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CHAPTER 1

Graph, Weights and Forests

1.1. Introduction: Feynman graphs

Basic definitions. Modern physics describes elementary particles and their interactions by the
heavy machinery of perturbative quantum field theory(pQFT). Within this framework, graphical objects
known as Feynman graphs play a prominent role. Pictorial representations of such graphs are

—

for example. Accommodated to the needs of physical theory, these graphs are non-standard as will
become apparent in the following. Rather than giving a formal definition loaded with technicalities, we
shall adopt a more informal and narrative style of describing them.

For a start, depending on what one focusses on, Feynman graphs are generally labelled. That is,
equipped with maps that assign information of physical interest(momentum, position, etc.) to its edges
and vertices. We will further elaborate on these maps as we go along.

Let I' be one such Feynman graph. We shall use the terms 'Feynman graph’ and ’graph’ inter-
changably henceforth. T' consists of its vertex set I'®) and a set of edges T'[!l. We distinguish between
external and internal edges: if an edge e € T connects to only one vertex, i.e.

(1.1) lenTl =1

we speak of it as external, and if [eNT'%| = 2, the edge is called internal(it connects two vertices). Their

sets are denoted F[elalt and ng]t, respectively. This may seem a bit strange at first, but external edges
are 'open’ towards one end and are not, as in standard graph theory, a pair of vertices. The edges of a
Feynman graph should rather be thought of as extra elements with data on which vertex they connect
to and, moreover, are subdivided into half-edges: internal edges are two joint half-edges, whereas an
external edge is made up of a single half-edge.

Though this may sometimes not be of interest, edges are oriented. For example, in Yukawa theory

one encounters the graph

[}

with oriented internal edges 1,2 and vertices a,b. The source s(e) of an edge e € 'Y is the vertex it
is oriented away from, while its target t(e) is the one it is oriented towards. In our example, if we choose
the orientation suggested by the little arrow, we have s(edge 1) = a and t(edge 1) = b.

Feynman graphs are built from various edge and vertex types, each corresponding to a type of
quantum particle and type of interaction, respectively!. Edges come in the form of straight, wiggly
and dashed lines, amongst other somewhat fancy line styles. For example, the lines used for gluons are
strongly reminiscent of telephone cords. Here are some examples:

e AV VAVAVAV
----- T -

IThe corresponding notion in standard graph theory is that of a coloured graph.

1



2 1. GRAPH, WEIGHTS AND FORESTS

Vertices together with their adjacent half-edges are called corollas, such as

A Feynman graph can therefore be thought of as constructed by glueing together corollas, as in

<> O

If an edge is made of two half-edges that connect to the same vertex, we get self-loops like

HON —O,

where the latter belongs to what has been dubbed ’tadpoles’(inspired by their shape). Though
they are genuine Feynman graphs which a physicist might play around with(prior to what is known as
renormalization), we will forbid self-loops. Given a vertex v € 'Y and an adjacent edge e € T'lYl| then
hy(e) is the half-edge of e which is attached to v. By n(v) we denote the set of all adjacent edges of the
vertex v. Consider the graph

€

€3
e b

where we have marked the two half-edges h,(e2), hy(e2) of edge ea. The adjacent edges of the two
vertices a and b are n(a) = {e1, e2,e3} and n(b) = {es, e3,e4} with |n(a)| = |n(b)| = 3(cardinality).

Definition 1.1.1. Let I" be a connected Feynman graph. T is said to be one-particle irreducible(1PI) or
2-connected if it stays connected after removal of any internal edge. Furthermore, it is called
(1]

ext

(1) vacuum graph (or vacuum bubble) if |T'c,,| =0, i.e. if T’ has no external edges, like

(2) tadpole graph if |F[elw]t| =1

(3) propagator or self-energy graph if |F[81£t\ =2
(4) and vertex graph if [T, | > 3.

Throughout this lecture we will only consider 1PI propagator and vertex graphs, discarding all the
rest. Take the vertex graph

It is not 1PI on account of the tadpole being attached to it: upon removal of edge e, we are left with
two components, namely a vertex graph and a vacuum bubble.

Evaluating graphs. Physicists assign numbers or certain functions to graphs. For example, say
the assignment is a map called eval, mapping Feynman graphs to the algebra C[L] of polynomials in one
variable L, then we might write

(1.2) eval(—<{) = di L + do, eva1(<<[) — L2+ L+ co .

where the beginner unfamiliar with QFT need not wonder how these come about for the time being. In
fact, there is an intricate story behind eval which involves the evaluations of integrals and subtractions
to be unfolded in the lectures to come. For the moment, we content ourselves with noting that purely
combinatorial criteria determine how these polynomials, their degrees and coefficients are related. The
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difference between the two graphs in (1.2) is that the second one has a 1PI subgraph inserted, which is
the boxed one in

Subgraph insertions. On the set of graphs, we can define an insertion operation, in this particular
case,

where o, instructs us to insert the graph following behind it at vertex v. Or, if we choose the lowermost
vertex to be the insertion place, call it w, we find

To see how the labelling changes upon insertion, consider the self-energy graph insertion

(1.5)

Notice that the labelling shifts by the number of internal edges which enter the vertex graph through
insertion and that the external edges(which are half-edges) of the inserted self-energy graph are joined
with the half-edges of edge 6 of the ’hosting’ graph.

Here is an important fact: all graphs are made up of 1PI subgraphs. We can therefore, with these
insertion operations at hand, construct all Feynman graphs with given a fixed ’skeleton’: here is an
example from quantum electrodynamlcs(QED ) with wiggly lines

where the skeleton is the leftmost 1-loop graph and the insertions are carried out according to this: first,
the self-enery graph is inserted into wiggly edge e, then the result is inserted at vertex v to yield the
vertex graph on the right hand side.

1.2. Operads and tree diagrams

Operads. Consider the multiplication map m : A ® A — A on an algebra A. It is associative by
definition, in the language of commutative diagrams,

ARA®R A 9™ A9 A
(17) l'm@id Jm
AA T A
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commutes. With the usual shorthand ab := m(a ® b) for a,b € A, this is nothing but
(1.8) (ab)c = a(bc).

We can write this in the form a tree diagram:

(ab)c a(bc)

h X\ : A

Seen as a ’'multiplication machine’, this tree has input slots, represented by its leaves at the bottom,
and one output slot, given by the uppermost vertex. Every internal vertex represents a multiplication
procedure. Just like we have done before with subgraphs, we can build trees by insertion operations:

!
Ty T2

o /\ OI/K ) /A

1 2 1 2 1 2 3

where oy says ’attach tree T, to leaf 1 of tree T} to obtain the final tree T°. Note how the leaves of the
resulting tree are labelled. Note also that upon attaching a tree 7 to another, say T, at a leaf of T', we
merge the uppermost line of 7 with this leaf. The operad equation corresponding to (1.9) takes the form

T T2 T T2
(1.11) /K o1 /\ = /K 09 /\ .
1 2 1 2 1 2 1 2

More generally, a repeated operad application might in tree diagram language look like

(1.12)

n+m+k

oy ) =

’ j+k+m

j+l+1 j+l+k

where the dots stand for the approriate number of lines. This is a more general situation as we are not
restricted to strictly binary trees which arise in the context of the multiplication map(strictly binary tree
means every node which is not a leaf has exactly two children). Note that setting the brackets around
the first two trees and changing the insertion instruction from o; to oj +

(1.13)

n+m+k

’ j+k+m

j+l+1 j+l+k

leads to the same tree as in (1.12). We thus have the operad equation

(1.14) ) 041
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Loosely speaking and ignoring various other subtle aspects, an operad on the set of trees is a map that
takes any number of trees and composes them as in (1.13) to form a single tree. For a precise definition
see [VATO04].

Subgraph insertions as operads. We can represent a Feynman graph by a tree diagram if we
decorate the nodes of the tree appropriately with subgraphs. Instead of giving a precise definition of this
bijection at this stage, we illustrate it by an example. Take the QED graph

(1.15) r= ,

where we have omitted the orientation arrows which have no business to hang around in what follows. T’
contains the 1PI subgraph

(1.16) v =

which itself habours the two 1PI subgraphs

(1.17) v = = and v = MA@VVV

To represent I' by a tree diagram, we use what is called a decorated rooted tree. This is a tree with
decorated nodes and a ’root’, a distinguished node that always has its place on top. The corresponding
tree for I' then takes the form

,},/ ,’y//

The root, decorated with I', stands for the whole graph I'. Every node below it represents a subgraph.
The children of these nodes are the subgraphs of those subgraphs, and so forth.

The advantage of a Feynman graph’s tree representation is that it makes its subgraph structure clearly
visible. Moreover, it can be read as recipe of subgraph insertions that have to be made in order to obtain
the graph.

It is these very subgraph insertions and the corresponding attachments of subtrees onto trees rep-
resenting Feynman graphs which are of operadic nature. Therefore, we arrive at the conclusion that
naturally Feynman graphs come with an operad structure.

1.3. The weight of a graph

Graph homology and labelling. Recall that although this might not always show up in its pictorial
representation, a Feynman graph I' has labelled vertices and oriented edges with source and target vertex.
We do not consider self-loops, i.e. if e € T then we always have s(e) # t(e). In addition to that, the
vertices are ordered. Putting all this data together, we get an oriented graph in the sense of graph
homology. Without taking too wide a detour, we briefly sketch this homology.

Consider a chain complex of Q-vector spaces generated by Feynman graphs and indexed by the
number of internal edges. There is a boundary operator d from one vector space to the next defined by

(1.18) dr = Y sgn(T)re,

eertl

int
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where T, is the graph we obtain when we shrink the internal edge e to a point and sgn(T'.) = £1 is such
that d o d = 0. Then, roughly speaking, the quotient spaces with respect to the boundary operator yield
the graph homology. For more on this, see [ConVo03].

The labelling of a graph I may for instance be given by the following maps. The momentum labelling
¢ : Tl — M* associates to each edge a 4-momentum in Minkowski space M* ~ R*. The edge variable

labelling A : FE}’L]t — R, assigns a variable to each internal edge and, as we will see, constitutes what is
known as the two Kirchhoff or Symanzik graph polynomials(for more on this, see chapter 7). Furthermore,
let ' be the set of half-edges of ', then a : 'Y — R_ is the map associating a variable to each half-edge.

This map will be relevant in setting up the corolla polynomial of T, expounded in [KrSS12].

Assigning integers to graphs. We introduce a map w : FE}L]t UTO — Z which assigns an integer
to each internal edge and to each vertex of a graph I'. Then we define the weight of the graph I' by

(1.19) wp(D) = Y wle)+ Y w(v)—D-hy(I),

et veTlo]

int

where D is the dimension of spacetime and hq(I") the first Betti number of I' which is the number of
independent loops. We set

(1.20) w—) =2, w(-<)=0

and have in D = 6 dimensions of spacetime

(1.21) we(—(r—) =2w(—) +2w( <) —6=4—-6= -2,
=0

and

(1.22) we(—(D—) = sw(—) +4w(-<)—6-2=10—12 = -2,

where the Betti numbers are hy(—( —) = 1 and hy(—(])—) = 2. Next, consider

(1.23) wo(—<[ ) = wo(~<([) = we(<) = wo(<]) = 0,

where hy (%[) = 3. Another example is a vertex graph with four external legs, for which we find

(1.24) wo(<F) = wo( <) = we(—£L) =2.

These calculations suggest that the weight of a graph is determined by the number of external legs, i.e.
if

(1.25) r ) =

exrt ezt|

for two graphs I' and T' with edge and vertex types of those in (1.20), one always has wg(I') = we(T). In
fact, it is not difficult to show that if

(1.26) wp(@) =wp(@)  vI,T: 0| = T,
then D = 6 follows.

Contractions. Graph insertions can be reversed by an operation called contraction. The contraction
of a subgraph ~ in a graph I' is an operation yielding the so-called cograph I'/~y, which is the graph one
obtains by shrinking all internal edges of v to a single point while the external leg structure remains
untouched. For example,

(1.27) —®—/<[ -—(—

and

(<

Here is an interesting fact: if for some dimension D we find that (1.26) holds for a certain species of
graphs, i.e. with certain vertex and edge types, then

(1.29) wp(T) =wp(T'/y) Vy CT :wp(y) <O0.

In other words, if (1.26) holds, we do not change the weight of a graph if we contract one of its subgraphs
of non-positive weight. A graph 7 of non-positive weight (in dimension D), i.e with wp(vy) < 0 is also
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referred to as a (superficially) divergent graph. We define a primitive graph to be a 1PI graph that is void
of any divergent proper 1 PI subgraph.

1.4. Forests of a graph
Consider the 7-corolla gluon graph

J

5

®

‘ v w %%\%
08 OQL%}

0
W
&~

9(§%§mwgwmszé‘ 00000

(1.30) T i= moon

©

which has only gluon edges and trivalent corollas. It has the following proper subgraphs:

(1.31) M=

and their unions
S

%1; ) V23 = Y2 U3, 713 =71 U7s.
The weights of its vertex and edge types are
(1.33) W () = 2, w(anf ) = —1.

Then we find for D = 4: wy(T") = —1 and wa(y;) = wa(y;) = 0 for all 4,j. Hence all subgraphs are
divergent, and so is I' itself. Primitive subgraphs are 1,y and ~3.

(1.32) M2:=1Uy =

Definition 1.4.1. Let I be a graph. A forest f of T' is a collection of divergent 1 PI proper subgraphs
~v C T such that for any v,y € f one of the following conditions holds:

(1.34) (i) v ', (i1) v C v, (iii) yN o' =0,
i.e. either the subgraphs of f are disjoint or contained in each other.

The forests of our gluon graph T in (1.30) are:

(1.35) {vmet Avesmz2), {vms)h {s st {2723t {3723}
and every single subgraph by itself, {v;}, {;:} for all 4, j.

Definition 1.4.2. A forest f of a graph ' is maximal, if the cograph
F/f = P/ U»Yef’y
18 primitive.

Consider the simple forest {1 }. If we contract it in T,

S

(1.36)

where the 4-valent vertex has weight zero, we see that ~y; itself is not a maximal forest since this cograph
does have two 1PI proper subgraphs (of weight —5) and hence is not primitive. Neither are v2 and ~3
maximal forests by the same argument. If we consider v12, we find the primitive cograph

6@5@ TOCC000Gn,
7 & d

(1.37) L/m2 =
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which tells us that 12 by itself constitutes a maximal forest of I'. The same goes for 13 and 793 as well
as all forests in (1.35).

Definition 1.4.3. A mazimal forest f of a graph I' is called complete if any v € f is either primitive
or there is a proper subgraph v’ € f of v such that /v is primitive.

This means that only the forests in (1.35) are complete. The forest {712} has only one non-primitive
subgraph for which there is no further subgraph in this forest that could be contracted to yield a primitive
graph. Consider the maximal forest {v1,7v12}. It is complete because v; and the cograph vi2/v1 are
primitive, i.e. have no divergent proper 1PI subgraphs.

To display the nestedness of subgraphs, it makes sense to write complete forests as a sequence of
subsets:

(1.38) M C12 ST, NMCns T, Y2 S 72 €T, Y2 € v23 C T,

and so on, taking into account every disjoint subgraph sequence, too.

Now that we have the notion of a graph’s forest, we can specify the one-to-one correspondence between
Feynman graphs and decorated rooted trees: take the complete forest f = {v1,712}. The corresponding
rooted tree now takes either the form

r r
Y12 or L/ s
7 Y12/M

both decorations are possible. Now, we acknowledge that a decorated rooted tree corresponds to a
complete forest of a Feynman graph.
A final example with two disjoint divergent subgraphs is the gluon graph

(1.39)

with divergent subgraphs v and 4. The reader may check that ws(T") = wy(y) = wa(y’) = —2. The
corresponding rooted tree can be read off from the box system

r

where each divergent subgraph corresponds to a leaf and the whole graph to the root. Thus, we have
the simple tree

r

!

y Y

with two leaves decorated by the two subgraphs. The forests are v, 4" and {v,7'}. Only the latter is
complete.



CHAPTER 2

The Hopf Algebra of Rooted Trees

2.1. The route to a Hopf algebra

Our goal is to establish algebraic structures on the set of Feynman graphs which are those of what
is known as a Hopf algebra. However, understanding how these structures work on Feynman graphs and
that they do have the desired properties is anything but trivial. Our preferred route is this: we first
acquaint ourselves with these structures on the much simpler set of undecorated rooted trees and see how
their pre-Lie structure naturally gives rise to a Lie algebra structure. On account of the Milnor-Moore
theorem, a Hopf algebra structure is then guaranteed. Because all these structures can also be found on
the set of Feynman graphs, we will see that they do indeed form a Hopf algebra.

Pre-Lie structure. Let I' be a Feynman graph and Z(y|I") the set of all possible insertion places
for v into I', i.e. a set of vertices or edges of I'. Consider the bilinear operation

(2.1) Txy= > Ton.
i€Z(y|T)

In fact, it is pre-Lie, which means that it is not associative and deviates from associativity in a very
specific way, namely

(2.2) (Cory)*y2 = Tx(yrxy2) = (D ky2) 91 — Tx (2 x 1)

which is not zero in general. The commutator with respect to this operation satisfies the Jacobi identity
and hence gives rise to a Lie algebra which then, by the theorem of Milnor and Moore, ensures a Hopf
algebra structure.

2.2. Rooted trees

Unlike Feynman graphs, rooted trees are standard graphs as they are known in graph theory.

Definition 2.2.1. A tree T is a connected and simply connected" graph with vertez set T'% and edge set

T, A rooted tree is a non-planar tree with a distinguished node r € T such that any egde is oriented
away from it. By I we denote the empty tree. |T| := #(T[O]) is the number of nodes.

Here are some examples of rooted trees, ordered by their node number:

where the root is always represented by the topmost node and we have refrained from drawing arrows
to indicate the orientation of the edges. We introduce an algebra structure on the set of rooted trees by
considering the free commutative Q-algebra with generators labelled by rooted trees. These generators
will be identified with their rooted trees such that we get expressions like

(2.3) 3./I\+§/k+8}\l,

where the last term is a product of trees. In graph-theoretic terms, the multiplication is the disjoint
union of trees. A product of trees is called forest(of rooted trees). The neutral element of multiplication
is the empty tree I(or ’empty forest’) with |I] = 0. As for trees, we set | f| to be the number of nodes in
the forest f. We denote this algebra by H.

INo loops.
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Grafting operator. Let 7 be the set of all rooted trees and (7T )g its linear span over the rationals.
We introduce the grafting operator By as a linear map H — (T)g by By (I) = e and for a forest of trees
Ty, ... T,

(2.4) By(Ty ... Ty) i= /\

Tl T2 T,n

mapping any forest to a single tree by attaching the roots to a single new node which then becomes the
new root. A concrete example is

- WY

Note that the product of trees is commutative, which would cause us trouble at this point if the trees
were planar. Thanks to their non-planarity, there is a unique forest X for every tree T' € T such that
T = B, (X), a fact which is somewhat obvious from the definition of the operator B..

Grading. By the number of nodes, there is a natural grading on H. Let F,, be the set of all forests
with n nodes, i.e. 7 € F, implies |7| = n. The grading is then given by their linear Q-span
(2.6) Hn = <]:n>Q
and hence H = @, - Hy, where Hy = QI. The elements of the subspaces H,, are called homogeneous:
they are linear combinations of forests with the same number of nodes each.

More formally, our algebra H is a triple (H,m,I), with multiplication? m : H ® H — H and unit
map® I : Q — Hy, the latter of which sends ¢ € Q to ¢I. The product has the grading property

(2.7) m(Hl ® Hk) C Hiqp.
— T ———
Another important property of m is its associativity
(2.8) m(a@m(b®c)) =m(m(a®b) ®c) Va,b,c € H

which can also be expressed in terms of a commutative diagram
HoHoH 99" geoH '1
(29) er®id ml

HeH —— H
as we have already seen in section 1.2.
Coproduct. To promote our algebra H to a bialgebra, we additionally need two linear maps: the
coproduct A and the counit I. The first linear map, the coproduct A : H — H ® H must be coassociative:
(id®A)o A= (A®id) o A, or, alternatively,

HoHoH <32 HeoH

(2.10) A@idT TA 7

HoH +«+>— H
must commute, which is (2.9) with reversed arrows. It must also be compatible with the product in the
sense of an algebra morphism: if we write ab := m(a ® b), then this takes the simple form

(2.11) A(ab) = A(a)A(b),

i.e. the coproduct must be multiplicative. The product on H ® H is defined by
(2.12) (ab)(d @V):=ad @bV .

The counit I vanishes on all trees and I(I) = 1. The set

(2.13) Aug:=EP H,

n>1

2The tensor product symbol ® used here stands for the tensor product with respect to the rationals, i.e. for the symbol
®q-

3Beware: this is a sleight abuse of notation.
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comprises the kernel of the counit I. This makes ker I =Aug it into an ideal named augmentation ideal.
In general, the coproduct maps a tree from T to a linear combination of elements in H ® H. One
way to define the coproduct A on H is recursively by virtue of

(2.14) ‘ AoB, =B, @I+ (id® B.)oA.

This works as follows. Given a tree T = By (X), where X is its corresponding forest. Then,

(2.15) ( A(T) = Ao By (X) = By (X)®1+ (id® By) o A(X).

First, we set A(I) := I ® I, whereby we have defined the coproduct on Hy. Next, we define it on Hy:
(2.16) A@=AoB . (I)=B; (D) @I+(id@B)A(l) =e@I+Ixe,

and then on Ho,

(2.17) A(])=20Bi(8) =B.() 01+ (deB)A@M) = | @l +eaetle |.

Hs> has another element: the forest e o. By multiplicativity, this is

(2.18) Ase) =A(0)A(s) = (e[ +IRe)(eR][+IRe) =eex+IRee+2 eQe.

As an exercise, the reader may verify that

(2.19) AN =N 0TI /N 1200 ]+ ees o
The fact that this really does define a genuine coproduct is worth a
Theorem 2.2.1. The algebra morphism A, recursively defined by the identity (2.14) is coassociative, i.e.
it satisfies
(2.20) / (id®A)oA = (A®id)oA.
PRrROOF. By induction: starting with Hy and then walking up the grading from H,, to H, 1. On Hy,

the identity holds trivially: both sides yield [ ® I ® I. The rest is left as an exercise for the reader. Hint:
insert T'= B4 (X) and use (2.14) as well as coassociativity on both sides. O

A standard notation for the coproduct of an element [ # = € H is

(2.21) Az)=I@z+201+) /@2 =Ioz+ze1+A),
()

where &(x) is called reduced coproduct. This motivates us to define a class of elements with a simple
coproduct.

Definition 2.2.2. An element z € H is called primitive, if A(z) = 0.

The simplest example is the single root: from (2.16) we have A(e) = 0. Another less trivial example
is
(2.22) x:QI_..
to be verified by the reader, where use of (2.17) and (2.18) is highly recommended.

Admissible cuts. There is another way to define the coproduct. Let v € TI°! be the node of a tree
T and P, C T the set of paths from v up to the root of 7. Then an admissible cut C C T is a subset
of edges such that [pN C| <1 for all paths p € P,. That is, any path must cross no more than one edge
of C. By C(T') we denote the set of all admissible cuts of a tree T'. Take the tree

a b
(2.23) T =
c

with edge set T = {a,b,c}. Admissible cuts are C; = {a}, Cy = {a,b}, C3 = {c} and Cy = {a,c}.

Given a cut C € C(T), we take all edges e € C' and remove them from 7. What we are left with is
a forest PY(T), called the 'pruned’ part and R(T) the connected component containing the root. For
the cut Cy in our example (2.23) this is

(2.24) POT) = o ] RO:(T) = o
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The coproduct of a tree T can then be defined by
(2.25) AT)=Tel+IeT+ Y PYT)eROT).
cec(T)

The reader should check to find the same results as in (2.16) to (2.19) by employing this definition. It is
now straightforward to show that the coproduct A has the grading property

n
(2.26) AH,) c P H; @ H,_;.
j=0

For the coproduct, this is easier to be seen in the definition of (2.25), while is it obvious for the multipli-
cation map.

There is an additional property of interest that a coproduct can have: it can be cocommutative. This
is the case when for all z € H one finds that A(x) is invariant under the 'flip’, a linear map which
interchanges the two elements in a tensor product, i.e. a ® b — b ® a. If we define

(2.27) A,y i=1flipo A

(opposite’) then A — A,, vanishes if the coproduct is cocommutative. However, this is not the case for
A on H:

(2.28) Ao N =T M + N\ ®H+2I® el e oo .

Comparing this result with (2.19) shows that A is not cocommutative. The difference is

(2.20) AN = AN =(se—2])@ et e @ (2] - o0).

In this result, there is an interesting observation to made: the elements to the left and the right of the
tensor symbol are primitive. This is a first sign of something looming on the horizon which we do not
yet understand but will come to later.

Coinverse. What we have so far is the quadruple (H,m, 1, A,ﬁ) which is all one needs for a bial-
gebra. To promote this further to a Hopf algebra, we need a coinverse, also called antipode, an algebra
antimorphism S : H — H, defined by the property

(2.30) mo(S®id)oA=Tol=mo(id®S)oA.

This definition immediately implies S(I) = I and a recursion relation

(2.31) [ S(r)=-T- 3 S(PC(T)RO(T)
cec(T)

for a non-trivial tree T or,

(2.32) I S(T)=-T- Y PT)S(RYT)).
cec(T)

alternatively. The reader can check these two identities by using (2.30) and ﬁ(T) = 0. Easy examples are
(233)  S(e)=—9, S([)=-] -S(e)e =—] + ee. S(e0)=5(e)S(s)= ve.
The coinverse can also be defined by

(2.34) S(T)=-T—- > (-1)I°1PY(T)R(T),
ccrhl

where PC(T) and RY(T') are as above but this time all possible subsets of edges are permitted. It is easy
to check this for the trees in (2.33).

