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Zusammenfassung

Die moderne theoretische Hochenergiephysik basiert im Wesentlichen auf einer Beschrei-
bung der Natur mittels Quantenfeldtheorie. Nach ungefdhr einhundert Jahren Forschung
mit und an Quantenfeldtheorien bleibt eine mathematisch prézise und rigorose Beschrei-
bung solcher Theorien jedoch ein ungelostes Rétsel. Ein mathematisches Fundament fiir
Quantenfeldtheorien erscheint vor dem Hintergrund moderner Ansétze in der Hochen-
ergiephysik wie beispielsweise der Stringtheorie mit ihrer reichen mathematischen Struktur
umso erstrebenswerter.

Zu den am besten verstandenen Quantenfeldtheorien gehoren zweidimensionale, ra-
tionale konforme Quantenfeldtheorien. In dieser Dissertation wird eine mathematische
Beschreibung solcher Theorien mittels sogenannter string-net Modelle erbracht. Heuris-
tisch gesprochen ermoglichen string-net Modelle eine Herangehensweise mittels Feynman-
diagramen auf Flachen allen Geschlechts. Es wird ein Eindeutigkeits- und Existenzresultat
fiir offen-geschlossene rationale konforme Feldtheorien mit fixierter Randbedingung mittels
kategorientherotischen Methoden der string-net Modelle gegeben. Zudem werden mit Hilfe
der string-net Modelle konsistente Korrelatoren fiir rationale konforme Feldtheorien mit
beliebigen topologischen Defekten sowie beliebigen symmetrieerhaltenden Randbedingun-
gen konstruiert. Mittels dieser Konstruktion kénnen Torus- und Kreisringzustandssumme
berechnet werden, wobei bekannte Resultate reproduziert werden und die Theorie an
frithere Beschreibungen angekniipft wird. Im Vergleich zu anderen kategorientheoretischen
Ansétzen bendtigen string-net Modelle fast keine dreidimensionalen Objekte. Dadurch
wird der Nutzen von kategorientheoretischen Prinzipien transparent und intuitiv.

Im zweiten Teil der Arbeit werden Homotopiealgebren und ihr Bezug zu Quanten-
feldtheorien behandelt. Jede konsistente klassiche Feldtheorie mit einer gewissen Eich-
freiheit produziert eine strong homotopy Lie algebra oder L., Algebra iiber den Batalin
Vilkovisky Formalismus. Somit konnen iiber das Studium von L., Algebren Riickschliisse
auf Feldtheorien gezogen werden. Das erste Resultat in diese Richtung ist eine Erweiterung
einer schiefsymmetrischen bilinearen Klammer auf einem Vektorraum zu einer endlichen
Lo, Algebra. Dies verallgemeinert die Lo, Struktur des Courant Algebroiden. Als zweites
Ergebnis wird ein Satz tiber den Bezug von L., Algebra Quasiisomorphismen zu Seiberg
Witten Abbildungen bewiesen, was zu einem besseren Verstandins der Relation von math-
ematischen Begriffen der Homotopiealgebren und bekannten Begrifflichkeiten in der Physik
beitragt.



Zusammenfassung




Abstract

Quantum field theory is the main technical tool in understanding modern theoretical high
energy physics. After nearly a century of quantum field theory its mathematics remains
mysterious, though. A firm grip on the mathematics of quantum field theory seems ever
more desirable since the upcoming of string theory with its rich and challenging mathe-
matical structure.

Among the best understood quantum field theories are two dimensional rational quan-
tum field theories. In this work we contribute to a better mathematical understanding of
such theories by providing a mathematically rigorous but intuitive description in terms of
string-net models. Heuristically string-net models give a Feynman diagram framework for
rational conformal field theories on all genus g surfaces. We prove a uniqueness and exis-
tence result for open-closed rational conformal field theories with fixed boundary condition
making extensive use of the category theory underlying string-nets. Secondly, we give a
construction of consistent correlators in rational conformal field theories with arbitrary
topological defects and symmetry preserving boundary conditions using string-nets. As
a proof of principle we compute torus and annulus partition functions in the string-net
framework, thereby reproducing established results. Compared to earlier categorical ap-
proaches the use of string-nets almost completely avoids three dimensional considerations,
rendering the use of categorical tools very intuitive.

The second part of the thesis deals with homotopy algebras and their appearance in
quantum field theories. Roughly speaking every consistent classical field theory having
some gauge freedom produces a strong homotopy Lie algebra through the Batalin Vilko-
visky formalism. Hence by studying strong homotopy Lie algebras (or L, algebras) one
can learn something about field theories. The first result presented in that direction is a
theorem closing every skewsymmetric bilinear bracket on a vector space into a finite term
Lo, algebra. This is a generalization of the L., structure of the Courant algebroid. The
second result is a theorem relating quasi-isomorphisms of L, algebras to Seiberg-Witten
maps, linking the mathematics of homotopy algebras closer to physical notions.
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Chapter 1

Introduction

In the course of the twentieth century theoretical high energy physics and mathematical
physics have undergone an ever accelerating change. From the beginning of quantum theory
dating back to Max Planck and Werner Heisenberg in the first half of the century to the
groundbreaking development of quantum field theory in the second half, the description of
nature at higher and higher energies has experienced fundamental changes. New models
for phenomena at higher energies required new interesting mathematical tools. Without
question, one of the greatest achievements was the invention of the standard model of
particle physics giving a unified treatment of three of nature’s four fundamental forces as a
quantum field theory. Since then the question on how to include the fourth force, gravity,
remains. Among others, the probably most developed theory in that direction is string
theory dating back to the beginning of the 1980s. String theory shifts one crucial paradigm
of fundamental descriptions of nature: The idea of particles as points. In string theory,
fundamental particles are one dimensional objects, strings, giving the theory its name. To
date most string theory constructions are rooted in a world volume formalism. As a string
evolves in time it swipes out a two dimensional world volume W and string theory can
be seen as quantum field theory for embeddings X : W — M of the world volume into
a spacetime M. Such a theory is usually called a (non-linear) sigma model. Since the
literature is vast and a historically accurate chronology of developments for string theory
is way out of reach for this introduction we refer to the introduction of [25] or the review
[40] where the reader can learn more about the development of string theory through the
years. Maybe the most important point about sigma models for this thesis is the fact that
the two dimensional sigma model describing a string in a flat space time is a conformal
field theory.

After this historic account leading to string theory and before going into more details
on two dimensional conformal field theories we pause a moment and discuss the essential
question underlying all results presented in this thesis. This is the question of classification
of quantum field theories. Of course this task is too broad to be treated in a closed or
even precise manner. Nevertheless it can yield interesting results when narrowed to more
specific situations. An example for such a classification is the recent swampland program
in string phenomenology. Usually in string theory a top-down approach to phenomeno-
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logical results is taken. One tries to derive the standard model in four dimensions from
a higher dimensional string theory serving as its consistent quantum gravity extension.
The swampland program maybe seen as bottom-up approach. Starting from a space of
consistent quantum field theories in four dimensions at certain energy scales, what are
general criteria for these theories to have a consistent ultra violet completion? Theories
not meeting those criteria lie in the "swampland", whereas consistent theories are part of
the so called "landscape". Thus this is nothing else than a very general attempt on clas-
sifying four dimensional quantum field theories wrt. to possible ultra violet completions.
For further information and a historical account of the swampland program the reader can
consolidate [124][19][29].

Besides phenomenological considerations as in the swampland program one can try to
classify quantum field theories mathematically and this thesis is a very modest contribution
to this subject. For a mathematically precise treatment one needs to start with a definition
of quantum field theory (QFT). There are many attempts for a rigorous definition of QFTs.
Based on the Haag Kastler axioms [70] there is a theory of algebraic quantum field theory
(AQFT) giving a description of QFTs in terms of local algebras of observables (see e.g.
[69] for a textbook account, [149] for a more modern approach and [12] for its relation to
two dimensional conformal field theory). Another route is via the Wightman axioms [145],
for which the reader can find an exhaustive discussion in [139]. Based on Atiyah’s paper
on topological quantum field theory (tft) [4] the field of functorial quantum field theory
(FQFT) emerged. It aims at a formalization of the path integral. There are many references
for the subject, all of which seem to be written for a mathematics rather than a physics
audience, though. For a gentle introduction we refer to [32] and references therein. Lastly
we list a rigorous approach which evolved out of the Batalin-Vilkovisky (BV) formalism
[L5][16][L7][71], which is a description in terms of homotopy algebras [34]. In this thesis we
mainly deal with QFTs in the form of the last two approaches.

Coming back to the question of classification, as said before FQFT has its roots in
topological quantum field theory. A tft with fields {®;} on a spacetime M, roughly speaking
is a field theory s.th. correlation functions

(i (w3,) -+ Piy (Tiy)) (1.1)

only dependent on the topology of M [147]. This is a very strong requirement. In particular
there cannot be any local degrees of freedom in a tft since spacetime can be arbitrarily
deformed as long as one doesn’t rip holes into it without changing the content of the field
theory. Its strong requirements make a mathematical treatment possible. A tft can be
defined abstractly as a symmetric monoidal functor

F : Bordsfy; — Vect (1.2)

from a category of d-bordisms to the category of vector spaces. In two dimensions this
gives an assignment



O — F(O) = state space of the theory

— 1 F(O) @ F(O) — F(O)

where the multiplication defined by the pair of pants only depends on the topology of three
punctured sphere. The consistency requirements for a symmetric monoidal functor yield
that any two dimensional tft is completely determined by a Frobenius algebra [I0T][112].
However, two dimensional topological field theories are far too restrictive to be really
interesting.

This brings us back to two dimensional conformal field theories. The relaxation from
topological to conformal field theory can be seen as a field theory analog of the step
from merely constant functions to analytic functions. It is general enough to capture
interesting cases but still restrictive enough to remain treatable. Interestingly enough the
most accessible way for a topological field theory like treatment of CF'Ts is by relaxing
the target Vect to more general categories rather than taking conformal structures on
the source into account. So, what is conformal field theory? Assume we are given an
oriented spacetime X and some open subset U — X. A field theory can be conveniently
built from representations of its preserved symmetries. In case of the standard model on
Minkowski space (M,n) the basic symmetry is Poincaré invariance. This is invariance
under all transformations preserving the Minkowski metric 7. If the spacetime (X, g) is a
smooth spacetime with Lorentzian metric ¢ and U is small enough s.th. there exist local
coordinates ' : U — RM~! and g = n is in Minkowski form in these coordinates, one
may easily enhance this to conformal invariance. Conformal invariance is invariance under
transformations & (z') s.th.

Lo 0e g
32 900 gyr gr = (13)
,]=

where p € U is a point and A\ : U — R is some smooth function. The case A = 1 corresponds
to local Poincaré invariance. Mathematically, we are allowing for all local diffeomorphisms
U — U preserving the conformal equivalence class of the metric. We will be concerned
with two dimensional field theories living on spacetimes with Riemannian metrics instead
of Lorentzian ones. Analyzing the transformation rule (1.3)) in this case yields, that there
is an infinite set of local conformal transformations f : U — U given by all biholomorphic
mapsﬂ If we further assume that U is a punctured disk such a map has a Laurent extension

f(2) = fal=2"") (1.4)

nez

'Equation (1.3) reduces to the Cauchy Riemann equations for a differentiable map f: U — U.
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where z is a local coordinate on U. Local conformal transformations are then generated
by the Witt algebra
by = —2"10, (1.5)

for which one easily computes
[y ) = (n—m) i . (1.6)

In order to do quantum field theory the Witt algebra has to be centrally extended to the
Virasoro algebra with generators {L,}, ., and commutator

(L, L) = (n—m) Ly + — (n — )0, —n (1.7)

12

with ¢ € C the central charge. The Virasoro algebra is at the heart of two dimensional
conformal field theory. Fields transform in representations of it. The starting point for
a discussion of conformal field theory is probably the groundbreaking paper [20]. For
textbook accounts see e.g. [126][26]. Conformal invariance has far reaching consequences
one of which is the existence of an operator product expansion of fields. Let {¢;} be quasi
primary fields transforming in representations of the Virasoro algebra of conformal weights
{h;} and z,w € C be points on the complex plane with |w| > |z|. Then the singular part
of the operator product expansion is given by

@ Z —hi—h; +hg+nan¢ ( ) . (1.8)
k,n>0

Another point one has to take into considerations are extended symmetries for conformal
field theories. A string moving trough a target spacetime which is a Lie group G leads to
a conformal field theory whose symmetry algebra contains the Kac Moody algebra g, at a
certain level k. This is the famous Wess Zumino Witten model [144][146]. Further examples
of enhanced symmetry are models with so called W '-algebra symmetry. T -algebras are
extensions of the Virasoro algebra with higher spin currents. They were discovered in [150]
an excellent review of the topic is [28]. So as a wish list for describing a conformal theory,
at least on the sphere, one might come up with the following ingredients [140]:

I[) Chiral and antichiral symmetry algebras V;, Vi both containing the Virasoro algebra.
IT) A state space H = Dnm HmmUTf ® Uﬁ splitting into representations of V;, ® Vg .

III) For |z;| > --- > |z,] and |&] > -+ > |&,| points in the complex plane C there should

exist correlation function mappings
pn(®; 21,60+ 20, 6) t H® — H (1.9)
V1 ® @ Up > (U1, V5 21,8100 20, 6n)

s.th. for allw € H

(W, (1, Vs 21,617 20, &) (1.10)
converges absolutely as a function on {|z| > -+ > [z,| N |&| > -+ > |&,]}. In ad-
dition we demand the correlation function mappings to satisfy the following list of
axioms:



II1.1) For all vq,--- ,v,,w € H the map (w, (v, -+ ,v,;e)) has a multivalued ana-
lytic continuation to

Conf™™(C) = {(z1,&1- -+ 120, 6n) € Czi # 25, & # § Vi # (1.11)
Zi 7£ £j> VZ,j}

which restricts to a single valued function on & = Z;.

II1.2) Assume we have chiral and antichiral configurations on the punctured complex
plane of the following type

PR L e
. .
. .
. .
. .
o o

o %
o .
o %
< S
N s
A H @Z:;.Jr w3
: X 23 H
. .
Y

x
X Z9
\_1

z

X

Figure 1.1

Then the map

<CL),[L6('U1,U2, ,u5(1}3a s, U, Wy, T, 000, Wh, T5),U8,U9, V105 Zlvfla T 72‘/5765)>
(1.12)
absolutely converges to

(w, pio(ve, - vi03 21,80, -+ 3w, §3 + Ty, Lz ws, 83+ T, 0, 26, 66))
(1.13)
for all w, vy, -+ ,v19. Of course this should hold for all n-airy inputs. The
specific case of n = 10 is chosen to exhibit the property at a concrete example.

Points I),II) of the wish list are clear, they tell that our theory is based on some sym-
metry containing local conformal invariance and fields in the theory transform in some
representation of the symmetry. The symmetry algebras should be general enough to con-
tain examples like the Kac-Moody symmetry or W -algebras. The rest of the requirements
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are natural assumptions on correlation functions. The first of these corresponds to the re-
quirement that on radially ordered (which in suitable coordinates on the punctured plane
is time ordering) inputs of fields, correlation functions can be computed by subsequently
taking operator product expansions (OPEs) between the fields. Then II1.2) and II1.3) tell
that in fact the correlation function extends to all configurations and it doesn’t matter in
which order OPEs between fields are taken Pl So how to realize the wish list mathemati-
cally? One possible route is via a Segal type definition as representations of the PROP of
Riemann surfaces into topological vector spaces [I34]. This is the conformal equivalent to
the discussion of topological field theories, where two dimensional bordisms have a confor-
mal structure and the symmetric monoidal functor has to respect the conformal structure
in a suitable sense. Although formulated already in the 1980s this approach to CFTs is
not very developed. A related program for genus zero was started by Huang in 1990 [77].
The central result of [77] is a formulation of vertex operator algebras in terms of represen-
tations of a partial operad of spheres with punctures and local holomorphic coordinates
around these punctures. We arrived at the first point of our wish list: symmetry algebras.
These can be given in the form of vertex operator algebras (VOAs). Vertex algebras were
introduced by Borcherds [27] in order to prove the monstrous moonshine conjecture [33].
A vertex algebra is in some sense a holomorphic enhancement of an associative algebra. If
one requires that a vertex algebra V' has an embedded Virasoro algebra one speaks of a
vertex operator algebra. They have a well-behaved representation theory (see e.g. [54]) and
points I),IT) can be settled by defining left and right moving symmetry algebras V;,, Vx to
be VOAs and the state space to be a module of V;, ® V. For properly-behaved correlation
functions one can introduce chiral conformal blocks. A configuration of field insertions in
genus zero can be thought of as punctured sphere (S, (p1, 21, H1), -, (Pn, 2n, Hy)) where
punctures are labeled with representations H; of the underlying symmetry VOA V. Using
the local coordinates one can define an action of V' on such a labeled configuration. A
conformal block on the sphere is defined as a map

(8):(S,(pr,21, H1), -+, (Pny 20, Hp)) = C (1.14)

which is invariant under the action of V' (see [52, section 9,10]). Therefore these are func-
tionals satisfying the Ward identities for the symmetry algebra V. Conformal blocks on the
sphere are equivalent to intertwining operators between representations of V' [I51]. Thus
the theory is completely treatable with tools from VOA theory. Physically, intertwining
operators correspond to all possible couplings between conformal families of fields in a
given chiral CFT. A general correlation function is now a linear combination of products
of chiral and antichiral conformal blocks. However, not all possible linear combinations are
allowed. There are two further requirements on correlation functions which can be thought
of as global symmetry statements E] Anticipating the extension of the genus zero theory
to higher genus we give the requirements in general form. Assume the CFT at hand has

2Sometimes we will speak about field insertions on a sphere rather than on the plane. There is no
essential difference since in the above the state w is inserted at {oo} on the sphere.
3Local symmetries are already dealt with by conformal blocks.



an extension to all genus g surfaces. The first requirement is that a correlation function on
a surface X, is invariant under global orientation preserving diffeomorphisms of ¥,. The
second requirement is equivariance under sewings

() {0 (o)
(D))

Both together go under the name of sewing constraints. Sticking to genus zero the gluing
part of the sewing constraints relates different ways of taking OPEs when computing cor-
relation functions. Further analytic properties for correlation functions are taken care of
by general VOA theory. We therefore might satisfy the wish list by

I) Left and right moving symmetry algebras are VOAs V;, ® V.
IT) The state space is a module H over V, @ Vx.

IIT) Correlation functions are linear combinations of conformal blocks satisfying the sewing
constraints.

So the question is, can we classify all CF'Ts which are mathematically formulated as
above? The answer is no. The basic obstacle is that things are too infinite dimensional. In
particular, the space of intertwining operators between representations is infinite dimen-
sional in general. Put differently, the space of conformal blocks is infinite dimensional.
Therefore we make the simplifying assumption that the space of conformal blocks on ev-
ery surface is finite dimensional and call a theory meeting this assumption rational. This
implies that a conformal family present in the theory only couples to finitely many other
conformal families. A classification of full rational CFTs in genus zero has appeared in
[86] and it turns out that these are equivalent to Frobenius algebras in the representa-
tion category Ry, gv, of Vo ® Vi. The discussion can be extended to include boundaries
and full conformal field theories where possible boundaries have a fixed common boundary
condition. Such open-closed "RCFTs are classified by (Ry|Z(Ry))-Cardy algebras [104].
The remaining question is, can this classification be extended to higher genus surfaces?
The answer this time is an indefinite almost. The problem is an extension of conformal
blocks to higher genus Riemann surfaces. For a fixed Riemann surface of genus g they
can be defined similar as in the genus zero case. However, we should be able to compute
their behavior as we move in the moduli space of Riemann surfaces of genus g. For a true
theory of conformal blocks this is suspected to yield a flat vector bundle over moduli spaces
of Riemann surfaces whose sections in addition satisfy factorization properties under the
conformal sewing of Riemann surface. Let’s call this a complex analytic modular functor.
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Although there has been some recent progress in that direction [68] no such construction
is available to date. But this is not the end of things we can do. Flat vector bundles
over moduli space are equivalent to representations of the mapping class group and there
is a construction of a categorical modular functor using this fact. Both types of modu-
lar functors are expected to give the same information [5] in the sense that there is an
isomorphism between the two. Such an isomorphism would give an isomorphism between
the actual complex analytic conformal blocks and their categorical counterparts. Modular
functors in general describe the Moore-Seiberg monodromy data for a RCFT [121][120].
Given a rational VOA V, its representation category Ry is a modular tensor category and
a categorical modular functor can be constructed from Ry . Spaces of conformal blocks
are then given by morphism spaces in Ry (this almost equivalent to the Moore Seiberg
data, see [0, section 5]). So we can switch to the categorical side and compute structure
constants in an expansion of correlators in terms of categorical conformal blocks. Once an
isomorphism between the categorical and complex analytic side is found these are exactly
expansion coefficients of correlation functions, determining the latter completely. A treat-
ment of RCFTs in this categorical setting has its roots probably in the seminal work of
Witten [148).

The first result presented in this thesis deals with the question if a full RCFT with fixed
boundary condition in genus zero and one, which is given in the form of a Cardy algebra
actually determines the RCFT to all genera uniquely. The answer is yes. Such statements
have been derived with the help of the Reshetikhin Turaev three dimensional topological
field theory in the past [106]. We give a simplified treatment in terms of string-nets. In
addition we give a construction of consistent correlators for RCFTs with arbitrary different
boundary conditions and even topological defects in terms of string-nets.

The second part of this thesis deals with field theories in the form of homotopy algebras.
One starts with a perturbative classical field theory with action S and field content W. The
fields are allowed to have a gauge freedom. By adjoining (anti-)ghost fields and antifields
to the theory one can built up a classical master action S living in the space of functionals
on the ghost extended field content V. The space of functionals is graded by ghost number
and has a Poisson bracket { e, @ }. The classical master action is an element of degree —1
satisfying

{55} =0 . (1.15)

~

For a thorough discussion of all of these terms and implications we refer to [71]. Let O(¥)
be the space of observables for the theory. The space is again graded by ghost number and
the classical master action induces a differential on it via

d(0)={0,5} . (1.16)

It turns out that the homology in ghost number zero is actually the space of all gauge
invariant observables for the original theory given in terms of 9, i.e.

H°(6(0),d) ~ {gauge invariant observables} . (1.17)



The purpose of introducing all the ghosts and antifields is to make gauge invariance of quan-
tities manifest. It turns out that information {classical master action} + {Poisson bracket}
is equivalent to a L., algebra defined on V. Ly algebras, or strong homotopy Lie algebras,
are generalizations of Lie algebras allowing for higher airy brackets instead of only a two-
bracket. The relation between master action and homotopy algebras was first discovered
by Zwiebach in his construction of closed bosonic string field theory [I52]. On the other
hand homotopy algebras themselves have a long history in mathematics dating back to
Stasheff [137][138].

The upshot is that a classification of field theories with a classical master action can
be turned into a question of classifications of L., algebras. We employ the field theory <
homotopy algebra relation by relating Seiberg-Witten maps between certain gauge theories
to quasi-isomorphisms between L., algebras. Secondly we show how to uniquely close a
vector space X with antisymmetric bracket into a finite term L., algebras. A field theory
corollary of this theorem is the known L., algebra structure on the Courant algebroid.

This thesis is structured as follows. In chapter [2| we recall how the representation cate-
gory of a rational VOA attains the structure of a modular tensor category. This is the first
instance where analytic properties of correlation functions get translated into categorical
algebra. In chapter [3| a precise definition for the wish list of CFTs is given. This comes
in the form of field algebras. We outline how the analytically defined field algebras are
actually equivalent to purely categorical notions. No claim of originality is made on these
chapters. They mostly settle the stage for the following chapter. Sometimes we give short
proofs of the results, mostly in cases where proofs are somewhat hidden in the literature
or the proofs themselves illustrate important properties of the theory. The first part of
chapter {4|is based on the paper [141]. Its second part is an extension of the construction to
include topological defects and arbitrary symmetry preserving boundary conditions. Fur-
thermore we compute torus and annulus partition functions using string-nets relating the
construction to known quantities in CF'T and giving an a posteriori justification of some
of its ingredients. The final chapter |5| deals with the results of the papers [74][21] starting
with the construction of a L., algebra from antisymmetric brackets. Its second half gives
the relation between Seiberg-Witten maps and quasi-isomorphisms. Finally we included
four appendices to make this thesis as self contained as possible and accessible to a broader
audience. Appendix A is a lightning review of VOA theory. In appendix B we recall no-
tions from category theory relevant for this thesis. Next, in appendix C string-net models
are reviewed. In particular we included an outline of the three dimensional string-net tft.
Finally in appendix D we simply list all fundamental open-closed world sheets and the 32
basic sewing relations relevant for the results in chapter [4]
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Chapter 2

From VOAs to Modular Tensor
Categories

In this chapter we recall the definition of the modular tensor category structure on the
category of representations of a rational VOA. We start by reviewing the construction
of the braided structure. This is originally due to [76][89][90][78] based on the notion of
a vertex tensor category developed by the same authors in [8§] E] Only the necessary
existence and structure theorems will be shown and partially proven here. In particular
the explicit construction of the monoidal product in terms of submodules is left out.

In appendix intertwining operators are discussed and we freely use the notation
introduced there. For a tensor product intertwining maps are needed. The notions have
a lot in common, the major difference being that the former takes values in some formal
power series space with coefficients in the algebraic extension of a VOA module, whereas
the later maps directly to the algebraic extension of a VOA module. In the following the
algebraic tensor product of C-vector spaces is denoted by ®.

Definition 2.0.1. Let V be a VOA, (M1, Y1), (Ms,Y3), (Ms,Y3) be V-modules and z € C*.
An P(z)-intertwining map of type (MJI/I;’(/[Q) is a C-linear map I : M; ® My — M3 s.th. for
formal variables x1, o and u € V as well as m; € M; the Jacobi identity

50 (xlx_ Z) Ya(u, z1)1 (my @ mg) =216 (xl ; x()) I (Yi(u, zo)mi ® mo)
0 o (2.1)
+ 2710 ( " ) I (mq ® Ya(u,x1)ms)
—Zo

holds. The vector space of P(z)-intertwining maps of type ( M%%) is denoted by I [P (z)]%‘:’ My

Definition 2.0.2. A P(z)-product of V-modules M;, M, is a V-module M; together with

an intertwining map I of type ( M]ﬁ%).

'In fancy mathematics terms this is a holomorphic analogue of the fact that an Ey-algebra in Cat is a
braided monoidal category. A vertex tensor category is an algebra over the partial operad of spheres with
tubes in Cat. Since the Fs-operad is a suboperad of this partial operad, the braided monoidal structure is
exactly the one induced by restriction.
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As usual, the tensor product is characterized by a universal property.

Definition 2.0.3. The P(z)-tensor product of V-modules M;, M, is a P(z)-product

(M3, I) s.th. if (My,I) is any other P(z)-product of M, M, there exists a unique up
to isomorphism V-module map p: M3 — My with I =poI.

The overline denotes the linear extension of p to a V-module map M3 — M. If a P(2)-

tensor product exists it is obviously unique and it will be denoted by (M 1 Xp(z) M, Yp(z)>.

Intertwining maps have some technical advantages when introducing a tensor product
on Ry. However, the following two lemmas show, that intertwining maps are completely
determined by intertwining operators. Let p € Z and ¢, be a branch of the complex
logarithm, i.e. ¢,(z) = log(|2|) + 2miparg(z), where 0 < arg(z) < 2.

Lemma 2.0.4. Let Y € W%hy then for any p € Z and z € C*

Icy,p : Ml ®M2 —>H3

2.2
my @ mo — Y (ml, eep(z)) Mo (22)

is in I [P(2)]\ s

Proof. As M3 is C-vector space the map is well defined. It suffices to check the Jacobi
identity. Since ¥ is intertwining operator it satisfies the Jacobi identity

xalé (xl _ Z) Ys(u, x1)Y (ml, egp(z)) mo
Zo

— 56 (Z — xl) Y (ml, eep(z)) Yo (u, x1)me (2.3)

=710 (M) (Vi woym, ) m,

which by definition of Iq , is equivalent to

x1— 2
xalé ( lsc ) Ys(u, x1) 1y p(m1 @ my)
0

z—x
) ( " 1) Ioy , (M1 ® Ya(u, x1)ms) (2.4)
)

:,2715 <$1 ; I’o) [cyyp (Yi(u, xo)ml &® mQ)

In the other direction we have.

Lemma 2.0.5. Given I € 1 [P(z)]]\]\f[‘:’M2 and my, my homogeneous elements in My and My,
define

my yma = ™V ([(my @ m)) (2.5)
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Linearly extending the map given on homogeneous by

Y! (ma, x)my = Y my ymaz ™" (2.6)

neC

to My ® My gives an intertwining operator of type (M]Y]\SJQ)

Proof. Since Ms,, = 0 for Re(n) >> 0, it holds my )me = 0 for Re(n) << 0. Thus the
truncation property holds. Next we show the Jacobi identity. Note that we could have
equally defined the intertwining operator by

Cyl(mh g;)mZ = e_EP(Z)LOxLOI (eep(Z)LOx—LOml ® GZP(Z)LOI_LOT)’LQ) (27)
as
I(my ®@mae) = My |4ma|—n—1 (1(m1 @ ma)) . (2.8)
neC

In the Jacobi identity for I

w510 (wl — Z) Ya(u, 21)1 (mq @ mg) =216 (xl — x0> I (Yi(u, mo)my @ my)
0 R (2.9)
+x1_15( " 1) I (my @ Ys(u,z1)ms)
—Z

we re-scale xg — 25 2o and x; — 2z, 'x1. This gives, using the explicit expansion of the
delta functions

716 (P2 i, 2y )T (s o)

To
=310 (11:1 — $0> I (}/l(ua 22y L ro)my ® m2) (2.10)
T2
+ 276 <$2 — xl) I (m1 ® Ya(u, ZIE2_1:L‘1)7TQ>

Recall the adjoint action of the Virasoro algebra on module vertex operators. Since vertex
operators take place in actual powers series of formal variables it holds

Yi(u, zxy tay) = er oy loy; (e’ép(z)LOxéou, x2> e Loglo (2.11)
This yields

_ T — o - _ _
— ;6 ( - ) I ()05 Loy (¢~ oy, ) e o, @ )
2

+ xflé (:)32 —xfm) I (m1 ® eép(z)Lox;LOY—Q(efép(z)Loxéouj xl)efep(z)LoxgomZ)
—Zo

(2.12)
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Next, set my — e ?@loglom, my — e~ Loglom, and u — e~ Logloy to get
_ Ty — T2 - - — _
g s <> BKP(Z)LOLEQ LO}/S(U’ 1‘1)6 EP(Z)LO;LéOI <6fp(Z)L0$2 Loml ® eﬁp(Z)Lon L0m2>
Lo
—15 (%1~ %o ¢y(2)Lo.—Lo 0,(2)Lo ..— Lo
=x,0 TQ I(e xq Y1 (u, xo)m ® e Ty 0my

0

(2.13)
Applying e~ »@Loglo vields
T —T

%15( lx 2)%(%301)211(7”1,%)”12

0

T — T
=50 ( lx O) Y (Yi(u, wo)ma, x1) my (2.14)

2

+ I1_15 ($2 _ :131> C},/I(ml, x1)Yo(u, x1)ms

—Z0

The Virasoro translation property can be proven along similar steps. A detailed derivation
is left to the interested reader. [

Lemma 2.0.6. The maps Yy, — I[P(z)]%fMZ and I[P(z)]%fM2 — Vi, from the
above lemmas are inverse to each other.

Proof. We compute
YI1r(my, x)myg = e~ Hloglory, (ezP(Z)LOx’LOml ® efr(og=lopy, )
= e~ LogLogy (eZP(Z)LOx_LOmI,eZp(Z)) )Log=Lopy, (2.15)
= Gy<m17 x)m2
and

Iy ,(my @ my) = Y' (ml, Bg”(z)) Mo
_ efzp(z)LoeepLo[%p (efp(z)Loefproml Q 6zp(z)Loefszom2> (2.16)

= ](m1 ®m2)

We summarize the above results in the following proposition.

Proposition 2.0.7. For V a VOA, My, My and M3 V-modules and any p € Z there is an
isomorphism of vector spaces

Vinn, < 1P i, (2.17)
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An immediate corollary of the proposition and the universal property of P(z)-tensor
products is that morphism spaces including P(z)-tensor products are isomorphic to spaces
of intertwining operators.

Corollary 2.0.8. Assume M, Mp.y M, exists, then it holds

Hom(M; Rp.) My, Ms) — ][P(Z)]%fMQ = T,

f = Ip=folpy = Yo

The existence of P(z)-tensor product can be readily established in case V' is rational.
In particular for any triple of V-modules, %\%3;\42 and therefore [ [P(z)]%f v, 18 finite di-
mensional. One can easily check that for any vector space H, H ® V' is still a VOA with

.....

basis.

Lemma 2.0.9. Implicitly summing over double indices we define a map

Fifhy : My ® My — (I[P(2)]3fy,) © Ms

, (2.18)
my @ mg — 1'® I;(my ® ma)

FA%:‘% is P(z)-intertwining map and independent of the chosen basis.

Proof. Independence and truncation property are clear. The Jacobi identity readily follows
from triviality of the module vertex operator on (I [P(z)]%‘z MQ) ® M3 in the first slot. [

This leads to the first major result in the construction of a modular structure, namely
the existence of a monoidal product.

Proposition 2.0.10. Let V' be a rational VOA, My, My V-modules and {U;},., be the
simple modules of V.. Then (My Mp(.y Ma,Yp(.y) exists and is canonically given by

My ®py My =TT (1 [P(Z)]?LMJ* ®U; . (2.19)

i€l

Proof. The P(z)-intertwining map is given by [l Fj\% u, and we are left to check the
universal property. For this, let (My, I') be any other P(z)-product of M; and M. Since V'
is rational My decomposes as a direct sum of simples. Let {b,} be a basis of Hom(U;, M)
and {bf} its dual basis in Hom(My, U;). Denote mp = 3,08 : My — Uy, then I, = T,0 [

Uy
My Mo

where {F};,} is a basis for / [P(z)]% v, Lo construct the universal map we set

is P(z)-intertwining map of type ( ) and therefore has an expansion I, = 3, I} Fio,

nng®UZ_>M4

Fl @us S b (u)I] (2.20)
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Then n = L 3, ng is V-module map:

”IZ (ﬂ-@ o YMlgP(z)MQ (Ua SL’) (Féj ® u)) z (FJ ® YUz( ) )

bl (Yu, (v, x)u) I}

I
3.

“ 2.21
= Y, (v, x) Zbe ( )
= Y, (v, x)17) (F] ®u>

Finally we check that 7 intertwines the P(z)-intertwining maps
T © Faf,ag, (M1 @ ms)
=7, (F ® Fjo(mi @ mz))
; (2.22)
:Z Fjo(my @ ma)) I}
:[@<m1 X m2>
O]

We are almost ready to define a monoidal product on Ry. We only need to get rid
of the z € C* U {oo} dependence. In order to do so we need to be able to transport
the monoidal product along any curve in C* U {oo}. This should give isomorphisms of
P(z)-tensor products for different z’s possibly depending on the curve. To ease our lives
we first recall the following lemma.

Lemma 2.0.11. [78, Lemma 14.9] As a V -module, M,1Xp.) M, is spanned by homogeneous
components of {ml Xp) m } € M, Xp(,) My for all m; € My and mg € M.

Proof. Let My C M; ® My be the submodule spanned by homogeneous components
{m1 @p(z) mg} and

M = M, Rp(y My /M, (2.23)

the quotient with projection map P. Then P o Kp(,) i P(z)—intertwining map of type

%\4 My ) But the image of Mp(.) is in My, hence Po l X p(z) is the zero map, which implies
at P is the zero map. O

Let v € C* be a curve from z; to z,. One can analytically continue the logarithm
starting from z, along v and we denote the value of the analytic extension at z; by £,(z1).
By the previous lemma we only need to define V-module maps from M; Xp(,) M, on

elements {ml Xp() mQ}. Hence the following lemma makes sense.

Lemma 2.0.12. Let
cj,y : M1 ‘XP(Zl) MQ — Ml IZP(Z2) M2 (224)
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be defined by
gw(ml IEP(zl) mg) = Cyg (ml, €£W(Z1)) mo (225)

where Yo = Cygp(@,o is the intertwining operator corresponding to Mp(,,). Then Jy is an
isomorphism of V-modules.

Proof. First we check that it defines a map of V-modules. Let e21) = e%(1c  and

~Tomy, then

! 0 !

Y, (mh 66”(’31)) ma = Yo ((C?m’p 660('21)07) my
= LY, (m’l, ezO(zl)) m (2.26)

_ Lo,/ /
= ¢,"my Wp(,) my.

This shows that T , is well defined and furthermore by the spanning property of {ml Xp(2) mg}

a V-module map E| Let £,(22) be the value of the logarithm determined by analytic con-
tinuation along ~ starting at z;. Then

!/

g’y(ml Mp(z) m2) = 050% ((m’l, e%(@)) my (2.27)
obviously defines an inverse map. ]

Lastly we need an associativity morphism for rebracketing modules and left, respec-
tively right, unit morphisms. Since the existence and well definedness of the associativity
morphism very much depends on the partial-operad algebra structure we only state it, with-
out giving any proofs. A heuristic characterization goes as follows. The tensor product of
three modules corresponds to a map M; ® My ® My — M,. In the operadic formulation
of [79] such maps are determined by four punctured spheres. The associativity morphism
then relates two different ways of gluing a four punctured sphere from two pair of pants.
It is shown in [78, Proposition 14.10] that under the natural convergence properties for
IOAs, the operadic representations of these different gluings and their isomorphism are
equivalent to the statement] that for |z1| > |zo| > 0, m; € M;,

(miy, Yr, o(ma, 21) Y1, 0(m2, 29)ms) (2.28)

absolutely converges for all P(z;)-intertwining maps I; and P(z3)-intertwining maps Is.
This in turn is equivalent to an iterate of intertwining operators, which gives an associa-
tivity isomorphism. We summarize the result of [78] in the following proposition.

Proposition 2.0.13. For V rational, there exists an isomorphism

o/ RERCIC (M1 &P(m) (M2 gP(zz) MB)) — (Ml &P(zl—zz) MQ) gP(Z2) Ms (229)

21,22

2This is analogous to defining a linear map on a basis and extending linearly to the whole vector space
3Plus some technical grading restriction property.
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which on homogeneous components is given by

21 22,22

Sz 2 (ma Mpeayy (Mo Mpay) mg)) = (M1 Mp(z, ) ma) Wpe,y mg . (2.30)

In addition there are left and right unit isomorphisms \,, p, defined by

(2.31)

and

(2.32)

The first major outcome of [76, 89, 90, [78] is the following theorem, whose proof is
sketched in [83].

Theorem 2.0.14. Let V' be a rational VOA and X = Kp(y. Given V-modules My, M,
Ms, and real numbers z; > z5 > 21 — 25 > 0 let 71 : [0,1] = Ry be s.th. v1(0) = 1 and
7 (1) = 2z1. Similarly let 1 B oo, 2o 31 and 2 — 20 8 1. Then

o : My K (M, 8 Ms) — (My K M,) K M (2.33)
defined by
M; R (M, X M) 4 (M; X M) X M,
(idas; Bp(zy) T ) 0 Ty Tys 0 (T, Ridsy )

My ®p(.,) (Mz Rp.,) Ms) (M1 Rp(, —p) M) Rp(y) Ms

2122572
'ﬂzleQ

is independent of z1, z3. Let A\ = Ay and p = py, then the category (Ry,X, o, A, p) is a
monoidal category.

The proof is in fact very easy but quite lengthy to write down. One first shows pentagon
and triangle diagrams on homogeneous elements and appropriate real numbers z;. Using
lemma this gives pentagon and triangle diagrams for P(z;)-products, which are
transported to X-diagrams using paths ~; as in the example of the associativity morphism
above. Note that naturality of all the isomorphisms directly follows from the universal
property of P(z)-tensor products. Next we want to add a braiding onto (Ry, o, A, p). This
is done similar to associativity and unit morphisms by going through P(z)-tensor products.
Let z € C* and v be the path
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N

—Z <
This gives a map 8 : My Mpry My — My Wp(.) M, defined by

BT (my Np() ma) = eZL*197 (m2 Mp.ymi) . (2.34)

Choosing the path

#
one gets a map -, (my Mp(,) ms) = 1T -

z

Lemma 2.0.15. The maps 3, and B are inverse to each other.
Proof. We just compute 3, o 81 as the other direction is the same. First note that

gL o =l (2.35)
as [Lo, L_1] = L_1. Hence it holds.

k

Lo zL_1,—L ) ~Lo\¥ _ zaL_
r ety Ozl;)k!(:r °L_yx 0) ="t (2.36)

Using this we compute
B, 0 BT, (m1 Kpe) ma)
:ezL,lﬁ (cyz (m 6|7r€log(z)> 1)
_ zL_ 15— imLo —imLg —imLg
=e B, (e (e mo Mp() € ml))
:eszleiTrLgeszl Gyz (e—iwLOmh e—iﬁelog(z)) €_i7rLOm2 (237)
:ezL,1eiTrLgezL,1e—iTrL()cyZ<n,L17 e10g(z))7n2

:eZL,1 672L71 (

my @P(z) m2)

=(m1 Kp() mo)
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Similar to theorem [2.0.14| one shows that 3" = 3 gives Ry the structure of a braided
tensor category. The results so far are summarized in the following theorem.

