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Abstract

This thesis constructs a geometric object (called a renormalization bundle), on which the S-function of
a renormalizable scalar field theory over a general compact Riemannian background space-time manifold
is expressed as a connection. This is a generalization of work by Connes and Marcolli, arXiv:hep-
th/0411114, who originally created a renormalization bundle for a scalar quantum field theory on a flat
background. This connection also defines a “generalized (-function” for non-conformal theories as a
Laurent expansion on the regularization parameter.
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1 Introduction

Renormalization theory, as developed by Feynman, Schwinger, and Tomonaga in the late 1940’s and 1950’s,
predicts with great precision experimental results of many subtle and difficult to understand phenomena
across subatomic physics. However, it doesn’t make much mathematical sense. A landmark series of papers,
starting with A. Connes and D. Kreimer’s work in 2000 [5] and 2001 [6], and culminating in 2006, in a
paper by A. Connes and M. Marcolli [8], outlines a program for rationalizing the renormalization methods
of perturbative Quantum Field Theory (QFT) in geometric terms.

Perturbative QFT needs to be renormalized because the Lagrangian of a particular QFT predict prob-
ability amplitudes that are infinitely different from the quantities measured in a lab. There are several
algorithms which yield a finite correct solution from an infinite incorrect solution. Dimensional regular-
ization is a popular one because it preserves many of the symmetries of the QFT in question. It involves
rewriting physically interesting integrals over space-time as formal, but conceptually meaningless, integrals,
in which the dimension of space-time becomes a complex number D. The integrals can then be written
in terms of Laurent series in a complex parameter, z = D — d, with a pole at z = 0. The point z = 0
corresponds to the original dimension of the problem, d. Finite values for divergent integrals are then ex-
tracted as residues taken around paths avoiding the singular points, by an application of Cauchy’s theorem.
This process of extraction, called minimal subtraction, is the renormalization method studied in this paper.
However, naive dimensional regularization does not account for the fact that a complicated interaction may
have additional sub-interactions which are also divergent. In the 1950’s and 1960’s Bogoliubov, Parasiuk,
Hepp, and Zimmermann developed, corrected and proved the BPHZ algorithm for iteratively subtracting
off divergent sub-interactions. This algorithm applies to dimensional regularization and other regularization
schemes.

However, the question remained as to why such infinities can be “swept under the rug” using Cauchy’s
rule, or any other algorithm. A problem from the study of classical fields motivates this type of subtraction
[7]. Consider the classical situation of an object floating in a fluid. One can apply a force F' to the object,
measure its acceleration, and naively calculate its inertial mass, m;, using

F:mia.

The inertial mass, however, will be much greater than the bare mass, m, which is the mass of the object
measured outside any fluid. This is because the object interacts with the surrounding field of fluid. Its
inertial mass is

m; =m + oM

where « is a constant determined by the viscosity of the fluid and M is the mass of the displaced fluid
(Archimedes’ principle). In this scenario, the inertial mass is the renormalized mass, the bare mass, m, is
the unrenormalized mass, and the M is the interaction mass, or the counterterm. This terminology carries
over from the classical to the quantum context. In QFT, the particle is itself a field which can interact
with itself. Therefore, one needs to subtract off its infinite self-interaction mass, the counterterm, in order
for theory to match experiment. Connes and Kreimer reformulate earlier work by Kreimer and others on



combinatorially-defined Hopf algebras of Feynman graphs in the language of loop groups. They then apply
this new language to dimensional regularization to extract finite values from divergent integrals. Finally,
they express the BPHZ renormalization process as the process of Birkhoff decomposition of loops into a Lie
group defined by the Hopf algebra [5].

Connes and Marcolli [7], [8] formulate dimensional regularization and BPHZ renormalization in terms of
a connection on a principal bundle over a complex two-manifold B of complex renormalization parameters
(corresponding to mass and space-time dimension). This bundle along with the corresponding connection
seems to be a new object in both mathematics and physics. Similar bundles can be constructed for many
QFTs that satisfy certain regularization conditions and are renormalized by minimal subtraction. This
thesis extends their construction to {-function regularization over a general curved space-time background,
M. This requires treating the mass parameter as a conformal density, and interpreting B as the fiber of a
bundle over M. Connes and Marcolli’s construction of the G-function extends to this context. As a test case
I consider the case of the conformally invariant qﬁ% model in dimensions three, four and six.

All of the work in [5], [6], [7], [8] and this paper is done for a fictional scalar field living in six dimensional
space-time given by the Lagrangian

L= 5(dof — m?6?) + g6 (1)

I choose thi Lagrangian because working with this fictional scalar field keeps the calculations simple. The
six dimensional space-time is that it is the simplest renormalizable theory, as shown in section 2.1.1. The
work can be generalized to physical field theories, although many of the calculations in doing so become
more difficult. Some of this generalization has been done in [22].

There are many classic textbooks from which I draw my physics background. I cite Itzykson and Zuber
[18], Peskin and Schroeder [32], Ryder [37], and Ticciati [40] at various points in the paper. The AMS has
published a two volume series recording the lectures from the 1996-1997 Special Year at the Institute for
Advanced Studies. The first volume is a thorough overview of QFT. Several chapters of this volume are
cited throughout the paper. Finally, techniques useful in understanding {-function regularization can be
found in [13]. For understanding the algebraic aspects of the Hopf algebra of Feynman graphs, Kreimer,
Ebrahimi-Fard, Guo and Manchon have done extensive work exploring the structure of the graphs and their
algebra homomorphisms [9], [10], [11], [12], and [25]. Along with the work of Connes and Kreimer [4], [5],
[6] which established this field, the four above mentioned persons and their co-authors have produced an
extensive body of literature on this topic.

1.1 Organization of this paper

The key tool to renormalization, Feynman diagrams (also referred to as Feynman graphs), is introduced in
section two of this paper. These are graphical representations of the possible particle interactions in a QFT.
They can be represented by the Feynman rules as distributions on the space of test functions describing
the momenta of the particles involved in an interaction. Let n be the number of particles involved in the
interaction represented by a Feynman diagram and d be the space-time dimension of the theory. Each particle
is represented as a test function in momentum space, R%. Let E = C2°(R?) be the space of test functions.
The distribution associated to a diagram by the Feynman rules acts on an n-fold symmetric product of
these test functions, S™(F). As such, the distributions can be considered element in the restricted dual
space S"(E)V. These distributions, written as integrals, are called Feynman integrals. The Feynman rules
translate between the diagrams and the distributions.

Feynman rules : Feynman diagrams «+ Feynman Integrals C S™(E)Y .

Feynman integrals frequently yield divergent results. The Feynman diagrams capture much of the information
about the nature of these divergences, which can then be extracted by knowing the details of the particular
QFT and the Feynman rules translating between the distributions and the diagrams.



Kreimer’s realization that the Feynman diagrams formed a Hopf algebra was an important step to
rigorously codifying the renormalization process. Section three develops the Hopf algebra generated by
the Feynman diagrams of a specific Lagrangian, H, as a bigraded algebra, defines the associated Lie group,
G, and establishes the associated Lie algebra, g,, through the Milnor-Moore theorem. The Hopf algebra
and its associated Lie algebra and Lie group are the algebraic geometric cornerstones of this method of
renormalization. The structures of and the relationships between these three objects and their dual objects
are key to the construction of Connes and Marcolli’s renormalization bundle.

The final step in codifying renormalization was Connes and Kreimer’s realization that the BPHZ renor-
malization algorithm was exactly a problem of Birkhoff decomposition on the abstract space of complex
space-time dimension. The regularization process rewrites the Feynman integrals that have divergent eval-
uations on F as Laurent polynomials with distribution valued coefficients, which are convergent when the
regularization parameter z is away from 0:

Regularization : Feynman integrals — Homyect (S" (E), C{{z}}) .

Evaluating a regularized Feynman integral on a test function gives a Laurent series with a non-zero radius
of convergence, C{{z}}. Connes and Kreimer express this as the set of algebra homomorphisms from H, to
the ring C{{z}}, called G-(C{{z}}). These homomorphisms are in correspondence with maps from closed
loops in the infinitesimal complex space of the regularization parameter to the complex Lie group G,. This
fact allows the problem of renormalization to be cast in the language of loop groups.

Section four introduces the Birkhoff decomposition theorem, and discusses how it solves the problem of
BPHZ renormalization. Presley and Segal [33] discuss the Birkhoff decomposition theorem in chapter 8 of
their book “Loop Groups”. Work done by Ebrahimi-Fard, Guo and Kreimer [10] shows that since C{{z}}
can be given the structure of a Rota-Baxter algebra, renormalization can be studied in the context of algebra
homomorphisms from H, to a Rota-Baxter algebra. Then the renormalized homomorphisms can be written
as a sub-Lie group of the Lie group, G. This substructure is necessary for later analysis. However, as the
Rota-Baxter algebra is only tangential to the construction of the bundle, the Rota Baxter structure relating
to the algebra of Feynman diagrams is dealt with in Appendix A. Appendix B is a summary of some algebraic
notation.

In the process of dimensional regularization, one introduces a mass parameter to balance the fact that
one is “changing the dimensions” of space-time. This gives rise to a family of effective QFT's, parametrized
by the renormalization mass. The family of effective theories can be expressed as a one parameter family
of automorphisms (or a C* action) on the group of algebra homomorphisms on the space of Feynman
integrals, called the renormalization group. The renormalization group flow describes the effect of this
automorphism on the renormalized Feynman integrals. The renormalization group flow generator, 3, called
the beta-function, is key to understanding this flow. Section five discusses the effects of these C* actions,
and develops corresponding renormalization groups, flows and generators.

Section six constructs the renormalization bundle as sketched below. I construct a trivial connection of
the bundle associated to each section of the bundle. This defines a global connection on the renormalization
bundle. A class of these sections satisfy the equisingularity condition outlined by Connes and Marcolli in
[8], and the corresponding connections are uniquely defined by [-functions. These sections may represent
different Lagrangians having the same Feynman graphs as the Lagrangian listed above, or to different
regularization schemes that have the same divergence structure as the Hopf algebra studied in [8] and
this paper. Furthermore, the global connection is defined on sections that do not satisfy the equisingularity
condition. However, this may provide a means of relating physical and non-physical renormalization schemes.

Section seven constructs a similar bundle for a scalar field theory on a Riemannian manifold, under
(-function renormalization. Dimensional regularization and (-function regularization can be written as
sections of the same bundle on a flat background. Instead of changing the dimension of the QFT, (- function
regularization replaces the “propagators” or Green’s functions of the Laplacian on a manifold, written —A~!
by operators raised to complex powers (—A)~1*". On a general manifold, (-function regularization depends
on the metric, and thus the position over the manifold. Thus the bundle for {-function regularization is built



K = GxA P ~ AxCXG P

loc loc

ly ¢ Y, )Y,

Action of the

renormalization ~ X
CA D TR B =€ A
On

X

Figure 1: Schematic representation of the renormalization bundle and before and after the action of the
renormalization group.

over the manifold as a base. The [-function of this theory is uniquely determined by the counterterms of
this section, and is a function of the curvature of the manifold.

1.2 Overview of the renormalization bundle

Figure 1 sketches the Connes-Marcolli renormalization bundle. The regularized QFTs are geometrized as
sections of the K — A bundle on the left. K can be written as a trivial principal G, fiber bundle over A
where G = Spec Hz. G is an affine pro-unipotent group with an underlying Lie group structure.

The infinitesimal disk, A ~ Spec C{z}, is the space defined by the regularization parameter of a QFT.
The regularized integrals may have a singularity at z = 0, which corresponds to the unregularized theory.

B is a trivial C* principal fiber bundle over A. The C* comes from a mass term that must be incorporated
to perform dimensional regularization. While the physical mass scale is real, the underlying symmetry
extends to C as explained in section 5.2.

The P — B bundle incorporates the action of the renormalization group. It is a trivial G, principal
bundle over B and equivariant under a C* action. The P — A bundle is the pullback of the P — B bundle
along a specific action of the renormalization group. Sections of this bundle are geometric representations of
the fixing of the energy scale for an effective Lagrangian corresponding to a section of K — A. The details
are described in section 5.2.

Let W C K be the fiber over 0. Then K\ W — A\0 is written K* — A*. Consider the group of sections
of K* — A*:

v:A* - Gp .

These « are the relevant maps in the Birkhoff decomposition. Notice that A* ~ Spec (A) where A =
C{{z}} = C{z}[z71] is the localization of the ring of functions on A away from 0. Therefore, the sections,
v, can be rewritten

~: Spec A — Spec H .
The group Maps(A*, G) is isomorphic to the group Gr(A) = Homae(He, A). A regularized QFT maps

polynomials of the test functions on E to elements of Gz (A). The singular behavior of elements of G (A)
is captured in the fiber of K over 0 € A.



Let V' C B be the fiber of B over the origin in A, and B* = B\ V. In the principal G, bundle over
B*, the singular behavior of sections is captured in V' x Gz. The bundle over the punctured disk defined by
P* = P\ (V x G) is the object of interest in this paper. The Laurent series corresponding to sections of
this bundle are well defined over the punctured disk.

Let o,, be the sections of the bundle B — A defined by
om(z) = (z,m?) .
Then the pullbacks
Yt 00 : AY — P*

are interesting because they display to the effect of the renormalization group on the dimensionally regularized
Lagrangian. This is the notation used in Section 5 to be consistent with dimensional regularization. In Section
6, o is allowed to be any section of B — A. There is a subset of algebra homomorphisms G%(A) C G.(A)
which satisfy certain physical conditions, called locality, also satisfied by regularized Feynman integrals. This
subset is defined in [25]. It is this subset that defines the flat equisingular connections of Connes and Marcolli
which lets one find a 3 function for the QFT in question. These various parts of the renormalization bundle
are explained in greater detail as they appear throughout this paper.

2 Feynman graphs

A particular QFT is defined by a Lagrangian, which can be written as a sum of a free part, Lr, and an
interaction part Ly

L=Lr+Ly

where L is a quadratic term involving derivatives of the fields, and Ly is a polynomial function of the fields
(with minimal degree = 3). A Lagrangian prescribes the set of possible interactions of a theory, which can
be written either as integrals or diagrams; the Feynman rules translate between the two. While everything
in this paper can be generalized to different dimensions and more fields, I use the following relatively simple
Lagrangian with space-time dimension six as the example Lagrangian:

L= J(do —m?6) + g6 )

Here L = 1(|d¢|? —m?¢?) with d an exterior derivative, and Ly = g¢® where ¢ is a real scalar field and g is
called the coupling constant. For development of and calculations involving fields of this type following well
established traditions in the physics literature see [40], chapter two, [41] and [19]. As there are several very
good text books on QFT which develop these Lagrangians as well as the forms that the fields must take, I
will not go into the details here. A classic text book is Peskin and Schroeder [41], while a less conventional
but more axiomatic book is by Ticciati [40].

Definition 1. A Feynman diagram is an abstract representation of an interaction of several fields. It is
drawn as a connected, not necessarily planar, graph with possibly differently labeled edges. The orientation
of the graph in the plane does not matter. It is a representative element of the equivalence class of planar
embeddings of connected non-planar graphs. The types of edges, vertices, and the permitted valences are
determined by the Lagrangian of the theory in the following way:

1. The edges of a diagram are labeled by the different fields in the Lagrangian.

2. The degrees of the monomial summands in Ly correspond to permissible valences of the Feynman
diagrams. The composition of these monomials determine the types of edges that may meet at a
vertex.



3. Vertices of valence one are replaced by half edges. That is, the vertex is “cut oft”, leaving a stub. These
are different than vertices with valence one, which do not exist in this formulation of the Feynman
rules.

These rules apply to the Lagrangian in equation (2) as follows:

1. The Lagrangian in equation (2) only involves one field, and therefore only has one type of edge. For
more complicated Lagrangians, differently labeled edges are often portrayed as different types of lines
(dashed, wavy, etc.) in drawing the Feynman diagram. For a detailed treatment of the Lagrangian
involved in QED, for instance, see [22].

2. Since Ly = g¢*, only valence three vertices are allowed for this Lagrangian. If [, |¢;|™ is a monomial
in Ly, then vertices of valence ), n; are allowed, with n; legs of type ¢; meeting at a vertex.

The definitions and terminology in this section follows [21]. The structure of the graph is defined as
follows:

Definition 2. 1. An external edge is an edge that is connected to only one vertex. External edges are
also called half edges as above.

2. Internal edges are edges connected to two vertices.
3. Let T'%l be the set of vertices of the graph T, and let T[] be the set of edges. Let l"gt be the external
(1]

edges of the graph and I'; ; be the internal edges.

Remark 1. For purposes of drawing Feynman diagrams, external edges are drawn primarily as a book keeping
device for the valence and type of a vertex. This is more important for more complicated Lagrangians. For
purposes of evaluating the corresponding Feynman integrals, the external legs indicate the number of particles
involved in the interaction. In the case of multiple field types, the external legs also keep track of the types
of test functions that the Feynman integral acts on.

Graphs that satisfy the above condition can be classified as follows:
Definition 3. 1. Vacuum to vacuum graphs have no external edges.
2. Particle to particle graphs have external edges.

3. A one particle irreducible graph is a connected Feynman graph such that the removal of any internal
edge still results in a connected graph.

I ignore vacuum to vacuum graphs and graphs with only one external leg in the sequel, following [42].
For particle to particle diagrams, I am mainly concerned with one particle irreducible (1PI) diagrams. These
are the building blocks of the set of Feynman diagrams, as any non 1PI Feynman diagram can be created
by gluing together 1PI graphs along external edges [42].

2.1 Subgraphs

Given a Feynman graph I' associated to a divergent Feynman integral, the BPHZ renormalization process
iteratively subtracts off divergent subgraphs, v, and considers the remaining contracted graph I'//v. For
details, see [18], Section 8.2 and [42]. This section describes what these divergent subgraphs look like, and
how to construct the contracted graphs.



2.1.1 Divergent graphs

Because of the Feynman rules translating between possibly divergent distributions and Feynman graphs, one
can define a quantity w(I") called the superficial degree of divergence for the integral associated to the 1PI
graph I". Given information about the fields involved, the dimension and level of divergence of a particular
QFT, w(T") also gives information about possible valences of vertices and number of external legs allowed for
graphs in that theory. A more complete and general exposition of this subject is given in [18] Section 8.1 for
a theory in four space-time dimensions, and in [42] for certain classes of theories in various dimensions.

For the scalar field, the superficial degree of divergence is given by
w(l) =dL(T") — 2I(T") (3)

where d is the space-time dimension of the theory, I(T') is the number of internal lines and L is the loop
number,

L) =IT) - V() +1 (4)

or Euler characteristic of the graph, with V(I') the number of vertices in the graph. If w(I') > 0, the graph
is called superficially divergent. These graphs are generally associated to divergent integrals. (Graphs with
w(T') < 0 are generally associated to convergent integrals.)

Plugging equation 4 into 3 gives
wl) =(d-2)I(T)—dV([)+d.

Let E, be the number of external edges meeting a vertex v in I'. Also, let Tl be the set of vertices in the
graph I'. Furthermore, an external leg is attached to one vertex, while an internal edge is attached to two.
Therefore,

2I= > (n,— E,)
vel'o]

where n, is the valence of the vertex v. This gives

d—2 d—2
w@) =Y ( 5 nvfd)fZTEerd. (5)
vel'lo] verlo]

The total number of external edges of I is

The contribution of each vertex to w(T') is given by 452n, —d = w,.

The dependence of the superficial degree of divergence on the number of vertices of a graph classifies
QFTs into 3 classes:

1. Super-renormalizable theories have
wy < 0.

The degree of divergence decreases with the number of vertices of graphs in this theory.

2. Non-renormalizable theories are such that
wy > 0.

The degree of divergence increases with the number of vertices of graphs in this theory.

10



3. Renormalizable theories are those where
wy(T')=0. (6)

The degree of divergence does not increase or decrease as graphs get more complicated. All graphs
contributing to divergences here have the same degree of divergence. Therefore, renormalization can
be done with a finite number of parameters.

Renormalizable theories are the topic of this paper. In this case equation (6) gives

d—2
0=w, = 7( )1 —d
2
for all v. For a theory with only one type of vertex,
2d
Ny = i—2 (7)

for all vertices. Notice that since n, is the valence of a vertex it must be an integer.
Remark 2. Write the polynomial
Ly = Z gnd)n
n>3
for a scalar theory in dimension d. If the only non-zero term of this sum is for n = dQ—_dQ, then by equation

(7) the theory is renormalizable. In a similar calculation to the one above, if the only non-zero coefficients
are for
ne 20
d—2
then the theory is super-renormalizable. Likewise if the only non-zero terms are for

|2
a2

the theory is non-renormalizable. Notice that for renormalizable theories n, is an integer only if d € {3, 4, 6}.
Specifically for d = 6, n, = 3.

Graphs with superficial degrees of divergence also have an extra condition on the number of external legs
they can have. Equation (5) gives

0<wl)= > wv—w+d.

2
vel'lo]

That is,

E(F) S 2(d+ Z’UGF[O] w'U) ]

d—2
For super-renormalizable theories, the number of external legs in a superficially divergent graph decreases
with the complexity of the graph. For non-renormalizable theories, the number of external legs increases
with the complexity of the graph. Only for renormalizable theories is there a fixed bound on the number of
external legs a superficially divergent graphs can have regardless of the number of vertices of T'.
Remark 3. For a superficially divergent subgraph in a theory of dimension d, the external leg structure of I'
satisfies

2d

< —- .
—d-2

Therefore, if d = 6 superficially divergent graphs can only have 2 or 3 external legs.

