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Part 0. Intro
1. Overview

1.0.1. QFT and mathematics. So far, only the simplest examples of QFT have been trans-
lated into mathematics but these have had huge impact in the last quarter century. Some
instances: (i) Low dimensional topology such as knot invariants, (ii) Morse theory, (iii)
vertex algebras and chiral algebras of Beilinson and Drinfeld, (iv) Mirror Symmetry that
relates complex geometry and symplectic geometry.

1.0.2. Topics. This text is an introduction to the work of Costello and Gwilliam. The
first part is Costello’s formulation of perturbative Quantum Field Theory (pQFT)

e (i) as mathematics,
e (ii) in large generality, and
e (iii) with ability to compute.(!

The second part is a joint work of Costello and Gwilliam. This is an algebraic reformula-
tion of Costello’s machinery of QFT through the notion of factorization algebras (called
Operator Product Expansion algebras in physics).

The goal of the text is to get acquainted with ideas of Costello-Gwilliam on factorization
algebras as this technique is being developed® and hopefully on the level where one
could actually use these techniques. The field is wide open and very important, the main
question is whether these techniques can be developed into mathematical machinery that
churns out theorems.

The exposition will be mathematical with comments on how/why physicists think about
these ideas. The techniques of Costello and Costello-Gwilliam are elementary to start
with, just a smart use of integrals. The difficulty is mostly that one has to take in several
ingredients.

1.1. Some ingredients of Costello’s machine of effective QFT. The goal is to
develop the notion and construction of theories that satisfy the following two principles:

(1) Effective action principle. At any scale . physics is described by an action S,,.
(2) Locality. In the limit as all scales are included, interactions between fields happen
at points.

1.1.1. “Effective” theories. The starting point is a standard idea in Quantum Field Theory
that

IThis last claim is based on only one deep example that has appeared so far — construction of the
Witten genus from the holomorphic Chern-Simons theory.
2There is no paper yet, our source is a wiki in progress.



(Wilson) Physics depends on the scale on which it is observed.

One very impressive consequence of this approach is that it produces an algebraic encoding
of QFT by a new kind of algebras called the “factorization algebras”.

1.1.2. Feynman graphs. The so called Feynman integrals are expressions which are not
mathematically well defined, however they are the best known way of thinking about
quantum phenomena.

Feynman graphs are a combinatorial technique for making sense of Feynman integrals by
organizing their asymptotic expansions. For physicists, the method of Feynman graphs
produces “all” numerical predictions. We would like to get some idea why this method is
so useful so we will study Feynman graphs in some detail.

1.1.3. Quantization by renormalization. In physics, quantization means passing from a
“classical” description of a system (valid on the usual scales) to a “quantum”’ description.
(valid on the small scales of elementary particles). Here quantization will be done by the
renormalization procedure. Terminology renormalization is used in physics for ideas having
to do with the change of scale. Effectively, for us renormalization is a certain game played
with Feynman graphs.

We will follow Costello’s approach to “quantization by renormalization” which is quite
elegant. However, as stated it is not constructive so what we really get is an abstract
existence statement.

1.1.4. Factorization algebras. This is a new algebraic structure (attributed to Beilinson-
Drinfeld). Any factorization algebra lives over a topological space and the notion of
factorization algebras is a new marriage of notions of algebras and sheaves.

A factorization algebra F' over a topological space M associates to each open UCM a
vector space F(U) and the multiplication M (U)@M (V) == M(UUV) is defined only
when U,V are disjoint.

Here are some origins of this idea. Historically, this is an incarnation of the notion of
operator product algebras in physics. For physicist, F/(U) is the set of all the measure-
ments that can be performed on U. Then the disjointness requirement comes from the
Uncertainty Principle in Quantum Mechanics — roughly, one can only combine two mea-
surements which are separated. The reason is that in QM each measurement influences
the event while in classical physics we can observe an event without measurable impact.

The only case of operator product algebras that has been understood by mathematicians
are the vertex algebras (Borcherds received Fields medal for creating the notion of vertex
algebras).



Another origin of factorization algebras is the notion of E,-algebras in topology (the
homotopy theory). To start with, Ej-algebras are just the associative algebras, E.-
algebras are the commutative associative algebras and FEs, Ej3, ... are in between. The
point is that E,-algebras are just the the simplest factorization algebras on the manifold
M = R"™ — the ones with a topological invariance property.

1.1.5. Ezample: free theory. So far, the only available case where factorization algebra of
a QFT has been explicitly computed is the free theory when the manifold M is the real
line R. The corresponding factorization algebra is just the standard quantization of the
cotangent bundle T*M = T*R.

1.1.6. BV-formalism. The standard setting in physics is the study of the criticality space,
also called the Euler-Lagrange space,

EL(S) = {z €&, dS(z) =0}

of a function S (called the action) on a space £ (of fields of the physical theory). So, we
are interested in where the differential of S vanishes.(®)

The Batalin-Vilkovisky formalism is the derived version of this setting, i.e., one adds
the machinery of Homological Algebra in order to view the criticality locus FL(S) in the
setting of derived geometry.(Y)

The standard objective of Homological Algebra is to access the “hidden” information. In
the BV approach the derived geometry is used to eliminate the difficulties that appear
when the space F (and the action S) have large symmetry.

Example. The standard setting for physicists begins with a real manifold M on which the
fields live. In order to study a complex manifold X by QFT methods one views it as as
a real manifold with an extra symmetry given by the motion in the 0 directions.

1.1.7. Example: Witten genus. This is about a well known feature of QFT, the ease
with which physicists construct modular forms the central objects of number theory. The
difference is that they can work with elliptic curves directly while mathematicians are often
forced to work with a more formal object, the modular parameter ¢ which parametrizes
elliptic curves (but there are repetitions!).

3The critical locus is is also studied in mathematics, for instances minimax theory in Calculus, Morse
theory and Milnor fiber in Differential Geometry, vanishing cycles in Algebraic Geometry and Floer theory
in low dimensional topology. All these are related to QFT.

4A higher level of derived geometry has been recently constructed by Jacob Lurie. So far it has only
hit mathematics in a few places. Stay tuned.



2. Mathematical view on Quantum Field Theory.

For physicists, QFT is the best known approach to understanding a specific phenomenon,
the elementary particles.(®) For mathematicians QFT does not appear as a theory of some
special phenomenon but rather as a fundamental mathematical discipline (like topology,
group theory,....) which influences and intertwines with many other such as geometry,
topology, representation theory, homological algebra, category theory, number theory, ...
and probably all the way to set theory.

We sketch the setting for QFT and its various versions. However, from the point of view
of our central interests, the only important thing in this exposition is that the passage
from Classical to Quantum Field theory can be viewed as shifting the interest from critical
points of a function S to integrals of the form [ dz e~ 3@ ¢(x) for various functions ¢.

2.0.8. Lagrangian and Hamiltonian formalism. These are two approaches to physics. On
the classical level the Lagrangian formalism is the use of the Least Action Principle (the
system evolves so as to minimize the action functional) and its geometric home is the tan-
gent bundle T'M to the manifold M of all possible positions. The Hamiltonian formalism
describes the evolution of the system in terms of the canonical symplectic structure on
the cotangent bundle T*M. The large symmetry of T*M (“canonical transforms”) allows
one to pass to the coordinate system where the given problem is simple.

Historically, QM arose in the Hamiltonian setting as quantization of the symplectic struc-
ture on T*M — this means that functions on T*M were replaced by operators on the
Hilbert space of L?-functions on M. The idea is that these functions represent measure-
ments one can perform in a given classical physical system, then for the quantum version
of the system it turns out that the measurements can not be adequately represented by
numbers, instead they can be viewed as self-adjoint operators on the Hilbert space. The
values of a function are in this way quantized to eigenvalues of an operator and more
generally to matrix coefficients of the operator.

The Lagrangian reformulation of QM (due to Dirac and Feynman) arose as a formula
for the above matrix coefficients as an integral with a statistical (probabilistic) meaning.
(However, the relevant probability theory is not standard — probabilities are complex
numbers!)

This is the formalism we will use. While Lagrangian formalism is more general, in the
Hamiltonian formalism one has a very efficient calculational tool — the Representation
Theory.

2.0.9. Classical Field Theory. The setting is given by a manifold M, a space £ of fields
on M and a function S on fields, called action.

5This still contains many fundamental mysteries. For instance, we do not know what time is (“it arises
in regions with non-turbulent gravity”). Even worse, our notion of space seems likely to break on small
scales. ETC.



The fields are local in M (“sections of a sheaf on M”) for instance they could be maps
from M to some target space X. The action function describes the physical system we
are interested in. It is also in some sense local in M The first level of the meaning of this
locality property is that S is an integral over M of a quantity called the Lagrangian

S(z) = /ML<m,I>, reE.

(Then “locality” of S means that the Lagrangian is “a function on the jet space of fields”,)

The object of interest is the criticality space, also called the Euler-Lagrange space,
EL(S) = {z €& dS(z) =0} C€&

of the action function S.

The idea is that the fields x are all possible evolutions x of the system. The evolutions
which are physically meaningful are those that satisfy the Equation of Motion(say F' =
ma). A particular feature of physics is that the Equation of Motion takes the form of the
criticality equation dS(z) = 0.

2.0.10. QFT in terms of Feynman integrals. In physics of small scales, the initial condi-
tions do not determine the evolution of the system. If we prepare one experiment in the
same way many times, the measurement will not be the same. So, no theory can predict
the numerical value of a given experiment.

What is this poor science to do? One can say that it carefully chooses a question that
can be answered. What can be predicted, is the statistical behavior — the average over
a large number of repetitions of the experiment. Probabilistically speaking, what theory
can predict is the probability that the result of a given experiment will be certain event
A (one among all possible outcomes of the experiment). In other words, the frequency
with which A occurs in a large number of repetitions of the experiment.

An equivalent formulation is that for a certain measurement(®) ¢ we cannot predict the
numerical value of ¢ but only the expected value (¢), i.e., the average over a large number
of experiments.

The probability theory says that the natural formula for the expectation (@) of ¢ is a
certain average of values ¢(z) when x goes over the set £ of all possible evolutions x
of the system. Here, ¢(z) is the value that ¢ would take if the system would evolve
according to x. This average is weighted with the probability p(z) that the system will
evolve according to x, so the formula should take the form of an integral

(0) = / e () o)

However, applying this directly to QFT does not work. The problem is that the probability
p(z) that we measure through repetitions of an experiment does not contain enough

b2 “

6The following words will be synonymous for us: “experiment”, measurement”, “observable”.



information. It turns out that the probability p(x) has a refinement, the probability
amplitude which is a complex number P(z) of size |P(z)|* = p(x). The point is that while
the measured probability p(z) does not satisfy any superposition principle (a formula for
probability of a combination of experiments), P(x) does. In particular, the corrected
formula for expected value as a superposition of contributions from all possible evolutions
is physically correct:

(@) = / I P@) o)

This formula is literally correct under certain normalization of the measure dz, one should
require that (1) = 1, i.e., the expected value of the constant function 1 is 1. Usually

one uses a measure that has not been normalized, then Z (1) is called the partition
function and the true expected value of ¢ is (¢)/Z.

2.0.11. Probability formula. The key insight is that the probability amplitude P(x) is
given by a classical quantity, the action S that describes the classical physical system.
The formula takes form

hence
(p) = / dr e " n ¢(x).
zel
The parameter A is called the Planck scale.

This is the first appearance of the principle that physics depends on the scale on which it
is observed.(" The idea is that as i — 0 one passes to classical physics. The mathematical
machinery is the Stationary Phase Principle: as A — 0 the oscillations in the integrand
become faster, in the limit the only contributions that survive are those from critical
points of S(z), i.e., from classical solutions.

The above formula relates the classical system described by action S and the quantum
system. This relation involves complex numbers because QFT deals with two notions of
probability. The first is the standard probability which is the way we perceive the reality
as we measure the “average value of a large number of experiments”. The second could
be called complex probability, this is how the world actually functions.

We do not have any way to directly measure the phase of the complex probability P(z),
we can only learn from it indirectly by finding how experiments interfere with each other.
The basic example is Feynman’s (somewhat idealized) “two slits experiment”.

2.0.12. Feynman measure. The most obvious problem is that we do not know how to give
meaning to the measure dz.®®) The only exception is Quantum Mechanics which is the
case of QFT when the underlying manifold M is of dimension 1. Then &£ is a space of
paths and dz is the Wiener measure on paths.

"In Quantum Electro Dynamics ﬁwﬁ.

8Feynman thought of dx as a translation invariant measure on a vector space.



10

For practical purses, physicists can view this problem as largely resolved. On the theoret-
ical level the solution is the understanding of how the (undefined) measure dz transforms,
i.e., how to calculate with it. On the numerical level one makes sense of the integral by
the technique of Feynman graphs (this only works in the perturbative regime, i.e., when
some parameter is small).

2.0.13. Passage to the Euclidean QFT. The second problem is the oscillatory nature of
the integral. Even if we knew the measure, the integrals like

could not converge absolutely since the integrand has size |e‘i¥| = 1 and we are inte-

grating over a large space of fields.

A way around this problem is to analytically continue the integral to its non-oscillatory
form and consider

(D) Buctia = /g dz e o(x).

Here, e s positive and < 1 so it can be interpreted as a standard probability.

The strategy is to compute the Euclidean expectation (¢)guwia and then analytically
continue the formula to get the original expectation (¢). This actually involves changing
the metric on M from the physically natural Minkowski signature —dt* + Zfr z? to
Euclidean signature dz2 + ZJIV x? by analytic continuation of time ¢ to it = zy (“Wick
rotation”).

So, one calls the physically relevant version of expectation integrals (with e~ @) the

Minkowski QFT, and the the non-physical version (with e’y) the Fuclidean QFT.

i

Remarks. (0) This is one of a number of methods in QFT which are “not physical” in
the sense that in order to get results that should agree with experiments one computes
using some mathematical machinery which does not have a physical meaning. Another
example are the Feynman graphs.

(1) The lack of clear foundations of QFT, i.e., the understanding of the complex valued
probability and of the Feynman measure, is clearly something for mathematicians to
worry about. For physicists this is not a practical problem in standard applications since
physicists understand how to calculate with these objects. However, one can wonder
whether proper foundations are relevant in understanding fundamentally new physics such
as unification of QFT and General Relativity (through something like String Theory).

2.0.14. Perturbative approach to Feynman integrals. This means that we consider the case
when some parameter is small and the corresponding approximations provide a simplified
theory which is more manageable. This appears in several related ways, say
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(1) Perturbation of Classical Field Theory to QFT: here A is small.
(2) Interesting theory as a perturbation of a simpler theory: here a coupling constant
g which couples the simple action with the new ingredient is small

Sinteresting - Ssimpler + ;Sewtra-

(3) Perturbation ¢ of a classical solution ¢, to a nearby field ¢. Here one linearizes the
problem at ¢q, so one replaces the original space of fields £ with the tangent space
Enew = Ty, at the classical solution. So, new fields are perturbations e € T,,& of
Po to ¢ = ¢ + €.

(4) Perturbation of the empty space. This means that the “free” action Sg,e which
describes the physics of the empty space, is perturbed to a new action S = Sgpee+1
which describes the physics with some kind of interactions. Here, the interaction
term [ is considered as small.

Following Costello, we study perturbative theories such that the space of fields £ is a
vector space and 0 is a critical solution (as in (3)). Then the Taylor expansion of S starts
with the quadratic term: S = Sy + S50 which we call the free action S¢,ec = S2 and the
higher terms are called the interaction term S-y = I. The interaction term is viewed as
infinitesimal (as in (4)).

Costello, actually relaxes some of these assumptions using tricks such as BV-formalism.

Our interest here is in Feynman integrals, a powerful tool of QFT. While these integrals
are not a well defined mathematical objects, they are symbolic expressions that physicists
know how to manipulate to get theoretical information and fantastically precise numerical
predictions.

We will only study Feynman integrals in the perturbative approach, so we have to accept
the restriction that certain parameter has to be small. This is the most standard way of
making sense of Feynman integrals — one replaces integrals with certain divergent series
which are believed to be the asymptotic expansions of these undefined integrals.
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Part 1. Expansion of Feynman integrals according to graphs

When the space of fields is finite dimensional Feynman integrals one can make sense of
Feynman integrals and calculate their expansions

(¢) /S dr 5P g(z) = / w(s.)
graphs

into sums of weights (amplitudes) w(S, ¢;7) corresponding to graphs 7 (chapter 3). This
graph expansion formula can be viewed as the definition of Feynman integrals in infinite
dimensional situations whenever weights w(.S, ¢;y) make sense.

The meaning of this “abstract” formalism of expansions of Feynman integrals is that it
localizes on the moduli of graphs the interaction of the quadratic part g of the action and
the remainder I. Here, S = —§ + I, g is a metric on the space of fields, — is called the
free action and the remainder [ is called the interaction term.

However, in the setting of QFT the weights turn out to be themselves certain integrals
which are usually infinite. So, the above “abstract” formalism of expansions of Feynman
integrals is only the beggining of the story. In 4 we indicate two strategies to approximate
the dual metric ¢* on £* by “propagators” P € S?£. This results in approximation of
weight integrals w(S, ¢;v) by new weight integrals w} (I, ¢) which are well defined.

When one tries to restore the original weights by taking limit P — ¢*, infinities return.
This can be cured by a choice of a “renormalized” version of the limit. The renormalization
procedure systematically removes infinities. One measure of its subtlety is that it reveals
the fact that the original Feynman integral is usually not a well defined number — one
needs additional information to get rid of the choices that appear in renormalization
procedure. In 2 we study renormalization in the case when it is applied to quantizing
classical theories to “effective” quantum theories.

3. The abstract Feynman expansion

In this chapter we “invent” the abstract machinery of Feynman expansions by calculating
Feynman integrals in the case when the space of fields is finite dimensional. Then the QFT
background is not relevant and we are just constructing expansion of certain integrals on
a finite dimensional vector space.

The mechanism that reduces calculation of the expansion to differentiation is presented in
section 3.2 as Fourier transform. The combinatorics of this differentiation is first presented
in 3.2.6 in a (misleading) generality and then repeated (the relevant version) in sections
3.3 and 3.4. The Wick formula proof in 3.3 is used as an introduction to the the general
Feynman expansion 3.4. (the calculation is the same up to more combinatorics).

The combinatorics of the use of graphs is explained in categorical terms and relevant
terminology is in appendices 3.6-3.8 which contain more information than is needed for
the main text.
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3.1. Intro.

3.1.1. Perturbative approach to Feynman integrals. Our interest here is in Feynman inte-
grals, a powerful tool of QFT. While these integrals are not a well defined mathematical
objects, they are symbolic expressions that physicists know how to manipulate to get
theoretical information and fantastically precise numerical predictions.

We will only study Feynman integrals in the perturbative approach, so we have to accept
the restriction that certain parameter has to be small. This is the most standard way of
making sense of Feynman integrals — one replaces integrals with certain divergent series
which are believed to be the asymptotic expansions of these undefined integrals.

3.1.2. Feynman graphs. The terms in this Feynman expansion are indexed by a certain
class of graphs called Feynman graphs. Their role seems to be the local analysis of the
interaction of two constituents (summands) of the action. The formalism applies to the
case when the space of fields £ is a vector space and one of the summands is quadratic.
We call this one the “free action” Syye.. The other summand is itself called “interaction”
I (the reason for this is found in the pseudoparticle view on Feynman graphs which will
appear later).

The way Feynman graphs appear in the interaction of S¢,.. and I seems to be based on
the fact that we know the Fourier transform of e=free.

3.1.3. The abstract Feynman calculus. This is the formula for expansion of the integral
over a vector space £

/ dx e~ S@/n (),
£

as a sum over a certain class of graphs 7,
1
———w’(9).
2. Tt

We will prove this formula and its generalizations when the vector space £ is finite di-
mensional and the interaction part I of the action is infinitesimal. In general we will use
it as the definition of the integral.

We will see that these Feynman graphs arise simply from differentiating polynomials by
constant coefficient differential operators. So, the Feynman calculus turns out to be the
combinatorics of differentiation.

On the other hand, Feynman graphs are really objects of category theory (“stacks”) and
have combinatorial nature. The categorical language that we use absorbs some traditional
features of the theory — the automorphisms and colorings of graphs. For instance, in the
categorical setting, a “colored graph” is an “object” while a “non-colored graph” is a
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“moduli of objects”.(®) The algebraic machinery that we use is really the localization of
tensor algebra over the moduli stacks of finite sets and graphs.

3.1.4. Contents. In 3.2 we describe the setting for Feynman integrals and the ingredients
for the graph expansion approach. These integrals are well defined in the finite dimensional
setting and in sections 3.3 and 3.4 we calculate in the finite dimensional setting the
formulas for the expansion of Feynman integrals. These formulas are then promoted in
3.9 to definitions of Feynman integrals in the infinite dimensional case.

3.2. Ingredients: Fourier transform and combinatorics of differentiation. We
describe the setting for Feynman integrals in 3.2.1, in particular (as explained in 3.2.2),
here we only consider these integrals in the finite dimensional setting. We will explain
two ingredients in deriving the graph expansion of Feynman integrals: the use of Laplace
transform(? in 3.2.3 gives a formula for the expectation integral

(@)gr = [ (e'9)] (0)

in terms of differentiation by an infinite order differential operator e?"/2. The graphs enter
through the combinatorics of differentiation that we consider in 3.2.6.

3.2.1. The setting for Feynman integrals. The data (€, g, I) for a Feynman integral consist
of a vector space £ (“fields ”), a quadratic form g on £ and the interaction function I on
£.(1D) We will only use the Taylor expansion of I at zero I = > I with I; of degree k,
so we can think of I as a formal series in fields. (Sometimes [}, = 0 for k£ < 3.)

We call S = —% + 1 the action, its free part is Sfree def %. The functions on £ are called

observables: Ob = C*°(E) Our goal is to define and study the Feynman (expectation)
integrals of observables ¢, with respect to the action S = @ — I(z).

@ ¥ [ de ),

When ¢ is a product, we call {(¢1, ..., dn)s o (¢1- - -dn)s the correlation of functions ¢;.

3.2.2. Advantages of the finite dimensional setting. Our calculations will be done in a
finite dimensional case and for a positive definite inner product. So we consider a finite
dimensional vector space V' over R with a positive definite inner product g(z,y) = z-y =
(z,y). We will use the corresponding quadratic function g(x) = g(z,z).(*?

9This is one of examples of how physicists use category theory.

10This is the two-sided Laplace transform, i.e., essentially the Fourier transform.

11y applications to QFT & & is the space of smooth sections & = C™ (M, E) of a vector bundle F
over a manifold M.

2The case of vector spaces over a field k € {R, C,H} is actually a special case when our vector space
V' has some extra structure.
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The finite dimensionality allows us to choose dx as the Lebesgue measure on V' normalized

with respect to g so that the integral fv dx e 9@)/2 equals one. For instance for V = R”,

with the standard inner product and the standard measure dx, one has fRn dx e /2 =

V271, hence dr = =%

(2ﬂ.)n/2 .

We denote by g* the dual (“inverse”) metric on V*.

3.2.3. Laplace transform. We use Laplace transform in the form which takes functions on
V to functions on V* (13

(L)) = /v dr 99 f(x), JeV™

This is just an analytic continuation of the Fourier transform, indeed, in Minkowski QFT
we would use the Fourier transform rather than the Laplace transform.

Recall that a polynomial function f € O(V) = SV* on V, can be viewed as a constant
coefficient differential operator f on V*.

Lemma. (a) Laplace transform relates dual metrics g, ¢g* on V, V* by
Le9?) = e9'/2,

(b) For a polynomial function f on V/
L(f¢) = f(Lo).

(c) For a polynomial function ¢ on V and a function f on V* such that £ f is defined
| arcinre = (o0,
v
Proof. (a) is obtained by the completion to a square. (b) is the claim the differentiation

under the integral sign: 9, [, €™ f(z) dx = [, ™ xf(z) dx.
(¢) Finally,

/V de L7 ()6 = LIGL)]0) = [6 LLDI0) = [6F10) = [£6)(0).

Corollary. (a) The expectation of a polynomial function ¢ on V' can be viewed in terms
of applying an infinite order differential operator e /2 and evaluating at 0 € V :

()or = [e272 (e'9)] (0).
(b) The free expectation of a polynomial function ¢ on V' is

(e = 0(e/?) (0).

13Also called the two-sided Laplace transform. The standard Laplace transform fooo dx 5% e5% f(x) is
then called one-sided Laplace transform.
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Remark. Since the pairing of SV and SV* by
def
(4,B) < (A(B)) (0)
is symmetric, formula (b) is just a special case of (a).

Proof. (a) follows from part (c) of the lemma,
(0)or = / do et ey = / dr L7H(eR") - (e'0) = [e72 (¢l9)] (0).
14 v

(b) <¢>free 18
/v dv e™9? ¢ = L(¢e %) (0) = g[L(e7?)] (0) = ¢(e %) (0).

3.2.4. Labeling graphs by tensors. To a finite nonempty set S we attach a flower graph
(or star graph) *s which has one root and the set of prongs (petals) stemming out of this
root is S. Graphs which are disjoint unions of flowers will be called flower patches.

For a homogeneous tensor A € S%(V') the phrase “label the star graph xg by A” (or just:
“put A on xg”), will mean the following choice:

alift of Ato A=3", v1,® - -Qu,; € VO = V&llnh,
e Choose an ordering of S.

We will loosely call the collection v; 4 the 5™ “linear factor” of A and then we will describe
the labeling by: “we have put the label v; ;®- - -®v,; on xs” in the sense that we “label
the j* point in S by v;,”.

The choices of lifting A and of ordering S will eventually be irrelevant, see ....... !

By the phrase “putting a collection of tensors F; € S(V;), i = 1,...,m, on a graph 7" we
mean that we order the set of vertices as V,, = {vy, ..., v, } and label the flower at v; by
F;.

3.2.5. Contraction of tensors along a graph. Only the first part (A) will be relevant for
us. In (A) and (C) we generalize the contraction procedure to bigraphs just to indicate
the natural scope of the technique. As we will see next, it explicates the product rule for
differentiation.

A. Graphs.

B. Bigraphs. By a bigraph with tails we will mean a graph with tails v with a partition
of vertices V, = VUV, such that (i) all edges run between V. and V.!, and (ii) all tails
stem from vertices in VW1 The subclass of bigraphs is obtained by disallowing tails.

Let ae = (a1, ..., am) € N™ and by = (b1, ..., b,) € N™. By an “(as, b )-graph with tails” we

will mean a bigraph with tails (ga, V.0, V') such that (i) vertices in each of the parts are
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ordered: V) = {v1, ..., vy} and V. = {uy, ..., un }, so that the valencies are given by a, b,
ie., ky,, =a; and ky; = b;. By “(as,bs)-graphs” we mean the submoduli where the tails
are disallowed. (Notice that these moduli are sets: the orderings prevent automorphisms.)

Consider two ordered collections of tensors A, = (Ay,..., An), A; € S(V), and B, =
(B, ..., By), B; € S(V*), If deg(a;) = a, deg(B;) = b;, then we can “put” A,, B, on any
(e, be)-graph (with tails) v, in the sense that we put A; and B; on the flowers at vertices
vy and v; respectively.

The “y-contraction” (A;- - Ay, By - -By), of tensors Ay---A,, € SV and B;---B, €
S(V*) that have been placed on 7, is obtained by contracting the “linear factors” of
Ay -Ap, and By- - -By)., along edges of 7. It lies in S* where ¢, is the number of tails of
v (these are the same as linear factors of By- - -B,, which have not been contracted).

C. From graphs to bigraphs. The version of the above story that we will eventually

be interested in concerns graphs rather than bigraphs. Any graph « (possibly with tails)

gives a bigraph (v, V%, V1) obtained by breaking each edge e into two edges that meet at
vy

a new vertex v.. So, vertices of vy are given by vertices and edges of y

Vo=V d Vli=FE
5 v an 5 7
while each edge e of v with prongs p/,p” ending in vertices v’,v” gives two edges e, e,
connecting the new vertex v, with the old vertices v’,v”. The tails of 7 are the same as
in 7.

Lemma. The bigraph contraction procedure applied to graphs yields the graph contraction
procedure.

3.2.6. Combinatorics of differentiation. For psychological reasons we present here a
graphical interpretation (i.e., in terms of graphs), of the differentiation of a product of
polynomials by a product of constant coefficient differential operators. Actually, this
idea will only be used in a special case where it will be described ab ovo. In this case
all tensors A;’s will be the same tensor P of degree two, while tensors B; will coincide
whenever their degree are the same. This will actually change the flavor of the story
since it will reduce to ordinary graphs rather than the “(a,, be)-graphs” below.

We consider homogeneous tensors Ay, ..., A, € S(V) and By, ..., B, € S(V*) of degrees
a; = deg(Al), b]' = deg(B])

Lemma. (a) The derivative (Ap---A1)(By---B,) € S(V*) localizes to (as, bs)-graphs
with tails,

(Ap--A)(By--B,) = Z (Ay-- A, Bi---By),.