Theorem 2.0.16. Assuming the same conditions as in theorem the natural iso-
morphism
B : MlXMQ —>M2|XM1 (238)

gives (Ry, s, A\, p, B) the structure of a braided monoidal category.

The next layer of structure to be added is a notion of duality in Ry,. Unsurprisingly
the contragradient module will be the dual object. A construction of a rigid structure on
Ry first appeared in [83]. By construction for any three modules M;, My and M3, a map
m : My X My — Ms is completely characterized by an intertwining operator %, & WJ\%M,
via

m(my,ma) = Yp(my, 1)my . (2.39)

Let {U;},, be the finite list of simple V-modules. Recall that %Jj ~ C and an isomorphism

is given by the module vertex operator cygj = Yy,. This induces a basis Gyj{) =B, %j]
of V). Next we fix a basis for ¥ by Y2 = €™ Ago By (Yg;). Recall from appendix
a1 001
1 = pGi'ii
that i =F ll 0 1] # 0.

Theorem 2.0.17. [83, Theorem 3.8/

1) Let
ev, U, XU =V w; W w; — meye (u;, v;)
- ) o (2.40)
coev; :V = U; X U;, s.th. ev; o coev; = d;idy
where coev; exists due to U; X U] = 11, Nij;, Ui =V UIljxo NZ%, Uj.
2) Let
v, U RU, -V wRw; — maye (uj,v;)
v (2.41)

coev; :V — U R U;, s.th. év; o coev; = d;idy .

Then (U, ev;, coev;) defines a right dual for U; and (U},ev;,coev;) is a left dual for U;.
Hence Ry is a rigid braided monoidal category.

Theorem 2.0.18. Ry is pivotal.

Proof. This is essentially [54, Proposition 5.3.1]. As vector spaces (M') = M and its
module structure is given by

1\ Lo
Y . " / — Y %Ll _ 2 LO xLl (_) /
(Yapr (u, 2)mY,mb) < M (e (—x%)™e ) wa)mi,m; (2.42)

= (Y (u, x)my, my)
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using the definition of the contragradient vertex operator twice in the first equality. In the
second equality we used that

k

_ a Nk
cloealr ko — Z T (cL°L1c LO)
k>0
ko1 k :
55 =
iso k! \c
= e%Ll

which follows from c¢foLyc= Lo = elog(@adrg 1, — e=loglo) T,
Thus the natural isomorphism M = (M')" is just the identity map. This is obviously
a monoidal natural isomorphism. O

The ribbon structure is in fact easy to prove.
Theorem 2.0.19. [83, Theorem 4.1] The map Oy = e*™Lo defines a twist in Ry .
Proof. 1t suffices to show the balancing isomorphism for simple objects.
Oij(ui B w;) = Y, (u;, 1w,
=Y (e%Loui, x) | n—e-amine? ™0, (2.44)

52(6111@ X @jw]‘)

where in the last steps we used that e"? = e~ where ~2 is the path for the double
braiding going once around zero clockwise. Next Oy = idy because VOAs are integer
graded and finally Oy, = Oy, since U; and its contragradient module have the same con-
formal weight. ]

Finally one has to show that Ry, i.e. that the S-matrix is non-degenerate. This is the
next theorem

Theorem 2.0.20. [83, Corollary 4.4] The categorical trace of f* € Hom(U; XU, U; K U;)
s given by
S
tr (B%) = =2~ 2.45
(#) =52 (2.45)

As S;; is invertible this shows that Ry is a modular tensor category.
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Chapter 3
Full Open-Closed RCFT

In chapter [2| we recalled how chiral data of a RCFT induces the structure of a modular
tensor category on the representation category of its symmetry algebra. Of course confor-
mal field theory is more than just chiral data and this chapter aims at describing a rigorous
construction of full RCF'Ts in genus zero and one based on the chiral data described before.
One starts by defining certain objects called field algebras, whose definitions are essentially
a list of ingredients and axioms one expects to hold for sensible full conformal field theories.
Such a wish list was already outlined in the introduction. There will be open, closed and
open-closed field algebras. Each of these comes with a state space, a vertex or field map
and suitable conditions on convergences and associativity of correlation functions.

This chapter is structured as follows. We start in section by recalling the analytic
definitions of field algebras and their properties. This was developed by Huang and Kong in
a series of papers [85][103][87][105][104]. In section a detailed discussion of open field
algebras is given. In particular we discuss how axioms on abstract correlation functions
and symmetry algebra actions for open field algebras naturally lead to representations of
a VOA and intertwining operators. The latter will give an algebra object in a suitable
representation category. In sections [3.1.2] a similar treatment for closed and open-
closed field algebras is given. Since the theory is conceptually almost the same as in
the open case, its presentation is not as detailed. The focus is on various consistency
requirements. In section the analytic results are reformulated in terms of categorical
algebra, which leads to Cardy algebras, the object of our interest.

3.1 Analytic Field Algebras

3.1.1 Open Field Algebras

We start with the definition of what we call an open field algebra [[]

Definition 3.1.1. [85] An open field algebra (OFA) (H,Y, 1, D) is the data of:

!These are called open-string vertez algebras in [85]
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(1) An R-graded vector space H = [l,cr Hn, with grading operator d(v) = nv for
v € H,, where H, is said to be of weight n. The vector space is required to be
degree-wise finite dimensional dim (H,) < oo and lower truncated: H, = 0 for n
small enough.

(2) An open vertex operator

Y(H@H)XR+—>F

(v@w) x 71— Y(v,r)w (3:1)

which is bilinear in V. Here H = [[,cg Hy is the algebraic completion of H. Com-
pared to H, H contains infinite sums over weight spaces.
(3) An element 1 € H, called vacuum.
(4) A linear operator D : V' — V of weight one, i.e. D:V,, = V,_;.
These have to satisfy the following list of axioms.
(OFAI) Vertex weight property: For any s,t € R, there exists an N(s,t) C R, s.th.
Im(Y( 1 Hoe I Hm,r))CHHk (3.2)
nes+z met+7 kEN (s,t)+7
for any r € R,.

(OFAIL) Identity/ creation of vacuum:

Y(1,r) =idy (3.3)
for any r € Ry and
lim Y (v, 7)1 = v (3.4)

for any v € H.

(OFAIIL) Lower truncation property: Let H' = [1,cr H], be the graded dual and D' : H' — H'
be the adjoint of D under the usual degree-wise evaluation pairing. For any v' € H’
there exists a N,» € N s.th.

(DYoo) =0 . (3.5)

(OFALV) Absolute convergence of correlation functions: Let m, : H — H, be the natural
projection operator of vector spaces. For any w,vq,...,v, € H and v € H' the
power series

<U/7 Y(”na Tn) te Y(Ul, rl)w>
<’Ul7 Y(/UTM T'n,)ﬂ-mn71Y(Un_17 Tn_l) e Wm1Y<’U1, T1>w> (36)

I
g
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converges absolutely for r,, > r,_ ¢ > -+ > ry > 0. Similarly for any vy, v, w € H
and v’ € H' the series
(W, Y (Y(vr,r1)ve, ) w) = > (W, Y (m,Y (01, 71) v, 72) w) (3.7)
neR

converges absolutely for r; > ry > 0.

(OFAV) Associativity of correlation functions: For any vy, vy, w € H and v' € H', there is an
equality of functions

(W', Y (v1,71)Y (v, 12)W) = (v, Y (Y(v1,71 — 1ro)vg, o) w) (3.8)
on the domain 1 > ry > r; —r9 > 0.

(OFAVI) d-derivative:

d
d,Y(v,r)] =Y(dv,r) + T@Y(u, r) . (3.9)
(OFAVII) D-derivative: The map Y : R, — Hom(H, H) is differentiable and the derivative is
given by
;Y(u,r) = [D,Y(v,r)] = Y(Dv,r) . (3.10)
,

Definition 3.1.2. (1) A homomorphism of OFAs is a grading preserving linear map
f:H — Hsth. f(D) =D, f(1) = 1 and its canonical extension f : H — H

satisfies
F(Y(v,rw)) =Y((f(v),7) flw) . (3.11)

It is an isomorphism if f is an isomorphism of vector spaces.

(2) A subalgebra of an open string vertex algebra is a sub-vector space U C H s.th.
1 €U and (U, Y|y, 1, Dy) is an OFA.

In contrast to the familiar definition of VOAs and their modules, in definition it
is not required that Y has some kind of Laurent expansion. However such an expansion
will follow from (OFAVI) and (OFAI)E]. The d-derivative property can be integrated to a
conjugation formula, showing the behavior of the vertex map under rescaling of r. Let
v,w € H and v' € H' be homogeneous elements, then gives

W' [d,Y(v,r)]w) = (A, Y(v,r)w) — |w| (', Y(v, r)w)
= ([ = |wl) (v, Y (v, r)w)

_ <|v| —l—r(fr) (W', Y (v, r)w) o

2(OFAI) merely ensures that we can really sum over a countable subset of modes in the expansion.
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Thus (v, Y(v, ®)w) is a function on R, satisfying the differential equation

('] = |w] — |v]) (v, Y (v, r)w) = To?r (W', Y (v, r)w) (3.13)

which has universal solution (v', Y (v, r)w) = c;r(V'I=I=I?D " This yields for = € R,

<U/,de(v,r)x_dw> = (:p'”"—\w\) (CT\W’I—IwI—Iv\)
— (C(m)lv’\f\w\flvl) () (3.14)
= <U’, Y (2%, m*)w>

The dilation formula for the open string vertex operator thus reads
Y (v, 7)™ = Y (%, zr)w . (3.15)

With the help of the dilation formula, a Laurent series expansion of Y can be derived. Let
v,w € H be homogeneous elements, then define

U(J;)w = M|+ fw|-n—-1Y (v, Dw . (3.16)

From this on derives

Y (v, 7w = r ey (v, 1)wr= v = 1 Z ', (Y(v, 1)w) r= !
neR

= Y e (Y, D) g

neR

— + —n—1
= Z v(n)w r
neR

Note that there are only finitely many terms in the series due to the vertex weight property.
Therefore open string vertex operators have a natural power series expansion

Y(v,r) =D viyr ™ (3.18)

neR

with U(:) € Hom(H, H) of degree |v] — n — 1. The power series form of the open string
vertex operator can be used to define a formal vertex operator, by replacing r € R in (3.18)
with any formal variable q.

Proposition 3.1.3. Let
Yi(v,q) = 3 viya " (3.19)

neR

be the formal open string vertex operator. Let p be another formal variable. Then

(1)

Y (v, q)p® = Y;(p%v, pg) (3.20)
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(2)
Yi(v,p+q) = e?PYs(v,q)e PP = Y, (epDv, q) (3.21)

(3)
Y (v,q)1 = v (3.22)

Proof. Let w € V' be a homogeneous element. Then

(1)

def(U, q)p—dw _ Z p|w|+|v|—n—1vzi;l)q—n—lp—|w|w
neR

= > (%) (pa) " w (3.23)

neR
=Y/ (pv, pg)w

(2) First note that
D, Y(v,q)) = > [Dvly] a7

neR

— S (Dv)y ! (3.24)

neR

= Y;(Dv,q)

where we can use ([3.10]) in the second equality. This gives

epDYf (v,q)e PP = ZepD n)€ —pDgn-l
neR

— Z 6adpD,U(n)q7nfl

neR (325)

_ Z (epD ) —n—l

neR
= Y;(e"Pv,q)

One the other hand it holds

(DY (v,9)] = Y [Dyvfy| a7
ner (3.26)

= U(tzfl)(—n)qfnfl

neR

which again follows from (3.10|) after expanding Y(v,r). With the same calculation
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as before we derive

epDYf(v, q)e_pD = Z epDv(tL)e_qu_”_l

neR
1
= _ e + ... —n—1
=2 X P D) -] e
neER meN
-1)"n-(n—1)---(n—m+1 "
gy G D P
neR meN m:
= Z Z vt (_1)m(n + m)(n +m — 1) S (e 1pmq—n—m—1
neR meN e m!
= viylg+p) "
neR
=Y(v,p+q)
(3.27)
where the generalized binomial formula for real exponents is used.
(3) Lastly, from (3.4) we infer v,1 = 0 for n <0 and v ;1 = v. This gives
Yi(v,q)l= > U(J;)q’”’ll
TLGR<71
= Z U(J:nfl)lqn
TLGR>0
1
= 7(D|—n1y)+_n 1 ]_qn (328)
n£0 [n]! (=n+[n]-1)
= Z q—‘D"v
neN n:
= 1Py
[

The formal vertex operator therefore satisfies all the properties expected for an inter-

twining operator. In addition it allows us to require an embedding of the Virasoro algebra
in an OFA.

Definition 3.1.4. [85, Definition 1.10] An OFA is conformal if there exists w € H s.th.
its open vertex operator is a power series expansion

Y(w, 7‘) = Z Ln’f’in72 (329)

nel

and its modes satisfy the Virasoro relations

[Ln: Lm] =(n— m)Ln+m + =

5 (n® —n)0pm (3.30)
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for some central charge ¢ € C. In addition, w acts on any v € H in terms of an operator
product expansion

1 — qo

¥ (@ 01), Y (0, ¢2)] = Resigd ( ) Y, (¥ (0 o) ) (331)

and H is conformally graded, i.e. d = Ly and D = L_;.

Note that the following proposition is immediate from analytic continuation to-
gether with absolute convergence and associativity of correlation functions.

Proposition 3.1.5. For vy,ve,w € H, v' € H' and z1, zo € C the functions
(v, Yy (01, 21) Yy (02, 220)w)
(W, Y5 (Yy(v1, 21)v2, 22) W)

are holomorphic functions in the regions |z1| > |z2| > 0 and |z5| > |21—22| > 0, respectively,
which agree in the domain |z1| > |23 > |21 — 22| > 0.

(3.32)

In order to describe a sensible physical theory correlation functions, however, should
have analytic continuations to

@:{(21,22)€C2|217é07é22, 217&22} . (3.33)

The idea to this result is showing that an OFA H has a certain VOA Cy(H) with it, s.th.
the formal open vertex operator becomes an intertwining operator of type ( HHH) Assuming
there exists an injective embedding V' < Cy(H) of a rational VOA V', the existence of the

analytic continuation follows from the general theory of intertwining operator algebras (see
appendix |A.4). Cy(H) is called meromorphic center and as a vector space it is defined as
Co(H) = {v € H|Vue H: Yy(v,z)u € H[z, 2], and

3.34
Y4 (v, 2)u = 1Y 4 (u, —x)v} (3:34)

where x is some formal variable. Thus elements of Cy(H) have formal operator valued
Laurent series. The key result is that four point functions involving at least one element
of the meromorphic center can be analytically continued.

Theorem 3.1.6. [85, Proposition 2.2] Let H be an OFA. For v € Cy(H), u,w; € H,
wh € H' there exists an analytic function ¢(v,u, wy, wh; z1, z2) on Confy(C*) s.th.
¢(U7 u,wsy, wl2a 21, Z2)||Z1‘>‘Z2|>0 = <w;7 Yf(U, Zl)Yf(uv Z?)wl>
¢(U7 U, W, w/2a 21, Z2)||22\>\z1|>0 - <
¢(v> u, wy, wIQ; 215 Z2)’|zQ|>\z17zQ|>0 = <w,27 Yf (Yf<va 21— Z2)“7 22) w1>
= {

¢(U7 U, Wi, w/27 21 Z2)||z1|>\z1—zg|>0

wh, Y (u, 29)Y ¢ (v, 21 )w
2, Yy (u, 22)Y s (v, 21)wr) (3.35)

wh, Y (Ye(u, 20 — 21)v, 21) wy)

Moreover, ¢(v,u,wy,wh; z1, z2) is single valued as a function of zy and has only poles at
21529 = O, 21 = 9.
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The proof is not that hard and mainly uses the skew-symmetry property for elements
in Cy(H) to relate the first two cases of restrictions above.
The major result about conformal OFAs is the following theorem.

Theorem 3.1.7. [85, Theorem 2.3, Proposition 2.5] Let H be a conformal OFA. Then
1) Co(H) is a VOA.
2) H is a Cy(H)-module.

3) Yy is a Co(H)-intertwining operator of type (HHH>

Proof. Point 1) is explicitly proven in [85]. Property 2) directly follows from theorem [3.1.6]
In order to show 3), one only needs to check the Jacobi-identity, all other properties of an
intertwining operator are automatically satisfied. The Jacobi-identity is a formal variable
analog of a contour integral argument. For the reader’s convenience we give a proof here.
Let gmre(21,20) = 2725 (2 — z)¢ for m, k, ¢ € Z. In addition, let R;, Ry, 7 € R, be s.th.
Ry > Ry >1 >0and Ry > Ry —r; > 0. Then for any v € Co(H), u,w; € H, wh € H' it
holds

/I =R /I =R G0, u, wy, wh; 21, 22)gum k.0(21, 22)dz1d 2
z22|=Ig J|z1|=1
_/ =R /| G(v, u, Wi, Wh; 21, 22) G e (21, 22)d21d 20 (3.36)
z2|=h2 J|z1|=T1

/-
= / / O(v, u, wy, Wy; 21, 22) Gm ke (21, 22)dz1d 29
|z2|=R2 /|z1—22|=Ri2

where R15 = R;—r;. In each of the integrals we can insert the restrictions of ¢(v, u, wy, ws; 21, 22)
on the respective domains. Since wy,w) were arbitrary this in fact yields

/ / Yf(% Zl)Yf(% 22)gm,k,€(zla 22)d21d22
|22|=R2 J|z1|=R1
_/I - /Il Yy (u, 22)Y 5 (0, 21) gk (21, 22)dz1d 22 (3.37)
z2|=12 Z1|=r1
:/I <R /I =R Yy (Yyp(u, 21 — 22)v, 22) Gmope(21, 22)d21d 22

Inserting the Laurant expansion of the fields and ¢,, ;¢ and using that for s € C

1 d Jlog(z)s _
/ Sdy — / o, = ) - e #0dz =0, 5 # 1 (3.38)
|z|=1 |z|=1 2mi, s = —1
yields for ([3.37)

e Ny

> (=1y ( j> V(e—jak) U(jm) + (—1)H) ( j> U(e—j+k)V(j+m)
m

=2 <J> (UU*@@ (m—j+k)

Jj=0

(3.39)
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Equation (3.39)) is also known as Borcherd’s identity. On the other hand, multiplying the
terms of the Jacobi identity with g, ¢ and applying Res, Res,, also reproduces (3.39).
Since the Cauchy pairing ((3.38)) is non degenerate this proves the claim. [

In general Cy(H) is not a rational VOA and the tensor product theory and analytic
properties of rational VOA theory cannot be used. Thus a refined version of an OFA is
needed.

Definition 3.1.8. Let V' be a rational VOA. An OFA over V' is an OFA (H,Y) together
with an injective map of VOAs: ¢: V — Cy(H).

Due to theorem [3.1.7, the embedding ¢ yields a V-module structure on H and Yy
becomes a V-intertwining operator. Thus the naturally existing analytic continuations

(W, Ys(v1,21) - Yy (0p, 21)w) (3.40)

defined on |z1| > -+ > |2,| > 0 have multivalued analytic continuations to Conf, (C*) by
the general theory of intertwining operator algebras.
The following is immediate from theorem and the properties of an IOA.

Corollary 3.1.9. For V a rational VOA there is an isomorphism of categories

i I wi . -
Conformal OFAs (H,Y,1,D), V modules with an mlz;ertwm
. N ing operator Y of type sat-
s.th.  there is an injective ho- ~ o ; HHJ “"
. —> isfying the creation and identity
momorphism ¢ : V — Co(H) of . o
VOAs property together with an injective

embedding V — Cy(H)

Later we will construct full conformal field theories from symmetric Frobenius algebras
in Ry and conformal OFAs are particular instances for such algebras. In this interpreta-
tion the meromorphic center gets a natural interpretation. It is the maximally extended
chiral symmetry algebra of the theory. Since OFAs give modules over the meromorphic
center, they correspond to a maximally symmetry preserving boundary condition. This
requirement can be dropped and boundary conditions may only preserve the fixed chiral
symmetry V not the maximally extended symmetry algebra.

Lastly for defining Frobenius algebras later we need the notion of an invariant bilinear
form on H.

Definition 3.1.10. [104, section 1.3] Let » < 0, then define
Y(v,r)w = eF 1Y (w, —r)v (3.41)

where w,v € H and (H,Y) is an OFA. An invariant bilinear form on (H,Y) is a bilinear
map
(e,0): Hx H—C (3.42)

s.th. ]
(u, Y(v,r)w) = <Y <e‘rL1(7’_2)Lov, _7“> u,w)

(Y(v, ) u,w) = <u, Y (e_TLl (r=2)toy, —1> w)

r

(3.43)
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If (H,Y) is an OFA over a rational VOA V this induces a V-module map A : H — H’,
where H’ is equipped with the contragradient module structure. A is an isomorphism
precisely when the bilinear form is non-degenerate.

3.1.2 Closed Field Algebras

In this section we give the definition of a closed field algebra (CFA) over a VOA V. We give
a definition in terms of a V-module C' and an intertwining operator of type ( ) The main
theorem of [86] is that this is equivalent to a conformal full field algebra which is the data of
a state space plus some correlation function mappings obeying some convergence properties
to be expected from full two dimensional conformal field theory. Since we don’t need the
technical details of full field algebras we will be terse in their description. Nevertheless,
they serve as the main physical motivation for the whole construction.

Full conformal field theory has left and right moving modes. Thus chiral objects such
as intertwining operators need to be extended to include anti-chiral data. First note that
for VI, V% rational VOAs, the tensor product VOA VI @ V is also rational. By [54]
Theorem 4.7.4] it in fact follows that any V¥ ® V" -module M decomposes as a direct sum

M~ @ M;UFeU!= 59 Ub iy @ Uphy = D MY @ MY (3.44)
i€lp,j€lR n
where v 1 1,2, | K — |5 are some functions. In addition for i = 1,2,3 and M =

L
MF @ ME being VI @ VE-modules it was shown in [44] that °VM1M2 o~ J\J/ngML RV RMR
1 2

We call this the splitting property.

Definition 3.1.11. Let V', V2 be rational VOAs, M a Vi@V -module and Y a Vi@V -
intertwining operator of type ( MMM>. The full vertex operator associated to Y is given by
YY Mo M— M{z,
t,y} (3.45)
my ®@ may — Y (my; z,y)mo
with

Y (my; @, y)ms = 220 yH'Y (my, 1)z Loy~ L0 (3.46)
By the splitting property for m¥ ® m1 e Ml o M} and m& @ mi € Mt ® ME there

exist intertwining operators Cyk € °l/ L ML and °§,Ik € °V R Y s.th.

Y? (my @ mi; x, y)(my @ my) chk my, w)my @ Y (mi, y)my (3.47)

Definition 3.1.12. [86] Let V*, VT be rational VOAs. A closed field algebra (CFA) over
V@ VEis a triple (C, %, 1), where C'is a VI ® VE-module, % is an intertwining operator
of type (CCC> and ¢ : VE @ VT «— (C is an injective map of vector spaces. This data has to
satisfy
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CFAI) Identity and creation property:
Y(u(1, ®1g),2z) =idc (3.48)
and for all c € C
Jzig(l)y(c, (1l ®1g) =c (3.49)

CFAII) Associativity: Let c1, ¢, w € C and v’ € C’. Then

<U/7Yy(01; 21, §1>ch(02; 22752)w> = <U/7Yy(YGy(C1; 2 — 22,61 — 52)02; z2,§2)w>

(3.50)
for |z1| > |z2| > |21 — 22| > 0 and |&] > |&| > |& — & > 0.
CFAIII) Single valuedness:
2L —LE) — id,, (3.51)
CFAIV) Skew symmetry: For c;, ¢y in C' it holds
Y (cr; 2, y)es = e"51e Y Y (s €M, ey e (3.52)

The axioms for a CFA follow the by now familiar pattern of having a vertex oper-
ator map and an associativity condition. Note that no convergence property needs to
be assumed since by the splitting property any product correlation functions for v/ =
(WE) @ (VB ¢; = cF @ ', w = wl @ w decomposes

<UI Y¥(c1;21,€1) -+ - Y (i 2 Sn)w>
=S (@ Yhlel 2 Y (el 2w ) (OB YLl &) - Yo, (e, G )w™)

The products in are absolutely convergent for |z| > --- > |z,] > 0 and [¢| >

- > [&] > 0 by the properties of an IOA. What is new about the definition is the
single valuedness. It corresponds to the fact that correlation functions should not have
monodromies for transporting field insertions. Let us elaborate on this point. The goal is

to derive from (3.53)) single valued functions

(3.53)

in : C*" x Cont,, (C*) - C

(617'.' yCny 1y "t 7Z7L> — ,LLn(Cl,"' 7Cn;217§17”' )Zn,zn)

(3.54)

which are smooth in (z;,z;) fori = 1,--- ,n. Pairing with any element v' € C” would
give a true n + 1-point function in a full conformal field theory with state space C' and
couplings among fields described by Y. The absolutely convergent function has a
multivalued analytic continuation

<U/7,[L\7/1(Cla" : ,Cn;.,.)'w> (355)
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to Conf,, (C*) x Conf, (C*). Let (n,n—1,---,1) € Conf, (C*) and w = 1. The analytic
extension [, evaluated at (n,n — 1,---1) is uniquely fixed by (3.53) and
fn(Cry o eny 21,81, 2n, €n) can be obtained from paths 7, : (n,--- ;1) = (21, , 2,)
and ¢ : (n,---,1) = (&, -+ ,&,) in Conf (C*). Choosing 7 = 7z one defines

,Un(Cl,"' 7Cn;217§17“' 7Zn7§n> = /I;L’YZX%(CM"' 7Cn;217£17"' >zn>€n> (356)

where the rhs is the analytic continuation determined by v, X 7z. In order for this to
be well defined the analytic continuation has to be independent of the path ~,. In [86]
Theorem 2.11] it is shown that this is the case if and only if the single valuedness property
holds. Since analytic continuations only depend on homotopy classes of paths and the
fundamental group 7 (Conf, (C*), (n,---, 1)) is generated by braids’|

P — e g1
/
~
~N

this is invariance under monodromies. Furthermore, this shows that pu, is invariant
under permutations, i.e. for o € ¥, it holds

,un(co(l)a 5 Co(n)s Ra(l)s Ra(l)s " 5 Ra(n)s Zo’(n)) = H’n(cla SN - P PR 7zna§n) . (357)

Finally by the associativity property of IOA one proves by induction that the correlation
functions satisfy

n n, J— —\. — —
Mn(cl7"' 7Cn717:uf(cl7”' y Cpy W1, Wy, " -+ 7wf7wf>7217217”' ,Zn,Zn>

(3.58)
= Mn+e—1

It turns out that arguments also work in the other direction [86, Theorem 2.11], i.e.
giving a closed state space C' and correlation functions which satisfy the natural
convergence property stated in the introduction and have an action of a VOA symmetry
algebra produces a CFA. So a physically reasonable list of requirements for full RCFTs
lead to the mathematically precise notion of a CFA, for which all the rigorous technical
tools of VOA theory can be applied.

Note that due to corollary and the splitting property, conformal full field algebras
are closely related to OFAs.

Corollary 3.1.13. [103, Corollary 3.3] For VL, V® rational VOAs there is an isomor-
phism of categories

3These are exactly loops in configuration space.
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Conformal OFAs (H,Y,1,D ~
OUeerL o VE ( ) — CFAs (H, Y ,1).

For later purposes we need non-degenerate bilinear forms on C'. These will be the
crucial ingredient for lifting associative algebras in representation categories to Frobenius
algebras.

Definition 3.1.14. [I03] Let (C,¥,¢) be a CFA. An invariant bilinear form is a bilinear
pairing

(e,0):CxC—C (3.59)
s.th.

. . 11
(Yy(c; e, e"“y)v,w) _ (uyy ((emLf(I—2)Lé ® eyLF(y—z)L{f) ¢ y)) (3.60)

holds for all v, w,c € C.

As in the open case this induces a V¥ ® VF-module map Ay : C — C’ which is an
isomorphism if and only if the bilinear form is non-degenerate.

Modular Invariance of CFAs

As discussed in the previous section, correlation functions of CFA are monodromy invariant.
Put differently, they are invariant under Dehn twist around punctures of spheres, which is
tantamount to saying they are invariant under the mapping class group of an n-punctured
sphere. When extending CFA to tori, correlation functions should be invariant under the
action of the modular group. The construction of the genus one extension was done in [87].
It is closely related to the discussion of chiral genus one correlation functions recalled in
section [A.6.1] We freely use the notation introduced there.

Definition 3.1.15. Let (C, %, ) be CFA over VL@ VE. The genus one formal correlation
functions are defined as

/46711(017"' yCn3s L1, Y1, 7xn7yn;TL7TR)
- ir o
= trc (YY (pypf,e ™ er; ¥t €720 (3.61)

L_°L [R_CR

L R —miLE . omiz, —2miyny Lo~ 35 Lo 31
ch (px p*ye Ocp;e ",e n)qTL 4rr

where {x;,y;} are formal variables, ¢; € C' and 77,7 € H E]

Let 1 > |q.,| > -+ >|¢.,| > |¢-| > 0. The splitting property and the results presented
in section immediately give that

M}L(Cla"' yCni 21,21, 7Zn7§n;7—7?) (362)

4One may wonder about the extra factor of e™%0 in (3.61). In case y = % it holds p; = p_ze ™Lo,
which explains the extra factor in the general situation.
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absolutely converges and has a multivalued analytic extension M! to Conf, (Teich;) x
Conf,, (Teich;). Here Conf, (Teichy) is the fiber bundle over Teich; = H with fiber over
a point 7 € H given by Conf,(7;), the configuration space of n-points on a torus with
complex structure .

Note that the Virasoro rescaling property of intertwining operators, permutation in-
variance and genus zero uniqueness readily imply the following.

Theorem 3.1.16. [87, Corollary 3.4] For any cy,--- ,¢, € C the multivalued analytic
extension Mﬁb restricts to a unique smooth function

Mé(clv"' yCnj 21, 21, " 7Zm%;7f) (363)
on Conf,, (Teichy).
In particular for all a,b € Z it holds

1 R - = —_— =
M, (c1, -+ ,Cn; 21, Zny - 2z +aT + b, Zi +aT + b, -+ 20,205 T, T) (3.64)
1 . = = = :
= Mn(cla"' yCny 21,21, 7vazna7->7—)

There is an obvious definition of what it means for a CFA to be modular invariant.

Definition 3.1.17. [87, Definition 3.5] A CFA (C,%Y,¢) is modular invariant if for any
C1,...,c, € C and

(i Z) € SLz2) (3.65)
it holds
M;(( 1 >L5(1 )Lg%m’( . >L5(1 )Lg%
cr+d T +d cT+d T +d
2 z Zn Zn aT+b aT+b (3.66)
cr+d F+d C7—+d c7'+d er+d c7'+d>
:Mnl(c1,... Cni 21, B0 s s B T T -

The above definition is of course very unhandy. But the splitting property tells that
there should be a way to express modular invariance in terms of chiral and antichiral data.
First we decompose the state space into left and right movers

C = @ Uiy ® Ujky (3.67)

which by the splitting property yields

vl (eg) vE(e3)
vL (e wl(eg) T vk (6w k (£)

ch(.L X .R; Z, y) = Z Z Z }/73142 [Zj (368)

l1,02,03=1 a=1 az=1

vE(l3);L v (l3);R
CyVL((el?)))VL(ZZ)?O‘l( ) ® Cy R (313)VR l2);a2 (.R7 y)
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a1 k;L, ks L .
for complex numbers }/gﬁ% [a ] and basis elements Y, R S/ " where the basis
2

for left and right movers can be different. The reader may compare this to (A.90), the
expansion of a conformal field in terms of intertwining operators. One can interpret (i3.68))
as a formal expansion of an arbitrary conformal field, which reduces to an actual field upon
inserting states in the bullet blanks. By theorem[A.6.6|and Theorem in the appendix
for any ¢! € U} there exist complex numbers { Sk “ } s.th.

jkﬁ

M(°; Zqr) . (3.69)

oS =y s 1]

kel p=1

Note that the second sum was absent in the discussion of the appendix since there ¢ = 0

was chosen. The numbers {Sjk [g
exist {(SL);E1 B]} s.th.

]} form an invertible matrix in the sense that there

Z Z [ ‘| SL kﬁ [6] = j,ﬁ(;a;y (370)
kell p=1 v
Analogous expressions hold for right movers.

Since correlation functions M! are uniquely determined by their restrictions on 1 >
|g20] > -+ +1¢..| > lg-| > 0 where they equal products of formal full vertex operators one
can use the associativity property of intertwining operators to reduce modular invariance
for all n > 1 to modular invariance for n = 1. Chasing through the splittings and taking
extra factors of e™L0 for right movers into account one arrives at the follow.

Theorem 3.1.18. [§7, Theorem 3.6,3.8] A CFA over VL @ VE is modular invariant if
cl — ¢ = 0mod 24 and

Bk L (k)
vR(0)vE (k) L(E)VL(k)

DD SRS ST M Sty H (55w [gﬂ‘me( PSR M

k=1 Bi=1 ar=1 “LEDNER) LR
(3.71)

holds for any ¢ € |.

The condition on central charges ensures modular invariance under the T-transformation,
which can be easily seen by shifting 7 — 7+ 1 in (3.62)). The second condition is invariance
under the S-transformation.

3.1.3 Open-Closed Field Algebras

The final object to discuss are open-closed field algebras. They are mathematical formula-
tions of rational full conformal field theories with boundary fields. We again start with a
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vertex operator type definition and discuss how this leads to a structure of closed and open
state spaces H., H,, together with a collection of correlation function mappings {fum,n»}
for all possible open-closed interactions. These correlation functions satisfy some natural
consistency requirements.

Open-closed field algebras were introduced in [I05]. The definition we give here is
spread out over several definitions in [105].

Definition 3.1.19. Let V be a rational VOA. An open-closed field algebra (OCFA) over

V' is a tuple (Hu, Y, t, Hop, Y, Yo_0p), where (Hy, Y, t) is a CFA over V@V, (H,p, Y) is

an OFA over V' and the closed-open vertex operator Y._,, is a ma
Yeoop: Hy @ Hyy x Hx H — H,,

top et & Hop P (3.72)

<C7 0; CJ (,U) = Ycl—op(c; C7 M)O

This data has to satisfy
OCFAI) Convergence 1: For any ¢, ,¢, € Hy, 01,--+ ,0, € Hyp and v’ € H! , w € H,,

op’
(W', Ya—op(cr; C1yw1)Y(01,71) - - Yea—op(cn; Guy wn) Y (05, 7 )w) (3.73)
converges absolutely if |Gi|, [wi]| > |r1| > -+ > [Gul, |wn| > |rn] > 0 and has a
multivalued analytic extension to Confs, (C*).
OCFAI) Convergence 2: For any v' € H,,,, 01,02 € Hy, and ¢ € Hy
(W, Y(Yeop(c; ¢, w)or; 1) 02) (3.74)
converges absolutely if » > |(], |w| > 0.
OCFAIII) Convergence 3: For any v’ € ng, o€ H,, and c1,co € Hy
<U,7 Yermop(Y¥ (13 21, &1) 2 Co, w2)0> (3.75)

converges absolutely if |(a] > |21| > 0, |wa| > [&1] > 0 and |z1] + |&1] < |C2 — wal.
OCFAIV) Associativity 1: For any ¢, € H, 01,09 € H,, and v’ € H, (’,p it holds
(W', Yea—op(cr; Cryw1)Y(01,71)02) = (0, Y(Yeop(c; ¢, w)or;7)02) (3.76)
on [¢|,|w| >r>0and r> |r—(|,|r—w|>0.

OCFAV) Associativity 2: For vt € H,,, 0 € H,, and ¢y, ¢y € H it holds

(W', Yarop(e1; Gt w1) Yer-op(23 Go, wa)0) = (v, Yerop (Y¥ (€1 Gt = Gy 01 — wa)e; Go,w2) 0)

(3.77)
for [C1], |wi] > [Gal, wal, |G > |G =Gl |wa| > w1 —ws| as well as [¢1 — Go| + w1 —w2| <
|C2 - w2|'

5The use of horizontal bars in the formula can be confusing. On H it means complex conjugation,
whereas for H,, it is the algebraic completion.
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OCFAVI) Commutativity 1: Let H=HUR,, H= HUR,, from OCFA1) it in fact follows that

Yea—op has an extension to HUH. Then for any v’ € H(’,p, 01,00 € H,, and ¢ € Hy
and (,w € Ry
<U/)Ycl—0p< C W) (017 >02> (378)

for ( >w >r >0 and
(W', Y(01,7)Yeq—op(c; ¢, w)o0) (3.79)

for r > ¢ > w > 0 are analytic extensions of each other along a path v C H U H.

OCFAVII) Let Hy = @2, Ul ® U ) be a splitting. For ¢ = ¢t @ ¢ e Ul ) @ Uk, there
exist V—modules I, I, and intertwining operators Yl € V. L"p nh and YJS? °I/VI,%( O,y

op

YL €V 2y Y € Uty sth. for any 0 € Hyy, v/ € ng
(W, Yarop(c; ¢, w)o) = (v, Y, O Y3 (R, w)o) (3.80)
for |¢| > |w| > 0 and
(W, Yarop(c; ¢, w)o) = (v, Y (™, ) Y (", o) (3.81)
for w| > [¢| > 0. In addition it holds
Ya-op(1; ¢ Qo = Y (1, Q)Y (1,{o = 0 (3.82)

As in the case of OFA and CFA let us discuss, how this definition leads to the notion
of an open-closed field theory as discussed in the introduction. Let

RE={(r, o m) €ERL [ > >0 my >0} (3.83)
Recall that one wants to derive correlation functions
/ﬂ P HE" x H(%f x Conf,, (H) x ]Ri — H,,
(CLy 3 Cny 01, 003 21, 3 Zni Ty oo Tg) — (3.84)
cl—op

Nng (Cl7"' yCny 01, 00321, 21, * 3 Znsy 2ny T1, 0 0 7TK)

which are smooth and have two associativity properties: First, the concatenation

cl—op . cl—op( i .
Uné (Clﬂ"' yCns 01, , 04— 17:urs (Cla"' 707«1017"' 7037w17"' awrutla"' 7ts)702'+1>
y 00321, 3 2ny T1y s 0t 7T€)
(3.85)
absolutely converges to
cl—op i % .
Mn+r€+s 1(017"' yCny Cpy ot 7Cra017"' y0i—1,01," " 7Os7oi+17"' , 015 (3 86)
21t 2y W Ty Wy R T, T, Tyt T s T, e )

for |z, — 7, |rg — ri| > |wal, |ty] for any p € {1,---,n}, ¢ € {1,--- ;i —1,i+1,---(},
a={1,---r}and b= {1,---,s} This corresponds to configuration of the following type
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T4+ w3

T4+ w2
.::...' '~.‘.“.‘ —_—
XD o in AT
i T2 T3 } 2 ‘\
ry+t ry+t2
Second, for j = 1,...,n closed composition
cl—op j j . . T )
e (Cla T 7Cj717ﬂm(6{7 o 7C]m7 01, ;00 W1, Wi,y »* 0 5 Wiy, wm)7 Cj—1, (3 87)
“3Cni R, 21,0 Bny Bni T, arﬁ)
absolutely converges to
cl—op j j . .
/’l’nerfl,é(Cl’ 5 G-, lea U 7C]m7 Cj+1y° " yCn; 01, , Oy, (3 88)
217717"' 7Zj+w177j+w717"' 7Zj+wm77j+wm7"' 7Znaz;r17"' ,Tg)

for |z, — 2|, |rg — zj| > |ws| forallp =1,--- 'n, p#jand s =1,--- , £ (see figure[L.1]in
the introduction).