E(T)

11



2.1.2 Admissible subgraphs

The previous section defined the Feynman graphs that have divergent integrals: call these I'. If T can be
found as a proper subgraph of another Feynman graph I’ then one needs to isolate the contribution of T' to
the divergence of I'V. The contribution of I" to the divergence of I" is called a subdivergence. In this case
T is said to be a subgraph of I, even though T" is a Feynman graph in its own right. For this reason, in
this paper, the word subgraph refers to both the subgraph (as a collection of edges and vertices) inside a
larger Feynman graph, and the Feynman diagram that collection of vertices and edges forms on its own.
Bogoliubov, Parasiuk, Hepp and Zimmerman in the 1950’s and 1960’s developed a method for accurately
subtracting off the subdvergent contribution of divergent subgraphs. This is called the BPHZ renormalization
process.

Definition 4. For a 1PI Feynman diagram I', v is an admissible subgraph if and only if:
1. ~ is subgraph of I', as a collection of vertices and edges.

2. The collection of edges and vertices in v form a superficially divergent 1PI Feynman diagram, or a
disjoint union of such diagrams.

If v is connected, it is called a connected admissible subgraph of I'. If it is disconnected it is called
a disconnected admissible subgraph of I". I first develop connected admissible subgraphs as these are the
building blocks of all admissible subgraphs. The following terminology can be found in [21]. Let T be a 1PI
graph.

Definition 5. For a v € Tl the set of edges meeting v is denoted f, = {f € TN |f Nv # 0}. Then |f,] is

the valence of v, and the types of lines in f, determine the type of the vertex v.

Using this notation I am now ready to define connected admissible subgraphs.

Definition 6. A connected admissible subgraph « of I' consists of the following data:
1. A subset of vertices of I': 70 ¢ 10,
2. A collection of interior edges meeting these vertices: fyl[lll]t C Upe 101 fo-
3. The subgraph ~ is connected and 1PI.

To calculate the divergences that these subgraphs contribute to the overall divergence of I'; one needs to
express the subgraphs as Feynman graphs in their own right. One needs to discuss their external leg structure.
In the sequel, admissible subgraph will refer both to the Feynman graph associated to an admissible subgraph
and the admissible subgraph itself. Defining the Feynman graph associated to the admissible subgraph
requires two more rules:

Definition 7. The internal legs of v are those legs specified in the subset Fl[rll]t The external legs are not in
this subset and are given by the elements of Tl that intersect with . The Feynman diagram associated to

an admissible subgraph v of I' is the subgraph with the following external leg structure:

1. The exterior edges of the subgraph are given by the map

p: U fo \’Yl[rll]t - ’ch]t

veylol

f - {fl» If Al =1
{fi, fo}, |fnAyl =2,

That is, if an edge of I' meets a single vertex of ~, it is represented by an external edge of ~y. If it meets
v at two vertices, and is not an internal edge of «, then it is represented by two external legs of ~.

12



2. The external edges of v must correspond to a prescribed configuration of edges for a divergent subgraph.

This last condition ensures that only subgraphs contributing to subdivergences are considered, as shown in
the example in the next section. If teh exterior leg structure does not satisfy the configuration for a divergernt
graph, v is not a divergent subgraph and does not need to be considered for BPHZ renormalization. In other
words, it is not an admissible subgraph.

To define the more general concept of disconnected admissible subgraphs, I first define non-overlapping
subgraphs.

Definition 8. 1. Let v, and 5 be two graphs. They are non-overlapping subgraphs of I if, for j =1, 2,
there exists an insertion map 4; such that

1 %[_o] — 7l ; mij(’yj) =0.
J

2. If v = v [ 2 for 71, ¥2 non-overlapping subgraphs of I', then ~ is a disconnected admissible subgraph
of T.

This is the most general form of an admissible subgraph. In the sequel, the word subgraph will refer only
to admissible subgraphs, either connected or disconnected, unless otherwise specified.

Notice that the entire graph is also an admissible subgraph. One can also define the empty graph to be
an admissible (trivial) subgraph. The set of proper subgraphs of T' is the set of all subgraphs of I'" connected
or not, minus the entire graph and the empty subgraph.

2.1.3 Contracted graphs

Along with identifying the subgraphs and subdivergences, the BPHZ renormalization process identifies the
divergences remaining in the diagram after the subtraction of a subdivergence. To do this, the connected
admissible subgraph associated to the subdivergence is contracted to a vertex, and the divergences of the
resulting Feynman diagram is studied. In the case of a disconnected admissible subgraph, each connected
component is contracted. The remaining Feynman diagram is called a contracted graph.

Definition 9. Let v be a disconnected admissible subgraph of I' consisting of the connected components
Y1 ...7vn. A contracted graph is the Feynman graph derived by replacing each connected subgraph, with a
vertex v,,. So for each 1 <14 < n,

r - T'//y
fevvey — w, gr
frgat o gy

The resulting contracted graph is written I'//~.

]

Notice that T'//v is always 1PI. Definition 7 part 2 ensures that the contracted graph I'//~ is a valid
Feynman graph for the Lagrangian under consideration [18]. In the case of the ¢® in dimension six theory,
this means that each connected admissible subgraph must have either two or three external edges.

Example 1. The decomposition of the top graph in Figure 2 is not allowed for the example Lagrangian in
equation (2). All vertices of I' are included in v, and the topmost internal leg becomes two external legs
of v, for a total of 4 external legs. This means that v does not contribute to the superficial divergence
of T. It leaves I'//~ with a valence 4 vertex, which is not allowed in the theory. The decomposition of
the bottom graph is valid, however. The vertex in I'//7 that replaces 7 is denoted by X in this figure for
the reader’s convenience. For purposes of calculations on the graph I'//~, the vertex denoted X is usually
indistinguishable from any other vertex in the graph. The notable exceptions to this are vertices of valence
two. These types of vertices exist only for the purpose of calculating subdivergences and counterterms. That
is, this type of vertex is only found in contracted graphs (of the form I'//+), and not in a Feynman diagram
generated from the Lagrangian.
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T e

Figure 2: Inadmissible and admissible subgraphs of £

2.2 Feynman rules

Feynman rules translate between Feynman graphs and Feynman integrals. Because of the structure of the
diagrams, it is sufficient to study Feynman rules on 1PI diagrams:

Feynman Rules : 1PI Diagrams < Feynman integrals .

Each Feynman diagram corresponds to a distribution, which can be written as an integral on the space of
test functions in momentum space I call the external leg data, E. Let E = C°(R%) be the space of test
functions in momentum space for each leg. The test functions for general Feynman integrals are elements
of the symmetric algebra on F, S(E). Section 2.1.1 shows that for a six dimensional renormalizable scalar
theory, the 1PI graphs can only have two or three external legs. The Feynman integrals for the 1PI diagrams
act on test functions in S™(F) for n € {2, 3}. General Feynman graphs are associated to integrals that are
distributions on S™(E) for n € Z>s. These distributions correspond to linear maps

Feynman Integrals € Homyec (S™(E), C) .

In practice, however, they are usually divergent. This is why QFTs need to be regularized. Regularization
introduces a parameter z which captures the divergence as z goes to a predetermined limit. For the class of
regularization schemes studied in this paper the divergence is captured as z — 0 and regularized Feynman
rules define maps:

Feynman diagrams < Regularized Feynman integrals < Homyet (S™(E), C{{z}}) .

Section 4 discusses this in more detail.

To maintain consistency with the physics literature, I write down the unregularized Feynman rules, even
though the resulting integrals are not well defined. In the case of six dimensional Lorentz space, for a fixed
graph I' the Feynman integrals are constructed as follows:

e To each edge, internal and external, k € T'l!] assign a momentum p;, € R® and a propagator W.

e To each vertex v € T'% assign a factor of —i96(>_ ;e s, Pj), Where 0 is the Dirac delta function. The

sum is taken over the momenta assigned to the edges meeting at v.

e Take the product of all the factors assigned to the edges and vertices and integrate over the internal
momenta

[1]
|mH . |lol Tt |

/Res\r (1] | — m2 H _7'95 Z p] H dﬁpz .

o JE€fu
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e Divide by the symmetry factor of the graph.

Notice that the second step applies conservation of momentum at each vertex, and also for the external
legs of the graph. By counting the number of free variables, one sees that this is a distribution on the
momentum space in 6n variables where n is the number of external legs. Specifically, if I is 1PI, n € {2, 3}

for a renormalizable scalar theory in six dimensions. More details on Feynman rules and how they are derived
can be found in [41] and [40].

Remark 4. The definition of a Feynman graph identifies two graphs if they differ only by their embedding in
the plane. Dividing by the symmetry factor of the graph implements this equivalence class. The symmetry
factor is the number of ways a graph can be embedded in a plane up to homeomorphism.

Example 2.
The Feynman integral for the 1PI graph

{}

is given by
2 6
_9 d’k
¢ =) =7 / = m?)((k—p)F —m?)

This is a distribution on S?(E) acting on test functions f,g € E as

- o= [ L f(p)g(=p)d°k
[ it = [ G [ e tReer

3 The Hopf algebra of Feynman graphs

The previous section describes what the physical Feynman graphs are, what they represent and what they
look like. This section moves away from the physical interpretation and looks at them as algebraic objects.
Assigning variables, xr, to each 1PI graph, I', generates a polynomial algebra which is also a commutative
bigraded Hopf algebra. In general, commutative Hopf algebras can be interpreted as a ring of functions on
a group. Since the spectrum of a commutative ring is an affine space, the group in question is affine group
scheme, Spec H . This structure gives a geometric analog throughout the paper to the algebraic calculations
on this Hopf algebra. This section also examines the dual of this Hopf algebra.

3.1 Constructing the Hopf algebra

Let k be a field of characteristic 0. Assign to each
I € {1PI graphs of £ = %(|d¢l2 - m?¢?) + g’}
the variable zr where the empty graph is associated to the unit
1l=uay.

The xr are called the indecomposable elements of H.

Definition 10. The vector space k{zr|T' € {1PI graphs of L}) is generated by the indecomposable elements
of H. The Hopf algebra associated to this Lagrangian is the polynomial algebra

H, = k[zr|T' € {1PI graphs of L}] .
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For ease of notation, I drop the subscript £, as there is no confusion over the Lagrangian generating the
graphs. The polynomial algebra structure of H allows for the study of disjoint unions of 1PI graphs (and
thus disconnected admissible subgraphs for BPHZ renormalization) as shown below. This section shows that
‘H satisfies the axioms of a commutative Hopf algebra. Section 3.3 defines the underlying Lie group.

The algebra structure on H is given by a multiplication m and a unit 7. Let T' and IV be 1PI graphs.
Multiplication of the variables

m: HOH — H

rr K xrr = xpx}

translates to a disjoint union of the 1PI graphs on the space of graphs:
T < T H F/ .

Therefore, this product is commutative. This extends to multiplication on all of H by linearity.

The unit is defined as n : kK — H such that 7(1;) = 13, where 14 is the empty graph, 13y = zg. It is easy
to check that these operations satisfy the rules of an algebra. When the context is clear, I drop the subscript
‘H and write z¢ = 1.

Lemma 3.1. (H,m,n) is a commutative, associative, unital algebra.

One can also impose a coalgebra structure on this by defining a comultiplication A and a counit . 1
use a variation on Sweedler’s notation, where Z(r) indicates the sum over all proper admissible subgraphs
(connected or disconnected) of T

A: H — HOH
rr — 1®$F+$F®1+Z$7®$r/m .
)

Sometimes, I use the shorthand

Z T @ T
(1)

instead of
Z Ty @ Tr//y
(™)
where xr := xp,/r. The coproduct can be extended to a ring homomorphism on all of H by requiring

A2y, Ty,) = A2y, ) A(24,)
for all ., x,, € H. For a general element, y of H, I write
Aly)=ye1l+1ey+Ay).

For an indecomposable zr € H, the definition of A simplifies to

A(y) = Zxrl & xrr .
()

Definition 11. zr € H is primitive if A(.TF) =0, that is A(zr) =2r® 1 + 1 ® ar.
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The counit is defined on indecomposable graphs as

e: H — k
{xp F:@
rr —

0, else.

The counit can be extended to all of H by multiplication. Again, it is easy to check that these operations
satisfy the rules of a coalgebra.

Definition 12. Co-associativity means that
(A®id) o A = (Id®A)o A.
Lemma 3.2. (H,A,¢) forms a non-cocommutative, co-associative, unital co-algebra.
Proof. Proof that (H, A, ) forms a co-associative coalgebra can be found in [5]. O
Since A and e are algebra homomorphisms,
Lemma 3.3. (H,m,n,A,e) forms an associative, commutative, non-cocommautative unital k bialgebra.

Recall the following definition.
Definition 13. A Hopf algebra is a bialgebra with an antipode map S satisfying

m(S ®id)A =en =m(idRS)A . (8)
Given this definition, by recursively defining an antipode on H as follows,
S:H — H

wr — —ar— Yy m(S(z)) @ xr//)
()

one has the desired result.
Theorem 3.4. (H,m,n,A¢,S) is a Hopf algebra.
Proof. See [5] O

Given the one-to-one correspondence between the variables zr and the space of 1PI graphs of £, one can
omit the x notation and view H as a Hopf algebra on the graphs themselves. Write

H = k[T'|T" € {1PI graphs of L}]
The indecomposable elements are the 1PI graphs. Multiplication on the algebra is given by
mTel’)=T]]I
on 1PI graphs. This product is written I'T’. Comultiplication is given by

AM)=1@T+T®1+ Y v&T//y
)
on 1PI graphs, and the antipode is given by

ST =-T=> mS(y)@T//v) .
i)

These operations are extended to the entire Hopf algebra as before. A primitive graph is one where
AM)=T®1+1aT
i.e. A(T') =0. This is the notation for the rest of this paper.
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3.2 The grading and filtration on H

Certain properties of the Feynman graphs induce a grading and a filtration on H.

Definition 14. A connected Hopf algebra is a graded Hopf algebra, H, with grading bounded above or
below, and H® ~ k.

Definition 15. The grading on H is given by the loop number L(T"), or rk H;(I") the rank of the first
homology group of T'. For ' a monomial in H, one says I' € H! if and only if rk Hy(T') =1. H® = k.

Lemma 3.5. H' is a finite dimensional vector space for all .

Proof. This amounts to showing that there are only finitely many connected 1PI graphs of a given loop
number. Since each graph has either 2 or 3 external edges, and each vertex has valence 3, the number of
possible internal legs for a 1PI graph is

3V -3 3V -2

or ] = .

I =
2 2

For a fixed loop number | =1 -V + 1,

l{ WS V41, or

V-2
Vo,

(Since I must be an integer, this means that a graph with 3 external legs has an odd number of vertices and
a graph is 2 external legs has an even number.) That is, the number of possible vertices a 1PI graph in H!
can have is

V=204+1 or 2].

2l+1
The number of ways to connect 2/ + 1 labeled vertices with 3V=3 edges is ( (3‘/273) ) < oo [35]. For 21
2

labeled vertices and

2
V=2 internal edges is 3(‘/2)2 ) < oo. The Feynman diagrams in H' have more

2
restrictions on valence, have unlabeled vertices (the embedding in the plane does not matter), and must be
1PI. Therefore, there are fewer possible 1PI generators in H!, i.e. the number is finite for each [. Thus, the
number of monomial generators of H! is finite. O

Theorem 3.6. The Hopf algebra of Feynman diagrams H is a connected, graded Hopf algebra. That is, for
I'y e Hl and I'y € Hm,

m(T; @ Ty) € HFT™ .

For any monomial T € H',

l
AT € H @H'™
=0
and

S(I) e H' .

Proof. This Hopf algebra is connected under this grading by definition. Since (rk Hj) is additive under
disjoint union, multiplication is preserved by this grading.
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For comultiplication, one only needs to check that
1
AT ed HoH™
i=0

because 1 € H°. For T' € H! 1PI,
A _ Zl—v ® R4
()
where IV € H* with 0 < i < [. Let IV have n connected components labeled F; with 1 < j <n. Then
LI = (I(T) =Y IT) = (V) = > V@) +n+1=LT) = > LT} =1—i.
J J J

Therefore, comultiplication is preserved by the grading for all 1PI graphs. Since A(I'TY) = A(T)A(IY), the
property holds for the entire Hopf algebra because it is an algebra homomorphism. The antipode is preserved
by this grading by the same argument. O

The Hopf algebra of Feynman diagrams is also a filtered Hopf algebra, where the filtration is given by
the maximum number of embedded admissible subgraphs. This filtration is also discussed in [2]. Consider
the operator

A" H — HEH
defined recursively as

Al =A

An — (Z ®Zi*1 ld ®A ®?+1 ld) o An—l .
i=1
I also define
A0 —id —¢

for notational convenience. For an indecomposable element of H, A(F) is a sum of all tensor products of
proper subgraphs and their residues. Therefore, A™(T") is the sum of all n-tensor products of n proper
subgraphs and residues. This gives a filtration on H.

Definition 16. For I' € kere, T' € H(™ if A*(T') = 0. This is an increasing filtration on H. Define k = H(®),
and the space H!) contains the space of primitive elements of H by Definition 11.

Lemma 3.7. A+ =50 (") (A® @ A=))A
Proof. By definition, this holds for n = 1. For n = 2,
A® = ([deA + A®id)A .

If this holds for n, then for n + 1,

=

A0 = (3 1% @A @id® )3 (” - 1) (AW g A=i-D)A)

i=0 —o \ J

<
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I can rewrite this as

n—1 n

S . —1\ ... - . -
S id¥ eAwid® (") (AD @ AD)A
i=0 j>1 t
-1
1

id®n*j ®A ® id®j (n )(A(nil) ® A(i))A .

For the first (resp. last) term of this sum the first (last) i + 1 identity maps are applied to A while the
sum of the last (first) n — i terms applied to A== gives A(»=%). Thus

n—1
At Z 30 <n - 1) (AW @ A—)A 4+
1=0 v
Y A6 g AO)A
i

-3 <?>(A<i> o A-)A |
1
0

A second grading on H is the associated grading to this filtration.
GriH = H®D /HED

Remark 5. 1 show next that H is a graded filtered Hopf algebra. The module given by the i*" loop grading
and the j** filtration level is written H*). I write H*/ to mean H*U) /H»U=1 the i*® loop grading and
the j*" filtration grading in Gr(H) is written .

Lemma 3.8. The filtration H'") is preserved under multiplication and comultiplication and the antipode.
That is,

m: HP oHD  HE)

A HM o @ HP) & H @
p+q=n

S: HM — HM.
Proof. First check comultiplication on T’ € H (™).
AM)=1@T+Te1+A).

The first two terms of this sum are of the correct form. Lemma 3.7 shows that all summands in A are also
of the correct form.

Suppose a summand of A(T') € Grp,H ® GryH, with p 4+ ¢ > n. Call this term 71 ® 2. Then

> A @+ oAl () #0.
I+k=n, k,i>1

That is, A™(T') # 0.

Consider two 1PI graphs such that T'; € H® and I'y € HY). We show preservation under multiplication
inductively on the sum n =i+ j. If i = 0 then I'y € k, and the result is trivial. Consider I'y, I's; € HD,
Then

AT D) =104+ ®@1+T T+ Ty @I .
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Then
A(MTy) =T @ Ty + Ty @ Ty |
So
AP (I Ty)=0.

Thus I'1 Ty € H®).
If i + j = n, then

A(CiTy) =Y > Ty @ T\ T, + > T F2®F1+ZF1®F Ty + ) Milp@T, + Y Th@Til,
(1) (T2) (T'1) (T'2) (T'2)

Since this filtration is preserved under comultiplication, if T} € H(®), with 0 < I < 4, F/l/ € HU=D. The same
is true for I';. By induction, since multiplication preserves the first n — 1 filtered levels, I'1 Ty € H(™).

We check the antipode by induction. Recall that for T' € H(1)

so S(T') = 0. For ' € H™),

=-T— ZS .

™)

Since the filtration is preserved under co-multiplication, IV € H®) and I € H(™P)for some p < n. Therefore,
S(T") € H®) asis S(I')T”. O

Example 3. While both terms in the polynomial
2 % — %
are in GroH, the polynomial itself is primitive. Before verifying this statement, for typographical ease,
rewrite the above expression as
I'=2y -
Since 75 is the only proper subgraph of 7,

AD) =21 @1+1071 +72072) — (2@ 1+1® 1)
=21 ®1+1037 +7207) — (1272 ®1+272 01 +1®77) =I'®1+1xT.

3.3 The affine group scheme

Since H is a commutative Hopf algebra, one can define G = Spec H. Recall that Spec is a contravariant
functor that assigns to a commutative algebra its underlying variety. Furthermore, recall that a Hopf algebra
obeys the following three relations

(id®A)A = (A ®id)A
(id®e)A =id
m(S ®id)A =en
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which covariantly define a multiplication, identity and an inverse on G. Thus G is an affine scheme that
satisfies the axioms of a group, and is thus called an affine group scheme.

One can also look at G as a covariant functor associating the group of A-valued points G(A) = Hom,,(H, A)
to a unital k algebra A. The product structure on G(A) is induced by the insertion product, and is the same
as that on H" (introduced below):

frg=m(fegA

with f, g € G(A). Since f € G(A) is an algebra homomorphism,
fnr2) = fn)f(r2)

where this product is the product on A, and not the x product.

Finally, since the grading on H is locally finite dimensional, one can create a series of finitely generated
k algebras

H; = k[T, ...Th,]
where the set

Ty, ...Tw}

is the set of all 1PI graphs with loop number at most 7. Then we create a set of affine schemes G; = Spec H;.
Next we can write

G =1lmG;.

(2

Definition 17. G is a pro-unipotent affine group scheme.

For an explicit treatment of what these G;s look like as matrices, see [11]. For more details, see [7].

3.4 The Lie algebra structure on H and H"

There is a well established relationship between Hopf algebras and Lie algebras over fields of characteristic
0.

Theorem 3.9. Milnor-Moore [28] Given a connected, graded, cocommutative, locally finite Hopf algebra,
H, over Q, there is a Hopf algebra isomorphism, H ~ U(g), where g is the graded Lie algebra generated by
the indecomposable elements of H and U is the universal enveloping algebra.

