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Zusammenfassung

Trotz der umfassenden Erfolge von Quantenfeldtheorien (QFTs) in der Teilchen- und Fest-
korperphysik gibt es nach wie vor ungeloste konzeptionelle Fragen, insbesondere iiber die
zugrundeliegende mathematische Struktur. Die jiingere Forschung hat sich auf Spezialfélle
wie topologische QFTs (TFTs) konzentriert, in denen eine rigorose mathematische Beschrei-
bung durch die Kategorientheorie méglich ist. Dariiber hinaus kann eine auf Bordismen sowie
eine auf héheren Kategorien basierende Klasse mathematischer Modelle fiir TFTs Defekte wie
Schnittstellen zwischen verschiedenen TFTs, Rdnder und Punktdefekte beschreiben.

Die Ubersetzung einer durch die Sprache der Physik beschriebenen Defekt-TFT in ein
rigoroses mathematisches Modell stellt jedoch eine grofle Herausforderung dar. Ein facetten-
reiches Beispiel hierfiir ist das affine Rozansky—Witten-Modell, welches in der Physik eine
topologisch getwistete 3D N = 4 supersymmetrische QFT ist. In der Mathematik ist es durch
eine hohere Kategorie RW modelliert, die u. a. die Struktur der Defekte beschreibt. Bislang
erfolgte grundlegende Analysen von RW haben bereits ergeben, dass seine zweidimensio-
nalen Defekte nah verwandt sind mit dem topologischen Landau—Ginzburg-Modell, welches
eine durch eine Bikategorie £G beschriebene, umfassend analysierte 2D Defekt-TFT bildet.
Dennoch sind viele Aspekte der Trikategorie RV noch nicht genau erforscht worden.

Diese Dissertation ist in zwei Teile gegliedert: Der erste Teil beginnt mit einer Zusammen-
fassung der mathematischen Beschreibung von TFTs im Allgemeinen und RW im Speziellen.
Ein zentraler Aspekt von RW ist die Theorie der Matrizfaktorisierungen, deren Grundlagen
ausfithrlich eingefithrt werden. Im néchsten Schritt werden neue Aussagen dariiber bewiesen.
Anschlieflend erfolgt eine Vorstellung der Beschreibung von RW als Trikategorie inklusive bis-
lang nicht behandelter Details, die u. a. fiir einen zukiinftigen Beweis der Trikategorie-Axiome
erforderlich sind.

Mit dem Ziel, die Orbifold-Prozedur anzuwenden, werden danach Adjunktionen und pivo-
tale Strukturen in RW diskutiert. Als erstes wichtiges Ergebnis dieser Dissertation wird an
dieser Stelle eine Verallgemeinerung bekannter Resultate in £G (wie z. B. der Kapustin—Li-
Formel) formuliert und bewiesen. Das zweite zentrale Ergebnis der Arbeit ist die Konstruktion
einer pivotalen Trikategorie mit Dualitdten T C RW. Zum Abschluss wird ein Orbifold-Datum
in 7 postuliert und ein Grofiteil seiner definierenden Eigenschaften bewiesen.

Der zweite Teil dieser Dissertation behandelt Modelle mit weniger Supersymmetrie wie
3D N =2, in denen ein holomorpher Halb- Twist moglich ist. Der Halb-Twist macht QFTs
nur partiell topologisch, weswegen die oben eingefiihrte mathematische Beschreibung nicht
anwendbar ist. Dennoch ermoglicht er in durch Lagrange-Funktionen beschriebenen QFTs
mehrere exakte (nicht-pertubative) Konstruktionen wie supercurrent multiplets. Ein weiteres
Resultat dieser Forschungsarbeit ist eine Verallgemeinerung Letzterer auf 3D N =2 QFTs
mit Rédndern und Freiheitsgraden auf dem Rand, mit einer beispielhaften Anwendung auf
dreidimensionale Landau—Ginzburg-Modelle.



Relevante Veroffentlichungen

e Abschnitt 1.5 und Kapitel 2 und 3 basieren auf Forschungsarbeit mit Ilka Brunner, Nils
Carqueville und Pantelis Fragkos, die in [7] erscheinen wird.

o Kapitel 4 ist eine gekiirzte Version der mit Ilka Brunner und Alexander Tabler publi-
zierten Forschungsarbeit [13].



Abstract

Despite the extensive success of quantum field theories (QFTS) in particle and solid state
physics there are still unsolved conceptual problems, in particular regarding the underlying
mathematical foundations. In recent years, research has focused on special cases like topolog-
ical QFTs (TFTs) where mathematically rigorous descriptions in the language of category
theory have been found. Two of these descriptions, namely those using bordisms and higher
categories, are also capable of describing defects including boundaries, interfaces between
different TFTs, and point insertions.

Translating examples of defect TFTs from a physics description to a rigorous mathemati-
cal model is, however, a challenging problem. A multifaceted example is given by the affine
Rozansky—Witten model, which from a physics point of view is a topologically twisted supersym-
metric 3D A =4 QFT. On the mathematics side, it features a description in terms of a higher
category RW which covers many aspects of this model, in particular regarding its defects.
For example, previous fundamental analysis of RWW has shown that its two-dimensional de-
fects are closely related to the topological Landau—Ginzburg model which forms a well-studied
2D defect TF'T described by the bicategory £G. However, many aspects of the tricategory
RW have not yet been studied in detail.

This thesis consists of two parts: The first part begins with a summary of the mathemati-
cal description of TFTs in general and RV in particular. The latter prominently features
matriz factorisations which are introduced in detail, followed by several new results. After-
wards, an introduction to the description of RW as a tricategory is presented, including novel
details required for a future proof of the tricategory axioms.

With the goal of applying the orbifold procedure, adjunctions and pivotal structures in
RW are discussed subsequently, yielding the first major result of this thesis: a generalisation
of several established results in £G including the well-known Kapustin—Li formula. The
second major result is the construction of a pivotal tricategory with duals T C RW. Finally,
an orbifold datum in T is constructed and significant progress is made towards proving its
defining relations.

The second part of this thesis discusses models with less supersymmetry, namely 3D
N =2, which admit a holomorphic half-twist. While the latter is only capable of making QFTs
partially topological, ruling out a mathematical description in the above sense, it nevertheless
enables several exact (non-perturbative) constructions like supercurrent multiplets on the level
of Lagrangians. The latter are generalised to 3D N =2 QFTs with boundaries and degrees of
freedom on the boundary and then applied to three-dimensional Landau—Ginzburg models as
an example.

Relevant publications

e Section 1.5 and Chapters 2 and 3 are based on joint work with Ilka Brunner, Nils
Carqueville, and Pantelis Fragkos, to appear in [7].

e Chapter 4 is a shortened version of joint work with Ilka Brunner and Alexander Tabler
published in [13].
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1 Introduction and background

1.1 Introduction

1.1.1 Topological quantum field theories with defects

Quantum field theories are ubiquitous in theoretical physics and have been among the most
important tools in both particle and condensed matter physics for the past seven decades.
Numerous real-world phenomena have been successfully described in the language of QFT,
and methods like perturbation theory and lattice simulations enable highly accurate predic-
tions in many examples. However, despite their great achievements, there are still unsolved
conceptual problems regarding quantum field theories, most notably the lack of a mathemati-
cally rigorous description for most interacting QFTs. Especially the path integral, which from
a physics point of view should describe a “sum” or “integral” over the space of field configu-
rations, defies a rigorous description in most examples. Over the past few decades research
has focused on special cases like topological QFTs (TFTs) [1, 93] and conformal QFTs [34]
where rigorous mathematical descriptions in terms of category theory have been developed
[81]. These descriptions are non-perturbative, i.e. they are valid even if the QFT is strongly
coupled.

The defining property of a topological quantum field theory (TFT) on a given pseudo-
Riemannian manifold M (i.e. a manifold with a metric) is that the correlation functions
are invariant under continuous deformations of M, i.e. they only depend on topological
properties. TFTs appear in different areas of physics, for example in topological string theory
[5], topological quantum computation [45], or the fractional quantum Hall effect in solid state
physics [88]. Beyond practical applications, the study of toy model TFTs a fruitful research
field in mathematical physics for improving the understanding of the underlying mathematical
structure of QFTs.

The mathematical description of TFTs also encompasses defects [3, 30, 19] which are capa-
ble of describing boundaries, interfaces between different TF'Ts, point insertions, and general
boundary TFTs localised on submanifolds of M. An important consequence of topological in-
variance is that correlation functions in defect TFTs do not depend on the distances between
defects. Consequently, reducing the distance between two defects A and B to an arbitrarily
small amount does not change the physics, nor does it introduce singularities, allowing us to
effectively fuse A and B. The ability to fuse defects introduces a rich algebraic structure into
defect TFTs. Note that fusing defects is not possible in most non-topological QFTs due to
the emergence of singularities.

The defect algebra in defect TFTs enables advanced constructions like the orbifold pro-
cedure, given in full generality in [27] with previous results in two dimensions in [16, 25, §].
Starting from a TFT that is invariant under a symmetry, the orbifold procedure constructs a
new TFT on which the symmetry acts trivially. The procedure resembles the well-known orbi-
fold construction in string theory [34] and has a physical interpretation in terms of gauging a
finite symmetry group [25, Remark 3.6].

The meaning of the term “topological field theory” is not unique, especially between math-
ematics and physics. To a physicist, “TFT” usually means the special case of a QFT (which
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might be described e.g. by a Lagrangian) whose observables are invariant under continuous
deformations of the underlying manifold’s metric [57, Chapter 16.2]. By contrast, a math-
ematician would define a (defect) TFT in the strict sense to be a functor from a (defect)
bordism category into some target category (see Definition 1.2.1 for more details). The bor-
dism approach has a physical interpretation in terms of an axiomatisation of the path integral
[67, 24]. Tt should not be surprising that constructing a TFT in the strict mathematical sense
is significantly harder than doing so in physics language.

Moreover, in two and three dimensions there exists another mathematical framework for
rigorously describing aspects of defect TF'Ts using higher categories instead of functors on
defect bordisms. These descriptions are not “complete” in the sense that there exists an
algorithmic procedure to derive a higher category model from a defect bordism description,
but the reverse is usually not possible (see Theorem 1.2.2). Nevertheless, the higher category
models are capable of describing many aspects of a defect TFT, in particular regarding the
structure of its defects. This dissertation uses one of two such descriptions that was first
discussed in [30, 19], which should not be confused with the other approach called extended
TQFT originating from [3, 44, 72, 16, 2]. The description used here is fundamentally based on
the algebra of fusing defects in the TF'T: Composition of 1-, 2-, and 3-morphisms corresponds
to fusing defects of codimension 1, 2, or 3.

Given a defect TFT in physics language, constructing a higher category description has
several uses like simplifying the evaluation of physical settings and helping understand the
mathematical structure of the defects. Finding such a description also often amounts to an
intermediate step in developing a bordism description.

1.1.2 Rozansky—Witten and Landau—Ginzburg models

A large class of TF'Ts (in the physics sense) can be generated from supersymmetric QFTs using
the topological twist [93] (see Section 1.5.1), making supersymmetric theories an interesting
field of study in the context of TFTs despite their phenomenological challenges. The main
example discussed in this thesis is the affine Rozansky—Witten model which arises from the
topological twist of a supersymmetric 3D N = 4 quantum field theory [30]. It is a special case
distinguished by its non-compact target space T*C"™, while other Rozansky—Witten models
usually feature a compact holomorphic symplectic target manifold. There exists a description
of the affine Rozansky—Witten model by a tricategory RW [64, 63], though the precise relation
between the physics model and RW is not clear at this point.

The affine case is interesting in two regards: On the one hand, it is less complex than the
compact case as one does not have to deal with curvature or non-trivial topology in the target
space. Studying the details of this easier case may help formulating and proving statements
about more difficult Rozansky—Witten models with curved target spaces. On the other hand,
the non-compactness of the target space leads to some pathological properties of the affine
model like an infinite-dimensional space of local operators (which is finite-dimensional in the
most common type of bordism defect TFTs, see the discussion in Section 1.5.2). A priori it is
not clear whether the constructions intended for “proper” TFTs also apply to the affine case.
Our findings that constructions like adjoints, pivotality, and orbifolds do in fact work in the
affine case are among the main results of this work.

The two-dimensional defects in RW are closely related to the topological Landau—Ginzburg
model LG which is a well-studied two-dimensional defect TFT that was first discussed in
[90] and is based on a related model for superconductivity first introduced in [50]. Like RW
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its physics description arises from a topological twist, though the underlying QFT has a
2D N = (2, 2) supersymmetry. The structure and defects of Landau—Ginzburg models were
analysed in numerous publications including [89, 62, 10, 70, 56, 11, 22, 20] that yielded a
well-understood description in terms of a pivotal bicategory L£G.

Less research has been done on the (affine) Rozansky-Witten model: Its defect structure
[64], the fundamentals of its tricategorical description [63], and aspects of its description in
extended TQFT [9] have been worked out, yet a significant amount of details is still missing.
In particular, adjunctions and pivotality in RV have not been discussed previously.

1.1.3 The structure of this dissertation

Section 1.2 provides a detailed summary of the description of defect TFTs by higher categories
in two and three dimensions. Special attention is given to the diagrammatic calculus in higher
categories which also forms a natural connection to physics. The relevance of adjoints and
pivotality in higher categorical descriptions of defect TFTs is also discussed.

The Landau-Ginzburg model and the affine Rozansky—Witten model prominently feature
matriz factorisations which are (roughly) given by pairs of matrices of polynomials (P, Q)
such that for a given polynomial W, the following equations hold:

P.Q=W-1, Q-P=W-1.

In other words, the pair (P, Q) factorises the identity matrix multiplied by some polynomial
W. An extensive discussion of matrix factorisations can be found in Section 1.3, containing a
summary of definitions and theorems needed by the subsequent chapters as well as several
new results.

Section 1.5 then introduces the affine Rozansky—Witten model as a tricategory RV based
on [63, 9]. In addition to a summary of previous work, we present new details regarding the
structure of the tricategory and we provide a novel proof that the truncation (Definition 1.2.6)
of RW is a bicategory, paving the way for proving that RW is a tricategory in the future. In
order to simplify the tricategorical structure of RW we deviate from some conventions used
by previous authors.

We subsequently attempt to prove the existence of a pivotal structure and adjoints in the
tricategory RW. Roughly speaking, these are conceptually required to “bend” straight 1-
and 2-dimensional defects into a “Z”-shape and form the basis for deformation invariance in
the tricategorical description (see Definition 1.2.15). In more practical terms, they are also
necessary to describe “bubble”-shaped diagrams that are essential for the orbifold construction
of Section 3.4.

One requirement for adjoint existence in RW is the existence of adjoints of 2-morphisms,
i.e. that the homomorphism bicategories of RW, which are generalisations of Landau—Ginz-
burg models, have adjoints. Adjoint existence in £G has been proven [22], but the proof is
not general enough for RW. The first major result of this thesis, presented in Chapter 2,
is an adjoint existence proof for a sufficiently extensive generalisation of Landau—Ginzburg
models. The discussion of pivotal structures in [22] is also slightly generalised to the case of
an odd number of variables. These new results can be applied to find closed formulas for
the defect operators and quantum dimensions (see Egs. (2.5.9) and (2.5.10)), generalising the
well-known Kapustin—Li disc correlator [62].

Having completed the discussion of adjoints of 2-morphisms in RW, we begin Chapter 3
by showing that all 1-morphisms in RW have adjoints. We subsequently prove that the full
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tricategory RW cannot admit a pivotal structure, leading us to analyse the subcategories of
RW that might be pivotal. The second major result of this thesis is the construction of a
subcategory 7 C RW that we conjecture and partially prove to be a pivotal tricategory with
duals.

The structure of 7 is utilised in Section 3.4 where the prerequisites for applying the
generalised orbifold procedure in T are discussed. A candidate for an orbifold datum O in T
is constructed and most of its constraint equations are proven to hold (with the rest expected
to hold as well), making extensive use of the formulas derived in Chapters 2 and 3.

A more general setting is discussed in Chapter 4 where the models feature less supersym-
metry, namely 3D A = 2. While this symmetry is insufficient to perform an ordinary (full)
topological twist, there is a (holomorphic) half-twist making such theories partially topolog-
ical. Due to the lack of full topological invariance the approaches of the previous chapters
cannot be applied here. Nevertheless, exact (non-perturbative) constructions like supercurrent
multiplets are possible even in this more general setting. We generalise known constructions
for bulk supercurrent multiplets in 3D QFTs to admit not only boundary conditions, but also
localised degrees of freedom on the boundary. As an example, the newly developed framework
is then applied to three-dimensional Landau—Ginzburg models with boundaries.

1.1.4 Outlook

Rozansky—Witten models

An obvious starting point for future research is to complete some proofs that are left as con-
jectures in this thesis, i.e. completing the proof that RW is a tricategory (Conjecture 1.5.15),
that the subcategory T C RW is pivotal (Conjecture 3.2.15), and that the remaining orbifold
datum identities of Conjecture 3.4.3 hold. The latter (and possibly Conjecture 3.2.15) will be
discussed in [7], completing the construction of the orbifold datum in RW.

Moving forward, it would be highly interesting to analyse the constructed orbifold of the
affine Rozansky—Witten model and compare it to known structures like other tricategories
or QFTs in physics language. Both finding and not finding a relation to known TFTs in
tricategorical or physics language would be exciting new results.

Finally, it might be possible to generalise the presented results to larger subcategories of
the affine Rozansky—Witten model 7 C 7' C RW or even to Rozansky—Witten models with
compact target spaces.

Supercurrent multiplets

The methods used to construct supercurrent multiplets are not restricted to 3D N = 2 super-
symmetry and could be generalised to other dimensions and symmetries in a straightforward
manner. It would be particularly interesting to study the case of 3D N =4 and analyse the
Rozansky—-Witten model in this context.

Furthermore, one could generalise the boundary conditions to defect gluing conditions,
making potentially contact with [33, 36]. In the Landau-Ginzburg example it is easy to
see that defects between theories with different superpotentials involve factorisations of the
difference of the two superpotentials on the two sides of the defect.

In the example of Landau—Ginzburg models, we have exhibited in some detail the sym-
metries of models involving matrix factorisations. In the case of two-dimensional Landau—
Ginzburg models, matrix factorisations provided the key to fully solve the theories in situations
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with boundaries, in the sense that the full bulk and boundary spectrum and all correlation
functions [62] were determined. It would be interesting to see to what extend these features
have analogons in three dimensions. As the theory cannot be fully twisted, one would expect
that a holomorphic dependence has to remain.
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1.2 Categories and topological QFTs with defects

1.2.1 Introduction

From a physics point of view, a classical field theory consists of fields that map from some
(pseudo-)Riemannian manifold M (sometimes called “spacetime”, or “worldsheet” in the case
of string theory) into some target space S. In the simplest examples M is a flat Minkowski
space and § = C. Roughly speaking, a quantum field theory (QFT) can be constructed from
such a classical field theory, hence the former contains quantised versions of fields ¢: M —
S. Topological quantum field theories [93] in the physics sense (abbreviated as “topological
field theories” or “TFTs”) then are, roughly, the subset of all quantum field theories whose
correlation functions are invariant under continuous deformations of M and thus only depend
on topological structures on M.

Let n := dim M. The simplest version of topological field theory is closed TFT which
restricts the discussion to manifolds M without boundary.! A generalisation is given by
open-closed TFT which allows M to have an optional boundary. Even more general is defect
TFT where the closed n-dimensional manifold M is divided into n-dimensional submanifolds,
and each submanifold may be home to a different bulk TFT. The interfaces (or domain
walls) between the different bulk TFTs form TFTs on (n— 1)-dimensional submanifolds of
M that are coupled to the bulk on either side. These interfaces may be subdivided in the
same manner, creating TFTs on (n— 2)-dimensional submanifolds, and the process can be
iterated all the way down to dimension zero. Various physical settings can be expressed in
the language of defect TFTs:

e Closed TFT is a special case of defect TFT where the only submanifold of M is M
itself and there are no defects of lower dimension.

o One may describe two (or more) different n-dimensional TFTs a, b that interact via
an (n—1)-dimensional interface X. In the language of defect TFTs, one subdivides M
into several parts labelled a or b, and the (n—1)-dimensional submanifolds between a
and b are labelled X. In physical applications, this may e.g. describe interfaces between
different vacuum phases or boundary layers between different materials.

e Open-closed TFT is another special case of defect TF'T: We use the same setting as
the previous case with {a, b} := {0, t}, with ¢ representing an open-closed TFT and ()
representing the empty (trivial) TFT. Defects labelled X are interfaces between an open-
closed TFT and the empty TFT, which is the same as a boundary of an open-closed
TFT.

e For every dimension m < n there are special types of defects called identity defects
whose (m+1)-dimensional domain and codomain agree. Their defining property is that
they are “invisible”: They can be added to and removed from M without changing
correlation functions or observables.

e Defect TFTs also contain point defects, which can be used to describe bulk field inser-
tions or point-like impurities in materials. They may be located on higher-dimensional

More precisely, every slice of constant time M| +— is a closed (n—1)-dimensional manifold for all times
t'; see [17] for more details.
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defects or in the bulk; in the latter case one formally puts the bulk point defect onto an
identity defect.

The main reason why defects are especially fruitful in topological field theories is the ability to
fuse defects: We may reduce the distance of two m-dimensional defects X: a —b, Y: b— c to
an arbitrarily small value; doing this does not change the physics due to topological invariance.
This effectively removes the (m+ 1)-dimensional defect b between X and Y, creating a new
m~dimensional defect Y ® X: a — ¢. Fusing defects in TFTs thus induces a rich algebraic
structure. The construction of similar defect algebras is usually not possible in non-topological
QFTs due to the appearance of singularities when reducing the distance between defects to
arbitrarily small values.

1.2.2 Mathematical description

One special property of (defect) TFTs is the availability of a rigorous mathematical descrip-
tion. As the details will not be of importance for the rest of this thesis, only the definition
will be stated here; see [27] for the full details. First developments towards this description
were made in [1] for TFTs and in [84] for CFTs.

Definition 1.2.1. An n-dimensional defect TFT (in the mathematical sense) is a symmetric
monoidal functor Z9 from a category of n-dimensional decorated defect bordisms Borddef (D)
to a target category which is often taken to be the category of vector spaces Vecty [27].

In two and three dimensions, many aspects of defect TFT Z9f can also be described by
a higher category Bzaer. While this description does not incorporate all aspects of Defini-
tion 1.2.1 in the sense that Z9°f usually cannot be reconstructed from Bzaer, it is often easier
to work with in practice. Furthermore, finding a higher category description of a defect TFT
given in physics language may help towards finding a bordism description.

Theorem 1.2.2. Let n € {2, 3}. For every n-dimensional defect TF'T in bordism language
Z4et there is an associated pivotal (weak)” n-category Bzaet which can be constructed algo-
rithmically from Z9°t [30, 19].

Conjecture 1.2.3. A relation analogous to Theorem 1.2.2 is expected to hold for alln >4
as well [2]].

See [24] for a pedagogical introduction to this topic including a proof of Theorem 1.2.2
for n = 2.
1.2.3 A short summary on higher categories

In the following a short summary of definitions from category theory is provided; see e.g.
[82, Appendix A] for the precise definitions. Basic familiarity with category theory will be
assumed (see e.g. [73]).

e A I-category is a category, and a I-morphism is a morphism in the usual sense.

2Bzaer is a 2-category for n = 2 [30] and a Gray category for n = 3 [19]. For n > 3 the details of this
category have not been worked out.
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o Let n > 2. An n-category C is a category such that Hom¢ (A, B) forms an (n—1)-
category for all A, B € Obj(C), subject to consistency conditions that hold exactly.

o Let n>2. A weak n-category C (also called a bicategory for n = 2 and a tricategory
for n = 3) is a category such that Hom¢ (A, B) is a weak (n— 1)-category, subject to
consistency conditions that hold up to coherent equivalences (or isomorphisms). The
precise definition of a bicategory will be discussed in Section 1.5.

o An m-morphism in a (weak) n-category C is an (m—1)-morphism in Home¢(...). Because
all m-morphisms are morphisms in some category, compatible pairs of m-morphisms can
be composed to form a new m-morphism (which is used in formulating the coherence
conditions of the previous point).

e A Gray category is a tricategory that is “almost as strict” as a 3-category: One spe-
cific consistency condition is allowed to hold up to 2-equivalence, the others must hold
exactly. See [82, Def. 5.3.2] for the full details.

NOTATION 1.2.4.

(i) The term wvertical composition, denoted by —o—, refers to the composition of 2-morph-
isms in a bicategory or the composition of 3-morphisms in a tricategory.

(ii) The term horizontal composition, denoted by —® —, refers to the composition of 1-
morphisms in bicategories or of 2-morphisms in tricategories. The term is also used for

the induced composition of higher morphisms (see Definition 1.5.3).

(iii) The term box product refers to the composition of 1-morphisms in a tricategory as well
as the induced composition of 2- and 3-morphisms.

ExaMPLE 1.2.5. The horizontal composition in a 2-category C is required to be strictly
associative, i.e.

(A B) C=A® (B C) forall A, B,C € Obj(C) .

By contrast, in a bicategory B the horizontal composition is required to be associative only
up to coherent 2-isomorphisms, i.e. for all composable 1-morphisms A, B, C' there exist 2-
morphisms

Pypc:(ARB)®C AR (B®C), Yapc:AR(BRC)— (A®B)@C
such that ®4 g .coWVa o = lagac), Ya,Bco®Panc=1lusB)ec
with ® and ¥ subject to coherence conditions.

Furthermore, it is possible to truncate a tricategory to a bicategory [82, p. 118] (or, more
generally, truncate a weak n-category to a weak m-category for all 1 <m < n):

Definition 1.2.6. Let 7 be a tricategory. The truncation of T, denoted by AT, is the
bicategory defined by the following:

(i) The objects and 1-morphisms of AT are the objects and 1-morphisms of 7.
(ii) The 2-morphisms of AT are the isomorphism classes of 2-morphisms in 7.

(iii) The composition of morphisms in A7 is induced by the respective composition in 7.
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1.2.4 Diagrams in bi- and tricategories

Objects and morphisms in 2-categories and Gray categories can be described by a rich dia-
grammatic calculus [4, 59], even allowing some proofs to be stated entirely in pictures. The
diagrams also form a natural connection between mathematical and physical objects: All con-
stituent parts of a diagram correspond to physical objects in a defect TF'T like bulk TFTs,
defects, or local operator insertions. The colour scheme of the diagrams is borrowed from [27].

NoTATION 1.2.7 (Conventions for diagrams in bicategories).
The conventions below can be found e.g. in [22, p. 486].

e Objects are drawn as two-dimensional volumes, identified by a label.

e 1-morphisms are drawn as labelled oriented lines which map from the right to the left,
whose standard orientation is denoted by an arrow pointing up. There are no horizontal
1-morphisms.

e 2-morphisms are drawn as labelled points on lines which map from the bottom to the
top line.

e Adjacent 1-morphisms Y, X may be replaced by their horizontal composition ¥ ® X,
and adjacent 2-morphisms ¢, ¥ located on the same 1-morphism may be replaced by
their vertical composition o ¢.

For example, the diagram

v ¢ w (1.2.1)

describes a 2-morphism ¢: X — Y where X,Y: W — V are 1l-morphisms and W,V are
objects. Furthermore, by the composition rules the following diagrams are equal:

Z2® Z1
= ® Yoo . (122)

w X2®X1

NoTATION 1.2.8 (Conventions for diagrams in Gray categories).
The conventions below follow [19, pp. 21-22]; see also [4]:

e Every diagram is bounded by a cubical frame.

¢ Objects are drawn as labels on three-dimensional volumes that are bounded either by
the diagram’s frame or by 1-morphisms.

e l-morphisms are drawn as labelled oriented surfaces which map from the front to the
back. There are no 1-morphisms orthogonal to the viewing plane. A surface is drawn
with or without hatching depending on whether it is in reverse or standard orientation.
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e 2-morphisms are drawn as labelled oriented lines on 1-morphisms that map from the right
to the left and must not be horizontal, analogous to the 1-morphisms of bicategories.

e 3-morphisms are drawn as labelled points on 2-morphisms which map from the bottom
to the top, analogous to the 2-morphisms of bicategories.

e Adjacent 1-morphisms W, V may be replaced by their box product VXW  adjacent 2-
morphisms X, Y located on the same 1-morphism may be replaced by their horizontal
composition Y ® X, and adjacent 3-morphisms ¢, 1 located on the same 2-morphism
may be replaced by their vertical composition 1o ¢.

For example, the diagram

Vi e¢ w (1.2.3)

describes a 3-morphism ¢: X — Y where X, Y: W — V are 2-morphisms, W, V: x — y are
1-morphisms, and x, y are objects.

NOTATION 1.2.9 (The value of a diagram). Every diagram in a (weak) n-category can be
collapsed similar to (1.2.2): First, all adjacent 1-morphisms are composed, then all adjacent
2-morphisms are composed, and so forth. The resulting diagram contains no more than two
objects, two m-morphisms for all 1 <m < n, and at most one n-morphism. If the diagram
contains no n-morphism, we add identity m-morphisms to the diagram such that there are
exactly two objects, two m-morphisms for all 1 < k£ < n, and one n-morphism. This n-
morphism is called the value of the diagram.

Horizontal slices and truncations

The truncation (Definition 1.2.6) maps diagrams without 3-morphisms in a tricategory T to
diagrams in the bicategory h7, which amounts to “projecting out the y-axis”. For example,
we identify

v woooeT Amete X @ ehT. (1.2.4)

Note the slightly unintuitive order — the truncated diagram corresponds to “looking at the 3D
diagram from below, with the formerly front side facing right”, which is a direct consequence
of the mapping orders defined in Notations 1.2.7 and 1.2.8."

Furthermore, it is possible to visualise a 3-morphism in 7 as a map between two truncated
diagrams, each of which can be thought of as a “horizontal slice” through the three-dimensional

3The mapping order in all diagrams is “front to back (if applicable), right to left, bottom to top”. The
truncation turns a “front to back” l-morphism into a “right to left” 1-morphism, and a “right to left” 2-
morphism into a “bottom to top” 2-morphism.
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diagram that is viewed from below. For example, the following diagrams describe the same
3-morphism:

1.2.5 Higher categories as models for defect TFTs

The diagrams of the previous section already suggest a relation between mathematical and
physical objects, which we now state precisely.

REMARK 1.2.10. Let C be a 2-category. The data of C correspond to the following physical
objects:

(i) The objects W € Obj(C) correspond to two-dimensional TFTs.

(ii) For objects W, V € Obj(C), the 1-morphisms X € C(W, V') correspond to codimension 1
defects (interfaces / line defects) separating the TFTs W and V.

(iii) For 1-morphisms X, Y : W — V, the 2-morphisms ¢: X — Y correspond to codimension
2 defects (point defects) separating the line defects X and Y.

(iv) The diagrams in C directly translate to physical settings in flat two-dimensional space
(or in charts of two-dimensional manifolds).

REMARK 1.2.11. Let C be a Gray category. The data of C correspond to the following physical
objects:

(i) The objects x € Obj(C) correspond to three-dimensional TFTs.

(ii) For objects x, y € Obj(C), the 1-morphisms W € C(x, y) correspond to codimension 1
defects (interfaces / surface defects) between the TFTs x and y.

(iii) For 1-morphisms W, V': 2 — y, the 2-morphisms X : W — V correspond to codimension
2 defects (line defects) separating the surface defects W and V.

(iv) For 2-morphisms X, Y : W — V' the 3-morphisms ¢: X — Y correspond to codimension
3 defects (point defects) separating the line defects X and Y.

(v) The diagrams in C directly translate to physical settings in flat three-dimensional space
(or in charts of three-dimensional manifolds).

REMARK 1.2.12. The dual association is also possible, i.e. identifying objects with point de-
fects, 1-morphisms with 1-dimensional defects, and so forth. This approach leads to a different
construction called extended TQFT, which historically is the older of the two approaches and
was introduced in [3, 44]. The approach of Remark 1.2.10 was first discussed rigorously in
[30]; this source also contains a comparison of both approaches in Section 1. A discussion of
the affine Rozansky—Witten model in the extended TQFT approach can be found in [9].
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Let us assume for now that we have a defect TF'T with both a physics description and a
description in terms of higher categories such that a one-to-one correspondence between them
is apparent. The description on the physics side is by assumption invariant under general
diffeomorphisms, which we would expect from the mathematical description as well. Several
aspects of diffeomorphism invariance are manifest in the language of higher categories: For
example, there is no notion of “distance” between morphisms, corresponding to the ability
to expand and shrink volumes and 1-morphisms using diffeomorphisms. Fusing defects (as
explained in Section 1.2.1) is also naturally expressed in terms of horizontal and vertical
composition, and it is clear from Notation 1.2.9 that fusing defects does not change the values
of diagrams. Furthermore, the invariance of diagrams under deformations like

Yo Xo Yo X2
P ¢
— (1.2.6)
@ P
U \4 w U 14 w
Y1 X Yi X1

is incorporated into the axioms of a 2-category (discussed in more detail in Section 1.5).
However, the properties of a 2-category do not imply the invariance of its diagrams under
arbitrary deformations. Furthermore, while every 2-categorical diagram can be translated
to a physical setting, more work is needed so arbitrary physical settings can be translated
to 2-categorical diagrams. The structure necessary to do so will be introduced below in
Section 1.2.7.

1.2.6 Weak and strict higher categories

Most examples of higher categories describing defect TFTs are weak n-categories. However,
there are several reasons to prefer descriptions in terms of stricter categories:

e The graphical calculus is formally defined for strict n-categories only.

o The higher categories constructed from bordism defect TFTs (see Theorem 1.2.2) are
quite’ strict.

e Certain structures like orbifold data which are central in Section 3.4 are only defined on
sufficiently strict categories.

These issues can be solved by the following coherence (or strictification) theorems:

Theorem 1.2.13 (Strictification of bicategories). Fvery bicategory C is biequivalent to a
2-category sC which has the same objects as C [S0].

Theorem 1.2.14 (Strictification of tricategories). Fvery tricategory T is triequivalent to a
Gray category gT which has the same objects as T [51].

While the existence of the strictification sC of a weak n-category C is conceptually impor-
tant, it is usually not feasible to work with the explicit form of sC due to its complexity and
technicality. Instead, it is often possible to reduce statements in sC to statements in C which

4gee Theorem 1.2.2
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we will do in Section 3.4. Another important consequence of the coherence theorems is their
ability to extend the diagrammatic formalism to bi- and tricategories. One subtlety of this
procedure is the introduction of structure morphisms. For example, consider a bicategory B
and its strictification sB. Then the biequivalence e: sB — B maps

X - Ax
e ¢ o = e(d) e vV Ae(X) )
Y
Seo =il
]lv )\X
\% w \% w

as the identity 1-morphism and the unitor 2-morphisms are trivial in sB but not in B.

1.2.7 Adjunctions in bicategories
Intuitive motivation

As discussed above, a 2-category (or a bicategory) B needs additional structure in order to
comprehensively describe a physical defect TFT, which can be seen in the following examples:

(i) Consider the following diagrams, which we could either regard as physical settings or as
diagrams in the 2-category:

14 \%4
D1 = y D2 = . (127)
X| w X %%

From a physics point of view Dy and Ds are clearly diffeomorphic and therefore describe
the same physical TFT setting, so a consistent 2-categorical description should also
identify Dy and D- as diagrams. However, a priori there exists no “reverse” version of
X (1-morphisms always map from the global right to the global left, implying that the
central line of Dy is a 1-morphism mapping V' — W), so Dj is not even a well-defined
diagram in B.

(ii) Straight horizontal line defects (1-morphisms) are not allowed in diagrams of 2-categories.
This problem can be remedied easily by applying a small diffeomorphism that deforms
each straight horizontal line into a slightly curved one. However, implementing this
solution suffers from the same problem as the previous example.

(iii) Loops or bubbles of the form

\%

Ds:= X (1.2.8)

are well-defined settings in physics, but also require turnarounds of 1-morphisms to be
well-defined.
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The first two problems can be solved by defining adjoints in the bicategory B, while solving
the third problem additionally requires pivotality. In order for diagrams shaped like D5y to be
well-defined in a bicategory B, for every 1-morphism X: W — V we must define

(i) a l-morphism XT: V — W called the right adjoint, which can be interpreted as a
downwards oriented version of X,

(ii) a pair of 2-morphisms évx: X ® XT — 1y and coevy: 1y — XT® X forming the turn-
around points.

One of the consistency conditions of €vx and coevx is that the diagrams Dy and Dz must
be equal in B, establishing the desired diffeomorphism invariance. Similar considerations
can be made for bending X in the opposite direction, leading to the notion of a left adjoint
TX: V — W which does not necessarily agree with XT.

Formal definition

This section is based on [22, Section 2.1]. Adjunctions are formally defined as follows:

Definition 1.2.15 (Adjunctions in bicategories). Let B be a bicategory with strictly associa-
tive’ horizontal composition —® —. Let W, V € B be objects and let 1y denote the identity
1-morphism of W. An adjunction between 1-morphisms X: W -V and Y:V - W is a
tuple (X, Y, ev, coev) with 2-morphisms

ev: Y @ X — 1y coev: Iy - X ®Y | (1.2.9)

such that the following maps evaluate to identity 2-morphisms:

—1

A coevi®1l
X X S 1pex 22

1x ®ev P
_1x®ev

XVeX Xoly —42— X,

(1.2.10)

1y ®coev ev®l
Y Y

—1
y - Lvely Yoxeoy Y 1,07y —Y Ly

We say that Y is left adjoint to X and X is right adjoint to Y. The 2-morphisms ev and
coev are called evaluation and coevaluation. The identities (1.2.10) are called the left Zorro
moves of X or right Zorro moves of Y.

REMARK 1.2.16.

e The literature is not consistent in what is considered to be the “left” and “right” adjoint.
The present work follows the convention of [22, Def. 2.2] in contrast to e.g. [82, p. 111].

o The terms “duals” and “adjoints” are used (mostly) interchangeably in the literature.
We use “adjoints” most of the time but keep the term “duals” in fixed expressions like
“pivotal tricategory with duals” (Definition 1.2.21).

Definition 1.2.17. Let B be a bicategory.

(i) Bis a bicategory with left adjoints (or B has left adjoints) if every 1-morphism X in B is
assigned a 1-morphism "X and 2-morphisms evy, coevy such that (X, X, evy, coevy)
is an adjunction.

5This definition is slightly more complicated if —® — is not strictly associative.
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(ii) B is a bicategory with right adjoints (or B has right adjoints) if every 1-morphism X in B
is assigned a 1-morphism X' and 2-morphisms v x, coevx such that (X, X, évy, coevy)
is an adjunction.

(iii) B is a bicategory with adjoints (or B has adjoints) if B is a bicategory with left and
right adjoints.

REMARK 1.2.18. If the left (right) adjoint of a 1-morphism X exists, it is unique up to unique
isomorphism, see e.g. [82, Lemma 5.1.2]. It is nevertheless convenient to define “with adjoints”
to be a statement about the structure and not about existence, i.e. there is a standard choice
of left (right) adjoint for every 1-morphism in B.

NoOTATION 1.2.19.

e For a l-morphism X: W — V the notation TX: V — W refers to the standard left
adjoint of X and XT: V' — W refers to one canonical right adjoint of X. The adjunction
2-morphism are written as follows:

evy: X @ X = 1y , coevy:ly = X @ 1X | (1.2.11)
vy X @ Xt 51y, coevy: Iy = XT @ X . (1.2.12)

e The 1-morphisms "X and X are drawn in diagrams with arrows pointing down. The
Zorro moves (1.2.10) of X: W — V can be visualised as follows:

= [ W

, (1.2.13)

bl

= ¢ Lix . (1.2.14)

X

v

These diagrams formally encode the intuition of “D; = Dy” in Eq. (1.2.7).

o In diagrams of 2-categories the identity 1-morphisms ending on evy, coevy etc. can
be omitted because 2-categories are strictly unital. While it is not possible to formally
remove the identity 1-morphisms in a bicategory, omitting them does not introduce
any ambiguities due to coherence. In order to translate a diagram in a bicategory with
omitted 1-morphisms to a formula, one must reintroduce an identity 1-morphism for
every instance of evy, coevy, 6y, coevy. The other end of every reintroduced identity
1-morphism can be placed onto any other 1-morphism (see also Remark 1.5.5).
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ExaMpPLE 1.2.20. The identity 1-morphism 1y : W — W is left and right self-adjoint for all
choices of adjunction 2-morphisms

eViy, €V1y € {P1w, Ay}, CO€Vyy,, CcOevy,, € {/\]fwl/, pl_vi} . (1.2.15)

This can either be shown explicitly from the bicategory axioms, or using coherence: The
Zorro maps of 1y are networks 1y — 1y consisting only of the nodes A, p, A~%, p~!, and all
edges are given by identity lines, so the network reduces to 1y, according to coherence.

Application: Loops and bubbles

Now we turn our attention to the bubble diagram (1.2.8). Being able to efficiently evaluate
diagrams of this shape is essential for the orbifold construction in Section 3.4. A significant
part of Chapters 2 and 3 is therefore devoted to finding a closed formula for bubbles in the
Rozansky—Witten model.

Evidently, adjoints are necessary to describe bubble diagrams like D3 since the latter
contains the adjunction 2-morphisms evx and coevy. However, the codomain of coevy is
given by X ® 'X while the domain of évy is given by X ® XT, so “évx ocoevx” is not well-
defined. The missing piece is an isomorphism 0y : "X — XT called a pivotal structure. For
consistency reasons dx must be compatible with —® — which leads to tight constraints; see
the discussion in Section 2.4. The higher categories constructed from bordism defect TFTs
(see Theorem 1.2.2) also feature pivotal structures.

1.2.8 Adjunctions in tricategories

Adjunctions and pivotality in tricategories resemble those in bicategories in most regards,
the most notable difference being that the concept of adjunctions applies to both 1- and
2-morphisms in tricategories.

Definition 1.2.21. A tricategory T is a pivotal tricategory with duals [83, Def. 4.5] (some-
times called a tricategory with weak duals [32, Def. 5.2.2]) if

(i) for every pair of objects b, ¢ € T the bicategory T (b, ¢) is a pivotal bicategory, with the
pivotal structure given by a monoidal isomorphism ¢: Id = H(—),

(ii) for all 1-morphisms W: ¢ — d the 2-functors
WX—:T(b,c)—T(b,d and —KW:T(d, e)— T(ce) (1.2.16)
are pivotal 2-functors (see e.g. [82, Def. 5.1.9] for the definition), and

(iii) the truncation h7T (which is a bicategory, see Definition 1.2.6) is a bicategory with left
adjoints (i.e. for every 1-morphism W there exists a designated left adjoint W#).

REMARK 1.2.22. Left adjoints are called “right duals” in [32], see Remark 1.2.16. This thesis
is consistent with the language of [22] and the formulas (but not the language) of [32].

NOTATION 1.2.23. Let 7 be a pivotal tricategory with duals. We write W# for the left
adjoint of a 1-morphism W with adjunction 2-morphisms (evyy, coevyy), and TX for the left
adjoint of a 2-morphism X with adjunction 3-morphisms (evy, coevy). The pivotal structure
is given by a 3-isomorphism dx: X — X for all 2-morphisms X.
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The reader might be surprised to find that Definition 1.2.21 does not require A7 to have
right adjoints or be pivotal. It turns out that this is not needed, as the following theorem
shows (first stated in [72, Remark 3.4.22] and proven in [35, Lemma 1.4.4], see also [4]):

Theorem 1.2.24. Let T be a pivotal tricategory with duals and let W € T (b, ¢). By definition
W has a left adjoint W# and adjunction 2-morphisms

evip: WHFRW = 1,, coevyy: 1, —» WRWH# .
Then W# is also a right adjoint of W with adjunction 2-morphisms
évw = T(coevyy) ,  cdevyy == (eviy) . (1.2.17)

Additionally, there is a (usually non-trivial) pivotal structure on h7 that is compatible
with Theorem 1.2.24, which we elaborate on in Section 3.2.3.

NOTATION 1.2.25. Definition 1.2.21 (iii) can be expressed by the three-dimensional versions
of Eq. (1.2.14) called the Zorro movies,” the first being

coevyy
Tw

12

(1.2.18)

and the second corresponding to the second diagram of Eq. (1.2.14). The 3-isomorphisms of
the Zorro movies, called the triangulators [32, p. 124], will be written as follows:

Yw: pw @ (Iw Revy) @ (coeviy B lw) @ Ayt — 1w (1.2.19)
Yw: Lyys = s @ (eviy Klys) @ (Lyy# K coeviy) ® prly - ;

The corresponding 3-isomorphism mediating the right Zorro movie (see Theorem 1.2.241) is
given by ("Tyy/)~! which is called 7y in [19, 27].
1.2.9 Strictifications of pivotal bi- and tricategories

In analogy to the strictification theorems of Section 1.2.6 there are also strictification theorems
for pivotal bi- and tricategories.

Theorem 1.2.26. Every pivotal bicategory B is biequivalent to a pivotal 2-category sB, and
the biequivalence e: sBB — B is a pivotal 2-functor [77, Thm. 2.2].

Definition 1.2.27. Two pivotal tricategories with duals S, T are equivalent’ if there is a
triequivalence F': & — T such that the 2-functors Fy, ;: S(a, b) — T (F(a), F'(b)) are pivotal.

5The 3-isomorphism Y of Notation 1.2.25 maps from the left to the right. If one draws YT in a diagram
and interprets the y-axis as “time”, the 3-isomorphism Yy corresponds to evolving a Z-shaped line into a
straight line, hence the name “Zorro movie”.

"This notion of “equivalent” is used in Theorem 1.2.28, hence this work assumes that it is the most natural
way of identifying pivotal tricategories with duals. It is possible that a more rigid definition exists.
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A pivotal tricategory with duals can be strictified to a Gray category with strict duals,
whose definition is rather technical and not needed for this thesis (see [82, Def. 5.3.7]).

Theorem 1.2.28. FEvery pivotal tricategory with duals T is equivalent to a Gray category
with strict duals sT in the sense of Definition 1.2.27, and T and sT have the same objects
[82, Thm. 7.2.1]. Furthermore, the triequivalence e: sT — T is of the shape

sT % gT 2T, (1.2.20)
where gT and ey form the strictification of T as an ordinary Gray category (without duals).

Gray categories with strict duals are arguably the most “standard” way of representing
a three-dimensional defect TFT in higher category language. For example, the generalised
orbifold procedure of Section 3.4 is defined on Gray categories with strict duals, and the
category constructed from a 3D defect TF'T in bordism language by Theorem 1.2.2 is also a
Gray category with strict duals.
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1.3 Matrix factorisations

1.3.1 Definitions

Definitions and results from [21] and [63, pp. 10-18] are summarised here. Throughout this
thesis k£ is a commutative ring. The relevant examples for later chapters are £ = C and the
polynomial ring in d variables k = Clwy, ..., wq].

NoOTATION 1.3.1. Letters in boldface denote finite lists of variables:
x={x1, ..., 2} . (1.3.1)

Curly braces are used for both sets and lists to better distinguish them from ideals, which
are written using parentheses. We denote by ¢(x) the length of x, i.e.

(({z1, ..., zn}) i=n. (1.3.2)

For lists a, b with ¢(a) = ¢(b) we define

a-b:="ab, . (1.3.3)
Definition 1.3.2. Let k be a commutative ring and let © = {z1, ..., x,} be a list of variables.
Set R:=k[z1, ..., x,) = k[x], and let W € R be a polynomial.

(i) A linear factorisation of W over R is a Zg-graded R-module X together with an odd
module endomorphism dy € Endgr(X) called a twisted differential, such that d3 =
W-1x.

(ii) If X is a free R-module, (X, dx) is called a matriz factorisation [21].

(iii) Furthermore, if the rank of X is finite, (X, dx) is called a finite-rank matrixz factorisation.