The procedure is similar to the closed case and we recall it from [105]. Let {; > w; >
ry > > (> wy, > 1y >0 be points on Ry, then

<U/7 Yclfop(cl; Cn; Wn)Y(Ola 7“1) e Yclfop<cn; <n7 wn>Y(0n7 rn)”) (389)

has an analytic continuation to Confy, (C*) x RZ by axiom OCFAI). Since (3.89) uniquely
fixes the analytic continuation on the simply connected domain

|G| > Jwi| > 11> > |G| > |wn| >7rn >0 (3.90)

one can choose an arbitrary point in that domain as the initial point for analytic continu-
ation. The natural pick is (3n,3n —1,--- ,1) and a path

(HURL)" D7 : (3n,3(n—1),---,3) = (21, ,2n) - (3.91)
Composing with the straight path

R Dy:(3n—1,3(n—1)—1,---,2) = (3n,3(n — 1), -+ ,3) (3.92)
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and taking the complex conjugate of v; gives a path

(HUR,)" x (HUR,)" D9, x 97 :(3n,3n — 1,3(n — 1),3(n — 1) = 1, ,3,2)

— (217717"' 7’%17%)

(3.93)

In addition let v, be the straight path
ROy :(Bn—2,3n—1)—2,--- 1) = (11, -+ ,7rn) . (3.94)

Analytically continuing (3.89)) from (3n,3n—1,--- ,1) along the combined path 7, x 7z X 7,
gives a correlation function

! cl—o . . - .
<U aumn p(clv"' yCny 01,7 y0R3 21,21, y2ny Rns 11,0 " ,Tn)'U> . (395)

for (n,?) # (n,n) one defines ufffp by appropriate insertions of either the closed or open
unit. Since there is a CFA sitting inside the OCFA, this correlation function is independent
of the choice of path ~,. The path ~, is unique up to homotopy, thus this yields a well
defined, smooth, single valued function

pe ;% Conf, (H) x RS x HS" ® HS' — H,, . (3.96)

The above stated associativity properties of u;{;"p follow from the associativity assumptions
OCFAIV) and OCFAV) in the definition of an OCFA.

The alert reader may wonder about open loop-channel closed tree-channel equivalence,
i.e. the Cardy condition. Similar to modularity of CFA this involves a gluing operation.
Unfortunately the true analytic description is cumbersome and relies a fair bit on operad
theory. A detailed discussion is given in [104] sections 1-3]. We refrain from stating the
full analytic expression, since explaining all ingredients in the necessary formula (see [104]
equation (3.73)]) takes some effort and deviates from the main theme of the thesis which
is categorical in nature. We just note that the procedure involves gluing a cylinder in
two different ways which is described analytically in terms of corresponding coordinate
transformations and taking traces similar to the torus case.

Definition 3.1.20. An analytic Cardy algebra is an OCFA whose CFA is modular and
s.th. [104) equation (3.73)] is satisfied.

The categorical content of the definition will be explained in the subsequent sections.

3.2 Categorical Algebra of Field Algebras

3.2.1 Associative Algebras in Ry

Theorem 3.2.1. [85, Theorem 4.3] Let V' be a rational VOA. Then there is an isomor-
phism of categories
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Conformal OFAs (H,Y,1,D), Associative Al

s.th. there is an injective ho- PR ebras (A, m, 1)
momorphism 1 : V. — Co(H) of I R 11
VOAs. Ry

Since this theorem is central when transporting the analytic properties to categorical
algebra we present the proof. This will hopefully help to understand the inner workings of
the notion of a Cardy algebra later.

Proof. First a functor from conformal OFAs to associative algebras in Ry is constructed.
Let (H,Y,1, D) be a conformal OFA with an injective homomorphism ¢ : V< Cy(H). By
theorem |3.1.7| H is Cy(H )-module and Y is a Cy(H )-intertwining operator of type ( HHH)
The map ¢ makes H into a V-module and Y into a V-intertwining operator. Thus H is an
object of Ry. The tensor product construction given in chapter [2] yields that there exists
a morphism

mng H &p(r) H—H (397)
uniquely determined by
my (v ®pe) w) = Yy(v,r)w (3.98)

which for r = 1 gives a multiplication m : H X H — H. We have to show that this is
associative. Let r; > ry > ry —ry > 0 and 71, 72, Y12 be paths in R, from 1 to rq, r and
r1 — ro. If 7, is the path from 1 to r in Ry, by the definition of the operator 7, it holds

my, 0T, (ulv) =mi, (r’LO (rLou Xp(r) TLOU>)
:T_L0m7§f (TLOU &13(,,) T‘LOU)
:T_LOYf (TLO, 7’) rloy (3.99)
=Y(u, 1)v
=my, (uXv)

where the first equality is the definition of F, , the second equality uses that my, is a
module map. This gives a commutative diagram

HX (HX H) 4 (HRH)X H
(id&p(T>fj"’y2)O°j»Yl (gl?gP('rZ)id)og’Yg
7o
H Rp() (H Xp,) H) (H Xp(r,—rp) H) Rpgyy H
mg{lfo(idlgp(rl)mg{i) m&io(myfirzﬁp(m)id)

H id H
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because vertical compositions are equal to m o (id Xm) and m o (m Xid) respectively and

my, o (id Bp(,) my, ) (u Bp,) 0)Wpey) = Yp(u, 7)Y (0, r)w (3.100)

my?, o (my, " Wp(r,) 1d)(u ®py —rp) v) Wpiy) w = Y(Y¢(u, 71 — r2)v, 72)0 '
The two expressions in (3.100)) agree due to the associativity requirements of an OFA. This
shows associativity.

The unit n : V' — H is defined to be the map ¢. Then

VRH —" HRH
\J{myf
H

commutes tautologically. The right unit triangle diagrams

idXn

HXH
myfl /
H

commutes as ¢ embeds V' into Cy(H) and the defining property of the meromorphic center
shows commutativity.

In the other direction, assume (A,m,n) is an associative algebra in Ry. Then by
definition A is an R—fraded vector space. Associated to the product is an intertwining

operator Y,, of type HHH> defined by

HXV

muXv) =Y, (u, v . (3.101)

For » > 0 this gives an open vertex operator Y,,(e,r). Since Y,, is an intertwining
operator the vertex weight property follows by definition. In addition V' is rational,
hence [[; U; is an IOA. Decomposing A into simple modules induces a decomposition
of Yo, = 225 ke mijk%’;, where m;;;, € C. By the properties of an IOA correlation func-
tions of products of intertwining operators %% converge. Thus

ij
(i, Yo (g, 71) - Yo (U, 70 )0 ) (3.102)
converges for r; > --- > r, > 0. By the left identity axiom for algebras it holds
Y(L,hu=u, YUe€H . (3.103)
Applying %o to and noting that n: V' — H has to be grading preserving gives
Yo (1, 7)rtou = oy (3.104)

which upon replacing u — v’ = rfou gives the identity property. By a similar argument
the right identity axiom gives

Yo (u, 7)1 = ety (3.105)
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which in the limit » — 1 yields the creation property. d- and D-derivative properties
follow from the Virasoro action on intertwining operators. For associativity we note that
there is again a commutative diagram like (3.2.1). By the definition of the open vertex
operator from m this immediately gives associativity. The final thing to prove is, that n
maps V injectively into the meromorphic center. We start by showing that it indeed maps
to Co(H). Y, ¢(v,2) € End(H)[z,2™"] follows from the fact that 7 is a V-module map.
The second requirement follows easily from the right unit property.

The two constructions are obviously inverse to each other. [

Note that the proof doesn’t use the braiding in Ry,. The following is clear from corollary
o1 Tol

Corollary 3.2.2. A CFA (H, %Y, 1) over VEQ VT gives an associative algebra (C, pu,n) in
RvL®VR.

In order to describe the single valuedness and skew-symmetry properties of CFAs in
categorical language a closer look on Ryrgyr is needed. The splitting property easily
yields:

Lemma 3.2.3. [103, Lemma 3.5] Let M = ML @ M® and N = NI @ NE be VI @ VE-
modules. Then

M®N— (M*RN") @ (M7 R NF) (3.106)
is a P(1)-intertwining map and therefore a monoidal product in Ryrgyr.

By the universal property of P(1)-intertwining maps there exists a unique V% @ V-
module map S, s.th.

(MLxNL) ® (MRIENR) = L MXN
Bresl Bou

(NLxML)@)(NRxMR) = NXRM

commutes. Since S and 87 define braidings in Ryz and Ry = by the splitting property 3,
is a braiding in (Ryrgyr,X). The natural isomorphism

Onremr = Oy ® O)a (3.107)

with @ — ¢ 2mL5 defines a twist in (Ryrgyr, X, B,,) since O, and O} e define twists
in (RvL |X 6 ) and (Ryr, X, Bf). Clearly the S-matrix defined by

@- @
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is non degenerate. In formulas this just reads
SiRjkRe = Sij @ Stk (3.108)
In conclusion the following proposition holds.

Proposition 3.2.4. (Rycgyr, X, Bo, ©) is a modular tensor category. It is naturally equiv-
alent to Ry X Ry &, the Deligne tensor product of Ryr with the reversed category Ryr.

If VI = VE by [136, Theorem 3.3] it follows that
(RV®V) &7 Boua @) =7 (RV) . (3109)

By the same computation showing that S, S_ are inverse to each other one shows that
for a VI-intertwining operator Y% and a VE-intertwining operator %% it holds

mgBO(GyL) = mcyL e} 5{;, m%_l(yR) = mcyR o Blj . (3110)

The splitting property gives that for Y € WA%‘Q}WQ a VI @ VEintertwining operator the
action of the braiding on the associated module map reads

My 0 PBou = Maoes_\(Y) - (3.111)

Theorem 3.2.5. [103, Theorem 3.11] Let VL, V® be rational VOAs. Then there is an
isomorphism of categories

Associative and commauta-
tive  Algebras  (Cym,n) in
(Ryrgyr, ™, Bou, ©) with trivial
twist.

CFAs (C,%Y 1) over VE@ VI s

By definition of braiding and twist in Ryrgyr single valuedness and skew-symmetry
directly translate to trivial twist and commutativity for the associative algebra for a CFA
given by corollary and vice versa.

Finally we want to formulate OCFAs categorically. The main obstacle is that closed
and open state space live in different categories and cannot be compared directly. It is a
well known fact that monoidal functors map commutative algebra objects to commutative
algebra objects. Let

F. (RV®V7 X, Bou, @) — Ry (3112)

be the composition of the functor in ([3.109) with the forgetful functor. (F'(H), F'(m), F(n))
is a commutative algebra in Ry,. By OCFAVII) and associativity of IOA for any homoge-
neous element ¢ @ cf* € U,. ) @U,r(g) = H, there exists a V-module I, and intertwining

H, I
operators Y/ € V" and Y7 € V.1 Uy S

<U/,YCZ_OP(CL ® C,w)v> = <u’,°y; (°y£2(cL,C — w)cR,w) v> (3.113)
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holds for ¢ > w > ¢ —w > 0. Hence for Y = [[)", Y/ and Y2 = [I)\, ¥? we have
<1/,Ycl_op(wL ® wh; C,w)v> = <v’,°yl (?2(013,( - w)cR,w) v> (3.114)

for any v" € H,,, v € H,, and w? @ w? € H,. By the same arguments used several times

now, the intertwining operators on the rhs of (3.114)) give a V-module map

p: F(Hy) R H,, — H,, . (3.115)
In addition let
Keimop = |F(Ha) ™ F(H) RV S P(H)RH,, % H,| . (3.116)

The categorical description of OCFA given in [105, section 3] can be summarized as follows.
Theorem 3.2.6. An OCFA (Hy, Y, 1, Hop, Y, Y_op) is equivalent to the data of

1. a commutative associative algebra with trivial twist (He, pte, na) i Z(Ry).

2. an associative algebra (Hop, flop, Nop) in Ry .

where in addition the map p : F(Hy) X H,, — H,, gives H,, the structure of a F(H)-
module s.th. the multiplication on Hy is F(H)-homogeneous in both slots.
Equivalently an OCFA (Hy, Y, v, Hyy, Y, Y _p,) is the same as

1. a commutative associative algebra with trivial twist (He, pte, na) i Z(Ry).
2. an associative algebra (Hop, flop, Nop) i Ry .

and an algebra homomorphism Xe—op : F(Ha) — Hop S.th. the center condition

Xcl—op

holds.

Note that we switched from a commutative algebra in Rygy to one in Z(Ry) using
(3.109). The proof goes by showing that axioms of an OCFA have nice categorical repre-
sentations. Denoting the F'(H)-module map p by
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F(Hgy) H,,

the equivalence is given by the correspondence

%]92‘\/11) . ﬂ _ |
OCFAV) — {@ H
OCFAIV) — A
4
OCFAVT) — A A

The map X¢—qp is defined from p as

Xel—op —

.\1

That the two notions are equivalent can be easily shown using just category theory.
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3.2.2 Frobenius Algebras in Ry

In the last section we described how OFA over a rational VOA are equivalent to associative
algebras in the representation category of the VOA. Here we assume that the OFA has
a non-degenerate bilinear form and show how this enhances the associative algebra to a
Frobenius algebra. As before we present some details in the open case, the closed case is
almost the same.

The key step in relating invariant bilinear forms to categorical notions is a description
of the morphisms %, and A, in terms of string diagrams in Ry .

Lemma 3.2.7. [I03, Proposition 4.9] Let {Ys} be a basis in ;).

i) The action of Ay on the basis reads

Let us comment on the proof. The second statement holds by definition of the braiding
in Ry. For the first statement on picks a basis {%1} of ¥, s.th.

eV, © My, o (id; X coev;) = mg- . (3.117)

Then it suffices to show @; =%y o0 210(%). This follows from associativity of IOA and a
computation very similar to the proof of lemma . Recall that 98_; is inverse to By.
Therefore it is represented by the inverse crossing. Ag is obtained by the same argument
and is given by

ﬁo(f) =ev; o Bpo fo(coevy Xid;) . (3.118)
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where f € Homg, (U; K U}, U}). Graphically this reads

. To relate bilinear forms to the above notion we prove the following result, which is
originally stated in [104].

Lemma 3.2.8. Invariance of bilinear forms (3.43) on OFAs over a rational VOA V is
equivalent to the existence of a V-module map ¢ : Hy, — H,, s.th.

zﬁoY:%ooﬁoo(lp@idH@)

. (3.119)
oY = AgoR_; o (idy,, ®)

Proof. We only show the first one, the second one goes the same. Let Y € Wlﬁ M,y then

for any formal variable z and v,w € H,,, u € H,, we compute

1 ~ 1
(7520 0 Ap(Y) . ) P00, w)
xr

= <ﬁ0(°y) (e_xle_QLov, ei”i> u, w> (3.120)
= (u, Y (v, 2)w)

where the first equation is just the definition of %, and the second is the definition of A
plus equation (2.43). Next define ¢ via

(u,v) = (Y(u),v) . (3.121)
Then the invariance (3.43) is equivalent to

(), Yo, ryw) = (6 (¥ (P72, -2 ) ) (3.122)

By (3.41)) this equals
1
<¢ (e_iLlY(u, )e_TLlr_QLOU) ,w> : (3.123)
r

Using that v is a V-module map gives the claim. ]
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Theorem 3.2.9. [104, Theorem 5.10] There is an isomorphism of categories

OFAs (H,Y,1, D) over a rational
VOA V' with a non-degenerate bi- s
linear form

Symmetric  Frobenius Algebras
(H,m,n,Ae) in Ry

We give some parts of the proof with the aim of showing that the theorem can be
obtained by mere category theory after having Lemma [3.2.7]

Proof. We will follow the standard graphical representations for Frobenius algebras pre-
sented in appendix Let ¢ : Hy, — H), be an isomorphism which will be depicted
as

<
I
>
5
1
¢

In order for ¢ to induce an invariant bilinear form it has to satisfy

Figure 3.1: Graphical relations for 1.

This is just the graphical representation of (3.119). Assume (H,,, m,n, A €) is a
symmetric Frobenius algebra. By [59, Lemma 3.7] the morphism ¢
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ENER
AJ-UA

and using associativity once shows that ¢ satisfies [3.1] Hence a symmetric Frobenius
algebra gives a non-degenerate invariant bilinear form.

Conversely, assume (H,,, Y) has a non-degenerate invariant bilinear form with associ-
ated isomorphism 1. The coproduct is defined by

RUNTSS

One easily checks that this is coassociative. The counit is defined similarly. We show
one of the Frobenius properties. The other goes the same.

is invertible.
Setting
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—~
—
—~
Nl

—~
=
—~
N

The steps are as follows: (1) and (7) are the definition of the coproduct, (2), (4) and
(6) are the defining property of v, (3) is associativity of the product, (5) follows from
being an isomorphism. O]

With the same proof the analogous result for CFAs is shown.

Theorem 3.2.10. [103, Theorem 4.15] There is an isomorphism of categories

CFAs (Ha,Y,t) over a ro- Symmetric, commutative Frobe-

tional VOA VE @ VE with ~ . . .
. . . — nius algebras in (H,m,n, A €) in

non-degenerate invariant bilinear

form Ryzgvr

In [57, Proposition 2.25] it is shown that a symmetric, commutative Frobenius algebra
in a braided tensor category automatically has trivial twist and vice versa. Therefore this
extra property doesn’t need to be listed on the rhs of the equality.

3.2.3 (Ry|Z(Ry)) - Cardy Algebras

So far we related analytic open and closed field algebras to Frobenius algebras in represen-
tation categories of rational VOAs. In addition the open-closed structure was expressed
through an algebra homomorphism. In this section we give the categorical requirement
for modular invariance of CFAs and state the Cardy condition. This will give a Cardy
algebra in Rygy. Unfortunately the definition of a Cardy algebra we want to use later
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takes place in Z(Ry). The latter notion is obtained by using the adjoint functor to the
forgetful functor.

Similar to section we state one key result relating analytic expressions to cate-
gorical ones. Recall that in the appendix a and b moves on torus two point conformal
blocks

Was o, (89321, 22167)  U; @ U = Gy (3.124)
were used to derive the Verlinde formula. It was shown in [87, section 4] that a, b can be
extended to two point conformal blocks with arbitrary intermediate propagating family.
With the same proof one can show that this further extends to arbitrary simple inputs.

We summarize this in the following proposition.
Proposition 3.2.11. The space of genus one two point conformal blocks
‘P}%;y;»’j(% ° 21, 2;¢r) 1 Ui @ Uj :— Gy (3.125)

is closed under the action of a- and b-moves

a <\Ij°lyﬁfyfj (.7 o 21, 22; QT)> - W%ekk’yig (., ® 21,29 — 17 QT)

(3.126)
b (‘I’%ﬁ,%('? ®; 21, 22 qT)> = \If}%kkfyfj(g ® 21,22+ Tiqyr)
The corresponding transformation matrices still satisfy
Soa=boS . (3.127)

Since a,b and S are part of a projective representation of the mapping class group,
equation (3.127)) fixes S up to a constant. Therefore, given a categorical presentation for
a and b one can derive S by means of category theory. Note that a, b induce maps

D VoV~ D V0V (3.128)

0,kel £,k€l

which we still denote by a, b. It is shown in [104, Lemma 4.3,4.4] that their graphical
representation reads

Using the SL(2,7Z) relations between 7" and S transformations one can fix the remaining
constant after solving (3.127]). With the graphical calculus in ribbon categories it is not
hard to show, that
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Recall the splitting of the full vertex operator given by (3.68). In genus one due to the
trace the only surviving terms are

Les) vE (e3)
i Ll Z Z L(%sz) VL%):VL(@Q) o oy
Y, (o ® off v [ 1
lel ' ﬁ1 1€2 1 a=1 as=1 " 062 (3]‘29)
v (t2);L (€2);R
CyVL((@f))VL(fz);al( z) © (y R £12)VR ) aQ(.Rv Y)
If we denote for the S-transformation
K
L L
Si= SUL (0w (8) (3.130)

lo=2

and let my, be the morphism in Ryrgyr corresponding to Y}l, the modular invariance
property can be rewritten as

K
> 56 @ ()5 mey, = Z me (3.131)

{1=1 {1=1

Note that these are maps, whereas (3.71)) is the same equation expanded into coefficients
wrt. to a basis of intertwining operators. Invoking the graphical representation for .S,

(3.131)) in fact reads

+V([2> v(l2)
>SS @8, /4

K K .
Y[2 wh () wh(£2) ! ’2
£162 orenwr o) ® Vorienurnes) —_— 2 : 2 : 2 : (a2 D2 y u VL (Lo )xy (t ; R(ty)

l1=1(2=1 £1=1Ly=11,5€l

M=
Mx
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where we abbreviated v(¢;) = v (f;) ® v7(¢;) and the sum over basis elements in the
space of intertwining operators is implicit. Comparing coefficients one derives the equation

v(lz)=ikj

i®

Figure 3.2: Modular Invariance Property

The sums over intertwining operators exactly give the product of the Frobenius algebra
and summing over ¢; gives the object H,. The upshot of the discussion is, that one can
distill categorical expressions from analytic transformation properties of ¢-traces with the
exact same content. In the case of modular invariance these are the expressions for a and b
moves, which enable us to give modular invariance of CFA in the form of figure
In [104] a similar discussion is made for the Cardy condition. We only state the result.

Definition 3.2.12. An OCFA (H.,Y,t, H,,,Y) over a rational VOA V satisfies the Cardy
condition if the corresponding Frobenius algebras satisfy

for all 7 € .

Recall the definition of the functor L : C — Z(C) left and right adjoint to the forgetful
functor. This is a Frobenius functor by [107, Proposition 2.23], thus for (Hop, Mop, Nops Dops €op)
the Frobenius algebra corresponding to an OFA, L(H,,) is a Frobenius algebra in Z(Ry).
In [T107] it was shown how to transport the notion of a Cardy algebra to the Drinfeld center
using the natural isomorphisms of the adjunction. We quickly recall the basic arguments
to close the line of reasoning starting from true correlation functions of genus zero full
RCFTs towards the notion of a Cardy algebra we use in the main part of this thesis.
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Let O € Ry and C = @, Uty ® Uyry € Z(Ry). The natural isomorphisms of the
adjunction are given by

S HOIIlRV (F(O), O) — HOle(RV) (C, L(O))

k F ib

o] — 00 1 v
H *%/ o

HOHIZ (Ry) —> HOHlRV (F(C), O)

H+ 1o

&Plé l—>@@ ge

(=1 i€l =
yL(z)+ +VR(5) vL(€)+ +VR<€)

R : HOIIlRV O F —) HOmz (Ry) (L(O), C)

Hoodnt

2B T] — DB |7

=1 =1 i€l « a&

%1 Homgw,) (L(0),C) — Homg, (O, F(C))
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In the definition of a Cardy algebra in Ry there is the algebra homomorpism kg :
F(C) — O. One defines

Lel—op = L (Kei—op) : C — L(O) (3.132)

To show that ¢, is still an algebra homomorphism one just applies £~ to both sides
of the defining equation for being an algebra homomorphism and recovers the respective
equation for Kg_,. The argument for the center condition is the same. The most non
obvious one is the Cardy condition. Spelling out the string diagrams for ¢y, © o one

cl—op
can easily see that the following is true

In [I33] it was shown that L(1) is a commutative Frobenius algebra in Z(C). With the
completeness of the basis elements in morphism spaces it in addition directly follows that
L(1) is a special Frobenius algebra. Using this one shows
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We summarize the above in a definition of a Cardy algebra in the Drinfeld center. The
preceding paragraph shows that this is equivalent to the previous one.

Definition 3.2.13. [108, Definition 3.7] Let C be a modular tensor category. A (C|Z(C))-
Cardy algebra (e, Hop, Lei—op) is the data of

A) a commutative symmetric Frobenius algebra (%, me, N, Aa, €4) in Z(C).
B) a symmetric Frobenius algebra (#,,, Mop, op, Dop, €0p) inn C.
C) a morphism t¢—op € Homz(c)(#e, L(Hop)).

This has to satisfy the following conditions

I) #., has to be modular, i.e. there is the equality

Hcl =y

II) te—op is an algebra homomorphism.

III) The center condition holds:

IV) The Cardy condition holds:
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Definition 3.2.14. A morphism between (C|Z(C))-Cardy algebras (., Zop, tei—op) and
(Gets Gops Le—op) 18 @ pair of maps fu € Homzc)(#e, Gar), fop € Home(Hop, Gop) s.th.:

I) Both, fy and f,,, are homomorphisms of Frobenius algebras.

IT) The following diagram commutes

fcl

%cl Cgcl

/
Lel—op Lcl—op

L(%op) T L(%op) -
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Chapter 4

Consistent Correlators from
String-Nets

This chapter is mostly based on [I41], but contains some additional new results. We
start with a review of the category of open-closed world sheets. Conformal blocks in their
categorical appearance are determined by a symmetric monoidal functor from open-closed
world sheets to vector spaces and the sewing constraints are neatly cast into a monoidal
natural transformation from the trivial functor to the conformal blocks functor. This gives
a list of 32 relations , recalled in appendix [D] which need to be checked in order to define
a consistent set of correlators. Using string-nets we define a functor of conformal blocks
and Cardy algebra colored string-nets will solve the sewing constraints and vice versa, i.e.
solving the sewing constraints for the string-net conformal blocks functor will give a Cardy
algebra.

4.1 Open-closed World Sheets

The definition of the category of open-closed world sheets we give here is originally due to
[49]. It uses the orientation double of two dimensional manifolds to properly define open
boundary components. Although we will exclusively work with string-nets on quotient
surfaces, this doubling seems unavoidable for a rigorous definition of open field insertions.
An open-closed world sheet is defined as a tuple

S = (g, Ls,Bg,Bg,orS,ord) (4.1)
consisting of

1. an oriented compact surface S with boundary components g (8§> = Bi U B.

The set BY is the set of incoming boundary components, whereas BZ are outgoing
boundaries.

2. an orientation reversing involution tg : § — S s.th. S = 5/ (15) is a two dimensional
manifold with corners, called the quotient surface and S — S is a Zs-bundle. The
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partition of boundary components into sets B, B? is fixed under tg. In addition
boundary components (S ) are parametrized s.th. tg acts as complex conjugation
on the parametrization 1, of any boundary component b. Fixed points B,, of tg in

7r0(§) are called open boundaries, all other are called closed boundary components
B..

3. global section org : S — S. If b € 7 (5) is fixed by ug it holds 1, ' (S*NH) =
Im(org).

4. an ordering function ordg : mg <§> — ‘71'0 gg)‘ which satisfies ordg(o) < ords(c)
for o € B,, and ¢ € B,. Furthermore for a subset N of B,, s.th. its pro-
jection under the quotient map S — S sits on a single connected component of
the boundary of the quotient surface there exists an n € {1, e ,’7?0 (g)’} s.th.

ordg(N) ={n,n+1,--- ;n+ |N|—1}.

The classification of boundary components into closed and open on the orientation
double S induces a division of the boundary of S. A point p € 0S is on a closed boundary
if it has two preimages pp, p; on disjoint connected components of dS. It is on an open
boundary if it has two distinct preimages in S which are on the same connected component
of 8S. Finally there are physical boundary components on S. A point p € 9S is on
a physical boundary if its preimage is a fixed point under tg. Note that preimages of
physical boundary points don’t need to be on boundary components of S.

Open-closed world sheets can of course be sewn. The data for a sewing of world sheets
is a set G of pairs of incoming and outgoing boundary components (i,0) € Bk L B s.th.
(ts(i),ts(0)) € G, either (i,0) € B}, U Bg, or (i,0) € By U BY and there is no o' € B

—_—~—

s.th. (i,0') € G and no ¢ € BY s.th. (¢/,0) € G. The sewn world sheet S§(S) has the
orientation double S/(g) = S/ ~ with ¢7(2) ~ ;' (=%). Let Ps: S — g(\S/) be the
projection map. Then there exists an orientation reversing involution vg(sy 0 Ps = Ps o ig
and B = {i € By|(i,8) ¢ G}, By = {0 € Bg|(e,0) ¢ G}. The global section is given
by org(sy = Psoorg. There is an additional definition for the ordering function which is a
bit cumbersome to write down and since we don’t need it we refrain from actually stating
it.

Finally a homeomophism F : S — T of open-closed world sheets is a homeomorphism
F:S—T mapping

Foug=1roF, troF =15 F(BY)=By, Folm(ors)=Im(ory) . (4.2)

Both, sewings and homeomorphisms of open-closed world sheets are combined into
morphisms of open-closed world sheets. This gives a category of open-closed world sheets
as defined in [106].

Definition 4.1.1. The category of open-closed world sheets WS has objects open-closed
world sheets and morphisms S — T are pairs (F,S), where § is a sewing of S and F' is a

homeomorphism 8§(5) ~ 7.
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Two morphisms in WS are homotopic if the their sewing part agrees and their homeo-
morphisms of world sheets are isotopic as maps of two dimensional manifolds.

Together with the disjoint union this defines a symmetric monoidal category. It is
fairly obvious that WS has a nice presentation in terms of a generating set € of so called
fundamental world sheets. For any object S € WS there exists a list of fundamental
objects {511, e 7§iNS} and a morphism ($,F) : S;, ® -+ ® @Ns — S. Neither the list
of fundamental world sheets, nor the morphism is unique. These facts just correspond
to cutting a two dimensional compact manifold into smaller pieces. An over-complete
generating set of world sheets is given in appendix [D] Let ®, ¥ : WS — Vect be symmetric
monoidal functors, which are constant on homotopy classes of morphisms. Furthermore,
U is required to be invertible, i.e. ¥(8, F') is an invertible linear map for any morphism of
world sheets. A monoidal natural transformation g : ¥ = ® can be uniquely constructed
from linear maps

g::U(S) = B(S), i€E€ (4.3)
by defining
gs=0(S,F)o(gi ® - ®gi) o V(S F)™ (4.4)

where (S, F): S;, ® ---®8;, — S is sewing of S from fundamental world sheets. One of
the key steps in showing that a certain collection of correlators defined on simple world
sheets actually solves the sewing constraints is the following theorem.

Theorem 4.1.2. [106, Theorem 2.8] Given functors W, ® as above and a collection of

linear maps g; : V(S;) — D(5;), then g extends to a monoidal natural transformation if
and only if

g(Riy) = g(Ri,) (4.5)

for {Ri;, R;,} the left and right hand side of the 32 fundamental world sheet sewings given
in appendiz[D

Theorem in particular applies to the trivial symmetric monoidal functor

A WS — Vect (4.6)

which maps any open-closed world sheet to the ground field and any morphism just to the
identity.

Definition 4.1.3. Let & : WS — Vect be a symmetric monoidal functor which is constant
on homotopy classes of morphisms. A solution to the sewing constraints for ®, or consistent
set of correlators for ® is a monoidal natural transformation

corr :A =@ . (4.7)

This definition together with theorem breaks the construction of a correlator
mapping down to checking the 32 relations for a monoidal natural transformation. Let us
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disentangle what a natural transformation from the trivial functor to ® does. First of all
for any open-closed world sheet there is a linear map

corrg : C — ®(9) (4.8)

which is nothing but a singled out vector in the vector space ®(5). In case ® is a functor
of conformal blocks, this corresponds to the fact that correlators are specific vectors in the
space of conformal blocks on a surface. Let F = (0, F) : S; — Sy be a homeomophism of
world sheets. By the definition of a natural transformation there is a commutative diagram

A(S)) =C —95 A(S,) =C

corrle( J{corrs2

o(5) —2 1 (s))

where ®(F) is the action of the mapping class group element F' on the space of conformal
blocks. Commutativity tells that corr gives vectors which are invariant under the action of
the mapping class group. The same diagram for a sewing morphism of world sheets yields

®(8) o corrg = corrg(s) - (4.9)

Hence gluing correlators for simpler pieces of world sheets gives the correlator on the glued
surface.

In summary, a monoidal natural transformation from the trivial functor to a functor
of conformal blocks yields consistent correlators for the RCFT described by the conformal
blocks functor.

4.2 Cardy Algebras and Consistent Correlators

In this section we show how a Cardy algebra solves the sewing constraints and vice versa.
We start with the construction of a functor of conformal blocks from string-nets. Using
the Drinfeld center instead of the Deligne double allows us to work directly on the quotient
surface of an open-closed surface instead of going through the orientation double. However,
in order to properly separate the open sector, the definition of the symmetric monoidal
functor is a bit cumbersome. The reason being that L : C — Z(C) is a Frobenius functor,
but not a tensor functor. Throughout this section we fix a modular tensor category C and
a (C|Z(C))-Cardy algebra (#e, Hop, tei—op). The reader may have Ry = C in mind, but
the results apply to an arbitrary modular tensor category. In addition, given a compact
surface ¥ with possibly non-empty boundary, we denote gy for the genus of the closed
surface obtained from ¥ by gluing disks to its boundary components.

We separate open-closed world sheets into three types: disks (type I), spheres with
non-empty open and closed boundaries but no physical boundary (type II) and all other
world sheets (type III). This classification is not closed under sewing of world sheets and
we have to discuss how the sewing operation acts in different cases. We start by a precise
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definition of the different types of world sheets and the vector spaces the block functor
assigns to them.

)

1)

By a disk we mean an object S € WS s.th. gs = 0 and for any b; € m (85) it
holds ts(b;) = b;, i.e. there are only open boundary components, whose images in
the quotient surface sit on a single connected component of the boundary, which is
given by the fixed point set of tg. Therefore the quotient surface is just a disk 5, ,,
with n incoming and m outgoing open boundaries. Open boundaries are ordered by
the ordering function ordg and we denote

o= L My (4.10)
n+m

with

Hop =

_ { #,p, for outgoing boundary (4.11)

. : :
#,,, for incoming boundary

and the tensor factors of incoming and outgoing components appear according to
ordg. We define B
BE(S) = H*(S,%,,) . (4.12)

That is, the functor assigns the string-net space on the disk with boundary value the
tensor product #,,.

A sphere with non empty open and closed boundary components corresponds to an
object S € WS with gs = 0 and B,, # 0, By # 0. In addition we require that the
fixed point set of tg is connected and has non-empty intersection with B,,. Thus
there is no connected component of the boundary on the quotient surface which is
purely a physical boundary. In this case we are going to consider a certain subspace
of the string-net space H*(S, %, L(%,,)) = Homz(c)(1, %, @ L(%.,,)), where closed
boundary components of the quotient surface are labeled with #.; and open ones by
L(%,,) and notation indicates the same assignments as in case I). Since L is lax and

colax tensor functor for any A, B € C there are morphisms

k |k
o= D2 /Fl(

¢ L(A) ® L(B) — L(A® B), : )
g 51 1
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-
[

L : 12((:) — L(]_C),

Yl L(A® B) — L(A) ® L(B),

vy L(1c) = 1z, Yl = D%dgc.

. The graphical presentation for ¥ is similar to ¢¥ but we don’t need in the fol-
lowing, thus we just gave the formula. Recall the map £~ : Homgz(c) (C, L(O)) —
Homc (F(C'), O) from section [3.2.3] We define two maps

7 Homz(c)(l,%) — HOHIZ(C)(L L(#,y))
fr (Ureide-@id) oo (¢F @id) o p* o L(f) o ¢}

(4.13)
and
Y : Homg() (LW) — Homc (1,%) ~ Homgzc) (1, %Op) (4.14)
mapping
g Y(g) =L o F[¢ro(ida¢h)oo(ide- - ®ide¢") o] (4.15)

Lemma 4.2.1. Y is left inverse to Z, i.e. Y o Z = idHomz(c)(L%).

Proof. The proof is done using the graphical representation of the morphisms. In
some of the pictures we skip the red strands corresponding to the objects in C in the
definition of L. They are freely braided above black strands and clutter arguments
unnecessary.

The first thing to note is that by completeness the following holds
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@ i

. Thus the definition of the map £ ! and induction on the number of tensor factors

in Homz(c) (1, (%Op)) gives

Here we don’t give an orientation of red strands since they either correspond to #,,
or #,,, but the precise appearance of factors is irrelevant. Note that this is just S
applied to any tensor factor individually. Next, the composition of the black strands

part of L(f) o ¢ reads

dyd;
S

B,j,kel

Thus the black strand part of (id ® £71) o (¥ oid) o L(f) o ¢¥ gives
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Induction gives

YoZ(f) = @ XY ol

iy, el anye

i s el
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Let %, be the tensor product of closed boundary labels for S were #,,; is assigned
to an incoming closed boundary and %, to an outgoing closed boundary. It is clear
that with possible intermediate application of braiding morphisms there is map

8 : Homgz(c) (1,%) @ Homz(c) (1, #a @ L(%p)) — Homz(c) (1, L(%op)) - (4.16)

The vector space assigned to a type II) world sheet by the conformal block functor
is now defined as

Bt (S) ={g € Homyc) (1,%a ® L(#op)) |
Vf € HomZ(C) (1’%/7;) S EEEERE X HOI’HZ(C) (1,%) s (417)
h € Homgz(c) (1,%,,) sth. fog = Z(h)}
IIT) Let S be any world sheet not of type I) or II). The block space on S is defined as
B(S) = H*(S, L(#,,) @ Ha) (4.18)

where again tensor factors appear according to ordg and incoming boundaries are
labeled with the dual object.

Next we have to define B¢ on morphisms. The action of the mapping class group
part F' of a morphism (S8, F) in WS is readily given. By the definition of F' it steps
down to a homeomorphism of the quotient surface. This homeomorphism acts on the
graph of a string-net inducing a linear map on string-net space. This linear map preserves
the subspace of the string-net space for type II) world sheets, as these are string-nets
on spheres and the only non-trivial elements of the mapping class group are Dehn twists
around homology cycles corresponding to boundary components. These can be reversed
using the projector circles. Defining the action of sewings is more involved. First note that
for any A € C there is an isomorphism

L(A*) ~ L(A)" . (4.19)
This readily follows by defining evaluation and coevaluation morphisms
evya) = ¥y o L(eva) o ¢" : L(A*) ® L(A) — 1
coevray = P o L(coevy) o ¢y : 1 — L(A) @ L(A*)

and their graphical representation reads

(4.20)

D2
i =D o

i€l
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COGVL(A) =

The straightening identities follow from the fact that C is ribbon and rigid. Just as for
objects we distinguish different types of sewings. Whenever we talk about string-nets on
world sheets of type I),IT) or III) in the following we actually refer to string-nets on their
quotient surfaces.

i)

ii)

iii)

iv)

v)

[I)+1)— I)] First consider sewing two world sheets of type I) s.th. the result is again
a type I) world sheet. In this case we just concatenate string-nets.

[I)+1)— III)] The second case is sewing two type I) world sheet resulting in a type
I1T) world sheet. First we apply the map Z to the source string-nets on the type
I) world sheets and then concatenate. In addition projector circles are a added to
possibly new boundary components of the quotient surface.

[III)+11)— I)] This is sewing a type III) world sheet to a type II) world sheet giving
a type I) world sheet. In this case the type III) world sheet has quotient surface a
disjoint union of disks each having a single closed boundary component. The result is
necessarily a disk with solely open boundary components. The action on the string-
nets is giving by first concatenating the string-nets and then applying Y to the result
mapping it to the correct vector space.

[I)+11)/111)— 1I)/III)] This is gluing disks with only open insertions to other world
sheets using open sewings. First we apply Z to the string-net on the disk and then
concatenate.

Any other type of sewing is just concatenation of string-nets.

The first major result is the following theorem.

Theorem 4.2.2. The definitions given for Bt on objects of WS and on morphisms ac-
cording to the last paragraph yield a symmetric monoidal functor BE : WS — Vect.

Proof. The only non-trivial part of the theorem is checking that composition of morphisms
is well defined. For this we first check that concatenating string-nets on type I) world sheet
and then applying Z gives the same as first applying Z to the individual string-nets and
then concatenate. Concatenation of string-nets uses evaluation morphisms as coupons are
labeled by elements in the vector spaces (o) = Hom(1,e). Thus let f € Homgz(c)(1,%,, ®
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#Hop) and g € Homyz()(1, ® #,p), then it holds Z(f) € Homz(c)(1, L(%,,) @ L(%,,)*),
Z(g) € Homgzc)(1, L(%, ) L(%op)). For the concatenation we compute

ddyd,
D > vud

ikg el o

where in (1) the definition of the basis elements {6&’7 )”‘“} is used and (2) uses the ribbon
structure of C. The last picture is nothing but Z applied to the concatenation of the string-
nets. Next we note that compositions of gluing disks to closed boundary components of
type II) world sheets and gluing along open boundary components of the same world sheet
is well defined due to . Hence compositions including open boundary components
are well defined. Compositions of gluing along closed boundary compositions are obviously
well defined. O



72 4. Consistent Correlators from String-Nets

To summarize, we defined a functor of conformal blocks by assigning to an object in WS
the string-net space with boundary values from the Cardy algebra (#.;, #op, tei—op) modulo
technicalities in case of type II) world sheets. The restriction to the subspace in this case
is necessary to get a well defined functor. The conformal block space for type II) world
sheets contains all interesting string-nets. In particular it contains all string-nets which
are obtained from gluing type I) world sheets to the open boundary component of a type
IT) world sheet, i.e. it contains all open <+ open-closed correlator sewings.

Furthermore, the string-net spaces reproduce state spaces from the Reshetikhin-Turaev
tft. Therefore it is sensible to call this functor really a functor of conformal blocks. As at
the end of the day all correlators are determined by elements on simple world sheets by
factorization, we quickly recall the state spaces of 8¢ in some simple cases.