The full dual algebra of H is not a Hopf algebra. However, the restricted dual of a commutative,
connected, graded, locally finite Hopf algebra is a cocommutative, connected, graded, locally finite Hopf
algebra written

H = @PH)Y = EPHl : (9)

l

Since H is a graded filtered Hopf algebra one expects H" to also be a graded filtered Hopf algebra.

Remark 6. The grading on H" is given by the loop number as above. Notice that H" is still finite dimensional
at each level. An increasing filtration on H is given by H ;) = (B, H')"

The Milnor-Moore theorem reduces to the following statement in this case.

Corrollary 3.10. [26] There is an isomorphism of bigraded Hopf algebras, HY ~ U(g), where g is the
bigraded Lie algebra of the affine group scheme G.
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The structure of g is defined below. There is a second (decreasing) filtration on this space corresponding
to an (increasing) filter on H formed by A which I will use to define the topology of H". Before introducing
that structure, I will discuss the Hopf algebra properties of H".

Definition 18. Define £L(H, A) to be the vector space of module homomorphisms from H to some k algebra
A. Then L(H,k) D HY.

Remark 7. The group G(A) C L(H,A) is the group of ungraded algebra homomorphisms from H to A.
That is, if f € G(A), then for xy € H

flxy) = f(x)f(y) .

Another way of stating this is that if f is an algebra homomorphism from H — A then

A(f)=rfef
or that algebra homomorphisms from H — A are group-like elements of L(H, A).

The indecomposable elements of HY are in one-to-one correspondence with the indecomposable elements
of ‘H in the usual way:

I' = 51"(17)
where T" is an 1PI graph, = a polynomial in H, and or(x) is the Kronecker delta function.

| 1, =T, alPI graph;
or () = { 0, otherwise.

That is, there is an isomorphism of vector spaces
k(or|T € {1PI graphs of L}) ~ k(T'|T" € {1PI graphs of L}) . (10)
Corrollary 3.11. The indecomposable elements of H correspond to the primitive elements of H" .

Proof. Follows from the Milnor Moore Theorem. O

Let dr and dr/ be indecomposable elements of HY. That is, I' and IV are 1PI graphs. We can define
the Hopf algebra operations on the indecomposable elements of H"Y in a similar manner to that of H.
Multiplication on H" is a convolution product induced by the insertion product.

x: HY@HY — HY
or xO0pr  — m(5p®($p/)A.

This can be extended to all of HY by coassociativity of A and linearity. " is a non-commutative Hopf
algebra. In the dual, the co-unit maps 1 to . For I' 1PI, i.e. in kere,

or(1)=¢e()=0. (11)
As stated in corollary (3.11), the indecomposable elements of H" are primitive. Notice that for I' a 1PI
graph,
AUr)(z®y) =dr(mz®y)) =z,yeH

since a product becomes a coproduct in the dual space. But m(x ® y) is not an indecomposable element of
‘H, unless = € k and y is 1PI. Therefore,

A: HY — HY @ HY

or — eQOr+ir®e. (12)

The primitive elements of H", in this case, also the indecomposable elements of 7V, are the generators of
the Lie algebra g. They are called infinitesimal algebra homomorphisms. One can write

g = k{(or|T" € {1PI graphs of L}) .
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Lemma 3.12. The grading from equation 9 is preserved under the convolution product and the coproduct.
That is, for monomials f € H) and g € H,,,

frgT)#0=T¢eHT™
and
ANV @9V #A0=+ € H and~" € H7 .

Proof. To show that the grading is preserved under multiplication, it is sufficient to show it is preserved in
the product of two primitive elements of Y. For the indecomposable elements v; € H! and v, € H™, there
are 0,, € H)’ and é,, € H,, such that

n, ny; Qv is a summand of A(T);
Oy % 0, (T) = { 0, otherwise .

Since the loop grading H! is preserved under A on H, I' € H!+™,
To see preservation under the co-product, it is sufficient to consider monomials that are the product of
two primitive elements, f = 0., * 0, € H)',

AN @4") =6y, %65, (v"7") -

By the above argument, if this is non-zero then 7/7” € H!. Since the loop grading H' is preserved under
multiplication on H, 7/ € H’ and v € H'~%.
Results for more complicated monomials in H" follow by induction. O

The increasing filtration on H defines a decreasing filtration on H" as follows:

iy = {f17(7) =0, vy € H DY

I use this filtration to define the topology on H". This filtration is preserved under x. The grading associated
to this decreasing filtration on H" is defined in the standard way:

vV _ v v
GTnH = H(nfl)/H(n) .
Since the indecomposables of H" lie in H(vl), we can write
\
gCHyy -

Remark 8. Equation (10) shows that the generators of g are in one-to-one correspondence with the indecom-
posable elements of H, g is a graded Lie algebra, by the grading in equation (9). Specifically, g(A) C L(H, A)
is a filtered Lie algebra.

Theorem 3.13. The Lie algebra of G(A) is defined as
g(A) =g A
where A is a k algebra.
For f a generator of g(A),
A(f)=f®e+ex f.
Proposition 3.14. Let

[= Zaifi

be a formal power series in HY such that f; € Grp,H"Y and n; is an increasing sequence. Any such formal
series 1S convergent.
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Y1 Y. Y,

Ot =D | *(0-O- =X
w0 X (- O-=—

e
Figure 3: Permissible and impermissible insertions

N

Proof. Let F = Zgo a;f; be a formal series in ‘HY, where o; € k and f; is a monomial in Gr,H =
H(vn_l)/HE/n). Consider F(I') for a monomial ' € H. Then T' € H(™ for some n. Therefore, f(z) = 0
for all f € H,41). Therefore,

oo

n+1
Therefore F(T') is a finite sum for any I € H and the series is convergent. O

Because of the isomorphism in equation (10), one can also write g as a Lie algebra on the 1PI graphs in
‘H. The convolution product in H" becomes an insertion product in H written

* HxH-—-H
defined on indecomposable elements 1, 2 of H [21].

Definition 19. Let g € 'yﬂm U %0] be an insertion point of 7;.

1. If \fygljlxt| =2andg € vglxt are of the same type of an element of yﬂnt, then g is a valid insertion
point. Insert v, into v, at g. Then sum over all valid insertion points.

2. If 'Yg,lxt = fq for some g € %0]7 insert v, into 7; at the vertex g in all valid orientations. Sum over all

valid insertion points after modding out the equivalence class of planar embeddings.
3. If no valid insertion point g can be found then * is not defined.

This is a much more general definition of this insertion product than is required for the Lagrangian in
this paper, where the condition in 1 simplifies to “if g is a vertex and 7, has three external edges” and the
condition in 2 simplifies to “if 79 has two external edges and ¢ is an internal line. ”

Example 4. In the first panel in Figure 3, 75 has three external legs. Therefore it can be inserted into the
vertex vy of 1, but not into the edge e;. In the second panel, because ; has two external legs, it can only
be inserted into an edge es of 5 and cannot be inserted into the vertex wvs.

This definition can be extended to products as follows. If 3 = 4/ []~"”, then v/ [[ 7" * 2 is defined for
g € YU~ with i € {0,1} according to 'ygl’]ext as defined above. If v9 = ~'[[v”, then v, x (' [[+") is
defined

(o xy)*x".
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It can be extended to the entire Hopf algebra as an enveloping algebra by linearity.

Remark 9. Loosely speaking, this operation reverses the action of A. The coproduct contracts away a
subgraph, but looses track of where the graph was contracted from. The insertion product start with
information about where to insert a graph and “uncontracts”, or inserts a subgraph to form a larger graph.
Therefore, a graph can only be inserted at a point where its external structure matches the structure of
edges meeting that point.

Definition 20. The insertion product gives a bigraded Lie structure on the indecomposable elements of H.
(v =mxy2 —rexmn .

On can check that this bracket satisfies the Jacobi identity by direct calculation. This Lie algebra is
generated by the indecomposable elements of H. Call it gV.

Lemma 3.15. The Lie algebra gV on the indecomposable elements of H under the x operation is isomorphic
as a Lie algebra to g defined on the primitive elements of H" under the convolution product .

Proof. Let 71, v2 € H be generators. There is a Lie bracket on the corresponding primitive elements of H"
defined

[5"/17 72] = (5’Y1 *6’)’2) - (672 * 5’Y1) = (5"/1 ® 572)A - (5’)'2 ® 671)A .

This is an element in V. It is only non-zero on the Lie bracket

[’71,“Y2]

in H. The two terms on the right hand side are non zero only on the 1PI graphs found in the products
Y2 * 1 and y; * y2 respectively. O

4 Birkhoff decomposition and renormalization

As discussed in section 2.2, the Feynman rules injectively map the Feynman diagrams into S™(F), where
E = C%°(R®). On the 1PI graphs, for ¢® theory in six dimensions, there can only be two or three external
legs. The external leg data for a 1PI graph is given by S™(E) where n € {2, 3}.

Since elements of the Hopf algebra H are polynomials in 1PI graphs of arbitrarily large degree, the
Feynman rules map H to the space of distributions on an arbitrary number of external legs. If x € H is a
generator, a 1PI graph with 2 or 3 external legs, then it tries to be a distribution on F such that

Feynman rules(z) € Homyect (S™(E),C) .

The result of these distributions on test functions is supposed to give physically significant values pertaining
to the physical interaction of fields that the diagram represents. However, these distributions are often
divergent, leading to the need for regularization and renormalization.

The first step to extracting finite values to these divergent integrals is regularization. One rewrites the
integral in terms of a set of parameters that may yield a sensible value upon reaching a predetermined limit.
The second is renormalization, where all divergences, now neatly captured by the parameter z, are removed.
For the regularization schemes studied in this paper, since elements of the Hopf algebra H can be written
as polynomials of its generators,

regularized Feynman rules : H < Homyect (S(E), C{{z}}) . (13)

Unlike the unregularized Feynman rules, this map is well defined.

Remark 10. Notice that equation (13) is an algebra homomorphism by the definition of the Hopf algebra H.
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There are many methods of regularization and of renormalization. In this paper I will consider regulariza-
tion schemes with one parameter that can be written as a Rota-Baxter algebra. Dimensional regularization
is an example of such a scheme, and is worked out in [5], [6] and [8]. In section 7, I work out the example of
(-function regularization.

Example 5. In dimensional regularization, the Feynman integrals are regularized by performing a change
of variables into spherical coordinates capturing the divergent parameter in the dimension, d, of the space
over which one integrates. For details, see [40], chapter 9.

After regularization, Feynman integrals are renormalized by minimal subtraction, which uses Cauchy’s
theorem to calculate the residue at z = 0. At the level of the Lagrangian, this process introduces countert-
erms in the Lagrangian which cancel the divergences. In the case of non-primitive graphs, the subtracted
divergences may contain further subdivergences. Therefore, in the general case, one iteratively removes
divergences. This prescription was first discovered by Bogoliubov and Parasiuk in 1957, and corrected by
Hepp in 1966. In 1969 Zimmermann proved that this prescription gets rid of all subdivergences. This has
since become known as the BPHZ renormalization prescription, and is a standard technique. Connes and
Kreimer [5] showed that this method of extracting renormalized values from Feynman graphs corresponds
exactly to the extraction of finite values by Birkhoff decomposition, as explained below.

Fix the base field for the Hopf algebra of Feynman graphs, H, as k = C for the remainder of this
paper. The regularized Feynman integral can then be expressed as a function of z, whose actions on the
test functions result in a Laurent series in z that converges on a suitably small punctured disk A around the
origin.

Bundle Note 1. The infinitesimal disk A at the base of Figure 1 comes from this variation of the regular-
ization parameter.

Example 6. Notice that the example Lagrangian at the beginning of this paper has d = 6. The regularization
parameter is in the coordinates z = D — 6. For (-function regularization, the regulation occurs by raising
the propagators to the complex power s. The regulator is r = s — 1. See section 7.

One can rewrite the infinitesimal disk A ~ Spec C{z}. The punctured disk A* can be rewritten A* ~
Spec C{{z}}, the localization of the field of convergent Laurent series in z at 0. Writing A = C{{z}} for
short, one can decompose A into two subalgebras A_ & A, where A, = C{z}, and A_ = 27 !C[z7}] is a
non-unital subalgebra that contains the strictly negative powers of z. Finally, define G = Spec H, a complex
Lie group. Then sections of the trivializable G fiber bundle, K* over the punctured infinitesimal disk, A*,
are maps

v: AT G.
Therefore, these sections can be written
v: Spec A — SpecH.

There is a natural isomorphism between the group of maps between these two affine spaces and the group
of algebra homomorphisms between the corresponding algebras via the contravariant functor F',

F: Maps(Spec A, Spec H) — Homye(H, A)
v - At

Thus the space of these sections is isomorphic to the group G(A), the group of algebra homomorphisms

H— A.

Bundle Note 2. If W C K is the fiber over 0 in the K — A bundle, and if K* = K\ W, then G(A) is the
group corresponding to the sections of K* — A*.
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Theorem 4.1. The reqularized Feynman rules of a QFT defined by L are a linear map from S(E) to G(A).

Proof. The map in (13) shows that
regularized Feynman rules : H < Homyec (S(E), A) .

To see that this is an algebra homomorphism, notice that for z,y € H, regularized Feynman rules for a
disjoint union of 1PI graphs = and y is just the product of the regularized Feynman integrals associated to
the graph = and to the graph y. Therefore

regularized Feynman rules € Homaiz(H, Homyeet (S(E), A)) . (14)

The symmetric algebra on E can be written S(E) = @,5"(F). The restricted dual of SV (FE)
@, 5™ (FE), where there is an isomorphism from S™V(E) ~ S™(FE). Furthermore, the isomorphism S™(EV)
S™(FE) gives

1

S(EY) ~ SY(E) ~ Homyect (S(E),C) .
Therefore,
Homyeet (S(E), A) ~ S(EY) @ A.
Since an algebra homomorphism is a linear map, I can write equation (14) as

regularized Feynman rules € Homy;, (H, Homyi, (S(E), A)) ~ Homy,(H, S(EY) @ A)
Homy;,, (S(E), Homy;, (H, A)) .

12

Since the regularized Feynman rules are also an algebra homomorphism, we have
regularized Feynman rules € Homy;, (S(E), Homae(H, A)) ,
or
regularized Feynman rules € Homy;, (S(E), G(A)) .

O

Bundle Note 3. Certain sections of the K* — A* bundle correspond to the regularized Feynman diagrams
of a QFT defined by £ acting on the test function f € S(E). While these sections depend on the test functions
f, I write v, to mean any one of this class of sections associated to the Lagrangian L.

The Birkhoff decomposition theorem allows one to uniquely factor the algebra homomorphisms, separat-
ing out the divergent parts, (functions not defined at z = 0).

Theorem 4.2. Birkhoff Decomposition Theorem [38] Let C be a smooth simple curve in CP!\ oo
which separates CP into two connected components. We call the component containing oo C_ and the other
component Cy.. Let G be a simply connected complex Lie group. For any v : C — G, there are holomorphic
maps v+ : Cx — G such that y(z) decomposes on C' as the product v(z) = v_(2) "y (2). This decomposition
is unique up to the normalization y_(o0) = 1.

Remark 11. The A in the bundle is an infinitesimal analogue of CP* \ oo.
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The Lie group G is simply connected. Since I am interested in the algebra homomorphisms not well
defined at z = 0, I only consider loops C' that do not pass through the point z = 0. Then 0 € C,, which is
homeomorphic to a disk, while C_ is homeomorphic to an annulus. In the Birkhoff decomposition,

v+: Cp=Spec Ay — G=SpecH

is a holomorphic function which is finite at 0. That is,

Y4 : Spec Ay — SpecH.
Similarly, the map

v-: C. — G

is holomorphic on near oo. That is, 7v_ can be extended to define a map

v—: Spec (C[Z]) — SpecH
where Z = z~1. The unique Birkhoff decomposition of a section

v=9""r

can be written as the unique factorization of the algebra homomorphism

Y= e
where
Y H = A AT eG(A)
Vi H = A AT eG4y
Voo = ocz); At ez .
For x € H, v1(2)(z) is a Laurent series convergent somewhere away from z = 0. The normalization

condition at the end of the Birkhoff Decomposition Theorem translates to ' (Z)(¢) = 1 on the algebra
homomorphisms. Furthermore, if € kere then 7/ (z) € A_. If # & kere, that is, if # € C, then
(2) () e C.

Remark 12. For ease of notation, I will write the homomorphisms 'yj_ (z) and 7! (2) both as function of z,

with the understanding that Vo € H,
0 .
@) @) =) ai@)z!
-n

for some constants a; that depend on x. Furthermore, if the z dependence is not important to the context I
will omit it.

This gives the following theorem.

Theorem 4.3. The homomorphisms v\ (z) and 'yl(z) are both in G(A).

Connes and Kreimer in [5] find a recursive expression for 4! (z) and vjr(z) that corresponds to the
BPHZ renormalization recursion, displayed below in Theorem 4.4. The explicit forms of v (z) and 1. (z) are
calculated in section 5.4.1. The recursive formulas for dimensional regularization can be generalized to using
Rota-Baxter algebras. To do this, first define a linear idempotent Rota-Baxter map P : A — A. Notice that
this is not an algebra homomorphism. Appendix A develops the theory of Rota-Baxter algebras.
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Theorem 4.4. For an indecomposable x € H, one can recursively define
(@) @) = =P (2)(@) + DAL @)@ (2)(")
()

and

@) (@) =71(2) @) + 7L (@) (@) + Y AL () @) (2)(") -
(@)

Proof. This is a generalization of a formula which first appeared in [5]. It is proved in detail in Appendix A
following the arguments in [10]. O

Example 7. In the case of dimensional regularization and {-function regularization, the Rota-Baxter map
ism: A— A_, a projection onto the negative powers of Laurent series.

T : AL A — A_

(r,y) — y.
Setting P = m, exactly recovers the Birkhoff decomposition formula of Connes and Kreimer in [5]. In
this case, 'yi(z)(x) is well defined at z = 0, but not at z = co. Similarly, 4" (z)(z) is not well defined at
z = 0. It is called the pole part because it is a Laurent series with only negative powers of z for = € ker(e).

Remark 13. For 7., a section associated to the Lagrangian £, notice that for any x € kere, Vz(z)(x) e A
is a Laurent polynomial in the regulator, fyz +(2)(z) € Ay is a somewhere convergent formal power series in
z, and thus well defined for z = 0, and fyz_(z)(x) € A_ is a Laurent expansion with only negative powers

of z, and thus undefined at z = 0. Therefore ’yZ(z), ’YZ +(2) and 'yz_(z) are called the unrenormalized,
renormalized and counterterm parts of x respectively.

Definition 21. We can define the subgroup of renormalized algebra homomorphisms as
Gi(A)=GAy) = {7 € GA(2) = %7l }
and the subgroup of counterterms as

G_(A) =G(C[Z]) = {4 € G (2) =411 xe}

Proposition 4.5. The composition (v' o S)(z) defines the inverse map under . Specifically,

(1o 8)(z) =7 71(2) .

Proof. The equation
(710 8)(2) x71(2) =41(2) x (vl 0 9)(2) = ¢

comes directly from equation (8). O

Bundle Note 4. The group G(.A) corresponds to the group of sections of the trivializable bundle K* — A*,
with

AN A N €

Remark 14. For ease of notation, henceforth, elements of G(.A) will be noted by 4. The symbol v will be
reserved for the sections or loops discussed in this section. The letters x and y will represent the elements
of the Hopf algebra H.
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5 Renormalization mass

The regularization process results in a Lagrangian that is a function of the regularization parameter. Prior
to regularization, the Lagrangian of any theory is scale invariant. That is

L(z)d"z = L(tx)d"(tz) .
R"L R7l

When the Lagrangian is regularized, and written in terms of a regularization parameter, z, it is no longer
scale invariant. This implies that the counterterms of the associated theory depend on the scale of the
Lagrangian, which violates the physical principle of locality. In order to preserve scale invariance, introduce
a regularization mass, which is a function of the regularization parameter and scale factor, to the regu-
larized Lagrangian. The role of the regularization mass is to cancel out any scaling effects introduced by
regularization.

In dimensional regularization, the renormalization mass parameter, as a function of the regularization
parameter is of the form p*. The Lagrangian becomes

1
/ 5 [(do)* = p*m?¢®) + pge” | d*Fa
where m and ¢ are also functions of the regularization parameter z. The coupling constant transforms as

g gu,

where p is called the renormalization mass. For a thorough treatment of how this is carried out, see [37] Ch.
9.

In the language of renormalization, the original Lagrangian is called the bare Lagrangian, written

1
Lp= §(|d¢B|2 —m3oB) + gpdh

where the subscript B indicates the bare, or unrenormalized, quantities. One can write the Lagrangian after
the renormalization process as the sum

Lp=~Lcx~+Lyp
where L. corresponds to the part containing the counterterms and Ly, the finite parts. These two parts

of the renormalized Lagrangian lead to counterterm and finite parts of the Feynman integrals. Following
physics conventions, I write the bare quantities in terms of renormalized quantities:

¢B =V 1+A(gB7Z)¢T; mp :mT(1+B(gBaz)); 9B :grlufiz (1+C(graﬂaz))

where lim,_,g A, B, C' = oo. For more details on this process see [37], Section 9.4 and [40], chapters 21 and 10.
For ease of notation, write Z, = 1+ A, Z,,, = (14+ B(yB, 2))*Z4(9B, 2), and Z, = (1+C (g, t, Z))Zz/2(95, z).
Then the bare Lagrangian can be written

Lo = 5(Zolom Mol —m3Zunlon, 2)6%) + 0,2 (g5, 2)0"
= (o — m26?) + g,0°
5 (Zo = VIO — (Z — 1)mi6?) + (297~ 1)gr6?

The second line is called the renormalized Lagrangian, consisting of finite quantities L¢,, and last line is the
counterterm Lcr. The terms Z4, Z, and Z,, appear in a Feynman integral with different weights. For a
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1PI graph, z, the weights they get under rescaling are determined by the weight of the corresponding = € H.
Under scaling, this is written u¥ (z).

