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1 Minkowski space

1.1 Coordinates in Minkowski space

By definition, the Minkowski space, denoted RY™, is the vector space R!*"
equipped with the canonical pseudo-Euclidean form of signature (— + ---4).
Its coordinates will be typically denoted by z*, u = 0,1,...,n. The pseudo-
Euclidean form is then given by

n

guaa’ = —(a0)? + Y (2")%. (1.1)

=1

(Throughout these notes the velocity of light has the value 1 and we use the
FEinstein summation convention). We use the metric tensor [g,,] to lower indices
and its inverse [g"¥] to raise indices:

v 17
x, = gux’, o'=g"x,.

For a function RM > z + f(x), we will sometimes use various kind of
notation for partial derivatives:

853555) = Opn f(2) = O f () = [ u(@).

Writing R™ we will typically denote the spatial part of the Minkowski space
obtained by setting 2 = 0. If x € RY", then Z will denote the projection of
x onto R™. Latin letters i, j, k will sometimes denote the spatial indices of a
vector. Note that z; = z%.

On RY™ we have the standard Lebesgue measure denoted dz. The notation
dZ will be used for the Lebesgue measure on R” C R,

We will often write ¢ for 0 = —zy. The time derivative will be often denoted
by a dot:
; _8f<t)_ _8f($0)_ 0y _ 0
)= 5t~ of(t) = 90 dof(x”) = fo(z").
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1.2 Causal structure
A nonzero vector z € RV is called
timelike if z,z" <0,
causal if x,2" <0,
lightlike if z,2" =0,

spacelike if  x,z" > 0.
A causal vector z is called

future oriented if 2° >0,

past oriented if 2% < 0.

The set of future/past oriented causal vectors is called the future/past light
cone and denoted J*. We set J := JT U.J ™.

If O c RY™ its causal shadow is defined as J(O) := O + J. We also define
its future/past shadow J*(0) := O + J*.

Lemma 1.1. Let O; CRY™, i =1,2. Then
J+(01)ﬁ02 =) & OlmJ_(OQ):
JO1)NO =0 & 01N J(Oz) =0.

We will write O; x Oz iff (1.3) holds. We then say that O; and O, are
spatially separated.

0, (1.2)

1.3 Lorentz and Poincaré groups

The pseudo-Euclidean group O(1,n) is called the full Lorentz group. Tts con-
nected component of unity is denoted SOp(1,n) and called the connected or

proper Lorentz group.
A € O(1,n) if for any vector [z#] € R\

gtz = gagAﬁ‘x“AEx”. (1.4)

The full Lorentz group contains special elements: the time reversal T and
the space inversion (the parity) P and the space-time inversion X := PT:

T(z", %) = (—2°, %), P(° %) = (2", %), Xo = —u.
It consists of four connected components
SOp(1,n), T-SOp(1,n), P-SOu(1,n), X-SOu(1,n).

O(1,n) has three subgroups of index two:

S00(1,n) UX-SOqy(1,n), (1.5)
S00(1,n) UP-SO(1,n), .
SOo(l,n)UT-SOO(l,n). (17)



(1.5) coincides with SO(1,n) for even 14+n and (1.6) coincides with SO(1,n)
for odd 1+ n.

The affine extension of the full Lorentz group RY™ x O(1,n) is called the full
Poincaré group. Tts elements will be typically written as (y, A). On x € RL™ it
acts by

(y,A)z =y + Az.

Here is the multiplication:
(y1, A)(y2 + A) = (y1 + A1yz, A Az). (1.8)

We will often write y instead of (y, 1) and A instead of (0,A). It is the full
symmetry group of the Minkowski space.

Example 1.2. Let us determine O(1,1). We set

1 1
xpi=x+t, z_=x—1 ;v:§(;v+—|—:v,)7 t:§(x+—x,).

Now, letA—{a b}
c d

2 —t? =z_x, = (axy +br_)(cry +dx_)

1s solved by
ad+bc=1, ac=0, bd=0.

This has 4 types of solutions:

a>0, d>0, b=c=0, (1.9)
a<0, d<0, b=c=0, (1.10)
b>0, ¢>0, a=d=0, (1.11)
b>0, ¢>0, a=d=0. (1.12)

Finally, we set
AL —1fa b1 1
T 201 1 |e d||-1 1}
1.4 Euclidean space

We will sometimes consider the Euclidean space R? equipped with the form
2> = (2')? + - - (a9)2. (1.13)

The orthogonal group O(d) has only two connected components, one of them is
the group SO(d). We also have the Euclidean group R¢ x O(d).

Note that if d = 1+ n and we set 2° = +iz¢, then (1.13) becomes the
Minkowski form (1.1). This trick is called the Wick rotation.



1.5 Joint spectrum

Assume first that A is a finite dimensional Hilbert space. The spectrum of an
operator A then is defined as the set of its eigenvalues.
We say that A is self-adjoint if A = A*. The spectral theorem says that if
A is self-adjoint, then
A= )" al,(A). (1.14)

a€sp(A)

where 1,(A) is the orthogonal projection onto eigenvectors of A with eigenvalue
a. More generally, if Q C sp(A), then we set

lo(A) = > 1,(A).

a€eN

Let self-adjoint operators Aj,..., A, commute. Then so do their spectral
projections. Define the joint spectrum of Ay, ..., A, by

Sp(Al7 ey An) = {(al, Ce 7an) e R" ﬂ{al}(Al) s ]l{an}(An) 75 0.}.

For any subset Q2 C sp(Ay1, ..., A,) we define the spectral projection of Ay, ..., A,
onto QU
lo(Ar,. . An) = > gy (A1) g,y (An).

(a1,...,an)EQ

Assume now that H is a Hilbert space of any dimension. The spectrum of
an operator A is defined as

sp(A) :={2€C | (2 — A)~! does not exist}.

The set of eigenvalues of A is called the point spectrum of A and is contained
in sp(4)

The spectral theorem says that if A is self-adjoint, then we can define for
any Borel set © C sp(A) the corresponding spectral projection, denoted 1 (A).
They are orthogonal projections. They satisfy

I, (A)]IQ2 (A) = lo,no, (A) (1'15)

Let Aq,..., A, be self-adjoint operators that strongly commute, that is their
spectral projections commute. We say that (a1,...,a,) € sp(41,...,A4,) if for
any € > 0

ﬂ[a176,a1+6] (Al) e ﬂ[anfe,ar,ﬁre] (An) 7é 0. (1-16)

Clearly
Sp(A17--~7An) - Sp(Al) XX Sp(An)a (1'17)
sp(UAU™ .. UA U =sp(Ay, ..., Ay) (1.18)



Example 1.3. Consider the commuting self-adjoint operators L? = Lg—i—Li—i—Lg
and L.

sp(L?) ={¢(t+1) | £=0,1,...} (1.19)
sp(L:) = Z, (1.20)
sp(L?, L.) = {(((t+1),m) | £=0,1,...; m=—,—C+1,...,0}. (121)

Example 1.4. Consider p; = —i0,;, —A = Z?zlpi, They are commuting
self-adjoint operators.
sp(p;) = R; (1.22)
sp(—A) = [0, 00| (1.23)
sp(pr,p2.p3, —A) = {(kv, ko, ks, ki + k3 + K3 | ko ko, ks €R}Y. (124
This follows from
(F 1o Ff)(k) = k; f (k). (1.25)

1.6 Quantum mechanics

Pure quantum states are described by normalized vectors in a Hilbert space
H. The dynamics is usually described by considering a strongly continuous 1-
parameter unitary group on H, that is, a strongly continuous function R > ¢ —
U(t) € U(H) such that

U(tl)U(tQ):U(tl +t2), ti,t2 ER,

The Stone Theorem says that U(t) := e~ for a uniquely defined self-adjoint
operator H, called a Hamiltonian.

In typical situations the Hamiltonian is bounded from below, which means
that there exists E € R such that

(fIHf) = E(ff), f € H. (1.26)

Equivalently, sp(H) C [E, oo[. It does not affect any physical predictions if we
subtract from the Hamiltonian the infimum of its spectrum.

The Hamiltonian has often a ground state, that means inf sp(H) is an eigen-
value. The ground state is often nondegenerate.

It will be convenient to formalize these properties.

Definition 1.5. We will say that H, H, ) satisfy the standard requirements of
quantum mechanics (QM) if

(1) H is a Hilbert space;

(2) H is a positive self-adjoint operator on H (called the Hamiltonian);

(3) Q is a normalized eigenvector of H with eigenvalue 0;
(4)

4) Q is nondegenerate as an eigenvector of H.



1.7 Relativistic quantum mechanics

Let us assume that there are no fermions. Relativistic covariance of a quantum
system described by a Hilbert space H is expressed by choosing a strongly
continuous unitary representation of the connected Poincaré group

RY % S0(1,3) 3 (y,A) — Uy, A) € U(H). (1.27)
We will denote the self-adjoint generator of space-time translations by P =
(P° P). P° = H is the Hamiltonian. P is called the momentum. Thus
U((t,§),1) = o itH+iGP
(We assume that the Planck constant % equals 1).
Proposition 1.6. sp(P) is invariant wrt SOp(1,n).
Proof. We compute for A € SOy(1,n):
U(M)e*PU(A)! = U0, A\)U(z, 1)U (0, A1) (1.28)
= U(Az,1) = dADP = gioATP, (1.29)
Differentiating wrt x we obtain
U(MNPU(A)' =ATP. (1.30)
Hence ATsp(P) = sp(P).
Let us show that
SO(1,n) = {AT | A € SOy(1,n)}. (1.31)

Note that g = g~! (which is valid in the standard coordinates). Using this we
check that
ATgh =g = AgAT =g. (1.32)

Besides, both sides of (1.31) contain 1 and A — AT is continuous. O

Definition 1.7. Suppose a representation of the proper Poincaré group is given.
The following conditions will be called the basic requirements of relativistic quan-
tum mechanics (RQM):

(1) Existence of a Poincaré invariant vacuum: There exists a (normalized)
vector ) invariant with respect to RY3 x SOg(1,3).

(2) Spectral condition: The joint spectrum of the energy-momentum operator
is contained in the forward light cone, that is, sp(P) C JT.

(3) Uniqueness of the vacuum: The vector Q) is unique up to a phase factor.

Note that conditions (1)-(3) imply the standard requirements of QM.

More precisely, (2) implies H > 0. (1) and (2) imply that Q is the ground
state of H. (3) implies that this ground state is unique.

Conversely, the Poincaré invariance of sp(P) and the boundedness from be-
low of H in any system of coordinates imply (2).



2 Algebras and axioms

2.1 States and observables

Let us describe basic framework of quantum mechanics. To avoid technical
complications, in the first part of this section we will assume that the Hilbert
space H describing a quantum system is finite dimensional, so that it can be
identified with C", for some N.

In basic courses on Quantum Mechanics we learn that a quantum state
is described by a density matriz p and a yes/no experiment by an orthogonal
projection P. The probability of the affirmative outcome of such an experiment
equals

Tr(pP).

Two orthogonal projections P; and P» are simultaneously measurable iff they
commute.

We say that a family of orthogonal projections Pi,..., P, is an orthogonal
partition of unity on H iff

i=1

Clearly, all elements of an orthogonal partition of unity commute with one
another. Therefore, in principle, one can design an experiment that measures
simultaneously all of them.
If P1,..., P, is an orthogonal partition of unity, then setting H; := RanPF;,
n
1 = 1,...,n, we obtain an orthogonal direct sum decomposition H = & H,;.
i=1

Thus specifying an ortogonal partition of unity is equivalnt to speciifying an
orthogonal direct sum decomposition.

To any self-adjoint operator A we can associate an orthogonal partition of
unity given by the spectral projections of A onto its eigenvalues:

]l{a}(A), a < Sp(A). (21)

By measuring the observable A we mean measuring the partition of unity (2.1).

Clearly, A = > al,(A). Hence, the average eigenvalue of A in such an
a€sp(A)
experiment equals

TrpA = Z aTrpl,(A). (2.2)
a€sp(A)

We call (2.2) the expectation value of the observable A in the state p.

2.2 Superselection sectors

So far we assumed that all orthogonal projections on H, hence all self-adjoint
operators on H, correspond to possible experiments. We say that all self-adjoint
elements of B(H) are observable.

10



Sometimes this is not the case. We are going to describe several situations
where only a part of self-adjoint operators are observable.

It may happen that the Hilbert space H has a distinguished direct sum
decomposition

H = él H,, (2.3)

such that only self-adjoint operators that preserve each subspace H; are mea-
surable. We say then that H;, i = 1,...,n, are superselection sectors.

Let @; denote the orthogonal projection onto H;. Then linear combinations
of @); can be measured simultaneously with all other observables. We say that
they are classical observables.

If we choose an o.n. basis of H compatible with (2.3), then only block
diagonal self-adjoint matrices are observable. States are also described by block
diagonal matrices.

Superselection sectors arise typically when we have a strictly conserved quan-
tity, this means a self-adjoint operator ) that commutes with all possible dy-
namics. For instance, the total charge of the system usually determines a su-
perselection sector. Another example of a superselection sector is the fermionic
parity: states of an even and odd number of fermions form two superselection
sectors.

2.3 Composite quantum systems

Suppose that two quantum systems are described by Hilbert spaces Hi, Ho.
Then the composite system is described by the tensor product H; ® Hs. Ob-
servables of the first system are described by self-adjoint elemens of B(H)®1y,,,
whereas observables of the second system are described by self-adjoint elements
of 1y, ® B(H2). Note that they commute, so that one can simultaneously
measure them. From the point of view of the first system only self-adjoint ele-
ments of B(H1) ® 1y, are observable. Again, we have a situation where not all
self-adjoint elements of B(H) are observable.

Let Hi = CP with an o.n. basis e1,...,e, and Ho = C9 with an o.n. basis
fi,ooo fqg- Thene; @ fji=1,...,p, 5 =1,...,q is an o.n. basis of Hi ® Ha.
Matrices in B(CP) ® lcs have the form

A0
0 4 . AeB(CP),

A
and matrices in 1y, ® B(H2) have the form

b1l bi21

bl bzl ’ [bij} € B(Cq)»

11



2.4 x-algebras

Consider the Hilbert space H = CN, N = > pidis
i=1

and the set

Note that 2 is a vector space closed wrt the multiplication and the Hermitian
conjugation. It is an example of what mathematicians call a x-algebra, which
we recall below.

As discussed before, in the finite dimensional case, observables of a quantum
system are described by the self-adjoint part of a certain *-subalgebra of B(H).

Let %A be a vector space over C. We say that 2l is an algebra if it is equipped
with an operation

AxA>(A,B)— ABe

satisfying

AB+C)=AB+ AC, (B+C)A=BA+ CA,
(aB)(AB) = (aA)(BB).

If in addition
A(BC) = (AB)C,

we say that it is an associative algebra. (In practice by an algebra we will usually
mean an associative algebra).
The center of an algebra 2 equals

3)={Ae2A : AB=DBA, Be}.

Let 2, B be algebras. A map ¢ : 2 — 9B is called a homomorphism if it is
linear and preserves the multiplication, ie.

(1) ¢(AA) = Ao (A);
(2) ¢(A+ B) = ¢(A) + ¢(B);
(3) ¢(AB) = ¢(A)p(B).

We say that an algebra 2l is a *-algebra if it is equipped with an antilinear
map A > A — A* € A such that (AB)* = B*A*, A** = A and A # 0 implies
A*A £0.

If H is a Hilbert space, then B(H) equipped with the hermitian conjugation
is a x-algebra

If 2, B are *-algebras, then a homomorphism 7 : 2 — B satisfying 7w(A*) =
m(A)* is called a x-homomorphism.

12



Theorem 2.1. (1) Every finite dimensional x-algebra 2 is x-isomorphic to

& B(CP),

i=1

for some py,...,pn

(2) If in addition A is a subalgebra of B(CN) and contains the identity on CV,

n
then there exist qu,...,q, with N = 3" p;q;, and a basis of CN such that
i=1

A= & BCP) @1, (2.4)

=1

2.5 Commutant
If 8 C B(H), then the commutant of B is defined as
B :={Ae€ B(H) : AB=BA, Be B}.
Theorem 2.2. 1. A commutant is always an algebra containing Ny .
2. If B is *x-invariant, then so is B’.
3. B =B"=....
4. BCB' =B" =....

Proof. 1. and 2. are immediate. The following inclusions are easy and
they imply 3. and 4.:

B, C By = %/1 D 83’27 (25)
B C B

O

We say that 2l C B(H) is a von Neumann algebra if 2 = A", Clearly, von
Neumann algebras are *x-algebras.

It is easy to see that all *-subalgebras of B(CY) containing 1y are von
Neumann algebras. Indeed, if 2 is given by (2.4), then 2l is obviously *-invariant
and

A = él 1, ® B(C%).

So, A" = 2.

13



2.6 Observables — infinite dimension

In infinite dimensions we have several technical complications of the formalism
developed in the previous section.

It is still reasonable to assume that observables are described by self-adjoint
elements of a x-algebra. However, the theory of %-algebras is much richer in
infinite dimension. Here are a few examples of algebras acting on an infinite
dimensional H:

1. Finite rank operators on H.
2. Compact operators on H.
3. Bounded operators on H, that is, B(H).

4. Bounded multiplication operators on H = [2(N). This algebra is isomor-
phic to *°(N).

5. Bounded multiplication operators on H = L?(R). This algebra is isomor-
phic to L*=(R).

The definition of a von Neumann algebra is still valid in any dimension. But
Theorem 2.1 does not extend to infinite dimension. Besides, there are other
kinds of *-algebras that are interesting candidates for a description of quantum
systems, such as C*-algebras. We will however stick to von Neumann algebras.
Note that in the list above only 3,4,5 are von Neumann algebras.

If 9B is a #-invariant subset of B(#), then %B" is the smallest von Neumann
algebra containing 8. We will say that B” is generated by 9. For instance,
the von Neumann algebra generated by finite rank or compact operators is the
whole B(H).

Physically, if we know that self-adjoint operators Ay, ..., A, are observables,
then as the observable algebra it is natural to take

A={A,..., A}

Observables are often described by unbounded self-adjoint operators. This is
not a serious problem. What is relevant for quantum measurements are spectral
projections, which are bounded. Thus by saying that an algebra 2 C B(H) is
generated by Ay, ..., A, we will mean that it is generated by spectral projections
of these operators (or, equivalently, by their bounded Borel function).

1. Consider the operators gZ;i, i=1,2,3 on L?(R®). They are self-adjoint and
commute. They have simple joint spectrum. The von Neumann algebra
generated by qAbi, 1 =1,2,3 is equal to the operators of multiplication by
functions in L>(R3).

2. Consider in addition the operators #; := i710,,, i = 1,2,3 on L?(R3).
The von Neumann algebra generated by ¢;, 7;, i = 1,2, 3, coincides with
B(L?(R3)).

14



2.7 Haag-Kastler axioms for observable algebras

Let us assume that there are no fermions. Recall that the relativistic covariance
of a quantum system described by a Hilbert space H is expressed by choosing
a strongly continuous unitary representation of the connected Poincaré group

R % S0(1,3) 3 (y,A) — Uy, A) € U(H), (2.7)

which defines the 4-momentum P such that U(z,1) = . We assume the
basic requirements of relativistic quantum mechanics, which we recall:

(1) Ezistence of a Poincaré invariant vacuum: There exists a (normalized)
vector () invariant with respect to R13 x SOy(1, 3).

(2) Spectral condition: The joint spectrum of the energy-momentum operator
is contained in the forward light cone, that is, sp(P) C J+.

(3) Uniqueness of the vacuum: The vector € is unique up to a phase factor.

We still need some postulates that express the idea of causality. In the
mathematical physics literature one can find two kinds of axioms that try to
formalize this concept: the Haag-Kastler and the Wightman axioms. Even
though the Wightman axioms were formulated earlier, it is more natural to
start with the Haag-Kastler axioms.

Definition 2.3. In addition to the basic requirements of relativistic quantum
mechanics, suppose to each open bounded set O C RV we associate a von
Neumann algebra 20(0) C B(H). We will say that the family {A(O)}o is a
net of observable algebras satisfying the Haag-Kastler axioms if the following
conditions hold:

(1) Isotony: O1 C Oy implies A(O1) C A(O2).
(2) Poincaré covariance: for (y, A) € R13 x SOq(1,3), we have

U(y,A)QKO)U(*y,A) = Q[((y, A)O) .

(3) Einstein causality: Let O1 x Oz. Then

Ai S Q[(O,), 1=1,2, implies A1 Ay = AjA;.

Self-adjoint elements of the algebras () are supposed to describe obseruv-
ables in O. This means that in principle an observer contained in O can measure
a self-adjoint operator from 2((QO), and only from (O).

Remark 2.4. One can ask why von Neumann algebras are used in the Haag-
Kastler azioms to describe sets of observables. We would like to argue that it is
a natural choice.

Suppose we weaken the Haag-Kastler axioms as follows: We replace the
family of von Neumann algebras A(O) by arbitrary sets B(O) of self-adjoint
elements of B(H), and otherwise we keep the axioms unchanged. Then, if we
set A(O) = B(O)" (which obviously contain B(O)), we obtain a family of von
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Neumann algebras satisfying the usual Haag-Kastler azioms. In particular, to
see that the Finstein causality still holds, we use the following easy fact:
Let B, B, be two *-invariant subsets of B(H) such that

Ay € B, Ay €By  implies A1As = AxA;.
Set A1 = BY, Ao :=BY). Then

Ay ey, As €Ay implies A1A; = AsA;.
In fact, By C B, = B CBY.

2.8 Quantum fields

In practical computations of quantum field theory the information is encoded
in quantum fields. In practice, fields are divided into neutral and charged fields,
which are described in somewhat different formalisms. However, since charged
fields can be decomposed into neutral fields, we will restrict ourselves to neutral
fields.

Again, we will restrict ourselves to bosonic fields. They are typically denoted
by R3S > z éa(x), where ¢ = 1,...,n enumerates the “internal degrees of
freedom”, eg. the species of particles and the value of their spin projected on
a distinguished axis. They commute for spatially separated points, which is
expressed by the commutation relations

[ba(@), db(y)] =0, (z—y)*>0.

One can try to interpret quantum fields as “operator valued tempered dis-
tributions”, which become (possibly unbounded) self-adjoint operators when
smeared out with real Schwartz test functions. We can organize the internal de-
grees of freedom of neutral fields into a finite dimensional vector space V = R™.
Thus for any f = (f,) € S(RY3,R™) we obtain a smeared-out quantum field,
which is the operator

o1)= 3 [ fule)u(a)d (2.8)

2.9 Wightman axioms for bosonic fields
Let us now formulate the Wightman axioms for neutral fields.

Definition 2.5. We assume that the basic requirements of Relativistic Quantum
Mechanics are satisfied and V is a finite dimensional real vector space equipped
with a representation

S00(1,3) 5 A > a(A) € L(V). (2.9)

We suppose that D is a dense subspace of H containing Q and we have a
map R
SR, V)2 f ¢lf] € L(D) (2.10)

satisfying the following conditions:
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(1) Continuity: For any ®,¥ € D,
SR, V) 3 f = (2/[f]¥) (2.11)

s continuous.

(2) Poincaré covariance: for (y,A) € RY3 x SOy(1,3) we have
Uty @10 0y = @ [0(A) f o (y, 1)) .
(3) Einstein causality: Let suppfi x suppfs. Then
S f1)dlf2] = SLf218Lf1].

(4) Cyclicity of the vacuum: Let '8 denote the algebra of polynomials gener-
ated by ¢[f]. Then FH8Q is dense in H.

(5) Hermiticity: For any ®,¥ € D,
(DIBLf]0) = (] /]1®|).

In what follows a map (2.10) satisfying Axiom (1) will be called an operator
valued distribution. By saying that it is cyclic we will mean that it satisfies
Axiom (4).

Note that free bosons satisfy both the Haag-Kastler and Wightman axioms.
In particular, the joint spectrum of the Hamiltonian and momentum is contained
in the forward light cone:

sp(P)={0}U{peRY¥ | p*=—-m? or p><—4m? p°>0}. (2.12)

This follows from the following inequality on the relativistic energy:

ViR +m2+ k2 +m2 >\ (F+ k)2 + 4m?2, (2.13)

which is saturated for p'= k.

