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Part 1

Scalar Bosons






Chapter 1

One Particle States in Quantum Theory

Consider a one-particle, configuration-space wave function f(Z) which is a function of the spatial
variable # € R3. A wave function is also called a state, and it is a vector in a Hilbert space H;
of possible particle states. (We denote a wave function with the letter f, rather than the usual 1
of non-relativistic quantum theory texts, as we reserve the letter ¢ for a Dirac field.) For now we
interpret | f(#)|* as the probability density for a particle being located at the position #. Here we
assume that the position is a vector in Euclidean 3-space, but we may at other times replace R? by
an appropriate configuration space, such as a torus or a lower (or higher) dimensional space.
Two states f, g in H; have the scalar product

(Soghy = [, F@ol@)di (LLD)

Here the notation f(Z) denotes complex conjugation of the function f(#). We call this the
configuration-space representation. This space of one-particle states is the Hilbert space H; =
L*(R3) of square-integrable functions, obtained by completing the linear space of smooth functions
that vanish outside a bounded region. (Vanishing outside a bounded region is sometimes called
compact support. The completion is with respect to the norm || f|| = (f, f}l/ % determined by this
scalar product.) The subscript “1” on H; specifies that wave functions f € H; describe one particle.
When there is no chance of ambiguity, we do not indicate the Hilbert in the scalar product

(f,9). We always work with hermitian scalar products, namely those that satisfy

(S =0 (1.1.2)

A linear transformation 7' (or operator for short) transforms H; into H; and satisfies for any
f, [ € Hy and complex A,
T(f+Af)=Tf+ATf". (11.3)

Note that most operators T' we encounter in quantum theory (such as position, momentum, angular
momentum, energy, etc.) are only defined for a subset of wave-functions f. In such a situation one
requires the operator to be defined for a dense subset of wave functions, meaning a set which for
any given state f contains a sequence {f,} of states for which f, — f, as n — oc.
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4 CHAPTER 1. ONE PARTICLE STATES IN QUANTUM THEORY

Polarization: = How can we recover a general scalar product of two vectors from a sum of squares
of vector lengths? This is called polarization. In the case of any Hilbert space, one can express an
hermitian scalar product as a linear combination of squares of lengths of vectors. In particular,

() =1 el +erl, (114)

=1

where the sum extends over the fourth roots of unity, namely ¢ = +1, +4. The proof of this identity
is to expand the sum as

SElf+efI* =X EAP+ES 1P+ N) + X ) (115)

ed=1 et=1

Use the fact that for any integer n, the sum Y .4_; € = 0, unless n = 0 (mod 4), in which case the
sum equals 4. Thus only the final sum is non-zero, and the claimed identity holds.

If the functions f, f" are both real functions, then the scalar product is symmetric (f, f') = (f', f)
under the interchange of f with f’. As a consequence the polarization identity reduces to a sum
over two terms, .

1 Soellf +ef | (1.1.6)

e2=1

(£, 1)

There is a similar formula to recover an arbitrary matriz element (f, T f') of a linear transformation
T from a sum of its ezpectations ('), = (f,Tf). The proof is just the same as the proof of (1.1.4),
and the result is that

1

(1.T7) =

Yo e s | (1.1.7)

et=1

For T' = I this reduces to (I.1.4). Likewise for real, self-adjoint 7" one can take only two terms,

1

Ty =72 €D ppep |- (L1.8)

1.1 Continuum States

Continuum states can occur in a scalar product, but they are not normalizable. The Dirac delta
“function” is a very important continuum state. This function 6z (') = 6*(Z' — F) of 7' is zero
everywhere but at the one point ¥, and has total integral one. One says it is localized at 7.
(Mathematically it is a measure, not a function, and sometimes this is called a generalized function.)

The normalization condition is

/(59E (#)dz = 1. (1.1.9)
The delta function localized at ¥ has the property that for a continuous wave function f,
(0z, f) = f(T) . (L.1.10)
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1.2. THE MOMENTUM-SPACE REPRESENTATION 5

The delta function éz behaves in many ways like an eigenstate of the coordinate operator with
the eigenvalue @. In other words the operator #' (the operator of multiplication by the coordinate
function #') satisfies the eigenvalue equation,

7'6; (1) = @65(7') . (L1.11)

But the square of d; does not exist, so dz is not a true eigenvector. While there is an appropriate
mathematical theory of the delta function as a generalized eigenfunction, in this course we will work
with the delta function as if it were an eigenfunction.

1.2 The Momentum-Space Representation

The momentum-space representation is related to the configuration-space representation by Fourier
transform. We only indicate the subscript H; on the scalar product when there may be a confusion.
The function f is related to its Fourier transform f, by

fk) = W/f(f)e‘“;'fdf . (1.1.12)

The Fourier inversion formula says that

= 1 FON ik E T
f(@) = (232 f(k)e™ " dk . (1.1.13)
Note that the sign of the exponential is not arbitrary. We choose this in order that the momentum
P is the operator
P=—iVz. (1.1.14)

Here, as everywhere, we use units for which A = 1. We will also use units for which the velocity of
light ¢ = 1. One must re-introduce factors of h and ¢ when one wants to recover numerical answers.
Note that the Fourier transform of the Dirac delta function 6z (Z') is a plane-wave function k

NN 1 —ik T
oz (k) = (27r)3/26 . (I.1.15)

Note also that the factor (27)~%2 differs from Coleman’s notes but agrees with the book by Sred-
nicki. For a Fourier transform on R%, one would replace (27)~%/2 by (27)~%2. One makes this choice
in order to give Fourier transformation especially nice properties.

In fact Fourier transformation is a linear transformation § on the Hilbert space of square-
integrable functions. This means one can write

1
(27)3/2

F=35f, o |&HF) = / F(@)e® 24z |, (1.1.16)

“Elements of Quantum Field Theory” by Arthur Jaffe Version compiled on 25 October, 2007 at 12:47



6 CHAPTER 1. ONE PARTICLE STATES IN QUANTUM THEORY

Linearity means that for any complex constants A, u and any two functions f, g,

SNf+pg) =AFf+pJg . (L.1.17)
With our normalization, § is a unitary transformation,
FE=385"=1. (1.1.18)
Unitarity also could be written
(f.9)=(F.3) = (3f.59) . (1.1.19)
for any square-integrable f,g. In fact the Fourier inversion formula says that
F=3"'=38. (1.1.20)
where B denotes the inversion (parity) transformation
(BNHE) = f(=7) . (1.1.21)

It turns out that the unitarity of § and the form of its inverse (1.1.20) can be derived from
(and are equivalent to) the completeness of the set of eigenfunctions of the quantum-mechanical
harmonic oscillator! See Appendix [.A.

1.3 Dirac Notation

In Dirac notation, one writes the Hilbert space of states H; in terms of vectors |f’) called ket-
vectors or “kets” and a dual space of vectors (f]| called bras. Wave functions f and ket vectors | f)
correspond to another exactly,

foe 1N (1.1.22)
Ket vectors are dual (in a conjugate-linear fashion) to bra vectors,
1= (1.1.23)
This latter can be written as a hermitian adjoint
(=107, (1.1.24)

denoted by *. In terms of the original wave functions f(Z), the duality between a ket |f) and bra
(f| just amounts to complex conjugation,

f@) = 1f) —  f(@) < (f]. (1.1.25)

One pairs a bra (f| with a ket |f’) to form a scalar product or bracket (f|f’). This is Dirac’s
elegant notation for the original scalar product,

.S = U1 (1.1.26)

“Elements of Quantum Field Theory” by Arthur Jaffe Version compiled on 25 October, 2007 at 12:47



1.4. CONTINUUM EIGEN-BRAS AND KETS 7

One requires that the inner product be hermitian, namely

1) =10 = 1) - (1.1.27)

Here * or ~ denotes complex conjugation of the scalar product. (We use * to denote the hermitian
adjoint of a transformation, and acting on functions the two conjugations agree.)

Suppose that 7" is a linear transformation 7" acting on the space of (ket) vectors. The natural
correspondence between the ordinary notation and the Dirac notation is to set

T\ f) =1Tf) . (1.1.28)

The ordinary hermitian-adjoint transformation 7™ is defined by

(f.170) ={Tf, f) - (1.1.29)
In Dirac notation, the corresponding definition is
(1T f) = (FIT7Lf) = Tf1f) - (1.1.30)

Therefore the bra corresponding to T'| f) is

Tf) — (Tfl=IT). (1.1.31)

1.4 Continuum Eigen-Bras and Kets

Consider the one-particle momentum eigen-kets ]/2) of the momentum, for which

— =/

PEY=Fk k. (1.1.32)

This continuum eigenfunction corresponds to the ordinary momentum-space wave function ;- (IZ )=
sk — k).

Each ket vector |k /) is assoclated with a dual vector, the bra vector (k /]. The scalar product
between two kets |k) and |k') is given by the bracket

(k| = (K'|k)* . (1.1.33)

These kets are continuum eigenfunctions, so they cannot be normalized in the usual sense, for they
have infinite length. One normalizes the bras and kets so that

(k|K'Y = 83k — k') . (1.1.34)
as one would expect from

(FIE) = (5;.6¢0) /5””—“ SE =Kk =8k — k). (1.1.35)

“Elements of Quantum Field Theory” by Arthur Jaffe Version compiled on 25 October, 2007 at 12:47



8 CHAPTER 1. ONE PARTICLE STATES IN QUANTUM THEORY

In the last identity we use 6(k) = 6(—k ).
The Fourier representation of the 3-dimensional delta function is

5(F) = (2;)3/ w7 BT (1.1.36)

We also assume that the ket vectors |IZ) form a complete set of one-particle states. Completeness
can be written as the condition

/ BY(E| °F = 1. (1.1.37)

In Dirac notation, one can use a wave packet f(k), i.e. a momentum space wave function that

is a square-integrable function of IZ, to define a ket vector | f') with finite length. The wave packet
defines a ket

/f (B) |F) d°F . (1.1.38)
The corresponding bra vector is
1= [ Jy (R dk (11.39)

The completeness relation gives us the relation between the notation in the standard (momen-
tum) representation and the Dirac notation. Pairing the ket (I1.1.38) with the bra (k| gives

f(k) = (k). (L.1.40)

The Dirac scalar product of a bra and a ket defined by two wave packets f and g coincides exactly
with the scalar product of the wave packets in terms of the standard wave functions. The standard
momentum space inner product is

(7.7 = [ 7@y , (1.1.41)
which in Dirac notation is

1) = [URE R = [ ) )k (1.1.42)

1.5 Configuration-Space Eigenkets

Civen the wave function f = §f, and the ket |f) of the form (I.1.38), we look for a ket |#')) such
that!

F(@) = (Z1f) . (1.1.43)

'Here we distinguish position space kets from momentum space kets by using a double bracket | - )) in place of
| - ). In case there is no chance of confusion, we drop this double bracket.

“Elements of Quantum Field Theory” by Arthur Jaffe Version compiled on 25 October, 2007 at 12:47



1.6. ENERGY, MOMENTUM, AND MASS 9

In fact

1 e 1 I
&)= (2m)3/2 /ewkf(k)dk N (27)3/2 /61&3% (kf)dk (I.1.44)
so that

—

- 1 > ik - 1 I\ —ikd 37
<<xlzw/<k|ek FFE, and |7 :W/|k>e B2 o (1.1.45)

With these configuration-space eigen-kets, one infers from (1.1.34) that

=17 1 ik-Z Si=any L ik-(2-2') 37 _ 3.2 =
(Z|F) = (%)3/2@’@ . and (#@|T) = (%)3/6 (F-)ak =83z — 7). (1.1.46)

We also have a completeness relation expressed in terms of the configuration space vectors. In
fact,

/\f»((f\ di :/\E)<E|df — 1. (1.1.47)

From the completeness relations, one has |f) = [ f(Z)|Z) dZ = [|Z) (Z|f)dZ =|f) , or

1) = [1@)a) az = [ FE)IFaE =1f) . (1.1.48)

In other words, we express the vector |f)) in terms of two bases |Z) or |k ), with coefficents f(Z)
and f(k) respectively.

1.6 Energy, Momentum, and Mass

The mass m of the free particle under consideration enters when we introduce the time evolution.
We take for the energy (or Hamiltonian H) the expression

H=(P? +m2)1/2 . (.1.49)

This is the standard energy-momentum relation in special relativity, when we take units with ¢ = 1.
Using the quantum-mechanical form of the momentum as the operator P =—iV; as given in

(I.1.14), one can write
H = (]32 + m2)1/2 = (—6% + m2)1/2 =w. (1.1.50)

X
We use the symbol w to denote the energy H restricted to the space of a single particle. One defines
the time evolution of the free one-particle wave function as the solution to Schrodinger’s equation
(with h = 1),

fi=etHf=eof (1.1.51)

Here f is the time-zero wave function.

“Elements of Quantum Field Theory” by Arthur Jaffe Version compiled on 25 October, 2007 at 12:47



10 CHAPTER 1. ONE PARTICLE STATES IN QUANTUM THEORY

One can solve this equation using Fourier transformation. In the momentum representation, the

momentum operator multiplies the wave function f(k) by the function %, and the energy operator
. - 1/2

multiplies the wave function by the function w(k) = (k ’ + m2) . Thus the Fourier transform on

ft(f) is

~ =

folk) = e ™ ®) Fiy (1.1.52)
It is also natural to define the “mass” operator as the positive square root,
M =\ H?— P2 (1.1.53)
The kets |k ) are eigenstates of M, namely
MIEY =m|k) . (1.1.54)

As a consequence, the vectors
1fy = [ f(k)|k)dk (L.1.55)

MIZY =m|z) . (L.1.56)

The value of the rest mass m enters the calculation through the definition of H for a free particle.
If H had a more complicated form, it might not be so easy to identify eigenstates of the mass M.

