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1 Special Relativity and Group Theory

1.1 Special relativity

Four vector notations:

z, = (2% —2%) = (t,—x)
%, 0
p= == — (1.1)
9 Oz, <8t’ V)
0 9]
O = gan = <8tv>

Therefore, we have the followings:

2 _ o 422 2 2
s =zt =axtx, =" -2 —y z

82

9% = 9,0" = 0"0,, = proie v? (1.2)

o’ = 0"x, =0, (Opat = oz, =4)

We should think of them as inner products rather than vector multiplications.

Moreover, if As? < 0, the spatial separation is greater than the distance light travels and the interval is called
space-like. If As? > 0, the spatial separation is less than the distance light travels and the interval is called time-
like. If As? = 0, the spatial separation is equal to the distance light travels and the interval is called light-like.
We can introduce a symmetric metric tensor 7, = 1, defined as

1
Nz -1
Ny = N = _1 . (1.3)
-1
Then we have

s2 = N, = nuata’. (1.4)

Now we look for a set of linear transformations
2 = Atz = A0 4 Aot (1.5)

which are Lorentz invariant (i.e. preserving s2),

_ ot WAV PO
N = Nux Ha'" = nﬂ,,ApAUx T

(1.6)
= Npox’x’.
Therefore, the condition for A to be Lorentz transformations is

Moo = UWAﬁAZ, 1.7

which can also be written as
i = ATHA. (1.8)

Taking the determinant gives

det 77 = det AT det 7 det A
. . N2

—  detATdetA = (det A) =1 (1.9)

= detA = +1.



Proper Lorentz transformations: det A=+1.
Improper Lorentz transformations: det A = —1.
Consider the 00 component of Eq. (1.7),

1= nuAGAY = (A9)° - (A))

(1.10)
= |AJ| > 1.

Orthochronous Lorentz transformations: A§ > 1.
Non-orthochronous Lorentz transformations: AJ < —1.

In general, an object with one upper index, a* is called a covariant vector, while the one with one lower index,
a,, is called a contravariant vector.

1.2 Groups and representations

Definition 1. A group G is a finite or infinite set of elements which, together with an operation of multiplication,
satisfies the following four fundamental properties:

1. Closure: Va,b € G, ab € G.

2. Associativity: Va,b,c € G, (ab)c = a(be).

3. Identity: 3le € G such that Va € G, ea = ae = a.

4. Inverse: Va € G, Jla~' € G suchthataa™! =e.
Definition 2. A representation p of a group G on a Hilbert space 7 is a mapping from G to unitary operators of
J¢ such that

1. p(ab) = p(a)p(b);
2. ple) =1.

If U is a unitary transformation on .7, and we define the representation p’(a) = Up(a)UT, then p’(a) is also
a representation due the the fact that

p'(ab) = Up(ab)UT = Up(a)p(b)UT = Up(a)UTUp(b)UT = p'(a)p'(b);

1.11
pe) =Up(e)UT =UUT = 1. (L1

Therefore, p’(a) satisfies both properties of a representation, implying that it is a representation. Moreover, p(a)
and p’(a) are called the equivalent representations. Equivalent representations are related to the change of the
basis in the Hilbert space .77

1.3 The SO(3)and SU(2) groups

The SO(3) groups is a general rotation groups in 3D, whose group elements are represented by matrices that

perform rotations about the three spatial axes !, 22, 23:

1 0 0
Ru(a)=10 cosa sina
0 —sina cosa
cosB 0 —sinf
R.2(8) = 0 1 0 (1.12)

sinf 0 cosf
cosy siny O

Ry3(y) = | —siny cosy 0

0 0 1

The SO(3) group is non-Abelian because the group multiplication is not commutative, indeed, for instannce,

Ry () Rys () # Rys (7) Ry (). (1.13)



By inspecting the infinitesimal rotations, we can define the generators of the group which correspond to the
transformation parameters. The generators in the form of differential operators are defined through their actions
on a function of coordinates F'(x!, 22, 2%). For example,

E( %) =ty [P )= 2]

y—0 ¥
F(zl 2 22 _ nn Y F(rl 22 23
y—0 ol
0 0
=: z( 2@ - xlaxz>F(m1,x2,x3).
Therefore,
0 0
3_ 1 2
Similarly,
0 0
1_ _ .29 39
J z(m 5.3 © 8:62)’
(1.16)
J? = —i x3i — :Eli
Ot ox3 )’
The generators of SO(3) satisfy the important commutation relation (which defines the Lie algebra)
(%, J7] = i€k gk, (1.17)

where €% is a totally antisymmetric tensor with €!?> = 1. The matrix expressions for the generators .J* are:

- 0 0 O
J' = _i%l(a) =[o 0 —i
“ odazo N0 o0
- 0 0 ¢
dR
J? = —iézﬂ(ﬁ) =0 o0 o (1.18)
B=0 -t 0 0
- 0 — 0
dR,:
J= i W i 0 o
7 = \0o 0 o0
We now can write the rotation matrix for a finite transformation by exponentiating the generators
R(0Y) = &', (1.19)

where 0 are the group parameters, or in this case, the angles, and J*¢" = J'0! + J262 + J363. For example,

: 1
e =140y - ST = 5 ()% +
100 0 1 0\ (-1 0 0\ _4/0 -10
:010+7—100+% —10+%100+
0 0 1 0 0 O 0 0 "\0 0 0 (1.20)

cosy siny 0
—siny cosy 0] = Ry3().
0 0 1

Like the matrices of SO(3) are regarded as the transformations (rotations) in 3-dimensional real space, we can
view SU (2) matrices as the transformations in a 2-dimensional complex space of spinors (Weyl spinors) with the



following transformation properties:

X = <§;) c X =Ux, XT=xUf, (1.21)

where U is a unitary matrix. Moreover, we can develop a correspondence between SU (2) and SO(3):

1
x
SU (2) transformations on (ii 1) = SO(3) transformations on | 22 |. (1.22)
2 3
x

More precisely speaking, there is a 2-to-1 correspondence R : SU(2) — SO(3) between SU(2) and SO(3). The
map R is a group homomorphism (structure-preserving).
In analogy with rotations, the general SU (2) transformations can be written as

U =elo'?"/2, (1.23)
Thus, we identify the generators of SU(2) to be 1/2 Pauli matrices, %ai, which obey the commutation relations

ot ol ok
I S ¥
[2 ' 5 } i€ 5 (1.24)

The Pauli matrices are

1 (0 1 o (0 —i 3 (1 0
o —(1 0), o _(i 0), o _(O _1). (1.25)

This is the 2D spinor representation of SU(2) (with a basis given by Pauli matrices), used for spin—% particles. We
can also define the 3D vector representation of SU(2), whose generators are given by

L0 10 L [0 =i 0 10 0
51=7101, 52:71' 0 —il, S3=10 0 0 |. (1.26)
2\o0 1 0 2\o0 i o 00 —1

The vector representation is used for spin-1 particles. In general, the dimension of the representation of SU(2) is
25 + 1, where s is the spin number, i.e. the eigenvalue of the operator S3.



2 Lorentz and Poincare Groups

2.1 The Lorentz group

Up to some possible discrete transformations, a general Lorentz transformation can be written as a product of
rotations around the x, y or z axes:

1 1 1
1 cos 0, —sind, cosf, sinf, @)
cosf, sinf, |’ 1 ’ —sinf, cosf, ’
—sinf, cosb, sin 0, cos 0, 1
and boosts in the x, y or z direction:

cosh 8, sinh (3, cosh 3, sinh 3, cosh 3, sinh 3,

sinh 8, cosh 3, , ' 1 7 1 2.2)
1 sinh 3, cosh 3, 1
1 1 sinh 3, cosh 3,

“Boosts” are just transformations which connect two inertial frames, moving with velocity v. In the above matrices
we can identify the two hyperbolic functions related to the rapidity 5; (i = z,y, z) as

1 UZ‘/C V1

N =%, sinhfi=——m—==v— (2.3)

cosh 8; = =
& JimaE e

where ~; are the Lorentz factors.

Matrix expressions for the generators of the boosts K* can be computed similarly to those for the generators of

rotations .J¢, which are now given by 4 x 4 matrices. With these generators we obtain the following commutation

relations:
[K', K7] = —ie % ", (2.4)

We see that the boost transformations alone do not form a group since their generators K do not form a closed
algebra. We also have
(K, J7] = i€k g*. (2.5)

Thus, the set of transformations composed of rotations about three axes and boosts in three directions (the Lorentz
transformations) form a six-parametric group that is called the SO(1, 3) Lorentz group.
Now how do spinors transform under the Lorentz transformations? We can define the generators

i Loci | g i Lo
N+=§(J +iK"), Nﬁ:§(J —iK"). (2.6)
We can show that they satisfy the commutation relations
{er, Nﬂ} =0,
[V NG| = e, @7

[Ni,NZ} — jeldk Nk

The last two commutation relations tell us that er and N can be viewed as generators of two SU(2) groups.
The first commutation relations says that the transformations under these two SU(2) groups are independent.
Therefore, the Lorentz group can be viewed as a direct product of two SU (2) groups, SU(2)1 x SU(2)_. We can
label the states by two angular momenta (s, s_) and define two types of spinor:

i

1 1 .
X ~ (2,o> with J' = So', K' = — o' (2.8)



and
5 W lth J o, _1 ( g . 2. 9

Problem: A general Lorentz transformation ¢“(X"#'+7'9") with either Eq. (Z.8) or (2.0) as generators is not unitary!
Solution: The fundamental group for relativistic quantum systems is not the Lorentz group but the Poincare group.

2.2 The Poincare group

Combining the Lorentz transformations with spacetime translations we get ten-parametric transformations
't = Aa” + o, (2.10)

which form the Poincare group, 150O(1,3). Notice that the spacetime translation does not commute with the
Lorentz transformation. Hence, the Poincare group is a semi-direct product of the translation group P, and the
Lorentz group SO(1,3): ISO(1,3) = P, ® SO(1,3).
The generators of translations are

PH = —ioH, (2.11)

and the generators of Lorentz transformations are
LM =(at 0 — x¥o"). (2.12)
They satisfy the following commutation relations (Poincare algebra):
[P*,P"]=0

[L/LV, Lpo'] — _,L'(n,upL/Lo' _ n/L(TLV[) _ anL/Lo' + nl/o'L/l,p) (213)
(L, PP] = —i(5f"? P” — 5 * PP),

More generally, the full Lorentz spin-orbital angular momentum generators M*" are
MHY = SHY  LHY, (2.14)

where the spin generators S satisfy the same commutation relations as L* and [L*”, S??] = 0. Therefore, the
generators M*” satisfy the same Poincare algebra (Z.13). Moreover, M*” is an antisymmetric tensor: M** =
—MvH,

There are two Casimir operators of the Poincare group (because the Poincare group is a rank-2 group). The
first one leaves p*p,, unchanged, which is given by

P?=Pprp,, (2.15)
where
P"|p) =p"|p). (2.16)
Consider a Lorentz transformation
U(A,a)|p) = ‘Ap> , (2.17)
with i
P Ap> _ (Ap) (Ap>. (2.18)
Then we see that u
(Ap) (Ap)u = ALp"Alp, = 00" p, = p'py = p°. (2.19)
The second Casimir operator is
W2 =WHW,, (2.20)



where W* is the Pauli-Lubanski pseudovector,

1
W = — 27 S,,Fy. 2.21)

Therefore, the Casimir invariant of the operator P? refers to mass invariance,
Ci=p*=E* —|p[*=m?, (222)
whereas the Casimir invariant of the operator W2 refers to spin invariance,

Cy = —m?s(s +1). (2.23)

2.3 Behavior of fields under the Poincare group

A classical local field is an arbitrary function of space-time point (x*), which we denote by F'(z*) in a certain
reference frame. In general the functional dependence is frame-dependent, and therefore in some other reference
frame the same field will be denoted by F’(a'*).

Consider an infinitesimal transformation which takes the initial reference frame to a primed one. The variation of
the field under this transformation is

OF = F'(z'") — F(a")
= F’(a: + 0xt) — F(z*)

F'(z) + 0, F'6x" + O(62?) — F(a#) (2.24)
= F’(x“) F(z") +0,F'sz" + O(62?)

NI

S F : form variation

Therefore, the variation caused by the coordinate transformation can be written as

§F = 5F + 9, F' sz (2.25)

Scalar fields
A scalar field is the same in different inertial frames related by Lorentz transformations (LTs), i.e.
¢'(a™) = p(a). (2.26)
Therefore, we have the total variation of the scalar field:
S =0=0¢+ 0,0 oz (2.27)
An infinitesimal LT on the spacetime coordinates can be represented by
ARV = P 4wk, (2.28)

where w"” is a rank-2 antisymmetric tensor which has 6 independent components with zeros on the diagonal.
Hence, we can write
ozt = AWz, — ot = w'zx,. (2.29)

Setting a general Lorentz transformation on the scalar field as
i3 v Z
¢ (xt) = e 29" Muv () = p(at) — 7" My ("), (2.30)
we can write the form variation as

0 = ¢/ (a*) — p(at) = %wwMMﬁ, (2.31)



Plugging this back into Eq. (2.27), we get

7
— iw’“’Mng + 0,9 Wz, =0

)
= My, =x,0,

2
v ; 2.32
% %MV;L = _%M;w = x;talj ( )
subtraction .
M, =i(z,0, — x,0,) =: L,

= S, =0.

Therefore, the scalar field describes a particle with zero spin.
Note: Space inversion transformations form a discrete Z» group with two irreducible representations, parity even
(+1) and parity odd (—1):

¢ (20, 2"") = £ (20, —z?). (2.33)

The parity-odd scalar field is called a pseudoscalar.

Spinor fields

We already know that there exists two irreducible spinor representations of the Lorentz group. Hence, there are
two two-component spinor fields (Weyl spinors), which transform as

ila) = Arin(e") i= exp | 300" = 6) | vl
) (2.34)
V) = Auina¥) = exp | 010"+ i6) i ().

Notice that under space inversion, Ap <> Ag and hence ¥y, (z#) > Y (z#). Furthermore, we can define the Dirac
spinor by combining 1, and 1 into a four-component spinor:

yn

D(@h) = (:ﬁ’;((i))) (2.35)

which transforms under LTs as .