It is easy to extend the Haag-Kastler and Wightman axioms to include
fermions. The Poincaré group R*3 x SOq(1,3) has to be replaced by its 2-fold
covering RY3 x Sping(1,3), and (in the case of Wightman axioms) we should
allow for anticommutation between fields.

2.10 Relationship between Haag-Kastler and Wightman
axioms

“Morally”, Wightman axioms are stronger than the Haag-Kastler axioms. In
fact, let A*'2(O) be the algebra of polynomials in ¢[f] with suppf C O, which
can be treated as a x-subalgebra of L(D). Then the family O — A*8(0) is
almost a net of field algebras. Unfortunately, elements of A*8(0) are defined
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only on D and not on the whole H, and often do not extend to bounded operators
on H.

We know that the fields q;[ f] are Hermitian (symmetric) on D. Suppose
they are essentially self-adjoint. Then their closures are self-adjoint operators
on H. We could consider the von Neumann algebra 2(O) generated by bounded
functions of (;AS[ f], suppf C O. Then there is still no guarantee that the net
O — 2p(O) satisfies the Haag-Kastler axioms: we are not sure whether the
Einstein causality holds.

To understand this, we recall that there are serious problems with commu-
tation of unbounded operators [Reed-Simon-I]. One says that two self-adjoint
operators commute (or strongly commute) if all their spectral projections com-
mute. There exist however examples of pairs of two self-adjoint operators A, B
and a subspace D C DomA N DomB with the following property:

(1) A and B preserve D and are essentially self-adjoint on D.
(2)
(3) A and B do not commute strongly.
(4)

A and B commute on D.

D is dense.

One of the most important topics in QFT is that of gauge invariance. In the
older literature one distinguishes between gauge invariance of the first kind—wrt
a global symmetry—and of the second kind—wrt a local symmetry. In modern
physics literature the first meaning seems to have disappeared, although it is
still used in some parts of mathematical literature. Thus in the modern physics
usage by gauge invariance one one means local gauge invariance.

Global symmetries are well understood in the framework of Haag-Kastler
axioms, thanks to the work of Doplicher-Haag-Roberts. Unfortunately, to my
understanding, we do not know how to accommodate (local) gauge invariance
in axioms of QFT.

The Haag-Kastler axioms are so abstract, general and have so little structure
that we do not know how to see the gauge invariance. The Wightman axioms do
not apply to gauge fields, because apparently for them one needs an indefinite
product Hilbert space or nonlocal fields like Wilson loops. I am not aware of a
successful adaptation of Wightman axioms that accommodates gauge fields.

3 The Laplace and Helmholtz equation

3.1 Tempered distributions
The space of Schwartz functions on R™ is defined as
SR™) :={¥ e C®R") : [|2°VEV(z)[?dz < o0, «,BEN"}. (3.1
Remark 3.1. (3.1) is equivalent to the definition
S(R™) ={¥ € C*(R") : [2°VIV(z)| < cap, «,B€N"} (3.2)

more common in the literature.
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S’(R™) denotes the space of continuous linear functionals on S(R™). This
means. a linear functional S(R™) 3 ¥ — (T|¥) € C belongs to S’ iff there
exists N such that

mwiso( Y [revinwpe)

lal+|BI<N

If f is a function which is locally integrable (L' on all bounded intervals),
and satisfies some mild growth conditions, then it defines a distribution in &’
by the formula

@y19) = [ f@)¥(a)da. (33
Motivated by (3.3), we will often use the integral notation

(T = /T(x)\I/(m)d:c

also for distributions that are not given by such integrals
Here are some examples of elements of S'(R):

/5(t)<1>(t)dt = ®(0), (3.4)

x € oo x
P/?dx = l{r(l) (/_Oo—i—/€ )qé)dx, (3.5)
/(t +i0) @ (t)dt := 11{% (t +ie)*®(t)dt. (3.6)

(3.6) is simply given by the locally integrable function ¢*, however for A < —1
it is not.

Here some examples of functions that do not correspond to elements of S’ (R):
¢ ﬁ—‘, % The first blows up at infinity too fast. The last two can be regularized
to make a distribution in §’(R). Note the Sochocki formula and its consequence:

[§]

1 1
=5 =P i), (3.7)
1 1 ,
Bt B OF (3:8)

Note that for A > —1

3.2 Fourier transformation

The definition of the Fourier transform of R? > # + f(&) on a Euclidean space
will be standard:

f(k) = / o R £ (7)dz.
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It is also common normalize the Fourier transformation as follows

FFk) = ﬂ%dﬂk)

F is unitary on L?(R?).
Often, we will drop the hat — the name of the variable will indicate whether
we use the position or momentum representation:

f(R) = / FTf(R)AT, f(7) = ﬁ / oF % f(F)dF.

On a Minkowski space, for the time variable (typically ¢) we reverse the sign
in the Fourier transform:

1) = [e s 10 =5 [ e,

The Fourier transformation is a continuous map from S’ into itself. We have

continuous inclusions
S(R™) c L*(R") c S'(R™).

3.3 Green’s functions on the Euclidean space

Let R? be the Euclidean space and A the Laplacian. The following equations
are invariant wrt R? x O(d):

the Laplace equation —A(¢ =0, (3.9)
the Helmholtz equation (—A +m?)¢ =0. (3.10)

We also have their inhomogeneous versions:

the Poisson equation —A¢ =f, (3.11)
the inhomogeneous Helmholtz equation (—A+m?)¢ =f. (3.12)

We will say that G is Green’s function for —A £ m? if
(—A +m?)G(z) = §(x). (3.13)
If we are given f and G is Green’s function, then
(@) = [ 6~ 1wy (314)

solves (3.12)
Assume that ¢, f € S'(R?) and apply the Fourier transformation

C(z) = (27)~ / P (p)dp,  flz) = (2m) " / ¢iP7 f(p)dp (3.15)
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to (3.12). Then

(* +m?*)C(p) = f(p), <(p) = (P* +m*) " f(p) (3.16)
Using @ = Gf we obtain
eimp

— _ —d
@) = [ Ganle =iy Ganw) = m) " [ odn (317
For m > 0 or m = 0 and d # 1,2, the function (p? +m?)~! is locally integrable
and belongs to S’(R?). Hence its Fourier transform is well defined and is the
unique Green’s function of —A+m? (at least if we are interested only in solutions
in S’(R), which is usually the case).
The case m > 0 can be reduced to m = 1:
eimp

———dp.
w2+

The Euclidean invariance suggests to look for Green’s functions that depend
only on r = |z|, so that one can write G(x) = G(r). Such Green’s functions
away from r = 0 satisfy the radial part of the Helmholtz equation:

( 92— ?a,« + m2) G(r) =0 (3.19)

Gam(@) = mi2Gy(mz), Galx) = (27)~ / (3.18)

The massless Green’s function can be expressed in terms of elementary func-
tions.

Theorem 3.2. Ford >3, Gyo(r) = ij)r?_d.
472
E.g. Gg,o(T) = 74717" G4’0(7‘) = 747;7"2'

Proof. It is elementary to check that G(r) = cqr?~? satisfies the Laplace
equation away from the origin. Clearly, it belongs to S’(R%). We need to find
cq. We take a radial test function ¥(r). We need to check that

—AGgo(z) =d(x), (3.20)
or /AG(m)@(m)dx = —®(0). (3.21)
But the lhs of (3.21) equals
= d—1 o  d—1

/G(x)A(I)(ac)dx = /0 G(r)r |Sd,1|<3r + " 5T)<I>(r)dr (3.22)

=c h r) (02 — a1 rdr
= ¢a[Su-1] (/0 o(r) (92 0, - Jrd (3.23)
+ (r®(0) — B(0) + (d — 1)@(0))) ’:O (3.24)
= cd|Sa-1](d —2)2(0), (3.25)
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d
where [Sg_1| = I,Q(L%)

In the massive case, For d > 3, Gy (r) ~

is the surface of the d — 1-dimensional sphere.
d_
(5 dl)TQ—d

42
large r we have exponential decay, more precisely

. near zero, but for

1 1
Gam(r) ~ ———r e (3.26)
2(2m) 2

This will follow from the analysis below.

3.4 Bessel equations

There are two basic forms of the Bessel equation:

1 2
the modified Bessel equation (33 + -0, — l% - 1)1} =0, (3.27)
T T
1 2
the (standard) Bessel equation (33 + -0, — l% + 1)1} =0. (3.28)
T T

One can pass from one to the other by substituting +ir for r.
We have
d—1 1 d\2 1
plHs (az + 7@)7*%“ =92+ -9, - (1 - 7) . (3.29)
r T 2/ r?
Set u = g — 1 and m = 1. We see that if F' satisfies satisfies the modified
Bessel equation, then 712 F(r) satisfies (3.19) for +m?2, and if F satisfies the
standard Bessel equation is, then 712 F(r) satisfies (3.19) for —m2.

3.5 Macdonald function

One of standard solutions of the modified Bessel equation is the Macdonald
function:

Ku(r) = ;/000 exp (—g(s + 3_1)> stH—1ds, (3.30)

The integral (3.30) is absolutely convergent. Substitution s = ¢~ shows that u
can be replaced by —pu (and thus K, = K_,).

Theorem 3.3. For |argz| < m —,

. K.(2)
| P2 =1
\Z\gnoo e~ V7
V2z
Proof. We use the steepest descent method. Set ¢(t) :== —3(t +¢~1). We

compute

S(t)= 51—, ()=t
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Hence ¢ has a critical point at tg = 1 with ¢(tg) = —1 and ¢"(tp) = —

K, (z) = %/OO t*Lexp(zg(t))dt

0

%/m exp <z¢(t0) + z¢ﬂét°) (t — t0)2> dt

— 00

12

1
2 - 2 2z

O
Theorem 3.4. For p > 0,

1 T\ H
Jm K (mr) = 5T(n) (5)

Proof. We set s = n%—t:

T

poooo
mt K, (mr) = 17; / exp (—%(s + s_l)) st 1ds
0

e * /00 exp (E(t — 1)2) dt = le_z \/ﬁ

. Thus

(3.31)

(3.32)
(3.33)

(3.34)

For half-integer p the Macdonald function can be expressed in terms of

elementary functions, e.g.

Theorem 3.5.

E.g. Gi(r) =

(r) = G-

Proof. We will use the following identities:

1 o0
Z = /(; eiSAdS,

4
2

/dpe_%eipx = (21) e_%.
s
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Now

(2m) 4 / ﬂ

(1+p?)

d||/ ds/dpe

‘l‘| 5 d 1|
(2m)~ w2 dss fe ()3
‘(3)

d

= (2r)" dzm(%) K a(|).

]
Using
Gao(z) = lir\nO m=2G y(max), (3.39)
d_
we obtain an alternative proof of the zero mass formulas Gy (r) = LG ;)r2_d,
42

d>3.

3.6 Bessel and Hankel functions

We will also need the following solutions of the standard Bessel equation:

. 2 in .
the Hankel functions: Hftl)/@) (r)= Hj(r) = ZeFEWHI K (Fir), (3.40)

™
1
the Bessel function: Ju(r) = §(H:(T) +H,(r) (3.41)
For large r > 0 the Hankel functions are oscillating:
HE(r
lim — (r) =1,

T (22 etireTHETY
™r
The Bessel function can be expanded in a power series near zero:

< (-1 (5)P

W) = D 1)

Let’s go back to the Helmholtz equation with the negative sign at m?:
(—A —m?)¢ = f. (3.42)

The Green’s function Gg,,, is well defined not only for m > 0, but also for
Re(m) > 0, which guarantees m? € C\] — oo, 0]. Taking the limit at imaginary
line, that is setting Gg +im, we obtain two Green’s functions of (3.42):

_ e~ iep
Gd,:Fim(T) = (2m) d / md]) (3.43)
. 1 m %_1 +
=t2(5)" Hi (mr). (3.44)
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Thus in the case —m? we have many Green’s functions that belong to S'.
We also have many solutions in S’ of the (homogeneous) Helmholtz equation,

e.g.

1(Gaim(r) = Ga,—im(r)) = %(%) éingfl(mr). (3.45)

4 Wave and Klein-Gordon equations

4.1 Propagators
Let d = 14+ n. Let O be the d’Alembertian on the Minkowski space R>™:

O:=-0+ ) 07 (4.1)
i=1
The following equations are invariant wrt R x O(1,n):
the wave equation —0¢ =0, (4.2)
the Klein-Gordon equation (=0 + m?)¢ =0. (4.3)

We are interested also in their inhomogeneous versions:

the inhomogeneous wave equation —0¢ =, (4.4)
the inhomogeneous Klein-Gordon equation (-0 +m?)¢ =f. (4.5)
We will say that G*® is Green’s function of the Klein-Gordon equation if
(=0 +m*)G*(z) = §(x). (4.6)
Thus, for any f,
) = [ 6= ) rwy (4.7

satisfies (4.5).
We say that G*® is a solution the Klein-Gordon equation if

(=04 m*)G*(x) = 0. (4.8)
The ansatz analogous to (3.17)
eizp

G*(z) = (QW)fd/m

is incomplete and needs to be precised to make it well defined.
Every bisolution of G® can be written as

G*(x) = / 7 g(p)5(p? + m?)

dp (4.9)

(2m)?

where g is a function on the two-sheeted hyperboloid p? + m? = 0 (see below
for the meaning of §(p? + m?)).
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4.2 Invariant measure

Let f be a differentiable function on R. The following fact (under appropriate
assumptions) is easy:

Lemma 4.1. Let 6. be an approximate delta function, that is

lim [ dc(t)o(t)dt = 6(0).
Then
/ lim 5c(f(s)d(s)ds = Y ?(51') (4.10)
N0 F(s1)=0 |/ (s4)]
This suggests the following notation:
P(s
[otrnotas = ¥ Lol (w.11)
o, 1G]
Now consider R and apply (4.11) to s = p° for fixed p’ and
f(p) =p*> +m? = —(°)? + p> + m>.
We have ) )
d(p* + m?) _ 90,
dp®
and p? +m? =0 iff p® = ++/p% + m2. Hence we can write
§(p0—\/;t3’2+m2) 5<p0+\/]52+m2)
5(p? +m?)dp = dp'+ dp.  (4.12)

2+/p? + m? 24/p? + m?

(4.12) is a measure on RY3 invariant wrt Lorentz transformations. In fact,

1 1
2mid(p® + m?) = li ( - ) 413
mio(p” +m”) e{% p2+m?2 —ie p?+m?2+ie/’ ( )

where the rhs is obviously Lorentz invariant.

4.3 Propagators for the Klein-Gordon and wave equation

Introduce

e the forward/backward or retarded/advanced propagator

1 elep
GY/N(z) = / d 4.14
(@) (2m)® | p? +m?2 Fi0sgn(p®) P (4-142)
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e the Feynman/anti-Feynman(-Stueckelberg) propagator

1 el P
F/F
/(@) = o / e (4.14D)

e the Pauli-Jordan propagator or the commutator function
/ei””"’sgn(po)é(p2 +m?)dp (4.14c¢)

e sin (;EO\/]BQ + m2) (4.14d)

GPl(z) =

1
(2m)?
1 dp
Wl/ﬁuw

e the positive/negative frequency, or particle/antiparticle, or Wightman-anti-
Wightman solution (two-point function)

G (z) = (2717)(1 / S TPY(Lpo)5(p? + m?)dp (4.14e)
1 dﬁ iz® m2+ixp

(4.14a), (4.14Db) are distinguished Green’s functions (inverses) and (4.14c), (4.14e)
are distinguished solutions of the Klein-Gordon equation —O+m?2. We will call
them jointly “propagators”.

Note the identities satisfied by the propagators:

GV -G"=G" (4.15a)
=iGH) —iGg), (4.15b)
GF — GF =iG™ +iG), (4.15¢)
GF+GF =GY + G, (4.15d)
GF =ic + @ =i + @Y, (4.15¢)
GF = —iGWH) + GY = —iG) + GN. (4.15f)
To prove these identities we use repeatedly
0(£p°)27id (p? +m?) = 0(£p°) (p2 " 77112 e Rl 71112 " iO)’ (4.16)

4.4 Einstein causality of propagators

Proposition 4.2. We have suppGY/" C JY/ and suppGT? C J.

Proof. Let us prove that suppGY C JY. By the Lorentz invariance it
suffices to prove that GV is zero on the lower half-plane. We write

eipz dp
GY =
() / (p? + m? — i0sgnp?) (2m)*
e—ip%°+iﬁi dpodﬁ
/W+W—WHWH%*
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Next we continuously deform the contour of integration, replacing p° by p° +iR,
where R € [0,00[. We do not cross any singularities of the integrand and note
that e~i2"(**+iR) goes to zero (remember that 20 < 0).

Analogously one proves suppG” C J”. By (4.15a) we obtain suppGY’ C J.

O
Note that
—iGF(z) on R3\JA
Gt . ’ 417
(@) = {1GF(32) on RL3\JV; (4.17)
—iG¥(z) on RL3\JV
el a) : ’ 4.18
(@) (@) = {1GF($) on RY3\J". (4.18)
Hence

—iGF(z —y) =0(2° — y") G (@ —y) + 0(° —2°)G T (x —y),  (4.19)
iGF(z —y) =0(a° — )G (w —y) + 0(y° —2°)G D (w —y).  (4.20)

4.5 Propagators in position representation in dimension
1+ 3.

Below we give the formulas for the massive propagators in the position repre-
sentation in dimension 1+ 3.

e The forward/backward or retarded/advanced propagator:

m —1‘2 IO
GVNg) = ;re(ix())a(ﬁ)—wh(m\/—ﬁ).

e The (anti-)Feynman(-Stueckelberg) Green’s function:

GPF) = Loy - M H? (mv—z

47 8w/ —
i4w2@K1(m x?). (4.21)
e The Pauli-Jordan
1 msgnz’0(—x?)
PJ _ 05 (22) — —2).
G (x) 5 SB0T (%) oy s Ji(my/ —a?)

e The positive/negative frequency solution:

GH(z) = :Fﬁsgnxoé(ﬁ)

O(a?) G
8ty —x? Sy (m )+47r2\/x>2K1( f)
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The above formulas are somewhat sloppily written in the neighborhood of
the surface of the light cone, where they describe irregular distribution.

To obtain these formulas, first we find the Euclidean Green’s function in 4
dimensions:

E m

=—K . 4.22
GE(x) = 11 (mla) (122

Using the formula for the function K7 we can write

1 m? o |z|m Hy, + Hptq 1 m?2|z|?\k

G*) = g + g 2 (! ) (=)

(*) = ez +87r2k2=0 Ny Pt T Kk+ 1)\ 4

= T +m?In @u(mﬂxﬁ) +mZo(m?|z|?), (4.23)

where u,v are analytic functions and Hy = % 4+ -+ % Then we apply the
Wick rotation. This means that we replace z* with #iz" in the argument. We
also have to replace the measure of integration dz'---dz* with +ida%dz!---.
This leads to the Feynman/anti-Feynman propagator

GF/F (2, %) = +iG®(+ia?, 7). (4.24)

We obtain (4.21). This is obvious for spacelike z°, Z, where the Wick rotation
does not change the sign of 22 and therefore we still obtain an expression in-
volving the Macdonald function. Inside the light cones the sign of 22 changes.
More precisely, we can interpret the Wick rotation as e*¢z% with ¢ € [0, 3]
and we obtain expressions involving Hankel functions. For ¢ €]0, 5[ we have
+Im((e*?20)? 4 (£)?) > 0. Therefore, the Eclidean square |z|? has to be re-
placed with the Lorentzian square z2 £i0. On the surface of the light cone the
terms involving u, v are sufficiently regular and cause no problem. However the
function ﬁ becomes

1 1. 9 1 i 0 | 0 -
where we used the Sochocki formula and :%2 is meant in terms of the principal
value.

Then we compute

GY(z) + G (z) = G¥(2) + G¥ (2) (4.26)
= Ly - m02D) , 2 4.27
= o (z%) — o 1(my/ —22?). (4.27)

Now we can obtain the forward/backward propagators from
GY/N = 0(+2°) (GT (2) + GF (). (4.28)

Finally, we can read off the formulas for positive/negative frequency solutions
from (4.17).

Below we give the formulas for the massless propagators in the position
representation in dimension 1 + 3.
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The forward/backward propagator:

1 5(z° T |z
GVIMNx) = %H(imo)é(ﬁ) = (47rf|||)

The (anti-)Feynman propagator:
+i

¢ (a) 472(22 +1i0)°

The Pauli-Jordan or the commutator function:

1 0(z0 —|7])  o(a®+ |7
GP@) = gosnatd(et) = (4w|f| ' (47r|f| :

The positive frequency, resp. negative frequency:
1
4m(x? £ 10sgna®)

CH(z) =

4.6 Classical propagators and solving the Klein-Gordon
equation

A function on RY™ is called space compact if there exists a compact K C R
such that suppf C J(K). It is called future/past space-compact if there exists a
compact K C RY™ such that suppf C J*(K).

The set of space compact smooth functions will be denoted CS°(R™).

Proposition 4.3. Let f € C(RM™).
(1) ¢V/N=) == [GY/Nx —y)f(y)dy is the unique solution of
(—0+m*)¢ =f. (4.29)
future/past space compact.
(2) ¢(z) == [ GP(x —y)f(y)dy is a solution of
(=0 +m?)¢ =0. (4.30)
Every smooth space-compact solution of (4.30) is of this form.
GPJ(z) is the unique solution of the Klein-Gordon equation satisfying
GP(0,2) =0, GYY(0,7) = 6(Z). (4.31)
Proposition 4.4. Leta, 3 € C>(R™). Then there exists a unique ( € C°(RL™)
that solves
(-O0+m?)¢=0 (4.32)
with initial conditions ((0,Z) = «a(X), é(O,f) = B(&). It satisfies supp( C
J(suppa Usuppf) and is given by

((t,7) = i GP(t, & — §)e(§)dy + i Gl (t,7 — §)B(§)dy. (4.33)
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Proof. Clearly, (4.33) satisfies (4.32). Using (4.31) we check that ¢(0, %) =
a(Z). We have )
GP1(0,%) = (A —mHGP(0,2) = 0. (4.34)

Now we can verify that ¢(0,Z) = 3(Z). O

5 Second quantization

In this chapter we describe the terminology and notation of multilinear algebra.
We will concentrate on the infinite dimensional case, where it is often natural to
use the structure of Hilbert spaces. We will introduce Fock spaces and various
classes of operators acting on them. In quantum physics the passage from a
dynamics on one-particle spaces to a dynamics on Fock spaces is often called
second quantization — hence the name of the chapter.

We will consider two setups: that of vector spaces and that of Hilbert spaces.
If X, are vector spaces, then L(X,)) will denote the set of linear operators
from X to Y. If X, are Hilbert spaces, then B(X,)) will denote the set of
bounded operators fro X to ).

5.1 Vector and Hilbert spaces

Let V be a vector space. A set {e¢; : i € I} CV is called linearly independent
if for any finite subset {e;,,...,e;, } C{e; : 1 € I}

C1€i1+"'+0n€in:0 = 01:"':Cn:0' (51)

{e; : i € I} is a Hamel basis (or simply a basis) of V if it is a maximal linearly
independent set. It means that it is linearly independent and if we add any
veVto{e : i€} CV then it is not linearly independent any more. Note
that every v € V can be written as a finite linear combination v =Y., A\;e; in
a unique way.

Let V be a vector space over C or R equipped with a scalar product (v|w)
(positive, nondegenerate, sesquilinear form). It defines a metric on V by

iel

[|lv —wl| := V(v —wlv—w). (5.2)

We say that V, (+|-) is a Hilbert space if V is complete.

If V,(:|-) is not necessarily complete, then we can always complete it, that
is find a larger complete space VP! (-|) in which V is embedded as a dense
subspace. VP! is uniquely defined and is called the completion of V.

For instance, if we take C.(R), C2°(R) or S(R) with the usual scalar product
(flg) = [ f(z)g(z)dz, then its completion is L*(R).

If V is a Hilbert space, then {e; : 4 € I} is called an orthonormal basis
(o.n.b.) if it is a maximal orthonormal set. Note that every v € V can be written
as a linear combination v = Y_,.; Aje;, where Y. [A;]? < oo, in a unique way

Note that in a finite dimensional Hilbert space every orthonormal basis is a
basis. This is not true in infinite dimensional Hilbert spaces.
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5.2 Direct sum

Let (V;);cr be a family of vector spaces. The algebraic direct sum of V; will be

denoted

& v, (5.3)
iel

It consists of sequences (v;);cr, which are zero for all but a finite number of

elements.