1.7 Group Representations

Let & denote a group with elements g and identity e. A representation U(g) of the group on the
Hilbert space H; is a mapping g — U(g) from the group to linear transformations on H; with the
properties,

U(g1)U(g2) = U(g192) , and Ule) =1 . (1.1.57)

As a consequence, U(g)™' = U(g™!), and in case U(g) is unitary, then

Ug)" =U(g™)| (L.1.58)

In quantum theory we generally consider unitary representations, as they conserve probabilities and
transition amplitudes. Furthermore, when the group & is parameterized by some continuous param-
eters, we want the representation U(g) to depend continuously on these parameters. (Technically
we require strong continuity.)

In some cases the group & acts on configuration space according to ¥ +— g¢g&. A couple of
elementary cases of this phenomenon are spatial translations and spatial rotations. If the measure

“Elements of Quantum Field Theory” by Arthur Jaffe Version compiled on 25 October, 2007 at 12:47



1.7. GROUP REPRESENTATIONS 11

dZ is also invariant under the group, namely gd¥ = d for all g € &, then the transformations U(g)

defined by

Ug)f) (@)= flg™'T)|, (1.1.59)
give a unitary representation of & on H;. We now show that
Ug)lZ) = lg7) |- (1.1.60)
Equivalently, using the relation (1.1.31), it is sufficient to verify that
{92 = (Z|U(9)" . (1.1.61)
From (I.1.43) one has
flg™'@) = (o7 'ZIf) (1.1.62)
while from (I.1.59) one has
flg™'7) = (Z|U(g9)f) - (1.1.63)

This is true for any f,so (¢7'Z| = (Z|U(g). Replacing g by g~*

one has U(g™t) = U(g)*, so

, and using the unitarity of U(g),

(97| = (Z|U(g™") = (ZIU(9)" - (1.1.64)
But this is just the claimed relation (I1.1.61), so (1.1.60) holds. Similarly one has

U(g)lk) = |gk)|- (1.1.65)

It may be possible to find a unitary representation of & on H;, even if & does not act on config-
uration space with dZ invariant. This is the case for a Lorentz boost. That unitary representation
is given in the second homework problem. We have shown in class that every proper, time-direction
preserving Lorentz transformation A can be written uniquely as A = BR, where R is proper ro-
tation and B is a pure boost. As a result, one recovers a unitary representation U(a,A) of the
Poincaré group on ‘H;. This representation is irreducible; namely it leaves no proper subspace of H;
invariant. This is the standard mass-m, spin-0 irreducible representation of the Poincaré group.

For the space-time translation subgroup (a, I) of the Poincaré group, we define

Ula) = Ula, I) = e%H—iaP (1.1.66)
Acting on the one-particle space, this gives
Ula)|k) = etwow®)—iak gy (1.1.67)
In configuration space, (1.1.45) shows that space-time translations have the effect,
Ua)|Z) = ez +a)) |. (1.1.68)

We use this as our standard sign convention for the direction of space-time translations. In terms

of the Schrodinger equation, it is the adjoint U(¢)* = U(t,0)* that gives the standard solution
fi=U@)*f =e ™ f. As a consequence of the convention (I.1.68), the relation (I.1.59) shows that

(Ut a) ) (@)= f(@ —a)|. (1.1.69)

“Elements of Quantum Field Theory” by Arthur Jaffe Version compiled on 25 October, 2007 at 12:47



12 CHAPTER 1. ONE PARTICLE STATES IN QUANTUM THEORY

1.8 Lorentz Transformations

Here we analyze proper Lorentz transformations A that preserve the direction of time. A Lorentz
transformation A is a real, 4 x 4-matrix that preserves the Minkowski square of the four-vector
x = (t,7). Denote the components of x by x, with ¢ = g, and the Minkowski square as 23, =
22— 7%= 2#gx”. The Lorentz transformation acts on space-time as

=Y At (1.1.70)
Thus as a matrix equation the condition of preserving the Minkowski length is
(x,gr) = (Ax,gAx) | (L.1.71)
or
ATgh =g . (L.1.72)
Here AT denotes the transpose of A, and g is the metric,
1 0 0 0
0O -1 0 0
9=1o 0 -1 o (1.1.73)
0 0 0 -1

From this identity we see that det A2 = 1. Those A with determinant +1 are called proper, and
those that perserve the direction of time have Agy > 0.

Proposition 1.8.1. FEvery proper, time-preserving Lorentz transformation has a unique decompo-
sition A = BR, where R is a pure rotation in 3-space about an axis 1 by angle 8 and B is a Lorentz
boost along some 3-space direction T’ with rapidity x.

One can see this in many ways. One convenient way involves the beautiful relation between
the quaternions and the geometry of Minkowski space. Quaternions were discovered in 1843 by
William Hamilton, perhaps Ireland’s most famous scientist. He was looking for a generalization of
complex numbers to a higher dimension. He found the algebra i? = j2 = k? = ijk = —1. From
a modern point of view we represent these relations by four self-adjoint 2 x 2-matrices 7,, taken as
the four-vector. Up to a factor v/—1, they also equal the Pauli matrices o;, complemented by the

identity 7.
_ 10 01 0 — 1 0
"= lo1) \to) i o) \o =1
= (10,71, 72, 73) = ([,01,09,03) . (I.1.74)

There is a 1-1 correspondence between points x in Minkowski space corresponds and 2 x 2-hermitian
matrices z. This is given by
3 0 3 1_ ;.02
s po _ (% +z° x —w 11.75
T l;)xTu <x1+ix2 20— 23] (I.1.75)

“Elements of Quantum Field Theory” by Arthur Jaffe Version compiled on 25 October, 2007 at 12:47



1.8. LORENTZ TRANSFORMATIONS 13

with the inverse relation

1
t = §Tr (T,2) . (I.1.76)
Note that
det = 23, . (L.1.77)

The Lorentz transformations act on the matrices Z. Three properties characterize maps 7 +— 2’
that arise from Lorentz transformations:

i. The transformation must be linear in z.
ii. The transformation must map hermitian Z to hermitian z’.
iii. The transformation must preserve the determinant det # = 2%, = det 2.
The most general transformation satisfying (i) has the form
i — & =Az=AiB*, (1.1.78)

where A and B are non-singular 2 X 2-matrices. Not every non-singular A and B leads to properties

(AiB*)" = B#A* = A2B* . (1.1.79)

In other words, the transformation 7" = A~!'B must satisfy T4 = 7, for all hermitian #. Taking
T = I ensures that T' = T™. Therefore Tz = T for all 2 x 2, hermitian matrices. Such 7" must be
a real multiple A of the identity and (I.1.78) becomes

i — ¥ =MIA*=Az. (1.1.80)

Furthermore, any time-like vector x can be reduced by a boost to (zo, 6), and in this case
1
Ty = )\x0§Tr(AA*) : (I.1.81)

As Tr(AA*) > 0, we infer that zf is a positive multiple of xy for A > 0, and the direction of time
is reversed for A < 0. As we are analyzing the time-direction preserving case, we are considering
X > 0, so there is no loss of generality in absorbing \'/2 into A. Thus we are reduced to the relation

io— ¥ = ARAT. (1.1.82)

Condition (iii) ensures that |det A|> = 1, so after multiplying A by a phase, which does not change
the transformation (I.1.82), we are reduced to the case det A = 1.

In other words A is an element of the group SL(2,C) of non-singular 2 x 2 complex matrices
with determinant 1. Every element A of SL(2,C) has a unique polar decomposition,

A=HU, (1.1.83)

“Elements of Quantum Field Theory” by Arthur Jaffe Version compiled on 25 October, 2007 at 12:47



14 CHAPTER 1. ONE PARTICLE STATES IN QUANTUM THEORY

where H is a positive hermitian matrix and U is unitary. In fact H is the positive square root,
H = (AA)'Y? and U = H Y%A . (1.1.84)

We complete the proof of Proposition 1.8.1 by showing that a unitary matrix A leads to a
rotation (which preserves zy = t), while a positive, hermitian matrix A leads to a Lorentz boost
along some axis.

In fact, if A= U is unitary, then (1.1.76) says that

Ty = ;Tr(]UiU*) = ;Tr(UiU*) = ;Tr(:%) = . (1.1.85)
In other words, Ag, = dg,, which characterizes a pure rotation. In particular, the unitary
U — ¢i0/2)0s _ <€Zg/2 6_99/2> : (I.1.86)
gives rise to a rotation by angle 6 in the (21, x2) plane. One sees that
Ty = ;Tr (o3UzU™) = ;Tr (UoszU*) = ;Tr (032) = z3, (1.1.87)
so the rotation is about the axis x3. Then as 0,03 = —o307, also

1 R P i
1y = STe(@UU") = JTe (U'0\Ui) = S Tr (0,U%)

1 1
= xliTr(UQ) + xQ?Tr(U203)
i
= x1c086 4 zo8inf . (I.1.88)

Here the x3 term vanishes, as Tr(o,U%03) = iTr(Uo3).
On the other hand, if A = H is positive and hermitian, then A can be diagonalized by a unitary
A =UDU*, where D is diagonal, has positive eigenvalues, and determinant one (as A and U have

determinant 1). Thus
Xx/2
D= (60 6?42) = B, (1.1.89)

for some real y. We claim that & — 2’ = Dz D is the boost along the z axis, given by

ry = rocoshx +xgsinhy, )=z )=y, and x5 = xosinh x + zzcoshy . (1.1.90)

Using Tr(Doy) = Tr(Doy) = 0, the value of xj, follows from (I.1.76) as

1 1
Ty = §Tr(DiD) = §TI(D2£) = %TY(DQ) + %Tr(DQgg) = xpcosh xy + z3sinh y . (I.1.91)
Also the Pauli matrices satisfy o301 = —0103. Thus the relation (I.1.76) gives
1 1 1 1
— 5Tlr(alD:f;D) = §Tr(D01D55) = §Tr(crlD_1D50) = 5Tr(crlsz) =1 . (1.1.92)

Checking the values of 24, and z is similar.
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1.8. LORENTZ TRANSFORMATIONS 15

Poincaré Transformations: The Poincaré group is a (semi-direct) product of the Lorentz group
(given by matrices A) with space-time translations b indexed by vectors in Minkowski 4-space,
b € M*. One writes an element of the group as (b, A), and the group acts on Minkowski space by
first making a Lorentz transformation, then a space-time translation,

(b,AN)r =Ax+b. (1.1.93)
The multiplication law for the Poincaré group is
(b1, A1) (ba, Ao) = (by + A1ba, A1As) . (1.1.94)
The inverse element to (b, A) is
(b,A)™" = (=A""b, A1), or x=(bA) (A7 (x =) . (1.1.95)
The non-trivial unitary representations of the Poincaré group on a Hilbert space are infinite
dimensional. The space-time translation subgroup U (b) U(b,I) can be written in the form

U(b) = eiH=#F defining an energy H and momentum P as its infinitesimal generators. The four

components of the energy-momentum vector (H, P) commute, as the space-time translation group
is abelian. The mass operator M is defined as the positive square root M = (H 2 132) 2 . Likewise
the representation of the subgroup of rotations of three space about an axis 77 by an angle 9 can be
written as U (7, ) = €™ J , defining the components of the angular momentum operators J.

The irreducible, posmve energy representations of the Poincaré group were classified in a famous
paper by Wigner. They are characterized by two quantum numbers: (m, s), namely mass and spin.
The mass m is a non-negative number in [0, 00) which is an eigenvalue of M, while the spin is a
non-negative half-integer s for which s(s + 1) is an eigenvalue of J? = J2 + J2 + J2. The scalar
representation corresponds to a particle of spin-0 and mass m > 0. There are two inequivalent
spin-1/2 representations of the proper group, and these are mixed by the reflections of the full
Poincaré group.

Vectors in Minkowski Space: There are three types of 4-vectors in Minkowski space:

e Spacelike Vectors: A vector z is space like if 23, < 0.
e Null Vectors: A vector z is null if 23, = 0.
e Time-Like Vectors: A vector z is time-like if 23, > 0.
Two points x, 2" are said to be space-like separated if x — 2’ is a space-like vector.

Proposition 1.8.2. If x,2’ are space-like separated, then there is a Lorentz transformation Ap
that brings x,x’ to the same time, a Lorentz transformation A that inverts x — ', and a Poincaré
transformation (b, A) that interchanges x with x’'. In other words

(Apz), = (Apa'), , ANz —2)= (' —1x), (b, N)x =2’ and (b,N)z' =z . (1.1.96)

These transformations depend on x and z’.
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16 CHAPTER 1. ONE PARTICLE STATES IN QUANTUM THEORY

Proof. The condition that © — 2’ is space-like means that ‘f - " > |zg — xp|. Therefore these

exists a real number x such that tanh x = (zg — x{))/’f - :i'". Let Ap denote a Lorentz boost with
rapidity —x along ¥ — #’. Then Ag(x — ') has zero time component, or zy = z,. Let Apzr =y
and Apz’ =4/, so the vector y —y' = (y — 4’,0) has zero time component.

