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Introduction

1.1 Motivation

Various formulations of quantum field theory (QFT) have been proposed and established in the
last century. The most popular ones can be split into two conceptually different categories: The
path-integral and the operator approach.

The former uses the moments of some measure on the space of classical field configurations
in order to construct correlation functions. As this measure is (formally) given in terms of
the classical action, this formulation has the advantage of being closely related to classical
field theory. In the operator approach, on the other hand, quantum fields are viewed as linear
operators represented on some Hilbert space of states. Consequently, no corresponding classical
theory, i.e. no Lagrangian formalism, is needed in this case. In this formalism special emphasis
is put on the algebraic relations between the quantum fields. In fact, these relations may be
viewed as determining the whole theory, as originally proposed by Haag and Kastler [1] in the
framework of algebraic quantum field theory (AQFT). Algebraic approaches have also been

useful in conformal quantum field theories (cQFT), see e.g. [2, 3], and in view of the lack of a
preferred Hilbert space representation turned out to be essential in the construction of quantum
field theories on curved spacetimes [1, 5, 6, 7, &].

In [9] a new approach to quantum field theory was proposed, where the algebraic relations
between the fields (at short distances) are encoded in the Wilson operator product expansion
(OPE)[10], which is elevated to the status of a defining element of the theory instead of an
identity derived from it (see section 1.2). Furthermore the OPE coefficients have to obey certain
constraints, in particular a factorization relation that was observed in the construction of the
OPE on curved spacetimes [11]. An axiomatic formulation of this framework is given in [9]. The
key observation is that consistency conditions arising from the mentioned factorization property
can be used, in combination with field equations, as a constructive tool. In addition, graphical
rules for the computation of OPE coefficients within this approach have been obtained [12]. The
resulting algorithm for the construction of the OPE is different from standard ones relying on
divergence properties of Feynman integrals [13], but one expects the results to be equivalent (see
section 3.6). A remarkable feature of the new approach is the fact that it is inherently finite
(see chapter 3.2), i.e. no renormalization procedure is needed.

This novel viewpoint has several advantageous features:

As mentioned above, it is viable also on curved spacetimes, where it might even be necessary
to elevate the existence of an OPE to axiomatic status [14]. In [9] the framework was also gener-
alized to gauge theories, which play a central role in the description of particle physics. Another
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interesting feature concerns the regularity of the OPE coeflicients as opposed to quantum states.
In the case of simple examples it is easy to show that OPE coefficients may depend analytically
on certain parameters of the theory (like e.g. the mass of a particle) where the quantum states
show non-analytic behavior. As a result of such considerations, it was recently conjectured in
[15] that even the perturbation series for the OPE coefficients may converge, i.e. it might be
possible to perturbatively construct interacting quantum field theories within this approach.

This thesis will be concerned with a low order perturbative construction of this kind for
the case of a simple toy model theory. It thus constitutes the first specific application of the
very young framework outlined above and gives first impressions of the calculational effort
involved in the iterative construction of perturbation theory. The above mentioned cancellation
of divergences and also the formation of certain patterns in the mathematical structure of the
coeflicients can be observed explicitly. This also gives insights into the expected structure of
higher order coefficients.

1.2 Historical background

The singular behavior of products of quantum fields at coinciding spacetime points has been a
major obstacle in the construction and understanding of quantum field theory since its discovery.
Thus, the analysis of these short distance divergences was, and still is, of great interest.

The idea of a short distance expansion for products of quantum field operators was first con-
sidered by Wilson in 1964 when, according to himself inspired by axiomatic QF T, he translated
some work he “had done on Feynman diagrams with some very large momenta (...) into po-
sition space” [16]. This work, however, never got published and it took five more years until
Wilson revisited his theory of short distance expansions adding new ideas by Kastrup and Mack
concerning scale invariance in QFT. Ironically, although in his 1969 paper Wilson introduces
the OPE as an alternative framework to Lagrangian models, in the following years it became an
important tool in the understanding of these theories.

In 1970 Zimmermann proved that an OPE holds in perturbative quantum field theory, thus
giving its first validation also in usual Lagrangian theories [17]. He used this new tool in order to
define normal products of interacting quantum fields as a generalization of the normal ordered
products in the free theory. Now a sensible notion of composite fields, i.e. for example higher
powers of fields, could be defined in terms of normal products [18].

In the following years the OPE was established in the most important branches of quantum
field theory: It became a standard tool in the analysis of quantum chromodynamics (QCD),
played a crucial role in the development of conformal quantum field theories, has been proven

within various axiomatic settings [19, 20] and has been shown to hold order by order in pertur-
bation theory on curved spacetime [ 1]. The OPE has also been used in order to prove a curved
spacetime version of the spin-statistics theorem and the PCT theorem [21] and played a crucial

role in the formulation of an axiomatic quantum field theory on curved spacetime, where the
OPE was elevated to a fundamental status and replaces the requirement for the existence of a
unique Poincare invariant state [14]. This shift of emphasis onto the OPE as defining property
of the theory is in the spirit of the new approach considered in this thesis. Here the OPE is
no longer viewed as simply a calculational tool that has been derived from the theory, but as a
central feature around which the theory is built.

1.3 Organization

This thesis is organized as follows:

In the next chapter we introduce the new framework of quantum field theory in terms of
consistency conditions as proposed in [9]. After a short motivation of the ideas leading to this
approach, an axiomatic setting for quantum field theory is presented, followed by an analysis of
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perturbation theory in this framework. Finally, a recently discovered convenient formulation of
the theory in terms of vertex operators - the fundamental left representation - is studied.

Chapter 3 presents the results of this thesis, namely the low order perturbative construction
of OPE coefficients for a specific Lagrangian model theory. Our considerations naturally start at
the non-interacting theory (i.e. zeroth perturbation order), where the model and some notation
are introduced. We then explain a general method of perturbations via non-linear field equations,
obtaining an iterative scheme for the construction of OPE coefficients. The application of this
algorithm to a specific model theory gives the main results of this thesis, which are presented in
section 3.4 and 3.5. In the end we briefly compare our framework to ordinary methods for the
calculation of OPE coefficients in terms of an example.

The thesis is closed by chapter 4, where our results are reviewed and interpreted. Conclusions
as well as an outlook on possible future developments are given.

We refer to the appendix for the introduction to the main mathematical objects appearing in
the calculations.






QFT in terms of consistency conditions

In this chapter a new formulation of quantum field theory, first proposed in [9], is described.
The central object of this framework is the OPE subject to certain constraints.

2.1 Motivation

The operator product expansion states that the product of two operators may be written as

(Pal@1)dp(w2)) Zc w1, 22;9)(be(y)), 2.1.1

in terms of local quantum fields ¢. and C-number distributions C¥,. Here a,b,c label the
composite fields of the underlying theory , (- ), is the expectation value in the state w and “~”
means that this identity holds as an asymptotic relation in the limit x1,x2 — ¥ in a suitably
strong sense’. In the following we will shorten the notation by formally rewriting equation 2.1.1
as

ba(r1)Pp(72) Z (11, 72)0c(22) , 2.1.2

where we have implicitly made the choice y = x2. We furthermore assume the fields to live on a
real Euclidean spacetime, which can always be achieved by analytic continuation provided the
spectrum condition holds in the quantum field theory. In order to motivate the condition that
lies at the heart of the new framework we should study the OPE of a product of three operators.

Ga(x1)Pp(22)Pe(23) Z @ (11, 9, 13)dg(23) 2.13

Now consider a situation as depicted in figure 2.1. Defining the Euclidean distance between
two points x; and x; as

'rij = ‘CL‘l — .’Ej| = (CCZ — I‘j)Q 2.1.4

figure 2.1 tells us that ros < 713. In this case we expect it to be possible to perform the
OPE successively, i.e. we first expand the product of ¢p(x2)¢.(x3) in equation 2.1.3 around z3 ,

1See the discussion below equation 2.2.30 for more detail
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Figure 2.1.: A configuration of the spacetime points x1, z2, 23 € R¢

multiply the result by ¢,(x1) and perform yet another OPE around z3. Writing this idea as an
equation, we obtain

Cgbc(l’l,l'g,l’g) = Z CEC(IEQ,ZIJg)Cge(l'l,SL'g) . 2.15
e

Similarly, as figure 2.1 also implies r12 < 723, we expect that we can start by expanding the
product ¢gq(z1)¢p(z2) around xo, multiply the result by ¢.(x3) and finally expand around z3
again. In other words:

Cgbc(.l'l,wz,ltg) = chb(xl,l'g)cgc(xg,xg) 216

So for constellations as in figure 2.1, i.e. on the open domain ris < rog < r13, we obtain
the consistency relation that both expansion 2.1.5 and 2.1.6 must be valid and should coincide.
Thus we require

Z CEC(ZCQ, x;;)Cffe(xl, xg) = Z Cgb(.%'l, .%'Q)Cgc(xg, .%'3) 2.1.7
e e

when rio < 193 < 1r13. We will adopt the labeling of this constraint as ”consistency-" or
7 associativity” condition from [9]. The basic idea of the new framework presented in this chapter
is that these conditions on the 2-point OPE coefficients are stringent enough to incorporate the
full information about the structure of the quantum field theory or, stated conversely, that
finding a solution to these conditions effectively means that one has constructed a quantum field
theory.

But if the full information on the quantum field theory is to be encoded in the constraints
on the 2-point OPE coefficients, then no further constraints should appear from higher order
associativity conditions, i.e. from conditions on products of more than three fields. If, for
example, we consider the OPE of four fields ¢q(x1)¢p(x2)pc(x3)dg(rs) and successively expand
this product in a similar manner as above, we will obtain new relations for the 2-point OPE
coefficients similar to eq. 2.1.7. The question is now whether these constraints are genuinely
new or can be deduced from eq. 2.1.7. As it turns out, this problem is analogous to the analysis
of the associativity condition in ordinary algebra and as in this case we will show that no further
conditions arise (see chapter 2.3). These considerations will also yield a unique expression of the
higher order coefficients such as C¢,_;(z1, 2,23, 24) in terms of the 2-point OPE coefficients.
This result is called the coherence theorem, because it states that the entire set of consistency
conditions is coherently encoded in the associativity condition 2.1.7.

Now that we have identified the 2-point OPE coefficients as fundamental entities of our ap-
proach, it would be of interest to formulate perturbation theory in terms of these coefficients.
With this aim in mind, let us assume the following setting: We are given a 1-parameter family of
2-point coefficients with parameter A. These coefficients shall satisfy the associativity condition
2.1.7 and we want to perturb around the quantum field theory described by the coefficients with
A = 0. In order to avoid messy equations we introduce an index free notation getting rid of
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the indices a,b,c... above. We view the 2-point OPE coefficients collectively as a linear map
C(xi,z2) : V@V — V, where V is the space of fields, whose basis components are given by

C¢p(x1,x2). Then the Taylor expansion in the parameter A around A = 0 is

C(ZCl,I‘Q;)\) :ZCi(xl,xg))\i. 2.1.8
1=0

If we expand the associativity condition, eq. 2.1.7, in this way and assume that the condition
holds at zeroth order, then we obtain the following constraint on the first order perturbation of
the 2-point OPE coefficients

Co(za,x3) (Cl (x1,22) ® id) — Co(x1,3) (id ® Cq(xa, xg))+

2.1.9
C1 (372, 1'3) (Co(xl, xg) ® id) — Cl(l'l, 1'3) <id ® Co(CCQ, 563)) =0

which is linear in the first order coefficients and holds on the domain rio < ro3 < r13. It was
shown in [9] that this condition is of a cohomological nature and that one can identify the set of
all possible first order perturbations satisfying this condition (modulo trivial field redefinitions)
with the elements of a certain cohomology ring, which bears close resemblance to Hochschild
cohomology [22, 23]. This notion can be generalized to higher order perturbations, i.e. at each
order the associativity condition is a potential obstacle for the continuation of the perturbation
series. This obstruction is then again an element of our cohomology ring.

The above definition of perturbation theory is very general in the sense that the physical
meaning of the parameter A is completely open. A might for instance measure the strength of
some coupling in a Lagrangian theory, like e.g. the self interaction in the theory described by
the classical Lagrangian L = (0¢)? + A¢*. The perturbation would in this case be around the
free theory where the OPE coefficients are known. It is also possible to perturb more general,
not necessarily Lagrangian, theories, e.g. more general conformal field theories. One could also
take SU(N) Yang-Mills theory as yet another example. Here one could chose A = 1/N, where
N is the number of colors of the theory, and perturb around the large-N-limit of the theory.
This general theory of perturbations is described in more detail in chapter 2.4.

2.2 Axiomatic framework

The aim of the present section is to give a precise formulation of the ideas informally presented
above. In this approach quantum field theory is defined by an axiomatic setup that was first
proposed in [9] (in [14] a basically similar framework was introduced for quantum field theory
on curved spacetime).

First we define the playground of our quantum field theory to be an infinite dimensional vector
space V', whose elements can be thought of as the components of the various composite scalar,
spinor and tensor fields. For example, in a theory containing only one scalar field ¢, the elements
of V would be in one-to-one correspondence with the monomials in ¢ and its derivatives. One
would naturally assume V to be graded in various ways, as it should be possible to classify
the different quantum fields in the theory by characteristic properties, such as spin, dimension,
Bose/Fermi character, etc. As we are considering Euclidean quantum field theories, we expect
V to carry a representation of the D-dimensional rotation group SO(D), or of its covering
group Spin(D) respectively if spinor fields are present. This representation can be decomposed
into unitary, finite-dimensional irreducible representations Vg characterized by the eigenvalues
S = (M,...,A\r) of the r Casimir operators associated with SO(D). Thus, we introduce a
grading by these irreducible representations (irrep’s):
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V=@ Pp c"*evs 221

A€R, Seirrep

An additional grading, which will later be related to the dimension of the quantum fields,
is provided by the numbers A € Ry . The numbers N(A,S) € N, here supposed to be finite,
express the multiplicity of the fields with a given dimension A and spin S. Here we should
remark that the infinite sums in this decomposition are understood without any closure taken,
meaning that the elements of V' are in one-to-one correspondence with sequences of the form
(lv1),|v2), ..., |vn),0,0,...), where only finitely many zeros appear and |v;) is a vector in the
i-th summand of the decomposition. As further structure on V we demand the existence of an
anti-linear, involutive operation x : V' — V which should be thought of as hermitian conjugation
of the quantum fields. Additionally we would like to have a linear grading map v : V — V
satisfying 42 = id which is to be thought of as a grading with respect to bosonic (eigenvalue +1)
and fermionic (eigenvalue —1) vectors. Finally, we demand the existence of D derivations on V/,
i.e. linear maps 0, : V — V with p € {1,..., D} satisfying the Leibnitz rule and 9,0y = y00d,.
These derivations increase the dimension A of the vectors in V' by 1.

The linear space defined in this way is nothing more than a list of objects that we think of
as labeling the composite fields of the theory, but so far the dynamics and the quantum nature
of the theory, i.e. the information that is of most interest, have not been addressed. This
information is now encoded in the OPE coefficients associated with the quantum fields. This is
a hierarchy

C= (6(1'1,1'2),6(171,1'2, $3),C(x1,$2,$3,$4), . ) 3 2.2.2
where the C(z1,...,x,) are analytic functions on the configuration space
My, = {(x1,...,2,) € RP)" |2, £ 25, V1 <i<j<n} 223

taking values in the linear maps

Clxp,...,zp): VR -V -V, 2.2.4
N———
n—factors
For the one-point coefficient we set C(z1) = id : V' — V. By taking the components of these
maps in a basis of V the OPE coefficients from the previous section can be retrieved. So, if
{|va) } denotes a basis of V' in adapted to the grading with the corresponding basis {(v*|} of the
dual space

vi=h g c"*Vavy, 2.2.5

A€Ry Seirrep

with Vg denoting the conjugate representation, (v°|v,) = 6%, then we have

C21...an(x17 cee 7xn) = <Ub|C(x1, v a$n)|va1 K- ® Uan> )

using the customary bra-ket notation |vg, ® -+ ® v,,,) = |Vgy) @ -+ ® |vg,,). In the following
we express the basic properties of quantum field theory as axioms on the structure of the OPE
coefficients:

Axiom 1 (Hermitian conjugation)

Denoting by ¢ : V — V the anti-linear map given by the star operation x, we have

C(xy,...,xpn) =1C(x1,...,xpn)t", 2.2.7

where (" ;== 1 ® - -+ ® ¢ denotes the n-fold tensor product of the map t.
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Axiom 2 (Euclidean invariance)

Let R be the representation of Spin(D) on V, let a € R and g €Spin(D). Then the
equation

Clgr1+a,...,gxn +a) = R*(9)C(x1,...,2,)R(g)" 2.2.8
holds, where R(g)" := R(g) ® --- ® R(g) again is the n-fold tensor product of R(g).

Axiom 3 (Bosonic nature)

The OPE coefficients themselves should be ”bosonic” in the sense that

Clxi,...,xn) =C(x1,...,20)Y", 229

where the shorthand notation for the n-fold tensor product was used again.

Axiom 4 (Identity element)

There exists a unique element 1 € V' of dimension A = 0 satisfying the properties 1* = 1,
~v(1) =1 and

Clxy,...,zp)1 @ 1@ vp_1) =C(x1, ., Ty oo, Tp) |1 @+ @ Up—1) 2.2.10

where 1 is in the i-th tensor position, with ¢ < n. If 1 is in the n-th position, the relation

Clxr,...,zp)v1 @+ vp—1 @ 1) = t(xp—1,2,)C(T1,. .., Tp-1)|[V1 ® -+ @ Vp_1) 2.2.11

has to hold, where t is a ”Taylor expansion map” characterized below.

The reason for the slightly more complicated form of eq. 2.2.11 is that z,, is the point we
expand around and thus the corresponding n-th tensor entry stands on a different footing than
the other entries. In order to heuristically motivate the form of equation 2.2.11 and to specify
the map ¢ more precisely, we consider the following situation:

Let ¢, be a quantum (or classical) field. Then we can formally perform a Taylor expansion

o

Z Os +++ Oy a(2)
—0 "

with y = 21 —22. As each field 9, - - - Oy, @4 is just another composite field of the theory denoted
for example by ¢y, we might rewrite equation 2.2.12 in the form ¢, (z1) = S_t2(z1, 22)dp(22).
The tZ are defined using the above Taylor expansion, at least up to potential trivial changes
which take into account the fact that a derivative of the field ¢, might correspond to a linear
combination of other fields in the particular labeling we have chosen for the fields. Application
of these ideas formally yields

Z at..an—11 1’17 ) $n)¢b($n) = ¢a1 (51;1) te Cban,l(xnfl) 1

Z trean_1 (T s Tn1) Pp(Tn—1) 2213
Z ay...Qp— 1 xla"'7$n71)t2(xn717$n)¢b(xn)7

which suggests that
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031___%711(3:1, ceeyTp) = Ztg(xn,l,xn) Copay (@1, 1) 2.2.14

C

We now argue that this sum if finite, so one does not have to bother with convergence issues.
Note that in eq. 2.2.12 the dimension of the operators on the right hand side should not be
smaller than that of the operator on the left hand side, because the former contain additional
derivatives. We thus conclude that t2(z1,z2) is only nonzero as long as the dimension of the
operator ¢, is greater or equal to the dimension of ¢,. Since there are only finitely many
operators up to a given dimension, our proposition is confirmed.

Abstracting the features derived from these heuristic considerations, we are now ready to give
a definition of the map ¢ appearing in eq. 2.2.11. We postulate the existence of a linear map
t(x1,20) : V — V for all 21,29 € R satisfying the following conditions. First, the map should
have the same transformation properties as the OPE with respect to rotations (see axiom 2).
Defining V2 as the subspace of V in the decomposition 2.2.1 spanned by vectors of dimension
A, we furthermore require

t(l’l,xg)VA C @ VA .

A>A

Next, we have the cocycle relation

t(.%'l,xg)t<l'2,$3) = t<$1,$3) . 2.2.16

Finally, the restriction of any vector of t(x1, mg)VA to any subspace of VA s supposed to depend
polynomially on 1 — xo. This finishes the characterization of the ”Taylor expansion map” ¢
and thus completes the formulation of axiom 4. Note that this axiom implies in particular the
relation

t(z1,x2)|lv) =Clv® 1), 2.2.17

i.e. t(x1,r2) uniquely determines the 2-point OPE coefficients with an identity operator and
vice versa. As a special case, we have t(x1,22)1 = 1 using eq. 2.2.10 and C(x;) = id, which
implies that the identity operator does not depend on a reference point.

Before we come to the next axiom, some notation is introduced. Let I,...,I. denote a
partition of the set {1,...,n} into disjoint ordered subsets, where all elements in I; are greater
than all elements in I; 1 for all i. An example for such a partition in the case n = 5 would
be I1{1}, I2{2,3,4}, Is = {5,6}. For each ordered subset I C {1,...,n} we define X; to be
the ordered tuple (z;)ic; € (RP)! and we set my := max(I},) and C(X) := id if I consists of
only one element. Furthermore, let d(X7) be the set of relative Euclidean distances between the
points in a collection X; = (z;);er, defined as the set of positive real numbers

d(X7) = {rij|ijel,i+j} 2.2.18

We are now ready for the
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Axiom 5 (Factorization)

The identity

C(X(1, ) = CX ) (C(X1) @+ 2 (X))

holds on the open domain

Dl LY = { (@1, wn) € My mind(X g, m,y) > max(d(Xp), .. d(X1,)) }

At this point some remarks are in order. First one should note that the factorization identity
2.2.19 expressed in a basis of V ® --- ® V involves an r-fold infinite sum on the right side of
the equation. In fact, it is the statement of the factorization property that these infinite sums
converge on the indicated domain. Outside the domain the sums are not restricted at all and one
would expect them to diverge. The axiom can be generalized to arbitrary partitions of {1,...,n}
making use of the (anti-)symmetry axiom 7 below. If fermionic fields are included, then + signs
will appear. It is also important to remark that the factorization relation can be iterated on
suitable domains, i.e. if for example the subset I; is itself partitioned into subsets, then the
coefficient C(X7;) will itself factorize on a suitable subdomain. Such subsequent partitions may
naturally be identified with trees. A version of the factorization property in terms of trees was
given in [11] and will also be given below 2.3.11.

Axiom 6 (Scaling)

Let vgy,...,vq, € V be vectors with dimension Aq,...,A, (remember the decomposition
of V in eq. 2.2.1) respectively and let v* € V* be an element in the dual space of V
with dimension A,,1. Then the scaling degree of the C-valued distribution 2.2.6 should be
estimated by

sd Cgl...an < Al +...+ An - An—l—l . 2.2.21

By scaling degree we mean

sd Cgl._an = inf <lim engl_._an(ezcl, ooy €xy) =0 for all (z1,...,2,) € Mn) . 2.2.22

pER \ e—0

Further, if v is an element of the one-dimensional subspace of dimension-0 fields spanned by
the identity operator 1 € V, and if n = 2 and v, = v;, # 0, then the inequality in the eq.
2.2.21 is required to hold.
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Axiom 7 ((Anti-)symmetry)

Let 7;,_1,; be the permutation exchanging the (i — 1)-th and the i-th tensor factor in an
element of V.® ---® V. Then we have (for 1 < i <n)

Clz,...,xi—1, i, ..., Tn)Ti1,; = C(x1, ..., 24, Tiz1, . .. ,xn)(—l)FFlF" 2.2.23
with
1. 4
=3 id™' @ (id — v) @ id" " . 2.2.24
In the case i = n we require

Clx1,...,Tp—1,%n)Tn—1n = t(Tn-1,2n)C(T1,. .., Tn, mn_l)(—l)Fn—lF" 2.2.25

The last factor in egs. 2.2.23 and 2.2.25 makes the OPE coefficients of bosonic fields symmetric
and the OPE coefficients of fermionic fields anti-symmetric. Also notice that again we had to
treat the case involving the n-th point and the n-th tensor factor separately. The reasons for
this are obviously similar to those leading to eq. 2.2.11.

Axiom 8 (Derivations)

The derivations 0, on V are compatible with partial derivatives of the OPE coefficients
with respect to the spacetime arguments x; € RP in the sense that

C(x1,. ., xn) V1 @ 0p0; @ -+ -vy) = G(J;i)HC(:nl, e ) VL ® v ® vy 2.2.26

for i < n. If there is a derivative in the last tensor position, then the identity

C(x1,...,%n) |01 ® - @ Opvn) = [8(%)MC(:€1,...,$”) +8MOC(:U1,...,93”)] v ® -+ @ vy)

holds.

This axiom, which has not been required in [9], will later allow us to transform field equations,
i.e. partial differential equations on V', into similar relations involving the OPE coefficients (see
section 3.2).

This finishes our presentation of the axioms for the new framework. As already mentioned in
section 2.1, the factorization property, axiom 5, lies at the heart of the theory. The stringent
constraints it imposes on the possible consistent hierarchies (C(x1,z2),C(x1,x2,23),...) carry
the main information in the approach. The Euclidean invariance condition, axiom 2, implies
translation invariance of the OPE coeflicients and links the decomposition 2.2.1 of the field space
V into sectors of different spin to the transformation properties of the OPE coefficients under
rotations. Likewise, the scaling property links the grading of V' with respect to the dimension to
the scaling properties of the OPE coefficients. Furthermore, the (anti-)symmetry requirement,
axiom 7, is a replacement for local (anti-)commutativity (Einstein causality) in the Euclidean
setting. Note also that we have not required a spin-statistics or PC'T-theorem to hold, as these
can in fact be derived from the axiomatic framework just introduced (see [21]).

So in summary, a quantum field theory is defined as a pair (V,C) consisting of a vector space V
with the above properties and a hierarchy of OPE coefficients C := (C(z1,x2),C(x1, x2,23), .. .)
satisfying axioms 1 to 8. Now the issue of equivalence of different theories of this kind arises.
One would naturally identify quantum field theories that only differ by a redefinition of their
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fields, where, informally, a field redefinition means that the definition of the quantum fields of
the theory is changed by a transformation of the form ¢q(x) to ¢q(x) = 22¢y(z), where 2% is

some matrix on field space. The following definition carries over these ideas to our framework.

Definition 2.1 (Equivalence)

Let (V,C) and (V,C) be two quantum field theories. If there exists an invertible map

z:V — V satisfying

2R(g) = R(g)z, 2y =4z, S 22.28

as well as

Clz1,...,xp) =2 1C(x1,... ,20)2" 2.2.29

for all n, where 2" = 2®- - -® z, then the two quantum field theories are said to be equivalent
and z is called a field redefinition.

Before concluding this chapter one further condition is imposed, namely that the quantum field
theory (V,C) exhibits a vacuum state. The appropriate notion of quantum state in our Euclidean
setting is a collection of correlation functions, which we will write as (¢4, (x1) - ¢q, (Tn))a
with arbitrary n and aq,...,a,. These functions should be analytic on M,, and satisfy the
Osterwalder-Schrader (OS) axioms for the vacuum state Q (see [24, 25]) and also the OPE in
the sense that

<¢a1 (561) T ¢an (l‘n)>Q ~ Z Cgl.nan (1"17 cee vxn)<¢b($n)>ﬂ .
b

The symbol “ ~ 7 here indicates that the difference between the left and right side of this
expression is a distribution on M, with smaller scaling degree than any given number ¢ provided
the above sum goes over all of the finitely many fields ¢, whose dimension is smaller than some
number A = A(9). Then by the OS-reconstruction theorem the theory can be continued back to
Minkowski spacetime and the fields can be represented as linear operators on a Hilbert space H
of states. It may also be of interest in some settings (e.g. theories with unbounded potentials) to
drop the notion of unique vacuum state by leaving out those OS-axioms which involve statements
about invariance under Euclidean transformations.

Obviously, if we require a quantum state to satisfy the OS-axioms, new constraints on the
OPE coefficients are expected to appear. These constraints will not be discussed here, as our
focus is on the algebraic conditions satisfied by the OPE coefficients. The additional restrictions
imposed by the OS-axioms are genuinely new, so in some contexts one might even want to drop
them (e.g. the condition of OS-positivity does not hold in some systems in statistical mechanics
and in gauge theories before taking the quotient by the BRST-differential).

2.3 The coherence theorem

It has already been mentioned a few times that we think of the factorization property, axiom
5, as the key condition on the OPE coefficients. These restrictions on the OPE coefficients
C(x1,...,zy) (with n > 2) are expected to be very stringent and encode most of the non-trivial
information of the theory. It is the purpose of this section to analyze the interdependence of these
conditions for different n, i.e. for OPE coeflicients coming from the expansion of a product of n
fields. The result will be that all the higher constraints (i.e. larger n) are already encoded in the
first non-trivial constraint arising for n = 3. As this implies that all the factorization constraints
can be coherently described by a single condition, this result was named the coherence theorem
in [9].
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It is instructive to consider an analog from ordinary algebra before treating our case in more
detail. Let us consider a finite dimensional associative algebra A. Thus

(AB)C = A(BC) VA B CeA

holds, or rewritten in terms of the linear product map m : A ® A — A with m(4, B) = AB:

m(id ® m) = m(m ® id)

Both sides of this equation are maps A ® A ® A — A. By successively applying eq. 2.3.1 it is
easy to prove that also

(AB)(CD) = (A(BC))D VA B,C,DecA

holds without further restrictions on the map m. In fact, it is an elementary result in algebra
that no such higher associativity conditions arise. It is not difficult to see that this result is
analogous to our coherence theorem, where eq. 2.3.1 plays the role of the three point factorization
constraint and eq. 2.3.3 together with similar higher order conditions is identified with the n > 3
factorization conditions.

Now let us come back to our original setting and consider axiom 5 for n = 3. We encounter
three different partitions of the set {1, 2,3} corresponding to non-trivial factorization conditions
2.2.19, namely T3 := {{1,2}{3}}, T2 := {{1,3}{2}} and Ty := {{2,3}{1}}. The respective
domains on which the factorization identities are supposed to be valid are, according to eq.
2.2.20, given by

D[Ti] = {(x1,22,23)|re3 <riz}, 234
D[Ty] = {(x1,22,23)|r13 < ras}, 235
D[T3] = {(x1,x2,23) |12 < ras}. 2.3.6

The first two domains in the above equations are clearly disjoint, but both have a non-empty
intersection with the third domain. Thus, according to axiom 5, on these intersections both
factorizations should give C(x1,z2,x3) and hence should also be equal to each other. We can
write this as

C(xa,x3) (C(a:l, T2) ® id) = C(wx1,3) (id ® C(xa, ;Ug)) 2.3.7

where the spacetime arguments lie in the intersection D[Ti] N D[T3], i.e. ri2 < roz < r13. A
similar relation holds on the domain D[T3] N D[T3], but it turns out that this relation can be
derived from 2.3.7 with the help of the symmetry condition, axiom 7,

C(l’l,xg) = t(l’l,.%'g)C(SUz,xl)TLQ 238

and the relation

C(x1,13) = C(:z:g,xg)(t(xl,xg) ®z’d> 23.9

for 12 < 723. So in the case n = 3 (i.e. three spacetime points) there exists only one independent
consistency condition, eq. 2.3.7, which has already been given in component form in 2.1.7.
Remember, the aim of this chapter is to analyze higher factorization conditions, i.e. axiom 5
for n > 3. We have seen in the analogous problem in ordinary algebra that all higher associativity
conditions can be derived from eq. 2.3.2, which is the analogue to our eq. 2.3.7. In the following
it will be shown that, as in the example of associative algebra, we will not encounter any higher
factorization conditions and that the coefficients C(x1,...,z,), the analogue of a product of n
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elements of our algebra A, are completely determined by the coefficients C(x1,x2), which can
be identified with a product of two elements of A.

