Chapter 1

Lorentz Group and Lorentz
Invariance

In studying Lorentz-invariant wave equations, it is essential that we put our under-
standing of the Lorentz group on firm ground. We first define the Lorentz transfor-
mation as any transformation that keeps the 4-vector inner product invariant, and
proceed to classify such transformations according to the determinant of the transfor-
mation matrix and the sign of the time component. We then introduce the generators
of the Lorentz group by which any Lorentz transformation continuously connected to
the identity can be written in an exponential form. The generators of the Lorentz
group will later play a critical role in finding the transformation property of the Dirac
spinors.

1.1 Lorentz Boost

Throughout this book, we will use a unit system in which the speed of light ¢ is unity.
This may be accomplished for example by taking the unit of time to be one second
and that of length to be 2.99792458 x 10'° cm (this number is ezact!), or taking the
unit of length to be 1 cm and that of time to be (2.99792458 x 10'%)~! second. How
it is accomplished is irrelevant at this point.

Suppose an inertial frame K (space-time coordinates labeled by ¢, z, y, z) is mov-
ing with velocity § in another inertial frame K’ (space-time coordinates labeled by
t', 2’y 2') as shown in Figure 1.1. The 3-component velocity of the origin of K

1One cm is defined (1983) such that the speed of light in vacuum is 2.99792458 x 10'° cm per
second, where one second is defined (1967) to be 9192631770 times the oscillation period of the
hyper-fine splitting of the Cs'33 ground state.
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Figure 1.1: The origin of frame K is moving with velocity 5 = (5,0,0) in frame K,
and the origin of frame K’ is moving with velocity —( in frame K. The axes x and

2" are parallel in both frames, and similarly for y and z axes. A particle has energy
momentum (F, P) in frame K and (E’, P') in frame K.

measured in the frame K’, 5;(, is taken to be in the 4+’ direction; namely,

def =

B} (velocity of K in K') = (3,0,0) = f. (1.1)

Assume that, in the frame K’, the axes x,y, z are parallel to the axes ', v, 2’. Then,
the velocity of the origin of K’ in K, Sk, is

Brr = —fi = (—5,0,0) (velocity of K’ in K). (1.2)

Note that 3} (Bx) is measured with respect to the axes of K’ (K).

If a particle (or any system) has energy and momentum (£, 13) in the frame K,
then the energy and momentum (£, P ) of the same particle viewed in the frame K’
are given by

E+Br, ,
E = — Pl = P,,

BE+ P (13)
P = P, =P,.

This can be written in a matrix form as

()= GR) - ()-(2) oo
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Figure 1.2: Starting from the configuration of Figure 1.1, the same rotation is applied
to the axes in each frame. The resulting transformation represents a general Lorentz
boost.

with
__ 1 =3y = B (1.5)
=m0 T Ao '
Note that v and 7 are related by
V2 —n?=1|. (1.6)

Now start from Figure 1.1 and apply the same rotation to the axes of K and
K’ within each frame without changing the motions of the origins of the frames and
without touching the paqrticle (Figure 1.2). Suppose the rotation is represented by

a 3 x 3 matrix R. Then, the velocity of K' in K, EK/, and and the velocity of K in
K', B, are rotated by the same matrix R,

Bic = BBy, Br — RBr (1.7)

and thus we still have et
=g €
51{ = —fBr = 5 (1.8)
where we have also redefined _the vector ﬁ which is well-defined in both K and K’
frames in terms of BK/ and ﬁK, respectively. The transformation in this case can
be obtained by noting that, in (1.4), the component of momentum transverse to 3

does not change and that P,, P, are the components of ﬁ, P along 5 in each frame.
Namely, the tranformation can be written as

E 7n><E> = 3
fry y P:P
<P> (nv P Lo

(1.9)
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where | and ;| denote components parallel and perpecdicular to 5 repectlvely Note

that P’ and P . are 3-component quantities and the relation P = PL holds compo-
nent by component because we have applied the same roation R in each frame.

The axes of K viewed in the frame K’ are no longer perpendicular to each other
since they are contracted in the direction of 6_’}( Thus, the axes of K in general
are not parallel to the corresponding axes of K’ at any time. However, since the
same rotation is applied in each frame, and since components transverse to B are
the same in both frames, the corresponding axes of K and K’ are exactly parallel
when projected onto a plane perpendicular to 5 in either frames. The transformation
(1.9) is thus correct for the specific relative orientation of two frames as defined here,
and such transformation is called a Lorentz boost, which is a special case of Lorentz
transformation defined later in this chapter for which the relative orientation of the
two frames is arbitrary.

1.2 4-vectors and the metric tensor g,

The quantity E? — P? is invariant under the Lorentz boost (1.9); namely, it has the
same numerical value in K and K’:

E? _ ]5’/2 — 2 _ ( 2 4 P/Q)
=(VE+ 77PH) (nE +~P))? + P?]

= (" =) B>+ (ff —*) P} — P? (1.10)
1 1
— 2 _ p2

which is the invariant mass squared m? of the system. This invariance applies to any
number of particles or any object as long as £ and P refer to the same object.

The relative minus sign between E? and P? above can be treated elegantly as
follows. Define a 4-vector P* (1 =0,1,2,3) by

pr = (P°, P!, P2 P% < (E, P, P, P,) = (E,P) (1.11)

called an energy-momentum 4-vector where the index p is called the Lorentz index
(or the space-time index). The p = 0 component of a 4-vector is often called ‘time
component’, and the p = 1, 2,3 components ‘space components.’

Define the inner product (or ‘dot’ product) A - B of two 4-vectors A* = (A°, A)
and B* = (B°, B) by

A-BE AB — A.B=AB"— A'B' — A2B? — A®B3. (1.12)
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Then, P? = P - P is nothing but m?:
P?=p2 P22 P22 (1.13)

which is invariant under Lorentz boost. This inner product P-P is similar to the norm
squared #? of an ordinary 3-dimensional vector #, which is invariant under rotation,
except for the minus signs for the space components in the definition of the inner
product. In order to handle these minus signs conveniently, we define ‘subscripted’
components of a 4-vector by

def def

Ay =AY A=A (i=1,2,3). (1.14)

Then the inner product (1.12) can be written as

A-B=AB"+ A B' + A,B* + A;B3 € A,B' = A'B, (1.15)

where we have used the convention that when a pair of the same index appears in the
same term, then summation over all possible values of the index (u = 0,1, 2,3 in this
case) is implied. In general, we will use Roman letters for space indices (take values
1,2,3) and greek letters for space-time (Lorentz) indices (take values 0,1,2,3). Thus,
3 3
gyt => 2y (=T, (A" + B")C, = > (A" + B")C,, (1.16)
=1 ©n=0

but no sum over p or v in

A,B"+C,D" (u, v not in the same term). (1.17)

When a pair of Lorentz indices is summed over, usually one index is a subscript
and the other is a superscript. Such indices are said to be ‘contracted’. Also, it is
important that there is only one pair of a given index per term. We do not consider
implied summations such as A*B"C), to be well-defined. [(A*+ B*)C,, is well-defined
since it is equal to A*C), + B*C,,.]

Now, define the metric tensor g, by

go=1, gn=gn=0g3=-1, gu=0(pu#v) (1.18)
which is symmetric:
I = Gup - (1.19)
The corresponding matrix G is defined as
0o 1 2 3 =v
0 1 0 0 0
1 0 -1 0 O
{g3E 2 [0 0 -1 0 =¥ (1.20)
3 00 0 -1
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When we form a matrix out of a quantity with two indices, by definition we take the
first index to increase downward, and the second to increase to the right.

As defined in (1.14) for a 4-vector, switching an index between superscript and
subscript results in a sign change when the index is 1,2, or 3, while the sign is
unchanged when the index is zero. We adopt the same rule for the indices of g,,. In
fact, from now on, we enforce the same rule for all space-time indices (unless otherwise
stated, such as for the Kronecker delta below). Then we have

g =9", 9" =9", = (1.21)
where 0, is the Kronecker’s delta (0, = 1 if 4 = v, 0 otherwise) which we define to
have only subscripts. Then, g,, can be used together with contraction to ‘lower’ or
‘raise’ indices:

A, =guA", AV =g"A, (1.22)
which are equivalent to the rule (1.14).
The inner product of 4-vectors A and B (1.12) can also be written in matrix form
as

(AO Al A2 A3) 1 0 0 O B°
. 1

A-B= A'g,, B’ = 8 01 _01 8 gQ =ATGB. (1.23)
00 0 -1 B3

When we use 4-vectors in matrix form, they are understood to be column vectors
with superscripts, while their transpose are row vectors:

AV A°
1
A ﬁQ = iz , AT = (A" A A% A3 (in matrix form).  (1.24)
A3 A

z

1.3 Lorentz group

The Lorentz boost (1.4) can be written in matrix form as

P = AP (1.25)
with
E' v n 00 E
P! ny 00 P
P = x A= P = * 1.26
P | 0010 P, (1.26)
P 0001 P,
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In terms of components, this can be written as

|P= AF, P, (1.27)

where we have defined the components of the matrix A by taking the first index to be
superscript and the second to be subscript (still the first index increases downward
and the second index increases to the right):

0123 =v
0 vn 00
1 n vy 00
AE{AY=2 oo1o (1.28)
3 \ooo1
[
i

For example, A’ = 1 and thus A°* = —7, etc. Why do we define A in this way? The
superscripts and subscript in (1.27) were chosen such that the index v is contracted
and that the index p on both sides of the equality has consistent position, namely,
both are superscript.

We have seen that P2 = E2 — P? is invariant under the Lorentz boost given by
(1.4) or (1.9). We will now find the necessary and sufficient condition for a 4 x 4
matrix A to leave the inner product of any two 4-vectors invariant. Suppose A* and
B* transform by the same matrix A:

A=A AY B = N 5B°. (1.29)
Then the inner products A’ - B and A - B can be written using (1.22) as
A-B = Ay B = (guahs) A B
guyéﬁi AuﬁBﬁ
Ak, A" (1.30)
A-B = Ag Bﬂ :gagAaBB.
~~
ga/ﬁAa

In order for A’- B’ = A - B to hold for any A and B, the coefficients of A®B” should
be the same term by term (To see this, set A = 1 for v = o and 0 for all else, and
BY =1 for v = § and 0 for all else.):

g,uVAMozAVB = Gop |- (131)
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On the other hand, if A satisfies this condition, the same derivation above can be
traced backward to show that the inner product A - B defined by (1.12) is invariant.
Thus, (1.31) is the necessary and sufficient condition.

What does the condition (1.31) tell us about the nature of the matrix A? Using
(1.22), we have g, A", = A,,, then the condition becomes

, raise «v on both sides oy N
AVQA B8 = Gap — A,, A B=49 8 (: (Saﬁ) . (132)

Compare this with the definition of the inverse transformation A~':
AA=T or (AH)* Ag =045, (1.33)

where I is the 4 x 4 indentity matrix. The indexes of A™! are superscript for the first
and subscript for the second as before, and the matrix product is formed as usual by
summing over the second index of the first matrix and the first index of the second
matrix. We see that the inverse matrix of A is obtained by

(A7), = A, (1.34)

which means that one simply has to change the sign of the components for which
only one of the indices is zero (namely, A% and A%)) and then transpose it:

AOQ A01 A02 A03 AOO —Alo —A20 —A30
Ao | A AL AL AL AN AL AN AR (1.35)
T A% A% A% A2 | T A% AL A% A% |
A3y A% A3, A3 “A% Ay A% A%

Thus, the set of matrices that keep the inner product of 4-vectors invariant is made of
matrices that become their own inverse when the signs of components with one time
index are flipped and then transposed. As we will see below, such set of matrices
forms a group, called the Lorentz group, and any such transformation [namely, one
that keeps the 4-vector inner product invariant, or equivalently that satisfies the
condition (1.31)] is defined as a Lorentz transformation.

To show that such set of matrices forms a group, it is convenient to write the
condition (1.31) in matrix form. Noting that when written in terms of components,
we can change the ordering of product in any way we want, the condition can be
written as

A9\ g = gap, O ATGA =G. (1.36)

A set forms a group when for any two elements of the set x; and x5, a ‘product’
T17To can be defined such that

1. (Closure) The product x;z5 also belongs to the set.
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2. (Associativity) For any elements x1, xo and x3, (x129)x3 = x1(2923).

3. (Identity) There exists an element I in the set that satisfies [z = 2] = x for
any element x.

4. (Inverse) For any element z, there exists an element z~! in the set that satisfies
-1 -1
rr=xx = 1.

In our case at hand, the set is all 4 x 4 matrices that satisfy ATGA = G, and
we take the ordinary matrix multiplication as the ‘product’ which defines the group.
The proof is straightforward:

1. Suppose A; and A, belong to the set (i.e. ATGA; = G and ATGA, = G). Then,
(MA)TG(AA) = AL ATGA Ay = ATGA, = G. (1.37)
——
G
Thus, the product A;As also belongs to the set.
2. The matrix multiplication is of course associative: (AjAs)Az = Aj(A2As3).

3. The identity matrix I (I*, = §,,) belongs to the set (I"GI = G), and satisfies
IA = AI = A for any element.

4. We have already seen that if a 4 x 4 matrix A satisfies ATGA = G, then its
inverse exists as given by (1.34). It is instructive, however, to prove it more
formally. Taking the determinant of ATGA = G,

det ATdet Gdet A =det G —  (detA)* =1, (1.38)
—— —— ——
det A —1 —1

where we have used the property of determinant
det(MN) = det M det N (1.39)

with M and N being square matrices of same rank. Thus, det A # 0 and
therefore its inverse A~ exists. Also, it belongs to the set: multiplying ATGA =
G by (A™YT from the left and by A~! from the right,

AHTATGAAN L = (AHTGA™ — (AHTGA ! =G (1.40)
N————’ v
(AA—I)T I

1

This completes the proof that A’s that satisfy (1.36) form a group.



14 CHAPTER 1. LORENTZ GROUP AND LORENTZ INVARIANCE

Since the inverse of a Lorentz transformation is also a Lorentz transformation as
just proven above, it should satisfy the condition (1.31)

9as =GN (AT 5 = guhaAs” = | guwha”Ns” = gas |, (1.41)

where we have used the inversion rule (1.34). The formulas (1.31), (1.41), and their
variations are then summarized as follows: on the left hand side of the form g A A = ¢,
an index of ¢g (call it p) is contracted with an index of a A and the other index of
g (call it v) with an index of the other A. As long as p and v are both first or
both second indices on the A’s, and as long as the rest of the indices are the same
(including superscript/subscript) on both sides of the equality, any possible way of
indexing gives a correct formula. Similarly, on the left hand side of the form A A = g,
an index of a A and an index of the other A are contracted. As long as the contracted
indices are both first or both second indices on A’s, and as long as the rest of the
indices are the same on both sides of the equality, any possible way of indexing gives
a correct formula.

A natural question at this point is whether the Lorentz group defined in this
way is any larger than the set of Lorentz boosts defined by (1.9). The answer is
yes. Clearly, any rotation in the 3-dimensional space keeps A - B invariant while it
does not change the time components A and BY. Thus, it keeps the 4-vector inner
product A-B = A°BY — A-B invariant, and as a result it belongs to the Lorentz
group by definition. On the other hand, the only way the boost (1.9) does not change
the time component is to set § = 0 in which case the transformation is the identity
transformation. Thus, any finite rotation in the 3-dimensional space is not a boost
while it is a Lorentz transformation.

Furthermore, the time reversal T" and the space inversion P defined by

-1 1

def def 1 def def —1

T={T"} = ) , P={pP',} = (1.42)

satisfy
TT'GT =G, PT'GP=aG, (1.43)

and thus belong to the Lorentz group. Even though the matrix P has the same
numerical form as G, it should be noted that P is a Lorentz transformation but G
is not (it is a metric). The difference is also reflected in the fact that the matrix
P is defined by the first index being superscript and the second subscript (because
it is a Lorentz transformation), while the matrix G is defined by both indices being
subscript (or both superscript).
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As we will see later, boosts and rotations can be formed by consecutive infinitesi-
mal transformations starting from identity I (they are ‘continuously connected’ to 1),
while 7" and P cannot (they are ‘disconnected’ from I, or said to be ‘discrete’ trans-
formations). Any product of boosts, rotation, 7', and P belongs to the Lorentz group,
and it turns out that they saturate the Lorentz group. Thus, we write symbolically

Lorentz group = boost + rotation +7 + P. (1.44)

Later, we will see that any Lorentz transformation continuously connected to [ is a
boost, a rotation, or a combination thereof.

If the origins of the inertial frames K and K’ touch at t =¢ =0 and ¥ = 7' = 0,
the coordinate x* = (¢, Z) of any event transforms in the same way as P*:

't = At (1.45)
This can be extended to include space-time translation between the two frames:
ot = ALY+ at, (1.46)

where a* is a constant 4-vector. The transformation of energy-momentum is not
affected by the space-time translation, and is still given by P’ = AP. Such transfor-
mations that include space-time translation also form a group and called the ‘inho-
mogeneous Lorentz group’ or the ‘Poincaré group’. The group formed by the trans-
formations with a* = 0 is sometimes called the homogeneous Lorentz group. Unless
otherwise stated, we will deal with the homogeneous Lorentz group.

1.4 Classification of Lorentz transformations

Up to this point, we have not specified that Lorentz transformations are real (namely,
all the elements are real). In fact, Lorentz transformations as defined by (1.31) in
general can be complex and the complex Lorentz transformations plays an impor-
tant role in a formal proof of an important symmetry theorem called C'PT theorem
which states that the laws of physics are invariant under the combination of particle-
antiparticle exchange (C), mirror inversion (P), and time reversal (T) under certain
natural assumptions. In this book, however, we will assume that Lorentz transfor-
mations are real.

As seen in (1.38), all Lorentz transformation satisfy (det A)? = 1, or equivalently,
det A = +1 or —1. We define ‘proper’ and ‘improper’ Lorentz transformations as

(1.47)

det A =+1 : proper
det A = —1 : improper



16 CHAPTER 1. LORENTZ GROUP AND LORENTZ INVARIANCE

Since det(A1A) = det Ay det Ag, the product of two proper transformations or two
improper transformations is proper, while the product of a proper transformation and
a improper transformation is improper.

Next, look at the (v, 8) = (0,0) component of the defining condition g, A" A" 5 =

goz,B:
3

G0N o =g =1, — (AOO)2 - Z(Aio)g =1 (1.48)

i=1

or
3

(A%)* =14 (Ag)?*>1, (1.49)
i=1
which means A% > 1 or A% < —1, and this defines the ‘orthochronous’ and ‘non-
orthochronous’ Lorentz transformations:

{AOO >1 orthochronous (1.50)

A% < —1 : non-orthochronous

It is easy to show that the product of two orthochronous transformations or two non-
orthochronous transformations is orthochronous, and the product of an orthochronous
transformation and a non-orthochronous transformation is non-orthochronous.
From the definitions (1.42) and I#, = §,,,, we have

det I = det(T'P) = +1, detT =det P = —1, (151)
1% = P% = +1, T% = (TP)°, = -1 '
Thus, the identity I is proper and orthochronous, P is improper and orthochronous,
T is improper and non-orthochronous, and TP is proper and non-orthochronous. Ac-
cordingly, we can multiply any proper and orthochronous transformations by each of
these to form four sets of transformations of given properness and orthochronousness
as shown in Table 1.1. Any Lorentz transformation is proper or improper (i.e. det A =
+1) and orthochronous or non-orthochronous (i.e. |A%|* > 1). Since any improper
transformation can be made proper by multiplying P and any nonorthochronous
transformation can be made orthochronous by multiplying 7', the four forms of trans-
formations in Table 1.1 saturate the Lorentz group. For example, if A is improper and

orthochronous, then PA AP i proper and orthochronous, and A can be written
as A = PA®o).

It is straightforward to show that the set of proper transformations and the set
of orthochronous transformations separately form a group, and that proper and or-
thochronous transformations by themselves form a group. Also, the set of proper
and orthochronous transformations and the set of improper and non-orthochronous
transformations together form a group.
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A%p>1 APp<—1
orthochronous | non-orthochronous

det A=+1 A (po T PAPo

proper (vo) PA®?)

det A=—1 A T
improper PAP) (v)

Table 1.1: Classification of the Lorentz group. A®°) is any proper and orthochronous
Lorentz transformation.

Exercise 1.1 Classification of Lorentz transformations.

(a) Suppose A = AB where A, A, and B are Lorentz transformations. Prove that
A is orthochronous if A and B are both orthochronous or both non-orthochronous,
and that A is non-orthochronous if one of A and B is orthochronous and the other is
non-orthochronous.

[hint: Write A% = A%B% + @ - b with @ = (A%, A%, A%) and b = (B, B2y, B%).
One can use |@-b| < |a@||b] and @ = A%® — 1,6 = B%® — 1 (derive them) to show
@ -] < |A%B%]. |

(b) Show that the following sets of Lorentz transformations each form a group:

1. proper transformations
orthochronous transformations

proper and orthochronous transformations

proper and orthochronous transformations plus improper and non-orthochronous
transformations

As mentioned earlier (and as will be shown later) boosts and rotations are con-
tinuously connected to the identity. Are they then proper and orthochronous? To
show that this is the case, it suffices to prove that an infinitesimal transformation
can change det A and A only infinitesimally, since then multiplying an infinitesimal
transformation cannot jump across the gap between det A = +1 and det A = —1 or
the gap between A% > 1 and A% < —1.

An infinitesimal transformation is a transformation that is very close to the iden-
tity I and any such transformation A can be written as

AN=I+dH (1.52)

where d is a small number and H is a 4 x4 matrix of order unity meaning the maximum
of the absolute values of its elements is about 1. To be specific, we could define it such
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that max, g |H%3| = 1 and d > 0, which uniquely defines the decomposition above.
We want to show that for any Lorentz transformation A, multiplying I +dH changes
the determinant or the (0,0) component only infinitesimally; namely, the change in
the determinant vanish as we take d to zero.

The determinant of a n x n matrix A is defined by

det A déf Z Sil,ig,...inAhlAiQZ PN Ainn (153)

permutations

where the sum is taken over (iy,is,...7,) which is any permutation of (1,2,...n),
and $;, 4,4, 18 1(—1) if (41,42,...4,) is an even(odd) permutation. When applied to
4 x 4 Lorentz transformations, this can be written as

det A Z €55 A% A% A, A%y (1.54)

where the implicit sum is over a,3,7,0 = 0,1,2,3 and €,4,5 is the totally anti-
symmetric 4-th rank tensor defined by

+1 . _ even )
of | = f ) tat £(0,1,2,3
GaﬁwsdEf {_1} 1(aﬁv)man{odd}permualono(, ,2,3)

=0 if any of afvd are equal

(1.55)

The standard superscript /subscript rule applies to the indices of €,4,5; namely, €p125 =

—e%23 =1 etc. Then, it is easy to show that

det(I +dH) =1+ dTrH + (higher orders in d) (1.56)

where the ‘trace’ of a matrix A is defined as the sum of the diagonal elements:

def 3
TTA = ) A%,. (1.57)

a=0

Exercise 1.2 Determinant and trace.
Determinant of a n X n matriz is defined by

def

det A = Siliz,...inAillAiQQ . Aznn

where sum over iy, iy . . . iy is implied (each taking values 1 throughn ) and s(iy,1s . . . i)
1s the totally asymmetric n-th rank tensor:

Sivig..in —

_ | +1(=1) if (ia,i2...in) is an even (odd) permutation of (1,2,...n).
0 if any of i1,15 .. .1, are equal.
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Show that to first order of a small number d, the determinant of a matriz that is
infinitesimally close to the identity matriz I is given by

det(I +dH) =1+ dTrH + (higher orders in d) ,

where H is a certain matriz whose size is of order 1, and the trace (Tr) of a matriz

15 defined by

i=1

Since all diagonal elements of H are of order unity or smaller, (1.56) tells us that
det A — 1 as we take d — 0. In fact, the infinitesimal transformation \ is a Lorentz
transformation, so we know that det A = +1. Thus, we see that the determinant of an
infinitesimal transformation is strictly +1. It then follows from det(AA) = det A det A
that multiplying an infinitesimal transformation A to any transformation A does not
change the determinant of the transformation.

The (0,0) component of AA is

(M)’ = [(I +dH)A]°, = [A +dHA]’, = A% + d (HA)?, . (1.58)

Since (HA)°,, is a finite number for a finite A, the change in the (0, 0) component tends
to zero as we take d — 0. Thus, no matter how many infinitesimal transformations
are multiplied to A, the (0,0) component cannot jump across the gap between +1
and —1.

Thus, continuously connected Lorentz transformations have the same ‘properness’
and ‘orthochronousness.” Therefore, boosts and rotations, which are continuously
connected to the identity, are proper and orthochronous.

Do Lorentz boosts form a group?

A natural question is whether Lorentz boosts form a group by themselves. The answer
is no, and this is because two consecutive boosts in different directions turn out to
be a boost plus a rotation as we will see when we study the generators of the Lorentz
group. Thus, boosts and rotations have to be combined to form a group. On the
other hand, rotations form a group by themselves.

1.5 Tensors

Suppose A* and B* are 4-vectors. Each is a set of 4 numbers that transform under
a Lorentz transformation A as

Ar = AF AY B = N3B°. (1.59)
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Then, the set of 16 numbers A*BY (u,v = 0, 1,2, 3) transforms as
APBY = A N 3 ABP (1.60)
Anything that has 2 Lorentz indices, which is a set of 16 numbers, and transforms as
()= A ) (1.61)

is called a second rank tensor (or simply a ‘tensor’). It may be real, complex, or even
a set of operators. Similarly, a quantity that has 3 indices and transforms as

()7 = MG AgAT, () (1.62)

is called a third-rank tensor, and so on. A 4-vector (or simply a ‘vector’) is a first-
rank tensor. A Lorentz-invariant quantity, sometimes called a ‘scalar’, has no Lorentz
index, and thus it is a zero-th rank tensor:

( )V=() (scalar) . (1.63)
Contracted indices do not count in deciding the rank of a tensor. For example,
A'B,, : (scalar), A" : (vector), F"G,, : (tensor), etc. (1.64)

The metrix g, has two Lorentz indices and thus can be considered a second-rank
tensor (thus, the metric tensor), then it should transform as

g = A“QA”ﬁgaﬂ =g (1.65)

where the second equality is due to (1.31). Namely, the metric tensor is invariant
under Lorentz transformations.

In order for some equation to be Lorentz-invariant, the Lorentz indices have to be
the same on both sides of the equality, including the superscript /subscript distinction.
By ‘Lorentz-invariant’, we mean that if an equation holds in one frame, then it holds
in any other frame after all the quantities that appear in the equation are evaluated
in the new frame. In the literature, such equations are sometimes called Lorentz
covariant: both sides of the equality change values but the form stays the same. For
example, if an equation A" = B* (which is actually a set of 16 equations) holds in
a frame, then it also holds in any other frame:

A = AP N gAY = AP N g B = B (1.66)
Thus, equations such as
m? = PP,
Pt = At + B (1.67)
Fr = A+BY

are all Lorentz-invariant, assuming of course that the quantities transform in the
well-defined ways as described above.
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1.6 Fields (classical) and space-time derivatives

A field is a quantity that is a function of space-time point z* = (¢, %) (or ‘event’).
A scalar quantity that is a function of space time is called a scalar field, a vector
quantity that is a function of space time is called a vector field, etc. The rank of
a field and the Lorentz transformation properties (scalar, vector, tensor, etc.) are
defined in the same way as before, provided that the quantities are evaluated at the
same event point before and after a Lorentz transformation; namely,

Scalar field :  ¢/'(2) = ¢(2)
Vector field :  A™(2') = A*,A” (1.68)
Tensor field : T (z') = A* AT (x)

where 2/ and x are related by
't = A x”. (1.69)

For example, a vector field associates a set of 4 numbers A*(x) to an event point
x, say when an ant sneezes. In another frame, there are a set of 4 numbers A'*(z)
associated with the same event x’, namely, when the ant sneezes in that frame, and
they are related to the 4 numbers A*(z) in the original frame by the matrix A. The
functional shape of a primed field is in general different from that of the corresponding
unprimed field. Namely, if one plots ¢(x) as a function of x and ¢'(z’) as a function
of 2/, they will look different.

When a quantity is a function of z, we naturally encounter space-time derivatives
of such quantity. Then a question arises as to how they transform under a Lorentz
transformation. Take a scalar field f(z), and form a set of 4 numbers (fields) by
taking space-time derivatives:

Of () = (af (@), 2 (), I (), O <x>)

OxH 00 7 Ot N 922N O3

of of _of . Of

Then pick two space-time points x; and x, which are close in space and in time. The
argument below is based on the observation that the difference between the values
of the scalar field at the two event points is the same in any frame. Since f(z) is
a scalar field, the values at a given event is the same before and after a Lorentz
transformation:

(1.70)

fl@) = flz),  fla3) = fz2), (1.71)
which gives

F(@h) = fi(wh) = flan) = flaa). (1.72)
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Since x; and xo are close, this can be written as

of’ of
dx™ B () = dx“@(xl) , (1.73)
where summation over p is implied, and
do* € ot —axd . dat o ) — b (1.74)

which tells us that the quantity dz* (9 f/0z*) is Lorentz-invariant. Since dz* = xf —zf
is a superscripted 4-vector, it follows that df/0z* should transform as a subscripted
4-vector (which transforms as A), = A,“A,):

a /
8:5# (') = Au“%(m‘) : (1.75)

In fact, together with da’* = A*gdx”, we have

dx’“a—f/(x’) = (A" 5da”) (A aaf@c))

ox'm " Oz
of
— A OAH 82
AN dat 2 () (1.76)
g% by (1.32)

o Of

=dx %(@,

showing that it is indeed Lorentz-invariant.
Thus, the index g in the differential operator 0/0z" acts as a subscript even
though it is a superscript on z. To make this point clear, 9/Jz* is often written using

a subscript as
ot 0 (0 0 0 9\ [0 o
O = Gun = <8t’8x’8y’8z> - <8t’v) ' (1.77)

Once 0, is defined, the standard subscript/superscript rule applies; namely, 0" =
0/0x,, etc. Symbolically, the operator 0" then transforms as a superscripted 4-vector:

o = AF0”, (1.78)
with 0" = 0/0),.

1.7 (Generators of the Lorentz group

In this section, we will focus on the proper and orthochronous Lorentz group. Other
elements of the Lorentz group can be obtained by multiplying 7', P, and T'P to the
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elements of this group. The goal is to show that any element A that is continuously
connected to the identity can be written as?

A = Stk (i =1 2 3) (1.79)

where &; and 6; are real numbers and K; and L; are 4 X 4 matrices. Such group whose
elements can be parametrized by a set of continuous real numbers (in our case they
are & and 6;) is called a Lie group. The operators K; and L; are called the generators
of the Lie group.

Any element of the proper and orthochronous Lorentz group is continuously con-
nected to the identity. Actually we have not proven this, but we will at least show
that all boosts, rotations and combinations thereof are continuously connected to the
identity (and vice versa).

1.7.1 Infinitesimal transformations

Let’s start by looking at a Lorentz transformation which is infinitesimally close to the
identity:

A, =g!, + Wty (1.80)
where w*, is a set of small (real) numbers. Inserting this to the defining condition
(1.31) or equivalently A,,A"s = gap (1.32), we get

Gap = AVaAVﬁ
= (gVOlj_ wV&)(g Vﬁ + w 5) , , (181)
= Gvad g + Wyag Jé] + GuaWw B + WyaWw B
= GJap + Waa + Wap + wl/awyﬂ .
Keeping terms to the first order in w, we then obtain
Wpa = —Wag - (1.82)

Namely, w,s is anti-symmetric (which is true when the indices are both subscript or
both superscript; in fact, w®gs is not anti-symmetric under o <+ ), and thus it has 6
independent parameters:

b —
0 [wor| [woz] [wos]
{wap} = « —wor 0 (1.83)

{ —wp2 —wiz 0 Jwss
—Wp3 —Wi1z —Wa3 0

2In the literature, it is often defined as expi(& K; + 6,L;), which would make the operators
hermitian if the transformation were unitary (e.g. representations of the Lorentz group in the
Hilbert space). The Lorentz transformation matrices in space-time are in general not unitary, and
for now, we will define without the ‘¢’ so that the expressions become simpler.
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This can be conveniently parametrized using 6 anti-symmetric matrices as

{was} = wor{(M™)ap} + wor{ (M*)ap} + wos{ (M) s}

+ was{(MP)ap} + wis{(M")ap} + wia{ (M%) a3} (1.84)
= > WA (M")ag}
p<v
with
100 EO 0 0
—1/0 0 0 0j0 0 O
AfOla = ) Alzga = ;
01000 0/0 -1 0
01010 i 0 00
01000 00 01
MO « = s M « = 5
=] Y000 =0 0 0 (1.85)
0000 0|—1 00
0001 i 0 0O
0000 00 10
M3 Wit = M12 wit =
—1/0 0 0 00 0O

Note that for a given pair of p and v, {(M").s} is a 4 x 4 matrix, while w"” is a real
number. The elements (M*),z can be written in a concise form as follows: first, we
note that in the upper right half of each matrix (i.e. for a < (), the element with
(o, 8) = (p,v) is 1 and all else are zero, which can be written as g”, g"5. For the
lower half, all we have to do is to flip @ and  and add a minus sign. Combining the
two halves, we get

(M*)ap = 9"0 9" = 9"39 - (1.86)
This is defined only for p < v so far. For pu > v, we will use this same expression
(1.86) as the definition; then, (M*),s is anti-symmetric with respect to (u <> v):

(M")ap = —=(M™)ag, (1.87)
which also means (M").g = 0 if 4 = v. Together with w,, = —w,,, (1.84) becomes
17 v 1 17
Wap = Y W (M" )ap = > wp (M") p = §wu,,(M“ )as 5 (1.88)
p<v u>v

where in the last expression, sum over all values of y and v is implied. The infinites-
imal transformation (1.80) can then be written as

1
A% = g%+ Gwu (M), (1.89)
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or in matrix form,
1
A=1T + EWWMW. (190)
where the first indices of M*  which is a 4 x 4 matrix for given p and v, is taken
to be superscript and the second subscript; namely, in the same way as Lorentz
transformation. Namely, when no explicit indexes for elements are given, the 4 x 4

matrix M*¥ is defined as ot
M (Y (1.91)

It is convenient to divide the six matrices to two groups as
KE MY L, ¥ M*% (i), k : cyclic) . (1.92)

We always use subscripts for K; and L; since only possible values are ¢+ = 1,2, 3. The
elements of the matrices K;’s and L;’s are defined by taking the first Lorentz index
to be superscript and the second subscript as is the case for M*":

Ko S (KD}, Li = {(L)"}. (1.93)

Later, we will see that K’s generate boosts and L’s generate rotations. Explicitly,
they can be obtained by raising the index « in (1.85) (note also the the minus sign
in Ly = —M13):

(1.94)

(K, = (Ki)ou = (Ki)!y = giuv

(Lz)]k Eljka (Li)ouz (Li)'uozou (Z7']7 ) 737 1% 07 ) 73) ( 96)

where €;5;, is a totally anti-symmetric quantity defined for 7, j,k = 1,2, 3:

+1 e ) even .
def | = { 1 } if (4,7, k) is an { odd } permutation of (1,2, 3),

=0 if any of i, j, k are equal.

(1.97)
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An explicit calculation shows that K’s and L’s satisfy the following commutation
relations:

[Ki, Kj] = —eijLy,
[Li, L;j] = eijuly (1.98)
[Li, Kj] = e€ijuky,

where sum over k£ = 1,2, 3 is implied, and the commutator of two operators A, B is
defined as »

[A,B] S AB — BA. (1.99)
Note that the relation [K;, K;] = —¢;xLy can also be written as [K;, K| = —L
(1,7, k: cyclic), etc.

Exercise 1.3 Verify the commutation relations (1.98). You may numerically verify
them, or you may try proving generally by using the general formulas (1.86) and
(1.96) for the elements of the matrizes.

Exercise 1.4 Boost in a general direction.
Start fmm the formula for boost (1.9) where P is the component ofP parallel to ﬁ

and Pl 18 the component perpendicular to ﬁ, namely,
P”:]S'ﬁ, and ﬁl:ﬁ_ﬂlﬁ

with @ = 5/5 (and similarly for ]3’) Note that 8 is well-defined in the primed frame
also by the particular relative orientation of the two frames chosen.
(a) Show that the corresponding Lorentz transformation matriz is given by

g VBe , VBy VB 1
_ 7532 1+ pﬁx pﬂxﬁy pﬂ:ﬁﬁz . — Y
A= By pBeBy  1+pB)  pByB. |’ with = B2

V8. pBuB.  pByB. 14 pp?

(b) Show that when (3 is small, the Lorentz transformation matriz for a boost is given
to the first order in [ by

A=1+BK;. (summed overi=1,2,3)

(¢) In the explicit expression of A given above, one notes that the top row [A°, (u =
0,1,2,3)] and the left-most column [A*y (u = 0,1,2,3)] are nothing but the velocity
4-vector nt = (7,57). Let’s see how it works for general Lorentz transformations
(proper and orthochronous). Suppose the relative orientation of the two frames K
and K' is not given by B} = —EK/, where B} is the wvelocity of the origin of K
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measured in K', and EK/ is the velocity of the origin of K' measured in K. Let A be
the corresponding Lorentz transformation. Express A°, and Ao in terms of B} and
EK/. (hint: Place a mass m at the origin of K and view it from K', and place a mass
at the origin of K’ and view it from K. Their 4-momenta are known in terms of 5}{
and By which can also be written using A. )

1.7.2 Finite transformations

Now we will show that any finite (namely, not infinitesimal) rotation can be written

as e%ili and any finite boost can be written as e*%i where 6; and & (i = 1,2,3) are

some finite real numbers. First, however, let us review some relavant mathematics:

Matrix exponentiations
The exponential of a m x m matrix A is also a m x m matrix defined by

e AN"
ALY lim (I—i— > : (1.100)
n—oo n
which can be expanded on the right hand side as
"nn—1)...(n—k+1) A*
nh_}rgo Z ] g (1.101)

Since the sum is a rapidly converging series, one can sum only the terms with £k < n
for which n(n —1)...(n — k + 1) = n*. It then leads to

00 Ak
=3 (1.102)
— k|

which can also be regarded as a definition of e4.
Using the definition (1.100) or (1.102), we see that

(eA)T = (1.103)

where the hermitian conjugate of a matrix A is defined by (A");; = A% The deter-
minant of e can be written using (1.100) as

A n
dete? = lim {det <I + )]
n—0o0 n

. TeA n (1.104)
= lim <1—|——|—...+k+...> ,
n

n—o0
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where we have used (1.56). This does not depend on ¢ (k > 1) since the derivative
with respect to ¢ vanishes in the limit n — oo as can be readily verified. Thus,
cx (k> 1) can be set to zero and we have

’det e = T4, (1.105)

The derivative of e* (z is a number, while A is a constant matrix) with respect to x
can be obtained using (1.102),

d " 00 (k: :Ek_l)Ak 00 k=1 gk-1
—eM =y =AY (1.106)
dz m1 k! = (k—=1)!
thus,
d TA TA
et = Ae™ |, (1.107)

There is an important theorem that expresses a product of two exponentials in
terms of single exponential, called the Campbell-Baker-Hausdorff (CBH) theorem
(presented here without proof):

1
oAeB — pA+B+3ABl+

: (1.108)

where ‘.- denotes the higher-order commutators of A and B such as [A,[A, B]],
[A, [[A, B], B]] etc. with known coefficients. Note that the innermost commutator is
always [A, B] since otherwise it is zero ([A, A] = [B, B] = 0), and thus if [A, B] is a
commuting quantity (a c-number), then - --” is zero. Applying (1.108) to B = —A,
we get

et = A =T, (1.109)
or
(et =e 1| (1.110)
I
Rotation

An infinitesimal rotation around the z-axis by 660 [Figure 1.3(a)] can be written as

(Z) N (chggi) - (519 _{59) (;) = (I +00L;) (Zj) : (1.111)

with

z (0 -1
Lz_y(l O>' (1.112)
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Then, a rotation by a finite angle 6 is constructed as n consecutive rotations by 6/n
each and taking the limit n — oo. Using (1.111), it can be written as

(“T,) = lim <I+0Lz> (“’)
y n—oo n y

_ oL (7 )
= ¢ 7 1.113
& a
where we have used the definition (1.100).

Now let us find out the exlicit form of €”*#. From the explicit expression of L,
(1.112), we have L? = —I, L3 = —L,, L = I, etc. In general,

0L,

L =1, L' =1L, LI"?=-I, L"¥=-L, (1.114)

Y

where n is an integer. Using the second definition of e# (1.102), the rotation matrix
e’F= can then be written in terms of the trigonometirc functions as

2 3
et = I+9LZ+9— L? +6— L +... (1.115)

212 31 <~

-1 —L,
(.7 o P L 1.116
= —E—F... + —54—... . ( )

cos f sin 6
cosf) —sind

o (sin9 cos 6 >’ (1.117)

which is probably a more familiar form of a rotation around the z-axis by an angle 6.
Similarly, rotations around z and y axes are generated by L, and L, as obtained
by cyclic permutations of (x,y, z) in the derivation above. Switching to numerical

(b)

Figure 1.3: Infinitesimal rotation around the z-axis by an angle §6 (a), and around a
general direction 6 by an angle 6/n (b).



30 CHAPTER 1. LORENTZ GROUP AND LORENTZ INVARIANCE

indices [(Ly, Ly, L,) = (L1, Lo, L3)],

2 3 31 1 2
2(0 -1 3(0 —1 1(0 -1
L1:3<1 o)’ L2:1<1 o)’ L3:2<1 o)' (1.118)

Are these identical to the definition (1.95) which was given in 4 x 4 matrix form,
or equivalently (1.96)? Since §0L; is the change of coordinates by the rotation, the
elements of a 4 X 4 matrix corresponding to unchanged coordinates should be zero.
We then see that the L’s given above are indeed identical to (1.95); namely, in 2 x 2
form or in 4 x 4 form, (L;)/, = —1 and (L,-)kj = 1 and all other elements are zero
where (ijk) are cyclic.

A general rotation would then be given by

efili = L (1.119)
where
— def = def
0 = (91,02,93), L = (Ll,LQ,Lg) . (1120)

As we will see below, this is a rotation around the direction 0 by an angle § = |§] To
see this, first we write e’ using the definition (1.100):

0.Li\"
e%i = lim <I+ ) , (1.121)

n—oo n

which shows that it is a series of small rotations each given by I + 6;L;/n. The
action of such an infinitesimal transformation [Figure 1.3(b)] on # is (noting that

o= (Li)jo =0)
- 0;L;\J 0;L;\7
V= <I+> x“:<l+ ) I
n H n k

1
= .17] — — €k GZ.CEk
n
. 1 - .
= 27+ —(0 x 7)’ (1.122)
n

where we have used the definition of the three-dimensional cross product

-

(J X b)l = €ijk Cljbk . (1123)
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Thus, I+6;L;/n is nothing but a small rotation around 0 by an angle 0 /n (Figure 1.3).
Then n such rotations applied successively will result in a rotation by an angle ¢
around the same axis 6.

Boosts
A boost in x direction by a velocity 3 is given by (1.26):

t o

_t (v __ 1 _
A_55<"7 7), (7—\/1_752, 77—57). (1.124)

When (3 is small (let’s call it §), v &~ 1 and 7 ~ ¢ to the first order in J; then, the
infinitesimal boost can be written as

15
A:<5 1>:I+6KZ, (1.125)
with
t «x
t (0 1
Kx_x<1 0). (1.126)

Suppose we apply n such boosts consecutively, where we take n to infinity while nd
is fixed to a certain value &:

no=E¢. (1.127)
Then the resulting transformation is
A = lim (1 + 5[@) = e (1.128)
n—00 n

where we have used the definition (1.100). Is £ the velocity of this boost? The answer
is no, even though it is a function of the velocity. Let’s expand the exponential above
by the second definition (1.100) and use K2 = I:

A = e (1.129)

2 3
= I+§Kx+§—K§+—K§+...

I K,
¢ ¢
= <1+2!+...>I+ <§—|-3'_|_>Km
cosh§ sinh &
cosh{ sinh¢
- (Sinhf coshf) ' (1.130)
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Comparing with (1.125), we see that this is a boost of a velocity 5 given by

~ = cosh ¢, 1 = sinh & (1.131)
or
B="1T=tanhe. (1.132)
Y
Note that the relation v* — n?> = 1 (1.6) is automatically satisfied since cosh £? —

sinh &2 = 1.

Thus, n consecutive boosts by a velocity £/n each did not result in a boost of a
velocity &; rather, it was a boost of a velocity § = tanh&. This breakdown of the
simple addition rule of velocity is well known: the relativistic rule of velocity addition
states that two consecutive boosts, by £ and by S5, do not result in a boost of 31+ (s,
but in a boost of a velocity 5y given by

_ B+ B2
1+ 616y

Due to the identity tanh(&; +&2) = (tanh & +tanh &) /(1 + tanh & tanh &), however,
it becomes additive when velocities are transformed by f; = tanh¢; (i = 0,1,2);
namely, { = & + & holds.

The matrix K, (= K;) given in (1.126) is identical to the 4 x 4 form given in (1.94)
when all other elements that correspond to unchanged coordinates are set to zero.
The boosts along y and z directions are obtained by simply replacing  with y or z
in the derivation above. Thus, we see that K and K3 given in (1.94) indeed generate
boosts in y and z directions, respectively.

A boost in a general direction would then be given by

Bo (1.133)

A = sl (1.134)

where EE (&1,&9,&3) are the parameters of the boost. In order to see what kind of
transformation this represents, let’s write it as a series of infinitesimal transformations

using (1.100):
et = lim <I+&Ki> : (1.135)
n

n—o0

From the explicit forms of K; (1.94), we can write the infinitesimal transformation as

. 1 0]& & &
Sigr 72| ¢
I+ nKZ =1+ - é 0 . (1.136)

&3
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On the other hand, a boost in a general direction by a small velocity § is given by
(1.9) with vy~ 1, p~ 6 and § = |4|:

E' 16\ [(E L
()G (e) e 17

5-P
S 1.138
P =P+ES§ (1.138)

or
E' = E+ 0P — E =F+

where we have used P?) = P”(/)S + PY) (6 = 6/6). This can be written in 4 x 4 matrix
form as

E 0|6 & 6 E

Pl 5 Py

pl=1t] s 0 P, (1.139)
Y

Pz, 53 Pz

Comparing this with (1.136), we can identify that I +¢,;K;/n as a boost in ¢ direction
by a velocity parameter £/n (£ = |€]). Then n consecutive such boosts will result in
a boost in the same direction. Since the rule of addition of velocity (1.133) is valid in
any direction as long as the boosts are in the same direction, the n boosts by velocity
£/n each will result in a single boost of velocity 8 = tanh¢ as before. Thus, e
represents a boost in 5 direction by a velocity § = tanh&.

Boost + rotation

First, we show that a rotation followed by a rotation is a rotation, but a boost followed
by a boost is in general not a boost. Consider a rotation e?’: followed by another
rotation e?Z where 6 and ¢ are arbitrary vectors. Using the CBH theorem (1.108),
we can write the product of the two transformations as

e(biLie@ij _ e¢iLi+9ij+%[¢iLi,9ij]-‘r...’ (1140)

where ...  represents terms with higher-order commutators such as [¢; L;, [¢;L;, 0 Ly]]
etc. Now we can use the commutation relations (1.98) to remove all commutators in
the exponent on the right hand side. The result will be a linear combination of L’s
with well-defined coefficients (call them «;) since the coefficients in ‘...” in the CBH
theorem are known. Here, there will be no K’s appearing in the linear combination
because of the commutation relation [L;, L;] = €;;L;. Thus, the product is written
as

—

ePiliefili = ¢oili (& : a function of ¢, 0), (1.141)

which is just another rotation.



34 CHAPTER 1. LORENTZ GROUP AND LORENTZ INVARIANCE

Next, consider a boost €% followed by another boost &%

Cili o6 Ky — efiKi-&-{jKj-&-%[&;Kivijﬂ+--- ) (1'142)

Again, the brackets can be removed by the commutation relations (1.98) reducing
the exponent to a linear combination of K’s and L’s. This time, there will be L’s
appearing through the relation [K;, K| = —¢;jx Ly which are in general not cancelled
among different terms. Thus, a boost followed by a boost is not in general another
boost; rather, it is a combination of boost and rotation:

- =

Sl = poilithili (g [ - functions of &, &). (1.143)

It is easy to show, however, that if two boosts are in the same direction, then the
product is also a boost.
Any combinations of boosts and rotations can then be written as

A = eEiKH-@iLi — e%auuM“” : (1144>
where we have defined the anti-symmetric tensor a,, by
ag; o &, o aij o Ok (i,7,k : cyclic), au = —ay,, (1.145)

and the factor 1/2 arises since terms with p > v as well as ¢ < v are included in
the sum. The expression of an infinitesimal transformation (1.90) is nothing but this
expression in the limit of small a,,. Since we now know that any product of such
transformations can also be written as (1.144) by the CBH theorem, we see that the
set of Lorentz transformations connected to the identity is saturated by boosts and
rotations.

We have seen that the generators K’s and L’s and their commutation relations
(called the Lie algebra) play critical roles in understanding the Lorentz group. In
fact, generators and their commutation relations completely determine the structure
of the Lie group, as described briefly below.

Structure constants

When the commutators of generators of a Lie group are expressed as linear com-
binations of the generators themselves, the coefficients of the linear expressions are
called the structure constants of the Lie group. For example, the coeffients £¢;j, in
(1.98) are the structure constants of the Lorentz group. We will now show that the
structure constants completely define the structure of a Lie group. To see this, we
have to define what we mean by ‘same structure’. Two sets F(3 f) and G(3 g) are
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said to have the same structure if there is a mapping between F and G such that if
fi, fo € F and g1, g2 € G are mapped to each other:

i, [0 (1-146)

then, the products fi fo and g, g, are also mapped to each other by the same mapping:

fife < g192; (1-147)

namely, the mapping preserves the product rule.
Suppose the sets F and G are Lie groups with the same number of generators F;
and G; and that they have the same set of structure constants c;j

[Fi, P}] = Ciijk, [G“ G]] = Cijka . (1148)

Since F and G are Lie groups, any element of F and G can be expressed in exponential
form using the corresponding generators and a set of real parameters. We define the
mapping between F and G by the same set of the real parameters:

f=e%i 5 g = ¥, (1.149)
If fi <> g1 and f; <> g2, then they can be written as

fi=e"T o g = e (1.150)
fo =P o gy = PiC (1.151)

where «; and ; are certain sets of real parameters. Then the question is whether
the products fifs and g1go are mapped to each other by the same mapping. The
products f; fo and gygs can be written using the CBH theorem as

f1f2 _ eaiFieﬁij — eaiFi+ﬁij+%[aiFi7/8ij]+"' — e(]ﬁiFi’ (1152)

g1 = GihCs = OHBGHMGAG ]+ — e (1.153)

The numbers ¢; and ~; are obtained by removing the commutators using the commu-
tation relations (1.148), and thus completely determined by «;, f; and ¢;ji; namely,
¢; = i, and thus f fo and g; g2 are mapped to each other by (1.149). Thus, if two Lie
groups have the same set of structure constants, then they have the same structure. I
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Problems

1.1 Boost and invariant mass.
A particle with energy E and momentum P is moving in the x-y plane at an angle 0
anti clockwise from the x axis.

y
A
(E,P)
O/Y:
» X

(a) Boost the particle in +x direction with velocity B (or look at this particle from a
Lorentz frame moving in —x direction with velocity ), and write down the resulting
4-momentum in terms of E, p = |13|, 0 and .

(b) Calculate explicitly the invariant mass of the boosted 4-momentum and verify that
it is the same as in the original frame; i.e. E* — P2,

(c) Express the tan®' in terms of 8, 0 and °, where ' is the angle of the direction
of the particle with respect to the x awis after the boost and B° is the velocity of the
particle in the original frame.

1.2 Two-body decay.
Consider the decay of a particle of mass M to two particles of masses my and ms.
(a) Show that the momentum of the daughter particles in the rest frame of Mis given

by

VA2, m3, m3)
2M

p:

with
Ay, 2) =2+ P+ 22— 2wy — 2z — 221

(b) Suppose M is moving with velocity 5 in the lab frame, and it decays to two particles
uniformly in 4w steradian in its own rest frame (no spin polarization). What is the
maximum and minimum energies of daughter particle 1 in the lab frame? Find the
energy distribution f(E1)dE, of daughter particle 1 in the lab frame. Normalize f(Ey)
such that

/OOO FIENE = 1.

(hint: The uniform decay means that cos@ is distributed uniformly from —1 to 1,
where 0 is the polar angle of the particle with respect to some axis.)
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1.3 Show that a finite rotation by 5 and a finite boost by 0 commute when 5 and 0
are in a same direction, and that a finite boost by & and another boost by & commute
if € and & are in the same direction:

|:€£iKi’ eeij:| =0 if 5: cg,

[e&Ki7 ef;KJ} =0 if 5_; = Cg,

where summations over i,j are implicit and ¢ is a constant. (hint: use the CBH
theorem.)

1.4 Generators of SU(n) group.
The Lie group formed by a set of complex n x n matrices which are unitary:

UlU =1
and whose determinants are unity:
detU =1

is called the special unitary group in n dimensions or SU(n). Show that the generators
G of a SU(n) group are traceless hermitian matrizes and that there are n®> — 1 of
those:

{Gr (k=1,...n2=1)}, with GL=G), TrG,=0.

Here, any element of the group is written in terms of the generators as

U = G

)

where v is a real number and the index k is summed over.






Chapter 2

Lorentz-invariant Wave Equations

In this chapter we introduce Lorentz-invariant wave equations which are defined as
follows: if a wave function satisfies a certain equation in one frame, then when the
wave function is transformed to another frame (i.e. ‘viewed’ in that frame), it satisfies
the same form of equation in terms of the coordinates in the latter frame. We then
attempt to construct such equation by applying the standard correspondence between
energy-momentum and the differential operators (idy, —26) to the relativistic relation
E? — P? = m?2, which leads us to the Klein-Gordon equation. The probability current
is constructed from the wave function such that it is conserved. We will then see that
if we adhere to the standard interpretations of energy and probability, it has solutions
with negative energy and negative probability. We start this chapter by examining
what is meant by energy and probability.

2.1 Energy and momentum

In non-relativistic quantum mechanics, the differential operators that correspond to
energy and momentum are given by

8 — —
E:i— P: —iV. 2.1
at ) ( )
Thus, in general, a wave function which is an eigenfunction of given values of energy-
momentum (F, P) has the plane-wave form

é(t, &) = C(E, P)e"(F=PD), (22)

where the constant coefficient C(F, ]3) in general can have multiple components
[which will make ¢(¢, ¥) multiple-component| and can depend on (F, P). It clearly
gives the desired eigenvalues for energy-momentum:

(ii) ¢=FE¢, (-iV)¢="Po. (2.3)

39
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Namely, the wave length at a fixed time gives the momentum and the oscillation
frequency at a fixed position gives the energy. According to the definition (2.1), the
sense of the phase rotation with respect to time gives the sign of energy:

¢ ~ e UEIt: positive energy, ¢ ~ eI negative energy . (2.4)

2.2 Conserved current and probability

The concept of conserved current is simple and natural. When there is anything that
‘exists’ and ‘moves around’ in space and if it is not created or destroyed, then there is
a conserved current. The electric charge and the classical density of gas flow are some
examples. In particular we expect that the probability density of a wave fucntion to
have such property at least when there is no interactions. Thus, our strategy is to
look for a conserved quantity for a given wave equation, and attempt to interpret it
as the probability current.

Let’s formulate the concept of conserved current more precisely. First, assume that
there is some density of some ‘material’ p(¢, Z) measured in a given frame which we
call ‘the laboratory frame’ without loss of generaility. Then, one can form a 3-vector
‘flux’ defined by

jt.2) = p(t, HB(1,2) (2.5)
where ((t, %) is the velocity of this ‘material” at (¢, 7). Then the quantity per unit
time that flows across a small area da, which is fixed in the laboratory frame, is given

by
//U////' j-da (flow across da) (2.6)
S

No net creation nor destruction of the material means that, if we fix a volume V'
in space, the change in the total amount of the material in the volume, [i, pdv, is
entirely accounted for by how much is flowing in across the boundary surface A of
the volume. Namely,

d - >
%/‘/p(t,x)dv = —/A] -da (2.7)

or moving the time derivative to the inside of the integral and using the Gauss’s
theorem (which is correct for any j, conserved or not) on the right hand side,

—

d . .
/V%p(t,x)dv——/vv-jdv. (2.8)
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Since this should hold for any volume V', the integrands should be equal point by
point: p

1Y =
Note that p could in general have negative values such as in the case of the electric
charge.

If we define a 4-component quantity j* = (p,;'), then (2.9) above can be written
as 0,j" = 0, which looks like Lorentz-invariant. This, however, is true only if j*
transforms as a Lorentz 4-vector. As we will see now, this is the case for the electric
charge current or for any flow of some material such as gas flow.

Suppose the charge is carried by some medium, such as gas of ions, then pick a
space-time point = and let py(z) be the charge density in the rest frame of the medium
and () be the velocity of the medium at that point. Then the charge density p in
the frame in question is larger than pg by the factor v = 1/4/1 — 32 due to Lorentz
contraction

p=po7- (2.10)
Since j: pg, j# can be written as
3 = (p,7) = (pov: p0YB) = po(7:7) = pon (2.11)
where we have defined the ‘4-velocity” n* by
_y def =,
= (0"17) = (7,75). (2.12)
On the other hand, the 4-momentum of a particle with mass m can be written as
P* = (m, mvg) = mn" (2.13)

which means that the 4-velocity n* is a Lorentz 4-vector, and therefore so is j#. When
the charge is carried by more than one different media, unique rest frame of the media
where pY is defined does not exist. The total j#, however, is the sum of j* for each
medium. Since j* for each medium is a 4-vector, the sum is also a 4-vector. Thus,
0ug" = 0 is a Lorentz-invariant equation; namely, if it is true in one frame, then it is
true in any frame. If charge is conserved in one frame, it is conserved in any other
frame.

2.3 The Schrodinger equation

Let’s briefly review how the Schrodinger equation was introduced and how the prob-
ability density was defined. In the classical mechanics, the energy of a particle in the
absence of interactions is given by

]32

E=—.
2m

(2.14)
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The Schrédinger equation is then obtained by replacing E by ¢9/dt and P by —iV
in the above and let them act on a complex scalar function ¢(z) with z# = (t, Z):

0 b

@aqﬁ(m) = V2¢(x). (Schrédinger equation) (2.15)

2m
When applied to the plane-wave form (2.2), the operator i0/0t ‘pulls down’ a factor
E from the exponent, and the operator —iV ‘pulls down’ a factor P. Thus, if we
substitute the plane-wave form in the above, we recover the relation between energy
and momentum. The solution of the Schrodinger equation with given energy and
momentum is then
i(Bt—P-7) ﬁ §
x) = Ne "W 0% with E=—, 2.16
o(1) Qm (2.16)

where NNV is a normalization constant. Namely, the plane-wave form becomes a solution
of the Schrodinger equation when the constants E and P in the exponent are related
by E = P?/2m.

Next, a conserved quantity, which is interpreted as the probability density, can be
constructed as follows: Multiplying ¢* to (2.15) from the left, we get

0 1
i07(5,0) = —5 - (V%) (2.17)
Taking the complex conjugate of (2.15) and multiplying ¢ from the right, we get
~i(5,07)0 = =5 - (V26). (2.18)
Subtracting (2.18) from (2.17),
P[0 (20) + (267)0| = ——— [5(V6) - (V26")9] (2.19)
ot ot 2m ’ '

V¢t (Vo) — (Vo
;w) 6" (Vo) = (Vo))

where we have used on the right hand side V - (¢A) = V¢ - A + ¢V - A:

=

V- [67(Vo) = (Vor)g| = ¢7(V6) + Vg™ - Vo — V" - Vo — (V2¢)s

= ¢"(V?9) — (V*6")0. (2.20)
Then, (2.19) can be written as
— V-j (2.21)
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with _
* z t * (T = %
p="0.  J=—5-]0"(Vo) = (VéT)gl. (2.22)
Thus, assuming that ¢ satisfies the Schrodinger equation, the quantities (p,j’) defined
this way satisfy the same equation of conservation (2.9) introduced for a flow of some
classical material. There, the density p and the current fwere related by j = pp.
What is 8 in the case of the Schrodinger equation? Using the plane-wave solution
(2.16) in the definition of p and j above, we get
o= NP, F= L INP[6P) - (<iP)] = v L (2.23)
2m m

thus,

j=—p. (2.24)

S|

Since E =P /m in classical mechanics, this indeed corresponds to j: pg . Note also
that the density p = |N|? is always positive. Thus, the conserved current defined for
the Schrédinger equation as (2.22) can be interpreted as the probability current.

The Schrodinger equation, however, is not Lorentz-invariant; namely, if we use
the 4-vector nature of the operator d, and the scalar nature of the field ¢ [see (1.68)
and the discussion that immediately follows it]:

9, =70, ¢(a)=0¢x) (2" =A"2"), (2.25)

then, the Schrodinger equation in one frame does not lead to the same form of equation
in the Lorentz-transformed frame:

0

0 0
ot

1 1
_ ——VQ s _ _7v12 /(1 : 226
Ba) = —5 V) A W) = - V) (220
where V' denotes the derivatives with respect to the primed coordinates. Rather, it
ends up in a terrible mess. Similarly, under the same transformation given by (2.25),
the 4-component quantity j* = (p,7), where p and j are defined as (2.22), does not
transform as a 4-vector:

JH () # NG (@), (2.27)
which can easily be seen by noting that p as defined here is a scalar quantity: using
¢'(2') = o(x),

p(a) = ¢" ()¢ (2") = ¢"(x)o(x) = p(z) . (2.28)
Thus, j° = p cannot be the time component of a 4-vector which has to change its
value under general Lorentz transformation.
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2.4 Klein-Gordon equation

In order to look for a Lorentz-invariant wave equation, we start from the relativistic
energy-momentum relation for a particle

E? = P2+ m?, (2.29)
and apply the substitution (2.1) as in the case of the Schrédinger equation to get

82

—5a0(@) = (=V+ m*)e(x), (2.30)
or
(0,0" +m*)¢p(x) =0, (2.31)
where Py
0ud" = 000" + 010" + 00" + 00" = =5 = V*. (2.32)

This equation (2.31) is called the Klein-Gordon equation. The operator 9,0* is some-
times written in different ways:

9,00 =0*=0 (2.33)

and called the D’Alembertian operator.
Now, the equation (2.31) looks Lorentz-invariant, and indeed it is. Using the
transformation (2.25),

90" (') = (0, *0a)(A"07) ()
= NN 0,0°¢(x) = 0,0%¢(x) . (2.34)
——
gaﬁ
Thus, if a wave function ¢(z) satisfies the Klein-Gordon equation in one frame, then

the same form of equation is satified by the transformed wave function ¢'(z’) provided
that ¢(x) transforms as a scalar field [namely, ¢'(2") = ¢(z)]:

D +mHp(x) =0 — (0% +m?)¢'(z) =0. (2.35)

Thus, the Klein-Gordon equation is Lorentz-invariant.

Next, let’s examine the sign of the energy for solutions of the Klein-Gordon equa-
tion. To do so, we will again try the plane-wave form (2.2), this time expressed using
the energy-momentum 4-vector:

$(x) = NeT/F=PH = Ne== - [pi = (E, P)] (2.36)



2.4. KLEIN-GORDON EQUATION 45

Noting that

0 y ox”
au(p l’) = @(pu ) Pv % = Pu, (237)
O
— 0P = —ip,e P (2.38)
we get
(0,0" +m?)¢ = ((—ip,)(=ip") +m*)o =0  — p*=m", (2.39)
2
-p

which is nothing but the relativistic energy-momentum relation (2.29). Namely, a
plane-wave (2.36) is a solution of the Klein-Gordon equation as long as the constants
E and P satisfy the relation E? = P2 + m?2.

In contrast to the case of the Schrodinger equation where the condition £ =
p? /2m required that E be positive, in this case E can be positive or negative. One
way to get around the negative energies may be simply not to use the negative-energy
solutions. However, when interactions are included in the theory, it turns out that the
theory will predict that the positive energy states will eventually fall into the negative
energy states (by emitting photons, for example).

Leaving the negative-energy problem as it is, let’s turn to the conserved current
of the Klein-Gordon theory in order to study the sign of the probability. Multiplying
the Klein-Gordon equation (2.31) with ¢* on the left, and multiplying the complex
conjugate of (2.31) with ¢ on the right, we get

6'(9,0"6) + m?6"6 = 0 (2.40)
(0,0"6")6 + m*6"6 = 0. (2.41)

Taking the difference of the two, we have

0 = ¢*(a#a#¢) - (8#8%5*%25
[07(0,0"9) + 0,0" 0" — 0,676 + (9,0"6")9]
= 0u[¢"(0"9) — (9"¢")9] . (2.42)

Thus, we have a conserved current
o' =0, (2.43)
where the current j* is defined by

Jt = i[¢*(0"¢) — (0"9")9], (2.44)
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which can be symbolically written as

=gt 9", (2.45)

The symbol 3“ used above is defined by

< def

a b = a(0"b) — (0"a)b; (2.46)

namely, it operates on everything to the right and then everything to the left with a
minus sign. Note that the second term in (2.44) is the complex conjugate of the first
term. The factor 4’ in (2.44) is added to make j* a real quantity.

Using the plane-wave form (2.36) in (2.44),

3" = i|NP[(=ip") — (p")] = 2|N [*p*. (2.47)
The time component is then supposed to be the probability density:
3° =2|N|*E (2.48)

which can be both positive or negative since E can be positive or negative as discussed
earlier.

Thus, in the Klein-Gordon theory, the problem of negative energy and that of
negative probability are related. For the probability current, a natural question is
whether one can construct a conserved current whose time component is always posi-
tive. People have tried, and were not successful. The true resolution of these problems
will be accomplished in the framework of the quantum field theory. There, the prob-
ability current defined above will be reinterpreted as the charge current which can
naturally be negative, and the energy becomes the eigenvalue of the Hamiltonian op-
erator, which turns out to be always positive. Then, what happens to the probability
density in the quantum field theory? In a nut shell, the concept of the probabil-
ity that a particle is found at a given position loses its usefulness since particle and
anti-particle can be pair-created out of vacuum for a short period of time, which
is a result of the multi-particle nature of the quantum field theory as opposed to
the single-particle nature of the quantum mechanical wave function which describes
a state of a only one particle. For now, we will stay within the framework of the
quantum mechanical wave function, and move on to the wave equation for a spin 1/2
particle - the Dirac equation.
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Problems

2.1 Conserved current.
(a) Suppose two different scaler fields ¢1(x) and ¢o(x) satisfy the Schridinger equa-
tion: 5

, R S S
Zaﬁbi— va ¢ (i=1,2).

Show that the current j* = (j°,7) given by
. * =z v * (T = %
I =0i02, T=—5-(01(Vér) = (Vo))en)

is conserved; namely, 0,5* = 0. Is this a Lorentz invariant equation? In other words,
if it happens to be conserved in one inertial frame, does the same form hold in any
other frame?
(b) Suppose two different scaler fields ¢1(x) and ¢o(x) satisfy the Klein-Gordon equa-
tion:

(0*+m*)¢; =0 (i=1,2)
Show that the current defined by

j* = 1i[91(0"da2) — (0"07) o]
is conserved; i.e. 07" = 0, then show that this equation of conservation is Lorentz
invariant. (comment: What is this quantity that looks like the probability current
but formed with different fields? It is a measure of overlap of the two fields. Such
quantity is needed when another field is created out of the overlap of the two. And

such quantity can be formed in a Lorentz invariant way as seen above. In a sense,
the probability current is considered to be an overlap of a field with itself.)

2.2 Conserved currents with potential.
The Klein-Gordon equation with the electromagnetic 4-potential

—

At(x) = (P(x), A(x)) (real) (2.49)
can be obtained by the so-called minimal substitution
10" — it — e A* (2.50)

where e is the electric charge. Namely, the Klein-Gordon equation (0° +m?)¢ = 0
becomes
(0 +ieA,) (0" +ieA") + m?[¢ = 0 (2.51)

Here, the differential operator 0, operates on everything to its right up to ¢(z) in each
term when the expression is expanded. Show that the current defined by

j' = i[01(0"6a) — (9"91) 2| — 2eA 910, (2:52)

is conserved, i.e. 0,5" = 0, where ¢1 and ¢ both satisfy the modified Klein-Gordon
equation (2.51).






Chapter 3

The Dirac Theory

In this chapter, we will study the Dirac equation which describes spin-1/2 particles
such as quarks and leptons. We start from the observation that the apparent reason
why the Klein-Gordon equation gave solutions with negative energies and negative
probabilities was that the energy appeared as E? in the relation E? = P? + m2,
allowing negative as well as positive value of E. Thus, we will proceed by trying to
construct a wave equation which is linear in the time derivative, hoping that it will
give us solutions with only positive energies and positive probabilities.

It is not clear exactly what kind of thought process was followed by Dirac when
he set out to construct a relativistic theory of electron in late 1920’s, even though it
seems that he was particularly disturbed by the negative probability. As we will see,
he actually succeeded in solving the problem of negative probability, but not that
of negative energy. In fact, even if one constructs a wave equation that is linear in
time derivative, there is no guarantee that the energy will always be positive. When
one applies a differential equation linear in 70y to a plane-wave form, one obtains a
relation between E and P in the form E = f(P,m) as opposed to E2 = f(P,m).
The function f (]3, m), however, may in general be positive or negative, which is
actually what happens in the case of the Dirac equation. Dirac partially ‘solved’ the
negative-energy problem by the so-called hole theory in which the vacuum is assumed
to be the state where all the negative energy-states are filled up thereby preventing
positive energy states to fall into the negative-energy states by the exclusion principle.
However, such a scenario cannot work for particles with integer spin for which the
exclusion principle does not apply. As in the case of the Klein-Gordon theory, the
problem of negative energy in the Dirac theory will be satisfactorily solved in the
framework of the quantum field theory.

In retrospect, the importance of the Dirac equation does not have much to do
with negative energy or negative probability. Its importance lies in the fact that, in
trying to solve these ‘problems’, Dirac stumbled upon a quantity called a spinor which
describes a particle with spin 1/2, and led to a correct description of the magnetic

49
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moment of the electron. Here, we will use the linearity in the time derivative simply
as a convenient guide to introduce the Dirac equation. In this section and later, we
will generically refer to the particle represented by the Dirac equation as an ‘electron’,
but the discussions apply to any point-like spin-1/2 particle which is not antiparticle
of itself. !