NoTATION 1.3.3. Let (X, dx) be a linear factorisation. By the definition of a graded module,
X is split into an even and odd part:

X=Xo0X1, |Xo|=0, [Xq]=1. (1.3.4)
In this representation, the differential dx has the form
dX:(p%pol)v propo=W-1x,, poopr =W - 1x,, (1.3.5)
which will also sometimes be written in the notation

p
(X,dx) = X1 = X (1.3.6)
Po

found e.g. in [11]. If Xy = X; = R, we also use the notation (used e.g. in [9])

(X,dx) =[p1,p0], pPi€R. (1.3.7)

NOTATION 1.3.4. In the following text, linear factorisations (X, dx) are often denoted by just
X, as it is usually clear from context whether the module X or the pair (X, dx) is meant.
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Definition 1.3.5. Let (X, dx) and (Y, dy) be linear factorisations of W over R, and let
¢ € Hompg(X,Y) be a homogeneous module homomorphism, i.e.

|p(x)| = |p| + |z| for all homogeneous = € X . (1.3.8)
The differential on ¢ is defined as follows:
do :=dy o ¢ — (—1)?!p 0 dx € Homp(X,Y) . (1.3.9)

It is evident that |d¢| = |¢|+1. For endomorphisms ¢ € Endg(X), we can also write d¢ using
the graded commutator

do = {dx, ¢} :=dx o — (-D)¢podx . (1.3.10)
Lemma 1.3.6. The differential on the morphisms of linear factorisations squares to zero.
Proof. Let z € X.
d*¢(z) = d(dy 0 ¢ — (~1)1?l¢ 0 dx) ()
= (09— (=1)ldy 0 g o dx — (—1)#1xldy 0 6 o dx + (—1)2¢HIxl g 0 i ) ()
=W-o(x) =W -z) =0
using R-linearity of ¢. O

Definition 1.3.7. The morphisms between linear factorisations (X, dx) and (Y, dy) are the
even [22, p. 490] elements of the cohomology
_ {¢ € HOIHR(X, Y) ’(M = 07 d¢ = 0}

HY) (Homp(X,Y)) = fdx: x € Homp(X. V). | =1} (1.3.11)

(the even d-closed module homomorphisms modulo the d-exact module homomorphisms).
Theorem 1.3.8. The matriz factorisations (X, dx) of a polynomial W € k[x] form a category
MF(x; W) (1.3.12)

whose objects are matriz factorisations of W over klx|, and whose morphisms are as defined
in Definition 1.5.7.

The ring k is sometimes omitted when the statement makes no assumptions about £ or it
is clear which ring is meant.

REMARK 1.3.9. The above structure is natural in the following way: Consider linear factori-
sations (X, dx) and (Y, dy). Those can be written as a 2-periodic twisted complexes:

Po Xl p1 X[) Po )(1 p1

(the word “twisted” meaning that p;110op; = W-1x, # 0). Now we study the homotopy
category of chain complexes:

L2 x P x B Xy B

1.3.13
%lm}% Lﬁo% lqbl% ( )
qo0 Y q1 Yo q0 Y qa




1.3 Matrix factorisations 21

The chain map ¢ = (¢, ¢1) corresponds to a morphism between linear factorisations, as the
condition d¢ = 0 is precisely the commutativity of Eq. (1.3.13) without the y;. The chain
map ¢ is, by definition, exact if there is a chain homotopy ¢ ~ 0, i.e.

®i = qi+1° Xi + Xi+1°Pi
which corresponds to ¢ = dy for morphisms of matrix factorisations.

Lemma 1.3.10. Let (X, dx) be a linear factorisation. Then the linear factorisations (X, dx)
and (X, —dx) are isomorphic.

Proof. Split X = Xo® X into its even and odd part. Define
p: Xod X1 > Xod X1, (w0, 71)+— (x0, —21) (1.3.14)

which will also be written as
o(x) = (—1)1lz . (1.3.15)

Clearly |¢| = 0 and ¢ = 1x, so ¢ is an even self-inverse automorphism of the module X. The
image of dx under ¢ is given by

(podx o¢ ') (z) = (—1)HHIx@lgy (z) = —dx(a) ,

so ¢ is an isomorphism of linear factorisations between (X, dx) and (X, —dx). O

1.3.2 The tensor product

There are various operations on linear factorisations. Their definitions and properties will
be discussed, starting with the tensor product of matrix factorisations. We start with some
prerequisites for the modules:

Lemma 1.3.11. Let X be a non-zero, free, finite-rank module over k[x, y| and let {(y) > 0.
Then X is a free, infinite-rank module over k[x].

Proof. k[x] is a subring of k[x, y], so X is a module over k[z]. X is also clearly free over k[x].

Let {e1, ..., ey} be a basis of X over k[z, y|. Then
{y'-e1<i<n, Teng®} (1.3.16)
is a basis of X as a k[x]-module. O

ExAMPLE 1.3.12. Consider the special case y = {y}. X is free and finite-rank, so X =
k|x, y]®™ for some n. Then we can write X as the following k[z]-module:

X2k oy kz]* @y’ kz]* ... . (1.3.17)
Different expansions are possible: For every p € k[x] we find

X 2kx]® @ (y—p) kx| ® (y—p)? klz]*"®... . (1.3.18)
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NoTATION 1.3.13. Let X and Y be modules over R. Then we define
X Q®RrY (1.3.19)
to be the tensor product of X and Y as R-modules.
ExaMpLE 1.3.14. Consider rings
k:=Clw], R:=klx y]=Clr,y, w], S:=kly, z]=Cly, z w],
and free, finite-rank modules X over R and Y over S with ¢(y) > 0. Then

(i) R = k[x]®yk[y] where each term is regarded as an infinite-rank k-module,

(ii) X ®plyY is a free, finite-rank module over R®y, S = klz, y, 2] and a free, infinite-rank
module over k[x, z],

(ili) X®4Y is a free, finite-rank module over R®y S = k[x, y, ¥/, z]. Note that multiplication
by y only acts on X and multiplication by y’ only acts on Y.

Definition 1.3.15 (Tensor product of matrix factorisations). Let
(X,dx) € MFi(z,y; W1), (Y, dy) € MFi(y, z; Wa) .
Then the tensor product of matriz factorisations X ®y, Y is defined by
X @y Y 1= (X @ppy) Vs dx @1y +1x @ dy) € MFy(@, y, z; Wi + Wa) (1.3.20)
with the Koszul sign convention [21]
(¢ @) (a® B) = (=1)"Ilg(a) © ¥ (8) (1.3.21)
for homogeneous ¢, ¥, a, B.

REMARK 1.3.16. Like in Example 1.3.14, one needs to pay attention over which ring R the
tensor product X ®pY is taken, as it specifies which variables are “shared” between the
matrix factorisations. For example, let W € k[z] and X,Y € MFy(z, W). Then

X @pa) Y € MFg(z; 2- W), X @Y € MFg(z, 2'; W(z) + W(2')) .
ExAMPLE 1.3.17. For matrix factorisations

X € MFy(z; Wi(z)) , X1z € MFy(w, y; Wa(y) — Wi(x))

we find
Xi2 ®Opjz) X € MFy(z, y; Wa(y)) - (1.3.22)

Because Ws(y) does not depend on @, it is possible to remove the dependency on x in
Eq. (1.3.22). This turns the finite-rank k[z, y]-module X into an infinite-rank k[y]-module
according to Lemma 1.3.11. The tensor product with X5 is a functor acting on MFy(a; W):

MFk(CC; Wl) — MFk(y; WQ) , X—X ®I<:[:c] X0 € MFk(y; Wg) . (1.3.23)

In almost all cases X ®j[5 X12 turns out to be isomorphic to a finite-rank matrix factorisation
(see the discussion in Section 2.2.3).
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NoTATION 1.3.18. Unless explicitly specified otherwise, tensor products of matrix factorisa-
tions are taken over all variables that appear on both sides of the tensor product, and the
symbol = means “isomorphic as linear factorisations of some polynomial W (a) over the ring
k[a]”. For example, let X (x, y, w) factorise V(y, w)—U(x, w) and let Y (y, z, w) factorise
W(z, w)—V(y, w). By convention, in the expression

Y(y,z,w) ® X(x,y,w) = Z(x, z, w)

the symbol ® means @y, ., and = means “isomorphic as linear factorisations of W (z, w)—
U(x, w) over k[x, z, w]".

Lemma 1.3.19. The following identities hold in general for p;, ¢;, o € k[x]:

[P1, Po] ® [q1, Q0] = [p1, Po + qo] ® [q1 — ap1, qo] , (1.3.24)
[p1, Po] @ [q1, o] = [p1 + g1, po] ® [q1, g0 — apo) , (1.3.25)
[P1, Po] ® [q1, Q0] = [p1 + aqo, po] ® [q1 — apo, qo] , (1.3.26)
[P1, Po] ® [q1, Q0] = [p1, Po + aq1] ® [q1, g0 — ap1] , (1.3.27)

[p1, po] = [p1, a 2po]  (if a is invertible). (1.3.28)

Proof. The isomorphisms can be constructed as follows: For the first four identities, use
Eq. (1.3.39) to write the differential on both sides as a 4 x 4 matrix. Both are related by

a change-of-basis matrix that differs from the identity matrix by an off-diagonal +«a. For
0

g a !

shown using Theorem 1.3.47 below. O

Eq. (1.3.28), use the change-of-basis matrix ( ) Alternatively, all statements can be

1.3.3 Duals and grade shift

Definition 1.3.20 (Dual factorisation). Let (X, dx) be a linear factorisation of W over R.
The dual module of X is given by

XV := Homp(X, R) . (1.3.29)
The dual factorisation of X is defined by [22, p. 490]
(X,dx)" = (XY, dxv), dyv(v):=—(-1)"lvody (1.3.30)
with the usual linear extension to non-homogeneous v. This is a linear factorisation of —W.
Proof. Let x € X.

v (v)(2) = dxv (=(=1)"v 0 dx) (@) = (=15 0 d%) (2)
=—v(W-2)=-W- v(zx)=-W- 1xv(v)(x) . O

Definition 1.3.21 (Grade shift).

(i) Let (X, dx) be a linear factorisation of W over R and let n € Zg. The linear factorisation
(X[n], dxpn)) of W, called the grade shift of X, is defined by [65, p. 22]

X[n] =X, | . |X[n] = ’ . |X +n mod 2, dX[n] = (—1)”(1}( . (1.3.31)

An even element z € X is thus odd in X[1] and vice versa.
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(ii) Let R[n]:= (R[n], dgj, =0) be the matrix factorisation whose module consists of R in
degree n and {0} in degree n+ 1. We denote the single basis element by

1, € R[], |l =n. (1.3.32)
An equivalent way of writing X|[n] is

X[n] = Rln]or X, (1.3.33)

as
dR[n]®X<17l Q)= (1R[n} ®dx)(l, ®@ ) = (-1)"1, ® dx ().

Lemma 1.3.22. The identity map id: X — X[n| is a closed invertible map of degree n.

Proof. This is clear for n even as X[n] = X, dx[,) = dx. Let us therefore only consider the
case n = 1. For all z, [id(z)|x[1) = |z|x[1) = [#|x +1, hence the identity map has degree 1. For
closedness, we find

d(id) = (dxpy o id +id o dx)(x) = —dx(x) + dx(v) =0 . O

REMARK 1.3.23. We will not call odd closed invertible maps “isomorphisms of odd degree”
because morphisms of matrix factorisations are always even by Definition 1.3.7. This implies
that, in general, X 2 X[1] (see [23, Remark 7.3] for an example).

1.3.4 Matrix representations

The differentials of finite-rank matrix factorisations can be represented as matrices. We give
explicit formulas for dxgy, dxv, and dx;) in terms of these explicit matrices.

Definition 1.3.24. A basis {b1, ..., biym} ={e1, ..., e, f1, ..., fm} of a Zs-graded mod-
ule X is canonically ordered if all b; are homogeneous and |e;| =0, |f;| =1 for all 4, j.

Definition 1.3.25. Let

{b17"‘7bl+WL}:{617"'7elaf17"'7fm} CX7
{01, ,cl/+m/}:{g1, ,gl/,hl, ,hm/}CY

be canonically ordered bases of finite-rank matrix factorisations X and Y. Then the following
are canonically ordered bases:

(i) The dual basis {b}} is given by
5, o b =A{et vl e XY bi(bj) = d;j . (1.3.34)
(ii) The grade-shifted basis is given by

{fl, ey frer, . ,ek} = {11 R fi, ..., 11 ®61€} C X[l] (1.3.35)

where the former notation will be used with [fi|x) =0, |e;[xpy) =1 if it is clear from
context that the grade-shifted matrix factorisation is meant.
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(iii) The tensor product basis is given by

{e1®@gr,e1®92, ... ,ea@gr, L@ hy, i@ ha, ..., fimn @ hyy,

(1.3.36)
e1@hi,e1®hy, oo, e @y, i®gL, f1®g2, - @} CXOY .

Lemma 1.3.26. Let X and Y be finite-rank matriz factorisations with

0 pm 0 ¢
dy = Cdy = .

With respect to the bases of Definition 1.5.25 we find the following matrix representations:

(0 Py _ (1 0 1
dyv = (—pT 0) = (0 _1> % | (1.3.37)
(0 —p\_ (01 01
dxp) = <—p1 0 ) = (1 O) dx <1 O) , (1.3.38)
0 0 P®ly, 1lx,®@q

0 0
po®ly, —1x,®q
1x,®q p1®@1ly,

*1X1 ®qo p0®1Y1
0 0
0 0

(1.3.39)

dxoy =

Let (X, dx) be a finite-rank matrix factorisation. In the following chapters, matrix factori-
sations of the form XT= R[n]®r X and TX = XV ®@x R[m] will be relevant.

NOTATION 1.3.27. Let {b;} be a canonically ordered basis of X with its dual {b}} C XV.
Then the notation {b} will also be used for the following bases:
{t;} = {1, @b} CRnJor X" =XT, (1.3.40)
{b;} ={b; ® 1} C XV ®@g R[m] =X . (1.3.41)

Note that the basis {b¥} on XT (TX) is not canonically ordered for odd n (m).

Lemma 1.3.28. Let X be a finite-rank matriz factorisation with canonically ordered basis

{bi, ..., brys} ={e1, ..., e, f1, ..., [s} and differential dx = (12) pol). The differentials

dxt and diy take the following form with respect to the (not necessarily canonically ordered)
basis {b}} of Notation 1.3.27:

— () °o.» _( 0_»g
dyt = (1) (_pI 0) , diy = (—pI 0 (1.3.42)
With respect to the respective canonically ordered bases, the matrices take the form
0 pg 0 pg
<_pI 0 ) n even (—PI o m even

. diy = 1.3.43
0_pi n odd R 0 —#] m odd | )
—pg 0 py 0

dXT -
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Proof. Applying the Koszul sign rule (1.3.21) yields

dxi(In ®bi) = (1 ®@dxv)(ln @ b)) = (=1)"1n @ dxv (bi) ,
dix (bi @ 1) = (dxv @ 1)(b; ® 1) = dxv(b;) @ 1y

The first identity then follows from Eq. (1.3.37). For n, m even, XT =X = XV, and the
bases are equal. For n, m odd, the {e;} are exchanged with the {f/}, so the blocks of the
matrices are swapped as well. O

1.3.5 On the associativity of the tensor product

The tensor product of modules is strictly associative. Therefore, if one disregards the graded
structure of matrix factorisations, one finds (X ®'Y)®'Z = X @' (Y ®'Z) and d(xgvyez =
dxer(verz), corresponding to the tensor product basis

{ei ® gj, e ® hy, fi ® gj, fi ® hj} . (1.3.44)

However, the tensor product of graded modules is defined differently in order to respect
the graded structure (see Eq. (1.3.36)), and this tensor product is only associative up to a
permutation of basis elements. Both tensor products are consistent with each other in the
following sense: Let {e;} C X, {f;} CY, {¢i} C Z be bases. Then

4
dX®/y®lz(61‘ ®/ f] ® Z 0% 7]]l (% ® f] ® q
/l/

: z
dixeyiez((e: @ fj) @ g) Z a”]z er ® fi) @ gr
Z/ ]/ l/

dxsorver(E®(fjog)= > o ’]i er @ (fir @ gr)
i gl

for coefficients o, j] S Hence, the different tensor products are “equal on bases” and their only
difference is how the tensor product basis {e; ® f; ® g} ;.1 is ordered. While this distinction
is conceptually important, it is only of practical relevance whenever the tensor product basis
order matters (e.g. when writing d(xgy)gz in matrix form). As this turns out not to matter
for the remainder of this work, we treat the tensor product of matrix factorisations as if it
was strictly associative, keeping in mind that one has to be careful when working with explicit
bases.

1.3.6 Compatibility

We may now study how the different operations on matrix factorisations commute and how
they act on bases.

Lemma 1.3.29. Let X and Y be matrix factorisations over k[x, y| resp. kly, z]. Define
R :=k[y]. Then the following identities hold:

X@rY XY QX , z@y— ()WY @z (1.3.45)
Xn)@rYm = (X@rY)m+n], 1,020, 0y~ ()™, @zoy. (1.3.46)
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If X is finite-rank with homogeneous basis {e;}, the following holds:
XV[n] = (X[n])", 1, ® e — (—1)"€l(1, ® e;)* . (1.3.47)

IfY s also finite-rank with basis { f;} and both X @Y and YV @r X" are regarded as finite-
rank matriz factorisations over kl[x, y, z|, the following holds:

(X@rY)" =2Y'orX", (fi®e) = el fr. (1.3.48)

Note that (1.3.48) does not hold if one regards X @rY as an infinite-rank matriz factorisation
over klx, z], as shown in Appendiz A.J.1.

Proof. All the maps are clearly bijective. Their closedness can be seen directly from the
definitions of dual, grade-shifted, and tensor product matrix factorisations. O

Definition 1.3.30. The permutation isomorphism of Eq. (1.3.45) will be denoted by

o'(il’ wesin) X1 ®r - ®pr X, — Xg(l) QR+ OR Xo(n) . (1349)
In line with Notation 1.3.18 we also write o(i:-+in) if the tensor products are taken over
different rings, like X; ®pg, ... ®r,,_, Xn.
1.3.7 Resolutions and cokernels

Constructing explicit morphisms between matrix factorisations can be difficult. Even in
simple cases, finding the isomorphism between the infinite-rank matrix factorisation arising
from a tensor product and its finite-rank presentation is quite involved; an explicit example
is shown in [11, Appendix B]. For practical purposes, the method introduced in this section
is a significantly easier. Starting with a matrix factorisation

X=Xoo Xy, de=(p%) d&=W-1,

we define X; := X;/(W). Then the following is a 2-periodic exact sequence [40, Prop. 5.1]:

PLyxX P Xy 2 X B (1.3.50)

Proof. - -
f a € Ker(p;: X1 — Xo) = pi(a) = Wb for some b € Xy ,

Wpo(b) = po(Wb) = po(p1(a)) = Wa = po(b) =a = a € Im(po)
using that W is a non-zero-divisor. a € Ker(pp) = a € Im(p;) can be shown analogously. [

It immediately follows that the following sequence is exact [42]:

bo Xl P XO Po Xl P X() coker(pl:X1—>X0)4>0. (1.3.51)

The X; are free modules over R:=k[z]/(W) as they are only annihilated by the ideal (W)
which is equal to 0 in R. Therefore, Eq. (1.3.51) is an R-free and thus R-projective resolution®
of coker(py: X1 — Xp).

8Free modules are always projective. By the Quillen—Suslin theorem, the reverse also holds for modules
over k[x] when k is a principal ideal domain.
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Definition 1.3.31. Let X € MFy(z; W). A k[z]/(W)-module M is associated to X if there
is a k[x]/(WW)-projective resolution of M of the form

01

~ ~ 62

P Xy P Xy P X P My, M, M —0  (1.3.52)

for some integer m € Ny. Spelled out, there is an exact sequence of projective modules ending
on ... — M — 0 that turns into the 2-periodic exact sequence (1.3.50) after a finite number
of steps, with an even number of steps from M to any Xj.

Corollary 1.3.32. For every matriz factorisation X of W over k with dx = (z?o n ), the

module
coker(p1: X1 /(W) — Xo/(W)) = Xo/{p1(z) | € X1} C X (1.3.53)

is associated to X.

Proof. As discussed above, Eq. (1.3.51) is a k[z]/(W)-free resolution of the cokernel. This
meets the requirements of Definition 1.3.31 for m =0 and J; being the projection from Xj to
coker(py). O

REMARK 1.3.33. A module M is a maximal Cohen—Macaulay module if and only if it is
associated to some matrix factorisation with m =0, i.e. M = coker(p;) [14, 42, p. 8].

The following is a classic result:

Theorem 1.3.34. Let X, Y be matriz factorisations of W (x). Let M and N be isomorphic
klx]/(W)-modules associated to X resp. Y, i.e. there are projective resolutions of the form
02 1 0

My M
~ 1.3.54
, s (1354
N

S S S 02m+1 6
p1 XO po Xl p1 X() + MQm 2m

o o w0 o @ o O 55 d5
n n
Y v, Y, Ny, L N,

Then X 2Y as matriz factorisations.

Proof. For n=m =0, this was first shown in [40, Section 6]. A mathematical discussion of
the generalisation to arbitrary m and n can be found in [14]. Applications and a discussion
in physics language can be found in [11, 42]. O

REMARK 1.3.35. The isomorphism between X and Y in Theorem 1.3.34 can be constructed
in the following way [12, p. 14]:

02

P Xy R Xy By M, M 0
r§k+11\lr2k+1 rékT\erk rﬂlm rﬂlm 14\\% (1.3.55)
Po < =,

Yo o Yi o 5, Ny 7 Ny 7 N 0

By assumption there exist isomorphisms ¢pom =1, moty = 1. It is possible to construct the r;,

r¥ in such a way that the diagram commutes.” This yields a pair of isomorphisms (r;, 7¥) on

9Both the subset of arrows pointing down or right and the subset of arrows point up or right must commute.
The down-up and up-down cycles are homotopic, but not equal to the identity.
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every level, i.e. rjor; =1y, rior] = 1n, up to homotopy. Once we reach the periodic part
in both resolutions, we find the explicit isomorphism (rox44, 73;,;) between X; and Y;. The
assumption of an even number of steps in Definition 1.3.31 is important here — without it,
the r; might be odd maps, which are not considered to be isomorphisms. This procedure is
applied to a concrete example in Appendix A.2.

An important application of the resolution method is computing explicit finite-rank presen-
tations of X®Y for finite-rank matrix factorisations X and Y. As discussed in Example 1.3.17,
the rank of X ®Y is, a priori, infinite in most cases.

Lemma 1.3.36. Let X and Y be finite-rank matrixz factorisations with dx = ( 0 n ), dy =

PO
(qoo qol) for finite-rank matrices p;, q;. Then

V := coker(p1 ® ly,, —1x, ® 1) (1.3.56)
is associated to X QY [11, p. 21].

In many examples, V is already of finite rank, and it is often easy to find a finite-rank
matrix factorisation associated to V. A generalisation to n-fold tensor products is discussed
in the next section, which involves additional machinery and a class of matrix factorisations
called Koszul matrix factorisations.

1.3.8 Koszul matrix factorisations and resolutions

We start by defining the Koszul complex, which is the main ingredient of Koszul matrix
factorisations.

The Koszul complex

Definition 1.3.37 (Koszul complex). Let {p1, ..., pn} C k[x]. We define
V=@ klx] 6, K;i:=N\V, §:=> pi(x)-0;: K; — K (1.3.57)
i=1 i=1
with formal anti-commuting variables {61, ..., 6,}. The inclusion map 6 is defined by
D)™ N0 AN N A =G
0105, AN O;,) = {( )" 0 Jm—1 NV me1 oo t=Ime (1.3.58)
0 i ¢ {om}
The Koszul complex of p={p1, ..., pn} is defined by
Kep): 0 > K, S Koy 5 .5 K 5 Kg— 0. (1.3.59)

The cohomology of the Koszul complex is well studied. We start with the following
definition:

Definition 1.3.38. A sequence {p1, ..., pn} is called Koszul-regular if the Koszul complex
Ko(p1, ..., pn) is exact except in degree zero, i.e. at Ky [87, Remark 0617T].
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We will come back to the characterisation of Koszul-regular sequences in a moment. For
now, assuming we do have a sequence that is Koszul-regular, we may use the Koszul complex
to construct a k[x]-free resolution of coker(d: K; — Kp):

Definition 1.3.39 (Koszul resolution). Let {p1, ..., pn} be a Koszul-regular sequence in
klx]. Then the Koszul resolution of

is given by the projective resolution

0> Ky S5 Kn1 5. 5K 5Ky —N-—0. (1.3.61)

This resolution will also denoted by K,(p) if it does not cause any confusion.

Regular, Koszul-regular, and quasi-regular sequences

There are different kinds of regular sequences, Definition 1.3.38 being one of them. “Classical”
regular sequences are defined as follows [75, Chapter 16]:

Definition 1.3.40. Let k be a ring and M be a module over R. An element r € R is called

M-regular if rm # 0 for all 0 #m € M. A sequence {fi, ..., fn} C R is called an M-regular
sequence if
(i) fiis M/(f1, ..., fi—1)-regular for all i,

(i) M/(f1, - fo) #0.

An R-regular sequence is simply called a regular sequence.

As we will not need the definition of a quasi-regular sequence, we refer to [75, Chapter 16].
There is a simple hierarchy between the three notions of regularity:

Theorem 1.3.41. Regular sequences are always Koszul-regular [75, Theorem 16.5 (i), and
Koszul-reqular sequences are always quasi-reqular [S7, Lemma 09CC].

The reverse is not true in general. However, the following holds:

Theorem 1.3.42. Let k be a Noetherian ring (e.g. k = Clw]) and let {p1, ..., pn} C k[x] be
a quasi-reqular sequence. Then p is Koszul-reqular [22, p. 489].

A natural question to ask is whether the different notions of regularity depend on the
order of a given sequence. For regular sequences, the answer is yes — their permutations are,
in general, not regular sequences. On the other hand, Koszul- and quasi-regular sequences
are order-independent by construction. In fact, an even stronger statement holds.

Lemma 1.3.43. Let {f1, ..., fu} C klz] and let M € k[z]"*™ be an invertible matriz. Define
g:=M- f. Then both sequences generate the same ideal, i.e. (g1, ..., gn) = (f1, -, [n)-
Proof.

ae(f) = a=Y afi=)Y aM;'g;€(g),
i ij
a€(g) = azzaigi:ZGiMijfje(f)' H

/L"j
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Lemma 1.3.44. Let {f1, ..., fn} C k] be a Koszul-regular sequence and let M € k[x]"*"
be an invertible matriz. Then g := M - f is also Koszul-reqular.

Proof. By [87, Lemma 066A] it is sufficient to show (f) = (g) which holds by Lemma 1.3.43.
O

Corollary 1.3.45. Let {f1, ..., fu} C kx| be a reqular sequence. Then every permutation
{foys -+ fom)} is Koszul-regular.

Koszul matrix factorisations

There is a class of matrix factorisations called Koszul matrix factorisations which are closely
related to the Koszul complex. This introduction follows [63, p. 13].

Definition 1.3.46. Let {p1, ..., pn}, {q1, ..., ¢} C k[x]. The Koszul matriz factorisation
K(p; q) is the following matrix factorisation of W :=p-q =>"1" | piq;:

I Di
K(p; q) = Qupa (k2] = Kla]) - (1.3.62)
i=1 i
An equivalent way of writing this matrix factorisation is as follows [21], with the K from

Eq. (1.3.57):

n

K(p; q) =P Ki= /\(EB klx] - 9@') s dr(pq) = Y [pi- 0F +qi- 03] (1.3.63)
=0 i=1

i=1
with the grading |K;| =1, and 6; := 0; A— acts as a wedge product from the left.

In the latter notation, the relation to the Koszul complex K,(p) in Eq. (1.3.59) is appar-
ent: The module of K (p; q) consists of all modules in Ke(p), and dg(p,q) = Ik, (p) +0 with
|0k, (p)| = —1 and a co-differential o with |o| = 1.

Theorem 1.3.47. For fized p and W = p-q, the isomorphism class of K(p; q) is independent
of q. We write Ky (p) for this equivalence class (or for a representative).

This has the following important implication:

Lemma 1.3.48. Let U € k[z], V € kly], W € k[z], p C k[z, y], and q C kly, z], such that
V—-Uce(p) and W—-V € (q). Then

Kw-v(q) @iy Kv-v(p) = Kw-v(p; q) - (1.3.64)

Proof. By assumption, there are p’ C k[x, y| and ¢’ C kly, z| such that p-p’ =V —U and
qg-q = W —V. From the definition of the Koszul matrix factorisation it is clear that the
tensor product is equal to

K, q; 9. d) € Kppiqq®. a) =Kw_v(p,q) . O

The rank of a Koszul matrix factorisation grows exponentially with the length of p, so
working with the definition directly is usually not feasible. However, in many cases there is a
simple module associated to Ky (p).


https://stacks.math.columbia.edu/tag/066A

32 1. Introduction and background

Theorem 1.3.49. Let {p1, ..., pn} be a Koszul-reqular sequence in kx|, and let {qi1, ..., qn}
be polynomials in klx]. Then the module
N :=k[x]/(p1, .-, Pn) (1.3.65)

is associated to K(p; q) € Ky (p) for W :=p-q.

Proof. This proof is in close analogy to [42, Section 4.3], which is based on a more general
argument in [40]. Because very few modifications to the argument in [12] are necessary, only
the basic structure and the main differences will be spelled out here.

We start with the Koszul resolution K(p) defined in Eq. (1.3.61). By assumption, p is
Koszul-regular, therefore Ko(p) is a k[x]-free resolution of N. We define the co-differential o
on Ke(p) by

o: Kj = Kji1, wH(Zqi(m)ﬁi)/\w
=1

in agreement with Definition 1.3.46. Furthermore, we define 6 := d+o0 = dx(p;q) and find

2 =00+06=W-1f, (p)- These are all the ingredients required to construct a k[z|/(W)-free
resolution of IV, which is of the form

The precise definition of the NZ*:} can be found in [42]. Using the notation K;:= K;/(W), the
construction yields F; = EBj K;_o; for ¢ > n. This implies

Fy; = EB K;=K(p; q),/(W), Fiq & @ K; = K(p; q);/(W)
j even 7 odd

for 2¢ > n, so the 2-periodic part is given by K (p; q). Note that there are 2i+2 steps from N
to Foip1 = K(p; q), /(W) because the F; start at ¢ =0. Thus N is associated to K(p; q). O

The following statement can now be shown easily:

Corollary 1.3.50. Let f ={f1, ..., fo} C k[x] be Koszul-regular, let M € k[z]"*" be an
invertible matriz, and let W € k[z]. Then
Kw(f) = Kw(M - f) . (1.3.66)

Proof. f and g := M - f generate the same ideal by Lemma 1.3.43. By assumption, f is
Koszul-regular, so by Lemma 1.3.44, g is also Koszul-regular. This implies that Ky (f) is
associated to k[x]/(f) and Ky (M - f) is associated to k[x|/(M - f) = k[x]/(f). The equality
of both equivalence classes then follows from Theorem 1.3.34. O

Finally, we will prove the regularity of a class of sequences defined below.

Lemma 1.3.51. Let f ={f1, ..., fu} be a sequence in Clx]| with the following property:
There exist non-overlapping indices aq, ..., a, such that for all i
69]-

fi=ai 2% +g;, a;eC\{0}, d;>1, =0 forallj<I,

0z,

i.e. Tq, first appears in fi, and f; = a-(va,)?+ (za,-independent) for a € C\{0}. Then f is a
reqular sequence on Clx].
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Proof. By contraposition, we need to show that on C[x]/(f1, ..., fi—1), fiy =0 implies y = 0,
i.e.

i1
fiy=>_hif; = ye(f, ..., fi1)
=

We expand each term in powers of z,,:

B Vi (m)
m
y=> y™al, hj= h"al

By assumption, f; to fi_1 as well as g; are independent of x,,. Thus we find (where we set

h§m) =0 for m > ~;):

B Vi
(aiz +gi) Y yMam = ij Z h"
m=0

B max{%} i—1
:>Z(azm+dz+gx m)_ Z ij m)gnz'
m=0 m=0 j=1
Expanding the equation in coefficients xgjdi, ey xf;q yields
L — d; —
aiy? = i) R aiy P~ + gy = Y7 finl?
— 1 — difl —d;— 1
aiy(B U= ;:11 fjhg‘ﬁJr ) ) aiy(ﬂ di—1) +giy( U= j:1 fjhg'ﬁ ) )
1 - I — di
P = ik iy aiy® + gy ® = $I) £
(if B8 < d;, the left column stops at a;y(°) and the right column does not exist). We argue
via complete induction that each y(™) is part of the ideal (f1, ..., fi—1): This is trivial for
y B to y(B=ditl) a5 g; is a unit. For the remaining y(™ we use that we have already shown
{y(j)} C (f1, -+, fi—1) for 7 > m. This proves y =0 on Clz|/(f1, ..., fi—1)-
Finally, we need to show that C[z|/(f1, ..., fu) #{0} < 1 ¢ (f1, ..., fn). Let us try to
solve
n
= Z hzfz
i=1

If we compare coefficients in z,,, we find 0 on the left and hnan:nfg; on the right, implying
hn, = 0. Now we can argue similarly for h,_; = 0 all the way down to h; =0, and find the
contradiction 1 =0. ]

Lemma 1.3.51 and Corollary 1.3.45 can be used in conjunction to prove the Koszul-
regularity of a given sequence, which we will be done extensively in subsequent chapters.

1.3.9 The identity matrix factorisation

The defining property of the identity matrix factorisation I is that it is unital with respect to
the tensor product, i.e. I® X = X for all matrix factorisations X. To construct the identity
and various related matrix factorisations, we first need to define the following operator.



34 1. Introduction and background

Definition 1.3.52 (Divided difference operator). Let A € M where M is a k[x]-module.'"
Then we define [21, p. 2]

g g Ay, oo x @iy ooy xn) — A, o T @i, . ) (13.67)
U x; —
€ k[z, '] Qg M,

O™ A= {57 A, 05T AL € K, @) @yym MO (1.3.68)
which is well- deﬁned because the numerator is anti—symmetric under z; <» . Furthermore,
let f(z)={fi(z , fo) () } and g(x) = {g1(x), ..., go)(x)} be lists of polynomials in

(Whlch can also be mterpreted as ring endomorph1sms of k[x], see Lemma 1.4.11 below).
Then we define o
Iy A = 9 Y’ Al,_ 2)—a(a) € FlT, '] ) M (1.3.69)
It is easy to see that
(f(z) — g(a)) - &/ @9ED) A = A(f(a)) — A(g()) . (1.3.70)

Definition 1.3.53 (Identity matrix factorisation). Let W € k[x]| be a polynomial. Then the
identity matriz factorisation I%V“m/ is defined to be the following Koszul matrix factorisation
[63, p. 13]:

5% = K(x —x'; 0% W) € MFy(x, «'; W () — W(a')) . (1.3.71)

NoOTATION 1.3.54. In cases where a divided difference or the identity matrix factorisation is
not taken over all variables that appear in W (e.g. k = ko[w], W (x, w) € k[x]), we write

O W (e, w) = 95" W with W (@) = W (z, w) , (1.3.72)

52 = I;%/‘_w € MF ) (z, s W (x, w) — W (2, w)) . (1.3.73)

(o, w)

Lemma 1.3.55 (Basic properties of the identity matrix factorisation). The following identi-
ties hold for all W € klz, y], V € k[z], U € k[y|:

A LA (1.3.74)
L(x)
x—x’ 1‘7.<—:B
I ®I (et ety g) (1.3.75)
) = &) - (1.3.76)
{zyteA{z'y'} _ rae Yy ~ JE
Ly Im(m)®f ( ) Im(mf)®f ( )- (1.3.77)

Proof. Eq. (1.3.7()’) follows from
To prove Eq. (1.3.75) we write K (p; q) according to Eq. (1.3.62) and realise

. ! /
O FW (2, oo T, @, Ty, e, Ty) = O W (e) .

usually M = k[z] or M = Endy (k[m]®d)
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The first identity of Eq. (1.3.77) follows from Eq. (1.3.75), the latter isomorphy holds according
to Theorem 1.3.47 as all three of them are elements of the equivalence class

KW(w,y)fW(w’,y’) (CC - 113/, Yy — y/) .

Alternatively, one can argue using Lemma 1.3.57 below. Finally, Eq. (1.3.74) can be shown
using Lemmas 1.3.10 and 1.3.57, or one can argue that both are elements of Kw(m)_w(m/)(:c—
x). O
Theorem 1.3.56. Let X (x, z) € MFy(x, z; V(2) =W (x)) be a matriz factorisation. Then

the morphisms

Ax: I8 Oppe X (2, 2') = X(x,2), a0 ...00, @€ — dolaly,,)e, (1.3.78)

pPx: X(x, Z) ®k[w] I%;_w/ — X(w', Z) R b-e;® Gal ... Hal — 5170(6’ €; (1.3.79)

:m—)a:’)
are isomorphisms, and their inverses are given by

Ao 3 30 D ba b {0 dx O dx ) @ (1.3.80)

20 n<--<op j

ey Y Z(_1)(é)+l|€ilej®{a[“;j'dx...afg;f’dx} oy .00, . (1.381)

i
>0 u<--<ap j J

Proof. This is summarised in [21, pp. 3-4] and proven in [22, Section 4], where the unitors are
constructed in terms of Atiyah classes. While the entire reference [22] makes some assump-
tions about W, V, and X, these assumptions are not used in the cited section. In fact, the
statement also holds if X has infinite rank (by adapting the above formulas in the obvious
way, or using the coordinate-free formulas in terms of Atiyah classes in loc. cit.). O

Note that Theorem 1.3.56 does not apply if W depends on z or V' depends on x; in those
cases, the following isomorphy holds.

Lemma 1.3.57. Let V, W € k[z]| and let X(x) € MFy(a; V(x)— W (x)). Then

-1 . ' rax!
AX(m)@IgJVHm” © p[‘ng”®X(mu) : [Ve ®k[w”] X(.’D”) — X(CB) ®k[a:] IWF (1.3.82)

is an isomorphism on MF(x, "; V(x) — W (z")).
Proof. We start from
I‘OE(_:E/ ®k[$/} X(.’E,) ®k[:c’} I{/CVI(_:EN S MFk (:IZ, :13//; V(CC) - W(:I:”)) .
Applying )\X(z)®pv”v‘_w” yields X (x)® I , and applying Pre—e"ex (@) yields IT<* @ X ().
Both morphisms are linear in & and «”, and are isomorphisms by Theorem 1.3.56. O

NoTATION 1.3.58. Later we will use matrix factorisations that are of a similar shape as
identity matrix factorisations. For W € k[z] and a, b with a;, b;: k[x] — k[z], we use the
analogous notation

@) .= K (b(z) — a(a); @@ W) ¢ Kw (b(w))-w(a(z)) (b(x) —a(z)) . (1.3.83)

Note that matrix factorisations of this type are not necessarily equivalences, so they do not
share all properties of Iﬁ}_m'.
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1.4 Bicategories of matrix factorisation categories

1.4.1 Definition

All categories of matrix factorisations MF(a; W) over a ring k can be unified into a bicat-
egory MF,: The objects are pairs (x; W), and the morphisms between two objects (x; W)
and (z; V) are given by MF(z, z; V(z) — W (z)). This naturally introduces a notion of 1-
and 2-morphisms. The composition of 1-morphisms is given by the tensor product (Defini-
tion 1.3.15). Furthermore, we introduce a set of variables w that are shared by all objects
and morphisms in the bicategory.

Definition 1.4.1. The bicategory MFj(w) is defined as follows [63, p. 12]:

(i) Objects are pairs (a; W) = (a; W(a, w)) with a list of variables a and a polynomial
W € kla, w].

(ii) 1-morphisms between objects (a; W(a, w)) and (b; V (b, w)) are matrix factorisations
of V(b, w)—W(a, w):

Homyje, o ((a; W), (b; V) := MFi(a, b, w; V(b, w) — W(a, w)) . (1.4.1)

(iii) The 2-morphisms of MFj(w) are given by the 1-morphisms of MFy:
X, X" (a; W)= (b V), (¢: X — X') € Hompr, (a,b,w; v—w)(X, X))  (1.4.2)
with the morphisms between matrix factorisations of Definition 1.3.7.
The morphisms can be composed in the following ways:

(i) Vertical composition of 2-morphisms is denoted by —o— and is given by the composition
of module homomorphisms, consistent with composition of morphisms in MF(x; W).

(ii) Horizontal composition of 1-morphisms is denoted by —® — and is given by the tensor
product of matrix factorisations of Definition 1.3.15: For 1-morphisms

X:(a; W)= (b; V), Y:(b; V)= (¢; U)

we define
YX: =Y D[, w] X:(a; W)= (¢; U) . (1.4.3)

There must not be overlaps between the names of domain and codomain variables. If
there are any, the variables in the domain must be relabelled (e.g. by adding a prime)."!

(iii) For 1- and 2-morphisms
X, X" (a; W)= (b; V), Y,Y:(b; V)= (c;U), ¢:X—=X, :Y =Y

we define
¢®ﬂ) Y®k[b,w] X — Y, ®k[b,w] X, (144)

to be the tensor product of module homomorphisms.

"' Mathematically, we find structures of the form k[z]®x k[x] = k[z, '], 2: @1 +— x4, 1@z — ) [22, p. 492].
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There are the following special morphisms:

(i) The identity 1-morphism 1y (or Ay ) of an object (a; W) is given by the identity
matrix factorisation

Iy = Ay = I3 ¢ HomMFk(w)((a'; W), (a; W)) . (1.4.5)
Note the relabelling of a in the domain, consistent with the convention above.
(ii) The unitor 2-morphisms
ALy X - X, px: Xely —-X (1.4.6)

and their inverses are defined in Egs. (1.3.78) to (1.3.81). See Definition 1.5.3 for the
general properties of the unitor 2-morphisms in a bicategory.

REMARK 1.4.2. The bicategory MF} := MF(0) is sometimes called the category of Landau—
Ginzburg models [63]. We will follow [22] instead and define the Landau-Ginzburg models as
a subcategory of MFy in Definition 2.1.2.

REMARK 1.4.3. Shared variables can be interpreted in different ways in both MFj, and MFy.
We first realise that we can identify matrix factorisations

X € MFi(a; W(a)) and X € MFy(0; W(a)) , (1.4.7)

as both X and X are kla]-modules with the same k[al-linear differential d% = W(a). Fur-
thermore, the bicategories MFy, (w) and MFy, (., can be identified. Let

(a; W), (b; V) € MF (w), X, YW =V, ¢:X =Y.

Then we identify objects and morphisms as follows:

M.Fko (w) M'Fko [w]
k= ko k= ]{J() [w]
W e kola, w] W € kla] = kola, w]
V € ko[b, w] V € k[b] = ko[b, w]
X, Y modules over ky[a, b, w] X, Y modules over k[a, b] = ko[a, b, w]
¢: X =Y kola, b, w]-linear ¢: X =Y kla, bl-linear

Therefore, all statements that hold in MFy, for all & automatically hold in l\/'I'Fk(w) as well.
Consequently, all proofs may set w — () without loss of generality as long as they do not
make assumptions about k that do not apply to k[w].

1.4.2 Properties of MF,

We have already seen that the identity matrix factorisation 1y behaves like a “multiplica-
tive identity” in MFj. There is also a matrix factorisation which behaves like an “additive
identity”:
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Definition 1.4.4. Let V, W € MF;. The trivial matrix factorisation is given by
Ovew =K(1; V-W)e Ky_w(l) C HomMFk(I/V, V). (1.4.8)

Lemma 1.4.5. For all U, V, W € MF}, and all X € HomM‘Fk (V, W) the trivial matriz factori-
sation fulfils

XOOyew =X, X @0wev = 0vey, Ovev @ X =0pew - (1.4.9)

Furthermore, it is invariant under grade shifts, i.e.

Oyew = 0V<—W[1] R (1410)
and all its homomorphisms are null-homotopic:
Homl\/'I'Fk(I/V,V) (X, Ovﬁw> = HomM'Fk(W’V)(OV%W, X) = {0} . (1.4.11)

Proof sketch. Eq. (1.4.11) implies the other statements: Choose zero maps for all isomor-
phisms where a trivial matrix factorisation is involved. These zero maps compose to the
identity up to homotopy because the identity is also null-homotopic. The proof of Eq. (1.4.11)
is straightforward: Using that the top right component of do,,, ,, is equal to 1, it is not hard
to construct null-homotopies for every morphism mapping into or out of Oy . yy. ]

REMARK 1.4.6. In the language of category theory Oy is a zero morphism. The existence
of zero morphisms is a requirement to construct direct sums in MFy, as we do in Section 1.5.8.

Lemma 1.4.7. There are multiple ways to interpret a given matriz factorisation X as a
1-morphism in MF.

(i) X € MFi(a, b; V(b)—W (a)) can be interpreted as a 1-morphism
X: (a; W(a)+U) = (b; V(b)+U) forallU €k (including U =0).  (1.4.12)
(ii) X € MFi(a, b, ¢; U(c)—V(b)—W(a)) can be interpreted as a 1-morphism

- X o (o) oo D0 VD) (419
(iii) X € MFy,(a, b; V(b) — W (a)) = MFyq 5 (0; V(b) — W (a)) can be interpreted as
X ¢ l\/:I:Fk<(a; W(a)), (b; V(b))) )

or X € My ((0: W(a), (0 V(8))) .

Proof. Tn Eq. (1.1.12) we find

MF((a; W(a) +U), (b; V(b) + U)) = MFx(a, b; V(b) - W(a))

for all U € k. In Eq. (1.4.13), both homomorphism classes are given by

MFy(a, b, ¢; U(c) — V(b) — W(a)) .

Eq. (1.4.14) follows directly from Eq. (1.4.7). O
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1.4.3 Equivalences between objects in MF;,

The classification of the equivalence classes of the objects in MFy, is, in general, a hard problem
(see [60]). However, some objects can be shown to be equivalent with relative ease. We
start with a statement about the non-uniqueness of the equivalence 1-morphisms, and then
construct some equivalences explicitly.

On the non-uniqueness of equivalence 1-morphisms

Let V, W be equivalent'” objects in some (bi)category C, i.e. there is at least one equivalence
1l-morphism X: W — V. It is a natural question to ask if there are others, i.e. we wish to
classify all equivalences W — V| which can be rephrased into classifying the automorphisms
Aut(W). If C is a bicategory, we may also study the quotient Aut(WW')/ ~ with respect to
isomorphy of 1-morphisms, i.e. we consider two equivalences X, Y : W — W to be equal if
X 2Y as l-morphisms. An interesting question to ask is whether Aut(WW')/ ~ is non-trivial,
i.e. whether there are equivalences X,Y: W — W with X 2Y.

Many matrix factorisations X € MFy(a; W) like the identity matrix factorisation Ly,
only have one automorphism (up to scalar multiples). The following lemma shows that the
situation is different for objects of MFy:

Lemma 1.4.8 (Non-uniqueness of equivalence 1-morphisms between objects of MFk) For ev-
ery equivalence X € Homyze (W, V) with inverse Y, the grade shift X[1] is also an equivalence
from W to V' with inverse Y[1].

Proof. By assumption there exist 1-morphisms
X: (a; W(a)) — (b; V(b)) , Y:(b; V(b)) — (a; W(a)),

such that Y @ X = I{,’VH’/ and X®Y = I‘l}‘_b/. Applying a grade shift of 1 (Definition 1.3.21)
to both X and Y preserves this property:

Yl X[1]=(YoX)2=YeX =21,

X[ V[l = (XoV)2=Xovy =Y. =

In general, X 2 X[1], implying that most pairs of equivalent objects (W, V) have at least

two non-isomorphic equivalence 1-morphisms.
Knorrer periodicity

Theorem 1.4.9 (Knérrer periodicity). Let W € kla] and let w, v be lists of variables of equal
length. Then the following objects are equivalent in MFy:

(a; W(a)) = (a',u,v; W(a')+u-v) . (1.4.15)

The equivalence is given by
I3 @ 1350 (a; W(a)) — (@) u, v; W(a') +u-v) , (1.4.16)
I8 @, 199V (@) u, v; W(ad) +u-v) = (a; W(a)) , (1.4.17)

with the matriz factorisations as defined in Eq. (1.3.83).

121f C is not a bicategory, the term “equivalent” may be replaced by “isomorphic”.
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REMARK 1.4.10. By Lemma 1.4.8 we may replace 1250 by I35 and 1947 by I95%, showing
the symmetry between v and v.

Proof. This theorem was first stated and proven in [66]. We will follow the presentation in
[25], where the following 1-morphism is shown to be an equivalence:

15700 (10, 75" ) (@ W) = (a1, o Wia') + 2 - a3)

r1+x2

The argument can adapted easily to show that
e ()% ): (@ Wi@) — () y1, yo; W(a) + i)

is an equivalence. Furthermore, [25] proves that the inverse is given by the (coinciding) left
and right adjoint (see Definition 1.2.15):

[‘t/z[fa’ ® ( 0 3”2) s (@) z1, e W(a') + i — x%) — (a; W(a)) .