Thus, our first task is to write all the factorization equations only in terms of the C(x1,z2).
In this context the language of rooted trees is natural and useful (see also [11]). By a rooted
tree on n elements {1,...,n} we will mean a set {51, ..., Sk} of nested subsets S; C {1,...,n},
such that each S; is either contained in another set of the family of subsets, or disjoint from
it. The set {1,...,n}, called the root, is by definition not in the tree. One can then visually
think of the sets S; as the nodes of the tree, which are connected by branches to all those nodes
that are subsets of S;, but not proper subsets of any element of the tree other than S;. The
leaves of the tree are the nodes that do not contain any other sets of the tree as subsets, so
they are of the form S; = {i}. Let us introduce some further notation: If T is a tree on n
elements of a set, then we denote by |T| the elements of this set. Furthermore, let T be of the
form T = {Ty,..., T,}, where each T, is itself a tree on a proper subset of {1,...,n}, so that
T |U---U|T,| ={1,...,n} is a partition into disjoint subsets. For such trees we recursively
define an open, non-empty domain of M,, by

DIT] = {(xl, .. @) € My | Xpp,| € D[T4], ..., X1, € D[T];

min d(X(, myy) > max(d(Xe, ), d(Xpm, ) } -

Here m; is the maximum element element upon which the tree T; is built. Otherwise the
notation is as introduced above axiom 5. The domain presented in eq. 2.2.20 is recovered from
this definition, if the T; are the trees with only a single node apart from the leaves. Then
the I; of eq. 2.2.20 is given by the elements of the i-th subtree T;. Thus, in this case, the
factorization property 2.2.19 holds on the given domain. But if we consider more complex trees,
the corresponding domains according to eq. 2.3.10 will just be proper open subsets of the domain
we just considered, so the factorization condition is still satisfied on these domains. Hence, the
factorization identity, eq, 2.2.19 holds on D[T] in any case. In addition, we may now iterate
this factorization, as the factors C(Xp,|) themselves factorize on D[T], because that domain
is defined in such a way that X|r,| € D[T;]. So, successively making use of such factorization
identities, we obtain a nested factorization property on each of the domains D[T].

In order to explicitly write down these identities, some further notation is useful. Let S € T.
Then we write I(1),...,l(j) Ct S, if I(1),...,I(j) are the branches descending from S. By
m; we denote the largest element in /(i) and assume an ordering of the branches, such that
mi1 < ... < mj;. Also, as above in eq. 2.2.6, we will work in a basis of the linear maps
C(x1,...,2n) : V" — V with components C2 _, (21,...,2y). Then for each tree T an iteration
of axiom 5 as described above will lead to the following factorization identity on the domain
DT

Cb

aj...an (X1, 2n) = Z H Cgls(l)...al(j> (Tmys- - 7xmj) )
as:SET \S:1(1),...,l(j)CTS

where the sums are over all ag with S a subset in the tree excluding the root {1,...,n} and
the leaves 1,...,{n}. For the latter we set ag1y = ai,...,a{p} = an and aqy ) = b. The
hierarchical order by which the nested infinite sums are carried out is determined by the tree,
with the sums corresponding to the nodes closest to the leaves coming first. Now, if we assume
7T to be a binary tree, i.e. one with exactly two branches descending from every node, then
by the above formula we have expressed the n-point OPE coefficient C(z1,...,x,) in terms of
products of 2-point coefficients on the open domain D[T] C M,,. Remembering that by definition
C(x1,...,zy) is an analytic function on the open, connected domain M, and using the fact that
an analytic function on a connected domain is uniquely determined by its restriction to an open
set, we propose:
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Proposition 1

The n-point OPE coefficients C(x1, ..., x,) are uniquely determined by the 2-point coeffi-
cients C(x1,x2). In particular, if two quantum field theories have equivalent 2-point OPE
coeflicients (see definition 2.1), then they are equivalent.

Thus, our first task is achieved. However, the question of higher factorization conditions is
still not solved. It remains to show that the factorization condition 2.3.11 for binary trees does
not impose any further restrictions on C(x1,x2) apart from eq. 2.3.7. Therefore, let us study
the following expression

()b an(@ry ) = Y I G ae@mnzm) | 2.3.12

as:S€T \S:1(1),l(2)CTS

on the domain D[T] for any binary tree T. In other words, fr(z1,...,x,) is just the expression
for C(z1,...,x,) in the factorization identity 2.3.11 for the binary tree T. So, as we have just
argued, fr can be analytically continued to an analytic function on M,,, which we will denote
by fr as well and which does not depend on the choice of binary tree T. As we want to analyze
the constraints imposed on the 2-point coefficients C(x1, x2) by the properties we just stated, we
now drop these assumptions and only assume that the sums in eq. 2.3.12 converge and define
an analytic function fr on D[T], which can be analytically continued to M, for all n and all
binary trees T on n elements. For the sake of the argument, we in particular do not assume
the fr to coincide for different binary trees, except in the case n = 3, where the assumption
that the fr coincide for the three possible binary trees on the respective domains is equivalent
to the factorization condition for three points, eq. 2.3.7, plus the symmetry and normalization
conditions, eqgs. 2.3.8 and 2.3.9. These three conditions will be assumed to hold.

Now we want to show that these assumptions suffice to deduce that all fr coincide for all
binary trees T, thus implying the absence of further consistency conditions on C(x1,x2) beyond
those for n = 3. We graphically present the corresponding proof, which is not very difficult
and quite similar to the proof of the analogous statement in our example of ordinary algebra.
We start with the case n = 3. Here, the assumption that all fr agree for the three trees is
graphically expressed by fig. 2.2.

2 3 1 1 2 3 3 1 2

Figure 2.2.: The associativity condition in graphical notation. Double arrows indicate that the
OPE’s represented by the respective trees coincide on the (non-empty) intersection
of the associated domains D[T;]. Note that these arrows are not a transitive relation:
The domains associated with the left- and rightmost tree are disjoint.

Each tree in this graph symbolizes the corresponding expression fr and the arrows denote
the following relations: (i) the corresponding domains (see eq. 2.3.6) are not disjunct and (ii)
the expressions coincide on the intersection. Analyticity of the fr then implies that the fp’s
agree on the whole of M,,. Let us now move on to the n > 3 case and let T be an arbitrary tree
on n elements. The idea of the proof is the following: Find a sequence Ty, T1,..., T, of trees
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such that To = T and T, = S, where S is the reference tree

S = {{n},{n—l,n},{n—Q,n—1,n},...,{1,2,...,n}}

as drawn in fig. 2.3.

Figure 2.3.: The reference tree S defined in eq.2.3.13

Furthermore, we want a relation as above, i.e. non-disjointness and equivalence on the inter-
section of the domains, to hold between elements T; and T;_; in our sequence of trees. Making
use of the analyticity properties of the fr as in the n = 3 case, this would yield fr = fs on M,
and hence all fp would be equal.

The construction of the desired sequence of trees is presented in the following by inductive
methods. Our starting point is the binary tree T = Ty as depicted on the left of fig. 2.4, where
shaded regions represent subtrees whose particular form is irrelevant at this stage.

C o AN

Figure 2.4.: The first elementary manipulation of the tree T = T on the left into the tree Ty
on the right. Shaded triangles represent subtrees whose specific form is irrelevant.

The next tree in the sequence, T, is drawn on the right of fig. 2.4. As stated above, we now
need a relation between those trees. Simply using the definitions one easily finds D[To]|ND[T;| #
(), i.e. the corresponding domains have a non-empty intersection. Furthermore, these trees only
differ by an elementary manipulation of the kind already considered in fig. 2.2. Therefore we can
use the result from the three point consistency condition and conclude that the corresponding
expressions fr, and fr, coincide on the open domain D[Ty] N D[T;] and hence everywhere on
M, because of analyticity. We repeat this procedure until we arrive at the tree T,, on the left
of fig. 2.5, which has the property that the n-th leaf is directly connected to the root.

The transformation of trees we used so far is no longer applicable on this tree, so we now
perform a manipulation as depicted in fig. 2.5. Again it is easy to convince oneself that the
desired relation holds between these trees. This process can be repeated until we reach the tree
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Figure 2.5.: Another elementary manipulation.

T,, drawn in fig. 2.6. By now it is clear how to proceed the iteration until we reach the desired
tree S in fig. 2.3, thus finishing the proof.

Figure 2.6.: The tree T,,

As a result, we obtain the following theorem:

Theorem 1 (Coherence Theorem)

Let fr be defined as in eq. 2.3.12 on the domain D|T| for any binary tree T as a convergent
power series expansion and assume that fr has an analytic extension to all of M,,. Further-
more, assume that the associativity condition 2.3.7 and the symmetry and normalization
conditions, egs. 2.3.8 and 2.3.9, hold, i.e. suppose that all fy coincide for trees with three
leaves. Then ftr = fg for any pair of binary trees T, S.

2.4 General theory of perturbations

The concept of perturbations of a quantum field theory is essential in the extraction of explicit
measurable predictions from the theory. Thus, we would like to implement this notion in our
framework as well. This section will be concerned with the description of perturbation theory
in the new framework. According to our definition, a perturbed quantum field theory should
correspond to a perturbation series in some parameter A\ for the OPE coefficients. As these
coefficients are required to satisfy the constraints given in section 2.2, the perturbations of the
coefficients will also have to satisfy corresponding constraints. It will be shown in this section
that these constraints are of a cohomological nature.

We have seen in the previous section that, up to technicalities related to the convergence of
various series, the constraints on the OPE coefficients imposed by the factorization condition,
axiom 5, can be formulated as a single “associativity condition” on the 2-point coefficients only,
see eq.2.3.7. The perturbed 2-point OPE coefficients will have to satisfy a perturbed version of
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this constraint, which turns out to be essentially the only constraint. We now want to study
this perturbed version of the associativity condition.

The analogy between our framework (in particular the factorization condition) and ordinary
algebra has already been emphasized in the previous section. We now carry this analogy a bit
further, as the following discussion is closely analogous to the well-known characterization of
perturbations, or in this context deformations, of an ordinary finite dimensional algebra. Let us
therefore recall the basic theory of deformations of finite dimensional algebras (see [23, 26]). Let
A be a finite dimensional algebra over C, whose product is denoted as usual by A ® A — A,
A® B +— AB for all A,B € A. Then a 1l-parameter family of products A ®@ B — A ey, B,
where A € R is a smooth deformation parameter, is called a deformation. We define the product
A ey B to be the original product AB, but for non-zero A we obtain a new product on A, or
alternatively on the ring of formal power series C(A) ® A if we merely consider perturbations in
the sense of formal power series. As argued above, this new product has to satisfy the strong
constraints imposed by the associativity condition. Denoting the i-th order perturbation of the
product by

1 d
(A B)=—-—Ae, B 24.1
mild B) = aad e Bl
the associativity law yields to first order
mo(id®m1) —mg(m1®id)—|—m1(id®mo) —ml(m0®id) =0

as a map A ® A® A — A, in an obvious tensor product notation. Similarly, one obtains
conditions for higher derivatives m; of the new product, which for ¢ > 2 are of the form

i—1
mo(id @ m;) —mo(m; @ id) +m;(id @ mg) —m;(mo ®id) = Zmz jid@m;) —m;_j(m; ®id).

7=1

In this discussion we want to exclude the trivial case, i.e. a simple A dependent redefinition of
the generators of A. Such a redefinition may be expressed in terms of a 1-parameter family of
invertible maps «a) : A — A, such that the corresponding trivially deformed product can be
written as

Aey B =a;" [ax(A)ar(B)] .

So a) can be viewed as an isomorphism between (A, ep) and (A, e)), which suggests that the
latter should not be regarded as a new algebra. To first order, the trivially deformed product is
given by

myp = mo(id & Oél) — mo(a1 X Zd) — a1my 245
1 dt
il dXE _

We now want to give a more elegant formulation and interpretation of our conditions for the
i-th order deformations of the associative product, eq. 2.4.3, using the language of cohomology
theory [26]. For this purpose, we introduce the linear space Q"(A) of all linear maps 1, :
A®...®A — A and the linear operator d : Q" — Q"' defined by

where «; = ) . Similar formulas hold for higher orders.

(dd]n)(Ala ce ,An-i-l) :Alwn(A% . An+1) - (_1)7%/]71(141’ B An)An-‘rl

2.4.6
+Z Yo (Ar, . AjAjia, . Angr) -
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Using this definition and the associativity law for the original product on the algebra A one
can show that d? = 0, i.e. d is a differential with a corresponding cohomology complex, the so
called Hochschild complex (see e.g. [27]). More precisely, let Z™(A) be the space of all closed
maps i, i.e. those satisfying di¢, = 0, and B"(A) the space of all exact 1,, that means
those for which 1, = diy,,—1 for some 1,_;. Then the n-th Hochschild cohomology HH™(A) is
defined to be the quotient Z"(A)/B™(A). In this language, we may now identify the first order
associativity condition, eq. 2.4.2, with the statement dm; = 0, or equivalently m; € Z2(A). In
addition, if the new product arises from just a trivial redefinition, as in eq. 2.4.4, then it follows
that mq = daq, which means m; € BQ(A). So indeed one finds that the non-trivial first order
perturbations m1 of the algebra product correspond to the non-trivial classes [m;] € HH?(A).
Hence, HH?(A) # 0 is necessary for the existence of non-trivial deformations. We now want
to continue our analysis at higher orders. For this purpose, let us assume a non-trivial first
order deformation to exist and let us study the second order deformations. Thus, we consider
eq.2.4.3 for ¢ = 2 and start with the right side of this equation, which can be viewed as a map
wy € N3(A). Computation shows that dws = 0, so wy € Z3(A). The left side of equation 2.4.3
for i = 2 turns out to be just dmg € B3(A). Thus, if the second order associativity condition
is to hold, we must have wy = dmsg € B3(A), or in other words, the class [wo] € HH3(A) must
vanish. It follows that there is an obstruction to lift the perturbation to second order in the case
of non-trivial deformations, i.e. for HH3(A) # 0. We can analogously continue to third order,
obtaining the corresponding potential obstruction that [w3] € HH?3(A) vanishes, and so on. In
summary, the space of non-trivial perturbations corresponds to elements of HH?(A), while the
obstructions lie in HH3(A).

Let us now conclude this example and try to carry over the concepts we just used to the case
of perturbations of a quantum field theory in our framework. A short reminder: A quantum
field theory as defined in section 2.2 is given by the pair (V,C) of a vector space V', as defined
in eq. 2.2.1, and a hierarchy of OPE coefficients C with certain properties. In section 2.3 we
argued that all higher n-point coefficients are uniquely determined by the 2-point coefficients
C(x1,x2). Furthermore, we were able to show that, up to technical assumptions concerning the
convergence of the series in eq. 2.3.12, the key constraints on the n-point OPE coefficients are
encoded in the associativity condition, eq. 2.3.7 for the 2-point coefficient, which we repeat for
convenience:

6(332,1'3) (C(l‘l,xg) ®id> —6(1'171'3) (id®C(x2,x3)) =0 for ri9 < ro3 < 113 247

We want to study the following problem: When is it possible to find a 1-parameter deformation
C(x1,z2; \) of the OPE coefficients which again satisfies the associativity condition, at least in
the sense of formal power series in the deformation parameter A? In fact, the symmetry condition
2.3.8, the normalization condition 2.3.9 and the axioms from section 2.2, except for axiom 5,
should hold for the perturbation as well. However, as these conditions are linear in C(z1, z2),
they are much more trivial in nature than eq. 2.4.7. Therefore, for the rest of this section, we
will not include these conditions in our discussion, but instead continue with the main point,
i.e. the implications of the associativity condition 2.4.7 for the perturbed OPE coefficients.

In analogy to the example from ordinary algebra, we will again find a characterization of
perturbations in a cohomological framework. We now want to define a linear operator b, which
defines the cohomology in question and therefore plays the role of the d in our example. However,
because the definition of this operator will involve infinite sums (just as eq.2.4.7) and as such
sums are typically only convergent on certain domains, we have to specify a set of domains that
will be stable under the action of b and is suitable for our application. The choice of a set of
this kind is by far not unique, and different choices will yield different rings. For simplicity and
definiteness, we chose the non-empty, open domains of (RD )" defined by
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F = {(l’l,...,IEn) € My; T1(i—1) <TrE-1)i < T(i—-2)i <. . <1 1< <Z n} c M, . 2.4.8

It is possible to express these domains in terms of the D[T| defined in eq. 2.3.10, but this
will not be necessary. Note also that the associativity condition 2.4.7 holds on the domain
Fa{ria <roz < ri3}.

We also need some objects for b to act upon. Therefore we define Q" (V') to be the set of all
holomorphic functions f,, on the domain F,, that are valued in the linear maps

folz,..oyzn): VRV =V, (X1, . mpn) € Fp . 2.49

Now we are ready to introduce the boundary operator b : Q*(V) — Q"+1(V) by the formula

(bfn)(a:l, - ,a?n+1) = C(.’L’l, xn+1)(id ® fn({L'Q, e xn+1))

+ Z(—l)ifn(xl, s By 1) ((dT @ Czgy ig1) @ 4d™TY)
i=1
+ (_1)n+1c(xn7 xn—i—l)(fn(xlv s 7:1:71) ® Zd) )

where C(x1,x2) is the undeformed OPE coefficient and a hat = means omission. Note that this
definition involves a composition of C with f,, which, when expressed in a basis of V', implicitly
involves an infinite summation over these basis elements. It is therefore necessary to assume
here (and also in the following for similar formulas) that these sums converge on the set of points
(1, ., Tnt+1) € Fny1. Thus, whenever we write bf,,, it is understood that f,, € Q™(V) is in the
domain of b. We now need the following lemma:

Lemma 1

The map b is a differential, i.e. b%f, = 0 for f, in the domain of b, such that bf,, is also in
the domain of b.

The corresponding proof is essentially straightforward computation and was given in [9], so
it will not be repeated here. With the help of this lemma, we can define a cohomology ring
associated to the differential b as

nrir o ZMV5C)  {kerb: QM(V) — Q"TL(V)}
HYV:C) = Baie) = framb - 0 1(V) = n(V))
Now that we have introduced the necessary concepts from cohomology theory into our frame-
work, we will, as in the case of our example from ordinary algebra, be able to find an elegant and
compact formulation of the problem to find a 1-parameter family of perturbations C(z1,x2; A)
such that our associativity condition, eq. 2.4.7, continues to hold to all orders in A. Introducing
the grading of the 2-point OPE coefficients with respect to the perturbation order by

1 d
Ci(w1,22) = E@C(ﬁ,@;)\)‘ ;

A=0

we note that the first order associativity condition

Co(xa,x3) (Cl (x1,22) ® id) — Co(z1,23) (id ® Cy(za, $3)>
+Ci(x2, x3) (Co(xl,xg) ® id) — Cy (w1, 3) (id ® Co(:vg,xg)) =0,

which is valid for (z1, z2,z3) € F3, can equivalently be stated as
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b1 =0

Here and in the following b is defined in terms of the unperturbed OPE coefficient Cy. We
conclude that C; has to be an element of Z2?(V;Cp). Let us consider coefficients C(z1,x2) and
C(x1,z2; ) connected by a A-dependent field redefinition z(\) : V' — V in the sense of defn.2.1.
To first order, this implies

C1 (xl, $2) = —Zlco(xl, .’Eg) + CQ(I‘l, l’g)(zl ® id + id ® Zl) , 2.4.15

which is equivalent to bz; = C1, where again z; = %%Z(A)‘ a=0. Thus, again in analogy to our
example from the beginning of this section, the first order deformations of Cy modulo the trivial
ones are given by the classes in H?(V;Cp). In order to generalize this result to arbitrary order
in A, we assume all perturbations up to order ¢ — 1 to exist and state the associativity condition

for the i-th order perturbation as the following condition for (z1,z2,z3) € Fa:

Co(xa, z3) (Ci(l'l, x2) ® id) — Co(x1,3) (id ® Ci(xa, :Ug))

+Ci(z2, x3) (Co(fﬂl, x2) ® id) —Ci(z1, x3) (id ® Co(z2, 373)) = wj(x1,x2,23),

where w; € Q3(V) is defined by

i—1

w,-(a:l,wg,mg) = ZCi_j(ml,xg) (id@Cj(xg,wg)) — Ci_j(xg,x3)<6j(:c1,xg) & Zd) .

j=1
At this stage we again encounter infinite sums when a basis of V' is introduced into the above

equation. We assume these sums to converge on F3 as well. Then eq. 2.4.16 can also be put
into the elegant form

bCi = wi .

A solution to this equation defines the i-th order perturbation. It is obvious that a necessary
condition on such a solution is bw; = 0, or in other words w € Z3(V;Cp). In [9] it has been
shown by the following lemma that this is indeed the case.

Lemma 2

If w; is in the domain of b, and if bC; = w; for all j < i, then bw; = 0.

Again, we do not repeat the proof of this lemma here, but refer the reader to [9]. Now if a
solution to eq. 2.4.18 exists, i.e. if w; € B3(V;Cp), then any other solution will differ from
this one by a solution to the corresponding homogeneous equation. A trivial solution to the
homogeneous equation of the form bz; again corresponds to an i-th order field redefinition and
is not counted as a genuine perturbation.

We conclude with a summary of our findings in this section: We have found that the pertur-
bation series can be continued at i-th order, if [w;] is the trivial class in H3(V;Cp), which is a
potential obstruction. In the case where this imposes no obstruction, the space of non-trivial
i-th order perturbations is given by H?(V;Cp). In particular, if we knew H?(V;Co) # 0 and
H3(V;Cp) = 0, then perturbations could be defined to arbitrary order in \.

2.5 The fundamental left representation

In the previous sections we have often used examples from ordinary algebra in order to motivate
concepts in our framework. In the following we will introduce another such parallel, namely a



2.5. THE FUNDAMENTAL LEFT REPRESENTATION 23

construction in our framework which has some features in common with a representation of an
algebra.
In order to motivate certain aspects of our approach, we sometimes wrote formal relations like

" Pa(1)Pp(w2) = Cop(w1, 22)Pe(2)”

where summation over repeated indices is understood. It is, however, important to note that
these relations were only heuristic in the sense that none of our required properties of the OPE
coefficients relied on the existence or properties of the hypothetical operators ¢,, which merely
served as "dummy variables”. Our viewpoint here is again similar to the standard viewpoint
taken in algebra, where an abstract algebra A is entirely defined in terms of its product, i.e. a
linear map m : A® A — A. But, as in our case, the algebra elements need not be represented a
priori by linear operators on a vector space. Instead one is free to chose any representation, i.e.
a linear map 7 : A — End(H), which preserves the product structure, 7[m(A, B)| = m(A)mr(B)
for all A, B € A. By this line of thought it seems natural to look for a construction similar to a
representation in our context. As we will argue in the following, it is indeed possible to find a
”canonical” construction of this kind, which will be called the fundamental left representation.
This leads us to the following definition:

Definition 2.2 (The fundamental left representation)

We define “vertex operators” J(|v),x) : V — V, also referred to as “left representatives” in
subsequent chapters, by the formula

V(o). )fw) = C@,0) (o) @ [w)) . 252

for any two vectors |v),|w) € V and x # 0. Choosing a basis {|v,)} of our vector space V,
the matrix components of this map are then given by

V([va); 2)]5 := (ve| V([va), 2)|vp) = Cgp(,0) 253

This notion will be referred to as fundamental left (or vertex algebra) representation.

Note that axiom 8 on the OPE coefficients implies

Y(90).x) = V(). 7).

where on the right side 9, = d,,, denotes the usual partial derivative with respect to z,. Further,
by the associativity condition on the OPE coefficients, eq. 2.4.7, one can deduce

Vlleah ) (ln)s1) = 3 Cisarp)¥ ) o for0< o=l <lyl <lel, (255

which implies that the linear operators )Y (|v,), ) satisfy the operator product expansion. Thus,
we may formally view them as forming a ”representation” of the heuristic field operators, i.e.
formally " 7[¢q(x)] = V(|va), z)” is a "representation” of the algebra defined by the OPE coeffi-
cients. Note also that eq. 2.5.5 may equivalently be written as

Y(va), )V (|vp),y) = V(V(|va), 2 = y) [v3), y) 2.5.6
on the same domain as above. This is a standard identity in the theory of vertex operator
algebras [2, 3, 28, 29]. The relation between the approach to quantum field theory as outlined

in this chapter and the mathematical theory of vertex operator algebras will be pursued further
in [12].






The model

Whereas chapter 2 was concerned with the definition and general features of our new approach,
we will in this chapter give an explicit construction of a model theory within this framework.
Our model is a massless, scalar Lagrangian theory on 3-dimensional Fuclidean space and the
construction will be up to low orders in perturbation theory.

We will proceed as follows: Our starting point will be the construction of a scalar, massless,
non-interacting quantum field theory in arbitrary dimension D > 3, which is presented in section
3.1. In this context, we will make use of the fundamental left representation (see section 2.5)
in order to introduce a formulation of the theory in terms of the familiar concept of creation
and annihilation operators on a Fock space. This convenient formulation was developed in
joint work by Hollands and Olbermann [9]. Then, in section 3.2, an algorithm for the iterative
construction of perturbations of an interacting Lagrangian quantum field theory is developed
(also first presented in [9]). Following this scheme, low order calculations for a specific 3-
dimensional toy model theory are carried out in section 3.4. Finally, in section 3.5 we give some
results on OPE coefficients at arbitrary perturbation order, which follow from patterns emerging
in the mentioned iterative scheme. These last two sections constitiute the main results of this
thesis.

3.1 The free massless field

The aim of this section is to construct a quantum field theory in the sense outlined in chapter
2 for the “simplest possible example”, namely for a free, massless scalar field on D-dimensional
Euclidean space, which is classically described by a Lagrangian

1
Liree(, 0up) = —@/dDyé’usO(y)a“sO(y) , 3.1.1

which leads to the field equation

1 ~
— —Up=0p=0, 3.1.2
0D
with O = 6#¥9,,0, and where op = FQ(”TD//;) is the surface area of the D-dimensional unit sphere.

1

Here the prefactor —55 I8 chosen for later convenience, since it leads to the particularly simple

form
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Gp(x) =r*P 3.1.3

for the Green’s function of the operator [J, where r = |z|. In our framework, construction of

a corresponding quantum field theory means that we are to find the OPE coefficients C(z1, x2)
satisfying the axioms of section 2.2 for this model. Additionally, also according to section 2.2,
we need to define a vector space V' as characterized in that section. We chose this vector space,
assuming D > 3 for convenience, according to the following definition:

Definition 3.1 ( Vector space V')

Let V' be the unital, commutative C-module generated as a module (i.e. under addition,
multiplication and scalar multiplication) by formal expressions of the form 9y, ...0,,1¢
and unit 1, where p; € {1,..., D} and curly brackets denote the totally symmetric, trace-
free part, i.e. by definition

51D, L Dy = 0. 3.1.4

The trace free condition has been imposed because any trace would give rise to an expression
containing U, which should vanish in order to satisfy the field equation on the level of V. The
next step is to find a basis of V' which is most convenient for our purpose. As an intermediate
step, let us first consider a basis of R in terms of totally symmetric, trace free, rank-I tensors.
For given [ > 0, the dimension of this space is N (I, D), where

1 forl=0

N(, D) = D8
(. D) { CLEDZ2ED=IN for 1> 0

, 315

so for example N (I,3) = 2[+1 and N(I,4) = (I+1)%2. We denote the corresponding basis elements
by (tim)?+#, m € {1,...,N(l,D)}, and for convenience require these to be orthonormal with
respect to the natural hermitian inner product on (RP)®! induced by the Euclidean metric on
RP. Let us first define

Otm = F (1)t 0'p := F(1) (1) 110y, - .. Oy 3.1.6

where summation over repeated spacetime indices p; is understood and where

o (D/2-1)
Fl):= \/2ll!F(l +D/2-1)" 317

is a normalization coefficient chosen in a way to later obtain a simple form for the OPE coeffi-
cients. Then a basis of V' as a C-vector space is given by 1, together with the elements

1 a,
|’Ua> = H W(@lm) Lm s 318

Im

where a = {a;,|l > 0; 0 < m < N(I,D)} is a multi-index of non-negative integers aj,,, only
finitely many of which are non-zero. The canonical dimension of such an element shall be defined
as

D -2
lal == am <2+z> . 3.1.9
Im

One may formally view V as a “Fock-space“, where a;,, is the ”occupation number“ of the
"mode“ labeled by the quantum numbers [, m. That means, we may decompose V into subspaces
of different ”particle number” (sum of all ”occupation numbers®) , i.e.
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V:év :é(@”vl
n=0 n=0

where V,, = ®™V] is the "n-particle” subspace. As usual, it is also possible to define creation
and annihilation operators, b;m and by,,, on the Fock-space, as linear maps ble Vo — Vo

and by, : V,, — V,,_1, whose action on the basis elements in our case is given by

ble‘Ua> = (agm + 1)1/2 [Vatern) 3.1.11
blm‘va> = (alm>1/2 "Ua—elm> , 3.1.12

where ey, is the multi-index with unit entry at position [, m and zeros elsewhere. Thus, V,, is
generated from the unit element 1, i.e. the “vacuum”, by span(by,m,, ... by, m, ). These operators
satisfy canonical commutation relations

[blm,bl,m,] = Sy id
[blm,bym/} — oz[bjm,b ]

where d is the identity operator on V.

We now want to present the explicit form of the OPE coefficients of the model in terms of the
above operators. In order to further simplify the form of the coefficients, we introduce spherical
harmonics in D-dimensions (see [30] and appendix D) and establish an isomorphism between
the totally symmetric, trace-free tensors t;,, and the mentioned spherical harmonics Y, by

(L )M = Cl/ dQ i -~-x“’}Y}m(a:) , 3.1.15
SD—-1

where we integrate over the D — l-dimensional unit sphere SP~!. The constant ¢ can be
determined by our requirement of orthonormality of the tensors t;,,, with the result (see eq.
D.1.15).

2 T(1+ D/2)\
= =—=—1"7 . 3.1.16
@~ (Frorme.
With this notation in place, we want to proceed to the actual construction of the OPE coefficients
C(x1,22). For this purpose, it is sufficient to consider the left-representatives V(|v,),z) : V —
V for all |vg) € V, since the matrix elements [V(|vq),z)]; = CS,(,0) are exactly the OPE

coefficients, see section 2.5. We will start our investigation with the simplest non-trivial left-
representative, (¢, x), corresponding to the basic field, which is defined as

N(1,D)

00 _9 1/2
V(p,x) = Jop r- P22} < ) X
1=0 m=1 20+ D -2 3.1.17

[TH-(D 2ytmgypl 4Py (7) blm} ;

where 7 = |z|, # = z/|r| and Y™ (&) = Y},,(2). Notice that this equation has the familiar
form of a free field operator with an ”emissive“ and an ”absorptive“ part. However, this is
less surprising if one remembers that (¢, x) is in a sense the "representative* of the (formal)
field operator ¢(z) on V. We will now "derive® eq. 3.1.17 from the standard quantum field
theory formalism, i.e. the vectors |v,) € V are now really viewed as quantum fields in the usual
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sense. In order to determine )(p, x) let us consider the product of ¢ with an arbitrary element
|va) € V. Using Wick’s theorem, this can be written as:

o) a(0) =(z) | ] (o zaom) ™ 0)
Im m:

1
= H W( : (@) (pim)®™(0) : 4 all possible contractions )
Im me

1

:ll;[ (a2 o(z)(Pim) ™ (0) -
+Zaw ()t (1)1 0" 2P oy )71 0) ][] W&olm)alm(m

I,m

(t,m)# ,m’)
Here we have simply inserted the explicit form of |v,) as defined in eq. 3.1.8, applied Wick’s
theorem and in the last step used the fact that the propagator in our theory is just Gp(x) = r>=P
as stated in eq. 3.1.3. Double dots : - : here denote the normal ordered product of the standard
free quantum field theory formalism. Due to the analyticity properties of this normal ordered
product, we can perform a Taylor expansion of the corresponding term in eq. 3.1.18 in z around
0, which yields

|Ua H 1/2 Z l" el (am ... aﬂz/ 90)(0) (SOZm)alm (0)
l,m

! I 1
! U al' 2—D It —1 m
+ E gy F(U) by (1) 0" 7 (Prrm )™ (0) zl | (aim)1/? (1m )™ (0)
(Lm)#(U m?)