Let 7 be any 3-vector orthogonal to  — 7’, and let Ar denote the Lorentz transformation
of rotation by angle m about the axis n. This reverses the vector i — 3, so the transformation
A = Az'ARrAp reverses x —2'. In order to exchange x with 2/, one must perform these operations in
a coordinate system translated os the rotation takes place midway between ¢ and ¢/; therefore the
rotation A exchanges ¥ with ¢’. In order to do this, let ¢ = ((¥ — ¢’ )/2,0). Then the composition
of four Poincaré transformations that interchanges x with 2’ is

(Oa Aél) <0v AR) (67 I) (07 AB) = (07 Aél) (ARCa ARAB) = (AélARCa A) . (1'1'97)

Thus b = Az'Age = A(x — 2') /2. O

1.9 States and Transition Amplitudes

Consider the state
z) =|Z,t) =e™T) . (1.1.98)

In other words, |z)) = U(t)|Z)) where U(t) = €' is the time translation subgroup for the free,
scalar particle of mass m, generated by the Hamiltonian H = w. It has the initial value (time-zero
value) equal to |Z')) . It gives rise to the usual solution to the Schrédinger equation,

Li(@) = (e7f) (F) = (@|e7™|f) = (@lf) (1.1.99)
This state also satisfies the massive wave equation
(O+m?)|7,t) =0|. (1.1.100)
Here [J denotes the wave operator
82 32 3 2
= — —V2i=— - — . 1.1.101
ot? Va ot? JZ::l 8:6? ( )

The massive wave equation is a linear wave equation for the states of a relativistic particle of mass
m. The equation (I1.1.100) is also known as the Klein-Gordon equation.
Define the transition amplitude

K(z;2") = (z|2')]. (1.1.102)
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1.9. STATES AND TRANSITION AMPLITUDES 17

We could also write K as a function of the difference vector  — 2’ and define it as a function of a
single four vector £ = x — 2/, namely

K(z—2') = K(z;2') = (@] " &OH| 2 = (0|e ¢ HFE- P|0>> . (I.1.103)

We now study

K(z) = (0] e PGy |, (1.1.104)

Since the energy w > 0, the function K(z) extends to a function analytic in the lower-half
t-plane. Let K (v) = K(Z,t — ie). Then

1 N N T
i /6—z(t—ze)w(k)+zk~:c B (I.1.105)

One can find another representation of K for r = |Z| > |t|, namely for = a space-like 4-vector. In
this case one can evaluate (1.1.105). Take k = ‘ k| >0, so

1 o0 s . . .
K = Jig oo / dk k2 / d6) sin § ¢~ (=10 +ikr coso

e—>0+

— lim — / ke -i98) (b _ ik
€—>0+

—  lim _722/ ilt—ielo(k) yikr 1. g1 (L.1.106)
=0+ (27)"r J-oo

One can transform this integral into the integral of a positive function, times a phase, by
deforming the k integration from the real axis to a contour in the upper-half complex k-plane
(where the integrand decays). Ultimately one can move it around the interval i[m,cc0) on the
positive, imaginary axis. At the point k& = is, with s > m, the function w(k) = w(is) = iv/s> — m?
on the right side of the cut and —iv/s?> — m? on the left. Thus

/ sinh (t\/52 mz) (L.1.107)

K(r,t) = 27r "
Note the condition r > |¢| ensures convergence of the integral in (1.1.107), and K (r,t) > 0.

For r > |t|, it is the case that K(r,t) — 0 as ¢ — 0. (On the other hand, the ¢ = 0 value of
K (Z,0) is not identically zero, since K (Z',0) = §3(Z).) Rhe initial value of the time derivative (also
needed to specify a solution to the Klein-Gordon equation) is a nowhere-vanishing function of &,
namely

lim aKg, t_ —is— / VS —m2e s ds £0 . (1.1.108)

This explains the instantaneous spread of the transition amplitude to all non-zero ¥ when ¢ # 0.
One should not attribute this effect to acausal propagation, nor the necessity to study multi-particle
production, as one finds in many books! It arises from the positive-energy nature of the solution
K(r,t) and the non-local character of the energy operator w.
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Chapter 2

Two Particles

The interpretation of particles as arising from a field includes the possibility of multi-particle states.
Thus we need not only to consider the wave function for one particle, but also the wave function for
multi-particle states. Let us begin with two scalar particles. So we need to define a Hilbert space
of two-particle wave functions Hs. The vectors in this space are functions f of two vector variables
T 1,79, and the scalar product in the two particle space given by

/fﬂ?l,l’g SCl,.Z‘Q)dLUldl’Q (121)

Here we use a subscript 2 on the inner product ( -,- ), to indicate that we are considering the
two-particle space Hy; we also write ( -, ), for the scalar product in H;. When there is no chance
of ambiguity, we may omit these subscripts.

In the momentum representation one has similar expressions. Given a two-particle configuration-
space wave function f(Z,Z5), the two—particle wave function in momentum space has the form

Flir ) = Bk Ry / F(@, 5 )e i athe ) gz a7, | (1.2.2)

and the inverse Fourier transform is

F(F1, %) = /f fr B )el(Rd+ke @) g g, (1.2.3)

The Fourier transform is unitary for the two-particle states, and

(= (1. 1), (1.2.4)

2.1 The Tensor Product

Given two single-particle wave functions, there is a natural way to combine them to obtain a two-
particle wave function. Given fi(Z) and fo(#2), the simplest combination is the product wave
function

f(@1,72) = f1(Z1) fo(Z2) . (1.2.5)

19



20 CHAPTER 2. TWO PARTICLES

This is called the tensor product. One denotes the tensor product wave function by the multiplication
sign multiplication sign “®”, so the tensor product of the wave function f; with the wave function
fais fi ® fo. The values of the tensor-product wave function are

(f1® f2)(Z1,Z2) = f1(@1) fo(Z2) (1.2.6)

The inner product of two different tensor-product wave functions f; @ fo and f] ® f5 is

<f1 ®f27f{ ®f£>2 = <f17f{>1 <f2af£>1 : <I27)

Note that f; ® fo # fo ® fi. Furthermore, it is clear that not every two-particle wave function
f(#1,73) can be written as a tensor product of two one-particle wave functions. However we
can obtain a general two-particle wave function as a limit of sums of product wave functions. In
particular, if {e;} for j =0,1,2,... is an ortho-normal basis for the one-particle wave functions in
H1, then the vectors e; ® e; are a basis for Hy. Note that

<€z’ X €j, €y &® €j/>2 = (51'1'/(5]']'1 , (128)

so the vectors e; ®e; are ortho-normal. Thus every general two-particle wave function can be written
as a limit,

f= Z Cij € Qe , (1.2.9)

1,7=0

where the coefficients can be obtained by taking the inner product with e; ® e;, namely
Cij = <€i (%9 €; ,f>2 . (1210)

For two different two-particle functions f and f’, one can express the inner product as

(f, 1= D Tcy (L.2.11)

i,j=0
Thus the norm squared of a general two-particle state f is

2 2
LAl = (f, £ =D leil” - (I.2.12)
]
A square-integrable two-particle state f corresponds to a square summable sequence {c¢;;}.

2.2 Dirac Notation for Two-Particle States

The Dirac notation for the ket vector corresponding to the tensor product is
hefs — [f)lf). (1.2.13)
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2.3. TENSOR PRODUCTS OF OPERATORS 21

The bra vector corresponding to this ket is

folf) — (LAl (1.2.14)

Notice that the order of the labels has been reversed, in a similar fashion to taking the hermitian
adjoint of a matrix. This reversal is natural, as it gives rise to the scalar product (1.2.7), namely

(Lo (ALFDLS2) = CALFD (falf2) |- (1.2.15)

2.3 Tensor Products of Operators

Given two operators T' and S, each acting on the one-particle space H;, we can define the tensor
product operator T'® .S that acts on the two-particle space. On any product wave function f; ® fo €
Ho, with f1, fo € H;, define the linear transformation T'® S as

TS (fi®df)=THeSf. (1.2.16)

In particular, (T®I)(fi ® fo) = Tf1 ® fa, and also (I ® S) (f1 ® f2) = f1 ® Sfy. For a general
vector f € Hy of the form (I1.2.9), one has as a consequence of linearity,

7:7j

The operator T' ® I is a special case of a tensor product operator that acts on the first wave
function only. Likewise I ® .S acts on the second wave function only. In general two tensor product
operators obey the multiplication law

(T1 X Sl) (T2 X SQ) = (TlTQ X 5152) . (1218)

Accordingly, any tensor product operator can be written as a product of an operator acting on each
variable,

TRS=TeI){Ix5S) . (1.2.19)

The matrix elements on the basis {e; ® e;} of a tensor product operator T'® S on H, are given
by the tensor with four indices. This tensor is the product of the matrices for the two one-particle
operators. Namely (7' ® S) =(ei®e;,(T®S)(er ®ej)),, so that

ij i'j'

ij i'j’

A general operator X on Hs cannot be expressed as a tensor product of two one-particle opera-
tors. (For example, the operator T'® I + 1 ® T is not a tensor product operator, but a sum of two.)
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22 CHAPTER 2. TWO PARTICLES

However, a general operator X is a limit of finite sums of tensor product operators, and it has the
form

X = Z:Ij‘ag Ta (059 Sﬁ y (1221)
af
for some coefficients x,3. Such a general operator acts on a tensor product state as
Xf1®f2:Z$aﬁ Tofi ® Safa . (1.2.22)
ap

We can express this relation in Dirac notation (I.1.28) and (1.2.13) as

X flf2) =D wap [Taf1)|Ssfa) - (1.2.23)
ap

2.4 An Operator on H; Gives Operators on H;

Rather than considering the tensor product of two general operators as in §2.3, there are two very
standard ways to take a single operator T" acting on H; and to produce an operator 75 on Hs.
The first standard method is the multiplicative action,

T,=T®T. (1.2.24)

In case that 7' is unitary on H;y, then T'® T' is a unitary on H,. For example, this gives the unitary
Fourier transform on H,

F2=8FRF, (1.2.25)
or the unitary Poincaré symmetry on Hs
Us(a,A) =U(a,\N) @ U(a,A) . (1.2.26)

The second standard method is the additive action. If S is an operator on H; define the additive

operator,
So=8S®I+I®S. (1.2.27)

on H,. This method is suitable if S is a quantity such as the momentum 15, angular momentum E,
or energy w of a non-interacting pair of particles. For example,

B=PxI+I®P, (1.2.28)

and
Py(fi®f)=(PoI+10P)(fi®f)=PH® it Li®Pf. (1.2.29)

In particular, if fi, fo are momentum eigenkets \E 1) and |/§2> respectively, then P, agrees with its
interpretation as the total momentum,

Pylka)ka) = (B +Eo) [F1)[ka) |- (1.2.30)
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2.5. TWO IDENTICAL BOSONS 23

2.5 Two Identical Bosons

Y%subsectionWave Functions When considering two particles which are identical bosons, it is useful
to build into the space of wave functions the symmetry under interchange of the particles. This
means that we restrict Hs to a bosonic subspace by restricting attention to the two-particle wave
functions f(Z1,75) that obey the symmetry condition,

[(@1,29) = f(Z2,21) . (1.2.31)

Clearly a linear combination of two symmetric wave functions is symmetric, so the symmetric two-
particle wave functions form a linear subspace of the two-particle wave functions. We denote the
symmetric (bosonic) subspace by

HY CHy . (1.2.32)

In general, a tensor product f; ® fo of wave functions is a bosonic symmetric state only if f; is a
multiple of fy. Thus it is useful to introduce a symmetrized tensor product ® that ensures (1.2.31).
All quantum field theory books use the two-particle symmetric (or bosonic) tensor product

L 1 . . . .
(f1 ®s fo) (T1,72) = 7 (fr(@1) fa(T2) + fr(%2) f2(Z1)) (1.2.33)

Alternatively one can write in tensor product notation

1

V2

Two symmetric tensor product wave functions have the scalar product!

J1®s fa = (1 ®fat f2® f1) S0 |f1®sfo=fo® f1 €HS . (1.2.34)

<f1 R f27f{ Rs fé>2:<f17f{>1 <f2)fé>1+<f17f£>1 <f2)f{>1 ; (1235)
in place of (I1.2.7). The space H} is spanned by the symmetrized basis vectors
1
€; Qg €; = ﬁ (ei X €; -+ €; X 61') . (1236)
Note that these vectors are orthogonal, but not normalized, as
<€i ®s €j, €y ®s €j/>2 = 5ii’§jj’ -+ 5@'/51/]’ . (1237>

INote that the physics normalization convention of using v/2 in (1.2.34) is really a definition. It differs from
the normalization in many mathematics books, where one often finds f; ®; fo = % (f1® fa+ f2® f1), yielding the
natural relation f ®, f = f ® f, and also

(f1 ®s f2, f1 ®s f3) = % (fr: fi)1 (fas fo)y + % (f1s fa)y (fas f1)1 -

This differs from (I1.2.35) by a factor 1/2; in the case of n particles a relative factor of 1/n! arises.
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24 CHAPTER 2. TWO PARTICLES

This vanishes unless the unordered pair of values {i, j} equals the unordered pair of values {7, j'}.
But in case it is nonzero, it equals 1 in case i # j, and it equals 2 in case i = j. Thus we can define
the ortho-normal basis elements for HS as

1
R ey .
\/ 1+ 0

An arbitrary element F' € H$ is a symmetric, square integrable wave function F(71,75) =
F(Z 9,2 1) has expansion in term of the basis vectors as

(1.2.38)

eij =

F = ZCU €ij with Cij = <€ij R F>2 . (1239)

Then for two such general bosonic two particle functions satisfy

(F,F", /f f(Z1,72) dxldazg—z:cm Cij | - (I.2.40)

]

2.6 Dirac Notation for Two Identical Bosons

We use the following Dirac notation for the symmetrized product state of two bosons,

1 1
[f1: f2)) = 7 1)) 1£2)) LG [f2)) L) |- (1.2.41)

When there may be ambiguity about whether the state is bosonic, we write |fi, f>)) ® instead of
|f1, f2)) . Similarly, define the continuum, configuration-space states

|Z1,22)) = 7 Z1) |T2) + \f Za) |T1) (1.2.42)
SO
(T, FolE), E5) = 0 (F1 — F1) 0 (82— #5) +0 (¥ — 73) 6 (F2— 7)) (1.2.43)
A short calculation shows that

(1, %ol fr, fal2 = Fu(E 1) fo(F2) + fi(F2) fo(T1) = V2f1 @4 fo - (1.2.44)

Note the factor v/2. This relation extends by linearity to linear combinations of vectors of the form
|f1, f2)) , and therefore for any vector |F)), € H5 one has,

F(Z,,7,) = (71, To|F))2 | (1.2.45)

1
V2
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2.6. DIRAC NOTATION FOR TWO IDENTICAL BOSONS 25

Comparing this identity with (I1.2.40), we infer that on the two-particle space HJ,

1 — — — — — —
Egzi/\xl,xg))«xl,xﬂdxldxgzl . (1.2.46)

The operator EY also acts on all of Hs, and when applied to vectors in Hs that are orthogonal to
HY, it gives 0.2
In terms of these wave functions for two symmetric tensor products,

