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Abstract

In the pioneering work [1] of A. Kapustin and E. Witten, the geometric Langlands program of number
theory was shown to be intimately related to duality of GL-twisted N' = 4 super Yang-Mills theory
compactified on a Riemann surface. In this thesis, we generalize Kapustin-Witten by investigating
compactification of the GL-twisted theory to three dimensions on a circle (for various values of the
twisting parameter t). By considering boundary conditions in the three-dimensional description,
we classify codimension-two surface operators of the GL-twisted theory, generalizing those surface
operators studied [2] by S. Gukov and E. Witten. For ¢ = 4, we propose a complete description of
the 2-category of surface operators in terms of module categories, and, in addition, we determine
the monoidal category of line operators which includes Wilson lines as special objects. For ¢ = 1
and t = 0, we discuss surface and line operators in the abelian case.

We generalize Kapustin-Witten also by analyzing a separate twisted version of N' = 4, the Vafa-
Witten theory. After introducing a new four-dimensional topological gauge theory, the gauged 4d
A-model, we locate the Vafa-Witten theory as a special case. Compactification of the Vafa-Witten
theory on a circle and on a Riemann surface is discussed. Several novel two- and three-dimensional
topological gauge theories are studied throughout the thesis and in the appendices.

In work unrelated to the main thread of the thesis, we conclude by classifying codimension-one

topological defects in two-dimensional sigma models with various amounts of supersymmetry.



vi

Contents

Acknowledgments
Abstract
1 Introduction and overview
1.1 Electric-magnetic duality, geometric Langlands, and the work of Kapustin, Witten
1.2 Generalizing Kapustin-Witten . . . . . . ... . ... L oo
1.3 Results. . . . . o e
2 Duality of four-dimensional gauge theories
2.1 Nonabelian generalization of electric-magnetic duality . . . . .. .. ... ... ...
22 N=4,d=4,gauge group G' . . . . . . . . .
2.2.1 Gauge theory conventions . . . . . . . . . . ..o
2.2.2  Action, supersymmetries . . . . .. ... oL o oo
2.3 S-duality . . . . ..
2.4 Twisting . . . . . o e
241 Twistsof N=4 . . . ...
2.5 GL-twisted theory . . . . . . . . .
2.5.1 tparameter . . . . ... .. e e e
2.5.2  Field content, action, and variations of GL-twisted theory . . . . . . ... ..
3 Vafa-Witten theory as a gauged 4d A-model

3.1 4d A-model . . ...
3.1.1 Field content, action, and variations . . . . .. ... ... .. ... ......
3.1.2 Local observables . . . . . . . . ..

3.2 Gauged 4d A-model . . ... L
3.2.1 Donaldson-Witten topological gauge theory . . . . . .. .. ... ... ....
3.2.2 Matter sector . . . . ...

3.2.3 Local observables . . . . . . . . . e e

iv

ECTNS, BSO

©

10
10
11
12
13
15
16
16
17



vii

3.3 Vafa-Witten theory as a gauged 4d A-model . . . . . . . . . ... ... ...

Topological field theory, categories, and 2-categories

4.1 Two-dimensional TFT and categories of branes . . . . . . .. ... ... . ... ...
4.2 Two-dimensional TFTs and 2-categories . . . . . . . . .. . . ... .. ... .....
4.3 Three-dimensional TFT and 2-categories of boundary conditions . . . ... ... ..

4.4  Four-dimensional TFT and 2-categories of surface operators . . . . . ... ... ...

Compactifications of Vafa-Witten and GL-twisted theories on a circle

5.1 Compactification of topological gauge theories . . . . . . . . ... ... ... .....
5.2 S! compactification of Vafa-Witten theory . . . . . . . . ... ... ... . ......
5.3 S compactification of GL-twisted theory at t =0 . . . . .. .. ... .. ......
5.4 S' compactification of GL-twisted theory at t=1 . . . .. .. ... ... ......
5.5 S compactification of GL-twisted theory at t =4 . . . . . . . .. .. ... ......

Surface operators of 4d TFTs
6.1 Gukov-Witten surface operators. . . . . . . . . . . . . ... e
6.2 Surface operatorsat t =tand G=U(1) . . . .. .. ... ... .
6.2.1 Boundary conditions of RW model, target T*C* . . . ... ... ... ....
6.2.2 Boundary conditions of B-type 3d gauge theory, G=U(1) . . ... ... ...
6.2.3 Putting the sectors together . . . . . . . . ... Lo oL
6.2.4 Line operators on Gukov-Witten surface operators . . . . . .. ... .. ...
6.3 Surface operators at t =4 and G nonabelian . . . . . . . . ... ... ... ... ...
6.3.1 Some simple boundary conditions . . . . . . .. ... o000
6.3.2 Bulk line operators . . . . . . ...
6.3.3 More general surface operators . . . . . .. .. ... L L.
6.4 Surface operatorsat t =1land G=U(1) . . . . .. ... ... .. ... .. ... ..
6.4.1 Boundary conditions in the gauge sector . . . . . . ... ..o
6.4.1.1 The Dirichlet condition . . . . . .. ... .. ... ... ...,
6.4.1.2 The Neumann condition . . . . . .. ... .. .. ... . ......
6.4.2 Boundary conditions in the matter sector . . . . . . .. ... ... ... ...
6.4.2.1 The Dirichlet condition . . . . . . ... ... ... ... ..
6.4.2.2 The Neumann condition . . . . . .. ... ... . ... .. .....
6.4.3 Electric-magnetic duality of surface operators at t =7andt=1 . ... ...
6.4.3.1 The DD condition . . . . . . .. ... ...
6.4.3.2 The NN condition . . . .. ... .. ... ... .. ... ...
6.4.3.3 The DN condition . . . . . . .. .. ... ..o



6.4.3.4 The ND condition . . . . . .. . ... .. .. ... ... ...

6.4.4 A proposal for the 2-category of surface operatorsat t=1. ... ... .. ..

6.5 Surface operators at t =0and G=U(1) . . . .. .. ... ... .. ..
6.5.1 The gauge sector . . . . . . . . . e
6.5.2 The matter sector . . . . . . . . ...
6.5.3 Putting the sectors together . . . . . . . .. ... oL oL
6.5.3.1 The DD condition . . . .. . .. ... ... o

6.5.3.2 The NN condition . . . . . .. .. ... ... ... .. ...,

6.5.3.3 The DN condition . . . . . ... .. ... ...

6.5.3.4 The ND condition . . . . . . .. .. ... ...

7 Modified A-model
7.1 2d A-model . ...
7.2 Modified 2d A-model field content, action, variations . . . . . . . . ... ... .. ..
7.3 Equivariant topological term . . . . . . .. ...
7.4 Local observables . . . . . . . . ...
7.5 Boundary conditions . . . . . . ... e

7.6 Equivariant Maslov index . . . . . . . . .. Lo

8 Vafa-Witten theory compactified on a genus g > 2 Riemann surface
8.1 Reducing the Vafa-Witten action . . . . . . . . ... ... ... ... ... ... ...
8.2 Modified A-model with target My (G,C) . . . . ... ... o

9 Defects of two-dimensional sigma models
9.1 Defect gluing conditions . . . . . . . ... L oL
9.2 Topological defects of the bosonic sigma model . . . . . .. ... ... ... .....
9.3 Geometry of topological bibranes . . . . . . . . ... ... L
9.4 Topological defects of the (0,1) supersymmetric sigma model . . . .. ... ... ..
9.5 Topological defects of the (0,2) supersymmetric sigma model . . . . . ... ... ..
9.6 T-duality . . . . . . . e

A 2d TFTs
A.1 A-type 2d topological gauge theory . . . . . . . . . .. ... ...
A.2 B-type 2d topological gauge theory . . . . . . . . ... Lo L
A3 Gauged 2d B-model . . . . ...

B 3d TFTs
B.1 3d A-model . . . ... e

84
85
88
91
93
94
96

100
100
103

107
109
110
113
116
119
120

122
122
126
128

132



B.2 Gauged 3d A-model . . . . ...
B.2.1 A-type 3d topological gauge theory . . . . . . . ... ... ... oL
B.2.2 Gauging the 3d A-model . . . . . . . . ... Lo

B.3 Rozansky-Witten model . . . . . . . . .. L

B.4 B-type 3d topological gauge theory . . . . . . . .. ... oL

B.5 Gauged Rozansky-Witten model . . . . ... ... ... o o

C Associated fiber bundles and equivariant cohomology
C.1 The total space of an associated fiber bundle . . . . ... .. ... ... . ......

C.2 Pulling back an equivariant cohomology classon X . . . . . . .. .. ... ... ...
D Proofs of propositions in Chapter 9

Bibliography

142
142
146

150

155



List of Figures

1.1

2.1

4.1

4.2

4.3
4.4

4.5

4.6

4.7

6.1

The twisted theories are placed on the product manifold ¥ x C' and the size of C' is

shrunk tozero . . . . . ... L
The twisting parameter ¢ takes valuesin CU{co} . .. ... ... ... ... ... ..

Morphisms in the category of boundary conditions correspond to local operators sitting
at the junction of two segments of the boundary. . . . . . . .. ... ... ... ....
Composition of morphisms is achieved by merging the insertion points of the local
operators. We use - to denote this operation . . . . ... .. ... ... ...
A wall separating theories X and Y is equivalent to a boundary of theory X x Y. . . .
1l-morphisms of the 2-category of 2d TFTs correspond to walls, and composition of
1-morphisms corresponds to fusing walls. This operation is denoted ®.. . . . . . . ..
Composition of 2-morphisms of the 2-category of 2d TFTs is achieved by fusing the
walls on which they are inserted. The corresponding operation is denoted ®. . . . . .
Local operators inserted on walls may be regarded either as 2-morphisms of the category
of 2d TFTs, in which case composition corresponds to fusing ‘horizontally’, or they
may be regarded as morphisms of the category of boundary conditions, in which case
composition corresponds to fusing ‘vertically’. These two operations commute.

Regarding defect lines as 2-morphisms and local operators as 3-morphisms of the 3-
category of 3d TFTs gives rise to yet another composition operation between them,

which we denote ®. . . . . . . e e e e

A skyscraper sheaf corresponds to a boundary line operator for which the holonomy of
A +i¢ along a small semi-circle around it is fixed. The dot marks the location of the

boundary line operator, which we view here in cross section. . . . . .. ... ... ..

37



Chapter 1

Introduction and overview

1.1 Electric-magnetic duality, geometric Langlands, and the
work of Kapustin, Witten

Soon after Maxwell wrote his equations for electromagnetism, it was noted that exchanging electric
fields with magnetic fields leaves the form of the equations invariant — provided one also exchanges
electrically charged sources with magnetically charged sources. In mathematical terms, the duality
operation simply exchanges the 2-form electromagnetic field strength F' with its Hodge dual % F.

However, twentieth century physics developed in a direction that formally obscures this under-
lying symmetry of Maxwell’s equations. Recasting electromagnetism as a gauge theory (that is,
identifying the electromagnetic field as a connection A on a principal U(1) bundle over spacetime),
duality ceases to be manifest since the 2-form F' = dA and its Hodge dual xdA play very dissimilar
roles in the formalism. In particular, the inclusion of electric sources is handled very differently
from that of magnetic sources: electric sources become Wilson line order operators, included as a
source term in the action, while magnetic sources become t’Hooft line disorder operators, included
by imposing a prescribed singularity in the space of field configurations. Electric-magnetic duality
turns out to extend to the quantum theory of a U(1) connection and the equivalence, though still
provable [8], becomes even more hidden by the formalism.

For nonabelian gauge group G, a version of electric-magnetic duality extends to a particular 4d
quantum gauge theory, the AV = 4 supersymmetric Yang-Mills theory (as we review in Chapter 2).
In this setting, the equivalence (known as S-duality) is yet more nontrivial — to the degree that
it acquires mathematical power. That is, the language used to describe dual structures take such
different forms that their equivalence is interesting from a purely mathematical point of view. This
thesis is devoted to a study of certain mathematical implications of S-duality.

In writing down such mathematical predictions, one encounters in the first instance a striking

feature of nonabelian duality: the N = 4 theory with gauge group G is mapped to an N' = 4
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theory with gauge group “G (known as the Langlands dual group), where G and “G are related by
interchange of their character and cocharacter lattices and will in general be distinct Lie groups. A
comparison of dual theories therefore involves a comparison of mathematical structures labeled by
Langlands dual pairs of Lie groups.

As it happens, pairs of Lie groups G and “G also appear in a set of deep conjectures and theorems
of number theory which collectively have come to be known as the Langlands correspondence. These
conjectures can be generalized and phrased in several ways, but, at heart, each version of the
Langlands correspondence hypothesizes the existence of an isomorphism between a mathematical
object labeled by a Lie group “G (what we may call the ‘A-side’ of the duality) with another object
involving the dual group G (which we may call the ‘B-side’). (See [7] and references therein for more
on the Langlands program.)

For example, one guise of the Langlands correspondence (the one most directly relevant to
physics) is known as geometric Langlands and asserts the equivalence of two collections of objects

associated with a given (closed, oriented) Riemann surface C:

Hecke eigensheaves Flat (irreducible)
— (1.1)
(of D-modules) on Bunrg C Gc-bundles on C

The B-side is the collection of principal G¢c-bundles on C equipped with flat connection, where G is
the complexification of the Lie group, or, equivalently, it is the set of homomorphisms m (C') — Gc.
Generically, this set forms a finite-dimensional moduli space M ;4. (G, C). The A-side is slightly

1 of holomorphic “G-bundles on C, over which are defined

more abstract: Bun:gC' is the space
modules for the sheaf of differential operators, or D-modules. The conjecture is that to every flat G¢-
bundle on C, there is a corresponding sheaf of D-modules — not just any sheaf, but an ‘eigensheaf’
of a ‘Hecke transformation’. Without elaborating on the definitions of the quoted words in the

preceding sentence, let us note a few features of the above mathematical statement of geometric

Langlands that, as it turns out, will generalize to broad themes:

e In the right-hand box above, we meet flat, complexified connections on a Riemann surface C.
Indeed, such connections emerge organically in several contexts throughout this thesis; their

appearance is the hallmark of the B-side of the geometric Langlands correspondence.

e The structures in the left-hand box above require many more words and concepts to describe
precisely than do the corresponding structures in the right-hand box above. Indeed, it is
generally true that the A-side of the geometric Langlands correspondence is far more resistant

to rigorous, simple mathematical definitions than is the B-side.

e Certain exotic mathematical definitions (such as the above notion of ‘eigensheaf’ and ‘Hecke

I Actually, due to the singular nature of Buny, ¢ C, it is technically a ‘moduli stack’ rather than a ‘space’.
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transformation’) turn out to have vivid physical realizations [1], suggesting that physics may

supply the most natural language for phrasing the correspondence.

The appearance of dual pairs of Lie groups led M. Atiyah to speculate as early as 1977 [1] that
S-duality of gauge theories might have something to do with geometric Langlands. This speculation
was finally realized in the seminal paper [1] of A. Kapustin and E. Witten, who showed that the
geometric Langlands correspondence emerges from S-duality applied to a very particular physical
setup. Namely, they consider a certain topological field theory (TFT) constructed from N = 4 by a
twisting procedure involving a complex twisting parameter ¢. (We describe this twisting procedure
and the t parameter in the following chapter.) They focus on two particular values of ¢, corresponding
to the two sides of the Langlands correspondence: on the A-side is the twisted theory at ¢ = 1 and
gauge group “G, while on the B-side is the twisted theory at ¢ = i and gauge group G. 2 Spacetime

is chosen to be a product of two Riemann surfaces

M=YxC

(where the genus g¢ of the closed Riemann surface C' is chosen to satisfy go > 2) and they consider

the limit in which the size of C shrinks to zero.

3 C

Figure 1.1: The twisted theories are placed on the product manifold ¥ x C' and the size of C is
shrunk to zero

In this limit, the twisted theories reduce to effective 2d TFTs on X: on the A-side, the t = 1
theory reduces to a topological A-model on ¥ (reviewed in Section 7.1), a theory whose only bosonic
field consists of a map from X into a symplectic target space. The target space in this case is the

Hitchin moduli space Mg (*G,C), a hyperkihler manifold of dimension

dim Mg (*G,C) = 4(gc — 1) dim G

2For zero theta angle and inverted coupling strengths
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equipped with three independent complex structures I, J, K and three independent symplectic forms
wr,wy,wr. Hence, My (YG, C) can be viewed as a complex (resp. symplectic) manifold in different
ways depending on which of I, J, K one chooses. The symplectic form relevant for ¢ = 1 reduction
is wg. (See Chapter 8 for more on the Hitchin moduli space.)

On the B-side, the ¢ = i twisted theory reduces to a topological B-model with target space
My (G,C), viewed now as a complex manifold in complex structure J. This 2d manifestation of
duality, between an A-model and B-model on a pair of target spaces, is known to physicists as
Mirror Symmetry [22]. In order to make contact [1] with geometric Langlands, one takes ¥ to be a
Riemann surface with boundaries, and considers the collection of possible boundary conditions one
can impose on the fields of the 2d theory along each component of the boundary. On the A-side,
these are known to physicists as A-branes, and include Lagrangian submanifolds of the target space
equipped with flat line bundles. (Branes of 2d theories are discussed extensively in Chapter 9.) On
the B-side, boundary conditions are known as B-branes, and include complex submanifolds of the
target.

Hence, S-duality implies the equivalence

A-branes on My (LG, C), B-branes on My (G, C),
— (1.2)
symplectic form wg complex structure J

The flat Ge-bundles on the B-side of (1.1) correspond to points of Mg (G, C) in complex structure
J. These, in turn, label a special class of B-branes, the 0-branes supported at individual points.
Hence, we recognize the objects on the B-side of (1.1) as a subclass of those on the B-side of (1.2).
Given a particular 0-brane supported at p € My (G, C), Strominger, Yau, and Zaslow have given a
proposal [19] for how to apply the map of p under Mirror Symmetry: it is mapped to an A-brane
with flat, unitary line bundle wrapping a certain middle-dimensional submanifold of Mg (*G,C),
the so-called dual Hitchin fiber of p. Kapustin and Witten complete the argument by explaining
how this A-brane is mapped to a Hecke eigensheaf on Bunrg C.

In fact, (1.2) represents a richer equivalence than (1.1) in two respects. First, the boxes in (1.2)
contain more objects that those of (1.1): there are many more B-branes than just the O-branes.
But, perhaps more interestingly from the point of view of comparing mathematical structures, the
equivalence (1.2) is not merely an equivalence of sets, but of categories. A category is a set of objects,
together with a collection of morphisms: arrows connecting the objects and satisfying a composition
property. (The morphisms for the category of branes correspond to local operators sitting at the
junction of two boundary conditions, as we discuss in Chapter 4.) Hence the equivalence (1.2) is a
special kind of mapping respecting the ‘rigidities’ represented by the morphisms of the categories:

i.e., a functor between categories.
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1.2 Generalizing Kapustin-Witten

In this thesis, we generalize [1] in several directions. Generalizing the notion of compactification on
a Riemann surface, we instead consider in Chapter 5 compactification on a circle to a 3d effective
TFT. On the A-side, we will find that the ¢ = 1 theory compactifies to a little-studied 3d TF'T called
the gauged 3d A-model. The 3d A-model TFT is a three-dimensional topological sigma model that
can be defined for any Riemannian target manifold X it was first studied for a general target in
[6] (reviewed here in Section B.2) and can be regarded as a 3d analogue of the 2d A-model. When
the target admits an action of a Lie group it can be coupled to a 3d topological gauge theory to
form a gauged topological sigma model, as we shall discuss in greater detail in Chapter 3. (Gauged
topological sigma models will play a central role in this thesis and we review certain mathematical
aspects of these in Appendix C.) The target space of the 3d sigma model is the group manifold G,
equipped with the action of conjugation on itself.

On the B-side, we have the good fortune that the 3d compactified theory is more familiar: it is
a gauged version of the Rozansky-Witten (RW) 3d sigma model (the relevant gauging was written
in an appendix to [4]; we review it in Section B.5). The target space is the total space T*G¢ of
the cotangent bundle of the complexified group, equipped with the conjugation action of G on the
base G¢ and the induced coadjoint action on the fibers. Actually, it will turn out to be convenient
to assign a ‘ghost number’ of two to the fibers and zero to the base; to indicate this we notate the
target space as T*[2]Gc.

Duality predicts a highly nontrivial (and, except for the analysis in [4] and this thesis, completely
untapped) equivalence between these two 3d gauged topological sigma models. In particular, they

should have isomorphic sets of boundary conditions:

Boundary conditions of Boundary conditions of
— (1.3)
gauged 3d A-model, target “G gauged RW model, target T*G¢

This ‘3d TFT’ perspective on the Langlands correspondence is even richer than the 2d TFT per-
spective of (1.2). As we shall explain in Chapter 4, the boundary conditions of a 3d TFT have the
structure of a 2-category, including objects, morphisms, and morphisms-between-morphisms (i.e.,
2-morphisms). In summary, (1.1) is an equivalence of sets of objects, while (1.2) is an equivalence of
categories (objects + morphisms), and (1.3) is an equivalence of 2-categories (objects + morphisms
+ 2-morphisms). At each step in this progression one adds in ‘extra’ objects and makes explicit
rigidities that were only implicit at the previous step. In fact, (1.3) is certainly not the last word: by
virtue of their 4d origin, the 3d boundary conditions ‘secretly’ possess a braided, monoidal structure
preserved by duality; however, we stop at the 2-categorical level in this thesis and leave the braided,

monoidal structure to future work.
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Another direction in which we generalize [1] is to consider a wider class of observables than the
line operators and 2d branes of [1]. In Chapter 6 we classify operators supported on codimension two
submanifolds, i.e., surface operators. The simplest class of surface operators applied to geometric
Langlands were studied by S. Gukov and E. Witten [2]; however, we shall find that there are many
more general surface operators in the twisted theories. For the t = i theory, we obtain a complete
description of the 2-category of surface operators and, for the other twisted theories, we obtain a
description only for abelian gauge group — this being one instance of the fact (noted above) that
the B-side is always under better analytical control than the A-side.

In fact, the generalization to surface operators is closely related to the generalization to circle
compactification, since, by virtue of the dimensional reduction trick discussed in Chapter 4, the
2-category of surface operators of a 4d TFT is precisely the same as the 2-category of boundary
conditions of its 3d reduction.

Moreover, we will include in the story two other 4d TFTs obtainable from A" = 4 by a twisting
procedure: the t = 0 twisted theory and an additional theory (not lying in the same family) that
we call the Vafa-Witten (VW) twisted theory due to the role it played in [3]. These theories are
self-dual (provided one suitably inverts couplings and exchanges the gauge group for its Langlands
dual group). Certain aspects of the ¢ = 0 theory were also considered in [35] and it is essentially
equivalent to the ¢ = 1 theory with nonzero instanton term (which case was also considered in
[1]). Tt has been shown to provide a natural setting for the so-called quantum geometric Langlands
correspondence (a generalization of (1.1) involving a quantum parameter).

In Chapter 3, we will define a new TFT, the gauged 4d A-model (closely analogous to the gauged
3d A-model) and will show that the Vafa-Witten theory can be thought of as a gauged 4d A-model
with target space chosen to be the Lie algebra g of the gauge group. In Chapter 5 we show that
both the ¢t = 0 theory and the Vafa-Witten theory compactify on S! to the same 3d TFT: a version
of the gauged 3d A-model with target g. We will also obtain 3d descriptions of the t =i and t =1
theories compactified on a circle.

In Chapter 4, we will explain in greater detail why boundary conditions of 2d TFTs have the
structure of a category and boundary conditions of 3d TFTs have the structure of a 2-category.
In Chapter 6, we will analyze boundary conditions of the 3d theories, or, equivalently, surface
operators of the 4d theories. In Chapter 7 we construct the modified A-model, a 2d TFT which
can be defined for general Kéhler target equipped with compatible U(1) action. In Chapter 8, we
show that the Vafa-Witten theory compactifies on a Riemann surface C' to a modified A-model with
target My (G, C).

Finally, in Chapter 9, we will obtain a geometric classification of topological defects of the 2d
bosonic sigma model and 2d sigma models with various amounts of supersymmetry. (This final topic

lies somewhat outside the main thread of the thesis.)



1.3 Results

We compile here a list of the main results presented in this thesis. Some results were first presented

in the paper [4], some have been presented in the paper [5], and some are original work of this thesis.

e In Chapter 3, we define a new 4d topological gauge theory, the gauged 4d A-model with target

space a general Riemannian manifold X equipped with an action of a Lie group G.

e In Chapter 3, we locate the Vafa-Witten twisted TFT as a particular member of the above
family, for X = g equipped with Ad action of G on g.

e In Chapter 5, we compactify on a circle the Vafa-Witten theory and GL-twisted theories at
t =0,t=1, and t = i (for nonabelian gauge group). (The abelian reductions of the GL-twisted

theories were presented in [4].)

e In the Appendices A and B we write down and study several 2d and 3d TFTs with gauge
fields and describe their properties. In particular, we show that the category of branes of the
2d gauged B-model is the equivariant-derived category of coherent sheaves. (These were first

presented in appendices of [4].)

e In Chapter 6 we determine the full, monoidal category of line operators of the GL-twisted

theory at t = ¢ (which contain the Wilson lines of [1] as a special case). (First presented in
[4].)

e In Chapter 6 we determine the full 2-category of surface operators of the ¢ = i theory. (First

presented in [4].)

e In Chapter 6 we determine, for abelian gauge group, the 2-category of surface operators of the

t =0 and ¢t = 1 theories and discuss the action of duality. (First presented in [4].)

e In Chapter 7, we construct a modified A-model TFT for general Kéhler target X equipped

with Hamiltonian U(1) action. We explore its properties.

e In Chapter 8, we compactify the Vafa-Witten theory on a genus go > 2 Riemann surface C'
to a modified A-model with target Mg (G,C). (Compactification of Vafa-Witten theory on
a Riemann surface was briefly addressed in an appendix of [20]; in Chapter 8 we perform the

compactification in full detail.)

e In Chapter 9, using notions of generalized geometry and neutral signature geometry, we classify
topological defects of various 2d sigma models: the bosonic sigma model, the (0,1), (0,2), and

(2,2) supersymmetric models. (First presented in [5].)

Additionally, we compile the following background material:
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e In Chapter 2 we provide a review of relevant aspects of duality of N' = 4 SYM and its

topologically twisted cousins.
e In Chapter 4, we provide a brief tutorial on categories, 2-categories, and their relation to TFTs.

e In Appendix C, we provide a review of the mathematics of associated fiber bundles and explain

their connection to equivariant cohomology.



Chapter 2

Duality of four-dimensional gauge
theories

We begin by reviewing A/ = 4 super Yang-Mills (SYM) theory in four dimensions (4d), as well as
its duality properties and the various topological field theories (TFTs) one can obtain by twisting
this theory.

2.1 Nonabelian generalization of electric-magnetic duality

After the advent of Yang-Mills theories, it was natural to wonder whether some version of electric-
magnetic duality extends to theories with nonabelian gauge group G. Indeed, since dualizing inverts
the coupling parameter e?, duality could potentially provide a powerful window into the strong-
coupling behavior of nonabelian gauge theories: simply study a question about strong-coupling
physics on the dual, weak-coupling side.

Such a nonabelian duality, if it exists, must exchange a Wilson line operator (the nonabelian
generalization of an ‘electric source’) with a t’Hooft disorder line operator (the nonabelian gen-
eralization of a ‘magnetic source’). But in looking into the classification of t’Hooft operators of
nonabelian gauge theories, Goddard, Nuyts, and Olive [25] discovered a crucial twist in the story:
while Wilson operators are labeled by the irreducible representations of the group G, t’Hooft op-
erators are instead labeled by elements of a fundamental domain of G’s coweight lattice, which, in
turn, label irreducible representations of a different Lie group G.

As we have emphasized in the previous chapter, pairs of Lie groups G and G related by exchange
of coweight and weight lattices play a central role in the Langlands Program of number theory; for
this reason, “G is known as the Langlands dual group to G.

These considerations inspired Montonen and Olive [23] to conjecture that, at the quantum level,
Yang-Mills theory with gauge group G is dual to Yang-Mills theory with gauge group “G and

inverted coupling.
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However, it was quickly realized that this naive mapping cannot quite be correct; for one thing,
the simple mapping between couplings will not survive renormalization. Osborn [24], building on the
work of Witten and Olive [26], refined the conjecture to say instead that a supersymmetric version
of Yang-Mills — the N = 4 super-YM with gauge group G — is dual to the N' = 4 super-YM with
gauge group G and inverted coupling. Since N = 4 is a conformal field theory, the inverse mapping
between couplings is left undisturbed by renormalization.

Although, strictly speaking, duality of A/ = 4 remains unproven at the level of mathematical
rigor, physicists have in the past three decades uncovered a wealth of evidence in support of the
conjecture; by now, it is regarded as established fact and we shall treat it as such in this thesis.

We review in more detail the N' = 4 theory and its duality properties.

2.2 N =4,d =4, gauge group G

The N = 4 theory is the maximal supersymmetric extension of Yang-Mills theory in four dimensions.
It is defined via an action on spacetime, a four-dimensional manifold M. In order to write down
an action, let us first fix some gauge theory conventions. The remainder of this chapter will closely

follow the notational conventions and exposition in [1].

2.2.1 Gauge theory conventions

Let G be a connected, reductive Lie group with Lie algebra g. We fix a faithful, N-dimensional
‘defining’ representation of G' once and for all, thus identifying g with a collection of N x N anti-
Hermitian matrices. Let T, for a = 1,...,dim G, be a basis for g, in terms of which the (real)

structure constants f¢, are defined by
[Taa Tb] = ffszc

Let P be a principal G-bundle on M, with trivializing neighborhoods U(® ¢ M and local sections
s(@) . U@ 5 P The gauge field will be a connection A on P, which we represent locally as a
g-valued 1-form

A =54 = AW dgh = AT, dat € Q1 (U™, g)

with curvature given by F(®) = dA(®) 4 %[A(a)7 A(@)]. From now on, we tend to suppress the labels
() on locally defined quantities.
We use the notation

n € QF(M,ad P)

to indicate that n is a k-form on M taking values in ad P, the vector bundle associated to P by the
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adjoint representation of G on g. Its covariant derivative with respect to A is given by
dan = dn+ [A,n]
An infinitesimal automorphism of P with parameter ¢ € Q°(M, ad P) transforms A and 7 as
0.A = —dge
den = [€,7]

Let ‘Tr’ be an Ad-invariant, negative definite metric on g, normalized such that

1
—/ Tr FAF
87T2 M

takes integer values when M = S*. When we have cause to refer to this metric directly, we denote

it kqp and its inverse by k.

2.2.2 Action, supersymmetries

Initially, we take M to be flat RY'3 with Lorentz signature. In addition to the gauge field A (a

connection on principal bundle P), the matter content consists of six ad P-valued scalar fields
b1,..., 06 € Q°(M,ad P)

as well the eight fermionic fields

MM e Q" (M, adP®S,)

My M €Q°(M,adP®S.)
where S+ are the two spinor bundles on M. The action of N' = 4 super-YM is given by
1 4 1 pnv TPx 1 Y
S:?,deﬂ{?%f + Duti D ' + 560, 65116 )} + .. (2.1)
where ... indicates terms in the action depending on the fermions (which we suppress here). In

addition, we include a topological term measuring the second Chern class of the bundle P:

0

Stop = — 35
P 87T2 M

TtFAF (2.2)

Since the theory is manifestly invariant under § — 6+2x (leaving the path integral weight invariant),

it is natural to regard 6 as an angular parameter. The parameters e and 6 are usefully combined
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into a complexified coupling parameter:

6w
21 €2
Besides the Spin(1,3) Lorentz symmetry, the theory is also invariant under a Spin(6) symmetry
with respect to which which the six ¢s are rotated into each other as a 6, while the As transform as
a 4 and the As transform as a 4. We call this the R-symmetry group of the theory and denote it
Spin(6)r ~ SU(4)g.
Additionally, the theory is invariant under fermionic supersymmetries Qi‘, e Qi transforming

as (2,4) under the bosonic symmetry group
Spin(1,3) x SU(4)r ~ SL(2,C) x SU(4)r

and Qay, ..., Qa4 transforming as (2,4). Here A = 1,2 are 2 of SL(2,C) indices and A = 1,2 are
2 of SL(2,C) indices.

2.3 S-duality

Let us examine the duality properties of A' = 4. In the first place, shifting the complexified coupling
7 by 7 — 7+ 1 corresponds to a 27 shift of the angle 6, which is manifestly a symmetry of the
theory.

Less trivially, the extension of the Montonen-Olive conjecture to N' = 4 SYM states that, at the
the quantum level, the theory with simply laced gauge group G and coupling 7 is isomorphic to the
theory obtained by replacing G by its Langlands dual group “G, exchanging electric sources with

magnetic sources, and replacing 7 by

This S-duality combines with 6 angle shifts to generate an SL(2,7) duality group.
In case G is non-simply laced, the coupling transforms under S-duality as
1
L _ _ -
ngT

where ng = 1, 2, or 3 is the lacing number of the group, the ratio of the squared lengths of the long
roots to the short roots in t*, the dual of a Cartan subalgebra of g (with respect to Ad-invariant
metric Tr). When ng = 2 or 3, the S-duality mapping on 7 combines with 6 angle shifts to generate
a discrete subgroup of SL(2,R) known as a Hecke group. See Appendix A of [2] for further details
and examples of Langlands dual pairs of Lie groups.

As emphasized in [1], formulas relating coupling strengths in dual theories must be interpreted
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with care. Most simple Lie groups G have the same Lie algebra as their dual; i.e., g = g for most
simple G. In this case, it is natural to identify the two vector spaces g and g in writing down the
actions for the two theories; indeed inspection of the above action shows that its form depends only
on the data of the Lie algebra. In this way, one can compare couplings in the dual theories. On the

other hand, the dual pair of Lie groups
G = Spin(2k +1) <+— LG =Spk)/Z,

have non isomorphic Lie algebras: g # ©g. Therefore, a non canonical choice of normalization must
be made in order to compare couplings; as in [1], we adopt the convention that the formula above

for L

7 continues to hold, setting ny = 2.

It will be important for us to know how S-duality transforms the supersymmetries of NV = 4.
One can infer [1] from the transformations of the central charges of the supersymmetry algebra that
the left-handed supersymmetries are multiplied by a phase and the right-handed supersymmetries
are multiplied by the opposite phase, as follows:

_ . _ ) . ) ) T
Qai — €2Q 44, QY4 — eie/? Q" with e'* = %

2.4 Twisting

It is not the A/ = 4 theory that will be our main interest, but, rather, a family of topological field
theories obtained from N = 4 via a twisting procedure. Twisting (introduced by E. Witten in the
1980s in his work [45] on the Donaldson invariants of 4-manifolds) is a way of generating a topological
field theory starting with a given physical, supersymmetric field theory.

Our motivation for twisting is that, by exploiting metric-independence of correlators of the
twisted theory, we will be able to compute certain quantities in the twisted theories exactly and
with minimal work, the corresponding analysis of which, for untwisted N' = 4, would be far more
intricate. For instance, in Chapter 6, we will exploit metric-independence to compute the spectrum of
surface operators simply by compactifying to three dimensions and looking at boundary conditions.

A related motivation is to study duality of supersymmetric field theory on a more general 4-
manifold than flat R*. Generically, the fermionic symmetries of a supersymmetric theory do not
survive the transition from R* to a more general curved manifold (aside from the restrictive cases
where the geometry admits covariantly-preserved spinors). But, as we will see shortly, twisting
produces at least one fermionic charge @ of the theory transforming as a 0-form from chart to chart
and consequently will be preserved after taking spacetime to be a general 4-manifold. For instance,
in later chapters, we will study duality on spacetimes of the form X x C' (where ¥ and C' are Riemann

surfaces) as well as spacetimes of the form W x S! (where W is a 3-manifold and S? is a circle).
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To twist AV = 4, it is necessary to first Wick rotate to Euclidean signature. We will therefore
assume that M is a Riemannian 4-manifold and that actions S we write down are understood as

weighting factors of the form

in path integrals. The Wick rotated Euclidean group is Spin(4) ~ SU(2); x SU(2),, with respect
to which the @’s transform as (2,1) and the Q’s transform as (1, 2).