This rather lengthy expression can be simplified by the observation that the term z#! - ..zt =
2®! may be replaced by its trace-free, anti-symmetric part {1 ... z#} due to the field equation
3.1.2. We may thus use the identity

PRTZIpTT) S cl—l T R U 3.1.20

which holds as a result of eq. 3.1.15. Furthermore, we will need the relation
r —2)/2
(~1)loh2 D = ¢ 1o (llj(_ (D - 2)/)2/ ) iy, (@)D 3101

with t™ = %,,, which is derived in appendix D. By substitution of eqs. 3.1.20 and 3.1.21 into
eq. 3.1.19 we obtain

(p(l’) |Ua(0)> = H ;1/2 [Z ljllcl_/lTl/Yl/m/ (.’E)tl/m/ 81/@(0)] (Splm)alm (0)
l,m m: :

(aim!) 7
1oy DU+ (D —2)/2) —D-v @yt —
‘I’Zal/ /F tl/ /|:Cl/1 l F(D_Z)/Q l Y ( ) 2=b ((,Dl/m/) tm 1(0) 3122
1
- Alm
X 111 (alm!)1/2 (@lm) (0)
() (U m!)

A closer inspection of this equation yields the following simplifications: Remembering the defi-
nition of ¢y, (x) in eq. 3.1.6, we can use
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tl’m’ ({')l/(p<0) = F(l/>_1(pl/m/(0) 3.1.23

in the first line of equation 3.1.22. Secondly, we can just drop the contraction over the tensors
tim in the second line, because in our above construction we chose these tensors to be orthonor-
mal. Finally, if we insert the explicit form of the constants ¢; and F(l) into the equation and
perform simple algebraic manipulations, we obtain the convenient expression

9 1/2
#(2) [va(0)) =vopr= P WZ(W)

X [( + 1)1/2 (D~ 2)/2Ylm( ’Ua+ezm> + (alm>1/27’_l_(D_2)/2Y2m(@’va—ezm>] .

From the above equation we can simply read off the desired OPE coefficients.

1/2
b —(D-2)/2
Cal®,0) = Z<2Z+D—2>

v (alm+1)1/2rl+(D_2)/2Ylm(-’i')(saJrelm,b+(alm)l/zr_l_(D_Q)/Qlem(i')éafelm,b}

Now, by definition 2.2 we have [V(p, 2)]2 = ij,a(ac, 0), so using the ladder operators introduced
above we finally obtain

ey oo N(I,D) _9 1/2
y(% ) UD r 272 < ) X
IZ; Zl 20+ D 2 3.1.26

[TH-(D A2ytmgypl 4= PD2y (3 )blm} ;

which is just eq. 3.1.17. As stated above, this is only the simplest non-trivial left-representative.
The corresponding formula for a general |v,) € V', as defined in eq. 3.1.8, is

Y(ea) @) = ] W[F(l)tlm OV (i, )]
l,m me

Again double dots denote normal ordering, which in our Fock space formulation simply means
that all creation operators are to the left of the annihilation operators. This formula can be
derived in two ways: One can either proceed in analogy to the simple )(p,x) case presented
above, or use the factorization condition, axiom 5, in order to iteratively construct Y (|ve),x)
out of V(p,x). If we use the former approach, we again import information from the standard
formulation of quantum field theory. We thus have to check whether the OPE coefficients found
this way are compatible with our framework, i.e. we have to check whether the axioms of section
2.2 hold. This can indeed be done, where most effort again goes into the proof of the consistency
condition, eq. 2.4.7. Here we will neither give this proof, nor the derivation of eq. 3.1.27 by
this method. Instead we take the above mentioned alternative road to this equation. In this
derivation we use the form of Y(p,z) in eq. 3.1.26, and proceed in our framework, as defined
in chapter 2. So at this stage we impose all our axioms, in particular the factorization axiom
and therefore also the associativity condition 2.4.7, on the further OPE coefficients. In other
words, our axioms will not have to be checked afterwards, but are required to hold initially. This
iterative construction of Y(|v,), x) out of YV(¢, z) will be described in the next section, where it
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will serve as an instructive example of the procedure presented there. One should mention here
that both approaches to the derivation of eq. 3.1.27 work equally well and give the same results.

Let us conclude this section with a brief summary of our results. We have constructed the
full quantum field theory, i.e. is the pair (V,C), for the non-interacting model described by the
field equation 3.1.2 in D-dimensions (D > 2). The corresponding vector space V' is defined
in eq. 3.1.8 and the OPE coefficients C(x1,x2) can be obtained from the fundamental left
representation, given in eqs. 3.1.26 and 3.1.27, as described in definition 2.2. Furthermore,
by the coherence theorem, or more specifically by proposition 1, the n-point OPE coefficients
C(xy,...,xy) are uniquely determined by the 2-point coefficients C(z1, z2).

3.2 Perturbations via non-linear field equations

Having constructed free quantum field theory (for a massless scalar field), we now want to focus
on the more interesting case of a theory with interaction. In section 2.4 we have discussed
perturbations in our framework as an analog of deformations of an algebra. This setting was
very general, in the sense that it also holds for non-Lagrangian models. In the following, we
are going to deal with the special case of theories which have a classical counterpart with a
Lagrangian

L= »Cfree + Lint 3.2.1
where Ly, is given by eq. 3.1.1 and with the interaction part

-
. dPuy oFH1 29
Lint = 7“; 1)0 / ye (y) 3

with! 2 < k € N and X € C. This choice leads to an equation of motion of the form

A
Op=—"—¢* = Op=2x". 3.2.3
oD

In other words, we consider massless, scalar ¢*+1-theory with interaction parameter A on D-

dimensional Euclidean space. In this setting, the following theorem holds:

Theorem 2 (Perturbations via field equations)

An interacting quantum field theory (C,V') obeying the field equation 3.2.3 can be con-
structed perturbatively up to arbitrary orders in the coupling constant A from the underlying
free theory by an algorithm which relies on the successive application of the associativity
condition 2.4.7 and the differential equation 3.2.3.

This algorithm will be outlined in the following.

Recall from the previous section that we defined the vector space V' to be spanned by trace-
free expressions of the form dy,, ...9,,}¢. This was motivated by the fact that all expressions
containing a trace would vanish in the free theory due to the field equation 3.1.2. In the present
context, i.e. with a non-linear field equation of the form given above, this argument clearly does
not hold anymore. Therefore we consider from now on the vector space V which is spanned by
the unit element and all expressions of the form 0, ...d,,¢. Then the vertex operators of the
interacting theory are maps from V to End(V). In the remainder of this thesis we will drop the
caret over V again to lighten the notation, but it is always understood that from now on also
expressions containing traces are allowed.

'In fact, we only want to consider renormalizable theories, so k should be chosen appropriately, see also section
3.2.1
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Let us chose a basis of the vector space V' with elements |v,) as in the previous section, see
3.1.8. Then we may transfer the field equation to the level of vertex operators by the identity
2.5.4, which yields

OV(p, ) = A\V(oF, x) . 3.24
On the level of OPE coefficients?, this implies

OCY, () = O |V (e, 2)[va) = A sV (6", 7) [va) = ACLy, (@)

As described in section 2.4, perturbations in our framework imply a grading of the OPE coef-
ficients C as in eq. 2.4.12. In terms of the basis elements of the OPE coefficients, this grading
takes the form

1 d?
7 ¢ = ; 2.
(Coaple) = 55550, 3.26
or equivalently for the left representatives
Vilfoa)a) = 22 V). 327
i(lva), @) == o5 V(lva) 2)| 2.

Substitution of this grading into eq. 3.2.5 and comparison of the outermost left and right
expressions in this equation yields an infinite number of relations

D(Ci)a () = (Cim1) ()

at any order ¢ > 0 in A. The perturbation orders of the coefficients in this equation differ by
one, as a result of the appearance of the parameter A on the right of eq. 3.2.5. It is this fact,
which makes eq. 3.2.8 so powerful. At a first glance, it almost seems as if these relations were
already enough in order to establish an iterative pattern, which allows for the construction of
the perturbed OPE coefficients up to arbitrary order, starting from the free theory. However, it
is easy to see that we quickly run into problems. Let us briefly go through the procedure until
these obstacles appear: The zeroth-order coefficients are known from section 3.1. Then we solve
the differential equation 3.2.8 obtaining the coefficients (C’l)fm. Obviously, we would now like
to apply this equation again and proceed to second order. For this purpose, however, we would
need the coefficients (Cl)b ky» Which a priori we know nothing about. So already at first order
our iteration seems to break down. At this stage we introduce the second ingredient into the
construction, namely we assume that the associativity condition, eq. 2.4.7, holds. Suppose for
the moment that all perturbations are known to order ¢ — 1. Then, according to eq. 2.4.16, the
associativity condition on the i-th order perturbation can be written as (see also eq. 2.1.7)

ZZ ab {L‘1,:L‘2 (C ] IL‘Q,ZL‘g ZZ bc IL‘Q,ZL‘g (Cifj)ge(l‘l,l'g) s 3.2.9

j=0 e

on the domain F3 = {r12 < 723 < 713}, see eq. 2.4.8. Let us consider the special case |v,) =
= |vp).

)

ZZ Co(@1,32)(Cirj) (o, m3) = D > (C))o0(wa, 23)(Cij)e (1, 23) -

=0 e

2Tt follows from the Euclidean invariance axiom that C¢(z,y) = CS(z — y), so C(x,0) = CS,(x)
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Next, we are interested in the limit xq — x5. Clearly, the coefficient (C}),, (71, 72) on the left
side of the above equation will be most dramatically affected by this procedure. By the scaling
dimension condition, axiom 6, we have for this coefficient

sd(C))o, <D —2— e, 3.2.11

where we also used the fact that || = (D—2)/2 from eq. 3.1.9. As all coefficients (C;)¢,, (71, xg)
with negative scaling degree will vanish in the limit, only few terms, namely those with |e| < |¢?],
will contribute to the sum on the left side of eq. 3.2.10.

Let us consider the case j = 0 in the sum on the left side of eq. 3.2.10. With the results
of the previous section it can easily be derived that only one term in the sum over e will give
a contribution in this case. This can be seen as follows: The condition |e| < |¢?| restricts e
to be either 1, ¢y, with [ < (D —2)/2 or p?. However, orthonormality of our basis and the
form of the free theory left representative Yo(¢,x) imply that the OPE coefficients (Co)J' =
{p1m|Vo(p, z)|p) vanish for any value of [, since a single ladder operator does not suffice to
transform the vector |p) into |@;,). Now let us discuss the choice e = 1, i.e. we consider the
product (Co)(]i(p(wl, 22)(C;)4 (29, 23). Here the second coefficient vanishes for i # 0, because the
requirement for an identity element, axiom 4, necessarily requires

C]?a(xth;A) :52

which obviously implies (C;)4, (21, 22) = 0 for i # 0. Thus, for j = 0 and i > 0 the only contribu-
. . . 2
tion to the sum over e on the left side of eq. 3.2.10 is the product (CZ-)ZQC(:UQ, 23)(C0) % (21, 22).
2
Applying the results of the previous section one finds (Co)% o, (z1,22) = 1. Thus, if we shovel
all terms except (C~)igc(x2, x3) to the right side of the equality sign in eq. 3.2.10, we have the
equation® (for i > 0)

(Ci)lap(we, w3) = = lim (ZZ €2, 23)(Cinj) e (1, 23)
e 0
|\<\j<p| A 3.2.13

1

Z Z xbx?)(cij)gc(iﬂzafﬂ?)))
b

Now suppose we already know (C;).,,(1,22) for all |vg),|vp) € V' in addition to all the lower
order coefficients. Then all expressions appearing on the right side of the above equation are
known. That means, if we have all coefficients up to (Ci)z’m(:vl,xg), then we can uniquely
determine (C’i)?pza(:ﬂl,mg) by this equation, which is just the kind of identity we were looking
for. Before we go on with our iterative procedure, let us first view the above equation from a
different perspective. Remember, e.g. from eq. 2.1.7, that the first sum just gives the 3-point
coefficient (Ci)gw(xl, x9,x3) on the domain F3. Thus, the relation may equivalently be written
as

le|<|¥?| i

(C)lag(ma,m3) = lim | (CO)L (w1, 20, m8) = Y Y (C))5 (w1, 22)(Cij) (w2, 73)
7j=1

T1—x2
e

for rog < 713. This suggests the following interpretation: Naively, one might try to obtain the
desired coefficient (Ci)igc($2, x3) by just letting two points of the above three point coefficient

3Here and in the following the limit is understood as li}n , 1.e. |z1| approaches |z2| from below
x1,To
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approach each other. Similarly, one might try to obtain (?(x2) as the coincidence limit of the
product ¢(z1)p(x2). It is a well known feature of quantum field theory that this naive limit does
not exist, as one is dealing with distributional objects (operator valued distributions in the stan-
dard formulation, distributional OPE coefficients in our framework). So in order to make sense
of expressions like p?(x3) or (C’Z-)igc(:@7 x3), one has to subtract counterterms before performing
the limit in order to obtain well defined objects. That is precisely the meaning of the sum on
the right side of equation 3.2.14. So in a sense, this equation may be viewed as our analogue of
renormalization, where the counterterms are represented by the finite sum that is subtracted.
Note, however, that this identity is an intrinsic feature of our theory resulting from the associa-
tivity condition. Therefore we do not have to apply any kind of external renormalization as the
framework is inherently finite at any order.

Let us conclude this interpretational interlude and come back to our iteration procedure.

Remember that we have just found a way to express the coefficients of the form (C’i)i%(ml, x2)
in terms of the (C’i)ff,c(xl, x2) and lower order coefficients. This procedure can be repeated. That
means we start at eq. 3.2.9 again, but this time we chose a = ¢? and b = ¢. Following the
steps that lead to eq. 3.2.13, we again take the limit 1 — x2. We will encounter one summand
of the form (Cg)izw(xl,xg)(Ci)igc(xg,xg). The first factor here is again just 1, so we isolate

(C’i)i%(azg, x3) on the left side of the equation, obtaining

(Ci)igc(.’ﬂg,.fg lim ZZ (@2, 23)(Ci- ‘)ige<$1,$3)

r1—x2
e ] =0

le|<I¢® i le|<|%| 3:2.15

Z Z 2 (01, 22)(Cimj) (w2, 3) = ) (00)2%(901,mz)(ci)gc(fvzwz)]
eFp3

Again, all coefficients on the right side are known. Clearly, this scheme can be continued
iteratively. Assume we know all coefficients up to those of the type (C’i)ik,lc(aﬁg, x3), then we

can uniquely construct the coefficients (C’i)ikc(xg, x3) by the formula

(Cz‘)fikc(xz,x?, = lim Z Z (72, $3)(Ci—j)ik_1e(w1,$3)
1 2 - j -0
lel<|@¥| i le|<|¢¥|

Z Z 1o (@1, 22) (Cij)du(wa, 3) — Y (CO)opmr (w1, 2) (Ci) (w2, 23)
eFpk
“’

This procedure solves the problem we encountered in the discussion below eq. 3.2.8 in our
approach towards a construction of the perturbed OPE coefficients just using the field equation.
There we got stuck already at first perturbation order, as we could not relate the coefficients
(C’l)fm and (C’l)b‘pka. This relation can now be achieved by k— 1 iterations of the above equation.

Let us briefly sum up the algorithm we just found: The starting point of the iteration is the
free quantum field theory (V,Cp) as described in section 3.1. Next we use the non-linear field
equation, more precisely we solve the differential equation 3.2.8, in order to construct the first
order coefficients of the form (Cl)?oa' Then we repeatedly apply eq. 3.2.16, which follows from
the associativity condition, obtaining the coefficients (Cl)l:oka’ which allow for the construction
of the second order coefficients (C’g)?oa via the differential equation 3.2.8 again. Exploiting the
associativity condition and the field equation once more yields the third order coefficients, and
so on. The procedure is summarized schematically in the following diagram:
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» Ol o« associativity » -1«
(Cb)Zb > (Ch)ga > (CH)Zb > (Cb)ga ———as

condition

From the standard formulation of quantum field theory we have learned the lesson, that the
construction of higher order perturbations should be expected to run into serious calculational
difficulties already at rather low orders. These difficulties appear in the calculation of Feynman
integrals containing loops, which has become an independent branch of theoretical physics over
the last decades. Therefore, we should also expect serious calculational effort to go into the
explicit construction of perturbed OPE coeflicients in our framework. Where do we encounter
these difficulties? Reviewing our algorithm, we find that it essentially consists of two calcula-
tional steps: Solving the differential equation 3.2.8 and performing the sums and the limit in
eq. 3.2.16. The former does not cause any trouble, as all 2-point coefficients can be expressed
as a linear combination of terms of the form ¢ - Y;,,(#)r%(logr)® for some constant ¢ € C and
parameters a,b,l,m € N. As we will see below, it is not very difficult to invert the Laplace
operator on such an expression (see appendix E). It turns out that most calculational work has
to be put into eq. 3.2.16, especially into the first sum over e. This is an infinite sum over all
basis elements of our vector space V, i.e. a sum, or rather a multiple sum, over the multi-index
e. Before performing the limit in eq. 3.2.16, one has to put these sums into a form that makes
it possible to control the cancellation of infinities with the counterterms. So we have in a sense
traded the problematic higher loop Feynman integrals for multiple infinite sums. It is not clear
a priori which way is more convenient for explicit calculations and it is one aim of this thesis to
give some first impressions of the effort that goes into the explicit construction of perturbations
of a quantum field theory in the iterative scheme outlined above.

3.2.1. Ambiguities

In the usual approaches to renormalization, certain ambiguities are typically present. It is
therefore natural to ask ”"how unique“ the results obtained from our method are. As mentioned
above, our algorithm consists of two computational steps: Solving the differential equation
3.2.8 and applying the consistency condition (eq. 3.2.16). The latter uniquely determines the
coefficients (Ci)l:oka from the coefficients (Ci)l:ok_la’ so possible ambiguities can only arise in the
differential equation. In appendix E we present a special solution to this equation, which is used
throughout this thesis, and the freedom in the choice of this solution is also briefly discussed. To
sum up, we may add to any solution Y;(p,x) of the field equation an End(V')-valued harmonic
polynomial in z, i.e.

Vilp,x) = Vilpx) + K (@)

with

oo [o.¢]
K(z) =Y K;'Yu(#;D) + Y Koo yopr® 7 PYu(#; D) 3.2.19

J=0 J=0

where K; € End(V). Our choice of left representatives V;(p,x) is further restricted by the
axioms of our framework (see section 2.2). Most importantly, the scaling dimension constraint,
axiom 6, restricts V;(y, x) to be of the general form

Vilp,x) = Aiagan(|v)r(logr)Yu (&, D)

with
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Aigginm € {A€ERA(V) : |[AW)| —|v] —|p| >d WYoeV}

where | - | denotes the canonical dimension of the vectors in V' as defined in eq. 3.1.9. The
fact that in the above condition only an inequality is required to hold means that we may add
contributions of lower scaling dimension to any OPE coefficient. Thus, the grading of the OPE
coefficients by dimension, which held in our construction of the free theory in the previous
chapter, is replaced by a filtration at higher perturbation orders.

The convention used for the solution of the differential equation within this thesis is justified
by the following proposition:

Proposition 2

Given left representatives V;_1(o", x) satisfying the axioms of section 2.2, the solution
Vi(p,z) = O71Yi_1(pF, ) satisfies these axioms as well (except possibly the factoriza-
tion axiom). Further, if the OPE coefficients at order i — 1 are graded by dimension (i.e.
if the equality holds in the scaling dimension axiom), then this grading is preserved by the
solution obtained with the help of 07!,

Remark: The factorization axiom can not be checked with the knowledge of Y;(p, z) alone, see
eq. 2.5.6. Recall from the previous discussion that we assume this property to hold, which
allows us to determine the other i-th order left representatives by the algorithm outlined above.

PrROOF: Axioms 1, 3, 4 and 7 are satisfied trivially, simply because they were also satisfied by the
zeroth order coefficients and since the operator 0! does not change any relevant properties for these
axioms. Similarly, the zeroth order coefficients satisfy the Euclidean invariance property. Since (17!
acts rotationally invariant (i.e. it does not change the spherical harmonics Yjjs) our choice is also
consistent with this axiom. Further, the constraint implied by axiom 8 is precisely the field equation
as a differential equation on RP. Since (07! is a solution to that equation, it also satisfies this axiom.
It remains to discuss the scaling axiom and the claim that the grading by dimension is conserved.
Assume the axiom and the grading to hold at order i — 1. Then sd (Ci,l)gka = |a| +|¢*| —|b| holds.
Using our solution to the field equation, which increases the scaling degree by 2, it then follows that

sd (Ci)%y = 5d (Cio1)l, — 2 = |a] + |¢*] — [b] — 2 3.2.22

Now we claim that in a renormalizable theory |o*| — || = 2 always holds. This can be deduced
from the field equation as follows: Comparing the dimensions of both sides of the equation using eq.
3.1.9 we can solve for the dimension* of the coupling constant .

O¢| — |¢*| =2 — "1 = Al 3223

By definition, a theory is renormalizable if |[A| = 0, super-renormalizable if |A\| < 0 and non-
renormalizable if |A| > 0. Since we are interested only in the first case, the relation

" = o] = " =2 3224

does indeed hold. Using this relation in eq. 3.2.22 we find the desired equation

(3224
5 (C)e = lal + o] — [0

confirming axiom 6 and preserving the grading. Since both the axiom and the grading hold in the
free theory, they hold to all perturbation orders using our solution.
O

Since the OPE is a short distance expansion, the following theorem should be of interest:

“Recall that the derivations 8, on V increase the dimension by 1



36

CHAPTER 3. THE MODEL

Theorem 3 (Ambiguities at short distances)

Let |vg) € V, (vy| € V* be arbitrary with (Ci_l)bwka(x) # 0. Then the most rapidly divergent

part of the OPE coefficients (Ci)i’pa(x) in the limit * — 0 is uniquely determined by the

solution O~! (Ci,l)bwka(x).

PROOF : In order to find the part of an OPE coefficient with the strongest divergence, we first extract

the contribution of maximal scaling degree. From the scaling axiom we know that this is the
contribution proportional to rl¢l=1eI=1¥l for a coefficient (C;)S,- Let us denote the projection on the
contribution of scaling degree d by Scy. Thus

(Ci)ep(@) = Sciaptip|—1el (Ci)op(x) + O(r?)

with d > |¢| — |a] — |b]. As the OPE coefficients may also contain powers of logarithms, it is not
guaranteed that all terms in Scjq4|p|—|c| (Ci)5(7) have the same divergent behavior for x — 0. In
order to find the dominating contribution to Sc|q4jp|—|c| (Ci)5;(7) at short distances, we have to
pick out the terms including the highest powers of logr.

Now the claim is that this contribution containing the highest power of logr among the terms
of maximal scaling degree is uniquely determined by D_l(Ci,l)Zka(:v) (provided (C’i,l)faka(x) #
0). Recall from proposition 2 that D’l(Cl-,l)Z)ka(w) exclusively contains terms of maximal scaling
degree, i.e.

SCW\H‘P\*W (Cz)bwa(x) = Dil(Ci_l)ika(‘r) + ”ambiguities“. 3.2.27

To finish the proof, we show in the following that Dfl(Ci,l)gka(x) always contains higher powers
of log 7 than any possible ambiguity. Recall from the discussion at the beginning of this section that
the ambiguities have to be in the kernel of [J and in addition have to be compatible with the axioms
of section 2.2. The elements in the kernel of the Laplacian are the harmonic polynomials, hence the
ambiguities have to be of the form

Y (i for J >0
KJ(CC):{T 7m(8) o = 3.2.28

TJY_(J_i_D_g)M(SAC) for J <0

Since we only consider ambiguities of maximal scaling degree, we are only interested in J = |b| —
lo] — |a]. We distinguish two cases:
1. K(jp|—|¢|—|a|)(z) is incompatible with the Euclidean invariance axiom. Thus, no terms of max-
imal scaling degree may be added to Dfl(C’i,l)foka(x) and we have

SClal+]p|-|b| (Ci)l;a(x) = D_l(ci—l)i;ka(x)

in accordance with the theorem

2. K(jp|=|4|—]a))(x) is compatible with the Euclidean invariance axiom. Then D_l(C'i_l)l;ka(x)
contains a contribution proportional to the same spherical harmonic as K (|q|+|,|—|s|) (), since
D_I(C’i,l)i’oka(x) itself also satisfies the Euclidean invariance axiom. It follows from the defi-

nition of 07" in eq. E.7 that any contribution to 0~ (Cj-1)"s , (2) proportional to a harmonic
polynomial includes at least one power of logr. Since the ambiguities contain no logarithms,
they diverge less rapidly.

O

Remark: The theorem does not imply that 07! determines the short distance behavior of the
complete OPE, since we excluded coefficients (C’i)?pa with (Ci_l)z’pka =0.

It has been mentioned a few times that our construction does not rely on any renormalization
prescription. Nevertheless the ambiguities in our approach share some intriguing similarities
with the well known remormalization ambiguities of standard quantum field theory.

e Renormalized composite quantum fields are filtered objects by scaling dimension (as op-

posed to graded). Similarly, our OPE coefficients are filtered by scaling dimension in the
interacting case.
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e One may change the definition of J~! by introducing a complex parameter y in every
logarithmic contribution, i.e. logr — log(ur). This solution also satisfies proposition 2.
The free parameter p is reminiscent of the choice of renormalization scale in the standard
formulation of quantum field theory (see also section 3.6).

A deeper understanding of the ambiguities and their relation to renormalization theory may be
a topic for future research (see chapter 4).

3.2.2. Construction of Y(|v,), z)

As already promised in the previous section, we conclude with the construction of the general
left-representative Y (|v,), z) in the free theory, i.e. we give a proof of eq. 3.1.27 (in this section we
should actually write Yy(|vg), 2) indicating zeroth perturbation order, but for convenience we will
not do this in the following discussion). Our starting point is the left representative ) (¢, x),see
eq. 3.1.26 , which has been ”"derived “ from standard quantum field theory. Remembering the
identity [V (|va), z)]; = CS,, it is clear that the iterative scheme of this section, in particular eq.
3.2.16, is exactly the needed tool for our purpose, as it allows for the construction of (¢, x)
starting from Y(¢, ). It is then possible, by taking the appropriate derivatives and multiplying
the right constants, to determine Y (|v,),z) from Y(p*,x). Thus, the following calculation is
also a good practice for later applications of the consistency condition, eq. 3.2.16. Let us begin
with the first application of this equation:

Tr1—T2

nga($2,x3> = lim (Z C;Q<I2,$3)Cgc($1,x3) — C&w(:ﬁl,m) 52) 3.2.30

This is just eq. 3.2.13 for ¢ = 0 with an additional counterterm due to eq. 3.2.12. We can
rewrite this equation as

V(¢ x) = lim (Y(o,2)V(p.y) — V(p,z —y)]p 1) -

y—z

By the definition of Y(p,x) in eq.3.1.26, we can write this product as

—(D-2)/2,—(D—2)/2 D—2 \' D-2 \'
V(e )V(p,y) =op 1, "z > 2 2+ D —2 21+ D —2 :

LI mm/
|:ri;+(D_2)/2 Yl/m/(:ﬁ) b;f,m/ + ’I"z_l/_(D_Q)/Q Yi’m/ (@) bl/m/:| X
[HH P2 Y G bl DD Y ) by

where r, = |z| and r, = |y| respectively. Let us focus on the following partial sum

oo N(,D)
D -2
—(D-2)/2,.—(D—2)/2 +(D-2)/2,.—1—(D-2)/2 y/lm A T
@T)%(VZZZ44’HV%(VY@MMMM

+D 2
=0 m=1

This sum is of particular interest, because it is the only partial sum of eq. 3.2.32 with infinitely
many non-vanishing contributions after taking matrix elements (vp| - |v,). This is due to the
fact that the successive application of creation and annihilation operator with the same indices
on some vector |v,) € V' gives, according to the definitions 3.1.11 and 3.1.12, just a prefactor of
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(aim + 1), where ay,, is the ”occupation number” of the respective mode. It is easy to convince
oneself that all other contributions to Y (¢, z)) (¢, y) have finite matrix elements. First, consider
the partial sum of eq. 3.2.32 with two annihilation operators. Again, according to eq. 3.1.12,
the action of an annihilation operator by, on a vector |v,) gives a prefactor of (ay,)Y/? and
reduces the index a;,;, by 1. Recall that in the definition of our basis V' we demanded the multi-
indices a of the basis elements |v,) to contain only a finite number of non-zero entries. Hence,
the aforementioned prefactor resulting from the application of an annihilation operator makes
sure that a sum of the type > ;2 bim|va) is always finite. So if we sum over the product of two
annihilation operators, both of these sums will be finite. Concerning the case of two creations
operators, we can deduce from orthogonahty of the basis elements that <Ub|b |va) = 0 for

a+ ey # b, so the sum y ;° 0<vb|b |vg) has at most one non-zero summand and is thus finite.
Finally, let us come to the partial sums with a pair of one annihilation and one creation operator.
If the former stands to the right of the latter, we can simply use the same argumentation as in
the case of two annihilation operators and find that also here no infinite sums appear. This only
leaves the case where the creation operator acts before the annihilator. However, if the indices
on these two operators do not coincide, it follows from the commutation relations 3.1.14 that
we may simply exchange their order, which leads us to the case that we just argued to be finite.
Hence, the only possibility for infinities to appear in an arbitrary matrix element of eq. 3.2.32
is the matrix element (v,| - |v,) of the partial sum in eq. 3.2.33.

We can further simplify the analysis of this infinite sum by exploiting the commutation relation
of the ladder operators also in this case, which suggests that in addition to the term where the
order of the two operators is switched we pick up a term with the identity operator replacing
the pair of ladder operators, i.e.

bimbl  =bl by, + id

Then, the first term is finite again, since now the annihilation operator acts first, and the
remaining infinite sum has the form of eq. 3.2.33 with the ladder operators replaced by the
identity. We now want to find a closed form expression for this sum. Using the addition
theorem for the D-dimensional spherical harmonics (see eq. D.1.7),

EEIE =D pp s g)

oD

where P(D, %) is the D-dimensional Legendre polynomial and N (I, D) and op are defined as in
section 3.1, we can perform the sum over m and arrive at the formula

[eS) l
r;(D—2)2<l+€)_3> <Ty> P(D,z-9)

r
1=0 r

In view of eq. 3.2.31, we are interested in the limit ¥ — x in this expression, so for convenience
we may chose x and y collinear, i.e. & = ¢. As the Legendre polynomials are normalized,
P;(D,1) =1, the equation further simplifies

0o 0 l
o3 () (1) e S ()
1=0 v 1=0 !