3.1 The Dirac equation

We now search for a wave equation that is linear in time derivative and consistent
with the relativistic energy-momentum relation E? = P? + m?. Let’s start from the
following Schrodinger form of equation:

0
zazb:Hw, (3.1)

where v is some wave function representing the state of the electron. The operator
H is assumed to be some function of the momentum operator —iV and the mass m,
presumably representing the energy of the electron. Since we are now interested in
a free electron, we assume that H does not depend on time. We then want this to
give the relativistic relation E2 = P? + m? when acting upon a plane wave solution
¥ oc e”P%. This can be accomplished if (3.1) somehow leads to

(z‘(i)Qw = [(=iV)? +m?]4p. (3.2)

We first take the time derivative i0/0t of (3.1) to get

~——

Hy
(which we would like to become)
= [(—iV)> + m’Jy, (3.3)

or .
H? = (—iV)* +m?. (3.4)

Note that the equation (3.2) is nothing but the Klein-Gordon equation. Yes, if a wave
function satisfies the Dirac equation, then it will satisfy the Klein-Gordon equation.
In fact, any relativistic wave function would satisfy the Klein-Gordon equation as
long as it is consistent with E? = P2 4+ m2.

LA spin-1/2 particle that is antiparticle of itself is called a Majorana particle. So far, no such
particles have been found in nature.
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Since H? should become a quadratic function of —iV and m, it seems reasonable
(though not mandatory) to look for H which is linear in —iV and m:

H=ad- (—iV)+fm, (3.5)

where @ = (a1, az,a3) and § are some constants which turn out to be matrices.
Keeping track of the ordering of the (matrix) products of o; and § while noting that
m is just a real number, the condition (3.4) then becomes

‘ ‘ Z Oé?(—ZVI)Q
a lzj: ooy (=IVi)(=iVy) - = *EZ(%'%‘ + o) (—iVi) (—iV))

+> " aB(—iVi)m
+ iﬁaj(—ivj)m — Z(O&Zﬂ + Baz)(—zvl)m
—f—ﬁQmQ
(which should be equal to)
= (=iV)* +m’, (3.6)

which is satisfied if

o= =1, (jﬁf;gfjo(#”>, (,j=1,23).  (37)

Using the anticommutator symbol,

(A, BY Y AB + BA, (3.8)

this condition can be written as

{o;,0;} =0 (i #7), W2 g -
{o:, 8} =0, i=p0=1 (i,j=123)] (3.9)

Note that this condition is symmetric among the four quantities oy, as, ag and [;
namely, the square of each is unity and each anticommutes with another. They
cannot be ordinary numbers since they do not commute. They can be matrices,
however, and we will now show that they are traceless hermitian matrixes of rank
greater than or equal to four:
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. «; and B are hermitian. Since H represents the energy, we want it to have real

eigenvalues; thus, H is hermitian. Since the operator —iV acts as a hermitian
operator, then «; and f should also be hermitian (for a proof, see Exercise 3.4):

af =i,  BT=8. (3.10)

. The traces of o; and B are zero. From (3.9), we have

af = —fa, PUOMTEN g 50, (3.11)
—~
1
Taking trace of both sides,
Tra; = — Tr(fa;f) = —Tray, —  Tra; =0, (3.12)
—_———
Tr(ﬁQOéi)
where we have used
Tr(AB) = Tr(BA), (3.13)

where A and B are two arbitrary square matrices of same rank. Similarly,
multiplying «a; instead of § in (3.11), we get Trg = 0.

. The eigenvalues of a;; and  are £1. Suppose u is an eigenvector of f with an

eigenvalue c; namely, fu = cu. Applying g from the left again, we get
BFu=cpfu — u=cu — =1 (3.14)

Thus, the eigenvalues of § should be 1. Similarly, the eigenvalues of «; should
also be +1.

. The rank of a; and B is even. Since [ is hermitian, it can be diagonalized by

some matrix S:
&1

SBS~! = : (3.15)

Cn

where ¢; are the eigenvalues of 5. Taking the trace, and using (3.13),

Te(SBS™) =Te(S7'SB) =TeB = ¢. (3.16)

Since Tr3 = 0 and ¢; = +1, n should be even. The proof is the same for «;.
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5. «; and B are linearly independent. Suppose [ can be written as a linear com-
bination of a;: B = b;cy; where b; are some c-numbers. Then, using {5, a;} =0
(3.9),

0 = {ﬁ s Oéj} = {bZOéZ ,Oéj} = bZ{OéZ s Oéj} = 2bj . (317)

where we have used the linearity of the anticommutator
{cA,B} ={A,cB} =c{A,B} (c:cnumber; A, B : matrices). (3.18)

We thus have b, = 0 (j = 1,2,3); namely, § cannot be written as a linear
combination of «;’s. Similarly, a; cannot be written as a linear combination of
the rest.

An n x n complex matrix A has 2n? degrees of freedom, and out of which n?
are taken away by the hermitian condition A" = A.2 Together with the traceless
requirement which takes away one degree of freedom, we are left with 2n%? —n? —1 =
n? — 1 degrees of freedom. Thus, n should be larger than 2 to have at least four
independent such matrices (& and (). Since n should be even, «; and ( are then
independent, traceless, hermitian anticommuting matrices of rank 4 or more.

Now we will explicitly construct the 4 x 4 matrices «; and 5. A well-known set
of linearly independent anticommuting matrices is the Pauli matrices o; (i = 1,2, 3)

given by
0 1 0 — 1 0
0'1:(1 O), 0'2:(7: O), 0'3:(0 _1>, (319)

which are also hermitian and traceless

ol =0;, Tro;=0 (i=1,2,3) (3.20)
and satisfy
o;=1 (i=1,2,3), o,0; = —0j0; =10y, (1,7, k : cyclic), (3.21)

or equivalently,

{O’i, O'j} = 2 (51'3‘

L0,k =1,2,3)|. 3.22

In (3.21), ‘1’ is actually a 2 x 2 identity matrix, and in (3.22) the identity matrix on
the right hand side is omitted. Hereafter, the n x n identity matrix is often written
as the number ‘1’ for simplicity.

2The hermiticity condition of an n x n matrix A is given by Ay, = Aji. It contains n equations
for the diagonal elements A%, = A;; each of which removes one degree of freedom, and n(n — 1)/2
equations of the form A7, = Aj; (i # j) for off-diagonal elements each of which removes two degrees

of freedom. Thus, the total degrees of freedom removed is n + 2 x n(n — 1)/2 = n?.
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Exercise 3.1 FEzplicitly verify the relations (3.22).

Exercise 3.2 Use the properties of the Pauli matrizes (3.22) to prove

-,

(@-G)(b-G)=a-b+id-(axb) (3.23)

and

P
1a-0

e’ =cosa+ia-osina (3.24)

where @ and b are 3-component vectors, and
a=lal, a=d/a, 7= (01,02,03). (3.25)

One important feature of the Pauli matrices is that o; /2 act as the spin-1/2 angular
momentum operators. Indeed, from (3.22), we see that 0;/2 satisfy the commutation
relation of angular momentum [J; , J;| = @ €5, J:

o; O . O
39t o

The Pauli matrices are independent, hermitian, traceless, anticommuting, and thier
squares are unity. The problem of course is that there are only three of them while
we need four. It is, however, a good place to start. So we try the following:

= (8 %) 5= (5 %)

where [ is the 2 x 2 identity matrix. These are clearly hermitian and traceless. It is
also straightforward to see that they satisfy the relations (3.9). For example,

{Oéi ,Oéj} = ;0 + OéjOéi
(o 0) o, )+, T)0 )
= -
g; 0 0 0 0j 0 g; 0
_ (cnaj 0 )+<ajai 0 )
- 0 0;0; 0 005

_ ({o—ibaj} {Ufgj}>:25ij, etc. (3.28)

Thus, we now have an equation which is linear in time derivative and consistent with
the relativistic relation E? = P%2 +m?. Namely, combining (3.1) and (3.5),

i—(x) = (@ (=iV) + Bm]v(z) (3.29)
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where «; and [ are 4 x 4 matrices defined by the relations (3.9) and explicitly given by
(3.27). Since «; and 3 are 4 x 4 matrices, the wave function 1 has to be a 4-component
quantity (called a Dirac spinor, a 4-component spinor, or simply a spinor):
Ui(z)
Zigg , ¥, (n=1,2,3,4) : complex (3.30)
Ya(z)

The indexes of the four components have nothing to do with the space-time. The
multiple components were introduced to satisfy the required relations among «a; and
B. We will see later that they represent the degrees of freedom corresponding to spin
up and down as well as those corresponding to electron and its antiparticle positron.
We will call this four-dimensional space the ‘spinor space’.

The equation (3.29) can be written in a way that treats the time and space com-
ponent more symmetrically. This can be done by multiplying S from the left:

() =

0 :
Zﬁaiﬁ = [Bai(=iV;) +m], (3.31)
and defining four ‘gamma’ matrices out of «; and :
V=B, 7 =pfa (i=1,2,3), (3.32)

where we will adopt the standard superscript/subscript rule for the index of the
gamma matrices. Then, together with dy = 0/0t, V,; = 0, , it can be written as

[i(y°00 +~'0) — m| =0 (3.33)
or
(iv*0, —m)y =0]|. (3.34)
This equation is called the Dirac equation. It is often written as
(i —m)y =0. (3.35)
where we have defined the notation
¢ < ra, (3.36)

with a, being any 4-component quantity.

From the properties (3.9) of a; and 3, it can be easily shown that the four ma-
trices introduced in (3.32) satisfy the following anticommutation relations of utmost
importance:

{7}t =29"", (3.37)

or equivalently, 702 =1, 712 = —1, and all four matrices anticommute among them-
selves. This relation (3.37) is sometimes called the Clifford algebra, and is entirely
equivalent to (3.9).
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Exercise 3.3 Gamma matrices.
Use the definition of the v matrices ¥° = 38, v* = Ba; (1 = 1,2,3), and the relations
among B and a; (3.9) to verify the anticommutation relations (3.37).

The matrix 7° is hermitian while 4" are anti-hermitian (i.e. its hermitian conjugate
is the negative of itself): since ; and § are hermitian,

UL (since v° = )
7” = (Bay)t = alpt = ;8 = =By = —'. (3.38)
The following, however, is true for all u:
Pty = 2. (3.39)
Using the explicit representation (3.27) of o; and /3, the gamma matrices can be
written as
I 0 ; 0 o
0 __ i 7
=0 ) =5 5] (340)

This is not the only explicit expression of the 4 x 4 matrices that satisfy (3.37). This
particular representation is called the Dirac representation, and is the standard one
we will use in this book. The anticommutation relation {y*,7*} = 2¢"” and the
hermiticity relation v°y#T4® = ~# however, are independent of representation since
they are direct consequences of the anticommutation relation (3.9) and hermiticity of
a; and (.

Just to make sure that we know what is going on, let’s completely expand the
Dirac equation (i) —m)y = 0, or i4*0,1) = ma), using the Dirac representation:

10 0 0 0 0 0 1 0 0 0 —i
dlo 1 0o o 0 0 1 0 0 0 i 0
Hlo o 21 o |2Tl o 10 0l2t| 0 i 0 o]
00 0 -1 1 0 0 0 i 00 0
~° v v
0 01 0 Y P1
0 00 -1 o I
Tl o0 0 [ %] e | T e (341)
0 1 0 0 Py Py
73

which is a set of four equations given by

@[O0t + (01 — i02)s + Os1b3) = may,
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i [Ooth2 + (01 + i02) 13 — O3¢hs] = M)y,
i[ = Oz — (O — i02)1by — D31 = mabs,
i[— Ogthy — (O +1i09)1h1 + O31be] = maby. (3.42)
This looks complicated, but what matters is the structure of the gamma matrices,

and it is almost all contained in the relation {y*,~"} = 2 ¢*”. It is actually as simple
as indicated by the concise expression (i —m)y = 0.

Exercise 3.4 Hermiticity of H = a - (—zﬁ) +mp.
Suppose a 4-component spinor ¢ is an eigenvector of H with an eigenvalue c :

Ui (z)
Hiw) = cbla),  v(o) = | 20 (3.43
Ya(z)
with
or more explicitly,
—ia; (Vb)) + mpy = ¢ . (3.45)

The parameter m s real, and o, B are constant hermitian matrizes:

of = ay, pr=3. (3.46)

7

Show that the eigenvalue c is real. Assume that the wave function (x) vanishes at
infinite distance from the origin. (hint: Multiply the row vector ¥' to (3.45) from the
left and integrate over d®xz, Then take hermitian conjugate of (3.45), multiply 1 from
the right, and integrate over d®x. Compare the two using a partial integration.)

3.2 Conserved current

Now, let’s see if we can construct a conserved current out of solutions of the Dirac
equation. If we can somehow find a conserved current, then it is naturally inter-
preted as the probability current. The basic procedure is similar to the cases of
the Schrodinger equation or the Klein-Gordon equation. Multiplying the hermitian
conjugate of a spinor v

fdof

T = (U1, 5, ¥5,95)  (a Tow vector) (3.47)

to the Dirac equation i7#0,1) = m on the left,
iD= mapTep (3.48)
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which has the form

“N o 8,/40 miﬂ (0

= (3.49)

Next, we take the hermitian conjugate of the Dirac equation i7#9,1) = m to obtain

=i (0u)'7"T = myl. (350)
Multiplying 1 from the right,
=i (0u9)'7"1 = m Ty, (3:51)
Subtracting (3.51) from (3.48),
i [V (0u0) + (0u) T 9] =0 (3:52)
gl

Now, only if y#T = 4# were true, then this would become i 9, (¥Ty#1)) = 0, and thus
we would identify Ty} as the conserved current. However, v* (i = 1,2,3) are not
hermitian as we have seen in (3.38). Instead, what we have is 409#T7% = ~# (3.39).
As we will see below, we can take advantage of this relation if we define a new kind
of inner product of two spinors ¢; and ¥ by

def

Vi e E s, (3.53)
b

where we have defined a new kind of adjoint by

b E piy0], (3.54)

which we will call ‘spinor adjoint’. Similarly, we define the spinor adjoint of a 4 x 4
matrix by

ML 000 (3.55)

Using this definition, the relation 4°v*T7% = v# can be written as
7 =], (3.56)

which is equivalent to %7 = 40 and ~i' = —4i. Before moving on, let’s become
familiar with operations of the spinor adjoints.
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Spinor adjoints B
For two spinors a, b, and 4 x 4 matrices M; (i = 1,...,n) the quantity b M ... M,a
is a complex number, and its complex conjugate is

(bM, ... M,a)* = (b'9°M, ... M,a)*
= M. M AT
v

g
(inserting 702 = 1 almost everywhere)
= aly’ "M 0 M b (3.57)
a M, M,y
Thus, we have
(bMy ... Mya)* =aM,...Mpb|. (3.58)

Similarly, the adjoint of a column vector M; ... M,a is by the definition (3.54),
M,.. . Mya = (M;...M,a)"n°
= o' M. My
2 2 2
= aly M M
— aM,... M. (3.59)

Namely,

The general rule is thus similar to the case of hermitian conjugate; namely, one simply
takes spinor adjoint of each, or take it away if it already has the adjoint symbol, and
reverse the order. This applies also to products of matrices. Furthermore, a complex
number becomes its complex conjugate when the spinor adjoint is taken:

a=mn"a (n:complex number) (3.61)

In passing, we note that (3.60) and (3.61) are valid when each component of the
spinor a is an operator which is relevant when we quantize the fields later. The
relation (3.62) is also valid when a and b are operators; only difference being that the
product b M ... M,a is now an operator and the complex conjugation needs to be
replaced with hermitian conjugation:

(bMy ... Mya)' =aM,.. Mb (a,b: operators) |. (3.62)
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Now we will repeat the failed attempt to construct a conserved current, this time
replacing the hermitian conjugation with the spinor adjoint. Multiplying ¢ to the
Dirac equation i7*9,1 = m from the left,

iy O, = ma. (3.63)
Noting that 9,9 = @ﬂﬁ, we take the spinor adjoint of the Dirac equation,
—i (9,00) YF =m, (3.64)
—~—
’YM

where we have used v# = 4* which is the critical step, then multiply ¢ from the right
to get

i (D) = m (3.65)
Subtracting (3.65) from (3.63), we then have a conserved current:
i [0y"(0) + (9uh)y" Y] = 1 0, (") = 0 (3.66)
or
05" =0, with j* = ). (3.67)

Is this a Lorentz-invariant equation? Actually, we do not know how j# transforms
under Lorentz transformation since we do not know how the spinor ¢ transforms; it
is not any one of the quantities we know so far: scalar, vector, tensor, etc. The spinor
1 is a 4-component quantity, but it cannot be a Lorentz 4-vector since the indexes
have nothing to do with the space-time. Since we do not know how v transforms
under Lorentz transformation, we do not even know if the Dirac equation is Lorentz-
invariant or not at this point. Shortly, we will find how a spinor transforms under
a Lorentz transformation by requiring that the Dirac equation becomes Lorentz-
invariant. For now, however, let’s examine the time component of the conserved
current we just found, which is supposed to be the probability density: using ¢ =

PiyP,

70 = Py = @10y = ¢ly
1

= |1 ]* + [al® + [1h3]” + [1ha* > 0. (3.68)

Thus, the probability density is always positive, and Dirac seems to have fixed the
problem of negative probability. As mentioned earlier, however, this quantity will be
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reinterpreted as the charge current in the framework of the quantum field theory, and
will acquire both positive and negative values.

Incidentally, (3.64) gives the equation that has to be satisfied by the adjoint spinor
1 in order for the original wave function v to be a solution of the Dirac equation:

i () = m (3.69)

which is often written as B .
V(" 0u+m) =0, (3.70)

or L
(P +m)=0, (3.71)

-
where the symbol 9,, is defined to operate on everything to its left:

a9.b 2 (9,a)b. (3.72)

This funny notation is a result of a compromise between the desire to put v* and

e
d, next to each other so that it can be combined as ¢ and the necessity to put the
matrix v* to the right of ) which is a row vector.

3.3 Lorentz invariance of the Dirac equation

We have seen that the Klein-Gordon equation is Lorentz-invariant, which meant the
following: if a function of space-time ¢(x) satisfies the equation (9% +m?)¢(z) = 0,
then a new function defined by

&) =o(x), 2'=Ax (3.73)

satisfies (0% + m?)¢/(2’) = 0. Note that the function ¢/(2’) is uniquely defined once
the original function ¢(z) and the Lorentz transformation A are given. In particular, a
critical condition in defining ¢'(z’) uniquely was the definition of scalar field ¢'(z") =
¢(x), which means that the value at an event point = in the original frame is the
same in the transformed frame if measured at the same event point (now given by
the coordinate ' = Az in that frame). The value of ¢’ at a given event point is
completely defined by the value of ¢ at the same event point, and does not depend
on the values of any other event points. Also, note that the functional shape of ¢’ is
in general different from that of ¢; namely, if we give the same argument to ¢’ and
¢, then in general ¢'(z) # ¢(x).
Similarly, the electromagnetic wave equation

O*A*(x) = j*(x) (u=0,1,2,3), (3.74)
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where the electromagnetic 4-potential A* and the charge current j* are both Lorentz
4-vectors, is Lorentz-invariant. 3 Namely, if A*(x) and j#(x) satisfy the above equa-
tion, then a new set of fields defined by the vector field condition

AP (") = A AY (),  M(a") = AV j'B(x), = Az, (3.75)

satisfy 92 A" (z') = j"™(2') as can be readily verified. The function A¥(z) [or A*(z')]
assigns a set of four numbers to each event point, and the four values in the trans-
formed frame A™(2') at an event point are completely determined by the four values
in the original frame at the same event point, they are simply mixed up by the matrix
A. Note that the new values A*(z’) do not depend on the values of A*(x) at other
event points.

Then, how does a Dirac spinor field ¢ (z) transform? We do not know at this
point, except that as in the case of scalar and vector fields, the four values ¢’(z") in
a transformed frame will depend only on the four values in the original frame v (z)
associated with the same event point, presumably mixed up by some 4 x 4 matrix S:

P(x') = S(A)Y(x), o' =Azx|. (3.76)

Also, just like the mixing matrix (A) for the vector field depended only on the Lorentz
transformation and did not depend on event point z, we expect that S also depends
only on the Lorentz transformation A.

Our strategy is to derive the condition for S that makes the Dirac equation
Lorentz-invariant, then explicitly construct such a matrix, out of which we will obtain
explicit solutions of the Dirac equation. We will then find that the solutions contain
the spin-1/2 structure and the particle-antiparticle degrees of freedom.

Thus, we require that if ¢'(2') satisfy (i@’ —m)y'(2’) = 0 then it leads to (i) —
m)(x) = 0 when ¢'(2') and ¥ (z) are related by (3.76). Specifically, we require
that the numerical values of v* will be the same in any frame; namely, for the Dirac
representation, the form of the four equations is given by (3.42) and is the same in
any frame. Using ¢'(2") = Sy (x), (i@’ — m)y'(x’) = 0 becomes

0 = ("0, —m) V(')
~—~ ~——
A 0o SY(x)

= 17" N,%0,5Y(z) —mSY(x)
—_——
SN Ot (x)
(xS™Y 0 = i STIWSN,  Outh(z) — mib(z), (3.77)

3If one uses a gauge which is not Lorentz-invariant, such as the Coulomb gauge, then the correct
statement is that the equation is Lorentz-invariant up to gauge transformation. This complication
comes about due to the masslessness of photon. We will discuss this point in detail later.
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where in the second line, S can come out of J, since S is a constant matrix, and
S can move past A,* because A,” is just a number for given o and p. Note that
we have consistently suppressed the spinor indexes while all space-time indexes have
been explicitly written out. The necessary condition for this to become i y*0, ¢ (x) —
my(z) = 0 for any ¢ (z) is then

STIAHSA,S =4~ (3.78)
or multiplying A”, and summing over «,
Siyrs AN, =Ny (3.79)
——
gu”
namely,
SIS = AV . (3.80)

By tracing back the derivation, one sees that this is also a sufficient condition; namely,
if a spinor field transforms under a Lorentz transformation A by ¢/(z') = S¢(x)
where S is a matrix that satisfies S™'4*S = AY,~v%, then the Dirac equation be-
comes Lorentz-invariant. Note that we did not restrict ourselves to proper and
orthochronous Lorentz transformations; thus, the condition (3.80) applies to any
Lorentz transformations including 7" and P.

The left hand side of (3.80) indicates a certain transformation of v#, and the
right hand side is exactly like the transformation of a vector. Does that mean that
the gamma matrices that appear in the Dirac equation transform as a vector? The
answer is no. In fact, the condition (3.80) was obtained by requiring that the gamma
matrices in the Dirac equation do not change under a Lorentz transformation. It will
turn out, however, that one can use (3.80) to construct quantities that transform as
a vector. One example is the conserved current j# = vy"1) as will be discussed in
detail shortly.

Let’s move on to actually constructing S(A). Our starting point is that the map-
ping between S and A preserves the product rule, which can be seen as follows.
Suppose S(A1), S(Az), and S(A1Ay) correspond to Aq, Ag, and AjAs, respectively:

S(Al) < Al ,
S(AlAz) — A1A2 .
Under the Lorentz transformation Ay, a spinor ¢ will be transformed to S(A)y. If
we perform an additional transformation A,, which makes the total transformation

Ay, then this spinor will transform to S(A2)[S(A1)y] = [S(A2)S(A1)]e. Since this
should hold for any spinor ¢, we have S(AsA;) = S(A2)S(Ay), or

S(A2)S(A) ¢ AsA, (3.82)
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which means that S’s and A’s have exactly the same group structure [see (1.146)
through (1.153)]; in fact, S is said to be the representation of the Lorentz group in the
spinor-space. If we restrict ourselves to Lorentz transformations that are continuously
connected to the identity, then S and A can be written in exponential forms using
generators, and the generators for S and those for A should have the same structure
constants. The problem then reduces to finding the set of generators for S that
satisfy the same commutation relations as M* (or K; and L;) and are consistent
with S71yvS = AY v~

Suppose B* be the generators for S corresponding to the generators M* for A.
Namely, the mapping between S and A is given by the same real parameters a,,:

S = ea®w By N\ = eatw M (3.83)
Let’s first find the condition for B that satisfy S™17”S = A”,v*. Assume that a,,
are small and expand both sides of S™14%S = A#, ~": using (e?)™t = e~ (1.109),

-1 —1a ,BBO‘B pota B8
SIS = e 2% yHe2% s

= (1- ;aagBa’B)’y”(l + ;aaﬁBaﬁ) + -

1
= ’)/M + 5 (’yuaaﬁBaﬁ - aa/gBaB’Y“) +-- ) <384)

Gap [7u7 Baﬁ]
and the right hand side is
e G
1
(1 da o o
1
e |:gluy + iaaB(Maﬁ)My} fyl’ + e
1
= 9+ Saus(MPY 0 4 (3.85)
Requiring that (3.84) is equal to (3.85) for any a,g, we obtain
[, B = (MP)" 7, (3.86)

which is the condition that the generators of S (B*’s) have to satisfy in order for
the Dirac equation to be Lorentz-invariant under the (infinitesimal) transformation
Y'(2") = Si(x). Note that v* and B*” are 4 x 4 matrices (for given p, v) that operate
in the spinor space while (M®? )#, is just a number. Again, we are suppressing the
spinor indexes while writing out space-time indexes.
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We will now show that the solution to (3.86) is given by
1

B =10 (3.87)
or equivalently (using {7*, 7%} = 2¢°%),
1 (@ #B)
- a
po—)2"" : (3.88)
0 (a=p5)

For a = (3, the condition (3.86) is clearly satisfied since in that case M*’ = 0 and
B = 0. For a # B3, we have to work out the commutator [y*, v*y?]. Using the
identity

[A, BC| = ABC — BCA={A,B}C — B{A,C}, (3.89)

+BAC — BAC

we have
7] = {737 = {77}
no
2g quﬁ
2977 — 24y
= 2(9"¢", — "9 )", (3.90)
(MF),

where we have used the explicit expression (M*?),, = ¢*,¢°, — ¢°, g%, (1.86). Di-
viding by 2 on both sides, we have

.59 = (MY (a5, (391)
Namely, the condition (3.86) is satisfied for B* given by (3.88) [or (3.87)] for all «
and f.

We have shown that for an infinitesimal Lorentz transformation given by param-
eters a,g, the matrix S = 1+ (aqn5/2) B satisfies S719"S = A¥,7“ to the first order
in a,s if B is given by B = [y*,77]/4. Does it hold for a finite Lorentz trans-
formation? Namely, if A and S are finite transformations mapped as (3.83) with the
same set of parameters a,g, then do they satisfy S™'v*S = A”,y*? This can be easily
proven by dividing A and S into n consecutive small transformations:

lay n Lags - \"
A== <1+“MW> L S== <1+“Baﬂ) | (3.92)
2 n 2 n
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Since s and A are infinitesimal transformations mapped by the same set of parameters,
we have already proven that

sTlyks = MY (3.93)
Multiplying s=* from the left and s from the right, we get
(s71)2qks? = N, 571 s = (A, N )7 = (AQ)“a'ya. (3.94)
———
)\Vaf)/a

Repeating the process n times, we obtain

(7 = (),

N—— N—_——
(Sn>—1 AHV
—  STINRS = AR AV (3.95)

Thus, we have shown that for any proper and orthochronous Lorentz transforma-
tion A given by

A = e20esM7 (3.96)
one can construct a transformation in the spinor space by
Lla,3B*P : afs 1 a B
S = e2%%# with B = ) v, 7711, (3.97)

such that S7!4#S = A*,~" holds, or equivalently, the Dirac equation becomes in-
variant under the transformation ¢'(2") = S (z). It is straightforward to show that
the generators B*” satisfy the same commutation relations as those of M*?, and the
proof is left as an exercise.

Exercise 3.5 Representation of Lorentz group in the spinor space.
Define the generators of boost and rotation in the j4-component spinor space by

boost :  K; <+ B’ = B rotation: L; <+ B = B (ijk : cyclic). (3.98)

Show explicitly that the B®’s and B"’s satisfy the same commutation relations as
satisfied by the K’s and L’s; namely

[B!,B)] = —einB;
(B . Bj| = €Dy (3.99)
[B; ) B;)] = EijkBlI; )

(It is also possible to prove generally. In any case, all you need is B = 1/27%y? (o #
B) and the relation {v*,v"} = 2¢"; do not use any explicit representation of the
matrizes).
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An important property of S is that its spinor adjoint is the inverse:

S=5"1 o SS=1]|, (3.100)
which can be seen by noting that for o # 3,
1 1— 1 1
BoB = ZnanB = ZABA0 = 2By = _Z B — _ poB 3.101
5107 =577 =57 57 (3.101)

(for a = 8, B®S = — B holds trivially since B* = 0) and thus,

_ o 1 _
_ Laq.3BeB _ o k
S = e2%s8 _I;)k!(Qaagﬁf‘ﬁ)

— e 20asB _ g1 (3.102)

where we have used M* = (M)* and e=* = ().
Using (3.100), we can easily see that the inner product ab of two spinors a and b
is invariant under Lorentz transformation in the spinor space:

a=Sa, b =25b, (3.103)
a't = Sa Sh=aSSb=ab. (3.104)
~~ ~~
asS 1

The relation S = S~ or 4°S77? = S~! can also be written as (by multiplying 7° from
the left and S from the right)
STA08 = A0 (3.105)

Note the parallel between the space-time and the spinor space: in the space-time, the
Lorentz transformation of a 4-vector A is given by A’ = AA which keeps the inner
product A - B = ATGB (1.23) invariant, and the metric G is unchanged under the
transformation: ATGA = @. In the spinor space, the Lorentz transformation of a
spinor a is given by a’ = Sa which keeps the inner product ab = afy%b invariant,
and the ‘metric’ 7Y is invariant under the transformation: S™%S = ~° Table 3.1
summarizes the parallelism.
Now it is trivial to show that the conserved current we derived earlier j*(x) (3.67)
is indeed a 4-vector: using ¢'(z’) = Sy (x),
g (@) = (@ ()
= Y(x) Sy" Si(x)
——
S~iytS = A, 4" by (3.80)
= A“u¢(£)7y¢($)

- ) = A (). (3.106)
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space Lorentz transformation | inner product | metric invariance
space-time A =AA A-B=ATGB ATGA =G
spinor a' = Sa ab = a'%b STA0S = A0

Table 3.1: Correspondence between the space-time and the spinor space. A and B
are 4-vectors and a and b are 4-component spinors.

Note that the current j# is a 4-vector even if 1)(x) does not satisfy the Dirac equation.
If 9(x) does satisfy the Dirac equation, then j* is conserved: 9,j* = 0, and this, we
now know, is a Lorentz-invariant statement; namely, if the current is conserved in one
frame, then it is conserved in any other frame. Similarly, a current consisting of two

spinor fields ¢ (z) and ()
Jia(x) = 1 ()7 by () (3.107)

is also a 4-vector; namely,
Js(x') = A gy (), (3.108)

which can be easily shown to be conserved if 1, and 5 are solutions of the Dirac
equation (with the same mass).

Thus, we have constructed a scalar quantity and a vector quantity out of two
spinors ¢y and 5. These are not the only quantities one can form out of two spinors
that transforms in a well-defined manner under Lorentz transformation. Such quan-
tities are called the bilinear covariants which we will study systematically in the next
section.

3.4 Bilinear covariants
Let’s consider a complex number of the form
f=alb (3.109)

where I' is a constant 4 x 4 complex matrix, and a and b are spinors; namely they
transform under a Lorentz transformation A as

a=SNMNa, b=SA)p. (3.110)
Or a and b may be spinor fields:
a(x')=S(ANa(z), b (x)=S(A)b(x) (o' = Ax) . (3.111)
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The following discussion applies to both cases.

A complex 4 x 4 matrix has 16 complexr elements, and thus any such matrix
can be written as a linear combination of 16 independent matrices with complex
coefficients. As we will see below, the 16 independent matrices can be chosen such
that the quantities

al'b (i=1,...,16) (3.112)

are grouped into five sets each of which transform in a well-defined manner under
proper and orthochronous transformations (scalar, vector and tensor) and the space
inversion P (how it changes sign). Such quantities are called the bilinear covariants.
To study them, let’s first find the spinor representation of the space inversion P.

Space inversion in the spinor space
Recall that the condition for the invariance of the Dirac equation, S™1y#S = A¥, ",
holds for A = P also, where P is the space inversion:

1 0 0 0
0 -1 0 0
P=10 o -1 ol (3.113)

0o 0 0 -1
which is also called the parity transformation. Namely, Sp = S(P) should satisfy
Sp'y°Sp = P°y" =7 or °Sp = Sp’ (3.114)
Sp'ySp = Py’ = —4" or 7'Sp=—-Spy". (3.115)

Namely, Sp commutes with 4° and anticommutes with ~ 4. This is accomplished by
taking
Sp=m", (3.116)

where 7 is an arbitrary complex constant. We then require that Sp also satisfies the
property SS =1 (3.100):

_ - o
SpSp=m"m’ =n'ny"" =n*=1. (3.117)

We will now arbitrarily choose 1 to be +1:

Sp=7"  (n=+1)]. (3.118)

Here we are requiring that the Dirac equation be invariant under space inversion,
but should it be? Experiments tell us that electromagnetic and strong interactions
are invariant under space inversion, but weak interaction is not. Since there are some
interactions that are invariant under space inversion, the free field part should better
be invariant also. In fact, the rule of the game is to build in as many symmetries as
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possible into the theory as long as they do not contradict with experimental facts;
such theory will have more predictive power than otherwise. Later, we will deal with
the question of discrete symmetries in more detail in the context of quantized field.
Now, in the Dirac representation the space inversion in the spinor space amounts to
changing the sign of the bottom two components: noting that ' = P,

[

o o[l | | wepw

Y (2") = Spip(x) = (0 _I> () | = | —em(pia) | (3.119)
Ya(z) —thy(P~'a’)

Namely, if ¢(x) satisfies the Dirac equation (i@ — m)iy(z) = 0, then ¢'(2') defined

above satisfies the Dirac equation (i)’ — m)¢/(2’) = 0.

Five types of bilinear covariants
Now we will write down five types of bilinear covariants and check the transforma-
tion properties under proper and orthochronous transformations and under the parity
transformation Sp. In this section, we will denote a proper and orthochronous trans-
formation by S for simplicity.

All we use in the following is

SyS =Ny, Sp =17,

Transformed quantities, either by a proper and orthochronous transformation S or
by the parity transformation Sp, are denoted with a prime.

1. Scalar
f=ab: transformsas f'=f(S), f =/f(Sp). (3.121)

We have already seen that f’ = f under a proper and orthochronous transfor-
mation S (3.104). Under the parity transformation, we have

f'=ab = SpaSpb=aSpSpb=ab=f (3.122)
1

2. Vector
' =ay"b . transforms as " = A", Y (S), f*=f.(Sp) (3.123)

Again, we have already seen in (3.108) that the set of four quantities, ay*b (u =
0,1,2,3), as a group transforms as a 4-vector (thereby the name ‘bilinear co-
variants’). Under Sp, it transforms as
" =dy" = Spay"Spb = ay"v"° b = f, . (3.124)
v
o
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Note that the superscript p changed to a subscript; namely, the sign of the
time component is unchanged while that of space components flipped, which
is the same as the transformation of the familiar energy-momentum 4-vector
Pt = (E,ﬁ) under space inversion. This use of the Lorentz index is a bit
sloppy, since it is mixing up the metric g,, and the Lorentz transformation P
which happen to have the same matrix value. The correct expression would be
f* = PH,fY. Still, it makes expressions compact that we will use it with this
point in mind.

3. Tensor
f =ao"b : transforms as f'* = A", A" f*7 (S), f* = fu, (Sp) (3.125)

where

ot déf z [,)/,u’ 1/] _ { é’)/u’}/u EZ i Z; (3126)

Even though I' = ~+*4” would do just fine, defining ¢*” this way makes it
explicitly antisymmetric with respect to the p and v indexes, and also the
addition of ¢ makes it hermitian for u,v = 1,2,3. Note that we have o" =
2iB*. Since o = —g"", fM is an antisymmetric tensor, and there are six
independent quantities that transform as a set.

The transformation properties can be verified straightforwardly: using the lin-
earity of the commutator and

S, 718 = Sy = 4"9*)S = [S7"S. 57"9], (3.127)
= ~
SS SS

the transformation under S is
™ =a o™ = CLS; [y, 4]Sb
= a; [Sy#S, S~ S]b
= a; (A0, A gy 7]b
= A N a; v, 7P]b = A* A g [P (3.128)

For Sp(= Sp = 4"), it suffices to check only the non-zero components (namely,
for p # v):

" =ado™y = aSpotSpb
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= a7"(i7"y")1"b
———
S
= a(iv)b = fu, (3.129)

where the indexes p and v became subscripts when +° was moved over y#~”
because 7° commutes with 4° but anticommutes with +* (i = 1,2, 3).

. Pseudoscalar

f=avyshb: transformsas f'=f(S), f'=-f(Sp) (3.130)

Namely, a pseudoscalar transforms under proper and orthochronous transfor-
mation just like a scalar (i.e. it does not change its value), but changes sign
under space inversion. The 5 matrix in the expression above is defined as

def
Y = i7"y (3.131)

which, in the Dirac representation, is

Vs = (? é) . (3.132)

The index ‘5’ is not a Lorentz index and thus there is no distinction between
superscript and subscript. It is designed to anticommute with any one of

Y (n=0,1,2,3):
s = (@Y%) = =@ YY) = =y (3.133)

where the minus sign arises because, when ~* moves over the four gamma
matrices 7°y1v2y3, one is v# itself and three others will anticommute with ~*.
It is also easy to see that 75 is hermitian and the square is 1. Namely,

{795} =0 (1=0,1,2,3)

3.134
H=1, %=1 (3.134)

It follows that 75 commutes with B* = X[#,~”] and thus with any proper and
orthochronous transformation S:

1 1
1B =7 (0" =) = (VT = )ns = By (3.135)

( aNVB'LW) ’

V55 = 75 ez B 52 = Svs. (3.136)
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Namely,

S, ~5] = 0]. (3.137)

The transformation properties can now be verified easily. Under a proper and
orthochronous transformation, we have

f'=(aS)s(Sb) =aSS b= f, (3.138)
575 1

and under Sp, it transforms as

f'=(@Sp)s(Spb) = (Fwo)’ﬁ(ﬁb) = —ayb=—f. (3.139)
—7075

5. Pseudovector (or ‘axial vector’)
f*=ay"ysb : transforms as  f* =AM, fY (S), " =—f.,(Sp) (3.140)

Namely, a pseudovector transforms just like a vector under proper and or-
thochronous transformations, and under space inversion it transforms with signs
opposite to those of a vector; i.e. the time component changes sign and the space
components stay the same.

Under a proper and orthochronous transformation S, we have indeed

f* = (aS)y" v5(Sb) = a Sy"S ~sb
——

——
SYs AF Y
= A (avy"ysb) = A*, fY, (3.141)

as stated above, and under the space inversion Sp,

f' = (@Sp)y"y5(Spb) = (@°) ¥*15(7° b) = —ay b = —fu . (3.142)
———
—7,7s5

where the index ;i has changed from a superscript to a subscript when ~° is
moved over v*. The key points are that 75 commutes with a proper and or-
thochronous transformation S, thus the transformation under S is the same as
a vector, and since 75 anticommutes with Sp = 7°, the changes of sign under
Sp are opposite to those of a vector.

And this is all. The five types of bilinear covariants are summarized in Table 3.2.
For a given pair of spinors a and b, here are 16 such quantities formed by 16 matrices
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Type I | #of I'; | under S under Sp
(S) Scalar I 1 fl=f fr=f
(V) Vector o 4 [ = A+, fY ™" = fu
(T) Tensor ot 6 = NN g fO8 | I = f,
(A) Axial vector | yHvs 4 [ = A+ fY 't =—fu
(P) Pseudoscalar | s 1 =i f'=—f

Table 3.2: Bilinear covariants al';b. S is a proper and orthochronous transformation,
and Sp is the space inversion.

I (i=1,...,16). It is straightforward to show that these matrices are independent
and complete; namely, a bilinear quantity formed by an arbitrary complex 4 x 4
matrix aMb can be written uniquely in terms of these bilinear covariants with a set

of complex coefficients ¢;:
16

aMb="> c;al'b, (3.143)
i=1
and thus we know exactly how it transforms under Lorentz transformations (or more
precisely, under proper and orthochronous transformations and space inversion).
You may be wondering what happened to the pseudotensor which would be f* =
aotvsb. It actually has the ‘desired’ transformation properties: f* = A* A5 f"
and f* = —f,, as can be readily verified, but we have already exhausted all 16
independent s, and o#”~; is already covered by the ones we have listed: it is easily
shown that
oYy =io* oYys =i0™,  (i,7,k : cyclic). (3.144)
Namely, a pseudotensor quantity can be constructed out of a pair of spinors, but it
is just a rearrangement of the components of the tensor bilinear covariants. In fact,
any product of v matrixes can be uniquely reduced to the following form by moving
the same  matrices next to each other and using v*? =1 or —1:

eyttt (0 n <4 << ) (3.145)

where c is a constant and all v#¢ are different. Apart from the constant, n = 0 means
it is the identity, n = 1 means it is one of the 4 vectors v#, n = 2 means it is one
of the 6 tensors iy#~", n = 3 means it is one of the 4 axial vectors v*v5, and n = 4
means it is the pseudoscalar v5. Thus, any product of v matrixes is one of the 16
matrices listed in the table up to a constant.
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Exercise 3.6 Linear independence of bilinear covariants.

Follow the steps below to prove that the 16 4 x 4 matrixes I'; of Table 3.2 are linearly
independent. Use only representation-independent relations. All you need should be
{v",7"} = 29" and {y*, 75} = 0.

(a) Show that (T;)*> = +1 or —1 fori=1...16.

(b) Verify that for any T'; (i # 1) there is at least one Iy, that anticommutes with it:

Iy = =T (3.146)

Using this, show that fori # 1, TrI'; = 0. (hint: express Tr(I'yI;I'y) in two ways, one
using Tr(AB) = Tr(BA), and the other using the above anticommutation relation.)
(¢) Show that, for any pairi # j, the product of the two I'’s is just another 'y, (k # 1)
times a constant:

(d) Suppose a set of constants a; (i = 1...16) ezists to satisfy
16
> ali=0. (3.148)
i=1

Take the trace of this equation to show a; = 0. Multiply by T'y (k # 1) and then take
the trace to show that ap = 0. Thus all a’s are zero. This completes the proof of
independence.

What is the importance of the bilinear covariants? We have already encountered
the conserved current j# = ¢y*1) which is a bilinear covariant; the usefulness of the
bilinear covariants, however, goes far beyond the probability current. In general, when
we study an interaction of two spin-1/2 particles 1 and 2 creating another particle
3, we consider the overlap of the waves 1;(z) and ¥s(x) of particles 1 and 2 acting
as a source of the wave of particle 3. The stronger the overlap, the more intense
the source is. But what do we mean by the overlap of ¢ and vy which have four
components each? The classification of the bilinear covariants tells us that there are
only five ways to define the overlap. And the transformation properties of the overlap
should be consistent with the transformation properties of the particle created; for
example, if a particle is created by a vector bilinear covariant, then the particle has
to be represented by a vector field, etc.

Later on when we form Lagrangians of particles and interactions, we will see that
spin-1/2 fields always appear in pairs as bilinear covariants. This is because in order
to form a Lagrangian, which is a Lorentz scalar, 4-component spinors have to be first
combined into bilinear covariants which have definite transformation properties which
can then be combined to form a scalar quantity.
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3.5 Representations of the v matrices

We mentioned earlier that the Dirac representation of the v matrices is not the only
explicit expression that satisfies the Clifford algebra {y*,7"} = 2¢*”. An important
theorem in this regard is the Pauli’s fundamental theorem which states:

If two sets of 4 x 4 matrices v* and ~'* satisfy
(=29 ("M =29", (3.149)
then there exists a matrix V' such that
Y =Vyry (3.150)

and V' is unique up to a multiplicative constant.

Furthermore, if v# and +* are to satisfy the property 7% = * and y# = ~'* in
addition to the Clifford algebra, then the matrix V' can be taken to be unitary. This
is seen as follows. First, according to the above theorem, there exists a matrix V' that
satisfies v = VAy#V~1. Noting that 77 = 4* means y*! = v, (and similarly for v*),
At = 7,, can be written as

Vx VAV HT = Vvt xV
= VIV VIV = 4,
—  (VIV) 1, (VIV) = 4, (3.151)

where we have used v*7 = 7, and (V1) = (V1)1 Since I'; (i = 1, -+, 16) that we
have seen in Table 3.2 are products of y*’s, they also satisfy

Vvt (vivy =1, — [, VIV]=0 (i=1,---,16). (3.152)

Since T; (i = 1,---,16) form a complete set, VIV commutes with any 4 x 4 matrix,
and thus V1V should be proportional to the identity matrix. By rescaling, V can be
taken to be unitary:

VIV =a (const), V’ e TN VL VI (3.153)

Such unitary matrix V' is unique up to an overall phase.
Suppose a spinor wave function ¢ (z) satisfies the Dirac equation (¢ @ —m)y = 0,
then

(iv'0, —m)yp = 0
A /_/H
V Vi
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—  (@VAVTo, —m)Vy = 0
ol

S 0MB-mp = 0 with [f=Vel (3154)

namely, the new wave function Vi (z) satisfies the Dirac equation with the new
gamma matrices given by v* = VA#V 1. Note that the two wave functions ¢(x) and
Vip(z) represent exactly the same physical state (same F, P, spin etc.), but simply
given in different representation where the meaning of the spinor indexes are modified
(which indexes correspond to spin-up, down etc.). This is in contrast to the Lorentz
transformation where the physical parameters of the particle such as F, P and spin
are transformed to different values.

Other representations often used are the Weyl representation or the ‘chiral repre-

sentation’: ; s
(39 (% ) v Y
V= <I 0/’ Y= —0; 0/’ Vs = 0 —1I)/)° (3155)

which decouples two spin states (left and right handed spins) for massless particles
as the top two and the bottom two components of ¢(x), and the Majorana represen-
tation, which is entirely imaginary:

0 __ 0 O'Q) 1_(2'0'1 0) 2_<0 —0'2> 3_(1.0'3 O>
7_(020’7_ 0 ion) T T \oy 0 ) T TN0 o)

- <‘B2 0 ) | (3.156)

The matrix v; is always defined as 75 = i 79y1y%3.

Exercise 3.7 Verify that v matrizes in Weyl and Majorana representations indeed
satisfy the anticommutation relations (3.37). Check for all combinations of (u,v),
but do so systematically.

3.6 Spin of the electron

Review of spin-1/2 formalism

Let’s review the spin-1/2 formalism in non-relativistic quantum mechanics. We define
|1) to be the state with spin in the 4z direction, and |]) to be the state with spin in
the —z direction. In terms of two-component column vectors, they can be written as

m=(y). W=(}). (3.157)
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In the space spanned by |1) and |]), the angular momentum operator J is represented
by the Pauli matrices:

Ji = % (i=1,2,30rzx,vy,2) (3.158)

and they satisfy the commutation relations of angular momentum operators [J;, J;] =
i €5 as shown earlier in (3.26). In the space spanned by states with a given angular
momentum j, the square of the angular momentum operator .J? is given by

P =T+ 2+ T2=+1). (3.159)

Using 07 = 1 (3.21), we have

2\ 2 2 2 2
o o 09 3 3 1 (1 )
- = (2 == =) =—-==-(=+1 3.160
(3) - (3) () +(3) - 13 @160
which shows that &/2 is indeed a spin-1/2 representation of angular momentum.
The eigenstates with spin polarized along an arbitrary unit vector § can be ob-
tained by applying a rotation to the states | 1) and | ) of (3. 157) In general, the

rotation operator R(f) by an angle 6 = |0] around the axis § = /6 is generated by
the angular momentum operators as

R(0) = e7107 (3.161)

For rotations in the 3-dimensional space, the generators L; (i = 1,2,3) we have
obtained in (1.95) can be redefined to be consistent with this form:

S 8L (1=1,2,3) — el =i (3.162)

then the commutation relation (1.98) of L;’s indeed leads to that of angular momen-
tum:
{Lz R Lj] = EijkLk — [Jz , J]] = ’iGiijk . (3163)

—

In the spin-1/2 space, the corresponding rotation u(6) is a 2 x 2 matrix obtained
by the replacement J — /2 in (3.161):

u(q) = e_’g'& = COSZ — i (é - 0) Sing (3.164)

where we have used the identity

S
a-o =g

e’ =cosa+i(a-d)sina (az\a|,&

ISHEST]

) . (3.165)
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Y

Figure 3.1: The rotation to take the z-axis to a general direction §.

The rotation matrix (3.164) tells us that a rotation around any axis by 27 changes
sign of the state (u = —1), and it takes two complete rotations to recover the original
state, which is a general feature of half-integer spin states.

The z-axis can be rotated to the direction of § by first rotating around the y-axis
by 6 and then around the original z-axis (not the rotated one) by ¢, where (0, ¢) are
the polar angles of the direction s (Figure 3.1):

§ = (Sz,Sy,5:) = (sinf cos ¢, sinfsin ¢, cosf). (3.166)
The rotation matrix is then
R(O,¢) = e e y(f,¢) = e 8% e 718%y (3.167)

and the resulting eigenvectors are (up to a common overall phase)

X+ = u(&@(é) :2(11“»(1;52)
Yo = u(6,¢)<(1)> :1<32_1) , (3.168)

2(1—s,) \ S+
where e
51 = 5, s, (3.169)
and the orthonormality is given by
fo =iy =1 'y =~+Iv. =0 3.170
Xix+ =xix-=1, xix-=xlx+=0. (3.170)

On the other hand, the spin component in an arbitrary direction § is represented
by the operator (in the unit of the absolute value of the spin which is 1/2)

oo 0 1 0 — 1 0
S-O‘—Sx(l 0)+8y<i 0>+sz(0 _1>
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B < S, Sy — isy>
syt sy -5,
= (SZ o= ) . (3.171)

Using the formula

(@-G)(b-G)=a-b+id-(axb) (3.172)
we have

22 22 (T &) —

(5-0)"=5"+id (s:s) 1, (3.173)

which means that the eigenvalues of §- 7 is +1. In fact, it is easily verified that the
states obtained in (3.168) are indeed eigenvectors of s o

(5-0)x+ = X+ - (3.174)

Using the fact that 57 has the eigenvalues +1, we can construct projection operators
which project out y4 from any vector. Define the operators P by

Y HEQ‘” (3.175)
Then using (5 7)x+ = x4+
Pixs+ = 1:|:2§'&Xﬁ: ! iéil)Xﬁ: = X+
Py = 00 S EED o) (3.176)
Writing any vector v as a linear combination of y4
U =ciX+ Feox— (¢4 : complex constants) (3.177)
we see that Py indeed projects out x4 out of v:
Pov=cixy, Puv=c_x_. (3.178)

One can also easily verify that the operators P, satisfy the properties of projection
operators:
P;=P., PP =P P =0. (3.179)

Exercise 3.8 Non-relativistic spin-1/2 states.
(a) Show that u(0, @) can be written as

) 0 —qin ?
u(f, ¢) = emi2 < 0% 2 Slenez2¢>> ) (3.180)

in 2ei¢ 9
sin je COS 3



3.6. SPIN OF THE ELECTRON 81

and verify (3.168). (hint: Use €% = cosa +i(a-7)sina.)

(b) For any 2-component vector v, Py(S)v are eigenvectors of §-& with eigenvalues £1
assuming that they are not zero. One can use this feature to construct the eigenvectors
of §-d. Take any state, say the state with spin in +z direction, as the vector v to
obtain the same result for x4+ as above.

Electron spin
From the spinor-space representation of the proper and orthochronous Lorentz group

(3.97), a pure rotation by @, U(0), is obtained by extracting the terms that correspond
to the generators of rotation M% = L (i, 7, k: cyclic):

= 1 . y w
U(0) = exp (2 Zaz‘jBU) = exp (Z az‘jB”> = i (3.181)

i,J 1<J
with ot 4
Y = 2B*, 6, =a;, (i,7,k : cyclic), (3.182)
or using the definition of o*” (3.126),
5 B o = inink (i, 4,k : cyclic) |. (3.183)

Comparing (3.181) with the general form of a rotation (3.161), we identify a set
of operators that is acting as angular momentum operators:

Ji ==L, (3.184)

Since B* and M7* satisfy the same commutation relations, iL; = iM7* and ¥;/2 =
iB7* should satisfy the same commutation relations. On the other hand, we have
seen in (3.163) that ¢L; (i = 1,2,3) satisfy the commutation relations of angular
momentum, and thus so do % (1 = 1,2,3). In fact, we will show below that iz
satisfies exactly the same commutation and anticommutation relations as the Pauli

matrices ¢. First, the square of X; is unity:
(B0)? = (iv'7*)? = =7 "y A
W—/
—yI~y* since j # k
= (Y)>0M)?=1 (3.185)

where 17, j, k are cyclic and no summation over repeated indexes is implied. For cyclic
i, J, k, we have 3; = iy and 3; = iv*y*. Then,

5i%5 = (i 7)) (" 7') = 7" = i(iv'y) 5 (3.186)
H/.—/

—1
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thus,
XX, =1, (4,7, k : cyclic). (3.187)

Now, we note that >J; is hermitian:

Bl = (v = =i /" P =iyt =5
—
_,yk —~d

Then, taking the hermitian conjugate of (3.187), we obtain
Sisl=—in] - 5% =%,

Comparing this with (3.187), we see that ¥; and ¥; anticommute. These relations
are summarized as

{Zz s EJ} =2 52']' s [Ez 5 Z]] = 2Z€z]k2k s (3188)

leading, in particular, to

S\ 2
SN S IS o 55 1 /1
Li ). X () L/l 1
[2’2] gkt (2) 2(2+> (3.189)

which shows that ¥ /2 acts as an angular momentum operator with j = 1/2.
In the Dirac representation ¥; is explicitly written as

, 0 o; 0 o —0,;0 0
- (8 B 9 (5 )
Rt —o; 0 —o, 0 0 —0 0},

. —iO’i 0 [ 0 0
_ z< ) _wi)_<0 0) (3.190)

which explicitly shows that X;’s satisfy the same relations among themselves as do
0;’s. This is, however, independent of representation as we have seen.

To see the spin structure more clearly, apply the rotation operator U (3.181) to a
plane wave

Y(x) = Poe P (3.191)

where 1)y is a constant spinor and p* = (E, }3) represents the energy and momentum
of the state. We carefully follow ¢'(2’) = Uv(x) and make sure that we write the
result in terms of 2’. Using x = A~12/, or

rp= (A1), = A, (3.192)
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where A is the 4 x 4 Lorentz transformation matrix corresponding to the rotation,
the transformed wave function ¢’(z’) can be written as

/v

o . . ’ﬁ? /
Y'(2") = Uthpexp(—ip"z,) = (Uthy) exp(—i p"A”, ;)
= (Ugpo)e ", (3.193)
where
P = A .p" (3.194)

is nothing but the rotated energy-momentum 4-vector. If it were a scalar field, then
this rotation of the energy-momentum 4-vector (actually, the energy stays the same)
would have been the only change. For a spinor field, however, we have additional
‘rotation’ (U1)y) associated with some internal structure of the particle, and we know
that this internal rotation is exactly like that of a spin-1/2 particle because of the
equivalence of ¥; and ¢;. Thus, we suspect that a particle represented by a spinor
field carries an intrinsic spin 1/2.

To obtain a more physical understanding, however, we will now show that the
angular momentum is conserved only when the spin is added to the orbital angular
momentum. We start from the Dirac equation written as (3.29):

i—p=Hy, H=a- -j+pm (3.195)

with
B=1" ;=1 (+ 7' =), F=—iV. (3.196)

Recall that if an operator O commutes with the Hamiltonian H, then it is a constant
of motion. Does it apply to the operator H we have here? Actually it does: suppose
states [a) and |b) are solutions of a Schrédinger-form equation i2| ) = H| ). Then
we have

ilay = Hla) — —ila| = (a|H" = (a|H, (3.197)

The time derivative of the matrix element (a|O|b) is then

0 : 1
5;(alO) = {alOb) + (alOJD)

~—~ ~—~

i{a|H —iH|b)
— i(a|HO|b) — i{a|OH|b)
— i(a|[H, O)|b); (3.198)

namely, the matrix element (a|O|b) is a constant of motion if [H, O] = 0. This holds
as long as the equation is in the Schrodinger form and the ‘Hamiltonian’ is hermitian.
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We first evaluate the commutator of the orbital angular momentum and the Hamil-
tonian, [L;, H], with

Li = (Zxp)i = eijra'p" (3.199)

H = ap = ~0(~ipt 3.200
g;p+£m Y (P +m), (3.200)
,70,)/1 /yO

where sum over repeated space indexes are implicit regardless of superscript or sub-
script, and we are consistently using the definition z# = (2%, 7) and p* = (p°,p).
Useful relations are

[AB,C] = A[B,C] + [A,C]B,  [C,AB] = A[C,B]+[C,AlB. (3.201)

It follows that, in either of the formulas, if A commutes with C, A can simply come
out of the commutator to the left, and if B commutes with C', B can simply come
out to the right.
Noting that v* commutes with z* and p’, and that [z, p’] = id;;, we have
[Li, H] = [eiu2’p" 7 (+'p" + m)]
= ey’ [2'p" ' + 7><L}
= EijkVOVl [xjpk ,pl] = 1€k 7y p*
[, p'] p* “
——
i0j;
This looks non-zero and cannot be simplified further, indicating that the orbital
angular momentum is not a constant of motion by itself.
We now evaluate [%;, H| using X; = i7", (i, 4, k: cyclic):
(i, H] = [i7/9%,7°('p" +m)]
= i7" [ + %]

[k, 4 P
(390) — — 2<g]l kV - gklgjy)’yyz 2(6jl5ku — 5kl6j,,)7”
= 217" (y"p’ = +'p") = —2i(ayp" — oup’)
= —2i(a x p); (3.203)

Combining (3.202) and (3.203), we have a conserved quantity:

M

[J,H] =0, with f:E+§, (3.204)
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which shows that when the spin operator 5 /2 is added to the orbital angular momen-
tum, the total angular momentum is conserved, indicating that electron does carry
an intrinsic spin angular momentum whose absolute value is 1/2. Note also that the
above equation clearly identifies Y; to be the ¢-th component of the spin which has
to be added to the i-th component of E; for example, X5 = iyl4? always represents
the z-component of the spin regardless of the representation of the v matrices.

Let’s reflect upon how this descritpion of electron spin has come about. We set
out to solve the problems of the Klein-Gordon equation, in particular its negative
probability, and in making the equation linear in time and space derivatives in hope
of solving it, the equation became 4-component, and it introduced the possibility that
the particle has some internal structure. The spin of the electron, or more correctly
the magnetic moment of electron, had been ‘discovered” by G. Uhlenbeck and S.
Goudsmit three years earlier in 1925 in order to explain the anomalous Zeeman effect
(splitting of energy levels in alkali atoms in presence of magnetic fields). The electron
spin was now beautifully explained by a theory which was consistent with the special
relativity and the quantum mechanics. Actually, we have not shown that electron
has a magnetic moment yet, which involves interactions with the electromagnetic
field A#(z). This will be done later, and it will be shown that the value of the
electron magnetic moment is twice as large as the natural value classically expected
from its charge and spin. Now, let’s move on to finding explicit plane-wave solutions
of the Dirac equation.

3.7 Plane-wave solutions of the Dirac equation

In this section, we will construct plane-wave solutions of the Dirac equation. Even
though we will use the Dirac representation for explicit expressions, many of the
essential relations are independent of the representation as will be shown. Let’s start
from the solutions for a particle at rest.

Electron at rest (5= 0)

From the correspondence p > —iV, the solution for p = 0 should have no space
dependence, or 0;¢ = 0, (¢ = 1,2,3). Then the Dirac equation iv*d,¢p = ma
becomes

1 1@1 U
i°0pp = myp, or i L 1 :/Z:) =m Z; . (3.205)

=1/ \t Y
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The four equations are

“/11 = miy
i = miy (3.206)
s = —maps
Wy = —miy
There are thus four independent solutions:
D) = Wemimt () — @2 gmimt (3) — B etimt (4) — (@) etimt
1 0 0 0
0 1 0 0 (3.207)
1) = 2) = () = () =
“U=loflr Y=ol YT Yo
0 0 0 1

Since we define the eigenvalue of the operator i9/0t to be the energy, ") and 1(?)
are positive energy solutions and ¥ and ¢®* are negative energy solutions.

That this is a complete set of solutions for p = 0 can be seen as follows. At a given
time, say t = 0, the most general form of ¢ is ¥;(x) =g = a; where a; (i = 1,2, 3,4) are
some complex constants (there is no space dependence since g = 0). Then, in order
for this wave function to be a solution of the Dirac equation, the time dependence of
each component in the past and future is uniquely determined by (3.206); namely, the
first and second components has to vary as e " and the third and fourth as e™:

a a e—imt
V== 2| = @)= i | (3.208)
Q4 a4€+imt

which is thus a completely general p'= 0 solution of the Dirac equation. This can of
course be written as a linear combination of the four solutions (3.207) which are thus
complete:
(@) = ap(z), (3.209)

where the spinor index ¢ is summed over 1 through 4.

Leaving the discussion of the negative energy states to a later time when we
describe the hole theory, let’s look at how (?’s respond to the spin z-component
operator X3, which, in the Dirac representation, is written as [see (3.190)]

1
N3 = (U?’ ) = -1 (3.210)
3= o) = 1 . .
-1
Clearly, 1)()’s are eigenvectors of the spin z-component with eigenvalues given by

YW 8 =41, @ :8s=—-1, @ :N3=41, W :¥3=-1.  (3.211)
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Eigenstates of spin component in any arbitrary direction § can be obtained by
rotating these solutions, and we know exactly how to rotate spinors. The operator
to rotate the z-axis to an arbitrary direction § can be taken as in (3.167): R(0,¢) =
ez~ where (0, ¢) are the polar angles of the direction 5. The corresponding
rotation in the spinor space is given by the replacement J — %/2 (3.184):

U0, ¢) = e /8578 (3.212)

which can be rewritten as follows: First, due to the block-diagonal form of (3.190),
we have

zz:("" 0i> — (czi)’f:((wi)’“ (Cm)k), (3.213)

where ¢ is any constant number. Then, the exponential can go inside the block-
diagonal subsections:

\k
o zk: ;' (%) = zk:kl;l <( ! (cai)k>
) (66% 60%) (3.214)

Thus, the spinor operator U(f, ¢) can be written as
ity _ibx: e—i%oz e—igcry
U(0,9) = e"27e 2% = o-ito o—idoy

e—i%aze—igay
- e—igaze—igay

<U(9,¢)

(3.215)

u(, ¢)>

where u(6, ¢) is the 2 x 2 matrix defined in (3.167). Applying this rotation to ™,

1
a@.9) (o)) ey
¢/(1) _ U(Q,¢)1/J(1) _ 0 e—zmt — ( 0—1—) e—zmt’ (3216)
(o)
where x4 is defined by (3.168). Similarly, applying the rotation U(6, ¢) to @ (i =
2,3,4), we obtain a set of four states polarized along a general direction § (and p'= 0):

wél) - N (X0+> e—imt (spin _{_g)’ wé?) — N <XO— ) e—imt (spin _5’)7

o =N (XO Jerm spin +8), 0l =N (XO ) e (spin —3), (3:217)
+ _
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where we have omitted the primes on ¢’s, and N is a normalization factor to be chosen
later. It can be easily checked that these are indeed eigenvectors of the operator s- f],
which should represent the component of spin along the direction §, and that they
have the stated eigenvalues: Using (3.190), we have

§.i:<5"7 . ﬁ). (3.218)
5.7
Applying this to ¢ of (3.217), for example,

(§'i)¢§) — ((S~<6)X+) o imt _ (XJ) o tmt +¢§,~1)v (3.219)

where we have used (3.174). Similarly, other states can be shown to be eigenvectors
of 5% ; thus, we have

(- S = ) (5- S = B (3.220)

S S

Electron in motion
Now that we have a set of solutions for an electron at rest with its spin polarized in an
arbitrary direction, the next step is to construct solutions for an electron in motion.
One could solve the Dirac equation explicitly without dropping the space derivatives,
but we are now well equipped to deal with it more systematically: we know solutions
at rest and we know exactly how to boost them.

The matrix S in the spinor space corresponding to a Lorentz transformation in
space-time A which is a boost in a direction 5 by velocity § = tanh \5! is

A =8l = 8 g BT (3.221)
with
BY = 37071’ - (3.222)
: S0 .

Writing & = &€ (€ = [€], £ = £/¢),

(é ) 07)2 = éiaiéjaj = é@éj%%‘
(1< J)
1 oo m
= (&g aiay + &6 i)
= ;éiéj(azaj + aja;) = |§C|2 =1. (3.223)
20;;
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The matrix S can then be written as

G — e3fd _ 560
o (Y e L EY e o L (EY s
= (§) @@ (5) ©areg (§) Earr
! (€-d)
ey &) 1y »
- [rals) oo | (3w (5) - Eem
— h§ 2 A sinh &
cosh = + (£ - @) sinh > . (3.224)
2 2
Using . s
&:(2 g) N g-&:(é% 56") (3.225)
we have
G ifa _ Acoshg (é-&)sinhg
(&-0) sinh% COShg
B 3 1 (€- @) tanh §
= COShZ((f-&')tanhg ) 2>. (3.226)

It is more convenient to express it in terms of the energy and momentum of the
particle. Recall that the boost parameter £ is related to v and 7 of the boost by

v =-cosh§, mn=sinh¢, (3.227)

then using the hyperbolic half-angle formulas,

hE+1 1
coshg - \/COS2§+: 7; (3.228)
fanh & — —Smh& 1 (3.229)

2 coshé +1  y+1°

The energy-momentum 4-vector p* = (F, p) acquired by a rest mass m after the boost
is

Pr=my with " E (y,7)]. (3.230)

where 77 is the vector with length 7 pointing to the direction of the boost. We then
have £ = m~y and p = |p] = mn, and thus we can write

13 \/7—1—1 \/E+m 13 n D
h2 = = tanh > = = . 3.231
oSy 2 om Y y+1 E+4+m ( )
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Since { is in the direction of the boost as discussed just below (1.139), we have p’'= fp,
and thus

2 = § oo P p-o

. ‘t h — = . = .2 2

The boost matrix in the spinor space (3.226) can now be written as
1 p-g
E
S—./=Em o  E+4m || (3.233)
2m b-o 1
E+m

which is a boost under which a rest mass m (> 0) acquires an energy-momentum
p" = (E,p). Note that p° = F as defined is always positive. Using [ see (3.171) |

pa=(" ) e=ntin, (3.234)
P+ P
it could be written in a fully 4 x 4 form:

Dz p—
1 O E+m E+m

E P+ —Pz

S = tm 192 pl_ E+m  E+m | (3'235)
Vo2m |\ e e 10
P+ —Pz 0 1

E+m E+m

All we need now is to apply S to the solutions at rest ng), and strictly follow the

definition
P'(2") = S(x), 2= Az, (3.236)

to write it as a function of /. In doing so, we need to write the exponent imt in
terms of 2’. This can easily done by noting that

mt=p-uz, p=(m,0). (3.237)
Then we have the Lorentz invariance relation
p-x=p -1, (@ =Az, p =A2). (3.238)
Applying S to the solution ¢(x) = wg)(x) with p = 0 and spin +5§ (3.217), the
boosted wave function, which we will denote as wgg(a:’ ), is then

73

V(') = (@) = Ny T B | [ o
s 2m p-o
E+m 0
X+
E + m —ipla! dﬁf (1)
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At this point, we choose the normalization by N = +/2m, which will avoid the di-
vergence in the limit m — 0. Similarly applying the same boost S to the rest of the
states, we obtain (omitting the primes)

y P 2 —ip-x
epl(@) = wpze™*, YENE) = wy_ge P,
X+ Y
e VT e | e vETE| e |
E+mt o
(3.240)
p-o X 7
w—pé‘—\/m E+m~™t , W s=VE+m E+m 7
X+ X
with
p" = (E,p) =mn", in particular, p’=FE >0, (3.241)

where we have labeled the constant spinors w by the spin direction and the eigenvalue
of the operator 10" (p = p*). Thus, we have here a set of four solutions corresponding
to a moving electron. The rule is that the constant spinor w, 15 has to be attached to
the space-time dependence e~ in order for the wave function to become a solution
of the Dirac equation, where the parameters p* appearing in w and the exponent
have to be the same, and w_, 15 has to be attached to e”® to be a solution of the
Dirac equation. Again, we emphasize that the 4-vector p* above is simply m times
the boost 4-vector n*, and p° = E is always positive by definition. Thus, as long as
the energy is defined by idy, the solutions wé};) have a positive energy and w%@ have

a negative energy.

Conserved current of the plane wave solutions
Let’s evaluate the conserved current j* = 1y*1) for the rest frame solutions (3.217)
with N = v/2m. The time component, which should be the probability density, for

the solution wg) is
. T (1 1 1 1
P = PP = Pyl
= 2mxxy =2m, (3.242)

and the result is the same for all other solutions. The space component vanishes as
expected for a particle at rest:

7 = e = 9 0 e
07
k

_oam(yh 0)<00k i)k> <X0+>:07 (3.243)
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which also vanishes for other solutions. Thus, we have for all the four solutions with
p=0,
j* = (2m,0) for ng) (i=1,2,3,4). (3.244)

Since we know that j# transforms as a vector, we should have for the boosted solutions,
gt =2mnt = 2p* (3.245)

where n* is the boost 4-velocity as before, and thus p® is positive by definition. This
can be explicitly verified from j# = 1y*1) and (3.240).

Our normalization of the wave function is such that for the solutions at rest, there
are 2m particles per unit volume. When the states are boosted, we see that the
probability density becomes denser by the contraction factor v to become 2m~y = 2F.
These are all things we already know from general analysis. Here, however, we have

verified them using explicit plane-wave solutions.

Negative energy solutions - the hole theory

We have defined the energy as the eigenvalue of the time derivative operator i9°, and
according to this definition, two of our plane-wave solutions (3.240) have negative en-
ergy. One cannot simply ignore the negative energy solutions, since when interactions
are included in the theory, it becomes unavoidable to have transitions to negative en-
ergy states. As it turns out, such transitions cannot be excluded without violating the
conservation of probability, and the true solution lies in the Quantum Field Theory.
For now we will follow Dirac’s argument to wiggle out of the problem. The main aim
of this exercise is to assign proper quantum numbers to the negative energy solutions
which happen to represent the antiparticle of the electron - the positron.

Consider an atom in its ground state with many electrons. Due to the Pauli’s ex-
clusion principle, another electron cannot fill the low-energy states which are already
occupied. If one of the electrons is kicked out of the atom (‘ionization’), it will leave a
positively charged atom. Now imagine the vacuum as something like a gigantic atom
where all the negative energy states are filled up. Then a positive energy electron
cannot drop into one of the negative energy states since it is already filled up.

If a negative energy electron is ‘excited’ to a positive energy state, it will leave a
‘hole’. If the original negative energy electron had 4-momentum —p* defined as the
eigenvalues of 10" (with p” > 0) and spin —§, then the hole would look like it has
a 4-momentum p* and spin § relative to the vacuum. Also, the charge of the hole
would look like the opposite of that of the electron. The mass of the hole then should
be the same as that of the electron since p> = (—p)? = m?. Thus, the hole has the
same mass, same absolute spin, and opposite charge to those of the electron. Such
particle is called the antiparticle of the electron, or ‘positron’ denoted as e, while
electron is denoted as e~. The correspondence between the missing negative energy
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electron and the resulting positron is summarized as

When missing e~ of it is equivalent to et of
energy —FE — energy E
. : . S (3.246)
momentum —p°  all signs flipped momentum  p
spin —§, spin §.