A 0
¥ () = ( o M)w(xﬂ), (2.36)
and under space inversion as
1( % 0 1 ) %

(20, —zt) = <]l 0)1/)(:170,x ) =:4%(20, zP). (2.37)

The LT can also be written in a more compact form by introducing the other three ~y-matrices (in the chiral or
Weyl representation):

= (0,, 7 ) (2.38)
o 0
Eq. (2.36) then reads
W (2'") = exp (;WWSW>¢(1;“), (2.39)
where we have introduced 1
e g 2.40
S yrtaRd (2.40)
and
wo; = ¢i7 Wij = eijkek- (241)

10



This is exactly the spinor representation of the Lorentz group. The defining algebra is the Clifford algebra, or Dirac
algebra

{77 ="+ =2 L (2.42)
We can also define the chirality operator as
1 0
7 =iy = <0 1)- (2.43)

It forms the two projection operators,

(2.44)

Apart from the Weyl representation, we can also work with other equivalent representations, which are related to
each other by unitary transformations. Consider, for example, a new basis for the Dirac spinor

Pat) = (Z;Ej‘:;) : (2.45)

where
(taiem) - <zi o)
1

( ) iiL (at

( )
)
_ ( r(2#) + ¢L(w“)>
V2 \Ur(at) — P (ah)
The ~y-matrices in this representation can be obtained from those in the Weyl representation by a transformation,
U~UT. Explicitly, we have

0 i 0
o_|[o 0 i (0 o 5 (0 o
V= (0 —00>’ V= (—o—i 0)’ v = (go 0)' (2.47)

This is the standard or Dirac representation.

r(z"

) (2.46)

Vector fields
Consider a vector field, A, (z"), which under LT is written as
Au(x) = AJA, (A ), (2.48)

where 2V — 2"V = Ajzt.
Now we look at the full variation caused by the coordinate transformation,

6(Au(a")) = 0(Au(x")) + 9, (Apu(x"))da". (2.49)

Since the components of the vector field form a Lorentz four-vector in the same way as the spacetime coordinates
do, the total variation of the vector field should be of the same form as a variation of the spacetime coordinates

(refer to Eq. (2.29)), i.e.
v 1 ov g v
6A, =w, A, = SWeo (nﬁn —nan” )Al,. (2.50)

11



The form variation in this case is written as (compare with the case of a scalar field)

5A, = _%wm(M”")ZA,,

Z’ g \V Z’ g \V
= —gwpg(L” YAy — 5wWe(S77) Ay

(2.51)
2
Putting them back into Eq. (2.49) and canceling w,, (note that da* = w’?z,):
ov (od 14 Z’ g \V Z’ o\V
(Ufﬂ? - 7/u77p )AV = 7§(LP )pAl/ 7§(SP )/J,AI/ + apfl,uxcr

® @ ©)
1 , Lo oo , o ’
O =5 @07 = 270" Ay = S [n°"17 (20 — 2600)] , Av = (=171 2500) Ay (252)

|~

2
@ = (moap)ZAV = (napnﬂgxﬂaa)ZAu
= O+®=0

= (S, = —i(nim™ —nin™).

This describes the spin-1 state, so the vector field has s = 1.

The connection between the spinor representation and the vector representation of the Lorentz group...

12



3 Lagrangian and Hamiltonian Formalism

3.1 Relativistic fields: general properties

Consider a set of generic local relativistic fields Fi,(z*). They can be Lorentz scalars, spinors, vectors, etc. We
define the Lagrangian density £ as a real functional of the fields F,(z*) and their four derivatives 0, F,(z"),
which therefore has the form

L= L(Fy(x),0,Fq(x)). 3.1

The action is defined as

to
S :/ dt/d%ﬁ = /d% L(Fy,0,F,). (3.2)
ty

We determine the equations of motion by the principle of least action. We vary the path, keeping the end points
fixed and require 4.5 = 0:

oL oL
= 4 Fo+ ———7= F
o5 = [ e om0

oL oL oL (3.3)
= 4 _— — - F F
/dxbﬂ @(mmﬂﬂk“+wmﬂf“
—0

o

The last term vanishes because because the field vanishes at infinity and thus, 6Fa| 9q = 0. Then this yields the
famous Euler-Lagrange equations of motion for the field F,

oL oL
.~ (omr) = oY

In the Hamiltonian formalism, we define a canonical (conjugate) momentum corresponding to the field F, (x):

oL
My (x) := ———. 3.5
@)= Fanr) 33)
The Hamiltonian density of the system is then
H=> M, 0F,— L. (3.6)

From here, we can derive two Hamilton’s equations analogous to the Euler-Lagrange equation in the Lagrangian
formalism. The first one follows from the Euler-Lagrange equation (3.4)), noting that 0L/0F, = — OH/JF,:

OH
OpIl, = — . 3.7
o oF, 3.7
The second one follows from the definition of the Hamiltonian upon differentiation w.r.t. II,:
OH
OF, = . 3.8
o oI, (3.8)

The Hamiltonian density H corresponds to the energy density of the system.

3.2 Noether’s theorem

There is a connection between the conservation laws of the isolated system and its symmetries, which is given by
the Noether’s theorem. Noethers theorem states that to every differentiable (continuous) symmetry generated by
local actions, there corresponds to a conserved current.

Consider a system of local fields F,(x) which is described by the Lagrangian (3.I). Suppose we have N-
parametric continuous transformations of the spacetime coordinates and fields, whose infinitesimal forms are writ-

13



ten as

Sot = X (z)w”

- (3.9)
0F, () = ®qi(x)w”,
where w® (k = 1,2,..., N) are parameters of the the infinitesimal transformations and X (x) and ®,(x) pa-
rameterize the variation of the coordinates and fields, respectively. We say a theory is invariant under the transfor-
mations if the action is invariant, and thus,

£z d*a’ = L(x) d*z. (3.10)
This means that the variation is zero,
0 =0(L(x)d ) = 0(L(x))d x + L(z)5(d z) . (3.11)
@® @

We first inspect (1), whose variation can be written as
S(L(x)) = 0(L(x)) + (0, L(z))dxH. (3.12)
The form variation of the Lagrangian (the 1st term) is due to the form variation of the fields,
0F, () = 0F,(x) — (0, Fu(2))0a" = [®ar(x) — (0, Fu(2)) X", (3.13)

and their derivatives, which we can write
0(0,F,) = 0,(6F,) (3.14)

because the form variations always commute with the spacetime derivatives.
Therefore, the 1st term in Eq. (3.12) is

= oL ~ oL —
5([.:(1‘)) = TEZKSFCL + m(S(auFa)
0
oL = oL ~
-l | () o

=0, <a(nga)[<I)ak(:r) — (QLFQ(:E))X,‘:])wk.

The first term vanishes if we apply the Euler-Lagrange equation (‘vanishes on-shell’). The 2nd term in Eq. (3.12)
is just

(0uL(x))dz = (0, L(2)) X} wk. (3.16)
So we have
@O>36(L(x)) =0, ((%nga)[q)ak(x) - (8#Fa(x))X,’j])w’“ + (8. L(2) Xpwh. (3.17)

Now we consider (2) in Eq. (3.T1), where we need to evaluate the variation of the volume element (integration
measure in the action), § (d4x) under the transformations. We have

d*z’ = |det J|d*z, (3.18)
where J is the Jacobian of the transformations:
I
det J := det Px ]
oxY
(3.19)

=det [62 + 0, (X!)w"]
=1+ 0, (X[ (2)w").

14



Thus,
@ 3 §(d*x) = 9, (X} (2)wk)d z.

Finally, if we plug our (1) and (2) back into Eq. (3:11)), we obtain the continuity equation:

9Tl =0
for N Noether currents J}:
oL oL
J' =~ — LX) — =D
' [a@Fa) } G

Knowing the currents, we can define the corresponding N Noether charges as
14
Take the time derivative of the charges:
d 3 0
ka(t) = d (Ea()Jk
dt v
_ / & [0,00 — 0,J]]
14
= / d3x 0;.J}
v

—/ ds; Ji. =0,
ov

(3.20)

(3.21)

(3.22)

(3.23)

(3.24)

where we have assumed that J{ = 0 at the boundary of the surface (i.e. no current flows out of the system and

thus the system is closed).

Therefore, we indeed have N conserved quantities corresponding to [NV parametric symmetry transformations.

15



4 Classical Fields / One-Particle Wave Equations

4.1 Scalar field: The Klein-Gordon equation
Real scalar field

The relativistically invariant Lagrangian for a real scalar field is:

L= %a,@aw —%m2¢2. 4.1)

. . H’_/
kinetic term mass term

(Upon quantization in later chapters, we will indeed arrive at a particle interpretation, which describes particles
with mass m).

The equation of motion for the scalar field ¢ is given by the Euler-Lagrange equation. We have

oL \ o,
0, (3(8/@)) =0,0'9, 5o =6, 4.2)

Therefore, the equation of motion becomes
(O+m?*)¢ =0, (4.3)

where O = 0,0* = C%g—; — V2 is the Lorentz invariant operator called the d’Alambertian operator. This is
known as the Klein-Gordon equation for scalar fields.
To solve the KG equation, we take the Fourier transform of the field:

4
P(x) = / (;];4 p(k)eHur", (4.4)

Plugging it into the KG equation (4.3)), we obtain the relativistic relation

(ko)* = (ki)* +m?

4.5)
— ko ==+ (k‘l)2 + m2.
Defining wix = ++/(k;)? + m?, we can write the general solution as
o(x) = / S0 m)o(kye
(2m)*
d*k 1 ik b (4.6)
= | o= —[0(ko — S(k k)e '
/ (271_)4 Wk[ ( 0 wk) + ( o+ Wk)]¢( )6
= ¢+($) + (ﬁ,((ﬂ),
where B
= [ o Ny gy (K)e it k) 4.7
¢+(:L‘) / (27'(')420.1]( +¢+( )6 4.7
and B
S(@) = | g No_ (~k)eiweTkex) 4.8
6-) = [ g N (e @8
are called the positive and negative frequency modes of the field, respectively.
The reality condition ¢(x) = ¢*(x) implies
N1% (k) = N_¢_(—k) = N*¢" (k). 4.9)
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Moreover, imposing the normalization condition N = (27%/2), the general solution can be written as

3k ~ . 0 ~ . o
_ —t(wkz” —k-x) * i(wkz —k-x)
@) = | g 900 + " (e ]

Now we define the energy-momentum tensor for the scalar field as

oL
T} =
S 9(0u9)

so we can calculate the Hamiltonian density and the 3-momentum density:

(avgb) - 55£7

1
H =Ty = [(000)" + (9:0)" + m*¢”]
Pi =T = 9o p0; 6.
Putting Eq. (.10) into them and integrating, we get the Hamiltonian
1~ ~ -
1= [ = [ &k 1[o005 09 +09500).

and similarly, the 3-momentum

Pi= [ e pi= [ @ 509509 + 809500

4wk

Complex scalar field

A complex scalar field can be written as linear combination of two real scalar fields:

Bw) = (61 +in)

_ L

¢"(z) = -

(p1 — ig2).

5

Since the Lagrangian is real, it is
L= (0,0)(0"¢") —m?¢p".
The Euler-Lagrange equation will give two KG equations
(@O+m*)¢p=0
(O+m*)¢* =0.

(4.10)

A.11)

4.12)

(4.13)

(4.14)

(4.15)

(4.16)

4.17)

We can solve these two KG equations in exactly the same way as in the real scalar field case. The essential
difference is that in the case of a complex scalar field, the reality condition no longer holds, and hence ¢ (k) and

g(—k) are completely independent. So we write the solutions as

d3k ~ o a® ~ (0
o(x) = / 207 2o [B1e il k) . Gl k)|

* &’k T —i(wiex® —k-x) T (Wi’ —k-x)
6@) = | G |9 (We + " (ke J
Similarly, we obtain the Hamiltonian

H= /d3k % |0(K)8" (k) + 6" (~K) (k)]

and the 3-momentum

Pi= [ @ = [5099° 09 + & (KoK,
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An extra global U (1) symmetry compared to the case of a real scalar field, i.e. the Lagrangian for the complex

scalar field is invariant under the transformations:
p(x) = e Y(x), ¢F = ¢ (x)e™.
Viewing « as an infinitesimal parameter, we write

0 = —iead, 00" =iead”

421

4.22)

We can calculate the Noether current from Eq. (3.22)), where dz* = X l’;wk = 0 because there is no change in the

coordinates, and w* = «:

§p = Dpw” = da = —ieap = D= —ied
8% = Dpw” = Pra =iead® = D =ied*.

Thus, the Noether current is

oL oL
e o — o*
= 50,0 90,0
= 0h g (—ied) — 0" licd)

= ie(¢0" 9" — 970" ).

We see that this current is covariantly conserved, i.e. it satisfies the continuity equation
OJ' =0 = dop—0;J" =0,

where

p=ie(¢0"¢" — ¢"0°)
and

T =ie(¢d'¢* — ¢*0'0)
are called the charge density and the current density, respectively.
Thus the conserved charge curresponding to the global U (1) symmetry is

Q=ic [ & (0005 — "0%)
— e [ 5 [0 1) - 5 (K1)

2wy

4.2 Spinor field: The Dirac equation
The relativistically invariant Lagrangian for the Dirac spinor field can be written as
£ = iy 0, — mip.
The equation of motion for the field ¢ = 1/~ yields the well-known Dirac equation:
(iv"0, —m)y = 0.
Similarly, the equation of motion for the field ¢ yields:

10, 0y" +mip = 0.
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(4.24)

(4.25)

(4.26)

4.27)

(4.28)

(4.29)

(4.30)

4.31)



To find the solutions to the Dirac equation, let us work with the Dirac (standard) representation. Again, we take
the Fourier transform of the spinor field:

4
Y (z) = / (;lﬂ]; P (k)e~hua" (4.32)

We know that the Dirac spinor is a four-component bispinor in the ‘spinor space’, and in the standard representa-
tion, ¥ *(k) reads

ul
5
o _ U‘A(k) _ | ua
Y (k) = (uB(k)> =i, | (4.33)
U2
B

Then the Dirac equation (#.30) yields a system of homogeneous algebraic equations

(kg —m)1 k.o ua(k)

=0. 4.34
( k-o —(ko +m)1 ) \up(k) (4.34)

The necessary and sufficient condition for the existence of non-trivial solutions of the system of equations is

(ko —m) k.o
= 4.
det( k-o (ko +m) 0, (4.35)
which implies

k2 — k2 = m?. (4.36)

Again, let us first consider the positive frequency modes, ko = wy := y/k? + m?. We immediately have

k-o
k)= k). 4.37
up(k) = ——T-ua(k) @37)
There are two options for u 4:
1 . ,
ua(k) = <0) =X+,  (‘spinup’) (4.38)
or
ua(k) = (?) =x_. (‘spin down”) (4.39)
Thus, we have two degenerate solutions
_ Xs
us(k) =C| /5 , (4.40)
wk+m Xs

where s denotes the spin orientation (4 or —), and C' is a normalization constant. We adopt the following normal-
ization

Ty (k)us(k) = 2mdy s, (4.41)

which gives
C = Vwx +m. (4.42)

Hence,
us(K) = v + m< o ) . (4.43)
wr+mAS

Similarly, for the negative frequency modes, vs(k), where kg = —wy, if we adopt a slightly different normalization,
Vg (k)’l)S (k) = —2mdgys, 4.44)
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we will get another two degenerate solutions

—k-o
vs = Vax +m <wk+m XS) . (4.45)
Xs
Then we can write down the general solution to the Dirac equation,
Y(x) =ty () + ¥ (2), (4.46)
where
Y k), (K)e~ (@’ —kex) 4.47
¢+(x) - (27_[_)3/2 2wk ECS( )uS( )6 ) ( . )
and
= &k dy(—k)vs(—k)eins’ k) 4.48
Y_(z) = m; s(=k)vs(—k)e . (4.48)

Note that ¢5(k) and d,(—k) are complex functions, while u; (k) and vs(—k) are spinors.
Similarly we have

(z) =P (2) +¥_(2) (4.49)
for Dirac conjugated spinors.