Twisting is a two-step trick. Starting with a physical !, supersymmetric field theory (in our case,
N = 4 super-YM), one first modifies the theory through a judicious redefinition of the spins of the
matter fields. Specifically, one embeds the Euclidean rotation group Spin(4) into the R-symmetry
group Spin(6)g via a homomorphism XN : Spin(4) — Spin(6)g, declaring the twisted rotation group
Spin’(4) to consist of simultaneous rotations under the old Spin(4) and its embedded image in
Spin(6)g; i.e.,
Spin'(4) = (1 x N)(Spin(4)) C Spin(4) x Spin(6)r .

Under the twisted rotation group, the R-symmetry index i on the Qi‘ decomposes as some
representation r of Spin(4) with respect to the embedding R(Spin(4)) C Spin(6)g; the Q’s therefore
transform as (2,1) ®r of Spin’(4). Similarly, the Q’s transform as (1,2) ®1 for some representation
1 of Spin(4). Crucially, the embedding X is chosen such that there is a singlet in either (2,1) ® r or
(1,2)®1, meaning that some fermionic symmetry @ transforms as a scalar under the twisted rotation
group. A scalar ) transforms trivially from chart to chart, and therefore such a @) will remain a
symmetry of the theory after taking spacetime to be a general curved manifold M. Having thus
redefined spins of fields, the twisted theory is rather pathological in that it violates spin-statistics
(in particular, it will no longer be unitary); this lack of unitarity does not pose a problem so long
as we are careful to restrict which questions we ask of the theory and what uses we put it to.

The second step of the twisting trick is to pick exactly one of the singlets @ (necessarily nilpotent
up to equations of motion) and to reinterpret the theory by restricting attention to states and
operators annihilated by ), modulo Q-exact states and operators. This is exactly by analogy with
the BRST charge of gauge theories, for which reason we call our @) the BRST charge of the twisted
theory. We will denote by dg the symmetry variation of the fields corresponding to charge @) and
formally declare it to have odd statistics.

The twisted action takes the form

S:(SQ/ V+Stop
M

1We take ‘physical’ to mean: satisfying the usual properties of relativistic quantum field theory on R*. Among
these: unitarity; Euclidean-invariance; a positive definite action with conventional kinetic terms; free of anomalies.
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where V is called the gauge fermion and S is a term depending only on connected component of
the space of fields of the theory, e.g., the instanton term (2.2). We shall encounter this form of action
over and over in this thesis. It guarantees that the energy-momentum tensor is @-exact, which, in
turn, guarantees that correlators of BRST-invariant functions of the fields are metric-independent.

Indeed, consider a correlator of the form
<0Op...0, >= /[ch] O,...0, e 51

where @ are the fields of the theory, and each of the operators O; is annihilated by dg (we call
such operators observables of the theory). Computing the variation with respect to an arbitrary

deformation dg*¥ of the metric on M, we find

)
dghv

/[ch] Or...0, e 51 = /[Dcp] O0y...0, T, ¢ 5%
_ /[DfI)] O1...0, 6oV, ¢S

— _/[D(b] 5@{01 - Op Vi eis[q)]}

=0

where we have used the definition T}, = §5/dg"” of the energy-momentum tensor, BRST-invariance
of the action, and have assumed metric-independence of the observables and the path integral mea-
sure. A theory of this type — with metric-independence of correlators after taking Q-cohomology
— is called a cohomological topological field theory. 2

It should be emphasized that, on flat R*, twisting amounts to simply reshuffling the labels on
fields and therefore the twisted theory just describes a subsector of the original, physical theory.

2.4.1 Twists of N =4

So what are the possible ways of twisting N' = 4 into a TFT? This is the set of possible homomor-
phisms XN : Spin(4) — Spin(6)r, up to equivalence, which in turn can be characterized by how the
4 of Spin(6)r splits under the Spin(4) ~ SU(2); x SU(2), embedding. The answer first given in
[13] is that there are three possible twisted theories:

e Donaldson- Witten (DW) twist. The choice of ® under which 4 — (2,1)® (1,1) ® (1,1) yields
a twisted theory with a single scalar supercharge. It corresponds to treating AV = 4 as an
N = 2 with matter, and twisting with the Donaldson-Witten twist [45] of " = 2. We will not
study the Donaldson-Witten twisted theory in this thesis.

2Technically, correlators can still depend on the smooth structure of the metric; they are merely invariant under
smooth deformations.



16

o Vafa-Witten (VW) twist. The embedding under which 4 — (2,1) ® (2,1) yields a twisted
theory with two supercharges. All linear combinations of these two are essentially equivalent
choices for the BRST charge Q. This twisted theory was put to use in [3] in testing strong-
coupling predictions of S-duality.

e geometric Langlands (GL) twist. The embedding under which 4 — (2,1) ® (1,2) yields a
twisted theory with two scalar supercharges @; and @Q.; in contrast with the Vafa-Witten
theory, different linear combinations of the two scalar supercharges are not equivalent. Hence,
the GL-twist actually corresponds to a family of TFTs labeled by a parameter t. This twisted
theory was shown in [1] to provide a natural setting for studying the geometric Langlands

program from a gauge theory perspective, for which reason, we call it the GL twist.

In the subsequent chapters, we will study properties of the VW- and GL-twisted theories (at certain
values of the twisting parameter ¢). We put off writing the explicit action and variations of the
Vafa-Witten twisted theory until Chapter 3, where it will be shown to lie naturally within a wider

family of 4d TFTs. Let us now discuss the GL-twisted theory in greater detail.

2.5 GL-twisted theory

2.5.1 t parameter

First, consider the choice of BRST charge. As we have discussed above, there are two (mutually
anticommuting) scalar supercharges @; and @, corresponding to variations ¢; and §,., and therefore

d¢ can be any nonzero linear combination
0o =ud+vo,,

for two parameters u,v € C. Rescaling dg by an overall complex constant does not change the
properties of the theory, so (u,v) are to be regarded as homogenous coordinates for a CP! of

inequivalent choices. Alternatively, we parameterize the family of inequivalent choices by
t=v/u, t € CU{oo}

The GL-twisted theory at ¢ is trivially related to the theory at —t¢ by an action of the center of the
R-symmetry group SU(4) g [1] of the GL-twisted action; however, modulo t — —t, all other choices
of t are TFTs with distinct properties.?> We have said above that the left-handed supercharges are

3 As discussed in [1], when the 4-manifold M admits an orientation reversal symmetry, then the theory possesses a
symmetry reversing the sign of the instanton number; this results in an additional symmetry between the theory at ¢
and the theory at 1/t.
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multiplied by a phase under S-duality while the right-handed supercharges are multiplied by the

opposite phase; from this, we can infer the action of S-duality on the t parameter to be

T
t— —t

7l

For 6 = 0, one can imagine the action of S-duality as a 7/2 rotation of the Riemann sphere in which

t takes values:

t = o0

Figure 2.1: The twisting parameter ¢ takes values in C U {o0}

We are particularly interested in GL-twisted theory at the three values: t =i, t =1, and t = 0;
in speaking of these three theories, we shall understand ‘¢ = i’ as shorthand for ‘the GL-twisted TFT
with twisting parameter ¢t = ¢’. The t =7 and ¢t = 1 theories are exchanged by duality, and in [1] the
duality between these two TFTs was shown to provide a natural setting for studying the geometric
Langlands program. The t = 0 theory, on the other hand, is self-dual, and in [35] has been shown to
provide a natural setting for studying quantum geometric Langlands (a generalization of geometric

Langlands involving a quantum parameter).

2.5.2 Field content, action, and variations of GL-twisted theory

We now examine in detail the field content, BRST-variations, and action of the GL-twisted theory
for the various values of the twisting parameter ¢t € C U {o0}.

Let P be a principal G-bundle over 4-manifold M. After modifying the spins of the N = 4 fields
according to the GL twist, the bosonic fields consist of a gauge field A (a connection on P), as well

as the following forms taking values in the bundle ad P:

o€ Q(M,ad P)®C
¢ € QY (M, ad P)

where ¢ is a complex 0-form consisting of two real sections of ad P. The fermionic fields consist of
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the ad P-valued forms

0,7 € Q°(M,ad P)
¥, € QY (M, ad P)
X € Q*(M, ad P)

Twisting the A/ = 4 variations, one obtains the following transformations of the fields under the

BRST variation dg:

SgA =i(y + ti),

Sg¢ = i(ty — ),

dgo =0,

6o = i(n+t1),

do¥ = dao +t[p, 0]
S = tdao — [¢, 0],
dqn = tdy¢ + [0, 0],
S = —dy¢ +t[5, 0],

1+t 1 1—t 1
where * is the 4d Hodge star operator with respect to the metric on M, we have defined & = —of

(recall that, according our conventions, g elements are anti-Hermitian), and d¥ is the differential

operator

dfy = *da * .

The BRST-variation ¢, so defined, squares to zero only modulo the equations of motion (minimizing
the twisted action) and, also, modulo a gauge transformation.
For t # +i, the action can be written as a BRST-exact term plus a term depending only on the

topology of the bundle P:

LG

where ,
and we will record the explicit form of V for ¢ = 0 and ¢t = 1 in equations (5.6) and (5.7). The
properties of the GL-twisted theory depend on the twisting parameter ¢, the coupling e? and the

theta angle € only through the combination ¥, which in [1] has been called the canonical parameter.
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For t = =i, the action can instead be written [40] as a sum of a BRST-exact term and a
topological term depending on the fermionic fields. In order to write down the action and variations
for t = &4, it is natural to form the complexified connections A = A +i¢p and A = A — i¢ as well
as the covariant derivatives d4, d ;4 and curvatures F, F with respect to these connections. For

instance, the combination A is BRST-invariant:
5@./4 =0 at t=1

which fact will allows one to write down BRST-invariant line operators [1]. This is a first hint of a
link with the flat G'¢ connections on Riemann surfaces that play a role in geometric Langlands. For

vanishing theta angle, the action for GL-twisted theory at ¢t = ¢ reads

S:(SQ/ V+Stop
M

where )
V = “5a2 do Tr{(x"' —ix") /\*.)f—l—dA&/\ *(Y — i)

+ 5= i) Ax(ilo.0] - dio) | (2.4)

Siop = /M T (¢F = ix ) A (da( = i) = [ —ix ™, 0]) |

and xT,x~ refer to the self-dual and anti-self-dual parts of the 2-form x. The term S,, is BRST-
inexact, but nonetheless BRST-invariant. It is an integral of a 4-form containing no dependence on
the metric and, hence, it is topological.

The actions above for the GL-twisted theory for ¢t # +i and ¢ = i possess a U(1) symmetry
which is a remnant of the original Spin(6)r symmetry of NV = 4 after twisting. Under this U(1),
the BRST variation dg carries one unit of charge, for which reason we call it the ghost number
symmetry (harkening again to the analogy between our dg and the BRST variation of a physical
gauge theory). The fields A and ¢ have ghost number 0, the fields ¥ and 1; have ghost number 1,
the fields 7,7, and x have ghost number —1, and the field o has ghost number 2.



20

Chapter 3

Vafa-Witten theory as a gauged 4d
A-model

We have asserted in the preceding chapter that A’ = 4 SYM in four dimensions can be twisted into a
TFT in three inequivalent ways and we ended by describing one of these, the GL-twisted theory. In
this chapter, we describe another of these twists — the Vafa-Witten twisted theory — from a novel
point of view. Inspired by the construction of a gauged A-model TFT in three dimensions [6], we
perform a similar construction of a gauged A-model TFT in four dimensions; this can be thought of
as a family of 4d topological gauge theories (one for each choice of a target space X). We will then
locate the Vafa-Witten theory as one particular member of this family (for the choice X = g, the

Lie algebra of the gauge group).

Gauged topological sigma models

The original example of a cohomological TFT was Witten’s twisted version [45] of N' =2 SYM in
4d (which below we will call the Donaldson- Witten theory, not to be confused with the Donaldson-
Witten twist of N/ = 4, mentioned briefly in the preceding chapter). This is an example of a
topological gauge theory, since the field content includes a gauge field transforming as a connection
on a principal G-bundle P, as well as matter fields transforming as sections of associated vector
bundles. Soon after Donaldson-Witten, there appeared [10] another class of cohomological field
theories, the two-dimensional A- and B-models. These are examples of topological sigma models,
with a bosonic field ® corresponding to a map from M into some target space X, as well as matter
fields transforming as sections of the pullback bundle ®*T'X.

In recent years, several authors have studied a class of hybrid TFTs bridging the gap between
these two lines of development in the sense that they incorporate both sigma model fields and a
gauge field. These gauged topological sigma models are constructed by taking the target space to be
a manifold X admitting an action of a Lie group G, which action is assumed to be a global symmetry

of the sigma model theory. One then promotes the G-action to a local symmetry by coupling the
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sigma model fields to a gauge field transforming as a connection on a principal G-bundle. Finally,
one includes in the action a copy of a topological gauge theory governing the dynamics of the gauge
field.

For instance, in [38] a gauged version of the 3d topological Rozansky-Witten sigma model was
constructed, with Chern-Simons gauge sector. In [4] and [15], alternative gaugings of the Rozansky-
Witten model were constructed with B-type and BF gauge sectors, respectively. In [6], a three-
dimensional analog of the A-model was constructed and then gauged by coupling it to an A-type
gauge theory.

We construct a new gauged topological sigma model in four dimensions. The matter fields are
sections of associated fiber bundles, with typical fiber a curved manifold X. The mathematics of
associated fiber bundles is perhaps less familiar than that of associated vector bundles (in particular,
the connection between topological terms in the action and equivariant cohomology classes on the
curved fiber), so we review this mathematics in appendix C.

In Section 3.1 we begin with a review of the 4d A-model, a four-dimensional topological sigma
model with target X, an arbitrary real manifold. Then, in Section 3.2, we gauge the 4d A-model by
coupling it to a Donaldson-Witten gauge theory with gauge group G. Finally, we show in Section
3.3 that the Vafa-Witten twisted theory can be thought of as a gauged 4d A-model with a particular
choice of target and G-action. This locates Vafa-Witten theory as one particular point in a moduli

space of topological gauge theories.

3.1 4d A-model

Let X be a real manifold equipped with a Riemannian metric g. Let M be a four-dimensional
manifold equipped with Riemannian metric . We construct a topological sigma model with base
manifold M and target space X; i.e., a topological field theory living on M whose fields consist
of a map ® : M — X, together with various forms on M taking values in the pullback bundle
®*TX. Following the terminology of [6], we refer to the theory as a 4d A-model with target X.
The designation ‘A-model’ is due to certain structural similarities with the familiar 2d A-model
(reviewed in Section 7.1). In the first place, it is a cohomological topological sigma model. Also,
like the 2d A-model (but unlike the 2d B-model), the 4d A-model localizes on a set of elliptic partial
differential equations. Lastly, the 4d A-model reduces to the 2d A-model with target T*X upon
reduction on the cylinder S' x I, where S! is a circle and I is an interval with certain prescribed
boundary conditions imposed at either end.

Before launching into a detailed description of the 4d A-model, let us elaborate a bit on our
discussion of cohomological TFTs in the preceding chapter. We have said that the action of a

cohomological TFT is invariant under the fermionic symmetry dg (the BRST wvariation), which



22

squares to zero modulo equations of motion. In all the models we shall discuss, we choose to include
auxiliary fields in order to make c% = 0 hold even without using the equations of motion. Moreover,
the action possesses a U(1) ghost number symmetry, with respect to which dg acts by adding one
unit of charge to all fields.

Generically, a QFT correlator is computed as an integral over an infinite-dimensional field config-
uration space C. TFTs, on the other hand, have the special feature that integrals over C localize on
a finite-dimensional subspace M € C, namely, the fixed point locus of the fermionic symmetry d¢;
setting the right-hand side of the BRST variations dg to zero for all fields yields a set of localization
equations. (For topological gauge theories, the space M will be given by further quotienting the
localization submanifold by an infinite-dimensional group of gauge transformations.) Hence, the

study of TFT correlators reduces to the study of various integrals over the moduli space M.

3.1.1 Field content, action, and variations

The bosonic fields of the 4d A-model [6] consist of a map
¢:M—-X
as well as the fields

B e Q*T (M, d*TX)

H e Q' (M, ®*TX)

where the notation B € Q*T (M, ®*TX) indicates that B is a self-dual 2-form on M taking values

in the pullback vector bundle ®*T°X. The fermions consist of

€ Q' (M, d*TX)

X € QYM,d*TX)

¥ € (M, ®*TX)
The fields ®, B, and H have ghost number 0, while { and zz have ghost number 1, and Y has ghost
number -1. We describe configurations of ® via local functions ¢! (x), where ¢! are local coordinates

on X for I = 1,...,dimX and z* are local coordinates on M for 4 = 1,...,dim M. Likewise,

configurations of tangent-valued fields are written in components as

¢=("or
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where 07 = 9/0¢! and ¢! = (I(x).

The BRST-variations are given by

5o = ¢!

so¢t =0

5gB" =" — T ¢’ BX

U’ = %RIJKL BI¢K¢E — 1l ¢k (3.1)
dox' = H' =T} ¢x"

~ 1 . ~
dH" = SR yrcp X7 ¢ CE =Tl HE

where I‘ﬂK are the Christoffel symbols and R’ ;i are the Riemann tensor components of the
Levi-Civita connection with respect to the metric g;; (regarded as functions of the field ®). The
nilpotence condition (% = 0 acting on all fields follows from using the definition of the Riemann
tensor and Bianchi identity.

The action S for the 4d A-model is chosen to have the BRST-exact form
S = ;125Q /M d*zVh 91X}, (ff‘]” —20M¢7 — 2DVBJ”“>
where
DVBJl/,u — aVBJuu + 'VZpBJpM + F{(La,,qﬁKBL””

refers to the connection on A?TM ® ®*TX induced from Levi-Civita with respect to h,, (with
coefficients //,) and the pullback of Levi-Civita with respect to g;;. We have introduced a parameter
1/e? multiplying the overall action. Since it is buried inside a BRST-exact term, changing the value
of e modifies the action by a BRST-exact amount, and correlators are therefore independent of the
particular value of e. Acting with d¢g, one finds that a kinetic term for HT is absent (i.e., H' is an
auxiliary field) and the kinetic terms for the other bosonic fields take conventional forms.

The localization equations for this theory are given by setting the right-hand side of the d¢

variations above to zero, which is the equation
8;1,¢I + DVBIV“ — 0

with fermions set to zero. This can be thought of as 4d analogue of the holomorphic instanton
equation of the 2d A-model (see Section 7.1). For each value of I, this nonlinear PDE represents four

equations in four variables since self-duality implies that B'** has three independent components
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for each I while ¢! has one component for each I. The principal symbol of the equation depends
only on the form of highest-order terms, which form is left invariant by coordinate changes on M.
Choosing normal coordinates of a point in M and further using invariance of the equations under

target space coordinate changes, ellipticity of the differential equations follows.

3.1.2 Local observables

Let us briefly discuss the spectrum of local observables of the 4d A-model, i.e., BRST-closed local
operators modulo BRST-exact local operators. In order to write down a 0-form functional of the
fields, one could optionally use the metric f,,,, to contract indices of the 1- and 2-form fields. However,
the resulting observables would automatically be BRST-exact. Hence, in each BRST-cohomology
class of local observables, one can choose a representative that is a (BRST-closed) functional O of
the 0-form fields ¢! and ¢’.

Given such a functional O of definite ghost number k, there is an obvious way to write down a

corresponding differential k-form Wy on X, namely,

1

0= fin@) ¢ " e Wo=g

- E-f]l[k(¢) d¢11 ARERNAN d¢1k .

From the BRST variations (3.1), one sees that the BRST variation of fields corresponds to exterior

differentiation of forms on X in the sense that
Wsoo = dWeo .
Hence, BRST-cohomology classes of local observables correspond to the de Rham cohomology classes

Hd.e Rham(X) .

3.2 Gauged 4d A-model

As indicated in the chapter introduction, we wish to gauge the 4d A-model with target X by choosing
an action of a Lie group G on X and coupling it to a 4d topological gauge theory.

In general the gauging procedure is not unique. Our choice of gauging is guided by our desire
to make contact with the Vafa-Witten theory; i.e., we wish to describe Vafa-Witten theory as a
member of a class of gauged 4d A-models. To this end, we choose to couple the 4d A-model to a

Donaldson-Witten topological gauge theory with gauge group G and, when writing down an action
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for the theory, we include certain ‘nonminimal’ BRST-exact terms.

3.2.1 Donaldson-Witten topological gauge theory

We recall the field content, variations and action of Donaldson-Witten topological gauge theory [45]
with gauge group G, which is the sole twist of N'=2 SYM in 4d.
The bosonic fields consist of the gauge field A as well as the following forms taking values in

ad P:

o€ Q(M,ad P)®C

H € Q**(M,ad P)

where 2+’ indicates that H is a self-dual 2-form with respect to the metric h on M and the complex

0-form o consists of a pair of real 0-forms. The fermionic fields consist of

n € Q°(M,ad P)
Y € QY (M, ad P)

x € Q*F(M, ad P)

The fields A and H have ghost number 0, o has ghost number 2, ¥ has ghost number 1, and both

1 and x have ghost number -1. The BRST variations are given by

5QA = 1/1, 5Q¢) = 7dAO',

5@0 = O,
(3.2)
doo =1, dgn=|0,d]
(;QX = H, 5QH = [U, X]
where & = —o'. Unlike the variations of the 4d A-model, these variations are not nilpotent; rather,
c% = §, acting on all fields. ! The BRST-exact action is given by
1 w
S::;5&9/;d¥r¢51}{XNVUW“%—2F+‘)«+2&L@¢“} (3.3)

where Ft is the self-dual part of F. In addition, we include a term in the action measuring the

topology of the bundle P:
“Z | TeFAF
47 M

ISince o is complex, d, is really an infinitesimal G¢ transformation, where G¢ is the complexified Lie group. The
action will be invariant with respect to G¢ transformations.



26

where recall that the coupling 7 is defined in terms of an angular parameter 6 and the coupling e as

follows:
0 4

T=— 4 — .
2 e?

3.2.2 Matter sector

Choose an action of Lie group G on the manifold X:
[:GxX—=X.

For a fixed € X, we have a mapping [(—, z) : G — X sending the identity element of G to . The
differential of this mapping at the identity is an endomorphism g — 7, X or, equivalently, defines

an element V € T, X ® g*. We write this element as

0 ~
I a
V = [/aijT

where T is the basis for g* dual to the basis T, for g. The vector fields V, have Lie brackets
Vo Vo] = = fauVe -

For a fixed g € G, we have a mapping I, = l(g,—) : X — X, which can be thought to act on the
sigma model map by composition (i.e., & — & =1, o ®). The differential of this mapping at x is

an endomorphism dly : T, X — Tj,(,)X, which can be thought to act on a ®*TX-valued field ¢ as

_ 8¢'1
= 8¢J

CII CJ .

The infinitesimal form of these transformations on the fields is

5€¢I _ eaVaI
st =e¢lo,vI (3.4)

where € € g is the parameter of the G-action. The other sigma model fields take values in ®*T°X
and therefore obey the same transformation law as that for ¢ above.

We take [ to act on X by isometries, so that the variation d. above is a global symmetry of the
4d A-model action, for a fixed parameter € € g. In order to promote this to a local symmetry (with
e(x) varying over M), we make the derivatives appearing in the 4d A-model action gauge-covariant
with respect to (3.4) as follows. We replace the field ® : M — X by a field ® : M — E, which is

no longer merely a map into M, but, rather, a section of the associated fiber bundle P xg X with
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typical fiber X associated to P via the action [. Here E is the total space. See appendix C for a
detailed account of associated fiber bundles.

Likewise, we replace the field ¢, taking values in the pullback ®*TX, by a field ¢, taking values
in the pullback ®*V E, where, as defined in appendix C, the vertical bundle V E consists of tangent
vectors to E pointing along the fibers. Similar replacements are made for the remaining sigma model
fields.

Triviality of the underlying principal bundle P over the neighborhood U(® ¢ M induces a map
z(@ : B & X where BE(® = WEI(U(“)). The locally defined field ®(® = z(®) o ® is a map

IORN G
while the locally defined field ((®) = dz(®) o ¢ is a section
¢ e U™, @ TX)

and similarly for the other fields. Using local coordinates on the target, we can further trivialize the
bundles in which the fields take values: if V(?) ¢ X is a coordinate chart with coordinates ¢,

then on U@ = U@ n [Q(a)] ! (V(V)) we write the field ¢(*) in terms of its components

0

(@)
¢ BT

— C(av'Y)I

As described in Appendix C, the connection A provides a notion of vertical projection AY, : TE —

V E, which in turn allows us to define a covariant derivative acting on sections of F as follows:
da® = A} 0d® € Q1(2, ®*(VE)) .
Locally, the covariant derivative is represented by the tangent-valued 1-forms
da®® = dz(® o dy® € QN U@, (7 TX)
or, even more locally, by the ordinary 1-forms
D¢fa,y) = (dA<I>(a)) *dp ¢ Ql(U(%’Y))

The covariant derivative of sections of ®*V E is similarly defined. The local 1-forms are given
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explicitly by

Do = d¢' + AV

D¢' = d¢! + T Do? K + A0, V] (3.5)

where we go back to suppressing neighborhood labels («, ) with the understanding that the quanti-
ties ¢! and ¢! are only defined locally on M. Gauge-covariant derivatives of the other matter fields
are similarly defined.

We must contend with one more potential obstruction to gauging. As written in the previous
section, the variations of the 4d A-model satisfy (% = 0; however, if we are to successfully couple
this theory to a copy of Donaldson-Witten theory, we must alter the variations in order that they
satisfy 522 = ., an infinitesimal gauge transformation with parameter o. This can be easily achieved
by adding appropriate V'-dependent terms to the right-hand side of the variations for the fields ¢,
1;, and H. Having added these terms, the BRST variations for the matter sector of the gauged 4d

A-model are given by

So¢’ = ¢!

da¢! = oV

5B = ¢! — T ¢ BX

S’ = %R’JKL BI¢K¢E — 1) (7K + 0° BV, V] (3.6)
0oX" = H' ~ T ¢’3"

~ 1 _ ~ _
) f{l RI XJCK CL FI CJ F{K aXJV ‘fal
where

v, vl =o,vI + 1L . vE

The action S for the gauged 4d A-model is taken to be the following sum of terms:

S:/ d4I\/ﬁ(£1+£2+£3+£4+£5>*£/ Tr FANF
M 4T Sy
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where

1 v v — 7
Ly = gaQTr{XW (H" — 2F ") 4 26 D, }
1 ~I( 17J J Jv
Ly — gaQ{gUXM (H n_oprgl — 9D, B #)}
1 1
£ = —b{ — g1 (VI B/ + S (Vv B BEY) } (3.7)
1 —a 1 - v
L4 = ng{g[JU (QVCLICJ + §(VKVQI)¢ZVBKH )}

L5 = e%(SQTr{n[U, cﬂ} .

We have obtained this action by, first of all, including the action S; for Donaldson-Witten topological
gauge theory (including a theta term) as well as the gauge-covariantized action So for the matter
sector. Since our goal is to achieve contact with Vafa-Witten theory, we have chosen to include the
additional ‘nonminimal’ terms Ss, Sy, and S5, which reduce to terms appearing in the Vafa-Witten
action for a certain choice of target and G-action (as we shall demonstrate in the next section). In
particular, the final term S5 is a BRST-exact potential term, which does not affect the equations of
motion of the auxiliary fields or aid in localization; it is included in the Vafa-Witten action strictly

to make it formally equivalent to the twist of the N'=4 SYM action.

The localization equations of the gauged 4d A-model are given by

1

1
Qg”mbvbe;{y + —gr (Ve V)B; "B, =0

“+a
F.+ 1

D¢ + D, B =0

in addition to the following equations involving the complex 0-form o:

D,o=0
[0,6] =0
aaVaI =0

3.2.3 Local observables

Local observables of the gauged 4d A-model are gauge- and BRST-invariant functionals of the 0-form
fields ¢!, ¢!, and o. (Inspection of the variations reveals that BRST cohomology class contains a
representative free of the 0-form fields & and 7.)

Given such a functional O, one can write down a corresponding equivariant form in S(g*) ®

0 *(X), where S(g*) ~ Clg] is the symmetric algebra on g*, or equivalently, the algebra of polyno-
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mials on g. (See Section C.2 for more on equivariant forms.) For instance, we map

1

i1, (®) Plo) ¢t ¢ «—  Wo=P(o)® %fh‘..fk(@) ¢t - A dgT

where P(c) is a homogenous polynomial in the o®. If the degree of P is j, then the ghost number of
O is k + 2j. Gauge invariance restricts Wo to lie in the G-invariant subalgebra (S(g*) @ Q *(X ))G

The BRST variation of the gauged 4d A-model can be verified to correspond to acting with the
equivariant Cartan differential

dc=1Qd+c*® 1,

where ¢, denotes contraction of forms on X with the vector field V, = Vala%f. Hence, BRST-

cohomology of local observables corresponds to the cohomology of the Z-graded complex
* ° G
((s(g") @ 2*(x))%, dc)

which, by a theorem of Cartan [16], is precisely the equivariant cohomology H3(X). The Z-grading
is achieved by assigning cohomological degree two to ¢%, which is consistent with our ghost number

assignments.

3.3 Vafa-Witten theory as a gauged 4d A-model

We show that for a particular choice of target space and G-action, the gauged 4d A-model of the
previous section is equivalent to the Vafa-Witten theory with gauge group G on the four-manifold
M. Let X be the vector space g and take the action [ to be the Ad action of G on its Lie algebra. The
basis T, provides us with a global set of coordinates ¢* for g, which, in turn, collapses the distinction
between tangent indices I,.J,... and Lie algebra indices a,b,.... The Riemannian metric on g is

taken to be

9ab = —Kab

(recall that x is negative-definite). Since X is a flat vector space, the Christoffel symbols Ty,
vanish identically, thus simplifying the expressions for the variations and covariant derivatives of the
previous section. For a fixed ¢ = ¢°T, € g, the differential di(—, ¢) is the ad representation of g on
itself. The corresponding element V € Tg ® g* ~ g ® g* has the components

b
VaC: cab¢ .
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In matrix language, the infinitesimal gauge transformations (3.4) reduce to the usual form

6e¢ = [67 ¢]
66< = [evd

for ad P-valued fields.
The gauge sector variations (3.2), together with the matter sector variations (3.6) reduce to

following form:
doA =1, oy =—dao,
dgo =0,
0o =1,  dqn = lo,a],
dox =H, 0oH = [o,X], (3.8)
6P =¢, ¢ =09l
0B=1v, =0 B]
SoX =H, 6oH =[0,x] .
Indeed, these are the same field content and variations as those of the off-shell formulation of Vafa-

Witten topological gauge theory studied in [3] and [9]. Moreover the action (3.7) reduces to the

following form:

S = /d4$\/>(£1+£2+£3+£4+£5)—47/ TrFAF
M

where 1
L1 = 50 Tr{x (H"™ — 2FT) 4 26 Dﬂwu}

Ly = 5QT&{XH (H“ —2D"¢—2D B”“)}
£y = 00T — xu (B 6] + 515" 5.1 } (39)
Ly = 5QTT{ ( Yuw, B+ 2[C, ¢])}

£5 = (SQTI‘{U }
which is equivalent (when M = R%) to the action of the Vafa-Witten twist of N' = 4 SYM theory
[9]-

The localization equations of the gauged 4d A-model reduce to the form

1 1
F+ 5B v —|B TaB'rV =
D*¢ + D,B"" =0
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in addition to the equations

D,oc=0
[o,6] =[o,¢] =0 (3.11)
l0,B,,] =0.

These are exactly equal to the equations (2.55) and (2.56) in [3], which define the Vafa-Witten moduli
problem. (To make contact with the notation in [3], note that Vafa and Witten take g-valued fields
to be Hermitian rather than anti-Hermitian and leave a factor of ‘%’ implicit in their commutators.)
In [3] it is shown that the action possesses a symmetry under ¢ — —¢, in consequence of which

every solution of the above set of equations additionally obeys

D;t¢ = [(ba Buu] =0.
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Chapter 4

Topological field theory, categories,
and 2-categories

So far, we have been discussing a few specific examples of cohomological 4d TFTs. Their spectra of
observables turn out to be endowed with rich algebraic structures, and duality relationships between
different TFTs imply nontrivial equivalences between these algebraic structures. In this chapter, we
set the stage for analyzing these structures by reviewing features shared by all 4d TFTs.

Indeed, when one places a 4d TFT on a manifold M with nontrivial boundary OM, one must
impose boundary conditions on the fields along M. The set of all such boundary conditions turns
out to be endowed with a very rich algebraic structure known as a 3-category, as we explain below.
One can also consider defects of higher codimension; for instance, codimension two surface operators.
These too are endowed with an algebraic structure, known as a 2-category, and a natural way to
study this 2-category is to compactify the 4d TFT to an effective 3d TF'T on a circle. Similarly, one
can study codimension three line operators by compactifying the 4d TFT to two dimensions on a
2-sphere.

Hence, in order to disentangle the information encoded in a 4d TFT, one is naturally led to study-
ing lower-dimensional TFTs. In this chapter, we systematically review the categorical structures

attached to TFTs in dimensions two, three, and four.

4.1 Two-dimensional TFT and categories of branes

For us, a category is a generalization of an algebra, ‘an algebra with many objects’. That is, instead
of one vector space V' with a multiplication map V ® V—V we have a set Ob, a collection of
vector spaces Vag, A,B € Ob, and composition maps Vag ® Vec—Vac. These composition maps
must be associative, in an obvious sense. In particular, for each A the space Vaa is a (possibly
noncommutative) algebra. We will assume in addition that all these algebras have unit elements.

The set Ob is called the set of objects, and the vector spaces Vag are called spaces of morphisms.



34

An element of Vaa is called an endomorphism of A, and Vaa is called the endomorphism algebra
of A. Tt is common to denote Vag = Mor(A,B) and Van = Mor(A,A) = End(A). In physical
applications the vector spaces are always complex and usually have integral grading (by some sort
of U(1) charge).

It is well known by now that the set of boundary conditions in a 2d TFT has the structure of
a category. The set Ob of this category is the set of boundary conditions, and the vector space
Vag is the space of states of the TFT on an (oriented) interval with boundary conditions A and B.
Composition of morphisms arises from the fact that the space Vag can be interpreted as the space
of local operators sitting at the junction of two segments of the boundary with boundary conditions

A and B (figure 4.1), and from the fact that local operators can be fused together (figure 4.2).

A \
\

\

\

|

¢ Oag € Vag

]

!

/

B y

Figure 4.1: Morphisms in the category of boundary conditions correspond to local operators sitting
at the junction of two segments of the boundary.

\\ \\
N N
A \ \
\ \
\ A \
[ OAB \ \
\ \
|
B  —> 9 Oag-Opc
1 1
1 1
¢ Ogc ' /
/
/ C /
C // //
7 7

Figure 4.2: Composition of morphisms is achieved by merging the insertion points of the local
operators. We use - to denote this operation

In the mathematical literature it is common to denote objects by marked points and elements of
vector spaces Vag by arrows connecting the points. From the physical viewpoint it is more natural
to denote objects by marked segments of an oriented line, and morphisms by points sitting at the

junction of two consecutive segments.



35

Let us recall two simple examples of 2d TFTs which will be important for us. The first one is
a B-model with a target X, where X is a complex manifold with a holomorphic volume form (i.e.,
a possibly noncompact Calabi-Yau manifold). The corresponding category of boundary conditions
has been argued to be equivalent to the bounded derived category of coherent sheaves on X, which
is denoted D®(Coh(X)). Its objects can be thought of as complexes of holomorphic vector bundles
on X or complex submanifolds of X. The second one is an A-model with target Y, where Y is a
symplectic manifold. The corresponding category of boundary conditions is believed to be equivalent
to a version of the Fukaya-Floer category. Its simplest objects are Lagrangian submanifolds of Y
equipped with unitary vector bundles with flat connections. In the 2d context one usually refers to
boundary conditions as branes and talks about A-branes and B-branes.

A and B-models do not exhaust the possibilities even in two dimensions. In Chapter 7 we will

encounter other, less familiar, 2d TFTs and their categories of branes.