Y€ (ae,be)—graphs with tails
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(b) The pairing (A, - -Ay, By -By) dof (A --A1)(By---By) (0) € k, localizes to
(o, be )-graphs,

(Ay- A, By---B,) = Z (Ay---Ap, By- - By,

YE (ae,be)—graphs

Remark. (0) While part (b) is a formality, part (a) is the content of the use of graphs.
(1) In (b) we meet the flow on fields

def
@t el etP/Q

for P = g*.

Proof. (a) We draw a picture consisting of two flower patches (say, each drawn as a
rows of flowers) and we put tensors A;---A,, € S(V) on the upper flower patch and .
By---B, € S(V*) on the lower one. (So, the petals in the upper row represent copies of V/
and the petals in the lower row represent copies of V*.) The upper and lower row consist
of flowers x4, ...,x4,, and *g,, ...,x5,,, and we put A; at x4, and B; at *p;.

The process of differentiation in the expression (A, --A;)(B;---By,) produces a sum
of terms where each “linear factor” in A,,---A; differentiates some “linear factor” in
By- - -B,,. These terms are parametrized by injective maps ¢ : A = UA;—B = UB; (“the

a-factor of A,,- - -A; differentiates the t(a)-factor of By---B,”).

We can represent the (-term by welding the petals o € A and «(a)) € B into a segment.
Then the (-term is graphically encoded as an “(a., be)-bigraph with tails” ~.

Since the derivative vA of A € V* by v € V is just the contraction (v, A), the (-summand
can be described as the the “y-contraction” (A;---A,,, By---B,), of tensors A;- - -A,, €
SV and By---B, € S(V*). This gives

(Am“‘é)(Bl"‘Bn) =

/ <A1Am>B1Bn>'y
~vE (deg(Ae),deg(Be)—bigraphs with tails
MODULI???

(b) The evaluation at zero kills the terms for which ¢ is not surjective so the sum reduces
to bijections ¢ (these terms are not affected by evaluation), i.e., to “(A, B)-graphs” (we
disallow tails).

(Ap- Ay, By---By) = Z (Ay-- A, Bi---By),.
~v€ (A,B)—graphs

XX

S(V) and By,...,B, € S(V*) be homogeneous

Lemma. Problem. Let Ay,... A, €
, by = deg(B;).

tensors of degrees a; = deg(A;)

(a) We consider two calculations:
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(1) The derivative (A,- - -A1)(By1---B,) € S(V*).
(2) The pairing (Ap- - Ay, Bi- - By) € (Ap- A (Bi---B,) (0) €R.

A graphical presentation of calculations. (1) We draw a picture consisting of two rows
of flowers, the upper row represents Bi---B, € S(V*) and the lower row represents
Ay A, € S(V). (The petals in the upper row represent copies of V* and the petals in
the lower row represent copies of V.) The upper row consists of flowers x4, ..., %4, of

sizes |A;| = a; and the lower row of flowers x5, ..., g, of sizes |B;| = b;, so that we can
label % 4, with the tensor A; and x5, with B;.

The process of differentiation in (A, - -A1)(B;- - -B,) produces a sum of terms where each
“linear factor” in Ay, - -A; differentiates some “linear factor” in B;---B,. These terms
are parametrized by injective maps ¢ : A = UA; — B = UB; (“the a-factor of A,,---A;

differentiates the «(«)-factor of By---B,”).

We can represent the ¢ term by welding the petals « € A and ((«) € B into a segment.
So, ¢ is graphically encoded as an “(A, B)-graph with tails” ~, where the phrase means a
graph 7 which consists of (i) vertices which are partitioned into two subsets A and B, (ii)

edges that go between A and B, and (ii) tails (=petals=prongs) stemming from vertices
in B.

Since the derivative vA of A € V* by v € V' is just the contraction (v, \), the summand can
be described as the the “y-contraction” (A;- - Ay, By- - -B,,), of tensors A;---A,, € SV
and By---B, € S(V*). So,

(A - -A1)(By---By,) = > (Ay- - -Ap, By By,

~v€ (A,B)—graphs with tails

(b) The evaluation at zero kills the terms for which ¢ is not surjective so the sum reduces
to bijections ¢ (these terms are not affected by evaluation), i.e., to “(A, B)-graphs” (we
disallow tails).

(Ap- Ay, By - -By) = Z (Ay-- A, Bi---By),,.

~v€ (A,B)—graphs

Yy
A. The case when all A; are of degree 2.

B. The case when all A; are the same and of degree 2.

3.3. Feynman integrals in the case of free action (Wick formula). The Wick for-
mula is a special case of the Feynman expansion formula that we cover in the next section
3.4. The general case is a perturbation of the special case by adding an infinitesimally



20

small “interaction” term in the action. We use the same proofs for both, so this section
can be viewed as a warm up (with less combinatorics) for the next one.(14

3.3.1. Wick’s theorem. It calculates correlators of linear functions for the “free” action
S =—g/2.

By a pairing on a set A we mean a partition of A into pairs of distinct elements. So, a
partition of A is a family of disjoint two element subsets I' = {{pl, Gty DM, qM}} that
covers A. However, no order is chosen on the pairs nor on the of elements of any pair.
We denote by Paiy the set of all pairings I" of the set {1,..., N}

Theorem. The free correlator of linear functionals ¢; € V* is the sum of all products of
“contractions” g(¢;, ¢;) of pairs of functionals with respect to the “inverse” inner product
gon V*:

<¢1,---,¢N>free = Z H 9*(@7@')'

PePaiy {i,j}el

Our proof will use the Laplace transform.

3.3.2. A proof of Wick formula. We know that (¢)g.. is the derivative
o ) = 3 ox 0 T2 (o)
M=0

If N is odd this is zero and the same is true for the RHS since Paiy = (). So let N be
even, then all terms are zero except for M = N/2, so

(g/2" 1

a0 = g Greds™

<¢>frcc - (b_N : ﬁ
The differentiation ¢y - ¢y ¢*™ produces N! terms where N factors of ¢1- - ¢y differen-

tiate N-factors of ¢g** (g* is a sum of terms which are products of two linear factors!).
Since the double derivative ¢, ¢, g* of the metric g* is the contraction g*(¢p,, ¢,,) of the

metric g* with ¢, ®¢,,, these are of the form

¢p1¢q1 g* e ¢pM¢QM g* = g*((bplv(bth)' ’ 'g*(¢pM>¢qM)
where (p1, ..., D, q1, -, qur) 1S @ permutation of (1,..., N).

Such summand defines a partition of indices 1,..., N into pairs p;, q;, we say that the
collection of pairs T' = {{p1, @1}, ..., {par, qar } } is a pairing on the set {1, .., N}. The value

of the summand g* (¢, , ¢g, )" * *g" (P, @q, ) can be written as [[,, ver " (dp, &g} So it only
depends on the pairing I" but not on the full data of a permutation (p1, ..., par, q1, -, qQar)-

14A1ternautively, one could deduce the Feynman expansion by applying Wick formula infinitely many
times.
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The multiple ways to get the same pairing I' from different permutations
(P1, ..., DAL Q1 -5 qar) introduce repetitions in the sum for the derivative (¢1- - -¢1)g*™. In
order to upgrade a pairing I to a permutation (p1, ..., par, q1, -, G ), we need to choose
for each of the M pairs {p,q} in T, which of the M-factors in ¢g** it will differentiate,
and also whether ¢, will differentiate the first or the second factor of the quadratic

expression g*. This gives 2™ choices, hence

(@ﬂ)g*M = 2MM! Z H g*(¢pa¢q}-

FePain {p,q}el’

3.3.3. A graphical interpretation of the calculation. Graphically, the pairing I' is repre-
sented by a simple graph consisting of M segments that join pairs of points p, ¢ that lie I'.
We will now go once again through the proof 3.3.2 of Wick formula, in order to formulate
how this graph (i.e., the corresponding summand of (¢)..) arises through the process of
differentiation. This is how Feynman graphs will arise.

We draw a picture consisting of two rows of N points each. The points in the upper row
represent copies of V* and the points in the lower row represent copies of V.

The points in the upper row are labeled by 1, ..., N and on the point 7 we “put” ¢; € V*.
Then the first row represents the product of linear functions ¢ = ¢;- - -¢n which, when
viewed as a tensor, is an element of V®- - -QV = V&,

The points in the lower row are joined into M = N/2 segments, each representing a copy
of S?V. On each segment [a;,b;] we “put” one copy of g* € S?V. More precisely, the
label g* = ) v, ®vy is a sum of labels v,®vj, and we “put” v on the point a; and v} on
b;. (Which point is the first does not matter because ¢g* is a symmetric tensor!) Now, the
second row represents the product the element g* of (S2V)®M.

The process of differentiating ¢** by @1+ ¢1 produces N! terms where N factors of
¢1- - -¢1 differentiate N-factors of g*M (g* is a sum of terms which are products of two fac-
tors!). Since the double derivative ¢,, ¢4, g* of the metric ¢* is the contraction g*(¢,,, ¢4 )
of the metric g* with ¢,, ®¢,,, these are of the form

¢p1¢q19* : ¢pM¢q1\/[g* = g*(¢p17¢m)' ) 'g*(¢p1>¢q1)

where py, ..., P, q1, -, qur is @ permutation of 1,.... N. We can represent such term by
joining the points a;, b; in the j™ segment respectively with the points p;, g; in the upper
row, by means of segments.

Notice that now the points 1,..., N are joined in pairs p;, g; by segments (each of which
consists of three pieces). We say that the collection of pairs I' = {{pl, G}y {pns qM}}
is a pairing on the set {1,.., N}. The value of the summand g*(¢,,, ¢g,) = -9 (Ppy, g, ) cAN
be written as H{p,q}eF G (¢p, ¢q}. So the value of the summand only depends on how we
paired the points in the upper row but not at all on how we factored this pairing through
the lower row — it does not require the full data of a permutation (py, ..., par, G, - G )-
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Multiple ways to get the same pairing ' from different permutations (py, ..., par, ¢1, ---, Gor,
i.e., to factor the pairing in the upper row through points in the lower row, introduce
repetitions in the sum for the derivative (¢1---¢1)g*™. In order to factor a pairing I'
through the lower row we need to choose for each of the M pairs {p,q} in I' one of
M segments [a;, b;] in the lower row (M! choices) and also to choose whether p will be
connected to a; or b; (2™ choices). Therefore,

(G- -p)g™ = 2M0 > ] 9" (¢ 64}

IePaiy {p,q}el
Therefore, if we denote by Paiy the set of all pairings I" of the set {1,..., N}
(¢1-- 'ﬁ)g*M = 2" M! Z H 9" (¢ps Og}-

FePaiy {p,q}el’

3.4. Feynman expansion of expectation integrals. Let Gy be the moduli of graphs
with N tails colored 1,...,N (see the appendix 3.6.1). By an integral [, w(c) over a
category C we mean the sum over the set my(C) of isomorphism classes [c] of objects ¢ in
C, weighed using the automorphisms of ¢

def 1
/ ©@ = D K@l

[cJemo(C)

The “inverse” inner product ¢g* on V* lies in S?V. We use terminology propagator for any
symmetric degree two tensors P € S?V.

3.4.1. (v, P)-amplitude w}(I). For a graph v € Gy and any propagator P, ie., any
element P € S?V, we define

def
U);(I, ¢) = <P’77 (]7 ¢)’Y>
as the -contraction of tensors P, € SV and (I,¢), € S(V*) which is defined in the
following way.

We put the label P on each edge of the graph 7, we put ¢; € V* on the vertex of v
labeled by i and Iy € S*(V*) on the unlabeled k-valent vertices. Then P, is the tensor
product over edges e € E(v): P, = " while (I, ), is the tensor product over vertices:
(I,¢)y = @Y ¢ @ Quev(y) Ikw), where V() is the set of unlabeled vertices and k(v) is
the valency of the unlabeled vertex v.

Again, the precise meaning of labeling is that the labels [ are sums of labels of the form
a1®- - -ay with a; € V*, and we place each factor «; at one petal of the flower. Because
I}, is a symmetric tensor it does not matter how we order the petals. Similarly ¢* is a sum
of terms a;®as with a; € V and we place a; at the i*" boundary point of the segment.

In this way, each prong p of v carries two kinds of labels: a vector in V' from the edge
that p lies on and a linear functional in V* from the vertex the prong starts at. The
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7y-contraction means that we contract these “linear factors” of P, and (I, ¢), along the
prongs of ~.

3.4.2. Theorem. Assume that the interaction [ is infinitesimal. The correlator of linear
functionals ¢q, ...,¢on € V*

(1, "-7¢N>f§+1 def /V dr e 2@ +1(x) b1(x)- - -y ()

can be viewed as

(a) [Feynman expansion.] The integral over the moduli of graphs Gy of (v, g*)-weights
w). (I, ¢) of the pair (I,¢) :
/ whH(1, ).
I'eGn

g
(b) The pairing (by differentiating and evaluating at zero) of the infinite order differential
operator e~2%" and the formal function e’ )

"3 (1 9) (0).

Remark. The infinitesimality assumption means that I, = ¢, [ with [}, € S’“(V*) and g;’s
some infinitesimal parameters. Then e’ is a a formal power series in V* and gg, g1, ..., and
the integral is well defined as an element of C[[go, ¢1, ...]] by integrating the coefficients of
powers g" — these integrals are the free correlators calculated by the Wick formula.

So, the only problem is to organize the resulting huge sum in a reasonable way. This is
achieved as in the proof of the Wick formula, except that the class of graphs that appear
is Gy rather than Paiy.

3.4.3. A proof of the Feynman expansion up to constants v,. Let ¢ = Hi\il ¢;. The proof
is the same as for Wick formula, except that this time we differentiate by ﬁ rather than
just by ¢. In the manipulation

Ogor [ deetelo = 2o e 0 D [oee )] 0) = (ol ] 0).

the step (x) is again the lemma 3.2.3.b — it applies because e!¢ is a formal sum of poly-
nomials.

Now, part (a) is clear since the pairing of A € SV, B € S(V*) by (A, B) oof (AB)(0) is

symmetric, so
[e'o(e72)] (0) = [e22(e" )] (0).

(The symmetry persists for A € S V, Be S (V*) as long as the pairings are defined — for
instance when the coefficients of A are infinitesimals.)
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The exponential of I is the sum over N' & @ N

ol — kl_[O elk/k — ]!_[0 Z_O (k'k)nk _ ﬂ U (k'k)nk
= =0 np= aeN k=0

We draw a picture consisting of two rows, the upper row represents the numerator
d11, I of the fi-summand of e’¢ and the lower row represents the numerator of
1

the M-summand g*". (For a moment we forget the constants [], (OR and ﬁ)

The type of ¢ [[;—, I;* is drawn as a flower patch which starts with N points labeled
by 1,..., N followed by n, k-valent flowers for £k = 0,1,.... We put ¢; € V* on the point
labeled i and Iy € S*(V*) on the unlabeled k-valent flowers. In the lower row we draw
M segments, each labeled by ¢*.(*9)

The process of differentiating ¢** by ¢1- - -é1 II;2, 1™ and then evaluating at 0 € V
produces a sum of terms corresponding to choices of bijections ¢ of points in the upper
row (the N labeled point and all the outer ends of petals) and points in the lower row
(the ends of segments) — such bijection is a way for labels on the upper row (a bunch
of elements of V* indexed by the upper points) to differentiate the labels in the low row
(a bunch of elements of V', considered as linear functions on V* and indexed by lower
points).

A bijection p’ < p” of upper and lower points can be graphically presented by joining
points p’ and p” = ¢(¢)') by a segment. This produces a graph with tails 7 whose vertices
are the roots of flowers in the upper row and each edge between roots r; to ro is obtained
by patching together five parts: two petals at roots r; at 7o (omitted if the valency of
the root is 0), two segments given by the bijection and one segment from the lower row.
Since v has N vertices labeled by 1,..., N we can view 7y as an object in Gy.

The derivative av of v € V by a € V* is just the contraction (a,v), so the result of the
differentiation along the bijection ¢ is precisely the contraction w) (1, ¢) o (Py, (L, 0)).
We have now established that the integral is a sum over isomorphism classes [y] € m(Gn)

of graphs v € Gy)

/ Az e 3OHD 6 () one) = Y vy wh(L0).
v emo(Gn)

.. . . 1 1
This involves some constants v, which incorporate the constants [, T and 55

as well as certain repetitions: different bijections ¢« may produce isomorphic graphs ~v. It
remains to prove the following lemma:

above

5The more precise meaning of labeling is that the labels Ij, are sums of labels of the form a;®- - -y,
with «; € V*, and we place each factor a; at one petal of the flower. Because Iy, is a symmetric tensor
it does not matter how we order the petals. Similarly ¢* is a sum of terms a1 ®as with a; € V and we
place a; at the i*® boundary point of the segment.
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3.4.4. Lemma. The constant v, is the volume of the class [y] in mo(Gy).

1
|Aut(y)|

It is not difficult to prove this lemma directly, i.e., combinatorially by counting the above
repetitions. We will deduce it from the categorified version of the above construction.

3.4.5. Category theory. The observation that graphs have automorphisms means that the
totality of graphs (of a given kind) is not a set but a category. The categorical language
turns out to be illuminating in Feynman expansions (though one could do fine without
it).

One may make a case that one psychological difference between mathematicians and
Fascist’s is that the former are raised in Set Theory and latter in Category Theory. The
first question about an object that one asks in Set Theory is What is it?. In Category
Theory the question is How does it relate to others?

3.4.6. Groupoids (stacks) and the notion of moduli. The “totality” (or “moduli”) of ob-
jects of a certain kind I is often in itself an interesting (important) object of study. This
totality is most naively viewed as a set of all C-objects (example: various sets of num-
bers). However, if there is a notion of isomorphism of objects of the kind IC then objects
isomorphic to a given object a are naturally viewed as repetitions of a, so a better notion
of totality is the set mo(K) of isomorphism classes [a] of K-objects a. It turns out that by
passing from K to the set m(K) the information that we keep is too little, i.e., compu-
tations do not work well. The efficient strategy is to consider the totality of C-objects as
the category whose objects are K-objects and whose morphisms are the isomorphisms of
IC-objects.

The categories we get in this way are the groupoid categories — categories such that all
morphisms are isomorphisms (“invertible”). Another name for groupoid categories is or
stacks.

FExample. The moduli of objects of a given category C is the groupoid category C* ob-
tained by throwing away the non-invertible morphisms, so objects are the same as before
Ob(C*) = Ob(C), and morphisms Mor(C*) = Isom(C) are the isomorphisms in C.

Example. For instance, the moduli FS of finite sets is the groupoid part FS* of the
category FS of finite sets.

3.4.7. Integrals over stacks. A functor F': C — S from a stack C to a set S is the same
as a function f: mo(C) —S. We will also call it a function from C to S.

For any stack C the set m(C) has a canonical measure, for any object x of C the measure
of the isomorphism class [z] € my(C) is 1/|Aute(x)| > 0.

The integral of a C-valued function f on a stack C is defined as the integral of the
corresponding function f : my(C) — C, i.e., the sum over isomorphism classes [z]m(C)
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of objects z in C

def 1 .
/Cd:cﬂx) Y

[a]emo(C)

The categorical nature of the construction is reflected in the change of variable formula:
if a functor F': D —C is an em equivalence of categories, then fD foF = fc f.

3.4.8. Monoidal categories (3.8). A binary operation on a category C is a functor CxC
C. We say that (C,m) is a monoidal category if m is a associative and unital in an
appropriate sense. A tensor category is a monoidal category such that m is commutative
(again, in an appropriate sense).

Just as to any set S we can associate a free group generated by S, to any category C we
can associate a free tensor category C® generated by C,

Ezxample. The moduli FS of finite sets is a tensor category with the operation LI of disjoint
union. Actually, (FS,U) is (equivalent to) the free tensor category pt® generated by the
“point” category pt which has one object and one morphism.

More generally, we will consider various categories of graphs G, 7 G, Pai, Par, ... as tensor
categories for the operation LI of disjoint union. All these will be considered as tensor
categories over (FS, ) via projection to prongs. The prefix “c” will mean the submoduli
of nonempty connected graphs.

Lemma. For any class of graphs & closed under finite disjoint unions, the moduli (&, L) is
a free tensor category c®® generated by the submoduli ¢® of connected nonempty graphs
in &

In particular, the following are free tensor categories

Y

(1) (Par,l)) = cPar® = FS9® since the connected partitions are the same as finite
sets: cPar = FS.

(2) (Pai, L) = cPai® =~ FS,® since the connected pairings are the same as 2-element
sets: cPai =2 FSs.

(3) (G,U) = ¢G® and (7G,U) = cFG®.

3.4.9. A combinatorial principle (see 3.8). 1t says that the integrals over connected graphs
are logarithms of the corresponding integrals over all graphs. The reason is really that for
a class of graphs & (closed under finite disjoint unions), the moduli (&, L) is a free tensor
category c®® generated by the submoduli ¢® of connected nonempty graphs in & (see
lemma ). Our principle is then an example of the following property of the construction
of a free tensor category (C®, L) from a category C.
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®
Lemma. Any function w : C — C on & extends to a multiplicative function (C®, L)) ——

(C,-), and then
/ w® = 6acp(/ w).
c® c

3.4.10. Fibered products of tensor categories. The fibered product AxcB of the diagram
of categories A — C L B is the category of triples (a,b,¢) where a € A, b € B and

[

¢ :afa) = B(b) is an isomorphism in C.
The fibered product of a diagram of tensor categories (A, ®) — (C,®) £ (B,®), is the
fibered product of categories Ax¢B, with the operation

(a,b; aa é Bb)®(a’, b ad’ L—;> Gb') o (a®d’, bRV'; a(a®a’) e, (bb'))..

(a3

Lemma. (a) The moduli G of graphs is (as a tensor category) the fibered product of
partitions and pairings over finite sets

(g,Ll) = (Par,l_l)x(;g,u)(Pai,l_l) = f8®><(_7:57|_|).7:82®.

(a’) Similarly, the moduli Gy of graphs with NV univalent vertices colored by 1, ..., N, is (as
a tensor category) the fibered product of the moduli Pary of partitions with N univalent
vertices colored by 1,..., N, and the moduli of pairings:

(QN,I_I) — (ParN,I_I)x(]:S’u)(Pai,I_I) = f8®><(_7:,57|_|)f82®.

(b) As a tensor category, the moduli 7G of Feynman graphs (graphs with tails) is a
the fibered product of pairings and of marked partitions (the marking is a subset of
prongs)1%)) over the the tensor category (FS,L):

(7TG,u) = (Pai,U)x(rsu) (mPar,L).

Proof. (a) A graph I' = (P < P 5 V) defines a a compatible triple of a pairing
(P —P/{1,0}) € Pai, a partition (P = V) € Par, and a set P € FS. This gives the
map G — Paix zsPar.

In the opposite direction, an object of Paix zsPar consists of a pairing (P”,I"), a partition
(P' 5 V) and an isomorphism ¢ : P'=P" in FS. It defines a graph I' = (P < P 5 V)
with P = P’ and the involution o characterized by {up, top} for all p € P.

The proof of (b) is the same.

16T his is the subset of prongs which will be connected to prongs of the pairing. The remaining prongs
represent the remaining degrees of freedom.
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3.4.11. Proof of lemma 3.4.4. We will state the proof for the case when ¢ = 1, i.e., only
the calculation of the free partition function. The general case of expectation integrals is
proved the same except that one uses part (a’) of the lemma 3.4.10 rather than the part

(a).
First, I = >, I;/k! can be viewed as [, I, where I, : FS§ — SV*2 S(V*) sends

A€ FS to I,(A) dof Ij4. Similarly, e9" = f]—"Sz g* where g* : FS5 — SV is the constant
functor g*(A) = g* € S?V, A € FS,. Now,

@ Pely = fels o = ([ 10 [ 9
FS2®

F&®

o[- IRACELOES

The integrand, i.e., the pairing
(L°(a), g2(8)) = L (2)g®(8) (0)

is a sum of ¢-contractions

®
/ (L° (0).£2(3)).
t€lsom s [prongs(a),prongs(3)]
over bijections ¢ of prongs of the partition o and prongs of the pairing 3. The triple
(at, B, 1) is the same as a graph v € G, and then the t-contraction (I,% (a), g®(3)), is just
the definition (I, P,), of the amplitude w}.(I). So, we get

/g97 w,.(I).

3.5. Variations of the Feynman expansion. We will also consider refinements of the
Feynman expansion when [ is allowed to be a function of A (3.5.4) or when the space of
fields is graded (3.9.2). The effect of the additional structure is that summands decompose
into finer terms which are indexed by graphs with additional data.

Finally, we consider the effect of an additive shift in the action S in 3.5.5.

3.5.1. Propagators. The data (€,g,I) for an abstract Feynman expansion of correlator
integrals consist of a finite dimensional vector space £, a positive metric g on £ and an
infinitesimal function I on £. The correlator integral (gb),%Jr 7 is then calculated in terms
of the dual metric g* on £* as

(@) L /g W (1, 9).
N2Y
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We notice that the construction (¢),~ ; generalizes from metrics ¢g* to arbitrary symmetric
tensors P € S2£. The expression

(G)ps /g w(I,9)
N2Y

still makes sense since one can still define the tensors P, € SV and contract them with
tensors (I, ¢), € S(V*) to define the numbers wj (I, ¢) o (P, (I,0)).

3.5.2. The logarithm W of the partition function (“free energy”) and the connected Feyn-
man graphs. Taking logarithm does not seem reasonable for correlators, we restrict our-
selves to the partition function

Z = / dr e 3 :/ wh(I).
Vv v€EG

Then the constant term (i.e., modulo infinitesimals) is 1, so the logarithm is defined.

Theorem. (a) The formal logarithm W = In(Z) is given by the same integral but now
restricted to the connected nonempty graphs:

W = wh(I).

yECG

(b) When free energy is viewed as a function W (I) of the interaction I, its linearization
d;W is a linear functional on T} (interactions) which is the space of (naive) quantum ob-
servables. The value of the differential d;1¥ on an observable O (the directional derivative
of W at I in the direction of O) is the (normalized!) expectation

o <O>g,1
(d;W)0 = Myr

Proof. (a) This is a case of lemma 3.4.9 since G is the free tensor category cG® generated
by category ¢G and w}"" (I) = w} (I) - w} (1).07

(b) W(I) = log[f,, e 2%, hence

(@W)(0) = — / e 40 =

1 . . . .
"This last property fails for expectation amplitudes w} (I, @).
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Remarks. (0) Similarly, the correlators (Oy, ..., 0,)— (O, ...,0,), s are the multideriva-
tives of W at I.

(1) This shows that the free energy construction I+—W (1) is the fundamental object —
the true correlators are just its Taylor expansions.(!®)

(2) Also, it shows that observables naturally appear as first order deformations of the
action!

3.5.3. Adding the Planck constant h: loop expansion of free energy and classical limits.
Here we consider how correlators change when we vary the action according to the scale
h > 0. We replace the action S by %S , so the expectation integral becomes

(D)n dZEf/ dr enSllg = / dv en~E+D g,
v v

A. Adding the Planck constant to correlators. As we will see, if taken literally, this would
only be reasonable in finite dimensional Feynman integrals.

Lemma. The h-expectation integral of a homogeneous polynomial ¢ is (x. is the Euler
characteristic of the graph ~)

Ll R )

GN DY

Proof. In order to reduce the integral to the kind we had before, we change the variable
by z = hiz-u, so that de = #29™V)dy and

S(x) g(h2u) Ii( ﬁ2u oglu) 1 %
ho 2k ﬁz o 2 %;

Therefore, the h-expectation is

1

1 3. g(u 1
(D)n = / du B3 dmV) |~ 22t I(R2u) S(h3u)
v

— p3dim(V)+deg(e)] / duy e~ R+1 T, A¥ I S(w).
1%

The second factor is the standard expectation integral except that I is replaced by

Ai~!.h>. This means that for v € Gy, the amplitude w} (I, ¢) has been multiplied by a

certain power of A. We count the contributions to this power in the following way: each

uncolored vertex contributes —1 (from 1, kr—%_fi since tensors [, are placed at vertices) and

each prong contributes % (from I;+—hz since k is the number of prongs at the vertex at

which we placed Ij;). The total is the number of edges (each edge contains two prongs)
minus the number of vertices, i.e., —x,.

18Fvee energy will later generalize to operators Wp on the space of interactions.
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B. Loop expansion of free energy. While in the expectation integrals the power of i was
the negative of the Euler characteristic of a graph, the powers of # in the normalized free
energy are governed by the number by(7y) (the first Betti number) of independent loops
in the graph.

In order to have a quantity meaningful in the infinite dimensional setting we normalize

the expectations to ﬁ_%dim(v)@b) . In particular, we normalize the partition function Zj

to
Z, M poaam0) g /g By wh ().