Since in reality we deal with positrons with positive energies rather than electrons with
negative energy, it is convenient to label the spinors in (3.240) by physical quantities.
Using u for electron spinors and v for positron spinors, we define

Ups = Wpg,  Up-g = Wp_g,

Sy
@y

(3.247)

Up—5 = W—ps, Upsg = W_p-3-

S

Now for both u and v spinors, the labeling corresponds to physical quantities of
electron and positron, respectively. Of course, in order to be a solution of the Dirac
equation, the uz 1z spinor has to be attached to e~?* and the v; 1z spinor has to be
attached to e®*, where p° is given by p® = /p? + m? which is always positive. Since
p° is uniquely defined for a given p, we have chosen to label the u, v spinors by p

rather than by p*. The four plane-wave solutions are now

upise P, Vg5 €T
(e with spin +§ ) (e* with spin +§ ) (3.248)
4-momentum p# 4-momentum pt
where the u, v spinors are defined by (3.247) and (3.240); namely,
X+ p-a X
Up+s = vVE+m i ,  Up4s = vVE+m| E+m * . (3.249)
E + m X

3.8 Energy and spin projection operators

In the previous section we have used the Dirac representation. Almost all discussions
in this section and the next, at least all the boxed formulas, are independent of
representation.

Dirac equation in momentum space
Since ug+ge P? and vy 1ye?” satisfy the Dirac equation, we can extract the matrix
equations for the u and v spinors:

0 = (i7"0u — mugase™ " = (V'pu — mugaze "
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0 = ("0, — m)vﬁ,igeip’x = (—"p, — m)vﬁvigeip'x

= | (p—m)upez =0, (p+m)vzas=0. (3.250)

These equations hold for any p' and s as long as the u, v spinors are constructed as
defined by (3.249) and p* that appears in p is given by p* = (p°, p) where p is the
same § that appears in (3.249) and p° o VP> +m? > 0. These equations for the
u, v spinors are sometimes referred to as the Dirac equations in momentum space.
Corresponding equations for the adjoint spinors u and v can be obtained by simply
taking the spinor adjoint of (3.250). Noting that for any real 4-vector a*, we have

¢ =~Fa, = ia# =¢, (a: real) (3.251)
,YN
the adjoint of (3.250) is

(P —m)ugas =515 (p —m)=0, (p+m)vgas="T51s

| Tz(p—m) =0, Tm(p+m)=0.] (3.252)

Now note that the equations (3.250) can be written as
o s = Upks, Vgt = T UpEs, (3.253)

which means that the u and v spinors are eigenvectors of the matrix p/m with eigen-
values +1 and —1, respectively. Namely, the operator p/m represents the sign of
the energy, or equivalently, whether the spinor is an electron solution or a positron
solution. Using this, one can construct an energy projection operator that projects
out a spinor of a given 4-momentum and a given energy sign:

Aulp) & ; (1 + ﬁ) . (3.254)

m

Then, it is easy to verify that (for a given p)

A (p)u
A_(p)v

L

S

==

=

=Upts, N(p)uges (3.255)
v

=0,
Vpts, Ap(p)vprs =0,

s
oy
Il

5

Thus, applying A (p) to any 4-component quantity a projects out an electron solution
with 4-momentum p*, and applying A_(p) projects out a positron solution with the
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same 4-momentum. It is also straightforward to show that they satisfy the property
of projection operators:

Ai(p) =As(p), Ailp)+A_(p)=1,

3.256
Ao (p)A_(p) = A (p)A+(p) = 0. (8.256)
In proving the above, it is useful to note
dp +pd = a, "o, + by at = aub, (VY + ) =2a-b. (3.257)
—_———
2 g

where a and b are c-number 4-vectors. Applying this to a = b = p, we get

P =p=m>. (3.258)

Then, we have for example,

A+(p)2:i<1+ ’5>2:i<1+2’§+’$2> :;<1+i> =A,(p),  (3.259)

m m  m?2
~—
1

and other relations of (3.256) can be shown similarly.

Spin projection operators

We have just seen that the matrix p/m acts as an energy sign operator for a given
4-momentum p*. We now look for an operator that represents the physical spin in a
given direction s, where by ‘physical spin’ we mean the spin we measure experimen-
tally, in particular, for a positron we want a projection operator that projects out a
given spin of the positron and not that of the missing electron in the sea of negative
energy. In doing so, there are two problems we have to deal with: one is that for a
positron, we want to make sure that it is the physical spin that is measured and not
the eigenvalue of 5- i, and the other is that we want the spin measured in the rest
frame of the particle even for a solution with a finite momentum.

For the first problem all we have to do is to somehow flip the sign of the spin for a
positron. The second problem needs some care, since when an eigenspinor of §'- Y is
boosted, it is in general no longer an eigenspinor of s 5. Take for example the p'= 0
solution wug , - which is an eigenspinor of § - Y with eigenvalue +1. If we apply the

operator §- Y to the boosted spinor uz 4z, we get (dropping the normalization factor

VvV E +m for simplicity)

s-d 0 X+ (5 F)x+
(5-X) uprs =

— —

ﬁ-UX — | 5-9)(p-7)
E+m™"

(3.260)
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Since (§-0)x+ = x4, if §-0 and p’- & commute, then uz s becomes an eigenvector of
5% . However, we have

5-3,p-7) = [s'0;,p’oj] = s'p [0;,05] =2i(§x D) -7 (3.261)
N—_———

which is in general not zero; thus, uz 45 is in general not an eigenspinor of 5" > (unless
§x p'=0). Our strategy then is to go to the rest frame of the particle, construct an
operator that reflects the physical spin there, express it in a Lorentz-invariant form,
and then carefully ‘boost’ it.

Let’s start with constructing the eigenstates of s - Y in the rest frame in a way
that is independent of representation. In the Dirac representation, the p'= 0 solutions
ug 1z and vg 4 look like

Ug 15 X (X0i> s Ugag X ( 0 ) , (3.262)

and they are eigenstates of s IE
(5-5) Ugrs = FUg s, (5 %) U545 = TU5,+5- (3.263)

These relations are independent of representation. In fact, if we change the represen-
tation by a unitary matrix V', then by (3.150) and (3.154), the spinor and ¥; in the
new representation are given by

Ugas = Vigas
Y =iy = (VA VIV AV = Vi VT = vE VT (3.264)
1

If (5~ i) Ug 1z = Fug .z holds in one representation, then multiplying V' from the left,

/E'Z) Ug+s = fiﬁ,ﬁ
vV.oViv |4
= (8- X us, . = Fuf, ., (3.265)

demonstrating that the same form holds in the new representation.

Note that for the v spinors in (3.263), the sign on the subscript § is opposite to
the sign of the eigenvalue. We thus want an operator whose eigenvalues for v spinors
are sign-flipped with respect to 5% . This can be accomplished by (3.253) which can
be written in the rest frame as

0 o 0,,. o
Y UG 4z = UG+ss 7V Vg+z = —VUG4+ss (3.266)

) )
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where we have used p = m7° [since p* = (m,0) in the rest frame]. It will thus flip
the sign for the v spinors only. Together with (3.263), we have

(5-% ’YO) UG +5 = i“f),ig’a (5-% ’VO) VG +5 = i“ﬁ,isﬁ (3.267)
~—— ———
Ug x5 —Ug,5

which is exactly what we wanted. This, however, works only for the rest frame
solutions. In order to extend it to the boosted states, we first show that the operator
5% can be written in the rest frame as

§-57" =454 (rest frame), (3.268)

where the real quantity s* is defined in the rest frame by

s (0,58) (rest frame), (3.269)

and assumed to transform as a Lorentz 4-vector. Since § = s'v; in the rest frame,

and

¥ = iy = —i'y2y3y¢ (i, 4, k : cyclic) (3.270)

which can be verified for k = 1,2, 3 explicitly, we have

vé = @[] = 5" v
—_—
—iy' Py =3
= §uA =550, (3.271)
Thus, (3.267) can be written as
V5f W5, 15 = Twgy (w:uorv). (3.272)

The above equation is for spinors representing a particle at rest. A spinor with
momentum p was defined by

(s = SM)wg 1z, (3.273)

where as before w represents u or v, and A is the boost that makes the rest mass m
acquire a momentum p. First, we set A — A~! in STHA)y*S(A) = A*,v* (3.80) and
use S(A™!) = S7H(A), and thus S7H(A™1) = S(A), to get
STHAS(AY) = (AT e (3.274)
——
S(A)STHA) Aot
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Multiplying (3.272) by S(A) on the left, we obtain
S(A) X ’y5fé WG 15 = S(A) X j:waig (3275)
: :
STHA)S(A)
Together with [y, S] = 0 [see (3.137)], this becomes

Y5 8, S(A)Y*STHA) S(Nwg 1o = £ S(M)wg . - (3.276)
N ; b b
(3.274) — Ay Wy 5 W5
SaV" = #
where we have defined the boosted spin 4-vector
st E AR s (3.277)
Thus, we have
Vst Wparz = twyez (w:uorv)l, (3.278)

where we have dropped the prime on s with the understanding that s* is always
the transformed 4-vector of (0,5) by the same boost under which the rest mass m
acquires the momentum p. Thus, we see that the operator v5# has eigenvalues +1,
and properly represents the component of the physical spin along the direction s in
the rest frame (times two, to be precise), where it is understood that the rest frame is
reached by a pure boost. And it works for a positron as well as for an electron. Also,
note that our derivation was independent of the representation of the v matrices.

Just like we constructed the energy projection operator from the energy-sign op-
erator p/m, we can construct spin projection operators as

def 1 £ 756

Yi(s) 5|

(3.279)

which project out the eigenstates of the spin operator v5# for the given direction §and
the given boost represented by p. Again, it can be readily verified that the operators
Y1 (s) satisfy the properties of projection operators:

Y2(s) =34(s), Zi(s)+X_(s)=1,
Y4 (s)E_(5) = £_(s)84(s) = 0. (3.280)

Orthonormalities of the u, v spinors
In the rest frame, we have s* = (0, §) and p* = (m,0). Thus,

s?=—-1, s-p=0|, (3.281)
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—|—1 Uﬁg ?J-;g
Vs 1

Table 3.3: The v and v spinors for a given momentum p’ and a spin quantization axis
s shown with the eigenvalues of the operators p/m and ~s4.

which are in Lorentz-invariant form and thus true in any frame. Then from (3.257),
we see that § and p anticommute:

pp+pf=25-p=0. (3.282)

For any given set of §and p, the energy-sign operator p/m and the spin operator vs#
then commute:

pP(rs8) = —’Yséﬁ = (1:8)p

b Yy
_> Li’%ﬁ} — 0. (3.283)

We have seen that the two commuting operators v;# and p/m both have eigenvalues
+1. Thus, there should be a set of four spinors that are simultaneous eigenspinors of
the two operators. In fact, they are nothing but uz+s and vz +5. Table 3.3 summarizes
their eigenvalues. Now we will show that they are also orthonormal.

First, the operators p/m and 3¢ are self-adjoint: using # = ¢ (3.251),

p P —
mom’ Vb V5 Fs = V5h ( )
—5
where we have used
— — 0.1t .0__0 0 __
V=7 Y =77 = - (3.285)
~—

75 by (3.134)

This indicates that the eigenspinors are orthogonal in terms of the inner product
defined by the spinor adjoint. In fact, using (3.253),

P Up+3
— Up s = Upts - Up+5
m

Up +s = Vp+5 Up+53 - (3286)
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On the other hand, taking adjoint of (p/m)vsis = —vs 1z, and using p/m = p/m,

X Up +3
= Up+5 ’ Up+5 = —Up+5 Up+5 - (3.287)

Upts — = —VUp+s —
P m i m

Subtracting (3.287) from (3.286), we obtain
Up+5 Upas =0, (3.288)

which holds for all spin combinations. Note that it was critical that p/m was self-
adjoint in order to make the left-hand sides of (3.287) and (3.286) identical.

Similarly, two spinors are orthogonal if they have different eigenvalues of 54 as
can be shown by simply replacing p /m by vs# in the above derivation (3.286) through
(3.288). For example, we have

Vof Ups = Upg,  Vof Up—5 = —Up 5. (3.289)

Multiplying the first with ;s from the left, and multiplying the spinor adjoint of
the second with u; g from the right, we obtain

Up 558 Ups = Up—3Ups, Up—57sf Ups= —Tly_5Ups, (3.290)

where we have used 754 = vs# (3.284). Taking the difference, we get

Up,—5Ups 0. (3291)

—

Similarly for v spinors, we obtain

0. (3.292)

Up,—5Vpg

Thus, all four spinors in Table 3.3 are orthogonal to each other.
There is another set of four spinors that are orthogonal to each other where the
orthogonality is defined by the ordinary inner product afb. First, replace g by —p in

(p/m)vz s = —vg 15 to get

ﬁl

v pas= —U ges  with p" = (%, —p) = py, (3.293)
m

. : . def
where the time component of p’ did not change since p° = ,/ (—p)2 +m?2 = p°. We

note

)" = (™) = A p* =9 (3.294)
\/\pf’
AP
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Then, taking the hermitian conjugate of (3.293), we have

P

~ =

0 L. (3.295)

N
_I.

V_ -2 =
PES

to which we multiply uz+s from the right to get

UT—ﬁ,ié’fiL Up 5 = _UT_ﬁd:guﬂis“- (3.296)

On the other hand, multiplying vT_ﬁig to (p/m)ugizs = ugis,

T

rvi - J—
P, 1S m

‘—l—
s

Uz =V 5 s Upas. (3.297)

Taking the difference of (3.296) and (3.297), we see that

<
| =+

which holds for any spin combinations.
Now, let’s look at the orthogonality of spinors with different spin eigenvalues.

First, we can see that u; +3Up,—z = 0 explicitly in the Dirac representation as follows.

Recalling uz 45 = e5%/2 ug 1z and, since a; is hermitian,

(e36T)F = 36" — (36 (3.299)
we have
1eq 1ea A
u;i_‘_guﬁ_g = u%ﬂrg(m6 )Te2é u@,gzu&Jrgeg Uy _z
A
B om (xh ())( cosh & (5-5)sinh§> (X)
(£-3)sinh ¢ cosh ¢ 0
— 2mcoshé (xix_) =0, (3.300)

where we have used the expression of ¢¢¥/2 given in (3.226) with £/2 replaced by .
This is representation-independent, since if we move to a different representation by
a unitary matrix V', then the orthogonality remains valid:

§Yp,—5

up st s = (V) (Vg s) = uf VIV c=0. (3.301)
1
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Similarly, we can show that U;; +3Vp—5 = 0 which is also representation-independent.
Thus, for given p and s, we have two sets of orthogonal spinors; one defined by the
inner product ab: (uz+s, v5+s), and the other by a'b: (uz+s, v_5+s).

How about the normalization? We have seen in (3.245) that the probability density
is j = 1Ty = 2F which is always positive. Using the plane wave form (3.248) for v,

the normalization of u, v spinors are then
u;,is‘uﬁﬂ = U;,igvﬁ,is* =2F (3.302)

Once this is given, the values of W; 15 uy 15 and U5 13 v5 15 are already fixed as follows:
For the solution ¢ = uze™"P*, the current is j* = Gzy*uy (we have dropped the spin
indexes for simplicity). Using (p/m)uy = uz (3.253) and its adjoint uz(p/m) = ugz
this can be written as

g =unfup = Uﬂ“(ﬁuﬁ) = (uﬁﬁ)'wuﬁ

2m
pV — v v
= 2muﬁ(’7”7 + Y ug
2gM

= nfuzug. (3.303)

It is instructive to compare this with the current j# = pn* we encountered in (2.11).
We see that the scalar quantity @yu; is acting as p%: the density in the rest frame of
the flow. For the v spinors, the only difference is the minus sign in (p/m)vy; = —vz
which leads to

vy g = —ntupup. (3.304)

The time components of (3.303) and (3.304) give

ubug =y ipug,  vhs = —y o0, (3.305)

where v = n° = E/m. Together with (3.302) this leads to
Upuy = 2m, Uy = —2m. (3.306)

Thus, for given p and §, we have two orthonormality relations for u, v spinors :

U5 Upg = 2M 0z 5, Uiz Vps = —2M 0z 5

(3.307)

Ups Ups, =0 (51,5 1 £5)
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as defined by the inner product ab, and

T _ ot _
Up s Upsa = V_pg V-p,5a = 2E 55’132 )

- (3.308)
o — 0 ( 1,92 - ig)

1
T
U_ps U

Sy

as defined by the inner product a'b. Any spinor, or any set of four complex numbers,
can be written uniquely as a linear combination of either of the above orthonormal
sets. Note that one can construct such orthonormal sets for any given p and 5; thus,
there are an infinite number of orthonormal sets since there are infinite ways to take
pand S.

Exercise 3.9 Orthonormality of u,v spinors (by the product rule a'b).

Use the Dirac representation of the u,v spinors to explicitly verify the orthonormality
relations (3.308).

Note that the normalization (3.308) tells us that the norm 7 of a Dirac spinor
is in general not invariant under a boost since E' changes its value. In fact, as we
have seen in (3.299), a boost S = ¢£%/2 is hermitian but not unitary. On the other

hand, a rotation in the spinor space U = e—i0%/2 g unitary:
Ut = (e75%) = 8™ = 3T gt (3.309)
and thus the norm 11 is invariant under a rotation:
vly S (U (Ue) =TT =01y (3.310)
1

There exist useful relations between the u, v spinors and the energy and spin
projection operators that will be used later in actual calculations of transition rates
(the proof is left as an exercise):

1+
UprsTprs = 2mAL(p)Xi(s) = (p+m) 15#
2 (3.311)
VpsUpts = —2mA_(p)Xi(s) = (p —m) 5

where for any spinors a and b, which are column vectors, a 4 x 4 matrix ab” is defined
by
Ty def
(ab )ij = a; bj . (3312)
By this definition, the multiplications of matrices and vectors become ‘associative’;
for example, if a, b, and ¢ are column vectors, we have

[(ab")c]; = (ab")ijc; = aibje; = a;(bTc)  —  (ab")e =a(b'c), (3.313)
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which has the form

= : (3.314)

Exercise 3.10 u,v spinors and energy-spin projection operators.

Prove the identities (3.311). (hint: Since, for a given set of p and §, the spinor space
is spanned by uz+s and vp 1z, all that is needed is to show that the LHS and the RHS
of the identities behave the same for these J spinors.)

Similarly,
c'(ab") = (cFa)b” . (3.315)

In terms of the spinor adjoint, we have

(ab)c = a(bc) c(ab) = (ea)b. (3.316)

D upstss = (p+m)
+5 , (3.317)
> vpsTss = (p—m)

which will be used extensively when we calculate transition rates averaged over spins.
Taking the difference of these two equations, we obtain a relation which expresses the
completeness of the first orthonormal set:

oo O (s — v Tz) = 1, (3.318)

where the right hand side is actually the 4 x 4 identity matrix. This can be used to
write any spinor a as a linear combination of the orthonormal basis (uz 1z, vz 1s):

1 L 1 -
a = % ; (Uﬁ,g”dﬁ,g’ - U“,g‘Uﬁ,g)a = % 2 {u@g (u@ga) — Ups (U@ga)} , (3319)

where we have used the associativity (3.313). Namely, the coefficient of wzz is
Uzza/2m, and that of vz is —v5za/2m. This could have been directly obtained
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from the orthonormality relations (3.307) as follows: if an arbitrary spinor a is ex-
panded as
a= Z(CigUﬁ;g—F digvﬁ,g) , (3.320)
+5
where cyy and d. g are complex coefficients, then, multiplying %z 5 or 757 from the left
and using the orthonormality realtions gives

uﬁ7§a/

Ly = —25— (3.321)

=T Tom

which recovers the expansion (3.319).

Similarly, we can use the second orthonormal basis (uzis, v_z15) to expand an
arbitrary spinor a as

o= (gtpe+ digv_ps). (3.322)
+5
Left-multiplying u; s Or v; 2 gives
t t
iz = frs , dig= Ll
2F 2F

3 (gl g ;) =1 (3.323)
In fact, by applying this identity to a, we obtain

1
(u 5o (ula) +v_pe (vl

— , p a)) =a, (3.324)
75 & (s (1 )

which reproduces the correct coefficients.

3.9 Low energy limit - electron magnetic moment

In order to find out the value of the electron magnetic moment predicted by the
Dirac equation, we have to somehow introduce the coupling to the electromagnetic
field A* = (P, /T) and then look for a term in the potential which looks like B where
B is the magnetic field and p is the magnetic moment. For now, we accept that the

interaction is introduced by the so-called minimal substitution

0, — D,E0,+ied, with A'z)=(®(z),Az)), (3.325)
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where e is the charge of electron (e < 0). The operator D, is sometimes called the
covariant derivative. Starting from the Schrédinger form of the Dirac equation (3.29):

0y = (—id@ -V + Bm)ib, (3.326)
the minimal substitution
8, = (00,V) — D, = (d+ied, D) (3.327)
With def def
DS V,+ied; =V, —ieA', or D=V —ied (3.328)
~
A
yields

(i0y — @)y = (—id- D+ Bm)y
— i = (—id-D+ pm+ @)y, (3.329)

We are interested in a low energy electron; namely, |p] < m and E ~ m, or equiva-
lently, i0;1) < map and i0yy) ~ ma). Thus, if we write ¢(z) as

Y(x) = s(m)e™™ ) hy(z) = (ﬁgg) (3.330)

where ¢ and 7 are 2-component functions, then the space-time derivatives of ¢ and
n are small:
10,0 < mo, i0,m < mn. (3.331)

Also, since the potential energies are assumed to be small compared to the rest mass,
ed < m, eA'<m (i=1,2,3). (3.332)

Furthermore, the solution in the Dirac representation for an electron at rest, ug , e~

has only upper two components being non-zero. Since we are considering small per-
turbations to this state, we should have

n<o. (3.333)

Substituting (3.330) in (3.329), and using the Dirac representations of & and f3,

o -

(ml/Js—i—i@Z')s)e_imt:[—i(_, B 6'ﬁ>+m<1 _I>+e<1>]¢se_imt (3.334)

4In the order-of-magnitude relations shown, absolute values are implicit.
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or in terms of ¢ and 7,

mo+i¢p = —id-Dn+( m+ed)p
mn+in = —id-Do+ (—m+ed)y
{ i = —i5~577+e<b¢
S\ i = —i5-Dé—2mn + edn - 3.335
A e
small sma sma small

In the second equation, the dominant terms are ¢ 7 - D ¢ and 2mn; thus, we have

id-D
=t (3.336)
Substituting this in the first equation of (3.335),
: 7. D)2
I N CAES) e Y (3.337)
2m

Now, can we set (7 - D)? = D?? That would be correct if D; and D; commute; in
this case, however, they do not commute since D; contains d; and A’(x) in it. Since
D; is not a matrix, it does commute with ;. Noting that

{O'Z',Uj} = 251] , [O’i,O'j] = 2i€ijk0_k — 0i0; = (Sij +7;€ijk0k> (3338)
we can write (¢ - D)? as
(6: . 5)2 = (O’iDi)(O'ij) = UiO'jDiDZ' = (5” + Z Eijko'k)DiDj
= D*+ioyeuDiD; . (3.339)

Note that 0; applies to everything on its right all the way to ¢. Using angle brackets
as in (9;A’) to indicate the limit of the detivative, we have

A Y= A0;p+ (0;A%Np  —  OAT = A1D; + (9; A7) (3.340)
then,
EijkDiDj = €k (31 — zeAZ)((?] — 7;€Aj)
0:0; — A A —ie(A'D; + O, A7)
—_— ~ .
0 (i <> j symmetric) A’0;+(0;A7)

= —ze eijk[AiGj -+ AJ& +<82A]>]
—_——
0 (i <> j symmetric)
= —ieep(0,A) = —ie (V x A), = —ie By, (3.341)
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where we have used the ordinary definition of the magnetic field B:

B=VxA. (3.342)
Thus, we have
(¢-D)?=D*+ed-B, (3.343)
and (3.337) becomes
: vV — ieA)? .
P I A0 P S Y (3.344)
2m 2m

The first term is the coupling of orbital motion to the photon field, the last term is the
potential energy due to the ® field, and these are familiar terms from non-relativistic
extension of the Schrodinger equation to include electromagnetic interaction. The
second term, however, is a new term and it represents the potential energy of the
electron magnetic moment in a magnetic field B. This can be seen as follows: suppose
that B = (0,0, B) and that ¢ represents a state with the spin in z-direction; namely,
0.9 = ¢. Then,

~‘%.B=-"4B - - ‘B (3.345)

2m

Comparing this to the potential energy of a magnetic moment parallel to the magnetic
field —uB, we identify the magnetic moment to be

=—. 3.346
p=g (3.346)
The gyro-magnetic ratio ¢ is defined by
= gsi, , Lo = 2i : Bohr magneton (3.347)
m

where s is the absolute spin of the particle and the Bohr magneton i is the magnetic
moment of a classical particle with charge e and one unit (k) of orbital angular
momentum for which the distributions of charge and mass are such that charge to
mass ratio is the same everywhere. Since s = 1/2 for an electron, we have

g=2. (3.348)
The current experimental value is

g =2 x 1.001159652193 (10) , (3.349)
/]\

uncertainty
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which is quite close to the value we have just obtained. The theoretical calculation
including higher-order effects has a comparable accuracy and is consistent with the
experiment as we will see in a later chapter (7.222).

Does the derivation above mean that all spin-1/2 particles should have g ~ 2.07
Apparently not, since we know that the magnetic moment of proton is g = 2.79 and
that of neutron is ¢ = —1.91 (even though the above derivation indicates that a
neutral particle should not have a magnetic moment since it does not couple to A, to
begin with). The key assumption in the derivation above was the minimal substitution
(3.325) which does not in general work for particles which are not pointlike, and proton
and neutron are known to be made of quarks and have size of order 1 fm (femto meter
= 107" m, also called ‘fermi’).

3.10 High energy limit - massless case

We now examine the behavior of free Dirac fields at high energy, or equivalently, in
the massless limit. We will see that the helicity + and the helicity — components
decouple in such cases, satisfying separate equations of motion, where the helicity is
defined to be the spin component in the direction of the momentum.

Define the ‘right-handed’ and ‘left-handed’ components by

def def

Vr = Pry, Y = Py, (3.350)
with
or 1 ol
Pl ;75 , Y 275 . (3.351)

One can readily verify that they satisfy the properties of projection operators:

P1227L:PR,L7 Pr+ Pp =1,

PrP;, = PLPr=0. (3.:352)
In particular, P + P, = 1, gives
b=+ . (3.353)
Also, note that {y*,v5} =0 (3.134) and 75 = —75 (3.285) lead to
Ppyt =~*Pp,  Ppy* =~+*Pg, (3.354)
Py=P,, P,=Pg. (3.355)

Now, set the mass to zero in the Dirac equation to get

iV, =0 (m=0). (3.356)



110 CHAPTER 3. THE DIRAC THEORY

Then, we see that 1 also satisfies the massless Dirac equation:

Z.’}/M QN@DR = Z.’)/NPR 8;”7[) = PL Z’}/M M¢ =0. (3357)
N—— N—— N——
PRan PLfV'u 0

Simply exchanging L and R everywhere in the above, we also obtain i7", = 0.
Thus, we see that 1) and ¢y, separately satisfy the massless Dirac equation:

idvr =0, idYpy=0 (m=0). (3.358)
If the mass is non-zero, then they cannot be separated:
(iv"0, — m)Yr = V'O, —m Y #0. (3.359)
—_—— —~~

Printop  Pry
One important property of ¢g is that they do not mix under a proper and

orthochronous transformation S. In fact, since |75, S] = 0 (3.137), we have

1+
[Pr,,S] = [ 75

S| =o0. (3.360)
Then, using ¢'(z') = SY(x), we find

Ug(a') = Pry/(2') = PrSy(z) = SPrip(x) = S¢r(x), (3.361)

and similarly for ;. Thus, ¥z and 1 transform separately under a proper and
orthochronous transformation S:

V() = SYr(z), YL(2) = S¢r(z). (3.362)

This holds even if the mass is non-zero.
The above discussion is independent of representation. The situation, however,
becomes simpler in the Weyl representation (3.155) in which Pg j, are written as

75:(6 _0[> 5 PR:(é 8) PL:<8 ?) (Weyl),  (3.363)

which means that Py filters out the top two components and Py, filters out the bottom
two components. Namely, in the Weyl representation the top half and the bottom
half of the spinor transform independently under S. Or equivalently, the matrix S
becomes block diagonal:

: proper and orthochronous (Weyl) . (3.364)
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Therefore, in order to represent all proper and orthochronous transformations, that
is, to reflect the product rule of the space-time Lorentz transformations, one needs
only 2 x 2 matrices. In fact, one could use the 2 x 2 matrices that act on, say, the
top half of the spinor as the representation. In this sense, the 4 X 4 representation of
proper and orthochronous Lorentz transformations is said to be reducible. When the
parity transformation Sp = 4 is included, however, the 2 x 2 representation is not
enough. This can be easily seen by the expression of 4% in the Weyl representation
(3.155) which mixes the top half and the bottom half of the spinor.

We called ¥ and 11, as the right-handed and left-handed components because in
the massless limit the fermion have helicity 4+ and —, respectively. Now, we will show
that it is indeed the case. We take the spin quantization axis § to be the direction of
the boost under which a rest mass m will acquire a momentum p:

(3.365)

Noting that in the rest frame, we have s = 0 and 5| = 1, where s|| is the component
of § along the direction of boost, the spin 4-vector s* in the boosted frame is given

by
(§>:(’; Z) G):(Z):(lg//nf) §.=0, (3.366)

where v,n are related to E,p as before (3.230), and £ and p are the energy and
momentum of an electron or a positron (with £ > 0).

In the massless limit (or high energy limit) we have E = |p], and s* becomes
proportional to p*:
E o0 E ~ a
g (W Ep) e (2 2l )=EZ. (3.367)
m’'m m’m m

Since p/m is +1 or —1 depending on whether the state is an electron or a positron
(3.253), 75 is then equal to the spin operator v5¢ (with §= p) up to a sign:

P {_75 (electron)

— = S=7p —0). 3.368
m vs (positron) (§=p,m ) ( )

’YSﬁ =75

Since the eigenvalue of 754 correctly represents the spin component along p for both
electron and positron solutions, we have

helicity £ for e~ (u’s)

0 3.369
helicity F for e (v’s) (m = 0), ( )

75::i:1H{

or equivalently,

RL= "% (m —0)|. (3.370)

)

helicity F projection operator for et (v’s)

_ 1t { helicity £ projection operator for e~ (u’s)
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Since 75 and any proper and orthochronous transformation S commute, once a
state is an eigenstate of 75, one cannot change the eigenvalue of 75 by boosting it or
rotating it:

Y=Y (SY) = Sysv = £(SY). (3.371)

Namely, in the massless limit, one cannot change the value of helicity by boosting
or rotating. This can be understood intuitively. For a rotation, it is plausible since
the spin and the direction of motion rotate together, and thus the component of spin
along the motion would stay the same. For a boost, a classical picture also works just
fine. The only way to reverse the spin component along the motion is for the observer
to move faster than the particle and overtake it. Then, the direction of momentum
viewed by the observer will flip while the spin will stay the same, and thus the helicity
will change its sign. In the massless limit, the particle will be moving at the speed of
light, and thus it is impossible to overtake it.

As we have seen, it does not require the mass to be zero in order for ¥ and
¥, to transform independently under proper and orthochronous transformations. If
the mass is non-zero, however, g and ¢y, do not correspond to helicity +1 and
—1, respectively. The distinction between ¥y and vy, or what we called ‘handed-
ness’, is usually referred to as the chirality regardless of the mass, while helicity is
defined as the spin component along the direction of motion. Helicity +(—) and
right-handedness (left-handedness), however, are often used synonymously.
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Problems

3.1 Property of s.
(a) The matriz s is defined by v5 = 17 y'v?*y3. Show that it can also be written as

? v_,o
V5 = 5 emonY V",
where €., 15 the totally antisymmetric 4-th rank tensor and sum is implied over the
Lorentz indexes j,v, o, and p.

(b) Use the definition of determinant for a 4 x 4 matriz A
det A = GMVUpAquylAUQApg

or equivalently
€apBvé det A = GMVJPAMQAV/BAUFYAP(;

to show that the quantity 1 (x)vsv(x) transforms under a general Lorentz transforma-
tion as

U (@ )50 (a7) = (det Ao ()5 ()
where Y(x) is a 4-component spinor field. Namely, a pseudoscalar current changes
the sign under an improper Lorentz transformation.

3.2 Helicity states.
(a) Show that the product of the spin and the momentum, which are 3-dimentional
vectors, is conserved for free fields; namely,

[i.ﬁ,H}zo,

with ¥; = iy, (4,4, k : cyclic) and H = a -p+ pm (p = —zﬁ) The spin matriz
Y; can also be written as X; = %eijkyj%. Note the factor of 2, why? (comment:
This means that the spin component along the direction of motion, called ’helicity’,
is conserved - for free fields, at least.)

(b) We now consider the solutions of the Dirac equation where the spin quantization
axis § is taken in the direction of the momentum. By directly applying Y -p in the
Dirac representation, verify that the eigen spinors are given by (up to a constant)

— =

X+ q-c

; X-1 . .
i d e | E+m e . with eigen value + |q],
£ mX+ X—
X il X+
7 e e | E+m e ;. with eigen value — |q],

E+m* X+
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where (G -7)x+ = £x+ Note that p'is the differential operator —iV, ¢" = (¢°,q) is a
real-number 4-vector with ¢° = E and § is the unit vector in the direction of .

3.3 Plane-wave solutions of the Dirac equation.
(a) Let p* = (E,p) be a 4-vector. Show that in the Dirac representation of gamma
matrizes, the 4 X 4 matriz p can be written as

(B —j&
ﬁ‘(ﬁ-& Py

(b) Using the result above, explicitly verify that the spinors u and v given by

X p-o

X

u:\/m ﬁo—: 5 U:\/m E+m
E+mX X

satisfy the Dirac equations in momentum space for positive and negative energy so-
lutions (p — m)u = 0 and (p +m)v = 0, where x is any arbitrary 2-component
column vector with normalization x'x = 1, and p° = E = /p2 + m?. (hint: Note
that (p'-3)* = p2.)

3.4 Spinor representation of T - a naive attempt.

When a spinor field ¥ (x) satisfies the Dirac equation in a Lorentz frame, then in a
frame transformed by A (i.e. ' = Ax), ¥'(2') will also satisfy the Dirac equation in
that frame provided that V' (x") = Sv(z) with STIA*S = AF,~", where S is a 4 x 4
matriz in the spinor space corresponding to the particular Lorentz transformation A
which, of course, is in the space-time 4 dimentional space. This was true for any
Lorentz transformation including time inversion given by T : T% = —1,T" =1 (i =
1,2,3), all other components = 0.

(a) Show that S(T) = ~'v*y3 satisfies the relation S™'4*S = A*,~" for the time
reversal Lorentz transformation T .

(b) Write down the explicit 4 x 4 matriz S(T') in the Dirac representation.

(¢) Apply S(T) to a solution of the Dirac equation corresponding to an electron (not
positron) with momentum p and spin +5. What are the physical momentum and spin
of the resulting wave function? Follow the rule ¢/ (x') = Siy(x) strictly, and express
the resulting function in terms of x’'. Use the Dirac representation. (comment: As
you see, this transformation changes an electron into a positron or positive enerqy to
negative energy and vice versa. That is not exactly what we want for the usual sense
of T inversion which keeps an electron as an electron and a positron as a positron
and simply reverses its momentum and spin.)

3.5 Weyl representation.
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(a) Find a matriz that transforms the Dirac representation to the Weyl representation;
namely, find a 4 X 4 unitary matriz V' that satisfies

W =VyHVT (1=0,1,2,3),

where Y 1s in the Weyl representation and " is in the Dirac representation.
b) Use the matriz V' found above to transform the boost matriz S given in the Dirac

representation as oo
p-o

_\/ 2m p-c 1

E+m

to the Weyl representation.
(c) Use the Weyl representation of the v matrizes in

o 1
§ = b with B = < [7°,4]
to find two 2 X 2 representations of the proper and orthochronous transformations
corresponding to Vg and 1y, respectively. Namely, for each Lorentz transformation

expressed as
— SEiKit+6;L;
A=e ,

with & = aoi, 0; = gy (i, 7,k : cyclic), find a 2 x 2 matriz that preserves the product
rule. Express the result as

Soyo = eCiGittiH;

where G;, H; are 2 X 2 matrizes (namely, find the 2 X 2 generators G;, H;).
(d) Show that in the Weyl representation, the Dirac equation in the massless limit
decouples to a pair of equations for two 2-component spinors ¢r and ¢, as

Jor = 0
Yo = 0

where ¢ and ¢y, are the top half and the bottom half of the 4-component spinor 1,
respectively. This pair of equations are known as Weyl equations.






Chapter 4

Quantization of Fields

Take some uniform medium that vibrates and in which waves can propagate, which
could for example be a lattice of molecules. In such system, each normal mode of the
vibration can be treated as an independent harmonic oscillator. Now suppose that
it is small enough that quantum effects become important; then, the quantum me-
chanical treatment results in each oscillator containing an integer number of quanta
corresponding to the wave length and oscillation frequency of the normal mode. These
quanta behave in many ways as if they are particles, each carrying a definite energy
and a momentum. The system is classically well-defined, and the procedure to obtain
the quantum mechanical system is straightforward as we will discuss shortly. Quan-
tum field theory of elementary particles takes such system as a model to describe
particles where the wave length is interpreted as the momentum of each particle and
the oscillation frequency as its energy. There are some important advantages to this
approach. First, since it is based on a classical model, the energy of the system is
well-defined by the total Hamiltonian of the system which is likely to be positive since
the energy of the classical system would be positive even after quantized. Second,
this will allow the theory to deal with multiple particles in a consistent way. So
far, wave functions for the Klein-Gordon and the Dirac equations described a single
particle; even in the hole theory, a pair creation was described as a transition of a
single negative energy electron to a positive energy state. This resulted from the
fact that there is only one pair of canonical observables (Z,p) for such theories. In
quantum field theory, there are infinite number of degrees of freedom corresponding
to the position and momentum of each point of the field (or each molecule), and this
allows the theory to describe infinite number of particles.

Let’s have a quick look at how one quantizes a vibrating medium. Imagine a
one-dimensional string that can vibrate, where there will be a number ¢(x) attached
to each point x on the string. It could be the transverse or longitudinal displacement
from the natural position, or anything else that can result in a wave. Classically, one
would have a certain equation of motion that describes such wave, or equivalently,

117



118 CHAPTER 4. QUANTIZATION OF FIELDS

the Lagrangian of the system. If the system is very small, the required quantum
mechanical description of the system can be obtained from the Lagrangian of the
classical system by the prescription called the canonical quantization which proceeds
as follows. First, one chooses a set of generalized coordinates that uniquely describes
the configuration of the string, ¢ = ¢; (i = 1,...,n), and write down the Lagrangian
of the system L(q, q):

Ligd) =T~V (4.1)

where 7' is the kinetic energy and V' is the potential energy of the system. Then, the
canonical momentum p; conjugate to ¢; is defined by

oL
i = A 4.2
b 04 ( )
and the Hamiltonian is formed as
H(p,q) = Zpi(iz‘ —L (4.3)

where the result is expressed as a function of p and ¢. At this point, ¢;() and p;(t) are
considered as hermitian operators (i.e. observables) in the Heisenberg picture where
state vectors stay constant and all time dependences are carried by operators. Then,
a set of equal-time commutation relations are introduced as

(4:(1), ps ()] = 1055, [a:(1), ;)] = [pa(t), p; ()] = 0. (4.4)

The time evolution of any observable O(t) in the Heisenberg picture is given by
Heisenberg’s equation of motion:

—i0 = [H,0], (4.5)

and the matrix element of O(t) at any given time for states |¢;2) is then given by
(¢1|O(t)|p2), which in principle allows the theory to be compared with measurements.

Since changing the order of ¢; and p; could result in a different quantum mechanical
H, this procedure is not unique; namely, there are in general more than one quantum
mechanical system that has the same classical counterpart. When there is ambiguity,
the choice should be made based on comparison with experiments and theoretical
consistency. In practice, however, the choice is usually either quite obvious or ordering
changes simply result in constant offsets that do not affect observable effects.

For the one-dimensional string, one obvious choice for the general coordinates is,
for example, the transverse displacement ¢(z) of each point labeled by z, or equiva-
lently that of i-th molecule ¢;. An alternative choice is to describe the configuration
of the string at a given time ¢ by a superposition of normal modes:

¢(z) = cpe™ + complex conjugate (4.6)
)
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which is nothing but the Fourier transform of ¢(z). Each normal mode is a harmonic
oscillator labeled by its wave length 27/p, and the oscillators are decoupled from each
other; namely, each oscillator oscillates with a frequency uniquely given by the equa-
tion of motion without being perturbed by other oscillators. Thus, one can take the
amplitudes of the normal modes as the general coordinates and proceed to quantize
the system. As we will see later, the resulting quantized system becomes equivalent
to the system quantized using the displacement ¢(x) as the general coordinates.

So quantum field theory takes such quantized vibrating medium as a model to
describe multiple particles where a creation of a particle with momentum p and
energy FE corresponds to an excitation of the normal mode with wave number p
and angular frequency E by one quanta. It is just about the simplest way to describe
multiple particles that can be created or annihilated, and it is quite amazing that such
simple prescription actually works for a complicated system that consists of variety
of elementary particles. Actually, in order for the model to work for the elementary
particles, we need to address a few non-trivial questions:

1. Is the theory independent of the frame in which the quantization is performed?

2. Is the causality respected? Namely, are the measurements of the field at two
points separated by a time-like distance independent of each other?

3. Electrons are known to obey Pauli’s exclusion principle; how can it be incorpo-
rated into the theory?

The classical model described above is clearly inconsistent with special relativity
since there is a spacial frame where the material is at rest. The move to a relativistic
theory is similar to the case of the electromagnetic wave where the concept of the
ether which transmits light was simply discarded and the electromagnetic fields and
their transformation properties survived. After we make such transition, we will see
that the answers to the item 1 and 2 are miraculously yes. Then, we will see that
the third question is solved by using anticommutators rather than commutators to
quantize the Dirac field which will limit the number of particles that occupy a single
normal mode to one. Even after these issues are resolved, we will encounter further
problems: how to formulate massless spin-1 particles (for example, photons), how to
handle the infinities when calculating higher-order effects, etc. These topics will be
dicussed in later chapters.

We will now start by briefly reviewing the quantum mechanics of a harmonic
oscillator, and see how Pauli’s exclusion principle can be incorporated using anticom-
mutators in the quantization procedure.
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4.1 Harmonic oscillator

Classical mechanics

Take a unit mass m = 1 attached to a spring with a spring constant w?. It is placed
in a gravitational field and we take the vertical displacement upward from its natural
position to be ¢g. The Lagrangian, which is a function of ¢ and ¢, is

. 1.
L(g,q) =T =V = 5(¢" —w*¢"), (4.7)
where the potential energy V' is measured relative to the natural position. The La-

grange’s equation of motion is then

d ,OL L
%< g ) = ?) j = —w?q (Lagrangian form), (4.8)
Ca)
q —w2q

which means q(t) o< e**! and the general solution is (requiring that q be real)
q(t) = ce ™ 4 et (4.9)

where c is an arbitrary complex constant.
The canonical momentum is defined as

=22y, (4.10)

and the Hamiltonian is obtained by writing p¢ — L in terms of ¢ and p only:

def . . 1. . 1, .
H(p,q) = pj—L=¢" — 5(612 —w’¢?) = 5(612 + w?q®) (4.11)

- H(p,q) = ;(ﬁ + W) (4.12)

Then Hamilton’s equations of motions are

i = 0H
- op g =p
o — (Hamiltonian form) , (4.13)
. 0H p — —w2q
p = _87
q

where the first equation simply recovers the definition of p, which together with the
second reproduces the equation of motion (4.8).
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Quantization

When the system of the spring is very small then we have to use a quantum mechanical
description of the system to correctly take into account quantum effects such as
the quantization of energy levels. We will now follow the procedure of canonical
quantization: namely, we regard ¢(¢) and p(¢) as hermitian operators in the Heisenberg
picture, and impose the equal-time commutation relation

q(2), p(t)] = . (4.14)

Then, the equations of motion are obtained by applying Heisenberg’s equation of
motion —iO = [H, O] (4.5) to q(t) and p(t). Using the relation [AB,C] = A[B,C| +
[A, CB,

y 1 1
—ig = [H,q] = 5[792 +w?¢? q] = 5&?%]]

= ;(pw+wp)

= —ip o - {=p, (4.15)
—ip = [H,p]:;[p2+w2q2,p]:;[w2927p]

= Ci(q[i,’_ﬁ@/_lq)

= iw’q Z - p=—uw’q, (4.16)

thus reproducing the classical results which are now expressed as relations among
operators.

A new feature created by moving to the quantized system is that the energy level,
or the eigenvalue of H, can take only discrete values. The eigenvalue problem can be
studied by introducing

a(t)%f;§<@q+iﬂ_u) N aT(t):\}ﬁ(\/c_uq—i\Z_u). (4.17)

Note that a(t) is not hermitian, and thus it is not an observable. The commutator of
a(t) and a'(t) is then

o(t).a' (0] = 5[Ver+i v —i 2]

(i@-i@)ﬂ. (4.18)

—1 7

N~ N
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Solving (4.17) for ¢ and p,
1
t) =
q(t) T

Using this, one sees that the commutation relation of a(t) and af(t) (4.18) leads to
that of ¢ and p (4.14):

(at) +a'()), p(t) = —iy/5 (a(t) - al (1)) . (4.19)

), p®)] = =5 [a(t) +a'(t), a(t) = a'(1)]
= 5 ([, 0] - ), a'0)] ) = . (4.20)
-1 1

Thus, the two commutation relations are equivalent.
The Hamiltonian can be written in terms of a(t) and af(t) as follows:

a(t)al (1) + ' (Ba(t) = ;{ (v +i 2 (Vg i 2 )

\/C_u
. D . D
+<\/Zq_z\/c_u) (\/O_JQ‘H\/a)}
= ;(quQ + 2%) = j} (w2q2 +p2) ) (4.21)
2H
Thus, |
1 = 2(alt)al(t) +al (Da(t)) = w (aT(t)a(t) + 2) . (4.22)

1+ a'(t)a(t) by (4.18)
The time dependence of a(t) is then given by

—ia(t) = [H,a(t)] = wla'(t)a(t),a(t)] = w[al (t), a(t)] a(t)

f
— a(t) = —iwa(t), (4.23)

which has the general solution
a(t) = ae"®" with a2 a(0). (4.24)

The a operator without explicit time dependence ‘(¢)’ is understood hereafter to be
the value at ¢t = 0. Then,

a(t)a'(t) = aa’, al(t)a(t) = a'a, (4.25)
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and thus,

[a,a'] =1 |, (4.26)

and

1 .
H:wov+ﬁ,<NgaM, (4.27)

where the operator N is called the number operator for the reason we will see below.
We first evaluate [af, N] and [a, N]:

[a’, N] = [af,ata] = a' [af,a) = —a! — Nal =daf(NV+1),

N~ ol -1
@ N —Na - (4.28)
[a, N] = [a,ata] = [a,a'la=a — Na=a(N—-1).
~—— ~——
aN — Na 1
Let |n) be an eigenstate of N with an eigenvalue n:
N|n) =nln) . (4.29)

where n is real since N is hermitian: NT = (a'a)’ = afa = N. Applying (4.28) to |n),
Na'ln) = af (N +1)[n) = N(af|n)) = (n + 1)(af|n))
1
n+ (4.30)
Naln) =a(N —1)[n) — N(aln)) = (n—1)(aln)).
—_——
n—1
Namely, a' raises the eigenvalue by 1 and a lowers eigenvalue by 1, which then trans-
lates to raising or lowering the energy, or the eigenvalue of H written as (4.27), by
one unit of w. Accordingly, a' is called the creation operator, and a the annihilation

operator.
That n > 0 can be seen as follows:

(n|N|n) = (n|a’aln) — n>0. (4.31)
——— —_———
n(n|n)  (norm of aln)) >0
——
>0

If n is not an integer, then the state a®|n) with k& > n will have an eigenvalue n—k < 0
which contradicts the fact that n be non-negative. This can be avoided if at some
point applying a results in the null state (the state with zero norm). If n is an integer,
then indeed such is the case since a|0) is a state with zero norm as can be seen by
setting n = 0 in (4.31):

(0la’al0) =0 — al0) =0. (4.32)
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Thus, n = 0 corresponds to the state with lowest energy which we normalize as
(0[0) =1. (4.33)
All eigenstates of N can then be obtained by applying a' to the ground state |0):

def 1

|”>Eﬁ

where 1/n!is a normalization factor. It can be readily shown that this state is indeed
properly normalized:

at™oy, (4.34)

(njn) =1, (4.35)
and that the operations of a™ and a on |n) are given by

alln) = vVn+1|n+1)
aln) = Vnln —1)
Exercise 4.1 FEigenstates of harmonic oscilator.

(a) Show that the state |n) as defined in (4.34) is normalized to unity; i.e. (n|n) = 1.
(b) Derive (4.56).

(4.36)

From (4.19) and the time dependence of a(t) (4.24), ¢(t) can be written as

q(t) = \/127»

Comparing this with the classical solution (4.9), one can see that the same quantum
mechanical system could be obtained by the following procedure: First, write down
the general classical solution as (4.9), identify the coefficient of e~ as a/v/2w and
then introduce the commutation relation [a,a!] = 1. How did the factor 1/v/2w in
(4.37) come about? It originated from the definition (4.17). If a(¢) is defined as
(cq + ip/c)/\/2 where ¢ is an arbitrary real constant, then the same derivation as
(4.18) shows that [a(t),a(t)] = 1 still results from [g, p] = 4, or equivalently, a'(¢)a(t)
is still the number operator with integer eigenvalues. However, the requirement that
the Hamiltonian be a function only of N = afa and without terms such as a'? or a?
leads to ¢ = w, which then uniquely fixes the definition (4.17) up to an overall sign.

It would be worthwhile at this point to emphasize an important feature of the
Heisenberg picture. We have a set of basis states |i) (i = 0,1,2,...) which forms a
complete set in the Hilbert space that represents a single oscillator. In the Heisenberg
picture, these states do not vary with time. The time evolution corresponding to
any of these states, or any superpositions thereof, are contained in the set of time-
dependent observables such as ¢(t), p(t), etc. It is important to note that the same set

(ae_m + aTeM) : (4.37)
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of operators with the same time dependences takes care of any states. For example,
one can form a wave packet by a linear combination of the basis states where the
probability to find the mass is localized as a bump near a certain position at a given
time. Such a bump would follow a motion approximating a classical oscillation. In
the Heisenberg picture, such motion is representated by a stationary state in the
Hilbert space, and different motions (e.g., different amplitudes of the oscillation) are
represented by different static states. The operators and their time dependences are
identical for all these states representing different motions; ¢(t), for example, is always
given by (4.37).

Fermionic oscillator

The quantized harmonic oscillator we have just studied will serve as a normal mode
of a field corresponding to a given momentum where the number of quanta of the
oscillator is identified as the number of particles with that momentum. It works fine
for particles with an integer spin (spin 0, 1, ...: called bosons) for which a given
state can be occupied by any number of such particles. However, particles with a
half-integer spin (1/2, 3/2, ...: called fermions) cannot occupy an already occupied
state, and some modification is needed to limit the number of quanta for a given
oscillator to one. This can be accomplished by replacing the commutators among a
and a' by anticommutators:

[a,a'] =1, [a,a] =[a',a] =0

— Ha,a'} =1, {a,a} ={da’,a’} =0/ (4.38)

The anticommutation relations {a,a} = {af,a’} = 0 mean that the square of a or af
is zero:

a>=0, a?=0. (4.39)
Define the number operator as before: N = a'a, then,
N? = d'lad'la =da—a'aaa =N
~~ —~—
1—aa' 0
— N(N—-1)=0 (4.40)

which means that N has eigenvalues 0 and 1 as promised. Let |0) be the eigenstate
with eigenvalue 0

N|0) =0 (4.41)
which is assumed to be normalized as

(0]0) = 1. (4.42)
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Using the anticommutation relation (4.38), we have

Na'= dla o' =a' —aa® =al. (4.43)
—~ —~
1 —ad 0
Applying this to |0), we get
Na'|0) = a'l0), (4.44)
which indicates the identification,
1) = a'0), (4.45)

if it is not a null state. In fact, its norm is unity:

(1]1) = (0] aa! 0) = (0](1 — N)[0) = (0]0) = 1. (4.46)
1—d'a 0

Applying a to (4.45),

all) = adl [0) = (1-)[0)
1—d'a 0
S [0) = al1). (4.47)

Equations (4.45) and (4.47) show that a and a' are acting as an annihilation operator
and a creation operator, respectively. If we try to lower the eigenvalue of |0) or raise
the eigenvalue of [1), then the state vanishes:

{aT]1> = a?|0) =0

al0) = a?1) =0 (4.48)

The Hamiltonian should be proportional to the number operator up to a constant
offset which may be ignored:
H = wad'a, (4.49)

where the proportionality coefficient w is identified as the energy of one quanta.
Heisenberg’s equation of motion (using a commutator) is assumed to be still valid;
then, the time dependence of a is given by

—ia = - T — T — aal — (— T - _
ia = [H,a]=wla'a,a] =w(a aaq Qc}z/a)-w( a+a Q/CL)— wa
0 1—-4fa 0
— a4 = —iwa. (4.50)

Thus, a has the same time dependence as in the boson case:

a(t) = ae™™", (4.51)
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where a without explicit time dependence ‘(¢)’, in this equation and the rest of this
section, is simply understood to be the value of the operator at ¢t = 0.

Thus, an oscillator that satisfies Pauli’s exclusion principle can be constructed
using anticommutators for the annihilation and creation operators a and af. Such
an oscillator is sometimes called a fermionic oscillator. Before leaving the topic, we
note that the above formulation of the fermionic oscillator is symmetric under the
simultaneous exchanges |0) <+ |1) and a <> a'. Namely, if we define

a =al 0) = |1)
dt=a 7 1) =]0) "
then, a’ and a'T satisfy the same anticommutation relations (4.38) and the raising

(4.45) and lowering (4.47) relations:

{d,a"} =1, {d.a}={a",a"} =0, (4.53)

(4.52)

a0y =1y, d[1) =0 . (4.54)
If we define the new number operator by
N =d"d = aa', (4.55)
the anticommutation relation {a,a'} = 1 reads
N +N=1. (4.56)
Then, the relabeled eigenstates are correctly labeled by the eigenvalues of N':

Ny = (1 - N =0, NIY=@1-N)0)=[1)y. (457

Thus, it is arbitrary which is the occupied state and which is the empty state at this
point. Later, we will define the state with lower energy to be |0).

Exercise 4.2 Matriz representation of fermionic oscillator.
In the space spanned by |0) and |1), a general state |¢) = a|0) + b|1) can be expressed
as a column vector as
a
= (3)

Use the raising and lowering relations
all) =10), afl0) =1),

and
a'l1) =0;, al0)=0,
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together with the normalizations
(1]1) = (0[0) =1,

express the operators a and a' as 2 by 2 matrices, and explicitly verify the anti-
commutation relations

{a,a™} =1, {a,a} ={a',a'} =0.

4.2 Lagrangian formulation of classical wave

As stated earlier, the first step toward quantizing a field is to find the Lagrangian of
the system, then we can proceed to derive the canonical momenta from it, form the
Hamiltonian, and then introduce commutation relations between the coordinates and
momenta to quantize the system. Thus, let’s first find the Lagrangian of a simple
vibrating material. At this stage, it has nothing to do with quantum mechanics; it is
just old classical mechanics.

Lagrangian density and the Euler-Lagrange equation

Consider a string of masses (m each) as shown in Figure 4.1. Each mass is attached to
a spring with a spring constant k. Each mass is constrained to move vertically without
friction, and the displacement of i-th mass from the natural position is denoted as ¢;,
which can also be labeled by the position along the string

b = od(xy) . (4.58)

In order for waves to propagate, there should be some kind of coupling between the
masses which is provided by a rubber band stretched with a constant tension 7. The
tension is assumed to be independent of the vertical displacements or the slope of
the rubber band which are assumed to be small. All these assumptions seem rather
artificial; the only essential elements, however, are that the string has some uniform

N

m m — X

Figure 4.1: A string of springs, each with mass m and spring constant k. The masses
are connected by a rubber band of tension 7.
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mass and that the potential has one term that is proportional to ¢? and another

term that is proportional to (9¢/dz)?, which can lead to the Klein-Gordon equation

by adjusting parameters. It is the case for our system as we will see shortly. When

measured relative to the minimum potential (the natural state), these terms are the

lowest order terms when the potential is expanded in terms of ¢ and 0¢/0z. The

higher-order terms can be separately treated as self interactions of the field, and
ignored at this point.

Assuming that the angles ;s (see Figure 4.1) are small, the total potential energy

of the rubber band relative to the natural state is

07/2
/—/%

Ui
Viabber = ZTAQS( sl ) = Zi:TA:);E

rubber stretch length

= E:TA 2( Af11), (4.59)

and that of the springs is
sprlng Z k¢2 (460)
The Lagrangian of the system is then
L(?a Q) =T— ‘/spring - V;ubber
— Loy 1,5 1 bi — Pim1)2
= 3 [gmét - ghot - graa(M )]

i

(4.61)

with

O=(¢1,..-,0n). (4.62)
In terms of the mass per unit length p and the spring constant per unit length s, m
and k£ can be written as

m=pulAzr, k=rAzx. (4.63)
The Lagrangian is then

qz_'¢”‘1)2}. (4.64)

_ Poz _Fp2 T
_%:A$2¢Z 7% 34

Lagrange’s equation of motion is
d /0L oL
() _ (i=1,...,n)
dt\ o9,

O
= b = —rp; — T(qbi — ¢i_1()A_x)(;bi+l ) ; (4.65)
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where the tension term in 0L/J¢; resulted from two terms corresponding to i and
1+ 1. This is a set of n differential equations that are coupled. Let’s take the limit
n — oo and Ax — 0 while keeping nAx, p and x constant. Noting that in this limit

we have
(6 —i1) 99
Az - Ox

the tension term in (4.65) can be written as

(i = bic1)  (Pig1 — Pi)

(i) (4.66)

(i — bi—1) — (Piy1 — b4) _ Az B Ax
(B2)? Az
)= L)
B 87 i) 87 i+1 B _8 QS .
T TR A T (4.67)

and the equation of motion is now written in a differential form:

(@) = —rofa) + 72 (). (4.65)

To find the solution, let us try the plane wave form
¢ = e’ @) (¢ - constant) (4.69)
in the above differential equation. One obtain,
pw? — 7k = k. (4.70)

Namely, the solution is a plane wave whose oscillation frequency w and wave number
k satisfies the above relation.

In the limit n — oo, the Lagrangian (4.64) can be written as an integral over z.
Using (4.66),

L(¢,¢) = /dl‘ﬁ(cb o, 8¢> (4.71)
with
£(6.6.20) By - T(%) (4.72)

The range of integration could be either (—oo,00) or (—L/2, L/2) where L is some
large length. If we take the range to be infinity, then we assume that the function
¢(x) vanishes at sufficiently large distances from origin. If we take the range to be
finite, we impose periodicity condition:

d(x+ L) = ¢(x) . (4.73)
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These conditions are required so that the boundary values do not contribute in the
partial integrations that occur in what follows. The integrand L(¢, (é,&b/ Jr) is a
function of the field value ¢(z), its time derivative ¢(x) and of the spacial derivative
0¢/0x(x), and called the Lagrangian density.

The equation of motion (4.68) was obtained by taking the limit Az — 0 of the
equation of motion for the discrete positions. It is convenient to establish a formula
which gives us the continuous equation of motion directly from the Lagrangian density.
To do so, we start from the action principle itself. The action S is the time integral
of the Lagrangian from time ¢; to t5 which are the start and end of the motion of
interest:

S = :Ldt / dt/dm£(¢ b 8¢). (4.74)

Suppose we fix the shape of the string at t; and ty; namely, ¢(t1,x) and ¢(t9, z) are
given. Between ¢; and o, the function ¢(t, x) specifies the motion of the string which
may or may not be a true realizable motion, and for each motion, there is a real
number S associated with it as defined by (4.74). The action S is thus a mapping
of a function ¢(¢,x) to a number; such mapping is called a functional. The action
principle then tells us that the true motion is the one that has the smallest S. Or
equivalently, when we vary the function slightly around the true motion,

¢'(t,x) = o(t, z) + 5o(t, ) (4.75)
with the variation set to zero at the start and end of the time window,
then the change in S should be zero to the first order in d¢:
05=5-5=0, (4.77)
where .
- ] a(b ! / (b
S = [ dtdxL| ¢, o, Iz and S = [ dtdzL( ¢, ¢, (4.78)

The range of time integration is understood to be (1, t2).
We can write 0.5 as

o¢ 0
58 = / dide SL(t,2) =0 with 6L — c<¢ .99 ) <¢ é ¢) (4.79)
On the other hand, the change in £ at given time and position (¢,z) occurs through
the changes in ¢, ¢, and d¢/0x, each evaluated at the point (¢, x):

oL OL_ .. OLC 5(22)

SL(tx) = =06 + () + (%)

3% 53 (4.80)
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Since ¢ = ¢ + ¢,

: . : 0 o¢' 0 0
S =d-b=00), o) =5 -=TG6g), @8

then using the chain rule A(2B) = £ (AB) — (£A)B with s =t or z,

oo 4G e
(60)
a((agé) 5;(%% _ ( 5¢> (ai )>5¢> (4.83)

where the first term in the right hand side of (4.82) or (4.83) vanishes upon integration
over t or x, respectively, due to the boundary conditions (4.76) and (4.73). Thus, §5
can now be written as

oc 0 /oL o oL
55 = [ dtde l () _ ()] 56 =0, (4.84)
/ o6 ot ¢ ox a(%ﬁ)
Since 65 should vanish for any variation d¢, the integrand |- - -] should be zero at all
(t,x):
0 (oL 0 oL oL
5i(o0) * s (a<g§)) =90 (45

which is called the Euler-Lagrange equation for the Lagrangian density. Applying this
to the Lagrangian density (4.72), we obtain an equation of motion

2

0
- b — Ta(f = —Ko, (4.86)

which is exactly the same equation as (4.68) which was obtained directly from L(¢, ¢)
in the limit Ax — 0. -

When the field is labeled by a continuous parameter as in ¢(z), the total La-
grangian is not convenient to deal with. This is because Lagrange’s equation of
motion for the total Lagrangian is written in terms of each discrete coordinate ¢;
and not in terms of ¢(z) [see (4.65)]. In the continuous limit, a natural object is
the Lagrangian density which allows one to derive the relevant equation of motion
directly.
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It is easy to extend the Euler-Lagrange equation (4.85) to three dimensions. Now
the field is a function of 7, and 6(;5 replaces 0¢/0z in the argument of the Lagrangian
density: .

L(¢, ¢, V) = L(§,0u0) -
Then in (4.80), 0L needs to be expanded in terms of 6(9¢/dy) and §(9d¢p/0z) in
addition to 0(0¢/0x), and following through the same derivation results in

L) )+ ) ) -

au(aﬁ) _ o (4.87)

(0u0)) 09

which is the Euler-Lagrange equation now written in a space-time symmetric form.
When there are more than one fields, ¢1(x),...,¢n(x), the Lagrangian density

becomes a function of these fields and their space time derivatives:

or

L(6,0,0), o) =(41(x),...,¢n()), 2" = (t,T)|. (4.88)

Then the Lagrangian and the action are given by
L= / Brl, S = / d'zL | (4.89)

where the integration range over time is (¢1,%2), and the space integral is over the
entire space (infinite), or within a cube defined by —L/2 < z; < L/2 (i = 1,2,3).
If the range is infinite, then the fields are assumed to vanish at sufficiently large
distances from the origin:!

o, %) =0 (|7 = 0), (4.90)

or if the range is finite, then the periodicity is imposed:

o(t,x+ L,y,z) = o(t, v,y + L, 2) = ¢(t,x,y,2 + L) = o(t,1,y,2). (4.91)

The corresponding Euler-Lagrange equation is obtained by taking the variation with
respect to only one field ¢y in (4.80) while keeping other fields fixed. Then the same
derivation leads to

oL ):ac (k=1,...,N)|. (4.92)

a“(aww 7

IStrictly speaking, what is required of how quickly ¢(¢, %) vanishes as |#| — oo is that surface

terms such as [ d3m6¢ vanish when integrated over all space. It is usually sufficient if ¢ vanishes
faster than 1/72.
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This form indicates that if the Lagrangian density £ is a Lorentz scalar, then the
resulting equation of motion is also Lorentz-invariant assuming that ¢, transforms in
a well-defined way on both sides of the equation (scalar field, vector field, etc.).

Hamiltonian density

Let’s start from the one-dimensional discrete system whose total Lagrangian was given
by L(¢, ¢) (4.64) with ¢ = ¢; (i = 1,...,n). One should not confuse the index i in
¢;, which labels the position along the string, and the index k in ¢r(t, ©) which labels
the field. Here, we have only one field. The canonical momentum corresponding to
the i-th general coordinate ¢; is

def 8L
i = —— = Az, 4.93
m S o5 = Aaud, (4.93)

)

and the Hamiltonian is by definition

H = Zm@—L
- ;Ax,uqu—zﬁx{ & _*QS _<¢Ajll)}
— ;A:v <152+ <Z52 (¢Z Afz 1) } (4.94)

This is kinetic energy + potential energy, and thus it is the total energy of the system.
In the continuous limit, it becomes

H= /d:c[ & + ¢ 42 (gﬁ)] (4.95)

The same result can be obtained by the following general procedure: first, the
canonical field conjugate to ¢ is defined using the Lagrangian density L£(¢, ¢, 0¢/0x)
as

(2) gg ui() (4.96)

and the Hamiltonian density H is defined by
H(m 6. 50) & ni—2(0.6,5°)
el

- g s i)

3

(4.97)
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The total Hamiltonian is then its space integral:
H= / i, (4.98)

which gives the same Hamiltonian as (4.95).
_ Extension to multiple fields in 3-dimension is straightforward. For a set of fields
¢ = (¢1(x),...,on(x)), the conjugate fields are defined by

) def a‘c (QZ;, 8#&)

m(x) = (k=1,...,N)|; (4.99)
Oy
then the total Hamiltonian is then given by
H= / |, (4.100)
with the Hamiltonian density defined by
~ 7 =7\ def ;
H(7,6,V0) €S mon — L |. (4.101)
k

Noether currents

One advantage of Lagrangian formulation is that symmetry of the system it describes
is evident in the form of the Lagrangian. If certain transformation leaves the action
invariant, then the resulting equations of motion will be the same before and after the
transformation and thus the law of physics it describes will stay the same. In general,
transformations that leave the action invariant are easy to spot in Lagrangian.

There exists a general theorem, called Noether’s theorem, that states that for each
transformation that leaves the action invariant, there exists a conserved quantity.
We now discuss such conserved quantities corresponding to the symmetry under the
space-time translations, which turn out to be the total energy and momentum of the
system.

That the equations of motion (or the laws of physics) is the same anytime anywhere
means that the Lagrangian does not depend on space-time explicitly. That is actually
what we have been assuming since there is no explicit z# in the argument of £(¢, 0,,¢).
Suppose a function ¢(x) represents a true motion. For a given such motion ¢(x), the
Lagrangian density £ is a function of space-time though ¢(x) and d,¢(x). Applying
the chain rule of differentiation,

oL oL
L = 5 T g 200
I 0,0)

au< . g‘f ¢)> by (4.87)
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e or or
_ au< 50, d)))ayqs + 510,549 = 0, [Ww} (4102)
aE 1 _

Note that this holds only for a true motion ¢(x) since we have used the Euler-Lagrange
equation. We now have four conserved currents:

9,J" =0 (v=0,1,2,3), (4.104)

with o7
JH = "o — L gt . 4.105
5(0,0) p—Lyg ( )

These conserved currents are called the Noether currents of the space-time transla-
tions. Then, the space integral of the time component of each current is conserved:

aOJOV — —82Jw

— ;(/dSIEJOV) — /d3anJOV _ _/dsxaljw _ _/Adai Ji,, —0 (4.106)

where A is the boundary surface, da; is the i-th component of the area element and
the surface integral vanishes due to the boundary condition (4.90) or (4.91). The
conserved quantities are thus

def

pr /d%JOV (v=0,1,2,3)|. (4.107)

We can see that P is nothing but the Hamiltonian (namely, the total energy):

.
POE/d3mJ00:/d3x(ag$—ﬁ> — . (4.108)
H

Then, it is natural to identify the space component P given by
i — [ 33, 70i s (0L o 3 i
P:/dxj :/dx—.8¢ :/da:ﬂ@qﬁ (4.109)
99
as the total momentum of the system. In fact, this identification is required if we can

prove that P" is a 4-vector, which, as it turns out, is not trivial. The main problem
is that P"’s are defined as space integrals in a given frame. In the following, we
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will assume that £ is a Lorentz scalar and show that P” transforms as a 4-vector
under an infinitesimal Lorentz transformation which is sufficient for all proper and
orthochronous transformations.

The following proof does not require that ¢ is a scalar, as long as fields are com-
bined in £ to make it a scalar quantity. That £ is a Lorentz scalar means

L'(z")=L(x), 2'=Ax. (4.110)

Then, since the quantity 6L in (4.102) is a Lorentz scalar (it is the difference of
the values of £ at two event points,  and = + €) and 0, and €” are 4-vectors, the
quantity inside the square bracket should transform as a tensor. Together with the
fact that the metric tensor is itself a tensor (1.65), we see that J*” defined by (4.105)
transforms as a tensor:

JH(x) = A AN g T (2) . (4.111)

Since P and P¥ are constants of motion, we choose to evaluate them at ¢’ = 0
and t = 0, respectively:

P = /d?’x’J’O”(O,:E'), PV = /dga:JO”(O,:E). (4.112)
For a proper transformation, we have det A = 1 and thus
d*r’ = (det A)d'r = d*z . (4.113)

Also, using the property of the delta function

1 ) -
) = ; |f’(8¢)|6(8 —8;), (s;: solutions of f(s) =0), (4.114)
we have o
3(¢) = 58 a") = o-8(t+ i) (4.115)

Then, P" can be written as
d*x AOQAV,B Jor (tv f)
pr = [aaroa) = [ o 5(t) D)
(5(t + 4

)AO N JoP(t, )

A%
A9,

_ /d?’xAO Ag JoP (A 7). (4.116)

_ /dtd?’xé (t+
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If A is an infinitesimal transformation, we can write
A, =g!, + Wty (4.117)

where w is a small parameter. In particular, we have | see (1.83)]

wWwho=0, — Ay=1, (4.118)
which means .
A% 2t 0 0 i 0 i
O =—(¢°;, + W) a' = —w’; 2. (4.119)

Then, to the first order in w and expanding J*?(t, Z) about t = 0, P becomes
PY = [ @+ 6 a)(g + ') I (i), )
= [ @(Pags + s+ Pag” ) [17(0,7) = (D0°) (0]
= [ @[ 1w 4 W00 I~ (0T™) (2]
Wi JV —0,J7 by (4.104)
= /dngOV —i—wl’g/d%JoﬁjL/dgxwoiJ” —l—/d?’xwoi (0,7
—_— —_— —

Pl/ Pﬁ 8j(JjV$i) —ij ﬁjxi
—— ~——
— 0 ”

)

= P Pl [ [ @i
= (95 + w’g) P’
= NP", (4.120)

where all J*’s are understood to be evaluated at (0, %) unless otherwise indicated.
Thus, we have shown that P” transforms as a 4-vector under an infinitesimal Lorentz
transformation. The proof can be easily extended to a finite transformation by divid-
ing the finite tranformation into a large number of infinitesimal transformations. The
four conserved quantities P” therefore form a 4-vector, and since the time component
has been shown to be the total energy, we identify P” as the total energy-momentum
4-vector. The tensor quantity J*” is called the energy-momentum tensor.
Extension to multiple fields is again straightforward: for a set of real fields ¢y (z) (k =

1,...,N), the energy momentum tensor is given by
oL
JW = ————0"¢r — L g" .|, 4.121
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and the total energy and momentum given by (4.107) are (using 9' = —V;)

POZH, ﬁ:—/dgl'ﬂkﬁgﬁk

(4.122)

where 7, and H are given by (4.99) through (4.101), and summations over k are
implied.

