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Chapter 1
Introduction

Quantum field theory is an important research area in theoretical 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 investigation
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 approach. It is a common
misconception that working 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 wonders 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 the 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 QFT land, and from my first visit [ 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 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 into an exotic
land. As opposed to some other textbooks on the subject, I will not use the excuse that
“physicists often do something that is not well defined”, so as mathematicians we
don’tneed 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

© The Author(s) 2016 1
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2 1 Introduction

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 the quantum theory of fields, let’s have a look at some-
thing simpler and better understood, namely quantum mechanics (QM). To prepare
the ground for what follows, we will present an abstract formulation of QM and dis-
cuss how it relates to the more standard Dirac—von Neumann axioms [Dir30, vN32].
The exposition presented in this chapter is based on [BFO9b, Mor13, Frel3, Str08].

2.1.1 Functional Analytic Preliminaries

Let us start by recalling some basic definitions from functional analysis. For more
information see [Rud91, RS80, BR87, BR97, Kad83]. Readers familiar with basic
functional analysis can skip this subsection.

Definition 2.1 An algebra 2l over the field K = R or C is a K-vector space with an
operation - : 2 x 2 — 2 called the product with the following properties:

1. (A-B)-C=A-(B-C), VA, B, C €% (associativity),
2. A-B+C)=A-B4+A-C,(B+C)-A=B-A+C-A,
a(A-B)=(aA)-B=A-(aB),forall A, B, C € %, a € K (distributivity).

We will usually denote the algebra product - simply by juxtaposition,i.e. A - B = AB.

Definition 2.2 An algebra 2 is said to have a unit (i.e. 2 is unital) if there exists an
element 1 € 2A such that 1A = A1 = A, forall A € 2.

Definition 2.3 An involutive complex algebra (a *-algebra) 2l is an algebra over
the field of complex numbers, together with a map, * : % — 2, called an involution.
The image of an element A of 2 under the involution is written A*. Involution is
required to have the following properties:

© The Author(s) 2016 3
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4 2 Algebraic Approach to Quantum Theory

1. forall A, B € A: (A + B)* = A* + B*, (AB)* = B*A*,
2. forevery A € Candevery A € 2A: (AA)* = AA¥,
3. forall A € A: (A*)* = A.

Definition 2.4 A x-morphism is a map ¢ : A — B between x-algebras 2 and ‘B,
which is an algebra morphism compatible with the involution, i.e.:

1. ¢(AB) = p(A)p(B),forall A, B € 2,
2. (M + B) = A\p(A) + o(B),forall A, B e, A\ e C,
3. p(A*) = p(A)* forevery A € 2.

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.

Let us start with some basic definitions and notation.

Definition 2.5 A ropological space X is a pair (X, 7), where X isaset X and 7 is a
collection of subsets of X (called open sets), with the following properties:

e XerT

e JeT

e the intersection of any two open setsisopen: U NV e rforU,V e 7

e the union of every collection of open setsisopen: | .., U, € 7 for U, € 7 Va € A,
where A is some index set.

acA

Consider mappings between topological spaces. A topology tells us something
about the regularity of those mappings, since it contains already a notion of “being
close to something” and we can ask ourselves to what extend a given map preserves
this notion.

Definition 2.6 A function f : X — Y, where X and Y are topological spaces, is
continuous if and only if for every open set V C Y, the inverse image:

[V =xeX| fx)eV) 2.1

is open.

Given a collection of topological spaces, one can define a new topological space
by taking their Cartesian product. This is a very commonly used operation, so we
recall here the definition of a natural topology on such product.

Definition 2.7 Let X be a set such that
x=[]x
iel

is the Cartesian product of topological spaces X;, indexed by i in some set /. Let
pi - X — X; be the canonical projections. The product topology on X is defined as
the coarsest topology (i.e. the topology with the fewest open sets) for which all the
projections p; are continuous.
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In our applications the topology will not be enough to capture all the structure
we need. In the physics context it is common that we want to add certain quantities
and scale them. This leads in a natural way to a vector space structure. We want this
structure to be compatible also with the topology.

Definition 2.8 A Topological vector space (TVS) over a field K = R or C (with their
standard topologies) is a pair (X, 7) = X, where 7 is a topology such that:

e every point of X is a closed set (i.e. its complement is an open set),
e vector addition X x X — X and scalar multiplication K x X — X are continuous
functions with respect to the product topology on the respective domains.

Definition 2.9 Let X, Y be topological vector spaces over the field K. We denote by
L(X,Y) the space of continuous linear maps from X to Y and by X’ the topological
dual of X, i.e. the space of continuous linear maps from X to K.

A topology can be introduced for example by means of a norm. This leads to the
concept of a normed space.

Definition 2.10 A complex normed space is a vector space X over C, equipped with
amap ||.|| : X — R, which satisfies:

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

One of the nice features of normed spaces is that the continuity of maps between
such spaces can be probed by convergent sequences. Recall that in general:

Definition 2.11 A point x of the topological space X is the limit of the sequence
(x,) in X if, for every neighbourhood U of x, there is an N such that, for every
n>N,x,eU.

In particular, for normed spaces:

Definition 2.12 A point x of a normed space (X, ||.||) is the limit of the sequence
(x,) if, for all € > 0, there is an N such that, for every n > N, ||x, — x| <e. A
sequence that has a limit is called convergent.

Definition 2.13 Let X, Y be topological spaces. Then a function f : X — Y is said
to be sequentially continuous if for every convergent sequence (x,) in X with the
limit x we have f(x,) — f(x)inYy.

An elementary result from analysis states that if X, Y are normed spaces equipped
with topologies induced by the respective norms then f : X — Y is continuous if
and only if it is sequentially continuous. However, in Sect.2.4.1 we will consider
spaces where these two notions do not coincide.

Having defined the notion of convergence of sequences, we are now ready to
introduce the notion of completeness. First we define:
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Definition 2.14 A sequence (x,) in a normed space X is called a Cauchy sequence if
forevery € > 0 there exists N € N such that for all integers m, n such thatm,n > N
we have ||x, — x,,|| < €.

Definition 2.15 A normed space X in which every Cauchy sequence converges to
an element of X is called complete.

Given a normed space X that is not complete one can always construct its com-
pletion,' i.e. a complete normed space that contains X as a dense subspace.

Let us now come back to our algebras. If an algebra 2l is equipped with a norm, we
can ask for the continuity of the algebraic relations with respect to the norm topology
and for some notion of completeness. This leads to the following definitions.

Definition 2.16 A normed algebra 2l is a normed vector space whose norm ||.||
satisfies
IABI < [IAllIB.

If 2 is unital, then it is a normed unital algebra if in addition || 1] = 1.

Definition 2.17 A Banach space is a normed vector space equipped with the norm-
induced topology that 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 distinguished
by the C*-property. We will see in this chapter that such algebras can be used to
describe spaces of observables in quantum systems.

Definition 2.18 A C*-algebra is a Banach involutive algebra (Banach algebra with
involution satisfying || A*|| = ||A]|), such that the norm has the C*-property:

[ATAll = [AIIA™], VA €L

2.1.2 Observables and States

In this section we will see how the structures introduced in the previous section
are used in 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 properties of the system. An
example of such an apparatus is a particle detector localized in some region of space.

I'The completion of X can be constructed as a set of equivalence classes of Cauchy sequences in X.
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Next, one considers operations that can be performed on observables. Scaling of
the measurement apparatus means multiplying the corresponding observable A by
a real number. One can also consider other functions of the observables, which
can be operationally realized as “repainting the scale”. The simplest examples are
monomials A", interpreted as measuring the observable A and taking the nth 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 a 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 us 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) = Aw(A) for A € R, (scaling). Let 1 be the observable, which
always takes value 1. For this 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(A?) > 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 that give the same expectation values in all the states. Now let 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

Al = sup [w(A)]

The operational properties of states imply that [[AA|| = |A|||A]| for A € Rand || A| =
0 implies that A = 0 (states separate observables). What is still missing is the linear
structure on A and the product. Let us start with the linear structure. We want to be
able to construct measuring devices that measure the sum of any two observables
A and B, i.e. we need the operation “A + B”. This operation 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 4 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 positive linear functionals on this enlarged space. Further
considerations (see for example [StrO8]) lead to the notion of Jordan algebras [Jor33,
JvNW34] and finally, by bringing in a complex structure, to C*-algebras, introduced
in [Gel43] and discussed in [Seg47a, Seg47b] in the context of quantum mechanics.



8 2 Algebraic Approach to Quantum Theory

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, i.e.
w(A*A) > 0forall A € Aand w(l) = 1.

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

Definition 2.19 A state on an involutive algebra 2( is a linear functional w, such that:
w(A*A) > 0, w(l) = 1.

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

Definition 2.20 The spectrum spec(A) of A € 2 is the set of all A € C such that
A — M1 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.

2.1.3 Hilbert Space Representations

Having defined the abstract setup we can proceed to a more concrete description 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. Definitions introduced in this
section follow closely [Mor13, RS80]. First let us recall the definition of a Hilbert
space.

Definition 2.21 Let H be a complex vector space. Amap (.,.) : H x H — Cisa
Hermitian inner product if

1. (u,v) = (u,v),Vu,v e H,

2. {u, av + fw) = afu, v) + B(u, w) (linear in the second argument),

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

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

vl = v {v, v).
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Definition 2.22 A Hilbert space H is a complex vector space with a Hermitian inner
product (., .) such that the norm induced by this product makes 3 into a Banach space.

In physics separable Hilbert spaces play an important role.

Definition 2.23 A Hilbert space J is called separable if it admits a countable subset
whose linear span is dense in J{. In fact a Hilbert space is separable if it is either
finite dimensional or has a countable basis.

We are ready to define the notion of linear operators on Hilbert spaces, which is
important in the context of C*-algebras and physical observables.

Definition 2.24 An operator A on a Hilbert space H is a linear map from a subspace
D C H into H. In particular, if D = J and A satisfies ||A[| = sup, . {||Ax[[} <
00, it is called bounded.

We will always assume that D is dense in H (i.e. A is denesly defined).

Definition 2.25 Let A be a densly defined linear operator on a Hilbert space J. Let
D(A*) be the set of all v € H such that there exists u € H with

(Aw, v) = (w, u), Yw € D(A).

For each such v € D(A*) we define A*v = u. A* is called the adjoint of A.
An important class of bounded operators is provided by the unitary ones.

Definition 2.26 A bounded linear operator U : H{ — J{ on a Hilbert space J{ is
called a unitary operator if it satisfies U*U = UU* = 1.

Note that the space A (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 JH. 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 2.27 Anoperator A on a Hilbert space J{ with adense 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) € D(A*). A symmetric operator A is self-adjoint if in addition
D(A*) C D(A).

Definition 2.28 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) € D(A’) and if A'v = 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 2l are realized as operators on some
Hilbert space by a choice of a representation.
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Definition 2.29 A representation of an involutive unital algebra 2 is a unital *-
homomorphism 7 into the algebra of linear operators on a dense subspace X of
a Hilbert space J{. In particular, a representation of a C*-algebra 2 is a unital *-
homomorphism 7 : A — HB(H).

A representation 7 is called faithful if Ker m = {0}. It is called irreducible if there
are no non-trivial subspaces of JH invariant under 7 ().

Definition 2.30 Two representations (7, H;) and (m,, H;) of a C*-algebra 2 are
called unitarily equivalent, if Um;(A) = m(A)U holds for all A € 2 with some
unitary map U : H; — H,.

In the Dirac—von Neumann axiomatic framework, one postulates that physical
observables are self-adjoint operators acting on some 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 an involutive unital algebra 2A. Then there exists a
representation w of the algebra by linear operators on a dense subspace X of some
Hilbert space H and a unit vector Q € X, such that

w(A) = (2, 7(A)Q),
and K = {r(A)Q2, A € A}.
Proof First we introduce a scalar product on the algebra 2 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:

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

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

N = (A e Aw(A*A) = 0}.

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

w((BA)*BA) = w(A*B*BA) =(B*BA, A)
< /(B*BA, B*BA)\/(A, A) =0,
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hence BA € 1. Let us define K as the quotient /1. Clearly, the scalar product is
positive definite on K and we complete it to obtain a Hilbert space 3. The represen-
tation 7 is induced by the operation of left multiplication on £, i.e.

T(A)(B+MN) = AB+ N,

and we set Q = 1 4 9. If A is a C*-algebra, one can show that the operators 7(A)
are bounded, hence admitting unique continuous extensions to bounded operators
on J.

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

Un(A)Q = 7'(A).

U is well defined, since m(A)Q2 = 0 if and only if w(A*A) = 0, but then also
7' (A) = 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. ]

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= A+ 1 =Nw, 0<A<1, w #w,.

We have seen that the algebraic formulation of quantum mechanics (QM) allows
us to characterize a physical system purely in terms of its observable C*-algebra 2
and states on it. The Hilbert space representations can then be obtained from states
by means of the GNS theorem. One can also obtain the probabilistic interpretation of
QM as follows. Given an observable A and a state w on a C*-algebra 2l we reconstruct
the full probability distribution 114 ,, of measured values of A in the state w from its
moments, i.e. the expectation values of powers of A,

/ N'djia o (N) = w(A™).

We can now apply these methods to some simple physical situations. The first
example is related to the canonical 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,

o(x,y) = —o(y, x),
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and nondegenerate,
o(x,y) =0V y e L implies x = 0.

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

W)W (@) =7 “YW(x + ).

The involution is defined by
W(x)* = W(—x)

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

Zn:)\iw(xi)
i=1

= > I\l
1 i=1

This norm satisfies the condition ||[AB]|; < ||A|l; ||B||; of an algebra norm. More-
over, the involution is isometric, || A*||; = ||A||; and we obtain an involutive normed
algebra W(L, o).

After [Morl3] 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 ||.|lo on W(L, o) satisfying the C*-property,
2. In any C*-norm Weyl generators have norm 1.
3. Ifwe set

Al = sup{l|Allo, suchthat ||.|lo: W(L, o) — [0, c0) is a C*-norm},

then ||.||. is a C*-norm.

4. Let 20(L, o) be the completion of W(L, o) with respect to ||.||., then 20(L, o)
is a C*-algebra, associated to (L, o) uniquely up to isomorphism.

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

Proof For proof see [BGPO7] as well as [Mor13]. To see that the supremum defining
|||l is finite, note that generators W (x) are of norm 1 with respect to every C*-norm,
soif A = >, a;W(x;),then ||A|| < >, |a;| = ||All1, which provides the upper bound
for the supremum. (]

Let’s consider a particular example of a symplectic space (L, o), which realizes
canonical 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 X = (o, 3), where
a=(a,...,az),08=(,...,0:) € R We define
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/ / 1 / /
o((a.B), (@, B)) = —yMa- B - ),

where - is the scalar product on RY. If the generators of the resulting Weyl C*-
algebra 20(L, o) are represented by operators on a Hilbert space in such a way that
they depend strongly continuously? on the parameters c, (3, then such a representa-
tion is called regular. It was proven by von Neumann that all the regular reducible
representations of the resulting Weyl algebra are unitary equivalent. Another theorem
important in this context is due to Stone [Sto30]:

Theorem 2.2 Let (U;);cr be a strongly continuous one-parameter unitary group.
Then there exists a unique (not necessarily bounded) self-adjoint operator A such
that

U, =¢", VieR.

Conversely, if A is a (not necessarily bounded) self-adjoint operator on a Hilbert
space H, then the one-parameter family (U;);cr of unitary operators defined by
means of the Spectral Theorem for Self-Adjoint Operators (see for example Chap. 9
[Morl3]) as

t U, =™

is strongly continuous.

For 20(L, o) this implies that there exist self-adjoint generators ¢', ..., g%,
p', ..., p of 1-parameter groups of unitary operators
WO,...,o,...,0) =" WQO,...,B,...,0) ="
We denote p = (p', ..., p%), ¢ =(¢",...,q%. Generators p and ¢ satisfy the

canonical commutation relations
[¢". p/1="06. 14" q'1=0. [p*. p/1=0

and one can write an arbitrary generator W (cx, 3) in the form

ihaB

Wa, B)=e 3

ihaB g4 ;.
ezapezﬁqze 3 et,@qezap.

The Schrodinger representation of this Weyl algebra is defined on the Hilbert space
of square integrable functions L, (R?) with

iha-3

(T(W(a, B)P@) (X) =e >

P XD (X + ha) (2.2)

2A net {T,,} of operators on a Hilbert space 7 converges strongly to an operator T if and only if
|[|Tox — Tx|| — O for all x € HH. The definition of a net is at p. 22 in Footnote 5.
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for ® € L,(R?). As mentioned before, all the regular irreducible representations are
unitary equivalent to this one. If one does not require continuity there are many more
representations. In quantum field theory this uniqueness result does not apply, and
one has to deal with a huge class of inequivalent representations. Note, however, that
the construction of the Weyl algebra makes sense also for L infinite dimensional, so
it 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.

Definition 2.31 A state w on 20(L, o) is called quasi-free if there exists n : L x
L — R, a symmetric form such that

W (W(x)) = e 213,

The form 7 is then called the 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 equiva-
lent:

1. nc+ %U(C > 0 on LS, the complexification of L, where nc, oc : L® x L — C
are canonical sesquilinear extensions of 1, o.

2. |o(xr, x2)| < 24/n(x1, x1)v/1(x2, X2), for all xy, x; € L.

3. There exists a quasi-free state w, on 20(L, o) with covariance 1.

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

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

(x,y) = nclx, y) + %aux, y). 2.3)

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

H = P HE" gymm : H1 = 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 the pair
(27, o) is Kéhler.

Definition 2.32 A pair (27, o) consisting of a symmetric form 27 and symplectic
form o on L is called Kdhler if the ranges of the two coincide Ran(27) = Ran(20),
27 is positive definite and J = o~ '27 satisfies J> = —1 (i.e. J is an anti-involution).

If (27, o) is Kihler, then the quadruple (L, 2n, o, J) is a Kdhler space. We will
come back to this structure in the context of QFT in Sect.5.3.


http://dx.doi.org/10.1007/978-3-319-25901-7_5
http://dx.doi.org/10.1007/978-3-319-25901-7_5
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2.1.4 Dynamics and the Interaction Picture

If we want to model a physical system that evolves with time, we need to introduce
the notion of dynamics. A very detailed discussion of quantum dynamics can be
found in [BR87, BR97]. 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 measure-
ment apparatus A at time 7.> We postulate that the algebra of observables 2 doesn’t
change with time, so the assignment ¢ — A, can be described by a 1-parameter
group of automorphisms a;, such that A; = «;(A) and we assume that «; 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 7. If 7, is irreducible, this stability requirement is realized
as the condition that o, has to be implemented by some unitary operator U (), i.e.

mo(a(A) = U@) 'm (AU (), VYA e (2.4)

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

U@) =e ™ vieR.

By differentiating (2.4) we obtain the known evolution equation in the Heisenberg
picture,

d .
EA(I) =1i[H, A@®)], (2.5)

where we have put A(t) = U (¢)*AU (¢) and we have omitted the symbol 7. To get
the Schrodinger picture, we consider 1) € D(H) a Hilbert space vector in the domain
of essential selfadjointness (see Definition2.28) of H, and define v5(t) = U (¢)v.
We can now rewrite (2.5) in the form

d
i vs(t) = Hys(1). (2.6)

This is time-evolution in the Schrodinger picture. If we want to construct a model
of a quantum dynamical system, we usually start with a Hamiltonian H which is
an operator on JH, that solves (2.6) for some initial data 1/5(0), within the domain
D(H). A solution to the initial value problem then defines the propagator U (¢, 0),
ie.

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

3 As sharp localization is physically impossible, operationally we can think of A; as the average
over some interval [t — €, t + €] centered at ¢, for a fixed value of € > 0.
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Note that the main difference between (2.5) and (2.6) is that in the Heisenberg pic-
ture states remain stationary and operators evolve with time, while in the Schrédinger
picture it is the other way round. Often, solving the initial value problem of the form
(2.6) is very difficult and it is convenient to split the Hamiltonian into two terms

H = Hy+ Hin,
where the propagator for Hy can be found relatively easily and then we try to solve the
problem perturbatively. This point of view is something in-between the Heisenberg
and Schrodinger pictures and we call it the interaction picture. H;,, is called the

interaction Hamiltonian. Let Uy = e~""o_ In the interaction picture the states are
represented by

Yr(t) = Ufabs(t) = e"Moyg(r) = e"Me1"Hyp,

where g is a state in the Schrodinger picture and 1 is a state in the Heisenberg
picture. Observables of the interaction picture evolve according to

A(t) = Uog(t)* AsU (1),
where A denotes the Schrodinger picture observable. In particular
Hipe = Uo(t)" Hin Uo (1)

for the interaction Hamiltonian H;,,. Now the evolution Eq. (2.6) implies that

d
| —; = Hip . 2.7
ldth + Y1 (2.7)

Given initial data 1), (fp), we want to find the solution to this equation in terms of a
propagator U, (t, ty), so that

Wi (t) = Up(t, to)r (f).
By definition we have
U (¢, tg) = e''Mog=i =) H g=itoHo

and from (2.7) it follows that the propagator has to satisfy

d
iUt 10) = Hinn(OU1 (1, 10),  Uilio, 1o) = 1. (2.8)
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A formal solution to the above equation is then given by the Dyson series
t t 5]
Uit 10) =1 — i/ H;y (11)dty —/ / Hipt () Hing (1))dt1d1 + . ...
I Iy I

:Il+2(—i)” // Hip (1) - . . Hipy (11)dty . . . d1,. (2.9)
n=1

fho<h <<t <t

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

| A@B@), ift <t
T(AWBW)) = [B(t’)A(t), PP (2.10)

We can now rewrite the formula (2.9) as a time-ordered exponential, i.e.

U[(t, t(]) =14+T |:z (_nl')n (/ Hint(t/)dt/) :|
n=1 ’ fo

=T |:exp (—i / Hm,(t/)dt/)] . @2.11)

We define the Mgller operators 8* as the strong limits of U (t, o) as ty approaches
+00, as long as these limits exist.

S8+ = s-lim U; (0, t).
t—+o00

The scattering operator 8 (the S-matrix) is then defined by
§=818_. (2.12)

We will use these ideas later on, in Sect. 6.1 to perturbatively construct QFT models.

2.2 Causality

After introducing basic notions from quantum mechanics, the next step towards quan-
tum field theory leads through spacetime geometry. Historically, QFT was conceived
as a framework that allows us to combine quantum mechanics 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 Minkowski spacetime and
one can apply it to construct models on a wide class of Lorenzian manifolds. In
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this section we will review some basic concepts from Lorentzian geometry that are
relevant for our framework.

Definition 2.33 A spacetime is a pair M = (M, g), where M is a smooth (4-
dimensional) manifold (we assume it to be Hausdorff, paracompact, connected) and
g is a smooth Lorentzian metric, i.e. a smooth tensor field g € I'(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 signature (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 sepa-
rated (for every pair of points x, y, there exists a neighbourhood U of x and a
neighbourhood V of y such that U and V are disjoint (U NV = @)). In general
topology one can drop this assumption and an example of a non-Hausdorff man-
ifold 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) ~ (x, b) if x # 0.

2. The paracompactness is needed as a sufficient condition for the existence of
partitions of unity. It means that for every open cover (U,)qca, there exists a
refinement* (Vs)gep that is locally finite, i.e. each x € M has a neighborhood
that intersects only finitely many sets of (Vj)gep.

3. We assumed also that M is connected, i.e. it cannot be represented as a disjoint
union of two or more non-empty sets. 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 2.34 A spacetime M is said to be oriented if it is equipped with a differ-
ential form of maximal degree (a volume form) that does not vanish anywhere. We
say that M is time-oriented if it is equipped with a smooth vector field # 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 selecting a specific vector
field u with the above property.

Example 2.2 A standard example is 4 dimensional Minkowski spacetime 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.

Definition 2.35 Let v : R D I — M be a smooth curve in M, for I an interval in
R and let 7y be the vector tangent to the curve. We say that  is

4An open cover (Vg)gep is a refinement of an open cover (Uy)aea, if V3 € B, 3a such that
Vd - Ua~
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timelike, if g(¥,y) > 0,
spacelike, if g(y, %) < 0,
lighlike (null), if g(%, ¥) = 0,
causal, if g(¥, ) > 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 2.36 Given the global timelike vector field u (the time orientation) on M,
acausal curve v is called future-directed if g (u, 7) > 0 all along 7. Itis past-directed
if g(u, ) <O.

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

Definition 2.37 Let p € M be a point in a time-oriented spacetime.

i J*H( p) is defined to be the set of all points in M which can be connected to p
by a future(+)/past(—)-directed causal curve v : I — M so that x = y(inf 1).
(ii) The set JT(p) is called the causal future and J~(p) the causal past of p. The
boundaries &J*(p) of these regions are called respectively: the future/past
lightcone.
(iii)) The future (past) of a subset B C M is defined by

J7*B)=J I* ().

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 a 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).

Definition 2.38 A subset A C M is called past-(future-) compact if AN J¥(p) is
compact for all p € M.

Definition 2.39 Two subsets O; and O, in M are called causally separated (or
spacetime separated) if they cannot be connected by a causal curve, i.e. if for all
x € 0y, J*(x) has empty intersection with O,.

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

Definition 2.40 The causal complement O+ is defined as the largest open set in M
that is causally separated from O.
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It follows from the principle of causality that events happening at spacelike sepa-
rated points cannot influence each other. In classical physics this property is realized
as a consequence of some properties of normally hyperbolic partial differential equa-
tions. In Sect. 2.3 we will see how these ideas can be implemented into the framework
of quantum theory.

Example 2.3 Consider Minkowski spacetime M = (R*, n). The set of points that
are causally separated from a 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 P_)Q is lightlike,
—

e is in the future (past) of P if and only if the vector P Q is time-like and its Oth
component is positive (negative),
—>
e is spacelike to P if and only if P Q is spacelike.

These concepts are illustrated in Fig.2.1.

Definition 2.41 Motivated by Example 2.3 we introduce the following notation:

° Z+ ={ve R4|77(v, v) > 0, vy > 0} is called the closed future lightcone.
o V_ ={veR*n, v) >0, vy <0} is called the closed past lightcone.

These definitions can also be applied to subsets of tangent and cotangent spaces T, M
and 7'M, as these spaces can be mapped to R* with the use of appropriate charts.

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 situa-
tions, we will restrict ourselves to spacetimes that are globally hyperbolic.

Fig. 2.1 A lightcone in

Minkowski spacetime

Future

Spacelike region

Past
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Definition 2.42 (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 J;(x) N
J_(y) is compact.

It was shown in [BS03] that globally hyperbolic spacetimes have many important
features. To understand them better we need to introduce some further definitions.

Definition 2.43 A causal curve is future inextendible if there is no p € M such that:
VYU C M open neighborhoods of p, 3¢’ s.t. v(¢t) € UVt > 1'.

Definition 2.44 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 and for some
classes of such equations this problem has a unique solution. The fundamental theo-
rem relating different equivalent notions of global hyperbolicity 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
J+(x) N J_(y) is compact.

e M contains a Cauchy surface.

e M admits a foliation by Cauchy surfaces.

2.3 Haag-Kastler Axioms

In Sect. 2.1 we introduced such fundamental notions of quantum theory as states and
observables. Now we want to make these compatible with the ideas of special and
general relativity, reviewed in Sect. 2.2, where the causal structure plays an important
role. The main conceptual difficulty is to find a way to implement the idea that “noth-
ing travels faster than light” in such a way that it doesn’t contradict the existence of
quantum correlations in the theory. The groundbreaking idea of Rudolf Haag was to
combine these notions using the principle of locality (Nahwirkungsprincip). In this
framework, locality is the feature of observables, while states might exhibit correla-
tions, i.e. they carry global information. One defines a QFT model by assigning to
each bounded region O C M of Minkowski spacetime the C*-algebra of observables
2A(O) that can be measured in this region. The notion of subsystem is realized by the
requirement that if O C O, then 2(0) C 20(O"). This condition is called isorony and
it guarantees that one doesn’t lose observables when considering a larger region of



22 2 Algebraic Approach to Quantum Theory

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.

The Haag—Kastler axioms (also called Araki-Haag—Kastler axioms) for a net® of
C*-algebras O — 2((0) are:

e Isotony. For O C O’ we have 21(0) C 0(0’) , see Fig.2.2.

e Locality (Einstein causality). Algebras associated to spacelike separated regions
commute: if O; is spacelike separated from O,, then [A, B] =0, VA € 2(0),
B € 2(0,), where the commutator is taken in the sense of the inductive limit
algebra 2 (see the Definition2.45 below). This expresses the “independence” of
physical systems associated to regions O; and O5.

e Covariance. Minkowski spacetime has a large group of isometries, namely the
connected component of the Poincaré group P. We require that foreach L € P there
exists an isomorphism af : 2(0) — 2A(L0O), and that for O; C O, the restriction
of a? to A(,) coincides with o) and o0 0 0 = a9, .

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 the well-posedness of an initial value problem, i.e. we only need to determine
our observables in some small time interval (¢y — €, fy + €) to reconstruct the full
algebra.

e Spectrum condition. Physically this condition is interpreted as the positivity of
energy. One assumes that there exists a compatible family of faithful represen-
tations mo of A(O) on a fixed Hilbert space (i.e. the restriction of 7o, to A(O0;)
coincides with g, for O; C O;) such that translations are unitarily implemented,
i.e. there is a unitary representation U of the translation group satisfying

U@)mo(AU (@)™ = Tora(@a(A)) , A € 0(0),

and such that the joint spectrum of the generators P, of translations e** = U (a),
a-P= Zi:o a* P, is contained in the closed future lightcone: o(P) C V,.

Definition 2.45 The inductive limit of local algebras 20(O) defines the quasilocal
algebra A = | 2A(0) (the bar means taking the completion in the norm topology).
o

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 interpre-
tation (the problem of asymptotic completeness). For recent works on that topic see
[DT11, DG14b, DG14a]. Another remarkable result of AQFT is the Reeh—Schlieder

5 A net in a topological space X is a function from some directed set (nonempty set with a reflexive
and transitive binary relation) A to X.
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Fig. 2.2 Diagram

representing inclusion of

spacetime regions and D)
corresponding C*-algebras

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 the general structure of
QFT, there remains the difficulty of 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 of dropping some of the assumptions of the
Haag—Kastler framework, in order to allow for models that exist only in the for-
mal, perturbative sense. The resulting framework is called perturbative Algebraic
Quantum Field Theory (pAQFT). The generalization of the HK axioms to the pertur-
bative context has been developed in a series of papers [DF01a, DF02, DF04, DF07,
DFO1b, BD08, Boa00, DBO1, BDF(09, Rejl1b].

The generalization of the HK framework to curved spacetime has been for a
long time an independent development. Some important early contributions include
[Kay78, Dim80, KW91, Dim92]. Later these two generalizations met as the pAQFT
on curved spacetimes after a seminal series of papers [BFK96, BF97, BFO0, BFV03,
HWO01, HW02a, HW02b, HW05].

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, Rejl1a] this framework
was used to add the Batalin—Vilkovisky (BV) formalism to the pAQFT toolbox, which
allows us to treat very general theories possessing local symmetries, including the
bosonic string [BRZ14] and effective quantum gravity [BFR13].
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2.4.1 More Functional Analysis

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

Definition 2.46 A topological vector space X = (X, 1) is called a locally convex
topological vector space (LCVS) if there is a local base .7 whose members are con-
vex.

Here by a local base we mean a collection .7, of neighborhoods of 0 such that every
neighborhood of 0 contains a member of 7. The open sets of X are then precisely
those that are unions of translates of members of .7.

There is another way to characterize locally convex vector spaces, which allows
us to make a connection with normed spaces, introduced in Definition2.10. Instead
of having one norm that characterizes the topology, we have a family of seminorms.
A seminorm differs from a norm by not fulfilling property 3 in Definition 2.10. More
precisely:

Definition 2.47 A seminorm on a vector space X is a real-valued function p on X
such that:

1. px+y) < px)+pQ) forallx,yeX.
2. p(Ax) = |A\|p(x) 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
separating.

Definition 2.48 A family & of seminorms on X is said to be separating if for each
x # 0 there exists at least one p € & with p(x) # 0.

Note that a separating family of seminorms already allows us to distinguish two
elements of X.

Theorem 2.5 To 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.