First of all , to any disk D(n, m) with n incoming open boundary components and m
outgoing boundary components it assigns the vector space

RBet(D(n,m)) = H*(D,%,,) = Homyzc)(1,%,,) ~ Homc(1,%,,) - (4.21)

The genus zero part of the closed theory embedded in the Cardy algebra in the form of
the Frobenius algebra %, has conformal block spaces

Homz(c)(l, %) (422)

which are exactly the vector spaces the functor %B¢ gives for spheres with only closed
boundary components. Finally in the open closed sector, fundamental world sheets have a
single open boundary component. Thus the spaces of conformal blocks read

R (1) = ]fls([, Lop(#op) @ #;) ~ Homz(c)(1, Lop(Hop) @ ) (1.23)

%f([T) = ([T, Lop<%op)* X %cl) ~ Homz(c)(l, Lop(%op)* X %cl)

This can be easily seen by noting that L not being a tensor functor is irrelevant when
having a single open tensor factor, i.e. a single open boundary component. Therefore the

subspace (4.17)) is in fact the whole space Homzc) (1,%01 ® L(%Op)>.

Having a sensible symmetric monoidal functor of conformal blocks the first task is to
construct a complete set of consistent correlators on all genus ¢ surfaces. The route we
take is to start with a set of fundamental correlator string-nets which define the structure
maps of a monoidal natural transformation. For these string-nets we show that the 32
sewing relations hold. As the reader may suspect from the 32 relations, the consistency
requirements of a (C|Z(C))-Cardy algebra will solve the sewing relations.

In the following we don’t display the Z(C)-colorings of the string-nets explicitly. In-
stead, red edges are always colored with #,,, orange edges are colored with %, and purple
edges are colored with L(#,,). Though %, is an object of C, we view it as an object of Z(C)
through the fully faithful embedding C < Z(C) given by A — (A, B4.) using the fact that
C itself is braided. In addition we don’t give morphism labels. Instead disk shaped vertices
of the string-net graph correspond to structure morphisms of Frobenius algebras. The type
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of structure morphism, i.e. multiplication, comultiplication, unit or counit is determined
by the number of incident edges and their orientations. In addition the open-closed struc-
ture map t¢—op and its Frobenius adjoint Lil_op are displayed as rectangular orange boxes,
where again the orientation of incident edges determines if the box corresponds to te—op
Zl_op. The morphisms for string-nets are always elements in Hom(1,e). All structure
morphisms can be brought to such vector spaces using evaluation and coevaluation maps.
Since concatenation of string-nets is performed using evaluation maps this doesn’t matter
and we can pretend to draw the actual morphism on the surface. Finally, some of the
fundamental string-nets miss projector circles. This is due to the fact that on the corre-
sponding topologies the circles can be homotoped to a point and vanish. Equivalently, the
circle can be freely homotoped into an embedded disk, which doesn’t intersect the rest of
the string-net and according to the graphical calculus in C this evaluates to the identity.

We make the following definition.

or ¢

I) Open World Sheets:

(AN @

op op op op op
COI’rpmp corr,, Corra COrI’T7 corr,

Figure 4.1: Open fundamental correlators.

IT) Closed World Sheets:
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S il
e

cl cl

cl cl cl
COI’I’pTOp corr,, COrr A COI’FTI corr,

Figure 4.2: Closed fundamental correlators.

IIT) Open-Closed World Sheets:
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......
— | —1

corry Ccorrt

Figure 4.3: Open-closed fundamental correlators.

We split the proof for consistent correlators into three separate lemmas.

Lemma 4.2.3. The maps

op op op op op
{corrpmp,corrm,corrA,corrn , corr? } (4.24)

satisfy all open sewing constraints.

Proof. This essentially immediately follows from the Frobenius properties. Since the string-
nets are embedded into disks the graphical calculus directly applies. In the following table
we list the non-trivial open sewing relations in the left column and the property of the
Frobenius algebra #,, which ensures the respective sewing relation to hold in the right
column.

. . h
. - h
U
RS

R5) — w —
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- A
I
IR
U

. Relations R10)-R13) just follow from the fact that corr?® is the identity on #,,. [

prop

Lemma 4.2.4. The maps

cl cl cl cl cl
{corrpmp, corry, , COrry , Corr, ', corry } (4.25)

satisfy all closed sewing constraints and the genus 1 relation.

Proof. Relations R14)-R23) follow by almost the same reasons as in the corresponding open
case. The only difference is the treatment of the projector circles. We show the argument
once for Frobenius relation R22), all other circle deformations follow by the same argument.
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Equality (1) is the completeness relation applied to projector circles. In (2) the complete-
ness relation is performed along the k-labeled circle and in addition one of the Frobenius
properties is used to change the #.-colored string-net. In (3) finally the same argument
for circle dragging as in (1) and (2) is performed after doubling the outer projector circle
using the projector property.

Next we show the Dehn twist relation R24).

—~
~

—

=

In (1) and (2) the completeness relation is used, which is possible, since Z(C) has sim-
ple objects (U; ® Uj, fju.) Then this relation is expanding #,; into its simple summands
and using the completeness relation on the summands, seen as tensor products in C. Since
drawing these steps one by one is cumbersome and not enlightening we summarize the pro-
cedure in one step. Finally in (3) we use [57, Proposition 2.25] saying that a commutative,
symmetric Frobenius algebra in a ribbon category has trivial twist.
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The braiding relation R25) follows from

—
-
—
=

—~
[N
Nz
—~
=

Again (1), (2) is completeness for projector circles, (3) and (4) uses completeness to
drag the #,-colored edge along the circle and in (5) we first use that #,; has trivial twist
and braiding, as well as a circle dragging on projector circles.

So we are left with showing the genus 1 property which is satisfied by modular invariance
of %cl-
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didjdkdl
3 D> T h

- 1,j€l i,5,k, L€l

-----

i,j€l

- i,r€l

Here (1) uses completeness in a different normalization, therefore we replaced coupons
with rectangles in the basis summation. Equation (2) is the modular property of #,. In
(3), (4), (5) and (6) we again use completeness to manipulate the string-net graph. Finally
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in (7) equation is used. O
Lemma 4.2.5. All open-closed sewing relations R26)-R31) are satisfied.

Proof. The first relation to show is R26).

W > b
= ikel
()

First we drag the L(%,,)-colored string-net along the projector circle in (1) and (2),
then we use the center condition in (3).

Relation R27) is almost trivial and obviously is satisfied as ¢y, is an algebra homo-
morphism. In pictures this is

The relations R28) and R29) are consistency requirements for ¢r_,, and Lllfop. We only
show R28), the other follows by a similar computation.

—~
~

—

=
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/
o)

In the first picture the red dotted lines indicate the gluing of the world sheet and (3) is

just the definition of LL_OP.

The relation R30) is the unit part of ty_,, being an algebra homomorphism. Since
we had related arguments several times by now and there is really not much to show we
don’t give the graphical representation here. The last relation is R31) and since the only
condition we haven’t used so far is the Cardy condition one might already guess that this
is the central point of the argument.

0 S ®
ikel
(@)
(@)
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One last time we note that (1) and (2) is the completeness relation dragging the L(%,,)-
colored string-net along the projector circle. Equality (3) is the Cardy condition. [

So we see that each property of a Cardy algebra corresponds to a specific sewing
relation. One might say that the procedure given here realizes the higher genus conformal
bootstrap in an abstract, categorical way since we showed that any correlator for an open-
closed rational conformal field theory has a unique expansion in terms of some fundamental
correlators. It is also noteworthy that it suffices to have consistency conditions in genus
zero and a single requirement in genus one in order to have an all genus description. No
further constraints appear for higher genus correlators. We summarize the results obtained
so far in a theorem.

Theorem 4.2.6. Given the fundamental correlators

[ cl cl cl

{corrap corr?? corr¥, corr,”, correP, corry,.,,, COrry, | Corry, corr,,

cl
prop props corré', corry, corr } (4.26)

on generating world sheets all 32) sewing relations are satisfied. Therefore there is a
monoidal natural transformation

corr : A = RBE (4.27)

giving consistent all genus correlators for the open-closed RCFT described by the (C|Z(C))-
Cardy algebra (F, Hop, Ler—op)-

One might wonder if the other direction of the theorem holds, i.e. given a consistent set
of correlators for the conformal blocks functor, does this determine a Cardy algebra? By
methods involving the use of the Reshetikhin-Turaev tft this was shown in [106]. Here we
give a somewhat easier proof in terms of string-nets. The main simplification is that one
doesn’t need to go through three dimensional bordisms for whom proofs tend to become
difficult as there is no easy way of picturing three dimensional objects on a sheet of paper.

We start by recalling that the first homology class H; (3, Z) of a compact surface ¥ of
genus g with n boundary components {OX}, is generated by circles around a and b-cycles
of the g-handles and circles which can be freely homotoped to a boundary component. An
example showing the homology cycles is given in figure [4.4]



82 4. Consistent Correlators from String-Nets

0

\O/@\O/ < )0

Q S

Figure 4.4: A genus 3 surface S3¢ with a-cycles respectively b-cycles shown in green and
blue. Red circle show boundary generators in H;(Ss).

String-nets on any compact surface have projector circles winding once around bound-
ary generators of the first homology class. Assume that a string-net winds around such a

generator. In an annular neighborhood of the boundary we can perform the manipulation
of string-nets
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with (1), (2) the usual circle dragging. Orientations of string-nets shown in the picture are
arbitrary and by induction on the winding number one might replace any string-net by an
equivalent string-net which doesn’t wind around boundary homology cycles. In particular
string-nets on spheres are all equivalent to string-nets with a single coupon, as they can be
unwind leading to a string-net where all edges not intersecting the boundary are localized
in a disk. These internal edges together with their incident vertices can be composed into a
single morphism. Hence one might conclude that string-nets on fundamental world sheets
are all of the form shown in figures [4.1] and [4.3] with vertices labeled by arbitrary
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morphisms. This is almost true. The only complication comes from open and closed
propagator world sheets, whose correlators evaluated to the identity map before. A general
string-net on Opyop, Cprop can of course have an arbitrary morphism. Thus we have to
enlarge the setup.

Assume we are given objects Cgo\p € Cand €, € Z(C) and we color open boundaries
with @Op, closed boundaries with ‘@Cl A string-net on O,,,, is determined by a morphism
Dop °§0p — ‘gop Furthermore, suppose that the morphisms on all other fundamental world

sheets are chosen s.th. we get a solution to the sewing constraints. Then relation R10)
and R1) give

_ Pop Pop
Cop
Gop
Per R1) R10) % R1) G
%o o -l
Cor -
Cop

showing that p is in fact an idempotent. By the same argument based on relations R14)
and R16) one shows that the closed propagator map py : €4 — G is also an idempotent.
Since C and Z(C) are abelian categories one can split the idempotents

—

Top : Gop = Gop,  €op 1 Gop  — Gy

| (4.28)
Top O €op = ldgop7 €op ©Top = Pop
Tel © @—; — (gcb €cl - gCl - @; (4 29)

Tel O €q = idg €l OTe = Pel

cl?

In physics terms this corresponds to a situation where the state space of the theory is overly
large leading to states with non-invertible two point function. We may put invertibility of
the two point functions in by hand, i.e. we require p,, and p to be invertible. Then they are
invertible idempotents on finite dimensional vector spaces, thus they are the identity. But
choosing instead the retracts (splitting) , corresponds to restricting the theory
to smaller state spaces G,,, 6, with invertible two point functions. For the morphisms
exhibiting the retracts the graphical representation
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Gop Gl Gel
G A 9o A

“» = g ror = M “ = g ra — M

A ' N

Goy Gop Ga Gu

Gel i@
Gt é;

g = ; Gel Get
Gu Get

o Gu i®j Get

It is in fact not hard to show this. Both side are elements in
& Homzo)(U; ® U],Cgcl) ® Homgz(c (@Cl, U; @ U;)

4.
i,j€l (4.30)
Since {(U ® Uy, By .)} are the simple objects of Z(C) the map
P Homy(c)(U; ® U, 6w) ® Homy(cy(u, U; @ U;) — Homyz(c)(6u, Ga)
wel (4.31)

> Ui @ wig — Y v 0 Wi
ijel ijel
is bijective. Applying the map to both sides and using completeness of the basis as well
as the splitting properties of r., ey shows that both sides map to the same element in
Homzc) (G, Gur)-
From the discussion of string-nets on genus zero surfaces it is clear that there are
morphisms .

Table 4.7: The first row states the type of world sheet and the second row the corresponding
maps.

These morphisms have source and target the big state spaces Cgo\p and cgo\p. In addi-

tion one can use the same proofs as before to establish certain properties for the hatted
morphisms
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R6) = Mgy is associative product on Téo\p
R7) = Azp is coassociative coproduct on fé;,
R§) = Bop © Mgy = (i 01d) o (id 0 Ay)
R9) = Aoy © iy = (A 0id) o (id o 7775)
RO) = Pop © Mop = Migp

RIO) = Aop 0 Dop = Aoy

R10) = Pop © Top = Tlop

R11) = €op © Pop = €op

R16) = Pel © Ml = Mg

R17) = Agopa =2y

R18) = Pet © el = Tel

R19) = €cl O Pel = €dl

R20) = Mg is associative product on @;
R21) = E\d is coassociative coproduct on @;
R22) = Ay oy = (g 0id) o (id o Ay)
R23) = Agoimg = (Aqoid) o (id o i)
R24) = %, has trivial twist.

R25) = Mg is commutative.

R26) = ly_.p satisfies the center condition for L(m,,).

R27) & R30) = iy o, is an algebra homomorphism for L(m,,).

R31) = iy_.p satisfies the Cardy condition for L(m,,)
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R32) = Mg satisfies the modularity condition.

But relations R1-R4) and R15),R16) don’t give that 7,,/ €, or their closed equivalents
are unit/ counit maps. But it is readily checked that

Mop = To 0 Mgy 0 (€5 @ €5) + Gop @ Gy — Gy
Aop:(ro®ro)oﬁo\poeo:@op%°§op®cgop
Nop = To O Nop : L = Gy
€op = €op 0 €01 Gy = 1
Mo =T 0Me 0 (60 ®ey) : Gy @ Gy — Gu
Ag=(rqg®@ry) 0o Agoey: Gy — Gy ®%E,
Net =Tt 0Tt 2 1 — Gy

(4.32)

€cl = €l O €l - Cgcl — 1

Le—op = L(1) © @ oeq: Gy — L(G,)
—_—

_ T
=T © Lcl—op

o L(e,) : L(6,) — 6.

Lcl—op

yield a symmetric Frobenius algebra structure on 6,, and a commutative, symmetric Frobe-
nius algebra structure on 6. Intermediate propagators vanish due to relations in the table
involving the propagator morphisms. Less trivial is the fact that center condition, Cardy
condition and modularity still hold for the unhatted morphisms. We start with modularity.
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In (1) the definition of m, is inserted, (2) and (4) are my o (id ® py) = My, (3) is
modularity for mg, (5) uses|4.6/and (6) is again the definition of m.. The center condition
follows from

cgop

where (1) is the definition of 14—, and myg,,), (2) is the center condition for ia—_op Where
we inserted an intermediate propagator morphism without changing the diagram. (3) is
again insertion of definitions. Finally the Cardy condition is the computation

L(Gop)

—~
=
«
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with all steps following the by now familiar arguments from modularity and center condi-
tion.

This shows that if we start with a solution of the sewing constraints for a ‘gg\p / .-
colored conformal blocks functor from string-nets, we in fact get the structure of a Cardy
algebra on the retracts 6,,/ €. But even more is true. Sewing constraints give a Cardy
algebra unique up to isomorphism Assume that for a given solution we choose another

set of retracts (6,77, ¢€.,), (Giys Ty, €0y)-

Lemma 4.2.7. The maps

. !
fop i Top© eOp@Op — Gop

(4.33)
fea:rqo ecfgd — G

are isomorphisms of Frobenius algebras.

Proof. Tt suffices to show that both are algebra as well as coalgebra maps. We only present
the proof for the open maps, the closed case goes exactly the same.

Mep © (fop ® fop) = Top oﬂ/lo\p O \€opp © fop X €op © fop)

(
=Top0@°(popoeop®popoe )

= Top © Mep © (€5, @ €5) (4.34)
= Top © e;p o r;p 0 Mgy © (€ ;p ® e;p)
= fOP © m:)p
fopon’:fopor;poﬁ(;:%po@:n (4.35)
This shows that f,, is an algebra map.
Aop o fop = (Top ®Top) 0 AOP O €op ©Top O e’

!/

€
P - (4.36)
Top © €op & Top © 60p> ° (T;p ® T/op)AOP © el

op
= (fop ® fop) 0 A,

= (Top @ Top) © AOP o

o~ o~ o~~~

!/ / /
€op © fop = €op © €op O Top O €4 = €0p O €, = €y (4.37)

This shows that f,, is a coalgebra map. ]
Lemma 4.2.8. The diagram

/ fcl
_—
cl 6

/ Lel—
LCZ*OPJ/ J{cl op

L(g,) 27 1(s,,)

commutes.
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Proof.

Lel—op © fcl =L Top) © bel—op © €l © Tl © 621

(Top)
= L(7op) © let—op © €.
( p) l /p l (4.38)
= L(rop) 0 L(€py, 0 7o) lci—op © €y
= L(fop) © L/cl—op
]

We summarize the above lemmas in a theorem.

Theorem 4.2.9. Given any set of fundamental string-nets on generating world sheets
with closed boundary values ‘.ﬁd and open boundary values 'ﬁop, L(‘.ﬁop) which satisfy the
sewing constraints defines a (C|Z(C))-Cardy algebra (a1, Cop, Lei—op), Which is unique up to
isomorphism.

4.3 Structure Constants and Defect Fields

There exists a convenient way to compute structure constants and prove modular invariance
as well as factorization of correlators under sewing of world sheets in a more explicit fashion.
The procedure is related to the FRS formalism [58][60][61][62] [63][48], but instead of the
Reshetikhin-Turaev tft we use the string-net tft outlined in appendix [C] This allows us
to compute structure constants of correlators for highest weight fields in an expansion of
elementary two and three point functions in terms of conformal blocks. The spaces of
conformal blocks are still given by Hom-spaces in a modular tensor category. Thus the
missing ingredient for true correlation functions is an isomorphism of modular functors
Mg = My, where Mg is the modular functor in its categorical form as used in this
thesis and J,,, is a modular functor given as a vector bundle with flat connection over the
moduli space of Riemann surfaces. The genus zero and one part of the latter functor is
given by correlation functions of intertwining operators and their ¢-traces. A higher genus
analytic construction is missing though.

Before giving the construction, we take our time and discuss boundary states and
defects in RCFTs. In a Cardy algebra there is a fixed boundary condition in the form of
a Frobenius algebra. Hence there are no boundary condition changing operators in the
theory. The categorical description of boundary fields and conditions is due to [60]. Its
central object is a special, symmetric Frobenius algebra F' in a modular tensor category
C. The reader may think of C as the representation category of a rational VOA. One
can construct a full RCFT with arbitrary topological defects and symmetry preserving
boundary conditions just from F'. This may come as a surprise since F' is purely chiral
data, bulk objects, however, require the inclusion of antichiral fields. In section we
compute the bulk partition function using the string-net formalism. This computation
shows, that indeed, the full content of the bulk theory can be derived from F. So, how to
arrive at F'? In chapter we discussed conformal open field algebras (H,Y, 1) over a
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rational VOA V. In the course of section we explained that the state space H is a
module over V. Hence we may decompose it in terms of simple modules {U;} for V

H = @nU (4.39)

i€l

where n; € Z> are multiplicity coefficients. The open vertex operator Y became a V-
intertwining operator of type ( HHH) Splitting it into simple objects yields

Y = Z i Gyi];,a = Z i \I/ga : (4.40)

i,5,k€l a=1 el a=1
The summands \I/fa give the coupling of the primary field corresponding to the represen-
tation U; to the boundary. Since there are n; such primaries, there are n; possibly different
couplings. We have seen that the product of intertwining operators gave (H,Y,1) the
structure of an algebra in Ry . If there is in addition a non-degenerate bilinear form on H
this algebra becomes a symmetric Frobenius algebra. For it to be special one has to make
some additional assumptions. For a discussion of how the assumptions lead to specialness
of the Frobenius algebra see [60], section 3.2]. The first assumption is that there are no pri-
maries of negative conformal weight in the theory. Recall that simple representations {U; }
of a VOA come with fixed lowest weights {h;} and the statement translates to the fact that
in all categorical construction non of the representations with h; < 0 appear. Recall that
a necessary condition for a unitary highest weight representation of the Virasoro algebra
is a positive conformal dimension of the highest weight state. The second assumption is
that the bulk theory H. adjacent to the boundary theory H has a unique vacuum state
|0) which is normalized (0|0) = 1. Categorically this means that dim¢ [Hom(1, H,)] = 1.
When computing the partition function later, this in turn is the requirement Zy, = 1.
However, from the formalism one very well computes partition functions having Zy, > 0.
As discussed in [60, section 3.2] this corresponds to the superposition of several CFTs
whose correlation functions completely decouple. Hence the assumption still applies in the
sense that it applies in each individual summand. One could circumvent this problem by
demanding F' to be indecomposable [123], i.e. there don’t exist algebras F;, Fy € C s.th.
F = F| & F; as an algebra.

Assume that we are in the more general situation of having different boundary condi-
tions Bi, By which preserve the underlying chiral symmetry, i.e. they are representations of
the chosen underlying VOA V. In such a theory one can have boundary changing operators
{\I’ij ! (:)3)} [BI][1T5] [125] [47] corresponding to a situation modeled on the upper half plane

by

o
B, | - By
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These are fields changing the boundary conditions from B; to By inserted at the point
x on the real axis. In addition they transform in the representation U; of V' and have a
multiplicity label a. Similar to the previous case, when interpreting \I/f &BQ as an inter-
twining operator, this gives the coupling of the primary corresponding to a U; summand of
the theory to the two boundaries. Conformal invariance and sewing constraints [125][115]
naturally lead to the fact that there are OPEs

boundary changing o boundary changing . boundary changing (4.41)
fields By — Bg fields By — By fields By — Bg '

which in case By = By = F', B3 = B can be interpreted as having a morphism
p:F®B—B (4.42)

in C (see [60] section 4.4]). The sewing constraints give that p equips B with the structure
of a left F-module. The upshot is, that other boundary conditions are described by left
F-modules in C and field insertions are elements of Homg(B; ® Uy, By). Being a left
F-module has some nice consequences, e.g. as on object of C, B decomposes as

B =@ AU (4.43)

i€l

where AfF = dim {boundary changing operators \Ilf &FH- On the other hand AEF should
be expansion coefficients of the annulus partition function with one boundary condition
given by B and the other by F. We will compute these integers using string-nets in section
44

A similar discussion can be made for defects. The naturally expected outcome is that
defect conditions correspond to Fj|Fs-bimodules in C if the defect separates CFTs build
from boundary algebras Fi, I,. Field insertions are naturally elements of Homp, g, (Uy ®*
Dy ®~ Uy, Dy) describing a defect changing field Dy — Ds. In case Dy = Dy = F these are
just bulk fields.

However, we make the simplifying assumption that the defects should be topological.
Assume the following situation

CFT1 CFTZ

where D is the defect. Let 7},T, and T5,T5 be the holomorphic and anti-holomorphic
parts of the energy momentum tensors for CFT; and C'FT,. The defect should preserve
conformal symmetry. By the folding trick one can view D as boundary for the conformal
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field theory CFT; @ C'FT,, where C'F'T, has left and right movers interchanged. Hence
preservation of conformal symmetry can be given in terms of the gluing condition

with  a coordinate running along the defect. Being a topological defect means that (4.44))
is solved by B -

Note that this in particular implies that C'F'T} and C'F'T; have the same central charge and
that defect lines can be freely moved as long as they don’t cross a field insertion. Hence
the name topological.

Before we start with the construction a word about choices. Notice that one chooses
a fixed but arbitrary symmetry preserving boundary condition F' for a VOA V at the
beginning. The corresponding special symmetric Frobenius algebra in Ry fixes the whole
RCFT. A good question is how much arbitrariness is involved in that choice, i.e under
which conditions do different choices of boundary conditions lead to different RCFTs.
Since the description is purely categorical this question can be stated as, when do different
special symmetric Frobenius algebras in a modular tensor category C lead to different
theories? Since all ingredients of the theory are given in form of modules for the chosen
Frobenius algebra it comes not as a surprise that different choices F}, F5 lead to the same
theory if they are Morita equivalent as algebras in C [60][123]. An algebra F' in C has a
category of left modules M with objects (M, p) € C left modules and morphisms are maps
Homc(M,N) > @ : (M, pp) — (N, py) intertwining the module maps. Roughly speaking
Fi, Fy are Morita equivalent if there is an equivalence of categories p, M >~ , M.

In this section it will be convenient to change the model for extended surfaces. So far we
used compact surfaces > with parametrized boundaries and implicitly we also assumed that
there is a given marked point on each component of the boundary, which for convenience
can be taken as the preimage of (0,1) € C under the boundary parametrization. An
equivalent description is given by gluing disks to each boundary component resulting in a
closed surface. Let D; be the disk glued to the i-th boundary component. Denote p, for
the image of 0 € D; under the gluing. Then an additional germ of an arc, or equivalently
a non-zero vector v € T, 3 is chosen. That the two descriptions of the surface, one with
parametrized boundary and marked point on the boundary and the other as a closed surface
with marked points and a choice of non-vanishing tangent vectors at marked points, are
the same is shown e.g. in [5, Proposition 5.18]. Let (X,{v5},{p:}) be a compact surface
¥ with 0¥ = | ; 9;X boundaries, boundary parametrizations ; : 9,2 — S! and marked
points p; € 0;3. The corresponding closed surface is denoted by (i, {¢:},{vi}), with S the
closed surface obtained by gluing in disks, ¢; the center of the i-th glued disk and v; the non
vanishing tangent vector at ¢;. There is a well defined string-net space on (2, {g:}, {v:}),
where univalent vertices of the embedded graph have to be marked points on the surface
and the edge incident to a univalent graph has to agree in an open neighborhood of the
point with the germ of an arc induced by the non vanishing tangent vector. Denote the
string-net space with boundary value {4; € Z(C)} by H*(%, A). In [98, Theorem 7.3] it is
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shown that there is an isomorphism of string-net spaces
H*(S,A) ~ H°(S, A) (4.46)

which, roughly speaking, is given by the map

On the rhs the dotted circle corresponds to the former boundary with marked point
and the solid circle is still a projector circle.

The advantage of this description in this section is that boundaries of surfaces will
correspond to boundary field insertion whereas closed field insertions are just marked points
in the bulk. In the following C will be a fixed modular tensor category with list of simple
objects {U;},; and F € Cis a symmetric, special Frobenius algebra. In addition in this
section a world sheet is an oriented compact surface > with possibly non-empty boundary
and a finite set of marked points {(p;, vi)}i:17..,7 » in the bulk and a finite set of marked
points {(g;, £);=1... a } on the boundary. The extra label & for boundary points keeps track
of incoming insertions (—) and outgoing ones (+). Starting from a similar setup, in [50]
a correlator for the surface with arbitrary bulk, boundary and defect fields is constructed.
We give a construction in terms of string-net graphs.

Recall that a string-net has an underlying isotopy class of an embedded graph. The
starting point is an isotopy class of an oriented, finite graph I' < >, s.th. its image on
the surface ¥ gives a cell decomposition. In addition each vertex has an arbitrarily chosen
distinguished edge, s.th. the orientation of ¥ induces a cyclic order on its incident edges.
In the following we will not distinguish between the abstract graph I' and its image under
the embedding. Let V5 C V(I') be the subset of two-valent vertices. Let Cy be the set of
2-cells determined by I'. To define a string-net we label each 2-cell ¢ with a fixed special,
symmetric Frobenius algebra F, in C. A string-net is built on ¥ with given 2-cell labels
along the following steps:

I) (Bulk edges) An edge E in the bulk is adjacent to exactly two 2-cells ¢;, ¢, one to
the left and one to the right according to the orientation of the graph. The edge gets
colored by a F,|F, -bimodule.

II) (Boundary edges I) An edge running along a boundary component without two valent
vertex is colored as
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I11)

%)

where the oriented circle shows the orientation of ¥ and N is a left Fi,-module.

(Bulk vertex 1) For n > 3, an n-valent vertex v in the bulk gets colored as

with b, € <Xik R Xo Qm, - QF,_, Xn>. The first edge is the distinguished edge
here and b, is in the image of the map

HOmFl‘Fn(Xl,Xg ®F2 tee ®Fn—1 Xn) — I‘IOIII(].,)(;k ®F1 X2 ®F2 cee ®Fn—l Xn) .
(4.47)
If one of the edges is colored by a Frobenius algebra F', i.e. is a transparent defect,
the map is required to factor through the module morphism. In case the transparent
defect edge is oriented towards the vertex the module map is precomposed with ¢5'.

(Bulk vertex II) For a two valent vertex in the bulk we get a string-net

R X, F,

>
»

Fy Fr

|
<

Note that it doesn’t matter if the insertion of the simple object (U; @ Uy, 7j') € Z(C)

is to the left or right of the edge entering the Dgl x,-colored coupon. The edge can
be dragged along the projector circle mapping one choice to the other.

(Boundary vertex I) For n > 3 a n-valent vertex on the boundary is replaced with
the string-net
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where
b, € Hompl‘l(Nl, Xo®p, - Qp,—1 Xn QF, Ng) . (4.48)

VI) (Boundary vertex II) Two valent vertices on the boundary are replaced by string-nets
in strips. The general situation looks as follows

where we only show the two valent vertices of I' in a neighborhood of the boundary.
As before Ny is left F-module and ¢, € Homp(P ® Uy, Q). In addition we labeled
only some field insertions and dotted black lines running along the boundary indicate
possible additional field insertions not shown here. We also suppressed the £-label of
field insertions. The manifold with string-net is a manifold with corners and in case
the boundary two valent vertex has label — we think of the line segment to which the

corresponding green curve is attached as oriented opposite to the orientation induced
from the bulk.

The following is immediate from the properties of string-net spaces.
Lemma 4.3.1. Given a world sheet ¥ with graph U, a fixed label for 2-cells, bulk marked
points {(pl, vy, DM' )} o boundary marked points {(qj, + w]s\, N +1)} o and a fized

choice of boundary condztzons {Ny} for boundary components without ﬁeld msertwn and
fized coloring of n > 3-valent vertices the above assignments give a well defined element

corr(D, ¥) € H*(X (g)U,c ‘ ®®U8] (4.49)
where we denoted Uy, = (U, ® Uy, Bpe,) and D = (DR, -+ D’;gf{}’N)
(wN1N27 te wNI\IN]\/[_'.l)

Note that we implicitly choose a specific order for open and closed insertions.

If two adjacent 2-cells are labeled with the same Frobenius algebra F', an edge incident
to both can be labeled with F' itself. Such edges are usually called transparent, as they
don’t correspond to an actual defect. Let Ep(I') C E(I') be the set of transparent edges
and I'r C I' the transparent subgraph given by the union of all transparent half-edges and
vertices incident to transparent half-edges. Its complement I'p = I'\I'y is called defect
subgraph. 1t includes all true defect lines as well as all field insertions. Let C'p be the union
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of all two cells whose boundaries are unions of true defect edges. We require that the
transparent edges of I' give a triangulation of C'p. A sensible isomorphism of world sheets
should leave the defect graph invariant. The right notion of morphism was formulated in
[50, Definition 5.1] and it says that a morphism f : ¥ — ¥ is an element of the mapping
class group of 3, which maps f(I'p) = I'p and in addition preserves all 2-cell, edge and
vertex labels.

Proposition 4.3.2. Let f: (X, T) — (i, f) be an isomorphism of world sheets with defect
graph. Then

fu(corrs(D,¥)) = corrg (D, W) . (4.50)

Proof. Since f preserves the isotopy class of I'p we can assume I' = T'p. Hence it suffices
to show that action on the transparent subgraph doesn’t change the correlator. First of
all note that by [50, Lemma A.2, Lemma A.1] any n > 3-valent vertex of the transparent
subgraph with only F-labeled edges incident to it factors through three valent vertices and
is given by

with It = OF =idp and I~ = ¢5', O~ = ¢p. Using the Frobenius properties it is not
hard to see that it holds
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In addition if v € 'y has defect edges incident to it, its morphism label factors through
left module maps as described in [50}, Definition 3.1]. The morphism f fixes each 2-cell of
Cp as it fixes the defect graph. It only changes the transparent subgraph inside a 2-cell
of Cp. Furthermore 'y is a dual triangulation of such a 2-cell which is labeled according
to [48, Appendix B]. Thus by [48, Lemma 3.3-3.6] this is independent of the triangulation.
Since f maps any triangulation to another triangulation, this shows (4.50)). ]

In order to compute structure constants we have to give a basis for string-net spaces
on the sphere. The boundary values of our string-nets consist entirely of simple objects in
Z(C) and

K K

H*(S%, Q@ Us,r,) = Homz(c)(1,R) Us,r) (4.51)

i=1 =1

Let ie&(z’j)(kl));(mn)} be basis in Homgz(c)(Upn, U;; @ Uy). Since left and right movers in the
Drinfeld center separate, the corresponding string-net on a three punctured sphere reads

The e-move of the string-net yields
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08,00y Br an =gl
Ay dn D2 | —1

—~
~

mn

In the first step the projector circle is dragged and (2) is duality of the basis elements.
This shows that string-nets

s 2 ok
are a basis in H°(5%, ®;_, U,,;,) where

n m

= d,d,,D?

and
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is a projector onto span {6%... - } Note that the projector acts by concatenation of
string-nets followed by k& — 1 applications of the e-move.

The goal of this section is to derive a formula for factorization of correlators involving
defects. Since defects can be fused, the only non-trivial cutting is given by cutting along a
circle, which is crossed by a single defect line. Alternatively we may glue world sheets at
defect generating field insertions using a suitable insertion of 1 =", |v) (v|. As usual the
complete basis of states should be given by inverses of two point functions. Since we only
want to factor crossing a defect line, the only surviving terms in the complete basis will
correspond to two point functions of defect generating fields. So we start by computing
structure constants of defect two point functions on the sphere. We start with a cell
decomposition of the sphere with two 2-cells, which are glued together along a single 1-cell
(the equator). Having two field insertions generating a defect with label X, the string-net
then reads
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In the figure we pulled the F-labeled part of the 1-cell to the front. The thin horizontal
circle is not an element of the defect graph. It is included for presentation purposes only
and highlights the fact that we are working on a sphere. Using that F'is symmetric special
and DY ., € Hompp(U; @ X @~ U;, F), DYy 5 € Hompp(Uf @ F @~ Uf, X) intertwine
left F-actions it is easy to show that this is equivalent to

In the following we compute the structure constant wrt. to the basis chosen in the
previous paragraph. In the graphical proof we omit the lower part of the string-net pro-
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jector and only show the upper part giving the proportionality constant. Applying the
appropriate projector yields

In the second figure the underlying sphere is not shown. Since this is a morphism in
Homc(1,1) ~ C it is just a number. We denote this number by

Kpos - (4.52)

Thus we can glue world sheets crossing defect lines starting from insertions
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where the interior of the dashed circles show local disk shaped neighborhoods on world
sheets. The regions may correspond to disjoint world sheets or a single one. Gluing is now
given by gluing in the respective basis element, resulting in a cylinder shaped region with
string-net

On the other hand it is not hard to check, that the correlator on the world sheet with
the same topology as the glued world sheet a cell decomposition from a defect graph with
defect edge labeled by X running along the cylinder gives

Cx =
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Both local string-nets are elements in the string-net space
H*(S?, X* ® X) ~ Homgz(c) (X, X). (4.53)
By semi-simplicity this is equal to

Homz(c) (X, X) ~ @ Homgz(c)(X, U; ® U;) ®c Homgzc)(U; @ Uj, X) (4.54)

1,j€l

and a basis element has the string-net presentation

Before we continue, we have to give a quick technical remark. The string-net cx is not
really part of a string-net space since its boundaries are not decorated. We will encounter
this situation several times in the following. In all situations this is due to the fact, that
we look at a cut out part of a string-net on a bigger surface. In [66, Lemma 69] it is
shown that these parts can be replaces by string-nets which are true elements of string-net
spaces. Thus all manipulations to come are fine and the pedantic reader may replace the
string-nets appropriately when performing calculations.

The procedure is now similar to the one in [48][50]. We start by showing that cx is
a projector. We then show that its image is spanned by string-nets of the form gﬁ’}.
This shows that cx has an expansion in terms of gjfg and we only have to compute the
structure constants.

Lemma 4.3.3. cx is a projector.

Proof. As most of the time, the proof is graphical.
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Step (1) is the bimodule property, (2) is twice the Frobenius property and (3) is specialness
of F. ]

Pre- and postcomposing bf]u with cx yields

Figure 4.5

where (1) is dragging along the projector circle. We need a small lemma to relate the
above string-nets to g €.

Lemma 4.3.4. Let X be a F-bimodule and A, B € C. Define the map
Py : XA X®A (4.55)

by

Then Px is an idempotent. In addition, defining
Homp, (X ® A,B) ={f e Hom(X @ A,B)|foPx=f} . (4.56)
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it holds
Homp, (X ® A, B) ~ Hompp(X @ A, F ®" B) (4.57)

Proof. To show that Px is an idempotent is the same computation as in the proof of lemma

4.3.3l
For the second point, let f € Homp, (X ® A, B). Define the map I as

We have to check that I(f) € Hompp(X @~ A, F ®" B). One easily checks that I(f)
intertwines left F-actions by using the properties of the Frobenius algebra F'. The proof
for intertwining of right actions is more interesting and uses invariance under the projector.
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In (1) the projector is inserted, (2) uses symmetry of F' to move the product to the
right and employs the left representation property, (3) is associativity, (4) holds by the
Frobenius property and unitality of the product, (5) is just a deformation of the string
diagram, (6) is again Frobenius property and unitality, (7) is a deformation, (8) uses the
left and right representation property and finally (9) is invariance under the projector.

In the other direction define the map J as

and we check that it is actually invariant under precomposition with Px.
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F B F B F B
F B - )
g 9 g g
N
@ ) ©)
y W § A A A A L W §
X A X A X A X A

The first step follows from ¢ being a F' — F-bimodule map, (2) is symmetry of F' and (3)
is associativity of I’ followed by specialness and unitality.

With the help of the Frobenius properties and representation properties it is very easy
to show that J is left and right inverse to I. ]

The lemma together with [63, Lemma 2.2] shows that the rhs of figure has an
expansion in terms of g€%. To compute the structure constants, we show that the string-
nets

Vv A \%
for (Dp.,) € Homp (X, Uy @ F @~ U), (Dify,;) € Hompp(F,Uf @ X @ Uy)
give a dual basis to the formal vector space spanned by the {gt’ %,aﬂ}'
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Zsn(€)
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() rel

D5

4) r,s€l
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5) d;dxD?

(6) djd; D2
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N S
d2d2D?

In (1) the string-net in the left tube is moved to the right, followed by a splitting of
the projector circles. The second step is application of Zsy(€) and a deformation of a
B-coupon around the sphere. Steps (2) and (3) is application of identities [B.4l In (4) we
doubled the projector circle and (5) is again[B.4l Step (6) is immediate from the definition
of the coupon morphisms and (7) is just a deformation of the string-nets. For the upper
string-net on the sphere is computed in [50, (A.10)]. The value of the second one follows
from duality of the basis and specialness of F'.
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We absorb the proportionality constant by defining duals

271202 T
(63);, = gy (82);, (59

We are ready to compute the expansion constants.
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Zsn(€)

—
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In the computation step (1) is deformation of the string-net and the completeness relation,
(2) is again completeness. In step (3) we just deformed the string-net and used that
(D’;} F)V intertwines left F-actions. In addition we omitted to draw the sphere the string-
net is located on. (4) first uses the Frobenius property followed by unitality and counitality
of F' as well as the right F-action intertwining property for (D’}IX)V. Next, (5) first is
unitality of F' to get a straight F-colored edge. Then the upper coupon is moved along the
X-colored edge to the bottom and the k-colored edge is swiped around the sphere. Finally
symmetry of F'is used to insert the product and coproduct. (6) is right action intertwining
used twice to move the product to the bottom and lastly (7) is just specialness of F.

Recalling the normalization factor of the dual element (gf 3@) V, the expansion coefficient
reads

(a08asfex) =

The last step towards a closed formula for the gluing is to relate the above constant to the
defect two point function.

Lemma 4.3.5. .

<€l§(l;a5 CX> = dyd, (Kéc(l;ag)i (4.59)

The proof is almost the same as the one presented in [0, Lemma A.5]. The major
difference is that our normalization may be different, thus we quickly give a proof.

