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Chapter 1
Introduction

Quantum field theory is an important theory in physics, with a wide range
of applications and an impressive agreement with experiment. Despite this
success, the mathematical foundations of this theory are still under investiga-
tion and many fundamental questions remain open. The rapid development
of the field makes it difficult to find textbooks which are up to date with all
the recent advances, especially if one looks for a mathematically rigorous ap-
proach. It is a common misconception that working in with QFT necessarily
implies doing something “not-well defined”, while in fact most of the formal
manipulations presented in the physics literature can be made completely
rigorous.

For me quantum field theory is a beautiful bizarre world full of won-
ders suspended somewhere in between mathematics and physics. It charms
physicists by providing results that agree with experiments with incredible
precision. It lures mathematicians seeking to explore the land of QFT and
get a closer look at beautiful mathematical structures that inhabit it. And
yet, after more than 50 years of research, we do not fully understand what
QFT really is and what wonders it is hiding from us deep in its conceptual
roots.

As both a physicist and a mathematician I am fascinated by the richness
of structures that one can encounter in the QFT land and from my first
visit I have decided that I do not want to leave it ever again. So what is
this book about? Well, maybe first I should explain what it isn’t about. .. It
is far from being a complete account of what has been done in the QFT
research (this would have taken multiple volumes!). It also doesn’t touch the
problem of non-perturbative construction of models of interacting quantum
field theories, which at the moment remains open.

You can think of this book as a mathematician’s diary from a journey
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8 CHAPTER 1. INTRODUCTION

into an exotic land. As opposed to some other textbooks on the subject
I will not use the excuse that “physicists often do something which is not
well defined”, so as mathematicians we don’t need to bother and just turn
around for a while, until it’s over. Instead, I will jump straight into the
lion’s den and will try to make mathematical sense of perturbative QFT all
the way from the initial definition of the model to the interpretation of the
results. This is not always easy and sometimes I will have to bring into the
story results from several fields of mathematics at once. I hope this will
not discourage you from exploration of the QFT wonderland. After all, its
beauty lies in the fact that it is so diverse and full of surprises... So, come
along! Our journey starts here.



Chapter 2

Algebraic approach to
quantum theory

2.1 Algebraic quantum mechanics

Before entering the realm of quantum theory of fields, let’s have a look
at something simpler and better understood, namely quantum mechanics
(QM). To prepare the ground for what follows, we will present an abstract
formulation of QM and discuss how does it relate to the more standard
Dirac-von Neumann axioms |[Dir30, vN32|. The exposition presented in this
chapter is based on [BF09b, Mor13, Frel3, Str08].

2.1.1 Observables and states

Let us start with recalling some basic definitions from functional analysis.
For more information on operator algebras see [RS80, BR87, BR97, Kad83].

Definition 2.1. An algebra A over the field K = R or C is a vector a K-
vector space with an operation - : A x A — A called the product with the
following properties:

1. (A-B)-C=A-(B-C), VA,B,C €2 (associativity),

2.A-(B+C)=A-B+A-C,(B+C)-A=B-A+C- A,
a(A-B)=(aA)-B=A-(aB), forall A,B,C € A, a € K (distribu-
tiity).

We will usually denote the algebra product - simply by juxtaposition, i.e.
A-B=AB.
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Definition 2.2. An algebra 2 is said to have a unit (i.e. 2A is unital) if
there exists an element 1 € A such that 1A = Al = A, for all A € 2.

Definition 2.3. An involutive complex algebra L is an algebra over the field
of complex numbers, together with a map, * : A — A, called an involution.
The image of an element A of A under the involution is written A*. Involu-
tion is required to have the following properties:

1. forall A,B € (A+ B)* = A* + B*, (AB)* = B* A",
2. for every A € C and every A € A: (ANA)* = NA*,
3. forall AeA: (A*)" = A.

Up to now all the properties we have considered are purely algebraic. In
order to quantify the notion of distance between the elements of the algebra
we need some topology. This can be introduced for example by means of a
norm.

Definition 2.4. A complex normed space is a vector space X over C,
equipped with a map ||.|| : X — R, which satisfies:

L [AA[l = IMIIAIl (scaling),
2. |JA+ B| < ||A|| + || B (triangle inequality also called subadditivity),
3. If ||A|| =0, then A is the zero vector (separates points).

If A is equipped with a norm, we can ask for the continuity of the al-
gebraic relations with respect to the norm topology and for some notion of
completeness. This leads to the following definitions.

Definition 2.5. A normed algebra 2 is a normed vector space whose norm
.|| satisfies
IABI| < [IA[l|B]| -

If A is unital, then it is a normed unital algebra if in addition ||1]| = 1.

Definition 2.6. A Banach space is a normed vector space equipped with the
norm-induced topology, which is complete with respect to this topology. A
Banach (unital) algebra is a Banach space and a normed (unital) algebra
with respect to the same norm.

A particularly important class of Banach algebras with involution is dis-
tinguished by the C*-property. We will see in this chapter that such algebras
can be used to describe spaces of observables in quantum systems.
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Definition 2.7. A C*-algebra is a Banach involutive algebra (Banach al-
gebra with involution satisfying ||A*|| = ||Al|), such that the norm has the
C*-property:

[AZA] = [[A[[[ A"}, vA et

How come that such a mathematical structure is suitable for quantum
physics? First note that in order to describe a physical system we need to
specify a collection of physical quantities, which we want to measure (we
call them observables) and a collection of states in which the system can be
prepared. Now we want to deduce what kind of mathematical structure is
suitable to describe observable and states. Operationally, each observable
corresponds to some measurement apparatus, which measures given proper-
ties of the system. An example of such an apparatus is a particle detector
localized in some region of space. Next, one considers operations that can
be performed on observables. Scaling of the measurement apparatus cor-
responds to multiplying the corresponding observable A by a real number.
One can also consider other functions of the observables, for example A™ is
interpreted as measuring the observable A and taking the n-th power of the
result.

Now we discuss the notion of states. We need to assume that we are able
to repeat experiments, so that we can measure given observable repeatedly in
the same state (i.e. for the same preparation of the system). This statistical
interpretation presupposes that each experiment comes with a protocol that
allows to obtain the same initial condition each time it is repeated. Under
this assumption, a state w associates to an observable A a real number
w(A) obtained by averaging the results of measurements of A for the system
prepared to be in the state w. It is natural to assume that w(AA) = A\w(A)
for A € Ry (scaling), as well as w(A™) = (w(A))". Let 1 be the observable,
which always takes value 1. For such observable we require that w(1) = 1.
One can also deduce the positivity of states from the fact that the average
of positive numbers is positive, so w(A42) > 0.

If we assume that physical properties of observables can be measured
only by looking at expectation values in various states of the system, it is
natural to identify the observables, which give the same expectation values in
all the states. Let now A be the space of equivalence classes of observables,
where A ~ B if w(A) = w(B) for all states w of the system. A notion of
a norm can be introduced by assigning to each observable A € A a finite
positive number defined by

41 = sup ()
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The operational properties of states imply that [|[AA|| = |A|||A]| for A € R and
||A|| = 0 implies that A = 0 (states separate observables). It also folllows
that [|A?|| = ||A||%, so we are getting close to the notion of a C*-algebra.
What is still missing is the linear structure on A and the product. Let us
start with the linear structure. Operationally “A + B” has to satisfy

w(A+ B) =w(A) +w(B),

for all states of the system. It is, however, not clear if an element “A + B”
exists in A, so one needs to embed the initial space of observables in a larger
structure in such a way that states will remain to be positive linear func-
tionals on this enlarged space. This leads to the notion of Jordan algebras
[Jor33, JvNW34] and finally C*-algebras, introduced in |Gel43| and discussed
in [Segd7a, Segd7h| in the context of quantum mechanics.

We can summarize the basic axioms in the algebraic approach to QM as
follows:

1. A physical system is defined by its unital C*-algebra 2.

2. States are identified with positive, normalized linear functionals on 2,
ie. w(A*A) >0 for all A € A and w(l) = 1.

Note that on a unital C* algebra a positive, normalized linear functional is
automatically continuous with respect to the topology induced by the C*-
norm. More generally, we can define states also on involutive topological
algebras.

Definition 2.8. A state on an involutive algebra A is a linear functional w,
such that:

w(A*A) >0, w(l) =1.

Observables are self-adjoint elements of 2l and possible measurement re-
sults for an observable A are characterized by its spectrum o(A4). We recall
that an element A of a C*-algebra is called self-adjoint if A* = A.

Definition 2.9. The spectrum spec(A) of A € A is the set of all X € C such
that A — X1 has no inverse in 2.

A standard result from functional analysis states that a spectrum of self-
adjoint element is a subset of the real line and this agrees with the physical
intuition, as outcomes of measurements have to be real.
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2.1.2 Hilbert space representations

Having defined the abstract setup we can proceed to a more concrete descrip-
tion that provides a way to recover the Dirac-von Neumann axioms. The
crucial observation is that abstract elements of an involutive algebra 2 can
be realized as operators on some Hilbert space by a choice of a representation.
First let us recall the definition of a Hilbert space.

Definition 2.10. Let H be a complex vector space. A map (.,.) : HxH — C
18 a Hermitian inner product if

1. (u,v) = (u,v), Yu,v € K,
2. (u,av + Pw) = a(u,v) + B (u,w) (linear in the second argument),

3. (v,v) > 0 where the case of equality holds precisely when v =0 (positive
definite).

Properties 1 and 2 imply that (.,.) is antilinear in the first argument.
One can define a norm on a Hilbert space H by setting

[ol] = v/ (v, ).

Definition 2.11. A Hilbert space H is a complex vector space with a Her-
mitian inner product (.,.) such that the norm induced by this product makes
H into a Banach space.

In physics separable Hilbert spaces play an important role.

Definition 2.12. A Hilbert space is separable if it admits a countable dense
subset.

In fact a Hilbert space is separable if it is either finite dimensional or has
a countable basis. We are now ready to define the notion of linear operators,
which is important in the context of C*-algebras and physical observables.

Definition 2.13. An operator A on a Hilbert space H is a linear map from
a subspace D C H into H. In particular, if D = 3 and A satisfies ||A|| =
sup)|q(=1{/|Az||} < oo, it is called bounded.

An important class of bounded operators is provided by the unitary ones.

Definition 2.14. A bounded linear operator U : H — H on a Hilbert space
H is called a unitary operator if it satisfies U*U = UU* = 1.
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Note that the space Z(H) of bounded linear operators on a Hilbert space
H forms a C*-algebra. We will see later on that one can argue the other
way and realize any abstract C*-algebra as the algebra of bounded operators
on some H. If A is a bounded operator on a Hilbert space then the self-
adjointness is the same as hermiticity, i.e. is the condition that A* = A. In
general this is not sufficient.

Definition 2.15. An operator A on a Hilbert space H with a dense domain
D(A) C H is called symmetric if for any vectors u,v € D(A) we have
(u, Av) = (Au,v). This implies that D(A) C D(A*). A symmetric operator
A is self-adjoint if in addition D(A*) C D(A).

Definition 2.16. Let A be an operator on a Hilbert space H with a dense
domain D(A) C H. A self-adjoint operator A’ is called a self-adjoint
extension of A if D(A) C D(A) and if Av = Av for any v € D(A).

A is called essentially self-adjoint if it admits a unique self-adjoint extension.

Abstract elements of an involutive algebra 2( are realized as operators on
some Hilbert space by a choice of a representation.

Definition 2.17. A representation of an involutive unital algebra 2 is a
unital *-homomorphism 7 into the algebra of linear operators on a dense
subspace D of a Hilbert space H. In particular, a representation of a
C*-algebra A is a unital *-homomorphism m : A — B(H).

A representation 7 is called faithfull if Kerm = {0}. It is called irreducible
if there are mno non-trivial subspaces invariant under m(2).

Definition 2.18. Two representations (w1, Hy) and (72, He) of a C*-algebra
2 are called unitarily equivalent, if Umi(A) = m2(A)U holds for all A € 2
with some unitary map U : Hi — Ho.

In Dirac-von Neumann axioms, one postulates that physical observables
are self-adjoint operators acting on a Hilbert space. The connection between
the algebraic formulation and the Hilbert space picture is provided by means
of the famous GNS (Gelfand-Naimark-Segal) theorem.

Theorem 2.1. Let w be a state on the involutive unital algebra 2A. Then
there exists a representation m of the algebra by linear operators on a dense
subspace D of some Hilbert space H and a unit vector € D, such that

w(A4) = (2, 7(4)Q),



2.1. ALGEBRAIC QUANTUM MECHANICS 15

and D = {n(A)Q, A € 2A}.

Proof. First we introduce a scalar product 2 on the algebra using the state
w:

(A, B) = w(A*B).

Linearity for the right and antilinearity for the left argument are easy to
prove. Hermiticity (A, B) = (B, A) follows from the positivity of w and
the fact that we can write A*B and B*A as linear combinations of positive
elements:

2A*B+ B*A) = (A+ B)"(A+ B) — (A— B)*(A- B),
2A*B — B*A) = —i(A+iB)*(A+iB) + i(A — iB)*(A — iB) .

From the positivity of w also follows that the scalar product is positive
semidefinite, i.e. (A4, A) >0 for all A € 2. We now study the set

N = {A € Aw(A*A) = 0}

We show that 91 is a left ideal of 2. Because of the Cauchy-Schwarz inequality
I is a subspace of 2. The same inequality implies that for A € 9tand B € 2
we obtain

w((BA)*BA) = w(A*B*BA) = (B*BA, A) < \/(B*BA, B*BA)\/(A, A) =0,

hence BA € M. Let us define D as the quotient 2A/N. Clearly, the scalar
product is positive definite on D and we complete it to obtain a Hilbert space
H. The representation 7 is induced by the operation of left multiplication
on A, i.e.

m(A)(B+MN)=AB+ M,

and we set = 1 +91. If % is a C*-algebra, one can show that the operators
m(A) are bounded, hence admitting unique continuous extensions to bounded
operators on H.

We now show that the construction is unique up to unitary equivalence.
Let (', D', H', Q) be another quadruple satisfying the conditions of the
theorem. Then we define an operator U : D — D’ by

Un(A)Q = 7/ (A)Y.

U is well defined, since m(A)Q2 = 0 if and only if w(A*A) = 0, but then
also 7' (A)Q' = 0. Moreover U preserves the scalar product and is invertible,
hence it has a unique extension to a unitary operator from H to H'. It
follows that 7 and 7’ are unitarily equivalent. O
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The representation 7 is in general not irreducible, i.e. there may exist
a nontrivial closed invariant subspace. In this case, the state w is not pure,
which means that it is a convex combination of other states,

w=dw+ (1 =MNwa, 0<A<1, w #wsy.

We have seen that the algebraic formulation of QM allows to characterize
a physical system purely in terms of its observable C*-algebra 2 and states
on it. The Hilbert space representations can be then obtained from states by
means of the GNS theorem. One can also obtain the probabilistic interpreta-
tion of QM as follows. Given an observable A and a state w on a C*-algebra
20 we reconstruct the full probability distribution p14 ., of measured values of
A in the state w from its moments, i.e. the expectation values of powers of

A,
/ N (V) = w(A™).

We can now apply these methods to some simple physical situations. The
first example is related to the cannonical commutation relations.

Example 2.1. Let L be a real vector space with a symplectic form o, i.e. a
bilinear form o on L which is antisymmetric,

U(Q;ay) = —O'(y,.'E) )
and nondegenerate,
o(x,y) =0V y € L impliesxz =0 .

We consider the unital *-algebra W(L, o) over C generated by abstract sym-
bols W (x) (the Weyl generators), satisfying the relation

W(@)W(y) = "W (2 +y).
The involution is defined by

and the unit is 1 = W(0).
We define the norm on W(L, o) by

1D AW (o)l =D Al
i=1 i=1

This norm satisfies the condition ||AB|l1 < ||A||1||B]||1 of an algebra norm.
Moreover, the involution is isometric, ||A*||1 = ||A||1 and we obtain an
involutive normed algebra W(L, o).



2.1. ALGEBRAIC QUANTUM MECHANICS 17
After [Morl13] we recall known facts about the existence of the unique
C*-norm on W(L, o).
Proposition 2.1. The following hold true:
1. There exists a norm ||.||o on W(L, o) satisfying the C*-property,

2. In a C*-norm, Weyl generators are unitaries, i.e. satisfy
W(z)W(z) =1=W(x)W(x)*
forallz e L.

3. If we set
|Alle = sup{||Allo, such that ||.||o : W(L,0) — [0,00) is a C*-norm} ,
then ||.||c is a C*-norm.

4. Let (L, o) be the completion of W(L, o) with respect to ||.||c, then
W(L,o) is a C*-algebra, associated to (L,o) uniquely up to isomor-
phism.

5. W(L,o) is simple, i.e. there are no non-trivial closed, *~invariant two-
sided ideals.

Proof. For proof see [BGP07] as well as [Mor13]. To see that the supremum
defining ||.||. is finite, note that generators W (x) are unitaries with respect
to every C*-norm, so if A =), a;W(z;), then ||A|| <. |a;| = ||A||1, which
provides the upper bound for the supremum. ]

Let’s consider a particular example of a symplectic space (L, o), which
realizes cannonical commutation relations for a free quantum particle in d
dimensional space. In this case L = R?? and we write elements of L in the
form z = (e, B), where a = (a1, ...,0q),8 = (B1,...,B84) € R We define

7 (@ B), (@ 8)) = —shla- B — o - ),

where - is the scalar product on R?. If the generators of the resulting Weyl
C*-algebra Q0(L, o) are represented by operators on a Hilbert space in such
a way that they depend strongly continuously' on the parameters a;, 3, then

LA net {T.} of operators on a Hilbert space H converges strongly to an operator 7' if
and only if ||[Tox — Tx|| — 0 for all x € H.
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such a representation is called regular. It was proven by von Neumann that
all the regular reducible representations of the resulting Wayl algebra are
unitary equivalent. Another theorem important in this context is due to
Stone [Sto30]:

Theorem 2.2. Let (Up)icr be a strongly continuous one-parameter unitary
group. Then there exists a unique (not necessarily bounded) self-adjoint op-
erator A such that

U =", vteR.
Conversely, if A is a (not necessarily bounded) self-adjoint operator on a
Hilbert space H, then the one-parameter family (Ug)ier of unitary operators
defined by means of the Spectral Theorem for Self-Adjoint Operators (see for
example chapter 9 [Mor13]) as

t— U := et
1s strongly continuous.

For 20(L,o) this implies that there exist self-adjoint generators
ql, cee qd, pl, e ,pd of 1-parameter groups of unitary operators

W(O,...,a...,0) =" W(0,... B...,0) =P

We denote p = (p',...,p%), ¢ = (¢*,...,p?). Generators p and q satisfy the
canonical commutation relations

[* P =y, " @) =0, PFp]=0

and one can write an arbitrary generator W (a, ) in the form

_ihaB oo s haf g e
W(a,B) =e 2 e@PePd—c 5 ¢Pigiapr,

The Schrodinger representation of this Weyl algebra is defined on the Hilbert
space of square intebrable functions £2(R?) with

iha-B

(r(W(e, 8))®) (X) = e >

ePXP(X + ha) , (2.1)

for & € £2(RY). As mentioned before, all the regular irreducible representa-
tions are unitary equivalent to this one. If one does not require continuity
there are many more representations. In quantum field theory the uniqueness
results do not apply, and one has to deal with a huge class of inequivalent
representations. Note that the construction of the Weyl algebra makes sense
also for L infinite dimensional, so can be applied in the context of field theory.

A particularly interesting class of states on 20(L, o) is provided by quasi-
free states.
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Definition 2.19. A state w on W(L,0) is called quasi-free if there exists
n:LxL—R, asymmetric form such that

w(W(x)) = e 2@
The form n is then called covariance of the quasi-free state w.

The following theorem provides a way to easily find quasi-free states.

Theorem 2.3. Letn: L x L — R be a symmetric form. The following are
equivalent:

1. nc + %a@ > 0 on LT, the complezification of L, where nc,oc : L€ x
LC — C are canonical sesquilinear extensions of 1, 0.

2. |o(z1,22)| < 2\/77(xl,x1)\/17(x2,w2), for all x1,29 € L.
3. There exists a quasi-free state w, on W(L, o) with covariance 1.

Proof. For proof see for example |[AS71, DG13a] O

This result holds also if L is infinite dimensional and will be used later
in section 5.3. We define a complex scalar product on the complex vector
space L¢ by

(&.9) = ne(z,y) + yoc(w,y). (22)

The GNS Hilbert space representation corresponding to w, turns out to be
the bosonic Fock space:

H= @(g{?n)symm ; Hy = Le/Ker((.,.)

n=0

The state w, is pure (i.e. the associated GNS representation is irreducible)
if and only if the map L — L¢/Ker({(.,.)) is surjective. The latter holds if
and only if and only if the pair (27, 0) is Kéhler.

Definition 2.20. A pair (2n,0) consisting of a symmetric form 2n and
symplectic form o on L is called Kdhler if the ranges of the two coincide
Ran(2n) = Ran(20), 21 is positive definite and J = o~ 127 satisfies J?> = —1
(i.e. J is an anti-involution).

If (2n,0) is Kéhler, then the quadruple (L, 27,0, J) is a Kéhler space.

We will come back to this structure in the context of QFT in section 5.3
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2.1.3 Dynamics and the interaction picture

If we want to model a physical system which evolves with time, we need
to introduce the notion of dynamics. A very detailed discussion of quantum
dynamics can be found in [BR87, BRI7|. Here we only sketch the main ideas.
Let 2 be a C*-algebra of observables and let A; € 2 be some observable
corresponding to the measurement apparatus A at time ¢ . We postulate
that the algebra of observables 2 doesn’t change with time, so the assignment
t — A; can be described by a 1-paramter group of automorphisms «;, such
that Ay = au(A) and we assume that a4 is strongly continuous.

For a given state w we consider the family of states that are related to
it by time-translations and it is natural to require some stability properties
from the GNS-associated representation m,,. If 7, is irreducible, this stability
requirement is realized as the condition that «; has to be implemented by
some unitary operator U(t), i.e.

T (oi(A)) = U ) tn,(A)U(t), VAeA. (2.3)

Now we apply Stone’s theorem 2.2 to deduce the existence of a self-adjoint
generator H, called the Hamiltonian and we write

Ut)=e ™ vieR.

By differentiating (2.3) we obtain the known evolution equation in the
Heisenberg picture,

d

LAt =ilH, AW, (2.4)
where we have put A(t) = U(t)*AU(t) and we have omitted the symbol 7.
To get the Schrodinger picture, we consider ¢» € D(H) a Hilbert space vector
in the domain of essential selfadjointness (see definition 2.16) of H, an define
Yg(t) = U(t)y. We can now rewrite (2.4) in the form

iSs(0) = Hus(). (25)

This is the time-evolution in the Schrédinger picture. If we want to construct
a model of a quantum dynamical system, we usually start with a Hamiltonian
H € 3, and solve (2.5) for some initial data 1¢(0), within the domain D(H).
A solution to the initial value problem defines then the propagator U(t,0),
ie.

Ys(t) = U(t,0)1s(0).

2 As sharp localization is physically impossible, operationally we can think of A, as the
average over some interval [t — €, ¢ + €] centered at ¢, for a fixed value of € > 0.
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Note that the main difference between (2.4) and (2.5) is that in the
Heisenberg picture states remain stationary and operators evolve with time,
while in the Schrédinger picture it’s the other way round. Often solving the
initial value problem of the form (2.5) is very difficult and it is convenient
to split the Hamiltonian into two terms

H = Hy+ Hipy

where the propagator for Hy can be found relatively easily and we try to solve
the problem perturbatively. This point of view is something in between the
Heisenberg and the Schrodinger picture and we call it the interaction picture.
Hijni is then called the interaction Hamiltonian. Let Uy = e~ "o In the
interaction picture the states are represented by

Pr(t) = Ugs(t) = etfoyg(t) = etHoe=itHy |

where g is a state in the Schrédinger piucture and v is a state in the
Heisenberg picture. Observables of the interaction picture evolve according
to

A(t) = Up(t)" AsUp(t),
where Ag denotes the Schrodinger picture observable. In particular
Hiny = Uo(t)" HintUp(2)

for the interaction Hamiltonian H;,;. Now the evolution equation (2.5) im-
plies that

d
) — = H;, . 2.6
%dtwf t 1 (2.6)

Given initial data 1;(tg), we want to find the solution to this equations in
terms of a propagator Ur(t, ), so that

Yr(t) = Ur(t, to)vr(to) -
By definition we have

U[(t, tO) _ e’itHoefi(tfto)HefitoHo ,

and from (2.6) follows that the propagator has to satisfy

.d
ZaUI(t,to) = Him()Ur(t,t0),  Ui(to,to) = 1. (2.7)
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A formal solution to the above equation is then given by the Dyson series
to
U t t() =1 - Z/ Hmt tl dtl —/ / Hmt tz mt(h)dtldtz +--+ =
to to

=1 +Z —Z // Hmt(tn)...Hmt(tl)dtl oL dty, . (2.8)

to<t1<--<tp<t

We can simplify the notation by introducing the time-ordering operator T
defined on operators A(t) and B(t) by

TAOBE) = { poa) i ver 29)

We can now rewrite the formula (2.8) as a time-ordered exponential, i.e.

S ()] ool )]

2.10)
We define the Mgller operators 8 as the strong limits of U;(t,tg) as tg
approaches +00, as long as these limits exists.

U[(t, to) =147

St = st—l}rinoo Ur(0,1).

The scattering operator 8 (the S-matrix) is then defined by
§=818_. (2.11)

We will use these ideas later on, in section 6.1 to construct perturbatively

QFT models.

2.2 Causality

After introducing basic notion from quantum mechanics, the next step to-
wards quantum field theory leads through spacetime geometry. Historically,
QFT was conceived as a framework, which allows to combine quantum me-
chanics with special relativity. The latter is based on concepts such as
Minkowski spacetime and causality. In fact, the algebraic approach to QFT
can be generalized beyond the Minkowski spacetime and one can apply it to
construct models on a wide class of Lorenzian manifolds. In this section we
will review some basic concepts from Lorentzian geometry that are relevant
for our framework.
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Definition 2.21. A spacetime is a pair M = (M, g), where M is a smooth
(4-dimensional) manifold (we assume it to be Hausdorff, paracompact, con-
nected) and g is a smooth Lorentzian metric, i.e. a smooth tensor field
g € T(T"M ® T*M), s.t. for every p € M, g, is a symmetric non-
degenerate bilinear form. We require the metric g to be of the Lorentz signa-
ture (4, —, —, —).

Remark 2.1. Let us make a few remarks concerning the above definition:

1. The assumption for a manifold to be Hausdorff means that points can
be separated (for every pair of points z, y, there exists a neighbourhood
U of x and a neighbourhood V of y such that U and V are disjoint
(UNV =g)). In general topology one can drop this assumption and
an example of a non-Hausdorff manifold is a line with two origins, i.e.
the quotient space of two copies of the real line R x {a} and R x {b},
with the equivalence relation (x,a) ~ (z,b) if x # 0.

2. The paracompactness is needed as a sufficient condition for the exis-
tence of partitions of unity. It means that for every open cover (Uy)acA,
there exists a refinement® (V) ge g that is locally finite, i.e. each x € M
has a neighborhood that intersects only finitely many sets of (V3)sep.

3. We assumed also that M is connected, i.e. it cannot be represented as
a disjoint union of two or more non-empty set. Later on we will see
that in a more general context one has to drop this assumption and
consider manifolds that are not connected.

Definition 2.22. A spacetime M is said to be orientable if there exists a
differential form of mazimal degree (a volume form), which does not vanish
anywhere. We say that M is time-orientable if there exists a smooth vector
field w on M such that for every p € M, g(u,u) > 0 holds.

We will always assume that our spacetimes are orientable and time-
orientable. We fix the orientation and choose the time-orientation by se-
lecting a specific vector field w with the above property.

Example 2.2. A standard example is the 4 dimensional Minkowski space-

time M, which is R* with the diagonal metric n = diag(1,—1,—1,—1).

An important feature of the Lorentzian signature, which distinguishes it
from the Euclidean signature, is that it allows to introduce some important
classes of smooth curves.

3 An open cover (V3)gep is a refinement of an open cover (Ua)aca, if V3 € B, Ja such
that Vg C U,.
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Definition 2.23. Let v : R D I — M be a smooth curve in M, for I an
interval in R and let v be the vector tangent to the curve. We say that - is

o timelike, if g(y,%) > 0,

e spacelike, if g(%,7) <0,

e lighlike (null), if g(¥,%) =0,
e causal, if g(§,7%) > 0.

The classification of curves defined above is referred to as the causal
structure. The presence of time orientation allows for a further refinement
of this classification.

Definition 2.24. Given the global timelike vectorfield u (the time orienta-
tion) on M, a causal curve 7y is called future-directed if g(u,7) > 0 all along
v. It is past-directed if g(u,5) < 0.

Using the causal structure one can distinguish points of spacetime which
are in the future or in the past of a given point p € M.

Definition 2.25. Let p € M be a point in a time-oriented spacetime.

i) JE(p) is defined to be the set of all points in M which can be connected
to x by a future(+)/past(—)-directed causal curve v : I — M so that
x = (inf I).

i) The set J*(p) is called the causal future and J~(p) the causal past of
p. The boundaries 0JF(p) of these regions are called respectively: the
future/past lightcone.

iit) The future (past) of a subset B C M is defined by

Je(B) = |J J=(p) .

pEB

The physical importance of the structures presented above becomes clear
in the context of general relativity (GR). One of the postulates of GR states
that massive particles can move only on time-like curves and light travels
following null curves, i.e. nothing travels faster than light. Consequently, one
of the fundamental principles of physics, the principle of causality, states that
an event happening at point p can be influenced only by events in J~ (p) and
that the consequences of this event can influence only the events in J*(p).
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Definition 2.26. Two subsets O1 and Oo itn M are called causally separated
(or spacetime separated) if they cannot be connected by a causal curve, i.e.
if for all x € Oy, J*(x) has empty intersection with Os.

Another important definition is that of the causal complement of a given
region O.

Definition 2.27. Ot is defined as the causal complement of O, i.e. the
largest open set in M which is causally separated from O.

It follows from the principle of causality that events happening at space-
like separated points cannot influence each other. In classical physics this
property is realized as a consequence of some properties of normally hyper-
bolic partial differential equations. In section 2.3 we will see how these ideas
can be implemented into the framework of quantum theory.

Example 2.3. Consider the Minkowski spacetime M = (R*, 7). Clearly this
is an affine space. The set of points which are causally separated from the
given point P € M is called the lighcone with apex P. It is easy to verify that
a point Q € M

e lies on the lightcone with apex P if and only if the vector I@ 1s lightlike,

e is in the future (past) of P if and only if the vector ]@ s time-like
and its 0-th component is positive (negative),

e is spacelike to P if and only zf@ 1s spacelike.
These concepts are illustrated at the diagram 2.1.
Definition 2.28. Motivated by the example 2.5 we introduce the following
notation:

o V. C R* is defined the subset of R* consisting of vectors v that satisfy
n(v,v) >0 and vo > 0. We call V the closed future lightcone.

o V_ = {veRn(v,v) >0, vg <0} is called the closed past lightcone.

These definitions can also be applied to subsets of tangent and cotangent
spaces TyM and T} M, as these space can be mapped to R* with the use of
appropriate charts.
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Future

Spacelike region

Figure 2.1: A lightcone in Minkowski spacetime.

Not all Lorentzian spacetimes are equally convenient for constructing
quantum field theory models. For example, several conceptual and technical
problems appear when we consider spacetimes with closed time-like curves.
To exclude such situations, we will restrict ourselves to spacetimes that are
globally hyperbolic.