4.2 Two-dimensional TFTs and 2-categories

A boundary of a 2d TFT can be regarded as a boundary between a nontrivial TFT and a trivial TFT.
More generally, one can consider boundaries between arbitrary pairs of 2d TFTs. Such boundaries
may be called defect lines, or walls. The set of all walls between a fixed pair of TFTs has the structure
of a category. To see this, let X and Y denote our chosen pair of TFTs, and let X denote the theory
X with a reversed parity. By folding back the worldsheet at the wall location (see figure 4.3), we see
that a wall between X and Y is the same as a boundary of the theory X x Y. Thus we may appeal

Figure 4.3: A wall separating theories X and Y is equivalent to a boundary of theory X x Y.

to the previous discussion and conclude that walls are objects of a category Vxy. Given any two
walls A;B € Ob(Vxy), the space of morphisms from A to B is the space of local operators which
can be inserted at the junction of A and B. Composition of morphisms is obtained by fusing local

operators sitting on a defect line.
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There is an obvious ‘fusion’ operation on the set of walls: given a wall between theories X and
Y and a wall between theories Y and Z we may fuse them and get a wall between theories X and Z
(figure 4.4). One can describe the situation mathematically by saying that the set of 2d TFTs has
the structure of a 2-category. A 2-category has objects, morphisms, and 2-morphisms (morphisms
between morphisms). In the present case, objects are 2d TFTs. The set of morphisms from an
object X to an object Y is the set of walls between theories X and Y. Fusion of walls gives rise to
a way of composing morphisms. Given any two walls between the same pair of TFTs, the space of
2-morphisms between them is the space of local operators which can be inserted at the junction of
these two walls.

One can put this slightly differently and say that a 2-category has a collection of objects (which
are 2d TFTs in our case), and for any pair of objects X and Y one has a category of morphisms Vxy
(which is the category of walls in our case). Fusion of walls means that there is a way to ‘compose’
categories of morphisms. That is, given an object A of the category Vxy and an object B of the
category Vyy there is a rule which determines an object A ® B of the category Vxz. This is not all

- ~ - ~
- ~ - ~

// A B \\ /// A®B N

Figure 4.4: 1-morphisms of the 2-category of 2d TFTs correspond to walls, and composition of
1-morphisms corresponds to fusing walls. This operation is denoted ®.

though: one can fuse not only walls, but walls with local operators inserted on them (figure 4.4).
This determines composition maps on 2-morphisms. This new composition is different from the
composition of local operators regarded as morphisms in the category Vxy. The composition maps
enjoy various properties which can be deduced by staring at the pictures of fusing walls and making
use of the metric independence. For example, the old and new compositions commute, as illustrated
in figure 4.5.

Even if one is interested in a particular TFT, the notion of a 2-category is useful. Namely, defect
lines in a 2d TFT form a 2-category with a single object. In this case there is only one category of
morphisms, Vxx, with additional structure coming from the fact that fusing two defect lines gives

another defect line in the same theory. This structure allows one to define a rule for ‘tensoring’
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Figure 4.5: Composition of 2-morphisms of the 2-category of 2d TFTs is achieved by fusing the
walls on which they are inserted. The corresponding operation is denoted ®.

Figure 4.6: Local operators inserted on walls may be regarded either as 2-morphisms of the category
of 2d TFTs, in which case composition corresponds to fusing ‘horizontally’, or they may be regarded
as morphisms of the category of boundary conditions, in which case composition corresponds to
fusing ‘vertically’. These two operations commute.
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objects of Vxx:
(A,B) — A®B € Ob(Vxx)

and morphisms

Mor(A, B) ® Mor(C,D)—Mor(A ® C,B® D)

This tensoring does not need to be commutative, in general. A category with such additional ‘tensor’
structure is called a monoidal category. It should be clear from the above that a monoidal category
is the same thing as a 2-category with a single object.

Among all defect lines in a given 2d TFT there is a trivial defect line 1 which is equivalent to no
defect at all. We may call it the invisible defect line. It is the identity object in the monoidal category
of defect lines, in the sense that fusing it with any other defect line A gives back A. Endomorphisms
of the trivial defect line (i.e., elements of the vector space Mor(1,1)) are the same as local operators
in the bulk.

The simplest example of a monoidal category is the category of vector spaces, with the usual
tensor product. It can be regarded as the 2-category of defect lines in a trivial 2d TFT (say, a
topological sigma-model whose target is a point). Defect lines in Landau-Ginzburg TFTs have been
studied in [31, 32].

One can fuse a defect line in a given 2d TFT with any boundary condition and get a new
boundary condition in the same TFT. This defines an ‘action’ of the monoidal category of defect
lines on the category of branes. Mathematically this can be described using the notion of a module
category. Since a monoidal category is a categorification of the notion of an algebra, it is natural to
define a module category over a monoidal category as a categorification of the notion of a module
over an algebra. A definition of a module category W over a monoidal category V involves a rule

for ‘multiplying’ an object on W by an object of V:

(A,C) — A-C € Ob(W), VA e Ob(W), YC € Ob(V),

as well as a rule for multiplying morphisms, i.e., a map

Morw(A, B) ® Mory(C,D)—Morw(A - C,B - D).

The latter rule encodes the fact that we can fuse a junction of two defect lines with a junction of
two boundary conditions and get a new junction of two new boundary conditions.

An important idea which we systematically use in this thesis is that some properties of codimension-
2 defects can be studied using dimensional reduction. We have already seen a simple example of
this: the space of local operators sitting at the junction of two boundary conditions A and B can be

thought of as the space of states of a 1d field theory (i.e., quantum mechanics) obtained by compact-
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ifying the 2d TFT on an interval with boundary conditions A and B. Another example is the space
of local operators in the bulk. It is well known that it can be identified with the space of states of a
1d field theory obtained compactifying the 2d TFT on a circle. The argument is essentially the same
in both cases. After one excises a tubular neighborhood of the local operator, the operator insertion
is replaced by a boundary whose collar neighborhood looks like R, x I in the first case and R x S!
in the second case. Then one uses the fact that in a TFT the size of the tubular neighborhood does
not matter, and one can regard any boundary condition on the newly created boundary as a local
operator.

It is important to note that this reinterpretation of codimension-2 defects in terms of a lower-
dimensional theory causes ‘information loss’. For example, we cannot compute the composition
Vag ® Vec—Vac if we view the vector spaces involved as spaces of states of three 1d field theories.
Similarly, we cannot see the commutative algebra structure on the space of bulk local operators if

we view it as the space of states of a 1d field theory.

4.3 Three-dimensional TFT and 2-categories of boundary

conditions

When we move to dimension three, we find that boundary conditions in a 3d TFT also form a
2-category. To see this, let us first consider a trivial 3d TFT (say, a 3d topological sigma-model
whose target is a point). Even though there are no bulk degrees of freedom in this case, we may
consider putting any 2d TFT on the boundary. Thus the set of all boundary conditions for the
trivial 3d TFT is the set of all 2d TFTs, which form a 2-category. Walls between 2d TFTs now
can be interpreted as defect lines on the 2d boundary of a 3d worldvolume. The monoidal category
of defect lines for a given 2d TFT can be reinterpreted as the monoidal category of boundary line
operators for a particular boundary condition.

If the 3d TFT in the bulk is nontrivial, we can still couple it to a 2d TFT on the boundary.
Different boundary conditions are distinguished by the type of 2d TFT on the boundary and by
its coupling to the bulk degrees of freedom. For a concrete example of how this works in the
Rozansky-Witten 3d TFT, see [36]. Again one may consider boundary defect lines separating differ-
ent boundary conditions, and their fusion and fusion of local operators on boundary defect lines can
be described by a 2-category structure on the set of boundary conditions. If we focus on a particular
boundary condition, then the set of defect lines on this boundary has the structure of a monoidal
category.

Mimicking what we did in 2d, we may consider walls, or surface operators, between different 3d
TFTs. The set of walls between any two 3d TFTs & and £ has the structure of a 2-category. One way

to see it is to fold the worldvolume along the defect surface and reinterpret the wall as a boundary
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condition for the theory & x £, where 8 is the parity-reversal of the theory &. Furthermore, just like

in 2d, we can fuse walls with defect lines and local operators on them (figure 4.7). Altogether, one

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 4.7: Regarding defect lines as 2-morphisms and local operators as 3-morphisms of the 3-
category of 3d TFTs gives rise to yet another composition operation between them, which we denote
.

can summarize the situation by saying that 3d TFTs form a 3-category. Its objects are 3d TFTs, its
morphisms are walls between 3d TFTs, its 2-morphisms (morphisms between morphisms) are defect
lines on walls, and its 3-morphisms (morphisms between 2-morphisms) are local operators sitting on
defect lines.

If we restrict attention to surface operators in a particular 3d TFT, we get a 3-category with a
single object. Equivalently, the 2-category of surface operators in a 3d TF'T has an extra structure
which allows one to fuse objects, morphisms and 2-morphisms. In other words, it is a monoidal
2-category. It has an identity object (the trivial surface operator) whose endomorphisms can be
thought of as defect lines in the bulk.

To determine the category of bulk defect lines in a given 3d TFT one may use the dimensional-
reduction trick. To apply it, we excise a tubular neighborhood of a defect line and replace the
defect line by a suitable boundary condition on its boundary. The collar neighborhood of the newly
created boundary locally looks like S* x R, x R, where R, corresponds to the ‘radial’ direction.
Therefore we may identify the defect line with the boundary condition in the 2d TFT obtained by
compactifying the 3d TF'T on a circle. This trick allows one to determine the category of bulk defect
lines by studying the category of branes in a 2d TFT. We lose some information in this way: the
category of bulk defect lines in a 3d TFT is in fact a braided monoidal category (i.e., a category
with a quasi-commutative tensor product), but this structure cannot be seen from the 2d viewpoint.

Similarly, the study of categories of boundary defect lines reduces to the study of the category of
branes in a 2d TFT obtained by compactifying the 3d TFT on an interval. If the boundary defect
line separates two boundary conditions X and Y, then the boundary conditions on the endpoints of
the interval should be X and Y. This 2d viewpoint entails some information loss: for example, it

does not allow one to compute the monoidal structure on the category Vxx.



41

4.4 Four-dimensional TFT and 2-categories of surface oper-
ators

Boundary conditions in a 4d TFT form a 3-category. For example, if the 4d TFT is trivial, its
3-category of boundary conditions is the 3-category of all 3d TFTs. Similarly, walls (codimension-
1 defects) in a given 4d TFT form a monoidal 3-category. In this thesis we will avoid dealing
with such complicated structures and will focus instead on defects of codimension two, i.e., surface
operators in a 4d TFT. Such surface operators form a 2-category. One way to see it is to apply the
dimensional-reduction trick: excise a tubular neighborhood of a surface operator and replace the
operator by a suitable boundary condition on the newly created boundary. The collar neighborhood
of the boundary looks locally like S x R, x R2, so we may reinterpret a surface operator as a
boundary condition in a 3d TF'T obtained by compactifying the 4d theory on a circle. Then we can
appeal to the known fact that boundary conditions in a 3d TFT form a 2-category.

Of course, one can also explain the meaning of this 2-category structure directly in 4d terms.
The type of a surface operator may jump across a defect line, and one can regard defect lines on
surface operators as morphisms in a 2-category. Local operators sitting at a junction point of two
surface defect lines are 2-morphisms. The 4d viewpoint also makes it clear that the 2-category of
surface operators has a rich extra structure. First of all, one may fuse surface operators together
with defect lines and local operators sitting on them. This gives rise to a monoidal structure on the
2-category of surface operators. Second, by moving surface operators around one can easily see that
the fusion operation is quasi-commutative, i.e., one gets a braided monoidal 2-category."

In this thesis, we will use the dimensional-reduction trick to study the 2-category of surface
operators of our twisted 4d TFTs in Chapter 6; we will not describe the braided monoidal structure

on this 2-category.

1A possible mathematical definition of a braided monoidal 2-category is spelled out in [34]. However, it appears
that braided monoidal structures which arise in 4d TFT are of a rather special kind. In particular, the braiding is
always invertible.
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Chapter 5

Compactifications of Vafa-Witten
and GL-twisted theories on a circle

We begin the project of compactifying the various twisted versions of N' = 4, d = 4 SYM theory
to lower-dimensional TFTs, starting with the case of compactification to three dimensions on a
circle. Our aim is twofold: we wish to shed light on lower-dimensional TFTs (in particular, duality
relationships between 4d TFTs extend to duality relationships between their dimensionally reduced
versions); moreover, the lower-dimensional TFTs will help us understand aspects of the original 4d
TFTs.

For instance, according to the dimensional-reduction trick discussed in Chapter 4, boundary
conditions of the 3d theory obtained by compactifying on a circle will classify the spectrum of
surface operators in the original 4d theory (we put off an analysis of these boundary conditions until
the following chapter).

In the present chapter, we reduce the Vafa-Witten theory and the GL-twisted theories at ¢t = i,
t =1, and t = 0 to three dimensions on a circle. The resulting 3d TFTs will be turn out to be
topological, gauged sigma models: the reduction at ¢ = ¢ yields a gauged version of the Rozansky-
Witten model introduced in [14], while the reduction at ¢ = 1 and ¢ = 0 yield gauged versions of the
3d A-model TFT introduced in [6]; the Vafa-Witten theory is equivalent to the ¢ = 0 theory when

compactified on a circle.

5.1 Compactification of topological gauge theories

Before turning to the S! reductions in earnest, let us make a few general remarks about com-
pactification of topological gauge theories. Consider one of our 4d TFTs on the product manifold
M =W x S! where W is a Riemannian, oriented 3-manifold and S* is a circle of circumference 27 R.

We wish to find an effective description in the R — 0 limit. (More generally, one can compactify
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using a small compactification manifold of dimension two or higher.)

The usual Kaluza-Klein notion of compactification of a field theory is that one expands the fields
of the 4d theory in terms of their Fourier modes along the circle and, in the limit R — 0, discards
all but the constant modes due to the fact that they become infinitely massive. In this manner, one
obtains an effective 3d theory on W. (More precisely, one must integrate the nonzero modes out of
the path integral, which can induce quantum corrections in the effective theory.)

But a TFT does not ‘care’ about the size of R, in the sense that changes in R alter the action
by BRST-exact amounts and therefore leave topological correlators invariant. Hence (modulo the
subtleties we discuss in a moment) the reduced theory — though it describes a simplified region of
field space in which fields do not vary along the compact direction — is exactly equivalent to the
original theory. This convenient fact has been put to use in [1], where the G L-twisted theories at
t =i and t = 1 were given 2d descriptions by compactifying on 2d surfaces. We set the circumference
at the convenient value 2w R = 27 for the remainder of the chapter.

When our theory is a topological gauge theory, there are two important subtleties that compli-
cate this picture. The first is that a given field configuration on the product manifold may leave
some residual continuous gauge symmetry unbroken on the compactification manifold. Such field
configurations represent singular points in the target space of the effective sigma model description:
points where qualitatively new branches in the compactified theory open up. Practically, all one
can do is to excise such configurations ‘by hand’ (for instance, by imposing appropriate boundary
conditions that eliminate their occurrence). The 2d effective theories in [1] were truncated in just
this manner. This problem does not arise in the present context since our compactification manifold
is just S*.

The second subtlety, however, is important for our analysis. Consider first an abelian gauge
theory with gauge field A. It is not quite correct to simply declare A to be z*-independent and the
component Ay to be a real scalar field, where x* is the coordinate for S', ranging from z* = 0 to
x% = 2. This is because the x*-dependent gauge transformation g(x?) = exp(ima*) shifts the value
of A4 by an integer amount:

Ay = Ay +im, meZ.

Hence, the 3d effective theory is ill-defined if written directly in terms of the scalar Ay.

The solution to the problem is to write the effective theory instead in terms of the periodic scalar

h =exp(—2mAy)

which field is invariant with respect to z*-dependent gauge transformations.
For nonabelian gauge group, an extra complication is that requiring the fields of the 4d theory

to be independent of the z* coordinate is not a gauge-invariant condition. One can try to avoid
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dealing with this issue by first fixing a gauge such that A, does not depend on z*, and, indeed, this
works in the neighborhood of A4 = 0, i.e., when the holonomy of A along S! is close to unity. But
in general the condition that A4 is z*-independent does not fix the freedom to make z*-dependent

gauge transformations. For example, suppose A, is proportional to an element u € g satisfying
exp(2mp) = 1.

Such pu are precisely those which lie in the G-orbits of the cocharacter lattice of G. Then the gauge

transformation

g(z") = exp(pa?)

shifts A4 by u:
Ag— Ag + .

Such a gauge transformation in general makes other fields z*-dependent.

The solution again is to replace A4 in the description of the theory by a group-valued field h,
now defined to be the holonomy of A around the compact direction. Let us see how this works in
detail. In computing a particular correlator of the 4d theory via compactification, it is convenient to
first deform the support of all inserted operators to lie along the embedded hypersurface Wy C M,
defined as the locus of points in W x S! with 2* = 0. (Deforming in this manner does not affect
the value of the correlator due to topological invariance.) Next, we define the 3d field h to be the
holonomy of the connection around the loop beginning at a point (Z,0) € Wy and winding once

around the compact direction:
2
h(Z) = Pexp ( - / da* Ay (Z, x4))
0

for any & € W, where the holonomy is computed in the N-dimensional defining representation. Let

Py be the principal G bundle on W given by pulling back P under the embedding map
W — Wy — M

For nonabelian G, the holonomy £ is no longer gauge invariant; rather, it is gauge covariant, trans-
forming as a section of the fiber bundle with typical fiber G associated to Py by the conjugation
action of G on itself; that is,

he Q°W, Py xg Q) .

In particular, h is a perfectly well-defined scalar field in three dimensions.
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5.2 S! compactification of Vafa-Witten theory

Consider first the Vafa-Witten theory placed on the product manifold M = W x S!. We will
show that, on this particular geometry for M, the theory is equivalent to a gauged version of the
3d A-model with target space X = g, where the gauge sector is a slight modification of the 3d
A-type gauge theory discussed in Section B.2.1 (by replacing the algebra-valued scalar field ¢ by a
group-valued field).

Reduced field content

We relabel the fields of the Vafa-Witten theory in a way that exposes the role they will play in the
3d reduced theory. In the following, the indices r,s,t = 1,2,3 refer to coordinates on W and the
superscript [VW] indicates the corresponding field of the Vafa-Witten theory, as we have written in
Chapter 3. The 3d reduction of the field content will split into a gauge sector and a matter sector.

The 3d gauge sector will come from the relabeled fields:

Ap =AML =g
vw vw

c= Al =yl

o =olVWl

F = 5—[VW]7 ﬁ: U[VW]

UG AU

The 3d matter sector will come from the relabeled fields:

o=V, =W

br - By[ﬂZW]v ’(/}T‘ = 'IZLZW]

p=xi", p=a"

=T, = VY.
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The BRST variations (3.8) of the Vafa-Witten theory, written in terms of the relabeled fields, become

S0A =X, So\=—dao,
és=p, dqp=lo.d]
oo =0,
60 =p, Ogp=lo,0]
Soh=H, b6oH = [0, )] (5.1)
dgp=mn, dqn=Io,¢|
db=1v, o= [0l
5B =P, 6oP=0,p
Sox =P, 3qP =0,

If we were to naively reduce to 3d by keeping only the constant Fourier modes of the above fields,
then we would have the correct field content and variations for a gauged 3d A-model TFT with target
space g (parameterized by the field ¢), as written in Section B.2. However, as we have discussed
above, the field Ay is ill-defined as a 3d scalar field, and must be replaced by its holonomy h in the
description of the theory. Moreover, we must also replace its BRST partner p by an appropriately
averaged field. We define s

p= o |, de*H pH

where .

H(z") :Pexp(—/x th4)

0
is the holonomy of A along the arc of the circle from 0 to z#, so that, in particular H(27) = h. One

can then verify, after some work, that the BRST-variations of h and p are given by

h~togh = 27p

5q(hp) = (27) o, h] .

Combining these, one confirms that 6éh = [0, h], i.e., a gauge transformation with parameter o.
The field p transforms as a section

p € Q°(W,ad Py) .
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Reduced action

In order to write out the Vafa-Witten action in terms of the relabeled fields, it is helpful to use the

following identities. Let x ., and F},, be 2-forms in 4d and let

Vr = Xr4, 177' = (*X)r4
Wr = L'ry4, &}r = (*F)r4

be the 1-forms in 3d given by restricting F', *F, x, and *x to the 1,2,3 directions, where * indicates
the 4d Hodge dual. We have

V9 (%XWF“”) = \/944\/9W(w W" + Dy &’“)

where g, is the 4d metric with determinant g and (gw).s is the 3d metric with determinant gy .

In a similar vein, we have

= \/ﬁmersta}t = 944(*‘:})7”5

where x is the 3d Hodge star. Finally, let B, be a self-dual 2-form in 4d and let C,,,, be the following

2-form appearing in the Vafa-Witten localization equations:

Cuv = %QPT[B B,.]

wp>

One finds that

Crg = (%C)pa = %\/gﬂ\/giwerst[bsvbt] = %\/7( * [b, b])

where b, = B,.4. For our choice of the circle circumference, g44 = g44 =1.

The Vafa-Witten action (3.9), written in terms of the relabeled fields, becomes:

SZ/ d4x\/§<£1+£2+£3+£4)—1—7—/ TrFAF
M 47

M

where
Ly = 6%562 Tr{z& (H, — D, Ay + 04A, — (%F),) + 26 d?M}
Ly = eiZ(sQTr{X ( —2D,¢ + 2( % dab) )+5(P—2d2b)} 52
L5 = 0gT{4X (~ [br, ] + % [b.8),) + 2 Db, — 26D10)

L1 = 2500Te{20( ~ [0, b7~ 1.6 - 3071 + Dap) }

where d3 A = D, \". Simply keeping constant modes in the above action would result in a 3d action
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containing commutator terms of the form, e.g.,

(A4, 8]

which (as we have been stressing) would not be well defined due to the explicit appearance of A4. In
order to eliminate the appearance of Ay, we exploit the wide freedom of choice available in writing
down the action for a given cohomological TFT. Namely, we are free to continuously deform the
BRST-exact portion of the action in any way without affecting the values of topological correlators,
provided that the bosonic kinetic terms remain well defined, and that we do not alter the field
content or variations of the theory. We write down a new action S by replacing the commutator

[A4, ¢] inside the BRST-exact portion of S with

(2m) ! (Ady 16 = 6) = —(2m) A 9]

(The latter expression reduces to the former in the neighborhood of A4 ~ 0.) One can smoothly

interpolate between S and S with a family of actions
So=(1—a)S+as

for 0 < a < 1 such that, as we dial the parameter « from zero to one, the action is smoothly deformed
by a BRST-exact amount. (The effect of nonzero « is to ‘turn on’ higher-order BRST-exact terms
involving A4 commutators.) At a = 1, we are left with the equivalent action S, which, it should
be emphasized, is not Lorentz-invariant due to the appearance of h. Unlike S, the action S can be

safely be reduced to 3d by requiring fields to be independent of the 2* coordinate, and one obtains

§: / dgx\/gw (21 —|—22 —|—23 —|—24) +Stop
w

L, = iéQ Tr {4 (H. + (2m)"'h™'D,h — *F}) +25d2>\}

£2= QT {x" (P, = 2D, +2(xdab), ) + (P - 2d30) }

(5.3)
w( &) + x[b, b, ) —22m) Yy R [k, b,] + 2(27) 718 h—l[h,¢]}

i
Ly— f(SQTI‘{
Lo ziae{ - 25([», 1+ 9] = §17,0)+ )0 ]) )

and Syep is the coupling-dependent term measuring the 4d instanton number in the 4d action. After

acting with dg, one finds that the kinetic term of the bosonic field h takes the standard form for a
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group manifold sigma model map:
Te{h~Y(D,h) h~* (D"h)}

where the metric on G is taken to be the left-invariant metric induced by Tr at the identity.
After the integrating out the auxiliary fields, one finds that the theory localizes on the BPS
equations
F—(2m) *h™ % dah + [xb,¢] — [b,b] = 0
xdab—dag— (27) " th 7[R, b] =0 (5.4)
40— (2m) 7 T b, ¢ = 0

as well as equations involving o.

The above field content, action and variations are those of a gauged 3d A-model with target
g. The gauge sector is not precisely the 3d A-type gauge theory as described in Section B.2.1 but,
rather, a modification in which the Lie algebra valued scalar field ¢ is replaced by a Lie group valued

field h.

Instanton term

We wish to interpret the instanton term in the above action in 3d terms. The analysis splits into
two cases: when G = U(1) and when G is simple.

In case G = U(1), we write the reduction of the instanton term as

Suop =~ /W FAdA, (5.5)

Note that it is the periodicity of A4 that makes this topological term nontrivial in general.

In case G is simple, there are no such deformation terms available for measuring the topological
class of the principal bundle on W. In fact, since we have taken W to be compact, the term automat-
ically vanishes. More generally, we wish to consider the possibility of inserting disorder operators
and allowing W to have boundaries. For instance, in Chapter 6, we will describe the 2-category of
surface operators of the 4d theory as the 2-category of 3d boundary conditions. However, the lack
of 3d deformations demonstrates that anything about the theory understandable in purely 3d terms
will be 7-independent; e.g., the 2-categorical structure of surface operators. As we have mentioned
in Chapter 4, this 2-category secretly possesses a braided, monoidal structure (corresponding to
colliding surface operators), which extra structure could be dependent on 7. But, since we will not
be examining the braided monoidal structure, we discard the instanton term from the action of the

3d compactified theory.
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5.3 S! compactification of GL-twisted theory at ¢t = 0

We turn now to the reduction of the GL-twisted theories, treating first the case ¢ = 0. The analysis
will proceed similarly for each value of ¢t. The Vafa-Witten theory and the t = 0 theory turn out to
reduce to the same theory in three dimensions.

The fact that the Vafa-Witten twisted theory and ¢ = 0 are identical on the manifold W x S' can
be understood as follows. Recall from Section 2.4.1 that, after performing the Vafa-Witten twist of
N =4, d = 4 SYM, the scalar supercharge Q) is drawn from amongst the left-handed @’s. On the
other hand, performing the GL-twist also results in a left-handed scalar supercharge Q; precisely
when ¢ = 0; indeed, it can be taken to be the same one. The Vafa-Witten and ¢ = 0 theories then
only differ in how fields transform under the 4d rotation group; e.g., the Vafa-Witten theory has
a self-dual 2-form B, and O-form ¢, while the ¢ = 0 theory has a 1-form ¢,. However, the fields
transform identically under the the 3d rotation subgroup; e.g., both 3d reduced theories have a 3d
1-form b, and a 3d O-form ¢.

Explicitly, recall from Section 2.5.2 the action for the GL-twisted theory at ¢t = 0:

S= [ daz/g(Li+L —i./ TrFAF
M f( ! 2) 4ami

where 1
£1= QTr{u I = 2G5, (F = §16,9])" + 23, (449) " |

: R (5.6)
Lo = 6—25QT1'{ — (P —2d%¢) + 5(2d;¢ + 2[Yu, "] + [o, n]) } :

We relabel the fields of the GL-twisted theory in 3d terms as follows (the superscript [0] indicates
the corresponding field of the GL-twisted theory at ¢ = 0, as we have written in Chapter 2). The

gauge sector fields are
A=Al =il

S = Az[l()]v p= “/)4[101
o= _2-0[0]7
o= _i5[0]7 ﬁ: ,,7[0]

Xr = X;r4[0]7 H, = H;Z[O]

The matter sector fields are
o=—¢f, =i},
br = _d)LO]» wr’ = “Zv[”O]
[3:7][0]7 p = —plol
e =204, Po=2H,".

It is easily verified that the BRST variations of the relabeled fields are given by (5.1) above.
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If one exchanges Ay for its holonomy h, p for p (as we have done for the Vafa-Witten theory)
and reduce to three dimensions, then the 3d reduced action matches that (5.3) of the reduction of

Vafa-Witten theory, except for the sign of the term
1 -

which changes the sign of the term [xb, ¢] in (5.4). However, solutions to the BPS equations set this
term to zero anyway, so this sign is irrelevant and we conclude that the reductions of the Vafa-Witten

and ¢t = 0 theories are identical.

5.4 S! compactification of GL-twisted theory at ¢ = 1

The reduction of the ¢ = 1 theory again yields a gauged version of the 3d A-model. There are,
however, a few important differences as compared with the Vafa-Witten and ¢ = 0 reductions. The
field A4 will now lie in the matter sector (instead of the gauge sector) of the 3d theory; indeed,
the target space of the reduced theory will be the group G, parameterized by the holonomy h.
Accordingly, the matter sector fields take values in the vector space T} G rather than g ~ T G.

Moreover, the coefficient of the topological term in the action is just 6 instead of the complexified
coupling 7, implying that we can avoid the complications of interpreting the instanton term by setting
0 = 0. Lastly, the gauge sector will be a conventional 3d A-type gauge theory, as described in Section
B.2.1 (rather than an exotic version involving a group-valued scalar).

The action for the GL-twisted theory [1] at ¢ =1 is given by

[ o 16
S = /Md /g (£1+£2) + 32 /MTrFAF
where 1 Qv
£1= b0 (34 P+ 416.9] ~+a0) )
1 ~ " _ * g
Lo = 6—25QTr{ — n(P — ZdA(j)) + U(Qd/ﬂ/’ +2[hy, 9] + o, 77])} :

Relabeling the fields, we have the gauge sector fields

A, = Al Ar =i (9l + 9ll)
¢ = ol p=i(el — )
o= —21'0[1],

g=—2ict,  p=20nM +7l),

(05 H=(+B)"

Ar e
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and the matter sector fields

¢ =AM, n =i + o),
b, = ¢, (S
B=1( -7y, p=pll,
Xr:X[rlzL]7 ﬁr:HT[Z] .

The BRST variations of the relabeled fields, once again, are given by (5.1). Writing out the ¢t = 1

action in terms of the relabeled fields, we find

S:/ d4$\/§ (£1+£2+£3+£4+£5)
M

where
Lo = 6%562 {3 (H, - 2D,s — 24 F) + 17d30
Lo = 6%5QT1~{X’“ (P = 2D, 40 = 2(wdav), ) +B(P - 2a3) }
Lo = 6%5QTr{XT (2D, + .8l ) + X" (20br:<] + 2014, ) } (5.8)
L= e%gQTr{zﬁ( ~ Dyc— %[5,0]) - %ﬁ(%P ~d%b— Dac + é[&,a])}

£5 = 0o 3 (30 + Dan+ Dap+ D, b7] = [, + ]~ [p,]) -

We again replace A4 in the description of the theory by its holonomy h. The target space is the
group manifold X = G, with sigma model map ® given by the holonomy

d=H:W-—>G.

The 3d A-model fields n, b, 3, P, xr, P, now take values in T, G instead of the Lie algebra itself and it
is convenient to replace them by g-valued averages, exactly as we have done for p in the Vafa-Witten
reduction above, i.e., )

n= _% i ! de*H 'nH

and similarly for the other matter fields. The BRST variations of the averaged fields pick up an

extra term (due to the curvature of the group manifold), as follows:

(5Q/b\r = ’(Z)\T-i- < ﬁ, /b\r >

5Q5(\r:Pr+<7/7\7 5(\7“>
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where we have defined

)
x4

<7, b >= dx? {7/7\, H_leH}

x4

2
<ive= [ at{n B o)
0

The reduction procedure will be similar to that which we have described for reducing the Vafa-
Witten action above: we smoothly deform the action by a BRST-exact amount to eliminate the
appearance of Ay in favor of A and the T),G-valued matter fields by their g-valued averages. After

reducing to 3d, one obtains

§:/ Pr/gw (21+22+23+E4+25)
w

b
o P —17—1 1r= 1~(1p e —17,—1 17=
Ly = —0qTe{28((2m) 7 7 [h,d) = 4o, 01) — 55(3P — dib+ (2m) A hu<] + (o, 0]) |

~ 1 n ] - — A’r - A’f‘ ~
L5 = —0gTe{ 35 (e — (2m) b1 )] = (2m) A A, ] + [ B) = [, 5] + i) = [p2<]) -
After integrating out the auxiliary fields, one finds that the theory localizes on the BPS equations

o~ o~ -~

F +xdas — 3[b,b] + (2m) "t h ™ [h, xb] = 0
*dab—[b,c] — (27) 'R D h =0

*b— (2r) 'h T [h,<] =0 .

We have obtained a gauged 3d A-model with target space G. This 3d TFT has not been much
studied in the literature, but, as it is conjectured to be dual to the 3d reduction of the ¢ = ¢ theory,
a study of its properties is expected to yield many interesting mathematical predictions. In the
subsequent chapter we will take a modest first step in this direction by analyzing its 2-category of

boundary conditions for the case G = U(1).
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5.5 S!' compactification of GL-twisted theory at ¢t = ¢

The reduction of the GL-twisted theory at t = 7 can be analyzed in a similar way; however, the
resulting 3d reduced theory will have a very different character to the cases considered so far. One
obtains a gauged version of a well-studied 3d TFT, the Rozansky-Witten (RW) model [14], [36].
(The gauging is accomplished by coupling to a 3d B-type gauge theory, as described in Section B.4.)
The target space of the model is the cotangent bundle of the complexified Lie group, X = T*Gc,
equipped with the conjugation action of G on the base G¢, as well as the induced action on the
fibers. This comes about as follows.

The BRST-invariant, complex fields o and A4 +i¢4 of the ¢t = i theory will descend to the matter
sector of the 3d theory. As we have discussed, the field Ay itself is not well-defined and must be

exchanged for an appropriate group-valued scalar. We define
2
hc = Pexp ( — / d$4(A4 + z¢4))
0
taking values in the associated bundle with fiber G¢
hc € QO(W, Py xa Gc) .

Its conjugate is
27

hc = Pexp ( — dx4(A4 — i¢4)) .

0
The field h¢ is a good coordinate for the base and ¢ is a good coordinate for the fiber of T*Gc.
The manifold T*G¢ turns out to endowed with a hyperkéhler metric [63], although it is nontrivial
to describe explicitly.

Simply declaring the target to be T*G¢ obscures an important symmetry of the action. For
a general hyperkahler target space X, the RW model has a Zs ghost number symmetry, but, as
explained in [36], when X is a cotangent bundle one can promote it to a U(1) ghost number symmetry
by letting the fiber coordinates have ghost number two. This accords nicely with the fact that o
has ghost number two already in the 4d theory. Hence, to emphasize that the fiber coordinate is
formally assigned ghost number two we will denote the target manifold instead by T*[2]Gc.

The action of the GL-twisted theory at ¢ = ¢ is written in (2.4). The relabelings of the fields

are as follows (adopting the convention that a ‘[i]’ superscript denotes fields of the ¢t = i theory, and
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r,s,t = 1,2, 3 refers to W coordinates). For the 3d gauge sector, we have

A, = Al
©r = ¢7[}]a
Ap = (A, +ig,)
Ar = (Ar - Z¢T)M

A =i (0,
[4]

Gra = =1 (X7 —iXx7),,>
1 ~\ ]
Pzﬁ(%—ilm) ;
.1 i
p= 5(77—177)”-

and for the matter sector we have

o =20,

7= (A4 +igg)l,
0 =V2i(n+i)t,
o =2 (v +iv)

X7 = % (wr - i%)m ;

(]

- ixi)rll :

xr = (x

In addition, it is useful to introduce an auxiliary O-form P in order to make the BRST variations
nilpotent off-shell; P-dependent terms in the action are chosen to ensure that its equation of motion
is

P=dyp (0.0 + [7.7)
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The BRST variations of the relabeled fields are given by

6QA = )\, 5QO’ = O7
(SQ(,O = i)\7 (5@7‘ = O,
dgA =0, 00 = 77&

¢ =—iF, odoT=1"
dqp = [1,0], don
dgp=iP, g =0,
SoP =0, dox” = dao,
dox” =daT.

where d 4 is the covariant derivative and F curvature with respect to complexified connection A.