Note that P? and P defined above are conserved even when the Lagrangian density
is not a Lorentz scalar. All needed for the proof of conservation was that the La-
grangian density does not contain x explicitly. If the Lagrangian density is a Lorentz
scalar, then P¥ = (PY, ]3) transforms as a 4-vector.

Transition to Lorentz invariance

We are jumping ahead too fast, since we formed our Lagrangian density for a classical
system which is at rest in certain frame and yet assumed that the resulting Lagrangian
density is a Lorentz scaler. Let’s go back to the equation of motion of a string (4.68),
and discuss how we can make the system consistent with special relativity. If we set
u =7 =1 1in the equation of motion, we obtain

57 g THO=0. (4.123)

Then, we see that its three-dimensional extension is nothing but the Klein-Gordon
equation (92 + m?)¢ = 0 with the identification k = m?. Here, the critical condition
is u = 7 which allows the time and space derivatives to be combined into 9. Then,
the equation of motion becomes Lorentz-invariant provided that we define the field
¢(z) to be a scalar field:

(') =d(x) (' =Ax). (4.124)

Just as we discarded the idea of ether that transmits light and took the elec-
tromagnetic fields and their transformation properties as the reality, we forget the
classical string at this point and take the field ¢(x) and its transformation property
(4.124) as reality. As we will see shortly in the next section, the Lagrangian density
indeed becomes a Lorentz scaler with this transformation property of ¢ and the choice
of parameters y =7 = 1.

4.3 Quantization of the Klein-Gordon field

Canonical quantization
We are now ready to quantize the Klein-Gordon field following the standard canonical
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quantization procedure. First, the Lagrangian density of the Klein-Gordon field is
obtained by setting 4 =7 =1 and k = m? in (4.72) and extending it to 3-dimension

L(¢,0,0) = ;(& — (V)? —m?*¢?) (4.125)

or

£(6,00) = 5 (0,006 — ) | (4.126)

If the above extension to the three-dimensional case is somewhat unclear, it is
justified by the fact that this Lagrangian density indeed leads to the Klein-Gordon
equation: the Euler-Lagrange equation (4.92) gives

—m2¢>
oc \ AL ., .
au<a(au¢)>— G =@ +mie=0, (4.127)
—_————

0"¢ : note the factor of 2

From the definition (4.99), the conjugate field is

oL

n(z) = 9 =% (4.128)

and the Hamiltonian density defined by (4.101) is then

H(r 6. V) = ;(ﬁ (Vo) +m2e?) . (4.129)

Note that the field ¢(x) is a real number as in the case of the one-dimensional
string. So far, this is just classical mechanics. The only difference from the string is
that the choice of parameters as well as the assumption that ¢(z) is a scalar has made
the Lagrangian density a Lorentz scaler; namely, when L is regarded as a function of
x through ¢(x), the value of £ evaluated at x is the same as the value of £ in the
trassformed frame at ' = Az: Using ¢/(z') = ¢(x) and 9, = A,“0.,

L'(x)

(0L0/() 06 () ~m6” ()
AN 0,0(2)9°0()
(0%
9 s

— 2 (06(2) 90(2) — m?0%(2) = £(a). (4.130)
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Now we will turn the system into a quantum mechanical system by regarding
¢(t,7) and 7(t, &) as operators in the Heisenberg picture, and introducing commu-
tation relations among them. Here, ¢’s and n’s at different positions are considered
independent observables.

For clarity and simplicity, let’s start from the discrete one-dimensional case. The
total Lagrangian is (4.64) with 4 =7 =1 and kK = m?

L(¢, ) = ZAQ; [ — m?¢7 — (@ Af’ =) ] (4.131)
The operator conjugate to ¢; is then
mi(t) = gj = Azoy(t) . (4.132)

The equal-time commutation relations are then well-defined; namely, the commutator
of ¢; and m; is 7 if they are conjugate to each other (i.e. have same index i) and zero
otherwise:

[6i(t), mj(1)] = iy, (4.133)
[6:(), ¢5()] = [mi(t), m;(1)] = 0. (4.134)

The continuous limit of the conjugate field is defined directly from the lagrangian
density (4.72) with y =7 =1 and k = m*

oi) e (]
and given by
(t,z) = (2; = é(t, x) (4.136)

Together with the definition ¢;(t) = ¢(t, z;) (4.58), the relations connecting the con-
tinuous and discrete operators are:

oi(t) = o(t,z;), m(t)=Avn(t, ;). (4.137)
Thus, the commutation relation (4.133) can be written as

. 51]
Ax

For a finite Az, ¢(t,z) is considered to have the value ¢;(t) for z; — Az/2 < z <
x; + Az/2, and similarly for 7(¢, ) (Figure 4.2). Then, for a given 4, the value of
[o(t, x), m(x;)] will be [¢;(t), m;(t)] = i/Ax for x; — Az /2 < x < z; + Ax/2.

[¢<t7$i)’7r(t7xj)] (4-138)
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[P(x), TT(x) 1/i

?(x) T(x)
I/AX Ax
I I I - I I I > Y Tl
Xiq X; Xis1 X X1 Xi Xis1 X Xi Xi X x

Figure 4.2: The operator functions ¢(¢,z) and m(t,z) are shown symbolically for a
finite Az. The corresponding [¢(t, z), 7 (¢, x;)]/i is shown on the right.

In the limit of small Ax, [¢(t, z), 7(t, x;)] is then identified as id(x — ;). Thus, in
the continuous limit we have

[o(t, z),7(t,2")] = id(x — ),
[6(t, ), ¢(t,2)] = [n(t, ), 7(t,2")] = 0.

Extension to the three-dimensional case is straightforward and given by

[p(t, ), 7(t,2")] = i63(Z —T'),

6(t.8), 6(6,)] = [n(t,),m(t, &) = 0. | (4189)
with ot

BE—7) = d(x—2)0(y—y)o(z—2). (4.140)

Note that we are using the Heisenberg picture where all time dependences are con-
tained in the operators, and that the commutation relations above are defined at a
given time t.

Heisenberg’s equations of motion

We are now in the realm of quantum mechanics. We have infinite number of operators
¢(t, ) representing the field values at different positions in space, and their conjugate
operators 7(t,Z). Then, the time dependence of any operator which is a function of
¢ and 7 is given by Heisenberg’s equation of motion and the commutation relations
(4.139). One natural question is then what kind of equation of motion does ¢ satisfy,
is it the Klein-Gordon equation? As we will see now, the answer is yes. Heisenberg’s
equations of motion for ¢ and 7 are

—ip(t, @) = [H,o(t,T)], (4.141)
—in(t,7) = [H,7(t,7)], (4.142)
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where all times are understood to be the same. Note that what appears in the
commutators is the total Hamiltonian and not the Hamiltonian density. Using the
Hamiltonian density (4.129) and H = [d®zH, the above equations are written as
(dropping ‘¢’ for simplicity)

—id@) = | [ a5 (@) + (T mt ) o@)] . @14)
_i#(7@) = [ / d%'i(ﬁ (f’)+(6’¢(f’))2+m2¢2(ff>),w(f) |

Some mathematical preparations are in order. For the operator function ¢(Z), the
st 9T+ €65) — 0()

definition of V;¢(x) is
d¢
e (4.145)

ox? (7) €

where € is a small real number and é; is the unit vector in the direction of the i-th axis.
We note that 0;¢ is nothing but the difference between neighboring ¢(Z)’s. Since ¢(Z)
and ¢(2') commute at equal time for any Z and #’, we then see that 0;¢(Z’) commutes
with ¢(Z) (at a given time t):

(4.144)

V'6(7), 6(7)] = 0. (4.146)

Note that the same argument cannot be applied to the time derivative gb since the
commutation relation [¢(t, ¥), ¢(t, Z')] = 0 is for a given time ¢; namely, commutators
such as [¢(t + dt, Z), ¢(t,Z')] are not defined at this point, and in fact it is not in
general zero as we will see later.

Next, if f(Z) is an arbitrary operator that is a function of ¥, then from the
definition of 0;¢ (4.145),

foonan [ ain] = e[,

= @ @+ ce.w(@) - 0@, 7))

i@ +ee— 1) i0%(T — )

= (f(@—ce) — £())
= —i gi; (7). (4.147)

In the above, note that the same result is obtained when the operator f(Z') is placed
after the commutator.

Then, (4.143) becomes

i = 3 feelper s @y ey ]

by (4 146)
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= —in(%); (4.148)

namely,

ot,7) = 7(t, )|, (4.149)

reproducing (4.136), this time derived from Heisenberg’s equation of motion. The
second equation of motion (4.144) is now,

(@) = 5 [P RE) + (T + ) x(@)]
=3 / P '[(v B(T))?, (f)h”f / &’ [¢*(x"), w(F)] . (4.150)
E]l EIQ

Using (4.147), the first term becomes
1
ho= g2 [ <a;¢<f’>>2,w<f>}

= 3% [l 010l ()] + Qo) x(@) ol
i0,00(7) — —10;0;0(%)
_ v, (4.151)

while the second term is simpler:

2

I = T [ & (o) (&), 7(@) + [, ()] 6(&)}
(@ -1 i@ —7)
= im*¢(%). (4.152)

Putting the pieces together, we obtain
which, combined with © = ¢ (4.149), leads to

o(t, ©) = V2¢(t,7) — m*¢(t, ) ,
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— (O +mPo(t,T) =0, (4.154)

which is nothing but the Klein-Gordon equation. Thus, we have shown that Heisen-
berg’s equations of motion for ¢(x) and 7(z) together with the commutation relations
among ¢(x) and 7(z) lead to the Klein-Gordon equation which is now satisfied by
the operator field ¢(t, ) in the Heisenberg picture.

Momentum expansion

We will now express the operator field ¢(¢, ¥) in terms of normal modes and introduce
creation and annihilation operators associated with each mode. In performing the
expansion, it is convenient to impose the periodicity (4.91), and focus our attention
on the (large) box —L/2 < z; < L/2 (i = 1,2,3). Then at a given time ¢, any
operator function ¢(t,¥) can be expanded as

(t, T) = Z Cy(t)eP¥ (4.155)

where Cj are operators and p takes discrete values that satisfy

., 2mn, 2mn, 2mn,
pz(pz,py,pz)=< T T )

(—00 < Mg, ny,n, < oo :integers) .

(4.156)

As we will show below, the set of functions {e”} forms a complete orthonormal set
in the box:
/d3$(ezﬁx)*ezﬁ{f == Vém;/

Z <€iﬁ-:§)*€iﬁ.j‘/ _ VG-, (4.157)
2
where d; 5 is defined as
def [ 1 if p=9p’
Sm) = 4.1
P { 0 otherwise (4.158)

In the above and hereafter, the space integral is understood to be within the box
of volume V = L3 unless otherwise stated. The first of (4.157) is easy to verify:
since if p = p’ then integrand is 1 and the integral is V', while if p" # p”’ then the
integrand oscillates and the integral vanishes. The second of (4.157) can be proven
by converting the sum over p’ to an integral using

> = (2‘;)3 /d?’p (L = 00). (4.159)

This can be seen as follows: the possible values of p'= (2mn,/L,27n,/L,27mn,/L) are
on a cubic grid of cell size 27/L. Each cell of volume dv = (2m/L)? contains exactly
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one grid point, say, at its center. The integral of an arbitrary function f(p) over p
can be written in the limit 27/L — 0 as

[dni@ =% dv s =25 1), (4.160)
p (271'/[/)5 p

which establishes the correspondence (4.159). Then, we have

Z (eiﬁ-i’)* ip-T!

—

pe =V& (7 - 1), (4.161)

(2@353( ')

which proves the second orthogonality of (4.157)
The expansion (4.155) is unique since the coefficient Cj is uniquely given by

/dgfﬁ(@iﬁi ZO_" /d3 sz * zp L VCZ;‘,

Vg z

—  Cy= ‘1//d3x(eiﬁ'f)*¢(t,f), (4.162)

and it is complete since the original function ¢ is recovered as

S G = S5 [ d (@) gt )
P

Ve (z -3
Since ¢ is an observable, it is hermitian, and thus

=9 — S Cle™ =3 Cye?™. (4.164)
2 2

Z C’T PT (relabeled §— —p)

Equating the coefficients of the orthonormal functions, the hermiticity condition is
CT(t) = Cy(t) (4.165)

Thus, any hermitian field can be expanded at any given time as (4.155) with the
hermiticity condition (4.165). The time dependence of the field, past and future, is
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then given as follows if ¢(t, 7) is to satisfy the Klein-Gordon equation. Substituting
(4.155) in ¢ = V2 — m?¢,

Z O eP% — Z [(Zﬁ)Q _ mQ}Cﬁeiﬁ.f
3 3
= Cy=—p"%Cy, (4.166)

where p° is defined as a positive number given by

PP =Pt +m2>0. (4.167)

The general solution is then
Cy(t) = Aye "' + Bye’t (4.168)
where Ay and By are constant operators. The hermitian condition (4.165) is now
AT_ﬁ ePt 4 Biﬁe_ipot = Aﬁe_ipot + Bﬁeipot (4.169)
which should hold for all ¢; namely,
Al =By, Bl,=4; (4.170)

where the second condition is actually the same as the first. We then obtain the
general solution of the Klein-Gordon equation by substituting (4.168) in the expansion
(4.155) and using AT_ﬁ = By

¢<t, f) _ Z: (Aﬁe—ipot + AT_ﬁeipOt)eiﬁf

7
_ Z (Aﬁe—ip0t+iﬁ~f + AT_;&' eipot—l—iﬁf)
ﬁ _/_/
relabel p— —p'
= > (Apem + ALetrr) (4.171)

p

where we have used the 4-vector notation p -z = p’t — - Z. Note that in relabeling
p — —p, the value of p° did not change because of the definition (4.167).

In analogy to the single harmonic oscillator case (4.37), we define the operator az
as

A !
o, — A= .
P 2p v

We will see below that ay and a; act as the annihilation and the creation operator
for a particle with momentum p. The normalization factor 1/4/2p°V" is such that

(4.172)
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the commutation relations among ¢ and 7 (4.139) leads to the commutation relation
laz, a;] = 0z while satisfying m = ¢.

Putting (4.171) and (4.172) together, the expansion can be written as

P(x) = (aﬁeﬁ(aj) + a;e;(x)) (4.173)

p

with the normal-mode functions defined by

def €7

ep(r) = T (x = (t,7), p° = /P> +m?>0) (4.174)

This expansion is general; that is, you give me any solution of the Klein-Gordon
equation, then I will look at its spacial dependence at a fixed time ¢t and expand
it uniquely as (4.155). Then the time dependence for the past and future is given
as in (4.168) in order to satisfy the Klein-Gordon equation, and together with the
hermitian condition (4.170), it results in the expansion above. > Note that p° is a
function of j, ez(x) is just a number (namely, not an operator), and a; is an operator
that does not depend on t. The conjugate field can be obtained by (4.149):

() = d(x) = > (—ip’) (apes(x) — ales(x)) (4.175)

which is also hermitian.
In order to show that azy and aj; indeed are creation and annihilation operators,
we need the orthonormality relations of the normal-mode functions:

* 1 T, —
/d?’x ex(r)ep(r) = 2V\/po_po’/d3xep e

< 0__ 0/
et —p”)t

3
v d

ip'-x

Op,p"
= B 4.176
2p0 ) ( )

where in the last step we have set p° = p” which is allowed because of the delta
function d; 5. The integral of ez(x)ez(x) can be obtained similarly:

I -
/ P ep(x)ep(a) = e 2" . (4.177)

2Because of the hermitian condition Ciﬁ = Cp, the number of independent Ay is twice that of

Cp. Thus, ¢(x) at given time alone cannot uniquely fix all Az’s. Additional information on ¢(:E) at
given time will do. This is because the Klein-Gordon equation is second order in time derivative.
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This is a little awkward; it would be much better if the above gives zero instead of the
delta function with a phase factor. This can be accomplished by using the differential

operator (50 introduced in (2.46):
a 9ob = a(9pb) — (Bpa)b, (4.178)
where a and b are arbitrary functions of t. We then have
/d3x es(x)i aoep () /d3x es(x)ez(z) =0 (4.179)

—2ip0t 0
e o5/ 2p

where the delta function forced p” = p°. With 9y, the orthonormality (4.176) also
becomes simpler:

/de ex()i 306ﬁ/( (p” +p° /dee Jeg(x) = 055 (4.180)

55/ 2p"

Taking complex conjugate of these relations, we have a set of orthonormality relations
given by

/d3$6%($)i30€ﬁ/(1’) = (513"13’/, /d3xeﬁ(m)i(506;},(:p) = —5177]7/,

. . (4.181)
/d?’xeﬁ(x)iaoeﬁ/(x) =0, /d%e%(x)i doep(x) = 0.

In the classical (i.e. non-quantized) Klein-Gordon theory, the probability density is
given by jo = ¢*1 30¢ (2.45). Thus, when interpreted as a c-number solution of the
Klein-Gordon equation, the normal-mode functions ez(x) are normalized to be unit
probability in the volume V.

These relations allow us to express ay and a; in terms of ¢ and 7: using the
expansion (4.173),

d*x ez igoqﬁ x) = ag | Pz esi §Oe~/ +al, [ dxesi goef, =az, (4.182)
p — P D P D §9 D D
5]3"717/ 0

A d
where we have used the linearity of the operator 9y to take the sum over momentum
out of the integral. Writing out the left-hand side of the above explicitly

= /d3xe ¢+p0¢ /d%e 0 (x) + im(x )} (4.183)
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Taking the hermitian conjugate of this relation, and noting that ¢ and 7 are hermitian,
we get

a; = /d?’x e; () [pogb(a:) - Zﬁ(x)} . (4.184)

Note that the relations (4.183) and (4.184) are valid for any t.
Then, the commutation relations among az and ag follow directly from those
among ¢ and 7 (4.139): with the notation

r=(t,7), 2 =7 (equal time) (4.185)

we have

laz, a;r;,] = {/d?’xe )+ im(x /dgx ey pO'gb( ") — 71'(1'/))]
= /d?’x/d?’x ex(z)ey (') { o(z) +im(x), pYo(2)) — iw(x’)}
)

ip” [7(2), ()] —ip” [$(x), 7(2")]

—i8* (% — ') i0°(% — ")
= [drey@)ep(@)p’ + [ dveylw)e (o)
S 20" S/ 2= b3/ 2
. (4.186)

Similarly, we can see that [az, az]| vanishes, which results from the two terms with
delta functions in (4.186) cancelling each other. Then, its hermitian conjugate [ap, a;,]
also vanishes. Thus, the commutation relations of ¢ and 7 resulted in those of a; and

'i- .
a;; given by

lag, al) = 655

[aﬁ7 aﬁ’] = [a;,

(4.187)

a;,] =0

which are exactly the commutation relations for the annihilation and creation oper-
ators for a set of independent harmonic oscillators where each harmonic oscillator is
labeled by p namely, for a given j we have [a,a'] = 1, and operators belonging to
different harmonic oscillators commute. Then by the same argument as in the case
of a single harmonic oscillator (4.28), this commutation relation between a and a
singlehandedly leads to the fact that a! raises the eigenvalue of the number operator
N = a'a by one and a lowers by one, thus justifying the interpretation that they are
indeed creation and annihilation operators. The commutation relations among ¢ and
7 (4.139) can be re-derived from those of az and a;, and it is left as an exercise.
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Exercise 4.3 Quantization conditions of hermitian spin-0 field.
Start from the commutation relations among creation and annihilation operators (4.187)
and derive those among fields (4.139) using the momentum expansions.

Total energy and momentum
We have seen that a hermitian field ¢(t, Z) that satisfies the Klein-Gordon equation
can be regarded as a set of harmonic oscillators each labeled by p and with associated
pair of annihilation and creation operators az and a}. Then each harmonic oscillator
or normal mode can have an integer number of quanta each of which we regard as a
particle with momentum p and energy p° = \/p? + m2. If this picture is correct, then
the total energy and momentum should be simply the sum of energies and momenta
of the particles in each normal modes summed over all normal modes. We will now
see that it is indeed the case.

First, let’s examine in what kind of space the operators such as az, ¢, 7, etc. are
acting. This is in fact the Hilbert space we are dealing with. Since each normal mode
is an independent harmonic oscillator, there is a number operator for each p:

Ny = alay, (4.188)
and the corresponding set of eigenstates denoted as |nz);:
Nylng)p = nplng)p (4.189)

Namely, |nz)7 is a state of the harmonic oscillator labeled by p'that contains n; quanta.
Then just as in the case of the single harmonic oscillator (4.34), the state |nz); can
be constructed by repeatedly applying a; on the ground state of the oscillator |0);:

(ap)”

|
ng:

St

10)5 (4.190)

ng)5 =

Let [{nz}) be the overall state with nz quanta in the harmonic oscillator labeled by
p where p runs over all possible values. It is the direct product of the states of all
harmonic oscillators:

al)ns
o = Ty = | TT 2| 0, (.191)

iy |
P np:

where the vacuum state |0) is the product of all ground states:

0) < [110)5- (4.192)
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Since each |0); is normalized, the over-all vacuum is also normalized:
00y = 1. (4.193)

The Hilbert space is then spanned by the states [{nz}) with all possible combinations
of {nz}. It is a very large space. When there are more than one types of particles,
then the space should be extended even larger: the basis states in this case are
[{n.z}), where n, 7 is the number of quanta in the normal mode corresponding to the
particle type r and momentum p. These states with definite numbers of quanta in
each particle type and momentum are called the Fock states. For now, we assume
that there is only one type of particle.

What we would like to show is then, for the operator P* that represents the total
energy-momentumn, its action on a Fock state [{nz}) is

Pl{ng}) = (X nap"){na}) (4.194)

where p* = (p°, p) with p° = \/p? + m?2; namely, the total energy-momentum 4-vector
becomes the sum of those for all the existing particles in the universe. This would be
accomplished if the total energy-momentum operator can be written as

Pt =>"p'Ny, (4.195)
P

where Ny is the number operator given by (4.188). Now what should we take for the
energy-momentum operator P* to start with? In the case of classical field, we had the
conserved 4-vector (4.107) obtained from the Noether current of space-time transla-
tion, which is a good candidate to use after regarding the fields in the expressions as
operators. In fact, the Hamiltonian of the quantized Klein-Gordon field (4.129) was
constructed exactly in such manner and it was shown that such Hamiltonian indeed
leads to the Klein-Gordon equation through Heisenberg’s equations of motion. Thus,
we will start from the Hamiltonian density (4.129), regard the fields as operators, and
express the total Hamiltonian H = [ d*H in terms of a;’s and a;’s.

Let’s first use a partial integration and the Klein-Gordon equation to simplify the
expression (4.129) for H:

R L TR ER
V- (696) ~6 V29 ¢
N A N7
=0 44 m}@ : by the K-G eq.

1 “~
— 5 [ @xoidnion). (4.196)



4.3. QUANTIZATION OF THE KLEIN-GORDON FIELD 153

where we have used the fact that the surface term vanishes when integrated over all
space:

/ BV - (V) = / di - (6V¢) = 0. (4.197)

boundary

Then, substituting the expansions (4.173) and using the orthonormality relations
(4.181), we have

1 . *
H = §/d3x[2(aﬁeﬁ+ a}e})}zgo{Zpo’(aﬁleﬁ,—a;/eﬁ,)}
ﬁ 4

P
1 TN TN
3 07 . R
= §/d T E P (aﬁaﬁleﬁz 6Oeﬁz—aﬁag,eﬁz 8062;/
. N— N——
p,p’
=0 — = 05
tal awe”iig e —alal eiig ex
p @’ “p v 00t p“p p v 00tpY
—— S——

— Opp — 0

DN | —

12 —
aﬁaﬁ—i— 1

= > (abay+ ;> (4.198)

2

> p’(ay a;r; —l—a} ag)
T

Thus, the total Hamiltonian is now a simple function of the number operators Ny =
a}aﬁ. This is almost exactly what we wanted except the term 3 p°/2 which appar-
ently is infinity. It is the energy of the state with ny = 0 for all p, namely, the energy
of the vacuum |0). If the object we are dealing with is a lattice of atoms, then there
is a maximum value for |p] where the wavelength becomes smaller than the lattice
spacing and waves stop propagating. In that case, this ground state energy is finite.
In our case of the Klein-Gordon field, theory may break down at very high energy,
and there may be a natural cutoff that would make the ground state energy finite.
In any case, such a constant offset of energy does not have observable effects on the
phenomena we are interested in, and thus we choose to simply discard it. Then, our
Hamiltonian is

H=>Y paa; (4.199)

P

which gives the time component of (4.195).

We will encounter similar situations where we want to discard constant offsets
corresponding to vacuum expectation values; thus, it is convenient to introduce a
procedure that forces the vacuum expectation value to be zero. This can be accom-
plished by the so-called normal ordering denoted by “: . Whatever is inside the
colons is a polynomial of annihilation and creation operators, and the normal ordering
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reorders each term such that all annihilation operators (a’s) are to the right of all
creation operators (a'’s). For example,

T

. . T .
0 7= 0 T E— CL—‘/CL-', A= — CL—‘/CL-‘,
T” ! ! ”T sy (4.200)
R N A R ORU etc.
Recalling that ay annihilates the vacuum state [see (4.32)], we have
az|0) =0 — (Oak=0, (4.201)

which means that the vacuum expectation value of any normal-ordered product of
ay's and a;’s is zero:

0] :---:10) =0, (4.202)
because there is at least one a; directly to the left of |0) or at least one a; directly

to the right of (0]. Since a;’s commute among themselves as do a;’s, the normal
ordering uniquely defines the resulting operator. One has to be careful, however, not
to use commutation relations before the normal ordering is performed since it defeats
the very purpose of the normal ordering, namely to discard the constant term arising
from the commutator:

; aﬁa;, c=: 05+ a;;,aﬁ 0 a;,aﬁ (don’t do this) . (4.203)

Normal ordering is understood to be a simple reordering of a’s and a'’s after products
are expanded if there are any. Then, the total Hamiltonian can be written using the
normal ordering symbol as

H=": /d?’x;(w? + (Vo) +m?¢?) : = zﬁ:po Nj. (4.204)

From now on, when we deal with terms in a Hamiltonian or Lagrangian, normal
ordering is implicitly assumed.

For the total momentum, we start from P given by (4.109), regard the fields as
operators, and use the momentum expansion to write it in terms of a’s and a'’s. In
doing so, it is convenient to write it using 30. First, we note that the implicit normal
ordering means

(Vg :=: (V) : . (4.205)

Then, the total momentum can be expressed as

P = —/d%ﬂﬁ(b = —;/d‘?’x(wﬁ_’d)—l—wﬁgb)_’
V(rg) — (Vm)o
[
surface term — 0 (b(ﬁﬂ)
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1[4 = .
= —5 [ @26V - 6V9)
- ;/df”mz’go(—ﬁqs). (4.206)
At this point, we notice the pattern: both H and P are written in the form
; / i 9o O, (4.207)

where O = 0y for H, and O = —iV for P. Once written in this form, the rest is
nearly identical to the Hamiltonian case (4.198), and the result is

ﬁ:—:/dg.T’NﬁQﬁl:ZﬁNﬁ- (4.208)
2

Exercise 4.4 Complete the derivation above.

Note that in the case of classical fields there is no difference between Wﬁgb and
(Vo) but for the quantized fields they differ since 7 and ¢ do not commute. The
normal ordering, however, resolves such ambiguity.

We have seen in the classical case that the quantities P given by (4.107) are
conserved. Now we are dealing with quantized fields, and a natural question is if the
operators P are indeed constants of motion. Time variations of operators are given
by Heisenberg’s equation of motion, and thus immediately we see that P° = H is
conserved since H commutes with itself. It is easy to see that P is also conserved:

~iP = [H, P = [ Y 5" Np, SN, =0, (4.200)
17 12

since Ny commutes with all other N;'s including itself. Similarly, the components of
total momentum P commute among themselves:

(PLP =0 (i,j=1,23). (4.210)

Thus, all the four components of P* commute among themselves, and thus can si-
multaneously good quantum numbers of a system.

Space-time translation

This is a good place to show that the operators P” given in general by (4.122) are the
generators of space-time translations; namely, if F'(¢(z), 7(z)) is an arbitrary function
(namely, polynomial) of ¢ and 7 = ¢, then

ePF(x)e™ = F(x + a) (4.211)
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provided that ¢ satisfies the equation of motion, where the operator F'(x) is a function
of © = (¢, Z) through ¢(x) and 7(z) and a* is a real 4-vector constant. We will assume
the number of fields to be one, but the derivation can be readily extended to multiple
fields.

We first evaluate the commutator of P and ¢, (all at equal time):

commute by (4.146)
—_——

P.o@)] = - / &' (& ww) 0(@)]

= V(D) (4.212)

and

— iVr(Z) by (4.147). (4.213)
Together with Heisenberg’s equations of motion —i¢p = [P°, ¢] and —izr = [P°, ], we

have
[P*, ¢(x)] = —i0"¢(x)
[PF 7t(z)] = —iotn(x)

Then, it is easy to show that, for an arbitrary polynomial of ¢ and 7, F(¢, ),

(4.214)

[P*, F(¢,7)] = —i0"F(¢,)]. (4.215)

Exercise 4.5 Space-time translation operators.
Use the property of the energy-momentum operator P* (}.21/) and show that (4.215)
holds for any F(¢(x),m(z)) that can be expanded as

F(¢p,m) = i Cnm®" T (4.216)

n,m=0

where ¢, are c-numbers.
(hint: Prove and use

[A, B"] = B""\[A, B] + B"2|A, BB + ... + |A, B|B".

Comment: note that the above can be extended to any number of different fields.)
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For a small translation a* = €”, we have (to the first order in ¢),

eiP-eF(x)efiP-e = (14+iP-¢)F(1—iP-¢)
= F+i(P'e,F — FPV,)
= F+i[Pqu]€#
——

—iO"F
= F(z)+ (0"F)e, = F(xz +¢). (4.217)

Applying again eF¢ from the left and e~*F from the right, and repeating n times
total, we obtain ' '
PP (x)e e = F(x + ne). (4.218)

Taking the limit n — oo while keeping a = ne, we obtain (4.211).

Thus, we have shown that the total energy-momentum operator P* indeed gen-
erates space-time translation where the time translation is nothing but the time evo-
lution according to Heisenberg’s equation of motion. Note that we started from the
definition of P* for a general field and used only the commutation relations between
¢ and 7 which happens to be valid for all bosons. We will see later that (4.211) also
holds for spin-1/2 fields; it is in fact a general feature of quantum field theory.

4.4 Two scalar fields of the same mass

In the case of a hermitian scalar field, we had one pair of creation and annihilation
operators, a; and ay, for a given momentum p. Thus, it cannot have more than
one degree of freedom for a given p; namely, it cannot represent a particle with
spin greater than zero, or a system of a particle and its antiparticle. We will now
discuss a framework that can describe a spin-0 particle and its antiparticle that are
distinct. It is accomplished by combining two hermitian Klein-Gordon fields with
the same mass into one non-hermitian field. The fact that the two fields have same
mass introduces a symmetry to the combined Lagrangian, and the conserved quantity
associated with the symmetry will turn out to be the ‘charge’ of the particles where
a particle and an antiparticle have charges with opposite signs and same magnitude.
A hermitian or non-hermitian field in quantum field theory corresponds respectively
to a real or complex field in classical field theory. These terminologies are often used
interchangeably.

Lagrangian
Consider two real fields with same mass m, ¢1(x) and ¢o(z), within the framework
of classical field theory. The Lagrangian density for each is given by (4.126):

Ly(¢r, 0udr) = ;(auqbk@“gbk —m?¢3) (k =1,2; no sum over k). (4.219)
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Assuming there is no interaction, the Lagrangian of the system is just the sum of the
two:

L£(,0,0) = Li(¢pr,0u¢1) + La(ba, Do)
= ;[@M% + 020" — m* (1 + 63)] (4.220)

where ¢ = (¢1,P2). The Euler-Lagrange equations of this Lagrangian indeed lead to
correct equations of motion:

oL oL

= =0, = (0,0 +mYpp =0 k=1,2). 4.221
—— —_——
—m?¢y oo
The conjugate fields are, by the definition (4.99),
oL .

== k=1,2). 4.222
™= . o ( ) ( )

The Hamiltonian then becomes just the sum of those of the two systems: with 7 =
(71, m2), we have

HEZ?qufl)k—,C:Z(Tfkd)k—ﬁk) :ZH’“ (4.223)
& & 3
and
H=H +H,, with Hy= /d%%k (k=1,2). (4.224)
Define two complex fields ¢ and ¢! by
62 (61 +id)
w1 (4.225)
ol = ﬁ((bl Sy
Then, we have . .
oo = §(¢1 — ig9)(P1 +iga) = §(¢% + ¢3) (4.226)
and
D, 0t = ;(@Lgbl — 10,¢02) (01 + 10" po) = ;(8”%8’%1 + 0,020 po) . (4.227)

The Lagrangian of the system (4.220) can then be written as

L=0,0'0"0—m?¢To|. (4.228)
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Since ¢; and ¢, both satisfy the Klein-Gordon equation, so do ¢ and ¢':
(0> +mHo =0, (0> +m?)p! =0, (4.229)

which can also be obtained by regarding ¢ and ¢! as independent in (4.228) and
applying the Euler-Lagrange equation:

o . o o
6 o T OEmI=0 0
~— ———

_m2¢T au¢T

oc oL oo

o5 =T (0,0" +m?)p=0. (4.231)
~~ ——

—m2¢ oo

Again regarding ¢ and ¢ as independent, the corresponding conjugate fields, 7 and
7il, are by definition given by

N (4.232)
d¢ 0ot
or using (4.225) and (4.222)
=(m = im)
T = —=\T1 — 17
\? (4.233)
= —(m +im)

V2

Note that at this point, 7 and 7' are defined as the conjugate fields of ¢ and ¢T,
respectively, and considered independent; the relations (4.225) and (4.233), however,
are self-consistent when the symbol t is considered as complex conjugation or, in
the case of quantized fields, hermitian conjugation. The correct Hamiltonian can be
obtained also by regarding ¢ and ¢! as independent:

H = 7rgz5 + 7TT¢5T - L
= ;[(Wl — M) (p1 + igh2) + (1 + im2) (1 — Z¢2)} - L
= D mor — L. (4.234)
K

How could ¢ and ¢ be considered independent without destroying the whole logical
structure, since they seem to be clearly related by complex conjugation? Actually,
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there is a good reason why such procedure works. If we regard ¢ and ¢! as indepen-
dent, and m and 7' as independent, then the relations (4.225) and (4.233) formally
constitute a canonical transformation generated by

F= s [n(on+02) + 71(61 ~ i), (4.235)

where it can be readily verified that

oF or or
=—, ¢'=_—— d m=—-— (k=12 4.236
¢ or’ ¢ ont’ an Tk a¢k ( ) ) ( )
reproduce (4.225) and (4.233). Thus, it is no surprise that the two ‘coordinate sys-
tems’ describe the identical dynamical system using the same H and L expressed in
terms of appropriate fields.

Quantization
The quantization proceeds as usual. We regard ¢, and m, as operator fields, and
introduce the equal-time commutators given by

[¢k(t7 f)7 7Tk’<
[gbk(tv j:)7 Qbk'(

namely, the same as (4.139) except that if ¢ or m belong to different fields, then they
always commute. Heisenberg’s equation of motion for ¢y is

—igp(x) = [H, ¢p(2)] = [Hi + Ha, d4(2)] = [H, d1(w)] (4.238)

(4.237)

f’)] - i5kk/53(f—f’)
fl

t,
t, )] = [ﬂ-k(tvf)ﬂrk’(taf/)] =0;

which, together with the corresponding equation for 7 and following exactly the
same derivation as (4.141) through (4.154), leads to the Klein-Gordon equation for

%
0> +mDp=0 (k=1,2). (4.239)

Then, the two fields ¢, can be momentum-expanded using the normal-mode functions
ez(x) (4.174) together with the creation and annihilation operators for each field:

or(x) = Z (G/kﬁeﬁ(fﬂ) + azﬁe;(x)) (k=1,2). (4.240)

p

Note that we can use the same ez(x) for both fields since they have the same mass
which results in the same value of p° for a given momentum p. Then, as before, the
commutation relations (4.237) lead to

.I.
Oy rs | = Oppr O350
[kp kp] kk'Up.p (4'241)

[akﬁa ak/ﬁl] = [a/Lﬁ, a]'i/ﬁ/] =0.
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The equal-time commutation relations among ¢, and 7y (4.237) and the definitions
of the non-hermitian fields (4.225) and (4.233) readily lead to

[p(t, %), w(t, T")] = i0*(Z — &)
[T (t, %), nt(t, &) = i63(Z — &') |. (4.242)
all others =0

Note that this is what one would get if ¢ and ¢' (and 7 and 7') are regarded as
independent fields and the standard quantization procedure is followed.
The momentum expansion of ¢ is obtained simply from those of ¢; and ¢s:

¢(z)

SRS

(61(2) +ign(x))

[Z(alﬁeﬁ + aiﬁeg) +1 Z<a256ﬁ‘ + agﬁ eg)}
P P
1 : LR S G
[ﬂ(alﬁ + iagy)ep + ﬁ(alﬁ + zaQﬁ)eﬁ)] ) (4.243)

Defining a set of new operators by

ay & L (a15 + iagp)
7 = —=lap 25) 5
v2 (4.244)
p, 1 : oo Lot
r = ﬁ(alﬁ —iagy) —  by= ﬁ(am"‘ iays) |
the field ¢ can then be expanded as
P(z) = (CLﬁ@ﬁ(ﬂj) + b;e}(x)) : (4.245)
2

The commutation relations among a’s and b’s easily follow from those among a;’s:

lag, al] = 655, [bg b = 05

(4.246)
all others =0

This indicates that ay and by act as annihilation operators of some particles. In
particular, a;r; ay would be the number operator of the particle ‘a” and b; by that of the

particle ‘b’.
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Exercise 4.6 Quantization of charged Klein-Gordon field.

(a) Derive the commutation relations among a’s and b’s (4.246) from those among
ar’s and ag’s: (4.241).

(b) Derive the equal-time commutators among ¢ and w: (4.242) from those among ¢y,
and Ty, (4.237).

Following the same derivation as (4.196) through (4.199), the total Hamiltonian
of the two fields, H; and H,, can be written as

Hy = Zpoaiﬁalﬁ, Hy = Zpoagﬁaaﬁ. (4.247)
7 2

p

The total Hamiltonian of the system is simply the sum of the two:

H=H+H,=Y pal a7+ al;as). (4.248)
12
Noting that
1 . . 1 . )
a; ag+ b; by = i(aiﬁ — zagﬁ)(aw + dagp) + 5( L; + zagﬁ)(alﬁ — lagy)
= alﬁalﬁ + a§ﬁa2ﬁ, (4.249)
we have
-  H=Y p"(alaz+0blby), (4.250)
12

which shows that the total energy is the sum of the energies of all ‘a-particles’ and
‘D-particles’. Similarly, the total momentum defined by (4.122) is just the sum of
those of two fields: using (4.208),

P = - [#omVo, = - [ domVor - [ domTo,

Zﬁaiﬁalﬁ Zﬁagﬁ%ﬁ

— —

P P
= Zﬁ(aiﬁalﬁ + a;ﬁa2ﬁ) . (4.251)
P
Then, (4.249) allows us to write it as
P =37 (abaz+blbs)., (4.252)

p

which shows that the total momentum is the sum of the momenta of all a-particles and
b-particles. Next, we will see that the two types of particles have opposite ‘charge’,
and that the total ‘charge’ of the universe is conserved.
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Noether current of internal symmetry

We have seen that the symmetry under space-time translation led to the conserva-
tion of total energy and momentum. Here, we encounter a slightly different kind of
conserved quantity arising from an internal symmetry which crept into the system
because the two fields ¢; and ¢5 have the same mass. We start from non-quantized

fields.
We first note that the Lagrangian (4.228) is invariant under the phase rotation

¢(x) =e%p(x) —  ¢T(x)=ePp(2), (4.253)

where 6 is a real parameter and the space-time points are equal on the both sides of
the equalities. In fact,

L£'=0,0"0"¢ —m?¢'¢ = 0,0'0"p — m*¢Tp = L. (4.254)

Note that ¢ and ¢' are not treated as independent in this procedure; indeed, it is
critical that ¢' is rotated by a phase exactly opposite to that of ¢. In terms of ¢,
and ¢, the phase rotation is written as

1
V2

= ¢ = (cos @ + isin 9)\}5(@ + i)

- \}5 [(cos B — sin B) + i(sin 1 + cos )] (4.255)

Equating the real parts and the imaginary parts, respectively, we have

gb/l) B (cos@ —sin@) (gbl)

(gb’Q ~ \sinf cosd 2]’ (4.256)
which is a rotation in the space spanned by ¢; and ¢5. Such transformations form
a group called SO(2) - a group formed by 2 x 2 orthogonal matrices with det = 1
(special). This group is then apparently equivalent to the group formed by simple

phase rotations e which are 1 x 1 unitary matrices - called U(1). Thus, SO(2) and
U(1) have the same group structure:

¢/

(01 + i)

SO@2) ~ U(1). (4.257)

Let’s try Noether’s mathematical trick again to extract a conserved current as-
sociated with this symmetry. For the case of space-time translation, the Lagrangian
density £ changed its value under the transformation since it is a function of x through
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¢(z). This time, the value of £ is unchanged under the transformation. For a small
6, the changes in the fields and their derivatives are

d0p =169, Sl = —ifgt,
5(0,0) = 00,0, 0(0,9") = —i00,¢

Then, the change in £(¢, ¢, 0.9, 8M¢T), which should be zero, can be written as

(4.258)

i0¢ 00,6 —ifgT —i60,,¢!
0L~ 0L s 0L TR 0L S
5L — @w 50,9 5(aﬂ¢)+2ﬂ 59" 05y 00
oL oL
- oL oL .. oL . oL . .
= Ze[a“a(augz))“a(am)a“‘b O 3@,oh® ~ B@n }
or oL .
% (a@m ¢> ~On (awmﬁ )
o oL L N\
- 208M<8(au¢)¢ 8@¢T>¢>_o. (4.250)

Thus, we have a conserved current given by

oL
0ud?)

oL
¢ — 500,9) ¢) , (4.260)

9, J" =0, JM:@((?(

where the factor 4’ is arbitrary at this point. The conserved quantity, which we
generically call ‘charge’, is the space integral of the time component:

Q= /d3xJ°, Q=0 (4.261)

So far, we have not assumed any particular functional form of the Lagrangian. For
the Klein-Gordon Lagrangian (4.228), we have

T =i[(0"0)s' — (@"9")e] = 6'i5"s, (4.262)
and o
Q= / dBzJ° = / &z ¢1i 506, (4.263)

which is exactly the same conserved current as (2.45) obtained earlier by directly
constructing a conserved quantity from the Klein-Gordon equation. This time, the
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same conserved current was obtained from the U(1) symmetry of the Lagrangian
through Noether’s trick.

At this point, we consider the fields that appear in () as operators, and apply the
momentum expansion to write it in terms of creation and annihilation operators. A
simple calculation gives (normal ordering is implicit)

Q= / & ¢t 50 = 3 (alagy — biby) (4.264)
2
or
Q= N, — Ny (4.265)
where ot et
N, E Y ala;, N, E Y bl (4.266)
2 P

are the operators that represents the total number of a-particles and b-particles,
respectively. Then, the Heisenberg equation of motion tells us that @ is indeed a
constant of motion:

= [X_p(ajag + bibp). Y (abay — biby)]
=0, (4.267)

where we have used the fact that the number operators a;aﬁ and b;/bp‘/ all commute

among them.

Thus, the total number of a-particles minus that of b-particles is conserved. The
expressions of the total charge (4.266) indicates that an a-particle carries charge +1
and a b-particle carries charge —1 regardless of momentum. Together with the fact
that the two types of particles have the same mass, a natural interpretation is that
they are antiparticles of each other. Which is plus and which is minus is arbitrary at
this point, and so is the absolute value of the charge; we could have multiplied any
constant to (4.262). This charge is not necessarily the electric charge. Electric charge
is something that couples to photons, and we have not introduced any interaction yet.
Here, the charge simply refers to the quantum numbers attached to the two types of
particles. Then, why cannot ¢; and ¢5 be interpreted as antiparticles of each other?
This can be seen by writing the conserved charge @) in terms of a;’s and a,t’s using
(4.244). The result is

Q= iZ(aJ{ﬁagﬁ — agﬁalﬁ) (4.268)
12

which does not contain number operators of particles 1 and 2. One should keep in
mind, however, that the two interpretations - particles a and b, or particles 1 and 2 -
are equivalent.



166 CHAPTER 4. QUANTIZATION OF FIELDS

Exercise 4.7 Conserved quantities of charged spin-0 field.
(a) Start from the Langrangian density in terms of ¢ and ¢':

L£=08,010"¢ —m?o,

and treat ¢ and ¢' as independent variables to show that the hamiltonian is given by
H— /d%(q’s*g{s + Vol Vo +mPgie).

Compare with the result obtained by regarding ¢1 and ¢o as independent variables and
verify that they are identical. Up to here, regard the fields as non-quantized.

(b) Express H above in terms of creation and annihilation operators a’s and b’s. Use
the momentum expansions in terms of a’s and b’s and commutators among them. Do
not refer to ay’s and as’s. Normal ordering is implicit.

c) Similarly, show that the total charge operator @ given by

Q= / B = / Breti 3%
can be written in terms of a’s and b’s as

Q = (afa; — blbs) .

When we studied the Klein-Gordon equation without field quantization, we had
two problems: negative energy and negative probability. Now we can see how they
are solved by quantizing the field. First, the energy is now representated by the
Hamiltonian H and (4.250) shows that both a-particles and b-particles contribute
positively. Second, the probability current is now interpreted as the charge current
and thus there is no inconsistency in the total charge having a negative value.

For a real Klein-Gordon field, by definition we cannot rotate the phase of the
field as done in the derivation of the conserved charge. Nothing stops us, however,
from taking the field ¢ in (4.259) as real; then, the entire derivation that leads to
the conserved current (4.259) is still valid. Using a real field ¢ in the conserved
current, however, gives J* = 0. Thus, a conserved charge current does not exist for
a hermitian Klein-Gordon field, which is consistent with the interpretation that a
hermitian Klein-Gordon field represents a particle that is antiparticle of itself. Then,
what happened to the probability current? Can one define the probability to find a
particle at a given point z at a given time ¢ in the framework of quantum field theory?
This brings us to the next topic: the state ¢(z)|0) and the important related issue of
microscopic causality.
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4.5 Microscopic causality

The state ¢(z)|0)

Let’s take a hermitian Klein-Gordon field ¢(z) as the simplest example. In order
to define the probability to find a particle at a given space-time point z = (2°, %),
one needs a state where at time z° a particle is localized at position Z. Is ¢(¢, Z)|0)
such a state? If that is the case, then the inner product of ¢(t,Z)|0) with ¢(t,%)|0),
where times are the same, should be zero unless ¥ = y. We will see that such is
not the case. For convenience, we first divide ¢ into the positive-energy part and the
negative-energy part:

6(x) = da() + dl(2), (4.269)
with
do(z) E Z agyey(T), ol () = Z alex(z). (4.270)

Since az/0) = 0 and (O]a% = 0, ¢, facing the vacuum on its right or ¢! facing the
vacuum on its left annihilates the state. Thus, the inner product of ¢(x)|0) and
#(y)]0), where 2° and y° are in general not the same, can be written as (using the
hermiticity ¢f = ¢)

(06"(2)6(1)[0) = (0lé(x)¢(y)|0) = (0léa(x)6](1)/0)
= (01X apep(z) 3 apep(y)|0)

ﬁ/

(4.271)

The last expression can be written as an integral over p’ using (4.159):
V e~ ey
= ot - — | &
zﬁ:ep(x)ep(y) (271')3/ D /—2p0V ,—2p0V
1 d3p

_ GD —ip(e—y) — A (g — 4272
(271')3 2p0€ +<.’L' y) ) ( )

where we have defined the function A, (z) to be

def 1 d3p
A(x) ¥

— LTz 4.2
(2m)3 2p06 ’ (4.273)
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Figure 4.3: The real and imaginary parts of the function A (z). The predominant
gray tone in the space-like region represents zero, darker is negative and lighter is
positive. Units of x and t are 1/m. The function is real and positive in the space-like
region, and in general complex in the time-like region.

where z is a real 4-vector and p° = \/p? +m2. Thus, in terms of this function, we
have

(0lo(z)o(y)|0) = Ay(z —y). (4.274)

Up to this point, z and y are arbitrary. Now let’s assume z° = 3° (equal-time). Then,
the time component of z = z — y becomes zero and

A+(O, Z) -

1 27p*dp d cos

@rp) 2T mE

where p = [p] and r = |Z]. This looks awful, but actually it is a well-defined real
function of r and can be expressed in terms of the modified Bessel function Ki(z)
which is a solution of the differential equation 22X” + 2X’" — (2% + n?)X = 0 with
n=1:

ipr cos 6 (4275)

m
472y

Ki(mr) "0 VM (4.276)

A+(O,5) (27_”,,)3/2

This is a rapidly decreasing function of r, but the important fact is that it is not
zero. Thus, the state ¢(t, Z)|0) cannot be interpreted as the state in which a particle
is localized at (t, Z); it is sharply peaked at that point, but there is some spill-over. A
profile of the function A, (x) is shown in Figure 4.3. For completeness, the function
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AL (x) in the entire region is given by
Yi(mva?) + i (mvVa?)| (a? > 0)

m

8112
m

4m2y/—x2
(29 <0) :use Ap(—z)=A%(z) [follows directly from (4.273)],

where J; and Y; are the standard Bessel functions that are solutions of 22X” + 2z X' +
(22 = n?)X = 0 with n = 1. The function A (z) is real and positive for 2? < 0, and
complex and oscillatory for z? > 0.

Let’s step back a little and examine more carefully what we have here. First, we

note that the norm of the state ¢(z)|0) is infinity:

(0]¢' () ¢()]0) = A4 (0) = /@f)f;po _

Undaunted, let’s proceed. We are in the Heisenberg picture, thus the states are
constant over time and the operators carry all time dependences. The state ¢(t, Z)|0)
then represents a particle nearly localized at (¢,Z), but through the time-varying
operators, it also represents the entire history of the evolution from the infinite past
to the infinite future. Then what is the inner product of two such states ¢(x)[0)
and ¢(y)|0)? It may be easier to visualize it if we move to the Schrédinger picture.
For simplicity, assume y° = 0 and 2° > ¢°. At t = y° = 0, states and operators in
the two pictures are taken to be identical. Namely, the operators and states in the
Schrodinger picture are defined by

¢S(f) = ¢(0> f) ’ ¢S(?7) = ¢(07 ?j) ) (4'279)

17)s = ¢s(2)[0),  |9)s = ¢s(¥)|0) - (4.280)
where the subscript ‘S’ indicates the Schrodinger picture. The time evolution of the
state |y)s is given by

20 >0) Ap(x) =
=0 ) Ki(mvV—z?) (22 < 0) (4.277)

0. (4.278)

t, s =e iP5 (4.281)
Using the space-time translation formula (4.211), ¢(2°, Z) is related to ¢(0, %) by
B(2°,7) = e (0, 7) 1" | (4.282)
———
¢s(7)

Then, the inner product (0]¢'(z)¢(y)|0) can be written as (with y° = 0)
|9)s
016" (=", )0 (5, 9)10) = (0le™ ol(@) e 6(0,5)10)
(0] |2°, )5
= s(Z|2°,9)s, (4.283)
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where we have used H = 0 for the vacuum (H is normal-ordered implicitly), which

leads to .
e H0) g = [0) 5. (4.284)

If we interpret the state |0, %)s as a creation of a particle at position ¢ at ¢t = 0, then
the state |20, )¢ is its time-evolved state at time z°. The inner product above would
then be the amplitude to find the particle at position #. Thus, (0|¢'(z)d(y)|0) can
be loosely interpreted as the amplitude of a particle created at (y°,¢) to propagate
to (2°, 7).

Then, what do we make of the fact that the inner product is non-zero even if the
separation between z and y are space-like (namely, cannot be reached from one to
the other by a velocity less than the speed of light)? This apparent paradox arises
since the state ¢(z)|0) is actually not a state a particle is localized at & at time t.
Thus, the non-zero amplitude outside the light cone does not mean that a particle
can actually move faster than speed of light; rather, if we interpret ¢(x)|0) as the
state where a particle is created at z, then we have to accept that there is non-zero
‘propagation’ outside the light cone. It is largely a matter of terminology.

Causality

The ‘propagation’ outside of the light cone that we have just seen is still alarming.
Does it violate the principle of special relativity which states that any physical event
at x should not affect another physical event at y if the x and y are outside the light
cone of each other? Physical events are detected through observables. A hermitian
field ¢(x) can be viewed as an observable; in fact, it was introduced by quantizing the
actual string motion. Then, causality requires that two observables ¢(z) and ¢(y)
commute if the separation of x and y is space-like; namely,

[p(2),¢(y)] =0, if (z—1)* <0 (?) (4.285)

Note that the quantization condition (4.139) we had before, [¢(t, Z), ¢(t,7)] = 0, is
an equal-time commutator; now, z° and y° are in general different.

First, divide ¢ into the negatlve energy and positive-energy parts as in (4.269).
Since az’s commute with az's and aT’s commute with aj;’s,

[6a(2), ¢a(y)] = [0L(2). DL(y)] = 0, (4.286)

for any x and y. Then, the commutator (4.285) can be written as

[6(x),6(y)] = [ba() + 0L(2)  daly) + dL(y)]
= [a(@), L) + [0L(2), $a(y)]
i

—[a(y), da()]
= [¢a(2),0L(y)] = (z & ). (4.287)



4.5. MICROSCOPIC CAUSALITY 171

Using the expansion (4.270) and the definition of the function A, (4.272), we have

[¢a(x)7 Qi (y)] = [Z ap 65(1‘) ) Z] a;’e;;”(y)]
= Y ep@)eply) lag, af]

=

" Op,p"
= S es{a)eply) = A (e~ ). (4.288)
Thus,
[6(2), 6(y)] = iA(x —y), (4.289)
with
iANZ)E AL (2) - Au(—2). (4.290)

Since A, (—x) = A% (x) (4.277),
Ai(z) — Ai(—2) = 2ilmA 4 (2)

is purely imaginary, and the factor i is added in the definition to make A(x) real.
Our task now is to show that A(z) = 0 for 22 < 0 which establishes the causality
(4.285). To do so, we will show that A(z) is Lorentz-invariant under proper and
orthochronous transformations; or more precisely, it has the same value when one
replaces z by Az where A is proper and orthochronous. It should then be a function
of the only Lorentz-invariant quantity formed by z: 22 = 2T hen, for a given
value of 2% < 0, we take 2/ = (0,2') with 2 = —2% > 0 for which A(z) should have
the same value; namely

A(Z)=A()  with ¥ = (0,2) and 2 = =22, (4.201)

With 2/ = x — y, the commutator (4.289) with 2z’ = (0, 2’) becomes the equal-time
commutator [¢(t, Z), ¢(t, )] which we know is zero. Thus, all we need to demonstrate
is the Lorentz invariance of A (or equivalently, of A, ); namely, that the value of the
function does not change when the space-time argument is transformed by a proper
and orthochronous Lorentz transformation.

The Lorentz invariance of A, (z) can be shown using the following useful identity:

4 2 2 0 d®p
[ s —mp0) = [ S5, (4.292)
where d*p = dp°dp'dp?dp?, .. .7 is any function of p#, p? = p°* — 52, and 0(p) is a

step function that limits the integration to positive p:

0(p°) = { (1) gg i 8; . (4.293)
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In (4.292), p® is an integration variable on the left-hand side, while on the right-hand
side, p° is fixed to /5% + m?2.

Proof of (4.292)
We will apply the property of the delta function (4.114) to f(z) = 2® — (5* + m?).
The roots of f(z) =0 are

T =+ 4+ m2, xy=—\/p>+m2. (4.294)

Using f'(z) = 2z,

_ 4 . (4.295)

/OOO dx5(x2 — (p? —i—mz))F(x)

/00 dx(é(x — /77 +m2) N §(z 4+ /% +m2) )F(x)
o o afiem
does not contribute
_ PR+ (4.296)
20/ + m?

Renaming z as p° and using the definition p? = p°> — 52, this can be written as

F(p®)
2p°

[ s =m0 F ) = , (4.207)

where 0(p°) is inserted and the integration range is extended to (—o0o, c0). Note that

p° on the left-hand side is an integration variable and not fixed to \/p® + m2. As-
suming that F' is a function also of p’ and integrating over p, we obtain (4.292). I

Using (4.292), A4 (x) is now written as

1
(2m)?

Aulw) = o [ d'pow? = m*)o(p0)e (4.298)
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where the integration d*p = dp®d®p is now over the entire four-dimensional space; in
particular, the p° range is from —oco to oo thanks to the step function 0(p®). Now,
is this Lorentz-invariant? Namely, does A, (z') = A (x) hold if ' = Az where A
is a proper and orthochronous transformation? Let’s see; we take #/ = Ax as the
argument and relabel p* — p* which is allowed since they are dummy integration

variables: .

(27)?

Then, we change the integration variables to p which is related to p’ by

M) = s [t 6 — mB)o ) (4.299)

p=A"p. (4.300)
Since 2’ = Ax and p’ = Ap, we have
p?=p*, pa=p-x, (4.301)
and since A is proper and orthochronous,

d'p' =det Ad'p = d'p, 0("°) =0("). (4.302)
1

The last relation 8(p®) = 6(p°) may not be trivial. This relation holds because as
long as p? = m? > 0, as guaranteed by 6(p? — m?), an orthochronous transformation
cannot change the sign of the energy p°. Putting all together, A, (z') is now

1
(27)?

Thus, iA(z) = Ay(z) — Ay(—=) is Lorentz-invariant; namely, it is a function only
of 22, and this completes the proof of the causality. At this point, it is worthwhile
to point out the difference between the Lorentz-invariance of a scalar field ¢(x) and
that of A, (z). Both are functions of x, but the scalar field changes its functional
form under a Lorentz transformation: ¢'(z') = ¢(x), while A(z) does not:

Ay (al) =

/ d'pd(p? — mAI(p°)e P = A, (). (4.303)

Alz') = Alz) . (4.304)

This distinction is important; otherwise, any scalar field ¢(x) would be a function
only of 22!

We have seen that measurements of the Klein-Gordon field at two space-time
points are indeed independent if they are separated by a space-like distance. It is
interesting to see how this has happened. Since iA(x—y) = A (z—y)—A (y—x) =0
for space-like © — y, we see that A, (x —y) = A, (y — z) for a space-like z — y. On
the other hand, A, (x — y) had a loose interpretation as the amplitude for a particle
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created at y to propagate to z, and according to the formula (4.277) (or Figure 4.3)
it is non-zero even when x — y is space-like. Then, the causality is accomplished by
the amplitude of propagation from y to x cancelling out that of propagation from x
to y.

Exercise 4.8 Microscopic causality of charged Klein-Gordon field.
(a) Evaluate the commutator

[6(x), 0" (y)]

where x and y are arbitrary space-time points, and express it in terms of the function
Ay (or A).

(b) In the case of hermitian field, there was an interpretation for the vanishing of
the commutator for x and y separated by a space-like distance: cancellation of the
amplitude for a particle to propagate from x to y and that for the propagation from y
to x. Find a similar interpretation for this case.

Lorentz invariance of the quantization procedure
The procedure of canonical quantization is performed in a given frame using equal-
time commutation relations. Then, a natural question is whether quantizations per-
formed in different frames result in consistent quantized systems. In order to study
this, it is convenient to re-write the sum over momentum as an integral. The reason
is that the cube of volume V = L? is obviously not Lorentz-invariant and thus makes
it difficult to connect formulations in different frames.

We start from the momentum expansion of ¢(z) (4.173) and use the identity
S5 =V/(2r)* [ d®p (4.159):

" 4 3 "
P(z) = (aﬁeﬁ(x) + a;eﬁ(x» = 2n)? /d p(aﬁeﬁ(x) + a;eﬁ(x)) , (4.305)

—

and define new annihilation operators and normal-mode functions by

def 1% def \% e_ip'x
o — . e~ = | [ e~ e — 4.
(p (271')3 ap, €p(l’) (271')3 €p<.’L') (27T)3 on ( 306)

to write it as

é(z) = / @*p(aes(a) + aLexa)) . (4.307)

Note that in changing the sum to an integral in (4.305), the operator value of ¢ stays
the same. It can be readily verified that the new normal-mode functions satisfy the
orthonormal relations given by

g g
[ @aea)idep(a) = G- 7). [ dwepa)idndsle) =~ F-F).

L e e (4.308)
/d zéz(z)i Opez(x) =0, /d wE5(x)i does(x) = 0.
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What is the commutator [a;, &j;,]? Since the discrete-p” version is 0z, one expects
that this is proportional to §%(p — p”). In fact, using the definition (4.306), we find

/ &p [y, i) = / Pp Lz, ab] =1 (4.309)
(2m)? — 2=
Z O55
p
namely, [a;, d;,] acts as 63(p — p):
(g, ak) = 8°(5 — 7). (4.310)

Since az and az commute regardless of p'and p”in the discrete-p version, they will
commute in the continuous-p version also:

a7, ay) = [al.al) = 0. (4.311)
)
~"' . P . . . . .
ay does, we write the total energy (4.199) in the integral form (without changing its
operator value):

We have seen before that a’ creates one particle in the volume V. To see what

H=73p aj;= /d?’ppodj;dﬁ, (4.312)
d t
T
and apply it to the state ELHO):
Haj;|0) = ( / d?’p’po’&;,aﬁ,)a;m) =p°ak|o). (4.313)

——
635 — ) + gy

Thus, the total energy of the state CNL;; |0) is p°, indicating that CNZ;; creates one particle

b

to a;r;, and thus &;\O) has the same eigenvalue as a;]0>; simply, the volume V' is now

the entire universe. It is usually clear whether we are using discrete p or continuous

p; thus, we will hereafter omit the ‘™’ on az and ez(z).

Now, let’s get back to the question of Lorentz-invariance of the quantization pro-
cedure, and define exactly what we mean by the statement. In a frame K, we take
the Lagrangian of the Klein-Gordon field ¢, find the conjugate field 7, and introduce
the commutation relations among them. When the field is momentum-expanded, the
quantization condition becomes equivalent to the commutation relations among the
expansion coefficients, namely among az’s and a;’s:

ap. bl =BG 7)  [(E), w7 = 07 - )
all else = 0 all else =0

with momentum p'in the entire universe. This is not surprising since a_. is proportional

(4.314)
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Exercise 4.9 Continous p formalisms.
Start from the momentum expansion of the charged scalar field

2) = [ &b (ageslz) + Blejlx)) (4.315)
with
ey(x) = ée"‘m (4.316)
(2m)32p°

and the commutation relations among creation and annihilation operators

[apa ] [bp ) bﬁ’] =0 (p p (4.317)
all else = 0
to derive
[¢(t> f)a W(tv f,)] = 7’53(f - f/) )
[6(t, @), o(t,2")] = [r(t, %), 7(t,2)] = 0, (4.318)
[6(t, %), 6" (¢, 3)] = [ (¢, %), 7" (¢, ")) = 0,

where ™ = ngT and 7t = ¢.

Now, if one performs the same quantization procedure in a different frame K’
related to K by a proper and orthochronous transformation A, then the question is
whether or not the commutation relations in the two frames are consistent. Namely,
does the set of quantization conditions in one frame leads to that in another frame
and vice versa? We could prove the consistency for the commutation relations for ¢
and 7 or, equivalently, those for az and a;’s. We choose the latter.

First, we need some principle to relate the operators in the two systems, which is
provided by the scalar-field condition

¢ (2') = ¢(x) (' = Azx). (4.319)

This can be converted to relations for a’s and a'’s as follows: Momentum-expanding

o),
o) = [ weﬁ« )+ ()

— 3,/ ip’ -’ o ip'x
= /d 32])0, (aﬁ,e +age ) (4.320)

where we labeled the integration variable as p” (could be anything since it is a dummy
variable), and the prime on a; indicates that it is defined in the K’ frame. We will
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now change the integration variable to p (or more precisely, its space part p) related
to p’ by p’ = Ap. Using the identity (4.292) and (4.302), we have

d3p/
2p0/ o

= [d - m)oe) -

_ [ dp

_ /d4p5(p2 —m2)o(p°) - = a0 (4.321)

Thus, replacing d®p’ by dp (p”/p°), and using p’ -2/ = p -z, ¢'(2') is now written as

1 pOI ) )
7 3 oo —ipax 1t _ip-x
¢'(z) = /d 197(2@3210O o (aﬁ,e +age )
0/
_ / &p Z{)(a%,eﬁ(x)—i—ag,e;}(:ﬂ)), (4.322)

which should equal to ¢(z); namely,

/d?’p\/?(a%/eﬁ(x) + a&e}(az)) =¢(x) = /d3p (aﬁ eq(x) + a; e;(a:)) . (4.323)

Applying e%(x)i 3 from the left and integrating over ¥, the orthonormality relation

(4.308) gives
p()/
p—oa%, =ay — \/pVaz = /P ay, (4.324)
which means that a particle with 4-momentum p’ = Ap in the frame K’ and a particle
with 4-momentum p in the frame K are represented by the same state in the Hilbert
space (the over-all constants do not affect the physical meaning of the states).
We now assume that az and ag satisty [ag, ag] = §(p'— ¢) in the frame K, and

derive the corresponding relations in the frame K’, [a}, ag,] = 0*(p’— ¢"). Using the

relation (4.324), the commutation relation between aj;, and ag, is then

p°q° P’ s
[ay,all) = |5 s lag.al] = =8 (F— q) (4.325)
pq p
where p'and ¢ are given by p’ = Ap and ¢ = Ag (or the space parts thereof), and when

the delta function forces p’and ¢ to be equal it also forces py = o since py = /> + m?2
and gy = /¢? + m? by defintiion. Thus, the delta function forces p = ¢ which also
leads to p’ = ¢’. On the other hand, one can show that

PO (0" = q) = p"0° (0 — @) (4.326)
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as follows: Using (4.321) and noting that p”’= ¢” corresponds to p' = ¢, we have

- D0 = [ O - D) .
(2" - 10|, = 1@,

where f(p) is an arbitrary function of p. Namely, 2p”63(p” — ¢”) behaves the same
way as 2p°83(p’ — q):

d? . -
o (200~ D)) = [ 8- D7) = @) (4.328)
thus proving (4.326). Then, from (4.325) and (4.326), we have

(g, ) = 6* (7' = @), (4.329)

g

which shows that the same quantization condition holds in the K’ frame. Thus, we
have shown that the quantization procedure is Lorentz-invariant.

4.6 Quantization of the Dirac field

Quantization of the Dirac field proceeds similarly to that of the Klein-Gordon field,
except for one major difference: once the classical field is expanded into normal modes,
the quantization condition should be imposed such that it is consistent with Pauli’s
exclusion principle; namely, each state can be occupied by at most one quantum.
We have seen that such condition can be implemented if we use anticommutators
instead of commutators among the creation and annihilation operators. Thus, we
will first find the Lagrangian that gives the Dirac field, derive the conjugate field
and the Hamiltonian, and upon momentum-expanding the field, we will introduce
anticommutation relations among the expansion coefficients. Then, anticommutators
among the field and its conjugate field will follow, time variations of operators will
be given by Heisenberg’s equations of motion as before, and the quantized system
will be established. Our initial motivation for using the anticommutators is thus
experimental - namely, nature demands it in the form of Pauli’s exclusion principle.
We will find, however, that it is also demanded by the theory if we require that
both particle and antiparticle have positive energy, and that the Dirac field respects
microscopic causality.

Lagrangian formulation of the Dirac field
As we will see shortly, the Lagrangian density for the Dirac equation is given by

L=19(id —m). (4.330)
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To show that this Lagrangian indeed gives the Dirac equation, we go back to the
action principle itself:

0S =0, S = /d4x£ = /d%zﬂyo(i@ —m)y, (4.331)

where the space integral is over the volume V' (or the entire universe) and the time
integral is from ¢; to t5 which is the time window of interest. Here, we have 4-
component field ¢ with each component being complex. As before, 1, and ¢} (n =
1,2,3,4) can be regarded as independent variables. Thus, we first take all possible
small variations of ¥ = (¢, ¢35, 93, 1;) keeping ¢ unchanged. We will vary ¢ later.
In fact, it does not matter which of the eight independent variables are changed; one
could vary only one at a time if one wishes; the result will be the same. Then, the
variation in S in this case is very simple:

58 = /d4x St A03ig — m) =0, (4.332)
with
St = (895, 593, 005, 615) . (4.333)

This should hold for all possible variations of ¥; thus, each of the four components of
7°(i@ — m)1 should be zero. Multiplying ° from the left,

(i@ —m)p =0, - (i@ —m)p =0, (4.334)

which is the Dirac equation as promised.