The defining property in (2.30) might strike those unacquainted with it as a bit odd at first sight.
But in fact, it is rather natural in the following context. Given two linear maps f,g : H — H on the
Hopf algebra H. Then the convolution product

(2.35) frg=mo(f®g)oA
defines another linear map on H. One can show without much effort that * qualifies as a group operation
with neutral element £ := I ol and inverse f*~! = f o S for any linear f on H, where the special role of

the coinverse S becomes apparent at this point. In the light of this, (2.30) states that S be the #-inverse
of the identity map id on H.
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Grading operator. A linear map D on an algebra is called derivation, if
(2.36) D(ab) = D(a)b+ aD(b)

for all algebra elements a,b. One such derivation on H is the grading operator Y. It is given by
Y(T) := |T|T for a tree T, i.e. it simply multiplies a tree by its number of nodes. For a homogeneous
x € H,, one has Y(z) = |z|x = nz, hence the name. If we take the convolution product with the
coinverse, namely S * Y, we find

(2.37) (SxY)(e)=o, (Sx¥)(])=2] oo.

It turns out, that S * Y maps all (non-trivial) ladders to primitive elements. Ladders, denoted A, are
defined by Ao := 1T and A\x11 := By (\g), they take the form

5

(2.38) A

> k-times

|
and their coproduct is A()\;) = Z?:o Aj ® Ap—j.
Proposition 2.2.2. (S« Y)(\g) is primitive for all k > 1.

PROOF. Exercise. First check (2.37) to get aquainted with this operator. Then use
(2.39) AS =flip(S® S)A and AY = (Y @id+id®Y)A .

The first identity can be found in any book on Hopf algebras. Y’s being a coderivative is a consequence
of being a derivation in combination with being its own dual. It is not difficult to prove for ladder trees.
The proof is also implicitly given in the appendix (see B.2) U

We shall see that understanding the Dynkin operator Dy = S x Y is already half the battle in
understanding the renormalization group! The reader can find more on this interesting operator in
appendix section B.2

2.3. Pre-Lie structure on the Hopf algebra of rooted trees

Analogous to what we have seen in section 2.1, we define a pre-Lie product on H. A leaf [ of a tree
T is a vertex of T with no children. We denote the set of all leaves of a tree T by F(T)(’foliage’). Let
7,7 € T be two trees and [ € F(7) a leaf of 7. Then let T' = 70, 7" be the tree which arises upon grafting
the root of 7/ to the leaf [ of 7 such that T has one more edge than 7 and 7’ together. Then

(2.40) TxT = Z To, 7

defines a bilinear product on H which is pre-Lie, as we will see. An example is

" /}*.mq.

Let us now adopt a more convenient notation: given two trees p,v € T, we use the shorthand

w
(2.42) i = k.

v



14 2. THE HOPF ALGEBRA OF ROOTED TREES

If we now take a third tree o and right-x-multiply it, we get*

7
I :
(2.43) (W*v)*xoc= Oy + /\ .
i Ol/ g

where the first term on the right-hand side stands for the sum over all grafting operations where o is
attached to the leaves of v(as part of the trees in p % v) and the second, where ¢ is grafted to the leaves
of pu not parentally connected to v. If we now shift the brackets and first calculate v x o, arriving at

(2.44) Vko = iy

and then left-multiply this sum by p, we find
1

(2.45) ux(vxo) = iy.

o
Thus, the associator is

I
(2.46) X(p,v,0):=(urxv)*xoc—pux(v*o) = A@ .
OZ/ g

On account of the non-planarity of our rooted trees, we realize that it is symmetric with respect to an
interchange between the latter two arguments, i.e. X (u,v,0) = X(u,o,v) which means

(2.47) (W v)xo—p*(Vxo)=(u*x0)*v—pu*(o*v)

and thus the grafting x-operation is pre-Lie. Question: If we had defined the x-product by only allowing
a specific subset of leaves in F(7), would this bilinear operation still be pre-Lie? Would the pre-Lie
property be lost if we allowed the root to be a grafting place? We finally point out that

(2.48) [, V] = pxv—v*p

defines a bilinear map which obeys the Jacobi identity by virtue of being pre-Lie which is easy to check.
This makes H into a Lie algebral!

4The *-product is linear.



CHAPTER 3

Hopf Algebra Characters and Hochschild Cohomology

3.1. Prologue: A Hopf algebra induced by a Lie algebra

Hopf algebras arise in various contexts, one of which is non-commutative geometry where a Hopf
algebra structure was discovered by Connes and MoscovicilCM98]. This so-called Connes-Moscovici
Hopf algebra is intimately related to that discovered by the lecturer Dirk Kreimer himself[Kr98]. The
connection between the two Hopf algebras is expounded in [CoKr98] which also provides the background
for this lecture and is recommended as a reference for the eager student.

Connes-Moscovici Hopf algebra. Consider a vector space V over the field Q generated by the
symbols X,Y and a countable collection {4,, : n € N} of symbols. Let T(V') be its tensor algebra. We
write the product of two vectors v,w € T(V) as a juxtaposition vw of which we recall that it is not
commutative by definition. Next, we additionally introduce a bilinear Lie bracket by

(31) [Xa Y] = Xa [Xa 571] = 5n+17 D/a 571] = n(sna [67176771] =0

for all n,m € N. If we establish an equivalence relation by identifying [v,w] ~ vw — wv for v,w € T(V)
and take the quotient T'(V')/ ~, we obtain a Lie algebra, also known as universal enveloping algebra of
V. To make it into a bialgebra, we define a coproduct by

(32)  AY)=Y@1+18Y, AX)=X01l+1aX+60Y, AG)=601+106,

where 1 := dq is the neutral element of multiplication. If we require

(3.3) A(hh") = A(R)A(R)

and hence A([h, h']) = [A(h), A(K)], A(,) is determined by d,, = [X, d,,—1]. The reader may verify that
(3.4) A(b2) =02 ®14+1® 02+ 61 ® 01

and

(3.5) A(03) =031 +1® 03 +30 @z + 0 @51 + 67 @63

follow!. One can show that A indeed is a coprodut on Hy := T(V)/ ~. The general form of the coproduct
of the generators ¢, is

(3.6) A(0n) =6, ®14+1® 6, + Rn—1,
where
(3.7 R, =nd1 ® 0, + [A(X), Ry—1]

is defined by this recursive relation. With the existence of an antipode S, which can also be proved, Hr
is in fact a Hopf algebra. It is an example of a Connes-Moscovici Hopf algebra alluded to above.
What is so interesting about this Hopf algebra? It turns out, as we shall see, to be isomorphic to a
Hopf subalgebra Hepy within our Hopf algebra of rooted trees H!
3.2. Connes-Moscovici Hopf subalgebra
Natural growth. Recall that a derivation is a linear map D on an algebra such that
(3.8) D(ab) = D(a)b+ aD(b)

for any elements a and b of the algebra. We consider a linear map N : H — H defined as follows. For
the empty tree, we set N(I) = e whereas for a non-trivial tree T # I we set

(3.9) N(T) := T,
veT0]
Ha®b,a’ @b =aad @bb —a’'a@b'b

15
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where T,, := T o, ® is the tree we obtain when we graft a single leaf to the vertex v of T such that
|Ty] = |T| + 1. To define N on forests, we require it to be a derivation on the augmentation ideal
Aug= @, -, Hr. Note that we exclude Hy = QI from this since otherwise the derivation property (3.8)
would imply N (I) = 0. N is referred to as natural growth. Examples for its action are

(3.10) N =], N(]) } A

and

(3.11) N({)—/} +/I\+ : N(/'\,)—Z/} +

Repeated application of the operator N on the single root yields interesting objects in H:

(3.12) O == N*(I)=NoNo..oN(I)
S—_——
k—times

for k > 0. The first §;’s read 6y = I,

(3.13) oy =e, 52:I7 53_{4—/\., 54_3/}-‘--/1\.4-’)\4- )

and so on. The prefactors before the trees are called Connes-Moscovici weights. Notice that it is no
accident that we have used the same symbols §; as in the previous section.

Proposition 3.2.1. The elements 0 € H defined in (3.12) generate a Hopf subalgebra, the so-called
Connes-Moscovici Hopf subalgebra Hopr C H. More precisely, Hon is the free commutative algebra of
their Q-linear span,

(3.14) {6, - k > 0})g.

PRrOOF. To prove this assertion, one only has to show that He s is closed under the coproduct and
the antipode, i.e. that

(3.15) A(Hewn) C Hoy ® Hew, S(Hewm) C Hom

as all other properties are garanteed by H being a Hopf algebra. First note that by construction, d,
is a sum of trees, 6, = Zj T;, where a tree may appear several times in the sum, depending on its
Connes-Moscovici weight. We proceed by induction. Assume that A(d,) € Hoyp ® Hopr. Forn = 1,2
this is trivial. For n 4 1, we have

(3.16) A(bnt1) =0n1 @T+100,1+ > > PYT)) @ RU(TY),
J cec(Ty)

where 0p 11 =) j Tj’ and linearity of A have been used. We now have to find a reason why the admissible
cuts in (3.16) do not lead out of Hepy. Taking a closer look, we realize that the admissible cuts of the
tree T} fall into two rough categories: either the new grown leaf is cut off directly above its edge(case
1), or it is not(case 2). In the latter case it is either part of the pruned part P¢(case 2a) or the root
component R (case 2b). In case 1, the cut off leaf will always appear as a factor 6, on the lhs of the
tensor product. This case has two subcategories: cuts of just a single edge with just one leaf cut off and
nothing else(case 1la) and those cuts where the leaf is cut off along with some other vertices or trees(case
1b). Case la results in n equal terms of the form §; ® §,,. How many terms do we get from the second
type, with other parts also cut off? Assume we want to ’carry out’ this cut: first we cut off all other
parts by removing all the corresponding edges and save the new grown leaf for last. Where can we find
it? Answer: there are exactly as many possibilities as there are nodes on the remaining tree. All in all,
finally, the reduced part of the coproduct on the rhs of (3.16) can be rewritten with 6, = >, T} in the
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form

N @6 + o Y R & PUT)®RIUT) +)y Y NPYT)) @ RT)
Il Cec(Ty) I Cec(Ty)

+ > Y PYUT) @ NER(T))
I cec(hy)

in which we cannot spot any element not in Hops. Then closedness under the antipode follows immedi-
ately. O

3.3. Characters

Recall that the convolution product * is a bilinear operation on the set of linear maps H — H. More
generally, a convolution can be defined for linear maps v, ¢ from H to a commutative algebra A with
multiplication m4 by

(3.17) Yx g i=ma(Y @A
where we have suppressed the composition sign: a habit we shall frequently allow ourselves to succumb

to from now on. We choose A := C and define characters to be algebra homomorphisms ¢ : Hop — C
such that ¢(I) = 1. Then the convolution is naturally given by

(3.18) ¢ x1p=mc(d@Y)A = (¢ @Y)A,

such that for a tree T" we have

(3.19) (6 *)(T) = o(T) +(T)+ Y (PY(T))p(RE(T)).
cec(T)

We will relate these characters to formal diffeomorphisms, which are formal power series in Cl[z]] of the
form

(3.20) h(z) =z + apx® + azz® + ...,

with A’(0) = 1. Because of this latter property they are said to be tangent to the identity. Their
derivatives

(3.21) B'(x) = 1+ 2ax + 3azz® + ...

carry the same amount of information: we do not lose anything by differentiating®. Neither do we lose
any information if we consider their logarithm

(3.22) log b/ (z) = log(1 4 2asx + 3azx® + ...) = 2a0x + (3az — 2a3)x” + ...

We associate to this so obtained formal power series a character ¢; on Hcps by setting
(3.23) dn(01) := O log W () |a=o -

Then we have the interesting identity

(3.24) Bhog = bn * Pg

which we shan’t prove here. The reader is referred to [CoKr98] for details. We check this formula for a
simple case. Given the two diffeomorphisms

(3.25) h(z) = = + az? | g(x) =z + ba?

one has log h'(r) = 2ax — 2a?z? + ... and log ¢’ (z) = 2bx — 2b%z% + ..., which translates to
(3.26) on(61) = 2a , én(62) = —4a? by(61) =2b , by(82) = —4b°.
On the one hand, we get for the composition ho g

(3.27) log(h o g)(x) = 2(a + b)z + 2(ab — a® — b*)x* + ...

which means ¢poq(01) = 2(a+b) and ¢pog(d2) = 4(ab— a? — b?) for the corresponding character. On the
other,

(3.28) (Pn * ¢9)(01) = In(01)dg(I) + dn(D)dg(01) = Pn(d1) + ¢¢(1) = 2a + 2b
and
(3.29) (0h * 0g)(02) = dn(02) g (1) + dn(D)dg(52) + dr(S1)dg(61) = —4a® — 4b + 4ab.

2Why is that?
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3.4. The Group of Hopf Characters
C—

Let H be a Hopf algebra over Q with unit I and a grading {H, },>0 such that Hy = QI. Moreover,
let A be a commutative algebra over Q with multipilcation m4 : A ® A — A. Then Hopf (algebra)
characters are algebra morphisms from H to A which preserve the neutral element of multiplication. We
will now see that they form a group with respect to the convolution product. The convolution of two
characters ¢,v : H — A is given by

(3.30) ¢* P =ma(¢®V)An,

where Ay is the coproduct on H. This mg let ¢1, ¢2 and ¢3 be characters. Then
(3.31) (P12 ¢2) xd3 = ma((d1 % d2) ® ¢3)An = ma(ma(d1 ® ¢2)An ® ¢3)An

(3.32) = ma(ma ®ida)((¢1 ® ¢2) ® ¢3)(Ap ®@idy)Apn

(3.33) = ma(ida @ ma)(éd1 ® (d2 @ ¢3))(idy @ Am)An

(3.34) = ma((¢p1 @ma(d2 @ ¢3)An)An = ¢1 * (P2 * ¢3).

In (3.33) we have used the associativity of m4 and the coassociativity of Ay. Given the neutral element
of multiplication 14 € A, one can define a unit map 4 : Q — A by I4 := ¢ oI, where ¢ is any character.
Then we have [4(1) = 14. The map e :=14 ol is in fact a character which, as the following calculation
will reveal, is the neutral element of the convolution *-product: first check that for any character

(3.35) Wxe)) =ma(w@e)IRD) =14 =) = ... = (exp)(I)
and for [ #x € H
(3.36) (¢ xe)(x) = P(x) + e(z) + Y (a)e(x”) = (),

()
where we have used e(Aug) = 0. The same goes for e x 1. If we take the antipode S of our Hopf algebra
and define ¢ := ¢ o S for a character ¢, we see that

(3.38) = ¢olol=I4 0l=e¢

and also ¢ x ¢ = e. Note that we have used the defining property of the antipode(see section 2.2) and the
multiplicativity of characters

(3.39) malp® @) =¢ompy

where my is the product on H. However, the upshot is that ¢ = ¢ 0.5 is the inverse of ¢ with respect to
the convolution product. It is left to the reader to verify that this multiplicativity property is preserved
by the convolution. Given all this, we have proven the following

Proposition 3.4.1. The set of characters GY from H to A, i.e. unity-preserving algebra morphisms,

forms a group with respect to the convolution product. 5 &
3.5. Coradical Filtration gk.
A filtration of an algebra A is a sequence of subspaces M { E N - N( 7
(3.40) A0c Al cA’C .. € -

such that A =J,,» A" and ma (A" ® A™) C A"*™, where m4 is the multiplication on A. Note that we
are not talking about subalgebras of A, but subspaces. For a bialgebra one has the additional requirement

(3.41) AAM) = Y A A
i+j=n
for the coproduct.
Let now again H be our Hopf algebra of rooted trees. We can use the grading in H to construct

a filtration: H™ := EB;.L:O Hj is a filtration for H, where we have introduced Hj in section 2.2 as the
subspace of Q-linear combinations of forests in H with k& nodes. The first subspaces in the grading are

(3.42) Hy=QI, H;=Qe HQ:QOGGBQI, H; ~Qeoee @Q{@Q.I@Q/’\.7
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and so on®. There is another filtration which is key to us: the so-called coradical filtration. To define
it, we need to introduce some more maps on H. First a projector P : H — Aug onto the augmentation
ideal. It is characterized by linearity, P(I) = 0 and P = P?. Note that also P =id — E with E =Io L.
Furthermore, we define a family of maps

(3.43) AV:=id, A=A, A?:=(A®idA, A= (A®id%*)AF
we may also write as
(3.44) AF = (A ®id® (A ®id¥" ). (A ®id)A

which makes explicit that this is tantamount to repeatedly applying the coproduct to the first element
of the resulting tensor product. Now, finally, we consider an additional family of maps

(3.45) Ag:=P, A :=(P@P)A', Aj:=PEFIAF,

Loosely speaking, what these maps essentially do is this: A* creates a sum of (k+ 1)-fold tensor products
from a single element € H. Then P®*+! annihilates all those terms in the sum that have at least one
empty tree I in their tensor product. For example, we do not need to apply the coproduct to create an
empty tree for I € H, hence Ag(I) = 0. For primitive elements = we have A;(z) = 0, since we must apply
the coproduct at least once to get an empty tree in every term: A(z) =IQz+z® L

Definition 3.5.1. The coradical filtration H° ¢ H' C H? C ... of the Hopf algebra of rooted trees H is
given by

(3.46) H':={z e H|A,(x)=0}
How does this relate to the grading? Let us consider some more examples.
an  s(=1. auD=wrora])=rPer)e]+]olteve)=eas.
The two-node ladder is in H?, as the next calculation shows:
a(]) = (PePeP(aeidA])=PoPeP)(AvidIe] + el eos)
= (P®P®P)(]I®]I®I +A(I)®H+ sRIlpe +Ixexs)=0.
The reader may check that
(3.48) A(se)=20@0, Ay(ee)=0, A] - Jee)=0,

which means that a linear combination of two elements in H™ may actually also be in the subset H"~! C
H". The coradical degree of an element y € H is defined as the number

(3.49) cor(y) :==min{n | y € H"}.

The relation between the elements of the coradical filtration H™ and those of the grading H,, is this: if
y € H,, then cor(y) < n. This can be made explicit by virtue of the coproduct’s grading property:

(3.50) A(H,) C Y Hj®H,
jt+l=n
from which
(3.51) AMH,)C Y Hy®..9Hj,

Jit.tik+1=n

follows. How can you avoid j; = 0 for at least one [ in the sum if £k > n? You cannot. [J]
Proposition 3.5.1. The growth operator By increases the coradical degree.

PRrOOF. This follows from the identity

or, more concretely for an element x € H
(3.53) ABy(2) = By(2) ® [+ 1@ By(z) + 2@ By(I) + »_ 2’ ® By (a).

(2)

3Why choose these ’isomorphic to’ symbols?
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Let cor(z) = n. The reader may check that by virtue of (3.53) one finds
(3.54) An(B1 (@) = An-1(@) @ By (D + 3 Anoa(0') © By (")
(@)
which does not vanish because A,,_;(z) # 0 by assumption. Hint: first prove
(3.55) A" = (A" ®@id)A,
(inductively) and then use it. O
Coradical degree and Feynman rules. As we shall see later, the coradical degree of an element
in h € H sets an upper bound to the degree of the polynomial that physics assigns to the sum of graphs

represented by h. Feynman rules can for example be given by a character ¢, : H — A, where A = C[L]
is a polynomial algebra. For the element h this yields something of the form

cor(h)

(3.56) or(h) =Y ¢(h)L7.

j=1

It will then be the renormalization group to dictate how the coefficients c; are related to each other.
Examples are

(3.57) ¢L(I) =c1L+el? ¢r(ee)=0¢r(e)’ = (dL)* =diL?
and
(3.58) or(] - % o) =c1L .

3.6. Tree factorials

Let T be a rooted tree and v € TI% one of its vertices. If e, € T is the adjacent edge just above
this vertex, the cut C' = {e,} € C(T) yields a tree T(v) := PY(T) with v as its root. The number
#T(v) = |T(v)] is called the weight of the vertex v. Then we have the following

Definition 3.6.1. The tree factorial T'! of a tree T is given by T!:= [],crw |T(v)|. For the empty tree
we set 1! := 1.

If we label the two trees

(3.59) A4

[CREUR

1

with their vertex weights, their tree factorials are \y! = 4! and T!=1-1-1-3-5 = 15. For ladder trees,
i.e. trees without sidebranchings, \;! = k! is obvious.

Let I € F(T) C T be a leaf, i.e. a (childless) vertex with weight one. By T/l we denote the tree T
with [ removed. An interesting identity is

T 1
(3.60) % = > T

For our two examples, this can be easily checked:

A 4 1 1 T 5 2 1 1
(3:61) Al 4l 30 Al I -1 8 12 /\I!

1
+ .
A

For a proof see [Kr99] or [Lued].
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3.7. Iterated Integrals
bbb - mhin

Let [a,b] C R be an interval. Consider a collection of differential one-forms w;(z) = f;(z)dz, j =
1,2,3, ... on the real line R. A family of so-called iterated integrals can be defined by

b
(3.62) Fola;b) :=1, Fp(a;wi,...,wn;b) ::/ fa(@)Fp_1(a;wr, ...,wp_1;2)de  n > 1.

We associate these to decorated ladder trees

L
Wl
(3.63) Ao =1 kL

where the decoration is a map D assigning a differential one-form to each vertex. Generally, the target
set of a decoration can be anything, whatever is of interest. The integrals in (3.62) comprise 'nested’
integrations. Note that the leaf of Ay corresponds to the innermost integration, i.e. that of the one-form
w1, whereas the outermost integration has the one-form wy, as kernel.

Setting @ = 1 and b = x > 1, we can choose the same one-form for all nested integrations and get for
w(z) = dx/x integrals of the form

z d Yk duyr._ Y2 d
(3.64) F(lw,..,w;x) :/ ﬂ/ Lol / 21 ,
1 Y J1 Yk-1 1 W
where this is typical physics notation, coming in handy here: the outermost integration is represented

by the leftmost integration measure dyy /yx, with everything else depending on y; to the right of it. The
innermost integration is on the rightmost position. We invite the reader to verify by induction that

_ (Inz)*  (Inz)Asl

Wi

(3.65) Fy(Lw,...,w;x) W

The identity

(3.66) Fo(Liw,..,w;x) = ZFj(l;w, e w; ) Fpj (@5 w, e wi )
3=0

for any z’ € [1,z] is an instance of Chen’s lemma about iterated integrals. For example, for n = 2 we
have,

1
(3.67) Fy(liw,w;z) = §ln2:):

on the lhs and

2
ZFj(...)Fg_j(...) = Fy(L;2")YF(2sw,w;x) + Fi(Lw; 2 ) Fi (2w 2) + Fe(L;w,w; o) Fo(2'; )
3=0

1 1
= 1- 3 In®(z/2') + Inz’ In(z/z") + 3 In?z’ -1

on the rhs of (3.66). Are these results the same? Yes, they are: in contrast to what seems obvious, the
rhs does not depend on z’.

Tree-terated Integrals. We now generalize this game to all types of rooted trees, this time including
sidebranchings. The corresponding integrals are sometimes (more or less) jokingly referred to as tree-
terated integrals.

The rules for a tree T are actually quite simple. Any vertex v € T1% corresponds to an integration
with a measure induced by its decoration one-form w, and the nestedness of integrations is determined
by the kinship relations of the vertices amongst each other: the root r € T being ancestor to any other
vertex in T, corresponds to the outermost integration with one-form w,, while the children of a vertex v
are represented by disjoint integrations nested inside the integral with w,. For example, we decorate a
simple three-vertex tree

(3.68) T= N
w w9
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with one-forms
(3.69) wi(z) = fi(z)dx, j=1,2,3

and translate this to

(3.70) Fr(a;wy,wa,ws;b) = /abwg(;r) /: w1 /am Wy = /ab dx f3(x) /: dx’ fi(z") /x dx" fo(z") |

a
where we have in one integral suppressed integration variables when there is no necessity for them to
appear. To define a tree-terated integral for a general tree, let T be a decorated rooted tree with root r
and decoration D and

(3.71) D(7) :={w, : v e 7%}

the set of the 'decor’ one-forms associated to a subtree 7 C T'(including 7 = T'). Then there is a decorated
forest B_(T') with its multiset of trees mo(B_(T")) which we obtain when we jettison all edges adjacent
to the root r. The tree-terated integral we associate to T is then given by

b
(3.72) Fr(a; D(T);b) := / wr(x) H F.(a; D(7); ).

a Te€m(B-(T))

Here is one more example to make this definition clear:

wr b - x y/ y// y//
(3.73) w1 Wy = / wr(x)/ wl(y)/ wll(y/)/ wg(y”)/ War / Worr .
wz a a a a a a
WQ/ WQ//
It is helpful to additionally label the vertices with the integration variables of the associated integration:
T
/
Y vy
1"
Y

where it is not necessary to mention the leaves’ integration variables; for vertex 1 we have done it
for clarity’s sake, though. Here is how the kinship relations determine the integrations: [wo and [ wor
are disjoint integrations being nested inside the integration involving ws, as the vertices 2’ and 2" are
children of vertex 2, which is itself child of vertex 1’ and therefore subject to the integration with wy, and
SO on.

With this more general definition, we can come back to our simple iterated integrals we constructed
by iterating integrations of the one-form w(x) = dz/x and ask whether there is a generalization of (3.65).
In fact, we come full circle with the following

Proposition 3.7.1. For trees decorated uniformly with the one-form w(x) = dx/x, the tree-terated
integrals defined through (3.72) evaluate for a=1 andb=x>1 to

1 7|
(3.74) Fr(lw,..,w;z) = % .