Corollary. The h-expansion of the logarithm of the normalized partition function is gov-
erned by the number of loops in a graph

log(zi) = / h™xv w}([) = Z hn_lwn—loop
YECG n>0
= ﬁ_IWTrees + Wl—loop graphs + ﬁ'W2—loop graphs + ﬁ2'W3—l00p graphs + g

for
_ Y .
anloop graphs — / wP(I> )
'Yecgn—loop

where ¢G,,_100pCG is the submoduli of connected nonempty graphs v with by(y) = n.

Remarks. (0) The connected graphs without loops are called trees. We sometimes call
by () the genus gr of the graph ~.

(1) log(Zy) has at most the first order pole at 0 and the residue at # = 0 is W, also called
WTrees'

Proof. Since Zy) = fveg A= wh(I) and A~ w} (1) is multiplicative in (G, L), we have
log(Zp) = [eug B0 wp().

For connected graphs the Euler characteristic simplifies since x, = by —b; = 1 — by, hence
—Xy = bl —1.

Theorem. All coefficients in the loop expansion are classical quantities, i.e., they have
meaning in classical physics (see 77).

3.5.4. Allowing Planck constant h in the interaction term I. We will quantize classical
actions S to effective (scaled) quantum actions which are families of actions S[L] valid
at various scales L. The free part of the action will not be affected: S[L] = —% + I[L],
but the interaction terms of quantum actions S[L] will necessarily depend on the Planck
constant f.
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When interaction depends on h,
I = sum I/k! and I = Z L,

the Feynman machinery gets refined. The product e’/ = []e/#/* which gave terms
[T, I7* now becomes [] e#™/* which gives terms [Lx (Lxh")7ix.

This means that on an k-valent flower we do not put the whole I but only one of its
summands ;4. The effect is that we need to color the root v of a flower by some g, € N
(called the “genus”’ of the vertex), then we put I;;h" on the flower of valency k& and genus

1.

So, the corresponding class of graphs G are pairs I' = (v, g) where v € Gy and the genus
function g maps the set V, of uncolored vertices of v to N. We call them graded graphs
(graded by genus).

Now, the refined Feynman expansion takes form
(P)pr = / Rt 9v (1 ¢)
regy

where amplitudes are defined in the same way. The logarithm of the partition function is
then

gl Zu(P.0) = [ o

where we only use the connected nonempty graphs' and the genus of a graph is defined
as
def
gr = bl(r) + Z Gu-

veVr

3.5.5. Correlators as functions on fields (“integrals with additive shift”). Here we notice
that Feynman’s correlator integrals are a recording of a flow on the space of fields generated
by the constant coefficient differential operator % g"

(A) Extension of correlators to functions on infinitesimal fields (by additive shifts). Here
we promote correlators from numbers to functions defined on infinitesimal elements a of
V', i.e., points of the formal neighborhood V of 0 in V. This is done by shifting the
interaction function I and the observable ¢ by a :

((b>g,1(a) d:ef /V dr e_g(zx)+l(a+:p)¢<x + CL).

This is a deformation of the usual correlator (¢),; which is now written as (¢),;(0). In

~

particular, we have promoted the partition function Z, ; to a function of a € V' by

Zy1(a) & / dy e~ 5 Hla+a),
1%
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Remark. Alternatively, this means that the Gaussian probability distribution

o= 22+ (ata)

has been shifted by a. (This is also the most natural point of view with respect to signs
of translations.) O

(B) Extension of graph-wights to polynomial functions on fields (by allowing tails). Let
TG be the class of graphs with tails. We extend the graph weight construction ’y}—>w;@ (I;9)
from graphs to graphs with tails. For v € 7G we define the amplitude w).(I; ) as a
homogeneous polynomial function on fields (of degree ¢,), given by the vy-contraction

wyo(1:0) = {(7)5, (1, 0)),
of the tensor (I, ¢), € S(V*) by the tensor (¢*), € SV.

Remark. The generalized notion of weights applies to a larger class of objects and has a
more sophisticated values (functions rather than just constants). On the other hand, the
extension in (A) was only in the direction of more sophisticated values (again, functions
rather than just constants).

(C) g*-flow on fields. We will loosely talk of infinite order differential operators
(I)t d:ef 6719

1 *77

as “stochastic flow by ;¢*” or the “time ¢ g*-flow” on the space of fields.

Remark. For t > 0 this is justified (at least under some positivity and in the finite
dimensional case) by the heat kernel theory, the heat kernel operator is then interpreted
as the pull-back of fields under the flow

Kix = &z, x€f.

Lemma. The correlator function (¢), ;(a) is well defined for infinitesimal elements a of V
and can be represented as the pull-back under the —g*-flow:

(D)gs = e3L(e19).

Proof. Denote the translation by a as (T, f)(z) oo f(z —a).

Since a is infinitesimal, (T_,1)(z) = I(a + z) is a well defined formal function on fields.
The Feynman expansion for shifted quantities 7_,1 and T, ¢

[ e = [ aretie, - [ e
v v vEG

can be computed (see the proof 3.4.3 of Feynman expansion) as 9 /%(e*¢,) (0). However,
since the differential operator g* is translation invariant, this is just the evaluation of the
derivative 9 /2(el¢) at a.
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(D) The graph expansion.

Theorem. The correlator functions have Feynman expansion over graphs with tails
@@ = [ wpmo.
v€TG

Proof. We work on the expression from the lemma

(@) = €32 (c!9).

In 3.4.3 we saw that the computation of e9/2e! breaks into differentiation of products
P11 [y L™ by powers ¢*™ . This time we evaluate the derivatives at a rather than
at 0 € V, the effect is that the summands we get are indexed by all injections ¢ of the
lower row (representing g*" ) into the upper row, rather than only the bijections ¢.

Therefore, some of the prongs in the upper row may remain free and here we will plug
in a. The graphs that we get in this way will have “tails” and will therefore represent
functions on &, which we then evaluate at a.

3.6. Appendix A. Feynman graphs. We will consider graphs as combinatorial objects
or equivalently, as geometric objects. We pass between the two points of view whenever
convenient.

3.6.1. Graphs with tails. A graph is usually said to consist of vertices connected by edges.
For the correct notion of automorphisms of graphs we will take the point of view that a
graph consists of vertices, edges and prongs (the half-edges).(1?)

Beyond the class G of graphs we will need a larger class 7G of Feynman graphs or graphs
with tails, which is closed under the operation of cutting edges at the midpoint:

A Feynman graph (“F-graph”) is a diagram of finite sets
v = (P Py V)

where o is an involution. We say that V, is the set of vertices and P, is the set of prongs.
More terminology:

e Prongs partition into the set of tails or external prongs T, = (P,)? and the set of
internal prongs P, —T,.

e The set of edges is the set of free orbits of the involution E, of (P, —1T,)/{1,0}.

e Lor a vertex v € V,, denote by P, = P, , 710 the prongs rooted at v. Then

po = | P,| is the wvalency of v.
o ¢, = |T,| is called the external valency of T'.

9The non-standard addition of prongs makes difference in the case of loops, a loop now has a nontrivial
involution that switches its ends.
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Let 7G be the moduli of F-graphs. Adding “c” to the notation (as in ¢F@G), will always
mean that we consider the submoduli of connected nonempty objects.

Ezamples. (0) The ordinary graphs appear as the “no tails” subclass G of 7G. This means
that one adds the requirement that the involution ¢ has no fixed points.

(1) We will also use the class 7G y of graphs with tails endowed with a coloring of N tails
by 1,.., N; and its subclass Gy in which the only tails are the N colored tails.

Remark. (Alternative terminology.) Notice that in our terminology, tails do not end in
vertices. However there is another terminology where graph I' = (Pr < Pr 5 V4) is
viewed as data I' consisting of (i) vertices Vi = VrUTr called inner and outer vertices,
(i) prongs P = Pr and (iii) edges Ey = ErUTy called inner and outer edges.(*”

3.6.2. The geometric realization of graphs. It is defined by

e 1
T % (P[0, 5] L Vr) ~

where ~ involves two kinds of identifications, for h € Pr

e (i) (h,0) ~ m(h) € V1,
o (i) (h,3) ~ (oh, 3).
The topological invariants of a graph I' are defined as topological invariants of |I'|.

Lemma. H(|I'|,Z) is torsion free.

Proof. One can pass from a graph I' to a homotopic one by contracting one tail or a edge
which is not a loop.(2") Since contracting an edge decreases the number of vertices by one,
each connected component I' is homotopic to a graph with one vertex and no prongs, i.e.,
a bouquet of circles.

Remark. In physics, Hi(I',R) is regarded as the moduli of degrees of freedom (“extra
variables”) which are not determined by applying conservation laws at vertices. These
cause appearance of divergent integrals. The case of forests (“graphs without loops”) is
characterized by absence of these extra variables.

207 understand that this terminology is used in physics with a different intuition.
21But it is not OK to contract several non-loop edges at the same time because contracting the first
edge may make the next edge into a loop.
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3.6.3. Partitions (flower patches). The graphs without edges (i.e., all prongs are tails) are
the same as maps P = V of finite sets, i.e., the same as partitions of P according to V/,
P U,y 7o,

Their geometric realizations are called flower patches — the connected components are
indexed by vertices v € V and the component at v is the flower with the root v and the
set of petals (prongs) 7~'v. The corresponding submoduli of 7G is denoted Par or FP.

Notice that 7~!v can be empty, then the flower is just one vertex, the root, without petals.

Cutting all edges in a geometric graph at midpoints gives the flower patch map of moduli
76  Pai, Tfpy.
Another interesting functor is the action map
TG SFP, I'—ap =T,

where T is obtained from I' by contracting all edges (this causes some vertices to be

identified).

The moduli of flowers, i.e., the moduli cPar of connected (nonempty) flower patches, is
equivalent to the moduli of finite sets via FS icPar, S+xg, where xg has one vertex,
and its set of prongs is S. Flower patches are the same as partitions, i.e., maps of finite
sets P =V (viewed as a partition of P by V, with some strata possibly empty).

The set of numerical partitions N = @,en N consists of sequences (Ao, Ay, ...) € NY with

compact supports. The order of a partition (P 2, V) € Par is the numerical partition

oo T
P . — . . .

order function 77 : P — N on the moduli of partitions.

N, N1, ...) where ny, is the number of v € V with [p~'v| = k. This gives the

3.6.4. Pairings. By a pairing on a finite set A we mean a partition A 2>V of A into 2-
element subsets. So, their moduli Pai is a submoduli of partitions: PaiC ParC 7 G and the
geometric realizations are binary flower patches, i.e., such that each flower has precisely
two petals.

However, in Feynman calculus it is traditional to use a different interpretation of pairings
as graphs, i.e., a different embedding Pai—— GC7G. So, these graphs are simply disjoint
unions segments, i.e., graphs without tails such that each vertex v lies in precisely one
edge and this edge is not a loop. The relation between the two is that to a pairing A 2V
one attaches the graph I' with the set of vertices A and edges given by V.

3.7. Appendix B. Stacks.

3.7.1. This is an introduction to the language of stacks.



37

3.7.2. Categories. Notice that categories form a “category of all categories” Cat with
morphisms Homeq (A, B) given by functors: Fun(A, B).

3.7.3. Stacks. This is a certain class of spaces which generalize sets. The need for stacks
arises formally by a need of for the correct quotient X/G when a group G acts on a set
X. A more sophisticated origin of stacks is the moduli problem. CHECK The same.

The formal definition of stacks will be an algebraic one. A stack S is a groupoid category,
i.e., a category such that all morphisms are invertible.(?®) The geometric view of S is to
view it as the quotient space Ob(S)/Mor(S), i.e., the set of objects of S taken “modulo
all identifications given by morphisms in S”.

Ezample. Any group G defines a stack B(G) called the classifying space of G. This is
the category with one object pt (“a point”) and Hom(pt, pt) = G. As a space this is the
quotient B(G) = pt/G of a point by the (trivial) action of the group G.

Any stack is equivalent to a disjoint unions of classifying spaces L;c; B(G;). For all stacks
that we will consider the groups G are finite.

Notation. We denote the set of orbits of a group G on a set X by X//G while X/G means
the stack quotient of X by G, i.e., Ob(X/G) = X and Homy/q(x,y) = {9 € G; gz = y}.

3.7.4. Moduli stacks. The expression “moduli stack of objects in a category C” literally
means the corresponding groupoid subcategory C*CC' which has the same objects as C,
but morphisms in C* are now only the isomorphisms in C'.

This is refinement of the notion of the set my(C') of isomorphism classes of objects in C'.
This notion usually does not contain enough information because (i) we are forgetting
the choices of isomorphisms of objects, (ii) different objects may have different amounts
of automorphisms.

3.7.5. Integrals. A functor F' : C — S from a stack C to a set S is the same as a function
f:m(C) —S. We will also call it a function from C to S.

For any stack C the set m(C) has a canonical measure, For any object x of C the measure
of the isomorphism class [z] € my(C) is 1/|Aute(x)].

Let k be a commutative topological ring which contains Q. Then for a k-valued function
f onastack C, i.e., afunctor f:C —k, the integral of f over C is defined as the integral
of the corresponding function f : m9(C) — k, this is the sum over isomorphism classes
[z]m0(C) of objects z in C

def 1 .
[ari@ ¥ )

[a]emo(C)

22More precisely this could be called “stacks of sets”. There are many other classes of stacks which
will not be needed here.
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In particular, the size |C| of a stack C is defined as

c] & / L
C

Remark. When the sum is infinite this definition involves the question of convergence.(?*)

3.7.6. Finite sets. Let FS be the moduli of finite sets, i.e., the groupoid category where
objects are finite sets and morphisms are bijections. Its connected components FS,,, are
the moduli of sets of order n (n > 0).

The automorphism group of a set A is denoted S4, in particular S, = S, for (n) =
{1,...,n} is the usual permutation group.

The prefix O, for instance in OFS, will mean “ordered”. So, OFS is the stack of finite
ordered sets and |OFS,| = 1.

In terms of the usual category FS of finite sets (objects are finite sets and morphisms are
all functions between sets), FS is the corresponding groupoid category FS*.

Lemma. [Baez-Dolan] |FS| = e.
Proof. The category FS, is equivalent to the classifying space pt/S,,.

3.7.7. Global sections of functors on stacks. Let S be a stack. For any category V we
consider the category Fun(S,V) of functors X : § — V with values in V. When we view
S as a space then the functors in Fun(S,V) are the same as sheaves on the space S with
values in the coefficient category V.4

In the local setting, i.e., when & = pt/G, a functor X : pt/G — V is the same as an
object ¢ € Ob(V) (here ¢ = X(pt)), and an action a of G on ¢ (this is the same as a map
a : G = Endye(pt) — EndeC(c) which preserves compositions). When S = Lic; S;
with §; = pt/G; then Fun(X,V) = Ilie; Fun(A;,V).

There are two notions I'(S, F'), (S, F) of global sections of a functor F': S — V.

When § = {a}/G for a point {a} then a functor F': § — V is given by an object F'(a) € V
and an action of G on F'(a). Then

F) ¥ P@)® and A2

pt
G?

F(G

23Sometimes we resolve it formally by modifying the natural on C by a function g : ¢ — k. For
instance, we may take k = k[[gn, @ € mo(C)]] if we want to keep all contributions separate.
24For the discrete Grothendieck topology on the category S.
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In general, § is a dis-
I'(S;, F|s) and

are the G-invariants in F(a) and the G-coinvariants for F(a).(?®
joint union U;e;r S; with §; = {a;}/G; and then I'(Wier Si, F) = []
Y(Uier Si, F) = Uier v(Si, Fls).

el

3.7.8. Functoriality of functors on stacks (with respect to change of stacks). For a map of

stacks m : & — 7 there are two direct image constructions Fun(S,V) — Fun(7,V)
and one inverse image construction Fun(7,V) LN un(S, V).

The inverse image means that G : 7 — V gives Gorw : § — V which is denoted in two ways
as TG = 7*G. Locally, 7 is of the form pt/G — pt/G’ for a map of groups f : G — G’
and then the pull-back functor 7' = 7* just means that we regard a G’-equivariant object
G(pt) as a G-equivariant object which we denote 7*G(7).

The direct image functors are more interesting. In the case of a map to a point 7 : § —
7 = pt then Fun(pt,V) =V so m,m, : Fun(S,V) — V. These are defined as the two

functors of global sections; 7, F' & ['(S,F) and mF of (S, TF).

We require properties of operations m, m,

(7 Uiemoe WD) = [ = WI)(y) and  (m Uiene W) (y) = Uiere (mW:)(y):

iemoC

and then it suffices to describe these direct image functors in the local situation. Any map
7 : S — T is locally of the form pt/G — pt/G’ for a map of groups f : G —G’. The most
familiar case is when V is the category Vecc of vector spaces. Then Fun(pt/G,Vece) is
the category of representations of groups and the functoriality is the usual functoriality
of representations of groups. The general case of arbitrary V just imitates these familiar
constructions.

Functoriality is compatible with compositions, i.e., for S = 7 5 U we have ogjom =

. .. I "
(oom), and o,0m, = (0om),. So, by factoring f through its image f = (G = Im(f) C G”
it suffices to describe functors m, 7, in the cases when f is either a quotient map or an
inclusion.

In the quotient case G’ = G/H then for = : pt/G — pt/G’ the functors m, 7,
Fun(pt/G,V) — Fun(pt/G’) are the H-invariants functor and the H-coinvariants func-
tor, i.e.,

(mF)(pt) = F(pt)" and (mF)(pt) = F(pt)n.

f
In the inclusion case have a subgroup GCG’ and the functors m, 7, : Fun(pt/G, pt/G")
are the (co)induction functors,

(mF)(pt) = Coindg [F(pt)] = [Myeer F(pt)]

25Provided that these (co)invariants exist in the category V. Otherwise, F(a)® and F(a)q are only
defined as certain limits, i.e., as pro-objects and ind-objects of V.
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and
(mF)(pt) = Indg F(pt) = [Uyea F(pt)le.

3.7.9. (Co)sections in a monoidal category. This is based on the “(co)section” construc-
tion in monoidal categories. The unit object 1, in a monoidal category V (co)represents

the covariant functor I'y(v) of Hom(1y,v) (“sections”) and the contravariant functor

Y (v) & Hom(v, 1y,) (“cosections”). When V is a k-linear category, then the values are
in the category m(k) of k-modules and we can denote these functors by

Fy/k V- m(k) and Wik - V° — m(k)

Lemma. (a) The following diagram is canonically commutative
F(Cv_)
e

Fun(C,V) V
kal kal
Fun(C,mk) ~97 m(k).

(b) The functors I'y . comes with the canonical morphisms of bifunctors
Iy(A)@lyu(B) —Tyu(A©yB)
where A, B € C and X,Y :C —V.
Proof. (a) When C = pt/G then for W € Fun(C,V),
Ty l(C,W) = Homy[ly, W(pt)®] and T(C,Ty,W) = Homy[ly, W(pt)]©.
These coincide since the action of G' on 1y, is trivial.
(b) The map is
Homy (1), A)®xHomy (1, B) — Homy(1,®y1y, A®yB) = Homy(1y, ARy B).

Remark. We can introduce the notion of k-sections of functors C SN (V,®) on a stack C,
which is just the composition

F(Cv_)

rC/k,~): Fun(C,V) — m(k), T(C/k,—) < [Fun(C,V) Y m(k)].

Then the maps

['(C, X)2yI'(C,Y) —T(C,X®yY)
give canonical morphisms I'(C/k, X)@x['(C/k,Y) — 'y (X®yY). Locally, C = pt/G,
X,Y are G-equivariant objects M, N € V and then the map is X°®,Y % — (X®,Y)%.

Ezample. When (V, ®) = (m(k), ®y) then 1y, = k, the objects M € V are k-modules and
I'y ik = Hompg (k, —) is the identity functor on V), so, sections of M are just elements of
M. On the other hand, vy is the dualization operation, i.e., the cosections of M are
the linear functionals on M. In this case, ['(C/k,—) = T'(C, —).
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3.7.10. “Localization on stacks”. This is just a terminology. By “localization & of an
object X over a space §”, one means that X is an object spread over S in some sense,
and that X is a “totality of X (in some sense).

Here the space S will be a stack and X will then be a functor X : S — 7 into some
category 7. Its “totality” X is then interpreted as an integral [ s X of X or as global
sections of certain type of X over S.

3.8. Appendix C. Free tensor categories as exponentiation. Here we state the
combinatorial principle that the integrals over connected graphs are logarithms of the
corresponding integrals over all graphs. The reason is that the moduli (&,U) of a class
of graphs (we need & to be closed under finite disjoint unions) is a free tensor category
c®® generated by the submoduli ¢® of connected nonempty graphs in & (see ?7).

The general statement is now that the construction of a free tensor category (C®, L) from

a category C has the following property. Any function w : C — C on & extends to a
®

multiplicative function (C®,U) ~— (C,), and

[ v = enf o

3.8.1. Free tensor categories. We start with three constructions of the same form:

A. Free monoidal category C®. Let C® be the category whose objects are
pairs (A,u) with A € OFS and v € C4, while Hom g[(A, u), (B,v)] consists of pairs
(t,u) of an isomorphism ¢ : A — B of ordered sets and a map u — ¢*v in Ct. We define
operation C®xC® = C® by (A, u)U(B,v) o (A+ B, (u,v)) (and the induced formula
on homomorphisms), where A + B is the ordered disjoint union operation in OFS.

We can think of the construction of C® as “spreading of C' over OFS” and OFS = pt®.
Notice that C® contains an equivalent subcategory C® aof Un>o C™ (the spreading of C'
over the full subcategory of OFS with objects (n) = {1,...,n}).

B. Free tensor category C®. Let C'® be the category whose

e objects Ob(C®) are pairs (A, u) with A € FS and u € C4 and
e homomorphisms Homge [(A, u), (B,v)| are pairs (¢,u) of a bijection ¢« : A — B
and a map u — ¢ v in C4.

Again, we define operation C®xC® = C® by (A, u)U(B,v) o (AUB, (u,v)). Again,

C® contains an equivalent subcategory Ll,cy C" X S,, called the wreath power of C. Here,
Ob(C™ x S,,) = Ob(C)™ and

Homen ks, [(a1y ..y an), (b1, .., b00)] = Uses, H Home (i, byi)-
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C. Free braided monoidal category E>(C'). This is the braid power U,>q C" x B,
of C' (where B,, are the braid groups).

Lemma. [Properties of C®.] (a) C— (C®,U) is the left adjoint of the forgetful functor
from tensor categories to categories, i.e., for a category C and any tensor category 7
there is a canonical equivalence of categories

Fung[(C®,1),T] = Fun(C,T).

(b) The corresponding functor C' — C® is a full embedding. Actually, C® is a graded
tensor category, i.e., a disjoint union C® = L,>¢ C®, with C®; = {0¢e } and C®; = C.

~Y

(c) The above equivalence of categories Fung[(C®,U), 7] = Fun(C,T) is the compo-
sition with C' — C®. It has a canonical quasi-inverse W—W® which extends a functor
W :C — T to a tensor functor W : (C®, ) — (7,®) by W®(Uics a;) = Rier W (a;) for
a; € C, i el.

(d) (1) The only invertible object in C® is the unit. (5) The isomorphisms classes of C
and C® are related by

mo(C®) = Nlmy(0O)).
(3) (C®, L) satisfies a cancellation law: if allx = ally then x = y.

Proof. (a) Let W : C — T be a functor into a tensor category (7,®). For (A,u) €

Ob(C®) let WB(A, u) & ®4es W (ug). This defines a functor W® : C® — 7T that takes

the morphism (A, u) o), (B,v) to

W®(A> u) = Qaca W(ua) M Raca W(Uuz) = QOpeB W(Ub) = W®(B>U)-

This is clearly a tensor functor.
(d) (2) implies (3). O

Remarks. (0) Similar claims hold for C® (here 7,(C®) is the free monoid generated by
the set of isomorphism classes my(C)) and for Ey(C') (here mo[E2(C)] = N[mo(C) again).

(1) [The logarithm of a tensor category.] Let us define primes in (C, ®) as objects p such
that p & a®b implies that one of a, b is invertible. We define the logarithm of (C,®) as
the subcategory log(C)C C of primes. It carries a free action of the tensor subcategory
(C,®)* of invertible objects. Now we can state:

Corollary. A tensor category (C,®) is free iff (i) it has no invertible objects and (ii)

log(C,®)® — (C,®) is an equivalence.
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Examples. (a) Our prototype of free tensor categories is FS = pt®. The next example
are various classes G of graphs, often the moduli G of graphs in this class is a free tensor
category G = cG® where ¢G is the submoduli of connected nonempty graphs

(b) The free tensor category FS® on the moduli of finite sets is the moduli Par of partitions
(“flower patches”) where a partition of a set B is a family of disjoint subset B,C B indexed
by a’s in some finite set A, which covers A. (Notice that some B,’s may be empty.)

In particular for the subcategory pti}" S§1C FS§ of one element sets, we have a subcate-
gory FS = pt®C FS® = Par. Also, for the subcategory FS,C FS of two element sets,

its free tensor category FS,®C FS® = Par is the moduli category Pai of pairings on

finite sets ( &' partitions of finite sets into pairs).

Proof. Objects of FS® are pairs of a finite set A and a functor a : A — FS. This

gives finite sets Ly = A, L1 = Ugea a(a) of {(a,b); a€ A and b€ ala)} and a map

p: Ly — Lo by p(a,b) = a. (We think of p: L1 — Ly as a “forest of depth 1”7 with Ly the
O-leaves (= roots) L the 1-leaves (= leaves)

On the other hand a map p : Ly — Ly gives a partition of L; into disjoint subsets
-1
pa, a € L.

(c) [G-sets]. For a group G, G-sets, i.e., sets with an action of G, form a free tensor
category (Setg, ) = (cSets)® where cSet is the submoduli consisting of nonempty sets
with transitive actions.

(d) [k-sets]. For a commutative ring k we can consider the moduli of finite k-sets or of
finite etale k-sets.

(e) “Group algebras” of tensor categories. For a tensor category (C,®), the free ten-
sor category (C®, L)) has two operations LI and ® where for A¥ € FS one has (A; >

For example, the moduli of partitions (Pai,L!) is the monoid algebra (FS,U)® of the
tensor category (FS,Ug) where Ly denotes the disjoint union in FS. So Pai carries two

operations Ly (“multiplication”) and Ll e (“addition™).(%6)

3.8.2. Free tensor categories and exponentiation. Let C be a stack and k a commutative
topological ring that contains Q.

26 et us view FS® as the moduli of maps L 2 Ly, such map indeed gives an L family of finite

Ya, a € Ly, ie., an object of FS®. Then U is the disjoint union operation on maps (L} 2,

sets p—
L)Ly (LY 2= 1Y) = (LuLy AN L{LILY) since the operation L in FS® glues the L{-family of sets
and the LJ-family of sets into one family indexed by LyLILY. On the other hand (L} 2> L{)Uo(LY £
Ly) = (L1 — LixLy) for

L1 = u(a',a”)EL,UXLg (p’)flall_lo(p")fla" = L&XL()/ Lo L,{XLB
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Lemma. [Combinatorics of free tensor categories.] Any function w : C' — k extends

uniquely to (C®; L)) -8, (m,-) by w®(A,u) = [[,csa w(ua). Then (provided that [, w
converges unconditionally)

Proof. Since N[mo(C)]=7(C®) by n =" nalal— [U, a” "], we have

/ =y w® (User,c a” ™) .
c® |Aut(Uger,c a” ™)

To compare with

w w(a) , w(a) \n,
ele = expl Aut(a)] 11 Z - yAut(ay)

[al€mo(C) [a]emo(C) 1a=0

= Y T e

neN[moC] [alemoC
it remains to check that

Autee (Ugenc g ") = H Aute(a)™ x S, .

lalemoC
This is true by definitions. Let a4, ...,a, € A be a list that such that for each [a] € mC
set of indices ap = {i; a; = a} has size n, (and Z[a] ne = n). al---Ua, means
(a1, ...,a,) € C™. Recall that Autee (ay, ..., a,) is a disjoint union of all TI;Autc(a;, a,) over

o € S,. The o-contribution to is nonempty iff o preserves the partition of {1,...,n} into
g, la] € mC, Le., 0 € ljgenc S, For such o the contribution is [, c e Aut(a)™

Efzamples (a) Localization of exponentiation. When we consider ¢ € k as a function
pt L,k then it extends uniquely to t® : (FS,U) = pt® — (k,-) and

/ t® = ¢t
FS

A direct proof is obvious, the LHS is Z[A}Gﬁo(fs) mt/‘ , e, > Ly,

neEN nl

Lemma. The analogue for the free monoidal category construction is

1
/C®w N l—fcw
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Proof. The free monoid my(C')® o L mo(C)™ is mo(C®) via [aq]- - [an)— [a1®- - -

So,
@ —_— —_—
W® — w®(1®- - -Ray,)
/ Z Z o |Autcg(a1®. . .@an)’

n>0 ([a1],...,Jan])Emo(

B o w(a) _ w(a) qn
-2 Y e -2 LY maeat

n>0 lalemo(C)
n 1
-y (/Cw) -

Remark. The analogue for the free braided monoidal category construction would require
an interpretation of the size |B,| of the braid groups B,,. This may be a series given by
some increasing filtration by finite subsets, say F,B,, could be the elements written as
products of < p generators Tiﬂ.