Definition 2.29 (after [BS03]). A spacetime is called globally hyperbolic if
it does not contain closed causal curves and if for any two points x and y the
set Jy(x) N J_(y) is compact.

It was shown in |[BS03| have many important properties and to under-
stand them better it is important to introduce some further definitions.

Definition 2.30. A causal curve is future inextendible if there is no p €
M such that:

YU C M open neighborhoods of p, 3t' s.t. v(t) € UVt > t'.

Definition 2.31. A Cauchy hypersurface in M is a smooth subspace of
M such that every inextendible causal curve intersects it exactly once.

The significance of Cauchy hypersurfaces lies in the fact that one can use
them to formulate the initial value problem for partial differential equations
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and for some classes of such equations this problem has a unique solution.
The fundamental theorem relating different equivalent notions of global hy-
perbolicity has been proven in [BS03].

Theorem 2.4 (after [BS03|). The following definitions of global hyperbolicty
of a Lorentzian manifold M are equivalent:

e M does not contain closed causal curves and for any two points x and
y the set Jy(x) N J_(y) is compact.

o M contain a Cauchy surface.

o M admits a foliation by Cauchy surfaces.

2.3 Haag-Kastler axioms

In section 2.1 we have introduced some fundamental notions of quantum the-
ory as states and observables. Now we want to make these compatible with
the ideas of special and general relativity, reviewed in section 2.2, where the
causal structure plays an important role. The main conceptual difficulty is
to find a way to implement the idea that “nothing travels faster than light”
in such a way that it doesn’t contradict the existence of quantum correla-
tions the theory. The groundbreaking idea of Rudolf Haag was to combine
these notion using the principle of locality (Nahwirkungsprincip). In his
framework, locality is the feature of observables, while states might exhibit
correlations, i.e. they carry global information. One defines a QFT model
by assigning to each bounded region O C M of the Minkowski spacetimes
the C*-algebra of observables 2((O) that can be measured in this region.
The notion of subsystem is realized by the requirement that if O C O’, then
A(0) C A(O’). This condition is called isotony and it guarantees that one
doesn’t lose observables when considering a larger region of spacetime. The
complete set of axioms for algebraic quantum field theory (AQFT) can be
found in [HK64, Haa93, Ara99]; we will recall them briefly in this section. We
say that a net of C*-algebras O — 2(0O) satisfies the Haag-Kastler axioms
(also called Araki-Haag-Kastler axioms) if the following hold:

e Isotony. For O C O" we have 2(0) C 24(0). The inductive limit of
local algebras 24(0O) defines the quasilocal algebra A = |JA(O) (the bar
0

means taking the completion in the norm topology).

e Locality (Einstein causality). Algebras associated to spacelike sep-
arated regions commute: if O is spacelike separated from s, then
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[A,B] =0, VA € 2(0;1), B € A(02), where the commutator is taken
in . This expresses the “independence” of physical systems associated
to regions O; and Os.

e Covariance. The Minkowski spacetime has a large group of isome-
tries, namely the connected component of the Poincaré group. We
require that there exists a family of isomorphisms af : 20(0) — A(LO)
for Poincaré transformations L, such that for O; C Oy the restriction

of 04?2 to 2A(01) coincides with agl and afP 0o =a?,,.

e Time slice axiom: The algebra of a neighborhood of a Cauchy surface
of a given region coincides with the algebra of the full region. Physically
this correspond to a well-posedness of an initial value problem, i.e. we
need to determine our observables in some small time interval (tg —
€,tp + €) to reconstruct the full algebra.

e Spectrum condition. Physically this condition is interpreted as the
positivity of energy. One assumes that there exist a compatible family
of faithful representations w9 of 2A(O) on a fixed Hilbert space (i.e.
the restriction of mg, to 2(01) coincides with 7, for O; C O2) such
that translations are unitarily implemented, i.e. there is a unitary
representation U of the translation group satisfying

U(a)ro(A)U(a)™" = mora(aa(4)) , A € A(0),

and such that the joint spectrum of the generators P, of translations
el P = U(a), af = 22:0 a*P,, is contained in the closed future light-
cone: o(P) C V.

All these axioms, apart from the spectrum condition, can be generalized
to QFT’s on general globally hyperbolic spacetimes. We will discuss this in
more detail in the next section. There are many important conceptual results
that have been proven in the AQFT framework. The first major success
was the development of the Haag-Ruelle scattering theory [Haa58, Rue62],
which provided an explanation why quantum field theory yields a theory of
interacting particles. It is, however, an open question, whether all states
in the vacuum representation admit a particle interpretation (the problem
of asymptotic completeness). For recent works on that topic see [DT11,
DG14b, DG14a] Another remarkable result of AQFT is the Reeh-Schlieder
Theorem [Haa93, RS61], see [BS14] for a recent discussion. Another known
result achieved with the AQFT methods is the analysis of the superselection
structure of QFT models [DHR71, DHR74]. Despite all this insight into
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R

Figure 2.2: Diagram representing inclusion of spacetime regions and corre-
sponding C*-algebras.

the general structure of QFT, there remains the difficulty with constructing
4 dimensional interacting models that fulfil the Haag-Kastler axioms. For
models in 2 dimensions see [Lec08, Tan12, BT13, Alal3, BC13] and references
therein.

2.4 pAQFT axioms

In this book we explore the possibility to drop some of the assumptions of the
Haag-Kastler framework, in order to allow for models that exist only in the
formal, perturbative sense. The resulting framework is called perturbative
Algebraic Quantum Field Theory (pAQFT). The generalization of the HK
axioms to the perturbative context has been developed in a series of papers
[DF01a, DF02, DF04, DF07, DF01b, BD08, Boa00, DB01, BDF09, Rejl11b].
The generalization of the HK framework to curved spacetime has been for
a long time, an independent development. Some important early constri-
butions include [Kay78, Dim80, KW91, Dim92|. Later these two gener-
alizations met as the pAQFT on curved spacetimes after a seminal series
of papers [BFK96, BF97, BF00, BFV03, HW01, HW02a, HW02b, HWO05].
Abelian gauge theories were later treated in [DF98|, while the Yang-Mills
theories are the subject of [Hol08]. At the same time the mathematical
foundations of pAQFT became better understood, mainly with the use of
the functional approach, which is also the approach we take in this book. In
[FR12b, FR12a, Rejlla] this framework has been used to add the Batalin-
Vilkovisky (BV) formalism in the pAQFT toolbox, which allows to treat very
general theories possessing local symmetries, including the bosonic string
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[BRZ14] and effective quantum gravity [BFR13].

2.4.1 Functional analytic preliminaries

On the functional anlytic side, we leave the realm of Banach spaces and
allow for structures that have more complicated topologies. This involves
some technical complications, but gives more flexibility in terms of model
building. The most general class of topological vector spaces, which we will
use is the class of locally convex ones.

Definition 2.32. A topological vector space X is called a locally convex
vector space (LCVS) if there is a local base B whose members are convex.

Here by a local base we mean a collection A, of neighborhoods of 0 such that
every neighborhood of 0 contains a member of 9. The open sets of X are
then precisely those that are unions of translates of members of 2.

There is another way to characterize locally convex vector spaces, which
allows us to make a connection with normed spaces, introduced in definition
2.4. Instead of having one norm that characterizes the topology, we have a
family of seminorms. A seminorm differs from a norm by not fulfilling the
property 3 in definition 2.4. More precisely:

Definition 2.33. A seminorm on a vector space X is a real-valued function
p on X such that:

1. p(x+y) <plx)+p(y) for all z,y € X.
2. p(Ax) = |A|p(z) for all x € X and all scalars \ € K.

We see that a seminorm already provides us with a lot of information,
but it doesn’t separate points. However, it is possible that a certain family
of seminorms is already separating.

Definition 2.34. A family & of seminorms on X is said to be separating
if to each x # 0 corresponds at least one p € & with p(x) # 0.

We can see that a separating family of seminorms already allows us to
distinguish two elements of X. From the following theorem it becomes clear
why a locally convex vector space is a useful concept.

Theorem 2.5. With each separating family of seminorms on X we can
associate a locally convex topology T on X and vice versa: every locally convex
topology is generated by some family of separating seminorms.
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Proof. See [Rud91]. O

In the pAQFT framework a LCVS is usually the best one can expect.
Unfortunately it doesn’t share many nice properties of a Banach space, but
there are some distinguish classes of LCVS, which are relatively well behaving
and good for defining calculus on them. The “nicest” ones are Fréchet spaces.
They are distinguished by the fact that their topology can be described in
terms of a metric.

Theorem 2.6. A locally convex vector space X = (X, T) is metrizable if and
only if T can be defined by & = {p, : n € N} a countable separating family
of seminorms on X. One can equip X with a metric which is compatible
with 7 and which provides a family of convex balls.

Proof. See [K6t69, Rud91]. O

A Lcvs from theorem 2.6 can be equipped with the metric:

N PalT—y)
d(z,y) = %; 27" Fi (2.12)

This metric is compatible with 7 but in general it doesn’t provide convex
balls (see the discussion in [Rud91] after theorem 1.24 and exercise 18).
Nevertheless it is good to know that you have a metric that can actually be
written down in a closed form.

Definition 2.35. If X is complete with respect to the metric from theorem
2.6 it is a Fréchet space.

Usually a Fréchet space topology is defined explicitly by providing a
countable separating family of seminorms.

To end this section we remark on one more important aspect of LCVS,
namely the definition of tensor products. In quantum theory tensor products
are used to model systems that constitute of independent subsystems. This
is closely related to the notion causality and we will come back to this issue
in section 2.5.

Definition 2.36. Let ¥ and F' be locally convex vector spaces and let @ : E X
F — E®F be the canonical map into the corresponding tensor product. The
finest topology on E® F which makes ® continuous is called the projective
tensor topology or the w-topology. The space E Q@ F equipped with this
topology is denoted by E ®, F and its completion by E@,F.
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It can be shown that the topology 7 is locally convex. Another possible
topology on F ® F' is the so called injective tensor topology. Its definition
is a little bit more involved. In some sense it is the weakest well behaving
topology one can put on E ® F', while the projective tensor topology is the
strongest.

The idea behind the injective topology is to define it via the topology on
the space of continuous linear mappings L(E,'y, F).

Definition 2.37. We equip E' with the finest locally convex topology v that
coincides with the weak one on equicontinuous® sets. One can identify E® F
with a subspace of L(E.,F). Next we equip L(E., F) with a topology of
uniform convergence on equicontinuous compact sets in E'. We denote the
resulting topological space by E€F'. It is called the e-product of E and F. The
corresponding topology induced on E® F' is called the e-topology and B @ F
equipped with it is the injective tensor product E ®. F. The corresponding
completion is denoted by EQ.F

This topology is better behaving if we want to consider for example
vector valued distributions and was used (in a slightly modified version) by
L. Schwartz in [Sch57, Sch58|. Inequivalent notions of tensor products on
LCVS can possibly create a problem, but there is a large class of spaces, where
these notions coincide. These are the nuclear locally convex topological
vector spaces, studied by A. Grothendieck in [Gro55].

2.4.2 Axioms

In this section we introduce the generalization of the Haag-Kastler axioms
which is the foundation of pAQFT. It is in fact convenient to extend the
PAQFT framework also to classical field theory, to keep a uniform language.

Definition 2.38. A classical field theory model on a spacetime M is a net
of locally convex topological Poisson x-algebras with sequentially continuous
operations

0 —P(0),

4A set A of continuous functions between two topological spaces F and F is equicon-
tinuous at the points o € E and yo € F if for any open set O around y, there are
neighborhoods U of z¢ and V of yo such that for every f € A, if the intersection of f(U)
and V is nonempty, then f(U) C O. One says that A is equicontinuous if it is equicontin-
uous for all points zg € F, yo € F. The notion of equicontinuity becomes more intuitive,
if we choose E and F' to be metric spaces. The family A is equicontinuous at a point x
if for every € > 0, there exists a § > 0 such that d(f(zo), f(z)) < € for all f € A and all
x such that d(xo,x) < §. In other words we require all member of the familiy A to be
continuous and to have equal variation over a given neighbourhood.
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where O C M are bounded, simply-connected regions. The global algebra s
obtained as the inductive limit

M) = li 0).
BOO = lim B(O)
We require that the Locality holds, i.e. if O1 is spacelike separated from Oa,
then
LA7 BJ =0,

VA € P(01), B € P(O2), where the Poisson bracket |, | is taken in P.

In chapter 4 we show how to construct models of classical field theories
in agreement with the above definition. In chapters 5-8 we will show how to
quantize such classical models perturbatively. The resulting structure is not
a net of C* algebras, due to the perturbative character of the construction.
Nevertheless, many of the features of the Haag-Kastler net are still present.

Definition 2.39. A perturbative algebraic quantum field theory (pAQFT)
model on a spacetime M is a net of topological x-algebras with sequentially
continuous operations

0~ 2(0),

where O C M are bounded, simply-connected regions. The global algebra is
obtained as the inductive limit

AM) = lim 2A(0),

and we require Locality.

The remaining Haag-Kastler axioms, apart from the Spectrum Condition,
can be easily translated to a pAQFT context.

Definition 2.40. Further azioms:

1. A classical/quantum field theory model on a globally hyperbolic space-
time M satisfies the Time-slice axiom if the algebra of a neighborhood
of a Cauchy surface of a given region coincides with the algebra of the
full region.

2. If the underlying spacetime M has a non-trivial group of symmetries
G, we say that a model is covariant on M, if there exists a family of
isomorphisms ozg s A(0) = A(gO) for g € G, such that for O3 C Oq

0 0

Sy 0 T ; 0 g0 —
the restriction of ag? to A(01) coincides with ag* and oy oay = o .
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The spectrum condition cannot be meaningfully defined on an arbitrary
globally hyperbolic spacetime, as it relies on the action of translations, which
is special feature of M. We will replace this condition with a requirement we
impose on preferred states on our net of algebras. These preferred states are
called Hadamard states and they realize the idea of a positivity of energy.
We discuss them in detail in section 5.1.

2.5 Locally covariant quantum field theory

In the previous section we have recalled the Haag-Kastler axioms and re-
viewed the generlization of these axioms to the situation where we drop
some of the regularity conditions on the topology of local algebras and we
drop the restriction to Minkowski spacetime, allowing for general globally
hyperbolic backgrounds. We can go a step further and see what happens
if replace the embeddings of bounded regions O into a fixed spacetime M
with arbitrary embeddings between pairs of globally hyperbolic spacetimes
N and M. We formalize this idea by introducing the notion of an admissible
embedding.

Definition 2.41. We call an embedding x : M — N of a globally hyperbolic
manifold M into another one N admissible if it is an isometry, it preserves
the metric, orientations, the causal structure. The property of preserving
the causal structure is defined as follows: let x : M — N, for any causal
curve v : [a,b] — N, if v(a),v(b) € x(M) then for all t €]a,b] we have:
Y(t) € x(M) .

The generalization of AQFT which discuss in this section is called Locally
Covariant Quantum Field Theory (LCQFT). For a recent extensive review
of the area, see [FV15].

As in the original AQFT framework, we assign algebras of observables
to globally hyperbolic spacetimes and we also want to require that for each
such admissible embedding there exists an injective homomorphism

ay t A(M) — A(N) (2.13)

of the corresponding algebras of observables assigned to them, moreover if
X1 : M — N and x2 : N — £ are embeddings as above then we require the
covariance relation

Qtypoy; = Qyp O Oy - (2.14)
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Such an assignment 2 of algebras to spacetimes and algebra-morphisms to
embeddings can be interpreted in the language of category theory as a co-
variant functor between two categories: the category Loc which is an ap-
propriate sub category of the category whose objects are globally hyperbolic
spacetimes and arrows are the admissible embeddings; and the category Obs
of topological x-algebras. The precise choice of the category Loc depends
on the kind of objects we want to study. If the physical theory we consider
is sensitive to some topological (hence non-local) features of the underlying
manifold, one first restricts the class of objects considered and then stud-
ies possible extensions. The detailed analysis of such topological effects has
been provided in [BSS14]. In this section we will present the framework in
the simplest version, suitable for the study of scalar fields, as introduced in
[BFV03]. First we recall some basic notions of category theory, which are
relevant for LCQFT.

Definition 2.42. A category C consists of:
e a class of objects Obj(C),
e a class of morphisms (arrows) hom(C), such that each f € hom(C)
has a unique source object and target object (both are elements of

Obj(C)). For a fired a,b € Obj(C), we denote by hom(a,b) the set of

morphisms with a as a source and b as a target,

e a binary associative operation o : hom(a,b) x hom(b,c) — hom(a,c),
f,9— fog, called composition of morphisms,
e the identity morphism id. for each ¢ € Obj(C).

Definition 2.43. Let C, D be categories. A covariant functor § assigns to
each object ¢ € C and object F(c¢) of D and to each morphism f € hom(C),
a morphism F(f) € hom(D) in such a way that the following two conditions
hold:

e 3(id.) = idg(c) for every object c € C.

e §(gof)=35(g) oF(f) for all morphisms f:a—b and g: b — c.
Definition 2.44. Let § and & be functors between categories C and D, then

a natural transformation n from § to & associates to every object a € C a
morphism Hom(D) 3 n, : §(a) — &(a), such that for every morphism
C> f:a— b we have:

o S(f) =&(f) o

We denote the family of natural transformation between § and G by Nat(F, 9).



36 CHAPTER 2. ALGEBRAIC APPROACH TO QUANTUM THEORY

For more details on categories and functors, see |[ML78]. In LCQFT
applied to scalar fields we adopt the following definitions of categories Loc
and Obs.

Definition 2.45. The category Loc is a category where objects are globally
hyperbolic, oriented time-oriented spacetimes and morphisms are admissible
embeddings (see definition 2./1).

Remark 2.2. Note that Loc is a large category, i.e. its class of objects
Obj(Loc) is not a small set. It was shown in [Few07] that one can improve
the situation with the use of Whitney embedding theorem, which states that
every smooth manifold of dimension d may be embedded as a smooth sub-
manifold of R2#*1. Hence the collection of isomorphism equivalence classes
in Obj(Loc) may be identified with a subset of the power set of R?4+1, so it
is a small set. This makes Loc essentially small.

Definition 2.46. Depending on the context, we have the following choices
for the category of observables.

i) In the non-perturbative setting: Obs is the category with unital C*-
algebras as objects and injective unit-preserving x-homomorphisms as
arrows.

ii) In classical theory: Obs, is the category with locally convex topologi-
cal Poisson algebras as objects and injective Poisson homomorphism as
arrows.

iii) In the perturbative setting: Obs, is the category with locally convex
topological unital *-algebras as objects and injective unit-preserving *-
homomorphisms as arrows.

We are now ready to give a definition of a classical/quantum field theory
model in the LCQFT setting.

Definition 2.47. In the LCQFT framework, a model is a functor 2 from
Loc to ...

i) ...ODbs for a non-perturbative locally covariant QFT model,
ii) ...Obs, for a locally covariant classical field theory model,
iii) ...Obs, for a perturbative locally covariant QFT model.

If we don’t want to specify the context, we write Loc,. Moreover, we often
use the notation a,, = Ax, where x € Hom(Loc).
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Another useful category is the category of locally convex topological vec-
tor spaces.

Definition 2.48. Define Vec to be the category whose objects are locally
convex topological vector spaces (LCVS) and whose morphisms are injective
homomorphisms of LCVS.

The requirement that 2 is a covariant functor already generalizes the
Haag-Kastler axioms of Isotony and Covariance. We can impose further
requirements:

e Einstein causality: let x; : M; — M, ¢ = 1,2 be morphisms of Loc
such that x1(M;) is causally disjoint from yo(Maz), then we require
that:

[y (A(M1)), ey, (A(M2))] = {0},

e Time-slice axiom: let x : N — M, if x(N) contains a neighborhood
of a Cauchy surface ¥ C M, then «, is an isomorphism.

The Einstein causality requirement reflects the commutativity of ob-
servables localized in spacelike separated regions. From the point of view
of category theory, this property is encoded in the tensor structure of the
functor 2. In order to make this statement precise, we need to equip our
categories Loc and Obs, with tensor structures (for a precise definition of
a tensor category, see [MLT78]).

Definition 2.49. We call a category C strictly monoidal (tensor category) if
there exists a bifunctor ® : C x C — C which is associative, i.e. @(® x 1) =
®(1 X ®) and there exists an object e which is a left and right unit for &.

The category of globally hyperbolic manifolds Loc can be extended to a
monoidal category Loc®, if we extend the class of objects with finite disjoint
unions of elements of Obj(Loc),

M=M; ...UM,

where M; € Obj(Loc). Morphisms of Loc® are isometric embeddings,
preserving orientations and causality. More precisely, they are maps x :
My U. ..UM — M such that each component satisfies the requirements for
a morphism of Loc and additionally all images are spacelike to each other,
ie., x(M;) L x(M;), for i # j. Loc® has the disjoint union as a tensor prod-
uct, and the empty set as unit object. It is a monoidal category and, using
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the results of [JS93], it is tensor equivalent to a strict monoidal category,
which we will denote by the same symbol Loc®.

On the level of C*-algebras the choice of a tensor structure is less obvious,
since, in general, the algebraic tensor product 24; ®2ly of two C*-algebras can
be completed to a C*-algebra with respect to many non-equivalent tensor
norms. The choice of an appropriate norm has to be based on some further
physical indications. This problem was discussed in [BFIR14|, where it is
shown that a physically justified tensor norm is the minimal C*-norm ||.||min
defined by

| Allmin = sup{[|(m1 @ m2)(A)|l33,030)} » A €U @A,

where 71 and 7o run through all representations of 2; and of 25 on Hilbert
spaces Hip, Ho respectively. B denotes the algebra of bounded operators.
If we choose m and 7y to be faithful, then the supremum is achieved, i.e.
| Allmin = [[(m1 ® m2)(A)||B(3¢,23¢,)- The completion of the algebraic tensor
product A; @ 2y with respect to the minimal norm ||A|ymin is denoted by
2; @ Ag. It was shown in [BFIR14] that, under some technical assumptions,
a functor 2l : Loc — Obs satisfies the axiom of Einstein causality if and
only if it can be extended to a tensor functor A® : Loc® — Obs®, which
means that

AP My UMz) = A¥(My) @pin A (M), (2.15)
Axox) = A90) A% X)), (2.16)
A9°@) = C. (2.17)

In the perturbative setting, we also face the same problem with extend-
ing Obs, to a tensor category, as there are many possibilities to chose a
tensor product. The most natural choices are the injective tensor product
(definition 2.37) and the projective tensor product (definition 2.36). A way
out it to restrict Obs to the category of nuclear topological algebras, where
these two notions coincide.

Let us now discuss the time slice axiom. We use it to describe the
evolution between different Cauchy surfaces. Firstly, we associate to each
Cauchy surface X the inverse limit

AT) = qui:n% AN) . (2.18)

We denote by vtpsny the inclusion of a subset N in M and by ayny = Aeyrn,
the corresponding morphism in hom(Obs). Elements of the inverse limit
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(2.18) are sequences A = (An)L,oNox With axn(An) = Ak, K C La,
with the equivalence relation

A~BifdLcCcLsNLpgsuchthat Ay =By forall NCL. (2.19)
We define the embedding of the algebra A(X) into A(M) by
ays(A) = ayn(An) for some (and hence all) X C N C Ly .  (2.20)

From the time slice axiom follows that each homomorphism oy is an iso-
morphism. Hence oy is also an isomorphism, and we obtain the propagator
between two Cauchy surfaces 7 and Yo by

M -1
agx, = Yy, © OMY, - (2.21)

This construction resembles constructions in topological field theory [Seg].

The next important notion in LCQFT is that of a local quantum field.
In the Haag-Kastler framework on Minkowski space an essential ingredient
was the translation symmetry. This symmetry allowed the comparison of
observables in different regions of spacetime. This is not possible in the
general covariant framework we describe here, because on generic spacetime
the isometry group might be trivial. It follows that there is a’priori no
natural way to say what does it mean to have the same observable in a
different region. We need to introduce some extra labels for the observables,
which make such a comparison possible. This is where locally covariant
quantum field come into the game. We can think of them as operator-valued
distributions assigned to all the objects of Loc in a coherent way. Before
we give the precise definition, we need to make clear what we mean by test
function spaces

Definition 2.50. Let © denote the functor from Loc to Vec which asso-
ciates to every spacetime M its space of compactly supported C°-functions,

DM) = 2(M) = €X(M,R) , (2.22)

and to every embedding x : M — N of spacetimes the pushforward of test
functions f € D(M)

DX =x+ 5 Xof(2) = { fOC @)z € x(M) : (2.23)

0 , else

Note that ® is a covariant functor and its target category contains also
the category of topological algebras which is the target category for 2. We
are now ready to state the definition of a locally covariant quantum field.
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Definition 2.51. A locally covariant quantum/classical field ® is defined as
a natural transformation from the functor © of test function spaces to the
functor A of field theory composed with the forgetful functor from Obs, to
Vec.

More concretely, ® is defined by a family of morphisms &y : ©(M) —
2A(M), M € Obj(Loc) such that

Ax o Py = Py 0 Dy (2.24)

The category theory language, which is used to formulate the axioms
of LCQFT in not only a convenient way to phrase known results,but also
leads to new insights. For example, one can use it to formulate what does
it mean to have the same physics in all spacetimes. This property, called
SPASS, is a property of the QFT functor and it has been extensively studied
in [FV1la, FV11b|. Further study of structures appearing in LCQFT lead
recently to construction of new theories by using symmetries of the QFT
functor [Few13].

The next step in the LCQFT research is the proper understanding of
the structures of gauge theories, where the topological features lead to new
difficulties [DL12, SDH14, BSS14]. It would be desirable to obtain for lo-
cal symmetries a framework similar to the DHR analysis done for global
symmetries [DHR71, DHR74|. Another possible extension of the LCQFT
framework is to replace Loc with the category of framed manifolds. This
idea has been used in [F'V15] to prove the locally covariant version of the
PCT theorem.



Chapter 3

Kinematical structure

In the framework of perturbative algebraic quantum field theory (pAQFT)
we start with the classical theory, which is subsequently quantized. We work
in the Lagrangian framework, but there are some modifications that we need
to make to deal with the infinite dimensional character of field theory. In
this chapter we give an overview of mathematical structures that will be
needed later on to construct models of classical and quantum field theories.
Since we do not fix the dynamics yet, the content of this chapter describes
the kinematical structure of our model. Readers familiar with some of the
concepts we introduce here can skip corresponding sections.

3.1 The space of field configurations

We start with a globally hyperbolic spacetime M = (M, g) (see definition
2.21). The next step is to define the space of field configurations. This
specifies what kind of objects our model describes (e.g. scalar fields, Dirac
fields, gauge fields, etc.). In the simplest situation the configuration space &
is a vector space.

Definition 3.1. The configuration space & on the fixed spacetime M =
(M, g) is realized as the space of smooth sections I'(E) of some vector bun-
dle E 55 M over M. Let V be the finite dimensional vector space which
constitutes the fibre of E. We assume that there exists a bilinear pairing
() : V xV = R. This pairing also defines an isomorphism between V
and its dual V'.

Example 3.1. Ezamples of configuration spaces for commonly used theories:

e for the real scalar field: € = C*°(M,R),

41
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o for the Yang-Mills theories (see chapter 7) with the trivial principal
bundle: € = Q1(M,g), where g is a Lie algebra of a compact Lie

group,
o for effective quantum gravity (see chapter 8): & = T((T*M)*®).

Let us now comment on the differentiable structure on €. A natural way
to introduce a smooth structure on € is to equip it first with the standard
Fréchet topology (as defined below) and use this topology to define functional
derivatives on €.

Definition 3.2. Let Q C R™ be an open subset and C*°(Q,R) the space of
smooth functions on it. We equip this space with a Fréchet topology generated
by the family of seminorms:
Prm(p) = sup [0%p(z)], (3.1)

A

la]<m
where oo € NV is a multiindexr and K C Q is a compact set. This is just the
topology of uniform convergence on compact sets, of all the derivatives.

The definition above can be applied to define a Fréchet topology on
€>(M,R) with the use of coordinate charts, as M is locally R*. It also
generalizes easily to the vector-valued case & = I'(E = M). We will always
assume that € is equipped with this Fréchet topology.

Next we introduce a natural topology on the space of compactly sup-
ported functions Z(M) = C2°(M,R). This topology is locally convex, but is
not Fréchet.

Definition 3.3. Let 2(2) = CX(,R), Q@ C R. The fundamental system of
seminorms on Z(2) is given by:
Plm}geha(®?) = sup (sup | DPo ()| /ev) (3.2)
Ipl <mu
where {m} is an increasing sequence of positive numbers going to +oo and
{€} is a decreasing one tending to 0.

The generalization of the above topology to the vector-valued case €, =
I'.(E 5 M) is straightforward.

Remark 3.1. We can also consider situations in which the configuration
space € is not a vector space, but still can be made into an infinite dimen-
sional affine manifold in the sense of [Mic84]. It happens for example with
the space of all Lorentzian metrics or the space of gauge connections, but we
this is beyond the scope of this book.
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3.2 Functionals on the configuration space

We model classical and quantum observables as smooth functions on €. Intu-
itively, a classical measurement assigns a real number to a field configuration.
The smoothness condition is a regularity requirement which we need in our
formalism in order to introduce various algebraic structures on the space of
functionals. The main feature of the functional approach, which we advocate
in this book, is that both the classical and quantum theory are defined in
terms of the same set of functionals and differ by algebraic structures on this
set. The classical theory is defined in term of a Poisson bracket, while the
quantum theory in terms of a non-commutative product. We will construct
these structures for the scalar field in chapters 4-6, but first we need to de-
fine the underlying space of functionals, which is the main subject of the
present section. Having the quantization in mind, we work from the start
with complex-valued functionals.

For functions on &€, the smoothness is understood in the sense of Bastiani
calculus [Bas64, Ham82, Mil84, Nee06], i.e.

Definition 3.4 (after [Nee06]). Let X and Y be topological vector spaces,
U C X an open set and f : U — Y a map. The derivative of f at x € U in
the direction of h € X is defined as

Co 1
(FO(@),h) = lim = (f(a +th) - f()) (3.3)

whenever the limit exists. The function f is called differentiable at x if
<f(1) (x), h> exists for all h € X. It is called continuously differentiable if it
is differentiable at all points of U and fO) : U x X = Y, (z, h) — df (z)(h) is
a continuous map. It is called a C'-map if it is continuous and continuously
differentiable. Higher derivatives are defined by

8k

7f:r+t1v1+-"—|—tkvk s
atl . e atk ( ) t1:~~~:tk:0

(3.4)

<f(k)(ac),v1 ®--- ®’Ukz> =

and f is €% if f) s jointly continuous as a map U x XF.

This notion of differentiability is also referred to as Michal-Bastiani dif-
ferentiability, since the definition of differentiability at a point is equivalent
to the one proposed by Michal [Mic38, Mic40|. However, Bastiani differen-
tiability on an open set is a stronger notion.

We apply this to define derivatives of C-valued functionals F' on €. By
definition FM (), if it exists, is an element of the complexified dual space
& = & ® C. More generally, we have the following result.
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Proposition 3.1. Let F': € — C be a Bastiani smooth functional, then
i) F () is a linear continuous map from &" to C,

i) F(")(go) induces a continuous map on the completed projective tensor
product g®nk o [(E®" — M™), where X is the eaterior tensor products
of vector bundles, defined below in 3.6. Here we denote the map on E®nk
by the same symbol as the original differential, i.e F(™(y).