Next, let us define the Hamiltonian and the 3-momentum for the Dirac field. The energy-momentum tensor
@TT) for the Dirac field is

0
oL oL _
TH = —=_(8,0) + ~_ (9,) — L5"
5(%1/1)( V) ) (6.9) (4.50)
= iy — P(iy"Ipth — mp)dl
= l@v“&ﬂla

where in the second line we have used the equation of motion (the Dirac equation) so that the 2nd term vanishes.
Then we have:

H =T =i 9

451
Py =T = iy oy @0
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Let us calculate the Hamiltonian as follows:
H= / dxH
i / d3z oy

_L 3 3 3 /;
_4(2ﬂ)3/d$zs:%://dkdkwk/wk

: {ci(k)uﬂk)ei(wkw"—k'x) +df (k)] (—k)e‘““““o_k'x)}

' [Cs' (Y (') (—itone o~ (e =) ds/(—k’)vs/(—k')(z'wk,)e«wk/wtk'-x)}
) . 1
= &k &Pk ——
ORI
. d3 0 4.52
. [(—iWk/)CI (k)CS/ (k’)ui (k)us/ (k’)el(wk*‘dk’)mo / ﬁ el(k —k)-x ( )
o

3
+ (i)l (k) dyr (—K Yol (o (—K )i x ) / (g 2 eltewrx
s

. o d3 ’
—+ (iwk/)CZ(k)dS/(_k/)ul(k)’l}s/(—k,)el(wk-i-wk/)woe—%k ‘x/ (2 ?3 e’ i(k'—k)-x
m

. i d3 ) ,
—+ (—iwk/)dl(—k)cs/(k’)yl(_k)usl (k/)efl(warwk/)mOeZZk -x/ (2 S;g ez(kfk )x:|
s

d3l‘ ; ’ d3.’L‘ -1/
Note: _ i(k—k")x _ 53 k—K) = 63 kK — k) = / i(k'—k)-x
( 7 /(2w)3 ‘ ( )= 0 ) ()3 ©
dk —di(—k)ds(—k
= 5 | Tl (k) (1),
where in the last line we first integrate over d3k’ (so that the delta function forces k’ = k), and then use the

following relations which can be obtained from Egs. #.43)) and (#.43):

ul (K)uy (k) = 2widser
vl (=k)vg (—k) = 2wy (4.53)
ul (K)ve (—k) = vl (=k)ug (K) = 2wicdsgr.

Similarly, the 3-momentum is found to be

R-:/d?’xPi

— / & 10 (454)
a3k k; Z —dl(—k)ds(~k)].

2wk

Like in the case of the complex scalar field, the Dirac Lagrangian also possesses a global U (1) symmetry under

the transformations:

Y(x) — e_imzb(ac)7 @(x) — eiw@(x). (4.55)

Using Noether’s theorem, we can derive the covariantly conserved current density

JH = epytap,  with 90" = 0. (4.56)
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Then the corresponding conserved charge is

Q:/dga:JO

e [ T T (4.57)
2/dk§jhm¢u¢+¢<m¢<ml

Upon field quantization we will see that this quantity indeed corresponds to the electric charge of a particle (e).

4.3 Massless vector field: The Maxwell’s equations
The Lagrangian for a massless vector field, which describes a particle with spin-1 (photon) is
L= —iFWF‘“’7 (4.58)
where F),,, is an antisymmetric tensor known as the field strength:
F,, =0,A, —0,A,. (4.59)

Again, using the Euler-Lagrange equation, we have

oL 0 1

_ e, vB WAg — 95A4)(0,A, — 8, A
A0, 4, ~ aa,ap) | 1" ads = 054a)(0u Ay = OuAy)

1 o, UV (o8 o 1 «, VUV o o
= — "0 P (80, 63 = 8} 02) Fyuy — 300" Fap (6], 67 — 8L 67)

w v
1 1 1 1 4.60
— ,,nupnuaFw/ + *UMUUVPFW _ *ﬂpaﬂaﬁFaﬁ 4 77]pﬂ770aFaﬁ ( )
4 4 4 4
1 g o
= 5 (F** — F°?)
= _FPO'
and ar
A =0. 4.61)
Therefore, the equation of motion is
0,F"7 =0. 4.62)

We can demonstrate that the massless vector field A* = (AO, Ai) actually describes the electromagnetic field, i.e.
it gives the Maxwell’s equations. We define the electromagnetic field strength tensor

0 -E, -E, —-L, 0 E, E, E,
E 0 -B B —-E 0 -B B
= ’ i Y F,, = ’ N v 4.
E, B, 0 —-B.|’ we -E, B, 0 —-B; (4.63)
E., -B, B, 0 -F, -B, B, 0
So we can pick up the E and B components:
A k
EF = (aat - V(I)) = —(8°AF — 9% A%) = —FO* (4.64)
and 1
BY = (V x A)f = Mg = STt EY. (4.65)

Note that 9; = /82" = (6%7 a%’ a%)’ while 0' = — 0/0z' = (—%, —8%, —%) (refer to Eq. (T.1)). This is
what we used in the second equal sign in Eq. (#64). Also notice that while A* = (A%, A%) = (@, A,, A,, A.),
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A, = (Ao, A;) = (®,—A;,—A,,—A;) so that

o
aMAﬂzaMAM:%JFV-A.

Hence, for example

A
E, = (—6 — V‘b) = 0pAr — OxAg = Fog,

which is consistent with the EM field strength tensor F),,, in Eq. #.63).
Then we have

V -B = "B = ¢7kpkgi AT =0,

because €*/* is an antisymmetric tensor, while 9*9° is symmetric.

(V x E)¥ = €7k’ FJ
0
— RPN 4 EFFTAD
o(B)*
o

=0°(—€*0'AT) = -
— L

where we have used (V X A), = €;;50; A), and €¥"J = €'/¥ (an even permutation).

V-E=0"E"=-0"F% = -9, F* =0

because F* is antisymmetric and 9% = —0j,. The last part is exactly Eq. [#.62).

k
(V x B)* - @ = Ik9iBI — 9" EF

_ leukaz (elmkFlm) + 80F0k

(671l5jm _ 6im5jl)a1lFlm 4 80F0k

NN

— §<8ZFU _ 8m,ij) + 80F0k
= %(alFU —'FIY+°F%  (m<e )

— aoFOk _ aZsz (Fjl — —Flj, 81sz _ _aiFik)

=0, F"* = 0.

(4.66)

(4.67)

(4.68)

(4.69)

(4.70)

@71

We see that the massless vector field A, () with the Lagrangian (4.58) indeed describes the EM field in ‘empty

space’.

As we know, the massless vector field A, (photon field) should contain only two physical degrees of freedom,
corresponding to two possible helicity states in the Hilbert space. However, A, itself contains four real degrees of
freedom, implying that not all the degrees of freedom are physical. This is related to the fact that the Lagrangian
for the EM field possesses a U (1) gauge symmetry (local symmetry). Consider a shift of a given vector field 4,,

by a full 4-derivative of an arbitrary function a(x),

Ay = Ay + Oy
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We can check that the Lagrangian (#.58) remains invariant, for example

OMAY — QVAF 5 OM(AY + 0¥ ) — 0¥ (A* + O"a)
— OMAY + DT — O AM — BLOPE (4.73)
— QHAY — Q¥ AP

As we mentioned before, this is another type of internal symmetry where the parameter of the transformation a.(x)
depends on the spacetime coordinates. This is why it is called the gauge symmetry. Now we can use the gauge
freedom (arbitrariness of «(z)) to remove the unphysical degrees of freedom in our vector field. This procedure is
called the gauge fixing.

Coulomb (radiation) gauge

Conditions:
A°=0, 9;A'=0 (V-A=0). (4.74)

The Coulomb gauge completely removes the arbitrariness of «(x) and hence, A, is uniquely defined with only
two independent degrees of freedom left. However, the Coulomb gauge is not Lorentz covariant. If a Lorentz
transformation to a new inertial frame is carried out, a further gauge transformation has to be made to retain the
Coulomb gauge condition. Because of this, the Coulomb gauge is not used in covariant perturbation theory, which
has become standard for the treatment of relativistic quantum field theories such as quantum electrodynamics
(QED). Lorentz covariant gauges such as the Lorenz gauge are usually used in these theories.

The equation of motion becomes

0=, F" =0,0" A" — 9”9, A"
0
:8;146“/147: _ 81}% (475)

=A°,

i.e. JA® = 0. This is just the KG equation for the massless vector fields A*(z)! Thus, we can immediately write
down the general solution in analogy to Eq. (4.10):

i d*k : i Y —i(wez® —k-x A i(wez® —k-x
A (l‘) :/W)/QM(ZE/\(I{) |:A)\(k)e (@ k )+A/\(k)€( k k-x) 5 (476)

A=1

where we have introduced two polarization vectors ¢ (k) with A = 1,2 and wy = |k| since the field is massless.
The gauge condition 9; A* = 0 gives
ki€l (k) = 0, 4.77)

which means that for a given direction of propagation k, ex (k) are in the transverse direction. This is a well-known
result: the EM waves are transversely polarized.
Finally, the normalization condition for the polarization vectors is

s (k)b (k) = Oara. (4.78)
Lorenz gauge
Condition:
0P
9, A" =0 (EJrV-A:O). (4.79)

It only removes one out of four degrees of freedom, i.e. this gauge fixing is partial.
The equation of motion under the Lorenz gauge condition is

OA4* = 0. (4.80)
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The general solution is

Bk 3 - _— - I
I — iz —i(wkz” —k-x) * i(wix? —k-x)
A (z) / BT AXZ:O e (k) [A,\(k)e + A (k)e } (4.81)

The following normalization condition (orthonormality) is adopted:

A (K)eun (K) = man. (4.82)
We see that e (k) is a time-like 4-vector since ¢ (k)e,0(k) = +1, while €} , 5(k) are space-like 4-vector since
€} 9.3(k)eu1,2,3(k) = —1. Note that the Lorenz gauge condition gives
3
> kueh(k) = 0. (4.83)
A=0

Consider a reference frame where photon is moving along the third axis so that its 4-momentum is k" = (wy, 0, 0, wy),
and the polarization vectors can be written as

1 0 0 0

. 0 ' 1 . 0 . 0
€ = 0 , el = ol eh = L eh = 0 (4.84)

0 0 0 1

—— ———
scalar photons (unphysical) transverse photons (physical) longitudinal photons (unphysical)
Only €/ , are physical because they satisfy Eq. #.83)

kfen0=0. (4.85)

Now let us calculate the Hamiltonian and the 3-momentum in the Lorenz gauge. The Lagrangian under the
Lorenz gauge condition can be written as

L= —i(aﬂAu — 9, A,)(O"AY — 9" AM)

1 v v v v
= (0, A" A — 0, A 0" AF — 0, A,0" A" + 0, 4,0" A")

1 (4.86)
- _5(8“A”8MAV — 0, AL A,) (use Lorenz condition)
= —%(%A,,(’“)”A”.
So we have
a(goilﬂ) N _;8(808/1#) (0,0,0°07)
= —;n”“n”ﬁa((()im(apfloaaaﬂ)
B _%”pa”w(‘soﬂ‘slwaﬂﬁ + 0y Asd0adug) (4.87)

1 (6% (o
= =5 (""" 0 Ag + 070, As)

= f% (0°A4 +0°Ar) = —0° A~
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Then the Hamiltonian and 3-momentum densities are given as

oL
=T0 = ——(0pA,) —
H 0 a(aoA#) (80 /1«) ‘C
= —8014“8014” + 16,,14 oV A*
= —0pA, 0" A" + = (80A OAF + 9;A,0"A")
(4.88)
_ 5(81»14“6%“ — 0y A, 0°AM)
oL
= 0 e —
Pk - Tk a(aOAlL) (8kAM)
= —Op A0 A",

Taking the solution (4.8T)) with the normalization condition (#.82)) for the polarization vectors, we can calculate
the Hamiltonian in the usual way and obtain

H:/d3x’H
- ey

We see that the scalar photons’ contribution to the total energy is negative and thus, the energy is not positive
definite. However, actually the Lorenz condition evaluated on the solution (4.81) gives

(4.89)

3
Z )+ 4300 A3(0)) = (A1) A5 (k) + Ka‘(k)%(k))]

Ag(k) = Az(k) (4.90)

so that the contribution from the unphysical states, the scalar photons and the longitudinal photons, cancel each
other in the Hamiltonian and what is left is

H= /d3 iz Ax(Kk) A3 (k) + A3 (k) A (k )) (4.91)

Now the Hamiltonian is positive definite, as it should be.
For the 3-momentum, we get

2
P = / &k ﬁ > (A A5 () + A3 (1) A () ) (4.92)

A=1

Finally, an important lesson: all gauge fixings are physically equivalent. i.e. if we do the same calculations again
in the Coulomb gauge, we will get the same results.
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5 Canonical Quantization of Scalar Fields

5.1 Real scalar fields
As we have seen previously, the Lagrangian for a real scalar field is
1 1 55

from which we can define the conjugate momentum as

P a‘c _ a0
I(z) := D) %p. (5.2)

The Hamiltonian density is then
Lo 1 2,1 9.9
H:=T(x)0gp — L = 51’[ + 5(5)@) + 3m o~ (5.3)

Upon quantization, we promote the field ¢(z) and the conjugate momentum II(z) to operators ¢(z) and II(z)
(we will just write the operators without the hat from now on). In free quantum theory, we usually work in the
Heisenberg picture, where the field operators carry the time dependence. Then we impose the equal-time canonical
commutation relations:

[6(2°,x),p(°,x")] =0, (5.4)

The two fields obey the Heisenberg equationﬂ

where H is the quantum Hamiltonian, written as
1
H= 5 / &Pz (II* + 0,00, + m*¢9). (5.6)
It is straightforward to show that

0000 = —i[0pp, H] ~ (from the Heisenberg equation)
= —i[Il, H] = 0pI1 (from the Heisenberg equation) (5.7)
= (8;0; — m?) . (from Eq. (5.6))

Therefore, the field operator ¢ indeed obeys the KG equation, ((J+m?)¢ = 0, as the classical field. If we replace
the Fourier images in Eq. (@.10) by the following operators:

1 ~ 1 ~,
Tt alk),  —="(k) = a(k), (58)
the general solution can be written as
d3k iz’ —k-x i(wez® —k-x
o) = [ e (000" af gefens 1) (59)
The conjugate momentum is written as
d*k (iWk) —i(wiz®—k-x i(wez® —k-x

ISee the discussion on the Schrodinger picture and the Heisenberg picture in Appendix.
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To obtain the commutation relations for the annihilation operator a(k) and the creation operator o' (k), we take
the partial Fourier transform of the field operator and its conjugate momentum:

30 _
a1 = [ G zola)e

- (5.11)
T )
(2%, k) = / G lae™>

and use the integral form of the J-function:

3
Bk—K) = / (;l 5;3e*i(k*k )x, (5.12)
7T

Then we have (plugging Egs. (5.9) and (5.10) into Eq. (3.11))
1

P G

[a(k)e‘“‘"‘zo + aT(—k)ei“’kmO} (5.13)
and .