Here C}(x) are the Gegenbauer polynomials (see e.g. [31] or [32]) and should not be confused
with an OPE coefficient. It is useful to write the equation in this form, because the generating
function of the Gegenbauer polynomials is well known:

Y CH()h" = (1—=2hz+ k)" for |h| < |z (2> — 1)/ 3.2.38
=0
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Since we know that r, > r, in our case, we can apply this identity to eq. 3.2.37 with the result

.\ —(D=2) 1 D—2
) ()
Te Ty — Ty
so this partial sum of eq. 3.2.32 is in fact divergent in the limit y — z. Hence, there should
either be another divergent part of this sum with opposite sign, or the ”counterterm” has to
cancel the divergence. Our formula for Y(p, ), eq. 3.1.26, yields for the counterterm

C£¢(x - y) = |l’ - y|_(D_2) )

which is indeed equal to eq. 3.2.39 in the limit y — x. As there are no additional counterterms,
and as the rest of eq. 3.2.32 is finite, the intrinsic renormalization procedure has indeed worked
out. Note that we can reduce the calculational effort drastically if we just drop the counterterm
together with the partial sum considered above from eq. 3.2.31. This can be achieved in a very
elegant manner, namely by normal ordering, i.e. by simply rearranging the order of the ladder
operators in eq. 3.2.32 in such a way that the annihilation operators always act first. If these
operators are commuting, nothing changes in this trivial process. Hence the only case where this
procedure actually manifests itself is if we put products of the form blmb;m into normal order.
Usually we would have obtained an additional term with the ladder operators replaced by the
identity, if we were to exchange the order of this expression by hand, due to the commutation
relations. If we require normal ordering, this extra term is neglected. Now recall form eq. 3.2.33
and the subsequent discussion that it was precisely this extra term that was responsible for the
divergence, which canceled with the counterterm. Hence, we may simply forget about this extra
term and the counterterm altogether, which is expressed in the following formula:

V() = lim (: V(e o)V (0r0) ) =+ (V(o0)

As above, double dots denote normal ordering.
This procedure can again be iterated. Let us proceed with the analog of equation 3.2.31 for
the next left representative

le| <[]
V(e ,a) = lim (Ve o)V (e y) = Y Dlp - pled(led, )],
eFp?

which follows from eq.3.2.15. The sum over e can be further specified by noting that the
restrictions |e| < |p3?| and e # ¢ constrain e to be of the form 1, , with | < (D —2) or
Olm @iy With [4+1" < (D —2)/2. Eq. 3.2.41 suggests that Y(p?, z) acts by two ladder operators,
so it follows that only the option e = ¢y, gives a non-vanishing OPE coefficient C’;%p, since
in the other two cases no combination of the two ladder operators can transform ¢ into e.
Therefore, the above equation may be simplified to

D—

V(e*2) = lim [V, )V (% y) = > Con (@ = n)V (g o)

Yy—x
=0

l\')

Now let us see what happens is we again just prescribe normal ordering to the product of the
left representatives V(¢?,y) =: [V(¢,y)]? : and Y(p,z). This time we encounter products of
three ladder operators, two of which are already normal ordered. Normal ordering is trivial
except for terms of the form : bj,m,blm : ble or : by,/by, : ble. Ignoring the sum over the
primed indices in these expressions, we can carry out the sums over m and [ just as we did in
the calculations leading to eq. 3.2.41. Therefore, the partial sum containing all expressions of

the form just mentioned can be simplified to
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2(ry — 1) PPV,

where the term in brackets results from the sum over [ and m, Y (¢, y) represents the sum over I’
and m’ and the additional factor 2 comes into the equation, because the sums over expressions
including : b;,m,blm : ble or : blmb;, - ble are the same due to normal ordering. Since Y(y, x)
is analytic around y = x, we may perform a Taylor expansion

_ A\l
2(ry — T:c)i(Dﬂ)y(% y) = 2(ry — Tx)f(Dﬂ) Z (yl'x)aly(go, x)
l !

But this is exactly equal to the counterterms C;fé*;(a: — Y)V(@im, ) in the limit z — y, so we
can drop all these terms, require normal ordering and write

y(§03a ZL‘) = y(QO,ZE)y(QD, l‘)y(%ff) : .

The generalization of this result to arbitrary powers uses the same argumentation, and it is then
a straightforward calculation to verify the formula for the general left representative Y (|v,), x)
given in eq. 3.1.27.

3.3 Diagrammatic notation

The algorithm presented in the previous section can be neatly visualized in terms of rooted
trees, which should not be confused with the trees we used in chapter 2.3. These trees will
help us keeping track of all the infinite sums and subsequent inversions of the Laplace operator,
which are the main steps in the scheme of the previous section. They might further be helpful to
distinguish emerging patterns in our construction. In this section we introduce this diagrammatic
notation, defining the explicit correspondence between parts of the graphs and the expressions
appearing in the scheme of section 3.2. Its usefulness will become clear in the following sections,
where it will be widely applied.

Let V be the Fock space defined in section 3.1 and let (see also appendix E)

Y(z) = C[r,r*,logr] ® {Y,,(3; D)} ® End(V) . 3.3.1

Then the following linear map defines our diagrammatic notation:
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Definition 3.2 (Diagrammatic notation)

Let T be a rooted tree. To each leaf of this tree assign a label of the form +Im, where | € N
and m € {1,...,N(I,D)} and N(I, D) is defined as in section 3.1. Let us call these labeled
trees T!. Further, let z € RP, r = |z| and & = x/r as in the previous section. Then we
define the linear map G, : T' — Y(x) by the following rules:

o 1/2
+l.m/ 9D (2l£52—2) rt Y™ (D; &) ble
o 1/2
/ SO () i
g:l? —1 . . .
_ O~ ("terms associated to ingoing edges“)

Here by 0! we mean inversion of the Laplace operator (see appendix E). The order of the
ladder operators b is according to the corresponding labels on the trees, i.e. if the label
+Im is left of the label —I'm/, then the operator b;m is left of by, .

Let us explain these relations: By the first two assignments, the leaves of the tree are closely
related to Vo(p,x), see eq. 3.1.26. In fact, they are either the part of Yy(p,x) containing the
annihilation operator, or the part containing the creation operator. This is where one starts to
calculate the expression corresponding to a tree. Whenever edges meet at a vertex, the outgoing
(parent) edge is recursively determined by its children, i.e. the ingoing edges, by an inversion
of the Laplace operator on the expressions associated to these ingoing edges (see appendix E for
more information on this inversion). It should be noted that the root is not a vertex (although
incoming edges meet), so no differential equation must be solved there.

As an example, let us write the left representative Y (2, ) in this notation (compare egs.
3.2.41 and 3.1.26):

Yeta) =Y ¥ :gm(A - A + A + A ):
LU m,m/ K e il —im !

+im +U'm’ im —U'm’

Double dots again denote normal ordering, which in this case means that in the last tree the
leaves are switched if the indices coincide, ie. if (I,m) = (I',;m'). In explicit calculations,
such relations will come in handy, especially at higher perturbation orders. Some additional
conventions will also be helpful in more complicated examples:

e from here on we use the following shorthand notation (analogously for more complicated
trees):

+l ’ ’ Jrl ’ ’
m +U'm m +U'm 333

e whenever we draw a tree with unlabeled leaves, it is understood that we sum over all
possible labels for those leaves
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e whenever two leaves are connected (”from below“) by a line with an arrow, then the labels
of these leaves are contracted; more precisely we attach the label —(lm) to the leaf that
is pointed at by the arrow, attach the label +(Im) to the leaf at the other end of the line
and sum over [ and m

, g / i

-(lm) +(m) 3 3 4

e if two leaves are connected by a line from below and if this line is dashed, then we contract
the labels of these leaves, but replace the corresponding ladder operators by the identity
operator id on V'

These conventions substantially simplify the diagrammatic notation, e.g. eq. 3.3.2 may now be

expressed as
x
y((p27 .1‘) = :/ \ :
3.35

More complicated examples can be found in the following sections.

3.4 Low order computations: Next to leading order

From now on we focus on 3-dimensional scalar, massless quantum field theory with (%-interaction
(see 3.2.3). This allows for more explicit results and facilitates calculations. The choice to
work on a 3-dimensional spacetime was made in order to keep representation theory simple, as
the 3-dimensional rotation group SO(3) is familiar and well understood. The exponent of the
interaction term in the field equation was chosen in such a way that the coupling constant is
dimensionless.

3.4.1. Construction of ) (¢, z)

Recall the results of the previous two sections: In sec. 3.1 we constructed the complete left
representation, and hence the complete quantum field theory, for the non-interacting model
obeying a field equation of the form 3.1.2. Secondly, in sec. 3.2, we presented an iterative
scheme that allows for the perturbative construction of an interacting quantum field theory, with
a non-homogeneous field equation of the form 3.2.3, given that the corresponding free theory is
known (more precisely, we actually only need the left representative Vy(p,x) as starting point
of the iteration). Combining the information from these chapters, it is clear that we should
be able to construct perturbations of the free theory in our setting. The first step beyond
leading perturbation order is the calculation of the left representative ) (¢, x) according to our
algorithm, which is the aim of this section.

Remember from section 3.2 that the field equation can be exploited in order to find relations
between OPE coefficients of different perturbation orders, see eq. 3.2.8. The corresponding
relation connecting first order coeflicients to those of the free theory is of the form

(C1)a(®) = (Co)lyy ().

As mentioned above, for calculational ease we will in the following consider the specific theory
with (f-interaction, i.e. k& = 5 in the above formula, in 3 dimensions. In this context we have
the equation



3.4. LOW ORDER COMPUTATIONS: NEXT TO LEADING ORDER 43

A(C1)"(x) = (Co)lisy (@)

where A = 92, + 02, + 02, is the familiar three dimensional Laplace operator. In terms of left
representatives, this equation implies

Ayl(gpvx) :yO((PSMr)'

Therefore, to reach the aim of this section, all we have to do is solve this differential equation.
Let us first recall our results for the free theory from section 3.1. In D = 3 dimensions, the
leading order of our theory is characterized by the equations

1/2
lm T —(I+1 “
lm m| > T
g g (21+1> {rY (#)b] 4+ Dy, (m)bl} 3.44

=0 m=—1

which is the D = 3 case of the general expression for Vy(p, z) in eq. 3.1.26, and
1 [ Apm .
Vo(|va), ) = ll—I W[tlma Yolp, x)]%m - . 3.45

An even more compact form of eq. 3.4.4 can be obtained with the help of the modified spherical
harmonics defined as

Ar 1/2
Sim() = (Ql 7 1) Vim(2) 346

see [33] and eq. D.2.3, which gives
Z Z (71 5 (@) b, + 17D S () i | 3.4.7
=0 m=—1

In view of eq. 3.4.3, the left representative Yo(¢°, x) is of special interest to us. According to
the equations above, it takes the form

’ w) - Z Z <Tll+m+15 ' Sllml (£> . 'Sl5m5 (i.) bzrmu o b;s)ms

I1,0.,0l5 M1,...,m5

5l gl ) () (@) bl B B
+ 10 - phitletls—la=ls—2  glim (i)SZZmQ j)slyn j)Sl4m4(j)Slfﬁn ( ) bzr1m1b;2m2b;r3m3bl4m4bl5m5

( (

10 sl L gl (5§ (55, (5)S) 1, (2) Sty () By By g Bl Blarms bl
+5. Tll—lz—...—l5—4 . Sl1m1( )Slgmz( ) Sl5m5( ) b;flmlblzmz ce bl5m5

+ phme s Sllm1 (3}) T Sl5m5 (j) “brym, b15m5> :

3.4.8

Here normal ordering has already been carried out, which explains the numerical prefactors in

lines 2-5, as e.g. the sums over : bl I bzr4m4bl5m5 sand : b}L — -bl4m4b;5m5 : are equivalent

after normal ordering. In our graphlcal notation, this could simply be written as

3.49
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where we remind the reader that summation over all possible labels for the 5 unlabeled leaves
is implicitly assumed.

Before solving the differential equation 3.4.3, we want to put V(% ) into a form better
suited for this task. The main obstacle in trying to invert the Laplace operator on eq. 3.4.8
is the product of the spherical harmonics. The differential equation is simplified decisively if
these products are decomposed into their irreducible parts, i.e. if we ”couple” the spherical har-
monics using as intertwiners the familiar Clebsch-Gordan coefficients (or, equivalently, Wigner
3j-symbols). For details on the representation theory of the 3-dimensional rotation group, see
appendix D.2 and references therein. The identity we are looking for is eq. D.2.22, which was
derived in the appendix, and we repeat it here for reference:

Sllml (@) . Slpmp (i)slerlmde (j) . Slqmq (SAU) =
Z Tl+(lima), - .. 4 (lpmyp), = (lprampsr), - - - = (lgmg)lan Syn(2)
J

Here T is a tensor, which contains the consecutive application of the intertwiners as defined in
egs. D.2.20 and D.2.23. Before we apply this equation on the product of the spherical harmonics
in eq. 3.4.8, let us first introduce some abbreviations:

Definition 3.3 (Abbreviated indices)
Let q,i,l; € N and m; € {—l;,...,l;}. Then we define the abbreviated notation

+(l;my; fori>gq
o= { i .

fori <gq

b b L
Further, let by () := b}Lm and b_gy = by, >, = > Y. and eiqy) = tey, (recall

U=a lLi=ami=—l;

that ey, is the multiindex with unit entry at "position“ (Im)).

With this notation and representation theoretic machinery, we can put eq. 3.4.8 into the con-
venient form

5 o0
) i _ N
Yo(#°, ) :Z Z Z( > plmh ettt =) TN, Bl Sym (@) b - by
, J

q

which is much better suited for our purpose, i.e. for solving the differential equation 3.4.3, since
now we have expressed Vy(¢®, 7) as an element of the ring of functions Y(x) defined in eq. E.2.
Assuming that any left representative can be written as an element of this ring, a solution to
the differential equation is simply found by application of the operator 0! € End(Y(x)), which
we call A™! in three spacetime dimensions. Recall, however, that this solution is not unique.
For a discussion of these ambiguities see section 3.2.1.

Before we give the result for the left representative Y (g, x), let us first introduce some more
notation for convenience:
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Definition 3.4 (Gradings of left representatives)

The decomposition of an arbitrary left representative Y, (|v,),x) with respect to its dimen-
sion is written as

Vallu 1) = 3 allua) i) v

d=—o0

while the grading by irreducible representations of the rotation group SO(3) is introduced

as
00 J
’UG Z Z yn ”Ua JM SJM( )
J=0M=

Then we finally obtain ) (p,z) by application of the operator A™! ie. eq. E.7in D = 3
dimensions, to Yo(¢®, x) in the form of eq. 3.4.12. Using the gradings introduced above, we
find:

Result 3.4.1 (The left representative Y1 (p,x))

I3 Z Yo, wsd)gn -+ 28 (#) - D(d +2,J,7).

d=—o00 J=0 M=

where we defined (see also eq. E.8 for ¢ =0 and D = 3)

m for min{|d|,|d + 1|} # J

D(d, J,r) =

é?liq for min{|d|,|d+ 1|} = J

for the sake of brevity. The diagram corresponding to this equation is simply

X X
/Y\ ./Y\

The difference to the diagram for the left representative Vo(¢®, ) in eq. 3.4.9 is the appearance
of a vertex below the root, which according to the rules of def. 3.2 stands for the inversion of
the Laplace operator. In the second equality we dropped the double dots, as from here on we
implicitly assume normal ordering whenever 5 leaves meet at a vertex. In summary, we have
successfully determined the first NLO left representative.

We end this section with the computation of the explicit form of the first order OPE coefficient
(Cl)fm. We will proceed as follows: After introducing some additional notation to keep the
equations at a reasonable length, we first give a general result for the OPE coefficients of the
free theory. Then the differential equation 3.4.2 will be applied in order to find the desired first
order coefficients.
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Definition 3.5 (Metric on V)

For two vectors |v,), |vy) € V we introduce the metric’ g: V @ V. — N

) l
g(lva)s [vs)) = g(a,b) := > > laym = bim| 3.4.18

=0 m=-I

where |-| denotes the usual absolute value of an integer. This notion measures how much |vg)
differs from |vy), in the sense that at least g(a,b) ladder operators are needed to transform
one of the vectors into the other. Note that g(a,b) is always finite, since we required the
multi-indices labeling our basis elements to have only finitely many non-zero entries (see
eq.3.1.8).

As we will see below, OPE coefficients (Cl)bka with equal values of g(a,b) exhibit structural
similarities, so we will often classify OPE coeﬂéfcients by this value. Further, the notion of multiset
will be frequently used (see appendix B). In this context, we make the following definitions:

Definition 3.6 (Multisets of indices)
Let [ be defined as in def. 3.3 and let |v,), |vy) € V. We define the following three sets:

I:{m:z[‘{,...,[g;\neN,qe{0,...,n}}
I(n) = {QleI\ card(2) :n} - {91: Ue,..45g e {o,...,n}} 3.4.20
zi(n) = {2 € T | (wl : T] by : Jua) # 0}

e

The set Z may be interpreted as the set of all possible labels for any number of leaves of a tree
(see section 3.3). Then Z(n) is the subset of Z containing all labels for trees with n leaves. Recall
from section 3.3 that we associate ladder operators to the leaves of a tree. The set Z%(n) is the
restriction of Z(n) to the labels of those trees that transform the vector |v,) into |vp) (recall that
our basis is orthogonal, thus (vp|v,) = 0 for a # b) after normal ordering of the corresponding
ladder operators.

Proposition 3

From the definitions above it follows that

card (Ig(n)> =1 ifg(a,b)=n 3.4.22

and

Tt(n) =0 for g(a,b) > n or g(a,b) +n = odd . 3.4.23

PROOF : The first statement, eq. 3.4.22 follows straightforwardly from the definition of g(a,b): The
condition g(a,b) = n tells us that at least n ladder operators are needed to transform |v,) into |vp).
In other words, the multiindices a and b differ in n entries. Therefore the multiset 2 = {1{,...,14§ €
Z%(n) is uniquely fixed by the condition (v : H[?em b : |vg) # 0, so T%(n) contains only one
element if g(a,b) = n. '

Let us come to the second part of the proposition. For g(a,b) > n the set Z?(n) is empty, because
more than n ladder operators are needed to tranform |v,) into |vp). Thus, the condition on the
multisets 2 in the definition of Z?(n) cannot be satisfied due to orthogonality of our basis. Hence

This notion is not directly related to and should not be confused with the canonical dimension |a| defined in
eq. 3.1.9.
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7%(n) = 0 for g(a,b) > n.

Similarly, the set is empty for g(a,b) + n = odd, which can be seen as follows: If g(a,b) is an even
number, then we need an even number of ladder operators to transform |v,) into |v,) (the minimum
number g(a,b) plus pairs of contracted operators, i.e. creation and annihilation operators with the
same indices). Thus, Z2(n) vanishes if n = odd in this case. Similarly, the set is empty for n = even
if g(a,b) is odd, so

T2 (n) = 0 for g(a,b) +n = odd .
O
Definition 3.7 (Shorthand notation for dimension of OPE coefficients)

Given any three basis vectors |vg), |vp), |ve) € V', we define

= Ie] — la| — b] = —sd (C2)5

(recall the definition of || for multiindices from eq. 3.1.9 and the definition of scaling degree
from eq. 2.2.22). Further, given a multiset 2 = {I,... 1§ € Z(n) and two basis vectors
|Va), |vp) € V satisfyingb=a+> ;| egq, let

n

q
dim Y (b4g) -2 (b+3) -5 =-sdCota -
j=1

i=q+1

Definition 3.8 (Shorthand notation for coupling tensors)
Let A € 7. Then we define

TR =0, 05 =T, g withly, > 1

iy Vie{l,...,n—1} . (3.4.28)

Note that on the left hand side we suppressed the magnetic quantum number M, which is
uniquely encoded in the multiset 2 as the sum mq + ... + m,, for the sake of brevity. The
definition of T[] is motivated by the fact that in many expressions we are free to choose a
coupling order for the spherical harmonics appearing in the construction. For such cases we
introduce the convention that always the spherical harmonics of highest degree are coupled
first. Then the coupling tensor is uniquely characterized by a multiset of indices instead of
a (ordered) tuple. Note that there seems to be an ambiguity in this prescription, e.g. if we
consider the multiset 2 = {+(l1m1), +(lama), —(l1m1)S. In this case, it is not clear whether to
couple +(lymy) before —(lymy) or the other way around. However, in such cases, i.e. whenever
l; = 1l with ¢ < ¢ < j, we may apply the addition theorem of the spherical harmonics, eq. D.2.2,
and omit the indices [ and I7 altogether.

T, S = T, S), ifl= 1 and i < g <

This solves the apparent ambiguity. Another property to be remarked is that zero entries may
be dropped from the coupling tensor, i.e.

[2[17"'7117[17z+17"'7n3] [z[la"'vz17[z+17"'7[%S]J ifl;=0

This may be seen either from the property

(10mO|JM) = 6 116 31m
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of the Clebsch-Gordan coefficients, or from the fact that the coupling of the spherical harmonic
Soo(Z) = 1 is trivial. Is also follows that

TSl =0,

Definition 3.9 (Symmetry factor)
Let s : Z — N be the map defined by

S[QlGI]:card({(al,...,an)|Za1,...,an3:Ql}) ,

where (a1, az, ...,a,) denotes (ordered) tuples. Thus, s[2] is the number of different tuples
constructed from the elements of 2.

Remarks: Equivalently, s[2(] may be interpreted as the number of different trees obtained from

e

by permutations of the leaves. An explicit formula for s[2(] is most conveniently obtained if the
multiset 2 is expressed in terms of a set A and a function f: A — N (see def. B.1). Then

= (4.) €T = [~y

Definition 3.10 (Prefactors from ladder operators)

Let f: V@V ®ZI(n) — R be the map defined by the following property: Given two vectors
[va), [vp) € V, a number n € N and a multiset 2 € T2(n), let

fo = (wl: ] bt va) -
e

Explicit expressions for f°(21) can be obtained using eqs. 3.1.11 and 3.1.12.

Now we are ready to express the zeroth order OPE coefficients in the compact form

Result 3.4.2 (OPE coefficients (CO):)Ok o)

Using the notation introduced above, the zeroth order OPE coefficients take the compact
form

for g(a,b) > k

0
(Co)foka(w) 70 for g(a,b) + k = odd

S FA - Aoy - Sy(2) - rd otherwise

with®

Nol2]; = s[2A] - T[]

Remark: Here we also suppressed the magnetic quantum number of the spherical harmonic
Sy (). As in the definition of the coupling tensor T[], the corresponding number M can
always be uniquely retrieved from the elements of the multiset 2.

8This function Ag : Z — N, and also the functions A1, ... to be defined below, should not be confused with
the Laplace operator A.
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PROOF : Using the graphical notation of section 3.3, we may express the left representative Vo (", x)
by a sum over labeled trees with k leaves. If we take the matrix elements (vp|-|v,) of this expression,
then all contributions to this sum which do not transform |v,) into |vp) vanish due to orthogonality
of the basis. Thus, the labels [{,... [} of the k leaves have to satisfy b = a + Z _; eis. Further,
recall that the operators correspondmg to the leaves of the tree are normal ordered, so the order of
the labelings does not matter. In other words, we obtain the same result for all permutations of the
leaves. So instead of summing over all possible tress satisfying the mentioned property, we might as
well restrict the sum to such trees that can not be transformed into one another by permutations
of the leaves and multiply by a symmetry factor of the respective tree. These arguments imply the
equation

X

(Co)ley () = (] - /J\‘m—w (v - /J\‘ : Joa) - 5[
T RN ’

since the elements of the multisets in Z?(k) satisfy the desired property, since the order of the entries
in a multiset does not matter and since the factor s[2] was defined to be the mentioned symmetry
factor of the diagram. We found in proposition 3 that the set Z?(k) is empty for g(a,b) > k or
g(a,b) + k = odd, which implies (Co)i’ak . (%) = 0 in those cases just as we have claimed in the result.

Now it remains to translate these diagrams into explicit formulae using the rules of section 3.3.
To begin with, the action of the ladder operators associated to the leaves of the tree on the vector
|va) gives a numerical prefactor, which by definition 3.10 is denoted by f2[2(]. Further, for each leaf
we obtain a spherical harmonic whose indices are determined by the label of the leaf. “Coupling” of
these spherical harmonics, i.e. a decomposition into irreducible parts, yields a factor > ; T[] 7S5 (Z).
It remains to determine the power of r, which by definition is just d = |b| — |a| — k/2, so we indeed
arrive at eq. 3.4.37.

O

With this result at hand, it is an easy task to find the
Result 3.4.3 (OPE coefficients (C’l)l;a

Using the right inverse A~! to solve the differential equation 3.4.2, one obtains

for g(a,b) > 5

0
(Cl)?oa(x) -0 for g(a,b) = even
> Z fb[ ]-Ss(2) - TdAl[Q(, )y otherwise
AcTb(5) J

with
AL, r]; = s[] - T[] yD[dsy, J, 7]

and where D(d,r,J) is defined as in eq. 3.4.16.

PRrOOF : The differential equation to be solved is

A(C1)2a(x) = (Co)lay(a)

Inserting the concrete form of the zeroth order coefficient, we arrive at the equation

0 for g(a,b) > 5

A(Cy)L, (x) =40 for g(a,b) +5 = odd
: > fg[ﬂ] “Ao[U] 5 - Ss(2) - rd otherwise -

AETL(5) T

Application of the operator A~! to the right side of the equation yields (C1)%,(z) = 0 for g(a,b) > 5
or g(a,b) = even and otherwise
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(C)%(@) = S 3 fARARA, - Ss(2) - r9D(d, Jr)

Aezb(5) J
Note that in the case at hand d = dgy, so the result is confirmed.

O
In summary, we have found explicit expressions for all OPE coefficients of the type (Cl)bW. Some
particularly simple coefficients are tabulated in appendix A. As an illustration of how to obtain
these expressions from result 3.4.3, we close this section with an example computation.
WP+26
y P
b2
determine the set I£§ 9°9(5). The constraint (v : [Tiseo bie t [va) # 0 in the definition of the set

T? leaves only one allowed multiset, namely

l/
EXAMPLE: We want to determine the OPE coefficient (Cy) ? with p,l’ # 0. As a first step, let us

p+26l,¢

7% (5):{QL:Z+(00),+(00),+(00),—(00),+(l’m’)§} . 3.4.45

The numerical prefactor f2[2] is in this case

£ a0 = 14(00), 4(00), +(00), —(00), +(I'm’)5] = p 3.4.46

because the creation operators do not yield any prefactor, while the action of the annihilation operator
gives the factor p, i.e. blyp? = @1 but bege? = pe®=1. Now we come to Ag[2l,7];. First, the
symmetry factor is

s[2 = {+(00), +(00), +(00), —(00), +(I'm/)§] = 5-4 =20 . 3.4.47

Recall that the product T[] ;.5 7(Z) resulted from the coupling of five spherical harmonics whose indices
are the elements of 2. Since Sgo(2) = 1, we only have one non-trivial spherical harmonic, S'™ (z), in
the case at hand. Thus

T[2 = {4(00), +(00), +(00), —(00), +(I'm’)§] ;S5 () = S"™ (&) . 3.4.48

The value of d = —sd (C’l)f:;al ¥ of the coefficient is

d =P80 o] — [P — o = +1 .
Finally, we find
1
Didy=d=10+1,J=10,r] = ST D) 3.4.50

which gives the total result (see also appendix A)

» 1
(COZ "7 = 10p S @ 3451
m

e er I+1
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3.4.2. Construction of Y, (p?, )

According to our algorithm of section 3.2, it is now possible to construct all first order left
representatives Vi (|v,), ) (and thus the complete quantum field theory at first perturbation
order) just from ) (p,x) by application of the associativity condition. In this section we take
the first step into this direction by constructing the left representative Vi(¢?, x). As we will
see in the following, this task turns out to be comparably simple, as no ”renormalization” is
needed at this stage in our toy model. More serious calculational effort will be needed in the
next section.

The relation between Y (p, z), which is known from the previous section, and the desired left
representative Vi (¢?, r), is

le|<e?

Vi(p?,z) = Jim Yol ) W1(e, ) + Vile, y)Vole,x) — Y (C1)5 (@ =) Vo(lve),2) |

e

which is just eq. 3.2.13 at first order expressed in terms of left representatives. Let us take
a closer look at the counterterms, i.e. the expressions subtracted on the right side. The fact

that (Cl)fm vanishes for g(a,b) =even together with the restriction |e| < |¢?| suggests that

only the terms including (C1)§,(z — y) or (Cl)gz(x — y) survive the limit. Due to the specific
form of YV (¢, x) from the previous section, however, these matrix elements, or OPE coefficients,
both vanish, see eq. 3.4.40 (the set Z°(5) is empty in those cases) or table A. The absence of
counterterms from eq. 3.4.52 implies that the remaining expressions are finite, so we may simply
perform the limit and write

yl(@Qv‘r) :yo(QO,ZL')yl(C,D,IL‘)—|—y1((,0,l‘)y0(§0,27)-

In our diagrammatic notation of section 3.3 this equation takes the form

e /%\ + A\

where again summation over all combinations of labels for the leaves is understood.

Let us investigate this expression more closely and try to understand why no counterterms
are necessary. As could be seen in section 3.2.2, infinities occur whenever infinite sums over a
product of the form blmb;m are performed, i.e., diagrammatically speaking, whenever the indices
of two leaves are contracted, with the leave on the right corresponding to a creation operator.
In the free theory computations we then made use of the identity blmbgm = b;rmblm + ¢d, which
follows from the commutation relation 3.1.14, to separate these expressions into a normal
ordered (finite) part and a divergent part. We then saw that this divergent part precisely
cancels with the counterterms, which suggests that the renormalization procedure is equivalent
to normal ordering. Obviously, it would be convenient to carry over this approach to the first
order calculations and to include also the sixth operator in the above diagrams into the normal
ordering process. However, since no counterterms are present in eq. 3.4.53, it is not clear what
to make of the terms which are neglected if we demand normal ordering. As it turns out, the
infinite parts of these extra terms cancel out, but there is a finite remainder, which we call
(R1),2. Introducing the
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Definition 3.11 (Additional grading of left representatives)

By Yn(|va), x;d, q) we denote the contribution to Y, (|ve),x;d) comprised of ¢ € N annihi-
lation operators.

we obtain

Result 3.4.4 (Left representative Y1(p?, ) in normal ordered form)

Using the left representative )i (p, ) given in the previous section, one obtains

Vi) =: Ve, 2)Vole, z) : 4+ : Voo, 2)Vi(p, 2) + +(R1) 2(x)
=2: D1, )0, 2) : +(R1)2 (@) = 2: Voo, )1 (0, 7) 1 +(Ra)ya ()

with (R1),2(z) € Y(x) given by

4
(Ri)g2(x) :=5> > Zrd+15jm(9@)yo(904»$;d, q)jm(R1)p2(d, j,q,7)

where
(Rl)g02(dajaq€ {0,4},7“) =0 y
ld+2]-1 | 1+j , )
i (7100[.J0)
(R1),2(d,j,q € {1,3},r) :=
’ ; Jgj (I—ld+2))(1—|d+2|+1) = J(J+1)
denom.7#0
. ol |d+2]—1-1
+ sign(d + 2) <‘(7] 0 jd + |0 >logr}
and

T A2 -1t
, B , . j —1-
(R1)g2(d: 5.q = 2,7) 1= Rgp)(d, 1) +sign(d +2) logr ) <0 0 0 )

=0

Here R(4—9)(d, j,r) is a finite, real valued function defined below in eq. G.1.22.

By sign(x) we denote the sign function

-1 ifz <0
sign(z) =< 0 ife=0 . 3.4.60
1 ifz>0

PROOF : As mentioned above, we want to exploit the commutation relations of the ladder operators

to bring the operators in eq. 3.4.54 into normal order. This is trivial, unless we have to switch the
order of a pair of the form blmbgm. Since the operators associated to the left representative Y (¢, x)
are already normal ordered (see section 3.4.1), only the two diagrams
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(A AN

contain expressions of this kind (recall from chapter 3.3 that the arrows denote contraction). Here
we have to apply blmb}m = bleblm + id and obtain in addition to the normal ordered products
a sum where the two contracted operators are replaced by the identity. In diagrams, this may be
written as (recall that dashed lines denote replacement of the corresponding ladder operators with
the identity)

SN AN LT BN LN AN

-3.4.62
This formula is exactly equivalent to the first line of eq. 3.4.55 if we define (R;),2 to be equal to the
two diagrams including the dashed contractions. The second line of eq. 3.4.55 simply follows from
the fact that the order of ladder operators inside normal ordering signs does not matter, so the two
normal ordered diagrams in the equation above are in fact equal. The equation above may also be
written in terms of the left representatives as

Yo(p, )V1 (0, ) + V1@, 2)Vo(p, ) = : Yo(p, 2)V1 (0, ) + + : Vi(p, 2) Vo, @) :

N G VY )

+ yO(SOa 'T)yl (90’ 'T) + W (‘Pv x)y0(<p7 .23)

where the line connecting the left representatives denotes contraction:

Definition 3.12 (Contraction of left representatives)

The commutators

(Vo (2.2), Yullva), 9)] = Yo(, 2)Vn(lva), y)

and

[Ya(lva), 9): Vo (@, 2)] = Ya(lva), v)Vo(o, )

are called “contractions” of the left representatives Yo(p,x) and Y, (|va),y), where Vi (¢, ) is the
part of Yo(p,x) containing only creation (+) or only annihilation (—) operators.