PROOF. . Inductively all the way through the tree sets 7, = {t € T : |t| = n}. First the reader may
check that

“d In )"+t
(3.75) / B (1 yyn = WD
1Y n+1
Getting the induction started on 7; is trivial. Try also 75 and 73 to get familiar with these integrals.

Assume now the assertion holds on 7, and choose T' € T,11, i.e. |[T| = n+ 1. Then, by definition we
have

r 1
(3.76) Fr(lw,...,w;z) :/ &y H —'(lny)‘ﬂ
VY emBory ™

because, by assumption, the formula holds for a tree 7 € J T;. The reader should ponder over

Jj<n
(3.77) =t J[
Temo(B-(T))

and write down neatly the complete proof as an exercise. O
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Chen’s lemma in (3.66) suggests there might be some coproduct-like operation behind the scenes.
This is indeed the case: if we use Sweedler’s notation for the coproduct of a tree T,

(3.78) AT) =) T/ 1),
J

where the coproduct acknowledges the decoration, the more general version of (3.66) for the corresponding
tree-terated integrals is

(3.79) Pr(a; D(T);b) = 3 Fry(a; D(T}); O)Pry (G D(T]);b)

with a < ( <b.
The coproduct acknowlegdes the decoration? Yes, for the tree in (3.68) this takes the form

w3 w3 w3 (a3 -
(3.80) A(.{l\wzb '4\@@“]1@ .{:\.w2+ cw ® I:;+ cwy ® I“:j Foew vwy ® e,

where the difference to the coproduct of this tree’s undecorated cousin is that the third and fourth term
are acknowledged to be unequal.

3.8. What is Hochschild cohomology?

The standard answer to this question is: Hochschild cohomology is the dual of a Lie algebra coho-
mology. For the latter, the coboundary operator d in this cohomology acts according to

(3.81) dfa, b] = [da,b] + [a, db]

on the Lie bracket for Lie algebra elements a,b. If we take the universal enveloping algebra of this Lie
algebra, a one-cocycle is a linear operator D such that for the product ab one has

(3.82) D(ab) = D(a)I(b) + aD(b),
where I is the counit, i.e. ﬁ(b) is a scalar. The reader may verify that (3.82) is equivalent to
(3.83) AD'=D'®1+ (id® D')A

for the dual operator D’. To work this out, consider, for example, the coproduct A. If we denote the dual
of an element a by (a,-), then {(a,m(b® ¢)) = (A(a),b ® c) expresses the dual relation between product
and coproduct. Also, one should note that the counit I is defined as the dual to the unit map I. A nice
reference for the dual relationship between Hopf and Lie algebras is the doctoral thesis [Foi02] (written
in French).

Hochschild Cohomology of H. Regardless of the dual relation to a Lie algebra, we shall now
define the Hochschild cohomology of our Hopf algebra of rooted trees H. Consider a cochain complex of
the Q-vector spaces Hom(H, H®") of linear maps L : H — H®" n € N and H®° := Q. The vectors in
Hom(H, H®™) are referred to as n-cochains. By virtue of the coproduct, we define a map

(3.84) Ayt HO" — O Ay =1d¥ '@ A@id®"
which applies the coproduct to the j-th slot. Next, consider the linear operator
(3.85) b: Hom(H, H®™) — Hom(H, H®" )
defined by
(3.86) bL := (id®L)A+i(—1)jA(j)L+ (-)"M Lol
- = -
for all n € N. To avoid confusion, L ® I is to be understood as the map E E £ = O
(3.87) H>z— Lz)®le H®" ® H.

To also clarify the compositions of the form A L, let now L: H — H ® H be a 2-cochain. For a € H,
the image under L takes in general the form

(3.88) L(a) =) d}®d],
J
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where the sum is assumed to be finite. Then the two examples

(3.89) AgyL(a) =Aq)(>_aj®d]) =) Ad)) @ af
J J

and

(3.90) A)L(a) = A(g)(z a; ®ai) = Z a; @ A(af)
J J

illustrate the action of these compositions. Note that the images on the rhs are all in H®3,

It turns out that b as defined in (3.86) is a coboundary operator of the cochain complex, that is, it
has the property bo b = 0. However, instead of going through the proof, which is more tedious than
illuminating, we note that the pair
(3.91) (Hom(H, H®"),b)
is a cochain complex. Cochains L : H — H®" with bL = 0 are called closed or n-cocycles. They form a
subspace which we denote by C™(H). Within this space there are obviously those elements L € C™(H)
that vanish under the coboundary operator b because there is an (n — 1)-cochain ¢ such that L = bg,
i.e. bL = 0 simply on the grounds that b o b = 0. These so-called exact n-cocycles, or more common,
coboundaries, establish yet another subspace B"(H) C C™(H). Coboundaries are also referred to as
trivial cocyles. They carry this name because they get degraded to zero maps in the quotient spaces

(3.92) B .= c"(H)/B"(H) .

which constitute the Hochschild cohomology of H. Its n-th element BEL) is called n-th Hochschild coho-
mology.

One-cocycles L € C1(H) are characterized by the identity
(3.93) AL=(id® L) A+ L®I

because bL = (id ® L)A — AL+ L ® I = 0, which is (3.86) for n = 1 since A;y = A. A prominent
example of a non-trivial one-cocycle is the growth operator By which satisfies this identity by definition
if one defines the coproduct recursively by it as we have done in section 2.2. How can we tell B is not
trivial? This is because for o € Hom(H, Q) one has the coboundary

(3.94) ba=(id® o)A —a®l

by the above definition in (3.86) and consequently* ba(I) = 0. And this is certainly not the growth
operators’s behaviour which we recall to be By (I) = s.

3.9. Universal Property of connected commutative Hopf algebras

We now come to a very important result concerning the Hochschild cohomology of H which might
at first glance seem abstract and of little practical use. However, as shall become apparent as soon as
we consider an example and even more so as the lecture series progresses, it provides the mathematical
underpinning for the Hopf-algebraic structure of renormalization.

This result holds more generally for connected commutative Hopf algebras, where a connected Hopf
algebra is by definition equipped with a grading H = @ ;>0 Hj starting with Ho ~ QI

Theorem 3.9.1 (Universal Property). Let By € BS) be a non-trivial one-cocyle of a connected commu-
tative Hopf algebra H. Then the pair (H, By) is unique up to Hopf algebra isomorphisms and universal
among all such pairs (ﬁ,L). In other words, given any connected commutative Hopf algebra H and
Le Bg), then there exists a unique Hopf algebra isomorphism p : H — H such that

(3.95) poBy =Lop,
or, in terms of a commutative diagram, such that
H—"- H
(3.96) B+l lL
H—"— H.
commutes.

4Note that by a ® I we mean the map = — a(z) ® I from H to Q® H ~ H.
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PROOF. By induction up along the grading H = P ;>0 Hj. The proof is not difficult and is strongly
recommended to the reader as an exercise. The complete proof can be looked up in [CoKr98]. Before
trying, the reader may have a look at the special case of H being the Hopf algebra of rooted trees, treated
in [Panz12]. O

Algebra of formal integrals. Let now again H be our Hopf algebra of rooted trees. As it is
connected and commutative, it has the universal property. We consider an application displaying some
typical features of the problem of renormalization in QFT and take a first look at its underlying Hopf
algebra structure. In section 3.7 we have encountered integrals with respect to differential forms like

(3.97) /abw_/abd;

which we assigned to decorated rooted trees. Obviously, the case of uniformly decorated trees can be
easily reduced to that of undecorated trees. However, we shall for now concern ourselves with ill-defined
integrals of the sort in (3.97) where b — oo, that is, integrals like

(3.98) /aoo dv

X

This integral ill-defined on account of its logarithmic divergence, as is diverges as fast as In(b) for b — oo.
We let a > 0 to avoid yet another source of trouble. To still deal with (3.98) in a mathematically sound
way, we view it as the formal pair ( faoo,w), where the symbol faoo is seen as an element of the Betti
cohomology (whatever that may be) and w(z) = dz/z as an element of the de Rham cohomology.

We identify a formal pair ([,w) with the integral [ w if it is well-defined as an integral of the
differential form w integrated over some interval X C R with inf X > 0. These pairs form an algebra
where the corresponding operations on this algebra are given as follows: the sum of two formal pairs is
the analogue of the sum of the two corresponding integrals. The multiplication of two formal pairs is

(3.99) ([ ton([ o =] [ w@ew)

where this evaluates to the product of two independent integrals [, w(z) and [, w(y) in case they are
well-defined. This algebra structure is in fact sufficient for what we are concerned with.

Corollary 3.9.2. Suppose in the set-up of Theorem 3.9.1 that the target set Hisa commutative algebra
and L : H — H a linear operator. Then there exists a unique algebra isomorphism pr : H — H for L
such that

(3.100) prLoBy =Lopy.

PrOOF. Obvious from the proof of Theorem 3.9.1. O

We may therefore let H be the algebra of formal pairs. Recall that an algebra isomorphism like py,
is called (Hopf) character. For a € R we consider a character ¢, from H to our formal pairs such that

(3.101) D=0, GoB®=(] T o),

where (0,1) is the neutral element of the multiplication we defined in (3.99). One can show that ¢, is
the unique algebra morphism py, for the linear operator L given by the identity

(3.102) (000 BT = ([ wle)on(D),

for a tree T', where the rhs contains the formal integral of the form ¢, (T) = ([°,wr) with integral kernel
w(z) = dx/x and wr the differential form associated to the forest of T. More explicitly, L acts on a
formal pair as

(3.103) [ wn@=( [ e,

which corresponds to a formal integral operator on formal pairs. Note that the pairs are viewed as
depending on an external parameter.
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Renormalization. We aim to turn these formal pairs into convergent integrals, a procedure known
as renormalization. Consider the antipode S and recall that it yields

(3.104) (B4 (1)) = —B4 (D)
as B, (I) = e is the root. Let R be the evaluation map such that R¢, = ¢, that is, R changes the lower
‘integration’ bound from a to b > 0. We then consider

(3.105) Rou(S(B.0) =~ @) = ~([ )
and add this to ¢, o B4 (I) to find

3106 ou(B0) + Rou(SB) = ([ - [T =([ - [Tw=(f )

which can be identified with the well-defined integral fabw = fab dr/x = In(b/a). We define another
character Sﬁ ‘H—> H by the identity
(3.107) S%(h) = —R[SS * (¢a 0 P)|(h) , h € Aug

where P is the projection onto the augmentation ideal and x is the convolution product as it has been
already defined for characters from H to an algebra like H. Then generally, the character

(3.108) Ga,r = S * ba

yields the well-defined integral. The simplest example of this is (3.106): first compute
(3.109) Sp(®) = —R[Sk* (¢ao P)(s) = —R[Sz(Dda(*)] = —R[(0,1)da(e)]
(3.110 = o) ==( .

where we recall that e € H is primitive, i.e.

(3.111) Ae)=e@I+Ixe.

Then, finally, we evaluate (3.108):
$a,r(*) = (Sh*da)(®) =SHIda() + Sh(*)da(l)

@1)(/ +</ @1)—/;@.

As this is a well-defined integral, we identify

(3.112) (/ab,w) = /abw =In(b/a).

In summary, we have found the renormalized value ¢, r(®) = In(b/a) of the prior to renormalization ill-
defined integral ¢, (o) = faoo w. The parameter b corresponds to what is known in 'real-world’ quantum
field theories as renormalization point. It is the parameter associated to the remormalization scheme
which corresponds to the map R.



CHAPTER 4

Hopf-Algebraic Renormalization

4.1. Rota-Baxter operator and characters

Let (H,mpm, I, A, ﬁ, S) be a connected, commutative Hopf algebra and V an algebra equipped with
an associative, commutative product my and a unit 1y € V. We write the product of elements v,w € V
simply as a juxtaposition vw. A linear map R : V — V is said to be a Rota-Bazter operator if

(4.1) Rlab] + R[a]R[b] = R[R[a]b + aR[b]]

for all a,b € V. One can interpreté the rhs of this equation as a measure of how much this map deviates
from anti-multiplicativity: if R was anti-multiplicative, the rhs would vanish. Next, we consider characters
from H to V. Because V is an algebra, we can define a convolution product for characters ¢,y : H -V
as usual by

(4.2) ¢xtp =my(¢®Y)An.
As we have already mentioned before, (4.2) defines a group law on the group of characters G¥. For a
character ¢ € G we define a linear map Sﬁ : H — V by setting Sﬁ(]l) =1y and

(43 Sh(h) = “RI(SG o))

for h € Aug. The map P =idyg — I ol : H— Aug is a projector and ¢ P = ¢ o P a shorthand notation.
Uniqueness of Sﬁ is ensured by the coproduct’s grading property

(4.4) Ap(H,) C € Hv® H,
k+l=n

from which follows that the identity in (4.3) defines Sﬁ recursively on H. One can check that by virtue
of R having the Rota-Baxter property in (4.1), the map Sﬁ is multiplicative, i.e.

(4.5) Sp(y) = Sp()S3(y)

which qualifies it to be a member of the character group G‘},I . We will refer to this character henceforth
as the counterterm. The symbol S}’; has been chosen because the antipode S satisfies

(4.6) S(h) =—(S=P)(h), Vh € Aug

where the convolution x is that in H, i.e. S* P =mpy(S® P)Ag. (4.6) can be easily derived from the
antipode’s defining property S % idg = I o I. The character ¢, given by

(4.7) Sy xp=Sh+ShxoP=SH+0.

is known as Bogoliubov map in physics. Another character, the map ¢r := Sg * ¢ corresponds to what
goes under the name renormalized Feynman rules. It can also be written as the result of a subtraction
procedure

(4.8) ¢r(x) = (Sh * ¢)(2) = (idv — R)¢(x) x € Aug,
following straightforwardly from (4.3) and (4.7).

4.2. Feynman rules as a character

Feynman rules, as they arise in perturbative QFT, assign parameter-dependent integrals to Feyn-
man graphs. However, this correspondence came about actually right the other way round: physicists
doing perturbative calculations encountered complicated and nested integrals for which they devised
mnemotechnically very convenient pictorial representations to help them organize their computations.
The rules for drawing these graphical representations were later named after their inventor, Richard

27
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Feynman. Mathematically, we view these rules as characters from the Hopf algebra of Feynman graphs
to an appropriate target algebra.

Regularizing Integrals. Since Feynman graphs are in a one-to-one correspondence with Feynman
graph-decorated rooted trees, we shall study Feynman rules characters on this Hopf algebra first. The
Feynman integrals one encounters in a typical QFT are mostly ill-defined as they are divergent. For
example, the integral

> 1
4.9 I = d
(4.9) /0 e

is logarithmically divergent. A possible first countermeasure is to regularize it. By inserting a convergence
factor x~* the modified integral

(4.10) I(z) = /O T

d
1+x 1:

does indeed converge for certain z € C\ {0}. The function I(z) has a Laurent series around z = 0 in
which the pole term is of particular interest. Dropping it and taking the limit z — 0 is one possible way
to extract relevant information from the formerly ill-defined integral expression in (4.9).

Regularized Feynman rules. We consider a toy QFT model that has the same essential features
as a real-world QFT. Let ¢ be a 1PI primitive Feynman graph with loop number |c| and B§ a Hochschild
one-cocyle in the Hopf algebra Hp of decorated rooted trees. B takes a decorated forest X to the tree
T obtained by grafting all trees of X to the single node decorated by ¢, which becomes T’s root. Then
we introduce our regularized Feynman rules for a toy model QFT in dimension D = 2 by the identity

fellyl) (25
@y s = [0ty J () T son i

Yo +qc \p
which is an instance of the operator identity we have seen in the universality theorem. The linear operator
on the target algebra corresponds to the integral operator on the rhs of (4.11). If we denote this integral
operator by L., (4.11) takes the form

(4.12) (¢ 0 BL)(X) = Le(o(X)) -

The ingredients of all this are the following. First note that ¢,y € R? and D = 2 — 2z, where the
integration measure is defined as

(4.13) dPy = [y|P 7 Qp dly| = ly[' TP s d]y|

obtained by modifying the dimension parameter D in the usual Lebesgue measure in two dimensions in
terms of spherical coordinates by a complex number z with |z| < 1. Defining the spherical part Qp_1
causes no trouble because the integrand will always be angle-independent and we can evaluate the angular
part to give a well-defined expression

27D/ 27! 7
(4.14) /QD*1 TT(D/2) T(1-2z)

for D = 2 — 2z. The real parameter pu > 0 is kept fixed for the moment. The function f. is supposed to
be real-valued and approach a constant as |y| — co. For simplicity, we let it be constant from the start,
say fe. We choose a shorthand notation for the integral kernel in (4.11) by defining the measure

-z 22
(4.15) dMZ(y, q) = %y’; +f;2 lyl' =2 dly|
on R%. Then (4.11) can be recast in the form
2y ~(5-1)z
(4.16 0o OO ) = [aviztna) (%) SO 157}

As strange as the factor p?* in (4.15) may seem, a simple substitution y — y/pu = ¢ makes clear that all
integrals essentially depend only on the ratio ¢2/pu?.

We will be able to associate Laurent series around z = 0 in C to these so obtained integrals, just as
one can do with the integral in (4.10). Therefore, the target algebra V consists of Laurent series in z. The
coefficients of these series are smooth real-valued functions of the parameter ¢?/u? > 0. It is important
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to note that these Laurent series have no essential singularity, only poles of finite order. Because the
coefficients are in C*°(R™"), we denote the target algebra by
(4.17) C®RM)[z71, 2] .

However, it will turn out that by the upcoming theorem the coefficients are polynomials in I = In(q?/u?),
i.e. we can be more precise by writing

(4.18) V =C[L)[z7, 2] .
Analytic continuation. Consider the identity
W)™ b wb/2 2D/2—u—1
4.1 = I'(D/2 —u)'(1 —D/2 v
(419) | s = Fpm NP2~ wr 1+ u = D) (@)

which the reader may verify!. In cases where the lhs does not converge but the rhs has an analytic
continuation, we define the lhs integral by this analytic continuation of the rhs(a typical strategy applied
in physics to not be hindered by such petty hurdles). This way we associate a Laurent series to

2y ~(5 -1z
(@20)  oleeld itz = (6o BYM = [aMi(a) (Z) o)1) |

i.e. the Feynman rules for the simple decorated root e c = B (I). In terms of the introduced measure,
(4.19) yields

y2\ " al—z e —(1+a)z
(4.21) [tz <#2) = fo =g D= (14 )2) T((1+ a)2) <M2>
with « := |¢|/2 — 1. Note that by ¢ being a character, one has
(1.22) /%2 =1,

i.e. the 'Laurent series’ 1y = 1. Let now ¢ be a one-loop graph, i.e. |¢/ =1 and set f. = 1. Then (4.21)
yields

Y o al—z e —z/2 e z/2
42) s = g T T () = (%)
where everything except I'(z/2) behaves benignly. To find the associated Laurent series we use
P 1
(4.24) (14 z2) =exp (—’}/EZ + Zkzz(—l)k((k)k) =1—vygz+ 3 (¢(2)+ 7]25) 224+ 0(2%)

for the gamma function. The constant g is defined by the peculiar limit

N
. 1
(4.25) Vg = ]\}LI}})O ( E 5 lnN> ,

k=1

and known as Euler-Mascheroni constant, a sort of 'renormalized’ Riemann zeta value at 1, where ((1) =
> ney k71 = co. Employing these formulas we find that?

(4.26) I(2/2) = % T(1 4 2/2) = % e+ 212(”2 +612)z + O(2)

obviously has a pole of first order. All together, the first few terms of the Laurent series of the function

fe(2) are

(4.27) fo(2) = 27” —2n(yg +In7m) + %(12[ln7r + 762 — 7))z + O(2?) .

Then, using L = In(¢?/p?) to rewrite (¢?/u?)~%/? = exp(—Lz/2) we get
2
o(s )’ /u*2} = - = (L +29p + 2In7)

(4.28)
+ 112(3L2 +12In7 + 5] + 127 + 5] — 72)z + O(22) .

IHint:Look up the various representations of the Betafunction B(z,y) = I'(z)['(y)/T'(z + y) and use (4.14).
2 — 2
((2)=="/6
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To calculate the counterterm Sg = —R¢ we have to consider the Bogoliubov map ¢. First recall that
A(O(;) =0 RI+IT® e, as well as

(4.29) SpD{a?/n*; 2} =1 and (@P)(e c){q®/u* 2} = ¢(e ) {d*/n* 2} .

Then we compute

(4.30) Bo Ha?/u*i2} = (Sk* 6P)(o e ){a* /0?5 2} = do e ){a* /s 2}
in which the term e ¢ ® I gets killed by the projector P.

For the Rota-Baxter operator R we choose the evaluation map setting ¢?/u? = 1 in all coefficients
of the Laurent series: given ¥ € V, applying R yields

(4.31) RY{q®/p?; 2} = ¢{1; 2}
which sets L = 0. This map is obviously Rota-Baxter, if we quickly revisit (4.1). Then, consequently,

the counterterm is given by
Shle ) {q?/u?; 2} —R[p(e )’ /1?23 = —d(e e ){L;2} = —fu(2)

2
= _777 +27(yg +1nm) — 112(12[111” +ye)’ —7%)z+ 0(2%) .

For the renormalized character ¢p = Sﬁ * ¢ we obtain
Sr(s){a* /1 2} = (Shx 8) (o ){@* /1 2} = Spe M@ /15 2} + (o ) {a*/ w2}
(4.32) = —p(e ) {L; 2} + o(o e ){d®/u* 2}
=-—nlL+ — 1 (L2 +4[In7 +yg]L)z + O(2%) ,

where everything in (4.28) not dependent on L has been subtracted. What is important to note at this
point is that the pole term has dropped out, rendering a pole-free renormalized character ¢g.

Physical limit and locality. The limit
(4.33) or(e){q*/p*} = lim ¢r(e ){q*/u* 2} = —7L = —wIn(¢*/n?)

is known as the physical limit of the renormalized Feynman rules. For a real-world QFT (we are in a toy
model, remember?), this would in principle be an observable quantity!

Pole terms that depend on the parameter L = In(q?/u?) are called non-local poles. They may appear
in the intermediate steps during a calculation but must drop out along the way so as to make sure the
Bogoliubov map is purged of such poles. The trouble is, if the Bogoliubov map still contains non-local
poles, they will not be cancelled by the Rota-Baxter subtraction: these terms vanish upon applying R
and cannot be subtracted out! The physical limit would then not exist. A Bogoliubov map free of this
pathology is said to be local.

Theorem 4.2.1. Let T € Hp be a decorated rooted tree and ¢ the Feynman rules as given in (4.11).
Assume that both the Bogoliubov map ¢ = Sﬁ * ¢P and the renormalized character ¢ = Sj; * ¢ have
Laurent series around z = 0 with polynomials in L = In(q?/p?) as coefficients such that the limits

(4.34) hm —qS(T){q Ju?; 2} (’locality’)
and
(4.35) Or(T){a*/u*} = lim (ST,  O)(T){q* /1% 2} (‘physical limit’)

ezist, the latter being a polynomial in L. Then, if these assumptions hold for the tree T = o ¢ with any
decoration c, they hold for all trees T € Hp.

PROOF. Inductively with respect to the grading. Let 7' = B (X) be a tree and X = [], T} a forest
for whose trees T}, the assumptions hold. We abbreviate A(X) = > X’ ® X" and consider the Bogoliubov
map

ST) = (Sp+oP)(T) = (S§ * 6P)BE(X)
my (S @ ¢P)(BL(X) @ T+ (id ® BS)A(X)) =D Sp(X)¢(BL(X"))
D SRNLASX) = Y Le(SHXNS(X")) = Le((Sh * 8)(X)) = Le(dr(X)) -

3Real-World QFTs like the Standard Model do yield results of this form, though.
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The counterterm never depends on anything other than the parameter z and can therefore be drawn
under the integral. By assumption, the renormalized character ¢r for X has a Laurent series is of the
form

(4.36) Or(X){y? /1% 2} = H¢R To{y?/n*; 2} = Zug(lny/u ))2! = Z%(L

§=0
with polynomials u;(L) in L = In(y?/u?). Then, ¢(T) = Lc(dr(X)) is
(437) BN 2 =3 [z (z) () 2
3=0

with a = |¢|/2 — 1. Plugging in u;(L) = Y17, u; ,L® this turns into?
(1.3 BT 2} = f‘azu [z (%) oty =

j=0a
where the integrals bring in pole terms of finite order. Taking the derivative in (4.38) with respect

to L = In(q?/p?), which acts only on the integral kernel and increases the polynomial degree in the
denominator,

(4.39) SO 2 = B % 2)

yields convergent integrals also for z = 0. This means all poles are local! Therefore, the principle part of
#(T), i.e. the poles, cannot depend on L = In(¢g?/p?). This entails that

(4.40) RO(T){q*/u?; 2} = o(T){1; 2}
still contains all pole terms. Upon substraction
(4.41) Or(T{a®/n*; 2} = S(T){¢* 1?2} — (T){1; 2}

the poles are bound to drop out and hence ¢r(T){q?/u?; 2} is pole-free.