Notice that every term in the bare Lagrangian depends on gp, and thus on p. All the renormalization
constants are determined by knowing p. The rest of this section analyzes the renormalization mass p,
and the dependence of g on it, given by the §-function, introduced below. This fact is used to define the
renormalization group. For a more detailed overview of the renormalization group see [14].

5.1 An overview of the physical renormalization group

The renormalization group describes how the dynamics of a system depends on the scale at which it is
probed. Working in units where A = ¢ = 1, the quantities of mass, momentum, energy and frequency
(or inverse length) have the same units. Therefore, the introduction of the renormalization mass into the
Lagrangian has the same effect as changing the energy scale on the Lagrangian. One would expect that
probing at higher energy levels, and thus smaller length scales, reveals more details about a system than at
lower energies. For a theory to be renormalizable, one must be able to average over the extra parameters at
the higher energy, A\, and rewrite the extra information in terms of a finite number of parameters at a lower
energy, u. The Lagrangian at the energy scale u obtained by this averaging is called the effective Lagrangian
at pu, (L, ). For a specified set of fields and interactions the effective Lagrangian at a u is a Lagrangian with
coefficients which depend on the scale, u.

Formally, let M ~ R, be a non-canonical energy space with no preferred element. Fix a set of fields and
interactions. Call S the set of effective Lagrangians (for this set of fields and interactions) in the energy space,
M. One can always find the effective Lagrangian at a lower energy scale, (£, ) if the effective Lagrangian
at a higher energy scale, (£, A) is known, by averaging over the extra parameters. That is, for A, u € M such
that A > p, there is a map

Ry,: S§—=5 (15)

so that the effective Lagrangian at p is written Ry ,L for £ € S. The map in (15) can be written as an
action of (0,1] on S x M:

(0,1] x (S x M) Sx M

Fo (L)) (Ranlath). (16)

The map R) , satisfies the properties
LBy ulByp = By -
2. Rya=1.
Definition 22. The set {R, ,} forms a semi-group called the renormalization group in the physics literature.

The renormalization group equations can be derived from differentiating the action in (16) as

%(RA,D\EB) =0.
This differential equation gives rise to a system of differential equation which describe the ¢ dependence of
the bare parameters, mp, gp and ¢p, in Ry +»LpB.

Recall that all the parameters in L depend on the bare couping constant gg. Therefore, by solving for
gB, one can solve all the renormalization group equations. The (-function describes the t dependence of gg.
After identifying this dependence the ¢ dependence of all the other parameters in the renormalization group
equations can be written as function of 5. To find the S-function, define a flow on the renormalization group
as in (16)

n—tu .
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Then gp becomes a function of ¢ and the G-function can be written as

dgB

B(9B) = tﬁ

with the initial condition gg(1) = gp. The [-function is a generator of the renormalization group flow.

Remark 15. The counterterm of the Lagrangian of ¢® theory under dimensional regularization does not
depend on the energy scale:

0
&(R}Htkﬁct) = O . (17)

This turns out to be a key criterion for defining the S-function in the Connes-Marcolli renormalization
bundle.

This development of the renormalization group and renormalization group equations follows [14]. For
details on the renormalization group equations for a ¢* theory, QED and Yang-Mills theory, see [40] chapter
21 or [37] Chapter 9.

Example 8. The (-functions are calculated in terms of a power series in the coupling constant. The
following are the one loop approximations of the g-functions for various theories. [40] [42]

1. For the scalar ¢* theory in 4 space-time dimensions,

392
ﬂ(g) - 167’(’2 :
2. For QED, the p-function has the form
8le) = o5 + O(e")
AR TR

where e is the dimensionless electric charge.

3. For QCD, the §-function has the form

1

Blg) =

where Ny is the number of fermions.

4. For a general Yang-Mills theory with symmetry group G, the S-function has the form

11¢°
22

Blg) =

where Cs is the quadratic Casimir operator.

Connes and Marcolli show that for a scalar theory under dimensional regularization, the -function can
be written as an element of the Lie algebra associated to the Hopf algebra associated to the theory. The
[B-functions above result from evaluating the corresponding Connes-Marcolli S-function on the sum of the
one loop diagrams of the theory. This is discussed in section 5.5

The Connes-Marcolli 5-function requires a more general construction of the renormalization group and
effective Lagrangians. In the renormalization bundle, M ~ C* and allows a C* action on S x M. This gen-
eralized renormalization group is actually a group. For a general regularization scheme, the renormalization
group flow is given by

to (EB, )\) = (R)\,)\(t)ﬁBa )\(t))

with ¢ € C*. For dimensional regularization, this flow is given by A\(¢) = t\ as above. This is defined in
more detail in the next section.
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Remark 16. The renormalization group is represented by an action of C* on B, the C* principal bundle
over A. The renormalization flow is represented by the C* action on the sections of the K* — A* bundle.
For more information see sections 5.2 and 5.5.

e The action in (16) is defined by the ratio of the Lagrangian at the smaller energy scale, u, to the
original energy scale, A, where t = £. Geometrically, I represent the regularized Lagrangian at the
energy scale A by the section v(z) and the regularized Lagrangian at energy scale u by 7:=(z). Then
the quantity

(RaaLp, tA) = hy= =y 1(2) %~ .

e In order to calculate the G-function, I am interested in the original Lagrangian, i.e. at z = 0. Therefore,
I take the limit of the quantity above

Fy(v) = lim hy=(v1(2)) .

z—0
Note that the right-hand side still depends nontrivially on .

e The fg-function is defined on sections of the form ~;- as

_ dFt(’YT)

BT = —

|t=1 .

e The physical section v, has the additional property that

d

aﬁzf(z) =0.

The evaluation of the counterterm on a 1PI graph = does not depend on the mass scale. The set of
sections that share this property are called local sections.

The following sections detail the implementation of the renormalization mass term, introduce the set of
the physically significant algebra homomorphisms, and the renormalization group in the context of the Hopf
algebra. I also define and describe properties of the physical sections.

5.2 Renormalization mass parameter

The sections of the bundle K — A can be adjusted to incorporate the action of the renormalization mass
parameter in the Lagrangian. The renormalization group C*, which is parametrized by the renormalization
mass, acts on the bundle X' — A. This forms a new bundle P ~ K x C* — B ~ A x C*. The group of
sections of this bundle is given by the semidirect product of G(A) with C* over the C* action, G(A) xp C*.
This section develops this new group.

Remark 17. T use the notation ¢(s) := e®, with s € C. In fact, for many purposes it is useful to parameterize
C* by the exponential map

exp : C — C*
s = ts)=¢€".
This is the notation in much of the literature. When the parameter s is not important, I shorten the notation
to ¢.

Before studying the action of C* on G(A), one first needs to study the filtration on H". This will allow
the introduction of the semi-direct product structure.
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5.2.1 The grading operator

The filtration on the Hopf algebra induces a derivation and a one-parameter group of automorphisms on
both H and H".

Proposition 5.1. 1. The operator,
Y. Gr,H — Gr,H

x — nr=lz|r
is a grading preserving derivation.
2. Ezponentiating Y yields a one parameter group of grading preserving multiplicative automorphisms
O, (x) =¥z = e™(x) (18)
forx € Grp,’H with s € C .

Proof. [25] Obviously, the operation Y is grading preserving. If x € Gr,, then so is nxz. To see that Y is a
derivation, for x € Gr, and y € Gry,,

Y(zy) = (m+n)zy =Y(2)y +2Y(y) .

Similarly, if © € Gy, then so is 05(x) = e™zx for s € C. Thus 6, is grading preserving. To see that it is
a multiplicative automorphism, for € Gr, and y € Gry,,

0s(zy) = es(m+n)xy = 0s(2)05(y) -
O

Definition 23. Both of these operators can be defined on g(.A) as a derivation and one parameter group of
automorphisms by Y (f)(z) = f oY (z) and 6,(f)(x) = f 0 05(x) with f € L(H, A), and x € H.

Lemma 5.2. For x € kere,
Y Hz) = / 0_s(x)ds
0
where the integral is taken along the real azis.

Proof. [7] Since H is positively graded,
oo oo
/ 0_s(x)ds = / e Vo (x)ds = =Y e Vi (2) | =Y (a) .
0 0

O

Since 0_;(x) is a holomorphic function in s, by the Cauchy Integral Theorem, the integral can be taken
along any other path in C with the same endpoints. Let p : R>¢o — C be a path in C such that p(0) =0
and lim,_,o p(s) = co. Then I can write

Y=1(z) = /OOO 0 (2)ds = /pH_S(x)ds

where the integral on the left is taken over the real line while the integral on the right is taken over the path
p. This extends to a definition of Y ~! for 4 € g(A), by remark 8:

Y1 (y1 (2)) = / 0_.(v'(2))ds . (19)
p

This is well defined because g(A) C 1}, (A).
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5.2.2 Geometric implementation of the renormalization group

Now I have developed the tools to build the bundle that geometrically captures the action of the renormal-
ization group.

Definition 24. 1. A is a disk centered at the origin. As previously introduced, this is the infinitesimal
disk of a single complex regularization parameter centered at the origin. The parameter z € A.

2. K is a trivializable G bundle over A.

3. B is a C* principal bundle over A. The space B consists of the dimensional parameter, z, and the
mass parameter, ¢, representing a single renormalization mass parameter. Let o4(z) = (z,t*) be a
section of this bundle.

4. The bundle P — B comes from a product of C* with the bundle K. Its sections are of the form (v, t),
where 7 is a section of K — A. The result of a C* action on ~, written v; = t¥~ is a section of P,
written (¥, 1). Recall that Y is the grading operator on H.

5. Let V C B be the fiber over 0 € A in B and W C K be the fiber over 0 € A in K. Then B* = B\ 'V,
P*=P\(VxG), K*=K\W and A* = A\ 0.

Notice P* is a trivializable bundle over B* (and likewise A*). B* is a trivializable bundle over A*.

The C* component in B plays the role of the renormalization group introduced in section 5.1. Notice
that C* is the affine group scheme associated to the Hopf algebra C[t,t~!] with the co-product A(t) =t @.
Thus the C* action on H given by 6

C*xH — H
(t,x) — t'x

has the associated affine group scheme G = G %y C*. On the level of group schemes, this corresponds to
the group homomorphism

p: G — C

with kernel G.
The 6, operator on H can be extended to G(A) by

071 (@) = "y (2) = 4 (t(s) @)

with 2 € H. This action defines an affine group scheme G(A) = G(A) xg C*. The natural homomorphism
G(A) — C* with kernel G(A) corresponds to an automorphism

C* — Aut(G(A))
t — tY7(2).

Bundle Note 5. The group G(A) corresponds to the group of sections of the P* — B* bundle.

The structure of the group G(A) is as follows:
Definition 25. Let

The C* action on G(A) is given by

(71(2),1) = 4T ()% (20)

where Zj is a generator of the Lie algebra of C*.
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Remark 18. Notice the similarity between the action in (20) and the action in (16). For 7., a section of
K* — A*, corresponds to the regularized Feynman rules for a Lagrangian L. The sections of P* — B* |
(ve,t) € G (A) correspond to the regularized Feynman rules of an effective Lagrangian written as a function
of the scaling parameter.

This defines a new Lie algebra on G(A) .
Definition 26. Define
8(A) = Lie(G(A)) = g(A) & CZ,.
with a Z; satisfying
[Zo, 2] = Y (x)
for x € H and
tho =+¢
for t € C*.

Lemma 5.3. For s € C, the operator Zy is related to 05 by the formula

L (sY)* (7 (2
GSZO’YT(Z)e_SZO — Z( Y) (’7 ( )) — 95(’}/[(2)) )

n!
0

Proof. The first equality comes directly from the Baker-Hausdorff formula

eABe 4 = i %

for A, B elements of a non-commutative algebra where By = B, B,, = [A, B,_1].
The middle term is simply the operator e*¥ 4T, so the second equality is definitional. O

The action of C* in é(A) is really an action of C that factors through C*. The lifted action is given
below.
Lemma 5.3 gives

fs: C* — Aut (G(A))
t(s) = t(s)%r(2)t(s)" 7.

The product on this group is defined by
(v, 1)+ (7 1(5") = (V% 07T 1(s)1(s")) -
The inverse is given by
(W t(s) 7 = (0-r ™ t(—s)) (21)

since

(P, 1(5)) % (071 t(=9)) = (410:(6- )71, 1) = (£,1)

and
(O A" t(=s) * (71, 8(s) = (0- /™10 AT, 1) = (0 (7 x21), 1) = (5,1) .

Elements of the form t¥y € G(A) are written as (t¥v,1) € G(A).
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Remark 19. The sections of the bundle P — B are equivariant under the action of C'*.

Recall from Section 5.1 that the renormalization mass term varies with the complex regularization pa-
rameter as u®. Generally speaking, a regularization process defines how a mass parameter depends on the
regularization parameters. Geometrically, this is written as a pullback of over the section of the B — A
bundle. Specifically, for the Lagrangian in this paper, the action of the renormalization group on sections
vc,s are pulled back over sections of the form

op : A — B

with p(s) = e® for s € C.

Bundle Note 6. Pulling back over o0, is the same as fixing the scale of the effective Lagrangian given in
section 5.1 to p.

Remark 20. The regularization schemes in this paper are dimensional regularization and {-function regu-
larization. The regularized Lagrangian for both of these schemes is the one presented in Section 5.1. For
different regularization schemes, one can generalize to any section o of B — A. This is done in Section 6.

At this scale, the section, yzp- on the P* — A* bundle defined
op(t e ) =" e,y - (22)

By abuse of notation, I pullback by sections o4, and write the corresponding sections of the P* — A*
bundle ;-.

Fixing the renormalization scale by pulling back over oy gives a bijection from G(A) to G(A).
Lemma 5.4. For each ~, there is a bijection
hi= + G(A) — G(A)
V(@) = TR x ()

Proof. [11] To see that hy- is a bijection, notice that hs-(77) € G(A) can be defined recursively for z € Gr,,, H
in the m*™ graded component of H using the definition of the x product

" (2)(2) = 71(2) (@) he= (1 (2)) (1) + 4T (2) (D he= (v )+ D@ @) (7 () (") -
(@)

Recalling that v7(2)(1) = h¢=(2)(1) = 1, this simplifies to the recursive expression

he=(71(2)) (@) = 71 (2) () — 171 (2 +Zv 2" )he= (71 (2)) (")

and hy-(y7(z)) can be defined recursively over m given v'(z) and vice-versa. O

Corrollary 5.5. The map hy= corresponds to an injection from sections of K* — A* to sections on P* —
A*. This is a one family parameter in the bundle P* — A*.

Bundle Note 7. The quantity hs-(77(2)) is a one parameter family in G(A) that describes how a section
of K* — A* changes under an action of the renormalization group. It is the ratio of the section under the
renormalization group to the section prior to the action. Viewed as a section of P* — A* it describes the
effect of the renormalization group on the regularized theory at a fixed scale.

38



5.3 Local counterterms

Regularized QFTs that have counterterms invariant under scaling,

d

%(’Vﬁ tz)f = 07

are said to have local counterterms. These play an important role in the physics literature. Similarly, they
have a pivotal role in the renormalization bundle. Connes and Marcolli [8] and Manchon [25] show that these
are the only sections for which the S-function is defined, see section 5.5. This section examines the subset
of G(A) whose counterterms do not depend on the mass scale.

Definition 27. Let G®*(A) C G(A) be the subset of G(A) respecting the physical condition (17) that the
counterterms of 7~ (v}-)_(z), do not depend on the the mass scale. More precisely,

@A) = (7" € GA)| S 6k)- =0}

That is, for v € G*(A), (1)~ =11

For this to be truly physical, the mass parameter would be t € R, and the counterterm of the graph
x € H given by (7))_(2)(z) would be independent of the real renormalization mass term ¢.

Remark 21. The sections corresponding to the unrenormalized, renormalized and counterterm part of a
regularized Lagrangian, 'yz, 'yz 4 and 727 from Remark 13 are elements of G®(A).

I can now define the collection of algebra homomorphisms corresponding to the physically meaningful
evaluations on the counterterms and finite parts of a section.

Definition 28. 1. Define G®(A) C G?(A) as the subset consisting solely of the pole parts of the Birkhoff
decomposition of a vI € G(A). That is,

G2(A) = {71(2) € G*(A)| 371 (2) € G*(A) st 7T (2) =771}

2. Define G (A) = G4(A) C G*(A) as the set consisting solely of the holomorphic parts of the Birkhoff
decomposition of a v € G(A). That is,

GL(A) = {71(2) € G*(A)] st AL =e}.

Remark 22. A point of clarification on Birkhoff Decomposition and counterterms: Birkhoff decomposition
is preserved by the action of the renormalization group C*. For any v/ € G(A), with v = 'er_*f1 *’yi,

W= T @) (L) = DT @)« (D) -

The first equality is given by automorphism, and not by Birkhoff decomposition. The second equality is the
Birkhoff decomposition. Because the action of ¥ does not have a z dependence, it cannot effect the pole
structure of 'yi. By uniqueness of the Birkhoff decomposition,

@) =7 5 (LE) =% (2)

However, Birkhoff decomposition is not preserved under pullbacks over o;. For 'y;rz € G(A),
(I # ()71 (z) and (PL(2)es # ()17 (2) -
Explicit calculation shows that (v/*7!(z));- is not in G(A_). See section 5.6 for details.

For clarity, Table 1 lists the various subsets of and groups related to G(.A).
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G Spec H.

G(A) The A valued points of G, corresponding to loops from A* to G .

G(A) G(A) xg C*. The affine group scheme corresponding to the actions of the renormalization mass
on G(A).

G*(A) | {1t e G(A)|%(7L)_ = 0}, corresponding to sections with invariant counterterms.

G?(A) | Counterterms of elements of G®(A).

G%(A) | Renormalized parts of elements of G*(A).

Table 1: Important groups involving G

5.4 Maps between G(A) and g(A)

This section first establishes the bijection between the Lie algebra g(.A) and the Lie Group G(A). Then it
develops some related tools that will help in understanding the renormalization group, its flow, and generator.
Finally it defines and examines (3, the beta function.

5.4.1 The R bijection

Manchon [25] defines a bijection from the Lie group G(.A) to the Lie algebra g(.A) using the grading operator
Y.

Theorem 5.6. For v € G(A), one can rewrite

Yoy =4txy (23)
with ¥ € g(A). This defines a bijective correspondence
R: G(A) a(A)

_
s =AY ()

Proof. This is a different proof from the one given in [25].
Let ¢(z) and () be two elements in £(H, A, *). The map R(¢) = 1 is defined as

$(Y (2)) = ¢ x R(¢)(x) (24)

for any = € H.
To show that

R: G(A) — g(A)
consider ¢(z) € G(A). Then ¢(zy) = ¢(x)p(y) for x, y € H, and
R(¢(2))(x) = 9(2) = ¢" 1 % Y ((2)) - (25)

Notice that R(¢)(1) = 0. For an indecomposable element z € H*", equation (25) gives

d(x) = ne(x) + Y " (@)Y (¢)(z")
()

and equation (24) gives

ne(z)(x) = ¥(x) + Y dla)(a") . (26)
(@)
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For two indecomposable elements x € Gr;H and y € Gr,, H, and ¢(z) € G(A), equation (25) can be rewritten

w(Z)(wy):(¢*’1®Y(¢))(A(w)A( ) = (14 m)d(2)ly) +me* (2)o(y) + 16" (y)d(x) +
X (0 ()9 1( Y (9)(a") + ¢ H @)Y (9)(2")d(y) + ¢ Ha) b2 )me(y))
+ X (@ @) T W)Y (D)) + )Y (9)(y") ¢ ( )+ y)e (”)lcb( )+

(y (v

¢ (27)
Y @ @8 W)Y (@)a")o") + 6a")Y (9(y")

The first line of (27) simplifies to

Y (g(x))(y) + o(2)Y ((y)) + ¢* ()Y (6(y)) + " (y)Y (6(2)) -
Using equation (26) and rewriting ¢ as
0" xo(2) = £(2) = "7 (@) + 6l2) + D 0" (@)o ()
()
the second line of (27) simplifies to
(@1 () + 6() (W (2) = Y($(2)) + (e(z) — " (@) — ¢(2)Y (6(y)) -

Likewise, the third line becomes

(@1 (@) + o(2))(¥(y) = Y (o)) + (e(y) — ¢ (1) — 6())Y (6(2)) ,

and the fourth becomes
(W(x) = Y(o(2))(ely) — " (y) — ¢(y)) + (W(y) = Y (8(y)(e — " (z) — ¢()) -
Putting these four together and simplifying gives
Y(ay) = Y(@)e(y) + v (y)e() .
That is, ¢ is an infinitesimal generator of £(H, .A), and therefore in g(A), and
R: GA) — g(A).

To check that this map is surjective, for any (z) € g(.A), once can iteratively define R~(1) by equation
(23) with z € Gr,H. Let R~(1) = b, and ¢(1) =0

nR7N () (z) = bip(x) + Y RH(W) (2 )i(a") .
(z)

Therefore, given b, one can uniquely calculate R~%)(x) given t(z) by recursion on n. To check that
R71(y) € G(A), apply equation 25 to the product xy where x € Gr;H and y € Gry,, H are two indecomposable
elements. Let ¢ € {R™(¢)}.
Y(o(zy) = (o w)(Ax)(Ay)
= P(@)¥(y) + oly @)Y o)) + o) > o)
(v) (@)

since ¢ (xy) = 0 if I, m > 0. This simplifies to

Y(o(xy) = o@)(@y)+ D o )y") + o) (W) + ) da)b(z"))
) (@)

= 9(@)Y(¢(y)) + (Y)Y (¢(z)) = Y(d(2)d(y)) -
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That is, R~ (1) (zy) = é(zy) = ¢(x)¢(y). Furthermore, if y = 1, equation (25) becomes

k<
—~
<
—~
8
<
~—
|
i-<
—
-
—~
8
~—
~—
Il

P()e(x) + o(y) Y da)w(z") = ¢(1)Y (¢(x)) -
(2)

Therefore, there is a unique b = R7'(1) and the map R is a bijection. Since R~1(1) = 1 and R~ (¢)(zy) =
R™Hy)(@) R () (y), R () € G(A). 0

Since R is a bijective correspondence, define an inverse map

R™': g(A) — G(A)
as follows. Notice that for 47 € G(A) such that 4 = R=1(¢), (23) can be rewritten

R () =~ (z) = { Y (Y % 9))(2), € kere;

T, z e C.

where Y ! is as defined in Remark (19).
The rest of this section is an exposition on Araki’s expansional notation, as given by [25] [7].