Proof See [Rud9l1]. U

In the pAQFT framework a LCVS is usually the best that one can expect. Unfor-
tunately it doesn’t share many of the nice properties of a Banach space, but there
are some distinguished classes of LCVS that are relatively well behaved and good
for defining calculus on them. The “nicest” ones are Fréchet spaces. They are dis-
tinguished by the fact that their topology can be described in terms of a metric.
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Theorem 2.6 A locally convex topological 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 T and
which provides a family of convex balls.

Proof See [Kot69, Rud91]. O

Usually a Fréchet space topology is defined explicitly by providing a countable
separating family of seminorms. A LCVS from Theorem 2.6 can be equipped with the

metric: ( )
— PnX — Yy
d(x,y) = 27— (2.13)
gl\“! 1 + pn(-x - Y)

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 2.49 If X is complete with respect to the metric from Theorem 2.6, it is
a Fréchet space.

Inlocally convex topological vector spaces which are not Fréchet, using sequences
to probe continuity of maps is not enough and some important properties like for
example completeness have to be formulated in terms of nets (for definition of a net,
see Footnote 5 in Sect.2.3).

Definition 2.50 A Cauchy net in a locally convex space is a net {x,}, such that
for every € > 0 and every seminorm p, there exists an « such that for all A\, u > «,
p(x) — x,) < €. Alocally convex space is complete if and only if every Cauchy net
converges.

Compare this with Definitions 2.14 and 2.15 that are valid in normed space. For a
locally convex topological vector space that is not complete, one can always construct
a completion.

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 consist of independent subsystems. This is closely related to the notion
of causality and we will come back to this issue in Sect.2.5.

Definition 2.51 Let E and F be locally convex topological vector spaces and let
® : E x F — E ® F be the canonical map into the corresponding tensor product.
The finest topology on E ® F that makes ® continuous is called the projective tensor
topology or the m-topology. The space E ® F equipped with this topology is denoted
by E ®, F and its completion by E®, F.

It can be shown that the topology 7 is locally convex. Another possible topology
on E ® F is the so called injective tensor topology. Its definition is a little bit more
involved. In some sense it is the weakest well behaved topology one can put on
E ® F, while the projective tensor topology is the strongest.
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The idea behind the injective topology is to define it via the topology on the space
of continuous linear mappings L(E l/, F).

Definition 2.52 We equip E’ with the finest locally convex topology ~ that coincides
with the weak one on equicontinuous® sets. One can identify E ® F with a subspace
of L(Eﬁ/,, F). Next we equip L(E;,, F) with the topology of uniform convergence
on equicontinuous compact sets in E’. We denote the resulting topological space by
EcF.1tis called the e-product of E and F. The corresponding topology induced on
E ® F is called the e-topology and E ® F equipped with it is the injective tensor
product E ®. F. The corresponding completion is denoted by E®, F

This topology is better behaved if we want to consider 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 create problems, but there is a
large class of spaces where these notions coincide. These are 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 2.53 A classical field theory model on a spacetime M is a net of locally
convex topological Poisson x-algebras B (0), each with sequentially continuous
product and Poisson bracket |.,.];

0 = P(0),

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

M) = 1i 0).

PO = lim P(O)

We require that Locality holds, i.e. if O; is spacelike separated from O,, then
LA, B] =0,

VA € B(0y), B € B(O,), where the Poisson bracket |, | is taken in B (M).

A set A of continuous functions between two topological spaces E and F is equicontinuous at the
points xo € E and yg € F if for any open set O around yy, there are neighborhoods U of x¢ 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 equicontinuous for all points xg € E, yp € 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 xq if for every € > 0, there exists a > 0 such that d(f(xo), f(x)) < €
for all f € A and all x such that d(xg, x) < d. In other words we require all member of the family
A to be continuous and to have equal variation over a given neighbourhood.
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In Chap. 4 we show how to construct models of classical field theories in agreement
with the above definition. In Chaps. 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 a
Haag—Kastler net are still present.

Definition 2.54 A perturbative algebraic quantum field theory (pAQFT) model on a
spacetime M is a net of topological x-algebras with sequentially continuous product

O > 2A(0),

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

AN = lim A(0).

The remaining Haag—Kastler axioms from Sect.2.3, apart from the Spectrum
condition, can be easily translated to a pAQFT context.

Definition 2.55 Further axioms:

1. A classical/quantum field theory model on a globally hyperbolic spacetime 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. Iftheunderlying spacetime M has a non-trivial group of symmetries G, we say that
a model is Covariant on M, if for 3 € G there exists a family of isomorphisms
ag 1 2A(0) — A(BO), such that for O C O, the restriction of agz to A(0;)
coincides with o} and o’ 0 0 = a§ .

The spectrum condition cannot be meaningfully defined on an arbitrary globally
hyperbolic spacetime, as it relies on the action of translations, which is a special fea-
ture 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 positivity of energy. We discuss them in detail in Sect.5.1.

2.5 Locally Covariant Quantum Field Theory

In the previous section we recalled the Haag—Kastler axioms and reviewed the gen-
eralization 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 we replace the embeddings of bounded regions O
into a fixed spacetime M with arbitrary embeddings between pairs of globally hyper-
bolic spacetimes N and M. We formalize this idea by introducing the notion of an
admissible embedding.
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Definition 2.56 We call an embedding x : M — N of a globally hyperbolic mani-
fold M into another one N admissible if it is an isometry and it preserves orientations
and the causal structure. The property of preserving the causal structure is defined
as follows: for any causal curve v : [a, b] — N, if v(a), v(b) € x(M) then for all
t €la, b[ we have: y(t) € x(M) .

The generalization of AQFT which we 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 A — AN) (2.14)

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

Qypoy; = Qly, O iy, (2.15)

Such an assignment 2l of algebras to spacetimes and algebra-morphisms to embed-
dings can be interpreted in the language of category theory as a covariant functor
between two categories: the category Loc which is an appropriate 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 pre-
cise 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 studies 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 2.57 A category C consists of:

e a class of objects Obj(C),

e aclass 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 fixed 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 abinary associative operation o : Hom(a, b) x Hom(b, ¢) — Hom(a, ¢), f, g —
f o g, called composition of morphisms,

e the identity morphism id, for each ¢ € Obj(C).
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Definition 2.58 Let C, D be categories. A covariant functor § assigns to each object
¢ € Cand object §(c) of D and to each morphism f € Hom(C), a morphism §(f) €
Hom(D) in such a way that the following two conditions hold:

e §(d.) = idg( for every object ¢ € C.
e S5(go f)=75(g) oS (f) for all morphisms f :a — band g : b — c.

Definition 2.59 Let § and & be functors between categories C and D, then a natural
transformation ) from § to & associates to every objecta € Camorphism Hom(D) >
N4 : §(a) — G(a), such that for every morphism Hom(C) > f : a — b we have:

My o §(f) =&(f) ona.
We denote the family of natural transformations between § and & by Nat(§, 9).

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 2.60 The category Loc is a category where objects are globally hyper-
bolic, oriented time-oriented spacetimes and morphisms are admissible embeddings
(see Definition 2.56).

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 [Few(Q7] that one can improve the situation with the
use of the Whitney embedding theorem, which states that every smooth manifold
of dimension d may be embedded as a smooth submanifold of R??*!. Hence the
collection of isomorphism equivalence classes in Obj(Loc) may be identified with
a subset of the power set of R?*!, so it is a small set. This makes Loc essentially
small.

Definition 2.61 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.
(i1) Inclassical theory: Obs, is the category with locally convex topological Poisson
algebras as objects and injective Poisson homomorphism as arrows.
(iii) In the perturbative setting: Obs,, is the category with locally convex topological
unital x-algebras as objects and injective unit-preserving x-homomorphisms as
arrows.

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

Definition 2.62 In the LCQFT framework, a model is a functor 2 from Loc to ...

(i) ...Obs 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.
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If we don’t want to specify the context, we write Obs,.. Moreover, we often use the
notation o, = 24y, where x € Hom(Loc).

Another useful category is the category of locally convex topological vector
spaces.

Definition 2.63 Define Vec to be the category whose objects are locally convex topo-
logical vector spaces (LCVS) and whose morphisms are injective homomorphisms of
LCVS.

The requirement that 2l 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, i = 1, 2 be morphisms of Loc such that
x1(M) is causally disjoint from x,(M>), then we require that:

[ary, (RAUVD)), oy, (A(MR))] = {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 observables
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 [ML78]).

Definition 2.64 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 ®. If ® is associative up
to a natural isomorphism, then C is called monoidal.

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; |_|...|_|Mk,

where M; € Obj(Loc). Morphisms of Loc® are isometric embeddings, preserving
orientations and causality. More precisely, they are maps x : My U... UMz - M
such that each component satisfies the requirements for a morphism of Loc and
additionally all images are spacelike to each other, i.e., x(M;) L x(M;), fori # j.
Loc® has the disjoint union as a tensor product, and the empty set as unit object. It
is a monoidal category and, using 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 2; © 2, 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
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was discussed in [BFIR14], where it is shown that a physically justified tensor norm
is the minimal C*-norm ||. || yin defined by

[[Allmin = sup{ll(m1 & m)(A) |03}, A €A Q@2Uy,

where 7 and 7, run through all representations of 2[; and of 2, on Hilbert
spaces H;, H, respectively. # denotes the algebra of bounded operators. If we
choose 7 and 7, to be faithful, then the supremum is achieved, i.e. ||A||min =
|(m1 ® m2) (A) |l B3¢, 0%,)- The completion of the algebraic tensor product 2; © 2,
with respect to the minimal norm || A||in iS denoted by 2A; & 20,. It was shown in
[BFIR 14] that, under some technical assumptions, a functor 2 : Loc — Obs satis-
fies the axiom of Einstein causality if and only if it can be extended to a tensor
functor A% : Loc® — Obs®, which means that

AP (M 1 M) = AP M) @in A® (M), (2.16)
AP(x ® X) = A () @AY (X)), 2.17)
A% () = C. (2.18)

In the perturbative setting, we face a similar problem with extending Obs,, to a
tensor category, as there are many possibilities to chose a tensor product. The most
natural choices are the injective tensor product (Definition2.52) and the projective
tensor product (Definition2.51). A way out is 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. We fix a spacetime M = (M, g). Let N, K be
subsets of M. We denote by tx y the inclusion of N = (N, g [y) into X = (K, g [x)
and by agy = Uik n, the corresponding morphism in Hom(Obs). These morphisms
allow us to associate to each Cauchy surface X the inverse limit

AX) = %flg}z AN), (2.19)

which comes with natural projections «y from the algebra (%) into A(M).

From the time slice axiom it follows that each homomorphism «a  is an isomor-
phism. Hence oy x is also an isomorphism, and we obtain the “propagator” between
two Cauchy surfaces ¥ and ¥, by

Mo -1
Qs s, = Oy, © AMs,- (2.20)

This construction resembles constructions in topological field theory [Seg].
Another important notion in LCQFT is that of a local quantum field. In the Haag—
Kastler framework on Minkowski spacetime an essential ingredient was the transla-
tion symmetry. This symmetry allowed the comparison of observables in different
regions of spacetime. This is not possible in the generally covariant framework
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we describe here, because on a generic spacetime the isometry group might be triv-
ial. It follows that there is a priori no natural way to say what it means 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 covari-
ant quantum fields 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 2.65 Let ® denote the functor from Loc to Vec that associates to every
spacetime M its space of compactly supported C*°-functions,

DM =92M)=CX(M,R), (2.21)

and to every embedding x : M — N of spacetimes the pushforward of test functions
Jf e D)

FXMx) x € x(M) '

DX =X« Xx S (X) = [ 0 else (2.22)

Note that ® is a covariant functor. We are now ready to state the definition of a
locally covariant quantum field.

Definition 2.66 A locally covariant quantum/classical field ® is defined as a natural
transformation from the functor © of test function spaces to the functor 2l of field
theory composed with the forgetful functor from Obs, to Vec.

More concretely, ® is defined by a family of morphisms @y : (M) — A(M),
M e Obj(Loc) such that
Ay o Py = Py oDy (2.23)

The category theory language, which is used to formulate the axioms of LCQFT,
is not only a convenient way to phrase known results, but also leads to new insights.
For example, one can use it to formulate what it means 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 [FV11a, FV11b]. Further study of structures appearing
in LCQFT led recently to construction of new theories by using symmetries of the
QFT functor [Few13].

The structure of Loc introduced above is suitable for scalar fields, but things get
more complicated if we want to consider Dirac fields or 1-forms (like in electrody-
namics). A convenient and operationally motivated way to do this is to extend the
LCQFT framework to the situation where Loc is replaced by the category of framed
manifolds. This idea has been proposed in [FV15] to prove the locally covariant
version of the spin-statistics theorem and presented in more detail in [Few15]. In this
book, we apply these concepts in Sect.6.5.1 to describe the construction of time-
ordered products of local functionals that involve derivatives of field configurations.
Let us recall after [Few15] some basic definitions.
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Definition 2.67 Define the objects of the category FLoc to be pairs M = (M, e),
where M is a smooth manifold of a fixed dimension (in our context equal to 4),
e = (¢")4=0...3 is a co-tetrad, (a collection of four smooth linearly independent
1-forms on M) and M, equipped with the metric, orientation and time-orientation
induced by e is an object in Loc.

The metric induced by e is defined by

3
g= > nae'e, (2.24)
a,b=0

where 7 is the Minkowski metric in four dimensions. The existence of orientation and
time-orientation is guaranteed if we require that ¢® A - - - A €3 is everywhere positive
and that €° is future-directed.

Definition 2.68 Given (M, e), (M, ¢’) € Obj(FLoc), a morphism 1 in
Hom((M, e), (M’, €')) is a smooth map between the underlying manifolds induc-
ing a Loc-morphism (M, ¢) — (M, ¢’) and obeying 1)*e¢’ = e, where M = (M, g),
M = (M, ¢') and g, g’ are defined by (2.24).

Given a co-tetrad we obtain its dual tetrad (a set of four independent vector fields)
(€4)a=0....3 by requiring that

e (ep) = eﬁeﬁj =4,

where 0 is the Kronecker delta.
bundle (a parallelization of M), i.e. they provide an isomorphism TM = M x R*.
The operational interpretation for elements of Obj(FLoc) is provided in terms of
rods and clocks, but this description is redundant. This corresponds to the freedom to
make global frame rotations by elements of the proper orthochronous Lorentz group
NS LIF (the group of isometries of Minkowski spacetime that leave the origin fixed).
There is a representation of this group as automorphisms of FLoc and given a locally
covariant QFT functor 2( one obtains a family of theories by applying such frame
rotations. More precisely, to each A € Ll, there is a functor .7 (A) : FLoc — FLoc¢

T(AN)(M,e) = (M, Ae), where  (Ae)’ = A“beb, A € Ll. (2.25)

Physically, theories defined by 2 o .77 (A) for different A € Ll have to be equivalent,
so one needs to impose an additional condition on 2 that guarantees that this is indeed
the case.

e Independence of global frame rotations To each A € Ll, there exists a natural
transformation n(A) : 2 — A o .7 (A), such that

(A M) M.e) = Amae)T D) me), Yo € Aut(RD), (2.26)
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where Aut(2l) is the group of natural transformations that are automorphisms of
the functor 2, see [Few13] for more detail.

The next step in 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 local symmetries a framework
similar to the DHR analysis done for global symmetries [DHR71, DHR74].
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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 Definition2.33).
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 — M) of some vector bundle £ SMm
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 x V — R. This pairing
also defines an isomorphism between V and its dual V*.

Example 3.1 Examples of configuration spaces for commonly used theories:

e for the real scalar field: £ = C®° (M, R),

e for Yang-Mills theories (see Chap.7) with the trivial principal bundle: £ =
Q1 (M, £), where £ is some Lie algebra of some compact Lie group K,

e for effective quantum gravity (see Chap.8): & = I'((T*M)®?).
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Let us now comment on the differentiable structure on €. A natural way to intro-
duce 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* (2, R) = &(2) the space of
smooth functions on it. We equip this space with a Fréchet topology generated by
the family of seminorms:

Prm(p) = sup 10%p(x)], (3.1

|la|<m

where o € NV is a multiindex, N € N,and K C Qis a compact set. This is just the
topology of uniform convergence of all the derivatives on compact sets.

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

Next we introduce a natural topology on the space of compactly supported func-
tions Z(M) = C°(M, R). This topology is locally convex, but is not Fréchet.

Definition 3.3 Let 2(Q2) = C*(R2, R), @ C R. The fundamental system of semi-
norms on Z(f2) is given by:

Pimp.te.a(p) = sup ( sup |DP ()| /€v). (3.2)
Ipl=m

where {m} is an increasing sequence of positive numbers going to +00 and {e} is a
decreasing one tending to 0.

The generalization of the above topology to the vector-valued case &, =
I'.(E — 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 dimensional affine manifold
in the sense of [Mic84]. This happens for example with the space of all Lorentzian
metrics or the space of gauge connections, but this is beyond the scope of this book.

3.2 Functionals on the Configuration Space

We model classical and quantum observables as smooth functions on £. Intuitively, 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
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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 terms 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 Chaps.4, 5 and 6, but first
we need to define 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, Ham&2, Mil84, Nee06], i.e.

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

(), h) = lim } (f (x + th) — f(x)) (33)

whenever the limit exists. The function f is called differentiable at x if (f D (x), h)
exists for all # € X. Itis called continuously differentiable if it is differentiable at all
points of U and fV : U x X — Y, (x, h) — (fV(x), h) is a continuous map. It is
called a @'-map if it is continuous and continuously differentiable. Higher derivatives
are defined by

k

0
- t ooy , (34
81‘1 . 8tkf(x thv + kvk) f=-=t;=0 ( )

P, v ® - @u)=
and f is C¥ if f® is jointly continuous as a map U x X* — Y. We say that f is smooth
if itis C* for all k € N.

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

We apply this to define derivatives of C-valued functionals F on €. By definition
F (), if it exists, is an element of the complexified dual space &' = & ® C. More
generally, we have the following result.

Proposition 3.1 Let F : £ — C be a Bastiani smooth functional, then

(i) F™ (@) is a linear continuous map from &" to C,

(ii) F {”)(cp) induces a continuous map on the completed projective tensor product
eok =~ P(EB — M"), where ® is the exterior tensor products of vector
bundles, defined below in Definition 3.6. Here we denote the map on £%7% by the
same symbol as the original differential, i.e. F'™ ().
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Proof Property (i) follows directly from the definition of continuous differentiability.
For (ii) itis crucial that € is a Fréchet space. For the proof of the claim, see for example
[Tre06]. O

Definition 3.5 (after [BGPO7]) Let E; — M, E; —> M, be two vector bundles
over M and M, with fibers Vi, V; respectively. The exterior tensor product Ey X E,
is defined as the vector bundle over M| x M,, whose fiber over (x, y) € My x M, is
E1, ® E»y, where Ej, is the fibre of E7 over x and E», is the fibre of E; over y.

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 E; M ,E> 2 M is a vector
bundle over M, denoted by E; ® E, whose fiber over a point x € M is the tensor
product of vector spaces Ej, ® E;,.

Itis clear from the discussion above that in order to better understand 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 Q2 C R" is defined to be the dual 2'(2)
of 2(£2) with respect to the topology given in the Definition 3.3.

Equivalently, given a linear map L on Z(2) we can decide if it is a distribution
by checking one of the equivalent conditions given in the theorem below [Tre(06,
Rud91, Hor03].

Theorem 3.1 A linear map u on 2 (R2) is a distribution if it satisfies the following
equivalent conditions:

1. To every compact subset K of Q2 there exists an integer k and a constant C > 0

such that for all ¢ € 2(2) with support contained in K

lu(p)| < Cr;lgg sup [0 p(x)].

=K xeQ

We call ||u]| er(q) = max,< sup,.q |07 ¢(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 {¢;}, as well as all their derivatives converge
uniformly to 0 and if all the test functions @; have their supports contained in a
compact subset K C 2 independent of the index I, then u(¢;) — 0.

Proof See for example [Hor(03]. O

The localization of a distribution is characterised by its support.

Definition 3.8 Let u € 2'(2). The support supp u of a distribution u € Z'(Q) is
the smallest closed set O such that u|g\o = 0. In other words:

supp u = {x € Q|Vx € U C Q open Jp € Z(2), supp ¢ C U, u(y) # 0}.
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Definition 3.9 Let & (£2) denote the space of smooth functions on €2 with its standard
Fréchet topology (see Definition 3.2).

Proposition 3.2 (after [Hor03, Horl12]) &’ (S2), the topological dual of & (2), is the
space of compactly supported distributions.

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

Theorem 3.2 A distribution u € &'(Q2) is smooth if and only if for every N there is
a constant Cy such that:
lia(k)] < Cy(1+ kD7,

where i denotes the Fourier transform of u.
Proof See for example [Hor03]. (I

Definition 3.10 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 character-
ization 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 3.11 For a distribution u € 2'(2) the wavefront set WF(u) is the com-
plement in 2 x (R"\ {0}) of the set of points (x, ky) € Q2 x (R"\ {0}) such that there
exist

e afunction f € Z(RQ) withf(x) = 1,
e an open conic neighborhood C of &y, with

sup(1 + [kDV[f - u(k)| < 00 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 (x, k), k # 0 of the cotangent bundle 7*M) 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 7*M, the cotangent bundle (with the zero section
removed).

Wavefront sets provide us with a simple criterion for the existence of point-wise
products distributions. Before we give it, we prove a more general result concerning
the pullback. We will present all the proofs in the context of distributions on R”. The
generalization can be found in [BGPO07] and is mentioned also in [Hor03].

We follow closely [BF09a, Hor03]. Let v : 2 — 2 be a smooth map between
Q C R” and © C R". We define the normal set N, of the map « as:

N, = {(a(x), ) € @ x R"|(da) () = 0},

where (do,)T is the transposition of the differential of o at x.
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Theorem 3.3 Let T be a closed cone' Q x (R" \{ODanda : @ — Q as above, such
that N, N T' = @. Then the pullback o* : &(Q2) — é‘)(ﬁ) has a unique, sequentially
continuous extension to a sequentially continuous map 9. Q) — 2'(Q), where
9}(?2) denotes the space of distributions with WF sets contained in T.

Proof For proof see [BF09a, Hor03]. O

Using this theorem we can define the pointwise product of two distributions #, s
on an n-dimensional manifold M as a pullback by the diagonal mapD : M — M xM
if the pointwise sum of their wave front sets

WE(r) + WE(s) = {(x, k + k)| (x, k) € WE(®), (x, k") € WE(s)},

does not intersect the zero section of T*M (see Theorem8.2.10 of [Hor03]). To
see that this is the right criterion, note that the set of normals of the diagonal map
D :x+— (x,x)is given by Np = {(x, x, k, —k)|x € M, k € T*M}. The product zs is
then defined by: s = D*(¢t ® s) and if one of ¢, s is compactly supported, then so is
ts and we define the pointwise product by (¢, s) = #5(0). Another way of seeing that
the construction works is to look at the Fourier transformed version. For ¢, s € &(£2)
we have

1 ~
(ts.fg) = / tf (k)sg(—k)dk, 3.5)
@m)"

where f, g € 2(R2) 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
Zf is fast-decaying in a conical neighborhood around k or §g is fast-decaying in a
conical neighborhood around —k, while the other factor is polynomially bounded.

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 this 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 the
functionals we consider. 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 3.12 Let F be a map from X = I'(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 = {x € M|V neighborhoods U of x Iy, 1 € X, supp ¢ C U, (3.6)
such that F'(¢ + ) # F(p)}.

'We say that a subset I of Q x (R"\ {0}) is a cone if (x, \k) € T" whenever (x,k) € ', A > 0. A
cone is said to be closed (open) if it is closed (open) in Q x (R" \ {0}).
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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 = C°(£2, R),
where Q2 C R”, then Definition 3.12 reduces to the Definition 3.8.

An even closer relation between the distributional support and the spacetime
support of a functional can be seen in the following result [BDLGR16]:

supp F = |_J supp (FV ().
pek

The concept of spacetime support also applies to functions of several variables.

Definition 3.13 Let F be amaponthe productX = I'(E] — M) x---xT'(Ey — 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 3¢ = (¢1,...¢px) € X
and ¢ € I'(E; — M) forsome i € {1,...,k},suppyp C U, (3.7)
such that F (o1, ..., 0+, ..., 00) # F(p)}.

We have already seen that functional derivatives of Bastiani smooth functionals
on & are compactly supported distributions. Further restrictions on regularity and
support of distributions appearing as functional derivatives are obtained for local
functionals.

Definition 3.14 A functional F € C*(&, C) is called local (an element of Fy,.) if
for each py € € there exists an open neighbourhood V in € and k € N such that for
all ¢ € V we have

F(p) = /M a( (), (3.8)

where j*(¢) is the kth jet prolongation of ¢ and « is a density-valued function on the
jet bundle.

Remark 3.2 If F is local then F (¢) is a distribution supported on the thin diagonal
Diag, = {(x,...,x,) € M", x; = --- = x,}.

We equip the space Fj,. of local functionals on the configuration space with the
pointwise product using the prescription

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

where ¢ € €. Floc 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 Fjo
under the product (3.9). We introduce the involution operator * on F using complex
conjugation, i.e.
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F () = F(p).

In this way we obtain a commutative x-algebra.

Local and multilocal functionals satisfy some important regularity properties.
Firstly, for local functionals the wavefront set of F™ () is orthogonal to TDiag,,,
the tangent bundle of the thin diagonal. In particular, F" () has empty wavefront
set, and so is smooth for each fixed ¢ € &. The latter is true also for multilocal
functionals, i.e. for F € J. Note that using the invariant volume form u, we can
therefore identify FV () with an element of €= I'S(E* — M), where E* is the
dual bundle of E and we denote its fiber by V* (algebraic dual of V).

Actually, one can characterize locality in an abstract way, using Bastiani smooth-
ness and WF set properties as well as support properties of the first and the second
derivative. The following result will be proven in [BDLGR16], 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.
2. For every ¢ € U, the differential FV () of F at ¢ has empty WF set and the
induced map FV : U — 9(M) is Bastiani smooth.

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 F(p + 1) =
fo(jfz,ZJ)dug(x) for every 1 € V, where j“4) is the k-jet of 1 at x.

Another class of functionals with nice properties is the space of regular functionals
Freq-

Definition 3.15 A functional F € C*(&, C) is called regular if for all ¢ € € and
n € N the WF set of F® () (seen as a distribution in I"*(E¥" — M") by means of
the Proposition 3.1) is empty. Equivalently this means that we can identify

F(Vt)(‘p) c FE((E*)&zl N M") ]

The space of regular functionals is denoted by J,.

Note that a local functional can be regular if and only if it is at most linear in .

3.3 Fermionic Field Configurations

Up to now we have treated configuration spaces that are 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 configura-
tions, like for example matter fields in QED (Dirac fields). Here we will use the term
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“fermionic” in the sense of “anticommuting”, rather than “non-integer spin”. The
later context is related to the spin-statistic theorem (see [SWO00]), which, however,
doesn’t apply to auxiliary, non-physical field variables like ghosts and antighosts that
will be introduced in Chap. 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 E - M (this could be for example the Dirac bundle describing
the electrons in QED). Unless stated otherwise, £’ is understood as the strong dual
(i.e. topological dual space equipped with the topology of uniform convergence on
bounded sets of ).

We want to give meaning to the notion of odd &, i.e. £[1], where the number
in square brackets denotes the degree shift. We characterize this space in terms of
its ring of functions O(E[1]) and call the latter the space of antisymmetric func-
tionals 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 approximation
property (see the Definition 3.16 below). Then

(i) V&Y = (X&Y),
(i) XY = (X&:Y),

where all the duals are meant as the strong duals.

Proof See [Buc72]. U

The approximation property is essentially reflecting how well the space of con-
tinuus linear maps from the given space is approximated by the tensor product with
its dual. More precisely:

Definition 3.16 Let X, Y be Hausdorff locally convex vector spaces and B be the
family of bounded sets of the completion of E (i.e. a bornology, see Definition 3.17).
Let 73 be the topology of uniform convergence on bounded sets itinduces on L(X, Y).
We say that X has the (sequential) approximation property if one of the following
equivalent conditions holds:

1. X’ ®Y is (sequentially) dense in (L(X, Y), 75) for every Y,
2. X' ® X is (sequentially) dense in (L(X, X), 73),
3. idy is the 73-limit of some (sequence) net in X' ® X.

In the definition above we have used the notion of bornology, which will become
useful later on, so here we spell out the precise definition.
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Definition 3.17 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 € Band B C A then B € B,
(iii) if A and B are in B then AU B € B.

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

Proposition 3.3 T (EB" — M"), the strong dual of C(EX" — M™) is isomorphic
to T'(E)®=",

Proof Since I'(E) is Fréchet and has the approximation property (see [Jarl12]), we
have (I'(E )® " =T(E) ®n_From the nuclearity of I'"(E) follows that the later can
be identified with T"(E)®". As T(E)®" = I'(E®" — M"), we obtain

I'(E¥" — M") = T'(E)®".

O

Next we want to make precise the notion of antisymmetric functionals. Recall that
A" X, the nth exterior tensor power of a complex vector space X, can be identified?
with the image of the anti-symmetrization operator A : X®" — X®" induced by the
multi-linear map

®
X" — X,

1
W) > D 581(0) o) ® - ® Vo).

' oges,

This identification allows us to treat /" X as a subspace of X®" and hence equip it
with the induced projective tensor product topology. The same can be done for the
symmetric tensor product. We use this fact in the following definition.

Definition 3.18 Let E = M be a vector bundle with fiber V.
(1) We define I'/ (E'z" — M™) as the completion of I'"(E)"" with respect to the

topology of I’ (E)®. The subscript “a” stands for antisymmetry.
(ii) Analogously, I'/(E ®rn s M™) is the completion of the symmetric tensor product
I’ ( E) ®3n.
(iii) This generalizes. The completion of I'(E})"” @ I'(E>)®*? will be denoted by
I q(E X E,%4 — MPt9). In general we consider labels which are arbitrary
finite sequences of the type pi|pz|p3| ... |px, where integers in boldface indi-
cate the antisymmetric factors and the remaining indices correspond to totally
symmetric factors.

2This holds true, because C is a field of characteristic 0.
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Definition 3.19 We define O(E[1]), the space of odd (antisymmetric) functionals
on € as

o0 o0
A=[]A =] rE" > M e,
k=0 k=0

where the notation I'/, is clarified in Definition 3.18.

The elements of A can be written as (possibly infinite) sequences: T = (Tj)ken,
where the components T € AF are referred to as homogeneous functionals. It is
convenient to introduce a notation for such functionals, which is commonly used in
physics
Definition 3.20 Let & = I'(E — M) with fiber V. Choose a basis on the fiber
labelled by the index set I. For a € I, x € M, define ®¢ € & as the evaluation
functional

L (p) = " ().

Formally, we can write elements of T € A in terms of integral kernels

T @ - Qu)
Z /T(xh e X a1 o) () d p(xy) < d ().

Qs

‘We can also write this in terms of evaluation functionals, defined in Definition 3.20, as

T= > /T(xl,...,xk)m ,,,,, @ @0 D dp(xy) . dp(x).

Iyeess Q.

Using this notation we are able to translate some formal expressions used in the
physics literature into our framework. The key point is that in physics one usually
identifies ®3’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, real-valued functionals. This viewpoint
on functionals of Fermionic fields has been proposed in [Rej11b].

The generalization of the Definition 3.19 to the graded case is straightforward.

Definition 3.21 Define O(Ey ® E([1] @ E,[2]) as C*(Ey, A), where

o0
A= ] T EYRE - MY ®C.
pSik
Adding further terms to €y @ €;[1] @ E,[2] is reflected by adding further factors

in p|q, where odd degrees contribute antisymmetric tensor powers and even degrees
contribute symmetric tensor powers.
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We also introduce the notation
0"(&0 @ E1[1] @ Ea[2]) = €® (&g, AN,

where A* = D, i plq(Egp &Exq — M ®C.

Remark 3.3 For the future reference, we make a distinction between O(E) and
O(E[0]). The former is always understood as the space of smooth functionals, while
the latter is the space of (potentially infinite) series in symmetric tensor products,
without any notion of convergence. We make this distinction in Sect.7, where we
need formal objects of the type O(E[0]).

Next we introduce the notion of a derivative of a graded functional.
Definition 3.22 Let F € A%, u e ¥ ph e €.