To prove the assertion that the physical limit ¢r(T){q?/u?; 2} is a polynomial in L, it suffices to
show that the Laurent series of ¢(T){q?/u?; 2} has polynomial coefficients with variable L. We inspect
one of the integrals in (4.38): let us pick the integral of the coefficient u; , and substitute y = ué to get

[ vt afm € ocanety = [ael e BT L

(Ing?)e .
We set s := 1/q2/p? and rescale again £ = sy to find

2fc7T1_z (X2)—az
Fl-=2) x*+1

/de(uf,q/u) (€)™ (Ing?)* = (82)’(“+1)z/d\xl '

In the light of the exponential series

(In x? + In s%)®

(4.42) (s?)"(1H2 — exp(—(1 + a)z1n s?) 2k k

) (n s

k=0

one can see clearly that this integral is a Laurent series with polynomials in L = In 52 as coefficients. It
follows that this also holds for ¢(T){q?/u?; z}. O

We study two more examples to see all this explicitly. Let for simplicity all nodes be uniformly
decorated by c¢. Then we can suppress ¢ in the notation. As before, we let |c| = 1, i.e. & = —1/2 and

fe = 1. The renormalized value assigned to the tree I = B, (*) is given by

or(]) = (S 0)(]) = Sp()o(M) + SHDe(]) + She)e(s)

(4.43) 7 _ _
=50(1) +o(]) +Sp(e)s(e) = —R[G(]))] +6(]) = (idv — R)[(])] -

4Why does it start with a = 17
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We will tackle these characters one after the other. First we compute

oD 2 = [zt (i)Z/st('){yZ/uz;Z}=f.(2) [z

(4.44) - f. (z)F(T:ZZ)F(l —2)I'(z) (f;) = frz) (i) )
= fy(z)e ke

This function has a first and a second order pole term,

272 4Ar?(ygp +Inw) w2, 9
fy () = S, E(ﬂ' + 48[y + In7]%) + O(2) ,

which leads to a non-local pole term in®

o(O{P/n% 2y = ZLZ_ 27%(L + 2[yg + In7])

=

+12

1207 4+ 48(yg + In7) L + 72 + 48[yg + In7]?) + O(2) ,
The Bogoliubov map includes a subtraction
#(]) = o(D{a?/1?: 2} — Rlo(@){a* /1 2} o (o) {? /% 2}
= o(D{a* /1 2} — o(0){1: 2} o) {¢* /1?; 2}

(1.4 =1 (%) - rene(5) "
= f1(2)e = fu(2) fa(z)e 2

2n? 4rm? 1 2
-5 - M + S5 (612 + 572 — 48[yp + Inw]?) + O(2) .
The subtraction has cancelled the non-local pole. To see how this comes about, we have a look at the

pole terms of the series

472 2m%(L+ 4 1 2
fe (Z)f. (Z)e_ZL/2 _ Zi2 a7 ( + EYE + Ilﬂ']) + %(LQ +8[1H7T+’YE}L) + O(l) ,
which makes explicit why the non-local pole has dropped out. One more subtraction
2

. — T
(4.46) or([){a*/i*; 2} = (idv = R)B(){e? /%5 2)) = 517 + O(2)
yields the pole-free renormalized value whose physical limit exists and is a polynomial in L:

w2 w2
(4.47) or(D{a /W) = 5L = 5 (n(¢*/u?)* .
Next, we briefly discuss the tree f\. = B, (ee). The character ¢ yields

(4.48) O(N) = (60 By)(20) = Le(d(o#)) = Lo(d(2)d()) .

which amounts to

S M) = [ ) (Z>/ o <y>

s
- @7 @) (z)/ |

Employing (4.21), this is

1-z

(1 —32/2)['(32/2) <q2 ) o

112

(ANC/2 = e

5Here is the point to start using some computer algebra software!
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The Bogoliubov map is

a(MN)

(57 % 0P)(IN) = o(N) + Sq(e0)d(0) +2 S5(2)o(])
= () +Sp(e)0(s) +2 Sp()a(]) ,
where we remember that the coproduct yields
(4.49) AN =ANol+Iie N +teemet200].
Then, remembering S (¢){¢?/u? 2} = —p(®){1;2} = —fo(2), we have
. q2 —3z/2 . q2 —2z/2 q2 —z
N =i (%) e (%) camene (L)
Finally, to obtain the renormalized character, we subject it to the Rota-Baxter subtraction
or( N /i*i2} = (idv = R)S(N)
= FA D0 4 L) e - 1) < 2 () () - 1)

with L = In(¢q?/u?). Tts Laurent series has no pole

(4.50) or(N@/132) =~ (L + 7°L) + 0(2)

telling us that the Bogolibov map was local, and the physical limit clearly is a polynomial in L .
Generally, for this simple model, in which every node is decorated with the one-loop graph ¢, one has

for a tree T'
7]

2\ ~ 'z 2
Y
(451) oo = () I Fel.
® veT'0]
where t(v) is the subtree dangling down from vertex v € T% and the function Fy)(2) is given by
7.r17z

By multiplicativity of ¢, this formula defines ¢ also for a forest w = [], T%. The meromorphic function
F, deserves its own name: it is called the Mellin transform. Its Laurent coefficients are in this model
actually sufficient to figure out the values of the renormalized character on the whole Hopf algebra H,
once the appropriate combinatorial laws are known, that is. Question: what is the meaning of the factor

71'1_2

4.53 — 7
(4.53) I'(l-2=2)
However, easy question, let us have a look at the product
(4.54) frz)= ] Fuw(e) -

veTlo]

It is actually the function we have introduced during the above computations, this time for a general tree
T. The identity in (4.51) is not difficult to prove: one only has to show that it satisfies (4.11) or (4.16)
setting |c| = 1 and f. = 1, but we will leave it there(see also [Kr03]).

4.3. Renormalized character

The renormalized character ¢ is also an algebra morphism in the sense of the universality theorem.
The corresponding ’'intertwining’ equation is
(455) ¢R o Bi = (ldv - R)LL o d)R y
where the linear operator on the target algebra V' is given by (idy — R)L.. This identity is easy to prove

and very instructive. Note that ¢ o B¢ = L. o ¢r, which is a byproduct of the proof of Theorem 4.2.1.
Then the assertion is trivial:

(4.56) ¢ro B = (idy — R)¢po B = (idy — R)L. 0 ¢r .

It is instructive because it tells us how renormalization works: each subintegration is cured of its diver-
gence individually!
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4.4. Weinberg’s Theorem

The integrals associated to Feynman graphs, known as Feynman integrals, are in many cases diver-
gent, a typical example is the integral

o dPk
(4.57) In(q )—/(k”mg)((k,q)”mz)

in D = 6 dimensions, with mass parameter m > 0. It is quadratically divergent because, by simple
power counting, the integrand behaves asymptotically as ~ |k| for very large |k|: for an upper integration
boundary A, the value of the integral then growths as A2 for A — co. To render this integral convergent
and extract the relevant information out of it, one first introduces a regulator in a similiar manner as in
the toy model of [Kr03](see section 4.2), i.e. a parameter like z in D = 6 — 2z. The result is a Laurent
series with poles. Then a well-chosen (Rota-Baxter) subtraction procedure R will make sure these poles
are discarded and the physical limit D — 6

(4.58) Ir(¢*) = ]%iinﬁ(id — R)Ip(qd%)

is finite. As the rhs of (4.58) has a convergent integral for every D # 6, one can reformulate the R-
subtraction at the integrand level. Denoting the above integrand in (4.57) by Int(q, k), this takes the
form

(4.59) Ir(g?) = lim. / dPk (id — R)Int(q, k)

which, using again the symbol R, is an admittedly sloppy notation. However, the point is: the integrand
is now structured in such a way that

(4.60) Ir(¢?) = / d®k (id — R)Int(q, k)

perfectly converges. Therefore, we could have skipped the regularization procedure from the start: this
type of renormalization scheme, known as BPHZ renormalization needs no regularization! It might be
necessary to introduce a regulator for practical reasons, though. Anyway, given a nested Feynman integral
of the form

(4.61) Jp(q?) = /de/de’ Inty(q, k) Inta(k, K') ,
with two multiplied integrands Inty (g, k) and Ints(q, k), the BPHZ-renormalized version of it, i.e.
(4.62) Jr(g?) = / dPk (id — R)[Int (¢, k) / dPk' (id — R)Into(k, k)] ,

—

can only be expected to yield a well-defined convergent integral if every subintegration including the
outermost (‘non-proper’ sub)integration is convergent. In essence, this is the assertion of Weinberg’s
theorem, which says that a Feynman graph gives rise to a convergent integral if it is convergent by power
counting in all its sectors. The reason we point this out is this: it is because of this maybe obvious fact
that renormalization actually works. Weinberg’s well-written paper [Wein60] be recommended to the
reader at this point.

4.5. Feynman graphs and their Hopf algebra

We shall now endow the set of Feynman graphs with a Hopf algebra structure. Strictly speaking,
we have already implicitly introduced these structures during the course of the previous chapters: given
the one-to-one correspondence between Feynman graphs and decorated rooted trees, the Hopf algebra
operations on Feynman graphs are almost obvious. First some definitions.

1]

Definition 4.5.1. A graph T" is called n-PI if for any n internal edges eq, ..., e, € FE
(4.63) I"'=T\{e1,...,en}
is still a connected graph. A graph T is said to be divergent if its weight

(4.64) we(D) = 6T+ > wle)+ > w(v)

PRGN ver o]

int

. one finds that

18 non-positive.
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For example, the graph

(4.65) _OLO_

is not 1PT since

(460 OO -0 O

is not connected.

Definition 4.5.2. Hpg is the Hopf algebra of 1PI divergent Feynman graphs with edge type — and
3-valent vertices of the form —<

The product of two graphs I'; and I'y is given by their disjoint union, i.e.
(467) MHpg (Fl & Fg) =T uly
but for the most part denoted as a simple juxtaposition: I'1I's. The neutral element of multiplication is
the empty graph @), denoted by I just like the empty forest(or tree).
A grading Hpg = @©;>0H"Y) is induced by the first Betti number of a graph:
(468) |F| = hl(F) I'e Hpg ,

which is defined as the number of independent cycles of the graph I'. The elements in H) are disjoint
unions of graphs with a total number of j independent loops. The grading starts with H(®) = QI and
Aug = @j>1 H() is the augmentation ideal, i.e. everything else than the span of the unit I.

As there is no potential for confusion, we will write the counit as I, just like with the Hopf algebra
of rooted trees and let it be the linear map Hpg — Q such that I(I) = 1 and I(Aug) = 0.

How can we define a coproduct? Since the coproduct must have the grading property A(H®)) ¢

@f:o H® @ H*=D we need an operation that lowers the grading degree of a graph. One first guess is
this: let P(T") be the set of all proper subgraphs v of a graph I' € Hp such that + is a product of 1PI
subgraphs of I". Then,

(4.69) A =I0T+T®I+ > ~v@0/y
yeP(T)

may define a coproduct on Hpg. But it does not. Consider the graph

(4.70) r= {[ .

If we let A, act on it, we get

(4.71) A = <(ol+le <(+<(o<[+{Je R+He-OK-
What are these funny animals in the latter two terms? We pick two of them and compute their weights,

(4.72) we({[) =4, we(] [)=2.

This tells us that they are not divergent, because their weights are positive. They do therefore not belong
to the set Hpg! To avoid graphs like these two, we add the additional requirement that all image graphs
be divergent. Thus, the coproduct had better be defined

(4.73) AM)=1eT+T@l+ Y v®I/7,
YEP(T)

with P(I') := {y € P(T') | v =[], s:t.¥j : we(v;) < 0}. Then, the coproduct of the graph I' = ~( is

(4.74) A = < ol+Ie <+ <o <.
By virtue of the grading property of A, the antipode S : Hpg — Hpg is completely determined by
setting S(I) =T and by the identity
(4.75) S(F) = —(S* P)(T) = —mp,o(S@ P)A) = =T =} S(y) T/,

yeP(I)
where we have written the product of the two graphs S(y) and the cograph I'/v as a juxtaposition. For
r= {[ this reads

(4.76) S(~<) = -s(<\)< = - + << = - +(<[ )
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because of S(<[) = —{[ by (4.75). Another example is the graph —(—:
(4.77) A-D-)=-O-9l+le D +2 <0 -O-.

The antipode yields

(4.78) S(-O-)=--0--285(<) O = - D +2 < O

Note that S(h) = —(P % S)(h) for h € Aug is an equation equivalent to (4.75), by definition of S.

Contraction of a propagator graph. A remark concerning the contraction operation is in order.
If v C T is a propagator graph, i.e.

(4.79) Wil =2,

then the cograph I'/+ has lost all information about v altogether in the following sense. In the first
chapter we have defined the cograph as the graph we obtain if we shrink all internal edges of 7 inside T"
into one point while keeping the external leg structure of «. This was not to say that we are left with a
2-vertex in case 7 is a propagator graph! Consider the contraction

(4.80)

The external edges e; and ey of «, strictly speaking half-egdes, merge with their adjacent half-edges to
leave behind one single edge e! In our example, the result is the graph on the rhs of (4.80) and not an
animal like

(4.81)

4.6. Hopf-algebraic renormalization

The good news is that we now do not just have a Hopf algebra of Feynman graphs Hpg but also
have a character group GI‘}[F ¢ in much the same way we have seen for the Hopf algebra of rooted trees
H! Consider the labelled Feynman graph and the corresponding divergent Feynman integral for D = 6:

dP1 dPk
(4.82) o :/12(z—q1)2(l+p)2/k2(k—l)2(k +p)?

Assume we regularize it by setting D = 6 — 2z. Then we first take care of the subintegration, i.e. the
Feynman graph subsector

; dk dk
(4.83) <E[ - / K2k — 12k +p)? /kQ(k—l)Q(k +p)?

l+p

12=p2=y2

and renormalize it, where I,p € RS are the external parameters. We replace the subintegral in (4.82) by
this term and get
12P2M2> '

dP1 dPE dPk
ash i~ [ </ el e

However, this is not an expression for which the limit D — 6 exists on account of the logarithmic
divergence of the l-integration. We need yet another subtraction to achieve this aim, that is, add

—RIp =
12—p2—M2>:|

dP1 dPk dPk
- V P —q1)2(L+p)° (/ K2k —1)2(k + p)? _/k2(k:—l)2(k: +p)?

p2=qi=p?
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and the physical limit limp_6(Ip — RIp) exists. The renormalized expression (Ip — RIp) consists of 4
terms with different integrals: if we write the renormalized subintegration in (4.83) as (I, — RIp,) and
sloppily denote by A the kernel of the outer /-integration in front of the round brackets in (4.84), this
takes the form

(4.85) In

/A I, — RI,) — /A I}, — RI)]
(4.86) — [aty—@np) [ 4~ B[ arp)+ B[ a)RD)

(4.87) = /AID (RI}) (/ /AID] (RI}) R[(/

We compute the renormalized character ¢rp = Sj’; * ¢ to see how this relates to the underlying Hopf

algebra structure:
or(<() = (55 d)(<) = 5o(—<) + o(—<) + 55(<D) (<)
= —R[(S% * oP) (<)) + o(—<() - RI(S% * oP) (<)) ¢(<)
= —Rp(~<{) + 55(<) ¢(—< + o(—<) = Rig(<)] o(<])
= —Rl¢(—<() = Rl¢(<)] (<] + ¢(<) = Rlp(—<)] ¢(<)
[
[

= —R[¢(~<D)] + RIRIG(—<1)] (<) + ¢(—) - Rlp(—<)] ¢(—<1)
= —RIe(—<)] + Rie(<)] Rlo(—<)] + o(—<) = Rlo(<D)] 6(—<D)

We can reorder those terms to get

(4.88) ér(—<() = ¢(<) - Rlp(—<)] ¢(<) = Rlg(—<)] + R[p(—<)] Rl$(~<])]

The first subtraction eradicates the subdivergence assciated to the subgraph(’subsector’)

(4.89) § = <[

whereas the subtraction of the last two terms cures the remaining divergence. By comparing carefully,

we identify
(4.90) / ary = o(~<().  —RIp=—R(<). / A=¢(<]).

(4.91) —R[/ ary) = -Ro(<(). R / A) = —Rlo(<()] .

There should be no confusion because by close inspection we see that R[[ A] = RI},.

4.7. One-cocycles and finitely generated Hopf algebras

One can take a Feynman graph and use it as a generator of a Hopf algebra. A simple example can
be constructed from the primitive graph

(4.92) v=— ).

The freely generated commutative Q-algebra has a linear basis simply consisting of monomials v, n > 1.
The coproduct does not bring in anything new

(4.93) A)=7I+1I®y,

except for the neutral element I. If we add this to our algebra, and take {I,~v} as the set of generators,
we have an infinite dimensional Hopf subalgebra H. generated by just two elements v,I € Hpg. In the
same manner do we add all subgraphs « of a graph I' generated by the coproduct from it to this generator
set. Let us denote the set of generators of the Hopf algebra Hr given rise to by a graph I' in this way by
G(T"). Examples are

oy ctaDH={L <, <}, o(-0) = {L-0- <. -O-}

and

(4.95) G(-@-) = {L-0-, -0 -0, <, <} .
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These finitely generated Hopf algebras do even have a natural grading, defined by the loop number. Can
we establish a Hochschild cohomology? The one-cocycles are linear maps L such that

(4.96) AL=(Gd®LA+LoI.

Consider the Hopf algebra H_, generated by G(——) = { I, {O—}. Let B¥ be a Hochschild one-
cocycle. Consider

(4.97) ABY (I) = (i[d® B )AI) + B ) @I=I1BF (I)+ B2 (I)®1.

This suggests that B7” (I) = <)~ as this is the only primitive element in G(—)—). Next, consider
ABE (—Or) (id®@ BZ)A(=O-) + B (-O-) @1

I® B (-O-)+ OB 1)+ B (-O-) el

= 1@BY (-O)+Bf (-O)el+ OO

This requires

(4.98) B (O )=-0O¢H,

which tells us that in H_, there is no one-cocycle! We have seen that the only candidate proved disap-
pointing. Let us look at H_ . First, we note that (4.97) holds just as well as in H_,_, hence we choose

again BT (I) = —(O—. We could, of course, have chosen the other primitive graph available, but that
wouldn’t make a difference. Consider the graph

(4.99) r:=B2(<]).

If we use the one-cocycle property (4.96) as we have done before, we find

1
(4.100) r= 5—@—

which surely is in H ;, . However, the requirement in (4.98) is still valid on this Hopf algebra. It turns
out that generally, a Hopf subalgebra Hr generated by a graph I' has no one-cocycle. What’s behind this
is that the property (4.96) implies a one-cocycle increases the grading degree. The product does also
increase the grading degree but in a different way. Question: can a one-cocycle map a primitive graph
to a product of two primitive graphs?



CHAPTER 5

Lie algebraic Structures and Renormalization

5.1. Lie algebra of jets
Consider two smooth real-valued functions f,g € C*°(R) on the line R. For a fixed ¢ € R let their
Taylor polynomials of degree m be denoted by

m

(5.1) (T f)(z) = Z %f(j)(l‘o) (z— xO)j ) (Ting)(z) = Z %g(j)(xo) (z— xO)j .

=0

We declare f and g to be equivalent if these Taylor polynomials agree T), f = T,,g and write f ~ g. In
particular T,,, f ~ f and T,,g ~ ¢g. Let now zg = 0. The equivalence classes {[f] : f € C>°(R)} span a
linear space on which we may also define a multiplication through

Note that this definition implies that we take the quotient with respect to the polynomial ideal
(5.3) (z™F) i= 2™ R[2]

being the space of all polynomials with vanishing coefficients up to the m-th. The elements of this
quotient space are referred to as jets of order m at xg = 0. For f € C*°(R), the corresponding jet is
usually denoted by J;” f and can be seen as represented by an abstract polynomial. Next, let us have a
look at the differential operators

(5.4) Zy = —a* 19,

on C*(R). On account of the fact that the product of such differential operators is associative, their
commutator

(5.5) (Zk, Z1) = (k = 1) Zia

establishes a Lie algebra structure. This is a representation of what is known as Witt algebra. We combine
these two at first glance disparate concepts by considering differential operators of the form

(5.6) D¢ = f(x)0, , fecCM).

Then we apply the Taylor polynomial equivalence to the smooth prefactor functions, just as above. These
differential operators can now be viewed as tangent vectors at the base point zy = 0 with R as a smooth
one-dimensional manifold. Those readers who are not familiar with differential geometry may stick with
the differential operator notion, it is not wrong®.

However, the corresponding equivalence classes are m-th order jets in a differential geometric context.
By Al we denote the linear space of jets of order m = (n + 1) given rise to by tangent vectors of the
form?

(5.7) Dy = f()0s , feC™®R): f(0)=f(0)=0,

with the quotient taken with respect to the polynomial ideal (x"*2). Equipped with the commutator

in (5.5), one easily sees that AL is a Lie algebral We call it the Lie algebra of jets (of (n + 1)-th order
at zg = 0). However, what is of interest to us is that its universal enveloping algebra U(A?) is dually
related to the Connes-Moscovici Hopf subalgebra He s introduced in section 3.1.

LAs derivations, the tangent vectors f(z)d; act on ’germs’ of smooth functions at z = 0.
2The superscript '1’ in .A}l stands for ’vanishing derivatives up to 1-st order’.

39
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5.2. Milnor-Moore theorem

We briefly recall the concept of the universal enveloping algebra of a Lie algebra. Let £ be a Lie
algebra. Its tensor algebra T'(£) is given by the direct sum of linear spaces £L&F
o0
(5.8) T(L) =P Lo,
k=0
where the product of a,b € L is written as a ® b € L ® L or as a simple juxtaposition ab and for the
higher spaces accordingly. Taking the quotient with respect to the equivalence relation

(5.9) ab—ba=a®b—b®a~ [a,b

one obtains the universal enveloping algebra of £, denoted as U(L). Note that prior to establishing the
equivalence relation, both sides of the ~ sign in (5.9) are not the same: the lhs is an element of £ ® £
and the rhs of L.

Proposition 5.2.1. Let HE,, be the Hopf subalgebra of Honr generated by the set {I,01,...,6,}. Then,
we have

(5.10) HZ oy ~UALD .
Proor. We define linear forms Ly, k <n on HE,, by
~( 0
(5.11) (Li, P(9)) :=1 <86P(5)> d0=(01,...,0n) ,
k

which means that we formally differentiate the polynomial P(§) € H{,, with respect to the variable
0x, and annihilate anything except terms proportional to I, which are mapped to R. This means for
monomials

1 k=1
(5.12) (Lg, 01) { 0 else

with the neutral element Lo =1 dual to §o =1, i.e. 1Lg = Ly and (1,-) = [. One now has to show that
these linear forms satisfy the Witt algebra commutator relation in (5.5). This amounts to showing that

(5.13) (k = D{Lk+1, P(0)) = (LiLy — Li Ly, P(6)) = (L ® Ly — Ly ® Ly, AP(6))

and that all stuctures are dual to each other. For example, the product on H7,, is dual to the coproduct
on the Lie algebra:

(Li, PQ) = (Li, P)YI(Q) + L(P)(Lk, Q) = (L, P)(1,Q) + (1, P)(L4, Q)
= (Ly®L,PRQ)+ (10 Ly, PRQ)=(Ly,®14+ 10 Ly, P®Q)
= (A(Lk), PRQ) .
Note that choosing the elements Ly ~ Zj to be primitive in the Hopf algebra U(A%) is a necessity. For
a complete proof the reader is referred to Proposition 3 in [CoKr98|. O

Milnor-Moore duality. In fact, this important result is a special instance of the following theorem,
known as Milnor-Moore theorem:

Theorem 5.2.2. Let H be a graded, connected and commutative Hopf algebra. Then H is the dual of
the universal enveloping algebra U(L) of some Lie algebra L.

PROOF. See [Menc]. O

As we already know, the Hopf algebra of rooted trees H is connected and commutative. What is the
corresponding Lie algebra £7 Consider the set of symbols Z7 indexed by rooted trees T' € T. We take
their linear span over Q and moreover, we define a bilinear operation by

(5.14) Zr, % Zry =Y _ n(Ty, To; T) Zr
TeT
where n(Ty,Ty;T) is the number of cuts C' € C(T) such that P(T) = Ty and RY(T) = Tp. Easy

examples are

(5.15) Z.*ZIZQZA+ZI, ZI*Z.:Z}.
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The latter differs from the former due to n(l,«;/A) = 0. This x-operation is pre-Lie and thus the
associator
(5.16) AT, T2, T5) := Zy, * (Zqy, * Zy) — (Zp, % Zy) % Zpy
is symmetric with respect to interchanging the last two arguments, i.e.
(5.17) AT, T2, T3) = A(Th, T3, T3)
which garantees that the bilinear bracket
(5.18) (Z1,, Z1,)| := Zpy, * Zy — Zy % Zpy
satisfies the Jacobi identity. Therefore, we have the following
Lemma 5.2.3. The bracket defined in (5.18) satisfies the Jacobi identity.

PRrROOF. Exercise: one may use (5.17). O

Proposition 5.2.4. The linear space L := (Zp,T € T)g is a Lie algebra with respect to the bracket
(5.18) and its universal enveloping algebra U(L) is dual to the Hopf algebra of rooted trees H.

PROOF. Analogous to that of Proposition (5.2.1). The corresponding linear forms are given by
a
oT
with a formal derivative with respect to the tree T' € T and the operation dual to the coproduct on H is

the x-product. The reader may check that
(5.20) ([Z.,ZI],A> =(Z.®Zy-Z1® Zo, A(N)) .

(5.19) (Zp,-y =1

O

The analogous notion exists for the Hopf algebra of Feynman graphs Hrg. In section 2.1 we have
introduced the pre-Lie product

(5.21) Txy= > Toy,

i€Z(v|T)

where Z(y|I") is the set of insertion places for the graph v into I'. One can also write this as
(5.22) Dy = Zn(%F;I")F/
r‘l

with n(y,T;I”) being the number of possibilities to insert v into I' in such a way as to obtain the graph
IV. Examples for QED graphs are

(5.23) O * m :WW@MMJFWW@WW’
(5.24) ﬁ*@:&

and, suppressing the arrows,

(5.25) @ N O :W@W.