The action written in terms of the relabeled fields is given by

S = / d4$\/§ (ﬁl + Lo+ ﬁg) + Stop
M

where

Ly = —% 0q Tr{%Crsf” + i’p“(P —2d} ¢ +i[o, 0] + i[%,ﬂ)}

1 T =\T o —\T
L2 = 55 8q Tr{X[(d47)" +x7(d0)"}
1 _
£3 = _@ (5@ Tl“{p [T,O']},

Stop = g /W Tr{ixT Adax? —CA (dAp+ X7, 7] - [XTaU])} :

After replacing 7 by h¢, certain matter fields are tangent to a nonidentity point of the (complexified)
group and it is convenient to replace them by algebra-valued averages in the description of the theory
(just as for the ¢ = 1 reduction above). Namely, 77 (taking values in 75 ) and X7 (taking values in

Th.) are exchanged for averaged fields

2m

s 1 —=—1 ==
n E—g | dm4HC n" He
1 2T
XT=-—— de* HZ' X" He .
0

2



o7

The BRST variations written in terms of the new variables are as follows

Sohe =0
5@%@ =2rhe 7
5@5(\7— = (27T)_1h61d_,4h@

5gi™ =0,

The reduction proceeds similarly to what we have done for the Vafa-Witten, ¢ = 0, and ¢ = 1
theories: we deform the action by a BRST-exact amount to write it in terms of the new variables
and then reduce to 3d by taking fields to be independent of the z* coordinate. The resulting 3d
action is given by

§= / d?’xw/gw (21 + 22 + 23) + Stop
w

where

~ 1 - o~ . o o

Ly = =53 00 TH{§GaF7" +ip(P = 205+ ilo,o] +ilr 7]+ ) |
S 15 der T Y s T \r g o=
Lr=—55 QTY{—(QW) Xr he (dahe)” +x7(d.20) }

. 1 o =1 _

£3:_2762 (5@ T‘I'{_(Qﬂ—) 1phC [hC7J]}7

where the ...in 21 indicate higher-order terms that we do not write explicitly. The G-invariant

symplectic form on the target space is proportional to
Q = Trdo hg'dhc.

The G-invariant Kéhler form on the target space corresponds to the hyperkahler metric described
in [63] and does not admit a simple closed-form expression; in a neighborhood of the identity it is

proportional to

J= %Tr (dada— n dei') .

The moment maps s, fi4, fi— of the G-action with respect to symplectic forms J, Q, and Q are

proportional to the following functions of the coordinates:

/”'3__5([0-70-]_'_[71’7]_'_ )
iy = —ihg'[he, o]

=1
pH— = —ih¢ [hc, ]

We have shown that the BRST-exact portion of the action and variations reduce to those of a



58
gauged Rozansky-Witten model with target 7*[2]G¢ written in Section B.5. We conjecture that the
topological term Sy, also reduces appropriately to the topological term of this model (although we

do not show this here).
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Chapter 6

Surface operators of 4d TFTs

Having written down the twisted versions of N' = 4 SYM and analyzed their 3d reductions, we
are in a position to classify the spectrum of surface operators in these theories. As emphasized in
Chapter 4, the surface operators of a given 4d TFT have the structure of a 2-category; namely, the
2-category of boundary conditions of the 3d reduced TFT.

In this chapter, we systematically employ this observation to classify surface operators of the
GL-twisted theories at t =4, ¢t = 1, and ¢t = 0. (By what we have said in the preceding chapter, the
Vafa-Witten theory will have the same spectrum of surface operators as that of the ¢ = 0 theory.)
The advantage of the 3d viewpoint is that the problem of classifying boundary conditions is more
familiar.

The material in this chapter was presented in [4]. Much of the analysis of boundary conditions

of the reduced theories relies on work on 2d and 3d TFTs relegated to the appendices A and B.

6.1 Gukov-Witten surface operators

The simplest surface operators of the GL-twisted theories have been introduced by S. Gukov and
E. Witten [2]. They are disorder operators corresponding to a codimension-2 singularity in the gauge

field A and bosonic 1-form ¢ of the form
d
A=ad), ¢= ﬁ%’ — 6.

Here « is an element of a maximal torus T of G, and (3,7 are elements of the Lie algebra t of T.
For simplicity, let us assume that the triple («, ,v) breaks G down to T. Gauge transformations
which preserve T form the Weyl group W; the triplet (a, 8,7) is defined up to the action of W on
T x t x t. All fields other than A and ¢ are nonsingular.
The surface operator depends on an additional parameter 7 taking values in the torus Hom(Acochar, U(1))-

Here Acochar is the lattice of magnetic charges Hom(U (1), T). Equivalently, as explained in [2], 7 can
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be thought of as taking values in T, the maximal torus of the Langlands-dual group. The parameter
7 arises as follows. First, note that the above singularity in the fields breaks the gauge group down
to T. Thus if D is the codimension-2 submanifold on which the surface operator is supported, the
restriction of the gauge field to D has a first Chern class ¢;|p taking values in A¢ochar- Given n we

can insert into the path-integral a phase factor

n(cr(D)).

This factor depends only on the behavior of the gauge field on D and can be regarded as an 7-
dependent modification of the surface operator defined above.

Gukov-Witten surface operators are BRST-invariant for arbitrary ¢, but their properties depend
on t. We will see below that there are many other surface operators. In what follows we will focus
on the cases t =i, t = 1, and ¢t = 0. The first two cases are exchanged by S-duality (at zero #-angle)
and play a prominent role in the physical approach to the geometric Langlands program [1]. The
last case is self-dual and is the most natural starting point for understanding quantum geometric
Langlands duality [35].

We shall find that, for each value of ¢, there exist much more general surface operators.

6.2 Surface operators at t =i and G = U(1)

In Section 5.5, we found that the ¢t = i theory on W x S reduces to a gauged Rozansky-Witten
model on W with target T*G¢. Initially, we take G = U(1) and analyze boundary conditions of
the gauged RW model with target T*C*. The analysis of boundary conditions splits cleanly into
boundary conditions of the matter sector and boundary conditions of the gauge sector; we discuss

each in turn.

6.2.1 Boundary conditions of RW model, target 7*C*

According to [36] the simplest boundary conditions in the RW model correspond to complex La-
grangian submanifolds of X. If we want to preserve ghost number symmetry, these Lagrangian
submanifolds must be invariant with respect to the rescaling o — A\20, A € C*. This requires the
Lagrangian submanifold of T*C* to be the conormal bundle of a complex submanifold in C*. This
means that a (closed) C*-invariant complex Lagrangian submanifold is either the zero section o = 0
or one of the fibers of the cotangent bundle given by 7 = 7y. The zero section boundary condition
plays a special role and will be denoted Xy in this subsection.

More general boundary conditions correspond to families of B-models or Landau-Ginzburg mod-

els parameterized by points in a complex Lagrangian submanifold. As mentioned in [36] and ex-
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plained in more detail in [37] it is sufficient to restrict oneself to the case when the Lagrangian
submanifold is the zero section ¢ = 0. One can describe these boundary conditions more alge-
braically as follows. Recall that the category of boundary line operators on the boundary Xj is a
monoidal category which we denote Vx, x,. Given any boundary condition X one may consider the
category Vxx, of boundary defect lines which may separate X from Xy. This category is a mod-
ule category over the monoidal category Vx x,. It was proposed in [36] that this module category
completely characterizes the boundary condition X. Concretely, in the case of the RW model with
target T*[2]C* the category of boundary line operators Vx, x, is equivalent to D?(Coh(C*)). One
way to see it is to reduce the RW model on an interval with the boundary condition Xy on both
boundaries. The resulting 2d TFT is a B-model with target C*, and its category of branes may
be identified with D®(Coh(C*)). The 2d viewpoint does not allow one to determine the monoidal
structure, but one can show that it is given by the usual derived tensor product [36, 37].

It was further argued in [36, 37] that the 2-category of boundary conditions for the RW model
with target 7*[2]C* is equivalent to the derived 2-category of module categories over D®(Coh(C*)).
That is, it is the 2-category of derived categorical sheaves over C* as defined by B. Toen and
G. Vezzosi [44]. This provides an algebraic description of boundary line operators and their OPEs

for all boundary conditions.

6.2.2 Boundary conditions of B-type 3d gauge theory, G = U(1)

Recall from Section 5.5 that the bosonic fields Alw, ¢|lw and the fermionic fields ¢ + W, X, —
i,y — iqz4 reduce correctly to fields of the B-type 3d gauge theory (discussed in Section B.4), with

action given by

1 ' 1 J
S = —@562 /W (X/\*]:— %(77 —47) A*d*¢) + 2¢2 /W(Z[M —ithy)dx

In principle we should gauge-fix the theory and modify the BRST operator appropriately, but
throughout this thesis we suppress this complication.

As in any gauge theory, the most natural boundary conditions are the Dirichlet and Neumann
ones. The Dirichlet condition requires the restriction of A + i¢ to the boundary to be trivial. In
addition, one requires ¢3 (the component of ¢ orthogonal to the boundary) to satisfy the Neumann
condition ds¢3 = 0. BRST-invariance then fixes the boundary conditions for fermions: the restriction
of the forms v + ilz, x and 7 — 7 to the boundary must vanish, The Neumann boundary condition
leaves the restriction of A to the boundary unconstrained but requires the restriction of the 1-form
*F = xdA to vanish. In addition ¢3 must satisfy the Dirichlet boundary condition, i.e., it must take
a prescribed value on the boundary. In the Neumann case BRST-invariance requires the restrictions

of the fermions xy, 13 + ilZg and ¥4 — izz4 to vanish. Note that in the Dirichlet case the gauge group
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is completely broken at the boundary, while in the Neumann case it is unbroken.
The Dirichlet condition does not have any parameters, while the Neumann condition seems to
depend on a single real parameter (5, the boundary value of ¢3. On the quantum level there is

another parameter: we can add to the action a boundary topological term

5
oW 27

In fact, both parameters are irrelevant, in the sense that topological correlators do not depend on

them. The irrelevance of the parameter 6 follows from the fact that the above topological term is

0
—9,

To see the irrelevance of the parameter 3, note that to shift 5 we need to add to the action a

BRST-exact and equal to

boundary term proportional to

033

ow

Since ¢1 and ¢9 vanish on the boundary, this is also BRST-exact and proportional to

0Q /aw(n — ).

Following the same line of thought as in [36], one can try to describe the 2-category of boundary
conditions in this theory by picking a distinguished boundary condition Xy and characterizing any
other boundary condition X by the category Vxx, of defect line operators between X and Xy. That
is, one attaches to any boundary condition X a module category Vxx, over the monoidal category
VxoXo-

An obvious guess for the distinguished boundary condition is the free (Neumann) one since it
leaves the gauge group unbroken. To determine the category of boundary line operators Vx, x, for
this boundary condition, one may reduce the 3d theory on an interval and study the category of
branes in the resulting 2d TFT. In the Neumann case, reduction on an interval gives the following
result: the bosonic fields are the gauge field A and the 1-form ¢, the fermionic ones are the 0-form
n — i1, the 1-form 1) + uZ and the 2-form . This is the field content of a B-type topological gauge
theory in 2d, see Section A.2. It is easy to check that the BRST transformations of these fields
are also the same as in the B-type 2d gauge theory. The category of branes for this 2d TFT is the
category of graded finite-dimensional representations of G = U(1), see Section A.2 for details. This
is because the only boundary degrees of freedom one can attach are described by a vector space
which carries a representation of the gauge group. The monoidal structure cannot be determined
from 2d considerations, but it easy to see that it is given by the usual tensor product. Indeed, as

described in Section A.2, a brane corresponding to a representation space V' is obtained by inserting
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the holonomy of the complex connection A = A + i¢ in the representation V into the path-integral.
From the 3d viewpoint this means that the corresponding boundary line operator is the Wilson line
operator for A in the representation V. On the classical level, the fusion of two Wilson line operators
in representations V; and V5 gives the Wilson line in representation V3 ® V5, and clearly there can
be no quantum corrections to this result (the gauge coupling €2 is an irrelevant parameter).

To summarize, the monoidal category Vx,x, is the category of graded finite-dimensional repre-
sentations of C*, or equivalently the equivariant derived category of coherent sheaves over a point
which we denote DE.. (Coh(e)). We propose that the 2-category of boundary conditions is equivalent
to the 2-category of module categories over D.(Coh(e)). To give a concrete class of examples of
such a module category, consider a Calabi-Yau manifold Y with a C* action. The corresponding B-
model can be coupled to the boundary gauge field and provides a natural set of topological boundary
degrees of freedom for the 3d gauge theory. The corresponding category of boundary-changing line
operators is the C*-equivariant bounded derived category of Y which is obviously a module category

over D%, (Coh(e)).

6.2.3 Putting the sectors together

It is fairly obvious how to combine boundary conditions for the two models. The most basic boundary
condition in the full theory is o = 0 in the RW sector and the free (Neumann) condition in the gauge
sector. We will call this the distinguished boundary condition. The bosonic fields which are free on
the boundary are the C*-valued scalar h = exp(—2n7) and the restriction of the complex gauge field
A = A+1i¢. More general boundary conditions involve a boundary B-model or a boundary Landau-
Ginzburg model fibered over C* and admitting a C*-action. The fibration over C* determines the
coupling to the boundary value of 7, while the C*-action determines the coupling to the boundary
gauge field A.

As in the RW model, we can give a more algebraic definition of the set of all boundary conditions
in the full theory. This description is also useful because it suggests how to define the 2-category
structure of the set of boundary conditions. We consider the monoidal category of boundary line
operators for the distinguished boundary condition. This is the category of branes for the 2d TFT
obtained by reducing the gauged RW model on an interval. Since the reduction of the B-type 3d
gauge theory gives the B-type 2d gauge theory, and the reduction of the RW model gives the B-model
with target C*, the effective 2d TFT is the gauged B-model with target C*, where the gauge group
U(1) acts trivially. As described in Section A.3, the corresponding category of branes is equivalent
to Db.(Coh(C*)). The monoidal structure cannot be determined from the 2d considerations, but
it is easy to see (given the results for the RW model and the B-type gauge theory in 3d) that it is
given by the derived tensor product.

Every boundary condition gives rise to a module category over this monoidal category. It is
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natural to conjecture that the converse is also true, i.e., every reasonable module category over this
monoidal category can be thought of as a boundary condition for the full 3d TFT. For example, we
may consider a family of Calabi-Yau manifolds parameterized by points of C* such that each model
in the family has a C* symmetry. The corresponding module category is the C*-equivariant derived
category of the total space of the fibration. This gives us a conjectural description of the 2-category
of surface operators in the parent 4d gauge theory.

Let us describe how Gukov-Witten surface operators fit into this picture. Such operators depend
on a complex parameter hy = exp(—2m(a — ivy)) taking values in C*. From the 3d viewpoint, hg
determines the boundary value of the scalar h = exp(—277) in the RW sector. The other scalar o is
left free. Thus the boundary conditions for the RW sector correspond to a Lagrangian submanifold
of T*[2]C* given by h = hg (the fiber over the point hg). The gauge sector boundary conditions
are of Neumann type and have no nontrivial parameters.There are no boundary degrees of freedom.
From our algebraic viewpoint we may describe this as follows. In the usual RW theory the fiber
over h = hg corresponds to a skyscraper sheaf of DG-categories over C* whose ‘stalk’ over hg is
the category of bounded complexes of vector spaces. We may denote it D’(Coh(s)). Including
the gauge degrees of freedom means working with a sheaf of categories with a C* action. Thus
we simply consider a skyscraper sheaf of categories over C* whose ‘stalk’ over hg is the category of
C*-equivariant complexes of vector spaces DL.. (Coh(e)). The monoidal category Dg.(Coh(C*)) acts
on it in a fairly obvious manner: one simply tensors an object of D%.(Coh(e)) with the (derived)

restriction of an object of D.(Coh(C*)) to the point h = hy.

6.2.4 Line operators on Gukov-Witten surface operators

The category of morphisms between two different skyscraper sheaves of categories is trivial (the set
of objects is empty). This corresponds to the fact that two different Gukov-Witten surface operators
cannot join along a boundary-changing line operator. But the category of line operators sitting on a
particular Gukov-Witten surface operator (i.e., the endomorphism category of a Gukov-Witten sur-
face operator) is nontrivial. Its most obvious objects are Wilson lines for the complexified gauge field
A, which are obviously BRST-invariant. Such operators are labeled by irreducible representations
of C*. One might guess therefore that the category of surface line operators is simply the category
of representations of C*, or perhaps the category of C*-equivariant complexes of vector spaces which
we denoted DE.. (Coh(e)) above. However, this naive guess is wrong, which can be seen by inspecting
BRST-invariant local operators which can be inserted into such a Wilson line operator. From the
abstract viewpoint they form an algebra (the endomorphism algebra of an object in the category
of line operators). It is clear that any power of the field o gives such an operator, so the algebra
of local operators on a line operator is the algebra of polynomial functions of a single variable of

ghost number 2. In what follows we will denote the line parameterized by o by C|[2] to indicate that
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o sits in degree 2; thus C[2] is a purely even graded manifold. On the other hand, the algebra of
endomorphisms of an irreducible representation of C* is simply C.

To determine what the category of line operators is it is convenient to take the 2d viewpoint and
reduce the 3d theory on an interval with the Gukov-Witten-type boundary condition on both ends.
Let 2% denote the coordinate on the interval. Gukov-Witten boundary conditions eliminate the
complex scalar h (which is now locked at the value hg) and the field ¢3 but keep the complex scalar
o and the gauge field A. Thus the effective 2d theory also has two sectors: the B-model with target
C[2] and the B-type 2d topological gauge theory. According to A.3, the corresponding category of
branes is equivalent to the C*-equivariant derived category of C[2]: its objects can be regarded as
C*-equivariant complexes of holomorphic vector bundles on C[2] (with a trivial C* action on C[2]).

This answer is independent of the parameter hy = exp(—2m(a—iv)) of the Gukov-Witten surface
operator. In particular, we can choose the trivial surface operator hy = 1, in which case we should
get the category of bulk line operators in the GL-twisted theory at ¢ = .

It is not difficult to see that this answer for the category of bulk line operators agrees with the
computation of the endomorphism algebra of a Wilson line explained above. Indeed, an insertion
of a Wilson line does not put any constraints on ¢ and does not add any degrees of freedom, and
therefore should correspond to a trivial line bundle over C[2]. Its fiber carries a representation of
C* determined by the charge of the Wilson line. The endomorphism algebra of such an object of
D2.(Coh(C[2])) is simply the algebra of polynomial functions on C[2].

It is now clear that the category of line operators contains objects other than Wilson lines. For
example, we may consider a skyscraper sheaf at the origin of C[2], whose stalk at the origin is a
complex line V' carrying some representation of C*. There are two different ways to define the

corresponding line operator. First, we may consider a free resolution of the skyscraper:
V-2l 0=V & O,

where V[—2] means V placed in ghost degree —2, O is the algebra of polynomial functions on C[2],
and the cochain map is multiplication by ¢. The shift by —2 is needed so that the cochain map
has total degree 1. The existence of such a resolution means that we can realize the ‘skyscraper’
line operator as a ‘bound state’ of two Wilson lines both associated with the representation V' but
placed in different cohomological degrees. The corresponding bulk line operator is obtained using
the formulas of Section A.3, where the target of the gauged B-model is taken to be C[2], the vector
bundle E on C[2] is trivial and of rank 2, with graded components in degrees 1 and 0, and the bundle

morphism 7T from the former to the latter component is multiplication by . In accordance with the
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results of Section A.3, we consider a superconnection on o*FE of the form

N 1 nA‘N 0 ,
2 —i) nA

where n € Z is the weight with which C* acts on V. The bulk line operator corresponding to the
skyscraper sheaf at the origin of C[2] is the holonomy of this superconnection along the insertion
line /.

Another (equivalent) way is to take seriously the fact that the skyscraper sheaf is localized at
o = 0 and require the field o to vanish at the insertion line £. To make this well defined, one needs to
excise a small tubular neighborhood of ¢ and impose a suitable boundary condition on the resulting
boundary. This condition must set ¢ = 0 and leave the components of A tangent to the boundary

£ unconstrained. BRST-invariance determines uniquely the boundary conditions for all other fields.

6.3 Surface operators at t =i and G nonabelian

It was shown in Section 5.5 that compactification of the ¢t = ¢ theory for general G yields a gauged
Rozansky-Witten model with target 7*[2]G¢ (the ‘[2]” indicates that the fiber coordinates of the
cotangent bundle are formally assigned ghost number 2). The G-action on T*[2]G¢ is induced by

the conjugation action on the base.

6.3.1 Some simple boundary conditions

Let us consider some boundary conditions in the gauged Rozansky-Witten model with target
T*[2]Gc. The most natural boundary condition in the gauge sector is the Neumann condition,
which preserves full gauge-invariance on the boundary. In the matter sector one has to pick a G-
invariant complex Lagrangian submanifold of T*[2]G¢ which is invariant with respect to the rescaling
of the fiber. Such a Lagrangian submanifold can be constructed by picking a Gc-invariant closed
complex submanifold of G¢ and taking its conormal bundle. For example, one can take the whole
G, and then the Lagrangian submanifold is given by ¢ = 0. We will call the resulting boundary
condition in the gauged RW model the distinguished boundary condition. It is an analogue of the
NN condition in the abelian case.

Another natural choice of a G-invariant Lagrangian submanifold is the conormal bundle of a
complex conjugacy class in G¢. In order for the submanifold to be closed take the conjugacy class
to be semisimple. This boundary condition is a nonabelian analogue of the ND condition. The
corresponding surface operator is a semisimple Gukov-Witten-type surface operator. Indeed, fixing

a semisimple conjugacy class of exp(—2m(As4+i¢4)) is the same as fixing a semisimple conjugacy class
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of the limiting holonomy of the complex connection A 4 i¢ in the 4d gauge theory. More generally,
if the conjugacy class is not closed, one needs to consider the conormal bundle of its closure.

It is easy to analyze boundary line operators for these boundary conditions. Reducing the 3d
theory on an interval with the distinguished boundary conditions we get a B-type 2d gauge theory
coupled to a B-model with target G¢. The gauge group acts on G¢ by conjugation. According to
A.3, the corresponding category of branes is equivalent to D¢ _(Coh(Gc)). The monoidal structure
cannot be deduced from the 2d considerations, but the same analysis as in the usual RW model
shows that it is given by the derived tensor product.

In the Gukov-Witten case we need to fix a semisimple complex conjugacy class C in G¢. Let N*C
denote the total space of its conormal bundle in 7*G¢. Concretely, it is the space of pairs (g, o),
where g € C and o € g¢ satisfies Tro g~ 1dg = 0 for any dg tangent to C at g. The fiber coordinate
o has cohomological degree 2; to indicate this we will denote the corresponding graded complex
manifold N*[2]C. Reduction on an interval in the Gukov-Witten case gives a B-type 2d gauge
theory coupled to a B-model whose target is N*[2]C. Its category of branes is Dg_(Coh(N*[2]C)).

The monoidal structure is given by the derived tensor product.

6.3.2 Bulk line operators

It is interesting to consider the special case of a Gukov-Witten surface operator corresponding to the
trivial conjugacy class in G¢ (i.e., the identity). This is the trivial surface operator, so the category
of 3d boundary line operators in this case can be identified with the category of bulk line operators
in the 4d TFT. The conormal bundle of the identity element is simply the dual of the complexified
Lie algebra g¢; the group G¢ acts on it by the adjoint representation. Thus the category of 4d bulk
line operators is equivalent to Dg_(Coh(g#[2])). In other words, it is the Ge-equivariant derived
category of the graded algebra &,Sym”g where the p™ component sits in cohomological degree 2p.

In view of this result it is interesting to consider local operators sitting at the junction of
two Wilson loops in representations V; and V, of G. The corresponding objects of the category
DY, (Coh(gz[2])) are free modules over 2 = @,Sym”g[2] of the form V; ®c¢ 2 and Vo ® 2, with
the obvious G¢ action. The space of morphisms between them is the space of Ge-invariants in the

infinite-dimensional graded representation
WeV,o.

Indeed, a BRST-invariant and gauge-invariant junction of two Wilson lines should be an operator
in representation V;* ® Vi constructed out of the complex scalar o taking values in gc. The space
of such operators in ghost number 2p is Homg (Sym”g, V" ® V4), where Hom¢g denotes the space of

morphisms in the category of representations of G. Summing over all p we get the above answer.



68

6.3.3 More general surface operators

As in the abelian case, the above examples do not exhaust the set of objects in the 2-category of
surface operators. For example, in [47] more complicated surface operators have been considered
which involve higher-order poles for the complex connection A = A + i¢. By analogy with the
Rozansky-Witten model we propose that the most general surface operator at ¢t = i (or equivalently,
the most general boundary condition in the 3d theory) can be defined as a module category of
the monoidal category of boundary line operators for the distinguished boundary condition Xg. As
explained above, this monoidal category is D? .(Coh(Gc)). Concretely, this means that the most
general surface operator can be obtained by fibering a family of 2d TFTs over G, so that the G¢
action on the base (by conjugation) lifts to a G¢ action on the whole family. For example, one
may consider a complex manifolds X which is a fibration over G¢, so that fibers are Calabi-Yau
manifolds, and one is given a lift of the G¢ action on the base (by conjugation) to a G¢ action on
the total space.

Given any surface operator X, one may construct a module category over Dgc (Coh(Gc)) by
looking at the category of line operators sitting at the junction of X and the distinguished surface
operator Xgy. This category is the category of branes in the 2d TFT obtained by compactifying the 3d
TFT on an interval, with the boundary conditions on the two ends given by X and Xy. Equivalently,
one may compactify the 4d TFT on a twice-punctured 2-sphere, with surface operators X and X
inserted at the two punctures.

For example, if we consider a surface operator defined, as in [47], by a prescribed singularity in
the complex connection 4, and take into account that the distinguished surface operator is defined
by allowing the holonomy of A to be free, we see that the space of vacua of the effective 2d TFT is
the moduli space of connections on a punctured disc with the prescribed singularity at the origin.
Let us denote this moduli space M. If in the definition of M we divide by the group of gauge
transformations which reduce to the identity at some chosen point on the boundary of the disk, then
M is acted upon by G¢ and is fibered over G¢ (the holonomy of A along the boundary of the disk).
It looks plausible that the effective 2d TF'T is the B-model with target M coupled to a B-type gauge
theory with gauge group G¢. Its category of branes is a module category over Dgc (Coh(Gq)).

6.4 Surface operators at t =1 and G = U(1)

In Section 5.4, we found that, for ¢t = 1, the GL-twisted theory compactifies to a gauged 3d A-model
TFT with target space G. The analysis of the boundary conditions of the matter sector (a 3d A-
model with target G, see Section B.1) has been carried out in [6]. However, boundary conditions of
the full gauged 3d A-model have not previously been analyzed. In this section, we restrict ourselves

to G = U(1), in which case the gauge sector splits cleanly from the matter sector.
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6.4.1 Boundary conditions in the gauge sector

The gauge sector is the dimensional reduction of the Donaldson-Witten 4d TFT [45] down to 3d; in
Appendix B we call this the A-type 3d gauge theory. However, this by itself does not teach us very
much, since boundary conditions in this theory have not been discussed previously. Without adding
boundary degrees of freedom, the only choices are the Dirichlet and Neumann boundary conditions

for gauge fields, with BRST-invariance fixing the conditions on all other fields.

6.4.1.1 The Dirichlet condition

Let us begin with the Dirichlet condition which says that the restriction of A to the boundary is
trivial. Since 63, = 2id,4(c), this makes sense only if o also vanishes on the boundary. BRST-
invariance then requires 1 + 77 and the restriction of the 1-form v + zz to vanish. The fermionic
equations of motion then require the restriction of x to vanish, and the BRST-invariance implies
that ¢4 must satisfy the Neumann condition 03¢4 = 0, where we assumed that the boundary is given
by 23 = 0.

The Dirichlet boundary condition has the property that it has no nontrivial local BRST-invariant
boundary observables. Indeed, the only nonvanishing BRST-invariant 0-form is ¢4 — 1;4, but it is
BRST-exact. To analyze boundary line operators, we use the dimensional reduction trick and
compactify the 3d theory on an interval with the Dirichlet boundary conditions. The only bosonic
fields in the effective 2d theory are the constant mode of ¢4 and the holonomy of A along the interval

3. That is, the bosonic fields are a real scalar and a periodic real scalar. The

parameterized by x
effective 2d TFT is therefore a sigma-model with target R x S'. In fact, it can be regarded as an
A-model with target T*S'. The easiest way to see this is to note that the path-integral of the 3d

theory localizes on configurations given by solutions of the Bogomolny equations
F 4+ xdoy = 0.

Upon setting all fields to zero except Az and ¢, and assuming that they are independent of 23, this
equation becomes

dAs + *dpy = 0,

where * is the 2d the Hodge star operator. This is an elliptic equation which can be interpreted as
the holomorphic instanton equation, provided we declare Az + i¢4 to be a complex coordinate on
the target. Since the action of the 4d theory is BRST-exact, so is the action of the 2d model. This
agrees with the well-known fact that the action of an A-model is BRST-exact if the symplectic form
on the target space is exact.

The category of line operators on the Dirichlet boundary is therefore the Fukaya-Floer category
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of T*S' whose simplest objects are Lagrangian submanifolds equipped with unitary vector bundles
with flat connections. Since this category arises as the endomorphism category of an object in a
2-category, it must have a monoidal structure, which is not visible from the purely 2d viewpoint. In
fact, we do not expect the Fukaya-Floer category of a general symplectic manifold to have a natural
monoidal structure. We will argue below that the monoidal structure is induced by the mirror
symmetry which establishes the equivalence of the Fukaya-Floer category of T*S* with D®(Coh(C*))
and the monoidal structure on the latter category. For now we just note that the base S! has a
distinguished point corresponding to the trivial holonomy of A on the interval. The fiber over this
point is a Lagrangian submanifold in 7*S' and is the identity object with respect to the monoidal

structure. The distinguished point allows us to identity S! with the group manifold U(1).

6.4.1.2 The Neumann condition

Now let us consider the Neumann condition for the 3d gauge field A. This means that the gauge
symmetry is unbroken on the boundary and the restriction of the 1-form xF' vanishes. Then the
Bogomolny equation requires ¢4 to have the Dirichlet boundary condition ¢4 = a = const, and by
BRST-invariance 14 — 1;4 must vanish at > = 0. Fermionic equations of motion imply then that
5 + 15 vanishes as well, and since 0o (s + 1;3) = 2030, the field o satisfies the Neumann condition.
Finally, the restriction of the 1-form xy to the boundary must vanish, in order for the fermionic
boundary conditions to be consistent. Indeed, if o' is regarded as the time direction, then (xx)s is
canonically conjugate to 13 + IZ3, so if one of them vanishes, so should the other. Similarly, if 22 is
regarded as time, then (xx); is canonically conjugate to 13 + 1;3 and therefore must vanish too.

In the Neumann case the space of BRST-invariant local observables on the boundary is spanned
by powers of the field 0. To determine the category of boundary line operators one has to reduce
the 3d gauge theory on an interval with the Neumann boundary conditions. The bosonic fields of
the effective 2d theory are the 2d gauge field and the constant mode of the scalar o, the fermionic

ones are the O-form 7 + 7, the 1-form ¢ + zz, and the 2-form y. Their BRST transformations are

SA =i(+ 1),
dgo =0,
0o =i(n + 1),
dq(n+1m) =0,
S(v + ¥) = 2do,
Sox = F.

This 2d TFT can be obtained from the usual N = (2,2) d = 2 supersymmetric gauge theory by
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means of a twist which makes use of the U(1)y R-symmetry. Since this is the same R-symmetry as
that used for constructing an A-type sigma-model, we might call this TFT an A-type 2d gauge theory.
As far as we know, its boundary conditions have not been analyzed in the literature previously. It
is shown in Section A.l that its category of branes is equivalent to the bounded derived category
of coherent sheaves on the graded line C[2]. ! Again, the 3d origin of this category means that it
must have monoidal structure. Here it is given by the usual derived tensor product of complexes of
coherent sheaves. The trivial line bundle on C[2] is the identity object. From the 3d viewpoint, it
corresponds to the ‘invisible’ line operator on the boundary.

As mentioned above, the Neumann condition depends on a real parameter a, the boundary value
of the scalar ¢4. On the quantum level there is another parameter which takes values in R/27Z. It

enters as the coefficient of a topological term in the boundary action:

F
0 i

3=0 2w '

Thus overall the Neumann condition in the gauge sector has the parameter space R x S! ~ C*.

6.4.2 Boundary conditions in the matter sector

We may impose either Dirichlet or Neumann condition on the periodic scalar A4. Let us discuss

these two possibilities in turn.

6.4.2.1 The Dirichlet condition

If A, satisfies the Dirichlet condition, then BRST-invariance requires the 1-form ¢ to satisfy the
Neumann condition. This means that the components of ¢ tangent to the boundary are free and
satisfy 03¢1 = 03¢ = 0, while the component ¢3 takes a fixed value ¢35 = a on the boundary.
BRST-invariance also requires the following fermions to vanish on the boundary: 4 + 154, Pg — 1;37
p1, p2. The real parameter a together with the boundary value of A4 combine into a parameter
taking values in S! x R. These parameters are actually irrelevant, in the sense that topological
correlators do not depend on them. To see this, note that shifting the boundary value of A4 can be

achieved by adding a boundary term to the action of the form
/ D3 Ayd’z = / (6gps — (D12 — a¢n)) d’x
3=0 3=0

We see that up to a total derivative this boundary term is BRST-exact, hence does not affect the
correlators. A similar argument can be made for the boundary value of ¢s.

Placing the theory on W = ¥ x I (with ¥ a 2-manifold and I an interval with Dirichlet boundary

I This category is equivalent to the U(1)-equivariant constructible derived category of sheaves over a point [28].
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conditions) yields a novel 2d TFT on ¥ that we shall call the modified A-model in Chapter 7 (where
we will study its properties at greater length). For a target space X equipped with a U(1) action,
one can twist the ordinary 2d A-model to produce a modified A-model with target X. In our case,
X = C, endowed with rotations by a phase. The bosonic C-valued field Z of the ordinary A-model
becomes, after twisting, a real 1-form (the two components are the real and imaginary components
of Z). This is the 1-form ¢|s that survives reduction.

Apart from the bosonic 1-form ¢, the modified A-model has a fermionic 1-form ) — zz and a pair
of fermionic 0-forms n — 7 and p (the latter comes from the component ps of the 1-form p in 3d).

Their BRST transformations are

Sgé =it — 1),
S —¥) =0,
dq(n—1n) =2d"¢,

Sop = *dg .

Here * is the 2d Hodge star operator, and d* = xdx.

To understand the category of boundary line operators in 3d, we need to describe the category
of boundary conditions for the modified A-model. This is fairly straightforward. A natural class of

boundary conditions is obtained by imposing on the boundary

(ap+bx @) |ow = 0.

The special cases b = 0 and a = 0 correspond to the 2d Dirichlet and Neumann conditions. Since
the theory obviously has a symmetry rotating ¢ into x¢, it is sufficient to consider the Neumann
condition *¢| = 0. BRST-invariance requires the restriction of x¢) and p to vanish on such a
boundary. It is easy to see that there are no nontrivial BRST-invariant boundary observables (the
only BRST-invariant fermion ¢ is BRST-exact), so there is no possibility to couple boundary degrees
of freedom in a nontrivial way. This implies that the category of boundary conditions is the same
as for a trivial 2d TFT, i.e., the category of complexes of finite-dimensional vector spaces. We may
denote it D?(Coh(e)).

There is an important subtlety here related to the fact that the scalar A, is periodic with period

1. When reducing on an interval, this means that there are ‘winding sectors’, where
/dx383A4 =n, nec Z.

This winding is constant along a connected component of the boundary and does not affect the 2d
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theory in any way. We may incorporate it by introducing an additional integer label on each bound-
ary component which serves as a conserved boundary charge. This is mathematically equivalent to
saying that the category of boundary conditions is the category of C*-equivariant coherent sheaves
over a point D%.(Coh(s)). Objects of this category are complexes of finite-dimensional vector spaces
with a C*-action, such that the differentials in the complex commute with the C* action. Morphisms

are required to preserve the C*-action, i.e., to have zero C*-charge.

6.4.2.2 The Neumann condition

If Ay satisfies the Neumann condition d3A, = 0, then BRST-invariance requires ¢ to satisfy the
Dirichlet condition . That is, the restriction of ¢ to the boundary must vanish, and ¢3 must satisfy
03¢3 = 0. This boundary condition does not have any parameters.