Proof. Let ¢ € Hompp(F,U; @ X @~ Uf") and ¢ € Hompp(U} @ F @~ U, X). Define

maps

A HOIHF‘F(F, U;: ®+ X X Ul*> — HomF‘F(Uk ®+ F & UZ,X)

4.60
,‘4,2I‘IOHIF|F((]];‘< ®+F®_ Ul*,X) —>HomF‘F(F, Uk ®+X®_ Ul) ( )
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One quickly computes

and similarly A(k(¢)) = ¢. Thus if we pick a basis {¢£'} in Hompp(F, U} @* X @~ U)
and a basis {wgl} in Hompp(U; @ F @~ U, X) the representing matrices of X\ and x
satisfy

0o
%:)‘aﬁ’fﬁv = ng = Xﬁ:“vﬁ)‘ﬁa (4.61)

Thus we compute
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Expanding A, x in basis finally gives

drd
3 Kpo0salrrawdodx = ——d4, (4.62)
b drdy
Putting all things together yields
S KK (gt ox) = didids, (4.63)
which is equivalent to
-1
<g€§é;a7‘CX> = dkdl (K‘l)v(lwa) . (464)
]

We summarize the section so far in a theorem.

Theorem 4.3.6. The set of correlators is closed under defect crossing gluings. More
precisely, (X, D, D')“(ZF;OC, D?Xﬁ, W) is a world sheet with defect and boundary field insertions

D, ¥ which can be glued according to the procedure described above and (i,D, W) is the
world sheet with the same topology as g€(X) and concurring field insertions. Then there
1S an erpansion

1 ——
corrs (D, W) = > > didy (K¥,5.) gt (corrs(D, DX, Dy 5, ®)) (4.65)

k€l a8

Note that this is the same formula as in [50, Proposition 2.3|, which is to be expected
as we are working with the same chiral data of a defect RCFT. Nonetheless we derived
the formula using the string-net tft instead of the Reshetikhin-Turaev tft, which required
quite some different technical methods.

Besides bulk factorization, world sheets can also factor through the boundary. We
will be more terse in that discussion. Since the crucial computations in [48] are in terms
of string diagrams in C we can use these results to manipulate string-nets. Recall that
boundary insertions are given by elements in Homp(M ® U;, N) for left F-modules M,
N. First we outline the computation of a disk two point function. As a disk is a 2-cell
from the start there may be a transparent subgraph inside of the disk. However, using
the Frobenius properties it is easy to check that is can be completely removed (see [48]
section C]), thus the string-net simply reads
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This is a string-net on a strip with boundary value U; ® U;. A basis for this string-net
space is given by

An arbitrary string-net on the U;-colored strip is determined by a single morphism
¢ = K4idy, and its projection onto Cj is computed by applying the projector

inside a disk (there is some obvious cutting and gluing of string-diagrams involved).
Computing the projection of the two point function we find

7 — N2
MN,aB — D

Note that this is the same number as [48, (C.3)]. Two cases have to be distinguished
for boundary factorization.

I) The first case is gluing along boundary insertions on the same boundary. One of
the boundary segments needs to have label —, the other is labeled + (we are gluing
incoming to outgoing boundaries). This we define as follows
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. In words, we glue in a strip whose upper surface is facing towards the reader in
the picture. The dotted black line around the boundary indicates, that there might
in addition be other field insertions not shown in the picture. Locally the string-net
on the surface ¥’ (the surface with the same topology as the glued surface) looks as
follows

where the boundary field insertions on the left boundary component are the insertions
encircled by the i and i-colored edge in the gluing picture. We have to show that the
defect graph defining the correlator on ¥’ decomposes in terms of the one obtained
from ¥ plus the local part from the gluing formula for all possible boundary field
insertions. We can use the proof given in [48] section 4] almost verbatim. First note
that given a fixed defect graph I'sy one can add a transparent edge connecting the
two boundary components. By the definition of the gluing the boundary components
bound world sheet faces colored by the same Frobenius algebra F'. In addition we
assume that the defect graphs agree outside the local gluing area, hence no non-trivial
defect edge can run between the boundary components. The respective string-net
gets an extra part
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1)

By [48, (4.22)] this equals

Yo di (Kiyn)ah

i€l a,B

This shows that the string-net on ¥’ is a summation over the string-nets obtained
from gluing. Therefore factorization along the boundary holds in this case.

The second case to consider is gluing of boundary components lying on different
boundary components. Note that this intertwines topologies of world sheets in the
opposite direction to the previous case. Here we start with two different connected
components of the world sheet, which get glued to a single one. In case I, the gluing
split a single connected component into two.

The relevant gluing now looks as follows

On the other hand on the topology of the glued surface the string-net defining the
correlator is given by
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By the same argument as in case I) we may add an extra edge. This yields

Again by [48, (4.22)] this equals
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YN di(Kiyn)as

i€l a,B

which is again a sum over world sheets with defect graph obtained from gluing.

The results for boundary factorization or open gluing can be summarized in the follow-
ing theorem.

Theorem 4.3.7. The set of correlators defined via defect graphs is closed under boundary
factorization. That is, let (E,D,\I’,B};\JN@,B}VM/}) be a world sheet which can be glued
along boundary insertions according to the rules above. If we denote (X', D, W) the world
sheet with the same topology as g€(X) and concurring field insertions. The correlator for
(3, D, W) can be expanded as follows

COI’I’Z/(D, \I/) = Z Z dZ(K]l\/[N);ﬁl gf (COI’I’E(D, \I/, B}i\/[N,a, %M,ﬁ)) (466)

i€l a0

4.4 Partition Function and Examples of Cardy Alge-
bras

In section Cardy algebras were derived from analytic correlation functions in genus zero
and one. However, no example was presented. In this section we take another route and
present examples for Cardy algebras which are derived by categorical methods. We start
by computing the bulk partition function for an RCFT with given symmetric Frobenius
algebra F' in a modular tensor category C. In other words we compute the zero point
correlator on the torus using string-net methods. The result unsurprisingly reproduces the
partition function derived in [60]. The computation a posteriori justifies the definition of
bulk field insertions in case the defect is the transparent defect F. As a pure motivational
result we then recall a result from [I07] telling that special symmetric Frobenius algebras
and the bulk partition function assemble into a Cardy algebra.

Before computing the partition function we discuss string-net spaces on the torus.
Recall [66, Theorem 70] telling that for a given list of boundary values A € Z(C), the
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string-net space on a surface ¥ can be computed by cutting ¥ into generators {o} and
sum over all possible internal boundary decorations at cutting circle modulo the equivalence
relation that cylinder pieces can be freely changed from one generator to another. It is
not hard to show that for a cylinder this boils down to the following isomorphism [66],
Theorem 68]

HOmz(C)(l,A®B) — HS(S2,A®B) (467)

..........
3 e

Recall that a list of simple objects in Z(C) is given by {(U, ® Uj, Z‘;“)} Thus any
string-net on a cylinder factors through string-nets

Decomposing a torus into two cylinders along two a-cycle cuts and employing the equiva-
lence relation under gluing yields that a general string-net on a torus is in an equivalence
class of string-nets of type

which decompose into simple objects
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Obviously {ﬂj}i’jel constitute a basis for H*(T") ~ @, ;¢ Homzc)(1, (U; ® U;) ®@z(c) (U ®
U;)) = @i,jel HomZ(C)(Ui ® Uj, Ul ® U])

To compute the torus partition function we start with a suitable transparent graph.
Picking an F-colored triangulation it is not hard to check, that we end up with a string-net

The factorization formula derived in the previous chapter yields
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Z(F)=>_) djd, (K?;aﬁ)_l

1,5€l o, 8

= Y S didy (Kis)

i,j€l a,B

where in the equality we just dragged the string-net around the b-cycle. The non-trivial
string-net in the left cylinder is a morphism in Homc(U; ® U;, U; ® Uj). Since the trace
is a non-degenerate bilinear form on hom-space in a semi-simple category, we can pick an
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ONB {ey,--- ,en} in Homc(U; ® U;, U; @ U;) for which e; = ﬁidU@Uj. The coefficients
of an expansion of f € Hom¢(U; ® U;, U; ® U;) in terms of the basis are given by tr(foe;).
Let

then it holds

N —
tr(e; o PV) = = deKlZg;ﬁa

Thus we have a decomposition of Z(F') = Z(F); + Z(F )y into two terms:

Z(Fh =) Zi;(F)T (4.68)

ijel

and

Z(F)y =) dyd, (Kg;aﬂ)il ; Cr K

i,J€l a,B
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By the discussion of basis element for torus string-net spaces Z(F')s = 0. Its string-net
part needs to have an expansion in terms of e; in order to being non-vanishing, but these
are exactly the terms collected in Z(F)s.

We summarize

Theorem 4.4.1. Given a special symmetric Frobenius algebra F in a modular tensor
category C, its partition function is given by

2(F) = > ZiTi,; (4.69)
1,5€l
with expansion coefficients
Z; ;(F) = dimg [HomF‘F(Ui @t F o~ U, F)} . (4.70)

Coming back to the Grothendieck ring of Z(C), we note that the string-net basis el-
ements are in one-to-one correspondence with objects {U; ® U,}. Identifying these with
characters of simple representations x;X; we see that (4.70) gives an expansion

Z(F) = ZijxiX; (4.71)

ijel

in terms of left and right moving characters of simple representations, in case C is the
representation category of a rational VOA.
As a concrete example one can consider the ADE classification of modular invariant

e

partition functions for s[(2),. It is possible to compute the respective modular invariant
partition functions using the categorical setup. We are not going to perform the calcula-
tions, but lay out the necessary steps. The ADE classification first appeared in [30][39)].
A rigorous construction was given in [46][100][123]. Let Ry be the modular tensor cate-
gory of representations of 5/[(?) - 1t contains k 4 1 equivalence classes of simple objects
{Up, -+ , Uy}, which are the integrable highest weight representations. According to [123]
the relation between Dynkin diagrams and algebras in Ry reads

Dynkin diagram | level ¢ Algebra F
A, n—1 F=U,
D2n+2 4n F= Uo D U4n
Es 10 F=U,®Us
E; 16 F=Uy®Us® U
Ex 28 F=Uy® Uy ® Uz ® Uss

The algebra structure in each case is derived from the branching rules (which are the
fusion rules)
min(i+5,2k—i—j)
vlUl= Y W (4.72)

t=li—jl
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Having the components {,ufj} of the algebra map p: F®F — F one can use [60, (3.83)] to
express components {Aﬁj} of the coalgebra map A : ' — F'® F' in terms of the { ,uf]} and

other categorical data. Finally [60, (5.85)] gives an expression for Zz, in terms of {pfj},
fusion matrices of Ry and their inverses, braiding morphisms in R, as well as components
of twists of simple objects in Rg. This gives in principle an algorithm for computing Z,,,,
though going through all the steps (in particular working out the structure constants of
the algebra map) is a cumbersome and lengthy task. In case of the E; invariant this was
done in [60] and the result for the partition function is

16
Z(F) = Z ZijXiXj
11=0 , ) , , (4.73)
= |xo0 + x16]° + x4 + Xx12]° + X6 + X10|” + | X3]

+ xs(X3 + X12) + (X2 + x14)X3

which is of course the result known in physics (see e.g. [26] table 4.1]).

Finally we come back to Cardy algebras. It turns out that there exists a (C|Z(C))-
Cardy algebra (F, Z(F'), 1), where Z(F) = 3, jeic) Zij(F)U; ® U;. The crucial step is the
realization of Z(F') as the image of a retract

r:L(F) = Z(F), e:Z(F)— L(F), eor= Pyp (4.74)

of the idempotent

Prpy =

L(F)

This is shown e.g. in [128]. The precise relation to Cardy algebras is the theorem

Theorem 4.4.2. [107, Theorem 3.18] Given a special, symmetric Frobenius algebra F' in
C. The triple (F, Z(F), ta—op =€) is a (C|Z(C))-Cardy algebra.

With the considerations for the bulk partition function it is not hard to compute the
annulus partition for two boundary modules M, N. The defect graph consists of two
boundary edges winding around the boundary components of the cylinder plus a F-colored
triangulation of the cylinder. Upon using the Frobenius properties of F' one easily checks
that this can always be reduced to
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N

““““
0

N

.
K

Note that this a string-net without projector circles, i.e. with empty boundary value.
By [98, Theorem 8.4,6.4] it holds

H*(A) ~ Homgz(c)(L(1), L(1)) ~ € Home (U}, U ) @c Home (U;, U;)

ij€l

~ @ Homc(Ui, UZ)

i€l

(4.75)

but this is a vector space of dimension || spanned by the identity morphisms. Going
through Kirillov’s construction it is not hard to see that a string-net basis is given by

POt e,
. .

. 0
o .

Lannett e,
. .

. 0
o .

Using boundary factorization we can rewrite A(F)}; as
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Py =Y di (Kigw)

€l By

In the figure we added a contractible circle shown in turquoise which is not part of the
string-net but highlights an embedded disk. The string-net inside this disk is an element
in Hom¢(U;, U;). To find its projection onto the identity morphism one take its categorical
trace and divides by d;. The result is easily seen to be

M?w' (4.76)

Thus the partition function has an expansion

POt e,
. .

. 0
o .

RN WICHRE ~ I G
i€l By t

Lannett e,
. .

. 0
o .

or in plain formulas
A(F)y =) _ dim [Homp(M & U;, N)| B; (4.77)
icl
With the one to one map between simple objects and characters of a VOA, this is the
formula

F)3p = > AF) i (4.78)

i€l
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with A(F)},, = dim [Homp(M ® U;, N)]. This justifies the use of Homp(M ® U;, N) as
the space of boundary fields. As a first consistency remark we note that A(F)N,, € Zxq
sine they are dimensions of vector spaces. This is of course expected for multiplicity
spaces of fields. Furthermore we rederived formulas [60, (5.135),(5.64)] for annulus and
torus partition function. In addition in [60), section 5] various checks for the expansion
coefficients were performed. As an example it was shown that the trace formula [129]

holds
Z A zM_ Z Nh (4.79)

Melp k.6, j€l

where the sum one the lhs runs over all simple left F —modulesﬂ As another proof of
principle one can easily derive that the annulus partition function gives a non-negative
integral matrix representation (NIM-rep) of the fusion rules. As the left module structure
on M ® U, reads

pPueU;, = pu @ idy, (4.80)

it holds that
Homp(M & U;, N) ~ Homp(M, N ®@ U}) (4.81)

by applying evaluation and coevaluation morphisms for U;. Let M, K be simple left F-
modules. It holds

> AN AF)R v > dim [Homp(M ® U;, N)] dim [Homp(N ® U;, K)]
NeElp Nelg

2 S dim [Homp(M @ Uy, N) @c Homp(N, K © U;))|

Nelg
9 dim [Hom(]\/[ QU;, K ® U;)} (4.82)
Z NE dim [Hom(M ® Uy, K)]

kel

ZN’“A

kel

In step (1) only definitions are inserted, in (2) it is used that the product of dimensions
of vector spaces is the dimension of the tensor product and is applied. (3) is semi-
simplicity of pM. In (4) again (4.81) is used followed by the fusion rules U; ® U; =
Drci NZ}Uk. Lastly (5) is just the definition again.

During the final stage of writing this thesis it was brought to our attention that in-
dependently from our work, in [I32] a construction related to the one presented in this
chapter is performed.

Tt was shown on [65} section 5] that for a special Frobenius algebra F in a modular tensor category C
the category of left modules M is semi-simple.
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4.5 Conclusions

In this chapter we have shown that (C|Z(C))-Cardy algebras uniquely determine consistent
correlators for all genus open-closed RCF'Ts. The proof is via string-net models on surfaces.
One way of saying this is that we give a hands on proof where the categorical string-
diagrams really correspond to Feynman diagrams of the RCFTs. Furthermore we extended
the construction to include symmetry preserving boundary conditions as well as topological
defects. We showed that the extended construction still solves the sewing constraints by
showing precise factorization formulas for correlators under bulk and boundary gluing.
Using this we computed the bulk and boundary partition functions and showed that the
bulk computation reproduces known partition functions. Furthermore, the categorical
prescriptions give easy proofs of some facts for RCF'Ts, e.g. we could easily show that
annulus partition functions constitute a NIM-rep. of the fusion rules.

A natural question at this point is if the string-net construction can expanded to an
equivariant setting. By this we mean that one might look at situations where a discrete
group G acts on the surface and the correlators should be equivariant under the action
of G. Quotiening the group action out, one should obtain correlators of the G-orbifold
theory. Another loose end is an extension beyond rational CFTs. In contrast to the G-
equivariant setting where natural generalizations of modular tensor categories exist, the
categorical setting in the non-rational case is less developed. For logarithmic CF'Ts there
is an extended notion of modularity, but the construction given in this thesis heavily
depends on semi-simplicity of all categories in question. Lastly one might ask about the
relation to other "curves on surfaces" approaches to open-closed interactions. One related
example might be the Arc-complex approach of [96][97]. An obvious loose end is the missing
connection between the true complex analytic and the categorical world. In an algebraic
geometry setting recent progress towards an understanding of vector bundles of conformal
blocks for rational VOAs (in particular the behavior under factorization) has been made
in the papers [37][38]. In the analytic setting articles [67][68] contain a construction of the
vector bundle and a proof for factorization. Using the tools of [73] it seems possible to get
a true complex analytic modular functor from [68]. This could then be compared to the
categorical notions.



134 4. Consistent Correlators from String-Nets




Chapter 5

Homotopy Algebras and Field
Theories

This chapter deals with the second thematic part, homotopy algebras and their role as an
organizing structure for classical gauge theories.The results presented in this chapter are
based on the publications [74][21].

5.1 Basics of L., algebras

The main technical tool will be strong homotopy Lie algebras also known as L., algebras.
There are by now many sources for basic L.-theory, since they turn out to play a role in
various different areas in mathematics and physics. Classic sources are [109][72][110]. A
textbook account via operads can be found in [I19]. Mathematical descriptions of field
theories using local L..-algebras appeared in [35][36]. More physics minded introductions
are given e.g. in [75][95][152][23] [24].

This introductory section is structured as follows. We begin with a quick conceptual
approach to L., algebras using tree shaped graphs. This will lead to a definition in terms
of higher skew symmetric brackets on a graded vector space. The bar construction will
give an alternative definition with symmetric higher brackets on the degree shifted graded
vector space. This step is mainly a technical one. The determined reader could stick with
the first definition and work out all results along the same lines as presented here. But as a
word of warning, signs and degrees become very unhandy very quickly. The degree shifted
version is better suited for describing morphisms and quasi-isomorphisms of L., algebras,
whose definition we give next. Their definition becomes conceptually clearer in the shifted
version of L., algebras.

We begin with a conceptual approach to L., algebras. The reader familiar with operads
will recognize the cofibrant replacement of the Lie operad, but we will not use these terms.
The take away from these introductory words may be the results of [I18]. An algebra
over such a cofibrant replacement is really a structure up to homotopy, meaning in this
specific case, that given an L., algebra on a chain complex (A,,d4), and given another
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chain complex (B,, dg), which is chain homotopy equivalent to (A,, d4), the L,-structure
can be transported to (B,,dg) via the chain homotopy equivalence. This justifies the
"homotopy" in strong homotopy Lie algebra. Recall that a Lie algebra on a vector space
V' is a skewsymmetric bilinear bracket

[0, 0] : VXV =V, [v,w]=—[w,v] (5.1)
satisfying the Jacobi identity
[u, [v,w]] + [w, [u,v]] + [v, [w,u]] =0 . (5.2)

In case the vector space is graded V = @,z V., the bracket and Jacobi identity has to
respect the internal grading, i.e. for homogeneous elements v, w

[U7w] = <_1)1+|v”w'[wvv]7 [Uuw] € Wv\-i—IwI (53)

and similar signs appear in the Jacobi-identity. The essential information behind the
definition can be nicely encoded in planar trees. The bracket corresponds to a binary tree

1

and Jacobi-relation

A bit more formal we consider the Ss-module ¥(2), generated by T, which is just the sign-
representation. Here S,, denotes the symmetric group on n elements. The corollas can be
grafted by gluing roots to leaves as we did for the Jacobi identity relation. Given a planar
tree T' with n-leaves one can form a S,,-module by decorating vertices with S;-modules. To
be more precise, consider a collection of S;-modules {K (i)}, then one sets

D K(lin(v)]) (5.4)

veu(T)

which satisfies skew symmetry

where in(v) is the set of incoming edges at v. All our trees are oriented top to bottom, i.e.
from leaves to root. In case we consider the collection

() { Yo~ Clr],n=2 (5.5)

0, else
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the only surviving contributions in 3(7") are trees with trivalent vertices only. Of course
this just corresponds to all possible ways to compose the bracket. Modulo technicalities,
the S = ,>2 Sn -module F(K) given by

F(K)(n) = S, K(T) (5.6)
TEPRT,L(T)=n

with PRT the finite set of all rooted planar trees and L(7") the number of leaves, is the
freely generated S-module. E.g. the trees in the Jacobi-relation are elements in F'(C[r])(3).
Since we want the Jacobi-identity to hold, we quotient the free module by these relations,
ie

Fie = F(C[r])/ (77, (5.7)
To get a Lie algebra on a graded vector space V we consider the S-module
{Hom(V®™ V)}, -, with Hom(V®", V) = @,,,cz Hom,,, (V®", V') the vector space of n-airy
bilinear maps of all degrees m. The symmetric group acts by permuting inputs of bilinear
maps. A Lie algebra on V' is nothing else then a S-equivariant, degree preserving map

L:{%ie(n)} — {Hom(Ve", V)} . (5.8)

In addition, both sides have a natural notion of composition. On the lhs this is grafting
of trees, where on the rhs it is simply composition of maps. We require L to respect
compositions, in other words, it should be a map of C-linear operads. That this indeed
defines a Lie algebra is easily checked. Since the left hand side is concentrated in internal
degree 0, there will be only degree preserving linear maps in the image of L. The only
generating element is the binary tree, which gets mapped to a skew-symmetric bracket due
to equivariance. The quotient enforces the Jacobi identity for the bracket. All higher airy
operations are given by compositions of the bracket. Note that in this construction the
defining ingredient of a Lie algebra, the bracket, is separated from the vector space it acts
on. This allows for an independent study of such operations. This is the whole essence of
operads.

The notion of a L., algebra resolves Lie algebras. This means, that one sets up a
chain complex (£ies,0) and taking Lie as a chain complex with trivial differential
concentrated in degree 0 there should be quasi-isomorphism

(Lien,d) — Lie . (5.9)

We are working in homological grading, i.e differentials are of degree —1. A concise def-
inition of £Lie, can be found in [I17]. Let V be a graded vector space. We denote
V[k] = B,z Vk]n with V[k], = V,,_ for the k-shifted vector space. Consider the natural
higher airy generalization L(n) = sgn,, of the generating module in the Lie algebra case.
One might think of this as the C-vector space generated by n-corolla

- n
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subject to the skewsymmetry relation

As before consider the S-module F'(L), freely generated by {L(n)[n — 2]}, via grafting
of trees. We turn this into a chain complex by defining the differential on generators

(—1)"0 = Y Y (D))

j+k=n+1oeUS(k,n)
J.k>2

The second sum runs over all (k, n)-unshuffles; which are permutations satisfying
o(l)<---o(k), ok+1)<---<oa(n) (5.10)

and y(c) is the Koszul sign of the permutation, which in this case is just (—1)I°l. The
differential can be extended to all of F(L) by requiring it to be a derivation wrt. to
grafting of trees. Note that the differential is minimal. It has no linear term, rather it
is a sum over quadratic terms. Since 0 is extended as a derivation, its homology is the
free operad on the homology of the generators. One easily checks, that in degree 0, the
differential is the zero map. The image of the three corolla is exactly the Jacobi-identity.
Hence the homology in degree zero exactly reproduces Fie. One has to show that higher
homologies vanish, which is lengthy but straightforward. The alert reader recognizes the
structure of an L.-algebra in the differential. Indeed an L., algebra is a S-equivariant,
degree preserving map

(Li€on,d) — (@ Hom, (V" V),d) (5.11)

n>2
of chain complexes, where (V,d) is a chain complex and the differential is extended to
multilinear maps as

n

(df)('U1, . ,Un) — d(f('U1, . ,Un)) + Z<_1>|v1\+~-.+\vi71|f<vl’ e ’d<vi>, R ’vn)
. (5.12)
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This means the data of an L..-algebra consists of a chain complex with higher airy brackets
(Vi {#tn} 1) of degree |u,| = n — 2, which are skew symmetric

pn (v v, o) = () ) (5.13)

and we set 1 = d. Being a map of chain complexes in addition leads to the L..-relations

Fo= > 2 (DTN X (Vo) Vo) Vo Vo) =0
J+k=n+1cecUS(k,n)

J,k>1
(5.14)
for any vy,---,v, € V and n > 1. The Koszul sign now takes the internal grading of V'
into account, i.e.
X(O) ey A AUy = V1 A=+ Ay (5.15)

for v Aw = (=1)l*I®ly Av. Let us spell out the first few defining equations to get a better
feeling for L., algebras. In the following we denote u,v,w € V.

1)
Fi=pmop =0 (5.16)

The first equation is of course just the fact that u; is a differential.

2)
9o, v) = —pua(jaa(u, 0)) + pa(pas (1), 0) + (~)M o, i (0)) =0 (5.07)

This is the information that the differential is a derivation of the two bracket.
3)

Fs(u, v, w) =p (ps(u, v, w)) + ps(pa (), v, w)+
(—1)" g pr (0),w) + (1) g (0, g (w)) + pa(pa(u, 0), w)
+ (=) DR s (g (w, ) 0) 4 (= 1) EFD g (15 (0, ) )
=0
(5.18)
The third equation captures the failure of us, being a Lie bracket. It gives that the

Jacobi identity is satisfied up to derivative terms of a higher homotopy 3. Note that
relation ¥, is a map of degree n — 3.

This pattern continues for higher equations. For example ¥, gives that a generalized Jacobi
identity among us,uo holds up to derivative terms of a py homotopy.

For some purposes it is more convenient to give a definition of an L., algebra in terms
of symmetric maps. Mathematically this is the bar construction. The construction assigns
to an Lo, algebra (V,{u,},-,) a codifferential D of degree —1 on the cofree coalgebra
AV[1] = ®,> A" V[1]. We neither discuss coderivations, nor the terms cofree or coalgebra.
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Instead we decompose the coderivation in terms of linear maps. D decomposes naturally
into

D= Y D" D /n\vu] — /k\vm,k <n (5.19)

n,k>1

and in fact being a coderivation ensures that there are linear and symmetric maps
{di: N'V[1] = V[1]}, s.th,

Dn’n_k(wl, .. ,wn) = Z dk-i—l(wa(l)a e >w0(k+1)) A Wo (k+2) A A Wo(n) (520)
oceUS(k,n)

Being a codifferential, i.e D?* = 0 produces an infinite set of equations for the linear maps
{d;}, just as there were infinitely many consistency equations for an L..-algebra. Figuring
out these equations is just a matter of algebra and the result is

0= > > x(0) de(di(Wary, *++ s W) )s Wo(et1)s * ** s Warln))),

k+l=n+10€US(k,n) (5.21)
k0>1

for any wy, -+ ,w, € V[1] and n > 1. Hence one defines a 1-shifted L..-algebra to be a

graded vector space W with symmetric multilinear maps {d,},, satisfying (5.21). Given

a Ly algebra (V,{u;}) one gets a 1-shifted L., algebra on V[1] by setting

dn(svl7 cee Svn) — <_1)Z?:1 ‘Ui‘(n_i)sun(vl7 e 71)71) (522)

where s : V,, — V1,41 is the shifting isomorphism. One easily checks that d,, is sym-
metric and of degree —1. That the maps indeed give a 1-shifted L., algebra is shown
in [IT0]. The reason for introducing 1-shifted L., algebras is their easier handling. All
maps have the same degree, there are no extra signs from skew symmetry and in addition
the defining equation has less signs. Moreover the definition of a L,,-morphism
becomes quite handy in the shifted case. Being really terse one might define a morphism
of Lo, algebras F': (V,{pn}) = (W, {r,}) to be a map of codifferential, cofree coalgebras
(AVI[1], Dy) — (AW][1], D). Of course this definition is not very enlightening in terms
of doing computations. Spelled out in terms of the component maps of the codifferentials
this is equivalent to a collection of symmetric multilinear maps {Fk V1% — W[l]}

k>1
of degree 0 satisfying the defining equation

Z Z X(O’) Fl (dkv(.ra(l), Ce ,SCO—(k)), xg(k_,_l), Ce ,xg(n)>

k+l=n+10ceUS(k,n)

:i 3 3y X;‘!’)d}V(Fkl ® - @ Fiy)(Tox)) -

J=1 kit tkj=n o€US(ki, - kn)
ki>1

(5.23)

A morphism {Fk V[1]%F — W[l]}k>1 is a quasi-isomorphism if the induced map F :
H,(V[1],dY) — H,(W[1],d") is an isomorphism. Note that being a quasi-isomorphism is
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an equivalence relation as shown in [I31), Corollary 5.11]. In addition in [I31] it is proven
that every L, algebra splits uniquely up to quasi-isomorphism

(L, {pi}) = (F, pn) © (H,{vi};ss) (5.24)

where H = H,(L, ;) is the homology of the underlying chain complex and (F,uq) its
complement in (L, uy). The first summand is called linear contractible and the second
minimal model. Uniqueness follows now from the fact, that there exist a quasi-isomorphism

(L, {mi}) — (H, {Vj}jZQ) : (5.25)

5.2 Construction of L., algebras

In this section we give the main result of [74] and outline its proof. A corollary of the
theorem will be e.g. the L., structure for the Courant algebroid.
In [I0] it was shown that for a given vector space H and a homological resolution

dn, dq

ity x Xo~By®H "5 0

one can recursively construct a Le-structure on (X, p1q), where we collected all the differ-
entials of the resolution in p; and threw away the degree —1 term H, as it is inessential
to the construction. The construction is by no means unique nor canonical. It crucially
depends on the choice of a homotopy inverse T : H — (X,, p1) to the quasi-isomorphism
¥ 1 (Xe, 1) — H[} In particular the construction depends on a choice of two bracket

Mo - Xo® X9 = X (526)
satisfying
/Lg(Im(dl), 1’0) € Im(dl) (527)
and
Jact? (u, v, w) € Im(dy) (5.28)
with
Jack (u, v, w) = pa(u, pa(v, w)) — pra(v, pa(u, w)) + pa(w, p2(u, v)) (5.29)

the Jacobiator for the bracket ps and elements u, v, w € Xy. Assume that [e, o] : HQH —
H is Lie bracket. It is not hard to show that the following is true

Lemma 5.2.1. [10), section 2] Given a resolution (X, u1) — H the triple (uz, T, [, o])
satisfies the two-out-of-three property, i.e. given any two elements of the triple determines
the third one.

IThis means that ¥ o Y = idy and Y o ¥ ~ idx,, where the two maps are homotopic as maps of chain
complexes.
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The construction of the L., algebra on (X,, p1) in [10] starts with the assumption of
the map po, which by the previous lemma is equivalent to the existence of a Lie algebra
structure on H and the choice of a homotopy inverse. In this general setup, the result in
[10] merely guarantees existence of an Ly, algebra structure, but says nothing about its
form. In particular the L., resolution may have infinitely many brackets, rendering the
construction possibly quite unhandy. The main result of [74] is that in situations where o
is canonically given, the L., resolution has a minimally truncated solution with only finitely
many non-vanishing brackets and no choices are required (up to L..-quasi-isomorphism).
This in particular applies to situations where (H,[e, ®]) as a Lie algebra is known solely
as a quotient H = (X, u2)/Bo.

Theorem 5.2.2. [7], Theorem 2] Given a three term complex

do di

0 Xo X1 Xo 0

with Hy(X,) = Hy(Xo) = 0 and Xy carries a skew symmetric bilinear map ps = Xo® Xo —
Xy s.th. ITm(dy) is an ideal
po(Im(dy), ) € Im(d,) (5.30)

and
Jac(z,y, z) € Im(dy) (5.31)

for z,z,y € Xy, then there exists an Lo, structure on (X, 1) with highest non-trivial
bracket iy @ X§* — Xo.

Proof. For the proof it will be convenient to indicate the vector space an element lives in by
a superscript, i.e. u’ € X;. The strategy of the proof is to solve the defining equations %,
iteratively starting with ¥, which holds by definition. Some of the computations, especially
in higher degree become quite lengthy. Since this is straightforward algebra we sometimes
refer to the respective equation in [74], where the full details are spelled out.

1) % : % is of degree —1 hence it is only non-vanishing on inputs of total degrees 1,2, 3.
Thus we go through possible inputs one by one.

X1X0 :
di (p2(u',0°)) = p (pa(u',0°)) = pa(di(u'), %) (5.32)

where the second term on the rhs vanishes due to degree reasons. By assumption
there exists an element f!(u',v°) € X; s.th.

di(f' (', %)) = pa(di(u'), 0°) (5.33)

and we set
po(ut,v°) = fut,0°) = —pp (00, ut) . (5.34)
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X1X1 .

X()XQ .

XQXl .

dz(m(ulwl)) = Ml(ﬂz(ul7vl)) = Mz(ﬂl(ul)ﬂ)l) - Mz(ulaﬂl(vl))
= —pa(v', di (uh)) = pa(u', dy (v1))

Note that X, ~ ker(d;) and dy = ¢ : ker(d;) < X;. Hence (/5.35) has a solution
if

—pa(v', di(uh)) = pa(ut, di(v1)) = = fH (v da(uh)) = fH(u!, di(v')) € ker(dy)

(5.35)

(5.36)
Note that
i (f(di(u'),0")) = pa(di(u'), di(v')) = i (f' (u', di(v1)) (5.37)
Using the symmetry properties of the two bracket this yields
di(fH (o' dy(uh)) + fut, di (1) =0 . (5.38)
Thus we set
pa(vt u') = —(f (0! di(u)) + fl (!, di(v1)) (5.39)

One easily checks that this equation reduces to
pz(v?,u?)) = f1(u(v?),u?) (5.40)
One solves this by setting
(02, ) = F1(u(0%), ) (5.41)
which is possible since
di(f1(e(v%),0")) = pa (p2 (1(v?),u")) = 0 = f1(e(v*),u”) € Im(e) . (5.42)

We suppressed the inverse of the inclusion map ¢ in our notation.

By the previous relation we know
i (p2(v®,u’)) = di(fH(u(v?),u’)) = 0 (5.43)

hence the relation reduces to

0= pi2(e(v?), u') + pa(v?, da(u')) = = f1(o(v?), di(u')) + f1(e(v?), di(u'))
(5.44)
where we used ((5.39) and ([5.41]). Hence the brackets defined so far are consistent
as X3 = 0 and therefore no non-zero two bracket with inputs of degree three
can exist.
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2) %3 : F is of degree 0, hence non-trivial equations only appear for inputs of total
degree 0,1,2. Again, we go through the relations degreewise.

XoXoXp : Obviously this is the equation
0 = dy (us3(u®, %, w°)) + Jac(u®, v°, w°) (5.45)
which has a solution
ps(u®, 00, w®) = — fH(ul, 00, w?) (5.46)
by assumption.
X1XpXp : This is the equation
0 =15t o0, 0")) — FH(dy (1)), 00, )
1

P00 = P )0 - P ) O
This has a solution if
Lyt 0, 0 el 1 0\ .0

+f (f ( ) )Jrfl(u1 pia(v°, w?))
is in ker(d;). To show this is an easy task using and (5.30). Omitting
once more the inverse of ¢ from the notation we can therefore set

ps(ut, 0%, w’) = g (w00, w’) (5.49)

XXX : This is a consistency equation, since a potential new bracket 3 solving it were
to take values in X3 = 0. Putting all the terms together is a bit cumbersome
but straightforward. We refer to [74, (4.20)] for the explicit computation.

X5XoXo: This is again a consistency equation. In the definition (5.49) for u! = 1(u?)
the terms from the three bracket vanishes. Inserting this in Jac(u?, v°, w?) and

using the definition (5.41)) on readily checks that this equation is satisfied.

3) % : These equations are of degree 1, hence only inputs of degrees 0,1 may lead to
non-trivial equations.

XoXoXoXo : We split this equation and suppress the superscript for elements for better read-

ability
Fa(un, g, wa, ug) = g (pa(un, tg, us, us)) + L (U1, ug, us, tg) (5.50)
with
3(”1,1&27“3,”4): Z <_1)|U|+1,U/2(:U’3(U’0(1)7u0(2)7u0(3)>7ua(4)>>
ceUS(3,1)
+ Y (D) s (pa(ue, o)), o), Uoy)
o€US(2,2) (5.51)
= > (DM o), o), Uom), o))
oeUS(3,1)

+ Y (D s (o), o)), U (3)s Uo(a))
ceUS(2,2)
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X1XOXOX0 .

As before, this equation has a solution if £ (uy,us, ug, uy) € ker(dy). Applying
the differential we find

di (L (ur, ug,uz, ug)) = Y (—1)|0|M2(JaC(Ua(1)7Ua(2),ua(3)),ua(4)))
ocUS(3,1)

+ Y (=D Jac(ua(ueq), Uo), Uo(@)s Uo(a))
oeUS(2,2)

(5.52)
Inserting all the terms of the Jacobi identity a lengthy calculation shows, that
this indeed vanishes. By the same argument as before we can define

h1<U1,U2,U3,U4) = _g(u1,u2,u3,u4) . (553)

Note that there cannot be any further non-trivial brackets due to degree.

For this equation w,v,w € Xy and z € X;. Note that Fi(u,v,w, z) is totally
anti-symmetric in its first three entries. For F'(xq,--- ,zy) a linear function we
write

D
Y F(ay, - ,zy) = >, N F(z,ay, -, To(n)) (5.54)
anti gESN :

for the totally anti-symmetrized sum. We then find

L(u,v,w,2) = —pa(pa(u, v, w), 2) + 3pa(pz(z, u,v), w) (5.55)
antt 5.55

+ 3”3(“2(”7 U)a w, Z) + 3“3(“7 U, MZ(wa Z))

where the sum runs over the anti-symmetrization of u, v, w. On the other hand
writing h'(u,v,w,d;(z)) as an anti-symmetrized sum yields

hl(uvva w, dl(z)) = Z3f1<u> fl(vvwv dl(z)) - fl(dl(z)a fl(uv U, w))

anti
+3f (2, v), w, di(2)) = 3 (n2(da(2), w), v, w)
(5.56)
and it is not hard to show that (5.55) and (5.56)) exactly cancel. For further
details we refer to [74] (4.27)].

4) ¥ : For degree reasons, this is the final non-trivial equation and it is possibly non zero
for inputs Xo XXy XoXg. Since the computation is a mere matter of algebra we only
lay out the strategy. First of all, no pus5 exists, simplifying the equation considerably.
Next, using total anti-symmetry of ¥5 on XX XqXo X one rewrites the equation as
a totally anti-symmetrized sum as follows

jf)(ua v, w,T, y) = Z 10,“4(:“2(”7 U), w,x, y) + 5/12(M4(U, v, w, $)> y)

—~ (5.57)
+ 1043 (pa(u, v, w), z, )

Inserting the relevant brackets it is straightforward to show that this vanishes.
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]

The paradigm example for the above theorem is the Courant algebroid. Recall that a
Lie algebroid is a €°°-linear extension of a Lie algebra. More precisely, given a smooth
vector bundle £ — M over a smooth manifold M, the sheaf of sections I'(E) is a Lie
algebroid if it has a skew symmetric R-bilinear pairing [e, o] : I'(E) @ I'(E) — I'(E)
giving it the structure of a Lie algebra. In addition there should exist an anchor map
p:T(E) — TM satisfying

p(ler, e2]) = [p(er), p(ez)] (5.58)

and
le1, fea] = fler, ea] + (p(er) fea (5.59)

for any ey, eo € I'(E) and f € €>°(M). A Courant algebroid is a relaxation of the above
ingredients. In particular the skew symmetric bracket is not required to define a Lie
algebra.