(i) The left derivative of F at u in the direction of 4 is defined by

<6ZF > .
— W), h)=FhAru),k>0
dp

F
5’—:0 FeA.
dep

We extend this definition to A by linearity.

(i) Analogously, the right derivative of F at u in the direction of / is defined by

5, F _
< > FuAh),k>0

0,F

=0 FeA.
dep

Clearly, for F € A, <51F ), h> is an element of A and we can think of ‘s’—F as a

distribution (i.e. continuous linear map) on € with values in the graded algebraA This
point of view has been adapted in [Rej11b]. We equip the space of such distributions
with the strong topology (the topology of uniform convergence on bounded sets)
and use the notation L, (&, A). The theory of distributions taking values in general
locally convex vector spaces has been developed in [Sch57, Sch58]. One can define
the notions of convolution, Fourier transform and WF set for such objects. We also
have the analogue of Theorem 3.3. The following definitions allow us to distinguish
important classes of graded functionals. For simplicity of notation we only explicitly
spell out the case where the configuration space is £y @ &[1]. By definition, we can
differentiate elements of O(Ey @ £[1]) as functionals on &. The n-th derivative of
F € O(&, A) atapoint ¢ € & will be denoted by F™ () or £ (gp) to distinguish

it from the graded derivative ?f?’) on A.
®
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Definition 3.23 The support of a graded functional F € C® (&, A¥) is defined by

oF
U supp (5—%(99; u)) v U Supp( l ((p)( ))

Sk
peo,ucEfm

99680,1468?“"']

Where denotes the usual Bastiani derivative with respect to the variable in &,

while - 991 is the graded derivative on A, defined in Definition3.22. The definition
of support generalizes to the case of Eg ® E1[r1] @ ... En[rN], 11, ..., 7y € N by
adding further terms in the union.

Definition 3.24 A graded functional F € C® (&, A¥) is called local (an element of
IOC(SO, AK)) if it is compactly supported and for each ¢ € & there exist k € N and
io, , I; such that

F(p;hi, ... hy) =/ GO (), ji (), ..o () (3.10)
M
where ¢ € &g, Ay, ..., h € &) and « is a density-valued function on the jet bundle.
We denote

Oroe (€0 @ E1[11) = [ ] (€0, AY).
k=0

Definition 3.25 We equip O(Ey @ &[1]) with the antisymmetric product:

((F A G)(go)' hi, ...\ hysg)

= ol q' Z Sgl’l(CT) F(QO) hn’(l), ey hg(p))(G((p); hg([}+1), ooy h(r(p+q)) ,

0ESp1q

@3.11)

where F' and G are of degree p and g respectively, ¢ € Ep and h; € &;.

Definition 3.26 We define O (Eo @ €1[1])C5(Ep, A) as the algebraic completion
of O1c(Eg @ E1[1]) with respect to the graded product A.

The following result allows us to characterize derivatives of compactly supported
functionals.

Proposition 3.4 Let F € OK(Ey @ &1[1]) = C®(&y, AX) be compactly supported,
then the n-the derivative of F' can be extended to an element of

F/C(E(;En xE?k N Mk+n) ~ (86)®~n®w(8/1)®7k ® (C’

for all ¢ € &y and we denote this extension also by F™ ().
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Proof We start with F(. By definition F"(¢) is a continuous linear map from
&o to (&))®* ® C, and so is a vector-valued distribution in L,(&, (£))®*) ® C.
Since &j is a Montel space, the bounded sets areAthe same as equicontinuous sets,
$0 Ly(&o, (&})® ) is identified with L.(&, (&})®%), 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 cpmplete and have the approximation prop-
erty. Next we use the fact that £, and (&) are nuclear to conclude that the injective
product can be replaced with the projective product. Finally, we use Buchwalter’s
Theorem 3.5 to conclude that

F(l)(ip) e (86)@,;(8/1)@)”]( RC= F/C(EO gE?k N Mk+1),

for all p € &j. By iterating this procedure we obtain the result for all n. (]

In analogy to the bosonic case, we can conclude that for a local functional F' €
Ok (Eo @ &1[1]), the WF set of F" () € T"(EX" X EFF — M*+7) is orthogonal
to T'Diag;_, ,, the tangent bundle of the thin diagonal.

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
alocally 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=ExE,

and smooth vector fields are smooth sections
I'(TE) ZC™(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 for vector fields. In [Nee06] one uses the following

Definition 3.27 Let X be a differentiable manifold (possibly infinite dimensional)
and Y a locally convex topological vector space, then a Y-valued p-form on X is
a function that associates to each x € X a p-linear alternating map w, = w(x) :
(T:X)? — Y such thatinlocal coordinates the map (x, vi, ..., Vp) = wy(V1, ..., Up)
is smooth.

It follows from Proposition 3.1 that first derivatives of Bastiani smooth functionals
are 1-forms in the above sense. However, later on we will need objects more general
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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 ['(TE). This space
can be identified with C*°(&, £F). 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 a vector field X as an element of C*(&, £) or as a derivation on
C*°(&€, R). The notion of support that we invoke here takes both these aspects into
account. First, we restrict ourselves to vector fields that are elements of C*°(E, £).
We define the support as follows.

Definition 3.28 Let X € C*(€, EY) be a vector field. We define

supp X = [ J supp (XM ()) U | supp (X () (3.12)
pel pel

From now on we will consider only vector fields that are compactly supported.
This implies that in particular they need to induce elements of C*°(&, 7). 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 3.29 Let V), C I'“(T'€) denote the space of compactly supported com-
plexified vector fields X that can be written in the form

X(p)(x) = X (X () = X (),

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 Fjo. and V), is a Lie subalgebra
(over C) of I'°(TE), where the Lie bracket is given by the commutator of vector
fields. However, it is not an F-submodule of I'°(T'E). In the next step we define
multivector fields. We use a definition that 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 V... Secondly, we want
antisymmetry, some smoothness conditions and the compact support requirement.
Locality implies that we have to consider objects more general than just elements of
C®(E, €S A E7), 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
Sect.3.3 and view the complexified multivector fields as O(7*[1]€), where T*[1]E
is the odd cotangent bundle of &, i.e.

T*[11€ = &€ @ E*[1],
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where £* = I'(E* — M). The notion of functions on a graded space has been
clarified in Definition3.21. Among all elements of O(7T*[1]€) we distinguish the
local ones.

Definition 3.30 The space of local multivector fields is defined as Oy (€ @ E*[1])
in the sense of Definition 3.24.

In particular, we identify V),. with OfOC(S @ E*[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 Definition 3.23. 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.

Definition 3.31 The space of multilocal multivector fields )\ 'V is defined as O, (€
E*[1]), in the sense of Definition 3.26. We also denote V = O}nl(E @ EX[1]).

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

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

(OxF)(p) = (FV (), X(¢)).

_OF

As F) (o) is represented be a certain integration measure formally written as 3o

we can use the notation

OF

(OxF) () = / X5

which motivates the following:

[
Cu )

This notation is analogous to the one adopted in the finite dimensional case, i.e.
v = ZN | V'0;, where v € T'(TRV). In the physics literature this formal notation
is commonly used, but one replaces with a formal generator ¥ (x) called the

th)
antifield, i.e.

X(p, ") = /M X ()¢ (x)

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

1) 1)
Y = Y s _.. s
©) /M (15 o




3.4 Vector Fields 55

where all the indices of the fiber V* have been suppressed and Y () (xq, ..., xz) is a
distributional kernel with antisymmetry properties reflecting Definition3.18. If Y is
local, then this distribution is supported on the thin diagonal. In the antifield notation
we express Y as

Y(p. o) = /M (@)1 e )G (1) . 0 ().

This notation is actually not as formal as it seems, if we interpret ¥ (x) as an evalu-
ation functional, i.e. cpi (x)(v) = v,(x), where v € £*. We can then understand the
above formula as a definition of an antisymmetric k-form on £*

(Y. oD5 01, u) = /M Y(p)(xr, .o x)v(xn) - v(xp),

where we have suppressed all the indices of the fiber V* and we do not need to
antisymmetrize, as Y (@) (xy, ..., x¢) is already antisymmetric. This agrees with the
formal notation introduced in Sect. 3.3.

3.5 Functorial Interpretation

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

Definition 3.32 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 Definition3.1.

Let us consider some examples.

Example 3.2 For the theory of scalar fields, the configuration space functor € is a
contravariant functor (similar to a covariant functor, but reverses direction of the
arrows) from Loc to Vec, defined by

EM) = 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) — &(M) defined by

X' =pox,

where p € E(N).
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This definition generalizes in a straightforward way to the case where £(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 arbi-
trary tensor fields.

Example 3.3 For effective quantum gravity we set

EM) =T (T*M)®),
Ex = X",
where
(X*h) (1, v) = h o x(Tx(w), Tx(v)),
where x : M — N, u, v € I'(TM), h € €(N) and T is the tangent map.

The generalization to forms taking values in a fixed vector space is also straight-
forward.

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

EM) = Q (M, ©),
Ex =x",

where
(X*A)(u) = ho x(Tx(w)),

where x : M — N, u € I'(TM), A € ¢(N).

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

Proposition 3.5 The space of local functionals is a functor §ioc : Loc — Vec. So
is the space of multilocal functionals § : Loc — Vec.

Proof We set§oc (M) = Floc (M) and F(M) = F(M) for the objects and Fioe X (F) ()
= F(Exyp), Sx(G)(p) = F(&yyp) for the morphisms, where x € Hom(M, N),
F € §1ocM), G € F(M) and y € EN). 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 Definition 2.65.
This motivates the following definition

Definition 3.33 The space of compactly supported configurations &, is a covariant
functor from Loc to Vec, which acts on the objects as &.(M) = £.(M) and maps
morphisms y € Hom(Loc) to appropriate pushforwards ..
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The vector fields on € that we consider are maps from € to &, so they transform
covariantly.

Proposition 3.6 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 B(M) = V(M) and Uy (X) = &.xoX o &y, where x € Hom(M, N),
X € Y(M). The same for local vector fields. ([l
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Chapter 4
Classical Theory

Having defined the essential kinematical structure we are now ready to introduce the
dynamics. To this end we use a generalization of the Lagrange formalism. The precise
relation to notions known from classical mechanics will be explained in Sect.4.5.

4.1 Dynamics

We start with introducing some definitions.

Definition 4.1 A generalized Lagrangian on a fixed spacetime M = (M, g) is a
map L : (M) — F, such that

() L(f +g+h) = L(f +9) — L(g) + L(g + h) for f, g, h € Z withsupp f N
supp h = @ (Additivity).

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

(iii) Let G be the isometry group of the spacetime M (for Minkowski spacetime
we set G to be the proper orthochronous Poincaré group 3’1.). We require that
L(f)(B*¢) = L(Bsf)(p) for every 8 € 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 E.
(it) For any fixed test function f € (M), L(f) can be written as a finite sum of
additive functionals of arbitrarily small space-time support.

Proof See [BFRI12]. ]

Definition 4.1 formalizes the idea that the generalized Lagrangian associates
to a test function f the local functional L(f) obtained by integrating f with the
Lagrangian density £ (x)[¢] that depends locally on the field configuration . Intro-
ducing the cutoff function f is necessary because the manifold M, being globally
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60 4 Classical Theory

hyperbolic, is non-compact. Moreover, it is not possible to restrict ourselves to com-
pactly supported configurations ¢, since later on we will have to impose equations
of motion that are normally hyperbolic 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 v 2 2
Lo(H)le]l = 5/ (VoeVYo —m*@?) fdpy, 4.1)
M

where dp, = /— gd*x is the volume form on M = (M, g) induced by the met-
ric, V is the covariant derivative, and we use the Einstein summation convention
. 3
for the indices, so V, Vo =>"" _V,oV’¢p.
(ii) Interaction term in the ¢* theory:

1
Li(Hlel = / 1 .
M .

(iii) Yang-Mills Lagrangian:
1
L) =5 [ fuE .
2Jm

where A € Q{(M, %), F =dA + %[A, A] and * is the Hodge operator and tr is
the trace in the adjoint representation given by the Killing-Cartan metric.
(iv) Einstein-Hilbert Lagrangian:

L (f)[h] = / Rlg+ h1f dpgen,

where h € T (T*M)®:?2).

The cutoff function f is only an auxiliary tool, which allows us to formulate the
problem in a mathematically rigorous way, but it has no physical meaning. Therefore,
the crucial structures in our classical model cannot depend on the choice of f. This
is achieved by means of the following definition:

Definition 4.2 The Euler-Lagrange derivative of L is amap S’ : & — &.° defined
by
(8. h) = (L(H VL) h).

where h € €. and f € Z(M) is chosen in such a way that f = 1 on supp h.

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

Definition 4.3 An action is an equivalence class of Lagangians under the following
equivalence relation [BDFO09]:

Ly~ Ly iff supp((L; — L2)(f)) C supp df. 4.2

Remark 4.1 We write S instead of [L] to denote the equivalence class of L. For
example, the action corresponding to a Lagrangian denoted by L, will be written as
So rather than S[Lg].

The 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'(p) =0, (4.3)

understood as a condition on ¢ € €£.

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

Fs=F/Ts,

where J is the ideal of F consisting of functionals that vanish on Ej.

Definition 4.5 The second variational derivative S” of the action S is defined by
(8"(0). 1 ® o) = (LD (£)(). hn ® o).

where f = 1 on supp h; and supp h,.

By definition S” is a linear map
S": & —= L& x&,,CQC).

From the locality of the Lagrangian it follows that in fact S”(y) can be extended
to a linear map on €. x € and the Schwarz kernel theorem (see [H6r03, Chap. 5])
implies that this induces a continuous linear operator Ps() : €€ — &, where £* =
I'(E* — M).For details concerning the proofs of these statements, see [BDLGR16].
Note that if S is quadratic then Ps(p) = P is the same for all p and S’'(¢) = P . This
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is the case for the free scalar field described by the Lagrangian L, from Example 4.1,
where P = —(O0 + m?).

The crucial assumption in the pAQFT approach is that Pg () is a normally hyper-
bolic 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

TPy (€ §) = g(&, Oidp,,

for all £ € T)M and all x € M. Here idg, denotes the identity on the fiber. For
more details on normally hyperbolic operators see [BGPO7]. In the same reference
it is also shown that for such operators there exist unique retarded and advanced
Green’s functions (fundamental solutions) A% (p), A(p) : & — E° defined by
the requirements

Ps(p) o AY/* =idg.c,

AR 0 Ps(p) Te, = idee,
and the support properties

supp Aa(f) C J T (supp f),
supp Ag(f) C J~ (supp f),

where f € 8*2_@. 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

ARy, x) = AS(x, y). (4.4)

Let us define the causal propagator as

As(p) = AS(p) — AS (). (4.5)
Due to (4.4) the causal propagator is antisymmetric, i.e. its integral kernel satisfies

As(p)(y, x) = —As(p)(x, y).

Remark 4.2 Note that in the convention we use here (following for example [DF02]),
the second derivative of the free action induces the differential operator P which is
minus the usual Klein-Gordon operator. As a consequence, what we call Al§0 is—Al,
where A’ is the retarded Green’s function for [ + m?. similarly for the advanced
propagator. Consequently

As, = Azldv - A:rfr’
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which is in agreement with the convention used for example in [FV11a, FV11b].

Example 4.2 Consider the free scalar field (i.e. P = —(O+ m?)) on Minkowski
spacetime. We look for solutions to the equation

O+ m) A5 (x, ) = =5(x, ). (4.6)
with the appropriate support properties. The standard way to proceed (see for example

[1Z06]) is to use the Fourier transform. Translation invariance implies that the integral
kernels of A depend only on x — y, so we set

R/A

(x,y) = / e~ AR (. 47

2m*
where p - x = p°x* — p.x and p.x = 3)_, p'x’. From (4.6) follows that

“RJ/A

(=p* +m)Ag " (p) = —

To obtaln the explicit formulas for the Green’s functions we insert AR/ A( ) =

_W back to equation (4.7) and choose the appropriate contour of integration
for the integral over p°. More precisely, we set

R/A( ) = 1
(p° £ie)? — p> —m?

Using Cauchy’s theorem for the contour integrals obtained from the e-prescription
above, we conclude that A?O/ A have indeed correct support properties. Performing the
integral over p° we obtain explicit formulas for the Green’s functions on Minkowski
spacetime:

AR/A(x ) = i0(+(x" —y%)) / o—iwp ) +ipx _ eiw,,(xofyo)Jrip.x) &’p
S k) - k]
0 (27T)3 2(Up

where w, = /p? + m?. Hence the causal propagator is given by the formula

Ag (x,y) i / ( —iwp (=) tipx _ Liwp(xO—yO)+ip x) <’p (4.8)
X, = — [ ; T—enr )5 .
So y (271_)3 2wp

4.2 Natural Lagrangians

There is an elegant way to describe generalized Lagrangians using the language of
category theory.
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Definition 4.6 A natural Lagrangian L is a natural transformations from the functor
D to Fioc, such that for all M € Obj(Loc) we have:

) Lwv(f+g+h) =Ln(f+9 —Lm(g)+ Ln(g+h) for f,g.h € with
supp f Nsupp h = & (Additivity).
(i) supp (Lac(f)) < supp (f) (Support).

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

Lat(NH(Ex(p) = Ln(DX ) (¥), (4.9)

where Y € Hom(M, N), f € D(M), p € E(N). The following result shows the rela-
tion between natural Lagrangians and generalized Lagrangians introduced 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 definition, it
suffices to show covariance under isometries of the spacetime. This, however, follows
from the general local covariance of L, expressed by the condition (4.9). ]

Example 4.3 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.

4.3 Homological Characterization of the Solution Space

We have already remarked that the space of multilocal functionals on the space Eg
of solutions to EOM’s can be understood as the quotient Iy = JF/Js. In this section
we make this statement precise and we find a nice homological interpretation of this
quotient. Since &y is the zero locus of §’, 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 functional
($’, X), obtained by contracting this vector field with the one-form §', vanishes on .
Let us define a map dg : V — F by

b5 = —(S'. ).

The minus sign is introduced for future convenience. Clearly, s(V) C Jg. In general
the opposite inclusion can hold only locally, since the structure of the global solution
space of nonlinear PDE’s can be very complicated. Since our ultimate goal is the
quantum theory, we will avoid these complications by defining, from now on, Jg
as dg(V).
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Definition 4.7 The ideal Jg C F is defined as 65(V) and we call it “the ideal gen-
erated by the equations of the motion”. The space of on-shell functionals is defined
as

Fg=3F/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 Eg, so it is natural to give up the traditional point of view on the
space of solutions. This now allows for an algebraic interpretation of J as the Oth
homology of the following complex:

2 ds Js,
.—>/\2\7—>\17—>1(3)’—>07 (4.10)

where dg is extended to the exterior algebra AV by requiring the graded Leibniz
rule, acting from the right, with respect to the exterior product A and by continuity.
Let us now discuss H, (/\V, 55). The kernel of ds : V — F (here denoted by

ker dg | 1) consists of those vector fields X which satisfy

IxS(p) = (S'(9), X(9)) =0, Vpek.

Geometrically, these vector fields correspond to directions in the configuration space
in which the action S is constant. In this sense, we interpret them as symmetries of
the action. Among all the symmetries we can distinguish those which are of the form
0sZ 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 A Y for some X, Y € V. We have

5s (X AY) = —(0sX)Y + (5sY)X.

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

Ker § K | 1250

il (/\V’ 5S) = Imdg

as the space of non-trivial local symmetries. Theories that don’t possess 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 H; ( AV, 55) is QED.
Yang-Mills theories and gravity also fall into this class. We will discuss these in
more detail in Chaps.7 and 8. A simple criterion to decide that the theory has no
non-trivial local symmetries has been provided in [FR12b].

“4.11
|2H1
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Proposition 4.3 If the linearised equation of motion

Ps(p)p =0

doesn’t have any non-trivial compactly supported solutions 1) for all ¢ € &, then the
action S possesses no non-trivial symmetries.

Proof See the discussion at the end of Sect.?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 I'(7'€), where the bracket is just minus the
commutator of vector fields. Now, using the graded Leibniz rule and continuity, one
can extend this structure to minus the Schouten bracket {., .} on AV, fixed uniquely
by the following properties:

1. {X,F} = —0xF,for FeFand X €V,
2. (X, Y} = —[X,Y].forX,Y eV,
3. {., .} fulfills the graded Leibniz rule in both arguments.

In the physics literature this structure is called the antibracket, where it is usually
expressed with the use of the antifield notation introduced in Sect.3.4. Recall that
X e /\kV is an element of Okl(T*[1]€) where T*[1]1€ = € @ E*[1] is the odd
cotangent bundle of €. We denote the nth derivative with respect to ¢ by 5= o4 X and the
left derivative of X in the direction of v € £* is denoted by

o
&Oigo,v .

Similarly, we denote the right derivative as
¢
< 7 (), >

Using this notation we write

Or Oy
{X,Y}(so)i< X(p). 5 (90)> < > (4.12)

This expression is well defined, since the first derivatives of a multilocal vector
field with respect to both ¢ and (* are, by definition, smooth compactly supported
sections.

Note that dg is locally generated by the bracket in the sense that

osX ={X, 8} ={X, L(NH},

where f = 1 on the support of X and L is the Lagrangian defining the theory.
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4.4 The Net of Topological Poisson Algebras

In this section we show how to construct a causal net of topological Poisson algebras
in the sense of Definition 2.53. 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 commonly used in
classical mechanics, if the latter exists. The advantage of using the Peierls bracket
is that it can be defined completely within 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. The Peierls bracket is defined by

LF, Gls (p) = (FV(p), A5(0)GV (p), (4.13)

The bracket defined in Definition 4.8 is antisymmetric (by the antisymmetry of
As(¢)), bilinear and satisfies the Jacobi identity [Jak09]. Since FV () and G (y)
are smooth, it is clear that |., .| is well defined on multilocal functionals. However,
F is not 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(y).

WE(As(p)) = {(x, k; x', —k') € T*M?*|(x, k) ~ (x', k')},

where the equivalence relation ~ means that there exists a null geodesic strip such that
both (x, k) and (x’, k") belong to it. Recall that a null geodesic strip is a curve in 7*M
of the form (y(\), k(\)), A € I C R, where y(\) is anull geodesic parametrized by A
and k() is givenby k(A) = g((N), -). The form of the WF set of Ag () 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 Theorem 3.3 to determine a class of
distributions that can be pointwise multiplied with Ag(¢) and hence the condition
that has to be satisfied by the differentials F(V () and GV (¢) in (4.13). 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™(p)) C 8,, VneN, Vpeé&, (4.14)

where E, is an open cone defined as

.....

(4.15)

where (V 1), is the closed future/past lightcone understood as a conic subset of T M.

In [BFR13] it is additionally required that the first derivative F("(¢) is smooth
for all ¢ € € and ¢ > F(y) is smooth as a map & — €. We will call func-
tionals satisfying this additional property strongly microcausal. We denote the space
of microcausal functionals by J,. and the space of the strongly microcausal ones
by F. spce

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

Definition 4.10 Let Z[.(M") denote the space of distributions whose WF sets are
contained in a closed cone I' C T*M". Similarly, &5 (M") denotes the space of
distributions with compact support whose WF sets are contained in an open cone
ACT*M".

We can now rephrase Definition 4.9 by saying that nth derivatives of elements of
). are distributions belonging to the corresponding spaces &7 (M"). The general-
ization of the Definition 4.9 to the graded case is straightforward. We spell out the
definition for O(Eg ® &[1]).

Definition 4.11 Let F € O%(&y @ &;[1]). We say that F is microcausal, i.e. an ele-
ment of O,.(Eo @ €[1]) if it is compactly supported and

(n) n+k
F"(p) € éaéw (M"™),
forall p € £y, n € N.

F is said to be strongly microcausal if in addition

(k=1)

(1) F(p, u)hasanempty WFsetforallp € g, u € 8?” and the map (p, u) —

F (¢, u) is smooth as a map from &; x 8?”“‘_]) to E1°,

&k
1

(ii) F™ (¢, u) has anempty WF set for all ¢ € &g, u € EY™ and the map (p, u)

F™ (0, u) is smooth as a map from &y x ¥ to &°.

The following proposition is crucial for the construction of the local net of Poisson
algebras.
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Proposition 4.4 (J,., |., .]) is closed under the bracket and is a Poisson algebra.
If Ag doesn’t depend on @, then (&, |., .]) is also a Poisson algebra.

Proof See [BFR12, BFR13] O

Remark 4.3 The stronger version of microcausality is needed if Ag depends 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
of microcausality that involves the notion of dual WF sets. We will give more details
on that in Sect.4.4.2.

If the discussion applies to all the notions of microcausality introduced above, we
use the notation F .

4.4.2 Topologies on the Space of Microcausal Functionals

We now come to the important problem of introducing on J,,. a topology that
will be appropriate for constructing models of classical and quantum theories in
the sense of Definitions 2.53 and 2.54. 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 Sect.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 that are most
relevant for the scope of this book.

The basic idea is to introduce a topology on the space &7 (M") of distributions
with WF sets contained within the open cone E, defined by (4.15) 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 [Dab14b]).

We start by reviewing the proposal made by [BDF09], where the authors equip
Z[.(M™") with the locally convex topology proposed by Duistermat [Dui96]. For
simplicity we state the definition for R”, but it generalizes to manifolds in a straight-
forward way with the use of local charts.

Definition 4.12 We define 7 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: ||u|| s = | (u, f) | for all
feg@®).
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(ii) The seminorms of the form

[t |m,v.x = sup(L + [kD)™ [ax (),
keV

where m > 0, x € Z(R"), and V € R”" is a closed cone with (supp x x V) N
I =o.

This is also called the Hormander topology, since the seminorms (ii) of the defini-
tion above were present in [Hor71], where they were used to define a pseudo-topology
rather than topology. In [BDH14] it was shown that it in fact defines a bornology
(i.e. a family of bounded sets, see Definition 3.16).

In [BDH14] it is proven that convergence in the bornological sense (Mackey
convergence) in Z[.(R") is the same as convergence in the sense of the Hormander
pseudotopology.

Proposition 4.5 (after [BDH14]) A sequence u; in . converges to u in the sense
of Hormander iff it Mackey-converges to u for the bornology (see Definition 3.16)
of ..

Proof See Proposition 3.1 of [BDH14]. (Il

There are several indications that the notion of bornology is more natural than
topology for the applications in physics. Another argument is that the family of
smooth curves in a topological vector space is determined 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 one to do geometry on infinite dimensional manifolds of the
type that appear commonly in physics. In [Mey04] it is pointed out that bornological
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 fully
embraced by mathematical physicists studying QFT, so we refrain from formulating
everything in these terms as well. Nevertheless, 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 Definition 4.9 one uses open cones instead. It was proposed in
[BDF09] to introduce a topology on &% (M") as the inductive limit topology over a
countable family of spaces (Z(M"), Ty) with closed cones contained in E,. 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 (65 (M"), Tr).

Remark 4.4 1t is crucial, that the inductive limit in the definition of (éaén (M™), Tg)
is countable, since this allows us to conclude that (é”é (M™), Ty) is nuclear.

In [BDF09] (éaén (M™), Ty), or rather its complexification, is used to define a
topology on F ..
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Definition 4.13 Equip J,. with the topology 7,,, defined as the initial topology
with respect to all the maps

Fpe = (6 (M"), ),
F — F"(p),

wheren € N, p € €.

Definition 4.14 To obtain a topology on JF,,., we replace in Definition 4.13 (fé] (M)
with 2(M), equipped with its standard topology.

The topology 7, 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. The
authors of [DB14] point out that according to [Sch57] the spaces of distributions
most optimal for applications are the normal spaces of distributions.

Definition 4.15 A Hausdorff locally convex vector space X is said to be a normal
space of distributions if there are continuous injective linear maps i : Z(2) — X
and j : X — 2'(Q), where 2'(R2) is equipped with its strong topology, such that:

(i) The image of i is dense in X,
(ii) forany f and g in Z(2), (j o i(f), g) = fQ fx)gx)dx.

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 Definition 4.12 the seminorms of the weak topology with the seminorms
of the strong topology.

Definition 4.16 (after [DB14]) We define 7y on Z{.(R") as the locally convex topol-
ogy given by the following system of seminorms:

(i) Allthe seminorms on &' (R") for the strong topology: p(u) = sup rep | (U, )1,
where B runs over the bounded sets of Z(2).

(ii) The seminorms ||u||,, vy, where m > 0, x € Z(R"), and V € R" is a closed
cone with (supp x x V) NTI' = @.

With this choice of topologies one obtains a duality between Z[.(M") and &, (M"),
where A = —TI"°.

Proposition 4.6 (after [DB14]) The dual of 2{.(M") for its normal topology Ty is
& (M™), where T is a closed cone and A = —T°.

Proof See Proposition 7 in [DB14]. O

The space &, (M") can be equipped with an inductive limit topology similar to
the one proposed in [BDFO09] and spelled out in [BFR12]. It was shown in [DB14]
that this topology is equivalent to the strong topology coming from the duality with
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Z[(M™"). In the same reference it was also proven that both &, (M") and Z[.(M")
are nuclear and that 2[.(M") is complete. The latter property unfortunately doesn’t
hold for &, (M"), which was the motivation for further study, done in [Dab14a].

Definition 4.17 Let 7,,, denote the topology on the space of (strongly) microcausal
functionals given by replacing in Definition 4.13 the Hormander topology 75 with
the normal topology 7y .

This topology has much better functional properties than 7;,,, 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 WF set defined as follows.

Definition 4.18 (after [Dabl4a]) Let u € 2'(Q), @ C R". The dual WF set' is
defined as DWF(u) = US>0, W F;(u), i.e. the union of Sobolev H*-wave front sets.
Apoint (x, kg) ¢ W F;(u) if there is aneighborhood U of x and a conic neighborhood
C of kg such that for any f € Z(U)

(1 + |k>)*/* fu € 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 as a distribution with empty WF set is smooth.

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

In order to obtain a space of functionals with nice functionala analytic properties,
in [Dabl14b] the following modifications are made, with respect to the Ansatz of
[BDFO09]:

1. In Definition 4.9, view derivatives F () not as distributions in 2'(M™), but
rather as multilinear 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 uniform conver-
gence on images of compact subsets of R under smooth curves (this is a natural
choice from the point of view of the convenient setting [KM97]).

we denote the resulting space of functionals by Fp,,. and we will denote the topology
on this space by 7p. It has been shown in [Dab14b] that (Fp,c, 7p) is complete,
nuclear and bornological.

IThe name “dual” is meant as the indication that this notion behaves better under dualities of the
type mentioned in Proposition 4.6 than the usual WF set.
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4.4.3 The Classical Causal Net

We are now ready to construct a classical field theory model in the sense of Defini-
tion 2.53. The only missing ingredient is localization, but this can be easily introduced
in our case, using the notion of the spacetime support of a functional. We obtain the
following result

Proposition 4.7 Given a spacetime M = (M, g), the configuration space & =
I['(E 5 M) and the generalized Lagrangian L, consider the net

O = (:};/409 TepH > I_'V 'JS ) *)ﬂ

where S is the action corresponding to L, | ., .] s is given by the formula (4.13) and
the involution x is the pointwise complex conjugation of complex-valued functionals.
This net is a classical field theory model in the sense of Definition 2.53.

Proof The proof has been outlined in [BDF09] and [BFR13]. The main idea is to
reduce the problem to the problem involving basic operations on distribution. The
fact that | ., .] ¢ is well defined on the space of strongly microcausal functionals and
that J,,. is stable under this bracket follow from the WF set properties of derivatives
of microcausal functionals and of Af((p). The only missing step, not commented on
in [BDFO09] 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. & = &(M). 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

(f,9) — (f. Asg),

where f, g € & (M). This in turn is reduced to proving the sequential continuity
of the tensor product and the sequential continuity of the distributional pullback.
In the closed cone case these two results are well known (see [CP81, p. 511] and
[Hor03, 8.2.4] respectively). For the open cone, we will use the strategy proposed
by Dabrowski (private communication), based on the results of [BDH14, DB14,
Dabl4a, Dab14b].