Proposition 5.7. [25] Let 1 € g(A) and v' € G(A). Then one can write

V=R (W) =+ YR (Y) x ) (28)
where ¢ is accounts for the fact that T (1) =1 for vt = R71(4).
This expression can be rewritten using the following definition.
Definition 29. [7] Recursively define a set of functions
{di}: a(A) — H,
as follows:

Y(di()) = « (29)
dn_l*Ol (30)

~
—
IS
3
—
Q
I

for a € g(A).

Since Y ! is defined on g(A), these functions can be rewritten according to equation (19) as

=~
B
I
~
L
e
I

/ 6_(a)ds (31)
doii(a) =Y Yd,xa) = /G_Sn(.../(9_51(a)d51)*...a)d5n (32)

n P1
where p;(0) = 0 and lims_. p;(s) = 0o, and a € g(A).

Remark 23. Since the function 6, («) is holomorphic in s; € C, by Cauchy’s integral formula, the functions
d;(a) do not depend on the paths {p1,...,p;}. For ease of calculation, and to maintain consistency with
Araki who works over the real numbers, the following calculations will be done over the positive real axis,
R~ Cc C.

The proposition above becomes:
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Proposition 5.8. [25] Given a v € G(A), there exists a unique 1 € g(A) such that

R () =9'(2) =+ Y du(¥) .
1

To prove this proposition, one only needs to check that the sum is well defined.

Lemma 5.9. The sum Y.;° d,(«) is well defined.

Proof. Since o € g(A), it is in Hz/l) Therefore, d,(a) € Hz/l). The assertion follows from local finiteness of
HY. O

Proof. Expanding (28) gives, for ¥(z) € g(A) and vf(z) € G(A),

W) =R (W) =e+ D> Y .. Y (4(2)...).
But
Y7 Y TN (Y(2) ) = du(9(2)))
times

from equation (32), so this is can be rewritten

() =+ dn(¥(2))

proving Proposition 5.8. O
Proposition 5.10. [25] One can write

R1 — At = lim e TZ0er(Zo+¥(2)

R (9(2)) =" = lim e7"e

with r € RZO.

Proof. For a € g(A), rewrite equation (32) using Lemma 5.3 and Araki summation notation [1] by integrating
along the non-negative real axis, as specified in remark (23),

o0
dnp(a) = / *?:167(2? )20 e X5 )20 qpy L dry,
0

= / e~ (%00 oM 0 % xe™m e ™ dry .. . dry, .
0
Since 0 < r; < 0o, rewrite this as
= lim e (21T %00 w1 %00 % .. x e tae™dry...dr, .
ESa) DU LS
n .
Let ro =7 — >_7 7. Then rewrite

dp(a) = lim e~"%0 / %00 K e ae™dry ... dry, .
>

—
rT—00 :L=1 Tif""

Then, using the formula from [1], that given A, B in a unital Banach algebra,

(oo}
er(A+B) _ 1—|—Z/ e BAx . e 1B A Bdr . ds,
n=1 >

r o Ti=r,17:>0

and Proposition 5.8 gives the desired identity. O
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Connes and Marcolli [7] define an object called the time ordered expansional based on these calculations.

Definition 30. Let a(r) be a smooth g(A) valued function, for r € Rx( and some C algebra A. Define

o0

Tels adr :5+Z/ a(ry) - a(ry)dry ... dry, .
T Jo<r<..<r.<b

This definition can be generalized to integrals over general paths p € C by writing the above integrals as
path integrals.

Definition 31. Let a(s) be a smooth g(A) valued function, for s € C and some C algebra A. Let p be a
curve in C parameterized by r € R>(. Define

rebot =3[ el )] o) (i .,
with p(0) = a and p(r) = b.

In defining R™!, recall that 6, (v) is holomorphic in s. Therefore R~ can be defined over any curve in

C.

Theorem 5.11. Let p be a curve in C, parameterized by r € R>q such that p(0) = 0 and lim, . p(r) = c.
Then

R ((2)) = 71(2) = Tedy 0= oDds

Proof. Let a(s) = 0_4(¢). The result follows from Equation (32) and Proposition 5.8. O

Remark 24. The map Telo O-s(a)ds where p(0) = 0 and lim, . p(r) = oo, is the exponential map from the
Lie algebra g(A) to the Lie group G(A). R is just the inverse of this map. Specifically, for 47 € G(A),

At = Telp 0s(BOMds

@dt can be found in [7] and [1].

The following properties of Teld
Theorem 5.12. 1. For any curve p in C such p(0) = a and p(1) = b, Te Jpads ¢ G(A).

2. One has
Teld @dt — 1

If n is another curve in C such that n(0) = b and n(1) = ¢
Te fp ads *Te fn ads —Te fp-n ads
where p - n indicates the curve formed by first following p and then .

3. Define g(b) =Te Joods " Then g(b) € G(C) is the unique solution at t = b to the differential equation
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4. Let Q C C? and for s,t € C2, let
w(s,t) = a(s,t)ds + B(s, t)dt
be a g(C) valued flat connection. That is
O — 9,0 = [, B] .

Let p be a path in Q with p(0) = a and p(1) = b. Then Telo P"“dt depends only on the homotopy type
of the path p.

Proof. [7] proves these facts for p(t) = t. The rest follows from remark (23). O

By its connection to the time ordered expansional, the map R has important properties when restricted
to the physically significant sections G®(.A). This is the subject of the next section.
5.4.2 The geometry of G®(A)
Since the sections in G®(A) satisfy the condition

d i
—~L =0
dr 't ’

they are the also the sections that define a g-function of the form found in physical theories. Since the
[-function of a theory lies in the Lie algebra g(C), I first examine the image of G*(A) in g(A). This section
follows the arguments in [11].

Theorem 5.13. The following restrictions of the map R hold:
1. zR restricts to a bijective correspondence

zR: G*(A) — g(A)NLH,AL) .

2. zR further restricts to a bijective correspondence

2R: G*(A) — g:=g(C).

Proof. See [11]. O

That is, the map zR identifies the physically interesting evaluations, G?®(A), with the the sub-Lie algebra
that maps to holomorphic functions. The evaluations of the counterterms are identified with the sub-Lie
algebra that maps to constants.

To understand this structure, notice the following relations about h;= and R from [11]:
Theorem 5.14. 1. For any 7' (2) € G(A),

d

priis ((2) li=1= 2R(Y(2)) - (33)

2. The restriction of hy- to G®(A) maps to G(A,).

hee : GP(A) — G(AL)
Yz = TR ()4 (2) -
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Proof. These calculations are also shown in [11]:

th

1. Since %Tz = 'y;r , differentiating gives

d .

aﬂz (D)1 = 2(3" 0 Y)(2) = 29" (2) * R(Y(2)) -

The definition of h;= comes from (23)

Y- (2) = 71 (2) % he= (Y1) (2) -

Differentiating both sides,

S (i =21 (2) % e () e
L hye(\1)(2) ler= R0y (2)
i =Y t=1= 2h\y (%)) .

2. Birkhoff decomposition gives

Y (2) = ()TN R * ()4 (2)

Since y1(z) € G®, (7).)- =~ . Therefore
Wez) = NTHE) * ()4 (2)

= A1) * (N * (1) () -

Since
Y (2) = 91 (2) * he= (41(2)) = 21 (2) * (7)1 (=) % ()4 (2)
one has
he=(71)(2) = G (2) % (9 )+ (2) -

Both terms on the right hand side are in G(A)+, so (h¢=7)(2) € G(A) 4.

O

The second statement of this theorem is not surprising, given the definition of G®(A). It states that if
a the counterterm of a section does not depend on the renormalization mass parameter (i.e. %(%z), =0),
then the action of the renormalization group is defined at z = 0.

Remark 25. The first statement of this theorem says that for a regularized theory ~., 2R measures the
dependence of the unscaled renormalized theory on scaling.
5.5 Renormalization group flow and the (-function

Physically, the (-function is defined as the derivative of the renormalization group flow at the original
Lagrangian (when z = 0). Geometrically, the flow is related to hs=(7y) at a specified scale, t. Following
Connes and Kreimer in [6], define Fy as the limit of hs= at z = 0.

Definition 32. Define an operator F; as the limit of the operator hy= on sections of the P* — A* bundle

Fy(y) = lim he-(71) = lim 5171 (2) % 2] (2) -
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The operator h;= defined the ratio of the section 7 acted upon by t*¥ with itself for a general z. That
ratio, for the unregularized theory z = 0, is given by F;. These limits are not well defined on all of G(.A).

Remark 26. Restricted to G®(A), Theorem (5.14) says that
hi= : GP(A) — G(Ay) C G*(A) .
Therefore,
Fi: G*(A) — G(C).
Theorem 5.15. For a fized v7 € G®(A), the operator F; defines a one parameter subgroup on G(C)
Fu(y) x Fe(y") = Fue(01) .

Proof. This proof expands the argument in [11]. Since the limits are defined on G®(A), I rewrite the
statement of the theorem as

lim by (41) 5 e (7)) = 1 heuy= (7).
Notice that
w () = Al - (34)
Since
Yury- =V *hn=(0) 5 () = (7w e (7))
applying equation (23) to equation (34) gives
hury= (1) = huz (47) % (he= (37)u- -

By Theorem 5.14, this can be rewritten

heuty(YT) = A % () % (T s () )

When taking the limit on both sides as z — 0, notice that lim,_ ¢ tzyvjr(z) = 'yl (0) is not a function of ¢,

but that lim,_o(7,-)4(2) is a polynomial in ¢. See section 5.6 for an explicit form of (y;-)4 (z). Therefore,
taking the limit of equation (35) gives

Fu(y") = Fu(Y") * F(77)

defining a one parameter subgroup of G(C). O

Definition 33. The renormalization group flow generator, or the S-function, is defined on the group G(A)
d
as 3= ﬁFt|t:1~

Lemma 5.16. [11] For ~t(z) € G*(A), B(y') € g.

Proof. By local finiteness, h-(y!)(x) is a convergent series for any = € H. Therefore, one can switch limits
and write

d
CICUES ili% %\t=1htz (v") . (35)

By equation (33), % |;—1hs-(7') € g(A4). Therefore Byl e O
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Corrollary 5.17. Let V C B be the fiber over 0 € A. Then the 3 is a vector field on the subset V x G® of
the fiber V. x G over 0 in the P — A bundle.

Proof. For a fixed vf, hi-(v1(2)) is a one parameter family in G®(A). Holding z constant shows that
he-(v1(2)) is a one parameter family in the fibers of P* — B* over a fixed z. Equation (35) shows that for
v e GP(A), B(yT) is the derivative of a one parameter family in G(A) and thus defines a vector field on
V xG. O

Remark 27. In [7], [8], or [11], 3 is defined as an element in g for a given element ' € G®(A), instead of as
a vector field. This is just the pullback of the vector field over a fixed section ;.

Bundle Note 8. Physically, the g-function defines the adjustments of the terms of the regularized La-
grangian so that it remains scale invariant. The form of the (-function depends on how the regularization
scheme affects scaling of the Lagrangian. Geometrically, it is a quantity that is defined on the sections of
P— A.

Remark 28. From equation (12) an element o € g has the property that for two elements, x, y € H,
a(ry) = e(@)a(y) + a(z)e(y)

and a(z) € C. This means that 3(y")(z) € C. The contribution of z, a generator of H, to the 3-function for
a theory £, whose renormalization mass scale depends on the regularization mass parameter as t* is given by
B(y!(x)). The one loop expansions of the S-function for various theories given in section 5.1 can be written
as > ey B(71)(z) where the sum is taken over the generators of H'.

The S-function has an useful form on G®(A).

Theorem 5.18. For v € G?(A)

B(1) = Res(y" T oY) = lim 2R(Y" ) .

Here, Res(y(2)) is the residue of the Laurent series 7 (2)(x), for z € H. That is,
e .
V(@) (@) =) ai(2)?!

with a; € H". Therefore Res(y'(2)(z) = a_1(z).

Proof. Before studying the behavior on the entire set G®(A), consider it’s behavior on the counterterms
contained in this set, G®(A). Thus I need the following lemma.

Lemma 5.19. Let 7' € G®(A). Then

he=(71(2)) = (7)+ (2) -

Proof. [11] By definition, one can rewrite

F1(2) =77 2) xe

The uniqueness of the Birkhoff decomposition gives

Theorem 5.14, statement 2 gives

he=(31(2) = 3071 (=) % (Bl) 4 (2)

proving the result. O
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This fact is used to explicitly write an expression for 3(31).

Lemma 5.20. For 37 € G®(A),

BT = Res (3 oY) = 2R(F") .
Furthermore, B(31) € g.

Proof. The proof of this lemma follows the proof given in [11]. By definition, (3) = lim,_o %htz (AN |¢=1.
By the previous lemma, 3(57) = lim,_o %(&Lp(z)h:l. For z € H and I the identity operator, the Birkhoff
decomposition of (3;-)4(z) given in Theorem 4.4 is

(31)+(2)(@) = L=m) | 7= (2)(@) + D (T (@) ER) () ")
(@)

The t derivative is given by

%(’?LM(Z)(%)It:l =([T-m) [ A7)V (@) + Y ")) (@)2(3)(2)Y (") | =nRes (3T oY)
(z)
Notice that this can be rewritten

&) (D@ = U= 1) (511(2)x (3 0 V() @) = (L) (2RONE)@) = 2RON(E) @)

where the last equality comes from Theorem 5.13. O

Now I can return to the proof of the theorem and examine the function 3 on the entire set G®(A). Still
following [11], write

Y-(2) = (@) + (rh(2))e
Writing (7771 (2))= = 77 (2) % he= (7771 (2)), one has
Y (2) =91 (2) * b= (41(2)) = AP (@) b= (T (2)) % (VL (2)ss

hee (V1(2) = 77 @) % b (TN (2) % (4 (2))es

Since 41 (0) = 1, F(~).) = lim,_o he= (71 (2)) = lim, o hs- (77 (2)). Notice that v/*~1 € G2 (A), so

d . d . _ _
/3(7” = it ili% hy= (’Yt)|t=1 = @;%hﬁ (“YT_* 1)|t=1 = AB( T_* 1) .

The rest of the theorem follows from the previous lemma.

B =B = 2R =Res (oY) .

Theorem 5.21. For ' ¢ G*(A), B(v") is not well defined.
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Proof. By definition

d d
ﬁ('VT) i ll_I>Il Pz (7y T)|t:1 = g Au llm ’yT *’7; ,

which Birkhoff decomposes into

Byt = ihmv“ " (yfF

1 * (o)l

Since 47 # (7)2)_, the middle two terms don’t cancel, and B(~1)(z) is a Laurent polynomial in z with poles
at z = 0. The limit, and thus 8(y'), is not defined. O

One can learn something about the structure of the g-function, however, by looking at the effect of the
renormalization group on a regularized section, ;=. Consider %|,_ih- = 2R(v-) € g(A). This is a Laurent
expansion of the S-function. While the limit at z = 0 is not well defined, this Laurent series gives information
about the structure and type of singularity at the origin.

5.6 Explicit calculations

This section computes explicitly some of the statements proven in theorems from previous sections.
Connes and Marcolli show

Theorem 5.22. [7] For 47 € G®(A),
AL Z —Te? 0BG )ds (36)
1

Proof. Recall that v € G2 (A).
Lemma 5.20, gives

M) pah

R fx—1 —
)= p, p;
Theorem 5.11 yields the desired result.
Connes and Kreimer have an explicit proof of this theorem in CK[01]. O

A general term v € G®(A) has the form

S UGN
where [, = ’yi € G?(A) is a regular expression in z.
Corrollary 5.23. Setting —p to be the curve p with opposite orientation,

’Vi — Tezf1 J_,0-s(B(v"))ds _ Te_zil L, 0-5(B(y"))ds ) (37)

Proof. Theorem 5.12 gives
Ter ' J=p 0-sBOMN sz [, 6-2(B0MNds _ 1 _ e S, 0-o(BON)dsype="" f, 0-+(B(r))ds

SO

Te  J=p0-2B0Ns _ (=" J, 0-+(8(1))dsy—1
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Having explicitly written expressions for the elements of G®(A), 'yi, one can study the effect of intro-
ducing the renormalization scale and write down explicit expressions for elements in G®(A).

Consider an element 7. (z) € G®(A_).
Proposition 5.24. [7] Birkhoff decomposition gives
= Te? S, 0-a(BG))ds ozt [, 0-:(B())ds
where p(0) = 0 and p(co0) = oo as before and 1y, (1) is a path in C such that n,.(0) = —uz and n,.(1) =0
forr €[0,1]. Then each part can be rewritten

(Gt = Tt S, 0--(8G T ds

and
(5/;[2)—}- = T6271 fnuz Q*S(B(ﬁT))ds )

fx—1

Proof. Let 31 = ™71, Rewrite ~/. (2) = 0.,.(71(2)) with u € C. Then

”?Zz = Guz(,yi*fl) — euz(/l'vez*1 fp O_S(B(ﬁzz)d(s‘) )
Since 6, is an automorphism on G(A) and (1) = 1 one has
5L = Ter ™ Iy Ousme OGS _ o= oy 0-eBGINs o= [, 0-a(B s | =" [, 0-a (B ds

where 7, - p indicates that the path 7, is followed by the path p. The path 7, is parameterized by r € [0, 1]
and 7, (0) = —uz and 1, (1) = 0. The second equality is from a change of variables, while the third equality
comes from reversing the orientation of the path and statement two of Theorem 5.12.

- <t
It only remains to show that Te®  Jnu= 0= (FGFi)ds ¢ G(A4). It is enough to show that 2~ f_ouz 0_s(B(77))ds
is holomorphic in z. Calculating,

0
[ oGk =~ (1= ) 8L

—uz

which is holomorphic in z. Thus the pole part, v;-, remains invariant under a ¢*¥ action. O
Remark 29. 1 have explicitly calculated some properties that previous sections discuss.

L AL(2) € G2(A).

2. For vt € G*(A), (7/-)_ is independent of t.

3. (ﬂz)Jr is holomorphic in z and depends on ¢.

4. The (-function satisfies the equation of the renormalization group flow generator

1) (0) = B (0))

Next, examine the 7. for a v € G®(A). Connes and Marcolli show:
Corrollary 5.25. Any ). (z) = (7)1 (2) » ()2 )+ (2) can be uniquely written

P s 51 S
Y (2) =T Iz PO g (5] (2))

where S, N
(W) (2) =T oo OB g (4] (2))
and
() = 7o 0o
Proof. This result is shown in [7]. It is derived in the same manner as the previous proposition. O
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6 Equisingular connections

This section follows Connes and Marcolli’s construction of equisingular connections on the renormalization
bundle. I show that there is a trivial C* equivariant connection on the P* — B* bundle that is defined on the
pullbacks over the sections by the map R defined in Section 5.4.1. When restricted to sections v € GP(A), R
defines the equsingular connection of Connes and Marcolli. For other sections, it defines a connection on
P* — B* which is not well defined in the limit lim,_,5. These correspond to connections defined by non-scale
invariant regularization schemes.

Example 9. The dimensionally regularized Feynman rules associated to the scalar ¢3 theory in 6 dimensions
correspond to certain sections of K. Let v, be one such. The orbit of this section under the renormalization
group (i.e. the Feynman rules of the effective Lagrangians under dimensional regularization) is given by
t*¥ 4., where t is the complex renormalization mass parameter. For a fixed tg, the section tZ¥ ~ corresponds
to the regularized Feynman rules for the effective Lagrangian at the energy scale tg.

The connection on P* identified by Connes and Marcolli in [7] corresponds to the pullback of a single
global connection on P* over a section +; corresponding to the Lagrangian in equation (2) under dimesional
regularization.

A connection, w, on a G principal fiber bundle, P* — B*, can be expressed as a g valued one form, Q! (g)
on P*. Equivalently, w assigns to each section, (v, t), of the bundle a g valued one form on B*. These latter
one forms are defined by the pullbacks of w over sections of the bundle. The group of gauge transformations
map between pullbacks.

Definition 34. Let P — B be a G principal bundle with local sections s, : U — Pand s, : V — P,
with U, V' C B open sets, such that s,(b) = g with b € B and g € G. Then there is a transformation map
Guv such that gy, (0)s,(b) = s, (b) for b € V. NU. These maps form the group of gauge transformations.

Since the restricted renormalization bundle P* — B* is trivializable, all sections are global.

Remark 30. Since the sections of P* — B* form a group G (A), the transformation group is the same as the
group of sections G (A). The group of gauge transformations of the bundle P — B, is the group of sections of
that bundle, G(A+). This a subgroup of the gauge transformations on P* — B*. The gauge group é(A+)
has the additional property that it does not affect the type of singularity of the sections at z = 0

Let (v(2),t) be a section of P* — B* and let w be a connection on P. Then the pullbacks of w by
the sections (v,t) are written (v,t)*w € Q(g). The gauge transformation group acts on these pullbacks by
conjugation

(T xg)w=gtdg+ g (f*w)g (38)

with g, f € G(A).
In order to define a connection with such behavior on the pullbacks, first introduce a logarithmic differ-
ential operator on P*.