—x1 0

Knérrer periodicity as defined above now follows by applying the previous case ¢(u) times.

We find the equivalences
L(u)

It on @ (0 §) = T o L0
=1
! E(U) /
e @0, %) =2 o L m
=1

Ring automorphisms

The following theorems will be about variable transformations in MF, i.e.
(a; W(a)) — (a’; W(F(a'))) . (1.4.18)

The natural setting for such transformations is to require F' to be a ring automorphism of k[a].
Rather than studying the full group of such automorphisms (which is an unsolved problem),
we consider some well-understood subgroups that are sufficient for our purposes. For further
reading, see [69] and the references therein.

Lemma 1.4.11. Let a ={ay, ..., a,} be a list of variables. The ring endomorphisms of
k[a] are represented by lists {a}, ..., a,} C kla] and act as F': k[a] — k[a], a; — a}(a).

Proof. Clearly F is a ring endomorphism for every choice of a’: Additivity, multiplicativity,
unit preservation, and linearity in k£ hold by definition. Now let G be an arbitrary endomor-
phism of k[a]. Set a}:= G(a;). By the properties of ring endomorphisms, it is easy to see

that G = F. O
Definition 1.4.12 (Invertible triangular transformations). Let a = {a1, ..., a,} be a list of
variables, and let ¥’ ={b}, ..., b} C k[a].

(i) The ring endomorphism of k[a] induced by a — b'(a) is an invertible lower triangular
(ILT) transformation if

Vi(a) =d;-a; +ti(ar, ..., a;—1) (1.4.19)

for units d; € k and polynomials ¢; € k[ay, ..., a;—1].
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(ii) The ring endomorphism of k[a] induced by a +— b'(a) is an invertible triangular (IT)
transformation if there is a permutation o: (a1, ..., an) = (@g(1); - - - s Go(n)) Such that

o tob oo: kla] — k[a] (1.4.20)
is an invertible lower triangular transformation.

(iii) The polynomials V' € k[a] and W € k[a] are related by an I(L)T transformation if
W(b'(a)) =V(a) for an I(L)T transformation a — b'(a).

REMARK 1.4.13. In the mathematics literature on ring automorphisms there is a notion
of triangular ring automorphisms [69] closely related to Definition 1.4.12. The “invertible
triangular transformations” defined above form a subset of the tame ring automorphisms of
kla].

REMARK 1.4.14. The set of all transformations

{a— M-a| M € k™" invertible, lower triangular}

is a subset of the ILT transformations. However, its generalisation to M € k[a]™*" is neither

a sub- nor a superset of the I'T transformations. For example, a1 — a1+ for r € k is an ILT
transformation, but cannot be written as a — M -a. On the other hand, the transformation

100 ai
ar—>(a310)-a:<a1a3+a2 )::b
111 ai+az+asz

is not an IT transformation because both by and b3 depend on all a;’s.

Lemma 1.4.15. The inverse of an I(L)T transformation a — b'(a) is again an I(L)T
transformation.

Proof. Let us study the ILT case first. Let a — b'(a) be an ILT transformation in the notation
of Eq. (1.4.19). We need to show that there is an ILT transformation b+ a’(b) such that
a'(b/(a)) =a and b/'(a’(b)) =b. We define the ILT transformation b+ a’(b) recursively:

ay(b) :=dyt by —dit oty

() = iy by — gty (a(B), . a1 (B)) R
b'(a’(b)) = b is straightforward to show:
by (0 (b)) = din - a4 (b) + tin (a1(B), .., @y, 1(D))
= by — tm(ai(b), ..., ah,_1(B) +tm(ai(b), ..., al,_1(b)) = by, .
We prove a,,(b'(a)) = a,, by complete induction on m:
m=1: d(b(a))=d;' i(a)—t1) =d' - (d1-a1+t1—t1) = a1 .
(m—1)=m: () =d, - (¥,(a)—tu(di (¥ (), ..., 1(V(a)))
= ;11 Ay + A+t (ar, .. am—1) = tm(a1, ..., am—1))
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For an IT transformation a +— b’(a) there exists a permutation o and an ILT transformation
b” such that
bI:UOb”OOﬁI — b/—l :O_Ob//—loo_fl )

By the above argument, "1 is an ILT transformation, so &'~! is an IT transformation. [

Lemma 1.4.16. Let a+— b/'(a) be an IT transformation with inverse b — a’(b). Then the
following ideals in k[a, b] are equal:

(b—b(a)) = (d'(b) —a) . (1.4.22)

Proof. Let b” be an ILT transformation with inverse a” such that

b=0clob'oo, d=0'tod"o0o.

Ideals are invariant under permutations of its generators:
(b (@) = (o(b— () = (o(b) ~ (B" 0 0)(a) =1,
(a/(b) — a) = (o(a/(b) — @) = ((a" 0 0)(b) — o(a) =: J .

It is sufficient to show J C I, as I C J then follows from exchanging b’ <> a’. The following
argument, proves (a,, ©0)(b) —a, () € I via complete induction on m. Using the notation of
Eq. (1.4.19) for b" and the explicit formula for a” = b"~! in Eq. (1.4.21), we find the following
for m = 1:
by(y — Vi (0(a)) = by(1) — (dia,1) + 1) € 1
= di" - (by1) — b (0(a))) = diH (bo1) — t1) — ap(1) = af(o(b)) — ayy €T .

For the induction step m —1 — m, we first show

tm((a” 0 ) (b)) — tm(c(a)) (1.4.23)
m( ayoa)(b), ..., (ay,_100)b)) = tm(asa) - Gom—1))
1
a o00) ao(i)) . BE}(G)’(Q OU)(b)tm
=1 €1 by assumption
el.
Then
bo(m) — bim(o(a))
= ba(m) — (dmaa(m) + tm(ag(l), ey a(,(m_l))) el ‘ — (1. 1.23)
= by(m) — tm (@] (a(D)), ..., ap_1(0(b)) — dmao(m) € 1 |- d}!
= d’;Ll (ba(m) —tm (alll(o-(b))v cee agvlm—l(o-(b)))) — Qg (m) elrl. O

:agm(g(b))fao'(m)
Corollary 1.4.17. For an IT transformation a — b'(a) with inverse b+ a'(b), the following
matriz factorisations are isomorphic:

b<b'(a)
IW(.)

I

e (1.4.24)
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Proof. Both sides factorise W (b) —W (b/'(a)). By Lemma 1.3.51, both b—b'(a) and a’(b) —a
are regular sequences in k[a, b]. Therefore, by Theorem 1.3.49,

Iy o' € Ko - wiw(a (b0 — (@)

is associated to k[a, b]/(b—b'(a)), which is, by Lemma 1.4.16, equal to k[a, b]/(a’(b)—a),
which is associated to

(b
fé‘v%b?ﬁfi € Kwv)-w/(ay(a'(b) —a) . O

Theorem 1.4.18. Let V and W € k[a] be related by an IT transformation a — b'(a), i.e.
V,W ckla], WOb'(a)=V(a), a:=b"". (1.4.25)
Then the following objects of MF, are equivalent:
(b; V(a'(b))) = (b; W(b)) = (a; V(a)) = (a; W(b'(a))) (1.4.26)

The equivalences are given by

III/JV<—b/(a) ~ I;/(b)ea: (a; V(a)) — (b; W (b)) , (1.4.27)
I{I/){/(ay—b ~ I“?_“/(b): (b; W (b)) — (a; V(a)) . (1.4.28)

Proof. The two different versions of the equivalences are isomorphic by Corollary 1.4.17. We
compute

1Y@ @ 187 (b W(b)) — (& W(d))
€ Kw(a)-w)(a—a'(b), d—b'(a)) .
The sequence {a—a/(b), d—b'(a)} C kb, a, d] is regular by Lemma 1.3.51, so by Theo-

rem 1.3.49, Igl;_b,(a) ®I$<_a/(b) is associated to the following k[b, d]-module:

k[b, a, d] -~ kb, d) kb, d]

(@—a'(b),d—¥(a)) (d-¥(a'(b) (d—b)
which is associated to the identity matrix factorisation I{,i[fb. Similarly,

1O @y 15 (a5 V@) = (e V(e)
€ KV(c)—V(a) (b - b,(a)7 c— a/(b)) :
Analogously, {b—b'(a), c—a'(b)} C k[a, b, ] is a regular sequence, thus I‘c;_a/(b) ®I€V<_b/(a)
is associated to the k[a, ¢]-module

kla, b, c| - kla, c| kla, c|

(b-¥(a), c=a'(b) (c—a(¥(a)) (c—a)

which is associated to the identity matrix factorisation I{;~¢. O



44 1. Introduction and background

1.5 Affine Rozansky—Witten models and tricategories

The topological Rozansky—Witten model was first introduced in [80] and is constructed as a
topological twist of a 3D N = 4 supersymmetric sigma model with holomorphic symplectic
target manifolds [9, p. 5]. The defects in this model are discussed in [64] and [63], the for-
mer using physics language, the latter using higher categories. This section contains a brief
summary of the topological twist followed by a detailed introduction to the higher category
description of the affine Rozansky—Witten model.

1.5.1 The topological twist

Starting from a physics description of a QFT T with a sufficient amount of supersymmetry
(specified e.g. by a Lagrangian), the topological twist yields a TFT in physics language that
is closely related to T'. This summary follows [57, Chapter 16].

(i) We start with a supersymmetric QFT T in d-dimensional Euclidean flat space, i.e. the
spacetime symmetry group of 7' is given by SO(d)..

(ii) We furthermore require 7" to have an R-symmetry whose group is isomorphic to SO(d)e,
i.e. T is invariant under some R-symmetry group SO(d)g."’

(iii) Even without supersymmetry it is possible to construct a QFT in curved space T” by
gauging the SO(d), spacetime symmetry of 7' with the gauge field taking the role of the
spin connection of the curved manifold. If the manifold is chosen to be flat, T" agrees
with 7.

(iv) Now we construct a QFT in curved space T” by a similar gauge procedure, but instead
of gauging the spacetime symmetry SO(d). of T', we gauge the diagonal group SO(d)., C
SO(d)e x SO(d)g. This has two major consequences for 17"

e Because the energy-momentum tensor is defined by the variation of the action
with respect to the metric, 7" differs from T even in flat space.

e In T and T’ the conserved quantities of the supersymmetry algebra (called the su-
percharges) transform as spinors under SO(d).. However, because the supercharges
also transform as spinors under SO(d)g, in the twisted theory T” there is at least
one supercharge component @ that has spin 0 under SO(d)., i.e. there is a con-

served fermionic scalar ). If there is more than one such supercharge, different

twists (like the A-twist and B-twist in 2D N = (2, 2) supersymmetry) are possible.

(v) The twist of T is now given by the following subset of T"”: The physical operators are
defined to be the operators in T” that commute with ), and the physical states are
defined to be the @)-cohomology.

(vi) In many examples of twisted theories the energy-momentum tensor is Q-exact. If that
is the case, the correlation functions can be shown to be invariant under deformations
of the metric and hence may only depend on topological properties of the manifold,
making the twist of T"a TFT.

13This imposes restrictions on the supersymmetry algebra: Depending on the dimension, a 2D N = (2, 2),
a 3D N =4, or a4D N =4 SUSY algebra is required [41].
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It is noteworthy that the topological twist as explained above yields a TFT in physics de-
scription and a priori without defects. Further analysis is required to understand the defect
structure of the twisted theory. Once this has been done, one may try to find a descrip-
tion of this defect TF'T in terms of higher categories. Formal proofs that both describe the
same physics are possible in principle, but quite hard in practice; for example, the proof for
Landau-Ginzburg models can be found in [20].

1.5.2 Affine topological Rozansky—Witten models

Similar to [9] we discuss affine Rozansky—Witten models whose target manifold is T*C",
which is not compact. While this choice of target simplifies some aspects of the model due
to the absence of a target manifold metric, it also introduces additional complications: For
example, the Hilbert space of bulk operators is finite-dimensional for compact target spaces,
but is infinite-dimensional in the affine case. It follows that there can be no description of the
affine Rozansky-Witten model in terms of a functor Z: Bordd*f (D) — Vect), because every
such TFT has a finite-dimensional space of bulk operators'! [67, Section 1.2.25] [79]. This
thesis demonstrates that several constructions like a tricategorical description, adjunctions,
pivotality, and even orbifold constructions are nevertheless possible in the affine case.

The three-dimensional bulk theories in the affine Rozansky—Witten model are represented
by lists of variables @ = {x1, ..., x,} corresponding to n free hypermultiplets. When in-
troducing boundaries or more general two-dimensional defects into topologically twisted 3D
N =4 theories, a 2D N = (2, 2) subalgebra of the full SUSY algebra can be preserved in a
way that is consistent with the topological twist; a similar procedure will be discussed in more
detail in Chapter 4. Two-dimensional defects with this symmetry may thus be introduced into
RW. These defects are allowed to have their own localised degrees of freedom which happen
to be closely related to Landau—Ginzburg models (the special case of a two-dimensional de-
fect between two trivial Rozansky—Witten bulk TFTs precisely describes a Landau—Ginzburg
model). Numerous results from the analysis of topological Landau—Ginzburg models can be
applied here as well; for example, one-dimensional defects between different two-dimensional
Landau—Ginzburg models are given by fermionic superfields with E- and J-potentials (in the
Lagrangian description) or matrix factorisations of the difference in superpotentials (in the
categorical description) [10].

The following discussion of the affine Rozansky—Witten model in categorical language is
based on [63, 9] with some conventions changed and additional details filled in.

1.5.3 Definition

Below we define the structure RW, which one can intuitively think of as “the tricategory
of all bicategories MF¢(w)” [63]. It is conjectured, but not proven, that RW can indeed be
endowed with the structure of a tricategory [9]. Furthermore, the objects and morphisms in
RW can be matched to the constituent parts of affine Rozansky-Witten models described in
physics language, hence it is believed that RV is related to a tricategorical description of
affine Rozansky-Witten models.

141t is likely possible to describe the affine Rozansky-Witten model by a functor Z: Bord®* (D) — Modg
for an appropriate ring R [18].
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Definition 1.5.1. The objects and morphisms of the structure RW are given by the following
(63, pp. 12-18]:

(i)

(iii)

Objects are lists of variables called bulk variables of arbitrary length:
(x) = (x1, ..., xn) € Obj(RW) .

These correspond to n hypermultiplets of the bulk affine Rozansky—Witten model.
To keep the notation tidy, the parentheses around an object will be omitted if it is
surrounded by other parentheses, e.g. we write

(x) e RW, W € Hom(z,y) = Hom((x), (y)) .

For objects (x), (y) the bicategory of 1-morphisms is defined by
RW(.’.U, y) = HOme(w, y) = M.F(C(mv y) ) (151)
implying that 1-morphisms are pairs consisting of

(a) a list of variables a called surface variables,

(b) a polynomial W in the surface and bulk variables called superpotential:
(a; W(a, z,y)) € RW(z, y) . (1.5.2)

Physically, we may interpret the a; as chiral superfields living on a codimension 1 surface
separating two affine Rozansky—Witten models, with the a; coupled to each other and
to the bulk hypermultiplets by the superpotential W (a, x, y).

If there are overlaps between domain and codomain bulk variable names, the domain bulk
variables must be renamed, reminiscent of a similar rule in MFj, (see Definition 1.4.1).
The identity 1-morphism of (x) = (x1, ..., z,) is given by

1y = (a1, ... ,an; a- (x —2')) € Homgw(z, x) . (1.5.3)

The 2-morphisms of RW are given by matrix factorisations, consistent with the 1-
morphisms of MF¢(x, y):

(a; W(a, z,y)), (b; V(b,z,y)) € RW(z,y) ,

Homgyy(z,y) ((@; W), (b; V)) = MFc(a, b, x,y; V(b z,y) — W(a, z,y)) . (1.5.4)

z,Y

Explicitly, a 2-morphism

is a matrix factorisation of V' (b, x, y)— W (a, , y) over C[a, b, x, y]. This construction
can be translated to the following physical setting: (a; W) and (b; V) describe two
Landau—Ginzburg models coupled to Rozansky—Witten bulk theories. Now consider a
one-dimensional defect X between them:

Xi(a; W)= (b; V), X=XodX;, dX:(z?o%l>’ m = rank X - rank X7 ,



1.5 Affine Rozansky—Witten models and tricategories 47

which corresponds to m fermionic multiplets localised on X whose F- and J-potentials
are given by the components of p; and pg (see [61, Sect. 7.2]).

Note that the bulk variable names are shared between W and V', while the surface
variables are not. For example, the identity 2-morphism is given by

(a'; W) € RW(Q?, y) 5 ]]-W € MF(C(av a'la T, Y, W((I, €T, y) - W(a’/7 €, y)) .
(iv) The 3-morphisms of RW are morphisms of matrix factorisations, consistent with the
2-morphisms of MF¢(x, y):

p: X =Y, X, Y:(a; W(a,z,y)) — (b; V(b,x,y)) .

There are the following compositions:

o Vertical composition of 3-morphisms is denoted by —o— and is given by the composition
of module homomorphisms, consistent with vertical composition of 2-morphisms in
MFc.

e Horizontal composition of 2-morphisms is denoted by —® — and is given by the tensor
product of matrix factorisations, consistent with horizontal composition of 1-morphisms
in l\/'I'FC.

e Composition of 1-morphisms, called the box product, is denoted by —X — and is defined
below.

The action of the box product on 1-, 2-, and 3-morphisms is defined as follows:
(i) The box product of two 1-morphisms
(a; W(a, z,y): (=) = (y), (b V(by, 2): (y) = (2),
is defined to be the following 1-morphism in RW(z, 2):
(b; V(b,y, 2) ¥ (a; W(a, z,y)) = (by,a; V(b,y,z) + W(a,z,y)) . (1.5.6)

The rule can be summarised as “bulk variables in between the surfaces are turned into
surface variables, and the order of surface variables in the product is ‘left to right’ (in
truncated pictures) or ‘back to front’ (in three-dimensional pictures)”. Note that we
deviate slightly from the conventions in [63] in order to make — X — strictly associative.

(ii) To define the action of the box product on 2-morphisms, consider 1- and 2-morphisms

X : (a; Wi(a, z, y)) — (b; Wa(b, z,y)) ,
Y (e Vile,y, 2) = (d; Va(d, y. 2)) -

The domain and codomain of Y X X : ViKW — VoK Wy are given by

(C; ‘/1(67 Y, Z)) X (a‘; Wl(a'7 T, y)) = (C, Y, a; %(ca Y, Z) + Wl(a'a T, y))
— (d; Va(d, y, 2)) X (b; Wa(b, z,y)) = (d,y, b; Va(d, y, z) + Wa(b, z,y)) .
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(iii)

According to the definition of —X — on 1-morphisms, y becomes a surface variable in
both domain and codomain of Y X X, causing an illegal overlap of surfaces variable
names. By the rules of I\/'I'F(C[m, 2] We must rename y — vy’ in the domain, and we find
the corresponding truncated diagram

(d; Vo) )y ) (b; W) (d,y,b; Va(d, y, z) + Wa(b, =, y))
W (poooad) X = e YXX . (157)
z X z xr
(e Vi)A o A(a; W1) (¢, ¢, a; Vi(e, ¢, 2) + Wi(a, =, y'))

The dashed horizontal line between Y and X is drawn to visualise the split between y
and 4’ and does not correspond to a 1-morphism. In these conventions we define Y XX
by

YXX :=Y(e,dy, 2z)® Ia:?cymzHWz(b’m’.) ®X(a,b,x, ), (1.5.8)

Note that according to Lemma 1.3.57, this matrix factorisation is isomorphic to

Y(e,d,y, z)® I‘?j;?;{.’z)+wl(a7w7.) ® X(a, b, z,y) (1.5.9)
~Y (e, d,y,2)® I\Zg?(?,o,z)—i-Wg(b,m,o) ® X(a, b, x,y') (1.5.10)
2Y(e,dy. 2) 01 2y ) iwi(ame @ X(@ bz, y) . (1.5.11)

The rule can be summarised as follows:

e In truncated pictures we write the left 2-morphism in the top variable and the
right 2-morphism in the bottom variable.

e In 3D pictures we write the back 2-morphism in the left variable and the front
2-morphism in the right variable.

As we will see later, it is advantageous to choose (1.5.8) over (1.5.9), (1.5.10), or (1.5.11)
for the definition of ¥ XX

To define the box product on 3-morphisms, consider 2-morphisms (for i =1, 2)

Xi: (a; Wh(a, z, y)) — (b; Wa(b, z, y)) ,
Yi: (¢ Vi(e,y, 2)) = (d; Va(d, y, 2)) ,
and 3-morphisms ¢: X7 — X, 1: Y1 — Y5. Then

ViR X = Yi(y) @ I s i bme) © Xi(¥)

and we define the 3-morphism

YR VIRX, » 2Ry, $Ré=0¢®1,, ®¢.  (1512)

Vi(e,0,2)+Wo(b,x,e)
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REMARK 1.5.2. A different definition of 1y, X X for
X:(a; Wi) = (by Wa), 1y:(c; V)= (¢ V)
is given by [63, p. 16]
Iy XX = X(a, b, x,y) Ocla,b,a,y) Kveer(y =y, 0 by -y a' —a,c-¢),
VI =Wa b,z y) + Ve, y' z) — (Wila z, y") + V(c, ", 2))
— (Wa(b, z, y) — Wi(a, z, y))
which is a 2-morphism
Iy K X: (c\y" a’s V(c, y" z) + Wi(a\ z,y")) = (e, b, ys Ve, y, 2) + Wa (b, 2, ) .

Integrating out {a, b, y} yields a matrix factorisation isomorphic to Eq. (1.5.8).

1.5.4 The truncation and the bicategory axioms

A necessary condition for RW to be a tricategory is that the truncation hRW (see Def-
inition 1.2.6) is a bicategory, which will be proven in this section (see [9] for a different
proof).

Truncating RW means identifying all matrix factorisations that are in the same isomor-
phism class, and “forgetting” about the existence of morphisms between matrix factorisations.
As explained in Section 1.2.4, this visually corresponds to projecting out the vertical di-
mension of 3D diagrams without 3-morphisms in RW, turning them into 2D diagrams in
hRW.

We will apply the bicategory axioms presented in [58, pp. 25-26] to hRRW. In order to
avoid confusion, we will write Y = X for isomorphic but unequal matrix factorisations ¥ and
X, keeping in mind that they are formally (by definition) equal in hRW.

Definition 1.5.3. hRW is a bicategory if the following axioms are fulfilled:
(i) For each object (x) € hRW there is a 1-morphism
1, € hRW(x, x) (1.5.13)
called the identity 1-morphism of (x).
(ii) The box product is functorial, that is, it preserves identity 2-morphisms
1y Ry = lygw (1.5.14)
and composition
(Y2 @ Y1) W (X2 ® Xp) = (Y2 K Xp) @ (Y1 B X) (1.5.15)

for 1-morphisms W;: () — (y), Vi: (y) — (2) and 2-morphisms X;: W; — W;q,
Y;: V; = V1. Diagrammatically, horizontal and vertical composition must commute in
the following diagram:

V3 Y W3

Yol @-1=I==I= - Xi5

Vo v Wa (1.5.16)

Y -----¢ X3

Vl y 1" VVl
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(iii) The box product is strictly associative,'” i.e. URK(VRW) = (URV)XW.

(iv) For each 1-morphism W € hRW(x, y) there are two invertible 2-morphisms
A L, BW W, pw: WRI, - W, (1.5.17)

whose invertibility is equivalent to the diagram identities

/

LY LY
~ 1
RREY Y\t ! w == Aw w
w ~ : I, ~Y
w = 1, o----9 1y , ' y AW = 1w (1518)
1 \
o | B
oy J "
Yy Iy x vy oy x y e y @

plus the mirror images for pyy.

(v) For every pair of 1-morphisms V', W € hRW(x, y) and every 2-morphism X: W — V|
the 1-morphisms A\ and p fulfil the naturality axioms

X®/\Wg)\v®(]l]1y&X), X®pwgpv®(X®1]1m), (1.5.19)

corresponding to the diagram identities

% 14 14 14
- Av PV N
X ~ 7 % X \% \\
. ~ Ly , o o 2 . (1.5.20)
1y, ¢----9 X X ¢----4 1y,
- Aw ! W oo~ :
y Y AW z Y i y | W oz y WA =z \\I z’ y Wl = i !

(vi) For all 1-morphisms W € hRW(x,y), V € hRW(y, z), the following unity aziom
holds:'°
Iy By 2 py By : VRI,RW - VRW , (1.5.21)

corresponding to the diagram identity

\% Yy w \% Y W
1y it Aw ~ PV 57—~ 1w
p ~ < . (1.5.22)
z /) T z N T
Y : " Y ' "

Theorem 1.5.4. The unitors A and p are consistent with horizontal composition, i.e. for

W:(z) = (y), V: (y) = (2), we find

)\V X ]lW = )\VIXW y ]1\/ X PW = PVRW , (1523)

5The most general definition of a bi- and tricategory requires associativity to hold only up to a natural (resp.
pseudonatural) transformation a, which we require to be the identity. This significantly reduces the complexity
of the remaining bicategory axioms; for example, the pentagon axiom [82, Eq. (A.30)] holds trivially.

16This expression is more complex if — X — is not strictly associative.
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which corresponds to the diagram identities

z @ z Y az z az z Y T
A A P p
vEw ~ W : VEW o~ R . (1.5.24)
s / N\ *\
1 \}
/ VRW [ N % VRW \ v wil o
Proof. This is shown in [58, Prop. 2.2.4] and only uses the bicategory axioms. O

REMARK 1.5.5. The combination of Theorem 1.5.4 and all axioms involving A and p imply
the “invisibility” of identity 1-morphisms: Adding, removing, and relocating 1-morphisms
which start and end on A, p, or their inverses does not change the value of diagrams. This
makes it possible to entirely omit identity 1-morphisms from diagrams of bicategories as there
are no ambiguities in their reintroduction. While many authors choose to do so, this work
will only omit identity 1-morphisms in rare cases.

We now verify the axioms of Definition 1.5.3 step by step. The identity 1-morphism of an
object () was already defined in Eq. (1.5.3), so the first axiom is taken care of.

Lemma 1.5.6. As required by Definition 1.5.8 (iii), the box product is strictly associative.'’
Proof. For the box product of 1-morphisms we find

W= (a; W(a,z,y)), V:i=(b;V(by,z), U:=(U(,zw),
UR(VEW)=UKX(b,y,a; V+W)=(c,z,by,a;U+V+W),
URV)®RW = (¢, 2, b; U+ V)RW = (¢, 2, by, a; U+ V+ W) .

For 2-morphisms, consider X: W7, — Wy, Y: Vi — Vo, Z: Uy — Us with 1-morphisms W;, V;,
U, as above:

(f; U2) (e; V2) (d; Wa)

-----——~ @------- -9 (1.5.25)

/ T

(e; Ur) (b; V1) (a; Wh)

To keep the notation tidy, we only spell out the dependencies on y, vy, z, and z’. According
to Eq. (1.5.8), we find

ZR(YRX) = 2(2) ® I & vy waty © ¥ B X))

z+2'

= 2(2) ® If} 4 va(y o)+ wa(y) © (Y (Y, 2) © Ingo?{z/)Jng(.) ®X(Y))

(ZRY)RX = (ZRY)(Y) @ I %) o zniwate) © X (W)

22z’ y<y'

= (2(2) @ If{ Givaiy,e) @Y (4, 2) @ IE 2y ivi (e 2yt wn(e) @ X (¥)

= Z(Z) ® Iéi_(oz)/+V2(y,')+W2(y) ® Y(y7 Z,) IX%T}{Z/)JrWz(o) ® X(y/)
—ZR(YRX),

7up to the subtlety explained in Section 1.3.5
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where the penultimate step is an equality by Lemma 1.3.55, and not merely an isomorphism.
O

REMARK 1.5.7. For the tricategorical structure on RW it matters that each step in this proof
is an equality, not just an isomorphism. In Appendix A.4.2 we show that if we had defined
YXX by (1.5.10) or (1.5.11) instead of (1.5.8) or (1.5.9), the use of an isomorphism would
have been unavoidable and hence the box product on RV would not have been be strictly
associative. This is permitted in a tricategory, but makes its structure significantly more
complicated. Furthermore, below we show that 1y = 1y X1y holds exactly for (1.5.8) but
only up to isomorphism for (1.5.9), making (1.5.8) the best choice. None of this matters in
the truncation ARV since there is no notion of unequal but isomorphic matrix factorisations.

Lemma 1.5.8. The box product on hRW is functorial according to Definition 1.5.3 (ii).
Proof. We start with the identity 2-morphisms of

(a; W) () = (y), (B V):(y) = (2), VEW=(by aW+V).
The variables « and z will be omitted for readability.

{b,y,a}{by,a’}
lygw = Iy w

/

®Q Ia<—a’

_ b b Yy
® Iy V(b,y)+ W (y))

= Iy (e, y)+W(y,a) @ IV (1,0) 4 W(e.a)
— Ib(—b/ ® Iy<—y’ ® Ia<—a/
V(e,y) V(b,0)+W (e,a) W(y',e)

bb’ a+—a’
V(i,y) X IWTy7°)

=1y X1y

using Egs. (1.3.76) and (1.3.77). The fact that this is an equality, not just an isomorphism,
depends on the two conventions (1.5.6) and (1.5.8).

For the composition rule we write the dependencies on y, ¥, and y” explicitly. The task
at hand is to construct an isomorphism between the following matrix factorisations:

O (V2 K Xp) @ (Vi KX0) = (Ya(y) @ Iy, © Xa(y) @ (YY) @ I, 5, © Xi(y"))
— (oY) R (X0 X)) =Y(y)®Yi(y) @ XY © Xa(y") ® Xi(y") .

See also Eq. (A.5.23) for the meaning of this morphism in the context of a tricategory. We
construct ®¥ step by step using the permutation isomorphism (1.3.49) and the unitors of
Theorem 1.3.56:

o (R Xo) @ (Vi K X)) = Ya(y) @ IS, © Xa(y) @ Vi(y) @ T SY, © Xi(y")

=:Z1: (s (Vi+Wa)(y")) = (5 (Va+Ws) (v))

VAl ®I€1/:§{,,; is the domain of the unitor pz,:

1y, ®pz, ®1 "
2 Ya(y) @ T © Xa(y') @ Yi(y") @ Xa(y”)
o(1,2,4,3,5)

Ya(y) © I, © Yi(y") © Xa(y") © Xi(y")
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Using Lemma 1.4.7 we interpret Z3(y”) :=Y1(y") as a matrix factorisation
Z>(y") € MF(y"; (Va(y") + Ws(y")) — (Vi(y") + W3(y"))) .
allowing the application of Lemma 1.3.57 to the second and third term:

-1
1Y2®(>‘ZQ®IOPI®ZQ )®1X2®X1

Yaly) ® Yi(y) ® I45Y, © Xa(y") ® X1(y")
=Y,0oV) X (X ® X;) . O

1.5.5 The unitor 2-morphisms Ay and pw

In order to prove the remaining properties of hRW, we first need to define the 2-morphisms
Aw, pw, and their inverses for all 1-morphisms W.

Definition

The essential property of the identity 1-morphism is that its action on other 1-morphisms is
unital up to equivalence, i.e. 1, XKW =W = WK1, for all W: (x) — (y). To show this, we
define the unitor 2-morphisms below.

Definition 1.5.9 (Unitor 2-morphisms in RW). We define the following 2-morphisms in

RW:
« Aw = K(a—d; 0%W(e.z,y) @ K(y — s —u+0"YW(d z,9)) (1.5.26)
a<—a’ «—y’
- IWT.,:z:,y) ® Ig/(a?.{,w,o)fu-o

€ KW(av$7y)—W(a’,:c,y’)—u-(y—y’)(a' - a/’ Yy - y/) y
displayed as

(a; W(a, =, y))

vy o= (wu-(y-vy')) -9:\w = ,
//
y 1 !
F Y @ wia )

e pw = K(a—a; O W (e, 2, y) @ K(x' —z; u+ O =W (', o, y)) (1.5.27)
= Iy © Tiv(ale.y)+ue

/ /
€ Kiv(a,2,)W(a'2.y)-ula—a) (@ — a' @ —a) |

displayed as
(a; W(a, ', y))

(a'; W(a/, z, y)) ".
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o Ay = K(ad' - a; 8“’“/W(o, z,y)) ® K(u+ 8y’y/W(a’, z,0);y—1y) (1.5.28)
€ KW(a/,w,y’)+u-(yfy’)fW(a,w,y) (a/ —a,u+ ay’ylW(a/, x, 0)) ,

displayed as

(a; W(a, =, y))
o pit = K(ad —a; 9%V W (e, &, y)) @ K(u + 05 W(d e, y); x — ) (1.5.29)
€ KW(a’,w,y)-&-u-(m—w’)—W(a,:c’,y) (a', —a,u+ a:c,:c’W(a/’ o, y)) )

displayed as
| (a's W(a', 2, y)) "

—1 -7

= Yy Pw (u; u-(z—x'))

(a; VV((I ZB/, y))

REMARK 1.5.10. Writing down Ay and py involves some arbitrary choices regarding grade
shifts — some grade-shifted versions of Ay and py are just as valid and result in an equivalent
tricategory. A detailed discussion can be found in Appendix A.5.

Invertibility

Lemma 1.5.11. Definition 1.5.3 (iv) is fulfilled: The 2-morphisms A\w and pw as defined
in (1.5.26) and (1.5.27) are invertible, and their inverses are given by (1.5.28) and (1.5.29).

Proof. The argument will be shown for Ay, which has domain and codomain
Mt (u, g a's W(d! g u, @, y)) = (a; W(a, z,y)) ,
W(d,y\ u z,y):=W(a zy)+u-(y-y).

We define the following invertible triangular transformation (see Definition 1.4.12):

17
u’ u u' =YY Y W(a" x, )
! / _ "
Y =Yy | = Y-y
a// a/ a//

(note that a’ does not depend on y” or u”, and y’ does not depend on ). This transforma-
tion maps W to

"

(a'(a”), z,y'(y")) + u(a”, y", u") - (y — y'(y"))
(@’ @, y—y")+ W —¥¥ V' W' z ) (y—(y—y")
(@’ z.y—y")+ Y Y W(a z 0 (y—(y—y") +u' vy
(

(
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Theorem 1.4.18 therefore implies
(uv y/7 a/; W(alv y/7 u, T, y)) = (uﬂv y”v a”; W(a”7 €Z, y) + ’LL” . y”)

which, in turn, is equivalent to (a; W(a, x, y)) by Knorrer periodicity (Theorem 1.4.9). The
overall equivalence is given by

u'-e

1"
_ a<—a” Oky” {a//)y_y//)u//_ay’y_y W(a/l7mz.)}<_{a/’y/)u}
X=Ig" eIy oI

€ KW(a7w7y)—W(a// —a y—y' -y u - ay’y_y”W(a”, x,e)—u,a—a’ y").

The sequence in parentheses can be permuted to
no_n / " A/ ,y—y”’ " "
{v''a"—d y—y" -y, u" - 0¥V YV W(a" z,e0) —u,a—a"}

which is a regular sequence by Lemma 1.3.51. Therefore, by Corollary 1.3.45 and Theo-
rem 1.3.49, X is associated to

Popdd oyl I a I P 0yl
(C[a,y7U7a7y7U7a,m’y} NC[a7y7u7a7w7y]

(¥ a" —a,y—y" —y, v —¥v V' W(a" x,0) —~u,a—a") (a—a,y—y)

which is associated to Ay as defined in Eq. (1.5.26). Because X is an equivalence and Ay = X,
it follows that Ay is an equivalence, too.

The construction of )\;Vl is analogous. Using the explicit form of the inverse 2-morphisms
in Theorems 1.4.9 and 1.4.18, we find

1 1

— l7 /’ ”7 - ) 7ay7y_y”W l/7 ) " !
X = g ) g g7 g L

which is associated to
C[a,7 yla ula Cl”, yﬂa ’LL”, Cl, (I), y]
(a// —a, u//7 a — a”, ,y/ _ (y _ y//)7 u — (u// _ 8y,y—y”w(a//, x, .)))
g (C[a/7 y/7 u’? a” m’ y]
(@ —a, u+0v¥W(a’ z, o))

which is associated to )\;Vl of Eq. (1.5.28). The proof for py and p;Vl is analogous. O
In Section 3.1.2 we discuss how to find explicit formulas for the isomorphisms
a(W): Aw ®@ Ayt — 1w, B W)t Limw — A\ @ Aw (1.5.30)
ar(W): pw @ py} = T Br(W): Lwwi, — pyyt @ pw - (1.5.31)
1.5.6 The remaining axioms
Lemma 1.5.12. The naturality axiom (Definition 1.5.3 (v)) is fulfilled.

Proof. We show the first identity of Eq. (1.5.20) for an arbitrary 2-morphism

X(a,b,y): (a; W(a,y)) = (b; V(b,y))
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(the dependencies on x will not be spelled out in this proof). We first assign names to all
variables:

y (5 V) m y (b; V) :
-9 v X
@l 7 ;| ey = (a; W) . (1.5.32)
II y ’
1y, +- ————— X -9 v
@it) |y f@w) @ity @ w)

See Appendix A.5 for the meaning of this isomorphism in the tricategorical structure, where
it is called Iy v (X). We define it to be the composite of the following isomorphisms:

lwv(X)Z Av®(]1]1 @X)
_ (7b b —
= (100 © It —ua) © Ul e © TG vy © X (@ B y1)

= 71+ (0: W (aly")+ul-(y—y") )= (b V(b9))

using a reinterpretation of surface and global variables in Z; following Lemma 1.4.7. The

codomain of Z; matches the domain of I"}(ﬁb ) allowing us to apply the 3-morphism Az, :

AZ> U—U
1 IyTy') u-e ®I(yty) ®I ( o)+V( .)®X(a/, b,y")
N———

= Zs: (uwsu-(y—y'))—(0;V(b,y)-V(b,y"))

The domain of Z5 matches the codomain of I “y‘:g,/ . and both the third and fourth term are
independent of u, thus pz, may be applied to the first two terms. We may furthermore use
Eq. (1.3.76) to remove u/ -y from the third term:

PZy®ligX gy y' <y / "
IV(b,o)—u’~o ® IV(b7.)_u/.. ® X(a’7 b,y )

pr®1 7
presx, I"“;((;:!/.)_u/.. ® X(CI,/, b, y//)

-1
1[®px Iy(_y/

Vioie)-ue © X(a: b y") & Lily

=:Z3: (@ W(a’ //) —u y//) (@ V(b y//) - //)
again using multiple statements of Lemma 1.4.7. We finally apply Lemma 1.3.57:

A op_1
Z31 FI®Zg X(a, b, y) ®I‘(/7i/<?.a )®IW(a/ )_u "

=X(a,b,y) @ A\w .
The construction of ry, v (X) for py is similar. O
Lemma 1.5.13. The unity axiom (Definition 1.5.3 (vi)) is fulfilled.

Proof. We assign the following variable names:

i . (1.5.33)
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The dependencies on @ and z will be left implicit in this proof. In these conventions, both
sides of Eq. (1.5.21) are matrix factorisations of

V(ba Yy, Z) + W(a7 €T, y) - (V(bla yla Z) +u- (y, - y//) + W(CL/, €T, y”)) )

given by
Iy B Aw = Ip.0, © Jy(“y W (ae) @ A (Y)
= IV ®Iy<(_’ )+ (ae) ® (IfF, )®I (a’o) we)
pv B 1w = pv(y) © Iy, bl o) (ae) © LYy
= (I\b/(ib;;) ® Iy? o)+u- ) ® Iy:?irvv(a o ® IETG "y -

We now construct an isomorphism that is linear in all variables:'®

fv,w e 1y X Ay
= L) © It cwiae) © T -uy © Tiata)—ue
g
Lier®\rgroPrgr) ‘I;(ﬁb') Iy<(_ )+W(a o ® IWE; .) e ® I{%/To?;”)—U-y”
b<(_b ) @ Iy( )+W(a o)+uy’ @ IéJV(:y-) ue @ I‘C’LVZ?;J”)
Using Lemma 1.4.7 we interpret Z(y') := I‘?’J‘;Zj’,;—“" as a matrix factorisation

Z(y') e MF(y'; (W(a,y )+ Vb, y)+u-y")— (W(a,y")+ V¥, y)+u-y)),

allowing the application of Lemma 1.3.57 to the second and third term:

11®(>‘Z®Iopl_@l>Z) Ib<—b’ Iy<—y ® 1YY Im_a
Viey) © W (a,0)—u W(a y”)+V(b’ o)+ue @ IW(eyn
o329 pey yey yey” «
Vey) @ Iy (b0 +ue ® Lueiwia, -)®I€V(3y”>
=py X1y . O

REMARK 1.5.14. The isomorphism jiy, is closely related to the invertible modification p
of [32, Def. A.4.1.vii)] evaluated on the pair (V, W) € RW(y, z) x RW(x, y). The domain
and codomain of p (which are pseudonatural transformations) both contain some additional
identity matrix factorisations, therefore p(V, W) is equal to i pre- and post-composed with
some unitor 3-morphisms.

1.5.7 The full tricategory

All ingredients for the proof that RW is a tricategory have been presented in this section.
The missing statements are coherence conditions between the isomorphisms constructed in
this section like &%, arr, Bir, lw,v(X), fiv,w, and the isomorphisms of Theorem 1.5.4. Our
main reference for the axioms of a tricategory is [82, Def. A.4.1].

¥ For example, applying Ax : I,t?f_b, ®Y (b') — Y (b) in the first step is not allowed since Ax is not linear in
the variables b'.
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Conjecture 1.5.15. The category RW is a tricategory.

We will show the following lemma which simplifies the axioms of the tricategory RW
significantly, thus reducing the amount of work necessary to prove Conjecture 1.5.15.

Lemma 1.5.16. The box product —X— in RW is strictly associative.

Proof. For objects, 1-morphisms, and 2-morphisms this was already proven in Lemma 1.5.6.
The argument for 3-morphisms goes as follows: Consider

objects: x, y, z, w ,
l-morphisms: W;: x —y, Viiy - 2, U;j: z > w ,
2-morphisms: X;: Wy — Ws, Y;: Vi — Vo, Z,: Uy — Uy,
3-morphisms: ¢: X1 — Xo, ¥: Y] = Yo, x: Z1 — Zy .

Now we find (again only writing out the dependencies on y, v’ z, z’)

XB (R ) =xB (P &1,y y ©0)
Vi(e,2z")+Wy(e)
=X 112“5 ® (¢®11yHy’ ®¢>
Up(e)+Va(y,e)+Wa(y) Vi (e,2")+Wo(e)
:X®1]z<—2’ ®w®11y<—y’ ®¢7
Up(e)+Va(y,e) Vi (e, 2" )+ Wy (e)
(XHY)Ho=(x @1z 2v) Ko
Up(e)+Va(y,e)
= (x@ 1 DV) @1y ® ¢
Up(e)+Va(y,e) Uq(2/)+Vq (e,2")+Wo(e)
:X®1Iz<—zl ®’(,Z)®1Iy<—y’ ®¢
Up(e)+Va(y,e) Vi (e, 2" )+ Wy (e)
=xX (WX . m

1.5.8 The direct sum completion of RW

Definition

We formally introduce a notion of direct sums in RW which we will need in Chapter 3. The
relation to the general construction of direct sums in categories is discussed in [7]; only the
result and a few proofs will be shown here. A physical interpretation of a direct sum of surface
defects is a superposition of different defect states.

Definition 1.5.17 (The direct sum completion of RW). We define the structure RV as
follows:

(i) The objects of RW® are the objects of RW.

(ii) A 1-morphism W € RW®(w, y) is a finite, ordered list of 1-morphisms W; € RW(x, y),
which will be written as

é Wy =W = {W;}; . (1.5.34)
=1
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(iii) For a pair of 1-morphisms W,V € RW@(CC, Y), a 2-morphism X: W — V is a matrix
of matrix factorisations {Xj ;};; where X;;: W; — Vj is a 2-morphism in RW.

(iv) For a pair of 2-morphisms
(X3 Y W =V, (1.5.35)

a 3-morphism ¢: {X;;} — {Y]:} is a table ¢ = {¢;;} where each ¢;;: X;; = Yj; is
a 3-morphism in RW. Note that “off-diagonal” 3-morphisms X ; — Y]  do not make
sense for (7,14) # (I, k), as the domains and/or codomains of the 2-morphisms disagree.

Compositions are defined as follows:

(i) Vertical composition of two 3-morphisms is defined by the component-wise composition

{85} o {0j,i} = {dj.i 0 i} - (1.5.36)

Note that we do not have the structure of a matrix multiplication here, but a component-
wise composition of tables.

(ii) For 2-morphisms X: W — VY : V — W, the horizontal composition is given by

o)
YOX={Y®X)ri}, (YOX)r=EPY;® X (1.5.37)
j=1

where the sum is the direct sum of matrix factorisations. The action of horizontal
composition on 3-morphisms is defined in the obvious way.

(iii) For 1-morphisms W: (z) — (y), V': (y) — (2), the box product is given by

«v)

oW)
PBvik Pwi= P V;REW:, I={1....0V)}x{1, ... . ¢W)}. (15.38)
j=1 i=1 (j,i)€l

The action of the box product on 2-morphisms is defined as follows: let

/

n n’ m m
X:Ppwi-pw, Y:PVv,-PV;. (1.5.39)
=1 i'=1 j=1 j=1
Then
Y ‘Z X = {(Y & X)(j’,z’),(],z)} 5 (Y & X)(j',i/),(j,i) = Yrj/,j IE X’i/,’i . (1540)

The action of the box product on 3-morphisms is again defined in the obvious way.

Lemma 1.5.18. The bicategory MF), admits (category theoretical) direct sums that are con-
sistent with the direct sum in RW® [7].

REMARK 1.5.19. The direct sum on RWV" is strictly associative and is commutative up to
equivalence, i.e. for U, V, W € RW®(m, y), we find

UaVieW=Ua(VaeW), VawW=WwaV. (1.5.41)
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NOTATION 1.5.20 (Conventions in RW®).

(i) Let A, B € RW® (x, y) with £(A) = £(B) and let X;: A; — B; be a list of 2-morphisms
in RW. Then we define the 2-morphism

X; i=j

Y (1.5.42)
OAi—>Bj 1 %.7

{5j7i : Xi}j,z’: A— B s 5j,i - X = {

with the trivial matrix factorisation 04, B; of Definition 1.4.4. The 2-morphisms
5j,i -Y;: Cj X Ai — D R 5]'71' it D — Cj X Al (1.5.43)
are defined analogously for appropriate C;, D, Y;, Z;.
(ii) For a 2-morphism X = {X;;};.: @i, Ai — D)L, Bj, the notation
X|A¢—>Bj = Xjﬂ' (1544)
refers to one matrix element of X.
(iii) For a 3-morphism ¢: {X;;} — {Yj ;}, the notation
Plx; 0 Xji = Vi (1.5.45)

refers to one element of ¢.

(iv) 3-morphisms are implicitly defined to be 0 on trivial matrix factorisations. For example,
let X =Y ={0;,-Z;};i and ¢;: Z; — Z;. Then the assignment

$:X =Y, ¢l =

implicitly defines ¢| 5,02 =0 for j #i (by Lemma 1.4.5 it does not matter how ¢ is
defined on trivial matrix factorisations since all morphisms are exact).

Identity morphisms and unitors
Lemma 1.5.21. Let A= @}, A, B=@®-, By € RW" (, y) and let {X};}: A— B.