We start with the sequential continuity of the tensor product. It was proven in
[DB14, Proposition 28] that @G’é” (M") is a barrelled space, so, following [Tre06,
Theorem 41.2] we conclude that the separate continuity implies hypocontninuity?
thus sequential continuity. By the definition of the inductive limit, the separate con-
tinuity follows from the separate continuity in the closed cone case, which has been
proven in [BDH14]. Another way to see it is to use the fact that for linear maps
Hormander’s sequential continuity implies boundedness, hence continuity between

2Hypocontinuity of a bilinear map is a notion stronger than sequential continuity on the product
space, but is weaker than the joint continuity.
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the bornologifications. It was shown in [Dab14a, Proposition 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 [Dabl14a, Proposition 36]. (]

Remark 4.5 In fact the argument presented above proves something stronger than
sequential continuity, namely the hypocontinuity of the product. This result would
not be possible with 74 replacing 7y, as shown by counterexamples provided in
[BDH14]. Therefore, to show the joint sequential continuity of the bracket with the
topology 7, 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 [Dab14b]) (Fp,.c, Tp) Equipped with the Peierls bracket |, |
is a complete, nuclear and bornological topological Poisson algebra with hypocon-
tinuous operations.

Proof See [Dabl4b]. O

4.5 Analogy with Classical Mechanics

In this section we show how the formalism developed in this chapter relates to the
more standard formulation of classical field theory in a simple example. We consider
the free scalar field with the field equation

Py =0, (4.16)

where P = —(O + m?) is minus the Klein-Gordon operator, and we assume the
spacetime M = (M, g) to contain a compact Cauchy surface.

As mentioned before, the retarded and advanced Green’s functions exist for this
equation and for every f € € whose support is past and future compact, Af is a
solution to (4.16). Conversely, every smooth solution of the Klein-Gordon equation
is of the form Af for some f € € with future and past compact support.

Without the loss of generality M = R x ¥ with compact Cauchy surfaces {t} x
%, t € R. The space of Cauchy data X 3 x — (¢(z, x), ©(t, x)) on the surface
{t} x X is

C={(g,¥) € £(Z) x &(X)},

where &(X) = C>°(XZ, R). This space is isomorphic to £g, the of smooth solutions
to (4.16).

Asin classical mechanics, equations of motion can be derived from the least action
principle. Elements of C play the role of generalized coordinates and generalized
velocities, while a smooth trajectory ¢ — ¢(t), t € R is a function which assigns to
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an instant of time ¢ a function ¢(¢) € &(X) such that trajectories ¢ are in one to one
correspondence with field configurations ¢ : (f, x) — ¢(t)(x), i.e. elements of €.

In this setting, the Lagrangian L is a functional on C, typically given in terms of
a Lagrangian density L,

L(¢, ) =/Z£(¢(X),Vd)(x),iﬁ(x))dG(X),

and the action is, for every finite time interval 7, a function on the space of trajectories
defined by

Six=(9) =/IL(¢>(I)»¢(I))dt =/1(/2 Lo, x), szﬂ(t,x),sb(t,x))dffz(x)) dr .
4.17)

Solutions are configurations for which, for all 7, S; .y is stationary under variations
d¢ with support in the interior of / x X. If L is the Lagrangian density of the free
scalar field, then the least action principle yields (4.16) as the equation of motion.

Now let F, G be two functions on the space of trajectories which depend only
on the restriction of the trajectory to [#, ;] X X and #; < t,. Let g be the space of
solutions for an action S, and let r)g : €5 — Egs1,g be the map which associates to
a solution for § a solution for S + AG such that both solutions coincide for ¢ < 1,
(r\c 1s called the retarded Mgller map). Following the idea of Peierls, we consider
the change of F under the change of the action and set, for a solution ¢ € Eg,

d
NG F)(@) = < Fna@)]| -

Similarly, we introduce the advanced Mgller map a)r : €5 — Egs1r Where the solu-
tions coincide for ¢t > 1, and set

d
G.F)(p) = —F |
al(G. F)(¢) = = Flaa(@)|
The Peierls bracket of G and F was originally defined as
{G, Flpei =r1(G, F) —ai1(G, F). (4.18)
Now we show that the formula of Peierls (4.18) is equivalent to (4.13), if Ps(p)isa
normally hyperbolic operator. Let G € JF be a local functional. We are interested in

the flow (®,) on € which deforms solutions of the original field equation S'(¢) = 0
to those of the perturbed equation S’() + AGV (¢) = 0. Let ®((p) = ¢ and

d
5 (S@@) + A6V @) | =0. (4.19)
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The vector field p > X (p) = j—/\cb A ()| a=0 satisfies the equation

(Ps(¢), X(p)) + GV () = 0. (4.20)

Let AR/ A(<p) be the retarded/advanced Green’s function of the normally hyper-

bolic operator Ps(y) and let Ag(p) = Alé(ga) — A‘;(@ be the causal propagator.
We obtain now two distinguished solutions to the equation (4.20),

XM ) = (A5 ), 6V () - (4.21)

Note that XR(¢) = r;1(G, ®)(p), where ® is the evaluation functional @, (p) =
©(x), hence

NG, F)=—(FV, a{*G).
The difference X = X® — X4 defines a vector field X € I'(T €) and it follows that

{G, Flpei(p) = r1(G, F)() — a1 (G, F)(¢) = (G (), As(0) F(p))
= |G, Fl(p).

Next, following [FR15], we prove the equivalence between (4.13) and the canonical
bracket. We fix a Cauchy surface {t} x X. Note that, given Cauchy data (¢, ©) € C,
we can write the unique solution ( corresponding to these Cauchy data as

0
p(x) = B, P)(x) = /E (As(X: LYYy — EAS(x; t, Y)¢(y)) doy(y).

(4.22)
Canonical momenta are obtained as distributional densities by

d
(m(@,¥), h) = ﬁh:OL((b’ Y+ A, he ().

We assume that for the Lagrangians of interest 7 is always smooth. The phase space
is then
P=E1) x &), (4.23)

where &;(X) is the space of smooth densities. The phase space has the canonical
symplectic form

o((f1, f2), (91, 92)) = /z(f]gz — fag1).

Note that &(X) x &3(X) C &(X) x Z'(X) = T*(&(X)), so (P, o) is indeed the
analog of the phase space in classical mechanics.

For simplicity we consider an actlon S induced by a Lagrangian L which depends
on (b only through the kinetic term 5 ¢2 hence 7(y) = ¢(y)da, (y).Leta : (¢, m) >
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(¢, d)and B = Boa: P — Es. We can now prove the equivalence of the canonical
and the Peierls bracket. Let F, G € &. Using (4.22) we obtain

{FOBsGO/é}can

_ 5F 7 o8 \lésc A B 5F 5 8 \lsc _» 4B
_/2(<$°5’ cﬁ<x>><%°5’ 6w<x>>_<5°6’ 6w(x)><$° Wx)>)
=<®,F<1>OB®G<‘>OB>,

where © is given by
OG0 = [ (sl 1A 1) = Azt 085 1.)) dorto).
X

From general properties of the causal propagator Ay (the generalization of (4.22) to

distributional Cauchy data) it follows that ® is equal to Ag. Hence, on the solution

space g, 3 3 B
{Fof,GofBla=LF,G]op.

For another argument, valid for the interacting theory, see Sect. 3.3 of [FR15].

4.6 Classical Mgller Maps Off-Shell

In the previous section we introduced the notion of classical Mgller operators as maps
between solution spaces for equations of motion induced by different Lagrangians.
Proving the existence of such maps in concrete models would require using some sub-
tle properties of solution spaces of non-linear partial differential equations. Claims
about a potential existence result have been made in [BFR12]. Here we take a dif-
ferent approach and following [DF02], we work off-shell and formulate the notion
of classical Mgller operators on the space of functionals on the configuration space.

To avoid the functional analytic difficulties we define all the structures only for
regular functionals ., or local functionals J,.. Extension to more general classes of
functionals requires a careful analysis of WF set conditions (see for example [Dab14a,
Dab14b, BFR12]). To further simplify the matters, we work perturbatively, i.e. we
use formal power series in A\, which plays a role of the coupling constant.

Let Sp be the free action and let AV € JF, be the perturbation. Formally, we
can construct the classical Mgller operators rg,+\v.s, and as,+av.s, between the
corresponding solution spaces Cs, and Eg, 4y by following [DF02]. We require that

rs,,s, Ors, s =1s,,8;- (424)

To simplify the notation we abbreviate rg v s, = rav, and ds,+av.s, = day.
Mgller maps act on the on-shell functionals by the pullback.
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rav F(p) = F oryy(p), and (4.25)
axy F(p) = Foayy(p), (4.26)

where F' € (Freg)sp4av> @ € Eg,. By a slight abuse of notation we use the same
symbol to denote a Mgller map acting on functionals, as the symbol for a map
between the solution spaces. In order to get a consistent off-shell definition we also
require the off-shell extensions to satisfy

v Tseav) =Ts,,
arxy Jsy+av) = Js,.

Expanding the classical Mgller maps in the powers of A we get

rwF = 2: m (Ve F), (4.27)
n=| O

aywF = Z—an(V‘X’" F), (4.28)
n=0

and call the coefficients of these expansions n-fold retarded and advanced products,
respectively. In the previous section we have seen that if V is local, then the first order
terms of this expansion can be expressed in terms of retarded and advanced Green’s
functions. Here we generalize to non-local interactions, but we have to work with for-
mal power series. The retarded and advanced Green’s functions A? 4y and AR SotAV
are now understood as formal power series with coefficients in dlstrlbutlons The
following proposition shows the existence of such objects for a general class of
interactions, including the local and the regular ones.

Proposition 4.9 (after [DF02, BDO8]) Let V € Fioc or V € Free. The retarded
(advanced) Green’s function corresponding to the linear operator P + V® induced
by the second derivative of the action Sy + \V is given by the formula

AV Gy = A, y>+Z( M / AYA G v) (4.29)
5V R/A 52 R/A
" So()dp(z1) ) T d d .
Spnaan 2 I S s (A i

(4.30)

Graphically the integral is represented by:

R/A (2) R/A (2) (2) R/A
AYHA VY AY/ |4 |4 A/
x vl 21 v2 Z1 Ve 2k Yy
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The support of A?O/fw (x, y) is contained in the set

{(x y)lxesupp( )+Vi/\yesupp( )+V }U{(x,y)|x€y+vi}.
4.31)

Proof The recursive formula is proven by induction in k. For the support property,
first note that supp( ) C supp( ) X supp( p) Therefore, in order to get a non-
Vamshmg contrlbutlon from the 1ntegra1 in (4.29), x has to lie in the future of u; €
supp (4~ ) and y in the past of v, € supp(%% ) O

Note that the uniqueness of A , and A , implies that AR (f,9) = A?O (g, f) and
using the recursive formula (4. 29) we can also verify that

AS v (fs 9 = A% v (9,

The following proposition has been proven in [DF02] and it demonstrates the exis-
tence of classical Mgller operators in the sense of formal power series.

Proposition 4.10 (after [DF02]) Let V € Fioc or V € Freo. The retarded Mpller
operator ryy exists as a map on Fioc U Freg valued in formal power series in J . and
its coefficients satisfy the recursion relation:

P (VEUED, F)

- % ya
= —Z(’;)n (v@, ALV, y)—dugmdug(y)), (4.32)
=0

5p(x) Sp(y)
where
A(k) d* A
VI = 2| - Af ey
2

= (=D [ A% — A% :

( )k/ so(x,vl)éw(vl)éw(zl) 5, (21, v2)
Ll A (zi )dpig(v1) - . . dpg(zi)
e, <o . < Tk, k).
Sp()dp(zg) S0 e YAt - Eflg ek

Analogously for the advanced Mgller operator.

Proof differentiating the property (4.24) we obtain

d
() = (= (FO A5 V) = nav (= (VO A5 Ly FU) L @33)

Comparing the terms with the same power of A on both sides yields the required
recursion relation. (]
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In particular, for V € Feg, rav and a,y are well defined maps from Fee[[A]] to
itself. The next proposition shows that the classical Mgller operators satisfy a natural
intertwining property.

Proposition 4.11 Let F, G,V € Fioc or F, G,V € Feg. The retarded Mgller oper-
ator ryy preserves the Peierls bracket, i.e.

v E, ravGls, = nv(LF, Gls,4av)
The analogous statement holds also for ayy.
Proof See [DF02, Proposition 2]. O

If the interaction V islocal, the recursion relation can be simplified and for M = M
one obtains the following expression for the n-fold retarded product:

(V" G) ‘é'n!/ Ry (x1) - Ry (x)G)d*x; ... d*x,, (4.34)
where 5V 50)
e o R o\ 4
R == [ ( A Sy, 435)

and o.s. means on-shell, i.e. modulo the ideal Jg, generated by the free equations of
motion. For proof see Proposition 3 of [DF02].
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Chapter 5
Deformation Quantization

The reformulation of classical theory done in Chap.3 served as a preparation for
constructing QFT models. The framework that 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 S, 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 Chap. 6, while the present chapter deals with
deformation quantization.

The idea of deformation quantization goes back to Bayen, Flato, Fronsdal,
Lichnerowicz and Sternheimer [BFF+78a, BFF+78b] and the first attempt to use
these structures in quantum field theory is due to Dito [Dit90]. Based on these ideas
Brunetti, Diitsch, and Fredenhagen developed a formalism, which we present here
[DFO1a, 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.

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

© The Author(s) 2016 33
K. Rejzner, Perturbative Algebraic Quantum Field Theory,
Mathematical Physics Studies, DOI 10.1007/978-3-319-25901-7_5


http://dx.doi.org/10.1007/978-3-319-25901-7_3
http://dx.doi.org/10.1007/978-3-319-25901-7_6

84 5 Deformation Quantization

1
L(f)(o+ ) = L) (o) +{LHV(00), ¢) + 3 (LHP @), e ®¢)...,

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. §'(yg) = 0), then

(LHP (o), o+ ¥) = (L(HP (). ¢),

if ¢ € &, is supported in the region, where f = const. Hence

supp (L(f)(g0). .) C supp (df)

and by means of the equivalence relation (4.2) we conclude that in such a situation
So contains only the quadratic term. Otherwise, Sy has both a quadratic and a linear
term. For simplicity, we will consider here only the situation where ¢y is a solution,
so Sy is quadratic and we denote the linear operator induced by S by P. Moreover,
we assume that P is formally self-adjoint, i.e. for all f, g € £

/(f, P9>Edug=/ (Pf, 9) g dpyg,
M M

where (., .) g is the bilinear pairing introduced in Definition 3.1.

Starting from the Poisson algebra (&, |., .]s,), formal deformation quantiza-
tion means constructing an associative algebra (F,c[[h]], x), where the product  is
expressed as

F*G=Zh”Bn(F, G), (5.1)
n=0

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

By(F,G)=F -G,
B\(F,G) — Bi(G,F)=ih|F,Glg, .

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”. In-
cluding terms of higher order in % 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].

More precisely (see [Wal07]), let b be the Lie algebra spanned by the canonical co-
ordinate and momentum functions g L qN , P1, - - -, py and 1, with the canonical
Poisson bracket {., .}can. This algebrais a Lie subalgebraof g = (Pol(T*RM), {., .}can)
(polynomials on the phase space). According to the Groenewald-van Hove Theorem,
there exists no faithful irreducible representation of ) by operators on a dense domain
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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 I, such that

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

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

[Qf), Q)] = QU f, gl.) = ihQ{ f, g}) + OR?).

A stronger notion than formal deformation quantization is strict deformation quanti-
zation. In this case, instead of constructing a space of formal power series, one aims
at constructing a continuous field of C*-algebras. This fits well with the algebraic
framework for quantum theory described in Sect.2.3. The notion of strict deforma-
tion 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 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 finite dimensional Poisson manifolds. Unfortunately this
cannot be applied directly in field theory, as the configuration space € is infinite
dimensional. However, if S, 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
aspects aside for the time being and work on Fi,.

We define

X zn

n ; n
(FxG)(p) =D = (F7(). (585)" GV (). (5.3)
n=0 "

for F, G € J. It is convenient to introduce the notation
Di(F®G) =(FV, A5, G).

In this notation N
FxG=moe2P*(F®G),
where m is the pointwise multiplication of functionals.

Example 5.1 (Weyl algebra) For the free scalar field on a spacetime M = (M, g)
we have € = C*(M, R) and the Lagrangian is given by Example4.1(i). Consider
regular functionals of the form

Fip) = /M FEP@d, (x) = /M fodpg. where f € 2(M),
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We define W(f) = exp(i F¢) and verify that

d .,
(D — i [ f(p+Ah)dp,
(WO V(). 1) = e |

- (i / fh dug) W ().

Hence

(W™ (), h®") = (i / fhdug) W) ()

and we obtain the following formula for the star product:

W)« W(f)

o0 iB\" (_1)11 5 n B
>, (7) ( / As, (x, y)f(y)f(x)dug(x)dug(y)) W+

n!
n=0

— e TAEDW(f 4+ ), (5.4)

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 in V. and another with in V_, where V. is the closed future/past lightcone.
As shown in [Rad96], one can decompose Ag, into two distributions with WF sets
corresponding to these two components

fAs, =A% —H, (5.5
where the WF set of Af{o is
WE(AL) = {(x, ks x, —K) € T*M?|(x, k) ~ (&', k), k€ (Vi).),  (HO)

and in addition the following properties hold:

(H1) Ag, =2Im(AY)

H?2) A}'O is a distributional bisolution to the field equation, i.e. (A';O Pf® g) =0
and (AL, f ® Pg)=0forall f, g € €.

(H3) A{ isof positive type, meaning that (A{ . f ® f) = 0,where f is the complex
conjugate of f € EC.

Example 5.2 On Minkowski spacetime it is natural to choose A;’O as
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3
/ (e—iw,,(xofyo)ﬂp-(x*”) ’p (5.6)

2w,

A§ (x,y) = P

with w(p) = +/ p? + m?. We can now verify explicitly that

&p

1 . 0 0 : . 0 0 .
+ + - —0)+ip.(x— @Oy —ip.(x—
ASo(x’ y) = Aso(y’ x) (27 7)3 / (e oI ettt TP y)) ZUJP

=iAg(x,y),

SO %ASO is the antisymmetric part of A'S"O. It is also easy to see that

(8. F® f) = — / ‘/ Sptsins poaty| L2 5
’ = e ’ X X - - 3
So 2m)3 W
so A, is of positive type. The symmetric part of A is given by
. &’p
| = 2n)? /COS (Wp(xo _ yO) +ip.(x — y)) E,

e AT —
sowe write Ag = 5Ag, + Aj.

On general globally hyperbolic spacetimes a decomposition (5.5) with properties
(H 0)—(H 3) always exists but is not unique. If H and H’ correspond 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')(x,y) = Py(H — H')(x,y) = 0). Physically, the split of the causal
propagator into A;ro and H is interpreted as “taking the positive frequency part” of
the causal propagator. In flat spacetime this corresponds to the spectrum condition,
which is one of the Haag-Kastler axioms listed in Sect.2.3.

The WF set of A;r has better properties than the WF set of Ag. If we now replace
%A s With A}” in (5.3), then the new product, denoted by *,, can be extended from F
to Fc (see [BDFO9]). On F e, [[A]] the two star products * and *, are isomorphic.
To see this, consider the map o, : Freg[[A]] = Tregl[A]] given by

o, =e2Dn, (5.7)
where Dy = (H, %).
It is easy to check that
Fx, G =0y ((a;'F)*(a;'G)), F,G € Fpeg. (5.8)

We say that ay provides a gauge transformation between * and *,,.

Definition 5.1 A gauge transformation isamap F — F + > he1 h"'B, (F), where
each B, is a differential operator.
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If there exists a gauge transformation relating two star products x and «/, then they
define the same deformation quantization. In the case of o, B, = ﬁ(DH_H/)".
Physically, we can identify the transition between » and %, with normal ordering,
so passing to the x,-product is the algebraic version of Wick’s theorem (more detail
in Sect.6.2.1). Note that the codomain of v, : Frey — Freg is sequentially dense
in a larger space J,. (with respect to the topology 7,,, described in Sect.4.4.2,
Definition4.17) and we can also build a corresponding (sequential) completion Teg
of the domain. Next we extend JFy, with all elements of the form lim,,_, o a;l (F,),

where (F),) is aconvergent sequence in F,.. We denote this space by a (T, ) C Frege
This motivates the following definition

Definition 5.2 The quantum algebra of the free theory 2 is defined as the extension
of Freg[[P]] by limits lim,,_, o 04;1 (F,), where (F,) is a convergent sequence in J.
2 is equipped with the star product defined by

Ax B =a; (a,(A) x, a,(B))
and with the involution given by
AT = oy, (au(A)),

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

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

Fry G =0, (g y(F) %y ayw(G)),

H-H'

and H — H’ is a smooth function, so ay,_, is an isomorphism. This isomorphism
doesn’t change the support of a functional, so the notion of support introduced in
Definition 5.2 is also independent of the choice of H.

Remark 5.2 'We can also characterize 2 as the space of families (Fy), labeled by
possible choices of H, where Fy € A" = (F,c[[A]], *,,) fulfill the relations

Fo = oy yFuy,
and the product is defined by
(FxG)yg = Fy*x, Gy.
The map v, associates to a classical functional F € F,; an element A of 2 such

that Ay = F. A different choice of the 2-point function Af{o (and hence H) leads
to a different identification of classical functionals with elements of 2. If H" # H,
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then a;l maps F to B € A such that By = F and By = ay,_,(F), so clearly,
A # B. We will come back to discussion of this ambiguity in Sect.6.2.1.

We think of %A as the abstract algebra of observables, while the choice of «
corresponds to a choice of realization of 2l 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.

(gjreg’ *) L BN (eregv *y)

denselﬂ densel n

az!
QL <__H_ (ffucv *H)

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

Proposition 5.1 Given a spectime M = (M, g), a configuration space € = T'(E —
M) and a quadratic Lagrangian Ly, which induces a formally selfadjoint differential
operator P, consider the net

0 > 2(0),

where A(0) is generated by elements with support contained in O. This net is a
quantum field theory model in the sense of Definition2.54 and it satisfies the axiom
of Covariance and the Time-slice axiom.

Proof The properties of covariance and causality are clear from the construction.
The time-slice axiom has been proven in [CF08]. ([l

The construction is fully covariant, so the assignment of unital *-algebras to
spacetime defined above induces a functor from Loc to Obs,,. It acts on morphisms
x € Hom(M, N) by (see equation (13) in [Zah14]):

QX)) i = SueX (Fyen) 5

where x* H is the pullback of the restriction of H to x(M) x x(M) and § . is the
functor which associates to objects M € Loc the spaces of microcausal functionals
F e (M) and acts on morphisms by

SucXF(p) = F(x").

Proposition 5.2 A locally covariant QFT model in the sense of Definition2.66 is
obtained by assigning A(M) to objects of Loc. For morphisms x € Hom(M, N),
Ay is defined with the use of the pullback of functionals, as in Proposition3.5.

Let us now discuss the existence of states. One obtains a family of states on 2 by
setting
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Wi, (F) = o, (F)(p) = Fu(yp),

where ¢ € Es. This is well defined, since Fy is a functional in ¥, hence the
evaluation at a field configuration ¢ makes sense.

Example 5.3 We continue with the example of the free scalar field. We define %,
as the subalgebra of 2( generated by the Weyl generators W( f) = exp(i ), where
f € 2(M). Note that

n ' n—2
Dy (i / fsodug) =G HU D) (z’ / fsodug) -

ay W(F)) = e PHW(f) = e~ T HEDW( ).

Hence

It follows now that .
wro W) = e 2HUD),

S0 wy o 1s a quasi-free state with covariance H (compare with the Definition2.31).

5.2 The Star Product on the Space of Multivector Fields

In the classical theory we have defined “going on-shell” as taking the quotient of the
algebra of classical observables by the ideal J5 generated by the equations of motion.
Now we want to do something similar in the quantum theory.

Definition 5.3 The equations of motion ideal J§ of 2" is defined as the x,-ideal of
A" generated by elements of the form <S(’), X ), where X € V,c. The ideal Jg, is then
defined by the requirement that F € Jy, if and only if F), € Jg for one and hence
for all H (note that cv,_ (S5, X) = (S§, atu_ (X))).

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

Q[So = Ql/jSO'

Remark 5.3 Note that 2, can be characterized as the space of families F = (Fp),
where
Fy € ngo = Ql”/:i’s’o.

The definition used here suggests that we can express it also in terms of the
differential ds,, as defined in Sect.4.3. The star product x can be easily extended to
the space A 'V of vector fields, if one replaces the pointwise product in (5.3) with
the graded product A. Before we give the explicit formula for x, of two multivector
fields, it is convenient to introduce some notation.
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Definition 5.4 The space A" V,.c of microcausal k-vector fields is identified with
Ok (T*[1]€), see Definition4.11.

e

Using this definition, we can now introduce the star product of multivector fields:
(X %u V)(@)5 0155 Vpig)

—Z

Z <<§7§(¢):va(1) ,,,,, va‘(p)> (af )®"<5pyl (©); Vo(pt1)s - -+s va(p+q)>>,

n'p q' Smea
where X, Y € AV, are of degree p and ¢ respectively. In the Oth order, the star
product gives just the wedge product of two multivector fields. In the first order, one
obtains the extension of | ., .] to A Ve

We can now characterize the ideal 2y by means of the differential J,, as we did
in classical theory. First we note that since A , 1s a distributional bisolution for the
operator P (see property (H 1)), we have

080

(S0 1) F =50 1) F 4157, £ © AL FO) =

Ay

where f € €., F € F. It follows that
S5y (X %y ¥) = (65, X) %4 ¥ + (=DF'X x, (65,7),

for X, Y € A V. i.e. ds, is a derivation with respect to the product . In particular
we can write 2[5 as
Ker 45, [,

H e

So = Im 550 [v/w
Note that in our case Ker Jg, [F .= (Fjuc» *4), but we will see later on that this is no
longer the case in gauge theories (Chap. 7).

Example 5.4 Consider the algebra 2, from Example5.3. Let J, 5, = Jg5, N 2A,,.
Note that Sj(¢) = P = —(0O+ m?)¢, and using integration by parts, we conclude
that Figym2) r (@) = — (S(/), f ) It is then easy to verify that J,, , is generated by the
elements

W @O+m?f)—1, feDM) (5.9)

We denote 2, /Ty, 5, by Xy 5, This algebra is then (algebraically) isomorphic to the
Weyl algebra W(L, o), with L = 2(M)/PZ(M) and 0 = Ag. States of the form
wp,o are well defined on the quotient 21, , as H is a bisolution for the operator P.
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5.3 Kiihler Structure

Objects introduced in the previous section have an interpretation in terms of a Kéhler
structure, as in Definition2.32. H is a symmetric, non-degenerate bilinear form on
L = P(M)/PZ(M), Ag is the symplectic structure and A? = %AS + H is a
Hermitian 2-form on L€, as in formula (2.3).

We have seen in Example 5.3 that H is the covariance of a quasi-free state wy o
on 2, 5. If this state is pure, then the pair (Ag, 2H) is Kihler. In general one can
always use Ag and H to define an anti-involution J, but Ag o J = 2H holds only in
the case of pure wgy .

Let us now recall briefly the construction of J. We follow [DG13]. First
note that since H is the covariance of a quasi-free state, we know from
Theorem 2.3 that

|As(fi, )] < 2VH(fi, POVHfL f2), Yh, fre L. (5.10)

We complete L with the product (.,.)y = (., H.) to a real Hilbert space J{ and the
inequality (5.10) implies that A g is a bilinear form on J{ with norm less than or equal
2. Therefore, there exists an operator A € B(H) with ||A]|| < 1 such that

(fi, As o) =2(fi, Af)u

If the kernel of A is trivial, then we take the polar decomposition A = —J|A| and J
satisfies J> = —1. More generally, as in the proof of theorem 17.12 of [DG13], we
define Ly, = Ker A and Ly = ng. Then we set Ay = A [, and construct the
polar decomposition Aeg = — Jreg| Areg|. If the dimension of L, is even or infinite
(which is the case in the situation we are interested in), then there exist an orthogonal
anti-involution Jyz on L, and we set J = Jreg @ Jgo. J constructed this way defines
an almost-complex structure on L.
We define the holomorphic and anti-holomorphic subspaces of L as

Z=A{(f—iJPOIf € L},
Z=A{(f+iJf)If €L},
respectively. Projections onto these subspaces are defined as 14 = %(id —iJ) and
Iy =31Gd+iJ)
If wy o is pure then the quadruple (L,2H, Ag, J) is a Kéhler structure. We de-
compose A} in the holomorphic basis to obtain

(Izfi. ALz ) = (fi. AL S),

where f|, f> € L® and remaining components vanish. As a result, Aj{ is represented
in the holomorphic basis as
(30)
+ )
A5 0
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so it acts only on the holomorphic part of the first argument and the anti-holomorphic
part of the second argument.

We have seen in this section that it is natural to reformulate the construction of
the quantum algebra of the free field in the language of Kéhler geometry. There is
also a hope that such concepts might allow us to go beyond the formal quantization.
This will be addressed in our future works.
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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 where 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 perturbative approach, on the other hand, has proven
to be successful in describing many phenomena in particle physics, so it is worthwhile
to try to understand its mathematical foundations. It turns out that a careful analysis
of the problem and employing some tools from functional analysis allow us to avoid
dealing with ill defined “divergent” expressions, as is often done in physics textbooks.

We will follow the ideas on renormalization developed by [BP57, BS59, Hep66,
EG73, SR50, Ste71]. The approach is motivated by the interaction picture of quantum
mechanics, as outlined in Sect.2.1.4. 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; ; =
— f « -£1(0,x): do; be the interaction Hamiltonian, where : L is the normal-ordered
Lagrangian density (the precise definition of normal-ordering will be introduced later
in this chapter), constructed from the classical quantity £; (x) and K is some compact
subset of a Cauchy surface X.

We would like to use the Dyson formula (2.11) for the interacting time evolution
operator U (t, s), so formally we write

o0 .
’1)\’1
Ut s) =1+ TCLI(x): ... L) )d 5y . dx,,
P n! J(s.xrsy

where A is the coupling constant, 7 denotes time-ordering and :L;: is an operator-
valued function given by

Lix): = ¢l Hox’ L4700, x): PRl
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Heuristically, one would use the unitary map defined above to obtain interacting
fields as

1) =UE", ) o)UY, s) = U, ) U@, x)px)UGK",s), (6.1

where s < x% < 1.

There are, however, serious problems with this idea. The first obvious difficulty is
the fact that typical Lagrangian densities like £;(x) = ¢(x)* cannot be used to define
operator-valued distributions on a Cauchy surface X (they are too singular). This is
the source of the so called UV problem. Moreover, having the sharp cutoff function
in the Lagrangian and Hamiltonian (i.e. integrating with the characteristic function of
K x [s, t]) leads to additional divergences, called Stiickelberg divergences. Finally
there is a problem with taking the adiabatic limit, as the integral of the Lagrangian
density over x does not exist if X 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 idea. 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 [EG73], 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 at the level of interacting
observable algebras.

6.2 Scattering Matrix and Time Ordered Products

Modifications of the Dyson formula described at the end of the previous section lead
to the definition of the formal S-matrix as

l'l’l

o0 )\n
S(g)=1+z p /g(xl)...g(x,,)T(:L,(xl):...:L,(xn):)d4x1...d4x,,,

n=1

where g is a test function. Compare this formula with (2.12). In order to make this
formula mathematically rigorous, first we need to make sense of the normal ordering
operation :£;(x):, and then we have to define the time-ordered products of :L; (x;):.
Finally, in order to make sense of the formula (6.1) for the interacting field we
interpret it as the definition of a distribution, rather than a function. Hence, for a test
function f we obtain
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/f(X)sOI(X)d4x
l'rl

o A
=S > — / 9@ g ToL () - Ly (x)d x ... dx,
n=0 ’

d _
= =5 S@ 789 AN (6.2)

where S(g, f) is the formal S-matrix with the Lagrangian density AgL; 4+ f. This
is called Bogoliubov’s formula [BS59].

6.2.1 Wick Products

Let us start our construction by defining the Wick-ordered quantities : L, (x):. In our
framework normal (Wick) ordering is meant as a prescription for identifying classical
quantities with their quantum counterparts. More precisely, it is a map JFjoc — 2,
F > :F:. An example of such map is provided by :F:, = o' o Jg)> Where T
Foe = A", Note that both classical and quantum observables are understood as
(formal power series in) microcausal functionals, so the easiest way is define the
normal ordering is to set 7* = id and hence

Fiy=0a, (F), F€Fe. (6.3)

Clearly, : . :; defined this way depends on the choice of H, so there is no distin-
guished choice of normal ordering on spacetimes with no distinguished states.