It remains to determine (R;),2. This rather involved computation can be found in appendix G.
O

To sum up the results of the above discussion, we have most importantly verified that in ac-
cordance with eq. 3.4.53 no subtraction of counterterms is needed in order to cure possible
divergences in the calculation of Yi(¢? ). Further we have succeeded in writing ) (¢?, )
purely in terms of normal ordered expressions. As we will see in the following, this is partic-
ularly helpful in the calculation of matrix elements of this left representative, since no infinite
sums have to be performed.

We conclude this section with explicit results for OPE coefficients obtained from the left
representative Vi (¢?, z) by taking the according matrix elements. Again it is helpful to introduce
some additional notation in order to keep equations short.
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Definition 3.13 (Partitions of multisets)

By P; () we denote the set of partitions of any multiset 2 of cardinality i + j into two

submultisets of cardinalty ¢ and j respectively, whose sum is %, i.e.

Pig [ ={at, iy 5] = {Pr = Langs 1005, F = Ly ny, § | P10 P2 = 2}

Result 3.4.5 (OPE coefficients (C1 22 o)

The matrix elements of the left representative Y1 (p?, x) given in result 3.4.4 are

(Cl)i’oga(a:) =0 for g(a,b) > 6 or g(a,b) = odd or g(a,b) =0

and otherwise

(€)Y, 2 3 Y R AP Ao[Bals, T, ol Sy(@) rd

A€TL(6) Ps,1[R] J,J1,J2

+ 37 B M By - Sa(a)

BeTb(4) J

with

M A=, 005, 7]y = s[A]- T[]y (Ry)pelda — 3/2, J,q,7] .

PROOF : The first two statements, i.e. vanishing of the OPE coefficient for g(a,b) > 6 and g(a, b) =odd,
follow simply from proposition 3. For the remaining values of g(a,b) we first note that

2un| : Vi () V(01 2) - [0a) =2(u] - / }& o)
=2 vl H|va) - s[PB1] s[PB2]

Bz P

Here the second equality holds for the following reasons: For the matrix element not to vanish, the
labels of the six leaves above have to be in Z2(6) by definition, which explains the first sum on the
right side. Now we have to attach five of those labels to leaves entering the vertex, and one to the
leaf directly connected to the root. Therefore, we split the multiset 2l into two submultiset: The
multiset P31 of cardinality 5 and the multiset 5 of cardinality 1. The labels in 3, are then attached
to the five leaves entering the vertex in any order and we have to multiply by the symmetry factor
s[PB1] in order to account for all the diagrams that may be obtained by permutations of those five
leaves. Analogously, we attach the one label in Py to the remaining leaf and multiply by s[Bs],
obtaining the right side of the equation above.

Now it remains to translate the diagram into a formula. Again the numerical factor obtained from
the action of the six ladder operators on |v,) is denoted by f2[2]. Further, coupling of the five spher-
ical harmonics associated to the leaves entering the vertex gives a factor of > ; T[%1]s, 5, (%). The
remaining leaf contributes one additional spherical harmonic, which we write as > ; T[B2] 7,5, (%)
Coupling these two contributions then yields the factor
>ogag PR TPl T 1, J2]sSs(2). The vertex in the diagram gives an additional factor
Dldsy,, Ji,r] and the overall scaling degree is again by definition —d. In summary, we have found
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2<Ub| : yl(@ax)yo(@vx) : |Ua> =
2 3N AP sIBel S TR TIR] LTI, ol S (2) Dldss,. Ty, ol
AETL(6) Ps,1 (2] J,J1,J2
Recalling the definitions of Ag[]; and A;[2A, )]s, we indeed verify the first line of eq. 3.4.68.

Now consider the contribution from the remainder term. Here we find

(] (R1) g2 (2)]va) = Y (Ri)pa(d = 1,,q,7)S5(2) - 0|V (0", 2:d — 1,9) sva)

J
-3.4.72
= > S (Ri)ge(des —3/2,J,q,7)85(5) 1 - f2B] Ag[B]
BeTb(4) J

where in the first equality eq. 3.4.56 was used. The second equality follows from result 3.4.3 and
from the dimensional analysis

d—1=—sd(Ch)}, —1=b| - o] -2

and

dy = —sd (C3)b, = || — |a| = 1/2 for % € I (n)
This confirms eq. 3.4.68.

To finish the proof we have to show that the OPE coefficient vanishes for g(a,b) = 0, i.e. for
a = b. We start the computation in the first line of eq. 3.4.68 and want to determine the set
of multisets Z¢(6). The condition a = a + Y.0_, ;s restricts the multisets in Z¢(6) to the form
A ={+(lim1),—(l1m1),...,+(lsms), —(I3ms)S. Hence, the submultisets are either of the form

PB1 = (+(limg), —(lima), +(Uymy), —(lymy), +(lemy) § and Pa = {—(lemy)§
o = U+ lima), = (lima), +(mg), —(ymyg), = (lema) § and Ba = {+(lkme) S

with 4, j,k € {1,2,3}. For the first case, we obtain

log r

> AulFu ] AolFal T o]y 55(0) = Pl 550

JyJ1,J2

Here no spherical harmonics and coupling tensors appear, as we may simply apply the addition
theorem three times. Further we used the fact that

logr
Dldy, =l Sy =lr] = 3255

Similarly, we find for the second type of decomposition, eq. 3.4.76, that

logr
D0 Al Aoy, T ol S5(8) = s[5y

J,J1,J2

where again we applied the addition theorem of the spherical harmonics and where we used

logr
Dldg, = I — 1,J1 = lj,r] = —%ﬁ - 3.4.80

Thus, the contributions from the two decompositions of any multiset 2 € Z2(6) cancel each other,
implying that the first line in eq. 3.4.68 vanishes.
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It remains to consider the contribution from the remainder term. Here the multisets B € Z¢(4) are
restricted to be of the form B = {+(lymy), —(Iym1), +(lamz), —(lamz)§, which implies dg = —1/2
and J = 0. However, it follows from egs. 3.4.59 and G.1.22 that

(R1)p2(ds —3/2= 2,0 =0,r;¢=2) =0

which follows from inspection of the summation limits in those expression. Therefore, we also have
Aq[p?,B,7]; = 0 for all B € Z%(4), so the second line of eq. 3.4.68 vanishes as well. Hence, we have
found that (C1)g,(z) = 0.

O

Again we compute a specific example OPE coeflicient in order to illustrate the application of
result 3.4.5.

ExaMPLE: Consider the coefficient (Cl)i: P39l for I # 0. We start with the determination of the

multisets in I:’: +351,,(6). Again this set consists of only one element

4 1501, (6) = {2 = = (00), (00), —(00), —(00), +(00), — (Im)S§}
The numerical prefactor then becomes
o? (p + 3)'
f¢p+3az¢[m] =p+3)p+2)@+1)p= 7(1)7 0

Since all zero entries in the coupling tensors 7' may be dropped, only the product T[—(lm)];S;(Z) =
Sim(Z) remains in the case at hand (equivalently, the coupling of Sgg - - - Sp0.Sim = Sim). The multiset
21 may be split into two submultisets of cardinality 5 and 1 in three different ways:

Pao = (—(00)S
Po, = {+(00)§
Pro = {—(00), —(00), —(00), —(00), +(00)5  Pae = {~(Im)$ 3.4.84

As the second multiset only contains one element, its symmetry factor s[3s] is always 1. For the other
multisets we obtain

5[Pral = 20
SIPul = 5Pl =5 .

It remains to determine the factors

1
[deg, ., =17 201 D)
1
Dld =-[-3,J=1[r]=
[, , 7] 056
1
Dldp,, = =2,/ =0,1] =3 3.4.87
and the power of r
d = [P| — [P T30p| — |p?| = —1—3 . 3.4.89

This finishes the discussion of the contribution from the first line of eq. 3.4.68. In the second line we
find again only one allowed multiset

¢

4pp+3 aL@

(4) = {B = (—(00), =(00), =(00), =(Im)S§} . 3.4.90
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Note, however, that all indices in this multiset correspond to annihiliation operators (i.e. they have a
negative sign), so we have to determine remainder terms of the form (Ri),2(ds —3/2,J =1,q = 4),
which vanish by eq. 3.4.57.

Putting all the pieces together (recall also the factor 2 in eq. 3.4.68), we arrive at the result

. (p+3) o 5 20
(01)4)02 ¢P+33lcp(x) - (p — 1)| ; Slm(x)r 5+ 72[ T3 + 7[ 1

in accordance with appendix A.

3.4.3. Construction of Y, (3, )

In the previous section we were able to perform the first iteration step at next to leading order,
i.e. we constructed Y;(p?, z) out of Vi(p,z) and Vo(p, ), without the need to subtract any
counterterms, see eq. 3.4.52. The first true example of our analog of renormalization will be
encountered in the present section. The iteration step yielding ) (3, z) is expressed by the
formula (see 3.2.15)

Vi’ x) = lim (D0, 21 (62, 9) + Vil 2062 ) = ()% (2 = 9)Vo(¢%, )

~(Co)%a (& = )1 (,2) = (Co) A — 1)V (o1, )]

Here the expressions (assuming z,y collinear and |z| > |y|)

(V2 o = 1) = 2010512 — y| = 20 g o] +10g (1~ 1)
2
(Co)e (=)

o —y

are divergent in the limit y — x. Therefore in our analysis of the first two summands on the
right side of eq. 3.4.92 we have to find terms that precisely cancel these infinities, and the
remaining expressions should then be finite. This procedure might be interpreted as a sort
of renormalization of the products Vo (¢, z)V1 (9%, y) and Vi (o, 2)Vo(p?,y). Note that the two
counterterms have different divergent behavior: Polynomial and logarithmic. We have already
encountered polynomial counterterms in our constructions at zeroth order, and we will see in the
following that indeed the polynomial divergences of the present section are very closely related
to those of the free theory computations. The logarithmic counterterm, however, is a completely
new feature at first perturbation order, and it will turn out to be considerably more complicated
to find the corresponding expressions in eq. 3.4.92 canceling this term.

Our plan for this section is the following: As in previous calculations, it is the aim to write
V1(p3, 7) as a normal ordered product of left representatives plus some finite remainder (R1)ys,
simliar to eq. 3.4.55. Basically, the procedure is analogous to the Vi (¢?, x) case: We exploit the
commutation relations for the ladder operators, eq. 3.1.14, to bring all expressions into normal
order, picking up additional terms whenever we have to exchange the order of a creation and
annihilation operator with the same index. These additional terms include infinite sums, whose
divergent behavior has to be analyzed. In contrast to the previous section, we expect these
sums to be divergent in the limit y — x. This divergence should be cured by the subtraction
of the counterterms, see eq. 3.4.94. Hence, the above mentioned remainder (R1>@3 is precisely
the difference of the additional terms we pick up in the process of bringing all expressions into
normal order, and the counterterms, where we take the limit y — x. The section is again con-
cluded by a discussion of the OPE coefficients obtained from Y; (¢?, x) by taking matrix elements.

To begin with, we present
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Result 3.4.6 (Left representative Y1 (3, x) in normal ordered form)

y1((p3,aj) =3: yl((pvx)yo(@2vx) D43 yo(soax)(Rl)apQ(x) : +(R1)<p3(37)

where

Yy X

(R1) g3 (x) = 20 lim { T / ‘2[\ J{ A\vi%\ /y\— log |z — y|y0(@37$)]

I o I
—1 - - [

— | ] 1

= lim [yo(<lp, ) Vo (0, ¥)V1(0,y) + Vol(p, 2)V1(0, 9) Vo (@, y) + Vi, ) Vo, y) Vo(, y)

—201log |z — y|Vo(¥?, x)}

PROOF : Starting at eq. 3.4.92, we can bring Vi (¢, x) into the desired form simply by applying the
results of the previous chapters, and without the need to perform any new calculations. This can
be seen from the following observations: First, we substitute eq. 3.4.55 for the left representative
V1(¢?, x) into eq. 3.4.92, obtaining

Vi(e®,z) = lim [yo(%w) 2: 010, 9)Vo(,y) : +o(, ) (R1) w2 (y) + Vi, ) = Volw,y)Vo(p,y)

2
Yi(p.x) = 20log e — (¢, 2) = (Co) 473 (& = 1)V (p1ms )]

T—y w2

Now let us try to bring the operators in the first line of this equation into normal order. For the
first term we find

2 lim [yo(cp,x) :V1(e,9) Vo0, y) :} =2:V1(p,2)Vo(¢% ) :

o 1 1

+2 lim | Yo(e, )V, 9)D0(0,9) + ol @)1 (0,10 (0,

where we have already performed the limit in the (finite) normal ordered term. Similarly, we may
write the last term in the first line of eq. 3.4.97 as

lim [Vi(p.2) :0(e%9) : | = : V(e )Vo(e? )
+ lim [23}1(%@3}0(%,@)3)0(%@ + V1(p, 2) Yo (e, y)yo(%y)}

Finally, remembering the definition of the remainder term (R;)y2, eq. G.1.1, the last remaining
term in the first line of eq. 3.4.97 may be put into the form

lim [ Vol 2)(B1)p2 ()| =: Vol 2)(Ba)po (@) : + lim Wol(o, @) (Ra) (9)

o — — o  —

= (@) (Ru)ge (@) : + lim [Yo(p, )00 9)21 (0. 3) + Yoo, )V, 9)V(2,9)|
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Now recall from our construction of the free theory left representatives, in particular from the
computation of Vy(¢?, x) in section 3.2.2, that

lim Vo (¢, 2)Vo(p,y) = lim

which implies for the last summand in eq. 3.4.98

1
2 lim Yo(p, 2)X1(¢,y) Yol y) = 2 lim pra—y Vi(e,y) -

y—w

A Taylor expansion of Y;(¢,y) around x shows that this contribution cancels with the polynomial
counterterms in the second line of eq. 3.4.92. Furthermore, we can write the sum of the remaining
expressions with one contraction as

2lim | Yo(. @)1 (2,1)Y0(#,9) + Va(, )00 1)) | = 22 Vollo,2)(Ru) e ()

where the definition of the remainder (R;),2 has been used. Thus, if we plug eqs. 3.4.98, 3.4.99
and 3.4.100 into eq. 3.4.97 and further use the two identities above, we end up with result 3.4.6 as

claimed.
O

The first two terms in eq. 3.4.95 are known, so it remains to find an explicit formula for the
new remainder term (Rl)@s. Unfortunately, we have not been able to determine this operator
completely, but we have found the following partial results.
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Result 3.4.7 (The remainder operator (Ry),3)

Let
3 o)
Z Z Zfr Sim(Z)Vo( o,z d, Q)jm(R1)gs(d, J,q;7) 3.4.104
q=0 d=—oc0 j=0
Then
s Uod—1-1\*
(R1)gs(d, j,q = 0;7) =20logr | > > (j100].J; 0) <0 0 0 > -1
LI'=0 Jp
J1+d I
leO’Jl > <J1l,00‘<]20>2
+20 > | Y +2Z > ; ,
i " 10 V11 I+ —-d-1)(I+1V—d)— J2(J2 + 1) ldenom.#0
My, My I+1'<d
_mi(j—%id) 1 F d-l—j 2k+1 Z)F(d+]'2—2k+1)
(S <k+1>r<y—k:+1> <w—l/+1>r<W>
o Ld+j—2k+3d—k+3 d+j— k-2 W2kl g dii-2kiles
"l dtj—2k+3d—k+2,d+j—k+ 3, TH2EES dijo kil |
3.4.105
and

T vod—1-1\
(R1)ps(—d —3,j,q =3;7) = =20logr | > > (j100].J, 0) <0 0 0 >+1

LI'=0 Ji
Il+d i
(7100|.J1 0)2(J11' 00|.J5 0)2
2 2
+0JlZ:JQ ; + lz(;l’dz-i-:l ! (l+l/*d*1)(l+l’*d)*!]2(<]2+1) denom.#0

My, Mg I+1'<d

(- 2k+d)/2 Tk + l)l“( ke l)r(d—f—j—;k—i—l o l/)F(d+]‘2—2k +1)

z—: Zo D(k+ DD(j — k+ 1)D(EE52E — 1 4 1)D (243

Ld+j—2k+3,d—k+3,d+j—k+2, d+i*2k*l/+1 d+jf2k+z’+3
d+j—2k+3,d—k+2,d+j—k+ 3, =243 Ao 2’“+l’+2

9

where Lz is the non divergent part of the hypergeometric series ¢F5, see eq. C.7.

The derivation of this result can be found in appendix G. Remark: For d = j = 0 we obtain the
simple results

(R1)g3(d=0,j=0,¢g=0,r) =0 3.4.107
(R1)ps(d=—3,j=0,q=3,7) = —40logr 3.4.108

This may be seen as follows: The second line in egs. 3.4.105 and 3.4.106 does not give any
contribution in the case at hand, since for [ = I’ = 0 the denominator in the summand would
vanish. Further, for Ls, i.e. the finite part of the hypergemetric series, we find (for d = j = 0)
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e—0 € —

1,3,2.2,1,2 1,1 log €
22 2. 1—¢ :lir%gFl[é;l—ﬁ]:lim . 3.4.109
€E—

Since there is no finite contribution to this hypergeometric series, we have Ls = 0 in the case
at hand. Concerning the logarithmic contribution, we derive the results given above using
(0000]00) = 1.

It remains to determine the operators (R1)ys(w;q = 1) and (R1),3(z;q = 2). Unfortunately,
in this case we have neither been able to find a closed form expression, nor have we been able to
verify the cancellation of infinities. The additional difficulty here is due to the lack of relations
like d > j or —d — 3 > j, which were a result of the fact that the three ladder operators in
(R1)s(z,q = 0) and (R1),s(z,q = 3) were either all creators, or all annihilators. Thus, we can
not use the simplifications discussed in appendix F.

The end of this section is again devoted to matrix elements of the left representative Vi (¢, z),

i.e. to OPE coefficients of the form (Cl)b@ga.

Result 3.4.8 (OPE coefficients (C1)®

w3a

The matrix elements of the left representative Y1 (>, x) given in result 3.4.6 are

(Cl)i’oga(x) =0 for g(a,b) > 7 or g(a,b) = even 3.4.110

and

(Caa(@)=3 S0 S0 S0 AU AP ] AolPals, T, Jaly Sy() r

A€TL(7) Ps,2[A] J,J1,J2

303 > D fABIMEE Bl APl T, Jols Sp(@) - 1€

%EIg(S) P4,1 [%} J»J17J2

+ 3 S e AP, €l - 8y (3) - r?

eeTb(3) J

for g(a,b) > 1, with

M, A =114, 185] ;o= [ - T[]y (R1)gslda — 1, Joq,7] 3.4.112

Remark: The family of coefficients with g(a,b) = 1 is not considered here, since all these coeffi-
cients necessarily involve contributions from remainder terms (R1),s(x,q = 1) or (R1),s(z,q =
2), which are unknown as mentioned above.

ProoFr : The argumentation here is basically the same as in the previous section. Eq. 3.4.110 is just a
consequence of proposition 3. Eq. 3.4.111 may be derived analogously to eq. 3.4.68 of the previous
section, so we will discuss it only briefly. In the first line the only difference is that the submultiset
P> now has cardinality 2. This is due to the fact that in the case at hand we have one additional
power of Vy(¢, ), so we sum over diagrams of the form

‘i

The additional leaf directly attached to the root is the cause of the additional element in Bo. The
second line of the result accounts for the contribution from the product 3 : (R1)g2(2)Vo(¢, ) :. In
total this product consists of 5 ladder operators, so we have to sum over all multisets 8 € Z2(5). Then
these multisets are split into a submultiset of cardinality 4, which is associated to the contribution
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A1 from the remainder operator, and a submultiset of cardinality 1, which is the argument of the
contribution Ag from the zeroth order term. Coupling all spherical harmonics, we obtain the second
line of eq. 3.4.111. The third line of that equation follows if we insert eq. 3.4.104 for the remainder
operator and use result 3.4.2 in order to determine the matrix elements of this expression.

O

3.4.4. Construction of Y, (p?, )

Next in line is the left representative J; (¢*, ), which can be determined from known expressions
by the formula (see 3.2.16)

Vile" ) = lim Do, 21 (6%, 9) + Vil 20l y) = (C1)% (& = 9)Do(¢,2)

~(C)% (@ =9I, 2) = (CE (2 = ) Vol@prm, @)
~(C0)Zs (@ = Y12 2) = (COZE (@ = Y (7).

The counterterms here take the values (see appendix A)

4
(C1)7Zs ,(x —y) = 60log|z —y] 34.115

2
(CV)% (@ = y) = [(R1) oz — y)] 3.4.116
(COZET (@ —y) = [(R)gs(z — y)] 57 3.4.117

¢? oy 3

(Co)Js ,(z —y) = T 3.4.118
=1, so the

Recall that we have not found results for the OPE coefficients (Cl)gboSa with g(a,b) =1,
two coefficients in eqs. 3.4.116 and 3.4.117 are unknown. Clearly this is a problem if one wants
to determine Vi (¢*, ) completely. However, in this section our modest aim is to determine only
the contribution acting by more than two ladder operators. As we shall see below, this can be
achieved without knowledge of the mentioned counterterms.

By now the general procedure should be familiar: We exploit the commutation relations of
the ladder operators (and possibly results of the previous sections as shortcuts) to bring the
desired left representative into the form

Result 3.4.9 (Left representative Y1 (p*, ) in normal ordered form)

Vil x) =4: Vi, 2)Do(¢,x) : +6 1 (R1) 2 (2)Vo (9%, ) -
+4: (Rl)zpr’(x)yo((ﬁa x) : +<R1><p4<x)

3.4.119

where

— 1 1

I
(B)a(@) = lim [V (,2) 20, 9)30(0: )00 ) + Voo, 2) () s (0)

(€)% (@ = Yol w) = (COZF (@ = ) Vo(9pim, @)

3.4.120

w2

Remark: According to the scheme outlined in section 3.2 all matrix elements of (R1),4(z) should
be finite. It should be noted that we have not been able to check this convergence in this thesis.
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PROOF : The shortest way to this result is again to first substitute Vi (3, z) in the form of eq. 3.4.95
into eq. 3.4.114.

Vit z) = yh_fg [33}0(%33) : V0@, y)Vi(e,y) + +3Vo(,2) : Vol y) (Ri)p2(y) :

+20(,2) (R1) s (4) + Y1 (0, 2)V0(¢%, ) — (C1) % (@ = )Vl 2) = (C1) % (@ — 1)Vo (P, )
—(C)ELL (@ = 1) Vo(@rm. 2) = (Co)a (@ — )1 (92, 2) = (Co) L (& — )V (@rm, x)} :

3.4.121
Now let us bring all expressions with a positive sign in this equation into normal order:
3lim Vol @) : Vi(p,9)do(@® ) 2 | =3: Nilp, 2)Vo(¢* @) :
) — ) 1
3 lim | Yo(p, @)1 (2. 1)Vo(¢? ) : 42 Yol @)V (2, 1)Vol2, ) Vol0.3) ¢ |
3.4.122
3 3 2
Jim [yl(so,x)yo(so ,y)} =: V1(p, 2)Vo(@”, 2) : + lim 13 Vi, 2)0(0,9)Vo(¢7,y) -

| 3.4.123

+3: Vi, 2)Vo (e, ¥)Vo(p,9) Vo (@, ) : +y1(<p7w)yo(%y)yo(%y)yo(%y)]

3lim [Yo(p.x) : Moo ) () (y) ¢ | =35 D0(0%, ) (R1)ye () :

3 lim | Yo (. 2)Yo(p.y)(Ra)ge () : Wl 2)30(0. ) (Ba) 2 (0) |
lim [ 2)(B1)s (4)] =2 D0, ) (Ri) o (@) : + lim Vi(ip, ) (Ra) o ()

Many of the contracted operator products in these equations have already been analysed in the
previous chapters. To begin with, recall from 3.4.101

1
lim Yo (¢, )Vo(p,y) = lim

y—w y—z T — Y

which appears in eq. 3.4.122 and eq. 3.4.124. With the definitions of (Ry),2 and Y1 (¢?, z), see eqs.
G.1.1 and 3.4.55, it follows that

3.4.126

3 lim [2: 0, 2)D1 (0 9) V(. 1)V ) : +I0(: )0, y) (1) 2 (0)]

3.4.127

= lim (6 Vi, y)Yo(p,y) + +3(R1) 2 (?J)) T—y y—rz—y

which cancels with the polynomial counterterms in the last line of eq. 3.4.114 after a Taylor expansion
in y around x. Further we find for the sum of the products with one contraction in eqs. 3.4.122 and
3.4.123

31im | : Vo(, 2)V1(0, ) Vo(9,y) : 4 : V1o, 2) Vo0, ) Vo (0, y) | = 3: Vo(9®, ) (R1) 2 () :

y—x
3.4.128
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where we again applied the results of section 3.4.2. Remembering the definition of (Ry)ys, 3.4.96,
we find for the following expressions from eqs. 3.4.123 and 3.4.124

[———

35135 s V1(p, 2) Vo (0, ¥) Vo (0, y) Vo, y) = + 2 Vol ) Voo, y) (Ba) 2 (y) :]
=31 () (R) s () : +60V (0", 7) lim log 2 — |

Here the divergence cancels with the logarithmic counterterm 3.4.115. We have now dealt with all
divergent expressions in eqs. 3.4.122- 3.4.125, except for the products including three contractions
in eq. 3.4.123 and the contraction with the remainder term (R;)gs in eq. 3.4.125 (which is essen-
tially also a threefold contraction, since (R;),s itself includes two contractions). Further, the only
remaining counterterms are the ones in the second line of eq. 3.4.114. Thus, we have found

= I 1
(R1) () = ;LD% Vi(p,2)Vo(e,y)Vo(e,y)Vo(p,y) + Voo, ) (R1)ps (y)

—(01)i§¢(x —y)Vo(¢?,2) = (C)E0 (z — y))’o(@ﬁlm,x)}

and we may verify eq. 3.4.119 by insertion of the above results into eq. 3.4.121.
O

Although we do not determine the concrete form of the new remainder term (R;),4 in this
thesis, results for a wide class of OPE coefficients (01)224& can be obtained. Namely

Result 3.4.10 (OPE coefficients (01)240,

The matrix elements of the left representative Y1 (p*, x) presented in result 3.4.9 are

(Cl)b@4a(x) =0 for g(a,b) > 8 or g(a,b) = odd 3.4.131

and

(Clig(@) =t S0 S0 S FUR) AP ]y AolPals, T, Jaly Sy() r

AETE(8) Ps,3[RA 1,2

6N > D> fABI MY Bl APl T, Jols S(@) - r¢

%612(6) P4,2[%] J’leJQ

YT DT T e A, Bl AolBals, T, Jols Sa(i) - 19
ezt (4) Ps,1[¢] J,J1,J2

for g(a,b) > 2.

Remark: The remaining classes of coefficients, namely (01)24 , With g(a,b) = 2 and g(a,b) = 0,
include contributions from (R;),4 and are thus not treated here. Otherwise the derivation of
the above result is analogous to previous sections, so we do not bother to give a “proof” here.

3.4.5. Construction of ) (©°, 1)

The last left representative at first perturbation order to be discussed in this thesis is ) (°, 7).
This is the final step in our algorithm before we can proceed to second order by the field equation.
The general outline of this section is similar to the previous ones. As always, our starting point
is the expression of Vi (¢®, r) in terms of known left representatives,



3.4. LOW ORDER COMPUTATIONS: NEXT TO LEADING ORDER 6

ot

Vi) = lim Vol ) V(s ) + N, 2) (" y) = (C1)Zs (2 — ) Vo(¢”,7)

~(Co)fa & = (%, 2) = (Co) 25" (2 =y (P pim), ) 34133

—(C)%s (@ = »Io(*2) = (COLA™ (& = ) Vo((Pp1m), @)

~(C)% (x — 9)Vo(p.)

which is a consequence of our consistency condition. It should be remarked that in the last line
of this equation no counerterms of the form (Cl)zif'za with [ # 0 appear, because this coefficient is
zero according to the results of the previous section (since here g(a,b) =odd). The counterterms

in the above equation take the values

(C1)%i (x—y) = 120loglz —y|
e =
(CZi @ —y) = 4C)% (2 —y)+[(R)ga(w — )¢

(&2 —y) = 4((C)% (z—y) e — 9IS (@) + (COZET (= — )
HC)ET™ @ =) T+ (Rl = )]
€% (@-1) = (Rl
The above relation between the coefficients (Cl)f’iw and (C’l)zz@ may be derived as follows:

The sets I;fQ (7) and I:§2 (5) are empty, so the first two lines in eq. 3.4.111 do not give any
2

contribution to (01)i3¢. Thus, the only contribution comes from the matrix element of the

remainder term (Rp),s, i.e.

(C1)%a(x) = [(R) o ()] 3.4.139

Now let us come to the coefficient (C’l)Zi o Here the first two lines of eq. 3.4.132 vanish, because

the sets 153(8) and I:ﬁg (6) are empty as well. Therefore, the coefficient at hand contains the
following contributions:

(CD%s (@) =14 (R1) 2 (@) Vo2, 3) « [9) + (%] (R1) s ()] 0)
=A[(R1)»(@)]F - (Co)b (@) + 4(R1) o (2)]% - (C0)Z (@) + [(Ba) s (2))2

w2
=A[(R) (@) + (R @)% = 4(C1)% (@) + [(R1) s (2)]3

3

o3
1
2 3
©

3.4.140

In the second line we decomposed the left representative Yy(p, z) into a creation and an anni-
hilation part. In addition, the results (Cg)fzp2 (r) = 1 and [(R1),s (m)]fs = 0 from the previous
sections were applied. The final equality then follows from eq. 3.4.139 and confirms eq. 3.4.136.
Eq. 3.4.137 was derived in a similar manner.

The strategy is again to write J;(¢°,r) as a sum of some known normal ordered (and thus
finite) expressions and an additional remainder term (R1),s. The computation of this remainder
term is the main effort that goes into the construction of the desired left representative.
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Result 3.4.11 (Left representative Y1(¢°, ) in normal ordered form)
Yi(@”,2) =5 Vi, 2)Vo(9*, 2) : +10 1 (Ri)g2 (2)V0(9%,2) : +10 1 (R1)gs (@) Vo (0, ) :

+5 1 (R1)pa () Vo(p, ) : +(R1)s ()

where

(B1)ps (2) =
i—. | I | —

Lim 131 (i0,2)Vo(, ) Vo (2, ) Yo (2 )V, 9) + Yolp, ) (Ba) i (y) = (C1) G, (2 =)D (0, @)

Remark: Again, we have not been able to verify convergence of this limit explicitly. However,
our renormalization procedure implies

Result 3.4.12 (Constraints on remainder terms)

For the consistency condition 3.2.16 to hold, it is necessary that

(R)ps ()] =0

and

[(-Rl)sp4 (x)]ZgZ(PlnL = —160 . Slm(i) . (logr + C)

with ¢ € C.