You may find, however, something odd about the form of this Lagrangian: it is
patently asymmetric between 1 and ¢, and it is not real either. In fact, if we take
complex conjugate of L, we get

*

£ = [06p —mypw| = [y i —miw]
= (—i@ui)) @@D - m@&/f
fyll
= @i d+m). (4.335)

which seems to differ from the original £. It does, however, have the form from which
we can extract the Dirac equation for 9T (or equivalently v) by varying the four
components of 1):

5/d4x£* - —/d4w(z'3+m)5w:o
s p(ig +m)=0. (4.336)



180 CHAPTER 4. QUANTIZATION OF FIELDS

which is the Dirac equation for ¥ (3.71). In fact, £ and L* are related by partial
integration:

05 = 0 [d'w L =5 [ d'[iy 9 —mi]
—_———
0 (07 ) — (B0 )yH
—_———
—0
= —5/d4xzﬁ(i5+m)w
— 5 / d'z L (4.337)

The discarding of the integral [ d*x d,(1)y"1) requires some clarification. First, we

are not using the conservation of current d,j* = 0 (j* = ¥y*9) since ¢ does not
necessarily satisfy the Dirac equation. It does not contribute, however, when 65 is
evaluated:

4 JUR 3 -0 v
(5/dxauj 5/dt/dx(8oj + V-7
— 0 upon [d3x

_ /" atop( [dxo ) = [/d%éjot —0,  (4.338)

t1

where the last equality is due to the constraint 09 (t,) = 0 (t5) = 0 (4.76) which leads
to 67°(t1) = 05°(t2) = 0. Thus, the Lagrangian densities £ and L* are equivalent and

results in the same equation of motion. In fact, 15(@5 +m) = 0 is just the spinor
adjoint of (i@ — m)1» = 0. One could force the Lagrangian to be real by

r_ 1 S Lo S
c :§(c+c) = §¢(2@—m—z(}§—m)¢
= &(ig—mﬂ. (4.339)

We will use £ = (i) — m)i) most of the time.
The field conjugate to the n-th component of 1 is, by definition,

oL a .- . - s
T = 37% = 87%[1/_}7”@8%5 _ml/”ﬁ} = i,
1 it + -
W._/
Wntn

— | =iyt (4.340)
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How about the field conjugate to )7 Since there is no w;; appearing in £, it does
not have a conjugate field. In fact, the above expression for 7 tells us that v itself
is conjugate to v, up to a constant. The situation is similar if we start from L*
instead of £; in this case, ¥,,’s do not have conjugate field. In either case, we have
four fields and their conjugate fields. If this is confusing, one can always take the
real and imaginary parts of each field to be the independent fields, in which case we
have eight fields to start with. Then, regardless of which Lagrangian one uses [L,
L*, or LT = (L + L£*)/2], one finds that four fields become conjugate to the other
four fields or linear combinations thereof, ending up with four dynamical degrees of
freedom in each case. In the case of the complex Klein-Gordon field, we saw that the
field conjugate to ¢ was the time derivative of ¢* up to a constant. Why don’t we
get time derivatives in this case when we extract conjugate fields? Apparently, that
is because the Lagrangian is linear in the time derivative of fields which in turn is
because the Dirac equation is linear in time derivative.

Using the Lagrangian £ and the conjugate fields 7 given above, and regarding
¥ = (1, 19,13,14) as independent fields, the Hamiltonian is

4

H = Z&@/}n — \'C,/
i "0 — mipy
= M~ (10 0t + iy O a0 (4.341)
s iy lofz Ol
893

where k is the space index which is summed, or

H = yl(—id -V + mB)y|. (4.342)

Note that the operator sandwiched by ! and 1) is nothing but the ‘Hamiltonian’ we
encountered when we introduced the Dirac equation: idyt) = (—id-V +mf)1. When
1 satisfies the Dirac equation, the total Hamiltonian can be written as

H= / dPrH = / &z tidep . (4.343)
The total momentum is obtained by applying the general form (4.122):
P= —/deﬂnﬁwn = /d%z/ﬂ(—iﬁ)ib. (4.344)
%
? n

As in the case of the Klein-Gordon field (4.207), we note the form for the total energy
and momentum where the corresponding differential operator O = i9dy or —iV is
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sandwiched by the appropriate inner product of field: %(b(z 3@0@5 for the real Klein-
Gordon field, and O for the Dirac field.

Momentum expansion of the Dirac field

We now proceed to quantize the Dirac field. The first step is to expand the general
solution of the Dirac equation into normal modes. Suppose ¥ (¢, Z) is an arbitrary
solution of the Dirac equation; then, at a given time, say ¢t = 0, each component
¥, (0, %) can be uniquely Fourier-expanded:

>l

¥1(0,7) Spape?? C1p
— wz(o f) Z~CQ"€ZP$ Copy 57
0,%) = =2 = P e 4.345
¢( ) w3(07 gj) EﬁCBﬁe}i_’ zﬁ; C3ﬁ ( )
w4(0, f) Zﬁ Cap erT Cap

where ¢,7 (n = 1,2,3,4) are uniquely-determined complex coefficients. For each p,
we can use the orthonormal set of spinors (ugiz,v_z+s5) (3.308) to uniquely expand

Cnp -
Cip
C —
czli =D (Apsups + B_psv_ps), (4.346)
P g
Cap

where the sum over § is understood to be over 5 where s is some fixed unit vector,
which could be a function of p’ (§ = p, for example) or fixed in space (§ = 2, for
example). It is important to note that for any pair (p, ), we have an orthonormal set
(up+s,v_5+5) by which any complex 4-component vector can be uniquely expanded.
In particular, the set of four spinors (uz+s,v_p+s) are different for different p. We
choose to expand the 4-component spinor (ciz c2, €35, Ca5) using the orthonormal set
(up+s,v_p+5) where p'is the same one that appears in the indexes of ¢,;'s. We now
have a unique expansion of a general solution of the Dirac equation at ¢t = 0:

w(0>f> = Z(A@§U@§—|— Bfﬁ,sﬁvfp"g)@iﬁ'f

— =

p,s
= Z(Aﬁ,é‘uﬁ,é‘ e + Bpzvps e~TY (4.347)
p,5 N———

relabeled p'<» —p’

What is the time dependence of (¢, Z)? Actually, we already know the answer:
in order to be a solution of the Dirac equation, uzze® should be attached to the
positive frequency e~#"t, and vyze” % should be attached to the negative frequency

et with p° = \/p? + m?2:

—ipT __ —ip t+ip-T pT ip t—ip-T
Up s € = uggze ) vpze?t =vzze . (4.348)
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Thus, the general solution is now written as

U(t, %) =D (Apsupse P + Brsvzze?®). (4.349)
p,s

This expansion is general and unique; namely, if you give me an arbitrary solution of
the Dirac equation, I can uniquely expand it at a given time ¢ in the Fourier series
in the 3-dimensional space, and then the time dependence is uniquely determined for
the function to be a solution of the Dirac equation. Note that, in addition to the
appropriate time dependence, u;z had to be attached to e and vz5 to e~#<. The
required opposite sign of p'in the subscript of v;z and that in the corresponding expo-
nent would not have resulted if we had used the other orthonormal set (uz.+s, Vs +5)

which is defined by the inner product ab (try it).
In the case of the Klein-Gordon field, the normal mode ¢(z) = ez(x) was normal-

ized such that the classical probability density ¢*i 3(@ gives unity when integrated
over V as seen in (4.181). In the case of the Dirac field, the classical probability
density is given by j° = 9T1); thus, we take the normal-mode functions to be

o
[N

€

def Up.g . Up s .
B2 e~ D2 pipe (4.350)

fﬁ,§(x> = \/W y  9p,s (37) \/W )

which is normalized properly:

1
/dgx g;([[’)fﬁg(l') = / d*x u;gu@g: 1, etc. (4.351)
’ v

Then, the expansion is now

b(x) = (aﬁ,gfﬁ,g(x) +0k ﬁp(x)) , (4.352)
7
where
a5 = \/QI?TVA@S?, bl =\/2p"V By (4.353)

Note that we used b}’ -+ instead of b; s in the second equation above. This anticipates
that it will be a creation operator, rather than an annihilation operator, of antiparti-
cle. We will discuss this choice later in the context of the energy sign of antiparticle.
The spin sum is over +5, where 5'is a unit vector which could in general be a function
of p. It is easily verified that the normal-mode functions satisfy the orthonormality
relations given by

(4.354)
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where 5§ and §” are plus or minus some direction which is in general a function of p.
Exercise 4.10 Verify (4.354).

Then, we can use the orthonormality relations to write a’s and b'’s as

s — / &z fl(2)y () (4.355)
e = [ drghslayi). |

Up to this point, ¥(z) is just a complex wave function. We will now regard a’s and
b!’s as operators in the Hilbert space and impose anticommutation relations given by

{aps, aly ot = {bys. bl o} = G5
' s R 4.356
all others = 0 ( )

This will assure that the oscillator associated with each normal mode will be occupied
by at most one quantum; namely, the number operators at 05z and b by s have
eigenvalues 0 and 1 only. Note that the operator field ¢ (x) satlsﬁes the Dlrac equation
since fzz(z) and gz () in the expansion (4.352) do:

(1@ —m)Y(z) =0 (¢ : operator) . (4.357)

Using the momentum expansion, we can derive aniticommutation relations among

fields. Let’s define
V=t Gy, with 0, S Za - Z bl g (4.358)

Since only the combinations {a,a'} or {b,b'} survive,
{Un(t, @), (t, 7)) = {P1(t, 7)1 (6T} = 0. (4.359)
The anticommutator {1, (¢, %), (t,7')} becomes
{Un(t, ), 00 (4,7} = {tun(t,T) "‘wa (6, 3) 0L, (8 7') + 9, (62}
= {an(t; D) 0L, (0 F)} + (s (1, 7) 0, (8, 7)) (4.360)

Using the anticommutation relation (4.356) and the explicit expression for fz s (4.350),
we have

{wan(tv f) ) ¢lm(t7 f/)} = Z {aﬁ,g? CLI}" §/} fﬂ,sﬁn(t? f)

0 2 (Upst o - (4.361)
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Similarly,
. 'i' o efzﬁ(fff/) _'_
{Wpt(t, Z) 0y (8, 77)} = sz(vﬁ,ﬂﬁ,g)nm
P S
(relabel p— —]3) = Z W Z(U_ﬁ,sﬂf,@g)nm . (4362)
p §

Then, the anticommutator {w,(t, ), ! (t,7")} is, adding (4.361) and (4.362),

= = L p@—zny 1
{Un(t, ), 00,87} = Z v P 200 Z(Uﬁ,w;,g + v_ﬁ,g’UT_ﬁ,g)nm
p S
§3(Z — #') by (4.157) Onm Dy (3.323)
= G0 (% —T). (4.363)

{1/171( f) m(tvf/)} = iénm53(f_f/)
{n(t, ), Y (t, 7} = {ma(t,T), mm(t, )} =0

Namely, the field ¢ and its conjugate 7 satisfy similar quantization conditions as those
of the Klein-Gordon fields, but with commutators replaced by anticommutators.

We have seen that one complex field represents a charged spin-0 particle and a set
of four complex fields represents a spin-1/2 particle. For a charged spin-0 particle with
a given moemtnum, there are two degrees of freedom: a particle and its antiparticle.
On the other hand, for a spin-1/2 particle with a given momentum, there are four
degrees of freedom: electron, positron and spin up, down. The question is then why a
spinor field requires factor of two more complex fields per degree of freedom compared
to a scalar field. One way to understand this is to count the number of independent
canonical pairs of fields. For a charged spin-0 field, there are two such pairs (¢, 7) and
(¢, 7). For a spin-1/2 field, the conjugate field is given by 7 = it)", and thus there
are only four independent canonical pairs. Another way is to simply count the number
of independent complex coefficients required for a given p in the Fourier expansion of
field. For a complex scalar field, there are two time dependences that can be assigned
for a given p; namely, e=?® and e*. Then, after quantization, the corresponding
coefficients ay and b} are interpreted as the annihilation operator of particle and the
creation opearator of antiparticle, respectively. For a spinor field, when the spatial
dependence is Fourier transformed and expanded into u and v spinors there are four
coefficients for a given p. However, the time dependences corresponding to wuzs or
vps are already uniquely defined, and thus one has only four independent coefficients,
leading to four degrees of freedom for a given p. The difference between the spin-0

(4.364)
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and spin-1/2 cases arises essentially from the fact that the Klein-Gordon equation is
second-order in time derivative while the Dirac equation is first-order.

Total energy and momentum

We will now express the total energy H = [ d®z 11i0y1) (4.343) in terms of annihilation
and creation operators. Using the expansion (4.352) and the orthonormality relations
(4.354), we obtain

H = / & tidey
= [ B Y (e o+ bsok) S 0" g e Byt

— - _;/ 3/

p,s
= Z pO'(ag7§aﬁ/7g/5575/(5g7s b b~/ ~/5pp/(535)
7,8,p",5"
= ZP af s — bysbh ) (4.365)

So far, we have used only the orthonormality relations of normal-mode functions,
and no operator relations have been used. In fact, the above is valid for the non-
quantized fields also if hermitian conjugation is understood to be complex conjugation

Now, we can change the second term to a number operator by {b;s, ps} =1or
bysbl e =1—bl bss:
H = Zp a s+ b;;gbﬁs— 1), (4.366)

which shows that both a—partlcles and b-particles contribute positively to the total
energy. Since, in the expansion of ¥, a-particles are associated with electron solutions
uzze " and b-particle with positron solutions vz ze*, one expects that a-particles
are electrons and b-particles positrons (or fermions and anti-fermions). Such an in-
terpretation will be justified later when we find ‘charge’ carried by those particles.
Thus, we see that both electrons and positrons carry positive energy. Suppose we had
quantized by commutators instead of anticommutators; namely, suppose the braces
in (4.356) were Square brackets. Then, (4.365) would still be valid, and using the
commutator [bzz, bp s = 1, the total energy would then be

H = Zpo a;a~~ — bT sz —1) (commutators used), (4.367)

which indicates that b-particles carry negative energy. Since the commutation relation
indicates that any number of quanta can occupy a given normal mode, we see that
there is no lowest energy state which would have defined the vacuum. Thus, it was
critical that we quantize the Dirac field by anticommutation relations in order to
avoid the negative energy problem.
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It is instructive to examine the origin of the negative sign on the second term by g'b;, P

in (4.365). This came about due to the first-order time derivative w that appear in
H which picked up the factor (—ip°) from f;z and ip® from gz5. The corresponding
sign in the case of the Klein-Gordon field was positive as seen in (4.198), and this is
because there are two time derivatives per term for the Klein-Gordon Hamiltonian
H=(¢" — ¢0)/2.

One subtle point is left: when we expanded ¢ in (4.352), we could have labeled
the coefficient of the second term as b; 3 instead of b; ;- with all else identical including

the anticommutation relations which are symmetric between bz and b;; s Then, the
total energy (4.365) before any quantization condition is used would be

= Zpo(a;saﬁ,s? - b;gbﬁ,g) : (4.368)
75

which is already expressed in terms of number operators. Then, does this mean that
the energy of the b-particle can be negative? Not so. We recall that the formulation
of fermionic oscillator was symmetric under the exchange of a' <+ a and |0) <> |1).
Which to use was to be determined by defining the lower-energy state to be the empty
state [0). The above Hamiltonian shows that the state |1) for a given p’ of b-particle
contributes —p® < 0 to the total energy while the |0) contributes zero. This indicates
that we have mislabeled |0) and |1) for the b-particles. Thus, we have to redefine as
|0) <+ |1) and also bj;’g <> bz s, which recovers the original derivation (4.366).

Just as in the case of the Klein-Gordon field, the total Hamiltonian (4.366) con-
tains an apparent infinity Zﬁ,g(—po). Again, we regard it as a harmless constant offset
and choose to discard it by normal ordering. This time, however, we have to change
the sign of the term when the creation and annihilation operators are swapped:

: azT? s — byl s = aj;,g@ﬁ,s*—i‘ b;r;gbﬁ,g’- (4.369)

sign flip

Thus, the normal ordering procedure is now extended to include fermion operators:
it simply reorders the annihilation and creation operators such that all creation op-
erators are to the left of all annihilation operators, and add a minus sign if odd
number of swaps of fermion operators are needed for the reordering. If both boson
and fermion operators are present, it is assumed that fermion operators commute with
boson operators. For example, if all are fermion operators,

. T T . T T T
fayay = —asay, :biaray = ay bja; = —aya by, ete. 4.370
103 201 10105 2 b1ag 20101 ( )
—a1b1

Note that, when fermions are involved, one does have to keep track of the ordering
among creation operators or that among annihilation operators.
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Using this extended definition of normal ordering, the total Hamiltonian can be
written as

H=:[ doilion : = Y 0 (af s + O bs). (4.371)
55
Similarly, the total momentum (4.344) can be expressed in terms of a’s and b’s as

P=: / Pr i (V) = 3 plal aps + bl bys) (4.372)
7,8

Using the above expressions of P* = (H, ]3), it is straightforward to show
[P (x)] = —ioty(x), [P* m(x)] = —idtw(x), (4.373)
which can be extended to any polynomial function F'(¢,m):
[P, F(,m)] = —iotF(¢,m). (4.374)

Thus, the total energy-momentum operators act as space-time translation operators
just as in the case of the Klein-Gordon field.

Exercise 4.11 Heisenberg’s equation of motion for the Dirac field.

Use the momentum expansion of Dirac field and the total Hamiltonian (expressed
in terms of the number operators) to show that the Dirac field obeys Heisenberg’s
equation of motion (note the commutator, not anticommautator):

—i(x) = [H, ()] (4.375)
(hint: You may find the following identity handy: [AB,C] = A{B,C} — {A,C}B.)

Exercise 4.12 Use the momentum expansion of the Dirac field to verify (4.372).

The Noether current for the phase transformation
The Lagrangian £ = ¢ (i) — m)1 is invariant under the phase rotation

=€l — Y =e Y, (4.376)

where 6 is a real parameter and all four components of 1) are rotated by the same
angle simultaneously. If each component of 1 is phase-rotated individually, then the
Lagrangian is not invariant because of the off-diagonal terms such as ¢{0,12 (due to
the off diagonal elements of the 4 matrices). The derivation of the Noether current
corresponding to this phase rotation is identical to the case of charged Klein-Gordon
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field (4.259) except that this time there are four fields 1, (n = 1,2,3,4) whose
contribution to the variation of £ should be added up:

. V. Vs
Ot =0, Jr'= ’l( m U — m wn) (4.377)
N—— N——
0 (7"
namely,
J* =y (4.378)

This is exactly the same current as the ‘probability current’ (3.67) we have derived
directly from the Dirac equation in the non-quantized theory; we noted that the
time component j° = 11y was always positive and consistent with the interpretation
that it is the probability density. We will now see that the same quantity in the
framework of the quantum field theory is interpreted as the charge current, and that
the conserved quantity - the total charge - can take both positive and negative values.

The conserved quantify is the space integral of the time component of a conserved
current:

0= / &z 0 = / Bty (4.379)

We use the momentum expansion of 1) and the orthonormality relations (4.354) to
obtain

Q = /dSZC Z ( D, f +b ’sgps)(ap fp'8’+b-’/-'/gp/s/)

5355

p7 ’p
= > (af 55655055 + bysbly o 05505,5)
ﬁ7§7ﬁ/78
= Y (al a5+ bpsbl )
P,5 N——
1—bLbss + {bps b} =1

S p,s

= Y (afaps— bl bss+1). (4.380)

p§

We see that a-particles contribute to the quantity @ by +1 each regardless of mo-
mentum and spin, and b-particles contribute by —1 each. Thus, one can interpret
that a-particles are electrons carrying +1 ‘electron number’ each and b-particles are
positrons carrying —1 electron number each. The extra term ;-1 is again infinite,
which reminds us of the electron sea in the hole theory. Again, we discard the constant
offset by normal ordering:

a;f?,gaﬁﬁ + bﬁ,s?bja',g L= a; 55 — b;; bp s (4.381)
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namely,

/ Pty ( S (al s — bl biis) (4.382)

Note that [d®z 1Tt is a linear combination of terms which are product of creation
and annihilation operators, and that the normal ordering applies directly to each
term.

Noether current of rotational invariance (general)

In (3.246), the hole theory guided us to assign spin +1/2 to the spinor vg , ; even
though its egenvalue of the spin operator ¥-5/2 was —1/2. It is now time to show that
the creation operator bT which is associated with vg , - indeed creates a state with

spin +1/2 in the § dlrectlon To do so, we have to find the total angular momentum
operator which should contain the spin term. As we will see below, the orbital angular
momentum & X p shows up as a part of the conserved quantity corresponding to the
invariance of Lagrangian under rotation. The rest of the conserved quantity is then
identified as the spin of the particle. We will first derive a general expression for the
total angular momentum.

Our starting point is that the Lagrangian density is a Lorentz scalar:

L'(2') = L(x) (2" = Azx), (4.383)

where A is a proper and orthochronous Lorentz transformation. Let us be specific
about the meaning of this relation. In general, a Lagrangian density is a function of
a set of fields ¢ = (¢1, ..., ¢y) and its derivative 8#925

def

L(z) = L((), 0,9(x)) (4.384)
Under a Lorentz transformation, the field ¢ transforms by a certain n x n matrix S:
(@) = Swtn(z)  (a.b=1,....n). (4.385)

The Lagrangian in the transformed frame £'(z’) is then defined by the same functional
form as L(¢, 0,¢) where ¢(z) is replaced by ¢'(2') and x by z":

L) S L&' ().0,6/(«")). (4.386)
We have already seen in (4.130) that, with these definitions, the spin-0 Lagrangian
indeed satisfies the relation £/'(z") = L(x). It is also straightforward to show that the

Dirac field Lagrangian (i@ — m)i is a Lorentz scalar.

Exercise 4.13 Show that the Lagrangian density of free Dirac field (i@ — m)v is
indeed a Lorentz scalar as defined above.
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~ As can be seen in the definitions (4.384) and (4.386), L(x) as a function of
(¢(2),0u¢(r)) and L'(2') as a function of (¢'(2'), d;,¢'(2')) have the same functional
form; thus, we can express £'(2') — L(z) = 0 in terms of the changes in the arguments

def , def

560 2 6 () — dulz) and  3(0,60) 2 OLL() — Budalz). (4.387)
Namely,
0 = L(¢'(x),8,(2')) = L(6(2),0,0(x))
oL oL
— % 6¢a + mé(@u(ﬁa) . (4388)
——
a“(?(gfgba) (by equation of motion)

There are six independent generators M’ for proper and orthochronous Lorentz
transformations A, and correspondingly there should be six independent generators
in the space of n fields ¢. Namely, corresponding to the infinitesimal Lorentz trans-
formation (1.89)

1
Ay =g+ = g1+ Geas(M oL (4.389)
the matrix S can be written as
1
Sab — (Sab + §Waﬂ(Ta6)ab7 (4390)

where 7% are the generators in the space of ¢ and are antisymmetric under the
exchange o <> :
7% = TP (4.391)

making the number of independent generators to be six. Then d¢, and 0(d,¢,) are
0¢a = ¢,(2") — da(z)
= Sab¢b(x) - Qba(l’)

_ ;waﬂmﬁ)am(x) (4.392)

5(8u¢a) = 8,;¢:1(:13,) - 8u¢a($)
= (A"0))Sapdp(x) — Opdha(2)

= (0 )0 (B 500 (T)sn()) — 0u0u()
= (Bt 9,70)(0(2) + 55 (T an(2)) — Buiae)

w0 Dydala) + ;waﬁ(wﬁ)aba@b(gg), (4.393)
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where in the last step we discarded the term that is second order in w. Using these
in (4.388),

oL 1 oL 1
0 = <8ua<au¢a>> (iwaﬁ(Taﬁ)ab¢b) + 7((4)#” V¢a + *wa,B(Taﬁ)aba,ugﬁb)

9(0uta) 2
g i
= Wag l@” ( a(g,iba) (Taj )“bqsb) + 6‘(88;)8%“1 . (4.394)

This holds for any (small) w,s. Then, can we set the quantity inside the square
bracket to be zero? No, since w®®’s are antisymmetric with respect to (o, ) and are
not independent. We can, however, pick a specific pair («, 5) and set

wyy =0 for all 4 and v, except wap = —Wga - (4.395)
Then using T = —T7*, (4.394) becomes (no sum over a, 3)

- oL  (TP),, oL
0 = Wap [aﬂ (8(au¢a) 92 ¢b> + 8(8a¢a)

85925(1 - (Oé A 6)‘|

- OL  (TF)u — (T%)y or oL
e [a“ (6@%) 2 ¢b> T 0000 " 80son)
_gaﬁﬁ + go‘ﬁﬁ ]
0
_ 0L ap B _ 7P
o (G ) < o] o

where in the second line we have added and subtracted £ ¢*?, and J*? is the energy
momentum tensor defined in (4.121):

(Oaha)

Using the conservation of J#, J*¥ — JA« can be written as

oL
J = 5 py — L g7 .

Ou(z®JHP — 2P Jr) = §,0 J" + 2% 0, " +0,5"° + 2P 0, "7
—— N——

0 0
= JoB _ JPe. (4.397)
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Then (4.396) becomes
0 = wWas0, M"*P (4.398)

with

oL
( 0ua)

Since there is no sum over o and [ as prescribed in (4.395), we immeidately obtain
the conservation relation

;wz,B _

(TP appy + (z T — 2P ) |, (4.399)

9, M"F =0/, (4.400)

which is valid for any (a, 8) since the choice of (o, 5) was arbitrary in (4.395). Note
that M**# is also antisymmetric under the exchange o <+ /3.

The conserved quantity corresponding to the rotation around the k-th axis is then
(1,7, k: cyclic)

J= [deu
— [d [ (T)apiby + (2 J — ijOi)]
= /d3 7Ta ab¢b + (i[} X jD) } (4401)

where JO = (JOV J%% J%) is the momentum density and used the definition of conju-
gate field m, = 6L/ 8¢. The second term has the form of orbital angular momentum
around the origin, and the first term is then interpreted as the spin angular momen-
tum carried by the particle. The quantity J* is the total angular momentum which
is a constant of motion only after spin of the particle is added to the orbital angular
momentum.

You may be wondering what are the ‘conserved quantities’ of (4.400) for o = 0
or # = 0 which should correspond to the generators of boost. The time derivative of
such quantities would indeed be zero; because of the explicit time dependence that
appear in the definition (4.399), however, such quantities are not genuine physical
conserved quantities.

Spin of electron

We can now apply (4.401) to the Dirac field Lagrangian to obtain the correspond-
ing total angular momentum operator. Using the definition (4.121), the momentum
density J is (using 7 = itT)

Jo = slfazwa Oi£ = 7Taai’(/)a = ¢T(_Zvl)¢ : (4402)
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The generators in the spinor space are T% = BY = —iY; /2 (3.182). The total angular
momentum (4.401) is then

by -
7= [ @y (2’“ + (& p)k) o (F=—iV), (4.403)
and the component along some fixed direction § is given by
S-J:/d:m/z 7+s-(x><ﬁ) Y. (4.404)

We will now evaluate the expectation value of this operator for a state that represents
a positron at rest: b~ 0) where 5 is taken to be the same § that is used in §- J.

Momentum—expandmg the fields and recalling the implicit normal ordering, we get
(Obg 5(5'- 1B 0)

= <0|b6,§ Z /dgx : (a; +bp51-gp81)

§8
X( +s- (;U X ]7)) (CLp D + bp 329p/,§2) : b%’§|0>

M

s -
= (Olbg s+ b b, b5 10) /d?’xgpsl<

L=,
P,81,7",52 — .

5 (F x m)gﬁ .

w ‘

f b
_bﬁ’,gg bp,sl

= —/d3:r g3§<2 + 5 (¥ x ﬁ))g@g. (4.405)
Since applying p = —iV on g5  annihilates it and

(5 i)ga,g = —ggs (4.406)

by construction [see (3.263)], we have

—

. 1
(Olbi (5 ok J0) = 5 / P g g55= 5 (4.407)
Thus, the angular momentum of the positron state bg- (0} is indeed +1/2 in the §
direction. Note the crucial minus sign when the normal ordering was applied to

by, 5155/5 which cancelled the minus sign in (4. 406) When the state is changed to an
()

electron at rest, then all needed is to change b . to ag in the procedure above. One
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sees that the relevant product a; 5,455 in the angular momentum operator is already
normal ordered and there is no minus sign in (4.406) when ¢ is replaced by f, and
one obtains

o R 1
(Olag &(5- J)af J0) = 5" (4.408)

Thus, the spin indexes of ag’g and b;g both correctly represent the corresponding
physical spin.

Microscopic causality of the Dirac field
We have seen that the Klein-Gordon field satisfied microscopic causality; namely, field
operators ¢(z) and ¢(y) commuted if x and y are separated by a space-like distance:

[6(2), ()] = iA(z —y) =0, if (x—y)* <0, (4.409)

where iA(z) is given by (4.290). In the case of the Dirac field also, in order for
two measurements to be independent, the corresponding operators A and B should
commute and not anticommute. In fact, independence of two meansurements means
that for any eigenvalue a of the operator A and any eigenvalue b of the operator
B, there exists a simultaneous eigenstate |a, b) that allows measurements of the two
observables with infinite accuracy. Then, the operators A and B should commute:

(AB — BA)|a,b) = (ab—ba)la,b) =0 (for all a,b)
—  [A,B]=0. (4.410)
On the other hand, the operator relations for the Dirac fields are given as anticommu-
tators, and commutators such as [1,,(z), 4] ()] do not vanish for (z —y)? < 0; in fact,

it is a messy expression of a’s and b’s and not even a c-number. Physically relevant
quantities, however, always appear as bilinear covariants which have the form

T = T ntm , (4.411)

where I' is a 4 x 4 matrix. Thus, if

[Un (@) (@), Vr()ta(y)] =0 (z—y)* <0 (for any n,m, k1), (4.412)

then we conclude that microscopic causality is satisfied for the Dirac field. In proving
this, we first note that if field components at z, 1, () and 9, (x), anticommute with

those at y, ¥x(y) and ¥y(y), then v, (2)t,,(r) commutes with vy (y)i(y):

(—1)? (—1)?

(@) (2) |V (y) [1(y) = DY) Un (@) ()] Ui(y) (4.413)
= Uu(y)Ui(y) bn(@)m ().
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Thus, we need to show that, for any n,m = 1,2, 3,4,

{@?n(‘r)v @ij@)} =0
{tn(z), %m(y)} =0 for (z —y)* < 0. (4.414)
{wn(x)a wm(g/ﬂ’ =0

First two are trivial since the only non-zero anticommutators are of the type {a,a'}
or {b,b'}:
¥ contains @ and b only  —  {¥,(2),¥m(y)} =0,

¥ contains af and b only  —  {¥n(2),¥m(y)} =0. (4.415)

The evaluation of the anticommutator {1, (), ¥, (y)} requires some care. For
convenience, let’s extend the definition of matrix of the form ab”, where a and b are
column vectors, to the anticommutators (and similarly to the commutators): {a, b’}
is a matrix whose components are defined by

{a, 0" o 2 {0} (4.416)

which is clearly linear with respect to a and b.t Then, using the division of ¥ into
creation and annihilation parts (4.358),

@), 5w} = {Sal@) + (@), Galy) + P (1)
= {Ual®) Bal®)} + {01 () B ()} (1417

Following the procedure similar to (4.361),

{a(@) , ¥a( Z lags,a y5} Jos@) s w) = 2 Fra(@) Fssly)

|
{

Ly (\é/+ m) by (3.317)

(2m)3 J 2p
_ 1 d3p —ip-(z—y)
= 0t migs | g0
= (i +m)Ay(z —y), (4.418)

where 0% = 0/0x,, (namely, operates on z and not on y). Similarly,

{%T(x)a@/;bf(y)} = Z {b;g,b 7,5} 95,5 4/*/ ZQ 5

W
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(2m)3 J 2p0 N~
1 Pp .
— (4 2 & ip(z—y)
(i +m) (2m)3 ] 20
= (i@, +m)A,(y — x). (4.419)

Then, we have

{¥(@), 0@} = (i@ +m)[Au(z —y) — Au(y — 2)]

= (ifo + m)iA(z —y)
= —iS(z—vy) (4.420)

Now, the function iA(z — y) is already known to vanish for (z — y)? < 0; thus,
{(x),9(y)} = 0 for (z —y)? < 0, and all bilinear covariants commute at space-like
distances. Thus, the quantized Dirac field satisfies microscopic causality.
What would have happened to the microscopic causality if we had quantized the
Dirac field with commutators instead of anticommutators? Then, we would have
gz, 0l o] = gz, b o) = 05050, (4.421)

p )s

and all other commutators would be zero. The momentum expansion in terms of
normal modes would be the same as before, and we would evaluate [¢,(x), ¥, ()]
instead of the corresponding anticommutator. The critical difference occurs when we

use [b;;g, bﬁ/,gl] = —[bﬁ/ygl,b;%g] = —(Sﬁ,ﬁlég,g/ which will change the sign in the first line
of (4.419), and as a result we would obtain
(), B(y)] = (i +m) [Ay (@ — y) + Ay (y — )], (4.422)

which does not vanish for (z—y)? < 0since Ay (x—y) = A% (y—=) and Ay (x—y) is real
and positive in the space-like region. Thus, in addition to the positive definiteness of
the energy, the microscopic causality also requires that the Dirac field be quantized
by anticommutators. How did it work out for the case of the Klein-Gordon field?
There, we did not have the minus sign in the commutator corresponding to (4.419)
and the necessary relative minus sign between A, (z —y) and A, (y — ) came from
the property of commutator [¢] (), ¢a(y)] = —[da(y), ¢! ()] used in (4.287). In 1940,
Pauli extended the above argument of microscopic causality to particles with general
spins, and established the fundamental connection between spin and statistics:

Integer spin <+ Bose-Einstein statistics, (4.423)
Half-integer spin <> Fermi-Dirac statistics, '
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where ‘Bose-Einstein statistics’ means that the field must be quantized by commuta-
tors and thus a given state can be occupied by any number of particles, and ‘Fermi-
Dirac statistics’ means that the field must be quantized by anticommutators and thus
a given state can be occupied by at most one particle.

Lorentz invariance of the Dirac-field quantization

Let’s now turn to the question of whether systems quantized in different Lorentz
frames are equivalent or not. As in the case of the Klein-Gordon field, we could prove
the equivalence of the anticommutation relations of fields in different frames, or those
of creation and annihilation operators. Let’s take the fields this time. First, we will
see below that the general-time anticommutation relation (4.415) and (4.420) reduces
to the equal-time anticommutation relation (4.364) when we set 2° = 3°. In fact,
setting 2° = y° = t in (4.415), we obtain

{n(t, ), Pm(t, )} = 0, {mu(t, ), mm(t, 4)} = 0. (4.424)

Setting 2° = y° in {¥(¢,%),¥(t, )} is equivalent to repeating the derivation (4.420)
with 2° = ¢" from the beginning. We start from just before p is replaced by the
differential operator in (4.418) and (4.419):

7 1 d? L o
{(@), V() ooy = (27)3 2;; [(\]‘ij- m)ePEY) +(\é/— m)e” @9 }
po’yo—ﬁ.i po,yo_ﬁ,?

relabel p — —p

1 d3p - - (T
B (%p/zﬂ)[@“vo—pwm)+<p°7“+p'7—m>}€”( g
2p°°
1 NP
_ A0 B /d:spezp(x—y) =053z — 7)), (4.425)
m

where ¥ & (7', 7%, +%). Now, the definition (4.416) leads to

({a,b"3M) = {a,b" Yo My = {an, beMy } = {a,b" M} (4.426)
{an, b} (6" M),
where a,, and b,, are operators while M,,, is a c-number; namely,
{a,b"}M = {a,b" M}, and similarly, M{a,b"} = {Ma,b"}. (4.427)

Thus, we have

{0(t,2),9"(t.9)} = {0(t.2),0(t. )} 1°* = 16°(7 — 3) . (4.428)

Py’ 706%(Z — §)
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Since m = 4t', this is equivalent to {¥(t, %), n(t,9)} = il6*(¥ — ) which is the
equal-time quantization condition.
Thus, the Lorentz invariance of the quantization procedure is proven if we can

show that
{q/jn@)além(y)} =0
{wn(l’)’ﬂ}m(y)} =0
{v(z),v(y)} = —iS(z —y)
in one frame leads to the same relations in another frame where the field in the
new frame are related to the original field by the spinor representation of Lorentz
transformation:

(4.429)

(@) = S(M(x), YY) =SN)d(y), (4.430)
where 2/ = Az and ' = Ay (A: proper and orthochronous). The first two relations
are trivial:

{n (@), 00 (W)} = {Suctu (@), St (y)} = SueSmuf{thr(@), ¥a(y)} =0, (4.431)
and similarly {9/ (z'),4! (')} = 0. Using (4.427),
(V' (@),0'(y)} = {SU(2),v(y)S} = S {ib(x),¥(y)} S
—_——
(ide +m)iA(z —y)
= (10 SY"S +m) iA(z —y)
Ay iA(z" — )
= (10,7 + m)iA(x' —y)
= —iS(@' —v), (4.432)
where we have used the Lorentz invariance of the function iA: iA(z') = iA(x),
the property Sy*S = A t9” (3.274), and Oy, = A0, Thus, the same set of
anticommutation relations are satisfied in the new frame, and the Lorentz invariance
of the quantization procedure is proven.

Incidentally, A (x), and thus iA(x) = Ai(x) — Ay(—x), is a solution of the
Klein-Gordon equation:
1 d3p i
ok 2—]9(](02+m2)e P — (), (4.433)
(=p* +m?*) =0
and —iS(z) is a solution of the Dirac equation:
(i —m)(=iS(x)) = (i@ —m)(id +m)iA(z)
(= 99 —m?)
~~
62
= —(0* +m?)iA(z) = 0. (4.434)

(0 +m*) AL (z) =
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Problems

4.1 Momentum expansion.
In the momentum expansion of a hermitian Klein-Gordon field

o(x) = 3 (apesl() + ahes(w)),

p

suppose one takes the normalization of the normal mode functions as

def e—ipm

Gﬁ(fﬂ) = \/ﬁ

where ¢, is some real function of |p|. This defines the normalization of the operators

ay and a;. Assume that the standard equal-time commutation relations among ¢ and
7 hold:

[¢(t7 f)v ﬂ-(tv f,)] = Zé(f - J_’H) ) [¢(tv f)v ¢(t7 fl)] = [W(t, f)’ ﬂ-(tv f/)] =0.

(a) Obtain the orthonormality relations of the normal mode functions; namely, cal-
culate [ d3x e;»(x)igoeﬁ/(x) and [ d*z eﬁ(x)igoeﬁ/(x).

(b) Express az and a} in terms of ¢ and w. Note that the relation m = ¢ is a result
of the Heisenberg’s equation of motion for ¢ which results from the commutation
relations among ¢ and m and not affected by the normalization of the normal modes.
(¢) Require that the equal-time commutation relations among ¢ and m lead to [ag, a;r;,] =
0551, and find the correct normalization factor c,.

4.2 Lorentz invariance of quantization procedure.

In the text, we have proven the Lorentz invariance of the quantization of a spin-0 field
by showing that the commutation relations among creation and annihilation operators
i one frame lead to those in the other frame. It is of course possible to show that
the equal-time commutation relations among field and its conjugate filed lead to those
in the other frame. Take a hermitian spin-0 field ¢(x). The field in another frame,
¢'(2'), is given by the scalar field condition:

@) = ox) (@' =Ax),

where A is a proper and orthochronous Lorentz transformation. The conjugate field
in each frame is defined as the time derivative of the field in each frame:

w(e) = sola), W) = g ().




4.6. QUANTIZATION OF THE DIRAC FIELD 201

(a) Start from the commutation relation

[0(x), o(y)] = iA(x —y) = Ap(z —y) — As(y — o)

with
1 d3p ips

@r)3 ) 2p0°

and show that this leads to the commutation relations

[6(2), ¢Woo—yp =0, [m(2), 7(Y)]ao—yo =0, [¢(x), 7 (Y)lso—yo = i0°(¥ — 7).

Do not use annihilation and creation operators.
(b) Complete the proof that the above equal-time commutation relations among the field
and its conjugate field lead to those in another frame with the same form; namely,

(@' (), ' (Y )]anmyo =0, [ (@), 7' (1 )Jwomyo =0, [¢(2), 7" () )]oo—yo = i6°(7'—7) .

4.3 Lagrangian density for the Dirac field.
The Lagrangian density for the Dirac field v is given by

L=14(i —m)i.

In the text, we have derived the Dirac equation directly from the action principle.
This time, apply the FEuler-Lagrange equation

Ai(z) =

oc 5 oL
g " 0(0un)
to each component of v; namely take 1, (a=1,...,4) as ¢, to derive the Dirac’s

equation the Dirac equation for i:

(i +m) =0,
and apply it for ¥l (a =1,...,4) to obtain
(1@ —m)p =0.

Use the same Lagrangian density given above for both cases, and also do not resort
to the Dirac or other explicit representation.

4.4 Continous-p formalisms for Dirac field.
For continuous momentum, the normal mode functions of the Dirac field are given by

ip-xT
vpze”

I i s x I i
(27)°2)" (27)°2)"
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and the momentum expansion is
0 =3 [ @plagsfiso) + Vyeors(2)
First, show that the following normalizations hold:

[ Eafida) fpsla) = [ Paghw)gpaie) = 8°F - 5)oss
[ #apidwgpaia) = [ drghola) frisla) = 0 |
Then, repeat the derivation of
{0(@) D)} = —iS(x —y), with —iS(x) E (i) +m)iA(x).

Use the anticommutation relations

{aps. b} = {bps, bl o} = 0°(F — )05
all others = 0 .



Chapter 5

Interacting Fields

So far, we have dealt only with free fields. Even though we have seen many remarkable
features such as the spin of fermions, microscopic causality and the Lorentz invariance
of quantized fields, and so on, all measurable effects occur through interactions of
fields primarily as decays and scatterings which we will discuss in this chapter.
Before going into details, let’s take a rough look at what we will be dealing with.
As an example, take the creation of Higgs particle by annihilation of a fermion pair:

f+f—H, (5.1)

where the fermion could be any lepton or quark, and the Higgs is a neutral spin-0
particle that is an important ingredient in the standard model of elementary particles.
We can roughly picture this interaction in terms of non-quantized fields as follows:
at the beginning we have two overlapping plane waves, one for f and the other for f.
Now, suppose that the overlap of the waves acts as source of the Higgs field. Namely,
at every point of the overlap, Higgs field is created and propagates outward and they
linearly add up (Huygens’ principle). As the end result of the sum of all the waves
propagating from every point of overlap, we will have a macroscopic wave of Higgs
field coming out of the region of the overlap.

Of course, no macroscopic Higgs wave should be generated unless the invariant
mass of the incoming fermion pair happens to be the mass of the Higgs (i.e. 4-
momentum conservation):

(ps +pp)* =M, (5.2)

where p; and p; are 4-momenta of the fermion and antifermion, respectively, and M
is the mass of the Higgs particle. Such a constraint, as we will see, is automatically
built into the wave picture: in short, the microscopic spherical waves from the sources
do not add up constructively to form a macroscopic wave unless the above condition
is met. Another constraint is that the spins of the fermion pair should properly add
up to form a spin-0 particle. This specifies how the four components of the fermion

203
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Figure 5.1: Rough graphical representations of the Higgs creation f f — H and the
Higgs decay H — f f.

fields should be combined to define the ‘overlap’, and largely determines the form of
the interaction term in the Lagrangian. As we will see later, the existence of such a
term in the Lagrangian in turn indicates that the Higgs field itself acts as a source of
a fermion pair. It then represents a decay of the Higgs particle to a fermion pair:

H—ff, (5.3)

which we will take in the following as an example to introduce the framework and
techniques for evaluating interaction rates.

The above picture is not complete; we need to treat it in the framework of quan-
tized field theory. What we are interested in is the probability amplitude for a given
initial state be found in a certain final state, and it can in principle be obtained once
we know the Hamiltonian of the system. In the Schrodinger picture, we would prepare
the initial state and let it evolve according to the Schrodinger equation of motion and
then take the inner product of the evolved state and the final state of interest. In
the Heisenberg picture, we would find the state that represents the given initial-state
at t = —oo and the state that represents the desired final-state at ¢ = 400 and take
their inner product. Here, we will adopt an intermediate picture, called the interac-
tion picture, where the rapid oscillations of free fields that do not change the physical
content (such as particle types and 4-momenta) are contained in the field operators
and the states evolve relatively slowly reflecting the change in the physical content.
Then the transition amplitude is given by taking the inner product of the evolved
state and the given final state as in the Schrodinger picture. Let us now start from
examining what form of interaction is possible for the Higgs-fermion coupling.

5.1 Lagrangian for the decay H — f f

The ‘overlap’ of two fermion fields 1 and 5 can be written in general as

Ty, (5.4)
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where I' is an arbitrary 4 x 4 matrix. We have seen that such quantity can be
expressed as a linear combination of bilinear covariants which transform under Lorentz
transformation in well-defined ways:

&1@/)2, @/_117“%, @/_)10”V¢2, &1757“1?2, 1/_}175%- (5.5)

As we have seen in (4.92), in order for the equation of motion to be Lorentz-invariant,
the Lagrangian should be a Lorentz scalar. The simplest choices are

pU1s, or GUIYss, (5.6)

where ¢ is the spin-0 Higgs field. Note that the bilinear covariant has the same
transformation property under proper and orthochronous transformation as the Higgs
field; namely, it is a scalar or a pseudoscalar. This is because when the system is
viewed in a different Lorentz frame, the relevant overlap should transform in the
same way as the field created by the source in order for the same wave-source picture
to be valid in the new frame. As we will see in a later chapter, which of the two forms
to take depends on the relative orbital angular momentum L of the fermion pair:
L=odd for the scaler and L=even for the pseudoscalar. Here, we assume the proper
overlap is a scalar. Since the fermion and its antiparticle are represented by the same
field (as e” and e™ are representated by a single Dirac field 1), the interaction term
is then

Lie = AU (5.7)

where )\ is a real constant that specifies the strength of the source for a given overlap,
and is called the coupling constant. Note that the interaction term is hermitian; if
it were not hermitian, then its hermitian conjugate would have to be added to make
the whole hermitian.

What is the dimension of the coupling constant A? To find it, we need to know
the dimensions of the fields ¢ and 1. Since ¢ = 1, mass (m) and energy-momentum
(p*) have the same dimension:

dim(m) = dim(PYE E (1 =0,1,2,3). (5.8)

Since p-x appears in exponents of exponentials (e~?%), p-z should be dimensionless;
thus, 2# should have dimension E~!:

dim(z*) = E~' (p=0,1,2,3). (5.9)

The dimension of total Lagrangian L = [d®zL is E since L = T — V; then the
Lagrangian density £ should have dimension E*:

dim(d®*zL) =E — dim(L) = E*. (5.10)
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The term m?¢? in the Klein-Gordon Lagrangian £ = 1(9,¢0"¢ — m*¢?®) indicates
that
dim(m?¢*) = E* — dim(¢) =E (¢ : scalar field), (5.11)

and the term myn) in £ = (i) — m)y gives the dimension of fermion field:

3
2

dim(mynp) = E*  —  dim(¢) = E2 (3 : fermion field). (5.12)

Then, in order for the interaction terms to have dimension E*, X\ has to be dimen-
sionless: B
dim(Agyyp) = E*  —  dim(\) = E°. (5.13)
The Lagrangian density of the system is sum of free-field terms and the interaction
term:

EZEH—i-Ef-i—ﬁim,
Lo = §(0u00"0 — MP6), Ly = 9(if) —m)y, (514
L = A6 0.

The equation of motion for the scalar field can be obtained from the Lagrangian
density using the Euler-Lagrange equation:

oL _, 9L

06 " 0(0u9)

\f/ N————
—M2p+ Ay %9

— (0 + MY =\, (5.15)

which is probably a more familiar form that shows that the quantity ¢ is acting as
a source of the scalar field.
The conjugate fields are the same as before:

- oL
mT= — = d), 7T£ —_— =
o¢ On
where the superscript f of 7/ indicates that it is the field conjugate to the fermion
field. The Hamiltonian density of the system is then

H = Zﬂ'k(ﬁk—ﬁ
k
= (7§ — Lu) + O 7itbn — L) — Ling
= Hy+ Hs+ Hine (5.17)

il (5.16)

where k runs over all fields. The free-field Hamiltonians Hy and H; are the same as

before, and
Hint = _‘Cint 5 (518)
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which is true in general as long as there is no time derivative of fields in L, in which
case the definition of the conjugate fields would be altered and thus H would have
extra terms.

Quantization proceeds as usual; namely, fields are now considered to be operators
in the Heisenberg picture, and commutation and anticommutation relations are im-
posed as before among the fields. The fermion field and the scalar field are assumed to
commute (not anticommute). Then, all time dependences are given by Heisenberg’s
equations of motion using the total Hamiltonian obtained above, and in principle we
should be able to calculate the probability for a given initial configuration to end up
as a given final configuration.

5.2 Interaction Picture and the Dyson Series

We have been using the Heisenberg picture in which all time dependences are in the
operators and the states do not change with time. An alternative picture is the
Schrodinger picture in which all time dependences are in the states and the operators
do not vary with time. To deal with interactions, however, it is convenient to take
an intermediate picture in which the operators (i.e., fields) vary according to the
free-field Hamiltonian, and the states change according to the interaction part of the
Hamiltonian - called the interaction picture. As we will see, these pictures are related
by unitary transformations of states and operators:

la'y =Vl]a), O =VOV'. (5.19)

where V' is a time-dependent unitary operator. Since all measurements are given
by matrix elements of some operators sandwiched between states, (a|O|b), the three
approaches are effectively identical since matrix elements are invariant under unitary
transformations:

(d' |00 = (a|VIVOVTIV|D) = (a|Ob) . (5.20)
We start by reviewing the relations among the three pictures.

Interaction picture
The following discussion is valid for any closed quantum mechanical system; we keep
in mind, however, that in our case the operators are fields (¢ 11, ¢?, etc.) and the
states belong to the Hilbert space (a;|0>, b;}§|0>, etc.).

In the Heisenberg picture, the time dependences of any state |a) and any operator
Op are given by

|a>H =0, Oy =ilHy,Oy]| (Heisenberg picture), (5.21)
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where the subscript H indicates the Heisenberg picture. In general, operators in
Heisenberg picture depend on time, but the Hamiltonian itself does not since

Hy = i[Hy , Hy] =0. (5.22)

Transition to the Schrédinger picture is achieved by the transformation

def def

s E Vid)y, OsZEVOouv, |VE e-itint| (5.23)

where V' is unitary since Hpy is hermitian, and the subscript S indicates the Schrodinger
picture. Since Hy commutes with V = e~"H#t =3 (—iHgt)"/n!, we have

= T T
Hs= VHy Vi =Hy VI/ — Hy . (5.24)
commute

Since Hy does not depend on time, we can use (9/0z)e** = Ae* (1.107) to obtain
V = (—iHy)V = V(—iHy). (5.25)

Taking the time derivative of |a)s = V]a)g and noting that |a)H =0and Hy = Hg,
we get ) .
|CL>S = V|CL>H = (—ZHH V)|CL>H = —iHH|a>S = —ng|a)5 . (526)
——

|a)s

Similarly, taking the time derivative of Og = VO VT,

Og = VOuVi+VOuVT + VO,V

= V(—=iHy)OxgVI + VO (iHgV +V Q,’i vi=o0. (5.27)
Vi[Og, Hy]VT i[Hp, O]

Thus, in the Schrodinger picture, the time dependences are given by

la)g = —iHsla)s, Os=0| (Schrodinger picture), (5.28)

namely, the operators are now constants and states change with time.
Now, we move to the interaction picture by starting from the Schrodinger picture
and dividing the Hamiltonian into two parts

Hg = H§ + hs. (5.29)

where the two pieces are hermitian and do not depend on time. In general they do
not commute. Later, HS is taken to be the free field part and hg the interaction part,
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but at present the division is arbitrary. Then, we apply a transformation by a unitary
operator V0 = ¢iflst:

def def

) S VOa)s, OF E Vo0V, VO E eiffdt], (5.30)

where the subscript I indicates the interaction picture. Since Hg = (0, we can use
(1.107) to get

VO =iHIV® = V%HY. (5.31)
Then, the time derivative of |a); = V°|a)s becomes
i) = T Jabs + 1 fa)g
Vil —iHg|a)s by (5.28)
—hg
= VO(HY — Hy) |a)s = —i VOhsV° VOa)g (5.32)
/—/TH ——— ——
Votyo hr la) s

and the time derivative of O; = V204V is (using Og = 0)

O; = V05V + v0OsV°t
= (iHYV")OsV"" + V005 (V' (—iHY))

—_———
O[ OI
= i[H2,0;] =i[H}, 0] (5.33)
In the last step, we have used
HY = VvOHI vOl = HY. (5.34)
——

commute

Thus, the time dependences in the interaction picture are

la), = —ihgla);, O;=i[H?,0;]| (interaction picture), (5.35)

At this point, we take the free-field part of the Hamiltonian as H°, and the
interaction part as h. If there is no explicit time derivatives in these terms, they have
the same form in all three pictures. For example,

hg = /dsl‘ orun
hs =V / &P o (VIV )b (VIV )V = / Bz dshsts | (5.36)

hy = Vo/d3x ds(VOIV) g (VIIVO) gV = /d% Prorr
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If there are time derivatives in h, the time dependences of the unitary operators V'
and VO can in principle generate extra terms and break the above form invariance.
The time derivatives of fields, however, are usually replaced by the conjugate fields in
the Hamiltonian (for example, ¢ is replaced by 7) and thus h does not contain time
derivatives of fields even when L;,; does.

In the interaction picture, fields have the same time dependence as that of free
fields, and thus they can be expanded using the same normal-mode functions as
before with creation and annihilation operators that do not depend on time. To
see this more clearly, let’s work it out for the H-ff Lagrangian (5.14). We have
imposed the commutation relations in the Heisenberg picture; we note, however, that
the commutation relations are invariant under change of pictures:

—_ —_

viv. viv
— [As, Bs] = Cs, suihlr)ly [A[, B]] = C]. (537)

Similarly, anticommutation relations are also invariant under change of pictures.
Thus, for example, the commutation relations for the scalar field in the interaction
picture are

[0r(t, %), mr(t, &) =i0°(F — &), all others = 0. (5.38)

The free-field Hamiltonian in the interaction picture has the same form as in the
Heisenberg picture as seen in (5.36):

1 -
Hy = [daty, HY = (x5 + (Vo) +mi}) . (5.39)

Then, following exactly the same steps as in the case of free fields, the commutation
relations and the equation of motion O; = i[H} , O] leads to

T = Q‘S] s (82 + m2)¢1 =0. (540)

Thus, it satisfies the free field Klein-Gordon equation, and again following exactly
the same procedure as before, the field ¢; can be momentum-expanded as

or(x) = Y (agres(z) + afyex(x)), (5.41)

p

where a;'s are constants of motion, ez(x) is the same normal-mode function as before,
and the commutation relations among fields lead to those among ay’s:

lagr , aby] = 05z, lagrazr] = laly ,al,] = 0. (5.42)

We then define the lowest energy state as the vacuum |0) and identify a;r;|0> as the
state where there is one scalar particle with momentum p’in the entire universe. The
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situation is the same for fermion fields. Note that the corresponding commutation
relations among a’s in other pictures also hold since commutators are ‘invariant’ as
we have seen.

The advantage of the interaction picture is that the operator fields carry the rapid
phase oscillations of the type e~% which do not change the physical quantities such
as particle type, energies and momenta, spins, etc., and the states evolve much slower
representing changes in physical contents. For the rest of the chapter, we will stay in
the interaction picture and drop the subscript I. The differential equation for states

la) = —ih(t)]a), (5.43)

can then be solved for a small h. Suppose we have an initial state |i) at ¢ = 0. Then,
the change in a small time dt is —ih(t)dt |i), and as long as the sum total of change
is much smaller than |¢), it will linearly add up over some finite time 7' (even though
h itself in general oscillates rapidly covering many periods in the duration 7):

. . T .
la(T)) =~ |i) — @(/0 h(t)dt) ) (5.44)
Assuming that initial and final states are orthogonal and normalized as

(iliy =1, (fIf) =1, (5.45)

the amplitude to find a given state |f) at time 7" is given by

(fla(T f\/ 1)dt |i) = —z'/OTdt/d?’:c(f]Hint(:c)\z’>, (5.46)

where we have used h(t) = [ d®xHiw(z). This is the first order transition matrix
element. In order to find the answer to all orders, we have to proceed more system-
atically.

U and S operators
Each of the basis states of the Hilbert space at time ¢, a;r;|0> al b, |0) ete., will

ps ps
evolve according to |a) = —ih|a), and at a later time ¢ they will become some linear
combinations of the original basis states with some complex coefficients. These sets
of coefficients form a gigantic matrix and define an operator which transforms any
state at time ¢y to a state at a later time ¢:

la(t)) = U(t, to)|a(to)) , (5.47)

which is sometimes called the evolution operator, or the U operator (or the U matrix).
Clearly, Ul(tg,to) is the identity

Ulto,to) = 1. (5.48)
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Substituting |a(t)) = U(t, to)|a(to)) in |a) = —ihla),
U(t,to)|a(te)) = —ihU (t, to)]a(to)) - (5.49)

Since this holds for any state |a(to)), we have an operator equation for U(t,t):

U(t, to) = —ihU(t, o) |. (5.50)

At tg, U(to, o) = I is obviously unitary: UT(to,to)U(to,ty) = 1. Taking the hermitian
conjugate of above, and using h' = h
Ut =iUtht = iUth. (5.51)
Then, U'U is seen to be constant of motion:
d . .
(U = T T _
dt<UU)_g/U+U \(L—O. (5.52)
iUTh —ihU
Thus, UTU = 1 at any time; namely, U(t, ;) is always unitary.
The S operator (or S matrix) is defined by taking the limit ¢ty — —oo and t — oc:

SE lim Ut to)l; (5.53)
tp—>—o0

namely, it evolves the ‘initial states’ to the ‘final states’. By ‘infinite time’, we ac-
tually mean some time duration 7" long enough to cover many oscillations of fields.
In fact, we will later find that transition probabilities calculated perturbatively are
proportional to 7', and if T" is truly taken to be infinity, the transition probabilities
will diverge or linear approximation will break down.

Now, since U is unitary, so is S:

STS=1. (5.54)

As an initial state |7) will evolve to S|i) at ¢ = oo, the transition amplitude ¢ — f
is given by (f|S|i) and the probability to find the final state in |f) is then |(f|S]i)]?.
The unitarity of S then reads

(i|x S'S=T1 x|y — S |fISI)H?=1, (5.55)
I !

where the sum is over all possible final states that are assumed to form a complete
orthonormal set. Thus, the unitarity of S means that probability is conserved.
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The next step is to solve the differential equation U (¢, to) = —thU(t,ty) for a given
interaction h. Our goal is to express U, and thus 9, as a perturbation series in powers
of h. In doing so, we have to be careful about the operator nature of h. Recall the

definition of differentiation and integration of a matrix function:

dA()  A(t+dt) — A(t)

dt dt ’

and

t1 N
dtA(t) = ) Alto +ndt)dt  (t, —to = Ndt).
to n=1

Strictly following these definitions, we see that

d td/A ! ! thdtd'A ! td’A !
% to t <t) - dt( to t (t)_ to t <t))
1
by (557)] = — A(t)dt = A(t);
d td'A N=A
— a . t (t)— (t)

Then, if in general

L0 = e (2),

the solution of U = —ihU would be given by

St gy
U(t,to) :eilftodth(t),

(5.56)

(5.57)

(5.58)

(5.59)

(5.60)

as can be readily verified using (5.58). The relation (5.59), however, does not hold

unless [A, A] =0 :

(ieA(t))dt Al A1)

(A +A()dt) by (5.56)

(f [A, A =0) = eADeADd _ cAD [ yged (1.108) ]

_ eA(t)(eA(t)dt _ 1)
~—

A(t)at
= A(t)e Wt .

(5.61)

Earlier, we have used (9/0x)e®* = Ae® for a constant operator A which is consistent

with the above observation since

[zA, CZU@A)] =[zA, A =0.

(5.62)
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—

In general, however, the condition is not satisfied as can be seen in [p(t, %), ¢(t, Z")] #
0. We will now show by direct substitution that the solution is given by

Ultit)) =1 + (i) /ttdtlh(tl)Jr...

tn—1

v (i [t [Mdt [Tt b)) - h(t) .. (5.63)

to to to
Taking the time derivative of the above and using (5.58),

O(tto) = (—)h(t) + . ..+ (—i)" tdtg---/tn_ldtnh(t)h(tg)---h(tn) +o (5.64)

to to

Taking h(t) in the integrand out in front and relabeling (¢; — ¢;_1),

Ult,tg) = —ih(t)(1+...+(—i)”_1 tdtl---/tnthn_lh(tl)---h(tn_l)+...>

to to

= —ihU(t,ty), (5.65)

which shows that the series (5.63) is indeed a solution of U = —ihU.
It will be convenient later if we express the solution using the same integration
range (to,t) for all integrals. To do so, we note

tn—1

t t1
Indéf/dtl/dm.-- /dtnh(tl)mh(tn): / dty---dt, h(t)---h(t,), (5.66)
to to to

Vi (t1>>tn)

where V,, is the n-dimensional cube defined by ¢ty < ¢; < ¢ (i = 1,...,n), and the
integration range V,,(t; > - -+ > t,) is its sub-volume limited to (¢t; > --- > t,). Rela-

beling (t1,...,t,) = (tiy,---,t;, ), where (iq,...,i,) is any permutation of (1,...,n),
I, = / dti, - dt;, h(t,) - hit;,)
Vn(ti1>~-~>tin)
- / dty -~ dt, T(h(t) - h(ta)) | (5.67)

Vi (tig > >ti,)

where we have defined time-ordered product by reordering of operators in the descend-
ing order of times:

def

T(Av(t) - Anltn)) S Aq(t) - Ai(8,) (i, > > t,), (5.68)

where A;(t)’s could in general be different functions of time. For completeness, op-
erators with the same time are defined to keep the original order. This procedure
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is understood to be a simple re-ordering of operators that are functions of time as
they are written, and one should not redefine the functions before the time-ordering
is done. For example,

A(L5)B(2.0) = A'(2.5)B(2.0) it A(t) = A'(t + 1), (5.69)

but
T(A(1.5)B(2.0)) = B(2.0)A(1.5) flips the ordering,

T(A(2.5)B(2.0)) = A’(2.5)B(2.0) does not,

and the results are in general different.
In the case at hand, we have A;(t) = h(t) for all i. Noting that sum of the
regions V,,(t;, > ... > t; ) with all possible permutations (n! of them) is just V,,,

and that for each permutation, I, is expressed as (5.67) with the same integrand
T(Ay(t1) - Au(t)), we have

il = Y [t T(h(n) - hit)

all
perm. Vn(tbl> >tln)

= dty---dt, T(h(tl) te h(tn)) )

n

(5.70)

g, = dt1 tzltnT(h(tl)---h(tn)). (5.71)

nl n!

Thus, the solution (5.63) is now written as

Ult,ty) = Z

Let’s compare this with the ‘wrong’ solution (5.60) which can be expanded as

_zf W)dt' 1+i (;:")n</tth(t/>dt,>n
= 1+i =

We see that the only difference is the time-ordering on each term.
The S matrix is then obtained by taking the limit ¢ — oo and ty — —o0.

y n

dt1 t&tn T(h(tr) - hita) (5.72)

t t
dty - [dtoh(ty) - h(t,). (5.73)
to

to

/ dt, T(h(t) -~ h(ta)) |, (5.74)

which is known as the Dyson series. The advantage of such an expansion is that often
the interaction term is proportional to a small coupling constant and the higher-order
terms become progressively insignificant.
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Incidentally, the time-ordered product can be defined for cases where fermion fields
are included:

T(Ay(ty) - An(tn)) = spAi (ty) - Ai (i) (ty =2 1,) |, (5.75)

where A;(t) are time-dependent operators and sp is +1(—1) if the number of swaps of
fermion operators needed for the re-ordering is even (odd). With this definition, the
difference between before and after the time-ordering becomes a c-number as in the
case of normal ordering. In deriving the Dyson series, we needed sp = +1 in (5.67)
which is actually the case even if fermion fields are involved since fermion fields always
appear in pairs in the interaction term h.

5.3 Evaluation of the decay rate H — ff

Taking only the first-order term in the Dyson series,
S = / dt h(t) = —i / dt/d?’:v?{int, (5.76)

which is the same as the earlier result (5.46) if 7" is taken to be large (‘infinity’).
Assuming that there is no time derivatives in the interaction term, we have H;, =

—Lint (5.18), and

S = i/d4x Line | (first order). (5.77)

In our case, Ly = A1) (5.14), where normal ordering is implicit, and thus,

Sy = (FIS1i) = i [ d'x (flo duli) (5.78)

Let’s define the spins and 4-momenta of the particles involved as

1)7 b1 = \/p12+m27 (579)

(5.80)
‘f> = a;hglb;;z,@‘o)’
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where if annihilation or creation operators have only a momentum subscript, they are
understood to be for H, and if they have momentum and spin subscripts, then they
are for f or f.

We will now use momentum expansions of fields to write the matrix element
Sy in terms of creation and annihilation operators. Since Sy; is just a number, all
creation and annihilation operators should disappear in the end and we will be left
with numbers such as e, fﬁ’ 5, and gz z. With momentum expansions, we have

) (/]
{(floydli) = (Olbp, 505 5
¢ % W i)
x> _(ageq+ afer) Y- (ak sfps + bpstns) 2 (amsfos + Ohisgsis) all0) . (5.81)

There are many terms in ¢ 1), but there is only one term that survives - the term
with matching annihilation and creation operators that counter those in |i) and (f].

First, all terms that contain ag. vanish since they commute with fermion operators

on their left and face the vacuum (0|. Also, all terms with ag (§ # P) vanish since
they commute with all operators on their right to face |0), leaving azep P as the only
term in ¢ that survives. Similarly, the only term that survives in v is bﬁ2 5,95,5 and
the only term that survives in 1) is ap1 5 f#.5- One subtlety may be the vanishing of
terms with by z in ¢ which need to go beyond bﬁ’, + of 1 to face |0). Actually, b;s's are
already to the right of bt/ +'s because of the implicit normal ordering. Even if normal
ordering is not assumed, when bz is moved past ba, o it leaves behind 0557055 and
such term vanishes anyway since the annihilation operator ag z in (f| will face |0)
to the right.
We thus have

<f|¢775¢|2> = <O|bp2 52 ap1, S1<aP€P)(ap1,slfp1,S1)( 5o, 329732,52) T*|0>

= <O|bﬁ2,§2aﬁ1,§1apaﬁ1,§1bp2,sg P|0> ep(fp1781gp2,82)

. T
1: norm of aﬁ1 505, 5 P!O>

= 613<J?ﬁ1,§1gﬁ27§2) ’ (582>

which is now explicitly just a number (a function of z). In the above, the fact
that the vacuum expectation value of the operators came out to be 1 and not —1
is a coincidence. If we had defined the final state as b'af|0) rather than a'b'|0),
for example, it would have been —1. Such sign, however, is an overall sign of the
amplitude, and does not affect the rate of the interaction. When there are more than
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one terms that contribute to the interaction, one needs to pay attention to the relative
signs of the amplitudes.
The transition amplitude Sy; is then

Sy = i)\/d4x613(13) J5,1 () Gy 3 ()

—iPx = ,ip1T o, _ ,ip2T
Z)\/d4fl}' € uplysl6 UP2752€

V2P0V \/ngv \/@
_ LA U, 5 Vi, 5 /d4x elpitp2—P)z (5.83)
V2PV (2p8V) (2p3V)

(27)*6* (p1 +po — P)

The four-dimensional delta function arose from the phase terms of the normal-mode
functions, and indicates that the transition amplitude is zero unless the energy-
momentum conservation P = p; + ps is satisfied.

Let’s define the Lorentz-invariant matrix element M by

S = (2m)'5"(pr +p2 — P) M, (5.84)
V2POV)(2p0V) (258V)

where M is
M =i\ Uz, 51 Vi, 5 » (585)

which is a scalar bilinear covariant and thus Lorentz-invariant. The probability to
find the final state f is then the square of the amplitude:

2
[(27)46* (p1 +p2 — P)]
(2P°V) (2pV) (2p5V)
What is this square of the delta function? This oddity came about because we
pretended that we are integrating over infinite space and time even though we are

actually dealing with finite space V' and finite time 7. Thus, let’s recover the origin
of the delta functions (for one of the two §’s) and write

B M. (5.86)

2

{(2%)464(101 TP P)] = (2m)'"(p1 +p2 — P) /Tdt/v B eiPrtp—F)z

TV . (P =m +p2)
= TV(2n)**(p, +p2 — P), (5.87)

where the delta function allowed us to set P = p; + po in the integrand. Thus, the

transition probability is

(2m)*0* (p1 + p2 = P)TV
(2P°V)(2p}V) (2p5V)

CHES MP. (5.88)
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This is the probability to find the final state with particular discrete momenta p; and
p2.

What we usually need is the probability to find the final-state momenta in some
ranges d>p; and dp, which are small but still contain many discrete values of p; and
Pa2, which should be equal to the corresponding decay rate dI' times T'. The number
of grid points in the volume d®p is d®p/dv where dv = (2r/L)* = (27)3/V is the
volume per grid point. Since the volume d3p is small, the transition probabilities in
that volume are essentially the same. Thus, the summation can be replaced by a
multiplication by the number of grid points:

I’p; (1=1,2). (5.89)

pi€d3p; (

The transition probability dI" T" is then obtained by summing over all final states with
1 € d3py and ph € d3py:

dqiT = > > ISal

P1Ed3p1 paE€dipa
% P Vv P (2m)46% (p1 + po — P)V
(2m)3 T (2m)3T Tt (2POV)(2p3V)(2p3V)

namely, the decay rate is given by

Timp;  (5.90)

(2 ) 4 d3p1 d3P2
dl' = —-¢ P 5.91
opo 0 (Pt pe = )(27T)32p(1) (27)32p3 M (5:91)
or
(2m)*
dl' = S p0 ddy| M|? |, (5.92)
with the 2-body Lorentz-invariant phase space d®, defined as
def d®py d®py
dd, = o — P 5.93
2 = Ot e D oo Ereang o

In deriving this formula, we did not require that the mass of the two final-state
particles are the same; thus, it is valid for the case the masses are different, in which

case we have p{ = /p? + m? (i = 1,2).
The total decay rate is obtained by integrating over all final states (‘phase space’):

F:

2
zpo /dq>2|My (5.94)

That d®, is Lorentz-invariant can be seen by the identity (4.292). What do we mean
by the Lorentz-invariance of differential expressions? It means that if a Lorentz-
invariant function is integrated with the differential piece d®s, then the resulting
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quantity will have the same numerical value in any frame. Since M is Lorentz-
invariant, when integrated over all phase-space, the result [ d®,|M|? will be Lorentz-
invariant. Thus, the above expression for I' indicates that the decay rate is inversely
proportional to the energy, which is just the time dilation effect due to boost.