Definition 5.2.3. A Courant algebroid is a smooth vector bundle E — M over a smooth
manifold M, which has a smooth R-bilinear, non-degenerate form (e, e): E® E — R
a skew symmetric R-bilinear bracket [e, o] : I'(F) ® I'(F) — I'(E) and an anchor map
p:T(E) — TM. Defining

1

3 ((le1, e, €3) + ([es, ea], e2) + ([ea, €3], €1)) € €™ (M) (5.60)

for e1,eq,e3 € T'(F) and a map D(M) : € — I'(F) via

T(ela €2, 63) -

(D(f),e) = 5ple)f (5.61)

the above data has to satisfy for er, es, es, g, f € @°(M)
1) Jac(er, 2, ¢5) = B(T(e1, e, ¢5)).
2) p(ler, ea]) = [pler), ple2)].
3) [e1, fea] = fler, ea] + (p(er) f)ez — (e1, €2) D(f)
4) (2(f),2(9)) =0
5) pler) (ez, e3) = ([ex, e2] + D((en, e2)), e3) + (e2, [e1, es] + D((e, €3)))-

The failure of a Courant algebroid to be a Lie algebroid can be cast into a L, algebra
using theorem [5.2.2] One starts with the chain complex

0 X, = ker(D) —— X; =8®°(M) —2- X, =I(E) —— 0

2R denotes the trivial line bundle over M.
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which is merely a chain complex of infinite dimensional vector spaces. By [127, Proposi-
tion 4.2] it holds

e, D(f)] = D({e, (1)) (5.62)
for all e € I'(E) and f € €°(M). In particular [e,Im(D)] € Im(D). Since by 1) in the

axioms for a Courant algebroid we can apply theorem [5.2.2

Corollary 5.2.4. The complex

0 X, =ker(D) —— X; =B (M) 25 Xy =T[(E) —— 0

has a Lo, structure with only non trivial higher airy brackets

pe(er, ex) = [e, e, e1, ez € Xo
pa(e, f) = (e, D(f)) ee'(E), fe6*(M) (5.63)
ps(er, e, es) = —T'(eq, ea, €3), e, ez, e3 € Xo

Proof. By the theorem there for sure exists a L., structure, we only have to check that
non-trivial maps from the theorem not listed in (5.63)) indeed vanish. First note that for
[ € ker(D) it holds

pa(f,e) = pa(e(f), e) = = (e, D((f))) =0 (5.64)
and for f,g € X; one gets

pa(f,g9) = 2(2(f),2(9)) =0 . (5.65)

Hence the two bracket with values in X, vanishes. Next for f € €°°(M) and ey, e; € I'(E)
one has

ol ene2) = = T@ ()1, e2) — {e2, D(er, D)) 50
+ (e, D((e2, D(f)))) — ([ex, €2, D(f)) = 0 '
by [127, Lemma 5.1]. Finally [127, Lemma 5.2] gives that
pa(er, e, ez, eq) =0 . (5.67)
[

Originally the L, algebra for a Courant algebroid was discovered in [127]. Here we
have shown that it is a Corollary of the more general theorem [5.2.2]
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5.3 Seiberg-Witten maps and L.-qisms

We start this section with a lightning review of L., algebras as an organizing structure for
classical field theories. There are many formulations of this, all of which boil down to a
translation of the Batalin-Vilkovisky formalism to the world of homotopy algebras. The
mathematically inclined reader should consult the books by Costello and Gwilliam [36][35],
we take a down to earth route outlined in [75]. The advantage of the approach given in
[75] is that it strips all ghost, antifield, antighost etc. from the BV formalism, leaving the
essentials of the theory in form of a L., algebra. One might start with the question of
how to figure out how many interacting extensions a free field theory with a given gauge
freedom can have. So we start with a free theory for some gauge field T, which can be a
sum of various fields, having some gauge freedom described by gauge parameters A. If one
has Yang-Mills theories in mind the story stops there, but thinking of a field theory with
a two form with values in some semi-simple Lie algebra as a fundamental field one sees
that gauge parameters for gauge parameters should be included. This already gets a bit
cumbersome, thus we introduce a chain complex

/1 /1 12

X_1 E— X_Q

X1 Xo
where A € X is the vector space of gauge parameters, X; is a potentially non zero space
of gauge parameters for gauge parameters, T € X; is the space of fields in the theory
and X _; is the space where the equations of motion of the theory take place. The chain

map X_; b x _o is the differential operator defining the equations of motion of the linear

theory. The map X 4, X_4 is the linear part of the gauge transformation and being a
chain complex at degree —1 just reflects the fact that pure gauge configurations should
trivially satisfy the equations of motion.

At this point it is good to introduce an example to make the general considerations
more palpable. The paradigm example is Yang-Mills theory in four dimensions. To ease
our lives we make some simplifying assumptions on pure Yang-Mills, all of which prevent
further mathematical technicalities. Let (M, g) be a four dimensional, closed manifold
with Lorentzian metric g being of signature (1,3). In addition let G be a Lie group with
Lie algebra g and P ~ M x G — M the trivial G-principal bundle over M. There is no
essential difference if we drop the assumption on M being compact and P being trivial. A
good source for the general case is e.g. [I8, chapter 7]. Let x : Q¥(M) — Q4%(M) be the
Hodge operator wrt. to g which we choose in such a way that % x |orn) = (—1)kA=R)+1,
Differential forms with values in the Lie algebra g are defined as Q*(M,g) = Q*(M) ® g
and the Hodge operator can be naturally extended to Q%(M,g) by acting solely on the
differential form part. We further assume that g has an inner product (e, e >g which is
invariant under the adjoint action of G on g. In case g is semi-simple one might choose the
Killing form. For two k-forms w, o € QF(M, g) there exists a G-invariant inner product

(o, @), - Q"(M,g) ® Q" (M,g) = €>(M) . (5.68)
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On homogeneous elements w = a ® X, 0 = f ® Y the inner product is defined as

(@@ X, B0Y)=aA*f-(X,Y), . (5.69)
Choosing an orthonormal basis (eq, es,e3,€4) in (1,M, g,) locally around a point p € M
and an orthonormal basis (Z7,- -+, Zy) in g this is equivalent to
R A
<w7 U>p = 70 Z Guivy 'g,ull/kwmm#k’ O-ZklmydeOlg
Pt (5.70)
1
= wimukaf'"”kdvolg

where we employed the Einstein summation convention in the last step. Greek indices are
spacetime indices running in {1,---,4} and capital Latin letters are Lie algebra indices
running in {1,--- , N}. The basic field of the theory is a connection 1-form A € Q'(M, g).
Gauge parameters are g-valued functions A € €°°(M, g) = Q°(M, g) acting on fields via

WA =dX+ [\ 4] (5.71)
where d is the usual deRham differential. The curvature of the connection reads

F(A) = dA + ;[A, A (5.72)

Given the connection A, there exists a differential operator
da s QF(M, g) = Q" (M, g) (5.73)

whose adjoint operator wrt to (e, e) is given by da|gr+1(arg) = *dax. Note that F'(A) =
da4A. The Yang-Mills action functional is defined to be

Sva(A) = [ {P(A). F(A) = [ (A 6aP(4)

: ) (5.74)
= /M <A,*d*dA + *d * §[A, Al 4+ «[A, xdA] + 5 * [Aa*[A7AH>

The first term in the last formula is the free theory, i.e. it is quadratic in the fundamental
field. All other terms are self interactions of the gauge field, where the second and third
term contribute to a trivalent vertex in a Feynman diagram expansion and the last term
gives a quartic vertex.

We have all the ingredients to setup the complex for the Yang-Mills L, algebra:

X, X, i X, —4 L x,
0

€>(M,g) —= Q'(M,g) &% QY (M, g)
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Higher brackets in Yang-Mills capturing the full gauge transformation of the field, the self
interaction terms as well as as the non-abelian gauge algebra can now be found as follows.
First of all the gauge algebra is a usual Lie algebra, thus the only non-trivial contribution
from the gauge algebra in degree zero is the Lie bracket

(0, o) = [\s Aa] (5.75)
Next the transformation of the field (5.71)) can be written as
WA =dX+ [N\ Al = 01(A) + (N, A) (5.76)

thereby defining a non-trivial two bracket in degree —1. These are all brackets in degree 0
and —1. The dynamics, i.e. the action of the theory can be written in the form

Syum(A) :/ ! .

1
[ 5 A0(4) - 5 (464, ) -

giving higher brackets in degree —2. Note that in this formulation the equation of motions
become

1 1
Lastly, equations of motion should be covariant under gauge transformations. Applying a
gauge transformation to the equations of motion in the case of Yang-Mills one easily finds

that there is one higher bracket
BF(A) = [F, )] = LOF(A)) (5.79)

For the list of non-vanishing brackets in components and a proof that these really define
a Lo, algebra (at least in the case of the Minkowski metric, or one could say locally) we
refer to [75], section 4.3].

The example of Yang-Mills theory gives a cooking recipe on how to derive the L.,
algebra of a gauge theory. The procedure is due to [75] and we refer to [75] sections 2 and
3] for a thorough discussion. Given a gauge theory with field content T, gauge parameters A
and equation of motions F one sets up a 1-shifted L., algebra (X,, {b,},~,) with underlying
chain complex -

by by by

X2 Xl X(] X_1

A T F

as follows. First of all we note that the theory is more naturally described by 1-shifted L.,
algebra, as the field lives in degree zero in that case. In other words it has ghost number
zero as it should be. The field equations can be cast in the form

FO)= Y b(T, 1) € X, (5.80)

n>1
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which via polarization identities leads to a definition of all brackets ¢,(Yq,---,Y,) for
T, € Xo. Next the gauge variation of the field gets

1
(SA/.r = Z Ebn-ﬁ-l(A? Ta to 7T) € XO (581)
n>1 """
which sets all brackets £, ,1(A, Tq,--+,Y,). Gauge covariance of the equations of motion
naturally leads to
1
ONF =3 —bua(AF T T) € Xy (5.82)
n>0 """

giving brackets b, 2(A, F, T1---T,). In order to read off higher degree brackets one has
to consider the algebra of gauge transformations acting on the fields. Given two gauge
parameters Ay, Ay the commutator of gauge transformations acting on a field

[51\1 ) 51\2] T (583)
should be equal to a transformation
0G(A1,A2) T (5.84)

at least on shell. Here G(Aj,As) € X; is a function which has to be linear in Ay, Ay
since (5.83) is linear in Ay, Ap. However, it is allowed to be a powerseries in T as gauge
transformation ([5.81f) is a powerseries in the field. Hence the reasonable expression reads

1
G(A17 A2> = Z ﬁbn+2<A17 A27 T? T 7T) € Xl (585)

n>1 """

leading to brackets b, o(A1, Ao, YTq,---,Y,). Since the gauge theory at hand may have a
closed gauge algebra only on shell there might be a term

H(A;, A, F) (5.86)

being linear in Ay, A5 for the same reasons as before and depending linearly on the equation
of motions. Again, since the gauge transformations are power series in the fields this may
also be a powerseries in the fields. Hence we naturally arrive at a function of the form

1
H(Ay, Ay, F) = Z jbn+3(A1,A279:>Ta -, T) e Xy (5.87)
n>1 """
Giving brackets b, 3(A1, Ao, F, 1, ,T,). Summarizing the last paragraph, the com-

mutator of two gauge transformations acting on a field may be written in the form
[0a1> 080 T = Sciarnn) T + Ofra pnsy T (5.88)

with
517;1(A1,A2,9?)T = H(A, Ao, F) . (5.89)
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Amazingly, though the gauge algebra may only close on shell, the gauge Jacobiator always
vanishes

[5/\17 [51\27 5/\3“ + [(5/\37 [5/\1751\2“ + [6/\27 [(5/\37 51\1]] =0 (590)

as shown in [75], section 2.4]. In all of the above it is implicit but indispensable that the
consistency of the gauge theory exactly corresponds to the defining relations of the 1-shifted
L., algebra. Take for example the closure of the gauge algebra @ In a reasonable
gauge theory, a formula like this holds. After making the ansatz @ for the gauge
transformation and the ansatz for G as well as the ansatz (5.87)) for H, the formula
(5.88]) is equivalent to the 1-shifted L, relations on inputs (Ay, Ag, Y1, Yo, ---). Higher
order brackets and relations correspond to higher consistency requirements for further
redundancies in the gauge theory.

This equivalence allows to turn the logic of the argument around. One might start
with a free theory and linear gauge transformation and ask how many interacting theories
are there which have the given free theory. Note that this can be asked at various levels
of strictness, e.g. a plausible route is to fix the non-linear gauge behavior of the field at
hand, thereby fixing some brackets in the 1-shifted L., algebra, and trying to derive all
dynamics by completing the so defined brackets to a full 1-shifted L., algebra. But in
the most general case, one might even bootstrap the gauge behavior of a field by building
up a L, algebra. This is the idea of the L., bootstrap given in [22]. In [22] the focus
was on non-associative generalizations of gauge theories, where the gauge algebra is not
known a priori. We don’t go into detail of non-associative deformations of the algebra of
functions on a given spacetime, but stick to the easiest case of the Moyal star product as
a motivating example. Before going into detail, we have to address the motivation of why
looking into the computations about to come. Bootstrapping a 1-shifted L., algebra from
the linear theory gives a consistent theory, but not all different solutions of the bootstrap
lead to different physical theories. The most natural idea is to look at equivalence classes
of solutions under quasi-isomorphism instead. Hence the question is, do quasi-isomorphic
L, algebras give equivalent physical theories. This question is addressed in [21] by relating
quasi-isomorphisms to Seiberg-Witten maps. Approaches in that direction in terms of local
BRST ( Becchi, Rouet, Stora and Tyutin) cohomology [9] appeared in [8][L1].

We start with an example on how vastly different physically equivalent gauge theories
can look. The example is non-commutative Yang-Mills theory as formulated by Seiberg
and Witten in their seminal paper [I35]. Non-commutative Yang-Mills (NCYM) on RY
uses the Moyal star product

*: B (RY) x € (RY) — €<(RY)

(F.0) > Fxg >0
with _ PR
0w a)a) = exp |50 7 2 oo (5.92)

where 07 = —07 € R and |0Y] << 1 for all 4,5 € {1,---,N}. This defines a non-
commutative, but still associative algebra (€>,%x) = J". In addition the algebra of



5.3 Seiberg-Witten maps and L.-qisms 153

differential forms gets deformed. For this, pick a local basis {dx"}izl’_”, y of 1-forms. The
deformed wedge product of differential forms is given by

AAB:IE;(A[*BJ) dz’ A da’ (5.93)

where A = 3°; A;da! is an expansion of the differential form in terms of wedge products of
basis one forms. Formally the ingredients of NCYM and usual Yang-Mills look alike. One
just replaces pointwise products in component expressions by their star analog. Assume g
is some matrix Lie algebra and A€ QYRY g), X € MYN. Then the gauge transformation
reads

A = A +idx Aj —id; A (5.94)
with field strength ~ ~ - o L
Ej = @A] — a]AZ — I‘AZ * Aj + IA] * Az . (595)

Based on a regularization argument Seiberg and Witten argued that the NCYM with Lie
algebra g should be equivalent to usual Yang-Mills theory based on the same Lie algebra.
In the following we distinguish between ordinary Yang-Mills and NCYM based on the
same matrix Lie algebra by putting hats on all ingredients of NCYM. The equivalence is
performed in terms of a Seiberg-Witten map, which relates the data of the theories as
follows

A=A\ A), A=A4) . (5.96)

Computing at fixed orders of 0 at a time in [I35] it was then shown that for NCYM such
a map indeed exists and it maps gauge orbits onto gauge orbits, i.e.

A(A+6,A) = A(A) + 5\ A(A) . (5.97)

As a remark on how vastly different the two theories appear, note that for g = u(1) the
NCYM theory has a non-abelian gauge Lie algebra, whereas usual Yang-Mills is of course
abelian. If one tries to relate the closure of the gauge algebra on both sides one has to take
this into account. Inspired by the L., discussion of field theories one can make the ansatz

~

A(A+ 8 001 4) = A(A) + 05031

A(A) (5.98)

and try and compute the function X([AI,AQ],A). Using the explicit expression of the
Seiberg-Witten map for NCYM one easily computes up to first order [21]

Ml )| = 2o [y (A0 83,4) = A0, 05, A)) | (5.99)
One may conjecture that this formula continues to hold to all orders of 6 giving
A (A + (5[,\1,)\2]14) = /I(A) + 3[3132]*12(14)
~ . - . (5.100)
+ 5§(A1,6A2A)A(A) - 5§(A2,6A1A) (4)
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where in all formulas [e, ], is the commutator in the algebra J". So, there are two
questions from the point of NCYM. First how to investigate Seiberg-Witten maps for
other gauge theories and how to get closed formulas to all orders. Both can be dealt
with the help of 1-shifted L., algebras. The set up are 1-shifted L., algebras of the form
(X100 Xo®X_1,{b;}) and (Z1 B Zy® Z_4, {Bl}) where the vector space X; has degree 7 and
the same holds for Z;. Hence we are considering gauge theories where gauge parameters
don’t have any further redundancies. However we allow for the full dynamics of the theory
by including the vector spaces X 1, Z_ 1. We use the letter A\ to denote elements in X;, A
will be elements in Xy and E are general elements in X _;. The hatted letters refer to the
respective elements in Z;, i.e. \e Zy, fl(A) €Zyand E € Z_4.

Definition 5.3.1. [21] Given two gauge theories (X; @& Xo @ X _1,{b;}) and (Z; ® Zy ®
Z_q, {Z;Z}) a Seiberg- Witten map is map

A=ANA), A=A4), F=%(F A (5.101)
s.th.
1)
A(A+63A) = A(A) + b5, 1) A(A) (5.102)
2)
= A(A) + 063, g, A) 1300, A)- A0 dng 1) AA) + 0543, 5, 59 A(A)
3)
F(F + 0F, A+ 0A) = F(F, A) + 05,0 F(F, A) (5.104)

hold. In addition we want this to be reflexive, i.e. having a map A = A(\, A), A = A(A) and
F = F(F, A) implies that there exists a map A = A(A, A) and A = A(A) and F = F(F, A)
with the same properties. In other words we require the relation to be invertible.

The extra terms in the closure formula are defined as in the general discussion of gauge
transformations in terms of L., algebras.
Having this, we can turn to quasi-isomorphisms F = {F,,} (X; ® X ® X_1,{b;}) —

(Z1® Zoy ® Z_4, {bz}) Recall that the maps F,, are of degree zero. Assume A is in the
image of F. Then it has an expansion of the form

Ay (Z Eoprtoe (A Ary oo Ay By o ,Ek,A"’“)> (5.105)
k>0 \ny>0

The k£ = 0 term is what we expect from the point of view of Seiberg-Witten maps. For
the other terms note that the whole formalism is for infinitesimal gauge transformations.
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One way of making this explicit is equipping gauge parameters with a small parameter
0 < € << 1. Hence all k£ > 2 terms are suppressed by these parameters and we can
discard them. Thus the general formula can be further simplified assuming natural physical
assumptions. A similar discussion holds for fields. In general a field A in the image of F
may be expanded as

ENDY (Z FopvorM, o s A, By - ,Ek,A”k)) : (5.106)
k>0 \ny>0

Again, the k£ = 0 is to be expected, and terms k > 2 are suppressed. The only mysterious
term is the k = 1 term. Recalling the physical interpretation of the vector spaces at hand,
such terms would correspond to a field depending explicitly on a gauge parameter. This
is not too sensible as the former is a dynamical variable, whereas the latter is not. Hence
from a physical point of view we can safely ignore this term. Finally an element E in the
image of F may have an expansion

B~y (Z Forior(Ary o Ay By ,Ek,E,A"k)) (5.107)

£>0 \ng>0

by the same arguments as before we only keep the £ = 0 term and through away the others
as they are either physically unreasonable or suppressed. With these consideration in the
back of our minds we can give the main result of [21].

Theorem 5.3.2. Given to 1-shifted Lo, algebras (X1 @ Xo ® X_1,{b;}) and (Z, ® Zy @
Z_q, {l;z}) thought of as underlying two classical gauge theories, there exists a Seiberg-
Witten map
A=A\ A), A=A(A) (5.108)

if and only if there ezist graded symmetric maps {F,} : X1 ® Xo® X 1 > 21D Zy® Z_,4
with

Frkri(Ay oo A Ery oo JEAY) =0, forallk,l € {1,2}, n>0 (5.109)
satisfying the Lo, quasi-isomorphism equations on inputs (A™), (A, A™), (A1, Ao, A?) and
(A1, Ay, B, A™), and (N, E, A™) for any n € Z>y.

Proof. The proof of the theorem can be split into several lemmas. We begin with a set of
multilinear, graded symmetric maps {F,,} : X1 & Xo@® X 1 — Z1 ® Zy ® Z_; which satisfy
(5.109). Following the discussion before the theorem we make the ansatz

A(A) = ﬁ_ojl ;l Fy(A")

“ =1

k=0 """

A =1
F(A) => ] Fop1 (F,A")

n=0 """

for a Seiberg-Witten map.
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Lemma 5.3.3. The gauge orbit condition

A

A(A + 6y A) = A(A) + d5,.4) A(A) (5.111)

holds if and only if the maps {F,} satisfy the Lo, morphism equations on inputs (A, A™)
for all n > 0.

Proof. We start with a straightforward computation of the lhs using the definition of the
map A as well as the gauge transformation in terms of 1-shifted L., algebras.

<A+Z bria (), A ))

1

—~
N

A(A +6,4)

[ (A" +nF, (A”l ioj ;, b1 (A, A )) +®(A2)]

=1

@ +Z [ - (Z L), A), An)] (5.112)

A !
= AA)+ DY — > %Fnﬂ (bk+1(>\7Ak>7An) :

—~
=

8

—_

In (1) we inserted the definition of the gauge transformation, (2) is the ansatz for the map
A. Tn (3) we collected all terms which are of order 6(A2). These are suppressed as before
and we can leave them out. There is an additional combinatorial factor n for the second
summand as A is of degree 0 and F,,’s are graded symmetric. In (4) we shifted the outer
infinite sum and changed order of arguments causing no extra signs as every input is of
degree 0. The final step is a mere rewriting of sums in a more handy form. We want to
relate these terms to the defining equation for a L., morphism. The lhs of the defining
equation ([5.23) reads

Z Z X(U) Fiq (bkﬂ(%(l); e 7x0(k+1))7 To(k+2)) - - - 7x0(n+1)) . (5,113)
k+l=n+1 oeUS(k,l)

For inputs 1 = A\, 29 = -+ = 2,41 = A the sum simplifies considerably. Note that
interchanging any two inputs of Fj,; will not cause extra minus signs as inputs are of
degree 0. We can split the summation into two terms. The first has the gauge parameter
in the first slot, the second has it in the k + 2-th slot. Finally there are k”fl', unshuffles
partitioning the gauge field inputs into two set of order k£ and [. These simplifications yield

Z k'l' E+1 <bk+1(>\ A ) Al)
hti=n (5.114)

n! _
+ CESIEE E+1<bk+1(Ak+1)7/\aAl 1) :
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So we see that the second term of (5.112) appears in the defining relation. What about
the second term in ([5.114]). Since the second term of ((5.112)) is a sum over all orders n > 0

we sum over all orders and get

o~ n! . -
nz::Oa k—i—zl;n (k+ 1) —1)! Fin (ka(A LA )
-y o k -1
_7;) kHz;M At (Br(A*), 2, A7)
S = 1 (5.115)
=277 — k 1-1
—g(l—l)!FlH <kz::1 k! be(A%), A, A )
v ! -1\ _

In the last step we used the assumption (5.109)) to set the sum to zero. So in general
there are terms linear in the equations of motion. Either one says that the Seiberg-Witten
condition holds on shell making these term vanish or the additional assumptions (5.109)

have to be made.
Next we consider the rhs of (5.23)) for inputs (A, A"). To simplify the equation note

that
n
— 11
(k‘l, .. .,k;j> (5.116)

for ki + - - -4 k; = n. This follows from the definition of the multinomial coefficient as the
number of possibilities of splitting a set with n into j subsets of length k; irrespective of
the order of elements in the subsets. Since permutations don’t cause extra signs this gives

for the rhs of
> 1 1 - B , n
z:oﬁk Zk: lﬁ {bj((Flﬂ()‘aAkl 1)>Fk2<Ak2)7"'7ij(Akj)) ((k1_1)7k2 ,,,,, kj>
n=0 """ kyt-tkj=ntl1’

+Ej (Fkl (Akl>7 Fk2<)‘7 Ainl)? I Fki (Ak]> (k’lv(kQ_nl) kj)

.....

‘Unsh(k:l + -+ ]fj)

: (5.117)
(B0 (). i 0 ) (o )]
By graded symmetry terms in square brackets are all equivalent. This gives
Z Z (j_11)1 (kl_ll)p...kjy Bj (Fkl()\7 Akl_l)» sz (Akz)a cee 7Fl~cj (Akj)>
n=0k1+-+kj=n+1
oS L (Frai(\ AR, By, (AR Fy, (AP
=>. i j+1< ko+1(A, A™), B (A™), . Fly( )) (5.118)
n=0 ko+---+k;=n J: Kos - g

o 1 |
@Zf Z Z mbj+1((Fk0+1()\,Ak°),Fkl(Akl),...,ij+1(AkJ)>
! 5

|
7=0J" ko>0 Ky, ky>1
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At the beginning we just inserted the definition of the multinomial coefficient. In (1) we
shifted the summation indices j and k; and (2) is a convenient rewriting of the sum. We
want to compare this expression to the rhs of (5.111f). For this we compute

S a1 8 30 AV

ALY o biss (A 4), A4y

7=0

(2) Z* J+1< Fn+1 (A, A™) (Zk' Fk(Ak)> ) (5.119)
k=1""
2, 2 R (B A, B (A), - B (49))
4!

Equality (1) is the definition of the gauge transformation in terms of the 1-shifted L
structure, (2) is the ansatz for the Seiberg-Witten map and (3) is the explicit expression
of the product of sums. We see that this is nothing but (5.118]). Hence (5.111)) gives the

defining equations of a L., morphism and vice versa, proving the claim of lemma[5.3.3] O

We discussed the proof of this lemma quite thoroughly since it serves as the paradigm
example for computations proving lemmas about to come. All steps in the proofs are
similar to the ones we performed above and mostly consist of combinatorial considerations
taking grading of inputs and symmetry of maps into account. The interested reader may
work out the details of the equations.

For the closure statement we start with ignoring the potential term involving the equa-
tions of motion. The equation to show then reads

A

A(A+ Sonnam A) = A(A) + 5@(5\1,S\Q,A)—kj\(/\g,&)\lA)—j\()\l,dAQA) A(A) (5.120)
which upon using lemma [5.3.3| is equivalent to showing
AC (M, Aoy A), A) = C(Ai, Agy A) + A, 63, A) — A(M1, 63, A) (5.121)

As stated before, to show this one performs steps very similar to the steps pf the previous
proof. For the additional term we compute

A(A +0c(r20,4) A+ 5g(A1 A2 ?)A)

= 3 Fa((A+ deunen A+ 000, 0 A)")

1 (5.122)

1
[n! B+ 5

Fo (B na) A, A"

1 —
- m (50()\1 A2, F) A A" 1) + @(}\3)] ’

(1) is the ansatz for the map A and (2) separates terms in orders of gauge parameters
and takes symmetry into account. Throwing away terms of order 6(\®) we are left with



5.3 Seiberg-Witten maps and L.-qisms 159

computing the third term in the final expression. By definition it holds

> 1
65(/\1,)\2,%7)‘4 = ol bnt3(Ar, Ao, F, A™) (5.123)
n=0 :
thus we get
1 o
3 7@ 3 Fo(00, p A A™1) + 0(0)
" ) 1 (5.124)
_Z n_ 1 Z ]{?'F (bk+3(/\17/\27‘f A ) A" )
n>1 k>0

Again we start with the lhs of the defining equation ([5.23]) on inputs (A1, Ag, E, A™)
=n+1 (k - 3)!<l - 1)!

k+
(n —3)!

Fl(bm, AQ,E,A’“‘3>,AZ—1)

br(A1, Ao, A7), B, A2

(n—3)!
C (k=2)(1=2)!
(n —3)!
T2 —2)
(n —3)!
(k—1)I(1—3)!
(n—3)!
(k=11 = 3)!
(n —3)!
T E— D=3

o3 k -4
;Mﬂ(bk(fl ): A1y A, B, A ) _

(5.125)
+

=
/—\/_\/\/—\/\/—\

=

—

>~

S

=

S

=

b

:_/

>~

=

S

|

[\
N—— N N N~ T 0

+

Due to assumption ([5.109)) all terms except the first one vanish. Changing the summation
indices and summing this term over n > 1 including the factorial prefactor we get
for E = %. As we did before we turn to the rhs of evaluated on (Ag, Ay, £, A™) and
summed over all n. This yields

1 (n—3)!
’;Jz:l 1) kit er:k oG =3 (k= Dl (ke — D)(kz — 1)+ Ky

bj(Fry (A1, AB 7Y By, (M, AR TN B (B, AT, B (AM))
(5.126)
To arrive at we used to drop terms and used symmetry relations very similar
to the ones used in . Shifting summation indices as we did before we get that this
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equals

1 - A ~
— b n(Ar, Ao, F, AY) =0k 5 55 A (5.127)

0
>
n=1

Putting things together we see that

0o T n—1
(= 1) (50()\1 Aﬂ)A’ A )
> - (5.128)
~ ~ N (}f in — AT A
=> ! bn(A1, A2, F, A™) = 045, 5,99

holds if the maps F), satisfy the defining equations for inputs (A;, Ay, E; A™). This proves the
equivalence of the gauge closure condition of Seiberg-Witten maps and the corresponding
subset of L., algebra morphisms.

Next we turn to dynamics of the theories.

Lemma 5.3.4.

Z e (F, A7) = ii b (A") (5.129)

n

Assuming that the maps F;, define a L., quasi-isomorphism, this is the known statement
that quasi-isomorphisms are isomorphisms on the sets of Maurer-Cartan elements of the
two L algebras. There are surely proofs of this fact in the literature but we weren’t able
to pinpoint a concrete instance where an explicit proof was given. Since proving this by
hand is not difficult we quickly do the math.

Proof.
Z  Fui (F,47) Z Lyl o7 Fer (r(4), A7) (5.130)

n= 0 k>1

This is again the lhs (5.23)) evaluated on field input only. The rhs of (5.23)) evaluated on
fields only and summed over n plus taking prefactors into account gives

1 n!
: bj(Fey (AM), ... Fi, (AM))
2 §k1+§_n<z—1>!k1 L
kiz1 (5.131)
j>1
where we performed the same steps as in ((5.119)). [

So this Seiberg-Witten equation is equivalent to the L., morphisms evaluated on fields
only.
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We are left with the Seiberg-Witten equation ((5.104]). Again we start with computing
the lhs of it.

F(F + 0F, A+ 6,A)

> 1
(i) E Fn+1 (9-7, An) + Fn+2 (9:: 5)\147 An) + Fn+1 (5)\9;7 An)] + 6()‘2)
n=0 """
& o | m! o an (5.132)
:J'<'J‘aA) + Z . Z W an+2 (bk-l-l()‘)Ak)vJUA )

m=0 ‘n+k=m

+ Foyr (brga (N, F, AF), A™) ] .

The equality (1) is merely insertion of the definitions of the maps and separating terms of
different orders in the gauge parameters. In (2) we threw away terms of too high order in
A, inserted the definition of the gauge transformations in terms of 1-shifted L., algebras
and rewrote the summation. In order to relate this to we evaluate the lhs of
on inputs (A, £, A™). This gives

n—2)! -2 -1 n—2)! 1 Ly
O e (e R R e R CURRR RN
B (k —(nl)_'(l2>—' 2)!Fl<bk(E,Ak_1)’)\’Al—2> + Mﬂ(bk(Ak),)\,E, Al_3) .

(5.133)
The last two terms vanish and changing summation indices accordingly for the first two
terms as well as summing over n gives the second term in the last equality of (5.132)).
Hence we need to evaluate the rhs of (5.23)) on (A, £/, A™). This gives

© ] & 1 8
- biol F N AR F (F, AR
mz::(] m!;)k1+...%+2:mj kl' "kj+2! ]+2< k1+1( ) )a k2+1( ) )7
Fi, (A%, Fy (A’W))
[e’e] 1 R .
=2 b (A A), F(F, A), A(A)) (5.134)
7=0

A

= O F(F, A) .

where the equalities are due to the by now familiar manipulations performed in previous
computations.

A final word about the existence of the maps F},. Though they are defined on equal ele-
ments one can use polarization identities to get maps on different input elements. Though
we are using the defining equations of a L., morphism, the fact that the F}, should corre-
spond to a quasi-isomorphism is guaranteed by the requirement of invertibility for Seiberg-
Witten maps. O
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5.4 Conclusions

In the first part of this chapter we gave a L., algebra closure theorem for vector spaces
with arbitrary skewsymmetric brackets. The L., extension is finite in the sense that the
underlying complex is a three term complex and the L., has non-trivial higher n-brackets
only up to and including n = 4. In addition we presented how the L., structure of the
Courant algebroid is corollary of the construction. In the second part of the chapter we
proved a theorem relating Seiberg Witten maps to L., quasi-isomorphisms.



Appendix A

Vertex Operator Algebra Basics

A.1 Vertex Operator Algebras and Operator Product
Expansions

Vertex operator algebras (VOAs) can be seen as a holomorphic enhancement of associative
algebras, where the product depends on a complex variable. They are a mathematical tool
for describing the chiral symmetries of two dimensional conformal fields theories (CFTs).
Since we are aiming at a more mathematical treatment of CFTs we stick with mathematics
conventions for notations and expansions. When giving the definitions of the objects
involved, we comment on the relation to the physics conventions. The following definitions
and remarks can be found in any textbook on VOAs, classic sources are [54] [113][53] [93] [52].

Definition A.1.1. A vertex operator algebra (V,1,Y,w) is the data of

(1) a Z-graded vector space V = @,z V(») satisfying grading restrictions dim V{,y < oo
and there exists an NV € Z s.th. V() =0 for n < V.

(2) a vacuum 1 € V).

(3) a wvertex operator Y (e,z) : V — End(V)[z,27'] for z € C. These can be expanded
in operator valued Laurent series

Y(v,2) =D umz"""" (A.1)

meZ
where for u € V() the modes satisfy ue,) : Vie)y = Vierk—n—1)-
(4) a conformal vector w € V{g).
The data has to satisfy the following axioms:

(i) Units: For any z € C the vertex operator of the vacuum evaluates to the unit map

Y(1,2) =idy . (A.2)
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In addition applying vertex operators to the vacuum gives an analytic function

Y(v,2)l =v+2V[z] . (A.3)
(ii) Virasoro property: The modes in the vertex operator Laurent expansion of the con-

formal vector )
Y(w,2) =3 Lz " (A4)

nez
define a copy of the Virasoro algebra, i.e.

c
[L(n), L(m)} = (n — m)L(m+n) + E(Tﬁ — n)ém,n (A5)
where ¢ € C is the central charge of the VOA. Furthermore the zero mode is a grading
operator
Lipyv = nv, forve Vi, (A.6)
and L(_y) acts as a translation operator in the sense that
d
de(U, Z) = Y(L(_l)v, Z) . (A7)
z

Due to (A.6]) we refer to the grading as the conformal weight of an element.

(iii) Convergence: Let V* = @,z Vi the direct sum of linear dual spaces and m, :
V' — V(y) the projection operator onto the conformal weight n space. For w € V*,
v1, Vg, v3 € V there exists a function

- G(Zl, ZQ)
Cl(Zl, 22) = m, a, b, Ccc N, G S C[Zl, 22] (AS)
s.th.
(w,Y (v1,21)Y (va, 22)v3) = Y (w, Y (v1, 21)m,Y (02, 22)v3) = 112C1 (21, 22) (A.9)

neL

for |z1| > |2z2| > 0. On the right hand side the natural evaluation pairing between dual
elements is used. Defined like that absolute convergence of (w,Y (vy, 21)Y (v, 29)v3)
is implied, being the power series expansion of a holomorphic function.

Similarly there exists a function

H(Zla 22)

Co(21, 22) = (o — 2900 0,p,q € N, H € C[zy, 23] (A.10)
s.th.
(W, Y (Y (v1, 21 — 22)02, 20)v3) = Y (w0, Y (m,Y (01, 21 — 22)02, 22)03) = Ly 22, Co (21, 22)
" (A.11)

for |za] > |21 — 22| > 0.
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(iv) Operator Product Ezpansion (OPE): The above expressions agree in the sense that
Ci(z1, 22) = Co(z1, 29). Thus they are just different expansions of the same rational
function in different regions.

(v) Commutativity: Again, assume the conditions for convergence hold, then

<w,Y(U2,22)Y(U1,Zl)U3> = L21Cl(zl,z2) . (A12)

For some of the proofs and applications it is more convenient to express rationality and
the OPE property for VOAs in terms of a Jacobi identity for formal power series. The
calculus of formal variables suits as a formal analog of the calculus of Laurent expansions
of meromorphic functions. Let V' be a vector space and {z;} will denote formal variables,
of which the reader may secretly think of as coordinates in the complex planes. We will
use formal power series of the following type

N
Viz] = {Zvnx” o, € VN € N}
n=0

} (A.13)

V()= > wvea"|v, €V, N € N}

V{x}:{Zvnm”MnGV}

neQ
and their obvious multivariable analogs. In addition, the localization

Viz1, zo]s (A.14)

at S = (x1, 9, x1 — x2) will play a prominent role. We define a map t15 : V[x1,22]s —
V]z1, z9, 27", 25 '] from the expansion

_ (k—l—n—l) 2% (A.15)
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in the region |z;| > |22| on the complex plane. Hence ¢15 on an homogeneous element of
Vz1, z2]s is given by

P(x17x2) -n —L—n—m _,—k+m
Ny EJ‘”’“( b )P (g, o) g (A.16)

and is linearly extended to V[xy,x2]s. It is a power series expansion into only finitely
many negative powers of xy. For the Jacobi identity we need the formal delta function in
Vi, z™']

=) " (A.17)

nez
which has its name due to the fact that for f € V[z,z™!] it holds
= fwa"™ = f(1)d(x) . (A.18)

Since power series in this thesis will appear mostly as power series of linear operators on
vector spaces we give a sensible definition of limits of such power series.

Definition A.1.2. A possibly infinite family (F(;));er € End(V) is summable if for any
v €V, Fiv # 0 for only finitely many i. Given F' € End(V)[x1, 27", 22, 23 '], then
lim F(zy,29) = lim Z Fomziay (A.19)

T1—T2 T1—T2
n,meZ

exists if for any m € Z, the family (F(n,m_n)> is summable. The limit is defined to be

I}l_r)rglmF .’El,ﬂfg Z an n) : (AQO)

n,mez
If lim,, ., F'(21,x2) exists we compute

21 n—l—k m— k n, .m—k
Flano)d (2) = ¥ Fawat™ 8™ = ¥ Foogmalss
X2 n,m,kEZ n,m,kEZ
_ n_m-—-n—=k
= Z Elhmyry ey
nm,kEZ (A 21)
m,n,.—n
= D Fom-wryaiz,
n,m,k€Z
L1

= F(x9,22)0 ()

T2

Thus ¢ (%) acts by restricting to x1 = x5. The definition of the delta function can be
extended to more general arguments by setting

5( ) %g% ( >x3%§ Fak (A.22)
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Lemma A.1.3. ot R
1 2 0 1 1— Zo
] (5( o ) = 7, 6( . ) (A.23)
_15<$1—$2>_ _15<932—151>: _15<331—£170> '
x " z, — Tq o (A.24)

The proof is a straightforward computation expanding delta functions into power series.
Let C'(xg, x1,x2) = % with h(zg, 1, x2) € Clxg, 1,22 and r, s,t € N. Along the
same steps it is not hard to show

1 — T To — T
-1 1 2 1 2 1
.’L'O (5 ( T > LlQCyilfO:ﬁl*CCQ - .’L'O (5 ( > L21C’x0:x1712

0 —Zo

r1 — X
-1 1 0
= Xy 5 < T ) LlOC‘Izlefxo

2

(A.25)

Recall that the definition of a VOA involved a rational function C(zg, 21, 22). Rationality,
commutativity and associativity (OPE) can be phrased as

<U,, Y(Uh 21)Y("02, 2’2)113> = L120|z0:z1—z2
<’U,, Y(UQ, ZQ)Y(Ul, Zl)U3> = L2IC’20:,21—22 (A26)

<UI, Y(Y(Ula ZO>U27 ZQ)UIS) = [/200’20221722
from which one immediately deduces

Proposition A.1.4. (Jacobi identity for VOAs)

T —x Ty — T
1510 ( lx 2) Y (v1,21)Y (vg, 29) — 2516 ( 2—9(; 1) Y (ve, 22)Y (v, 1)
0 0 o — g (A.27)
= l‘;l(s < 7y ) Y(Y(Ul, CE())’UQ, LIZ'Q)

The Jacobi identity is an elegant intermediate step for deriving the OPE formula known
from the physics literature. Before continuing we note that the opposite line of reasoning
also works, i.e. starting with the definition of a VOA, where all axioms are kept but
convergence (rationality), commutativity and OPE (associativity) are replaced by the single
axiom of the Jacobi identity nothing is lost. By a contour integration argument the Jacobi
identity is equivalent to Borcherd’s identity for modes of vertex operators. The Lie algebra
structure on the modes (which is equivalent to the OPE) is a special case of Borcherd’s
identity. We give the relation between Jacobi identity and OPE in the following paragraph.
Deriving rationality, commutativity and associativity for correlation functions is done e.g.
in [54], section 3.3]. The proof of the equality is more generally applicable to situations with
vertex operator maps and we freely switch between axiomatic presentations of structures
involving correlation functions or the Jacobi identity, as both presentations have advantages
in different situations.