If (V;)icr is a family of Hilbert spaces, then & V; has a natural scalar prod-
il

((yi)ieI‘(Ui)ieI) = Z(yzlvz) (5.4)

i€l

uct.

The direct sum of V; in the sense of Hilbert spaces is defined as

cpl
al
el i€l

If I is finite, then & Vi=dYV;
icl icl
Let (V;), W), i € I, be families of vector spaces. If a; € L(V;, W;), i € I,
then their direct sum is denoted @ a; and belongs to L (% Vi, % Wl> It is
il i€l el

defined as

(EI ai) (vi)ier = (aivi)ier (5.5)

Let V;, W;, i € I be families of Hilbert spaces, and a; € B(V;,W;) with
sup;ey ||ai|| < co. Then the operator & a; is bounded. Its extensionin B | & V;, @ Wl>
iel i€l el
will be denoted by the same symbol.

5.3 Tensor product

Let V, W ble vector spaces. The algebraic tensor product of V and W will be
denoted V& W. Here is one of its definitions
Let Z be the space of finite linear combinations of vectors (v,w), v € V,
w € W. In Z we define the subspace Z; spanned by
(A’U,’LU) - A(’va)a (’U,)\’LU) - A(va%

(v1 +vo,w) — (v1,w) — (v2,w), (v, w1 + w2) — (v, wy) — (v, w3).

We set VEW = Z/Zy. Hv eV, weW, we define v @ w := (v,w) + Z.

Remark 5.1. Note that (v,w) above is just a symbol and not an element of
YV & W. Elements of the space Z have the form

An(vnawn)- (56)

n
=1

J
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In particular, in general

(v1,w1) + (v2,w2) # (v1 + v2, w1 + wa), (5.7)
Ao, w) & (Av, \w). (5.8)

V&W is a vector space and ® is an operation satisfying

(W) @w =M w, v® (Aw) = v Q@ w,
(V1 +v2) @W =01 @ W+ V2 @ W, V@ (wy +wy) =v @ wy + v ws.

Vectors of the form v ® w are called simple tensors. Not all elements of V @ W
are simple tensors, but they span VEW.

If {ei}icr and {f;};es are bases of V, resp. W, then {e; ® f;}; jjerxs is a
basis of V& w,

If V, W are Hilbert spaces, then VW has a unique scalar product such
that

(v1 @ wi|vy @ wa) = (vi|ve)(wr|ws), wvi,v2 €V, wy,wy € W.

To see this it is enough to choose 0.n.b’s {e;}icr and {f;};jcs in V, resp. W.

Then every element of V& W can be written as an (infinite) linear combination
of ;® f; and we can use them as an orthonormal set defining this scalar product.
We set
VaWw = (VeW)®P,

and call it the tensor product of V and W in the sense of Hilbert spaces. If
{ei}ier and {f;}jcs are on.b’s of V, resp. W, then {e; ® f;}q jyerxs is an
onb. of VW,
If one of the spaces V or W is finite dimensional, then VEW =V W.
Let V1, Vo, Wi, W5 be vector spaces. If a € L(Vy,Vs) and b € LW, Wh),
then there exists a unique operator a @ b € L(V; & Wi, Vo & W) such that on
simple tensors we have

(a®b)(y @ w) = (ay) @ (bw). (5.9)

To see this it is enough to choose bases (e;)icr in Vi and (f;)jes in Wi and to
define a ® b on the basis (e; ® ;) jyerxs by

(a®@b)e; ® f; = (ae;) @ (bf;). (5.10)

Then we check that thus defined operator satisfies (5.9) and is unique. It is
called the tensor product of a and b.

If V1, Vo, Wi, W are Hilbert spaces and a € B(V1, Vs), b € B(Wy, Ws), then
a ® b is bounded. It extends uniquely to an operator in B(V; @ Wy, Va @ Wh),
denoted by the same symbol.
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To prove the boundednesslof a®b= la® 1 1®b, it is sufficient to consider
the operator a @ 1 from V; ®W to Va®W. Let eq,es,... and fi, fo... be
orthonormal bases in V;, W resp. Consider a vector > ¢;je; @ f;.

Ha@]l E Cij€i®fjH2 E H E cijaei
A 7 %

< Sl > ey S lal Y feig
7 i J %

2
= ol Y cues o g
ij

2

2

IN

5.4 Fock spaces

Let Y be a vector space. Let S, denote the permutation group of n elements
amn
and o € S,,. O(0) is defined as the unique operator in L(® V) such that

9(0)y1®"'®yn29071(1)®"'®y0—1(n). (5.11)

To see that O(o) is well defined we first choose a basis {e;};c; of Y. Then
we define ©(o) on the corresponding basis of B V.

@(U)eil R ® ei, = ei071(1> R eigfl(n)'

Then we extend by linearity ©(o) to the whole 8" V. It is easy to see that the
operator defined in this way satisfies (5.11).
We can check that

al T
S,30—0(0)eL® V) (5.12)
is a group representation.
al
We say that a tensor ¥ € ® Y is symmetric, resp. antisymmetric if

0(0)T = U, (5.13)
resp. O(0)T = sgn(o)T. (5.14)

We define the symmetrization/antisymmetrization projections

or = o Z O(0), oy = ] Z sgno©(o).

’ oceS, €Sy

They project onto symmetric/antisymmetric tensors.

We will often write s/a to denote either s or a.

If Y is a Hilbert space, then ©(c) is unitary and @;’/a are orthogonal pro-
jections.

Let ) be a vector space. The algebraic n-particle bosonic/fermionic space is
defined as

al M

%S/ay = @g/a(g> V.
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The algebraic bosonic/fermionic Fock space or the symmetric/antisymmetric

tensor algebra is

o)
al al alT

Iy = .
s/a(y) nEB(] ®s/ay

The vacuum vectoris Q:=1€ ®°%, Y =C.

s/a
If Y is a Hilbert space, then the n-particle bosonic/fermionic space is defined
as

®sn/ay = @;L/a ®" Y.

The bosonic/fermionic Fock space is

T = & oy,
s/a(Y) ne:90®s/ay

5.5 Creation/annihilation operators

For z € Y we define the creation operator
a*(2) = @g/;l\/n +1lz0V, Ve,

and the annihilation operator a(z) := (a*(2))". (We often omit the hat).
We will sometimes write (z| and |z) for the following operators

V3vm (2|v:=(z]v) € C, (5.15)
CoA= Az):=Aze V. (5.16)
Then on ®g/ay we have
a*(z) = O/ W+ 1]2) © 1%, (5.17)
a(z) = Vn(z] @ 1"7D2, (5.18)

Above we used the compact notation for creation/annihilation operators pop-
ular among mathematicians. Physicists commonly prefer the traditional nota-
tion, which is longer and less canonical.

One version of the traditional notation uses a fixed basis {e; };er of Z and
set af 1= a*(e;), a; :== a(e;). Then if z =", z;e;, we have

a*(z) = Z ziay, a(z)= Zfiai, (5.19)
[ai, afls = dij,  las, a5]5 = 0. (5.20)

Alternatively, one often identifies Z with, say, L?(R? d¢). If z equals a
function = 3 £ — z(&), then

0 = [ @ade, a2) = [=Qaede.
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Note that formally

[a(§),a™(&)]x = 6(§ = &), [a(§),a(¢)]F =0. (5.21)

The space ®g/aZ can then be identified with the space of symmetric/antisymmetric

square integrable functions L2(R"?), and then

(a(©)@) (&1, &nn) = VP&, &1, -, &) (5.22)

5.6 Integral kernel of an operator

Every linear operator A on C" can be represented by a matrix [A7].

One would like to generalize this concept to infinite dimensional spaces (say,
Hilbert spaces) and continuous variables instead of a discrete variables 7, j. Sup-
pose that a given vector space is represented, say, as L2(R?), or more generally,
L?(X) where X is a certain space with a measure. One often uses the represen-
tation of an operator A in terms of its integral kernel R xR 3 (x,7) — A(z,y),
so that

AV (z) = / Az, )T (y)dy.

Note that strictly speaking A(-,-) does not have to be a function. E.g. in the
case X = R? it could be a distribution, hence one often says the distributional
kernel instead of the integral kernel. Sometimes A(-,-) is ill-defined anyway. At
least formally, we have

AB(z,y) = /A(x,z)B(z,y)dz,

A*(z,y) = Aly, z).
Here is a situation where there is a good mathematical theory of inte-

gral/distributional kernels:

Theorem 5.2 (The Schwartz kernel theorem). B is a continuous linear trans-
formation from S(RY) to S'(R?) iff there exists a distribution B(-,-) € S'(R% @
R?) such that

(¥|B®) = /WB(x,y)q)(y)d:rdy, T, c S(RY).

Note that < is obvious. The distribution B(,-) € S'(R? @ R?) is called the
distributional kernel of the transformation B. All bounded operators on L?(R%)
satisfy the Schwartz kernel theorem.

Examples:

(1) e~'*¥ is the kernel of the Fourier transformation
(2) 6(x —y) is the kernel of identity.
(3) 0,0(x — y) is the kernel of 9.
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5.7 Second quantization of operators
For a contraction ¢ on Z the operator ¢®" commutes with ©(c), 0 € S,.

Therefore, it preserves g/ Z- We define the operator I'(q) on I'y/,(Z) by

L)  _—=q®---®q .
®s/az ®s/aZ

I'(q) is called the second quantization of q.
Similarly, for an operator h on Z the operator h@1(»~D® ... 4 1(n=H@ g p
preserves ®!, Z. We define the operator dI'(h) by

dF(h) :h®1("_1)®+...+1(”—1)®®h .
®:/a® e, 2

dT'(h) is called the (infinitesimal) second quantization of h.
Note the identities

D(e"") =M T(q)T(r) =T(gr), [dT(h),dT(k)] = dT'([h, k]),
[(q)dT(h)T(q~" = dT'(ghg™"). (5.23)

Let {e; | ¢ € I} be an orthonormal basis of Z. Write d; := a(e;). Let h be
an operator on Z given by the matrix [h;;]. Then

h) = hijala;. (5.24)
ij

Let us prove it in the bosonic case. Let ® € T'7(Z).

ara;® =nO’e;) @ 1" V(| @ 1" V99 (5.25)
= n®n|6;)(ej| @ 1" Ve (5.26)
= oy 2 CElkees] @1 P0(0) (5.27)
gESy
= 1% Ve (es| @ 1 H9 0, (5.28)
k=1

More generally, if the integral kernel of an operator h is h(z,y), then
dl'(h) = /h(a:, y)aya,drdy. (5.29)
For instance, if h is the multiplication operator by h(£), then dI'(h) = [ h(& §agagds.

5.8 Symmetric/antisymmetric tensor product

Let ¥ € ®§/a2, dc ®Z/aZ. We set

U@y, ®:= 0010 © D, (5.30)
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Note that

2R ®2=2Qs P52 (5.31)
If there are n terms, it is often written as 2"®. In the antisymmetric case one
usually prefers

prpe PHD g g (5.32)
plq!
The operations ®g, ®a, A are associative. We have
YA A= D Sg0(0)Yo(1) @+ D Yo(n)s (5.33)
ocesS,
Y1 @a o Qaln = Z Sgn(0)Yo(1) @ *** @ Yo(n)- (5.34)
ocESy,

Let {e;}icr be a linearly ordered orthonormal basis in Z. Then

Vnley, @ @a i, i1 <-or <ip, (5.35)
forms an o.n.b of @ (Z).
!
k"/;k' e @ @g el kit 4k =, (5.36)
k!
forms an o.n.b of @ (Z).
If dim Z = d, then
. (d+n—1)! . d!
d "Z=——0=r d nZ2=———". 5.37
s d—1)m > Za n!(d —n)! (5.37)

5.9 Exponential law

Let Z,W be Hilbert spaces. We can treat them as subspaces of Z & W. Let
e 5/a Z, Ve ®S/aW. We can identify & ® ¥ with

(n+m)

UP® U = P R0 ¥ ERQT(ZBW). (5.38)

s/a
Theorem 5.3. The map
U: Fs/a

.38) extends to a unitary map

(5
(2) ® Tyja(W) = Ty/u(Z O W), (5.39)
It satisfies
UNe 0 =9, (5.40)
dl'(h® g)U = U (dL'(h) ®11+]1®dF( ). (5.41)
I'(p®qU =Ul'(p) ® UT'(q (5.42)
( WU =U(a*(2) ®]1—|—]1®a (w)), (5.43)
(zow)U =U(a(z) @ 14+ 1@ a(w)), in the bosonic case, (5.44)
a*(zdw)U =U(a*(z) @ 1+ (-1)V ® a*(2)), (5.45)
azeow)U=U(az) @1+ (-1)V ® a(z)), in the fermionic case. (5.46)
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Proof. Let us prove the unitarity of this map in the symmetric case:

P - .
QU = ST Z O(0)d @ ¥ (5.47)
UESrL+r7L
n!m!
e PV, 4
CER] § O(0)d ® (5.48)

[0]€Sn4m/Sn X Sm

The terms on the right are mutually orthogonal. The maps O(o) are unitary.

The number of cosets in Sy, 1., /Sn X Sy, is (T;t:?!)!. Therefore the square norm

of (5.47) is

nlm!

e (5.49)

5.10 Wick symbol
Let Z = L?(R%) or Z = C". The variable ¢ will be interpreted as an elemenrt

of R in the former case, as € = 1,2, ..., n in the latter case. J d¢ will have the
usual meaning in the first case, it will be 22:1 in the second.
(51, o '§m7€;<:7 e agi) = b(glv o '§m7€;<:7 T agi) (550)

be a complex function. Note that (5.50) can be also interpreted as the integral
kernel of an operator b from @FZ to @™ Z:

(®|bT) / / (€ G b1, e )

U(&, - &1)dé -+ d€ndg, -+ A (5.51)
We can restrict (5.51) to @ € ®b/dZ to ¥ € @), Z. Then (5.51) will depend

only on the symmetrization/antisymmetrization of b, that is
b= 07, b0k . (5.52)

Thus to describe integral kernels of operators from ®§ /aZ to ®;’}aZ it is enough
to consider functions symmetric/antisymmetric separately wrt the first m and
the last k& arguments.

In this subsection we will put “hats” on the creation/annihillation operators.
The symbols a*(§), a(§) without hats will be reserved for classical variables,
which in the bosonic case commute and in the fermionic anticommute.

By a polynomial on Z® Z we will mean a linear combination of the following

expressions
/ / 517 gmaé-k;a"' 761) (553>

a*(&m)a(8y) - a(€)dsy -+ d&ndgy -~ - &y,
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where b are symmetric/antisymmetric separately wrt the first m and the last &

arguments. In the symmetric case this can be interpreted as a usual polynomial

on Z @ Z, but it is common to use this term also in the antisymmetric case.
The Wick quantization of b(a*,a) is defined as

bar,a) = /b<§17~-~sm,5,;,-~- &) (5.54)
a*(&)---a*(&m)a(y) - - a(&)déy, - - - dgedgy - - - A,

(Actually, by (5.52), in (5.53) and (5.54) we can consider b which is not
symmetric/antisymmetric. )

Here is an equivalent definition of b(a,a): Its only nonzero matrix elements
are between ® € @”"Z, ¥ e ®p+kZ, and equal

s/a s/a
@b, a)p) = Y™ “;)!!(k P @ 120w, (5.55)

To see this it is enough to use the formal identity (5.22) several times:

(®la* (&) ---a" (Em)al&y) - a(6) W) (5.56)
=(a(&n) -~ a&)®@la(gy) - al&)w) (5.57)
=V(m+p) -+ DE+p) - (+1) (5.58)

></<I>(§m,...,51,771,,...,771)\11(5;,1,...,gi,np,...,nl)dnp-~-d771. (5.59)

Essentially every operator on a Fock space can be written as a linear com-
bination of (5.54).

5.11 Wick symbol and coherent states

In the bosonic case, we have the identities

e~ @ O+ g (4))ed M)=a1) — G(v) + (v|b), (5.60)
e~ @ O+ g (1) )=a0) — G(v) 4 (v|b). (5.61)

We also introduce the coherent state corresponding to b € Z:
Q= e mal)g (5.62)
Note that a(v)Qp = (v]b)p. We have the identity

(Qlc(@*, @)Qy) =c(b*,b). (5.63)
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5.12 Particle number preserving operators

If m = k, then the operator b(a*, ) preserves the number of particles and (5.55).
For @ € ®s/aZ, v e ®g/aZ it can be rewritten as

n! ®(n—m)
@@ i) = T @lbe1s ) (5.64)

But (nT)" is the number of m-element subsets of {1,2,...,n}. Therefore in

the obvious notation, we can rewrite (5.64) as
ﬁb(w a) = Z iy, rim - (5.65)
1<ip < <im<n
In particular, for m = 2 we can write
1 ...
b, @) = Z bij. (5.66)
1<i<j<n

Finally, for m = 1, we have

> b =dI(b). (5.67)

1<i<n

5.13 Examples

Consider the Schrodinger Hamiltonian of n identical particles on L?(R4Y)

—ZA+ > Vi —xy), (5.68)

1<i<j<n

Hy,

]

i=1

~0,, (5.69)

In the momentum representation

n
Hy = 3
i=1

+@2m) > 8+ —pi — p)V (P, — ).
1<i<j<N
Pn = Zpi-
=1

Consider the 2nd quantization of L?(R?). We have the position representa-
tion, with the generic variables x, y and the momentum representation with the
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generic variables k, k’. We can pass from one representation to the other by
/a*(:z:)efikzdx, a*(z) = (2m)~ /a*(k)eik‘”dk, (5.70)
a(k) = (2m)" 2 / a(z)e** da, a(z) = (2m)" 2 / a(k)e * dk.  (5.71)

In the 2nd quantized notation we can rewrite all this as

Nl
vl

a* (k) = (2m)~

H .= %oHn = —/a;Amamdx (5.72)

n=

—I—//dxdyV(a?—y)a;a;ayam

:/an;apdp (5.73)
—|—(27r)7d///dpdqde(k)a;+kaz_kaqap

P = n§0P = /a;%&cagﬁdx (5.74)
:/pa;apdp. (5.75)

Consider L%([0, L]?) ~ LQ(QT’TZCI) and its 2nd quantization. Again we use
x,y in the position representation with periodic boundary conditions and k, &’

in the momentum representation. We can pass from one representation to the
other by

(k) = L% / a(@)e ez, a*(@) = L% Y a(k)e*, (5.76)

k

a(k) = L% /a(x)eikf"dx, a(z) = L% a(k)e ke, (5.77)
k
Here are the analogs of (5.73) and (5.75):

H= Zan;ap
P
+L*dZZZV(k)a;+ka;_kaqap,
P qa k

P= Zpa;ap.
P

6 Formalism of classical mechanics

6.1 Dynamical systems

Suppose that a system is described by a manifold ) called a “phase space”. The
space C*°()) of smooth functions on ) describes possible observables.
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To define a dynamics one needs to fix a vector field V' on ) and one has the
equations of motion

S =v(Em), «(=a (61)
The evolution of an observable F' € C*°(})) is then given by
d
3 7(©) = [dEQIV(C). (6.2)

Let us fix coordinates y* on ), that is functions Y 3 ¢ +— y*(¢) € R. Then
for each ¢ € ), the tangent space T¢) is spanned by the vectors a?,i and its

dual, called the cotangent space, by the 1-forms dy’. They satisfy

i O\ _ 5
<dy 'aT,j> =5l (6.3)
The vector field V' can be written as V() = V*(¢) Bzi and the 1-form dF as
dF(¢) = 8;}(9 dy?, and the equations (6.1) and (6.2) become
d ; i
Sy = V(). (6.4
d _OF(Q)
GF0 =55 vio. (65

6.2 Hamiltonian dynamics

Let us first recall basic facts about Hamiltonian dynamics. Let us begin with
the phase space J = R?" with coordinates ¢’,7;, i = 1,...,n. (This choice
of symbols anticipates our main modivation: field theory). Let us consider a
Hamiltonian H, that is a function on the phase space, so that it can be expressed
in terms of ¢ and w. The Hamilton equations generated by H are

d

&(d)la 7Ti) = (aﬂzH(d)’ ﬂ-)’ _6¢1H(¢7 7T)) . (66)

Another form:

il =15 o) ol ©
A vector field of the form
On, H (&, ﬂ)i — 0pi H(¢,m) 0 (6.8)
0¢* om;

for some function H is called a Hamiltonian vector field. Thus the Hamilton
equations are given by a Hamiltonian vector field.

Given two functions F, G on Y one introduces the Poisson bracket which is
a bilinear antisymmetric map C*°(Y) x C*(Y) — C>*(}), as

{F,G} = 85 F0,,G — 0, FO,:G. (6.9)
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The Poisson bracket satisfies the Leibniz and Jacobi identity

(F,GH} = {F,G}H + G{F,H}, (6.10)
{F,G},H} + {{G,H},F} + {{H,F},G} = 0. (6.11)

The coordinates ¢, w satisty
{¢i,¢j}:{ﬂi,ﬂj}:0, {(ﬁi,ﬁj}:é;. (6.12)

The Hamilton equations can be rewritten as

d ; i
—¢' = H 6.13
S0 = {9, 1Y, (613)
d

aﬂ'i = {ﬂ'i,H}. (614)

More generally, the evolution of every observable F' is given by

d

—F={F H}. 6.15
SF = {F,H) (6.15)

Note that the Poisson bracket is preserved by a Hamiltonian flow. This
follows from the Jacobi identity:

%{F, G} = {{F,H},G} + {F,{G, H}} = {{F,G}, H}. (6.16)

6.3 Symplectic form

Let us continue with the phase space ) = R?” with the coordinates ¢’ and ;.
For any ¢ € ), the tangent space T:R?*" is spanned by the vectors a%iv aim

and the cotangent space TZRQ” by the 1-forms d¢?, dm;. One can introduce the
2-form on Y:

w = drt A dé, (6.17)
called the symplectic form.
Clearly,
o 0 0 0
(“agr 907) = (gm0 ) =0 (6.18)
o 0 0o 0 ’
One can introduce a linear map w(¢) : T¢R** — T{R?" such that
(wlv, 2) = (v|wz). (6.20)
Thus
0
w(aqsi) —dr;, (6.21)
9 i
w(&n) = —dg'. (6.22)
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0 -1 -1 _ |0 1
1 0] Clearly, w™ = 1 ol A
vector field on a symplectic manifold is called Hamiltonian if it has the form

V(¢) = —w H(Q)dH(Q). (6.23)

Let us note the following properties of the symplectic form:

Thus w is given by the matrix w =

1. w(¢) is nondegenerate at every point ¢ € Y;
2. dw =0.

Nondegenerate means that the nullspace of w(() is always trivial.

One can be more general: Let ) be a manifold equipped with a 2-form
satisfying 1. and 2. Then we say that (),w) is a symplectic manifold.

The Darboux Theorem says that on any symplectic manifold locally we can
always choose coordinates, say ¢, 7;, i = 1,...,n, such that (6.17) holds.

Specifying a symplectic form is equivalent to specifying a Poisson bracket.
Indeed, we can write the Poisson bracket as

(F,G} = (dF|w 1dG) = —<w|w*1(dF),w*1(dG)>, F,G e C®()). (6.24)

One says that a diffeomorphism T : ) — ) is symplectic if it preserves the
symplectioc form. Equivalently, it preserves the Poisson bracket. Every flow
generated by a Hamiltonian flow is symplectic.

In most our applications, the phase space wil have the structure of a vector
space and ¢',m;, i = 1,...,n, can be chosen to be the coordinates in a basis.
Then the tangent space to T¢) at any point ¢ € Y can be identified with Y
itself and the form w is simply a nondegenerate antisymmetric bilinear form on
Y. The Darboux Theorem says that we can identify a symplectic manifold with
a symplectic vector space at least locally.