We now perform the integration over the phase space in the rest frame of the
parent particle. Since H is spinless, there is no preferred spacial direction, and thus
the decay should be uniform over 47 steradians in the rest frame of H. Later, we will
indeed see that | M|? does not depend on direction of p) or p, in the C.M. frame. Using
the identity (4.292), we can change d*p; to d*p; and eliminate the 4-dimentional delta
function by integrating over p;. Keeping the two final state masses to be different
and denoting the integrand as X,

d’py d’ps
DX = / 4 _p
Jiwx = [ 9ot P) g G
2 20 ( 0y 4P
o(pf —m1)0(pY) (27)3 by (4.292)
d’ps
_ 2 2 0
= [ ot = mbewd) g X,
d’p;
_ . 2 2 0__ 0y = Fs
= [ 8P =) =B ) s
d*ps
_ 2 2 0y 2 0
— [ 8((M? 4+ m3 — 2Mpf) — mO(M — 1) Gy X 69

where in the last step we have used P = (M, 6) Since the integrand does not depend
on the direction of p>, we can write

d*py = 47p3 dpy = 4Py pydp) (P2 = |p2l) , (5.96)

where we have denoted |p] as p in order to simplify the notation during the compu-
tation, and used
2 .o
py =5 +my = phdpy = Padps . (5.97)

We can then complete the integral using the property of the delta function (4.114):

A ps PYdph
B 2 2 0 2 0 2742
/d<I>2X = / §(M? +mj3 — 2Mp) — mj) G(M—pz)w
m(F(pZ — i ) by (4.114)  podp)
(2m)®
_ P 5 (5.98)

(2m)52M
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where py = \/p)° — m3 with pd = (M2 + m2 — m?2)/2M, and 6(M — p3) = +1 since
pY as given is always smaller than M (the energy of the daughter particle is always
smaller than that of the parent). Thus, the total decay rate in the C.M. system for
a uniform decay is given by (with X = (2m)%|M|?/2P°)

r— Py

= o (5.99)

where we have defined |p)| = |p2| = |p].

We now move on to the evaluation of |[M|?. Since we know the explicit forms
of u,v spinors, in principle we can calculate M = i\ U, 5 V5 5 for given momenta
and spins. There is, however, much quicker and also representation-independent way.
Suppose we are not measuring the spins of the final state. Then, decay rates to all
possible spin states (there are 4 of them for given p; and p) should be incoherently
summed:

1] 2
[ = Yy Z IM|?. (5.100)
As we will see, when the matrix element squared is summed over the spins, we obtain
a trace of certain 4 x 4 matrix in the spinor space which can be evaluated using
representation-independent techniques:

Z |~/\/l|2 = )‘2 Z (ﬂﬁhsﬁlvﬁz,*z)*(ﬂﬁ1,§1vﬁz,§2)

51,52 51,52

($1+m)

(write out components) = A Z(Tjﬁ%gé)n(]él + 1) (Vg2 )m

= )\2 Z(Uﬁ27§2)m(@152,§2>n(p1 + m)TLm

5

(P2 — M)mn
= X|(hr=m)(pr+m)|
= NTr[(p2 = m)(p1 +m)| . (5.101)

In general, the spin sum over the form uzsMuz s or V5sMuvys, where M is any 4 x 4
matrix, results in a trace: following the last four lines above with p; + m — M, we

obtain
Y tzzMugs = Tr[(p+m)M],

S (5.102)
ZU@;’MU@;’ = Tr[(;b—m)M]
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The expression (5.101) can be readily evaluated using the trace theorems (Exer-
cise 5.1). Since traces of an odd number of gamma matrices are zero,

IM|? = N Trpops — m? Trl
T
Aps - ;1
= 4)%(py -p1 —m?). (5.103)

In the Higgs C.M. frame, we have p; = (F,p) and py = (E, —p); thus,
p2-pr —m’ =B+ 5% —m? =2p°. (5.104)
Then, using this in (5.100), we finally obtain

p )P
I' = .
wM?

(5.105)

We can now evaluate the actual decay rate of the Higgs decay to a bottom quark
and its antiquark. The mass of bottom quark m,, is approximately 4.5 GeV while the
Higgs mass is measured to be 126 GeV. Then the momentum of the bottom quark
|p] is ~ 62.8 GeV/c. In the standard model, the coupling constant A is given by

m
)\_gb

= 5.106
o (5.106)

where g ~ 0.65 is a universal coupling constant of the standard model and my, ~ 80
GeV is the W boson mass. The numerical value of A is thus ~ 0.018. There is
one more complication; namely, quarks come in three colors, and each one is created
with the same decay rate (5.105) thus increasing the rate by factor three. Putting all
together, the decay rate H — bb would be
3N
M2

['(H — bb) =

- ~ 5.0MeV . (5.107)

Let’s reflect upon the procedures we just followed. We started from the first-
order expression of the S operator and sandwiched it between the initial and final
states which led to a space-time integral of (f|Li|i). When momentum expansions
were used for the fields appearing in L;,, only the term that contained the creation
and annihilation operators that exactly matched those of the initial and final states
survived. In short, the interaction term had to annihilate the particles in the initial
state and create the particles in the final state. More specifically, for the creation
operator of the initial state a;, the term had to contain the annihilation operator
ap and the associated normal-mode function es(z) survived into Sy;. Similarly, the
fermion (antifermion) in the final state came with the annihilation operator ag s,
(bs,.5,) and the surviving term in the interaction had to contain the matching creation
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operator a ;2. 5 (b:92 5,) Which contributed the normal-mode function fz 5 (g,5) to
St

These contributions of the initial and final state particles to Sy; are valid for a
general transition from an arbitrary number of initial state particles to an arbitrary
number of final state particles. We did assume that the creation operators aL of
fermion and the annihilation operators b; s of antifermion appear in the form 0 (and
not as ¢! which can be written as ¥ in any case) as is the case for any bilinear
covariant. These can be readily extended to scalars in the final state and fermions
and antifermions in the initial state. Thus, the contributions to S; from the initial

and final states are:

ey(x) for a scalar in |7) (azez(x) to match aT|O> )

es(x) for a scalar in |f) (a; e5(x) to match (0la;.)

f3(z) for a fermion in |7) (aﬁ,gf #(x) to match a;§|0> )

L lon 1 ; (5.108)
53(2) for a fermion in |f) (ayz f7s(x) to match (Oazs.)

gps(x) for an antifermion in |i) (bszgss(x) to match b 0 > )

gp5(x) for an antifermion in |f) ( ;gg #(z) to match <0| bss.)

In this list, we note that annilation operators, namely the particles in the initial state,
are always associted with a positive energy oscillation e, and creation operators,
namely the particles in the final state, are always associated with a negative energy os-
cillation e regardless of the type of particle. Thus, if the initial state momenta are
pi(i =1,...,m) and the final state momenta are p;(f = 1,...,n), upon integration
over space-time, we will have a delta function corresponding to energy-momentum
conservation (2m)*6*(3;p; — X ppys). In a general transition p;(i = 1,...,m) to
pr(f =1,...,n), the delta function for the energy momentum conservation and the
normalization factors 1/4/2p°V can be separated out in Sy; and the rest defined as
the Lorentz-invariant matrix element M:

_ () (Sipi— Xy p)
M
VILEV) TT(205V)

(5.109)

As we will see later, this form holds also when spin-1 particles are involved.
The contributions of the inital and final state particles to the Lorentz-invariant
matrix element are then

initial state | final state

—_

1 1
seatar (5.110)

fermion

£
Si
oy

QEN

Sl
oy
S
ST T)
e

antifermion
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For a n-body decay P — py, ..., p, with masses M — mq, ..., m,, the same procedure
as in the case of 2-body decay can be followed to obtain
2 4
a - @0 D, | M|?
2P0
Jo. o 503 P11 d*ps (5.111)
n = pr— Y v
7 ! o (2m)32ph

where d®,, is the Lorentz-invariant n-body phase space and p{ is a function of p; as

usual: p? =\/pZ+m? (i=1,...,n).

In the case of the decay H — ff, the u, v spinors are combined following the form
of the interaction Lagrangian £ = A¢¢1) with the constant vertex factor given by 4
(which came from the Dyson series) times whatever the coupling constant is in L.
This can be graphically written as below, and one can immediately write down the
Lorentz-invariant matrix element:

i M =) Uy 51 Vs, 55 - (5.112)

The rules (5.110) together with the vertex factor are part of the calculational rules
called the Feynman rules, and the diagram is called the Feynman diagram. In the
diagram above, time flows from left to right, but this rule is not strictly followed.

Often the arrow of antifermion is reversed as in the figure above to emphasize that
the spinor combination uz, 7 vs, 5 forms a bilinear covariant (or a general ‘current’).
In the framework of the non-quantized hole theory, one may interpret that the reversal
of the arrow arises because an antifermion corresponds to a negative-energy fermion
with momentum and spin that are opposite to those of the physical anti-fermion. In
our framework of quantum fields, however, there is no need to resort to such negative
energy states. The fermion and antifermion in the final state naturally formed a
bilinear covariant because, in the momentum expansion of fields, creation operators
of a fermion were associated with u spinors and the creation operators of antifermion
with v spinors.

Exercise 5.1 Traces of gamma matrices.

Let’s prove some of the most often used relations in actual calculation of rates. These
traces show up when spin average is taken for fermions. Do NOT rely on any specific
representation of v matrices.
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(a) Prove that
Trl =4, Tr(¢p)=4a-b. (5.113)

(b) Prove the following trace relation that reduces number of v matrizes in traces by
two:

Tr(aga o) = 3(~1ar-aiTe(d oo+ on)
= ay - agTr(dsds - - - dhon) — ay - asTr(dody - - don)
+otan - ag Tr(dogs -+ - dhon—1) - (5.114)

(hint: Take the v matriz on ay and shift it all the way over to the right using the
anticommutation relation.)
(¢) Using the result of (b) to show that

Tr(dpid) = 4[(a-b)(c-d) — (a-c)(b-d) + (a-d)(b-c)|, (5.115)
or equivalently
Tr(y"9"7°y%) = 4(g" 9" — g"“g"" + 9" g"*) . (5.116)

(d) Prove that the trace of a product of odd number of v matrices (v*;pu = 0,1,2,3)
18 zero including the case of single v matrix:

TI‘(’}/'M _“,yu2n+1) =0 (n:O,l,Q) (5117)
This means that
Tr(fy - dhone) =0 (n=0,1,2...). (5.118)

(hint: Multiply v = 1 at the end of the trace, and move one s to the left hand
most in two ways: one using Tr(AB) = Tr(BA) and the other by shifting it using
anticommutation rule of v matrices.)

(e) Furthermore show that

Trys =0, Tr(¢pys) =0. (5.119)

(f) Prove that
Tr(157°77777%) = di ™. (5.120)

(hint: note that Tr(y2) = Trl = 4. Replace one of the v5’s by i7"y v*+3.)
(9) And finally,

Tr(yFiak2 o open) = Tr(y#2 . o424 (reverse order) . (5.121)
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Exercise 5.2 More on v matrizes.
Prove the following relations:

P = 4
Y = 2"
YN N = 497
PN = =294y (5.122)
[comment: These relations lead to
Vg, = —24

Vb = 4a-b
Vbt = =2 - (5.123)

Note that the index p is summed in all of the above.]

5.4 Muon decay

The muon decay p~ — v,e” 7., which proceeds with essentially 100% branching
fraction, is an example of weak interaction which is mediated by W and Z vector
bosons. All particles appearing in the initial and final states are fermions: pu~ is
a charged fermion of mass m = 0.106 GeV, and v, and 7. are the muon nutrino
and electron antineutrino both assumed to be massless. The mass of the electron
(~ 0.0005 GeV) is much smaller than that of the muon, and thus we will ignore the
electron mass in the following calculation. For now we will assume that the interaction
Lagrangian is given by

Lt = 3; (P Yal1 = )80 ) ($er™ (1L = 95)ths, ) + hoc. (5.124)

where 1, is the muon field, 1. is the electron field, 1,, and 1,, are the neutrino
fields. The Lorentz index « is contracted. This form was first suggested by Fermi,
and the constant Gp is called the Fermi coupling constant. Since dim (£) = E*
and dim (¢)) = E%? (see p205), the dimension of the coupling constant should be
dim (Gr) = E72. This is actually a low-energy approximation of a more fundamental
interaction involving W vector boson that we will study later. In fact, we will find
that the Fermi coupling constant is given by

2

g
Gp=—2—
YT a2amy,

(5.125)
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where ¢ is the dimensionless universal coupling constant and my, is the W boson
mass, the same quantities we have seen in (5.106). Here, we will take the measured
muon lifetime as an input and extract the value of Gp.

We could simply apply the Feynman rules (5.110), but let us review the derivation
from the first principles. The first-order Sy; is given by

e(q)
.GF 4 n
Sri=1i—= | &z (f| Yy, Ya(l —75)0¥
X Py (1 = v5)y, |1) -
m
v, (P)

We did not use the hermitian-conjugate part of (5.124) since, as we will see, the term
we took contains all the operators needed to annihilate the iniital state and create the
final state; the hermitian-conjugate part would be responsible for the decay of u™.
Upon momentum-expanding the fields, only the term that annihilates the initial-state
muon and creates the final-state particles will survive. The integration over z will
give the delta-function for the energy-momentum conservation, and we obtain

2m)**(p' + g+ ¢ —p)

Spi =
T @) @) 29V (24°V)

(5.127)

with o
M= @7; (T Yo (1 = ¥5)u) (@A (1 = 5)00,),s (5.128)

which could also be directly obtained from the Feynman rules where it is understood
that the u, v spinors are combined with the v matrices to form currents corresponding
to those in L;.

Summing over all final states with p’ € d®p’, ¢ € d3q, and ¢’ € d3¢’, the corre-
sponding decay rate is [see (5.111)]

(2m)*

dl =
2p°

dds| M ? (5.129)

where the Lorentz-invariant 3-body phase space is given by
dgp/ d3 q d3 q/

dd; = §*(p/ ! — )
2 =W a4 =P rjiagd (2m)2g0

(5.130)

Assuming that the parent particle is unpolarized, the 3-body phase space can be
integrated over all variables except for Fy and FEs, which are the energies of any two
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of the three final-state particles in the C.M. frame of the parent, to obtain (left as an
exercise)

dE,dE,
42m)7 |

dds = (5.131)

which, together with (5.129), gives the differential decay rate in the C.M frame:

_dBdE;

dl' =
6473 m

(3-body, parent unpolarized) (5.132)

where m is the mass of the parent (p° = m in the C.M. frame). This formula gives
the decay rate into an area element dFdFy where F, and E5 are the energies of any
two of the three daughters. The probability density of the decay in the 2-dimensional
space of E) vs Ej is proportional to |M]?, and such density plot, called the Dalitz
plot, provides a powerful tool to study the decay matrix element.

Exercise 5.3 Three-body phase space.

(a) Take the expression of the 3-body Lorentz-invariant phase space (5.130) and show
that it reduces to (5.131) when evaluated in the C.M. system (E; = p?). The particles
1,2,8 have masses my, mg, m3 and 4-momenta pi, P2, P3, respectively. Assume that
the parent particle is spinless (or unpolarized) thus there is no special direction in the
C.M. frame; namely, the matriz element does not depend on the direction of the first
particle you pick. The matriz element, however, is in general a function of the angle
between 1 and 2 among other variables. [hint: Namely, you can set d>p; = 4wpidp, but
then, you cannot do the same for py; it should be d*py = 2rp2dpad cos 01 (s = |Dil)]
(b) Show that invariant masses of 2,3 and that of 3,1 are linearly related to Ey and
Ey by

o M2+m%—823

M? -85

2M 2M ’

where S;; = (p;+p;)? and M is the mass of the parent particle (or the invariant mass
of the entire system in the case of scattering). Then rewrite d®3 in terms of So3 and
Ss1. Since Ssz and Sz are Lorentz-invariant quantities, the resulting expression is
valid in any frame. [hint: Energy-momentum conservation gives P — p; = pia with
P12 = p1 + po. Square both sides and use P = (M, 6)]

The Lorentz-invariant matrix element given in (5.128) is for specific spin polar-
izations of the initial- and final-state particles. In calculating the decay rate, we sum
|M|? over all possible spins in the final state. Also, we assume that the parent is
unpolarized, and thus we take the average over two possible spin states of the parent.
Namely, we sum up all the spins of all initial and final state particles and then divide
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by two. The result is the ‘spin-averaged’ matrix element squared - denoted as |M|?:

1
MP = 23 |MP

spins
=55 (W, Yo (1 = v5) )" (Wey™ (1 = 75)v0.)"
X (T, (1 = 5)up) (WA (1 = y5)v,)

leF Z (ﬂuu’Ya(l - ’75)uu)*(ﬂl’uryﬂ(1 o 75)““)

v
spins

X > (@A (1= y5)on,) (@A (1 = 75)vs,) - (5.133)

€,Ve
spins

Noting that y*(1 — ~5) is self-adjoint:

I =) =0 7) 7 =1+1)7* =71 - ), (5.134)
—s ,ya

and using the spin-sum formulas >, w,, %, = p’' + %w (m,, = 0) etc. as well as
(5.102), the spin average leads to traces:

G

(M= =~ D WYl = 7s) w0y, 15(1 — 5)uy,
o oY
— P

X Z leg/ya“- - /75) UeUe Vﬁ(l - 75)7]1/5
s;;ines - g
G% ,

= 5 (P +m)va(l —75)p v5(1 — )
XTrg'y*(1 — )" (1 — 7s) (5.135)

Since 5 = 17°y!92~3 contains four 4*’s, the term linear in m in the first trace vanishes
becuase of the odd number of 4*’s in the trace. Noting that v; commutes with p’vg,
we have

Te (p + 1%)70 (1= 75)8"78(1 — 95) = Trpyap'ys (1 — 75)° - (5.136)
Pl =) 2(1 =)

Similarly,
Tr gy (1 = 95)4'7" (1 = 75) = 2Teg'v*47° (1 — 75) - (5.137)
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Thus,
[ME = G3Tupat'vs(1 — 15) X Te'vd7* (1 = 35) (5.138)

Using the trace theorems

Trvuya%%; = 4(9#0191/5 — GuwYap + guggm) (5139)
TrPVS’Vu’ya’yuf}/,B - 4i€uauﬁ s (5140)

we have
Trpyap v5(1 —75)

= p"p" (Try, Y0 v8 — Trvs7u VeV 18)
= 4pup/l/<guagl/,8 - .g;wgaﬁ _|_ gy,ﬁgya - ieuaz/ﬁ) . (5141)

Applying the same procedure to the second trace also, we obtain

Tepyap'vs(1 —75) = 4Pk — P D' Gap + PsDly — iD"P" €pars)  (5.142)
Teg'y 47" (1 —5) = 4(d°¢" — ¢ -a9™” +d"¢" — iqyee") . (5.143)
In each of the traces, the first three terms are symmetric under the exchange a <+ 3

while the last term is antisymmetric. Thus, when we take the product of the two
traces, the cross terms between symmetric and antisymmetric terms vanish; thus,

(MP = 16G}|(patly — - P'9as + papl)(d°0" — ¢ - q9°" + ¢°¢")

—P"P" Qo €uanse””’ | (5.144)
The first term is
(s + parl) = p-P'gas) [(€°¢" + ™) — d -4 9°]
= (patly + PP )@ + ¢°0") —4p PG - +p - PC - g&aff

2p-¢'pq+2p-qp' ¢
= 2(p-dp-qa+p-ar-qd), (5.145)

while the second term uses an identity for a product of two €,,q44’s:
1" 0o o€’ = 20V q—p-qp -q). (5.146)
—_———
€was€” = =2(g597 — 959°)

Finally, we obtain

M2 =64G%p-q'p - q. (5.147)
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Using 4-momentum conservation p = p’ + ¢ + ¢/, we can relate p’ - ¢ and p - ¢

p—dP=0+q¢*> = PP +d*-2p¢d =0+ +2 -¢q
~— - =~
m? 0 0 0
2
m
— p’~q:7—p-q'. (5.148)

In the C.M. frame of the parent, we have
p=0m,0) — p-¢d=mE, (CM. frame); (5.149)

thus, the spin-averaged |M|? can be written as

2

M = 64G2 mE,, (-

5~ mEy, ). (5.150)

We can now use the 3-body decay rate formula (5.132) to obtain the differential
decay rate. The formula is valid for any two energies, F; and FEs, of the final state
as long as the parent is unpolarized. It is reassuring that indeed the expression of
|M|? obtained above does not depend on spacial direction: it depends only on the
energy of the electron antineutrino. It is then natural to take it as one of the energies:
E, = E;,. What shall we take for the other energy? Actually, it does not matter;
we could take Fy = E,, or Ey = E, and both should give the correct distribution.
This means that e~ and v, have exactly the same energy distribution (in the limit of
me = 0). Let’s take Ey = E,. Then, we obtain

_ Gim m

dr = =15 B, (5 — By, )dE;,dE, . (5.151)

When a particle of mass m at rest decays to three massless particles, the maximum
energy of any of the daughters is m/2, which can be seen as follows: first, p =

p1 + p2 + p3 gives

2

m°—s
(p—p)’ =P2+ps)’ =53 — Bi=—", (5.152)
~— 2m
m? — 2mE,;
where the invariant mass squared of the particle 2 and 3, so3, is given by
So3 = Pa + pa+2paps = 2B, F3(1 — cos fy3) . (5.153)
——

0

Namely, the energy of a given daughter (E) is larger when the invariant mass squared
of the system recoiling against it (so3) is smaller, and sy3 is minimum, in fact zero,
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0.8

0.6

04

0.2

0
X[v
N N2 N4 NR nR 7 Xvel X

Figure 5.2: The probability density distribution (the Dalitz plot) of the decay p= —
v,e” V.. The density is proportional to the decay probability. The kinematically
allowed region is z;, + . > 1. The plot on the right shows the projections of the
allowed region on to z;, (solid line) and x, (dashed line).

when the angle between the particles 2 and 3 is zero regardless of Ey and Fs3. Setting
Sp3 = 0 in (5.152) the maximum energy is Ey = m/2. Define the dimensionless
parameters z; (i = ., e,v,) by

E,=—uay, 0<z;, <1 (i="7e,v,). (5.154)

Then, the decay rate is written as

G%mb
dl = =L
1673

x5, (1 — xp,)dxs, dz. | (5.155)

which gives the probability distribution in the plane of x;, vs z. (Figure 5.2).

Not all points in 0 < 25, <1 and 0 < z, < 1 are kinematically allowed. When
x5, = v = 0, for example, all energy has to be carried by v, to conserve energy,
but it cannot have any energy without violating momentum conservation. Energy
conservation gives the allowed region:

Ep, +Ec+E,, =m — x5 +Tc+ 1, =2,

= Tyt xe=2-—1,,
~
<1

= a4 > 1 (5.156)

which is shown in Figure 5.2. Taking only the allowed region, and projecting it on to
xy, and x. axes, we obtain the energy distributions for 7, and e™, respectively. Since

e

v,, should have the same energy distribution as e as discussed earlier, we see that
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fermions (e~ and v,) have a distribution that peaks at the maximum energy, and the
antifermion (7.) has a distribution that peaks near the center. If the parent is an
antifermion, the distributions of fermions and antifermions will be reversed.

The total decay rate is obtained by integrating (5.155) inside the allowed region.
Figure 5.2 shows that the integral in the the allowed region is the same as that in the
non-allowed region; thus,

r — /dF: /dF:;/dF

TpetTe>1 TpetTe<1
GZm® ! 1
= o3 /0 dx, /0 dry,xy, (1 —x5,); (5.157)
——
1 1/6
thus, the total decay rate is
_ _ GZim?®
I'(p~ = vue ) = 19973 (5.158)

The experimental lifetime 7, can be converted to the decay rate:

7, = 2.20 x 107° (sec)

i 6.5822 x 1072° (GeV-sec)
r = — = =299 x 107" (GeV) . (5.159
- y 2.20 x 105 (sec) 8 (GeV) - (5:159)

T

Together with m = 0.106 GeV, we then obtain G = 1.15 x 107° GeV~2. In order
to obtain a more accurate value, one needs to include higher-order processes where
photons are emitted from or absorbed by charged particles. The correction amounts
to a 0.42% reduction in the theoretical decay rate. The most up-to-date value is

Gr =1.16639(2) x 107° (GeV~2). (5.160)
Spin polarizations

The interaction (5.124) is a product of two currents each of which has the form a
vector current minus an axial vector current:

YA (1 = y5)p = 'y Y — Py 1) (5.161)
Vv A

This V — A form of the interaction and the resulting Lorentz-invariant matrix element
(5.128) tells us how the final-state particles are polarized. Let’s write M as

M o (T, Yo Pruy) (T@ey* Prvy,) (5.162)



234 CHAPTER 5. INTERACTING FIELDS

where P, = (1 — 75)/2 was defined in (3.370), where we have seen that P, (Pg)
acts as the helicity — (4) projection operator for fermions and as the helicity + (—)
projection operator for antifermions in the massless limit or, equivalently, in the high-
energy limit.

Suppose the spinor v,, represents an antineutrino with negative helicity. Since Pr
acts as the negative helicity projection operator for antifermions, v, should satisfy

vy, = Prv,, (Ve helicity —), (5.163)

then M vanishes due to P, Pr = 0 (3.352):

(T Py, &) = (Uey* PLPrv,,) =0. (5.164)
PR Uy, 0

This means that 7, cannot be created with negative helicity. Since the spin of 7,
should be either helicity 4+ or —, the vanishing amplitude for negative helicity indicates
that 7, in the muon decay is in a pure helicity + state. Now, suppose the spinor wu,
represents an electron with positive helicity. Then, to the extent we can ignore the
mass of electron,

u. = Ppu. (e helicity +). (5.165)

Then, using @, = Pru. = U.Pr = 1.P; and Py* = v*Pg, we see that M vanishes
again:

(e Y*Prvy,) = (W PLy*Pruv,.) = 0. (5.166)
— —_—
aePL ’yaPRPL =0

Namely, the electron is created with negative helicity. Similarly, we see that the muon
neutrino is purely left-handed. Thus, a massless fermion created by a V' — A current
is always left-handed (i.e. negative helicity), and a massless antifermion created by a
V — A current is always right-handed (i.e. positive helicity).

One can use the helicity projection operator to calculate the decay rate where a
given (massless) fermion has particular helicity. As an example, let’s take the Higgs
decay H — ff where the mass of the fermion is small compared to its momentum,
and calculate the decay rate where the antifermion, represented by vy = vy, 5,, is
left-handed. We can still take advantage of the trace technique in the following way:
First, assume that the spin quantization axis is taken as § = p such that the two
possible polarizations correspond to positive and negative helicities. In evaluating
the spin sum of |[M|? = A\?|i;v5|% in (5.101), we can place Pg in front of vy and then
sum over the spins of f and f. Then the matrix element should vanish unless the v,
represents a left-handed antifermion, and the resulting decay rate should correspond
to the case where the antifermion is left-handed. With u; = up g and ignoring the
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fermion mass, we have

> |MP? (f left-handed)

spins

= \? Z |1 Prvo|* = N? Z Vo Pp uytiy Pruy

spins spins _) ﬁl
= )\QTr]ég PL]él PR = )\QTr]ﬁgﬁl PIQ%
S~—— ~~
P1Pr Pp
1+ A2
— )\QTrprl 275 _ ?(Tl"ﬁﬂsl + Trﬁ2ﬁ175)
———
0
)\2

This is exactly one half of the sum without any helicity restriction (5.101) with m = 0.
Thus, we see that f is left-handed 50% of the time. Similarly, one can see that it is
right-handed 50% of the time. In addition, a technique similar to the muon decay
case immediately tells us that the two daughters have to be both left-handed or both
right-handed. For example, if f is left-handed and f is right-handed, we can replace
uy by Pruy and vy by Ppuy, and the matrix element becomes

M X ULVy = PLU1PL’U2 = ﬂlpRPL’UQ =0. (5168)

Thus, each daughter is unpolarized when viewed individually, but there is a correlation
between the polarizations of the two.

How can we calculate the rate where a fermion is polarized in some arbitrary
direction, or if the fermion is heavy, for that matter? Fortunately, we have a spin
projection operator for massive fermion or antifermion along any direction. All we
need is then to place the spin projection operator (3.279) in front of the spinor in
question

1+
Wty Ei(s)w@ig, (Ei(s) = 2’}/5#

and wpz = Uz OF vpjg) (5.169)

and then execute the spin sum, where s* is the boosted unit vector (0, §) which defines
the spin quantization axis in the rest frame of the particle, and the + sign corresponds
to the physical spin component along s in the rest frame of the particle. Note that
the same projection operator works for both fermion and antifermion. For example,
if we want the decay rate in which the antifermion is polarized as represented by s,,
we evaluate for a finite m

YIMP = XD i Sy (s2) vol?

spins spins
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= NTr(p1 +m)Si(s2)(Pa —m) T (s2)

X1 (s2)
([P2, B4 (s2)] =0 =) = NTr(ps +m)(pa — m) X3 (s2)
24_(32) = L +;5’é2
_ AZTT@I b m)(ps — m), (5.170)

where in the last step we have noted, using Tr(odd number of v) = 0 and Trgp~; = 0,

Tr(p1 +m) (P2 — m)vspa = m(Trpaysfa — Trpivspa) = 0. (5.171)

This is again exactly one half of (5.101). Thus, we see that in H — ff, the rate
is always 1/2 of the total if the spin of f or f is restricted to one polarization, and
this is so regardless of the spin direction and even when the daughters are massive.
Namely, the fermion and the antifermion in H — ff are unpolarized when examined
individually regardless of the fermion mass.

5.5 Spin-1 Fields

We will now introduce spin-1 fields. Examples are the vector bosons W* and Z which
mediate the weak interaction, and in the massless limit we have photon which medi-
ates the electro-magnetic interaction. These are examples of gauge bosons which are
responsible for so-called gauge interactions between fermions and sometimes refered
to as ‘force particles’. A pair of fermions can form a spin-1 bound state (as well as
other integer spins), and this section applies to those bound-state particles also. As
we will see, the simple massless limit for spin-1 particle encounters difficulties, and
the rigorous treatment requires an understanding of a symmetry introduced by the
masslessness called the gauge invariance which will be discussed in later chapters.
Here, we will start from the Lagrangian formulation of free massive spin-1 field.

Lagrangian for a free massive spin-1 field

Let’s start from searching for non-quantized fields that can represent a spin-1 particle.
We have seen that single component real field can represent a single spin-0 particle
corresponding to the fact that a spin-0 particle at rest has only one degree of freedom.
A spin-1 particle at rest, on the other hand, have three degrees of freedom:

where j is the absolute value of the spin and m is the component along some axis.
Then, we expect that we need three components of real field to represent it. Also,
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the three components have to transform under rotation in a way consistent with a
spin-1 particle. We recall that under a rotation the Dirac field transformed as

N

V(@) =Up(x)  U=e'2%, (5.173)

and the generator J = % /2 satisfied the commutation relations of angular momentum
[Ji, J;] = degrdi and J2 = j(5 + 1) with 5 = 1/2 (3.160). In our case, we need
three components that transform under rotation by e~07 where i, i = deindi
and J?2 = j(j +1) = 1(1 +1) = 2. Actually we already have such quantity - the
space components of a 4-vector. In fact, we have seen that a rotation in the ordinary
three-dimensional space can be written as e~/ with (Ji)je = 4(L;)7,, (3.162):

00 0 0 0 1 0 -1 0
Ji=i|l0 0 1|, J=i|l 0 00|, J=i|l1l 0 0, (5174
01 0 -1 0 0 0 0 0

and that J defined as such satisfy the commutation relations of angular momentum
operator. Recalling that (L;)?, = —€;;, (1.96), the components (.J;);x is nothing but
(—1) times the structure consant e,y

(Ji)jr = —i€ij - (5.175)

It is a general feature of Lie algebra that a representation of generators can be con-
sturcted directly out of the structure constants, and such representation is called the
adjoint representation. For the absolute value of the spin, explicit evaluation using
(5.174) indeed shows that it is spin one:

J=2=3jG+1) — j=1. (5.176)

Thus, in order to represent a spin-1 particle, we take a real 4-vector field which
transforms under Lorentz transformation as

APy = AP A (x)| (o) = Ax). (5.177)

There are, however, four degrees of freedom for A* (u = 0,1,2,3) while we need
only three. We will try to remove the one extra degree of freedom by imposing a
Lorentz-invariant condition

9,A*(z) = 0. (5.178)

Let’s try to see what this means by applying it to plane waves

A (x) oc eFPT (5.179)
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The condition 9, A*(x) = 0 is then written as
puAf(x) =0. (5.180)
If the plane wave A* represents a particle at rest, this condition becomes
p=0m,0) — mA’(x)=0 — A%x)=0(if m #0, at rest). (5.181)

Thus, the condition 9, A*(x) = 0 removes one degree of freedom out of the 4-vector
such that for a particle at rest the time component A° is zero while keeping the 4-
vector nature of the field intact. The condition 0,A*(z) = 0 is called the Lorentz
condition which is a transversality condition in the four-dimensional space-time.
How about the equation of motion and the Lagrangian density that leads to it? In
order to be consistent with the relativistic energy-momentum relation po2 =p2+m?,
each plane wave solution, and thus any free-field solution, should satisfy the Klein-

Gordon equation
(* +mHAMz) =0  (1=0,1,2,3). (5.182)

If we can regard each component as independent, then the total Lagrangian density
would be simply the sum of the Klein-Gordon Lagrangian density for each component:

3
LY
n=0

(0, ArO¥ A — m?AP?) | (5.183)

N | —

One problem is that this is not a Lorentz scaler. Since we have taken A* as a 4-vector,
the paired p indexes should be properly contracted in order to form a Lorentz scaler.
And another problem is that this has four dynamical degrees of freedom instead of
three.

One way to remove one dynamical degree of freedom is to eliminate the time
derivative of one component so that the corresponding conjugate field vanishes. This
can be accomplished in a Lorentz-invariant way by forming the antisymmetric com-
bination

Frv S v An — grAY | R = e (5.184)
which has no A° in it:
FO =94 - 9°A" =0, (5.185)
and try the following form
1 % m’ It
L= _ZF’“/F + 7A“A . (5.186)

Note that the sign of the space part of the mass term m2 A% is the same as that in

(5.183).
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Let’s derive the equation of motion from the above Lagrangian. First, the ‘kinetic

term’ F),, """ can be written as
F F*" = F,(0"A" — 0"A")
= F,0"A" - F, 0"'A”
—~—

~F,,
= 2F,, 0" A" = 2(0,A, — 9,A,)0" A" ;

namely,
1
ﬁ::é{@yAﬂ-aﬂ@Ja”Aﬂ+-nﬂAﬂA{
The Euler-Lagrange equation of motion is

oL or
— —— p— ]_ 2 .
DA, @%x@yag (=0,1,2,3)

Using the Lagrangian (5.188), the left-hand side is

oL
0A,

:mQAa

and with some care,

oL 1 0
= - — v AH
D)~ 200, (O~ DA
1 0 1 0
= —_—— VAW T VAR
3 5, A = G O A
= 9°A° —9PAn
= [P = o,

Thus, we obtain

D3FP + m?A* =0,

(5.187)

(5.188)

(5.189)

(5.190)

(5.191)

(5.192)

which is the equation of motion for a massive spin-1 particle and called the Proca

equation. Taking d, of this and assuming that m is non-zero,

0a0sF* +m20,A* =0 —  0,A°=0 (m#0),
N———

000 = D04

— 0 since { fof _ _pba

(5.193)
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which is nothing but the Lorentz condition (5.178). Writing out F*# in (5.192) and
using 0, A% =0,
0 = 85Fa5 + m2Aa
03(0° A™ — 0*AP) 4 m2A®
= 0?A" — 0, 03A° +m?A°

——
0

— (P +m*A* =0. (5.194)

Thus, the Lagrangian density (5.186) leads to the Klein-Gordon equation for each
component and one degree of freedom is removed in a way consistent with the Lorentz
condition. The Proca equation can then be thought of as a 4-component Klein-Gordon
equation with the Lorentz condition built into it.

The fields conjugate to A“ can be obtained by simply setting 5 = 0 in (5.191):

1= — = F%, (5.195)
0A.
or
=0, a=F" (5.196)
Thus, as promised, there is no conjugate field for A°. In fact, A° can be derived from
the rest from the fields in the Hamiltonian formalism: setting o = 0 in the Proca
equation (5.192) and using F'%° = 0, we have

m? A = —9, F% = ~-V -7, (5.197)

,n_’l

where we note that V-7 is the difference of neighboring values of 7 and not considered
to be a new independent field.

Momentum expansion and quantization
Now we will momentum-expand an arbitrary solution of the Proca equation A*(z),
namely, a real 4-component field that simultaneously satisfies the Klein-Gordon equa-
tion and the Lorentz condition. Following the same procedure as in the case of the
real spin-0 field (4.173), each component of A*(z), which satisfies the Klein-Gordon
equation, can be uniquely expanded using the normal-mode functions e;(z) and ex(x).
Thus, we have

AMw) = (Abes(a) + Alex(x))  (1=0,1,2,3). (5.198)

p

—

p

At this point, A is a complex 4-vector. The Lorentz condition J,A4%(x) = 0 then
becomes

Ot (@) = iy (PuAbes(x) — puALen(z)) =0, (5.199)
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where p® = /% + m? as before. Applying [ dPrei(z)i 30 and using the orthonormal-
ity (4.181), the Lorentz condition translates to

puA% =0 (for all p). (5.200)

The 4-component quantity A; that satisfies this condition has three degrees of free-
dom, and we want to expand it using some three orthonormal 4-vectors. The situation
is similar to the momentum expansion of the Dirac field where any complex 4-spinor
was uniquely written in terms of the orthonormal set (uz .tz V_p15).

We will find the unique expansion of Ag» as follows: We first boost p# and A*

into the frame where p# is at rest, namely p* = (m, 0 ). In that frame, the condition
puA% = 0 becomes

mAy=0 — AL =(0, A5 (rest frame). (5.201)

Then, the 3-vector ffﬁ can be expanded using three orthogonal unit vectors €51, €,
and éz3. As in the case of the spin direction vector § of spin-1/2 field, the orientation
of the basis vectors €z 23 are arbitrary (exept that the three vectors are orthogonal
to each other, of course); it could be the x,y, z directions for all p) or it can depend
on p. Since helicity is a useful quantity, however, let’s take one of the basis vectors,
say €z, to be in the p direction. To define the basis vectors uniquely, we may further
define € to be in the direction of P’ x Z, and then €5 is taken so that the three unit
vectors €z (i = 1,2,3) form a right-handed coordinate system. In the following, the
specific way to define the azimuthal orientations of €z and € is not important as
long as €z is in the p’direction. Thus, ffﬁ in the rest frame can be uniquely expanded
as

3
Z agéz  (rest frame), (5.202)

or including the time component (Whlch is zero),

AL = Z ey » (5.203)

with
e = (0,6) (A=1,2,3, rest frame). (5.204)
The original A7 is obtained by boosting (5.203) back to the original frame, which

can be accomplished simply by boosting e[‘)i)\ in the expansion while keeping the same
expansion coefficients azy. The boost is given by

(i’T) :@ 3) Ci) . with n“E(fy,ﬁ)E(po,ﬁ). (5.205)

~ . m’m
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In terms of €°, ¢, andé€’ , the three polarization vectors to be boosted are

B0 _ _ > _ 2
€7 1 € =0, =0, €. =¢n
€t =0, =0, €& =én . (5.206)

€t =0, ¢ =1, € =0
The boosted 4-vectors in the original frame are then (dropping the primes)

Eg‘l = (0, éﬁl) s
652 = (0, éx) , (5.207)
ex = (1,7D),

forming a basis called the linear basis. These 4-vectors are sometimes called the
polarization 4-vectors.

The original A% is thus uniquely expanded as (5.203) where e}, are taken to be
the boosted polarization vectors given above. Then, the expansion of A*(z) (5.198)
is now written as

Atz) = (aﬁ,\el‘%\ ep() + amen e;}(:ﬁ)) (5.208)
2
or
Aa) =Y (aphliy (@) + aly s () ) (5.209)
P
with e
hin(x) = epep(r) . (5.210)

We have written a;)\ instead of a, anticipating the quantization of the field. At this

point, the polarization vectors eg)\ are real and the their complex conjugation in the
second term of (5.208) are irrelevant; however, they are needed for the helicity basis
which we will now discuss.

Alternatively, one can define the helicity basis polarization 4-vectors as

def . ~ R

€5t y —5lep +ie) = (0, —J5(En +i6m))
€ A

ey = ek, = (0,7 D) (5:211)
def . ~ R

er = +tosleh —ieg) = (0,475 (En — iép)).

In the helicity basis, the corresponding expansion coefficients become

apr = —5(am —iam)

asp = Q33 (5.212)
ap— = +%(aﬁl—|—iam),
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which can be verified as follows. In the momentum expansion (5.208), the sum over
the linear basis becomes the same as the sum over the helicity basis:

LM LoH p 7 B 7
Ay €5y + ap—€5_ = 1€ + A€, Aty = Ap3€s3,
T et
— Z AGrEpy = Z AGAER - (5.213)
A=1,2,3 A=+,0,—

Thus, the momentum expansion (5.209) is valid for A = 4,0, — (helicity basis) as
well as for A = 1,2, 3 (linear basis). Also, the relations

(S 'E;A’ = —(5)\)\1 y D€y = 0, (5214)

hold for A = 1,2,3 and +,0, —, which can be trivially proven for the linear basis in
the rest frame which can then be extended to the helicity basis using (5.211).

Using the orthonormality conditions of ez(x) (4.181) and ez - €5y = —daw, it is
strightforward to show the following orthonomality conditions for the spin-1 normal
mode functions Az, (7):

<~ g
/dgfﬁ h;;(x)z@ohﬁw#(x) = —51713'/(5)\>\/7 /dgxh;i/\(x)z aohﬁwu(x) == 0,

(5.215)
<~ <~

Exercise 5.4 Prove the above orthonormal relations.

We can see that the helicity-basis polarization vectors correspond to the angular
momentum eigenstates |j,m) = |1,1), |1,0), and |1, —1) in the rest frame, where the
spin axis is taken as éz (namely, J3 represents the helicity). First we note that, in
the rest frame of the particle, the space components of the polarization 4-vectors are
(the time components are zero)

& = —5(Em +iém)
€0 = € (rest frame : p'=0). (5.216)
€ = —|—%(€ﬁ1 —iéﬁg)

On the other hand, using the explicit expressions for J (5.174), we see that the
eigenstate |1,0) is given by (0,0, 1):

0 0 —1 0) /0 0
Jslo]=il1 0o o]lo]l=0 = |Loy=|o0]. (5.217)
1 0 0 0/)\1 1
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The states |1,1) and |1, —1) can be constructed from |1,0) by applying the raising
and lowering operators:

0 0 =1
Ji=J+idh=0 0 —i], (5.218)
+1 ¢ 0
whose action on |7, m) is given in general by
Vil +1) —m(m = Dlj,m £ 1) = Jelj,m).
For |j,m) = |1,0), we have j(j +1) —m(m £ 1) = 2, and thus
0 F1 1 F1
V2L, £ = Jy 1,00 =Jo [0 | = =i | — |Lxl)=—|—-i]. (5219
1 0 V2 0
Namely, |1,1), |1,0), and |1, —1) are represented in the three-dimensional space by
1 1 0 1 1
L) =——(i|, [Loy=|o|, |1,-1)=—|—i]. (5.220)

\/50 1 \/§O

These are nothing but the polarization vectors €, €, and €;— given in (5.216) where
the coordinate axes are €z (1 = 1,2, 3).

In dealing with massive spin-1 particles we often encounter a polarization sum of
the form

Z €\Em s (5.221)

where the polarization vectors refer to a given particle (not different particles). This
is the spin-1 equivalent of > ;uzstizs and > ;v5 5055 To evaluate this, we first note
that it is a Lorentz tensor; thus, we can evaluate it in the rest frame (p' = 0) and
express it in a Lorentz-covariant form, then it will be valid in any frame. In the rest
frame and using the linear basis, we have

wo:0,1,2,3
75{ = (1,0,0,0)
€, = (0,1,0,0) (5.222)
e§2 = (0,0,1,0)
€y = (0,0,0,1),

where 75 is n* = p"/m evaluated in the rest frame. If we regard each column as a
4-vector and take the inner product of p-th column and v-th column, we see that the
following expression holds numerically:

(—th column) - (v—th column) = 170770 — Z 60/\ 5 =g
A=1.2,3
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— ) e =—g" +nlng. (5.223)
A=1,2,3
Now the above equation on the right should be valid in any frame. Let’s check it
explicitly. We multiply both sides by A®,A?, and sum over y and v, where A is the
boost that takes the rest mass m to p:

> A% My = — A%NT g+ A AP (5.224)
)\—1,2,3TH/—/ #’ TH’_/
€ g oo’
namely,
Y. e =—g" +un” (5.225)
A=1,2,3

Using the definition of the helicity basis (5.211), we can show that the helicity basis
version is related to the linear basis version by

> €N = > €€y - (5.226)

A=+,0,— A=1,2,3

Then, together with n* = p*/m, the relation

Ze € =—g —i—M (A=1,2,3 or +,0,—) (5.227)
p)\p)\_ m2 — Ly 4 5 Uy .

works for both the linear basis and the helicity basis.

Now, we quantize the field by regarding the expansion coefficients as operators
and introducing quantization conditions among them. Since the spin is an integer,
we have to use commutators instead of anticommutators.

[aﬁ)n a’;’)\’] = 5}_'/5)\ T)\’ (5228)
[aﬁM aﬁ’k’] = [aﬁ)\v a*/)\/] =0,

where one can use either linear or helicity bases, and both are consistent. With
the help of the polarization sum formula above, this set of commutators leads to
equal-time commutators among fields given by

= 2N\ s d83(7
[A;(t, 7), Aj(t,x’)] = [m(t,2),n(t,2")] =0.
Exercise 5.5 Quantization of massive spin-1 field.
(a) Use the commutation relations of creation and annihilation operators (5.228) and
the momentum expansion (5.209), where A = +,0,— or 1,2,3, to derive the equal-
time commutation relations (5.229).
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(b) Show that the commutation relation between A*(x) and A¥(x') at two space-time
points x and x' is given by

ooy
v I\ __ v T x /
A (), A (2')] = (= g™ — W)ZA(;U — ). (5.230)

Is the microscopic causality satisfied?
(hint: The conjugate field can be written as

T =—iY (agrFly — a%)\ o) with  Fiy =p'hdy —p°hly . (5.231)

A

You will need the polarization sum formula 3\ ep/\epA = —g" + ptp” /m?.)

Charged spin-1 field

Just as we combined two real scalar fields of same mass to form a single complex
field that represents a ‘charged’ scalar particle, we can combine two real vector fields
of same mass to form a single complex vector field that describes a charged spin-1
particle. Such a field can be used when particle and antiparticle are distinct such as
the W= bosons. Thus, we combine two real vector fields of the same mass, A}L and

A2, as
Ay(x) = %(A;(x) i) (5.232)

The Lagrangian density of the whole is simply the sum of the Lagrangian density of
AL and that of Ai:

1 % z,ul/ m2 iAW
where the sum over ¢ is implied, and
Fi,Z0,A4i —9,AL (i=1,2) (real). (5.234)

Defining the antisymmetric tensor F},, for the complex field A, in the same way,

Fo, € 0,4, —0,A, (complex), (5.235)

we have
1
V2

The kinetic term can then be written as

F,, = [ay(AL+iAi)—au(Ai+¢A3)}_ (FL, +iF2). (5.236)

VoA

1 1
i B = S (B — iR ) (™ 4 iF) = S FL F. (5.237)
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Similarly, we have

Ar Al = ;(A; — (A% (AY 4+ iAM) = ;A;Aw. (5.238)

Thus, the total Lagrangian density can be written using the complex field as

1
L= F, P 4 m* AL A1, (5.239)

The momentum expansion of the complex (namely, non-hermitian) vector field pro-
ceeds similarly to the charged scalar field case. We define

def 1 .
apy = ﬁ(alﬁ)\ + Zagﬁ)\)
(5.240)
def 1 .
bpn = ﬁ(am — iagp)

where a5 are the annihilation operators for the vector field Az(x) Then, using the
expansion (5.209), the non-hermitian field A* is written as

(5.241)

At(w) =3 (aphliy () + by b ()

PA

where the normal-mode functions A, (z) have been defined in (5.210). Assuming that
operators belonging to different fields commute, the commutation relations among the
creation and annihilation operators of the real fields are

[CL%)\, a%’t}\/] = 51-]'6];5/& X,

L 5.242
all others =0. ( )
From this, one obtains

[ abn] = (b, b] = oo |
s 5.243
all others = 0. ( )

As in the case of a charged scalar field, a;)\ is regarded as a creation operator

of a particle and b;/\ as that of its antiparticle. This interpretation is justified by
the conserved quantity () corresponding to the invariance of the Lagrangian density
under the phase transformation

Al(z) =e’Au(z) and Alf(z) =e A (x), (5.244)
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where all 4 components of A* are phase-rotated by the same amount. Following the
same procedure that lead to the conserved current for a single complex field (4.260),
the conserved current for 4 complex fields A* is
oL oL
ﬁ)'

*

Y " y
%l =0, Z(ﬁ(aqu) © 9(0uAa

The conserved quantity @ is then given by the space integral of the time component
of the conserved current:

(5.245)

O=0, Q:/dejO. (5.246)

Using the Lagrangian (5.239) and the expansion of A* (5.241), one obtains (see the
exercise below)

Q = > (afam — blbm) (5.247)
A

which shows that an a-particle carries charge +1 and a b-particle carries charge —1
regardless of momentum and spin. Again, only the relative sign is important and the
overall sign is arbitrary at this point.

Exercise 5.6 Conserved charge of a complex vector field.
(a) Show that the conserved current (5.245) for the Lagrangian (5.239) is given by

gt =i(F*" A, — F*AY).
(b) Then, show that the conserved quantity Q) can be written as
Q= / B3 [A%i 3OA% — i (ACAT — A% AR

where we note that the second term becomes a surface integral and vanishes.

(hint: Recall the Lorentz condition 0,A" = 0.)

(¢) Use the momentum expansion of A" and the orthonormality relations (5.215) to
verify QQ = — Zﬁ,\(a;\aﬁ,\ — b};/\bﬁ)\) (normal ordering on Q) is implicit).

W-fermion coupling
Weak decays are mostly caused by couplings between the massive charged spin-1
particle W* and fermion currents. Decays such as W= — efv,, 77 — pu'tv,, and
u- — vue v, are some examples. Often, W-fermion couplings are hidden inside
effective couplings. For example, even though 7t is a spin-0 particle, quarks (which
are fermions) inside couple to W which then creates the ptv, pair. In u= — v,e 7,
the current = — v, couples to W~ which then creates the e~ 7, pair.

The W particle can be described by the charged spin-1 field introduced in the
previous section. The W — ev, coupling is a V' — A coupling given by

Ling = %(VGVMPLe) WH + h.c. (PL = 1 _275> , (5.248)
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where W*(z) is the charged vector field for W= (W+ = particle, W~ = antiparticle)
and v.(z) and e(x) are the short hands for v, (z) and .(x), respectively. The
constant g is the universal coupling constant g ~ 0.65.

In the standard model, leptons appear in three ‘generations’:

QQ:_Ol (;) (:‘i) (;) (5.249)

where (@ is the electrical charge and all particles shown are fermions as opposed to an-
tifermions (namely, each has its own antifermion). They have exactly the same types
of interactions, including weak interactions, with only difference being the charged
lepton masses

me = 0.000511GeV, m, = 0.106GeV, m, =1.78GeV. (5.250)

At this time, we assume that all neutrinos are massless. In a later chapter, we will
discuss the case of massive neutrinos. Thus, W-lepton coupling in the standard model
is written as

Lo = \%(EWHPL&-)W“ the (i=1,2,3)], (5.251)

with
(1,09, 03) = (Ve, Vy, V7)) (by,02,03) = (e, p,T), (5.252)
and the sum over ¢ = 1,2,3 is implied. There is no off-diagonal couplings such as
(Teyu(1 — v5) ) WH, which is a consequance of the assumed masslessness of neutrinos
(strictly speaking, that they have the same mass).
Quarks also come in three generations,

o= () 0 G) 629

and couple to W in a similar way:

L = 5=V (U PLD)WH + hee. (i =1,2,3)|, (5.254)

V2

where

(Ul, UQ, Ug) = (U,C, t), (Dl, DQ,Dg) = (d, S,b) R (5255)

and sum over 4,7 = 1,2,3 is implied. The set of constants Vj; is called the Cabibbo-
Kobayashi-Masukawa matrix (the CKM matrix) and the element V;; specifies the
strength of coupling between the U;-D; current and W in units of the W-ev, coupling.
It turns out that V' is unitary (the standard model requires it theoretically, but it is
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also consistent with experiment) and that the diagonal elements V; are nearly unity
while cross-generational couplings are suppressed but finite. Approximately, the sizes
of |V;;| are given by

1A N
Vil~ | A1 A2 (5.256)
AP

where A\ ~ 0.22 is called the Cabibbo factor. Also, it is believed that there are
relative complex phases between V;; which result in violation of C'P symmetry as will
be discussed in a later chapter. For example, the W-tb coupling is given by

g _
Line = ﬁ l@/ (t'YpPLb) WH + h.c. (5.257)

~Y

Actually, quarks come in three colors, and the same interaction above repeats for
each color. That is, the current Uy, P D; is understood to be

Uy PLD; = Ui, PLDS (5.258)

where the sum is over a = red, blue, and green. The W-quark coupling does not
change color, namely there is no coupling with color-changing currents.

W decays
We will first calculate the decay W+ — efv.. Other decays such as W+ — utuy, are
treated in essentially the same way. The interaction responsible is given by (5.248) :

i, (4) ;
W (k) Lin = ﬁ(ﬂe%PLe)W“. (5.259)

SIJ
Ve (P)

The 4-momenta of W, et and v, are k, p and ¢, respectively, and e" represents
the polarization of W*. The masses of e™ and v, are assumed to be zero. What
is the Lorentz-invariant matrix element? The situation is nearly identical to that of
H — bb. This time we have

(F|Ciatli) = <owbea%jﬁ@mawmwm (5.260)

where the subscripts e, v, and W for the creation or annihilation operators indicate
that they are for the corresponding particles of the initial and final states. The rule
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for the final state fermion or antifermion stays the same; namely, v, will pick up u,,
and e™ will pick up v.. When the vector field W* is expanded as

Wi =" (amhlsy + b5, (5.261)

DA

the annihilation operator az, that matches a&, (= algk) of the initial state comes with
the factor A (z) = € eg(z). The ep(x) factor will become part of the delta function

for energy-momentum conservation and the normalization in the definition of M and
er: will be included in M:

(2m)*6* (p+q— k)
V(2p°V)(20°V) (2k°V)

(5.262)

Spi =i [ d*o(f1Luli) =

with p

M - ZE (ﬂye’yMPL’Ue)E'u (5263)
where ¢/ = e’g/\. If the initial state is W™, then the matching annihilation operator
bz, is in W which appears in the hermitian conjugate term, and the normal-mode
function associated is again hg/\(x). We note that regardless of particle or antiparticle,
an annihilation operator is associated with hg./\ and a creation operator with h;;:\k.
Thus, the rule is to include in M the factor e for a spin-1 particle in the initial state,
and the factor e#* for the final state regardless of particle or antiparticle:

initial state | final state

spin-1 € € : (5.264)

(for particle or antiparticle)

Let’s proceed to calculate the decay rate of W+ — e*v,. Since the etv, pair is
created by a V' — A current, e is right-handed (to the extent that m, is small) and v,
is left-handed. We will, however, sum over the spins of e™ and v, to take advantage
of the trace techniques. We assume that the initial state W7 is unpolarized, and thus
take average over the three possible helicity states or equivalently the three linear
polarizations. Thus, we will evaluate the sum of |[M|? over all spins and divide by
three to obtain the spin-averaged (unpolarized) |[M|*: with my = m and m. =
m,, =0,

1
MP = 3% IMP
spins

2

= ;72 (ty, Y Prve €) (v Prve )
spins
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2
- % Z Ve PRy, Uy, Y Prve Z e e’

spins spins

Iy n%
92
- E |: N Z /UePR/yﬂuVe/aVe’y‘uPLve
spins
1
+—5 3 OePrfuy, Gy fProe| . (5.265)
m -
spins

Now, the second term vanishes as follows: the Dirac equations in momentum space
for u,, and v, are (with m, =m,,_ = 0)

pve =0, gdu, =0; (5.266)
thus, using £ = p + ¢, we have
Ve Prluw, = 0. Pr(p + §)wy, = Ve Prpu,, = pv. Pru,, =0. (5.267)
—— —— —~~
0 pPL 0

Incidentally, a similar calculation shows that
(0557 (a + bys)wy gk =0 (w,w" = u or v, massless) (5.268)

where a and b are arbitrary constants and k is any linear combination of p and p'.
Thus, discarding the second term in (5.265) and executing the spin sums, we have

2 2
IMP = _% > 0ePr Y, Uy, ¥ Prve = g*Trﬁ Pri PL
spins 3
— 4P
N — N——
—24 4P
2 2
g 29
_ 9 pdl Ny = 29 5.269
dp-q

where we have used y,¢v* = —2¢, P? = Pr, Trgpvs = 0, and Trgp = 4a - b.
Squaring k = p + ¢ and using m. = m, = 0, we get m?> = 2p - ¢, or

m2

Pra=5. (5.270)

Using the 2-body decay rate formula I' = (|p]/87m?)|M|?2, we obtain,

2
(Wt —ety,) = Zgg—ﬂm. (5.271)
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With g = 0.65 and m = 80 GeV, we obtain T'(W* — e*1,) = 0.224 GeV. The total
decay rate of W is obtained by summing up the partial decay rates over all possible
final states, which are

mode : etv, ptv, 7, ud us ub cd cs cb

5.272
Dol 1 1 Vi [Viel? Vil Vadl® [Vl Va2 272

where the decay rates are given in the unit of I'(W* — e*1,). The W boson can also
couple to td, t5, and tb; the mass of ¢t (~ 175 GeV), however, is heavier than that of
W, and thus such decays are prohibited. We have assumed that the fermion masses
are small, which is a good assumption since the heaviest in the list is m; ~ 5 GeV
which is still much smaller than my, ~ 80 GeV. Recalling that quarks come in three
colors, and using the unitarity of the CKM matrix

ZV Vie = 6., (5.273)

the total decay rate is

Liow = TOVH = €0 (3 4 3(Vial® + [Vial? + Vs> + Vel + [Veo* + [V )

T 1 1
67 /'1/7 T
— 2.02 GeV. (5.274)

The experimental value is ['yy = 2.08 £ 0.07 GeV. Since the value of ¢ is deter-
mined from elsewhere - as we will determine from the decay = — v,e” 7, later - the
agreement is quite remarkable. This also supports that quarks indeed come in three
colors.

5.6 v,e. — u 1, scattering

Next, we will consider another W-mediated interaction: the scattering of an muon
neutrino on an atomic electron v,e~ — p~v.. Two main purposes of this exercise are
to introduce scattering cross section and W -propagator. Let’s start from the first.

Scattering cross section

Consider a general scattering interaction a +b — 14+ 2 + ... + n, where a is the
projectile particle, b is the target particle, and 1,2, ..., n are the final-state particles.
The concept of scattering cross section is just about the simplest way to define the
‘likelihood’ that a projectile interacts with a target. When single projectile particle is
traveling with velocity v in a uniform target medium where the density of the target
is n particles per unit volume, the probability to ‘encounter’ a target particle would
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targets

area O y'd

AN

projectile

\j

-
gt

vT

Figure 5.3: When a target center is located within the cylinder of cross section o = mr?
and length vT' centered around the trajectory of the projectile, the point projectile
will hit the target.

be proportional to the time duration 7', to the velocity v, and to the density of the
target n (assuming that the probability is much less than unity). When these trivial
factors are removed, then what is left as the measure of the rate of the interaction is
the scattering cross section which happens to have the dimension of area.

As a simple example, consider the classical case where each target is a sphere of
radius r which is at rest in the laboratory frame, and the radius of the projectile is
small enough to be neglected. The probability that the projectile will hit a target
in time T is the probability that a center of target is located inside the cylinder of
cross section o = 7r? and length vT centered around the trajectory of the projectile
(Figure 5.3). If the probability is small enough, we can neglect the chance of finding
multiple targets in the cylinder. Then, the probability, or the expected number of
collisions N, is given by

N°® = n x (volume of the cylinder) = novT . (5.275)

This formula is valid even when the target medium is also moving as long as the
velocity of the projectile (¥,) and that of target (1) are parallel to each other. In
such case, n is still measured in the laboratory frame, and the velocity v is understood
to be the relative velocity of projectile and target measured in the laboratory frame:

V= Uy — Tyl (5.276)

Now, suppose that there are p projectiles in unit volume measured in the laboratory
frame. Then, there are pV projectiles in a volume V' on average, and for each projec-
tile, the probability to interact in time 7" is N° = n ovT. Thus, the probability N to
see an interaction in the volume V' in the time duration 7' is

N =pVN° = pVnouT. (5.277)
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For a general scattering a +b — 1+ 2+ ...+ n where the target does not have a
classical target area, the relation (5.277) defines the cross section o. In the classical
example above, the cross section did not depend on the relative velocity v; in general,
however, cross section may depend on v or the momenta of the particles involved.

The differential cross section do for the final-state particles to scatter into the
momentum ranges p; € d°py (f = 1,...,n) is then defined by

dN = pVndovT , (5.278)

where dN is the probability to find the final state in the specified momentum ranges.
On the other hand, the same quantity dN is given by summing |S};|* over the corre-
sponding final states. Since the initial state |i) = alaZ|0) corresponds to having one
projectile partile and one target particle in the entire volume V', we have

1 1
P=vy projectile density, n = v target density . (5.279)
Thus,
vl
AN = > |Spul> = pVndovT = do — . (5.280)
= V
preEdipy

Using the definition of the Lorentz-invariant matrix element M (5.109)

= (27)*0* (pa + po — Xy )
SRRV T (265 V)

, we have

> 185l

pred3py

(2m) 464 (pa + po — X pp)VT by (5.87)

_ v [(2m)*6*(pa + 2o — X pf))?
ol (2p0V)(2p V) TT4(203V)

(2m)* d3pf
— mwy 264 (pa + pp — pr H e (5.282)

(5.281)

and the identity (5.89

)
do:K
v

or

(2m)!
do = 1= Ebvy/vq dd, (5.283)

where the n-body Lorentz-invariant phase space is given by (5.111) with P = p, + ps
(the total 4-momentum of the system), and v is the relative velocity between projectile
and target as defined in (5.276).
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The factor E, Eyv is sometimes called the ‘flux factor’, and they can be written in
two typical cases as

my |ﬁa|
a p, b A~ .
o—— o (batrest) E,Eyw= E, E,v=my|p,| (5.284)
’ﬁa| ’ﬁb‘
a p —p b —— —N—
— » <« o (CM) EaEbU = EaEb(’Ua| + |Ub|) = Ea|va| Eb + Ea Eb|Ub|

M : invariant mass
—_———
= B+ B) 5 = M.
(5.285)
Following the calculation of the two-body phase space in the C.M. frame (5.98), but
this time without integrating over the direction of 7}, we obtain (left as an exercise)

where M = E, + Fj is the invariant mass or the total energy in the C.M. frame, and
dQ) = dpdcos is the angular element of p; where (6, ¢) is the polar coordinates of
p1 with respect to p,. Together with the cross section formula (5.283) and E,FEyv =
M]|p,|, we have

o MP |5l
— = b 1+2. C.M.). 5.987
9 EeMp g CTP iR OM) (5.287)

If the above cross section does not depend on the azimuthal angle ¢, then it is a
function only of 6 only, or

def I
t=(p— pa)2 = m% + mi — 2(EVE, — |p1]|Pa| cosB) . (5.288)

Changing the variable from 6 to t, we obtain (left as an exercise)

do_MP
dt 16w A\(M2,m2,m?)

(a+b—1+2) (5.289)
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with
def o 2 2
Mz,y,2) = x°+y° + 27 — 22y — 2yz — 2z, (5.290)

and this formula is valid in any frame. For completeness, we give a general 2-body
formula for the case b is at rest:

do [l M

oy 6472my| Py | {mb + F,(1— ,% cos 91)}

(a+b—1+2, batrest).| (5.291)

where d€); = d¢,d cos ), is the angular element of p; with respect to the direction of
Pa-

Exercise 5.7 Verify (5.286), (5.289), and (5.291).

Let’s get back to the scattering v,e” — pu~v.. This process occurs through W
exchange between ev, current and v,u current. The responsible interaction is a part
of the general W-lepton couplings (5.251):

Ling = J (@a(x) + ja(m))Wa(x) + h.c.

7

o (5.292)
with { la = VeYale

Ja = D,u'YaPL,u ’

where we have defined i, to be the ev. current and j, the v,u current. The initial
and final states are
i) = alaf 10), |f)=afa

ey

110); (5.293)

o

thus, the non-vanishing term in Sy = (f|S|i) should contain the product of four
creation and annihilation operators aLaLa,,ﬂae. When the fields are momentum-
expanded in L, however, each term contains a product of only two fermion opera-
tors; so the first-order term in the Dyson series vanishes. Let’s try the second-order
term

S = (_2i>2/dtdt’T(h(t)h(t/))

o 1 / 3 = 3./ =
- —i/dtdt T(/d :U’Hint(t,a:)/d P Ho(t, 7))
(using the linearity of T-product)
1
= - / d*r d*a" T (Hin (2) Hins () - (5.294)
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Since there is no time derivatives in L;,;, we have L,y = —Hiu; then the S-matrix
element is

—; /d4x d*a"(f|T(Line (2) Line (2')]7)  (second order) . (5.295)

Using the interaction Lagrangian (5.292) and writing out the hermitian conjugate
parts, we have

(1T (Lin Lie) 1)
2
= L 0lauan, T [([ia] + Ja) W + (il + 5] W]
<[]+ g™+ i + W] alal, 0y, (5.296)

where the primed quantities are understood to be functions of z':

o =ila(r), Js=js(a') etc. (5.297)

There are many terms, but which will survive? Out of the required alal, Ay, de, the
pair aT _a. is found in i, = V.7, Pre, and the pair al a,, is found in j! = @y Prv,.
Thus, the surviving terms should contain both i,, and jI where they could be functions
of z or 2’ and the indices could be « or 5. There are two such terms:

<f|T< 1Ht£1nt)| >

2

= L (0laua,, [ T WWH) + TGIWWH) alal, 0). (5.298)

2
(a) ()
Now, the two T-products gives identical results when integrated over x and z’, which
can be seen as follows: with f(z) = i,/W* and g(z) = jiweT,

(@) = T(f@)g(@)) T T(f(@)g(@)) = T(9(@)f () = ). (5.299)

where we noted that the ordering of f(z') and ¢g(z) inside the T-product is irrelevant
since the ordering is uniquely defined by which of 2° and 2" is larger after all. Thus,
(a) and (b) are related by the exchange x <+ 2, and thus give the same value when
integrated over x and z’. We will thus evaluate the first term only and then multiply
the result by two which will cancel the factor 1/2 of (5.295).

Remark
The n-th order term of the Dyson series is (by the same derivation that led to the
second order expression)

_ n' /d4931 A4, T (i (1) .- Hine () (5.300)
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where terms related by permutation of (z,...,x,) give identical results as we have
seen for the second order case. There are n! such terms and it cancels the factor 1/n!
in the expression above. Thus, we can ignore the factor 1/n! of the Dyson series if we
evaluate only one term out of those related by the permutation of (x1,...,z,). When
same field appears m times (m > 1) in Li,, where ¢ and ¢! of a charged field are
considered different since they contain different creation and annihilation operators,
then this protocol (usually) under-counts the number of combinations by factor of m !
for each space-time integration. For example, if the interaction is Ly = A¢*, then
the first order matrix element for 1 + 2 — 3 + 4 would be

S = i)\/d4x (O|ag,az,¢" (x )ap1a52|0> (5.301)
where there are m ! ways to match a,a;, and a a , with those in ¢* each giving iden-
tical result. Such a factor is usually taken into account by re-defining (augumenting)
the coupling constant by the factor m!: e.g.

1
Line = — A" ) (5.302)

1nt:4! N

Then, if we take the vertex factor to be simply A and proceed with the Feynman rules,
the factor 4! above will be properly accounted for. There are exceptions, however,
which occur when there are extra symmetries in the diagram. Such symmetry factors
will be dealt with when we encounter them. I

Note that if one operator, say A(tx), commutes with all others in a time-ordered
product T(A;(t1) ... An(t,)), then it can come out of the time-ordered product:

T(Ai(h) .. Aulta)) = Ay(t:,).. .Ain(tin) (tz-l 2 o> t)

= Ax(ty) Ay (ts,) - Zbg(k W (t (t, > ... > 1)
= Ap(ty) ( i (i) - Zbg(k ) (5.303)

In T'(i,WW® ngB’T), 1o and jg commute with each other and with W fields; thus, i,
and jg can come out of the T-product. Then, the first term in (5.298) is

(Olayay, iajs T(WW)alaf [0)
= (O|T(W W) a,a,,injialal |0)
- 122
=" i)

= (0|7 (WW?)[0)(0]ayau,iaj]alal, 0) . (5.304)
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We have inserted 1 = Y, |i)(i|, where i runs over all basis states, of which only |0)(0]
survives as can be seen as follows: There are only spin-1 fields to its left (call it A)
and only fermion fields to its right (call it B). Then, in the matrix element

(0]A2) (21 B10) , (5.305)

if |¢) contains any spin-1 particle, the corresponding annihilation operator in (i| faces
the vacuum to its right and the matrix element vanishes. Similarly, if |i) contains any
fermion, then the corresponding creation operator faces the vacuum to its left and
the matrix element vanishes. Thus, the state |i) cannot contain any spin-1 particle
nor fermion leaving the vacuum state as the only non-zero possibility. By the same
technique, we can write the second factor in (5.304) as a product of two currents:

itatat 10) = Cataital
<O’aMaVeZOJB aeauu ’0> - <0|al/5204ae a#-]ﬁ auu |O>
1= fii]

= (Olav, iaal|0)(0]a,.ji al, |0)

= (veliale)(pliflv.) (5.306)
where we have written
) £ af 10}, |w) Zaljo), ete (5.307)
Thus, S¢; is now
2
g o . .
Spo= L [ ate dta QI OV IO 0) (veliale) (o) (5.308)

As we will see below, this form of transition amplitude has an intuitive physical
interpretation. If we divide the W field into the creation and annihilation parts

o — o
We =3 anhd,

We =W+ W with ” , (5.300)
Wy =Y bphg,
A
then, using the definition of the time-ordered product,
(O[T (Wewh)o)
= (OWeW0)0(2° — =) + (O[WTW*|0)0(z” — 2°)
= (O[Wew0)0(° — 2) + (0w WiT|0)0 (" — a°), (5.310)

where in the last line, we have kept only the terms in which creation operators faces
the vacuum on their right or annihilation operators faces the vacuum on their left.
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Recalling that, in the case of scalar field, (0|¢,(z')®!(x)|0) can be interpreted as the
amplitude for the particle to be created at x and found at 2/, we then naturally
interpret (0|7 (WeW?T)|0) as the amplitude to
create S-component of W at 2’ and 0 o
o if x° >
annihilate a-component of W at x

5.311
create a-component of W~ at z and e O 0 ( )
o _ , it ¥ > 2
annihilate S-component of W™ at x
Then, the amplitude Sy; can be graphically interpreted as below:
(5.312)

(x()> xr()) (x/0> xo)

One sees that when z° > 2% W™ is emitted from the v, — p~ current at z’ and
absorbed by the e~ — v, current at x. When 2° < 2%, W~ is emitted from the
e~ — v, current at x and absorbed by the v, — p~ current at 2’. Note that at
each vertex, the charge is conserved. Also, the a-component of the e~ — v, current
couples to the a-component of W, and the S-component of the v, — u~ current
couples to the [S-component of W. The amplitude is then summed over o and [
and integrated over x and 2’. The propagation amplitude (0|T(We(z)W*5T(2"))|0) is
called the Feynman propagator for a spin-1 particle.