Proof. Property i) follows directly from the definition of continuous differ-
entiability. For ii) it is crucial that € is a Fréchet space. For the proof of the
claim, see for example [Tre06]. O

Definition 3.5. Let By = My, Ey 22 My be two vector bundles over M
and Moy with fibers Vi, Vo respectively. The exterior tensor product E1X Fs is
defined as the vector bundle over My x My, whose fiber over (z,y) € My x My
15 Vigp ® ng.

This definition has to be contrasted with the definition of the ordinary
tensor product of vector bundles.

Definition 3.6. The tensor product of vector bundles By = M, Ey =2 M
s a vector bundle over M, denoted by EW @ Eo whose fiber over a point x € M
18 the tensor product of vector spaces E1, ® Es,,.

It is clear from the discussion above that in order to understand better
the behavior of functional derivatives of smooth functionals on & we need to
bring some notions from the theory of distributions into our framework.

Definition 3.7. The space of distributions on 0 C R is defined to be the
dual 2'(Q) of 2(2) with respect to the topology given in the definition 3.5.

Equivalently, given a linear map L on Z(f) we can decide if it is a
distribution by checking one of the equivalent conditions given in the theorem
below [Tre06, Rud91, Hor03].

Theorem 3.1. A linear map v on 2(R) is a distribution if it satisfies the
following equivalent conditions:

1. To every compact subset K of ) there exists an integer m and a con-
stant C' > 0 such that for all p € D with support contained in K it
holds:

|u(¢)| < C maxsup |0Pp(z)].
p<k zcQ
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We call ||ul|erq) = maxp<k sup,eq |0P¢(x)| the Ck-norm and if the
same integer k can be used in all K for a given distribution u, then we
say that u is of order k.

2. If a sequence of test functions {¢r}, as well as all their derivatives con-
verge uniformly to 0 and if all the test functions @y, have their supports
contained in a compact subset K C € independent of the index k, then

u(pr) — 0.
Proof. See for example [Hor03]. O

The regularity of a distribution can be characterized in terms of the falloff
conditions for its Fourier transform.

Theorem 3.2. A distribution u € &'(Q) is smooth if and only if for every
N there is a constant Cy such that:

la(k)] < Cn(1+ k)™,
where 4 denotes the Fourier transform of u.
Proof. See for example [Hor03]. O

Definition 3.8. The singular support of a distribution u is the complement
of the largest open set on which u is smooth.

If a distribution has a nonempty singular support we can give a further
characterization of its singularity structure by specifying the direction in
which it is singular. This is exactly the purpose of the definition of a wave
front set.

Definition 3.9. For a distribution u € 2'(Q) the wavefront set WF(u) is
the complement in Q x R™\ {0} of the set of points (x, ko) € & x R™\ {0}
such that there exist

e a function f € 2(Q) with f(x) =1,
e an open conic neighborhood C' of kg, with

sup(1+ |kDN|f - u(k)| < oo VN €Ny.
keC

On a manifold M the definition of the Fourier transform depends on
the choice of a chart, but the property of strong decay in some direction
(characterized now by a point (z,k), k # 0 of the cotangent bundle 7% M)



46 CHAPTER 3. KINEMATICAL STRUCTURE

turns out to be independent of this choice. Therefore the wave front (WF)
set of a distribution on a manifold M is a well defined closed conical subset
of the cotangent bundle (with the zero section removed).

The wavefront sets provide a simple criterion for the existence of point-
wise products of distributions. Before we give it, we prove a more general
result concerning the pullback. Here we follow closely [BF09a, Hér03]. Let
a: ) — € be a smooth map between 2 C R™ and 2 C R"™. We define the
normal set N, of the map « as:

Na = {(a(z),n) € @ x R"|((daz)" (1) = 0},

where (day)T is the transposition of the differential of o at x.

Theorem 3.3. Let T be a closed cone in Q0 x (R™{0}) and o : @ — Q as
above, such that No NT' = @. Then the pullback of functions a* : £(Q) —

& () has a unique, sequentially continuous extension to a sequentially con-

tinuous map Z}(2) — 2'(2), where Z{.(Q) denotes the space of distributions
with WFE sets contained in T'.

Proof. For proof see [BF09a, Hor03]. O

Using this theorem we can define the pointwise product of two distribu-
tions ¢, s on an n-dimensional manifold M as a pullback by the diagonal map
D : M — M x M if the pointwise sum of their wave front sets

WEF(t) + WF(s) = {(z,k + K)|(x, k) € WF(t), (z,k") € WF(s)},

does not intersect the zero section of T*M (see theorem 8.2.10 of [?]). To see
that this is the right criterion, note that the set of normals of the diagonal
map D : z +— (z,z) is given by Np = {(x,z, k, —k)|x € M,k € T*M}. The
product ts is then defined by: ts = D*(t ® s) and if one of ¢, s is compactly
supported, then so is ts and we define the contraction by (t,s) = #s(0).
Another way of seeing that the construction works is to look at the Fourier
transformed version. For ¢,s € &(£2) we have

1 ~ -
(3. 19) = G / 77 (k) 55(— k) dk (3.5)

where f,g € 2(Q2) are chosen with sufficiently small support. We will now
give a brief argument for why the integral above converges. Note that if
k # 0, then either tAf is fast-decaying in a conical neighborhood around k
or 5g is fast-decaying in a conical neighborhood around —k, while the other
factor is polynomially bounded.
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Motivated by the criterion above we can distinguish certain important
classes of functionals by analyzing the WF set properties of their derivatives.
Before we move to that task, there is one more concept we need to introduce
first. Following the spirit of AQFT we would like to define some notion of
localization (on spacetime) of functonals we consider. More precisely, later
on we will construct algebraic structures associated to bounded regions of M,
so we need to be able to decide if a given observable (modeled as a smooth
functional) belongs to a given region or not. We achieve this by introducing
the notion of the spacetime support.

Definition 3.10. Let F' be a map from X =T'(E — M) to Y, where E is a

vector bundle over M and Y is a set. The spacetime support of F is defined
by

supp F' = {z € M|V neighborhoods U of x Jp,1p € X,supp v C U, (3.6)

such that F(o + ) # F(p)} .

Here we rely on the fact that I'(E — M) is equipped with a linear

structure, but the concept of spacetime support generalizes to the case where

X is a space of sections of an arbitrary bundle over M [BFR13]. Note that

if F' is linear and X = C2°(€2, R), where 2 C R", then definition 3.10 reduces
to the standard definition of the support of a distribution on €.

Definition 3.11. Let u € 2'(Q). The support suppu of a distribution
u € 9'(Q) is the smallest closed set O such that ulg\o = 0. In other words:

suppu = {z € Q| VU open neigh. of x, U C Q Jp € D(Q),suppy C U, s.t. <u,p># 0}.

An even closer relation between the distributional support and the space-
time support of a functional can be seen in the following result [BDLGR15]:

supp F = | supp(FM(¢)) .
peé

The concept of spacetime support applies also to functions of several argu-
ments.

Definition 3.12. Let F' be a map on the product X =T'(Ey — M) x --- X
['(Exy — M) taking values in a set Y. Then the spacetime support of F is
defined as
supp F' = {x € M|V neighborhoods U of x p = (¢1,...px) € X
and ¢ € T'(E; — M) for some i € {1,...,k},supp v C U,
(3.7)

such that F(p1,...,0i +,...,01) # Fp)} .
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We have already seen that functional derivatives of Bastiani smooth func-
tionals on € are compactly supported distributions. Further restrictions on
regularity and support of distributions appearing as functional derivatives
are obtained for local functionals.

Definition 3.13. A functional F € C>*(&,C) is called local (an element of
Froc) if for each ¢ € & there exists k € N such that

Flg) = /M a5 () | (3.8)

where j%(p) is the k-th jet prolongation of ¢ and « is a density-valued func-
tion on the jet bundle.

Remark 3.2. If F is local then F("(y) is a distribution supported on the
thin diagonal

Dy, ={(x1,...,2n) E M" 21 =+ =T }.

We equip the space Fioc of local functionals on the configuration space
with the pointwise product using the prescription

(F-G)(p) = F(p)G(p), (3.9)

where ¢ € €. Foc is not closed under this product, but we can consider
instead the space F of multilocal functionals, which is defined as the algebraic
closure of F,. under the product (3.9). We can also introduce the involution
operator * on F using the complex conjugation, i.e.

This way we obtain a commutative *-algebra. The self-adjoint elements
of this algebra are functionals that satisfy F* = F', i.e. these are the real-
valued functionals. We will see later on that we can identify such self-adjoint
elements with classical observables.

Local and multilocal functionals satisfy some important regularity prop-
erties. Firstly, for local functionals the wavefront set of F() () is orthogonal
to T'D,,, the tangent bundle of the thin diagonal. In particular, F(l)(go) has
empty wavefront set, so is smooth for each fixed ¢ € €. The latter is true
also for for multilocal functionals, i.e. F' € F. Note that using the invari-
ant volume form p, we can therefore identify F (M) () with an element of
&€ =TS(E* — M), where E* is the dual bundle of E.
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Actually, one can characterize locality in an abstract way, using Bastiani
smoothness and WF set properties as well as support properties of the first
and the second derivative. This result has been proven in [BDLGR15], based
on the ideas of [BFR12].

Theorem 3.4. Let U be an open subset of &(M) = C*°(M,R) and F : U —
R be smooth in the sense of Bastiani. Assume that

1. F is additive and compactly supported in K C M.

2. For every ¢ € U, the differential F(l)(cp) of F' at ¢ has empty WF set
and the induced map FV : U — @(M) is Bastiani smooth.

3. For every ¢ € U, the distribution F?(p) € &' (M?) induced by
the second derivative of F is supported on the diagonal Do and
WF(F®)(p)) L TD,).

Then, for every ¢ € U, there is a neighborhood V' of the origin, an integer
k and a smooth real-valued function f on the k-jet bundle J*(M) such that
Flp+1) = fM JEp)da for every b € V, where j*i is the k-jet of ¥ at x.

3.3 Fermionic field configurations

Up to now we have considered the configuration spaces that were ordinary
infinite dimensional manifolds. Now we will consider a situation, where
the configuration space is graded. Physically this becomes relevant when
we want to describe Fermionic field configurations, like for example matter
fields in QED (Dirac fields). Here we will use the term “Fermionic” in the
sense of “anticommuting”, rather than “non-integer spin”. The later context is
related to the spin-statistic theorem [SW00]|, which, however, doesn’t apply
to auxiliary, non-physical field variables like ghosts and antighosts that will
be introduced in chapter 7.

There are several ways to define graded manifolds geometrically and in
the infinite dimensional context, the approach proposed by [Sac08] seems
to be the most appropriate. Here, however, we are not interested in the
structure of graded manifolds themselves, but we take the algebraic point of
view and focus on their rings of polynomial functions. As in earlier chapters
we denote by & the space of sections of some vector bundle £ = M (this
could be for example the Dirac bundle describing the electrons in QED). Let
&’ be its strong dual (i.e. topological dual space equipped with the topology
of uniform convergence on bounded sets of £). We want to give meaning to



50 CHAPTER 3. KINEMATICAL STRUCTURE

the notion of odd &, i.e. €[1], where the number in square brackets denotes
the degree shift. Like elsewhere in this book, we take the algebraic viewpoint
and characterize this space in terms of its ring of functions O(&E[1]). We call
the latter the space of antisymmetric functionals on €. Before we can make
this notion precise we quote a known result from [Buc72).

Theorem 3.5. Let X, Y be two Fréchet spaces, one of which has the aprox-
imation property. Then

i) X'orY = (XY,
i) X'®Y = (X®Y),
where all the duals are meant as the strong duals.

Proof. See [BucT72]. O

We can now prove the following useful result concerning tensor products
of € and its strong dual.

Proposition 3.2. IV(EX¥" — M"), the strong dual of T'(E®" — M™) is
isomorphic to I'(E)®="

Proof. Since T'(E) is Fréchet and has the approximation property (see
[Jar12]), we have (['(E)®=") = I'(E)®". From the nuclearity of I"(E) fol-
lows that the later can be identified with I(E)®=". As T(E)®=" =~ T'(E¥n —
M™), we obtain

I'(E®" - M™) = TV(E)®" .
0

The following definitions make precise the notion of antisymmetric func-
tionals.

Definition 3.14. Let E = M be a vector bundle with fiber V.

i) We define T',(E¥™ — M™) as the completion of T'(E) A --- AT'(E) with

n
respect to the topology of T'(E)®="™. The subscript “a” stands for anti-
symmetry.

ii) Analogously, T,(E®™ — M™) is the completion of the symmetric tensor
product T'(E) ®s - - @5 T'(E).

n
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i11) This generalizes also to more complicated statistics.  The comple-
tion of T"(E)YA -+ AT'(E)@T'(E) ®s -+ @5 I(E) will be denoted by

P q
(E¥" — M™), where n = p+ q. In general we can consider labels

/
plg
which are arbitrary finite sequences of the type pi|p2|ps|...|pk, where

integers in boldface indicate the antisymmetric factors and the remaining
indices correspond to totally symmetric factors.

Definition 3.15. We define O(E[1]), the space of odd (antisymmetric) func-
tionals on & as

oo oo
A=][AF =]]ru(E* - MM ecC,
k=0 k=0

where the notation T, is clarified in definition 3.1/.

The elements of A are called here the antisymmetric functionals, written
as (possibly infinite) sequences: T' = (T )ren, where the components Ty, € AF
are referred to as homogeneous functionals. It is convenient to introduce a
notation for such functionals, which is commonly used in physics

Definition 3.16. Let € = I'(E — M) with fiber V.. Choose a basis on the
fiber labelled by the index set I. For o € I, x € M, define ®¢ € &' as the
evaluation functional

D3 (p) = %(z).

Formally, we can write elements of 7' € AF in terms of integral kernels

S /T(:pl, e ) er et (1) () dp(@) - . dp(ey)

ALy Ok

We can write this also in terms of evaluation functionals defined in 3.16 as

T= > /T(xl,...,xk)a17...’ak<1>g11...@%’:du(wl)...du(a:k).
k

A,

Using this notation we are able to translate some formal expression used in
the physics literature into our framework. The key point is that in physics
one usually identifies ®%’s with some abstract Grassmann-valued functions.
We refrain from that interpretation, since we want to avoid dealing with
infinitely many Grassmann parameters. Instead we treat ®$’s as honest,
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real-valued functionals. This viewpoint on functionals of Fermionic fields
has been proposed in [Rejl1b].

The generalization of the definition 3.15 to the graded case is straight-
forward.

Definition 3.17. Define O(Eo @ E1[1] & €2[2]) as C=(Ep, A), where

oo

. X X k

A= ] Tp(BPRES - MY e C.
k=0

pt+a=k

Adding further terms to £y @ E1[1] @ E2(2] is reflected by adding further
factors in plq, where odd degrees contribute antisymmetric tensor powers
and even degrees contribute symmetric tensor powers.

We also introduce the notation
OF (&0 @ &1[1] @ E2]2]) = C®(&g, A¥),

k - X X k
where A" = €D, . F;)|q(E1 PR E," — M"*)®C.
Remark 3.3. For the future reference, we make a distinction between O(€)
and O(E[0]). The former is always understood as the space of smooth func-
tionals, while the latter is the space of (potentially infinite) series in sym-
metric tensor products, without any notion of convergence. We will need

this distinction in section 7, where we will need formal objects of the type

0([0)).
Next we introduce the notion of a derivative of a graded functional.
Definition 3.18. Let F € A*¥, u e E¥F1 he &,

i) The left derivative of F' at u in the direction of h is defined by

o
<‘;p(u),h> ~F(hAu),k>0
l
oF =0 FeA.
o

We extend this definition to A by linearity.
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it) Analogously, the right derivative of F' at u in the direction of h is defined

by
<66§(u),h> ~F(uAh),k>0
s
0 =0 FeA".
dp

Clearly, for F' € A, <‘§—5(.), h> is an element of A and we can think of
‘z—F as a distribution (i.e. continuous linear map) on £ with values in the
graded algebra A. This point of view has been adapted in [Rejllb]. We
equip the space of such distributions with the strong topology (the topology
of uniform convergence on bounded sets) and use the notation Ly(&€,.A). The
theory of distribution taking values in general locally convex vector space has
been developed in [Sch57, Sch58]. One can define the notions of convolution,
Fourier transform and WEF set for such objects. We also have the analogue
of the theorem 3.3. The following definitions allow to distinguish important
classes of graded functionals. For the simplicity of notation we spell out

explicitly only the case where the configuration space is €9 @ E1[1].

Definition 3.19. The support of graded functional F € C®(&y, AF) is de-
fined by

ST supp (if;(w; U)) U ). swp <5l§0(1¢) (u)> ’

peoucedmr peoucedmh 1
where % denotes the usual Bastiani derivative with respect to the variable

in g, while % is the graded derivative on A, defined in 3.18. The definition
of support generalizes to the case of Eg® E1[i1] ... En[in] by adding further
terms in the sum.

Definition 3.20. A graded functional F € C>®(&q, A¥) is called local (an
element of CX (€q, AF)) if it is compactly supported and for each ¢ € € there

loc

exists k € N such that
F(pihy, ... hg) = /M a(jo(p), jit (ha), - -, ik (hy)) (3.10)

where ¢ € Eg, h1,...,h; € &1 and « is a density-valued function on the jet
bundle. We denote

o
Oroc(€0 @ E1[1]) = ] Cis(€0, A).
k=0
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Definition 3.21. We equip O(Eo @ E1[1]) with the antisymmetric product:

(FAG)@);hts.. . hprg) =

1
plg! Z sgn(o) <F(90)5 ho(1y -+ ho(p)> <G(90); ho(pt1)s - - hff(P+q)> )
TESp+q

(3.11)
where F' and G are of degree p and q respectively, ¢ € €y and h; € &;.

Definition 3.22. We define O1(Eo @ €1[1]) as the algebraic completion of
O(Eo @ E1[1]) with respect to the graded product A.

By definition, we can differentiate elements of O(€g@E1[1]) as functionals
on &y. The n-th derivative of F' € O(&€p, A) at point ¢ € €y will be denoted
Zy F™ () or %(gp), to distinguish it from the graded derivative 659510) on

The following result allows to characterize derivatives of compactly sup-
ported functionals.

Proposition 3.3. Let F € OF(Ey @ &1[1]) = C®(Eg, A¥) be compactly sup-
ported, then the n-the derivative of F' satisfies

F () € T(BRM R EEF 5 M) 2 (8))%6. (1) o C,
for all p € &p.

Proof. We start with F(1). By definition F()(¢) is a continuous linear map
from &g to (&})®7*®C, so is a vector-valued distribution in Ly (&g, (&)%)
C. Since & is a Montel space, the bounded sets are the same as equicon-
tinuous sets, so Ly(Eq, (€])®7%) is identified with L.(Eq, (€})®~*), the space
with the topology of uniform convergence on equicontinuous sets. The latter
is then isomorphic to 86®5(8’1)®”k, since both arguments are complete and
have the approximation property. Next we use the fact that £f and (8’1)®Wk
are nuclear, to conclude that the injective product can be replaced with the
projective product. Finally, we use the Buchwalter’s theorem 3.5 to conclude
that )
FW () € (8))&(E)%* @ C = T'°(Ey R EFF — MF+1) |

for all p € £g. By iterating this procedure we obtain the result for all n. [

In analogy to the bosonic case, we can conclude that for a local local
functioanal F € OF (&¢ @ &1[1]), the WF set of F(" () € T(EF" K EXF —

loc

M*+7) is orthogonal to T Dy, the tangent bundle of the thin diagonal.
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3.4 Vector fields

In this section we define some important geometrical structures on €. Firstly,
note that we can view € (in a trivial way) as an infinite dimensional manifold
modeled on a locally convex topological vector space (a Fréchet space in this
case). For a precise definition of infinite dimensional manifolds see [KM97,
Nee06]. The tangent space to € is then given by

TE=E X E,
and smooth vector fields are smooth sections
[(TE) X C™(E,€E).

As in the finite dimensional situation, vector fields on € form a Lie algebra,
where the Lie bracket is given by the commutator [.,.].

We can also define differential forms on &, but here the definition is a
bit more tricky than with the vector fields. In [Nee06| one uses the following
definition

Definition 3.23. Let X be a differentiable manifold and V' a locally convex
topological vector space, then a V -valued p-form on X is a function which
associates to each v € X ap - linear alternating map wy = w(z) : Tu(M)P —
V' such that in local coordinates the map (x,v1,...,vp) — wWe(v1,...,vp) is
smooth.

It follows from proposition 3.1 that derivatives of Bastiani smooth func-
tionals are n-forms in the above sense. However, later on we will need objects
more general than these, so it is better to modify the concepts of vector fields
and forms already at this point.

We are interested in the complexification of I'(T'€), i.e. in I'*(T'€). This
space can be identified with C>°(&, E%). As we did with the functionals, we
want to require vector fields to be compactly supported in some sense. There
are two possibilities here; we can view X as an element of C>°(&, E%) or as a
derivation on C*°(€,R). The notion of support which we invoke here takes
both these aspects into account. In the first, we restrict ourselves to vector
fields that are elements of C*°(€, ES). We define the support as follows.

Definition 3.24. Let X € C®(&, L) be a vector field. We define

supp X =Y supp(X () U Y~ supp(X () (3.12)
peé e



56 CHAPTER 3. KINEMATICAL STRUCTURE

We restrict ourselves to vector fields that are compactly supported. Note
that this implies that in particular they need to induce elements of C*°(€, £F).
The first part of the formula (3.12) refers to the support of X, as a function
on &. The second term is the support of X seen as a derivation. Next we
define locality.

Definition 3.25. Let Vi, C I'°(T'E) denote the space of compactly supported
complexified vector fields X that can be written in the form

X(p)(@) = X(j2(9)) = Xul9)

where k € N and X is some &.-valued function on the jet bundle. Such vector
fields are called local.

Note that elements of V|, are derivations of Fj,. and V), is a Lie subal-
gebra (over C) of I'“(T'€), where the Lie bracket is given by the commutator
of vector fields. Note, however, that it is not an F-submodule of I'*(T°€). In
the next step we define multivector fields. We will use here a definition which
differs from the standard one used in the literature, but is more natural in
our context. Let us start with some motivation. Firstly, we want to be able
to insert a differential F(!) of a local functional into a local bi-vector field
and the result should be an element of Vi,.. Secondly, we want antisym-
metry, some smoothness conditions and the compact support requirement.
The locality implies that we have to consider objects more general than just
elements of C*°(E€, ES A EF), which would be the standard notion of the space
of bi-vector fields on an infinite dimensional manifold. Instead, we use the
framework introduced in section 3.3 and view the complexified multivector
fields as O(T*[1]€), where T™*[1]€ is the odd cotangent bundle of €, i.e.

T*[1)E = £ @ €*1],

where £* = T'(E* — M). The notion of functions on a graded space has been
clarified in definition 3.17. Among all elements of O(7T*[1]€) we distinguish
the local ones.

Definition 3.26. The space of local multivector fields is defined as O1oc(E ®
E*[1]) in the sense of definition 3.20.

In particular, we identify Vio. with OL (€@ €*[1]). Note that the notion
of the support of a vector field which we have introduced in definition 3.12 is
now just a special case of 3.19. The space of local multivector fields defined
this way is closed under insertion of differentials F(!) of local functionals, as
required.

In the next step we introduce multilocal multivector fields.
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Definition 3.27. The space of multilocal multivector fields AV is defined as
Omi(€ & E*[1]), in the sense of 3.22. We also denote V = O} (& & €*[1]).

Remark 3.4. Note that V is just the algebraic completion of V.. as a
F-module and a Lie subalgebra (over C) of I'“(T'€). Elements of V are
derivations of &.

At this point it is convenient to introduce some notation. The action of
a vector field X € V on a functional F' € F can be written as

(OxF)(¢) = (FD (), X (9))

As F(l)(go) is represented be a certain integration measure formally written
as %, we can use the notation

@mmzﬂ&wgg,

which motivates the following:

This notation is analogous to the one used commonly in the finite dimensional
case, l.e. v = ZZ]L v'0;, where v € T'(TRY). In the physics literature this
formal notation is commonly used, but one replaces %(m) with a formal

generator ¢t (x) called the antifield, i.e.

mezA&wwm

This way, vector fields of our approach can be identified with functions of
¢ and ¢! present in other approaches. Similarly, we write k-vector fields
Y € A*V in the form

1) )
dp(z1) " dp(w)

V(o) = [ Y m) ,
M

where all the indices of the fiber V* have been suppressed and
Y(p)(x1,...,x) is a distributional kernel with antisymmetry properties re-
flecting definition 3.14. If Y is local, then this distribution is supported on
the thin diagonal. In the antifield notation we express Y as

mezﬂwm%WMmewmy
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This notation is actually not as formal as it seems, if we interpret *(z) as
an evaluation functional, i.e. ok (z)(v) = va(z), where v € E*. We can then
understand the above formula as a definition of an antisymmetric k-form on
8*
<Y(§07 901)7 U1y .- ,’Uk> = / Y((P)(I'l, <. ,xk)'l)(l'l) e ,U(xk) )
M
where we have suppressed all the indices of the fiber V* and we do not

need to antisymmetrize, as Y (¢)(z1, ..., xx) is already antisymmetric. This
agrees with the formal notation introduced in section 3.3.

3.5 Functorial interpretation

All the constructions we have performed can be done covariantly across all
the spacetimes, so we can reformulate them in the category theory language.

Definition 3.28. The configuration space functor is a contravariant functor
¢ from Loc to Vec, such that for all M € Obj(Loc), €M) is a configuration
space according to the definition 3.1.

Let us consider some examples

Example 3.2. For the theory of scalar fields, the configuration space functor
€ is a contravariant functor from Loc to Vec, defined by

E(M) = C*(M,R),
Ex =x",
where M = (M, g) € Obj(Loc) and for a morphism x € Hom(M,N) we
have the pullback x* : €(N) — E(M) defined by
X'p=pox,
where ¢ € E(N)

This definition generalizes in a straightforward way to the case where
E(M) is defined as the space of k-forms on M, since the pullback is still
well defined. For k-vectors we use the metric g to obtain k-forms, so we can
define pullbacks of arbitrary tensor fields.

Example 3.3. For cffective quantum gravity we set
E(M) = D((T*M)*?),
Ex =x",
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where
(X*h)(u,v) = hox(Tx(u), Tx(v)),
where x : M = N, u,v € T(TM), h € €N) and -vx is the tangent map.

The generalization to forms taking values in a fixed vector space is also
straightforward.

Example 3.4. For Yang-Mills theories with a trivial bundle we set

EM) =M (M,g),
Ex = X",
where
(" A)(u) = hox(Tx(u)),
where x : M =N, u e I'(TM), A e EN).

Given €, the spaces of local and multilocal functionals are assigned to
spacetimes in a functorial way.

Proposition 3.4. The space of local functionals is a functor Fc : Loc —
Vec, so is the space of multilocal functionals § : Loc — Vec.

Proof. We set Fioc(M) = Floc(M) and §(M) = F(M) for the objects and

SocX(F)(@) = F(€xp), x(G)(¢) = F(Exyp) for the morphisms, where
x € Hom(M,N), F € §1oc(M), G € FM) and x € E(N). O

The space of configurations is in a natural way a contravariant functor,
but the space of compactly supported configurations can be assigned to a
spacetime in a covariant way. As an example, consider the space of test
functions in the definition 2.50. This motivates the following definition

Definition 3.29. The space of compactly supported configurations €. is a
covariant functor from Loc to Vec, which acts on the objects as €.(M) =
Ec(M).

The vector field on € which we consider are maps from € to €., so they
transform covariantly.

Proposition 3.5. Given € and €., the space of multi-local vector fields is a
functor U : Loc — Vec, the same holds for local vector fields.

Proof. We set Y(M) = V(M) and Vx(X) = €.x o X o &y, where y €
Hom(M,N), X € B(M). The same for local vector fields. O
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Chapter 4

Classical theory

Having defined the essential kinematical structure we are now ready to intro-
duce the dynamics. To this end we will use a generalization of the Lagrange
formalism.

4.1 Dynamics

We start with introducing some definitions.

Definition 4.1. A generalized Lagrangian on a fized spacetime M = (M, g)
is a map L : D(M) — Fioe such that

i) L(f+g9g+h)=L(f+g9)— L(g) + L(g+ h) for f,g,h € P with supp fN
supp h = @ (Additivity ).

i) supp(L(f)) C supp(f) (Support).

iii) Let G be the isometry group of the spacetime M (for the Minkowski

spacetime we set G to be the proper ortochronous Poincaré group ?1)
We require that L(f)(g*¢) = L(g«f)(p) for every g € § (Covariance).

Proposition 4.1. Let L be a generalized Lagrangian. The additivity of L in
the test function implies that:

i) L(f) is an additive functional on €.

ii) For any fixed test function f € 2, L(f) can be written as a finite sum
of additive functionals of arbitrarily small space-time support.

Proof. See |BFR12]. O
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Definition 4.1 formalizes the idea that the generalized Lagrangian asso-
ciates to a test function f the local functional L(f) obtained by integrating
f with the Lagrangian density £(z)[p] that depends locally on the field
configuration ¢. Introducing the cutoff function f is necessary because the
manifold M, being globally hyperbolic, is non-compact. Moreover, it is not
possible to restrict ourselves to compactly supported configurations ¢, since
later on we will have to impose equations of motion that are normally hy-
perbolic and non-trivial solutions to such equations cannot be compactly
supported. Let us consider some examples.

Example 4.1. Examples of generalized Lagrangians:
i) Free scalar field:

1

Lol = 3 [ (Vew¥o—mie?) fdu,. (41)

where dpg is the invariant measure on M induced by the metric g, V is
the covariant derivative, and we use the Finstein summation convention
for the indices, so V,oV¥ = 2320 V,pV¥e.

ii) Interaction term in the ©* theory:
L4
Li(f)lel = YTkd fdpg -
M .

iit) Yang-Mills Lagrangian:

1

LY(PA) == [ Fe(EAsP),
2 Jm
where A € Q1(M,g), F =dA+ %[A,A] and * is the Hodge operator.
iv) Finstein-Hilbert Lagrangian:
Lo (1)) = [ Rig+ h)f dugen.

where h € T((T*M)®2).

The cutoff function f is only an auxiliary tool, which allows to formulate
the problem in the mathematically rigorous way, but it has no physical mean-
ing. Therefore, the crucial structures in our classical model cannot depend
on the choice of f. This is achieved by means of the following definition:
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Definition 4.2. The Euler-Lagrange derivative of L is a map S’ : € — €.,
defined by

(8'(9), by = (L(HD gl 1)
where h € &, and f € P is chosen in such a way that f =1 on supp h.

Since L(f) is a local functional, S’ doesn’t depend on the choice of f.
Moreover, S” would not change if we add to L a generalized Lagrangian
that is supported in the region where f is not constant. Therefore, the
dynamical structure is not encoded in L’s, but rather in equivalence classes
of generalized Lagrangians. This leads to the following definition:

Definition 4.3. An action S[L] is an equivalence class of Lagangians under
the following equivalencen relation [BDF09]:

Ly~ Ly iff supp((Li — Lo)(f)) C suppdf . (4.2)

Remark 4.1. For convenience we write S instead of S[L], when it’s clear
from which Lagrangian the given action comes from. For example, the action
corresponding to a Lagrangian denoted by Lg will be written as Sy rather
than S[Lg].

Physical meaning of (4.2) is to identify Lagrangians that “differ by a
total divergence”. Note that two Lagrangians equivalent under the relation
(4.2) induce the same Euler-Lagrange derivative, so dynamics is a structure
coming from actions rather than Lagrangians. We are now ready to introduce
the equations of motion EOM’s.

Definition 4.4. The equation of motion (EOM) corresponding to the action
S is
S'(¢) =0, (4.3)

understood as a condition on ¢ € E.