(i) The identity 2-morphism is given by

1a Ao, = 05 1a; . (1.5.46)
(i) We find
n
(X® ﬂA)fAﬁBk =P Xi; ®0ji-1a, = X3, i Ky, ,
j=1
and the unitor 3-morphisms are given by
_ -1 _ -1
pX’ing]lA_ —PX,M- ) Px |Xk1 _pXk,i )
’ ‘ ’ . (1.5.47)

_ -1 —
)\X’ﬂBngk,i - )\ka1 ’ )\X ‘Xk,z - )\Xk,z !
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Proof. The direct sum collapses to just one element by Lemma 1.4.5. The properties of Ax
and px follow immediately from the properties of the unitor 3-morphisms of RW. O

Lemma 1.5.22. The identity 1-morphism 1, € R~RWV® (', ) is the list containing only the
identity 1-morphism 1, € RW(&', ). For a 1-morphism A= @], A; € RW®(m, y), we find

I,RA=P1,R4;, AR, =PAKI,. (1.5.48)
i=1 =1

The unitor 2-morphisms of RV are given by

AA‘]Iy&Ai%Aj = 5i:j A PA
-1
)\A

ARle—Aj = 0i,j PA;
-1

(1.5.49)
=8
Ai%Ajgﬂw Y pAz :

D e -1
Ai—1yRA; " 0 Aa; Pa

Proof. All proofs from Section 1.5.4 can be generalised easily. As an example, we will show
MA@ 21y

n
MO, = D) @ (0 A0 = dik(Aa, @ ML) & P(0)rAa,) © 04,51,m4
j=1 j#i
=6 114, @D 0a,—a, = 6ikla, = Lalg a,
J#i
using the properties of A4, and 04, p. ]

Corollary 1.5.23. If Conjecture 1.5.15 holds, then RW? is a tricategory with the unitor 2-
and 3-morphisms of Eqs. (1.5.47) and (1.5.49).

Proof sketch. While somewhat arduous to show, this ultimately follows from the lemmas
above. O
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2 Adjunctions in the bicategory MFy

For the reasons explained in Section 1.2.7 we wish to construct adjoints and a pivotal structure
on RW, turning it into a pivotal tricategory with duals (see Definition 1.2.21) assuming
Conjecture 1.5.15 holds. In particular we have to show that the Hom-bicategories RW(x, y)
are pivotal bicategories (and hence have adjoints). Understanding adjunctions and pivotality
in MF}, is therefore essential for the constructions in Chapter 3.

2.1 Adjunctions in Landau—Ginzburg models

2.1.1 The admissible superpotentials in Landau—Ginzburg models

This section summarises several results from [22]. We start with a definition:

Definition 2.1.1. A polynomial W € k[z1, ..., x,] is called a potential if for f; := 0, W the
following holds:

(i) {f1, ..., fn} is a Koszul-regular sequence,

(ii) The Jacobi ring klz1, ..., zn]/(f1, ..., fn) is a finitely generated free k-module.

The bicategory of Landau-Ginzburg models as discussed in [22] is restricted to such
potentials:

Definition 2.1.2. Let £ be a commutative ring. The bicategory of Landau-Ginzburg models
LG}, is the subcategory of MF; with the following data:

(i) The objects (a; W(a)) € LG}, are restricted to those where W is a potential according
to Definition 2.1.1.

(ii) The set of 1-morphisms LGy ((x; W), (2; V)) is the idempotent closure’ of all finite-rank
matrix factorisations of V(z) — W (x) over k[z, z|.

(iii) The set of 2-morphisms is unchanged.

Essentially, the objects are restricted to potentials in the above sense and the 1-morphisms
are restricted to those that are isomorphic to direct sums of finite-rank matrix factorisations
up to homotopy.

NOTATION 2.1.3. In Section 1.5 and Chapter 3 we use the variable names x, y, z for objects
of RW (i.e. for bulk variables) and the variable names a, b, c, ... in objects (a; W (a)) € MFy,
(i.e. for surface variables). In this chapter we deviate from this convention in order to ensure
notational consistency with [22] and use the variable names x, y, z in objects (x; W (x)) €
MF. Later in this chapter we will introduce the variables w which corresponds to the union
of all bulk variables involved. Schematically, we translate as follows:

(a; W(d, 2 y)) e RW(x,y) +— (z; W(z, w)) € MFi(w), w={z,y'}. (2.1.1)

See [22, Section 2.2] and the discussion in Section 3.2.5.
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2.1.2 Residue operators

Residue operators are central in proving that LG has adjoints as they show up evx and evx
for 1-morphisms X in £G;. Only a few key properties will be summarised here. General
references are [28, pp. 15 ff.], [39], [71, pp. 239-241].

Lemma 2.1.4. Let k be a commutative ring and let f ={f1, ..., fa} Cklz1, ..., 2] be a
Koszul-regular sequence’ such that k[x]/(F) is a finitely generated projective k-module. Then
the k-linear restdue operator

Restfa) /i {flmxfn] Lk[z] =k (2.1.2)

is well-defined [22, Section 2.4] [71, pp. 16, 19] (see the cited references for a formal defini-
tion). The subscript klx|/k denotes the domain and codomain of the residue operator and is
often omitted when they can be inferred from context.

REMARK 2.1.5. The constraints of Lemma 2.1.4 are fundamental — it is not possible to
define the residue operator in a consistent way if the sequence is not at least quasi-regular or
the quotient is not finitely generated and projective.

Lemma 2.1.6. Letn=/{(x), c,d €k, y € k", g=g(x) € k[z], C € k[x]®"*"™. The following
identities hold for the residue operator:

ReSpla/k [flgdwfn =0 forge(fi, .o\ fa), (2.1.3)

Resyfal/k L?’ 1dw xn =0iy,1-+-0ip,1 5 (2.1.4)
Respa)/k [m = Resyjx)/k [M] with f==C-f, (2.1.5)

Resya)/k [1’1 _gcdzljiz — d: = ReSg(a)/k [:ﬂ _9;133611’(1396622 — d} (2.1.6)
Resia/k [x — yf(f).cin - yn =9(y) - (2.1.7)

Further properties of the residue operator can be found in [28, Appendix A].

Proof. Eq. (2.1.3) is stated in [22, Section 2.4]. Egs. (2.1.4) and (2.1.5) were originally stated
in [54, pp. 197 ff.] with minor corrections made in [28, Appendix A]. Eq. (2.1.6) follows from
Eq. (2.1.5) with C' = (}¢). Finally, for Eq. (2.1.7) we use g(z) = (x—vy)-0%Yg+g(y) and
Eq. (2.1.3) to find
ldx
1 — Y, «-- 5y Ty — Yn

It remains to be shown that the residue evaluates to 1. Here we may use that under certain
conditions, the residue operator agrees with the ordinary residue [54, §9] as defined e.g. in

9(y) - Resyz)/k

2There are weaker conditions that suffice. In the present definition, “Koszul-regular” can be relaxed to
“Hj-regular”, meaning that Ko(f) is exact in degree one. A slightly different set of constraints is used in [39].
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[52, Chapter 5]. Specifically, each function (z; —y;) has an isolated zero at x; =y;, 1-dz is a

regular differential form on X = k[x], and X is regular over k. Then we find

1dax dxq...dz,

= R S
Tn — yn] Syl ($1

C@mn e oxy.oxn, ]

Resk[m]/k o1 — o,

where the latter two terms follow the definitions and notation of [52].

2.1.3 Known result: LG, has adjoints

In the bicategory LGy, as defined above, the following central result of [22] holds:

Theorem 2.1.7. The bicategory LG has left and right adjoints. For a 1-morphism

X:i(x1, ooy xny W) = (21, ooy 2m; V)
we define R := k[x], S:=k[z]. Then the adjoints of X are given by

X'=R[n]opr XV =XV[n], X = XV ®gS[m] = X"[m] .

—y1) - (Tn = yn)

(2.1.8)

Let {e;} be a homogeneous basis of X and let {ef} be the respective dual basis on X1 resp. TX
according to Notation 1.3.27. Then there are the following closed formulas for the evaluation

and coevaluation maps [21]:

évx(a-e; ®ef) Z Z 1)+l g, 0,

>0 a1<.. <al

z,z'
X O

- Res / , ¢ {8[021] dx - o] dXA(x)}ij dz
klz,z,2'] /k[z,2] Op W, ..., Oy, W

evx(b-ef @ej) Z Z +l|ef|9 0,

>0 a1 <.. <lll

b-{APDGL T dx .. T dx}, d=

: Resk[m@’,z}/k[m,w’}

0.V, ... 0.V
cevx (3) = S (~)TFII e fgmeay  one dx} el ®e;
i,J
coevy(y) = Z(—l)(HI)JFmHSm{(?[Zﬁ | dx - 8[zﬂ’rz]/dx} jez ® €
ij k
with
a€klx, 2,2, beklx x 2],

A®) = (=1)"0,,dx (x, 2) ... 0y, dx (x, 2) |
A(Z) = 821dx(x, Z) . 8Zde(337 Z) )

and B;, B;, Sns Sm € Lo uniquely determined by by < ...<by, by <...< by,

’_)//\0951...091*% :(—1)8"91...9n, 7/\01,1...0(, :(—1)Sm91...9m .

r

} (2.1.9)

| A

(2.1.10)

(2.1.11)

(2.1.12)

(2.1.13)
(2.1.14)
(2.1.15)

(2.1.16)
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REMARK 2.1.8. We follow the sign conventions of [21] and [23] instead of [22] which differ in
(evx, coevx) by a factor of (—1)™, as noted in [22, Footnote 4]. Therefore, some formulas
cited from [22] will have different prefactors in this work. While the Zorro moves are invariant
under this change, the pivotal structure discussed in Section 2.4 is subject to slight changes.

Diagrammatically, we find

(z; V) (2 V)
= ¢ 1x , = ¢ 1x (2.1.17)
X X
(='; W) (s W)

plus the other two Zorro diagrams. The explicit formulas in Egs. (2.1.9) to (2.1.12) depend
on the locations of the primes, which follow the conventions explained in Definition 1.4.1.

2.2 Problems for non-potentials

2.2.1 Non-potentials in Rozansky—Witten models

If we wish to find adjunctions for all 2-morphisms in RW, the assumption that W is a
potential in the sense of Definition 2.1.1 must be dropped. The following examples illustrate
how non-potentials appear even in the basic building blocks of RW.

EXAMPLE 2.2.1. We consider the following setup in RW:
o two objects (x) and (z') with one bulk variable each,
 two copies of the identity 1-morphism 1,: (a; a(z—2')), (b; b(z—2')): (z) = (x),
o the identity 2-morphism X :=1;, = If’f_‘;,)..: 1, —1,.

By Example 1.2.20 we know that X has adjoints. However, Theorem 2.1.7 cannot be applied
to X: According to the rules of RW, the left adjunction is given by 2-morphisms

evx: X(a, b, z, ') OCp,z,2'] XV, z,2") — I&:‘;’/),, ,
coevy: Ig’;_l;/),. — X(a, b, z,2) ®Cla,z, 2] TX(a, V,z,2') .
In the language of Landau—-Ginzburg models, we regard X as a matrix factorisation

X € MFep o1 ((a; a(e — '), (b; bz — ")) (2.2.1)

in line with Remark 1.4.3. Now it is easy to see that a(z—2') is not a potential: We find
f1=04(a(z—2")) =z —2' and the quotient

Cla, z, 2']/(f1) = Cla, z, 2] /(z — 2’) = @ a' Clz, ')/ (z — 2) (2.2.2)
i=0
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where “=” means “isomorphic as C[z, 2/]-modules”. Clearly, this module is neither free nor
finitely generated as a C[x, ']-module. Consequently, the evaluation maps (2.1.9) and (2.1.10)
are not well-defined for this 2-morphism.

EXAMPLE 2.2.2. We consider the following setting in RW:
o three objects (z), (2'), (") with one bulk variable each,
e three identity 1-morphisms
(a; a(w —a)): () = (2), (b b(a’ —2")): (2") = (2)
(; el —a")): (") = (2) ,
with the box product

(a; a(z — ")) B (b; b(z' — 2")) = (a, 2, b; a(z — 2") + b2’ — 2")): (2") — (2) ,
e the 2-morphism

A1, (a, 2 b; a(x —2') + b(z" — 2")) = (¢; c(xz —2")) (2.2.3)

as defined in Eq. (1.5.26).

In the previous example we have shown that the codomain is not a potential, and neither is
the domain:
Cla, 2, b, z, 2"/ (0. W, 0w W, O,W) = Clb, 2, a, z, 2"]/(x — 2/, b — a, 2’ — 2")
=~ Cla, z, 2"]/(x — 2")
which is neither free nor finitely generated over C[z, z”’]. However, it turns out that A\;_ does
have a left and right adjoint. This can be shown by constructing the adjunction 2-morphisms
manually using one of several techniques, two of which are presented in Appendices A.2

and A.3. This works well for simple matrix factorisations, but quickly becomes infeasible for
larger numbers of bulk and surface variables.

These examples illustrate that there are 1-morphisms in MFj, that have adjoints, but their
adjunction 2-morphisms are not given by Eqgs. (2.1.9) and (2.1.10).
2.2.2 Not all matrix factorisations have adjoints

Given that there are matrix factorisations which map between non-potentials but still have ad-
joints, a natural question to ask is whether all finite-rank matrix factorisations have adjoints.
The answer is no. Let us first look at a simple example:

EXAMPLE 2.2.3. The matrix factorisation
X := (C[bl, d=0): (; 0) — (b; 0) (2.2.4)

does not have a left adjoint. Intuitively, one can argue as follows: For every defect Y: A — B
that has a left adjoint there exist isomorphisms

Yoy =ige..., YelY=ise... . (2.2.5)
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The adjunction 2-morphisms map between the tensor product on the left and one identity
matrix factorisations on the right. However, the variable b does not show up in the differential

dx of Eq. (2.2.4), so Z®X cannot have a summand that is proportional to I (whose
differential has a term (b—?0’)) no matter what the matrix factorisation Z looks like.
More generally, we find:
Theorem 2.2.4. If the matriz factorisation X is of the form
(X, dx): (x; W) = (2,b; V) with dx = dx(z, z) , (2.2.6)

i.e. the variable b does not appear in dx (implying that b does not appear in V either),’ then
X does not have a left adjoint. Analogously, if X is of the form

(X,dx): (&, b; W) — (z; V) with dx = dx(z, z) (2.2.7)
then it does not have a right adjoint.

REMARK 2.2.5.

o The statement of Theorem 2.2.4 is that no matrix factorisation can be left (right) adjoint
to X; it would be insufficient to show that XV[s] is not left (right) adjoint to X for
s € Zo.

e If the domain and codomain of X are potentials in the sense of Definition 2.1.1, X has
adjoints according to Theorem 2.1.7. This is consistent with the fact that Eq. (2.2.6)
implies that V' is not a potential: k[z, b]/(V (2z)) = k[b]®k k[z]/(V (2)) has infinite rank

over k.
The following lemma is sufficient to prove Theorem 2.2.4:

Lemma 2.2.6. Let W =W (x) and V =V (z). Then for all Y € MF(x, 2/, b/; W —V) and all
o: I‘{/Z’b}e{z’b} — X®Y, we find (p@1)oAy' =0

Lemma 2.2.6 implies that the Zorro map (2.1.17) cannot evaluate to the identity because
it already evaluates to zero after the first two maps:

(/s W)

(z,0; V) [ )\)_(1

Lemma 2.2.6 thus implies Theorem 2.2.4. We introduce the notation
Fi= (b)), L=FF-FTel =101 (2.2.8)

and use the basis (1, ;) for 1. In order to show Lemma 2.2.6 we first prove the following
lemma:

3Taking the derivative 9, on both sides of dx (=, 2)? = (V —W)-1 yields 3,V = 0.
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Lemma 2.2.7. For X as defined in Eq. (2.2.6), terms of the form
a®OReelE "R @X (2.2.9)
are not in the image of )\;(1

Proof. We apply Eq. (1.3.80) to X:

e > > D lay 00, {057 dx . .8i;jldx}ji®ej.

>0 on<--<ap j

Now we find that 6,1 = 0p is not in the image of /\)_(1, since any term with a 6 is propor-
tional to
(dx (2, b) —dx (2, V) /(b=V)=0. O

Proof of Lemma 2.2.0. Assume that ¢: I‘{,z’b}(_{z/’bl} — X ®Y is a morphism of matrix fac-
torisations. We spell out the closedness condition d¢ = 0 acting on a®6, € 1, ®1;, (the
condition on a®1 does not matter for this argument):

0= (dxgy o ¢ —¢od,)(a®b)
= dxay ((a® 0y)) — ¢(d1,(a) ® 6,) — (—1)*g(a ® (b—V)1)
= (Db~ 1) p(a® 1) + dxey (d(a @ 0)) — (di, (@) @ 6y) . (2.2.10)

Now we define ¢y and ¢ such that
¢=(b—b)p1+ o (2.2.11)

and that the matrix representation of ¢g does not contain b. This can be done by writing ¢
as a (potentially infinite-dimensional) matrix and expanding each coefficient

dij = 0 +O=V) 20y (b—0b)" fory; € k[z, 2, V] .
~—
(¢0)is (61)i;

In this notation Eq. (2.2.10) reads

(1) = b)p(a® 1) = dxay (do(a ® ) + (b— V)d1(a @ 6;))
— ¢o(di, (@) ® 0y) — (b—1")p1(da, () ® bp) .

A detailed study of this condition reveals that on the right hand side, only (b—0b)¢; is able
to introduce further terms proportional to b:

(2.2.12)

e ¢ does not contain any b-terms by construction.

» The variable b does not appear in dy, = d,.. .- because b does not appear in V' by
1%
assumption.

e dxgy =dx ®1+1®dy, so any b-terms introduced by dxgy must come from dx or dy.

e dx does not introduce any b-terms by assumption.
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o dy cannot introduce b-terms because Y is a matrix factorisation over k[x, 2/, b'] and so
does not “know” about b. Visually, the line Y is not adjacent to the surface where b
lives.

To solve Eq. (2.2.12), there are thus two options: Either ¢(a®1) =0, or the b-terms on the
left hand side must be cancelled by (b—b")¢; on the right. Comparing coefficients in b thus
yields the two identities

(~Dllg(a ® 1) = dxey (61(a® 6)) — é1(dr. ()  6y) (2.2.13)
0= dX®y(¢0(Oz & Hb)) - ¢0(d1z (Oé) & (91,) . (2.2.14)

These conditions must be fulfilled for all & by any closed map ¢: 1, - X ®Y. We now apply
a homotopy ¢ — ¢’ = ¢+d1), the latter being defined by

YO ®1):= (-1 (5286, foralldel,,
Y ®6p):=0.
For ¢/ we thus find (using Eq. (2.2.13), the definition of ¢, and |dy, (a)| = |a|+1)
Pla®@1) =¢la®1)+dxey(W(a® 1)) +¢(di, () ®1)
= (=Dl (dxay (d1(a ® ) — ¢1(dr. () @ b))

+dxay (1)1 (a ® 6)) + (—1)*261 (d1, () @ 6))
=0.

We have thus proven that every morphism ¢: 1, - X ®Y can be represented by a map that
is zero on all a®1 and non-zero only on a®46,. As we have seen in Lemma 2.2.7, the image
of )\)_(1 does not contain any a® 6, so indeed (¢®1) o)\)_(1 =0 up to homotopy. O

2.2.3 Tensor products and infinite rank

There is a well-established theorem about the tensor product of matrix factorisations in LGy,
which makes the horizontal composition —® — in £G;. well-defined:

Theorem 2.2.8. Let W € k[z], V € k[z], U € k[y| be potentials (Definition 2.1.1). Then for
all matriz factorisations

X eMF(x,z; V-W), YeMFzy,U-V),

the tensor product X @y, Y is isomorphic to a direct sum of finite-rank matriz factorisations
in MF(zx, y; U—-W) [22, p. 491] [39, Section 12] [11, p. 19].

This statement does not generalise to arbitrary superpotentials. Curiously, the coun-
terexample to the above statement for non-potentials is also a matrix factorisation without
adjoints, see Theorem 2.2.4.

ExampLE 2.2.9. Consider objects

A= (a; 0), B=(b; 0), C = (¢; 0) € MF¢
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and 1-morphisms

X =(Cla, b),dx =0): A=B, Y =(Cb,¢c,dy =0): B—=C.

Then
(X ®(C[b] Y, dX®y) € HOmMFC (A, C) = MF((I, c; W= 0) , (2.2.15)
(X ®cpy Y, dxey) = (Cla, b, ], d =0) = € (Cla, ¢, d =0) , (2.2.16)
neN

i.e. we find that the tensor product X ®cp Y is equal to an infinite sum of rank 1 matrix
factorisations.

It is apparent that the bicategory l\/IFk contains “unphysical” examples. Therefore, rather
than studying the entire bicategory MFj, we will focus on a well-behaved subclass that
contains the potentials of LG}, as special cases.

2.3 Adjoint existence in MF(w)

As discussed in the previous section, not all 1-morphisms in MFy (z) have adjoints. Never-
theless, it is possible to prove adjoint existence on a subset of all matrix factorisations. This
subset contains Examples 2.2.1 and 2.2.2 as well as all 1-morphisms in LGy, thus generalising
the main result of [22].

2.3.1 Potentials and admissible variables

First we need to loosen the definition of a “potential” from Definition 2.1.1. In this entire
section, W and V are given by

W= (21, ..., xn; Wiz, w)), Vi= (21, ..., 2m; V(z, w)) € MFx(w) , (2.3.1)

implying
Homyje, () (W, V) = MFi(z, 2, w; V(z, w) — W(z, w)) .

Definition 2.3.1 (Admissible variables).
(i) The bicategory HomMFk(w)(W, V') has right admissible variables
uw={u, ... ,up} C{z1, ..., Tp, w} (2.3.2)
if the following holds:

(a) f:={0u,(W=V), ..., 04, (W—=V)} is a Koszul-regular sequence,
(b) klz, z, w|/(f) is a free, finite-rank k[z, w]-module.

(i) The bicategory Homyje, (,,y (W, V) has left admissible variables
v=Av1, ..., om} C{z1, ..., z2;m, w} (2.3.3)
if the following holds:

(a) g:={0,,(V-=W), ..., 0y, (V—W)} is a Koszul-regular sequence,
(b) k[x, z, w]/(g) is a free, finite-rank k[x, w]-module.
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REMARK 2.3.2. Admissible variables are properties of the Hom-categories. We say that a
matrix factorisation X € C has right (left) admissible variables if C does.

EXAMPLE 2.3.3. For w = (), Definition 2.3.1 reduces to W resp. V being a potential: The
only possible choice for {u1, ..., u,} is {z1, ..., zp} (or a permutation thereof), and

O, (W () ~ V(2)) = 0, (W(2) ~ V(2) = 0, W .

EXAMPLE 2.3.4. The matrix factorisations from Examples 2.2.1 and 2.2.2 have left and right
admissible variables: Consider again

A, (a, 2 b; ale —2') + b(2" — 2")) = (¢; c(xz —2")) .
Now we choose the following admissible variables (several other choices are possible):

{ur, ug, ug}t == {z,a,2"} = f={a—c,x—2a,c—b},
{vi} = {a} = g={c—a}.

These sequences are regular and thus Koszul-regular by Lemma 1.3.51, and we find the
quotients

k[b, ', a, ¢, z, 2"]/(f)
k‘[b7 35/7 a, c, T, xll]/(g)

kb, 2’ a, c,z,2"]/(c — b, x — 2, a — ¢) Z ke, z, "],
k

b, 2 a,c,z,2"]/(c — a) = k[b, 2, a, z, 2"] ,

which are clearly free and finite-rank over k[c, x, 2] resp. k[b, 2/, a, x, 2"].

2.3.2 The main result

Let kg be a commutative ring and let

k=kolw], R=k[x]=kz,w], R°=R®;Rkzx, =, w],
S =k[z] X kolz,w], S°=S®;SXkoz, 2, w].

We first establish the existence of the residue operators used in the generalisations of evx
and evy.

Lemma 2.3.5.
(i) Let HomMFk(w)(VV, V') have right admissible variables {u1, ..., u,}. Then the residue
operator
odx
Resge e 2.34
oSl [aul(w —V), e B (W — V)} (2.34)
is well-defined, where V(z, 2", w) =V (z, w).
(it) Let Homyje, (,,y(W, V) have left admissible variables {vi, ..., vm}. Then the residue
operator
odz
Respge e 2.3.5
R/ R L‘%l(V—W), ...,avm<V—W>} (23.5)

is well-defined, where W (zx, /, w) := W (x, w).
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Proof. Set V' := (2, 2'; V(z, w)) € MFi(w). Then Homyje, () (W, V') also has right ad-
missible variables {uj, ..., u,}: The sequence f is unchanged, so it is still Koszul-regular,
and

k[mv z, 2:/, w]/(-f) = k[z/] oz (k[m’ z, w]/(f))

is a free, finite-rank k[z, 2/, w]-module because k[z, z, w]|/(f) is a free, finite-rank k[z, w]-
module by assumption. The existence of right admissible variables is sufficient for the residue
operator (2.3.4) to be well-defined (see Lemma 2.1.4). The other case is analogous. O

We now define a generalisation of the adjunction 2-morphisms (2.1.9) and (2.1.10):

Definition 2.3.6. Let X € Homyje, () (W, V') be a finite-rank matrix factorisation.

(i) If Homyje, () (W, V) has right admissible variables {u1, ..., un}, we define the mor-
phism
évx: X(zm, z,w) 9p X (z, 2, w) — 1277 |
evx(a-e; ®e; Z Z l+(n+1)ley\ Oa, - . Oa,

>0 a1<...<oy

{ai}Cz
R {Ozz 8[zaz] dx A® } dx 036
| eRselal/se 8U1(W V), L BT = ) (2.36)

with A@ 1= (=1)"0y,dx (x, 2) ... 0y, dx(x, z) and V =V (2) (so dx and V are written
in the variables of X in X ® XT).

(ii) If Homyje, (w)(VV, V') has left admissible variables {v1, ... , v}, we define the morphism

evyx: X (z, z, w) ®g X (2, z, w) — [T

evx(b-ej ®ej) = Z Z “'%‘0 .04,

>0 a1<...<qq
{ai}Cm

1]

R b- (AR dx .. G0 dx ), dz
PSSR/ | T W), coes Qo (V= W)

(2.3.7)

with A®) =0, dx(x, 2) ...y, dx(x, z) and W = W (x) (so dx and W are written in
the variables of TX in TX @ X).

Now we have all ingredients to state the main result.
Theorem 2.3.7 (Adjoint existence in MF(w)).

If HomMFk(w)(VV, V') has right (left) admissible variables, then all of its objects each have a

right (left) adjoint in MFj(w). The formulas for XT, 1X, coevy, and coevy are identical to
those in LGy, (see Egs. (2.1.8), (2.1.11), and (2.1.12)), and the formulas for évx and evx are
given by Eqs. (2.3.6) and (2.3.7).

REMARK 2.3.8. There are still matrix factorisations in I\/IFk( ) which have adjoints, but The-
orem 2.3.7 does not apply to them. One example is I beb' : (b5 0) = (b; 0), which has adjoints
according to Example 1.2.20, but there are no adrms&ble variables on Hom((¥'; 0), (b; 0)).

The following sections will prove Theorem 2.3.7.
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2.3.3 Structure of the proof

Reference [22] proves Theorem 2.1.7, i.e. that LG has adjoints. The full argument is quite ex-
tensive, and its vast majority needs no modification for the proof of Theorem 2.3.7. Therefore,
the present work will explicitly spell out the statements and proofs that differ significantly,
and explain how the remaining statements and proofs can be generalised easily.

In contrast to the present work, [22] assumes that for all objects (a; W) € LGy, the super-
potential W is a potential in the sense of Definition 2.1.1. Thus, it is important to understand
which statements of [22] depend on this assumption. A careful study reveals that this as-
sumption on W is used explicitly only in [22, Section 5.2] (and implicitly in the subsequent
sections that utilise the results of the cited section). Specifically, two statements are inferred
from W being a potential:

(i) The residue operators of Egs. (2.1.9) and (2.1.10) exist.
(ii) [39, Theorem 7.4] applies.

No other special properties of W are used anywhere else in the proof, implicitly or explic-
itly (including [22, Prop. 2.19] whose proof cites a statement from [29]). In particular, the
whole machinery of bar complexes, Atiyah classes, and homological perturbation works in
the present setting without any modifications. The proof of the unitor properties also makes
no such assumptions, as pointed out in the proof of Theorem 1.3.56.

2.3.4 The general setup

Let ko be a commutative ring (which we relabel to avoid confusion). Following Remark 1.4.3
we will consider the bicategory I\/.I.Fko[w] instead of I\/.I'Fko('w). In a Rozansky—Witten context
one can think of the w as bulk variables, which may be located on either side of the 1-
morphisms described by I\/'I.Fk0 (w). In the language of [22], we have

k=kolw], R=kxy, ...,zn], S=klz1,...,2m], WeR, VeSs, (2.3.8)
and a finite-rank matrix factorisation
(X, dx) € MFy(z, z, w; V(z, w) — W(z, w)) (2.3.9)

with X being a free, finite-rank S ®j R-module. We will also use the following definitions
with R; := R, S;:=S:

R®:= R, ®; Ry = k[z, 2], W :=W(x)—-W() e R°, (2.3.10)
S€:=5) @ So = k[z, 2'] , Vi=V(z)-V(Z) €85°. (2.3.11)
The general assumption is that Homje (w)(VV, V') has right admissible variables {u1, ..., u,}
in all arguments involving the right Zorro move, and left admissible variables {vy, ..., v}

for the left Zorro move. We write

Fo= {00, (W =V), ..., 0u,(W—V)} (2.3.12)

and we define
Ai = =0y, dx(x, z, w) , AP =N\ N, (2.3.13)
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A; is a null-homotopy for f;-1x:

d%( = (V(Z7 w) - W(',L" w)) : 1X | 6/auZ
8ul.dX odx +dx o 8uidX = 8UZ(V — W) -1y
{dx, —0udx} = fi-1x . (2.3.14)

2.3.5 The construction of €vg

We start with a few definitions and lemmas:
Definition 2.3.9. We define the ring
M = (R S)/(fi) = klz, z, w]/(fi, ..., fa) - (2.3.15)

By the assumptions of admissible variables, M is a free, finite-rank S-module. We further
define B B
X =X ®rgs M (2.3.16)

which is a free, finite-rank module over both S and M.

Proof. Let {e;} be a finite basis of X over S®, R. For r € R, s € S, m € M, an arbitrary
element of X as an M-module is given by

(r-s-e)@m=e,@(r-s-m)=(r-s-melecX,
so {e;} is a finite M-basis of X. Now let {m} be a finite S-basis of M. Then
(r-s-e)@m=s-(e;®(r-m))ecX

so {e;@mg} is a finite S-basis of X. Because X and M are free as S-modules, X is free as
well. O

Lemma 2.3.10. S is a torsion module over S via (s1,82)-8 1= $1-S2-8, implying S =
klz, 2'|/(z—2"). It is also a linear factorisation of V in the following sense:

S = (k[z, 2']/(z — 2'), ds = 0) . (2.3.17)
Proof. d%=0= (V(2)-V(2'))-1s mod (z—2'). O
Definition 2.3.11. The morphism
A Ay = 1577 S klz,2]/(z—2) =S, 6i...0i = bro (2.3.18)
is a closed even morphism of linear factorisations [22, Eq. (2.16)].
Lemma 2.3.12.

AA@ = {dx, A} =S A N (2.3.19)
=1

In particular, A% is closed as a map A®): X — X
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Proof.
{dx, A®} = (=1)"dx A1 ... Ay — A1 .. Andx

(_1)n+i—1)\1 s Aifl(dX)\i - )\idx))\i+1 ce /\n

I

s
I
—
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In analogy to [22, Section 5.2], the next step is to construct évg: X @ XT — S as a
composite of simpler maps, with S being the linear factorisation of Lemma 2.3.10. Each
constituent map is a morphism of linear factorisations: They are all closed, some of them
may be odd, €vy as a whole is even.

Lemma 2.3.13. The map

Stl"(A(x) o1no V) |z’»—>z dz (2 3 20)

fla 7fn

o(n®v) = (—1)""" Respgs/s

is a morphism of linear factorisations of V' over S°.

Proof. In this setting, X is an S ®; R-module, XV is an R®j, So-module, and X ® g XV is an
infinite-rank S¢ = S7 ®; So-module. The first part of €vg is given by a projection

X @p XV [n] 2 (X ©p XV)n] — M &0 (X 0r XV)n] = Nfn] . (23.21)

This step is analogous to [22, Eq. (5.15)], although N cannot be interpreted as X ® g XV here.
The subsequent map, in analogy to [22, Eq. (5.16)]," is defined by

_ 1A Q1
Nin] = M ®(s,0,1) (X ©r X¥)[n] 2225 M ®(5,0,.n) (X ®r XY) = N . (2.3.22)

Its closedness can be seen as follows: {dx, AE‘”)} =ity fi--.. by Lemma 2.3.12, f; € S1@ R
so by bilinearity of ® we can move f; into M, and f; =0 in M.
We proceed with a projection and three isomorphisms:

can

N =5 S®ge N =S ®ge (M @s,0,1 (X @r X))
= M ®se.r (X @sg.r XY)
= (X @ser M) @y (XY @sg,r M)
=~ Hom,; (X, X)

(2.3.23)

(¢) = {dx, ¢}. A detailed explanation of the isomorphisms is presented in

A.1.1. The final two maps are given by

Appendix /
Hom ; (X, X) 2% 0 2% g (2.3.24)
The supertrace is closed because dy; =0 and
(dstr)(¢) ~ str(dx o ¢ — (—1)pody) =str(dx op—dx 0¢) = 0.

By Eq. (2.1.3), the residue operator acts trivially on f; and is thus well-defined on M. Its
closedness is trivial because the differential is zero on both sides. O

“In [22, Eqgs. (5.16), (5.17)], a few instances of R should read R, so X is a free S ®j; R-module.
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2.3.6 The lift to vy

The argument in [22] uses homological perturbation to lift the morphism evo: X ® XT — §
to a morphism évy: X ®p XT — I"i(_z/. The main ingredient is a lifting theorem in [22,
Section 4] which can be applied to finite-rank matrix factorisations. However, as the rank of
X ®@r X" over S¢ is infinite, some work is needed to be able to apply said theorem.

The idempotent pushforward

A central part of reducing the infinite-rank matrix factorisations to finite rank is the idempo-
tent pushforward [39, Theorem 4.2]:

Theorem 2.3.14. Let (Y, dy) be a finite-rank matriz factorisation over k|x, z, 2’|, and let
{f1, - [n} Ck[z, 2, 2'] be a Koszul-reqular sequence. Furthermore, assume that

(i) there are \; € Endgr(Y') such that {dy, \;} = fi- 1y,
(ii) klx, z, 2'|/(f) is projective as a k|z, 2'|-module.
Then there is a diagram of morphisms between linear factorisations with vo¥ =1 and 9 =

A®) @1:
Yn] $ Y@rR/(f) . (2.3.25)

Details on how to derive Theorem 2.3.14 from the formulation in [39] are given in Ap-
pendix A.1.2. We may now apply Theorem 2.3.14 to Y = X ®r X"V: Both X and XV are
finite-rank, so over k[x, z, 2’|, their tensor product is finite-rank. We choose {f1, ..., fn} ac-
cording to Eq. (2.3.12) and \; := \; ® 1xv with the latter \; defined by Eq. (2.3.13). By the
assumptions of admissible variables (Definition 2.3.1), f is Koszul-regular and k[z, z, 2']/(f)
is free and thus projective as a k[z, 2’]-module. We thus get the following diagram:

(XOrXY)n] == (XOrX")®s,0,8 M (=N) (2.3.26)

where we have used that f C k[z, 2] C k[z, 2, 2/]. This allows us to work with finite-rank
modules instead of X ® X which is infinite-rank over S¢.
The lift construction

We start with the following lemma:
Lemma 2.3.15. The module N of Eq. (2.3.21) is finite-rank over S€.

Proof. By assumption, X is finite-rank over S®y R and thus has a finite S ®y R-basis {e;},
and M is finite-rank over S so it has a finite S-basis {m,}. It follows that {e}} is a finite
R®}, S-basis of XV. Now for r € R, s1 € S, so €Sy, me M, z € X, y € XV, an arbitrary
term

sirsa(z@y@m) =s152(z @y @ (r-m)) € (X @r XY) ®s,0,8 M = N

can be generated by the finite S¢-basis {ei@w;f ®@Mati ja- O
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In analogy to [22] we define 1 as the map in Eq. (2.3.21) and €v as the composite of
Egs. (2.3.23) and (2.3.24). We then study the diagram
V; (9o9)e
Homge (X ®p XV)[n], A) «<—— Homge (N, A)
lﬂz\ lWOA (2.3.27)

Homsg: (X @ X¥)[n], ) £ Homg. (N, ) .

By using the finite rank of N and [22, Prop. 4.11], the right 7% has a homotopy inverse
(7%)~!. The construction of évx is then fully analogous to [22]: €V{ lives in the bottom right
of Eq. (2.3.27), and we define €V’ to be its image under (7%)~!. Mapping to the left in both
rows, we find €vy in the top row and €vg in the bottom row. The closed formula for €vx can
be derived in analogy to [22], and we find the generalised formula

vx(n@v) = 3 (~1)" " Res poge e

>0

T(lAts, (X @r XV){(A®p o v))de
Dy W =V), ..., 0y, (W =V)

] . (2.3.28)

whose basis representation is given by Eq. (2.3.6). A fully analogous construction yields

evy(r®@mn) = ZReSS®Re/Re (2.3.29)

lwm m (XY @5 X) (VA @ 7)) dZ]
>0 |

O (V W), ..., 0y (V—W)

whose basis representation is given by Eq. (2.3.7). Note that in accordance with Remark 2.1.8
there is a factor of (—1)™ in evy relative to [21, Eq. (5.7)].

2.3.7 The Zorro move

This section will prove the first identity of Eq. (2.1.17) for all finite-rank matrix factorisations
X with right admissible variables {u, ..., u,}. Only a few modifications of the proof in
[22, Section 6] are required, which are explained below. The notation is consistent between
the present work and [22], the only differences being that f; and \; are defined according to
Egs. (2.3.12) and (2.3.13), and that the domain and definition of ((—)) needs to be changed:

Definition 2.3.16. In analogy to [22, Definition 6.1], we define

eV(a)dx
fl) SR fn

This change is needed because in contrast to [22], the f; are elements of k[x, z] instead
of k[x]. Note that this change is quite minor, as [22] defines ((—)) implicitly’ on S®; B as
1@ ((=))-

The formulations and proofs of Lemmas 6.2 and 6.3 as well as Remark 6.4 of loc. cit. can
be copied verbatim, i.e. they are “covariant” under the changes. The subsequent lemmas
involving the Atiyah operator require some formal modifications.

((=):S@xB—= S®R[n], ((s®a))=s-Resgg, re/se,Ro { } . (2.3.30)

5This can be seen in [22, Egs. (6.7), (6.8)]: The codomain of str is S®jy B, and the Zorro map Z is of the
form ((=))ostro....
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The domain of the Atiyah operator

Two structures are central in the proof presented in [21, Section 6]: the bar complex, which is
the k-module

B =QR; ®; Ry = R ®; R*" ® Ry , R=R/k, Ri=Ry=R, (2.3.31)
and the Atiyah operator
At: End(X) ®p, B — End(X) ®p, B . (2.3.32)

The original formulation does not permit f; € k[x, z|, but only f; € k[z]: For example, [21,
Corollary 6.9] contains expressions df; € B, and B is not S-linear. Therefore, changes are
required to ensure df; is well-defined in our generalisation. It turns out that this is only a
formal, not a fundamental problem: The Atiyah operator does not need to be modified, only
its domain and codomain need to be rewritten.

Lemma 2.3.17. The Atiyah class as defined in [22, Eq. (6.6)] can be understood as an
operator
At: End(X) @p B' - End(X) 0 B’ , (2.3.33)

Ei=klz]=S, R :=FK[x], R,:=Ry:=R, B=RepyR"opR . (2334
In particular, B’ is the bar complex of R' = k[x, z] over the ring k' = k[z].
The subsequent supertrace operator also needs a slight formal change:

str = str@1: End(X) @ B’ = (S @ R) @p B'=B'. (2.3.35)

Proof of Lemma 2.5.17. Let (Y, D) = (End(X), {dx, —}). The Atiyah operator is defined to
be the following graded commutator [22, Eq. (6.6)]:

At =Atp(Y)={d, D®1lor}: Y ®r QR - Y @5 QR . (2.3.36)

According to the detailed explanation in [22, Example 3.8], the map d and thus At is linear
with respect to S-multiplication on Y. Furthermore, the following isomorphy holds:

Y @rQRZ2Y Qsg,r Qs (S @k R) =Y O, 2) Uz (K[, 2])

Using that k is commutative, Q4 (k[z, 2]) corresponds to 2(R') over the ring k' = k[z] [22,
below Lemma 2.9]. Therefore, we can naturally regard Atr(Y) as an operator on

End(X) QSR QkI(R/) = End(X) QR Qk/(R,> . (2337)
As in [22], we relabel R’ — R] and take the tensor product with ®;Rs to the right:
(End(X) ®R’1 Qk/(Rll)) Rk R2 (2338)
This module is isomorphic (as a k-module) to

End(X) ®p; (U (R}) @ Rh) = End(X) @p B’ . 0



80 2. Adjunctions in the bicategory MFy,

The Zorro move

The remaining arguments in [22, Section 6] need very little modification. Lemmas 6.5 to
6.7 as well as Proposition 6.8 can be copied in both formulation and proof — they only use
algebraic properties and the fact that A; is a null-homotopy for f;. With the redefined Atiyah
operator, Proposition 6.9 can also be copied in formulation and proof. Most of Proposition
6.10 needs no adaptation, only one detail requires attention: The expression

ST (DI 1y - - o) str(—))) (2.3.39)

O’GSn

evaluates to

ZUESH(_1)|U|aﬁjI fU(l) s 6[175]2 fa(n) Stl“(—) de
Resk[m,w/,z]/k[w/,z] f17 o fn

det((9F™ fi)ig) str(-) da
= ReSp/ [, /) /k/[a] J1, >

which is of a form where [22, Prop. 2.17] can be directly applied, completing the proof.

Uniqueness of adjunction 2-morphisms

Defining the evaluation and coevaluation operators involves making several (arbitrary) choices
under which the operators should be invariant. In [22], it is shown that évx and evx are
independent of the choice of A; up to homotopy and independent of the order of {1, ..., z,}
up to a sign. The present work introduces another ambiguity: As discussed in Example 2.3.4
there can be different sets of admissible variables for a given Hom-category. It turns out that
eévx and evy are independent of this choice as well.

Theorem 2.3.18. The evaluation operator is independent of the choice of admissible variables
up to homotopy.

Proof. Let X € Hom(W, V') with two sets of left admissible variables u, v'. By Theorem 2.3.7,
both (evx 4, coevx) and (evy ., coevy) are an adjunction between X and X, implying that
the respective Zorro move evaluates to the identity 2-morphism. Using linearity in k, we find

\%4 w

where, as usual, = between diagrams means “equal as morphisms of matrix factorisations”,
so the module homomorphisms are homotopic. Now we compose both sides horizontally with
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tX and then vertically with evx q:

VX, u evx, u

eVX, u—EVX y/

1iy

where we used the second Zorro move of X in the last step. Using linearity in k£ and the unit
properties of 1ty and 1x, we find (up to homotopy)

VX u — VX w = 0- VX u — €VX u = CVX y .

The argument for the right Zorro move is fully analogous. O

2.4 Pivotality

We have seen that a large class of 1-morphisms in MFj(w) has adjoints. One standard
application of adjoints is to compute “bubbles” of 1-morphisms, i.e. diagrams of the form

\% \%

X

However, adjoints alone are not sufficient for a well-defined bubble. By definition,
coevx:ly - X @TX | evyx: XX — 1y, (2.4.1)

so a canonical isomorphism from TX to Xt must be inserted between coevy and evy.

2.4.1 Definition

Let B be a bicategory with adjoints. A pivotal structure on B consists of a 2-isomorphism
dx: X — XT for every 1-morphism X, subject to naturality and monoidality conditions. To
formulate these conditions, we first realise that right (or left) adjunction can be understood
as a contravariant functor '(—) [82, Lemma 5.1.2] mapping l-morphisms X ~— X and 2-
morphisms ¢ — ¢, the latter being defined by [22, Section 6]

(2.4.2)
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The left and right adjunction functors are also monoidal, i.e. they are compatible with
horizontal composition by means of the following (natural) isomorphisms:

(2.4.3)

coevx coevy
(Y @ X)T Ty @ X)

The 1-morphism Y ® X can either be interpreted as two adjacent 1-morphisms Y and X or
as a single 1I-morphism Z =Y ® X. The dotted horizontal line visualises a switch from the
former to the latter interpretation. We may now define pivotality:

Definition 2.4.1. A bicategory with adjoints B is pivotal if there is a monoidal transforma-
tion 6: T(=) = (=) (or, equivalently, a monoidal isomorphism Id = (=) or 1d = (<)) [22,
Section 7] called an (ordinary) pivotal structure. Spelled out, a pivotal structure is given by a
natural isomorphism dx: X — X' for every I-morphism X that is compatible with .Z and
R, i.e. Rodygx = (0x ®dy)o.L (see also [26, Sect. 2.3]):

(2.4.4)

coevy ? dvex coevy
(Y @ X) (Y ®X)

REMARK 2.4.2.

« In a bicategory with adjoints, the functors Id, T((=)"), and (T(=))! are monoidally
isomorphic (with the isomorphism given by [22, Eq. (7.14)]), rendering all three formu-
lations of Definition 2.4.1 equivalent.

+ Defining pivotality in terms of a monoidal isomorphism ¢': Id = (=)' does not re-
quire left adjoints to be defined at all. From the right adjunction functor (=)' and the
monoidal isomorphism ' one can construct left adjoints via

X =X, evyi=cvyio(lyt ®dy), coevy = (1@ ) ocoevyr . (2.4.5)

Analogously, one can construct right adjoints from the left adjunction functor T(—) and
a monoidal isomorphism 6”: Id = 1f(—).

e In the first formulation, one may also redefine left adjoints to be equal to right adjoints
using the pivotal structure dx: X — XT:

X=X, evy:= evx,od © (0x ®1x), coevy = (1® (5)_(1) ocoevy old - (2.4.6)

This way, 'X = X1 for all 1-morphisms X.
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It turns out that £G (and, by extension, MF}) is not pivotal: For odd £(x)+£(z) the
left and right adjoint XT = XV[¢(x)], TX = XV[¢(2)] are, in general, not isomorphic (see
Remark 1.3.23). There is, however, a weaker notion of graded pivotality which is fulfilled in
subcategories of MFy, that have adjoints (LG, being one example).

2.4.2 Graded bicategories and shifted identity lines

We will only discuss the special case of MFy here and refer to [22, Section 7] for the general
definitions of graded bicategories and graded pivotality. This section generalises results from
[22] and [23, Section 7.2], the latter being an earlier version of [22]. Throughout this section
we use the following setup:

Xi(my W)= (= V), Yi(zn V)= (g U), n=Llz), m:=1L0z), p=Ly) .
We first introduce diagrammatic rules for grade-shifted identity lines.

NOTATION 2.4.3. The identity 1-morphism grade-shifted by j € Z is displayed as follows:

(z; W) (/; W) = AWU] ) (z; W) (2'; W) = Aw[g(.’l‘,‘)] , (247)

J

i.e. the grade shift of a wiggly line without label is given by ¢(x). For Ay[j] there are
2-isomorphisms

L Ay

pe Al Al = Aw = A Awli]© Awl]

defined in [22, p. 538], which make Ay [j] left and right adjoint to itself. Therefore, Ay [j]
may be drawn without an orientation.

NOTATION 2.4.4. We may rewrite the adjoints of X as follows:
o1
X=2TXoAy = XVoSmleoAy=X"eAym],

1M1
X'=Rpn]oXY 2 Rn|oAy @ XY =Ay[n]e X" .

For the remainder of this chapter we define a downwards oriented line in MFj, labelled X to
be XV (instead of X or X1). This way, downwards oriented lines are unique and no longer
depend on whether they originate from left or right adjunction. In this modified convention,
the adjunction 2-morphisms are visualised as follows:

coev x

evx é
/\\ X9 X o Aw \\,,/ Ay o> X oTX
{

evx 2
ﬂ XX Ay, v Ay o> XTeX.

coevy
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The next step is to introduce rules that allow grade-shifted identity lines to cross other
1-morphisms, first discussed in [23] and restated in the language of [22] here.

Definition 2.4.5. Crossings between shifted identity lines and other 1-morphisms are defined
as follows:

x| 74
wx = & V)r (s W) = p)_(1®R[j] ooV o (Lsp] ® Ax): (2.4.8)
i/ (Shl®AV) @ X = X @ (R[j]® Aw) |
j \\ X
wy' = ) |[&T = (Lsy @ A% 00V o pxeny: (2.4.9)
 J X (Rj]®Aw) = (Sil®@Av)® X,

with 031 of Eq. (1.3.49) being the canonical isomorphism between S[j]®sX and X ®g R[j].