Let

Resgxq = 0n,—1 (A.28)
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be the formal analog of the residue pairing and apply it to (A.27)). This yields

Y (v1,21), Y (v2, 22)] = Resgyxg (5( - mO) Y (Y (v1, 20)va, 7o)
= n% (72 <Z> 1)y A"y ((Ul)(m)U%xQ)) (A.29)
— zz: (ge:z (m) —1)Maxy " lx?_my<(1)1)(m)1)2,$2))

where the lower truncation property for VOAs is used in the second step.

Proposition A.1.5. Let
Y(v,21)Y (w, 29) Z Z Vn)W(m) 2y lyym=t 4 Z Z w(n)v(m)zgn’lzfm’l
ne€Z m<0 n€Z m>0 (A.30)
=Y (v, 21)1+Y (W, 22) + Y (w, 22)Y (v, 21) -

be the normal ordered product of two vertex operators. For zy,ze € C s.th. |z| > |z it
holds
N 1
Y(U, Zl)Y(’w, 2'2) = Z Y(v(m)w, ZQ)ngm

m=0

+:Y(v,21)Y (w,22): . (A31)

Proof. First note that for any z;, zo € C there is the equation
Y(v,21)Y(w, z0) = [Y(v,21) -, Y(w, 20)] + : Y (v, 21)Y (w, 29): . (A.32)

The commutator can be computed from (A.30) by noting that the — index just restricts
the commutator formula to negative powers of z;. Hence we have

2 (=)
(5 (M) ewmam iy (e )

n<0

V(0 2)-, ¥ (1, 22)) = Y (e ) )
-

(A.33)
m=0 \n>0 m

N

ZY( U272’2) L12(
m=0

where in the second equality we use (;) = 0 for 0 < n < m. For the last equality the
following chain of binomial coefficient identities is used

(o= (2 = () = (e

]

= i (Z <_n_1>( D"z Y (1) on )1’2722))

1

21 — 22)—m—1
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Note that if we define in analogy to the usual Cauchy integration formula the normal
ordered product at z; = 25 as

dz1 Y (v, 21)Y (w, 20)
(#2) 2mi (21 — Z2)n+1

Y (w, 2)0"Y (0, 22) = j{g (A.35)

we recover the usual OPE formula

N n
Y(v,21)Y (w,20) = ) Y(v(m)w,zg)m; + 3 iz z) Y (w, 22)0"Y (v, 22):
o (21 — 2z9)mH1 =0 n!
(A.36)
from (|A.31)).

The upshot of this section is that having fields in the form of vertex operators, s.th.
the correlation functions among the fields produce rational functions and have a natural
associativity property, produces an operator product expansion among the fields with only
rational dependence on the location of the fields.

A.2 VOA Representations and Intertwining Opera-
tors

In this section we give a quick overview over the key points relevant for this thesis in
VOA representation theory. This includes in particular rational VOAs and a discussion
of intertwining operators. The later part will be a helpful primer for the discussion of
modular tensor categories arising as representation categories of VOAs. Again there is a
plethora of literature on the material presented here, textbook accounts can be found e.g.
in [53][54] [42] [52] [113)].

Definition A.2.1. Given a VOA (V, Y, 1,w) a representation is a triple (W, Yy ) consisting
of a graded vector space W = I1,,c.gW,,, a vertex operator map

Y : V = End(W)[x, z7']
V= Z U(n)xinil (A37)

nel

and an identity element 1 € Wj. The data has to satisfy
(R1) (Lower truncation:) dim W,y < oo and vg,)w = 0 for n big enough.

(R2) (Identity property:) Y (1,z) = idy .
(R3) (Jacobi identity:)

x50 (le_ x2> Y (v1, 1) Y (v, ) — 2510 (
0

To — X1

) YW<U275E2)YW(U17$1)
—x

= x;l(s (xI; IO) Yw(Y(’Ul, 513'0)1}2, LCQ)
2
(A.38)
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(R4) (Virasoro embedding:) The modes of the Virasoro vertex operator
Yiw(w, ) = X,z L(n)x_"_z satisfy the Virasoro relations with the central charge
given by the central charge of V.

(R5) (Virasoro grading:) The zeroth mode of Yy (w, x) acts the grading operator: Lgyw =
nw for w € Wy,. In addition the Virasoro field is required to satisfy the usual
translation property

d
@Yw(v,l’) = Yw<L(_1)U,.’E) (A39)

Definition A.2.2. A morphism f : Wy — Wy is a grading preserving linear map such
that

f(YW1 (Uv x)wl) = YWz (Uv C(I)f(U)l) (A4O)

for all w; € Wy and v € V.

Note that the definition applies for any formal variable z. Again, choosing complex
numbers for formal variable one could derive rationality properties of correlation functions
on the two sphere from the Jacobi identity. The vertex operator map might be seen as a
formal power series enhancement of a module map for an associative algebra, just as the
vertex operator of a VOA is the enhancement of an associative algebra. The Jacobi identity
then corresponds to the usual intertwining of module map and product. In addition one
can start from the Jacobi identity and derive along the exact same steps as before an OPE
of fields, now living in some representation. However, note one crucial difference: The
underlying vector space of a VOA representation is not Z-graded in general, though vertex
operators are genuinely integer spaced. In addition OPEs will only be defined for elements
in the underlying VOA, which now act on W, not for arbitrary elements of W.

Clearly any VOA is a module over itself.

Definition A.2.3. A VOA (V,Y,1,w) is simple if it is irreducible as a module over itself.

Given two representations (Wq, Yw,), (Wa, Yi,) over VOAs V; and V5 one might also
try and define a V] ® Va-representation Wi ® W5 using in both cases the tensor product
of vector spaces. Though for VOAs there is no problem in defining the tensor product,
the general R-grading of representations prevents the tensor product Wi ® Wy from having
finite dimensional weight spaces.

Given a representation W, a natural task is to define an adjoint representation on
W* = I, egW;. For this to work one has to derive some easy statements about the
transformation behavior of Yy under the action of SL(2, C), which acts by exponentiating
the action of the s[(2, C) generators {L(_l), L), L(l)}.

Lemma A.2.4. Let (W,Yw,1) be a V-representation. Let w,z € C, global conformal
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transformations act as

et Yy (v, 2)eT e = Y, ( vheve, z) = Y (v, 2 + w)

ewL(O)YW(sz)e_wLw) = Y < wL(O)U ew ) (A41)
(1-

z
) 2L(O)U, )
1—wz

Proof. Proving the first identity goes along the same steps as in the proof for (3.21)). For
the second identity note multiplying the Jacobi identity by x; and applying Res,, Res,,
gives

ewL(l)YW(U, Z)e—’wL(l) — Y < 1 wz)L(l)

[U(l), Y (w, x)} =Yw (v(l)w, x) + xYw (voyw, x)
< [U(l)ﬂ‘f(n)} = (UuW) m T (U((W)(,Hl)

Taking the degree shift in Yiy(w,z) = 3 ,cz Ly ™2 into account one finds for v € V
homogeneous

(A.42)

[L(O)av(n)} = |U|U(n) + (L(*l)v) (n+1)
= ([v] =n = v

where we used (A.39) in the second equality. So L) acts as a grading operator on the
modes. From this one easily derives

(A.43)

6wL(0>YW (’U Z wL(O) Z ewadL<0 —n_
nez

= Z — 1) V2 "

neZm>0 (A.44)

_ Z 6w|’u Vm) (6wz)—n—1

ne”

=Yw (ewL(O) v, e“’z)

Finally the proof of the third identity is conceptually the same as the previous one, but
significantly more cumbersome. We omit it here and refer to [54, Proposition 5.2.3] for a
detailed exposition. O

We remark that the proofs for the identities only use the Jacobi identity and the
Virasoro properties in the definition of a representation. This will allow to state similar
transformation properties in situations where a Jacobi identity and Virasoro actions hold
later. A consequence of the transformation properties is the following necessary condition
on irreducible modules.

Lemma A.2.5. Let (W,Yw,1) be a simple V-representation. Then there exists hyy € R

s.th.
W= 11 Wiysn (A.45)

neL
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Proof. A VOA module is irreducible if for a sub-vector space U C W from Yy (v, x)u €
U((z)) for all v € V it follows that U = W or U = 0. Assume now that there exist
homogeneous elements wy, wy in W with |w;|—|wsy| € R\Z. Let Wy, W; be the V-modules
inside W, generated by w; and wy respectively. These are by definition the smallest
subspaces s.th. wy € Wy, wy € Wy and Y (v, z)u; € Wi((x)) for v € V and u; € W; and
similar for W5. Since

() = Jur| = n =1 (4.46)

it is clear that for u € Wj it holds |u| € |wy| + Z. But then wy ¢ Wy, thus Wi is a
non-trivial submodule contradicting irreducibility. O

As promised one can use the transformation properties to define an adjoint or dual
module.

Theorem A.2.6. [5], Theorem 5.2.1] Let (W, Yy ) be an (V,Y,1,w) representation. The
graded dual W* carries a vertex operator

Y« 2 V = End (W*) [z, 2]

v Yipe(v,z) =) vz‘n)x’"’l (A.47)
nez
defined by setting
(Y (v, x)w',w) = <v',YW (exLU) (—x_2>L(O) v,x_l) w> (A.48)

for allw e W*, we W. (W* Y=, 1) is called contragradient module for W.

Though we omit the proof here we still give the definition of the Virasoro action, which
will allow us to move the action of the Virasoro algebra from a representation to its dual
when paired. By the creation property of a VOA it holds L(_2)1 = w, L(,y1 = 0 forn > —1
and the Virasoro identity gives L1yw = 0. Equation for w therefore yields

3 (L' w) ™= = (Vi (w,2)uf,w) = (', Yir (¢7w,07") w)
" (A.49)

=> <w’, L(n)w> "2

nez

which is equivalent to
<L’€_n)w',w> = <w’, L(n)w> : (A.50)

We will see, that contragradient modules naturally also serve as categorical duals of
representations. The fact that a single dual module is defined here already hints at a rigid,
braided monoidal category of representations. Finally, we want to be able to perform
OPE-like expansions between elements of different representations. This is possible by
introducing intertwining operators.
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Definition A.2.7. Let W;, Wy, W3 be representations of (V)Y 1,w). An intertwining

operator of type (th‘j”%) is a map

Y : Wy — Hom(Wy, W3) {x}

w > Z w(n)x_”_l (A.51)
neQ

where w,) € Hom (W3, Ws) s.th.
I01) Lower truncation: for v € W it holds wg,yu = 0 for n big enough.

102) Jacobi identity:

To — X7

x615 ($1 _ x2> Yw, (v, 21)Y (w, z5) — x515 (

Zo

— %o ) Y (w, x2)Yw, (v, 21)

=256 <$1x—29€0> Y (Yw, (v, zo)w, z2)
(A.52)

103) Virasoro translation: %Y (w,z) =Y (L(_l)w,x>.

If we want to refer to intertwining operators between arbitrary modules W, W3, W,

we sometimes write (JB) for the type of the intertwining operators and the space of inter-

vy
ap
operators of the same type is again an intertwining operator, hence Wa% is a C-vector space

and its dimension is denoted by N 4.

In section we gave the definition of a VOA in terms of associativity, rationality
and commutativity properties of convergent correlation functions. A similar definition can
be made for VOA modules. For intertwining operators of modules only a definition in
terms of the Jacobi identity is possible, though. A definition in terms of rational functions
will clearly fail as intertwining operators don’t have power series expansions. In the next
section we will discuss under which assumptions on V' this can be remedied.

twining operators of type ( ) is denoted as ¥ );. Obviously the sum of two intertwining

Lemma A.2.8. Let Y € °Vlf be an intertwining operator between simple modules, then
Y (w;, )w; € ™MW (2) (A.53)

where W; = [,,ez Wh+n-

Proof. From the Virasoro properties one derives as before |(w;)q| = |w;| —n — 1. Hence

(i) myw;| = |wi| + |wj| =n = 1= |h| +7 4+ |hj| +s—n—1=|ht| +m, r,s,meZ
(A.54)
or equivalently
n+1¢€|h| +|hj| — |hi| +Z (A.55)

which immediately implies the claim. ]
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The following is stated e.g. in [80, Proposition 1.11].

Lemma A.2.9. Let Y € Vj; and r € Z. The map

B (Y) : Wy © Wo — W, {)

. A.56
(wa, wy) = B (Y) (wa, x)wy = e’”L(—UCy(wl, e(2r+1)mx)w2 ( )

defines an isomorphism Vs ~ Vy,.

Proof. First we prove that %,(¥) is in fact an intertwining operator of type ( /32)' The

lower truncation axiom is obvious. The expression Y (wy, e )7z )w, only involves finitely
many negative powers of z. Since e only raises the powers, this is still true for
B, (Y)(ws, x)w;. One may define

By (Y) (wa, w)wr = Y _ (wa)iywrz™""! (A.57)

neR

by equating coefficients in front of powers of . By the previous sentence this immediately
implies
(wg)fn)wl =0, n big enough . (A.58)

Next the Virasoro translation property:

d , .
@E)BT(Gy)OU% T)wy = exL(fl)L(fl)Gy(wb E(QTH)mfﬂ)wz + €xL<’”@Cy(w1> 6(2T+1)m$)w2
— €ZL(_1)L(_1)Cy<w1, 6(2T+1)7ri13)U)2 _ ea:L(_l)oy(L(_l)wb e(2'r’+1)7rix)w2
(A.59)
using
Li—1y(w1)m) — (L<—1>wl)(n) = (w1)mL(-1) (A.60)
this equals
e LenY (wy, 6(2T+1)mx)L(_1)w2 = B, (Y)(L—1yws, x)w; (A.61)
Next we check the Jacobi identity:
T —
"8 () Vi (0,0 () (0, )
0
:xalé (l’l - xQ) 612L(_1)6_z2L(_1)YW3(U, I_1>€$2L(_1)cy(w17 6(2T+1)7r7:x2>w2
Lo
—pols (PLT 2 sy, _ (2r+1)mi
=z, " e Wy (v, 1 — 29)Y (wy, € Tg)We
0
—pls (FLT 2 sy, (2r+1)mi
=Ty - € ws (v, 20) Y (w1, e Ta)ws
0
T <M> "2 Y (v, 20) Y (wy, e(2r+1)mx2)w2 (A.62)
x
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—To — T ;
=0 (ixlo) DY (wy, eV ) Vi, (v, w0)ws

To— T -
— 59 (O—IQI> " Y (Y, (v, 21)w, e,

S T (M) B (Y)Y, (v, x0)wa, x9)wy

=8 () B (Y () Vi (0, )

— (“ i :‘;0) B (Y) (Yov, (v, 20 ) w3, 2)10n

X

We used relation (A.23]) several times in the computation. In addition note that we cannot
replace ety with —z in intertwining operators as its expansion includes real powers.
However in module vertex operators or inside delta functions only integer powers appear
and we are allowed to make the replacement. Finally, to prove that it is an isomorphism
it is enough to give an inverse map. The claim is that 9%B_,_; is the inverse of %,..

Br-1 (B, (Y)) (w1, B)wy = e DB(Y) (wa, e > Tz )uy

— @xL<—1>e*f‘fL(—1>Gy(w1, )Wy (A.63)
= Y (wy, x)wsy
The other direction goes the same. O]
Lemma A.2.10. Let r € Z and
AU = (A.64)
defined by
(A (Y (my, x)) my, mj) = <m;€,°y (elee(%H)”iLom_Moml, x_1> mj> : (A.65)

Then A, is well defined and an isomorphism with inverse A_,_1. Setting
A (Y) (o, x)o = e Crmlo A (Y) (o, z)e? 00 (A.66)

~ i’ . . .
also defines an isomorphism "l/j = V,. Its inverse is given by

A (Y) (o, )0 = e BT A (Y) (0, ) IO 0 (A.67)
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The proof is almost the same as before, thus it is omitted here.

Lastly we state the definition of a rational VOA. There are some competing notions in
the literature, since over the years the definition got refined. We settle with possibly the
most restrictive one.

Definition A.2.11. A VOA V is called rational if:
1) It is simple (i.e. irreducible) as a module over itself.
2) It is of CFT type: V() =0 for n <0, Vo) = C1 and V* ~ V as V-modules.
3) Every weak V-module is completely reducible []

The last point needs some explanation. A weak module has all the properties of a V-
module except that it doesn’t need to have a grading, but it satisfies all the conditions of
a V-module which still make sense under this generalization. For a list of rational VOAs
we refer to [91]. Examples include VOAs constructed from even lattices [41][43] or VOAs
corresponding to integrable highest weight representations L(k,0) of affine Lie algebras at
level k [55][92]. The last example will be discussed in the next section.

A.3 Examples and CFT Fields

After the mathematical treatment of VOAs and their representations we relate mathemat-
ical terms to quantities better known in physics. Usually in physics the state space H of
a RCFT is decomposed into left and right moving conformal families H = @, ;o U; x U;.
The vector spaces U;, U; are Verma modules built from a primary ¢; of conformal weight h;
and similar for U;. In VOA terms this is nothing but a simple representation of a rational
VOA V', which due to the unit properties in the definition are built by applying modes
of module vertex operators to a lowest weight state |h;), which is the state corresponding
to a primary field. Therefore these representations are of Verma module type. Since the
Virasoro algebra is embedded into a VOA this automatically contains a conformal family.
Bur in addition the representation may be generated by application of other field modes,
e.g. in case the CFT has Kac-Moody symmetry the representation should contain states
from applications of Kac-Moody currents. As a non Lie algebra type example for a CFT
with additional symmetry consider W -algebras. In this case the representation should also
be generated by modes of the higher spin currents. In both cases, though, the primary
state spaces remain representations of the Virasoro algebra. VOAs are now just the math-
ematical object capturing all of these symmetry algebras and a representation of the VOA
for a given symmetry is part of the usual chiral subspace of the state space of the physical
theory. Note however that this doesn’t exclude non-unitary representations in general. To

LOften this is stated as two points: That every N-gradable weak module is completely reducible and
that V' is Cs-cofinite. That this is equivalent to the statement given in the definition follows from results
in [IT6][1].
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make this more palpable we discuss the case of Kac-Moody algebrag] The VOA structure
for Kac-Moody algebras is discussed in many places, we follow [52] section 2]. Let g be a
semi-simple Lie algebra and

gr = 0((t)) ® kC (A.68)

its centrally extended loop algebra. Since g is semi-simple its Killing form (e, @) is a
non-degenerate bilinear form. Let hY be the dual Coxeter number of g, the normalized

inner product is defined as
1
L0 = g

and the Lie bracket on generators of g, reads

(o,0) (A.69)

(X", Y7 = [X, Y] + km (X, Y) SpimoC . (A.70)

Let g, = g[t]t®kC C § be the positive mode sub Lie algebra and Cj, be its one dimensional
representation defined by the action of a single generator

X®t"1=0, ¥Yn>0

ATl
C-1=k1 (A-T1)

The vacuum VOA associated to g has underlying vector space the induced module
Ve(8) = U(8) ®ug,) Cr (A.72)

where U(g) is the universal enveloping algebra. As a vector spaces there is an isomorphism

Vi@ = Ut gt (A.73)

which is tantamount to saying that it is the following vector space
Vi(§) ~ spang {jfﬁ R e | ‘nl <o <ny, <0, ifn; =n; thena; < ai“} (A.74)

for {j*} a basis in g and we abbreviated j¢ = j%™. The vertex operator is defined as

Y(]_ Z) = ide d
Y(] 11 Z _] Z]a —n—1 (A75)
neE”L
and more generally
1

YU B b ) = o oy () ()

(A.76)

2It turns out that representation theory of W -algebras very much follows from this by Drinfeld Sokolov
reduction. The interested reader may consult [2] for original results on this or [3] for an excellent review.
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If we assume that {j*} is an ONB wrt ( e, e ) we can define the Sugawara energy momentum
tensor as the vertex operator

T(:) =Y (Mﬂl j311,2> _ Q(kihv) J2)j4(2): (A.77)

The embedded Virasoro algebra then has central charge

kdimg

TR (A.78)

That this indeed defines a VOA is checked in [52, section 2.4]. Furthermore there is a
relation between representations of g; and VOA representations of Vi (g). A representation
U of g is called smooth if for any u € U there exists N > 0 s.th.

Xt"-u=0, VXeg,n>N . (A.79)

It is shown in [52, section 5] that smooth gx-modules are in one-to-one correspondence with
Vi(§)-representations. This is not too surprising since the vertex operator or its module
vertex operator may equally be described by its Lie algebra of modes, which in this case
is the universal enveloping algebra of gx. The smoothness condition then just ensures
the lower truncation property of modules. Examples of such modules are highest weight
representations of g ] Given a weight A of §j its highest weight representation M, is
generated from a highest weight stat |A) by applying negative modes. That is, a vector in
M, is a finite linear combination of vectors

m = pa(T2) - pa(T2r) ) (A.80)

where {T)%} are elements of g in its Cartan Weyl basis. Here p, : gr — End(M,) is the
module map and similar to the previous case only modes

E;iai, a; € don; <0,
T:@l = Hyi a; = 17' ) rk(g)a n; < 0 (A8]‘)

n;?

Ef{:, a, €Pn; <0

with @, the positive roots of g, appear. Using the explicit commutation relations (A.70])
it is obvious that these are smooth modules. Let P, be the dominant integral weights of
g and 0 € ¢, the highest root of g. For weights

Pf={A=(N\g,k,0)| (N, 0) <k, A€ Py} (A.82)

the representation M), is integrable, meaning that the induced representation of any sl
triple {ES, E,*, H*} C g; for o € @ is finite dimensional. The condition (A.82)) ensures

3

see e.g. [64] for an exhaustive treatment of the representation theory of affine Lie algebras



A.3 Examples and CFT Fields 179

that at a fixed level there are only finitely many integrable highest weight representa-
tions. It turn out that the corresponding VOA modules for Vj(§) are exactly the simple
representations of Vi (g). Unfortunately it is not true that Vj(gx) is a rational VOA. Of
course V(gx) is a module over itself. Let Nj be the gi-submodule of Vi(g) generated by
(EY,)F+11. Tt is the maximal submodule and the quotient

VE(@r) = Vi(0r) /N (A.83)

inherits naturally a VOA structure as it is a submodule and the module map is the vertex
operator. As a vector space there is an isomorphism V*(g;) ~ L(k,0), with L(k,0) the
irreducible highest weight module of g, with weight A = 0. This is a rational VOA and
its simple modules are still labeled by PF. Highest weight modules for g, will give N-
graded VOA modules similar to general simple modules for VOAs. The conformal weight
of the corresponding V*(§)-representation M, are not too hard to compute (see e.g. [39,
chapter 15.3.3]) and given by

(Ags Ag + 2p)

hy =
A2k + hY)

(A.84)
where p = %Zi@i «; is the sum over simple positive roots of g (usually called the Weyl
vector).

This settles the state space, but what about fields? Though intertwining operators or
vertex operators resemble conformal fields the two notions should not be confused. A field
operator inserted at 0 € C in a CFT is usually given in the form of an operator valued
series expansion

O(2,2) = > Gz "EN (A.85)

nmez

where (hy, h,) are left and right moving conformal weights of the field. In this thesis we
adopted the mathematics convention of expanding operator valued Laurent series with
fixed exponents irrespective of conformal weights

(I)(Z,z): Z (bn’mzinilzimil . (A86)

nmez

The coefficients are related by a simple index shift

Cb[n,m} = ¢n+hl—1,m+hr—1 . (A87)

Assume that ®(z,%) is a field of a RCFT with state space H = @, ; H; ;U; x U;. By the
operator-state correspondence there exists a unique vector |v) € H corresponding to ® via

6) = lim (2,2)1 = dp, )1 - (A.88)

The bare field itself is of course not very interesting. Only through its interactions, or
couplings, to all other fields in the theory it becomes relevant. But these are exactly given
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by the intertwining operators! If we assume for simplicity that |¢) = v*®@vf € U;xU; — H
is a homogeneous element of H and rewrite H as

H= @1 Ul () X Ulkeoy (A.89)
the field has an expansion
N:g&)uwo NVREZ) 0] o ) B(n)
= 1 vl (n vt(n —_
kfn=1,- K ar1=1 az=1
v (k)=i,v " (k)=j
(A.90)

. aq . . .
for some coefficients C}, la ] € C. Hence computing a correlation function reduces to
2

computing

<(I)1(Z1>§1) T (I)n(znazn»

NZ< 111 ii21p1< iLQuZQ> Zf}})g( il;723) 'LZ:L” ﬁn(gbi[;_pznfl) 1Ln> (A91)
< (B Yl (O 2) Y, (O 2a) - Yl b (BF L zan) |68

where we secretly moved the insertion point of ®; to co and the insertion of ¢, to 0. Let
us make this more concrete by considering a three point function.

<(I)t(21721)(1)u(22722)(1)1)(23753» (A92)

Wlog we may send z; — 00, 25 — 1, z3 — 0 to express the three point function as a matrix
element

m%@mwammﬂﬂ

zo—1 21—00

(DPe(21,%1)Pu(22,22)9,(0,0)) . (A.93)

This can be computed by inserting the OPE ansatz

By, (29, 22) B, (0 Z S gmmt ol hhy g M b h M gm0 ) (A.94)

n—= lmLmR

with MF =Y, mZ , ME = =2 m and m” m* are multiindices running over descendants

{LEmLLﬁqu%zLme...LL L LF RmLng@n} . (A.95)

mP 7m1

Inserting ([A.94) into (A.93]) and assuming for simplicity that all fields are highest weight

primaries yields
lim (¢ Pu(22,%2) [p0) = Crpyd - (A.96)

zo—1
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We may assume dy; = 1 by picking an ONB. On the other hand we can compute (A.93) in

the expansion of intertwining operators

v(n) v (s)

L L N vR R
LRyl () v R (k)R (o)
lim, (f1] Pa(22, Z2) [¢3) = lim > > >, Ch l 1
2=l Tl K ar—=1 as—1 H (A.97)

v(k)€u,v(l)ev,v(n)et
VL n VR n —
(1] y,,L((k))l,L(z);al (65, ZQ)nyR(SC)),,R(g);QQ (65’ 72) | 63)

The first sum is restricted to indices v(k) = v*(k) @ v%(k) in the simple representation the
state ¢ lives in and similar for v(n), v(l). Evaluating this gives

v(n) R(.s
vE Rl " v Rk)v R0

lim (01 Do) o) = Y >y ckz[ ] L (AE)

kfn=1,- K a;=1 ag=1
v(k)eu,v(l)ev,v(n)et

with 05213,04 three point chiral conformal blocks. Comparing (A.98)) with (A.96) one get a
relation between the expansion coefficients of a conformal field and the coefficients of the
OPE, which is most conveniently given in a diagram

uw v I »
th“} t v _ Ct (%1 tL ’UL t v
> X Culg o] 2,

Having explained in detail the relation between conformal fields, their expansion in
terms of intertwining operators and OPE coefficients we briefly discuss the four point
case. In contrast to the three point discussion we suppress most of the indices in order to
highlight the essentials. Given a four point function

(0i] @;(21,21) Pr(22, Z2) |br) (A.99)

for |z1| > |22] > 0 we insert the expansion of ®;, ®; in terms of intertwining operators

ZOZ Oy (61| Y (¢3721>6ykLgL(¢kvz2) i (f,f1)°yf§gg(¢f,§2)|¢e>

(A.100)
ZC” CP F( p!z1,Z2)97‘u(p|Zl,Z2)

where we used the notation of [26] section 2.12] for conformal blocks and the explicit
isomorphism between conformal blocks and intertwining operators. In case |z| > |z5| >
|21 — 22| we can use proposition [A.4.5 I0A3) to equally expand this as

Z ¢z| Gy LyL ( LkL(¢] y 21— Z2)¢kaz2) Cy RyR ( RkR(gzﬁR, )¢k722> |be)

=il -~
Z Fi 9122721 22)9;;‘k<Q‘22>ZI_Z2>

(A.101)
The essential information is again best given in terms of a diagram
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1 1

which is of course nothing but the usual diagram when discussing crossing symmetry
of the four point function.

A.4 Intertwining Operator Algebras

Intertwining operator algebras are a mathematical tool to describe genus zero conformal
blocks. They were introduced in [78]. The treatment given here follows [80]. Since results
become gradually more complicated we refrain from presenting proofs, but give detailed
reference where to find them in the literature. Most of the results only involve the basic
statements about intertwining operators given previously plus some theorems about partial
differential equations with regular singularities.Before we go into details we state a result
from complex analysis which is secretly used in some places.

Proposition A.4.1. Let I C R be an open subset. A function f : I — C has a possibly
multivalued analytic continuation f : C — C if and only if f is an analytic function. In
addition on any branch the analytic continuation is uniquely determined by the identity
principle.

First we recall the major result of [81] and the logic of arguments leading to it.

Theorem A.4.2. [81, Theorem 1.4,2.5] Let V' be a rational VOA, My, My, Ms, M, and
M be V-modules. Let Y, € WA%% and Y, € WA%MS. Then for m; € M; there exist N, L
e N and

ci(#1, 22), kj(z1,22) € C [zl 23, (21 — zg)’l] (A.102)
fori=1,....Nand j=1,... L, s.th.
\I/(Zl, 22) = (mﬁl, cyl (ml, Zl)cyz(mg, 22)m3> (A103)
satisfies
om aN—z‘
\I’+ZCZ 21,2) =¥ =0
oz = 0z A
. ol (A.104)

+Zk zl,zz)a 7 \If:O

21

822

for|z1| > |z2| > 0. Similar statements hold for iterates on |z3| > |z1—23| > 0. Furthermore,
singular points z1 = 0, 21 = 00, 20 = 0, 29 = 00 and z; = 2o are reqular.
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The proof of the theorem relies on an intelligent filtration of C {zlﬂ, 25 (2 — 22)_1},
but the result is not too surprising as the whole point of the construction is to describe
chiral correlation functions, whose singular points are exactly at {zfﬂ, 2 (2 — ZQ)*l}.
Regularity of the singular points tells that the solution has at most poles at singularities.

The consequence of theorem we are most interested in is the following theorem.

Theorem A.4.3. [81, Theorem 3.5] Let V' be a rational VOA. Then in the setup of theorem
[A.4.9, there exists P € Z and for any m; € M, homogeneous there exist n;, m; s.th. for

U(z1, 29) is absolutely convergent on |z1| > |ze| > 0 and there exist analytic functions f;
s.th. U can be analytically extended to

4 J—
Dzt — )" (21 Z2> (A.106)
i=1

22
on |za| > |21 — 29| > 0. Furthermore, any product

<m/7 Cyl (mla Zl) e Gyn(mna Zn)mn+1> <A107)
absolutely converges on |z1| > -+ > |z,| > 0 and can be analytically extended to Conf,,(C*).

As promised in the previous section this gives an associativity statement for correlation
functions of intertwining operators.

Theorem A.4.4. [78, Theorem 16.2,14.8] Let V' be a rational VOA, then in the setup

of theorem |A.4.2, there exists a V-module M and intertwining operators Ys € W%MQ,
Y, € VM s.th.
MMs

(mly, Yo (Ys(ma, 21 — 29)ma, 22) M3) (A.108)
absolutely converges on |z3] > |21 — 22| > 0 and equals (A.103) on |z1]| > |2z2| > |21 —22| > 0.

This section can be conveniently summarized in the following proposition.

Proposition A.4.5. Let V' be a rational VOA with simple modules {U;}.,. Then O =
[Tic1 Ui is an intertwining operator algebra (IOA)[80, Definition 2.1], i.e. it satisfies the
following list of axioms:

I0A1) (Convergence 1) For any U;,, { =1,....,n+ 2 and Yy, € %Z’;;l fork=2....n—1
and Yy € V572, Yo € Vi

1174 Inin41

<m§n+2> Yi(miy, 21) -+ Yl Zn)min+1> (A.109)

converges absolutely on |z1| > -+ > |z,| > 0. In addition it has a multivalued analytic
continuation ®(myq, ..., my;21,...,2,) to Conf, (C*).

d(ma, ... ,Mmy; 21,05 2n)
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I0A2) (Convergence 2) For any Y, € VY, and Y, € Vi

1112 jis
<mﬁl, Yy (C%(mla Z1— Zz)m2, 22) m3) (A.110)
converges absolutely on |z3| > |21 — 29| > 0.

I0A3) (Associativity) For any Y, € %j‘;, Y, € 7/1523 there exist Ys ., € V', Yio € °l//z"; and
Q €N foralll €l s.th.
<m21> Cyl (mip Zl)cyZ (mi2> ZQ)mi3>

Q
= Z Z <m§4’ Cyéﬁa (cy?ﬁa(miu Rl — Z2))mi27 22) mi3>

lel a=1

(A.111)

holds for |z1| > |za] > |21 — 22| > 0.

I0A4) (Skew symmetry) For any Yy € VU, Yo € V7, | there exist Ys € Vs, Yy € U/

9177 i913 7 1277 1113

and Q € N forall ¢ =1,...,1 s.th.

<m£17cy1(mi17 21)692(mi2722)m13> <A112)

defined on |z1| > |z2| and

Q
Z Z <m£17 Oy?ia<mi27 ZQ)Oyf,a<mi17 Zl)mi3> (A-ll?))

el a=1
defined on |z3| > |z1| are analytic extensions of each other.

Correlation functions , or better their analytic continuation to configuration
space, exactly give conformal blocks as shown in [I51].

A word of warning should be given, whenever we discuss correlation functions of in-
tertwining operators. In general expressions like (m/, Y (m;,, z1)Ya(m,,, z2)m;,) are multi-
valued analytic functions on their domain of convergence. One can make them into single
valued functions by specifying a branch of the logarithm. That is if we write

<m21) Cy (mil 9 wl)GyQ (m’i27 $2>mi3> |a;;,’b:e" log(z;) (A114)

it is uniquely determined and single valued. Throughout the whole thesis we always choose
branches with cuts along the positive real axis and leave this choice implicit.

A.5 Fusion, Braiding and Pentagon Equation

In the previous section we gave an outline on how intertwining operators for rational
VOAs give rise to chiral correlation functions in genus zero, which satisfy the expected
properties of rationality and having the correct singular points. In order to prove rigidity
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and modularity of Ry for V rational, one needs the Verlinde formula. A rigorous proof
appeared in [84], the key steps are reviewed in the next sections.

We start by introducing fusion and braiding matrices of genus zero conformal blocks.
As before, let {U;},., be the simple modules of a rational VOA V. For A € N, let

i3;A iz A
i1t9;10 ° * - ch

i€l

s be a basis for %f%. Note that for different values of A, these
11125 iiiQ

are different bases.

Definition A.5.1. Let |z1| > |22] > |21 — 22| > 0, the fusion matrices

F(irizis)sia [g; i gj (A.115)

are defined by

il B
</U/;-4 7,'214]';041 (uil ? ’Zl) ’L'Jzig;DlQ (ui27 Z2>ui3>
lei%g) NikliQ a J a
111213 )% 1 2 1453 k;4
= Z Z Z F(“Z?Z?’)’“ [63 k 54] <u’,£47 13:?2;53 (Gyi1i2;ﬂ4(ui1721 - Z2)ui2722> U’i3>
kel ﬁ3:1 64:1
(A.116)

As formulas are already overloaded, the dependence of fusion matrices on bases of
intertwining operators is only implicit through an extra index at the index running through
different basis elements. Fusion matrices are just an expansion of /OA3) in terms of basis
elements. Graphically fusion matrices are represented by

iq k
Nk:ig Nil i9

— F(iligig);’i4 aq .] a2-
22 B k Bl

kel B3=1 B4=1

Since single valued analytic continuations of products and iterates to the universal cover

—_—

Confy(C*) are uniquely determined by the functions on the simply connected domains
|21] > |22] > 0 and |z9| > |21 — 22| > 0, fusion matrices also give coefficients for the analytic
extensions. Denoting the analytic continuation of

14,3 k;4
<U§4> s (%1@-2;,@4 (wirs 21 = 22) Uiy, 22) ui3> (A117)

by
‘112’4,33 (uil y Wiy, Wi, u;Aj 21 — 22, 32) (A.118)
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this reads
q)‘(jllag (uil Y ui27 ui37 u7,4) 217 ZQ)
Mg N Tl i a (A.119)
) !
= Z Z Z F(111213):Z4 [63 k 54] \1154/33 (u117u127u137uz4a 21— 22, 22)
kel B3=1 B4=1

Similarly braiding matrices can be defined as coefficients in a basis expansion of 10A4).
Let |z1] > |22| > 0 and m = #2522, For any n € Z, we define a path B" as sketched in the

following figure
“‘.‘Zl
“.:r:

z
2e° B

where B™ maps z; = 2 along a circle of radius |*5*2| and winds n times around m.
It winds counterclockwise for n > 0 and clockwise for n < 0.

Definition A.5.2. Let B" denote the operation of analytically continuing an analytic

function on COH%Q\(E:X> along the lift B» € Confy(C*) of the path B™ : [0,1] — Conf,(C*).
By 10A/) for any n there exist braiding matrices

S (A.120)
defined as
B ((I)Zuag (uiw Uiy 5 Wiz, u147 22, Zl))
'le 1913
i(inis)ia |1 J Q2
— kz:l Zl Zl Bnl( 213)i4 [ag 1 044] @23044(%17%27%3,%4, 21, 22)
€l az=1 ay=

The graphical representation of braiding matrices reads

J Qa2

L4 Nj
111 213
D2 L N
: ,
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The stage is almost set for proving pentagon and hexagon equations for fusion and braiding
matrices. Similar to the four point case we introduce the notation

kl .
(I)alagag (uil y Wigy Uigs Uiy s Uig; 21, 22, 23) <A122)

for the single valued analytic continuation to Confs(C*) of

53 k§2 l,3
<u;5a Gyzllk a1 (ulu Zl)cyizl;ag (uiza ZQ)Cyigi4;Oc3 (ui3> Z3)ui4> (A'123)

and
\IlﬁlﬁQﬁs (Wi s Wiy Wiy Uiy, Uy 5 21 — 2o, 22 — 23, 23) (A.124)

for the analytic continuation of pure iterates.
Proposition A.5.3. [8], Proposition 1.2, 1.5]

1) Basis elements of four point functions are linearly independent. To be more precise
the maps

P’ Uz'/4 ® U, ®U,;, ®U;, — Hol (Co;f;(jcx))

e (A.125)
u;4 ® ull ® ulQ ® u7/3 = ®‘(7)cloc2 (ui17 u’iQ? u237 uz47 Zla 22)
are linearly independent for any j €1, oy =1, .. Nfl“j, ay=1,.. me and choice
of basis. Analogously the maps
vk, UL ® U, @ Uy, ® Uy, — Hol <C0nf2((CX)> g

/ k ’.
Uu;, ® Uiy ® Uiy ® Uiy > \Ijﬁzﬂl (ui17 Uiy Wiz, Uy, 5 21 — 22, ZQ)

are linearly independent for any k €1, 5y =1, .. N,’;Z‘S, b =1,.. Nlljw and choice
of basis.

2) Basis elements of five point functions are linearly independent, e.g.

of UL U, @ Ui, ® U, @ Ui, — Hol <Conf3((CX))

a0

I kl .
ui5 & Uiy & U, ® Usjg &® u24 q)alagag (uil y Ugoy Uigy Uiy, Uiy 21, 22, Z3)

(A.127)
are linearly independent for any k,l € |, ay = 1,.. Nflk, =1,... >N£,z and
as=1,.. me and choice of basis. Statements for ztemtes of mtertwimng operators

and combmatwns of iterates and products hold alike.

The proof of the proposition relies on the explicit presentation of P(z)-tensor products

as U, Mpey Uy, =~ [je ( le2> ® U; =~ e Nm2 Uj, its universal property and lemma
20117
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Corollary A.5.4. The pentagon equation holds

s

Nk

Tig4 NZQig ir
i142i3);s r B
33 Y Y Fliiai: [g; } 5;1

s,t,r€l Ba=1 Bs=1 y7=1

F(ilri4);i5 [al k 64] F(i1i2i3)§k [QQ ¢ 043] <A128)

Y6 S 7 B T Bs
N3
:Z ZF(iligig);i4 e 1 a3 F(i1i20)sis ar koaz
pacl ea=1 Y g Os €1 p Og

Proof. Since elements {q)’;fmwg} and {\IIEIBQ%} are all linearly independent, the above
equation follows by applying fusion morphisms to ¥ (u;,, iy, sy, ws,, wis; 21, 22, 73) s.th.
the result is a sum over elements \Ilgllﬂﬁg(uil, Wiy, Uiy, Uiy, Wiz 5 21 — Z2, 22 — 23, 23) With coef-
ficients exactly the left or right hand side of (A.128]). Linear independence immediately

gives the result. O

By the same arguments one derives the hexagon equation for B;. Since we don’t need
the hexagon equation and writing it in full detail is very cumbersome we leave it to the
enthusiastic reader to add the details on the hexagon equation.