The space of solutions to (4.3) will be denoted by £g and it is a subman-
ifold of €. Physically, classical observables should be modeled as multilocal
functionals on €g. Let us denote the space of such functionals by Fg. Note
that it can be characterized as the quotient

Fs=F/Is,

where Jg is the ideal of F consisting of functionals that vanish on Eg.
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Definition 4.5. The second wvariational derivative S” of the action S is
defined by

(8"(9), ha @ ha) = (LO(f)(¢), b @ hz)
where f =1 on supp h1 and supp hs.
By definition S” is a linear map
S": & — L&, ExR).

From the locality of the Lagrangian follows that in fact S”(¢) can be ex-
tended to a linear map on &, x € and the Schwarz kernel theorem (see
chapter 5 of [?]) implies that this induces a continuous linear operator
Ps(p) : € — &*. For details concerning the proofs of these statements,
see [BDLGR15]. One also shows that Pg is map V — V*  so geometrically
it can be interpreted as a symmetric covariant 2-tensor. Note that if S is
quadratic then Pg(p) = P is the same for all ¢ and S'(p) = Py. This is
the case for the free scalar field described by th Lagrangian Ly from example
4.1, where P = O+ m?2.

The crucial assumption in the pAQFT approach is that Ps(y) is a nor-
mally hyperbolic operator. We recall that an operator on &€ is normally
hyperbolic if its principal symbol is of the metric type, i.e. it is given by

O Ps(p) ((57 g) - g(ﬁ? E)ldEz )
for all £ € ;)M and all € M. Here idg, denotes the identity on the fiber.

For more details on normally hyperbolic operators see [BGP07]. In the same
reference it is also shown that for such operators there exist unique retarded
and advanced Green’s functions (fundamental solutions) AZ(p), A4(p) :
&r — &€ defined by the requirements
R/A .
Ps(p) o AS/ = ldgz ,
R/A .
A o Ps(p)|,. = ide, ,
and the support properties

supp A4(f) € J*(supp f)
supp Ag(f) C J ™ (supp f),

where f € €. Note that, by the Schwarz kernel theorem, these operators can
be written in terms of their integral kernels, which then satisfy appropriate
support properties and

Ad(y,z) = Ag(x,y). (4.4)
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Let us define the causal propagator as

As(p) = A5(p) — Af(0). (4.5)

Due to (4.4) the causal propagator is antisymmetric, i.e. its integral kernel
satisfies

As(p)(y,x) = —=As(p)(z,y) -

4.2 Natural Lagrangians

There is an elegant way to describe generalized Lagrangians using the lan-
guage of category theory.

Definition 4.6. A natural Lagrangian L is a natural transformations be-
tween the functor ® and Fioc, such that for all M € Obj(Loc) we have:

i) Ln(f +g+h) = Ln(f +9) — La(g) + Lw(g + h) for f.g.h € Z with
supp f Nsupp h = & (Additivity ).

i) supp(La(f)) € supp(f) (Support).

Note that L is fixed by a family of maps Ly : ©(M) — Fioe(M) satisfying
the covariance condition

Lyi(f)(€x(p)) = Ln(Dxf)(9) , (4.6)

where x € Hom(M,N), f € D(M), ¢ € &N). The following result shows
the relation between natural Lagrangians and generalized Lagrangians intro-
duced earlier in this chapter.

Proposition 4.2. Let L be a natural Lagrangian from definition 4.6, then
for each M € Obj(Loc), Ly is a generalized Lagrangian in the sense of
definition 4.1.

Proof. Since the additivity and support conditions are included in the defini-
tion, it suffices to show covariance under isometries of the spacetime. This,
however, follows from the general local covariance of L, expressed by the
condition (4.6). O

Example 4.2. All the Lagrangians from example 4.1 give rise to natural
Lagrangians.

In the following we will always assume that our generalized Lagrangians
arise in this way.
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4.3 Homological characterization of the solution
space

We have already introduced the space of multilocal functionals on the space
&g of solutions to EOM’s as the quotient Fg = F/Jg. Now we look for a nice
homological interpretation of this quotient. Since Eg is the zero locus of S’,
it is natural to use at this point the derived critical locus construction.

Note that if X € 'V is a multilocal vector field, then the multilocal func-
tional (S’, X), obtained by contracting this vector field with the one-form
S’, obviously vanishes on €g. Let us define a map dg : V — F by

6s =(9',.).

Clearly, d5(V) C Js. n general the opposite inclusion can hold only locally,
since the structure of the global solution space of nonlinear PDE’s can be
veryt complicated. Since our ultimate goal is the quantum theory, we will
avoid these complications by defining, from now on, Jg as dg(V).

Definition 4.7. The ideal Js C F is defined as 65(V) and we call it “the ideal
generated by the equations of the motion”. The space of on-shell functionals
1s defined as

Fs=5/Ts.

Since QFT models are often constructed by means of some quantization
procedure from classical field theory models, the space of solutions to classical
EOM’s is bound to appear. However, in the approach to pAQFT which we
advocate in this book, we use Fg rather than g, so it is natural to give up
the traditional point of view on the space of solutions. This allows now for a
natural algebraic interpretation of Fg as the 0-th homology of the following
complex:

RN VLENS; SN (47
2 1 0 ’ '

where g is extended to the exterior algebra AV by requiring the graded
Leibniz rule with respect to the exterior product A and by continuity.

Let us now discuss Hy (A\V,dg). The kernel of g : V — F (here denoted
by ker 53‘1ﬁ0) consists of those vector fields X which satisfy

IxS(p) = (S'(¢), X(p)) =0, Voek&.

Geometrically, these vector fields correspond to directions in the configura-
tion space in which the action S is constant. In this sense, we interpret them
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as symmetries of the action. Among all the symmetries we can distinguish
those which are of the form dgZ for some Z € /\2 V. In order to understand
the meaning of such symmetries, let us consider a bivector field of the form
Z =X AY for some X,Y € V. We have

dg (X VAN Y) = (5SX)Y — (55Y)X .

Note that the vector field obtained this way vanishes identically on £g. For
this reason, such symmetries are called in physics literature trivial symme-
tries. As a result, one interprets

] kerdg}
H ( AV, 55) = W\:f (4.8)

as the space of non-trivial local symmetries. Theories that don’t posses non-
trivial local symmetries include the scalar field theory with a polynomial
interaction (e.g. ©*). One of the simplest examples of a theory with non-
trivial Hy (AV,0s) is QED. Also Yang-Mills theories and gravity fall into
this category. We will discuss these in more detail in sections 7 and 8. A
simple criterion to decide that the theory has no non-trivial local symmetries
has been provided in [FR12b].

Proposition 4.3. The action S possesses no non-trivial symmetries if the
linearised equation of motion

Ps(e)p =0
doesn’t have any non-trivial compactly supported solutions 1 for all ¢ € &.

Proof. See the discussion at the end of section 2 in [FR12b]. O

To end this section, we will introduce one more algebraic structure on
/AV. As noted before, V is a Lie subalgebra of T'(T'€), where the bracket is
just the commutator of vector fields. Now, using the graded Leibniz rule and
continuity, one can extend this structure to the Schouten bracket {,.,} on
AV fixed uniquely by the following properties:

1. {X,F} =0xF,for F € Fand X €V,
2. {X, Y} =[X,Y], for X,Y €V,

3. {.,.} fulfills the graded Leibniz rule.
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In physics literature this structure is called the antibracket, where it is usu-
ally expressed with the use of the antifields notation introduced in section
3.4. Recall that X € AV is a smooth functional on € x (&)*  so can be
differentiated both with respect to ¢ € & and v; € &€, i = 1,..., k. We
denote the n-the derivative with respect to ¢ by % and the left derivative

S
of X in the direction of v € &FC is defined as

(355 0ho) = (X(phiv.)

where ¢, is the insertion of v from the left into the antisymmetric k-linear
map X (). Similarly, we define the right derivative as

<f;;§(@,v> = (X(g); 0)

Using this notation we write

J 51 Oy

{X,Y}(p) = <5¢X(‘p)’ MY(¢)> - <5¢¢X(¢>) d

o

V(o))

This expression is well defined, since the first derivatives of a multilocal vec-
tor field with respect to both ¢ and ¢ are, by definition, smooth compactly
supported sections.
Note that the BV differential dg is locally generated by the bracket in
the sense that
55X = {8, X} = {L(f), X},

where f = 1 on the support of X and L is the Lagrangian defining the
theory.

4.4 The net of topological Poisson algabras

In this section we show how construct a causal net of topological Poisson
algebras in the sense of 2.38. First we introduce a Poisson bracket on an
appropriate space of functionals and next we equip this space of functionals
with a topology that makes this bracket sequentially continuous.

4.4.1 The Peierls bracket and microcausal functionals

We equip F with a Poisson bracket called the Peierls bracket [Pei52]. It
was shown in [FR14] that this bracket is equivalent to the canonical bracket
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commonly used in classical mechanics, if the latter exists. The advantage
of using the Peierls bracket is that it can be defined completely withing the
Lagrangian formalism, without the need to pass to the Hamiltonian. This
is important for example in cases when the Hamiltonian vanishes. Another
advantage of the Peierls bracket is that it is defined in a completely covariant
way, so it doesn’t require to introduce a foliation of M with Cauchy surfaces.

Definition 4.8. Let F,G € F. Then the Peierls bracket is defined by

1F,G] () = (FU(0), A5(2)GN(9)) | (4.9)

where AG(p) denotes the natural extension of Ag(p) to a map on EF with
values in EF.

Remark 4.2. For the simplicity of notation we will write Ag(¢) instead of
A%(p), when it is clear from the context that we mean the extension to the
complex-valued sections. We will do the same also for other bilinear forms
like for example A 4(p) and Ag(p).

The bracket defined in 4.8 is antysymmetric (by the antisymmetry of
As(p)), bilinear and satisfies the Jacobi identity [Jak09]. Since F(D(¢p)
and G (y) are smooth, it is clear that [.,.] is well defined on multilocal
functionals. However, F is closed under this bracket. The natural question
to ask is how to extend the domain of definition of |., .|, so that the resulting
space is closed under this bracket. To answer this question, it is useful to
look at the WF set of Ag(p).

WF(As(9) = {(w. s 2/, k') € T*M?|(w, k) ~ (2!, )},

where the equivalence relation ~ means that there exists a null geodesic strip
such that both (z,k) and (2/,k’) belong to it. Recall that a null geodesic
strip is a curve in T*M of the form (y(A),k(N\)), A € I C R, where y()\) is a
null geodesic parametrized by A and k(\) is given by k(X)) = g(¥(N),-). The
form of the WF set of Ag(p) follows from the theorem on the propagation
of singularities together with the initial conditions and the antisymmetry of
Ag(p). (See [Rad96] for a details).

We can now use Hormander’s criterion 3.3 to determine a class of distri-
bution that can be point-wise multiplied with Ag(y) and hence the condition
that has to be satisfied by the differentials F()(p) and G (p) in (4.9). This
leads to the following definition
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Definition 4.9. A functional F € C>*(&,R) is called microcausal if it is
compactly supported and satisfies

WE(F™(¢)) CE,, VneN, Vpeé, (4.10)
where Z,, is an open cone defined as

S =T M\ (21, znik, . k)| (B kn) € (VEUV )y oy}

(4.11)
where (V1) is the closed future/past lightcone understood as a conic subset
of Ty M.

In [BFR13] it is additionally required that the first derivative F(M(p) is
smooth for all ¢ € & and ¢ — FU () is smooth as a map & — ES. We will
call functionals satisfying this additional property strongly microcausal.
We denote the space of microcausal functionals by F,. and the space of the
strongly microcausal ones by Fge.

At this point it is convenient to introduce a notation for spaces of distri-
butions with WF' sets contained in open and closed cones.

Definition 4.10. Let Z1.(M") denote the space of distributions whose WF
sets are contained in a closed cone I' C T*M™. Similarly, & (M™) denotes

the space of distributions whose WF sets are contained in an open cone A C
T M™.

We can now rephrase definition 4.9 by saying that n-th derivatives of
elements of JF,. are distributions belonging to the corresponding spaces
&L (M"™). The generalization of the definition 4.9 to the graded case is
straightforward. We spell out the definition for O(Ep & E1[1])

Definition 4.11. Let F € OF(&y @ &1[1]). We say that F is microcausal,
i.e. an element of Ouc(Eo @ E1[1]) if it is compactly supported and
+k
F"(p) € &2, (M),

for all p € €y, n € N.

F is said to be strongly microcausal if in addition
i) F(p,u) has an empty WF set for all p € &y, u EAS?”kfl
(@, u) — F(p,u) is smooth as a map from Eg X 8?"’671 to &Y,

and the map

i) FM(p,u) has an empty WF set for all ¢ € &, u € 8?"k and the map
(¢, u) — F™(p,u) is smooth as a map from &gy x 8?”"" to E§.
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The following proposition is crucial for the construction of the local net
of Poisson algebras.

Proposition 4.4. (Fyuc, |.,.]|) is closed under the bracket and is a Poisson
algebra. If Ag doesn’t depend on o, then also (F e, |.,.]) is a Poisson algebra.

Proof. See |BFR12, BFR13] O

Remark 4.3. The stronger version of microcausality is needed if Ag de-
pends on ¢, because otherwise the proof of the Jacobi identity given in
[Jak09] would fail. Alternatively, following Dabrowski [Dab14b], one can use
a more refined definition microcausalty — called operadic microcausality —
that involves the notion of dual WF sets. We will give more details on that
in section 4.4.2

If the discussion applies to all the notion of micorcausality introduced
above, we use the notation Fy,c.

4.4.2 Topologies on the space of microcausal functionals

We come now to the important problem of introducing on J,,. a topology
that will be appropriate for construction models of classical and quantum
theories in the sense of definitions 2.38 and 2.39. We have already seen that
the regularity of smooth functionals is governed by the regularity of their
derivatives. The latter is measured using the notion of a WF set. Clearly we
need a topology that controls all these regularity properties. In the light of
the discussion from section 2.5 it would be desirable to use a topology that
is nuclear. Other useful properties are completeness and being bornological.
At the moment there is no definite consensus in the literature as to which
choice is the most natural, so we will review the proposals which are most
relevant for the scope of this book.

The basic idea is to introduce a topology on the space &2 (M") of distri-
butions with WF sets contained within the open cone =,, defined by (4.11)
and use this topology to control the regularity of derivatives of functionals.
At this point there are several possibilities. The simplest one is to invoke the
topology of pointwise convergence of all the functional derivatives [BDF09|,
but the resulting space is not complete, so it might be better to use some
weak notion of uniform convergence instead (see [Dabl4b]).

We start with reviewing the proposal made by [BDF09|, where the au-
thors equip Z[.(M™) the locally convex topology proposed by Duistermat
[Dui96]. For simplicity we state the definition for R™, but it generalizes to
manifolds in a straightforward way with the use of local charts.
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Definition 4.12. We define 7y on Z[.(R™) as the locally convex topology
given by the following systems of seminorms:

i) All the seminorms on 2'(R™) for the weak topology: ||ul|s = [(u, f)| for
all f € Z(R™).

it) The seminorms of the form
[[ullm,vix = sup (1 + [k])™ [ux (k)]
keV

where m > 0, x € Z(R™), and V € R" is a closed cone with supp x X
Vnr=0.

This is also called the Hérmander topology, since the seminorms ii) of
the definition above were already present in [Hor71], where they were used to
define a pseudo-topology rather than topology. In [BDH14| it had be shown
that it defines in fact a bornology. In short, bornology is a family of bounded
sets, just as a topology is a family of open sets. More precisely:

Definition 4.13. A bornology on a set X is a family B of subsets of X
(called the bounded (sub)sets of X ) such that:

i) every one-element subset of X belongs to B,
ii) if A€ B and B C A then B € B,
iii) if A and B are in B then AU B € B.

In [BDH14| it is proven that the convergence in the bornological sense
(Mackey convergence) in Zr(R") is the same as the convergence in the sense
of the Hérmander pseudotopology.

Proposition 4.5 (after [BDH14|). A sequence u;j in 9} converges to u in
the sense of Hormander iff it Mackey-converges to u for the bornology of 2.

Proof. See proposition 3.1 of [BDH14]. O

There are several indications that the notion of bornology is more nat-
ural for the applications in physics than the notion of topology. Another
argument is that the family of smooth curves in a topological vector space is
determined by the by the bornology rather than topology. In the convenient
setting of global analysis [KM97] a map is smooth if it maps smooth curves
into smooth curves. This is a very elegant and robust notion of smoothness
and allows to do geometry on infinite dimensional manifolds of the type that
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appear commonly in physics. In [Mey04] it is pointed out that bornolog-
ical vector spaces are also very useful in non-commutative geometry and
representation theory. At the moment the formalism of bornological vector
spaces hasn’t been full embraced by mathematical physicists studying QF T,
so we refrain from formulating everything in these terms here as well. Nev-
ertheless, it seems tempting to explore the consequences of taking a purely
bornological viewpoint on the foundations of QFT in the future.

Let us come back to the main problem of the present section. For the
definition of a topology on microcausal functionals we still need to make one
more step. The topology defined above was meant for distributions with
WF sets contained in a closed cone. However, in the definition 4.9 one uses
open cones instead. It was proposed in [BDF09] to introduce a topology on
é"én (M™) as the inductive limit topology over a countable family of spaces
(2((M™), i) with closed cones contained in Zx. The proof has been spelled
out in detail in [BFR12, Lemma 4.0.18]. By a slight abuse of notation, we
denote the resulting topological spaces by (&£ (M"),Tr).

Remark 4.4. It is crucial, that the inductive limit in the definition of
(6 (M™), ) is countable, since this allows to conclude that (&£ (M"), )
is nuclear.

In [BDF0O9] (6Z (M"),7s) is used to define a topology on .

Definition 4.14. Equip JF,. with the topology Tppr defined as the initial
topology with respect to all the maps

STMC - ((g)én(Mn)7TH) )
F s FI(p),

wheren € N, ¢ € €.

Definition 4.15. To obtain a topology on Fc, we replace in 4.14 &£ (M)
with (M), equipped with its standard topology.

The topology Tzpr is nuclear, but is not complete and it has been argued
in [DB14] that from the functional analytic viewpoint this is not the most
optimal choice. In [Sch57] it is argued that the spaces of distributions most
optimal for applications are the normal spaces of distributions

Definition 4.16. A Hausdorff locally convex space X is said to be a normal
space of distributions if there are continuous injective linear maps i : 2(2) —
X and j : X — 2'(Q), where 2'(Q) is equipped with its strong topology, such
that:
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i) The image of i is dense in X,

ii) for any f and g in P(Q), (joi(f),g) = [o f(x)g(x)dz.

The motivation for using normal spaces of distributions is that they have
a better behaviour under duality, in particular, the dual space can also be
equipped with a normal topology. In order to make Z}.(R") into a normal
space of distributions one needs to refine its topology. It was shown in [DB14]
that this can be done simply by replacing in 4.12 the seminorms of the weak
topology with the seminorms of the strong topology.

Definition 4.17 (following [DB14]). We define Tv on Z[.(R") as the locally
convex topology given by the following systems of seminorms:

i) All the seminorms on 2'(R™) for the strong topology: pp(u) =
supsep |(u, f)|, where B runs over the bounded sets of 2(Q2).

i) The seminorms ||[ul|m, vy, where m >0, x € Z(R"), and V € R" is a
closed cone with suppyx x VNI = 0.

With this choice of topologies one obtains a duality between Z{.(M™")
and &L (M™).

Proposition 4.6 (following [DB14]). The dual of Z{.(M™) for its normal
topology TN is EL(M™).

Proof. See Proposition 7 in [DB14]. O

The space &(M"™) can be equipped with an inductive limit topology
similar to the one proposed in [BDF09| and spelled out in [BFR12|. It was
shown in [DB14] that this topology is equivalent to the strong topology
coming from the duality with Z[.(M™). In the same reference it was also
proven that both &.(M™) and Z[.(M"™) are nuclear and that Z/.(M") is
complete. The latter property unfortunately doesn’t hold for &}.(M™), which
was the motivation for further study, done in [Dabl4a).

Definition 4.18. Let 755y denote the topology on the space of (strongly) mi-
crocausal functionals by replacing in definition /.14 the Hérmander topology
Ty with the normal topology T .

This topology has much better functional properties than 7555, but is
not complete.

In order to obtain a complete topological space one needs to modify
the definition of the space of microcausal functionals as well. The idea in
[Dabl4a| is to control not only the WF set of distributions but also the dual
WEF set defined as follows.
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Definition 4.19 (after [Dabl4al). Let u € 2'(Q2, Q@ C R™. The dual WF set
is defined as DWF(u) = Ugso, WFs(u), i.e the union of Sobolev H*-wave
front sets.

A point (z,ko) ¢ WFs(u) means that there is a neighborhood U of x and a
conic neighborhood C' of ko such that for any f € 2(U)

(1+ |k2)*/2fu € L*(C).

Note that if the H®-wave front set of a distribution u is empty, it means
that u is of Sobolev type s, just like the distribution with the empty WEF set
is smooth.

The notion of the DWF set introduced above allows for an explicit char-
acterisation of the completion of &4 (M™). It was shown in [Dabl4a] that
the completion of (&} (M™), 7,,) is the space of distributions in &’ with DWF
sets contained in A.

In order to obtain a space of functionals with nice functionala analytic
properties, in [Dabl4b]| the following modifications are made, with respect
to the ansatz of [BDF09|:

1. In the definition 4.9, view derivatives F(")(¢) not as distributions in
2'(M™), but rather as linear maps between spaces of distributions with
control on both the WF set and DWF set,

2. Use a topology on the space of distributions with control on both the
WF set and the DWF set, which is complete, nuclear and bornological
(the latter means essentialy that it is compatible with the bornology),

3. Replace the pointwise convergence of all the derivatives with the uni-
form convergence on images of compact subsets of R under smooth
curves (this is a natural choice from the point of view of the conve-
nient setting [KM97]).

The resulting space of functionals is called the space of operadically micro-
causal functionals, denoted by F,,c and we will denote the topology on this
space by 7p. It has been shown in [Dabl4b]| that (Fouc,7p) is complete,
nuclear and bornological.

4.4.3 The classical causal net

We are now ready to construct a classical field theory model in the sense of
definition 2.38. The only missing ingredient is localization, but this can be
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easily introduced in our case, using the notion of the spacetime support of a
functional. We obtain the following result

Proposition 4.7. We define the classical field theory model on a spacetime
M = (M, g) with the configuration space & = T'(E = M) and the generalized
Lagrangian L as the net

O — (:}'s‘ucaTBDHa |“7 JS) N

The involution is the pointwise complex conjugation of complex-valued func-
tionals and self-adjoint elements are those functionals, which take values in
R.

Proof. The proof has been outlined in [BDF09| and [BFR13|. The main
idea is to reduce the problem to the problem involving basic operation on
distribution. The fact that [.,.| is well defined on the space of strongly
microcausal functionals and that g, is stable under this bracket follow from
the WF set properties of derivatives of microcausal functionals and of A ().
The only missing step, not commented on in [BDF09| and [BFR13], is the
(sequential) continuity. We will fill this gap here. For simplicity of notation,
we spell out the proof for the example of the scalar field, i.e. € = &. First
we note that with the initial topology we are using it is sufficient to show
the continuity pointwise in ¢, so it reduces to the continuity of operations
on distributions of the form

(fag) = <f7ASg> )

where f,g € @@él(M ). This in turn is reduced to proving the sequential
continuity of the tensor product and the sequential continuity of the dis-
tributional pullback. In the closed cone case these two results are well
known (see |[CP81, p. 511] and [H6r03, 8.2.4] respectively). For the open
cone, we will use the strategy proposed by [Dabl15], based on the results of
[BDH14, DB14, Dabl4a, Dabl4b].

We start with the sequential continuity of the tensor product. It was
proven in [DB14, Prop. 28] that &£ (M™) is a barelled space, so, following
[Tre06, Th. 41.2] we conclude that the separate continuity implies hypocon-
tninuity' thus sequential continuity. By the definition of the inductive limit,
the separate continuity follows from the separate continuity in the closed
cone case, which has been proven in [BDHI14|. Another way to see it is to

'Hypocontinuity of a bilinear map is a notion stronger than sequential continuity on
the product space, but is weaker than the joint continuity



4.4. THE NET OF TOPOLOGICAL POISSON ALGABRAS 7

use the fact that for linear maps Hormander’s sequential continuity implies
boundedness, hence continuity between the bornologifications. It was shown
in [Dabl4a, Prop. 33| that the inductive limit topology on & (M™) is also
an inductive limit of bornologifications, hence it is itself bornological.

As for the continuity of the pull-back, see [Dabl4a, Prop. 36]. O

Remark 4.5. In fact the argument presented above proves something
stronger than sequential continuity, namely the hypocontinuity of the prod-
uct. This result would not be possible for 745 replacing 7, as shown by
counterexamples provided in [BDH14|. Therefore, to show the joint sequen-
tial continuity of the bracket with the topology 7zpr one needs to use a
different, indirect argument (work in progress).

A major improvement of the above result has been obtained recently in
[Dab14b].

Proposition 4.8 (after [Dabl4b|). (Fouc,Tp) equipped with the Peierls
bracket |, | is a complete, nuclear and bornological topological Poisson al-
gebra with hypocontinuous operations.

Proof. See [Dabl4b]. O
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Chapter 5

Deformation quantization

The reformulation of classical theory done in section 3 served as a preparation
for constructing QFT models. The framework which we are going to use
is deformation quantization combined with causal perturbation theory. To
quantize a given theory described by the action S we first need to split S into
a free part Sy (at most quadratic in field configurations) and the interaction
term S;. Then, we quantize the theory defined by Sg, using deformation
quantization based on a Moyal-type formula and in the final step we will re-
introduce the interaction using causal perturbation theory. This last step will
be discussed in chapter 6, while the present chapter deals with deformation
quantization.

The idea of deformation quantization goes back to Bayen, Flato, Frons-
dal, Lichnerowicz and Sternheimer [BFF*78a, BFFT78b| and the first at-
tempt to use these structures in quantum field theory is due to Dito [Dit90].
Based on these ideas Brunetti, Diitsch, and Fredenhagen developed a formal-
ism, which we present here [DF0la, DFO1b, BDF09|. At the moment this
quantization method is known to work only perturbatively, but the ultimate
aim is to obtain some converegence results as well. As for the deformation
quantization part, this is already possible in some examples like the free
scalar fields. The interacting theory is a bigger challenge, but at least some
weak converegence in the coupling constant seems to be within reach in the
nearest future.

5.1 Star products

In this chapter we will focus on quantizing theories where no local symmetries
are present. We will also restrict ourselves to even (bosonic) field configu-

79
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rations, to avoid extra complication with the signs. Let € = T'(E — M) be
the configuration space and S an arbitrary action that doesn’t possess non-
trivial local symmetries and for which S”(¢) induces a normally hyperbolic
operator for every ¢ € €. In the first step we first split S = Sy + 57, where
So is at most quadratic. This can be done by means of Taylor expansion
around any field configuration ¢, i.e.

L(f)(¢) = L(f)(@0)+<L(f)(1)(900)a <p> + % <L(f)(2)(800)7 P ® <p> +Rest term,

Lo(f)

The constant term can be neglected, as it doesn’t affect the dynamics. Note
that if we choose g to be a solution to the equations of motion (i.e. S'(¢g) =
0), then

(LD (p0), 0+ ) = (LN D (w0), ) -

if v € &, is supported in the region, where f = const. Hence
supp <L( f)(l)(goo).> C supp(df) and by means of the equivalence relation
(4.2) we conclude that in such a situation Sp contains only the quadratic
term. Otherwise, Sy has both a quadratic and a linear term. For simplic-
ity, we will consider here only the situation where g is a solution, so Sy is
quadratic and we denote the linear operator induced by S{j by P.

Starting from the Poisson algebra (Fyc, [.,.]g,), a formal deformation
quantization means constructing an associative algebra (F,c[[h]], ), where
the product x is expressed as

FxG=Y h'By(F,G), (5.1)
n=0

in terms of some differential (in the sense of calculus on &) operators B,
such that

Bo(F,G)=F -G,
B\(F,G) — Bi(G, F) = ih | F, Gy, -

Note that the second condition corresponds to Dirac’s idea that in order
to quantize a classical theory one should “replace canonical brackets with
commutators”. Including terms of higher order in A is necessary to avoid the
Groenewald-van Hove no-go theorem, which states that (also in the finite
dimensional case) a Dirac type quantization prescription is not possible in
the strict sense [Gro46, VH51].
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More precisely (see [?]), let h be the Lie algebra spanned by the canon-
ical coordinate and momenta functions ¢',...,¢",p1,...,pn and 1, with
the canonical Poisson bracket {.,.}can. This algebra is a Lie subalgebra of
g = (Pol(T*RY),{., . }can) (polynomials on the phase space). According to
the Groenewald-van Hove Theorem, there exists no faithful irreducible rep-
resentation of by operators on a dense domain of some Hilbert space which
can be extended to a representation of g. As a result, one cannot have a
Dirac quantization map £ from g to the space of operators on some Hilbert
space H, such that

[Q(f),2(9)] = ihQ({f, 9}) - (5.2)

There is, however a way out. Deformation quantization [BFF™78a,
BFFT78b] allows to avoid this no-go result, by weakening the condition (5.2)
to

[2(£), 2(9)] = Q([f, glx) = ihQ({f. g}) + O(F*).

A stronger notion than formal deformation quantization is strict deformation
quantization. In this case, instead of constructing a space of formal power
series, one aims at constructing a C*-algebra. This fits well with the algebraic
framework for quantum theory described in section 2.3. The notion of strict
deformation quantization has been introduced in [Rie94|. For a review on
the current status of the subject refer to [Rie98|, see also [Haw08, BMS94].

As for the formal deformation quantization, the most significant recent
result is the one of Kontsevich, who has proven in [Kon03] the existence of
formal deformation quantization for arbitrary Poisson manifolds. Unfortu-
nately this cannot be applied directly in field theory, as the configuration
space € is infinite dimensional. However, if Sy is at most quadratic, there
exists an explicit formula for the star product and we will focus on this
construction for the rest of the present chapter.

To understand the algebraic structure, it is helpful to put the functional
analytic subtitles aside for the time being. To this end, we will start with a
class of functionals which is much smaller than F,. and exhibits some nice
regularity properties.

Definition 5.1. A functional F € C*°(E,C) is called reqular if for all p € €
andn € N the WF set of F(™ () (seen as a distribution in T'(E®™ — M™)
by means of the Proposition 3.1) is empty. Equivalently this means that we
can identify

FO)(g) € TE((B7)™ — ™).

The space of regular functionals is denoted by Freg.
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We are now ready to introduce the star product. We define

o0

(FxG)(p) =

n=0

hn

n!

(F™ (), (385) 7" 6"(0)) ,  (53)

for F,G € Freg.

Example 5.1 (Weyl algebra). For the free scalar field we have &€ =
C*®(M,R) and the Lagrangian is given by 4.1i). Consider regular functionals
of the form

Fi(p) = /M f(@)p(z)dz = /fgodu, where f € 9.
We define W(f) = exp(iFy) and verify that

(WD) ) = et o)

- ( [ du) W(/)().

Hence

(e mem) = (i [ shduy) W)

and we obtain the following formula for the star product:

wipswid) = 5 (5) CF ([ aseni e ) wi

n=0

= e 2AUIW(f + ),

which reproduces the Weyl relations from example 2.1, with the difference that
now we are dealing with a bilinear form which is Poisson, but not symplectic
(has a non-trivial kernel).