Note that

(5.26) /\AAAA/QNWW * WANQAMN\ =0

since there are no insertion places in the first for the second graph. Only internal (wiggly) photon lines
are insertion places for a photon propagator graph.
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5.3. The Riemann-Hilbert problem

Consider a smooth curve C' in C and a map v : C — G with values in a Lie group G. Let v be
analytic along C, i.e. for a parametrization z : [0,1] — C, t +— z(¢) of C, the derivative

(5.27) %W(Z(t)) = lim e {y(2(t + €)) — 7(2(1))}

e—0
exists in G. Then there is a holomorphic continuation of 7 on a tubular neighbourhood Ug of C.
If we extend this neighbourhood so as to include the origin, we obtain a domain D on which there
is a meromorphic continuation D — G which we might also call v. Then, v(z) has Laurent series
with coefficients in G. One version of the Riemann-Hilbert problem is to find two other such maps v+
factorizing « in the form

(5.28) 1(z) = 7-(2) 7+ (2) 2eD,

where v4 is holomorphic. This pair of maps v+ is called Birkhoff decomposition of . The product is
that of the Lie group and v_(z)~! € G is the inverse of v_(z) € G with respect to the Lie group product.
We may visualize the curve C' and the maps v, v+ on the Riemann sphere S? ~ P!(C) as in Fig.1. If we

</—

Y+

FI1GURE 1. The Riemann sphere and the Lie group-valued maps v,v+ : D — G.

assume that there is only one singularity at the origin, the domain where vy_(z)~! is holomorphic tends
to be on the upper half of the Riemann sphere. As a matter of fact, renormalization with dimensional
reqularization in quantum field theory provides an example for a solution of the Riemann-Hilbert problem!

Let us see how this comes about. First recall that the regularized Feynman rules are given in the
form of characters ¢ : Hpg — V, where V is the target algebra. By fixing all external parameters like
momenta ¢ € R* we may choose this algebra to be V = C[z71, 2]], i.e. the ring of Laurent series with
finite principle part. How can this be related to renormalization? Where is the Lie group G and the
maps v, y+?

To answer these questions, we may take the view that the Hopf characters are maps from Hrg to C.
In other words, we replace the ring of Laurent series with C as target algebra. The assignment

(5.29) 2z (z) = o(){z} .

yields a character in GgFG at every fixed point z on the domain D C P!(C). Then, the Lie group G is
this character group with Lie group product given through the character convolution

(5.30) ¢pxp=mc(p®@Y)A .

To see that this character group G really is a manifold, let G be an ordered set of all Feynman graphs, i.e.
the countable generator set for the Hopf algebra Hrg. Now, note that a character ¢ can be characterized
by its values on G, i.e. by a sequence

(5.31) (@(M){z}Hreg

in C indexed by Feynman graphs. A character is therefore represented by an element in the infinite-
dimensional manifold C*°, where the global chart is given by the assignment

(5.32) ¢ = (¢(I){z})reg -
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Consequently, sweeping the involved subtleties brought about by dim G = oo under the carpet, G looks
like C* and thus G is an infinite-dimensional complex manifold(see [CoKr00] for more).
Recall that the renormalized character ¢g is given by ¢r = S}é * ¢, which can also be written as

(5.33) ¢ =(Sp) txgr=(ShoS)*onr .
This is the Birkhoff decomposition with v+ = ¢ and v_ = Sg, where the former always maps to pole-free
Laurent series.

5.4. Minimal subtraction renormalization scheme

We now consider a concrete example for a Birkhoff decomposition in a renormalization scheme known
as minimal subtraction. This scheme differs from that introduced in sections 4.2 because it has a different
Rota-Baxter subtraction. The Rota-Baxter operator is given by the projector

(5.34) R:C[z7%2]] = C[z 7!

which maps a Laurent series free of essential singularities to its principle part, i.e. given a Laurent series
f= frz® € Clz71, 2]], one has

(5.35) R[> fuz¥] = i fr2®

k=—rf k=—rf

and thus

(5.36) (d—R)[ Y. k1= fek e Cll2]]
k=—r; k>0

is pole-free. Of course, not to forget, one has to prove the next

Lemma 5.4.1. The projection operator defined in (5.35) is Rota-Bazter with respect to the usual product
of Laurent series, i.e. for f,g € C[z™1,2]], we have

(5.37) R[fg] + R[f]R[g] = R[R[f]g + [Rg]] -

PRrROOF. Exercise. O

Let now the regularized Feynman rules ¢ : Hrg — C[z71, 2]] in a simple model be given by

2\ ~ITI=
(5.38) o= (L) R,
for a Feynman graph I' € Hp¢. For a fixed complete forest F(I") of T', the function Fr is given by
c_ c_
(539 Fr(z) = S rrk) TT S sl
K (RE
YEF(T)
and
o~ I+1
A4 =1 — .
(5.40) f) =1+ ; —
We write L = In(q?/u?) and get for the graph I' = «O— € Hpg with F(T') =0
_ _ 1
(5.41) (=)=} = %e_LZf(z) = 671 +co—c_1L+ 5(261 —2¢oL +c_1L?)z + O(2?) .
The counterterm Sj’; is
(5.42) Sp(~O-) = =R[(Sg; * 6P)(~O-)] = =R[SR[M$(-O-)] = —R[6(-O-)]
and thus evaluates to the simple Laurent polynomial
(5.43) SH(-O)zh = -1

The renormalized character ¢ then gives

(5:44)  or(-O )z = T A=) -

C_1

1
=cyg—c_1L+ 5(201 —2coL 4 c_1 L)z + O(2?)
z
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with physical limit z — 0
(545) d)R(‘O*) =Cy — C_1L .

The L-independent term cy is an artfact of this special renormalization scheme. It does not appear
in kinematical subtraction, where the Rota-Baxter operator sets L = 0. In this example, the Birkhoff
decomposition is

((S9) " # or)(—O) (S2)*H(=O) + ¢r(—O—) = (8§ 0 9)(—=O-) + dr(—C-)
= SHS(—O) + dr(-O-) = —Sg(—O-) + dr(-O)
= Rlp(~O) + ¢r(-O-) = 6(-O-) ,

i.e. the expected result. Next, consider the graph —5)—. The Feynman rules in (5.38) give

p(—O){z} = < e 2 f(2) f(22)

222

l 5
= —— 4= (36_160 — 262_1L)Z_1 + 02_1L2 —3c_1coL + 0(2) + 50_161 +0(z2) ,
where the complete forest is F(I') = {<O—}. For the counterterm we find

(5.46) SH(=9-) = =RI[(Sg * 6P)(—9-)] = =R[p(—~O-) + S(-O)é(—O-)] -
If we compute the term in square brackets, the Bogoliubov map ¢, we get
2
(5.47) B = e () f(2n) - She B A()
with Laurent series

— c _ 1
(548) ¢(_®_) = 7272; -+ ¢ 21260 + 5(62,1[/2 — 4C,1COL + 361671 + 20(2)) + O(Z) .

The Rota-Baxter projection yields the counterterm

(5.49) SH(—-) = —R[3(—D)] = = —

Finally, the renormalized character is
1
(5.50) dr(—O) = 5(02_1L2 —dc_ycoL +3cic_q +2¢3) + O(2).

Grading operator. In analogy to the grading operator Y on the Hopf algebra H of rooted trees,
there is also a grading operator Y on Hpg. It is defined as a derivation such that

(5.51) Y() =TT,
where Y (I) = 0 due to |I| = 0 for the empty graph. Consider the results

0

(5.52) s

or(-O- Nz} = -1+ 0(2) 29(S *Y)(~O){z} = -1+ O(2)

and

(6:53)  aron(-ON = 10E), SV} = +00)

We may therefore boldly assume that for |T'| = &

— 1V i oK k
(5.54) i 2 om0 (2} =Dl (S VIR
which says that the coefficient of the leading power in L of the physical limit ¢r(T") is related to the
highest order pole of the regularized value of a linear combination of (proper) subgraphs of I'. Examples
for higher-loop order computations can be found in [BroKr98| and [BroKr99|.
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Momentum Scheme. In momentum scheme, (5.54) holds for all coefficients of the renormalized
value of the graph I'. To see this, we define a derivation 6_.;, : Hr¢ — Hpg by

(5.55) 0_.0(T):=e*LY() = ¢ =N

for a Feynman graph I'. Note that the exponential is the operator exponential of the grading operator
Y and not the convolution exponential which appears in chapter 6. Assume now that the regularized
Feynman rules are again given by (5.38). We rewrite it as

(5.56) or(D){z} = ™ ao(T){2}
where L = In(¢?/u?) is the momentum parameter. Written in this form, we can use the derivation §__,
and write

(5.57) or(D){z} = do(0—-(I'){z},

by linearity of the character ¢y. In momentum scheme, the counterterm is S ¢ = ¢ o S, which allows us
to represent the renormalized character in the form

(5.58) drL = (PpooS)x(poob_.L) =¢oo (S*0_.1) = oo (S* e#LY) |

where we have used that ¢¢ is multiplicative. Then follows

(=2)!

(559 ona(D)(z} = dul(S = )N} = 3 S Loy o (54 ¥)(D)
1>0
and thus,
)
(5:60) a0) = tig 5600 (5 V)0 (2}

are the coefficients of the renormalized value of I' in ¢p,(I') = >, c(T)L!. Note that ¢o(T') = 0 as
(S*Y%)(T) = (S *id)(T") = 0 by definition of the antipode S.

5.5. Virasoro algebras

Central extension of a Lie algebra. Let g be a Lie algebra over the field Q with Lie bracket [, -].
A subspace a is called (Lie algebra) ideal if [g,a] C a. A Lie algebra is called simple if it has no nontrivial
ideals, where the trivial ideals are the zero subspace {0} and the Lie algebra itself.

For every x € g there is naturally a linear map y — [z, y] denoted by ad,. The assignment x — ad,
is a representation of g on itself called adjoint representation. The reader may check by using the Jacobi
identity that it is indeed a representation, i.e. for any x,y € g

(5.61) ad[y ) (2) = [ads, ady](2) := (ad, 0 ady — ad, o ad,)(2) Vzeg.
The maps ad, are derivations of the Lie bracket, i.e.
(5.62) adz([y, 2]) = lada(y), 2] + [y, ada(2)] ,

which the reader may also check quickly, again by employing the Jacobi identity. The kernel of the adjoint
representation ad,
(5.63) Z(@)={aeglad, =0}

is called the centre of g(Z for german 'Zentrum’). These are all elements in g that commute with all
other elements. The centre is an ideal: if a € Z(g), then [z,a] = 0 € Z(g) for all € g. Because of this
trivial commutator behaviour, any subspace S C Z(g) is an ideal! The quotient vector space § := g/Z(g)
is again a Lie algebra with Lie bracket

(5.64) [z+ 2(9),y + Z(9)] := [z, 9] + Z(9) -
An extension of a Lie algebra ¢ is given by a short exact sequence of Lie algebras®
(5.65) 0—sa—=b—c—0

where a is an ideal of b and ¢ = b/a. One also says that b is an extension of ¢ by a. Why ’extension’?
Because one may say that b arises when we add a to ¢, i.e. b= cPa.

The short exact sequence in (5.65) is called central extension of ¢ if a C Z(b) is a subspace, i.e. an
ideal from the centre of b. We may construct a very simple central extension of the Lie algebra g by

3See appendix for a very concise introduction.
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putting a little subspace back in: take any element ¢ € Z(g). Then a := Qc C Z(g) is a one-dimensional
(sub)ideal. We set

(5.66) b:=g®a=gdQc

and have a central extension of g by a: it is given by 0 2 a —>g&®a— g — 0.

Witt algebra. We recall from section 5.1, that a Lie algebra W with generators {L, },cz and
commutator

(5.67) [Lim, Ly) = (m — n) Lyptn,
is a so-called Witt algebra. Consider the derivation
d
(5.68) e Qz7!, 2] = Qz, 2]
on the ring of Laurent polynomials Q[z !, z] defined as usual by
d
(5.69) . 2") = ng" ! nez.
Then the linear operators L,,
d

5.70 L,=—-a""—

(5.70) "o
generate a Witt algebra. In fact, by the Lie bracket (5.67), for any n € Z the subspace
(5.71) W, =QL_, ®QLy® QL,

is a Lie subalgebra, i.e. a subspace of W closed under the Lie bracket. We may now extend W by a linear
space Qc with a symbol ¢ and arrive at the extended Lie algebra V

(5.72) V=W Qc

with Lie bracket given by

(5.73) [Lyy Linlw i = (n—m)Lpim +w(Lp, Ly)e, and  [Lp,cly, =0

for all n,m € Z, where w : W ® W — Q is an antisymmetric bilinear form such that

(5.74) (k — n)w(Lktn, Lm) + (m — k)w(Lm+k, Ln) + (n — m)w(Lptm, Lk) =0

for all n,m, k € Z. This condition garantees that (5.73) really is a Lie bracket. A simple possible choice
for the bilinear form is

(5.75) W(Ln, Lim) = xn(n* = 1)6ntmo

where x € Q, and 6,1 is the Kronecker delta, i.e. 6, = 0 for k # n and 6,,, = 1. As an exercise, the
reader may check that w(:,-) in (5.75) really is antisymmetric and satisfies the Jacobi condition (5.74).
This definition makes Wi = QL_1 ® QLo ® QL1 into a trivial Lie subalgebra of V as

(576) w FW1®W1: 0

due to w(Lyp, ) =0 =w(, Ly) if n € {—1,0,1}. Is this Lie subalgebra a Witt algebra? Yes. However, if
we choose y = 1/12 the Lie algebra V is known as a Virasoro algebra, defined by (5.73). As we can see,
this Lie algebra is a nontrivial one-dimensional central extension of the Witt algebra W.

5.6. Insertion-Elimination Operators on Feynman graphs

We recall from section 5.2 the linear forms (Zr,-) indexed by trees on the Hopf algebra of rooted
trees H defined by

W (1 T=T
.77 ) ={ 5 e

for trees T, 7" € T and (Z7,w) = 0 for any nontrivial forest w € Aug® = {77 : 7,7 € Aug}. We have
learnt that the symbols Zr span a Lie algebra £ whose universal enveloping algebra U(L) is dual to
H by the Milnor-Moore theorem. The analogous holds true for the Hopf algebra of Feynman graphs
Hpq generated by symbols ér indexed by Feynman graphs I'. To avoid awkward notational overload, we
identify ép with I" and write

W 1 T=r
(5.78) (Zp,r){o oo
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We set them equal to zero on nontrivial products of Feynman graphs.
The reader shall be reminded of derivations, the space of which is denoted by Der(Hp¢): these are
operators D € Der(Hpg) such that

(5.79) D(XY) = D(X)Y + XD(Y)

for two Feynman graphs X,Y. This implies in particular D(I) = 0. Because we may sometimes not
appreciate this property, we shall relax our definition of derivations by only demanding (5.79) to hold for
nontrivial products.

We define the elimination operator Zi : Hpg — Hpg as a derivation by

(5.80) Zp (X) = ((Zr, ) @1)AX) = Y (Zr, X)X,
i

for a Feynman graph X, where A(X) =3, X;® X/ is a variation of Sweedler’s notation. Note that only
if the coproduct of the graph X picks out I' as a subgraph of X does Z[ not vanish. In fact, the linear
span
(581) Z7 = <Z1:, I'e HFG>@
qualifies as a Lie algebra with the commutator [Z, Z1,] :== Z Zp, — Z1, Zf as bracket. It is the so-called
elimination Lie algebra on the Hopf algebra of Feynman graphs Hrg. Another Lie algebra is given by
derivations known as insertion operators
(5.82) ZH(X)=X*T =Y n, X;I)I",

F/
for a Feynman graph X, where the insertion of a graph into another has already been introduced in

sections 2.1 and 5.2. Examples can be found there. These operators are part of a larger Lie algebra of
derivations given by

(5.83) Zip, ra)(X) =Y (Zr,, X]) X[ xc, T1

7

the so-called insertion-elimination Lie algebra on Hpg. The subscript bracket [I'y,T'o] is to be read as a
pair of data needed for the corresponding operator, without reference to a Lie bracket whatsoever. The
symbol G; stands for the glueing data of the i-th term of the coproduct of X: the operation *¢, inserts
the graph I'y into where X has been taken out. In particular, this means

(5.84) X = X! *q, X! .

Only if X =T, for at least one i can Z|p, r,)(X) be nonvanishing. For X = I we have X' = X and set
X' *q, 't := X xT';. We can therefore understand the action of Zir, p,j on X € Hpg as follows: it seeks
out terms in the coproduct A(X) of the form I's ® X/T'9, inserts the graph I'; into the cograph X/T's in
place of 'y and sums up all such terms. An example is

(5.85) 2[474](&)=2ﬂ}
where I'; = —7 is cut out and replaced by I'y = —[ , as it emerges in the coproduct

(5.86) A(-R-) = R 0l+1e Q- +2~<{ ® O .
However, the operator Z|r, r,) may vanish on X for two reasons: I's is not a subgraph of X or I'y and
I's do not have the same external leg structure. The reader may ponder over this one: the latter case
entails Zjp, r,)(X) = 0 for all Feynman graphs X € Hrg.

The insertion and elimation operators partake of this insertion-elimination operator family due to
(5.87) Zt=Zry Zr = Zpry -

This is because inserting or eliminating the empty graph I is tantamount to not inserting or eliminating
anything, respectively. The commutator can be shown to yield

(5.88) [Z[FhFZ]’ Z[F37F4]] = Z[Z[Fl,FZ](FS)yF4] - Z[F37Z[r2,r1](r4)] - Z[Z[F;;,F4](F1)7F2] + Z[F17Z[r4,r3](112)]
+0r, T4 Z[rs,Ts] — 0T, T5 2|0, T4) »
where

1 r=r
(5.89) orr = { 0 else
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is the Kronecker delta map for graphs. For a proof, see [CoKr02]. However messy this may look, there
is pattern that the involved indices follow. It is there for the reader to be discovered.

Hopf algebra of words. Let A be a (possibly infinite) set of symbols which we call alphabet. If we
take its elements and freely generate the noncommutative but associative algebra W over, say Q, then
any element is a linear combination of terms of the form

(5.90) w=aas ... a, , a; €A

called words. It can be made into a Hopf algebra with coproduct

n—1
(5.91) A(aras...an) =1® ayas...an + aras...a, T+ Z a1...0; @ Gjp1...0p -
j=1

One can now introduce operators

f wiv i w=wyv
(5.92) Zunnl) = { "

which take out the subword wy and replace it by w;. Note that in the coproduct of w’ = vws the subword
wy will not appear on the lhs of the tensor sign on its own: therefore Z,, ., (w’) = 0. This is completely
analogous to what the corresponding insertion-elmination operators on Hrg do: only if the coproduct
cuts out a subgraph(here: subword) and puts it to the lhs of the tensor sign does the operator not vanish.
The commutator Lie bracket yields

[Zw17w27 Zw3,w4] = ZZwl,wg (w3z),wg — Zws,ZwQ,wl(U’zL) - ZZ1113,u14(w1)1w2 + Zwl,Zu14,1L13 (w2)

(5.93)

+ 5U71,w4Zw37w2 - 5w2,w3Zw1,w4 )

with an obviously equal index pattern as the insertion-elimination operators on H g (see also [MeKr02]).

5.7. Insertion-Elimination Lie algebra: the ladder case

An insertion-elimination Lie algebra can also be introduced on the Hopf algebra of rooted trees H.
The insertion operators are given by

(5.94) NA(T):= Y TuU,7
veT0]

for trees 7,T: the operation T + T U, 7 glues the root r(7) of the tree 7 to the vertex v € T of the
tree T in such a way that

(5.95) (T U, 7)1 = 7l 0] (T U, HM =1M Gy (v,7(7) ,

i.e. the additional edge (v, (7)) connects the two trees. We have already encountered a special member
of this family: the natural growth operator N : H — H in section 3.2. It is given by N = N,, which
simply grafts a single leaf 7 = o to each vertex. As we have set N, (I) = e, this operator is also only a
derivation in the weak sense on H as discussed above. The elimination operator is defined like that in

(5.80)

(5.96) M(T) :=> (Z., T)T]'

3

for a tree T and extended to a derivation on H. The general insertion-elimination operator is

(597) Z[tl,tz] (T) = Z(thvTi/> T'L'// Ug; t1 -

?

For the nasty case* to = I we set Zt, 1y += Ny, and the nice case is Z[ys,] = My, .

47Nasty’ is the glueing data: an empty set void of any glueing directives.
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Ladder Hopf algebra. We recall the ladder trees A\, € H

(598) Ak = k-times
with coproduct A(\) = Zf:o Aj ® Ap—;. They form a trivial Hopf subalgebra H, within H. These trees
correspond to 'rainbow’ or ’ladder’ graphs like

(590 @ s %[ﬂ[

with a trivial subgraph structure. To obtain the corresponding insertion-elimination operators on H, we
need to modify the insertion operator slightly. We do not have to modify the elimination operator M),
as it already by definition satifies M)  (H¢) C Hy for any m € N. The insertion operator Ny, does not
do us this favour, as it glues \,, to every vertex of the argument tree, rendering sidebranchings. However,
a simple choice is

(5.100) Z;r()\k) = /\lc+n neN,

which just grafts A\, € Hy to Ay at its only leaf down at the bottom. We denote the elimination operator
by

(5.101) Z () = 0(k — m)\j—m meN,

where 0(n) = 1 if n > 0 and vanishing otherwise. This means the ladder must be long enough as one
cannot remove more rungs than are already there in the first place. The reader may check that indeed
Z. = M,, from (5.96). The more general insertion-elimination operators are then given by

(5.102) Zn,m()\k) = 0(k — m))\k,ern .

This coincides with Z|y, x,.; if m # O(excluding the nasty case). These derivations comprise a doubly
infinite family with at first glance messy commutator

[Zn,my Zl,s] = 9(1 - m)Zn,lfm%»s - 0(5 - n)Zl,sfner - 0(” - S)ans+l,m

5.103
( ) + e(m - Z)Zn,mflJrs - 5m,lZn,s + 6n,sZm,l .

It is not messy, though: it is the analogon of (5.88), easy to check by replacing graphs by ladders. This Lie
algebra, let it be denoted by £, has a grading: if we define the degree of an element by deg(Z,,.,) == n—m
then the Z-grading reads

(5.104) L= @éj , U :=spanc{Zpm | n,m € N:deg(Zpnm) =17 } .
€z

Indeed, as an exercise the reader may check that [€g, ¢;] C £, really is satisfied by (5.103). The grading
index has a straightforward interpretation: the elements in ¢; all effectively increase the length of a ladder
by j. By the grading property, we have a decomposition of £, into Lie subalgebras

(5.105) L=L_DL DLy

where £ = @, _(¢;, Lo = b and £ = P, ¢;. In fact, £y is an abelian Lie subalgebra: all of its

elements commute with each other by (5.103).
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Classical Lie algebras. The classical infinite dimensional Lie algebra

(5.106) al(o<) = { Biy | ij €2}
of generators E; ; with Lie bracket
(5.107) [Eijs Exil = 61 Eit — 01,1 B 5

has a Lie subalgebra gl (c0) := {E; |7, j > 0} which is isomorphic to an ideal of the insertion-elimination
Lie algebra £4: though tedious, one can show that the operators

(5.108) Eij=12i; - Zit1,11

obey (5.107) and form an ideal. We may identify this ideal with gl, (c0) and consider the short exact
sequence

(5.109) 0—=gli(c0) — £ —C—=0

with C := £4/gl, (c0). It turns out that £; is not simple and that C allows for inifinitely many non-
equivalent central extensions.

However, there is a certain chance that one may draw on the existing vast body of knowledge about
infinite dimensional Lie algebras to further the understanding of the combinatorial structure of pertur-
bation theory in QFT.
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CHAPTER 6

Renormalization Group

6.1. Formal power series and Green functions

Let I' € Hpg be a Feynman graph. The residue of T is the graph res(I") obtained from I" by shrinking
all internal edges to a single point. Instead of residue, we shall also speak of the external leg structure.
Examples are

(6.1) res({[) = res(%) =, res({g) — res(,m<§) — WW<

and /
(6.2) res(X x) =res(:(x) = >, reS (el ) = TES (ol ) =

By R we denote a set of such residues of interest for a given renormalizable theory. It is generally finite.
The valence val(r) of the residue r = res(I") is defined as the number of external legs of the corresponding
graph T'.

We consider formal power series in one variable a with coefficients in Hpg for example of the form

iy
(6.3) I(a) =T+ Y S

where the sum is over all 1PI graphs with external leg structure r and Sym(I') is a symmetry factor
associated to the graph I'. If val(r) = 2, then there is a minus sign in (6.3), and a plus sign in all other
cases. We formally apply a character representing some given Feynman rules and get a perturbative

expansion
alTl

Sym(T")

(6.4) G"(a,L,0) = (I (){L,0} =1+ >

res(I)=r

o(M{L, 0},

e

of what is known as a Green function G"(a, L, 0) in which L and 6 are external scale and angle parameters
or collections of such, respectively. If val(r) = 2, we refer to G" as two-point function and if val(r) > 3
as vertez function. Strictly speaking, this Green function is the corresponding structure function for the
amplitude 7 € R. The textbook Green function is then given by multiplication of G” with a form factor
such as p? or p = puy* for an incoming momentum p € R*, well-known to readers acquainted with QFT.