A.6 Properties of genus one correlation functions

So far the discussion solely involved genus zero correlation functions. The treatment of
genus 1 correlation functions follows a similar pattern. Though the technical details are dif-
ferent at some points, the line of reasoning is the same as in the genus zero case. One starts
by gluing genus zero correlation functions to genus one correlation functions using traces.
This defines analytic functions on certain domains in the complex plane. Again, they sat-
isfy a nice partial differential equation and the general theory of holomorphic PDEs give
that they have an analytic continuation to the configuration space of the torus. Since the
functions are glued from genus zero correlation functions, associativity and commutativity
properties hold and linear independence statements can be derived just as in the genus
zero case. The only new feature is the action of the mapping class group of the torus on
correlation functions. One needs to show that the space of multivalued analytic functions
on a twice punctured torus obtained by taking traces of genus zero four point functions
is closed under action of the mapping class group. This yields matrices corresponding to
Dehn twists as well as the S-matrix. Finally one derives an equation relating S-matrix and
braiding, which together with the pentagon equation will give the famous Verlinde formula.
That the modular S-matrix diagonalizes fusion rules was first conjectured by Verlinde in
[T42]. A more rigorous treatment bases on highest weight representations of the Virasoro
algebra and intertwining operators E] was given in [I2I]. Tt took another 15 years and a

4Called "couplings' in [121].
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series of papers mostly due to Huang and Lepowsky in order to arrive at a mathematical
proof for all rational VOAs. The ideas of the proof still follow [121], the main steps were
outlined above and we give the key results to the formula.

Again we mostly omit proofs for the statements, but point to the exact spot in the
literature, where the reader can find proofs.

A.6.1 Genus one correlation functions

In order to properly lift genus zero correlation functions to the torus we have to discuss
some basics of holomorphic coordinate transformations. This is due to the fact that inter-
twining operators live on the plane, but the gluing is best defined in terms of a cylinder.
A thorough discussion of such transformations is given e.g. in [52 section 6], though tech-
nically it is only for transformations of infinitesimal or formal disks. The structure sheaf
of a formal disk is just C[z] where z is some chosen formal generator. Hence infinitesimal
transformations act on formal power series. We will only need exponentials and logarithms,
which are globally defined holomorphic functions and thus have power series expansions
with infinite radius of convergence. Therefore we can expand the functions and apply the
formulas derived in the infinitesimal setting to the respective power series.

Let z = 2y 4+ iz; be a coordinate on a cylinder of radius one and infinite length, i.e. we
make the identification 2z ~ z + 2mi. Then w = p(z) = ¢. = €*™ is a coordinate for an
annulus in the complex plane. Inserting an operator at a point z; on the cylinder gives an
operator insertion at ¢, in the annulus. The standard local coordinate around z; vanishing
at z; is given by £ = z — z;. Unfortunately ¢; doesn’t give a local coordinate around g,
vanishing at z;. To remedy this, one considers

1 o) k
2+ o log(1 + 2miz) = ;(%)“‘Z (A.129)

for x € C. By comparing coefficients one finds ¢; € C, 7 > 0 s.th.
i 1
€Z¢>o Gx +181m — 27 log(l + 27Ti33) . (A130)
i

Using the usual representation of the Virasoro algebra on holomorphic functions the lhs of
(A.130)) can be written as

GCLJrI, with CL+ = ZCle (A131)
>0
The inverse map to (A.129)) is
1 2Ty __ _—cL
ywﬁ(e — 1) =ehry (A.132)
A good local coordinate is now given by
1

pz(x) = plx + 2) — p(zi) = (e%m - 1) ¢z, 2mi = e~ F+ g, Omix = el (g, 2mi) "0 &

(A.133)

2mi

This is the pullback of the local coordinate £ = z — z; to the complex plane.
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Definition A.6.1. Let V be a rational VOA and U; a simple V-module. Recall that there
exists h; € C s.th. U; = [1,,eny Un, 4n. Consider f : U; — Uj, the trace of f is defined as

dim Uhi+n

() =Y tro, . (=D 3 (), fe!) (A.134)

neN neN =1
where {el'} is some basis of Uy, 1.

The reader should take this definition with a grain of salt, since for arbitrary maps
f, there is no reason why its trace should exist. The sum (A.134) is in general infinite,
making it somewhat ill defined. However, we only need specific traces over intertwining
operators, for which the definition turns out to be sensible (see Theorem . Hence
the definition should be read as a rule of computation, displayed once without having to
deal with national overloaded formulas for intertwining operators.

Definition A.6.2. Let V be a rational VOA and ¥; € CVAZI’D; fori=1,..., N, where M;,
P; are V-modules and Py = Py. Let ¢°1ZT/1,.‘.,°Z/N<'5 z1,+ -+, 2N; q) be defined as

mp; Q- Q@mpy '_>¢}yl,...,°yN(ml7 L, MNS R, 7ZN;Q> (A 135)
= trp, (Y(pe 1, 62) - YN (pay M, Gy ) g™ ) |
Lemma A.6.3. Let Ci.on = {(21,...,28) €C||z1| > -+ > |2n] > 0} and A, s..5uy
be the space of analytic functions on Cis..~n. Then
Doy g (M1, NG 21, v ) € Ay sese, (9) (A.136)

for all my,--- ,my.

Proof. Due to grading restriction it holds p,m; € M;. Hence the lemma immediately
follows from the convergence property of products of intertwining operators at fixed degree.

[

In order to show that <I>c1%’_,_ o 1s an absolutely convergent function and can be analyt-
ically extended to the whole torus it is shown in [82] that it satisfies a suitable differential
equation. Before giving the differential equation, let’s make some comments of what to
expect from it. As described in [52] conformal blocks for a rational VOA should correspond
to horizontal sections of a holomorphic vector bundle with (projectively) flat connection
over the moduli space of Riemann surfaces. Thus the differential equation for genus 1 can
be interpreted as the local expression of a (projectively) flat connection. Furthermore being
a vector bundle over moduli space, the space of solutions should be invariant under the
action of the mapping class group, hence for the torus, solution space is preserved under
modular transformations. Therefore one might expect modular forms to play a significant
role and this is exactly what happens.
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For k € N let Gigg12(7) be the k-th Eisenstein series. For k& = 0 this is a pseudo modular
form, whereas for k£ > 1 it is a modular form of weight 2k + 2, i.e. for

<Z Z) € SL(2,2) (A.137)
it holds
G2C512>:0w+dVGﬂﬂ—2mdw+d) (A.138)
and
Gop o ( Z:_ i 2) = (7 + d)* 2 Gop 1 (1) (A.139)

In addition, let p,,(z;7) be the m-th Weierstrass zeta function, which is a modular form
of weight m

z ar+b
: = Moz A.14
on (g ) = e+ ot (A140)

Both type of functions can be expressed in terms of ¢, instead of 7 and we don’t distinguish
between the two presentations. The natural analog of (A.102)) is the algebra

M = C[Gu(qr), Go(ar), 02(2i — 2j347), 03(2 — 21 )] icjmn N - (A.141)

-----

M has an obvious grading in terms of modular weight. Lastly there is following differential
operator

N
Dj(w) = —471q: 0y, +wlGa(qr) + Galgyr) Z 20, — Z 01(2i — 253 47) 0z, (A.142)
i=1 i#j
for w € C and
Di(w) = [[ Dj(wy), Vs>1 (A.143)
k=1
Note that elements of M are in particular analytic functions in (21, ..., 2,;7). The main

technical result about traces of products of intertwining operators now reads

Theorem A.6.4. [82, Theorem 3.9] For V a rational VOA, ¥Y; € WJ\Z;’: fori=1,...,N,
where M;, P; are V-modules and Py = Py and mq,--- ,my homogeneous there exist func-
tions

Cm,jEM Km’jEM, m=1,...,L,j=1,...,N (A144)

where Cy, ; has modular weight m and K, ; has modular weight 2m, s.th.

L
(afj + 3 Cm,jafjm> B (Mt M 21, 2ngr) = O (A.145)
m=1

77777
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and

L

<DZL(31) + Z KmJDz-L_m(ag)) QZS}yl?._.’cyN (ml, e, MMNJ 21, 3 2N, qT) =0 . (A].46)
m=1

holds for 1 > |q,,| > -++ > |q.y| > |g-| > 0. In (A146) we abbreviated ay; = SN, |my| +

2(L —j) and ag; = SN, |my| + 2(L — m — j).

The differential equation looks fairly complicated. Its full technical derivation is quite
involved but one can make some vague comments on its form, especially on the appear-
ance of the differential operators . As noted before, conformal blocks are horizontal
sections of a projectively flat vector bundle over the moduli space of Riemann surfaces.
This point of view was pioneered by [56]. The connection on the conformal block bun-
dle is related to the action of the energy momentum tensor (see e.g. [5ll, section 7],[52]
chapter 17][68, equation 3.6.11]) and therefore to the action of the Virasoro algebra. The
differential operators are closely related to the Virasoro action on g¢-traces
as shown in [82] Lemma 3.8]. This at least slightly motivates the form of the differen-
tial equations (A.145)),(A.146]), a detailed derivation of the differential equations using the
general theory of conformal block should be possible using the results of [68, section 5.5].

Two important statements follow from theorem [A.6.4. The first addresses analytic
continuations and the second the action of the modular group.

Theorem A.6.5. [82, Theorem 4.1] For 1 > |q.,| > -+ > |q.| > l¢:| > 0, g-traces

qﬁyh__,%V (mq, -+ ,mn; 21, , 2n;q) are absolutely convergent. In addition they can be an-
alytically continued to

Tn ={(z1,...,2n;7) CC" x H| 2 # z;+pr+4q, p,q € Z} (A.147)
The analytically continued single valued continuation ofqbclyl’_”ny (mq, -+ ,mn; 21, , 2N; Q)

on the universal cover ﬁ will be denoted as
(I)}yl,...,%v (mb o, MN; 21,00 5 2N, Q) . (A148)

Again  single  valuedness  requires choosing a  fixed  branch  for
Gy oy (M1, -+ N 21,70+, 2n;q) on the region 1 > [g,, | > -+ > gy | > [¢r] > 0 C
CN x H. The theorem immediately follows from the analyticity of the differential equa-
tions (|A.145),(A.146)). For modular invariance we introduce

Gy ={f €Hol (Ty) |3%. Yy, m1,-++ ,my s.th.

f(zla"' 7fN7q) :q)%yl,...ny(mly”‘ y TN 21,0 7ZN;Q)} .
(A.149)

Theorem A.6.6. [82, Theorem 7.3] The space G is invariant under modular transfor-
mations, that is for

(ﬁ Z) € SL(2,2) (A.150)
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denote “Tis =7/, then it holds

Vo () ™o () i i) € G (A1)
m e m C— . .. T .
Yi,... YN er+d 1 ’ ct +d N7C’7'—|—d’ CT"‘CZ’q N

This statement requires considerably more work to prove and the proof relies on certain
properties of Zhu'’s algebra. Genus one correlation functions satisfy associativity and com-
mutativity properties, which due to the explicit form in terms of g-traces directly follow
from their genus zero counterparts.

Theorem A.6.7. [82, Theorem 4 2, 4.8] In the situation of definition for any
i=1,...,N there exist Y, E"VMHZp and Y, GOI/MPH s.th.

(I)gylv---ycij(mlf" y TN 2150 azN;Q) (A 152)
- (I)Clyh Yi L%H%, ,Cyzv(mh sy M1, My - o, TMING 21,700 5 2N, Q) .
Furthermore, for anyi=1,...,N, there exists a V-module L; and Y/ & W/Af[fMiH, 1€
°I/L Py, S-Th.
1
ey, YA gy (MmN 21, 2N )
—CI)°1},/1, Y, YL CyN(mb T 7cyil(mi7 Zi — zi+1>mi+17 <oy MNG 21,00 3 Ri=1, Zigly - -+ 5 AN Q)
(A.153)

is absolutely convergent on

(1> 1ga] > > 1@y > lgen | > -+ > gl > 0} 0 {Jgu, | > 0z — 20| > 0}
(A.154)
On {1> gz >+ > e, | > g > [geiis| > -+ > lal > 0} 0 {|gz 1| > 102 — @2, > 0}

it agrees with

¢}yl,...,yN(m17"' SN 21,0 2N ) (A.155)

The final result which we recall in this section is linear independence of genus one
correlation functions for simple modules. This is needed to prove identities involving Dehn
twists and S-transformations, as their matrix representations are coefficients in front of
such functions.

Theorem A.6.8. [8], Proposition 2.2] In the setup of definition let N = 2 and

ia: A . . 3
{ o }a . be a basis in V;},. Then, g-traces seen as maps
AR 1112

(I)l igsl £;2 (‘7 ® 21, 22; q) : Uil ® Ui2 — G}V (A156)
Gyllf al’cyzzu HeD)
are linearly independent for any £ € | and oy =1, .. 1114@, as=1,... ,me.

An analogous statement holds for W1,
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From [A.6.8 one defines the S-matriz corresponding to the S-transformation.

Definition A.6.9. Let Uy =V, then the S-matrix is defined by

%m(v;— ) > Si oya (v;25g0) (A.157)

Jel

The same matrix appears when considering two point functions instead of one point
functions.

Lemma A.6.10. [8/, section 2/

1 /. . oy .
S (\Dcye] l7cyql;1(man ;) R1y, %2547 > ZZG%SEJ ty“fyo (muva Z17227QT) (A158)

Proof. We compute
S (\1'3%] Lo, (a5 2, 201 qT)>
1 : 1 Lo 1 1 Lo Lo— <
Dir T, <Gy0]j;1 (P—Zl (Gyi[i)’;l <<_> m, ——(z1 — ZZ)) (‘) n,:q—ZQ>> g 24)
T T T T T T
2 . 1\ Lo Lo—=<
(I)tI'Mj <cy07j’1 ( _271 (_7’) (Cyi(i)’;l (m7 (Zl - 22)) n/, q—%?) q_Ol 24))

Lo
(3) x1 ( 1) 0 Z2
=P . — Y e =
s ( Yiva(ms 21— 2)n's = =341

0531 T
(4)
= Z Squ)l - (?i?/;l(m 21— Z2>n 22; QT>
lel
(5) !
= Z S]g\lfoyd LYo, ; (m, n;z, 22, QT)
Zel 'L'L

(A.159)
In (1) the expansion of W' in the suitable domain is inserted, (2) is the SL(2, C)-action
(A.41]) for intertwining operators. In (3) we used the definition of ®! and (4) is (A.157).
Finally, (5) is again just the definition of W!. O

Let R : ¥} — “VJ,; be the isomorphis

R(Y) = emhis=hia) g 0 Ag(Y) . (A.160)

The next step in order to prove the Verlinde formula is to analyze how two point func-
tions behave under Dehn twists around generators of middle homology, i.e. transporting
insertions around a and b-cycles of the torus.

5The letter R is not by accident. In the graphical representation, after rescaling, R rotates the trivalent
vertex corresponding to Y by .
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Theorem A.6.11. [8/, Proposition 4.3] Let

a(wl. mi,v;z,z;T):P[\Ifl- mi,v;z,z—l;T]

( (ygj:l’cyzg’( L %24 ) 0 %j;l’cyioﬂ( =2 ¢ ) (A161)
1 . ) _ 1 . )

b (\I’%m% (M4, v; 21, 22; qf)) B [\If%j;lfygl (mi, v; 21, 20 + 75 qr)}

where Py : G} — Gé;o is the projection to correlation functions, with intermediate propa-
gating representation Uy. Then it holds

2
it (oG |10 1
@ (\Ijiygj;lvcyi(;/(mhv;z:l’Z2;qT>> - € " (B(_Jl )] [1 O 1]) ‘IJCIijj;lvcyfg/ (mi’U;ZI7Z2;qq—)
(A.162)

Nt N

i’j

%
. 2 N 1 0 1
1 . . . —27ih; (i3]
b (\If%j;l’cyﬁl;l(mz,v,zl,zQ,qT)> —e Z Z E [ ! ag]

el a1=1a1=1 (0%}
Geoi |l J R(a2)| o1 o |

" |f31 0 3 \I]Cy(fl;l’cyi(;’;l (mz’ U5 215 22; CIT)
(A.163)

As noted in footnote [ a rescaled version of R is related to a pivotal structure. The
final step for the Verlinde Formula is a fact from topology. It is well known that the S-
transformation interchanges a and b-cycle of a torus. Since genus one correlation functions
are a representation of the mapping class group of the torus, a similar relation should hold
among a, b and S-actions.

Theorem A.6.12. [§]], Proposition 4.5]
Soa=boS (A.164)
as maps on Gy .

The proof is very similar to the proof of lemma using once the rescaling property
of intertwining operators. Putting all things together, the final statement of the whole
section is the next theorem.

Theorem A.6.13. [8], Corollary 4.7] For all i, j, k €| it holds

g |10 1 o ki |10 1
gzelsw (BY7) L o 1| Sa'=NEF Lo 1 (A.165)
The theorem follows from (|A.164]) and the pentagon identity, which is used to show

that the rhs of (A.163) modulo the twist equals the rhs of (A.165) (see [84, section 3]).

1 01

This is almost the Verlinde formula. Note that FU7'9)J [1 0 1 # 0, as otherwise the lhs of
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(A.165]) vanishes. But for ¢ = 0 the braiding matrix in (A.165)) is derived from correlation
function

(mig, Yy (u; 21) Yu, (0, 22) ) (A.166)

where ng, my € Uy and u,v € V. Since both, the module map and the vertex operator are
power series expansions, they are independent of the paths in the definition of the braiding
matrix. Hence the braiding matrix in this case is constant one, giving a contradiction.

Corollary A.6.14.
SieSi Skt

NE=3" — (A.167)
Ll 0¢
Proof. Let
(ki'pe\2 (10 1
(BE™) [1 01
Yh = (A.168)
Forai [ 01
1 01
then (A.165) can be written as
—1 k
> SuTuSy =N (A.169)

Lel
Since U;, U; and Uy, are simple modules it holds N(’fj = 0. This yields

S
kel 0om

Inserting ({A.170) in (A.169) gives (A.167). O




Appendix B

Category Theory Basics

In order to be as self contained as possible we recall some definitions and facts about
categories. There is a plethora of literature on category theory. A classic source is e.g.
[T11]. Textbook accounts more oriented towards applications in this thesis can be found
in [45] and [5].

A (small) category C consists of a set of objects Ob(C) and for any two objects ¢,d a
set of morphisms Home/(c, d) together with a composition map

o: Homc(c,d) x Home(d, e) = Home(c,e) . (B.1)

A category is called C-linear if Hom¢/(c,d) is a C-vector space for any two objects ¢, d in
C.
We will typically write ¢ € C for ¢ € Ob(C). Let C, D be categories. A functor F': C — D
is a map Ob(C) — Ob(D) and F' : Homc(c,d) — Homp(F'(c), F'(d)) satisfying
F(idc) =idp,  F(fog)=F(f)oF(g) - (B.2)

Given two functors F,G : C — D a natural transformation n : F' — G is a collection of
maps 7. : F'(¢) — G(c) for any ¢ € C with commuting diagrams

Fle) 2% Ry
Te d

ae) 2% Gla)

for any ¢,d € C and f € Homc(c, d). If 5. is an isomorphism for any ¢ € C, n is a natural
isomorphism. Given two functors

L:C=D:R (B.3)
then L is left adjoint to R if there is a natural isomorphism

Homp(L(e),e) — Homc(e, R(e)) (B.4)
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in which case R is right adjoint to L. Two categories C, D are equivalent if there is pair of
adjoint functors L : C = D : R and both functors are fully faithful meaning that

Homc (e, ) — Homp(L(e), L(e)) (B.5)

is a bijection of sets. A monoidal category is a category C together with a bifunctor
® : Cx C — Can object 1 and natural transformations of : ® o (id x ®) — ®(® x id),
A, p satisfying

p:c®l~c, AMl®c~c (B.6)

and the usual pentagon and hexagon diagrams relating all different ways of bracketing
tensor products of four elements commute.

The prototypical example of a monoidal category is of course the category of vector
spaces or more general the category of R-modules for some ring R. A monoidal category
is strict if associativity and unit morphisms are identities. Any monoidal category is
equivalent to a strict monoidal category, thus when dealing with purely categorical terms
we assume monoidal categories to be strict. In the graphical calculus the tensor product
of two elements is displayed by placing them next to each other. A monoidal category is
braided if there is a natural isomorphism 4 5: A® B — B ® A. In pictures the braiding
reads

B A B A

\ /
N /

A B A B

Figure B.1: B4 5 Figure B.2: 6;,13

Following the example of vector spaces one can abstract the notion of dual objects to an
arbitrary category. An object A has a right dual A* if there are morphisms evy : A®Q A* —
1, coevy : 1 — A* ® A graphically given by

LN N

They have to satisfy the straightening properties
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Similarly one defines a left dual for A as an object *A with evaluation evy : "A® A — 1
and coevaluation morphisms coevy : 1 — A ® "A. Here the graphical calculus are the
obvious cup and cap running in the other direction.

A category in which every object has a left and right dual is called rigid. Right and
left dual objects in fact don’t need to be the same or even isomorphic. However, given
that C has a natural isomorphism 7 : idc = (e)** left and right dual objects are easily
shown to be isomorphic. The map 7 is called pivotal stmctureﬂ It turns out that every
category with a pivotal structure is equivalent to a category with strict pivotal structure,
i.e. a pivotal structure whose component morphisms are just the identity. Thus we will
assume that all our categories are strictly pivotal.

So far we equipped C with a (strict) monoidal structure, a braiding, a rigid structure and
a strict pivotal structure. This allows us to define left and right traces for f € Homc (A, A)
by

If tr.(e) = tr;(e) the category is called spherical. The last bit of structure is a twist, i.e.
a natural isomorphism 6 : idc = idc satisfying Oagp = 04 ® 0p 0 B, 4 0 4 5. Graphically
the twist is represented by

=

A spherical category with a twist is called ribbon. The name is due to the fact, that in
a ribbon category one might think of the lines in the graphical calculus as thickened to
ribbons. The twist then corresponds to twisting the ribbon once around its core.

The next requirements concern the size of the category. Heuristically we want it as
finite as possible while still being interesting. First of all C should be enhanced in Vect,
the category of finite dimensional C-vector spaces. Any Hom-space therefore is a finite
dimensional vector space and the monoidal product is bilinear. Next an object A is called

'The name stems from the fact, that when employing the graphical calculus the pivotal structure rotates
coupons by .
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simple if Homc(A, A) ~ C. In Vect the only isomorphism class of simple objects is [C].
Finally, the category is semi-simple if any object decomposes as a finite direct sum of
simple objects. Even better it is fusion if the monoidal unit is simple. In a spherical fusion
category an object has a number attached to it, its dimension dy = tr(id4) € Homc(1,1).
Typically we will denote the set of isomorphism classes of simple objects as I(C) or | if the
category in question is clear from the context. Representatives of such an isomorphism
class are usually denoted by U;. Note that for a simple object its dual is also simple. For
a fusion category there exist decomposition maps for an object A

VWA= U, b,:U—A a=1,-- dime(Homc(A,U;)) = n; (B.7)
which are dual to each other in the sense that
SN obf =ida, b o bl = 6;;0asidy,. (B.8)
iel «a

In the graphical calculus the duality identities read

In addition in a semi-simple category simple objects have non-zero trace. The global di-
mension is the number , ,
D* =% di . (B.9)

i€l
Furthermore we need the fusion rules N}5 = dimc (Home(U; ® Uy, Uy)). The name is
justified by taking the Grothendieck ring, i.e. the ring with elements isomorphism classes
[A] of objects. The sum is defined as [A] + [B] = [A @ B] and the product is given by
[A] - [B] = [A® BJ]. If C is the representation category of a rational VOA this recovers
the ring of characters x4 = [A] of representations, which has generators the characters of
simple representations x; = [U;] and fusion product
Xi- Xk =2 Nixk - (B.10)

kel

For Hom¢ (U;®@U;, Uy) we introduce a basis {Q&j%k} Nk with dual basis {Qg:(ij)}

5217 7N7Z ’
satisfying
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where

! \

0w = | o0 [

& i

The final ingredient we want on our fusion, ribbon category is modularity.

Definition B.0.1. A fusion, ribbon category is modular if the |I| x |I|-matrix s with
entries

Sij:_

is invertible.

Again the name is derived from conformal field theory. For a representation category
of a rational VOA, the matrix s is up to a normalization the modular S-matrix acting on
the ring of characters.

Given two C-linear categories C, D one can form their Deligne tensor product C X D
which has objects given by formal direct sums @, C; X D;, for objects C; € C and D, € D.
The morphism spaces are given by

Homch(Cl |Z| Dl, 02 & Dg) = HOch(Ol, Dl) ®C HOHID(Dl, DQ) (Bll)

linearly extended to formal sums. Given a modular tensor category (MTC) C, denote C
for the MTC with the same objects and hom-spaces as C but with reversed braiding and
twist. The Deligne product CXC can be seen as putting chiral and antichiral data together
to describe full conformal field theory. Instead of the Deligne product we will work with
the Drinfeld center Z(C) of a modular tensor category. For any monoidal category D, its
Drinfeld center Z(D) has objects

(Da ﬁD,O) (B12)

where D € D and fp. : D®e = e® D is a natural isomorphism called half-braiding. Note
that D itself doesn’t need to have a braiding. In case it has a braiding, D is fully faithfully
embedded into its center by D +— Bp,.. But in general an object of D can have many
different embeddings given by different half-braidings. If C is semi-simple and spherical
the Drinfeld center is a modular tensor category [122]. It was shown by Shimizu [136] that
there is a braided equivalence

CXC = Z(C) (B.13)

for C a MTC. Thus, in this thesis we work with the Drinfeld center instead of the Deligne
product when describing closed sectors of conformal field theories. Of course there exists
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an obvious forgetful functor F' : Z(C) — C mapping (C, fce) — C. It was shown in [107]
that there exists a left and right adjoint functor to the forgetful functor

L:C—Z(C)

B (@ (BaU) @ U, B, ) (B.14)

i€l(C)

Brsya= P \

i€l(Q)

BiéA

and its action on morphisms is given by L(f) = f ® idy»gy,. The forgetful functor is
easily seen to be a strong monoidal functor, i.e. there exist natural isomorphisms ¢, :
F(e® o) = F(o) ® F(e) and ¢1 : 1¢ = F(1zc)). Its adjoint functor on the other hand
is just lax and colax monoidal, meaning that there exist similar natural transformations,
which fail to be isomorphisms. However in [107] it was shown that L is a Frobenius functor,
i.e. a functor preserving Frobenius algebra.

with the over-under half-braiding

Lemma B.0.2. [107, Lemma 2.25] If F € C is a Frobenius algebra then L(F') € Z(C)
is Frobenius algebra. In a addition F is symmetric and special if and only if L(F) is
symmetric and special.

Recall that a Frobenius algebra in a monoidal category C is the data of an object A € C
with morphisms

AL

m:AQA—-A n:1—->A A A-ARA e:A—1
satisfying

I[) (m,n) define an associative algebra on A:

A O
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IT) (A, €) define a coassociative coalgebra on A:

<y

IIT) The Frobenius properties hold

R

If A is in addition pivotal, we can ask for (A, m,n, A, €) to be symmetric, i.e. there is an
equality of morphisms

J-e

The above morphisms are easily seen to be isomorphisms A — A*. For C braided, we can
require (A, m,n, A, €) to be (co-)commutative, i.e.

N T

In addition, (A, m,n, A, €) a symmetric Frobenius algebra is called special if it holds
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with dotted line in the first picture representing just the unit object.

Besides Frobenius algebras themselves, one can also have left-, right- and bimodule
objects in C for a given Frobenius algebra F. A left module is an object M € C with a
morphism

M

F
o FoM— M

satisfying the obvious representation theory constraints

M M M M

Right modules are define analogously and a bimodule is simply a left and right module
s.th. left and right actions p;, p, commute. Note that modules are only required to be
modules for the algebra structure of F. No consistency requirements for the coalgebra
structure have to hold. Given two left F-modules M;, M,, the subspace of Homc(M;, Ms)
intertwining the algebra action is denoted by Hompg(M;j, Ms). For two Frobenius al-
gebras Fy, F, there is the natural notion of a Fj-Fs-bimodule M, which has left F}-
action and right Fh-action. Spaces of morphisms between Fi-F-bimodules are denoted
as Homp, |p, (M1, M>) C Homc (M, Ms). Given a Fi-Fy-bimodule M and objects A, B in
C, the tensor product A ® M ® B can be given the structure of a Fj-F5-bimodule using
the braiding. The left and right actions are defined to be
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F
Fp

The object A ® M ® B with this bimodule structure is denoted as A @ M @~ B.

Lastly for the reader’s convenience we recall some special morphism spaces used in the
description of string-nets. We omit the simple proofs and refer to [99], where some of the
proofs can be found. First of all in a fusion category C the symmetric bilinear pairing

Homc(C, D) ®c Home (D, C') — Home(1,1) ~ C

B.15
Fogmtr(fog) (P19

is non-degenerate. For a list of objects Ay, -+, A, € C we denote
<A1,"' 7An> EHomc(l,A1®®An) (B]_G)

Since braiding and twist are natural isomorphisms the map

is an isomorphism (Aj,- -, A,) ~ (An, A1, ,A,—1). Hence only the cyclic order of
elements matter in (Ay,--- , A,) and we replace boxes for morphisms by round coupons in
that case

For an arrow oriented towards the coupon with label A the respective element gets replaced
by A*. Coupons can be composed with the help of the evaluation morphisms.

In addition the following identities hold: For any A € C there are isomorphisms

a)
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i 4 i _ <¢,w>i
= "

b) For {b’} a basis in (i, A%, ... A}) with dual basis {¢} in (i, A;,... A,) in the sense
that (b7, b7) = 6;;045 it holds

(e 2]

where the b-b coupons indicate summation over basis and dual basis.

The second relation is called completeness property and will be used several times.
Finally we list some useful identities when dealing with modular tensor categories. The
interested reader can find proofs in [5], section 3]. The following identities hold

o B Qﬂw 2% QD*é

Figure B.3

and

Figure B.4



Appendix C

The String-Net Topological Field
Theory

The main constructions in this thesis are performed in terms of so called string-nets. Orig-
inally introduced by Levin and Wen [I14] in the realm of topological phases of matter (see
also [102][94]), string-nets became a tool for constructing a 3-2-1 extension of the Turaev-
Viro three dimensional topological field theory (tft). A first mathematical treatment of
string-nets was given by Kirillov in [98] and an extension of the Turaev-Viro tft appeared
in a series of papers [99][6][7]. This extension of the Turaev-Viro tft was based on the
idea of string-nets, however an extended string-net tft was constructed by Goosen in his
PhD thesis [66]. The construction of the string-net tft is based on a classification of 3-2-1
extended three dimensional tfts given in [I4][13]. The classification goes through a genera-
tors and relation formulation of tfts as described by Walker in an unpublished manuscript
[143).

This section is structured as follows. We start with recalling the definition of the string-
net space assigned to a surface and state the main result of [98][99][6][7] that this in fact
agrees with the state space of the Reshetikhin-Turaev tft. Next we give a very brief account
of fully extended tft in three dimensions via generators and relations in order to present the
fully extended string-net tft constructed by Goosen. Throughout this section C denotes a
spherical fusion category.

C.1 The String-Net Space on Surfaces

Let X be an arbitrary two dimensional smooth, oriented manifold, possibly with boundary
and not necessarily compact. A string-net on ¥ is an isotopy class of an embedded,
oriented finite graph I' < . Finite means we require I' to have finitely many edges and
vertices. Furthermore the embedding has to be s.th. the intersection of the image of T"
with 0% are exactly the images of the univalent vertices of I'. A C-coloring of T' is an
assignment of an object C'(e) € C to any edge e € E(I') and an assignment of a morphism
¢ € (C(er),---,C(e,)) to any vertex v. Here e; are the edges incident to the vertex taken



208 C. The String-Net Topological Field Theory

to be oriented away from the vertex. When flipping the orientation of an edge colored by
C, its color changes to C*. The boundary value of a C-colored string-net is a pair (p, C)
consisting of intersection points p = {I' N 9%} and the colors C of edges intersecting the
boundary.

Let D < ¥ be an embedded disk for which we can assume that its boundary intersects
I" tranversally in edges ey, - - - ,e,,. Then there is an injective evaluation map

(o) :I'ND — (Cler), - ,Clen)) (C.1)

given by composing all the morphisms from vertices in the interior of the disk according
to the orientation of the edges. From now on all string-nets are assumed to be C colored.
Two string-nets ['y, I'y are equivalent if there exists a disk D — X s.th. 'y, I'y agree on
Y\D and

('hnD),=({'ND), . (C.2)

For a given boundary value C one defines a C-vector space

V Graph(X, C) = formal finite C-linear combinations of string-nets (©3)

with boundary value C

Recall that C is a C-linear spherical fusion category, hence its morphism spaces are finite
dimensional vector spaces. An element I' = Y~ x;I'; € V Graph(X, C) is null if exists a disk
D < 3 s.th. all the I'; agree on ¥\ D and

(TND), =0 (C.4)

where the zero on the rhs is the zero in the respective morphism space of C. Denote the
vector space of null string-nets with a given boundary value C by

NGraph(X,C) . (C.5)
The pre string-net space is defined as the quotient

= _ VGraph(3, C)
Ho,C) = NGraph(X,C) (C-6)

The quotient ensures that the graphical calculus of C holds locally on X, i.e. we can
manipulate string-nets on open disks according to string diagrams for morphisms in C. For
the true string-net space boundary values have to be taken into account properly. This is
done defining a category of boundary values B(R) for any one dimensional manifold R. Its
objects are pairs (p, C) of pairwise disjoint points p = py, -+ ,pr € R which are labeled
by objects C = (1, --- ,Cy € C, where C; is the label of the i-th point. Morphism spaces
in B(R) are defined as

Homg gy ((p1,C1), (P2, Cs)) = H3(R x I;C}, Cy) (C.7)
with I = [0, 1] and Cj is placed on R x {0}.
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Theorem C.1.1. [98, Theorem 6.4] There is an equivalence of categories B(S') ~ Z(C)
and B(R) ~ C.

The string-net space on ¥ is again a quotient of formal vector spaces. Let (p,A) €
B(0X), one defines

VGraph(X, A) = pairs (f,T") of formal C-linear combinations of string-nets I (C.8)
with boundary value C and morphisms f € Homgss)(C, A) '

and
NGraph(X, A) = subspace of null graphs under local relations as before
plus relation (fv,T') = (f,7I') where v € Homgss)(C',C), (C.9)
f € Homgsx)(C, A) and T has boundary value C’

The string-net space for boundary value (p, C) € B(9X) is the quotient

_ VGraph(3, C)

H(E,0) = NGraph(X, C)

(C.10)

The main result of the series of papers [98][99][6][7] can be summarized in the following
theorem.

Theorem C.1.2. Let 3 be a compact oriented surface of genus g with parametrized bound-
ary 0%. Let C = {C’l, e ,C‘ﬂo(ag)‘zcn} be a list of objects in Z(C). There is an isomor-
phism of vector spaces

HS(Z, C) ~ ZTV,C(Ea C) ~ ZRT,Z(C)(Ea C) ~ HOmz(c)(l, Cl & .- Cn &® Lg) (Cll)

where L = Dicizo)) Uf @ U; and Zpy,c, Zrrzc) are the state spaces of the Turaev-Viro
and Reshetikhin-Turaev tfts.

The last equality is just the usual computation of the state space of the Reshetikhin-
Turaev tft. How to incorporate the category of boundary values when drawing string-nets
on a surface? This can be done by projector circles, which for C' € Z(C) is defined as the
string-net

Figure C.1: Drinfeld-center projector

An element in string-net space is an equivalence class of an embedded graph with
boundary value in the Drinfeld center and for generators in H;(X) corresponding to con-
nected components of the boundary a projector circle is added. An example is given in

figure [C.2]
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Figure C.2: Example of a projected string-net on a genus 1 surface.

C.2 The string-net TFT

Based on classification results for three dimensional twice extended tfts [130][14] [13] Goosen
constructed a three dimensional string-net tft. Let Bord{5; be the bicategory with objects
disjoint unions of circles, 1-morphisms are oriented two dimensional cobordisms between
disjoint unions of circles and 2-morphisms are three manifolds with corners whose bound-
aries are surfaces corresponding to l-morphisms. This will be the source category for
extended three dimensional tfts. The target category is the bicategory of Vect-enriched
profunctors F'Vect. This is the bicategory with objects C-linear categories, 1-morphisms
C — D are functors D? K C — Vect and 2-morphisms are natural transformations between

such functors. A twice extended three dimensional tft is defined as functor of bicategories
Z : Bord{y; — FVect . (C.12)

This definition is quite abstract, but it can be broken down to fairly concrete conditions.
First of all Bord{;; has a nice presentation as a freely generated bicategory, which means
that there are finitely many generating objects, 1-morphisms and 2-morphisms plus some
consistency requirements among them s.th. any other object, 1-morphism or 2-morphism
factors through the generating elements. In [I3] section 3] the anomaly free modular pre-
sentation was given. Its generating object is . Generating 1-morphisms are

-

and generating 2-morphisms are four invertible maps corresponding to associativity of
pair of pants, left and right units of cylinders, braiding moves of pair of pants and Dehn
twist of a cylinder. There are in addition eight non-invertible 2-morphisms
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20 &

..............

The v, vi-morphism has source respectively target the zero object which corresponds
to the empty set. The generating 2-morphisms have to satisfy a total of nine relations
for which we refer to [I3, section 3]. A twice extended three dimensional topological field
theory is now a map Z with source the bicategory freely generated by the anomaly free
modular presentation, assigning to the circle a C-linear category Z (). To generating
1-morphisms it assigns vector spaces, where boundary circles of the bordisms representing
the 1-morphisms are colored with objects of Z() and the assignment is functorial in the
coloring. Generating 2-morphisms are mapped to linear maps, which have to satisfy the
nine consistency relations.

In [66, section 5.2] it is shown that there is a string-net tft Zsy for any spherical fusion
category C mapping

O 20
and for A, B,C € Z(C) it assigns

C

A Zsn, HY(0 A, B,C*)
A
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v = H'(7A% B 0)
C

S, ZsN, HE(s; A)

ZsN H*(e; AY)

By the construction of a general tft functor, to an arbitrary 1-morphism ¥ with incom-

ing boundary colorings Ay, --- , A, and outgoing boundary colorings By, - - , B,,, decom-
posed into generating 1-morphisms o = {0y, -+ , 0.} the string-net tft gives
LeZ(C)
Zsx(Si At A Bree  Bu) = [ @ Zow(ow AL By, L) (C.13)

where the coend ranges over all internal colorings. It is shown in [66, Theorem 70] that
there is an isomorphism

ZSN(ZaAL aA:Lth”' 7Bm) = HS(E7A>{7 )A;';vBla"' 7Bm) . (014)

Lastly we recall the non-trivial generating 2-morphisms of the string-net tft. The generating
morphisms are given for string-nets on the source morphism being in a specific form. It
is not hard to show that any string-net on the respective source bordism can be brought
in that specific form. First the Dehn-twist winds a string-net once around cylinder. The
braiding moves map

Zsn(B)

Next the n-moves map



C.2 The string-net TFT 213

ZSN(WT) 51'70

Finally e-moves act as follows

Zsn(€)

Zsn(eh)

For all other generating 2-morphisms we refer to [66] section 5].
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Appendix D

Generating World Sheets and Sewing
Relations

In order to be as self-contained as possible we give the set of generating open-closed world
sheets. The following figures display the quotients of the orientation double for generating
world sheets.

I) Open World Sheets:

ANV

Oprop Om OA 077 O6

Purple colored parts of the boundary correspond to open boundaries. Black bound-
aries are physical boundaries.

ITI) Closed World Sheets:

0 AT = -

PT’OP CY77 Ce

IITI) Open-Closed World Sheets:

A

I It
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D.1 Sewing Relations

In the following figures red curves indicate how the world sheet displayed is glued from
easier parts. The blue flag on gluing curves indicate the direction of gluing. For the part
containing the flag an incoming boundary is glued. In the figures blue boundaries denote
in-boundaries and green ones correspond to out-boundaries.

[) Open Relations:

—

>

YA
Al

B

I .

R1)
AV

R6) RT7)
BURN DS
~ |
R8) R9)
-LL
) )
R10) R11)

NS\
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R12) R13)
g o o A~ a

IT) Closed Relations:

R14) R15)
R16) R17)
Y
R18) R19) )
—

R21)

R22)
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In the picture of the Dehn-twist and braid move the red dashed lines are not gluing
lines, but auxiliary curves to display the action of the elements of the mapping class
group corresponding to the moves.

R24) R25)

IITI) Open-Closed Relations

R26) / R27)
N

R28) R29)

R30) R31)

IV) Genus 1 Relation: The genus one move takes place on a torus with one boundary
component and interchanges a- and b-cycle of the torus as indicated by the colors.

R32)
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