F(F 1 R = jiflu%‘ ) folka) + j§f1<f€ ) falF) (12.47)
one has o o o L
<f,f’>2 = [ f(k1. ko) f'(kv, ko) dkdk s . (1.2.48)
112 = IR + 5 LAY (12.49)
and ) .
k1, ko) = NG k1)K ) + NG k) k1), (1.2.50)
SO
o R R = 5(151 _;z;> 5 (k —E;) +5(E1 _/z;) 5(152 _;z;> . (1.2.51)

Furthermore for an arbitrary two-particle bosonic ket |F'), the momentum representative is,

— — 1 — —
Flk1, ko) = —= (k1. ko|F)a |, (1.2.52)
V2

from which we infer that on the two-particle space H3, also

15 - - - - o 2
§/|k1,k2>(k1,kz2|dk1dk2:] . (1.2.53)

2A short calculation shows that any anti-symmetric (fermionic) state of the form

1 1
PopINT T FIN LN IV N — | NS
L1 f2)) \/5|f1>|f2> \/5|f2>|f1> |fa, SO
is orthogonal has scalar product 0 with every vector in H5. Also |Z1,Z5)) = |71, T 2)? satisfies
"(@1, @01, o) =0, and E3|f, f3)7 =0.
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2.7 Operators Acting on States of Two Identical Bosons

The tensor product operator T ® T acting on the symmetric tensor product state f; ®, fo gives

(T @ T3) (f1 ®s f2) = \}5 (T fieThfo+Tifo@Taf1) (1.2.54)

which in general is not symmetric. However two operators that always transform bosonic (symmet-
ric) two-particle states to other bosonic (symmetric) states are the two particle operators To = TQT
and So =S ® I+ 1®S of §2.4. In these cases it is easy to check that

T (1 ®s f2) =ThH @ Tfa|, (1.2.55)
and
o (1 @s fa) = (Sf1 @ fo) + (fr @5 Sfa) |- (1.2.56)
In Dirac notation,
Lol fr, f2) = Tf1, T f) |, and | Sa|f1, f2) = [Sf1, f2) + |[1.5/2) |- (L.2.57)
Special cases of these identities are,
Solf1, fo) = 1811, 5 f2) and Ul(a, Aol f1, f2) = [U(a, A) f1,U(a, A) fo) (1.2.58)
as well as
Polky ko) = (kv +k2) k1, ka) and Holk 1, k) = (w(k1) +w(ka)) [k, ka) . (12.59)

Here Hj is the energy for freely moving, relativistic particles of mass m.
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Chapter 3

n-Particles

Having understood two particles, it is easy to generalize the concepts to the case of an arbitrary
number of particles, denoted by n.

3.1 Wave Functions for n-Identical Bosons

One can consider n-particle states that are tensor products of n one-particle states. For instance,
we take H, to be spanned by states f(™ that are finite linear combinations of states of the form

1
f1®3---®sfn:ﬁ;fm@@---@fﬂn, (1.3.1)
n factors
where the sum extends over permutations m of 1,...,n. This defines a wave function for the multiple

symmetric tensor product equal to
(n) (7 7 7 7 1 2 7
f (mla“-;mn):(f1®s"'®sfn)(x17"->xn):7an1(xl)"'f7rn(xn)- (I32)
vnl 5

In Dirac notation we write

fl ®S®an - |f1a7fn>> ; (133)
or in momentum space 3 3 ) )
fl ®s®sfn —_— ’fla"'afn>- (134)
The scalar product of two such states is
<f(n)’f’(n)>H _ /fn) i )*f(n)/(f1,~~,fn) dz, - --d7,
= fl®s' ®sfmf1®s' ®5-ﬂz>7-{n
1
= n| ,<f71'1 .®f”"’f7rl1®...®f7";t)7.[n
pr— / .« .. /
- Xﬂ:<f17f7r1>7_[1 <fn’fﬂ">7-[1 . (135)
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In particular the state that we call an n-fold symmetric tensor power

f®sn = f®s  ®s [, (1.3.6)
n factors
has length squared
<f®sn7 f®sn>Hn = nl (f, f>%1 ) (1.3.7)

3.2 Permanents, Scalar Products, and Recursion Relations

The scalar product of two n-particle boson tensor product states is related to the n x n Gram
matrix M. This is the matrix whose entries are the scalar products M;; = < fis f]’>H . Sometimes
1

M is written in terms of the 2n single-particle wave-functions in the form

fhf?)"'vfn
M = : 1.3.8
(f{,fé,--.,f; (£3.8)
where the first row of vectors fi, fo, ..., labels the rows of the matrix M, while the second row of
vectors fi, f3, ..., indexes the columns.

The expression for the scalar product (1.3.5)is called the permanent of M, namely

Perm, M = X:MlmMg7T2 My, (1.3.9)
or
Ufr,. s falfls oo f2) = Perm, (ﬁﬁ N ;:) . (1.3.10)

The combinatorial expression is similar to the expression for the determinant of M, but it
is totally symmetric, rather than alternating under an exchange of neighboring columns or rows.
Although the permanent does not have a geometric interpretation like the determinant, it does
satisfy similar recursion relations. For an (n -+ 1) x (n + 1)-matrix M, one has an n x n minor M;;
obtained by omitting the i*" row and the j* column of M,

9 f17 MR .ﬂl:? AR fn
Mij:(f{,«--, ) (1.3.11)
Then the permanent satisfies
n+1
Perm,, M = Z Permn i (1.3.12)

which one can also write as

n+1 ) g
Permn+1 (fl;,}f27"'7fﬂ+1> Zperml (fl/) Permn(f/l?f/?a"'?j}"‘)f?’iﬁ‘l) ) (1313)
1925 Jn+l fj f17f2?"‘7.fj"“7fn+1

“Elements of Quantum Field Theory” by Arthur Jaffe Version compiled on 25 October, 2007 at 12:47



3.2. PERMANENTS, SCALAR PRODUCTS, AND RECURSION RELATIONS 29

In Dirac notation, for any i,

n+1

<<f17" fn+1|f17"' n+1>> = Z <<fz|fj/>> <<f17‘-'7f fn+1|f17"' 7"'7fr/L+1>> :

J=1

(1.3.14)

Continuum Bosonic Eigenkets: We have a corresponding relation for continuum eigenkets. We
give the expressions in momentum space, although similar formulas hold in the configuration-space
representation. In the n-particle space, take the continuum basis set |k1,...,k,). Then

Goaro Rl Ry = Perm(Zl’”"Z?)_25<E1—E;1)...5(En—ﬁ;n). (1.3.15)

1r

The corresponding recursion relation is (for any chosen i = 1,...,n+ 1),
— — —/ —/ ntl - =/ — - — -/ —»/
<k1,...,kn+1’k1,...,kn+1> == Z <k1‘kj> <k17'-'7ki---7kn+1’k17'--7%]7"- n+l> .
j=1
(1.3.16)
One also has n-particle position space eigenkets |¥1,...,Z,)) , or the corresponding bras, ob-

tained by taking f;(¥) = 6(F —7;), foreach 1 < j <n. One also has the momentum space eigenkets
k1,...,k,) arising from taking the wave functions f;(k) = d(k — k;), for each 1 < j < n. The
position space vectors satisfy

(ool ) =P (2 ) = S Tate, - ) (317

Corresponding to (1.1.46), the scalar product between the two sorts of states is

<<flv"'7fn|]g17"'7]gn = 3n/QZH Zm kTr . (1318)

TI']]_

As in the one-particle case, and as in the Homework 2 for the two-particle case, one has on ‘H,, the
completeness relation,

1 . N . . . . - - .
m/|gcl,...,:cn>>(<gcl,...,gcn|clgcl--~d:nn - /\kl,..., Ve Kool dR - dE
_ (1.3.19)
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30 CHAPTER 3. N-PARTICLES

n-Particle Bases: If e; for j =0,1,... is an ortho-normal basis for H;, then the vectors €,, that
we now define are an ortho-normal basis for H,,. Choose a sequence of non-negative integers

n = {ng,ny,...}, and with |[n[ =) n;=n. (1.3.20)
J
Then the set of
1 n;
On = @2, (' e ) : (1.3.21)
A/ 150

is our basis for H,,.

Polarization: We can express the symmetric tensor product of n distinct one-particle states
f1®s - ®s frn as a sum of n-fold tensor powers. This is a generalization of the polarization identity
(I.1.6) for a bilinear, symmetric function, to an identity for an n-linear function. We find

1 n
fl Rs - Qs fn = Z €1 €p (61f1 -+ - +€nfn)®s s (1322)
2=1

2nn! 4=
6.7

from which one can derive (I.1.6) in case n = 2.
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Chapter 4

Fock Space

Fock space F is the appropriate Hilbert space for a free field theory. In the case of one type of
identical scalar boson particle, we call sometimes indicate the space as F?. Here we consider the
states in such a space, and also some operators that act on this space.

4.1 States in Fock Space

Fock space F is the space with vectors that have the possibility to contain an arbitrary number of
particles. A state f € F is given by a sequence of wave functiosn f™, each with n particles. Thus
it has the form

f={fO O @ g where f™ e F, | (1.4.1)
The zero-particle space Fy = C is just the space of complex numbers C. The scalar product in F
is just

/ S~ (), 1)
(f,£) ;0< f >Hn. (1.4.2)
with
(o, g1y :/ﬂ")(fl,...,fn)f’(”)(fl,...,fn)dfl---dj:’n. (1.4.3)

If we normalize a vector f € F so that (f, f)» = 1, then we can interpret <f”, f(”)>H as the

probability p,, of f containing n particles, with >°>°  p, = 1. !
In the case this is a bosonic Fock space F?, then we require
Fo=Hy = QHy = Hi ®, -+~ @ Hy (L4.4)

n factors

to be the n'™ symmetric tensor power of the one-particle space H;. Then the function

f™(%,...,%,) is totally symmetric in the interchange of the vectors & ;j, namely
@, 2) = Y@y, T (1.4.5)
where 7 is a permutation (7y,...,m,) of (1,...,n).

31



32 CHAPTER 4. FOCK SPACE

4.2 Operators Preserving Particle Number

Given an operator T on the one-particle space Hy, there are two simple ways to obtain an operator
on Fock space F. In both of these simple cases the resulting operator maps H,, into H,, for each
n. One can say that such operators are diagonal in the particles number. Our first three examples
illustrate these methods. These examples also map the bosonic n-particle states F° into bosonic
states. We call these two methods the multiplicative or additive “second quantization” of T

Example 1. Multiplicative “Second Quantization” Given T a linear transformation on H;,
define its multiplicative quantization I'(T") : ‘H,, — H, as:

I(T)|[Ho=1, and D(T)[H,=T® - T, for n >1. (1.4.6)

n times

Then for arbitrary vectors in J,, one has
M) (i @f)=THe - @Tf, (1.4.7)
and also on vectors in F?,
DT (fi®s - ®s fo) =ThHi ®s - @ T . (1.4.8)

Some examples of operators on F obtained in this way from operators on the one-particle space
F 1= Hl are

() = I,
L(U(a,A)1) = Ula, A),
(e = e, defining the number of particles operator N ,
[(e™) = ¢ defining the free Hamiltonian Hy ,
NG 13) — ¢ P Qdefining the momentum operator P . (L.4.9)
In particular
U(a,N)Q=Q, (1.4.10)

where Q is the Fock vacuum vector Q = {1,0,0,...,}.

Example 2. Additive “Second Quantization” The exponential representation for the mul-
tiplicative second quantization gives rise to the second variant of the construction, namely additive
second quantization. Given the operator S on the one-particle space H; one can define the operator

dl'(S) on H,, as

dU(S)[Hy =0, and dI'(S)[H,=S®@ - @[+ - +I®---®8, for n > 1. (1.4.11)

n terms
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4.3. CREATION AND ANNIHILATION OPERATORS 33

For example,

dr(I) = N,
dF(W) = H(),
dl'(P) = P (1.4.12)

In the last case P denotes the total 3-momentum on H,. This method is appropriate for physical
quantities that are additive.

Example 3. The Relation between Examples 1 and 2 Suppose that T can be diagonalized
(this is true if T is self-adjoint or unitary) and that 0 is not in the spectrum (e.g. an eigenvalue) of
T. Then S = InT exists, and one can write

T=¢". (1.4.13)

Also
T = e, for ¢ real. (I.4.14)

One also says that the operator S is the infinitesimal generator of T%. In other words,

s=dp (1.4.15)
at” |,_,

The values in the following table are all cases of Examples 1-2 above:

T = e’ S [(T) | dr(S) | Comment
I 0 1 0
e I eV N The Number Operator
e ? -5 —sN —sN
eisw isw eisHo | jsH, | Free Hamiltonian
e~i@P | _ig. P | e @P | _jg. P | Total Momentum

4.3 Creation and Annihilation Operators

Of course, one is also interested in operators that act on Fock space between spaces with different
numbers of particles. The simplest example of an operator that changes the particle number is the
creation operator that maps a state in ‘H,, with exactly n particles into a state in ‘H, . It is natural
to call such a state a creation operator. One usually denotes the creation operator that creates a
particle with the wave-function f by a*(f). Its adjoint decreases the number of particles and is an
annihilation number.
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34 CHAPTER 4. FOCK SPACE

Example 4. Creation Operators It is sufficient to define the creation operator on a basis set
in Fock space, and conventionally one normalizes this operator so that acting on the tensor product
bosonic n-particle state f; ®; fo ®s -+ Q5 f, defined in (1.3.1) it produces a tensor product state
with one additional wave function,

a*(f) (1 ®s f2 Qs -+ Qs fu) = [ Qs f1 s f2 R -+ Qs fu].- (1.4.16)

Thus one could also write

a*(f) = f®,]. (1.4.17)

Translating into the Dirac notation, one finds

a (Olfv,- fad) =1F o fa)) | (1.4.18)

One can express the creation operator in terms of a density a*(Z'), and one writes
a(f) = /a*(f) £(&)di . (1.4.19)

Similarly one can express the creation operator in terms of a momentum-space wave packet f (E )
and the basis |k ), and one finds that