The reduction on an interval gives rise to the A-model with the bosonic fields A4 and ¢3. This
can be seen, for example, by looking at the 3d BPS equation dA4 + xd¢ = 0 and restricting to field
configurations where ¢, = ¢ = 0 and A4 and ¢3 are independent of 23. For such field configuration
the BPS equation becomes the holomorphic instanton equation with target S' x R ~ C*. From the
symplectic viewpoint, C* with its standard Kéhler form is isomorphic to 7%S*. Thus the category
of boundary line operators in this case is the Fukaya-Floer category of T*S!. Since this category
arises as the category of boundary line operators in the 3d TFT, it must have a monoidal structure.
Although the category appears to be the same as in the gauge sector with the Dirichlet boundary
condition, we will see that the monoidal structure is completely different and is induced by the
equivalence between (a version of) the Fukaya-Floer category of 7*S! and the constructible derived
category of S! [43]. In particular, the identity object (i.e., the invisible boundary line operator)
is different and corresponds to the zero section of T*S! with a trivial rank-1 local system. This
illustrates the fact that a monoidal structure on branes in a 2d TFT depends on the way this 2d

TFT is realized as a compactification of a 3d TFT on an interval.

6.4.3 Electric-magnetic duality of surface operators at t =i and t =1

We are now ready to describe how the 4d electric-magnetic duality acts on various boundary con-
ditions described above. Since for both gauge and matter sectors one can have either Dirichlet or
Neumann conditions, there are four possibilities to consider.

From the 3d viewpoint, 4d electric-magnetic duality amounts to dualizing the 3d gauge field A
into a periodic scalar, and simultaneously dualizing the periodic scalar A4 into a 3d gauge field. It
is easy to see that electric-magnetic duality applied to the A-type gauge theory gives the Rozansky-
Witten model with target 7*[2]C*, i.e., it maps the A-type gauge sector to the B-type matter sector.
Similarly, it maps the A-type matter sector into the B-type gauge theory (with gauge group U(1)).

In other words, electric-magnetic duality reduces to particle-vortex duality done twice.
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The dual of the Neumann condition for a periodic scalar is the Dirichlet condition for the gauge

field, and vice versa. We will use this well-known fact repeatedly in what follows.

6.4.3.1 The DD condition

The first possibility is the Dirichlet condition in both gauge and matter sectors at ¢ = 1. The
Dirichlet condition in the A-type gauge sector maps into a boundary condition in the Rozansky-
Witten model with target 7*[2]C* which sets o = 0 on the boundary and leaves the complex scalar
7 free to fluctuate. The Dirichlet condition in the A-type matter sector is mapped to the Neumann
condition in the B-type gauge theory. Note that the Dirichlet condition in the A-type matter sector
has two real parameters taking values in S! and R. The former one is mapped to a boundary

theta-angle, i.e., a boundary term in the action of the form

of L_of 2
23=0 2T 23=0 2T
The latter parameter is the boundary value of the field ¢3. Both of these parameters are irrelevant,
as discussed in section 4.

As discussed above, the category of boundary line operators in the A-type 3d gauge theory is the
Fukaya-Floer category of T*U(1). On the other hand, the category of boundary line operators in
the Rozansky-Witten model is D®(Coh(C*)), as explained in [36]. These categories are equivalent,
by the usual 2d mirror symmetry.

Let us recall how 2d mirror symmetry acts on some objects in this case. The trivial line bundle on
C* is mapped to the fiber over a distinguished point of the base S'. This distinguished point allows
us to identify S* with the group manifold U(1). More generally, we may consider a holomorphic line
bundle on C* with a d-connection of the form

0+ M%’ AreC.
We will denote such a line bundle £). Gauge transformations can be used to eliminate the imaginary
part of A\. They also can shift the real part of A by an arbitrary integer. Thus we may regard the
parameter \ as taking values in R/Z ~ S'. Mirror symmetry maps £, to a Lagrangian submanifold
in T*U(1) which is a fiber over the point exp(2mi\) € U(1).

Applying mirror symmetry to the obvious monoidal structure on D®(Coh(C*)) given by the
derived tensor product we get a monoidal structure on the Fukaya category of T*U(1). The trivial
holomorphic line bundle on C*, which serves as the identity object in D?(Coh(C*)), is mapped to
the Lagrangian fiber over the identity element of U(1). If we consider two Lagrangian fibers over

the points exp(2miA;), exp(2mide) € U(1), their mirrors are line bundles £y, and Ly,. Their tensor
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product is a line bundle £y, ), whose mirror is the Lagrangian fiber over the point exp(2mi(A; +
A2)) € U(1). Clearly, this rule for tensoring objects of the Fukaya category makes use of the group
structure of U(1), i.e., it is a convolution-type tensor product.

Another natural class of Lagrangian submanifolds to consider are constant sections of T*U (1),
i.e., submanifolds given by the equation ¢4 = const. These submanifolds are circles and may carry a
nontrivial flat connection. Thus such A-branes are labeled by points of R x U(1) ~ C*. The mirror
objects are skyscraper sheaves on C*. The derived tensor product of two skyscrapers supported at
different points is obviously the zero object. The derived tensor product of a skyscraper with itself
can be shown to be isomorphic to the sum of the skyscraper and the skyscraper shifted by —1. That
is, it is a skyscraper sheaf over the same point whose stalk is a graded vector space C[—1] @ C.
Applying mirror symmetry, we see that the tensor product of a section of T*U(1) with itself must
be the sum of two copies of the same section, but with the Maslov grading of one of them shifted
by —1. We do not know how to reproduce this result without appealing to mirror symmetry, i.e.,
by computing the product of boundary line operators in the A-type gauge theory.

As discussed above, the category of boundary line operators in the A-type matter sector is the
category of branes in a somewhat unusual 2d TFT which is a modification of the A-model with
target T*R. It was argued above that this category is equivalent to D%.(Coh(e)). This agrees with
the B-side, where the reduction on an interval gives a B-type 2d gauge theory.

Putting the gauge and matter sectors together, we see that the DD boundary condition on the A-
side is mapped to what we called the distinguished boundary condition on the B-side. The category
of boundary line operators for such a boundary condition is the C*-equivariant derived category
of coherent sheaves DL.(Coh(C*)) with its obvious monoidal structure. On the A-side we get a
graded version of the Fukaya-Floer category of T*U (1) where a flat vector bundle over a Lagrangian
submanifold has an additional integer grading and morphisms are required to have degree zero with
respect to it. This grading arises from the winding number of the periodic scalar Ay.

We can also interpret the duality in 4d terms. Indeed, it is easy to see that the DD boundary
condition on the A-side arises from a 4d Dirichlet boundary condition at ¢ = 1, while its dual on
the B-side arises from the 4d Neumann condition at ¢ = ¢. Thus electric-magnetic duality exchanges
Dirichlet and Neumann boundary conditions in 4d, as expected. The surface operators corresponding
to such 4d boundary conditions can be interpreted as follows: we excise a tubular neighborhood of
the support of the surface operator and impose the 4d boundary condition on the resulting boundary.
In a TFT, such a procedure gives a surface operator (i.e., there is no need to take the limit where

the thickness of the tubular neighborhood goes to zero).
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6.4.3.2 The NN condition

This condition is the distinguished boundary condition on the A-side, since the gauge group is
unbroken on the boundary, and the periodic scalar A, is free to explore the whole circle. It is
mapped by electric-magnetic duality to the Dirichlet boundary condition for the B-type gauge theory
and the boundary condition in the RW model with target C* which fixes the C*-valued scalar 7
and leaves o free. Note that both the Neumann boundary condition in the A-type gauge theory
and the corresponding boundary condition in the RW model have a parameter taking values in
C*~RxU(1).

Let us compare the categories of boundary line operators. The category of boundary line opera-
tors in the A-type gauge theory is the bounded derived category of coherent sheaves D®(Coh(C[2])).
The category of boundary line operators in the RW model is also D’(Coh(C][2])). The category of
boundary line operators in the A-type matter sector is the Fukaya-Floer category of T*S!. The
category of boundary line operators in the B-type gauge sector is D®(Coh(C*)). Their equivalence
is a special case of the usual 2d mirror symmetry.

But there is more: we expect that the categories of boundary line operators are equivalent as
monoidal categories. This is easy to see directly for the RW model with target C* and A-type gauge
theory with gauge group U(1). Indeed, in both cases typical objects in the category of boundary
line operators are complexes of holomorphic vector bundles which can be represented by Wilson
line operators on the boundary for some superconnection on the pullback vector bundle. In the
classical approximation, fusing two such boundary line operators corresponds to the tensor product
of complexes, and there can be no quantum corrections to this result.

It is more complicated to compare the monoidal structures for the other pair of dual theories
(B-type gauge theory and A-type matter). We will not attempt to do an independent computation
on the A-side but instead describe the monoidal structure on the B-side and then explain what it
corresponds to on the A-side.

Note that since C* is a complex Lie group, the category D?(Coh(C*)) has two natural monoidal
structures: the derived tensor product, and the convolution-type product. The former one does not
make use of the group structure, while the latter one does. The identity object of the former one is
the sheaf of holomorphic functions on C*, while for the latter structure it is the skyscraper sheaf at
the identity point 1 € C*. It is the latter monoidal structure which describes the fusion of boundary
line operators on the B-side. Indeed, the 3d meaning of the coordinate on C* is the holonomy of
the connection A + i¢ along a small semicircle with both ends on the boundary and centered at the
boundary line operator (see figure 6.1). Skyscraper sheaves correspond to boundary line operators
for which this holonomy is fixed. In particular, the skyscraper sheaf at 1 € C* corresponds to the
‘invisible’ boundary line operator for which this holonomy is trivial. By definition, this is the identity

object in the monoidal category of boundary line operators.



Figure 6.1: A skyscraper sheaf corresponds to a boundary line operator for which the holonomy of
A+ i¢ along a small semi-circle around it is fixed. The dot marks the location of the boundary line
operator, which we view here in cross section.

Mirror symmetry maps a skyscraper sheaf on C* to a Lagrangian submanifold of 7%S"' which is
a graph of a closed 1-form a on S'. Topologically this submanifold is a circle and is equipped with
a trivial line bundle with a flat unitary connection. The moduli space of such an object is C*: for
A € C* the phase of A determines the holonomy of the unitary connection, while the absolute value
determines the integral of o on S!. Thus the identity object on the B-side is mirror to the zero
section of T*S! with a trivial flat connection. To describe the monoidal structure on the A-side it is
best to recall a theorem of Nadler [42] according to which (a version of) the Fukaya-Floer category
of T* X is equivalent to the constructible derived category of X. Recall that a constructible sheaf
on a real manifold X is a sheaf which is locally constant on the strata of a Whitney stratification of
X; such sheaves can be regarded as generalizations of flat connections. Objects of the constructible
derived category are bounded complexes of sheaves whose cohomology sheaves are constructible. The
constructible derived category has an obvious monoidal structure arising from the tensor product of
complexes of sheaves. The sheaf of locally constant functions is the identity object with respect to
this monoidal structure. According to [43, 42], this object corresponds to the zero section of T*S!
with a trivial flat connection. This suggests that the monoidal structure on the A-side is given by
the tensor product on the constructible derived category. It is easy to check that this is compatible
with the way mirror symmetry acts on the skyscraper sheaves on C*.

We can try put the gauge and matter sectors together. On the B-side, we have the B-model
with target C* x C[2] whose category of branes is D’(Coh(C* x C[2])). On the A-side, we have an
A-model with target T*S* tensored with an A-type 2d gauge theory with gauge group U(1). One
could guess that the corresponding category of branes is a U(1)-equivariant version of the Fukaya-
Floer category of T*S!. More generally, one could guess that the category of branes in an A-model
with target T*X tensored with the A-type 2d U(1) gauge theory is a U(1)-equivariant version of

the Fukaya-Floer category of T*X. It is not clear to us how to define such an equivariant Fukaya-
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Floer category mathematically. Given the results of [43, 42], a natural guess is the equivariant
constructible derived category of sheaves on X. As a check, note that when X is a point, the U(1)-
equivariant constructible derived category is equivalent to D®(Coh(C[2])) [28]. As mentioned above
and explained in Appendix A, this is indeed the category of branes for the A-type 2d gauge theory.
The monoidal structure seems to be the standard one (derived tensor product). On the B-side, on
the other hand, the monoidal structure is a combination of the tensor product of coherent sheaves

on C[2] and the convolution product on C*.

6.4.3.3 The DN condition

Next consider the boundary condition on the A-side which is a combination of the Dirichlet condition
in the gauge sector and the Neumann condition for A4 in the matter sector. It is dual to the
Dirichlet condition for the B-type gauge sector and a boundary condition for the RW model with
target T*[2]C* which sets o = 0 and leaves the complex scalar 7 = Ay + i¢4 free to fluctuate.

On the B-side reduction on an interval gives a B-model with target C* x C*, therefore the category
of boundary line operators is D’(Coh(C* x C*)). On the A-side reduction gives an A-model with
target T*U(1) x T*U(1), therefore the category of boundary line operators is the Fukaya-Floer
category. The two categories are equivalent by the usual 2d mirror symmetry. The monoidal
structure is easiest to determine on the B-side. It is neither the derived tensor product, nor the
convolution, but a combination of both. This happens because the two copies of C* have a very
different origin: one of them arises from a 3d B-type gauge theory, and the other one arises from

the Rozansky-Witten model with target T*[2]C*.

6.4.3.4 The ND condition

Finally we consider the boundary condition on the A-side which is a combination of the Neumann
condition in the gauge sector and the Dirichlet condition for A4. This is the case which corresponds
to the Gukov-Witten surface operator at ¢ = 1. Indeed, the Dirichlet conditions for A4, ¢4 and ¢3

mean that the holonomy of A is fixed, while the 1-form ¢ has a singularity of the form
d
B — ~ad,
r

where —+ is the boundary value of ¢4 and § is the boundary value of ¢3. The boundary value of A4
is the Gukov-Witten parameter cv. The Neumann condition in the gauge sector also depends on the
boundary theta-angle which corresponds to the Gukov-Witten parameter 7. As explained above,
the boundary values of A4 and ¢3 are actually irrelevant. This agrees with the results of [2], where
it is shown that at ¢ = 1 the parameters a and [ are irrelevant. Thus the true parameter space of

the surface operator on the A-side is C*.
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Electric-magnetic duality maps the DD condition to the Neumann condition for the B-type gauge
theory and the boundary condition in the RW model which fixes 7 and leaves o free to fluctuate.
The latter boundary condition depends on the boundary value of the field 7 = A4 + i¢4. From the
4d viewpoint this boundary value encodes the Gukov-Witten parameters o and . These are the
relevant parameters at ¢t = ¢, as explained in [2]. The Neumann boundary condition in the B-type
gauge theory also has two parameters (the boundary value of ¢3 and the boundary theta-angle)
which correspond to the Gukov-Witten parameters 8 and 7. But as explained above and from a
different viewpoint in [2], these parameters are irrelevant at t = 1.

Let us compare the categories of 3d boundary line operators, which from the 4d viewpoint are
interpreted as categories of line operators sitting on Gukov-Witten surface operators. On the B-side
reduction on an interval gives a B-model with target C[2] tensored with a B-type 2d gauge theory,
therefore the category of boundary line operators is DZ.(Coh(C[2])). On the A-side reduction on
an interval gives an A-type 2d gauge theory tensored with a modified A-model with target T*R. Its
category of branes is a modification of the category of boundary conditions for the A-type 2d gauge
theory where the space of boundary degrees of freedom has additional integer grading coming from
the winding of the periodic scalar A4, and morphisms are required to have degree zero with respect
to it. Since branes in the A-type 2d gauge theory can be identified with objects of D*(Coh(C]2])),
the category of boundary conditions in the combined system is equivalent to Dg.(Coh(C[2])), in

agreement with what we got on the B-side.

6.4.4 A proposal for the 2-category of surface operators at t =1

By analogy with the Rozansky-Witten model, one may conjecture that the 2-category of surface
operators at ¢ = 1 can be described in terms of module categories over the monoidal category of
boundary line operators for the distinguished boundary condition (the NN condition). We have
argued above that this monoidal category is the U(1)-equivariant constructible derived category of
S1, where the U(1) action on S! is trivial. It is probably better to think about it as a sheaf of
U(1)-equivariant monoidal DG-categories over S'. To each surface operator we may associate a
sheaf of U(1)-equivariant module categories over this sheaf of U(1)-equivariant monoidal categories,
and we conjecture that this map is an equivalence of 2-categories. Gukov-Witten-type operators
correspond to skyscraper sheaves on S!.

Electric-magnetic duality then implies that there is an equivalence between this 2-category and

the 2-category of coherent C*-equivariant derived categorical sheaves over C*.
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6.5 Surface operators at t =0 and G = U(1)

In Section 5.2, we showed that the 3d reduction of the GL-twisted theory at ¢ = 0 is identical to
that of Vafa-Witten theory. Hence, the classification of surface operators is identical in both of
these theories. We consider boundary conditions of the 3d reduced theory for abelian gauge group,

treating first the gauge sector and then the matter sector.

6.5.1 The gauge sector

As for the t = 1 case, we may consider either Dirichlet or Neumann conditions for the gauge field, and
then BRST-invariance determines the rest. The category of boundary line operators is determined
by compactifying the theory on an interval with the appropriate boundary conditions and analyzing
branes in the resulting 2d TFT.

In the Neumann case the effective 2d TFT is the A-type 2d gauge theory, just as for t = 1. As
explained above, its category of boundary conditions is equivalent to D®(Coh(C[2])).

In the Dirichlet case the effective 2d TFT is a topological sigma-model with two bosonic fields,
Ay and the holonomy of the 3d gauge field A along the interval. Both are periodic scalars, so the

target of the sigma-model is T2. The BPS equations reduce to a holomorphic instanton equation
dAg —+ *dA4 = O7

which means that we are dealing with an A-model with target T2. Its category of branes is the
Fukaya-Floer category of T, which is fairly nontrivial (and by mirror symmetry equivalent to the
bounded derived category of coherent sheaves on an elliptic curve). The A-model depends on the
symplectic form on 72 which can be read off the topological piece of the action. Setting A; and A,

to zero and reducing on an interval of length 27 it becomes

—47?

2
e Mo

dAs NdAy .

We may regard this expression as an integral of the pull-back of a symplectic 2-form
4 2
dea: A dy
e

on the 2-torus with periodic coordinates x,y, both with period one. The symplectic area of this
2-torus is 472 /e?.
We do not know how to describe the monoidal structure on this category arising from the fusion

of boundary line operators.



81
6.5.2 The matter sector

As for t = 1, we may consider either the Dirichlet or Neumann conditions for the scalars ¢3 and
¢4 (BRST-invariance requires them to be of the same type). In the Dirichlet case reduction on an
interval gives the modified A-model whose only bosonic field is a real 1-form ¢ in two dimensions.
As discussed above, it category of branes is the same as for a trivial TFT, i.e., it is equivalent to
D*(Coh(e)). Unlike in the ¢t = 1 case, there are no ‘winding sectors’, since the scalars ¢3 and ¢4
are not periodic. So the category of boundary line operators in this case is D°(Coh(e)), with its
standard monoidal structure.

If ¢3 and ¢4 satisfy the Neumann condition, then the restriction of the 1-form ¢ to the 2d
boundary must vanish. Reducing on an interval, we get an A-model whose only bosonic fields are
¢3 and ¢4, namely an A-model with target T*R. Its category of branes is the Fukaya-Floer category
of T*R. Since this should be thought as the category of boundary line operators in a 3d TFT, it
should have a monoidal structure. Since the only difference compared to the ¢ = 1 matter sector
is the noncompactness of ¢4, we expect that after we apply the equivalence of [42], this monoidal

structure becomes the standard monoidal structure on the constructible derived category of R.

6.5.3 Putting the sectors together
6.5.3.1 The DD condition

The DD boundary condition corresponds to a surface operator such that the 1-form ¢ has a fixed

singularity of the form

d
B — ydo,
'

while the holonomy of the gauge field A is allowed to fluctuate, and the scalar field o vanishes at
the insertion surface. To define such an operator properly, one has to excise a tubular neighborhood
of the insertion surface and impose suitable conditions on the newly created boundary.

Since the matter sector in the Dirichlet case does not have interesting boundary conditions, the
category of boundary line operators is the same as in the gauge sector, i.e., the Fukaya-Floer category
of T? with the symplectic area & = 472 /e?. From the 4d viewpoint, this is the category of line
operators on the surface operator.

Electric-magnetic duality maps the DD condition to itself. Indeed, it does not affect the matter
sector, while in the gauge sector it maps the periodic scalar A, into a gauge field and maps the
gauge field to a periodic scalar. Since in the DD case A, satisifies the Neumann condition, the dual
gauge field satisfies the Dirichlet condition. Contrariwise, the Dirichlet condition for the gauge field
is mapped by duality to the Dirichlet condition for the new periodic scalar. The only effect of duality
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is to replace e? with 472 /e%. Therefore the symplectic area of the T2 is also inverted:

472
6—6=—.
G
The Fukaya-Floer categories of two tori whose symplectic areas are related as above are equivalent
by the usual T-duality. Moreover, we expect that the monoidal structure (which we have not

determined!) is preserved by T-duality.

6.5.3.2 The NN condition

The NN condition corresponds to the surface operator such that A has a fixed singularity of the
form

adb,

while the singularity for the 1-form ¢ is allowed to fluctuate. To define such a surface operator
properly, one has to impose suitable conditions on a boundary of a tubular neighborhood of the
insertion surface.

Upon reduction on an interval with NN boundary conditions on both ends, we get a 2d TFT
which is a product of an A-type 2d gauge theory and an A-model with target T*R. Its category of
branes is an equivariant version of the Fukaya-Floer category of T*R. It was conjectured above that
it is equivalent to the equivariant constructible derived category of R, with the standard monoidal
structure (derived tensor product).

Electric-magnetic duality maps the NN condition to itself, for the same reason as in the DD
case. It acts trivially on the category of line operators, because the bosonic fields which survive the

reduction on an interval (that is, o, ¢3 and ¢4) are not involved in the duality.

6.5.3.3 The DN condition

The DN condition corresponds to a surface operator such that both A and ¢ are allowed to have
fluctuating singularities, while o has to vanish at the surface operator. Upon reduction on an
interval with DN boundary conditions on both ends, we get a product of an A-model with target 72
and an A-model with target T*R. Its category of branes is the Fukaya-Floer category of T? x T*R.
Electric-magnetic duality maps the DN condition to itself. Its action on the category of line operators
amounts to a T-duality on 72 (duality acts trivially on the matter sector). The monoidal structure

(which we have not determined) must be preserved by T-duality.
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6.5.3.4 The ND condition

This case corresponds to the Gukov-Witten surface operator where the holonomy of A is fixed, and

the 1-form ¢ has a fixed singularity of the form
d

3L ap.
r

Reduction on an interval with ND boundary conditions gives a 2d TFT which is a product of
an A-type 2d gauge theory and a modified A-model whose only bosonic field is a real 1-form. Since
there are no interesting boundary conditions in the latter theory, the category of boundary conditions
in this case is the same as in the former theory. That is, it is the U(1)-equivariant constructible
derived category of sheaves over a point, or equivalently D’(Coh(C[2])) [28]. This is therefore the
category of line operators sitting on the Gukov-Witten surface operator. The monoidal structure is
the standard one (derived tensor product).

In particular, since the trivial surface operator is a special case of the Gukov-Witten surface
operator, we conclude that the category of bulk line operators in the GL-twisted theory at ¢ = 0
is D®(Coh(C[2])). In 4d terms, this can be interpreted as saying that all bulk line operators can
be constructed by taking a sum of several copies of the trivial line operator and deforming it using
the descendants of the BRST-invariant field o and its powers. This agrees with the results of [35],
where it was argued that neither Wilson nor ’t Hooft line operators are allowed at ¢ = 0.

Electric-magnetic duality maps the ND condition to itself. It acts trivially on the category of

line operators since the field o is not involved in the duality.
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Chapter 7

Modified A-model

This chapter is devoted to a detailed study of the 2d TFT one obtains upon compactification of
Vafa-Witten theory from 4d down to 2d on a genus go > 2 Riemann surface C. We call this 2d TFT
the modified A-model by virtue of the fact that it is obtainable from an ordinary 2d A-model with
Kébhler target X by twisting with a U(1) isometry of X. To our knowledge, the modified A-model
has been little studied outside of this thesis and we therefore discuss it in detail.

Note that in Appendix A, we present an additional series of 2d TFTs arising in the analysis of
the dimensional reduction of the various twisted versions of d = 4, N' =4 SYM (among these are
the A-type and B-type 2d topological gauge theories, as well as the gauged 2d B-model, which have

made an appearance in the surface operator analysis of the previous chapter).

Twisting the 2d A-model

We have noted a close resemblance between G L-twisted theory at ¢ = 0 and Vafa-Witten theory. In
[35] it was shown that the ¢ = 0 theory on a product of Riemann surfaces ¥ x C' compactifies to an
A-model on ¥ with target My (G, C) as the size of C' shrinks to zero, where Mg (G, C) is the moduli
space of solutions to the Hitchin equations on the Riemann surface C. (The space My (G, C) can
roughly be thought of as the cotangent bundle of the moduli space of flat G bundles on C'; we will
discuss it further in the following chapter.) Hence, we expect to obtain a similar description of the
compactification of Vafa-Witten theory on C, and indeed we do — with a slight twist.

Instead of an A-model, we obtain a theory that we shall call the modified A-model, which is a
twisted version of the A-model.

We construct from scratch the modified 2d A-model with target space X, any Kéhler manifold
equipped with a Hamiltonian action of the group U(1), which action is assumed to preserve both
the K&hler form and complex structure of X (and, hence, also the K&hler metric). Starting with an

A-model on ¥ with target X, one twists the theory by replacing the rotation group U(1)g of ¥ by
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the twisted rotation group

Ul)g = U(1)g = diagU(1)g x U(1)x), (7.1)

where U(1)x is the transformation of the fields induced by the U(1) action on the target and diag
indicates the diagonal subgroup. Alternatively, one could start with a (2,2) nonlinear sigma model

on Y with target X and make the replacement

U(1)p — U = diag(U(1)e x U(L)y x U(1)x),

where U(1)y is the vector R-symmetry of the untwisted theory.

Locally on ¥ (i.e., confining attention to a single trivializing chart of the principal U(1) frame
bundle of ¥), the modified A-model and the ordinary A-model are nearly identical. The difference
between the two theories is felt once one considers overlaps between charts, since rotations on ¥ are
accompanied by an action of U(1)x on the fields.

The modified A-model considered in this chapter is a close relative of gauged sigma models with
general gauge bundles and fluctuating gauge fields (for instance, the gauged 4d A-model considered
in Chapter 3). In particular, a gauged 2d A-model has been discussed in [12] and elsewhere. The
modified 2d A-model is a specialization thereof in which the gauge bundle is taken to be the principal
U(1) frame bundle P on ¥, and the connection is fixed to be the (metric-compatible, torsion-free)
spin connection.

In Section 7.1 we review the ordinary 2d A-model. In Section 7.2, we describe the modified A-
model twist in detail and write down the field content, variations, and action of the twisted theory.
We will find it necessary to augment the usual topological term of the A-model with an extra term.
In Section 7.3 we offer an interpretation of this equivariant topological term. In Section 7.4, we
analyze the spectrum of local observables of the modified A-model and the ghost number anomaly
of the path integral measure. Then, in Section 7.5 we consider the modified A-model defined on
a Riemann surface with boundary and discuss the category of branes. Finally, in Section 7.6 we
analyze the condition for the ghost number symmetry to be nonanomalous when the boundary is

nontrivial.

7.1 2d A-model

We begin by reviewing the field content, action and variations of the familiar 2d A-model. Let %

be a genus gx, compact, oriented Riemann surface without boundary, and let h be a Riemannian
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metric on X. Let z, Z be local complex coordinates on Y adapted to h in the sense that
h..=hzz= 0, hez=hz, = %€2fa h** = h** = 26_2fa

where f = f(z,2) is a local, real function. We write 0! = Rez and ¢ = Im z for real coordinates
on X adapted to z,z. The real components of h are h,, = e2f5lw with p,v = 1,2. The Kéhler

(volume) form on ¥ is
e = ihosdz NdZ = Se*dz \dz = M do' Ndo® = Vhd®o

the final expression being valid for any real coordinates o* on X.

The target space X is taken to be a Kéhler manifold with Kéhler form
Q = igisddi Add = Sy ydd! A do
=1g;;dQ" N d¢ =3 1do” A\ do

where ¢! are local real coordinates and qbi,qg are local complex coordinates on X, and g is the

Kahler metric, with
9ij = 9ij = 0, 9i5 = 951 = (Qﬂ)* = (gij)* .

The bosonic fields of the A-model consist of a map
.Y - X
described locally via functions ¢! (o), and also auxiliary fields

PcQ(, e T0X)

P e QY0(%, 0" T X)

where TH9X and T%!'X are the holomorphic and antiholomorphic subbundles of the complexified
tangent bundle of X with respect to the complex structure Jx on X; similarly, the notation Q°
and Q%! indicates projection onto the (1,0) and (0,1) parts of 1-forms on ¥, with respect to the
complex structure Jy; on X.

The fermionic fields of the A-model consist of the tangent-valued forms

x € Q%Z, @ TX)
p € V(D o TH0X)

pe (e o T x) .
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Since the A-model is obtained by twisting a (2,2) supersymmetric nonlinear sigma model by its
U(1)y vector R-symmetry, the U(1)4 axial R-symmetry remains as a symmetry in the twisted
theory, where instead we call it the ghost number symmetry. The bosonic fields transform with
ghost number 0, the fermionic field xy with ghost number 1, and the fields p and p with ghost

number -1. The BRST variation d¢ itself carries one unit of ghost number; it acts on the fields as

50" = X' b = '
5QXi = 0, (5ng =0

- o (7.2)
Sqps' = P =T x/ ps", op:" =P. —T"5x7p-

. . . T . . ~ 7 - 31 - -~k
6P = =R p X" =T P*, 6P, = —R'55 0" x"x' = T"5:’ P,

where F;'- . F;ﬁc, R kD> sz,;l are the nonvanishing Christoffel symbols and Riemann tensor coefficients
of the Kédhler metric on X (regarded as functions of ®@). It is easy to verify that the off-shell form
of the variations given above square to zero.

The A-model action is a sum of a BRST-exact term and a metric-independent term:

S:5QV+t/ 3% () (7.3)
b
where
1 e N S _
V= _Zt/ gi}{pil(Pz + 4i0.¢7) + p.” (P:' —425‘24*)}(@4“@)
>

and t is a coupling parameter multiplying the overall action. The pullback of the Kahler form under

the sigma model map is given in local coordinates by
* 1 i J i ils >
/ () :/ §QIJd¢I Ade’ = / gﬁ{@zqﬁ Oz¢’ — 0z¢ 5‘Z¢]}(zdz A dZ) (7.4)
pX b b

After eliminating the auxiliary fields by their equations of motion

P, =2id.¢", P, = —2i0.¢'
one finds that the path integral of the A-model localizes on solutions of the holomorphic instanton
equation

ag(bi = 0

corresponding to holomorphic maps between the complex manifolds ¢ : ¥ — X.
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7.2 Modified 2d A-model field content, action, variations

We now specialize to Kéhler target manifolds X equipped with a left action of the group U(1), which
action is assumed to preserve both the symplectic form and complex structure of X in the sense
that

LyvQ=LyJx =0,

where V' € T(TX) is the generating vector field of the U(1) action. It follows that U(1) acts by
isometries since Ly g = 0 is implied by the above. With these assumptions, the induced action U (1) x
on fields of the A-model leaves the action invariant; however, for reasons that will become apparent
shortly, we make the additional assumption that U(1) is a Hamiltonian group action, meaning that
it is generated by a globally defined, equivariant moment map on X. This is the statement that

there exists a globally defined, scalar function H : X — R satisfying
dH = —1y Q2 (7.5)

at every point of X, where ¢y indicates contraction on the vector V. In components, 9;H = Q;; V1.

The 1-form ¢y, is automatically closed by virtue of
dLVg = ﬁvQ - Lde = 0,

implying that a locally defined function satisfying (7.5) exists whenever 2 is closed and preserved
by V; hence, the nontrivial part of the Hamiltonian assumption is that the function H is globally
defined. Moreover, for the group U(1), equivariance of the moment map H is automatic since

LvdH = 7Lvag =0.

Field content of the modified A-model

As described above, we wish to twist the theory by modifying the spins of fields according to equation
(7.1). After twisting, the bosonic field ® is no longer simply a map from ¥ to X, since it transforms

nontrivially under rotations on . Rather, it is replaced by a section ® of the associated fiber bundle
E=P XU(l) X

with typical fiber X associated to the principal U(1) frame bundle P on ¥ by the group action
[. That is to say, ® is a map from X to the total space E which serves as a right inverse of the
projection map wg : E — X. Likewise, the fermionic fields in the twisted theory take values in the
pullback vector bundle ®*V E, where recall that VE = kerdrg C TE is the subbundle of vertical

vectors pointing along the fibers. As discussed in Appendix C, this bundle canonically inherits a
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complex structure JV : VE — VE from that of X, so it makes sense to project vertical vectors onto
their (1,0) and (0,1) parts.

In summary, the bosonic fields of the modified A-model consist of a section
®c Q% E)
as well as auxiliary fields

Pc Q" (%, & VIOE)

Pec Q% & VOE) .
The fermionic fields of the modified A-model consist of the forms

x € (T, @*VE)
p € Q¥ (2, & VIOE)

pc (e VHE) .

See Appendix C for a detailed discussion of the geometry of E and its attendant structures.
Just as for the gauged 4d A-model discussed in Chapter 3, a section ® : ¥ — F is represented
locally by maps
IORNACI e

and a section x € Q°(X, ®*V E) is represented locally by sections
@ e QOU@, o T x)

on trivializing neighborhoods U(®) % for the underlying principal bundle P. Hence, locally on X,
the field content of the modified A-model is equivalent to that of an ordinary A-model.

Action of the modified A-model

The local expression (7.2) for the off-shell form of the BRST variations remains valid after twisting.
However, the expression for the action requires modification in order to ensure that in the twisted
theory, it is globally well-defined on ¥ and BRST-invariant. To make the action globally well-
defined on ¥, we must replace ordinary derivatives with covariant derivatives acting on sections of
the bundles F and ®*V E. This, in turn, requires us to pick a connection on the underlying principal
bundle P. We choose this to be the unique metric-compatible and torsion-free spin connection w on

P; indeed, we regard this choice as part of the definition of a ‘modified A-model’. In our adapted
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local coordinates on X, the spin connection is given explicitly by
w = (0of)do' — (01 f)do? = i(0.f)dz — i(D=f)dz . (7.6)

As discussed in Appendix C, the connection w allows us to define covariant derivatives of sections of
E and ®*V E. Just as for the gauged 4d A-model, we represent these covariant derivatives locally

by the ordinary 1-forms

D¢' = d¢' +w V!

Dx! = dx! + T dp? X +wxEVg V!

on neighborhoods U(*7) ¢ ¥.

Let Sy be the minimal coupling action obtained by simply replacing derivatives with covariant
derivatives in the A-model action (7.3). The BRST-exact portion of Sy remains BRST-invariant;
however, substituting D¢’ for d¢’ in the term (7.4) disturbs its BRST-invariance:

5080 = g (t / %Q,Jml A D¢=’)
>
= t/ {(EVQ)U(quI Aw)x? —d(Qr Dol x7) + QIJVIXde}
>

:t/ Qs VIiy7dw
b

where we have used d€? = 0. In going from the second to third line, we have used U(1) invariance of
the Kéhler form €2, and have dropped the total derivative term since X is boundaryless by assumption.