Wk
(27)3/2\/ 2wy

Hence, from the two equation above we have

(2%, k) = [fa(k)e*i“kro +al (fk)eiW‘)] (5.14)

a(k) = / (dg‘” wk{gb(:l:)—&—iﬂ(sc)} giwia’ —ik-x (5.15)

2m)3/2\ 2 Wk

and

af (k) = / (d?’"”” wk[¢(m) - in(x)}e—iwkw°+ik-X. (5.16)

2m)3/2\ 2 Wk
Now we can compute the following commutator:

of10.a'00)] = [ TV (56005 + Lm0 ), (o6ax) - Lt ) )]

wie—wyer )z e—ik-x—i—ik'-x/

67;(

31‘ 333/ O W’
_ / &z &'z e { L (130, %), 620, %)] +;1k [H<x°7x>,¢(m°,x’]}

(27()3 2 Wy’
= —id3(x —x) = —i3(x — x')

ei(wk—wk/)zoe—ik-x+ik/-x’ 5.17)

/ 3z Vwkwk (1 + i ei(wr—wir)2’ —i(k—K')x

(2m)3 2 Wk Wk

VIR (2 oo [ e e
2 (2m)?

=5 (k — k).

(assuming wyr = wy)

Similarly we obtain the other two commutation relations

la(k),a(k)] = [a'(k),a' (K')] = 0. (5.18)

5.2 Zero point energy and normal ordering

We first look at the set of single-particle states. The ground state (with minimum energy) is defined as the state
annihilated by all the annihilation operators:

a(k)|0) =0, Vk. (5.19)
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The one-particle state with momentum k can be created from the the ground state by a creation operator:
k) = a'(k)|0). (5.20)
Using the commutation relation (5.17), we can write the norm between two states as

(K'[k) = (0]a(k)a (k)[0)
(0]a’ (k)a(k)|0) 4 6%(k — k') (0]0) (5.21)
= 53(1{ - k/)?

where we use Eq. (5.19) and the normalization condition: (0|0) = 1 in the last line. What we obtain above is
exactly the orthonormality condition.
The corresponding completeness condition is

/d3k k) (k| = 1. (5.22)
We can continuously apply creation operators a'(k;),af(ks), - - - to create multi-particle states:
ki, ko, ) = al(ky)af (ky) - |0). (5.23)

A general state could have multiple applications of creation operators with the same momenta, in which case it is
convenient to normalize the state with a symmetry factor:

{me }) o= ey ey ) = [k, ook ko, oo ko) = [ ] 0), (5.24)

nkl nk2

where ny, is the number of times the creation operator with label k; is applied. The Hilbert space spanned by the
set of all possible states is called the Fock space. The basis states are interpreted as multi-particle states.
Define a new set of operators by

n(k) = a' (k)a(k). (5.25)

When acting on the ground state, it gives
n(k) |0) = a'(k)a(k) |0) = 0. (5.26)
When acting on one-particle state, it gives

n(k) k') = o’ (k)a(k) k')
= a'(k)a(k)a' (k') |0)
(k) [a' (kK)a(k) + 6*(k — k)] |0) (5.27)
(k —k')al (k) [0)
Yk - K) k),

where we have used the commutation relation to change the order of a(k) and af(k’). We can proceed with
n-particle states and observe that n(k) serves as a particle number density operator. Thus, the particle number
operator, which tells us the total number of particles in a particular state, can be defined as

N = /d3k n(k) = /d?’k a' (k)a(k). (5.28)
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For example,
N|0)=0
qu:/ﬁ%n&nw>=uw> (5.29)

Nl{nkz}> = ani {nkL}'>

Energy of the states can be computed from the quantum Hamiltonian operator Eq. (5.6), which can be expressed
in terms of creation and annihilation operators using the expansions of the field and conjugate momentum operators

Egs. (3.9) and (3.10):

(5.30)

We see that we run into a problem when we try to change the order of operators because the integral of §2(0) is
divergent (we are working in a infinite spatial volume)! Let the Hamiltonian operator act on the ground state

H|0) = /d3k %[2aT(k)a(k) +53(0)] |0) = /dSk %53(0) 10), (5.31)

and thus, we can interpret f A3k ‘”—2“63(0) as the ground energy, which is infinite. However, the physical argument
is that the absolute values of energy have no physical meaning, only the energy difference is the quantity which we
can measure in experiments. So we can define a new, renormalized (physical) Hamiltonian:

Hn = H — /d3k %53(0)
= / d®k wiea® (k)a(k) (5.32)
= / d®k wien(k),
with Hien [0) = 0.

We can subtract off the ground state energies automatically by a procedure known as the normal ordering, which
is to place all the creation operators to the left, and all the annihilation operators to the right. For example,

Nla(k)a' (k)] = af(k)a(k). (5.33)

Hence, N[H] = H,e,.
We can compute the energy of a one-particle state:

Heen k) = /d?’k’ wiern(k’) k)
= [ w0 -1 ) (5.34)
= wic|k),
where in the second line we have used Eq. (5.27). Hence, the energy of the one-particle state |k) is wy. Recall that

wk = Vk2? + m? is the energy of a relativistic particle of mass m and momentum k.
Similarly, the momentum operator is

P, = /d3k krn(k). (5.35)

When acting on a single-particle state |k), it gives

Py k) = / B (k) [K) = kg [K) (5.36)
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5.3 Complex scalar fields and antiparticles

To quantize a complex scalar field, we replace the Fourier images in the solutions (4.18) to the two classical KG
equations (4.17) by the operators (remember that ¢(k) and ¢(—k) are independent):

1 ~ 1 ~
k) — a(k), —k) = bl (k
Ttk = al), (k) = B K .
1 ~ 1 ~ ’
*(k) — af (k), *(—k) — b(k).
a0 10 a9, o () bk
Since the classical field is now complex, the quantum field is not Hermitian:
d3k . s
— —i(wkz” —k-x) t i(wkx” —k-x)
é(x) / G m[a(k)e + bt (k)e } -

d3k
¢T($):/(2ﬂ_)3/2m

For complex scalar fields, the commutation relations for the creation and annihilation operators (now there are two

[b(k)e—i(wkxo—kx) + a]‘(k>ei(wkx0—k-x)} _

sets) are
[a(k),a' (k)] = [b(k),b (k)] = 6°(k — k). (5.39)

All the other commutators are equal to zero.

What do the two sets of creation and annihilation operators correspond to? We can work out the renormalized
charge operator:

Qren = € / d*k N[a'(k)a(k) — b(k)b (k)]

(5.40)
=e / d*k [a'(k)a(k) — bT (k)b(k)].
On the other hand, the renormalized Hamiltonian is
Hyen = / 4k wi[al (k)a(k) + bT (k)b(k)]. (5.41)

Hence, a' (k) and b (k) can be interpreted as creation operators for particles and antiparticles, respectively. Thus,
the quantum theory of complex scalar fields predicts the existence of antiparticles.
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6 Canonical Quantization of Electromagnetic Fields

6.1 Quantization in the Coulomb gauge

Coulomb gauge conditions:
Ay =0, ;A" = 0. (6.1)

Then the Lagrangian of the electromagnetic field (see Eq. @.86)) in the Coulomb gauge is

Log = — = (0,A,0"A” — 9,A,0" AM)
B A" AT — 9, A;00 A7) (A° =0)

—5(
— (00 A" A" + 0;4;07 A" — &P A-07A7)
—5(

80Ai80Ai + (‘37Al83A1)

6.2)

w\»—*w\»—*w\»—lw\y—l

Then the momentum conjugate to A; is

_ac
(9o As) (6.3)
:_aOAi :_FOi :Ei,

i

and the Hamiltonian density is
H :=II'OgA; — L
_ %aOAiaoAi + %@«Aﬁin 6.4)
:%(8014,-80/11; +0,A0,A,).

The canonical commutation relations in the Coulomb guage are somewhat unusual (to be consistent with the
Coulomb gauge condition):

3 i 1.5 i
[Ai(IO,X),Hj(.’L'O7X/)] _ Z/ (Zﬂ_l;g <5zj _ kk];]>eik.(x—x _ (613 6v83 >53(X X) (65)

As usual, we define the creation and annihilation operators by replacing the Fourier images in the classical solution

Eq. by:

1 -~ 1 -~

mAA(k) — ax(k), \/mAj(k) — al (k). (6.6)
Thus the quantum EM field in the Coulomb gauge is
Al(z) = / Pk 22: i (k) [a (K)e~ i’ —kx) ot (k)e“w“*k-x)} 6.7)
(27T)3/2\/m & A A A

To obtain the commutation relations for the creation and annihilation operators, we need to use the commutation
relation (6.3)). First, we write down the conjugate momentum as

; i d®k (iwy) 2
% — _ A0 g0 _ % —i(wrx®—k-x) i(wiex®—k- x)
' (z) = —8°A /(%)3 N §: e\ (k [ ax(k)e +al (k)e (6.8)
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Similarly to Eq. (3.10), we take the partial Fourier transform of A?(z) and IT*(z):

3y ) )
Ai(20, k) = / (;iﬂ)?)A’(x)e’k'x

3, _
Hi(xo,k):/(gﬂ)g)ﬂl(x)e’k'x.

(6.9)

Then we have

Ai(l‘o k) _ d3$ d3k/ Z ¢ k/ |:a (k/> —1wk/'p i(k—k’)-x + CLT (kl)eiwk/moe—i(k+k’)~x:|
’ (2m)3(2m)3/2/Zp = M) [ax A

B / B B Z )
N ( ) 27T 3/2\/ 2wk/
(Note: Bk-kK)= / (;l 9)63 e‘i(k_k,)'x>
Y5

2
1 . e o
== |a®ar(k)e " + e\ (~k)al (~k)e™ |

(2m)3/2/ 2w [ }

Nax(k)e 2’ o —i(k—k)x | 63(—kl)air\(—kl)ei“’k’woe*i(kik/).x]

(6.10)
Similarly,

I (2°, k) = ax(K)e <" 4 ¢ (—k)al (—k)e " |. (6.11)

. 2
Wk |: i
—_— —ey(k
(27)3/2\/2en ; M)
We adopt the following normalization conditions for the polarization vectors

§(k)eh (k) = Sxn,
s (—k)eh (—k) = dan, 6.12)
LK)eh (—k) = (=1) G-

Multiplying both sides of Eqs. (6.10) and (6.11) by €5 (k), we have

€

€

eg\(k)Ai(-TO,k): a}\(k)e—iwkl‘o_;'_( 1))\0&( k)eiwkw0:|

1
GaRave

iwk —iwyz’ iwiex?
m |:7a)\(k)6 + (71)/\11;(71()6 i| .

(6.13)
e\ (KT (2%, k) =

Then

7)3/2\/2w
(] PUEE

30 (97)3/2 /2 ‘
_ / (;)3 (27) 2meg(k) [AZ(:EH

where in the second line, we have used Eq. (6.9).
Similarly, to obtain an expression for a! (k), we multiply both sides of Eqs. (6.10) and (6.11) by ¢} (—k),

LHi (xo, k)} piwia’
Wk

I (x)] i~k (6.14)
Wk

ARG = (o (19 a1<—k>e"“kx°}

io.)k

(2m)3/2 /2o,

(6.15)

63\(7k)Hi(ggO7k) = [,(71))\@\(1{)67@”0 i a;(fk)ei‘”kwo}_
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Therefore,

3/2 , 4 . o
ai(—k) = Me&(—k) |:Az(aj07 k) _ ZHz(x07k):| o Wi
2 Wi
d3 ) . . O il
:/ (%;m\/? (k) [A‘@) - C;H’@v)}e ik (6.16)

= ai\(k) = /(Qf)g/zﬁeg(k) {Al(x) — wlkﬂl(x)} e~ i’ Fikex

Now we can construct the commutator for a) (k) and air\, (k'):

1

Br Pr’ oo . ) i .
t / _ kWk 7 J / 1/..0 i(,,0 7 0 N
(). al, (1)) = [ CHEE R G008, () [A (@,3) 4 I (0, 3), A2 ) —

e—i(cuk/ —wy)z® e—i(k-x—k’ -x")

3p B2 \Jaowe € (K)el, (K , , , ,
— / d d k%k A(k) A (k){l [AZ(I‘O,X),HJ(JJO,X/)] _"_wik [AJ(xO,X/)7H1’(.Z‘O,X)] }

10 (00, x)

(271')3 2 ) Wik
=i(6%—0797 /V?2)63 (x—x') =i(671—0797/V?2)63(x’ —x)
e—i(wk/—wk)xoe—i(k-x—k’~x’)
de VWKW 1 1 ) j i alaj —i(wyr —wi)x®  —i(k—k')-x
:/(27r)3 2 wk/JroTk (ke () (97 = v )¢ Tk,
6.17)

Notice that
009 [e= =] ¢ (1), ()
= = (ki = k)R () (K — k)€, (K)o (6.18)

= — kjel (k) kel (K)e KD (since kyel (k) = 0)

and then 5
d°T_ik—k')x i j
/We (k=) (kge,\(k)) (k;eg,(k’)) =0 (6.19)
= 3k — k')

because if k # k', §3(k — k') = 0 and the integral is zero. Butif k = k/, then k}e (k) = kel (k) = 0 and
Kl (k') = kje), (k') = 0. Thus the integral is zero for any k and k'.
So Eq. (6.17) becomes

[a,\(k), al, (k’)} _ Vwkwk'( 1 n 1>e—i(wk’_wk)ﬂf063\(k>€g\/ (k)53 (k — k')

2 Wy Wk

wk 2 —i(wi—wic)z® i i 3 / /- g
= —— k)es (k) o°(k — k k=k - h .
2 o — — LA ( );A (k) 6°( ) is non-vanishing) ~ (6.20)
= e = — AN

= 0w’ (k — K).