3.8.3. Fibered products of tensor categories. The fibered product AxcB of the diagram

of categories A = C L B is the category of triples (a,b,t) where a € A, b € B and
t:afa) = B(b) is an isomorphism in C.

Notice that on the level of isomorphism classes of elements, the canonical map
Wo[AXcB] — 7T0(.A) Xﬂ'()(c) 7T0(B).

forgets the information of the isomorphism ¢ : «a(a) = 5(b) in C.

Lemma. (a) The category of tensor categories has fibered products. The fibered product

of a diagram (A, ®) = (C,®) L (B ®), is the fibered product of categories Ax B, with
(a,b;00 = BO)@(d', V500" S BY) £ (a®d,b@Y; a(ad’) “25 B(bat))..

(b) Invertible objects are given by
(A, @) %) (B, Q)" = (A &) X (ce»-(B 1),

(¢) For any diagram of categories A = C £ B, the fiber at ([a], [b]) € To(A) X o) T0(B)
can be described in terms of any chosen base point ¢ : «(a) = 3(b) as the set

Aut(a)\\Aut(a(a))// “Aut(b).
More precisely, for an object a(a) é B(b) in AxcB the fiber (AxcB — AxB)yp) at

(a,b) € AxB (i.e., the moduli of all objects in Ax¢B of the form «a(a) % B(b), is
equivalent to the stack Aut(a)\Aut(a(a))/ “Aut(b).
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3.8.4. Ezxponential fibered products. For a tensor category (C,®), a diagram of categories

® ®
A% ¢ £ B defines a diagram of tensor categories A® == C &~ B® and then also a
tensor category A®¥xB®. If A®x:B® is a free tensor category, we say that

AocB L log(A®xB®)

is the exponential fibered product of A 2 (C, ®) a3

Example. The moduli of graphs G is the exponential fibered product of the diagram
FSy S (FS,u) & FS.

3.9. Appendix D. More variations of Feynman expansion. These examples will
not be used.

3.9.1. One particle irreducible graphs (1PI). In the case of a partition function Z, the re-
striction from all graphs v € G to connected graphs v € ¢G does not loose any information
— we get the logarithm log(Z).

One can further reduce the the class of graphs to one particle irreducible graphs (1P1),
meaning the graphs v which are connected and remain connected when any single edge
is removed. Then the integral for the action S over connected graphs is the same as the
integral over 1PI graphs of a version Sess of S called the effective action.(®")

Sefs is a Legendre transform of the original action. The advantage of the effective action
is that the correlators for S can be calculated as sums over trees involving the effective
action Scsp. So, one can view Scsy as the fundamental unknown of of a given QFT.

3.9.2. Colored propagators. In physics the edges of Feynman graphs often have additional
coloring corresponding to a kind of particle they represent.

This just reflects the grading on the space of fields £ = @5 &. We get g = @ g|¢,, hence
g =@ (gl|e,)*. This leads decomposition of the propagator P = ¢* into components @ P;
means that ef factors into [] e. Then the above computation of (¢) gets refined since
a term with an edge labeled by P decomposes into I terms with the same edge labeled
by P;’s. We get a generalization of the standard formula in which the edges are colored
by I and the amplitudes are calculated in the same way.

Lemma. Let Gr.y be the moduli of graphs with edges colored by I and with N univalent
vertices colored by 1,.., N, then

(@) = / L R,

2T0ur central objects are the effective or scaled action S[a] corresponding to the scale a. This is a
different notion then the ‘effective action for the 1PI graphs”.
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3.9.3. Matriz integrals.

4. Feynman integrals in QFT

4.1. Intro.

4.1.1. Approximations via propagators. The calculations of Feynman integrals in chapter
3 were done in the case when the space of fields £ is finite dimensional. One way out of
this restriction is to use the Feynman expansion formula — a sum of Feynman amplitudes
over a moduli of graphs — as a definition of Feynman integrals in general (4.2.1).(2%)

The graph definition of integrals applies when graph weights are well defined quantities.
As we have observed in 3.5.1. the amplitudes become meaningful when the inverse metric
g* is replaced by any propagator P. In the infinite dimensional setting ¢* is a priori not a
good object(® and the way to make sense of it is to consider a system of approximations
of g* by propagators.

4.1.2. Data (M, E, gn,gg, 1) for a perturbative theory (pQFT). A perturbative QFT on
a manifold M features data of the following type

(1) The vector space of fields £ is the space of smooth sections € = C*°(M, E) of a
vector bundle F over M.

(2) The interaction part I of the action S = —% + I is formal series in fields I =
Soo7 Ii/k! with I, € SH(E¥).

(3) The quadratic part g of the action is encodeded as an operator @ on £.

One usually works with a metric g, on the manifold M and a metric gg = (—, —)

on the the vector bundle E. This gives a measure dm on M and a metric ge on
sections of F

ge(a,y) /M dm (z(m), y(m)).

Now metric g is represented in terms of ge¢ by a positive operator ()

g9(z,y) = 9:(Qx,y), xz,y€f.

In practice @ will be a positive generalized Laplacian operator.

28However, when the interaction I is not infinitesimal this just an “asymptotic” interpretation of
integrals, even in the finite dimensional case.

29To transprt ¢ from € to £* we would need g : £ — £* to be an isomorphism. However, the dual of
the space & = C(M, E) of smooth sections is the space C~>°(M, E') of distributional sections which
has some sections that are supported on points.
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4.1.3. Strategy. The inverse P = Q™! is called the (ideal) propagator of the theory. It can
be viewed as a distributional section of the outer tensor product FQFE on M x M.

The problem that arises is that the above abstract Feynman expansion formalism applies
only when the operator P is a smooth section of EXFE. This singular behavior of P can
be described as the source of serious infinities in QFT. The solution is to:

(1) Approximate P with nicer operators. We will do it by using the heat kernel
operators K; = e7!? of (), which have much better asymptotics then Q or P.
(2) Eliminate infinities by renormalization procedure.

We will see that renormalization is a subtle idea which is not well understood in either
physics or mathematics. We will apply it in the context of constructing the effective
perturbative quantum field theories.

4.1.4. Philosophical remark: Feynman expansion as a (vague) Feynman measure. In Feyn-
man’s correlator integrals

(@)s X / dz 5@ (z)

£
the basic problem is the meaning of the Feynman measure dz. The separation of the
action into two terms S = —2 + I leads to a Feynman expansion

g ™ [de e o) = [ g iro)
N2Y

One can view this as the construction of the measure

_g9(=@) def
e 2 dxr = / w;*
g-a’y

on &£ (with values in SE so that it can be contracted with ¢ € S (€*)). This measure cor-
responds to the free action so it describes what we call “free space” or “empty space”.(3)
Also, from our point of view I is the basic quantity (rather than J = e!/%), this should
not be called measure (it is not linear in I) but a composition of a measure with I—J.

Remark. Evidence that Feynman measure should involve the free action: (i) in the finite
dimensional case, the normalization of the measure involves the free part of the action;

(ii) Wiener measure on path spaces plays the role of e~ dz rather than just dx.

4.2. Infinite dimensional spaces of fields.

30T his “empty space” is not really empty as we can borrow virtual particles from it. Moreover, the
notion of empty space is not always clear since the splitting S = —% + I is not always canonical.
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4.2.1. Topological vector spaces. The data (£, g,I) for an abstract Feynman expansion
consist of a vector space &, a positive metric g on £ and an infinitesimal function I on
E. When £ is finite dimensional we proved that the correlator integral (gb),%Jr ; has an
expansion

()ps /g Wl (1, 6)

where propagator P is chosen to be the dual metric g* on £*.

When £ is infinite dimensional we would like to use the above expression (¢),«; as the
definition of the correlator (¢)_s,;. The first observation is that the space of fields is a
topological vector space.

The calculus on a vector space £ requires a choice of a reasonable topology on £, i.e., a
structure of a topological vector space on £ with some good properties. Traditionally one
would require that £ be a Hilbert space. However, we will use the class of nuclear Frechet
topological vector spaces which are more useful for geometry and homological algebra.

Ezample. The space of smooth functions C*° (M) on a manifold M has a nuclear topology
given by seminorms pc p,,..p, — for compact CCM and differential operators D,

pC,Dl,..,DN(f) o mari<i<N MaZzec |(le)(x)], fe COO(M)-

Similarly, for the spaces C*°(M, E) of of smooth sections of vector bundles E over M.

Now algebraic operations on vector spaces have to be done in topological vector spaces.
For instance £* will mean the continuous linear functionals. By definition, C*°(M, E)* is
the space of distributional sections D(M, E*) of the dual of E.

The tensor product of two topological vector spaces £ and F presents a richer story.
The algebraic tensor product £®,;,F has a natural topology but what is useful are two
completions:

(1) The projective completion E®po; F of E@qyF has the universal property with

respect to the continuous bilinear maps &xF 2.

(2) The injective completion ER;p; F of E®4yF has the universal property with respect
to the bilinear maps which are separately continuous , ie., ®(e,—) and ®(—, f)
are continuous fore € £, f € F.

We will use the projective completion £®,,,;F and we will denote it simply by he projective
completion EQF. One of its good properties is that

Coo(Ml, E1)®COO(M2, EQ) = COO(M1XM2, EllgEz)

The injective completion may appear sometimes for technical reasons.
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4.2.2. Feynman expansions. The space of fields € will be the nuclear space of smooth
sections C*°(M, E) of a vector bundle E over a manifold M. Now propagators P will be
elements of S2ECERE = C°(Mx M, EXE). Also, we will require that the homogeneous

components I of the interaction [ lie in O%(&) &of (E€*)*]%* so that they can be contracted
with elements of SE. Since £%F)* = [C®°(MF, E¥]* = D(M* (E*)®*]*, OF(E) are the
symmetric distributional sections of E*X. - -XE* on MF.

Remark. The key problem of applying the abstract Feynman expansion to QFT is that
the inverse metric ¢g* is a distributional section of EXFE which is not smooth. This makes
amplitudes in Feynman’s expansion infinite.

So, we have started with a “huge” Feynman integral and replaced it by the formal Feyn-
man expansion, however, the terms in this expansion are still infinite. One fights this

problem by regularizing ¢*, i.e., approximating ¢* by propagators P € S2£ which are

smooth sections. Then (¢)p. o J. g Wp(I, ) is well defined but its limit as P approaches

g* is still infinite. This is resolved by the renormalization procedure which “subtracts from
I the part that produces infinities”. This can be made to make sense, however the notion
of “the part that produces infinities” is not uniquely defined so one needs to control the
choices that occur.

4.3. Approximations of the dual metric. There are two problems:

(1) The dual metric g* on £* is not a good object in infinite dimension and even
formally it leads divergent weight integrals.

(2) In physics the quadratic part g(x) = (Qx, ) is not quite a metric — it has a kernel,
the classical solutions of the free theory. Since ¢* was defined as the dual metric
of g, it does not quite have a sense.

A way to deal with (2) is to drop the kernel of @) from Feynman integrals, i.e., roughly
to integrate over £/Ker(Q) = Im(Q).Y This will be systematically pursued below in
the derived version of QFT (the Batalin-Vilkovisky formalism).

Our approach to problem (1) is to approximate g* by propagators P € S%£ so that the
graph weights are well defined. Then we think of ¢g* as the “ideal propagator” while we
effectively work with its truncations P.

We outline two strategies for this approximation (“regularization”). Both are based on
good properties of the generalized Laplace operator () which represents the metric g on
fields. The first one (“energy scale”) uses the spectral decomposition of fields with respect
to Q. The second (“length scale”) is based on the heat kernel of Q.

310ne may still want to remember that Ker(Q) contributes an infinite factor eV °/¥er(Q) o the Feynman
integral.

3211 this approach one uses the formula a=! = fooo dl e~'® — if ¢ is represented by an operator a
then g* is represented by a~!. The right hand side makes sense even if a is not invertible, i.e., if g is

degenerate and this will be our replacement for g* :
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While “energy” approach is natural from the point of view of physics, the advantage of the
“length” picture is that it local. In the remainder we will adopt the length view which is
more geometric (mathematics) and allows better understanding of the Locality Principle
(physics) in the effective formalism of QFT.

Below we assume that M is compact. This is actually a prototype of the general strategy
— for noncompact M we will cope by switching attention to approximations that have the
same kind of asymptotics as in the compact case.

4.3.1. Generalized Laplacian operators. We normalize the Laplacian operator A on a Rie-
mannian manifold (M, gys) as

A S gy
(the dual metric g%, is a section of S?7;; a subsheaf of the sheaf of differential operators).

If gy is flat locally there are commuting orthonormal vector fields 9; and then A =
)

If M is compact then A > 0 with a unique 0 eigenvector 1,;,. For instance on a flat
torus M = R"/Z" any A\ € Z" defines an eigenvector e with dpe = i\e?, hence
Ae* = (57 A2) .

A generalized Laplacian operator on a vector bundle E is a degree 2 differential operator
@ whose symbol o(Q) € T[T*M, End(F)] is 0(Q) = idg ®g}, for a metric gy €
C>(S*T*M).

4.3.2. The energy view: spectral analysis of Q. From the point of view of spectral anal-
ysis, it is natural to replace our space of fields &€ = C*°(M, E) with its thicker ver-
sion £ dof L*(M,dm; E). So, & = C®(M, E) lies in its Hilbert completion L*(M,dm; E)
while the dual Hilbert space L?(M,dm; E*) lies in the distributional sections D(M, E) =
C>®(M, E)* = £*. The basic fact is that

Lemma. On a compact manifold M any generalized Laplace operator () has a discrete
spectral decomposition L2(M, dm; E) = @&5° Ce; such that the eigenvalues Qe; = \;e; can
be organized as 0 < \; < Ay < - - - with finite multiplicities and A\; — oo. The eigenvectors
e; are smooth functions (analytic when M is) and can be chosen orthonormal.

For a semisimple operator A on a finite dimensional vector space W, if W = Wy®W’ is the decompo-
sition into the zero eigenspace and the rest then

L L
/ dl e*“‘:owo@(/ dl e tAlwr
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Remarks. (0) On € = L*(M,dm; E) the metric g is represented by the (densely defined)
differential operator @, so the dual metric g* on L?(M,dm; E*) is represented by the
inverse adjoint operator Q~*.(33 When we identify L?(M,dm; E) with its dual then the
operator that represents ¢g* is just Q1.

(1) In terms of e’ = ge(e;, —), one can write g = >, Ne'®@e! and g* = > A\ le;®e;
(also Q@ = > Ne;@e' and Q1 =37 A\ 7te;®e’). So, g* clearly lies in some completion
of E®qy€. The problem is that it does not lie in the projective completion ERE =
C>(M?, EXE).

4.3.3. Spectral approzimations. We will use symbol A for the energy scale (by energy we
mean the eigenvalues of the “kinetic” operator Q). The Hilbert space £ = L*(M, dm; E)
decomposes into £ ,®E ., where £, is finite dimensional. We approximate the incar-
nation Q! of the dual metric g* by its £, component

PSA d:ef Z,)\l § A )\i_l €i®€i.

This kind of truncation is natural in physics since the energy that one can use in any
given experiment is bounded, so so in this sense at any time we are observing the < A
truncation of the physical system.

4.3.4. The length view: heat kernel of Q. While Q7 'e; = \;7'e; (with \;7' — 0) has a
better asymptotics than () we know that this is not good enough. However, operators
e~'Q for [ > 0 have much better asymptotics and one can recover Q! by

[ aee e, - o
0

Theorem. On a compact M, the operators e'? for [ > 0 have a distributional integral
kernel K; € D(M xM, EXE). Moreover

(1) For I > 0, K is a smooth function (analytic when M is).
(2) Ko(z,y) = d(z —y) = da,, is the diagonal delta distribution. (The z-family of
distributions d,(y) on M.)

Remark. Here Q7' is an integral operator with a distributional kernel Q~'(z,y) =
J,° dl Ki(z,y) € D(M? EXE). This is a way of making sense of g* as a distributional
section of EXF.

33Since g is nondegenerate we have @ > 0, i.e., A; > 0. Notice that this is not true for the scalar
Laplacian operator — Y 92, so in the scalar theory one actually uses its “mass regularization” Q = A+m
with positive mass m.
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4.3.5. Length approzximations. We will use symbols ¢, L for the “length’ scale. We ap-
proximate the incarnation of g* by the integral kernel Q! fo dl Ki(z,y) €
D(M?, EXE) with the integral kernel which is a finite 1ntegral

L
PEL($7y) d:ef / dl Kl($ay)

The properties of the heat kernel (theorem 4.3.4) guarantee that this is a smooth section
of EXE, i.e., a propagator P.; € S%&.

The singularities that appear as L — oo are called infrared and the one for ¢ — 0 are
called ultraviolet. Infrared singularities appear for noncompact M and will be easier to
deal with. The energy A and length e are reciprocal (“probing at small lengths requires
large energy”), so the ultraviolet regime corresponds to the large energy singularities in
the energy picture. These are the singularities that will require renormalization.

Mathematically it is quite natural to use the beautiful theory of heat kernels for truncation
of g%, ie., Q7' The physical interpretation is more controversial. It interprets the
“length” [ as the (“proper”) time that particle travels between two interactions. However,
the particles that appear in this picture are “nonphysical” (“virtual”) in the sense that
they violet some standard rules. For instance they cam move forward and backward in
time.

So, one may want to think that the unobserved virtual particles are a part of nature or
one may say that they just appear — formally and mysteriously — in Feynman’s rules for
calculating correlators.

4.3.6. Translation between energy and length. Analytically, the energy, i.e., spectral
analysis regularization uses a sharp cutoff, while the length regularization is technically
better since it uses a smooth cutoff. (The energy cutoff Py of the “ideal propagator”
Q! jumps at eigenvalues while P.; is smooth in €, L.

In terms of @ = 3. \; e;®e" we have
L ZQ e—L)\i _ €_€>\i .
— =l _ Ai _ - 7
PaL—/E dl e —/E dl Z e; Qe = zl: N e;Qe’.
So, the high modes \; > A are not discarded, they are just suppressed by exponential
factors e~ for positive a’s.

Abstractly the two formalisms are equivalent in a sense that one can translate between
the two pictures. One expresses the heat kernel RGF P, in terms of eigenvectors as
above and then in terms of the energy RGF Py . (This is the usual Fourier transform
between the position quantities and momentum quantities.)

4.4. Graph weights as integrals and their ultraviolet singularities. We consider
the ultraviolet behavior, i.e., the e — 0 regime of the weights wg . I. The v-weight is itself
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an integral over a power M"> of M given by vertices of . Its asymptotics is controlled
by a neighborhood of the diagonals in M ">, for that reason it does not essentially depend
on M.

We will see that the singularity, i.e., the divergence of the limit lim._. w; (1), is caused
the by loops in the graph ~. From the point of view of analysis while the computations
without loops are based on outer product of distributions D(M)®™ — D(M™), the loops
use the product of distributions on a single manifold D(M)®? — D(M), and this is not
a priori defined in analysis. So, while the outer product of distributions is defined, the
inner product is not, so it has to be renormalized!

The point is that each edge contributes a propagator P, with integral kernel P, (u,v) =
fEL dl Ki(u,v), (u,v € M), and the important part K.(u,v) converges for ¢ — 0 to
the delta distribution d,—, on Ay CM?2  Then a chain of simple edges between non-
repeating vertices 1,...,n (an A,-graph) contributes the convolution of d-distributions
Ouy=uy* * “Ou,,_,—u, Which is a well defined distribution on M™ — the delta distribution on
the diagonal Ay, CM™. Geometrically, we got A,; out of M™ by imposing n — 1 equalities
between n factors.

On the other hand a loop, i.e., a chain of simple edges between vertices 1, ...,n which
form a cycle, i.e., n coincides with 1 (this is an AZJ: flme—graph), requires imposing n
equalities between n factors: vy = - - - = u,, = uy.

Below we will repeat these arguments with more details.

4.4.1. Graph weights as integrals. For simplicity we will calculate in a scalar theory so
that £ = C°°(M), in this case the contractions of tensors reduce to products of functions.
We assume that M is compact, so the measure dm on M (given by the metric gy/) is a
linear functional ¢ € £*. The interaction is a formal series I = ), %Ik, with I, a local
functional of degree k, i.e., a finite sum of terms of the form

k
Edx— / dm H (D;z)(m)
M 1
where D; are differential operators. For simplicity we choose a representative case when
D; =1 and Iy(z) = [,, dm x(m)".

Compactness also gives for the operator () the canonical heat kernel K. We will use
propagators P.j = fEL dl e7'@ = fEL dl K;.

Lemma. (a) For any propagator P the weight w}([) viewed as a function of an infinites-
imal field a is

wih(I) (a) = / T dwe I o T Plueswen).
M™ ey, veV, c€E,

Here V., E, are vertices and edges of v and the ends of an edge e are €', €".



55

(b) If P = P.;, the formula for w?, & wp_ has more structure

wy) @ = [ ] du /[ D | N ) (TR | (RO

veVy eck, veVy eck,

Proof. For any propagator P € S2£ = C>°(M?)%2 the meaning of the contraction with a
product 6@ of ¢, € £ = C~=(&) is

(P.o@t) = / dmy dmy ¢(my)P(my, ms)é(ms).

M2
Below, we will write this in examples.

4.4.2. Star graphs. Let v have one vertex with % tails and no edges. Then I, is just I}
and P, = 1 (no edges) hence there is no e-dependence. If we put fields ay, ..., a,, at the
tails then

wi(l) (m®- - -®a,) = (Py®u®- - -Qag, L), = /M du ay(u)- - -ax(u).

4.4.3. Ladder graphs. Let v be a graph with tails such that the underlying graph has
vertices 1,..,n and edges |12} ...,[n — 1,n| (the A,-graph). Let t; and k; be the number
of tails and valency at the vertex ¢. Then P, = P® ¥y = P® "~V and I, = ®ev, Ii, =
®i = 1" I},,. The weight wj(I) = (P,, I,) is a homogeneous polynomial in an infinitesimal
field a of degree > t;,

wh(I) (a) = /n dmy- - du, a(u)" Plug, ug)- - a(ty_1) ™ P(tp_1, ty)a(u, )™

Now, if P = P.p = [ dl K, this is

L L
/ dly- - / dl,,_; / duy- - ~du, a(u))" K, (ug, ug) - a(tn )" Ky, (Un_1, un)a(u,)™.

4.4.4. Loops. Now let the above chain be a loop, i.e., we ask that two vertices coincide:
n =1 (hence t,, = t;). Then there are only n — 1 vertices, hence n — 1 integrals over M,
but there are still n — 1 edges. So, w!, (I) (a) is

L L
/ dll . / dln_l / du1~ . ~dun_1 a(ul)thll (ul,u2)~ . ~a(un_1)t"*1Kln71(un_1,ul).
€ € Mn—1
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4.4.5. Divergence. We consider the ¢ — 0 behavior of the above graph integrals. When
¢ — 0 then the integral kernel K. (x,y) dy approaches the delta distribution é(x — y) on
AyCM?, e, lim.o [, K.(u,v) z(v) = z(u).

The € — 0 behavior of the ladder graph integral is controlled by the quantity
/ duy- - du, alu))" Ko (uy, ug) - -a(tn_1)" " Ke(tn_1, un)a(u,)™
which approaches
/ duy- - -du, a(u)?0(uy, us)- - -a(tn_1)" 1 0(Up_1, un)a(u,)™ = /M du a(u) T,

For this reason lim._o w], (I) does exist for ladder graphs.

On the other hand for the loop integral, the corresponding quantity
/ duy- - dun G(Ul)the(ula U2)' : 'CL(un—l)tnile(un—laul)
Mn—l

approaches something like

/ duy- - duy, a(u)0(u, ug): - -a(p1)" " (Up-1,u1) = / du a(u)* o (u, ).
Mn—1

M

However for the delta distribution 0(u,v) = d0(v — 1) one has §(u,u) = oo, hence
lim. o w (I) diverges.

The conclusion is that (as stated above), the divergences are caused by loops and more
loops means worse divergence. In other words,

Corollary. No divergence happens precisely for trees.

4.4.6. Asymptotics of heat kernels. A more quantitative examination of the asymptotics
of weight integrals is again based on precise asymptotics of heat kernels.

Proposition. For ¢ — 0, the asymptotics of the heat kernel on a manifold (M, gp) is (in
terms of the gy/-distance dyy),

efdM(’uﬂy)Z/zE

KE(U,U> ~ W dv.

Remark. Now the nonexistence of the self multiplication of §,—, is seen as the absence of

. —dpr(uy)?/
the e — 0 limit of K_(u,v)? ~ % dv.
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4.5. “Particle” interpretation of Feynman’s graph expansions. In QFT Feyn-
man’s graph expansion formula has interpretation as an integral over the moduli of maps
from metrized graphs into M.

First, locality of action means that each homogeneous piece I of the interaction [ is an
integral over M. This represents a graph weight w},(I) as an integral over the space M
of “y-vertices in M”, ie., maps of V, into M (at each vertex v € V, there is one I,
hence one integral over M).

On the other hand the formal identity Q! = fooo dl e7'@ (for the “ideal” propagator
P = Q™) can be used to presentation w}(I) as in integral over the space Met(v) of all
“metrics” [ on the graph . By a metric [ on v we mean assigning to each edge e € E, a
“length” [, > 0, and each edge e contributes one integral fooo dl..

Finally, the interpretation of the heat kernel K; = e~'? as a Wiener integral can be used
to refine the above representation of w})(I) as in integral over all maps of the geometric
realization || into M. Here, we write the heat kernel

Ky(z,y) = / LdW, = / df e~ P10
f:00,l]—M f:00,l]—M

first in terms of the Wiener measure W, o the space of paths of length [, and then as a

Feynman integral with respect to a Feynman measure df of the energy action of the path
f7(34)

All together, the space over which one integrates has the following variables: (i) a metric
lon~ (from Q7' = [ dl e'9), (ii) a map f. : [0,l.] — M which at the end points of
the interval agrees with the map on vertices: f.(0) = f(¢’) and f.(l.) = f(€”). So, we are
integrating over the moduli of maps of metrized versions of the geometric realization |v|
into M.

4.5.1. Heat kernel as a Wiener integral. Let W, (resp. Wi(z,y)) be the Wiener measure

on the space P;(M) of continuous paths in M of length I, i.e., maps [0,] ERSYi (resp.
the space Py(M;z,y) of f with f(0) =z and f(I) = y).

Lemma. The heat kernel is the volume of P;(M) for the Wiener measure

Kiz,y) = /f oy L) (1)

3Feynman integrals are defined for Quantum Mechanics, i.e., the 1-dimensional case of QFT. So,
the only precise meaning of the Feynman integral (the second integral), is the Wiener integral (the first
integral), i.e., the Feynman measure is

def

df eEi(f) AW, f.
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Remark. One can interpret this formula as a Feynman integral where fields are paths and
the action is the energy action E(f) of a path f

Ki(z,y) = /7>(M) L dW(z,y) = /73( ) df e” 5P,
1 1\Z,Yy

This is in fact the one case where Feynman integrals are well defined — the 1-dimensional
QFT (“Quantum Mechanics”). The precise meaning of the Feynman integral (the second
integral) is just the Wiener integral (the first integral). So, the the Feynman measure is

df def Ei(f) dWi(f).

4.5.2. Metrized graphs in a manifold M. For any propagator P the weight w}(I) viewed
as a function of a field a is an integral (see lemma 4.4.1.a)

0@ = [ I e ] otw) T] Pl

veVy veVy e€Ey

over the space M"Y of “vertices of v in M”, i.e., maps from vertices V. to M.

In the heat kernel approach we consider the idealized propagator of the theory P with its
localization on the length scale: P = fooo dl e7@ = fooo dl K;. This introduction of the
length scale gives a richer structure which will extend the appearance of v-vertices in M
to an appearance of the whole graph 7 in M (moreover, 7y comes with an internal metric).

We write the weight formula for the truncated version of the propagator: P.p = faL dl K;
(lemma 4.4.1.b):

wl, (I) (a) = /M . IT du / I] @ ] atw)™ J] Ki(uve,ue).

E
veV, [e, L] ecEy veV, ecEy

The space [g, L]F7 is the moduli Met(7y) of “metrics on the graph «” where a metric is
a choice of “lengths” of edges. A geometric realization of a metrized graph (v,[) is a
geometric realization of v with a metric on the legs such that the leg corresponding to
edge e has length [, (it is determined by (7,) up to a unique isomorphism).