PROOF OF RESULTS 3.4.11 AND 3.4.12: Insertion of yl(gp‘l, x) in the form 3.4.119 into our equation
for V1 (%, x) yields

Vi(¢°,z) = lim |4)(p, @) Ve, 9)Vo(%,y) + +6D0(@, )+ (Rr) 2 (1) Vo9, y) :

+4Vo(p,x) 1 (R1) s (1) Vo, y)  +Vo(p, ) (R1)pa (y) + Vi(p,2)Vo(e*,y) — “counterterms” }

The next step is to bring these expressions into normal order and to keep track of the additional
terms generated in the process. To be begin with, we pick up the additional expressions

Jim |4 Yol 2)Vi(e, ) Vo(©°,y) « +4: Vi(p,2) Vo0, ) Vo0, ) :} =4: V(¢ 2)(Ry) 2 () :

from normal ordering of the first and the last product in eq. 3.4.145. Further, the contractions

4lim [Vo(p,)I0(0w) (3: Valew)Vole™ ) : 431 (B (0)Do(,0)  +(B1)s ()]

— : 1 . 2 . . . . 4 3
=4 lim =yl (3 V10, 9)Yo(97,y) + 435 (B2 () Vo(,y) - +(R1)<p3(y)) = lim Tl ylyl(cp )

result from normal ordering of the first three summands in eq. 3.4.145. The result cancels with
the polynomial counterterms in the second line of 3.4.133. The remaining expressions with two
contractions are



3.4. LOW ORDER COMPUTATIONS: NEXT TO LEADING ORDER 67

6 lim [ : o, 2) (R1) 2 (1) Vo (9%, 9) = + = Vile, ) Vo0, ) Vo0, 9)Vo(#%, ) =]

=61 (R1)es () V0(9%, @) 1 +12000(¢", ) lim log & — ]

This divergence cancels with the logarithmic counterterm in eq. 3.4.134. Next consider the products
with three contractions

| — = |
4 lim [ : Yo(p, ) (R1) 3 (1) Vo(p, y) = + = Vile, 2)Volw, 9) Vol ¥) Vo (@, ) Vo (w0, y) =}

=4 : (Rl)tp4 (l')yo(<p7l‘) :
+4yh§§ [ Vo2 2)Vo(0,y) - (Cﬂifw(ﬂf —y) +(CEET (@ —y) : Volepim, 2)Vole,y) - ] ;

which follows from the definition of (R;),, see eq. 3.4.120. Here we encounter the problem that
neither the OPE coefficients in the expression above, nor the counterterms in eqs. 3.4.136 and
3.4.137 are explicitly known. Thus it seems difficult to verify the cancellation of infinite terms
in the limit above. This is not really a problem, however, since V) (¢, x) is finite by its very
construction (see section 3.2). Thus, we may change our point of view and from now on assume
that the counterterms render the left representative finite, instead of trying to show this with the
help of results from previous sections. This yields the following constraints:

lim [4(01)g§ @ —y) = (C)% (x — y)| = finite 3.4.150

y—x
lim [4 (€)%, (0 —y) - o = y1S"(@) + () @ = y)) = (COEL" (@ —y)] = fnite

These conditions were derived as follows: We performed a Taylor expansion of the operators Vo (p, y)
in eq. 3.4.149 around the point x and neglected all terms with positive scaling dimension in |z — y|,
since these terms vanish in the limit. Eq. 3.4.150 then follows if we demand that the resulting
expressions proportional to Vy(p?, z) are rendered finite by the corresponding counterterm, eq.
3.4.136. Similarly, eq. 3.4.151 collects all terms multiplying the left representative Vo(p?@1m,)
and requires that subtraction of the corresponding counterterm, eq. 3.4.137, yields a finite result.

Substitution of eq. 3.4.136 into the first condition above yields

lim [7[(R1)¢4 (x — y)]if’ = finite .

Yy—z

Since the OPE coefficient (Cl)Zj o has scaling degree 1, this is also true for the contribution from
the remainder term, [(Ri)g4(x — y)]:ﬁg. Thus, we conclude that [(R1)g4(x — y)]ig is of the form
(c1log |z — y| + c2)/|x — y|, where c1,c2 € C are constants. This fact together with the condition
above uniquely determines [(Rl)w]f;.

[(R1)gs (@) =0

This confirms the first half of result 3.4.12. Now let us come to eq. 3.4.151. Here substitution of eq.
3.4.137 leads to

2 1
lim |—[(Ry)pa(x — y)]gzsolm —4[(Ry) o (z — y)) o i finite . 3.4.154
y—z x—y
Dimensional analysis of the expressions in brackets suggests that all summands are at most logarith-
mically divergent. Therefore, the above constraint is not as strong as the first constraint, in the sense

that it will not allow for a unique determination of [(Rl)wz;]f‘/’lm. The term [(R1)ys(z — y)]f%’l""
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may be determined with the help of result 3.4.7. As mentioned above, we are only interested in the
logarithmic contribution to this matrix element. We find

[(Ry)ps (x)]fzq’”"' =40 - |2| S'™ (&) - log r + polynomial contribution 3.4.155

which yields upon insertion into the constraint above

[(R1) e (2)]Z 9 = —160 - S (&) - (logr + c)

where ¢ € C is some constant. Thus, we have confirmed result 3.4.12.

It remains to analyze the genuinely new contributions containing four contractions and the re-
maining counterterm

— S [ |
(R1)ps(z) = lim | Yo(0, @) (R1) s (1) + Vile, 2) Vo0, ) Yoo, 1) Vo(, y) Vo (. y) — (C1)La (@ — 1) Vo (e, x)}

y—T

Restoring all the normal ordered products obtained in eqs. 3.4.146- 3.4.149, one verifies eq. 3.4.141.
O

The OPE coeflicients (01)275(1 with g(a,b) > 3 can be determined without any knowledge of
(R1),+ and (R1),s, so we will focus on these cases.

Result 3.4.13 (OPE coefficients (Cl)i"’ 2)

(Cl)$5a(x) =0 for g(a,b) > 9 or g(a,b) = even 3.4.158

and

(Cosa(@) =5 D> > > [l A [Ba, ] DolBels T[1, Jaly Sy () r

AT (9) Ps,4[] J,J1,J2

+100 Y D> Y fABIMRE B vl Ao[Bal, T, Jo)s Sp(&) -

%EIB(?) 7)4,3[%] J7J17J2

+100 Y > D e M, B,y AolBals, T, Jo) s S(@) - 79
€eTl(5) Ps,2[¢] J,J1,J2

for g(a,b) > 3.

The result may be derived from the form of the left representative Vi (¢, x) in analog to the
previous sections.

3.4.6. Construction of ) (¢, z)

According to the algorithm outlined in section 3.2 it is possible to construct the second order
left representatives Vs (¢, x), or equivalently the OPE coefficients (C’g)fm, from the knowledge
of the first order left representatives Y (%, z). In the previous chapters we have presented the
iteration up to this point, so we are finally ready to exploit the field equation and proceed to
second perturbation order. This process will be carried out in the present chapter.

The central equation of this chapter is

Ayg(go,l‘) = y1(905,$) =5: y1(907x)y0(904’x) :+10: (R1)¢2(x)y0(<,03,$) :
+10: (Rl)spg(a:)yg(goa:c) t 45 (R)pa(2) Vo, )« +(R1) s ()
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which follows from eq. 3.2.8. Since we do not know the concrete form of the operators (1),
and (R1),s, we will only be able to analyze the contributions from the first three terms on the
right side of the above equation. As we have seen in the previous chapter, this still allows for
the computation of a large class of OPE coefficients (CQ)Z) ., namely those with g(a,b) > 3.
With the help of the equation above and the definition (here we implicitly assume that at n-th
perturbation order logarithms up to the power n may appear, which will be proven in section

3.5)

Definition 3.14 (Gradings by powers of the logarithm)

The gradings of the vertex operators V,(|va),z) and the remainder terms (Ry),k(v) by
scaling dimension d, “spin” J and powers of logarithms p are denoted by Yy (|va), ; d), and
(Rp) ok (, )Y, ie.

Yn(|va), z) = Z Zzyn(!va>,$;d)§-rd(logr)pSJ(i’) 3.4.161

d=—o00 J=0 p=0
and

o0 [e.9] n

(Ro)pe (@) = D> D) (R) e, d)f - r4(log r)P Sy (2) 3.4.162

d=—00 J=0p=0

Furthermore, let

1
p o
AR = g BTl 3.4.163
and
dP
Pk R k
M A= g M Rl 3.4.164

we obtain the following partial result

Result 3.4.14 (Left representative Ya(p,x))
Using the operator A~! to solve the differential equation 3.4.160, we find

Val(p,z) =5: AL [yl(go,x)yo(go4,a:)] : 4+10: AT [(R1)¢z(x)yo(go3,az)] :
+10 : A7V [(R1) 3 (2)Vo(9%, @)] : + terms including < 3 ladder operators
3.4.165

where the terms on the right side are concretely
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00 1
e et o)) = D D0 D il md)h, - Volet wida) g,

dy,do=—00 J,J1,J2 p=0

T[Jv, Ja)s Sy(2) d1+d2+2(1ogr)P.D<p>[d1 +dy +2,J,7]
AT [(R1) 2 (2)V0(9%,2)] = Z > Z (R1) g2 (;dr)h, Yo(9?, 21 da)

dy,do=—00 J,J1,J2 p=0

T[J1, Jo) s Sy(2) d1+d2+2(logr)p-D(p)[d1—I—d2—|—2, J, 7]
AT [(R1)gs (2) Vo (9%, )] = Z Z Z (Ry) s (23 d1)f, Yo(?, 23 da) 1,

dy,de=—00 J,J1,J2 p=0

T[J1, Jo) s S7(2) rrtet2(log )P - DP)[dy + dy + 2, J, 7] 3.4.168

with D(q)(d7 J,r) defined as in eq. E.8 (the special cases ¢ = 0 and ¢ = 1 can be found in egs.
E.10 and E.11).

PRrROOF: We simply have to use the gradings introduced above, the coupling rules of the spherical
harmonics as discussed in appendix D.2 and the solution to the resulting differential equation from
appendix E.

O

As in the previous chapter, this knowledge allows for the computation of the OPE coefficients
(C’g)b(pa with g(a,b) =9 and g(a,b) = 7 in full generality, and for g(a,b) = 5 in the cases where
(R1),s is known.

Result 3.4.15 (OPE coefficients (Cz)za

The matrix elements of the left representative Yo (p, x) given in result 3.4.14 are

(C’g)?w(ac) =0 for g(a,b) > 9 or g(a,b) = even 3.4.169

1
(C)a(x) =[5 D> > > LA AT, AolBal s, TL1, o)y Ss() rd (log r)P
+10 Z Z Z f [%] A?[‘pzv ‘Iﬁ]h AO[‘BZ]Jz T[Jl, JQ]J SJ(@) . rd(log T)p

1
+10 > >0 DT D A AR, Bl AoBals, T, Jals Ss(&) - r%(logr)? | - D, T, 7]
Q:EIZ(5) 7)3,2[¢] J,J1,J2 p=0

for g(a,b) > 3

PROOF: All we have to do is invert the Laplace operator on the OPE coefficients (C;)®

o5 q» S€e Te-
sult 3.4.13. This effectively means that we have to multiply logarithmic expressions by D) and
polynomial expressions by D). This procedure yields eq. 3.4.170.

O
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3.5 Some higher order results®

One aim of this thesis is to recognize patterns in our iterative scheme and in this way to
extrapolate our knowledge of low perturbation orders to gain some insight into higher orders.
The present section, which is dedicated to precisely this topic, is structured as follows: First we
extend our results for the simplest class of OPE coefficients to arbitrary order in perturbation
theory (still in the 3-dimensional model considered in the previous sections). Then the general
structure of more complicated higher order coefficients is discussed.

We begin our discussion of results for arbitrary orders with the analysis of vanishing OPE
coeflicients. We would first like to show
Proposition 4

The left representative Y, (oF, z) contains products of no more than 4n+k ladder operators.

PROOF : For the left representatives of the free theory this follows simply from eq. 3.1.27. Now suppose
we know the claim holds at order n — 1. Then we know that the left representative Y, _1(¢%, z) is
related to Y, (o, ) by the field equation 3.2.5. Hence YV, (¢, x) contains at most 4(n—1)+5 = 4n+1
ladder operators just as we claimed. In order to construct the other n-th order left representatives
we use the consistency condition. Let us now assume the claim holds for Y, (¢*~1, 2). Then the
consistency condition yields

yn(QDk, = hm Zyz @, T yn ’L Z )yﬂ 1<‘Uc> )
=1 3.5.1
- (Co)i:_io(x — y)In(p" 72, 2) (co>;i_1;’1m><x — YV o1, )]

Since the left representatives up to Y, (¢*~!,z) fulfill the proposition by assumption, it is easy to
check that the product of the left representatives on the right side of this equation contains at
most 4i + 1+ 4(n — i) + k — 1 = 4n + k ladder operators. Further, the OPE coefficient (C; ) k14

vanishes in the limit y — = if |v.) contains higher powers than ©*. Thus, the left representatlve
Yn—i(|ve), x) multiplying this coefficient contains at most 4(n — i) + k ladder operators, where ¢ > 0.
It remains to discuss the left representatives in the second line, which also fulfill the desired property
by assumption. Therefore, our claim also holds for ), (¢*, ) and by iteration of this procedure for

arbitrary left representatives.
O

In a similar manner, it can be shown that

Proposition 5

The left representative Y, (o, x) contains only products of an even number of ladder oper-
ators if k is even, and an odd number of ladder operators if k is odd.

PROOF: Again there is nothing to show at zeroth perturbation order due to eq. 3.1.27. Also, assuming
the claim holds at order n — 1, it holds for Y, (¢, z) if we use A~! to solve the field equation. Thus,
it remains to check whether the consistency condition respects our proposition. Assuming the left
representatives up to yn(gpk_l,x) satisfy the proposition, we can deduce that both factors in the
product of the left representatives on the right side of eq. 3.5.1 satisfy our claim, so the product as
a whole does so as well. It remains to investigate the counterterms. Let for the moment k =even.
Then, since YV;(¢*~!, 2) acts by an odd number of ladder operators for i < n, one can show (see
result 3.5.1) that the OPE coefficient (C;)¢—.,, vanishes if g([vc), ) = even, i.e. if |v.) is constructed
from ¢ by an even number of ladder operators. In other words, for the coefficient not to vanish, |v.)
has to be of the form @i, m, =+ - ¢1,m,; Where j is an even number. Therefore, the left representative
Yn_i(Jve), 2), which multiplies this OPE coefficient, is obtained from ), _;(¢?,r) by taking the
appropriate derivatives, see eq. 3.1.27. For j =even this left representative also acts by an even

8 As above, we use the operator A™! to solve the field equation in this section. For other solutions the results
of this section might not hold.
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number of ladder operators due to our assumption, so the proposition does indeed hold. On the
other hand, if K =odd, one can follow the same argumentation to show that Y, —;(|v.), z) acts by an
odd number of ladder operators. As the left representatives in the second line of eq. 3.5.1 fulfill the
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desired property by assumption, the iteration is complete.

U
As a simple conclusion from these propositions, we find
Result 3.5.1 (Vanishing OPE coefficients)
At arbitrary perturbation order n € N and for any exponent k € N the equation
(C’n)ika(w) =0 for g(a,b) > 4n + k or g(a,b) + k = odd 3.5.2

holds.

PROOF : By proposition 4 the left representative ), (¢*, 2) acts by at most 4n + k ladder operators.
Further, g(a,b) > 4n+ k means that more than 4n+ k ladder operators are needed to transform |v,)
into |vp). Thus, the matrix element (vy|V, (©F, z)|v,) = (Cn)i’ok , () vanishes, due to orthonormality
of our basis.

Now we come to the second part of the result. Assume g(a,b) =even for the moment, i.e. we need

an even number of ladder operators to transform |v,) into |vy). Then only the part of YV, (¢*, ) that
acts by an even number of ladder operators contributes to the coefficient (C’n)i’ak .- Proposition 5
tells us that for £ =odd, this left representative does not contain any contribution of this kind, so for
g(a,b)+k =odd the OPE coefficient under consideration vanishes. If on the other hand g(a, b) =odd,
we find by the same arguments that the coefficient vanishes for k =even, which finishes the proof.

O

This result implies that only the coefficients (C’n)fp ko With g(a,b) = 4n + k — 2i where i € N are
non-zero. The difficulty in the computation of these remaining coefficients depends strongly on
the value of g(a,b), as we have also seen in the constructions of the previous sections. This is
due to the fact that for g(a,b) = 4n + k — 2i we have to contract ¢ pairs of ladder operators,
which essentially means that we have to solve an i-fold infinite sum. Thus, it is natural to first
consider the coefficients (Cn)l:oka with g(a,b) = 4n + k, since here no infinite sums appear. In
this simple case it is possible to give a closed form expression with the help of the following
generalizations of our notation:

Definition 3.15 (Generalized partitions)

Let P(a,,....an) [A] be the set of partitions of any multiset 2 of cardinality a1 + ...+ a, into
n submultisets of cardinality a1, aq, ... and a, respectively, whose sum is 2, i.e.

cardP; = a; Vi € {1,...,n} and‘l?lw"'kdipn:ﬂ}
353

P(al,...,an) [Ql] = {%17 P L1
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Definition 3.16 (Notation for higher orders)

For n > 0 we define recursively

ni+...+ns=n—1

Apf =01, 5]y = > > ZZ >

ML 7D(4n1+1 ,,,,, 4n5+1)[9q p1=0 p5=0J1,....J5 354

x (logr)Prtps DOLttps) (do Jp) - AP, g, - - - APS (Bl g T, - -, J5) s

5

where D™ [dgy, J, 7] is defined as in eq. E.8 and with

1
N DI —— . ] . 355
n[ ]J p! (C”Og T)p [ T]J log r=0

As in previous sections, let

Ao[A]; = AJ[RA]; = T[] 5 s[2A] . 3.5.6

Remark: This definition of Al is consistent with the formula given in eq. 3.4.163. This can be
seen as follows: Note that for n = 1 the parameters nq,...,ns5 are all restricted to be equal to
zero. Thus, eq. 3.5.4 takes the form

A=, @5, = > DOdy, Jr] TR, 35.7
P(l,l,l,l,l)[gq

where we also used the fact that Ag[2 = {[7§]; = §;, s according to the definition above. The sum
over partitions of 2 into submultisets of cardinality 1 is equivalent to a sum over permutations
of the elements of 2. The right side of the above equation is invariant under such permutations
(the submultisets P; do not appear) so we may replace this sum by a symmetry factor, which
by definition is just s[?]. Therefore, eq. 3.4.163 is equivalent to the definition above.

Result 3.5.2 (The simplest class of non-vanishing OPE coefficients)

For g(a,b) =4n+k,b=a+ ngk ew and A = {17,... 1] . § the equation

ni+...4+ng=n

(Co)l () =220 3 > 2 X

nl,...,nkzo P(4n1+1 _____ 4nk+1)[9q J Jl,...,J5 358

x Sy (2)T[Jvs oy Jely - By B, rla - Ay [Br, 7,

holds.

Before we give the proof of this result, let us first present the following

Lemma 3

The counterterms appearing in the construction of an arbitrary left representative Y, (", x)
act by less than 4n + k ladder operators.

PROOF: We have already shown this in the proof of proposition 4. There we have argued that the
counterterms in the first line of eq. 3.5.1 contain at most products of 4(n — ¢) + k ladder operators
with ¢ > 0. For the counterterms in the second line of eq. 3.5.1 the lemma holds trivially.

O

Now we are ready for the
PROOF OF RESULT 3.5.2: Let g(a,b) = 4n + k. Then it follows from lemma 3 that we may write’

9Here we do not have to require normal ordering, since any contribution containing a product of contracted
ladder operators vanishes due to proposition 4.
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(0p Vn (%, ) |va) = (Wu] D Yn—ilip, ) Vil" ! 2)va) 3.5.9

i=0
since the matrix elements of all the counterterms in eq. 3.5.1 vanish, which also allows us to perform
the limit y — x. Repetition of this procedure yields

(V| Vi (", 2)va) = (3] ZZynfi(%Cf)yifj(cp,x)yj(cpkﬂ,a:)|va> . 3.5.10

i=0 j=0

This process can be further iterated to obtain the factorized form

O Vn(® 2)va) = (] D Vn, (@) Y, (0, 7)|va) 35.11

ny,...,mp=0
nyFoAdng=n

Hence, we can reduce the problem to finding an expression for

<Ub|yn(§07x)|va> = (Cn)ga(x) 3.5.12

with g(a,b) = 4n+1. Recall that we may use the field equation in order to determine this coefficient
from

ni+...+ns=n—1

(On)l;a(x) = Afl(cn—l)is o(T) = Z ANy Y, (0, 2) - - Vo (0, ) |Va) - 3.5.13

M1,y..3M5

In the second step we again used the factorization property 3.5.11. With the help of this relation
we can establish an iteration: We start at n = 1 with the formula

(C1)%a(@) = AH(Co)ls o (x) = A7 Wb Vo(0,2) -+ Vo (0, @)[va)

with g(a,b) =5, which is familiar from section 3.4.1. There we have found the result

(C1)palx) = F2120) D AsfR, 7]y Sy (@) r
J

with =14, @S and b=a+ 3, e (recall that for g(a,b) = n the set Z}(n) consists of only
one element). This is in accordance with eq. 3.5.8.

Now suppose eq. 3.5.8 holds for all OPE coefficients up to (Cn,l)ga. Then the right side of eq.
3.5.13 can be written as

ni+...4+ng=n—1

AN Coa)la o (0) =27 (St ST YOOYY Yy

ni,...,N5 73(4”14,1,___,4”54,1)[9[] J Ji,, Js p1=0 p5=0

x (log r)p1+...+p5A£11 (Bl - AP (B S (2)T[ e, -, J5]J)

ni+...+ns=n—1

:ff[ﬂ]Td‘z‘ Z Z Z Z Z Z (log r)Pr+--+ps

N1,...,N5 73(4n1+1 4n5+1)[m] J Ji,...,Js p1=0 p5=0

x D FP) [do J ] AP, g, - AP [B4) g, S (2)T[ 1., 5]
=ARAr* " S5 (E) AR, 7] = (Cn)’, o (@)
J

where g(a,b) =4n+1 and A = {I{,... [, ,§ with b = S e, In the second step we used the
definition of D™ eq. E.8, in order to solve the differential equation, and in the last line we used the

definition of A,, see eq. 3.5.4. Therefore, eq. 3.5.8 holds for all coefficients of the form (Cn)i’oa with
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g(a,b) = 4n+ 1, and hence for all coefficients (C")Z’“ . With g(a,b) = 4n + k due to the factorization
property, eq. 3.5.11.
O

As mentioned above, the construction of OPE coefficients (Cn)b@ka becomes increasingly dif-
ficult for decreasing values of g(a,b), so it will be considerably more complicated to extend
the above result so smaller values of g(a,b). Thus, instead of trying to determine the concrete
form of these coefficients, we will spend the rest of this section discussing some general prop-
erties of arbitrary OPE coeflicients, which follow from the patterns observed in our low order
computations.

Powers of logarithms

Here we want to prove the familiar claim

Proposition 6

At n-th order in perturbation theory, OPE coefficients (C,)S,(x) contain at most the n-th
power of log .

PRrROOF : We prove this statement iteratively. At zeroth-order it is obviously true, as can be seen from
our explicit construction of the general left representative Yy(|v,),x) of the free theory. Matrix
elements of this normal ordered operator contain only finite sums of polynomial terms, and hence
no logarithms. Now suppose the proposition is true at order n. Then according to our algorithm we
proceed to order n+1 by inverting the Laplace operator on (C’n)l:og, .- By assumption, this coefficient

contains no higher powers than (logr)™. Now according to eq. E.8, inversion of the Laplace operator

on such an expression can increase the power of log r at most by one, which implies that our claim also
holds for (C,LH)ZG. The next step in our scheme is to determine (Cnﬂ)iz ., using the consistency
condition

n+1
(Cni1)b2 o (x) = lim [Z(cn;a@xcnm)&c(x) — counterterms

Yy—x 7
=0

All expressions in this formula are known, i.e. only coefficients up to (C’n_H)fM appear. Thus, we
know that each summand on its own fulfills our claim, so the only possible source for an additional
power of the logarithm is the infinite sum over c. Despite our lack of knowledge of the explicit form
of the coefficients in this sum, dimensional analysis'" allows us to put it into the form

[b]—1/2

Ic|
c Y €T
(CuCrn-de) x50 (1) Eratoslalloglly  p+a<n1 (3518

]

From this estimate we can see that if the infinite sum over ¢ is to produce additional powers of
logarithms, the argument of this logarithm will clearly be 1—|y|/|z|. However, in the limit y — z this
expression is divergent and thus has to be cured by subtraction of an appropriate counterterm. Let
us suppose the sum over ¢ diverges as (log 1 — |y|/|x|)", then the counterterm has to be proportional
to (log |z|)P*4(log |z —y|)"|z|PI=12I=1. After cancellation of the infinite parts, we are left with a finite
contribution of the form (log |z|)P+9+7|z|!*I=12I=1, Now recall that every counterterm is a product of
two OPE coefficients of order ¢ and n+1—1 respectively, which both satisfy our proposition. In other
words, the combined power of logarithms in this product may not exceed n + 1. Therefore, for our
counterterm of the form (log |z|)P*4(log |z — y|)"|z|!!I~1%1=1 we find the condition p+ ¢+ 7 <n+1,
and it follows that also the finite result will fulfill our proposition.

This argumentation can be straightforwardly generalized to show that all coefficients (Cn+1)$k o

and thus also the general coefficient (C),41)¢,, fulfill our proposition, which completes the iteration.
O

%Recall that the OPE coefficients obtained with A™' are graded by dimension, i.e. sd (C;)%, = |a| + |b] — |¢|.
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3.6 Comparison to customary method

In the standard approach to quantum field theory OPE coefficients are determined via certain
renormalized Feynman integrals [13]. In this section an exemplary computation of this type for
a first order coefficient is presented. It will be shown that our method, i.e. the scheme outlined
above, does indeed yield an equivalent result.

3
We want to determine the three-point coefficient (C1)% 4 (71, 22, 3) again in our three di-
mensional toy model with ¢° interaction. In the usual approach this means that we have to
perform the integrals

3
(Cl)ﬁ,cp,@(ﬂfl, T2, 23)

UV-renormalized

- 120 3 3
= ~3ir ., (Cr1n)Cr(es y)Grlrs )~ Ghlrsn)) | dy
L ).
TR (y - $3)2 \/ o :El o $2)2(y B x3)2 UV-ren.
5 1 1
/ 3 : > &y
T IR\ \/y? \/y — 13)%(y — 23) UV-ren.
3.6.1
with z;; := x; — x; and where
1
Gr(z,y) = P 3.6.2

is the propagator in our theory. Here we used the Feynman rules corresponding to the Lagrangian

L(p, Oup) = —417T/ (f%s&(y)@“w(yH gwﬁ(y)> d*y 36.3

see eqgs. 3.1.1 and 3.2.2. In the last step of eq. 3.6.1 we simply shifted the integration variable
y — y + x3. Power counting suggests that the integrals are logarithmically infrared-divergent.
Therefore, we introduce a cutoff as regularization and treat the integrals separately. In the end,
as the cutoff is removed, we will obtain a finite result for eq. 3.6.1.

Let us start with the first integral in eq. 3.6.1 and assume without loss of generality r13 < ra3,
where 7;; = |z;;|. Then we can solve the integral using the Gegenbauer polynomial technique
[34][35]. Let ry = |y|, dQ =sin© dO d¢ and A € R. Then we find
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1
/ \/92(3/ - 1‘13)2@ - 3323)2

b 2 1 1
r

/dry/dQ T . ' :

0 Y \/1+T \/1+T

T ~ A T A A
=20 d 2 T 2m U Bas
T
7 r2 1 1 3.6.4
+ [dr, [0 | 52— :
Ty T23 1+i_2mA_i‘ 1+ﬁ_2r7yA'A
713 r2 Ty Y- 713 72, a3 Y T23
A
2
r 1 1
—i—/dry/dQ = :
r 2 2
723 v \/1+7;1§—27;,1;’Q'i13 \/1-1-7;25’— Ty - B3

Here we split the radial integration into three parts and introduced the cutoff parameter A.
The original integral is restored in the limit A — oo. The square root expressions under the
integrals can now be recognized as generating functions of the Legendre polynomial (see eq.
D.2.4). Hence,

1
/ 5 5 5 d3y =
\/y (y - 1'13) (y — 5623) ry<A
7 i ©© n oo m
T r r
= [ dr /dQ " NP () S P <)
0/ (] 137 7;) (9 - 213) " mz::O (9 - Z23) o
723 [ 1 o0 13 n o) , m 365
[ [ 9| R (22) - 3 Pali o (22 ]
713 L 23 n=0 ) m=0
A _
1 e o 3 n 00 o s m
+ d’ry df) E . Z Pn(y . $13) E . Z Pm(y . 3323) E
723 L n=0 m=0

Now the angular integration can be performed conveniently with the help of the orthogonality
relation of the Legendre polynomials

/dy Po(y-21)Pn(g - 22) = 0. P, (21 - 22), 3.6.6

which yields

13 [e's] N N 2 n
! e —dr [ dr,—2— .3 Pu(@1s - d23) [Ty
2(y — 2(y — 27V, <A Yirig-r 2n+1 r137T
VY2 (y — 213)%(y — w23) v ) 13- 723 = 13723

T 1 Pl i) (ris\" [ 1S Paling o) "
T13 - T23) (713 n(L13 - T23) [ T13723
+47 | dr, — - LS A - +47r/dr‘
/ Y ros T;) 2n + 1 (7"23) yry nz:;) 2n +1 rg
713 r23

3.6.7

Finally, we are ready to perform the radial integration, which is trivial in our present form of
the integral.
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ry <A

d3y

1
/\/312 — x13)2(y — w23)*

vy CL' ZIT —
= BB on 1 2042 \rag

! ZP (3 03) 1 T13 ZP 1 T13 il
T T3 - & (%13 - &
part n\413 23 m 13 23 n+ 1

23 23

+4m [log A —log ra3]

1 1 713793 n . R N 1 1 r13 n
+4m —E P ( ) +§ P . .
= (215 3@3)2 +1 2n \ A? = n(#13 x23)2n+1 2n \ ro3

Now consider the other integral in eq. 3.6.1. In addition to the infrared-divergence, which we
will again control using a cutoff, this integral is also ultraviolet-divergent. This divergence may
be cured using differential renormalization [36, 37, 38], which works as follows: We may replace
the integrand using the identity

]'3 _A log(lu’ry)
T 'I”y

) 3.6.9

with some renormalization parameter u € C, which holds for » # 0. Thus, we obtain for the
integral under consideration

3 :_/A<10g(ﬂry)> dy3
ry<A Ty
_/erzaTy (h)g(ury)>
Ty

where Gauss’-theorem was applied in the second step. Subtraction of this result from eq. 3.6.8
shows that the logarithmic divergences cancel out. Hence we may safely remove the cutoff, i.e.
take the limit A — oo, and arrive at the result

1
dy

3 T
VY vl 3.6.10

= 4m (log(uA) — 1) ,

Ty=

3 _ - n+1
(cog,@,@(xl,xz,xg)—zo(ch)s (n—|—1> ZP +1ogr23+logu1>

n=0

=10 <Z LS?Hl (Pn(c) = Pata(c)) + 10g(/~‘27’§3) - 2>

n=0

where the abbreviations

8::@ s 02:@13-@23

723

were used. Now let us compute the same coefficient in our framework. First, the coherence
theorem, thm. 1, states that the desired three-point coefficient can be uniquely determined
just from the knowledge of the two-point coefficients. This can be seen by application of the
factorization axiom (assuming riz < rog, i.e. s < 1)
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(CDE (@1, m2,3) = > (C1)%, (21, 23)(Co) G (22, 23) + D (Co)%, (w1, 23)(C1) %, (22, 73)

Cc c

3.6.13
where the sums go over all basis elements |v.) € V. The coefficients on the right side have been
determined in section 3.4.1, see results 3.4.2 and 3.4.3. With the help of these results we can
reduce the sums to the form

o0

n 3
(Cl)gowcp(xhx?vx?)) :z:()(cl)a(pagp e)e (x17x3)(00)¢(8n¢)¢ (.%'2,.%'3)

+Z ) (21, 25)(Ch) 7 (8n o (72, 73)

3.6.14

since the coefficients vanish for all other (linearly independent) choices of v.. Explicitly, we find
for the coefficients on the right side (using the mentioned results from section 3.4.1 or appendix

A)

3

(Co)i,(an¢)4p3 (xla $2) = 7"172n71 Zm Snm(£12) ) (1 + 35n,0) 3.6.15

(Co)\T 2 (1, 9) = Py 3 ST (d12) 3.6.16

(OO (@ a0) = TELS (@) - (10 — 14,0)
=10, 71 Spm(Z12) for n >0

CY o r) = " 2o S 3.6.18

(C1)7, (9m) (T1,21) {2010g - for m— 0

Thus we have by substitution into eq. 3.6.14

n+1
z : r . -
(Cl)(’p<p(p xl,x27l‘3 Z n -+ 1 < 13> SNW($13)Snm(x23)

n=0m=—n 23

[e's] n 1
— Z Z 0 (7.13> Snm( )Snm(-f23) + 20 logT23

723

3.6.19

n=1m=-—n

Finally, using the addition theorem of the spherical harmonics and the abbreviations s and ¢ as
introduced above, we arrive at the formula

n+1
: (Pn(c) - Pn+1(c)) +10logr, 3.6.20

o0
s
e T2, 73) = 10
(C1)§ (@1, w2, 23) T;)n

Comparing this result to eq. 3.6.11 we find that the difference can be absorbed in the arbitrary
choice of renormalization parameter'! p. Therefore, the results obtained from the two methods
are indeed equivalent.