@ (f)=a'(f) = [ (F) J(F)dk . (1.4.20)
meaning that
it (k) = (2;)3/2 [a@eFrar . ad (@) = (27?1)3 o [a@e Rk a2

as well as the relations for the adjoints

~r7 1 — —’LEf — — 1 7 —iE'f e
a(k) = W/a(x)e dr | and a(7) = W/a(—k)e dk . (1.4.22)
In a fashion similar to the derivation of (I.1.48), one can show that the ket vectors [f1,..., fu))
and |f1,..., fn) just amount to expressing one vector in two different bases sets, so
[froooo fad) = 1fiseos fa)]- (1.4.23)
Thus
D o Fo) =@ D F) = oo ). (14.24)

It is easy to derive the transformation law for the creation operators under the action of the
Poincaré group. As this group acts on the one-particle states according to the representation U (b, A),
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4.3. CREATION AND ANNIHILATION OPERATORS 35

and on the n-particle states according to a tensor product of this representation that we also denote
by U(b, A). On the one hand, we have

U, A)a™(f) [fr, - fad) = UGN S fad)
= a* (UMb, N UDBNf, .. Ub ALY (1.4.25)

while on the other

U(b7 A)a*(f) |f17 ceey fn>> = U(bv A)a’*(f)U(b’ A)* U(b7 A) |f17 e 7fn>>
= UbA)a () UGN UG A, .. UbALY . (14.26)

Comparing (1.4.25)—(1.4.26), we conclude that

Ub, A a*(f)Ub, A = a*(Ub,A) f)] . (1.4.27)

Example 5. Annihilation Operators The annihilation operator

alf) = (@ ()" = [ al@)[@)dz (14.28)

is defined as the adjoint of the creation operator a*(f). Defined in this way, the annihilation
operator anti-linear in f, rather than linear. We claim that for f®*1) € Fb it is the case that
a(f)fm+Y € F¥ and

(a(H) ") (@, T0) = Vi T 1 /Wﬂm)(f,fl, o Ea)dT (1.4.29)

Also a(f)Q2 = 0, where Q € Fy denotes the zero-particle vacuum state 2 = {1,0,0,...}. This form
for the annihilation operator is equivalent to the following action on a bosonic tensor product wave

function fl Qs+ Qs fn+1 - |f1’ . -7fn+1>> ) namely

n+1

a(A)frsos forad) =D s fis faa)) | (1.4.30)

Jj=1

Here f; denotes the omission of the one-particle wave function f;.
We compute exactly what the adjoint does on a vector by using the general definition for the
adjoint of a linear transformation 7'. For arbitrary vectors F, (G, the adjoint satisfies

(F,T*G) = (TF,G) . (1.4.31)

It is sufficient to compute the adjoint of T' = a*(f) on H by choosing G to be of the form f] ®;
.. ®s [}, € Hay, for arbitrary f; € H; and for arbitrary n. Since TG € H,11, the inner product
vanishes (1.4.31) vanishes unless G € H,,41. Thus in particular,
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36 CHAPTER 4. FOCK SPACE

In order to calculate a(f) on H,.1, we take G = f; ®; ... ®s fur1. Then using the definition (1.3.5)
of the scalar product,

(f1®s - ®s fr alf) [1 @5+ @5 fart) gy
= (1@ ®s fr, (@ () f1 ®s -+ @s far1)
(@ (f) L ®s - @s [ [1 @s -+ Ds frrt)
= (f®s [i®s @5 fr, /L ®s -+ ®s frr) o - (1.4.33)

Using the recursion relation (1.3.14) for the inner product,

<f{ ®S'”®Sfrlw a(f)fl R+ Qs fﬂ+1>fTbL

n+1
= Z<f7fj><f{®s®sf1/wfl®s fj"'®sfn+1>
j=1
n+1
= <f1, ®S.”®Sf'r/”z<f7fj>f1 Qg - f]®s fn+1> . (1434)
j=1
Here f; means that f; is omitted from the product. This is true for arbitrary fi,..., f/, so
n+1
a(f)fl ®s"'®sfn+1 = Z<f7fj>fl R+ /j®s fn+1 s (1435)
j=1

which is the tensor-product notation for (I1.4.30).

4.4 The Canonical Commutation Relations

The canonical commutation relations (CCR) for bosonic creation and annihilation operators can be
written,

la(f),a"(f)] = {f, /)] (1.4.36)

In terms of the densities a(Z'), this means that

la(@),a"(&")] = 8% — &) . (1.4.37)

In momentum space, the corresponding relations are

—/

[a(fa' (7)) = (F.F) . and |a(F),a*(F )} _BF—F) . (1.4.38)

Here we have omitted the tilde ~ from the creation and annihilation operators a(k ), a*(k ). This
shorthand is common, and we do not think it causes confusion.
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4.4. THE CANONICAL COMMUTATION RELATIONS 37

Before checking these relations, let us remark that if we choose an ortho-normal basis e; for H;,
then the relations have a simple form in terms of the creation and annihilation operators

a; = a*(ej) , and their adjoints a; = (aj)* . (1.4.39)

Then these operators satisfy the canonical commutation relations

{ai,aﬂ = (e;,ej) = 05|, (1.4.40)

which are familiar commutation relations in non-relativistic quantum theory. In fact, one can expand
[ in the basis e;, namely f = 3=, (e;, f) e; yielding [a(f),a*(f')] = X, (f,e;) {ej, [') = ([, ['), s0
(L.4.36) holds as a consequence of (1.4.40).

We now check that (1.4.40) holds. Take the ortho-normal basis for F° composed of vectors of
the form ©, € F given in (1.3.21). Here n is arbitrary. Using (1.4.16) and (1.4.35) one calculates

a;ia; Sy = \/(nZ +6ij)(n; +1) Qu , and aja; 2y = \/(nj +1—6;)ni Qur (1.4.41)
where in both cases
where ny = ng + d;0 — i - (1.4.42)
Note that |n'| = |n| = n, and if also ¢ = j, then n = n’. In either case, ,y € H,,. Furthermore
0 ifij
Therefore
|:CLZ', aﬂ Qn = (Sl'an/ = 51'an . (1444)

As a consequence, the operator identity (I.4.40) holds applied to any basis element for F, and hence
it holds as claimed.

In order to illustrate this argument completely, we also give a second derivation of the canonical
commutation relations, in particular (1.4.38). We use the momentum space definition of Fock space,
which by Fourier transformation is unitarily equivalent to the configuration space definition. In this
case we use Dirac notation. In this case,

RNk, .k =k k1, k). (1.4.45)

One calculates the adjoint a(l;) by computing its action on vectors |l; - nt+1). This is given
uniquely by the matrix elements

-/ -

/ - - — - =/ — — —
<k1,...,kn‘a/<k)‘k1,...,]€n+1> = <k,k’1,...7kn‘k1,...7l€n+1>
— — —/ —/ — - —
= S0 (k—kj) kroe R palbr, o By Kong)

=1

(1.4.46)
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38 CHAPTER 4. FOCK SPACE

To derive the last equality, we use (1.3.16). Therefore, we infer that the formula for the annihilation
operator is

— — ’I’L+]. — — — -
a(k) kv, knn) =0 0 (B —kj) [k Hgne B | (1.4.47)

J=1

—/

We can now calculate the commutation relations. Both a(k )a*(k /) and a*(k )a(k) preserve the
total particle number N. Then using (1.4.47),

a(B)a (B )k, ... kn) = a(f)k k1, k)

j=1
(1.4.48)
On the other hand,
-/ — — n — — =/ =/ - — —
a*(k)a(k)|kq,... . kn) = Z(S(k —k)a"(k)k kv, Ky, k)
j=1
= Z5(E—EJ)|EI,E1, 7%]7 7];:11)
j=1
(1.4.49)
Therefore
- iy - - - N -
[a(k),a*(k )} B By = 60— K E . K (1.4.50)
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Chapter 5
The Free Quantum Field

One defines the real, time-zero quantum field ¢(z'), averaged with a configuration space wave
function f(Z) as

olf) = [o@) f@)di = [ @Ry f(F)dk
= a" ((2w)71/2 f) +a ((2@71/2 f) : (L.5.1)

Here w is the energy operator (1.1.50) on the space of one-particle wave functions, and the factor
w2 ensures that the field is Lorentz covariant. The field at time ¢ is

p(fit) = etlop(fle
= a" () 2™ f) +a (@) e ) (L5.2)

Taking f(Z') = 6z (') one has f(k) = We‘“ﬂ'f,

)eitw(lz) + &(_E)e—itW(EU e_ik - d]; . (153)

1 1 -
o) = = | === (@&
(2m)*2 ) Jaw (k) (
This field is defined to be a solution to the Klein-Gordon equation
(O+m?)p(x) =0. (L5.4)

As a second-order differential equation, the initial value together with the initial time derivative
specifies the solution at all times. The initial value is

p(T) = ¢(,0) = (2;)3/2 [ (u®)) ™ (@ (F) + a(—k)) e dF; (L5.5)

while the time derivative of ¢(x) is

] -\ 1/2
r(z) = d¢(z) __ ¢t / (w(k‘)) (&*(E)eitw(E) _ d(_E)e—itw(E))e—iE-f dk (L5.6)

ot (2n)p” 2
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with initial value

) o\ 1/2
(&) = 8“08(f) - (27:)3/2/ <w<2k>) (@ (k) — a(~k))e ™ dk . (15.7)

When applied to a state with exactly n particles, this field creates a new particle with a wave
packet (2w) %™ f and it annihilates one particle with the wave packet (2w) 2 e f. In case

that f is a real wave packet (f = f), the field operator is self-adjoint. Note that with Q = {1,0,...}
the zero-particle state (vacuum) in F°, then

o(f, )2 =0, (2w)’1/26"t°"f, RN (1.5.8)

itw

is the one-particle state with wave function (2w)~'/2f, propagated to time t by U(t) = e
on the one-particle space.

acting

5.1 Poincaré Covariance

The scalar field transforms under Lorentz transformations A and space-time translations according
to the scalar transformation law,

Ula,A) p(z)U(a,AN)* = p(Ax +a)|. (L.5.9)

There are other standard ways of writing this: for example, if one denotes the transformed field as
¢" and the transformed space-time point as 2’ one could write ¢'(x) = p(2'). Also, we often average
the field p(z) with a space-time wave packet g(z) and define

plg) = /90(1’)9(96) d'z (1.5.10)

where one takes g(x) to be a well-behaved function on four-dimensional Minkowski space. Then
one has

Ula,N) o(g)U(a,N)* = p(¢") ], where |¢'(z) =g (A‘l (x— a)) : (L5.11)

One can regard g as a family of wave-packets f® € H; depending on the time parameter, so that
g(Z,t) = fO(Z). In any case, we obtain the simple transformation law (I.5.9) by considering the
action of the Poincaré group on space-time, rather than on the wave functions that depend only on
the spatial variable.

Furthermore, the Poincaré transformation U(a,A) leaves the zero-particle state {2 invariant,
U(a, N2 = Q. Therefore we claim that the vacuum-expectation of the product of two fields,

Wy(z;2") = Wa(x — 2') = (Q, p(x)p(2")Q) | (L.5.12)
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is a function of the difference vector z — 2/, and unlike the propagator (I.1.105), it is a Lorentz
scalar! We establish this by studying

<Q’ @(I)@(x,)m = <U(a7 A)Q7 U<a7 A)‘P(I)‘P(f,m)
(Q,U(a,N)p(x)U(a, N)* Ula, N)p(x)U(a, \)* U(a, N)Q)
= (Q oAz + a)p(Ax' +a)Q) . (1.5.13)

The special case A = I and a = —2’ shows that (Q, p(x)p(2)Q) = (Q, o(x — ") (0)Q2), so taking
Wy(x;2') is a function Wh(z — 2') of the difference variable. Taking a general A shows that

Wy (Az) = Wy(x) |, (1.5.14)

so furthermore W5 is a Lorentz-scalar function of the difference 4-vector variable x.
In fact, the vacuum expectation values (VEVs or Wightman functions) of arbitrary products of
fields turn out to be a very useful tool. They are defined as

Wiz, ... x) = (Q,p(x1) - o(2,)Q) . (1.5.15)

These functions are Lorentz-invariant functions of n — 1 difference vectors,
Wo(Azy +a, ..., Az +a) = Wy (21, ..., 2y) - (1.5.16)

Such invariant functions are functions of the various Minkowski scalar products &;-&; of the difference
variables & = x;—x;1, with i, = 1,... n—1. In the case of the free scalar field, the odd Wightman
functions vanish, Wy, 11 = 0. The special case n = 2 is the function Ws(x — 2’) defined in (1.5.12)
of a single difference variable.

5.2 Canonical Commutation Relations for the Fields

The initial data for the field are independent, in the sense that they satisfy canonical, equal-time
commutation relations at equal times. The equal-time values of the field ¢(f,t) commute with
one-another. For any real f, f/, such that w!/2f is a square-integrable wave packet, it is the case
that the sharp-time field ¢(f,?) and its time derivative 7(f, ) are essentially self-adjoint operators,
and that for any two such functions f, f’,

[o(f. 1), o(f, )] =0, and [r(f, 1), 7(f, )] =0. (1.5.17)

For real f, with w™/2f square-integrable, such fields ¢(f) and 7(f) are self adjoint. All the
©(f)’s can be simultaneously diagonalized; or all the 7(f)’s can be simultaneously diagonalized.

The field 7 is canonical with respect to the field ¢. At equal times the commutation relations
are

[w(f.t)o(f' )] = =i {F, f),, - (15.18)
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In terms of the fields at a point, the canoncial commutation relations are

[7(Z,1), (2, 1)] = —id(& — &), while [o(%),¢(&")] =0= [n(&),=(&)] . (15.19)

One says that the values of the time-field are independent.
To check these relations, write out the commutators, each of which involves four terms. Let

p(x) = M (AY(T) + A(T)) e where A(F) = /(m(z&‘))*1/%(_;2)@*“9-%.