6.2. Combinatorial Dyson-Schwinger equations

The formal series X (a) = >, 5,0\, € Hy[[a]] with coefficients in the ladder Hopf subalgebra
satisfies the equation a

(6.5) X(a) =+ aB(X(a)) ,

which can be easily checked since By (A;) = Apy1 for all k € N. This equation is a simple example of a
Dyson-Schwinger equation. Such equations do also exist for series with cofficients in the Feynman graph
Hopf algebra Hpq like in (6.3). They are systems of equations of the form

(6.6) I (o) =T+ sgn(s;) BL(I" (), Q(ev)) remwr,
where Q(«) is the so-called invariant charge given by

(6.7) Q) = [T (@ (@)

reER

51
_——



52 6. RENORMALIZATION GROUP

with integers s,. If val(r) = 2 one has s, < 0 and s, > 0 otherwise. This ensures a minus sign in (6.6)
for a propagator series. The operator B, (-, ) is defined as

(6.8) BL(I"(),Q(a)) = Y a*BY (I ()Q(a)")

E>1
with one-cocycles Bi;r which themselves are defined by

. 1
(6.9) B = > Bl

ves(r)=rirl—t.prim. Y20

with one-cocyles B]. The sum extends over all 1PI primitive graphs v with external leg structure r and
loop number k. Recall that a graph ~ is called primitive if A(y) =~v®I+1® ~. Notice that, in general,
there are infinitely many primitive graphs and hence the sum in (6.8) is not finite. An example for the
invariant charge Q(«) in QED is

r (a)?
(@) (a)?
However cryptic these expressions may look, the product I'"(a)Q(a)* of formal power series has coef-
ficients in Hpg which are exactly what one can glue into a 1PI primitive graph v with k£ loops and
external leg structure . This glueing corresponds to what is known as vertex or propagator corrections

in standard QFT where our formal series are generally depicted by graphs with blobs: for QED they take
the form

< 1 1
(6.11) r _WMMc<, F_{}, F_WWQWM

The Dyson-Schwinger equation for the QED vertex reads in this notation

g Q- ?5 o\'
612) WWWC<WW<+M{1+ g%ijL ‘*A Ddl

where the tree-level graph ~< =1 is what we count as an empty graph. To understand the action of the
one-cocycles, consider the second term on the rhs of (6.12): it can be written as

(6.13) B};'"”‘<(WW<Q) = WN@<Q) g

and has the following meaning: the growth operator B | uses the vertex series = »_to provide for all
radiative corrections at one vertex, say the leftmost one of the superscript skeleton graph ~v = ~4. Then,
it takes the invariant charge @ to glue in additional graphs so as to guarantee that every propagator is
fully dressed and the remaining vertices are fully corrected. For the higher loop primitives, higher powers
of @ are needed to dress all propagators and vertices which come with additional loops.

However, we come back to the general case and rewrite (6.6) into

(6.14) I"(a) =T+sgn(s,) Y a"BY (I (0)Q(a)) reR
k>1

(6.10) Qo) =

whose solution exists and may be written in the form
o0
(6.15) I'(a) =1+ sgn(s,) Zakc’,; , reR,

where ¢}, € Hpg is a linear combination of 1PI graphs with k loops and external leg structure r. These
coefficients generate a Hopf subalgebra with coproduct

k
(6.16) Alcp) =) Pi®c
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where P} ; is a polynomial in these generators(see also [KrY06]). For example, in QED one has

(6.17) =1, ot = w<

and

(6.18) Cy S = W< + W<§ + M\/; + < + <€ + M<;; + <§; .

The reduced coproduct of the latter is

(6.19) A )=(2 27 13 < b)) ® <

which is, in terms of the generators,
~ g _ o -l ol
(6.20) A(cw;) =2¢ +3 cf +c)® cl/‘ = ng ®cp

The other polynomials are P, g =T and Pzé = c;< for the trivial part of the coproduct.

6.3. The structure of Green functions

If we apply the renormalized Feynman rules ¢ to (6.15) as in (6.4), the corresponding Green function
reads

(6.21) Gl L,0) = ¢r(I"()){L,0} = 1+ sgn(s,) Y a*ér(c){L,0} .

— k=1 = 0=
The individual coefficients ¢r(c},) are polynomials in the external scale parameter L which is why we can
rewrite (6.21) to obtain

(6?02;}%\ 066 Gg(a,L,9)=1+§j:7;(a,e)Li,

where j may be a multi-index and 'y;-(a, 0) is a function of the loop parameter o and the angle parameter
6. In a very simple linear case, where Q(«) = I and the operators in (6.9) are simplified significantly to
yield the analogon of (6.5) for Hpg[[o]], the two-point Green function in (6.22) takes the form

(6.23) Gla,L) =1+ Z (-1 'y(a)JLJ = exp(—y(a)L) ,

—~—
ie. vj(a) = (=1)9y(a)?/;j!, where v(a) is known as the anomalous dimension.

The Dyson-Schwinger equations in (6.6) for the Hopf algebra of Feynman graphs Hp¢, henceforth
abbreviated by DSE, correspond to a system of integral equations for the Green functions in the target
algebra A of the Feynman rules. This is on account of the universal property of graded Hopf algebras
with Hochschild one-cocycles according to which the operators BY in (6.9) translate to integral operators
on the target algebra of the Feynman rules. This may take the form

(6.24) (60 B1)(X){q) = / 0, (k.q) (X) k. q)

for a graph X with some integration measure d.,(k, ¢) associated to the graph «. The renormalized version
of (6.24) is

(6.25) (¢r o BY)(X){q} —/ v (K, q) (0(X){k, ¢} — (X){k, q0})

where ¢ is an external momentum such that ¢3 = p?, with p being the renormalization point. To
distinguish between these two different types of DSE we refer to the system of integral equations as
analytic DSE and those in (6.6) as combinatorial DSE.
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Infinitesimal characters. There is an interesting way to obtain the coefficient functions v} (a) in

(6.22), where we suppress the angle-dependence in the notation for the moment. First we define a linear
map Y !: Hpg — Hpg by Y1) =0 and

(6.26) Y~1(v) 1

=17
[l
for a product of Feynman graphs v = Hj 7v;, where || = ZJ. |v;] counts the loops. This choice of

notation is justified as Y ! really is the inverse of the grading operator Y on the augmentation ideal
Aug. Next, we introduce a family of linear maps o, : Hpg — C by

(6.27) o1 :=0LorY (S *Y)|r=0
and
1 1
(6.28) Op = —0" = — o1 k.. k0 = —m" oA
n! nl~———~ nl
n—times

for n > 2, where m is the usual multiplication in C and * is the convolution product
(6.29) o1 x01 =m(o; ®o1)A .

Note that the map o7 is a so-called infinitesimal character on Hpg which means

(6.30) o1(zy) = o1 (2)1(y) + L(@)o (y)

for all z,y € Hpg. This implies o1 (I) = 0 and that it vanishes on nontrivial products, i.e.
(6.31) o1(h) =0

if h = hihg with hy, he € Aug.

Lemma 6.3.1. S Y is an infinitesimal character.

PrOOF. Let z,y € Aug. Then

(S % Y)(Z’y) — Z Z S(:U'y’)Y(x”y”)
(=) (v)
(6.32) _ Z Z[S(x/)S(y’)Y(x”)y" + S(I/)S(y/)x//y(y//)]
(=) (v)
=3 S@)Y ") Sy +> S SW)Y (') =0
(z) (v) (z) (v)

on account of }° .,y S(z")z"” = (id * S)(x) = (S xid)(z) = 0 which holds by definition of the antipode
S. O

The next assertion makes clear why these maps are of particular interest to us.

Proposition 6.3.2. The linear map o, evaluates a graph T' to its n-th order coefficient of ¢r(T') with
respect to the variable L, i.e.

1 9"

(6.33) on(l) = o

or(I{L}

L=0
PRrOOF. We have to use the fact that the set g of infinitesimal characters is the Lie algebra generating

the Lie group of characters G on Hp¢g in the sense that G = exp,(g), i.e. for every character ¢, there
exists an infinitesimal character o € g such that

[e.°] *n

(6.34) ¢ =exp,(0) = Z g

n!

n=0

and vice versa with o}9 := I being the neutral element of the convolution product *. The inverse map of
exp, is given by

{[—¢)m=0.

3=

(6.35) log,(¢) ==Y
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For more on this, see Appendix section A.3 or [Man06]. This is but a small step away from realizing
that exp,(Lg) for a variable L is the character group with target algebra C[L], i.e. for our character ¢
we have

(6.36) ¢r = exp,(Lor)
with some generator o (see Appendix A.3). Then, clearly, we find
(6.37) OL9RrR = OR * R = OL¢Rl—o = O -

To prove (6.33) it suffices to show that og = o1. To this end, we take a Feynman graph I' and first
calculate
2

SrY HS*Y)(I) = (]I—i—LaR—l—g (cr*x0oR) + .. )Y—l(S*Y)(I‘)

(6.38) = LorY L (S Y)(I) + O(L2) = FL'OR Yosv ) | +ow)

- %GR(S(]I)Y(F)) + O(L2) = Log(l) + O(L?) .

A nice consequence is the following
Corollary 6.3.3. The coefficient functions of the Green function G" are given by
(6.39) 7j (@) = 0;(T" (@) and Gr(a, L) = exp,(Lo1)(I" (@) ,
where the x-exponential is defined as in (6.84).

6.4. Renormalization Group Equation

The coefficient functions v;; of the Green function G” satisfy

(6.40) Tel(@) = <W1 (@) + ) su(a aaa) Te—1(@) rewr,

uER
which is a consequence of
(641) (Plzn ® Plzn)A(FT (O()) = Plinrr (a) ® ,PlinFT(a) + Plan(a) ® aaaplinrr(a) )

where Py, is the projector onto the linear span of the Hopf algebra’s generators, i.e. the Feynman graphs,
but excluding I. It is a fairly easy exercise to derive the so-called renormalization group equation

(6.42) ( 86L + af(a ) 0 ot (a)> G (a,L) =0

from (6.40) with G"(a, L) = 14 332, v () L* and the function

(6.43) B(a) = 0rdr(Q())l=0 = . = > suii'(@)
uER

known as S-function of the corresponding theory. A proof of both (6.40) and (6.42) can be found in
Appendix section A.5, where the reader will also be introduced to a slightly stronger version of (6.41)
and see how to fill the void ... in (6.43). Further relevant references are [KrSui06] and [Y11].

Example: a scalar 3-loop graph. Consider the graph

q1 q3
(6.44) I =
q2 q4

with reduced coproduct

(6.45) A = 2> @ XK+ XK 0 >00K -

Say, the physical limit of some renormalized Feynman rules ¢g is

(6.46) or(>(D) = e1 L + coL* + 3 L%
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where L = In(¢?/u?) with ¢ := ¢1 + ¢2 = 3 + q4, by momentum conservation. Given that we have

cor(X) . cor(X) 1 , _
(6.47) er(O(L} = 32 o (X)L = 3 Sl (0L
j=1 j=1 7

for a Feynman graph X and the infinitesimal characters o; : Hpg — C introduced in the previous section,
we want to see how the coefficients cq, co and c3 relate to those of its subgraphs. The coradical degree of
a graph X is defined by

(6.48) cor(X) =min{ n | P"TV(X) =0},

lin

with P = P[?:HA", analogous to the definitions for the coradical filtration of the Hopf algebra of

lin
rooted trees H in section 3.5. Let now for the subgraphs

(6.49) ¢R(>GZ) =e1L+el? or(XX) =diL, or(>(O(OX) = diL?

be the case. The infinitesimal character Y ~1(S *Y) yields

©50) ¥ S OEK) = SOK - 5 >0 000" - 550 >O0K

which evaluates to
1 1
(6.51) pr(Y 1S *Y)(X(X)) =1L + 3(8c2 = 2e1dy) L% + 5(3cs — 2eqd, ) L° .

Not surprisingly, the map o1 picks out the term

(6.52) oK) =a -

The next map o2 = (01 * 01)/2! yields

65) 0K = 5o (eSO + o (SO (SOOK) = s

=0

For the third coefficient we have

(6.54) osQX) = 201 (SO0 (SO e (SOK) = 3

since

(6.55) PEOX) = PE(A 2id) AC(K) = 2 XK @ XK @ XK .

All higher o,, for n > 4 evaluate to zero, which is no suprise as the coradical degree of T is

(6.56) cor(>@<) =3.

We conclude that the leading log coefficient c3 = d3/3 and the next-to-leading log coefficient ¢y = ed;
of ¢pr(T") are determined by the value of o1 on the subgraphs of I'. This is not surprising if we write ¢g
as x-exponential

A L? L3
(657) ¢or = exp*(Lal) =1+ Loy + ?0'1 * 01 + yal 01 %01 + ...
with infinitesimal character o1: all terms of higher order than k = 1 contain only values of o1 on proper

subgraphs and cographs of T' since the trivial part of the coproduct of I" evaluates to zero on account of
o1(I) =0:

(658) (0'1 (9 O'1)(]I®F + T ®H) = 0'1(11)0'1(1—‘) +O’1(F)O’1(H) =0.
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6.5. Renormalization Group Flow

We define be a family of derivations {6;}:>0 on Hpg by setting 0;(T') := e/'I'T" for a Feynman graph
I', which is related to the grading operator Y according to

(6.59) Y() = 19,5(1“) .

dt t=0
Both Y and 6 can also be defined as maps acting on linear maps ¢ : Hpg — C through
(6.60) Y9)(I') == p(Y()) , (0:)(I) := 9 (0:(I)) -

Recall that regularized Feynman rules ¢ yield parameter-dependent functions ¢(I'){z, u}, where z € C
and g > 0 are the regulator and the renormalization scale parameter, respectively. In the following, we
consider Feynman rules ¢ on Hpg such that

(6.61) 0::0(D) {2, u} = ¢(T){z, pe'} .

This is for example the case if the graph I" is mapped to terms proportional to factors like
¢ —z|T'(/2

(6.62) <u2> — o—2TIL/2

Each choice of y1 > 0 corresponds to a fixed renormalization scheme. Continuously changing it by ¢ — ue’
amounts to 'flowing’ through this set of renormalization schemes. We are interested in the map

(6.63) s S% % 0,.(S9)

and, in particular, in the limit

(6.64) F, = lim 8P 0. (S9) L.
z—

It can be shown to exist and moreover, F;. s = F} % Fs establishes a semi-group structure[CoKr01]. The
map

(665) 5 = (?tFt|t=0

turns out to be the S-function (of the corresponding theory) in physics(see next section). Now, note that
infinitesimal characters ¢ : Hpg — C define a Lie algebra g with bracket

(666) [WW]* :w*wl—d/*iﬁ wawl Eg .

Let Zy € g be a map of this type defined by

(6.67) [Zo, Y]« =Y

for all ¢ € g. Then we have the interesting ’scattering’ formula|CoKr01]

(6.68) Sﬁ = tli}m exp, (—t(B8/z + Zo)) exp, (tZp) ,

where we remind the reader that exp, is the *-convolution exponential! given by
oo o

(6.69) exp.(0) =) nl
k=0

for an infinitesimal character o € g, where 0*? = [. This exponential always evaluates to a finite sum on
any element in Hpq, on account of o(I) = 0 and the coradical filtration.

ISome authors omit the *-sign altogether, as it is generally clear from the context.






CHAPTER 7

Parametric Renormalization

7.1. Parametric Space

Consider the graph
(7.1) = 4¢ — ¢

in ¢3-theory with incoming momentum ¢ € R* and internal momenta k + ¢ and k of particle 1 with mass
my and particle 2 with mass ms, respectively. Up to prefactors, the usual euclidean momentum space
Feynman rules associate the divergent integral

(72) Do L d*k
' P Jpa (k4 )7 + m3) (k2 + m3)
to this graph. It has an wltraviolett divergence, or more precisely, it is logarithmically divergent because

the integrand decreases asymptotically as 1/|k| for k — oo. This integral resembles the one in section
4.4. Instead of massaging it into a convergent integral, we apply the so-called Schwinger trick

(7.3) l:/ dA e | reC:R(x)>0,
0

T

to each propagator separately to get
(7.4) Dr = % / " A / 4B e~ miarmin) / d'k e~ |0 A+KB]
™ Jo 0 R*

where we have changed the order of integration. This is possible as the result remains infinite, a case of
conservation of ill-definedness. However, the Schwinger trick itself, as applied to the integrand in (7.2), is
a mathematically sound operation. If we now just focus on the innermost integration over k, we discover
it to be a convergent Gaussian integral: the exponent of the last exponential can be rewritten

AB
A+ B!
by completing the square in the first term on the rhs. After a simple shift of the integration variable k,
this integral yields

(7.5) (k+q)?A+k*B = (A+B) (k+ @q) +

AB_ 2 2 e~ ATE T
(7.6) e A+B1 /W Atk e~ (A+BIR® _ 12 AT Be
Inserting this back into (7.4), we get
o Arpd’—(miA+miB)
(7.7) Dr = /R+ /ﬂh aAdB

an equally divergent integral. The only difference is: by virtue of the Schwinger trick in (7.3), we have
transformed the ultraviolett divergence in momentum space R* into an infrared divergence in parametric
space ]Ra_ = R4 xRy, the space of the two Schwinger variables A, B. The divergence is in this case caused
by the integrand’s singular behaviour at 0 € R%, where both variables jointly vanish, ie. A =0 = B.
The integral in (7.7) is called parametric representation of the Feynman integral (7.2) with Schwinger
parameters.

An alternative parametric representation of (7.2) makes use of so-called Feynman parameters, which
we shall not discuss here. Most QFT textbooks cover this topic, see for example [PesSchr].
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7.2. Graph Polynomials
The integrand in (7.7) features the two polynomials that have a name:
(78) Yr = A+ B , wr = q2AB

are the two graph polynomials associated to the graph I', known as first and second Symanzik polynomials,
or Kirchhoff polynomials. The integral in (7.7) then takes the form

wr ,

,%7(m%A+m§B) /
2
RY

P2

where wr is the corresponding (singular) differential form. We shall now define these polynomials for a
general scalar graph T, i.e. a graph with a single edge and vertex type as that in (7.1). In principle, they
can also be defined for other theories.

Let T' be a scalar graph in D dimensions of spacetime. Then the integrand reads

(7.9) Dp = / dAdB ©
R

2
+

_PC_MLA
vr
(710) I[‘ = EW 5 where M- A:= E meAe
r c€ryl,
—_—m——

is a shorthand notation with Schwinger parameters {4, : e € th} The two Symanzik polynomials are
given as follows. Let I' be a scalar graph.

Definition 7.2.1. A connected and simply connected subgraph T C T' is called spanning tree of I' if
T =T, Then the first Symanzik polynomial is defined as

(7.11) =" TI A

T egTl)

where the sum is over all spanning trees of I'.

The graph in (7.1) has the two spanning trees

(7.12) lemcﬂ and B:Uc{}.

For the tree T7 we have edge #2 with edge variable B that is not an edge of T;, whereas for the tree Tb,
there is edge #1 with variable A not being an edge of T5. Thus, the products for each tree consist of
only one factor and we get the two terms A + B = .

Definition 7.2.2. A spanning two-forest is a pair of connected and simply connected subgraphs Ty, To C T
such that

(7.13) TyNT, =0 and Tyl =7l
The second Symanzik polynomial is then given by
(7.14) $r = - Z Q(T1) - Q(Tz) H Ae

T UT, egT!MuT!

with the sum extending over all spanning two-forests of I' and Q(T;) the sum of all euclidean momenta
flowing into the tree T, where the momenta flowing out of it are included as flowing into it with a minus
sign.

The product Q(T1) - Q(T») is the usual euclidean scalar product. Note that by momentum conser-
vation, we always have —Q(71) - @(T2) > 0. This minus sign, however, is a convention. If dropped, one
must also drop the one in the exponential in (7.10) in front of ¢r/¢r. For our graph I' in (7.1) there is
only one spanning two-forest:

(7.15) T, = o T = o C

1 2 vy v2

For systematic derivation of these polynomials the reader is referred to the original paper [NoNa61] and
the more recent [BoWei03]. There are not many QFT textbooks with a thorough derivation. A nice
exception is [LeBe].
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Dunce’s cap. We consider another, more complicated example, the so-called Dunce’s cap graph:

(7.16) v =

Its spanning trees can be characterized by their edges:

(7.17) =112y, T =1{1,3}, T ={1,4, TM={24}, TM={23}.
This yields
(718) w'y = A3As + As Ay + Ay Az + A1 Az + A1 Ay

for the first Symanzik polynomial. In fact, this is the determinant of the loop matriz

N — A+ As + Ag A+ Ay
T Az + Ay A+ As+ Ay ’

which is obtained as follows. Instead of spanning trees, let us consider the independent loops of . They
may be written in terms of their participating edges. If we choose

(7.19)

(720) = {17273} ) ly = {17274} ;

the components of the matrix N, are then given by

(7.21) (Ny)ij= > A, ij=1,2.
e€l;Nl;

However, this formula defines in general an n x n matrix Nr associated to a scalar graph T" with the
property that

(7.22) Qﬁr = det NF

for any choice of independent loops, which can be proven by algebraic methods(see [KrSS12], [BloKr10]
and references therein). For the second Symanzik polynomial, one considers the block matrix

Nll“ (Zeelj preAe)

(7.23) My =
(Zeeh prede)’ Zeel“gi],t fiepteAe

with the following entries. First, the symbols u. stand for a 2 x 2 matrix given by

(7.24) pre = p2laxa — iprot — iplo® —iplo®

(.

which we associate to the edge e € T';,",: {07} are the usual Pauli matrices and p, = (p2,pl, p?, p?) is the
euclidean 4-momentum flowing along the oriented egde e. The notation

(7.25) (O neAe)

e€l;

stands for a column of 2 x 2 matrices with n components, one for each loop ;. This amounts to a
2n x 2 matrix, whereas its transpose in the lower left block is of type 2 x 2n. N{. is the 2n x 2n matrix
that one obtains from Nr when every entry a is replaced by the 2 x 2 matrix alsxo. This leads to Mrp
being an (2n + 2) x (2n + 2) matrix. The second Symanzik polynomial ¢ is then given by its Pfaffian
determinant[KrSS12]

(7.26) or = PI(Mp)

where the Pfaffian determinant is defined for a (2m x 2m) matrix A by

(7.27) Pf(A) = Y sgn(m)Ar(1)r(2)-Ar@m—1),m(2m) -
TES2m

the sum being over all elements in the permutation group Ss,,. However complicated this may seem, it
is in general easier to identify a set of independent loops and construct the loop matrix for a graph, than
to find all possible spanning trees.
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7.3. Angles and Scales

Let I be a Feynman graph with external leg structure res(I') = r and external euclidean momenta
p; € RY, j=1,...,|r|, where we denote by |r| the number of external edges(’legs’). To each edge e € r
we associate a mass m, > 0. Then, in general, the renormalized Feynman rules yield a function ¢g(T")
depending on the variables p; - p; (i,j = 1,...,|r|) and mass parameters {m2|e € T[/}. We may define
the scale of the graph by

Ir|
(7.28) S:=> _p]
j=1

and introduce the new scaled variables 0;; := p; - p;/S and mass parameters 6, := m?/S. This allows us
to define the rescaled Feynman rules

(7'29) QS/R(F){Sv eijvee} = ¢R(F){Seij:596}

mapping the graph I' to a function of the scale variable S > 0 and the angle variables {0;;,0.}. We will
denote the collection of the latter two by {©}. We may wish to subject our renormalized Feynman rules
to certain boundary conditions and therefore introduce some modified renormalized Feynman rules @
like

(7.30) PR(I){S,50,0,00} := ¢R(I){S, O} = ¢x(I){S0, O} ,

where {Sp, O} is some reference (renormalization) point. The reader may find (7.30) slightly peculiar.
However, it is nothing but to a change of the renormalization point. Take Dunce’s cap

b1 !
(7.31) I'= 4,
P2 >

for example. The Feynman rules (7.30) yield something of the form

(732)  @r(0){S.50.0,00} = ;" (6,600) + ¢; (8,00) In(S/So) + c57 (8, 00) n*(S/So) -
For the only subgraph we get

(7.33) ®r((§){S, 50.0.00} = cf (©,60) + cf (6,00 In(S/Sy) .

By the renormalization group we have

(7.34) ¢7(6,00) = 1¢! (6,00)c! (6, 00)

We now come back to parametric Feynman integrals which we have introduced in the previous section.
Let

(7.35) B =T,

be the number of internal edges of a graph I" and wr{S, ©} be the (singular) differential form such that
(7.36) wr{S,0} =1Ir{S,0}(A4;,....,Ap.) dA1 A ... NdAE,

with Schwinger variables A; and

(7.37) B(I){S,0} = /R (5.0}

yields the rescaled unrenormalized Feynman integral in parametric representation. Suppose now that T’
is primitive. Then, this integral ceases to be of purely formal nature as soon as we replace (7.37) by

(738) @R(F){S, S(), @, @0} = /]REF (wp{S, @} — wF{So,eo}) 5

which is a convergent and hence well-defined integral.
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Symanzik polynomials. We recall the two Symanzik polynomials
(7.39) vr=> ][ A and pr=—> QM) QT J] A.
T cgTll T1UT? egrMur!

The notation has been introduced in the foregoing section. The rescaling affects only the second polyno-
mial r as it depends on the kinematic variables Q(T1) - Q(T») whereas the first Symanzik polynomial
Yr does not depend on anything other than the Schwinger variables. To streamline the notation, we set

(7.40) or(©) ==¢r/S , r(0©) == or(0) +vr Y _ A6

j=1
with the rescaled variables introduced above. Then the integrand It in (7.36) takes the form

_gor(®
e S=or

vf

in which we have supressed the integration (Schwinger) variables A; and D = 4. We shall now rewrite

(7.41) Ir{5,0} =

_g¢r® g ér(9)
oS S0

(7.42) R(I){5, 50,0, 0} = /R ) 2
r r

+

dAy A ... A dAg,

into a projective integral and show that it exists for a primitive graph I'. First we transform the Schwinger
variables by A; = ta;, where t := (A} + ...+ A% )¥/? and get

dAy A ... NdAg, = (ardt +tdar) A ... A (ag.dt + tdag,.)
(7.43) = tFr=lat A (aydag A ... Ndag. — ... + (=1)FTag.day A ... Ndap. 1)
= tErldt A Qp
where Qr is the volume form in projective space Pr := PEr=}(R, ). Due to
(7.44) Ur{4;} =t {a;}
and RFr =2 R, x Pr the integral in (7.37) takes the form®

—t s ‘7’1"(@)

e v dt
(7.45) / / — — AOr
R, JPr 0 13

which is ill-defined due to the integral over R : the form dt/t is singular at ¢ = 0, where all Schwinger
variables collectively vanish. However, this integral can be regularized. We will now use the formula

oo dt
(7.46) / 7€—tX =—Inc—InX —yg + O(clnc)

with regulator ¢ > 0 and fixed X > 0(see appendix for a proof). Subtracting this integral at X allows
us to take the limit ¢ — 0 to obtain

(7.47) /Ooo %(e*“ —e ) = —In(X/Xy) .