Egs. (2.4.8) and (2.4.9) are clearly inverse to each other. Furthermore, wx is natural with
respect to the action of other 2-morphisms:

Lemma 2.4.6. For all ¢: X =Y, the following holds:

v| /i v| /i it |y i |y
r ¢ r S i ¢
_ | ’ H - i . (2.4.10)

i X 1x j ;.f; X 4 \\H j X \ i
Proof. o0 and ¢ commute in the expected way:
(00 (s @)1 @ 2) =o(-1 @ o(x) = (1)o@ ®1;,
(6@ 1py) 00)(ly®2) = (6@ 1gy) () lz @ 1;) = (~1)Fg(2) @ 15,

implying oo (1g;) ®¢) = (p® 1)) oo. The rest of the argument follows from the naturality
properties of A and p presented in Eq. (1.5.20), which apply to all bicategories. O

Finally, under certain conditions it is possible to resolve crossings of shifted identity lines
(23, Eq. (7.2)]:

Lemma 2.4.7. If a =bmod 2, the following identity holds:
E{X =(-1)* . (2.4.11)
(if; Rif) a a

Proof. Note that a =b mod 2 is required for Eq. (2.4.11) to be well-defined, as otherwise the
domains and codomains do not match. We define the isomorphism

=0V R @AW - Aw @ R[b], L®a— (-1)"ae1,
and precompose both sides of Eq. (2.4.11) with 1z ®7T®1a,. Let o € Ay,. We find

Aapp o (T®1ay)) (1 ® 03y - 0, @ @) = (=1)""Ax 1) (01 - - 05, @ (1, @ @)
=0kolp®@a= (1R[b] ® )‘Aw)(lb ® 0, .. 05, ® a) )
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implying (Aa,, ) (T®1ay,)) = 1gp ® Aay, - The modified left hand side is now given by

Priesweria © 7 © (LRl © Arploay) © (Lrla) © T © lay,)
= Prionwerld © 7 © (LRl © Lri © Aay,)
with o: Rla]® (R[b]® Aw) — (R[b]® Ay ) ® Rla). We use the naturality of p~1:
= (0® 1ay) © PRigerpeay © (1R © Lrp @ Aay)
We now use Rla]® R[b] = Rla+b] = R:
= (0@ 1ay) © (1gia @ Lrp © par,) © (e @ Lrp) © Aay)
AA

W and pgy compose to 1A, @A, , as discussed in Example 1.2.20:

=0®1ay -
We compare the modified left and right hand side by acting on «, 8 € Aw:
(c@lay)(la®@@a®p) = (=) (1,eae1,®0),
(e @T@1Ia,) 1@ L ®a®p) = (-1 (1, ea®1,©45),
= LHS = (—-1)“RHS
using @ = bmod 2 and (—1)*® = (—~1)% in the last step. O

REMARK 2.4.8. Definition 2.4.5 and Lemma 2.4.6 plus self-adjointness allow us to move
shifted identity lines across 1- and 2-morphisms. One does have to preserve the direction of
their turnarounds — two left turns differ from the identity by a sign:

U. U

2.4.3 Graded pivotality

Now we can formulate the statement of graded pivotality:

Theorem 2.4.9. Let (x; W), (z; V), (y; U) € MF}, such that Hom(W, V), Hom(V, U), and
Hom (W, U) have left and right admissible variables. Set n := {(x), m = {(z), p := {(y).
Then for all 1-morphisms X : (x; W) — (2; V) and Y: (2; V) — (y; U), the following holds:

(2.4.13)

(3 W) Yox)Y (Yex)¥ (y; U)
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REMARK 2.4.10. The factor of (—1)™ in Eq. (2.4.13) is also present in [23, Eq. (7.13)],° but
not in [22, Eq. (7.5)] due to the different sign convention explained in Remark 2.1.8.

Proof. The special case where X, Y are 1-morphisms in LGy, is proven in [22, Section 7]. The
generalisation to MFj with admissible variables requires only slight modifications, which will
be explained here. We define Y ® X by

N :=klz, 2]/ (0o(V =W)) , Y @X = (Y ®ppz) X) Okl ) N (2.4.14)

for left admissible variables {v1, ..., vy} of X. The split monomorphism r: Y ® X =Y ®X
can be constructed in analogy to [22, Appendix A] and Theorem 2.3.14, utilising the assump-
tions of admissible variables.

Let {ga}o be a finite k[z]-basis of N. We employ an argument similar to the one in
Lemma 2.3.17: With

K=klz], S =Kz, R:=kK, B :=QuS opS) (2.4.15)
we regard Atg(XT®@YT) of [22, Eq. (7.8)] as a map
Ats(XTeYT): (XTesY) ey B — (XTosYT) og B . (2.4.16)
Now the image of eV can be written as
(XT@s Y1) 0g 9 = (X1 05 Y1) @2 (klz, 2] Rpja) k[, 2]) -

Then 1® g} is well-defined on S, and we find that [22, Egs. (7.9), (7.10)] hold in this
generalised setting (with an extra factor of (—1)™ in £).

The rest of the proof is analogous: By the same argument as above, there is a split
monomorphism

X @5l == ((X@s!V)@4p g N=Xa'V

p
with pok = 1. Therefore, to show that both sides of Eq. (2.4.13) are homotopic, it is sufficient
to show that they are equal after post-composing with . As in [22], X ®Y has a basis
{ef ® fj* ®9ati,ja- Furthermore, gZ} ® gk is well-defined on S’ and the rest of the proof can
be copied verbatim. ]

REMARK 2.4.11. There are several ways one could define Y ® X. For example, one could use
a different set of admissible variables v, ..., v/, of X, or one could define Y ® X to be

(Y ®]€[Z] X) ®kz[m,y] k[mv y]/(auu (V - U)v SRR awm(v - U))

for right admissible variables wy, ... , wy,, of Y. In general, these different definitions of Y ® X
are not isomorphic as a matrix factorisations. However, the adjoints of Y ® X constructed
from different definitions of Y ® X are isomorphic according to the uniqueness theorem of
adjoints.

As discussed above, we usually find TX 2 XT if ¢(2)+£(2) is odd, disproving the existence
of an ordinary pivotal structure. However, in the even case we do find ordinary pivotality:

SThere is a minor inconsistency in [23, Eq. (7.13)] which is related to Eq. (2.4.12) and was corrected here.
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Corollary 2.4.12. In the setting of Theorem 2./.9, assume n=m = p mod 2. Define dx to
be the crossing isomorphism w)_(l of Eq. (2.4.9), i.e.

ox: XV @Sm] = Rml@ XY, z@1l,~ (-1)™*1,, @z . (2.4.17)
Then dx is an ordinary pivotal structure (Definition 2./.1).

Proof. We need to show Eq. (2.4.4) with §x :=wy'. All labels on shifted identity lines can
be omitted here since n, m, and p are either all odd or all even. We post-compose both sides
of Eq. (2.4.13) with (—1)™0x ® dy and apply the rules summarised in Remark 2.4.8:

Now we use Eq. (2.4.12) and Lemma 2.4.7:

proving (0x ®dy)o.L = Zodygx. O
REMARK 2.4.13. In the conventions of [22], the pivotal structure for n+m even is given by
(—1)™U=+D: XV @ S[m] — R[m] @ XV,

which has a sign of (—1)™ relative to dx as defined in Eq. (2.4.17).

Corollary 2.4.14. Define the subcategories

even odd

MF,™", MF;™ C MFc(w, ) (2.4.18)

to be the subcategories whose objects (a; W) all have an even (resp. odd) number of surface
variables {(a). Then for every subcategory B C MFy that is pivotal with the pivotal structure

even odd

of Corollary 2./.12, either BC MFy, or BC MF, " holds.
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2.5 Defect operators and quantum dimensions

2.5.1 Definition

Now that we have a pivotal structure we can turn our attention back to bubble-shaped
diagrams. We start with the following general definitions:

Definition 2.5.1. Let B C MF}, be pivotal with the pivotal structure of Corollary 2.4.14, and
let
(x; W), (2, V)e B, X e€Homp(W,V),
® cEnd(X), ¢e€EndAy), v €End(Aw).

Then we define the defect operators [22, Eq. (8.1), 23, Eq. (8.2)]

DP(X): Endye, (Av) — Endyje, (Aw) , (2.5.1)
DP(X): Endy, (Aw) = Endye, (Av) (2.5.2)
by
w evx : X w’ W evyx : X w'’

DI (X)(¢) := - : (2.5.3)
\% X iévx \%
px Xt
DX(X)W) = @ ox = (2.5.4)
.
p)_(l | COeV x *
If the map ® is omitted, it will be set to the identity on X, i.e.
DiX)(9) == DX (X)(@) .  Dp(X)(®) = DX (X)(¥) . (2.5.5)
We further define the quantum dimensions
dim; X :=Dy(X)(11,) , dim, X :=D,(X)(11, ) (2.5.6)

to be the defect operators with ®, ¢, and 1 being identity 2-morphisms.

REMARK 2.5.2. A pivotal structure dx fixes the value of the defect operators uniquely. Con-
sider D2 (X), which consists of the 2-morphisms évy, dx, and coevy. Rescaling the pivotal
structure dx +— a-dx is not possible: The left hand side of Eq. (2.4.4) is proportional to «
while the right hand side is proportional to a2, so a-dx is not a pivotal structure unless
a = 1. Furthermore, rescaling (evx, coevy) — (aevy, a~ ! coevy) necessitates a rescaling of
0x +— a-0x to preserve Eq. (2.4.4), and the defect operators are invariant under this modifica-
tion. The analogous statement holds for rescaling (évx, coevy). Therefore, the values of the
defect operators are unique up to the existence of a different, inequivalent pivotal structure.
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2.5.2 Closed formulas

The following known result on the spectrum Ay — Ay applies to MF,(w) as well:

Lemma 2.5.3. The morphisms on the identity line Ay : (2'; W(a')) — (z; W(x)) can be
identified with [22, p. 545]

via

91191k+—>a9119l fO’FO[Ek‘[:IC,’I.U]/(aIIVV, ,6InW) . (258)

k

In particular, every 2-morphism on Ly is equal to -1y, up to homotopy for some o, and
Endyjie, (w)(Aw) is commutative.

REMARK 2.5.4. As discussed before, the spectrum of 2-morphisms on the identity 1-morphism
corresponds to the Hilbert space of local bulk operators (field insertions), which is given by
the Jacobi ring k[x, w]/(0x, W, ..., 0z, W) in MF and LG.

By Lemma 2.5.3 we may identify D (X)(¢) and DE(X)(¢)) with values in k[z, w]/(OW)
or k[z, w]/(0V), respectively. The following central theorem establishes closed formulas for
both.

Theorem 2.5.5. Let
R=Fk[x, ..., zp,w], S=klz1, ...,2m,w], n=m mod?2,
and let X : (x; W(x, w)) — (z; V(2z, w)) be a finite-rank matriz factorisation with right ad-

missible variables {uy, ..., un} and left admissible variables {v1, ... ,vn}. Then the defect
operators of Definition 2.5.1 take the values

nt1 str " Og.d m Oy, d z

DE(X)(¢) = (~1)("2) Resppay g V taiqz(v 1‘114/)1 X)( ai_l(vj_ ;2)} d ] , (2.5.9)
m1 str T Oy, m 0, T

D2 (X)(¢) = (=1){"2) Resgpa)s V taiiﬁvtlv):%,)(, ai_zwjﬁf))}d ] (2.5.10)

As in Example 2.5.5, these formulas agree with [21, Eq. (3.1)] for w =0 and thus generalise
the result on LGy,.

REMARK 2.5.6. While the right admissible variables {u1, ..., u,} do not appear in the for-
mula of Dl‘p (X), there is no meaningful interpretation of be (X) if X does not have a right
adjoint. In that case coevy is still a well-defined morphism, but has no interpretation in
terms of a right Zorro move. The analogous statement holds for {v1, ... , v} and D®(X).

Proof of Theorem 2.5.5. Lemma 2.5.3 has several applications here: First, the action of 1 can
be written as a multiplication by some 1 € k[x, z, w|, which may, equivalently, be relocated
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to any point touching the surface W. In particular, we may relocate it to ®:

By the properties of Ay, px, and p)_( , the identity line in the bubble can then be removed.
Invoking Lemma 2.5.3 a second time, we find that it is sufficient to evaluate D®(X)(y) on
1 € Ay (f-order 0) and drop all terms 6;, ...6;, for k> 0 from the result.

We now choose a homogeneous basis {e;} C X , write ® as a matrix ®: e; — Zj ®,;e;, and
evaluate (- ®®dx)ocoevy on 1.

(V- 2®dx)o CoevX)(l)
- (D@ 5x)(Z(—1)( o onT dx L on dx Y e o))
i,J
m+1 m z’z/ lesl %
= Z:k(—l rm{on dx 0T dx ) (Brier) @ (—1)"1le;
l’]’

= S (=) a(TT, o5 dx)(-1)" 1} ev @€l
ik

Now we find
DE(X)() = (6vx o (- ®@dx) o COGVX)(1)|{9,'}1‘:O

W (~1) Dl ([T; 057 dx) (-1)"1 1}, ALY da

Z (") +m Res
- B, (W — V), ..., 00 (W —V)

Let us simplify the numerator separately. According to Lemma 2.5.3, z — 2 is exact in
End(Ay). Because of 8;.}’z dx = 0,dx(x, z)+(z—2")-... and the linearity of the residue

operator in k[z, 2], we may replace ﬁ[zﬂ’z/d x > 0,,dx here [22, p. 546]. We find

Zj7k(_1)(n+1)|ekl{q>(ni 0., dx)(—1)"= I}k] jw)
— tr{(—l)(”“)‘*@(nﬁl (9zjdx)(— )nl IA( x)}
= str{ (= 1)" B (T, 02,dx ) (—1)"17TA)}

As [[TjL 0;;dx| =m and |®] = 0, the conjugation with (—1)"=I yields a factor of (—1)™":

= (= 1mn5tr{q)( 1‘92ng)( 1)"(TTk=1 Oupdx) }
=(-1) Str{(Hk:IaukdX) ( jZIaZjdX)}7

where we get another factor of (—1)™" from str AB = (—1)41Blstr BA. Putting all back
together and using (—1)"*" =1, we find (with S¢ = k[z, 2/, w])

W str{ (ITi—1 Oy dx) *(ITfL1 0, dx) } dae

Oy (W =V), oo, Oy, (W =V) (2.5.11)

D (X)(®) = (~1)("") Resge (s
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A short argument shows that we may move ® to an arbitrary location inside the supertrace:
0=[dx, ®] =dx® — ®dx | 6/0s

- 0=0,dxP + dx0sP — 0,Pdx — POsdx

=  [0sdx, @] = [dx, —0sP] = d(—0;P)
for all s € {z, u}. Thus, commuting ® with Js;dx yields an exact term which does not con-
tribute to the defect action,” so we may commute ® to the front of Eq. (2.5.11). Finally,
z— 2z’ is exact on Hom(Ay, Ay) and 2’ no longer appears in Eq. (2.5.11), so we may remove
z' entirely and get Eq. (2.5.10).

The argument for D (X) is analogous; the only extra step needed is to replace ®(z/, z)

by ®(x, z)+ (2’ —x) 0% 2% and the latter part can be dropped because &’ —z is exact on
HOm(Aw, Aw) O]

2.5.3 Properties of the defect operators
Grade shifts
The following result on the quantum dimension will be needed in Chapter 3.
Lemma 2.5.7. Under the assumptions of Theorem 2.5.5 we find

dim,(X[j]) = (-1)? dim, X , dimy (X [4]) = (—1)? dim; X . (2.5.12)
Proof. The case of even j is trivial, so we consider j = 1. We study the odd identity map (see
Lemma 1.3.22)

¢: (X, dx) = (X[1], =dx) , ei—e, |p[=1,
dp=0 = dyy=—¢ 'odxod.

Let {u1, ..., u,} be right admissible variables of I\/IFk(VV, V). We compute the quantum
dimension

. _ met1 str{(]_[k 8ukdX[1])(HazjdX[1})}dm
mme_PM()R%[&AW—VLHWEAW—V)]
— (71)(7”;'1) Res [Str{ (Hk auk(_¢_1dX¢)) (H] 8Zj (_¢_1dX¢)) } d:l:]
= s (W =V, - 0u (W —V)
str{ ¢ (T Bundx) (1, 0s, dx )6} dee
Ouy W =V), ..., Ou, (W =V)

n

m—+1

= (—1)( 2 )Fntm Resl

Now [¢|=1, ¢~ (ITx Oupdx) (I1; 0z;dx) | = n+m+1

_ (_1)(m;rl)+n+m+1-(m+n+l) R Str{¢¢7l (Hk 6“kdX) (HJ azjdX)} dz
N Oy (W =V, ...y Oy, (W =V)
e [T ) (I, 0. dx)}

— (—1)(")* Res [%(W_V), ,Jaun<w—v>]

= —dim, X .

"str(Ad(B)) = (1) str(d(A)B), and {dx, Osdx} for s € {z, u} generates either 8,V which is exact in
End(Av), or 0y, (W —V), which is set to zero by the residue operator.
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The argument for dim; X is analogous. O
REMARK 2.5.8. It is easy to prove

XY — dim, X = dim;, Y (2.5.13)

.

in close analogy to the proof of Lemma 2.5

Anti-bubbles

Furthermore, the following “reverse” versions of the quantum dimensions will also be needed:

Definition 2.5.9. The anti-bubbles of a 1-morphism X : (a; W) — (z; V) in MF}, are defined
by
abj(X) :=coevyoevy o (0x' @ 1x): X @ X - XT® X, (2.5.14)

ab.(X) := (1x ® dx) ocoevy oevy: X @ XT = X @ XT . (2.5.15)
Under certain conditions, the anti-bubbles can be evaluated easily:
Lemma 2.5.10. Let X: (x; W) — (2; V) such that
XoX'=21y and XTo@X =21y . (2.5.16)
Then dim; X and dim, X are invertible, and
aby(X) =dimy X - 1xigy , ab,(X) = dim, X - 1yt (2.5.17)
up to homotopy.

Proof. In general, X®@ X' =1y, @..., and vy is a projector from X ® X' to one of its 1y-
components (there must be at least one, otherwise X has no right adjoint and evx does not
exist). Analogous statements hold for coevy, evx, and coevy. Therefore, under the assump-
tions of Lemma 2.5.10, all adjunction 2-morphisms of X are isomorphisms. All constituent
maps of the right quantum dimension

dim, X =évyx o (dx ® 1) o coevy (2.5.18)

are thus isomorphisms, so dim, X is also an isomorphism and can be represented by a non-
zero complex number in k[z]/(0,V), proving the invertibility statement. For the second
statement we transform Eq. (2.5.18):

vy o (dx ®1)ocoevy = dim, X - 1y ]eNV)_(lo

((5x®1)OCOGVX:dim7«X'e~V)_(1 ] 06Vyx
(0x ® 1) ocoevy oevy = dim, X - e~v)_(1 oevy

By assumption, X is a 1-morphism in a pivotal bicategory (otherwise the quantum dimension
would not be well-defined), so TX = XT, hence we may replace X' by X in Eq. (2.5.16). The
formula for ab;(X) can then be shown analogously. O
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Covariance under pivotal 2-functors

The following statement holds in every pivotal bicategory.

Lemma 2.5.11. Let B and C be pivotal bicategories, and let F': B — C be a pivotal 2-functor
(see [82, Def. 5.1.9] for the definition). Consider the following data in B:

(i) objects W, V,
(ii) a 1-morphism X: W =V,
(iii) 2-morphisms ® € End(X), ¢ € End(1y), ¢ € End(1y).
Then we find the following identities of defect operators:
F(DF(X)(9)) = D] " (F(X)(F(6)) . F(DFX)(W)) = DF D (F0) (F()) . (25.19)

Proof sketch. While slightly cumbersome to show, this ultimately follows directly from the
properties of pivotal 2-functors and Eq. (2.4.2). O
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3 Adjunctions and orbifolds in RW

Having studied adjunctions and pivotality in the bicategory MF, we may resume the discus-
sion of RW. As mentioned in Section 1.2.9, our goal is to construct a Gray category with
strict duals G related to RW to be able to apply the orbifold procedure.

This chapter assumes Conjecture 1.5.15, i.e. that RW as defined in Definition 1.5.1 is a
tricategory. To construct a Gray category with strict duals G, we first restrict our discussion
to a subcategory 7 C RW that is conjectured to be a pivotal tricategory with duals. To do
so, we construct adjoints of the 1-morphisms of R in Section 3.2.1 and subsequently discuss
general properties of pivotal subcategories 7 C RW in Sections 3.2.2 to 3.2.4, including a
proof that RW itself (unlike subcategories of RW) cannot be pivotal. In Section 3.2.5 we
explicitly construct a candidate 7 C RW and present most of the proof that 7 is a pivotal
tricategory with duals (assuming Conjecture 1.5.15). We may then apply Theorem 1.2.28 to
T which yields the desired Gray category with strict duals.

Next we turn our attention to an application: Starting from a known defect TFT that has
some finite symmetry group (subject to constraints discussed later), the orbifold procedure for
n-dimensional defect TFTs [27] yields a new defect TFT on which the symmetry group acts
trivially (one can interpret this procedure as gauging a finite symmetry [25, Remark 3.6]). We
discuss the general aspects and requirements of the orbifold procedure in Section 3.3. These
are then applied to 7 C RW in Section 3.4 where we conjecture the existence of an orbifold
datum and prove most of its constraint equations.

3.1 Pivotal tricategories revisited

We begin with a discussion of some subtleties regarding pivotal tricategories and their stricti-
fications which will be important in Section 3.4.

3.1.1 Properties of the strictification triequivalence

Let T be a pivotal tricategory with duals. Then the Gray category with strict duals s7
constructed from Theorem 1.2.28 can, in principle, be written down explicitly. However, for
most applications the explicit form is far too complex to feasibly work with. The full details
can be found in [82, Thm. 7.2.1], [82, Prop. 7.1.2], [53, Thm. 10.3.3]. Roughly speaking, the
structure of s7 is as follows:

e The objects of sT are the objects of T.

e The 1- and 2-morphisms of s7 are nested lists of composable 1- resp. 2-morphisms of
T plus additional data.

e The identity 1- and 2-morphisms are given by empty lists, denoted by 0 resp. Oy .

e A 3-morphism ¢: X — Y in sT is represented by a 3-morphism e(¢): e(X) — e(Y) in
T.
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The triequivalence e is defined to be the identity on objects and 3-morphisms. On 1- and 2-
morphisms, it approximately maps lists of composable morphisms to their respective product,
ie.
“e({...{Xa}.. b XKt ) =X 90X, e(ly) =1y,
“e({...{Mi}t...} o Wt ) =KLKW, e(0y) = 1g

for an object (x), 1-morphisms {W;}, V, and 2-morphisms {X;}. A pseudoinverse f: T — sT
of e is given by (again omitting a lot of details)

FOV) =L WY .V, A(X) = {X}...}, (3.1.1)

i.e. f maps 1- and 2-morphisms to lists containing one element. Evidently, eof: T — 7T is the
identity 3-functor; however, foe: sT — sT is the identity map on objects and 3-morphisms
but only preserves equivalence classes of 1- and 2-morphisms (with the 2- and 3-morphisms
possibly being pre- and post-composed with structure morphisms). In particular, f does not
necessarily map the structure 1- and 2-morphisms of 7 to the respective 1- and 2-morphisms

of sT:

Fle) = 1. {1g}...}" £ 0y € sT(, ) ,
fOw)=“...{\w}...} € HomsT(%y)(“{]ly XW}, «{W}”)
# Oy € Hom,r(g, ) (“(W}7, “(W}")  (with 0, & (W} = {W}).

3.1.2 Adjunctions of unitor 2-morphisms in tricategories

Even in a non-pivotal tricategory, the unitor 2-morphisms Ay, pyw always have adjoints:
According to the definition of a tricategory [32, Def. A.4.1] there exists an adjoint equivalence’
r: M(1xI,) = 1 whose components are the unitor 2-morphisms, i.e. (W) = pyr. We spell
out the definition:

(i) 7: ®(1x1I,) =1 is a pseudonatural transformation,

(ii) there is another pseudonatural transformation r~: 1 = X(1 x I,) that corresponds to
oL ie. (W) = pig,

(iii) there are invertible modifications «,.: rr~ = 1, §,: 1 = r~r which fulfil the two right
Zorro moves (1.2.13).

In components, the 3-morphisms «,. (W) and 3,(W) exhibit p;Vl as the right adjoint of py,
and ;1 (W) and a; ' (W) exhibit py as the left adjoint of py. The analogous statement
holds for pyy .

These morphisms can e.g. be used to insert 3-morphisms ¢ € End(Iz,) close to some non-
trivial 1-morphism W in a tricategory without additional structure (see Lemma 3.4.2 for a

"We use the notation of [82]: 1 is the identity 2-functor, I,: I — T (a, a) is the 2-functor selecting the unit
1-morphism of a, X: T (b, ¢) x T (a, b) = T (a, c) is the box product 2-functor, the composite of 2-functors is
denoted by juxtaposition, and r is a pseudonatural transformation between two functors 7 (a, b) — T (a, b).
See also Appendix A.5.
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concrete example):

(3.1.2)

Consequently, in a pivotal tricategory with duals there are two right (and left) adjunctions
for py, which do not necessarily coincide:

(pWa pi;/la OéT(W), BT(W)) ’ (pVVa P}L/w éi’pwa C0~eva) : (313)

However, by uniqueness of adjoints in bicategories pLV = p;Vl is guaranteed.

The adjunction (Aw, Ayy', au(W), Bi(W)) is the one appearing “naturally” in the follow-
ing sense: Consider a pivotal tricategory with duals 7 which is not strictly unital. When
the strictification triequivalence e: sT — T (see Theorem 1.2.28) maps diagrams of s7 to
diagrams of 7 it sometimes has to introduce identity half-spheres. We claim that these half-
spheres are bounded by a, and §,: By definition, e is equal to sT —» g7 =2 T, where g7
is the strictification of T as a Gray category without duals constructed by Theorem 1.2.14.
The triequivalence e; maps between Gray categories (which are strictly unital and thus have
trivial unitor 2-morphisms), so e; does not need to introduce any identity half-spheres. The
triequivalence ey, on the other hand, does not know about the dual structure, hence so it
cannot introduce 3-morphisms like €v,,, .

If one removes ¢ from diagram (3.1.2), the 3-morphisms «, and a; ! cancel and the di-
agram evaluates to the identity 3-morphism 1y,,. This is consistent with the “invisibility”
of the surface 15 (see also the discussion in Remark 1.5.5). Note this cancellation does not
necessarily happen for dim, py = €v,,,, ocoev,,,, which is another indicator why the second
adjunction in Eq. (3.1.3) is “less natural”.

The existence of two adjunctions can also be utilised in building a tricategory: Suppose we
have a candidate for a tricategory 7 with candidates py: WK1, — W for all 1-morphisms
W, and we have already shown that Homy(x, y) is a pivotal bicategory for all objects (x)
and (y). Then we can construct candidates for «,.(W) and 3, (W) in the following way:

Py = PLV ;o op(W)i=evy,, ,  Br(W):i=coev,, , (3.1.4)
a, H(W) = (1®d,,,) o coev,,, o (dim, pw)~ ", (3.15)
B (W) = (dimy pw) " oev,y, o (5;V1V ®1). o

3.2 Adjunctions in the affine Rozansky—Witten model

We first define adjunction 2-morphisms (evyy, coevyy) for all W € RW(x, y) and show that
hRW has left adjoints, hence RW fulfils the third axiom of Definition 1.2.21. Next we will
show that RW cannot fulfil the first axiom and discuss necessary conditions for a subcategory
T C RW to be pivotal.
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3.2.1 The adjoints of 1-morphisms in RW
Definition 3.2.1. For a 1-morphism (a; W(a, x, y)) € RW(z, y) we define the (left) adjoint
W# = (a; W#(a\y,2)): (y) = (2) , WH(d\y,x):=-W(azy) K (321
and the left adjunction 2-morphisms
o evyy = K(@a/’aW(o, z,y);ad —a)® K(u+ az’m/W(a, 0. y); xz— )
> [ ) O TEE, o wall(@) + £(z)]
€ Ku(a—a')-W(a,a\y)+W(asa,y) (07 W (e, @, ), u + 05T W(a, o, y)) ,

displayed as

= . (322)

(a'; ~W) (a: W)

o coevyy = (8“7“/W(o, z,y);a—d)K(y—y'; —u+ VYW (d, x, °))
= I%/T:’a:,y) ® [%Tg,w,o)—u~o[€(a)]

€ Kw(a,my)-W(aaey)wyy) 0" W(e, z, y),y -y,

displayed as

We also define the following right adjunction 2-morphisms motivated by Theorem 1.2.24:
o vy = coevyy [{(z)]
>~ K(a' —a; 9% W(e, x,y')) @ K(—u+ %Y W(a,z,e); y —y)[l(z)]
L% ) @ Tt o —well(@) + ()]
€ Kuly—y)-Wiao)+W(aie,y) (@ — a, —u+ 0V W(a, z, o)) ,

displayed as
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o coevy = ey [l(y)] 2 K (a —a’; 0% W (e, @, y)) © K (u+ 0% W(d e, y); ¥’ — )

= I%To?m’,y) ® I%V(lejo,y)—f—uww(a:)]

€ KW(a,w/,y)fW(a,’,w,y)fu-(ccfw/) (a - a'la U+ 8wl’mW(a’/7 o, y)) )

(a'; =W) (a; W)
h (u; w-(x—x' )‘3 N = g . (3.2.5)

REMARK 3.2.2. It turns out that evyy and coevy, are well-defined for all 1-morphisms in
RW and always exhibit W# as a right adjoint of W. However, some further properties like
v = Teoevyy =2 Coev%}/ only hold if the assumptions of Theorem 1.2.24 are met, i.e. we are

considering a pivotal tricategory with duals 7 C RW.

displayed as

Theorem 3.2.3. The bicategory hRW has left adjoints with the data of Definition 3.2.1.

We will present the basic idea here and refer [7] for the full details.

Proof sketch. We need to show the two Zorro movies (Notation 1.2.25). While a bit cumber-
some, the proof is ultimately straightforward with the methods introduced in earlier chapters:
We combine the left hand side into a single 2-morphism which turns out to be a large Koszul
matrix factorisation. Its sequence can be shown to be Koszul-regular using Lemma 1.3.51
and Corollary 1.3.45. Theorem 1.3.49 then yields an associated module which can be shown
to be isomorphic to the module associated to the identity matrix factorisation. O

3.2.2 TRW is not a pivotal tricategory with duals

Even under the assumption that RW is a tricategory, it fails to a be pivotal tricategory with
duals in several ways:

e Some 2-morphisms do not have adjoints at all, as we showed in Theorem 2.2.4.

« In Section 2.4 we have seen that there exist subcategories of MF¢(z, y) that have ad-
joints and are graded pivotal, but do not admit an ordinary pivotal structure; see
Corollary 2.4.14 for a discussion of the (ordinarily) pivotal subcategories of MF. Con-
sequently, even if all 2-morphisms in a subcategory 7 C RW have adjoints, its Hom-
bicategories T (z, y) C MF¢(z, y) might not admit ordinary pivotal structures.

o Let 7 C RW be a subcategory with objects (z), (y) € T such that
l(x)+L(y) =1mod 2,

and consider an arbitrary 1-morphism (a; W) € T (x, y). The domain of evyy is given by
(@'; =W)X (a; W) = (a’,y, a; ...) and the codomain is given by 1, = (u; u-(x—a')).
We find

(({a’y,a}) +4(u)={(y)+{(x)=1 mod 2. (3.2.6)
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Now we can explicitly see that Tevy, = evW[ | 2 evW It follows that either T (z, x) is
not pivotal or Hom (g 4) (W# XW, 1) is empty, showing that 7 cannot simultaneously
fulfil Definition 1.2.21 (i) and (iii). It follows that if 7 C RW is a pivotal tricategory
with duals, then ¢(x) must be equal modulo 2 for all objects (x) € T.

This leads us to the following definition:

Definition 3.2.4. We define the non-full subcategories RWee?, RW°d « RW by

Obj(RWe¥en) := {& € RW | {(x) even} ,  RW™(x,y) := MFg  (z,y), (3.2.7)

Obj(RW°) .= [z € RW | £(z) odd} , RWeU (g, y) = MFE (2, ),  (3.2.8)

with the MF¢-subcategories defined in Eq. (2.4.18).
The above argument can thus be summarised as follows:

Corollary 3.2.5. If T C RW is a pivotal tricategory with duals, then either T C RW" or
T C RWedd,

REMARK 3.2.6. RW™ and RW° are closed under —X —: Let
(a; W): (=) = (y), (b V): (y) = (2)
Then we find by assumption
t(a) = £(b) = l(z) = {(y) = £(2) mod 2,

(b; VX (a; W) =(by,a; W+V), £b)+L(y)+L(a)=3¢a)={a) mod 2.
Furthermore, the identity surface (being the only structure 1-morphism of RW) has ¢(a) =
{(z) = ¢(z'), so all objects have an identity surface in RW®*"(z, y) and RW°Y(x, y).
3.2.3 The induced pivotal structure on h7T

Let 7 C RW be a pivotal tricategory with duals. Then Corollary 3.2.5 implies 7 C RW®" or
T c RW°4d, and Theorem 1.2.24 yields 2-morphisms which exhibit W# as the right adjoint
of W. Furthermore, h’7 has an induced pivotal structure:

Lemma 3.2.7. Let T CRW be a pivotal tricategory with duals. Then a pivotal structure on
hT is given by

wHst Xy W — W = WH* (3.2.9)

COeVyy #

The right adjunction 2-morphisms induced by this pivotal structure are given by
v = evyye = Tecoevyy | coevyy = coevyps = Tevyy | (3.2.10)

consistent with Theorem 1.2.2).
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Proof. The proof of dy being a pivotal structure is similar to the proof of Theorem 1.2.24
presented in [35, Lemma 1.4.4] and will not be shown here. To prove the isomorphy in
Eq. (3.2.9) we compare coevyy and evy# as 2-morphisms (a; W)X (a’; —W) — (u; 1),
which is possible since W## = V. We also use Corollary 3.2.5 which implies /(a) = {(x) =
{(y) mod 2:

eviy# = Iﬁ/;((l%y,w) ® IIL/IV;Z(JG/,'@)Jru--[E(a) +{(x)] = Iﬁ/ﬁﬂ&y') ® Ig[/:l?mﬂ')—u" ’

feoeviy = F% 4y © 112y ) wal@) + £9)] = evips

We may therefore replace fcoevyy by evyy« in Eq. (3.2.9) and then apply the second Zorro
movie of W#, yielding Sy = 1y ## = 1y. Furthermore, by Remark 2.4.2 we find the induced
right adjunction 2-morphisms

v = evype @ (O R lys) = Teoevy ,  coevy = (14 X o) @ coevyysx = tevy . O
REMARK 3.2.8.

(i) The full bicategory hRW has left and right adjoints by Remark 3.2.2. Furthermore,
one can manually verify that dy := 1y defines a pivotal structure on A”RW. This
computation will not be shown here as it does not matter for the rest of this thesis.

(ii) For (a; W): (x) — (y), the collection of 2-morphisms
Sy = L [l(z) + £(y)] (3.2.11)

defines a different, inequivalent pivotal structure on hRW: The naturality condition is
easy to see. For the monoidality condition, consider (b; V'): (y) — (2) and compare

Syrw = dvaw [((x) +{(2)] ,
oy W oy, = oy K ow [((z) + £(y) + £(y) + 4(2)] ,

so both sides of the monoidality condition are shifted by the same amount. While
this is conceptually interesting for hRW, it does not matter for pivotal subcategories
T C RW because the induced pivotal structure (3.2.9) on A7 is canonical, and also
because £(x) = ¢(y) mod 2 in pivotal subcategories.

3.2.4 Duals and grade shifts

The structure of a pivotal tricategory with duals 7 C RW is not very “rigid” in the sense
that there is still some freedom to replace structure 2-morphisms by grade-shifted versions of
themselves.

Lemma 3.2.9. Let T C RW be a pivotal tricategory with duals which is closed under grade
shifts of 2-morphisms. Let T' be a copy of the tricategory T. We endow T’ with the same
adjunctions and pivotal structure on 2-morphisms. Furthermore, we define the left adjoints
of 1-morphisms in T’ to be the same as in T, but we apply a grade shift to the adjunction
2-morphisms

(evy, coevy) — (eviy[sw], coeviy[sw]) (3.2.12)

with an arbitrary sy € Zo for every 1-morphism W. Then T’ is also a pivotal tricategory
with duals. Furthermore, T and T’ are equivalent in the sense of Definition 1.2.27.
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Proof. The truncation A7’ has left adjoints because the total grade shift of the Zorro movie
(1.2.18) is even. The other axioms of a pivotal tricategory with duals are independent of the
2-morphisms (evyy, coevyy ), showing that 7 is a pivotal tricategory with duals. The identity
3-functor T — T’ is well-defined and is pivotal on the Hom-bicategories, so 7 and T are
equivalent as pivotal tricategories with duals. ]

REMARK 3.2.10.

o By definition, the grade shift (3.2.12) induces a grade shift on évyy and coevyy:

evyy, coevyy ) = TcoevW,‘LevW
( ) = (

> (T(coevw[sw]), T(evw[sw])) = (evw[sw], coeviy[sw]) -

o The grade shifts of (evyy, coevyy) may influence other quantities: Consider for exam-
ple dim, evy,, which can be interpreted as a W-sphere without line or point defects.
By Lemma 2.5.7, shifting the grade of evyy changes the sign of dim, evy. Since differ-
ent grade choices lead to equivalent pivotal tricategories with duals by Lemma 3.2.9,
dim, evyy is not preserved under such equivalences.

o The equivalence of a pair of pivotal tricategories with duals 7 = T’ clearly implies
the equivalence of their strictifications s7 and s7' as pivotal tricategories with duals.
However, there exists a more rigid definition of equivalence for Gray categories with
strict duals (see e.g. [82, Thm. 7.3.2]), so sT and sT' may be inequivalent as Gray
categories with strict duals. Consequently, there are different ways to strictify a given
pivotal tricategory with duals since the relation between 7 and s7 is not fundamentally
different from the relation between 7 and s7” for any 7' = T.

e Our interpretation of Lemma 3.2.9 is that it gives us some freedom of choice in the
way we strictify 7. For example, we will later discuss some diagram identities in Gray
categories with duals that do not hold in s7 but do hold in s7” if sy is chosen correctly.
Since sT' = T = sT as pivotal tricategories with duals, we may interpret s7’ as a
“different strictification” of T.

o For the identity surface W = 1, it is slightly unexpected that we are allowed to freely
grade-shift evy, and hence change the sign of dim, evy,; in contrast to Gray categories
with strict duals, there are no axioms constraining evy,. One might be tempted to argue
that dim, evy, has a visual interpretation as the 2-sphere of the identity surface which
should be invisible and thus evaluate to 1. However, such diagrammatic arguments can
only be made in the strictification s7, where we always find ev}, =17, and dim/, evy, =
1. The triequivalence e: s7 — 7 maps the identity bubble dim; ev}, € sT to 13, €T
which is independent of evy, € 7. Furthermore, as discussed in ‘Section 3.1.1, the
pseudoinverse f: 7 — s7 does not map the identity surfaces and lines of 7 to the
identities of sT, so there are no special constraints for f(dim, evy,) € sT and everything
is consistent.

3.2.5 The pivotal subcategory T

In the remainder of this chapter we will assume that Conjecture 1.5.15 holds, i.e. that RW is
a tricategory. Motivated by the application in Section 3.4 we now construct a subcategory
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T C RW which we conjecture to be a pivotal tricategory with duals in Conjecture 3.2.15,
and we provide a partial proof for the latter assuming Conjecture 1.5.15. The aforementioned
application requires 7 to contain all 1-morphisms of the form

(a; Yoitq Gailai — gijz))): (2) — () (3.2.13)
with an invertible matrix g € C"*™ and ¢, € C\ {0}.

Definition 3.2.11. Fix n € N. We define the structure 7 C RW as follows:
o There is only one object * := (x) = (x1, ..., Tp),
o the 1-morphisms V € T (2, ) are of the form
V=Va®---RBV, Vii(y )= (), y=z y" =z,
Vi=(a'sa" - (Ci-y' = Di-y'™)) (3.2.14)
for invertible matrices C;, D; € Gl,(C) (note that each @’ is a list with £(a’) =n),

e the 2-morphisms are restricted to the idempotent closure of finite-rank matrix factori-
sations (see [22, Section 2.2], [9, Sect. 2.1]), implying that each matrix factorisation is
isomorphic to a direct sum of finite-rank matrix factorisations (see Remark 3.2.14),

e the 3-morphisms are those of RW,
o the structure morphisms of 7 are those of RW, with the exception of (evyy, coevyy)
where we apply a global grade shift by se, € Zo according to Lemma 3.2.9:
(evw, coeviy) — (eviy[Sev], coeviy[Sev]) -

At this point we regard se, as a free parameter of 7 in Section 3.4.5 we will find

Sev :=n+(}) to be a good choice.

Lemma 3.2.12. The I-morphisms of T are closed under —X— and (—)#. Furthermore, the
1-morphisms of Eq. (3.2.13) are contained in T .

Proof. The closedness under — X — is clear by construction. The closedness under (—)# is
easy to see since —C;, —D; € Gl,,(C). For the second statement we only need to check that
Eq. (3.2.13) is of the form (3.2.14), which is obvious. O

Lemma 3.2.13. The Hom-category Homy(, . (V, U) has left and right admissible variables
for all 1-morphisms V, U € T (x, ).

Proof of Lemma 3.2.13. We spell out two arbitrary 1-morphisms V, U € T (x, x) = T (x/, z):

Vii (yis1) — (y;) for1<i<m, y'=2a, y" ==z,
Uit (zj-1) = (z) for1<j<l, 20:=a 2li=x,
V=V,K..XV = (am,ymfl,amfl, oyl ety Y, Vz-(y",ai,yi_l)> ,

U=UNX...KU, = (bl, 27 bl Y U2, b zj—l)) ‘
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We define candidates for left (v) and right (u) admissible variables:
wi={y’ ...,y La, . .. am"}, vi={20 ... 270 e B
From the explicit formula (3.2.14) we find the derivatives

aylv — 8yi (‘/Z(yZ’ a’i’ yifl) + %+1(yi+17 ai+17 y’L)) — ClT . ai _ D;I:|>1 . ai+1 ,
8aiV — aaz‘/;(yl7 ai’ yl—l) — CZ . yZ _ Dl . yi—l ,

m+1

with a® and a implicitly set to zero. The sequence f of Definition 2.3.1 is thus given by

f=0u(V-U)={-0U/ox' — D -a',C] -a* = DJ -a* ..., C}_;-a™ ' -DI .a™,

Cr-y'—D1-x,Cy-y*~ Doy, ..., Cr1 Y™ = Dy - y™ 2}

The Koszul-regularity (Definition 2.3.1 (a)) can be seen as follows: We define the invertible
matrix
M :=diag((-D])7', ..., (=D}~ ot Lo o0t

m—1

which maps f to the sequence

fl=M f={a'+(D{)"'-0U/0z, a®—(D])""-CF-a', ..., a™— (D))" Cp-a™ ",
ylfclfl.Dl,m/, y2—C§1'D2'y1, “"ym—1707;1_1.Dm71.ym_2}

which is regular by Lemma 1.3.51 as each element introduces a new variable. Lemma 1.3.44
then implies that f is Koszul-regular.
For the finite free quotient property (Definition 2.3.1 (b)), we define

S:=C[b, ..., b2 .. 2 2 a

and show
Sla', ...,a™ y', ... y™/(f) =S (as S-modules)

by a similar argument: Lemma 1.3.43 tells us (f) = (f’). Dividing out the first n generators
of (f') amounts to replacing a' — —(D{)~1-0U/dz’ € S. By induction, all a’ can be divided
out successively since a’~! will have been replaced by some element in S. The argument is
analogous for the y’: The first n remaining generators replace y!' — C; 1.D,-2’ € S, and
we may successively replace all the y* by elements in S. At the end, all a’ and y* will have
been removed from the numerator and the denominator will be empty. Only the module S
remains, which is finite-rank and free over itself.

The proof of v being a set of left admissible variables is analogous. O

REMARK 3.2.14. The idempotent closure of finite-rank matrix factorisations in the full bicate-
gory MF}, contains infinite-rank matrix factorisations as seen in Example 2.2.9. In the case of
T, however, the existence of left and right admissible variables keeps the ranks of 2-morphisms
finite: The construction below Theorem 2.3.14 can be adapted easily to show that horizon-
tal compositions X ® Y are isomorphic to direct sums of finite-rank matrix factorisations (by
replacing XV — Y).

Conjecture 3.2.15. The structure T as defined in Definition 5.2.11 is a pivotal tricategory
with duals.
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Partial proof. We see that the identity 1-morphism (which is the only structure 1-morphism)
of the only object * € T is an element of T (x, *) by inserting m = 1,C; = D; = 1 into
Eq. (3.2.14). Because all structure 2-morphisms of RW are finite-rank matrix factorisations,
T is closed under both —X— and —® —, and 7 has the same 3-morphisms as RW, T is a
tricategory assuming Conjecture 1.5.15 holds. We proceed by proving the axioms of a pivotal
tricategory with duals (Definition 1.2.21):

¢ The existence of left adjoints in the truncation A7 follows from Theorem 3.2.3, proving

the third axiom.

o For the first axiom we first use Lemma 3.2.13 and Theorem 2.3.7 to show that all 2-
morphisms in 7 have left and right adjoints. Furthermore, we note that if n is even
(odd), then T is a subcategory of RWe'e™ (RW°4d): the object * has n bulk variables,
each I, has n surface variables, the {I;} generate the 1-morphisms of 7, and both
RW™ and RW° are closed under —X —. Therefore, all X € Hom(, . (V, W) have
an even (odd) number of variables on both sides, hence T (x, *) has a pivotal structure
by Corollary 2.4.12.

e It remains to be shown that the 2-functors WX — and —XW are pivotal for all 1-
morphisms W &€ T (x, %), which we conjecture to be true. O

Corollary 3.2.16. If Conjecture 3.2.15 holds, then the direct sum completion of T (denoted
7D, . . . .
by T ) is a pivotal tricategory with duals.

Proof. This is a direct consequence of Lemma 3.2.19. O

3.2.6 Adjunctions in the direct sum completion R~RW®

Having studied adjunctions in 7 C RW we now turn our attention to RWV® (see Defini-
tion 1.5.17).

Lemma 3.2.17. The truncated bicategory WRW® has left adjoints. For A € RW$($, y) we
define

L(A
A# = éa) A* c RW® (. y) (3.2.15)
and the adjunction 2-morphisms -
CoeVA|]ly%Ai&Af 1= 0;,j - coevy, , eVA|Af£IEAj*>]lm =05 €eva, , (3.2.16)
co~evA|]m_)Afg®Aj =8, - coevy, , 6V 4 AmA* 1, =08, 6va, . (3.2.17)
Proof. We will show the first Zorro movie:
(pa® (LaBeva) @ (coeva R 1a) @A) 4 4

—1
= @ (pa®(1aXevya)) ‘AjﬁAfﬁ@Am*)An ® (coeva K 14) @ Ay |Ai~>Aj|ZAZ#®Am

j7l7m

= @ 5',71 “PA; ® (]]‘Aj X 6l,meVAl) & (5iﬂm5j,l(coev,4j X ]lAi) ® )\le

jlm
= bnyi - pa; @ (La, Kevy,) @ (coeva, Kla,) @ AL!
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using Lemma 1.4.5 to contract d; j-terms and using the Zorro movie of A; in the last step.
The second Zorro movie is analogous. O

Lemma 3.2.18. Let A, Be RW® (@, y) and X = {X;;}: A— B. If all X;; have left (right)
adjoints, then X has a left (right) adjoint, given by

(X = T(X50) (XT)i; = (XGa)", (3.2.18)
together with the adjunction 3-morphisms
evX|TXj X, Oi-evx,, , coevX|ﬂB_ = Zcoevxﬂ , (3.2.19)
’ ’ J
1

x|y, oxt = Om 6V, coevx|y = > coevy,, , - (3.2.20)
’ m

Proof. The domain of evx and the codomain of coevy are given by

¢(B) £¢(A)
(XoX): =@ (X)X, (X @X)jm=P X ®Xppi -
j=1 i=1

We evaluate the left Zorro map of X on one component Xj ;:

)‘_ (Zz CoeVXj,z)®1Xj,i

Xji ——— 1p;® Xy (D; X0 ;) © X,
J
< Ix;  ®d1i-evx,
Xj,i®]]-Ai —>pxji X',i ,

yielding the map
pPX,; © (]'Xj,z ® eVXM) o (CO@VXJ.J, ® 1Xj,i) o )\;(jl Xj,i — Xjﬂ‘

which is precisely the left Zorro map of Xj;; and evaluates to 1y, by assumption. The
argument for the right Zorro move is analogous. O

Lemma 3.2.19. Let T C RW be a pivotal tmcategory with duals and pivotal structure
dx: X — X for all 2-morphisms X. Then T cRWY is a pivotal tricategory with duals,
with the pivotal structure given by

Ox: {Xj,i} - TT{Xj,i} = {TTX]}Z'} ) 6X|Xj’i = 6Xj,i (3.2.21)
for all 2-morphisms X = {X;;}: {W;} = {V;} in Te.