(2m)3/2
(1.5.20)
Then

-0, (1.5.21)

as the integral is rotationally invariant. One finds similarly that [ﬂ(f ), (T, t)} = 0. However,

7@ ,1), p(3,1)] = [WA*(*)—WAC) +Af

)
~ / TR i /
— &

). (1.5.22)

N} \

5.3 Consequences of Positive Energy

As a consequence of positive energy, w > m, the Wightman function W, (x4, ..., x,) has an analytic
continuation as a function of the difference variables {; = x; — ;4. It is analytic for

=05 —i0; (1.5.23)

where a; is a real Minkowski vector, and where (3; is a real, time-like Minkowski vector with a
strictly positive time component, such as 3; = (6, s;) with s; > 0.

In particular, if we choose the time components of each a; = 0, and the space-components of
each (3; to vanish, then the scalar products &; - ;s are all negative; they are i? = —1 times the scalar
product of two positive-time-like vectors. One says that such points are “Euclidean,” and that W,
analytically continues to Euclidean points. At these Euclidean points of purely imaginary time, one

says that the analytic continuation of the Wightman functions are Schwinger functions.
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5.4 Local Commutation Relations
Define the commutation for the field ¢(z) as the function A, namely
A(z; ') = [p(x), o(2)] = —A(2; 2) . (1.5.24)

A bosonic field is said to be local if A(z;2") vanishes whenever « — 2’ is space-like (i.e. when z and
2’ cannot communicate through sending light signals to each other). In terms of ¢,

[o(x), p(z')] = 0], when | (z —2/)> < 0]. (1.5.25)

One can average these commutation relations with a space-time wave packet g(z) to give

ol9) = [ wl@)gla)d'a. (1.5.26)

One can express locality in terms of the space-time averaged fields. The commutator is

(¢(9). 2(9)] = Algig) = [ Ala =) g(w) g/ () doda’ (15.27)

One says that two domains D, D’ are space-like separated, if every point in x € D is space-like
separated from every point 2’ € D’. In case that g,¢ vanish outside domains D,D’ that are
space-like separated, then the commutator A(g;¢") = 0 for a local field ¢.
We have seen that the free scalar field is local. One also requires locality for scalar fields that are
not free (i.e. fields that satisfy non-linear wave equations, possibly coupling them to other fields).
The equal-time commutators of a scalar field vanishes if

[o(@), o(@")]lsyey = 0. (1.5.28)

According to the canonical commutation relations (1.4.36), the equal-time commutator of the free
scalar field vanishes. We have the following criteria for locality of a scalar field ¢, which holds for
the free scalar field.

Proposition 5.4.1. Any covariant scalar field whose equal-time commutators vanish is local.
Proof. We use only two facts to study :
e The field ¢(x) is a Lorentz scalar, U (b, A)p(x)U (b, A)* = p(Az +b), see (1.5.9).

o If (x — 2')*> < 0, then there is a Lorentz transformation A that interchanges z, z’; see Propo-
sition 1.8.2.

From Lorentz covariance one infers that for any Lorentz transformation A,

A(z;2") = U0, A)*A(Ax; Az")U(0, A) . (1.5.29)
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Assume that x — 2’ is space-like. We know from Proposition 1.8.2 that exists a Lorentz transfor-
mation Ap that brings the two points to the same time, (Ag(z — 2’)), = 0. Denote Agx by y and
Apz’ by y'. Then from (1.5.28) we infer

A(Apr; Apa’) = A(y; ) = [e(F,10), (T, 90)] = 0 . (1.5.30)
From (1.5.29) we infer that A(x;z") = U*A(Apx; Agz’)U = U*0U = 0, for (x — 2/)? < 0. O

For any local field, the fields averaged in space-like separated regions can be simultaneously
diagonalized, and measured simultaneously. If g and ¢’ are space-time wave packets that vanish
outside space-time domains D and D’ respectively, and if every point x € D is space-like separated
from every point 2’ € D', then the space-time averaged fields (I1.5.10) commute,

[p(9),¢(g)] = 0. (1.5.31)

5.5 Properties of the Free-Field Two Point Wightman
Function

The two-point functions are the various vacuum expectation values of the product of two fields.
The simplest two-point function is the Wightman function Wa(z — 2’) = (Q, p(z)p(2")$2), which
has the explicit integral representation

]- ]- -1 ’ o oy —
W2<$;£l}/) — WQ(SE _ l‘/) — (27T)3 / QM(E)e—zw(k)(zo—xo)-i-zk-(x—x )dk . (1.5.32>

There are two related integral representation that make the Lorentz covariance of the two-point
function explicit. The first is

1 —ik-(x—z'
Wale =) = 5. /k O —m?) e i, (1.5.33)

where k- (x — 2') = k -ps (x — 2') denotes the Minkowski scalar product. That (1.5.33) reduces to
(1.5.32) can be seen from the property of the one-dimensional delta function and a real constant a,

/ 5(ako) dko = (1.5.34)

1
lal
In terms of a delta function whose argument vanishes at isolated zeros k() of a function F(k),

/5(F(k)) do = Y m . (1.5.35)
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Here F' (k) denotes the OF (k)/Oky and ‘F "(K@) ’_1 arises as the Jacobian of the change of variable
of integration from dkq to dF (k). The summation ranges over the isolated zeros k¥ of F(k). In the
case F(k) = k2, —m? = k2 — w(k )2, the function F(k) has two isolated zeros at ky = £w(k ), and
at these points F'(k®) = 2ko|,. Thus k@ = (+ko,w(k)). The restriction of the integral (I.5.33)
to ko > 0 then ensures that it equals (1.5.32).

A second integral representation for W5 allows one to express it as a contour integral by extending

the function of the energy variable kg to the complex kq plane. The function

) , 1 ) , 1
e—zkr(a:—x )272 — e—lk'(l‘—l’ ) - — , (1536)
k3, —m (ko —w(k)) (ko + w(k))

—

extends to an analytic function with the exception of two simple poles at kg = tw(k). Let C

—

denote a closed, circular contour around the pole at kg = w(k) that circles the pole in a clockwise

fashion, but does not enclose the pole at ky = —w(k ). Then by Cauchy’s integral formula, one sees
that (1.5.32) agrees with

l

N 1 . ,
Walz — 2') = /dk:/ dleg ———— e—ik(a=a) | 1.5.37
o(z — ') n) .. ok]gw_er ( )

The solution Wa(x — ) to the Klein-Gordon equation has the initial values (at zo = z{) given

by

(D, 0@ )p(E")Q) = Wa(F — &',0) = G(F — &), (1.5.38)
and .
(2, 7(7) (7)) = (agf) (& —7',0) = —% (& —3'). (1.5.39)

—

Analyticity: From the condition that the energy w(k) is positive, we infer that the Wightman
function Wy (x — ') has an analytic continuation to a complex half plane in the time variable. In
the Fourier representation (I1.5.32) or (I1.5.33) this is reflected in the fact that kg > 0. (This is a
general property that is a consequence of the assumption that the energy H is a positive operator in
quantum theory, and does not depend on the fact that the field ¢(x) we are considering is “free.”)

More generally the energy-momentum vector k in the Fourier transform lies in the forward cone:
it is a time-like vector with positive energy,

k3, >0, with ko >0 . (1.5.40)

As a consequence, Wh(z) has an analytic continuation into the region z = z — i of complex
Minkowski space, where the real part x of the four-vector z is arbitrary and the imaginary part &
of z is a vector in the forward cone. (This includes the previous case that & = (0, &) with § > 0.)
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5.6 Properties of the Free-Field Commutator Function

Another two point function for the free field is the commutator Green’s function. Since the field is
a linear function of creation and annihilation operators, the commutator (1.5.24) of two fields is a
function and not an operator, namely

Alz —y) = (2 [p(z), 0(2')] Q) = Wa(z — 2') = Wa(a' — ) . (1.5.41)
Both A(x) and W (z) are Lorentz-invariant solutions to the massive wave equation,
(Dx + m2) Alz—2")=0. (1.5.42)

The solution A(x — z’) has the initial values at (z — z’)y = 0 given by

A
A —2',0)=0,  and <gx> (& —7',0) = —i6(z — 7). (L5.43)
0

As the initial data vanish for x strictly space-like, so does the entire solution A(z). Thus we have
an independent argument that for the free field

[p(x), p(a')] = A(z — ') = 0], for | (z — ') < 0]. (1.5.44)

One can give an integral representation for the free-field commutator function A(x—z") analogous
to (1.5.37), namely

) - 1 : /
YRS oy —— 5
(x — ') oL dk Cdkok%J_er (1.5.45)

—

Here C denotes a contour in the complex ko-plane that encloses both the poles at £w(k ) and circles
them in a clockwise direction. The contribution from the pole at ky = w was analyzed in (1.5.37).
The corresponding contribution from a circlular contour C'_ that surrounds only the second pole at
]{30 = —w i8

7/- ad . / 1 1 1 - ’ (= = —
dk / dk —ik-(z—z') _ / _ zw(k)(mgfxo)#»zk-(z —& )dk’
(2r) / o M0 K2, — m? 2 2u(i)"
_ 1 / 1_‘ iw(k)(zo xg)fzk‘-(fff/)d%
@ ] 2w
= —Wh(a' —x). (1.5.46)
The second to last equality follows from making the substitution of variables k = —k and using

—

w(k) = w(—k). The last equality follows by (I.5.32). Thus (I.5.45) is the sum W (z—a')—Wa(a' — )
and equals the commutator function A(x — /).
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The function A(z—2'") = Wa(x—2')—Wy(2' —x) = (Q, [p(z), ( "] §2) satisfies the homogeneous
Klein-Gordon equation; as a consequence of (O + m?) p(z) =0, s
(D +m ) Az —2') = (1.5.47)

with the initial values (1.5.43) above. Such a Green’s function provides a solution F'(z) to the

Klein-Gordon equation
(O+m?) F(z) =0, (1.5.48)

with initial values
). (1.5.49)

11

F(#,0)=«a(Z), and OF(#,0)/0t = B(

Namely, one can check that

F)=i [ (W o) + AE — 7,1 ﬁ@) aj, (15.50)

does solve this equation. Furthermore the solution is uniquely determined by the initial conditions,
so this is the only such solution.

5.7 The Time-Ordered Product

The time ordered product of two fields is defined as ¢(z)p(2') in case zy > z(, and ¢(a')p(x) in
case x; > xo. Thus the time in the product is defined to increase from right to left. One often
denotes time-ordering by the symbol T', so

To(x)p(z') = 0(x — x0) (') o(x) + O(xo — 2) () p(2”) . (1.5.51)

Note that we do not define the time-ordered product of fields for equal times.! Note that the
time-ordered product of two fields is a symmetric function,

To(z)p(a') = Tp()p(z) . (1.5.53)
One does not see this symmetry so clearly when expressing the time dependence of the time-ordered
product, namely
To(x)p(z) = O —t) e o(@) e ™ (") e~ H
+ (9(25 _ t’) eit/H Qp(f/) efi(t’—t)H @(f) e—itH ) (1.5.54)

n fact, one cannot define the time-ordering in case = ', because at that point the product of fields ¢(z)? is
singular. In fact the vacuum expectation value Wa(z — ') of p(x)p(2’) has no limit as 2’ — z, as it would be

1 1 - 1 * k2 dk
W)= (s | 2oty ™ = a ) o (15.52)

which is quadratically divergent in the momentum. In general, for space-time dimension d > 2, this divergence is of
order k%72, where & is the magnitude of the largest momentum.
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The Feynman Propagator: The vacuum expectation value of the time-ordered product of two
free fields is another important function Ag, sometimes called the Feynman propagator. In partic-
ular,

Ap(z;a) = Ap(iz) = Ap(z —a') = (Q, T(z)e(z')0)
O(xy — xo) Wa(x' — x) + 0(xg — ) Wa(z — ) . (1.5.55)

Note that for zy # zf, the first term continues analytically to the lower-half xy — xj, plane in the
time-difference variable. The same is true for the second term. Thus the Feynman propagator at
unequal times continues to an analytic function in the lower-half time-difference plane.

One can write a complex integral representation for Ap, similar to the representations for
Wy(x —2') and A(x —2’). In particular, let Cr denote a contour extending from —oo to +oo along
the real k( axis; this contour avoids the pole at kg = —w by making a small semicircle around the
pole in the lower half plane, and it avoids the pole at ky = +w by making a small semicircle around
the pole in the upper half plane. We claim that

7 - 1 ) ,
Ap(z — ’:—/dk/ p——C Ol L5,
F(x I) (27T)4 Cr 0 k]gw _m2 (& ( 556)

Here
The effect of the two small excursions into the complex ky plane near ky = j:w(l; ) is unchanged
if we displace the two singularities slightly off the real axis into the complex ky plane, and then
take the limit of the answers calculated with the displaced singularities. Replacing the momentum
space expression
1 1

W 5 by m y Wlth small € > 0 > (1557)

shifts the pole at kg = +w(k) to \/w(k )2 — ie, which lies close to w(k) but is in the lower half

—

ko-plane. Likewise it shifts the pole at kg = —w(k) to —\/w(k )2 — ie which is nearby and in the
upper half kqg-plane.

The modified integral clearly converges to the original Green’s function as ¢ — 0. But after
introducing ¢ > 0, Cauchy’s theorem says that we can shift the contour Cr to integrate in the
ko-plane along the real axis, from —oo to co. This does not change the value of the integral.
Therefore

— 2\ = / — 1 ‘ 1 —ik-(z—x') 74
Arlz =) = {0, Te(z)o(a)) = I o / e dkl. (15.58)
The Feynman propagator satisfies the differential equation
(O+m?) Ap(z — ') = —id*(x — 2') . (1.5.59)
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One says that the energy-momentum-space representation of the Feynman propagator is

Ap(k) = lim |, (1.5.60)

e—0+ k32, — m? + ie

Here the limit € — 0+ is only meant to be taken after evaluating the Fourier transform. Also by
convention, we assign the entire (27)~ to the Fourier transform of the momentum-space propagator,
rather than (27)~2 to the propagator and (27)~2 to the Fourier transform in four dimensions. When
we use this expression later in perturbation theory, we will reintroduce the missing powers of 27 in
an appropriate way.