This can be used to carry out the t-integration in (7.42) with transformed integration variables as in
(7.45) yielding the projective integral

Pr(I){S,S0,0,00} = 7/ In(5/So) +1n$2b2r(@)/¢r(@0)) Or
(748) Pr T
= (—/P Qllz:)ln(s/so)—/P ln(%(@l;r(@o)) Qr
Comparing this with (7.33) we identify

These numbers are periods: interesting numbers which we shall come back to later.

INote that 2|T'| = Ep for a vertex graph in ¢*-theory.
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7.4. Forest Formula

We extend the definition of the two Symanzik polynomials for a product of graphs v = [] ;7% by
setting

(7.50) Py = Z Pr; H"/}'na Py 1= H¢Vj :
J I#j J
Then, one has the following
Proposition 7.4.1. Let v C T be a subgraph which is a product of 1PI divergent subgraphs. Then,
—T
(7'51) wl“ = wl"/'yw'y + RS, Yr = (PF/'yw'y + Rry y
with polynomsials RE and E: such that
(7.52) [Ryly > [REL, = [yl +1,
where |...|y is the polynomial degree in the edge variables of .

PRrROOF. The proof makes use of the definition of spanning trees and two-forests. O

The well-known forest formula of QFT yields terms of the form

V3 Yty wf Yty
which, in the notation of (7.41) corresponds to
(7.54) (id = Ro)I{So, ©0}r/s{S, 0} = I{S0, O0} /{5, O} — I1{S0, O0 1 {50, O0},

where Ry evaluates the integrand at the renormalization point {Sp, ©¢}. If we apply the same procedure
to the corresponding integral as in the previous section which lead to the projective integral in (7.48), we
arrive at the projective form

n( Sér,(©)Y;+Sops(©0)dr s )
Sodr,£(©0)s+Sods(©0)Yr, ¢ Q

Ui, 07

Finally, the renormalized Feynman rules can be written as the projective form
(7.56) wr{S.5,0,00} = > (-1VIMI{S.S,0,00}

N ASe |
where the sum is over all forests of I including the empty one f = (), for which the graph poly ials

are defined as ¥y := 1 and ¢y := 0.

(7.55) MI{S,50,0,00} = —

7.5. Decomposing Feynman rules

An interesting result of [BrowKr11] is
(7.57) @R(D){S, 80, 0,00} = @5 (I){B0} * @15(D){S/So} * Pan(I){O}
which says that the Feynman rules can be decomposed with respect to the convolution product for
characters into angle and scale-dependent parts?.

Let us again consider a primitive graph I" which is evaluated to the projective integral in (7.48). If
we rewrite it in the form

Sr(D){S, 50, 0,00} = [ 1ero)

Qr
[ RO ar / )In(S/So)

_ 1n¢p( )
/]pr 1/]1% QF7

then the decomposition formula in (7.57) is nearly there. To see this, we take the coproduct of a primitive
graph twice

(7.59) AT =TRIQI+IQT®I+IxI®T,

(7.58)

2The index 1s stands for ‘one-scale’, ’fin’ for finite’, as these characters are finite from the start.
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as this is what the three characters in (7.57) are applied to. As the antipode yields S(I') = —T" we see
that

(7.60) 05 M (D){O0} = @an(S(T)){O0} = Phin(~T){O0} = ~@4n(I){O0} -
Note that (7.59) tells us that (7.57) can only deliver three terms and must be of the form
(7.61) ®r(I){S, 80,0, 00} = T M (I){O0} + L1(D){S/So} + Ppin(1){O} -

However, comparing this with (7.58) misleads us to erroneous assumptions: to find the characters in the
decomposition formula (7.57), one has to introduce auxiliary Feynman graphs. We smuggle in the first
Symanzik polynomial 2. of an auxiliary graph I'?® and arrive at the correct terms which read

lnM
(762)  @p(0){0) = - /}P S an w8/ = (- / RI(S/S0)

Although the contribution of this graph drops out in (7.58), it is necessary for a coherent definition. The
auxiliary graph is obtained from T' in two steps. First, one makes I' into a so-called single-scale graph
I'?: all internal masses are set to zero, all external momenta except two are set to zero and the remaining
momenta ’carry’ the whole flow of momenta. The superscript says that the graph has only 2 external
vertices®. Identifying these two remaining external edges yields the graph I'**. As an example, consider
again Dunce’s cap in (7.31): if we apply this scheme, we get

(7.63) r?= T rze—= ! ‘ .
p1t+p2 0 p1+p2
prtpe
p1+p2 2
A more challenging example is the graph G
P3 P
(7.64) /C L e ,

o

(7.65)

The double coproduct of GG reads
(7.66) AR =GRIQI+I®GRI+IRI’G+7RG/yRI+I®y®G/y+7RI®G/y.

Applying the map @E;l ® P15 ® Pg, gives

2 (G){B0} + @15(G){S/So} + Ppin(G){O} + 5, (1){O0} 15(G/7){S/ S0}

() /S0} (GO} + D) (@0} (G/2) 6

3A vertex is called external, if it is adjacent to at least one external leg.
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By G, we denote the graph in which the subgraph 7 is made into a single-scale graph by rearranging
its external edges in G(and setting all internal masses to zero):

(7.68) G, = 1 — - G = —

Pq 0

P2 0
These auxiliary graphs are either single-scale or have single-scale subgraphs and are the ingredients needed
in constructing the decomposition in (7.67). For example, G%, when subjected to renormalized Feynman
rules, yields an angle-independent term: both the whole graph and its subgraph are single-scale and
therefore not angle-dependent. This graph hence contributes to ®15(G){S/So}, where, in this example,
a convenient scale S is given by S := (p1 + p2 + p3)?. For details concerning this example and the

decomposition of Feynman rules as in (7.57), the reader is referred to [BrowKr11]. For Dunce’s cap in
(7.31), see [BrowKr12].

7.6. Periods as RG-Invariants

Let I' be a primitive Feynman graph. In the previous lecture we have seen that the associated
renormalized Feynman integral can be rewritten as the projective integral

In(S/So) + In(ér(0)/ér (o))

(769) (pR(F){Sa SOa @7 @O} = _/ 2 QF P
Pr Vi

which is a polynomial in the scale variable L = In(S/Sp)

(770) @R(F){S, S(), @, @0} = Cg(@, @0) + C{(@, @0) 1H(S/So)

with coefficients

(7.71) 5 (0,0¢) = —/ ln(¢p(@)/2¢p(@0)) Qr, '(©,00) = —/ — =:pr .

Pr Yp Pr Ut
A closer look reveals that the highest order coefficient pr is not at all angle-dependent, and moreover,
does not depend on any kinematical data of the graph. It is a constant number which is renormalization
scheme independent in the sense that it is invariant with respect to a change of the renormalization point
{S0,O0}: we refer to such numbers as RG-invariants. On account of the form of the integral, the number
pr is a period(see appendix for a short introduction).

Qr

Let now I be a graph such that &(I‘) = v ® I'/y with primitive sub- and cograph v and T'/~,
respectively, i.e.

(7.72) A(y) =0, A(T/y)=0.
The renormalized Feynman rules evaluate this to
(7.73) DR(T){S, S0,0,00} = 5 (0,00) + 1 (0,00) In(S/So) + pr In*(S/So) ,

where again, the highest log coefficient pr is scheme-independent. By the renormalization group, we
know that it is given by the first order log coefficients of its subgraph and cographs: in this simple case,
this means

1

(7-74) br = ipwpr/w .

Given that these numbers are RG-invariants, and they are by the same argument as in (7.71), so is pr.
But there is another way to prove this. By the forest formula, we have

( Sors(©)r+Sods(©0)Yr/ s )
(7'75) @R(F)I— Z (_1)|f‘/ Sodr,(©0)s+Sodr(©0)dr, ¢ 0
feF(T) Fr

UR 7
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As the set of forests F(T') has only one nontrivial forest, namely f; = v and the trivial one fo = (), this
integral takes the form

Iy Ser(©) ln( Sor /4 (0)1hy+Sod (©0)r, )
(7.76) PR(l) =— / 00 (©0) _ _ARAnOI IR O L
Pr

R 02, 02

It is in fact convergent: when all edge variables collectively tend to zero, the denominator polynomials
approach each other quickly because

(7.77) Ur = Yrjyby + Ry ~ Yty

for vanishing edge variables, where RE — 0 faster than all other terms. Furthermore, the numerators
of the two fractions do also approach one another. All this happens in such a way that the integrand
vanishes although each term individually has a singularity. To compute the coefficient pr in (7.73), we
apply the differential operator

0 0
(7.78) TI(S/50) — 5%

twice to the rhs of (7.76), i.e. compute

S¢r(©) Sér/+(©)hy+509+(O0)¥r/y
(7.79) _ SQSQ In Sm?(@o) B In <Smi’r/w(90)%+So¢w(90)wrm) 0
05795 Jp, | 02 TET

and show that this monstrous expression really is independent of the renormalization point. The result
is

(So/S)p~Pr/y
pr U/~ (D1 /40y + (S0/S)dytr /4 )?

Tt is not obvious that this expression really is independent of © = S/Sy. However, it can be scaled away:
set a. =: xza, for the edge variables of . The Symanzik polynomials and the projective form scale as

(7.80) Or .

(7.81) Qr — =5 Qp, Yy =zl ¢y — M Flg
Together with E. = 2|| for a graph in ¢*-theory, we get
¢'y¢l"/’y
Pr wF/vww(d)F/'y'w'y + (i)'wa/'y)Q

which is independent of any external variables. To see that this decomposes into p, and pr,., we use
(7.83) Qr = tE =g A Q, A QF/’y

which involves the same type of transformation applied to the edge variables of v as we have done in the
last lecture. The integral then takes the form

¢’Y¢F/7
Pr 7/’F/y¢'y(¢F/w¢'y + t¢7¢1“/'y)

in which we can carry out the t-integration and finally arrive at

Q,AQ Q Qr)
7.85 e / — Y = pypr/s -
( ) e w$¢%/7 ( P, w’%)( P, w%/fy) YPT /v

7.7. Quadratic Divergences in BPHZ

(7.84) SdE A QA Qr)y

We consider the scalar graph

m

m

(7.86) r

Il
<
<

m

in ¢*-theory in D = 4 dimensions with internal particles of equal mass m. The corresponding Symanzik
polynomials are

(7.87) Yr = AgAs + A1As + A1 Ay or = ¢*A1AxAs .
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Abbreviating
(7.88) or(q®,m?) = * A1 As A + m*(Ay + Ay + As)yr,
the singular differential form in parametric representation for the graph I'" reads

. e—¢r(a®m?)/¢r
(789) wr(q ,m ) = 7’@[)2 dAi NdAs NdAs .
r

If we again carry out the transformation of variables A; = ta; as before, we end up with?

e—tor(a®m?)/¥r g4

(7.90) wr(g?,m?) = 7 = A r -
The identity

o0 1 oo
(7.91) / % et = S X X/ % e X +0(c)

helps us understand the behaviour of the Feynman integrand in (7.90) upon BPHZ subtraction at ¢ =
m?2("on-shell’) if we set

(7.92) X = ¢r(¢®,m?) /yr = *A+m®B
and plug this in (7.91) to get the projective form
© _xdt Qr QO X Rt dt Qr
7.93 / e NN =— - 50 —/ XPA+ QB—A + O(c
( ) . t2 wlg C’(/Jl% /lbl% r . ( ) ’(/JI‘ ( )

If we set X¢ := X|,2=m2 = m?(A+ B) and apply a BHZP subtraction,

<, _ dt  Qr Qr & _ _ dt  Qr
/C e fX_eth} AF: (X - Xo)q/;r_/c (e —m2e tXO)A7A1/J71%
QF

_ —tX _ ,~tXo dt
m / (e )B 1/1r

all terms except one yield finite and well-defined expressions. The only misbehaving term in (7.94) is
i . Q

(7.95) f/ (g% % —m? _tX“)A — A wr

c r

which leads to a logarithmically divergent contribution as ¢ — 0. We need to get rid of it by yet another
subtraction: if we deduct

(7.94)

o . Q
(7.96) _ / (q2€—tX() _ 2 —tXO)A AL N
¢ Ui
from the misbehaving expression (7.95) we have tamed it since
o s Q
(7.97) - q2/ (e7tX — *‘XO)A — AT
¢ %

keeps finite even in the limit ¢ — 0. This seems like a rather 1dlosyncratic surgical operation. However,
the reader may check that the subtraction term (7.96) is given by

(7.98) (¢ —m?) 022 e /Coo e‘tX% A fzg .

If we set

(7.99) Intf(¢%, m?) = /:0 e_txg A % ,

then the total subtraction procedure we have employed is

(7.100) Int%(q27m2) — IrltlL%(qQ,mQ)|q2:m2 — (q2 — m2) 8iq2 e Intf«(qz,mQ)

which can be written in terms of a Rota-Baxter operator R given by

(7.101) R[Int{ (g%, m?)] := Intf (¢, m?)| Inté (¢, m?) .

2=m?2

q2=m? + (q2 - m2)

aq?

AFor a propagator graph in ¢*-theory one has: 2|T'| = Er — 1.
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Then, we can take the limit and obtain the renormalized value of the graph I':

Q Q
lim / (i = B¢ ) = - / (X Xoy [ X/ x) 5
¢F(q27m2) ) QF

ér(m?,m?) ) 4

vp

(7.102)

- / [¢F(q2»m2)—¢r(m2;m2)]%+ ¢r<q2,m2>1n<

Pr
7.8. Linear Dyson-Schwinger Equation
Recall from Lecture 13 that in the Hopf algebra of rooted trees H, the combinatorial DSE
(7.103) X(a) =14 aB(X(«))

has a unique solution in the ladder Hopf algebra H,[[]] given by X (a) = I+ Y.<, Asa®, where ) is
the ladder tree with k rungs. -

Log-divergent case. In a simple toy model, we define the unregularized Feynman rules on the
ladder Hopf algebra H, by the intertwining equation of the universality theorem?

(7.104) O(B. () = /0 T e,

T+u
where u > 0 is an external parameter representing some kinematic variable. Sadly, if we take the simplest
ladder A; = e = B, (I), we find

(7.105) (o, u) = ¢(B(I),u) = /Ooo %‘?(H’ z) = /000 xdfu -

on account of the log-divergence of the integral. We may cure this pathology by introducing a cut-off
requlator A and get a finite regularized value

A
(7.106) ¢A(.,u):/0 xdfu — [l +AJu] .

The renormalized Feynman rules then give

(7.107)  pnle,ufuo) ::/}ij%o[¢A(o,u)—¢A(O,uo)]:—ln[u/uo]:/oocd:c[ Lo ]

r+u x4+ ug

with renormalization point ug. We can now recast (7.104) into the well-defined identity

o 1 1
.1 B . = _— .
(7.108) onBo ) ufuo) = [ o | = ontau)
for the renormalized character. Applying this to (7.103), yields the integral equation
> 1 1
1 1 =1 d — 1
(7.109) Glastu(ufu) = 1+a [ de| - L] 6o mta/ua)
i.e. a Dyson-Schwinger Equation (DSE) for the renormalized Green function
(7.110) G(o,In(u/ug)) == ¢r(X (), u/ug) -

Fortunately, the analytic DSE in (7.109) can actually be solved by virtue of the ansatz
—(a) o0 k
(7.111) Gla,In(u/ug)) = (“) = e7(@)In(w/uo) — Z(fl)kmlnk(u/uo)
() =0 k!
with a function y(a). Plugging this into (7.109), one finds that (7.111) is a solution, if vy(«) obeys
(7.112) 1=aF(y(a))

with Mellin transform
2

(7.113) Fo) = [ =T g =+ T 000)

1+ 6
The DSE in (7.109) can be formally rewritten in the form

(7.114) G(a,In(u/ug)) = Z(a,ug) + a/ooo %G(a,ln(z/uo))

5See Lecture 7.
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where Z(a,ugp) = Sg(X (), up) is the counterterm. This expression is strictly only valid, if the inte-
grations are regularized, preferably by analytic regularization as in (7.113). However, we shall suppress
the regulator in what follows. The counterterm Z(«,ug) encapsulates the ’infinity’ caused by the overall
divergence of the integral kernel in (7.114). It is derived as follows. First note that the solution X («) of
the combinatorial DSE is grouplike, i.e. A(X(«a)) = X (o) ® X(a) and therefore, we have

dx
T+ u

@&HMWW@:SKXWMMMXWLMZS%XWLWW+QAW #(X(a), )]

(7.115) :sj;(X(a),uo)Jra/oo de SH(X (), ug)p(X (), x)

0o T+tu

*® dx

= S%(X(a),uo) + a/ dr(X (@), u/ug) .

0o T+u
Comparing this with (7.109) yields the assertion.
Linearly divergent Green function. If the integral kernel of the Feynman rules in (7.104) is

modified so as to take the form

(7.116) K(zu) = —

r+u’

one contracts a linear divergence: the integrand behaves like a constant as z goes to infinity. If we
regularize it by a cut-off, we get

A A A A
(7.117) ¢>A(o,u)=/0 dz K(a:,u)z/o dz m:/o dx —u/o de

T+u r+u
lin. div. log-div.
This suggests that if we add a counterterm of the form
A A g
(7.118) Zo(A) +uZi(A) ::—/ dw—i—u/ =—A+uln(l+ A/ug) ,
0 o T + (%)

i.e. decomposed into a linearly divergent term Z; and a log-divergent term Zp, they jointly cure the
integral fooo dx K (z,u) of its linear divergence in the sense that the limit

(7.119) dr(e,u) = A11_1}11 [Pa(e,u) + Zo(A) + uZi(A)] = —ulnfu/ug)
exists and is the renormalized value. If we write the kernel as
x u
A2 K = =1- = 1—
(7.120) (z,u) o o uC(z,u)
then the renormalized kernel Kg(z,u) is given by
(7.121) Kr(z,u) = —u[C(z,u) — Clz,u)] = —r— — 2

T+ ug r+u

which satisfies the boundary condition Kr(x,u) = 0. A kernel of the sort in (7.116) will appear in the
analytic DSE of a toy model given by the unrenormalized (and hence ill-defined) identity

> dx
122 b = —
(7122) @w=u+a [ v

where X(o, u) = u G(a,In(u/ug)) satisfies E(a, ug) = u. To renormalize it, we write it in terms of the
corresponding (yet unknown) infinite counterterms and get

* d
(7.123) S(or,u) = Zo(a, ug) + uZy (o, uo) + a/ L S, ).
0o T+tu
Inserting the ansatz
w\ 7@
(7.124) u G(a, In(u/up)) = u <> =y e~ V(@) In(u/u0)
Ug

yields

—7(a) S —v(e)
(7.125) u <u) = Zo(a,ug) + uZy (o, up) + a/ do —~ (x) ,
0

Ug T+ u Uo
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where we recognize our linearly divergent integral kernel K(z,w) from (7.116). If we again decompose
this kernel into K (z,u) =1 — uC(z,u) we get

—v(a) %) —v(a)
u<u> :Zo(a,u0)+a/ dx <x>
uo 0 Ug

o0 T —v(@)
+uZy (o, up) — @ u/ dz C(z,u) () .
0

]

(7.126)

Wisely choosing the counterterms
0 T =7 ()
(7.127) Zo(a,ug) = —a/ dx () ,
0 o

for the linear divergence and for the log-divergent piece

0 —(a)
(7.128) Z1(a,up) =1 +a/0 dz C(z,u) < i > =1+ aF(vy(a))

o
with Mellin transform F as in (7.113), we find

(7.129) u (;) o —u+tu (1 - (;0) Vm)) aF(y(a)).

It follows that the ansatz is a solution as long as v(«) fulfills
(7.130) —1=aF(y(a)) .






APPENDIX A

Renormalization Group of Hopf Algebra Characters

Within this part of the Appendix, we shall use the following notation which is independent of all
other parts of these lecture notes: C'is a coassociative coalgebra, B will denote a connected bialgebra
with grading B = @jzo Bj, where By = QI. Pp is the projector onto the augmentation ideal of B. H
will denote a connected Hopf algebra H = P ;>0 Hj and P the augmentation ideal projector. A is an
algebra. Except for H, all structures on C, B, H, A are indexed by the corresponding letter. For example,
A¢ denotes the coproduct on C, whereas Ag and A are those of B and H, respectively.

A.1. Convolution Group

Let £(C, A) be the set of linear maps from C to A. By virtue of the structures on both spaces, the
convolution of two linear maps f,g € L(C, A), given by

(A1) frg:=ma(f®9)Ac,

is an associative bilinear operation on £(C, A). The map e := uy4 o € is the neutral element with respect
to *.

Proposition A.1.1. The pair (L(C, A),*) is a monoid, i.e. a set equipped with an associative operation
and a neutral element with respect to it.

PROOF. See section 3.4. O

Naturally, one can define *-powers by setting f*0 := e, f*! := f and f*"*! := f % f*" recursively.
Even exponentials

(A2) exp. ()= Y10

n>0

may exist. However, let us first see whether one can find an inverse for a linear map f. For this to exist,
we must make sure that the von Neumann series

(A3) e le—(e=NTt=) (e=

n>0

can be given some sense. This is possible if we replace the coalgebra C' by a connected bialgebra B and
restrict ourselves to such linear maps that preserve the unit map. i.e. f(Ig) = 14. Then the grading
property of the coproduct

(A.4) A(H,) C éHj ® Hyp_j

j=0
garantees that for every element = € B there exists an N > 0 such that
(A.5) (e—f)"(z)=0 Yn > N.
This is due to (e — f)(Ig) = e(Ig) — f(Ig) = 0. Consequently, we have

Proposition A.1.2. The subset G(B, A) :={f € L(B,A)|f(Ig) =14} C L(B,A) is a group, called the
convolution group, i.e. for every map f € G(B, A) there exist a linear map f*~1 such that

(A.6) frft= i
and f*~Y(Ig) = 14.

73
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PRrROOF. Take x € B. Then there is an N > 0 such that (e — f)*™ = 0 for all n > N. Then, using
the shorthand A(z) = 2’ ® 2, we compute

(e D) = Yo (e = D@ = Dle = @) ") - [ea”) - @)

(A7) =Y (=)@ e@”) =Y (e— )™ (@) e(=") - f(z")]
=> (e= "M@ =Y (e= /)" w) = (e~ f)(z) = e(x) .
This works equally well With_f * f*1(x). . d

Let us consider the subspace(!)
(A.8) 9(B,A) :={0 € L(B,A)|o(Ip) =0}
of linear maps for which the convolution exponential surely exists, as exp,(c)(x) is a finite sum for all
x € B. We observe
1
(A.9) exp,(0)(Ip) = e(lp) + o(Ip) +5;0(Ig)o(Ig) + ... = e(Ip) = 14,
=0

ie. exp,(oc) € G(B,A). We call o the generator of f = exp,(c). Are all elements of G(B, A) generated
by the elements in g(B, A)? The answer is yes.

Proposition A.1.3. exp,(g(B,A)) = G(B, A).

PrOOF. The convolution exponential exp, : g(B,A) — G(B, A) is a bijection and the convolution
logarithm

(A.10) log, () ==~ 3 ~(e— )"

is its inverse by the same combinatorics and arguments as for the classical calculus logarithm. It clearly
yields a finite sum for all z € B and f € G(B, A). log,(f)(Ip) = 0 is straightforward. O

A.2. Algebraic Birkhoff Decomposition and Convolution Group

Let f € G(B,A) and A = A_ & A, be a decomposition into linear subspaces. A pair of maps
f+ € G(B, A) is called algebraic Birkhoff decomposition of f with respect to the decomposition Ay if

(A.11) fr(kerep) C Ay and f="1xfy.

Given two subspaces, the Birkhoff decomposition always exists and is unique.

Theorem A.2.1. Let f € G(B,A) and A = A_ ® AL be a decomposition into subspaces with projector
R: A— A_. Then, the Birkhoff decomposition f+ € G(B, A) is uniquely defined by the recursive relations

(A.12) f-(@) = =R[(f- * [PB)(z)],
for every x € kerep and fi = f_ x f.