Let’s evaluate the Feynman propagator (0|T(W*(x)W5T(2))|0) so that we can
actually calculate the transition amplitude Sy;. The first term in (5.310) (apart from
the 6 function) is

OIW (@)W (2)]0) = (01D apnhin () 3 afn g (a)]0)

) PN
= Z hin (@) (Olagaly, |0)
a/)\/ 6]321?,6)\7)\,

_ga6+p°‘p6
= Z Z% )\ ep(w e;(x/)
5 \ —_—
Jl« J—E—
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1 rd PPN ip(a—a
= (=g el (5313
(2m)3 2p0( g m? )e ( )
We obtain the second term by the exchanges a < b, a <> 3, and x > 2/, which
amounts to the simple sign change of the exponent:

s, PP
1 d’p ( p°p

(2m)3 ) 2p° * m?

Thus, <0|T(Wa($)WBT(SC/)) |0) is a function of z = x—1’, which we denote by iD}’ (2).
Combining (5.313) and (5.314),

oW w0y =

Jert=, (5.314)

def

iDF(2) = (0|7 (W ()W (2'))0) (5.315)

anB
af bp —ipz 0 _ B pp ipz g0
/2#32]9{ —g +7m2>e pe(z)—i-( 9" + )p@( z)}

of 4 papﬁ ) o0 +ipE
m2

relabel p— —p': ( —

iﬁ-f pap,B —ip020 « papﬁ ip020
[ — g B—Fm)e 4 9(20)—1—(—9 ﬁ‘i‘m)ep (9(—20):|.

Note that the indeces o and 3 changed from superscripts to subscripts on p®p® upon

relabeling 7 — —p and that p° is constrained to /5> + m2. The 6 functions can be
nicely taken care of using complex analysis. To do so, we will first prove the identity

o dn  f(n)e ™ —1 —iEt iEt
I= — = —(f(E)e ""'0(t —E)e™ (-t 5.316
T~ ap VBT + FE)EO(-)  (5:316)
where ¢, E, € are real, E, e > 0, € is small, and 7 is an integration variable to which
we will now apply the technique of contour integral. We assume that f(F) is a
polynomial of £ and does not have poles. Then, the integrand has two poles: (E —i¢’)
and —(F — i€'):

Imn
<0
TEtE Ren 1 1
— > 2 _ 2 4 n2— N2
“ P tic F-(E—i)
E-ig’ 1 (5.317)
>0 (= (E—ie)(n+ (E—i€))’
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where € ~ ¢/2E > 0. What we want is the integral on the real axis from —oo to
0o. If we choose the contour such that the integral on the semicircle vanish, then the
valule of the countour integral becomes the integration along the real axis. We note
that

t>0and Imn — —oo0, or

5.318
t<0and Imn — +oo. ( )

et — o—iRen)t (Imm)t _y o whan {

Thus, when ¢ > 0 we have to take the lower loop which picks up the pole at £ —i¢’, and
when ¢ > 0, we have to take the upper loop which picks up the pole at —F +i¢’. The
clockwise (anti-clockwise) contour integral of some function F'(n) around a first-order
pole ng is —(+4)27i Res(ny) where the residue is given by

Res(no) = F(n)(n—m)| _ - (5.319)
For our case, the function F(n) is
1 flme™™
F(n)=— . 5.320
) o= B e+ (B i) o320
The integral [ is then
. . 1 f(n)e ™ —i i
/ ComiRes(E — i) = —omi — _J\me T _ Tl it
(t >0) —2miRes( i€') i o (B — i) i 2Ef( Je
, . -1 flpe ™ —t B
_ N — I S R T iEt
(t <0) 2miRes(—FE + ic') = 2mi 27— (B — i) ln——ptic 2Ef( E)e™"
(5.321)
which establishes (5.316).
Now, we define
B
0y def af pp
F7) = =9+ =5 (5.322)

which is a function of p® when o = 0 or 8 = 0, where p' (i = 1,2,3) are considered
to be constant. Then, the following holds for all values of a and f:

F(p°) = —go0 4 P8 (5.323)

9
m2

where we have lowered the indexes o and (8 in the second term, which can be verified
explicitly for each value of o and 3. Using this definition of f(p°) with E = p° and
t = 2% the identity (5.316) can then be applied to the Feynman propagator (5.315):

d3 Zﬁg ;0.0 ;0,0
D) = [ G gpe (P 0E) & (=) 0(=2"))




264 CHAPTER 5. INTERACTING FIELDS

o Pp e e dy f(n)e
— (277-)36 1 B %—2 02 -
o 2M i — p” +ie
pT+m
=i dpdy  f(n)e P
(2m)4 n2 — 5% —m2 4ie

(5.324)

In the second line above, note that p° is a constant as long as the integration with
respect to 7 is concerned, and happens to have the value defined by p° = /p? + m?2.
At this point, there is no p° in sight, not even in f(n) where p° has been replaced
by 1 in the definition (5.322). Since 1 is a dummy integration variable, we can
call it any way we wish. We choose to call it p°, which is no longer constrained to

p° = \/p* + m2. Then,

iDi’(z) =

| dpdp® ()" e
i
(2m)% po? — p? — m?2 + e

40 _goB 4 pp?
_ 2/ d b g + m2' e—ip-zj (5325)
(2m)* p? —m? +ie
where we have used the definitions
def def .
dp = Epdp® p* = p02 —p?. (5.326)
Thus, the spin-1 Feynman propagator is now
a def a d4p e —ip-(z—z’
iDy (a — ') E (O[T (W (2)WHi () |0) = / W@DFﬁ(p)e pla=a)
(5.327)

B
g+

ith DY’ (p) =i
Wil Wp (p) po—mQ—i—ie

We emphasize again that p° is an integration variable and not constrained to p° =

\/p? + m2. The numerator of the propagator in momentum space iD%’B (p) came from
the spin sum over the propagating W particle, and the denominator is a measure of
how off-mass-shell’ the 4-moomentum of the propagating particle is: the more off-
mass-shell the smaller the corresponding amplitude. As we will see, this is a general
feature of propagators (up to gauge invariance as we will see in the next chapter).
We can now use this spin-1 Feynman propagator to calculate Sy; (5.308) for
the scattering v,e” — p~ v, and extract the Lorentz-invariant matrix element M.

LA particle of mass m is said to be on mass shell when its 4-momentum p satisfies p> — m? = 0.
Thus, p? — m? is a measure of how close the particle is to the mass shell.
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Roughly speaking, what happens is as follows: after collecting exponentials from the
fermion normal-mode functions and from the Feynman propagator, the integration
over z gives a delta function for the 4-momentum conservation at the W-ev, vertex,
and the integration over z’ results in another delta function for the 4-momentum
conservation at the W-v,u vertex. Upon performing the integration over the 4-
momentum of the W [which is in iDp(z — 2')], the two delta functions becomes one
that corresponds to the 4-momentum conservation of initial and final states. Then,
the propagator in momentum space D}?ﬁ (p) will survive into M together with the
u, v spinors for the external fermion legs.
Using the explicit expressions for the currents i, and jz (5.292), we have

<V€|ia|e> = <O|aue(’76’7aPLe)al|0> = ]Fue”VaPLfe

. B — . 5.328
Wil = Ola,(isPuvlyal 10) = FsPufl, (5.328)

Then, assigning the 4-momenta as in Figure 5.4, Sy; (5.308) is now written as

O|T(WeW?1)|0) (fovaPrfe)(finsPLf,,)
2 4 ik! -z —ig-x iq' -z’ —ik-x’
9 4 34 1 d P . B —ip-(z—a') € e e e
[y / d*zd / D g
f 2 ra-x (2ﬂ)4l F (p)e \/Qk"OV \/quv \/2q’0V \/QkOV

X (ty, Yo Prue) (U8 Priy, )
d4p f A4y e—ipta—k) f dAy! eilot+d —k)a’
N / (27)4 V2KV 2¢OV 2¢OV 2K0V

2
_g — . o _
X T(UVE'VaPLUe)zDFﬁ(p) (UMVﬁPLUuM)
=M
d4p 4 M

= o) 464 — K (2m)%64 "k

/ o GOt a = K)2n)0 0+ d = k) s s ey

x vertex ' vertex

B 2m)tot(k+q—k —¢) (5.329)
V2EOV 20V 2¢OV 2E0V T '

which has the standard form of the definition of M (5.281) and allows us to use the
cross section formulas we have derived. The Lorentz-invariant matrix element M

anB
—g* + B

def /7 2, ) B
M= (i) (@Yo Pruc)i (s Pruy,) (5.330)

V2
can be obtained directly from the Feynman diagram shown in Figure 5.4 by following
the same rules for the external fermions and vertexes as before and assigning the
factor iD%ﬁ (p) for the W propagator. Note that the value of p in the propagator is
constrained to p = k' — ¢ = k — ¢’ by the delta functions.

p? —m? + e
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N[y

<

e (q) Vi (k)

Figure 5.4: The Feynman diagram for the scattering v,e™ — p~v,.

Let’s evaluate the spin-averaged |M|?>. We will assume that the initial-state elec-
tron is unpolarized, but the muon neutrino is assumed to be left-handed since the
V — A current is the only known source of neutrinos; namely, when we have a beam
of neutrinos, it is a good assumption that they are left-handed. On the other hand,
the matrix element above vanishes for a right-handed v, due to the factor Pru,,.
Consequently, if we simply sum over the spin of v, without taking average by divid-
ing by two, it will properly evaluate the cross section for left-handed v,. Thus, we
will sum over all spins and divide by two to account for the unpolarized initial-state
electron. Also, we will ignore the masses of the fermions assuming a high-energy
scattering. Then, the p®p® term of the W-propagator vanishes by the same reason
as does the p*p? term of the W spin sum in the W+ — etv, decay (5.268). The
properly spin-averaged matrix element squared is then

1 92 2 1 _ -«
MP = 3(5) e 2 | @vaPre) @y P, ) (5.331)

spins

*

We have already performed exactly the same spin sum (*) for the p= — v,e” 7. decay.
The only difference is that we had a v spinor for v, before instead of a u spinor in
this case; when summed over spin, however, there is no difference between u and v
spinors as long as the particle is massless:

> vpsUpz =P — 7><l =p+ % = uzslsgs (massless) . (5.332)

Comparing with the complex conjugate of (5.128), we see that all that is needed is
to substitute

p—=dw), g—ale), p =k, ¢—=F@), (5.333)
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in (5.147) and adjust for the spin average factor of 1/2 used there and the difference
between P, and (1 — ~5). Thus, we obtain

(%) = 16(¢" - k) (k - q) (5.334)
The ie term in the propagator has no effect in this case, and |M]? is now
oL Loty 1 (¢ -K)(k-q)
2_ (9 16(q" - Kk -a) = 244 ) 5.335
MP = 3(3) e 610 - )k 0) = 20" 5 o (5.335)
Let’s define the Lorentz-invariant parameters s and t as
= (k =K +q)?=2k-q=2K -¢

t =K -q?=k-q)=p

where we have used the 4-momentum conservation k + ¢ = k' + ¢ and k? = ¢*> =
k? = ¢? = 0. Note that s is the invariant mass of the system squared that
we called M? when we derived the cross section formulas, and ¢ is the same 4-
momentum transfer squared that we defined in (5.288). Using the formula do/dt =
[M2/167\(M?,m?, m?) with A(M?,m2,m}) = s%, we have

do 1 (520 g g
at 16720 (t—m2)?  32m(t—m2)?  32amt

(5.337)

where the last approximation used |t| < m? which is a good approximation for
most neutrino beams generated by present-day high-energy accelerators as we will
see shortly. The distribution is essentially flat in ¢. The range of ¢ can be easily
obtained in the C.M. system where all particles in the initial and final states have the
same energy [ = M /2. If the angle between the incoming v, and the outgoing .~ is
0, then together with s = 4E72,

t=(k—q¢)2=-2k-¢ =—2(E*— E*cosf) = —%(1 — cosf)

- 0>t>—s; (5.338)
namely, ¢ distributes uniformly from 0 to —s. Thus, the total cross section is (recalling
that m is the W mass)

g4

32mmiy,

o(vue” = uve) = s (|t] < m3,, massless fermions) . (5.339)

Let’s work out the number of interaction for a hypothetical case of 10! v,’s at 200
GeV hitting an iron target of thickness 10 m. With g = 0.65, my, = 80 GeV, and
me = 5.11 x 107* GeV, we have

s =2k-q=2E, m.=0.204 GeV?
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—  o(ve” = ) =88 x 10712 GeV 2. (5.340)

This value of s calculated above is much smaller than m#, ~ 80* (GeV?), thus, as
promised, |t| < s < m¥,. The expected number of interaction per projectile is

N = n(cm™?) o(cm?)L(cm), (5.341)

where n and L are the density and the length of the target. Thus, we have to convert
the unit of cross section from GeV~—2 to cm?. Since o was evaluated in the unit system
where h = ¢ = 1, and hc has the value

he =1.9732 x 107 GeV - cm, (5.342)

if we pick the unit of energy to be GeV, then the unit of length (GeV~!) should
correspond to 1.9732 x 1074 ¢m in order to make fic unity. Thus, the unit conversion
is

o(cm?) = o(GeV™?) x (1.9732 x 107*)? = 3.4 x 10~*cm?. (5.343)
The electron density of the iron is n = 2.2 x 10**/cm?; then, the total number of
interactions 1is

(#vu)N = (#vu)nol
= 10" - 2.2 x 10*(cm ™) - 3.4 x 107 (cm?) - 10*(em) ~ 75, (5.344)

which is not a bad number to start planning the experiment!

The muon decay revisited - extraction of g

The muon decay u~ — v,e” v, that we have studied earlier using the effective inter-
action (5.124) occurs through an exchange of W as shown in Figure 5.5, from which
the Lorentz-invariant matrix element can be read off:

at (g 32 g A
= (=) (@, Yo Pruy)i—5——s— W (i ys P 34
MZ (5) @nraPi )i (@evs Puvw,) (5.345)

Since M is Lorentz-invariant, let’s roughly evaluate the sizes of parameters in the
muon rest frame. The 4-momentum k£ = ¢ + ¢’ is the 4-momentum of the e~ 7,
system, and the maximum value of |k*| occurs when the momentum of v, is zero
and all energy of u~ has to be carried by the e~ 7, system; namely, £° = m,, in this
configuration and it is the maximum size that any component of k can take. Thus,
kok? k2

miy | [miy

< (Pe)* 1070, (5.346)

_mW

)

Thus, to a good accuracy,

P

myy

~ 0.347
k2 —miy +ie  my, ( )
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Vu(p) e(q) v, (q)

M (p)

Figure 5.5: The Feynman diagram for the muon decay u~ — v,e” 7, occurring
through a W exchange.

namely,
z'g2 B o
M = m(uwfyaPLuu)(ue’y Pru,,) . (5.348)
You may be feeling uncomfortable since a Lorentz-invariant quantity is formed only
after the propagator is combined with the currents; namely, we have to compare

_ 0B/ _ kekP
(uVHVaPLuu)g B(UeVBPLUue) and (UVHVaPLuu)mi‘Q/V(UeVBPLUVe) )

in order to claim that the term k“k”/m?, can be ignored compared to the term
¢*? in the numerator of the propagator. Even though such worry is justified, the
approximation (5.347) works in general unless there is some accidental cancellation.
Actually, an accidental cancellation does happen here since (u.f Ppv,,) happens to
be zero according to (5.268). The effect of the cancellation, however, is to make the
approximation (5.347) more accurate.

Now, the approximate matrix element (5.348) obtained for m, < my is exactly
the same matrix element obtained from the effective interaction (5.124) with the
identification

g _Gr
8mi, /2
Since we know the value of the Fermi coupling constant Gz from the muon life time,
we can extract the value of the universal coupling constant g:

(5.349)

Gp=1.1664 x 107°(GeV™?) — ¢g=0.65 (5.350)

which is the value we have been using.
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Propagators for spin-1/2 and spin-0 particles

Just as in the case of spin-1 particles, when a spin-1/2 or spin-0 particle is created
and then absorbed in the course of a process - namely, when it does not appear as an
external leg - it has an effect of propagating a particle from some space-time point
2’ to another space-time point x when 2° > 2% and propagating an antiparticle in
the opposite direction if 2% > 2°. They are again expressed as vacuum expectation
values of time-ordered products of fields as in the spin-1 case and called the Feyn-
man propagators for spin-1/2 and spin-0 particles, respectively. Following the same
procedure as in the spin-1 case, the spin-1/2 Feynman propagator is

def

iSan<l’ —gj,) = <0|T(¢n(x)1zm(x’))|0) :/ d4p Z,San(p>€—ip-(a:—:v’)

o+ 77(12)24 (5.351)

p? —m?2 + i€’

where p is the 4-momentum that would be carried by the fermion propagating forward
in time (not the anti-fermion). As in the case of the spin-1 propagator, the numerator
(p + m) arises from the spin sum of the propagating fermion. The spin-0 Feynman
propagator is

d*p
(2m)*

iAo — ') 2 T (6()0 (@) 10) = [ 5 Eyitp(p)e )

Z, (5.352)

with  1Ap(p) =

p?2 —m? +ie’

which is valid for both hermitian and non-hermitian (charged) fields.

Exercise 5.8 Feynman propagators.

(a) For a hermitian spin-0 field ¢(x), show that the vacuum expectation value of the
time-ordered product of ¢(x) and ¢(y) (the Feynman propagator for spin-0 particle)
can be written as

iAp(z —y) = (0T (o(2)¢(y))[0)

d’ ip(a— ip(z—
_ /(%)?gpo[e PE(a0 — ) + e EY(° — 20)] (5.353)

where p° = /p? +m2. Then use the identity

—_

(f(E)e’iEtQ(t) + f(—E)eiEte(—t)) _ [ e (5.354)

2F —oo 2w 1? — E? +ie
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to write it in the form given in (5.352) with ¢' = ¢. The Feynman propagator for a
hermitian spin-0 field is the same as that for a charged spin-0 field.
(b) Propagator for Dirac field: Verify

ORI = [ s+ e

) 2m)02p? (5.355)
Olu)sl0) = [

d3p

G~ e

Then, show that the Feynman propagator for a spin-1/2 particle is given by

iSrinlr —y) = (OT(Wy(x)n()0) _
= (0[o(2)0e(1)]0)0(x° — 3°) — (0w (y);(2)[0)0(y° — 2°)

d4p Z(ﬁ + m)jk —ip-(z—y)
_ / B i . (5.356)
Note the minus sign for the T-product for femion fields.
(c) Verify
-1 ]6 +m )
p—m) = m ) (5.357)

thus, the spin-1/2 propagator in momentum space is often written as

iSp(p) = - — =i —. (5.358)

The exponential factor e~ ®#=*) is common to the propagators for spin-0, spin-
1/2, and spin-1 particle, and when integrated over z and z’, it becomes part of
the delta functions that represent 4-momentum conservation at ‘each end’ of the
propagator. Thus, the rule is that when we have an internal line in Feynman diagram
(i.e. propagator), we assign the following factor:

10: A B i
spin-0: e iAp(p) = I i
p+m
s
p? —m? + e

spin-1/2: . iSp(p) =1 (5.359)

spin-1:  anos DY (p) =

Since the 4-momentum is to be conserved at each end of the propagator, what value
to take for the 4-momentum p in the propagators in momentum space is usually quite
obvious - except for the sign which depends on whether the propagator is thought
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Figure 5.6: The sign of the 4-momentum in a fermion propagator is defined to be the
one carried by fermion propagating forward in time, not by anti-fermion.

of as a particle propagating forward in time or as an anti-particle propagating again
forward in time. The sign of p does not matter for the spin-0 and spin-1 propagators
which are symmetric under p — —p as can be seen in (5.359). On the other hand,
the sign does matter for the spin-1/2 propagator since the relative sign of p and m in
the numerator p + m makes a difference.

As an example, consider a case where initial state anti-fermion emits a vector
meson at x and connects there to a fermion propagator (Figure 5.6). The other end
of the propagator (z') would connect to a fermion line and a vector, etc., but it is
irrelevant for us now. The propagator iSr(x — z’) as defined in (5.351) propagates
an anti-fermion from x to 2’ when 2° > 2° or propagates a fermion from 2’ to x
when 2’0 < 2° which is exactly what is needed in this case. If the incoming particle
were a fermion instead of anti-fermion, we would have used iSg(2’ — ) which would
propagate a fermion from z to ' when 2’° > z°. What p to use in iSr(p) may be
determined by the delta function that arises when integrated over z. The incoming
antifermion should be matched with bzzgzs(), thus it comes with e~*®. Similarly,
the outgoing vector comes with e** and iSr(z — ') contains e, Thus we obtain
5*(q — k + p) upon integration over z; namely, we should use p = k — ¢ which is the
4-momentum of the fermion propagating forward in time (the diagram on the right
of Figure 5.6). If the incoming particle were a fermion, then the only modification in
the exponential factors above comes from iSp(z’ — ) which now has e?® instead of
e~%  Thus, the 4-momentum to use in 1Sr(p) would be p = ¢ — k which again is the
4-momentum of the fermion propagating forward in time (the diagram on the left of
Figure 5.6 where f is changed to f). The rule is then the 4-momentum of a fermion
propagator should be the one carried by a fermion propagating forward in time.

In the massless limit, the spin-0 and spin-1/2 propagators in (5.359) do not en-
counter diffculties; the spin-1 propagator, however, requires some care since the term
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p*p? /m? in the numerator diverges. As we will see later, only for certain type of
theories (where the spin-1 particle couples to a conserved current) the term p®p® /m?
is strictly zero and thus the spin-1 propagator is well-defined in the massless limit.
We will come back to this problem later.

One important feature to note is that even though the time-ordered product is
defined in a given Lorentz frame, the expressions above for the Feynman propagators
appear to be Lorentz-invariant. To see this more clearly, let’s write down the Feynman
propagator for the real spin-0 particle as

OIT (¢(x)¢(2))[0) = (0]g(x)¢(2)[0)0(x® — 2%) + (0]$(2")b()[0)0 (2" — 2°)
= Ay (z—2)0(2" —2%) + Ay (' — 2)8(2” — 2°)
= A (z— 202" — 2%) + A* (x — 2)0(z” — 2°),  (5.360)

<

" -
" -
where we have used (4.274) and A, (—z) = A’ (2). Namely, the Feynman propagator
is obtained from A, (z) by taking the complex conjuagate when z° < 0. Then, a
natural question is whether one obtains a different result if the complex conjugation
is taken in a different frame. If for example we boost in the z-direction by a boost
factor 7, then the function A, (z) will still be identical since it depends only on 22,
and the line (actually a plane) z° = 0 in the original frame corresponds to

2=y =2 =0, (5.361)

which is a straight line going through the origin whose slope angle never exceeds
7/4. Thus, the time-ordering in the original frame amounts to taking the complex
conjugate of A, (z) below the tilted line in the boosted frame. Since A, (z) in the
space-like region is real (see Figure 4.3), the result does not depend on the slope. Thus,
the Feynman propagator is independent of the frame in which the time-ordering is
taken. This may be surprising since a propagation of a particle from 0 to z in original
frame becomes a propagation of antiparticle from z to 0 in another frame when the
sign of 2" changes under the Lorentz transformation. One sees that the reason why
this does not make any difference is because A (z) is real in the time-like region.

Before ending this chapter, let’s consider what is the meaning of the sign of ze. If
one sets the small imaginary part to be —ie in (5.316) and follow the derivation of
the identity, one sees that it only changes the sign of ¢ in the two theta functions,
which traces back to the theta functions in the time-ordered product (5.310). Thus,
it corresponds to propagating a particle from 2’ to z if 2’ is later in time than x and
propagating an antiparticle from x to 2’ if z is later in time than z’; namely, if the
sign of ie is flipped, it will propagate particle or antiparticle backward in time.
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Problems

5.1 Charged Scaler Field with Electromagnetic Interaction.

In this problem, we will rigorously follow the procedure of canonical quantization to
obtain the interaction Hamiltonian of scalar-photon coupling. We start from the free
field Lagrangian

Lo = 0,010"6 — m?To

where ¢ is a complex field corresponding to a charged scaler particle which we denote
as HT.

(a) We will treat the fields as classical for now (i.e. not operators). Introduce the
electromagnetic interaction by the minimal substitution

Oy — 0, +1ieA,

where the photon field A, is real and e is the electric charge of H* (e > 0). Write it
in the form

L= Lo+ Liy.

and express Ly in terms of ¢, ¢', A, and their space-time derivatives. In principle,
we should also have the free field part of the photon field, but we can ignore it for our
purpose now.

(b) Regard the fields ¢ and ¢ as independent fields and obtain the corresponsing
conjugate fields ™ and 7' using the definition of conjugate fields

o
99,
where v is a general field index. Of course, the conjugate field of ¢ and that of ¢t are
not necessarily complex conjugate of each other, but you will see that it happens to be
true in this case.
(c) Apply the Euler-Lagrange’s equation of motion
oL oL

"0(0u0) 09
to obtain the euation of motion for ¢ in the form (0% + m?)¢" = zax.
(d) Construct the hamiltonian density following the definition

’HEZT[‘TQBT—ﬁ,

Ty

and express it in terms of m,0,V, A, and their complex conjugates. Then write it
as the sum of the free field part and the interaction part:

H= HO + Hinta
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where Hy has the same form as the free field case when expressed in terms of the
above fields.

(e) At this point, we move to quantized fields; now all the fields are operators in the
Heisenberg picture. The commutation relations between fields are also imposed as
usual:

[p(t, @), n(t, 7)) = i@ —7), [op!(t,Z), 71 (t,7)] =i63(F — )
(all others = 0).

Obtain the time derivative of ¢ and w from the Heisenberg’s equation of motion

i0=[0,H, H= /d%%.

The former should give the expression for w', and the latter should give the equation
of motion for ¢'. Are they the same form as the ones obtained classically above?
(f) Next, we take the interaction picture. Do the fields ¢ and ©0) still satisfy the
same commutaion relations as above? The time dependences of the operators are
now governed by Hy. Write down the expressions forcz'ﬁ and 7. The latter gives the
equation of motion; is it the free field Klein-Gordon equation?

(9) Finally, we will find what interaction term to use for the calculation of S matrix.
Write down the interaction Hamiltonian density Hin n the interaction picture; ex-
press it in terms of ¢, @7, A, and their space-time derivatives (i.e. eliminate W(T)).
Is it the same as —Liy ?

5.2 Charged Higgs decay to top and bottom quarks.

The charged Higgs particle (HT) is predicted in a large number of models which are
extensions of the standard model. Such particle may decay to a top quark (t) and a
anti-bottom quark (b). The charged Higgs is represented by a complex (non-hermitian)
Klein-Gordon field ¢, and t and b quarks are represented by Dirac fields 1, and 1y,

respectively. Assume that the interaction responsible for the decay is given by

t (p]’ Sl)
H ® Ling = co Yy + cd Yy,

b (1)2, s,)

where ¢ is a real constant and the second term is simply the hermitian conjugate of
the first, making the whole Ly, hermitian. The strength of the coupling depends on
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models, but a reasonable guess would be

gmy
027
mw

Y

where my, s the b-quark mass (5 GeV'), my is the W-boson mass (80 GeV'), and g is
the so-called universal coupling constant of the standard model (0.65). The top quark
mass my 1s 175 GeV, and assume that the mass of the charged Higgs my is 400 GeV.
(a) Start from the first-order term of the Dyson series

Spi=i [ do(flLuli)
and use the momentum expansions of the fields
¢ = >y (apey+ b;e;g»)
Ve = Tpaapsfs+b5s959)
Vo = Yps(aafss+biegss)

to evaluate the S matriz element Sy;. Note that fzz and f} - are different functions
since they correspond to different masses which appear in p° = /p?> +m?2. The initial
state (Higgs) has momentum k, and the final state has momentum and spin py, S
and Py, 55 for t and b quarks, respectively.

Show that the Lorentz-invariant matriz element M is given by

M =ic ﬂ517§1U;;27§2

where v, 5, is the v-spinor of the b quark, and ug, z is the u-spinor of the t quark.
(hint: One of the terms of the Lagrangian does not contribute since it does not have
creation and annithilation operators to match the initial and final states.)
(b) Square the matriz element M, sum over the spins, and use the 2-body decay rate
formula to show that the decay rate is given by

|| my + Mg\ 2
p=3c Py (e

where P is the momentum of the t quark in the C.M. system of HY, and the factor 3
1s added to account for the three colors of the quarks.
(¢) Numerically calculate the decay rate in unit of GeV.

5.3 The weak decay of charged pion.
The decay 7 — p*v, where v is the muon neutrino, is caused by the effective Hamil-
tonian density given by

G _
Hint = 7§f<aa¢><ma<1 — Y5)t) + hc.
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where ¢ is the m* field (a charged spin-0 field), v, and 1), are the muon and neutrino
fields respectively, Gg is the Fermi coupling constant, and f is a constant with di-
mension of energy (called the pion decay constant: f = 0.132 GeV). We take p~ and
v as fermions and u* and U as anti-fermions. The branching fraction of this mode is
essentially 100 %. Masses and 4-momenta of the particles are

mass (GeV) 4-momentum

7t M =0.140 q
uwt m=0.106 P
v 0 P

(a) Use the momentum expansions of the fields in the first-order expression of the S
matriz to show that the Lorentz invariant matriz element is given by

M= (jgfqawn“(l 1))

where w, and v, are the u,v spinors for the neutrino and muon, respectively. [Namely,
the Feynman rule for the derivative coupling of a scalar is to replace 0, by the 4-
momentum of the particle and add it to the vertex factor.]

(b) Square the matriz element, sum over the spins of muon and neutrino to obtain

> M =4GL f m*(p 1)

spins

c) Show that the total decay rate of T — u*v is given by
1

G2 f* m?\ 2
= 87Mm2(1 - W) .
Numerically evaluate the lifetime of © in seconds.

(d) Discuss the helicities of the muon and neutrino. Note that the muon is rather
heavy relative to its momentum in the C.M. of the pion; thus, the helicity projection
operator Pr, does not act as the pure left-handed helicity operator. What happens if
w is massless?

5.4 Top quark decay.
The decay of top quark is dominated by t — bW ™ caused by the interaction term given

by

Lin() = 5 S Via )1 = 35) (@) W () + e

where 1, and Yy, are the Dirac fields representing top and bottom quarks, respectively,
and WH is the vector field representing the W boson. The universal coupling constant
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g is approzimately 0.65, and Vi, = 1 to a good accuracy. Assume that t, b, and W+
are particles as opposed to anti-particles. The masses, momenta, and spins of the
particles are denoted as

mass momentum Spin

t m D S
b m q s’
W M k €

(a) Write down the Feynman diagram and directly apply the Feynman rules to obtain
the Lorentz-invariant matriz element

M= ii(ﬂw"PLut)eZ )

V2

(b) Square M and sum over final state spins, average over the initial state spin (the
top quark is assumed to be unpolarized) to obtain

g’ 2
IM? = 5(p-q+ﬁp-kq-k)
(¢) Show that the decay rate is given by
2 2
_ g’|pl B (1—=x)
F—327T[1+x A+ ]
where
B m/2 B M2
xr = m2 5 w = W’

and |p] is the momentum of W (or b) in the C.M. system of t. Numerically evaluate
I in unit of GeV. Use m = 175 GeV, m' =5 GeV, and M = 80 GeV.

5.5 Decay of a polarized top quark.

In the decay t(p) — b(q)W(k), the top quark at rest is assumed to be polarized in
the s direction. The spins of the final state partcles are not measured. A convenient
way to evaluate the decay rate for the polarized top quark is to place the corresponding
spin projection operator

Yi(s) = ! +275é

in front of the top quark w spinor, and then execute the spin sum on the top quark
spin as well as other spins. In this way, one can take advantage of the powerful trace
techniques. In the top quark rest frame, the polarization 4-vector is s = (0, 5).

(a) Show that the two-body differential decay rate (angular distribution) in the parent

rest frame is given by

@ — ‘ﬁ‘ | |2
dQ  3272m?
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where p is the momentum of one of the daughters, m is the mass of the parent, and
dS) = do dcos b is the angular element of the direction of one of the daughters.

(b) Write down the Lorentz-invariant matriz element with the spin projection operator
inserted, then evaluate the spin-averaged |M|?. Does one have to divide by two for
the top quark spin? One should obtain

g m2
2 — 2 g — . — (p- .

MJ? =3 2(p-q—mq-s)+ AP atmg s)|

where m 1is the top quark mass, M is the W mass, the bottom quark mass is assumed
to be zero, and g = 0.65 is the universal coupling constant. (hint: note that the k“k"
term of the W spin sum does not vanish in this case. The basic idea is to reduce the
number of gamma’s in the traces by variety of tricks we have learned: move Py ’s next
to each other and use P? = Pp, and similarly for ¥, (s). Take advantage of pp = m?,
g4 = 0. Also, you may want to use p-s =0, vy, = —2¢, Trdpys = 0, and above
all Tr(odd number of v's) = 0.)

(¢) Obtain the decay distribution dI'/dS) in the t rest frame and express it in terms

of w o (M/m)?, g, m and 0 which is the angle between the top quark spin and the

flight direction of the b quark.

(d) Integrate over the angles and verify that it becomes the unpolarized decay rate
obtained in the previous problem. Does it make sense that the polarized decay rate is
the same as the unpolarized decay rate?

5.6 Polarization of W in top quark decay.

In this problem, we again consider the decay t(p) — b(q)W™ (k) but this time paying
attention to the polarization of W.

(a) Obtain the matriz element squared for each of the three helicity states +1,0, —1
of W (summed/averaged over spins of t and b) as defined in the top quark rest frame.
Evaluate them using the energy-momenta of particles in the W rest frame where t
and b have the same spatial momentum (by the conservation of momentum). Namely,
express them in terms of g, Ey, Ey, and |p]. Don’t assume my is small.

(b) Evaluate the matriz element squared for each W helicity in the limit m;, — 0.
Does it make sense?

(¢) Numerically obtain the fraction of the helicity 0 component over the total decay
rate. (hint: use the explicit expression of the polarization vector € for each polariza-
tion. By going to the W rest frame, the € becomes a little simpler.)

5.7 The v,e™ scattering by neutral current.
The scattering v,e™ — v,e” occurs through coupling of the neutral vector boson Z°
to electron (e~ ) and muon neutrino (v,). The relevant interaction is given by

g = 14 = e e
L= o050 s [VWSLPLV + ey, (st P+ SRPR)e}
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where Z* is the real spin-1 field for the Z° boson, v and e are the Dirac fields rep-
resenting muon neutrino and electron, respectively. The constant g is the universal
coupling constant (~ 0.65), and Oy is called the Weinberg angle and related to the
ratio of W+ and Z° masses:

cosfy = X~ 0.88.
mz

The coefficients sj and s ; are real constants that give strength of left-handed and
right-handed couplings of v and e to Z. they are given by

1 1

s ==, s,=sin’fy, s5=—=+sin’by.

2 2
The propagator of Z is the same as that of W (with different mass).
(a) Show that L is hermitian.
(b) Write down the relevant lowest-order Feynman diagram for

vu(ple™ (q) = vu(p')e™ (')

and the Lorentz-invariant matrixz element M. Then assume that the 4-momenta
involved are small compared to the Z mass; namely, k?* < m% and all other Lorentz-
invariant expressions such as p-q, p-q - -+ < m%, where k is the 4-momentum carried
by Z. In this limit the propagator acts as a constant. Then use the Fermi coupling
constant Gp = g?/(4v/2m?,) to simplify M.

(c) Assume that the incoming muon neutrino is left-handed, then calculate the dif-
ferential cross section do/dt separately for the cases the final-state electron is right-
handed and left-handed, where t = (p' — p)? is the invariant J-momentum transfer.
The initial-state electron is unpolarized. Assume that the mass of electron m. is
much smaller than the energies and momenta involved. Fxpress the results in terms
of Gp,s,t, and sin® Oy, where s = (p + q)* is the C.M. total energy squared. The
approximation of (b) also applies.

(d) Suppose the energy of the neutrino beam is 200 GeV and the electron target is
at rest. Is the approximation we have made in (b) reasonable? What is the angle
of the final-state electron with respect to the neutrino beam direction when the final-
state electron has the maximum transverse momentum which is the component of p’
perpendicular to the neutrino beam direction? Give the answer in radian. This is not
the maximum angle, but one can see that the scattering angle is in general very small.
(e) Finally, let’s find out the energy distribution of the recoil electron in the lab. frame
for a fixed beam energy. Re-write the two differential cross sections, separately for the
two helicities of the recoil electron, in terms of the energy of the final-state electron
in unit of the neutrino beam energy; call it x which is dimensionless. Plot do/dx in
unit of G%s/m. You can use your favorite plotting program or you can hand-draw it
on a graph paper or equivalent.
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5.8 Polarized W decay.
A polarized W with polarization vector €, decays to pt and v,:

WJF(]%‘, 6) — ,u+(p, S)Vu(qa SI>

where the initial state is at rest. Assume the muon and neutrino to be massless.

(a) W is polarized with its spin pointing to +z direction; namely, the component
of spin in z direction s +1. Write down the explicit polarization vector €, in the
laboratory coordinate system.

(b) Calculate the differential decay rate dU/dS) in the C.M. system, where € is the
direction of the muon with respect to the z axis. FExpress it in terms of the weak
coupling constant g, W mass M, and 0,¢ of the muon direction. (hint: You may
have to evaluate the term with €,p.5 explicitly.)

(¢) Does the muon tend to get emitted forward or backward with respect to the W+
spin direction? What if the parent is W~ 7






Chapter 6

Quantum Electrodynamics

As far as we know, the mass of photon is zero, and the main purpose of this chapter
is to deal with subtleties that arise as the consequence. And when we do so, we will
have a remarkably successul theory of photon and charged fermion called quantum
electrodynamics (QED). The story is roughly as follows: first, the helicity-0 polar-
ization vector diverges in the massless limit, and an attempt to restore it results in
an unphysical state leaving only two degrees of freedom corresponding to helicity +1.
Then, we will see that simply banishing the unphysical states is incompatible with
the 4-vector nature of the photon field A*(z); or equivalently, even if A*(x) happens
to have no unphysical component, a Lorentz transformation can generate it. It then
follows that in order for the theory to be Lorentz-invariant, the unphysical component
should interact with other fields in such a way that it has no observable consequences.
Such is the case if photon field couples to a conserved current, and this then leads to
the concept of gauge invariance.

It is a non-trivial question how such gauge symmetry in classical field theory trans-
lates to features in the corresponding quantized theory. Quantizing a theory with
massless spin-1 particle encounters obstacles because the field A* has 4-components
while photon has only two physical degrees of freedom. In the case of massive spin-1
field, the Lorentz condition 9, A" = 0 removed one degree of freedom in a Lorentz-
invariant way. Upon momentum expanding the field under the constraint, introducing
standard commutators for the resulting creation and annihilation operators gave a
satisfactory quantized field. In the case of massless spin-1 field, we have another de-
gree of freedom to remove, and this cannot be done easily without explicitly breaking
Lorentz-invariance. One approach is to impose additional condition that explicitly
restricts the number of degrees of freedom to two (e.g. V-A= 0) accepting that the
procedure is no longer Lorentz-invariant. The Lorentz invariance will be restored in
the end when S matrices are calculated. Another approach is to keep the formulation
Lorentz-invariant while allowing unphysical states to enter into the quantization pro-
cedure (the Gupta-Bleuler method). This results in fictitious particles (referred, in

283
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general, as ‘ghosts’) that cancel in the evaluations of observable effects. In this book,
after briefly describing these methods, we will take the third approach: we will start
from a theory with massive photon coupling to a conserved current, and take the limit
of massless photon. Yet another way, which is widely used to directly obtain Feynman
rules for more complicated theories, is the path integral method. This technique, in
spite of its importance and elegance, is not strictly required for the quantization of
quantum electrodynamics and we will leave it to many other excellent textbooks.

6.1 Massless spin-1 particle and gauge invariance

We will start from trying to find the appropriate momentum expansion of a massless
spin-1 field within the framework of non-quantized field. For a free massive spin-1
field A* which we assume to be real, the momentum expansion that satisfies the
Lorentz condition d,A*(x) = 0 and the Klein-Gordon equation (9% + m?)A#*(z) = 0
(which together are equivalent to the Proca equation) is

Af(z) = D amepes(z) + e with  ez(z) =

. 6.1
FA=1,2,3 V2PV (6-1)

ef R . . . . . .
where p° L VP? + m?2 with m being the mass of the spin-1 particle. The polarization
vectors are given in the linear basis by

€1 = (Ovéﬁl) | 0

; P oL
e = (0,€m) (UETJ, r=", éps = D), (6.2)
€53 = (na’yéﬁ?))

where €5 and éz are unit vectors perpendicular to p and to each other.

Upon taking the limit m — 0, one immediately encounters a problem; namely,
the polarization vector for the helicity-0 component ez diverges. Then, how can
A#(x) be expanded under 9, A*(z) = 0 and §*A*(z) = 0 (the Klein-Gordon equation
with m = 0)7 For this, we have to start from the beginning. Any 4-component real
function that satisfies (0? + m?)A#(z) = 0 can be uniquely expanded as

At (z) = Z Ales(z) +c.c. (6.3)

where A% is a complex number uniquely defined for a given A*(z). The expansion
works fine as before; the only difference is that we now have m = 0 and thus p° = |p]
(p° appears in ez(z)). Because of the orthonormality of the normal-mode functions
ey(x), the Lorentz condition 9, A*(x) = 0 leads to

puAs =0 (for all p) (6.4)
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If m were non-zero, we could move to the rest frame where p* = (m, 6) and expand
AI’; in terms of é5x=123. This time, however, we cannot go to the rest frame since
m = 0. We thus have to expand the coefficient Ag without moving to the rest frame.
In the coordinate system defined by €z 23, the 4-momentum is

P ="0,0,p°), (6.5)
and then the Lorentz condition p"Ag = 0 becomes
pOA% — pOA?) =0 or Ag = Ag. (6.6)

Namely, if A% has only 1 and/or 2 component, (namely, the transverse component ), the
Lorentz condition is trivially satisfied, and if there is nonzero 3 component (namely,
the component parallel to p) the 0 component should have the same value. Thus, AI’;
can be uniquely expanded as

A;i = Z aﬁ,\el’% (6.7)
A=1,2,3
with
egj = (0,1,0,0)
5§2 = (0,0,1,0) , (6.8)
e = (1,0,0,1)
where we have used curly epsilon ¢ instead of e for the polarization vectors to distin-
guish them from the massive case. Note that 5%‘1 and 6;;2 are the same as the massive
case (6.2), and that the third polarization is proportional to the 4-momentum:

o o (6.9)

which can be regarded as the massless limit of €53 = (1,0,0,7) where we have n —
v asymptotically. Substituting (6.7) in (6.3), a massless spin-1 field that satisfies
d,AF =0 and 9*A* = 0 can be uniquely expanded as

AMz) = > apepes(T) + c.c. (6.10)
PA=1,2,3

Now, the problem is that the third polarization 5%‘3 has zero norm:
ersEpmu = 0. (6.11)

This effectively results in such state carrying no energy or momentum. This can be
seen classically by evaluating the corresponding electric and magnetic fields which are
seen to vanish. In fact, for the plane wave of the third polarization

Al(z) = by e " 4 cc., (6.12)
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E and B are

E=-0"A— VA" = (i p'p —ip ey )e " + cc. = (6.13)

B=VXA=ifx&ne P 4cc.=0. (6.14)

Thus, such state does not carry any energy or momentum which are given by
1 L . L
o= /df’>g;(E2 v B, P= /d3a:E x B. (6.15)

This is for classical fields, but the situation is similar if we were to quantize A* by
introducing the standard commutators for ag)? (A = 1,2,3) in the expansion (6.10)

and evaluate H and P defined as above: the number operators corresponding to the
third polarization drop out leaving only A = 1 and 2.

Thus, we declare that the third polarization to be unphysical and postulate that
the polarization vectors ej; and €} + cejj; represent the same physical state where &5
is any polarization vector and c is an arbitrary constant. Then, when the theory is
quantized and the Feynman rules are derived, the Lorentz-invariant matrix element
M should have the same value under the replacement (using ej; oc p/)

ey = g5 +cp; (6.16)

namely,

M(eg. ) =M. egt+ept, ). (6.17)

Such postulate would be unnecessary if the unphysical components can be banished
from the theory and never appear again. This, however, is not the case since a
Lorentz transformation can generate the banished unphysical polarization. To see
this clearly, consider a Lorentz transformation that is a small boost along é; followed
by a rotation around €z that rotates p'back to the original direction (Figure 6.1). The
corresponding 4 x 4 matrix defined in the the space coordinate axes (éz, €, €53 = D)
is
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Figure 6.1: A rotation that keeps a massless p* invariant. It first boosts along é; by
a velocity o and then rotates it back around é; by —a radian.

We can verify that it indeed leaves the momentum direction invarirant: since
p' = (»".0,0,p°),

We see that this transformation leaves invariant not only the direction of p but also
the whole 4-momentum p*.! Under this A, ez is also invariant:

Aep =epm + @ =¢cm, (6.20)

O = OO

Aep = em + =¢cpm +agp . (6.21)

|

()

i

+

Q
—_-o o

=

'The group formed by the Lorentz transformations that keep the 4-momentum of a particle in-
variant is called the Wigner’s little group, and plays an important role in rigorous treatment of
Lorentz transformation of states in the Hilbert space. For a massive particle, the relevant transfor-
mation boosts to the rest frame of the particle rotate it and then boost back such that the particle
has the same 4-momentum as before.
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Thus, even if one eliminates the unphysical component in one frame, it shows up in
other frames. Similarly, one can verify that the transformation A = 1+ a(Ks + L4)
generates the unphysical component out of e while keeping p* invariant.

Getting back to the condition (6.17), we first note that a polarization vector in
general appears linearly in M as

M. e ) = ey, (6.22)

where [, is whatever e is multiplied to in forming M. Then the condition (6.17)
becomes

eply = (e +cp')l,
— p'I, = 0. (6.23)

Namely, if the polarization vector of a photon is replaced by its 4-momentum, the
matrix element vanishes. Even though the matrix element is evaluated in the frame-
work of quantized field theory, let’s for the moment try to guess what it means in
terms of the classical field theory. Applying the condition (6.16) each of the three
basis polarization vectors, the replacement can be written as

e e ey’ (A=1,2,3), (6.24)

where the subscripts on ¢z, indicates that it is in general a function of p'and A. In
terms of the field A,(x), this replacement translates to

Af(z) = ) amehes() +ce
FA=1,2,3
10
~~
— Z amggAeﬁ(:c) + Z P! apepes(x) + c.c.
p,A=1,2,3 P,A=1,2,3
= A*(z) 4+ 0"A(x) (6.25)

with A(z) = i35, apcpes(x) + c.c.. Thus, it seems reasonable to demand that the
theory is invariant under the transformation

At (z) = A¥(x) + 0" A(x) (6.26)

where A(z) is an arbitrary differentiable real function of z. As we will see below, this
is realized if A* is linearly coupled to a conserved current,

Ling = —eA*(2)j,(x), 0"j.(x)=0. (6.27)

In the later sections, we will show that, upon quantization, such theory (the quantum
electrodynamics) indeed leads to matrix elements that are invariant under the sub-
stitution 5% — 5’5/\ + cg k*. Here, we will proceed within the framework of classical
field theory.



6.1. MASSLESS SPIN-1 PARTICLE AND GAUGE INVARIANCE 289

To see that the theory is invariant under A* — A* 4 0*A, it suffices to show that
the action S is invariant under the same transformation. The change in S due to
AP — AP+ OFA s

apply partial integration
——
AS = A / A4z Lo = —e / d*z (0" N)j,

. / d'zh 0%, (6.28)
——
0
— 0.

In this proof, we have used the conservation of current which is correct only when the
fields that form the current follow equations of motion. In deriving the equations of
motion of the whole system, one can proceed one field at a time, each time restricting
the field to follow the equation of motion before moving to the next field. Thus, we
can assume that the current is conserved in the evaluation of action above (as long as
the current itself does not contain A*  and as long as the derivation of the conserved
current is not affected by A* — A*+0"A). Let’s take a concrete example of quantum
electrodynamics.

In the case of electron photon system, the Lagrangian is the sum of the electron

part, the massless spin-1 part, and the interaction part? Ly = —eA”j, (e < 0) with
gt =yt
_ 1 ) _
L= 1?(@@ - m)¢ _ZF;WFu —eA“(¢7u¢) . (629)
—_— —
*Ce E £int
vy

We first vary the electron field to derive the conserved current. Instead of obtaining
the equation of motion for 1 to prove the conservation of current, the action principle
can be used to prove the current conservation directly as follows. Suppose ¥ () is a
solution, then any small variation should lead to 65 = 0 due to the action principle.
Let us take the variation to be a phase rotation that depends on space-time position:

Y(x) = ?Dp(z), Pla) e DP(x). (6.30)

Under this change, £, is not touched and L;,; stays the same since the phase factor
cancels out. The electron term L., however, changes due to the derivative d, operating
on the space-time dependence of (z):

Le = (i —m)Y = iy O — mypy
2That the sign of Liy is correct can be seen heuristically as follows: The time component of Lip

is —ej9A° where j° is the electron density and A° is the electrostatic potential. This has properly
the form —(potential energy) as such term should have in Lagrangian.
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= i(e PPy 0 (") —mab
———

€0, +1(0,0)e"
= Wy — (V)00 — myp
= Lo+ 0L, (6.31)
with B
—(¥7y"¥)0,0 . (6.32)

Then the variation in action is
—(Yy#))8,0 — partial integration
4
58 — / 45l

— [ dw @y )0 (6.33)

which should vanish for small and arbitrary 6(z) (actually, S given above is valid
even for finite 0(x), but it is besides the point); thus, we have a conserved current

0uj" =0, j" =9y, (6.34)

and one can proceed, as we have done in (6.29), to prove that the theory is invariant
under the transformation A* — A* 4+ 0" A based on the fact that the photon field is
coupled to the conserved current in the QED Lagrangian.

Note that the conserved current (6.34) is the same as the one obtained by the
Noether’s theorem based on the invariance of the Lagrangian density under the global
phase transformation (namely, the phase does not depend on space-time)

v — ey, o — e Y (0 : real constant) . (6.35)

The Lagrangian density, however, is not invariant under the local phase transformation
Y — ¢?@q) (and accordingly for ¥) because of the extra term 6Li, generated by oy
operating on #(z) as we have seen in (6.31). Nor is the Lagrangian invariant under
At(z) — A¥(z) + 0"A(x) (the action is). There is, however, a curious aspect of the
form of the QED Lagrangian which we will demonstrate below; namely, it is invariant
if we transform ¢ and A" simultaneously and set 0(z) = —eA(x):

Y(x) = e M@y (x),  AM(z) = AF(x) + 0" A(zx). (6.36)

First, the tensor F*” does not change:
Fr = gVA* — orAY
—  O"(A* + O*A) — O*(AY + 0A)
= OVA! —O'AY + 0VO"N — OMO"N = FHV . (6.37)
0
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Thus, the photon part is invariant under (6.36):
0L, =0. (6.38)
The variation of the interaction part is
OLin = —e(A" + "N (M) yu(e ) —(—e A P,))
DY
= —e(O"N)Yy (6.39)

Together with L, = e(0*A)y,1) which is obtained by setting § = —eA in (6.32),
the total change in £ indeed vanishes:

0L = OB+ OB+ 0 Lin

= 6(8“/\)&’@1& - 6(3“/\)1/_)7“1/1 =0. (6.40)

Thus, the QED Lagrangian is invariant under the simultaneous space-time dependent
transformations of ¢ and A* given by (6.36). Such symmetry of Lagrangian is called
a local gauge symmetry or a gauge symmetry of second kind (the first kind being
the symmetry under the global phase transformation of ). Sometimes it is simply
called a gauge symmetry and the transformation (6.36) a gauge transformation. Note
that the invariance holds for finite A(z) - the transformation does not have to be
infinitesimal.

The gauge symmetry of the QED Lagrangian is put in a more transparent form
by defining the covariant derivative D,, by

def

D, = 0, +ieA,(x) (6.41)

which allows us to write the Lagrangian (6.29) as

L= §3) —cd —m)p — leFWF’“’

- 1 ,

= DD —m) — [ FuF" (6.42)
This is of course the minimal substitution we have encountered before. A critical
point is that, under the gauge transformation (6.36), the phase factor e~ comes

straight out of D*):

Db = (O, +ieA )y
— [0, +ie(A, + 8“A)]e’ieAz/1
= e Y+ (—ie@)&@_ie/\nb +ie(A, + Me‘ie[xdz
= e_ieA(au +ieA, )Y
= e D). (6.43)
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Then, the invariance of the ‘kinetic’ term ilp7) becomes trivial:
Vit D, — (e Mp)int (e M D) = i Dy (6.44)

Together with man) — maptp and F* — F* we see that the Lagrangian (6.42) is
invariant under the gauge transformation.

Even though we have started out by requiring the Lorentz condition d,A* = 0 to
be satisfied, the Lagrangian (6.29) is invariant under the gauge transformation even
if 92A # 0 which will break the Lorentz condition; in fact, under A* — A* + 9*A we
have

0 A" — 0, A" 4 @f,{\/ : (6.45)
# 0 in general

When we introduced A(x) in (6.25), it satisfied 9>A = 0 since it was a linear combi-
nation of e*# with p® = |p]. However, when we proved that a theory with conserved
current is invariant under A, — A, + J,A in (6.29), A(x) was no longer required to
satisfy 9?A = 0. Nor was it required to show the invariance of £ under the gauge
transformation (6.36). Using the flexibility granted by the gauge invariance, one can
often simplify calculations by imposing some conditions - called ‘fixing the gauge’.
Often-used ‘gauges’ are

0 A" =0 : Lorentz gauge
V-A=0 : Coulomb (or radiation) gauge (6.46)
A =0 : temporal gauge '

A3 =0 : axial gauge.

Note that, except for Lorentz gauge, they break Lorentz invariance. Each of these
conditions does not by themselves exhaust all the degrees of freedom of the gauge
transformation. For example, after the Lorentz gauge condition (6.4) was applied,
we had three degrees of freedom for free massless spin-1 field as given by the three
polarization vectors (6.8). Then, one more degree of freedom can be eliminated by
imposing the Coulomb gauge condition V-A=0on top of the Lorentz condition,
which will remove the third polarization leaving the two transverse polarizations. The
resulting field satisfies

A'=0, V-A=0. (6.47)

This set of conditions, which applies to a free massless spin-1 field, is sometimes called
as the Coulomb (or radiation) gauge.

Let us reflect on the flow of the logic we followed. First, we saw that, in the mass-
less limit, the helicity-0 component of a spin-1 particle became unphysical. In order
for such unphysical state to have no observable effects, we saw that the corresponding
classical theory should be invariant under the transformation A* — A* + 0*A where



6.2. QUANTIZATION OF QUANTUM ELECTRODYNAMICS 293

A is an arbitrary real function. This was accomplished by coupling A* to a conserved
current which then made the action invariant under A* — A* + 0*A, but not the
Lagrangian density. We then observed that the Lagrangian density itself was invari-
ant under the local gauge transformation (6.36) where ¢ and A* are simultaneously
transformed space-time dependently.

Now, we could have ‘obtained” the QED Lagrangian by following the above rea-
soning backward, namely, by starting from the free electron Lagrangian (i@ — m)
and then requiring that the Lagrangian be invariant under the local phase transfor-
mation ¢ — ) which leads to an introduction of a spin-1 field that couples to 1
through the covariant derivative D, = J, + ieA, and simultaneously transforms to
cancel the extra term generated by the space-time dependence of §(x). The gauge
transformation (6.36) forms a group. Since the phase transformation % is generated
by a 1 by 1 unitary matrix (namely, just 1), it is called U(1) gauge group. When a La-
grangian is invariant under certain global transformations that form a Lie group, one
can in general make the Lagrangian invariant under the corresponding local transfor-
mation by introducing a spin-1 field corresponding to each generator of the Lie group.
Such introduction of interactions by requirement of local gauge symmetry is called
the gauge principle. We will later apply it to SU(2) group (for example, exchange of
electron and neutrino), which constitutes a crucial part in constructing the standard
model of elementary particles.

Gauge invariance requires that the spin-1 particle be massless. This can be seen
by noting that the mass term transforms as

m?A* A, — m?* (A" + 0*N) (A, + 9,A)
= m? (A“A“ + (0"N)A, + A 0N + G“AﬁuA) (6.48)
#0
The conservation of current, however, is not affected even if photon is massive as can
be easily seen by noting that the mass term m?A*A, would not affect the derivation

of conserved current (6.34). As will see, this allows us to quantize the system by first
giving the photon a mass and then taking the massless limit.

6.2 Quantization of quantum electrodynamics

In the previous section, we saw that a theory of massless photon should have a
feature that transition matrix elements it produces are invariant when one adds to the
polarization vector of a photon an arbitrary term proportional to the 4-momentum of
the photon: €, — €z, +ck*. Then we went on to construct a Lagrangian that would
satisfy such requirement in the framework of classical field theory. In order to see that
the resulting theory really produces matrix elements that are invariant under such
transformation, however, we need to actually quantize the QED Lagrangian (6.29).
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In quantizing the QED Lagrangian, one has to quantize a free massless spin-1
particle (namely, photon), and to do so, one has to somehow deal with the two extra
degrees of freedom that arises from the fact that the field A* has four components
while the physical photon has only two degrees of freedom corresponding to helicities
+1. There are more than one ways to accomplish this, and, luckily, they all give same
matrix elements in the end.

The most straightforward is to eliminate all unphysical degrees of freedom and
then proceed to apply the method of canonical quantization. A convenient, though
not Lorentz-invariant, way to remove the unwanted degrees of freedom is to impose
the Coulomb gauge condition

V- Az)=0. (6.49)

As there is no time derivative of A° appearing in the QED Lagrangian (6.29), A° does
not have corresponding canonical momentum 9L/ dA°. Thus, one degree of freedom
is already removed. Out of the three polarizations of (6.8), the third violates the
Coulomb gauge condition above which reads

p-A) =0

for a plane wave. On the other hand, €5 and €5 satisfy it. The expansion of the
space part of A* is then obtained by taking only A = 1,2 in (6.1)

A@)= Y emlapes(a) + alyex(z)] . (6.50)
ﬁ7A:172

The time dependence above is for the free field or that in the interaction picture. The

quantization condition can be imposed by introducing the standard commutation

relations among a’s and a'’s:

[ag, aly ] = Spdan
S S N S
[ag, ag] [aﬁ)\a aﬁ')«]

(6.51)

One obvious problem is that such quantization is not explicitly Lorentz-invariant since
applying a Lorentz transformation to A* can lead to the unphysical third polarization
p3; namely, Coulomb gauge condition in one frame is not the same as that in another
frame. However, when transition matrix elements are obtained in the end, thay turn
out to be Lorentz-invariant. This method is called the Coulomb-gauge quantization.

The second method is to treat all four components of A* as independent in order
to preserve Lorentz invariance of the procedure (the Gupta-Bleuler method). The
polarization vectors are naturally taken to be

en = (1,0,0,0)
en = (0,1,0,0)

6.52
e = (0,0,1,0) ( )
ez = (0,0,0,1)
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in the frame where p* = (p° 0,0,p"). The photon Lagrangian —iFWF K is incom-
patible with this scheme since, as mentioned above, it does not contain A° and thus
there is no canonical conjugate to A°. The fix is to add an extra Lorentz-invariant
term to the Lagrangian

1 1
Ly=—7FwF" + %(@A“)Q (6.53)

where « is an arbitrary constant, and impose ‘Lorentz condition’ as
(V]0,A"| W) =0 (6.54)

for all physical states |¥). The Lorentz condition 0, A* = 0 cannot be applied directly
to the field since that would revert the Lagrangian (6.53) back to the original form
where there is no canonical conjugate to A°. Then, the commutation relations treating
all four components as independent

(A (4, 8), 7 (4, 2] = ig, 8% (@ — &) (6.55)

establish the quantized theory. In this scheme, the unphysical 0-th and 3-rd compo-
nents also propagate as particles (the ‘ghosts’) with the 0-th component carrying neg-
ative probability. However, the two unphysical components always cancel each other
in evaluating observable effects. This is reminiscent of the fact that the unphysical
polarization e = (1,0,0,1) in (6.12) did not carry any energy or momentum due
essentially to cancellation of the 0-th and 3-rd components.

The method adopted here is to start from the QED Lagrangian with a finite
photon mass

1 2% M? Iz H( o]y
TFw ™ + = AMA, — e AN (i) (6.56)

L=1(i —m) —
where M is the photon mass that will be set to zero in the end. This Lagrangian is
clearly invariant under the global phase rotation ¢» — €?, and the Noether theorem
gives the conserved current

Ouj" =0, j" =9y, (6.57)

The same conserved current can be obtained by the action principle for the local
phase rotation as in (6.34).

Then, quantization of such system is straightforward. In fact, we already know
exactly the Feynman rules for external legs and propagators for spin-1/2 and massive
spin-1 particles. The vertex factor for electron-photon coupling can be read off the
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form of the interaction term —eA“(@Z?’yuw); namely, ¢ times the factor apart from the
fields themselves:

e(e)

vertex factor = —iev, . (6.58)

e(e)

In the massless limit, nothing subtle occurs with the external photon rule; namely,
eg/\ for an initial-state photon and egf\ for a final-state photon. One simply does not
have helicity-0 photons in the initial or final states.

The conservation of current still holds even when j#(z) is an operator (in the
interaction picture) as shown below. The fields t(x) and ¢(z) in the interaction
picture satisfy the free-field equations of motion, namely the Dirac equations, as we
have seen in (4.357):

iV O =map,  —i(0,0)y" =mip, (1, ¢ operators). (6.59)

Then, 0,7* becomes

Opi" = 0u(by'y) = (Bb)y" b + "9, = 0 (j#: operator); (6.60)
ima) —imy

namely, the operator current j* is conserved.

The photon propagator needs some care in taking the massless limit, and this is
where the conservation of current comes into play. When we set the mass to zero in
the propagator of a spin-1 particle (5.327)

_af | koK

the term k®k® /M? diverges. In general, however, a photon propagator is attached to a
fermion current. As an example, let’s assume it is attached to an initial-state electron
e (p) and a final-state electron e (¢). By the conservation of 4-momentum, the
momentum flowing in the propagator is k = ¢ — p. There actually is a sign ambiguity
of k depending on which direction the arrow is put, but it has no consequence since
D?f (k) is symmetric with respect to the sign of k. Ignoring whatever attaches to the
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other side of the propagator, the matrix element is

X iD%ﬁ(k:)ﬂqwup (6.62)

where we have suppressed the spin indices for simplicity. Using the Dirac equations
pu, = mu, and u, = mu,, we have

kﬂ(arﬂﬁup) = Ugfu, = uy(g — P)uy

= Uy up — Uy pu, =0. (6.63)
~— ~—
m Uy muy,

Thus, when the photon propagator is attached to two external electrons, the term
k“kP |M? strictly vanishes even before we take the limit M — 0.

The term k“k”/M? of the photon propagator vanishes regardless of whether any
of the two external lines are a fermion or a antifermion, or initial-state or final-state
as long as the diagram is legitimate (i.e. the charge and the 4-momenta are conserved
at the vertex). This can be checked explicitly as above for each case, but it can also
be directly derived from the conservation of current as follows. In terms of fields,
Ou* =0 is

= 0,(Vy"Y) = (0 0)V"Y + Py (Ou¥) - (6.64)

Replacing the fields with the momentum expansions
Y= Z(apfp + b;gp) ) Ouh = Z(_ipu)(apfp - bi,gp) )
P P
)= Z(azfq + b49q) 5 alﬂz = Z(iq#)(aqu —byGq) (6.65)
q q

where we have again suppressed the spin indexes as well as sums over them for
simplicity, we have

0 = Z(iQM)(aTJFq ng Y Z ap fp + bT )
+Z qu+bq9q'7 Z —ip)(apfp — )
= @Z [ = pu) (f" fp)a ap + (g + ) (fi2"9p) @l +

(—=au — ) (97" fp) batp + (= + Pu) (47" 9) bqb;] . (6.66)
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Since the products of creation and annihilation operators in the four terms are in-
dependent, each coefficient should vanish. Using f, = u,e”?"/y/2pV and g, =
v,eP* //2p%V, they can be summarized as

Ky (wgy*w,) =0 (w,w" =wu or v), (6.67)

with
k= (£q) — (+p) (6.68)

where the signs on +¢q and +p are taken to be 4+(—) if the corresponding spinor is a
u(v) spinor. Tracing the above proof backward, one sees that the relation (6.67) is
equivalent to d,j* = 0. In fact, (6.67) can be regarded as the conservation of current
expressed in the momentum space.

For any of the sign combinations in (6.68), the 4-momentum £ is seen to be always
the 4-momentum of the photon attached to the fermion current. The conservation
of current (6.67) then states that, as long as 4-momentum is properly conserved at
the vertex, the photon 4-momentum times the current vanishes in general. If we take
both spinors to be u spinors, for example, we have (¢, — p,)t,v*u, = 0 recovering
(6.63). If both fermions are in the final state, it represents a creation of eTe™ pair.
In this case we have

(qu + Pu)tigy" v, = 0. (6.69)

Note that (6.67) holds regardless of whether the photon is external or a propagator.

What happens if one or more of the fermion line are not external, namely fermion
propagators? In such cases, the above argument unfortunately does not hold. We
will, however, later extend the above proof to the case where the fermion current
contains a series of fermion propagators which may or may not form a loop. Namely,
if we denote the fermion current by J, s.., where the Lorentz indices are the ones that
contract with those of the photon lines, then we have

k
%gg'”g”' K Jop.p.. =0 (6.70)
N

ap ... H

where k£ is the 4-momentum of the photon attached at the vertex labeled by the
Lorentz index . It should be stated here that the identity holds when the diagrams
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of the same order are summed (or more precisely, the sum of diagrams where the
photon with momentum k* is the first photon along the fermion line, second along
the fermion line, and so on). This is called the Ward identity which is one form of the
more general Ward-Takahashi identities which is a consequence of the conservation
of current.

Thus, we can in general ignore the k%k®/M? term in the spin-1 propagator for
the electron photon system. Then, setting M = 0 in the denominator, the photon
propagator in massless limit is

—q°B
iDYP (k) = ikQ i_ —- (photon propagator) (6.71)

The identity (6.70) also applies when the photon is external. The matrix element
that includes an external photon can in general be written as

M=€ Jop. . X=€1 (6.72)

kX EXTH

where el’;A is the photon polarization vector, J, 5. ... represents the fermion current to
which the photon is attached to, and X represents whatever is the rest of M. Then,
the identity (6.70) indicates that if we replace the photon polarization vector eg by
its 4-momentum k*, then the matrix element vanishes:

Meg, = B) = F(Jap.... X) = 0, (6.73)

thus verifying that the condition for the self-consistency (6.17) is indeed satisfied for
the quantized theory.

Apart from being crucial for the self-consistency, the relation (6.73) greatly sim-
plifies the spin sum for an external photon. Squaring (6.72) and summing over the
photon polarization while assuming that photon is massive, we obtain

* L Uk * v k#kll
Z |./\/l|2 = IMIV Z EIE)\EE)\:IM]V (—g“ +W>

A=1,2,3 A=1,2,3
= Iul:(—g“”), (6.74)

where we have used £*1, = 0. Thus, the photon spin sum rule is effectively

> e e — —9" (6.75)
Y

This is true for a massive photon and should hold as we take the limit M — 0. In
the massless case, however, we know that there are only two physical polarizations
A = 1,2 over which the sum is taken. Thus, if the spin sum formula above, which
is the sum over three polarizations, is to be correct in the massless case where the
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sum is over two polarizations, the matrix element for the A = 3 component (namely,
the helicity-0 component) should smoothly vanish as we take the limit M — 0. It is
easy to see that this is indeed the case. The helicity-0 polarization vector egg given
by (6.2) can be written as a sum of a term proportional to k* and another term with
zero space part as (note that we have M # 0 here and thus k° # |&|)

. Bl KO\ KOk (M ﬁ)
GI—L» = R k = L,ik = = — — T,O . 676
= (1,7k) (M i ) PR (6.76)

Since k*1, = 0, the helicity-0 matrix element becomes

M

M= I, = —@10 (6.77)

which will vanish when we take the limit M — 0 while keeping k fixed.

Some cautionary comments are in order in using the formulae (6.71) and (6.75).
First, it works only when diagrams of same order, or at least some relevant subset of
them, are added up since such addition is required for the Ward identity to hold. Also,
the spin sum rule (6.75) in particular should be used at a stage of calculation when
whatever the polarization vector is multiplied to, denoted as L, satisfies kL, = 0.
Namely, if one modifies the expression using some relation that is satisfied by €z, but
not by k*, such as €2, = —1 which is not satisfied by & (namely, &* = 0 instead),
before applying the spin sum rule, then the rule will no longer work. Incidentally, the
property that the matrix element should vanish when a photon polarization vector
is replaced by the corresponding photon momentum can be used as a powerful check
of calculation. The same cautions as above should be employed when applying such

technique.

6.3 ete” = utu

As an example of interaction involving photon, let’s take the muon pair creation by
ete” annihilation. This mode serves as a model for other important channels such
as eTe” — ud, dd, or 7t7~, which can be obtained by simply using the appropriate
charge and mass for the final-state fermion. The Lagrangian is essentially the QED
Lagrangian (6.29) with muon terms added:

L=LcAL,~+ L+ Lin (6.78)

with
£€ = &e(i@ - me)we 5 Eu = (Zu(u? - mu)wu ) (679>



6.3. ETE~ — utu~ 301

and
Ling = _eAa(jg + ]3) ) j? = Y7 e .73 = %’YQ% ) (68())
where 1), and v, are the electron field and the muon field, respectively. The photon

term L, is the same as before. This Lagrangian is a simple extension of the QED
lagrangian (6.29) and invariant under a gauge transformation of the type (6.36).

Exercise 6.1 Verify that the Lagrangian (6.78) is invariant under the following
gauge transformation:

Ve(T) — e_ieA(x)¢e<x)
(@) = e M (x)

The matrix element can be derived in exactly the same way as v,e” — p v,
(5.330); the only differences are that the V' — A coupling is replaced by a V-coupling
and the spin-1 particle is now massless. Or, we could simply apply the Feynman rules
to the diagram below: labeling the spinors by corresponding 4-momenta, we have

and A,(z) = Au(x) + 0,A(z) . (6.81)

v
M = ie*(Dp,yu Ug, YU
' 2( p2 Ip pl)(p1+p2)2( q1 Q2) (682)
ie

= 5 (@Pz VulUpy ) (afh Vg, )

where s = (p; + p2)? is the invariant C.M. mass squared, and we have ignored +ie in
the denominator of the photon propagator since there is no singularity at ¢ — 0.
In the following, we ignore the electron mass, but not the muon mass:

me =0, m,#0. (6.83)

We assume that all fermions are unpolarized and sum over all spins and divide by the
number of initial-state spin configurations (which is four) to obtain the spin-averaged
matrix element squared:

1
MP = 13 mp

spins
4
- v u ¥ ] v *
= @ Z [(Upzfyuup1>(uqlfy“7jq2)][(Um’}/yupl)(uqlfy qu)]
spins
4
c v u 1, > v
T 4s? Z (Una Yiattp) (T YoUpa) Z (Ugy 7"vg5) (Vg, 7" g, ) (6.84)
spins spins
4
(&
= g2 TPy Tr(ds + mu)y" (g2 — my)y” (6.85)

452
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Using trace theorems, we have

TrpQ’VMﬁl'YV = 4(p2uply —P1-P2 guu + plupQu) ) (686)
Tr(f1 + m)V (g2 —mu )" = 4(¢"¢* — a1 -2 9" + ¢*'q") — 4mZg"" .