The space YT of linear functionals on )’ obviously is contained in C*°()).
For a linear functional on ), its derivative is the original functional itself. There-
fore, (6.17) can be simplified and written as

w="1"A ¢, (6.25)

6.4 Lagrangian formalism

Suppose that R" is described by the coordinates ¢°. Let L(t, ¢, (b) be a function
on R x R™ x R™ called the Lagrangian. The Euler-Lagrange equations are

OL _ 4oL (6.26)
¢’ dt g '
Define the canonical momentum conjugate to ¢, that is m; := g(fz

The initial consitions for (6.26) can be expressed in terms ¢, ¢ Suppose that
we can express ¢ in terms of ¢, 7. Then initial conditions can be described in
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terms of ¢, m and we can pass from the Lagrangian to the Hamiltonian formalism.
More precisely, we can introduce

the tautological 1-form, 6 := m;d¢’, (6.27)
the symplectic 2-form  w := dm; A d¢* = db, (6.28)
and the Hamiltonian H (¢, ¢, 7) := m;¢" — L(t, ¢, b(9, ). (6.29)

We check that 0o H = —04L, 0-H = ¢. Hence the Euler-Lagrange equations
imply the Hamilton equations.

6.5 Noether Theorem
Suppose that ¢ depend on a parameter «. Define

oL :
P= 220,40 (6.30)
0Pt
Suppose that L(t, o(a), qS(a)) is independent of o. The Noether Theorem says
that along the evolution P(t, (1), (b(t)) is constant. Indeed,

d dory, oLd
oL ; oL -, B % B
=950t g5 e T qa = (6.32)

If « = 2, so that the Lagrangian is invariant wrt translations, then P is
called the (total) momentum. (Note a confusing collision of terminology with
canonical momenta).

6.6 Classical field theory—Lagrangian formalism

Consider the space R? (the “spacetime”, where however the metric or Lorentz
structure is for the moment irrelevant) and a space R™ (the “internal degrees
of freedom”, whose indices will be as a rule omitted). A field configuration is a
function R? 3 z + ((z) = [¢*(z)] € R"™. The classical field ¢*(z) is the “value
of the ith coordinate at = of the field configuration”, that is

(@' (@)[¢) = ¢"(x). (6.33)

Thus the classical field is a linear functional on field configurations.
Suppose that L£(z) = L(z, ¢(x), ¢ .(x)) is a function called the Lagrangian
density.

= / L(z)dz (6.34)

is called the action. Thus the action is a (typically nonlinear) functional on field
configurations.
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Let us compute the the derivative in the direction of ¢ € C°(R?) of the
action at the configuration (:

(II¢ +¢) = {1]¢)
:/(z:(x,g(x)+a(x),<,u(x)+e,u(x)) —L(m,((x),gu(a:)))dm

oL
Bo(z) = @) Cul@))e(z)dx +/a¢ (%), Cul))e () da
oL
:/( o¢(z )( ,6(2), Cul2)) = 8#3(;5’“( )(x ,C(@), Gl )))dw)dx (6.35)
[ (525 ) )

The last term vanishes by the Stokes Theorem. Hence the derivative in the
direction of € is given by (6.35). If we require that ( is a stationary point for the
action, that is, this derivative vanishes, we obtain the Euler-Lagrange equations:

OL(x
Oa £0) =0 0

Let 7#(x) denote the canonical momentum conjugate to ¢(x) in the direction
of x*:

=0 (6.36)

OL(x)
9¢,u(z)
Consider the space of solutions of the Euler-Lagrange equations. The opera-
tion d will denote the exterior derivative on this (infinite dimensional) space.
Similarly, on this space we use A. If something holds on solutions of the Euler-
Lagrange equation, we will say that it is true on shell.

We introduce

mH(x) = (6.37)

the tautological current 0" (x) := 7 (x)d¢(x), (6.38)
the symplectic current j"(z) = dn*(z) A do(z) = do*. (6.39)

On shell the divergence of the tautological current is the differential of the
Lagrangian and that of the symplectic current vanishes:

0,0t (z) = dL, (6.40)
Oug"(z) = 0. (6.41)
Indeed,
win o OL(x) OL(x)

00 () = Dy T A0L) + 557 56,40 (6.42)

_ 0L(x) - 0L (x) -
= 8¢)(x)d (x) + 6, ( )dqb p(x) = dL(x). (6.43)
Oug"(z) = 0,d0"(z) = d0,0" (x) = ddL(x) = 0. (6.44)
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Introduce the Noetherian stress-energy tensor

Tix) = —m¢,u<x> oL (). (6.45)

Here is the Noether Theorem in the context of classical field theory: on shell
we have

0, TH(z) = 9, L(x) (6.46)

In particular, if £ is invariant wrt translations, then the stress-energy tensor is
conserved (its divergence vanishes).

Indeed,
OuTIw) == “(aisﬁjg)>¢w(x) - 88(52) e (6.47)
OL(x) OL(x)
* Bo(@) O g () P @) + O LL). (6.48)

Then we use the Euler-Lagrange equations (6.36).

6.7 Hyperbolic classical field theory

Suppose now that the Euler-Lagrange equations (6.36) are characterized by a
finite speed of propagation. A typical example of such a situation is when R?
is the Minkowski space, the Lagrangian is

1

£(@) = ~lgl (59" 0ud(2),6(x) + P(4(x))), (6.49)

which leads to the Klein-Gordon equation with possibly nonlinear terms:
—0y¢(z) = P'(¢(x)). (6.50)
If P(¢) = mngb(x)Q, then we get the linear Klein-Gordon equation
(=04 +m*)p(z) = 0. (6.51)

One can then introduce an identification M ~ R x ¥, where R describes
“time” and ¥ is a “spatial cross-section”, in the case of the Minkowski space
¥ = R%"!. The Lagrangian is given by the integral of the Lagrangian density
over a constant time surface {t} x &

L(t) = / L(t, 7)d7. (6.52)

The momentum conjugate to the field ¢(¢, Z) coincides with the temporal coor-
dinate of (6.37):

7(t, &) == — =70, ). (6.53)




It is natural to use the set of space-compact solutions of the Euler-Lagrange
equations as the phase space. It is equipped with a symplectic form

W= / 3Ot 2)dx = / dr®(t, &) A dg(t, 7). (6.54)

Using (6.41) we can show that (6.54) does not depend on ¢. Actually, instead
of integrating over {t} x X, we can integrate the symplectic current over any
“Cauchy surface” obtaining the same w.

The symplectic form w corresponds to the equal-time Poisson brackets

{o(t, 0), 0(t,5)} = {=(t, 7),n(t,5)} = O,
{o(t,2),7(t, )} = 6(F—19) (6.55)

Let us call minus the 00-component of the stress-energy tensor the Hamil-
tonian density:

H(z) = ~TP(2) = w(2)d(z) — L(x). (6.56)

The Hamiltonian obtained from the Lagrangian by the Legendre transformation
coincides with the integral of the Hamiltonian density over the corresponding
constant time surface:

H(t) := / o(t, Z)w(t, T)di — L(t) = / H(t, T)dT. (6.57)

7 Canonical Commutation Relations

The main purpose of this section is to describe quantization in its most elemen-
tary context: that of symplectic vector spaces. Some of its material overlaps
with the previous section.

7.1 Symplectic vector spaces

Let Y be a vector space. Recall that it is called symplectic if it is equipped with
a nondegenerate antisymmetric 2-form. Thus we have a bilinear form

VxYV>3(yz)—wy,z) (7.1)

such that w(y,z) = —w(z,y) and for every y # 0 we can find z such that
w(y, 2) # 0.

Clearly, every symplectic vector space is a symplectic manifold, so one can
use terminology from the previous section. However, in this section the emphasis
not on classical mechanics, but on is quantum mechanics, and quantization of
symplectic manifolds is somewhat problematic, unlike quantization of symplectic
vector spaces.
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Every finite dimensional symplectic vector space has even dimension. If we
choose a basis, we can write

w(y,z) = sz'jyizj, y=@y)w=(w)e, (7.2)

where [w;;] is an antisymmetric invertible matrix.

In this section we will also use slightly different notation than in the previous
sectin. The notation will be adapted to quantum mechanics. Let ¢°, i =
1,...,2n, denote the coordinate functionals, that is for y € Y we have ¢'(y) =
y®. Then using

"N (y,2) = o' (y)# (2) — ¢"(2)¢ (). (7.3)

we see that (7.2) can be written as w = Jw;;¢’ A ¢7.
Let [w"] be the inverse of [w;;]. Then it is also an invertible antisymmetric
matrix. We can equip functions on ) with a Poisson bracket: for F,G € C*(Y)

we set

{F.G} = =) w0, FdyG. (7.4)
In particular, o -
{o", 0"} = —w". (7.5)
We say that a symplectic space is R?" is equipped with a symplectic basis if
the symplectic form is given by the matrix

w= {_Oﬂ (ﬂ . (7.6)

In every finite dimensional symplectic vector space we can find a symplectic
basis. It is then natural to separate the variables into two families, writing
= ¢t p; =", i=1,...,n. Then w=z'Ap; and

(F,G} = 0,:F0,,G — 0, F,:G. (7.7)

In particular, o . ,
{z", 27} = {pi,p;} =0, {a',p;} =4j. (7.8)
Recall that by an affine transformation on a vector space ) we mean a
transformation of the form

Yoy—Ty+z€), (7.9)

where T is linear and z € ).
A linear transformation 7' on a symplectic space (), w) is called symplectic
if it preserves the symplectic form, that is

w(Ty,Tz) = w(y, 2). (7.10)

We say that an affine transformation (7.9) is symplectic, if T is symplectic.
Note that this terminology is consistent with the one introduced for symplectic
manifolds.
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Equivalently, an affine transformation is symplectic if it preserves the Poisson
product: that means
{FoT,GoT} ={F,G}oT, (7.11)

where o denotes the composition.

7.2 Quantization of linear and quadratic observables

Let (Y,w) be a symplectic space. Informally one can say that quantization is a
map that to a function F' on ) associates an operator F' on a certain Hilbert
space H, which satisfies the following conditions:

=1 (7.12)
%(ﬁé + GF) ~ FG; (7.13)
(£, 0] ~ ih{F, G}, (7.14)

Here £ is a small positive parameter and ~ means some kind of equality modulo
terms small for small .

One can prove that one cannot replace ~ with =.

As we discussed above, if Y is finite dimensional, we can always find coor-
dinates 2%, p;, i = 1,...,n satisfying (7.8). In other words, J = R?" = R" ¢ R"
is a symplectic vector space equipped with a symplectic basis.

With the above classical system we associate a quantum system as follows.
Let h be a real parameter. We consider the Hilbert space H := L?(R") equipped
with the operators

0

20 (z) = 2"V p U (z) = h—=—T(x). 1
FU@) =2 W@, p) = b () (7.15)
They satisfy the Heisenberg commutation relations:
[2',27] = [pi,ps] =0, [, p;] = ihd}. (7.16)
Note that 1st degree polynomials, that is,
V=&’ +n'pi+e, (7.17)
V = &dt 4 nip; + cll. (7.18)
satisfy (7.14) exactly:
[V, V'] = in{V,V7} (7.19)

One would like to extend the quantization to more general functions, not
only 1st order polynomials. There are many possibilities in the literature (e.g.
the Weyl quantization, Wick quantization, etc.). We will not discuss them here.
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Actually, for our present purposes we will only need quantization of second order
polynomials, which we define as follows:

= %A””ixj * %B pip; + Cla'p;, (7.20)
H= %A”’j%j + %Bijﬁiﬁj + %Cij(fiﬁj + p;aY). (7.21)
Note that with this definition we have exact versions of (7.13) and (7.14)
[F,H') = ih{H, Y, (7.22)
%(V‘}' +V'V) = Vv (7.23)

for polynomials V, V' of degree < 1 and for polynomials H, H' of degree < 2.

7.3 Quantization of symplectic transformations

Let H be a Hamiltonian given by a quadratic polynomial on a symplectic vector
space ) with the coordinates ¢*, i =1,...,2n.

1 o ,
H=3) hid'e! + ) did' (7.24)
The Hamilton equations
d . .
S0 = {61(0), 1}, (7.25)
define an affine symplectic transformation
6(0) - (). (7.26)

Note that if the variables are divided into “positions” and “momenta”’, then
in general they are mixed by the flow generated by a quadratic Hamiltonian.
What is preserved is the “symplectic structure”.

The variables ¢(t) are 1lst order polynomials and we can quantize them

obtaining d)/(t\) Likewise, we can quantize H obtaining H.
Theorem 7.1.
& (1) =" # 51 (0)e 1 F. (7.27)

—

Proof. Clearly, (7.27) is satisfied for t = 0. We check that ¢(¢) satisfies the
Heisenberg equations:

— — — A

ih 3560 (0) = {00, 7} = [51(0), ], (7.25)
This implies (7.27) for all ¢t. O

Thus we can first solve the classical Hamilton equations obtaining ¢(t) and
then put the hat, or first put the hat and then solve the quantum Heisenberg
equation—we obtain the same ¢(t).
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7.4 Weyl operators
Proposition 7.2 (Baker-Campbell-Hausdorff formula). Suppose that
(1A, B], A] = [[A, B], B] = 0.

Then

1
oATB _ oAgBo—%1[AB]

Proof. We will show that for any ¢t € R

QHATE) _ AB 1P (7.29)

First, using the Lie formula, we obtain

o0

t'n,
e Be = Z—'adZ(B)
n!
n=0
= DB+t[A B
Now
%etAetBe—%tQ[A,B] _ AetAetBe—%ﬁ[A,B]

+etABetBe—%t2[A,B]
fetAetBt[A, B]efgﬁ[A,B]
_ (AJFB)etAetBef%tz[A,B].
Besides, (7.29) is true for t =1. O
Let &€ = (&1,...,&0), n=(n",...,n%) € R We will write

#(&) = &3',  p(n) :==n'p;.

Clearly,
[2(£),p(n)] = ihg - 7.
Therefore,
eif(é)eiﬁ(n) _ ef%ﬁfnei(i(f)*ﬁ(")) (730)
o 1€ o1B(1) i (€) (7.31)

The operators e (Z()+2(1) are sometimes called Weyl operators. They satisfy
the Weyl commutation relations:

@O +P) JEE VD) _ o= 2 (&0’ —n") i (2(E+E ) +p(n+n")) (7.32)

The Weyl commutation relations, at least formally, imply the Heisenberg com-
mutation relations.
Weyl operators translate the position and momentum:

eh (CPW+EW) ok G -3w)  — 5

e%(*ﬁ(y)w%(w))ﬁe%(ﬁ(y)*i(w» = p—w.
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7.5 Stone-von Neumann Theorem

Operators &%, p; are unbounded. Hence the Heisenberg commutation relations
(7.16) are problematic—without specifying the domain it is not clear what they
precisely mean. The Weyl commutation relations (7.32) involve only bounded
operators, hence their meaning is clear.

The following theorem is one of mathematical foundations of Quantum Me-
chanics:

Theorem 7.3. Suppose that
R*" 5 (&) = W (&) € U(H) (7.33)
s a family of operators satisfying

1. the Weyl commutation relations:
W(EmW (g, n) = e 2 &1 (e & n+n),

2. strong continuity: R?" > (£,7) — W(E,n)\ll is continuous,
3. irreducibility: there are no nontrivial subspaces in H invariant wrt W(f ,1).
Then there exists a unitary U : H — L*(R™) such that
UW(ﬁ, nU* = ol @) +p(m) (7.34)

If we drop the irreducibility condition, then there exists a Hilbert space K and a
unitary operator U : H — L*(R™) ® K such that

UW (&, n)U* = @O+2m) & k. (7.35)

7.6 Representations of the CCR

Let (Y,w) be a symplectic space, possibly infinite dimensional. Let H be a
Hilbert space. We say that a map

Yoy—W(y) eUH) (7.36)

is a representation of the CCR or a CCR representation if

W(y)W(y') = e 2@ W (y +y). (7.37)

We say that it is regular if R
t— Wi(ty)

is strongly continuous for any y € ).
One of the main examples of regular CCR representations is the Schrodinger
representation

R" @ R" 3 (£,n) = W(E,n) = @O0 ¢ 7 (L2(R")). (7.38)
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In this case Y =R"®R", y = (£,n), v = (&, 1),
w(y,y') =&y’ —ng'. (7.39)

If YV is a finite dimensional symplectic space, then its dimension is necessarily
even and we can find a basis so that the symplectic form is (7.39). The Stone-
von Neumann theorem says that every irreducible strongly continuous CCR
representation over a finite dimensional symplectic space is unitarily equivalent
to a multiple of the Schrodinger representation.

Note that if we have a regular CCR representation over ) and y € ), then

R>t— W(ty) € UH) (7.40)

is a l-parameter unitary group. Hence it has a generator, which will be denoted
o(y), so that

W (ty) = o). (7.41)

It is easy to show that on an appropriate domain

d(ty) = td(y), (7.42)
oy +y') = oY) + o), (7.43)
[6(y), ()] = iw(y, ). (7.44)

We can also extend these “fields” to the complexification of ), denoted
CY := Y + i), that is consisting of y = yr + iy1, yr, y1 € V. Note that we have
the complex conjugation y := yr — iy;. We set

3y) == d(yr) +id(yr). (7.45)

Clearly, ¢(y)* = o(7).

There are many irregular CCR representations. For instance, we can con-
sider [2(Y) with basis {e, | y € Y} and

W(y)ey = e_%y.wy/ewy" (7.46)

Usually, they are only a non-physical mathematical curiosity.

7.7 Fock representations of the CCR
Let Z be a Hilbert space. It is then a symplectic space with the form

w(z,2') == 2Im(z|z"). (7.47)

Set R ) )
W (z) := e 702, (7.48)

Then, using the Baker-Campbell-Hausdorff formula we see that

Z3z2- W(2) €eU(Ts(2)) (7.49)
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is a regular irreducible CCR representation over the symplectic space Z. Of

course, if Z is finite dimensional, it is unitarily equivalent to the Schrodinger

representation, which follows from the Stone-von Neumann Theorem, but is also

an obvious consequence of the well known theory of the harmonic oscillator.
We have

W(z) = e Fed" (Pemal®), (7.50)
a(z)Q=0, ze€Z. (7.51)

Hence,
QW (2)Q) = e~ 2. (7.52)

Therefore, if we know the vacuum state we can recover the real part of the scalar
product on Z.

The symplectic form w fixes the imaginary part of the scalar product, see
(7.47). Then there are many ways you can complete it to a full scalar product.
Each of them leads to a Fock representation of CCR satisfying (7.52). If Z
has an infinite dimension, the resulting representations in general will not be
unitarily equivalent, as we will illustrate in the next section.

7.8 Equivalence of representations of CCR

Suppose that (Y, w) is a symplectic space and Y 3 y — W;(y) € U(H;),i=1,2
are two representations of CCR. We say that they are unitarily equivalent if
there exists a unitary U : H; — Hs such that

UWi(y) = Wa(y)U, ye. (7.53)

The Stone-von Neumann Theorem says that all CCR representations over a
finite dimensional symplectic space are unitarily equivalent up to a multiplicity.
This is not the case for an infinite number of degrees of freedom.

In fact, for instance, there are many inequivalent Fock representations over
the same infinite dimensional symplectic space.

Let us do a computation that illustrates this. Let us start with the symplectic
space R? with the Schrodinger representation on L2(R) given by Z, p. For any
w > 0 we introduce the creation/annihilation operators

1

. . ip 1 L, dp
= — - — w = —— — ). 7.54
@ = o (Ve = ). ewi= o5 (Ver ) (7.54)
The vacuum annihilated by a,, is
Vw _we?
Oy (x) %e 2. (7.55)
The vectors 1
= —a'Q, (7.56)



form an orthonormal basis of eigenvectors of the harmonic ascillator a*a. Thus
Us® = [n)(ewn|®) (7.57)
n=0

is a unitary operator U,, : L2(R) — Tx(C) ~ 12(0,1,2,...). We have

(af +ay), D= i@(a: — ay). (7.58)

A 1
xTr =

V2w
Obviously, these representation are unitarily equivalent. In fact, setting

b(z) = Vwd(vwz), (7.59)

we obtain 1
VoaVt = Vwd, VopV,t = %ﬁ, (7.60)
hence
deIVw_l = &ZJ’ V"-’dlvw_l — du)v Vwel,n = €u,n» (761)

and V,, = U;'U;. We can also compute

(Q|€1) = (7.62)

2
1 1-
w2 +w”32

So far we treated L?(R) as the underlying space. Let us now treat the
Fock space I's(C) as the main space. Then for any w > 0 we have a Fock
representation

>3 (6m) > Walen) = exp (—=(a” +a)
V2w

They are different, but unitarily equivalent.

It is straightforward to generalize this construction to a finite number of
degrees of freedom. Thus, for any finite sequence of positive numbers we obtain
the equivalence of two CCR representations of the symplectic space R?": the
Schrédinger representation on L?(R™) and the Fock representation on I'y(C™).
The vacua corresponding to w = (w1, ...,w,) and 1 = (1,...,1) have a positive
scalar product:

inyw
\/§

(" — a)). (7.63)

(i) =]] ——— >0 (7.64)
j=1 w +w

The Schrodinger representation does not work for n = oo, since there is
no generalization of the Lebesgue measure to R*°. However, the Fock space
I's(1?) is well defined. Thus we can define creation/annihilation operators a}, a;,
1=1,2,....
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For any infinite sequence w = (w1, wa, ... ) we can represent the commutation
relations

[Z:, 5] = 16i; (7.65)
by setting
1 J@
T, = a; +a;), Pui=1I al —a;). 7.66
=), pi = L2 - a) (7.66)
However, if 1 = (1,1...,...), the infinite product
- 2
j:1 ij + wj 2

is usually zero. One can show that if (7.67) is zero then the representations
given by w and 1 are inequivalent.

7.9 Two steps of quantization with an infinite number of
degrees of freedom

Description of quantum systems with an infinite number of degrees of freedom
(especially free systems) usually proceeds in two steps.

1. First one describes the symplectic space of classical fields. This automat-
ically fixes commutation relations satisfied by quantum fields.

2. Then one chooses a Hilbert space where the quantum fields are repre-
sented. (Typically, this is a Fock space)

In the mathematically oriented literature there exist several equvalent ways
of presenting CCR relations. Probably, the most economical way involves the
notion of a CCR representation, which we introduced above. An alternative
way is to use a * algebra of CCR. Then the two steps described above can be
described as foillows:

1. Introduce an abstract *-algebra of CCR, over the space (Y, w).
2. Find a representation of this algebra.

This approach has a minor problem: there are several, essentially equivalent
but mathematically different x-algebras that can be used to describe Canonical
Commutation Relations. Let us describe two of them (there are others).

The “Weyl CCR C*-algebra” is the C* algebra generated by {W (y) | y € Y}
satisfying

W(y)* = W(_y)7 W(O) =1, (7'68)

W(y)W(y) = e 20 W (y +y). (7.69)
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The “field CCR %-algebra” is the -algebra generated by {¢(y) | y € YV}
satisfying

dlay +a'y) = ad(y) + /oY), o) = d(y), (7.70)

[b(y), d(y)] = iy - wy' 1. (7.71)

The advantage of the Weyl CCR C*-algebra is that it is a true C*-algebra,
hence it is prefered by numerous “C*-algebras lovers”. It also allows us to con-
sider irregular representations. On the other hand, it consists of “almost periodic
functions on the phase space”, whose physical significance can be doubted.

The “field CCR *-algebra” seems “closer to the physics”. However, it is not
a C*-algebra, and its representations involve unbounded operators, which could
be problematic.

The second step of quantization, that is fixing a representation, can be per-
formed by fixing a state, and then using the GNS representation. For instance,
the Fock state o in the setting of Subsection 7.7 is given by

o(W(z)) = e~ 2. (7.72)

The GNS representation wrt o acts naturally in the bosonic Fock space, as
described in Subsection 7.7. The state o corresponds to the Fock vacuum:

o= (Q]- Q).

7.10 Positive energy Fock quantization

Consider a quadratic Hamiltonian on a phase space ). If we fix coordinate
functions ¢’, it can be written as

1 o
H =53 hijo'e (7.73)

0,J

for some symmetric matrix [h;;]. As we discussed above, if ) is finite dimen-
sional, we could quantize H as

Frsym 1 i
o™ = o Z hij¢'e?. (7.74)
7’7]

Because of a finite number of degrees of freedom this is well defined and essen-
tially unique, since all irreducible representations are equivalent, so that this
quantization is essentially unique.