5.8 The Retarded Commutator

The retarded commutator of fields at = and 2’ is the commutator [p(z), p(z)] restricted to the
domain ¢ > ¢’ where the field at x can be influenced by an event at x’. In particular, define

Rep(x)p(a’) = 0(t — 1) [p(x), p(2")] - (L5.61)
Define also the expectation of the retarded commutator as the function
Ag(z;2') = (Q, Rp(x)p(2")Q) . (1.5.62)

For the free field, Ag(z;2") = Ag(z — 2’) = Rp(x)p(x').
The retarded commutator is related to the time-ordered product,

Rp(z)p(a') = To(r)p(r') — p(a)p(z) - (I.5.63)
Taking the vacuum expectation value of (1.5.63) gives for the free-field case the relation,
Ag(z —2') = Ap(z — o) — Wa(a' — x) . (1.5.64)

The equation of motion (1.5.59) for Ap shows that

(D - m2) Ag(r —2') = —i6*(x — 2') |, and |Ar(z —2") =0, for t <t'|. (1.5.65)

In other words

Gr(zx — 1) = iAp(x — 2) |, (1.5.66)

is the ordinary retarded Green’s function for the Klein-Gordon equation.

The relation (1.5.64) gives a complex integral representation for Ag. The contour Cr U C_ in
the ko-plane can be deformed into the contour Cr along the real axis from —oo to co and avoiding
both poles at +w with small semi-circles in the upper-half plane. Thus

: 3} 1 o
Ap(z — 2’ :L/dk/ dkg ——— e~ik@=a)) 1.5.67
Rl =) (2m)4 cp 0 k3, —m? ¢ ( )
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One can also write
) 1
Agp(x —2') = lim '

— e~k @=2") i . (1.5.68)
e—0+ (27)4 / (ko + i€)? — i’

—m2
In the second representation, both poles are displaced slightly into the lower-half ky-plane. We can
verify that this representation ensures the retarded property for Ag. In fact if ¢ < ¢/, then the
exponential e~# (=) decays in the upper-half ky-plane, which encloses no singularity. Closing the
ko contour in the upper-half plane at infinity then shows that Ag(t —t') vanishes.

Likewise

e—0+ (27T)4 72

) 1 ; /
Ap(x —2') = lim ! / e~ @) gir (1.5.69)
(ko —i€)? =k —m?

is the advanced commutator function with
(I:l + m2> Ay(z —2') = —id(x — 1), and Ap(x —2")=0, for t >t . (1.5.70)

Also the commutator is related to the advanced and retarded functions through

Alz —2') = Agr(z — o) — Aa(x — 2")|. (L.5.71)

5.9 The Minkowski-Euclidean Correspondence

In §5.5 we saw that the Wightman function Ws(xz — 2’) analytically continues into the lower-half
complex plane in the time-difference variable, namely to a negative imaginary part for ¢ — t’. The
time-ordered function Ap(z;z’) also analytically continues for ¢ # ¢ and defines a symmetric
function of complex z, 2’. These indications suggest that the time coordinate of the field itself can
be analytically continued to be purely imaginary.

As the time dependence of the field is (7, t) = e (7 )e " from positivity of the energy we
infer that e is continues analytically to a bounded function in the wupper-half complex t-plane.
Furthermore take any state vector in Fock space of the form g = e 7#f, with f € F? and t < T.
Then the transformation et can be applied to such a vector g, and ¢(x)g = ¢(Z,t)g has an
analytic continuation to imaginary time.?

Under this change to purely imaginary time, a real space-time vector x); = (7, ) in Minkowski
space continues to the complex space-time vector z); = (Z, it) with the property that the Minkowski
square 13, =t — 7 2 continues to the negative of the Euclidean square,

itH

=157, (1.5.72)

We now consider the transformation z,; — x, from a real point in Minkowski space to the corre-
sponding real point in Euclidean 4-space. Under this transformation, the Lorentz transformations
A on Minkowski space map to rotations of Euclidean 4-space, A — R.

2For any € > 0, the expression e “? (%, t)g is a vector in F that analytically continues to the strip in the
upper-half ¢t-plane with the imaginary part of ¢ bounded by (¢) < T
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The invariance of the Minkowski square 22, under Lorentz transformations in space-time con-
tinues to the invariance of the Euclidean square x? under rotations in 4-space. Correspondingly the
invariance of the Minkowski square k3, of the energy-momentum vector under Lorentz transforma-
tions continues to invariance of the Euclidean square k? under rotations in a real energy-momentum
4-space with Euclidean geometry.

Let us denote complex 4-vectors in Minkowski space by z = z + iy and 2’ = 2’ +iy’. The
analytic continuation for Wy or Ag in question take place in the region where the difference 4-
vector variable z — 2/ = (x — ') + i(y — /) has the property that the imaginary part y — ¢/’ is
time-like and (y — y')o < 0. Included in this set of points of analyticity are those z,z’ for which
the spatial components z, 2’ are real, and the time components iyo, iy, are purely imaginary with
negative time differences, namely vy, > yo. These imaginary-time points are called Euclidean points
as 22 < 0 and 2’2 < 0.

Imaginary Time Fields: We are especially interested in the analytic continuation of the
Minkowski space field to purely imaginary time. Define the imaginary-time field

pir(x) = (T, it) = e M p(F)e™ | (1.5.73)

Note that the imaginary-time fields are not hermitian. In terms of matrix elements,

(p[(f, t>* = @[(f, —t) > (1574)

meaning that (g, p;(7,t)* g r = (p1(Z, —1)g, &) 7, for g = e T, g’ = e TH{’ of the form

It is natural to ask when the product of two imaginary time fields ¢(z)@(z’) has an analytic
continuation to a product ¢;(z)er(z') at purely imaginary times it,it’. Writing out the product,
one sees that

QO(I)(,O(SL’I> — oitH (p(f)ei(t/ft)H gp(l—:/)et’H _ (1575>

One can repeat the argument for the single field above and analytically continue this product to an
analytic function

pr(x)pr(z) (1.5.76)

in the time-ordered imaginary-time region 0 < ¢t <t' < T.
Therefore it is natural to also define a time-order for imaginary time fields. But in this case,
it is natural to take the time-order to increase from left to right, as in our example (1.5.76). In

order to distinguish this from we real-time ordering, we use the notation “,” to designate the
imaginary-time-ordered product,

(er(@)er(r') . = 0t — t)er(z)pr(x') + 6(t — t)pr(z)pr(x) |- (1.5.77)

The vacuum expectation value of the imaginary-time-ordered-product of two fields is called the
two-point Schwinger function S,

Sz — ') = (Q, (pr()pr(a')), Q)| (1.5.78)
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This Schwinger function is Euclidean invariant, it is symmetric under the interchange of z, z’, and
in fact it equals

So(z,2') = Ss(x—a’)
= (@) T Mp(7)Q)

_ / LBt iR (5 ) g (1.5.79)
e (i)

As S, is rotationally invariant, we can evaluate Sy(z — 2') in a frame where ¥ — #' = 0. Then the
representation (1.5.79) shows that

So(x —2') > 0. (1.5.80)

This positivity is a fundamental property that we later see also holds for interacting fields, and also
for n-point Schwinger functions!

One can give make the Euclidean-invariance of the Schwinger function manifest, by using a
representation with this property. This representation is closely tied to the 4-dimensional integral
representations of the various real-time Green’s functions studied above. With k - x the Euclidean
scalar product in 4-space %, k;x;, one can also write the free-two-point Schwinger function as

So(x — ') et @) gt || (1.5.81)

1 / 1
2n)t ) k24 m?

In fact the free Schwinger function Sy(x — 2’) is a Green’s function for the Helmnolz operator

(-V2+m?) = (-A+m?) (1.5.82)

where A = A, is the 4-dimensional Laplacian®

A —VQ—fja—z (1.5.83)
T — z_izoal,?' T

By differentiating (1.5.79) we see that Sy satisfies the (elliptic) Helmholz equation for a Green’s
function,

(—As+m?) Sy(x —a') = 6*(x — o) . (1.5.84)

Time-Ordered Products and Schwinger Functions: One can generalize this to consider the
“Euclidean” analytic continuations of the time-ordered product of n time-ordered fields to n time-
ordered imaginary-time fields. (By considering the time-ordered product, we are certain to obtain
a symmetric function of the Euclidean vectors xy,...,x,.) Consider n Minkowski-space points

31t is standard notation to use the symbol A both to denote the commutator function (I.5.24) or the Feynman
propagator Ap, as well as the Laplacian A, in (1.5.83). Hopefully this will not cause confusion.
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x; = (Z;,t;) at unequal times, and let © be the permutation of 1,...,n such that t,, > --- > ¢, .
Define the time-ordered product

To(xy) - o(xn) = @) ()|, where in real time ’tm > >t ‘ : (1.5.85)

These time ordered products, just as in the case n = 2 considered above, analytically continue to
purely imaginary time for unequal times. The analytic continuation is the (imaginary)-time-ordered
product that generalizes (1.5.77),

(r(z1)pr(zs) - - ¢I($n))+ = @1(Tn)0r(Tr,) -+ p1(2Tr,)
_tﬁlHSO(fm)e—(tTr2 —tr ) H

—

= e€ O(Try) (T ﬂn)etwn

(1.5.86)
Unlike the imaginary parts of the real time differences that are negative, the individual imaginary

times t,...,t, are all taken to be positive. Here 7 is not the permutation that enters (1.5.85);
rather in imaginary time 7 is chosen as the permutation that ensures

0<tp <+ <t |- (1.5.87)

Therefore in the imaginary-time-ordered product, it is natural for the times to increase from left to
right, which is the reverse of the situation in the real-time-ordered product.
The vacuum expectation values of the time-ordered products generalize Ap, so we define

Ap (1, .. x,) = (Q,To(xy) - o(x,)) . (1.5.88)

These expectations analytically also continue to purely imaginary time, giving the n-point Schwinger
functions defined as

Sn(@r, . n) = (2, (pr(@1) -+ 01(0)) , Q) = S (@ys -, 7)) | (1.5.89)

totally symmetric under permutation of the Euclidean space-time points xy, ..., z,.

5.10 Charged Fields

The field introduced above describes massive, neutral, scalar bosons. Such a field could describe
particles that are neutral, scalar mesons. The similar field which describes charged particles has an
additional symmetry. This can be incorporated by using a vector-valued field ¢(x) which has two
independent components, () = (p1(z), p2(z)). The interaction for the changed field is invariant
under rotations of these components, namely under the SO(2) symmetry group of orthogonal 2 x 2
matrices R(f). The Hamiltonian is assumed invariant under the symmetry

Fx) = <901(I)> — R(O)3(x) = <COS‘9 _Sin9> (9"1(55)) | (1.5.90)

o) sinf  cos® o)
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54 CHAPTER 5. THE FREE QUANTUM FIELD

For a free field, independence means that the different components of the fields are constructed
from independent creation and annihilation operators, each of which evolves in time independently.
Hence the different components commute,

[o1(2), p2(a)] = 0. (1.5.91)

Equivalent to having the 2-component vector field is a complex field
1
T)=— T)+ s)) . 1.5.92
o) = 5 (a(@) + a(s) (15.92)

i TO BE CONTINUED ***
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Chapter 6

Fields in a Periodic Box

In this chapter we approximate the 3-dimensional configuration space R® by a periodic box, oth-
erwise known as a 3-torus T? of volume L3. We recover from these fields the continuum fields as
L — o0.! The one-particle space in the box is the space H; = L*(T?) and the corresponding bosonic
Fock space is

F =@ F, (1.6.1)

where the n-particle space is the n'" symmetric power

Fr=Hi®s- - ®Hy (1.6.2)

n factors

with the scalar product for f™, f' (" ¢ F® given by,

(n) ¢ (n) _ n) (7 = "(n) (7 72 2 A7
<f f >fn_/TSXMXT3f()(xl,...,xn)f (Z1,..., @ p)dZy---dT, . (1.6.3)

6.1 The Fields

The canonical time-zero free quantum field of mass m with periodic boundary conditions is

(a"(F) + a(=k)) e *7 (1.6.4)

and

(alk)" —a(=k)) e*7 (1.6.5)

IThe expectations of the fields in a box converge as L — oo in the sense of Fourier series converging to Fourier
transforms. The creation and annihilation operators only converge with some additional power of (L/ 277)3/ 2 to ensure
the standard commutation relations.
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56 CHAPTER 6. FIELDS IN A PERIODIC BOX

where the sum over momenta extends over the lattice K dual to T3, namely

K={k:k="="nm}, (1.6.6)

W}Lere 7 is an vector with integer coordinates. The creation and annihilation operators a*(E ) and
a(k') satisfy for k, k' € K,
la(k), a"(K)] = 6z . and [a(k),a(K)| = 0= |a"(k),a"(K)] . (L.6.7)
These fields satisfy
[om(Z), 7 ()] = i0(F =) , and [ (Z), om (7)) = [mm (T), T (7)) = 0, (1.6.8)

for 7,7 € T3, taking into account the periodicity that requires one to identify ¥ with & + L,
where 7 denotes any vector with integer coordinates.

The free-field Hamiltonian has an expression in terms of an energy density similar to the infinite-
volume field, namely

Hy — /Ho(f)d:i:‘
= ;/Tg (:wm(f)Q: + Vi om(T)?: + mz:gom(f)2:> dx
= 3 wn(k)a* (B )a(k) . (1.6.9)

kek
Likewise the momentum is given by a momentum density P(Z) with components P;(7), and

b - [

= 3 kjatr(k)a(k) . (1.6.10)

These four operators mutually commute. Note that expressed in terms of the creation and an-
nihilation operators, the free Hamiltonian H, depends on the mass, but the momentum P does
not.