Definition 35. Let D be a differential operator.
D:G(A) — Q'g)
(). t) = (1)) = (@) xd(v(2).0) -

Recall that v*~! (z, t

Yyt (2 )o S and that (yf,¢)~t = (¢t~ Y~f¢71).
Recalling that v1(zy) = 1

(x)7'(y) with the product the same as that of A, I can check
(

) =

)=

D(y(2)(zy),t) = D(+'(2))(2) (e, )(y) + (e, ) () D(v"(2), )(y) -
Ql

Therefore D(y1,t)(z) € Q'(g), is a g valued one form on B*.
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Lemma 6.1. For f, g € G(A), the differential D(y(2),t) = (y(2),t)*w defines a connection on sections of
P* — B*.

Proof. If D defines a connection, the it must satisfy equation (38). For f, g € G(A),
D(fg)=Dg+g '(Df)g .
Then
D(f~'g) =Dg+g7'D(f g
Since df ' = —ftdf 1,
D(f~'g)=Dg—g ' ffdff g,
or
Dg=D(f"'9)+(fT'9)"'Df(f19),

which satisfies equation (38). Therefore, the differential D(f) can be written in terms of connections, as
ffw. O

Proposition 6.2. [7] The connection w is C* equivariant,

u¥ w(z,t,x) = w(z,ut,u’ z) .

Proof. 1t is sufficient to check that (v(z),¢)*w is C* equivariant for all sections of the form (y(z),t). This is
true since the bundle P* — B* is C* equivariant:

u® (1 (2),t) = (u"y1(2), ut) .
O

Since (v1(2),t) = t%(t=Y~1(2),1), and (t¥~1(2),1) is identified with ~;, it is sufficient to define the
connection of sections of the form

Y y(2), 1) *w =yfw .

Proposition 6.3. Given any section 4, one can directly calculate the corresponding pullback of the connec-
tion w on 1t.

- dt
D(t"1(2)) = " (771 (2) % 041 (2))dz + tY(R(VT)(Z))T :
Proof. One has
dt
d(t"](2) = 7 0.1 (2)dz + 7Y (2) - .
Rewrite this as di
Aty (2)) = 17 (041 (2))dz + 1741 (2) » R(VT(Z))7 :
The logarithmic derivative is given by
DY A (2) = Y A1 (2) o 1Y By (2))dz + tYR(vT)(z)% .
which I rewrite Ut
DAt (z) =t (71 (2) x 941 (2))dz + tY(R(VT)(Z))T :
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Since w € Q1(§), w has the form

dt

t
* dt

(7 )w = a,(z,1)dz + by, (2, 1)? .

(7, t) ' w = ay(z,t)dx + by(z,t)

The terms a., and b, are defined as

Ay, (2,1) = £ (VT*il(Z) * az’YT(Z))

and that
by (z,1) = " (RO (2) (39)
Remark 31. If 1 € G®(A), Theorem 5.18 gives that this means that
Res (by,) = ¥ (B(v))) =" (B(7Y) . (40)

Notice that if v € G®(A), Theorem 5.18 shows that b, has a simple pole.

Theorem 6.4. Let w be a connection on the bundle P* — B* defined on sections of the bundle by the
differential equation vfw = Dv] (z). The connection is defined by R(v") € g(A).

Proof. Defining the bundle by the pullback of its sections, we see that v*w is uniquely defined by ~. The
section «y is uniquely defined by the map R(7T) € g(A). O

Remark 32. Theorem 6.4 is different from the result of Connes and Marcolli in [7] and [8]. They use the

fact that for a flat of the connection, Te Jp«(z0ds 49 qetermined only by the homotopy class of the path, p,
over which the integral is taken, to uniquely define the pullbacks y*w.

Remark 33. Defining the connection on P* — B* by the map R as in Theorem 6.4 loses the geometric
intuition for the connection found in Connes and Marcolli’s definition. However, unlike the Connes-Marcolli
definition, this construction lets me define a connection globally on P* — B*. The Connes-Marcolli equi-
singular connection corresponds to a particular pullback of this global connection. Theorem 6.4 defines a
connection for all regularization schemes represented by the bundle P* — B*.

I now follow Connes and Marcolli’s development of the equisingular connection. The first requirement of
their unique definition of the connection to establish the flatness of w.

Proposition 6.5. The connection w is flat.

Proof. 1t is sufficient to check that all the pullbacks satisfy

[a5,(2,1), 05, (2, )] = 9 (ay, (2, 1)) = 02(by, (2, 1)) - (41)

For any section 7, the left hand side of equation (41) can be written

tY *— *— *— *—
A (2 1), b, (2 1)) = = (W w0 ol T enY (5) =l ¥ (0 af T w00

The right hand side Equation (41) can be written

tY

— (YOI R0+l T ¥ (00]) — (=T w0l Al T v D o T e v 0))))

which simplifies to
ne

— (YOI ol AT R A xR Y (D)
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But this can be rewritten
1 1 1 1 —1 1 1 1 1
Y ) =Y ol ) = Y () 4+l T Y () 2l T A Y (T = T Y () o

Plugging this into the previous equation gives

tr *— _— _— ,—
Oy, (2,1)) = B:(by, (2,1)) = — (= x Y () ] ) #0:r] + 9" w0l x4l T Y (3])

Since w is flat on all sections, it is flat. O

With this definition of this connection on P* — B*, I can now define an equivalence class on these pull-
backs defined by the group of gauge transformations G(.A, ). The sections of the form v*~* x¢ corresponding
to counterterms are left invariant when passing to the quotient defined by this equivalence relation.

Definition 36. Two pullbacks of the connection v;w and v;*w are equivalent if and only if one pullback
can be written in terms of the action of G(Ay) on the other as in definition 34.

Vi'w = Dy +1/J:71 * YW x Py
1%

for 1y € G(A4 )+, the group of sections that are regular in z and ¢. I write this equivalence as y{*w ~ y;w.

Remark 34. Proposition 6.1 shows that two connections v;w and 7,*w are equivalent if and only if they can
be written as
viw=Dyl and 7w = D(yf *¢y)

for some 1y € G(A4).

Proposition 6.6. Two sections are equivalent, viw ~ v;*w, if and only if

71*—1 _ 71/*—1 )

Proof. Birkhoff Decomposition gives

Y (T (2) %7k (2)) = (T (=) %A (2))

Then
() = (71_/*71@) *V-TF,(Z)) x )

The term 'yl(z) * yr_l(z) is regular over B, so y;w ~ v,*w if and only if
-1 -1
T2 =T e)
O

Remark 35. The quotient of the pullbacks of w on the bundle P* — B* by the gauge equivalence is
isomorphic to G(A_). The gauge equivalence on the connection classifies pullbacks by the counterterms of
the corresponding sections.

The connection w on the P* — B* bundle can be pulled back to a connection w* on the P* — A* bundle.
The connection w* can be expressed on its pullbacks as

oW =05 (w) =viw .

I write ~;.w to indicate these pullbacks of the connection on P* — A*.
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Corrollary 6.7. Consider the pullbacks of yfw over the sections oy, yi-w. The gauge equivalence ’y;rz*w ~

%Ll*w in definition 36 is equivalent to

(-(2)- = (L (2))- -
Proof. This is shown by the same calculations as above. O

This condition defines a property on the pullbacks of the connection called equisingularity.
To see this formally, define:

Definition 37. The pullback 7w along on P* — B* is equisingular when pulled back to the bundle
P* — A* if and only if

e w is equivariant under the C* action on the section of P* — B*.

e For every pair of sections o, ¢’ of the B — A bundle, o(0) = ¢/(0), the corresponding pull backs of
the connection w, o*(vfw) and ¢*(yfw) are equivalent under the action of G(A4).

Remark 36. Let v7(z) € G?(A). The set G®(A) is the fixed points of G(A) under the C* action. The
quotient of the set of pullbacks of w on the bundle P* — A* by the gauge equivalence is isomorphic to

G?(A).
Proposition 6.8. The connection w is equisingular along ; if and only if v € G®(A).
Proof. Equisingularity means that for any two sections o and ¢’(z), such that o(0) = ¢’(0),
(0" 7)"w ~ (0" ) w .
This means that
(0™ ve)— = (0" n)- .

In other words, the counterterms do not depend on the renormalization mass. This is exactly the definition
of sections in G®(A). O

Corrollary 6.9. If yiw ~ viw, and vF € G®(A) then so is 't
For sections corresponding to G®(A), Connes and Marcolli prove:

Theorem 6.10. Let ’yjz € G®(A), and ()t = 71*71, Let w be a flat connection on P* — B* defined on the
pullbacks as vjzw = Dy=. These pullbacks are uniquely defined by B(%) up to the equivalence class defined
by G(Ay). That is

*

Viw ~ (Tez‘l /, mswwnds) .

Proof. This is an outline of the proof given by Connes and Marcolli. For details, see [7] and [8].
Notice that

(V(2), t(s)) " w(z, 1(s)) = t(s) 75—y (w(z, 1)) -
For 7 € G?(A), since w is flat, the expression

Tl 0-3) @ (=1))ds _ ], 0_ (51" 1x0.5)dz+0_, 20D g
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depends only on the homotopy class of p.
Connes and Marcolli then show that B* has trivial monodromy, and choose a path so that

~Tx—1 ~1
Tefp 0_o(% *0,5")dz -0.

Therefore,

Te o @ @E1D)ds _ =" [, 0-:8GNds _ .t

Because

DTetp0-sm"(w(z1)ds _ (1) w
this uniquely defines the connection. This shows that for v € G?(A), v):w is uniquely defined by B(y') up
to the equivalence class defined by G(A). O

Remark 37. This proof works for pullbacks along any two sections o*(v;w), and ¢’*(vfw) such that o(0) =
o’(0). Tt is convenient to work with sections of the form o; because the notation has been developed for
these pullbacks and because of their physical significance.

The pullbacks v:w, for 47 € G®(A), are equisingular pullbacks. For a general section of P* — B*, where
the counterterm may depend on the renormalization mass, one can still define, by Theorem 6.4 an element
of g(A) that defines the counterterm of the connection.

Theorem 6.11. Let w be a flat connection on P* — B* defined on the pullbacks as vi:w = Dv=. For
vt e G(A), the pullbacks are unigely defined by R(~)-) up to the equivalence class defined by G(A, ).

7 Renormalization bundle for a curved background QFT

Connes and Marcolli construct the renormalization bundle for a Hopf algebra of Feynman graphs in a QFT
over a flat Minkowski space. Their construction can be extended to create a renormalization bundle for a
QFT on a general manifold M with Riemannian metric tensor g;; and conformal changes of metric. To do
this, certain conventions used for calculating QFTs in flat space need altering for a general background.
Since the general background space will have a Riemannian metric, I need to change from a Lorentzian
metric to a Riemannian one. The process of switching between metrics for the purpose of regularization
is well understood on a flat background. A good reference on the process of translating between the two
metrics is Simon’s book [39]. It shows that a quantum field theory in R™ can be written in terms of an
Fuclidean metric by imbedding Minkowski space into a complex space with an Euclidean metric,

R" — C",

such that time is a purely imaginary dimension, ¢ = ixy, and the spatial dimension are purely real. In this
embedding the Lorentz metric and Euclidean metric give the same results,

ds? = dt* —da? — ... —da?_| = —dap —da? — ... —da?_| =ds3, .

Notice that this is a negative definite metric. This embedding is called Wick rotation, and provides a way
to solve problems in a Lorentzian metric by rewriting them in an Euclidean metric. Wick rotation changes
the Lagrangian density:

L= |d¢|%or - m2 + >‘¢3 — L= 7|d¢‘2Euc - m2 + )‘¢3 )

where the first norm is the in the Lorentzian metric with signature (+ — — — — —) and the second norm is
the Euclidean norm. The Lagrangian in a Euclidean metric is

L :/ H(A —m?)p + \p® dBx .
M
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There is also a body of work, most notably by Nelson [29], that shows that Markov fields, which are useful in
performing field theory calculations in Euclidean space, under certain boundary conditions locally give rise
to the Wightman axioms for field theory in Minkowski space. Thus results in Euclidean space are consistent
with results in Minkowski space. When considering field theories over curved space-time, both these methods
of translating between Lorentzian and Riemannian metrics only work on local coordinate patches. A global
means of translating between the two metrics has yet to be developed.

In flat space, a QFT is defined by the Lagrangian

L:/ Ld"x

which defines a probability amplitude for the field ¢ by

eiL

which in turn defines a measure on the space of fields
dp = " De(x)

where D(¢(x)) is interpreted as the infinite dimensional measure [ ], d¢(x) [41]. This notation changes when
working on a curved background. Let |g| = det g;;. On an n-dimensional Riemannian manifold, (M, g), with
metric g, the Lagrangian becomes

L= [ £/lgla)id"a.
M
and the measure becomes [13]

dy = et H do(z) .

The regularization scheme on a manifold is also different. Recall that in flat space-time, dimensional
regularization is performed by analytically continuing the dimensions of the space-time theory over, and
then introducing terms to the Lagrangian to keep it dimensionless. For instance, for a scalar ¢> theory,

1 1
L= [ |50 -ntos gt da Lo = [ |Sola - mt)o+ gt .
RS |2 Ro+z | 2

While dimensional regularization can be used to locally regularize QFTs on a curved background space,
it does not work globally as a regularization scheme because of an ambiguity of how to distribute the
imaginary dimensions over the manifold. In 1977, Hawking [16] proposed (-function regularization as a
global regularization scheme for QFTs over a Riemannian manifold to resolve this ambiguity. Instead of
changing the dimension of the manifold, the number of derivatives taken in the Lagrangian density is allowed
to vary, the Laplacian on the manifold is raised to a complex power, and then terms are introduced to the
Lagrangian to keep it dimensionless as before. Again, for ¢> theory,

27

La = / [;m —m)d+ A6 | Vg — Las(r) = / Bqﬁ(A —m?) g+ AA—”ﬂ (A% g)ds .
M

M

This section develops QFT on a curved manifold in a parallel manner to QFT in Minkowski space. The
Connes-Marcolli renormalization bundle for a particular QFT in Minkowski space has a section that is a
geometric representation the regularized theory. The g-function for this theory can be uniquely calculated
from a connection on this bundle, pulled back over this section. In the following, I develop the mechanics
of ¢(-function regularization and construct the corresponding renormalization bundle of ¢3 theory in curved
space-time under this regularization scheme. The new regularization bundle also has a section that represents
the (-function regularization of ¢3. There is a connection on this bundle, which, when pulled back over this
section, provides an expression for the -function of the theory over a compact manifold. The expressions
for the (-function will depend on the geometry of the manifold.
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7.1 Feynman rules in configuration space

One can develop QFT on a manifold locally using coordinate patches and partitions of unity. However,
QFT in flat space is global phenomenon. Therefore, I wish to express QFT in curved space-time globally.
Primarily, this means that I cannot perform the Fourier transforms necessary to write the Feynman rules
in terms of momenta. Instead, I work in with Feynman rules in configuration space. Feynman integrals for
any theory are written in terms of a convolution product of Green’s functions of a Laplacian. As a result,
the Feynman integrals themselves are called Green’s functions in the literature. In the following sections, I
am interested in kernel formed by the convolution product, and the operator it defines. Since there is a one
to one correspondence between these kernels and operators, I switch between the two points of view freely.

The Feynman integrals associated to Feynman graphs are generalized convolution products of Green’s
functions written in terms of the positions on the manifold. I first review the details of the Feynman rules in
configuration space for a flat background with a Lorentzian metric for ¢ theory in six dimensions. While this
information is presented in many standard textbooks, such as [41] and [40], I summarize the results in this
section. Feynman integrals in phase space are Fourier transforms of the Feynman integrals in configuration
space. In phase space, the integrals are distributions on the space of test functions on the incoming and
outgoing momenta of the interaction, subject to conservation of momentum. In configuration space, the test
functions are the smooth functions on R™. Evaluated on these spaces of test functions the Feynman integrals
evaluate to the same physical quantity. The Fourier transform translates between two points of view: in
phase space the integrals are concerned with the momenta of the particles involved in the interaction, in
configuration space the integrals are interested in the positions of the interacting particles. The Feynman
graphs and rules corresponding to the two types of integrals reflect this change of perspective. In both
pictures, the legs of the diagrams are labeled with momenta, and the vertices with positions. In phase space,
Feynman graphs have internal legs with two end points, and external legs with one endpoint. All vertices
were treated equally. The Feynman rules require imposing conservation of momentum, and integrals are
taken over the momenta associated to each loop of the graph. In configuration space, all edges are treated
equally, and there are internal and external vertices. External vertices have valence 1. They can be viewed
as vertices attached to the ends truncated external legs from the phase space picture. Internal vertices are
simply the vertices with valence > 1. Conservation of momentum is expressed in the way the convolution
product is written. Each type of edge in a field theory is associated to a type of Green’s function, or
propagator, G;(z,y) where x and y are the endpoints of the edge. Each type of vertex, determined by the
valence, n, and the types of edges meeting at it is associated to a coupling constant g,,.

In 6 dimensional ¢ theory, with a Lorentzian metric, the Feynman rules over position space are relatively
simple. There is only one type of edge in the theory, associated to the Green’s kernel

dSp i~ (z=v)
G = [ 3y g “2)

of the Laplacian A —m?. There is only one coupling constant and the only possible valence at a vertex is 3.

As is the case for the Feynman rules in momentum space, these rules do not yeild well defined integrals.
The resulting integrals need to be regularized in order to get well defined expressions. In R™, the Feynman
rules for a theory with with multiple types edges and vertices with different valences n,, and coupling constants
gu, map between graphs and distributions, or Feynman integrals, in the following manner:

e If a graph I" has I edges, write down the I fold product of propagators, of various types according to
the type of edges,

[1Gi(@i )

1

where z; and y; € M are the endpoints for the i'" edge.
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e For each internal vertex, v; of valence n,,, define a measure

i = —igu6(x1,2) ... 6(2n,, ~1,Tn,,)
where the z; are the endpoints of the edges that are incident on the vertex in question in the graph.

e Integrate the product of propagators from above against this measure for each of the V' internal vertices
of the graph

I \4

o LGt T

e Divide by the symmetry factor of the graph.

If V' is the number of internal vertices of a graph I', the Feynman rules gives an expression that can be
written as an integral over (R™)X "™ with measures dy; ® ... ® duy. The variables that are not integrated
over are the external vertices. The Feynman rules are defining a convolution product of Greens functions,
convolved over the internal vertices. The types of Green’s kernels involved gives the types of edges of the
graph. This analysis can equivalently be done in the language of symbols, as in [30].

Remark 38. Given such a convolution product of the correct type of kernels, one can determine the corre-
sponding graph. Notice that this convolution product does not correspond to a composition of operators.
In fact, this convolution product is not commutative. The order in which the convolution product is taken
determines the shape of the graph.

Example 10. For example, in a scalar QFT defined by the Lagrangian

L= %(Idaﬁl2 —m?)¢ + g3¢® + gag*

in R*, the tree level graph

a c
X Y‘ e
b ‘d
has the Feynman integral
Ir(a,be,de) = —gag / / d*py e~ m(e—e) / dipy e~ (0=0) / d*py ie~ > (=)
nEss e 5 34 ®)2 Jra (27%) pi—m?  Jga (27%) p5—m?  Jpa (27%) p5—m?2

dipy je—wpa-(c—y) d4ps je— s (d—y) d*pg je—tpa-(e—y) L
/R4 (2r) pf —m? /w (2mt) p3 —m? /w @) B-mr C Y

In six dimensional ¢ theory, the Feynman rules simplify considerably, as there is only one type of edge,

and the only possible valence is n, = 3. For a graph, I', with V internal vertices and I edges in this theory,
the Feynman integral in configuration space is

I
Ir = (—ig)v/ H Gi(zk, Zl) dzy...dzy ,
ROV 7

where zg,z; € {z1,...,2r}. Substituting the Green’s function from equation (42) gives the exact form
of Feynman rules for this theory. Working out the details, one see that these rules are exactly the inverse
Fourier transform of the rules stated in section 2.2. The integral It has (2] —3V') free variables, corresponding
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to the 21 — 3V external vertices of I'. As a distribution Ir acts space of test functions SQI*3V(EA), where
E = C°((RP) is the space of test functions in configuration space. These test functions are the external data
for the graph. Notice that the test functions in configuration space are the inverse Fourier transforms of the
test functions in phase space defined in section 4. Working in configuration space, there is no conservation
of momentum condition to keep track of. In flat space, conservation of momentum is imposed once the
appropriate Fourier transforms are taken. On a curved background, imposing conservation of momentum in
trickier.

Recall from section 2.1.1 that the building blocks for the Feynman diagrams of a field theory are the 1PI
diagrams, and that a renormalizable ¢ theory in six space-time dimensions has only two or three external
legs, and the distributions associated to the Feynman diagrams act on S? (E') @93 (E') The results about
Feynman rules from section 4 all continue to hold. Most importantly, Theorem (4.1) holds. For any x € H,
let I, be the unrenormalized Feynman integral associated to z. If I, (o) < oo for all appropriate o € S (E)7
the diagram z is said to be convergent. If I, (o) is not well defined for some o € S (E), then the integral
needs to be regularized, similar to its phase space counterparts. When the regularized Feynman integral I;°®
acts on o,

[¥%(0) : @ — C{{z}} .

As in phase space, regularization is a linear map from S(E) to G(A) = Homy,(H,.A). The regularization
process defines certain sections of of the bundle K* — A* by assigning them a test function. On flat space,
the Feynman rules in configuration space and phase space differ only by a Fourier transform, so it stands
to reason that they correspond to the same sections of the same renormalization bundle. The goal of the
rest of this paper is to develop they Feynman rules and {-function regularization on a general manifold, and
show that the structures of the corresponding renormalization bundle are the same.

7.2 Feynman rules on a compact manifold

In curved space-time, working with a Riemannian metric, The Feynman rules assign distributions to Feynman
graphs in a similar manner to the Feynman rules in flat configuration space. To do this, first define the
Laplacian, A on a closed compact manifold (M, g). Then find the Green’s kernel of the Laplacian on
(M, g), Ay

What follows is a sketch of a derivation for the Laplacian on a manifold. For more details see [36]. Let
(M, g) be a compact Riemannian manifold of dimension n = 6 with metric tensor g. While this argument is
generalizable, I continue to work with the ¢ theory in six, now curved, space-time dimensions.