Proof. Consider {W;}, {V;} € T (x, y) and {Xj.i}: {W;} = {V;}. All X;; are 2-morphisms
in T, so they have adjoints by assumption, so {Xj ;} has adjoints as well by Lemma 3.2.18.
The properties of the pivotal structure dx follow from the properties of the dx; ; in analogy

to the proof of Lemma 3.2.18. The pivotality of the 2-functors —XW and WX — on T% also
follows directly from the properties of the analogous functors on 7. O

The following lemma is essential for evaluating bubble diagrams in Section 3.4.
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Lemma 3.2.20. Let 7> C RW" be a pivotal tricategory with duals. Consider 1-morphisms
W =@, Wi and V=@, Vi, a 2-morphism X: W —V, and 3-morphisms

b = {(I)jﬂ‘} € End(X) , ¢= {¢J} S End(]lv) , Y= {@Dl} € End(]lw) .

Then the defect operators on Hom?e;, defined by the diagrams (2.5.3) and (2.5.4), take the
values

DF @)y, =2 D (X)) . DEX)@)ly, =D D (X)) - (3.2:22)
j=1 7=

Proof. We show the formula for D (X)(1). As in the proof of Theorem 2.5.5, we relocate
the action of ¢ to the 2-morphism X. Then we find

DY (X)(¥)ly, = (6vx o (- @ ® dx) o coevy)|

; 1y,

J

The argument for D}¥ (X) (1) is analogous. O

3.3 Orbifolds and group action defects

3.3.1 Introduction

Orbifold constructions in high energy physics were first discussed in the context of string
theory [34]. The basic idea is as follows [96, pp. 296 ff.]:

e Choose a finite symmetry group G of the original string theory 7.
e Define a new theory T which consists of the G-invariant states of T'.

o Add the twisted sectors to T, which consist of states in T' that violate the boundary
conditions (or other constraints) of 7" but fulfil them modulo the action of G.

If the group G is a symmetry of the target S of the string theory T', the theory T” is defined on
the orbifold S/G. The basic idea is the same in every kind of orbifold construction in physics:
Starting from some theory T that is invariant under some group action GG, one constructs a
new theory 7" on which the group G acts trivially.

There exists an orbifold construction for n-dimensional defect TF'Ts in bordism language
[27] as well as compatible orbifold constructions in pivotal 2-categories [25, 46] and Gray
categories with strict duals [27]; the present work will only discuss the latter. To apply
the generalised orbifold procedure to a Gray category with strict duals G, a special orbifold
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datum is required, which is a set consisting of one object, one 1- and 2-morphism, and four
3-morphisms

O={x AT a a1, ¢}
subject to a list of constraint equations” discussed below in Definition 3.3.1. The relation
between special orbifold data in Gray categories and the aforementioned construction of
orbifolds from symmetry groups is not obvious. It turns out that not all special orbifold data
can be interpreted as coming from a symmetry group, hence the term “generalised orbifold
procedure” is used; we will elaborate on this point in Section 3.3.3.

3.3.2 Orbifold data in three-dimensional defect TFTs

We refer to [27] for the general theory of orbifolds in n-dimensional defect TQFTs and repeat
the definition of an orbifold datum in Gray categories with strict duals.

Definition 3.3.1. Let G be a Gray category with strict duals. A special orbifold datum in G
is a set consisting of [27, Def. 4.2]

(i) an object * € G,
(ii) a l-morphism A: * — x,
(iii) a 2-morphism 7: AKA — A,
(iv) two 3-isomorphisms a: T® (L4 XT) ST (T'K14) :a,

displayed as

: (3.3.1)

together with 3-isomorphisms ¢ € Aut(1;,), 1) € Aut(14), such that the following constraint
equations hold:

(i) The 2-3 move identity [27, Def. 4.2 (i)],
(ii

(ii

the normal associator identity and its opposite [27, Def. 4.2 (ii) & Figure 5],

the partially reversed associator identity and its opposite [27, Def. 4.2 (iii) & Figure 6],

)
)
)
)

(iv) the Frobenius type associator identity and its opposite [27, Def. 4.2 (iv) & Figure 7],

2The constraints assure that sufficiently fine-grained networks consisting only of the object and morphisms
of the orbifold datum have equal values; see [27, 25] for the role of these networks in the orbifold procedure.
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(v) the bubble identities [27, Eq. (3.51) & Figure 8], given by

COEVi s/

(3.3.2)
= = A o 2 )
A * A#
e . (3.3.3)
COBV 4 # A A coev 4

No identity morphisms are used in these diagrams because G is strictly unital.

3.3.3 Group action type special orbifold data

As discussed above, some (but not all) special orbifold data can be constructed from a sym-
metry group. To see this relation explicitly, we first define the structure of group actions on
defect TFTs in higher category description:

Definition 3.3.2. Let 7 be a pivotal tricategory with duals and let * € 7 be an object. Let
G be a group with a group action on bulk point insertions of *, i.e.

(9,9)—g-¢ for ¢€End(l,). (3.3.4)
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Then a group action defect is a 1-morphism I, € T (*, ) such that

—_—

: (3.3.5)

i.e. “moving ¢ across I, implements the group action ¢ +— g-¢ for all ¢ € End(14,)".
We may now define the following subclass of special orbifold data:

Definition 3.3.3 (Group action type special orbifold data in Gray categories). Let G be a
Gray category with strict duals that has a notion of direct sums of 1-morphisms. Let x € G
and let G be a finite group according to Definition 3.3.2, i.e. there is a group action on bulk
point insertions on * and a group action 1-morphisms I, € G(*, ) for all g € G. Then a group
action type special orbifold datum in G is a special orbifold datum O whose 1-morphism is
given by A= @ cq Iy [27, Section 1].

The morphisms T, , @ of O describe the intersections in networks of A: For example, T
has components fig p: 14X I, — Iy, that describe the “multiplication” of two group action
defects. It should be noted that it is not necessarily possible to construct an orbifold datum
from every symmetry group or even from a given set of group action 1-morphisms.

3.4 Orbifolds in RW

In this section we will construct a candidate for a group action orbifold datum in the affine
Rozansky—Witten model according to Definition 3.3.3. To do so, we have to work with the
tricategory T c RW® (see Section 1.5.8) since RW is not pivotal, and direct sums of 1-
morphisms are not defined in 7. Furthermore, we have to use the strictification ST because
orbifold data are only defined on Gray categories with strict duals. The following steps have
to be taken:

(i) Choose a finite group G with a group action (g, ¢) — g-¢ for ¢ € 13, (with * being the
only object of T).

(if) Construct group action 1-morphisms I, for all g € G implementing the group action.
(ili) Construct multiplication 2-morphisms jig p: 1o X I — Igp.

(iv) Find 3-morphisms «, &, ¥, ¢ in sT 7 such that the constraints of Definition 3.3.1 are
fulfilled.

A full proof of the bubble identities (3.3.2) and the main idea for the associator diagrams will
be shown here, the rest will be discussed in [7].
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3.4.1 Group action defects

Definition 3.4.1. Let n € N, let G C Gl,,(C) be a finite matrix group, ¢(a) ={(x) = {(z') =
n, and %, h € GG. We define the following building blocks of an orbifold datum in a subcategory
of RW™:

(i) The group action 1-morphisms are defined as follows:
Wy(x, a, x') = (30 ai(zi — X5 gij7) = (ga - (& —g-2')
Iy = (a; Wy) = (a; Ga- (z—g-a')): (') = (), (3.4.1)
G = (detg)/* € C\{0} = Ce=1, (on =yl -

The reason for this value of {(,} is not obvious a priori and only becomes clear after
evaluating the constraint equations; one could also regard the {(,} as free parameters
and make a choice at a later point.

(ii) To define the multiplication 2-morphism jug p,: 1481, — I, we first spell out its domain
and codomain, i.e.

IR, = (a,z,b; (a-(x—g-x')+ b (2 —h-2")),
Igh = (¢; ¢gne- (x—g-h-2")),

and we define
pghi=K((pe—C(a; z—g-h-2") @ K(x' — h-2"; {ya-g— (ub)[s,] (3.4.2)

€ Kw,,—w,—w, (Gne = ga, @ — h-a”)[s,] |
sui=("3) +n,

with a global grade shift s, (whose value, like the values of the {4}, is not obvious a
priori). The conventions are summarised in the following (truncated) picture:

(C:, ”/gh)
@ R (3.4.4)
@wy) [ =\ (6w

(ili) The associator 3-morphism ¢y 5, r has the following domain and codomain:

Qg,h,f (3.4.5)
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using the shorthand notation (a; g) := (a; Wy(x, a, ’)). To construct oy p, ¢, we first
apply multiple isomorphisms to fig p:

Nugr* Hgh = K({gne—Cga; ® —g-h-x") @ K(x' —h-2"; (ga- g — (ub)[s,]
M>K(Cghc—Cga;ac—g-h-az”)®K((ga-g—§hb; ' —h-x")[s, +n]
(1.3.24) _ , o y
—5 K((he—(ga; x —g-2') @ K(Cgpe - g — Guby @' — h-2")[s, + n]
1.3.28
0329, K(Ce—a; ((x—g-2') @ K(¢ye- g —b; Cp(x' —h-2"))[s, + n]

_ 7Cnhesa Cqc-gb
N IMZI(:E’."’DI) ® IV‘ih(wC.ﬁl:N) [Sﬂ + n] N
Only the dependencies on variables that appear multiple times will be spelled out, i.e.

{a, a,x’, &'} for the domain of oy ¢ and {c, & ", "} for the codomain. We define
the following constituent parts of ay 5, f:

Bg7h1f: Mgvh‘f ® (]]‘Ig g’Lllhﬁf)

= Mg,hf(“}/a a)® (Igvj(:ae/) ® II?V;(;.HWW(.) ® Mh,f(m'/))

= g, nf (&, @) ® Iﬁ/?((:m”:’Hth ® II?VgTagc,'Hth(') ® pn, (')

= g (#,.0) © L b ™ @ (o)

Prg, g ®Lup, g
g nghf(w’ w/’ :U/”, a, b/, a//) ® ,Uh,f(x/a x//7 x///’ b, c, b/)

Mg, ng©Mun,g (1 Chra’<a Coa'-geb Cb'eb Chblhic
’ (IWg@:,-,m') ®Iv5hf<mc-,w~'>)[5#+ n] ® (Iwh<mc-,m~> ®Iv5f(m”,-,m"'))[8ﬂ+”]

I%;a’%—a ® Igga”-g<—b’ ® ICfb’<—b

(1.3.46)
(iB,.,JE/) th(m/7.»w”l)

(bl -hi—c
Wh(w/7.7w//) ® IWf(z//7.7wl//) :

Starting from the codomain, we may apply similar isomorphisms:

B, Hah,f @ (Hg,n B Ls)

- /igh,f(f%//; ) ® (ug,h(jﬂ) ® Il%g:{/l{/h(.)‘i‘wf(.,é) ® Iﬁ;&:’%))

I N/ i " ¢
= pgh, (2", €) ® p1g,n(2") ® Iy 0, (014w (0,6) @ Ly, S Wit W (27, 0)

= tgn s (&, &) @ g n(3") @ I8 S

Pligh, f®kg,h "o " A/ !
,Ugh,f(mamaw @, C, a )®ug7h(m,.’n,m,a,b,a)

Nugp, §OMug. 1, ¢ra’«a’ Cgna'-g-h<—c ¢ha'+—a (ga’-g+b
(IWgh(w,o,w”) ® IWZ(w”,o,w”’)) [SN + TL] ® (Iﬂﬁg(z,o,w/) ® Iﬂgfh(w/,o,m“)) [SM + n]

(l-:)%lﬁ) Cfa”<—a’ Cgha”-g-m—c Cha’<—a an/~g<—b
— 2 Ly e @ LW @re.amy @ Iy (z,0,21) @ I, (a0, -

Define R :=Cla, a”, b, ¢, z, «, ", "]. The codomain of § }, ¢ is associated to
[®1/(Chra” — a, (ga” - g =¥, (b — b, Gib' - h —¢)

R
R/(Chpa” —a, Cp¢ya” - g — b, (piya” - g-h —c)
Rld']/(¢ha’ — a, (ra” —d/, (ga’ - g — b, {gpa” - g-h —¢)

1

1
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which is associated to the codomain of ﬁ; h, f SO there exists an isomorphism

. 7énsa’+a Cga’ -g<b Crb/ b (hb-hec
Vo £ AW, (@,0) @ T, s @02y © T (a0,2) © TW, (20,2
¢ra«a’ Cona'’-g-h+c ¢pa'—a (qa’-g<b
2 W @een) @ i @ream) © Ty (2,0,2) © T, (@' 0,2)
which can be constructed explicitly using Remark 1.3.35. We then define
agnf=Ca Byn ) ©VahfoBonss  Qgnfi=0agh; (3.4.6)

with a free’ parameter C, € C\ {0}.

Lemma 3.4.2. The I-morphisms defined in Eq. (3.1.1) are group action defects in the sense
of Definition 3.5.2, and the group action on a 3-morphism

x(a,z) € Cla, z] 2 Cla, z, '] /(x — ') = End(1y,)

is given by
xa,x)—g-x:=xla-g ' g 2" € End(1y,) . (3.4.7)

Proof. We repeat Eq. (3.3.5) with the tricategory 7 inserted:

—
Az, :
1 (3.4.8)
Ig
\
x
Flattening the left hand side yields
(3.4.9)

The 1-morphism inside the circle is given by

1, X1, = (a, 2 b;a (x—2')+ (b (' —g-2")),

3The only constraint equation that depends on C, is the 2-3 move (Definition 3.3.1 (i)) which is not
discussed in this work, hence the value of C, cannot be determined here. As far as the computations of this
work are concerned one may simply set Co, := 1.
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and outside of the circle we find

I, = (¢; (e (x—g-x")) . (3.4.10)
By Lemma 2.5.3 we can write the 3-morphisms x and yX 1y 1, in the form of a multiplication,
i.e.

xWly, s x(a, @) o foraely, Wl , x(a, )€ Cla, z] = End(1y,) .

This multiplication may also be performed on End(Az,), hence Eq. (3.4.9) is equal to

with x: 8+ x(a,z)-B for B € Ap, . (3.4.11)

On End(}y,), both ({;b—a) and (c—b) are exact,’ so ¥ is homotopic to a — x(¢gc, @) - .
This multiplication can also be performed on End(1;,), thus Eq. (3.4.9) is equal to

with x': v = x({e, ) -y for y €1y, . (3.4.12)

According to the discussion in Section 3.1.2; the half-sphere on the left hand side of Eq. (3.4.8)
is bounded at the top and bottom by (y(I,), a; *(I,)), and the half-sphere on the right hand
side is bounded by (ar(I,), a; ' (I4)). Therefore, the (now empty) Az,-bubble simply evaluates
to 1, so Eq. (3.4.9) reduces to just x’ of Eq. (3.4.12).

Applying the analogous procedure on the right hand side, we find

I, Rl = (b,za; (b (x—g-2')+a- (' —2")),
111g&(g-x):awx(a'gfl,g-w”)-a.

After relocating the multiplication onto pr, where (a—(3b-g), (c—b), and (z—g-x") are
exact, we apply a homotopy turning x into § +— x({yc, ) 5. This multiplication can be
relocated to End(1z,), and the bubble evaluates to 1. Both sides of Eq. (3.4.8) are therefore
equal to X’ of Eq. (3.4.12). O

“Let X := K(p; q) be a Koszul matrix factorisation. Then on End(X), both o + p;a and a + g are
exact for all ¢ as they are the d-images of a +— 0; A and a +— 6 «, respectively. Inserting the explicit formula
of A7, in Eq. (1.5.26) proves the claim.
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3.4.2 The orbifold datum in RW®

Conjecture 3.4.3. Let n € N and let G C Gl,(C) be a finite matriz group. Let T de-
note the pivotal tricategory with duals of Corollary 5.2.16 and let f: TP 5 sT® denote the
strictification triequivalence of Eq. (3.1.1). Then the set

O = {f(x), F(A), F(T), f(a), f(@), F(¥), f($)} C sT" (3.4.13)

is a special orbifold datum in the Gray category with strict duals ST, [ts components consist
of the morphisms of Definition 5./.1 as follows:

(i) x:=(x) = (21, ... ,xn)ew@ ,
(ii) A:=EP1, .

geG
(iii) T‘nghalf '=0f,ghHg,h

(iv) a=a~! defined by

T®(1aK T)|Ig®1h®1falghf = tg,hf © (Lp, Wpng)
T (TK ]].A)|[g®IhIZIf‘>Ighf = pUgh,f @ (Hg,h X ]].[f) ,
a:T®(AIART) > Te((TKR1,), a‘ug,hf®(llfh@uh,f) = Qg n,f

W) v=11,, ¢=|G" 1y, .

In the following sections we will prove most of Conjecture 3.4.3.

3.4.3 Evaluating bubble diagrams

We first assign the names
YT T 14— 14 (3.4.14)

to the three bubble diagrams (3.3.2) with the special orbifold datum of Conjecture 3.4.3
inserted. As a first step we will evaluate x’, which is a diagram in sT . Since 3-morphisms
in s7° are defined by their image under the triequivalence e: sTY = T% of Theorem 1.2.28,
we must first understand the image of X7 under e. We find that e(x”) looks very similar
to x: all e does is to insert the pivotal structure d7 into the T-loop, and insert identity 1-
and 2-morphisms bounded by unitor 2- and 3-morphisms through ¢ and 2. We will not
distinguish x” and e(x”) from now on as the former is represented by the latter anyway.

To simplify the diagram x”, we first study the automorphisms ¢ and 1. According to
Lemma 2.5.3 we may represent ¢ by a complex number and 9 = {4 }4ec by |G| complex
numbers:

¢ € Aut(ly,)=C, e Aut(ly), lA’IgaIg =15,, Yg:= wlllg € Aut(1,,) =C.

Formally, the two copies of 1 are located on identity lines 14 bounded by the 3-morphisms
pr and p}l, and ¢ is located on an identity half-sphere extending inwards from one of the
two A-surfaces. However, because the actions of ¢ and 1 are merely simple multiplications,
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we can use a trick similar to the one used in the proof of Theorem 2.5.5 to first relocate ¢ to
one A-surface and then fuse ¢ and both copies of ¥? after flattening the diagram. The result
is the 3-morphism

Vo € Aut(laga) ,  ¥'0ly, o = VgURS L1y, -

The identity half-sphere ¢ lived on can be removed subsequently. The modified diagram now
has the shape of a defect operator:

X" =D (T)(4"9) . (3.4.15)
Now we apply Lemma 3.2.20 to find

Xe = XT|11Ig = 2 DelOons - ng) (¥iv59)

(h, f)EGXG

= Z w%wi—lﬁ - Dy (:uh,h—lg)(l)

heG

= 3 Uti-1y0 - dimy (1) - (3.4.16)

heG

The orbifold constraint equation (3.3.2) demands x” < 1?2, yielding the system of equations

> WRE-1,0 dimy (1) = 92 forall g € G. (3.4.17)
heG

3.4.4 The quantum dimension of p,
We now evaluate the right quantum dimension of

pgn: (a, ', b; Wy(z, a, ') + Wi (2, b, ")) — (¢; Wyp(z, ¢, "))
as defined in Eq. (3.4.2). The first step is to choose admissible variables:

{ui, ... ,uz,}:={z, b, '}, {v1, ..., v} = {z},

yielding the sequences

= 0u(Wy+ Wy, — W) = {{ga — (gne, Gu(x' —h-a"), (b —(a - g},
g = 0u(Wyp — Wy — Wp) = (gne — (ga .

The proof that u and v are admissible variables is analogous to the proof of Lemma 3.2.13.
Now we apply Lemma 2.5.7 and find

dim, Hg,h = (_1)8” dimr(ﬂgﬁ[sﬂ]) )

so we may compute the right quantum dimension of p, 5, as defined in Eq. (3.4.2) without the
grade shift s, and multiply the result by (—1)**. We evaluate the defect operator formula
(2.5.10) on fig p[s,], starting with the numerator

S'ﬁf{(H?gl O dx) ( =1 afjdX)} :
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Let X := g nl[sul, R:=kla, b, c, z,x, 2"], M := R® R[1]. Then
X =M@ M |

dX = Z(lﬁ(l—l) X (67 & 1%(71—2) ® 1M®7l + 1M®" ® 1%(1—1) ® Bl ® 1%(71_1)) ’
=1
Cgh%“(gth‘) 1‘;—(h~m”)i>

A = (%‘—(g'h'm”)i , Bi= (Cg(a'g)i—Chbi

with the usual Koszul sign convention. In this notation, we find

Oeidx = Con (15 © (§0) @ 15"7") © Lason .
®

8:cidX = (1(]?}@_1) ((1) 8) ® 1%[(”_1')) ® Lpgen

: ‘ (3.4.18)
abidX = Ch]-M®n ® (1%(171) ® (_0 O) ® 1®(nfz)) ’

8z;dX = 1M®n ® (1?2(1‘—1) (8 ) Q 1®(n z))

We now compute the following products (which do not acquire Koszul signs because no odd
maps are permuted):

Ty Oedyx = ¢ (§4)°" @ Lygen Ty Oydx = - Ly @ (% §)"

[T Ondx = (99)%" @ Lygen [T Oprdx = 1pen @ (§4)"

I

However, the composition of two maps of the form

il =ld =1, (o @d)o(d®--d)= (-1 (dod)o & (dod,)
does introduce a Koszul sign. Thus

(IT23 Dusdix) (TTj1 Oy dx) = (=1 GG (

= (=1)"(CnCgn)"(

Let {e1, e2} be the homogeneous standard basis of M. Then (3.4.19) is diagonal and acts non-
trivially only on e5" ®e$™, which has degree 2n. Therefore, the supertrace on the matrices
evaluates to (—1)2" =1, and we find

?) ®(6-5)
0 an (3.4.19)

0
0
0
0

str{(HZ 10u;dx) (Hn 10c; dx)} = (- )" (Chlon)™ -
The right quantum dimension then turns out to be
) n —1)"(¢3¢,)" da dx’ db
dim, — (=1)("3) 34 Res ( h>9
poh = (=1) Cg@ — Cgne, Cr(@' —h-x"), (b —(ga - g

/
_ (_1)(n+1)+n+su Res [ l1dadx’db ]

a—Cue, @ —h-a',b—(, ' Ga g
=(-1) ("3")4ntsu

where multiple identities of Lemma 2.1.6 were used.
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We find that dim, 4 5, is independent of the {(,} and only depends on n and s,. An

obvious choice for s, is
sp= ("I +n = dim,pgp=1. (3.4.20)

This choice can also be justified by considering the special case ¢ = h = e: in that case,
dim, fte . describes a bubble of the identity surface in 7, which should, intuitively, be invisible
(however, dim, fi¢ ¢ is not the identity bubble in the strictification sT, which is always invisible
by construction; see the discussion in Remark 3.2.10).

Inserting this result into Eq. (3.4.17), we find the system of equations

|
Shea VPR 0= 02 forallge G (3.4.21)
which is solved by our choice ¢, =1, ¢ = |G|~ in Conjecture 3.4.3.

3.4.5 The “beer belly” bubbles

Let us proceed with 7" and x*", i.e. the second and third bubble diagram of Eq. (3.3.2). A
horizontal slice through each diagram’s centre looks like

ev.4 A A A ev g4 A
i i
) 'I‘TN L TT/
At o« Ja T 4 A A« |ar 4 A#
* * T/l * * Tl
T T
coev s | 4 A A coev 4 A

hence the name. Note that A7 in this diagram refers to the adjoint of A in the tricategory
ST, We again evaluate Y and xZ by applying e: STO 5T with e = eg0eq factoring
over g7 (see Theorem 1.2.28).

The 2-morphisms T and T are bounded from above and below by the 3-morphisms
(evr, coevip), and the pair (ev4, coev 4#) is bounded by (ev+e, ,, COeVey 4 ). From the defini-

T//

tion of e; we find ej(ev 4%) = Tcoev 4 and ej(coev 4#) = Tev 4. Overall, e;(x?") is given by

the following 3-morphism in 97@:

coevey 4 XA
P ——2" (eva @ Tevy)) KA = (evy K A) @ (Tevy K A)

1®(A#IXcoeVTT)®1

(evaRA) @ (AR (IT 9 T)) © (feva R A)

#)2 2
10((#)?ReR(10y?®1) )@l (evaRA) @ (AFR(TRT)) @ (Teva K A)

#
—>1®(A Revr)®1 (eva @ Tevy) KA

@A
D4,

evi ev 4

using the notation AXX :=14XX and AX := 11, K1) for a 1-morphism A, 2-morphism
X, and 3-morphism %, found e.g. in [82]. The next step is to apply ez, yielding a 3-morphism
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in 77 and introducing additional complexity. As the codomain of es(ev4) and the domain
of es(tevy) are given by the identity 1-morphism ey(0,) = 1, € 7@(*, %), eg introduces an
identity 1-morphism that is bounded by the 2-morphisms (A4, )\;‘1) on the left and right
and by the 3-morphisms (a;(A), a; '(A)) at the top and bottom. Leaving ¢ in the centre
bulk would introduce another identity half-sphere within the central bubble for ¢ to live
on. Similar to the argument in Section 3.4.3 we relocate ¢ to the 1-morphism A, removing
this complexity. Furthermore, we relocate (1)7)? slightly so it ends up outside the innermost
bubble when the diagram is flattened. Overall, the flattened diagram e(x”") in Te (with
some identity lines and other details omitted) looks like

+

A# R pyp?
A# KA o

(3.4.22)
A# K coevy

o (Y#)2RAKA

We assign the name s; to the innermost circle, where we can split off a factor of A% X —:
s1:=Dy(T) (%) € End(14 K 14) .

For the middle circle we use Lemma 2.5.11 and the fact that —X A is a pivotal 2-functor by
the assumption that T%is a pivotal tricategory. This allows us to replace

(6Vey , W11 ,, coevVey , B 1q ) = (6Vey ;1 45 COEVey 4,81 ,4) s (3.4.23)

which induces slight changes to the identity 2-morphisms and unitor 3-morphisms that were
suppressed in diagram (3.4.22). Now we can spell out the formula for the middle circle, which
we name Sg, in a compact form:

SS9 = DT(GVA ‘X lA) ((1]1A# ‘X 81) (¢} ((1/}#)2 & 1]1A & 1]1A)) . (3424)

The action of ¥#

The first step is to understand how ¢ is defined on A#, i.e. how the adjunction of 1-morphisms
acts on 3-morphisms. The definition of ¢/# is reminiscent of the definition of T4 in Eq. (2.4.2):

* * * *
ev g ev A
T 1KyR1 T )t
1/}# : ]lA# —A> A# 14 A A L} AF# 14 A AF# % HA#
A# coev 4 coev g A#
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using the triangulator Y’; of Eq. (1.2.19) and a suppressed pair of unitor 3-morphisms bound-
ing the 2-morphism 1 4. Evidently, ©/# acts on 1,# with a factor of ¢, € C\{0}. We turn
g

this action into a prefactor, thus removing 1/1#] ;. from the diagram. Then we use the unitor
g

properties and the Zorro movie to simplify the rest of the diagram to the identity 3-morphism

11,4#' Overall we find

1[)#|1#:0u—>1[19-a, (3.4.25)
Ig
so the action of ¥# on If is “the same” as the action of ¥ on I,.

The innermost bubble s; and the left quantum dimension of T
We evaluate s; using Lemma 3.2.20:
m
81\n1gglh = Di(6s.gn- Ng,h)(¢w]2‘) = ¢¢§h Dy (pg,n) (1) = ¢¢§h dimy(p1,) -
fed

In the second step we use the explicit formula (2.5.9) and the fact that we may pull complex
numbers out of residue operators. To evaluate the left quantum dimension of j4 j we reuse
the notation and some results of Section 3.4.4. First we give the name w := {a, &/, b} to the
list of the variables to the right of p4 5. Then we choose left admissible variables v := x and
compute the numerator of the left quantum dimension (2.5.9):

str{ ([T Ow,dx ) ([Tj=1 Bv,dx)} -

The only derivative we have not yet computed in Eq. (3.4.18) is given by
Ouidx = G (157 @ (33 @ 15" 77) @ 1yyen
n
- »
3 e o (15705 (4 8) 0150
j=1

We permute the terms in the supertrace:

str{ (1" Ow,dx ) ([T}, Ov,dx) }
= (=1)*"" str{ (IT; Oy dx) (TTk Aoy dx) (TT, Oy dx) (TT; O dx ) } -

The product of the first three terms is given by
(TT; O dx) (TTi Do) (T By dx) = (DB G0 8)™" @ (519)7" .

Now we multiply by 0,,dx from the right. The second term of d,,dx does not contribute

since (7' 8)(9(;. 0) = 0. By the same argument, the second term of d,,dx does not contribute

either, and so forth. We therefore find

(IT; Dt o) (TTi Do ) (TT; 02 ) (T1; Basdl) = (—1)PENGci (8 9) ™" @ (51 9)™"
hence the supertrace evaluates to

str{ (T2 Qu,dx) (Tl Du,dx) } = (~1)"GGrsted (516) ™" @ (8 %)™ = ¢ah -
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Note that the prefactor of the left quantum dimension depends on the number of variables to
the right of pg 1, which is given by 3n. We compute

(3n2+1) = (3n+21)3n =4n? +n+ Lzl)n = (";rl) 4+n mod 2. (3.4.26)

The left quantum dimension then turns out to be

. n Gy G de
dimy prg p = (—1)("2 )+ Res | 22202
lﬂg,h ( ) CghC_Cga

= (—1)(71;1)“““5“ Res [ Lde ]

c—Ch_la

(—1)(n;1)+”+su
1 (3.4.27)

using Eq. (3.4.20) for s, in the last step. Overall we find that the central 3-morphisms

evaluate to
Sl|]llgxuh = ¢y, - (3.4.28)

The right quantum dimension of ev 4

Now we evaluate the middle circle (3.4.24) using Lemma 3.2.20 and the result for s; in
Eq. (3.4.28):

_ 2
SQ‘Mmzh = > D (eVA X4 ﬂ*&IhHI#IEIgXIIj> ((111,;¢ R 51|ﬂzgmj) o (Y7 By, K 1111].)>

f,9,5€G*3 !
e Z Dr(((s‘ﬂg-eng) IZ (5h7]1].]h))((1]11# &dﬂl}g‘j) o (¢12”&1]11g &1]1]])>
f,9,7€G*3 f
=3 ¢p2?, - D, (evlg X nlh) (1]1 LB, X 1ﬂ,h)
geG Ty
= 3 000 Drlevs,) (1, @13y, ) M1,
geG f
= > vy, - (dimpevy) K1y,
geG

using Lemma 2.5.11 in the penultimate step. To compute dim, evy, we again use a setup
similar to the one in Section 3.4.4. Note the global grade shift of ev;, from Definition 3.2.11.

Ijﬁ XI,=(a,x\a; —(a' - (2’ —g-z)+ (a- (' —g-2")),
L, = (¢ ¢ (x— ")),

Vi, = K(Cg(m/ —9g- w); a' — a’) ® K(C - Cga *g; T — m”)[sev] :
We choose admissible variables

{ug, ... uzn} ={x,a’, "} | {v1, ..., vn} = {x},
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resulting in the sequence

f= {Cg(a - a/)a Cg(g'a3 - w/)’ Cc— Cga'g} .

The properties of admissible variables can be shown as in the proof of Lemma 3.2.13. We
proceed with the supertrace:

o = (a/-—ai Cg(w/ig.m)i) ) /BZ = (xifx’.’ Ci_Cg(a'g)i> ,

17y Opdx = (O @ Lppen , [10y Oprdx = 1psen @ (0 9)%"
i=1 V2l OX g\00 MOn , i=1 Yz 0X M® -10 ’

H?:l 8a;dX = ((1) 8)®n ® 1pren , Hznzl 8CidX = Ipon ® (8 (1))®n )

n n n n ®n n
str{ (TT221 Ouydx) (ITf=y Oeydx) } = ¢ ste{(§8)" @ (§ %)} = ¢ -

Now we find the quantum dimension
n "da'dx’ da
dimT eVIg = (—1)( ;1)“!‘86\/ Res Cg - ;
c—(ga-g, g -x—2), (y(a—a’)

= (—1)("3)+sev Res [ (—1)"¢, 2" da/ dz’ da 1

a-g—Cg_lc, x—g-x,a —a
det(g~1)¢, *" da’ dz' da ]

-1 — / I
a—C cgha—g-x,d—a

n+1

= (—1)("3)4ntser Reg l

— (—1)("2)Frtser (det g) T

We find a dependency on the grade shift se, and on the parameters {(,}. A natural choice
for these parameters is

Sey 1= (n';l) +n, (= (detg)_ﬁ = dim,evy, =1, (3.4.29)

confirming the value of (; in Eq. (3.4.1). The choice for se, can be justified in a similar way

as the choice for s,, since dim, evy, also describes an identity bubble in Te. Furthermore,
there is an intuitive explanation for the choice of {(,}. We compare the group action defects
1 f and I -1 with matching domain and codomain:

Wyr =a (G o) @ — (G g7h) )

det=(det g)1/2 det=(det g)~1/2
” —~ —— ,
Wg :a'((Cg'g)'x —(Cg'lw)'w)-

We find that the choice (3.4.29) makes the actions of I,-1 and I, j& on z and z’ “as closely
related as possible” in that the determinants of the matrices agree. In simple examples like
n =1, G =Zg4, both defects are even equal:

Wy-1 = a(e™9/ 4y — e™9/4y) = wi .

Yet another perspective is to interpret evy, as a composite of p,-1, and an equivalence
Ng: If — I,—1. We have seen before that dim, pg , = 1, implying dim, n, = (det g)_lg‘g_%.
Our choice of {(4} sets dim, n, to 1.

Inserting everything back into s9, we find

82|]].][*®1h = Z ¢;¢w§h ' dimT(eV[g) XI 111h - Z wg¢w§h N 1]1*&[}1 .

geG geG
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The rest of the beer belly diagram

The process has to be repeated one more time to get the final result for the first beer belly
diagram. The 3-morphism s, is surrounded by the 2-morphisms (A 4, )\;‘1), which are bounded
from above and below by (a;(A), a; *(A)). As sq is just an identity operator times some
prefactor, so we may first move it onto A4 and then pull out the prefactor.

T//

Xh = a(A)osyoa;( = " W22 ) oo (In) = 3 W2ewZ, = ¢F . (3.4.30)

geG geG

Inserting the values of ¢ and ¢ defined in Conjecture 3.4.3 also solves this constraint equa-
n+1

tion. Note that det(g) and (—1)( 2 )+ would show up in this equation (and would render it

unsolvable in some examples) if we had not introduced the parameters s, and {(,}.

The other beer belly diagram

The diagram XT/ can be evaluated in the same manner, the main difference being the appear-
ance of dim; coev4 (whose components are given by dim; coevy,). We use the setup

L= (cec (x—2")),
I&I# (a,z',d; (ga-(x—g-x') —(a' - (2" —g-2')),
coevy, = K({y(x—g-2'); a—a) @ K(x —a"; —c+ (ga')[sey]

and we choose admissible variables

{vi} = {z, a,z"} {ug, ..., up} :={x},

resulting in the sequence

g={4a—c (z—g-2), c—(a}.

That v and u are admissible variables can be shown as in the proof of Lemma 3.2.13. We
proceed with the supertrace:

o = (ai_a; @(w—gw')i) o Bi= (-ci+<ga; mi_x;’) ’
[T Oprdx = 1yron ® (50", TTimy Gardx = (99)" @ Lygen
ITy e = Lygon @ (% §)°"
Ordx = (1577 @ (§1) @ 15 70) @ Lyren + 1y @ (157 V0 (§) @ 1577)

thus we find

str{ ([T7=1 O, dx) (11221 Duidx) }
= (- 1)3”"8t1“{( L1 Ondx ) (TTizt Oaydix) (IT321 Oapdx ) (ITj=1 Oc;dx) }
= (=D& str{ ([T 9,dx) (§)" @ (58)"}
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Each 0,,dx consists of two summands, but the second one cannot contribute to the supertrace
because the resulting matrix will be off-diagonal:

(=1)"¢y str{(§ 8)®n ® (§ 8)®n + off-diagonal}
(=1)"¢g -

We note that in contrast to ug , and evy,, coevy, has a surface with n variables to the right
and 3n variables to the left. Plugging our results into Eq. (2.5.3) yields

n —1 n/ n !/ /
dlml COGVIg = (_1)( ;1)+5ev Re ( ) Cg da dw/ da :
(ga—c, Gz —g-x'), c—(a
—2n / /
_ (_1)(n;1)+n+sev Res 71<g dadxz’da -
a—(gc,g-x—x,a—-( ¢

n+1

— (_1)( 2 )+n+scv Res [

det(g1)¢; *" da da’ da’ ]

-1 -1
a—(;c,x'—g-xz,a —(; ¢

(_1) (n;1)+n+sev (det g)—lcg—Qn
1

using Eq. (3.4.29) in the last step. Note that there are no additional constraints or free
parameters in this quantum dimension — the value of dim; coevy, is uniquely determined by
dim, evy, here.

In analogy to Eq. (3.4.30) we find the constraint equation

=3 vt = 02, (3.4.31)

heG

which has the same form and hence the same solutions as Eq. (3.4.30).

3.4.6 Preview: The associator-type diagrams

We will present the basic idea for the associator type diagrams (Definition 3.3.1 (ii) to (iv))
with the full details following in [7].

The normal associator identity
The normal associator identity (Definition 3.3.1 (ii)) is of the form
2 - !
PYoaoyy*oaoryy =1 (3.4.32)

with some details concerning the ¥ omitted. We evaluate the left hand side in components
using the setup of Eq. (3.4.5):

2 = 2 - 2 2 !
VoaoyToaotl,, ey m,) = Yorthslon @0 &=Vt =1

using that & was constructed as the inverse of a. Inserting (h, f) := (e, g) yields 1/1;1 =1,
implying 14 € {1, —1, i, —i} for all g € G. Therefore, the associator identity holds for

thg:=1 forallge G (3.4.33)
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which was our choice in Conjecture 3.4.3. Choosing the value 1 appears to be the most natural
as it means we can remove v from all diagrams. The opposite version of [27, Def. 4.2 (ii)]
(which can also be found in [27, Figure 5]) then simply demands

aoa=1 (3.4.34)

which again holds because & is the inverse of « by definition.

The partially reversed associator identity

The main difference in Definition 3.3.1 (iii) compared to (ii) is the presence of a reversed
I-morphism, i.e. the domain 1-morphism of [27, Def. 4.2 (iii)] is given by AR A# KA. Conse-
quently, the 2-morphisms contain additional factors of ev 4 or €v 4: for example, the bottom
(domain) 2-morphism of the diagram is given by

X =T@(14RevaR14) @ A4R1 % RT),
Xyt = Xpsppmn, o, = Oari - pa.s © (L1, Wovy, ®1r) © (L, B R g)

The modified 3-morphism o' is given by a composite of six 3-morphisms [27, Figure 9],
schematically given by

o =€Vp oa o0 06Vegey, © 7';1 o coevy . (3.4.35)

Inserting the definitions of the adjunction 1- and 2-morphisms in Te yields the expected
component 3-morphism

/ o~ -1 < 1

o |Xg,h#,hf = €V, ;O Q 1y £ 0 0. 0 EVegoy;, 0Ty OCOEV, . (3.4.36)

where some sums are introduced and then cancelled against Kronecker deltas in intermediate

steps. Let Y, ,# 5 be the codomain of o’. Then the corresponding 3-morphism &' is given by

~/ = B -1
a ’Yg iy = Yl © Thy © CO®Vegoyy, © 0170 Qgh=i, g © COCVyy, ¢ (3.4.37)

The partially reversed associator identities then demand
d'od =1. (3.4.38)

We evaluate both equations in components using Eqs. (3.4.36) and (3.4.37) and find the
right anti-bubble ab,(pg,5) (Definition 2.5.9) in the middle of both expressions. Under the
assumption that 4 5 fulfils the requirements of Lemma 2.5.10 we can replace the anti-bubble
aby (g, n) by dim, (g ). Using that both the left and right quantum dimensions of y, 5, are
equal to 1 in our choice of s, both o/ 0&’ and &' o’ can easily be simplified to the identity,
proving (3.4.38). It remains to be shown that the assumptions of Lemma 2.5.10 are met.

The anti-bubbles of pg4

Lemma 3.4.4. X := pg , fulfils the assumptions of Lemma 2.5.10.
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Proof. We use Egs. (1.3.45) and (1.3.46) to rewrite

XToX2K(a—(ne; x—g-h-2") @ K((b—(a-g; ' —h-2)
@ K (Cne — Coa; x —g-h-a") @ K (&' — h-2"; (,a-g— ub)

n

=~ Q) K (Cgai — Cgncis Cubi — Cgla - 9)iy Conei — (gt &5 — (h- &)
=1 ~

zi—(g-h-a"), xi— (h-x")i, i — (g-h-x")i, (gla-g)i — Cubi) -

Note that the two grade shifts of s, cancel. In a procedure analogous to the one presented in
Appendix A.2.2, the matrix factorisations in the tensor product can be rewritten to

=~ QK (bi - bi, o — &%, a; — @b, Cyai — Concis
(h( — h - QZ”)Z‘, Chgl - Cg(a . g)la Cg(m —9- m/)iv 0)

which is associated to

A~

z']/(b—0b, ' — &, a—a, (;a — (yne)

Clb, ', a, c, b, 3 a, =,
a,z, x"]/(b—b, & — &, a—a)

~ C[b, ', a, b, &,
which is associated to the identity matrix factorisation 1 1,81} SO

T

Hg.h ® Hg,h =1

Hg,h & pg n = L1, -
By a similar argument, we find
X© X' % K(Gre—Ga; o —g-h-2") @ K@ — h-a'; Ga- g - Gb)
QK ((ga—Cné;x—g-h-2")QK((hb—C(a-g; &' —h-z")
n
= Q) K (ci — &, (Cga - g)i — Cubiy @) — (-2 )i, (gnes — Coais
= wi—(g-h-x");, 0,0, 0)
which is associated to

(C[C, ba m,a a, éa €T, mN]/(C - év Cga' g — Chbv x' — h - 33”, Cghc - Cga')

~ Cle, é,z, x"]/(c — &)

which is associated to the identity matrix factorisation 1z, , so

Hg,h & N;h = g @ Tﬂg,h = llgh . [
Corollary 3.4.5. The anti-bubbles of g, take the values

abr(ug.n) =1, our o abilugn) =1 o (3.4.39)
Proof. By Egs. (3.4.20) and (3.4.27), both quantum dimensions of j, 5, are equal to 1. The

above formulas then follow from Lemmas 2.5.10 and 3.4.4. O
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3.4.7 Summary of the orbifold datum constraints

We combine the results (3.4.20) and (3.4.33) to find the solution
Sy = Sey i= (";1) +n, ¢y = (det g)~1/% g =1, ¢:=|G|7'.  (3.4.40)

We have shown that in these choices the first two associator identities and the bubble identities
(3.3.2) are fulfilled for the orbifold datum of Conjecture 3.4.3. The third associator identity
and the 2-3 move identity are expected to hold as well, and the latter is expected to fix C,, of
Eq. (3.4.6).



128 3. Adjunctions and orbifolds in RV




4 Boundaries in 3D N =2 SUSY QFTs

This chapter is a shortened version of joint work with Ilka Brunner and Alexander Tabler
published in [13].

4.1 Introduction

In this chapter we study N = 2 supersymmetric theories in flat (24 1)-dimensional spacetime
with (spacelike) boundaries. The boundary necessarily breaks translational invariance and
hence can only preserve part of the bulk supersymmetry. Explicitly, the N’ =2 algebra in 3
dimensions is

{Qs,Qr} = —4Py, {Q4,Q_}=2Py, (4.1.1)

where spacetime has coordinates & and x| , see Appendix A.6.1 for a summary of our conven-
tions. We want to consider the case with a boundary in x -direction, breaking supersymmetry
to a subalgebra of (4.1.1) that does not contain P, , the generator of translations in that di-
rection. As has been analysed before [33, 78, 47], in the case of N' = 2 supersymmetry in
3 dimensions, there are two types of supersymmetric boundary conditions, referred to as
A-type and B-type. Each of them is associated to a subalgebra of the initial bulk supersym-
metry algebra, containing two momentum operators and two supersymmetry charges. A-type
boundary conditions preserve (1, 1) supersymmetry, whereas B-type boundary conditions
preserve a chiral A" = (0, 2) subalgebra, generated by @, and Q.. We will focus on (0, 2)
boundary conditions and analyse them from two points of view: On the one hand, for theo-
ries defined by a Lagrangian, we employ a Noether procedure. On the other hand, we discuss
the structure of the supercurrent multiplets [68, 38] and formulate boundary multiplets. The
two points of view are interrelated, as the (improved) Noether currents form components of
the current multiplets.

From a Lagrangian point of view, the supersymmetric bulk Lagrangian transforms under
SUSY-variations into a total derivative. In the presence of a boundary, this generically yields
a boundary term which must be cancelled for the symmetry to be preserved. This can be
achieved by choosing boundary conditions on the fields, such that the boundary variation
vanishes. Alternatively, and this is the main focus of the present chapter, one can cancel the
boundary variation by adding a suitable boundary part to the action, such that the action is
invariant under symmetry variations without reference to the boundary conditions on the
fields. This term can contain extra boundary degrees of freedom that are not inherited from
the bulk. The full invariant action thus contains a bulk and boundary term.

S:/ £l | Lo (4.1.2)
M oM

Given an action which is invariant under a symmetry, Noether’s procedure yields a set of
conserved charges and currents. In the case of supersymmetry, this includes the (canonical)
energy momentum tensor and the supersymmetry currents. After imposing canonical com-
mutation relations between the fields, the Noether charges provide a representation of the
symmetry algebra in terms of the fields.
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In the case of pure bulk theories, it is very useful to arrange the supercurrents together
with other conserved currents into multiplets. This can be done independently of a Lagrangian
definition of a theory. The supercurrents form a representation of the supersymmetry algebra,
and their most general form has been discussed recently in [68, 38]. Supercurrent multiplets
are indecomposable SUSY multiplets that contain the stress energy tensor 7),, and the su-
percurrents S,y as part of their components. In addition, there are brane currents, whose
integrals yield brane charges. The components of the supercurrent multiplets appear in a
local version of the supersymmetry algebra, which very schematically takes the form

{Qa, S,BM} = 272,37—‘!“’ + PN
{Qav Sﬂu} EEREE (414)

where the dots indicate various currents that will be explained later in this chapter. As is
well-known, the stress tensor for a theory is not unique, but can be modified by improvement
transformations. Indeed, the same holds for the supercurrents, and the notion of improve-
ment transformations can be lifted to the full multiplet. In any three-dimensional N' = 2
supersymmetric theory (and also in other dimensions with the same amount of supersymme-
try), there exists a so-called S-multiplet. Under special conditions, the S-multiplet can be
decomposable, such that there exist smaller multiplets. Of special interest in the context of
the current work is the R-multiplet, which exists in theories which exhibit an R-symmetry.

The notion of supercurrent multiplets has been extended to theories with defects in [37],
where a new so-called defect multiplet was constructed. As a consequence of the violation of
translation symmetry perpendicular to the defect, the stress tensor is no longer conserved.
This violation is encoded in the displacement operator. The defect multiplet contains the
displacement operator as one of its components [48, 37].