This is one of the factors. For the other one recall that we are integrating over the space

MY of maps V, ERyYS Moreover, each heat kernel factor K; (with e € E,)) in the
integrand, has a representation as the Wiener integral over maps f. of the interval [0, [.]
into M such that it sends the ends €, e” of the edge e to f(e’) and f(e”).

4.5.3. Particle interpretation. We can view a metrized graph as a worldline of a finite
systems of particles which carry an “internal clock” (called proper time) and are allowed
to collide and break apart. Then the maps into M can be thought of as all possible
evolutions of systems of particles in spacetime M.
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So, the graph expansion of a quantum theory of fields takes form of a quantum theory of
particles in the sense that the Feynman graphs in the expansion get interpreted as world-
lines of systems of particles. Therefore, in its heat kernel incarnation, i.e., the geometric
incarnation, perturbative expansion appears as a passage “from fields to particles”.

The particle interpretation (i.e., calling the maps from metrized graphs to M particles) is
controversial because these particles violate various properties that known particles have.
For instance, if M is the spacetime then the inner time on a particle (“proper time”) is
unrelated to the time in M, so these particles can move backwards and forwards in time.
An example of how the Feynman graph particles violate conservation of momentum is
sketched in 5.10.

On the other hand, I understand that this particle picture is the same as the one that
appears for Feynman expansions in the operator formalism.

Remark. Decomposing interaction terms into sums I = > . A, Ika leads to ra finer
picture, i.e., a Feynman expansion with more summands as one refines the class of
graphs (by adding colors Ay at k-valent vertices). So, any interpretation of the graph
expansion should also account for this mechanism.

4.5.4. Singular Quantum Mechanics. The graph expansion of a QFT on M is a kind of
1-dimensional QFT whose fields “metrized graphs in M” in the sense of maps f : (v,d) —
M, of metrized graphs (v, d) into M. The quadratic part of the action for the new theory
is the kinetic energy action on maps f : (v,d) — M,

E(f) = /( lat

The interaction part of the new theory comes from the interaction I of the original QFT.

In the standard terminology QM is a one dimensional QF T but without interactions, i.e.,
only paths appear but not graphs. So, the above formalism is a kind of a “singular QM”
— the worldsheets are now allowed to degenerate from intervals to their singular version —
the graphs.

4.5.5. Relation to String theory. The asymptotic expansion of QFT in terms of metrized
graphs on M is parallel to the idea that the String Theory is an asymptotic expansion
of the M-theory whose fields are maps of Riemann surfaces (worldlines of particles that
are loops rather than points) into the spacetime M. In fact, the graph expansion should
be a little part of the string expansion: when the loop contracts to a point, ie., a
string particle to a classical particle, then the Riemann surface contracts to a (hopefully
metrized) graph.

4.5.6. Questions. (0) Costello’s formalism uses only the stable Feynman graphs, i.e., the
ones that correspond to stable surfaces that appear in the Gromov-Witten theory.
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(1) The physical meaning of this transition seems to be that all mechanisms in QFT are
mediated by particles?

(2) How is the appearance of singular intervals (graphs) parallel to the need in String
Theory to use the compactification of surfaces by “stable surfaces”?
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Part 2. Quantization by renormalization
Appendices B,C,D are not needed in the remainder.

4.6. Intro.

4.6.1. The notion of effective quantum theories: physics. The strategy called effective or
scaled QFT is that instead of considering one setting which involves all possible scales one
has a family of “pictures” — for each scale a the a-picture considers only the phenomena
of scale < a.

This approach views the description of a quantum system by a single quantum action
S € Act, as an approximation which produces infinities in QFT. Rather,

(Wilson) Physics depends on the scale and at each scale « it is described by an action
Sa-(35)

We call S, = S[a] the “effective” action on scale A.

So, the point of view is that in practice one always deals with objects of a limited “size”
and then our attempt to describe physics at all scales by a single formula is an idealization
which introduces infinities. The infinities only arise when we think of the classical action
S as adequate for all energy scales including the infinite one.

Now, the problem of quantization is to deduce S[A] from S (as much as one can deduce
the quantum system from knowing the classical one).

4.6.2. Change of scale as “coarse graining”. The obvious reason that we require different
theories is the “coarse graining” or “defocusing” of degrees of freedom. In studying
physics we are generally not interested in knowing all about the world but only about
the dominant effects at the scale that we concentrate on. The objects on a smaller scale
are not relevant themselves but only through their aggregate effect on the scale that we
consider.

This change of scale from « to § through “coarse graining”, i.e., averaging the degrees of
freedom that live on intermediate scales, is called the Renormalization Group Flow. We

3%How physics depends on the scale is clear when we consider drastically different scales — these require

drastically different theories:
(1) Condensed matter

(2) Nuclear
(3) Particle physics.
(4) ? Strings or M-theory
(5) ?
Here (1) lives at standard energies, say the room temperature. To get from (1) to (2) we need to increase
energy by a 10° factor. From (2) to (3) by a 10% factor. We only understand well the physics of “low”
energies.
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can view it as flow W in the space of all possible actions, then the flow W,z moves the
description S3 of the system at scale 3 to S,. The equation

WapSs = Sa
is called the Renormalization Group Equation (RGE).

4.6.3. Effective QFT as reqularization by “scaling”. Technically, the idea of effective QF T
is to regularize a given theory 7 by “scaling’ the theory 7 according to some choice of
a scale §. This vague notion of scaling means that for each value a of S the truncated
theory 7<, considers objects of scale < a and their physics is described by an action S,.

4.6.4. Renormalization Group Flow. The compatibility between different scales a, 3 is
then described by the scaling flow operators (the Renormalization Group Flow operators)
W, on the space of actions — one requires that

Sp = WagSa.

The idea is that for 3 < a one obtains the f-action from the a-action by “integrating
out” the objects which are on the scale between § and a. (For energy scale formalism
these objects are fields with a <energy< (3 and for the length scale the worldlines with
a <length< f3.)

Actually, the quadratic part of the action is independent of the scale, so we will consider

only the interactions I instead of actions S = —% + I. Therefore, the Renormalization
Group Equation (RGE) that we will deal will really be of the form
Ip = Wygl,.

4.6.5. Definition of effective QFT, i.e., properties of actions S[—]. These actions should
have the scaled versions of standard properties of actions in physics, for instance the
“scaled locality” property. The locality principle in physics roughly requires that physics
respects the geometry of space: there are no “spooky” actions at a distance. In the scaled
picture this may be broken and one can only require asymptotic locality — some notion of
approximate locality at the scale o which becomes the standard locality as o — 00.(3%)

4.6.6. Quantization in the framework of effective theories. By “quantization” we will
mean here the passage from a classical action S to an effective QFT action S[—]|, ie., a
family of actions S[a] that describe the quantum system at the scale «.

The effective action S[—] turns out to contain crucial information. This is exemplified in

the Costello-Gwilliam construction of the form effective actions.

36As usual, one pays for regularization by replacing simple properties of original objects with more
complicated approximate versions.
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4.6.7. Non-uniqueness of quantization. In principle, the classical information represented
by the action S may not suffice to describe the quantum system. This is reflected in the
multitude of choices of S[—] that our procedure creates — the deformation quantization is
performed inductively in powers of i and at each step we get some unknown parameters.

The theoretical part of the additional information that is needed to describe the quantum
system usually comes in the form of some symmetry requirement that the quantum system
S[—]. In good cases this cuts down the number of unknown parameters to a finite small
number, and these are then found through experiments.

In fact, canonical quantization procedures exist in physics (say the “minimal subtraction
scheme”), but one needs additional reasoning to argue that in a given situation such
procedure leads to the description of the physical system. The mathematical formalism
we present is even less explicit since our quantization procedure appears to rely on the
axiom of choice (a choice of a complement to a vector subspace).

The upshot is that for mathematicians the quantization procedure is just an abstract
theorem on existence and classification of quantum systems with the given classical limit

S.

4.6.8. Quantization procedure as renormalization of Feynman amplitudes of graphs. The
point is that the classical action S will be viewed as the closest known approximation of
the (possibly idealized) action S[oco] that describes physics in the presence of objects of
arbitrary scale. Then the effective actions should be something like

def

Sla] = W aS[oo] = W oS = lim Wp,S.

B—0o0
This limit does not exist and therefore has to be modified, we say renormalized.

The operators W, are intuitively certain Feynman integral and we actually define them
as certain sums of Feynman amplitudes of graphs. These amplitudes are are themselves
integrals which are defined for finite § but become undefined in the limit § — oo. The
renormalization procedure systematically cancels the infinities that appear in this limit.

Remark. We will work with the “length” scale, in this setting the notion of sizes gets
inverted so the role of § — oo will be played by ¢ — 0.

4.6.9. Quantization variable h. As usual, this quantization process also introduces an
extra variable, the “quantization” variable A. It appears here in quantum actions S[«]
because the renormalization flow operators W ., are Feynman integrals which contain 7
and this forces A to appear in quantum actions S{a].

Question. (Franz) Can one explain the appearance of i from the point of view of the
renormalization procedure? (Would the procedure formally work without A7)
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4.6.10. Energy scale and length scale. In 4.3 we have outlined two strategies for approxi-
mating divergent Feynman weight integrals with well defined weights w}(I) of propagators
P. In the energy scale approach the propagator P<, is obtained by truncation of @' to
the subspace £, of fields of energy < A. In the length scale picture the propagator P.j,

is and integral fEL dl K; of the heat kernel of Q (a truncation of Q~' = [[* dl K;).

We will first derive the formula for the Renormalization Group Flow operators in the more
intuitive energy picture. Then we will define these operators in the length formalism by
replacing P<p with P.r.

5. Change of scale (“Renormalization group Flow”)

5.1. Relevant classes of functionals on fields. The basic manifestation of the Locality
Principle in physics is that the action functionals are required to be local in the sense
below.

5.1.1. Functional analysis. As explained in 4.2.1 we will work in the tensor category
(Nuc, ®) of complete nuclear topological vector spaces with the completed projective tensor
product ®. We denote the dual of a vector space by V* and the space of continuous liner
functionals by V.

5.1.2. Observables, i.e., functions on the space of fields. We work on the formal neigh-
borhood of zero in the space £ of functionals. So, the class of functions we use are the
formal series
0E) = ] 0"(€) where 0"(€) = [(£9)]%.
n>0
So, our functionals have Taylor series expansion into homogeneous components which we
denote I =3 "° I.

5.1.3. Local functionals. A Lagrangian on the space of fields £ isamap £ : £ — Densy,.
Any Lagrangian £ gives a functional on the space of fields S(z) o [y L(z,m), zek.

A Lagrangian L is said to be local if it is a finite sum of products
Lix,m) = Y (] Dix)(m)

(37)

for differential operators D;, on M (with values in densities)."*”) In other words, L factors

to a function on the jet bundle JE — M of fields.

A functional F' € S(£*) on the space of fields is said to be local if (i) it comes from a
Lagrangian and (ii) this Lagrangian is local. So, locality for F' means that it “localizes

3T0perators D : ® C~°(M,V;) —> C~%(M,V) of the form D(21®- - -x,) = 3., ([1i, Dir;) for
differential operators D;, on M are called polydifferential operators.
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on M” and that the contribution from a point m € M depends only on the jet J,,z of x
at m.

A power series functional I € O(E) = S(€) or I € S(E)[[H]] is said to be local if its

homogeneous components are. Local functionals form the subspace O;(£)C O(E). We
def

denote O}'(€) = O™(E)NO(E).

Remark. Local functionals O;(€)CO(E) are not a subalgebra. For instance
for & = C°°(M) the square of the local functional F(z) = [, x(m) dm is

F2(2) = [, mere z(@y(v) du dv.

5.1.4. The action and interaction functionals. (1) Classical. The space Act. of classical
action functionals is the subspace of the space O;(£) consisting of local functionals S
which are at least quadratic. We will view it as a sum of subspaces

Act, = OXE)DT, € O)(€)

of local quadratic functionals O}(€) % (&) N Oy(E) and the space of classical inter-
action functionals Z.C O;(€) which consists of local functionals which are at least cubic.

So, any action S € Act,. decomposes into the quadratic part S, which we write as S = —£

2
and the interaction part def Yoo Si € L.

(B) Quantum. When passing from classical to quantum actions the quadratic term does
not change but interaction acquire formal series in the Planck constant A. Therefore,
the space of perturbative quantum actions is a sum of quadratic local functionals and

quantum interactions

Acty = O}(E)®T, C O(E)[[h]

where perturbative quantum interactions form the subspace of
Z, C Ol(E)][[M]]

given by the requirement that the constant term I|;—¢ in the A-expansion is a classical
interaction, i.e., it is at least cubic.

(C) Effective Quantum. In the framework of effective QFT one is not working with
a single quantum action S = —% + I but rather with a family of compatible “effective”
actions S[a] = —% + I[a], 0 < a < oo. It turns out that none of these actions has to be
local but the family Sla], 0 < a < oo, will be required to have certain locality property.
So, I[a] is only required to be in the larger subspace Z, C O(&)][[h]] given by the condition
that I[a]|s=¢ is at least cubic.

5.2. Scaling flow (“Renormalization Group Flow” or RGF) in energy picture.
Here we derive a formula for the renormalization group operators in the setting of the
energy scale. The energy scale provides the framework of spectral theory of the generalized
Laplace ) on the space of fields. This allows us to work with well defined Feynman
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integrals. At the end we restate the formula in terms of graph expansions, this gives us
an abstract notion of RGF operators associated to a choice of a scale.

5.2.1. The physics justification for scaling the notion of QFT. Our understanding of
physics clearly depends on the scale, for instance the physics on drastically different
scales is described by different theories, Moreover, even within one physical theory the
scale may be present because in any given experiment we have a bound A on energy that
can be used. So, it is possible that within a single theory the physics depends on the scale
A and that it requires slightly different descriptions for different A.

5.2.2. FEffective theory via spectral truncation of the operator (). In energy picture the
spectral analysis of () gives decompositions £ = £ ,BE., into spaces of fields with
specified energies. The projection £+, gives the embedding of “observables on scale
< A” (the measurements, i.e., experiments that can be performed with < A energy)

Obep © O(E_,)

into the space Ob < O(&) of all observables.

We will now assume that the physics at scale < A is described by an action which we
denote S[A] € Oby.(®)

5.2.3. Correlators on a given scale. Let ¢ € Ob<p be an observable on a scale A, ie., ¢
only sees fields of energy < A, its expectation (¢) is computed in terms of the action Sy
on the scale A

@ = [ dr o)

Notice that here our Feynman integral is well defined since it is on a finite dimensional
space E<, (there are finitely many eigenvalues A < A !). This is the promised feature of
the effective theory that everything is well defined (“no infinities”).

5.2.4. Renormalization Group Equation (RGE). For two scales A’ < A any A’-observable
¢ is also a A-observable (formally, the projection £<y—E<y+ along Ear 4] gives the inclusion
Ob<ps € Obcy). This provides two ways to calculate (¢) by using either Sy, or Sy. The
equality of two formulas of ¢) is easily seen to be equivalent to the following relation
between actions Sy, and Sy. We call it the Renormalization Group Equation.

38This is the marriage of the “action principle” (physics is described by an action) with the “effective
theory principle” (physics can be observed only on a bounded scale at any given time).
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Lemma. For A’ < A and any field 2’ € Ob<y/

Sy(z) = & log] / dy eSa@ /R
yEE(A/’A]

Proof. For ¢ € Ob<p/,
/ dr eSn(@)/h o) = (¢(z)) = / dr eSr@/h o(z)
x' €€ 1 T€E<A

can be rewritten in terms of x = 2’ + y as

— / dz’ / dy eSA@ /M g0/ 4y,
:B’GSSA/ y€5<A/7A]

Here, ¢(2' +y) = ¢(2’) since ¢ € Ob<ys, when viewed as a function on Ob<, is invariant
under translations by Obas o). So, the integral is

= / dx' ¢(z") / dy eSr@+u/h
IEEESA/ yES(A/YA

]
This gives

SulE/m / dy SAEDIN
ye:‘:(AxyA]

Remark. The RGE says that for A > X Sy is obtained from Sy by “allowing the field x’
on the scale < A’ to fluctuate on the scale (A’, A]”, i.e., by averaging over fluctuations on
scale (A’, A]. So, one is just integrating out the objects on the intermediate scale (A’, A].
The same words describe the transition on the level of interactions rather then actions:

5.2.5. RGE for interactions. The quadratic part —§ of the action is expected to be the
same at all scales (in particular the same as in the classical action!). Therefore,

Sy = —g—i—IA

and we will only be interested in the evolution of the interaction party In € Z, with the
scale. The corresponding form of RGE is:

Corollary. For A’ < A and any field 2’ € Ob<y/

Iv(@') = h log[/ dy e_%[_gg ESINCEEN) ].
yGS(A/’A]

Proof. We know that

’ /
e v @) — LS/ / dy "5 +Saa+y)/h
yEE(A/’A

]
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Since
/ ’ ! ! + / / !
9%)+5Mx+y): ﬂf)—gWQ3”+1Mx+y)==—wa)—g%l+ﬂx+y%

we are done by orthogonality of 2’ € E<yr and y € Ear a)-

5.2.6. Renormalization group flow W. The RGE says that the transition between scales
is given by the operator Wy, o defined on the space Z, of quantum interactions by

(WAI7A])('Z‘/) d:ef A log [/ dy 6%[—g(;¢’)+[(x/+y)] }
yES(AI’A]
These are the Renormalization Group Flow operators on Z, (in the energy scale formal-
ism).

The RGF operators are the basic objects in the effective QFT formalism. The procedure
of quantization of classical theories used below is just the extension of the construction
Wpa to L =00, ie., to the setting where fields of all scales are allowed.

Remarks. (0) One should keep in mind that by our definitions I, is a formal series in
fields so it is only defined on infinitesimal fields. So, the formulas above are meaningful
(and correct) only for infinitesimal elements 2’ of <4/, but this still gives a well defined
operator on interaction functions which are defined only infinitesimally on £.

(1) On the other hand, once we remember that we are working on formal neighborhoods
of zero, these RGF operators are well defined since we are integrating over a finite dimen-
sional vector space £ a]-

5.2.7. Renormalization graphs. Our combinatorial setting is the class of graphs 7G*, the
graded graphs with tails. These are pairs v = (I, g) of a graph with tails, i.e., a diagram
of finite sets

I = (Pr&Pr5W0)

where ¢ is an involution (see 3.6.1), and a “grading” ¢ : V dof Vr — N which is called
genus. The genus of the graph ~ is the integer

def
g9y = bl(W) + Z G-
veEVy

The subclass RG of “renormalization graphs” is the class ¢7 G* of connected graded graphs
with tails.

We say that ~ is stable if

e vertices of genus 0 are at lest trivalent and
o if vertices of genus 1 are at least one valent.

The subclass RG of “renormalization graphs’ is the class ¢s7 G* of connected stable graded
graphs with tails.



69

5.2.8. Graph expansion of RGF operators. Since the Feynman integral in the definition of
W a1 is finite dimensional it has a valid graph expansion. To write it down, notice that
the integral uses the restriction g|g(A, Al of the metric g on & to a metric on Er ). This

restriction is represented by the restriction of Q| g .a; Of @ The propagator for q] Eonrag 1S
therefore (Q|5(A,,A])_1 = Q—1|5(A,YA]. We denote by Psz) the operator on & which is the
extension of Q_1|g(A,7A] by 0 on 5&\,,/\], i.e., the (A, Al-spectral truncation of Q1.

The expansion is over the moduli RG of renormalization graphs, introduced above.

(39)

Lemma. The RGF operators for energy scale have an exact'””) Feynman expansion

(WA’,A])(:E/) = / RG h? w};(AQA](I)'
~E

Proof. In the expansion of

N
/ dy A EF 1)
yES(A/’A]

the graphs should be graded as in 3.5.3 because this Feynman integral contains the Planck
constant h. However, the formula in 3.5.3

/ h_X’Y—FZvEVW 9v w’Y (I)
vEG®

Qillg(/\/’/\]

must be modified in one aspect — the infinitesimal additive shift y— y + 2’ in the integral
replaces the class G of graphs with the class 7G of graphs with tails. So, the relevant
class 7G* is that of graded graphs with tails. Finally, to calculate the logarithm we just
restrict to the connected graphs ¢7 G*. So,

log |: / dy 6%[7 9(; )+I(x’+y)} ] — / h7X'y+Zv€VW 9v wg_llg (I)
yeg(AlyA] vECTG®

(A7,7]

Once we multiply this with #, the power of f that appears with the graph « equals g,
since the power is 3, oy, gu plus 1 — X, =1 — (bo(7y) — b1(7)) = bi(7) (since the graph is
connected).

g 1
Q |£(A/,A]

Q_1’S<A/,A] by its extension Pg(A,’A] to € by zero on E(j,’A].

Finally, for I € Ob<,, the contraction w (I) does not change if we replace

m Should explain the stability condition.

39Here, “exact” is used to emphasize that both sides are well defined and we have an equality of well
defined quantities.
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5.3. Scaling flow (“Renormalization Group Flow”) in length picture. For the
length scale we will define the RGF operators by following the abstract notion of RGF
that we found by considering the energy scale. When we considered the energy scale then
the scale appeared on the level of fields and we started by truncating the fields according
to the scale. However, the end result was that the essential ingredient is the notion of
truncating the ideal propagator QQ—! to actual propagators and this can also be done for
the length scale (5.3.1).

The notion of the length scale will here enter in a formal way and only later it will be given
a geometric interpretation (which is geometrically appealing but not manifestly physical).
The length will be defined as the parameter [ in the formula

Q= / dl e’
0

The formula obviously provides truncations of Q~! with respect to the parameter [,

L
P, dzef/ dl e7'9,

The operators e '@, [ > 0, have integral kernels K; and the family K is known as the heat
kernel for the generalized Laplace operator (). This provides a tool for understanding the
singularity of Q! in terms of the asymptotics of heat kernels.

According to the scheme 5.3.1, these [-truncations of Q! provide a notion of RGF oper-
ators for the length scale [ by the graph expansion

W) £ [y
ve

def
v def v
for w/, = wp_, .

The operators obtained by this formal definition actually have a geometric interpretation

as a special case of the “particle” interpretation of Feynman integrals in the heat kernel
formalism from 4.5.

5.3.1. The notion of RGF operators for scale S. By a scale S for a free theory (M, E, Q)
we will mean any truncation of the ideal propagator Q! to a family of propagators
P,z € S%€ for (o, ) € R>%% such that

e (i) in some sense
lim Paﬁ = Q_l.

a—0, f—oo
° Paﬁ -+ Pﬁﬂf = Pa,},.
e All P,3 commute,

We think of P,s as the truncation of Q7! to the S-scales («, 5] intermediate between «
and (.
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To a scale S we associate the S-RGF W consisting of the operators on Z,

o,B

WD) & / y o wls (I) = hloglezFas ()],
Yye

For 3 > « we think of this as integrating out the degrees of freedom that on the S-scale
lie between o and J3.

We define the scale S RGE for a family of quantum interactions I, = I[a] € Z,, 0 < a <
00, as
I@ = Wagfa, a, > 0.

Remark. In the present terminology the energy scale consists of spectral truncations Py o
of Q! relative to the Q-spectral subspaces € ). In this case the @Q-spectral decompo-
sition of fields provides extra data — a notion of the theory I, truncated to the scale
< A. Then the requirement of consistency for these theories (the correlators for < A’
observables can be calculated in any truncation < A with A > A’) forces the transition
between between truncated theories I/, Iy to be given by operators Wy/, that are given
by the above formula (lemma 5.2.8).

The abstract form of the formula in lemma 5.2.8) is the source of the above definition of
a general notion of a scale and of the associated RGF and RGE.

5.3.2. We define the length-RGE for a family of quantum interactions I, = I[L] € Z,, 0 <
L < o0, as

Sy = W S..

5.4. The scaling connection. Peter Dalakov and Aaron Gerding suggested that one
should also view the length-RGF as a connection. Recall that while the energy RGF
operators W/ o are not continuous in the scale (they jump at eigenvalues of @), the
length RGF operators W, are smooth in the scale.

This connection is the simplest in the space of exponentials J = e!/? where it becomes
linear. However, I is a more fundamental quantity than J — for one thing we understand
the locality property in terms of I but not in terms of J.

5.4.1. The “scaling” connection. Wy, is the parallel transport on the trivial vector bundle

V' = (0, 00)xZ, over (0, 00). The corresponding connection is V = d— W[, where operators
Wi, on 7, are

def d

Wy, = (=

v =G

We also consider this connection in terms of the variable J = e/, then the notation is
WsL and V =d— WL.

WsL)|s:L-
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Lemma. (a) The connection V is given in terms of variables I and J by operators

1

Wi(l) = Ik 9

1
ﬁéie/ and WpJ = ShEpJ.

(b) Let RG1CTG be the submoduli of renormalization graphs with one edge, then

WL = / w;’(L([)
YERG1

Proof. (a) Since W, = hlogle2?=r e/"),
d
dL
In terms of J =e

1 1
SR Memy = ﬁklﬂ

Weple=o = ﬁ(€2 o el/hy oI/h 9

I/l the parallel transport and the connection are simply

W.J = ‘W%]miMJ—%&J

(b) Recall that wj(I) = (P,,I,), is a y-contraction of two tensors which have been
localized (placed) on . We have P, = P%» with one propagator P placed on each edge
e€ Fyand I, = Queviga Iy, where at each vertex v € V,, of valency k, we place Ij,. Then
one contracts along the prongs (half-edges) of . This produces w)(I) € S(E*) of the
degree t.,, the number of tails of 7.

Now w]; (I) is a function of L through its propagator P = P.r, and PEL = K. There-

fore, applying -4 4r tow PEL(I ) we get a sum over edges e where the e- surnmand is obtained
by differentiating P, placed at the edge e, i.e., at the edge e we replace P.; by K.

When we plug in € = L at all edges €’ # e, P,y becomes Pp, 1, = 0. Therefore if v has more
then one edge all summands become zero, and if  has a single edge then -4 sl = wi (I).

Corollary. The partition of RG1 into graphs RG1"°? where the single edge is a loop and
RG1°%¢ where the edge is not a loop, decomposes the operator Wy, as Wi 4 W and
Wéoop — Wk,
while
Here,

: 1 . : ! -/ 1 0 -/ =1 ! 1/
ﬁzsk(g*) KL_> hz—&—lsk—Z(g*) and hzsrk: (5*)@]‘# Sk (5*) KL_> K +1i Sk +k —2(5*)‘

Proof. Any graph v in RG1' has a single vertex ¢, we place I}, at ¢ and contract L, = I,
with K, along e. The effect of the operator

W(1) = / B ()
eRG!

is just the differentiation of I by Kp.
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Here, gy = bl(V) + Gec = Gc + 1.

If e € RG1° then e connects two different vertices a, b and we place Iy, at a and I, at b
and contract I, = I, ®I, with Ky, along e. Here, g, = g, + gs.

“Poisson” structure
LI, 1"} L) & Zi/ +i" =4, K+ ' =k (Lip Ly, K1)
where the summand means all K-contractions of I @[ along pairs of prongs, one in

each flower. ................

BV-Laplacian?

Remark. Connection V is quadratic in terms of the variable I which is ‘local” in M. The
singularity at € = 0 appears only in the linear part W}. In terms of J the connection is
linear, however J is only “exponentially local” in M

Question. Is this the root of the ‘exponential locality” of factorization algebras?

5.4.2. The universal solution. This is the operator of parallel transport to infinity

def _
W, € Wy = e P,

Question. Does e = have a kernel? Is e~ its “kernel”?

Proof.

d _p _p d _p
. [SSJ— co _P — K Loo_‘
aL° A Le L

5.5. The definition of Effective Quantum Field Theories.

5.5.1. The free data (M, E,gg, Q). They consist of a vector bundle (g on a manifold M,
which carries a generalized Laplace operator () and a metric gg.

The symbol of @ gives a metric gy on M (0(Q) = g3;). This metric gives a measure dm
on M. Then gg and dm produce a metric g = gg¢ on the space £ = C*°(M, E) of sections
of F.

5.5.2. Wilson’s definition of QFT in terms of effective actions for the energy scale. Wilson
defined an effective QFT for a free theory (E,Q,gg), as a family of “effective actions”
S[A] = Sj indexed by energy scales 0 < A < oo and satisfying the following principles:
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(1) Each S, is a power series in /i and in the fields: Sy € S(£*)[[A]].
The quadratic part of S[A] does not depend on the scale and it comes from the
generalized Laplace operator:

S = =5 +1a.
2
where the interaction part In € S(E*)[[]] is at least cubic in fields.
(2) S[A] is a function on E<xCE the fields of energy < A, ie., Sy factors through
the projection £—+E<,.
(3) [Renormalization Group Equation.] For A" < A, S[A’] is determined from S[A] by
the RGE:

Iy = Waaly.