In the next step we extend the star product to the space of microcausal
functionals. To prepare for this task we take another look at the singularity
structure of the distribution Ag,. Note that the WF set of this distribution
is composed of two parts: one with k € (V ), and another with k € (V_),,
where V4 is (the dual of) the closed future/past lightcone. As shown in

(5.4)
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[Rad96], one can decompose Ag, into two distributions with WF sets corre-
sponding to these two components

tAg, =AL —H, (5.5)
where the WF set of A;O is
WE(AL) = {(z. k;x, —K') € T*M?|(a, k) ~ (' K), k € (V1)o}, (HO)
and in addition the following properties hold:
(H1) As, = 2Im(AY)
(H 2) A;ro is a distributional bisolution to the field equation, i.e.
<A§0;Pf,g> — 0 and <A§O;f, Pg> —0forall f,g e &C.
(H 3) AJSFO is of positive type, meaning that <AJSFO, f® f> > 0, where f is
the complex conjugation of f € EL.

Example 5.2. On Minkowski spacetime it is natural to choose A;O as the
Wightman 2-point function, given by

e—w(P)(z’—y%)+ip(x—y)

AY (z,y) = / d’p 23(p) ,

@ith w(p) = /|p|? + m?. For this choice we will use the notation Afgg =
iAg, + Al

On general globally hyperbolic spacetimes a decomposition (5.5) with prop-
erties (H 0)—(H 3) always exists but is not unique. If H and H’ corresponds
to two different choices of the split (5.5), then their difference H — H' is
a smooth symmetric bisolution to the field equations (a smooth symmetric
function with P,(H — H')(z,y) = P,(H — H')(z,y) = 0). Physically, the
split of the causal propagator into A;O and H is interpreted as “taking the
positive frequency part” of the propagator. In flat spacetime this corresponds
to the spectrum condition, which is one of the Haag-Kastler axioms listed in
section 2.3.

The WF set of A; has better properties than the WF set on Ag. If we
now replace %AS with A; in (5.3), then the new product, denoted by %, can
be extended from Frep to Fe [BDF09|. On Freg[[h]] the two star products x
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and % are isomorphic. To see this, consider a map ap : Freg[[h]] = Freg|[A]]
given by

hop 82
ay = o250 (5.6)
It is easy to check that
FxyG=ay ((a;'F)x(a;'G)),  F,GE Freg. (5.7)

We say that ap provides a gauge transformation between * and *.

Definition 5.2. A gauge transformation is a map F — F+ .-, k"D, (f),
where each Dy, is a differential operator. If there exists a gauge transforma-
tion relating two star products x and ', then they define the same deforma-
tion quantization.

In the case of ay, D, = % <%(H —H'), %yl. Physically, we can iden-
tify the transition between x and %5 with normal ordering, so passing to
the xy-product is the algebraic version of Wick’s theorem. Note that the
codomain of ap : Freg —+ Treg is sequentially dense in a larger space JF
(with respect to the topology 75, described in section 4.4.2; definition 4.14)
and we can also build a corresponding (sequential) completion o' (F,c) of
the domain. This amounts to extending J; with all elements of the form
limy, o0 fpt (Fp), where (F},) is a convergent sequence in J,,c. This motivates
the following definition

Definition 5.3. The quantum algebra of the free theory A is defined as the
extension of Freg[[h]] by limits lim,, o a (F,), where (Fy,) is a convergent
sequence in Fyc. A is equipped with the star product defined by

A% B =ay" (ay(A) *g ay(B)) .
We introduce an involution on 2 by setting
A = oyt (an(4))

where bar denotes the complex conjugation of a functional. The support of
A € A is defined by
supp A = supp ay(A4).

Remark 5.1. Note that (2, x) as an abstract unital involutive topological
algebra is unique up to an isomorphism, since different choices of H are
related by

FowG=0a (o w(F)*yay w(Q)),

H—H'
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and H — H' is a smooth function, so aj_y is an ismorphism. This isomor-
phism doesn’t change the support of a functional, so the notion of support
introduced in definition 5.3 is also independent of the choice of H.

Remark 5.2. We can also characterize 2 as the space of families (Fp),
labeled by possible choices of H, where Fy € A" = (Fc[[R]], %) fulfill the
relations

Fg =ag _pgly,

and the product is defined by
(F*G)H = FH*H GH.

We think of 2 as the abstract algebra of obsertvables, while the choice
of ay corresponds to a choice of realization of 2 as an algebra of formal
power series with coefficients in some space of functionals. Although we
are primarly interested in the abstract structure, the concrete realization
is important if we want to make some computations. The diagram below
summarizes the algebraic structures introduced so far.

(Fregs*) ——— (Freg*n)

dense l N dense l N

—1

A (Fpesxp)

We use the notion of support defined for the elements of 2 to build a net of
involutive topological algebras.

Proposition 5.1. We obtain a free quantum theory field theory model in the
sense of definition 2.39 on a spacetime M = (M, g) with the configuration
space & =T(E 5 M) and the generalized Lagrangian L as the net

O — (A(0),*, *),

where A(O) is generated by elements with support contained in O. This net
satisfies also the axiom of covariance and the time-slice axiom.

Proof. The properties of covariance and causality are clear from the con-
struction. The time-slice axiom has been proven in [CF08|. O

The construction is fully covariant, so the assignment of unital x-algabras
to spacetime defined above induces a functor from Loc to Obs,,.
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Proposition 5.2. A locally covariant QFT model in the sense of definition
2.51 is obtained by assigning A(M) to objects of Loc and for morphisms
X € Hom(M, N), x is defined with the use of the pullback of functionals, as
i proposition 3.4.

Let us now discuss the existence of states. One obtains a family of states
on 2 by setting
wi(F) = an(F)(¢) = Fu(e),

where ¢ € €g. This is well defined, since Fj is a functional in F ., hence
the evaluation at a field configuration ¢ makes sense.

Example 5.3. We continue with the example of the free scalar field. We
define A as the subalgebra of A generated by the Weyl generators W(f) =
exp(iFt). Note that

(1 ) o) <t f o)

Hence

am (W(f)) = e 2 7EDW(f) .

It follows mow that
wiro (W() = e 2100,

50 W 1S a quasi-free state with covariance H (compare with the definition
2.19).

5.2 The star product on the space of multivector
fields

In the classical theory we have defined “going on-shell” as taking the quo-
tient of the algebra of classical observables by the ideal Jg generated by the
equations of motion. Now we want to do something similar in the quantum
theory.

Definition 5.4. The equations of motion ideal 3§, of A" is defined as the
*g-ideal of A" generated by elements of the form (S{, X), where X € Vig.
The ideal Jg, is then defined by the requirement that F' € Jg, if and only if
Fy €35, for all H.

The on-shell quantum algebra of the free theory is then understood as the
quotient

As, =A/Tsg, -
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Remark 5.3. Note that 2g, can be characterized as the space of families
F = (Fg), where
Fpg e A5, =A" /75, .

The definition used here suggests that we can express it also in terms
of the differential dg,, as defined in section 4.3. The star product % can
be easily extended to the space AV of vector fields, if one replaces the
pointwise product in (5.3) with the graded product A. Before we give the
explicit formula for x5 of two multivector fields, it is convenient to intro-
duce some notation. From the definition of smoothness for multilocal vector
fields and by proposition 3.1, we know that %:;{f (¢) induces an element of
I"*(E¥" X (E*)®k — M™*+F). We can now generalize the class of multivector
fields of interest by allowing for maps X such that %?p)f (¢) (understood as a
distributional section) satisfies a condition analogous to (6.25).

Definition 5.5. The space /\k Ve of microcausal k-vector fields is identified
with Opc(T*[1]€).

Using this definition, we can now introduce the star product of multivec-
tor fields:

<(X *y Y)(QO); (T ,'Up+q> =

i ” > <<%l§(¢);va(l)u"'7UU(p)>7<A§O)®n<%(¢);Ua(p+l)7"'7va(p+q)>>7

n!plq!
n=0 Pq 0€Sp1q

where X,Y € AV, are of degree p and ¢ respectively. In the 0-th order,
the star product gives just the wedge product of two multivector fields. In
the first order, one obtains the extension of |.,.] to A\ V.

We can now characterize the ideal 2y by means of the differential dg,, as
we did in classical theory. First we note that since A;ro is a distributional
bisolution for the operator P, we have

550(X x5 V) = (65, X) % Y + (=) X 5y (65,Y)

for X,Y € A\ Ve, i.e. dg, is a derivation with respect to the product x5. In
particular we can write ngo as

Q[H . Ker 55’0 fg}m
5 7 Tmdg, v

pe

Note that in our case Kerdg, [5,,= (Fuc,*x), but we will see later on that
this is no longer the case in gauge theories (chapter 7).
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Example 5.4. Consider the algebra 2 from example 5.3. Let Jg, = T, N2
Note that Si(¢) = Py = (O + m?)yp, and using integration by parts, we
conclude that Fioim2yr(p) = (Sh, f). It is then easy to verify that Js, is
generated by the elements

W(@+mA)f)-1, fe2 (5.8)

We denote ﬁl/ﬁso by ﬁlso. This algebra is then (algebraically) isomorphic to
the Weyl algebra W(L, o), with L = 2/P% and o = Ag. States of the form
wr,o are well defined on Ag,, as H is a bisolution for the operator P.

5.3 Kahler structure

Objects introduced in the previous section have interpretation in terms of
a Kahler structure, as in definition 2.20. H is a symmetric, non-degenerate
bilinear form on L = 2/P%, Ag is the symplectic structure and A}' =
5Ag + H is a Hermitian 2-form on L, as in formula (2.2).

We have seen in example 5.3 that H is the covariance of a quasi-free
state wg o on QNlSO. If this state is pure, then the pair (Ag,2H) is Kéhler.
In general one can always use Ag and H to define an anti-involution J, but
AgoJ = 2H holds only in the case of pure wg .

Let us now recall briefly the construction of J.n We will essentially follow
[DG13b]. First note that since H is a covariance of a quasi-free state, we
know from theorem (2.3) that

|As(f1, f2)| < 2VH(f1, 2)VH(f1. f2), VA, f2€L. (5.9)

We complete L with the product (.,.)g = (., H.) to a real Hilbert space H
and the inequality (5.9) implies that Ag is a bilinear form on H with norm
less or equal 2. Therefore, there exists an operator A € B(H) with ||A]| <1
such that

(fi,Asfo) =2(f1,Afo)H

If the kernel of A is trivial, then we take the polar decomposition A = —J|A|
and J satisfies J2 = —1. More generally, as in the proof of theorem 17.12 of
[DG13b], we define Lgg = Ker A and Lyeg = Lg-g. Then we set Areg = A [,
and construct the polar decomposition Ayeg = —Jreg|Areg|- If the dimension
of Lgg is even or infinite (which is the case in the situation we are interested
in), then there exist an orthogonal anti-involution Jyz on Lg; and we set
J = Jreg ® Jsg. J constructed this way defines an almost-complex structure
on L.
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We define the holomorphic and anti-holomorphic subspaces of L€ as

2= {(f—iIf)If € L},
Z={(f+iJf)|f € L},
respectively. Projections onto these subspaces are defined as 14 = %(]1 —iJ C)
and 1z = $(1 4 iJ)
If wy o is pure then the quadruple (L,2H,Ag,J) is a Kéhler structure.
We decompose A;C in the holomorphic basis ton obtain

(Igf1, A5z fo)) = (1, A% f2)

where f1, fo € LT and remaining components vanish. As a result, A;r is
represented in the holomorphic basis as

0 o
AL 0)7

so it acts only on the holomorphic part of the first argument and the anti-
holomorphic part of the second argument.
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Chapter 6

Interaction and
renormalization of the scalar

field theory

6.1 Outline of the approach

In the previous chapter we have covered the quantization of free theories
(quadratic actions), now is the time to introduce the interactions. This is
were we have to start working perturbatively. The ultimate goal of AQFT
is to be able to construct interacting models in 4 spacetime dimensions non-
perturbatively, but at the moment no such models are known. The perturba-
tive approach, on the other hand, has proven to be successful in describing
many phenomena in particle physics, so it is worthwhile to try to under-
stand its mathematical foundations. It turns out that a careful analysis of
the problem and employing some tools from functional analysis allows to
avoid dealing with not well defined “divergent” expressions, as is often done
in physics textbooks.

We will follow the ideas on renormalization develpped by [BP57, BS59,
Hep66, EGT73, 7, Ste71]. The approach is motivated by the interaction pic-
ture of quantum mechanics, as outlined in section 2.1.3. We begin with a
heuristic argument and then we will show how to make it rigorous. Let Hy
be the free Hamiltonian and let H; 1 = — fK :£7(0,x): doy be the interaction
Hamiltonian, where :£;: is the normal-ordered Lagrangian density (the pre-
cise definition of normal-ordering will be introduced later in this chapter),
constructed from the classical quantity £;(z) and K is some compact subset
of a Cauchy surface X.

91
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We would like to use the Dyson formula (2.10) for the interacting time
evolution operator Uj(t, s), so formally we write

where o o
z— Lp(z) = 0 . £1(0,x): e~tHo®

is an operator-valued function and T denotes time-ordering. Heuristically,
one would use the unitary map defined above to obtain interacting fields as

(p[(.%') = U(xov S)_l()O(x)U(xOv 5) =U(t, 8)_1U(t, xo)gp(aj)U(xO, s), (6.1)

where s < 20 < t.

There are, however, serious problems with this idea. The first obvious
difficulty is the fact that typical Lagrangian densities like :£7(z): = :p(x)*:
can not be restricted to a Cauchy surface ¥ as operator-valued distributions
(they are too singular). This is the source of the so called UV problem. More-
over, having the sharp cutoff function in the Lagrangian and Hamiltonian
(integrating with the characteristic function of K x [s,t] leads to additional
divergences, called the Stiickelberg divergences. Finally there is the problem
with taking tha adiabatic limit, as the integral of the Lagrangian density
over x does not exist, if ¥ is non-compact. Last but not least, the overall
sum might not converge.

Fortunately all these problems, apart from the last one, can be easily
dealt with by a slight modification of the above ansatz. First, to avoid
the Stiickelberg divergences, we replace the sharp cutoffs with smooth test
functions. Next, we solve the UV problem by using causal perturbation
theory in the sense of Epstein and Glaser [EGT73|, where the interaction
is switched on only in a compact region of spacetime. Finally, we take
the adiabatic limit algebraically, as a certain inductive limit on the level of
interacting observable algebras.

6.2 Scatering matrix and time ordered products

The modifications of the Dyson formula ansatz described at the end of the
previous section lead to the definition of the formal S-matriz as
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where ¢ is a test density. Compare this formula with (2.11). In order to
make this formula mathematically rigorous, first we need to make sense of
the normal ordering operation :£7(z):, and then we have to define the time-
ordered products of :£7(z;):. Finally, in order to make sense of the formula
(6.1) for the interacting field we interpret it as a definition of a distribution,
rather than a function. Hence, for a test density f we obtain

[ @i =07 Y5 [ g gl @i i) =
n=0

= S0 S0 AN - (62

where S(g, f) is the formal S-matrix with the Lagrangian density gL; + f.
This is the so called Bogoliubov’s formula [BS59].

6.2.1 Wick products

Let us start our construction with defining the Wick-ordered quantities
:L7(x):. In our framework normal (Wick) ordering is a prescription how
to identify classical quantities with their quantum counterparts. More pre-
cisely, it is a map T1 : Floe — A, T1 = azlo TH where TH : Foc — Apy.
Note that both classical and quantum observables are understood as (for-
mal power series in) microcausal functionals, so the easiest way is define the
normal ordering is to set T = id and hence

F: =T\ F=a,(F), F&%c. (6.3)

Example 6.1 (Algebraic Wick’s theorem). Wick’s theorem plays important
role in physics, so we will show here how it follows from our algebraic defi-
nition of normal ordering. Consider the model of free scalar fields. Let

Falp) = / (@) (y)gn(y — 2) (@) du(x)du(y)

where f € P and g, is a sequence of smooth compactly supported functions
that converges to which converges to the Dirac delta distribution §(z —y) in
the topology Trr defined in /.12. By applying ag;! to the sequence (F), we
obtain a sequence

o'y = / (@) @)gn(y — ) (&) — RH(2,3)gn(y — ©)f (@) du(@)dp(y)
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The limit of this sequence is identified with the normally ordered expression

[ ()2 f(x)du(x), ie.:
F = [ fdp = i [ (p@)p(w) = hH (@, 1)gn(r—2) (@) d(x)du )

Not that the Tight-hand side cannot be interpreted as a functional on the
configuration space, but is just a formal expression representing an abstract
element of the extension of Freg, as defined in 5.5. We write this expression
wn a short-hand notation as a coinciding point limat:

wp(2)®: = lim (¢ (2)p(y) — hH (2,y)) .

Y=

This shows that transforming with a;' corresponds formally to the subtrac-
tion of hH (z,y).

Now, to recover Wick’s theorem, consider a product of two Wick squares
:o(x)%::0(y)?:. Note that in our setting this has to be understood as the -
product of two elements of A. Using the oy’ prescription we identify this
product as

(a;1/<ﬁ2fldu>*<a;1/902f2du> =o' ((/ <P2f1du> *n (/ w2f2du>> =
041_11</SDZfldM/SDszd,u+4h<f1<PaA§0(f280)>+

H? + 2
+ 5 (OGP h@ a0 )

Omitting the test functions we obtain

2
(@) ()% = (@))% +4e(@)p(y): hAT, (0,y) + 2(hAE (0,9))
which is a familiar form of Wick’s theorem applied to :p(z)?: :p(y)?%:.

6.2.2 Localy covariant Wick products

The normal ordering prescription (6.3) is not the most optimal one, if we
work on curved spacetime. This is because we would like to define the normal
ordering on all the globally hyperbolic spacetimes in a coherent way and the
choice of H across different spacetimes cannot be made covariantly. More
precisely, we want to lift 77 to the level of locally covariant fields in the sense
of definition 2.51.
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Definition 6.1. Let Ty be the Wick-ordering prescription on spactime
M € Obj(Loc). Given a natural transformation ® : © — Foe we say
that (T1at)meobj(Loc) 8 covariant if the family Tip o v defines a natural
transformation from ® to 2.

We will now discuss the existence of such a family of Wick-ordering pre-
scriptions and the remaining renormalization freedom.

Even though Hadamard states on different spacetimes cannot be chosen
in a coherent way, it turns out that this is possible for a family of Hadamard
parametrices. The difference between A+0, a 2-point function of a Hadamard
state, and a paramterix is that the latter is a bi-solution of the linearized
equations of motion only up to smooth terms. Due to the covariance condi-
tion, it is more appropriate to define the normal ordering by a prescription
where only the singular part of H enters into ay;'. We realize this idea by
setting

TinF = oy (awF) = ayt  F,

where F' € Fjo. and where w is the smooth part of the Hadamard 2-point
function. In other words, we set Jj' = . To understand what is w, we
need to recall some facts about the singularity structure of 2-point functions
Hadamard states. We follow here closely [KW91| and a recent review [FR14].

Be begin with introducing some notation. Let t : M — R be a time
function (smooth function with a timelike and future directed gradient field)
and let

oc(x,y) = o(x,y) + 2ic(t(x) — t(y)) + &2,
where o(x,y) is half of the square geodesic distance between x and vy, i.e.
o(x,y) = %g(expgl(y),expgl(y))-

Definition 6.2. We say that a bi-distribution W on M is of local Hadamard
form if, for every xo € M, there exists a geodesically convex neighbourhood
V' of z¢ such that, for every integer N, W(x,y) on V x V can be written in
the form

N
L U O¢ . sing
W = lim (UE + ;0: o™y log (ﬁ> + wN> = WM 4y (6.4)
where u,v, € C°(M? R), n=0,...,N are solutions of the so-called trans-

port equations and are uniquely determined by the local geometry, A is a free
parameter with the dimension of inverse length and wy is an 2N + 1 times
continuously differentiable real-valued function.
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We define now
apF = lim oy, F, (6.5)

N—00

for ' € JFoe. This limit makes sense, because the series converges after
finitely many steps. It is crucial that in this formula F' is local, since the
limit of wy is well defined only in a geodesically convex neighborhood of the
diagonal in M x M. Since functional derivatives of a local functional are
supported on the diagonal, ay,, F' has a well-defined limit. For details see
[HWO02a|. Note that with in our definition Ty, is fixed up to the choice of the
energy scale A in definition 6.4. One can, however allow additional freedom,
staying consistent with the requirements of locality, covariance and some
regularity properties. Such possibility has been investigated in [HWO02a),
where it was shown that for the scalar field T74, is fixed up to two paramters.
The choice of these paramters is then treated as additional renormalization
freedom.

6.2.3 Time-ordered products

After giving sense to normally ordered expressions we want now to define
their time-ordered products. In the first step we consider only regular func-
tionals, to understand the algebraic structure. We want to define the time
ordered product -7 as a binary operation on JFeg[[h]], which satisfies the
condition (2.9), i.e.

FxG if suppG < supp F',

G« F if suppF <suppG, (6.6)

FuGe {
where the relation “<” means “not later than” i.e. there exists a Cauchy
surface which separates supp G and supp F' and in the first case supp F' is in
the future of this surface and in the second case it’s in the past. We postulate

F-3G=>Y N'Bu(F.G), (6.7)
n=0

for some functional differential operators B,,. Now let F' = (., f) and G =
(.,g) be two linear functionals with f,g € I':(E* — M). Then condition
(6.6) implies

FG+%h<f;ASog> if suppg<Sllppfa

Bo(FG) + hBi(F,G) = { FG+ th{g,Ag,f) if suppf <suppg,

This suggests to set By(F,G) = FG for all F,G € Fee. To analyze the first
order condition in more detail, we note that Ag, = A‘S40 — ASRO and from
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the support properties of the advanced and retarded Green functions follows
that in the example above

B\(F,G) = { 5 (/) A§09> if - suppg < supp f,
’ 5(f,Agg) if suppf <suppyg,

Now, since Bi has to be a differential operator, the condition above fixes its
coefficients by the first order derivatives up to diagonal, i.e.

0 0
Bi =mgo (t,— ® — ) + higher derivatives,
op ~ Op

where m,, is the poitwise multiplication operator, i.e. my(F1,...,F,)(¢) =
Fi(p)----- F,(p) and t is a distribution in I',((E*)®? — M?) with a kernel
satisfying

' = 1A§ if y<u
tHr,y) =14 2 A, (w,y) iy <,
() { —5As,(7,y) = fg%o(x,y) if z=<y.

It turns out that a consistent choice is provided by ¢t = Z'ADO, where Ago =

ISR IR

%(Ago +A§O) is the Dirac propagator. Using the higher order conditions and
requiring associativity leads to the following formula for the time-ordering
product:

D ¢ )

FoG=mgo e”’<ASo%®E>(F ®G) = (6.8)
> A" . ®n
=Y —(F™ (AR ¢ |
S0 (0 a8 )

where F,G € JFreg. The product defined this way in contrast to x is com-
mutative, since ASQO is symmetric. It is also isomorphic to the point-wise
product by means of

FaG=T(T'F-77'G), (6.9)

where )
. s
T = em<AgO’5tp2> , (610)

or more precisely
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The linear operator T defined above is interpreted as a map which goes from
the classical world to the quantum world, i.e.

(?reg7 ) L (erega *, "T)

classical quantum

where 24,¢; C 2 is the range of J. Note that on the quantum side there are
two products, the non-commutative x and commutative -s.

Using the time-ordered product we express the formal S-matrix & :
Freg|[]] = Freg[[h]] as the time-ordered exponential

S(V) = eV = (&7 HVImy (6.11)

so 8 is a map from the quantum algebra 2 to itself. Interacting fields are
obtained by means of the Bogoliubov formula, which reads

Ry (F) = —md% (S(VY % 8(V + AF))|y_g =

— (efrv/h)*_l * (egv/h T F) : (6.12)

We understand Ry (F') as the interacting observable corresponding to F'. We
define the interacting star product by

Fxy G =Ry (RyF *RyG).

The interacting theory for regular functionals is the algebra (Fieg, *v7) and
Ry acts as the intertwining map between the free quantum theory and the
interacting quantum theory, i.e.

-1
(\rfrega ) L (eregy *, '7) Ry, (erega *V)
free interacting °
quantum quantum

6.13
classical ( )

The formula (6.9) for the time-ordered product make sense if we restrict
ourselves to regular functionals. This is, however, not enough, since typical
interactions appearing in particle physics are local and non-linear (hence not
regular). In the first attempt to fix the problem we pass to a different star
product, which amounts to replacing Ag, by AJSFO and Ago by the Feynman

propagator Ago = iA?O + H, so we obtain now

(EFreg7 ) 7 A a;; (ereg’ *y '7) Ry! <9’[reg7 *V)
classical ( reg XH .‘IH) free interacting
quantum quantum
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IAF 82
where TH = 6m<ASU’5w2>, so T = ap! o TH. Unfortunately this modifica-

tion is not sufficient to extend the time-ordered products to arbitrary local
functionals. The difficulty which we have to face is the fact that the WF
set of Ago at 0 behaves like the WF set of the Dirac delta (i.e. contains all
non-zero covectors), hence the tensor powers of Ago cannot be contracted
with derivatives of local functionals.

The non-trivial extension problem which we want to solve is what physics
literature refers to as the renormalization problem. A mathematically rigor-
ous solution to this problem has been proposed by Epstein and Glaser in the
seminal paper [EGT73] from 1973 and it makes use of the causal structure of
the spacetime. Here we will use a similar approach.

First we extent the linear operator T to F,c by setting T = «,, where
vy, is defined by (6.5). On Minkowski spacetime we can also set T = id. The
subspace T"(JF1oc) C A" is denoted by ! . Recall that A" = (F,.c[[A]], *m).
We define a map from local functionals into the quantum algebra T : Fjoc —
2 by setting T = az' o T# and denote its image by joc.

Definition 6.3. Denote by (fﬂoc)?(?s the subspace of (Fioc)®" spanned by
F®---® F,, where F1,..., F, € Foc have pairwise disjoint supports.

Definition 6.4. On (fﬂoc)fﬁ; we define the n-fold time-ordered product as a

map T (5100)51% — A7 given by

TH(Fy, ... Fy) = Fieg, ...q,F,.

Let 1®---®F, € (?10C)§(?S such that the supports supp F;, i =1,...,k
of the first £ entries do not intersect the past of the supports supp Fj, j =
k+1,...,n of the last n — k entries. From the definition of the time-ordered
product follows that in this case

THR® - @F) =TI ® - ®@F) x4 T (Fep1 ® - ® F,), (6.14)

This property is called the causal factorisation property. It is a crucial fea-
ture which we want to require also from the extended n-fold time-ordered
products. This motivates the following, axiomatic definition.

Definition 6.5. Renormalized time-ordered products are multilinear maps
TH . FE 5 AT n € N, satisfying:

loc

(T 1) Causal factorisation property

Tn(F1® @ F,) =T/ (F1® @ F) %y T, (Fr11 @ - @ )
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(T 2)
(T 3)

(T 4)

(T 5)
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if the supports supp F;, 1 = 1,...,k of the first k entries do not
intersect the past of the supports supp Fj, j = k+1,...,n of the last
n — k entries.

Starting element: T =1, T =id!.

Symmetry: For a purely bosonic theory THs are symmetric in their
arguments. If the fermions are present, Ts are graded-symmetric.

Field independence: T/ (Fy,..., F,), as a functional on €, depends
on @ only via the functional derivatives of Fi, ..., Fy, i.e.

) - OF;
— TRy, F) =Y TO(F,...,—, ... F,
55() (17 ) ) z:: n< 1 5 )

p-Locality: T#(Fy,... F,) = T74(FN, . M) + 0(nY), where
Fi[m 1s the Taylor series expansion of the functional F; up to the
N-th order.

Remark 6.1. Note that the property (T 5) allows one to reduce the prob-
lem of constructing the time-ordered products of local functionals to the
construction of the time-ordered products of polynomials. Property (T 4)
is crucial to show that the construction reduces to extensions of numerical

distributions.

Given the family of maps {T },en, we candefine time ordered products
of Wick-ordered quantities and the finally the S-matrix.

Definition 6.6. We define T, 91®" — A as

T, =a; 0oTH o™,

and the renormalized S-matriz, which is a map 8 : Woe — LA, is given by

Z hn n' V®n

where V € Ajpe.

1One can leave some freedom in the definition of 7§ which can be then used to absorb
the renormalization ambiguity in defining . See [HWO05] for an exemple of a situation
where this extra freedom turns out to be useful.
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We want the S-matrix defined this way to be unitary, i.e. we require that
S(=V)*x8(V)=1,

for a real-valued V. This condition can be translated into an additional
axiom for the time-ordered product:

(T 6) Unitarity: Let [,...,J, be real-valued, then (T}/)* = TH where
TH is the anti-time-ordered product defined by

TR @ @F)= Y (-1)" ﬁ TH <®Fl> :

Pe?P, IeP el

where P,, denoted the set of partitions of {1,...,n} and [];#, means
taking the *; product of factors labaled by 1.

The final consideration is to ensure that the time-ordered products are
covariant, i.e. they are defined on all the spacetimes in a coherent way. We
adapt a definition analogous to 6.1.

Definition 6.7. Let T, be the n-fold time-ordered product on spactime
M € Obj(Loc). Given locally covariant quantum fields

D= T®; € Nat(D, ), i =1,...1n,
we say that (Tnx)nmeobj(Loc) 15 covariant if the family
Tt o ((Pringy - - 1 Prin)
defines a natural transformation in Nat(D™,2).

Finding the right notion of covariance for time-ordered products was
a very important step in indertsanding quantum field theory on curved
spacetime. The idea goes back to Fredenhagen [Fre00| and was developed
in a collaboration with R. Brunetti, S. Hollands, R. Verch and R. Wald
[HWO1, Ver0l, BFV03|. The requirement of covariance can be translated
into another axiom for T)’s.

1 ®n

o TH o aj" is covariant in the sense of defi-
nition 6.7, i.e. az' o T# o a®™ maps an n-tuple of classical fields in
Nat (D, Fioc) to a quantum field in Nat(D", ).

(T 7) Covariance: T, = ay
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Using the inductive method of [EGT73], generalized to curved spacetimes
by [BF00, HW01, HW02a|, one shows that a family of maps satisfying ax-
ioms (T 1)-(T 7) exists and the non-uniqueness of the construction is fully
absorbed into adding multilinear maps 2! : F2% — Fioc[[A]], i.e.

TH(Fy, ..., Fy) =TH(Fy, ..., F,) +2%(F, ..., F,), (6.15)

where {T/ } ey and {‘.]A';In}neN are two choices of families of n-fold time-
ordered products that coincide up to order n — 1. A detailed argument for
the existence of time-ordered products is given in sections 6.5.

The causal factorisation property for time-ordered products implies that
the S-matrix satisfies Bogoliubov’s factorization relation

S(Vi + Vo + V3) = 8(Vy + V2)8(Va) 18(V, + 13) (6.16)
if the support of V; does not intersect the past of the support of V3.

Definition 6.8. We define the renormalized map T : F — A by T = P,, ' o
TH oy om™t, wherem™' : F — S'S‘“l((?g is the inverse of the multiplication,
as defined in [FR12a] and 3"1(30) is the space of local functionals that vanish
at 0.

Using T we conclude that the renormalized time-ordered product - is
a binary operation defined on the domain Dy = T(F). Analogously to the
diagram (6.13), we obtain

(F,) 7 Qx-7) R (A *y)
— free interacting °
quantum quantum

6.17
classical ( )

with the caveat that - is well defined on Dy C 2.