If the number of degrees of freedom is infinite, usually only the phase space
with its symplectic structure is given beforehand. In the quantum theory one
also needs a CCR representation on a Hilbert space, which is less canonical and
more tricky to choose. How to select a physically motivated CCR representation,
if we are given a symplectic space?
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Suppose that the symplectic form is given by the matrix [w;;], with its in-
verse denoted [w*]. This is expressed by two equivalent identities, one for the
symplectic form, the other for the Poisson bracket:

w=)Y w;d'®¢ = 7w”¢ A G (7.75)

ij
{¢", ¢’} =¥, (7.76)
Introduce the operator k := w™'h, or
kS o= w™ hy. (7.77)

For ¢ € R?", note that k¢ = w~'dH (¢) is the Hamiltonian vector field generated
by H. Thus the dynamics generated by H is 7; = e'*. Thus on the classical
level we have the dynamics t + ¢%(t) with ¢*(0) = ¢° is given by the linear
transformation

o' (t) =1} ;- (7.78)

We would like to have a quantization, such that the analogous identity is true
on the quantum level. In other words, we would like to have a Hilbert space H
equipped with operators ¢* and H such that

ot H i —itH _ T;jéj. (7.79)

If the number of degrees of freedom is finite this is achieved by (7.74). We
can also subtract from (7.74) any real number and (7.79) will still hold.

Let us now assume that H is strictly positive. We will describe the whole
procedure as if the number of degrees of freedom were finite, so that ) = R?",
but it is easy to generalize it to the general case.

The matrix [h;;] defining the Hamiltonian can be used to fix a sesquilinear
scalar product on the complexification of the phase space, that is on C2":

Chie? = (Clhe), (7.80)

Note that —ik is self-adjoint in the scalar product (7.80). Therefore, we can
diagonalize —ik in a basis orthonormal in (7.80). Note that all eigenvalues of —ik
are nonzero and real. Besides, if 7; is an eigenvector of —ik with eigenvalue ¢;,
then v; is an eigenvector with eigenvalue —e;, because —ik is purely imaginary.
Thus

(Clne) = Z ((CIhw;) (vs | hE) + (Clhw) (wi|h€)),  (7.81)
i(Clwg) = (Clh(—ik)~ Ze (Ci1h3) (vl hE) — (C| ;) (T hE)),
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where we can assume that all €; are positive. Introduce the following functionals
acting on real vectors (:

(@ilg) = —=(uilho), (7.52)
(@110 1= = (mihe) = —=TThC) (7.83)

Then for real ¢, £ (7.81) yields
(H|C) = Z& 710 (ailC), (7.84)

i(Clwé) = (CIh(—ik) ") = Z (a5 1) ailé) = (asl¢){ai1€)),
which can be rewritten as
H = Zeia;‘ai, (785)
iw = Za? A a;, (7.86)
where the last line is equivalent to

{azv ]} = - z]v {aivaj} = {(L:,a;} =0. (787)
Now we quantize the fields on a Hilbert space with the vector €2, so that

i, a3} =85, [aiay] = [a5,a7] =0, aQ=0. (7.88)

PR

Clearly, what we obtain is the bosonic space with the 1-particle space spanned
by a;€2. We choose the Hamiltonian

H=> &aa (7.89)

Note that H is positive, HQ = 0 and (7.79) holds. If H*¥™ is well defined, then
it differs from H by a constant 33N

Let us now describe the above procedure in a basis independent way. Sup-
pose that H is a positive quadratic form on a real vector space ) equipped with
a symplectic form w. We first extend H to a bilinear form on ) by polarization
identity. This form is generated by an operator from ) to the dual of ), which
we denote by h

(Clhg) :== H(C+ &) — H(C) — H(E), (&€ (7.90)

Equivalently, h¢( = dH({). Thus H({) = %(C|h§> and for k := w™lh, the
symplectic dynamics is r; = ef

We extend h and iw as maps from C) to the dual of C). We consider the
sesquilinear forms

(¢|h¢) (7.91)

61



as a scalar product on C)Y called the energy scalar product. We easily check
that —ik is a self-adjoint operator on C). We can diagonalize —ik. Because of
nondegeneracy of w, this operator has a zero nullspace. Hence we have also a
nondegenerate sesquilinear form

i(Clwe) = (Clh(~ik)~'¢)

Let W) and W) be the positive and negative subspace of C) of the
self-adjoint operator —ik. We have

W — Wi, (7.92)
iw endows Z := W) with the positive scalar product
(2]2") = i(z|wz") (7.93)
and —ik is self-adjoint wrt (7.93). Let us set
= dF(—ik|z). (7.94)
We have X .
AW (e = W(e*z), z€ 2. (7.95)

The scalar product (7.93) will be treated as the basic one on Z and called
the dynamical scalar product. We have

(Zhe'y = (2] — k). (7.96)

Thus using (-|-) we can identify —ik restricted to Z with h restricted to Z.
The above construction guarantees that

(1) There exists a unitary group on the Hilbert space I's(Z) that implements
the dynamics, see (7.95).

(2) The Hamiltonian H generating the dynamics is positive, because h . is
positive.

(3) The Fock vacuum €2 is a nondegenerate ground state of the Hamitonian.

7.11 Positive energy quantization for charged systems

Suppose that the symplectic space Y is equipped with a U(1) symmetry. More
precisely, we assume that it is Y = Yr @ V1 and its coordinates are spanned by

(/)iR, ¢% satisfying
{Qsi%? {K} = wijv {(b}a Qf){} = wijv {(b%’ d){} =0, (7'97)

for some symplectic matrix w on Vg ~ V. The element e e U (1) acts on the
coordinates as

Pk > cos Ok —sinfgt, k> sin Ok + cos O (7.98)
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In such a case it is customary to treat the space ) as a complex space
Y = C)R, setting
(R +ig1), ¥ = —=(dr —idy), (7.99)

i b 1
- V2

SV

so that
{97} =W w7 =0, {¥' 97"} =—w", (7.100)
and the action of the group is 1° — e7)?, 1p?* s e 109",
Note that the space ) is equipped with complex conjugation c. It satisfies
cic = Y™, ¢ = 1. It can be interpreted as the charge conjugation.
Suppose that H is a (real) quadratic Hamiltonian that is invariant wrt U(1).
Then it can be written as
H=> hy™y/ (7.101)
ij
for some Hermitian matrix [h;;]. The symplectic form leads to the following
sesquilinear form, which will be called the charge:

Q=1) wyv™ (7.102)
ij
We diagonalize simultaneously H and () obtaining [ = I U1_
H=> ea;a, (7.103)
icl

Q=) ajai— > ala, (7.104)

iely icl_
{ai7a;}:07 7’75]7 {aiaa:}::‘:iv 1€ Lt (7105)

(Note that (7.104) and (7.105) are equivalent). We rename a; = b}, af = b; for
i€ I_. Thus

H=> cajai+ Y &b, (7.106)

i€l el
Q=" aja;— > bib, (7.107)
icly iel_
{ai, a;‘} = {b“ b;k} = —iéij. (7108)

Note that the space Y =YV, & V_.
The quantization of this system yields I's(YV4 @ ¢Y—). The Hamiltonian and
charge are
cy_ ) '

@ -1
Y+

@ che

Y4

I?I:dr(h

cy,>’ Q :dF(]l

The quantized charge conjugation is C' := dI'(c)
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If in addition the matrix [h;;] is real then we have
1 y L
H = 23 hi (646 + die]) (7.109)
j

Clearly, then H = Hoc¢, Q = —Q oc Then then we can choose the diagonalizing
functionals so that ca,c = b;, cajc = b;.

After quantization we have Ca;C' = b;, C’d;‘é = lA)f, CHC = H,CQC = —Q.

8 Free neutral scalar bosons

8.1 Classical fields off-shell and on-shell

Consider the Minkowski space R'2. In the off-shell formalism a field config-
uration is a function R'® > z +— ((x). A field configuration ( satisfies the
Klein-Gordon equation if

(=0 +m?)¢(z) = 0. (8.1)

The field in the off-shell formalism is the functional on, say, real smooth
functions on R%3, such that

(@(2)|f) = f(z), [feC™RY”R). (8.2)

(The choice of smooth functions does not matter much, since the Lagrangian
formalism serves mainly to obtain formal identities). Recall that to obtain a
field equation one chooses a local Lagrangian density L(x), which is a function of
the field ¢(z), 8,6(x) =: ¢ ,(z) and of x € R3. The Euler-Lagrange equation
reads then

OL(x)
Op() L(x) —0y=———~ =0 8.3
o (z) ( ) la(ﬁ’#(x) ( )
To obtain the Klein-Gordon equation (8.1), we use the Lagrangian density
L(z) = —50u8(x)0"(x) — gm>¢(x). (8.4)

The Euler-Lagrange equation then yields
(=04 m?)¢(x) = 0. (8.5)
Let ¢ € C*°(R3) solve the Klein-Gordon equation (8.1) and let supp NR3
be compact. Recall the identity (4.33):

)= [ CPeE- Do+ [ YT piondr (56

R3

Recall that a function on R? is called space compact if there exists a com-
pact K C RY™ such that suppf C J(K). The set of space compact smooth
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functions will be denoted C2°(RY?). Therefore all solutions of (8.1) with com-
pactly supported Cauchy data are space compact.

Let Yk denote the space of real, resp. space-compact solutions of the Klein-
Gordon equation We can endow the space Vkg with the standard topology of
C>(R3) @ C2°(R3) given by the initial conditions. The space of real continuous
functionals on Ykg will be denoted by ng. The action of T € (C\))gG on
¢ € Ykg will be denoted by (T'|¢), and sometimes simply by T¢.

The field ¢(z) understood as (8.2) will be called an off-shell field. It is used
in the Lagrangian formalism. When we go from the Lagrangian to Hamiltonian
formalism, we enforce the on-shell condition, that is, we restrict ourselves to
solutions of the E-L equation. We are usually also more careful in the choice
of the space on which the fields act: we restrict ourselves to Ykg. Thus, for
r € RY3) the on-shell field ¢(z) acting on ¢ € Vka gives

(()[C) = ((x),

We will not distinguish the notation for on-shell and off-shell fields.
Clearly, for any ¢ € Yka we have

(~0+m?){g(2)|C) = 0.

Thus the equation (8.5) for on-shell fields is a tautology.
In the on-shell formalism we also introduce the variable conjugate to ¢(x):

OL(x)

m(x) = 6 0(2) =¢o(z) = o(x). (8.7)

By (8.6),
ot 7) = / GP (1,7 — (0, §)df + / GPI (.7~ Pn(0, g, (88)

The Poincaré group R3 x O(1,3) acts on Ykg by

@) = ¢ ((y, A7)

Equivalently,
rajl\l)qb(ac) = ¢(Az +y). (8.9)

8.2 Symplectic form and Poisson bracket
For (1,(2 € C(RY3) we define
(@, G, ¢) = 9"G(2)C(2) — G ()0 C(2). (8.10)

Writing j#(z) for brevity, we easily check that

0ui"(2) = (O = m*)C1(2)Ca(x) = Gi(2)(0 — m?) G2 (),
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This implies Green’s identity
/jo(t+, 7)dz — /jo(t,,f)df (8.11)
= [ (o ma e - Q@0+ ma@)de (812
t_<x0<ty

Thus if (1, € Vka, then
Oy () = 0.

One says that j#(x) is a conserved 4-current.

A space-like subspace of codimension 1 will be called a Cauchy subspace.
The flux of j*# across any Cauchy subspace S does not depend on its choice. It
defines a symplectic form on Yka

o(C, ) = /S (2, 1y Ca)ds(a)

/ (- DG + G NG D) 47 (813)

Thus (Yka,w) is an (infinite dimensional) symplectic space.

Clearly, the form (8.13) is well defined also if only (s € Yka, and (; is a
distributional solution of the Klein-Gordon equation.

7(y,a) are symplectic (preserve the symplectic form) for A € O'"(1,3), other-
wise they are antisymplectic (change the sign in front of the symplectic form).

By (8.13), the symplectic form can be written as

w(C,¢2) = / (= (m(t. D)) ((t, D) C2) + (o(t, T)|C1) (m(t, )[C2)) A,
or more simply,
W= / é(t,7) A m(t, 7)dA. (8.14)
The conserved 4-current can be written as
Ju(@) = ¢(x) A Oud(x).

By (8.14), the symplectic structure on the space Vkg leads to the Poisson
bracket

{¢(t,f),¢(t,g)}:{W(t,f),ﬂ'(t,gj)} = 0,
{o(t,2),7(t, )} = o(F ). (8.15)

Using (8.8) we obtain

{6(x),0(y)} = ~G"(z — y). (8.16)

Therefore, the Pauli-Jordan solution is often called the commutator function.
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The relations (8.15) can be viewed as mnemotechnic identities that yield the
correct Poisson bracket for more regular functions, eg. the smeared out fields

] = / f(@)é()da. (8.17)

{8lf //f )G (z — y)dady. (8.18)

Note that formally, for any ¢t € R, ¢(t, %) and 7 (¢, ) generate the algebra of
all functions on Yka.

We have

8.3 Stress-energy tensor

The Noether Theorem suggests to introduce the stress-energy tensor

(@) = ot (e) + g L) (5.19)
= 0()06(x) — 9" 5 (ad(@)0"0(x) + m?o(x)”).

It is easy to check that the stress-energy tensor is conserved on solutions of
the Klein-Gordon equation (on shell):

8, T" () = 0.

We express the stress-energy tensor in terms of ¢(x) and m(x). Its compo-
nents with the first temporal coordinate are called the Hamiltonian density and
momentum density:

—

Hr) = T = 5 (x@)? + (09@)” + m?o(@)?).
Pila) = TVa) = —m(x)do(a)

They are examples of quadratic functionals on Vkg: One easily checks

{o(t, ), H(t, )} = (¢, £)5(& — §), (8:20)
{(n(t, B), H(t, )} = 7(t, D)5 — ), (8.21)
{o(t, @), P'(t, §)} = —0'(t, 7)(Z — §), (8:22)
{(x(t, D), P'(t, )} = —0'n(t, ¥)5(F — 7). (8.23)

We introduce the (total) Hamiltonian and momentum:
H = / THO(2)ds,,( / H(t, 7)dZ, (8.24)

/ T () ds, / Pit, 7)di. (8.25)
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where S is any Cauchy subspace. They are examples of quadratic functionals:

mi) = [ 5 (G0 + @)+ mio(e.9?).
®l) = - [ oo,

H and P are the generators of the time and space translations:

. ¢($) = {(b(l‘),H}, B 7T((IJ) = {77($>7H}7
d¢(x) = —{¢(z), P}, Or(z) = —{n(x), P}.

The observables H, P!, P? and P? are in involution. (This means that the
Poisson bracket of every pair among these observables vanishes).

8.4 Simultaneous diagonalization of the symplectic form,
Hamiltonian and momentum

If T € Yig, we define T* € Vi, by

(T*|¢) = (T|¢), ¢ € Vka-

Note that in this context the star does not denote the Hermitian conjugation
(which in our text is the standard meaning of the star).
We can represent the field in terms of the Fourier transformation:

P(z) = (2m) ™4 / e* p(k)dk, (8.26)
where because of the reality of Vkg, é(k)* = qz~5(—l€) The Klein-Gordon equation
implies ~

(k* +m?)p(k) = 0. (8.27)
Therefore, suppq; is contained in

{k e R¥ | k* + m? = 0}. (8.28)

For k € R?, set ¢ = e(k) := Vk2+m2. The set (8.28) consists of two
hyperboloids, the positive frequency and negative frequency hyperboloid. k €
RY3 from the positive frequency hyperboloid can be written as k := (s(lZ), E)
k € RY3 of this form will be called on shell. If we introduce “positive”, resp.
“negative frequency plane waves”

k) = 1 ei(fs(E)z%E:z)? (8.29)
(27m)31/2¢ (k)
_ 1 0 e
| _ ]f) _ ‘ ) _ e—l(—E(kﬁ)g)°+k‘.’1€)7 (8.30)

(2m)31/2¢ (k)
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then we can write

o) = / (a* (k) ) + a(k)R))dF. (8.31)

which defines for k on shell, we define plane wave functionals a(k), a*(k).
Clearly, (8.31) can be rewritten as

/WW g

dk\/ .
w(x) = —e ¥ (k).
m\f

After setting 2° = 0, we can invert these relations:

¢(I) _ zq + e—ikxa*(k)) ,

a7 _gef Je®) L i -
a(k) = e IkE ——¢(0, 7 w(0,7) |, 8.32
W= o ( 1009+ e >) (332

. dZ =z E(E) . i .
a*(k) = _FT [ | 2220(0, 7) — 7r0,x>. 8.33
(k) TR ( 5 ¢(0,7) " (0,2) (8:33)

(8.48) can be rewritten with (1, € Yk as

(61, Ge) =1 [ (TG ablGa) — (@G aIGT) dE. (8.3

Rewriting it in a shorter form we see that a(k), a*(k) diagonalize the symplectic
form:

w = fi/dlga*(k) A a(k). (8.35)

They also diagonalize simultaneously the Hamiltonian and the momentum:
H = / dfe(R)a* (K)a(k), (8.36)
P - / dRFa* (K)a(k) (8.37)

(8.35) is equivalent to
{a(k),a(k")} ={a"(k),a"(K')} =0, (8.38)
{a(k),a* (K} = —i6(k — K'). (8.39)
Hence,

{a(k), HY = —ie(K)a(k), {a*(k),H} = ie(k)a*(k), (8.40)
{a(k), P} = —ika(k), {a*(k), P} =ika*(k), (8.41)
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8.5 Positive frequency space

Let us stress that the space Vkqg is real, which reflects the fact that in this
section we consider neutral fields. It is however useful to complexify the space
YVka, that is to consider the space of smooth space-compact complex solutions
of the Klein-Gordon equation. A possible notation for this space is CYkq, but
we will also use a different letter Wkq := CVkq.

We multiply the current (8.10) by i and extend it by sesquilinearity to Wkg,
obtaining

i"(2,C1,G2) = 1(0Cy(2)¢a() — ()0 Ca(2). (8.42)

After integrating on a Cauchy surface we obtain the Hermitian form on Wkq:

iw(thz):i/(—él(t DGt T) + GEDGED)AE  (343)

We also extend by sesquilinearity to Wkg the Hamiltonian and the momen-
tum:

(#IG) = 5 [ (D + 9P+ mPC )z, (540

1 .
0 = 5 [ CEVsc(t.0)+ VLEDCE D)z (8.9
Every ¢ € Wkg can be written in a unique way as
¢=¢H + ¢, (8.46)

where ¢((#)(k) are wave packets made of (8.29) and (8.30), and they do not have
to be conjugate to one another:

/ ¢H (k) £ k)d (8.47)

We obtain
ERS / S Wk - [ s )k (8.45)
(HIO) = / (BT E) + COECIR)AE (349
(P10 = 5 [ KW o) + B () (850)

(8.46) gives a decomposition of the space CYkg into two subspaces
CYkc = W o Wi, (8.51)

(8.48) restricted to WI((G is positive definite. For Q ,C ) e W) we will
write

€N =i Pkt (8.52)
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The Hilbert space of positive energy solutions is denoted ZI((+G)7 and is the com-

pletion of WI(;E;) in this scalar product. ZI(:E;) can be identified with L?(R3),
(8.52) rewritten as

GRS / CPRCH) (k)dF. (8.53)

and ¢ (k) = (k|¢).
In this section we will not use WI(<_G) for quantization, however we will do
this when we consider charged fields. Anticipating our discussion of charged

fields of the next section, we introduce the space complex conjugate to WKG,

denoted WI(<_G) and equipped with the scalar product
=(=)7=(=) (=) ()
€16 ) = i g (8.54)

We set ZI(<_G) to be the completion of WI(<_G) in this scalar product. (The bar is
again the complex conjugation). ZI({G) can be identified with L?(R?) and (8.54)

rewritten as
) = [dPmE wmar

and (k) = (k[T ).
Note that W(_G = WI(:E;), where we use the usual (internal) complex con-

)

jugation in Wkg. Therefore in principle we could identify Z G and Z(Jr In

particular, with this identification

| — k) = k). (8.55)

This identification is consistently applied in this section, however in the next
section we treat Z(E;) and Z(G) as two separate Hilbert spaces.

R % OT(1,3) acts on Z( ko and ZKG) in a natural way.

We have a natural identification of Vkg with WKG . Indeed, ( € Ykg can be

projected onto ¢() e WI(:('}), as in (8.46).This identification allows us to define
a real scalar product on Ykqg:

(Gile)y = Re(¢PIM).

We can compute explicitly this scalar product:
Glay = [ [a0n600.7 - néo.piig (8.56)
+ [ [@0.8(-22 4 mH6D 0,7 - a0, pazg
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8.6 Quantization of scalar fields

There are several equivalent presentations of free scalar quantum fields.

The description in typical physics textbooks can be described more or less
as follows. We want to construct H, H,Q such that H is a positive self-adjoint
operator on H, ) is a normalized eigenvector of H with eigenvalue 0 and a
self-adjoint operator valued distribution

R 52— ¢(z), (8.57)
such that, with 7 (z) :(13( ),
(1) (=0 +m?)(z) =
(2) (0, &), 9(0,7)] = [7?(0 ), 7(0,9)] = 0,
[9(0, %), 7(0,)] = 16(Z — 7))

(3) (a0, B M = §(a® + t, 7).
(4) Qs cyclic for ¢(z).

Let us describe quantum scalar fields following the above strategy, as an
(essentially unique) solution of the above problem. Let R 3 z — ¢(x), 7 (z)
satisfy (1). Then the Fourier transform of 6 has to be supported on the mass
hyperboloid. Therefore, by the same argument as in the classical case we can
introduce a*(k) and a(k) such that

| i m\/f
X dk‘\/ﬁ kmA ﬂka:A*(k)) , (8.59)

w(x) = a

i/(27) \f

with the inverse transformation

1sz + efika:&*(k)) , (858)

R a7 _gf eR) .. i .
a(k) = e KT [ [ 222 (0, 7 7(0,7) |, 8.60
(k) N(ToE < 5 #(0,7) + " ( )) (8.60)

a* (k) = \/%ei’?f< ) g0, 7) - —2 fr(O,f)). (8.61)

(These are identities (8.32) and (8.33) decorated with hats). Again, repeating
(2

the classical arguments, (2) implies
[a(k), a(k')] =[a" (k), a" (k)] = 0, (8.62)
[a(k), a* (k)] =5(k — K"). (8.63)

We still need the Hilbert space and the Hamiltonian. Since we have an
infinite number of degrees of freedom we cannot use the symmetric quantization
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to define H, because this would produce an infinite constant. Differentiating
(3) wrt time we obtain

i, $(x)] = #(x). (8.64)

This is equivalent to

A~ - A

k), H] = e(k)a(k), [a*(k), H) = —e(k)a" (k). (8.65)

HQ = 0 implies Ha(k)Q = —e(k)a(k)Q. But H > 0. Thus we should
assume

a(k)Q = 0. (8.66)

By (4), Q is cyclic for a(k) and a*(k). Using the commutation relations and
(8.66) we see that Q is cyclic just for a*(k). In other words, H is spanned by
vectors of the form

\I/:/\I/(El,...,En)d*(k1)~~~&*(kn)QdE1~~~dEn.

From the commutation relations and (8.66) we obtain

—

(U|0') = n! / ki, k)W Ky, ... Ky )dEy - dky.

This is exactly the scalar product for T's(L*(R?)).
Besides the Hamiltonian H satisfying (8.65), we also want the momentum

operator 15, which satisfies
la(k), Pl = Fa(k),  [a"(k), P] = —Fa" (k). (8.67)

This fixes H and P up to a constant. We choose the normal ordered form for
these operators, which guarantees that they annihilate €2:

H = / a*(k)a(k)e(k)dE,
P = /d*(k)d(k)EdE.
Recall that L?(R3) coincides with Zkgq, the completion of WI(;E;) Thus the
Hilbert space H can be identified with 'y (ZKc;), Q2 with the Fock vacuum, a* (k)
with the creation operators in the “physicist’s notation”.

As usual, we can also introduce the smeared versions of (8.60), (8.61) for
f € Zxa:

a(f) = / FR)a(k)dF; (3.68)

0 (f) = / F(k)a™ (k) (3.69)
a(f).a(f) = [@*(f).a* (/] =0, @(fa ()] =1 (8.70)



Using the “smeared notation” on the right we can write
a*(k) = d*(\k)) (8.71)

The group RY3 x OT(1,3) acts on W}(;E;), and hence on Zkg by unitary
It acts unitarily also on I's(Zkg) by U(y,A) =

transformations 7, )
ZKa

F(T(y’A)‘ZKG). On classical fields the Poincare group acts by ¢(Azx + y), see

(8.9). On quantum fields the analog of this action is unitarily implemented:

Uy, N)p(2)U(y, A)* = d((y, A)z).