(4) [Locality.] The family Sy satisfies certain A-notion of locality axiom formulated
below in 5.5.6.

5.5.3. Principle of locality. This is a requirement of compatibility of physics with the
space M on which we observe it. The intuitive version says that

Interactions between fundamental particles only happen at points.

In other words, particles only interact when they are at the same point of space. One can
state it as

NO spooky action at a distance.

So, if particles interact at a distance this is through the mediation of other particles
between them.

In terms of the action, locality principle appears as the requirement that the action is a
local functional on fields. This means that it is the integral of local contributions

S(z) = /m _ Llem)

and the local contribution L(z,m) (called Lagrangian) is local in the sense that it is a
function on the jet bundle JE of fields, i.e., it is a finite sum of products ([, D;z)(m)
for differential operators D;. yyy

5.5.4. Asymptotic locality. The effective action formalism is not directly compatible with
locality — the locality principle holds only when we include all scales. At any given range of
scales locality only holds approximately and this approximation gets better as we extend
the range. A precise formulation is that locality holds asymptotically (the definition of
asymptotic expansions is in 5.7 below).



75

We say that a solution I[—] of the scale S RGE is asymptotically local if each of its
components in the expansion

il
5 elale

i,k>0

has an asymptotic expansion for large o (meaning “as all scales get included”), as a linear
combination of local functionals ., with coefficients which are functions f ,C>°[0, 00)

of the scale « :
A
= Z fzkr 1kr< )

Remark. For energy scale this formalism is not compatible with the RGF action — if
Sy is close to local then the RGE Sy = W,3S54 forces other Sy to be “completely
nonlocal”. However, the asymptotic locality requirement is compatible with the length
scale. (“Length” is more geometric, i.e., local, while energy is more a matter of global
harmonic analysis.)

In this aspect the energy scale is more cumbersome, for instance its renormalization
schemes are more complex precisely because it is difficult to control preservation of locality.
We will use the length scale picture which makes renormalization transparent.

5.5.5. The definition of effective QFT in terms of the length scale. An effective QFT for
a free theory (E,Q,gg), is a family of “effective” quantum interactions I[L| = I}, € Z,
indexed by the length scales 0 < L < oo and satisfying the following principles:

(1) [The definition of the space I, of quantum interactions.] Each I is a power

series in 7 and in the fields: I, € S(€*)[[#]] and the specialization to /i = 0 is a
classical interaction, i.e., it is at least cubic in the fields (and components are
local functionals).

(2) [Renormalization Group Equation.] For any 0 < ¢, L < oo,

I, = Wl..

(3) [Locality.] The family I[L] is asymptotically local as L — 0, i.e., each of its com-
ponents in the expansion I[L] = >, o &’ ““ | has an asymptotlc expansion for

small L9 as a linear combination of some local functionals ©;;, ., with coefficients
which are functions fi;,,C*°[0, 00) of the scale L :

A: Z fzkr zkr<x>-

40For the length scale all scales get included as L — 0.
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5.5.6. Locality in energy picture. To define it we use the translation between energy and
length scales indicated in 4.3.6. So, the meaning of locality axiom in 5.5.2 is that the
family S of energy scales actions becomes asymptotically local when it is translated into
a family of length scale effective actions. We notice that the translation procedure is
compatible with RGE:

Lemma. The translation between energy and length scales induces a bijection of solutions
of the length-RGE and solutions of the energy-RGE which are of “moderate growth”.

5.6. Strong unipotency of the family of operators Wp, P € S%2£. We order N?
lexicographically by “h before £7, ie., (i,k) < (i/,k')ifi <i ori =14 and k < k’. For
OCN? denote T,0 = [Lineo HIE) and let I—Ig & > imeo Nl be the projector
Iq — Iq,@.

similarly, we define the ©-component of the operator W = W by Weg : I, — 7, ¢ with

Wol & (We.

Lemma. Let P be a propagator and o € N2,
(a) The a-component of Wp(I) only depends on I, :

We(Dla = [We(l<a)la-

(b) More precisely,
[WP(])]Q - WP,a(]<oz) - Ia'

(c) Wp is an automorphism of the Z, ,-torsor Z, <,—»Z, <q, ie., forl € I, <, and J € 7,

Wp(I+ J)|<a = [Wpll<a + J.
Sublemma. (%) If I, appears in the product I, = [ ey, Io,k, € S(E7) for a graph
v € RG (in other words, if there is a vertex v of v with genus r and valency s), then in
N? we have

(T,S) < (gwtv)-

Moreover, equality happens for precisely one graph 7, the “(r, s)-star” graph %, , € RG
which consists of one internal vertex v with s tails and of genus g, = 7.

Proof of the sublemma (% ). Suppose that I, ; appears at the vertex v. Clearly, r = g, < g,.
Now, if g, > r then (g,,k,) > (r,s), so we only need to consider the case r = g, and
check that s < k, and that the equality s = k, holds iff v = %, ,.

However, r = g, implies g, = g, and this tells us that

(i) by(y) =0, i.e., 7isatree and

[ J
e (ii) vertices u # v have genus 0, so stability implies that their valency k, is > 3.
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Now we will observe that the external valency of ~ is

ty =k + > k=2 =k +1-2]
ueVy—{v}

This will imply the remaining claims of the sublemma (%) since k, > 3 gives

ty—ky= > k=2 > |V, —{v}] >0,

ueVy—{v}

so t, — k, > 0 and equality is equivalent to v being the only vertex.

The above formula is clear when presented as a picture but longer when described in
words. For this we grow the graph ~ from the root v. Let 7; be the subgraph of v that
consists of the vertex v and all prongs from v, clearly ¢,, = k,. Now we obtain v, from
~v1 by adding the vertices of vy that appear at the ends of tails of 7; and the prongs that
stem from these vertices. Each of the new vertices u contributes k, — 2 to t,, —t,,. The
—2 comes from killing the prong in v, that goes from ~; to u and also the one from u
towards ;. Etc.

Proof of the lemma. Let o = (i, k) € N?. Recall that
Welo= [ W) and wp(D) = (P,.I)

RG.CRG are the graphs v with (g,,?,) = a and the tensor I, is obtained by putting at
each internal vertex v the tensor /g, , .

Now (a) follows from the sublemma (%) — if I, ; contributes to the a-component of WpI
then this happens through some v € RG, and then the sublemma says that (r,s) < «a.

(b) The difference

We(Dla = [We(l<o)la = [We(l<a)lo = [We(I<a)la

is given by the terms h‘w}(I<,) for graphs v € RG, such that (I<,), features I,. The
sublemma (%) says that there is just one such graph v = %,. For this graph, P, =1
since y has no edges, hence w),(I) = I,. Also, since 7 has just one vertex at which I, is
positioned we have I, = I,.

(c) follows from (a) and (b),

Wp(I+J)]<a = Wp(I+T)ca)<a + U+T)a = Wp(Ica)l<a + Iat+J = [Wp(I)]<a+ /.
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Corollary. For any propagator P, the graph operator Wp preserves the descending filtra-
tion of the trivial vector bundle V' = Z, by the trivial vector subbundles Z, 5., o € N2
Moreover, Wp is identity on Gr(V).

Proof. Wp preserves I, >, since part (a) of the lemma says that for I € Z, >, and 8 < «
we have (Wpl)g = [Wp I<4]p = [Wp 0] = 0. Now, part (b) of the lemma implies that
Wp is identity of Gro (V).

Remark. In the case when P = P, for the length RGF this has been deduced by calcu-
lating the corresponding scaling connection in ....

Question. What is the group W' generated by all operators Wp on Z, ?

Appendices

5.7. Appendix A. Asymptotic expansions. We consider asymptotic expansions (AE)
of a function at an endpoint of the interval where function is defined. We will choose the
interval to be (0, 00) with coordinate ¢ and consider the AE at 0.

The Asymptotic Expansion at € = 0 of a function o(g) on (0, 00) is a sequence of functions
o, (€) such that

e For sufficiently large n, o,, approximates o for € near 0 in the following quantitative
sense: the error is controlled by % for some d,, > 0 :

g =00 _
e—0 glr

e The approximations improve for larger n in the sense that (i) d,,’s are nondecreas-
ing and (ii) d,, — o0.

Remarks. Notice that this does not imply that o, () — o(¢) for any particular €. Neither
can we conclude that o or any of o,, have limit at ¢ = 0.

5.7.1. Summability. This is the problem of finding for a sequence of functions o, a (canon-
ical) function o such that the sequence o, is its asymptotic expansion. As o, usually
appears as a sequence of partial sums of a formal series > 0" f,, this question is called
summability.

The Watson-Nevalinna theorem on Borel summability gives an affirmative answer for
series ) | ¢,e", such that ) “2¢" converges and the sum extends analytically.

5.7.2. Feynman expansions and asymptotic expansions. It would be nice if the perturba-
tive expansions of a QFT would be an asymptotic expansion. This is known for the ¢*
theory using the Watson-Nevalinna theorem. For this reason we sometimes speak loosely
of perturbative expansions of a QFT as “asymptotic expansions”.
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5.8. Appendix B. Some points of view on renormalization. We will use renormal-
ization as a formal procedure that removes infinities.

However, physicists also have a more conceptual framework for renormalization as a flow
in the space of possible values of all possible couplings, i.e., the dimensionless constants
(parameters) of the theory. Here, renormalization has the effect (like a mass of a certain
particle of shifting the bare values of couplings to the effective values. The bare values
are those that one knows from other experiments, the effective values are the ones that
“effectively” appear in a given situation, in other words if we plug in the effective values
in formulas, we get the numbers actually observed in experiments. This shift of values is
not mystical, it is simply the effect of some interactions which we prefer to keep out of
the picture because we do not understand them well enough.

5.8.1. Example: Hydrodynamics. The formalism of renormalization can be trace to hydro-
dynamics to explain why acceleration of the ping pong ball in water as it rushes towards
the surface. A naive computation predicts acceleration around 11 times the the gravi-
tational acceleration g. When one analyzes the situation precisely it turns out that one
formal way to deduce the correct answer is to replace in the naive computation the actual
mass m of the ball (the “bare mass”) with its “effective” version which is m + %M where
M is the mass of water that the ball can hold. This renormalization of the mass is just
a formal way to account for (or sweep under the rug) the effect of the interaction of the
ball and the water. (The actual acceleration is < 2g.)

5.8.2. Mathematics. The structure of a certain algorithm (HPBZ) for a specific incar-
nation of renormalization, the minimal subtraction with dimensional regularization, has
been explained by Kreimer and Connes-Kreimer in terms of a Hopf algebra structure on
graphs. This is further reformulated in terms of the Birkhoff factorization of loops (into
positive and negative), the Riemann-Hilbert correspondence and a relation to motivic
Galois groups [Connes-Marcolli].

5.8.3. Seweral story lines. All together, renormalization appears with seemingly disparate
justifications:

e (i) Regularization of infinities (by any means, however disrespectful).

e (ii) A mechanism that explains variation of parameters in Lagrangian with the
observation scale (for instance the variation of the charge we perceive when we
vary the distance from the source of this charge, see 5.10.7).

e (iii) The “physics depends on the scale” principle. It appears in various guises, for
instance, the fact that a given experiment has restricted energies available, so we
are only seeing a part of the world that lives at these energies, not the true picture
of the world.

5.9. Appendix C. Renormalization in Statistical Physics.
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5.9.1. Statistical Physics. More recently, renormalization idea has been crucial in Statis-
tical Physics. Here, the primary concern of renormalization is the critical phenomena.

The mechanism is the “coarse graining” or “defocusing” of short distance degrees of
freedom, when long distance phenomena are of interest. This only affects the parameters
of the system while keeping the interesting physical aspects the same. This transformation
is called the Renormalization Group Flow (RGF) in the space of parameters (this is not
a continuous flow, just an action of (N, +)). Now one studies the RGF and what it says
about the system.

5.9.2. Coarse graining: the block spin transform. This is a change of scale in the following
sense. One considers the effect of interactions of charges placed on a grid. When one
groups the points of the grid into, say, axa blocks and moves further away, one may
effectively perceive a new grid whose points are the blocks of the original one. The charge
of a new point is the total effect of charges in the block.

However, this total effect often has simple approximations. Say, if charges (spins) are
s = +1 we assign to each new block a charge s’ = %1 by some rule that we call the spin
block transform. For instance the majority rule (when a is odd).

Now we rescale the picture by a factor of a, i.e., consider the new system of charges s
on the new grid.

5.9.3. RG flow on Hamiltonians. We are interested in correlations of the system which are
statistical averages over a large set of typical configurations. These are calculated in very
much the same way as in QFT. When one passes from Feynman integrals to operator
formalism the action S is replaced by the Hamiltonian operator H and the correlator
formula goes from [ €@ ¢ to Trle=?¢]. The latter is also the form of the correlator in
Statistical Physics, here the vector space has a basis of all possible configurations s of the
system.

While the original system had hamiltonian H that applies to configurations s, the blocked
system has a new Hamiltonian H’ that applies to block configuration s’. The passage from
H to H' is very much the same as the passage from S[A] to S[A’] in QFT, the “integrating
out” of degrees of freedom between two scales A, A’ appears here as integrating out the
short degrees of freedom (charges of points in the original grid) by taking the trace over
all possible configurations in each block. (The reason is the same: the correlators must
be invariant of the scale.)

5.9.4. The Renormalization Group assumption. One assumes that after any number of
block transforms, the dominant interactions will always be short range (something like
“nearest neighbor only”). This assumption (or really its consequences), has been verified
experimentally, by numerical simulations and theoretically in solvable systems.
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The assumption implies that the new Hamiltonian H’ is supposed to have the same form
as ‘H (the same formula). The only thing that changes is the vector o of couplings
(parameters). This change oo’ is the RG flow on the space of couplings.

One can iterate this to get a sequence of systems ¥y = X, ¥ = X', 3, ... with parameters
00,01 = 04,09 = 07}, .... Here, the emphasizes is on the critical values o of parameters that
correspond to self-similar systems, i.e., the fixed points ¢ of the renormalization flow
on the space of parameters: 0’ = 0. (For instance at a critical temperature the rescaling
does not change the statistics of the system.) These critical values govern the “long term
behavior” of the flow og, o1, ...

5.9.5. QFT and Statistical Physics. The QFT analogue of critical values in Statistical
Physics are the renormalizable theories, the theories that are approximately scale-invariant
(up to logarithmic terms), for instance the conformal field theories. Again, these corre-
spond to fixed points of the renormalization flow in the space of parameters (couplings).
A strong version of this analogy: classical critical systems in Statistical Physics are in a
certain limit equivalent to renormalizable euclidean quantum field theories (Wilson).

This has provided an explanation of the Universality Phenomenon: . “Many systems with
different constituents and microscopic interactions exhibit the same critical behavior in
the scaling limit.” The point is that it was known on the QFT side that there is often
only a handful (finite or countable) of theories with given symmetries.

This observation is said to have led to a unification/cross-fertilization of methods of (i)
particle physics, (ii) statistical mechanics and (ii) condensed matter theory. One example
is the application of conformal field theory (CFT) (which was first developed as a tool in
string theory), to statistical mechanics and condensed matter physics.

The correspondence has strong numerical power in Statistical Physics — the renormal-
izable quantum field theories in two dimensions have been classified and in many cases
they providing exact expressions for critical exponents, correlation functions, and other
universal quantities in statistical systems.

5.10. Appendix D. Renormalization of charge as interaction with vacuum. This
involves a beautiful picture that seems to be standard in physics. Besides explaining
renormalization of charge of an electron in QED, this is also the mechanism of the Hawking
radiation out of the black hole. The picture is of the effect of

Pairs of particles that appear from the vacuum and then disappear (cancel each other).

5.10.1. Virtual particles. We will need the point of view that there are two kinds of
particles:

(1) The usual ones. These can exist forever. The reason is that they have their own
substance like energy or momentum.
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(2) Virtual particles. These are short lived because they have to borrow their sub-
stance from the vacuum and then they have to return it shortly.

Therefore, vacuum is really a rich structure. It is OK to think that it is a soup of particles
that are balanced hence not perceived, except that when this “Dirac sea” of particles is
disturbed by something like interaction of two particles, the soup bubbles and emits pair
of particles which are now perceivable since they have a measurable effect on the usual
particles. About vacuum one does not understand much more than this, so we summarize:

(1) This picture is satisfactory in the sense of theoretic computation. One can compute
with it and (some) results agree with experiments (for instance for the charge
renormalization).

(2) Philosophically, the picture is incomplete: who is vacuum that borrows and takes
back?

(3) One measurable quantity related to the vacuum is the vacuum energy which is
often called “the” cosmological constant (see 5.10.6). However, this leads to a
cosmological constant problem — the measured values and theoretical predictions
differ sharply.

5.10.2. Vacuum mediation of particle interactions by virtual (anti)particles. The idea is
that when two particles meet, they interact through virtual particles emitted by the
vacuum. We will consider it here in the path integral picture, i.e., in terms of Lagrangians
and Feynman diagrams.

A standard example is when two ¢-particles called 1 and 2, collide and emit two more
¢-particles 3 and 4.

Let us draw this as a graph with one vertex (the collision) and 4 tails (the trajectories of
two incoming and two outgoing particles). The time direction will be from time ¢; when
we have particles 1,2 to time t, when we have 3, 4.

However, the mediation picture says that the vertex v at which the interaction takes
place, does not really exist. It is “smoothed out” by a small circle which seems to be the
trajectory of a pair of two virtual “i)” particles.

The four tails 1,2, 3,4 meet the circle at four trivalent vertices , , , divide the
circle into four segments [12], [13], [24] [34] Now the interactions actually happen at
the four vertices on this circle, we label the vertex at which the -tail is attached by 7. At
each vertex one ¢ particle (a tail) meets two v particles, (two segments of a circle). This
scenario of interaction is seen in the Lagrangian (action) as the ¢y term

| ovu.
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5.10.3. The interaction. The story say that the approaching ¢-particles 1,2 disturb the
vacuum and produce a pair of virtual particles 1,1, which emerge at the center of the
segment . (One of 91, 19 is perceived as a particle and the other one as an antiparticle.)

Then 1 particles ¢; (i = 1,2) travels to ¢ on the segment , in order to interact with
the ¢-particle ¢;. So, segment 12 is the picture of the emergence of the i particles.

The ¢ particles disappear when they meet the v particles(?). After ¢); reaches vertex
it continues on the segment to the vertex | 3| and 15 continuous on to the vertex

[4].

Here, ¢-particles get reconstituted as [3] and [4], while t; continue on the segment

where they meet and annihilate each other.

5.10.4. Temporary violation of conservation of momenta (energy). This is one aspect of
nonstandard physics in this story.

Let p; be the momentum of particle i. The conservation of momenta (energy) in the time
interval [t1, o] appears as a factor 6(p; + p2 — p3 — p4), i.e., the ingoing total momentum
p1 + peequals the outgoing total momentum p3 + py.

However, if we cut the timeline at some ' between t1, t5, then the conservation of momenta
(energy) is violated on intervals [t;,t'] and [/, 3]. For the time interval [ti,t'] the point
is that whatever p;, po were, the momenta of ¢); can be essentially arbitrary. The reason
is that ¢; “borrow” momenta (energy) from the vacuum. Then they have to return these
on the time interval [t', ¢5].

5.10.5. Singularity of the amplitude of this diagram. The point that the momentum of 1);
is arbitrary means that we have to integrate over all possible momenta 0 < p; < co. The
four segments [ 12], |13], [24], [34] are four edges in the diagram (graph), each contributes
a propagator P, so the integrand has the fourth power P* of the propagator. This makes
the integral divergent.

So, one is forced to regularize the integrals with cutoffs, say 0 < e < p; < L < 0.

5.10.6. The cosmological constant problem. The energy of the empty space is the eigen-
value of the Hamiltonian H on the vacuum vector

H|0) = Epu|0) .

The formula for the Hamiltonian is something like
H = Z pulanat +atay),
nez

where a,, are the annihilation operators so they kill vacuum.
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S0, Eyqc comes from the commutators [a,,a,}] = 3. This topically gives a constant (say,
the light speed) times a sum of powers of natural numbers

Eyoe = Z nk: CC(-]{)

The creation and annihilation of pairs is here reflected in the Hamiltonian formula

H = Z pulana +atay).

neL

A (Nobel) Problem. The vacuum energy predicted by computation is much larger than
what is actually measured:

theory 100 measurement
Evac ~ 10 Evac :

5.10.7. Screening of the charge. The renormalization of the charge is an effect of this
interaction with the vacuum.

5.10.8. Does the vacuum mediation smooth out the interaction? We describe a collision
of point sources in terms of a diagram (graph) which is still a singular object?

Remark. The choices of a complement to a subspace UCV form a torsor for Hom(V /U, U)
since any choice of a complement ¥ gives a parametrization of complements by

Hom(V/U,U) = Hom(S, U) 3 ATy & (id + A)S.

So, renormalization schemes form a torsor for Hom(P/P<g, P<).

5.11. Appendix. Graph weights and motives. The reason why graph weights
w) (M, Q,I) are asymptotically periods is that they are periods for the standard choice
of the data (M,Q,I) (M =R" ...) and the ¢ — 0 asymptotics is independent of M.

The corresponding algebraic variety U, is the complement in C[E,] (or P(C[E,]) of a
hypersurface given by the Kirchoff graph polynomial K., The corresponding motives m.,
are called Feynman motives.

Feynman motives are Tate motives for small graphs but not in general. The weights
of Tate motives are multiple zeta values and the converse is implied by Grothendieck’s
conjecture.

The appropriate “Euler characteristic” x, = Xnew(Ur) behaves as a Feynman weight, i.e.,
Xuv = [1 X+ (Aluffi-Marcolli). Then Yy, is called a motivic Feynman rule.(*!)

On the level of Feynman motives and motivic Feynman rules the divergence of Feynman
integrals is approached through resolutions, deformation and interpretation via local Igusa
functions.

41“Feynman rule” means (a formula for) a graph weight.
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Y. [ToFix]

6. Z. Periods

Periods are integrals of algebraic differential forms over homology cycles. (Any such
integral can be reduced to an integral of a top differential form.)

6.0.1. Relation to motives. If we choose representatives w; for a basis of de Rham coho-
mology and representatives a; for a basis of singular homology. Then the period matrix

I
/,

J
is an isomorphism of de Rham and singular cohomology.

6.0.2. Period matriz. For X defined over Q the period matrix is defined as an element of

GLn(Q\M,(C)/GL(Q).

Ezample. For X = P™ the periods are 1,2mi, ..., (2mi)™. (The period matrix is diagonal
and the these are the diagonal entries?)

6.0.3. Grothendieck’s conjecture. For X defined over Q, the period matrix determines the
Q-motive Mx of X.

Ezample. The motive Mx of X = P" splits into n + 1 motives and their periods are
1,2mi, ..., (2mi)™. (The period matrix is diagonal and the these are the diagonal entries?)

6.0.4. Tate motives and multiple zeta values. The periods of Tate motives are multiple
zeta values. Grothendieck’s conjecture implies

Corollary. The only Z-motives whose periods are multiple zeta values are Tate motives.

Question. Should the t-structure on motives be in in terms of periods or period functions?
(The question does not make any sense. Anyway.)

6.1. Etale cohomology of Q-varieties. It carries an action of Gg. With this structure
we can think of it as a realization of a motive. Then the analogues of periods (?) are the
integers N, the count of the number of points of the reduction mod p.

6.1.1. Tate conjecture. The numbers N,(X) for almost all p determine the motive of X.

Exzample. For Tate motives IV,,’s are polynomials in p. The Tate conjecture implies the
converse:
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Corollary. The only Z-motives such that IV, is polynomial in almost all p are mixed Tate
motives.

Remark. This is a nice way to check whether the motive My of a given variety is a Tate
motive, i.e., whether its periods are multiple zeta values: calculate N,(X)’s, see whether
they are polynomials of p.

6.2. Multiple zeta values. The multiple zeta function is defined as
1
C(s15-0,88) = > eTa—
ny>ng>-->np>1 1 k

The multiple zeta values are values at integers (si, ..., sp) € Z*, with z; > 1.

Lemma. Multiple zeta values are periods. Explicitly,

51y 50) = / ey (1) - sy (1)
1>t1>>t,>0

where,
dt dt

wo=—, w1 =7 and w, = wg_l/\wl for r > 2.

6.2.1. The hypersurfaces Xr in AP, To a graph I" one associates the Kirchoff polynomial
in indeterminates z. indexed by edges e € £,

def
TN NN | it
TeSpTrr ecEr—
The summands are monomials corresponding to the spanm'ng trees of T'.
No let Xt be the hypersurface in A®+ given by K.,.

Kontsevich conjectured that the motive of Xr is Tate, i.e., that the periods are multiple
zeta values. This was disproved by Belkale-Brosnan (though it is true for small graphs).

6.3. Algebro geometric Feynman rules (Aluffi-Marcolli). A Feynman rule is a
formula for the weights y—w? of graphs.

The point of view here is that the correct variety associated to I' is

Ur € P(C[E,]) — Xr.

The result is that certain invariant x,., has the usual multiplicativity property of Feyn-
man weights

Xnew UF H Xnew Ul"

This is nontrivial since on the level of varieties the Euler characteristic Up,r, is a G-
bundle over Ur, xUr,. (In particular the Euler characteristic x does not work.)
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6.3.1. Connes-Kreimer. Feynman rule is a character of the Hopf algebra H of Feynman
graphs. Namely, the collection of dimensionally regularized Feynman integrals U(T, p)
of all the 1PI graphs of a given scalar quantum field theory defines a homomorphism of
unital commutative algebras

¢ € Hom(H,K)

where K is the field of germs of meromorphic functions at z =0 € C.

The coproduct in the Hopf algebra is then used in to obtain a recursive formula for the
Birkhoff factorization of loops in the pro-unipotent complex Lie group

G(C) = Hom(H,C).
This provides the counterterms and the renormalized values of all the Feynman integrals

in the form of what is known in physics as the Bogolyubov recursion, or BPHZ renormal-
1zation procedure.

In particular,

(1) any character of the Hopf algebra H can be thought of as a possible assignment
of Feynman rules for the given field theory, and

(2) the renormalization procedure can be applied to any such character as to the case
of the Feynman integrals.

The characters need not necessarily take values in the field K of convergent Laurent series
for the BPHZ renormalization procedure to make sense.

In fact, it was shown in how the same Connes-Kreimer recursive formula for the Birkhoff
factorization of loops continues to work unchanged whenever the target of the Hopf algebra
character is a Rota-Baater algebra of weight A = —1.(42)

In the Connes-Kreimer case, a Rota-Baxter operator it is the operator of projection of
a Laurent series onto its divergent part (a renormalization scheme!). The Rota-Baxter
identity is what is needed to show that, in the Birkhoff factorization = ( cewith S the
antipode and the product dual to the coproduct, the two terms ¢, are also algebra
homomorphisms.

When working in the algebro-geometric world of the graph hypersurfaces Xr, one would
like to have motivic Feynman rules, namely an assignment of an “Euler characteristic”

XTL@’U}
(the terminology views the class in the Grothendieck ring of varieties as the universal
Euler characteristic); to the graph hypersurface complements
P — Xp.
427 Rota-Baxter ring of weight X is a commutative ring R endowed with a linear operator T : RR
satisfying the Rota-Baxter identity
T(x)T(y) — AT(zy) = T(=T(y)) +T(T(x)y).

Such an operator is called a Rota-Baxter operator of weight A.
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This should have the usual multiplicativity property of Feynman weights: I' = U I'; implies
that

Xnew(]Pmil - Xl") = H Xnew(Pmil - Xfl)
Here the graph hypersurface Xt is defined as the hypersurface in P(C[E,]) given by the
vanishing of the Kirchoff polynomial Kt = (in general the sum is over spanning
forests T rather than spanning trees). Kr is multiplicative: K, r, = [] Kr,.
The usual Euler characteristic does not satisfy the desired property. In fact, if I" is not a

forest, then for I' = '}y, P"* — Xt is a G,,-bundle over the product [] Pl — X1
hence its Euler characteristic vanishes.

i=1,2

The main result of the present paper is to show that a modification e, which corrects
this problem exists in the Grothendieck ring of immersed conical varieties. It descends
to a class in the Grothendieck ring of varieties, and to a Chern-Schwartz-MacPherson
characteristic class of singular algebraic varieties,

Example. Motivic Feynman rule
def

U = [Afr — Xp]L™™ € K°(Ve)[L7Y.

1 In this ring we can still consider the Rota-Baxter operator of projection onto the polar
part in the variable L.

Now, the renormalized Feynman rule is given by the universal CK formula of Birkhoff
factorization.

Ezample. Consider the basis of Q[T'] as a Q-vector space, given by the polynomials

T(T + 1)(T + nl)

m(T)=1 and =,(T)= oy

for n > 0.

The shift operator in this basis

T(m,) = Tpi1
is a non-trivial Rota-Baxter operator of weight —1. One can then apply the BPHZ
procedure with respect to this operator.