Therefore, we obtain the commutation relation for the creation and annihilation operators in the Coulomb gauge:

[a,\(k), al, (k’)} — S8 (k — K). 6.21)
Other commutators give zeroes.
The renormalized Hamiltonian is )
Heen = / Pl al(k)ax(k). (6.22)
A=1
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6.2 Quantization in the Lorenz gauge

According to the standard definition, the conjugate momentum of the vector field A, (x) is

-/
I*(z) := oA~ FO". (6.23)

This means that Ag component does not have a canonical momentum, as I = —F% jg identically zero. However,
in the covariant quantization all four components of A,, and II* should be brought into play. To achieve this, we
will need to change the initial Lagrangian for the EM field to find II° that does not vanish. The only reasonable
change is such that it incorporates the covariant gauge condition 9,, A*, and hence gives the equation of motion in
the Lorenz gauge (.80).The Lagrangian that does the job is

Lig = —iF,“,F’“’ - %@A“&,A”, (6.24)

where the 2nd term (extra term) is called the gauge-fixing term. This gauge is also called the Feynman gauge.
From the Lagrangian we calculate the canonical conjugate momentum to be
oL

B — O _ p0 M
1I 8(8014“) F n (8HA ). (6.25)

So we have
n° = -0, A", (6.26)

and IT* = — F9 as before.

Furthermore, we can use integration by parts to rewrite the Lorenz gauge Lagrangian as

Lio = —20,A,0" A" + S0, A,0" A" — 19,470, A7

2 2 2 6.7
1 1 (6.27)
= SO A AY + 50,[A,(0"A) - (8,A") A¥]

so that the last term is a four-divergence which has no influence on the field equations. Thus the dynamics of the
EM field in the Lorenz gauge can be described by the simple Lagrangian

L= —%&LA,,@“A”. (6.28)

Then the canonical conjugate momentum is just given by

0L

II* =
a(aoA#)

= —9YA". (6.29)

Now it is time to impose the Lorenz gauge condition. Unfortunately, the old condition 0, A* does not work
because it would make the conjugate momentum in Eq. (6.26) vanish again. So we impose a weaker condition
that, for any physical state |1)), the expectation value of the operator 0, AM is zero, i.e.

([0, A"¢) = 0. (6.30)

This is also called the Gupta-Bleuler quantization condition. More precisely, given the Fock space F, we define
the subset F’ of physical states as the states |¢)) satisfying Eq. (6.30). We stress that the above condition is not a
constraint on the field A, but a restriction of the states of F: only a subset of them (physical states) is selected.
Similar to Eq. (6.7)), the field expansion is written as

Pk 3 o o
L CO I e A— Ci(w® k) | F (1) i(ena®—kex)
Al (x) / e /\z::)e)\(k) {a,\(k)e +al(k)e } (6.31)
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We introduce the equal-time commutation relations in the Lorenz gauge:

[A"(:co, x), 1% (Y, x')] = i 83 (x — x)
[Al‘ (.1:07 x), A" (xo’ X’)} = [H# (xo7 x), Hu(xo’ X/)] —0. (6.32)

Using Eq. (6.29) as the conjugate momentum and following the same procedure as in the case of Coulomb gauge,
we can obtain the commutation relations for the creation and annihilation operators in the Lorenz gauge:

[an(®),af, ()] = = ok~ K)

; : (6.33)
|ax(1), ax (K] = [al (), al, (k)] = 0.
We can decompose the field operator A*(x) into positive (A% ) and negative (A”) frequency modes:
10 = [ Gt S 0]
FUT ] @mp i IS
N (6.34)

&k & (e ke
AM(w)Z/Waei(k) {a;(k)ez(wkx « )]~

Then the gauge condition implies

(]9, A1) = 0 = (] (9, A% + 9, A" ) |Y)
= (Y0, AL ) = — (Y0, A" [0) = (]9 A% |1))” (6.35)
= 0, AL [¥) =0.

In turn, this condition implies

3
D [kih (k) + wied (k)] ax(k) [¢) =0, (6.36)
A=0
which, in view of k,te’f,z = 0, gives
[(kieh (k) + wied (k) ao (k) + (kieh (k) 4+ wied (k))az (k)] [¢) = 0. (6.37)

Finally, combining &€} , = 0 with Eq. #.83), we have k,ef + k,e5 = 0, i.e.

(kieh (k) + wieg (k) = —(kies (k) + wied(k)). (6.38)
Then we obtain
[ao(k) — az(k)] [¢) = 0. (6.39)
Hence,
(e (€)ao (k) — af (K)as ()| [ = 0, (640

suggesting that the contributions to the quantum Hamiltonian of the EM field from the scalar and longitudinal
photons are canceled out, leaving only the contributions from the transverse (physical) photons.
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7 Canonical Quantization of Dirac Fields

7.1 Quantization with anti-commutation relations

The first step to quantize the Dirac field is the familiar procedure of replacing the Fourier images of Egs.
and (@48)) by the creation and annihilation operators:

1 1 :
mcs(k) — co(k), mds( k) — di (k). (7.1)

Since the Dirac field is complex, we have two sets of creation and annihilation operators. Then the positive and
negative frequency modes can be written as

3 0
Yi(z) = / ¢Zcs(k)us(k)e—i(wc ~kx)

(271’)3/2\/ 2wk
3 (7.2)
() = / S di (), (et R,
(27)3/2\/ 2wy —° °
Therefore, the full quantum Dirac field is the sum of them
b(@) = / g > [c (g (K)e~ " =) 1 g (K)o, (—k) el k| (7.3)
(27)3/2\/2wi " ) 3 ® )
Similarly, the Dirac adjoint of the field is
P(x) =¥y (z) +¥_(2)
d3k . o0 (7.4)
= - o — *Z(wki *k'x) T - Z(wka: 7k-x)
_/ (27)3/2 /20 23: [dS(k)US( k)e + ci(k)us(k)e ]
The conjugate momentum to the Dirac field operator is also straightforward to find:
oL —
(z) := = ip(z)y° = iwt(x). (7.5)
@) = 50 = PN = wi(@)

Here comes the key difference from the case of quantizing bosonic fields: instead of the commutation relations,
we need to impose the anti-commutation relations to the Dirac fields:

{v(@® %), 9!(2% %)} = 6°(x — x)

7.6)
[(a%, %), 902, %)} = {60, %), 91 (@, %)} = 0. (
Then the anti-commutation relations among the creation and annihilation operators follow
{400, (1)} = 6,08~ )
(1.7)

{400, df, () } = 500 8° (6 = K),

and all the other anti-commutators are equal to zero.

The effects of anti-commutation relations we have imposed above can be seen immediately. First recall that,
when discussing the classical Dirac field, we encountered a problem where the negative frequency modes had
negative contribution to the Hamiltonian so that the total Hamiltonian is not positive definite. The anti-commutation
relations here solve this problem. Due to the anti-commutation relations, each change in the order of two spinor
operators under the operation of normal ordering gives an extra minus sign compared to the case of bosonic
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operators. Therefore, the normal-ordered (physical) Hamiltonian now becomes (refer to Eq. (4.52))

Hien = / @k e SNl (e (k) — dy ()] ()]
? (7.8)
_ / e 3 [e (K)es () + df (K)dy (K)].

Thus the anti-commutation relations indeed ensure that the physical Hamiltonian is positive definite.
We can also calculate the renormalized (normal-ordered) charge operator from the corresponding classical expres-

sion Eq. (@57):

Qun = [ & SON[el (K)ew () + .00} 1)

(7.9)
= [ @ 3 [el09e, ) — 194,09,
7.2 Spin-statistics relation and probabilities in QFT
Consider a state of two bosonic particles with momenta k; and ko:
ki, ko) = a'(ki)a' (k2) [0,0)
= a'(ko)a' (k1) 0, 0) (7.10)

= ko, k1) .

This shows that the quantum state is symmetric under the exchange of bosonic particles. This symmetry is known
as the Bose symmetry, which stems from the canonical commutation relations of the bosonic field operators.

Now consider two Dirac particles with momenta ki, ko and spins s1, so, respectively. The two-particle state is
labelled as |k1, s1;ko, s2). We have

ki, 515 ks, 82) = ¢l ¢l ]0,0)

S1 'S2
= —cl,cl, 10,0) (7.11)
- - |k2752;k1751> .

Thus, under the exchange of two Dirac particles, the two-particle state changes the sign. This is the so-called
Fermi-Dirac symmetry, and the particles satisfying this property are called fermions. The Pauli exclusion principle
immediately follows from Eq. (7.I1)), which is in turn resulted from the anti-commutation relations. Indeed, the
state with two (or more) fermions with the same mass and momentum k; = ks and the same spin polarizations
s1 = $o does not exist because |k, s; k, s) = 0.

Conclusion: The consistent quantization requires to use commutation relations for the bosonic fields and anti-
commutation relations for the fermionic fields. This is known as the spin-statistics relation.

In relativistic quantum mechanics, there is a problem with the relativistic probability: it is not positive definite
for the complex fields and trivially vanishes for the real fields. The reason is that we treated the fields as wave
functions of single-particle states in quantum mechanics. However, in QFT, the fields are operators and the wave
functions are defined as expectation values of these operators. Consider a real scalar field, we can calculate the
wave function corresponding to a single-particle state:

O(z) = (Ol (x)k)

[ ] (0lae) o e " ) (ot 1)) e
(27‘(‘) / 2wk/

3
_ / d°K' <k/|k> e*i(‘*}k’ 20—k’ x) (7.12)
(271’)3/21/2(,‘}1{/ N——"
=63(k—k’)
d3K’

—i(wiex® —k-x)
)

(2m)3/2 /2,
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where in the third line we have used (0| a(k’) = (a'(k’) |0>)* = (K| and (0| af(K') = (a(k’) |0))" = 0.
Now the relativistic probability density is

p=i(®*0"® — ©3°P*). (7.13)

Using Eq. (7.12) we find
1
- 7.14
P @n)? (7.14)

which is non-zero and positive! This is the probability to find a spinless particle within a unit volume.
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8 Interaction Fields

8.1 Some examples of interacting theories

So far we have dealt with free field theories, which we are able to solve exactly. However, the dynamics of a free
field theory is rather trivial: one decides which state (or superposition of states) the field is in at some initial time,
and the field will remain in the same state for all subsequent times. Moreover, free fields are metaphysical objects
as they are not detected in experiments. Therefore, we are more interested in more realistic situations where the
fields interact with each other.

Self-interacting scalar field

We denote the free Lagrangian of a scalar field given by Eq. @.I) by £y. We can add an arbitrary function of
the scalar field V' (¢) to Lo, which is automatically invariant under the Poincare transformations. The simplest
possibility is the polynomial interactions:

A A An
V(6) = 310"+ 6"+ Ta. @.1)

The parameters A\, known as the coupling constants, dictates the strength of the corresponding k-scalar inter-
actions. Note that the coupling constants A; with k& > 4 have negative mass dimensions. If we assume that
Ap ~ M*F where M is the typical mass scale of a theory, and |¢| < M, then all the terms with k& > 4 can be
ignored compared with the cubic and quartic interactions because they are suppressed by the heavy mass scale M.
It turns out that upon quantization, only the cubic and quartic interactions give a theory which can be extrapolated
to an arbitrary high energy scale.

Let us consider the ¢*-theory, i.e. V(¢) = 2¢*, where A := \4. Then the Lagrangian is

1 1 A
L=Lo+Lr= 58,@8% — 5m?qs? — I¢4' (8.2)
Using the EL equation, we find that the equation of motion for this theory is
2 A3
E+m)¢=—50" (8.3)

This equation, unlike the KG equation for a free scalar field, cannot be solved analytically!
We can also calculate the Hamiltonian density for the ¢*-theory:

H=Ho+Hy, 8.4)
where 1
Ho = 5[(900)* + (9:9)* + m?¢”] (8.5)
and )
Hr=—L;= E¢4' (8.6)

Yukawa interactions

The Yukawa interactions are the couplings between scalar fields and fermion fields. We can write down a simple,
relativistically invariant interacting Lagrangian (a Lorentz scalar) between scalar and Dirac fields as:

L = yio, (8.7)

where y is the coupling constant known as the Yukawa coupling.
We have the following interaction Hamiltonian density:

Hi = L1 =~y (8.8)
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If we take the pseudoscalar scalar field ¢ intead of the scalar field and assume that the spatial inversion is a symme-
try of the theory, we should couple the pseudoscalar to the combination of fermion fields which are pseudoscalars
as well. The simplest such combination is /%1, and thus the interaction Lagrangian has the form

L1 = gy°dep, (8.9)

where ¢ is the coupling constant. This Lagrangian describes the interaction between the particles known as pions
(pseudoscalars) and nucleons (protons + neutrons, which are fermions).