This is true even though we only required that time translations are imple-
mented.

One of possible alternative presentations of quantization of the free scalar
field in the mathematical style goes as follows. We have the symplectic space
(Vka,w). This symplectic space is equipped with a symplectic dynamics r;
generated by a positive classical Hamiltonian H. We would like to find a CCR
representation

Yka 3¢ —W({) e UH) (8.72)

We want the quantum Hamiltonian H to be positive and compatible with the
classical Hamiltonian, so that

W(r(¢)) = e HW(¢)e . (8.73)

All of this is realized by the method of a positive energy representations, as
described in Subsection 7.10.

8.7 Two-point functions

Introduce the time-ordering operations for space-time dependent operators:

T(A(x)B(y)) = 0(z° — y°)A(2) B(y) + 0(y° — 2°) B(y) A(x), (8.74)

T(A(x)B(y)) = 0(y° — 2°)A(z)B(y) + 0(2° — y°) B(y) A(=). (8.75)
Note the identities

[b(x),dy)] = —iG"(x -y, (8.76a)

(Q(@)d(y)Q2) = GP(z—y), (8.76Db)

(QT(d(2)p(y)Q) = —ig‘F(w —Y), (8.76¢)

QT(H@)d)Q) = iG7(@—y). (8.76d)
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In fact,

@Wime = [ [ = dzdfﬁ Y Oa(a (K)9)

/ k@)
(27r)325(k)

= GH(@—y);

(2" — y°)(Q(2)d (1)) + 0(y° — 2°)(Qd(y)d(2)Q)
0(2" =y )G (@ —y) +0(° — 2°)G ) (z —y)
_IGF(I - y)7

Q>
%~>
I

(QT(¢(z)p(y)))

where at the end we used (4.19).
Differentiating if needed (8.76b) with respect time we obtain the equal time
correlation functions expressed as real symmetric kernels:

>

(Q$(0,1)$(0,)92) = G0, ), (8.77)
(Q](0,2)7(0,7)Q) = 0, (8.78)
(Q#(0,2)7(0,§)Q) = —0;G (0, 7))

(—Az +m*)GH)(0,

3

D
s

8

|

!

—

oo

\]
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8.8 Spacetime smeared fields

For f € C>(RY3,R) set
_ / F(@)d(@)da. (8.80)

The operators (,ZAS[ f] are essentially self-adjoint for f € C°(O,R) on, say, smooth
vectors in the Fock space with compact supports. Therefore, we can define
W(f) := el

We have

171 dlal) = =i [ [ £@)9(@)6™ (@ - y)dya. (8.81)

In particular, if supp(f) x supp(g), then J)[f] and q@[g] commute.
(8.76b) implies the following identities for spacetime smeared fields and Weyl
operators:

(QUB1120) / / F(@)GH (& — ) (y)dady, (8.82)
@) = e (<3 [ [ 10606 - niwany). )

(8.80) satisfy the Wightman axioms with D := T'i*(Zkq).
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For an open set O C R? we set
A(0) = {exp(i0[f]) : f € CF(O,R)}".
The algebras 2A(O) satisfy the Haag-Kastler axioms.

8.9 Physical meaning of the 2-point functions and Feyn-
man propagators

Let us now describe Gedankenexperiments measuring the 2-point function and
the Feynman propagator.
First let us note a general fact. Suppose that we are able to create a state

® € H, |®|| = 1. On the measurement side, let us select two non-parallel vectors
U; € H,i=1,2. Suppose for any 7, j we can measure

Ai = W) (W] + (W) (W4, 1=1,2, (8.84)

B = 0)(Vo| + |[U2) (W],  C:=i[¥q)(Wa] —i[Ws)(W1]. (8.85)

Measuring A; we obtain (®|4;®) = |(®|V,)|?, i = 1,2. Measuring B,C, we

. |0 .
can determine E@}@;g Thus from these measurements we can determine the

amplitudes (¥;|®), ¢ = 1,2 up to an overall phase factor.
Gedankenexperiment 1. Let us choose spacetime functions f,g;. Suppose

we prepare the state given by @ := ¢[f]Q2. We can assume that it is normalized.

Set U; := ¢[g;]Q?. Then up to an overall phase factor we are able to measure
the amplitudes

(W) = / (U (5)d())i(y) f (2)dadly, (3.86)

which can be expressed in terms of the 2-point function.
Gedankenexperiment 2. Suppose now that we can perturb the dynamics
by adding to the Lagrangian —Af(z)¢(x). Then the interaction Hamiltonian
becomes

Flrne() = A / F(t. )¢, )7, (8.87)

where QAS(m) are the free fields. Suppose we measure the vaccum—vacuum ampli-
tude. The resulting quantity is

(Q|Texp( —i / ﬁlnt(t)dt) Q) (8.88)
- i(—i)"/ . /(Q\Fhm(tn) e ()Q)dt At (8.89)

n=0 tn> >t
—ep (-5 [ [rwrw@ri@senoea). 60

which is expressed in terms of the Feynman propagator.
Note that the second scenario is probably more realistic. Thus one can argue
that the Feynman propagator is more physical than the 2-point function.
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9 Free charged scalar bosons

The formalism used in physics to describe complex fields, and especially to
quantize them, is different from the real case, therefore we devote to it a separate
section.

9.1 Lagrangian formalism

Consider the space of complex smooth functions on the spacetime C>°(R!3) =
C*°(RY3,C). Clearly, the space C°°(RY?) is equipped with a complex conjuga-
tion f + f and a U(1) symmetry f + ef, 0 € R/27Z = U(1).

If T is a real linear functional on C°°(R3), then we have two kinds of natural
complex conjugations of T

(TI¢) :=(T[C),  (T"I¢) =(TIC). (9-1)

Both maps T + T and T ~— T* are antilinear. When restricted to the real
subspace Yikg C C°(RY?), the functionals T and T* coincide. (Note that here
* does not denote the Hermitian conjugaton!)

A special role is played by complex linear functionals on C>°(R'3). The
space of such functionals will be denoted C>°(RL3)T. If T € C°(R'3)T, then
T € C>(RY*)T | unlike T*, which is antilinear.

Let ¥(x), ¢*(x) be the linear functionals on C>°(R!3)

W@)f) = flx),  W@If) = fl).

If £(x) is a Lagrangian density, which is a function of z, ¢ (x), ¥*(z), ¥ .(x)
and " (), then the Euler-Lagrange equations read

oL
Oy« L — 0)y—— =0, 9.2
P Haw’*” ( )
oL
Oyl —0,—— =0 9.3
» /aw)u ( )

If £(x) is real, then (9.2) implies (9.3).
We consider the Lagrangian density

L(x) = =0, 0" (2)0"y(x) — m*¢* ()i (2). (9-4)

Then the Euler-Lagrange equations are equivalent to the (complex) Klein-Gordon
equation:

(=0 +m?)p(z) =0. (9.5)
The variables conjugate to ¢ (x) and ¢*(x) are
. _ oL, .
n (l’) T 81/}70(1‘) - 8077[1 (.T),
oL

n(z) = m:%w(w).
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Wk will denote the space of smooth space-compact complex solutions of the

Klein-Gordon equation
(=0 +m?)¢ =0. (9.6)

(In the context of neutral fields, it was denoted CYkg, because it was an aux-
iliary object, the complexification of the phase space Yka. Now it is the basic
object, the phase space itself). In the on-shell formalism we will consider (z),
*(x), n*(z) and n(z) as functionals on Wke.

(8.6) implies

ww@:/G”wﬁmwmm@+/G”wﬁ@w@mw (9.7)

9.2 Charged fields as a pair of neutral fields

Let us go back to the Lagrangian formalism. For z € R'3 let us introduce the
fields ¢r(x), ¢1(x) as the functionals on C°°(R*3) given by

(¢r(@)|f) = V2Ref(z),  (¢1(2)|f) = V2Im[(x). (9-8)

or equivalently

0(e) = = (0n(@) +in(w). () = = (on(e) — i6n(a).
Clearly, the Lagrangian density can be rewritten as
£(x) =~ 30u0n(2)0"on(x) — Smon(x)’ (99)
— ()61 (2) — T n(x) (9.10)

The usual real formalism yields a pair of neutral fields with the usual equal time
Poisson brackets (we write only the non-vanishing ones):

{or(t,2), mr(t, )} = {o1(t,2), m(t, §)} = (& —7). (9.11)
The fields with an additional symmetry

#% = cosOpr — sin Oy, (9.12)
¢! = sinpr + cos H¢r. (9.13)

The equal-time Poisson brackets, which follow from (9.11) are

{o(t,2),n"(t, )} = {7t )0t )} = 6T —7). (9.14)

(We write only non-vanishing ones). Using (9.7) we obtain

{(2),vW)} = {¢*(@),¢"(v)} = 0,
{¥(@), v )} = -G (z—y).
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9.3 Classical 4-current
The Lagrangian is invariant w.r.t. the U(1) symmetry ¢ ~ e~%y). The Noether
4-current associated to this symmetry is called simply the 4-current. It is
. 0L(x) OL(x)
1% e— * _
T'@) = (@5 - )
= (0" (2)y(2) — ¥ (2)0"¢ ().

It is conserved on shell and real:

o J"(x) = 0,
JHa) = J"(x).
= Ca.

Up to a coefficient, it coincides with the current (8.42) evaluated at ¢ = (3

(Tl = Ty
= (P @) — D).

The 0th component of the 4-current is called the charge density

Q(z) == J°(x) = i(—n"(2)¥(2) + " (z)n(z)).

We have the relations

(0
{Q@t, @), n(t, 1)} = in(t, (T —1),
Q = 0. (9.15)

The (total) charge
Q= [at

is conserved (does not depend on time) and coincides with the quadratic form

obtained from (8.43): 3
(QI¢) = iCwC. (9.16)

9.4 Stress-energy tensor
space-time translations. This leads to the

The Lagrangian is invariant w.r.t.
stress-enerqgy tensor

THE) = g ule) 0 ) O el
0 (1) (x) + 0" ()0 (r)
(B @ 0(a) + 0 () ()

-9

It is conserved on shell
0, TH (z) = 0.
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The components of the stress-energy tensor with the first temporal coordinate
are called the Hamiltonian density and momentum density. We express them
on-shell in terms of ¢ (x), ¥*(x), n(x) and p*(x):

H(z) - ﬂ%>: 0" (@)n(z) + 0 ()0 (x) +m*y* (@) (x),
Pla) = T%x) = —n*(@)d"¢(z) - 0'¢* ()n().
H(z) and P(z) acting on ¢ € Wkg yield
H@)) = K@) +10 (@) +m?I¢(@),
(P@)¢) = —{(@)(x) — T(w)l ().
We easily check

{n(t,2), P'(t,9)} = —9'n(t, 7)é(Z — 9) (9.20)
We introduce the (total) Hamiltonian and momentum:
H = /ST“O(x)dsu(x) = /H(t,f)df, (9.21)
Pl = #(r)d ‘(t, 7)d. .
/S TH (z)ds,(z / P (9.22)
where S is any Cauchy subspace.
H and P are the generators of the time and space translations:
V(@) = {Y(), 1}, (@) = {n(x), H},
d(x) = —{v(x), P}, In(x) = —{n(x), P}.
The observables H, P', P2, P3 and @ are in involution.
9.5 Simultaneous diagonalization
We have the following observables in involution:
@I6) =1 [ (= {)ea) + T@ietw)az. (0.23
(H|C) = / (@)17 + V(@) * + m?[¢(w)[?) d, (9.24)
(o) = - [ C@956(a) + TiSwii(a)ds (9.25)

Note that (8.44) and (8.45) from the neutral case differ from (9.24) and (9.25)
only by the prefactor %

80



We use the Fourier transformation and (8.46):
@) = [ @D 0 - T m)E  (920)
(HIO) = [ BT + WO R)E  ©21)
Pi6) = [ KW ) + TR W)E. (029)

9.6 Negative frequency space

Recall that for k € R3, set ¢ = (k) := Vk2 + m? and every ¢ € Wikg can be
written in a unique way as

¢=¢WH+ ¢, (9.29)
where
1 o (TYa0 AT
By = [ B (k) —————eFie®)z+kD g (9.30)
/ V(2m)3 4/ 2e (k)

(9.29) gives a decomposition of the space CYkg into two subspaces
CYVkc = W o Wi, (9.31)

We have already introduced the positive energy space W) together with its
completion Z(H). We will also need the negative frequency space WI({G) Let
c denote the complex conjugation on WI({G) We actually have two distinct
interpretations of ¢: as the usual complex conjugation inside W, so that ¢ :
WI({G) — WI(:E;) and In particular, ¢| — k) = |k), or as the identity on W(~), such
that ci = —ic. We have the scalar product

(et lecy™) = iy, (9.32)
We set Z}(&;) to be the completion of cWI(;G) in this scalar product. ZI(&;) can be
identified with L?(R?) and (9.32) rewritten as

6l = [ we mak
RY3 % OT(1,3) acts on ZI(jG) and ZI(&}) in a natural way.

9.7 Plane wave functionals

Plane wave functionals are defined as linear or antilinear functionals on the
complex space Wkg, for any ¢ € Wka given by

(a(k)[C) = ¢ (k), (a*(K)[¢) = ¢CH (k) (9.33)
(b(k)[¢) = ¢ (k) (b (k)I¢) = ¢ (k). (9.34)
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2 (F) (2m)?
e = [ (| Pon- 2L(E)n*<o,f>)el’5f S
e = [ ( B0+ 2;(E)n*<O,x>)e - f‘%)
i) = [ (P 2L(E)n<o,f>)eiﬁf o

The only non-vanishing Poisson bracket are
{a(k),a" ()} = {b(k),b"(K)} = —i6(k — F').

We have the following expressions for the fields:

ikxa(k) + e—ikxb*(k,)) ,

dk
/ V(@m)3y /22 (k) (

() = 7(1]; : 6(]2) (eikxa(k) - e_ikxb*(kz))
! N |

We have accomplished the diagonalization of the basic observables:
H = / dke (k) (a* (k)a(k) + b* (k)b(k)),
P = /dEE(a*(k)a(k) + b*(k)b(K)),

Q = /dE(a*(k)a(k)—b*(k)b(k)).

As usual, for f € ICEE;), g € IC;CB, we have smeared versions of the above
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functionals:
/ FRICD R)dF, af) = / F®a(k)dF:  (9.35)
/ FETOWAE,  a(f) = / f(k)a* (k)dk;  (9.36)
Bo)le) = [ TRCIRE, o) = [ GTbRIAR:  (9.37

B (9)I¢) = [ gk} (k)dk, b*(9) = [ g(k)b*(k)dk:  (9.38)

g
{a(f),a™(f")} = —i(f1£); {b(9),b"(9")} = —i(glg").  (9:39)

Thus, for £ on the mass shell, using physicist’s notation on the left and
mathematician’s on the right, we can write

a’(k) = a*(|k)), (9.40)
b (k) = b*(c]—k)). (9.41)

9.8 Quantization

In principle, we could quantize the complex Klein-Gordon equation as a pair of
real Klein-Gordon fields. However, we will use the formalism of quantization of
charged bosonic systems, see Subsect. 7.11.

We want to construct (7—[711? , ) satisfying the usual requirements of QM
(1)-(3) and an operator valued distribution

RY3 5z () (9.42)

satisfying, with 7j(z) := 77[;(50),
(1) (=0 +m?)i(z) = 0;

(2) the only non-vanishing 0-time commutators are
[(0,2),7(0,9)] = 16(Z = ), ["(0,2),7(0,§)] =i0(Z —7);  (943)

(3) € F4(a®, F)e ™ = 4(a® +1,7);
(4) Qs cyclic for ¢(z), ¥*(x).
The above problem has an essentially unique solution, which we describe
below.

We set
H =Ty (Z) @ ZL).

Creation/annihilation operators for the particle space ZI(jG) ~ L?(R3) are de-
noted with the letter a and for the antiparticle space ZI(<_G) ~ L?(R3) with the
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letter b. Thus we put hats and do all the obvious modifications to the classical
formulas. € is the Fock vacuum. The quantum field is

[

i(z) = \d/kg[( iha efikzi)*(k)).

The quantum Hamiltonian, momentum and charge are

( lpa:A )+ efikxl;*(k)> ,

i o= / (& (R)ak) + b* (W)b(R)) 2(R)F. (9.44)
P o= / (& (R)ak) + b (R)b(k)) Fa,
O = / (a*(k)a(k)—b*(k)?)(k)) dk

P - /(—A*(t,f)gA(t,f)—8w*(t,a?)ﬁ(t,x)) dz,
Q = i / (=7 (6 @t @) + 0 (1, 2)i(t, 7) ) @

Thus all these operators are expressed in terms of the Wick quantization of their
classical expressions.
Note that the whole group R*? x OT(1, 3) acts unitarily on H by U(y, A) :=

r(y« A‘ )®F(F N ),with
(y,7) z() (y,A) 2

Uy, Ao (z)U(y, A)* =¥ ((y,A)z).

Moreover, . . . .
[(x), 9" ()] = =G (x —y), [P(x),4(y)] = 0.
Note the identities for the 2-point functions:

[$(), 4 (y)] = —1G™ (2 — y)1, (9.45a)
Q)" (1)Q) = G (@ —y) (9.45b)
Q" (2)d(y)) = 6T (@~ y), (9.45¢)

(QUT(W(2)9"(9)Q) = —iG (z —y), (9.45d)
(QUT((2)" (y))) = 16" (x —y) (9.45¢)



9.9 Smeared fields
For f € C2°(RY3,C) we set

dlf] = / T@@de,  §*[f] = / f(@)d* (@)de. (9.46)

We obtain an operator valued distribution satisfying the Wightman axioms with
D =Tz o 2()).
For an open set O C RY3 the field algebra is defined as

§(0) = {exp (0711 +3007)) = fecz©O,0)}) .

The observable algebra 2((O) is the subalgebra of F(O) fixed by the automor-
phism X A

B 99 Be—i0Q
The algebras F(O) and A(O) satisfy the Haag-Kastler azioms.

10 Some historical remarks on QFT

This section should be treated as a collection of gossips and loose statements.
I will discuss only quantum field theory in its traditional sense such as QED or
Standard Model. Various more modern constructions that grew out of Quan-
tum Field Theory, such as String Theory, 2-dimensional Conformal Theories,
topological field theories, Chern-Simons Theory, supersymmetric theories, etc,
are outside of the scope of these remarks.

In this section I will consider both bosons and fermions. Bosons will be
denoted ¢ and fermions 1.

10.1 Physicist’s strategy in QFT

Here is an outline of the usual physicist’s strategy. It was essentially developed
by Feynman, Schwinger, Tomonaga and Dyson in the late 40’s.

1. Start with free fields. They are given by quantizing the following La-

grangians:
1 m? ,
L(z)=— iam(x)aw(x) — 7(1) () for bosons, (10.1)
L(z) =ip(x)y,0"(x) + mip(z)p(x), for fermions. (10.2)

2. Add a perturbation local in fields. Typical perturbations include A¢(z)?,
Yukawa A¢(z)d(x)(z). Often these perturbations are obtained by the
minimal coupling prescription and lead to a gauge theory. Usually one
assumes that the perturbation is Lorentz invariant, even in fermions, and

the resulting Hamiltonian is positive.
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3. Compute formally the perturbation expansion of the scattering operator
between in states ®_ and out states & :

Jim (B |etHoe2tHreltHod ) — (@, |S(N)D_) (10.3)
—00
=D NP4 [S,Po), (10.4)
n=0

expressing it in Feynman diagrams.

4. The terms S,, given by the above prescriptions are ill defined in many
ways. Give them a meaning by renormalization, which leads to a well-
defined formal series expressing scattering amplitudes.

5. From scattering amplitudes compute scattering cross-sections of physical
processes.

10.2 Renormalizability

Consider the Lagrangian of the form (10.1) or (10.2) in d spacetime dimensions.
We want the action to be scalar and the kinetic term to have no dimensionful
coefficient. This implies that in the units of length the boson field has the
dimension [¢] = 1 — ¢ and the fermion field the dimension [¢)] =  — 4. Clearly
degd = —1.

The full Lagrangian is typically the sum of monomials in fields. The action
integral should be dimensionless. The integral includes the Lebesgue measure
d%z, which has dimension d. Therefore, if the dimension of a monomial is c,
then one has to put a coupling constant in front of dimension —d — c.

We will say that a monomial is

1. super-renormalizable if the corresponding coupling constant has a negative
dimension.

2. marginally or just renormalizable if it has a dimensionless coupling con-
stant.

3. non-renormalizable if it has a coupling constant of a positive dimension.

Super-renormalizable and marginally renormalizable terms are joiuntly called
renormalizable. One can show that in renormalizable theories one needs only
a finite number of parameters to fix renormalization conditions. In super-
renormalizable theories it is enough to renormalize Feynman diagrams up to
a certain finite order—in marginally renormalizable theories one has to do it in
any order (but still the number of parameters is finite).

In the old days, physicists used to believe that physical theories should be
renormalizable. Nowadays physicists view non-renormalizable Lagrangians as
useful tools for the description of the matter as well. The dominant view says
that all known quantum field theories that we use are only effective, and their
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validity is limited to low energies. Therefore, one should not treat them as
ultimate theories.

Nevertheless, renormalizable theories are distinguished. In fact, they have
clearly a better predictive power than non-renormalizable theories. There are
also well-known arguments attributed to Kenneth Wilson, involving the change
of scale, often called the renormalization group, which explain a different role
of renormalizable and non-renormalizable terms in the Lagrangian.

Let us review the renormalizability of various monomials in the Lagrangian
in various dimensions.

e d=2. degp =0, degy= —%.
super-renormalizable P(¢), P(¢)d¢ P(¢)h;
marginally renormalizable P() ()%, P(d)dy, P(¢)(0¢)>.

e d=3. deg¢=—%, degy) = —1.

super-renormalizable ¢3¢, ¢°, $20p, P,
marginally renormalizable 35, %00, P ).

e d=4. degop= -1, degd}:_%_

super-renormalizable 3
marginally renormalizable o*, p20p,  PpUnp.

e d=6. degp=-2, degy=-3.

marginally renormalizable 3.

b, ¢*, 0¢, $pO¢ and 1) are always super-renormalizable (this includes the
mass terms).

(0¢)? and ¢ are always marginally renormalizable (this includes the ki-
netic terms).

10.3 Counterterms

Let us consider for instance the A¢} theory. Naive computations based on the
Lagrangian

£(r) = = 50u6(0)0"9(x) — "5 6*(x) ~ Ap(a)* (10,5

lead to ill-defined quantities. In order to obtain sensible predictions one has to
consider the Lagrangian involving counterterms, which is traditionally written
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as

2

L) =~ 7(30,6)00(a) + 267 (@)) - Zgo(a)* (10.6)

7= Z,\", Zo=1; (10.7)
n=0

m = Z M A", mo = m; (10.8)
n=0

g= Zgn)\", g1 = 1. (10.9)
n=1

Then one recursively computes the time-ordered N-point correlation function

Glan,...,x1) = (Q|(T(q§(xN) : --¢(x1))9).

Usually one introduces some regularization depending on a parameter A
(a cut-off, Pauli-Villars, dimensional, etc.). Regularized quantities are finite,
and then one takes the limit A — oco. It is also possible to avoid the use of
a regularization (this is the case of the BPHZ method, and also the Epstein-
Glaser method). All these schemes give the same answers, which depend on 3
parameters.

There are various ways to fix these parameters. Typically, one imposes the
“mass shell condition” on G(p), the Fourier transform of the 2-point function:

Gp)~ P> +m*)™t, p*~-—m’ (10.10)

One needs also a condition on the 4-point function.

From the time-ordered N-point functions the LSZ formulas lead to scattering
amplitudes (matrix elements of the scattering operator).

The situation is different in the massless case. The mass-shell condition
cannot be usually applied. Besides, scattering amplitudes are ill defined because
of the infra-red problem. Instead, one can compute inclusive cross-sections.

Let us replace ¢* with ¢" for n > 4. This perturbation is non-renormalizable.
There exist solutions of the recursive procedure indicated above, however in
order to fix them one needs an infinite number of parameters.