In order to restore BRST-invariance we add an extra (nonminimal) term Sy to the action whose
BRST variation cancels the above. As will become clear in Section 7.4, BRST-exactness of the term
Qr;VIx7 is equivalent to exactness (in de Rham cohomology) of the 1-form ¢yQ on X. Indeed, we
recognize this as the assumption we made at the outset that the group action is Hamiltonian. The

existence of global moment map H allows us to write down the expression

S = —t /,: H(®)duw

which has the proper BRST variation to cancel that of Sy. This term is globally well-defined on
Y since the curvature dw of the spin connection is a globally defined 2-form and the function H is

constant along orbits of the group action; that is,

H(®)dw® = H(®P))dw®
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on overlaps U™ N U In total, the action of the modified A-model is given by

1
S = 5Qv+t/ §QUD¢I AD¢? — t/ H(®)dw (7.7)
> >

where

1 . ~ M - s . .
V=i / 0] p= () + 4iD.47) + 5.7 (' — 4iD-') bidz A d2) (7.8)
)

Taking the BRST variation and writing this out in complex coordinates, we find

5=t [ {05(P-0'D:¢? + D:6'D.¢) +ips'Dx0 — 7 D)
P
1

- §Ri3kfp2iﬁszkXi + 2(5z52f)H(‘I’)}(idZ AdZ) .

The equations of motion of the auxiliary fields are given by

P.' = 2iDs¢, P = —2iD.¢" .
The modified A-model localizes on solutions of a covariantized version of the holomorphic instanton

equation of the A-model:

Dg¢i = agqsi + CUgvi =0.

This local expression is equivalent to the condition
d®oJy =Jgod®

where Jy is the complex structure on ¥ and Jg is the complex structure on the total space E
determined by w. (See Appendix C for the construction of complex structure Jg : TE — TE
using a connection on the underlying principal bundle.) This equation, in turn, says that the map
® . ¥ — F is a holomorphic map of complex manifolds.

Finally, note that the action of the modified A-model reduces to that of an ordinary A-model

when X is a flat torus (in which case, the spin connection is trivial).

7.3 Equivariant topological term

Consider the BRST-inexact portion

1
Stop = / 5U 7Do! NDp? — / H(®)dw
p 2
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of the modified A-model action. By construction, S, is annihilated by the BRST variation dg; a
quick inspection of the logic of the preceding section reveals that it is also left invariant by arbitrary
infinitesimal variations of the map ® and the connection w. In this sense, it represents a topological
term in the action analogous to the topological term in (7.3).

We can interpret this ‘equivariant’ topological term as measuring the pullback of a certain equiv-
ariant cohomology class on the target space. Let n € Q?](l)(X ) be the equivariant 2-form given
by

n=8Q-H(

where ( is the generator of S(g*) with g = u(1). The assumption that the U(1) action on X is
Hamiltonian with moment map H implies that 7 is closed with respect to the Cartan differential d¢o

acting on equivariant forms:
den = (d =) (Q - H() = —(dH)¢ = ()¢ = 0.

As described in Appendix C, a section ® : 3 — E and connection w can be used to pull back
equivariant 2-form n on X to an ordinary 2-form 7 on ¥, then integrated over ¥ to yield a topological
term.

To be precise, we first pull  back to ordinary 2-form 7(y,w) on P using the covariant derivative
dyp, where ¢ : P — X is the G-equivariant map corresponding to section ®. The form n(p,w) is
basic, so it descends to a globally defined, closed 2-form 77(¢,w) on ¥ given by 7j(p, w) = s(®)*n(p, w)

on each neighborhood U(®). By the discussion in Appendix C, we are assured that integration of

/Z (g, w)

depending only on the homotopy classes of ® and w, and the equivariant cohomology class of . On

this form produces a number

the local neighborhood U(®7) we can write 7j as

(g, w) = s n(p,w)
= S(a)*[ (dw@)*QX _ (HO QO)Fw ]
= [dwcp ¢} ds(o‘)]*QX — (H oo 3(0‘)) S(a)*Fw

*

= [d,®]
1
2

(% QL) 41 A d¢(w) —(H 0 @)@

(@) 0 @) Dgl, | A D] (H 0 &) du@ .

ay)

We recognize the integral of this expression as Sy, written above.
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7.4 Local observables

The spectrum of local observables of the modified A-model is quite straightforward. It is given
simply by restricting the de Rham cohomology to its U(1) invariant subcomplex.

More precisely, consider the space of closed differential k-forms p on the target space that are
U(1) invariant, in the sense that Ly p = 0. Using the Cartan identity for the Lie derivative, one
immediately finds that the exterior derivative dp is U(1) invariant as well. Hence, we can consistently
restrict the de Rham complex on X to its U(1) invariant subcomplex. The cohomology of this

subcomplex is called the U(1) invariant cohomology of X and is denoted (H*X )V,

Ghost number anomaly

Let us now compute the quantum mechanical anomaly of the U(1) ghost number symmetry, the
vanishing of which will impose a selection rule on which of the above observables can have nonzero
expectation values. The anomaly arises due to a mismatch in the path integral measure between the
number of zero modes of fermions with ghost number 1 (x and p) and the number of zero modes of
fermions with ghost number -1 (x and p). (Note that here the symbol x indicates the (1,0) part of
the field we previously called x and the symbol x indicates its (0, 1) part.)

The zero mode mismatch corresponds to (twice) the index of the elliptic operator D appearing

in the fermion kinetic term:

k = 2dimker {Dg : QO(Z’ <I’*V1’OE) - Qo’l(Z, <I>*V1’OE)}
—  2dimker {Dz Q@ VUE) - QY% <I>*V0’1E)}
= 2dimkerD; — 2dimkerD!

= 21nd Dg .

By the Hirzebruch-Riemann-Roch theorem, the index of this Cauchy-Riemann operator on the

holomorphic vector bundle ®*VF is given in terms of its first Chern number by the formula

ind Dz = n(1l — gx) +/ e (@ VIE) .
2

The first Chern class can be further interpreted [12] as the pullback of the equivariant first Chern

class on tangent bundle T'X under the section ®:

a(®VHOE) = ij(p,w)
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where

1 1
= —0-—CAH €Qpy(X)

= 2w 47

is the equivariant first Chern class and 7j(p,w) is its pullback (in the notation of the preceding

section). Here AH is the Laplacian of the Hamiltonian function and 2 is the Kéhler form on X.

7.5 Boundary conditions

Consider now the modified A-model placed on a Riemann surface ¥ with nontrivial boundary 9%,
consisting of hy, components diffeomorphic to hy circles, which canonically inherit orientations from
that of X. As we shall discuss further in Chapter 9, we must impose local boundary conditions
on the fields along J¥ to ensure that the boundary term in the variation of the action vanishes
identically for all allowed variations. Moreover, demanding that the boundary condition preserves
the symmetry d¢g of the bulk theory imposes an extra constraint on boundary conditions, as we now

see in detail.

U(1) invariant boundary conditions

We write a set of sufficient local boundary conditions on the fields (leaving aside, for the time being,
the question of necessity). The conditions we write are implicitly understood to be imposed along
0%.

We are free to work with any compatible set of trivializing charts of the principal bundle P on
¥ for simplicity, let us choose each component of X to lie within exactly one chart U(®. Just as
for the ordinary A-model, we impose the condition that the sigma model map ®(® takes values in
a submanifold Y(® ¢ X, where Y(®) is Lagrangian with respect to the the symplectic form €.

We demand, moreover, that V(%) be U(1) invariant, in the sense that the generating Killing
vector field V be tangent to Y (%) at all points of V(@) Since Y(® is isotropic, the condition of
U(1) invariance implies that the Hamiltonian function H is locally constant over the submanifold.
(This is because the rate of change of H along a tangent vector W € TY is given by W!9;H =
Qr;VIW? = 0.) Conversely, the fact that Y(®) is coisotropic means that constancy of H implies
U(1) invariance. Hence, the assumption of U(1) invariance is equivalent to assuming that H takes
a constant value on each component of the boundary 9%. For such submanifolds, it is no longer
necessary to include a label ().

Allowed variations §® of the sigma model map are those that are tangent to the submanifold, in
the sense that

M’Ia%f € Y98, o*TY) C Q°(9%, d*TX) .

Looking ahead to BRST-invariance, we want 0 = d¢g to be an allowed variation, so we impose the
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condition that the fermionic field x be also tangent to the submanifold.
Taking the variation of the bulk action under an infinitesimal variation of the fields and imposing

the bulk equations of motion, one is left with a boundary term

5S= [ * guda”{’Dud)I&ﬁ‘] +2iph 57 — 2ipt, 5©) XJ}
o

where % is the Hodge star on ¥ and
8Ox7 = 6x7 + T o™ x"

are the covariant variations of the fermions. Compatibility with the bulk equation of motion de-
mands that this term vanish identically for all allowed variations. To ensure this vanishing, we
impose the covariant Neumann condition that n#D,,¢! takes values in the normal subbundle (TY)+
(with respect to metric g), where n is normal to the boundary (with respect to metric h). Likewise,
we demand that the n#(p, —p,) be normal to the submanifold. In summary, we impose the following

boundary conditions:

dcYCX
tn(dy®) € Q208 &% (TY)1)
x € Q0(0%, ®*(TY)) (7.9)
tn(p—p) € QYO%, 0% (TY)™ ) .

Working off-shell, one simply replaces d,® by P — P in the second line above.
Let us now verify that these boundary conditions are BRST-invariant. Working off-shell, and

using (% = 0, one finds the following boundary term in the variation of the action:

505 = 60Sip = — / QrsDuo" X’
ox

which vanishes by virtue of the fact that V', x, and t#0,, ¢! are all tangent to the submanifold (where
t is tangent to the boundary).

Finally, consider the effect of varying the worldsheet metric by an amount h,, — hy, +6hy,. In
order to continue to have a topological field theory, the action must vary under d; by a BRST-exact
amount. A quick inspection of the off-shell variations (7.2) reveals that the metric h makes no

appearance, and therefore d;, commutes with the BRST variation dg. Hence, we find

opS = 6Q5hV + 5hStop = (Q—exact) — H(<I>)5hw
ox
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where 0w is the variation of the spin connection under variations of the metric. The latter term
does not vanish under arbitrary variations of the metric, and therefore we introduce the additional
boundary term

Saz; = H(@)w
ox

in the modified A-model action to ensure Q-exactness of d5S. This boundary term does not disturb
compatibility with bulk equations of motion since it does not contain any derivatives of fields. It does
not disturb BRST-invariance of the action since the boundary condition on x and local constancy

of H on Y implies doH = 0.

7.6 Equivariant Maslov index

Let us revisit the analysis of the ghost number anomaly of the modified A-model path integral

measure when the Riemann surface ¥ has nontrivial boundary.

Bundles on a bordered Riemann surface

We formulate a bit more precisely the bundles where the fermions live in case ¥ has nontrivial
boundary with boundary conditions (7.9) imposed, where submanifold ¥ C X is assumed to be
Lagrangian and U(1) invariant.

The U(1) invariance of Y means that there is an associated fiber subbundle
Ey = (Plos) xuq) Y C Elox

with total space

Ey ={[py] | peP, yeY}

and projection map 7g, [p,y] = 7g[p,y] = 7(p) (see Appendix C for notation). The bosonic field ®
is a section of the pair (E, Ey) on the bordered Riemann surface (X,0%), i.e., amap ® : ¥ — E
that is a right inverse of the projection map 7 and such that ®|gsx : 0¥ — Ey.

The vertical subbundles (VE,VEy) C (TE,TEy) are the kernels of (dng,drg, ). As discussed
in Appendix C, V FE inherits a metric, symplectic form, and complex structure from those of X, with
respect to which we decompose VE®@ C = V@O E g VO E.

The fermionic field x is a section of the pair of bundles (F, Fg) over the bordered Riemann

surface (X, 0%), where

F=&Vv10OFE

Fr =@ vV1O R,
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with real dimensions (2n,n). Indeed, Fg is a totally real and Lagrangian subbundle Fr C F|sx (in
the terminology of [22]), satisfying
Flox =Fr®C.

The complex double of a holomorphic vector bundle

As before, the ghost number anomaly will be measured by a mismatch between the number of zero
modes of fermions with ghost number 1 (;x and p) and the number of zero modes of fermions with
ghost number -1 (x and p). This, in turn, corresponds to the index of the Cauchy-Riemann operator
Or of the holomorphic vector bundle pair (F, Fg) over (X,0%) (holomorphicity in this context is
with respect to the interior of X).

The computation of the index for a pair is discussed in [21] and proceeds by first forming the
complex double Y¢c of X, i.e., a closed Riemann surface ¢ equipped with an antiholomorphic invo-

lution 7 : 3¢ — ¢ and double covering 7y : X¢ — X as well as a holomorphic inclusion ¥ — X¢,

such that
¢
<T>

S,  and  (S¢)" = 0%
where (X¢)7 is the fixed point set of the involution. This doubled surface has genus
gve =2gn +hy —1

where hy is the number of boundary components and gy, is the number of holes. (For instance, the

complex double of the disk is a 2-sphere equipped with antipodal map 7 fixing the equator.) A

holomorphic vector bundle F' over ¥ can be doubled to yield a holomorphic vector bundle F over

Y¢ together with an involution 7 : Fz — Fr covering 7 and such that
F@|E = F‘7 and (Fc)? = FR

(see Theorem 3.3.8 of [21]). Indeed, there exists a holomorphic atlas on the closed Riemann surface
F¢ in which the action of 7 is simply 7 acting on the base and complex conjugation acting on the
fiber C™" (so that, in particular, the fiber of Fr above a point of 9% consists of the real subspace

R™ C C™ in this atlas).
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The Maslov index of a pair (F, Fg)

As a complex bundle, one can trivialize F' over ¥ with a single trivialization F' ~ ¥ x C™. Then,
we can represent the fiber of Fgr over a point o € 9% by a complex n x n matrix u(c) € GL(n,C)
(the fiber being the real span of the columns). Assuming that the trivialization has been adapted
to the metric on F (and therefore also the symplectic form) in the sense that the corresponding
Hermitian inner product is the standard one on C", it is quite easy to characterize the condition

that Fg C F|sx is a Lagrangian subbundle. Namely, the Lagrangian condition is that
u(o) € U(n) C GL(n,C)

for each point o € 9%. Matrices related by O(n) elements represent the same real subspace of C",
so, more properly, [u(c)] € U(n)/O(n) = A(n) (the Lagrangian Grassmanian manifold of C™). The
square of the determinant is a well-defined map from A(n) — U(1), measuring how the real subspace
is situated within C™.

We therefore have a map

9% — A(n) — U(1)

and since each component of 9% is an oriented circle, one can associate a winding number of the
above map for each component. The sum of these winding numbers for each of the boundary circles

is called the Maslov index of the pair (F, Fr) and denoted
M(F7 FR) .

Although we made use of a particular trivialization of F' in defining this index, it can be shown [21]

that the integer so obtained is trivialization independent.

Index calculation

The index of the Cauchy-Riemann operator O acting on the pair (F, Fg) is given in terms of the
first Chern number of the doubled holomorphic bundle on the doubled Riemann surface and the

doubled genus by
ind O = ¢1(Fc) +n(1 — gs.) = c1(Fe) +n(2 — 295 — hs) -
The integer ¢;(F¢) is precisely the Maslov index of the pair u(F, Fg). The index

'u(g.*‘/(LO)E7 ‘I'*V(I’O)Ey)
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can be given a further interpretation in case X is equivariantly Calabi-Yau; in this case, there is
a U(1) invariant holomorphic n-form on X and its restriction to Y is therefore a nonzero complex
multiple ¢ € C* of the volume form voly at each point y € Y. By U(1) invariance, the function ¢
on Y induces a well defined function Ey — C*, which we also denote ¢. The Maslov index is then

the winding number of the map c? o ® : ¥ — C*.
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Chapter 8

Vafa-Witten theory compactified
on a genus ¢ > 2 Riemann surface

Previously, we considered the compactification of Vafa-Witten theory to three dimensions on a circle.
Now we discuss the compactification of Vafa-Witten theory to two dimensions on a Riemann surface
C. The details of the reduction depend strongly on the genus gco of C' due to the fact that the virtual
dimension of the moduli space of solutions to the Hitchin equations is positive for gc > 2, zero for
gc = 1, and negative for go = 0, roughly corresponding to the fact that a generic solution to the
low action equations of the theory breaks all gauge symmetry when go > 2 but not for g0 = 0,1. In
order to avoid the complications introduced by unbroken gauge symmetry we treat the go > 2 case
in the present chapter and shall restrict our analysis to irreducible configurations. (This amounts to
an excision of singular points in the target space of the 2d effective theory.)

Our analysis will be quite similar to that adopted in [1] for the reduction of GL-twisted theory
to two dimensions. The effective 2d TFT at t = i was found there to be a B-model and the effective
2d TFT at t = 1 was found to be an A-model. However, we will find the reduction of Vafa-Witten
theory to be a novel 2d TFT: the modified A-model of Chapter 7. (This theory also briefly made
an appearance in the analysis of surface operators in Section 6.4.) The statement that Vafa-Witten
theory reduces on a Riemann surface to a modified A-model with target M (G, C) was first obtained

in Appendix B of [20].

8.1 Reducing the Vafa-Witten action

Consider Vafa-Witten theory on 3 x C', where ¥ and C are both closed Riemann surfaces of genus gsx,
and gco, respectively, and we assume that go > 2. We wish to find an effective theory in the limit as
the size of C' shrinks to zero. More precisely, we wish to find a 2d TFT on ¥ along with a dictionary

between 2d field configurations on ¥ and low-action 4d field configurations on ¥ x C' such that the
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2d and 4d actions approximately agree. ' By the assumption of irreducibility of the connection
along C, all gauge symmetry will be broken and the 2d TFT will simply be a (nongauged) sigma
model of maps ¥ - Mg (G, C).

Rescale the metric hg on C' by a small parameter e
hc — h/C' =ehco

and consider the limit € — 0 in which the volume of C' is tiny compared with the volume of . In
terms of real coordinates o', 02 on ¥ and o3, 0% on C (adapted to the complex structures on ¥ and

C' as in Section 7.1), the rescaled metric takes the form
hy ® he = diag(leE, 22 e e?fo ¢ ezfc)

where the real functions fs(o!,0?) and fo(o?,0*) are conformal factors.

Recall from Chapter 3 that the Vafa-Witten theory contains bosonic O-forms ¢ and o, as well as
a self-dual 2-form B and connection A. The field Bis is a 0-form with respect to rotations on ¥ and
C. The fields B13 and Bj4 transform as the components of a 1-form on C' and also — crucially —
as the components of a 1-form on ¥. The components B34, Bas, and Bsg are fixed in terms of B,

B3 and By by self-duality, and, for ease of exposition, we neglect the fermions.

Different terms in the Vafa-Witten action (3.9) will be multiplied by different powers of € after
rescaling. In the € — 0 limit, low action field configurations will be those that set to zero the terms

multiplying the most negative power of €. One thus obtains the following low-¢ equations:

(€2fE)F34 — [B13,B14] =0
D3(e2/¢By3) + Dy(e™2¢B1y) =0 (8.1)

D3(6_2fCB14) — D4(6_2chl3) = 0 .

Additionally, the scalars Bya, ¢, and o are required to be covariantly constant along C; e.g.,
D3Bia = DyB12 =0 .

Covariant constancy of the O-forms has the interpretation that they generate infinitesimal gauge
transformations leaving the field A¢ fixed. However, by the assumption that the configuration of
Ac breaks all gauge symmetry, this in turn requires covariantly constant 0-forms to vanish. Hence,

the fields o, ¢, and Bj2 do not survive as dynamical fields of the effective theory.

1Since we are working in Euclidean signature, the effective theory describes configurations of low action rather
than low energy.
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As for the fields A3, A4, B1s and Byg4, the above equations can be put into the following form

F34 — [p3,04) =0
D3o® + Dyt =0 (8.2)

D3py — Dyp3 =0

where ¢ is the rescaled 1-form on C' given by
p= eifE (Blg do? + Bia d0'4) .

These are precisely the equations Fo = %[g@,cp} = Di¢ = Doy = 0 for a connection A¢ on a
principal G-bundle Po over Riemann surface C' and section ¢ € Q!(C,ad Pc), which have been
studied by N. Hitchin [64]. The space of solutions to these equations modulo gauge transformations
is a finite dimensional space My (G, C), the Hitchin moduli space. Since the (o', 0?)-dependence
of A¢ and ¢ has been left arbitrary after imposing the above equations, these fields define a map
®: ¥ - My(G,C). Actually, this is not quite right since ¢ is not a scalar on X: under the action
of the U(1) structure group of X, the field ¢,, is rotated into pg. Hence, the pair (A, ¢) defines a
section

® € (3, Py xu Mu(G,C))

of the fiber bundle associated to the U(1) frame bundle Ps by the U(1) action
U Mu(G,C) - My (G,0)

given by
Z/{l : (A’uM A1I)7 Pw SD’J)) — (A’MM A’LTM eiagow’ e_iagow)
for ei® € U(1).
The effective action governing the fields Ay, Ac, and ¢ will be given by the subleading term in

the e ! expansion of the Vafa-Witten action; i.e., we impose the low-¢ equations and discard terms

that become negligible as € — 0. One finds the following truncated action

1
Strunc. - T3 / d40 Tr{(F13 - F24)2 + (F14 + F23)2
e Jm
2
+ (51<P3 + (01fs)ps + D204 + (a2f2)804)

+ (51<P4 + (01fs)ps — O3 — (52f2)803)2

+2F13F24—2F14F23H ) o _
(As,A4,p3,p4) satisfy Hitchin equations on C
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where the last line is the contribution of the instanton term in the Vafa-Witten action with 6 set
to zero and we have suppressed fermionic terms. The truncated action does not contain any kinetic
terms (with derivatives along X) for the fields A; and As; i.e., they can be treated as auxiliary fields
in the effective action on ¥ and integrated out via their equations of motion. This sets them equal
to combinations of fermionic modes, but, since we are suppressing fermionic contributions, we can

simply discard A1 and A, from the effective action.

8.2 Modified A-model with target My (G, C)

Let us now interpret the field content and effective action that we have obtained as that of a modified
A-model on X. Tt is convenient to work with the space of pairs (A¢, ) prior to imposing the Hitchin

equations and quotienting by gauge transformations; this is the infinite-dimensional, flat variety
W = A(G,C) x QY(C,ad P¢)

where A(G, C) is the space of connections on Pgo. Let z = o' +i0? and w = 0 +io* be the complex
coordinates on ¥ and C, respectively. Adopting the notation of Section 4.1 of [1], we take the flat

metric on W to be given by
1
ds? = —— / (idw A dD) Tr{éAw 9 6Ap + 0Ap © 6 Ay + 8w @ Spa + Spp @ (5<pw}
T Jc

where § indicates the exterior derivative on the space of fields. This metric is hyperkéhler with respect
to three independent complex structures I, J, and K on W satisfying the quaternion relations. We
denote the corresponding three Kahler forms by wr, wy, and wg. (See Section 4.1 of [1] for the
explicit forms of the complex structures and Kahler forms; we write w; below.)

The Hitchin moduli space is also hyperkahler. This fact follows from its description as a hy-
perkéhler quotient of W with respect to the group of gauge transformations of the bundle P¢, as
follows. Consider an infinitesimal gauge transformation generated by the element € € Q°(C,ad P¢),
where we identify the Lie algebra of the infinite-dimensional group of gauge transformations as the
vector space of sections of ad Pc. The three moment maps corresponding to symplectic forms wy,

wy, and wg are given by
()———1 /(idw/\dw)Tr {F—fl[ ]}
1734%¢ 2T c € w,p

1
wy(e) = o /C(ldw A dw) Tre{Dwgou—, + Du—,gow}

™

ux(e) = 2L /C(idw/\du?)”_[‘ra{Dwgow — Du—,gow}
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where we have evaluated the moment maps on the Lie algebra element €. For instance, one has

Spr(e) = —ty(e)wr

where V' (¢) is the vector field on W corresponding to the action of the gauge transformation generated
by e. The Hitchin moduli space Mg (G, C) is precisely the quotient of the level set uy(e) = ps(e) =
ur(e) = 0 (for all €) by the group of gauge transformations, and is therefore itself a hyperkahler
manifold. At irreducible points (which, by assumption, are the only regions we consider here), the
dimension of M(G, C) agrees with its virtual dimension, defined as the index of a certain elliptic
differential complex constructed by linearizing the Hitchin equations around the point. In [64], this

was shown to be related to the dimension of the gauge group and the genus of C by
dim My (G,C) =4(gc — 1)dim G .

The complex structure relevant for compactification of Vafa-Witten theory is the one we have

called I, with corresponding Kéhler form given by
[ (ia /\d’)Tr{(SA—/\(SA o A S }
wr = o0 o aw w w w Pw Pw (-

We emphasize again that A in the above is regarded as a 1-form on the space of fields W and A
indicates the wedge product on both C' and W. Note that this Kahler form is preserved by the U(1)
action Uy : W — W defined above and, indeed, that this action is Hamiltonian with respect to the

globally defined moment map

= —%/C(idw/\du’;)”[‘r{apwtpw}

regarded as a real function on W. It is easy to check that {41 maps the zero set of the u’s into itself
and therefore descends to a Hamiltonian U(1) action on Mg (G, C).

Let us write down the action of the modified A-model with target space Mg (G, C), Kihler form
wr, and Hamiltonian U(1) action ;. In terms of complex coordinates X* and X7 on the target, we

write the action (7.7) as
S = t/(z’dz/\di){ZgﬁDEXiDin + fermions} —I—t/ D" (Wr)eq
) b

where ¢ is the coupling of the 2d theory, and ®*(wy)e, is the pullback (under the section @ of the

associated fiber bundle) of the equivariant symplectic form

(Wr)eq = wr — CH € Q?](l)(MH)
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where ( is the degree two, generating element of u(1), which gets replaced by the curvature of the
spin connection under pullback. (See Appendix C for a detailed discussion of the notion of pullback
of an equivariant form under a section of an associated fiber bundle.) The covariant derivatives are
given by

D: X' = 0: X" 4wV =0: X" —i(0:fs)V*

DX =0.X7 +w, VI =0,X7 +i(0.fs)V’
where we have substituted (7.6) for the components wz and w, of the spin connection on ¥ and V'
is the vector field generating the U(1) action.

In complex structure I, the linear, holomorphic and antiholomorphic functions on W are given

by

Xi — (AEM Sow)c

X7 — (Awagou’))c
where ¢ € C' is a point of evaluation. The covariant derivatives are

D: X' — (52/1@, Ozpw + (azfz)%u)c

D.X7 — (0:Au, Do+ (0.F5)¢0)

C

Substituting these expressions (as well as the metric written above) into our expression for S, one

finds
3 ) _ ) _

5= o [[(idz ndz) [ (i ) Te {20. 4,050+ 2(0:00 + (0-S5)im) (950 + (0sS )i
2m Jx c

+ fermions} +t/ D" (wr)eq -
b

In order to make contact with the effective action obtained in the previous section, we massage the

equivariant topological term slightly by using
(w[)eq = w} +dcAr
where the 2-form w} and 1-form A; are given by

o = _i/ (idw A dw) Tr {Mu—, A 5Aw},
2w C
i

A\l = i C(zdw A dw) Tr {gow 0Pw — P 5%%}
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and dc = 6 — ( 1y is the Cartan equivariant differential on Y. That is to say, the equivariant
symplectic form (wr)eq is equivariantly cohomologous to the 2-form w?; by a theorem in Section C.2,

the numbers produced by pulling back under section ® and integrating over X will be identical:

[ wna= [ #w.

Having made this replacement, we arrive finally at the following action for modified A-model with

target Mg (G, C):

s5—_t / (idz A dZ) / (idw A diw) Tr {azAwazAw 0. Apd. Ay
27 » C

+2(000 + (0-f2)ea) (00w + (9fs)u) + fermions} .

If we identify the 2d coupling t as

t747r
=

then the above action is precisely what we have written in (8.3) for the truncated Vafa-Witten

action. The effective 2d TFT localizes on sections ® (i.e., configurations of (A¢, ¢)) satisfying
aEAw = 82Aw = ai@w + (aEfE)QOw = az@@ + (asz)(pﬁ) = 0.

Branes

In case ¥ has nontrivial boundary, one must impose boundary conditions on the fields along each
component of the boundary. The simplest boundary conditions correspond to Lagrangian submani-
folds Y of the target space which, in addition, are preserved by the hamiltonian U(1)-action. 2 (See
Section 7.5 for details.) As discussed in [35], the Hitchin moduli space My (G, C) admits several
simple classes of Lagrangian submanifolds with respect to the symplectic form w;. However, none

of these examples are invariant with respect to the action of the U; symmetry.

20ne also requires vanishing of the equivariant Maslov index of the embedded submanifold, see 7.5.
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Chapter 9

Defects of two-dimensional sigma
models

It is well-known that two-dimensional sigma models with differing amounts of left- and right-moving
supersymmetry (e.g., the (0,1) and (0,2) supersymmetric sigma models) cannot be consistently
defined on worldsheets with nontrivial boundary. This is essentially because a boundary condition
must set to zero a linear combination of left- and right-moving fermions.

This does not however rule out the possibility of defining these models on a worldsheet equipped
with defects, i.e., one-dimensional submanifolds D along which the fields of two distinct CFTs are
glued together consistently. (A boundary condition is a special case in which one of the CFTs is
trivial.) Our goal is to study supersymmetric defects in the (0,1) and (0,2) sigma models.

Defects of two-dimensional CFTs have attracted much interest recently, especially in the context
of rational conformal field theory and as a means of elegantly implementing dualities [55], [53], [51],
[52]. In this chapter, we will analyze criteria for preserving superconformal symmetry, disregarding
any enhanced chiral symmetry which the theories may possess; moreover, we will focus on the target
space geometry of defects, and shall only briefly comment on their role in implementing dualities.

Consider a two-dimensional worldsheet disconnected into two domains ¥ and 3 by a defect line
D. On the domain ¥, one defines a sigma model of maps ¢ : ¥ — X and on the domain S one
defines a sigma model of maps P:Y 5 X , where X and X are two compact, Riemannian target
spaces. The restriction of these maps to D defines a product map & x ff>| p:D— X xX. As
observed in [50], gluing conditions will require the product map to takes values in some submanifold
Y C X x X of the product of the targets.

One may also include a term in the action coupling the bulk fields to a line bundle with connection
living on the worldvolume of Y (equipping it with a closed 2-form F'), exactly by analogy with
Chan-Paton bundles on branes for the case of sigma model boundary conditions. Borrowing the
terminology of [50], we refer to the pair (Y, F) as a bibrane.

To ensure that the defect theory preserves a specified set of symmetries of the bulk theories, we
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impose certain requirements on the geometry of the embedding Y, as well as on the choice of the
2-form F'. Let us describe the relevant set of symmetries we wish to preserve by listing the associated

Noéther charges. The (0,1) supersymmetry algebra in 141 dimensions reads

{Q+7Q+} :H+P

where (), is the single, real, right-moving supercharge, H is the worldsheet energy, and P is the
worldsheet momentum. We wish to find (Y, F') such that H, P, and @ remain as conserved charges
of the defect theory; since H and P will be separately conserved, we will be studying examples of
what are known in the literature as topological defects [52].

Already in the case of the bosonic sigma model (i.e., with no fermionic fields present) it is an
interesting question which bibranes (Y, F') define topological defects, and it is to this that we will first
direct our attention. It turns out to be natural to choose the neutral signature metric G = g & —g
on the (pseudo-Riemannian) product manifold M = X x X , where g and g are the positive-definite
metrics on X and X.

Those (Y, F) that supply topological defects turn out to bear a structural resemblance to A-
branes of symplectic manifolds (exchanging the symplectic form on the ambient target space for the
neutral signature metric defined above); for instance, just as A-branes are coisotropic submanifolds
with respect to the symplectic form on the target, Y will be required to be ‘coisotropic’ with respect
to G, in a sense that we will explain in Section 9.3. Moreover, we will describe two special classes of
topological defects (the ‘graphs of isometries’ and ‘half para-Kéahler’ defects), which are the analogs
of Lagrangian and space-filling A-branes.

Alternatively, it turns out to be natural to employ the language of Hitchin’s generalized geometry
[58], in terms of which we obtain the following simple characterization: (Y, F') define a topological
defect of the bosonic sigma model if and only if the ‘F-rotated generalized tangent bundle’ of Y is
stabilized by the ‘generalized metric’ on X x X. We will explain what these terms mean in greater
depth in Section 9.3.

We refer to (Y, F') satisfying the above stabilization condition as topological bibranes; they can
be defined for any neutral signature manifold M and are, perhaps, mathematically interesting in
their own right. However, we should point out that the neutral signature manifolds relevant to the
current physics discussion are of a very restricted type: namely, manifolds that can be expressed as
a global product M = X x X such that the metric restricted to TX (resp. TX ) is positive (resp.
negative) definite.

In Section 9.1 we discuss defect gluing conditions in general and say what it means for a glu-
ing condition to preserve a symmetry of the bulk theories. In Section 9.2 we write down gluing

conditions on the fields corresponding to the choice of (Y, F') and analyze the topological defect
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requirement. In Section 9.3, we explain the analogy with A-branes and reformulate the topological
bibrane condition on (Y, F') terms of generalized geometry. In Section 9.4 we analyze defects of the
(0,1) supersymmetric sigma model, supplementing the bosonic gluing conditions with an additional
fermionic gluing condition and studying the geometry of a certain middle dimensional subbundle of
TY. In Section 9.5 we treat topological defects of the (0,2) sigma model, which we will describe
as those (Y, F') that are simultaneously A-branes and B-branes with respect to a certain symplectic
form and complex structure. Finally, in Section 9.6 we briefly comment on a subset of our topological
defects which implement dualities relating the sigma model theories on 3 and s,

Proofs of selected propositions discussed in the text of this chapter will be offered in Appendix

D.

9.1 Defect gluing conditions

Before discussing defects in specific theories, let us discuss defect gluing conditions in general and
say what it means for a defect to preserve a symmetry of the bulk theories.

The variation of the action will, in general, consist of three types of terms:
08 = (08)s + (6S)g + (65)p

where (65)s and (05)s are integrals over the domains ¥ and S%, respectively, which vanish for field
configurations solving the bulk equations of motion, and the third term, (65)p, is an integral over
D, which in general, will not vanish unless we impose a gluing condition on the fields along D.
A gluing condition constrains the values of the fields along D and hence also the set of allowed
variations, by which we mean variations mapping one solution of the gluing condition to another
solution. Therefore, the first requirement of a good gluing condition is that it sets (6.5)p to zero
identically for all allowed variations and that it does so ‘minimally’ (i.e., without overconstraining
the data along D).

Additionally, we may wish for the defect theory to preserve a certain symmetry of the bulk. Let
(0%, 01) be worldsheet coordinates in which D is described locally as the set of points with o = 0.
In these coordinates, we say that a gluing condition classically preserves a symmetry of the bulk if
and only if the 1- component of the associated Noéther current glues continuously across D, thereby
ensuring the existence of a conserved Noéther charge in the composite theory. (The quantum theory
may develop an anomaly, but we will confine our discussion to the classical problem.) This being
satisfied, the symmetry variation will automatically be among the allowed variations.

For instance, conservation of the worldsheet energy H requires that the off-diagonal components
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of the stress-energy tensors glue continuously:
1 71
T—-T%4=0

at points of D. Defects satisfying this condition are said to be conformal defects [49].
If, in addition, the defect gluing condition ensures that the diagonal components of the stress-
energy tensor glue continuously:

T, -T' =0

then worldsheet momentum P is also a conserved charge. Defects satisfying this condition are called
topological defects [52], due to the fact that the location of D on the worldsheet can be deformed
smoothly without affecting the values of correlators (so long as it does not cross through the location
of a local operator insertion).

In subsequent sections, we will write down an action, vary the action, and then systematically
analyze what gluing conditions set (§5)p minimally and ensure continuous gluing across D of the

1-components of relevant Noéther currents.

9.2 Topological defects of the bosonic sigma model

To begin, we analyze topological defects of the bosonic sigma model.

Let us fix notation. As above, let (¢, ') be worldsheet coordinates in which the defect line D
is given locally by 0! = 0, and the worldsheet metric is taken to be flat, with signature (-, +). Let
Y. be the domain given by ¢! > 0, and S be the domain given by 0! < 0. The fields of the bosonic
sigma model with defect consist of maps ® : ¥ — X and :5 5 X : in terms of local coordinates ¢
on X and ¢' on X, we can describe these maps by functions ¢'(o) for ¢! > 0 and ¢(c) for o < 0.
(Note that the target spaces are assumed to have the same dimensionality n since we are looking
for topological — not merely conformal — defects.) Likewise, the product map ® x §)| p:D— XX X
can be described by the functions ¢’ = (¢, J)i)\((,om. Indices i,j range from 1,...n and I, J range
from 1,...2n.