Interactions of fermions with gauge fields

It appears that all elementary matter fields observed so far in experiments are spin-1/2 fermions, while the fields
which mediate fundamental interactions (gauge bosons except gravitons) are spin-1 vectors. Moreover, an im-
portant experimental fact is that the interactions of spinor fields with vector fields are not arbitrary but respect
symmetries, namely the gauge symmetries. Recall that the Lagrangian for free EM fields A, () is invariant under
the gauge U(1) transformations:

0A, = 0,a(x). (8.10)

Also recall that the Lagrangian for free Dirac fields is invariant under the global U(1) transformations. Now
consider making these transformation local (i.e. position-dependent):

V() = e @y(a),  Plx) o e (), (8.11)
or in the infinitesimal form,
0 = —iea(x), 51 = iea(r), (8.12)

and try to write down an interaction Lagrangian between Dirac fermions and EM field so that the full Lagrangian
of the system is invariant under the gauge transformations Eq. (8.10) and (8.12). It turns out that the interaction
Lagrangian we are looking for has the form

L1 =—epy pA,. (8.13)

Let us check.
Under the gauge transformations Eq. (8.10) and (8.12) the interaction Lagrangian transforms as

SL; = §(—epy i A,)
—e(0Y)y P A, — ey (6Y) Ay — epy"p(5A,)

_ _ _ (8.14)
= —clicalayp)T VA, —ebr —iet TTD)A,, — ey b(9,0(x))
= —ey"Y(0ua(2)).
And the free Dirac Lagrangian transforms as
SLp = 6(iy"Oy1p — mipip)
— 1(6@) YO +zm“a (64)) m(§ )z/J ma( 5) (8.15)

= —ea@ 7T 0 + ey b (0, a(x)) +ebedT)O, ) —iemota)ny Tiemore)by
= +eyip(Dualz)) = —6L;.

Therefore, the variation of the free Dirac Lagrangian exactly cancels out the variation of the interaction Lagrangian
under the gauge transformations. So if we write the full Lagrangian as

L=Lp+Ly+Ly, (8.16)

where Lp = i@v“@uw —mapp and Ly = —fF/“’F are the free Lagrangians for the massive Dirac field and
the EM field, respectively, it will be invariant under the gauge transformations Eq. (8.10) and (8.12).
We can combine the interaction term £ with the kinetic part of £p by introducing the so-called covariant deriva-
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tive:
D, =0, +ieA,. (8.17)

Hence, the formal rule to make a theory gauge invariant is to replace the ordinary derivatives by the covariant ones.

8.2 The interaction picture and the S-matrix

Usually, the goal of interaction theories is to calculate the quantum mechanical amplitude for some initial state to
change into some final state. From this we can calculate the transition probability, which is eventually expressed
as a cross-section. Unfortunately, it is almost always impossible to calculate these probabilities exactly, and one
must use a perturbation expansion in some small number which parameterizes the strength of the interaction -
a coupling constant. The perturbation theory that we are going to consider below is only applicable when this
coupling constant is small. Moreover, as we will see in next chapter, these perturbation expansions can be written
down in a graphical way with the so-called Feynman diagrams.

Let us first recall some results from ordinary time-dependent perturbation theory in quantum mechanics. For
interaction fields, we tend to work with the interaction picture.
Consider the following Hamiltonian:
H(t) = Ho + Hin(t), (8.18)

where Hy = p?/2m represents the kinetic energy and is independent of time, while Hiy(¢) corresponds to the
interaction potential that is dependent on time.

The time evolution operator U (t,t) satisfies the following equation (as in the Schrodinger picture U(t) =
efth/h)’

oU (t,ty)
ot

We introduce an operator Uy (t, to), which is defined as

= (—iH/h)U(t,t0) = (—iHo/h)U(t, to) — (iHine/R)U (. t0). (8.19)

Up(t, to) = etHo=to)/hry(g o). (8.20)
Taking the time derivative gives

U (t, o) _ <Z~‘E720>eiH0(tto)/hU(t’ to) +€iHo(t7to)/haU(t,tO)

ot ot
. (8.21)
_ <_;) eHo(t=to) /R L (#)e—iHolt—t) /ATy (4 4.
Therefore, we can define
H(t) = eiHo(t—to)/ﬁHime—iHo(t—to)/ﬁ (8.22)
as the interaction Hamiltonian in the interaction picture. Eq. (8.2T)) then reads
oU(t, to) i
—— = ——H;(t)Us(t,%o). 8.23
5 5 1(O)Ur(t, to) (8.23)
Since U (to,to) = 1, we must have U;(to, tp) = 1. Integrating both sides of the equation above gives
i t
Ur(t,tg) =1— ﬁ/ dt' Hy (U (¢, to). (8.24)
to
Through the recursion Eq. (8.24), we get the following series expansion:
i [t i\Z [t t’
Ur(t ) =1— & / At H, (1) + (—) / dt' Hy (t) / At H () + - (8.25)
h to h’ to to
By defining the time-ordered product of two operators A(t') and B(t") as
TIA)B(t")] = 0(t' —t")A(")B(t") + 6(t" —t")B(t")A(t), (8.26)
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where the f-function is the unit step function defined by

0, t1 <to
O(t1 — t2) = ten (8.27)
1, t1 > to,

we can write the integral in the second term of Eq. (8.25))

t t’ 1 rt t
/ ' / At Hy (¢ H (#7) = & / a / At TLH, (8 H (8], (8.28)
to to 2 to to

Hence, the expansion can be written as

9] . nl t t t
Uit =1+ Y (1) & [t [aee a0 i) i) 629
' to to

n=1 to

One can also write the expansion more compactly as

. t
Uz(t, to) :T[exp (—;/ dt’HI(t’)ﬂ, (8.30)
to

where the operation of time ordering on an exponential is defined by its operation on the individual terms in the
corresponding Taylor series.

In scattering processes, we are interested in how the states in the distant past evolve into other states in the
distant future. We assume the interactions are localized in spacetime, that is, H;y — 0 as t — Foc0. Hence, the
states |t)(t)); — |1(d00)), at past and future infinities are the eigenstates of the non-interacting Hamiltonian H.
We define the S-matrix (scattering matrix) as

S = tiiglw) U(to, t) (8.31)
to——00
so that
[(+00)); = S |1h(—00)); - (8.32)

We call |¢p(—o00)); =: |¢) the initial (or incoming) states and |¢)(400)); =: | f) the final (or outgoing) states. The
probability amplitude for this transition is the matrix element

Agi = (f|S]i) = Si. (8.33)
The conservation of probability demands that the S-matrix must be unitary, i.e. STS = 1 because

L= (fIf) = (iS'Sli) = > (iISTf) {fISi)

! (8.34)

= ) S;Sp=1.
f

8.3 Wick’s theorem

As we have seen, the S-matrix is expressed as a Taylor expansion of time-ordered products of the interaction
Hamiltonian in the interaction picture:

X An 400 +o00
S:z_;)( TLZ') /_OO /_oo d4$1"'d4$nT[H1(Z’1)"'HI(xn)]- (8.35)

How to calculate such expressions? It turns out that the Wick’s theorem will help significantly simplify the calcula-
tions. To properly state the Wick’s theorem, let us first define the chronological contractions. The chronological
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contraction of two bosonic operators is defined as

—_— A(+) ,B(_) / , if 0 > /0;
A(z)B(2') = A (@) (@] s (8.36)
[BH) ('), A7) (2)], if 20 < 270,
The chronological contraction between two fermionic operators is defined as
—_— A(+) B(f) ! if 20 > /0.
A B = | AT @B (8.37)
—{BH) ("), A (2)}, if 20 < 2.

Note that (+) and (—) denote the annihilation and creation operators, respectively. One can show that these two

——
definitions really come from the Wick’s theorem: A(z)B(x') = T[A(x)B(z2)] — N[A(z)B(z)].
Moreover, the normal-ordered product of field operators with contractions is defined as

—— ~ =
N{ABC...M...DEF] = (-1)"AM N[BC...DEF), (8.38)

where ¢ is the number of transpositions of fermionic operators which must be performed to go from ABC...M...DEF
to AMBC...DEF. Now we are ready to formulate the Wick’s theorem.

Wick’s Theorem. Time-ordered product of field operators A, B,C, ... is equal to the sum of normal-ordered
operators with all possible chronological contractions among them, i.e.
T[ABCDEF..| =N[ABCDEF...]+

= —~
N{AB DEF} —|—N{ABCDEF...:| + -t (8.39)

A= A
N{AB CD EF} —i—N{AB C’DEF..} + -

As we can see, in the first line we have just the normal ordering with contractions. In the second line we have all
possible normal orderings with one contraction. And in the third line we have all possible normal orderings with
two contractions, etc.

We will consider an example with two operators to illustrate the above theorem. Each field operator is the
sum of two operators: the positive frequency operator which contains the annihilation operator, and the negative
frequency operator which contains the creation operator. Consider the product of the operators A(z) and B(z'):

A(z)B(z') = [A<+>(x) + A<—>(x)} : [B<+>(x’) + B<->(x')]

= N[AD (@) B (@)] + N[AO (@) B ()] + N[AO @) B ()] + AD (@) B ().
(8.40)

Remember that normal ordering puts all the creation operators to the left of annihilation operators. Therefore, the
first three terms are automatically normal-ordered. Consider the last term, which can be written as

A (2)BO) (2') =N [A<+>(m)B<—>(x')}

[A(+)(z), B(*)(z/)L
{AH)(2), B (")}, if A and B are fermionic operators.

if A and B are bosonic operators; (8.41)
Putting Eq. (8:4T)) into (8.40), we obtain
A(z)B(2") =N[A(x) B(z')]

N [A(+) (z), B&) (m’)} , if A and B are bosonic operators; (8.42)
{A(+) (z), B (2) }, if A and B are fermionic operators.
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Then the time-ordered product of these two field operators (assuming 2° > 2'0) is just

T[A(z)B(z")] = N[A(z)B(z")] + A(z) B(z'). (8.43)

This is indeed the Wick’s theorem for the product of two operators. Again, remember that time ordering (chrono-
logical ordering) places the operators defined at later times to the left of those defined at earlier times.

Coming back to the S-matrix, we know that it contains the sum of integrals with time-ordered products of
interaction Hamiltonians. And we also know that in QFT, the interaction Hamiltonian are normal-ordered products
of field operators. Thus in the S-matrix we typically have the products

TIN[ABC]..N[DEF]], (8.44)

where the field operators of any T-product have the same time argument. Such T-products are called the mixed
products. In order to apply the Wick’s theorem, we add an arbitrary small positive quantity € to the time argument
of all creation operators in the mixed T-product so that the normal ordering of the operators can be omitted and the
mixed T-product becomes the ordinary T-product. At the end, we can set € = 0.

Note also that the contractions of operators which enter the mixed product under the N operator are always zero

P ~~
after adding positive e to the time argument of all the creation operators, e.g. T[N[A, B]] — T[AB] = AB = 0.
To see this, we write

A(z)B(x) = [A(+)(x0, x)+ AT (20 + ¢, x)} [B(+)(xo, x) + B (20 + e,x)} (8.45)

= A2 + 6, x) B (2%, x) + A (20, x) B (20 4 €, %),

where contractions of A(H) B(=) and A=) B(-) always give zero from the Wick’s theorem. Let us use the Wick’s
theorem to calculate the first term:

AT (20 + €, x)BP) (2% x) = T{A(*)(:EO + ¢,x) B (2, x)} - N[A(*)(xo +€,x)BM) (20, x)]

= A (@ + 6, x) B (2%, x) — A (2° + ¢, x) BH) (20, x) (8.46)
=0.
Similarly, we have
AD) (2% %) B (20 + ¢,x) = 0. (8.47)
Therefore,
—
A(z)B(z) = 0. (8.48)

Hence, Wick’s theorem can be applied to the mixed products (to compute the S-matrix), provided that one omits
chronological contractions of the operators which are under the same normal ordering N and have the same space-
time argument. As we see above, this is effectively equivalent to adding the small positive € to the time argument
of all creation operators.
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9 Feynman Diagrams and Rules

Now we are ready to calculate the S-matrix element
Aypi = (fIS]i) .1

in a perturbation theory (up to a given order n of the coupling constant) for a definite transition from an initial
state |4) to a final state | f) and an interaction Hamiltonian ;. In general the S-matrix expansion results in many
complicated transitions. However, only certain terms of the S-matrix contribute to a give transition |i) — |f).
These terms must contain just the right annihilation operators to destroy particles in |¢) and just the right creation
operators to create the particles in | f). They usually also contain additional creation and annihilation operators
which create and subsequently annihilate some particles. These particles are only present in the intermediate states
and are called virtual particles.

According to the Wick’s theorem, the time-ordered product of operators, such as those present in the expansion
of the S-matrix, can be written as a sum of normal-ordered products of the operators where all creation operators
stand to the left of annihilation operators. Such products of operators first annihilate a certain number of particles
and then create some other particles. They do not cause creation and subsequent annihilation of virtual particles.
Furthermore, each of these normal products effects a particular transition |¢) — |f) which can be represented by a
Feynman diagram. Actually there exists a one-to-one correspondence between the diagrams and the terms in the
expansion (8.35)), which can be summarized in simple Feynman rules.

Our goal is to calculate a few terms in the S-matrix expansion and try to determine the Feynman rules. We will
take quantum electrodynamics (QED) as an example.

9.1 QEDat s

Let us first write down the S-matrix expansion again:

oS} e} )" +oo +oo
s=y sw=3y 0 / / Ay - dhe, T(H () - Hy () ©.2)
n=0 n=0 —o0 -

The interaction Hamiltonian density for QED is given by (refer to Eq. (8.13))
Hi = e N[p(z)y"p(z)Au(z)]. 9.3)

We can express all three field operators in terms of positive and negative frequency modes:

Y=v¢r +9Y_
b=t +U_ 9.4)
AP = A" 4 AP

where

14 : annihilation operator for e~

W_ : creation operator for e™

) - : annihilation operator for et ©9.5)
1_ : creation operator for e~

A} : photon annihilation operator

AP photon creation operator.
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Then the S() term in the expansion Eq. (9.2) is

50 = —ie [ @2 TN, @A)

= —ie / d*z N[(z) v, (x) A ()] (the chronological contraction within the same N is omitted)

- / o N[ (2 () A% (2)
+ N[¢ (@), () Al (2)
+ N[t (2)yu104 (x) A (2)

v_(z) () A%

9.6)

e e e e
D_(x Y4 (z) P_ ()
. () T
Al (x) 2(=)
Figure 1: e~ scattering.
et et ot ot
Y (x) W, (x P_(x)
Y~ Yy (2) ~
Al (z) A (z)

Figure 2: e scattering.

Figure 3: ete™ annihilation.