10.4 Asymptotic freedom

Some classes of Feynman diagrams can be summed up. For instance, when com-
puting the 2-point function for interacting photon in QED using the geometric
series, one can sum up diagrams that consist of repeated 1-particle irreducible

terms. One obtains )

T 1-%(k)
The quantity ¥(k), usually called the self-energy, can be computed in the lowest
order. One obtains a function that grows for large k. Therefore, at least in

G(k) Go(k). (10.11)
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this approximation, there is a pole for large energies and it is clear that (10.11)
becomes worthless. Its discovery is attributed to Landau, and the corresponding
pole is called the Landau pole. The same phenomenon can be seen for most other
QFT’s, such as A\¢?.

There exists a version of the above argument based on the renormalization
group equation that also predicts the existence of a pole in these theories and
is even more convincing.

Landau, after discovering the pole named after him, announced the death of
Quantum Field Theory. In reality, if the coupling constant is very small, the pole
is very far in high energies and one can ignore it in perturbative calculations—
this is the case of QED. However, when the coupling constant is not so small,
problems related to the Landau pole may appear close to physical energies. This
is the case of the Standard Model, where there is a ¢* term in the Higgs field.

Quantization of the Yang-Mills theory is much more difficult than that of
fields with an Abelian gauge or no local gauge at all. Nevertheless, by the early
70’s it was well understood and it was proven by t’Hooft and Veltman that
the gauge invariance survives renormalization. In the Yang-Mills theory instead
of photons we have gluons. Gluons interact with themeselves, therefore in the
gluon self-energy beside fermion loops we have (bosonic) gluon loops. They
change the sign of the self-energy, and therefore (if there are not too many
fermions) there is no Landau pole in the ultraviolet and the gluon propagator
becomes suppressed for large energies. This property of the Yang-Mills theory
is called asymptotic freedom. It was discovered in the early 70’s. It implies that
the Yang-Mills theory can be applied in large energies. This lead in the 70’s to
an enthusiastic revival of QFT.

Apparently, t’"Hooft did first the computation proving the asymptotic free-
dom of the Yang-Mills theory, but did not recognize its physical importance.
The asymptotic freedom of Yang-Mills was shown (simultaneously?) by Gross-
Wilczek and Politzer. For many years they were on the list of candidates for
the Nobel Prize, until eventually they got it.

10.5 Axiomatic Quantum Field Theory

Axiomatic Quantum Field Theory tries to derive theorems starting from axioms,
such as the Wightman and Haag-Kastler axioms. Here are some of its early
successes:

o The existence of the CPT transformation (in the framework of Wightman
axioms).

e The link between spin and statistics (in the framework of Wightman ax-
ioms).

e The Haag-Ruelle scattering theory—construction of the scattering matrix
starting from Haag-Kastler axioms with a discrete mass shell.

e The Doplicher-Haag-Roberts theory—description of superselection sectors
and their relationship to global gauge groups.
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Another current of mathematical research has been devoted to perturbative
Quantum Field Theory. There is good understanding of renormalization of
quantum fields, and also on a curved background.

10.6 Constructive Field Theory

Essentially all computations in Quantum Field Theory are perturbative around
one of free theories. Free theories are not very interesting, because they have
a trivial scattering operator. It is natural to ask whether there exist models of
Quantum Field Theory other than free theories. This question was posed by
Wightman, who formulated the set of axioms called nowadays after him. He
proposed to try to construct interacting models satisfying these axioms.

It is natural to expect that mathematically constructible theories should be
renormalizable. Wightman proposed to start constructions from the simplest,
theories, in 141 dimensions, going up the ladder of difficulty, so that eventually
one will be able to construct physically relevant models, expected to be difficult.

This program was initiated in the late 60’s. Probably the most famous team
in this program was that of James Glimm and Arthur Jaffe. They started
with constructing the least complicated of the models from the list in Subsect.
10.2, that is P(¢)2. To define this model in a finite volume one only needs
to Wick order the interaction and to subtract a divergent constant from the
Hamiltonian. It took several papers and ingenious ideas before this model was
fully constructed and all axioms were verified. An especially successful method
turned out to be the Euclidean approach, which starts from a classical model on
a Euclidean space with a local interaction and then applies the Wick rotation.

A similar successful construction has been accomplished for the Yukawa
model in 2 dimensions, @11y, and for A¢i. These models are much more difficult
and they require more complicated renormalization. Still, they are quite far
from physical interest. In particular, they are super-renormalizable and live in
dimension < 4.

A major problem with more physical models such as QED, and A\¢} was the
Landau pole, which essentially means that they are not likely to be constructed,
at least using the perturbative strategy. This problem seems to be absent in
the YMy. A Polish mathematician Tadeusz Balaban wrote a series of extremely
difficult papers where he studied YMy in a finite volume. He considered Eu-
clidean YMy on a lattice and apparently proved that the partition function is
bounded away from zero uniformly in the lattice spacing. YM, on continuous
Euclidean spacetime, also in a finite volume, was studied by Rivasseau, Magnen
and Seneor by different methods. Both Balaban and Rivasseau et al. claim
that the ultraviolet problem of in a finite volume can be controlled. Neither has
written a proof of this.

To my knowledge there exists one marginally renormalizable model that has
been constructed: the Gross-Neveu model in dimension 2 with the Lagrangian

2 —

P (i7" 0 — m)y® + 57\[(%10“)2. (10.12)
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(N is the number of fermion species. For N = 1 the model reduces to the com-
pletely integrable Thirring model). It was constructed by Gawedzki-Kupiainen,
and by Rivasseau et al.

In the early 90’s the interest in constructive field theory waned and essen-
tially this topic was abandoned by researchers. One reason for the collapse of
the topic was that it became prohibitively complicated. Another reason was
the philosophy proclaimed by Wilson saying that quantum field theories that
we know are probably only low-energy effective approximations and one should
not be surprised if they cannot be expressed in a mathematically satisfactory
way.

Nowadays it is even very difficult to determine what has been proven and
what are the proofs—the old literature is mostly unreadable. I know only one
recent result in some kind of constructive field theory. Unfotunately, it is nega-
tive: Aizenman and Duminil-Copin proved that the A¢} theory is trivial. More
precisely, if one tries to approximate it on a lattice, then in the limit one obtains
a trivial theory.

At the turn of millenium the Clay Institute funded prizes of 1 milion dollars
each for proving 7 important mathematical conjectures. One of them was proven
(The Poincare Conjecturé by Grigorii Perelman, who declined the prize). Other
are still open, including two conjectures in mathematical physics.

One of them is the existence of solutions to the Navier—Stokes equation. The
problem is clearly formulated (by Charles Fefferman).

The other is the construction of the Yang-Mills Theory and the proof of
the existence of a positive mass gap, (formulated by Arthur Jaffe and Edward
Witten).

To my understanding, the formulation of the problem is vague. The descrip-
tion of the problem mentions Wightman axioms, however they seem not suitable
for gauge theories. What is worse, even if we construct something that the Prize
Committee will accept as the quantized Yang-Mills Theory, we have to prove
the positivity of the mass gap (which involves controlling not only ultraviolet
divergencies, but also the large volume limit). In other words, we need to show
that the lightest glueball is massive—which is supposed to be the expression of
the confinement.

11 Time-dependent Hamiltonians

11.1 Schrodinger and Heisenberg picture

Suppose that H is a (time-independent) Hamiltonian. It generates the dynamics

e *H on the Hilbert space H. If we prepare a state p at time 0 and measure an

observable A at time ¢ > 0, then the expectation value of the measurement is
Trpe'tH Ae=1H (11.1)

In quantum physics two equivalent ways of expressing (11.1) are used:
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(1) The Schrédinger picture: We let the state evolve p(t) := e~ pel’f and
keep the observable constant. Then (11.1) equals Trp(¢)A.

(2) The Heisenberg picture: We let the observable evolve A(t) := eltH Ae~itH
and keep the state constant. Then (11.1) equals TrpA(t).

(By the Schrddinger picture one also means the unitary evolution ¥(t) :=
e H¥ on H.)

11.2 Time-ordered exponential

We will often use the formalism of time-dependent Hamiltonians. In this sub-
section we describe the main concepts of this formalism.

Let t — By(t),...,B1(t) be time dependent operators. Let t,,...,t; be
pairwise distinct. We define the time-ordered product of By(ty),..., B1(t1) by

T (Bn(tn) -+ Bi(t1)) == Bo, (to,) ** Boy (to)),

where (071, ...,0y,) is the permutation such that t, >--->t,,.
Consider a family of self-adjoint operators

tes H(1). (11.2)

For ty > t_, we define the time-ordered exponential

Texp (—i N H(t)dt) (11.3)

= ;(—i)n // H(ty) - H(t1)dt,, - - - dty

ty2tn > 2t >t
0 ty ty 1
= Z(—i)"/ / =T (H(tn) - H(t1))dty - - - dty.
n=0 = e

For brevity, we will write U (¢4, t_) for (11.3) and call it the dynamics generated
by t — H(t). Note that U(t4,t_) are unitary. (The above constructions can
be easily made rigorous if H(t) are bounded. If they are unbounded, the above
definition should be viewed only as a heuristic indication how to define the
family of unitary operators U(ts,t_). In most of this subsection we are not
very precise about the boundedness of operators, types of limits, etc.)

We also set U(t_,t;) := U(ty,t_)~1. Thus U(ts,t_) is the solution of the
following two equivalent equations:

Ut ) = SHEU (1), Ut =1 (11.4)

iU(t+,t_) = U(ty,t_)iH(t_), U(t,t)=1. (11.5)

equivalently, T

Clearly, if H(t) = H does not depend on time, then U(t,,t_) = e~ {(t+—t-)H
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We also have

Ulty,t_) = 7}Ln;0ﬁexp ( _ — ’f*)H(jt+ (= j)t*)), (11.6)

n

where in the product the indices increase from the right to the left:

HAj = A, - Ay (11.7)
j=1

11.3 Schrodinger and Heisenberg picture for time-dependent
Hamiltonians

The formalism of the Schrodinger and Heisenberg picture described for time-
independent Hamiltonians in Subsection 11.1 is somewhat more complicated if
the Hamiltonian is time-dependent. Then the Hamiltonian in the Schrodinger
picture and the Hamiltonian in the Heisenberg picture can be different.

Let us assume that the evolution U(t4,t_) defined as in (11.3) corresponds
to the Schrodinger picture, that is the evolution of vector states is

q]tJr = U(t+,t7)\11t7. (118)

Thus the family of self-adjoint operators (11.2) can be called the Hamiltonian
in the Schrodinger picture. Hence the evolution of a density matrix p in the
Schrodinger picture from time 0 to time ¢ is

p(t) =U(t,0)pU(0,¢), (11.9)

and satisfies the equation
S olt) = i H(), (1), (11.10)
p(0) = p. (11.11)

Let us introduce the evolution of an observable A in the Heisenberg picture:
A(t) :=U(0,t)AU(¢,0), (11.12)

where we treat ¢ = 0 as the reference time. We then have two ways to express
the time evolution of the expectation value:

Trp(t)A = TrpA(t). (11.13)

Equivalently, A(t) is the solution of

%A(t) = 1[H™(), A1), (11.14)

A0) = A,
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where the Hamiltonian in the Heisenberg picture is defined as
t s HTP (1) := U(0,t)H(t)U(t,0). (11.15)

Thus a quantum dynamics is described by two time-dependent Hamiltonians:
t— H(t) and t — HUP(t). If they do not depend on time, they coincide.

The dynamics can be obtained as a solution of equations similar to (11.4)
and (11.5), involving the Hamiltonian in the Heisenberg picture. However, one
of the times has to be the reference time (in our case 0), and the Hamiltonian
appears “on the wrong side”:

%U(t, 0) = —U(t,0)iH"P(¢); (11.16)
%U(O,t) =iH"(1)U(0,1). (11.17)
Thus we can compare:
U(t,0) = Texp (—i/o H(s)ds) , (11.18)
U(t,0)~! = U(0,t) = Texp (i /t HHp(s)ds) : (11.19)
0

11.4 Classical dynamics

To define an evolution on a classical phase space R? we need to fix a vector field

RxRY> (t,2) — X(t,z) € R? (11.20)
The equation
d
am(t) = X(t,z(t)). (11.21)

for any initial condition z(0) = x¢ € R?, we obtain a solution R > t + z(, z0).
This defines a flow R(t,0)on R? such that R(t,0)zq = x(t,z0) and (11.22) can
be rewritten as

%R(t, 0)zo = X (t, R(t,0)x0). (11.22)

In classical mechanics the phase space is described by coordinates (¢, 7) €
R™ x R™ with the Poisson bracket

{sﬁi,sﬁj}:{%ﬁj} = 0,
{¢',m} = 05

The time evolution is described by a Hamiltonian

R x R*™ 3 (t,¢,7) = H(t, ¢, 7) € R, (11.23)
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and the Hamilton equations

wt) = {n(t),H)} (11.24)

Note that the classical evolution equations (11.22) and (11.24) are analogs
of the quantum equations in the Heisenberg picture (11.14). In particular, the
classical Hamiltonian (11.23) is the analog of the quantum Hamiltonian in the
Heisenberg picture (11.15).

There exists also a dual picture, which is the analog of the Schroédinger
picture of Quantum Mechanics. Consider the evolution given by the backward
flow. The analog of the equation (11.22) is

%R(o,t)xo = —X5P(t, R(0,t)x), (11.25)
where
X5P(t,y) = R'(0,1) X (t, R(t,0)y). (11.26)

Thus the vector field is minus the backward transport of the original field.
R'(0,t) is the derivative of the flow.
In the Hamiltonian case we have the dynamics

(¢°P(t), 7P (1)) = R(0,t) (¢, 7). (11.27)

The map R(0, t) is symplectic, therefore the Hamiltonian equation is transported
to a Hamiltonian equation, however for a different Hamiltonian:

H(t,¢,7) = H(t,R(t,0)(¢,7)). (11.28)
More precisely, there is also the change of the sign:
o) = —{g°P(1), H (1)}
#P(t) = —{x°P(t), HP(t)}. (11.29)

Thus the classical and the quantum cases are analogous. However, whereas
in the quantum case the Schrédinger picture seems preferred, in the classical
case the analog of the Heisenberg picture seems to be more common. Therefore,
in the quantum case we put the superscript Hp but not Sp, and the other way
around in the classical case.

11.5 Time-dependent perturbations

Our time-dependent Hamiltonians will usually have the form
H(t) :== Hy + AV (1),

where Hy, is a self-adjoint operator and R 3 ¢ — V(¢) is a family of self-adjoint
operators.
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We can introduce the so-called interaction picture or the Furry picture. The
evolution in the interaction picture is

Ui (t4,t_) = et Hey (¢, ¢ )e tt-He
Note that  Upy(t,t) = 1 and

diUInt (tJrv t*) = _iHInt (tJr)UInt (t+7 t*);
ty

(11.30)
@Ulnt('lik,tf) = Ulnt(t+,t,)iHInt(t,>, (1131)
where the Hamiltonian for the interaction picture is
Hiy (t) = ety (p)e 1t (11.32)
Therefore, we can write
ty
UInt (t+, tf) Texp —i HInt (t)dt .
o
Thus if
Pint (t) = Umnt (£, 0) pUrns (0, )
=™ (t,0)pU (0, t)e  He (11.33)
Ag(t) = e Ao 1tHi (11.34)
then the expectation value (11.13) coincides with
TrAg(t)pint (2). (11.35)

We define the scattering operator by

S = lim UInt(tJ,_,t_)

ty,—t_—

Texp (—i /_ O:O Hlnt(t)dt> . (11.36)

We also introduce the Mgller operators

- . _\eitHe _ 1; _
S tllglo U(0,—t)e tlg(r)lo Urnt (0, —1)
0
= Texp (—i/ Hlnt(t)dt> , (11.37)
S+

: —itHg 1
tliglo U(0,t)e = tllglo Ut (0, 1)

—  Texp (—i/ooo Hlm(t)dt> - . (11.38)
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Clearly, S = St(=1§—.

Note that both Mgller operators and the scattering operator trivially exist
if V'(t) decays sufficiently fast as |[t| — co. In fact, this is a typical situation in
QFT, where we usually impose a temporal “adiabatic cutoff”.

In quantum mechanics one often applies this formalism to time independent
potentials, but this is a different story.

The interaction picture described above has also its “Heisenberg picture
version”:

Upab (£, t) i=U(0, £y Je '+ He gy (1, 0) (11.39)
:Texp< Hfjlg dt (11.40)
HpP (t) = Unat (0, t)HInt( YU (,0) = U0, )V (U (,0).  (11.41)

12 Euclidean fields and spectral shift function

12.1 Trace

Let A be a positive operator on a Hilbert space H. Let {e;, ¢« € I} be an
orthonormal basis in . One can show that

TrA =) (ei|Ae;) (12.1)
el

does not depend on the choice of a basis and defines a number € [0, o] called
the trace of A. We say that A is trace class if TrA < co.

If A is any operator, then it is trace class if it can be written as a linear
combination of positive trace class operators

i=1

Then one sets "
TrA =) cTrA;. (12.3)

i=1
One can show that (12.3) does not depend on the decomposition (12.2). Note

that for any unitary U
TrA =TeUAU™. (12.4)

If A is an operator on L?(R%), and A(x,y) is its distributional kernel, then
under some conditions one can show that

TrA = /A(:E,m)dx. (12.5)
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For instance, if A = f(Z)g(p), then

pyeite-nn 4 ) dd
A(z,y) /f ( (2£d7 TrA = /f “’. (12.6)

Suppose that A is an operator such that |—oo, 0] is disjoint from its spectrum.
Then we can define In(A). Suppose in addition that A — 1 is trace class. Then
it is easy to show that In(A) is trace class. We then can define the so-called
Fredholm determinant of A:

det A := T, (12.7)

12.2 Neutral Euclidean fields

Suppose that I(¢) is a function of (classical) fields describing the Hamiltonian
(or the “Euclidean Action for a field theory”). Then

/e*ﬁW)Dqs (12.8)

is called the partition function. The parameter S has the interpretation of
where T is the temperature. Anyway, we will assume § = 1.

In many situations, e.g. the thermodynamic limit, the partition function is
infinite and instead it is more natural to consider the ratio of partition functions
for two Hamiltonians, I and Iy. We can then introduce the parameter £ equal
to the logarithm of its relative partition function:

e, Je WD
T fe—lo(sb)D(p'

kT’

e (12.9)

Depending on circumstances, £ is called the free energy, pressure or effective
action.

Consider R* with the Euclidean signature and the Euclidean neutral field
with the mass squared perturbed by x € S(R*):

1(¢) = / %(Bucb(fc)a“fb(w) +m2¢*(z) + k(z)$*(z))d (12.10)
Io(9) =/%(am(x)a“a:(:c)+m2¢2(x))dx. (12.11)

We would like to compute the renormalized value of £. Formally we have

det(ﬁ2+m2)( )))é = det (Il—i—m( )(H* +m?)” )7%, (12.12)

-& _
(det( +m?2+ K

£ :%Tr(log(;ﬁ2 +m? + k(2)) — log(p* + m2))

:%Trlog(lwn(@)(ﬁ? +m?)7h). (12.13)
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Unfortunately, (12.13) are divergent. We will show how to renormalize £. This
means, we will show how to modify the Hamiltonian by adding local countert-
erms so that we obtain a finite expression.

Let us try to analyze &, in spite of the fact that it is ill defined. We have

=, (-1

£ = 3 T(s(@) @ + ) ZS

n=1

Let us compare this with the classical approximation of &:

|
=3 / (log(p? +m? + () — log(p? + m?))

)’
-y e ' [ (@ m) ”dxdp ZE“ (12.15)
n=1

Note that

(12.14)

= / dx/ S +m2) (12.16)

is divergent. But the classical and quantum quantities coincide. We will simply
drop them.
&y and &S are also divergent, but in general different:

& = (k@) + m?) 7 R @)E +m?) )

1
_ i/ﬁ(pl pz)(%)‘l(i%n(pg pl)mzlmg) (12.17)
(B2

— 1/(2(1:) (2613) ((q+ yoE +m2()k()(|q—;k)2+m2) (12.18)
/‘ (k) k2 ) (12.19)
/ / (pdp+ m2)? (12.20)
//' QI dk )4(p(ip+m2)27 (12.21)
:/‘“(k”QW(O)W’ (12.22)

where in (12.18) and (12.19) we used k(—k) = x(k) and we set p; = ¢ — %k,
p2 = q + 1k, and we introduced

(k) = & / d' ! (12.23)
1) @0 g+ IR +m)((q — Tk + m2)
We will see that the following renormalized expressions are finite:
dk
(2m)*’
7' (k%) :=n(k?) — m(0). (12.25)

gren =g, — £ = / () [277en (K2) (12.24)
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All the terms &,, and Efll with n > 3 are convergent.

To rigorously define the above expressions we need first to perform some
kind of regularization. For instance, we can use the the Pauli-Villars method
with mg =m, Cp =1, m; = M, and C; = —1. (See Subsection 12.4 for more
about this method). Let us set m(m,k?) to be the formal expression (12.23).
Set

1
T8 (k) o= w(m, k%) — w(M, k%) =Y Cym(mi, k?). (12.26)
i=0

(12.26) is given by a convergent integrals. The rigorous definition of 7% (k?) is

() = lim (TE (k) — 77 (0)). (12.27)

We will compute 77" (k?).
In order not to clutter the formulas, in the following computations we use the

ill defined 7(k?). The following formulas become well defined when we replace
1
m with m; and insert > Cj, so that instead of m(k?) we obtain 778 (k?):
i=0

2\ __ d4 1
(k) = /(27T)4 (g + 3K)% +m?)((q — 5k)* +m?)

- /d4 / dal/ dagexp( (a1+a2)(q + k2+m>—(a1—a2)qk>

- _ 2_ 92 4o
= da1 d 2 E exp < (a1 + ag)m o a2k )
o (1—0?)k?
= 22/ dv/ exp( p(m—|— 1
k2(1 — v?)
= 22/ dvlog(m +f)
1 ! (1—v?)k?
= —— 1 1+ —F— 1 2).
(4W)22/1dv<og< + T2 )+ogm)
We used the identities (12.28) and (12.29):
1 (o)
1= / daexp(—aA), (12.28)
0
dp 1 9
@i s exp (— (ap® +bp)) = ()2 exp (b°/4a) . (12.29)
Then we changed the variables to
1-— 1
alzp( v)a a2:p( +v)v (1230)

2 2

1
sothat a1 +as=p, —a1+ay=pv, dojdas = gpdvdp.
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At the end we use the identity (12.31):
> dp _ 4,
ZCi?e PAL= =" Cilog(Ay). (12.31)
0 i

valid if >~ C; = 0.
Now the renormalized 7 is given by

ren /1.2 — : reg(1.2\ _ . reg
(k) thloo (78 (k%) — 7*8(0))
1 2 2 2 2
B . E2(1 —v9) E*(1 —v9)
R TIPS /,1 (log (1 T ) ~log (1 tar ))d”
1 ! E2(1 — v?)

- T /_1 log (1 + 47”12)011;. (12.32)

Note that
7 (0) = 0, (12.33)

which is our renormalization condition. Finally, we evaluate 7"" using

/log(l —w?)dw = wlog(l — w?) — 2w + log 8 J_r Z; 0<w<1. (12.34)

We obtain

1 1 1+6 2
ren 7.2\ __ - _ = _
™) = T (Gloer5-2 O =VEraw (129

Here are operator-theoretic formulas for the renormalized quantities:

£ = T ((sl@) (P + ) ™) — 5@ +m?) ),
et = %Tr(log (]1 + w(z)(p? + m2)_1) — r(z)(p? +m?)~!