Example 6.1 (Algebraic Wick’s theorem) Wick’s theorem plays an important role in
physics, so we will show here how it follows from our algebraic definition of normal
ordering. To this end we will use the abstract definition of 2, rather the one in terms
of families of functionals labeled by H. Consider the free scalar field. Let

Fu(p) = /@(x)w(y)gn(y —x) f(x)dpg(x)d g (y),

where f € 2(M) and g, is a sequence of smooth compactly supported functions
that converges to the Dirac delta distribution 6 (x — y) in the topology 7y defined in
Definition4.16. By applying o, to the sequence (F,), we obtain a sequence

a,'F, = /(w(X)tp(y)gn(y —x) f(x) = hH (x, y)gn(y — X) f (X)) p1g(x)d 1y (y),

The limit of this sequence is identified with the normally ordered expression
o)y f@)dpy(x), ie.:


http://dx.doi.org/10.1007/978-3-319-25901-7_4
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Fi, = / 0y fdpy
= lim [ G0P(0) ~ R )y = ) F 0ty () ().

Note that the right-hand side cannot be interpreted as a functional on the configuration
space, butis just a formal expression representing an abstract element of the extension
of Freq, as defined in Definition 5.2. We write this expression in a short-hand notation
as a coinciding point limit:

1)y = lim (p()@(y) — hH (x, ¥).

This shows that transforming with o' corresponds formally to the subtraction of
hH(x,y).

Now, to recover Wick’s theorem, consider a product of two Wick squares
:p(x)%:, :0(y)?:,. Note that in our setting this has to be understood as the *-product
of two elements of 2. Using the o, ! prescription we identify this product as

(a;' / s@zﬁdug) * (a;‘ / wzfzdug)
([ ro)o )
= aﬁl(/wzfldug/sﬁzfzdug +41(fip, AL (f9)
h2
+ 7/(A§0(x, y))2f1(x)fz(y)dug(x)dug(y)).
Omitting the test functions we obtain
2 2 2 2 2

() 1)1 = 1) 0(1) 71y + 40 P(¥):whAY, (x, ) +2(ﬁA};(x,y)) ,

which is a familiar form of Wick’s theorem applied to :¢(x)?:, 10(¥)?:,.

6.2.2 Locally Covariant Wick Products

The normal ordering prescription (6.3) is not the optimal one if we work on curved
spacetime. This is because we would like to define the normal ordering on all glob-
ally hyperbolic spacetimes in a coherent way and the choice of H across different
spacetimes cannot be made covariantly. More precisely, we want to lift :.: to the
level of locally covariant fields in the sense of Definition2.66.
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Definition 6.1 Let :.:,, be a Wick-ordering prescription on spacetime M €
Obj(Loc). Given anatural transformation ® : ® — §oc We say that (2 . :5) neobjLoc)
is covariant if the family :®:,, defines a natural transformation from © to 2.

We will now discuss the existence of such a family of Wick-ordering prescriptions
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 parametrics.
The difference between A;ro, a2-point function of a Hadamard state, and a parametrix
is that the latter is a bi-solution of the linearized equations of motion only up to smooth
terms. Due to the covariance condition, it is more appropriate to define the normal
ordering by a prescription where only the singular part of H enters into o, '. We
realize this idea by setting

Fiy =, (a, F) = a, | F,

where F' € Fj,. and where w is the smooth part of the Hadamard 2-point function. In
other words, we set 77 = «,,. To understand what w is, we need to recall some facts
about the singularity structure of 2-point functions of Hadamard states. We follow
closely [KW91] and a recent review [FR14].

We begin by introducing some notation. Let 7 : M — R be a time function
(smooth function with a timelike and future directed gradient field) and let

0-(x,y) = 0(x, y) + 2ie(t(x) = 1(y) + &7,

where o (x, y) is half of the square geodesic distance between x and y, i.e.

1
o(x,y) = Eg(eXp;'(y), exp; ().

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 x( such
that, for every integer N, W(x, y) on V x V can be written in the form

N
. u n O¢ sin,
WZ]!IR(U_EJFZ(;U U"IOg(ﬁ)erN):WNngwN, (6.4)
where u, v, € C°(M2,R), n=0,..., N are solutions of the transport 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.

‘We now define

apF = lim o, F, (6.5)
N—o00
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for F € JF,.. 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, vy, F has
a well-defined limit. For details see [HWO02a]. Note that in our definition of :.:,;
is fixed up to the choice of the energy scale A in Eq.6.4. One can, however, allow
additional freedom, staying consistent with the requirements of locality, covariance
and some regularity properties. This possibility has been investigated in [HW02a],
where it was shown that for the scalar field : . :, is fixed up to two parameters. The
choice of these parameters is then treated as additional renormalization freedom.

A slightly different point of view on the problem of finding locally covariant
Wick products is presented in section 5 of [BFV03]. Here we only give a sketch of
the argument for the Wick square. For each object M € Loc we choose Hy¢ and
going through the definitions it is easy to see that, for an admissible embedding
x € Hom(M, M) we obtain

Ax (: %, (1)) = : %, (x(x)) + Hye (x(x), x(x)) — Hy(x, x).

It was shown in [BFV03] that redefining Wick powers to become covariant amounts
to solving a cohomological problem. Note that given H and H’, symmetric parts
of 2-point functions of Hadamard states on a given spacetime M’, we can define a
smooth function By g on M’ by setting

By g (x)) = 0%, (x") — : %, (x)).
These functions are covariant under embeddings x € Hom (M, M) in the sense that
Byt o (X) = B (X(X)) 5

where y* H denotes the pullback of the restriction of H to x (M) x x(M). Moreover,
functions B fulfill a cocycle condition

By.w + By w + Burow =0.

The problem of finding a covariant normal-ordering prescription is then reduced to
the cohomological problem of trivialization of the above cocycle while preserving
the covariance property. To see that this is indeed the case, note that if the cocycle
trivializes, then there exists a family of functions fy labeled by different choices of
Hadamard states such that

By (x) = fu(x) — fu(x)

and we can set
(D2 (x) = :CDZIHM (x) = fu(x).
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In fact, the cohomological problem above is solved by using the smooth part of the
Hadamard 2-point-function, i.e. one can take

fu(x) = w(x,x).

6.2.3 Time-Ordered Products

After giving sense to normally ordered expressions we now want to define their time-
ordered products. In the first step we consider only regular functionals, to understand
the algebraic structure. We want to define the time-ordered product -s as a binary
operation on JF.[[A]] that satisfies the condition (2.10), i.e.

FxG ifsuppG < supp F,

Gx F if supp F < supp G, 6.6)

F~7G:[

[TPAL)

where the relation “<” means “not later than” i.e. there exists a Cauchy surface that
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 is in the past. We postulate

o0
F s G =) HW'B,(F.G). (6.7)
n=0

for some functional differential operators B,,. Now let f € I'(E* — M) and define
a linear functional F(p) = f (f, p) dpy where (., .) is the duality between V* and
V, the fibers of E* and E, respectively. Condition (6.6) implies

FyFy+ Sh(f, As,g) if suppg < supp f,

Bo(Fy, Fy) + hB\(Fy, Fy) = ; .

g g Fng+§h(g, Asof) if supp f < supp g,
where f, g € TS(E* — M). This suggests setting By(F,G) = FG forall F,G €
Jreg- To analyse the first order condition in more detail, we note that A5, = Agﬂ — A?(]
and from the support properties of the advanced and retarded Green functions it
follows that in the example above

5(f. AY9) if suppg < supp .

B{(F¢, F) =1 °
1(Fy. Fy) H%(f,A?{)g) if supp f < supp g,

Now, since Bj has to be a differential operator, the condition above fixes its coeffi-
cients by the first order derivatives up to diagonal, i.e.

0 0
By =mo(t, — ® — ) + higher derivatives,
dp oy
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where m is the pointwise multiplication operator, i.e. m(Fi, ..., F,) (@) = Fi(p) -
... F,(p) and ¢ is a distribution in F:,‘C((E*)g2 — M?) with a kernel satisfying

'x y) = %Aso(x,y)zéA};O(x,y) if y <x,

' —%Ago(x,y)z%A?o(x,y) if x < y.
Note that the relations x < y and y < x require that there is a Cauchy surface sepa-
rating x and y, so the case x = y is not affected by the above and there is an ambiguity
in choosing 7 (x, x).

It turns out that a consistent choice is provided by t = i ADO , where AISDO = % ( AEO +
A/;() ) is the Dirac propagator. Let us introduce the notation

Dp = AD,i(X)i .
%60 T 0

Using the higher order conditions and requiring associativity leads to the following
formula for the time-ordered product:

FsG=moe"(FQG)

— h" n
> (F®. (1a2)%" 6). 6.8)
n=0 "

where F, G € JF¢g. In contrast to %, the product defined this way is commutative,
since AIS)O is symmetric. It is also equivalent to the pointwise product by means of

FsG=T7(T'F-77'G), (6.9)
where i
T=e2Pr, (6.10)
and
D 52
2o = (a8, 3.
or more precisely
M Den pen
(TF)(@) = — (A%, F(p)).
n=0 "

The linear operator T defined above plays a role of the quantization map; it goes
from the classical world to the quantum world, i.e.

(greg’ ) 1) (ercgy “7)
classical ~ quantum’
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where e = (Freg[[R]], *). Compare this with the notion of the normal-ordering
prescription discussed in Sects.6.2.1 and 6.2.2, which plays the same role for local
functionals, as T for the regular ones. Later on we will use this fact to extend T to
local non-linear functionals.

Note that on the quantum side there are rwo products, the non-commutative « and
commutative -7.

Remark 6.1 There are several propagators and Green’s functions relevant in the
PAQFT framework and they all induce some distinguished differential operators. To
simplify the notation, in this book we will always write

D. = {a® ) ® )
* — So? 54,0 (5@ s
where x = A, R, F for the advanced, retarded and Feynman Green’s functions, * = D
for the Dirac propagator and x = + for the 2-point function; for the causal propagator
we denote the corresponding functional differential operator by D,. Similarly we

denote
52
~ | AF
= o 53

and

6.2.4 The Formal S-Matrix and Mpller Operators

Consider a theory where the interaction is given by AV, where V € J, and A is the
coupling constant, treated from now on as a formal parameter (similarly to ).

We start with introducing some notation. Let A" ((R)) [[A]] = (Fuc ((A)IAI], *4),
where J,c((h))[[A]] means formal power series in A with coefficients in Laurent
series in A. Similarly, Let A7[[A]] = (Fuc[[h, All, x4). By obvious modification of
the definitions introduced up to now, we define 2A((k))[[A]], 2A[[, A]], etc.

Using these objects is crucial for the definition of the S-matrix, since we hold
on to the convention, commonly used in physics, in which the action that enters
the expression for the S-matrix is divided by /. Alternatively, one can absorb this
negative power of £ into the definition of the action, as was done in [BDF09].

Definition 6.3 Define the formal S-matrix as amap 8 : g [[A]] = g (M)[[A]]
given by the time-ordered exponential

S(F) = eif/h = T(e/T /), (6.11)

where F is of order at least \.
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In what follows we choose F = AV for V € 2., and call the terms in the
A-expansion of (6.11) the n-fold time-ordered products. More precisely

o0

. 1
- (2 ®n
S(AV) = Z_(:)(h) STV,
and
T.Vi,...,V)=Vya....9V,
where Vi, ..., V, € U,.

Remark 6.2 Note that the S-matrix defined by the formula (6.11) is not unitary (i.e.
S(AV*)* % S(AV) #£ 1), unless V is linear. This problem is related to the non-locality
of regular non-linear interactions. If we use only local interaction, the unitarity prob-
lem is solved on the level of the renormalized theory (see Sect.6.2.5) by a suitable
re-definition of time-ordered products. Note that this is to be expected, since non-
local interactions are known to cause problems in quantum field theory [Kir67, Efi67,
BDFP02].

Interacting fields are obtained by means of the Bogoliubov formula, which reads

Ry (F) = —ihj—t SOV xSV +1F)|,_,

= (MM x (N5 F). (6.12)
The formal inverse of R,y is defined as
RYHG) = (V172 G) s eV,

Physically, we interpret Ryy (F) as the interacting observable corresponding to F,
constructed from free fields. The map R,y is often called the (formal) quantum
Mgiller operator. Expanding in A\ we obtain

[o¢] An
Ryv(F) =3~ R (VE", F)
n=0 "

and call maps R, n-fold retarded products.

In the physics literature one can find the Bogoliubov formula written in terms of
antichronological products. To understand the connection with our formulation, first
write the x-inverse of ¢/"/" in the form

> z/\)k

:/\V/h Z
k=0

> = 1)'P'Hv T'”w (6.13)

PE:Pord leP
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where Tfrd is the set of ordered partitions (partitions P with an order relation < on
*
the elements / € P) of a set with k non-distinguishable elements, [] is the product

built with the use of x and

viil—y. . V.
—
|1]

Terms in the A-expansion of the formula (6.13) are called antichronological products
Tk. More precisely

Te(Fiy s F) =k D (= 1>'P'+"H|I|, |1|(®F) (6.14)

pe?md leP iel

SO

() =3 S

The notation T <® F,) means taking the time-ordered product of functionals F;,
iel

where i € I. The order is irrelevant, as -7 is commutative. We can now express the

n-fold retarded product as:

i" - (n k& k k

=2 (k)(—n Te(VE) % Ty (VOO D @ F).

k=0

R,(V®", F) =

This almost reproduces the formula from [DF0la], the only difference being the
factor of + +» which we prefer to include into the definition of R,,. The convention we
chose is natural in the context of the classical limit. In order to be able to take this
limit at all, we need to show that the terms with negative powers in & vanish in the
expression for the retarded Mgller operator. Before we turn to this task, we need to
take one more step.

Working with time-ordered products and x-products becomes easier if we express
the x-product in the following form'

FxG=myo0e "PA(F®G),

where m, =mo e and F,G € Freo(W)[[A]]. In this way, we can rewrite
Ry\y (F) as

R (F) =m0 e 0% (V) © V10 7)),

IThanks to Eli Hawkins for making this crucial observation. This is related to a new way of
understanding the algebraic structures in pAQFT, which will be described in detail in the upcoming
publication [HR16].
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The next proposition shows that the Mgller operator R,y contains no negative powers
in 7. The original proof is due to [DF01la] and was presented for the case of local
functionals. Here we are working only with regular functionals, so we present a
simplified version of the proof for this case (due to E. Hawkins, to appear in [HR16]).

Proposition 6.1 Let I, G,V € Jy,, then the expression Ry (F) contains no neg-
ative powers of h.

Proof 1t is easier to work with the inverse quantum Mgller operator. Note that
MV R(G) = e G =my 0P (M ® G).

Using the fact that Dy is a derivation in its left argument, we can “pull out” the
exponential on the right-hand side and write

[o¢]
. . —1)"
NI RG) =N s my <§ ( n‘) P, (V) ® (Ag‘o)®”G<">>,
k=0 :

where the pairing above is the pairing of smooth compactly supported functions
on M* taking values in Freg With distributions on MF¥ taking values in Freg Where
the product on functionals is the tensor product ®, so the result of the pairing is a
functional in two variables. After applying the multiplication operator m ., we arrive
at a functional in one variable. We spell out P, (V) explicitly as Py(V) = 1 and

T

PeP, IeP

so it is now clear that P, (V) does not contain negative powers in /. The final formula
for the inverse quantum Mgller operator can be written as

o0

Ry (G) = m; <Z Sk Py(V) % (A§0)®"G<">>. (6.15)

n!
k=0

Since R;\} starts with identity and is well defined as a map on formal power series
in A and h, sois Ryy. [l

From the proposition above it follows that R,y is a well defined map on
Fregl[R2, Al]. We introduce the interacting star product on Fye,[[A, A]] by

Fxy G =R, (RyF x RyG)
and the xy-commutator by

[FaG]*VZF*VG—G*‘/F.
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Let us now discuss the classical limit.

Proposition 6.2 The Oth order in h part of the quantum Mgller operator Ry agrees
with the classical Mgller operator, i.e.

Ryv (F)|,_y = rav(F).

Proof As in the previous proposition, it is easier to work with the inverse Mgller
operator. Taking the # = 0 term in formula (6.15) results in

- . > 1 .
ry(G) = R)\‘}(G)ihzo =m<Z:E ()\V(])A?O) @G(n)>'
k=0

We will now show that the operator 7}, is equal to r},, introduced in Sect.4.6. First
note that f;"/ is in fact a pullback of the operator that acts on E[[A]] as

Py (@) =@+ A5 VP (p) (6.16)

Clearly, if ¢, is a formal solution for the interacting field equation P(p)) +
AV (py) =0, then 7y}, () is a solution to the free field equation. The equation
for the inverse of F;{, can be obtained by setting ) = r\y (). We arrive at

A (@) = o = AAS VO (F (),

which is the Yang—Feldmann equation. Differentiating with respect to \ results in

d d
(@) = - (A‘;Ovm(fw(go)) + AR o V(z)(fw(sﬂ))ﬁfw(@) .

Now we bring the derivative of 7yy (¢) to the left-hand side.
id+ AR o V@7 d . = ARy
(id + A§, o (Fav () ﬁrw(@) = —Ag V' (rwv(e)
Applying P (the differential operator induced by S;) to both sides we obtain
@) 5 d . ) 5
(P + VP (@ () ﬁrw(s@) ==V (rwv(p)
Now apply the inverse of P + V.

d; () = —A% WV EFE
I ©) = =Ag vV (v (@)


http://dx.doi.org/10.1007/978-3-319-25901-7_4
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On the level of functionals this coincides with the relation (4.32), so 7y satisfies
the same recursion relation as r)y. Clearly, the Oth and the Ist orders of both maps
coincide, hence 7\y = ryy. O

It is now easy to see that the theory defined by %y is indeed a quantization of the
classical theory defined by the Poisson bracket |[., .| 1,y given in Definition4.8.

Proposition 6.3 Let F, G,V € F,, then

1
E[Fv G]*v heo = LF7 GJS(H-V‘

Proof This is a straightforward consequence of Propositions4.11 and 6.1. ]

The interacting theory for regular functionals is the algebra (Feg[[7, A]], *y) and
Ry acts as the intertwining map between the free quantum theory and the interacting
quantum theory, i.e.

(grreg’ ) 1) (eregv 7)) Ry (greg[[hs AlL *v)

free interacting
quantum quantum

6.17
classical ( )

The formula (6.9) for the time-ordered product makes sense if we restrict our-
selves 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 5 Ag, by A and i AY by the Feynman propagator A§ = iAY + H, so
we obtain now

(gjrega D)oo QL ay (ereg» ) Ry (greg[[hs All, *v)
. ( reg’ TH ) free interacting ’
classical
quantum quantum

. h . 2 _
where 77 = ¢2PF and Dp = (AEO, 6‘,5?), 0T =a, ' oT".

Remark 6.3 Note that here we use a convention where the factor of i is absorbed into
the definition of the Feynman propagator. This means that AI;O is i times a Green’s
function for the differential operator P induced by 7.

Unfortunately the modification we have made is not sufficient to extend the time-
ordered products to arbitrary local functionals. The difficulty that we have to face is
that the WF set of AI;O on the diagonal behaves like the WF set of the Dirac delta (i.e.
contains all non-zero covectors), hence the tensor powers of AI;O cannot be contracted
with derivatives of local functionals.

Example 6.2 Consider the example of Minkowski spacetime. Let Fr(¢) = [ ¢(x)
f(x)d*x be a smeared field and we want to find an explicit formula for F -7 Fgy for
f, g € 2(M), starting from first principles. By the definition of time-ordering we
have


http://dx.doi.org/10.1007/978-3-319-25901-7_4
http://dx.doi.org/10.1007/978-3-319-25901-7_4
http://dx.doi.org/10.1007/978-3-319-25901-7_4
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Ffoo Fy= / O(T) AL (x, y) f(x)g(y)d*xd'y
+ [enag oo smgmidtd'y,

where 7 = x — y°. Using formula (5.6) for the 2-point function we get

(1AL (x, y) + 0(=T)AL (v, %)

1 . ) ) . d*p
_ —iw,T+ip.(x—Yy) _ iw,T—ip.(x—y)
@23 / (e +O(=n)e™ ) 2wp
. . . d3p
_ —iw,T _ iwpT\ Lip.(x—Yy)
= —(zﬂ)3/(9(7)e T O(=T)e ) e 70

We can now use the known trick to rewrite the last integral as

| i .
PUAC ) L
(27r)4/p2—m2+ie P

Comparing with Fy - Fy = (f, A, g), we conclude that on Minkowski spacetime

1 i .
AF , — lﬂ'(x—y)d‘l ,
5, (X y) (277)4/p2—m2+iee P

as expected. For a final consistency check, we note that Ago given by the formula
above is indeed i times a Green’s function for P = —(0 + m?), i.e.

—(Ox + mH)AY (x,y) =id(x — y).

Remark 6.4 On the Minkowski spacetime, the operator 7% formally corresponds to
convolution with a Gaussian measure with covariance i hA};O, i.e.

formal

T'F ) " [ P g, ). (6.18)

The path integral above is not well defined as an integral, but the differential operator
T" that we use instead is much better behaved. Therefore, one can think of the
functional formalism we present in this book as a way to make path integrals and
other formulas used in perturbative QFT rigorous.


http://dx.doi.org/10.1007/978-3-319-25901-7_5
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6.2.5 Epstein—-Glaser Axioms

In the next step we want to extend time-ordered products defined in Sect. 6.2.3 to
local non-linear functionals. This corresponds to what the physics literature calls the
renormalization problem. Its mathematically rigorous solution has been proposed
by Epstein and Glaser in the seminal paper [EG73] and it makes use of the causal
structure of spacetime. Here we follow a similar approach.

Note that the quantization operator T” acts on Fi, by T = «,, where «,, is
defined by (6.5). On Minkowski spacetime we can alternatively set 7" = id. The
subspace Fioc[[72]] C A" = (Fc[[R]], %) is denoted by A .

We define Jio as the image of (7 - under oz;l. The definition makes sense, since

this subspace is the same vector space for all the choices of H.

Definition 6.4 Denote by (?]03);%’; the subspace of (Fc)®" spanned by F| ® --- ®

F,, where Fy, ..., F, € 3\, have pairwise disjoint supports.

Definition 6.5 Let n ¢ N, n > 1. On (Qlfgc);% we define the n-fold time-ordered

product as a map T : (Q[l’f)c)gl”s — A" given by
T, ... Fy) = Fiogy .0, Fo.

et Fi®---QF, ¢ (QIQC);?C{; such that the supports supp F;,i = 1, ..., k of the
first k entries do not intersect the past of the supports supp F;, j =k +1,...,n of
the last n — k entries. If follows from the definition of the time-ordered product that

in this case
TIF® - QF)=T{(FiQ Q@F) T (F+1®---QF,), (6.19)

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

Definition 6.6 Renormalized time-ordered products are multilinear maps
T FE — AT = (Fellhl], *4), n € N, satisfying:

loc

(T 1) Causal factorisation property
TR @F)=T/(Fi® - ®F)* T, (Fi1® - ®F,)

if the supports supp F;, i = 1, ..., k of the first k entries do not intersect the
past of the supports supp F;, j =k + 1, ..., n of the last n — k entries.

(T 2) Starting element: T/ = 1, T# = id.?

(T 3) Symmetry: For a purely bosonic theory T is symmetric in its arguments. If
fermions are present, 7' is graded-symmetric.

20ne can leave some freedom in the definition of ‘Tf which can then be used to absorb the renor-
malization ambiguity in defining the normal ordering : . :5;.
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(T 4) Field independence: T, (Fi, ..., F,), as a functional on &, depends on ¢
only via the functional derivatives of Fi, ..., F,, i.e.
) - SF;
—JNF,...,F)=>» T F,...,—,..., F,
Tt B0 = 2T (P 1)
(T 5) p-Locality: T/(Fy, ..., F,) = T*(F™M, ..., FIN)) £ O(hN*!), where F™!

is the Taylor series expansion of the functional F; up to the Nth order.

Remark 6.5 Note that the property (T 5) allows one to reduce the problem of con-
structing 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 {7} ,.cn, we can define time-ordered products of Wick-
ordered quantities and then finally the S-matrix.

Definition 6.7 We define T,, : 22" — A by requiring that a, 0 T, = T% 0 a®", so
in a slightly formal way we write

®n

o

Th=a, oTl o

and the renormalized S-matrix is a map S : Ajoc[[A]] — A((R))[[A]], given by

S(F) =D =T, (F®"),

n=0
where F is of order at least \.

Analogously to the regular case, we consider F = AV, where V € 2. We want
the S-matrix defined this way to be unitary, i.e. we require that

SOVH* % S(\V) =1,

This condition can be translated into an additional axiom for the time-ordered prod-
ucts:

(T 6) Unitarity: T (F), ..., F))* = ‘j',’j(Fl, ..., F,), where ‘j',’j is the antichrono-
logical product defined in (6.14).

Remark 6.6 Let V be a real-valued local functional. The unitarity property implies
that the renormalized quantum Mgller operator satisfies the following relation:
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Ry (F)* —ih% (SAV) ' %SOV +1F))"

t=0

L fd ey =1
—lh(a (SAV + ¢ F") ‘ O*S(AV))

=ihS(\V)™! *% (SAAV +1F*)) ‘ = Ry (F").

t=0

The final consideration is to ensure that the time-ordered products are covariant,
i.e. they are defined on all spacetimes in a coherent way. Denote by T, the n-fold
time-ordered product on spactime M € Obj(Loc).

Definition 6.8 Let M, N € Obj(Loc) and x : M — N be an admissible embedding.
We say that the family (T;,51)vteobjaoe) defines a covariant n-fold time-ordered
product if

Q[,ch o r‘Tnj\/[(Flv ey Fn) - rJinJ\I(QLIOCX(Fl)v ey 2llof:X(Fn))’

where Fy, ..., F, € Ajoc(M).

The following is an obvious consequence of our notion of covariance and shows
the relation with covariant Wick products.

Proposition 6.4 Let T,y be a covariant n-fold time-ordered product on spactime
M € Obj(Loc). Given locally covariant quantum fields

1D € Nat(®D, i), i =1, ...1,

the family
T 0 CDring, - - i Ppin)

defines a natural transformation in Nat(®", ).

Finding the right notion of covariance for time-ordered products was a very impor-
tant step in understanding quantum field theory on curved spacetime. The idea was
developed by Brunetti, Fredenhagen, Hollands, Verch and Wald [HWOI1, Ver(O1,
BFVO03]. The requirement of covariance can be translated into another axiom for
Ts.

1

(T 7) Covariance: T, = ;' o T” o o®" is covariant in the sense of Definition 6.8.

More explicitely the Covariance condition can be written as
Suct o T, = T o (Froct) ™",

where ¢ € Hom(M, N), H is adistributionon N x N and ¢»* H denotes the pullback
of its restriction to Y(M) x (M), by 1.
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Using the inductive method of [EG73], generalized to curved spacetimes by
[BFOO, HWO01, HWO02a], one shows that a family of maps satisfying axioms (T 1)—
(T 7) exists and the non-uniqueness of the construction is fully absorbed into adding
multilinear maps 2/ : For — Fcl[h]], i.e.

loc

To(Fio .  F) = TH(FL . F) + 20(F1L L Fy), (6.20)

where {J},en and {5’7‘;7}" oy 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 Sect.6.5.

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

S(F1 + F> + F3) = 8(Fy + F2) x 8(F>) ™' % 8(F> + F3) (6.21)

if the support of F; does not intersect the past of the support of F3.

Definition 6.9 We define the renormalized map 7 : F — Aby T =P, o, o T/ o
ayom ', wherem™' 1 F — S"J"l((?c) is the inverse of the multiplication, as defined

in [FR12a] and F, 0 is the space of local functionals that vanish at 0.

loc

Using T we conclude that the renormalized time-ordered product -- is a binary
operation defined on the domain Dy = T(F) C 2.

6.3 Renormalization Group

In this section we discuss in detail the ambiguity arising in defining T;,’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 Z,' appearing in formula (6.20)
give rise to maps Z,, : A" — Ay, defined by

loc

Ly =,

®n
H H *

loZ;’oa

Next we define a map Z : Ajoc — Ajoc by summing up all the Z,’s relating two
chosen prescriptions to define the time-ordered products, i.e.

o0

1
Z(V) = =2V, V€ Ao,

n=0 """

For any two choices of the families {7, },,cn, the corresponding map Z, which relates
them, has the following properties:

(Z1) 2(0) =0,
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(Z2) ZM(0) =1id,
(Z.3) Z=1id + O(h),
(Z4) Z(F+G+ H)=2Z(F+G)+ Z2(G + H) — Z(G), if supp F Nsupp G,

(Z 5) %:0.

The group of formal diffeomorphisms of 2, 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 [PinO1]. Its final
version, which relies heavily on a proof of Stora’s “Action Ward Identity” [DF04,
DF07], was obtained in [HWO02b, DF04] and was then further analyzed in [BDF09].

Theorem 6.1 Let 8 and $ be two formal S-matrices, built from time ordered
products satisfying the axioms (T 1)—(T 7). Then there exists Z € R such that

§ =802, (6.22)

where Z € R. Conversely, if 8 is an S-matrix satisfying the axioms (T 1)~(T 7) and
Z € R then § defined by (6.22) also fulfils the axioms.

Proof For proof see [DF04, BDF09]. [

The abstract notion of the renormalization group can be made more concrete when
we consider a specific model. This is done by fixing a natural Lagrangian (see Defin-
ition4.6) L; € Nat(®, §1oc), Which defines the interaction term of the theory. Since
we defined the Wick-ordering in a covariant way (in the sense of Definition6.1),
the normally-ordered quantity :L;: is a natural transformation in Nat(®, ,.). For
a fixed spacetime M the map :L;:, : Z — 2, satisfies additivity, the support
property and covariance from Definition4.1. This motivates the following defini-
tion.

Definition 6.10 A quantum Lagrangian on a fixed spacetime M = (M, g) is a map
L : (M) — 2o such that

@) L(f+g+h)=L(f+g) —L(g)+ L(g+h)for f,g,h € Z withsupp f N
supp h = @ (Additivity).
(i) supp(L(f)) < 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 orthochronous Poincaré group fPIr.). We require that

L(f)(B*¢) = L(B« f)(p) for every 8 € G (Covariance).

In a given pQFT model we are interested in computing expectation values of such
quantum Lagrangians L;,i = 1,..., N in a given state w. The following result is
crucial for our framework.


http://dx.doi.org/10.1007/978-3-319-25901-7_4
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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. (]

Remark 6.7 1t is convenient to choose the state w as a quasi-free state of the form
wp.0. On Minkowski spacetime there is a distinguished choice of H as Ay, so that
A;ro = %Aso + A is the Wightman 2-point function, as in Example 5.2. In this case
wa, .0 is just the usual vacuum expectation value, which can be compared with the
standard physics literature.

We are now ready to give an abstract definition of a theory.

Definition 6.11 A theory in pQFT on a spacetime M is defined by fixing the space
€ of field configurations and a complex vector space ® of quantum Lagrangians that
is closed under the action of the renormalization group R.

From the point of view of physical interpretation, it is more appropriate to talk
aboutactions than Lagrangians. Classically, we defined actions as equivalence classes
under the equivalence relation (4.2) (see Definition4.3). In the quantum theory the
test function appearing in the Lagrangian has the interpretation of a point-dependent
coupling constant. For example in the ¢* theory the interaction Lagrangian takes the
form

1
L) =5 / A ()" () (3),

so A(x) = A f(x) is seen as a point-dependent coupling constant.

The limit where f — 1 is called the adiabatic limit. In the next section we will see
that in pAQFT it is replaced by a weaker notion, the algebraic adiabatic limit. The
presence of Lagrangians that are non-linear in the coupling constant is necessary
for example in non-abelian gauge theories, where the coupling constant enters in
different terms with different powers, in order to maintain the gauge symmetry. The
necessity of non-linear dependence on the test function was stressed in [BDF09],
where the additivity (in this book, property (i) in Definition4.1) has been proposed
as a weaker version of linearity.

The interpretation presented above motivates the following definition.

Definition 6.12
Ly~ Ly, iff supp(Ly — Lo)(f) C (f~ (1), (6.23)

where L, L, € .Z and the superscript “c” denotes the complement of a set.