The total action for the theory with defect is the sum of bulk terms and a term coupling the

bulk fields to a connection on a rank one vector bundle living on the submanifold Y C X x X:
o (L igngi _ Ly mwy sio 4
S=1[d 0’( — §gijﬁu¢ otel — §bij€ 0,0"0, ¢ )
b
2 1. 2iau g 1~ nra ia 14 0 I
+ [ do( - 595040/ 0" 8 — Sbi;e" 0,6'0,6 )+ [ do®A000
s D

where A = A;(¢)d¢! is the connection 1-form, g;;(¢) and b;;(¢) are the metric and B-field on X,
and g;;(¢) and Eij (¢) are the metric and B-field on X. For simplicity we assume that both b and b
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are closed 2-forms.

Varying this action and picking out the term localized on D, one finds

(6S)p = /D dO’O( — (9ij01¢" + bij008") 3¢ + (§ij01 8 +/b\ij80¢;i) 8¢’

— (Br Ay — 05.A7) 80" 667 ) . (9.1)

Let 0 = (¢°,0) be a point on D and let us write down gluing conditions on the fields at o sufficient
to ensure vanishing of this expression for all allowed variations.

As mentioned in the introduction, a choice of gluing condition corresponds to a choice of a
submanifold Y € X x X. Let y=®x <§|D(J) be the image of o under the product map. We impose
first the Dirichlet condition

yey.

If k£ is the dimension of Y, with 0 < k < 2n, then the above represents 2n — k independent gluing
constraints on the 2n bosonic fields ¢!. In order to ensure vanishing of (9.1), we supplement these
Dirichlet conditions with a set of & Neumann conditions on the derivatives d;¢’. It is easiest to

describe these in terms of three target space tangent vectors u,v, w € Ty(X x X ), with

u = uIaj = (60¢I)81
v = ’UI(?[ = (81¢>I)81
w=wd = (5(;5[)81

where 07 = a%ﬂ' Constraining points of D to be mapped to the submanifold Y requires u € TY,
the subspace of vectors tangent to Y'; moreover, allowed variations 6¢! are those such that w € TY
as well.

Here and throughout, we shall only have occasion to discuss vectors that are evaluated at points
of Y'; hence, we regard all vectors as lying in the pullback bundle e*T'M, wheree : Y — M = X X X
is the embedding map, and shall regard TY as a subbundle TY C e*T M.

Since the target space metrics g and g enter (6.5)p with opposite signs, we find it useful to define

a neutral signature metric and B-field on X x X by

i 0 bi; O
Gry= 7 |, Bu=["
0 -9 0 —bj;
Moreover, we write F' = —F — e*B for closed 2-form on Y obtained by combining the curvature

F = dA of the line bundle and the pullback of the B-field. Using these definitions, we may state the
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Neumann conditions as follows:

G(u,w) = F(v,w)

for all w € TY. As promised this represents k independent conditions, one for each linearly inde-

pendent tangent vector w.

Definition 1. Together, the pair (u,v) satisfying the above gluing conditions are said to be an

allowed pair of tangent vectors.

Having written down good gluing conditions on the fields, let us now analyze what additional
constraints the topological defect condition places on allowed pairs; this will constrain the choice
of submanifold Y as well as the choice of 2-form F' on its worldvolume. First of all, the conformal

defect condition T'1, — flo = 0 is equivalent to
G(u,v) =0

for all allowed pairs (u,v). This is an automatic consequence of the antisymmetry of F' since, if
(u,v) is an allowed pair, then G(u,v) = G(v,u) = F(u,u) = 0, where we have applied the definition
of allowed pair, setting w = w. Therefore, (Y, F') automatically defines a conformal defect of the
bosonic sigma model.

Further requiring the topological condition T'1; — T 1, = 0 is equivalent to requiring
G(u,u) = —G(v,v)

for all allowed pairs (u,v). This condition turns out to be equivalent to an apparently stronger

condition, as follows.

Proposition 1. If (Y, F) are such that G(u,u) = —G(v,v) for all allowed pairs (u,v), then v € TY

and (v,u) is an allowed pair as well.

(See Appendix D for the proof of this proposition and other proofs which are not immediate.)
The converse is true as well, since if (Y, F') satisfy the conditions of this proposition, then by setting

w = u, one has G(u,u) = F(v,u) = —F(u,v) = —G(v,v). Hence, we arrive at the following:

Proposition 2. Suppose Y C X x Xisa submanifold and F' is a closed 2-form on its worldvolume.
Then (Y, F) supplies a topological defect of the bosonic sigma model if and only if the following

condition is met:

If (u,v) is a pair of vectors such that u € TY,v € e*TM and G(v,w) = F(u,w) for all
w e TY, then

v eTY as well, and G(u,w) = F(v,w) for allw € TY .
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Definition 2. A pair (Y, F) satisfying the conditions of the preceding theorem are said to define a

topological bibrane.

9.3 Geometry of topological bibranes

Having obtained a characterization of topological bibranes (Y, F') above, we reformulate this condi-
tion slightly to put it in a more understandable form.

We have chosen to equip the manifold M = X x X with a neutral signature metric G; let us
therefore record some basic facts from the theory of submanifolds of indefinite signature spaces. See

[60] for a more complete discussion.

Definition 3. Let Y be an embedded submanifold of a 2n-dimensional pseudo-Riemannian manifold
M equipped with a nondegenerate, symmetric metric G. The orthogonal subbundle (TY)* is defined
to the be the set of vectors that are G-orthogonal to all of TY :

(TY)*: ={u€e*TM : G(u,v) =0 forallveTY} .

If TY is k-dimensional, then (TY)" is (2n — k)-dimensional. The main difference between the
theory of pseudo-Riemannian submanifolds as compared with the theory of Riemannian submanifolds
is that the restriction of the metric G to Y can develop degenerate directions. Hence, the subbundle
A =TY N (TY)* will in general be nontrivial. Borrowing terminology from symplectic geometry,

we define the following three special classes of submanifolds:

Definition 4. Depending on whether the bundle TY , regarded as a subbundle of e*T M, contains
(or is contained by) its orthogonal bundle (TY )L, we say that

TY is isotropic if TY C (TY)*
TY s coisotropic if TY D (TY)*
TY is Lagrangian if TY = (TY )+

Hence, the dimension k lies in the range 0 < k& < n for isotropic subbundles, n < k < 2n for
coisotropic subbundles, and all Lagrangian subbundles are n dimensional. (Lagrangian subbundles
exist only when the signature of G is (n,n).) In the proof of proposition 1 it was shown that the
submanifolds Y corresponding to topological bibranes have the property that orthogonal vectors are
also tangent to the submanifold; in our classification, they are coisotropic submanifolds. Therefore,
in the following we focus on coisotropic submanifolds (which include Lagrangian submanifolds as a

special case).
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It is convenient to define a particular frame for e*T'M adapted to the submanifold Y. This is not
quite as straightforward as in the Riemannian case, since a canonical splitting e*TM = TY @ (TY )+
is no longer available. However, for coisotropic submanifolds there exists [59] a splitting of the
tangent bundle of the form

e*TM = (TY)* @ SY &NY

—_——
TY

where SY is a complementary screen distribution to (TY)* within 7Y and NY is a complementary
transverse distribution to TY in e*TM. We have dim (TY)+ = dim NY = 2n — k and dim SY =
2k — 2n.

Making use of this adapted frame, let us now write down an equivalent characterization of

topological bibranes:

Proposition 3. The pair (Y, F) define a topological bibrane if and only if Y C X xX isa coisotropic
submanifold such that ker F = (TY )" (i.e., the degenerate directions of F and G|ry coincide) and,
additionally,

(G'F)? =41

on SY, where G = Glsy and F= Flsy.

This is remarkably similar to the characterization of A-brane boundary conditions of the (2,2)
supersymmetric sigma model given in [56], where the role of the antisymmetric symplectic form € on
the target is exchanged for a neutral signature, symmetric metric G. Just as A-branes are required
to be coisotropic with respect to 2, topological bibranes are required to be coisotropic with respect
to G. Moreover, for A-branes the quotient bundle TY/(TY)% is equipped with an endomorphism
given by Q71 F and squaring to -1; similarly, for topological bibranes the quotient bundle TY/(TY )+
is equipped with an endomorphism G~!'F squaring to +1.

We consider two important special classes of topological bibranes. When F' = 0, the condition
that the degenerate directions of F' and G|ry agree implies that TY = (TY)1, i.e., Y is a Lagrangian
submanifold of X x X. This in turn implies that, locally, Y is the graph of an isometry f : X — X.
These graph-of-isometry type bibranes are the analogs of Lagrangian A-branes.

The other special class of topological bibranes are the space-filling bibranes with ¥ = X x X. In
this case, (TY)" is trivial and the screen distribution SY is all of TY. The condition in proposition
3 then implies that F is a symplectic form such that (G='F)? = 1. Space-filling bibranes are the
topological bibrane analog of space-filling A-branes.

Indeed, if a manifold M carries a symplectic form F', an almost product structure R, and a

neutral signature metric G with the compatibility requirement

F(u,v) = G(Ru,v)
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for all vector fields u, v, and if in addition one demands that
dF =0

then M is said to be an almost para-Kdahler manifold [62]. Alternatively, the triplet of structures
(F, R, G) satistying the above is known as an almost bi-Lagrangian structure on the manifold [61],
which terminology is inspired by the fact that the +1 and -1 eigenbundles of R form two complemen-
tary Lagrangian subbundles with respect to the symplectic form F'. In case one of these subbundles
is integrable, we call the manifold half para-Kdahler and in case both subbundles are integrable, we
call the manifold para-Kdhler. Integrability of one of the eigenbundles need not imply integrability
of the other eigenbundle. Indeed, in Section 9.4 we will require integrability of just the positive
eigenbundle in order to ensure supersymmetry. The study of para-Kéahler manifolds is a rich and
developing subbranch of indefinite signature geometry; they have appeared in an unrelated physical
context in [48].

Another useful way to reformulate the topological bibrane condition is in terms of the language
of generalized geometry (see [58] for a review). In the framework of generalized geometry one only
works with the sum TM @ T*M as well as sections thereof (rather than TM or T*M in isolation).
In particular, one speaks of generalized tangent vectors of M, defined as pairs (u, &) with u € T'M,
EeT*M.

The objects of ordinary of geometry have generalized counterparts; for instance, one defines the
generalized tangent subbundle of a submanifold Y C M to be sum of its tangent bundle and conormal

bundle (regarded as a subbundle of 7% M):
7Y =TY @ N'Y .

Generalized geometry provides a prescription for incorporating a nonzero 2-form F':
Definition 5. The F-rotated generalized tangent subbundle of a submanifold Y C M is the set of
generalized tangent vectors (u, &) such that

7Y ={(u,&) :u € TY,6 € T*M  such that Fu = e*¢} .
Here e : Y — M is the embedding map and Fu represents the 1-form produced by contracting the
2-form F' on the vector u.

What we have been calling allowed pairs of tangent vectors (u,v) are nothing but sections of
7Y (after lowering the vector v to a 1-form £ = Gv).

The generalized counterparts of complex structures are the generalized complex structures: en-



116

domorphisms J : TM & T*M — TM & T*M with J? = —1. Symplectic manifolds with symplectic

form ) carry a generalized complex structure given by

(referring coordinates on T*M to a dual basis) and the A-branes are elegantly characterized as those

(Y, F) such that the F-rotated generalized tangent subbundle is stabilized by the Jgq:

Proposition 4. (in reference [58]) (Y,F) define an A-brane of a symplectic manifold if and only if

Ja acting on a section of T'Y gives back another section of T'Y, i.e.,
Jo(rFY) =7y .

Motivated by our theme of comparing topological bibranes of the bosonic sigma model with A-
branes of the (2,2) sigma model by replacing © with the neutral signature G and replacing almost
complex structures with almost product structures, let us define a generalized (almost) product
structure to be an endomorphism R : TM @& T*M — TM & T*M with R? = 1. Indeed, the

generalized geometry object encoding the metric is a generalized almost product structure:

Definition 6. As defined in [58], the generalized metric! is the particular generalized almost product
structure given by
Gfl
Rg =
G

Finally, we can compactly describe topological bibranes as follows.

Proposition 5. The pair (Y, F) withY C M and F a closed 2-form on Y, satisfy the conditions
for a topological bibrane (as defined in the previous section) if and only if Ra acting on a section of

7Y gives back another section of 'Y, i.e.,

Ra(tF'Y) =1y .

9.4 Topological defects of the (0,1) supersymmetric sigma

model

We now proceed to our main topic of interest: supersymmetric, topological defects of the (0,1)
supersymmetric sigma model. In addition to the bosonic fields ¢* and (;ASl we now have right-moving

fermionic fields wi on X and 121 on .

1Various authors disagree on what object is to be given the name ‘generalized metric’; we follow the convention of
[58].
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The bosonic gluing conditions described in Section 9.2 must be supplemented with fermionic
gluing conditions on the fields ¢! = (¥?, zzl), setting half of the total fermionic degrees of freedom
to zero the defect line D; we accomplish this by constraining ¢! to take values in an n-dimensional
subbundle — which we denote R, — of the 2n-dimensional bundle e*T' M.

Indeed, topological bibranes (Y, F) are equipped with a natural middle dimensional subbundle,

which we describe as follows

Definition 7. Let (Y, F) be a topological bibrane, as characterized in propositions 2, 8, and 5.
Define Ry be the following bundle on Y :

Ry ={uveTY :Glu,w)=F(u,w) foralweTY}. (9.2)

Let us see what this subbundle corresponds to in the two special classes of topological bibranes
we discussed previously. In case (Y, F) is space-filling, Ry is the +1 eigenbundle of the almost
product structure G~'F. On the other hand, for graph-of-isometry type bibranes, this subbundle is
simply the tangent bundle TY itself.

Proposition 6. The subbundle R4, as defined above, is Lagrangian with respect to e*TM. In

particular, it is n-dimensional.

Given (Y, F) satisfying the geometric topological bibrane conditions, we impose the bosonic
gluing conditions written previously, and we augment these with condition that the fermions take
values in R ; moreover, we require that R be an integrable distribution on Y. For completeness,

we record here the full set of gluing conditions:

pey
G(v,w) = F(u,w)
G(s,w) = F(s,w)

for all w € TY, where u! = 9p¢!, v! = 0,9, and s! = ’.
Let us now show that these gluing conditions define a topological, supersymmetry-preserving

defect. We write an explicit action for the (0, 1) supersymmetric sigma model with defect (see [57]):

1 . | ) g . )
S = [ #o( - 390,600 — Sy 0,060,060 + Jaiyui D_v )
>

1. Yiowli AT o 2ia 7 P T
+ /A d20( = 59ij0u¢" 0" — 5bi; " 0, ¢" 00 + %g¢j¢+D—¢i) +/ do® A19o"
> D
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where 04+ = 0y + 01 and the covariant derivatives are given by

Dyt = 01y + 0r/ T

Ditfi = 940 + aiéjf‘;k@i :
Varying the action and picking out the term localized on D, one obtains
(58)0 = [ do®(( = Gri019156” + Frono!50’ — Grruta=v)
D

where G and I are as before and we have introduced the notation
ML = Y + 00" Thpeull

for the covariant variations, which, unlike 61!, transform covariantly under target space coordinate
changes. Here I'} - are the coefficients of the Levi-Civita connection of the neutral signature metric
Gon X x X.

The first two terms in (65)p vanish identically since the bosonic gluing conditions are identical
to those in Section 9.2. Moreover, the third term in (6.5)p can be shown to vanish by appealing to

the following

Proposition 7. Let (M,G) be a (pseudo-)Riemannian manifold with Levi-Civita connection V.
Let Y C M be a submanifold equipped with closed 2-form F' on its worldvolume, and let Ry be the
subbundle defined in (9.2). If Ry is integrable, then we have the following:

(e"V)us €T (Ry)

for all w € T(TY) and s € T'(Ry). Here €*V is the pullback of V under the embedding map
e:Y — M. In words, the subbundle R4 is V-parallel with respect to TY .

Proposition 8. The term G1J1/J_I~_50°V1/Jj{_ vanishes for all allowed variations.

Note that in case F' = 0, the subbundle R equals 7Y, and the above proposition reduces to the
surprising result that the covariant derivative of sections of TY are again in TY, i.e., Lagrangian
submanifolds are automatically totally geodesic, a result also obtained in [59], [62].

We now check that the above gluing conditions define a topological defect and that they preserve
(0,1) supersymmetry of the theory. The bosonic portions of the stress-energy tensors automatically
glue smoothly by the analysis of Section 9.2. It remains to check that the contributions involving
fermions glue smoothly; i.e.,

(Tﬂy)f - (fuu)f =0
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for all p,v. This is equivalent to the condition
G(Vys,8) =0

where the vector fields u, s are as we have defined previously. This equation is satisfied, once again
by appeal to our parallelness proposition.
Finally, the condition for preservation of supersymmetry is that the 1-component of the super-

currents glue smoothly. This is equivalent to
G(s,t) =0

where s = ¢, and t = 04¢. This is satisfied by virtue of the fact that both 0;¢ and ¢, are
constrained to take values in R4 by the gluing conditions, and the fact that R, is a Lagrangian

subbundle.

9.5 Topological defects of the (0,2) supersymmetric sigma
model

Consider now the case when the target spaces X and X are Kihler manifolds with Kéhler forms
w and @, complex structures j and 3 In this case the supersymmetric sigma models on either side
of the defects possess (0,2) supersymmetry; let us geometrically classify those topological bibranes
(Y, F') that preserve both supercharges.

We impose the gluing conditions written in the previous section and assume that the conditions

for (0,1) supersymmetry are met. Then (0,2) supersymmetry will follow if
G/l _ é/l =0
along D, where G’ and G’ are the second supercurrents. This is the condition
Q(s,t) =0 (9.3)

for all s,t € R4, where
Q=GJ

is the Kihler form on X x X with respect to complex structure J = j @3. We can say the following

about when (9.3) is satisfied:

Proposition 9. The following conditions on topological bibrane (Y, F) are equivalent:
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1. R4 is an Q-Lagrangian subbundle.

2. J(Ry) =Ry, i.e., the leaves of the foliation by subbundle Ry are complex submanifolds with

respect to complex structure J = j @3.

3. Y is a complex submanifold of X X X and F has type (1,1) with respect to the induced complex

structure on Y .

4. In generalized geometry terms, J; acting on a section of TF'Y gives back another section of

TFY | where

is the genmeralized complex structure associated with complex structure J.
5. (Y, F) is a B-brane with respect to complex structure J.

The generalized metric R and the generalized complex structures Jn and J; are related by
Re=-Jads -

This shows that if the bundle 7Y is stabilized by any two of these, then it is automatically stabilized
by the third. In particular, we have the following

Proposition 10. The bibrane (Y, F) is a topological, supersymmetry preserving defect of the (0,2)
sigma model when it is both an A-brane with respect to symplectic form Q = w ® —© and a B-brane

with respect to complex structure J = j EB} on X x X (with suitable integrability conditions).

9.6 T-duality

We briefly comment on the role our topological defects play in implementing dualities of the bosonic
sigma models with targets X and X. For concreteness let X and X be flat tori and let Y = X x X
be a space-filling defect equipped with a line bundle with curvature F = d.A; we define the 2-form
F = —F — B, as in Section 2.

Topological defects separating theories X and X can be fused with those separating X and
X' to yield topological defects separating X and X’. The invisible defect (choosing the diagonal
Y € X x X and F = 0) is a unital element with respect to this operation of fusion and an invertible
defect is one that can be fused with another defect to yield the invisible defect. On general grounds,

an invertible topological defect implements a duality?.

2See [53] for a recent discussion of this point in the context of rational CFTs.
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Hence, we expect that if the 2-form F is chosen such that (Y, F) is an invertible topological
defect, then the sigma model with target X will be related to the sigma model with target X by
a duality transformation. For tori, the group of duality transformations is O(n,n;Z) (the group of
automorphisms of a lattice of signature (n,n)) [54].
Let us fix the background data (g,b) and take

h
="

_AT f

where f, j?are antisymmetric n X n matrices. Since F is the curvature of a line bundle on the torus
X xX , its entries are constrained to be integers. Generically, the determinant of the off-diagonal
matrix h can take any integer value; however, let us now restrict the form of F by assuming that
det h = +1, or equivalently h € GL(n,Z).

The topological defect condition for space-filling defects states that (G~'F)? = 1; writing this
out in terms of the blocks, this is equivalent to the following relationship between the background

data (g,b) for X and @,5) for X:

o~

) h
b+ flg th+hg ' (b—f) .

g=h"(g— @+ g b+
0= f

We recognize this as the duality transformation consisting of a shift of the B-field by the matrix f,
followed by a T-duality (inverting the data g+b), followed by a basis change of the lattice generating

the torus (parametrized by unimodular matrix h), followed by another B-field shift (this time by f)
(see [54], eqs. (2.4.25), (2.4.26), (2.4.39)). The corresponding duality element is

fRt BT+ Rt
! fhs €0(n,n;Z) .
h—l h—lf
(A similar calculation with f = f =0and h = 1 is performed in [51].) It is evident from this

expression that quantization of the entries is implied by quantization of the entries of F.
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Appendix A

2d TFTs

A.1 A-type 2d topological gauge theory

In this section we discuss a topological gauge theory in 2d which can be obtained by twisting
d =2, N = (2,2) supersymmetric gauge theory by means of the U(1)y current [46]. This theory
is somewhat analogous to the Donaldson-Witten theory in 4d, but is much simpler, because its
path-integral does not get nonperturbative contributions.

The bosonic fields of the theory consist of connection A on a principal G-bundle P over an

oriented 2-manifold ¥, as well as a complex O-form
o€ Q’%,adP)®C .
The fermionic fields are

B e N, ad P)

A€ QY(Z,ad P)

x =Q*%,ad P) .
The BRST transformations are
0gA = A,
dgo =0,
60 =1,
5(25 = 22’[5’70}7
5@/\ = QidAO',

5QX:F-
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The relation 652 = 2id, holds off-shell for all fields except x, where one has instead
(% X =dal .
If there is a fermionic equation of motion
daX = 2i[x, 0] ,

the relation (% = 2id, holds on-shell. To achieve closure off-shell we introduce an auxiliary bosonic

2-form P € Q?(X, ad P) and redefine the transformation law for y:
box =P, 8P =2ilx,0] .

The action is constructed to ensure that on-shell P = F'. One can take a BRST-exact action:

1 1 _

The gauge coupling enters only as the coeflicient of a BRST-exact term and therefore is irrelevant.

The path-integral of the theory localizes on configurations with F' = 0 and constant o, so there is

no room for nonperturbative contributions.

Category of branes of the A-type 2d gauge theory for G = U(1)

In Chapter 6, we need to understand the category of branes of this 2d TFT, at least in the abelian
case. We will now argue that, for G = U(1), the theory is isomorphic to the B-model with target
CJ[2], and therefore the category of branes is equivalent to D?(C[2]).

One approach to this problem is to construct an embedding of D?(Coh(C[2])) into the category of
branes. This does not prove that the two categories are equivalent, but it does show that the former
is a full subcategory of the latter. The basic boundary condition in the A-type 2d gauge theory is
the Neumann condition which leaves the restriction of A and ¢ to the boundary free and requires xF'
and the normal derivative of o to vanish on the boundary. BRST-invariance also requires xy and the
restriction of x\ to vanish on the boundary, while § and the restriction of A remain unconstrained.
The algebra of BRST-invariant observables on the Neumann boundary is spanned by powers of o,
i.e., it is the algebra O of holomorphic functions on C[2]. One can construct a more general boundary
condition by placing additional degrees of freedom on the boundary which live in a graded vector
space V. The BRST operator gives rise to a degree-1 differential 7" : V—V which may depend
polynomially on o. Thus we may attach a brane to any free DG-module M = (V ® O, T') over the
graded algebra O. The space of morphisms between any two such branes M; = (V3 ® O,T;) and
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My = (Vo ® O, T3) is the cohomology of the complex Home (M7, Ms), which agrees with the space
of morphisms in the category D®(Coh(C|[2])).

In the A-type 2d gauge theory, one may also consider the Dirichlet boundary condition which
sets ¢ = 0 on the boundary and requires the restriction of the gauge field to be trivial. One might
guess that it corresponds to the skyscraper sheaf at the origin of C[2], and indeed one can verify that
the space of morphisms from any of the branes considered above to the Dirichlet brane agrees with
the space of morphisms from the corresponding complex of vector bundles on C[2] to the skyscraper

shealf.

Category of branes from equivalence with B-model, target C[2]

Another way to approach the problem is construct an isomorphism between the A-type 2d gauge
theory and the B-model with target C[2]. From the physical viewpoint, an isomorphism of two 2d
TFTs X and Y is an invertible topological defect line A between them. In the present case, there
is a unique candidate for such a defect line. Recall that a B-model with target C[2] has a bosonic

scalar ¢, a fermionic 1-form p, and fermionic O-forms € and £. The BRST transformations read

69 =0,
5o =,
don =0,
500 =0,
dop =do .

The field o has ghost number 2, the fields p has ghost number 1, and the fields n and € have ghost

number —1. The action of the B-model is

1 _
S:—f(SQ/p/\*dqﬁ—f—/H/\dp.
2 > >

The ghost-number 2 bosons o and ¢ must be identified on the defect line, up to a numerical factor
which can be read of the action. Similarly, the fermionic 1-forms A and p must be identified, as
well as the fermionic O-forms § and 7. Finally, one must identify xx and #. BRST invariance
then requires xF' to vanish on the boundary, which means that the gauge field obeys the Neumann
boundary condition.

Note that this defect line is essentially the trivial defect line for the fermionic fields and o. Since
the zero-energy sector of the bosonic U (1) gauge theory is trivial, the invertibility of the defect line
is almost obvious. Let us show this more formally. First, consider two parallel defect lines with

a sliver of the A-type 2d gauge theory between them. The sliver has the shape R x I, where R
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parameterizes the direction along the defect lines. The statement that the product of two defect
lines is the trivial defect line in the B-model is equivalent to the statement that the U(1) gauge
theory on an interval with Neumann boundary conditions on both ends has a unique ground state.
This is obviously true, because the space-like component of A in the sliver can be gauged away by
a time-independent gauge transformation, and therefore the physical phase space of the U(1) gauge
theory on an interval is a point.

Second, consider the opposite situation where a sliver of the B-model is sandwiched between two
defect lines. We would like to show that this is equivalent to the trivial defect line in the A-type 2d
gauge theory. The sliver has the shape S! x I. For simplicity we will assume that the worldsheet with
a sliver removed consists of two connected components. Each component is an oriented manifold
with a boundary isomorphic to S, and the path-integral of the A-type 2d gauge theory defines a
vector in the Hilbert space V corresponding to S'. Any topological defect line in the A-type gauge
theory defines an element in V* @ V' ~ End(V). We would like to show that the B-model sliver
corresponds to the identity element in V* ® V. First we note that V' can be identified with the
tensor product of the Hilbert space of the zero-energy gauge degrees of freedom and the Hilbert
space of the zero-energy degrees of freedom of ¢ and the fermions. As mentioned above, the defect
line separating the A-type 2d gauge theory and the B-model acts as the trivial defect line on o and
the fermions, so in this sector the statement is obvious. As for the gauge sector, the corresponding
Hilbert space of zero-energy states is one-dimensional, so the B-model sliver is proportional to the
identity operator. The argument of the preceding paragraph shows that its trace is one, so the sliver

must be the identity operator.

Category of branes of gauged 2d A-model

The A-type 2d gauge theory with gauge group G can be coupled to an A-model with target X
admitting a symplectic G-action (we do not write down this gauged 2d A-model here). It is natural
to conjecture that the corresponding category of branes is some sort of G-equivariant version of the
Fukaya-Floer category of X. To make this conjecture more precise, let us consider a special case
where X = T*Y with its canonical symplectic form. It was shown in [43, 42] that a suitable version
of the Fukaya-Floer category of T*Y is equivalent to the constructible derived category of sheaves
over Y. Now let Y admit a G-action. We conjecture that the category of branes for the A-type 2d
gauge theory coupled to an A-model with target T*Y is equivalent to the G-equivariant constructible
derived category of sheaves over Y. In the special case when Y is a point and G = U(1), the latter
category is known to be equivalent to D*(Coh(C[2])), in agreement with the fact that the A-type
2d gauge theory with G = U(1) is isomorphic to the B-model with target C[2].
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A.2 B-type 2d topological gauge theory

In this section we discuss a topological gauge theory in 2d which can be obtained by twisting d = 2,

N = (2,2) supersymmetric gauge theory by means of a U(1)4 current. This theory is a 2d analog
of the GL-twisted theory at ¢t = 1.

The fields of the B-type 2d gauge theory are a connection A on a principal G-bundle P over an

oriented 2-manifold ¥, as well as

¢ € QY(2,ad P)

and the fermionic fields

B €%, ad P)
A€ QX,ad P)

¢ €O (Z,adP) .

The BRST transformations are

oA = A,
dgp =i\,
dgA =0,
dof = idyyp,
5oC = —iF .

Here F is the curvature of the complex connection A = A + ip. We will denote the covariant
derivative with respect to A by d4, the covariant derivative with respect to A = A —ip by d 1, and
the curvature of A by F. The differential operator d% is xd %, where * is the 2d Hodge star.

The theory has a U(1) ghost number symmetry with respect to which the fields A, ¢ are neutral,
the field A has charge 1, and the fields 3, have charge —1.

The BRST transformation satisfy (% = 0 on all fields except 3:

0348 = —d5\ .

If one uses the fermionic equation of motion dA = 0, then the BRST transformations are nilpotent

on-shell. It is more convenient to have 5(29 = 0 off-shell, so we introduce an auxiliary O-form P and

define
0B =1P, 0P =0.
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When constructing an action, we need to ensure that the equation of motion for P sets P = d’ .

A suitable action is BRST-exact:

1 . = . *

The coupling constant e? enters only as the coefficient of a BRST-exact term, therefore the topolog-
ical correlators do not depend on it, and the semiclassical approximation is exact. The topological

nature of the theory is also apparent, since the metric enters only through BRST-exact terms.

Observables of the B-type 2d gauge theory

Usually local observables are defined as BRST-invariant and gauge-invariant scalar functions of fields,
modulo BRST transformations. In the present case, there are no nontrivial local observables of this
kind. However, there are nontrivial BRST-invariant local disorder operators which are defined by
allowing certain singularities in the fields. For example, one can require the connection A to have a
nontrivial holonomy around the insertion point. Such local operators are analogous to Gukov-Witten
surface operators in 4d gauge theory. More systematically, to determine what kind of local operators
are allowed one can reduce the 2d gauge theory theory on a circle and study the space of the states
of the resulting 1d TFT. In the present case, this 1d TFT is a gauged sigma-model with target Gc.
From the 2d viewpoint, the target space parameterizes the holonomy of A. BRST-invariant wave-
functions are holomorphic functions on G¢ invariant with respect to conjugation, i.e., characters
of G¢. More generally, one may consider nonnormalizable wavefunctions, such as delta-functions
supported on closed Ge-invariant complex submanifolds of G¢. For example, the identity operator
can be thought of as a delta-function supported at the identity element, while Gukov-Witten-type
local operators are delta-functions supported on closed conjugacy classes in G¢.

There are also BRST-invariant and gauge-invariant line observables, the most obvious of which
are Wilson line operators for the complex BRST-invariant connection A. To define them, one needs
to pick a finite-dimensional graded representation V' of G and consider the holonomy of A in the

representation V.

Category of branes of the B-type 2d gauge theory

The category of branes for this 2d TFT is the category of finite-dimensional graded representations
of G. To see this, consider the Neumann boundary condition for the gauge field, that is, leave the
restriction of A to the boundary free and require the restriction of x¢ to vanish. BRST-invariance
then requires ¢ and the restriction of *\ to vanish on the boundary. Since the gauge field A on the
boundary is unconstrained and BRST-invariant, we may couple to it an arbitrary finite-dimensional

graded representation V' of G. That is, we may include into the path-integral the holonomy of A
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in the representation V. Thus boundary conditions are naturally labeled by representations of G.
Given any two irreducible representations V; and V5 one can form a junction between them only if
V1 and V, are isomorphic (because there are no nontrivial BRST-invariant local operators on the
Neumann boundary). Further, if V; ~ V5, the space of morphisms between them is Homg (V7, V2)

(for the same reason).

A.3 Gauged 2d B-model

In this section we describe how to couple a B-type 2d gauge theory to a B-model. We show that the
category of branes for the resulting 2d TFT is closely related to the equivariant derived category of
coherent sheaves.

Let X be a Calabi-Yau manifold (i.e., a Kéhler manifold with a holomorphic volume form) which
admits a G-action preserving both the Kéahler structure and the holomorphic volume form. The

bosonic field of the B-model matter sector is a section ® of the bundle
E=P Xa X

associated to gauge bundle P by the holomorphic G-action. The fermionic fields of the B-model

matter sector consist of the following vertical subbundle-valued forms:

ne Q' & VOE)
0 c Q' (%, @ (VIOE)Y)

p (S, @ VIOE) .

The BRST transformations are given by gauge-covariantized versions of the usual B-model trans-

formations:

sq¢' =0,
o' =1,
5an =0,
S00; =0,
Sqp’ = Do'

where D¢! = d¢’ + Vi(A) is the gauge-covariant derivative with respect to complexified connection

A and V is the holomorphic vector field (with values in g*) corresponding to the G-action. Since A
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is BRST-invariant, these BRST transformations still satisfy (% =0.

To construct a BRST-invariant action, we start with the usual action of the B-model and gauge-
covariantize all derivatives. The covariantized action is not BRST-invariant, but this can be corrected
by adding a new term proportional to 6;V*({), where ¢ is the fermionic, ad P-valued 2-form of the

B-type 2d gauge theory. The full matter action is
. _ = . 1. -
S = / 0Q (gz'jpl /\*D¢]) +/ (-iQin(C) +0.Dp" + 2R;k19ipjpk77[> .
b b
Here g is the Kahler metric, R is its curvature tensor, and the covariant derivative of p includes both
the Levi-Civita connection and the gauge connection:

Dp' = dp' +Td¢? p* + V;VI(A)p!, V;Vi=09;Vi+T%VF.

The covariant derivative ngb; is defined so as to make the bosonic part of the action positive-definite:
DY =d¢/ —VI(A), A=A—ip=—A".

Category of branes of the gauged 2d B-model

Since the category of branes for the B-model with target X is D’(Coh(X)), a natural guess for the
category of branes for the gauged B-model is D%C(Coh(X )). We will now describe a construction of
the boundary action corresponding to an equivariant complex of holomorphic vector bundles on X.
Let E be a graded complex vector bundle over X with a holomorphic structure 0¥ : E—+E®Q%*(X),
(0F)? = 0, and a holomorphic degree-1 endomorphism 7' : E—E, 0FT = 0 satisfying 7% = 0. To
write down a concrete boundary action we will assume that we are also given a Hermitian metric
on each graded component of E, so that 9F gives rise to a connection V¥ on E. We will denote the
corresponding connection 1-form by w and its curvature by F¥. We assume that we are given a lift
of the G-action on X to a G-action on the total space of E which is fiberwise-linear and compatible
with 0F, T, and the Hermitian metric. Infinitesimally, the Lie algebra g acts on a section s of E as
follows:

(f,5) = f(s) = VI(HVEs + VI(/)VEs + R(f)s, feq.

Here V¥ = d 4+ w, and R is a degree-0 bundle morphism R : E—FE ® g*. The condition that the
G-action commutes with V¥ implies

VPR =y FF .
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The condition that the G-action commutes with 7" implies
VIVET +[R,T] =0 .
Consider now the following field-dependent connection 1-form on the pullback bundle ®* F:
N = wid¢' +widg’ — R(A) + p' FE + p'VET |
With some work one can check that its BRST variation satisfies
SN = d(wn' +T) + [N, wm’ + T).

Therefore the supertrace of its holonomy is BRST-invariant and can be used as a boundary weight
factor in the path-integral associated. By definition the boundary action is minus the logarithm of
the boundary weight factor.

Let us consider a ghost-number zero boundary observable O in the presence of a such a weight
factor. It is an element of End(FE) depending on the fields ®,n and of total degree zero. More
invariantly, we may think of it as a section of End(E) ® Q%*(X). The BRST-variation of the

boundary weight factor in the presence of O is proportional to
VO 4 [T, 0).