PrOOF. First existence. We define the linear map by setting f_(Ig) := 14 and using (A.12) which
determines f_ uniquely due to

(A.13) (f- * fPp)(@) € f(@) +ma(f- © N)(@]2 B) @ Bu-y) -

f—(kerep) C A_ is satisfied by definition. fi(Ig) = f—1(Ig)f(Ip) = 14 is trivial. On account of

f+(@) = (f=* f)(@) = (f- = fP)(x) + f-(x) = (f- * fPB)(x) — R[(f- * fPp)(x)]
= [idp — R|(f- = fPp)(z) € A4

for € kerep we have fi(kereg) C A, because [idg — R] projects onto A;. Now Uniqueness: any
Birkhoff decomposition fy satisfies (A.12): take any z € kerep, then

(A15) = RI(f- * fPg)(@)] = —RI(f- * f)(@) — f-()] = —RIfs(2) — f-(2)] = RIf-(@)] = () -

Because this recursive relation determines a map f_ uniquely, the Birkhoff decomposition is unique. [

(A.14)
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A.3. Character Group

If we replace the connected bialgebra B by a connected Hopf algebra H, the convolution group has
a subset

(A.16) G(H,A) = {f € G(H,A) | f(ay) = f(2)f(y) Yoy € H}
of multiplicative maps in which the inverse f*~! of an element f € G (H,A) is given by f o S:

(AL7)  (fS f)(x) = f(S@)f(2") = f(S(@)a") = f(e(x)) = f(ue(x)) = f(e(@)]) = e(x)1a = e(2),
where e = uy4 o € is the neutral element with respect to *. Note that fS is not necessarily in this subset!
This shows the following calculation:

(A.18) [S(xy) = f(S(zy)) = f(S()S(x)) = fS(y) £S(x)
which may not be equal to fS(x)fS(y), only if the target algebra A is commutative, is this in general
the case. Let now A be commutative. Then, we find for f,g € G(H, A)

(f*g)(zy) = f(a"y)g(a"y") = f(a") f(y)g(z")g(y") = f(z")g(=") f(y")g(y")

(A.19) = (f*9)(@)(f*9)(y) ,

which is worth a
Proposition A.3.1. Let A be commutative. Then, QN(H, A) C G(H,A) is a subgroup.

This subgroup is named character group. Its elements are called Hopf algebra characters or (Hopf)
characters. How can we characterize the generator set in g(H, A) of this subgroup?

Proposition A.3.2. The characters in g(H, A) are generated by the linear space
(A.20) A(H, A) = {0 € g(H. A) | o(ay) = o(2)e(y) + e(x)o(y) Va,y € H}
of infinitesimal characters. They form a Lie algebra with Lie bracket

(A.21) [o,wls i=0xw—wx0 .

PROOF. First one has to prove by induction that o*"(zy) = > 7_ (?)o*j (x)o*™ I (y). The cases
n = 0,1, 2 are trivial but should be checked by the interested reader to be prepared for the induction step
which is done by the same trick jumbling with summation indices as in the proof of the binomial formula
of undergraduate calculus. The case n = 2 shows that in general o % w is not an infinitesimal character

but their Lie bracket is. Then, making use of this result,

(A.22) exp, (0)(zy) = exp, (0)(z) exp, (o) (y)
is straightforward and completely analogous to the classical case of the exponential function. So far,
this proves that every infinitesimal character generates a character. It remains to be shown that the

convolution logarithm log, ¢ of a character ¢ is an infinitesimal character. We leave it to the reader to
show that

(A.23) log, (zy — e(x)y — ze(y)) = 0.
O

Fig.1 shows in terms of Venn diagrams how the convolution monoid, the convolution group, Hopf
characters and their generators are situated within the space of linear maps £L(H,A). We know from
section A.2 that maps in the convolution group G(H, A) have a unique Birkhoff decomposition for a given
decomposition of the target algebra A into subsets A1. What about Hopf characters, are the maps ¢
of the Birkhoff decomposition of a Hopf character ¢ € G (H, A) also Hopf characters?

Proposition A.3.3. In the setup of Theorem A.2.1, let ¢ be a Hopf character and the projector R be a
Rota-Baxter operator, i.e. such that

(A.24) R[ab] + R[a]R[b] = R[aR[b] + R[a]b]

for all a,b € A. This is garanteed if A+ are subalgebras*

Hopf characters.

. Then the Birkhoff decomposition maps ¢+ are

INot necessarily unital algebras!
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L(H,A)

s

FiGure 1. Convolution monoid, group and Hopf characters and their generator spaces.

ProOOF. To understand that a projector onto subalgebras is always Rota-Baxter operator, one can
easily check that (A.24) is fulfilled in the possible cases a € ker R, b € im R, and so on. The proof is
inductive with respect to the grading of H. For Hy = QI. Assume ¢+ are multiplicative on @?:0 H;.
Then, choose z,y € H such that xy € H,, ;. We use the abbreviation

(A.25) b= ¢_ * pP
in the following computation. Then,
9-(a9) = ~Rl(o (' )9P"y )] < Y _Rlp_ ()6 ()oPE"y")
—R[¢-(2")o-(y)(2"y") — ¢— ()0 (y)] = —Rlp—(2")¢— (¥ )o(2")d(y") — ¢—(2)p—(y)]
(A.26) —Rlp_(2")¢ ( ") —(g )0(y") — - (2)9-(y)] = —R[(¢— * ¢)(2)(- * §)(y) — d—(2)P—(y)]
—R[(¢(z) + ¢—(2))(o(y) + ¢-(y)) — ¢ (2)d—(y)]
—R[¢()p(y) + ¢(2)d—(y) + ¢ (2)d(y)] = —Rp(2)(y) — d(x)R(y) — R () (y)]
= Rlp(2)]R[o(y)] = ¢—(2)d—(y),
where we have used in (%) that z’y’ € H,11 only if 2’ = x,y’ = y, i.e. only if 2”y” = I, which does
not appear in the sum due to the presence of the projector P. Hence ¢_ is multiplicative. Then so is
¢+ = ¢ * ¢(by Proposition A.3.1). d

Let us consider a nice example. Take the Hopf algebra of polynomials C[X] in one variable with
coproduct
(A.27) AX)=1oX+Xol =  AX")= Z(

7) X/ @ X"
J=0

J
If we choose A = C as target algebra, the characters are given by the evaluation maps
(A.28) G(C[X],C) = {evq : a € C}.

This is because any character ¢ is determined completely by its value A := ¢(X) on the monomial X.
Then, for any polynomial p(X) € C[X] we get

(A.29) o(p(X)) = p(¢(X)) = p(A) = eva(p(X)).
Let us see how the convolution acts,
(A.30) (evy x evp)(X™) = [(evg *x evp)(X)]" = [eva(X)evp(1) + eva(1)evy(X)]™ = evars(X™).

The identity ev, * evy = evy4p makes everything explicit: the neutral element is evy and the inverse for
any evaluation character ev, naturally is simply given by ev_,. The generator set for these evaluations

is just as easy. Consider the linear map 9y : C[X] — C defined monomialwise by
n._ N1y _J 1 ifn=1
(A?)l) aoX =n evo(X ) = 5n70 = { 0 else

This operator takes the derivative and evaluates the resulting polynomial at zero. Then, the infinitesimal
character o, := ady generates ev,:
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Proposition A.3.4. For o, = ady € §(C[X],C) one has exp, (c4) = ev, € G(C[X],C).

PrOOF. First, one has to show by induction that 95" (X*) = k(k — 1)...(k — n + 1)dx ,, which means
that the n-fold convolution of Jy takes the n-fold derivative and evaluates it at zero. This is a nice
exercise. With this result at hand, finishing the proof is straightforward. O

A.4. Renormalization Group of Hopf Characters

The results of the previous sections set the stage to define the renormalization group S3® as a group
of characters.

Proposition A.4.1. Let ¢ € C;(H,(C[X]) be a coalgebra morphism, i.e. A¢d = (¢ @ ¢)A. Then its
generator is given by the infinitesimal character

(A.32) log, ¢ = X,
i.e. ¢ =exp,(Xdo).
Proor.
(A.33) evylog, ¢ = log, (ev, 0 @) =log, (evy) 0 d =adyod =040 .
Notice that we have sloppily used the same convolution sign * for different spaces of maps. O

This is actually relevant to physics: if we have Feynman rules ¢, : Hpg — C[L] assigning polynomials
in the kinematic variable L to Feynman graphs, its generator is given by the infinitesimal character
o :=0p¢r in G(Hpg,C) and one has ¢, = exp,(Lo). Then, clearly

(A.34) ¢L* O = drir

which may be called renormalization group equation, where the renormalization group R® is defined as
the set of characters indexed by L:

This has the following meaning in physics: the kinematic variable is L = In(¢?/u?) with renormalization
point . If we fix the external momentum parameter ¢, we can change L by varying the renormalization
point p. In doing so, we change the renormalization scheme. As we see, a change in L entails a change
in Feynman rules according to (A.34). If we vary L infinitesimally, we get

(A.36) GLie = OL * be = ¢L +¢L % QoL + O(7)
Then, Or¢ = ¢r, * Do = Op¢r, * ¢ is the infinitesimal version of the RG equation (A.34).

A.5. Proof of the Renormalization Group Equation

Let in the following X" (g) be a formal series in one parameter g with coefficients in Hp¢g such that
it satisfies the combinatorial Dyson-Schwinger equation

(A.37) X" =T+sgn(s,) > g'BY (X"Q,
1>1
where we will sometimes suppress the argument g. We shall prove the RG equation
(A.38) (0L +9B(9)05 +1(9)]G" (9, L) = 0
for the Green function G"(g, L) and

(A.39) kvie(9) = (01 (9) + 98(9)99)7%-1(9)
for the coefficient functions of its log-expansion

(A.40) G'(g9,L) =1+ (9.

i>1
We use the notation X|;, := [¢¥]X which denotes the k-th coefficient of the formal series X. The DSE
implies X|o =1 and

k
(A.41) X"|e = sgn(sr) > B (X7Q' k1)

=1
for k > 1. Note that trivially A(X|x) = A(X)|x and that we can write X" =1+ P};, X" to separate the
scalar part I.
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Proposition A.5.1. Let X be a solution of the combinatorial DSE (A.87). Then, X satisifies the identity

(A.42) AX)n =Y (X"Q" )] © (X" )|n—y

for all n > 0. Or, equivalently
(A.43) AX" = X"Q) @ gla,
j=0

where zf; = X"|;, d.e. X" =3}, a0l

PROOF. First note that (A.43) is obtained by multiplying (A.42) with ¢™ and then summing over all
n. We proceed by induction. The case n = 0 is trivial. Assume the assertion (A.42) holds for all indices
< n. The following computation will be carried out with the series in (A.43), tacitly assuming that we
take only the n-th partial sum. Alternatively, we can replace the series’ coefficients by coefficients that
vanish beyond the n-th. However, taking the coproduct, we get
(A1) AX =Xol+) XQ @u;¢ =101+ (X - ol+) XQ o),

§>0 §>0

where X = X" for notational convenience?. We will also use the shorthand notation 2/, := T; ¢’ and

J
X|; := o’ Then, by (A.44), for any integer s € Z

A(X®) = (AX)® = ;0 <2) (AX —I®I)"

SIS (2 (o e,

n>0m=035,>0  j,>0

a9 D535 o (4 1S I SINC S e

3i>0n>0m=0 Jit.+im=3j

55 3 B (] () [E S B e e

3>0n>0m=0
=> > > (;) (5 _Vm> (X -D"X"Q' ® (X —I)™[;.
j>0v>0m>0

Note that in the last line we have changed the lower summation bound from j = 1 to 57 = 0 which is
possible due to (X —I)™[; = 0. Finally, using 3,5, ()(X — 1) = X? twice, we arrive at

(A.46) AXT) =D X'Q e X7, .
Jj=0
Next, we write the charge @ in the form
¢
(A.47) Q= [J(xmiy
Jj=
where ¢ := |R| is the number of residues and X" the combinatorial perturbation series for the j-th

residue. We are now in a position to compute its coproduct:

A(Q) H (AX"9)% = Z Z (XT1)se, XT‘t)SthlJF +h g (X71)s1| (Xn)St‘;t

1120 14>0
_Z Y@ g (X L (X,
1 t
(A.48) 11>0 ;>0
=3 > Qe (XYM, . (X7,
>0 l1+...+1l=l
=Y Qe Y (X (X)), =) QM e Q)
>0 L+ +le=l >0

2We suppress the superscript r whenever there is no potential for confusion.
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which looks surprisingly simple. So does

(A.49) AQ) =D Qb gl QL =Y Q" e Q.

k1>0 k>0 k>0

79

The nice thing is, these latter two identities are (A.43) for @ and Q' (instead of X). Now we can compute

(A.50) AQX) = Q™2 _@XeX[) =Y QX @X).
k>0 §>0 v>0
which we have only proved up to the n-th coefficient:
J
(A.51) AQX); =D (@7 X) ;- ® (Q'X)], j<n.
v=0
To finish the proof, consider the coproduct of the (n + 1)-th coefficient

n+1
(A52) AX)ns1 = sgn(s) S ABE (X7Q!ur1-1),
=1
where we have used (A.41). Applying the one-cocycle property of BT, we find

n+1
(A.53) AX)|ng1 =sgn(s,) Y (1d @ B{)AX"Q ny1-1) + X|ny1 ® L

1=1
Because [ > 1, we have n + 1 — I < n which is why we can employ (A.51) and find
n+1n+1-—1
A1 = sgn(s) > 3 (@ X0 ® BY (QX],) + Xy @1

(A.54) =1 v=0
n+1ln+1

=sgn(s,) > > Q" X)ln1-0 ® BY (Q'X|yet) + X1 ®L.

=1 v=l
A change of summation order gives

n+l v
A(X)|n+1 = sgn(s;) Z Z(QVX”nJrlfu ® BT(QIX|V#) + X1 @1
v=1[l=1
n+1 v
(A.55) —sgn(s) Y Q" X)nr1-© Y B (Q'X[y—t) + X|np1 ®T
v=1 =1
n+1 n+1

= Z(QVX)|TL+17V ® X|l/ + X|n+l ®H = Z(QVX)|n+17V ®X|I/ .

v=1 v=0

This concludes the induction step.

O

Let Pjin be the projector onto the linear span of all Feynman graphs excluding I, i.e. Py (h) = h if
h is a Feynman graph and vanishing otherwise. Note that this projector differs from the augmentation

ideal projector P.
Then, an immediate consequence is the following

Corollary A.5.2. If we apply the projector Py, on both sides of (A.48), we get
(A.56) (Prin @ 1d)AX") = Piin X" @ X" + P1inQ ® g0 X"

This result already implies the RG equation in chapter 6: let o denote the Lie algebra generator of
the renormalized Feynman rules(denoted o7 in section 6.3), i.e. ¢ = exp,(Lo), then take o ® o*™ and

apply this to both sides of (A.56). The result is

(A.5T) X)) = (0@ ) AXT) = o(XT)o*(X") + go(Q)dya™ " (XT).
We define the coefficient functions 5 (g) := 0;(X"(g)), where jlo; := ¢*/. Then,
(A.58) (n+ Dvpp1(9) = 71(9)7n(9) + 98(9)047m(9) = [v1(9) + 98(9)9g]1n(9).
where

(A.59) B(g) == 0(Q(g9)) = d9or(Q(g)) = ILor(Q(9))|L=0
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is the Sg-function. Let us compute it. Note that ¢ is an infinitesimal character which vanishes on 1 and
nontrivial products. Then,

o (H (X”)S")
reR

o <H (1 +731mXT)s"> =0 (H I+ STPZ,;HXT)>

(A60) reR r€R
=0 (Z ST’P”,LX’“> = Z $r0(Prin X") = Z sro(X") = Z Sy -
reR reR reR reR
Thus, we have proven the identity
(A.61) (n+Dynsaly) = (% @)+ st (g)gf’)g) T (9);
teER

which are the RG equations for the coefficient functions v/, (g), n € N. If we multiply both sides by the
n-th power of the variable L, we find

(A.62) (n+ Dypga(g)L” = (% (9)+ > s (g)gag> Yn(g)L",
teR
and summing over all n, we arrive at the RG equation
9 r r
(A.63) 576 (9, L) = (% (9)+ > st (9)93g> G"(g9,L),
teR

for the Green function G"(¢g,L) = 1+ >, 7 (g)L™. Another possibility is to take (A.36) and apply
the infinitesimal character B

(A.64) OLor = 0oL x ¢, = 0 * ¢,

to the series X" (g) and use (A.56) again. O



APPENDIX B

The Dynkin Operator

Let H be a Hopf algebra with antipode .S, counit € and unit map u. We set e := u o e. Recall that
the defining property of the antipode is

(B.1) Sxid=e=id= S

or, if we write A(z) = 2’ ® 2", this takes the form S(z')z"” = e(x) = 2’ S(z").

B.1. Grouplike and Primitive Elements

An element = € H is called grouplike, if

(B.2) Alz)=zQ®z
and primitive if
(B.3) Alz)=I®z+zoL

Grouplike elements form a Hopf subalgebra and are related to primitive elements by formal exponentials:
a formal exponential of & € H is given by the formal series exp(z) = 3", -, 2" /n! which we identify with

a sequence a, = > p_, x¥/k!'in H. Note that we do not ask if it converges to anything. What counts is
that any element of this sequence is in H. The same goes for the logarithmic series

(B.4) log(z) = — Y %(:1: —".
n>1

It turns out that exp and log establish a relation between grouplike elements and primitive sequences
and vice versa.

Proposition B.1.1. Consider x,y € H, where © is primitive and y grouplike. Then exp(z) is grouplike

and log(y) is primitive.
Proor.
(B.5) Alexp(z)) = exp(A(z)) =exp(I®@ z + 2 Q1) . exp(I ® x) exp(z ® I)
= (I® exp(z))(exp(z) @ I) = exp(z) ® exp(z).

In (%) we have used that the two terms I ® x and z ® I commute. This is also used in

(B.6) Alog(y) = log(Ay) = log(y @ y) = log((y @ DI ©y)) D log(y @ 1) + log(I 2 )
=log(y) @ I + I ® log(y).

B.2. Dynkin Operator and Projector
Let now H be commutative. For a grading operator Y on H, we define the Dynkin operator
(B.7) Dy :=S5x*Y

and a map 7y := Y ~}(S*Y). Some of its properties will now be investigated. First note that the Dynkin
operator fulfills DyY ! =Y 1Dy

Proposition B.2.1. Dy and wy are infinitesimal characters with
(B.8) ker Dy = kermy = QI & (kere)?,
where (kere€)? := {xy € H|z,y € kere}.
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PROOF. A quick computation shows Dy (zy) = Dy (x)e(y) + e(x)Dy (y), see Lemma 6.3.1. This
implies QI & (ker 6)2 C ker Dy . Then, to see that the reverse inclusion is true, we write the coproduct of
r#Tas Alx) =1+ @1+ 2’ ®2” and take any « € ker Dy to obtain

(B.9) 0=Dy(x)=Y(2)+»_ S@)Y(")

and hence Y (z) = =Y S(2')Y (2") € (kere)®. O

Note that any element z € H can be written as a finite linear combination x =}, a;x; of homoge-
neous elements z; € H. The grading operator ¥ maps this to

(B.10) Y(z) = Zaj\xj|xj.

If Dy (z) = 0, we can be sure that this linear combination is a linear combination of nontrivial products.
This can only be the case if x was of this type in the first place. The next assertion shows that 7wy is a
projector.

Proposition B.2.2. 72 = 1y is a projection and for a primitive x € H one has wy (z) = x.
PRrROOF. Take any € H and compute Dy Dy (z) = Dy (Y (z) + >, S(2')Y(2”)) = DyYz. This
implies that my is a projector(why?). Let x now be primitive. Then
(B.11) my(2) =Y 1 (S(2)Y (D) + SOY (2) =Y H(SDY () =Y (Y (2)) == .
O

For the next assertion, we will write A(z) = 2’ ® «” for convenience. An element z € H is called
cocommutative, if A(x) = flipA(z), i.e.
(B.12) Alr)=2"@2" =2" 2,
with the sum implicit, i.e. 2’ is not necessarily equal to z”, only for grouplike elements which trivially are
cocommutative. Are primitive elements cocommutative? Slightly less trivial are ladder trees in the Hopf

algebra of rooted trees. What about the polynomial Hopf algebra C[X]? Is p(X) € C[X] cocommutative?
An interesting result is the last

Proposition B.2.3. Let x € H be cocommutative. Then Dy (x) is primitive.

ProoOF. The map 7, ,, interchanges the n-th and the m-th element in a tensor product z; ® ... ® xy,
where, of course n,m < k. For example, to describe the multiplication map on H ® H, one needs a flip
map: to express

(B.13) (a®Db)(c®d) =ac®bd
in terms of the multiplication mpygr : H® H @ H @ H — H ® H, one must employ 7 3 to get the result:
(B.14) mma®@c)@mded)=mmeam)(a®@c@b®d)=mm@m)rs3(a®@b®c®d)

Thus, we are ’coerced’ to define mygy := m(m ® m)7s 3. Then,

ADy(z) = Am(SRY)A(z) = (m@m)e3(A R A)(S®Y)A(z)
=(m@m)T23(AS @ AY)A(z) = (m@m)rs;((S®S)A® (Y ®@id +id ® Y)A)A(z)
=mem)n3(S@SYid+S5S®S®idoY))(A®A)A(z)
=mem)(SRY ®S®id+5S®ido S®Y)(A® A)A(z)
=mSRY)em(S®id) + m(S®id) @ m(S®Y))(A® A)A(x)
=(m(SRY)A@m(S ®id)A + m(S @id)A @ m(S ® Y)A)A(x)
=((S*Y)® (S*id) + (S*id) @ (S*Y)A=((S*Y)R®e+e® (S*Y))A(x)

This is what primitive means:

ADy(z) = (SxY)(@)@e(z") +e(@) @ (S*Y)(2") = (S*Y)(z) @ e(l) + e(I) @ (S * Y)(x)
=(S*xY)(z)QI4+I®(S+Y)(z)

ase(z’)=0=ce(z") if '’ #1 # 2’ and e(I) = L. O

(B.15)

(B.16)



APPENDIX C

Miscellanies

C.1. Exact sequences

Let I C Z. A sequence of linear spaces {V,, }ner equipped with linear maps f,, : V,, = Vip1,

(C.1) Ly Iy

is called ezact sequence if im f; = ker f;;1. Note that for

(C.2) 0-v-Lv

to be exact, f must be injective and in

(C.3) v-Lvi 5o

it must be surjective(the unmentioned maps are zero maps). An exact sequence with |I| = 5 of the form
(C.4) 0-v-Lw!z o

is called short exact sequence. It is characterized by three properties: f is injective, h surjective and
imf = kerh. We can view V as a subspace of W under f since imf = ker h is a subspace in W and
by f’s injectivity we have V =2 kerh. Furthermore, if 7 : W — W is the canonical projection onto
W :=W/kerh, then h := hor~' : W — Z is injective and, as h is surjective, also an isomorphism. Thus

(C.5) Z=W =W/kerh=W/V .
C.2. Integral identity

We will prove

o dt
(C.6) / 76_”( =—Inc—InX —vg + O(clnc)
for ¢ > 0 and X > 0. First, we do a partial integration
(C.7) / —e X =/ e = —In(cX)e X +/ dr InT e 7.
c 3 ex T cX

The latter integral can be rewritten into

oo oo cX cX
(C.8) / dr nte 7 = / dr Int e 7 f/ dr nte 7 =—vg f/ dr lnte ™,

cX 0 0 0

where 0.T'(1 + z) = [, dr 7%InT e~" has been used. Since we have

cX
(C.9) / dr InT e =~ cX In(cX)e X
0
for suffiently small ¢ > 0, the result follows. O

C.3. Periods

First some definitions. A number a € C is called algebraic if it is the zero of a non-zero polynomial
with rational coefficients. We denote the set of algebraic numbers by Q. If a is not algebraic, it is called
transcendental. Obviously, we have the hierarchy

(C.10) NcZcQcQcCcC.

We will see that the set of periods has its place in between the latter two sets in the hierarchy.
A subset S C R is referred to as algebraic, if there are polynomials Py, ..., P, € Q[Xj, ..., X,,] such
that « € S implies P;j(z) = 0 for all j. Note that all polynomials can be trivial zero polynomials and
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thus S = R™. A subset S’ C R” is called semialgebraic if there are polynomials P, ..., Py, P/, ..., P] €
Q[X1, ..., Xp] such that z € S’ means Pj(z) = 0 and P/(z) > 0 for all j,r. In other words, an algebraic
subset is a subset of R™ defined by polynomial equalities. For semialgebraic sets some or all of these may
be inequalities.

Definition C.3.1. A number p € C is called period if there are semialgebraic sets S,S" € R™ and
rational functions u,v : R™ — R with coefficients in Q such that

(C.11) p= /Su(x)das—i—i// v(x)dz

where dx is the usual Lebesque measure on R™.

We denote the set of periods by P. A simple example is the algebraic number
(C.12) V2= dz

222<1
where S = {z € R | 222 < 1}. It turns out that there is an equivalent definition in which u and v are
only required to be algebraic functions and the algebraic sets S, .S’ defined by polynomials with algebraic
coefficients. An algebraic function f : R® — R is a function for which there is non-zero polynomial
P e Q[Xy,...,Xn, Y] such that

(C.13) Pz, f(x))=0

for all z € R™. This means that there are polynomials ay, ...,a; € Q[X7, ..., X,,] such that
(C.14) ao(z) +ar(z)f(z) + ... + an(x)f(z)" =0 .

Take the simple case n = 1. Because a rational function f satisfies

(C.15) 4(2)f(z) - plx) = 0

we see that rational functions are algebraic. An example for a non-rational but algebraic function is
(C.16) o(z) = 1+ 22

which fulfils

(C.17) 14+2% —g(x)?*=0,

ie. P(x,y) =1+ 2% —y% However, this equivalent definition implies immediately that P contains all
algebraic numbers, i.e.

(C.18) NcZcQcQcPccC.

is the new hierarchy that we have. Does P also contain transcendentals? Obviously, because

dx
C.19 dedy =m=2 _
(C.19) //+ vdy = /Wlﬂz

Further examples are logarithms of algebraic numbers:
2 dx
—

(C.20) log(2) =

What is also worth mentioning is that they are countable just as is Q! Therefore P\ Q is a countable set
of transcendentals. However, by conjecture, the numbers

(C.21) e= lim (1—!—1) , v = lim <1+1+1+...+1—ln(n)>
n n

n—o0 n—o0 2 2

are not periods.
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