6.3 Renormalization group

In this section we discuss in detail the ambiguity arising in defining 7,,’s.
In physics this is known as the renormalization ambiguity and is related to
the notion of the renormalization group. First note that the ambiguities Zf
appearing in formula (6.15) give rise to maps Z, : 91%2 — Ajoc defined by

= 1 H ®n
Zp =0 0Z, o0y .
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Next we define a map Z : Ajoc = Ajoe by summing up all the Z,,’s relating
two chosen prescriptions to define the time-ordered products, i.e.

R n
mw:225%0®% V € Uee -
n=0

For any two choices of the families (7}, )nen, the corresponding map Z, which
relates them, has the following properties:

(Z 1) 2(0) =0,
(Z 2) 21(0) =id,

(Z 3) 2 =id+ O(h),

(Z4) Z(F+G+H)=2(F+G)+Z(G+ H) — Z(Q), if supp F Nsupp G,
(Z5) =0

The group of formal diffeomorphisms of 2j.c[[A]] that fulfill (Z 1) — (Z 5)
is called the Stiickelberg-Petermann renormalization group R. The relation
between the formal S-matrices and the elements of R is provided by the
main theorem of renormalization. This theorem, originally formulated in an
unpublished preprint by Stora and Popineau [PS82|, was later generalized
and improved, in particular by Pinter [Pin01]. Its final version, which relies
heavily on a proof of Stora’s “Action Ward Identity” [DF04, DF07|, was
obtained in [HW02b, DF04] and was then further analyzed in [BDF09].

Theorem 6.1. Let $ and 8 be two formal S-matrices, built from time ordered
products satisfying the azioms (T 1)- (T 7). Then there exists Z € R such
that

§=802, (6.18)

where Z € R. Conversely, if § is an S-matriz satisfying the axioms (T 1) -
(T 7) and Z € R then also S defined by (6.18) fulfills the azioms.

Proof. For proof see [DF04, BDF09]. O

The abstract notion of the renormalization group can be made more con-
crete when we consider a specific model. This is done by fixing a natural
Lagrangian (see definition 4.6) L; € Nat(D, Fioc), which defines the interac-
tion term of the theory. Since we defined the Wick-ordering in a covariant
way (in the sense of defintiontion ?7), the normally-ordered quantity :L;:
is a natrural transforation € Nat(D,2,.). For a fixed spacetime M the
map Ly : Z — U satisfies additivity, the support property and
covariance from definition 4.1. This motivates the following definition.
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Definition 6.9. A quantum Lagrangian on a fized spacetime M = (M, g) is
amap L : D(M) — Foc such that

i) L(f+g9g+h)=L(f+g9)—L(g) + L(g+h) for f,g,h € Z with supp fN
supp h = @ (Additivity ).

it) supp(L(f)) C supp(f) (Support).

iit) Let G be the isometry group of the spacetime M (for the Minkowski
spacetime we set G to be the proper ortochronous Poincaré group fPl)
We require that L(f)(a*¢) = L(asf)(p) for every o € § (Covariance).

In a given pQFT model we are interested in computing expectation values
of such quantum Lagrangians L;, ¢ = 1,..., N in a given state w. The
following result is crucial for our framework.

Theorem 6.2 (Proposition 6.2. of [BDF09|). The space £ of quantum
Lagrangians is invariant under the renormalization group R.

Proof. For the details of the proof see [BDF09]. Note that the additivity
property for the transformed Lagrangians is a direct consequence of the
property (Z 4) of the renormalization group. O

It is convenient to choose the state w as a quasi-free state of the form
wr,0. On the Minkowski spacetime there is a distinguished choice of H as
A1, so that A;FO = %ASO 4+ Aq is the Wightman 2-point function, as in
example 5.2. In this case wa, o is just the usual vacuum expectation value
that can be compared with the standard physics literature.

We are now ready to give an abstract definition of a theory.

Definition 6.10. A theory in pQFT on a spacetime M is defined by fizing
the space € of field configurations and a complex vector space ® of quantum
Lagrangians, which is closed under the action of the renormalization group
R. A theory defined by (€, ®) is called power-counting renormalizable if
® is finite-dimensional (as a vector space).

6.4 Interacting local nets

In this section we show how to construct a perturbative model of the in-
teracting quantum theory, in the sense of definition 2.39. We follow closely
the construction proposed in [FR15]. We start with the vector space ® of
quantum Lagrangians of a power-counting renormalizable theory. Let N be
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the vector space dimension of ®. We define 2V to be the space of com-
pactly supported functions on M with values in R™Y. We choose a basis in ®
consisting of quantum Lagrangians L1,..., Ly in such a way that Ly = Ly
is the interaction term of the theory. The remaining quantum Lagrangians
correspond to other quantities we wish to model (e.g. conserved currents)
and to terms that appear after applying maps Z € R on the interaction term
and these quantities.

For a fixed f = (f',...,fY) € 2" we construct the S-matrices cor-
responding to Li(f'),..., Ly(f") and their linear combinations, using the
Epstein-Glaser renormalization. This allows to define a map from 2V to 2
by means of

N
[ 8(f)=38 (Z Li(fi)> (6.19)
i=1

This way we obtain a family of unitaries {S(f)|f € 2™V} with §(0) = 0, which
generate a *-subalgebra g of 2 and satisfy for f,g,h € 2 Bogoliubov’s
factorization relation

S(f+g+h)=S(f+9)S(g) ' S(g+h) (6.20)

if the past J_ of supph does not intersect supp f (or, equivalently, if the
future J of supp f does not intersect supp h).

Proposition 6.1. Assigning to bounded simply-connected regions O C M
subalgebras Ag(0) C Agp generated by {S(f)|supp f C O} defines a Local,
Covariant net in the sense of definition 2.59.

Proof. The isotony condition, needed for the assignment O — A (0) to be a
net, is straightforward to verify. All the structures used in constructing this
net are covariant, so O — 2(0) is covariant in the sense of the definition
2.39. The Locality axiom follows from the fact that for functions f, g with
spacelike separated supports

supp [ N Jx(suppg) = @ (6.21)

and hence
S(f)S(g) = S(f+9) =5(9)S(f) . (6.22)
O

The net {A5(0)} is not yet the interacting net we are looking for. How-
ever, it turns out that there is another way to assign subalgebras of 2g to
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bounded regions of spacetime, which takes the interaction into account. Let
us come back to the heuristic Bogoliubov formula (6.2) and its mathemati-
cally rigorous version (6.12). Note that the intertwining operatos Ry, which
relates the free and interacting theory is written as the derivative of the rel-
ative S-matriz S(V)*' %« 8(V + AF). Here V = Lo(g°) = L;(¢°) for a test
function ¢° € 2 and we choose F' = L;(f%), for some i € {1,...,N} and
ft € 2, so we can express the relative S-matrix using the elements of Ag
and we obtain a map

frr84(f) =8(9)"'8(g + f) (6.23)

where f,g € 2V and g = (¢°,0,...,0). 8(g) as well as 8(f + g) are defined
by means of (6.19). We can now prove a crucial result concerning the relative
S-matrices.

Proposition 6.2 (after [FR15]). All the maps 84 labelled by different choices
of g (or more precisely g°), satisfy Bogoliubov’s factorisation relation (6.20).

Proof. We follow the proof given in [FR15]. Let f,h € 2 such that supp f
does not intersect J_(supph). Let g,¢' € 2. Then
Sg(f+9' +h)=S(g) ' S(f+ (g +4) +h)
=S(9)'S(f+(g+¢)Slg+g)S((g+ ) +h)
= Sy(f +9)S(d) " S(9)7'S(g) Sy(g' +h) . O
=1
O
Remark 6.2. Note that we have constructed things in such a way that

S(g+ M) = 8(Lr(g® + Af0) + SN Li(Af%), so the derivative of S,(\f)
with respect to A is just the retarded field

N
d d i
R, (g0) (CD\LI(QO + )‘fo)}Azo + Z ﬁLi()‘f )‘)\:0> J
i=1

and if all the quantum Lagrangians L; are linear in the test function, this

reduces to
N .
Rp,(g0) <Z Li()‘fz)> .
i=0

We interpret 8,(f) as the generating function for retarded observable
described by Zfil L;i(f*%), under the influence of the interaction L;(g%). We
are now ready to define the interacting net of observables.
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Definition 6.11. The interacting quantum net g 4 corresponding to the
theory ® is defined by assigning to bounded simply-connected regions O the
local algebras A 4(O) which are generated by the relative S-matrices Sq(f)
with supp f C O.

Note that the algebras g , are subalgebras of g but the net defined
by 6.11 differs from the net 5.3. This is a very subtle point, since one could
suspect that building interacting fields out of free fields should imply that
the resulting theories are identical. Note, however, that in the algebraic
approach physical information is contained not only in the global algebra,
but also in the net structure, i.e. in the way we assign the elements of this
algebra to bounded regions of spacetime. The next proposition shows that
elements of Agp 4(O0) can be interpreted as retarded observables,

Proposition 6.3 (after [FR15|). The relative S-matriz has the following
properties:

1. S4(f) depends only on the behavior of g in the past of supp f.

2. S4(f) depends on the behavior of g outside of the future of supp f via
a (formal) unitary transformation which does not depend on f.

Proof. 1) Let g and ¢’ be such that supp(g — ¢’) N J_(supp f) = &, i.e. they
differ in the regions outside the past of supp f. This implies

Se(f)=S(g)'S((g—9g)+9 + f) =
=S(9) 7' S((g—9)+9)S(d) TS + f) = Sy (f) -

ii) For supp(g — ¢') N J4(supp f) = & we have

Se(f) = S(g9)” 1S(f+g +(g—9)) =
=S(g9)7'S(f +9)5(g)7'S(d + (9 - 9)) =
S(9)7'8(4)S() ' S(f +9)Sy(g— ) =
:Ang/(g 9 Sy ()
where we use the notation AdB(A) = B~1AB for A, B € Us. O

The above proposition shows that the structure of local algebras depends
only locally on the interaction. This allows to perform the adiabatic limit
directly on the level of local algebras as a certain inductive limit. In the first
step we remove the restriction to interactions with compact support. Let
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G € C®°(M,RY) and let O be a bounded simply connected region in M. We
define

[Glo = {g € 2" |g = G on a neighborhood of J,(0)NJ_(0)} .
Next we consider the Ag-valued maps

8G.0(f): [Glo 2 g Sy(f) € Asp .

We are now ready to extend the definition 6.11 to functions with arbitrary
support.

Definition 6.12. The local net of algebras O — Up c(O) is defined by
assigning to O the algebra generated by Sg o(f), where supp f C O. For
01 C Og the embedding ip,0, of corresponding algebras is defined by

0,0, © 86,0, (f) = 8c,0,(f)
for f € 2N with supp f C O;.

Let g be the inductive limit of algebras Ag ¢(O) constituting the net
defined in 6.12. Let us denote the corresponding canonical embedding into
Aq by

io : Aa(0) = A
We set
8a(f) =io(Sco(f))-

The following result shows that the net defined in 6.12 is covariant in the
sense of definition 2.40.

Theorem 6.3. Let
o ? (8c(f)) = 8a (5 /). (6.24)
where 8g(f) € Ap,c(0), € G is an element of the isometry group of M
and *f = fo . Then ag’o, B € G extends to a family of isomorphisms
ag’o 1 Ap ¢(0) = As,¢(BO) satisfying the conditions of definition 2./0.
Before we prove the theorem we need a lemma that allows to reduce the
problem to the problem that involves the net {Ag 4(0)}.

Lemma 6.1. The evaluation maps

V9.6 Sc0(f) = 84(f)

extend to isomorphisms of Ae ¢(0) and Ae 4(O) for every g € [Glo.
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Proof. The only thing that we need to check is that the map v, ¢ is injective.
Assume that v4.¢(8c.0(f)) = v4.¢(8co(f) for some f, f with supports
contained in O. Then 8,0 (f) = 8¢,0(f') and using the proposition 6.3
we conclude that 8, 0(f) = S8go(f’) for every ¢ € [Glo, so 8¢o(f) =

8ao(f). O

Proof of the theorem. We have to prove that the map ag,o given by (6.24)
extends to an isomorphism e ¢(0) = Ase (SO). Let O1 D OULO and g €
[Glo,. Then g, 8*g € [G]o and f*g = g—i—hﬁ—l—hlj with supp bl NJ=(0) = @.
By the causal factorization property (6.20) we obtain

Oégo = ’Yg_é o AdUy(B) o ag ©%,G
where Uy () = Sg(h[j) and
ag(8(f)) = 8(6"f).

It is now apparent that (6.24) extends to an isomorphism. From the def-
inition (6.24) it is also clear that if O; C O, then the restriction of

agOQ to Ae (01) coincides with agol and for any 3,3 € G, we have

GO GO _ GO
agr oag” = aggg. OJ

6.5 Construction of time-ordered products

In this section we review the abstract Epstein-Glaser construction of time-
ordered products on Minkowski spacetime following [EG73, BF00, HW02a].
We will also show how to obtain more explicit formulas using regularization
prescriptions and combinatorics involving Feynman diagrams. First we need
to introduce some notation. Time-ordered products T are maps from 9’%2
to Fuc[[h]] and, as indicated in the previous section, they are obtained by
extending non-renormalized expressions that are originally defined only on
(fﬁoc)g&. Let us consider F = 4 ®---QF,, € (?100)%;- Note that F induces
a map from " to C by F(p1,...,02) = Fi(p1) - Fu(pn). When we talk
about functionals on € we will denote the variable by ¢ and for functionals
on €™, the variable is an n-tuple (¢, ..., ¢p). For a multiindex 5 € N we

denote

. SIPlE
(1, pn) = —5r——5.(#1,---,9n),
0Pyt ... 0ph"
where F' is a smooth functional on €" and (¢1,...,¢,) € E". Clearly

6PF(p1,...,0n) € L(EP;C) and by proposition 3.1 it induces an element
of TY(EXIAl — M 18T,
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Definition 6.13. We say that a smooth functional F' on E™ is microcausal
if it is compactly supported and satisfies

WF (555’(% N .,%)) CEg, VBENE, Vg1, . pn) €E", ¥nEN.

(6.25)
We denote the space of such functionals by I

6.5.1 Existence of time-ordered products

We have seen in section 6.2.3 that the renormalization problem amounts to
extension of maps T to local functionals with arbitrary supports. In fact,
we will see that it reduces to extending numerical distributions defined ev-
erywhere outside certain subdiagonals in M™ (see [BF00]). The construction
proceeds recursively and, having constructed the time-ordered products of
order k < n, at order n one is left with the problem of extending a dis-
tribution defined everywhere outside the thin diagonal of M™. One way of
constructing explicitly such distributional extensions relies on the splitting
method (see for example [Sch95]). Here we take a different approach, based
on the notion of Steinmann’s scaling degree [Ste71].

Definition 6.14. Let U C R"™ be a scale invariant open subset (i.e. \U = U
for X > 0), and let t € D'(U) be a distribution on U. Let ty(z) = t(A\z) be
the scaled distribution. The scaling degree sd of t is

sdt = inf{d € R| lim A%, = 0} . (6.26)
A—0

The degree of divergence, another important concept used often in the

literature, is defined as:
div(t) =sd(t) — n.

The crucial result which allows us to construct time-ordered products is
stated in the following theorem:

Theorem 6.4. Let t € D(R™\{0}) with scaling degree sdt < oo. Then there
exists an extension of t to an everywhere defined distribution with the same
scaling degree. The extension is unique up to the addition of a derivative
P(0)0 of the delta function, where P is a polynomial with degree bounded by
div(t) (hence vanishes for sdt < mn).

In order to apply theorem (6.4), we need to be able to reduce the problem
of constructing the time-ordered products to the problem of extension of
numerical distributions defined everywhere outside the thin diagonal. In
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this section we work on the level of quantum Lagrangian in the sense of
definition 6.9. A construction performed on the level of functionals will be
presented in section 6.5.2.

In the first step we restrict ourselves to Lagrangians, which are linear
maps on the space of test functions. The general case is obtained by re-
defining the test functions. For example if L(f) = [, f*(z)L(z)du(z),
then we obtain a Lagrangian linear in test function by setting L'(f’) =
Jos f/£(z)dp(x) and the original Lagrangian is L'(f?).

An n-fold time-ordered product of Lagrangians L1, ..., L, induces a lin-
ear map

f1®"'®fnHjig(Ll(fl)a---aLn(fn))v (6'27)

We denote L = (Ly,...,Ly) and the map (6.27) by T¥(L4,...,Ly) or by
T/ . This maps extends to Z(M"™,R) and we denote this extension by the
same symbol T/ ;.

Similarly, let T = {i1,...,ix} be a subset of {1,...,n} we introduce the
notation ‘J'}f g, for the map

H® @ fo—= T (Liy (f1)s -+, Liy (fr)) -

Ultimately we need maps T/ ; to construct the S-matrix and interacting
local nets, as outlined in section 6.4. For this purpose, it is convenient to
formulate the problem of constructing the time-ordered products as the prob-
lem of constructing maps T ;. A method formulated on the level of local
functionals, rather than suchjmaps will be presented in the next subsection.

Let us start with formulating the axioms that maps ‘J'Tfi 1, have to fulfill.

(TL 1) Causal factorisation property

Thn(fi® @ fa) =T7L(fi® - ® fi) %u Trep.(for1 @ -+~ @ fn)

where I = {1,...,k} and the supports supp f;, i = 1,...,k of the
first k arguments do not intersect the past of the supports supp f;,
j=k+1,...,n of the last n — k entries.

(TL 2) Starting element: T =1, T{', (f) = L(f).

(TL 3) Symmetry: For a bosonic theory J7'y = ‘Tﬁa(L), where o
is a permutation of n elements and we define o(Ly,...,L,) =
(La(l), .. .,Lg(n)). In the presence of fermions, each permutation
of two elements introduces an extra minus sign.

(TL 4) Field independence.
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(TL 5) ¢-Locality.
(TL 6) Unitarity.
(TL 7) Covariance.

The construction of time-ordered products proceeds inductively. We as-
sume that the maps ‘J']z 1 With k < n are constructed for all possible k-tuples
L’ of generalized Lagrangians of the theory. For a power-counting renor-
malizable theory this set is finite dimensional, see definition 6.10. Using the
causal factorisation property (T 1) we fix the values of T on test functions
f e 2(Mm™\ D,). Maps constructed this way are called non-renormalized
time-ordered products and we denote them by ‘J'fj L

Definition 6.15. Let I be a proper subset of {1,...,n} and we denote by
Cr the subset of M™ defined by

Cr={(x1,...,zn)|z; ¢ J(x;) forallie I, je€ I},
where 1€ is the complement of I.

Sets Cr are open and they constitute an open covering of M"™ \ D,,.

Definition 6.16. Let I be a proper subset of {1,...,n}. We define a
functional-valued linear map ‘.Tfuc L on Z2(M"\ Dy) by firing its values on
test functions that arise as products

Trep(fi® @ fo) = Trp(fr) x Tpe L (fre)

where for I = {i1,..., i} we define fr = fi, @+ ® fi,).

Let {gr} be a partition of unity subordinate to the open covering defined
in 6.15. We define the non-renormalized time-ordered products by

OTIL{,L(f)i Z (I;I\IC,L(QIf)»
}

1C{1,..., n
1£D
where f € P(M"™ \ D,). The following proposition has been proven in
[HWO1].

Proposition 6.4. Assuming that time ordered products ﬁf,L’ with less or
equal than n — 1 arguments have been defined in such a way that they satisfy
properties (TL 1) - (TL 7) as maps on 2°™. Then the maps ‘.TffL automat-
ically satisfy the restrictions of properties (TL 1) — (TL 7) to (M \ D).
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Proof. See the proof in [HWO01]. O

In the next step we reduce the problem of defining the time-ordered
products T, to the problem involving only C-valued distributions. For this
we use the properties (TL 4) and (TL 5) and write the n-fold time-ordered
product ‘J’g{ 1, in terms of its Taylor expansion around 0.

Thp(fi®@-- @ fu)le] =
=T7 (i@ @ fo)[0]+

+ 3 {THE LA (1), P L)), 9 @ )
181>0

where 8 € Njj. In physics literature this is called the Wick expansion. Note
that this expansion converges as a power series in f, because due to (TL 5),
in each order in A the sum contains only finitely many terms. Therefore it
is sufficient to know the time-ordered products of polynomials.

Among all the Lagrangians linear in test functions we distinguish the
monomial ones,

L(f)le] = /M PP () f (2)dp(x) = ©*(f)lg], (6.28)

We will now construct time ordered products of Lagrangians that are of this
form. The advantage of working with such objects is the fact that computing
functional derivatives reduces to simple algebraic manipulation.

l
(S el ) = s (87l )

= (kli!l)! <<I>k_l[soo],fwl>

Hence the Wick expansion takes the form

Tg(q)kl(f1>v"'7(I)kn(fn))<90) -
a o kl kn H k1—1 kn—1 l l
:Z...Z<l1>...(ln)<tn(q>1 CR L ")7f1901®-..®fn90n>7

11=0 ln=0
(6.29)

We chose the convention where test functions are put together with config-
urations on the right-hand side of the pairing, and the remaining numerical
distriubutions are denoted by small ¢’s.
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Remark 6.3 (Hopf algebraic interpretation). The combinatorics appearing
in our formulas can be significantly simplified in the Hopf algebra language
[Bro06, Danl13, BFK06]. Let H denote the algebra generated by the La-
grangians ®*, where the product is defined by

(I)k(I)l - (I)k—l-l .

Note that this is not the pointwise product we have introduced before on
the space of functionals. We identify ®° with the unit 1, i.e. a Lagrangian
of the form ®(f)[p] = [,, fdp. We define the co-product A : H — H @ H

by
Mk
A(DF) — k—1 l
@)= (})o e,
1=0
and the counit

1 if k=0,
5(<I>k) - {O else

Using Swindler notation we can now write

5l k ®l k k
<5¢l@ (f)leols ¥ > = <q’(1)[800],fq’(2)[¢],> :
where A(®F) = @?1) ® @?2). Hence

Tg(q)kl (f1)s-- s ok (fu))(p) =
= (e (@fty - 0f) A2l (@) @ @ Ludf () L (6:30)

On the left-hand side of the pairing we have a distribution on M"™ and on
the left-had side a compactly supported function on M™, so the expression
above is well defined.

We have reduced the extension problem to a problem that involves only
numerical distributions ¢7(®*, ... ®*n). Combining with the earlier con-
struction of maps ‘J'ff , we can conclude that the renormalization problem
reduces to extending numerical distributions t2(®*1, ... ®*) € 2(M™\ D,,).
Using the axioms (TL 1)-(TL 7) we can formulate the corresponding axioms
for s (see [HWO01]) for details. We label these axioms by (t 1)-(t 7)

It is actually helpful to impose some additional, more technical require-

ments, which control the regularity of distributions ¢/. These are:

(t 8) Almost homogeneous scaling,
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(t 9) Micolocal spectrum condition,
(t 10) Smoothness,
(t 11) Analyticity.

The final two axioms concern the dependence on the background metric. The
precise statement of these axioms can be found in section 3.3 of [HWO01]. The
existence of the distributional extensions with desired properties in guaran-
teed by the following result.

Theorem 6.5 (following [HWO01]). There exist distribution tZ(®*1, .. &Fn)
satisfying the azioms (t 1)-(t 11).

Proof. See [BF00, HWO01|. A more robust and mathematically cleaner
method for constructing such distributional extension has been provided in
[Dan13|. O

Let us now discuss Lagrangians containing derivatives. We generalize the
class of objects we consider to Lagrangians of the form

Sm(f)[o] = /M (@, (V™Mo - & (V)™ ) fdu,

where f € 2, m = (my,...,my) is a multiindex, (V)™ ¢ denotes the rank
m1 covariant tensor obtained by applying m; covariant derivatives to ¢,
a is a rank |m| contravariant tensor and (.,.) denotes the pairing between
covariant and contravariant tensors of matching rank. We can also generalize
Lagrangians to maps on arbitrary tensor fields, i.e. L : Tens — Fjoc, where
Tens =P, , [(T7M). We introduce the notation

o™ (f)lg] = /M (0, f © (V)™M @ - & (V)™ ), dy, (6.31)

where f is an arbitrary rank (q,7) tensor field?, the rank of a is rk(a) =
(r,q+|m|), ¢ = (c1,..., ) is an ordered (|m|+ g)-tuple of numbers that
indicate in which slots contractions of tensor indices have to be performed
and (.,.), is the contraction itself. This way, after applying (.,.),. we are left
with a tensor of rank rk(a) — (0, |m|), which is subsequently contracted with

f

We use convention where a tensor field of type (g,0) is a g-form and (0,r) is an
r-vector.
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The [-th derivative of ", can be expressed as

<(;§;q>37c<f>[goo],¢®z>:2< ) £ 0 (7)™ -8 (9

T

(6.32)
where I = {iy,...,4;} is an ordered subset of {1,...,k} and the notation
<I>£n/ ! means that we “take out” the corresponding factors from the monomial
n (6.32). The notation gets a bit complicated at this point, but we can still
write an analog of (6.29) with the appropriate combinatorics of ®%.’s. This
can be simplified with the use of the Hopf algebra language, since (6.32)
induces again a co-product. This Hopf algebra, however is non-commutative,
because a in (6.31) is not necessary symmetric and the operation of putting
together such objects using the tensor product is non-commutative. The
framework needed to handle non-commutative Hopf algebras that arise this
way can be found for example in [BFKO06|. The non-commutativity appears
also if we want to generalize from scalar fields to field configurations which
are sections of an arbitrary vector-bundle.

The general procedure can be summarized as follows. We fix a theory
® and we choose a suitable family of Lagrangians {®“},c4, where A is
some suitable label set (for example in (6.28) A = Ny). We allows for test
functions f which are compactly supported sections of some vector bundle Ej
over M. The family {®“},c4 has to be chosen in such a way that functional
derivatives of ®*’s can be written in terms of other elements of {®“},ca,
as it was done in (6.29). The concrete expression for the I-th functional
derivative of ®* determines the choice of the product and the co-product in
the set {®},ec4 and we define H to be the bi-algebra generated with respect
to these structures. The crucial requirement is that

. a &
<Mq> (f)[wo],¢®l> = > (@0 leol, £ @ 0 W’]><n<2> ’

with a suitable choice of pairings (.,.))(9)- The choice of the unit and the
co-unit is the same as in remark 6.3 and we introduce a grading in such a
way that the degree 0 component is one-dimensional, spanned by the unit 1.
The latter guarantees the existence of the antipode and H becomes a Hopf
algebra. The Wick expansion takes the form

TR (@ (f1), -, 24 (fn)) () =
Z< (‘1>a1 @a") F195 (@) @ - @ fu® (v )>, (6.33)
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The problem is again reduced to construction of numerical-valued distribu-
tions ¢

The potential non-unigness in representing functionals in terms of ®%’s
implies some extra conditions on t’s. For example, if we consider just the
scalar field in the presence of field derivatives in Lagrangians, the non-
uniquness arises due to the possibility of integration by parts. For con-
sistency, distributions ¢/ (@Z}l, ... @) have to satisfy the condition:

(t 12) Action Ward Identity
Koty (O, ... @) = 4 (P, ... ko @7 .. ), (6.34)

where k' = u k:“VL, the notation VL indicates that the derivative is
applied in the i-th slot and

ko @ (el =
k

(a, f@(V)™p@ko (V)o@ - (V)™ ). du.
;/M v ¢ ©). dpt

It was shown in [DF07] that this condition can be fulfilled also for the exten-
sions of t’s to the diagonal. Before AWI has been proven, the construction
of time-ordered products was known only on the level of polynomials ®7",
treated as formal expressions, not as functionals on the configuration space.
It was then suggested by Stora [Sto02]| to impose the additional requirement
(6.34). The proof of this requirement achieved in [DF07| was a major break-
through in mathematical pQFT since it opened the way for the functional
formalism. In [HWO05] this condition is called the Leibniz rule, and its proof
is generalized to curved spacetimes.

Having constructed the numerical distributions ¢/ (@;’Il, ... @) satisfy-
ing conditions (t 1)- (t 12) we use the formula (6.33) to construct maps
TH(®™ ... ®°") satisfying properties (TL 1)—(TL 7). Using linearity and
appropriate redefinitions of test functions this allows to construct time-
ordered products of arbitrary Lagrangians in ®. Note that all the way
throughout this section we have worked purely on the level of topological
algebras of functionals, without the need to refer to a concrete Hilbert space
representation. This functional viewpoint is very useful in QFT on curved
spacetimes, where there is no unique vacuum state and hence no distin-
guished vacuum representation. We can push this idea even further and
formulate the problem of construction the time ordered product as a prob-
lem of extending vector-valued distributions. We expect the following to
hold true:
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Conjecture 6.1. Equip F,.(M) with a topology that controls the WF
set properties of functional derivatives. Then the time-ordered products
T (L,...Ly) constructed in this section, in each order in h, are Fc(M)-
valued distributions.

6.5.2 Explicit construction and Feynman graphs

In the section (6.5.1) we have reviewed the existence proof for time ordered
products, reformulating it in the language of the functional formalism. The
drawback of the method presented there was that it relied on (potentially
non-unique) parametrisation of local functionals in terms of Lagrangians
and also, that the existence proof is rather abstract and doesn’t provide an
explicit expression for time-ordered products. There is a more direct method
to construct T,#, which is formulated on the level of functionals, rather
than the natural Lagrangians. For simplicity we will present it only in the
context of Minkowski spacetime. The generalization to arbitrary globally
hyperbolic spacetimes is not difficult and can be done using the methods of
[BF00, Dan13].

In this section we work on the Minkowski spacetime, so we set H = Ay
and Ago = %ASO + Ay is the Wightman 2-point function. In this case Ago
is the “standard” Feynman propagator.

Theorem 6.4 allows in principle to extend all the numerical distributions
we need for the construction of time-ordered products. Although it is pos-
sible to argue on the level of T/s, here we use a perturbative expansion of
time-ordered products in terms of Feynman graphs, to make the relation to
other approaches to renormalization more apparent. Note, however, that in
the pAQFT framework, Feynman graphs are not fundamental objects, but
instead they are derived (together with the corresponding Feynman rules)
from the definition of time-ordered products.

Let us denote Dj; = ili(AL | ﬁ> and D = ih(Af, ). The Leibniz
rule for differentiation can be formulated as

5omn—mno<z 5), (6.35)
=1

0pi

where m,, is the pointwise multiplication of n arguments, or in other words,
a pullback through the diagonal map &€ — €™, ¢ — (¢, ..., ).
Proposition 6.5. The unrenormalized n-fold time ordered product T} :

(~r7'~lc>(:)f)§(?s — Fucl[h]] can be expressed as

TH(Fy, ..., Fy) =mpoexi<iPu(F . F,).
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Proof. By definition we have
TH(Fy,...,F) =F1qu - qu F, = €% o mn(e_%D“Fl, . 7e_%D""Fn) .
The Leibniz rule implies that

D - 1p..
67 o mTL — mTL o eZi<j D1]+Zi 2Dn

)
hence
g 1p.. _1 _1
‘J'ff(Fl,...,Fn):mnoezi<ﬂ'D”+Zi2D”o(e 2Pup L em2Pmp).