6.4. Divergences and renormalization (Aluffi-Marcolli). Their analysis shows that
when convergent, the parametric Feynman integral for (certain class of) graphs is a period
of a mixed Tate motive. The technique is to show that certain relative cohomology is a
realization of a mixed Tate motive m(X,Y’), where the loci X and Y are the complement
of the determinant hypersurface and the intersection with this complement of a normal
crossing divisor that contains the image of the boundary of the domain of integration o,
under the map 71 , for any graph I' with fixed number of loops and genus. Knowing that
m(X, Y ) is a mixed Tate motive implies that,

They sketch possible approaches to divergences in the Feynman weights.
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6.4.1. Blowups. [Bloch-Esnault-Kreimer| One can proceed to perform a series of blowups
of strata of a certain intersection until one has separated the domain of integration from
the hypersurface and in this way regularized the integral.

6.4.2. Dimensional reqularization and L-functions. [Belkale-Brosnan] showed that dimen-
sionally regularized Feynman integrals can be written (when they converge), in the form of
a local Iqusa L-function, where the coefficients of the Laurent series expansion are periods,
(Or log-divergent?)

6.4.3. Deformations. An alternative to the use of blowups is the use of deformations.
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7. XXX
Part 3. Chapter 1. Intro

0.1. Goals. The book lays complete foundations of PQFT (perturbative QFT) based on

(1) Feynman integral approach (including having an action 5).
(2) Low energy effective actions S[A] approach of Wilson. (4%

Actually, in order to understand the meaning of locality at each scale, instead of “energy
effective action” we use “wordline length effective action”.

0.1.1. Perturbative limitation/aspect. The central limitation of Costello’s formalism is
that

(1) The spaces of fields £ are vector spaces and he only considers infinitesimally small
fields.

(2) The Planck constant # is an infinitesimally small (i.e., formal) parameter, and at
h =0 we get the classical limit.

e Here (1) appears through the assumption that the observables, i.e., functions on
fields, are formal power series:

0E) ¥ 3 (&Y.
This class of functions is the technical framework of the book.
e The meaning of infinitesimally small fields is that these are perturbations of a
given field.

The fields of the “original” theory can actually be maps M — X. The pertur-
bative version of this theory deals with perturbations ® of one chosen solution ¢,
of the EL-equation. So, the fields are infinitesimal

Passing to Costello’s setting actually involves a choice of a linearization of the
theory at ¢q, which replaces X with the ¢g-pull-back of the tangent bundle of X.
Then the perturbations ® of a solution ¢ are of the form ® = ¢y + ¢ for small
sections ¢ of Ty Map(M, X) = ¢5TX. These are the fields that lie in the vector
space |Ga(M, 5T X .

Remark. Later Costello finds a way to circumvent the restrictions for gauge theory (via
the BV-formalism, i.e., the QME), and also in cases when the structure on the target
X can be described as a certain symmetry of X — a cdg-Lie algebra gy (holomorphic
Chern-Simons).

0.2. The space of quantizations of a classical theory.

mso denoted Seff[A].



91

0.2.1. Data.

e Space of fields &.
e The classical action S (a local functional on &)

Let 70 (&, S) be the space of quantizations modulo hi**' of the classical theory. We are
interested in 7()(&,S) = lim 7™ (&, S).

Theorem. T+ — T ig a torsor for the abelian group of local action functionals.

Question. T()(&£,S) should then itself be a torsor for some huge self-extension of local
action functionals O°(€, S) = lim O™ (€, 9).

0.2.2. B-functions. They appear as coefficients of the RGF action on a given Lagrangian.
(Computed in examples.)

0.2.3. Renormalizable theories. This involves the renormalization group flow (RGF) on
the space of theories. This is essentially the rescaling of the spacetime R™.

0.2.4. Perturbatively renormalizable theories. A theory is perturbatively renormalizable if
it has a critical scaling behavior, i.e., the RGF flow fixes it modulo the logarithmic
corrections.

Theorem. These are classified.

The method of construction of renormalizable theories (that satisfy the QME if we are
in the BV formalism) is again cohomological, i.e., obstruction theoretic as above. It
provides existence when obstruction cohomology group vanishes and then the space of
quantizations is a torsor for another cohomology group.

Remark. Here renormalizability means the vanishing or a calculation of a certain coho-
mology group. Traditionally it involves Feynman diagram manipulations.

0.3. Example: Gauge theory. GT is made to fit this formalism by combining effective
action idea and the BV formalism.

Here gauge symmetry of the family S[A] is expressed as: S[A] satisfies the scale A QME

0.3.1. Renormalizability of pure YM. It is proved by a calculation of Gelfand-Fuchs co-
homology. ABBA
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1. Feynman integrals

Feynman’s formulation of QFT in terms of functional integrals says that the actual uni-
verse is a quantum superposition (“statistical superposition ”) of all possible configura-
tions, i.e., fields.

1.1. Lorentzian (physical) version. Here M is a manifold with a Lorenz signature.

Each field is one description of the physical system (“the universe”). Our basic example
is the single scalar field theory, i.e., the fields are & = C*(M).

1.1.1. The action. The action S is an integral over M of the Lagrangian L:

S(6) = /EM L(6)(x).

The Lagrangian L is a sum of the free part L. and the interaction part I.

Example. For a massive field the free part is

I—free - Qb(A + m2)¢

A typical interaction is

1.1.2. Observables. These are the measurements one can make. The result depends on
the state of the system, so observables are functions on fields

Ob(U) = OE(U)).

The most standard class are the observations that can be made by an observer at the

point x € M. First, at x+ € M we have observables O, aof ev,, the evaluation of the
field ¢ at x, More generally, we also have the derivatives of ¢ at x, i.e., the observables
O..p = evy(D¢) for differential operators D.

1.1.3. Correlators of a family of observables. These are integrals over fields

def

(O4,...,0,) = /¢ oo D¢ 5@/ 0y (¢)- - -0,(¢), O; € Ob.
(S

They measure the relation between quantities in the theory, i.e., various measurements.

1.1.4. The Problem. There is no natural measure D¢ on the space of fields, we only
imagine it. When £(M) is a vector space, we would like it to be a Haar measure.
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1.2. Euclidean version of QFT: a statistical theory. Here M is an Euclidean
manifold.**) This setting gives

(1) A statistical interpretation of Feynman integrals.
(2) A large supply of manifolds.
This allows calculations by cutting and pasting. These are not physical as they
do not have Lorentzian analogues.

Fields and Lagrangians are as before except that instead of a Minkowski Laplacian we

now have an Euclidean Laplacian. The correlator integral is changed by replacing iS/h
by —S/T.

1.2.1. Probability and Temperature. Here T' = —ih is interpreted as temperature of the
system and e 5(/T as probability (up to an overall normalization factor Z) that the
system be in the state ¢.

1.2.2. Perturbative aspect. In the Euclidean picture it means that

e as T — 0, the universe freezes into one classical solution ¢q;
e we only consider what happens for infinitesimally small 7' (a formal variable), so
fields ¢ only vary infinitesimally away from ¢q.

The same happens in the Minkowski picture. For A = 0 the world is classical, i.e.,
described by a solution ¢y and we consider i as a formal variable.

2. Wilsonian strategy of low energy theories

The “low energy” concept will be first described in terms of the spectral analysis of the
Laplacian. This is intuitive but not local. Then it will be (re)formulated in terms of the
length of worldlines because this approach is better suited for describing the meaning that
locality acquires when one considers different scales.

2.0.3. Transition to the worldline view. The switch from energy to length involves passing
from formal (i.e., non defined) functional integrals over fields to their well defined per-
turbative expansions (by applying Wick lemma formally). These perturbative expansions
are sums indexed by Feynman graphs but have a geometric interpretation as integrals
over the moduli of evolutions of finite systems of particles. So, the switch involves passing
from energy of fields in QFT to worldline length of particles (a kind of QM).

2.1. Effective actions S[A] at the energy scale < A. This part is the historical
introduction to the idea of effective QFT. Later we will work in the length scale.

44The book works in Euclidean formalism.
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2.1.1. Decomposition of fields according to the energy. Here the harmonic analysis of the
Laplacian operator on the space of fields £ represents it as an integral

/0 e oA

of eigenspaces of the Laplacian. So, we have summands

En C E.

2.1.2. Observables Ob<p of energy < A. This embeds the “energy < A-observables”
def

Obcn = O(E<h)
into all observables Ob, via the projection £€—+E<,.

The strategy of considering only the phenomena of energy < A is

e (i) realistic as this is what we can observe in any given experiment,
e (ii) it kills the infinities in QFT.

So, infinities only arise when we think of the classical Lagrangian S as adequate for all
energy scales including the infinite one. Wilson’s insight was that physics depends on the
scale, i.e., that what governs the behavior at scales i< A is not the classical Lagrangian
but the “scale A Lagrangian S[A] (the “effective” Lagrangian), which one has to deduce
from S

2.2. Renormalization group flow: the length scale. Recall the meaning of the tran-
sition to the worldline view from 2.0.3.

Passing from the energy scale A to the worldline length L is roughly by

1
L~ —.
A

(“Energy of a vibrating string is higher if the length of waves is lower.”)

Therefore, “energy < A” corresponds to “length > L”. So, the effective action S[L]
will now describe phenomena that involve lengths > L. The high energy limit A — oo
corresponds to the low length limit L — 0.

In the setting of the length scale the action at length scale > L is denoted S[L] and RG
flow is denoted W, n where usually ¢ < L. Now the main step in the quantization of
classical theories is to make sense of Wy 1, = lim._,o W, 1.

2.2.1. Propagators. The main purpose of the perturbative expansion of the partition func-
tion (or of the RGF flow W) over (stable) Feynman graphs is to deal with the “non-free”
part of the action I = S — S}, which in the worldline picture describes interactions be-
tween particles. The weight associated to a particular graph is calculated combinatorially
using the propagator.
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The free part of the Lagrangian is ¢Q¢ = (¢, Q¢) for an invertible quadratic operator
Q.

While @) appears in the Feynman functional integral, the incarnation of () that figures
in its perturbative expansion is the propagator P. Propagator itself is an integral of the
heat kernel K of ) which is the most fundamental object in the analysis which we will
use.

Propagator P(z,y) is a distribution on M? which is a smooth function off the diagonal.
Here are several views on P(z,y)

(1) Tt is the integral kernel for Q.

(2) P(z,y) measures the correlation of values of fields at points x,y € M in the free
theory given by Q.

(3) P is an integral of the heat kernel K of @

P = / dr K,.
=0

(4) P(xz,y) is a functional integral over the spaces P(z,y) of paths, i.e., worldlines
of a particles that travel from x to y. (Here, Pj(x,y)CP(x,y) are the paths that

take time [.)
P(z,y) = / dl / Df e ).
=0 feP(z,y)

the action is the energy of the path F(f) = fol |df /2.

Remark. The heat kernel K;(z,y) is the integral kernel for e7!?. So, formula (4) follows
from (3) and the functional integral interpretation of the heat kernel:

Ki(z,y) / Df e EU),
fepl(xvy)

2.2.2. Worldline length or “proper time”. The parameter [ in Feynman’s formula (3) will
be called the worldline length. Its physical interpretation is as proper time — the time on
the worldline, i.e., the time measured by the clock traveling on the worldline. (It is not
related to the time on the spacetime.)

2.2.3. The perturbative expansion over Feynman graphs of the interaction part of the
action. From the wordline point of view (“particles in the spacetime”), the quantity 1(¢)
describes how particles interact.

These interactions are described by Feynman graphs because these graphs are the “world-
graphs” of a family of particles traveling in spacetime (at random). The information in

45For the massive scalar field theory Q = A + m2.
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the world-graph is obvious — these are drawings of all ways for particles to come together
and to break apart.

2.2.4. Relation to strings. In String Theory. particles are not points but (small) loops, so
their worldgraphs are not Feynman diagrams but their thickenings — the 2d surfaces. (4%

2.3. Renormalization group flow as a sum over Feynman graphs. The RG flow
consists of operators W, ;, on the space Z,C O;(€)[[h]] of quantum interactions.

Here we define flow operators using just linear algebra. The basic elements of this for-
malism are the weights w]; of Feynman graphs . The weight w_; is an operator

wl, 1 I, — O%(E)C O€)
where d, is the external degree of the graph «. It is defined as a contraction of two tensors
w1 = (Py, L)

Now, W, is an integral over the moduli space of csFG of connected stable Feynman
graphs
def

- Y
W, / K,
yECsFG

where g, is the genus of the Feynman graph .
XX
First, they have expansions
W = Y K Wi(e, L)
ik>0
in the sense that for I € 7,

Wepgd = (WepD)a hence Wl = Y BWepyl.
i,k

The ik-coefficient is an integral over the moduli space of csFG;, of connected stable
Feynman graphs v of genus g and external degree (“external valency”) k,

_ Y
WELik = / wsL'
YECSFGik

yy

(1) The (inner) edges of v are labeled by the (e, L)-propagators
L

p, / dr e=™ K.
\

tau=e

46An impressive ingredient of this parallel is the use of stable Feynman graphs and stable curves.
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(2) the vertices of valency k (and genus i) labeled by the coefficient I;x[e] in the
expansion of

TEl@h) = 32 HLEN) = Y 1Y Lulel

Here I[¢](¢) is a function of &, ¢, so the coefficient Y, I;[e](¢) of A is a function
of the field ¢. In a perturbative theory fields live in a vector space (sections of a
vector bundle) and then [; is just the homogeneous component of I, of degree ¢

in ¢.

Here valency k of a vertex means that k-particles collide at this vertex (some of them
incoming and the rest outgoing).

Remark. For the meaning of (3) see the picture 1 on page 19.

2.3.1. Summary of length scale formulations of RGF. We will use the phrase
“allow particles to travel between interactions for the length in interval J.

It means that the integral involved is over worldlines f “whose length scale” is in J,
meaning that the length of each leg is in J.(47)

The case J = (L, o0) appears for correlator integrals of observables O; that have “length
scale > L”, meaning that each O; naturally defined on worldlines of length scale > L.

The case J = [e, L) appears for the renormalization flow integrals W, ; where produce
Sle] from S[L] by integrating out the worldlines with length scale between e and L.

Here are some formulations of RGE:

1. The correlator formulation. A family I[L] of quantum interactions satisfies RGE if the
correlators are independent of L. More precisely, the I[L]-correlator of observables on the
length scale > M is independent of L as long as L. < M. A restatement:

“If we allow particles to travel for at least length M between interactions. then then for
L < M the I[L]-correlator does not depend on the choice of L.”(4%)

2. The action formulation. For e < L, I[L] is obtained from I[e] by integrating out the
worldlines whose proper time is between ¢ and L. Restatement:

“I[L] can be obtained from [[¢] by allowing particles to travel between interactions
along paths whose proper time is in [e, L), and then interact using /[¢].”

3. The Feynman graph formulation. One obtains I[L] from I[¢] by applying operator
W, which is a sum over Feynman graphs.

4TA “leg” means here an internal edge of the metrized graph on which map f is defined.
480ne also says this with one variable: “if we allow particles to travel for at least length L between
interactions. then then the I[L]-correlator does not depend on the choice of L.”
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3. Wilson’s definition of QFT in terms of effective actions: the energy scale
formulation

Wilson defines a continuum QFT as a family of “effective actions” S[A] indexed by energy
scales 0 < A < oo and satisfying the following principles:

(1) [Physics depends on the scale.] Each S[)] is a function on Ob<, the observables
of energy < A. It is a power series in h and in the field ¢.

(2) [Classical limit.] The classical part (i.e. the image modulo A) S[A]|s=0, is of the
form

SIANG) = /M 1(6) — 6Qo

where the free part is given by an invertible hermitian linear operator @,(*?) and
the interaction part I(¢) is at least cubic.®")

(3) [Renormalization Group Equation.] For A" < A, S[A’] is determined from S[A] by
the RGE.

(4) [Locality.] S[A] satisfies a A-locality axiom formulated below in 4.2.3.

4. Locality Principle in EQFT: the length scale formulation

4.1. Principle of locality. Roughly it says that
Interactions between fundamental particles only happen at points.

In other words, particles only interact when they are at the same point of space. This
includes the principle

NO spooky action at a distance.

In other words if particles interact at a distance this is through the medium of other
particles between them.

In terms of the action the locality principle appears as the requirement that the Lagrangian
is a local functional on fields. This means that it is a function on the jet bundle, i.e., a
finite sum of products D;¢ for differential operators D;.

In terms of the effective action formalism, the locality is is not really an absolute principle
— it holds only if we include all scales. So the at any given range of scales it only holds
approximately and the approximation gets better as we allow larger range. A precise
formulation is that locality holds asymptotically (the definition of asymptotic expansions
is in 5.7 below).

49For instance Q = A + m? in the massive scalar field theory.
50We may write this as I = O(¢?).
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4.2. Locality in EQFT: the notion of asymptotic locality. We will see that the formu-
lation of the locality principle of EQFT in the language of energy scale is not satisfactory,
so we will restate it in terms of the length scale.

4.2.1. Energy scale. Our first attempt is to say that a solution S[A] of RGE is asymptot-
1cally local if it has an asymptotic expansion for large A, as a linear combination of local
functionals ©;, with coefficients the function of the scale A :

SIN(@) E D fi(h) ©i(0).

This formalism is not compatible with the RGF action — if S[A] is close to local then RGE
forces S[A’] to be “completely nonlocal”.

4.2.2. Length scale. We say that a solution S[L| of RGE is asymptotically local if it has
an asymptotic expansion for small L, as a linear combination of local functionals ©;, with
coefficients the function of the length scale L :

SILI9) = D fi(L) ©:(9).

4.2.3. A (provisional) complete definition of effective QFT (combination of energy and
length scale viewpoints). Now we complete the definition by combining the use of energy
scale (for RGE) and the length scale (for locality).

A continuum QFT is a family of “effective actions” S[A] indexed by energy scales 0 <
A < oo and satisfying the properties (1-3) above as well as the

e (4) [Locality] When S[A] is translated into the length scale effective action S[L]
then S[L] satisfies the asymptotic locality axiom.

5. The classification of effective Quantum Field Theories

Now that we have the notion of effective Quantum Field Theories (4.2.3), we can refor-
mulate the above mentioned theorem that classifies quantizations of a particular classical
theory, i.e., classical action S, The new version is a classification of all effective Quantum
Field Theories.

Let us fix a given space of fields £, i.e., a choice of (M, g, E), Denote by 7™ the space
of Effective Quantum Field Theories which are defined modulo h"*'.(31

51This is just the version of the above notion of EQFT which uses the ring k%] /A"t instead of k[[7]].
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Theorem. The “forgetting the A" term” map
7o) )

is a torsor for the abelian group of local action functionals O;(€).(5%

Remark. We can identify the space of theories (unnaturally) with the space of A-series in
local action functionals — but only if we choose a section for each torsor 7(t1) — 7,
The standard way to do this is to choose a renormalization scheme.

5.0.4. Renormalization schemes. A renormalization scheme is a way to extract the sin-
gular part of certain functions of one variable:

(1) The first observation is that we are only interested in PC C*(0,00) of period
functions.(®® Let P, C P be the subalgebra of functions which have limit at co.
(2) A renormalization scheme is is a choice of a complementary subspace X.

5.0.5. The use of a renormalization scheme to parametrize effective QFTs.

Theorem. A choice of a renormalization scheme ¥ provides a bijection between the space
7 () of all EQFTSs and the space 7, of all local quantum interactions I (local functionals
with values in k[[A]] such that the constant term is at least cubic).

Remark. We can state this in terms of the local Lagrangians £ which give local action
functionals S = [, L. The space of theories is in bijection with k[[A]]-valued local
Lagrangians modulo Lagrangians which are total derivatives.

6. YYY
Part 4. Chapter 2. Effective Theories, Scaled actions and Counterterms

Here we define EQFTs and prove that the quantization procedure is a torsor (term by
term) over local action functionals.

0.0.6. Data for a classical theory. The data for a classical theory are

e A Riemannian manifold (M, g).

e A vector bundle E whose sections form the space of fields £.

e A functional S € O(E) which is a (classical) action functional, i.e.,
(1) 0 is a critical point with value zero and
(2) S is local.

2Torsor terminology here means a “torsor that has a section”, i.e., a trivial or “non-empty” torsor.
So, the claim is that there are no obstructions.
3P is related to variations of Hodge structures.
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Action functionals decompose into the quadratic term and higher terms S = S5+ I where

(1) In terms of the inner product (—,—) = (—, =)y on E(M) = C>°(M) (given by
the metric g on M and a metric gg on F),

S2(¢9) = —(9,Q9)

for a hermitian operator Q).
(2) I is a classical interaction functional, i.e., I lies in Z., the subspace of local
functionals which are at least cubic.

In practice @ = D + m? for the non-negative Laplacian D and some m > 0.

0.0.7. Data for a quantum theory. It consists of classical data (M, g, F) and a quantum
action S[—] which is a family of action functionals S[L] indexed by the scale L € (0, c0)
and satisfying certain (subtle) properties.

(1) The quadratic part ) is independent of L:
SA] = Sy+I[A] and S(¢) = —(¢, Q9).

So, quantum action is a pair (@, I[—]) of a hermitian operator ) and a quantum
interaction I[—]).

(2) S[—] or equivalently I[—], satisfies the RGE.

(3) S[—] or equivalently I[—], is asymptotically local as L — 0.

The last property is subtle, it means that I[L] has an AE )" ¢;(L)®; for A — 0, into
local functionals ®; € O;(&) rescaled by functions g;(L) of the scale L.

0.0.8. The perturbative (i.e., “deformation quantization”) framework. For a quantum the-
ory it means that the quantum interaction I[—| is a formal power series in the param-
eter h or T = h/i. More precisely, each I[L] lies in the space of quantum interactions
Z, = O (&)[[h])] which is the subspace of O;(£)[[h]] given by the requirement that the

zero™ term in the fi-expansion of I[L] is a classical interaction , i.e., I[L]|s=0 € Z..

In the perturbative framework Costello explains the relation between classical and quan-
tum theories.

0.0.9. Renormalization group equation (RGE). 1t is the requirement that the actions at
different scales are compatible — for the observables that are common to two scales the
correlations are independent of the scale.

RGE is first stated in terms of the action S and then restated in terms of the interaction
I. More importantly, RGE is first stated in terms of the energy scale and then it is
reformulated in terms of the scale of the worldline length.
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The energy version says that for A’ < A, the A’-Lagrangian S[A’] is obtained by integrating
out in S[A] the fields on the scale [A/, A).

SIN](¢) = hlog| / D(¢+1) erNETI] g e Obay(M).
7/)66[[\/‘1\)
In terms of I[A] this means that

I[A)(¢) = hlog /¢  D(gy) BUNEII] g e On(a),
€7 n)

This RGE is invertible: it applies to arbitrary fields ¢ and it is valid for any A’, A

1. Intro

We start with the scalar field theories, i.e., £ = Oy on a compact manifold M. In the
last two sections we extend the results to the case when the fields are sections of a graded
vector bundle F and the manifold is not compact.

1.0.10. Scalar field theories. Again, we denote by Z, the space of quantum interactions.

Theorem. A. (a) The “forgetting the A" term” map
Tt g(n)

is a trivial (i.e., “non-empty”) torsor for the abelian group of local action functionals

O(E).

(b) T© is canonically identified with the space O;f (£)CO;(€) of local functionals which
are at least cubic, i.e., the interacting terms.

Theorem. B. A choice of a renormalization scheme (RS) splits all torsors 7™+ — 7,
so it gives an isomorphism of spaces of theories 7(*) and the space 1, of quantum inter-
action functionals.

1.0.11. Topics.

e A version of RG flow.

e F-graphs and integrals.

e Heat kernel low length cutoff (“high energy cutoff”).

e The origin of infinities in weight integrals.

e F-graph weights are integrals over maps from the graph to M.

e Precise definition of EQFT and precise statements of the main theorems A and B.
e Renormalization schemes and how they extract the “singular part of weights”.

e Local counterterms via a RS.

e Proofs of theorems A and B.

e Extension to vector bundles.



103

e Extension to noncompact manifolds.

2. RGE for interaction functionals

2.0.12. Local functionals. This is the property of action or interaction functionals in a
classical theory.

2.0.13. The data for a perturbative EQFT. (M, g) is a Riemannian manifold.
An EQFT on M will be given by by the family of actions

S[A] = Sy + 1[A]
with

* 5(¢) = —(¢,Q¢) where
Q = D+m?
for the non-negative Laplacian D and some m > 0.
o (— —) = (—,—) is the inner product on (M) = C*°(M) given by the metric g
on M.
o [[A] €T,

2.0.14. RGE for S and I. For S is says that for A’ < A, the effective A’-Lagrangian S[A’]
is obtained from by integrating out in S[A] the fields on the scale [A/, A).

Smwwz=hbg[ég D +9) erSNEI] 6 Obey(M).
SN

Lemma. (a) This can be restated in terms of I[A] as

IMM@::M%[Lg D +¢) U@ 4 ¢ Ob(M).
CE1AL,A)

(b) This RGE for I is invertible:

(1) The field ¢ is arbitrary.
(2) The equation is valid for any A’, A

2.0.15. Stochastic h-normalization of measures on vector spaces.

2.0.16. RGE with one end at A = oco. We think of S as S[oo| (all energies allowed),
therefore the RGE equation for A < oo should say that

I1A](¢) = hilog| /w Dl ) cHUNERI] g e Ob(an)
€A, 00)

However, this integral is ill-defined (for instance it is over an infinite dimensional vector
space).
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3. Feynman graphs

Our goal is to make precise sense of the RG flow, i.e., of the integral that integrates out
the fields which are outside of a given scale.

While this integral makes sense when one integrates out a finite dimensional space of
fields, we also need an infinite dimensional version in order to go from the classical action
S which is roughly S[A] for energy A = oo, to the finite scale action S[A]. (Actually, we
work with interactions I and I[A] rater then with actions S, S[A].)

3.0.17. Strategy: A. Operators Wp. The first part of the strategy is to replace the actual
RCF integral with its formal (perturbative) expansion.®®) This expansion can be viewed
as an operator W which provides an action Wp of propagators P € S?£ on the space Z,
of quantum interactions 1.

The terms in the expansion are indexed by connected Feynman graphs. We start with
defining operators Wp in terms of graphs. Then we notice that when £ is finite di-
mensional this is really the value of the RGF-type integral and in general this is just a
formal expansion of a (formal) RGF integral. of | the inverse P of the operator @ (called
propagator) and the interaction /. We will actually

We use the class of stable Feynman graphs to produce an action of the space S*U of
propagators (on the vector space U), on the space of quantum interactions Z,(U) =
O (U)][[h]] on U.

3.0.18. Strategy: B. Double length cutoffs and RGF' propagators W, . The second step
deals with the problem that the propagator P that is natural here, the integral kernel of
Q!, does not fit in the above construction of Wp. The problem is that it is a distributional
section of EXE on M?, so it does not lie in the space of propagators S?£CE®E which is
the space of smooth sections of EFXE.

One replaces the above propagator P = Q~! with its cutoffs which one can define

e In the energy picture: Py ») comes from the spectral decomposition of the operator

Q.
e In the length picture: P, ; comes from the heat kernel formula P = fooo dl K for

the propagator. The cutoff is simply F. def fEL dl K.

C. The meaning of the worldline picture. We saw that the length enters through
the formula for the propagator in terms of the heat kernel. This is really the formula
fooo dl e7'? = Q7! in terms of integral kernels K, P for '@, Q1.

XXX

50One can hope that this is the asymptotic expansion of the functional integral.
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3.1. Operators Wp on Z,.

3.1.1. Stable Feynman graphs. A Feynman graph ~ is a graph with

e A subset E, of univalent vertices (called external vertices or tails).
e A coloring of vertices by genus g; V,, — N.

v is stable if vertices of genus 0 are at lest trivalent.

We denote by V,,T,, the vertices and terminal (external) vertices. By &,, H, the edges
and half-edges where half-edges are flags, i.e., incident pairs of an edge and an inner
vertex.

Let b1(7y) be the first Betti number of . The genus of the graph ~ is

g = b)) + ) o

veV,
Let k, be the valency of a vertex v and k., = |T,| be the external valency of a graph ~.

We denote by sFG the moduli of stable Feynman graphs, this is the disjoint union of
B(Aut(y)) over all isomorphism classes of graphs ~.

3.1.2. The weight wh(I) € OUDU) of a graph ~ with respect to (vector space
U ,propagator P interaction I ). We consider a vector space U equipped with a propagator

P e S*Uu
and an interaction I € OF(U).

The idea is that any graph ~ specifies an invariant of (U, P, I) defined as the contraction
of two tensors

wi(l) € (P, L) € 0.