In other words, we identify Lagrangians that would coincide in the limit where
the test function goes to 1.


http://dx.doi.org/10.1007/978-3-319-25901-7_5
http://dx.doi.org/10.1007/978-3-319-25901-7_4
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Definition 6.13 We define the set of actions .% as . / i, i.e. the set of quantum
Lagrangians - modulo the equivalence relation (6.23).

We are now ready to formulate the definition of power-counting renormalizability
in our framework.

Definition 6.14 A theory defined by (&, @) is called power-counting renormalizable

if ®/ L is finite-dimensional (as a vector space).

6.4 Interacting Local Nets

In this section we show how to construct a perturbative model of an interacting
quantum theory, in the sense of Definition2.54. We follow closely the construction
proposed in [FR15]. Let L = (L4, ..., Ly) be an N-tuple of Lagrangians relevant
for the physical theory we are interested in. Assume Ly, ..., Ly to vanish at ¢ = 0,
ie. Li(f)[0]=0Vf € Z(M). We choose L| = L, to be the interaction term and
the remaining Lagrangians are some chosen observables, for example conserved
currents, charges, etc. For each Lagrangian we introduce a formal parameter \;,
i =1,..., N and we denote the N-tuple of these parameters by X. Define 2" (M)
to be the space of compactly supported functions on M with values in RV
Forafixed f = (f1, ..., fv) € 2V (M) we construct the S-matrices correspond-
ingto L;(\; f;),i =1,..., N and their linear combinations, using Epstein—Glaser
renormalization. This allows us to define a map from 2V (M) to 2 by means of

N
[ 8() =8 (Z L,-(Aifi)) (6.24)

i=1

In this way we obtain a family of unitaries (see condition (T 6)) {S(f)|f € 2N (M)}
with 8(0) = 0, which generate a *-subalgebra 2, of 2A((h))[[A]] and satisfy for
f, g, h € 2 Bogoliubov’s factorization relation

S(f+g+h) =8(f+9) 89 ' *S(g+h) (6.25)

if the past J_ of supp & does not intersect supp f (or, equivalently, if the future J,
of supp f does not intersect supp /).

Proposition 6.5 Assigning to bounded simply-connected regions O C M subalge-
bras A (0) C Ay generated by {S(f)|supp f C O} and the unit defines a local,
covariant net in the sense of Definition2.54 (understood in terms of formal power
series in A valued in Laurent series in h).

Proof The isotony condition, needed for the assignment O — 2(; (O) to be a net, is
straightforward to verify. All the structures used in constructing this net are covariant,
so O +— A7 (0) is covariant in the sense of Definition2.54. The Locality axiom
follows from the fact that for functions f, g with spacelike separated supports


http://dx.doi.org/10.1007/978-3-319-25901-7_2
http://dx.doi.org/10.1007/978-3-319-25901-7_2
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supp f N Jx(suppg) = @ (6.26)

and hence
S(f)*8(9) = 8(f +9g) = 8(g) xS(f). (6.27)
O

The net {27 (0)} is not yet the interacting net we are looking for. However, it
turns out that there is another way to assign subalgebras of 2, to bounded regions
of spacetime, which takes the interaction into account. Let us come back to the
heuristic Bogoliubov formula (6.2) and its mathematically rigorous version (6.12).
Note that the formal Mgller operator Ry, which relates the free and interacting
theory, is written as the derivative of the relative S-matrix S(V)*~' » 8§(V + F). Here
V = Li(\g1) = L;(gy) for a test function g, € Z(M). We choose F = L;(\; f;),
for some i € {2,..., N} and f; € Z(M). This way we expressed the relative S-
matrix using the elements of 2. We obtain a map

[ 8,(f)=8()" *8(g+ /) (6.28)

where f,ge 2" and g = (¢1,0,...,0), £ =0, fr, ..., fn). S(g) as well as
S8(f + ¢) are defined by means of (6.24). We can now prove a crucial result con-
cerning the relative S-matrices.

Proposition 6.6 (after [FR15]) All the maps 8, labelled by different choices of g (or
more precisely ¢°), satisfy Bogoliubov’s factorisation relation (6.25).

Proof We follow the proof given in [FR15]. Let f, h € 2V (M) such that supp f
does not intersect J_(supph). Let g, ¢’ € 2N (M). Then

Sy(f+9g +h) =8 ' *8(f+(g+g)+h)
=8(9) ' *xS8(f+ g+ gN*xS8(g+g) ' *8((g+g)+h)

=8,(f +9)x8,(g) " x8(9)"" «8(g) x8,(g' + h). 0
N e’
=1

Example 6.3 For the case of N =2, g = (g1,0) and f = (0, f») we have S(g +

f) =8(Li(A\ig1) + L2(X2 f2)). Hence the derivative of S,( f) with respect to A, at
Ay = 0 is just the retarded field
,\zzo) ’

and if the quantum Lagrangian L, is linear in the test function, this reduces to

d
Ryi, ) (d_)\zLZ(/\ZfZ)

Rp, g (L2(f2)) -
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We interpret 8,( f) as the generating function for retarded observable described

by Zf\,: » Li(\; fi), under the influence of the interaction L;(g;). We are now ready
to define the interacting net of observables.

Definition 6.15 The interacting quantum net 2{; , corresponding to observables
L =(Ly,...,Ly) is defined by assigning to bounded simply-connected regions
O the local algebras Ay ,(O) C A((A)[[A]] that are generated by the relative
S-matrices 8,(f) with supp f C O, g = (g1,0,...,0)and f = (0, fo, ..., fv).

Note that the algebras 2; , are subalgebras of 20((h))[[A]] but the net defined by
Definition 6.15 differs from the net in Proposition 6.5. 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 in the global algebra, but 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 2 ,(O) can be indeed interpreted as
retarded observables, as indicated below Example 6.3.

Proposition 6.7 (after [FR15]) The relative S-matrix has the following properties:

1. 84(f) depends only on the behavior of g in the past of supp f.
2. 8,4(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 (i) Let g and ¢’ be such that supp(g — ¢') N J_(supp f) = &, i.e. they only
differ in regions outside the past of supp f. This implies

8,(f/)=8(g) ' *x8g—9g)+g + 1)
=8(9) ' *8((g—9g)+g)*8(g) ' x8(g + f) = 8y (f).

(ii) For supp(g — ¢') N J4(supp f) = & we have

84(f)=8() "' *S(f+d +(g—g)
=8(9) ' *8(f +g)*8(g) " *8(d + (9 — 9
=8(9) 7' *8(g) *S(g) ' *8(f +9) *8y(g— g
=AdS,(g— ) Sg(f)).

where we use the notation Ad B(A) = B~! x A x B for A, B € A((h)[[A]]. O

Remark 6.8 We can think of 2; ,(O) as the algebra of generating functions for
retarded fields localized in O. Note that, although elements of 24, ,(O) contain neg-
ative powers of A, their derivatives

i\
(73) dX, ...d\ Ss(f)

Iy
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are at least of order 0 in £ (see the proof in [DF01a] and the discussion in Sect. 6.2.4).
In the simple case of Example 6.2, with L; and L, linear in test functions, we obtain
the expansion

(G A" (o)™ d"+™
SN =2, niml dNTAAY Sa(f)-

n,m

Denote

D ) = Rum(Frg)
n)  axiayy ot = FnmtJ1- 920

This reproduces the expansion of the relative S-matrix into retarded products obtained
in [DFO1a]. In particular, we have

Rui(g1, f2) = Ry(Li(g)®", Lo(f2)) -

Proposition 6.7 shows that the structure of local algebras depends only locally
on the interaction. This allows us to perform the adiabatic limit directly on the
level of local algebras as a certain inductive limit (the algebraic adiabatic limit).
In the first step we remove the restriction to interactions with compact support. Let
G € C®(M,R") and let O be a bounded simply connected region in M. We define

[Glo = {g € 2" (M)|g = G on a neighborhood of J, () N J_(0)}.
Next we consider the 2 -valued maps

8c.0(f) 1 [Glo 3 g+ 8,(f) € A.

We are now ready to extend the Definition 6.15 to functions with arbitrary support.

Definition 6.16 The local net of algebras O — 2 (0O) is defined by assigning to O
the algebra generated by 8. ¢ (f), where supp f C O. For O; C O, the embedding
i0,0, of the corresponding algebras is defined on generators by

(9,0, : 86,0,(f) = 8¢,0,(f)

for f € 9N (M) withsupp f C Oy, G = (G1,0,...,0), f =0, fo. ..., fy).

Let ;. ¢ be the inductive limit of algebras 21, (0O) constituting the net defined
in Definition 6.16. Let us denote the corresponding canonical embedding into 2, ¢
by

io:ALc0) > ALe

We set
S8c(f) =io(8c,0(f)).



120 6 Interaction and Renormalization of the Scalar Field Theory

The following result shows that the net defined in Definition 6.16 is covariant in the
sense of Definition 2.55.

Theorem 6.3 Let
O 86(f) =8c(B* 1), (6.29)

where 8g(f) € AUy, G(O) 0 €5 is an element of the isometry group of M and
B*f = f op. Then a,, 5 € § extends to a family of isomorphisms aﬂ A
(0) = AL.c(BO) satlsfymg the conditions of Definition2.55.

Before we prove the theorem, we need a lemma that allows us to reduce the
problem to the problem that involves the net {{z ,(O)}.

Lemma 6.1 The evaluation maps

Y9.G * SG,O(f) g Sg(f)
extend to isomorphisms of Ay (0) and Ay, 4(O) for every g € [Glo.

Proof The only thing that we need to check is that the map ~, ¢ is injective. Assume
that 74,6 (86,0 (f)) = 74,6 (86,0 (f")) for some f, f’ with supports contained in O.
Then 8, 0(f) = 8¢,0(f’) and using Proposition6.7 we conclude that 8, o (f) =
S¢.0(f") for every ¢’ € [Glo, 50 86.0(f) = Sc.0(f). O

Proof of the theorem We have to prove that the map a given by (6.29) extends
to an isomorphism 2;, ¢(0) — QlL G(BO) Let Oy D (9 U BO and g € [G]o,. Then
g,0%g € [Glo and B*g = g + hJr + 1’ with supp hi N J£(0) = @. By the causal
factorization property (6.25) we obtain

g(‘) = "/q_}; o AdUy(f) o ag °Yg.G

where U, () = 8,,(h‘€) and
af (8(f) = 8(5°f).
It is now apparent that (6.29) extends to an isomorphism. From the definition (6.29)

it is also clear that if O; C O, then the restriction of agoz to 2z ¢ (0;) coincides

with a 91 and for any 3, 3’ € G, we have ag,o ) ago = ag,g, (I

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, BFO0, HW02a]. We will also
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show how to obtain more explicit formulas using regularization prescriptions and
combinatorics involving Feynman diagrams.

Time-ordered products T, are maps from 9’1%2 to Fc[[R]] and, as indicated in
Sect. 6.2.5, they are obtained by extending non-renormalized expressions that are
originally defined only on (Cﬂoc)gj’;. Letusconsider F=F,®---QF, € (?loc)l%f:.
Note that F induces a map from " to C by F (g1, ..., v2) = Fi(1) - Fy(©p).

When we talk about functionals on & we will denote the variable by ¢ and for

functionals on £", the variable is an n-tuple (¢1, ..., ¢,). For a multiindex 8 € Nj
we denote
5 ) S F
6’ F(sply"'580n) = ﬁ(wh "'7<)0n)’
0P .. Oy
where F is a smooth functional on € and (1, ..., ¢,) € &". Clearly §°F (¢, ...,

©n) € L(E!; C) and by Proposition 3.1 itinduces an element of ' (EXI% — p181y,

6.5.1 Existence of Time-Ordered Products (Abstract Proof)

We have seen in Sect. 6.2.5 that the renormalization problem amounts to extending
the maps T to local functionals with arbitrary supports. In fact, we will see that
it reduces to extending numerical distributions defined everywhere outside certain
subdiagonals in M" (see [BF00]). The construction proceeds recursively; having
constructed the time-ordered products of order k < n, at order n one is left with the
problem of extending a distribution defined everywhere outside the thin diagonal of
M". One way of explicitly constructing 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 6.17 Let U C RY be a scale invariant open subset (i.e. \U = U for
A > 0),and let t € 2'(U) be a distribution on U. Let £, (x) = t(\x) be the scaled
distribution. The scaling degree sd of ¢ is

sdr = inf{6 € R| /l\in%) Nty = 0}. (6.30)

The degree of divergence, another important concept used often in the literature,
is defined as:
div(t) =sd(z) —d.

The crucial result that allows us to construct time-ordered products is stated in the
following theorem:

Theorem 6.4 Lett € Z(R" \ {0}) with scaling degree sdt < 0o. 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)d of the delta function,
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where P is a polynomial with degree smaller or equal to div(t) (hence P vanishes
forsdt < n).

In order to apply Theorem 6.4, we need to reduce the problem of constructing the
time-ordered products to the problem of extending numerical distributions defined
everywhere outside the thin diagonal. In this section we work on the level of quantum
Lagrangians in the sense of Definition6.10. A construction performed on the level
of functionals will be presented in Sect. 6.5.2.

An n-fold time-ordered product of Lagrangians Ly, ..., L, induces a map
(fls'-'afn)HT:(Ll(fl)v"'sLn(fn))s (631)
We denote L = (L, ..., L,) and the map (6.31) by T}/ (L1, ..., L,) orby T .
Similarly, let I = {iy, ..., ¢} € {1, ..., n}. We introduce the notation ‘T‘ZL for
the map

(froooos i) = TELiy (O, - Li (fi).

Ultimately we need maps T/ ; to construct the S-matrix and interacting local nets,
as outlined in Sect. 6.4. For this purpose, it is convenient to formulate the problem
of constructing the time-ordered products as the problem of constructing maps T, ; .
A method formulated on the level of local functionals, rather than such maps will be
presented in the next subsection.

Let us start by formulating the axioms that the maps T,/ ; have to fulfil.

(TL 1) Causal factorisation property

T ® - ® ) =TI (1 ® - ® fo) xy T (frr1 @ -~ ® fy)

where I = {1, ..., k} and the supports supp f;, i = 1, ..., k of the first k
arguments do not intersect the past of the supportssupp 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 Jj; = J7 4, where o is a permutation of

n elements and we define o(L, ..., L,) = (Lsq), ..., Lo@). In the pres-
ence of fermions, each permutation of two elements introduces an extra
minus sign.
. . L6 _ OL;
(TL 4) Field independence: T, = 77 (Ll, L Ln).

(TL'5) ¢-Locality: 7%, = T7 (LENI, o L;NJ) + ORNY,
(TL 6) Unitarity: ‘J',f’L* = ‘T;L, where L* = (L7, ..., L¥) and LY(f) = L;(f).

(TL 7) Covariance: § ¢ (T,‘:Z(fl, v f) =T W fi - Ui fa), Where f; €
P (M), and ¢ € Hom(M, N).

In the first step we reduce the problem of defining the time-ordered products T,'
to the problem involving only C-valued distributions. To this end, we use properties
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(TL 4) and (TL 5) and write the n-fold time-ordered product J,'; in terms of its
Taylor expansion around 0.

T (i@ ® flpl =T L (i® - ® f)l0]

+ D (THE L), O L (0], 0% © - @ ), (6.32)
18>0

where 3 € Nj. In the physics literature this is called the Wick expansion.

Remark 6.9 Note that this expansion converges at each order in A, because due to
(TL 5), at each order in /& the sum contains only finitely many terms. Therefore it is
sufficient to know the time-ordered products of polynomials.

For the simplicity of notation now we restrict ourselves to the scalar field, i.e.
& =C®M,R).
Recall that ®, denotes the evaluation functional on &, i.e.

D, () = p(x).

Denote by f, the evaluation functional on Z(M). Let (., .) be the natural pairing
between (M) and € given explicitly by the integration with the integration measure
diig.

In this notation

/ PO f () dpy(x) = / (@£ (. dpy(x) = (D%, 1) (. 1),

More generally, we can consider local functionals that involve derivatives of both the
field configuration and the test function. To this end, we equip M with a co-tetrad
e and its dual tetrad. This is always possible, as all oriented globally hyperbolic
spacetimes in dimension 4 are parallelizable. Introducing a (co-)tetrad means that
effectively we work in FLoc, the category of framed spacetimes, as given in Defini-
tions2.67 and 2.68.
Using the tetrad allows us to introduce functionals of the form
€l Vi Vi, @) = e ey ViV, 0(x),

where we have used the Einstein summation convention for the indices p, ..., i,
and the round brackets around indices mean symmetrization (antisymmetric deriv-
atives will be introduced by means of the Riemann tensor). To make the notation
more compact we will write the above contraction of tetrad components with covari-

ant derivatives as
(V)(ul ..... a,l)q>x (633)

Similarly, we introduce the following functionals on Z(M):
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..... befx (6.34)

Denote by .7, the algebra generated (with respect to the pointwise product) by
functionals on Z(M) that are of the form (6.34).

The generalized Lagrangians we consider depend locally and covariantly on the
metric g. Let C be a local and covariant curvature tensor of type (0, k). It is effec-
tively a map from the space of globally hyperbolic metrics on the manifold M to
L ((T*M)®). We assume that C depend smoothly on the metric in the sense that it
maps smooth curves to smooth curves. Denote by

Capar () =€) el Cpp () (6.35)

ap

the induced functional on T'((T*M)®:2).
We are now ready to introduce the notion of Wick monomials (compare with
[HWO05, DF07]).

Definition 6.18 Define a natural Wick monomial to be a natural transformation L
from ® to Fc (both functors seen as functors on FLoc) that is of the form

Lavt(NOIe) = (Lay..oar (95 ) Poy,t () (6.36)

where M = (M, e) € Obj(FLoc), £, .., (x) is a monomial in expressions (6.33)
and (6.35), pp,...5 (x) € Fy, f € D(M), v € € and g is the metric induced by the
co-tetrad e (see formula (2.24)). The pairing (., .) is the integration over M.

Definition 6.19 Let % denote the vector space spanned by the natural Wick mono-
mials.

Since our goal is to define the time-ordered products as a family of covariant
maps, in the sense of Definition 6.8, it is convenient to work on the level of natural
transformations. As indicated above, we change the underlying category from Loc
to FLoc throughout this section and construct T,,5¢, M € Obj(FLoc), n € N.

Remark 6.10 The renormalization group R has a well defined action on #/, as well
as W'/ ~, where ~ is given by (6.23).

The combinatorics appearing in our formulas can be significantly simplified in the
algebraic language [Bro06, Dan13, BFK06]. We now show how to construct some
natural bi-algebras using natural Wick monomials.

Let H, denote the algebra of functionals of the field configuration ¢ € € and the
metric g generated (with respect to the pointwise product) by functionals of the form
La,.....q,(x), with the notation of Definition6.18.

Since the space of field configurations € is a vector space, it is in particular a group
with addition. We can consider the Hopf algebra dual to this group. Restricting to
H,, the induced co-product Ay : H, — H, ® H,> is defined by

3We use the boldface notation A7 for the co-product in order to distinguish it from A, which denotes
the causal propagator at other places in the book.
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ArL(g;0,90) =L.(g; 0+ )

and using the Taylor expansion we can express this co-product on generators as

k
AT (Cb] ..... bm (x) H(v)((l,‘l ..... a,-N,.) CDX)

i=1

Y Conn @ [Ty @ © [T Dy, @ (637)

Ic{l,...k} iel jere

where each N; € Nand a;; € {0, 1, 2, 3}.

Remark 6.11 By definition, an element of I, ® H, is a functional on " ((T* M )®s?)
x € x &.In order to obtain a functional on I'((T*M)®:?) x & (i.e. a functional of a
single field configuration and the metric) we can apply the pointwise multiplication
map m. If we want to consider functionals depending on the choice of n points of
spacetime M, we can use the exterior tensor product defined by

LWL x5 01, 0n) = Ly (g5 01) - - L4, (G5 @n)-

The unit e of 3, is identified with the constant functional Y = 1. Define the
counit

1 ifL, =e,
L) = 6.38
e(ex) {O else. ( )

where L, € J,. The bi-algebra J{, can be equipped with two gradings. Letrk denote
the polynomial rank, i.e.

k
rk (H(V)a;] ..... a,-N,. q)/\) =

The second grading is the total degree of all the derivatives, i.e.

k k
deg (H(V)a,., ..... cbx) => N,
i=1

i=1

On Minkowski spacetime the deg = 0 and rk = 0 subspace of J{, consists of multi-
ples of e, so H, is connected, the antipode can be constructed and we obtain a Hopf
algebra. In general, this is not the case, since deg = 0 and rk = 0 subspace contains

AAAAA
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Example 6.4 Consider the special case of Wick monomials of the form (®*, f) and
call these objects Wick powers. Note that

i k ®l _L k-1 1 _ k! k—I !
<5¢1¢x(<p),¢ >—(k_l)!d>x (<p)q>x(¢)——(k_l)!d>x ® D, (p, ).

Hence

0, k!
Lok f) = —— (o T @ @, f),

o (k—=1D)!
Let 2" denote the algebra generated by evaluation functionals CDf(, where the
product is the pointwise product of functionals, as in the general case, i.e.

okl = Pkt (6.39)
The coproduct A7 acts on HE™" as

(K
Ar(dF) = ( )cbf;’ ® P, 6.40
(@) ; l (6.40)
and the counit ¢ is as in (6.38). The bi-algebra H%"" is graded by k and the degree
0 component contains just e, hence the antipode exists and HY”" becomes a Hopf
algebra, which is a subalgebra of H,.
We write the Taylor expansion of CDfC as

D (p + 1) = Ar (D) (p, ).
Hence

k
Ar(@* )= (];) (ot @ @', 1), (6.41)

and we obtain

(@, £) (0 + 1 ) = (A7 (DY), £) (0, 3 f).

We come back to the general case. Note that the representation of a Wick monomial
in terms of L, 4 and pp, 5 (see formula (6.36)) is not unique, since we can
perform partial integration. Nevertheless, it is worth to put up with this redundancy
for the moment in order to get a simple characterisation of #'.

Replace the evaluation functionals (V). 4, Px, Cq,....q (x) with abstract gener-
ators (V)g,...a, P, Cq,.. 4 Consider the free algebra generated by these symbols and
define the coproduct A7 by adapting formula (6.37). Unit and co-unit are introduced
as above. The resulting bi-algebra is denoted by H and by definition is isomorphic
to H,, so by choosing a spacetime M and fixing x € M we can identify abstract
elements of H with concrete functionals.

.....

.....
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Now take the free algebra generated by the symbols (V),,. ., f and denote it by
. By definition, every natural Wick monomial L € % can be represented (non-
uniquely!) asapair (L, p), where L € Hand p € % .Take L = (L4, ..., L,), where
Ly,...,L, € # and choose their representations (L1, p1), ..., (L,, p,) in terms
of elements of 3 and .% . The Wick expansion (6.32) can now be written in the form

(‘Tn,L)HJv[
= Z (t:(Ll(l),...,Ln(l))-m(Ll(z)@...ﬁﬁn(z)),p]X~~®pn),

(6.42)

where we use the Sweedler notation L = 3 L(1) ® L), m is the pointwise mul-
tiplication of functionals, the notation with X is clarified in Remark6.11, and the
product - is the pointwise multiplication of a distribution on M" and a functional-
valued map on M".

It is clear from (6.32) and (6.42) that constructing the time-ordered products of
Wick monomials reduces to extending some numerical distributions

(L, L) =t e

Using the axioms (TL 1)-(TL 7) we can formulate the corresponding axioms for
t: s (see [HWOL]) for details. We label these axioms by (t 1)—(t 7). The non-
uniqueness in representing Wick monomials in terms of pairs (L, p) implies some
extra conditions on ¢’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 consistency, distributions 7, have to satisfy the following
condition:

(t 8) Action Ward Identity

VI (L, L) =1L, L e VL L L), (6.43)

n'n

where Vi is the covariant derivative with respect to the variable x;.

It was shown in [DF07] that on Minkowski spacetime this condition can be fulfilled
also for the extensions of #’s to the diagonal. Before AWI has been proven, the con-
struction of time-ordered products was known only on the level of formal generators
(here formalized in terms of H and .%), not as functionals on the configuration space.
It was then suggested by Stora [Sto02] to impose the additional requirement (6.43).
The proof of this requirement achieved in [DF07] was a major breakthrough in math-
ematical 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.

The construction of time-ordered products (T% )3, proceeds inductively. To sim-
plify the notation we keep the index M implicit. We assume that the maps Ji p with
k < n are constructed for all possible k-tuples L’ of generalized Lagrangians of the
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theory. For a power-counting renormalizable theory this is achieved through extend-
ing finitely many distributions 7, , (compare with Definition6.11). Using the causal
factorisation property (TL 1) we fix the values of T, outside the thin diagonal
Diag,,.

Maps constructed this way are called non-renormalized time-ordered products
and we denote them by T,’; L

Definition 6.20 Let / be a proper subset of {1, ...,n} and we denote by C; the
subset of M" defined by
Cr={(x1,....x)lx ¢ Jt(x;) foralli € I, j € I},

where /€ is the complement of /.
The sets C; are open and they constitute an open covering of M" \ Diag,,.

Definition 6.21 Let I be a proper subset of {1,...,n}. Let (fi,..., f,) be test
functions such that supp f; < supp f; foralli € I, j € I¢. Define

770\1,L(f1a e o) = {Iﬁ‘,L(fI“) *p (-TZL(fI),

where for I = {iy, ..., it} we define f; = (fi,, ..., fi.)-

For each T7; ; choose a representation as

Treyr = (w?“H,L’ XK Pn),

where wyc|; ; is a functional-valued distribution on M" and py, ..., p, € Z.

Let {g;} be a partition of unity subordinate to the open covering introduced in
Definition 6.20. We define the non-renormalized time-ordered products ‘I,’l’ £ As maps
on test functions such that supp(f; - ... f,) doesn’t intersect Diag,. We set

T:,L = Z (91 'w;luf,La p XX Pn),

I1C{L.n)

The construction presented here depends on the choice of the partition of unity and
distributions wy) ;. 1, but since we are only interested in showing existence, we are not
concerned about this issue. The following proposition has been proven in [HWO01].

Proposition 6.8 Assuming that time ordered products ‘J',f o Withup ton — 1 argu-
ments have been defined in such a way that they satisfy properties (TL 1)-(TL 7) as
maps on 2"~'. Then the maps ‘T,‘;’ 1 automatically satisfy the restrictions of proper-
ties (TL 1)~(TL 7) to maps on test functions functions such that supp(fi - ... f)
doesn’t intersect Diag,,.
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Proof See the proof in [HWO1]. (]

Combining the result above with the Wick expansion, we can conclude that the
renormalization problem reduces to extending numerical distributions f,‘;{ r, to Diag,,.
It is convenient to impose some additional, more technical requirements, which
control the regularity of distributions 7, - . These are:

(t9) Almost homogeneous scaling,
(t 10) Microlocal spectrum condition,
(t 11) Smoothness,

(t 12) Analyticity.

The final two axioms concern the dependence on the background metric. The precise
statement of these axioms can be found in Sect. 3.3 of [HWO1].

Theorem 6.5 (after [HWO1]) There exists a family of distributions t;” c» 1 € Nsat-
isfying the axioms (t 1)—(t 12).

Proof See [BF0OO, HWO01, HWO05]. A more robust and mathematically cleaner
method for constructing such distributional extension has been provided in
[Dan13]. O

Having constructed the numerical distributions t: r, satisfying conditions (t 1)—(t
12) we use the formula (6.42) to construct maps T,/ (L1, . . ., L,) satisfying properties
(TL 1)-(TL 7). Using linearity and contracting with appropriate p € .#, 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 distinguished vacuum representation.

6.5.2 Explicit Construction and Feynman Graphs

In Sect. 6.5.1 we have reviewed the existence proof for time ordered products, refor-
mulating it in the language of the functional formalism. The drawback of the method
presented there was that it relies on a (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 function-
als, 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 Minkowski spacetime, so we set H = A; and A;’O =
%A s, + A is the Wightman 2-point function. In this case A‘;O is the “standard”
Feynman propagator.
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Theorem 6.4 allows us in principle to extend all the numerical distributions we
need for the construction of time-ordered products. Although it is possible to argue
on the level of T7'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, butinstead they are derived (together with the corresponding
Feynman rules) from the definition of time-ordered products.

Let us denote DY = (A, 5@; -) and recall that D = (A, 5 2%y The Leibniz
rule for differentiation can be formulated as

) )
—om=mo — 1, (6.44)
dp (; 5%‘)

where m is the pointwise multiplication (in this case of n arguments), or in other
words, the pullback through the diagonal map € — £", o > (¢, ..., ).

Proposition 6.9 The unrenormalized n-fold time ordered product TJ)! (3"1(,0)§1'; —
FucllP]] can be expressed as

TUF, ... F)=moe" i (F® - ®F,).
Proof By definition we have
TFy,....F,)=Fj qn - qn Fy=e>™ om(e *P"'Fy,...,e”? P'F,).
The Leibniz rule implies that
e DF om = m o el T DEHEEi DY
hence
TUF, ... F) =moe" T P I T (o= 30F o BPF F).

It is now clear that all the factors e~ P¥ cancel, which proves the result. O

Let us denote -
ij
Tn = eh2i<,- DF s

so T,, is a map from (Froe)E" to ’J"” The identity

pds

(o)
T TS At (6.45)

i<jlij=0
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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 /;; be the number of lines e € E(I")
connecting the vertices i and j. We set [;; = [;; fori > j and [;; = 0. If e connects
i and j we set Je := {i, j}. Then

T,= > Tr, (6.46)
reg,
where
Tr = ———{ir, or), 6.47
r Sym(F)< r, or) (6.47)
with
S2IEM)]
or =
HieV(I‘) He:ie@e 0pi(Xe,i)
and
tr= [ hal (e i € e) (6.48)

ecE(I)

The symmetry factor Sym(I") is the number of possible permutations of lines joining
the same two vertices, Sym(I") = Hi<_j l;;!. Note that Tt is a map from (3"10C)§Z(r) to
FIVIOI[[A]], where ® V (I') 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 (F,)®" is now 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, CKO1] (see [Pin00, GBLOO,
DFKR14]).

Note that functional derivatives of local functionals are of the form

N !
Fmew”m=/§ymmmmquaﬂpw—mww,
j=1 i=1

(6.49)
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 0, can be replaced with 0, and applied to ¢;[¢]. Another representation
of F"(y) is obtained by performing the integral above and using the centre of mass
and relative coordinates:

FO@)(xr,..ox) =D filel)d"5(x™) (6.50)

where (§ € Ng(lfl), test functions f3[p](x) € Z(M) are now ¢-dependent functions
of the center of mass coordinate z = (x; + - - - + x¢)/k andx™ = (x; — z,..., X —
z) denotes the relative coordinates.
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Using (6.49) we see that the functional differential operator ér- appliedto F € S’%;’
yields, at any n-tuple of field configurations (1, . . ., ¢, ), acompactly supported dis-
tribution in the variables x, ;, i € de, e € E(I") with support on the partial diagonal
Diagp = {x,; = xy;,i € deNdf, e, f € E(T')} ¢ M?ED! and with a wavefront
set perpendicular to 7'Diag.. Note that the partial diagonal Diag can be parame-

trized using the center of mass coordinates

. 1
I=———= E Xe,vs
valence(v ’
( ) e:vede

assigned to each vertex. The remaining relative coordinates are xge,lj = Xe.y — Zvs

where v € V(T'), e € E(T') and v € de. Obviously, we have >, o, x¢ = 0 for all

v € V(I'). In this parametrization dr F can be written as a finite sum

6FF - Z fﬂaﬁ(;rel,
B

where (3 € Nﬁ'””‘, each f%(py, ..., ¢,) is a test function on Diag and dy is the
Dirac delta distribution in relative coordinates, i.e. d;e(9) = ¢(0, ..., 0), where g is
a function of (x;e,l), veVI),ee EXI)).

We can simplify our notation even further. Let Y- denote the vector space spanned
by derivatives of the Dirac delta distributions Jsd., Wwhere (3 € NSIV(F)\. Obviously,
Yr is graded by |3]. Let Z(Diagp, Yr) denote the graded space of test functions on
Diagp with values in Yr. With this notation we have or F € Z(Diagr, Yr) and if
F e (Floc)f)%';, then or F is supported on Diag \ DIAG, where DIAG is the large
diagonal:

DIAG = {z € Diagp|Fv,w € V(I'), v # w : z, = Zu} .