Hence BRST-invariant boundary observables are sections of End(E)®Q%®(X) which are annihilated

by 0¥ and commute with 7. Further, a BRST-invariant O it is gauge-invariant iff it satisfies
ViVEO +[R,0]=0.

Together these conditions mean that O represents an endomorphism of the equivariant complex
(E,0F,T) regarded as an object of DY, (Coh(X)). It is also easy to see that such an observable
O is a BRST-variation of a gauge-invariant observable iff it is homotopic to zero. In some cases
this implies that the category of branes in the gauged B-model of the kind we have constructed
is equivalent to D} _(Coh(X)). This happens if any G-equivariant coherent sheaf on X has a G-
equivariant resolution by G-equivariant holomorphic vector bundles. Such an X is said to have a
G-resolution property. An example of such X is C" with a linear action of G, or more generally
a smooth affine variety with an affine action of G. Note that for a general complex manifold X
the resolution property may fail even if G is trivial. But for trivial G the cure is known: one

has to replace complexes of holomorphic vector bundles with more general DG-modules over the

Dolbeault DG-algebra of X [30]. These more general DG-modules also arise naturally from the
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physical viewpoint [27, 36]. We expect that for any complex Lie group G with a complex-analytic
action on X a G-equivariant coherent sheaf on X has a G-equivariant resolution by these more
general DG-modules. This would imply that the category of B-branes for the gauged B-model is
equivalent to DY,_(Coh(X)).

C
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Appendix B

3d TFTs

B.1 3d A-model

We describe a 3d topological sigma model similar in form to the 4d A-model TFT discussed in
Section 3.1. This 3d A-model TFT was studied first in [6]; it can be regarded as a 3d analogue of
the 2d A-model.

Let X be a real manifold equipped with Riemannian metric g and let W be a 3d base manifold.
The bosonic fields consist of a map

oW =X

as well as the 1-form

be QYW, " TX),

and the auxiliary fields

PcQ'(W,®*TX),
P e Q' (W,d*TX) .

The fermionic fields consist of the 0-forms
B,n € QO(W,®*TX)

as well as the 1-forms

v, x € Q' (W, 2°TX) .
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The BRST-variations are given by

dgo' =1’

Son' =0

Sob! = ¢! — T

S = SRy bt — Then” (B.1)
5Q5[ =P’ - FSKU‘]ﬂK

5QPI _ %RIJKL 6J77K77L o FSKT]JPK

dox' = P! - Thrn’x®

~ 1 ~
5P = 5RIJKL i nE — 11y’ PK

where FIJ - are the Christoffel symbols and R j;, are the Riemann tensor components of the Levi-

Civita connection with respect to the metric g;;. The BRST-exact action is given by
1 ~
Sp— / Bavh gu{x“ (P,:f —2D,¢" + 2V ergy Dsb‘”) + 8 (PJ - 2D,,b°’r>}
€ w

where r, s,t = 1,2, 3 are form indices on W and D is the pullback to W of the Levi-Civita connection
on X. As described in [6], local observables correspond to cohomology classes of the target X and
line observables correspond to holonomies of flat connections on X pulled back under the sigma
model map. Moreover, the simplest class of ‘geometric’ boundary conditions correspond to closed
submanifolds Y C X. Note that, as we have not assumed X to be endowed with any extra geometric
structures (such as a symplectic form or complex structure), there are no extra conditions on the

embedding of Y within X.

B.2 Gauged 3d A-model

Suppose now that the target space X admits an action of a Lie group G by isometries. We wish to
gauge the 3d A-model with target X by coupling it to a 3d topological gauge theory, in much the
same way that we gauged the 4d A-model in Section 3.2. Indeed, we will couple the 3d A-model to
what we will call the A-type 3d gauge theory.

B.2.1 A-type 3d topological gauge theory

There are two different topological gauge theories in 3d which can be obtained by twisting N = 4,
d = 3 SYM theory. The first one is the dimensional reduction of the Donaldson-Witten twist of
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N =2, d =4 SYM theory (see Section 3.2.1). The second one is intrinsic to 3d and has been first
discussed by Blau and Thompson [29]. We will refer to them as the A-type and B-type topological
gauge theories, respectively. (The reason for this terminology is that the BPS equations in the former
theory are elliptic, as in the usual A-model, while in the latter theory they are overdetermined, as

in the usual B-model.)

The bosonic field content of the A-type 3d gauge theory consists of a connection A on a principal

G-bundle P over 3-manifold W, as well as O-forms

o€ Q(W,ad P) ®C
s € Q°(W,ad P)

and auxiliary 1-form

He Q' (W,ad P) .
The fermionic field content consists of the forms

p,p € Q°(W,ad P)
AAe QY (W, adP) .

The BRST transformations are given by [6]:

SoA =X, bor=—dao,
dgo =0,

00 =p,  Oqp =0,0]
SoA=H, 6oH = [0,

0os =p,  Ogp=lo,s].

The action is given by
1 ~
S = 6—2(5@/ d*zvh Tr{4/\T(H,. — D,g — (*F)T) + 26 D,.)\T}
w
where F' is the curvature of A and « is the 3d Hodge star.

B.2.2 Gauging the 3d A-model

Let V,, a = 1,2,--- ,dim G, be the vector fields on X corresponding to the generators of the G-

action. The modification of the matter sector variations closely resembles that of the gauged 4d
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A-model in Section 3.2:

So¢" =n'

5Q771 _ O,aVaI

dqb" =" = Tn’b"

Sou! = %R{,KL v/ gl — 1L v® + oV VI (B.2)
5Q51 =P - FﬂanﬂK

5QPI _ %RIJKL 6J,'7K77L _ PgKUJPK 4 UaﬂJvJVaI

5QXI =Pl - F511(77JXK

~ 1 ~ .
5P = 5RJJKL X EnE — T’ PE 4 60TV, V1

where

v, vl =0,V + 1L . vE

The action is given by adding the matter sector action to the gauge sector action and gauge-

covariantizing derivatives:

S = %(5@/ d3x\/ﬁ Tr{4X7‘(HT — Dyc — (*F)r) + 25’D7»)\7‘}
€ w

AT (f,TJ — 9D, 67 + 2V eysy Dsth) + B! (PJ _ QDTbJr)}

where D is the gauge-covariant derivative, as discussed for the 4d A-model in Chapter 3. We remark
that this action for the gauged 3d A-model is far from unique, as nonminimal BRST-exact terms
could be added without affecting the theory. Moreover, the 3d A-model can be gauged by coupling
to other gauge sectors besides the 3d A-type gauge theory; for instance, in Section 5.2 we write down
a theory with gauge sector given by replacing the Lie algebra-valued scalar ¢ by a a Lie group-valued

scalar.

B.3 Rozansky-Witten model

We describe a 3d topological sigma model which is a 3d analog of the 2d B-model. The Rozansky-
Witten sigma model [14] is defined for any hyperkédhler target space X and 3d base manifold W.
Its bosonic field consists of a map

oW X

which we describe using local complex coordinates ¢* and ¢; on X. Its fermionic fields consist of
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the 0-form
ne QW,e* 1% X)

as well as the 1-form

x € QYW, e T 0X) .

The BRST variations are given by

Sod' =0
oo’ =1’
(5an =0
Sox" = d¢’

The BRST-exact action is given by

) = 1 ] . 1 . ) . . _
S = (5@/ giz X' N *dd? + §Qisz A Dy + gﬂiniszz AT AXEAXE AT
w

where D*® = dx* + F;kdq’)j A x* is the pullback of the Levi-Civita connection on X and x is the 3d
Hodge star.

As discussed in [36], local observables of the Rozansky-Witten model correspond to the Dolbeault
cohomology classes of X.

The simplest boundary conditions [36] of the Rozansky-Witten model correspond to complex,
Lagrangian submanifolds of the target space X. Additionally, one can couple the Rozansky-Witten
model to a B-model defined on the 2d boundary; such boundary conditions correspond to Calabi-Yau

fibrations over complex, Lagrangian submanifolds. See [36] for further details.

B.4 B-type 3d topological gauge theory

We describe the B-type 3d gauge theory which was first constructed by Blau and Thompson [29].
The bosonic field content consists of a connection A on a principal G-bundle P over 3-manifold W,
as well as 1-form

0 € QY (W, ad P)

and auxiliary field

PcQ'(W,ad P) .
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The fermionic field content consists of the forms

p, p € Q°(W,ad P)
A€ QY (W,ad P)

¢ € O*(W,adP) .

The BRST variations are given by

SoA = A,
doip = iA,
o\ =0,
SoC = —iF, (B.3)
dgp =0,
dqp =P,
P =0

where F is the curvature of the complexified connection A = A + ip. We will denote the covariant
derivative with respect to A by d4 and the covariant derivative with respect to A = A — ip by d 4,
and the curvature of A by F. The differential operator d’ is *d 4%, where % is the 3d Hodge star.

The action for this theory is BRST-exact up to a metric independent term:

1 T ~ *
S = —@5Q /W Tr(i( /\*]-'—i—ip/\*(P— 2dAap)) + /W Tr(p/\dAC) ) (B.4)

This action possesses a ghost number symmetry with respect to which p and A have charge 1 and (
and p have charge -1. The equation of motion for P reads P = d% ¢; if we substitute this value into
the BRST transformations, the BRST operator is only nilpotent modulo the fermionic equations of
motion.

It is more natural to regard the fermionic O-form p as taking values in g* rather than g, because

then the non-BRST-exact piece in the action takes the form

/ Pa N dACaa
w

which is manifestly independent of the choice of metric on g.!

1For a simple Lie algebra g there is a canonical identification of g and g* by means of the Killing form, but if g has
an abelian subalgebra, the metric is not uniquely determined.
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Observables of the B-type 3d gauge theory

Local observables in this topological gauge theory are gauge invariant functions of p, which corre-
spond to elements in the exterior algebra A®(g) invariant with respect to the Ad action. Unlike in
the 2d case, there are no disorder local operators.

The simplest line operators can be constructed as Wilson lines for the BRST-invariant connection
A = A+ ip. Such operators are labeled by finite-dimensional representations of G. More generally,
we may consider coupling a 1d TFT living on the line to the 3d gauge theory. The space of
states for this 1d TFT is a Z-graded vector space V. Endomorphisms of V' are naturally graded
as well. Let us denote the degree-1 endomorphism that generates the BRST symmetry in this
theory as T'(®) € End(V) and the degree-0 endomorphisms that generate the gauge symmetry as
R,(®) € End(V), where ® represents the fields in the topological gauge theory. Since p is the only
BRST-invariant O-form in the 3d gauge theory, it is sufficient to assume that 7" is a function of p

alone. It also must be nilpotent:

T(®) =T(p), (B.5)
T2 =0. (B.6)

Since the gauge symmetry preserves the grading of V', the generators of the gauge symmetry R,

may be assumed to be p-independent:
Ra(q)) = Ra~ (B7)

Since the gauge symmetry 4 and BRST symmetry dg commute in the 3d gauge theory, 7" and R,

must satisfy the following relation:

T B.8
~ (o) G + R T]

where f € g. To construct the line observable associated to the triple (V, T, R), we apply the descent
procedure to T' to get a connection 1-form on the graded vector bundle with fiber V. By definition,

the descendant connection A is defined by the equation

ON =dT + [N,T).

Using the relation (B.8) and the fermionic equations of motion, we find

i 0T
N—@*]‘— apa

+ AR, (B.9)



139

The supertrace of the holonomy of A/ along a curve v in W is therefore a BRST-invariant, gauge-

invariant loop operator in the topological gauge theory. The holonomy itself defines a line operator.

Braided monoidal category of line operators

Line operators in any 3d TFT form a braided monoidal category. The subcategory formed by line
operators described above is the G-equivariant derived category of DG-modules over the DG-algebra
A®(g) (with zero differential). To see this, consider a local operator inserted at the junction of two
Wilson lines corresponding to the triples (Vi,T3, R;) and (Va, T, Re). Since we are looking for
BRST-invariant operators, one may assume that it is a function O of p valued in Hom¢(V7, V2), or

in other words an element of Homc(V1, V2 ® A®(g)). The BRST-operator acts on O by
000 =T,0 +£ 0Ty

where the sign is plus or minus depending on whether the total degree of O is odd or even.
Gauge transformations act on O in the obvious way and commute with the BRST operator. The
space of morphisms between the line operators is the cohomology of dg on the G-invariant part of
Home (Vi, Va2 ® A®(g)).

The monoidal structure is obvious on the classical level and given by the tensor product. There
can be no quantum corrections to this result since the gauge coupling e? is an irrelevant parameter.
The braiding is trivial for the same reason.

There exist yet more general line operators. To see this, we may use the dimensional reduction
trick and identify the category of line operators in the 3d theory with the category of branes in the 2d
theory obtained by compactifying the 3d theory on a circle. One can show that reduction gives a B-
model with target G¢ coupled to a B-type gauge theory with gauge group GG. From the 3d viewpoint,
G¢ parameterizes the holonomy of the connection A along the compactification circle. The gauge
group G acts on G¢ by conjugation. As explained in A.3, the category of branes for this TF'T is the
equivariant derived category of coherent sheaves D?;C(Coh(G(c)). Line operators considered above
correspond to coherent sheaves supported at the identity element of G¢. Physically, this follows from
the fact that the gauge field A is nonsingular for such line operators, and therefore the holonomy
along the circle linking the line operator must be trivial. From the mathematical viewpoint, we may
note that the equivariant derived category of the DG-algebra A®(g) is equivalent, by Koszul duality,
to a full subcategory of the equivariant derived category of the DG-algebra Sym®(g*) (regarded as
sitting in degree zero) consisting of finite-dimensional DG-modules. The latter category can also
be thought as the full subcategory of the equivariant derived category of G¢ ‘supported’ at the
identity element of G¢. That is, focusing on line operators which are of Wilson type (i.e., are not

disorder operators) is equivalent to focusing on equivariant sheaves on G¢ supported at the identity
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element. More generally, one may also consider Gukov-Witten-type line operators for which the
conjugacy class of the holonomy of A is fixed; such line operators can be thought of as objects of

DgC(COh(G@)) supported at nontrivial conjugacy classes in Gc.

B.5 Gauged Rozansky-Witten model

We gauge the Rozansky-Witten model with target X by coupling it to the B-type 3d gauge theory.
Suppose that hyperkahler target space X admits a compatible G-action.

Let V,, a = 1,2,--- ,dim G, be the vector fields on X corresponding to the generators of the
G-action. Let py4, p—, and pug be the moment maps corresponding to the holomorphic symplectic

form €, the antiholomorphic symplectic form €2, and the Kihler form J, respectively,

d:u+a = —ly, (Q)v
d/-l/—a = _iVa (Q)a

dM3a = iva (J) .
The BRST variations of the fields are

SoA=X 600’ =0,

Sop =i, gl =1,

SoA =0, Son' =0,

5oC = —iF, dox' =Dg¢', (B.10)
0Qp = ifiy,

bop = iP,

SgP =0

where D¢’ = d¢' + AV} is the gauge-covariant derivative with respect to the complexified connec-

tion.

The action of the gauged Rozansky-Witten model is given by

S:/ (£1+£2+£3+£4)
w
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with
L= —éaQ Tr(i(/\*]'_"—l—iﬁ/\*(P—2df4<p—262ug)), (B.11)
g (gijxi A *mﬁ), (B.12)
L3 =g (%e2*p“u,a>, (B.13)
Ly = pa NdaC* +iQix" N VI + %Qijxi A Dy’ (B.14)

1 j i i m
+ Bﬂin{dmx AXEAX AT
where Dy = dx' + T dg? A X" + A0 Vi A xT + ATHVE A .
Local observables in the gauged Rozansky-Witten model are BRST and gauge-invariant functions

of pa, &', ¢, and 1, which correspond to elements in the cohomology of A® (9)®0Q%*(X) with respect
to the following nilpotent operator [11]:

§ = ipraT" + (—1)'0x

where T'* are elements of a basis for g and [ is the degree of an element of A®*(g).
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Appendix C

Associated fiber bundles and
equivariant cohomology

Gauged sigma models play a significant role in this thesis: the gauged 4d A-model is discussed in
Chapter 3, the gauged 3d A-model and gauged Rozansky-Witten model are discussed in Chapter 5,
and the modified 2d A-model and gauged 2d B-model are discussed in Chapter 7.

Since the notion of an associated fiber bundle provides the geometric setting for a gauged sigma
model, we review here the mathematics of associated fiber bundles and, in particular, we explain
how equivariant cohomology classes on the target space can be used to write down topological terms
in a gauged sigma model action. Theorems are mostly stated without proof.

Let P be a principal G-bundle over base manifold M with right G-action r : P x G — P, and

let X be a manifold equipped with a left G-action
l:Gx X = X.

We use a dot - to indicate both [ and r actions. In physics applications, M is the spacetime, P is
the gauge bundle over M, and X is the sigma model target space. The quintuple (M, P,G,1, X)
determines a particular fiber bundle over M with typical fiber X and structure group G, called the
associated fiber bundle. We discuss in turn two complementary points of view on what this associated

fiber bundle is: the total space picture and the principal bundle picture.

C.1 The total space of an associated fiber bundle

We assume that M is Kédhler of dimension 2m, X is Kdhler of dimension 2n, and that the G-action
on X preserves its metric gy, complex structure Jx, and Kéhler form Qy. Most of what we shall
say holds true in the absence of Kéhler and complex structures on M and X; these are necessary
only in constructing a Kahler and complex structure on the total space. We describe the total space

and projection map of the associated fiber bundle as follows.
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Definition. The total space E of the associated fiber bundle (M, P,G,l,X) is the (2m + 2n) di-

mensional manifold E = P x¢g X, defined as the quotient space
E=PxgX=(PxX)/G

where the right action of G on P x X is given by (p,x)-g= (p-g,9 ' -x) for allp € P, x € X and
g €G.

Definition. The (surjective) projection map g : E — M is the map given by

TE [p7 'T] = 7T(p)

forallp € P and x € X, where m : P — M is the projection map of the underlying principal bundle.
It will also be useful to have an explicit description of the tangent space T E:

Theorem. The total space TE of the tangent bundle of E is simply given by the twisted product
TE=TP xgTX
consisting of equivalence classes of tangent vectors
TE = {|up,wy] | up€T,P, wy €Ty X},

where

[tp, wo] = [drguy, dlg-1ws] = [y, w1 ,]

The tangent vectors u;,,g € Tp.gP and w’g_l.w € Ty-1.,X are the pushforwards of u, and w, under

L on X, respectively. Moreover, TE is equipped with the

right-action by g on P and left action by g~
obuvious projection TE — E sending [up, wy] to [p,x]; it is a vector bundle over E with each fiber

Tip.o)E a vector space of dimension 2m + 2n.

Definition. Let E® = 7' (U®) and E, = 7' (o), where U™ C M is a trivializing neighborhood
of P and o € U is a point in this neighborhood. That is, E\®) is the portion of E above U'®) and
E, is the fiber above o.

Definition. Let (®) : E(®) — X be the trivializing map for the bundle E defined in terms of the
trivializing map ¢\ : P(®) — G for the bundle P as follows

2 @p,a] = (¢ p) "z

Let m((,a) : E, — X be the restriction of 2@ to B, c B,
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The map z(® provides a trivialization of E over U(®:
E® ~ U@ x X,
via map ~: [p, ] — (7g[p, 2], (¥ [p, z]) = (7(p), (¢'®)(p))~" - 2). The restriction map

2@ =2@|g B, 5 X

is a diffeomorphism; i.e., each fiber F, is diffeomorphic to a copy of X under diffeomorphism xﬁf‘).

As the label («) indicates, the particular diffeomorphism is induced by the trivialization of the
underlying principal bundle P.

By analogy with the notion of vertical vectors to P, we define

Definition. The vertical subbundle VE C TE consists of tangent vectors [up,w,] € Tip . E that

are projected to zero by the pushforward of the projection map:
VE = ker drg .

The space V E is a vector bundle over £ with typical fiber V|, ,)E, a vector space of dimension

2n; namely, V], ] E consists of the tangent vectors along the fiber E,, with o = mg[p, ] = 7 (p):
Vip.alE = Tip.o) (En(p)) C Tip,a B

We can use the diffeomorphism xg,a) to pull back the metric, complex structure, and Kéhler form
on X to a corresponding metric gV, complex structure J", and symplectic 2-form QY on the fibers

of VE:

Definition. The tensors
Ve € S’ (V.E), JV|.eV}E®V.E, QY| cA*(V.E)

are given by pullback under da:ga) tVeE = T (o), X, where o = mr(e) and e = [p,x] € E. We need

(e)

Ve precisely because gx is G-invariant by assumption.

not include a label (o) on g

So far, we have a notion of metric, (almost) complex structure, and Kéhler form, acting strictly
on vertical vectors. To extend the action of these structures to all directions in TE, we need to
choose a connection w on the underlying principal bundle P. Such a connection gives us a notion of
vertical and horizontal projection on P, which in turn provides a notion of vertical and horizontal

projection on E:
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Definition. Let wY : TE — V E be the vertical projection given by
wy [up, 0] = (WY up, wy] € Vip o E
where u, € T,P and w, € T, X, and w" : TP — V P is the vertical projection on P determined by

the connection w.

Definition. The horizontal subbundle HE C TE is given by

HE = kerw},.

The horizontal projection wk : TE — HE is the map wl = 1pp — w},.

The pushforward projection map dng : TE — TM has kernel VE; since HFE is transverse to
VE in TFE it follows that the restriction of dng to HE is an isomorphism.

Definition. The map
! = drp|pp : HE — TM

is the horizontal isomorphism at each point.

Definition. The tensors

. e S*(H.E), JH.e H'E® HE, QY| e A*HFE)

H

w -

are given by pullback of the metric, complex structure, and Kahler form on M under

Definition. Let gg, Jg, and Qg be defined by

ge(v,v") = g¥(v,0"), forv,v' € VE
ge(h,h') = g™ (h, 1), for h,h' € HE
gr(v,h) =0 forve VE, he HE

and similarly for Jg and Qg. It can be shown that the complex structure Jg, so defined, is integrable.

In conclusion, the total space E is endowed with the structure of a Kéhler manifold with met-
ric gg, complex structure Jg, and Kéahler form Qg defined above. Sections and their covariant

derivatives are the following globally defined maps on M:

Definition. A section ® of the associated fiber bundle E = P xg X is a map ® : M — E that is a

right inverse of the projection mapping g : E — M.
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Definition. The covariant derivative of a section ® induced by connection w in the underlying
principle bundle P is the element d,® € QY (M, ®*VE) given by the pushforward composed with

vertical projection:

dy®=whod®:TM - TE - VE .

Note that we used an explicit choice of connection w on P to define the complex structure Jg
above. So, for instance, the condition that a given section ® : M — FE is a holomorphic map of

complex manifolds will depend on the choice of w.

C.2 Pulling back an equivariant cohomology class on X

A complementary point of view on associated fiber bundles is to regard sections and their covariant

derivatives as globally defined quantities on P rather than M:

Theorem. Given a section ® : M — E, there exists a unique map ¢ : P — X such that

®(7(p)) = [p, (p)]

for allp € P. This map is G-equivariant in the sense that

1

e-9)=9 ¢

forallp € P and g € G. Conversely, a G-equivariant map ¢ defines a map ®, so we can equivalently

think of sections of the associated fiber bundle as G-equivariant maps from P to X.

Definition. The covariant derivative of a G-equivariant map ¢ : P — X with respect to connection

w on P is the element d,o € QY(P,0*TX) given by
dep=dpow : TP - TX .
It is related to the covariant derivative d,® defined above by
dy®(dm(up)) = [up, dup]

for all u, € TP.

Theorem. The covariant derivative d,p is given by the formula

duplp = dolp +wlp Valg) : TpP = Tppy X
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where V, € TX 1is the vector field on X corresponding to Lie algebra basis element t, for a =

1,...,dimG, and w € QY(P,g) is the connection 1-form on P.

Proof. We write

doplp = dpow™|, = (dp — dpow" )|, = (dp — dp o Eow)],

where &|, : g — T, P is the map corresponding to infinitesimal right G-actions. However, due to
G-equivariance of ¢, we have

(dpo&)lp:ta— —Valpw)

where the minus sign is on account of the fact that G acts on P by the right, but X by the left.

Substituting into the equation above proves the formula. O

Topological terms in the action of gauged sigma models correspond to equivariant cohomology
classes of the target manifold X, as we now show. We choose to work in the Cartan model of

equivariant cohomology for X. An equivariant k-form on X is a degree k element 1 of the complex
* ° G
1 € QG(X) = S(8") @ [Q2*(X)] |aegree &

where S(g*) is the symmetric algebra on g* and [Q '(X)]G is the subspace of all forms on X that
are annihilated by the N Lie derivatives

EaE‘CVa:dXoLVa'i_LVaodX .

This is a Z-graded vector space, with each generator (* of S(g*) formally assigned degree two and

each element of €27 (X) assigned degree j. The most general form of 7 is

n= Z Z Z Niviny.in) (C)H(CD) 2 (CN)N = ZUICI
i1=0is=0  in=0 T

where the coefficients n; = 7, ..iy) are labeled by N-tuples of nonnegative integers, and

nr e [Qk*Q\I\ (X)] G7

with [I| =43 + -+ + ix. Given such an equivariant k-form 7 on X, one can ‘pull back’ n to an
ordinary k-form on the principle bundle P using a section ¢ : P — X and a connection w on P:

Definition. Let n € Q’&(X) be an equivariant k-form as above, p : P — X be the equivariant map

determined by a section and w € Q*(P, g) be a connection on P, with curvature F,, = dw + %[w,w] €
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O2(P,g). The triple (n,¢,w) defines an ordinary k-form n(p,w) € QF(P) as follows:

n(e,w) =Y [(dug) ] ANFL .

That is, we pull back the coefficients of 1 to P using the covariant derivative d,¢ and replace
the N generators (!, ..., (" with the N 2-forms F!,... , FY. The k-form n(¢,w) has the following

properties:
Theorem. Proposition 2.2 of [18].

1. n(p,w) is invariant and horizontal; i.e.,

Lun(p,w) = tun(p,w) =0

for all vertical vectors u € VP = kerdr. In the language of differential graded algebras, we

say that n(p,w) is a basic k-form on P.

2. Suppose that p € Qg“(X) is the equivariant (k + 1)-form produced by acting with the Cartan
differential de on n:
p=dcn=dxn— (.

Then their respective pullbacks n(p,w) and p(p,w) are related by the ordinary exterior deriva-

tive on P:

plp,w) = d(n(e,w)) .

3. Suppose that the map ¢ : P — X is ‘equivariantly homotopic’ to the map ¢’ : P — X (i.e., ¢
can be smoothly deformed into ¢’ in such a way that it remains an equivariant map at every
stage of the homotopy). Moreover, suppose that the connection w is homotopic to W' in the

space of connections. Then n(p,w) and n(¢’,w’) differ by an exact k-form on P:

n(e’,w') = n(p,w) = dr

where Y € Q*~Y(P). Moreover, Y too is basic.

The implication of this theorem is the following: by property 1), the form 7(p,w) descends to
a k-form 77(,w) on the base manifold. (Local descendants agree in the sense that s(®*n(p,w) =
s(B)*n(p,w) on overlaps U NUP); hence they piece together into a globally defined k-form on M.)
By property 2), if 5 is a d¢-closed equivariant k-form on X, then 77(¢,w) is a closed k-form on
M (in the ordinary sense), and if two equivariant forms on X differ by a dg-exact amount, then

their pullbacks differ by a d-exact amount on M, for a fixed pair (¢,w). Therefore, if S C M
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is a k-dimensional, oriented, boundaryless submanifold of the base, then the number produced by
integrating

St o) = /S i(p.0)

is independent of the representative of the equivariant cohomology class of 7.
By property 3), if we allow ¢ and w to vary continuously over a connected component of the

space of sections and connections, then the number S(n), ¢, w) does not change; we write

S, ¢,w) = S((nl, [¢l [w])

to indicate that it depends only on the equivariant cohomology class of i and the homotopy classes
of ¢ and w; for this reason, we say the number is ‘topological’. In case k = m and S = M, this gives

us a topological term to possibly include in the action of a gauged sigma model.
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Appendix D

Proofs of propositions in Chapter 9

In this appendix we offer proofs of selected propositions discussed in the text of Chapter 9.

Proposition (1). If (Y, F) are such that G(u,u) = —G(v,v) for all allowed pairs (u,v), thenv € TY

and (v,u) is an allowed pair as well.

Proof. First, we show that Y is necessarily a coisotropic submanifold (in the terminology of Section

9.3). This is because vy € (T'Y)* implies that (0, vo) is an allowed pair. Then
G(Uo,vo) = —G(0,0) =0.
This, in turn, implies that (TY)* is an isotropic subspace, since
/ 1 / /
G(vo,v,) = iG(Uo + vy, v0 + ;) =0

for all vg, v) € (TY)1. That is to say, (TY)+ C (TY 1)L = TY, which is what it means for Y to be
coisotropic.

Next, we show that if (u,v) is an allowed pair, then v is in the subspace TY. (The definition of
allowed pair requires u € TY but not, a priori, v € TY.) Let vy € (T'Y)*. For any value of a real

parameter ¢, it is easy to see that (u,v + tvg) is also an allowed pair. Hence,
—G(u,u) = G(v + tvg, v + tvg)

for all £. Differentiating both sides of this equation with respect to ¢, we have

d
0= 2 G(v+tvg, v + tvg) = 2G(v, vo)

since G(v,v) is t independent and G(vg,vg) = 0). The choice of vy € (T'Y)* was arbitrary, so
(

ve (TY)H): =1y .
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Finally, we show that (u,v) an allowed pair implies (v,u) is an allowed pair as well. By linearity, if

(u,v) and (u’,v") are allowed pairs, then (u -+ u’,v 4+ v’) is also an allowed pair. By assumption,
Gu+u,u+u)=-Gv+v,v+7)
which, using G(u,u) = —G(v/,u') and G(v/,v') = —G(v',v"), implies that
G(u,u') = —=G(v,0"). (D.1)

Let (u,v) be an allowed pair and w € TY be arbitrary. It is not hard to see that there exists a

v" € TY such that (w,v’) is an allowed pair. Setting v’ = w in (D.1) above, one finds that
Glu,w) = —=G(v,v") = =G, v) = —F(w,v) = F(v,w) .

We conclude that (v, u) is also an allowed pair. O

Proposition (3). The pair (Y, F) define a topological bibrane if and only if Y C X X X isa
coisotropic submanifold such that ker F = (TY)* (i.e., the degenerate directions of F and G|ry

coincide) and, additionally,

(GT'F)? =+1
on SY, where G = Glgy and F = F|gy.

Proof. To prove “only if,” suppose that (Y, F') is a topological bibrane. Theorem 1 tells us that
if (u,0) is an allowed pair then (0,u) is an allowed pair as well, and vice versa; this implies that
ker F = (TY)*. Hence, the degenerate directions of F' and G/|ry coincide and F and G (the
restrictions of G and F' to the screen distribution SY’) are both nondegenerate.

Moreover, if w,v € SY, then by definition, (u,v) is an allowed pair if and only if v = (é’lﬁ)ﬂ.
Since (u, (G~1F)) is an allowed pair, ((G~1F)&, u) is an allowed pair as well (again, by theorem

1). This means that & = (G~'F)2% and since & € SY was arbitrary, we have
(GT'F)?=1.

To prove ‘if’; let (u,v) be an allowed pair; we wish to show that v € TY and (v, u) is an allowed
pair as well.

Let vg € (TY )" be arbitrary. We then have

G(v,v9) = F(v,v9) =0
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where the first equality is by the definition of allowed pair and the second equality is by the fact
that ker F = (TY)L. Hence v € ((TY)+)+ =TY.

Now, we write u = ug+u and v = vg+ v for the decomposition of T'Y vectors with respect to the
splitting 7Y = (TY)* @ SY. Since F(u,w) = G(v,w) for all w € TY, we have F(u,w) = G(v,0)
forall @ € SY, or o = (G~'F)u. But (G™1F)2 =1, so & = (G~*F)v. Hence, F(v,w) = G(u, ) for
all w € SY, and finally F(v,w) = G(u,w) for all w € TY. O

Proposition (6). The subbundle Ry, as defined above, is Lagrangian with respect to e*TM. In

particular, it is n-dimensional.

Proof. Tt is convenient to first refine the description of the tangent bundles of topological bibranes
given in proposition 3. Let R be the endomorphism GF : SY — SY, which by proposition 3,
squares to the identity. Hence the screen distribution admits a splitting SY = ﬁ:@?}t into the +1
and -1 eigenbundles of R. Indeed, since G~'F is the product of a symmetric and an antisymmetric

matrix, it is traceless, and in particular, exactly half of its eigenvalues are +1 and half are -1. Hence,

— — 1 1
dimRy =dimR_ = §dimSY = 5(216— 2n)=k—-n

where dim M = 2n and dimY = k (recall that since Y is coisotropic, k > n). From the definition of

the bundle R, it follows straightforwardly that
Ry =(TY) @Ry .
Hence, its dimension is
dim R, = dim (TY)" + dimRy = 2n—k)+ (k—n) =n .
Moreover, if s,t € R4, then
G(s,t) = F(s,t) = —F(t,s) = —=G(t,s) = —=G(s,t) =0

so R4 is an isotropic subbundle of e*TM. (In the first and third equalities above, we have used
the definition of R4 and in the second and fourth equalities we have used the symmetries of F' and
G.) Since it is middle dimensional and isotropic, it follows that R is Lagrangian with respect to

e*T'M. O

Proposition (7). Let (M,G) be a (pseudo-)Riemannian manifold with Levi-Civita connection V.
Let Y C M be a submanifold equipped with closed 2-form F' on its worldvolume, and let R1 be the
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subbundle defined in (9.2). If Ry is integrable, then we have the following:
(e*V)us €T (Ry)

for all w € T(TY) and s € T(Ry). Here €*V is the pullback of V under the embedding map
e:Y — M. In words, the subbundle R is V-parallel with respect to TY .

Proof. We will use the involutivity of R4 (which follows from integrability) to establish the formula
2G((e*V)ys,t) = dF (u, s,t) (D.2)

for all w € T(TY) and s,t € T'(R4), keeping in mind that we regard sections of TY and R, as
sections of the pullback bundle e*T'M, equipped with pullback connection e*V. Since dF' = 0 by

assumption, this formula will imply that
(e*V)us eD(RLE) =T(Ry) .

In the space-filling case, we have noted that our manifold is (half) para-Kéhler, and this formula
reduces to an equation appearing in Theorem 1 in [48]; the proof will follow in a similar vein.

To show (D.2), we first write down the Kosczul formula
2G((e"V)us, t) = u(G(s, 1)) + s(G(u, 1)) = H(G(u, 8)) + G([u, 5], 1) — G([u, 1], 5) = G([s, 1], u) .

Since s,t € I'(R4). we can replace G by —F' in all of the terms on the right-hand side above except
for the last one. However, as R is involutive, [s,¢] € R, so that we can replace G by +F in the

last term:
2G((e"V)ys,t) = —u(F(s,t)) — s(F(u,t)) + t(F(u,s)) — F([u, s],t) + F([u,t],s) — F([s,t],u) .

On the right-hand side, we have the right form for the exterior derivative of F', except for the sign
of the first term —u(F(s,t)). However, note that R is an isotropic subbundle with respect to both

G and F, so this term is zero and we can flip its sign. The equation (D.2) is proved. O
Proposition (8). The term GUwfréco"wi vanishes for all allowed variations.

Proof. We write the fermionic boundary conditions as

R(¢)" ju = ok

where R : e*TM — e*TM is a ¢-dependent matrix squaring to the identity. Varying the above and
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writing in terms of the covariant variations, one has
(ViR ))6¢™ ] + R j6°vap] = 5],
or, since d¢ is tangent for allowed variations and ¢ takes values in R,
(VKRIJ)WKLPJM(S(bL'(/Ji/[ n RIJ(ScovaJr _ 5covw{r

where 7 is a projector onto 7Y and P = %(1 + R) is the projector onto R.. However, by proposition

7, the first term vanishes. We then have
Gry syl = (Gry Pl PY )iVl =0

since Ry is an isotropic subbundle. O
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