0
axi ‘

Definition 38. Let |g| = det g, g;; be the ij'" entry of the metric tensor and §; =

In order to define integrals on a manifold, one needs to define the volume element:

Definition 39. The volume of n dimensional manifold is given by

/ dvol(z) := / Vigldzy Ao A day,
M M

While the goal of this analysis is to study QFT globally on the manifold, calculations are done in
coordinate patches. In local coordinates, V? is the i*" term of the gradient on M

Vi = ¢90,
and the divergence of a vector field X on (M, g) is defined by

9i(V/]91X7) .

1

"Vl

div(X)
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Definition 40. Let A = divo V, be the Laplace operator on M.

Notice that A is dependent on the metric g.

Lemma 7.1. The Laplacian A on (M, g) can be explicitly written in local coordinates as

divoV = 1970;) .

1
— 9
T (Vg

Proof. This expression comes from the statement of Stoke’s Theorem

/ |d¢?| dvol(z) = */ dA¢ dvol(z) .
M M
Proof of this construction can be found in any standard differential geometry text. For example, see [36]. O

The role of the Laplacian is the same for QFT over a manifold M as over flat space. To simplify notation,
I write Ay = A —m?2. Notice that this is a negative definite operator. Using this relation, the Lagrangian
density of a scalar field theory on M can be written:

L= S0)(Aa)o(a) + Ao(a)’

The Lagrangian is then just

/M £ dvol(z) .

By the spectral theorem, any self-adjoint elliptic operator acting on Ey; = C°°(M), such as the Laplacian,
on a compact manifold, has a discrete a spectrum of eigenvalues {A;}5°,. Since —Aj; is a positive semi-
definite operator, the spectrum is non-negative, A > 0. Counted with multiplicity, I arrange the eigenvalues
so that A;y1 > A;. Furthermore, there is an orthonormal eigenbasis {¢;} such that

[ si@ortaae=si; .
M
with d; ; the Kronecker delta function. Thus I can write
C*(M)=Ey® Ey4 (43)

where Ey = ker(—Ajs) and E; = @, F; is the direct sum of the eigenspaces with positive eigenvalues. Notice
the Ej is a finite dimensional vector space.
The Green’s kernel is a distribution on (M x M), G € (C>®(M x M))V, such that

A Gz, y) = 6(z,y) . (44)

Here §(z,y) is the Dirac delta function. If Ey has dimension greater than 0, then A1 is not well defined.
However, A has a left inverse given by he function Gy, (z,y), according to equation 44.

On the other hand, Ay/|g, is invertible. By defining Gas(z,y) on E, I can write
oo
¢i(z)¢i(y)

where A\; > 0. This definition satisfies condition in equation (44) and is a two sided inverse of Ap/|g, . In
the sequel, I call Ay = Ap|p, and Gz, y) = (Aumle, )™t

The Green’s function Gy (z, y) corresponds to a propagator for Feynman integrals on a compact manifold.
Feynman integrals for diagrams in general correspond to convolution products of these kernels. The Schwartz
kernel theorem gives a correspondence between operators and kernels.
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Theorem 7.2. Schwartz Kernel Theorem.[17] Let M and N be Riemannian manifolds. Let f € C°(M)
and g € C°(N). Let A be a continuous linear map from C°(N) to distributions on M, D(M). For every
such A, there is a K € D(M x N) such that

(Af,9)=K(g®f). (45)

Conversely, for every K € D(M x N), there is such an A. The K is called the kernel of the linear operator
A.

Example 11. The Green’s function Gy (x,y) is a distribution on M x M. It is not well defined as a function
along the diagonal of M x M,

G(z,x) dvol(z) = 00 ; G(z,y)|z5y Sooth

The operator associated to this Green’s function is

Ay fla) = y Gu(z,y)f(y) dvol(y) € C=(M) . (46)

which is well defined as an operator from C*(M) to C°°(M).

One can write the Feynman rules over a curved manifold by replacing the rules on a flat manifold by
replacing the Green’s functions, G; with Gjs,; and R™ by M. The Feynman rules on a general background
manifold are:

e If a graph I' has I edges, write down the I fold product of propagators, of various types according to
the type of edges,

HGM,i(xi7yz‘)
1

where z; and y; € M are the endpoints of each edge.

e For each internal vertex, v; of valence n,,, define a measure on M *"i locally
i = —iAy0(x1,T2) ... 6(xnvi,1,xnvi)

where the z; are the endpoints of the edges incident on the vertex in question in the graph, and §(x;, ;)
is the Dirac delta function. .

e Integrate the product of propagators from above against this measure

I %
Gi(w4,y; dp; .
/(M)Milz[ (x y)]:[ m

e Divide by the symmetry factors of the graph.

This construction runs parallel to the construction of a Feynman integral in flat configuration space. As
in the previous Feynman integrals, the distribution associated to a Feynman diagram is a convolution of the
kernels associated to the propagators over the internal vertices. The measures p; mean that the operators
associated to Feynman integrals can be written in terms functions involving Tr AR}. The Feynman integral
defined in this way are not well defined. They need to be regularized first before they can be made sense
of. The appropriate regularization scheme for field theories over compact manifolds is the topic of the next
section.
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7.3 Regularization on a compact manifold

In flat space, the Feynman rules need to be regularized because the integration occurrs over an unbounded
domain. On a compact manifold, unlike the integrals in flat space-time, the Feynman integrals are defined
over compact spaces. However the operator A]T/[l is not trace class, because

TI'AK/[l = / G]\/[(x, (E) dVOl((I}) = Z% = diverges .
M 1 7

This leads to divergences in operators associated to the Feynman integrals, since the Feynman integrals are
convolution product of the kernels G ;. Therefore Feynman integrals need to be regularized.

Lemma 7.3. The operator A™" is not trace class on a siz dimensional manifold.

Proof. Let

N = [V < AY

counting multiplicity. By Weyl’s law for an n-dimensional closed manifold M,

. B vol(M) " n
/\h_)n;o N\ = —(47r)%F(% n 1))\ +0O(\"). (47)

Specifically, the series {\;} grows as k+ . However, by equation (47), if
1

dim M > 1 G dvol(z) = —

imM>1= /M (x,z) dvol(x) g \

X %
i

is unbounded because % <1. O

The regularization process should take non convergent, non-distribution valued kernels, such as the
Feynman integrals to meromorphic functions over an infinitesimal punctured disk A* with coefficients in
D(M x M). Thus, the Feynman integral should be regularized to as globally defined, distribution valued,
somewhere convergent Laurent polynomials. By the Schwartz Kernel theorem, these regularized Feynman
integrals, K1/ define regularized Feynman operators A" such that, for f,g € S(Ex), the inner product

(AFf,g) € C{{=}}

gives a somewhere convergent complex valued Laurent polynomial. The form of A is worked out in
example 12 below.

The Feynman operators Ar are regularized by raising the propagators, A]T/Il to complex powers. An
operator raised to a power is defined on its eigenspaces as

Af = )\f
ASf = N°F.

Thus I can define a one parameter family of operators for s € C as
AJ_MS cEy — By

The Green’s kernel associated to A}/ is

Gialey) = Y0 02

’L

If s ¢ Z, then A} is trace class.
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Theorem 7.4. [Seeley] [38] Let M be an n-dimensional compact smooth manifold, Eyf = C*(M), and
A% Ey — Ey

with s € C be a one parameter family of operators and kernel G5;(x,y). Then G5,(x,x), the is meromorphic
in s with simple poles at s =k — 4, where k € Z>o.

One can calculate the poles for Tr A}/. Let M be a general n dimensional Riemannian manifold. First
consider the heat operator, e!™ with t € Rsq. It is related to the complex powers of Laplacian, Ay, by a
Mellin transform:

T(z+1)(=Aup) " f(z) = /OOO exp(tApr) f(x)t* dt , (48)

where f(x) € C*°(M), and z € C. By the Schwartz kernel theorem, the heat operator has a unique kernel
G(t,x,y). This kernel is continuous on M x M, and smooth away from the diagonal. Along the diagonal,
the kernel of the heat operator has the asymptotic expansion

G(t,x,2) ~ (4m) 723 ()t ="
k>0

for small ¢ [36]. For large ¢, this expansion goes to 0 as

lim G(t,x,2) ~e .
t—o0

The coefficients ug(x) of the asymptotic expansion can be written as polynomials in terms of the metric
dependent curvatures of (M, g). For odd k, ug—g,+1 = 0.

Plugging in the asymptotic expansion, equation (48) can be rewritten as
1 1 /2 +(k—n)/2
TrAp) %7 ~ 4r)™" E t# T2 dt dvol(x) .
( M) Tz + 1) / /0 (4m) 2 uy (x) ol(x)

Work by Wodzicki [43], Guilleman [15], Konstevich and Vichi [20] finds explicit expressions for the poles of
TI‘(—AM)_Z_I.

Theorem 7.5. The poles of Tr (—=An) ™71 occur at z+ 1 € {"Q;k € 7}, with k € Z>o and are simple.

The residues at s = z + 1 = “5= is given by
o 2uk(x)
Res (Tr(=Am) ™ Y|, 4 j_nx = —t=1 -
+1 3 P(k2 )
Specifically, for z =0 and n = 6,
_ 2uy(x)
Res (Tr(—A Ylges = -1 .
es (Tr(=Am) ™ )li=4 () li=1

By expressing the other poles of Tr(—Ay) %! as Taylor series around z = 0, one can write Tr(—Ay;) %71
as a Laurent polynomial in z with a simple pole at z = 0.

Given this regularization scheme, one can begin to make sense of the regularized Feynman integrals
globally on a manifold M.

Proposition 7.6. The regularized Feynman rules for a graph T is a Schwartz kernel K[*9 € D(M*r){{z}}
that can be written as a somewhere convergent Laurent polynomial with finite poles at 0 and distribution
valued coefficients.
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Proof. The regularized Feynman integral for a graph T', is a covolution product of G*!(x,y) taken over the
internal vertices of I' for a small complex parameter 2. Along the diagonal, G***(x, ) is meromorphic in z

o
G (z,z) = z:gz(a:)zZ )
—1
where g;(z) is a smooth function over M. Away from the diagonal, G'**(z,y) is entire in z,
o0
G1+Z(x7 y) = Z hl($7 y)zl )
0

where h;(z,y) is a smooth function over M. Therefore, I can write G'**(z,y) = 37 fi(z,y)z", where
fi(x,y) are distibution valued coefficients.

The Schwartz kernel associated to a Feynman integral K[ is a convolution product of some number of
these Greens functions. For a fixed 2z # 0, the kernel of K1.%/(z) € D(M*®r), where Er is the number of
external legs of I, is a smooth well defined quantity. It can be written as a Laurent polynomial with a finite
number of poles, since each Green’s function contributes at most one pole. O

For 1PI graphs, the external data comes in the form of test functions on two or three copies of the
manifold. Since M is compact, the space of test functions are Ey; = C°°(M), and the Feynman integrals
are distributions acting on the symmetric algebra of these test functions, S(Eys). Specifically, K1 €

SEY(Ean) ® C{{z}}-

Corrollary 7.7. The operator, Ar(z) associated to K[ can be written as a somewhere convergent Laurent
polynomial with finite poles at 0 with operator coefficients.

This gives a globally well defined statement of the Feynman rules on a curved background. Paycha and
Scott have a local expression for the symbols associated to the operators associated to Feynman graphs in
[31].

There is a Hopf algebra associated to the Feynman rules on a general manifold.

Definition 41. Let
‘H = C[1PT graphs on M]

be the Hopf algebra generated by 1PI graphs on the manifold M with external vertices and the same product
and co-product structure as in Section 3.

Since there are local diffeomorphisms from M to RS, the conditions that define a renormalizable theory
do not change. Section 2.1.1 shows that the 1PI diagrams for a renormalizable ¢ QFT over a six dimensional
space have two or three external legs. Therefore, Corrollary 7.7 provides another way of proving Theorem
4.1. This is worked out in the following example.

Remark 39. By equation (46), one can ignore the propagators associated to external legs and define the
Schwartz kernel of the Feynman integral as the product of propagators associated to internal edges. Notice
that this construction can be simplified to parallel the construction in flat phase space.

Example 12. Let K% be the Feynman integral for a 1PI graph I'. By the Feynman rules, this is written

I
Ki9(2)(z1,...xp) = /MV HGfH(xil,xiQ) dvol(zy,...,zv)
1

with I the number of internal legs of I, Er the number of external vertices, V' the number of internal vertices,
and x;,, %, € {1,...,2v1p . The integral is taken over the internal vertices of the diagram. This is a one
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parameter family of distributions on M>*Fr. The associated one parameter family of operators A (z) of
the Feynman graph I' gives the map

A9(2) - (M7, g®7) = (M3, %)

for a fixed z # 0, where i + j = Er. For the Feynman diagrams, equation (45) can be written:

L) = [ AT m)g(on ) dvol(en,. )
Mi
/E cheg(z)(xla-“vxiayl---yj)g(ylvu-7yj)f(x1a~-~axi) dVOl(ﬂil,---in,yl---ayj)
MFET

for f € SY(Ey) and g € S7(E)y). This inner product gives a Laurent polynomial in z, (A" f, g) € C{{z}}.

Remark 40. The calculations for the poles of G**1(x,z) have all been done locally. However, Theorem 7.4
defines the meromorphic function associated to Tr A;ffl in terms of global functions on M. Therefore these
calculations can be extended to a global regularization scheme of a QFT over a compact curved background
space-time.

Having established z is the regularization parameter, one needs to check the effect of this regularization
parameter on the Lagrangian for the field theory. As on a flat background, one wants the Lagrangian

[ |- 500t + 200 | avolto

to remain dimensionless under regularization.

Using the convention where ¢ = h = 1, and the notation [z] = length units of the physical quantity x,

give the following unit identifications 1 = [length] = [mass] ! = [energy]~!. Thus
[p(x)] = =2
o 49)
[dvol] =6.

The conformal dimension of the Laplacian raised to a power is [A}\jz] = —2(1 + 2z). This induces a scaling

of the regularized Lagrangian by a scale factor A?* where [A] = 1,

26) = [ 501 0() + M) A% dvol(a). (50)

The term A?* dvol(z) = A%?\/|g|d°x corresponds to a scaling of the metric, for instance
2z
g—A%g.

The renormalization mass parameter is given by A%? under (-function regularization.

Remark 41. This scaling factor A plays the role of the renormalization mass in dimensional regularization.
Notice that sign of the exponent of \ is opposite the sign of the exponent in dimensional regularization. This
is because \ is actually a length scale and not a mass scale as previosly defined.

Now I can regularize a Feynman integral.

Theorem 7.8. Let Ar be the operator associated to the Feynman diagram T. Then, for f € C*(M*") and
h € C®(M*9), witi+j = Er, (A?(2)f,h) depends only on the metric g of M, and the combinatorics of
the graph T.
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Proof. Let Er be the number of external vertlces of the graph T, and V' the total number of vertices. It is suf-
ficient to regularize (Arge, ¢r) where ¢e = [[1_; e, (Te,), ¢f = IT; Er ¢y, (xy,) are products of eigenfunctions
of Ajps. These functions correspond to the external data at vertex e; or f;. Write

(Arde, o) / ¢e¢fnz¢k%—¢k(9%) dvol(zy,...,zv) .

i=1 k=0 ks

This can be regularized using the Mellin transform

1 1 o0
= te A dt
X r(1+s)/0 ¢

then

I

< ( )¢ea¢f> 1 + Z / ¢e¢j Z ¢k Ty ¢k (Zzg)/o e > tidk, Htfdti dVOl(.’Kl, ce 7ZL’V) .
k1

.kr=0 i=1
Conservation of momentum is applied at each trivalent vertex by the relation

| S st = [ 36 d awis =3 al*.

0,9,k 4,9,k l skt

Since the quantity a{k is symmetric on 4, j, and k I write it instead as a(i, j, k). The quantity a(i, j, k) is
tensorial, and depends only on the metric of M. Define a function &'(v) that gives the set of edges incident
on the vertex v. Applying conservation of momentum gives

I V—Er
(Ar(2)de, by) = 1+Z /Mv/ zk:io ZitiAkiil;[ltfdti 1;[1 a(e' (v)) dvol(zy, ..., xy) .

Working out the a(e’(v)s re-indexes the eigenvalues in terms of the graphs loop number, L and loop indices,
l;. From here, one can apply the Schwinger trick, and carry out calculations in a manner similar to [18],
Chapter 6. The operator Ar(z) is a convolution product of the A}/, twisted by the quantities a(e’(v)).
Since the trace of A}/ and a(e’(v)) depend only on the metric of M, so does (Anr,rée, dr). O

Remark 42. If M is a flat manifold, then

o 1 ifi+j+k=0,
a(i, j, k;):{o else

In this case, a(i, j, k) = 6(i + j + k), imposes conservation of momentum at each vertex.

Corrollary 7.9. There is a graph polynomial associated to each Feynman graph on M. The terms of the
polynomial are similar to the terms found in [18], chapter 6. The coefficients of the terms, however, are
functions of a(i, j, k).

7.4 The renormalization bundle for (-function regularization

Given a Lagrangian, £, on a general manifold M, and a Hopf algebra H, = C[{1PI Feynman graphs of L}],
one can construct a renormalization bundle for (-function regularization.

Define the affine group scheme G = Spec H, with Lie algebra g,-. The group of algebra homomorphisms
Hom,s(He, A) is written Gz (A), where A = C{{z}} as before. Let A be the complex infinitesimal disk
around the origin. The regulator z is in this space, defined by the complex power to which the Laplacian
Ay in the Lagrangian is raised.
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Remark 43. The symbol A stands for both the infinitesimal disk and the Lagrangian. The meaning should
be clear from context.

Remark 44. Notice that over a flat background space, (-function regularization and dimensional regular-
ization are equivalent. They can be represented as sections of the same renormalization bundle. Direct
calculation shows that they differ only by a holomorphic function. Therefore Ydim reg ~ ¢ reg under the
G(A;) gauge equivalence introduced in section 6.

Notice that by Theorem 4.1,
regularization € Homvect(S(E), Gr(A) .

That is, the regularization process maps from the the background manifold M to the group underlying
Feynman graphs G(A). This corresponds to sections of the bundle

Kx M (51)

|

Ax M

|

M
since the operators associated to the Feynman graphs depend on the metric g on M, and thus the position
in M.

Remark 45. In previous sections, I work over flat background. There, as with any constant metric, the
operators associated to the Feynman integrals are independent the position in M, and this product with M
could be ignored. For non-constant metrics, it needs to be introduced.

Theorem 7.10. The renormalization bundle for dimensional reqularization is a special case of the renor-
malization bundle for (-function reqularization over a general background manifold. Sections of the renor-
malization bundle in curved space-times depend on position over M.

P'xM-—=B*"xM—=A*"xM—M.

By Theorem 7.10 all the analysis on the (-function renormalization bundle parallels the analysis of the
Connes-Marcolli renormalization bundle. The counterterms of a theory under ¢ function regularization are
conformally invariant [13]. That is, varying the length scale of the manifold, the counterterms stay constant.
If v, is one of the sections defined by regularization,

d
—(yet=)- = 0.

dt
That is, 72 € G®(A). One can calculate 3(7.).

Proposition 7.11. The function B(vc) is given by ZR(’}%); Since the physically interesting action of the
renormalization group on 7z is given by t¥Yyz, B(ve) = zR(yc_). This is completely determined by the
counterterm, yo—.

Proof. This is a direct application of Theorem 5.18. O

For m: A — A_, and a primitive 1PI graph = € H, the counterterm for v, ¢ is

Ve - = m(A:(f)) -
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By Theorem 7.8, this depends only on the metric of M and the structure of x. In fact, for any x € ker(e),
the counterterm is written

—1
e, —(2)(z) = Y ail )2

All the coefficients depend only on x and the metric g. Specifically,the S-function of this theory, B(yz) =
Res (72 —) depends only on the metric on M.

7.5 Non-constant conformal changes to the metric

Finally, I can extend this analysis to (-function regularization under a non-constant regularization mass
parameter. To do this, I need to view the scalar fields as densities on a manifold M and adjust the Laplacian
by adding a suitable multiple of the scalar curvature.

7.5.1 Densities

While compactness and orientability are not necessary for the arguments of the following sections, I will
keep with the conventions of the previous sections and let M be a smooth, compact, oriented Riemannian
n-manifold. It has a principal Gl,,(R)-bundle Frame(M) of frames, whose fibers Frame, (M) are ordered
bases {v1,...,v,} for the tangent space T, M. The structure group Gl,(R) acts freely and transitively on
the fibers by rotating the frames.

A representation p : Gl,(R) — Aut(V) of the structure group as automorphisms of a vector space V'
defines a vector representation

V xa,®) Frame(M) — M

over M. For a general (not necessarily orientable) manifold, M, the determinant of the structure group
defines a bundle

det : GI,(R) - R* = Gl (R) .
Definition 42. For an orientable manifold and for any r» € R the representation
|det /™ : GL,,(R) — R
defines a line bundle which I denote R(r).

The sections of the bundle R(r) — M are called r densities on M. The bundle can be trivialized by
choosing a metric, g, for M. Let ¢ be a section of R(r) — M. Given a choice of g, it can be written uniquely
as

¢ = flgl*
for some f € C*>°(M).