Note that the integrals of the densities for generators of rotations (and Lorentz boosts) that
yield these generators in infinite volume, involve boundary terms that prevent these generators
from acting on the canonical fields in an appropriate fashion. Thus these generators do not exist
as they do in infinite volume. But we expect this, as the cubic box is not invariant under these
transformations.
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6.2. THE FIELD AS OSCILLATORS 57

6.2 The Field as Oscillators

Here we re-express the free-field in a box as a collection of an infinite number of oscillators. One
says that we are dealing with an “infinite number of degrees of freedom.” Quantum theory of an
infinite number of degrees of freedom has many similarities to quantum theory of a finite number of
degrees of freedom. However, it also has significant differences. In particular, consider the canonical
commutation relations expressed in Weyl form; namely for real «, (3, one has

ez’apj eiﬂqk — ei ko eiﬁ% eiapj . (1611)

The famous uniqueness theorem of M. Stone and J. von Neumann states that for a finite number
J,k=1,2,... N of degrees of freedom, there is only one unitarily inequivalent, irreducible repre-
sentation of this algebra. This representation can be written in terms of creation and annihilation
operators acting on a Fock space. On the other hand, for an infinite number of degrees of freedom,
there are many inequivalent, irreducible representations. In fact there are uncountably many, so
even classifying them (much less knowing them all) is well nigh impossible. In physics we are very
familiar with the Fock representation. This works well for free fields, for fields for which we con-
sider only a finite number of degrees of freedom, and in certain other situations. In fact one way
to approach different representations is through the quantization of Lagrangians that appear in the
theory of quantum fields. Free systems correspond to oscillators without interaction. Interacting
systems correspond to coupled oscillators. We now see how this arises, and how an interacting
quantum field can be regarded as a Schrodinger equation arising from a Hamiltonian of the form

H=-A,+V(q), (1.6.12)

on a configuration space with points ¢ € @) having infinite dimension.
We now develop this picture for a field in a box. In this case the components ¢; = g,(k) of a

point ¢ will be indexed by j = (/; ,a), where k is the momentum and « is an additional 2-valued
index. Then the Laplacian on field space has the form of a sum over the various degrees of freedom,

Ay==N wk) ——— . (1.6.13)

———+V(q)|- (1.6.14)

The potential V(q) is depends on the wave equation for the quantum field. For free quantum
fields, V' (q) will be a quadratic function of the coordinate ¢ of the form V(q) = 3, (chf- + dj), for
appropriate constants ¢; > 0 and d;. This is a collection of uncoupled harmonic oscillators. For
interacting quantum fields, V'(¢q) will be some other function, and it will couple the different degrees
of freedom. One hopes that the laws of physics allow a simple choice for V.
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6.2.A The Canonical Variables
Define the dimensionless variables (k) = \1[ (a*(/;) a(— ) and p(k) = ﬁ (a*(E) - a(—/;)).

k)
Although ¢(k)* = q(—k) and p(k )* = p(—k ), so q(k ) and p(k) are self-adjoint only if k = 0, they
do satisfy the relations

[a(F), )] = & [0 (F), —a(=F)] + 5 [a(—F), 0" (F)] = 50 o + 50 ¢ = g g (16.15)
and
lq(k),q(K)] = [p(k),p(K)] = 0. (1.6.16)

As a consequence, the real and imaginary parts of the q(/;)’s all commute, as do the real and
imaginary parts of the p(k)’s. Denoting the real parts by a subscript e recognizing that they are
even under k — —k, and the odd parts as o for odd, we obtain real coordinates for k& # 0, given

by

lB) = 55 (aF) +a(=F) ) = 25 (alF) —al=D)) | (16.17)
and also .
pe(k) = 12 (p(F) +p(=k)) . polk) = \_/; (p(F) = p(~F)) . (1.6.18)
while for k = 0
2(0) = \}5 (a*(0) +a(0)) , pe(0) = \;5 (a*(0) — a(0)) , and ¢,(0) =p,(0) =0. (1.6.19)
We choose the normalization so that the commutation relations between ¢’s and p’s are
|0 (F),pe(R)] = 65 g + 65 g = [a0(R),po(®)] , and [g.(F), po(R)] = [40(k), pe(K)| = 0,
(1.6.20)

in case either k # 0 or k¥ # 0. In case both k = k' = 0, then
[4e(0), pe(0)] =i . (1.6.21)

Thus in order to obtaln a set of independent, canonical coordinates, we choose two sets of coordinates
for each momentum k‘ an even set and an odd set, but we also limit the momenta k to “half” the
original momenta. We choose coordinates g, (k), pa(k: ), where a = e, 0 and & lies in the set

K'={k :k ek, and k >0}, (1.6.22)

(yielding only the even coordinates in case k= 0). Then for kK €K,

[Pa(k), Gor (K)| = —iBaardg and | |ga(k), gor (F')] = [pa(k), pr ()] =0|.  (1.6.23)

One can now reexpress the canonical, periodic, time-zero, fields in terms of these canonical

variables. *** TO BE CONTINUED ***
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Appendix A

Fourier Inversion and Eigenfunction
Completeness

Here we derive two well-known results in an elegant and completely self-contained way. We show
that the eigenfunctions of the harmonic oscillator Hamiltonian are a complete set, or basis. We also
establish the Fourier inversion theorem.

Everything is carried out here in one dimension, but the generalization to arbitrary (integer
and finite) dimension is straight-forward. Define the Fourier transform operator § as the linear
transformation on integrable functions f,

1 o .
= — Py . LA.1
@@ == | Sy (LA1)
One sometimes writes (§f) (p) = f(p). The Fourier inversion theorem says that Ff exists, and

flw) = \/127 /O:O (8) (p)e™ dp = \/127 /o:o fp)e™ dp . (LA2)

The pair of identities (I.A.1) and (I.A.2) are the fundamental identities for Fourier transforms.
In Sections I-VII we focus on functions f in the space L? of square-integrable functions on the
line R. This space is a Hilbert space with scalar product

o0

(o9 = [ J@) gla)de. (LA3)

—00
Square-integrable functions f are those of length || f||zz = (f, f>1L/22 < 0o. A subset D C L? is said
to be dense in L%, if any L2-function f can be approximated by a sequence f,, € D. This means
lim, ||f — fullzz = 0. An orthonormal basis {2,} is a set of orthonormal vectors whose finite linear
combinations are dense. A linear transformation T is continuous on L? if |Tf]|z2 < M||f]|z2 for
some constant M < co. A continuous transformation defined on a basis extends uniquely to all L?.
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A.1 Fourier Transformation is a Unitary Transformation!

The transformation § is unitary on L?. What does this mean? Define the matrix elements of the
adjoint §* of § by (f,§*9) ;2 = (§f,9) .. For integrable functions f, g, one can compute §F* as

U800 = §hahe = o= [ [ (00 la) dady = (. PFa), (A1)
Here we introduce the operator of reflection through the origin, namely
(Pf) () = f(=x) . (LA.2)
Note that P§ = §P. The computation (I.A.1) shows that on integrable functions,
§ =P3=3P. (LA.3)

From these relations it is not clear that § has an inverse. We claim the striking fact that the inverse
§! does exist, and moreover that it equals F*. In other words we claim that

[=FF =33 (LA.4)

The relations (I.A.4) state that § is unitary. We will prove (I.A.4) below in §A.6 using properties
of the harmonic oscillator that we establish in §A.3—§A 4.

A.2 Some Consequences of Unitarity

The property that § is unitary has numerous beautiful consequences. We now mention two. The
relation [ = §*§ in (I.A.4) is known as Plancherel’s theorem. Written in terms of expectations,

/OO |f(2)[* de = /Oo [f(p)I*dp . (LA.1)

—00 —00

A second consequence of the unitarity is the Fourier inversion formula. From (I.A.3-1.A.4) we infer

[=§P§, o [=FP3/, (1A2)

applied to any f € L?. Use the definitions to write out (I.A.2); it is just the desired inversion
(LA.2).

A.3 The Harmonic Oscillator

The operator

1 d 1 d
a= ﬁ (x + d:L‘) , and its adjoint  a* = ﬁ (w — da:) , (LA.1)
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A.4. THE OSCILLATOR EIGENFUNCTIONS ARE A BASIS 61

are the lowering and raising operators for the harmonic oscillator with unit mass and frequency
equal, and units with i = 1. They satisfy [a,a*] = I, and [a,a™] = na*"~!. The operator

H=a'a=> d2+2 1 (1.A.2)
=da=g T2 Te A
is the corresponding Hamiltonian. Note that
[H,a"] = a*" a4+ a*[a,a™] — ™ H = na™" . (LLA.3)

The differential equation v/2a$(z) = Qo(x) + Q4 () = 0 has the normalized solution

1 .
Q()(ilj') = me /2 R (IA4)

and yields a zero-energy ground state of H satisfying HQy = a*af)y = 0.
Introduce the Hermite functions €, (z) and the Hermite polynomials H, () defined by

1 1

O, (2) = —=a"Qy(x) = ———=H,(2)Q(x) . I.AS
() m 0() 2n/2\/m ()0() ( )

From (I.A.3), we infer that 2, is an eigenfunction of H with eigenvalue n. Furthermore

1 1
(0, Q) = n (Qp1,0a™ Q1) = n (U1, (H A+ 1) Q1) = (o1, Q1) = - = (Qo, Q) =1,

(LLA.6)
so using the fact that the eigenvalues of the €2, are different for different n, these functions satisfy
(0, Qi) = Sy - (LA.7)

In other words, the Hermite functions are an orthonormal set of eigenfunctions of H, with eigen-
valuesn =0,1,2,....

A.4 The Oscillator Eigenfunctions are a Basis

If the {,} are not a basis, then there is a non-zero vector y € L? perpendicular to all of the €,.
We assume that there exists a vector y € L? satisfying y L €, for all n. We then show that y = 0.

We use the generating function for Hermite polynomials, namely G(z;x) = 300, Z—T:Hn(x) We
now compute G(z;z). Use the definition (I.A.5) to write G(z; ) = Q5' eV?%" Q). For any constant
A, the “translation identity” e *®a*e* = a* — X follows from expanding each side of this equality
as a power series in A\. Now define f()\) = e ereMa"+a) N2, Using the translation identity, we
infer f'(A) = 0. Consequently f(\) = f(0) = I, and we have proved the “rearrangement identity”
M’ ra = A Ha) o=N/2  Gince also V27 )y = (Y, we apply the rearrangement identity with
A = /22 to show eV270" Q) = e="+222 (). Therefore dividing by o,

G(ziz) =Y %Hn(x) = e Pt (LA.1)
n=0 """
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62 APPENDIX A. FOURIER INVERSION AND EIGENFUNCTION COMPLETENESS

Suppose we are given a vector x orthogonal to all the €,,. Using (I.A.1), we have for any real p,

i —ip/V/2)"

—~  Vnl
Hence § (x€2) = 0. Therefore, unless xy = 0, the Fourier transform § has no inverse!

In order to show that y = 0, multiply the (vanishing) Fourier transform of Qo by e®®. Then

/OO X(2)Qo(z)e P dy =0 . (LLA.3)

—00

(Q X) g2 = /_O:o G (—ip/2; x)Q(z)x(2)dr = V21" 1§ (xQ) (p) =0.  (LA.2)

Take € > 0, multiply the identity (I.A.3) by e‘ePQ, and integrate over p. By completing the square
for the Gaussian p-integration, we obtain

[ L@t e astp = 2 [~ ot ar=0. A

Let € — 0, and use the fact that \/ge_(x_"“wE — 6(x — a). Thus x(a)Q(a) = 0, for almost all a.
But the gaussian Qg(a) > 0, so divide by this function to conclude x(a) = 0. This is a contradiction
to the assumption that x # 0 in L?. Therefore we conclude that the {€,} form a basis.

A.5 Oscillator Eigenfunctions are Fourier Eigenfunctions

Recall that the operators in (I.A.1) denote the lowering and raising operators for the simple harmonic
oscillator. Note Pa* = —a*P. Thus using (I.A.1), (I.A.3), and P? = I, we obtain the commutation
relations

Sa=—iag, and Fa* =1a"§ . (LA.1)

As a consequence, the oscillator Hamiltonian H = a*a = § (—d?/dz? + 2% — 1) commutes with §,
and § and H can be simultaneously diagonalized. In other words, the oscillator eigenfunctions €2,
of H are also eigenfunctions of §. The corresponding eigenvalues are +1, +i, as follows from the
representation of the n'"-eigenfunction €2, = \/—%a*”QO. Using (I.A.1) and Qo = Qo, we infer that

1 1
FamQ = i"——a™F Yy = "Dy . (LA.2)

St = Ve

A.6 The Fourier Inversion Theorem

From (I.A.2) and P, = (—1)"Q,, we conclude that FPF 2, = ,. Thus
SPE =1, on the span of the functions 2, . (LA.1)

Using the discussion in §?7 and the continuity of the identity I, we infer that the equality (I.A.1)
extends to all L? if and only if the collection of harmonic oscillator eigenfunctions {2, } are a basis
for L?. In that case, (I.A.1) shows that § has a left and right inverse §P = PF = §*. But in §A .4
we established that the {Q,} are a basis. So we conclude that (I.A.1) extends to L? and §~! = F*.
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A.7 Schwartz Space of Well-Behaved Functions

The Schwartz space S of well-behaved functions is defined as those functions f(z) € L? for which
Hnf e L?foralln=0,1,2,3,..., where H is the oscillator Hamiltonian. Since we showed in §A.5
that [H,§] = 0, we conclude that §§ C S. But as § ! = P, and PS C S, it follows that

§S=S. (LA.1)

Note that €, € S, for every n. Furthermore any f € L? has an expansion in the {£2,}-basis,

EESIICE (1A2)
j=
We write the condition that f € L? actually is an element of S as
I 1 = 3 7 L6 < o, (1A3)
j=
for alln =0,1,2,3,.... In other words, the Schwartz space has “rapidly decreasing” coefficients in

the oscillator/Fourier basis {€2,}.
Any f € L? has a sequence of approximating functions fz € S. In fact for f of the form (I.A.2),
define

fr(x) =Y fe7 " 0y(@) . (LA4)
=0
Clearly fr € S. Furthermore, as e~7*/% is monotonically decreasing in j,
s 5\ 2 2
e = Fl7e =152 (1= e R) < | fl7: (1—e5) =0, as R—oo.  (LA5)
j=1

Exercise. Show that the Schwartz functions are exactly those for which

dS
dxz*

‘,L,T

sup flx)] < o0, (I.A.6)

z€R

forall m,s =0,1,2,3,....
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