(as = ) Dl — 1) Di(en )|

The corresponding Feynman diagram is shown on figure 10c).

The second order in perturbation theory is given by

2
%/d4y1/d4y2 < 0|T(qgin(l'l)-..Qgin(l’4)£int(yl)ﬁint(yQ))|0 > =

5 A)2/014.7J1/d4.y2 < OIT(g?)in(xl)...qgin(x4)g5in(y1)4q§in(y2)4)IO > .

There are in total 11.9.7.5.3 contractions.

e We contract two of the internal points together whereas we contract the other

two with the external points. We have 6 possibilities corresponding to the
6 contractions (x1, z2), (x1,23), (1, 24), (T2, x3), (T2, 24) and (z3,24). Thus
we have (6).8.7.5.3 contractions in all involved. We focus on the contraction
(x3,x4) since the other ones are similar. In this case we obtain 4 contractions
which are precisely a)1, b); ,a)s and b)y shown on figure 3). The value of
these diagrams is

A
- —)2/d4y1/d4y2DF(l‘3 —ZL'4) X 833DF(I‘1 —yl)DF(ZL‘Q yl)DF(0)3

(
(yl
(

+8.4.3.2Dp(x1 — y1)Dp(x2 — y2) Dr(y1 —

Clearly these diagrams are given by

DF(.Tg — 1’4) X <a)1 —+ b)l -+ a)2 —+ b)g of ﬁgure 4) .

To get the other 5 possibilities we should permute the points zy,x5,23 and
x4 appropriately.
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e Next we can contract the 4 internal points together giving
DF($1 - $2)DF($3 - $4) + DF(xl - !E3)DF($2 - $4) + DF(fEl - $4)DF($2 - 5153)-

This should be multiplied by the sum of 7.5.3 contractions of the external
points given on figure 11. Compare with the contractions on figure 3a)s, 3b)3
and 3c¢);. The value of these diagrams is

1A

§<E)2 (DF<$L’1 — .T}Q)DF(Jfg — 1’4) + DF<$L’1 — .Tg)DF(JfQ — 1’4) +

DM@—MWA@—QO/#M/#WGM%@4+

6.4.3Dp(0)*Dp(y1 — y2)* + 4.3.2Dp(ys — y2)4)-

The corresponding Feynman diagrams are shown on figure 12.

e There remains 48.7.5.3 contractions which must be accounted for. These
correspond to the contraction of all of the internal points with the external
points. The set of all these contractions is shown on figure 13. The cor-
responding Feynman diagrams are shown on figure 14. The value of these
diagrams is

X

5" [t [ @ nDite - )

8.3.2.3.4Dp(xy — y1)Dp(x3 — y1) Dp (x4 — y2) Dr(yr — y2) Dp(0)
8.3.2.3Dp(xy — y1)Dp(x3 — y1)Dp (x4 — y1) Dp(0)?
8.3.4.2.3Dp(xy — y1)Dp(x3 — y2) Dp (x4 — y1)Dr(y1 — y2) Dp(0)
8.3.4.3Dp(xy — y1)Dp (23 — y2) Dp (24 — y2) Dp(0)?
8.3.4.3.2Dp (29 — y1)Dp(x3 — y2) Dp(24 — y2) Dp(y1 — 2)*
8.4.3.3Dp(xy — y2)Dp (23 — y1)Dp (x4 — y2) Dp(0)?
8.4.3.3.2Dp (29 — y2) Dp(x3 — y1) Dp(2s — y2) Dp(y1 — 2)*
8.4.3.2.3Dp (22 — y2) Dr(x3 — y1) Dp(xy — y1) Dr(y1 — y2) Dr(0)
8.4.3.3Dp(xy — y2)Dp(x3 — y2) Dp (x4 — yl)DF(O)2
8.4.3.2.3Dp (22 — y2) Dr(x3 — y2) Dp(xy — y2) Dr(y1 — y2) Dr(0)

84332DF(I‘2 — ’yg)DF(ZL‘g — ’yg)DF(l‘4 — yl)DF(yl — y2)2 .

o+t

Evolution Operator Q(¢,t) Straightforward.

®—Cube Theory Straightforward.