' Recall from sec.3.2.1 that we may also introduce an analog to this parameter in our approach by a redefinition
of A™L.






Conclusions and outlook

This thesis contains the first concrete results on the construction of an interacting, perturbative
quantum field theory in the framework of [9] (see also chaper 2). Adopting a Fock-space rep-
resentation and diagrammatic notation from Hollands and Olbermann [12] for the free theory,
we have explicitly constructed all OPE coefficients of the form (C’l)b@a and (Cl)b<p2a’ as well as
a large class of coefficents (Cl)gka, k > 2 and (Cg)?pa in a model theory with ¢S-interaction on
3-dimensional Euclidean space.

These results were obtained with the help of an iterative algorithm first proposed in [9] (see
also 3.2 ), which contains an inherent analog of renormalization via subtraction of counterterms.
It was found by Hollands and Olbermann that this procedure could be neatly replaced in the
free theory by a normal ordering prescription on the ladder operators in the mentioned Fock-
space. As one might expect, however, the process of renormalization in interacting theories is
considerably more complicated, in analog to usual formulations of perturbative quantum field
theory. The constructions of section 3 constitute the first explicit example of this non-trivial
process.

We have found that one can again incorporate renormalization by bringing all ladder oper-
ators into normal order. However, in the interacting case there is a finite difference between
this procedure and the subtraction of counterterms arising from the general algorithm (see e.g.
eq. 3.2.16). In order to compensate for this difference, we have to add additional remainder
operators, which in a sense contain all the non-trivial information on the remormalization pro-
cedure, and are the main computational obstacle to proceed the iterative scheme. In order to
find explicit expressions for these remainder terms, one has to perform divergent multiple series,
subtract divergent counterterms and extract the finite difference. In result 3.4.4 we have defined
the first operator of this kind, and in result 3.4.7 the second one is partially given. The compu-
tational machinery applied to obtain these results consists of identities of special functions and
of hypergeometric series. Most notably, the results of [39] and [10] have been of great help in the
analysis of the mentioned infinite sums. At the heart of these identities lies Dougall’s formula,
see eq. F.4, which may be generalized to arbitrary dimension and should thus be of importance
in more general models [12]. These findings constitute the first insights into the structure of the
infinite sums appearing in the framework.

Apart from these specific results on the OPE coefficients at first and second perturbation
order, we have observed some general structures in the construction, which also apply to higher
orders. These results are presented in section 3.5. We were able to give a result for a particularly
simple class of OPE coefficients to arbitrary orders by extrapolating the knowledge gathered in
first order computations. In addition, a general statement about the powers of logarithms ap-
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pearing in arbitrary OPE coefficients was made. Finally, in section 3.6 we have shown in an
example that our approach does indeed yield the same results as standard ones.

Future research will be aimed at a better conceptual understanding of the underlying math-
ematics of the framework, e.g. the interpretation of the left representatives as vertex operators
[12], but also at a better understanding of the explicit computational obstacles. In particular,
one would like to find ways to treat the infinite sums inherent in the framework in a general
way. The results of this thesis may provide a first step into this direction, and future work
could extend the results to higher orders and also to more general models in terms of spacetime
dimension and type of coupling. Furthermore, a generalization of the framework to arbitrary
(globally hyperbolic) background manifolds would be of interest, since the OPE is expected to
play a fundamental role in the formulation of quantum field theory on curved spacetimes [14].
It may also be fruitful to study the relation to standard renormalization theory more deeply,
and possibly to incorporate renormalization group techniques.



Appendices






Table of OPE coefficients

In the following table explicit results for OPE coefficients of the form (C,,)¢, are summarized.
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Multisets

A multiset is a generalization of the notion set, where finite occurrences of any element are
allowed. Equivalently, one may view a multiset as an unordered tuple. The concept was first used
by Dedekind in 1888 and has since found applications in various fields of applied mathematics
[411, 12]. A formal definition is given by

Definition B.1 (Multiset)

Let D be a set. A multiset over D is a pair (D, f), where f : D — N is a function.

Remark: Any set A is a multiset (A, x4), where x4 is the characteristic function. Throughout
this thesis, we denote multisets by capital fraktur letters 2,8, €, .. ..

One may also define a multiset by giving the list of its elements. In order to avoid confusion,
we will use {-§ as brackets. Then for example the multiset A = (D = {a, b, ¢}, f) with

2 forx =a

f(xeD):{ or r or r C

may equivalently be written as

A=1la,b,c,al={a,a,b,c§=1]abaci=...

Many properties of sets can be naturally generalized to multisets. Here we only need the notion
of cardinality.

Definition B.2 (Cardinality of a multiset)

Let 2 = (A, f) be a multiset; its cardinality, denoted by card(2l), is defined as

card(@) = 3 f(a)

acA

As an example, the cardinality of the multiset given in eq. B.2 is 4. Further, one can define the
following operations between multisets:
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Definition B.3 (Sum of multisets)

Suppose that 2 = (A, f) and B = (A, g) are multisets. Their sum, written as 204 B, is the
multiset € = (A, h), where for all a € A:

h(a) = f(a) + g(a)

One can show that this sum operation has the following properties:
1. Commutativity: A8 =B HJ2A
2. Associativity: (AW B)WC€ =AW (B I)
3. There exists a multiset, called null multiset (), such that AW ) = A

However, there is no inverse multiset, so this structure is not an Abelian group.
Definition B.4 (Union of multisets)

Let A = (A, f) and B = (A, g) be multisets. Their union, denoted 2 U ‘B, is the multiset
¢ = (A, h), where for all a € A:

h(a) = max (f(a), g(a))

Definition B.5 (Intersection of multisets)

Let 2 = (A, f) and B = (A, g) be multisets. Their intersection, denoted 2 N ‘B, is the
multiset € = (A, h), where for all a € A:

h(a) = min (f(a). g(a))

As in the case of ordinary sets, the notions of union and intersection are commutative, associative,
idempotent and distributive. One can illustrate these operations on multisets with the following
example. Let 2 be the multiset given in B.2 and further let

B ={a,cd . B.7
Then the definitions above imply

AYDB = la,a,a,b,c,c,df
AUB = la,a,b,c,df
ANDB = (a,cl
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Hypergeometric series

Due to their appearance in calculations in all fields of physics, hypergeometric series have received
increasing attention over the last decades. In this chapter, after a brief introduction into the
notation, definitions and basic results on hypergeometric series, we state the identities used in
the computations of this thesis. For proofs and additional results on the topic we refer the reader
to the literature [31, 13].

The series

gFl(a,b;c;z)::ZTZ— ;a,b,c,z € C

n=0

is called hypergeometric series or also Gaussian hypergeometric series, as it was introduced into
analysis by Gauss in 1812. Here the Pochhammer symbol

F(A+n
(/\)n = (1"()\)) ,
where I'(z) is the Gamma function
Cf JrTleTtdt,  Re(z) >0
[(z) = { I(z+1)/z, Re(z) < 0; 2z # —1,-2,-3,...

was employed for convenience. We call a,b and ¢ the parameters of the hypergeometric series
and z its argument. A natural generalization of eq. C.1 is

a1y, > (ar)n .. (ap)p 2"
P e B i) = gl | G = S G

with a4, 8; € CVi € {1,...p},j € {1,...q} and p,q € N, which is known as the generalized
hypergeometric series.

Convergence

The generalized hypergeometric function, eq. C.4, converges for |z| < oo if p < g and for |z] < 1
if p=gq+ 1. It diverges for all z # 0 if p > g+ 1. Furthermore, if we set
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q P
T Y ST

j=1 j=1
then the series ,F,41 with |z| = 1 is absolutely convergent if Re(w) > 0 and divergent if

Re(w) < —1. If w € Z, then it is customary to refer to the corresponding class of hypergeometric
series as w-balanced hypergeometric series. A one-balanced series is also called Saalschiitzian
series.

It is often necessary in the calculations of chapter 3.4 to analyze the divergent behavior of
zero-balanced hypergeometric series in the limit z — 1. Therefore, the formula

F(@1)~~-F(Oép+1) al,...,ap+1.

() gy [ ] = L)1+ 001 - )] og(1 -1 +0(1- )

will be of great value. Here we defined (see [13])
L(p) = 20(1) = (o) — ¥(02) + B(p)
and
& 5 -3
p P — _— :
-« 1—oaz3+1, J aj+1,1,1
B(p) = b= as S Bi=Y aj| 4Fs =2 " =3 ;
a1z J=2 j=3 ap+lax+1,2
p p+1
p Be—1—arpa) | 226 — > aj | Do) Dlog)
Jj=k Jj=k+1
+> x

P p+1
Ber—appr + 1| 28— > aj+1
j=k j=k+1 . Aty ..., Ok

Il
o

j=k—1 j=k+1

Z . e, kFr—1 p p+l ;
l (l+1)'< Z ﬁj_ Z aj+1> ﬁla---aﬁk—% :Xk:_ ﬁj_ Z O‘j+1+l
l



Spherical symmetries in Euclidean spaces

As probably the most intuitive kind of symmetry that is frequently present in various problems
in physics, rotational symmetries have naturally been studied extensively, as documented in the
vast amount of literature on the topic. By axiom 2, symmetries of this kind will also appear
in our framework, and should thus be expected to play a prominent role in simplifications of
explicit calculations. In the following two subsections, we want to recall some basic results from
the analysis of such symmetries, first for the general case of arbitrary dimensional space and
then for the special 3-dimensional case of relevance for the calculations of this thesis.

The first subsection will mainly be concerned with some special functions related to spherical
symmetries, most notably the spherical harmonics in D dimensions [11, 30]. After stating
the definitions and basic properties of these functions, we will derive some results needed in
section 3.1, in particular concerning the relationship between a basis of spherical harmonics and
traceless, totally symmetric tensors. Then additional properties of the special D = 3 dimensional
case are recalled [33, 15, 10]. Emphasis will be shifted to group theoretical results, which were
first introduced into physics in the context of quantum mechanics.

D.1 Euclidean spaces of arbitrary dimension D

In a setting where spherical symmetries are present, it is often desirable to express formulas
in terms of functions, which are invariant under these symmetries. Let C(SP~1) be the (pre-)
Hilbert space of continuous functions SP~! — C, where SP~! is the (D — 1)-dimensional unit
sphere, with scalar product

(f,9)) = /SD_I fgdsP—t . D.1.1

Then the following three definitions describe convenient properties we would like these functions
to employ.

Definition D.1 (Invariant spaces)

Let O(D) be the orthogonal group of degree D, i.e. the group of all real D x D matrices A
with AT = A=, A linear space T € C(SP~1) is called invariant or stable if for all f € T
and all A € O(D) we have f(Azx) € T.
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Definition D.2 (Irreducibility)

An invariant space T is called reducible if it can be split into two nontrivial invariant
subspaces 1, Zo with I; | Io. Otherwise, the space is called irreducible.

Definition D.3 (Primitive spaces)

A space T is called primitive if it is invariant and irreducible.

In the following we turn to the explicit construction of a primitive space in arbitrary dimension
D, namely the space of spherical harmonics. The latter are most straightforwardly introduced
with the help of the linear space H,, (D) of homogeneous polynomials of degree n in D-dimensions,
which consists of elements of the form

Hy(x1,...,2p) = Z Uiy, ip®y T D.1.2
li(p)yl=n
with a;, i, € C, i5 € {1,...,n} and |i(p)| = i1 +42 +--- +ip. Furthermore, a homogeneous

polynomial of degree n > 2 that satisfies JH,, = 0 is called homogeneous- or solid harmonic.
Now we are ready for the central definition of this section:

Definition D.4 (Spherical harmonics in D dimensions)

The restriction Y;,(D; &) of the homogeneous harmonic H,(z) to SP~!, i.e.

Hy,(r&) =r"Hy(z) =:r"Yo(D; %),

is called spherical harmonic of order n in D dimensions. The space of such functions
is denoted by Y, (D) with basis elements Y, (D) labeled by an additional parameter m € Z.

Alternatively one might give a more abstract, but also more easily extendible definition of
spherical harmonics. Namely, we can define the space ), (D) as the space of eigenfunctions of
the Beltrami operator A?D—l) on SP~1 defined via Oipy = 2 + 219, + T%A to the

T

(D-1)
eigenvalue —n(n + D — 2).

In the following, we sum up some basic properties of spherical harmonics without giving any
proofs, which may be looked up in the cited literature:

e the space Y, (D) has dimension N(n, D), where

forl =0

fori >0 °’ D.1.4

1
N(n,D) = { (21+D—2)(1+D-3)!
(D—2)!
hence the parameter m labeling the basis elements Y,,,,,(D) goes from 1 to N(n, D)
e the spaces YV, (D) for n = 0,1, ... are primitive with respect to O(D)

e the spherical harmonics are complete in C(SP~1), i.e. the set of linear combinations of
spherical harmonics are dense in C(SP~1)

e from here on, we will denote by Y, (D; %) an orthonormal basis of Y, (D), i.e.

/ dQ Y (D; 2) Yy (D ) = S Sy D.1.5
SD—l

where the bar denotes complex conjugation, and by

o 1/2
Snm(Dai) - <]V(’)”LDD)> Ynm(Dwi') D.1.6
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a reparametrization of this basis (which is not normalized anymore) with op = [SP~1|
being the surface area of the D — 1-dimensional sphere

e the following addition theorem holds for the basis elements defined above:

N(n,D)
N(n,D
3" Vam(D; 1) Yum(Ds #2) = MPR(D;@-:?:Q) D17
oD
m=1
N(n,D)
D Sum(D;81)Sum(Dsd2) = Pu(Ds1 - &2), D.1.8
m=1

where P, (D;x) is the Legendre polynomial in D dimensions defined as

Definition D.5 (Legendre polynomial in D dimensions)

Let L, (D;x) be a homogeneous harmonic with the following two properties:

e L, (D;x) is isotropically invariant with respect to the axis (—ep, €p), i.e. L,(D; Azx) =
L, (D;z) for all A €O(D) satisfying Aep = ep for a vector ep € SP~!

e L,(D;ep) =1.

Then L,(D;z) is called the Legendre harmonic of degree n in D dimensions and the
Legendre polynomial P,(D;t) with t € R is defined via L,(D;%) = P,(D;t), where
polar coordinates & = tep + /1 — t2 2 p_1 were used.

Remarks:

e P,(D;t) is a polynomial of degree n in ¢ with the properties P,(D;1) = 1 and P,(D; —t) =
(=1)"Pu(Dst)

e the generating function of the Legendre polynomials is

) D—-2)/2
n+D -3 1 (
"p(Dit) = [ D.1.
Z( D-3 )x (Dit) <1+:U2—2:Ut> 2

n=0

where D >3, 0<z<land -1<t<1.

e Legendre polynomials obey the orthogonality relation

1
/ dz (1 — 22)P=3/2p(D; 2)Py(D; z) = 5”,"’3(;1)) D.1.10

—1 U(D*l) N

Of course, many additional properties and alternative definitions of spherical harmonics and
Legendre polynomials can be found in the literature on the subject [14, 30]. In the context
of this thesis, however, the above general relations should be sufficient, and we now focus on
some specific results that are needed in the calculations of our framework. First, in section 3 we
made use of the following isomorphism between spherical harmonics Y,,;, and totally symmetric,
traceless, orthonormal tensors t;,,

()11 = Cl/ dQ .. xm}y}m(:p) ) D.1.11
SD*I

Here we want to derive the normalization factor ¢;. Orthonormality of the ¢;,, means
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timtim = 1.

As mentioned above, the space of spherical harmonics for given [ has dimension N (I, D), which
implies by the isomorphism, eq. D.1.11, that this is also true for the t;,,. With this information
we can determine ¢; as follows:

:|C’|2’UDZ/SD1 dQ, Y™ (D; 2) Y, (D; é)zl D.1.13

1
:’CI‘ZU(DDN(Z,D)/ dxe P(D;xe)al(1 — 22) P2
-1

ro/2)
:|Cl|20'DN(l, D)M
The third equality holds because of rotational invariance, i.e. we simply performed the angular
integral over y by replacing y — é, where é is any unit vector, and multiplying with the surface
area of the D — 1-dimensional sphere. We also abbreviated x - é by x.. Then the addition
theorem, eq. D.1.7, was used and the integral over the D — 2-dimensional sphere was performed.
Finally, by the orthogonality relation for the Legendre polynomials D.1.10 and the expansion

(see [44])

1 T(+D/2)2 _
N(l, D) (I‘(D/Q/)l)! 2! +0(@'?) D.1.14

we obtain the last equality. This confirms our definition

P(D;x) =

2 T(1+ D/2)\ "
Cc| = <Z'F(D/2)O'D> D.1.15

of section 3.1. In another calculation of that section we used the identity

_ T+ (D =2)/2) i \ 2-D—
(1) 0y, -+ 0yr? P = ¢ 12! FD/2 1 (™) o Vi (@) 2P D.1.16

which we show to be valid now. First observe that

or 9w, 0

= —_— = D.1.17
My, Or r Or

Successive application of this relation yields
(1) 0y, - 0P = (—1)! 2 9 Dy (=D).. (4— 20— D> Pl (D118

T r

From eq. D.1.11 one can easily derive (as also noted in eq. 3.1.20)

Tlp " Ty = cl_l(tlm)ul---mrlylm(i) . D.1.19

Substitution of this formula into eq. D.1.18 and simple algebraic manipulation gives the pro-
claimed result.
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D.2 3-dimensional Euclidean space

Having discussed the special functions appearing in the analysis of spherical symmetries in an
Euclidean space of arbitrary dimension D in the previous section, we from here on focus on the
case D = 3, which describes the space our toy model of section 3 lives on. First, some of the
above general results are repeated in the special D = 3 version, before we come to additional
group theoretic results familiar from the analysis of angular momenta in quantum mechanics.

Let us rewrite the central formulas of the previous section for D = 3. First, the space );(D)
of spherical harmonics of degree [ has dimension N(I,3) = 2] + 1. The basis elements Y}, of
this space are parametrized by m € Z, with —I < m < [. Further, );(D) is an irreducible,
O(3)-invariant, space of functions for any /, and the spherical harmonics are complete in C(S?).
In the following, we omit the label D and implicitly assume D = 3, e.g. we write Y}, (&) instead
of Y;,,(3; 2). The addition theorem then takes the form

20+1

l
D Vi (#1)Yim(@2) = 5 Dl d2) D21
m=—1
!
> Sim(#1)Sun(@2) = Pi(d1-42), D.2.2
m=—I
where
N ar \'? N
Here P, is the usual Legendre polynomial with generating function (see [31])
o0
1/2 S 2tp(t) for |z| < min |t 4 (t* — 1)'/?|
S ' D.2.4
1+ 22 — 22t -1 2 1/2 —
Sam 7 P(t) for |x| > max |t + (¢ —1)"/7|
=0

As mentioned in section 3.2, we chose a toy model on 3-dimensional Euclidean space, because
the representation theory of the corresponding symmetry group is comparably simple and famil-
iar from the quantum mechanics of angular momentum [33, 15, 16], where spherical harmonics
are the eigenfunctions of the operator of orbital angular momentum. In the remainder of this
section, we will be concerned with the decomposition of products of spherical harmonics into
irreducible parts. By this procedure, we can put our OPE coefficients into a convenient form
that simplifies the differential equations 3.2.8.

For this purpose, let us briefly recall the addition (or coupling) of angular momenta from
quantum mechanics. Given two systems with angular momentum quantum numbers (j1,m) and
(j2,m2) and corresponding eigenstates [jim) and [jome) of the angular momentum operators
J2, Ji, and J3, Jo,, there are different ways to express the combined system. On the one hand,
one may use the direct product |jim1) ® |jama) = [j1jamime) of the constituent states, which
is an eigenstate of all four operators J%, Ji., J and Jy.. It is easy to see that this product state
is reducible, despite the irreducibility of both |jim1) and |jamsz). Alternatively, one may choose
the system to be described by eigenstates |jijoJ M) of the operators J2, J2, J? = (J1 + J2)?
and J, = J1, + Jo,. Contrary to the direct product case above, these states are also eigenstates
of the total angular momentum operator J*> and hence irreducible. It is an important fact for
quantum mechanics that there exists a unitary transformation between the two mentioned sets
of states describing the coupled system, which has the form
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ljije M) = Y |jijemama)  (jijemama|jijeJ M)
. mue . o D.2.5
ljijemima) = Y |jijedM)  (jijeJM|ji1jamime)

JM

where the expansion coefficients (j1jomimaljijod M) = (ji1jaJ M|j1jamims) are called Clebsch-
Gordan coefficients (CG coefficients). For the sake of brevity, we will often use the notation
(j1j2mima|J M) instead. The Wigner 3j-symbol defined by

i1 — — (_1)J1—J2—M 1/2 g2 J
<]1j2mlm2|J M> ( 1) (2J+ 1) <m1 Mo M D.2.6
is also widely used because of its additional symmetry properties. Let us briefly recall some
basic features of CG coefficients:

e CG coefficients satisfy the orthogonality relations

> Grgad Mjijamama) (jrjamimelj1j2KQ) = dyxduq D.2.7
mi1mso
> " Grgamamaljigad M) (jrjad M{jijamimb) = Syt Ongm, D.2.8
JM

e they vanish unless the triangle inequality

lj1 —j2| < J <j1+j2 D.2.9
and the condition mi + mgo = M are fulfilled

Before we come to the desired relation transforming a product of spherical harmonics into
irreducible parts, we study the rotation matrices DJM (@, B,7) defined by

wJM(‘r/):ZD]\LZM’(OQﬁv’Y)wJM’(x)
M/

where 15, is the wavefunction of a quantum mechanical system with angular momentum quan-
tum numbers J and M, and 2’ is obtained from x by a rotation of the coordinate system by
the Euler angles («, 3,7). Thus, rotating the coordinate system on both sides of eq. D.2.5 by
w = (a, 3,7) and using orthogonality of the states, we arrive at the Clebsch-Gordan series

Dj’nil’rh (w)DirQLQ’nz (w) = Z <j1j2m1m2’JM> D]\JJN(w> <JN‘j1j2n1n2> D2]‘]‘

JMN

and equivalently

Din(w)= > (JM|jijomama) DI}, (w)D2,, () (j1jaminal IN) . D.2.12

mi,ma,ni,n2

Now let us draw the connection to the coupling of spherical harmonics and consider the rotation

20+ 1\ "/?
ZDfno@h@l,O)YZm(%,@ﬂ=Y20(@,0)=( o ) Pi(cos ©),

where the second equality is a standard identity from the theory of special functions. Comparing
this equation to the addition formula D.2.2, we immediately obtain

ar \V2__
Diyo(1,01,0) = <2l—|—1> Yim(91,01).
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Substituting this connection between rotation matrices and spherical harmonics into eqs. D.2.11
and D.2.12 we finally arrive at the desired coupling rule for spherical harmonics with the same
argument.

Sllml (JAZ)SZQWQ ((ﬁ) = Z(lllgmlmgﬂm) <l0’lll200> Slm(i’)
! R R D.2.15
Sim(2){L11200[110) = > (Im|lileamima) Sy m, (2)Siym, (Z)

mi,m2

Here we used the unnormalized spherical harmonics for convenience. The CG coeflicient with
magnetic quantum numbers equal to zero, i.e. the coefficient of the form (l11500][0), is sometimes
called parity coefficient in the literature (see e.g.[1(]), because it vanishes unless the sum of its
entries is an even number, i.e.

(11200[10) =0 if [} +ly+1=2n+1 with n € N. D.2.16

Further, this coefficient is related to the Legendre polynomials by

2J+1
(1100170)” = / dyP(y) Py (1) P (9)

and explicitly takes the values

/2

1
SR 2J +1 D(ateJHlph=bt/tlyp=bbJrlyphtltd 4 g
(1415 00|J0) = (_1)%““7 < + ( T( 3 )I( - )T( ’ ) )

2T I"(ll+l2 +1)F(ll_l22+J +1)F(12—l21+J +1)F(11+l2;-J+3

Egs. D.2.15 are the central formulae of this section. It is obvious that by successive application
of these equations, one may decompose products of any number of spherical harmonics.

Stim (2)Stgms (£) -+ Stum, (8) = H Z (ha...(i—ylimaa.. i—1ymilli2. imaz. i) (l2..i0|l2.. (i—1)(:00)
1=21l12..4

X Sl12 nmi2.. n($)

ZT (lrma), =(lama), ..., =(lpmn)]sar Sy ()

where we defined the coupling tensor

T[_(llml)’ —(l2m2), cee _(lnmn)]JM :<l12...(n—1)lnm12...(n—1)mn|JM>
H Z (ha...i—vlimaa. i—1ymilliz. imiz i) (l2...i0ll2. (i-1)L:00) .

1=2 1124

Products containing complex conjugate (or contragredient) spherical harmonics may be treated
analogously. We choose the so called Condon-Shortley phase convention

S (&) = (=1)™ Sy (&) = ™ ()

and write
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Sl1m1 (:%) . Slama (ﬁ;)Sla+1ma+l (ﬁ:) . Slbmb (j) =

D Tl (ma), -+ (lama), —(las1mara), - — lyme)l s Sya (@)
J
D.2.22
with
T[+(l1m1), .ot (lama), —(la+1ma+1), e — (lbmb)]JM = D223

(—1)m1+"'+maT[+(l1(—ml)), oot (la(—ma)), +(la+1ma+1), et (lbmb)]JM



The characteristic differential equation

As we discussed in section 3.2, our iterative scheme for the construction of OPE coefficients
consists basically of two steps: Perform infinite sums of the form of eq. 3.2.16 to determine all
coefficients at a given order and use the field equation, or more precisely eq. 3.2.8, to proceed to
the next perturbation order. As mentioned in that section, most calculational effort goes into
the former step, i.e. the infinite sums. In the present section we show how to perform the latter
step, i.e. solving the differential equation

DyZ(QO,CU) :yi_l(gOk,.’L')

for any ¢, k € N and in arbitrary spacetime dimension D. We assume that any left representative
takes values in the ring of functions

Y(z) = C[r,r *,logr] ® {Y,(4; D)} ® End(V) . E.2

Thus, an arbitrary element Y;(|v),z) € Y is of the form

Yi(lv),z) €Y =" Ajagun(v)rf(logr)?Y (&, D) E3

with A; 44 70m € End(V). Note that this assumption is consistent with our free theory results.
Now in order to find a solution to the differential equation E.1 we define a right inverse to the
Laplacian, i.e. an operator 0! € End(Y) satisfying

Do ' =id . E4

A solution to the differential equation is then simply found by the application of this operator
on YV;_1(¢¥, x). This can be seen from

OYi(p,z) = Vi—1(¢F,2) =0 D_lyifl(wk,ﬂﬁ)] E.5

and therefore

Vi(p,z) =07 Vi1 (", x) E.6

is the desired solution. Our explicit choice for O~ is

O \rY (&5 D) (log )P | = r*2Y (&5 D) (logr)? - DP(d + 2, J,7) E.7
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with

Y et i for 7 = min{|d,|d + D — 2]}
DW\(d, J,r) = i:pO i (p+1—i)!(2d+1) )

EO ngo(_l)i (P—i)!(d—J)gngllo(%l:r)D—ﬂJ)Pnﬂ otherwise
and

07 0)=0 .

Expressing the Laplace operator in spherically symmetric form, i.e. using the form of [ given
below def.D.4, one can check by straightforward calculation that this definition does indeed yield
a right inverse to the Laplacian. Note however that this choice is not unique, since we may add
any A € Y with A € kerJ and would again obtain a right inverse. These functions A are the
harmonic polynomials in x with values in End(V).

In the computations of section 3.4 we will need the explicit form of D(p)(d, Jyr)yin D =3
dimensions and for p € {0, 1}, which are

m for min{|d|,|d + 1|} #J
DO, J,r) =: D(d, J,r) = E.10
2133_7'1 for min{|d|,|d+ 1|} = J
and
logr 1 o .
D(l)(d J T‘) _ 2(20,1g+1) T (2d+1)? for J = m1n{|d!, ‘d—i— 1|} E11

1 _ _(2d+1)(logr)~?
A0 —J(I+D)  [Ad+D)—J(J+DJ?

) otherwise



The characteristic sum

Due to the iterative nature of the construction described in section 3, one expects certain patterns
to appear in the calculation of OPE coefficients. In this section we analyze one such expression,
which characteristically shows up in first order calculations. Namely, as we saw in section 3.4,
sums of the general form

li+lo 2
(111 00].JO)
l1,l9;0a) := F.1
Sholia)i= 2, S —JuTD £y
J#a

with l1,l2,a € N are typically present at first perturbation order. The denominator is familiar
from the solution of the differential equation relating the coefficients of the free theory to the
first order coefficients, see eq. E.10 while the CG coefficient results from the coupling of angular
momenta as discussed in appendix D.2. In the following we will first give some general simpli-
fications of this sum, and afterwards distinguish different special cases of the parameters. This
analysis is based on the results of [39, 17, 48] and [10].

First note that we may extend the summation limits arbitrarily, as the CG coefficients auto-
matically vanish if the triangular inequality D.2.9 is not satisfied. Thus we may write

& (Lhl00]J0)? (F2)
S(l,l2; a) '_Za(a+1)—J(J+ 1)’ -
770

Further, we may express the CG coefficients through an integral over Legendre polynomials by
eq. D.2.17, which yields

[e.o]

1
St bia) = 5 > T 12)‘]+J1( SESY / AYPs )P, ()P ()

J=0
J#a
In order to get rid of the sum over J we would now like to apply Dougall’s formula (see [31])
o0
2k+1 7r
Pu(y) = —P,(— Z F.4
kz_()y(y+1)_k(k+1) e®) = Gy Y (v¢2), (F4)

but as a € Z, this is clearly not possible at this stage. Hence, we first have to use the little trick
of writing our sum as the limit
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[e.9]

1
S(is,la;0) = 5 lim [ / a <§< W e U Qailmy)) Py () Pu(y)

N
o1

Here we may use eq. F.4, and after carrying out some derivations and the limit we arrive at the
convenient form

1 _
Stitia) =5 [y m) [0 )]

The derivative of the Legendre function with respect to its degree has been discussed in [10],
where the explicit form

0P, 1
R ET L <y
was derived. Here R,, is a polynomial defined as
Ro(w) = 2[(2n + 1) — $(n + 1)] Pa(a) + 2 2 1 24l pw)
" —k)(n+k+1) ’

where 1 is the digamma function [31, 32]

(n+1) ——W+Zk

with the Fuler-Mascheroni constant ~. Using this explicit form of the derivative in eq. F.6, we
obtain yet another expression for our sum.

a—1

2k +1
S(11,b>;a) /Pll )P (v) (2 :uzl:m<“<“+1>"f(’“+1>>Pk(y)+

+P,(y) [log 1=y +¢(2a+2)+1¢Y(2a+1) —2¢(a+ 1)] ) dy

This concludes our discussion of the general form of the sum S, and we will now use these results
in order to further simplify the sum for special choices of the parameters [1,l> and a.