Figure 4: ete™ creation.
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However, note that none of the above processes contribute to the scattering of real physical particles for which
we must have k, k* = 0 for the massless photons and p,p* = m? for the electrons and positrons with mass m.
For example, let us consider the the electron-positron annihilation the the creation of a photon (Figure 3b). We can
go from the position space to the momentum space by Fourier transform. In the initial state, there is an electron
with momentum p,, and polarization s and a positron with momentum pit and polarization s’:

i) = [Pl ' e ) = dly ()l (9) [0) - ©0.7)
In the final state we have a photon with momentum %,, and polarization \:
1f) =k, A) = a\ (k) [0). 9.8)
Then the transition amplitude is
(F18W]iy = —ie (7] [ dte N[, (@b (2)4% @] )
— —ie (0]ax (k) / d*x (2) A" (2)3, (2)y, (z)d, (p)el (p)]0)

= —ie/d4x/// &’k @ @’
B (2m)3/2, f2wr (27)3/2, 2w (2m)3/2,\ [2wg

ei(wﬁzofﬂ-x)efi(wﬁ/ mofﬁ"x)efi(wr;mofﬁ~X) Z Z Z 6; (E) Vg (7IA)'/>U§(IA)')
N 8 5

(0lax(k)al (k)ds (B)es(B)dl, (p')cl (p)[0) ©9.9)
<m(k)a§(ﬁ) = al (k)ax(k) + 6,50%(k — k),

dz (B')d!, (p) = —d!, (p')dz (B') + d56°(p' — D),

(D)l (p) = —l(p)cs(B) + 6u20*(p — 5»)

d4$ ; o . ’
- —i(wptwp —wi) 7’ i(P+P —K) X (1T (— 1 Vv s
'Le/ (271_)9/2 8wkwpwk/€ P € 6)\( )Ué( p)7 Ufs(p)

= (2m)"0(wp + wpr —wi) (P + P’ — k)M,

where

vy (—P’) (—ien,) us(p)  h(k=p+p)
(2m)3/2 2w " (2m)3/2, 2wy (2m)3/2, f2uwp
is called the Feynman amplitude.
A few comments are here. The J-functions in the last line of Eq. appear as a result of d*z integration and
reflect the conservation of energy and 3-momentum in the given process, e~ + e — :

M (9.10)

Wp + Wwpr = Wk

9.11)
p+p =k

However, it can be checked (with simple algebra) that this particular energy-momentum conservation is incompat-
ible with the condition for real particles: p,p" = p:Lp’ # = m? and k,k" = 0 in our case. Thus, this process is
simply unphysical. The same argument applies to all other processes at S().
More generally, we have

(f1S™1i) =0 9.12)

for any unphysical process, i.e. a transition between real physical states which violates the conservation laws of
the theory.
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9.2 QEDat S®

To obtain real processes, we must consider at least the second-order term S(2) in the S-matrix expansion:

5@ = -5 [dar [ atea TN (o) 44 @) NB @iz A @] 013

For the mixed product in S(?), according to the Wick’s theorem (again, omitting the chronological contractions
within the same normal ordering N), we have

T[N (1)t (21) A" (21) N[ (22) 1 (22) A” (22))]]

=N[(z1)vu0(x1) A* (21) P (22) 7 (22) A (22) ]+

N\ (1) 7t (21) A (1) (22) Y1) (w2) A” (w2) | +

N| (1) (1) A (1) (w2) Y th(22) A” (22) | +

N (1) yutp (1) AP (@)Y (22) v 1h(22) A (22) |+
I ] 9.14)

N (1)1 (w1) A (1) (w2) 0 (22) A” (22) | +

iy

N (1) yuth(z1) A (@1 (22) v 1h(22) A (22) |+

N wmmw<x1>Aﬂ<x1>w<x2>w<x2>A”(m)}

N wnwmwal)w(xz)wua)A”(xz)}.

This first term again, does not lead to any real transition. The second and the third terms are identically equal to
each other, which can be seen by permuting the field operators:

N wumwm>A“<z1>w<x2>w<x2>A”(:m)} N[wmmw<z2>Aﬂ<z2>w<x1>wm)A”(xl)}. ©.15)

Hence, we can combine them and write

SP = —e? / d'ay / d'u; N[ﬂ)(fﬁ)%w(fUl)A“(wl)l/)(ffz)%lff(ffz)A”(xz)}, 9.16)

which contains one fermion contraction. This chronological contraction is a c-number (classical number) and it
is given by the fermion propagator which we will define later. It actually corresponds to a virtual fermion. In
addition we have two uncontracted fermion operators and two uncontracted photon operators, corresponding to
external particles in the initial and final states.

One of the processes described by S}Q) is known as the Compton scattering:

Yy+e —=y+e. 9.17)

This process corresponds to selecting the positive frequency part ¢4 (z2) of ¥(x2) to annihilate the initial electron
and the negative frequency part ¢»_(z1) of 1)(z1) to create the final electron. But for the photons, we have two
choices: we can take either A% (x1) or A% (x2) to annihilate the initial photon and correspondingly, A (x2) or
A" (1) to create the final photon. Thus the Compton scattering S-matrix can be written as

S@ (ve~ — ye7) = Su + S, (9.18)
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where

Sa = _62//d4$1d41'2 %,(fﬂl)’Yp,[iSF(xl - xQ)]ﬁYVAli(xl)Ai(‘rQ)zbﬁ*(xQ)

(9.19)
Sp = —62//d4x1d4m2 Y_(21)Vu[iSp (w1 — )] AY (w2) AY (1)1 (22).
Note that
—_———
’LSF(CL'l — xg) = 1/)(1‘1)1[)(£C2) (920)

is the fermion propagator. The Feynman diagrams corresponding to .S, and S} are shown below:

e v Y

¥_(z1)

i (z2) Y (x1)

py(z2)  A* (21)

(b) Sp.

(a) Sq.

Figure 5: The Feynman diagrams for Compton scattering.

Now we write the initial and final states as
i) = [p, sk, A) = cl(p)al (k) [0) ©21)
) =Ip,s"s K\ N) = cl,(p')al, (K)[0) .
Hence the matrix element of S, is

3~ 137, 7351 43T/ _ _
d p d°k d p ak ei(wﬁlx(ffﬁ“xl)ei(wf(/x‘l)fk'-xl)efi(wingk«ﬁe*i(wﬁngfrxﬂ

&':—2/¢ d* /
1) == J A | Gy Mompg g
— (= 1 : —ilgo(2?—z9)—q-(x1—x%2 1 V(1 =~
ZZZZuy(p’) Vu {(%4) / dtqiSp(q)eE=e-ata=xal |y o (k) & (k) us(p)
s A

EASY
(Olax (K)ew (p')el (B)al, (K )as (K)es(B) el (p)al (K)[0)

o 83 (K —K)5%(p —)0%(p — D)0 (k — k)
_ / d'z, dlwy % i [(wprerg —20)ad — (B +K' —)-x1] =i [(wp-wrc—g0)ad — (p-+—a) 2]
(2m)©

e
\/ 160.15&1&(4}5/ Wir (27T)4

o (P') v [1Sr (q)] €4 (k) €X(k) 1 us(p)

= (27r)6\/m /d4q (2m)*6(wpr + wie — q0) 0*(p’ + k' — q) 6(—wp — wi + q0) 6*(—p —k + q)
Ty (P') (—ievy) €y () [iSr(q)] €X (k) (—iev,) us(p)

= (2m)*0[(wpr + wie) = (wp +wid)] °[(p" + k) = (P + k)] - Ma,

(9.22)
where
s (p') : nk) x(k) : us(p)
My = ———F—(— ————1iS = k)| —Fr—(—te) —7i—— (9.23
@r 2 o ) Gy g or e = Pt Rl s e i) G e O
is the Feynman amplitude for .S, process. Similarly, for .Sy, the Feynman amplitude is
e, (k) us(p) 9.24)

Uy (p') . ex (k) . / i
Mo = G oo ) o Lo e = 2 = il i e () e
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Some other real processes described by SI(Q) include the Compton scattering by positrons:

y+et =5 y+et, (9.25)
the two-photon pair annihilation:

et +e = y+7, (9.26)
and the pair creation:

y+y—=et+e. (9.27)

Now let us consider the fourth term in Eql9.14] i.e. a single contraction of two photon fields. The S-matrix is

e

2
S’ =5 / d'a, / d'zy N {w(xl)mb(xl) AP () P(22) 7 (w2) A (22) | 9.28)
which describes the following processes: electron-electron scattering (Mgller scattering), e™ + e~ — e~ +e¢e7;
positron-positron scattering, e* +e® — et +e™; and electron-positron scattering (Bhabha scattering), e~ +e* —
e +et.

For Bhabha scattering, we have the following initial and final states:

|Z> = |p*787;p+a S+> = ci, (p*)dLr (er) |O>

/ (9.29)
1) =[pl.s0ipl ) =l (po)dl, (0))10).

There are in total four contributions (four Feynman diagrams) to this process, but two of them are actually equiva-
lent by simply exchanging the positions x; and 5. The two (topologically) distinct Feynman diagrams are shown
below.

e (p_,s_) e~ (p_,s")

vYix2 = Ty

e+(p+,s+) 6+(p/+351+)

(a) Sg.

et (py,sy) et (ply, )

(b) Sp.

Figure 6: The Feynman diagrams for Bhabha scattering:

@. (P, 5-) = Yy (2), (P, 54) — ¥y (22), (PL,50) =¥ _(21), (P, 5%) — ¥ (z1);
(b) (p*asf) - ¢+($2)7 (p+78+) - 1/4(931), (pl—7 Sl—) - 1/’7(352), (pf,_78'+) - w*(‘rl)'
Then again we have
SP(eet 5 eet) =S, + S, (9.30)

where
S = ¢ [ dherdtaa N[G_ (@) - (22)0 (02)3" s (0)] D (21 — 2)
== [ dhandtan B (oo @00, (27" o2) (D o1~ ) .
S = = [ dhad'es NG, (o1),0- (010 (200" 6 02)] DY (21— 2) |
= [ drdtes T (ea)b- (003, ()7 (w2 iDF (01 — )]

Then we can calculate the matrix element (f]S,|i¢) and (f|Sp|é) by following the same steps as Eq. (9.22). The
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two Feynman amplitudes are found to be

Ug (pL) Vs (_p/Jr) Vs (_p+) Us (p—)
My = ——————=(—ley,) ————————=[iDF(¢" =L + )| oy =) -y — (9.32)
(27)3/2, [2wp (e )(27r)3/2 (20, [iDF ] (2m)3/ 2\/2wp+( )(2ﬂ)3/ ?2wp_
and
My =—-M, (p/-i,- &Py $/+ AN 5—) =-M, (Usgr(fpii-) & Us_ (p—))' (9.33)

Next is the second-order terms with more than one contraction. There are three terms with two contractions
and one term with all field operators contracted. Note that the two terms in Eq. (9.14) with photon-photon and
fermion-fermion contractions are equivalent when substituting into Eq. (9.13). So we can combine them and write

S = —¢? / d4z, / d4m2N{w(xl)'yu@/)(xl)A“(ﬂcl)w(xg)%w(xg)/l”(mg) . (9.34)

This operator contains only two uncontracted fermionic operators, and therefore gives rise to two processes de-
pending on whether it is electron or positron that is present in the initial and final states. For the electron case we
have

SP(em s e7) = —€2 / d*zy d*xa _(21)7,[iSE (21 — 22) 700 (22) iDRY (x1 — x2)]. (9.35)

This expression corresponds to the Feynman diagram shown in Fig. 7. It represents one of the processes which

iSF(.TQ — Il)

Py (x2) P_ (1)
iDRY (x2 — 1)
Figure 7: The electron self-energy diagram in the position space.

converts a bare electron into a physical electron, i.e. one surrounded by the photon cloud. This interaction changes
the energy of the system, that is, the mass of the physical electron as compared with that of the bare electron. This
is known as a electron self-energy term.

Let us calculate the Feynman amplitude for the electron self-energy diagram. In the initial and final states we have
a single electron:

i) = cl(p) |0)

(9.36)
) =l ()10}
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Then the transition amplitude is

d3]7 d?’ﬁ

(f1SP(e™ = eT)|i) = —62/d4x1 d4x2/— i(wp @t =B/ x1) o —ilwpal—Pox)
(2m)3/Aws wp ZZ

— ezp ‘T — 6*2,’0 T2

s (5') [ / (;’4) iSr(q)e w-<w1—wz>}%u§@ [ / (;ﬁ’; iD (e u)}

(0les (P")el, (B')es(B)et (p))[0)
_ 2/ d*zy diao d4q d'k i —a—k)-w1 ji(—ptatk)z:
(27)3 | /wpwp (2m)* (2m)4
wp’)wsF( Nywus(p)[iD ()]

<27r>3m / d'k d*q 3* (0 — g = k)34 (=p + q + k) ()7, [iSr ()]s (P) D5 (q)]
= (2m)*6* (' —p)- M,
(9.37)
where "
M= / 2 [iDY (k) e (p') (—iey,) [iSr(q = p — k)] (—iev,) us(p). (9.38)

Therefore, the Feynman diagram in the momentum space is shown in Fig. 8.

g=p—k

k

Figure 8: The electron self-energy diagram in the momentum space.

Notice that the Feynman amplitude has an integration over all internal photon momenta k, which is typical for a
closed loop diagram. Moreover, this amplitude is divergent! These divergent self-energy effects can be eliminated
by incorporating them into the properties of the physical electron. This process is known as the renormalization.

Finally, let us briefly discuss the term in S(?) with two fermion-fermion contractions. This term is called the
photon self-energy term (because of an external photon present in the initial and final states, respectively) or the
vacuum polarization term and has the following S-matrix:

SI(\?) = /d4x1/d4x2 { (1), Y(x )Aﬁ(xl)@(xg)'yuw(xg)Ai(xg) , (9.39)

which is described by the following Feynman diagram.

iSF(Il — $2)

ZSF(CEQ — xl)

Figure 9: The photon self-energy diagram in the position space (left to right: z2 — z1).
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The normal product in 51(3) can be expressed as

N0, (1) (1) 7P Yo (1) A (1) 5 (22) (1)1 (w2) A% (22)

(9.40)

(—1) Ya(@2)¥o (1) (3) 7 (1) g (2) (3 AL (1) A (2)
(=1) Tr [iSp(z2 — 21)vuiSp (21 — 22) 7 )AL (21) AY (22).