We can now write (6.47) in the form

1

m(ﬁ% 5[‘> = Z(-fﬁaﬁ(srel» t[‘)

15

where the sum contains only finitely many terms and # is now written in terms of
centre of mass and relative coordinates. To see that this expression is well defined,
note that we can move all the partial derivatives J3 to f1- by formal partial integration.
Then the contraction with d,¢ is just the pullback through the diagonal map pr :
Diagp — M2IEM! given by

(pr(2))en = zp if v € Oe.

From the wavefront set properties of AFU, we deduce that the pullback p}. of each

t{j = Optr is a well defined distribution on Diag\DIAG, so (6.47) makes sense if

F e (i?loc)l?d’;, as expected. We conclude that r € Z(Diag-\DIAG, Yr), where the
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duality between 71 and a “test function” f = > s f /’655 is given by

(. ) =D (el fa).

¢

The renormalization problem now reduces to finding the extensions of all the distri-
butions tlg appearing in the above expression, so that - gets extended to an element
of Z(Diagp, Yr). The solution to this problem is obtained by using the inductive
procedure of Epstein and Glaser. The induction step works as follows: if ¢+ is known
for all graphs I'" 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 that are irreducible and do not contain any
non-trivial irreducible subgraphs are called EG-primitive. For the remaining graphs,
called EG-irreducible, tr is defined uniquely on all f € Z(Diagy, Yr), where f3
vanishes together with all its derivatives of order < wr + |3| on the thin diagonal of
Diag. Here
wr = (d—=2)|EM)|—d(VI)|—1)

is the degree of divergence of the graph I' and d denotes the dimension of the
Minkowski spacetime M (in our case d = 4). We denote this subspace by Z,,. (Diagy-,
Yr). Renormalization amounts to projecting a generic f to this subspace by a trans-
lation invariant projection Wr : Z(Diagr, Yr) — 2, (Diagr, Yr). Different renor-
malization 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 from the EG point of view one con-
structs objects (e.g. time-ordered products, the S-matrix) which are already renor-
malized and can be physically interpreted. In other approaches, one first introduces
some regularization, which renders the Feynman graphs well defined, and then in
the next steps performs renormalization, which is some procedure that allows one
to recover physically relevant information after the regularization parameters are
removed by some limiting process.

In this section we show how introducing an explicit regularization procedure is
related to the problem of extension of distributions.

Definition 6.22 We define

R = {f € ZR) | (0" /)(0) =0 V|a| = A} (6.51)
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to be the space of functions with derivatives vanishing up to order A and Z;(R") is
the corresponding space of distributions.

Theorem 6.6 ([Ste71, BF00]) A distribution t € 2'(R" \ {0}) with scaling degree
sd(¢) has a unique extension t € 2\ (R"), A = sd(t) — n that satisfies the condition
sd(?) = sd(¢).

Definition 6.23 ([DFKR14]) Lett € 2'(R" \ {0}) be a distribution with degree of
divergence A, and let 7 € 2, (R") be the unique extension of ¢ with the same degree
of divergence. A family of distributions {¢*}ccq\(o}, 1* € Z'(R"), with Q C C a
neighborhood of the origin, is called a regularization of z, if

Vg € Z\(R") : éin}) t, g) = (1, g). (6.52)

The regularization {¢¢} is called analytic, if for all functions f € Z(R”") the map
Q\ {0} 3 ¢ (5 f) (6.53)

is analytic with a pole of finite order at the origin. The regularization {¢°} is called
finite, if the limit limgﬁo(tf, f)eCexists Vf e Z(R"); in this case lim¢_.q €
2'(R") is called an extension or renormalization of 7.

Given the unique extension 7 one can define an (in general not unique) extension
of ¢ to a distribution in Z(R") by the choice of a projection W : Z(R") — Z,(R")
defined as

Wr=f— 2 w df0), (6:54)

[yI=sd(t)—n
given in terms of functions w, € Z(R"), |B| < sd(t) — n, fulfilling
"wz(0) = (5} Vy e Nj (6.55)

In particular, it was shown in [Kel10, DFKR14] that for an analytic regularization
{t°} we can write (6.52) in the form

@Wh =lm | )= D> 1 w) 9O | (6.56)

[vI=sd(t)—n

and each of the two expressions appearing inside the square brackets can be expanded
in a Laurent series around ¢ = 0. This allows us to perform Minimal Subtraction, as
done in

Corollary 6.1 (Minimal Subtraction [DFKR14]) The regular part (rp = id — pp,
where pp denotes the principal part) of any analytic regularization {t°} of a distrib-
utiont € 9'(R" \ {0}) defines by
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(™S, f) = %ig(l)rp(vc, 12) (6.57)

an extension tMSof t with the same scaling degree, sd(tMS) = sd(t), which we call
the Minimal Subtraction.

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

S = (ling 8¢ o 28, (6.58)

It was shown in [DFKR 14, 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 6.12 Note that, by construction, the maps 2¢ obtained in this way are local,
so the construction provided in [DFKR14] automatically yields local counter terms.
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Chapter 7
Gauge Theories

In Sect.4.3 we saw that the space of multilocal on-shell functionals Fs(MM) can be
characterized as the Oth homology of the differential complex (AV, ds) (see 4.10).
The 1st homology of this complex is interpreted as the space of non-trivial local
symmetries. Now we discuss the quantization of theories where this homology group
is non-trivial, using the BV framework, in the version proposed in [FR12b, FR12a].

7.1 Classical Gauge Theory

Recall from Sect.4.3 that A\ 'V, as the space of multivector fields, is equipped with
the natural structure of the Schouten bracket {., .} and the BV differential § is locally
generated by the bracket in the sense that

5sX = (X, S}.

The triple (A 'V, {., .}, ds) is an algebraic structure called a differential Gerstenhaber
algebra.In the quantized theory this structure, together with a certain grade 1 operator
gives rise to a BV algebra.

In this chapter we will use a slightly formal notation X (p) = [ X, () % intro-
duced in Sect. 3.4 for a vector field X € V. This notation allows us to make contact
with the standard physics literature on the BV formalism, if one identifies % with a

formal generator (¥, called the antifield.

The structure described above also appears in theories where local symmetries 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 a certain graded infinite
dimensional manifold, which we denote by €. We show how this space is constructed
on the example of Yang—Mills theories and the free electromagnetic field.
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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 spacetime should be first constructed
from “simple building blocks”, i.e. algebras associated to regions that are topologi-
cally trivial, and the global structure should be recovered from the properties of the
extension of the local net to a structure where arbitrary regions are allowed [Rob76,
Rob77]. Therefore, it is sufficient for our purposes to restrict ourselves to trivial
principal bundles.

Globally the configuration space € for a Yang—Mills theory should is the space of
connection 1-forms. After fixing a background connection Ay we can characterize
all the connection 1-forms in terms of one forms on M with values in the associated
bundle £p = P x g €. We denote this space by Q! (M, €p) and use it as our con-
figuration space. As the bundle we consider is trivial, we choose Ay is the 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, tp) of one forms on M with values in the associated bundle £€p = P x g &.
Since P is assumed to be trivial, & = Q1(M, ¥).

Let F 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

1
Lyu(f)(A) = _E/Mf tr(F A *F), (7.1)

where FF = dA + %[A, A], * is the Hodge operator and tr is the trace in the adjoint
representation, given by the Killing—Cartan metric. The equation of motion reads:

S! (A) = Dy%F =0,

where D, is the covariant derivative induced by the connection A. To analyse
H'(AV, ds,,), we will explicitly construct non-trivial symmetries of the action
corresponding to the Lagrangian (7.1). Let us define the gauge group as the space of
vertical K -equivariant compactly supported diffeomorphisms of P:

§ :={a e Diff (P)|a(p - g) = a(p) - g, 7(a(p)) =7(p), Yge K, p e P}.

We can also characterize Gas I'.(M, P x g K) and for a trivial bundle P this reduces
to C°(M, K). It is known ([Nee04, G1602, KM97], see also [Nee06, Woc06]) that
C°(M, K) can be equipped with the structure of an infinite dimensional Lie group
modelled on its Lie algebra g. = C2°(M, £). Since the gauge group is just a subgroup
of Diff (P), it has a natural action on Q'(P, &)X by the pullback. This induces the
action of G on &, and the corresponding derived action o of g, is given by

o(c)(A) =dc+[A,c] = Dac, ce€g. (7.2)
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The Yang—Mills action is invariant under the transformation (7.2), in the sense that
(S/,,(A),0(c)(A)) =0, VYAec& Vceg.,

so ¢ induces a map from g, to V, whose image is contained in the kernel of Js,,, .
More generally, we consider & = € (&, g;), the space of multilocal functionals on
the configuration space with values in the (complexified) gauge algebra, and a map
p:® — Vdefined by p(E)(A) = 0(E(A))A,i.e.

Iz F(A) = (FV(A), 0(E(A))A).

Remark 7.1 The assignment of & (M) to M induces a functor from Loc to Vec,
which we denote 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 ‘U, 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) — T¢E given by (A, ¢) — (A, p(c)A). In this way
€ X g, is made into a Lie algebroid.

7.1.2 The Koszul-Tate Complex

The invariance of the Yang—Mills action under o implies that p(®) C Ker(ds,,,). In
fact, one can characterize all non-trivial local symmetries in this way, in the sense
that for each X € Kerdg,,, there exists an element E € & and a trivial symmetry
1 € 6s,, (A*V) such that

X =1+ p(E).

We can use this fact to kill the homology in degree one of the differential complex
(4.10). We extend the complex by adding & in degree 2 and symmetric powers of &
in higher degrees. This idea is made precise in the following definition.

Definition 7.2 The underlying algebra of the Koszul-Tate complex is
KT = Om(E ® E*[1] @ g*[2])

where g* = C*°(M, £*) and the notation Oy, is explained in Definitions 3.24, 3.25
and 3.26.
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Remark 7.3 Note that X7 contains /\ V and & as subspaces. To see that KT contains
&, note that

Om(g™2) C [ i@ - M5 & C
k=0

with appropriate WF set conditions. For Ol (g*[2]) the WF set has to be empty,
hence (‘_)I‘nl (g*[2]) = g, ® C and therefore

2 2

For the precise definition of C3;, see Definition 3.26.

We equip KT with a differential 6, which acts on A V as dg,,,, on & is given by
p and we extend to the whole space KT by means of the graded Leibniz rule. The
resulting differential complex is called the Koszul-Tate complex.

6=Fsyy ®p 0=y,

2
...—>/\V@® W% T -0 (7.3)

The Oth homology of this complex is J,, and higher homologies are trivial, so
(X7, 0) provides a resolution of Fy,,, .

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—Eilenberg complex.

Definition 7.3 The underlying algebra of the Chevalley—Eilenberg complex is C€ =
Omi (€ & g[1]), where g = C*(M, ).

Remark 7.4 The graded manifold & = & & g[1] is called the extended configuration
space.

The Chevalley—Eilenberg differential y is constructed in such a way that it encodes
the action o of the gauge algebra g on &, induced by (7.2). For F € F we define

VF € Orlnl(g) =CX (&, g“) as
(YF)(A, ¢) = (a(c)F)(A) = (FV(A), Dac), (1.4)

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
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yw(cy, ) = w([cy, e2]) .

Since 7 is required to be nilpotent of order 2 and has to satisfy the graded Leibniz
rule, for a general F € 07 (E) we define

q
(YF)(A; co, ... €q) = D (=1 Do) (ticpn..orncy FI(A)
i=0
+ DDA e ¢ G Gy,

i<j

where the hat over a variable means that this variable is omitted and ¢ denotes the
insertion of n-vector fields into an n-form. The differential complex looks as follows:

0350, (8) > 03(8) > .. (7.5)

Note that from (7.4) it follows that the kernel of + in degree O consists of 4all the
multilocal functionals invariant under the action o. Hence H*(CE, ) = F", the
space of invariants.

Remark 7.5 Note that the assignment of CE(MM) to a spacetime M induces a co-
variant functor €€ from Loc to Vec and the differential « can be lifted to a natural
transformation.

Remark 7.6 Formally we write elements of CE as sums of functionals of the form
F(A) (e, ..., cn)

Z / f(A)(xlv D) xn)al ..... az,,cl(xl)a1 e Cn(Xn)and,u(xl) e d/-j/(xn)’

ay,....ay

where f(A) e I, (M", Eg”). Let us denote by C¢ the evaluation functional C$(c) =
¢?(x) (compare with Sect.3.3). Clearly C*(x) € g’. We call these evaluation func-
tionals ghosts and we write

F(A.O)= > /f(A)(xl,...,xn)a, ..... 0

a)<...<ay,

SCx)M . C(x)™dp(xy) ... dp(xy,).

Following Definition3.21 from Sect. 3.3 we introduce g—’c, the graded left derivative

on Oy (E) .
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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 looking
back at the example of scalar fields, which we recalled at the beginning of this
section. There, in order to characterize 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 algebra of functions on

T [—11€ = E@ gl ® &' [-1] ® g*[-2]. (7.6)

the odd cotangent bundle of &, with the negative grading on the fiber. Here g* =
C>®(M, ¥*) and €* is the algebraic dual of ¢. To give the odd cotangent bundle a
meaning in the infinite dimensional situation we again apply Definitions 3.24, 3.25
and 3.26 from Sect. 3.3 and define

BY = O (T [—1]8). (1.7)

to be the underlying algebra of the BV complex. This geometric interpretation fits
very well with the spirit of the functional approach; we are still working with multi-
local functionals but we have to pass from infinite dimensional manifolds to graded
infinite dimensional manifolds. Clearly, both C€ and KT with inverted grading' are
subalgebras of BV.

On BV we introduce two gradings:

e the pure ghost number #pg, which is inherited from the grading of the Chevalley—
Eilenberg complex, 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 — #af

and it reflects the grading of the graded manifold (7.6).

We will now extend the differentials ¢ and «y to the whole of BYV. As in the case of
the scalar field, BV can be equipped with the graded Schouten bracket {., .} defined
by formula 4.12. It fulfills the following properties:

I'The grading assigned to the vector fields in the bicomplex BV is minus the grading of the KT
complex. In the mathematical literature, the resulting structure is called a Beilinson—Drinfeld algebra
[BDO04], rather than a BV algebra.
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{(X,Y}= _(_1)(0(-+—1)(Fy4—1){y7 X},
0={{X, Y}, Z} + (=D >Detayy 7}, X)
4 (_1)(fz+l)(6x+6y){{Z, X}, Y},

where ey = #gh(X) mod 2, similarly for ey and €. We use this structure to extend
the Koszul-Tate differential to the whole algebra BV by setting

§X = (X, S}, 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 Lagrangian that implements
~. Firstly, note that the assignment of BV(M) to spacetimes M induces a functor
BU : Loc — Vec. We denote this functor by B0.

Proposition 7.1 There exists a natural transformation 6 : © — B0 such that

YX ={X, O ()}
where f =1 onsupp f and X € CEM).

Proof - is a derivation of €&(M), so by definition a vector field on E(M). It can be
written as

(A C)—<i (C)A> l<i CC>
TSI =Asa0 7 +ta\sc e

or in the antifield notation

Y(A, C, A%, CH) = (A%, o(C)A) + %(Ci, [C.Cl),

where we use the identification C* = ;—'C In order to obtain an element of BV, we

modify v by multiplying with a cutoff function. Define

Oni (A, C, A*, C*] = (A%, o(FO)A) + 3 (c*, f1C, C).

This definition is local and covariant and it can easily be checked that 6 € Nat
(D, BY). O

Note that Proposition4.2 easily generalizes to natural Lagrangians in Nat(®, 8°0),
so we can conclude that for a fixed spacetime M, ¢ is a generalized Lagrangian.
We will denote the action corresponding to the Lagrangian 8¢ by vy, or simply +,
if we work on a fixed spacetime. We can now write

VX ={X, 0n(f)}), X € BT,
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where f = 1 on the support of X. On a fixed spacetime we will just use the shorthand
notation

X ={X,7}

since -y can be understood both as a differential on CE and a generalized action. We
define the BV differential as the sum

SBv:(S""Y:{-aSyM +7}’

and call S**' = § + v the extended action of the Yang-Mills theory. In this case
52, =0, since both § and v 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 [Rejl13]. In general, s;, 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 natural Lagrangians. First we
need some notation. Extend the equivalence relation (4.2) to natural Lagrangians
depending on several test functions.

Definition 7.4 For L;, L, € Nat(D*, BY,.), we say that L ~ L, if:

supp((L1 — L) (f1, .-, fr)) C supp(dfi) U---Usupp(dfi),
Yfi, ..., fr € DKV (7.8)

Next we lift the antibracket to the level of natural transformations.

Definition 7.5 Let L; € Nat(®?, BYj..), L, € Nat(D?,B%Y,,.) be natural
Lagrangians. We define

{Ly, Loy (f1s oy fpq)

1
= T Z {LlM(fTr(l)’ cee fﬂ'(l?))» LZM(fﬂ(p+1)v e f7r(p+q))}» (79)

TESp1q

where P, , denotes the permutation group.

It was shown in [FR12b] that the nilpotency of s,, is equivalent to the condition
that
(L, L% ~ 0, (7.10)

formulated for the natural Lagrangian L. The equivalence relation ~ was intro-
duced in Definition4.3. Condition (7.10) is called the classical master equation. One
can now formulate the problem of finding the BV differential that extends § + 7y 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
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0 0 0 0

S A — v — ¥ ——0
b : :
s s (8 Beg) —— C(Eg°) —— 0

g ! L

The grading of the total complex is #gh. Note that the first row is just the Koszul—
Tate complex KT with inverted grading. The higher order rows are obtained by
tensoring KT with powers of g’ and taking appropriate topological completions, so
they are resolutions as well. A standard result in homological algebra tells us that
the cohomology of the total complex is given by

HY(BYV, 55,) = H (Hy(BV, 8), 7).

Note that taking the Oth homology of § amounts to going on-shell, while taking the
Oth cohomology of  characterizes gauge invariants. Hence,

HY(BYV, 5,) = T,

is the space of gauge invariant on-shell functionals.

7.2 Gauge-Fixing

In the next step we use the differential complex (BV, s;,) 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 retarded and advanced Green’s operators. The idea
now is to find an automorphism o of (BV, {., .}) such that S = (S°X') 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 W € Nat(®, *B°Y) be a natural Lagrangian of degree #gh = —1.
We call it the gauge fixing fermion and define

o0

1
oy (X) :ZZE{‘I'M(f)w--v{\IJM(f)»X}u-}» (7.11)

n=0

n

where X € BYU(M) and f = 1 on supp X.

A concrete form of W 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.
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We extend the BV-complex by adding to the configuration space the non-minimal
sector. It consists of the Nakanishi—Lautrup fields b € g*[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=Edglll®g' 0] @ g'[—1].

The underlying algebra of the BV complex is defined as the space of multilocal
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: s F = 0, and
sG = iTlG for F € §'g’°, G € \' g°, where i IT denotes the grade shift by +1 and
multiplication of the argument by i. The last operation is just a convention used
in physics to make antighosts hermitian. We adopt it to stay consistent with the
literature. The extended Lagrangian is now:

exi _ ! 9 o
L(f)[A] = 2/Mftr(F/\*F)+<6A,a(fC)A>+2<6C,f[C,C]>+

_.< or fB>
"\sc '
(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 S = vy () and s = ay 0 55, © ag,l ={., §}. Clearly, we
have HO(BV, s) = HY(BV, s,,) = 3"2““ (M), so we didn’t lose 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

6% — —
Wi (fIA] =i/f (En(c, B) +(C,xd *A)E) du, (7.13)
M

where & is the pairing on £* induced by the Killing—Cartan form on the Lie algebra €;
(., .)¢ 1s the pairing between € and its dual €*. The transformed extended Lagrangian
takes the form
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I:m(f)=—%/ftr(F/\*F)
M
+i/f(dé, *DC),
M
«
_/f(E’Q(B’BH(Bv 'd *A)e) dp+ Ly (f), (7.14)
M

where L, (f) is the term with #af > 0.

Now it is convenient to redefine the gradings again. Let #ta denote the toral
antifield number, which is 1 for all the vector fields on € and 0 for functions. We
decompose s with respect to this grading and obtain two terms

s=0+7,

where the first term has #ta = —1 and the second #ta = 0. Both § and 4 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 ¢ =
(A, ¢, ¢, 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 distributions
(see Sect.3.3 and [Rej11b]) given by

[ ) , £
(COPRTETEE < S s L w§>,

where ¥, € &, ¥, € &, are field configuration multiplets and f = 1 on the support
of ¢,. Note that §” induces normally hyperbolic equations of motion, so using (4.3)
we conclude that there are no non-trivial local symmetries and hence (BV, 5) is a
resolution. Explicitly the gauge-fixed equations of motion take the form

*'DxDA = —dB — i[dC*, C]™, (7.15)
s'dxA+aB* =0, (7.16)

*'dxDC =0,

' DxdC =0,

where Dw = D + [A, w] denotes the covariant derivative and for £ € £*, we de-
note £* = (&, .) € £. Acting with %' D* on equation (7.15) we obtain:

$s'DxdB = —i % [dC_‘*”, *DCT™ .

Equation (7.16) is the gauge-fixing condition.
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The differential 7 is called the gauge-fixed BV differential, or just the BRST
differential. The action of 7 on the elements of BV is summarized in the table below.

gl
Fed(FV dc+[.,Cl)
c  +ilc.C]
B 0
C B

Because (BYV, 8) is a resolution, we can characterize the space of gauge invariant
on-shell functionals as

gy, = H'(BV,s) = H'(Hy(BY, §), 7).
The advantage of this reformulation is that now we are working with field equations
that are normally hyperbolic and the abstract homological argument tells us that the
we still recover the correct space of functionals at the end.

For the action S we can find A? and AIS* and introduce the Peierls bracket {., .}
on BV, analogously to (4.8):
50,G

af

LF. GJ(g. by c.C) =

<61F
o,

v - A R
ﬁ, s 5@3>(g,bu,c,cﬂ), Ag = A5 — Ag.

Note that L can be expressed as

L(f) = LYM(f) + ﬁ(w(f)),
and S,,, is invariant under 7, so S is also y-invariant. The latter can be expressed as
{(L,0} ~0, (7.17)

where 6 is the natural Lagrangian implementing 7. This identity allows one to prove
the following result, stated in [FR12a] generalized in [BFR13].

Proposition 7.2 (after [BFR13]) The BRST differential v is a derivation with
respect to the Peierls bracket induced by the gauge-fixed action S, modulo the
image of 6.

Proof To prove the result we need to show that
mo(A®1+1®7) o Dag=moDa,o(7Q1+1®7),

modulo the image of 4. Where
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0, Or
Pl o)

&
a3 #

Note that, in contrast to differential operator DA introduced in Sect. 5.1, D, depends
on ¢, since the action S is non-linear. After a short calculation, we obtain the following
condition (compare with Prop. 2.3. of [Rej13]):

(=DK% As (@)™ (x, y) + K5 As(@) 7 (x, ) = F(As(0)™ (x, ),
(7.18)

where |o| denotes #gh(?), while K, is defined with the use of the evaluation
funsctionals ®¢ as

Yo, B¢ = Z K, ()7 = (K, ),
o

and ~yp,, is the linearization of 7y around . In a more compact notation we can write
this condition as

(=D7I(Ky 0 As())™ 4+ (As(p) 0 KD = F(As()™),

where K ; means taking the transpose of the operator-valued matrix and adjoints of
its entries. Now we use (7.17) to conclude that we can write

<6rL(f/)
dp®

,é“<f)> =F(f. ),

where §° (f) is the term in 0( f) which is contracted with —- 6 - and F is a generalized
Lagrangian, with the support contained in supp(f) U supp( f ). We can now apply
on the both sides the differential operator < fi AR ()5 o ) o7 5 -, AR ()™ f2>, where
f1, f» € Z(M). We obtain

o, O,
<f1A‘§<so)”3 < 50 50 6 —L(f"), 9“(f)> A‘;(w)””fz>

s 5,60
+<f1AI§<so>“"°<5@ L), 2 (f)>,A‘§<so>“”fz>

s 5,60 )
+<f1A‘§<so>Wo<5 LU, (f)>AR< )*“fz>

o 6rL(f) 61 5r e KV
+<f1Al§(<p)‘30< S 5o 507" (f)>,Al§(<p) f2>

oy
= < 5o 5 T - I, A5@" fi @ (Afj)“”fz>
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Setting ' =1 on the support of f we see that the last term is proportional to
the 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 AIS{(@) is the Green’s function for S”.
As for the right-hand side, we choose f and f’ such that they are equal to 1 on
J~(supp f2) N JT(supp f1). Now use the fact that F is local and depends locally on
both f and f’, and the support of F(f, f') is contained within supp df U supp df’.
It follows that the term on the right-hand side vanishes and because f;, f» were
chosen arbitrarily, we obtain the identity

YAD = (=DI(K, 0 AS ()7 + (A (0) 0 K))™.

The same argument can be applied to A§ (), so the identity (7.18) follows. This
concludes the proof. (]

Since 7 is a derivation with respect to the Peierls bracket modulo the image of 5,
L., .] 5 is well defined on Hy(BV, 5) and on ?‘;: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 T*[— I]E.

The classical net of local algebras on a spacetimes M is then defined by assign-
ments

0 (T, L., D),

where O C M.

We define a functor 87 . : Loc — Vecby setting BYU . (M) = BV,,.(M) for the
objects. As for the morphisms, let y € Hom(M, N) F € BV,.(M) = OALC(T*[—I]E),
then

BYU X F(p) = F(X*9),

where y* : EN) — E(M) is the natural pull-back map.

Example 7.1 (Electromagnetic field) Let us illustrate the general construction
described above on the example of the electromagnetic field. The gauge group is
K =U(1),sot =R and the Lagrangian takes the form

1
Loc(f)(A) = —E/Mf(FA*F).

€ is the space of principal connections on M x U (1) and it is an affine space modeled
on & (M) = Qi (M). As in the case of the free field we can consider the space Jj;,
of linear functionals on &. They are of the form

Fz(A) =/ A A %[,
M

We can now apply to JFjj, the general BV formalism and compare with the construc-
tion of [Dim92]. The equation of motion is given by
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0dA =0,

where § = x'dx ia the codifferential.” It follows that the image of 5 consists of
functionals Fj3, where 3 = ddn for some 1 € Qi(M ). We can realize Jji, 5 as the
space of equivalence classes of forms

QL(M)

Frins = —o
S = 5aQl (M)

Now we have to characterize the kernel of ~. It consists of linear functionals that
satisfy

0:('ng)(c)=/ ch*ﬂ:/ c A*x00.
M M

It follows that §3 = 0. Let us denote Q] (M) = {w € Q(M)|dw = 0}. The space
of gauge invariant on-shell linear functionals is isomorphic to

v~ QLI s(M)
ST sdQl (M)
This is in agreement with the approach of [Dim92, SDH14, DS13, DL12]. Among

these functionals we can distinguish the ones which are constructed from the field
strength, i.e. those of the form

/dA/\*n:/ A A %01 = F5,(A).
M M

If H3(M) is trivial, then all elements of FinY

lin,
since all co-closed forms are also co-exact.

¢ arise from field strength functionals,

7.3 Quantization in the Batalin—Vilkoviski Formalism

In this section we discuss quantization along the lines of [FR12a]. We start with
a discussion of the free scalar field. We consider the deformation of dg, 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 -=. We define

53 =T 'ods, 07, (7.19)

2Here we use the boldface letter to denote the codifferential, in order to clearly distinguish it from
the Koszul-Tate operator Js.
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Let us first consider regular functionals. Explicit computation shows that, on A V,
63 =T '0ds 0T =dg, —ihA,

where A acts on regular vector fields X € Vi, as

0X )
AX(@>=—/5 5 whereX(@:/xx(sa)m,

For general X € /\'V we define

AX = _Z<Q%X 1> )

dp dep

It’s remarkable that the operator A is “almost” a right derivation of /\ Vi, and the
failure is characterized by {., .}, i.e.:

AXAY)=(—DYMTAX)AY =X AAY) = (DX, V),

The triple (A Vieg, {.. .}, A) is an example of a BV algebra.
Remark 7.7 Physically the relation between 5S70 and Js, corresponds to the
Schwinger-Dyson equation. Let X () = [ X, (¢) (s,;% We obtain

550(@)) / 0So(p) /
53 X TX, - = [X,
—( )(p) = / ( S0 (p) = (») S0 &p(x)(@)

where 2% is a shorthand notation for £ LN
dp(x) 0ep(x)

Note that 550(0) 5s
TX, ol / (TJ’XX 0 ) .
/ @500 5o )

0S8 0Xy
7/(xx.ﬂ)( )—zhf]’/
dp(x) dep(x )
modulo the x-ideal generated by the EOM’s. This is exactly the algebraic Schwinger—
Dyson equation.

, where we take the limit f — 1.

Hence,

In the quantization of gauge theories, one simply replaces AV, with BV, and
Sp is the #af = 0 quadratic term of the extended action. The nilpotent operator A is

now defined by
o 9§
AX = Dot X, 1
Z( ) <5Q5H >

where ¢, is the grade corresponding to the variable ¢, modulo 2.
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For Yang-Mills theories the quadratic linearized Lagrangian (i.e. the #ta = 0 term
in L") is (compare with [Hol08]):

Lo =5 [ Fuansan +i [ 7(a¢ sac)+
M M
_/ f(gli(B, B) + k (B, ¥'d * A) )dug,
M 2 €

where the linearizion has been done around the trivial connection Ay = 0 and the
basis is (A, b, ¢, ¢). Choose o = 1. The equations of motion are

Oy+dé—d 0 0
5§ -1 0 0

§"(z,x) = 0(z, x) 0 0 0 O, (x), (7.20)
0 0 —idy 0

where Oy = —(8d + d9).
The retarded and advanced Green’s functions for S; are given by

ASR —aat® 0 0

AMR(x,y) = oAy oAy 0 (./)\/R ,
0 0 0 Al
0 0 —iaM* o

where A5/R denotes Green’s functions for the Hodge Laplacian on 1-forms and AR

denotes Green’s functions for the Hodge Laplacian on scalar functions. Construction
of the free quantum algebra 2( proceeds now the same as in Chap. 5.

Let us now consider a deformation of g, which corresponds to introducting the
interaction. Here we treat the scalar field and gauge theories together (they differ by
the choice of Sy and V, but all the relevant equations have the same form), but still
restrict to regular functionals, i.e. V € BV, is a regular interaction term. We define
the quantum BV operator § as

§ =R, 0ds 0 Ry. (7.21)

Analogously to Sect.6.2.3, Ry is a map from the interacting quantum theory to the
free quantum theory, so dg, acts on 2y, as explained in detail in Sect.5.2. Note that
F € BV is physical (i.e. and observable) if Ry (F) is in ker(dg,) and is identified
with elements that differ by the image of §, i.e. Ry (F) is in in the same equivalence
classas Ry (F) + Ry (1), where I € Im(dy). This is the same equivalence relation as
the one used in Sect. 5.2 to define the space of on-shell observables. The difference
is that now the kernel of d, is not the full space of functionals, but only a subspace,
since d, has non-trivial action on antifields.
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Let us assume that .
8s, (€™ = 0. (7.22)

This condition reduces to the known quantum master equation QME, since
. 1 .
— ihds, (V") = (E{So +V, S+ V}y—ihA V) eVt (7.23)

where we set {Sy, Sp} = 0, since Sy doesn’t contain antifields. If (7.22) holds, then
SF={F,So+V}—ihAF, (7.24)

for F € Jrep. 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 renor-
malizing the time-ordered products present in (7.21) and (7.22) using the Epstein—
Glaser framework. Clearly, formulas (7.23) and (7.24) 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(BVioe)™! = ioc(M), (7.25)
which depend locally on their arguments, and the formal power series

A(V) = ZZ"(V‘X’"; V)
n=0

fulfills the identity

. 1% oS . ~
J (7 S ) s = s (Y S0,V ok = BV

(7.26)
The maps A" can be determined recursively. For an explicit formula, see [BDOS,
Rej13]. We can now see that the renormalized QME reduces to

. 1 ~
Ss, (M) = z{So +V, S+ VY —ihA(V). (7.27)

and the renormalized quantum BV operator takes the form

§F ={F,Sy+V}—ihAy F, (7.28)



7.3 Quantization in the Batalin—Vilkoviski Formalism 155

where Ay (F) = d% R OZ(V 4+ AF). Note that the renormalized operator Ay de-

pends on V, in contrast to the non-renormalized one A. It no longer has the interpre-
tation 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 corresponding to the region O C M by taking V = ng[’“( 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 7.8 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—Filenberg differential +, which then enters into the
extended action S and consequently into V.
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Chapter 8
Effective Quantum Gravity

The functional approach to pQFT together with the BV framework introduced in
Chap. 7 has been successfully applied to gauge theories [FR12a, FR12b] and can
also be used in quantization of theories where the local symmetries involve transfor-
mation 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 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 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 near 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 conceptual prob-
lems. 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 fields. One can partially model this situation using the frame-
work involving backreaction. In this formalism one treats matter fields as quantum
objects and studies 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:

(Tuu)w = G/l,Va
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where G, = R, — %R 9 1s 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 [Hac10, Hacl14, DMP09a, DMP09b, DMP11] and a
recent book [Hac15].