Here,

e P a) € UM~ is obtained by labeling edges and then tensoring at vertices. The
internal edges are labeled by the propagator P and the external ones by a variable
vector a € U. (Notice that P € URU contributes one U per each internal half-edge
and a contributes one U per external half-edge.)

e [ (a) € (U®)' is obtained by labeling inner vertices and then tensoring
along edges. Here, internal vertex v is labeled by Iy, x,. (So the degree of I, is
Zve\@ deg(Iy, k, = Zvevy k,, the sum of valencies of inner vertices, i.e., exactly

the number of half-edges.)

So, [wh(I)](a) & (P,(a), I,) is a homogeneous function w),(I) of a € U. Its degree is the
number of places where a appears in P,, i.e., the number of external edges.
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3.1.3. The action Wp of a propagator P € S*U on the space of quantum interactions
T, = O (U)[[h]]. Here we use a propagator P € S*U to act on the space of quantum
interactions. The result Wpl has the free energy form, i.e., it is the sum over all
connected configurations, i.e., connected Feynman graphs(®®

wpl = (WP )| ¥ / mo wh(I).
vE csFG

The operator Wp has expansion

in the sense of Wp; i1 def (WpI)ik. We denote by sFG;, the submoduli of graphs v with

genus g, = 7 and external valency k, = k, then

Wp7i7kf = / wyg(])
vE csFGik

Lemma. Series Wpl converges.?

Proof. The reason is that we imposed stability condition on graphs!

yyy

3.1.4. Examples of Wy, ’s. Since W, is an integral over csF G, , the point is to describe
the moduli csFG; i,

csFGps. These are the connected graphs with genus zero and three external vertices.
gy = 0 means that b;(y) = 0 (7 is a tree) and each internal vertex v has genus 0. This
implies that internal vertices have valency > 3, and since 7 is a tree this means precisely
one internal vertex. So, csFGg 3 has one point — the D, graph v with Aut(vy) = Ss.

csFGo,a. Here the number of internal vertices is < 1, and the moduli has two points, a
has one internal vertex which is 4-valent, i.e., 4 external spokes are protruding from it. (3
has two internal vertices, they are joined by a single internal edge and both are 3-valent.

csFGia. If by = 0 then v is a tree with one external vertex. An internal vertex v can
not have zero genus — since 7 is a tree this would imply that there are at least 3 external
vertices. So, g, = 1 implies that there is precisely one internal vertex and it has genus 1.
The picture (with the internal vertex v boxed and labeled by I, r, = I1.1)

Lit—

If by = 1 then v has one loop and internal vertices have zero genus. This allows one
internal vertex with valency 3 — two of the form the loop and the third is external.

95 FG is the free abelian semigroup on c¢sFG, so fs]:Q = elero,
The formula for new I has the free energy form since interaction I appears as the logarithm of the
amplitude e’.
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3.1.5. Interpretation of Wpl as the free energy perturbative expansion of a functional
integral. This works when U is finite dimensional (unreasonable) and P is invertible (rea-
sonable).

Lemma. (a) If U is finite dimensional and P is invertible, for any a € U4®%

(WP])(G) - ﬁlog [ /u dx e%[I(a+z)—P71($,z):| )

Proof. This is a Wick lemma computation.
Remark. The point is that the the operator Wp generalizes the above functional integral

to infinite dimensional spaces where Wick lemma is not an equality but only an asymptotic
expansion.

3.1.6. Functional integral in terms of Op. Op is just the constant differential operator
given by P € SU, for P =) P'®@P" this means 0p = »_ 0p:OP".

Lemma.

Wpl = ﬁlog[/ dx eﬁa”e%l(“”)}.
u

Proof. Just a repackaging of the preceding formula.

Corollary. W is an action of the vector space S*U on Z, :

WqoW, = Weiq.
3.1.7. The functional analysis for the infinite dimensional setting U = €. We work with
in the tensor category of nuclear Frechet spaces with completed projective tensor product.

(1) & is a nuclear Frechet space.
(2) 0(€) £ Tz O(E), for
om(E) = s(E) = [(E%n)],

where the dual is the continuous dual.
This is a (topological?) algebra.
(3) Problem. We need the propagator P to be in EQE.
(4) Then, everything works as above, with P, € % and I, € (E¥H)v.

56Recall the normalization of the Haar measure on U.
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3.1.8. An explanation of singularities in QFT. The above scheme fails when the propaga-
tor P is chosen as the integral kernel for Q!. Since P is a distributional section of EXE
on M?, it does not live in the correct tensor product £®QE = smooth sections of EXE.

So, one can say that the infinities in QFT arise because Q! does not lie in the correct
tensor product.

Question. Is the problem that one should change the tensor structure? Is this accom-
plished by FAs?

4. Sharp and smooth cutoffs

The RGF will be given by operators Wp for well chosen propagators P.

We consider the integral kernels

e P for Q7! and
e K, for e 1@,

We can not quite use P as the propagator since it is not smooth.
A. RGF flow in the energy picture.

4.0.9. Laplacian eigenvectors. On a compact M, the Laplacian has isolated spectrum with
eigenvectors

Dei = )\161

For Q = D +m? this means Qe; = (\;+m?)e;, hence Q7 te; = (\;+m?)~te;, Therefore,
the integral kernel P for Q! takes form in L?*(M?)

(Really, (3_ ¢j e;®ej)es = > cjej - (e5,€) = cje;.)

4.0.10. Energy cutoffs of the propagator. The U-cutoff of P, for UCR>? is

def 1

P, -
v U)\ier?

€j®€j
)\jE

Lemma. If UCR>Y is bounded above, then Py is a smooth function on M?2.
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Now we can replace the formal expansion of a formal integral

4.0.11. RGF flow Wp[

ALA)
(WpI)(a) = hlog | D enlll@r)=6Q0]

with actual identities for A’ < A

WppD(a) = hlog [ / egU(aw)wQ(p]
¢E‘€[A’,A)

B. RGF flow in the wordline length picture. We will write the propagator P = Q!
as an integral P = fooo dl K; of the heat kernel K; for (). This suggests the cutoffs of the

propagator F; r, o st dl K.

4.0.12. Heat kernel K for Q. The standard heat kernel is the integral kernel K for e='P
the one for e—IQ) = e tm*e=lD is K = e*lmQKlO. It is related to the integral kernel P for

Q' by
Lemma. fooo dl K; = P.

Proof. fooo dl e7'Q = [6:15}30 - Q'= P

4.0.13. The double length cutoffs P. 1 of the propagator P and the length-RGF W, 1. For

0 <e <l <oo define
L
P, / dl K.

Terminology:

e ultraviolet = high energy = short length = e.
e infrared = low energy = long length = L.

Lemma. For € > 0and L < oo, F; 1 is a smooth section, so

def

WE,L = WPE,L
is well defined.

Proof. 1t follows from the formula
ef(AierQ)L _ 67()\¢+m2)5

Por= Z N e;i®e;

that is gotten from the expansion of the heat kernel:
L L L
P = / dl K; = / Z e~ litm?) e;Qe; = Z (/ e—l(Ai+m2)) e;Qe;.
1> 1> 1=

Remarks. Now we can define the length RGF as the family of operators W .
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4.0.14. Graphical view (Feynman graphs) on the RGF operators W p.

4.0.15. Infinitestmal RGF.

5. Geometric interpretation of Feynman graphs

5.0.16. The role of Feynman graphs from the points of view of: (i) functional integrals,
and (ii) worldlines. point of view, the perturbative expansion

For functional integrals, Feynman graphs appear as an organizational tool — the index set
of the summands in the perturbative expansion.

However, from the worldline point of view, the perturbative expansion of a functional
integrals describes a new QFT whose fields are trajectories of systems of particles in M
and these are described as maps from Feynman graphs with proper (“internal”) time.
Here, Feynman graphs appear as topological types of trajectories, i.e., descriptions of
all possible interactions of a system of particles.

Remarks. (0) The worldline view appears here from the perturbative picture, as an as-
ymptotic picture of the QFT in the original functional integral.

(1) Notice that the String Theory is also an asymptotic theory! Moreover, it seems to
be the direct extension of the worldline view, obtained by upgrading Feynman graphs to
surfaces.

Question. Certain elements of the theory of surfaces appear in the Feynman graph for-
malism — the genus of a vertex and the notion of stable graphs which corresponds to stable
surfaces. Why?

5.0.17. The worldline view on propagators. The propagator P appears from several points
of view as

(1) Correlator of values of fields for the free theory given by @
Play) = (0:0,) = | Do 22 g@)oly).
¢

(2) The integral kernel for Q1.
(3) An integral of the heat kernel for @

P = / dl K.
0

(4) An integral over the space P(x,y) over all paths in M from z to y. The paths we
consider have proper time®”), so P(x,y) = U,>o P-(z,y) where index 7 means

5Tt is not related to the time in the spacetime M.
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paths that take time 7 from z to y, ie., f:[0,7] = M and f(0) ==z, f(r)=vy.

So,
p = / dr / PW(f) 1
=0 fEP(z,y)

where WV is the Wiener measure on the space of paths.
(5) The partition function of the QFT where the space of fields is P(z,y) and the
action is the kinetic energy

B = [ arlar

This is of course an intuitive description and we write it as an intuitive functional

integral
P = / e B,
feP(zy)

Also, the heat kernel K; appears as

e (i) The integral kernel for e~'¢.
e (ii) The probability for the particle f : [0,7] — M to be at x when ¢ = 0 and at y
when t = 7.

Here (4) and (ii) are the worldline views on the propagator P and on Kj.

5.0.18. Some relations between different approaches to P. The philosophical interpreta-
tions (1) and (5) are of no immediate importance. The precise meaning of (5) is the
formula (4), since (4) is obtained by making sense of the functional integral (5) through
the Wiener measure.

(3) is equivalent to (2) when we remember (i) (K is the integral kernel for e='?),

The worldline view (4) on P is obtained from (3) by using the worldline view (ii) on the
heat kernel K.

(4) can also be obtained from (1) by the Wick lemma calculation of the formal expansion

of the functional integral (1).

5.1. The worldline view on the correlation functions (O,,,...,0, ). For S =1 —
oQ¢, we define formally correlation function as a function integral

def def 1
E(xla R3] xn)formal :e <Oa:17 ceey O:I:n>fo7“mal :e / 6h5(¢)¢(.’171)' : ¢($n)
peE
We define the actual correlator E(xy, ..., z,) as the perturbative expansion of the formal

correlator E(z1, ..., Z) formal-

For v € sFG we denote by Met() the space of “metrics” on v, meaning all possible lists
of lengths of edges g : &, — R>¢. Let MsFG = fwes]-'g Met., be the moduli of metrized
Feynman graphs.
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A metrized graph (v,g) can be viewed as consisting of edges e parametrized by the
corresponding intervals [0, g(e)]. Then a “y-path” f: v — M is a system of maps f, :

[0.g(e)] — M and we define its energy as the sum E(f) = > E(f.) = >, fog(v) dt |df.|*
of energies of its parts f..

Lemma.

E(z1,...,zp) = / ix) / / e B,
YESFG Met(ry) fiy—M
Proof. Wick lemma.

Remark. We see again that the passage from the (usually formal, i.e., symbolic) func-
tional integral to its asymptotic expansion is

e Achieved by applying (formally) the Wick lemma.
e Constitutes a passage to the worldline view on the subject.

5.1.1. The double length-cutoff of correlators. These are obtained by replacing the moduli
of metrized Feynman graphs M sF§G by the submoduli MsFG. 1, of graphs each of whose
legs e has length in [e, L].

5.2. Definition of correlators from the effective interaction I[—].

5.2.1. Correlators (O4,..,0,) and RGE. Here, we are interested in correlators for just
one purpose — the formulation of the RGE. The point is that RGE is just a restatement
of the requirement that for any observables O; € O ), i.e., on the scale (g, L], the
correlator (Oy, .., O,) 1 calculated at the scale (¢, L’) is independent of the choice of the
scale (¢/, L) (as long as we use a wider scale, i.e., (¢/,L")2(e, L)).

More precisely, in the scaled (effective) QFT formalism, an observable O is not uniform
at all scales, rather it has incarnations O, on any scale (¢, L). We are most interested

in the case

O[L] ¥ 0y,.

Now, the scaled RGE requirementis that ((O1)c.r, .., (On)e.1)e, 1 1s independent of the scale
(e,L).

5.2.2. For observables in EQFT see [CGJ. Observables do not really figure in Costello’s
book, instead they are treated in the [CGJ-paper. This treatment is the theory of factor-
1zation algebras. It includes

e Two notions of scaled observables: strict and homotopy observables.
The difference is that the strict ones satisfy RGE equation strictly and the
homotopy ones satisfy RGE on the homotopy level.
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e Both form factorization algebras which are quantizations of Poisson factorization
algebras of classical observables. However, the homotopy observables form a for-
mally better object since they have the full structure that one wants from the
quantization of the algebra of classical observables — the structure of BD factor-
ization algebra.

5.2.3. Correlators of point observables (O1, .., O,) form a single correlator distribution E™
on M"™. The idea is that for functions f; on M

E(fi, o fn) = /EMn (Onr O} - Fulwr) - fo ).

It contains the information of all correlators of observables supported at points (Here D;
are differential operators.)

<OD1931> ) ODnl‘n>
5.2.4. The graphs for correlators.

Remark. The scale L appears in two ways in the construction of correlators, in the scaled
interaction I[L] and the scaled propagator P[L].

Lemma. RGE for I[L]’s is equivalent to the independence of the correlators E7 ;) €
D™(M) on the parameter L.

5.2.5. The meaning of the worldline view on correlators. The integral over MsFG. 1
means that we consider the evolutions f of a system of particles which interact according
to I[L] but are constrained to travel for the proper (internal) time at least L between any
two interactions.

6. Effective QFT: the definition

6.0.6. The scope of the theory. For a moment we consider the massive scalar theories on
a compact M, so &€ = C>®(M) and Q = D + m?.

6.0.7. An effective QFT (EQFT) is a family of quantum interactions I[L] € Z,, indexed
by the length scale L € (0, 00), such that

(1) Renormalization group equation (RGE)
W.rlle] = I[L].
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(2) For any i, k € N, the component I;z[L] € S*(£") has an asymptotic expansion for
small L

o
IS

> a(L) @,

r=0

I k[ L]

into local functionals ®,. € O;(€) of degree k, and with coefficients functions
gr € C®(R>°,) of the scale L.(®

6.0.8. Quantization theorems. Notice that the definition of an effective action makes sense
when one relates the ring k[[A]] with k[[A]]/A"T! = k[A] /A", For 0 < n < oo let 7™ be
the space of effective Quantum Field theories for k[[7]]/A"T!, i.e., defined modulo h*T.

Theorem. AB. Fix S,.(%9)
(a) The “forgetting the A" term” map
T+l 7 (n)
is a trivial (i.e., “non-empty”) torsor for the abelian group of local action functionals
O(E).
(b) T is canonically identified with the space Z. = O;" (€) of classical interactions.

(c) A choice of a renormalization scheme (RS) ¥ splits all torsors 7"+ — T g0 it
gives an isomorphism (the effective o-quantization isomorphism) of spaces of theories and
of quantum interactions:

EQ%: T, = T
which is compatible with (b).

Remark. The isomorphism EQ¥ is unnatural in the sense that it requires a choice of 2.

Question. Do we know any natural choice of X7

58This is an asymptotic ezpansion (AE) in the sense that there exists a nondecreasing sequence d, —
400 such that for each field ¢ € €
Lik[L)(9) = 22 p—or 9p(L)®p(9)

L L =0

So, this is an asymptotic expansion in the topological vector space
SE(EY) = [(E%F))5

for the weak topology given by the fields ¢ € £.
59 At this stage the book considers & = C>° (M) and Sy = ¢Q¢ for Q = D + m?.
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6.0.9. About the proof. (b) is clear by definition of 7.

We first prove the “less natural” version (c). Then (a) follows “easily” since (c) contains
the existence part of the claim (a).

For (c¢) we need to pass from a quantum interaction I to an effective quantum interaction

I*[—]. Since [ is an attempt to have an action adequate for all (length) scales, it should

fit with I[—] as a version of I[0]. So, we would like to transition between the two by
IL] = Wyel = lim Wyl and [= lim I(c).

The limits do not exist, rather, in the formula I[L] = lim._, W, I we need to replace

I with its Y-regularized version I — I°T®(¢). The counterterm I is defined uniquely
by ¥ and the requirement that for each L the limit in the following definition exists:

1) = lim Wl —IC(@).
In the converse direction, again I is a renormalized version of the limit lim. o 1(¢).

Question. Is T naturally a torsor over 7 = Z.? (The group in question would be
the Kontsevich motivic group??)

Remark. The heart of the construction is the handling of the singularities that arise in
We , i.e., in the graph weights wzy 1, ase — 0, ie., as we allow arbitrarily high energies.
This extraction of singularities is achieved through the science of counterterms.

7. Extracting the singular part of the weights of geometric interpretation of
Feynman graphs

7.0.10. The algebra P of period functions. One says that a complex number « is a period
if it has a presentation
a = / w
Y

as an integral of a form w of top degree, over a middle dimensional cycle v, with all data
defined over Q :

e complex algebraic variety X with a normal crossing divisor D),
e a form w € QI (X) and
e a relative homology class

7 € Haimx)[X(C), D(C); Q.
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Remark. [Kontsevich-Zagier| “all” constants in mathematics should be periods.

One says that a function « on (0,00) is a period function if it has a presentation as a

family of periods
ale) = / We
gl

e a complex algebraic variety X with a normal crossing divisor D,

e A Zariski open subset UCA! which is defined over R and its real points
U(R)]CAY(R) = R contain R>°.

e a smooth map of a pair (X, D) into U, such that (X(C), D(C)) is locally trivial
in the C'*°-category.

e a relative form w € Q™) (X /U) and

e a relative homology class in the fiber at 1 € U

v € Haimx)[X1(C), Di(C); R].

with the data defined over R :

Remark. The choice of U was needed, ie., U = A! (does not suffice) so that we could
require that (X, D) is “nice” over U. The condition that (X (C), D(C)) is locally trivial in
the C*>-category is needed just to be able to transport the class v from the special fiber
at 1 to any fiber. Notice that while 7. may be multivalued for general € € U (monodromy
of periods), there is a canonical choice for € > 0 (the extension along R>?).

7.0.11. The singularities of weights w1 of a Feynman graph . Our control of these
singularities is the heart of the construction of the counterterms. It is contained in the
following theorem which provides a double asymptotic expansion for the weights w; I' (first
in € and then in L). This is the one “hard” ingredient of the construction of the effective
actions. The proof is based on a parallel understanding of the asymptotic expansion of
heat kernels in the Berline-Getzler-Vergne theory.

For any choice of y and I, (w; I)(¢) depends on the field ¢ and ¢, L € R>°. We will view
it as a function of £ with values in a nuclear space

wl I € O, CO[R) = OE)® C=(R}).

Theorem. For any I € 7, the integral wz’ ;I has an AE for small ¢ in the the nuclear space
O(&)® C=(Rg"),

such that

(1) the coefficient functions are period functions: g; € P; with only finite order poles
at 0;
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(2) each ®;(L,—) € O()® C*°(R7°) has an AE in the nuclear space of local func-
tionals into local functionals, for small L,

o0

Oi(L, =) = Y fi(L) Py

J=0

such that the coefficient functions are smooth fi € C®(R;") (and ®;; € O)(E)).

7.0.12. Renormalization schemes. Let P = P(0, co) be the subring of C'*°(0, c0) generated
by all period functions.

A renormalization scheme is a choice of a complementary subspace > = Py to the
subalgebra P~(,CP. The projections

Sing> Reg®

Z - 73<0 7)
are called the Y-singular part and the X-regular part.

7320

Lemma. These constructions extend to functions which have asymptotic expansions for
small

(e 9]

AE
WE) S g
0
such that the coefficient functions g; are periods.

Proof. First we define

r
def

Sing®W = lim Singz(z g:P) ' im Z Sing™(g;)®
0 0

T—00 T—00

and then Reg”(I) is defined as 1 — Sing”. This is based on

7.0.13. Sublemma. If W has asymptotic expansions for small ¢

oo

Wi(e) e Z gi(e)®

0

then for i >> 0 the coefficients g; have zero limit at € = 0. (What is needed is ¢ > 0 and
di_1 > 0)

Proof. The limit of
Cgile) - W) = X 9ie) — W) = Xy 9i(e)

edi—1 edi-1

o WY g WE) - T 60
= ¢ edi - edi—1

is zero. So, a soon as d;_; > 0 we have lim. o g;(¢) = 0.
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Remark. The choices of a complement to a subspace UCV form a torsor for Hom(V/U, U)
since any choice of a complement ¥ gives a parametrization of complements by

Hom(V/U,U) = Hom(E,U) 3 ATy ¥ (id + A)X.

So, renormalization schemes form a torsor for Hom(P/P<q, P<o).

Remark. Physicists use a number of renormalization schemes which do not fall under this
formalism (they do not use the space of periods), for instance the “minimal subtraction
scheme”. These schemes are mechanisms for extending moderately singular functions
across singularity as distributions. Though the notion of a RS (a characterization of
admissible ways of extending across singularities) is not formalized in physics, there is an
understanding of which mechanisms are meaningful. (The approach via periods is due to
Kontsevich?)

7.0.14. The Y-reqular part Reg™(I) of I. We make a choice of a RS ¥. Since in the

asymptotic expansion w]; I = oo 9i(e)®;, the coefficient functions g; are periods, we
have a decomposition of w], I into its singular and regular parts with respect to X, say

Sing™| wl Il = Z Sing™(g;)(

for sufficiently large n.

Let us summarize the properties of this construction.

Proposition. Let ¥ be a renormalization scheme. For any I € Z, the ¥-singular part of
the integral w] ; I is finite sum

Sing™ wl I = Z fi(e)®i(L, —).

Here f; € ¥ = P, while each ®;(L,—) € O;(€,C*°(R;")) has an AE for small L, in the
nuclear space of local functionals

= > fu(L) @y
i=0
such that the coefficient functions are smooth f;z € C*(R;°) (and ®;; € O,(£)).

Corollary. The Y-regular part Reg™(w?,I) has a limit for ¢ — 0 in the nuclear space

O(E,C=(R;%) = O(E)® C=(R;).

Proof. 777777
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8. Construction of local counterterms
We choose a renormalization scheme > = P_.

)

Theorem. For each interaction I there exists a unique “local counterterm’
19: R — 1,8 0(&)]H]
such that

(1) for each L > 0 the limit

IS lim W. (1 = 1°)
exists in Z,.
(2) In the expansion C = Yok ﬁ"[},} the term Ii(,g (¢) lies in the algebraic tensor
product O;(€)Qay .

Remark. Traditionally one constructs counterterms in terms of Feynman diagrams.
Costello has a found a formal proof but he also states the Feynman diagrams proof for
the additional intuition that it provides.

8.0.15. Construction via Feynman diagrams. Recall that the operator W = W, is a
formal series W =Y, h'Wy, with

_ il
Wy = / w!y
vEsFGik

where sFG;, = is the moduli of stable Feynman graphs of genus ¢ and external
valency k.

The case i = 0. Here g, =0, i.e., 7 isa tree. We choose the counterterm I§C to be
zero because

e for trees the weight w!, has no singularity at ¢ = 0 and
e the sum over trees converges,

8.1. A direct construction of counterterms. One attempts to correct the fact that
the limit

lir% Werll

does not exist, i.e., that the function of ¢ W, is singular at ¢ = 0. A choice of
the renormalization scheme ¥ gives us a quantitative incarnation Sing”(W..I) of this
singularity. We will see that the main thing is that this measure of singularity Sing*, is
additive and idempotent.
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The naive attempt to correct is by using as the counterterm IS the object Sing™(W.I)
that causes the problem. One could expect that a problem in this strategy is a discrep-
ancy between ¢ and L. However it actually works when we filter Z, by N?, the problem
disappears because Gr(W,y) is identity.

Question. Does the strategy work when we make interval (e, L) short, i.e., on the level
of differential equations?

8.1.1. Properties of the RGF operators W,p,.
Wpl = hlog [em”e%l].

8.1.2. The graded wersion of the flow W, is identity. For O©OCN? denote
def def

def i i %
lo = Ximeo Ml and Wol =5 yco BWal = 5 peo B'(W)i.
Lemma. Let a = (i, k) € N°.
(a) Wea(l) = Wpa(l<a)-
(b)
WP,a(I) = WP,a(I<a) + ]oz)'

(¢) W<, is an automorphism of the Z, -torsor Z,_,—Z, _,,

Wp<ol+Jy) = Wpod + J.

Le, forI €Z,_, and J €T,

Sublemma. If I, ; appears in the tensor I, attached to some v € csFG then (g,,k,) >
(r,s).

The equality happens for precisely one graph «, the “(r, s)-star” graph %, ; which consists
of one internal vertex v. s edges from v to external vertices and the genus of v is r.

Proof of the sublemma. Clearly, » < i since r = g, < g, = ¢. So we only need to consider
the case r = 7 and check that s < k and that s = k iff v = «, ;.

r =4 implies g, = g, and this tells us that

e bi(y) =0, ie., +isa tree and
e inner vertices u # v have genus 0, hence valency k, is > 3.

Now we will observe that the external valency of ~ is
dy = ky + Z hy =2
u€iVy—{v}

where iV are the internal vertices. This implies the remaining claims of the sublemma.
The formula is clear when presented as a picture but the long if we describe it in words.
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For this we start with the subgraph 7 of v that consists of the vertex v and the edges
from v. Since 7 is a tree, subgraph ¥ has a “star” shape and ~ is obtained from 5 by
attaching a tree T, to the end of each edge e in 7.

To get the summand k, observe that the least that each tree T, contributes is 1 and this
happens iff T, is a point, i.e., if it contains no internal vertices of . Then each internal
vertex u that lies in T, adds k, — 2.

Proof of the lemma. We have
Wp}aI—/ wpl and whl = (P, 1)
csFGa

where tensor I, is obtained by putting at each internal vertex v the tensor I, j, .
(a) follows from the sublemma.

(b) The difference Wpo(I) — Wpa(I<y) is given by the terms w),I where (g,,k;) = «
and I, features I,. The sublemma says that there is just one such graph v = %,. For
this graph, w),I = I, since there are no internal edges, i.e., no contractions with the
propagator P. Also, I, = I, since 7y has just one internal vertex and this is where 1, is
positioned.

(c) follows from (a) and (b),
Wp<oaIl+J)= WpaaIl+ o+ I+ J)a= Wpallca) + 1o+ J = Wpo(I) + J.

8.1.3. Inductive construction of counterterms. By induction we assume that for g < «
we have counterterms

ICE)se0(6) ® D
such that for
€)=Y WI%E) 0y

(r,8)<a
and any L > 0, the function WecL o[l — I€(€)a] of € > 0 is regular at & = 0.(60)

Now we can define
1€(6)a & Sing®[lim W(e, L) [T = I9(e)<a] € OUE)@usy™
and the < « counterterm
I€(6)ca & 1C(e)ca + HIC(e)a.
According to the lemma 8.1.2.c
W(e, L) coll = 19()cal = W, L) oll = 19(6) <o) = I9(0)ar

OWhen a = (i,k) with k = 0 < 4 then « has no direct predecessor so one needs to make a trivial
“limit” observation.
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This expression has a limit at ¢ = 0 since Sing™ is additive and idempotent:

Sing® (W (e, L) [l — I()<a) = 1(e)a = Sing®[I(e)a).
Now [ C(g) =limg oo [ C (€)<a has the required properties.
8.1.4. Independence of L.
8.1.5. Locality of 1 C. This follows from the independence of L.

8.1.6. Uniqueness. is also clear, i.e., the above inductive procedure is in each step the
only possible one.

8.1.7. Remark. If lim,_o W.rI exists then the counterterm [ C(g) vanishes.

Proof. For o = (i, k), the counterterm I< is of the form Sing™[W (e, L) (- ]ga)]. If we
inductively know that [ <Ca = 0 then

Sing” W (e, L), (I — IS)] = Sing™(W(e, L), I) = 0
since the component W (e, L) I of W(e, L)I has limit at ¢ = 0.

9. Proof of the quantization theorem

The construction I— I[L] is easily seen to satisfy the conditions for an EQFT.

9.1. From a scaled quantum interaction /[—| to a single quantum interaction
I. We construct inductively I, for a = (i,k). Assume that for (r,s) < a we have I, 4

such that I, & D (rs)<a h'I, , reconstructs the the < a-truncated I[L] by the the < a-
truncated flow W, 1, :
W(O, L)<Ol [<Ol - I[L]<a

The induction step is the following lemma:

Lemma. (a) The following quantity is local and independent of L
I, < 1] — W(0,L)q I

def

(b) I<co = .o + K1, satisfies

W(07L)Sa ISa - ][L]Sa-

9.2. The canonical description of 7() (i.e., without a choice of a renormaliza-
tion scheme).
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Lemma. (a) The tangent space at I[L], € T©, is
T, T = O/(€).

10. ZZZ