Notice that the minus sign and the trace in Eq. (9.40) are characteristics of a fermion loop. The trace basically
corresponds to summing over all spin states of the virtual fermion-antifermion pair in the loop.
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10 Propagators and Summary of Feynman Rules

To complete the derivation of Feynman rules in QED we have to calculate the chronological contractions for
fermions

—_——
Y(x1)(w2) = iSp(z1 — 72) (10.1)
and for photons
—_—~—
At (z1)AY (x2) =: 1D (z1 — x2). (10.2)

10.1 Fermion propagators

Recall that the chronological contraction for fermions is given by Eq. (8.37)

‘ — {7/1+($1)7E_ (172)}7 if 29 > x9;
= o 10.3
vlnetes) {—{w+<x2>,¢<x1>}7 it g < af. o
According to the Wick’s theorem, the above chronological contraction can be written as
— _ _
V(x1)p(z2) = T[Y(21)p(22)] — N[th(z1)(2)]. (10.4)

Hence if we compute the vacuum-to-vacuum transition amplitude for the operators for the operators in Eq. (10.4),
we obtain

—_——

P(x1)Y(r2) = iSp(z1 — 22) .
= (O|T[s(x1)¥(22)]|0) — (OIN F22)] [0) (10.5)
= (0IT[%(z1)¥(2)]10) ,

where in first step we have pulled the chronological contraction operator out: (0[(x1)t(x2)|0) = 1 (x1)1(x2) (0|0) =
——
(1)1 (22). Thus the propagator iSF(x1 — x2) is nothing but the vacuum-to-vacuum transition amplitude of the

time-ordered product of (1) and (x3) operators. We can expand the field operators in positive and negative
frequency modes:

iSF(J?l — .132) = <0|

b (10.6)
Yi(e)P_(2)[0),  ifad > af; .

Dy (a)p(z)l0),  ifad < af.
The physical interpretation is clear: For 2§ > 29, we can think of Eq. (T0.6) as representing an electron created at

T, traveling to o and being annihilated there. Similarly, for #J > 2, we can think of it as a positron created at
1, propagating to x» and being annihilated there. Then the propagator can be rewritten as

iSp(x1 — x9) = 0(x) — 29)iS (21 — 29) — O(2§ — 29)iS_ (21 — x2), (10.7)
where
St (21— x2) = (Ofthy(21)Y_(22)|0) (10.8)
and
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6(z) is again the unit step function defined in Eq. (8:27).
Now we can calculate S :

. ddk dgk/ —1(WkT X (W /ZI/’ X
iSy (21 — x2) = /(% Bmzzm Yty (K)ol —loxn) il s =K 52) (1 (1), (1)]0)

d*k o
:/Mzus(k)us(k)e k(21 —2)

:/ &’k (v"k +m)e_ik;z(xl_$2)“
(27)32wy . ’

(10.10)

where we have used ) us(k)us(k) = v*k, + m. Now using the fact that k,, — i0,, under the inverse Fourier
transform (as in the above equation), we can write

1S4 (x) = (iv" 0y + m)[iA ()], (10.11)

where

3k e—i(\/k2+m2xo—k-x)
Ay(z) = —'/( (10.12)

2m)®  2VK2 +m?
Again we have used the definition wy = vk? + m?2. Similarly, for S_(xz), we use Y~ vs(k)vs(k) = —v*k, +m
to obtain

iS_(x) = (iv"0u + m)[iA_(x)], (10.13)
where
A d3k ei(\/k2+m2x07k~x)
_ =3 10.14
@) Z/ @2 2/KE + m?2 1019
Hence, from Eq. the propagator now becomes
iSp(z) = 0(2°) (170, + m)[iA4 ()] — O(—2°)(iv"0,, + m)[iA_(x)]. (10.15)

To evaluate the propagator, we need to evaluate the integrals in Eqs. (10.12) and (T0.14). By employing the contour
integration method, we find that both integrals are equivalent to a four-dimensional integral given by

1 e kua”
A = — Ak — 10.16

where C corresponds to the exact contour taken for integration over kg (different for 29 > 0 and 2° < 0). Note
that this integral has two poles at K = twy. To evaluate it, instead of deforming the contour, we can move the
poles an infinitesimal distance away from the real axis, as shown in Fig. 10.

. A
>/

Figure 10: The displacements of poles for Ap(z).

Then the integral can be written as

—1k T

Ap

K — (e = in)” (10.17)

eflk? T
- (27r) / k2 —m2 + e’

where € = 2nwy is a small positive number which we let tend to zero after integration.
It turns out that the function ¢{A () we have obtained is actually the Feynman propagator for the massive scalar
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field:
—
P(x1)p(x2) = (0T[(21)¢(22)]|0) = iAp(z1 — z2).

For a complex scalar field, the propagator is

* * .
P(x1)¢" (22) = (0|T[¢(21)9" (22)]]0) = iAp(x1 — 22).
In the momentum space, it can written as
A p(k) = 1
VR T e T e

Now back to our fermion propagator, it can therefore be written as (using Eq. (T0.13))

. - . 3 d4k ’uk +m
iSp(x) = (iv"0, + m)iAp(x) = / (2m)? k;

—ik-x

m2 4+ ie
In the momentum space, it is
YR, +m

k2—m2+ze
i

1Sp(k) =

- Yk, —m + i€’

since (v*k,, +m)(y"k, —m) = k* —m?.

10.2 Photon propagators
In Lorentz (Feynman) gauge

In a similar way we can calculate the propagator for the photon field

—_—~
A (x1) A (2g) = Dy’ (21 — w) = (O|T[A* (1) A" (22)]0)

= 0(2) — 29)iD"" (x1 — x2) — (2 — 29)iD"" (z1 — 22),

where
iDY" (w1 — w2) = (0]AY (1) A” (22)[0)

and
iD" (x1 — x2) = (0|AY (z2) A% (21)]0) .

Then we calculate D" as follows:

(10.18)

(10.19)

(10.20)

(10.21)

(10.22)

(10.23)

(10.24)

(10.25)

NV dgk d3k/ —i(wkx -x1) i(wyr 9 X
iDVY (2 — x0) = /( ZZG Jex (kK )e (wrerf —dexar) gy w3 =K' x2) (g (k )al, (k')|0)

2 3\/4wkwk/
Bk )
_ i K)e® (k ik-(z1—x2)
| e > 096 e

3
— _/ ak nuveik”(zl—zg)“
(27T)320Jk ’

where we have used
3

Y kel (k) = —n™

A=0

in the Lorenz gauge. Therefore, we can write

iDY (z) = —n""iA (2),

57

(10.26)

(10.27)

(10.28)



where

Av() = / P
T emt Jo, O TRk

iD"" (z) = —n"iA_(x),

Similarly, for D"”, we have

where

A (:L’) . L\/ d4k G*ik#a:u
B 2t Joo kukr

So now we can combine Egs. (10.29) and (10.31) and write

A"
ikyx

1 4, € L

m—0

Again, by shifting the poles, we can write the integral above as

Ap(2) = — /d4k et
PR = (2m)4 k2 + i€’

Thus, the photon propagator in the Lorenz (Feynman) gauge can be written as

) 5 .. _7:,'7;“/ . e—ik:-a:
D™ (z) = —pidp(z) = -0 [ d'k S —
Dy (@) = —"ilp(z) (277)4/ k2 + e

In the momentum space, it is written as

. v _inlﬂj
D! (k) = .
? F ( ) kQ + ie

In Coulomb gauge

(10.29)

(10.30)

(10.31)

(10.32)

(10.33)

(10.34)

(10.35)

The derivation of the photon propagator in the Coulomb gauge is exactly the same as that in the Lorenz (Feyn-

man) gauge. The only difference is that in the Coulomb gauge,
DOFO(.’L‘1 — .1'2) = 0, D}Q(fl]l — .’Ez) = D%z(l’l — .’L'Q) =0.
And the sum of polarization vectors is (notice the difference from that in the Lorenz gauge)

KR
[kf*

> ke (k) = 6V
A=1

Therefore, the photon propagator is now written as

ig o 0N A i 0O dik e tke
D) = <6] - W)ZAP(w) :Z(M R >/(27r)4 K2+ ie

In the momentum space, it is
.D'LJ k‘ — 51] _ .
Dy (k) ( |k2>/€2+i6

10.3 Summary of Feynman rules for QED

(10.36)

(10.37)

(10.38)

(10.39)

As we have seen, for a transition |i) — |f), the S-matrix element (transition amplitude) is generally given by

(fIS[3) = 6p; + (2m)*6* (py — pi) M s,
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where the Feynman amplitude M ¢; is given by
M= M. (10.41)
n=1

The Feynman amplitude MEJZL) is obtained by drawing all topologically different Feynman diagrams in the mo-

mentum space which contain n vertices and the correct number of external lines. The contribution Mgfz) from
each diagram is obtained from the following Feynman rules (for QED):

1. For each vertex, write a factor (—iev,,).

2. For each internal photon line (photon propagator) labelled by momentum k, write a factor

Y 2 —WW
Pr = e

3. For each internal fermion line (fermion propagator) labelled by momentum p, write a factor

Yo t+m i
p? —m?+ie  yrp, —m+ie

iSp(p) =1

4. For each external line, write one of the following factors:

(a) For each initial electron, write
us(p)

(27)3/2 2wy, .
(b) For each final electron, write
us(p)

(2m)3/2 2wy
(c) For each initial positron, write
Es (_p)
(2m)3/2, /2w,
(d) For each final positron, write
vs(—Pp)

(2m)3/2 2wy

(e) For each initial/final photon, (both) write

ex(k)

(2m)? /2 2

5. The spinor factors (y-matrices, Sp-functions, four-spinors etc.) for each fermion line are ordered so that,
reading from right to left, they occur in the same sequence as following the fermion line in the direction of
its arrows.

6. For each closed fermion loop, take the trace and multiply it by a factor of (—1).

7. The 4-momenta associated with the three lines meeting at each vertex satisfy energy-momentum conserva-
tion. For each 4-momentum ¢ which is not fixed by the the energy-momentum conservation, carry out the
. 4 . . .
integral | 49 One such integration w.r.t. an internal 4-momentum ¢ occurs for each closed loop.
(2m)

8. Multiply the expression by a phase factor §, which is equal to +1(—1) if an even (odd) number of inter-
changes of neighboring fermionic operators is required to perform the normal ordering.

10.4 Causality in QFT

There is a problem with causality in single-particle relativistic theory, i.e. in relativistic quantum mechanics.
Consider the propagation of a free particlle from a point z} to a pqint x'. This propagation is described by the
transition amplitude P(t) = (2'|e~"*|2{). Now if we consider |2?| > ¢ (i.e. well outside the light cone, acausal
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region), and do the integration (from inserting two complete sets of states | 2 ( \p) (p|and [ (d%k); "y (p’| into
the transition amplitude), we will find that the probability for the acausal propagatlon is non-zero! Let us discuss
this in details in QFT.

Consider, for simplicity, the case of real scalar fields. The amplitude for a corresponding particle to propagate
from ;1 to x9 is given by (NOT the Feynman propagator)

(0l¢(2) (1) 0)

= (0l¢p4 (w2)¢—(21)[0) =2 iA (z2 —x1) (¢4 : a(k); ¢ : al(k)) (10.42)
e —i[wk At—k-(x2—x1)]

B / d3k
) (2n)3 2wk ’

where 2§ — 2§ = 6t > 0.
First consider where xo — 1 is time-like (causal propagation), i.e. (zo — Il)u(l'g — x1)* > 0. In this case we
can always find the reference frame where xo — x; = 0 so that we can turn the three-dimensional integral into a
one-dimensional integral:

iAJr ((L’g

) A /OO |k|2d‘k| e—i\/|k‘2+’m2At
= 4r
3
o (27) 2¢/|k|* + m2
dwk
L[ \/i —iodt (k| = ok Ok
471.2 Wk /W m (d|k]| wi—mQ)

A3k = 47 k|%d|Kk| spherical integration
p g

~ e*’mm as At — oo,
(10.43)
where in the last step, we have used the stationary phase technique to approximate the integral.
Now consider the acausal propagation where At = 0 and x5 — x; = Ax. Then the amplitude is
d3k‘ eik-Ax
A B _ [ @k T
A (w2 — 1) / (27r)3 2o
z|kHAx\ cos 6
= /\k| sin @ d d¢ d|k|7
2/ [k|? + m?
o8] 2 i k|| Ax —ilk||Ax
_ 1 / K k| etlkll .I_e [k|[Ax] (10.44)
(2r)? 5 hkf o KIAX
/ ‘k|ez|k|\Ax\
(24)(27) |AX| |k| 4 m2
~ emmlax| as |Ax| — cc.

Again, we see that the acausal propagation of a particle is non-zero!

However, in QFT this acausal propagation cannot be measured in any real experiment. Indeed, the question we
should ask is whether a measurement performed a tone point can affect a measurement at another point whose
separation is space-like. Suppose one measures the field ¢(z) at two different points 2 and x;. Then if the
commutator [¢(z2), P(x1)] vanishes, this means that one measurement cannot affect the other. In fact, if the
commutator [¢(z2), ¢(z1)] = 0 for space-like separation, (z2 — z1)? < 0, then causality is preserved generally.
The proof that [¢(x2), ¢(21)] = 0 for (22 — z1)? < 0 simply follows from the fact that this commutator is Lorentz
invariant and that [¢(x2), ¢(21)] = 0 when 2§ = 29 according to the basic equal-time commutation relations. We
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can show that the commutator is indeed Lorentz invariant:
Bk 3K
[(z2), d(w1)] = / (2n)o Ao

— / dsik |:e*ik'(I2*I1) _ eik-(zgfxl)]
(27r)32wk

= ’L'A+((E2 — (El) — Z'A,(SL'Q — 1’1).

0

{(a(k)efi(wkmgkaﬂ + aT(k)ei(wk127k-x2)> + <a(k/)67i(wk/z?7k'-x1) + aj(k’)ei(‘*’k’x?*k"xl)>}

(10.45)
The A(x) in the equation above can be represented by a contour integral
A(x) ! / o (10.46)
T)=———7 —-—. .
2m)?* Jo k2 — m?

Then A(z) is obviously Lorentz invariant.
We know that [¢(x2), d(z1)] o = 0, and since this commutator is Lorentz invariant, it will vanish for any
space-like interval. This is because we can always perform proper Lorentz transformations from the frame where

29 = 29 and thus

0_
(1327$

[¢($2), ¢($1)}$g:w? =0 — [¢($2), d)(ml)] =0 forany (1‘2 — Z‘1)2 < 0. (10.47)

For the case of causal separation, (zo — 331)2 < 0, such a proper Lorentz transformation is impossible and
[@(z2), p(x1)] # 0. In this way causality is preserved in QFT again.

61



11 Cross Section
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