Example 13. The canonically trivial bundle R x M is naturally isomorphic to R(0). That is, there is an
isomorphism on the space of sections of the trivial line bundle

T(M,Rx M)~ C>(M).
Sections of R(n) can be trivialized by a choice of g and written
1 o
¢(x) = flgl> 5 [feCF(M)

as defined above. Similarly, the bundle A™T*(M) of n-forms is naturally isomorphic to R(n). The space of
sections

N(M,R(n)) ={fdz1 A... Ndx,|f € C*} ~ C¥(A"T*(M)) = Q™.
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Example 14. Lebesgue theory canonically assigns an integral

wH/ w: Q"(M)—-R
M

to a smooth section of the bundle of forms, and hence to a measurable section of R(n). A Riemannian metric
g on M defines a nowhere-vanishing n-form

dvol(g) = |g|"/2dxy A -+ A day,

This allows one to integrate functions (0-forms) on M:

»—>/ f dvol(g

Remark 46. In section 7.3, where g is fixed, I use the notation dvol(z) to emphasize the dependence of the
volume element on the variable z. In this section, where the metric is not fixed, I use the notation dvol(g)
to emphasize the dependence of the volume element on the metric g.

If ¢ is a continuous section of R(r), then for any s > 0, |¢|® is a continuous section of R(rs). In particular,
when n > r > 0,

Ry

defines an analog of a classical Banach norm. This becomes apparent under a trivialization

el = [ (gl = [ 1117 avol(a).

When r = 0, the norm is given by the classical essential supremum. I can now consider sections of R(r),
and write L(r) for the Lebesgue space of r densities, with these norms. In this terminology, n-forms become
n-densities, the Banach space dual of L(d) is L(n — d), and Hélder’s inequality becomes the assertion that
the point-wise product

L(do) ® L(dy) — L(do + dy)

is continuous with respect to the natural norms.
Notice that sections of R(%) define a Hilbert space (%) with inner product

(6, ) :/Mw.

This inner product is independent of the Riemannian metric. A choice of g defines an isometry with the
classical Lebesgue space L?(M,g). Let ¢ = f\g|% and ¢ = h|g|%. The inner product is

(D, 9)g / flgl* h\g| dri A ... ANdzy, .

Finally, there is a linear operator

(52)

that maps smooth sections of density dy to those of density dy. When d; > dy it defines a continuous linear
map from L(dy) to L(dy).
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7.5.2 Effect of conformal changes on the Lagrangian
I can use this formalism to study how the Lagrangian varies under conformal changes to the metric
i fl@) e C™(M) .

For ease of notation, let u = ef. The Lagrangian density for renormalizable scalar field theory on an
n-dimensional Riemannian is given by

g— el @y

2n

L= 56 (-Dan)s(e) + 267 (x)

where I consider ¢, m and X to be densities of different weights. Notice that ¢ is raised to an integral power
only when n € {3, 4, 6}.
To emphasize the Laplacian’s dependence on the metric g on M, write

Ay=divoV = 197 0;) .

1
——0;(V/g
V14l
Yamabe’s theorem [44] states:

Theorem 7.12. [Yamabe] Let ¢ € C°(M), and let g be a metric on M. Then the quantity
1n—-2
| ol (iR o dullg (53)
M n—1

is invariant under the conformal rescaling g — § = 2@ g, ¢ ¢ = enT_quzS, where f € C®(M).
Proof. The proof uses Yamabe’s identity [44]

n—1

w?R(g) = R(g) —4——u G VAuE L

n—2
It is perhaps most easily verified by checking that

- In—2_ - B I1n—2
[ 16+ = R@)F) - avol(@) = [ [1dof} + 1 Rla)o?) - dvollg)

where f € C*°(M) and the inner product of the one form d¢ with itself is

/ |del; dvol(g) = / —pAg¢ dvol(g)
M M
by integration by parts. O

Notice that I choose a metric in the above proof. Instead of choosing a metric, I can interpret Theorem
7.12 as a statement about invariant densities ¢ of some weight r. To determine the weight of ¢, notice that
the function ¢ is invariant under the conformal scaling g — u2?g. Therefore ¢ is a (";2) - density trivialized
by a choice of Riemannian metric so that

(n—2)

¢=(lgl*)" = h.

Then equation (53) is a linear map from L(%52) — R.
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Definition 43. For ease of notation, define the conformally invariant Laplacian

1n—2
Ay =Ag = 7 — Rl9) -
As an operator
n—2 n+2
A+ L(—5=) = L(——)

it is a quadratic form on ]L(”?_Q) The [g] subscript indicates that the Laplace operator depends only on the
conformal equivalence class of g.

The Lagrangian for a renormalizable scalar theory in terms of this conformally invariant operator A
and densities ¢ is

n

L:/ O(—Apg + m?)$ + Ap7-2
M

where m is a 1-density, A is a (0)-density, and M is a 6-manifold. The free part of this Lagrangian
Le= [ ¢(=Ay+m?)e
M

is invariant under the transformations g — u?g.

Theorem 7.13. There is a meromorphic family of quadratic forms on (”52)-densities,

- a1 a1
Yy(r) = lgl27 Y T |gl2m
that defines the self-adjoint operator that represents the free term in the Lagrangian of a scalar field theory.

Proof. In order to carry out the arguments from section 7.3, —A, + m? must be a self-adjoint operator
acting on the Hilbert space (% ). By equation (52),

1 n
g% € L)
Rewrite
B -1
2n 2n

= (A +m?)g g

LF:Aﬁm

Now I can define an operator

g g
_ 1 _ 1
Yy = |g| 72 (= Ay +m?)|g| "

that acts on the Hilbert space L(%).
Proceeding as before, I raise Y, to a complex power. This gives a family of Lagrangians

g

L z
L@m:/¢m%ﬁ+m
M

As before, Tr Y;*Z has simple poles in z. Following the same arguments as in Corrollary 7.7, I can expand
around z = 0 and write this as a Laurent series

YgHZ = Z a; 2" (54)

1=—1
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where a; are operators.

However, since ¢ € L(%52), the self-adjoint operator in the Lagrangian must be a quadratic form on
L(252). To define such an operator, use equation (52) to get

- 1 21 L
Yy(z) = [g|7n Y, ¥ [g|7 .
0

Remark 47. Notice that by raising Y, to a complex power, the expression qﬁffg (2)¢ is now a n — 2z density.

Under the conformal change of metric
g ulg =g
Y, transforms as
Y, »u Yutl =Y,
The operator Y;(z) can be written,

1+2

~ 1 _ _ a1
Y5(2) = |g|27u (u 1Ygu 1) ulg|zm . (55)

The kernel of this operator is defined by a family of pseudo-differential operators with top symbol

£ g2

Remark 48. When u is constant, equation (55) corresponds exactly to equation (50).

Proposition 7.14. For a general v = e, f’g can be expanded as a Taylor series in f as
Yy(f,2) = e 7Y, (2) -
Proof. Recall that u = e/(*). The terms of the Taylor series of ffg (r)at f =0 are given as follows
order 0 The 0" order term is given by evaluating Yg(r) at f = 0. This gives
l9137Y, ¥ g| 3% = Yy (r)
order f Taking the derivative of Y;(r) in terms of f gives
(26719177 (=7 Yye™1) ¥ g 3! + e |93 (14 7) (e Yoo ) (<2 Ve NglFes | (56)
To simplify matters later, write
(e Y,e (=2 Y,e7 ) = —2(e Y, e ) tt .

Evaluating (56) at f = 0 gives

2Y,(r) —2(1 + 7)Yy (r) .

i
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order f? Taking the derivative of (56)

e/ |g|27 (e~ Yye /) 1F7|g|2m ef] — def |g|2a (1 + 1) (e Yye =)+ g 2m e
—def|gz (14 1) (e Yye )+ g|zmel + def|g|2m (14 1) (e YyeF) 1 gl zmef] .

(57)

The first two terms come from the derivative of the first term of (56). The third comes from taking the
derivatives of outer terms of the second term of (56), and the fourth term comes from the derivative
of the middle term of the second term of (56).

Evaluating (57) at f = 0 gives
4Y,(r) — 8(r + 1)Y,(r) + 4(r + 1)2Y,(r) .
This simplifies to

22(1— (r +1))*¥,(r) .

order f" Continuing along these lines shows that the n'" derivative of Y;(r) with respect to f, evaluated
at f=0is

28 (1= (r+ 1))"Yy(r) = 2" (=r)"Y,(r) .

Writing this out as a Taylor expansion

i) = 3 R0 = O R0 =)

Remark 49. This construction defines a family of effective Lagrangians
£lnla) = [ w7 [oT o+ urros]
M

where [g] denotes a conformal class of metric. This is the natural analog, in a flat background, of the classical
family of effective Lagrangians

2n

L(r) = /R [¢>(—A+m2)1+’”¢+/\A_2r¢n—2] A Sz

with Y, (r) corresponding to (—A +m?)'*7. In the first display, ¢ is a 252 density. In the second display, ¢
is a function. This Lagrangian is not conformally invariant when v ¢ C*.

Using the conformally corrected Laplacian Yg does not change the Feynman graphs or the divergence
structure of the theory. The bundle B is now a fiber over the manifold M. Interpreting the mass parameter
u € B as 1 density over M, u = ef/®) € B x M T can define a bundle B(M) = A x C*(1) XGr, ) M that
contains the renormalization mass. The entire renoromalization bundle can be written

P := P x¢r, ) Frame(M) — B(M)

which is diffeomorphic, but not naturally, to the product of M with the Connes-Marcolli renormalization
bundle. The action of the rescaling group C* extends to an action of the infinite dimensional group of local
conformal rescalings.

The equivariant connection on P — B becomes an equivariant connection on P — B Xqgr, r) M, and
the g-function becomes a map from M to g. I leave its explicit calculation for future work.
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A Rota-Baxter algebras

As mentioned in section 4, the fact that 71 and ’yl are both in G(A) depends on the fact that the projection
map 7 : A — A_ transforms A into a Rota-Baxter algebra. In this section I define these algebras, prove
the above claim, and show how Rota-Baxter algebras can be used to generalize the regularization scheme
currently under consideration. Everything in this section can be found in [9], [10], and [12].

A.1 Definition and Examples

Let k be a commutative ring, and A a (not necessarily associative) k algebra.

Definition 44. A Rota Baxter algebra of weight 6 € k is the pair (A, R) where R is a linear operator
R:A— A

such that, for z, y € A,
R(x)R(y) + 0R(zy) = R(R(z)y) + R(zR(y)) -

Remark 50. This implies that R(A) is closed under multiplication. Therefore, R(A) is an algebra.
Definition 45. 1. Let R=0— R.
2. A Rota-Baxter ideal is an ideal I C A such that R(I) C I.

3. Let (A, R) and (B, P) be two Rota-Baxter algebras of equal weight. A Rota-Baxter homomorphism is
an algebra homomorphism such that f: A — B and Po f= foR.

Proposition A.1. The operator R =60 — R is also a Rota-Bazter operator of weight 0.

Proof. By direct calculation

(0 — R)(x)(0 = R)(y) + ¢(6 — R)(xy) = (0 — R)((6 — R)(x)y) + (0 — R)(z(0 — R)(y))

where ¢ is the weight for (6§ — R). Expanding this equation shows that R is a Rota-Baxter algebra if and
only if ¢ = 6. O

Notice that by the definition, one can write R(A) = A/(ker R) and R(A) = A/(ker R) .
Corrollary A.2. Writing R(z)R(y) = R(2), with z = —0zy + (R(z)y) — (xR(y)) gives R(z)R(y) = —R(z).

Remark 51. The R here is different from the R defined in section 5.4.1. T'keep this unfortunate nomenclature
in order to be consistent with the existing literature. Only R = # — R will be used in the rest of this section.

Example 15. Integration by parts Let A = Cont(R,R), the algebra of continuous functions from R to
R. Define the Rota-Baxter operator

1@ = [ 1w
Let G(z) = I(g)(z) and F(xz) = I(f)(x). One sees that
F(2)G(z) = /O "G + /O " Pg(tydt

or that
1) (@)L (g)(x) = I(f1(g)(1))(x) + I(I(f)(t)g)(x) ,
which shows that I(f)(z) is a Rota-Baxter operator of weight 0.
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The case where R is an idempotent linear operator on A gives rise to a special case of Rota Baxter
algebras.

Lemma A.3. If R is an idempotent Rota Baxter operator, then so is R. Both R and R have weight 1.

Proof. First notice that 1 — R is also an idempotent operator. Therefore, A can be decomposed into sub-
modules A = R(A) @ (1 — R)(A). Therefore, one can write

ab=(R(a)+ (1 — R)(a))(R(b)+ (1 — R)(b)) = R(a)b+ aR(b) — R(a)R(b) + (1 — R)(a)(1 — R)(b) .
Therefore,
R(ab) = R(R(a)b)+R(aR(b))—R(R(a)R(b))+R((1—R)(a)(1—R)(b)) = R(R(a)b)+R(aR(b))—R(a)R(b)+0 .

The third term comes from the fact that R is idempotent, and that R(A) is a submodule. The last from the
decomposition. Therefore, R has weight 1, and R is also idempotent, and the decomposition is actually a
subalgebra decomposition. O

In general, R(A) and R(A) are always subalgebras of A. Lemma A.3 shows that if R is idempotent, one
can decompose A = R(A) @ R(A). I use the convention that if A is unital R(1) = 0.

Definition 46. Define a new product in A as
zxpy = R(z)y +zR(y) — Ory

for z, y € A. This gives a new algebra A’ = (A, xg). If this has a Rota-Baxter operator R’ associated to it,
one can build up a hierarchy of Rota-Baxter algebras and operators.
Lemma A.4. If A is an associative Rota-Bagzter algebra, then so is (A, *gr) and

n

(1 R — (0" ] Re)) -

1

SR

T1 *R ... *RITp =

Proof. The lemma follows by induction. The n = 1 case is obvious. For n = 2, first notice that by the
definition of this product,

R(z+ry) = R(x)R(y) and  R(zxpy) = —R(z)R(y) . (58)

It follows that )

vxpy = F(R(x)R(y) - R(x)R(y)) -

For n > 2, let 2 = &1 *g ... *g p—1. By induction on equation (58), one has that

n—1

R(z2) = H R(x;) and R(z) = (1)1 1:[ R(x;) .
1

Then

O

Definition 47. Given a Lie algebra, A, with the bracket [z, y] = zy — yx, one has a Rota-Baxter Lie algebra

[R(z), R(y)] + OR[z,y] = R[R(z),y] + Rz, R(y)] .
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A.2 Spitzer’s identities

Spitzer’s non-commutative identity is the main tool for developing the group properties of renormalization.

A.2.1 Spitzer’s commutative identity

Spitzer’'s Commutative identity comes from a generalization of the solution to the differential equation

Y _ywa),  y(O)=1

which has the integral form

y=1 +/0 y(t)a(t)dt

with y, and a € A. Generalizing from integration by parts, which is a Rota-Baxter algebra of weight 0, to
any Rota-Baxter algebra of any weight gives

y =1+ R(ya) . (59)

The solution to equation (59) is as follows:
o~ R(EEGGIE) > a"R(R(...R(a)a...a)a)
0

is Spitzer’s commutative identity. Proof of this can be found as a special case of the proof of the non-
commutative Spitzer’s Identity.

A.2.2 Spitzer’s non-commutative identity

Let (A, R) be a non-commutative complete filtered algebra (with a decreasing filtration), and a filtration
preserving Rota Baxter operator of weight 6 # 0.

Definition 48. One can define a metric on A as a filtered algebra. Let

(a) = { {maxkla € AP} agn,A™);

0, else.

The metric is given by
d(a,b) = 271(0-9)

Completion of A is defined with respect to this metric.
Definition 49. Let a € A;. Define @ := (1+6a)~! — 1 € A;.

Spitzer’s Non-Commutative Identity. Given (A, R), a complete, filtered, non-commutative Rota-Bazter
algebra of weight 6, and a € Ay, Spitzer’s non-commutative identity is

n

PRO(UFE)) > (-1)"R(R...(R(a)a)...a) .
0

In order to prove this, and define the terms involved, one needs some tools about non-commutative
algebras.
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Baker-Cambell-Hasdorff Formula. In a non-commutative algebra, A, the following identity holds:

T

oY = ttyt+BCH (x,y)

where the first few terms are

BCH(z,y) = 3le0] + 15 (0, [yl + s [y al) + -

For a closed form, see [34].

One has the following recursive definition:

Definition 50. Let
Xo(u) =u

and
Xn(u) = u— BOH(R(xn-1(w)), R(xn—1(u))) .

Because R preserves the filtration, take the limit and write

lim xn = x(u) = u — 5 BOH(R(x(u)), R(x(w)) . (60)

n—oo
Lemma A.5. This definition lets one write

X () + BOH(R(x(u), R(x(w))) _ g0 _ (ROu(w) (60— R)(x(w) 61)

Lemma A.6. If R is an idempotent Rota-Baxter operator which is also an algebra homomorphism, one has:
1. R(x(u)) = R(u) and R(x(u)) = R(u).
2. Equation (61) becomes
el — eR(u)e(u—R(u))

or

eﬁz(u) — o R u _ eﬁz(u)+BCH(—R(u),u)

Proof. [10] O

Definition 51. If u € A;, then write e’* = 1 + fa, with a € A; and 6 # 0 € k. The expression " is well
defined due to completeness:

_ log(1 + fa)
u=——p- (62)

I now return to the proof of Spitzer’s non-commutative identity.

Proof of Spitzer’s Non-commutative Identity. One can write

RO Z1 4 B (Z (D" (e ) iR (Z U Ry - (—1)"R(X(u))))> ,

n!
1 1

where the first equality comes from equation (58), the second from Lemma A.4. Using Equation (58) again

RO _ 1 4 R (;(E—Ru(u)) _ eR(xm)))) 4R (;(e—m(u)) RO (g 4 ga))>
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—1_-R (e—R(X(u))a) )
The fourth from the fact that

et — oR(x(w) (R (x(w))

from equation (61) and definition 51. Thus e~ #(X(")) satisfies the recursion relation

n

y=1-R(ya)=> (-1)"R(R...(R(a)a)...a) .
1

To generalize this result one defines the following relations:

1. Define .
X — oROX(H) ; Y — R&(F)

These are Spitzer’s non-commutative relations. They satisfy the recursive equations
X =14—-R(Xa) ; Y =14— R(aY)
with a defined as above.
2. The inverses are defined as
X '=1,-R@ax™") ; Y '=1,4—RY 'a)
Lemma A.7. X(1+46a)Y =1.

Using this notation, e~ #x(®) gatisfies the conditions for X ~!. Similarly, one sees Y = eRlx(w), Also, X
and Y are clearly elements of the algebra A.
A.3 Application to the Hopf algebra of Feynman graphs

This section returns to the complete filtered unital algebra of linear maps (Hom(H, A), %) for some Rota-
Baxter algebra (4, P), of weight 8 # 0. Define e = 7o € be the unit map. Ebrahimi-Fard, Guo and Kreimer
rewrite the Birkhoff decomposition of elements in G(A) in terms of Spitzer’s non-commutative relations.

Theorem A.8. For~' € G(A). One can write y' = e*® with a € Hom(H, A)V. u =~ —e € Hom(H, A)D).

1. R : Hom(H,A) — Hom(H, A) is a Rota-Bazter operator given by R = Po f. (Hom(H,A),R) is a
filtered non-commutative, associative, unital Rota-Bazxter algebra.

2. The renormalization equations are
W ==PH+> 44 =e— RO xu)
v

and

Therefore, one can write X = 'yT_ and Y1 = ’y_];_ where X, and Y are defined as above.

3. Given the definition of P and P, X and Y are algebra homomorphisms. Therefore v\ and ”yi € G(A).
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AT = 0 = eBX(@) 4 ROx(@) |
If A= C{z}[z71], this corresponds to the Birkhoff Decomposition expression

A=yl = x vt

5. The renormalization equations can be rewritten in terms of the Bogoliubov operator:

Ryl =~" 4 At x4
vy

or as v = —R(R[y']). Thus one has R[y'] = e*n=x@ = ~T _ ¢ Similarly, R(R[y']) = 2e — 4.

This shows that dimensional regularization and renormalization by minimal subtraction can be formu-
lated as a factorization problem in a non-commutative algebra with idempotent Rota-Baxter map. The
decomposition of the Hopf algebra homomorphisms are determined by the decomposition map associated to
the Rota-Baxter operator on A. The properties of this decomposition implies that Vi and ’yi € G(A). In
fact, both the set of counterterms and the set of renormalized algebra homomorphisms form subgroups of
G(A). Furthermore, since the Rota-Baxter operator in A is idempotent, it gives a direct decomposition of
A, which establishes the uniqueness of the Birkhoff Decomposition in this case.

Finally, this theorem implies that it doesn’t matter what the algebra A is, as long as it is a unital Rota-
Baxter algebra with idempotent operator. Under these conditions, one has a unique Birkhoff decomposition
determining the counterterms and the renormalized algebra homomorphisms. Since choosing A physically
amounts to choosing a class of regularization schemes, this gives the physicist significant freedom in choosing
the regularization scheme.
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B Rings of polynomials and series

Let k be a ring. Let x be a formal indeterminate over k.

k[x] The ring of polynomials in z with k co- | f(z) = > ] a;z’
efficients
klz,z~1] | The ring of polynomials in x and =1 | f(z)=> " a;a’
k(x) The ring of rational functions in x. 5 with f, g € k[z]; g # 0
E[[z]] Formal power series in z. fl@) => a;x’
k((x)) Also written k[[z]][z71] or k[[z,z7T] | f(z) =X, aia’
Formal power series in x with finitely
many powers of 2z~
For the following two rings, let k = C.
C{x} Formal power series in  with non-zero | 3r > 0 such that f(z) =~ a;z* con-
radii of convergence. verges for |x| < r.
C{{z}} | Also written k{z}[z~']. Convergent | If f(z) = > a;z’, Ir > 0 such that
formal power series with finitely many Zgo a;x' converges for || < r.
powers of 1.

There are the following inclusions on these sets:

If kK = C then C{x} is the set of meromorphic functions that do not have a pole at 0. Also, there is a map

klx] C K[z, ™' C k(z)

klz, 271 C k{{z}} C

k((2))

klz] C k{z} C K[[2]]

C(z) — C{{z}} that assigns to each rational function its meromorphic expansion about 0.
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