On the next level of approximation one can split the metric g into the background
metric gy and a perturbation 4 and quantize the perturbation as a quantum field on
the background gy. This is the approach which has been taken in [BFR13]. Since this
tentative split into background and perturbation is not physical, one needs to show
that the predictions of the theory do not depend on the way g is being split. This
consistency condition is called background independence and we will come back
to it later in this chapter. 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 [BFV03]) is actually trivial, in agreement with
the proposal made in [BFO7] (see also [FR12c]).

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, physical observables have to be diffeomor-
phism 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 Chap. 7, but there remains the difficulty in
finding non-trivial elements of the Oth cohomology of the BV differential. In [FR12b,
Rejl1a] it has been proposed to use locally covariant quantum fields in the sense of
Definition 2.66 as diffeomorphism invariant physical quantities in effective classical
and quantum gravity. In [BFR13] this idea has been refined and a more explicit char-
acterisation 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 count-
ing non-renormalizable. We deal with this problem by using the Epstein—Glaser
renormalization scheme, which allows us to calculate finite contributions to renor-
malized time-ordered products to every order in 7 and the 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 asymptotically 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].

IReuter et al. [Reu98, RS02] define the renormalisation group flow in terms of Wetterich equations
[Wet93]. We expect that this notion is related to the Stiickelberg-Petermann renormalization group
we have introduced in Sect. 6.3 A result connecting the later to the Wilsonian flow has been already
obtained in [BDF09].
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8.2 Dynamics and Symmetries

We consider a formal metric g on a M given by g = go + A, where A is a formal
parameter. In this setting M = (M, gy) is the background manifold and A is the
metric perturbation. For the effective theory of gravity the configuration space is
EM) = T ((T*M)®?).

Definition 8.1 In this section 3 (M) denotes the space of multilocal functionals on
& (M) that are Laurent series in A.

Note that for the physical interpretation to make sense, the observables we obtain
at the end cannot depend on negative powers of \.

Definition 8.2 A functional derivative of F € F(M) is defined by
1
(FO(h), hy) = X(F(“(h),hl),

where F(U(h) means that we take the functional derivative of coefficients of F at
each order in \ separately.

It is convenient to use natural units, where A (identified with the square of the
coupling constant) has a dimension of length, so / has a dimension of 1/length. The
action used in quantization must be dimensionless, so we use L*"/ A2, where L is
the Einstein—Hilbert Lagrangian

Lt (D1 = [ RUG dpye 9= g0+ Mo, he 0, (8D
The Euler-Lagrange derivative of L*” is defined as in Definition4.2, i.e.

(S5 (h), hy) = (LAI(HV (), hy),

where f = 1 on supp ;. For general relativity, local symmetries arise from infinites-
imal diffeomorphism symmetries. The compactly supported diffeomorphism group
acts on &(M) via the pullback: pyt (@)h = (o~ ')*h, where o € Diff.(M), t € EM).
This induces the action of X(M) = I'(T M) via the Lie derivative:

d
pac©N = 2| (@xp(—1€)"g = £(go + M),

where £ € X(M). On the level of functionals F € F we obtain
Pt F[h] = (F (), £c(g + Ah)).

Definition 8.3 CE (M), the underlying algebra of the Chevalley—Eilenberg complex,
is defined as the space of Laurent series in A with coefficients in multilocal functionals
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on the extended configuration space EM) = &) ® X[1](M). The Chevalley—
Eilenberg differential v, is defined as in Sect.7.1.3.

Definition 8.4 BV(M), the underlying algebra of the BV complex is defined as
Om(T*[—1]E(M)); compare with (7.7).

Asin gauge theories, BV (M) is equipped with the natural structure of the Schouten
bracket {., .} and the BV differential s,, can be expressed as

sev = 1., SE+ 7}

where we choose the natural Lagrangian 6, which represents 7y as
. 1, .
it (NI, C. B, CF1 = (. £1cg) = 5 (CF. fIC. CO), (8.2)

The space of “gauge-invariant” on-shell observables, Fi" is characterized by
F$ V) = HY BV, 5,).-

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 auxiliary scalar fields: 4 scalar
antighosts ¢,, in degree —1 and 4 scalar Nakanishi-Lautrup fields b, © =0, ..., 3in
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 E/t (x), B, (x):

s(C,) =iB, —£cC,,
s(B,) =£cB,.

To implement these new transformation laws we add to the Lagrangian a term

<E; if B, —£;cC,, > + (Bfi, £rcBy.).

Next, we perform an automorphism ay 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

\IJ(MY.(JU)(f) (A, c, Euv bu] =i Z/(aua/glw - %bHEVK,/“’)fdug’ (8.3)
J78%

where g = go + Ak and k 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
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for Nakanishi-Lautrup fields. Note that expression (8.3) is explicitly coordinate-
dependent. This is necessary because we need to break the reparametrization invari-
ance of the action. The new terms appearing in the auy-transformed action arise
from

{(W(f"), L*(NHMh, c,cu, by) = — / O, (fb)g" — L fobub,k!")y/— det gd*x
+i / (0,Cyy/— det g g0, (f"))d*x,

where f’ =1 onsupp f. We rewrite the above expression as

_/ Ou(fbi)g" dpg + / (3/buby) 6" dpsy + i / " fUgevd g,

where [, is the d’Alembertian constructed from the formal metric g = go + .
We denote the first term in the above formula by L°"(f) and the second by
L*"(f) (gauge-fixing and Fadeev-Popov terms, respectively). The full transformed
Lagrangian is given by:

LeXt — LEH + LGI" +LI-‘P + LAF, (8.4)

where L*F is the term containing antifields.

The variables of the theory (i.e. the components ¢ of the multiplet € &(M)
are now: the metric 2 € £(M), the Nakanishi-Lautrup fields b, the antighosts c,,,
w=0,...,3 (scalar fields) and the ghosts ¢ € X(M). As in Sect.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 €(V).

The new field equations are now equations for the full multiplet p = (h, by, ¢, ¢,,),
1 =0,...,3 and are derived from the #ta = O term of L®*, denoted by L. The
ay-transformed BV differential s = avy 0 55, 0 agl is given by:

s=1{,8" =~v+6.

The action of y on F(M) and the evaluation functionals B, C, E# is summarized in
the table below:

ol
FeJF (FD £cg)
c  -3c.q
B, £cBu _
C, iB—£cC,

The equations of motion are:


http://dx.doi.org/10.1007/978-3-319-25901-7_7
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Rylgl = =i9rC 9,C* — 9By (8.5)
0,c" =0 (8.6)
0,C, =0 (8.7)
T 0u(g"/— detg) = B,w!" (8.8)

where B, C*, E# are evaluation functionals. The equation for B is obtained by
using the Bianchi identity satisfied by R),[g] in Eq.(8.5) and takes the form

0,B, = 0. (8.9)

8.3 Linearized Theory

Definition 8.5 The linearized Lagrangian L is defined as

N
Ly = EL(”(M,%)(go, 0,0,0),

where L is the #af = 0 term in L. We introduce the notation S = \2(Sy + ;).

Remark 8.1 The dimensionless action we use in the quantization is S/\2, so its
quadratic part is of order O in \. If g is not a solution to Einstein’s equations, the
A-linear term in S**' doesn’t vanish and negative powers of \ appear in the interatction
S;. Formally, we solve this problem by introducing another parameter y, so that
%Lf,\lf,go) (90, 0, 0,0) = pJy,, where Jg, is the source term, linear in /2. Our observables
are now formal power series in both A and (. For the physical interpretation we restrict
ourselves to spacetimes where gy is a solution and put x = 0, but algebraically we
can perform our construction of quantum theory on arbitrary backgrounds.

We choose from now on the gauge where the pairing x is obtained from gy
expressed in a fixed coordinate system. Let us introduce some notation.

Definition 8.6 The divergence operator div : I'((T*M Y&:2) 5 T'(T*M) is defined

by
1 3
div 1), = ———0,,"0,,(t30+/ — det o).
(div 1), _detgogo (s et go)

Definition 8.7 We define a product

(e vhy = [ vhdp,
M
where u, v are tensors of the same rank and # is the isomorphism between 7*M and
T M induced by go.

Definition 8.8 The formal adjoint of div with respect to the product (., .),, is denoted
by div' : T(T*M) — T ((T*M)®?).
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Definition 8.9 The trace reversal operator G : (T M)®> — (T M)®? is defined by
1
Gt =1 = 3 (& Do, (8.10)

We have tr(Gt) = —tr t and G? = id. Using the notation above we write Loy
in the form:

L()M(f) h c, E/u b/;]

/ S (RFd

(h) + 2i Z de,, d(fc")), +(fb, div(Gh) — %b)gg,

90 v=0

where 7 S (Rd /J)‘ (h) denotes the linearization of the Einstein—Hilbert Lagrangian

density around the background gy and b is a 1-form on M constructed from b,’s in
the fixed coordinate system. The linearized EOM’s are

—1 (0,6 +2G div' odivoG) Godivc 0 0

p _ div oG —1 0 0
SM(Z,X) —5(Z,X) 0 0 0 _lDH (X),
0 0 Oy O
(8.11)
where the variables are (h, b, c°, ..., %, Co, ..., C3); Oy = 8d is the Hodge Lapla-
cian, § = x'dx is the codifferential and (], is given in local coordinates by
OLh)ap = V'V, hesg — 2(R(a“hﬁ)ﬂ + R(a’“’ﬁ)hw). (8.12)

The retarded and advanced propagators for Sy are given by:

R/A

GA; GAMRG odiv', 0 0

ARG, y) = div, At/ div, oAYAG o div', +18; 0 0
0 0 0 —iaMA |’

0 0 iAMA 0

where AF/ A is the retarded/advanced Green’s function for (J; on symmetric covariant
2-tensors, A§/ A is the retarded/advanced Green’s function for [J p on scalars, 04
denotes the Dirac delta in 4 dimensions and subscript , in div; means that the operator
should be applied on the second variable. We introduce the Peierls bracket on BV (M):

OF  036,G
LF,GJgO=Z< A, 3>
o, 54,0 06('0




164 8 Effective Quantum Gravity

where Ag, = A§ — A§ . As in Chap.7 we extend BV(M) to the space BY,,o(M) of
microcausal functionals, which is closed under the Peierls bracket.

8.4 Quantization

For the definition of the *-product we need a 2-point function A;“o. Assume that
Aj;n is of the form:

Guw, wl div', 0 0
div, w; div, GwT div', 0 0
+ _ x Wt x y
A} =2 0 0 0 —iw. |’ (8.13)
0 0 iwg 0

In this case, the conditions for A;’O to be a Hadamard 2-point function reduce to:

Wy (X, ¥) —ws (¥, x) = iAg)(x, y), (8.13a)
Hyw, =0, Ogws =0, (8.13b)

WF(WS/[) C C+, (813C)

wy/i(X, ) = wy/ (y, X). (8.13d)

We choose arbitrary parametrices w;, w, of [, and Ly respectively. Their existence
was already proven in [SV00] (the paper actually discusses general wave operators
acting on vector-valued field configurations). Now, from a parametrix, one can con-
struct a bisolution using a following argument: let w be a Hadamard parametrix for
the hyperbolic operator O = U, or= Oy. By definition, Oyw = h, Oyw =k, hold
for some smooth functions 4 and k. Let y be a smooth function such that supp x is
past-compact and supp(1 — ) is future-compact (see Definition 2.38). Define

Gy = Aty + AR — ).
Clearly G is arightinverse for O. A Hadamard bisolution w, can now be obtained as
wy=(1-G0)owo(1—-0G).

From Hadamard solutions for [1; and (15 we can then construct A;ro using (8.13).

We define 2((M) as in Sect. 5.1 and introduce the interaction using the Epstein—
Glaser renormalization. The rest of the construction follows exactly the scheme
described in Chaps. 6 and 7, 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 a non-trivial gauge invariant observable and the other is the background
independence of the resulting theory. We will address these problems in the following
two sections, referring to the results of [BFR13].
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8.5 Relational Observables

Abstractly we have characterized the classical gauge-invariant observables as
F' 0 = HO(BYO), ),

but there is no a priori reason for this space to be non-empty. To prove that non-
trivial observables exist, we will construct some explicitly. We start with 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, we can model
the measurement of the Ricci curvature R by defining our observable quantity as
D(f) = f f(x)R(x), where f is a 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: ¢ = go + Ah. The situation is pictured on the
Fig. 8.1. To formulate what diffeomorphism invariance means, we first have to answer
the question: What happens if we move our experimental setup to a different region
O’? Now to compare ® (¢, (f) and (o a,4) (0 f) We need to know what it means 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 Definition2.66.
Recall that the condition for ® to be a locally covariant field reads

Qo (NHOh) = P f(h). (8.14)

For a fixed spacetime M we define the action of the infinitesimal diffeomorphism
algebra X (M) on maps Py as

Fig. 8.1 Experimental
situation while probing the
spacetime geometry

(0,9 (f)(h)
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(PO P w,g0) (O] = (D ar,go) NV (R), £eg) + Piargoy (Ee IR,

where £ € X(M).

Definition 8.10 We say that alocally covariant quantum field @ is diffeomorphism
invariant if
p) Pyt =0, VM e ObjLoc), £ € X(M).

Example 8.1 As an example of a diffeomorphism invariant field we can take

O 1 4100 (] = / RIglf dp,. where g = go+ M.

Note that both the scalar curvature and the volume form depend on the full metric g.
However if we take a field defined as

Do a. gy (HA] = / Rlglf dug,, where g = go+ Ah,

it is still a locally covariant quantum field, but it is no longer diffeomorphism
invariant.

The reasoning presented above suggests that locally covariant quantum fields are
good candidates for diffeomorphism invariant quantities. The question 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 € ©®(W) in the coordinate basis induced by X = (X*|p =0, ..., 3), so if we fix
f :R* — R, thenthe 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(®, §) we obtain a map
Do p(h, X) = o (X* ) (h).

As long as we keep M fixed, we drop M in @y y and use the notation &
instead. @ ¢ is a function of the metric and the coordinate system and transforms
under infinitesimal diffeomorphisms according to

3
5D s
x’ £§g> + Z:<(5X/"

n=0

_ (9%
(P(f)q’f) = <E

,£5X”>. (8.15)
g

This is still not satisfactory, since the X*’s are not dynamical variables, so there
are no vector fields in BV(M) that would implement the second term in the above
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transformation. To solve this problem, we can replace X* with some scalars Xﬁ/‘,
1 =0, ..., 3 that 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 spacetimes 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—Kuchat model [BK95], which
uses dust fields.

Let us denote by (3 the map g (X9, ..., X;) and define

DL(h) = s(g. X,), (8.16)

where g = gy + M. 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 quantities
constructed from the metric (and possibly also matter fields) and they do not rely
on absolute labeling of spacetime points. Instead, the map (3 provides relative labels
X4, which change with g.

Example 8.2 Assume that for a fixed background M = (M, go) we can choose f
and §in such a way that f = X7 f is compactly supported. Then an example X(M)-
invariant functional can be obtained from the scalar curvature

@7 (h) =/ Rlgolf (Xg,)d g
M

1)
+A( / F(Xp) £ (Rdp)
M g

To summarize, we have three ways to realize diffeomorphism invariant quantities
in classical gravity:

e as locally covariant fields ¢ : D(M) — F(M),
e as functionals of the metric and the coordinates ® ¢ (h, X),
e as relational observables ® (., X,).

1. ¢4

(h)+/MR[go](9uf(Xgo) 5—;

(h)) +OO?).
90

9o

8.6 Background Independence

The last issue which we have to discuss is the background independence. We have
made a tentative split into the free and interacting Lagrangian, relying on the Taylor
expansion around the background metric go. Now we want to see what will happen
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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 [BFO7] it was proposed that a condition of background independence can
be formulated by means of relative Cauchy evolution. Let us fix a spacetime
M; = (M, g1) € Obj(Loc) and choose ¥_ and ¥, two Cauchy surfaces in M,
such that X is in the future of ¥_. Consider another globally hyperbolic metric g,
on M, such that k = g, — g; is compactly supported and its support K lies between
¥_ and X,. Let us take N1 € Obj(Loc) that embed into M, My, via x4, X2+ and
Xi+(N1), i = 1, 2 are causally convex neighborhoods of X in M;. For a visual rep-
resentation of this construction, see Fig. 8.2. We use the time-slice axiom to define iso-
morphisms «,,, = 2x;+ and the free relative Cauchy evolution is an automorphism
of A(M,) given by By = Qgy, © aO_XI% oy, © aEXIH. It was shown in [BFV03]
that the functional derivative of Gy, with respect to k 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 [HWO05] and recently proven in a more general context in
[DHP15]. Following these ideas, we introduce a map 7 : A(M,) — A(M,), such
that 7" maps @y, (f) to Py, (f) (modulo the image of &), if the support of f
lies outside the causal future of K. Physically it means that free algebras A(M;)
and A(M,) are identified in the past of K. Analogously, we introduce a map 724,

X1+

(Mvgl)

X1— 2—

N_

Fig. 8.2 Embeddings of neighborhoods of Cauchy surfaces into spacetimes M; = (M, g;) and
My = (M, g2)
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which identifies the free algebras in the future. The free relative Cauchy evolution is
then expressed as

Bok = Tyry, 0 (7)™ (8.17)
As we choose to work off-shell, we define 7™ as the classical retarded Mgller oper-
ator constructed in [DF02]. The perturbative agreement is a condition that, on shell,

Tgr;etgz 08 = SSUMZ—SOMI : (8.18)

Here Sy, —s0, denotes the relative S-matrix constructed with the interaction
Sont; — Soac, and the background metric g;, while §; is the S-matrix constructed
on M, with the T3, product. The perturbative agreement condition for T;ld(;; is anal-
ogous to (8.18). A straightforward calculation shows that The functional derivative

of [Bor with respect to k = g, — g1 can now be easily calculated, yielding

) idpg /R i idye /R
3 7 T My S
5"(;11/ o ( T a1 RL?O 7 *

where 7" 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 evolution can
be expressed, on-shell, as

O (Do, (f)) %[RV. (@1, (). Ry, (T"™)],.

where TH is 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.

Proof We write the interacting relative Cauchy evolution as:

_ p—1 ret —1 adv \—1
f= RV| °Tgig, © RVZ © AVz °© (T!]lgz) °© AV]‘

The condition of background independence is

—1 ret _ 421 adv
RV] O Tyig, © Ry, = AVl 0 Ty, © Ay,.

Differentiating with respect to k,,, yields a condition

[Ry, (®ag, )5 Rv, (T ()], E 0,


http://dx.doi.org/10.1007/978-3-319-25901-7_6

170 8 Effective Quantum Gravity

0’ C/w>

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

where
5L8Xt
T(C) = (T#Vfa C/w) = < 2t

Ok

10 = (2] o) = (BN o) s pat = 5 it )
Sk 10 ~\ Ohy 0 o T el

where # is the perturbation metric. The last equality follows from the fact that the
anomaly can always be removed for linear functionals [BDO8]. This concludes the

argument, so the theory is perturbatively background independent. O
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Glossary

Table A.1 contains a list of frequently used symbols, together with clarifications.

Table A.1 Glossary of frequently used notation

Symbol Clarification

X A topological vector space, X = (X, 7)

w A state

11 A norm

T Topology (family of open sets)

B Bornology (family of bounded sets)

& Configuration space of the theory,
E=T(E—-> M)

& Extended configuration space used in the
presence of symmetries, typically £ = E@ g[1]

E* Dual bundle of E

ex [(E* — M)

& Topological dual of &,i.e. T'(E — M)

£(Q) C®(Q2,R)

2(2) C(2,R)

H Typically a Hilbert space, in Sect.6.5.1 a Hopf
algebra

B(H) The space of bounded operators on the Hilbert

space JH{

F(po) = &L

S

(o)

nth functional derivative of the functional F at
point g

T [-10)

Odd cotangent bundle of ...(cotangent bundle
with the degree shift on the fibre)

© The Author(s) 2016

(continued)

173

K. Rejzner, Perturbative Algebraic Quantum Field Theory,
Mathematical Physics Studies, DOI 10.1007/978-3-319-25901-7


http://dx.doi.org/10.1007/978-3-319-25901-7_6

174

Table A.1 (continued)

Glossary

Symbol Clarification

C>®(.) Smooth functions on ...

() Functions on a graded manifold ...

Oloc(+) Local functions on a graded manifold ...

Omi () Multilocal functions on a graded manifold ...

Vioc Multilocal vector fields on €

A% Multilocal vector fields on €

A% Multilocal multi-vector fields on &

A

XT Underlying algebra of the Koszul-Tate
complex, KT = O (€ ® E*[1] @ g*[2]) =
CR(E AEVR, S g ® C)

ce Underlying algebra of the Chevalley—Eilenberg
complex, C& = Omi(€ @ X[1]) = C5(E, Ag)

BV Underlying algebra of the BV complex,
BV = On(T*[-1]E) =
C(E, S* 9@ AER-Ag ®C)

r\y Classical Mgller operator for the interaction V,
see Sect.4.6

Ryy Quantum Mgller operator for the interaction V,
see Sect.6.2.4

8(.) on RAeg[[A]] Non-renormalized S-matrix, see Definition 6.3

S(.) on Ajoc[[A]]

Renormalized S-matrix, see Definition 6.7

Spaces of functionals on &

3:100

The space of local functionals on, see
Definition3.14

F The space of multilocal functionals, i.e. the
algebraic completion of Fjoc with respect to the
pointwise product

Fs On-shell multilocal functionals for the action S

Finv Gauge-invariant multilocal functionals

T;V Gauge invariant on-shell multilocal functionals
for the action S

Fuc The space of microcausal local functionals, see
Definition4.9

Fsuc The space of strongly microcausal local
functionals, see Definition4.9

(ﬁoc)gﬁ The subspace of (Fioc)®" spanned by

Fi®---® F,, where Fi, ..., F,, € Foc have
pairwise disjoint supports

(continued)
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Table A.1 (continued)
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Symbol

Clarification

Products of functionals

Pointwise product, (F - G)(¢) = F(p)G(p)

* Star product, (F x G)(¢) =
o0 n N ®
> % <F(")(<p), (%ASO) n G(n)@m)
*p Star product, (F x5 G)(p) =
o n
> B (PO, (846 )
n=0
7 on Jreg Non-renormalized time-ordered product,
FaG=y ﬁ—”<F("> (iAD)®" G<">> =
TE= o ! ’ So =
n=
T F-T16)
-3 on J(F) Renormalized time-ordered product,
FoG=T7T"1916)
"7y ON Freg Non-renormalized time-ordered product,
F. G;OOL" F® (AF ®ng(n) _
TH - ZO n! ’ So -
n=
AL Gt L Y )
xy 0N Freg Interacting star product for the interaction V/,
Fxy G =Ry (RyF » RyG)
Algebras
2L in Chap.2 An algebra

2l in Chaps. 5-8

The quantum algebra of the free theory, see
Definition 5.2

27 (FucllRl], *x)

Areg (Fregl[Al], *)

DIt T(Fioc) C A, where T = a;' o T#

A7 T (Fioc) C A’

Categories

Loc Category of spacetimes

FLoc Category of framed spacetimes

Obs Category of unital C*-algebras

Obs, The category of locally convex topological
Poisson algebras

Obs), The category of locally convex topological
unital x-algebras

Vec Category of locally convex topological vector

spaces

(continued)
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Table A.1 (continued)

Glossary

Symbol Clarification

Functors

Floc Covariant functor of local functionals

K Covariant functor of multilocal functionals

D Covariant functor of test function spaces

¢ Contravariant functor of configuration spaces

& Covariant functor of compactly supported
configurations spaces

Propagators

A?o Advanced Green’s function

A?o Retarded Green’s function

Ag, Causal propagator Al;o — A’SAO

A]SDO Dirac propagator %(AIS{() + A?O)

A;o 2-point function %(A%O — A"S\O) + H

AI;O Feynman propagator %(Aléo + A?O) + H

Functional differential operators

Da (a3, £ © £).ce DAF ® )1, 2) =
(FO@, a5 6D )
R 4 )
Dr <A50’ 3 @ Tv)
D 4 J
Dp <ASO’ % ® m>
Da <Aso, %, ® %)
+ 4 d
Dy <A50, 5. ® yp>
F 4 5
D (a5, 7 ® )
ij F 52
DF (AS()’ 0pi0p )
2
p (a8, &) ca Do(F)p) = (4R, FO()
F
De (8%, )
2
D \H. 1z)
ay e2Du
a;l e*%DH
ay o F = limy_, o0 oy F, see Eq. (6.5) and the
discussion above it
T on Freg T = e%DD
on ay © oy om™ °, see Definition 6.
TonF o o TH ! see Definition 6.9
T 0N Freg T=e70r
T on Floc Qy
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Index

A

Action, 61

Action Ward identity, 127
Additivity, 59

Admissible embedding, 28
Advanced Green'’s function, 62, 78
Algebra, 3

Algebraic adiabatic limit, 119
Antibracket, 66

Antichronological product, 104, 105, 111
Antifield, 137

Antifield number, 142
Antisymmetric functionals, 49
Approximation property, 47
Asymptotic safety, 158

B

Background independence, 158, 167
Backreaction, 157

Banach space, 6

Bastiani differentiability, 41

Bastiani smooth functional, 41, 45, 52
Bornology, 47, 48

Bounded operator on a Hilbert space, 9
BRST differential, 148

BV algebra, 137

BV complex, 142, 160

BV differential, 144, 160

C

Canonical commutation relations, 11, 12
Cartesian product of topological spaces, 4
Category, 28

© The Author(s) 2016

Cauchy hypersurface, 21

Cauchy sequence, 6

Causal complement, 19

Causal curve, 19

Causal factorisation property, 110, 122
Causally separated sets, 19

Causal propagator, 62

Causal structure, 19
Chevalley—Eilenberg complex, 140, 159
Chevalley—Eilenberg differential, 140
Classical field theory model, 26
Classical Mgller operators, 77

Closed future lightcone, 20

Closed past lightcone, 20

Compactly supported distributions, 43
Completion of a normed space, 6
Cone, 44

Configuration space, 39
Configuration space functor, 55
Continuous function, 4

Contravariant functor, 55

Co-product, 124

Co-tetrad, 33, 123

Counit, 125

Covariance, 122

Covariance axiom, 22, 89

Covariant functor, 29

D
Degree of divergence, 121
Densely defined operator on a Hilbert space,
9
Derivative
on a locally convex vector space, 41
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Diffeomorphism symmetries, 159
Differential Gerstenhaber algebra, 137
Distribution, 42

Dual wavefront set, 72

E

EG-primitive graphs, 133

Einstein causality, 22

Einstein—Hilbert Lagrangian, 60, 159

Electromagnetic field, 150

e-product, 26

Epstein—Glaser Axioms, 110

Equation of motion, 61

Essentially self-adjoint operator on a Hilbert
space, 9

Euler-Lagrange derivative, 60

Extended action of the Yang-Mills theory,
144

Extended configuration space, 140

Exterior tensor product of vector bundels, 42

F

Faithful representation, 10
Fermionic Field Configurations, 46
Feynman graphs, 129

Formal S-matrix, 96, 103

Fréchet space, 25, 40

Future compact set, 19

Future inextendible curve, 21
Future lightcone, 19

Future past, 19

G

Gauge-fixing Fermion, 145, 160
Generalized Lagrangian, 59, 63
Ghost number, 142

GNS theorem, 10
Grassmann-valued functions, 49

H

Haag—Kastler axioms, 22, 27
Hadamard form, 99

Hadamard parametrix, 164
Hadamard 2-point function, 164
Hausdorff manifold, 18
Heisenberg picture, 15
Hermitian inner product, 8
Hilbert space, 9

Hopf algebra, 124, 126

Index

I
Infinite dimensional

calculus, 41
Injective tensor topology, 25
Interacting local nets, 116
Interacting quantum net, 118
Interaction picture, 16
Inverse quantum Mgller operator, 106
Involution, 3
Involutive complex algebra, 3
Irreducible representation, 10
Isotony, 21, 22

K

Kihler space, 14
Koszul-Tate complex, 139
Koszul-Tate differential, 140

L

Lagrangian of the Yang—Mills theory, 138

Lightlike curve, 19

Local algebras, 22

Local base, 24

Local functional, 45

Local graded functional, 51

Locality, 21

Locality axiom, 116

Locally convex topological vector space, 24

Locally covariant quantum field theory, 28

Locally covariant wick products, 98

Local multivector fields on the configuration
space, 54

Local vector fields on the configuration
space, 53

Loop quantum gravity, 158

M

Main theorem of renormalization, 114

Master ward identity, 154

Metrizable locally convex topological vector
space, 25

Michal-Bastiani differentiability, 41

Microcausal functional, 68

Minimal subtraction, 134

Minkowski spacetime, 18

Mgller operators, 17, 103

Monoidal category, 30

Multilocal functionals, 45

Multilocal multivector fields on the configu-
ration space, 54



Index

N

Nakanishi-Lautrup fields, 146, 160

Natural Lagrangian, 63, 64

Natural transformation, 29

Natural wick monomial, 124

Net, 22

Net of C*-algebras, 22

n-fold time-ordered product, 110

Normal space of distributions, 71

Nuclear locally convex topological vector
spaces, 26

Null curve, 19

0

Observables, 6

Operator on a Hilbert space, 9
Order of a distribution, 42
Oriented spacetime, 18

P

Past-compact set, 19

Past lightcone, 19

Perturbative algebraic quantum field theory,
23

Perturbative algebraic quantum field theory
model, 27

2-point functions of hadamard states, 99

Power-counting renormalizable theory , 116

Product, 3

Projective tensor topology, the, 25

Pure ghost number, 142

Q

Quantum algebra of the free theory, 88
Quantum BV operator, 153

Quantum gravity, 157

Quantum lagrangian, 114

Quantum master equation, 154
Quantum Mgller operator, 107
Quasi-free states, 14

Quasilocal algebra, 22

R

Regularization, 134

Relational observables, 158, 165, 167
Relative Cauchy evolution, 168, 169
Relative S-matrix, 117, 118
Renormalization group, 113-115
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Renormalized quantum Mgller, 111
Renormalized S-matrix, 111
Representation, 9, 10

Retarded Green’s function, 78
Retarded Mgller operator, 105
Retarded products, 104

S

Schrodinger picture, 15
Schwinger-Dyson equation, 152
Self-adjoint extension, 9

Self-adjoint operator on a Hilbert space, 9
Seminorm, 24, 40, 71

Separable Hilbert spaces, 9
Separating family of seminorms, 24
Sequential approximation property, 47
Sequentially continuous, 5

Singular support of a distribution, 43
S-matrix, 17

Spacelike curve, 19

Spacetime, 18

Spacetime support of a functional, 44
Spectrum, 8

Spectrum condition, 22

State, 6-8

Steinmann’s scaling degree, 121
Strictly monoidal category, 30

Strong dual, 47

Strongly microcausal functional, 68
Support of a distribution, 42
Symmetric operator on a Hilbert space, 9

T

Tetrad, 33, 123

Timelike curve, 19

Time-ordered product, 101, 102, 121
Time-ordering operator, 17
Time-oriented spacetime, 18
Time-slice axiom, 22, 27, 89
Topological space, 4

U

Unitarily equivalent representations, 10
Unitarity, 122

Unitary operator, 9

\%
Vacuum expectation value, 115
Vector fields on the configuration space, 52
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Wavefront set, 43 Yang—Feldmann equation, 107
Weyl generators, 90
Wick expansion, 123
Wick monomials, 124 Yang—Mills theory, 138

Yang—Mills Lagrangian, 60
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