LD

It is now clear that all the factors e~ 2" cancel, which proves the result. [J

Finally, let us denote
Tn - 627;<j D;; ,

so T}, is a map from (fﬂoc)%g to J},.. The combinatorial identity
) Dlij
eli<i il = H Z ™ (6.36)
1<j l;3=0 J

allows us to express time ordered products in terms of graphs. Let G, be
the set of all graphs with vertex set V/(I') = {1,...n} and [;; the number of
lines e € E(I') connecting the vertices 7 and j. We set [;; = [;; for i > j and
l;; = 0. If e connects ¢ and j we set de := {i,j}. Then

T, =Y Tr, (6.37)

regn
where )
Tr = —{tr, o 6.38
r Sym(F)< r,or) , (6.38)
with
S21ED)|
or =
HiEV(F) [Le:icoe 0pi(ze,i)
and
tr=J] hAr(2eic de) (6.39)

ecE(T)

The symmetry factor Sym is the number of possible permutations of lines
joining the same two vertices, Sym(I') = J[,_; lij!. Note that Tt is a map
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from (fﬂoc)gg(r) to FIVIOI[[R]], where ®V means that the factors in the
tensor product are numbered by vertices and to a vertex v € V(I') we assign
the variable ¢,. The renormalization problem to extend 7},’s to maps on
(Floc)®™ is nnow reduced to extending all the maps Tr. For the latter we
can use methods relying on the combinatorics of Feynman graphs, as is done
in other approaches to pQFT. In particular, one can establish a relation with
the Connes-Kreimer approach [CK00, CK01] (see [Pin00, GBL00, DFKR14]).

First we note that functional derivatives of local functionals are of the

form

l
FO@) (. / Zgj 0us, - 0u) [T 80— wi)dty).
i=1

(6.40)
where N € N, p;’s are polynomials in partial derivatives and g;[¢] are ¢-
dependent test functions. The representation above is not unique, since some
of the partial derivatives J,, can be replaced with 0, and applied to g;[¢p].
Another representation of F(!)(p) is obtained by performing the integral
above and using the centre of mass and relative coordinates:

FO (o) (1, Zfﬁ 2)0%5 (™) (6.41)
where § € N4(l Y test functions fslel(z) € D are now ¢-dependent
functions of the center of mass coordinate z = (x; + --- + z3)/k and
2" = (z1 — 2,...,2, — 2) denotes the relative coordinates.

Using (6 40) we see that the functional differential operator or applied
to I € ?FOC yields, at any n-tuple of field configurations (¢1,...,p,), a
compactly supported distribution in the variables z¢;,i € Je,e € E(I") with
support on the partial diagonal Ap = {z.; = x5, € deNdf,e, f € E(I')} C
M2EMI and with a wavefront set perpendicular to TAp. Note that the
partial diagonal Ar can be parametrized using the center of mass coordinates

Zy = g Tew
Valence

e|v€86

assigned to each vertex. The remaining relative coordinates are mrel =Tey—

zy, where v € V(I'), e € E(I") and v € de. Obviously, we have Ze\veae T =
0 for all v € V(I'). In this parametrization épF can be written as a finite
sum

(5FF = Z fﬁaﬂ(srela

finite
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where 8 € Né'v(r)‘, each f5(p1,...,0,) is a test function on Ar and e is
the Dirac delta distribution in relative coordinates, i.e. dei(g) = ¢g(0,...,0),
where g is a function of (z1%,v € V(T'),e € E(I)).

We can simplify our notation even further. Let Yr denote the vector

space spanned by derivatives of the Dirac delta distributions 0gdye;, where

g e NéIV(F)I. Obviously, Yr is graded by |B|. Let D(Ar,Yr) denote the
graded space of test functions on Ar with values in Y. With this notation
we have orF € D(Ap,Yr) and if F' € (Stloc)ff’(ﬁ, then drF is supported on
Ar \ DIAG, where DIAG is the large diagonal:

DIAG={ze€ Ap|Fv,w e V(I'),v #w: 2y = 2z} .

We can now write (6.38) in the form

1
Sy (200 = 3 (17050 )

finite

where ¢r is now written in terms of centre of mass and relative coordi-
nates. To see that this expression is well defined, note that we can move
all the partial derivatives dg to tr by formal partial integration. Then the
contraction with d.¢ is just the pullback through the diagonal map map
pr : Ap — M2EDI by

(pr(2))ew = 2o ifv € de.

From the wavefront set properties of AL ,» we deduce that the pullback

pr of each tlé = Optr is a well defined distribution on Ap\DIAG, so
(6.38) makes sense if F € (fr"bc)fg;, as expected. We conclude that
tr € D'(Ap\DIAG, Y1), where the duality between tr and a test function

= ane [P050 is given by

(tr, f) =D _(t7. fs) -

B

The renormalization problem now reduces to finding the extensions of t?,

so that t? gets extended to an element of D'(Ap, Yr). The solution to this
problem is obtained by using the inductive procedure of Epstein and Glaser.
The induction step works as follows: if ¢rv is known for all graphs IV with
fewer vertices than I', then ¢r can be uniquely defined for all disconnected,
all connected one particle reducible and all one particle irreducible one vertex
reducible graphs. Graphs which are irreducible and do not contain any non-
trivial irreducible subgraphs are called EG-primitive. For the remaining
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graphs, called EG-irreducible, tr is defined uniquely on all f € D(Ar, Yr) of
the form above where fg vanishes together with all its derivatives of order
< wr + |B| on the thin diagonal of Ap. Here

wr = (d = 2)|EI)| = d([V()| = 1)

is the degree of divergence of the graph I We denote this subspace
by Dy (Ar,Yr). Graphs which are irreducible and do not contain any
non-trivial irreducible subgraphs are called EG-primitive. Renormalization
amounts to project a generic f to this subspace by a translation invari-
ant projection Wr : D(Ar, Yr) — Dy (Ar, Yr). Different renormalization
schemes differ by different choices of the projections Wr (see [DFKR14] for
details).

By exploiting the translation invariance in Minkowski spacetime we find
that, at each step of the recursive construction of time-ordered products,
the renormalization problem reduces to the problem of extension of some
distribution defined everywhere outside the origin, so this is what we will
focus on now.

6.5.3 Regularization of distributions

There is an important conceptual difference between the Epstein Glaser
framework and other approaches to renormalization; namely form the EG
point of view one constructs objects (e.g. time-ordered products, the S-
matrix) which are already renormalized and can be physically interpreted.
In other approaches, one first introduces some reqularization, which renders
the Feynman graphs well defined and then, in the next steps performs renor-
malization, which is some procedure that allows to recover physicaly relevant
information after the regularization parameters are removed by some limiting
process.

In this section we show how introducing an explicit regularization proce-
dure is related to the problem of extension of distributions.

Definition 6.17. We define

M) = {f € (M) [(8°F)(0) = 0 V]a| < A} (6.42)
to be the space of functions with derivatives vanishing up to order A and
2\ (M) is the corresponding space of distributions.

Theorem 6.6 ([Ste71, BF00]). A distribution t € 2'(R™\ {0}) with scaling
degree sd(t) has a unique extensiont € 2\ (R™), X = sd(t) —n, which satisfies
the condition sd(t) = sd(t).
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Definition 6.18 ([DFKR14]). Let t € 2'(R™\ {0}) be a distribution with
degree of divergence X, and let t € P} (R™) be the unique extension of t with
the same degree of divergence. A family of distributions {tC}CEQ\{O}, t< €
2'(R™), with Q C C a neighborhood of the origin, is called a regularization
of t, if

}i_r)%ﬁg, g9) = (t,9). (6.43)

The regularization {t°} is called analytic, if for all functions f € D(R™) the
map

Vg € Z)\(R"):

Q\{0} 5 ¢ (15, f) (6.44)
is analytic with a pole of finite order at the origin. The reqularization {t¢}
is called finite, if the limit lim¢_,0(t%, f) € C exists Vf € D(R"); in this case
lim¢ o = P'(R™) is called an extension or renormalization of t.

Given the unique extension ¢ one can define (in general not unique)
extension of ¢ to a distribution in Z(R"™) by a choice of a projection
W 2(R") = Z,(R") defined as

W 2R") — 2\(R")
foom Wi=f— > w0 f0), (6.45)
[y|<sd(t)—n
given in terms of functions wy, € Z(R") , |B] < sd(t) — n , fulfilling
Mwg(0) = 0 Vv e Nj (6.46)

In particular, it was shown in [| that for an analytic regularization {t¢} we
can write (6.43) in the form

EW)=lm (@)= > (tGw) TFO)] . (647)

[v|<sd(t)—n

and each of the two expressions appearing inside the square bracket can be
expanded in a Laurent series around ¢ = 0. This allows to perform the
Minimal Subtraction, as done in

Corollary 6.1 (Minimal Subtraction [DFKRI14|). The regular part (rp =
1 —pp) of any analytic reqularization {t*} of a distribution t € 2'(R™\ {0})
defines by
MSFY = lim rp((tS, f)) (6.48)
¢—0

an extension of t with the same scaling degree, sd(t™5) = sd(t), which we
call the Minimal Subtraction.
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Let us now come back to the construction of the S-matrix. To relate
this to the method of divergent counter terms, we need to find a family of
renormalization group elements Z¢ € % such that

8§ = lim 8¢ 02Z¢ . (6.49)
¢—Co

It was shown in [DFKR14, BDF09| that for a given 8, such a family (Z¢)
exists and is uniquely determined up to a sequence which converges to the
identity.

Remark 6.4. Note that, by construction, maps Z¢ obtained this way are
local, so the construction provided in [DFKR14| automatically yields local
counter terms.



Chapter 7

(Gauge theories

In section 4.3 we have already seen that the space of multilocal on-shell
functionals Fg(M) can be characterized as the 0th homology of the differ-
ential complex (AV,dg) (see (4.7)). The 1-st homology of this complex is
interpreted as the pace of non-trivial local symmetries. Now we discuss the
quantization of theories where this homology class is non-trivial, using the
BV framework, in the version proposed in [FR12b, FR12a].

7.1 Classical gauge theory

Recall from section 4.3 that AV as the space of multivector fields, is equipped
with a natural structure of the Schouten bracket {.,.} and the BV differential
dg is locally generated by the bracket in the sense that

JsX = {S, X} .

The triple (AV, {.,.},ds) is an algebraic structure called differential Gersten-
haber algebra. In the quantized theory this structure, together wit a certain
grade 1 operator gives rise to a BV algebra. In this chapter we will use a
slightly formal notation X () = [ Xx(w)ﬁ(m introduced in section 3.4 for a
vector field X € V. This notation allows to make contact with the standard

physics literature on the BV formalism, if one identifies ﬁ(x) with a formal

generator ot called the antifield.

The structure described above appears also in theories where local sym-
metries are present, but there the space of multivector fields on an infinite
dimensional manifold € has to be replaced by the space of multivector fields

on certain graded infinite dimensional manifold, which we denote by &(M).

125



126 CHAPTER 7. GAUGE THEORIES

We show how this space is constructed on the example of Yang-Mills theories
and the free electromagnetic field.

7.1.1 Dynamics and symmetries

Let K be a finite dimensional semisimple compact Lie group and ¢ = Lie(K)
its Lie algebra. Consider the trivial principal bundle P = M x K over M.
We take the point of view that the QFT model on a given spacetimes should
be first constructed from “simple building blocks”, i.e. algebras associated to
regions that are topologically simple, and the global structure is recovered
from the properties of the net itself. Therefore, it is sufficient for our purposes
to restrict ourselves to trivial principal bundles.

Globally the configuration space &€ for a Yang-Mills theory should be the
space of connection 1-forms, i.e. the space of £-valued 1-forms on P which
satisfy:

* —
1. Rlw=ad,-1 0w,

2. w(Z(8)) =&,

where a € K, R, : K — K is the right multiplication, ad is the adjoint
representation of K on £ and Z : ¢ — I'(TP) is the map which assigns to
& € t its fundamental vector field given by

d tg.

Zp(g) . pe

~ dt li=o0

After fixing a background connection Ay we can characterize all the connec-
tion 1-forms in terms of one forms on M with values in the associated bundle
tp = P xx t. We denote this space by Q!(M, £p) and this is going to be
our configuration space. For simplicity we will assume that Ag is a trivial
connection. For the discussion of the general case see |Zah13].

Definition 7.1. Define the configuration space € for a Yang-Mills theory as
the space QY (M, €p) of one forms on M with values in the associated bundle
tp = P x €. Since P is assumed to be trivial, & = QY(M, ).

Let & denote the space of multilocal compactly supported functionals on
€ and V the space of multilocal vector fields. The generalized Lagrangian of
the Yang-Mills theory is given by

Lra(D)A) = =5 [ fua(FnsF), (7.1)
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where F' = dA + %[A, A], = is the Hodge operator and tr is the trace on .
The equation of motion reads:

S, (A)=DaxF =0,

where D 4 is the covariant derivative induced by the connection A. To analyse
H'(AV,dg), we will construct explicitly non-trivial symmetries of the action
corresponding to the Lagrangian (7.1). Let us define the gauge group as the
space of vertical G-equivariant compactly supported diffeomorphisms of P:

G :={a € Diff.(P)|a(p- g) = a(p) - g, 7(a(p)) = 7(p), Vg € K,p € P}.

We can also characterize § as I'.(M, P xg K) and for a trivial bundle P
this reduces ro C°(M, K). It is known ([Nee0O4, G602, KM97|, see also
[Nee06, Woc06]) that €°(M, K) can be equipped with the structure of an
infinite dimensional Lie group modelled on its Lie algebra g. = C°(M,£).
Since the gauge group is just a subgroup of Diff(P), it has a natural action
on Q' (P, €)% by the pullback. This induces the action of G(M) on €, and the
corresponding derived action o of g, is given by

o(c)(A) =dc+[A,c] = Dac, c€g. (7.2)

The Yang-Mills action is invariant under the transformation (7.2), in the
sense that

(Sy(A),o(c)(A)) =0, VAeE&,

so o induces a map from g. to V, whose image is contained in the kernel
of 65. More generally, we consider & = C2(€, g.), the space of multilocal
functionals on the configuration space with values in the gauge algebra, and

amap p: & — V defined by p(E)(A) =0 (2(A))A, ie.

0

o2 F(A) = (FO(4),0(3(4)4) .

Remark 7.1. The assignment of &(M) to M induces a functor from Loc
to Vec, which we dente by the same letter, i.e. &. The fact that the action
of g. on € is local implies that p is a natural transformation between & and
0, both treated as functors from Loc to Vec.

Remark 7.2. To see a more geometrical interpretation of the map p , note
that & C I'(€ x g.) (the space of sections of a trivial bundle over €), and
we have a morphism of vector bundles € x g.(M) — TE given by (A4,¢) —
(A, p(c)A). This way € x g. is made into a Lie algebroid.
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7.1.2 The Koszul-Tate complex

The invariance of the Yang-Mills action under o implies that p(&) C ker(dg).
In fact, one can characterize all non-trivial local symmetries this way, in the
sense that for each X € ker §g there exists an element = € & and I € J5(A?V)
such that

X=1+pE).

We can use this fact to kill the homology in degree one of the differential
complex (4.7). We nned extend the complex by adding & in degree 2 and
symmetric powers of &(M) in higher degrees. This idea is made precise in
the folowing definition.

Definition 7.2. The underlying algebra of the Koszul-Tate complex is de-
fined as

KT = Om(€ @ E 1] @ g*2]) = C3(E, AR, S%g" ® C),
where g* = C°(M, £*).

Remark 7.3. The completion A&¥'®,S*g"* of the tensor product is identi-
[e.e]

fied with [] F;GU(M”, E¥k R ) as in the definition 3.14.
n=0

k+l=n

We equip KT with a differential §xr which acts on AV as dg and on
S*B(M) it is given by p extended by means of the graded Leibniz rule. The
resulting differential complex is called the Koszul-Tate complex.

R N .Y N (7.3)

The 0-th homology of this complex is Fg) and higher homologies are trivial,
so (XT,0) provides a resolution of Fg.

7.1.3 The Chevalley-Eilenberg complex

We have already seen how to characterize the space of on-shell functionals
in Yang-Mills theory, now we want to find a homological interpretation for
the space of gauge invariant ones. This can be done with the use of the
Chevalley-FEilenberg complex.

Definition 7.3. The underlying algebra of the Chevalley-Eilenberg complex
is defined as €& = CX9(E,Ag'), where g = C>°(M,¥) and the tensor product
in Ag' is the completed projective tensor product.
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Remark 7.4. Note that CE€ can be seen as the space of multilocal functionals
on the graded manifold & = €@ g[1], called the extended configuration space.

The Chevalley-FEilenberg differential « is constructed in such a way that
it encodes the action o of the gauge algebra g on F, induced by (7.2). For
F € F we define vF € €(&,¢°) as

(YF)(A, ) = (o) F)(A) = (FI(A), Dac) . (7.4)

where ¢ € g. Note that now we have dropped the restriction on the support
of gauge parameters. For a form w € g’, which doesn’t depend on A we set

yw(er, e2) = w([er, eal) -

Since v is required to be nilpotent of order 2 and has to satisfy the graded
Leibniz rule, for a general F' € €25(&, A%') we define

(IVF)(Av €05 - - - 70(1) = Z(_l)iapm(ci)(l’(co,...,éi,...,cq)F)(A)+

1=0
+ Z(—l)i+jF(A, [Ci,Cj], ces 7éi7 cony éj, coey Cq) y
1<j

where the hat over a variable means that this variable is omitted and ¢ de-
notes the insertion of n-vector fields into an n-form. The differential complex
looks as follows:

0—=F L exX(E, g% b exE, A% - ... (7.5)

Note that from (7.4) follows that the kernel of y in degree 0 consists of all the
multilocal functionals invariant under the action o. Hence H°(€&(M),v) =
FV(M), the space of invariants.

Remark 7.5. Note that the assignment of C&(M) to a spacetime M induces
a covariant functor €€ from Loc to Vec and the differential v can be lifted
to a natural transformation.

Remark 7.6. Formally we write elements of C€ as sums of functionals of
the form

F(A)(c1y...ycn) =

-y /f(A)(xl,...,xn)almancl(ajl)al...cn(Xn)a"d,u(:L‘l)...d,u(:rn),

ai,...,0n
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where f(A) € T/, (M",€®™). Let us denote by C%(z) the evaluation functional
C*(z)(c) = ¢*(x) (compare with section 3.3). Clearly C%(x) € g’. We call
these evaluation functionals ghosts and we write

- /f(A)(xl,...,mn)ahm,anC(a}l)“l...C(mn)a”dp(xl)...du(:pn).

Analogously to section 3.3 we denote by g—i the left derivative on Ag’.

7.1.4 The BV complex

The Chevalley-Eilenberg complex and the Koszul-Tate complex fit together
into one structure called the BV complex, which encodes information about
both the equations of motion and the invariants. To see how it arises in
a natural way it is worth to look back at the example of the scalar fields,
which we recalled at the beginning of this section. There, in order to char-
acterize the space of on-shell functionals we needed to consider the space of
multilocal vector fields on the configuration space. Now, to take the gauge
symmetries into account, we have extended the configuration space into a
graded manifold €. The space of multivector fields on & is formally given as
the ring of functions on

Tr[-1]E = €@ g[l] @ &[-1] @ g[-2], (7.6)

the odd cotangent bundle of &, with the nagative grading on the fiber. To
give this object a meaning in the infinite dimensional situation we identify

O(T*[-1]€) with
BY = CX(&, 5°9.2-AEDrAg ® C). (7.7)

The geometric interpretation as the the space of functions on T*[—1]€ fits
very well with the spirit of the functional approach. Constructing the under-
lying algebra of the BV complex we are working all the time with multilocal
functionals but we have to pass from infinite dimensional manifolds to graded
infinite dimensional manifolds. Clearly, both C€ and KT with inverted grad-
ing! are subalgebras of BV.

On BV we introduce two gradings:

!The grading assigned to the vector fields in the bicomplex BY is minus the grading
of the XT complex. In the mathematical literature, the resulting structure is called a
Beilinson-Drinfeld algebra [BD04], rather than a BV algebra.
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e the pure ghost number #pg, which isinherited the grading of the
Chevalley-Eilenberg coplex, i.e. assigns grade +1 to elements of g’.

e the antifield number #af, which is inherited from the grading of the
Koszul-Tate complex, i.e. assigns grade +1 to elements of . and +2k
to elements of g..

The total grading of the BV complex is called the ghost number #gh and is
defined by

#gh = #pg — #al
and it reflects the grading of the graded manifold (7.6).
We will now extend the differentials § and v to the whole of BV. As in
the case of the scalar field, BV can be equipped with the graded Schouten

bracket {.,.}. We use this structure to extend the Koszul-Tate differential
to the whole algebra BV by setting

5X = {Syu, X}, X eBV.

The Chevalley-Eilenberg differential can also be written in terms of the
bracket in a similar manner. To this end we need to find a natural La-
grangian that implements 7. Firstly, note that the assignamnts of BV(M) to
spacetimes M induces a functor B0 : Loc — Vec. We denote this functor
by 5.

Proposition 7.1. There exists a natural transformation 0 : © — BY such
that

X = {O0n(f), X},
where f =1 on supp f and X € €E(M).

Proof. ~ is a derivation of €&, so by definition a vector field on €. In the
antifield notation v can be written as

(A) = <5il,a(C)A> +s <§C c, C]>

In order to obtain an element of BV, we modify v by multiplying with a
cutoff function. Define

Oni(f)[A] = <;g,a(fC)A> + % <§6,f[0, C]> .

This definition is local and covariant and it can be easily checked that 6 €

Nat(®D, BY). O
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We will denote the generalized action corresponding to the Lagrangian
O by v, or simply +, if we work on a fixed spacetime. We can now write

vX = {HM(f>aX}v X e %%(M)a

where f =1 on the support of X. On a fixed spacetime we will just use the
shorthand notation

vX = {y, X},

since v can be understood both as a differential on €€ and a generalized
action. We define the BV differential as the sum

spy =0+ ={Sya +7 -},

and call S = § + v the extended action of the Yang-Mills theory. In this
case s, = 0, since both § and ~ are nilpotent and they anti-commute. The
latter is a consequence of the gauge invariance of the equations of motion.
For a detailed discussion see [Rej13]. In general, sz, defined above would not
be automatically nilpotent and one would need to add to it further terms.
To do it systematically, it is convenient to formulate the problem in terms
of the natural Lagrangians. First we need some notation. First extend the
equiovalence relation (4.2) the natural Lagrangians depending on several test

functions.

Definition 7.4. We say that L1 ~ Lo, Ly, Ly € Nat(@k, BYoc) if:

supp((L1—La)ar(f1, -y fi)) C supp(dfi)U...Usupp(dfs), Y 1, fe € DF(M)
(7.8)

Next we lift the antibracket to the level of natural transformations.

Definition 7.5. Let Ly, Lo be natural Lagrangians such that L, €
Nat(DP, BYyo.), Lo € Nat(D9, BY)oc). We define

1
{L1, Lo} (f1y 05 fpag) = gl Z L (fr(rys oo fn))s Lant (Frar)s o Frtpta)) ) s

" m€Pptq
(7.9)
where P14 denotes the permutation group.

It was shown in [FR12b] that the nilpotency of spy is equivalent to the
condition that

{L™ L™} ~ 0, (7.10)
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formulated for the natural Lagrangian L®*. This condition is called the
classical master equation. One can now formulate the problem of finding
the BV differential that extends d + v to the problem of finding a natural
Lagrangian that satisfies (7.10), with fixed initial terms in degree #af = —1
and #af = 0.

Using the two gradings of BV we construct a bicomplex, whose columns
are numbered by #af and rows by #gh. We obtain

L (A2V & ©) 2 v s 7

5 ¥ I
C s (8 (A2, @ g)BEY) —2— €5(E,8.B¢) —— €5 (g

The grading of the total complex is #gh. Note that the first row is just the
Koszul-Tate complex KT with inverted grading. Since it is by construction
a resolution, and a standard result in homological algebra tells us that the
cohomology of the total complex is given by

H*(BY, spy) = H*(Ho(BY,0),7).

Note that taking the Oth homology of § amounts to going on-shell, while
taking the Oth cohomology of v characterizes gauge invariants. Hence,

HO(‘BV, SBV) - ?}SI}V(M) 5

is the space of gauge invariant on-shell functionals.

7.2 Gauge-fixing

In the next step we use the differential Gerstenhaber algebra (BV, sy ) to
implement the gauge fixing by modifying the extended action. Note that the
#af = 0 term of S is still the original Yang-Mills action, which doesn’t
induce normally hyperbolic equations of motion, so we cannot construct re-
tarded and advanced Green’s operators. The idea now is to find an automor-
phism « of (BV,{.,.}) such that S = a(S®**) at #af = 0 induces normally
hyperbolic equations of motion. Such an automorphism can be defined by
means of a gauge fixing fermion.

Definition 7.6. Let ¥ € Nat(D,BY) be a natural Lagrangian of degree
#gh = —1. We call it the gauge fixing fermion and define

[e.9]

0w (X) =3 - (el AU, XY}, (n)

n=0

n
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where X € BY(M) and f =1 on supp X.

A concrete form of ¥ depends on the choice of gauge fixing and for
particular choices one might need to extend BV with some further generators.
This is the case for the Lorentz gauge, which is commonly used in the context
of Yang-Mills theory.

Therefore we extend the BV-complex by adding to the configuration
space the so called non-minimal sector. It consists of the Nakanishi-Lautrup
fields b € S9]0], which we add in degree 0 and the antighosts ¢ € g[—1], added
in degree -1. The new extended configuration space is written explicitly as

E=¢€dgll] ®gl0) ®g[-1].

The underlying algebra of the BV complex is defined as the space of multi-
local functionals on T*[—1]&, analogously to (7.7).

The BV differential is extended to the non-minimal sector is such a way
that the cohomology of the BV complex remains unchanged. We define:
sF = 0, and sG = [IG om; for F € S'g (M), G € A'g (M), where II
denotes the grade shift by +1 and m; the multiplication of the argument by
i. The last operation is just a convention used in physics to make antighosts
hermitian. We use it to stay consistent with the literature. The extended
Lagrangian is now:

LY(F)[A] = —% /M ftr(F A%F) + <£4,a(fC)A> + % <§£,,f[0, C]> +

—i<§6,f}3> . (7.12)

The last term corresponds to the action of s on the non-minimal sector and
we used the traditional notation B for evaluation functionals on the space
of the Nakanishi-Lautrup fields and C for the evaluation functional in the
antighosts.

Let us define Se*t = ag(S™Y) and s = ag o spy © o@l = {Se"t,.,}.
Clearly, we have H(BV,s) = H°(BYV, sgy) = FI¥(M), so we didn’t loose
the information about the gauge invariant on-shell observables. We want to
choose the gauge fixing fermion in such a way that the #af = 0 term of the
new extended action S induces normally hyperbolic EOM’s. This is achieved
in the Lorentz gauge, which is implemented by

o (f)[A] :i/f<§H(C,B)+<C, *d*A>E) dy, (7.13)
M
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where & is the Killing form on the Lie algebra ¢ and (.,.), is the pairing
between £ and its dual £*. The transformed extended Lagrangian takes the
form

ﬁmq):—;/juum«ﬂv+
M

—1 / ftr[dC,*DC] — /f (%Ii(B, B)+ (B,x'd *A>e> dp+ Lap(f),
" Y (7.14)

where L, p(f) is the term with #af > 0.

Now it is convenient to redefine the gradings again. Let #ta denote the
total antifield number, which is 1 for all the vector fields on & and 0 for
functions. We expand s with respect to this grading and we obtain two
terms

s=0+7,

where the first term has #ta = —1 and the second #ta = 0. Both § and v
are nilpotent and they anti-commute with each other.

§ is the Koszul differential for the Lagrangian L defined as the #ta =
0 term in (7.14). L is a graded functional depending on the multiplet of
variables ¢ = (4, ¢,¢,b) and we label the components in this multiplet by
©*. We define S” as a map from the extended configuration space to the
space of vector-valued distrubutions ( see section 3.3 and [Rejl1b]) given by

" ! B\ - ot & o B
(5”00 98 @05 = (g5 LU 0T @5 )

where 11 € &, 1) € E/C are field configuration multiplets and f = 1 on the
support of 15. Note that S” induces normally hyperbolic equations of mo-
tion, so using 4.3 we conclude that there are no non-trivial local symmetries
and hence (BV, ) is a resolution.

The differential ¥ is called the gauge-fixed BV differential, or just the
BRST differential. The action of 4 on the elements of BV is summarized in
the table below.
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5
Fed (FW.dC+[,0))
c ~11c, 0

B 0

C iB

Because (BV, 5) is a resolution, we can characterize the space of gauge in-
variant on-shell functionals as

Y = HO(BY, s) = H'(Ho(BV,5).7).

The advantage of this reformulation is that now we are working with field
equations that normally hyperbolic and the abstract homological argument
tells us that the we still recover the corresc space of functionals at the end.

For the action S we can find Aé and Ag‘ and introduce the Peierls bracket
{.,.}s on BV, analogously to (4.8):

. 5tA apd' B _ A AR
|A, B|(g,by,c,¢u) = Z @,Ag 557 (9,bu, ¢, ), Ag=A7—Ag.
a?IB

Note that L can be expressed as

L(f) = LYM(f) + ;Y(\I’(f)) )

and Sy,; is invariant under 7, so S is also 7-invariant. The latter can be
expressed as 3
{L,0} ~0, (7.15)

where 0 is the natural Lagrangian implementing 4. This identity allows one
to prove the following result, stated in [FR12a] generalized in [BFR13].

Proposition 7.2. The BRST differential 7 is a derivation with respect to
the Peierls bracket induced by the gauge-fized action S, modulo the image of
d.

after [BFR13]. To prove the result we need to show that
mo(y®@1+1®@F)oly,=molj o(®1I+1®7),
modulo the image of 5. Here we use the notation where

/ - Aaﬁ 6l o"
AS—Z S 7@ E )

a’ﬁ
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After a short calculation, we obtain the following condition (compare with
Prop. 2.3. of [Rej13]):

(DK 7(0)As () (. 9) + K1) As ()7 (2,9) = 7(As(9)7(2,y))

(7.16)
where |o| denotes #gh(¢7), while K, is defined with the use of the evaluation
functionals @& as

Y0, P Z K, (2)87 = (K, ),

and 7o, is the linearization of 7 around ¢. In a more compact notation we
can write this condition as

(—D)I7I(EK, 0 As(9)7 + (As(p) 0 KL)™™ = 3(As(9)™),

where K:[, means taking the transpose of the operator-valued matrix and
adjoints of its entries. Now we use (7.15) to conclude that

(T o) = (1),

where 6%(f) is the term in 6(f) which is contracted with 5‘%
and F' is a generalized Lagrangian, with the support contained in

supp(f) > supp(f’). We can now apply on the both sides the differential

operator <f1A§( )8 o &’%5‘%, A?(gp)’“’fg>, where f1, fo € 2(M). We ob-

tain
P LI L ~
<f1A§(90)”B o <5<PB5<P S —L(f),0%(f) > 5 (e 'Wf2>
5 5l 6“(f) v
+ <f1A§<90)#ﬁ © <5¢ﬁ 5@ 5()05 > 7A f2> +
5t 57" 590‘

SL(f") o o -
+(Ha8 o ( 5;&2), () ,A§<s@>“”f2> -

stoor , K
= <WMF(J‘, 1, 88()" f1 @ (A]) f2>
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Setting f' = 1 on the support of f we see that the last term is proportional
to equations of motion, so we can ignore it. In the remaining terms on the
left-hand side we can make use of the fact that Af(¢) is the Green’s function
for Sy;. As for the right-hand side, we choose f and f’ such that they are
equal to 1 on J~ supp(f2) N J T (supp f1). Now use the fact that F' is local,
depends locally on both f and f’ and the support of F(f, f’) is contained
within the support of df Udf’. It follows that the term on the right-hand side
vanishes and because f1, fo were chosen arbitrarily, we obtain the identity

Y(AF) = ()N, 0 As(9))™ + (As(p) o KL

The same argument can be applied to A4 (), so the identity (7.16) follows.
This concludes the proof. ]

Since 7 is a derivation with respect to the Peierls bracket modulo the
image of 4, |., -] g is well defined on Ho(BV, 5) and on FV(M). In order to
obtain a space which is closed under the Poisson bracket, we extend BV to
the space BV, of microcausal functionals on 7%[—1]&.