In the current chapter, we consider supermultiplets in situations with boundary, focusing
on the preserved symmetries. As mentioned above, to formulate boundary conditions means
to specify a subalgebra of the SUSY algebra such that the momentum operator in the direction
perpendicular to the boundary is not contained. The supercurrent multiplet is in particular a
representation of the larger (bulk) algebra and hence also of the smaller algebra. In the case
of the N = (0, 2) subalgebra, we show how the bulk supercurrent multiplets decompose under
the smaller algebra. Of course, due to the presence of the boundary, the currents contained
in the multiplet are no longer conserved by themselves. To formulate a consistent multiplet
for a theory with boundary, we discuss how to add boundary parts to the (0, 2)-components
of the initial bulk multiplet. Our ansatz for a full R-multiplet is

Rﬂlu _ Rf + 77“’15($¢)Rg, (4.1.5)

where Rf is the bulk part, Rg is the boundary part and Puﬂ denotes an embedding. Both
parts decompose into (0, 2)-components. The boundary part is added to the bulk multiplet
in such a way that the initial divergence-freeness of the bulk currents is completed to bulk-
boundary conservation laws. We do not discuss possible modifications of the bulk currents
corresponding to the broken symmetries.

One important feature of supercurrent multiplets is that they fall into short representa-
tions of the supersymmetry algebra. Therefore, they are protected under RG flow and retain
their form [38]. The supercurrents of the quantum theory can thus be used to constrain the
IR behaviour of a theory using the UV information. In the case of two-dimensional N'= (0, 2)



4.1 Introduction 131

models, the supercurrent multiplet for theories with an R-symmetry was used to study renor-
malisation group invariants in [31]. In particular, it was shown that an RG invariant chiral
algebra exists, extending earlier works [91, 85, 94]. The chiral algebra arises as the cohomol-
ogy of the supercharge Q.. Using only the form of the supercurrent multiplet, [31] shows
that there is a half-twisted stress tensor (the original stress tensor modified by the R-current)
in the cohomology. As a consequence, conformal symmetry is part of the chiral algebra.

Given these findings, we consider the consequences of the supercurrent multiplets for the
case that the N' = (0, 2) supersymmetry is the symmetry preserved at the boundary of a three-
dimensional theory. We do not find a stress-tensor in the cohomology following the steps in
[31], however, there is a weaker statement. For this, one makes the (0, 2)-structure manifest
by regarding the three-dimensional A/ = 2 theory as a two-dimensional theory living on the
boundary R%!. The bosonic fields of this theory are valued in maps from R<q to the original
target. The currents are obtained from the original three-dimensional ones by integrating over
the direction perpendicular to the boundary and are preserved in the boundary theory. In this
theory, we then do have a stress energy tensor that is part of the cohomology. Formulated in
the initial theory, this cohomology element is obtained by an integration in the perpendicular
direction from infinity (or a second boundary, which we do not discuss here) to the boundary.
Note that the action of any charge computed from the currents applied to an insertion at
the boundary would involve an integration over this direction, as well as all other spatial
directions. In this sense we can also interpret the partially integrated currents in the original
theory.

The integration along the perpendicular direction also gives another perspective on the
boundary multiplets. The theory effectively becomes a two-dimensional theory with N =
(0, 2) supersymmetry, and the integrated multiplets are genuine A/ = (0, 2) multiplets.

In the second part of the chapter, we study a specific example, namely a theory of three-
dimensional chiral multiplets with a superpotential. We restrict our explicit discussion to
the case of a single chiral field with a monomial superpotential. However, a generalisation
to more than one superfield and an arbitrary superpotential preserving an R-symmetry is
straightforward and our discussion applies to this case as well. As has already been shown in
[47, 95], the condition of preserving N = (0, 2) supersymmetry leads to a three-dimensional
generalisation of matrix factorisations [61, 10]. In this case, boundary terms are cancelled by
adding fermionic degrees of freedom and a potential at the boundary. Using Noether’s proce-
dure, we compute the conserved currents for different boundary conditions. These currents
contain pure bulk as well as boundary pieces and only the combination of both is conserved.
We also discuss the current multiplets, following [38] for the bulk case. Starting from the
Noether currents, one needs to apply improvement transformations to symmetrise the stress
energy tensor and subsequently organise the currents into supercurrent multiplets. As we
consider the case where R-symmetry is preserved, the relevant multiplet is the R-multiplet.
We spell out all components of the bulk-boundary multiplet in the example following the
strategy outlined above.

To complete our understanding of the symmetries in the model, we study the algebra
of the supercharges and supercurrents (4.1.3) in the example. We start with the explicit
expressions of the currents in terms of fields and impose canonical commutation relations
on the fields. We then verify the relations (4.1.3) as well as the N'= (0, 2) superalgebra in
the specific representation of the example. In the computation, it is essential to make use of
the correct factorisation properties of the superpotential to recover the correct form of the
algebra.
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This chapter is organised as follows: In Section 4.2 we review and elaborate on various
aspects of theories formulated on Minkowski space RN =1 with a flat boundary RMNV =2, fol-
lowing and extending [32]. In Section 4.3 we discuss supercurrent multiplets. We review the
constraints that have to be satisfied by such a multiplet from [38]. As explained there, the
most general supercurrent multiplets consists of certain superfields satisfying defining con-
straint relations. Their solutions are unique up to improvement transformations. In special
situations, such improvements can be used to formulate shorter multiplets, in particular the R-
multiplet. We decompose the multiplets and constraints according to the (0, 2)-substructure
and formulate consistent bulk-boundary multiplets. Here, current conservation of the com-
bined bulk-boundary system is imposed. We then discuss an integrated structure, where we
integrate in the direction perpendicular to the boundary. This provides a two-dimensional
version of the conservation equations, taking the familiar form of divergence-freeness of the
currents.

We then turn to a discussion of the Landau—Ginzburg example in Section 4.4. First, in
1.4.1, we introduce the bulk model, then introduce a boundary in 4.4.2. We distinguish the
cases with and without superpotential and show that without specifying boundary conditions,
N = (0, 2) SUSY can be preserved by introducing boundary fermions and matrix factorisa-
tions. Boundary conditions do however have to be imposed to make the action stationary
and we discuss Dirichlet and Neumann conditions. In particular, there is a possibility to
make boundary conditions dynamical, imposing them as equations of motion. We then turn
to the formulation of currents in 4.4.3. Here, Noether’s procedure is employed to compute
the conserved currents in the combined bulk boundary system. We discuss improvements to
symmetrise the stress-energy tensor. Section 4.4.4 contains a discussion of the supercurrent
multiplets in the example.

In Section 4.5 we study the realisation of the symmetry algebra in the Landau—Ginzburg
model in terms of the fields. By imposing canonical commutation relations for the bulk and
boundary fields, we verify that the supercharges implement the correct symmetry transforma-
tions on the fields and their derivatives, and we compute the brackets between supercharges
and supercurrents. Special attention is paid to the contributions from the boundary. We do
not impose any explicit boundary conditions on the fields in our computations. In 4.5.1 we use
the action of the supercharge on the derivative of the scalars to verify how the bulk fermions
decompose into boundary fermions — a decomposition that was seen in earlier sections from
the point of view of the action. In the following subsections 4.5.2 and 4.5.3 we verify the
brackets between supercharges and currents and finally integrate them to the global super-
symmetry algebra. The factorisation condition of the superpotential arises as a consistency
condition on the SUSY algebra.

4.2 Currents and charges in theories with boundaries

In this section we want to study (classical) theories on flat Minkowski half-space with spacelike
boundary. In particular, we will consider

M:{x“:(:co,...,x",...,xN_l)ERl’N_l‘x”SO}, OM = {2" =0}.  (4.2.1)

On the flat boundary we will denote the tangential coordinates by z/ while the normal
coordinate is z"”, i.e. [i takes all values except n. While our main focus will be N = 3 later
on, we will keep the discussion more general in this section.
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4.2.1 Bulk and boundary Lagrangians

We want to study theories that have both bulk and boundary fields with an action of the
form'

S =984 59— /M g [ 00 £ = £(0,0,8], L7 = 71X, 53X, Do, 40lo)

(4.2.2)
where @ and X denotes bulk and boundary fields, respectively. Furthermore, one has to
impose boundary conditions. We follow the similar discussion from [32], which we generalise
here. The most general boundary conditions will be of the form

G (fields|y, derivatives of fields|s) = 0. (4.2.3)

Under a (rigid) variation of the fields and an integration by parts, we get

55:/ ocP [ or?

OLB BLB
= / 8ua(a @)}M)

Bulk EoMB[<I>] (4.2.4)
oLl oLd oL aLd
+ /BM {(W - aua(a X))5X + (a<1>|a - 3,18(%@0) + 8( )5(1)\@ + (- )}
—_—
Boundary EoMa[X} =A
Stationarity of the action requires that
[A-6®p] o, = p A", (4.2.5)

for some boundary vector field A”. Note that in any case, the variations §®|s, 6 X we consider
must be compatible with the chosen boundary condition, i.e. we may only consider such
variations that satisfy

6Gle=0 = 0. (4.2.6)

A special kind of boundary condition is the dynamical boundary condition, which amounts to
requiring

G=AZ0. (4.2.7)
This is equivalent to the paradigm (e.g. found in [33, 6]) not to impose static boundary

conditions, but instead adopt the boundary conditions that are naturally imposed by the
tendency of the system to make the action stationary.

4.2.2 Symmetries, currents and charges in boundary theories

Symmetries in boundary theories

Let us try to understand symmetries in theories with a boundary. If we want the full theory
to be invariant under some symmetry transformation of the fields, the boundary condition
must be compatible with the symmetry transformation, as mentioned in [32]:

dsymG|la=0 = 0. (4.2.8)

'We assume that the boundary Lagrangian £2 contains only tangential derivatives 0u. We also assume for
simplicity that there are only first order derivatives of any kind.
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If this is satisfied, G is called a symmetric boundary condition with respect to dgym. Conve-
niently, this requirement is equivalent to demanding that the symmetry variation deym is a
permitted variation in the sense of Eq. (4.2.0).

The definition of a symmetry in the presence of a boundary is analogous to the case of
a pure bulk theory: A symmetry is an off-shell transformation of both bulk and boundary
fields that leaves the action invariant, possibly after using boundary conditions:

0 = JsymS|a=0 = (OsymS? + GsymS?)|G=0 = 0. (4.2.9)

It is natural to restrict to symmetries that arise from a symmetry of the bulk theory, i.e.
5Sym£B = 0,V* holds for some bulk vector fields V*. Noether’s theorem in the bulk then

ensures that 9,.J% =0, where Ji = —%5@1}0@4—\/“ still holds. In terms of Lagrangians,
we can then write
0= 5symS’G:0 = / 6sym£B + / (;sym’ca = / (Vn + 5sym£8)|G=O' (4210)
M oM oM

If the above condition holds without imposing any boundary condition G = 0, one says
that the symmetry is preserved without reference to specific boundary conditions. As we start
from a bulk theory £7 with a symmetry, it is interesting to investigate whether a boundary
compensating term L0 exists, so that (4.2.9) holds without referring to a boundary condition
[32, 6]. However, in general cases, one must impose specific symmetric boundary conditions
and add boundary terms so that the full action is stationary (4.2.5) and symmetric (4.2.9).

Currents and charges

It is clear that the bulk theory charge Qp = [ J% of the aforementioned symmetry is, in
general, no longer conserved after introducing a boundary, since the constant-time slice X
now has a boundary 0. As a physical interpretation, the bulk current “leaks” from the
boundary, and this “leakage” must be compensated by a boundary term. More precisely,
what we need in addition to the bulk current J¥ is a boundary current Jg which lives on the
boundary of the full theory, such that the equations

Ot =0, b = Jns (4.2.11)
are satisfied. We also introduce the total conserved current”
T = Jp + 0(z™) P, Ty, (4.2.12)

where P! i isa projector /embedding with P, =0, PY o= 59/1. The conservation equations
(1.2.11) can be expressed as:
Opltan = 0(z") Jfuy. (4.2.13)

Note that the (boundary) conservation equation might only hold modulo boundary conditions.
The full conserved charge of the theory is then given by

% (o)) %

whose conservation is easy to see from (4.2.11).

2See Appendix A.6.2 for details on §-distributions at the boundary.



4.2 Currents and charges in theories with boundaries 135

Just as in pure bulk theories, there is more than one current leading to the same conserved
charge associated to a given symmetry. Transformations of the currents that preserve the
conservation equations and the charges are called the improvements of the currents.

For a pure bulk theory, an improvement locally takes the form

T Jh = Jh + 8, MM (4.2.15)

which preserves the conservation equations and charges: 8Mj =0 and Qp= Is j% =Q@3B.
For a theory with boundary, an improvement takes the form

Ii Jh = It 40, M)
{Jg} ~ {Jﬁ = Jh o M4 gyl [ (4.2.16)

which preserves the conservation equations (4.2.11) and the charge (4.2.14). The improvement
of the bulk current induces an improvement on the boundary current, and the boundary
current may be further improved by a pure boundary improvement.

Note that it is sometimes possible to completely “improve away” the boundary part of
the conserved current, in particular if there are no degrees of freedom on the boundary. In
that case the bulk charge Qg is conserved even in the presence of a boundary, but then it is,
in general, sensitive to bulk improvements. This is the approach of the authors of [32].

4.2.3 Noether’s theorem on manifolds with boundary

Now that we have discussed the properties of conserved currents and charges in boundary
theories, let us investigate how we can compute them in a particular model. We present a
modification of Noether’s theorem that yields bulk and boundary currents in the sense we
defined above. The special case of a theory with boundary (and boundary terms) but without
boundary dynamics is discussed in detail in [32].

Currents and charges without boundary

For completeness, let us quickly repeat Noether’s theorem in pure bulk theories. A symmetry
is an off-shell transformation of the fields that leaves the action invariant:

SeymS = 0. (4.2.17)

If the transformation is rigid (i.e. leaves spacetime invariant) and assuming that fields “fall
off” at infinity the above condition is equivalent to

SsymLP = 8,V (4.2.18)

for some bulk vector field V#. On the other hand, a generic variation of the Lagrangian is
also given by

B on-she B
SsymL? = EoMP [@)65ym® + Oy (7555757 0sym®) =" Ou (5557 05vm®)- (4.2.19)

We find that on-shell 0 =9, (V* — %&ymfb), thus the bulk Noether current

B
T = = ffabm®+ VI, Ol =0, (12.20)
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is divergence-free (on-shell). Since there is no boundary present, divergence-freeness implies
the conservation of the charge

Qs = [ I3, (4.2.21)

where ¥ is a constant-time slice of M, since 0y@Qp = [, 0oJ° = — s 0;J" =0.

Currents and charges with boundary

As we restricted to symmetries of boundary theories that come from a bulk theory, Jf from
(4.2.20) is still a valid divergence-free current by the same argument as above, so we can use
it as the bulk part of the full current (4.2.12). The task at hand is to now find a boundary
current which satisfies 9;J5 = Jj|g. We want to apply a similar strategy as in the pure bulk
theory: compare the (off-shell) symmetry variation of the action with an on-shell variation.
On the off-shell side we get

0 = beymS|G_o = /M 0V + /d om0 = /8 UGES S s (4.2.22)

which implies that
(V" + 6symLO) =0 = O K" (4.2.23)

for some boundary vector field K*.
On the on-shell side, we now use equations of motion and the stationarity condition (4.2.5).
By varying the boundary Lagrangian directly and assuming G|...]|s =0 we get

o _ [ocd aL? d
5Sym£ == [% - 8!1@} 5Sym¢|8 + EoM [X](Ssme

- o2 (4.2.24)
+9:u (507 39, %) OsymX + gg,e0) Jsym®|o).-
To rewrite the first term, let us plug in 6 = dsym into (4.2.5) (still assuming GJ...] =0) and
use the definition of the bulk Noether current (4.2.20) to rewrite it:
{, on-shell [ 5,0 aro
DAl 2N [ B — O ds | Bem®lo + [V — JBlo. (4.2.25)
Plugging this into the previous equation and going on-shell, we get
O on-she e} ]
Ssym L0 E TR — VMo + 9 (AP + 85‘% y0sym X + a(gg‘ 10sym®|a).- (4.2.26)

We can now compare this on-shell variation to the off-shell variation in (4.2.23) and see

n|__ (i i Lo aLd

Thus, we can read off the boundary Noether current

0 peh 7 Lo Lo L n
J'u == K'LL - A'u‘ - mésme - Wésym¢|aa 8ﬂ<]'u == JB|8 (4228)

Together with the bulk current (4.2.20), this forms a conserved boundary theory current in
the sense of (4.2.11). We recall that K" is defined by the symmetry condition (4.2.23) and
AP is defined by the stationarity condition (4.2.5). Notice that through the dependency on
AP the boundary Noether current may explicitly depend on the boundary condition, even if
the bulk variation is compensated at the boundary in a boundary-condition-independent way
(cf. Section 4.2.2).
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Special case: Energy-momentum tensor

In the presence of a boundary, Noether’s theorem applies to spacetime translations as well:
The total energy-momentum tensor is®

T," = (T%),} + 5(a™)P*, P, (1), (4.2.29)
Here, the bulk contribution is

oLs

(TP) 1 = 50, <1>)8 L, +6,1L8, (4.2.30)

while the boundary contribution is

. aLo aLo
THF = = 95 X — L ® + 67 L9 4.2.31
T = 561X ~ a@m 0+ '~ (4.2.31)

where summation over fields is implied. The conservation equations are given by
Ou(TF), 1 =0,
8ll(T‘d) b= Tf/n|87

1

(4.2.32)

and the total tensor satisfies 9,7,# = 6(z")P,”T,". The momenta along the tangential
p-directions are conserved

P, :/(TB)ﬁM (19),°, doP, = 0, (4.2.33)
> o

while P, = [(T?),° is clearly not conserved in general: dyP, = — [ 8;(T?),° = =T,,"|o.

This is consistent with a flat boundary: The theory is only invariant under spacetime transla-
tions tangential to the boundary.
As far as improvements are concerned, the most general improvement takes the form

(TB) v (T )#V—|—8 M,
{(Ta)gﬁ} "~ {(T )uu‘i‘Munu‘f‘al%] [ﬂﬁ]} (4234)

which, as before, leads to the same charges. However, if we restrict to improvements of
symmetric tensors containing up to spin 1 components [38], the allowed improvements take

the form:
(TB)MI/ (TB)MV+8VUM_T]NV8PUP
— A , 4.2.35

{(Ta)ﬂﬁ (T?) 3o+ 135 Un — Mo Up + Opu — njpp0Pu, ( )

where U, is the bulk improvement and u; the boundary improvement.

3Strictly speaking, the index v does not take the value n: Translations in z™-direction are no longer
symmetries. However, we may still consider this part of the tensor even though it does not lead to a conserved
charge.
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4.3 Boundary supercurrent multiplets in 3D

We want to study supercurrent multiplets of theories on manifolds with boundary. In partic-
ular, we consider the special case of bulk theories with 3D N = 2 supersymmetry, broken to
2D N = (0, 2) due to the boundary. While our discussion is limited to this particular case,
the strategy is expected to work in greater generality. We start by recalling the definitions
and some facts about supercurrent multiplets, following [38] (see also [74] for a connection to
a superspace Noether procedure).

The defining properties of a supercurrent multiplet are:

(i) The energy-momentum tensor (7%)* should be a component of the multiplet. It is
also the only component with spin 2.

(ii) The supercurrents, i.e. conserved currents associated to supersymmetry, are components
of the multiplet. They are the only components with spin 3/2. No component other
than the supercurrents and the energy-momentum tensor are allowed to have spin larger
than 1.

(iii) The supercurrent multiplet is not unique: It allows for (supersymmetrically complete)
improvements of its components.

(iv) The multiplet is indecomposable, so it may have non-trivial submultiplets, but it may
not be decomposed into two independent decoupled multiplets.

The components of a supercurrent multiplet (in particular, the conserved currents) are
only unique up to improvements. However, improving one component and not the others
breaks the structure of the multiplet. Hence, to consistently improve the supercurrent multi-
plet, we must restrict to improvements of all components which are related in a certain way
(specifically, the improvement terms have to form a supersymmetry multiplet themselves; de-
tails are in [38]). In other words, if one is given two components (e.g. a supercurrent and an
energy-momentum tensor), one may have to improve one of them such that they can be part
of the same supercurrent multiplet. We say two conserved currents which have been improved
such that they are part of a consistent supercurrent multiplet are in the same improvement
frame.

For some theories the supercurrent multiplet may be improved into a smaller multiplet
(e.g. to obtain an R-multiplet or a Ferrara—Zumino multiplet). There are still improvements
that preserve this smaller multiplet [38, 68, 31]. We will recall the case of 3D N = 2 theories
in more detail.

4.3.1 In bulk theories

We will focus on three-dimensional theories with two-dimensional boundaries. In this section
we recall the defining relations and properties of supercurrent multiplets in three-dimensional
bulk theories with A/ =2 supersymmetry from [38].

The most general supercurrent multiplet satisfying the conditions (i)—(iv) (called the S-
multiplet) consists of three superfields, Sy, Xa, Yo With Sup real, xa, Vo fermionic, and a
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complex constant C. They must satisfy the defining relations:

DﬂSoz,B = Xa T you
DaXﬂ = %Cfaﬁa

Do + D*Xa = 0, (4.3.1)
Dayﬁ + Dﬁya = 07
DY, +C =0.

These defining relations are solved by the following expansions (using bispinor relations
(A.6.13)): , - o,
Su = Ju = 0(Sy + J57u®) — i0(Sy — J5uw) + 567V, + 5077,
- (Q’ng)(vau % ielﬂ/ﬂHP) - wg(ielprVp + etwpaujp)

1927 (Y ' v~ 192p(va @ ) v (4.3.20)
+ 2070077005 = 5 0"®) + 36701705, + w0 w)
— 16%6%(0,0" 4, — 10%,),
Xa = —iXa(y) + 05[6,"D(y) — (v")o" (Hu(y) — L€ pF*(y))] (4.3.2b)
+10,C — 219,01, h
Voo = V20 + 2B + 2050 Yy, + V20(070) ey (v 0w (4.3.2¢)

+ V2i00(1 0o + i0%750" 0uB — 02000, Y " + 51020 0w,

where (S*), (S")q are conserved supercurrents, T}, is a symmetric energy-momentum tensor,

and _
Ao = —2(7"8 )0 + 2V 2iw,,

D = —4T", + 44,
B = A+id,j",
dH =0, dY =0, dF =0,

(4.3.3)

where H, F, Y are forms with components H,,, F,,, Y. Additionally, y is the “chiral” coordi-
nate y* = x* —ify"0. If the forms Y or H are exact, the superfields ), or y, may be written
as covariant derivatives: If Y, = 0,z, then YV, = Do X where X|go =z, and if H, = J,g, then
Xa = iDaG where G|go = g.

Improvements

The expansions (4.3.2) together with the relations (4.3.3) and the conservation of currents
0u(S*)a =0, 0"T,, = 0 do not form the only solution of the constraints (4.3.1). We may
improve without violating the constraints

Su = Su+ 17" [Da, Ds]U,
Xa — Xa — D?*DaU, (4.3.4)
ya — ya - %DQD2U7
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where U = u+60n—0n+60*N _0°N +(0v"0)V,,—i00K +. . . is a real superfield. The improvement
transforms
(Spa = (Sp)a + €up(10°N) s
Ty = Ty + (0,0, — 0w0*)u,
H, > H, — 49,K, (4.3.5)
Fu — Fu, —4(0,V, — 0,V,),
Y, — Y, —20,N.

The multiplet S, may be improved into smaller multiplets. In particular:

(i) If C =0, xo = iDaG (i.e. H is exact) and there exists a well-defined improvement U
such that G = 2iD*D,U , then it sends x, to zero and we obtain a Ferrara—Zumino
multiplet [43]:

DPTop = Ve,

) (4.3.6)
DayB+D6ya :07 Daya =0.

(ii) If C =0, Yo = Do X (i.e. Y is exact) and there exists a well-defined improvement U
such that X = 2 D?U, then it sends Y, to zero and we obtain an R-multiplet [19]:

~ 3 B
_ DRap=Xer (4.3.7)
Daxp =0, D%+ D5 =0.
In this case, the lowest component j,, of the multiplet R, (we relabel S, to R,,) is a
conserved R-current (in the general S,-multiplet, j# is not conserved; however, we still
call it a “non-conserved R-current”). The R-multiplet will be the primary focus of our
example in Section 4.4.

(iii) If C' =0 and the improvements from (1) and (2) coincide, we can improve both super-
fields X, Vo to zero simultaneously. In that case we obtain a superconformal multiplet

DPS,p = 0. (4.3.8)

Note that even if smaller multiplets exist, they are still not unique: We may further improve
the smaller multiplets without violating the respective additional constraints. For example,
in the case of the R-multiplet, the improvements that preserve the defining constraints are
transformations -
Ry = Ry + %VSﬁ[Daa Dg)U,
Xa = Xa — DQDaU7 (4.3.9)
D,D*U = 0.

Brane currents

We may associate to the closed forms F, H, Y, C the brane currents defined by taking their
Hodge dual:

v, / \ al
Cu~eupF"?, Cu~euwpH?, C,~€uwpY?,  Cup~ €upC.

M (4.3.10)
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Note that these are conserved by construction, 9,C*, . =0, since the forms are closed."
Then, the brane charges defined by Z,,, ., = v Com...;% are conserved as well. In addition,

they are also invariant under the improvements (4.3.5). The brane charges, if they are non-
trivial, are central charges of the supersymmetry algebra (but not of the Poincaré algebra).
This is motivated by studying the explicit commutators [38] that follow from the multiplet
structure of S,:”

{Qa, (Su)p} = Vs (2T — teuwpHP) +ieapten, VP + total derivatives,

(O (505} = H)asC + ieuuprrls ¥ 3
as \Pu)s 2\ Vp)ap YuvpYapst =

where we may find non-trivial central charges in the supersymmetry algebra upon integration.
Each current Cy, ..., and the corresponding charge Z,,. ,,, is associated to an m-brane.
Hence, the brane charges form a physical obstruction to improvements into smaller multiplets.
In particular, a non-zero charge associated to F' or H obstructs the existence of a Ferrara—
Zumino multiplet, and a non-zero charge associated to Y obstructs the existence of an R-
multiplet.

4.3.2 In theories with boundary

The introduction of a boundary affects supercurrent multiplets in two obvious ways.

First, supersymmetry is broken to a subalgebra like 2D N = (0, 2), which will be our main
focus. The bulk supercurrent multiplets, previously 3D N = 2 superfields, now decompose
under the subalgebra to (0, 2)-superfields. We spell out this decomposition in Appendix A.7.2.
Similarly, the constraints (4.3.1) now decompose into constraints of the (0, 2)-superfields. We
will spell out this decomposition in the next subsection.

Second, a boundary changes the conserved currents of remaining symmetries by supple-
menting the bulk currents (4.2.20) with boundary currents (4.2.28) satisfying appropriate
conservation equations. The conservation equations must follow from the constraints that de-
fine the supercurrent multiplets, as in bulk theories, and the full supercurrent multiplets will
now consist of bulk and boundary pieces. The schematic form of full supercurrent multiplets
reads A

S =87 +6(x")P", S,
Xl = VB 5272, (4.3.12)
Vol = Vol +6")Ya,

where once again P" 5 is an embedding.

Let us briefly discuss how the conditions (i)—(iv) are modified. It is clear that the new
superfields should contain the full conserved currents of unbroken symmetries, in the sense of
Section 4.2.3 (conditions (i), (ii)). Furthermore, improvements of the full conserved currents
in the sense of (4.2.16) that form consistent multiplets under the smaller subalgebra are
improvements of the A" = (0, 2) supercurrent multiplets (condition (iii)). However, under the
smaller symmetry algebra, the previously indecomposable (bulk) multiplet decomposes into

4In coordinate-free notation this is written as d*C = 0 which follows trivially if C' = %A, with dA = 0.
SRecall, the action of physical supercharges via commutators is related to the action via (super)-differential
operators by

(€7 Qu — €% O, X] = i(£°Qu — E7Qu) X = 055, X.
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possibly several indecomposable multiplets of the remaining symmetry subalgebra. Therefore
condition (iv) is not preserved in general.

4.3.3 Bulk and boundary constraints by decomposition

Let us recall the structure of subalgebras of the 3D N = 2 algebra which may be preserved
after the introduction of a boundary. The (unbroken) symmetry algebra is generated by
tangential translations P, Lorentz transformations My in the unbroken directions, and one
of the following;:

(i) supercharges @, Q4 corresponding to a 2D (0, 2)-subalgebra satisfying
(Q+)? =0, {Q,Q1}=—4idy, (4.3.13)

(ii) their left-moving (2, 0) counterparts Q_, Q_,

(iii) (real) supercharges Q_, Q4+ corresponding to a 2D (1, 1)-subalgebra satisfying
(Q+)* = —idx, {Q-,Q4} =0 (4.3.14)

In this work we consider the only the first case. We want to determine constraint equations
that define supercurrent multiplets in a 3D theory with boundary and 2D A = (0, 2) super-
symmetry. To do so, we first decompose the 3D N = 2 bulk constraints into A/ = (0, 2) bulk
constraints, and then investigate possible N'= (0, 2) boundary constraints.

We supplement the superspace operators Q. , Q4 with covariant derivatives DSB’Q), 592)
defined in Appendix A.7.1. Let us emphasise that these are not the operators Dy, D, acting
on 3D N = 2 superspace, but are related to them by (A.7.4). We will omit the label (0, 2)
from now on; it should be clear from context whether a 3D N =2 or a N/ = (0, 2) covariant

derivative is meant.

Bulk constraints

Since the bulk conservation equations remain unchanged, the constraints on the bulk pieces
in our ansatz (4.3.12) will remain the same component-wise. We merely have to decompose
the multiplets and their constraints into constraints of (0, 2)-submultiplets. For simplicity we
choose to do so for the case where the supermultiplet is an R-multiplet:° We will decompose
the superfields (R, Xo) and the constraints (4.3.7). We can achieve this using the branching
coordinate £*. Tt has the defining property that in the coordinates (¢4, 7, 67), the preserved
supercharges @, and Q, commute with #~ and 6 ; see Appendix A.7.1 for details. Another
property is that Q4, Q4 do not involve a derivative in L-direction. In terms of £ we can

decompose -
5 = B _B(1) a-B(1) — 73— 1> B(2
R, (z, Qvf) - Ru( )+ 6 R“( ) _f_R“ 0 ?_R“( )’ (4.3.15)
XE(2,0,0) = x5O + 07 xED + 0720 4 o705,

where we now denote bulk fields by a superscript B, and boundary fields (to appear later)
with a superscript 0. The number superscripts in parentheses refer to the order in =, 8 we

5The more general case of the S-multiplet is quite similar and can be found in [13, Appendix C.3].
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have expanded in. Here, each field on each right-hand side is a (super)function of (&, 67T, 9+).
Furthermore, because @, Q4 commute with 6=, @ , the coefficient at each order in =, 6
is a (0, 2)-submultiplet — the remaining supersymmetry group acts independently on each
of them. This is a constructive way to decompose 3D N = 2 superfields with respect to the
2D N = (0, 2) subalgebra. In the appendix, we write the above decomposition explicitly for
the S-multiplet (A.7.12)—(A.7.14), from which the R-multiplet follows by setting appropriate
terms to zero.

In terms of the (0, 2)-submultiplets, the constraints (4.3.7) are then written as the fol-
lowing collection of equations, where we use coordinates ¢+ = €04¢1, ¢~ = €0 —¢! and
¢t =al4+i(0t0 —0-0")7
From D_x, = 0:

x50 — o, (4.3.16a)
xB@ 1 29 BO) = . (4.3.16b)
From D xo = 0:
D, xBO =, (4.3.17a)
D B9 4 2i9, yBO) = ¢, (4.3.17b)
D xE® = . (4.3.17¢)
From Im D%y, =0:
tm (D x 7 = 1) =0, (4.3.18a)
Dy B(la) | E@ — 20 PO _9i9, PO — o, (4.3.18b)
Tm (D+X,(2) —2i0_x"1 — 240 LX?(1G)> — 0. (4.3.18¢)
Finally, the relation D? Rap = Xa yields:”
2O = p,REO _ pBM) (4.3.19a)
—x B0 = D, REW 4 RE® 4 910, REO® 4 2i0_ RED), (4.3.19b)
0=D,R, (4.3.19¢)
B = D,RE® 1209, RO 4 250 REW. (4.3.19d)
Note that we have not introduced any new structure here: Component-wise, equations (4.3.7)

have identical content as (4.3.16a)—(4.3.19d). In particular, the bulk conservation equations
follow from these constraints. Let us explicitly verify this in the example of the conservation
of the R-current jf We start with Eq. (4.3.19b) setting o = + and taking the imaginary
B(Q))

part. Using the reality of R,g (which implies the reality of R /g ) and R we arrive at

—tm(x{") = Im (D, REW) + 20, REY + 20 R (4.3.20)

"Note that covariant derivatives acting on (0, 2)-superfields are (0, 2)-covariant derivatives.
8These have already been simplified by some relations we found, e.g. (4.3.16a).
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Now consider Eq. (4.3.19a); setting a = —, conjugating, applying D on both sides and finally
taking the imaginary part we obtain

tm (D x2”) =t (Dy D, RED) — 1m (D, RED). (4.3.21)
From the reality of Rfﬁ(o) we get Im (D+D+R§@) = 28+R],3@. Finally, we use (41.3.182a) to
combine (4.3.20) and (4.3.21) into the bulk conservation equation for the R-current:

20, R”© 420, R 1 20_R”

O — o, (4.3.22)

This equation also implies the bulk conservation of (.S f )t s (§5)+ and TlﬁL, as can be verified
by the expansions (A.7.12)—(A.7.14).
In an analogous fashion, we may derive the bulk conservation for RaBél) and Rfﬂ(m. The

conservation of Rfﬁ(l) follows from (4.3.19a) to (4.3.19d) together with (4.3.18b), and implies

the conservation of bulk supercurrents (S 5 )—s (?5), and the tensor T;i- The conservation

of Rfﬁm) follows from (4.3.18¢), (4.3.19b), and (4.3.19d), and implies the conservation of the
bulk tensor Tff.

Boundary constraints

We now want to discuss constraints that we need to impose on the boundary parts Rg and
Xg (and yg in the case of the S,-multiplet). Our guiding principle is of course the fact that
the constraints need to impose boundary conservation (4.2.28) on the components of the
boundary multiplets. The constraints can, in part, be deduced from the bulk constraints
(4.3.16)—(4.3.19). Let us elaborate on this point: Bulk and boundary superfields are combined
to our total supercurrent multiplet

R = RB 4 5(¢)P,ARY, (4.3.23)

where both bulk and boundary pieces can be decomposed into (0, 2)-multiplets:’

RE(2,0,8) = RE® 1+ 0-RED _ 57 REY 1 676 RE®),

(4.3.24)
d 7\ — R0 | p—5—I(2)
Ri(z, 0, 0) =R, +070 R,
and similarly for auxiliary fields
B 2\ _ B(0) | p—B(la) | 75— B(1b) | p—7— B(2)
(x,0,0)=x""+0x, VY +0 VT +H070 x,\,
Xa ( ) =X X X X (4.3.25)

Xa(x,0,0) = X3 + 07 x31 +67 x50 + 676 X3,
As mentioned before, the bulk part is unchanged compared to the full 3D A = 2 current
multiplet; it is simply decomposed into its (0, 2)-submultiplets. The ansatz for the boundary

part is directly motivated by the expansions (A.7.12)—(A.7.14) of the bulk multiplet, which
show that

Rf(o) = jf +...,
REW = —i(S8)_+..., (4.3.26)
RE® = 2K, +...,

9This is essentially an embedding into 3D A = 2 superspace, see [37, 36].
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where for the R-multiplet, K, =2T,, — iew,pHp. We can conclude

0(0) _ .o
o —]'a"‘...,

(4.3.27)
RO® = 2K +...,
as the bulk conserved currents have to be paired with their respective boundary currents.
Note that we do not consider a boundary contribution to the “broken” (Sf )— currents, as we
have no guiding principle in this framework. Then, due to the form of the full supercurrent
multiplet (4.3.23), we postulate that the constraints applied to the boundary piece must be
of similar form as (4.3.16a)—(4.3.19d), but instead of imposing divergence-freeness (4.2.20),
they should impose (4.2.28) on the remaining, conserved boundary currents.
We postulate the following adjustments on the constraints obtained from the bulk (4.3.16)—
(4.3.19), now applied to boundary multiplets Rz(;) , in order to obtain correct conservation
equations:

(i) Firstly, since the boundary is two-dimensional with directions z4, z__ (in bispinor

notation, cf. (A.6.13)) we only have superfields Ri(j;), R%™ | and no superfield Ri(j).

—

(ii) Secondly, we do not consider boundary contributions to the “broken” (Sf )— currents,
and hence no Rz(al) should appear.

(iii) Lastly, to impose the correct conservation equation on the boundary, we must replace
terms of the form 9, A% with —AB|5 whenever such terms appear. This transformation
precisely maps divergence-free equations (4.2.20) into boundary conservation equations
(4.2.28). In addition, this replacement parses well with the fact that derivatives in
the perpendicular direction make little sense when they act on boundary currents, in
particular when the boundary currents are functions of purely boundary fields.

The preliminary constraints on the boundary pieces then read:
Analogons to (4.3.16):

oab) — , (4.3.28a)
2@ 4259 %O — . (4.3.28D)

Analogons to (4.3.17):
D20 =, (4.3.292)
D1 —2iy B0, =0, (4.3.29b)
D2 =. (4.3.29¢)

Analogons to (4.3.18):
tm (D2 = x31) =0, (4.3.30a)

fm (DX = 2i0_x2" + 2209 5) = 0. (4.3.30D)
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Lastly, the analogons to (4.3.19):

YO o, (4.3.31a)
X?(O) D R?(E), (4.3.31b)
o0 = _RID 4 9iRBO, _ 2i9 ROV, (4.3.31c)
209 _ 0 BO)| (4.3.31d)
N YOI (4.3.31e)
O = LRI _giRBO)|,. (4.3.31f)

Note that the naive application of adjustments (i)—(iii) leads to three further relations, which
we have intentionally omitted above. These are: the analogon of (4.3.16b) for aw = +, which
reads

X 4210 X9 = o, (4.3.32)
the analogon of (4.3.17b) for & = —, which reads
D21 933P0, (4.3.33)

and lastly, the analogon of (4.3.18b) reads

We argue that these relations must be discarded from the set of constraints of boundary
multiplets. To see this, note that the first relation (4.3.32) is compatible with Eqs. (4.3.31a)

and (4.3.31¢) only if RE + |3 0. Similarly, the second relation (4.3.33) in agreement with
Eqs. (4.3.19a) and (4.3.31d) again only if R+ |8 = 0. Lastly, the third relation (4.3.34) is

consistent with Eqgs. (4.3.19a), (4.3.31a), (4.3.31d), and (4.3.31¢), once more only if R+(_)|3 =
0. Hence, including any of the three relations in the constraints of boundary (0, 2)-super-
multiplets would impose
B(1 .
Ry = —i(SP)_|o+...=0. (4.3.35)

However, imposing this condition would imply the conservation of the “broken” charge @)_,
as the current (Sﬁ3 )— would fulfil (4.2.11) with a trivial boundary part. Therefore, if we
did not omit relations (4.3.32)—(4.3.34), we would impose the conservation of the “broken”
charges Q_, Q_, which is inconsistent with the “breaking” of P and the explicit conservation
of the charges Q4+, Q4. As a last argument, we note that the three omitted relations are
not required to obtain the boundary conservation equations for the remaining symmetries
(N = (0, 2) supersymmetry, R-symmetry, 2D Poincaré symmetry). We will verify this in the
remainder of this subsection by explicitly checking that the boundary conservation equations
indeed follow from constraints (4.3.28)—(4.3.31).

We spell out the derivation of the boundary conservation equation in the example of Rﬁﬁ?):
Taking the imaginary part of (4.3.31¢) and using the reality of the multiplet, we obtain

tm (x 21} = 2R, - 20 RIY. (4.3.36)
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Now we take Eq. (4.3.31b), conjugate it, apply Dy on both sides and finally take imaginary
part again to obtain:

Im(D+X‘§(°)) = Im(D+D+R6(O)>. (4.3.37)

Again, due to the reality of Ré(g), we have that Im (D+D+R?(E)) = 2a+728_(9>. Finally, we
can combine equations (4.3.36) and (4.3.37) using (4.3.30a) into the conservation equation
for the boundary R-current:

2RPO), — 20 RID — 29, R = 0. (4.3.38)

Like its bulk counterpart, this superfield equation also implies the boundary conservation of
(59)+. (Sp)4 and T2,

In a similar fashion, we may derive boundary conservation of Rgg) using Eqgs. (4.3.30b),
(4.3.31c), (4.3.31d), and (4.3.31f). Component-wise it implies the conservation of the boundary
tensor Tg_. No boundary analogue to bulk conservation of (S 5 )— follows from the boundary
constraints, which is what we expect.

4.3.4 Integrated supercurrent multiplets

Comparison to pure 2D theories

The supercurrent multiplets that satisfy the bulk (4.3.16)—(4.3.19) and boundary (4.3.28)—
(4.3.31) constraints are (0, 2)-multiplets of a three-dimensional theory with boundary, with
supersymmetry algebra isomorphic to that of a 2D (0, 2)-theory. It is interesting to compare
and contrast the structure of this theory to a pure bulk 2D theory with (0, 2)-supersymmetry.
We review some generic aspects of such bulk theories following [31] (see also [76] for a com-
prehensive review on 2D A = (0, 2) models).

In the case of a 2D theory with N = (0, 2) supersymmetry, the most general S-multiplet
is given by superfields (Sff), W(_O’2), 7'_((22_)_, (') and corresponding defining constraints in
2D (0, 2)-theories, such that conditions (i)—(iv) are satisfied. For details on their structure
see [38, 31]. If the (0, 2)-model we consider has an R-symmetry, there exists a corresponding

smaller R-multiplet (R;(QO’Q) ) 7'_(0_2_)_) containing an improved energy momentum tensor 7},,.
Furthermore, the structure of the multiplet guarantees that we can define the half-twisted
energy-momentum tensor 7},

Ty =Thy + 5047+,

T_|__ - T_|__ - %8_j+, (4339)

T__ =T _—%0_j_,
which satisfies B _
{Q+, -} =Ty,
{Q-HT——}:O? but {Q+v"'}7éT——'

In other words, the components of the twisted energy-momentum tensor are @Q-cohomology
elements, and T__ is a non-trivial element. Starting from these identities, one can show that
the Q,-cohomology of observables is invariant under renormalisation group flow and thus
carries information about possible IR fixed points of the model under consideration [31]. In
particular, there is an emergent conformal symmetry on the level of cohomology.

(4.3.40)



148 4. Boundaries in 3D N =2 SUSY QFTs

Secondly, it is well known for (0, 2)-theories that the cohomology of @ as an operator
on fields is isomorphic to the cohomology of D, as an operator on superfields. In this lan-
guage, the non-trivial components of the twisted energy-momentum tensor are given by an
appropriate D -closed linear combination of superfields from the supercurrent multiplet:

D (T2 —io ROP) =0, (4.3.41)

An energy-momentum tensor (not) in the cohomology

Since our three-dimensional theory with boundary has the same supersymmetry algebra,
we might expect a similar structure as far as Q-cohomology is concerned. Indeed, we can
identify the analogue of (4.3.41) in 3D: We combine bulk equations (4.3.16b), (4.3.19a),
and (4.3.19d) for a = — to:'

Dy (RE® +2i0 REV) = —2i0, R (4.3.42)
as well as boundary equations (4.3.28b), (4.3.31b), and (4.3.31f) to
Dy (R +2i0 R2V) = 2i REW),. (4.3.43)
Furthermore, we can also combine (4.3.17b), (4.3.19a), and (4.3.19b) for a = + into
D, (REY + 2REY) = —2i0, RED, (4.3.44)
Similarly, we combine boundary equations (4.3.19a), (4.3.29b), and (4.3.30b) into
Dy (RED +2i0 REY)) = 2i REW),. (4.3.45)

We can rewrite these relations using the full R-multiplet Rfuﬁu( ) = Raﬁ ) (EHR, *)

D, (Rf““‘ ) 420 Rf“““’)) —2i0, RBD 4 2i5(¢HyRPD),,
(4.3.46)

Dy (R +2i0 RILD) = —2i 9, RE5W 1 2i5(eHyREW),.

The first equation is the analogue of (4.3.41) in 3D, as we already stated. The second equation
is the analogue of the Q-closedness (equivalent to D, -closedness) of the half-twisted tensor
Ty — 28_ J+, which in 2D follows from ()-exactness.

Integrated currents and multiplets

Eq. (4.3.46) shows that one cannot, in general, repeat the pure 2D argument to produce a local
energy-momentum tensor twisted by the R-symmetry such that it is a @ -cohomology element.
However, there is a different point of view which is helpful here: A three-dimensional quantum
field theory with a finite number of fields can instead be regarded as a two-dimensional quan-
tum field theory with an infinite number of fields. More precisely, instead of viewing bulk fields,

0The factor discrepancy on the left-hand side of (4.3.41) and the above equations is merely due to switching
between spacetime and bispinor notation (cf. (A.6.14)).
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loosely speaking, as maps OM xR<g — T, we view them as maps M — {maps: R<g — T}
[33, 15]. Now, instead of considering separate bulk and boundary actions, we can write a
single Lagrangian for the full theory:

L= 04 | da”LP; S= [ daNTlM (4.3.47)
R<o OM

We see that the action is the same as before, but integration along z™ is now a conceptually
different operation: Before, it used to be an integral on the spacetime on which the field
theory is defined; now it is an operation on the new target space (i.e. a functional). The
integration along z™ also translates to conserved currents: As the theory is now formally two-
dimensional, applying Noether’s theorem to the above Lagrangian yields a two-dimensional
current of the form

int. 0 B
We see that its conserved charge
Q= / T (4.3.49)
ox

is identical to the one belonging to the local current (4.2.14). This also provides an argument
why the integrated currents are “natural” from the point of view of the three-dimensional
QFT: To find the conserved charge of a current, one has to integrate all spatial directions,
and the integrated current is an “intermediate step” of this integration. The conservation
equations (4.2.28) now take the familiar form

I =0, (4.3.50)

where boundary conditions are possibly used. Extending supersymmetrically, we introduce
the integrated supercurrent multiplets, in our conventions (recall, mixed indices correspond to
the L-direction, which does not appear here, see (A.6.13))

Rt —RI + | datRE, (4.3.51)
R<o

In terms of integrated currents, the right-hand side of (4.3.46) cancels exactly due to the

integral:
Dy (RE) 1950 R™) =0,
= int.(2) . int.(0) (4.3.52)
Dy (RS + 2i0 RIS ) = 0.
The general arguments from [31] presented in Section 4.3.4 then imply that the lowest com-
ponent —16(7T1% — %6_ 41t) of the first equation is a non-trivial Q,-cohomology element and
the lowest component —16(7T° 1_“}; - %8, jft') of the second equation is a trivial Q-cohomology

element in the integrated 2D theory. In fact, a stronger statement holds: The integrated
multiplets are genuine 2D N = (0, 2) supersymmetry multiplets. Setting

R = Ri(O))

702 pint() (4.3.53)

the constraints (4.3.16)—(4.3.19) and (4.3.28)—(4.3.31) imply that these are indeed 2D (0, 2)-
supercurrent multiplets in the sense of [38, 31].
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4.3.5 Summarising the results on boundary multiplets

We look at three-dimensional theories with A" = 2 supersymmetry, broken to a 2D (0, 2)-
subalgebra due to a boundary. Currents associated to (remaining) symmetries now consist of
bulk and boundary pieces.

First we study 3D bulk supercurrent multiplets, in particular the R-multiplet. Its struc-
ture remains unchanged, as the bulk parts of conserved currents are still divergence-free; we
merely decompose the bulk multiplets into their (0, 2)-submultiplets

RE(2,0,0) = REO© 1 9-RED _ g RIW 1+ 976 RE®),

(4.3.54)

XB(x,0,8) = xBO 4 97\ BO0) 1 g7 B 4 9=\ B@),

The defining constraints (4.3.7) now decompose under the N'= (0, 2)-subalgebra into equa-
tions (1.3.16)—(4.3.19).