+ %ﬁ(m)(ﬁ +m2)_2>- (12.36)

12.3 Charged Euclidean fields

Consider Euclidean charged field on R* in the presence of magnetic potential
[A,]. Formally we have

/exp ( —f ((Qt + ieAH(x))z/)(m))* (6“ + ieA”(x))w(x) + me*(x)w(x))dx)Dw*Dw
/exp ( — [ (0u¢* (z)orep(z) + m%/}*(x)lb(x))dx) Dy*Dap

:iftlf? = oXp < — Tr(log(K) — log(Ko))>, (12.37)
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where
Ko:=p*+m?,  K:i=—(0"+1ied"(z))(d, +ieA,(z)) +m>.  (12.38)

are operators on L2(R%).
Our goal is to compute the renormalized value of

& :=Tr(log(K) — log(Ky)). (12.39)
We have
& =Trlog (]l + (—ieAr9, —ied, A" + 2 A, AM) (p* + m2)*1) (12.40)
n+1

-y %ﬂ(( — AP, — ied, A + €2 A, AM) (5 + m2)’1)n-
n=1

We have E(A) = E(—A). Besides, £(A) is real (because of the self-adjointness
of K and Kjy). Therefore, terms of odd order in e vanish. This is the content of
Furry’s theorem for charged bosons. Hence (12.40) can be written as

&= i e2ng,,.
n=1

The expressions for &, are convergent for n > 3. & is logarithmically divergent,
but its physically relevant gauge invariant part is convergent. & is quadratically
divergent and its gauge-invariant part is logarithmically divergent. It needs an
infinite renormalization, which will be described below.

The lowest nonzero terms are of the second order in e, and hence of the first

order in o« = %.
—2¢%&, = ¢? /(p1 +p2) A (p _pQ)(27r)4((;119§2—&—m2)
X (p2 +p1)" Au(p2 —p1)(27r)489% (12.41)
) o dk d
—e / 240(=R) A (R) 55 (pf+ ] (12.42)
_. / (2‘17:“)4AH(—/<)AV(/<)2HW(/<). (12.43)

(12.43) defines the vacuum energy tensor I, (k).

We will compute II,,,, (k) using the Pauli-Villars regularization. The ultra-
violet problem is more severe now than it was for the mass-like perturbation,
where a single additional fictitious particle sufficed to make the expressions well
defined. Now we need two fictitious particles:

mé = m?, Co:=1,
m? :=m? 4 2A2, Ci:=1,
m2 :=m? + A% Cy := —2.
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Using
Y Ci=> Cmi=0 (12.44)

we can check that with this choice the sums used in the following computations
are integrable.

. 62 d4q 4%%
() = / (2m) <(<q +3k)? +mi —i0) (¢ — 3k) +m?)
_ Guv - Juv )
((g+ 3k +m?)  ((a—3k)* +m?)

_ 62/ d'q  49u9, = 29u(¢* + 3K + m?)
(@m)* (g + 3hk)2 +m2)((q = 3k)? +m?)

d4q e’} o] 1
2 - 2, 112 2
= e /(2@4/0 da1/0 das <4quq,, 29,“,((] +4k +m ))

1
X exp <—(a1 + ao) <q2 + ZkQ + m2> — (g — ag)qk>

d4 oS} e} 1
= 62/ (271-?4 /0 da1/0 das (4({%“82” — 291“, (83 + 1]@2 + m2)>

1
X exp <(a1 + a2) (q2 + ZkZ + m2> — (Oé1 — ag)qk + Zq>

z=0

62 oo 00 1 1
= 73/ d dag ———— (40.,0:, — 29, (02 + k> +m®
(471')2/0 a1/0 Qg (a1 + a2)? ( 10z, 9u ( L+ 1 +m )

X exXp <(a1 + as) (ik2 + mz) + m ((ozl —ag)k — z)2>

2=0

e [ > (a1 —ay)? 2
= 7(47]_)2 /O dO[l /0 dOéQ ( - (al ¥ Ck2)4 (gMyk - kMkV)

Q10 9 1 m?
_2 v k + +
o ((041 +ag)t (1 +az)? (a1 + a2)2) )
2 X122
- Ly
X exp ( (a1 + az)m P )
=1 (—guk® + kuky) 2118 (k%) + 21150 (k).
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Let us compute the gauge dependent part of the vacuum energy tensor:

d (1.2
I (k%)

62 > & 2 109 2
_(471_)2 /(; dO[l/Ov dO(Q exp <—(061 + (12)m — m]f )

y ( oy agk? N 1 N m?2 >
Juuw (a1 + 042)4 (Oél + 042)3 (a1 + a2)2

(1*1’)P 2 (1-v?) ,, 1 m
d d —k k —+ —
22/ U/ PGXP( pm? 1 1) + 2 + p
_ m2 (1=2v%)p ,
= — 22/ dv/ dp—fexp < — ?k‘ >9;w

- (4;22/ d”,o“p< pm = W’“)

It vanishes (remember to insert the sum including “fictitious particles”!). To
compute the gauge invariant part we proceed similarly as in Subsection 12.2,
and we obtain

p=o00

p:0

e (k%) = d do 21~ aQ)
(k) 47T / “ / 2 (a1 + )t
(11052
xexp ( (a1 +
o ( (o o)~ o )

o el ()
— 4(Zw)z/1dvvzlog<mQ+ 1_;} )

We define
mre*(k?) = lim (II¥'(k%) — 1I%(0)) (12.45)
A—oo
o2 1 ) (1 - v?)k?
= — 1 1+— .
1(dn)? /_1 dovv” log ( + 2 >
Using
3 2w 2
/w2 log(1 — w?)dw :%log(l —w?) — % - ?w
1. (1+w)
-1 1 12.4
+3og(1_w), 0<w<1, (12.46)
we obtain
Hren(kZ)
e? 1 1+6 2 2 k2
=T a1 o - log — = — = 5 9 = _
2-3(4m)% \ 63 1-6 3 62 k2 + 4m?
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Note that the Fourier transform of the electromagnetic field is

Fo (k) =k, Au(k) — k,Au(K). (12.47)
Hence 1
— 5 Fun (W) (k) = = k2| A(K)[* + [KA(K)[* (12.48)
Thus the renormalized 1st order contribution to the vacuum energy is
dk 9
ren — ren v k F/J,l/ 124
& = = [ gy U R (k). (12.49)

with the renormalization condition

11" (0) = 0. (12.50)

12.4 Spectral shift function

Suppose H and Hj be two self-adjoint operators. We say that the pair H,
Hy possesses the spectral shift function if for any f € C(R), the operator
f(H) — f(Hop) is trace class. Clearly, the map

CE(R) > [ f(H) — f(Ho) €R (12.51)

is a linear functional. Under some conditions on H, Hy there exists a function
&(s) = &m,m,(s) such that

T(£() - f(H) = [ €6)F (5)ds. (12.52)

&(s) is defined up to an additive constant. If H, Hy are bounded from be-
low, which will always be true in our applications, then one can assume that
ngoo &(s) =0. &m,m,(s) is called the spectral shift function.

Suppose for the moment that H, Hy are trace class. Then they can be
diagonalized. Let E,,, Fy , be the eigenvalues of H, resp. Hy, in the increasing
order, counting with multiplicities. Then

Te(f(H) — f(Ho) :Z f(Eon)) Z ds,  (12.53)

— EOn

which explains the name “spectral shift function”.
Let us describe the basic method of computing the spectral shift. Let us
write H = Hyg + A\V. We introduce

Dy, (2) = D(2) : = Tr(log(H — 2) — log(Ho — 2))
= Trlog ((H — 2)(Ho — 2)~") = Trlog(1 4+ AV (Hy — 2)™ ")
n+1

- Z G Te(V(Ho — 2))".
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Clearly, if the spectral shift function is well defined, then

= /f(s)(s — 2)"tds, (12.54)
which can be inverted:

£(s) = %(D(s +i0) — D(s — i0)). (12.55)

This method can fail if the rhs of (12.54) is not integrable. Suppose that
n € N, the spectral shift exists and satisfies

/|§(s)|(|s| + 1) tds < . (12.56)

Then there exists an improved method of computing the spectral shift, which
is essentially an adaptation of the Pauli-Villars method from QFT. Choose
Coy,---Cn and Ag, ..., A, such that
ot +ep =0,
COA0+"'+CnAn :Oa
coAG + -+ cpAl =0

Now we easily check that for s — co
Z ci(s+ A —2)"t=0(s"1""), (12.57)
=0

Hence

D™8(z) : Tr(log i (H +A; —2)% —log 'ﬁo(HO +A; - Z)Q)

n

/§ ch (s +A; —2)"tds. (12.58)
is well defined. Now
= 1
> ab(s+ M) = 5 (D™ (s +10) — D™ (s —0)). (12.59)
i=0

In practice, we set ¢co = 1, Ag = 0, A; = o; A with ¢; and «; > 0 fixed for
t=1,...,n. Then

&(s) = lim = (D™*8(s +i0) — D*8(s — i0)). (12.60)

A—oo 271
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13 Scalar field with a masslike perturbation

13.1 Lagrangian and Hamiltonian formalism

Consider the Lagrangian density

£(2) =~ 30u6(0)0"0(x) — 3 (m* + (x))o(a)’. (13,1

where R > x +— k(z) is a given function. In most of this subsection we will
assume that s is Schwartz and m > 0. (13.1) leads to the equations

—k(x)o(x), (13.2)
The variable conjugate to ¢(z) is 7(z) := ¢(x), so that

{¢(t7f),¢(tvg)} = {ﬂ-(taf)vﬂ-(t :'j)} = 0,
{o(t,2),7(t,y

(~0+ m?)g(x) =

9} = (T -9). (13.3)

The theory of the Klein-Gordon equation with a variable mass is very similar
to the one with a constant mass. We can define the corresponding retarded and
advanced propagators as the unique distributional solutions of

(= O+ m? + (@) GV @, y) = 3z — ), (13.4)

satisfying
suppGY/N c {z,y : z e JV/ Ny}

The Pauli-Jordan function:
GPJ(Ia y) = GV(Z.7 y) - G/\(I7 y)

satisfies
suppGT? C {z,y = x € J(y)}.

and can be used to solve the initial value problem of (13.2):

¢@@=—/&f%ﬁ@@ $(0,7)d7

s=0
+/GPJ(t,:E,O,gj)7r(0,gj)dgj. (13.5)
Using (13.5) we obtain

{6(x),0(y)} = ~G"(z — y).

The free (constant mass) field will be denoted by ¢s, 7. We can use the
same phase space Vkg for the free and perturbed scalar particle, identifying
them for the initial condition at ¢ = O:

d)fr(O?f) = ¢(O,f), 7Tfr(0, f) = W(Oaf) (136)
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Thus we can introduce the plane wave functionals a(k), a*(k) as in the free case,
since they depend only on the Cauchy data at time 0.

We easily obtain the Hamiltonian density from the Lagrangian:
L,

—7°(z) +

. + 5?4 () (@),

H(z) = 5

so that the full Hamiltonian generating the dynamics, first in the “Heisenberg
picture” and then in the “Schrodinger picture”, are

= [ (370 + 5 @o.2)° + S (m* + n(t.2)*(0. D)7, (137
HSP (1) = / (5@ + 5 (@6(0) + 5 + w1, 2)6%(@) ), (13.8)

13.2 Dynamics in the interaction picture

The classical interaction picture Hamiltonian can be expressed in terms of plane
wave functionals:

1 _ N
Hp(t) = i/ﬁ(t,x)qﬁf?r(t,x)dx (13.9)
- 1/ dkldkgﬂ(t kl +k2

(2m)34/2e( kl )1/ 2e( k2

+2elte(k1)71ts(k2)a (kl)a(fkg) + eits(El)+ite(E2)a*(k1)a* (k2))

( 71t€(}31)7it5(E2)a(7k1)a(71€2)

We can also introduce the creation operators in the interaction picture:
aj (k) := Um(0,t)a™ (k) Ut (¢, 0). (13.10)

They satisfy the equations generated by the Heisenberg picture interaction
Hamiltonian HInt

HiP(t) = Unne(0,t) Hing (t)Unet (£, 0) (13.11)
1 [ dkidkas(t, ky + K R
_ 7/ 1 2’1( y k1 + 2) eflts(kl)flts(kg)at(_kl)at(_k_g)

(27)31/ 2 (k1 )1/ 2¢ (k2)

+2€its(E1)—its(E2)ar (k?l)at(—k'Q) + eits(El)+it5(E2)a: (lﬁ)af (kg)) ]
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‘We obtain

a;(k) = {a;(k), Hpp ()}
B i/ dklﬁ(t,—kwa)

(2m)31/2e (k) 1/ 2 (k1)

% <efit5(ﬁ)fite(lz1)at(7kl) T efits(lz)+ite(l_c‘1)az<(kl)>’
aj(k) = a"(k).

We obtain a symplectic evolution of the firm of the form
Pty Qi (13.12)
Qe Pyt

more precisely,

l a?l(’f) ] /dE l Pyt (kok1)  qe o (K k1) ] l af (k1) ]
= 1 .
aty (k) iyt (k, k1) Pt (k, k1) at_ (k1)
(13.12) has a limit as t;, —t_ — oo, which can be called the classical scattering
operator.
One can try to solve the equations of motion by iterations. The first iteration

is often (at least in the quantum context) called the Born approximation, and
it gives the following formula for the elements of (13.12):

co7 b —k+Fk o
prot (kky) = 6(l~c—k1)+i/ ds— " f ) o iee(Rytise(R),
(2m)31/ 2¢ (k)1 2¢ (k1)
t i L - -
P (kyky) = i/ P e B kA RY)  seB—ise(h)

—(2m)3y/2e(k)y /22 (k1)
13.3 Quantization
We are looking for quantum fields R*3 gﬁ(:c) satisfying
(~0+m*)d(x) = —r(z)d(x), (13.13)
with the conjugate field 7 (z) := (Z)(SC) having the equal time commutators

[b(t, ), (£, )] = [7(t, %), 7#(t.5)] = 0,
[6(t, @), 7(t, )] = i6(F— 7). (13.14)

N
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and coinciding with the free field at time 0. The solution is given by putting
“hats” onto (13.5):

+ [ 6P20.997(0.747 (13.15)

Clearly, R A
[0(2), d(y)} = —G" (z — y).

We would like to check whether the classical scattering operator and the clas-
sical dynamics are implementable in the Fock space for nonzero k. By Thm 77,
we need to check the Shale condition, that is, whether the off-diagonal elements
of (13.12) are square integrable. For simplicity, we will restrict ourselves to the
Born approximation; the higher order terms do not change the conclusion.

The verification of the Shale condition is easier for the scattering operator.
Consider

Born (k ]{)1) _ 1/00 (8 —k + kl ise—:(lz)fiSE(/a). (1316)

qOO — 00 b
oo (2m)34/2¢e(k \/Zekl

Recall that x is a Schwartz function. Therefore, we can integrate by parts as
many times as we want:

_ —195(k) 195(k1)
Born k’ kl _ n+1/ ds S k+k1 (1317)

q(x) (X}
(27) \/25 )22 () (k) + (k)™

This decays in k and El as any inverse power, and hence is square integrable on
R3 x R3. Therefore the classical scattering operator is implementable.

Next let us check the implementability of the dynamics, believing again that
it is sufficient to check the Born approximation. We integrate by parts once:

a2t (ky k1)
—k(ty, k4 El)e—it+e(ﬁ)—it+e(1€1) + r(t_, k4 El)e—it_e(ﬁ)—it_s(ﬁl)

(2m)3\/2e(k)\/ 2e (k1) (e (k) + e (k1)

/t+ dsk(s, —k+ k;l) —ise(K)—ise(F1)

- (2m)34/2e(k \/25 +€ k1

Using that (s, k + k1) decays fast in the second variable, we see that (13.18)
can be estimated by

(13.18)

¢
(e(k) +e(k))?

)
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which is square integrable. Therefore, the dynamics is implementable for any
to by

By a similar computation we check that if we freeze ¢ty € R, the dynamics
generated by the momentary Hamiltonian Hipn(tg) is implementable.

13.4 Quantum Hamiltonian

We would like to find a time-dependent Hamiltonian H (t) such that

—1

b(t, F) = Texp (i /0 tﬁ[(s)cu) $(0, Z)Texp <1 /O tﬁ(s)ds). (13.19)

Formally, the quantum Hamiltonians, first in the Heisenberg, then in the Schrédinger
picture, are given by

AP (1) = / (%ﬁ?(t,f) + %(5 bt )7 + %(m2 +/<a(t,:f’))¢32(tj))df, (13.20)
H(t) == / (%er(f) + %(51@))2 + %(mQ + ﬁ(m))(z)?(f))df. (13.21)

We will treat the Schrodinger picture Hamiltonian, that is (13.21), as the stan-
dard one. It is expressed in terms of zero time fields. It is clear that it is
ill-defined. One could improve it by putting : --- :, that is by the Wick order-
ing. We will see later on that even the Wick-ordered expression (13.21) does
not define an operator.

Formally (13.47) remains true if we add a time dependent constant C'(t)
to (13.21). We will see that in order to define correct Hamiltonians H(t) this
constant has to be infinite, even after Wick ordering. We will obtain bounded
from below Hamiltonians ﬁren (t), however the vacuum will not be contained in
their form domain. Therefore, the condition (Q|ﬁren(t)ﬂ) = 0 for all ¢, which
is equivalent to the Wick ordering, cannot be imposed.

The interaction Hamiltonian is formally given by

Hin(t) = %/m(t,f)éa?r(t,f)df, (13.22)

NN dk
ot~ | V@ 2e(B)

where (13.23) is taken from (8.58). Here is the Wick ordered interaction Hamil-
tonian:

(e_its<E)+iEf&(k) " eite(lé)—iﬁfd*(k)) . (13.23)

Hp(t): = e =it (h) g ey )a(—k)

1 / dEldEQH(t7E1 +E2)

2 (27)31/ 2 (k1 )/ 2¢ (k2) ’

+2€it5(121)7i155(l_c'2)d>~< (kl)d(fkg) + eitE(E1)+it6(Ez)d* (kl)&* (k2)) )

—

where (t, k) is a partial Fourier transform of (¢, )
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13.5 The vacuum energy

We would like to compute

e = (QS0) :<Q|Texp< - / iffm(t)dt)ﬂ>. (13.24)

Not surprisingly, (13.24) will require a renormalization. So eventually we will
compute its renormalized version:

ew“";@ugm%n<ﬂﬂbxp(”/iﬁ§:ﬁyﬂ)ﬂ)- (13.25)

Anyway, we treat (13.24) as the starting point of our computations. The
path integrals approach leads to the following expression for (13.24) in terms of
Gaussian integrals:

e [exp(i [ L(z, ¢, ¢,)dz)De

e = - ) 13.26
Jexp(i [ Lo(z, ¢, $,)dz)Dé ( )
where the Lagrangians are
1 . 1, )
L) =~ L0u6(2)0"6(x) — 5 (m? + 5(a))0(a)”
1 1
Lo(z) =~ §8M¢($)8“¢(x) - §m2¢(w)2,
and we use the Minkowski signature z = (2°,...,23). (13.26) can be evaluated
as
&= f%Tr<ln(fD Fm? 4k —i0) — In(—0 +m? — 10)). (13.27)

It is much more convenient to do computations in the Euclidean setting.
Various symbols from the Euclidean case will be decorated by the subscript E.
In particular, the Euclidean version of the path integrals becomes

e—SE o fexp(—fﬁE(x,(b, ¢H)d$)D¢

- , 13.28
feXp(*fﬁoE(l‘,Qs, (b,u)d:E)D(yb ( )
where the Euclidean Lagrangians are
1 1
£5(2) =3 0,0(@)06(x) + 3 (m? + () 6(x )
1 1
£5(2) = 0,0(2)06(x) + 6 (z)”
and we use the Euclidean signature = = (x!,..., z%). We have
=" = (det(ﬁ2+m2+/€)(}52+m2)_1)7§, (13.29)
1
eF = §Tr(ln(ﬁz +m? + k) — In(p® + m2)), (13.30)
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where p? is the 4-dimensional Laplacian.
As we computed in Subsection 12.2, £F needs to be renormalized and equals
(see (12.35)):

gE,ren E ren E (1331)
E ren __ 2 E ren (1.2
/| | (k2), (13.32)
1 /1 1+9 k2
E,ren /7.2 — “log —— — 2 = _ 13.
T k) 4(477)2(9 ®1 0 ) "=V iz a2 (13:35)

We would like to find the Minkowskian analogs of £¥ and £5:

E=¢&rn 4 Z En, (13.34)

ren /|I~€ ‘2

The Wick rotation consists in replacing 2* with iz® everywhere except for
#(z), where we do not change anything. More precisely, we replace ¢ with z2°
where 2 is a complex parameter which is continued as e'® with « € [0 Zl. Thus
the Euclidean quantities are treated as functions F(z), where F(z is the
Euclidean value and F(z) |z:i the Wick rotated value.

This implies replacing p* with —ip®. Moreover, the Euclidean z? and p?
are replaced with Minkowskian 22 + i0 and p? — i0. The Euclidean Lebesgue
measures dr and dk are replaced in the Minkowski space by idz, resp. —idk.
Consequently, the Euclidean action [ £L¥(z, ¢, ¢ ,)dz becomes after the Wick

rotation —i [ L(x, ¢, ¢ ,)dz. Thus e_‘gE(z)|z:i = e~ and consequently

S (K?). (13.35)

).ss

& =—iE%2z)|,_, (13.36)
. ocE ren . (_l)dk E,ren .
£ = g ()] = i - / (k)P e 0 = i0))
:/|n(k)|2 dk mren (k2 —0) (13.37)
) : :
Thus comparing with (13.35) we obtain
7 (k%) = 7 (k2 — i0). (13.38)
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Taking into account (13.33), we obtain

1 /1. 146 /= ,
iz \gleg —7 — = :(13.
4(4@2(9 ®1 -9 2)7 b= e <K (13.39)
L 2 V—k? 2 2
= W (5 arctan@ — 2), 9 = \/ﬁ, 74m < k' < 0, (1340)
1l 041 N , .

! —im) —2 = —4m?. (13.41
4(47T)2( (Ogﬂfl 17r) )’ 0 V_kZ —dmZ?’ k* < —4m”. (13.41)

Here is the calculation. First we assume that k2 > 0. Then we just take the
Euclidean value. Then we use analytic continuation, remembering that k2 may

. . . 2 L Vk2 .
have negative imaginary part. As k* decreases, 0 := T first varies from

ﬂ_ren (k2) _

0

1 to 0, then from 0 to —ioco, finally, from oo to 1. Therefore, %z first varies
from oo to 1, then goes over the lower semicircle, finally, from —1 to —oo. Next
we use log }fiz = 2iarctany, and for y < 0, log(y — i0) = log |y| — ir.

(13.39) corresponds to a spatial transfer of energy-momentum. In (13.40)
the transfer is time-like, but the energy is below the 2-particle threshold. In
(13.41) it is above this threshold, and 7"*" acquires a nonzero imaginary part
responsible for the decay of the vacuum.

Here are operator-theoretic formulas for the renormalized vacuum energies:

&5 = =T ( () (-0 +m? = 10)™)? = n(w)* (-0 + m? —i0)~2),

g = —%Tr(log (]1 + k(2) (=0 +m? — io)_l) — K(x)(~0+m? —i0)~!

+ %HQ(x)(—D +m? — iO)_Q). (13.42)

13.6 Renormalized scattering operator and Hamiltonian

The naive Hamiltonian H (t) and the naive scattering operator S are ill defined.
However, in S only the overall coefficient is ill defined. We can renormalize S
by multiplying it by a divergent phase:

Svren _ ein/i(a:)deriﬂ’(O)fﬁ(g;)2dw51, (1343)

where C' is the constant responsible for the Wick ordering and 7(0) is the 2nd
order renormalization. Note that both infinite quantities are quite well behaved
— they depends locally on the interaction, and therefore the renormalization
preserves the Einstein causality. This manifests itself in the identity

S0 (12) ™ (i) = S (2 + K1), (13.44)

whenever suppks is later than suppk;.

If we cut off the perturbation in time by setting r¢, (@) := N 4, 1(z%) (),
then we can repeat the same constructions, obtaining the renormalized scatter-
ing operator S’“’n(tg, t1). For t3 > to > t1, as a special case of (13.44), we
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have . . .
ST (t3,t9) ST  (ta, t1) = ST (t3,11). (13.45)

Thus we get a unitary evolution given by
U™ (ty,t_) = e it+Hogren(y 4 yeit-Ho, (13.46)
Its generator will be called H™"(t), so that

$(t, %) = Texp (—i / t Hren(s)ds> - $(0, %) Texp (-1 / t ﬁren(s)ds) | (13.47)

0 0

Formally, we can write for the Hamiltonian and Lagrangian density

aet) = H(t) —W(O)/n(t,f)zdf—(}’/n(t, #)dz,  (13.48)

Lren(z) = C(x)+%ﬂ(0)m(x)2+%C,‘{(m). (13.49)
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