The classical net of local algebras on a spacetimes M is then defined by
assignments

0~ (F87..(0), [,-])
where O C M.

Remark 7.7. Although the construction of the BV complex has been done
covariantly, it is injective only with Vec as a target category, so might not
extend to an injective functor into the category of differential graded alge-
bras. Consequently, the assignment of (T;LC(M), |.,.]) does not, in general,
give a locally covariant field theory model in the sense of 2.47 on the full
category Loc. This is due to the existence of topological charges, as shown

in [BSS14]

Example 7.1 (Electromagnetic field). Let us illustrate the general construc-
tion described above on the example of the electromagnetic field. The gauge
group is G = U(1), so g = R and the Lagrangian takes the form

In(f)A) = =5 [ 1(FAP).

& 1is the space of principal connections on M x U(1) and it is an affine space
modeled on €.(M) = QL(M). As in the case of the free field we can consider
the space §in (M) of linear functionals on €. They are of the form

Fg(A) = /MA/\ %0,
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We can now apply to Fin(M) the general BV formalism and compare the
construction of [Dim92]. The equation of motion is given by

§dA =0,

so the image of dg consists of functionals Fg, where B = ddn for some
n € QL(M). We can realize Fiin,s(M) as the space of equivalence classes of
forms

Qe(M)
5dQL(M)
Now we have to characterize the kernel of ~v. It consists of linear functionals
that satisfy

Slin,S(M) =

0= (vF3)(c /ch*ﬁ / cA %88,

It follows that 3 = 0. Let us denote Q! s(M) = {w € QL(M)|dow = 0}. The
space of gauge invariant on-shell linear functionals is isomorphic to (compare
with [SDH1/, DS13, DL12])

gan ( ) ~ Qiﬁa(M)
S T g~ o
lin, SdQL(M)
Among these functionals we can distinguish the ones which are constructed
from the field strength, i.e. those of the form

/dA/\*n:/ AN x6n = Fsy(A).
M M

If HY(M) is trivial, then all elements of ﬁ’s arise from field strength func-
tionals, since all co-closed forms are also co-exact.

7.3 Quantization in the Batalin-Vilkoviski formal-
ism

In this section we discuss quantization along the lines of [FR12a]. We start
with the discussion of the free scalar field. We consider the deformation of
0s, under the time-ordering operator J. This deformation corresponds to
the difference between the ideal generated by EOM’s in the classical theory
(i.e. with respect to “-”) and the ideal generated by EOM’s with respect to
-7. We define

6%, =T odg 0T, (7.17)
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Let us first consider regular functionals. Explicit computation shows that,
on J, regs
63, =T 080T 1 =4 +ihA,

where A acts on vector fields X € Vyeg as

AX(p) = 5?;?2) (p), where X (¢ /X

It’s remarkable that the operator A is “almost” a derivation of AVreg and
the failure is characterized by {.,.}, i.e:

5s0

AXAY)=AX)AY — (D)X X AAY) ={X,Y},

The triple (ADeg(M), {.,.}, ) is an example of a mathematical structure
called Beilinson-Drinfeld (BD) algebra [BD04|, however in the physics litera-
ture it is called a BV algebra. The difference between the usage of these two
terms lies in the choice of gradings. In the quantization of gauge theories,
one simply replaces AV, with BV e and Sp is the #af = 0 quadratic term
of the extended action. The resulting structure is also a BD algebra.

Remark 7.8. Physically the relation between 6g and 650 corresponds to

the Schwinger-Dyson equation. Let X () = [ Xu(p . We obtain
6So(¢) 6So(p) | . [ 60Xy
57X@—/<Xx-. go—/Xxgp +ih ©v),
So0(¢) 5Lo(f)(p)

where is a shorthand notation for , where we take the limit
do(x) op(x)
f — 1. Note that

J(xe 555 0= [ 5250

modulo the x-ideal generated by the EOM’s, which is exactly the algebraic
Schwinger-Dyson equation.

Hence,

Let us now consider a deformation of dg, which corresponds to intro-
ducting the interaction. Here we treat the scalar field and gauge theories
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together, but still restrict to regular functionals, i.e. V € BV ¢, is a regular
interaction term. We define the quantum BV operator § as

§=R;'0dg oRy. 7.18
Vv 0

Analogously to section 6.2.3, Ry is a map from the interacting quantum
theory to the free quantum theory, so dg, acts on %y, as explained in detail
in section 5.2. Note that V € BV is physical if Ry is in ker(ds,) and is
identified with elements that differ by the image of 3, i.e. Ry (F') is in in the
same equivalence class as Ry (F) + Ry (I), where I € Im(dg). This is the
same equivalence relation as the one used in section 5.2 to define the space
of on-shell observables. The difference is that now the kernel of g, is not
the full space of functionals, but only a subspace, since dg, has non-trivial
action on antifields. In fact, we will see later on that in the renormalized
theory V' (and hence also Ry (F')) necessarily contains antifields.
Let us assume that ‘
55y (™) = 0. (7.19)

This condition reduces to the known quantum master equation QME, since

; 1
S5y (VM) = S0+ V.S + VY —ih AV, (7.20)
where we set {Sp, So} = 0, since Sy doesn’t contain antifields. If (7.19)
holds, then

SF={F,S+V}—ihAF, (7.21)

for F' € reg(M). If QME is fulfilled, then the cohomology of § characterizes
the space of quantum gauge invariant on-shell observables.

Now we want to extend the QME and § to local functionals. This is done
by renormalizing the time-ordered products present in (7.18) and the (7.19)
using the Epstein-Glaser framework. Clearly, formulas (7.20) and (7.25) are
not well defined for local arguments, since A is singular. Nevertheless, very
similar results can be obtained using the anomalous Master Ward Identity
([BD08, Hol08]), which states that there exists a family of maps

A" T(BV1o)™ ! = Woe(M), (7.22)

which depend locally on their arguments and the formal power series

A(V) = i&%v@”;m,
n=0
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fulfills the identity

im0V 05 _ v/n 1 A 2
/ < wa(m)>*5¢(m)_ev 7 (J{V 480, V4 So}r—A(V)), (7.23)

The maps A" can be determined recursively. For an explicit formula, see
[BD08, Rejl13]. We can now see that the renormalized QME reduces to

WV/h 1 ey
55y (e2V") = 5 (S0 + V.S + V) —ihA(V). (7.24)

and the renormalized quantum BV operator takes the form
SF={F,S+V}—ih Ay F, (7.25)

where Ay (F) = % ‘Aioﬁ(V+)\F ). Note that the renormalized operator Ay

depends on V, in contrast to the non-renormalized one A. It has no longer
the interpretation of a graded Laplacian, but is still a functional differential
operator.

The construction outlined above allows us to choose V' which is a local
functional. In the Yang-Mills theory example, which we are focusing on, we
can define the local interacting net corounded region O C M by taking V =
fffv’[‘t(f) — Loy (f) and choosing f =1 on O. The details of the construction,
in particular the algebraic adiabatic limit, can be found in [FR12a].

Remark 7.9. The remarkable aspect of the approach presented above is
that using the BV formalism in the sense of [FR12a| we can construct Mgller
maps Ry that intertwine between theories with different gauge symmetries.
Indeed, the symmetries are encoded in the Chevalley-Elenberg differential +,
which then enters into the extended action S®* and consequently into V.



Chapter 8

Effective quantum gravity

The functional approach to pQFT together with the BV framework in-
troduced in chapter 7 has been successfully applied to gauge theories
[FR12b, FR12a] and can also be used in quantization of theories where the lo-
cal symmetries involve transformation of spacetime points. The first model,
where this has been achieved was the quantization of a bosonic string in
arbitrary dimension, where the local symmetries are compactly supported
diffeomorphisms of the string world-sheet. Recently these methods have also
been applied to construct the effective theory of quantum gravity [BFR13].
By this we mean a quantum theory understood in terms of formal power
series in the both /A and the coupling constant, where at each order of the
perturbative construction new types of contributions appear, but they are
always finite. The theory is not UV complete, so the the relevant formal
power series do not converge, but one can, nevertheless apply it to model
physical situations where the quantum gravity (QG) effects are not very
strong. This seems to be a sensible Ansatz for the start, as the QG effects
which we expect to observe in the nearest future should be relatively small.
Example physical applications include cosmology and black hole physics.

8.1 From LCQFT to quantum gravity

The road to quantum gravity is paved with numerous technical and con-
ceptual problems. In contrast to QFT on curved spacetimes, in QG the
spacetime structure is dynamical. This means that we cannot treat the
metric as a fixed structure, but it interacts with the matter field. One can
partially model this situation using the framework involving backreaction.
In this formalism one treats matter fields as quantum objects and studies

143
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their effect of the metric by inserting the expectation value of the quantum
stress-energy tensor in a given state w into Einstein’s equations:

<TW>w =Guv,

where G, = R, — %Rgm, is the Einstein tensor. In the pAQFT framework
this approach has been applied in cosmology and in the study of QFT in
black-hole spacetimes, see for example [Hacl0, Hacl4, DMP09b, DMP09a,
DMP11] and a recent book [Hacl5].

On the next level of approximation one can split the metric g into the
background metric gg and a perturbation h and quantize the the perturba-
tion as a quantum field on the background gg. This is the approach which
has been taken in [BFR13|. Since this tentative split into background and
perturbation metric is not physical, one needs to show that the predictions
of the theory do not depend on the way ¢ is being split. Such consistency
condition is called background independence and we will come back to it later
in this section. In the pAQFT approach, the background independence of
effective QG has been proven in [BFR13] in the sense that a localized change
in the background which formally yields an automorphism on the algebra of
observables (called relative Cauchy evolution in [BF'V03]) is actually trivial,
in agreement with the proposal made in [BFO07] (see also [FR11]).

Another conceptual difficulty in quantizing gravity is that the Einstein-
Hilbert action is reparametrization invariant, hence the theory has a huge
symmetry group, the diffeomorphism group. This means that labeling of
spacetime points doesn’t have a physical meaning. As a consequence, phys-
ical observables have to be diffeomorphism invariant. In the framework of
[BFR13] the characterization of diffeomorphism invariant observables is given
by means of the BV formalism. The abstract setting looks very similar to
the one discussed in 7, but there remains the difficulty in finding non-trivial
elements of the 0-th cohomology of the BV differential. In [FR12b, Rejlla]
it has been proposed to use locally covariant quantum fields in the sense
of definition 2.51 as diffeomorphism invariant physical quantities in effective
classical and quantum gravity. In [BFR13| this idea has been refined an a
more explicit characterisation of these objects has been given in terms of
relational observables. The latter are conceptually similar to the notion of
observables introduced by Rovelli in the framework of loop quantum gravity
[Rov02] and later used and further developed in [Dit06, Thi06].

Finally, there is a known difficulty that quantum gravity, as a QFT, is
power counting non-renormalizable. We deal with this problem by using the
Epstein-Glaser renormalization scheme, which allows to calculate finite con-
tributions to renormalized time-ordered products in every order in A and the
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coupling constant. The theory is then interpreted as an effective theory with
the property that only finitely many parameters have to be considered below
a fixed energy scale [GW96|. Another possible direction would be to make
contact with the asymptotic safety approach. A theory is called asymptoti-
cally safe if there exists an ultraviolet fixed point of the renormalisation group
flow with only finitely many relevant directions [Wei79]. Results supporting
this perspective have been obtained by Reuter et al. [Reu98, RS02].

8.2 Dynamics and symmetries

We consider a formal metric g on a M given by g = go + A\h, where A is a
formal parameter. In this setting M = (M, go) is the background manifold
and h is the metric perturbation. For the effective theory of gravity the
configuration space is (M) = I'((T*M)%?).

Definition 8.1. In this section F(M) denotes the space of multilocal func-
tionals on E(M) that are Laurent series in A.

Note that for physical interpretation to make sense, the observables we
obtain at the end cannot depend on negative powers of A.

Definition 8.2. A functional derivative of F € F(M) is defined by

<F<1>(h)7h1> - % <;hF(h),h1> :

where %F means that we take the functional derivative of coefficients of F
at each order in \ separately.

It is convenient to use the natural units, where A\ (identified with the
square of the coupling constant) has a dimension of length, so h has a di-
mension of 1/length. The action used in quantization must be dimensionless,
so we use L”7 /A2 where L?" is the Einstein-Hilbert Lagrangian

(D = [ Bl dug, g =g+ 2 he €00, (1)
The Euler-Lagrange derivative of L”# is defined as in 4.2, i.e.

(S5 () ) = (LEE (D (), b ) -

For general relativity local symmetries arise from infinitesimal diffeomor-
phism symmetries. The compactly supported diffeomorphism group acts on
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&(M) via the pullback: pyi()h = (a™1)*h, where a € Diff.(M), t € E(M).
This induces the action of X(M) = I'(T'M) via the Lie derivative:

pa(§)Ah = exp(—t§))*g = Le(go + Ah),

d
i
where £ € X(M). On the level of functionals F' € F we obtain

pa(&)F (] = (FO(R), Le(g+ ) )

Definition 8.3. CE(M), the underlying algebra of the Chevalley-FEilenberg
complez, is defined the space of Laurent series in A with coefficients in mul-
tilocal functionals on the extended configuration space E(M) = & @ X[1](M).
The Chevalley-FEilenberg differential vop is defined as in section 7.1.5.

Definition 8.4. BV(M), the underlying algebra of the BV complez is defined
as T*[—1]E(M) in the sense of (7.7).

As in gauge theories, BV(M) is equipped with the natural structure of
the Schouten bracket {.,.} and the BV differential sz, can be expressed as

Spy = {" SEd + ’Y} )

where we choose the natural Lagrangian 6, which represents v as

J 1/6"

Q?ﬁ,go)(f)[hvc] = <6‘g7£fcg> +2<50,f[c,0]> s (82)

The space of “gauge-invarian” on-shell observables, ?‘g“’ is characterized by
??V(M) = HO(BV(M)7 SBV) .

In the next step we perform the gauge-fixing. In general relativity fixing
the gauge means essentially fixing the coordinate system. For the specific
choice of gauge we need, we have to extend the BV complex by adding auxil-
iary scalar fields: 4 scalar antighosts ¢, in degree —1 and 4 scalar Nakanishi-
Lautrup fields b,, 1 = 0, ...,3 in degree 0. The new extended configuration
space is again denoted by €(M). We define s on functionals of antighosts and
Nakanishi-Lautrup fields by fixing the action of s on evaluation functionals

Cp(@), Bu():
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To implement these new transformation laws we need to add to the La-

grangian a term
or or
—,ifb, — £ .Cy, —, Lcby, ).
(Lo ()

Next, we perform an automorphism ag of (BV(M), {.,.}) such that the part
of the transformed action which doesn’t contain antifields has a well posed
Cauchy problem. We choose the gauge-fixing Fermion as

‘I/(M,go)(f)[h, ¢, Cp, bu] = @Z /(auéuglw - %buévﬂw)fd/ﬁg ) (8~3)
"%

where g = go + M\ and & is a non-degenerate 2-form on R*. The explicit
appearance of this form in the gauge fixing Fermion is related to the choice
of a dual pairing for Nakanishi-Lautrup fields. Note that expression (8.3) is
explicitly coordinate-dependent. This is necessary, because we need to brake
the reparametrization invariance of the action. The new terms appearing in
the ag-transformed action arise from

(W), L7 ()} (hy ey ey by) = — / (0u(fbi)g"" =5 fabubu &)/ — det gd*a+
+i / (8uCu\/— det gg"*Bn(fc"))d x

where f/ =1 on supp f. We rewrite the above expression as

- /8u(fb”)gwdug + /(%fb#bl’) & dpg +i/cufmgéudﬂga

where [, is the d’Alembertian constructed from the formal metric g = gg +
Ah. We denote the first term in the above formula by L9 (f) and the second
by L*F(f) (gauge-fixing and Fadeev-Popov terms, respectively). The full
transformed Lagrangian is given by:

LeXt — LEH +LGF 4 LF‘P +LAF7 (84)

where LAF is the term containing antifields.

The variables of the theory (i.e. the components ¢® of the multiplet
¢ € E(M) are now: the metric g € ¢(M), the Nakanishi-Lautrup fields b,
and the antighosts ¢, 4 = 0,...,3 (scalar fields), ghosts ¢ € X(M). As in
7.2 we introduce a new grading #ta, which is equal to 0 for functions on
&(M) and equal to 1 for all the vector fields on &(M).
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The new field equations are now equations for the full multiplet ¢ =
(9,bpsc,¢u), p=0,...,3 and are derived from the #ta = 0 term of L,
denoted by L. The ay-transformed BV differential s = ag o sz © o@l is
given by:

s={,9} =~y+90.

The action of v on F(M) and the evaluation functionals B, C, C,, is sum-
marized in the table below:

g
Fed (FO Leog)
C —3(C.C]
B, £LcBy,

Cu 1B — ,fcéu

The equations of motion are:

Ry lg] = —i0xCa 9,C% — 1B, (8.5)
O,C" =0 (8.6)
0,C =0 (8.7)

(8.8)

T 0u(V/— detgg) = Bk
where B, C¥, 6# are evaluation functionals. The equation for B* is ob-
tained by using the Bianchi identity satisfied by Ry, [g] in equation (8.5) and
takes the form

0,8, =0. (8.9)

8.3 Linearized theory

Definition 8.5. The linearized Lagrangian Lg is defined as

A,
Lo = 5-L® 41,4, (90,0,0,0) ,
where L is the #af = 0 term in L. We introduce the notation = S =

)\Q(So + S1).

Remark 8.1. The dimensionless action we use in the quantization is
Sext /A2 so to quadratic part is of order 0 in A. If gy is not a solution to
Einstein’s equations, the A-linear term in S doesn’t vanish and negative
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powers of A appear in the interatction S;. Formally, we solve this problem by
introducing another parameter pu, so that %Lgiz,go)(go,0,0,0) = p1Jg,, where
Jgo is the source term, linear in h. Our observables are now formal power
series in both A and p. For the physical interpretation we restrict ourselves
to spacetimes where gg is a solution and put g = 0, but algebraically we can

perform our construction of quantum theory on arbitrary backgrounds.

We choose from now on the gauge with K = g,. Let us introduce some
notation.

Definition 8.6. The divergence operator div : T(S?*T*M) — T'(T*M) is
defined by

. . 1
(divt), = %gguau(tﬁa\/—det 90) -

det gg

Definition 8.7. We define a product

(u, v>g0 = /M <u#, v> diig,

where u,v are tensors of the same rank and # is the isomorphism between
T*M and TM induced by go.

Definition 8.8. The formal adjoint of div with respect to the product (., .)g
is denoted by div* : T'(T*M) — T'(S*T*M).

0

Definition 8.9. The trace reversal operator G : (TM)®% — (TM)®? is
defined by

1
Gt=t-— §(trt)go . (8.10)

We have tr(Gt) = —trt and G? = id. Using the notation above we write
Loy in the form:

Loy (f)[h, ¢, T, by) =

1)
- [ 5B
M

3
(h)+2i)_(de,,d(fe")), + (fb,div(Gh) - 3b)
g0 v=0

where %(Rd,u)‘ (h) denotes the linearization of the Einstein-Hilbert La-
g

0
grangian density around the background gg and b is a 1-form on M con-
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structed from b,’s in the fixed coordinate system. The linearized EOM’s are

—3 (0G4 2Gdiv* odivoG) Godiv: 0 0
1 - divo G —1 0 0
Sl (z,2) =d(z,x) 0 0 0 —iy (),
0 0 Ug 0
(8.11)

where the variables are (h, b, ", ..., ¢3, @, ...,¢3); Oy = dd is the Hodge Lapla-
cian, 0 = x'dx is the codifferential and Oy, is given in local coordinates by

(Orh)ag = V'Vihap = 2(R " hgy, + B gy i) - (8.12)

The retarded and advanced propagators for Sy are given by:

GAME anM G o div 0 0

AAR(y ) = —9 div, o AM div, 0 AMGodivi+ 15, 0 oA/R
0 0 0 —iA
0 0 inME 0

where J4 denotes the Dirac delta in 4 dimensions and subscript , in divy,
means that the operator should be applied on the second variable. We in-
troduce the Peierls bracket on BV(M):

S'F "G
_ 27 AT
LFaGJgO_§;<6(paaA 5(pﬂ>7
where A = AF— A4 Asin section 7 we extend BV(M) to the space BV,,.(M)
of microcausal functionals, which is closed under the Peierls bracket.
8.4 Quantization

For the definition of the x-product we need a 2-point function A;. Assume
that A; is of the form:

Guwy wi divy 0 0
divgwy divy Gwldivi 0 0
+_ Wi T Y
AY 2 0 0 0 —iw, , (8.13)
0 0 Wy 0
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In this case, the conditions for A;C to be a Hadamard 2-point function reduce
to:

W/t (T,Y) — wy (Y, ) = 8y (2, 9), (8.13a
Orw =0, Ogw, =0, (
WEF(w, ) C Cy, (8.13c

Wyt (T,Y) = wy (Y, ). (8.13d

We choose arbitrary parametrices wy, w, of L5, and Oy respectively. Their
existence was already proven in [?| (the paper actually discusses general
wave operators acting on vector-valued field configurations). Now, from a
parametrix, one can construct a bisolution using a following argument: let
w be a Hadamard parametrix and by O we denote the hyperbolic operator
from (??), so Oyw = h, Oyw = k, hold for some smooth functions h and k.
Let x be a smooth function such that supp y is past-compact and supp(1—x)
is future-compact. Define

Gy = Afy + A1 —x).

Clearly G is a right inverse for O. A Hadamard bisolution w, can be now
obtained as

wy = (1-Gy0)owo (1-0OGY).

From Hadamard solutions for [J;, and (g we can then construct A;f using
(8.13).

We define (M) as in section 5.1 and introduce the interaction using the
Epstein-Glaser renormalization. The rest of the construction follows exactly
the scheme described in section 6, so the abstract net of algebras can be
defined without problems on arbitrary backgrounds. There are two questions
that remain. First is the existence of non-trivial gauge invariant observable
and the other is the background independence of the resulting theory. We
will address these problems in two following subsections, referring to the
results of [BFR13].

8.5 Relational observables
Abstractly we have characterized the classical gauge-invariant observbles as
F& (M) = H(BY(M), 5),

but there is no a’priori reason for this space to be non-empty. To prove that
non-trivial observables exist, we will construct them explicitly. We start with
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a heuristic reasoning. If we think about an experiment that locally probes
the geometric structure of spacetime, we can associate to our setup a causally
convex spacetime region O of spacetime M and an observable ® localised in
O, which we measure. Since the experiment has a finite resolution, we don’t
really measure values of the geometric data at a point. There is always some
smearing involved. For example, in case of the Ricci curvature R we can
model it by defining our observable quantity as ®(f) = [ f(z)R(x), where
f is the smearing function with supp(f) C O. In certain situations, we can
think of the measured observable as a perturbation of the fixed background
metric. This is for example the case if we want to observe gravitational waves.
We make a tentative split: g = go+Ah. The situation is pictured on the figure
8.1. To formulate what the diffeomorphism invariance means, we first have
to answer the question: what happens if we move our experimental setup
to a different region 0’? Now to compare ®(g g)(f) and ®(gr 4. g)(uf) We

(0,9 (f)(h)

Figure 8.1: Experimental situation while probing the spacetime geometry.

need to know what does it mean to have “the same observable in a different
region”. We can give sense to this statement using the notion of locally
covariant quantum fields, as defined in 2.51.

Let @ be a natural transformation from ® to §o.. The condition for ®
to be a natural transformation reads

Po(f)(x*h) = @ar(x+f)(R). (8.14)

For a fixed spacetime M we define the action of infinitesimal diffeomorphism
algebra X(M) on maps Py as

(PP (r10)) (1] = ((@arg0) (1D (R), £69) + @10y (£ )M,
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where £ € X(M).

Definition 8.10. We say that a locally covariant quantum field ®y is dif-
feomorhism invariant if

p(&)Py =0, VM e Obj(Loc),& € X(M).

Example 8.1. As an example of a diffeomorphism invariant field we can
take

121,000 (F)IH] = / Rlglf duy, where g —go+ Ah.

Note that both the scalar curvature and the volume form depend on the full
metric g. However if we take a field defined as

Bogr g (DI = / RIglf dngy . where g = go + Ah,

it s still a locally covariant quantum field, but it is no longer diffeomorphism
mvariant.

The reasoning presented above suggests that locally covariant quantum
fields are good candidates for diffeomorphism invariant quantities. The ques-
tion remains, how to relate these with non-trivial elements of H?(BV(M), s).

For a fixed spacetime M and a locally covariant quantum field ®, a test
function specifies the geometrical setup for an experiment, and the concrete
choice of f € ®(M) can be made only if we fix a coordinate system. In our
framework, following [BFR13|, we realize the choice of a coordinate system by
introducing four scalar fields X*, which will parametrize points of spacetime.
We can write any test function f € ©(M) in the coordinate basis induced by
X = (XH|u=0,...,3), soif we fix f: R* = R, then the change of f = X*f
due to the change of the coordinate system is realized through the change of
scalar fields X*.

Definition 8.11. For a natural transformation ® € Nat(D,§) we obtain a
map

Do, p(h, X) = Oon(X7f)(R) -

As long as we keep M fixed, we drop M in @y s and use the notation
® ¢ instead. @y is a function of the metric and the coordinate system and
transforms under the infinitesimal diffeomorphisms according to

o) = (1] rg) > (T

u=0

,£§X“> . (8.15)
g
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This is still not satisfactory, since X*’s are not dynamical variables, so there
are no vector fields in BV(M) which would implement the second term in the
above transformation. To solve this problem, we can replace X* with some
scalars X}, u = 0,...,3, which depend locally on the metric. They could be,
for example, scalars constructed from the Riemann curvature tensor and its
covariant derivatives. The caveat is that some particularly symmetric space-
times do not admit such metric dependent coordinates, since in such cases
the curvature might vanish (for a detailed discussion see [CHP09, HC10]).
If matter field are present, one can construct X*’s using the matter fields.
A known example is the Brown-Kuchar model [?], which uses dust fields.
Let us denote by £ the map g — (Xg, .. ,Xg’) and we define

®L(h) = ¥p(g, X,), (8.16)

where g = go + Ah. Note that for (8.16) to be well defined we need to choose
f and § in such a way that the support of f is contained in the interior of
the image of M inside M under the quadruple of maps X};. If this can be
done, then a functional of the form (8.16) is an element of H°(BV(M), s)
if and only if ® is a diffeomorphism invariant locally covariant quantum
field. Observables of this type are interpreted as relational observables, since
they capture the relations between different wquantities constructed from
the metric (and possibly also matter fields) and they do not rely on absolute
labeling of spacetime points. Instead, the map § provides relative labels X,
which change with g.

Example 8.2. Assume that for a fized background M = (M, go) we can
choose f and 8 in such a way that f = Xg f is compactly supported. Then an
example X(M)-invariant functional can be obtained from the scalar curvature

o (h) = /M R[go] f (Xgo)dpgo+

SXY
[ Rlaous ()

+A (/M f(Xgo) gq(Rdu) (h)> +O()?).
go

To summarize, we have three ways to realize diffeomorphism invariant
quantities in classical gravity:

e as locally covariant fields @3¢ : ®(M) — F(M),
e as functionals of the metric and the coordinates ®¢(h, X),

e as relational observables ®¢(., X).
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8.6 Background independence

The last issue which we have to discuss in the background independence. We
have made a tentative split into the free and interacting Lagrangian, relying
on the taylor expansion around the background metric gop. Now we want to
see what will happen if we slightly perturb the background. If the theory is
background independent then physical quantities do not change under such
a perturbation. Following [BFR13| we sketch the argument that this is true
in effective QG constructed by the methods of pAQFT.

In [?] it was proposed that a condition of background independence can be
formulated by means of the relative Cauchy evolution. Let us fix a spacetime
My = (M,g1) € Obj(Loc) and choose ¥ and X, two Cauchy surfaces
in My, such that ¥, is in the future of ¥_. Consider another globally
hyperbolic metric go on M, such that k& = go — g1 is compactly supported
and its support K lies between ¥_ and X,. Let us take Ny € Obj(Loc)
that embed into My, Ms, via x14, xot and x;+(Ny), i = 1,2 are causally
convex neighborhoods of ¥4 in M;. We use the time-slice axiom to define

X1+

(M7 gl)

X1 /

N_

Figure 8.2: Embeddings of neighborhoods of Cauchy surfaces into spacetimes
Ml = (Mvgl) and MQ = (Mv 92)

isomorphisms a,,, = Ax;+ and the free relative Cauchy evolution is an
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automorphism of A(My) given by 8oy = oy, oa5X12_ ST oa&lH. It was

shown in [BFVO03] that the functional derivative of By, with respect to g is
the commutator with the free stress-energy tensor. A different proof of this
result has been given in [BFR13] with the use of the principle of perturbative
agreement, which is a condition introduced by Hollands and Wald in [?] and
recently proven in a more general context in [?]. Following these ideas, we
introduce a map 77" : A(My) — A(M;), such that 77" maps Py, (f) to
Oy, (f) (modulo the image of dp), if the support of f lies outside the causal
future of K. Physically it means that free algebras 20(M;) and A(Mz) are
identified in the past of K. Analogously, we introduce a map 72, which
identifies the free algebras in the future. The free relative Cauchy evolution
is then expressed as

Bog = 73t 0 (7)™ (5.17)

As we choose to work off-shell, we define 77! as the classical retarded Mgller
operator constructed in [DF02|. The perturbative agreement is a condition
that, on shell,

T;fZQ 0 82 = SSun, —Sont, holds. (8.18)
Here SSOMl_SOJvIQ denotes the relative S-matrix constructed with the inter-
action Soa, — Son, and the background metric g;, while 85 is the S-matrix
constructed on My with the Ty, product. The perturbative agreement con-
dition for T;fig‘; is analogous to (??). A straightforward calculation shows
that The functional derivative of 8y, with respect to & = go — g1 can now be

easily calculated, yielding
1 i@y, g1 /0

) iy /R

where Tp,,, is the stress-energy tensor of the linearized theory.

To obtain the relative Cauchy evolution for the full interacting theory, we
use the quantum Mgller maps introduced in (6.12). The following theorem
has been proven in [BFR13]

Theorem 8.1. The functional derivative ©,, of the relative Cauchy evolu-
tion can be expressed, on-shell, as

@MV((I)JVU (f)) = [va ((I)Ml (f))? RVl (TMV)]* )

where T, 1is the stress-energy tensor of the extended action and one can
define the time-ordered products in such a way that T}, = 0 holds, so the
interacting theory is background independent.
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Proof. We write the interacting relative Cauchy evolution as:

_ p-1 ret -1 adv \—1
8= RV1 0 Tyigs © By © AV2 o (Tg1g2) oAy, .

The condition of background independence is

—1 ret _ a1—1 adv
Ry o7y4, 0 Ry, = AV1 O Tgrgs © AV -

Differentiating with respect to k,, yields a condition

[Bvi (P, ), Bva (T(n))]x = 0,

5Lext
= o — Maf pv
T(n) <T,Wf,n > <5W o >

To prove that the infinitesimal background independence is fulfilled, we have
to show that T'(n) = 0 in the cohomology of §. This is easily done, as

T(n) = <5S§2{2t 91,77“”> = <ii‘i§ gl,n“”> = s<hi,n> = §<hi,17> :

0k
where h is the perturbation metric. The last equality follows from the fact
that the anomaly can always be removed for linear functionals [BD08|. This
concludes the argument, so the theory is perturbatively background inde-
pendent. ]

where
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