F.1 Thecases a < |ly — 3] and a > [; + Io

Let us first consider the case a < |l; — 2| in eq. F.10. First we note that there is no sum over k
in this case. Further, all expressions containing the integral f_ll P, (y) P, (y)P.(y)dy vanish, as
the triangle inequality D.2.9 is not satisfied. Therefore, only the term containing the logarithm
remains.

1 1
St tia < lh— ) =5 [ Py Py)Pu(o) 081 =) dy FLl

Similarly, the integral f_ll P, (y) P, (y)P.(y)dy also vanishes if a > I; + l2. In this case, the sum
over k in eq. F.10 goes from |l; — l2| to 1 4 l2. Recalling the original form of our sum S from
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eq. F.1, we notice that the sum over k is just 2 - .S in the case at hand. Subtracting 2 -.S on
both sides of equation F.10 and multiplying with (—1), we obtain the simple form

1
1 Py, (y) Py (y) Pa(y) log(1 —y) dy . F.12

1
S(ll,lg;a > ll +l2) = —2/

F.2 The case a +[; + [, = odd

If the sum of the parameters 1,3 and a is an odd number, the sum S simplifies drastically. This
is also the case that has been studied most extensively in the literature (see [39, 17, 48]). The
simplification is most easily derived from the form F.6 of our sum. To begin with, note that the
second summand, i.e. the term without the derivative, vanishes, due to the parity requirement
of the CG coefficients D.2.16 (alternatively, one may deduce this result from the fact that we
integrate over a function of odd degree). Additionally, as we will show in the following, the
derivative of the Legendre function in the remaining term may be written in a convenient form
in the underlying case.
With the help of the identity (see e.g.[31] or [32])

2
P,(—z) = cos pnP,(x) — —sin pnQ,(x) , F.2.1
T

where @, is the Legendre function of the second kind, and the special case P, (—x) = (—1)"P,(z)
for the Legendre polynomial, we may perform the following simple transformations

1

/11 (aayPy(—x)> . P, (z)P,(z)dx = /1 88]/ <cos vrP,(z) — %sin wrQy(:U)> Py, (z) P, (x)dx

v=a

[ e (gr) 2] B, e
= /11 |:(_1)a+l1+l2 (;/Py(x)> . Py, (~2)Py(~2) + 2 (1) Qu(z) Py, () P, (x)] de
1

- 1 (;Vm—m))  RL@P, e+ 2. / 11 Qul2) P, (2) Py (@)
F.2.2

In the last step we used the fact that a + {1 4+ I3 is odd by assumption. Comparing both sides
of this series of equations, we observe that in the underlying case we may simply replace

(1 Py()

— —Qa(y) F23

v=a

under the integral in eq. F.6. In summary, we have just found the simple result

1 1
S(ly,l2;alli + 124+ a=o0dd) = —2/1 dy P, (v) P, (y)Qa(y) - F.2.4
It was shown in [39] that this integral vanishes for |l — la| < a <j + la, which means
S(ll,lg;a“l +ls + a = odd, ’ll — 12‘ <a<l]+ 12) =0. F.2.5

If the parameter a does not lie within this range, the solutions
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1 1
/1 Py, ()P, (1) Quy 410 12j+1(y) dy = /1 Py (y)Quy (y) Py 41,425 11(y) dy =
TG+ ITG+L+ DTG+ + DTG+ + 1+ 3)

NG HDTG AL+ DTG+ + DTG+l + 1+ 2)

with j € N are obtained (see [17] and [18]).



Proofs

Here we gather some lengthy, more involved computations for the sake of readability of the main
text.

G.1 Proof of result 3.4.4

Translating the corresponding diagrams into an explicit equation using the rules of section 3.3,
we arrive at the formula

(Ri)ge(a) = 5( /% + /g\ ) = Yo(e,2)D1(,2) + i, 2) V00, 2)

=5 Y > S (@)Vo(p @i d) jmx

d=—00 j=0
0 I+7 ] )
(5100|J0) log r ' )
100m(l+d)0
+ZZ$ le:ﬂ (l+d+2)(l+d+3)—J(J+1)+2(l+d)+5<3 |m(l + d) 0)
0 \Uzmda)
I+j ] )
(5100]J0) log r ‘ )
100jm(d—-1-1)0
+ lejl d+1-Dd+2-10)—J(J+1) 2(d—l)+3<J |m( )0)
J#m(l—d—1)

G.1.1

where the identity D.2.15 was used to couple the spherical harmonics and with m(d) defined as

m(d) = min(|d + 2], |d+3]) .

We are especially interested in the sum over the contraction index [, since only this sum may
contain infinite expressions after taking matrix elements. Therefore we omit the first line of
the above equation in the following calculations and may easily restore it in the end. By a
straightforward computation one can check that if we replace d+2 — —d—2, then the expression
in brackets stays the same except for the sign in front of the logarithmic term in the last line,
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which then becomes a minus. Thus, it is sufficient to consider only the case d + 2 > 0, since the
other values of d can then simply be determined by the mentioned symmetry.

The logarithmic terms

Let us first focus on the logarithmic terms in eq. G.1.1. With the assumption d 4+ 2 > 0 we
can deduce

m(l+d)=1l+d+2 G.1.3
and
_fl=d-2 forl >d-+2
m{d—1- )_{d+1l for 1 < d+2 G.14
and perform the following manipulations
X (5100](1 +d +2)0)2 (j100[(d+1—-1)0 2. (j100[(1 — d —2)0)?
1
Ogrlg 21+ d) +5 +§ 2d—1)+3 Zd: 2(1—d) -3
0o . 2 d+l1 ,. 0o . 2
B gl (I+d+2) Jg U d+1-1\" gl (1—-d-2)
=logr Z(o 0 0 2.(00 o 2o o
=0 =0 l=d+2
o SO (0 A=
T2 o0 o ’
=0
G.15
which is clearly finite for given d and j. Because of the mentioned antisymmetry around d = —2,
the result for arbitrary d is
> ([ (j100[m(l +d)0)2  (j100/m(d — 1 — 1)0)?
1 =
Ong( +d) +5 | 2d—1)+3
G.1.6
ld+2|-1
. gl |d+2[-1-1
sign(d + 2) ; (0 0 0 logr

just as we claimed in eqgs. 3.4.58 and 3.4.59. Note that this expression is zero when d+j = even,
since in this case the 3j-symbol vanishes due to the parity condition.

The remaining expressions in eq. G.1.1 are of the typical form discussed in appendix F, where
it was observed that sums of this type behave very differently for varying choices of parameters
[, 7 and d (corresponding to l1,lo and a in eq. F.1). For that reason, we distinguish different
cases in the analysis of the above formula: The case d+2 > j, the case d+2 < j and d+j = odd
and the case d + 2 < j and d + j = even (still assuming d + 2 > 0). These cases are related to
the number ¢ of annihilation operators in the left representative of eq. G.1.1, as we will see in
the following.
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The case g # 2

The fact that the result for (R1),2(q # 2) is much simpler than for (R1),2(q = 2) is related
to the following lemma, which cannot be applied in the latter case.

Lemma 4
i lf: (j100]J0)2 . lf: (j100].JO)
| e Urdr(+d+3)—JJ+1) A (—d-20—d-1)-JT+1)
a J;;m(z-sfd) J#m?l—d]—l)
ld+2|—1  i+j .
(j100].J0)? ' . -
_) & 2 TR0 if|d+2[>jord+j=odd
B - ()e;om.;io
0 if |d+ 2| > j and d + j = even
G.1.7

PROOF: We assume d+ 2 > 0 for convenience (recall that the results for negative values of d + 2 may
be obtained from the symmetry around d = —2). Let us first consider the case d +2 > j. Then also
l+d—+2>1+ j, which according to eq. F.1.2 yields the simplification

%) I+j .
(j100].70)? /
— Py y) P, log(1—y)d
Z;J'Zul (+dt2)(+d+3) - JJ+1) {W)P; (y) Prarz(y) log(1 = y) dy

for the first sum we want to discuss. Note that here the denominator does not vanish for any value
of J due to our assumption for d. Now let us come to the second sum and first consider only the case
[ > d+2 neglecting the remaining finite sum. Then it is evident, that the inequality | —d—2 < |l —j]
holds, so that we can apply eq. F.1.1 in order to obtain

) I+35
5 Z <yzog|10>) T Z/ Py(y)P;(y) Pi—a—2(y) log(1 — y) dy

I=d+2 J=|I— g| I=d+2
= / Prvasa(u)Ps(y)Pi(y) Tog(1 - y) dy.
=0

Comparing the two equations above, we see that these infinite sums cancel

i li (j100].70) . li (j100|.70)

(+d+2)(0+d+3)—J(J+1) (l-d-2)(l—-d-1)=-J(J+1)

1=0 \ J=|l—j] o,
_di li (j100].70)?
—~ (l=d=2)(1—-d-1)-J(J+1) ’
I¢d‘+1]|l
G.1.10

which together with the symmetry around d = —2 confirms the first statement of our lemma.

We proceed with the case d + j = odd, which is just the type of sum considered in section F.2
of the appendix. Therefore we may now use eq. F.2.4, which leads to the following simplifications
(again assuming d + 2 > 0 for the moment):
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oo I+
> 3 o0l 33 [ RORGww
(+d+2)(+d+3)—JJ+1)

=|l—jl|
J¢l+d+z

I+

(5100].70)?
lzdjg J‘ZI| (I —d—2)( l*d—l)fj(JJrl 1;2/ Pi(y)Pj(y)Qi—a—2(y) dy
:**Z/ P2 (y)P;(y)Qi(y) dy

=0

As mentioned in the appendix, these integrals vanish if the triangle inequality is satisfied by the
parameters (see eq. F.2.5), and they cancel each other if this inequality is not satisfied (see eq.
F.2.6). Therefore, also in this case we observe that the infinite sums cancel and we again obtain the
result G.1.7 as claimed in the lemma.

It remains to show that the sum under investigation vanishes if |d 4+ 2| > j and d + j =even. In
view of the previous results, this suggests that we have to show

d+2]-1 i+

(100].70)2 -
Z ) (T

J=[1—j]
denom.#0

if |d+2| > j and d + j =even. Let us again assume d+ 2 > 0 for convenience. Since d+ j + 1 =odd,
we may apply eq. F.2.4 obtaining

d+1  I+j d+1

Z Z (d+2-1) ilj:(—)()lioi)—J(J_Fl Z/ dy P;(y) Pi(y)Qa+1-1(y)

=0 J=[1-j|
denom.#0

According to eq. F.2.5 this integral vanishes if the inequality

l—jl<d+1—1<l+]}

is satisfied. This implies that only two partial sums remain:

d+1 i d+1
/dyP VR Qa ) = [+ 3 /dyP VP Qarr1(y)
i =t
- Z ( / W PP+ [ dy Pj(y)Qz(y)Pd+1z(y)> 0

The second line follows if we change the summation index | — d+ 1 — [, and in the last equality we
used eq. F.2.6. Thus, the proof of the lemma is complete.
O

We are now ready to prove our results for (R1)¢,2(q # 2), eqs. 3.4.58 and 3.4.57. Let us
start with the case ¢ € {0,4}, i.e. in G.1.1 we consider only the contribution including four
creation or four annihilation operators, by, - - - by;,. The specific form of the left representative
Vole*,z) =: (Vo(p,x))* : then suggests that the power of 7 in these contributions is d =
l1 + ...+ 14 for the contribution containing only creation operators, and d = =l — ... — 4 — 4
for the part including four annihilation operators. Further, coupling of the spherical harmonics
Siymy - Siym, restricts the possible values of the spin jineq. G.1.1toj =04 +...+1s—2k
for k € N (due to the parity condition and the triangle inequality satisfied by the intertwiners).
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Hence, for ¢ € {0,4} we have |d + 2| > j and d + j = even, which implies that the logarithmic
contribution vanishes (see discussion below eq. G.1.6) and that also the remainig sums vanish
by lemma 4. Thus, (R1),2(d,j,q € {0,4}) = 0.

Analogously, we find for ¢ € {1,3} that eitherd =l;+...+ls—ly—1lord =11 —lo—...— 14— 3,
while j takes the same values as before. Thus, we are adealing with the case d + j =odd, which
means that we find eq. G.1.6 for the logarithmic contribution and that we may apply the first
case in lemma 4 for the remaining sums. The result is eq. 3.4.58.

The case ¢ =2

It remains to verify our result for (Ri),2(¢ = 2), which appears to be more complicated
than the two previous ones. Here lemma 4 can not be applied, since |d + 2| > j does not
hold in general. Therefore we have to analyze eq. G.1.1 in its original form, i.e. without
any simplifications. Nevertheless, also in the case at hand we are able to show that infinities
do indeed cancel. Consider the part of eq. G.1.1 with [ > j. We can perform the following
algebraic manipulations:

i ’i (100|702 . ’i (5100].70)2
— ,ﬂ;‘ﬂ+d+ﬂa+d+3%—ﬂJ+1) Jﬂ;‘a—d—mU—d—ly—ﬂj+1)
=J J;ﬁ_l+diz J;é_lfd12

_i lff (j (I + )00].J0)>2
i (I j+d )i+ d+3) = J(J+1)
J#L+d+j+2

o 142

(4 (1 +4)00].J0)?
+§:: z:: U+j—d—2)(+j—d-1)—JJ+1)

_i ZJ: (G (1 + 7)00[(2J + 1)0)2 1 - 1
B 212J+1)+1 j+d+2-2J 24j+d+2+2J+1

+i Ej: (G (1 + 7)00[(2J +1)0)2 1 - 1
22J+1)+1 j—d—2-2J 24+j—-d—-2+4+2J+1

=0 J=0
JA(—d—2)/2

Here we simply changed the summation limits of the sums over [ and J and expanded partial
fractions in the last step. In the last equation we also made use of the parity condition on the
Clebsch-Gordan coefficient, which restricts the sum over J to even values. We can now express
the Clebsch-Gordan coefficient explicitly through gamma functions by eq. D.2.18 and write the
resulting infinite sum as a hypergeometric series (see Appendix C) , which leads us to the rather
messy formula
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’“ (10| J0)2 (10| J0)>

E +
— J” l+d+2)(l+d+3)—J(J+1) JZZ__ (l—d—?)(l—d—l)—J(J—i—l)
=/ J;tl+d+2 J;é_lfdi2

B 29: D(J+3) TG —J+ 50T +j+1)
. 3
‘— DJ+1)2X(G—-J+1)0(J+5+3)
J#(d+j+2)/2
_ 1J+3,J+j+1,J+ 83 1 2 LJ+3,J4+5+1
4 J+1J+]+3 ]+]+d+5 ; 3 J-‘rl,J—i—j—‘r% 5

s 57 +j+d+3 T rdr2—2J

Zj: D(J+ )00 —J + 50 +j+1)

+
DJ+1)XG—J+ DI +5+3)
TG as)2
_ LJ+31,J+j+1,J+ =41 LJ+3,J+5+1
4k [ T+, T4+ 3, =L S L A
X +

2] +j—d—1 j—d—2—2J

This form, despite its complicated appearance, allows us to analyze the divergent behavior of the
infinite series by simply investigating the parameters of the hypergeometric functions involved.
As mentioned in the appendix, hypergeometric series of the general form

p+1fp {al’”.’%H%l]

B, 0p
converge for Zj Bj — > ,;a; =t k > 0. Thus, we immediately see that the hypergeometric
functions 4F3 in eq. G.1.18 are convergent, as they are I-balanced, i.e. k = 1. The series of the
type 3F5, on the other hand, are 0-balanced, and should thus not be expected to converge. The

precise divergent behavior can be analyzed with the help of eq. C.6 from the appendix, which
tells us that these hypergeometric series approach infinity as

F(O{jg/gl()c?();()ag) 3Fy [alﬁ,lo@ﬁ,2a3, ] b(ar) — d(as) —loge
+(ﬁ1_a3)(62_a3) F |:1>1761 063"’1 62 Oé3+1 +O( )
@102 2,01+ 1,00+ 1

if the series on the left is zero balanced and if Re(as) > 0. Applying this formula to eq. G.1.18
and extracting just the divergent part (i.e. the part proportional to the logarithm), we obtain

Zj: T(J+ TG -J+1) log &

Y
00 f~ TJ+DI(G—J+1)j+d+2-2J]
J#(j+d+2)/2 G121
S DUAPNG T+ loge
DR 5 2 0

TJ+0O)(j—J+1)j—d—2—2J]

TA(G—d—2)/2

Thus, we have indeed verified that all infinities cancel without the need of any exterior renor-
malization procedure. However, we do not obtain a result as simple as eq. G.1.7 in this case, as
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the remaining hypergeometric functions of the type 4F3 in eq. G.1.18 do not seem to cancel in
general, leading to the complicated result

i li (j100].70)? . li (j100].70)?

=\ 57, U+d+2)(l+d+3)=J(J+1) o, =d=2)(—d=1)=J(J+1)

= \Jzirdre Jm(d—i~1)

= ZZﬂ: (100].J0)2 . lz”: (100].J0)

_H) sy UHd+2)(I+d+3) = J(J+1) o, U=d=2)(—d-1)—-J(J+1)
T \Uzitdie Jhm(d—io1)

. 7 LJ+3, Jj+1, 0+ 8488 1
ZJ: T(J+ 320G — J+ D0+ +1) 472 | J41,04j+ 3,74 2558
L(J+ 1) —J+ 10T +5+3) 2J+j+d+3

J=0
J#(+d+2)/2
B | DRI
D(J+5)°TG — T+ T+ +1) 72 | etsegrisgst
D(J + 1)20(j — J + D)I(J +j + 3) 2J+j—d-1

M)~

J#(jJ—Tng)/z
+zj:<4F3 LL,J+1L,J+j+3
g 2,J+3,J+j+2"
ru+;w@—J+;)< 1 ‘ N 1 >
FJ+1)I(G—-J+1) \j+d+2—-2Jljztd2 5 —d—2—2J|jpi=d=2
=: R(g=2)(d, j)

J(J+35+3)
(J+5HT+ji+1)

+29(1) = Y(T + )~ 9T+ + 1>>

(6122

This completes the proof of result 3.4.4.
O

It should be noted that the above discussion, especially eq. G.1.22, holds in general, i.e. in
all three cases we distinguished, since we did not put any restrictions on d or j. Thus, we could
have shown finiteness for all choices of j and d in just this one step. However, the particularly
simple result G.1.7 does not seem to follow so easily from eq. G.1.22. Furthermore, we wanted
to emphasize the contrast between the calculational simplicity of the first two cases (due to the
identities of sections F.1 and F.2) and the complicated expressions needed in the analysis of the
last case.

G.2 Proof of result 3.4.7

Translating the three diagrams in eq. 3.4.96 into an equation, we find
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A AN T A )
202 Z Z Z2J1+ 2]2—1— )<‘(]) 0 01> <01 . 02) yo(@?),-ﬁ;d)jm?"dsjm(x)

[,I'=0 J1,J2=0 d=—0c0 J

My, Mg
><< nl’+1 N 77l’+1 log 7 ,
I+ +d+2)(+V+d+3) = Jo(Jo + 1)l stmvra) | 20+ 1 +d) + 5 72mEH+D
4 ﬁl,—H i TIZI—H log ry ,
U —T+d+ D) =1+ d+2) — Jo(Jo + 1) lpm@rr—1-1) | 200 — L+ d) + 3 2m@H=1=1)
nl+l’+2 nl+l’+2 log ry

— 4] /
JoFm(d—1-1'—2)  2(l+1U'—d)—1 J2ym(d—1-1 ’2)>

(621

with 7 := |y|/|z|. Here we used the coupling rules for the spherical harmonics (eq. D.2.15) and
inserted the specific form of the factor D (eq. 3.4.16), which is obtained at the vertex in the
diagrams. In the intermediate steps of the following calculation we omit the sums over d and
j and the expression Vo (3, x; d) jm r%S;m(2), since this is independent of the contraction index
[ and we are mainly interested in the sum over this index. We can easily restore the omitted
expressions at the end of the calculation.

R (R T A o A
—20log |z — y[Vo(¢®, 2)

The logarithmic terms

Let us start our inspection of eq. G.2.1 with the terms containing logarithms. Replacing
d — ' +d in eq. G.1.5, we obtain just the first two logarithmic terms of the formula above
(neglecting some prefactors independent of ). This suggests

5 41 ]og n"+logr
JUL00[m(l + ' + d) 0)2—" y JU00lm(d+1' — 1 —1)0)2 y
;(“ m{l+ 0 +d)0) 5 gy 15 + (Al 00m(d + O S =T d) 3

I/ +d42|-1 9
B / Jl l |l/+d+2|_1—l l/+1
=sign(l' + d + 2) Z < 0 0 0 n " logry

1=0
G.2.2

Let us assume d + 1 > 0 for the moment. Then the partial sum with [ +1' > d + 1 over the
logarithmic term in the last line of eq. G.2.1 becomes

l+l/+210g’l”
100].J; 0)2(J17 00|(1 + 1 — d — 1) 0)2 ! z
”,ZO Z] |J10)=(J1 (1 + >>2(l+l’—d)—1
l+l/>d+1
iUl —d=1\"
l;g;) j{j (jL00].J1 0) (() 0 0 ) 0+ log G23
U>d+1-1

d+1 00 2
]l00|<]1 O>2 J1 UV I+l —-—d-1 nl+l/+2 log 7y
0 0 0

=0 l'=d+1-1 I=d+2l'=
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Further, under this assumption equation G.2.2 takes the form

oo U'+d+1 nl+1

log ry
(5100[.J1 0)2(J 1" 00|(I' +d + 1 —1)0)?
Z%ZZ;%:] |J10)*(J1 (' +d+ ) 0) (l/—l—l—d)+3
o , G.2.4
= . JoU U+d+1-0\% ,
(X > > oz (g ) s,
1=01'= l=d+21'=]— (d+1) J1

Comparing the two equations above it is easy to verify that these sums cancel in the limit n — 1
(i.e. y — x), so that only the finite sum

& rod—1-1
20 ”ZO;gzooUl (o 0 0 > log 7z G.2.5
1

remains. Note that the sum of the three logarithmic series in eq. G.2.1 is antisymmetric around
d = —3/2. Hence, for d < —1 we may simply multiply our result by sign(d + 3/2) and replace d
with |d + 3/2| — 3/2. Thus

20 37 S (6 @i d)jm ' Si(@) D D (51001 0) log

d=—00 j=0 LI'=0 J,
(JLOO[m(L+ 1 +d)0)  (Jil00m(d+ 1 —1—1)0) (Jil00|m(d — 1 —I' —2)0)
2(1+1'+d)+5 2('—1+d)+3 2(1+1'—d)—5

=20 > D sign(d+3/2)D0(¢%, 25 d)jmrSim(2)

d=—0o0 5=0
l+l’<|d+ \—7

! 33 _1_71 2
X Z Z]lOOUO <{)1 i) 4+ 2] 02 ! l) log 7,

INES

G.2.6
which is in accordance with the logarithmic terms in eqs. 3.4.105 and 3.4.106.
Vanishing partial sum
Now consider the follwing partial sum of eq. G.2.1:
n" (51 00|Jy 0)2(J11' 00].J2 0)2
QOZZ / { ’1/><1 |J20)
5 1 (1+1 +d+2)(l+l +d+3) — Ja(J2 + 1) ldenom.#0
My ,Mqy G 2 7

L , )
(100]J1 0)*(J;1 00| J5 0)
TN PN ,
1=0 U= l+d+2AJ1J2 l_d )V —1l—-d—-1)—Jo(J2+1)

Ay, Mo

denom.#0 ’

As in the calculation of the remainder (R;),> in the previous section, this expression again
behaves very differently for varying values of d and j. Hence, we again distinguish different
values of the number of annihilation operators among the three operators constituting Yo (¢?, x)
in eq. G.2.1, where the notation Yy (43, ; ¢) will be used in order to indicate this grading of the
left representative.

Let us start with the case ¢ = 0, which implies d > j and d + j = even. Thus, we may use eq.
F.1.2 from the appendix in order to simplify
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2 / 2
20 Z 3 (4100].J1 0)*(J11' 00| J2 0)
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J+

zoz Z > (j100].70) /PJ 2) Py (2)Pr_i_g_a(2)log(1 — z)dz G.2.9
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oo J+l
=10 Y > (jl00]J0) / Py(2)Pryitara(2)Pr(2) log(l — z)dz.
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Thus, we have found that the partial sum under consideration vanishes in the limit y — x

lim [20 Z Z HLGL00]Jy 0Y2(J1 1 00| J5 0)2
y—e LI=0 Ji.Jo l+l,+d+2)(l+l/+d+3)—J2(J2+1) denom.#0
A41 Moy
i 2 G.2.10

I+1 2 /
't (j100[.Jy 0)*(J11 00].J 0)
EDVDY PO
1=0 U'=I+d+2 J1J2 (V=l=d=2)(I'=1—-d—1)— Jo(J2+1)

| =0.
denom.#0

Note that this result is very similar in nature to the cancellation of eqs. G.1.8 and G.1.9 in
the previous section. This similarity is no surprise, since the diagrams corresponding to this
calculation of the previous section (see eq. G.1.1) are subtrees of the first two graphs in eq.
G.2.1.

Cancellation of infinities

It remains to consider the partial sum

l+l+2 il U 2
202 Z ] 00|.J1 0)(J11' 00]J2 0)

L J1.d (+ l/ -1+ —d) = Ja(J2 + 1) ldenom.0
M7, My
-G.2.11
+20§:l§f1 Z ' JlOO\Jl 0)2(J11' 00| J5 0)2
)(l/ —l—d- 1) - J2(J2 + 1) denom.;é[).
=0 I'= J1,J2
Mq,Mo

In the first sum the identity F.2.4 from the appendix may be used for [ + 1’ > d + 1, since
Ji+l—d—1=2l4+j—2k—d—1=odd (recall that d—j = even). Hence this sum simplifies to

UDIEDY GO0 020 010"
”T l —I— l/ )(l + [ — d) — JQ(JQ + 1) denom.#0

I+ >d+1 M1 Mg -G 513
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1, J1,My
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Now we consider the second sum. Here we may change the coupling order in the product of the
Clebsch-Gordan coefficients, i.e. we exchange the role of [ and !’ in the intertwiners (we have
this freedom since the coupling order was arbitrary). Application of F.2.4 then yields

0 Y % nHLGE 00]J; 0)2(J1100]J5 0)2
o I1Ty l—l/+d+ 1)(l—l/+d—|—2)—J2(J2+1) denom.#0
I/ —1<d+1 M7,Mg

——10 S S 4G 00l 0)? /PJl VPU)Qurrasr (2) d2
L, J1,My
- 1<d+1
i X G.2.13
_ 100 Y A 00j, 032 [RCEEREELIOrE
1

L Jy, My -
l+l’>d+1

= _10 Z Z n ' =4(5100].J; 0) / Py (2)Pyr—a-1(2)Qu(z) dz

L, J1,M,
L+l’2d+1
In the last step we simply exchanged the names of the summation indices. According to eq.

F.2.5 from the appendix, the summands in eqs. G.2.12 and G.2.13 vanish for the following
constellation of parameters:

H+7—2k-U|<l+l-d-1<I1+10'+j—2k G.2.14

where we wrote J; = [+ j — 2k with k£ € {0,...,min(l,j)}. Therefore we are only interested in
the cases where these inequalities are not satisfied. We first observe that the second inequality,
I+ —d—1<1+1'+j— 2k is equivalent to j — 2k +d + 1 > 0, which always holds for d > j.
The second condition, however, is not satisfied in the following two cases

j—2k+d+1
2

d+1—(j—2k)

2

I+j—2k>1 and I'< I<l'—(j—2k) and [<

Let us start with the latter condition, which implies

Ji+Hl+—d—1<, G.2.16

and allows us to use eq. F.2.6 for the integrals in eqs. G.2.12 and G.2.13. Note that in the

first equation, G.2.12, the index I’ is attached to a Legendre polynomial of the first kind, Py,

while in the other equation, G.2.13, it is attached a Legendre polynomial of the second kind,

Q. According to eq. F.2.6 these integrals then differ by a minus sign, which tells us that egs.

G.2.12 and G.2.13 cancel each other in the limit n — 1 if the mentioned inequality is satisfied.
On the other hand, the second condition in eq. G.2.15 leads to the inequality

1420 —d—1<J;.

Again we may apply eq. F.2.6, but this time the largest index, namely Ji, is attached to a
Legendre polynomial of the first kind in both of the two equations. Since an exchange of [y
and ls does not alter the result in eq. F.2.6, the two integrals are equal, so that instead of
canceling each other, eqs. G.2.12 and G.2.13 add up in the case at hand. Summing up the
above discussion, we have found that (neglecting some prefactors n™ with constant n € N, which
are irrelevant in the limit n — 1)
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Clearly the first two triple sums in this expression are finite and it remains to search for infinities
in the third one.
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Here we expressed the 3j-coefficient and the integral through I'-functions with the help of egs.
D.2.18 and F.2.6, and wrote the infinite sum over [ as a hypergeometric series. Taking a
closer look at the parameters of this hypergeometric series, we find that it is zero-balanced, and
therefore logarithmically divergent in the limit 7 — 1, as expected. Eq. C.6 from the appendix
allows for a more detailed characterization of this divergence. We find for the prefactor of the
diverging logarithm

T(k+ MD(i — b+ L)P(dhiz2k+l _ ppdhi=2k |
(k+5)T0 -k + )5 ))((dszkts)) log(1—mn) = 20log(1—17).
d+j- 203

T(k+ DI —k+ D02y 1)r
Finally, we have found the divergence that cancels with the logarithmic counterterm (see eq.
3.4.93). Since there is no further counterterm, and as we now have brought all expressions
into normal order without any remaining divergences, we have verified that the renormalization
procedure also works in the case at hand.

Result

Summing up all the results of the preceding discussion, we can now give the remainder for ¢ = 0
as
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where Ls is the non-divergent part of the hypergeometric series gF5 in eq. G.2.19, see also eq.
C.7. The first line of this result follows from eq. G.2.6. Note however that there is an additional
—1 in square brackets, which accounts for the finite contribution to the logarithmic counterterm
3.4.93. The second line contains two contributions: The first is due to the fact that in eq. G.2.12
we have only considered the partial sum with [ +1' > d+ 1, so we have to recover the remaining
partial sum. The other contribution comes from the finite sums in eq. G.2.18. Finally, the last
two lines are the finite remainder of eq. G.2.19 after the subtraction of the counterterm.

Fortunately, with this result we can find an expression for (Ri),s(z;q¢ = 3) without any
additional computational effort. For the parameters d and j the condition ¢ = 3 essentially
means that now d < —3 and |d + 3| > j. We have already mentioned that the partial sums
including the logarithms in eq. G.2.1 change the sign if we replace d — —d — 3. It is easy to
see that the remaining terms in that equation are invariant under this transformation. Thus,
we simply have to change the sign in the first line of eq. 3.4.105, which leads to the result

I+1'<d UV d—=1=1"
(Ra)gs(ws—d —3,5,q = 3) = —20logr | >~ > (jl 00} 0) (o 0 0 ) o
LI'=0 Jp
J1+d l
(j100].J1 0)2(J11' 00].J> 0)?
+20 +2
My, My 1+1/<d

2D+ PTG — b+ (L (2 4 )

im0 o LFTE+DIG—-k+ 1)1“(% — 1+ 1){‘(%)
Ld+j—2k+3,d—k+32,d+j—k+2, d+j—2k—l’ 41 d+j—2k:+l’+3
d+j—2k+3.d—k+2d+j—k+3, dtj— 2k V43 - 2k+l/ 49

9

and finishes the proof.
O
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