Taking the product of the two traces and contracting 1 and v, we obtain (note
9" g = 4)

Ret

M? = ST[P2 "GPP piq +mip1 “pal - (6.87)

Let’s evaluate this in the C.M. system whose kinematic configuration as well as the
definitions of parameters are shown in the figure below. The 4-momentum products
are then written as

p-p2 =2E7,
pr-qi =pa-q2 = E*— EPcosf
= E%(1 — Bcosh),
P-ga =p2-qi = E*+ EPcosf
= E*(1+ Bcosb).
(8= P/E : the velocity of p)

(6.88)

u* ¢=(E~Pn

Together with e? = 47 (a: the fine structure constant) and s = (2E)?, | M|? is now

8(4ma))?
M — <82)[E4(1+5cose)2+154(1—5cos9)2+2E2m3}

= (47a)*(2 — B*sin?0). (6.89)
Using the cross section formula (5.287) with s = M?, we then obtain

do |MP |ps|  (4ma)?(2 — f*sin®6) P

A (87)%s |pi| (8m)s E
B
do(ete™ — ptp~ ’
S |dalee d;u ) %5 (2—f%sin®0) | (m.=0). (6.90)

We see that the angular distribution is uniform just above the threshold of pu*p~
production where 3 ~ 0, and approaches 1 + cos® § at high-energy (3 ~ 1).
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Integrating over d{2 = 27 d cos 6, the total cross section is

2o 52 B
(1) m=0

olete” = putp) =

(6.91)

A
3s

(me =m, =0),

where in the second expression we have also set m, = 0 (namely, the high-energy
limit).

6.4 Spin correlations in ete” — u "

In the massless limit, a V' — A current creates left-handed (helicity —) fermion or right-
handed (helicity +) antifermion, as we have seen in the decay pu~ — v,e v, (p234).
The scattering ete™ — p*pu~ occurs through vector currents, and there is no specific
helicity associated with fermions or antifermions. As we will see now, however, there
are spin correlations between the spins of e™ and e~ and between those of u™ and p~

If a high-energy electron is left-handed, then the corresponding spinor u satisfies
Pru=u (e left-handed). (6.92)
Similarly, if a high-energy positron is left-handed, its spinor v satisfies
Prv = (et left-handed). (6.93)

Then, the ete™ vector current of the initial state vanishes if both particles are left-
handed:

vyH'u = Proy* Ppu = 9Py Pru = vy" PrPpu = 0. (6.94)
0

Thus, the ete™ pair cannot annihilate through a virtual photon if both are left-
handed. By exchanging P; and Py in the above, we see that the process is also
forbidden if both are right-handed. Similarly, in the high-energy limit, the p*p~
pair cannot be created from a virtual photon if both are left-handed or both are
right-handed.

Similar selection rules apply when the vector current represents a particle in initial
state scattering to a particle in final state. When a right-handed electron in initial
state scatters to a left-handed electron in final state, the spinors satisfies

PRui:ui, PLUf:Uf, (695)

where ¢ and f indicates initial state and final state, respectively. Then, the vector
current again vanishes:
uryHu; = Prugy* Ppu; = 0. (6.96)
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By exchanging Pg and Pp in the above, and also applying similar logic to an an-
tifermion, we see that a high-energy fermion or an antifermion cannot flip helicity in
a scattering caused by a vector current.

One can use these spin correlations to obtain the angular distribution of ete™ —
wp~ withtout actually calculating the Feynman diagrams. In the C.M. frame of
ete™ — putp~, let us take the spin quantization axis for et and e~ to be the 2
direction (the e~ direction). As we have seen above, the interaction proceeds only
when the spin of et and that of e™ are aligned:

- + - +
e e e e
R 2 or —_— e 2 . (697)
— — - -

This can be interpreted as the virtual photon having polarization |1,1), or |1, —1),
where the subscript z indicates that the quantization axis for these states is 2. Then,
the creation of pu*pu~ can be considered as decays of this virtual photon to a p*pu~
pair. On the other hand, the allowed spin configurations for the p*pu~ pair is

, (6.98)

where the spin quantization axis is taken to be n (the direction of p~). Then, the
virtual photon coupling to the pu*pu~ pair should have spin state |1,1), or |1,—1),
where the subscript n indicates that the quantization axis is n. The angular distri-
bution is then given by the inner product of the initial and final spin states of the
virtual photon (four combinations):

o Y fullmlLm) P = Y [l (0)P (6.99)

m,m’/=%x1 m,m/==+1

where the inner products of angular momentum eigenstates with different quantiza-
tion axes are given by the d-functions:

1 —cosf
di_,(0) =dLy,(0) = ———. (6.100)

1+ cosf
d%l(e):dll—l(e)_ 9

) b - 2 ?

Thus, we obtain the angular distribution without actually calculating the matrix
element in spinor space:

do
— 1 20. 101
1 " + cos” 0 (6.101)
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The above selection rules applies at high-energy limit. When the masses are not
negligible compared to energies involved, the selection rules are not exact, but still
work approximately to the extent the masses are small. Then, exactly how often is
the p*p~ pair created with both left-handed or both right-handed when the muon
mass is finite? To answer the question, we will use the trick with the spin projection
operator. Namely, we will insert a spin projection operator in front of each muon
spinor:

Ugy — Eluéh (N7)7 Vg, — Z2U’Q2 (:u+) ) (6102>
with
1+ 54

2 )
then sum over the spins of muons. This way, we obtain the rate for the spin states
specified by the spin projection operators while allowing the use of trace techniques.
Let’s denote the spin component along the p~ direction n (in unit of 1/2) as J;
(1 = 1,2); for example, if both particles are right-handed, then we have §; = 1 and
09 = —1. The polarization 4-vectors s; and s, are obtained by boosting the values in
the particle rest frame

2 = (i=1,2), (6.103)

st =(0,6n) = 0;(0,n), (1=1,2) (6.104)

to the C.M. frame of the interaction; namely, the boost is in the n direction for 1
(1) and in the —n direction for 2 (u™):

st =08i(n,yn), s =da(—n,yn), (6.105)

where v = E/m and n = P/m. Substituting (6.102) in (6.82) and using %; = 3;, the
matrix element is

ie? -—

M = ?(UPQ'YMUM)(Elum’Y EZUQQ)
ie? _ p
= ?(UPQ'YMUM)(uqul’Y EQU{Jz)' (6106)

Now we square this matrix element, sum over all spins and divide by four for the
number of initial-state spin configurations:

4
e
M = @Tfﬁzwbm - Tr(fgy +m)Eiy" s (g2 — m) X" 3

4
(&
= g b - Ty +m)Zy" (e — m)Zy”, (6.107)

where
m=my, (6.108)
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and we have used the fact that ¢; commutes with ¥; for same 7 (3.283) and X7 =
Y;. The first trace is the same as before and given in (6.87). The second trace is
straightforward if cumbersome. Using the trace theorems, s; - ¢; = 0, and dropping
the terms with ¢#/*® (since it is multiplied to the first trace which is symmetric under
[ <> V), we obtain

Tr(f1 + m)Ey" (g2 — m)Sy” = ¢"'¢* — i - g™ + ¢*'q"" —mig"”
—(q1 - g2 + m?) (™™ — 5159 g + ") — s1-qo 52 q1 g
+[(31 "q2 Shqy + S2 - qu STqs — s1-8245q7) + (B V)} : (6.109)

Executing the product of the two traces and using (6.88) together with the following
explicit evaluations

EZ
G2-S$1 = —q1 -S89 =2—[9;, (i:subscript of s)
m
EQ
P2 S1 = —Pi-Sg = E(ﬁ + cos 0)d; (6.110)
2
P1-51 = —pP2:S2= *(5 - 003‘9)51'7
m

the spin-averaged |M|? is found to be

64

M2 = — {(E2 +m?) 4+ P*cos? 0 + 5152<(E2 +m?) cos? 6 + P2)} i (6.111)
s

Using the formula (5.287), the scattering cross section becomes

2

(0

do g 5(1 + C052 9) ((5152 = 1)

Q) a2 ’
% B(1— B%)sin20 (5,6, = —1)

(6.112)

where 10, = 1 corresponds to a favored spin configuration of u ™ pair (one is right-
handed and the other is left-handed), and §;02 = —1 corresponds to a suppressed
configuration (both left-handed or both right-handed).

Let us now appreciate the physical meaning of this result. First, the cross section
for 6100 = —1 vanishes for § — 1 as expected - the selection rule is exact in the
massless limit. Note that the favored spin configuration is seen to have the same
angular distribution, 1+ cos? 6, as the massless case. This is because the spin angular
momentum along the n direction is already specified to be +1, thus the same argument
as in (6.99) still holds. The angular distribution for the suppressed case can also be
derived similarly. In this case, the muon spins add up to zero along n and thus the
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virtual photon that couples to the final state should have the zero component along
n. Thus, the angular distribution should be given by

do

1 > S (L0, m).P = > |d(1)’m(0)|2:sin20, (6.113)

where we have used dg,(0) = —dj _,(#) = sin 0/v/2. We sce that the rate for sup-
pressed spin configuration is maximum at § = /2 and becomes zero for § = 0 or 7.
This can be understood as follows: when the p*p~ pair is emitted along the beam
direction, the z component of the angular momentum of the virtual photon, m = +1,
has to be carried by that of the muon pair. Since the orbital angular momentum
cannot have component along the line of the pair, the sum of the spin z components
of the pair has to be £1 which means that the spins have to be aligned along the z
direction. Integrating (6.112) over the angle and taking the ratio, we obtain

0'(5152 = —]_> . 1-&2 _ m2

= . 114
0'(6152 = 1) 2 2E2 (6 )

The factor m?/E? is the typical suppression factor that occurs when a fermion spin
is opposite to what is allowed in the massless limit.

6.5 Scalar-photon interaction

In order to introduce the interaction of photon with charged scalar (denoted H*), we
apply the gauge principle to the free charged scalar Lagrangian (4.228)

Ly = (0,0)10"p —m?¢'¢, (6.115)

which is clearly invariant under the phase transformation ¢(x) — ¢ (z) where @ is a
real constant. In order to make the Lagrangian invariant under phase transformation
that depends on space time, we introduce a massless spin-1 field A, and replace 9,
with the covariant derivative D, = 0, + ieA,, as before. The resulting Lagrangian

L = (D,p) D'p —m?¢Tp — iF“”FW , (6.116)

is invariant under the simultaneous transformation of ¢(z) and A, (z) given by
d(x) = e Mo (z) Au(z) = Au(x) + 0uM(x) .

This can be seen by noting that the covariant derivative of the field D,¢ transforms
by a simple phase rotation: .
D,u(b N efzeA(m)Dugb,
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which is derived in the same way as (6.43). Note that we used the replacement
0,7 — (D))" rather than 9,97 — D, (") in order to make the Lagrangian real
(hermitian).

The scaler-photon interaction is contained in the kinetic term:

(Duo) D' — m*¢T o
= (0, — ieA,) (0" +ieA")p — m>¢To
= (0,0)10"p — m*¢Tp + (—ieA,)pT 0 p + (9,0)lic Al +e2 A, A ¢l

Lu —eA“i[qﬁT(auqﬁ) - (auﬁb)w)]
=Ly + Lins , (6.117)
where
ﬁint = _eAMj,u + ezA/LAM¢T¢7 (6118)
with o
Ju = i[(bT(@“qﬁ) - (au¢)T¢] = W Ou® - (6.119)

This is the same conserved current we obtained for the free Klein-Gordon field in
(2.44). In the interaction picture, the operator field ¢(z) satisfies the free Klein-
Gordon equation; and thus the same derivation that led to the conservation of (2.44)
shows that the operator current j, above in the interaction picture satisfies

85" = 0.

The proper canonical quantization involves defining the conjugate field m which has
an extra term arising from dy¢ found in Ly, forming the Hamiltonian, identifying the
interaction Hamiltonian and introducing the standard commutation relation between
¢ and 7w. As a result, the interaction Hamiltonian H;,; is not simply —Liy. In the
interaction picture, the resulting interaction Hamiltonian can be written as

Hine = e A6 5,0) + 2t p A2 (6.120)

which differ from — Ly by €2¢!dA%. Let us ignore the second term for now, which
is second order in e, and find the vertex rule for the first term. First, consider the
‘decay’ of a virtual photon v — H™H~. The virtual photon is actually a propagator,
but one may assume that the photon is massive and on-shell for this exercise - the
result does not depend on this assumption. The initial and final states are then

v s
H ™ T H T
pl p2 Tt |Z> = akk’0> ) (6 121)
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The S matrix element is first-order in the Dyson series (5.76):

Spi = i [ d'a{f[Hin ()]0

= —i [ d"2(0lby.a [ie(d! 5,0)A"]al,]0)

1= In)nl
= ¢ [ d'2(0lby.ap, (61 3,0)]0)(01A"al,]0) (6.122)

where in the second line we have inserted identity and used the fact that there are
only photon operators to its right and only scalar operators to its left, thus only |0) (0]
survives. In the second expectation value, only agyél,ex(z) in A* survives:

(0] A%a],10) = €\ ex(x) . (6.123)

In the first vacuum expectation value, only the term with aLl and b;2 survives:

A d <
(0]bp, ap, <¢T 0u)|0) = (0[by,ay, Z( aLe; + byep) O Z(aqeq + szez )|0)

[2 q
<> A d
= <0|bp2ap1(a;;1 6;1 aub;26;2)|0> = e;n (x) aﬂez*b ()
= —i(p1 — p2)u ey, (v)ey, (z). (6.124)
We then identify the Lorentz-invariant matrix element M in Sy;:
Spi = /d4xe;1($)€;2 (x)er(x) [— ie(py —pg)ue’,j/\} (6.125)

4-momentum conservation M

The factor €}, in M is the photon external leg factor we have seen before and the
vertex factor of photon scalar coupling is then identified as —ie(p; — p2),,.

What signs should be given to the 4-momenta in general cases?” We note that
final state particles always should be matched with creation operators a' or b' (the
particle has to be ‘created’) and initial state particles with annihilation operators (the
particle has to be ‘destroyed’). In momentum expansion of fields, creation operators
are always attached to ej(z) and annihilation operators to e,(z). Thus, a final state
particle with momentum p will be associated with e;(x) and an initial-state particle
with momentum p with e,(x). Thus, d, will pull down the factor ip, for a final-state
particle and —ip, for an initial-state particle. Also, there is an extra minus sign if
the desired operator is found in ¢' (namely, a' or b), since it sits to the left of the
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operator BM in (¢f 3,@). The signs are thus

g
—ie(s1p1 + $2p2) o' (af b) 9y ¢ (a OT)
to the right(+) or left(—) of & - - + +
: (6.126)
initial(+) or final(—) state - 4+ + -
over-all sign (s;) + - + -

namely, the vertex factor is —ie(s1p; + S2p2) where sign s; is plus if it corresponds to
a particle and minus if antiparticle regardless of whether it appears in the initial state
or in the final state. This applies even when one of the legs are a propagator as long
as the momentum flowing in the propagator is determined by particle or antiparticle
in the propagator to be moving forward in time; namely, when one draws a line as a
particle propagating forward in time or an antiparticle propagating forward in time,
the 4-momentum of the propagator has opposite sign which is canceled by the stated
rule giving the same vertex factor in the end. Thus, the vertex rule of scalar-photon
coupling is

w. v
L TN )

—ie(s, P +5 D) s; « + if particle, — if antiparticle. (6.127)

The photon can be dealt with in the same way as in the photon-electron system.
We can assign a finite mass to the photon, obtain the spin-1 propagator as before,
and take the limit of massless photon. Here, we need to worry if the k*k” /M? term
in the propagator strictly vanishes - otherwise, it will diverge when the massless limit
is taken.

We can apply these rules to the reaction ete”™ — H™H~ which occurs through a
virtual photon as in the case of ete™ — p*p~. The matrix element is then

uv

M = ie®(0y, vy, ) ——— (1 — )"
2( p2 @ Pl)(p1+p2>2(1 2)

= k) (6.128)

(s=(p1+p)?*, k=q —q)
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where the direction of arrows indicates the actual flow of 4-momentum; namely, those
of ete™ flow into the interaction region and those of H+ H ™~ flows out of the interaction
region. Square it and spin averaging over the initial-state, we obtain (also ignoring
the electron mass)

1 et
IM[? = ZZ\MP = @Tfﬁzkﬁlﬁ

spin
et )
(2P kpi-k—ps-pi k) (6.129)
In the C.M. frame, the kinematics is the same as in the case of ete™ — ptu~ (6.88)
where (u~, ut) is replaced by (H™, H~). Then, we have

k = Q1—Q2:(0>2Pﬁ)a

k? = —4pP?
' (6.130)
pa-k = —p-k=2EPcos#,
pL-p2 = 2E7.
Using these expressions, |M|? becomes
IM|? = 562 sin? 6, (6.131)
which give the differential cross section
do |M‘2 P a? 3 . 9
— = - = — 0. 6.132
dQ  (8n)’s E 835 S ( )
Integrating this over df)2 = 27d cosf, we get the total cross section
2
olete” — HYH™) = ngﬁ?’. (6.133)
S

The angular distribution can be understood in terms of the spin state of the virtual
photon which is |1, £1), by the same argument as in the case of eTe™ — p* ™. Since
scalar particle is spin zero, the angular momentum of the virtual photon has to be
carried by the orbital angular momentum of the H™H~ pair. Thus, the angular wave
function of the H"H~ pair should be Y}, (6,#) which should add up incoherently
since the two cases correspond to different initial sates:

do 1 2 1 .2

-q & Y1 (0, 0)]7 +|Y-,(0,¢)] o< sin“ 6. (6.134)
Note also the threshold behavior is o oc 32; this is typical for a P-wave threshold
production (namely, orbital angular momentum = 1). This can be compared to the



312 CHAPTER 6. QUANTUM ELECTRODYNAMICS

fermion pair production which behaved as ¢ o« 8 near the threshold. At well above
threshold, the cross section for ete™ — HTH™ is 1/4 of the muon pair case. Thus, the
size of total cross section, the threshold behavior, as well as the angular distribution
can be (and have been) used to determine the spin of the particle-antiparticle pairs
being produced in ete™ annihilation.

6.6 Wick’s theorem

In order to obtain the complete set of Feynman rules of QED, we will now introduce a
powerful theorem that allows one to expand the time ordered products in the Dyson
series into terms that contain propagators. Using h(t) = [d3xH(z), the Dyson
series (5.74) can be written as

Si=3 n, /d4 A (FIT (s (1) - Howa () ) ) (6.135)

n=1

where we have assumed [i) # |f). In evaluating (f|T(Hins(71) - - - Hine(20))|i), we
note that terms that survive should have annihilation operators that exactly match
the initial state particles and creation operators that exactly match the final-state
particles. If there are extra operators in a given term, which would happen for
higher-order terms, then they should be matched within themselves in order for the
term not to vanish. We have seen an example in the v,e — puv, scattering where
extra operators were the creation and annihilation operators of W, resulting in the
W propagator. We will now see how each order in the expansion above becomes a
set of diagrams with Feynman propagators properly inserted.

First, we define the Wick contraction of two fields ¢1(x;) and ¢o(z2) by the dif-
ference between their time-ordered product and the normal product:

def

P1(z1)Pa(12) =

where ¢; may be a scalar field, a component of a fermion or vector field, and can be
separated into an annihilation part and creation part as in (4.269) or (4.358):

Gi(ws) = & (z:) + ¢ (23) , (6.137)

T(¢p1(z1)P2(x2)) — = P1(x1)Pa(x2) :, (6.136)

where the superscript ‘a’ (‘c’) stands for the annihilation part (the creation part). The
fields in (6.136) may be ¢*¢(z), or for that matter any operators that are functions of
x and constructed out of creation and annihilation operators. To simplify expressions,
we will use the shorthand

6 E dilw) ¢ E ¢ (xy) (6.138)
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Recall that the time-ordered product is defined by [see (5.75)]

D12 (x(f > xg)

sondy (20 < 2D) (6.139)

(o) - {

and the normal-ordered product is given by reordering the fields such that ¢f is always
to the left of ¢¢:

CO19p = 1 (B] + 7)) (dy + ¢5)
= P10y + P1Pg + P15 + P1; ¢
= 105 + 8 Pad] + P10y + 193, (6.140)

where s in (6.139) and (6.140) is —1 if ¢; and ¢, are both fermion fields and +1
otherwise (namely, if at least one of them is a boson field). Then, if ¢; and ¢
commute (or anticommute if both are fermion) then T'(¢1¢2) and : ¢1¢9 : are both
equal to the original product; namely, the Wick contraction is zero:

QSEQ =0, if ¢; and ¢, (anti)commute. (6.141)

In the above and hereafter, when we write ‘(anti)commute’, ‘anticommute’ applies
only when both fields in question are fermion. When the two fields are of same type,
they may not (anti)commute. In such cases, the effect of reordering comes from the
(anti)commutation relations

T t —
aﬁgaﬁ/a/ — S a’ﬁ/alaﬁo' — 513‘13’/ 50‘0’/ y (6142)

where ¢ is a spin index if any, and the time-ordered product and the normal-ordered
product differ from the original product by a mere c-number. This makes the Wick
contraction a c-number, and sandwiching the defining equation (6.136) between the
vacuum gives

$165 = (0|T($162)[0), (6.143)

where we have used the fact that the vacuum expectation value of a normal-ordered
product is zero by definition (4.202). Thus, the Feynman propagators are nothing
but Wick contractions; namely,

[ e

P(x)o'(y) = iAp(z —y), V() (y) = iSppm(z — y),

1

At (z)A"(y) = iDp"(x —y). (6.144)
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Now define a contraction within a normal product by

€

Gyt D STy 00y bRty B (6.145)
d

Q.
-

(]
where j1---% ) ---n indicates that ¢ and j are missing from the ascending series
1---n, and

iy, def (—1)! l: number of fermion flips needed
Sjrein = to reorder ¢;, - - - ¢, to @j, - - @j,.

i . (6.146)
o k: number of fermion flips to move
di; = (=1)* ¢; and ¢; next to each other with-

out changing their relative order.

These two sign factors are equivalent since if two fields are of different type then the
whole expression is zero due to (6.141), and once two fields of same type are put
next to each other, they can be moved together without changing sign. Multiple
contractions are defined similarly:

e
P i PPy By

ef 4. e

= SRR n PiOiORPL T D1 Qi Ry Ki o Pn iy (6.147)
Note that the order of lower indices of s is the same as the order of fields that
follow including the contracted ones. The final ordering of a time-ordered product is
uniquely determined by the time arguments of the fields. Thus, it does not matter in
what order the fields are placed in the time-ordered product - up to a sign. Suppose
3521 > > w%n, then by the definition of time-ordered product,

T(f1---pn) = sé;'j?}kn Dy - - Dr, 6148
T(di - 65) = S0 by b (6.148)

o
n

Thus, o
T(¢iy -+ Gi) = 5k, Tk, Sk, L( D17+ P) (6.149)
—_———
1-n
Sitein
According to the definition (6.139), this does not hold if any of the times are identical;
for example, if 2§ = 2), we have 3
T(orpr) = oxdr, T(idr) = dir # sprgu in general. (6.150)

3If we define the time-ordered product for fields with equal time to be T'(¢1(t)$2(t)) = ¢1(t)da(t)+
$¢2(t)p1(t), then T'(d1(t1)d=2(t2)) = sT(¢2(t2)d1(t1)) holds also for t; = to. This will, however, lead
to some complications later on, and we will stick to the definition (6.139).
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However, in the following proof, we will not have to exchange the order if the times
are equal.

Similarly, the result of a normal ordering does not change up to a sign when one
starts from a different ordering of the same fields. The sign is again given by the
same factor as in the case of time ordering:

R N k- N AR RREY (6.151)

Applying these to n = 2, we see that the Wick contraction also changes sign if two
fermion fields are switched:

¢;ﬁl =T(pa01) — : P21 : = s [T(h102) — : P1¢2 1 | = 505327 (6.152)

which works for % # 9.
Now, Wick’s theorem states that

T(¢pr--pn) = apc(py -+ dn) (Wick’s theorem) (6.153)

where apc(¢py - - - ¢y,) stands for the sum of all possible contractions of : ¢q--- ¢, : ;
namely,

apc(dr -+ gn) = 11 (0 contraction)
+ PP Qe (1 contraction)
— =
YRR RNt R YRR PN W (2 contractions)

where for example the 2-contraction terms are for all possible ways to pick two pairs
(7,7) and (k,l) out of (1---n).

The proof of Wick’s theorem is a bit cumbersome, in particular to keep track of
signs arising from fermion fields. We will prove it without waving hands and I believe
it would be useful to follow the next few pages; if you choose to skip it, however, just
make sure that you know the exact meaning of Wick’s theorem and are able to use
it correctly.

For n=2, it trivially holds since it is nothing but the definition of the Wick con-
traction (6.136). In proving this theorem, let’s use a further-simplified notation:

.a,c def

i gy e goe (6.155)

We will prove this in three steps: (a) without losing generality, we can assume that
2?9 > > 2% (b) the following relation holds:

n—1 —
lovv(n—=1):n=:1--n:+> :l---k--n:, (6.156)
k=1
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(c) if Wick’s theorem holds for n — 1, then it holds for n.

(a) Suppose the fields 1---n are not time-ordered. When they are reordered such
that 2? > --- > 22 | the time-ordered product on the left-hand side of the theorem
picks up the factor s} " according to (6.149). If any of the times are equal, then the
relative order is not changed. For a given term in apc(¢;, - - - ¢, ), there is one term in
apc(¢py - - - ¢n) that has exactly the same fields contracted, say k and [ (k < 1). They
are by definition

1 (!
and
1 . . M
iy Lk iy = s Tk i N K (6.158)

where we have assumed that k appear to the left of [ in (i1 - - -4,). Due to (6.151) and
(6.152), we can switch k and [ and reorder (iy---X K ---4,) in (6.158) as long as we
do it consistently in the lower indices of s and for the fields. Thus,

Zl"'l"‘k" in = Sz:lllanXn k*l 1 ..XX n
1 1
Sy i Sl 1o Yo
1-n

Similarly, all other terms in apc(¢;, - - - ¢;, ) pick up the same relative sign with respect
to the corresponding terms in apc(éy - - - ¢,). Namely, when one reorders the fields

inside a normal product with contractions, it simply picks up the sign 5}1"_‘.’}” as long
as the same fields are contracted before and after the reordering. Thus,
ape($iy -+ bi,) = i, 7, ape(r -+ 6n) (6.160)

Together with (6.149), we see that if Wick’s theorem holds for 2 > -+ > 2% then it
holds for any ordering of fields.
(b) We now assume 2! > --- > 2%, By induction, we will first prove

n—l [
lov-(n=1):n°=:1---n: 4> :1leok--n®:. (6.161)
k=1

For n = 2, it trivially holds by the definition of the Wick contraction:

T(12°) since 29 > z9
~~ = =
120 =:12°:412¢ — 12¢=T(12°)—:12°: . (6.162)
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Note that a creation field at the left-hand-most inside a normal ordering or an an-
nihilation field at the right-hand most comes straight out of the normal ordering
sign:

el2ni=1:2n:, 1= D[tT =1 =10 (6.163)

and together with (6.151),
—_— —
:2~~~n :zs%jﬁﬁzlz2--~n: =5y i2--m 1, (6.164)

Thus, we have

:1---n::<:—(+W:F:Q---n:—l—séjzl:2---n:1a. (6.165)

Similar relation holds even when there are contractions. Using (6.159),

= 1°:2-- k- l-oomidsy ™ 2 kel--om 1% (6.166)

and similarly for the cases with more than one contractions. Also, since z{ > 2% we
have

1h = T(In)—:1n:=(1*+19)(n*+n°) —: (1*+ 1°)(n* + n°) :

= 1"n° — s " n°1". (6.167)
Then, using (6.165),
:1---(n—1):n°
=172 (= 1) sy 2 (n = 1) 117
=1°:2.---(n—1):n° +S;::EZ:31:2"'(H_1) LS
(6.167)— s.mnele + 1n

= 10:2---(71—1):nc+s;::222:313}1’f:2---(77,—1):ncla
S

(%) sy (%)
Fs ) 2 (n—1) (6.168)

1
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where in the last step we have used S;:::EZ:BI = dy, which corresponds to moving 1

next to n.
Now assuming that (6.161) holds for n — 1, we apply it to (x) above:

:1l---(n—1):n° =:1--n:

n—1 | —
+1C:2---nc:+21c:2---k3---ncz
k=2

n—1
sy i 2eenS 10 Y sy 2k 10
k=2

=:1--n: + 1612---n0:+3%jj]21:2---nc:1“

:12---n: by (6.165)

n-l1 — —
+Z(lc:2...k...nc:+sé:::zl:2...]{;...”6:1&)
k=2

1
:12---k---n°: by (6.166)

1
(12-0mf 4> 0120 ke (6.169)

Thus, (6.161) holds for n and it is proven by induction. Adding

lov(n—=1):n*=:1---(n—1)n": (6.170)
to (6.161), and noting
] 1 1 [
kn = kn® + kn = kn®, (6.171)

we establish (6.156).
(c) Since the Wick’s theorem holds for n = 2, we again use induction and assume
it holds for n — 1; then, since 2§ > -+ > 29,

T1l---n)=T1---(n—1))n=apc(l---(n—1))n. (6.172)

Now, we write out ape(1---(n— 1)) and use (6.156). The first term : 1---(n—1) :n
gives 1---n : and all possible contractions involving n. Then the term

1

1eevioejec(n—1):n (6.173)
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adds : 1-- ﬁy ---n : and all possible double contractions involving n, and simi-
larly for higher-order contractions. Thus, the net result is that we have all possible
contractions of (1---n) and this proves the Wick’s theorem.

The Wick’s theorem holds for any fields for which time ordering and normal
ordering can be defined, and they may be annihilation or creation parts of fermion
fields, 1, ¥¢ etc. (note that ¢ contains a;;g, not bgg ). When a group of fields in
the time-ordered product have equal time and already normal-ordered, which can
happen when they are part of an interaction Hamiltonian with a given x, then the
only difference is that contractions within the group do not occur. This can be seen
as follows: Suppose 1 and 2 are normal-ordered and ¥ = 29, then

T(:12:X) = T (1*°+19(2* 429 : X)
= T((192% + 1929 + 5219 + 1°2°) X))
= T(1%2°X) + T(1°2°X) + s T(2°1°X) + T(1°2°X)  (6.174)

Applying the Wick’s theorem to each of the four time-ordered products, the terms
with only 1 and 2 contracted are

aoa coa cqa coc coa cqa
102 PX 1920 X ;45200 .X.+\162J.X.:(12 +52¢1%) : X 1, (6.175)

where we have used the fact that the contraction of two fields that (anti)commute

vanish. Since z{ = 29 we have

1

120 = T(1°2%) —:1°2% ; =0, (6.176)
———— N——
100 1¢9@

L
and 2¢1° similarly vanishes. Thus, we can write

1
co1(t)pa(t) :=0. (6.177)
What happens if we ignore the normal ordering of the interaction term and proceed
with applying Wick’s theorem? As we will see later, we will simply obtain a constant
‘infinity” which can be removed by the renormalization process.

6.7 Feynman rules of quantum electrodynamics

Let us apply the Wick’s theorem to simple cases of quantum electrodynamics to see
how it works. For the scattering ee™ — utpu~, the interaction Lagrangian is given
by (6.80):

Hini(7) = € : Aa(2)(JE (2) + 75 (7)) (6.178)
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where we have explicitly written the normal ordering. Since the process should an-
nihilate ete™ and create pu*p~ it cannot be a first-order process. The terms in
Hing () Hine (y) that can do the job are

(a) € Aa(@)je (x)As(y)gp(y) and  (b) e*Aa(x)s (@) As(y)52 (y) - (6.179)

The Sy; for the first term above, denoted as S}‘Z), is then

a —ie 2 — o . _
55 = I [ taaty ety 11(C Aase 026 Asdl D)lee) . (6180)
where the subscript z and y indicates the space-time arguments:
F,=F(z), (F:any operator). (6.181)

Now we apply the Wick’s theorem to the time-ordered product. Among all possible
contractions, the only terms that survive are the one with the photon fields contracted
since there are no photons in the initial or final states. There is one such term which,
by the definition (6.145), is

A A cse B . LD N B 6189
az By - Jexpy * +1 F@B(CC y) “dexduy ¢ ( . )
Thus, we have
S(a) _ (_2'6)2 d4 d4 D . + - B -+ 1
e xd"yiDpap(x —y) (W p |2 jondl, le e’ (6.183)

The Sy; due to the second term of (6.179) can be obtained by simply exchanging e
and g for the currents:

—ie)? , e _
S(l;) = 7( 5 ) /d4xd4yzDFa5(x —y) | Z]lefy le”e™), (6.184)
Drpa(y — ) S

where we have used the fact that D’ (2 — y) is symmetric under o <+ 3 or < y
and that jfy commutes with jﬁx (the ordering does not matter anyway since they are
normal-ordered). Thus, we see that the integrands of (6.183) and (6.184) are related
by x <> y and thus give the same result when integrated over x and y, and this
cancels the factor 1/2 in front of the integral. The evaluation of the remaining matrix
element proceeds as usual; namely, matching operators are moved next to the initial
or final states and annihilated. Using a notation similar to the Wick contraction to
indicate a matching of operators (it is not Wick contraction), we have

M \ I | _
<M+,U7| : (@%’Myﬂwu)y(djefy%/’e)x : |€76+> = (fu*V/Bgu*)y(ge*Vafe*)x- (6-185)

Ju Iu Je fe
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In this particular example, there is no minus sign arising from the shuffling. Using
the Fourier transform of iDp,5(z — y) (5.327) and executing the integrals over z, y
and the momentum variable in iDp,5(z — y), we obtain

Sp = 28§ = (=ie)? [ d'ad'yiDras(e = y) Gy fo JalFir 7 900y
(27T)454(pu+ + Pu= — Pet — pe*)
V2P0 V2pl V. /2p0, V2pl v
X (_ie)QiDFaB(ple +pe*)(ﬁeﬂLvaue*)(au*ryﬁv,u*) ) (6186)
M

where M is identified by the definition (5.109). It reproduces the matrix element
obtained earlier in (6.82).

Let us look at a case where there will be multiple diagrams where we have to be
careful about the relative sign among them. Consider the scattering

e e —e e (6.187)

called the Mgller scattering. This is also caused by the QED interaction Hi,, =
eA“@/_)%ﬂ/) at the second order where the photon fields are contracted. No electron
fields should be contracted at this order since we need all four fields of (¥7y,1). (Vy,1),
to annihilate two electrons and create two electrons. Thus,

S = S0 [ atady e 07 1T (i (2 a0l €7

_50)2 — - B

Now, the final-state electrons can be created by v, or lﬁy, and the initial-state electrons
can be annihilated by 1, or 1,. Thus, there are four ways to match the fields with
the initial and final states. Among the four cases, two of them are related the other
two by the exchange x <+ y. Thus, we resolve it by requiring that e; of the final state
be always matched with 1, and drop the factor 1/2 for Sy;. This will require that e;
be matched with f@y. There are still two ways to match the operators corresponding
to the exchange of the initial-state electrons:

(e5er] s (V) (Wvt)y  leger)
[

T — |

r T — * M T L
= (eseq |t (V)e(Unt)y tleser) +{eser| : (V1) (Y 1d)y  lexer)
fi f2 f3 N fa f1 fa S

) + (xﬁ<—> Y) . .
= (f47uf2)m<f37ufl)y - <f47yf1)m<f37yf2)y + (33 <~ y) (6189)
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Figure 6.2: Two diagrams contributing to Mgller scattering e”e~ — e~e~. They are
related by the exchange of the legs for the initial-state electrons which results in the
relative minus sign.

Here, we are being careful about the ordering of the particles written inside the initial
and final states so that they reflect the ordering of the creation and annihilation

operators:
def

leger) S aball0), (ezeq] o (Olazay , (6.190)
then the relative minus sign above between the two amplitudes arises due to the signs
that occur when we move the matching operators in the fields next to the creation
and annihilation operators of the initial and final states. One sees that it is effectively
due to the exchange of the role of the underlined fields v, and %, in (6.189), which
is graphically shown in Figure 6.2.

The two diagrams we have obtained are all the topologically independent diagrams
that have two vertices. Note that what counts in distinguishing diagrams is which
external legs connect to which vertices topologically and it does not matter where
one draws the vertices; for example,

3

(6.191)

It corresponds to the exchange x <+ y which is already taken care of by eliminating
the 1/n! factor in the Dyson series. Putting all pieces together, the Lorentz-invariant
matrix element is
M = (=ie)*iD%’ (p1 — ps) (@aysus) (Us7atir)
— (—ie)*iD3’ (py — ps) (Aaysun) (U Yaa) (6.192)

Note that the second terms is obtained from the first by relabeling 1 <> 2.
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Figure 6.3: Two diagrams contributing to Bhabha scattering ee™ — ete™. If one
interchanges the lines for e* in the final state and e~ in the initial state in the first
diagram, one obtains the second.

Similar minus sign occurs when two diagrams are related by exchange of an initial-
state fermion with a final-state antifermion, or exchange of an initial-state antifermion
with a final-state fermion. To demonstrate it, let us consider the scattering

ete” —ete” (6.193)

which is called the Bhabha scattering. The corresponding Sy; can be obtained by
simply changing the initial and final states In (6.188):

S-—(_ZB)Q/d4d4AT/1"+—- 5 lered 6.194
fiT Tay Ap Ay (eyes] : (@Z)%@D)x(w%@b)y Hleres) (6.194)
with
(efes| s (0yu)e(@nab)y - leres)
M — [ f }
= (efes]: (¥y¥)e W%w) leres) + (ef 63‘ W%ﬂ/}) (1), : ‘61 e )
fa 94 G2 fi fa fi G2 s
+ (@)
= (fs792)2 (@2 1)y — (Fvpuf1)e(G2090)y  + () (6.195)

where the redundancy due to z <> y was resolved by requiring that e; be always
matched with a field at x. The relative minus sign arises in the process of moving
the matching operators next to the initial and final states and annihilating them
one by one. As in the case of Mgller scattering, the role of the underlined fields are
interchanged between the two terms; this time, however, the electron in the initial
state and the positron in the final state are exchanged as shown in Figure 6.3. The
Lorentz-invariant matrix element is then given by

M = (—ie)*iD3’ (ps + pa) (UsV04) (V27au1)
— (—ie)%iD%’ (ps — p1) (Tsypu1) (Tayavs) - (6.196)
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This can be obtained by simply writing down all topologically independent diagrams
with two vertices and assigning a relative minus sign between the resulting two dia-
grams.

Note that this sign rule arose because a given field (¢ or ¢) could be matched
with either of two external legs. If two diagrams are related by exchange of a fermion
and an antifermion in the initial state (or in the final state), then there is no single
field that can be matched with both of the two external legs since it would require
that a single ¢ or 1 field should contain both a and b operators (or both af and b
operators if the two legs are in the final state). Thus, the sign rule does not apply in
such cases. Similarly, it does not apply if two diagrams are related by an exchange
of a fermion in the initial state and a fermion in the final state since a single field
cannot have both a and a' operators, nor when they are related by an exchange of
an antifermion in the initial state with an antifermion in the final state since a single
field cannot have both b and b operators.

Next, we will study the rules realted to fermion loops. Let’s consider the second-
order photon to photon transition 7; — <. In general, the initial and final state
photons can be off-shell; we will, however, treat them as on-shell since it still demon-
strates essential points. Since there are no fermions in the initial or final states, the
fermion fields must be contracted. If we ignore the normal ordering within H;,, the
S matrix element is

Spi = wd'y (Y| T (Hint () Hine () 173

(‘ie)Q 4 4 v
= S [ty [y AR AL )W), ) ()
oyl AR )W)y by ) (O197)
o 1
+ (¢ : A"A”(wm)m(ww/}) Vi) (c)
(gl - ARAY () () )] (D)

Let us examine the term (a) which is called the vacuum polarization or the photon
self energy. By the definition of contraction within normal product (6.145) and the
relation (6.144),

v v,/ .
D ARAY (%U%ﬂ/)) (py)y : = + AL AV yrtys © YVuig Yok
= si?f;ﬁ %Em'@byz wzquzyk : AQAZ " Yuig Vvkl
N——

——
_|_ |
—yt),,; by (6.152)
= —iSpu(Y — ) Vuij 1Sr k(T — Y)Yum + AL A
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= —Tr [z’Sp(y — 2)7,i5p(x — y)’yl,} P ARAY (6.198)

The photon matrix element has two terms

v .o ] i,
(vpl - ARAY vy = (vl (ARAY 2 |ys) + (gl ARAY - |y)
= I (2)hi(y) + Wy (y)hi (@), (6.199)

where hZ, (v) = ejyep(x). Then, the term (a) is now

+ TriSp(y — o)) iSr(z — v)i5(v) |

The two traces are related by x <+ y and thus give same result when integrated over x
and y, canceling out the factor 1/2 in front. Thus, we can again require that the final
state be matched with A*(z) and drop the factor 1/2. Using the Fourier transform
of the propagator (5.351)

. d*p iz
iSp(y—x) = /<27£4@SF(p)e p(y—)
d4p/ ?

(6.201)
iSp(x —y) = /(27r>4iSF(p’)e_ip/'(x_y)

and integrating over x and y, one obtains two delta functions corresponding to 4-
momentum conservation at each vertex:

/d4$d4y e—ip'(y—:c) e—iph(x—y) eikfm e—iki-y — (27.‘.)454(])_'_ kf _p/)(2ﬂ.)454(p/ —p— kz) :

Sr(y — ) Sk(x —y) by (z) ki (y)

(6.202)
where k; and &y are the initial and final 4-momenta, respectively. Upon integrating
over p’, p’ acquires value p + k; = p + ky, and we are left with one delta function
(2m)*6*(k; — ky) and the integration over p. Thus,

(2m)*o* (ky — k)

2KV \ 2KV

This is graphically shown in Figure 6.4 (a). Since the 4-momentum should be con-
served at each vertex, the initial and final 4-momenta should be equal as indicated
by the delta function above. Since the propagators form a loop, the momenta of
the propagators are not uniquely determined by the external momenta, as the result

(6.203)

(@ =~ [ G mlise e+ 1))

M
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() A o f @ f

Figure 6.4: Second-order diagrams for the photon to photon transition. (a) vacuum
polarization, (b) tadpoles, and (c) and (d) with vacuum bubbles.

there is an integration over the momentum flowing in the loop. Note how the trace is
formed: draw arrows on the loop indicating the fermion number flow (the direction
happens to be irrelevant in this case) and write down 4-momenta such that they are
conserved at each vertex, and then starting somewhere on the loop one forms the
trace by picking up the elements moving against the arrow on the loop.

There is an minus sign that arose when one of the propagators was formed by
flipping the order of fields in order to match the definition of propagator in (6.198).
This is a general feature for a fermion loop regardless of how many photons are
attached. For example, when there are four external photons the process is 4-th
order, and possible contractions are

[ g o ]
: A?AgAgAZ(lﬁ’Yaw)l(¢’Vﬁ¢)2(¢%¢)3(¢%¢)4 : (6.204)

where subscript ¢ indicates that the corresponding term is a function of z;. In this
example, the contraction of ¥, and v, needs to be flipped to make it the propagator
—iSp(zy — 1), picking up a minus sign in the process. Incidentally, the sense of the
loop does matter if there are more than two external photons for a fermion loop. This
is in contrast to the case with two external photons, and it is because the change of
the sense of the loop is equivalent to topologically exchanging two diagonally opposing
photons:

(6.205)
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For a fixed set of external photon momenta, the two diagrams will have different
momenta flowing in the photon propagators and results in different matrix elements.

The term (b) of (6.197) may be graphically represented in Figure 6.4 (b) and called
‘tadpoles’. There is also a diagram where the photon fields are also contracted which
is shown as Figure 6.4 (d). As we have seen in (6.177), such terms do not occur when
Hine is normal-ordered. Sometimes, however, it is more convenient not to use normal
ordering in Hj,, as in the case of the systematic study of divergences. and then in
general the effect of tadpoles will be removed later when the theory is renormalized.
In QED, however, tadpoles vanish due to the Furry’s theorem which we will discuss
later.

The third term (c¢) contains a part which is not connected to any external lines
and forms a multiplicative factor for the amplitude:

D L tdty - AR A b)), |
() = |*5 [ diad'y : ALAy (W) )y :| (sl (6.200)

Generally, disconnected parts of a diagram form simple multiplicative factors, which
is also true for the diagram (b) and (d). Diagrams that are not connected to any
external lines are fully contracted and are called vacuum bubbles, and appear when
one evaluates the vacuum to vacuum transition amplitude:

oisy = 1+ (3) + % GH- (6.207)

Since the vacuum is expected to stay as vacuum; namely, if there is no particles
at all at ¢ = —oo then there will be no particles at ¢ = 400, when all is properly
renormalized the vacuum to vacuum transition amplitude should be unity up to a

phase factor: .
(0|S]0) = €* . (6.208)

This amplitude should then multiply to any process in question. For example, ete™ —
1~ have vacuum bubble corrections that factor out as a phase factor:

[1+@+%+®+..} ~ x ¢t (6.209)

This phase factor is common to any diagrams, and thus the vacuum bubbles can in
general be ignored.
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In addition, we note that disconnected diagrams are usually not relevant for actual
evaluations of decay rates and scattering cross sections. If an incoming line continues
to the final state without being attached to any other lines, then it is not decaying
nor scattering. Even if the incoming line does interact, disconnected parts are usually
better treated separately.

To summarize, the Feynman rules in the momentum space for quantum electrody-
namics is as follows: the Lorentz-invariant matrix elements at n-th order are obtained
as follows:

1. Draw all topologically distinct diagrams with n vertices which connect initial-
state particles to final state. No disconnected diagrams or vacuum bubbles need
to be included.

2. Impose 4-momentum conservation at each vertex.

3. For each vertex, give a vertex factor —iey* where p is the Lorentz index uniquely
assigned to the vertex.

4. External lines have factors given by

initial state | final state
fermion Ups Ups
e ” (6.210)
antifermion Ups Vps
photon € €

The Lorentz index of e, is the one assigned to the vertex the photon attaches
to.

5. Internal lines (propagators) are associated with

propagator | symbol

i(p +m)

p? —m? + e

iSr(p)

fermion
(6.211)

_Z'gHV ) y
phOtOH m ZD% (p)

The Lorentz indices of iD%’(p) are the ones assigned to the two vertices they
attach to. If not part of a loop, the sign of p for the fermion propagator is given
by drawing the fermion propagating forward in time.
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6. For a fermion loop, assign an extra minus sign for the amplitude, then integrate
over the momentum flowing in the loop: [ d*p/(2m)*.

7. Relative minus sign if two diagrams are related by exchange of two fermion
lines. Namely, exchanges of two fermions or two antifermions in the initial or
final state, or a fermion in the initial state and an antifermion in the final state,
or an antifermion in the initial state and a fermion in the final state.

Exercise 6.2 Photon-photon scattering.
Consider the photon-photon scattering

M +Y2 = Y3+ Vs

Start from the 4-th order S matriz element

oy - dr ey (] T (Hing (1) -+ Hing (4))|7172)

with B

Hint('r) = eA“(x)w(x)mw(x) )
and apply the Wick’s theorem to systematically enumerate all the distinct connected
diagrams it generates. Does the factor 1/4! canceled by the redundancy due to the

exchange of x1---x4 ¢ How many distinct diagrams are there? Then draw the dia-
grams.

6.8 Pair annihilation ete™ — Ay
Let us consider the annihilation of ete™ pair into two photons

e (p1,51) + et (pa, 52) = Y(ka, €a) + (Ko, ) . (6.212)

There are two topologically distinct graphs as shown in Figure 6.5. Since the parti-
cles in the initial state are a fermion and an antifermion, there is no relative minus
sign associated with their exchange. Then following the Feynman rules of QED, the
Lorentz-invariant matrix element is

= —ie?( Dot Pr—fatm Us 4T p1— Ky +m
M = ( 2)éb(p1 YT )éa 1+ 2fa( L — Fy)? — )éb 1) (6.213)
A B

Note that B is obtained from A by the exchange of labels a <+ b. If we were not
interested in the polarization of the photons, we would square this and use the photon
spin sum rule } e**e” = —g"”. Here, however, we will proceed without summing over
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the photon spins so that we can obtain the correlation of photon polarizations. We
will evaluate the rate in the e~ rest frame [namely, p; = (m, 0)] and use the Coulomb
gauge defined in that frame and the linear basis :

e =t =(0,6,), €& =¢€ =(06,),

6.214
k’a'Ea:O, kb'EbZO. ( )

This allows us to simplify the numerators of A and B substantially. First, we note
that

p1:(m,6) — prree=0, pr-g=0, (6.215)
which means that p; anticommutes with £, :
Tﬁl)éa +/éa?51 =2p1-€, =0, ﬁl)éb +)ébﬁ1 =2p -6, =0. (6.216)
This and the Dirac equation (p; —m)u; = 0 gives
Difa w1 = —faprun = —mfau (6.217)
_ﬁaiﬁl muq

Then, the numerator of A simplifies as

(P1 —Katm)faur = —Kafaur - (6.218)
~—~
— —m
Using
(p1 — ko) —m?* = p? —2py ko + k2 —m? = —2p; - k,. (6.219)
~—~ ~—~
m? 0

in the denominator, and repeating the same procedure for B, we have

o EQ)ébka)éaul o
A= 2Pt B=(aeh). (6.220)

Figure 6.5: Two diagrams for the pair annihilation ete™ — 7.
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In evaluating

(M2 =e*(|AP? + |B]* + A*B + AB*), (6.221)
we can obtain |B|? from |A|*> by a <> b, and AB* from A*B by simply taking the
complex conjugate. Summing over the e"e~ spins and dividing by the number of
initial-state spin configurations (which is four), the spin-averaged |A|? becomes

1
AP = 3 JAP

1 o 1
— Zm'ﬁ(;ﬁl +m)fakafp(Po — m)tokafa

1

— W(Trﬁlfakafbﬁﬁbkaﬁa — M Trt ol afrfolbata) . (6.222)

We now have to use variety of tricks to reduce the number of v matrices. Note that
Falbo =k2=0, fofa=€¢=—1, and (a<> D) (6.223)

Then we immediately see that the second trace vanishes:

Tréaka@f_gkaﬁa = —Trﬁa%,éa =0. (6.224)
~1 0

Similarly, the strategy in calculating the first trace is to move two f,’s or two £,’s
next to each other and then use (6.223):

_féaﬁl

~ =

Tt Brfa FofobofRota = —Tif api Kot sbotohata

= Trpikofubofoka = 21 KTpuof oo = Tokasfepatoba. (6.225)
2p1 ko — Ko

Then, the trace theorem for Tré,pof sk, finishes the job:

— 2py - kg 1
A 2 = 7T a =
4 16(py - ka)? Fopafok 2p1 -k

(2€y - pacy-ka— € p2-ka).  (6.226)
7

Let’s use p; instead of py wherever possible since the space part of p; is zero which
will simplify expressions later. To do so, we can use

(p1 — ko)? = (p2 — ka)? — p1-ky =p2 kg

, 6.227
& (p1+p2) =€ -(ka+ky) — € -D2=c¢-k,g ( )

p1+p2=ka+kb%{
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where we have used ¢, - p; = 0 (6.215) and €, - k, = 0 (Coulomb gauge). Then |A|?
can now be written as

— 1

Al2 = 2(ky - €)? k) 6.228

[AF = 5 =Rk a)? + i) (6.228)
Taking a <> b, we have

N 1

B2 = 2k - €,)? k. 22

B = 5 =20 €0)® + pu -kl (6.229)

The evaluation of the spin-averaged A*B and AB* is left as an exercise:

B (ko -e)® | (b -€a)?
A*B—FAB*:—PE(Z-G -1+ + ] 6.230
(€ ) p1-kq p1 -k ( )
Putting all pieces together, we obtain
e'Tpr-ky | pL-k
M2:e4A+BQZ[ + a—4€a'62—|—2:|. 6.231
MP = A B = G2 + B e, (6:231)
Using the cross section formula (5.291)
d Dr, 2 a
g - _ [Pl | M| . F g 1 (6.232)
dl, 647r2m\p2\[m+E2( — B—jcos@)} ¥
with
ﬁa =1 ) |ﬁa| - kg , D1 ka,b - mkg,ba €q " €b = _éa ' éba (6233)
and e? = 4w, we finally obtain the cross section for ee™ — y7:
d ]{30 2 /{ZO /{70
7 a% by Yo (e, 8?42 (6.234)

dQ,  Sm|ph| [m + Ey(1 — Bocos0)] LkO kY
which was first obtained in 1930 by Dirac.

The physical meaning of the polarization correlation can best be appreciated in
the low velocity limit; namely, when the e™e™ pair annihilates at rest. Then we have
[y ~ 0 and

KO~k ~m, o] ~mBa, Ey~m. (6.235)

and the cross section becomes

do o? A
= ycry [1— (éq-éb)7 (6.236)




6.8. PAIR ANNIHILATION ETE~ — vy 333

Apparently, if é, and é, are parallel, then the cross section is zero. Classically, the
photon wave function is
Al = é'ep(x) + c.c. (6.237)

and the corresponding electric field is given by (with A% = 0)
E=—-0)A—VA* = —9)A = ik%¢ ex(x) + c.c.; (6.238)

where ¢/ = (0, é). Namely, the electric field oscillates along é. Thus, the electric fields
of the two photons created by an ete™ annihilation at rest are perpendicular to each
other:

= Y, Y,
\E/ D SAVAVAVAVAVR T NoVaVaVaVa VUt Il IO (6.239)

Later, we will learn that such correlation indicates that the annihilating state has
negative parity quantum number.

In order to calculate the total cross section, we have to sum over the photon
polarizations. Noting that éj,, éz,, and k form a complete orthonormal basis, we
have

. ’ (6.240)

Then, for general directions k and &/,

—f ]
Z(éEA'éEo\')Q = ZZ(éEA)i(éE',\')i(éEA)j(éEo\/)j

= 1+ (k-k)?. (6.241)

For our case at hand, we have l%a . l;:b = —1 which leads to Y(é, - é,)* = 2. Thus, the
cross section summed over photon spin is

d 2 o 2
= 47:252 5= o)) = 5o (6.242)

Ao




334 CHAPTER 6. QUANTUM ELECTRODYNAMICS

which has an uniform angular distribution. This is not surprising since the annihila-
tion occurs at rest and we have summed over all spins. When integrating over angle,
we note that the exchange of k, and K, results in exactly the same final state which
should not be counted twice. Thus, we integrate over 47 steradian and divide by two

to obtain )

i T o
ow(ete” = yy) = TN (low energy limit) , (6.243)
or
. e .
Tot(€TeT = y) = 5 (low energy limit) , (6.244)
2

where 7. = a/m is the classical electron radius.

Three distances in QED
There are three distance scales in the electron photon system, and they are related
by the fine structure constant o ~ 1/137:

classical electron radius re=" ~ 28179 fm (= 10""3cm)

m

1
electron compton wave length X, = —  ~ 386.1 fm (6.245)

m

1

Bohr radius oo = — ~0.5292 A (= 10~%cm)

mao

Since the radius of proton is about 0.5 fm, the classical electron radius r. is about
five times larger than the radius of proton. I

6.9 The Ward identity

We are now well equipped to prove the Ward identity (6.70). Let us first restate the
claim. When an external photon is involved in a process, the Lorentz-invariant matrix
element M is linear in the polarization vector €” of the photon. Then, it vanishes if
one replaces €* with the 4-momentum of the photon ¢*:

M=¢€1l, — ¢1,=0. (6.246)

As we will see below, the photon does not have to be on-shell. When a photon
is attached to a fermion line (loop or not), then, regardless of the on-shellness of
the photon, the current associated with the fermion line vanishes when the gamma
matrix at the vertex is contracted with the 4-momentum of the photon. This latter
aspect was needed for the term ¢#q” /M? of the spin-1 propagator to vanish in (6.61).
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The original Ward identity is a relation between the electron propagator and the
electron-photon vertex function in the context of perturbation theory (with higher-
order corrections), which was generalized by Takahashi using a formulation exact to
all orders. It has become customary, however, to include the relation presented here
in the ‘Ward identities’.

A photon is always attached to a fermion line which may have two ends or may
be a loop. The fermion line may be attached to photons (with momenta k; -- -k,
other than the photon of interest (with momentum ¢). The photons may be on-shell
or off-shell. Let us start from the case where the fermion line has ends. We assume
that the ends are u spinors, but the proof works also when one or both are v spinors.
For given incoming and outgoing momenta of the fermion line (p, and p) and the
momenta of photons (g, k1 - - - k), there are n+ 1 ways the photon of interest attaches
to the fermion line depending on the relative position of the series ky - - - k,, and ¢:

@ k, ® kg K © g K, ky
e+
u Eh u, up u,
-/ —
Py %n By o Hpa P, L a7

(6.247)
The system that these photons attach to is identical for each of these diagrams,
thus we can sum the these diagrams to prove the cancellation in terms of the entire
matrix element. There are diagrams with k; - - -k, reordered, but it turns out that
the cancellation occurs within a given ordering of k; - - - k,,.
As we have seen in (5.358), because of the relation

p+m
p2—m2_

(p—m)™; (6.248)

we symbolically write the fermion propagator as

p+m  def i

- . le _ 24
S (p) ZpQ—m2+ie p—m+ie (6:249)
For example, the diagram (a) of (6.247) can be written as
(0) = 1 1 (6.250)
a) =UYan, 7 Yan—1 " Yoo 77 Tula .
b7 ¢b+kn_m7 1 Vlﬁa_g_m’)/ﬂ

where we have dropped the i’s and —ie’s (e: electric charge) since they are common to
all diagrams and irrelevant in demonstrating the cancellation. We have also ignored
the +ie terms which do not affect the proof. Our task then is to show that the
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net result is zero when we contract «, with ¢* in each diagram and sum the n + 1
diagrams. We further simplify the notation by writing the inverse propagator as

Pl Zp—m. (6.251)

Then, the Dirac equations for u, and @, are
[Paltia =0,  Tp[ps) =0, (6.252)
and we have for any p* and p™
Pl == -—m) =@ —m)=p—p" (6.253)
Then the diagram (a) with ~, contracted with ¢* is

[pa]—[pa — q] by (6.253)

(a): @ Lo
a): UWpYa, o Uy
& [pa_q_k1]7 [pa_Q]
0 by (6.252)
; o]
= UpVa, """ a1 a|Ua
bfy [pa_q_k1]7 [a_Q]
1
_ 1 1
—UpVay, " Yo a — 4| Uq
’ [pa_q_kl] 1[pa_q][p ]
1
= — /yan...—’yalua_ 6254
’ [pa_q_kl] ( )
Similarly for (b) and (c), the contraction with ¢ results in
[pb+CJ]—[%] (< @p[py] = 0)
(©: @ 4 — ! Uy = T ey (6.25)
B T T Ty T '
and
X [Zii] —/[g;q]
bi :fa... i1 7(:!1_7...”&
)t e e g ! ] T R
_ 1 1 1
= Up-* - a1 o ce U
’ [pi—q—kwlﬂ i [pz-—qﬂ [pi + ki
1 1 1
— Uy N Vg Uq 6.256
g o] o] " T ) (6.256)
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where we have labeled as (b;) the diagram in which the photon of interest (with
momentum ¢) is attached between the (i + 1)-th and i-th photons and p; is the
momentum of the propagator just to the left of the i-th photon. In order to keep track
of momenta flowing in the propagators, it is convenient to use a graphical method
where the momenta are uniquely determined by the momentum conservation at each
vertex. We will use an extra arrow with dotted line to indicate that momentum
q is flowing out of the vertex and the momentum conservation is imposed on each
vertex, and otherwise the normal rules for propagators and spinors are applied. The
expression (6.254) can then be represented as

k[l kl
a) — :
(@ DR

ki+1 ki ki+] ki

g é - é g (6.257)
) = 7 7, R T T,
qy qV

kn kl

(c) — P, ;q P,

Now it is quite clear that (a) cancels the first term of (b;), and the second terms of
(b1) cancels the first term of (by), and so on; and finally the second term of (b,_1)
cancels (c).

If p, is carried by a positron in the final state, then the starting momentum of the
current is —p, rather than p,; e.g. the momentum of the propagator just to the left
of ¢ in (6.247a) is —p, — q. On the other hand, the positron spinor v, satisfies

[=Palva = (—pa —m)v, =0, (6.258)

and the proof can be carried out in the same way as before. Similarly, the proof works
fine when the spinor at the end of the current is a v spinor.

When the photon in question is attached to a fermion loop, the same reasoning
works just fine. This time the photon with momentum ¢ is attached to a fermion loop
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with n other photons with momenta k; --- k,. There are n diagrams depending on
where the photon in question is attached with respect to the series of other photons,
and these diagrams need to be summed. The diagram with ¢ placed between k; and
ki_1 gives (upon contracting ¢* with the v, at the vertex)

1 [Zil] _/[& I e 1 1
Tr <7an e m7ai+1 [pi _ q] ﬁ m’mm te m) (6259)
1 1 1 1
=Tr <7an T mfyaile [pi — Q] Ve [pi + kz] e [ﬂ)

T < 1 1 1 1)
=T (Yo Ve Y T T )
i —q—kiva] " il T ps FR] [P

which can be graphically represented as

(6.260)

Let’s label this pair of diagrams as (i). Then, it is seen that the second term of (7)
cancels the first term of (i + 1) and so on, and the second term of (n), where ¢ is
placed between k; and k,, cancels the first term of (1). Thus, the net total again
vanishes and the Ward identity (6.246) holds even when the photon is attached to a
fermion loop. This completes the proof.

Incidentally, when there are odd number of photons attached to a fermion loop,
then there is a cancellation between two diagrams with opposite loop directions (this
is for the ordinary matrix element without contracting any photon momentum with
the corresponding v matrix). The photons need not be on-shell for this to hold. It
is also easy to see that the amplitude vanishes when odd number of photons and no
fermion lines are attached to a ‘blob” which represents any QED diagram:

=0 (Furry’s theorem) : (6.261)
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Since there are no external fermion lines, all fermion lines inside the blob are loops,
and since all photon lines that do not come out of the blob have two vertices there
is at least one fermion loop with odd number of photons attached. The amplitude
of this loop multiplies to the whole amplitude and thus the diagram vanishes. This
is called the Furry’s theorem and is a consequence of the symmetry of QED under
charge conjugation C' which in particular prohibits transitions between odd and even
numbers of photons. We will come back to this point later. When there is only one
photon attached to the blob, it represents a tadpole (and corrections to it) and it
vanishes due to the Furry’s theorem.

Exercise 6.3 Furry’s theorem.

(a) Write down the two diagrams for a fermion loop with three external photons
with momenta ki, ko, and ks flowing out of the loop. These diagrams are related by
reversing the direction of the fermion loop. Fach verter has a gamma matrix with
a given lorentz index (call them ~,,, Vu,, and yu,). Write down the corresponding
amplitudes including the integral over the loop momentum. You can ignore the i’s
and e’s as well as the +ie terms.

(b) Show that the two amplitudes cancel. (hint: Use Ty, ...7v, = Trv, ... 7
(reverse order), and that the trace of odd number of v’s is zero. Also, note that
the momentum conservation at each vertexr demands ki + ko + k3 = 0.)

(¢) Extend the proof to the case with (2n+ 1) photons attached to a fermion loop with
n > 2.
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Problems

6.1 Radiative decay: Higgs — fermion pair + photon.
The coupling of the neutral Higgs to fermion is given by the interaction Lagrangian

o

where ¢ is a dimensionless real coupling constant, ¢ is the Higgs field, which is neutral
and spin-0, and v s the fermion field. Let’s consider the process where Higgs decays
to a fermion pair + photon:

H(q) = f(p1,s1) + f(p2, 52) +v(k,€)

There are two diagrams to be summed to obtain the decay amplitude corresponding to
which of f and f emits the photon.

(a) Draw the relevant Feynman diagrams and write down the Lorentz-invariant matrix
element M. Assume that the fermion charge is e. Note that the momentum used in
the fermion propagator is defined to be that of the fermion propagating forward in
time and not that of anti-fermion propagating forward in time.

(b) Assume that the fermion mass is small; namely, it is set to zero. Actually, in the
standard model, the Higgs coupling to fermion is proportional to the fermion mass,
but it does not concern us here. Square the matrix element and sum over the fermion
spins and the photon spin. For the photon spin sum, use

> e = —g.
A
Convert it to the differential decay rate using

dr M2

dsidss  (2m)332M3

where M s the Higgs mass, sy s the invariant mass squared of the fermion and
photon, s is that of the antifermion and photon. Express the result in terms of M,
S1, 83, a = €*/(4w) and c. You may want to use p; + Kk = ¢ — P2 (4-momentum
conservation) in the numerator of a fermion propagator, then use the Dirac equation
to eliminate po. Similarly for the other propagator.

(¢) This time, we will use the Coulomb gauge in the rest frame of Higgs, namely the
polarization vector has no time component and the space part is transverse to l%, and
simplify the matrix element as much as possible without summing over the photon
spin at the beginning. Thus, you can use relations such as

qg-€e=0, k-e=0
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Show that the decay rate is given by (summed over fermion spins but not over photon
spin)

r 2 1 12
d;deQ = 32:20]\/[3 (81 + 82) [5152 — 4M2(p1 . 6)(]32 . 6)]

You can combine the two terms into one using q-€ =0 (i.e. one trace to deal with)
(d) Now use >\ k"X — —g" in (p1 - €)(pa - €) above to ‘sum over’ the photon spin.
You will not get the same answer as in (b), why?
(e) Explicitly sum over the two linear polarizations. You can use

Z é%)\é%}\ — 61’]’ - ];’li@ y

A=1,2
where €j, 1is the space part of the 4-vector €i,. This time, you should get the same
result as in (b).
[comment: The result shows that the decay rate is divergent as the invariant mass
of the photon and one of the fermion pair goes to zero. In fact the total decay rate
obtained by integrating over sy and sq is infinity. Such divergence is known to be can-
celed by a divergence encountered in the diagram where a photon emitted from fermion
1s absorbed by anti-fermion which is called the vertex correction. It is an example of
a more general theorem called Kinoshita-Lee-Nauenberg, or KLN, theorem.]

6.2 ete™ — ptp~ with transversely polarized beam.

When an electron or positron beam goes around a storage ring, the intrinsic magnetic
moment tends to get aligned to the magnetic field of the bending magnet which is
vertical (in order to circulate the beams in a horizontal plane). Since electron and
positron have opposite charges, their spins tend to polarize in opposite direction (ver-
tically). Take the y-exis to be pointing up and the z-zxis to be in the beam direction
at the collision point, and assume that electron is polarized in the +y direction and
positron in —y direction. Assume that electron is massless but do NOT assume that
muon is massless.

(a) Set the momentum/spin of electron and positron to be (p1,s1) and (pa, s9) respec-
tively. What is the numerical values of s1 and sy in the lab system?

(b) Using the Feynman rules, write down the invariant matriz element M without
summing over the spins. Momenta/spin of final state p~ and p* are (q,s,) and
(qo, s4) respectively. Consider only the lowest order; namely, via a single photon.

(¢) Sum over the spins of final state muons, but not over the spins of initial state
particles. Use the relation

1
_ +2'757é (ﬁ + m)
etc. to convert it to traces. Yes, it becomes traces even though not summing up the
intial state spins. This 1s equivalent to inserting spin projection operators and then
sSumming over Spins.

Up,stp,s =
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(d) Complete the calculation of the differential cross section do/d) and express it
in terms of « (fine structure constant), s (total c.m. energy squared), B (velocity of
muon), 0 (polar angle of muon with respect to the beam axis), and ¢ (azimuthal angle
- ¢ =0 for the x axis). The result is almost as simple as the non-polarized case.

(e) Obtain the differential cross section do/dS) for the case when the polarizations of
electron and positron are in a same direction; namely, both up or both down. Sketch
the azimuthal distribution at @ = /2 for the two cases - polarizations parallel and
anti-parallel - in the massless limat.

6.3 Electronic decay width of J/ V.
(a) Closely follow the calculation of eTe™ — p* ™ to obtain the spin-averaged Lorentz-
invariant matriz element squared for

c(p1)é(p2) = e (q1)e" (qa) -

This time keep the mass of the charm quark (m = 1.5 GeV/c®) as non-zero. You can
ignore the electron mass. The charge of ¢ quark is +2/3. You should get

32¢?
952

M2 = P2 q1p1 @2+ D2 qapi-qi + M gl

(b) Ezpress the differential cross section do/dS) in the CM system in terms of the
velocity of the charm quark (B), the CM energy squared (s), the angle between the
incomiong charm quark and the outgoing electron (q), and the fine structure constatn
a=e?/4m.

do a?

- @(2 — 3*sin’0) )

<answer:
(¢) The result above can be used to roughly estimate the electronic decay rate I'(V —
ete™), where ¥ is made of a pair of charm and anti-charm quarks coupled to form spin
1. Imagine, nawely, that V is a system in which charm quark and anti-charm quark
are rotating in opposite direction at non-relativistic speed. You can assume that the
charm quark is moving in the cloud of anti-charm quark with uniform density p = 1/V
where V' is the volume of ¥ meson. Assume a ball of radius 0.25 x 10712 c¢cm. (or 0.25
fm). Estimate the decay in unit of keV. [hint: First integrate the cross section over
angles assuming f < 1. Note that the number of reaction per unit time - i.e. decay
rate - is o X pX (relative velocity of projectile and target). The result is independent of
the velocity 3. The cross section obtained in (b) is for the spin averaged case. What
happens if the incoming c¢ pair is already coupled to spin 19 The experimental value

is 5.20£0.37 ke V]

6.4 QFED scattering H"H- — HYH™.
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(a) Draw the two lowest-order diagrams relevant for the QED reaction
H*(p1) + H (p2) = H (1) + H (q2) ,

and write down the Lorentz-invariant matriz element in terms of the 4-momenta.
You should have one term inversely proportional to t = (p1 — q1)* (‘t-channel’) and
another term inversely proportional to s = (py + p2)? (‘s-channel’).

(b) Ewvaluate the differential cross section do/dS2 in the C.M. system and express it in
terms of the fine structure constant ., the velocity of the particles B, s, and the angle
0 between the incoming and outgoing H*. Examine the limit 3 — 0 and comment on
the angular distribution. Which of the two channels (s ort) dominates in that limit?