We investigate possible defining constraints for the boundary parts, using as guiding
principles that

 bulk and boundary pieces combine into a full multiplet Rf}‘u = RE +0 (§L)Pﬂﬂ732, where
the boundary pieces are also decomposed as in (41.3.24) and (4.3.25), hence the boundary
constraints must be of the same form as the bulk constraints (4.3.16)—(4.3.19),

o boundary constraints must impose boundary conservation (4.2.28) on the remaining,
conserved boundary currents.

We obtain the following list of constraints:

0="® +2i9_y2©, (4.3.55a)

0= DX — 27O, (4.3.55b)

0 =Tm (D X2 —x2"), (4.3.55¢)

0 = Im(D4 x?® — 2021 4 21219}, (4.3.55d)
O = p RO, (4.3.55¢)
0 = —RID 4 9iRBO), — 259 RIO, (4.3.55¢)
00 _ pBO) (4.3.55¢)
PP = DRI 9B, (4.3.55h)
P = _2iRrBW), (4.3.551)
9 =, (4.3.55))
X2 = . (4.3.55k)

The constraints (4.3.55a)—(4.3.55h) are necessary to derive boundary conservation equations
and equations (4.3.43). The last three relations (4.3.551)—(4.3.55k) are not used in any con-
servation equation and are independent of the rest of the constraints.

These constraints imply, in particular, equations (4.3.46) on full currents:

Dy (REL® +2i0 RYLY) = —2i0, REY + 2i6(cHyRED o, (4.3.56)
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which motivates the introduction of integrated current multiplets
Rint- — RI 4 / dztRE,. (4.3.57)

These multiplets are genuine 2D A = (0, 2) supercurrent multiplets in the usual sense. In

particular, the integration sets the right-hand side of relation (4.3.56) to zero. This implies

that 7% — L9_ 4" is a non-trivial Q-cohomology element and T — 29_jit- is a trivial

(@) +-cohomology element in the effective (integrated) 2D theory.

4.4 Three-dimensional Landau—Ginzburg models

4.4.1 Bulk theory

We now study a particular model where the framework we developed above can be applied.
Our bulk theory should be a 3D A = 2 Landau—Ginzburg model which lives on three-
dimensional Minkowski space. At a later point, we will introduce a boundary and restrict the
theory to the half-space

M= {z cR" |zt =2' <0} (4.4.1)

We will formulate the bulk theory in 3D N = 2 superspace. A generic chiral field is given by
Byp(z,6,8) = dy) + VI0U(y) + 00F(y), o = o — i05"9, (4.4.2)

where, as usual, ¢ is a complex scalar field, i, is a complex fermion, and F is a complex
auxiliary field. Under the bulk supersymmetry, the components transform as follows:

5sym¢ = \/§G¢a
Ssymta = V2eaF — v/2i(y"€) 000, (4.4.3)
SsymF = —V/2iey" 0,1,

Let us now consider the simplest non-trivial theory: a Landau—Ginzburg model of a single
chiral superfield. Its kinetic (Kéhler) term is given by

Liin, = / A0 @3pPsp = —0,00" 9 + LYy O) — S(0 ) + FF + 10%(¢9).  (4.4.4)

At a later point, the term %82(q3¢) will be removed; as it is a total derivative, it does not
influence the bulk theory, but will be relevant once a boundary is introduced.
The superpotential is of the well-known form

Loy = / OW (®3p) + ce. = W(O)F — LW () + cc. (4.4.5)

The bulk equations of motion are given by

0=F+W(p)
D*® = —4W'(®@) < {0 =0,0"p + W"($)F — SW" (¢)bi) ¢ . (4.4.6)
0=i(y"8utb)a — W ()ta
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4.4.2 Introducing a boundary and breaking to (0, 2)

As we already saw in Section 4.3.3, the supersymmetry algebra breaks at least to a 2D
N =(0,2) (or 2D N = (1, 1), which we do not consider here) subalgebra when we introduce
a boundary. Let us study sufficient conditions to preserve exactly N' = (0, 2).

Decomposition of the bulk fields

Under the N'= (0, 2) subalgebra, the chiral field ®3p decomposes into a (0, 2) chiral multiplet
and a Fermi multiplet. More details of this decomposition are written in Appendix A.7.1.
The resulting (0, 2)-superfields are

= ¢+ V20T, —2i0707 0,0,

L L . (4.4.7)
U= —V20TF —2i0T07 0,9 +V2i0 01— 2070 0,4,
The Fermi superfield satisfies
D,V =+2Ey, Eg=—id ®, (4.4.8)
and the chirality condition reads B
Di® =0. (4.4.9)

The supersymmetry variation in the smaller algebra is given by dgym = Q4 — Q4 (see
Eq. (A.7.2) for the definition of the superspace operators). The component fields now trans-
form as

dsym@ = V2, dsym¥+ = —2V/2i€d, ¢,

4.4.10
SsymF = 2V/2i€0 ) + V2ied by, Osymth = —V/2eF +\/2i€d, ¢, ( )

which is precisely the restriction of (4.4.3) to the (0, 2)-subalgebra, given by choosing e* = (7).
We may rewrite the Lagrangian in terms of (0, 2)-superspace:

1 _ _ _
Lin. = 5 / 420" [i80_@ — i0_bd + T

+01 (307070, (00) + Lot ow + 7" wo) |, (4.4.11)

Lw =2 /dewfw’@) +ce.

Note that Ly, consists of two parts. The first part is invariant under (0, 2)-supersymmetry
even in the presence of a boundary, as its (0, 2)-variation is just a total z"-derivative. The
second term (trivially) transforms into an z--derivative, so it breaks (0, 2)-supersymmetry in
the presence of a boundary, and hence dictates part of the “boundary compensating term”
(cf. discussion at the end of Section 4.2.2).

The equations of motion may again be written as superfield equations, now in (0, 2)-

superspace: o -
0=2i0_D,® +2i0, ¥ — V2W" (D)7,

0= D+\i' + \/iW/((I)). (4.4.12)
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Recovering partial supersymmetry

As it stands, the pure bulk action (4.4.11) is not even (0, 2)-supersymmetric in the presence
of a boundary:

5symS = /M 6sym(£kin. + EW) = /M OM(Vk‘fn. + V‘}L[L/) = /3M(kan + VV[L/), (4413)

which, in general, does not vanish. To recover at least N' = (0, 2) supersymmetry, we must
compensate these bulk variations. _

For the kinetic term, we can add a boundary compensating term Ay, to the boundary
Lagrangian (in a boundary-condition-independent way) in the spirit of [10, 32]. The boundary
term is precisely minus the total L-derivative from the bulk Lagrangian in (0, 2)-superspace
(4.4.11): R

Ayin, = —101(¢9) — §P+9— + §9_1y. (4.4.14)
We see that the —ia 1 (¢¢) cancels the bulk total derivative in 2+ direction when pulled into
the bulk. This means that we can just drop i62(q_5¢) from the bulk and —%8 | (¢¢) from the
boundary simultaneously, leaving us with bulk and boundary Lagrangians:

Ll =— MQEOMQS + %(wfyua;ﬂz’) - %‘(GM@ZJ’YWL)

+ FF +W'(¢)F + W/ (¢)F — W (¢)rp + W (¢) 1), (4.4.15)
Agin, = =500 + Sh_tpy = — L.

For the bulk superpotential term, the supersymmetry variation yields
SsymLw = aL(—z'/dmgW(cI)) + cc.) +04(...) =0, (—iep W'(¢)+cc.)+0+(...), (4.4.16)

where the right-hand side needs to be compensated. To do this in a boundary-condition-
independent way, one can use a bulk R-symmetry (see [32]), or one can add boundary degrees
of freedom, which we will discuss in detail.

Boundary Fermi multiplet and factorisation

To compensate the superpotential term variation (4.4.16), we introduce a 2D boundary Fermi
multiplet with E- and J-potential terms, analogously to [62, 10, 55, 70], where a 1D Fermi
multiplet was used to compensate bulk 2D superpotential terms (see also [95, 47] for equiva-
lent, three-dimensional examples). The general superspace expansion of a 2D Fermi multiplet

is given by
H=n—20TG = 2070 0,n— V20 E(¢) + 2070 E'(¢)1b,, (4.4.17)

so it has an F-potential of B
D, H = 2E(®). (4.4.18)

The (0, 2)-supersymmetry variation of the components is given by

Ssymf = —V2(eG + €E),

4.4.19
SoymG = V2€(2i0,m — E'py). ( :
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Its (boundary) Lagrangian is
_ . b e
Ly = /d26+%HH _ /d9+ﬁj(¢)ﬂ + /de S (@)
= ij0yn — 0y — E'ippy — E'Yyn+ iJ'my — iJ" Yy — |E]* — |,

It consists of a kinetic term, two boundary potentials £ and J of the bulk chiral field ¢, and
interactions between the boundary and bulk fermions. The boundary equations of motion are

(4.4.20)

o G=il
DyH+V2iJ(®) =0 ) - - (4.4.21)
20, = E'(@)hy — i (d)h4
The supersymmetry variation is
Seymlrr = i / 6% (®)E(®) + ce. + D4 (... ). (4.4.22)
We thus find that in case of a matriz factorisation
W(@)]s = B(®)J(®)]s, (4.4.23)

the bulk term from (4.4.16) will be compensated precisely, and (0, 2)-supersymmetry is pre-
served. As stated before [92] and can be seen from (4.4.22), a pure 2D N = (0, 2) theory must
fulfil £-J =0 in order to preserve supersymmetry. However, in our case, the “failure” of the
boundary Fermi multiplet to meet this condition cancels the failure of the bulk theory to
preserve N = (0, 2)-supersymmetry at the boundary.

The total action of the factorised Landau—Ginzburg model then reads

g - / B ca
= /M { / d29+ [iB0_® — i0_d® + VW + 9, A] — V2 / doT W (@) + cc.} (4.4.24)
+ ;/SM { /d29+[ —Alp+ HH] — ﬁi/d0+J(q>)H+ Cc.},

where 3 [d?0TA = 2\% [ a2t (otov —|—§+\i’<1)) Lhpp_ —tp_tpy) (cf. (4.4.15)). After using
the algebraic equations of motion, we get the followmg component expansions:

L = ~8,00") + 51 0ut)) — §(8uhr" )
— WP = 3W"(0)ee> + W (@)v,
L% = indn —idyiin — |J[* — |EP* — E'dyn — By
— iy — i P — Sy —P_thy)la.
The (0, 2)-variation of the total action is zero, hence N = (0, 2) supersymmetry is preserved
in a boundary-condition-independent way.

(4.4.25)
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Symmetric boundary conditions

In every theory with a boundary it is necessary to introduce boundary conditions such that
the action can be made stationary. Requiring the boundary condition to be compatible
with the A/ = (0, 2) subalgebra in the sense of (4.2.8) further restricts the number of options.
We now discuss some explicit boundary conditions for our LG model. We consider bound-
ary conditions without superpotential (previously discussed in [33]) and with superpotential
separately.

Without superpotential

o (generalised) Dirichlet: ® = 0 or more generally ® = ¢ (in components ¢ = ¢ and
14 = 0) is a symmetric boundary condition (the action may require the addition of
some boundary terms to be symmetric).

o Neumann: ¥ =0 (in components d; ¢ =0 and 1_ = 0) is also symmetric. It is also the
dynamical boundary condition in the sense of (4.2.7) for the action (4.4.15) without
superpotential. Note that one can also obtain the (generalised) Dirichlet as a dynamical
boundary condition by adding appropriate boundary terms [33].

o Mized conditions: In models with more than one 3D chiral superfield, we may assign
Dirichlet conditions to some and Neumann conditions to others [33].

With superpotential

o (generalised) Dirichlet: Setting ® = ¢ is symmetric and also statically cancels the su-
pervariation of the potential (4.4.16) (albeit in a boundary-condition-dependent way).
However, if W'(c)|g # 0, supersymmetry is broken spontaneously, as the vacuum expec-
tation value of 1_ then transforms non-trivially under supersymmetry.'

o Mized conditions: Setting ¥ = 0 (Neumann) is only symmetric if W’(¢)|s = 0. For
one bosonic field, this holds only if W =0, as ¢ is unconstrained on the boundary. If
W # 0 and the theory has more than one chiral superfield, one can assign Dirichlet
conditions to some and Neumann conditions to others while maintaining supersymmetry
(a requirement the authors in [33] call “sufficiently Dirichlet”).

o Fuctorised Neumann: If we introduce additional degrees of freedom on the boundary
as in Section 4.4.2, we may again choose dynamical boundary conditions. In the case
without superpotential this lead to the Neumann boundary condition. For the action
(4.4.25) the dynamical boundary condition is the analogue of the Neumann boundary
condition, now with superpotential:

1;7 = _iﬁE, - 77J,7

U =—iHE (®)— HJ'(®) & _ _ .
(®) (®) {am_ —EE' — JJ — (qE" —inJ" Yy

} . (4.4.26)

One can check that it is indeed symmetric if the factorisation condition (4.4.23) is met.
We use this boundary condition in our computations for currents and current multiplets.

'We note that if there is a bulk R-symmetry, one can also compensate the superpotential variation
boundary-condition-independently, see [32]. However, in the case of one chiral field, one can then only impose
Dirichlet boundary conditions, as the Neumann condition with W # 0 is not symmetric.
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This choice of boundary condition in fact encodes a collection of boundary conditions
labelled by the choices of matrix factorisations of W (since the boundary condition
depends explicitly on F and J).

4.4.3 Currents

Here we present conserved currents associated to the symmetries of the Landau—Ginzburg
theory with one chiral field in the bulk, a Fermi multiplet on the boundary, and factorised
Neumann boundary conditions. We will compute the currents in various improvement frames
in order to place them into consistent multiplets in the following subsection.

R-current

If the superpotentials W, E, J are (quasi-)homogeneous functions of ® — in the case of one
chiral field, monomials —, then the action is invariant under the R-symmetry transformation'”

9+ — 672‘7’9+’ P — 6727)7'04(1)7 o
\II — e—iT(QOé—l)\I,’ H — e_iT(ZE_K‘])OAH, ( o )
where 7 is the symmetry variation parameter and we have defined
o= (degW)™ ', lp:=degE, {;:=degl. (4.4.28)
Note that factorisation implies
Oz(fE + f]) =1. (4.4.29)
The bulk contribution to the R-current is given by
3P = 2ia($dud — 9,00) + (1 — 2a)Py,ub, (4.4.30)

while the boundary contribution is given by

o[
ig = <j§> = (a(in)eJ)mJ . (4.4.31)

Supercurrents

After introducing the boundary (with the aforementioned choices), only (0, 2)-supersymmetry
is preserved. We may however still discuss the full 3D AN = 2 supersymmetry in the bulk, as
the (0, 2)-restrictions of the bulk currents remain identical (and covariant notation can be
conveniently used).

Noether frame (S-frame) The bulk supercurrent induced by dsym = €@ (full supersym-
metry is dgym = €@ —€Q) in the Noether frame is given by:'’

(SB)a = V2(7"7u0)a0pd — V2i(y1)a W (4.4.32)

12For multiple chiral fields ®;, the condition for quasi-homogeneity reads W(®1, ..., ®y) = ZZ o; P00, W
for some choice of R-charges ;.

3 0ne finds this supercurrent by applying Noether’s theorem to (4.4.15) and improving the boundary part
to zero.
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Its (0, 2)-restriction dsym = € Q4 is given by setting o = +:

(59)+ V21040
(S7)+ = (85)4 | = —V2(¢p-0 p+ip- W) |, (4.4.33)
(57)+ V2(1h1 01— 20 p+ith W)

The boundary contribution is induced by dsym = € Q4 and reads in the Noether frame:

0
== (158)) = (Lvam-imm) .

R-frame If the Lagrangian has an R-symmetry (4.4.27), we may improve the above super-
current to a supercurrent which is part of the R-multiplet. We call this improvement frame
the R-frame. The bulk components are:

(55)5 = (Sf)g - Qﬂaeuup('yyap(&/)))a

_ _ _ _ 4.4.35
V(1 = 20) () aBe + (D)) + 2Bt — )y )

where (S )S denotes the supercurrent in the Noether frame, o = (deg W)~! and the last
equality uses equations of motion (4.4.6) and homogeneity of W.
The boundary components are

(52)5 = (Sff)i + 2\/§aeﬂun(’y”¢)+$ = (ﬂa(éj —52)(J_77+iE77)> , (4.4.36)

where the last equality uses boundary conditions (4.4.26).

Energy-momentum tensor

Similarly to the case of supercurrents, we stick to covariant notation for the bulk pieces,
even though certain directions are no longer symmetries. Let us start by simplifying the
Lagrangians (4.4.25) on-shell:"*

EB on—s:hell _apqgapqs _ |W’|2’ (4437)
Ea ongmell _‘E‘Q o |J‘2 (4438)

Noether frame (S-frame) Using the Noether procedure, in the bulk we find the non-
symmetric energy-momentum tensor

,ff;/ = ,u(gau(ﬁ + 8V¢_58u¢ + % /ﬂ/_y}’uw - %1;7Vauw - nlw(ap(l_sap(ﬁ + ‘W/|2)7 (4'4'39)

MNote that the second equation also uses boundary conditions (4.4.26). Without using them, we get

22N B Z I = LB byn+ By + T Yin + i 910) — (st — Pobi)|o.
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and in the boundary we find (using equations of motion but not boundary conditions)

9, =0,
79 = ino_n— So_mn,
T = 3y — 0o+ HEP + 3P )
+ 5 (E'y + E'Yyn —id mpy +iJ'940),
T2, = - — 9oy + 3|EI + 3|
+ LB+ By — id s + i ).
If we utilise the boundary conditions (4.4.26), the expressions simplify to
=0
Ty =0,
T2_ = ipo_n— Lo mm,
N 2= = 30 (4.4.41)

T9_ = indin — Loy + 51 E> + 1J%),
T2, = 3(1EP + 7).
Symmetrisation These can by made symmetric using an improvement. In the bulk we
find
B _ 7B
Ty =T — §€uwpH”
= (04006 + 0y 60u0) — (1061 + [W'I?) + § (0 tmy¥) — 5 (10,0 w),

where HP = —2i0”(11))."” The induced boundary improvement is Tgﬁ = fgﬁ — %eﬂ,;nzzwla, SO

(4.4.42)

Tf+ =0,

T9_ = §ij0-n — s0_im,

T = indin — sovim+ (B> + [J1%) — §@—tby — Py )la,
T, = SUEP + [J1?) + Lty — byt )o.

Note that using boundary conditions (4.4.26) and equations of motion for 7 (4.4.21) we find
that

(4.4.43)

(W thy — Py )]g = indyn — idyi, (4.4.44)
which shows that the boundary components are symmetric modulo boundary conditions in
this frame as well.

R-frame Again, as in the case of the supercurrent, there is an improved energy-momentum
tensor in the R-frame. We find

(TE)R = (T5)5 + 10,0, — nuwd*(—2a¢9)
= (1 - a)(8,00u¢ + 0,00,¢) — (0 b + 3,0, ) + (DY)

—%(1;’}/(“8,,)1/1) - (1 - 20‘)77MV(’8¢’2 - ’W,‘Q) + O‘nul/<i¢7pap1/_} - iapvaiﬁ),
(4.4.45)

5This is precisely the brane current from the supercurrent multiplet, see Appendix A.7.2. To obtain the
desired form for Tf; we use equations of motion and the Clifford algebra.
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where for the last equality we have used equations of motion. The boundary contributions
are given by (Ta)A (Ta)M + 3001 (—200¢), hence

~
&

(T9)% =
0 \R _ iz 4

ET —i = 2775 n = 30-, (4.4.46)

(T7)

?\3

T9 )R = £70yn — L04im + (1B + |13 + $01(69)|o — &(h—by — ¥i1p-)]a,
TONR = LB+ |JP2) + 201 (60)|o + E(—ths — Drt_)|o-

Note that the symmetry of the boundary stress tensor (modulo boundary conditions) was
preserved by the improvement.

4.4.4 Supercurrent multiplets of the LG model

Let us now assemble the conserved currents of the Landau—Ginzburg model from the previ-
ous subsection into supercurrent multiplets. We first recall the supercurrent multiplets of
a pure bulk theory, as well as its possible smaller multiplets. After that we will present a
valid supercurrent multiplet in the Landau—Ginzburg model with boundary, and also discuss
integrated supercurrent multiplets.

Bulk theory

Here we study a pure bulk theory with Lagrangian £ = Ly, + Lw as in (4.4.4) and (4.4.5).
In such a theory a valid S-multiplet is given by

Sup = Do®3pDg®sp + Ds®P3pDa®sp. (4.4.47)

It contains the supercurrent and energy-momentum tensor (in the S-frame) in its components.
We explicitly compute the components to verify this in the appendix (cf. (A.7.17)). The
multiplet satisfies

D°Spp = —Dg®3pD*@3p + (—3)D*Dg(P3pPsp) - (4.4.48)

=Vs =XB

Using the equations of motion (4.4.6), one may rewrite Vg = 4DgW (®3p). The defining
equations in (4.3.1) can be verified easily, proving that this is indeed an S-multiplet. The
central charge C' is zero. This S-multiplet can be improved to a Ferrara—Zumino multiplet
using the improvement Upy, = —%@3 p®Psp (4.3.4), as this implies

Xo = —2D?*Do(®3pP3p) — D*D,U = 0. (4.4.49)
The multiplet is then given by
Jap = 5(Da®3pDs®3p + Ds®3pDa®sp) + 5(i®3p06sP3p — i0a3PspPsp).  (4.4.50)

If the R-symmetry (cf. Section 4.4.3) is present, one can instead apply the improvement Ux =
—2a®3p®3p (o= (deg W)~ 1) to the S-multiplet, which sets ), to zero modulo equations of
motion:

Vi, = 4D W (®3p) — $DoD*U = 4D W (®3p) — 4aDa(®3p W' (@3p)) = 0. (4.4.51)
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Now S, transforms to
Rag = (1 — 2@)(DQ<I>3DD5§3D + Dﬂq)g,DDa(i)gD) +2a(i(i)3paa/3q)3l) — iaaﬂégpq)gp). (4.4.52)

We see that the lowest component of this multiplet is exactly the R-current (4.4.30), and one
can check that the remaining currents in the R-multiplet are in the R-frame.

Adding a boundary

Now that we have studied the bulk, let us go back to our Landau—Ginzburg theory with
a boundary and a boundary Fermi multiplets whose potentials factorises the superpoten-
tial (4.4.23). We want to extend the above bulk supercurrent multiplet to a full (bulk and
boundary) supercurrent multiplet as described in Section 4.3.3.

We already computed the bulk and boundary conserved currents in the sense of (4.2.11)
in various improvements frames in the previous subsection, and now have to organise the com-
ponents into admissible (0, 2)-multiplets. We choose to do so in the case of the R-multiplet.

We consider the embedding [37] into 3D N = 2 superspace:

RE, =REY + o R — 0 RV + 079 REP,

RO, = RAD +67RID — 7 ROY 4+ 678 RID. (4.4.53)
S—— \\6-’

=0 =i

First, we decompose the bulk contribution to the R-multiplet into its (0, 2)-submultiplets.
The zeroth-order bulk (0, 2)-superfields are

B(0)

RV =8a(i®d @ — 0, ®) — 2(1 — 2a) D, @D, @
=455 + ...,
RPO = 8a(i®0_® — i0_ D) — 4(1 — 20) T 450
=48+ ...,
REO = _40(i%0, @ — i0, ) — V2(1 — 2)(D; DT + ¥ D, )
=2+,
The first-order bulk (0, 2)-superfields are
REW = 4(1 - 20) (10, 3D, & — DL OW'(B)) — 8iv20(D, BT — $D, W)
= —4i(SBR 4+ ...,
REW = _8iv/2(1 — ) TI_B + 8iv2ad0_ T 155)
= —4i(SBYR ...,
REW — 2/2i(0, 80 — 30, ) + 2(1 — 2a) (iD4 BI_P — V2EW (B) + V2iBD, V)
=2i(SPYR 4 ...

The second-order bulk (0, 2)-superfields are lengthy, but are a straightforward (0, 2)-comple-
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tion of their lowest components:'®

R = —16(0,90_® + 0_80, & + a0, 0_ (D) — 2% (d®)
— 19 D ®D,®+ LD, 0 D,d — LLB)
—16(a0;0_(2D) + 10,29, & — 207 (D) + LW/ (®)|?
— 49 D,®D, D+ 1D+11>8,D+<1>)
= —16(TB )R +2(CB )R+ ...,
RE® — (28 30_P — ad> (q><1>) 190V 4 LUH_U)
16(TE )% + ...,
(a P9 P+ 0, PO_P — ad_0, (PD)
+ 55(0-Dy @ + 9_UD, & — D By — V)_D,®))
=8(TP)* - (CEH*...,

(4.4.56)

RB(?)

where the lowest components are given by the energy-momentum tensor (4.4.45). The brane
current (C’B )R = €p(HP)® in the R-frame is given by HR = —2i(1 —4a)0,(¢y)) where we
have used ( .5) and the explicit improvement Ug. We have also (0, 2)-completed the bulk
Lagrangian on-shell

LB =20,D0_3 +20_80,® — 0,50, & — |W'(®)[% (4.4.57)

Note that one may also interpret the sum of the tensor and the brane current as a non-
symmetric energy-momentum tensor T;ﬁ (cf. (4.4.42)).
8(0)

For the zeroth component Rﬂ , we simply (0, 2)-supersymmetrically complete the bound-
ary R-current (4.4.31), where again a = (degW)~!, fp = deg F and £; = deg J:

Rg<0> = a(tg —£y)5, HH, (4.4.58)

or, in bispinor notation,
RO — gty — €,)HH
8(0)
Ry =0.
Note that the (0, 2)-completion (R%®), of (%), does not contain all the boundary contri-
butions necessary: We need the boundary corrections 79 _ to the energy-momentum tensor,

which are not contained in our boundary multiplet (Ra(o))++, as can be checked.'” Hence,
we must also compute the correction for the second-order terms (R??))

(4.4.59)

RI? = 80 — 80, (BD) + 4v/2ia (D, dV — UD, D)y
= —81J(®)|* — 8| E(®)|? — 8ad, (PP) + 4V 2ia(D PV — WD, D)|y

=-16(T? )* +209_+..., (4.4.60)
RO = 8io_HH — 8iHO_H
= —16(T%_ )R+ ...,
16Recall the general expansions (A.7.12¢), (A.7.13¢), and (A.7.14c), in particular the definition of K,

(A.7.15).
"This can be directly verified by the explicit expansions (A.7.12)—(A.7.14): Ty _ and T4 are contained in
the (0)-pieces, while T__ is contained in the (2)-piece.
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where the boundary contribution (Cgﬁ)R to the brane current (CEV)R in the R-frame can be

found to be (Cﬁ_)R = —i(1—4a)y1p. Tt is essentially the induced boundary improvement
corresponding to symmetrisation of the energy-momentum tensor (cf. page 158), now in the
R-frame. We have also (0, 2)-completed the on-shell boundary Lagrangian:

L0 = —|J(D)2 — |E(D)2. (4.4.61)

Integrated supercurrent multiplets

We now discuss integrated supercurrent multiplets as in Section 4.3.4. The integration along
z+ will make our Landau-Ginzburg model effectively two-dimensional and we will recover
genuine 2D N = (0, 2) (integrated) supercurrent multiplets.

We thus find, according to (4.3.51):

RO — /d;& [8(i®8; @ — 0, PP) — 2(1 — 20) D1 @D P],

~ _ ) . . (4.4.62)
RO _ 4oty — 0)HH + / drt [8a(iBO_® — i0_BP) — 4(1 — 2)F ],
as well as
RTR) = _817(®)[? — 8|E(®) + 4v2ia(D Y — UD, )|y
~16 / dzt [00,0_(BD) + 19,89, ® + LW (®)[?
—10_Dy®D,®+ 1D, ®)_D, 9P|, (4.4.63)

R™®) — i HH — 8iHO_H
- 16/de 20_B0_® — ad? (BD) — L0_TU + LTO_T].
. int.(0) int.(0) int.(2)
Note that from a 2D perspective, the superfields R, "7, R and R_""" are enough to
form a 2D supercurrent multiplet.
After using equations of motion (4.4.6), (4.4.21), boundary conditions (4.4.26), factorisa-

tion condition (4.4.23) and homogeneity of superpotential terms, we find that these integrated
current multiplets indeed satisfy the relations

Dy (R™® 4259 R™ )y =0,
_ . . (4.4.64)
Dy (RYG® 4 2i0 RIS ) = 0.

which shows that the respective lowest components are @ -cohomology elements (cf. Sec-
tion 4.3.4).

4.5 Quantisation

Similarly to [32], we can follow a canonical quantisation approach in this model and verify
the supersymmetry conservation, the boundary conditions, and the factorisation condition in
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an independent way. We impose the following canonical quantisation conditions:

[P (x), B(y)] = —idP) (x — y), (4.5.1a)
b b= —1050@(z —y), (4.5.1b)
}=6(z* — o). (4.5.1c)

In general, the commutation relations are modified by the introduction of a boundary. Here,
however, we follow the point of view of the authors in [32] and use the “naive” commutators
even after introducing the boundary. This can be justified by considering a full bulk theory
first, quantising it, then introducing a boundary and studying the effect of the boundary
on the old bulk fields. Using this method, some properties of the model can be verified
independently of the approach in Section 4.4. If we used static boundary conditions and the
respective modified commutators instead, these properties would hold trivially. Notice that
there are no singularities when moving component fields of chiral multiplets to the boundary
as a consequence of supersymmetry.
The following relations hold in the bulk [38]:

{Qa, Sput =78 (2T0u + fevppH? + 1004y — inpuw0pj?) + i€apeup(1FP + 0"5°),  (4.5.2)
{Qaa Sﬁu} = %C(’Vu)aﬂ + ie,ul/prygﬂyp' (4'5'3)

In the absence of a boundary, integration of these relations yields the expected supersymmetry
algebra. However, this changes under the introduction of a boundary for two reasons: First,
there are additional degrees of freedom at the boundary which appear in @ and .S, and second,
there are boundary contributions from pure bulk terms as well.

Notice that the half-integrated commutators like {Qq, Say} or {Qa, Sg,.} are affected by
improvements, but the fully integrated commutators like {Q,, Q,} and {Q,, Q;} must be
invariant under them. This is easy to see in pure bulk theories, but with a boundary, it holds
as well. A generic commutator of a charge Q and a current J* improves as follows:

{Q, J"(2)} ={Q, J*(2)} +{Q. 6, MW (2)} + 6(2"){Q, M"()}. (4.5.4)

Notice that Q is a charge and thus invariant under improvements. If @ commutes with 9,
we find that the integrated algebra [ dx{Q, J"(z)} is unchanged.

4.5.1 General properties of the supercharge

Let us now restrict to the case a =+, § = + as the other supercharge and -current will be
broken by the introduction of the boundary. The supercurrent from (4.4.32), (4.4.34) (which
we repeat for convenience)

Siu(®) = =V2i(y)) W () + V2(y1u7") 40 ¢ — V28(2)5,, (Jij — iEn) (4.5.5)

integrates to the full supercharge
Q= / V2(p_ 816 + iy W'(¢) — 201 01.9) +/ V2(Jij —iEn), (4.5.6)
by s

where [ = [py(_co,0] dz?dzt and [z = [pdz? Let us start by studying the action of the
bulk part of Q4 on component fields. Analogous to [32], the action of [Q pui, +] on bulk
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component fields (¢, ¢, 1+, ¥+) is the same as in the pure bulk theory with one exception:
The commutator with Jy¢ receives an extra boundary term

(O bulks D0b(x)] = V2idots (x) + V2id(x 1) (). (4.5.7)

This result can be derived using the quantisation conditions (4.5.1) and the delta distribution
rule in Appendix A.6.2. Notice that for v # 0, the identity %[Q+, o(x)] = [Q4, Ovp(z)] is
only true if the correct delta distribution rules derived in Appendix A.6.2 are applied.

The boundary part Q4 4y has a trivial action on the bulk component fields and on d,¢,
v # 0. The action on the boundary fermions 7, 77 is as expected. Again, we get extra terms
for dp¢p. Overall, the full charge acts as follows on Oy¢:

(0=, Bod()] = Vit + V(i +nE' + i )s(a"). (45.8)

We see that the boundary contribution vanishes under the symmetric boundary condition
(4.4.26), which is an independent way of verifying this boundary condition. However, for
reasons outlined above, we will not impose this condition statically and thus treat this extra
term like a genuine new contribution.

4.5.2 The {Q, S} commutator

We now would like to compute {Q, S1,(z)} in the presence of a boundary and verify that
it integrates to the expected preserved algebra {Q,, Q,} = —4P, (see Section 4.3.3). We
expect the known terms (4.5.2) in the bulk, and extra terms at the boundary. As both O,
and S, (x) have bulk and boundary parts, there are four combinations from which new terms
may arise: bulk-bulk, bulk-boundary, boundary-bulk, and boundary-boundary.

Boundary contributions from bulk-bulk terms

Let us now check how the changes introduced by the boundary affect the half-integrated
algebra: The bulk-bulk term

{Qa,bulka S,B,u,bulk} = {Qa, —ﬂl(WylZ)ﬁW/(@ + \/§(¢7u7y)ﬁau<5} (459)

is affected by the changed relation (4.5.7) in the term Jy¢, where we get an extra boundary
term

{ Q. bulks Sgp,bulk(z)} = known bulk terms (1.5.2) + d(25) 2i(¢7,7%) s (7"Y°% () )a, (4.5.10)
=:B,

af, p

which is also consistent with a similar result in [32]. The component most relevant to us is
B, +0, as it appears in the integration of the part of the algebra that is unbroken. It can be
rewritten to

B, =2ip = inp — ipy T = ihp — i, (4.5.11)
where we have inserted a bulk component of the supercurrent multiplet in the last equality,
see Appendix A.7.2. It is noteworthy that this boundary term is neither real nor imaginary.
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Contributions from the boundary degrees of freedom

Again using the commutation relations but not boundary conditions, we find

{Q4 bay» S ubay(@)} = =26, 6(z)(|J > + |E]?), (4.5.12a)
{Q¢ bulk> S bay (2)} = —2i6(z)5, ¢ () (J' (@) (x) — iE' (x)n(=)), (4.5.12b)
{Q+ bdy> St buk ()} = 2i6(x) (J' (2)n(z) + iE' (2)7(2)) (h(2)77°) + - (4.5.12c)

It is noteworthy that modulo boundary conditions, the third term cancels the boundary
contribution of {Q+ buik, S+ buk(®)}. This is expected since both extra terms have their
origins in the changed relation (4.5.8) which is identical to the original bulk relation modulo
boundary conditions.

Integrating the algebra

As the integral of S +0 over a constant time slice yields the supercharge Q. , an integration of
the commutator [{Q4, S,°} ={0Q,, Q;} is a commutator which appears in the preserved
supersymmetry algebra (4.3.13). We can thus check (4.5.10) and (4.5.12) by integrating
{9,,8 +0} and comparing the result to the known algebra. We will plug in the component
expansions from Appendix A.7.2.

Let us first check the imaginary part, which is zero on the expected right-hand side
of the equation. Interesting contributions come only from {Q+7bulk, S +70bu1k}, as all other
contributions together are trivially real.

tm [ @+, 8:%) = [ 20040 — ins00%ip) + [ 1m(B,.0) = [ioji~ [ =0,
% P ox x ox

(4.5.13)
A similar computation in four dimensions was done in [32].
For the real part we get (as expected from (4.5.2))
{9+, S+O}’bulk = =73 (2T0 + %GVQOHp) = _4(TB)+07 (4.5.14)

where TB is the bulk Noether (non-symmetric) energy momentum tensor (4.4.39). All bound-
ary terms together (Eqgs. (4.5.10) and (4.5.12)) yield

{9+, 8. %Yo = ivbp + 2|J|2 + 2| E|? + 20, (J'7 — iE'n) — 2i(J'n + iE'7)py = —4(T?).°

using an explicit comparison to the non-symmetric boundary energy momentum tensor T
(4.4.40) which belongs to the bulk Noether energy momentum tensor 72. Overall, we find
that

(00,04} = [{04.8,%) = =4 [ (@7),°+0H)(T),") = 4Py, (45.15)

which verifies the algebra. Notice that P, is independent of improvements, thus we may use
improved versions of the energy-momentum tensor to compute the right-hand side of the
equality. However, on the level of the half-integrated algebra, we see that the Noether (S-
frame) supercurrent generates the non-symmetric Noether energy momentum tensor, and
both are sensitive to improvements.
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Let us emphasise again that this argument works without explicitly assuming boundary
conditions and modifying the bulk fields in the presence of a boundary. Rather, we study the
bulk theory without a boundary, then introduce it, and verify that the supersymmetry algebra
is preserved by the equal-time commutators. Notice that without assuming any boundary
conditions, the charges Q,, Q. are not conserved. However, no reference to the specific
choice of boundary conditions was made in this argument (although in this simple model
with one bulk chiral field and one boundary Fermi, (4.4.26) is the only symmetric boundary
condition compatible with stationarity).

4.5.3 The {Q, S} commutator

In a similar way, we can also verify that {Qy, S;,(x)} integrates to the expected algebra
{94, Q4+} =0. In the bulk, we get from (4.5.3)

{ Q4 butkes St buk(2)} = deupp (V)41 Y? = —8iey 4, 0°W. (4.5.16)

From the commutation relations (4.5.1) we find that { Q. buik, S8u,bdy} and { Qa,bdy» Sau,bulk }
are zero, but we do get a contribution from

{Qa.bay, Sppu,pay ()} = 4i6, 6(x)J () E (). (4.5.17)

Integrating the relation, we find

(@101} = [{Q4, 8, @} =4i [ (W = J(@)B()), (4.5.18)

>

so if the factorisation condition (4.4.23) is met, the algebra is preserved under the introduction
of the boundary.
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A.1 Details on the proof of Theorem 2.3.7

A.1.1 The isomorphisms of €vg

Here we explain the isomorphisms in Eq. (2.3.23). The first isomorphism is easy to see: For
an arbitrary element 1@m®@r®x’ € S®ge N we find

1@merz(st)=s@mezer’ =19m®e (sz)@a' forse€ S .

The second isomorphism is obvious, so let us proceed with the third. We start by showing
XVeM=(X®M)" =X, more precisely

XY ®s0,r M = Homggr(X, S ® R) ®sgr M = Hom (X ®sor M, M) = Hom (X, M) .
The isomorphism maps
p@mi € XY @sgr M — x € Homy (X, M), x(z ®@ma) :=mimad(z) .
x is well-defined and linear in M by definition. The inverse is given by
x € Homy (X, M)~ ¢®@1 € X" Rs9r M,
¢(x) := x(x ®1) (choose a representative in S ® R) .
It remains to be checked that the image of ¢ is independent of the chosen representative:
pr)1l=(x(z21)+Zaifi) @1 =x(z®1)+1@Xq;f; = x(z®1) .

X is also free and finite-rank as an M-module, thus we may apply [22, Section 2.6] to find
that - B o
X @5 XV = Homy (X, X)

which is what we wanted to show.

A.1.2 On our formulation of the idempotent pushforward

This section discusses how to derive Theorem 2.3.14 from its original formulation in [39,
Theorem 7.4]. A related argument can be found in [22, Appendix A]. First, note that [39]
makes no global assumptions on the superpotentials'® in Sections 1 to 6. Therefore, the list of
assumptions made at the beginning of Section 7 is all that remains to be checked for Theorem
7.4. Let us first translate our setup into their notation:

S=klz,2], R=klx,2 2], ©:S—R, 1~1.

[39] then requires the existence of a quasi-regular sequence f C R, which is implied by the
assumption of a Koszul-regular sequence in Theorem 2.3.14. The next assumption of [39]
is the existence of a deformation retract between R/(f) and K¢(f). The following set of
sufficient conditions is stated:

8The use of the word “potential” in [39] is not related to Definition 2.1.1, but is used for what this work
calls “superpotential”.
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(i) Both R and R/(f) are projective as modules over S. The former is true in our case
since R = k[x, z, 2'] is free over S = k[z, 2'], and the projectivity of R/(f) is explicitly
assumed in Theorem 2.3.14.

(ii) Consider the following chain map, called the augmentation in [39]:

Ko(f): 0— K, 2 K, 1 -2 ... 5 K, —2 K, 0
o lo o | (A.1.1)
R/(f): © 0 0 0 R/(f) — 0

The action of 7 in the last component is the R-linear projection R — R/(f). = is a
chain map for all R and f:

Im(0: K1 - Ko)=fR = mod=0.
Furthermore, 7 induces an isomorphism on cohomology in degree 0 for all f, since
H°(K.(p)) = Ker(0: Ko — 0)/Im(8: K1 — Ko) = R/(f) = H'(R/(f)) ,

and the map HY(K,(p)) — H°(R/(f)) induced by 7 is the identity on R/(f).

The condition to be met for the deformation retract to exist is that « is a quasi-
isomorphism, i.e. the chain map on cohomology induced by 7 is an isomorphism in all
degrees. We now use that Theorem 2.3.14 assumes f to be Koszul-regular, meaning
that the cohomology of Ke(f) is zero in all degrees except zero, implying that 7 is a
quasi-isomorphism.

We thus find that the assumptions of Theorem 2.3.14 imply the assumptions of [39, Theorem
7.4].

A.2 Constructing evyx using resolutions

This appendix and the following one each explain a method to construct evy and evx for a
given 2-morphism X in RW without knowledge of Theorem 2.3.7. Both methods were used
in the process of conjecturing, proving, and verifying Theorem 2.3.7. The example considered
in both methods is the following;:
W =a(z' — 1), Vi=uly—a)—d(y—2),
X =Ku-u,z—2;y—z,a—u): (a; W) = (u,y,u; V) (A.2.1)

which is related to )\{ml of Eq. (1.5.28), coevy, of Definition 3.2.1, and pe . of Eq. (3.4.2) by
grade shifts and simple isomorphisms.

A.2.1 The general idea

In order to construct the maps evy and €vx using resolutions, the following general approach
is taken:

(i) Start with the educated guess Xt = XV[n], IX = XV @5 S[m] = XV [m].
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(ii) Find a module associated to X ® XT resp. TX ® X which is isomorphic to a module
associated to 1y @... resp. lyy @. .., e.g. using Theorem 1.3.49.

(iii) Lift the isomorphism on the associated modules to an isomorphism of matrix factorisa-
tions ~ as explained in Remark 1.3.35.

(iv) A candidate for evy is the component of 4 which maps 'X ® X — Tyy.
For the kind of matrix factorisations relevant to this thesis, there are two simplifications:
e We have X @ XT 21y and TX ® X = 1y without extra terms.
o Before step (ii), it is possibly to simplify
XoX21yeK(p;0,...,0)
where the latter is a Koszul matrix factorisation of zero. This extra step simplifies
step (iii) by a lot.
A.2.2 Constructing evy
We write X of Eq. (A.2.1) in the notation of Eq. (1.3.7):
X=[u-vy—a]@lr—ala—u]: (o al@’ — ) = (u,y,us uly —z) —d'(y — ') .

The rings in the tensor products will be omitted in this section. As explained above, our

ansatz is
X2 XVE 2 —uy—2]@[a—u, 2 — 2|

where each 2 is a change of basis. Let us write out and simplify 'X ® X while respecting the
relabelling rules of Definition 1.4.1:

XeX2W-—uy—2l@a—u,2 —2]@u—v,y—2|@z—2,a—u] |(1.3.27)
2 —u,y—2]@a—u, 0@ [u—u,y—2]® [z -2, a—d | (1.3.25)
~20,y—2]®[a—u,0]® [u—u,0]® [z -2 a—d | (1.3.46)
Y-y, 0®a—u,0]®u—u,0]®[a—a,z — x| | (1.3.45)
Ya—a,2 —2]@u—u0]®[z—y, 0@ [a—1,0] | (1.3.25)
Ya—a,2 —2]®@u—0a0®[z—y 0&[a—1u,0] | L. 1.3.10
Ya—a,2 —z]®a—u,0®y—r0 [ —a,o
=K(a—a,a—u,y—x,u —a; 2’ —,0,0,0) , (A.2.2)

motivating the definition
{p1,p2,p3,pa} :={a—a, —(u—a),y —x, u —a} (A.2.3)
— X@XZK(p; 2’ —12,0,0,0) = 1y @ K (pa, p3, pa; 0) . (A.2.4)

REMARK A.2.1. We find {pa, p3, pa} = {0,(V —W)} for the set of left admissible variables
v = {x, u, '}, showing a connection between this approach and the general formulas of Theo-
rem 2.3.7. The freedom to choose different sets of admissible variables corresponds to the
fact that there are several sets {pa, ps, p4} such that X ® X = 1y ® K (p2, p3, pa; 0, 0, 0) via
“simple” isomorphisms.
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Resolution setup
By Theorem 1.3.49, (A.2.2) is associated to the module
Cla, a, z, o', u, v, y]/(a — G, —(u — a), y — z, v’ —a) . (A.2.5)

The variables u, v/, and y are located in between the defect lines and can be integrated out.
We find that over Cla, a, z, 2']/((a—a) (2’ —x)), (A.2.5) is isomorphic to

Cla, a, z, 2']/(a — &) (A.2.6)

which is associated to the identity matrix factorisation 1y = [a —a, 2’ —x]. For reasons that
become clear soon, we will write the (trivial) isomorphisms between the modules (A.2.5) and
(A.2.6) as the following morphisms over Cla, a, z, 2']:

7: Cla, a, z, 2, u, v, y] — Cla, a, z, 2] ,
adudy du’ } _ Res { adudy du’
—(u—a),y—x, v —al

a — —Res , (A.2.7)

u—a,y—x,u —a
Y: Cla, a, x,2'] = Cla, a, x, 2, u, v, y] , a—a.
Dividing out the respective ideals turns m and ¢ into identity maps.

Let us now lift this isomorphism from the modules to the matrix factorisations according
to Remark 1.3.35. First we need to construct the resolutions explicitly. We define labels:

R:=Cla,a,z, 2, u,v’y], S:=Cla,a,z, 2],
Vi=(a—a)(a'—z), R:=R/(V), 8§:=5/(V).

We write the resolutions of the modules (A.2.5) and (A.2.6) explicitly using the Koszul
complex K,(p), consistent with the notation in Theorem 1.3.49:
XoX=@®,Kip), lw =@, K;({a—a}) = Lo® L,
6 = p107 +p263 + p3b3 +pab &' =(a—a)-0;
J:($/—$)-01+0-(92—|—93+94), J/:(ZL‘/—ZL')'QG,
d1X®X:5+U, d]lW:(Sl-i-O'l.

Now Theorem 1.3.49 yields the following resolution (see [412, Section 4.3] for the full details):

50
oo er) ey oy
_%Kl@Kg)%K()@KQ@KzL—)KI@KS >}’(069]:(2
N—— —

=("X®X): =(1X®X)o
(o 6)
c
K, 0 Ko R 0

(p1,p2,p3,P4)

The resolution of (A.2.6) is given by Eq. (1.3.51):

LA A . AR 5 0
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Lifting the isomorphism =

The main idea of Remark 1.3.35 is to construct commuting diagrams out of the two resolutions,
starting with the isomorphisms between (A.2.5) and (A.2.6):
cd0 60

006) (a (o
= Ky Ky @Ky — K1 ®Ks — Kog@ Ky —

f( 7( — 0
P1,P2,P3,P4)
il Al Al T
L

ro wH (A.2.8)
Lo

0./ 6/ O./ (l

[}

hz—> w

The isomorphism we are looking for consists of the maps r3 and r4. To construct them we
first need to construct the other r; such that the diagram commutes in the down-direction.
We can use the similar structure of both differentials to make this step easier:

Lemma A.2.2. The map

4 1
x: BKi—»E@PL;j, (61,062,603 04) — (04,0,0,0), abi...0, — m(a)x(b; ...0;)
i=0

j=0
with m of Eq. (A.2.7) fulfils
xod=06ox, xoo=odox.
Proof. This identity is trivial on most components. The non-trivial cases are

X ©6(02,3.4) = X(p2,3.4) = m(p2,3.4) = 0=0"0x(02,3,4) ,
xod(bh)=x(a—a)=m(a—a)=a—a=75(0,) =08 ox(01) . O

We choose r; := x for all 7 and find that in this choice, the diagram (A.2.8) commutes in
the down direction. The isomorphism from (A.2.2) to 1y is therefore given by:

/
a'lHRes{ adudydu ]

u—a,y—zx,u —a
adudy du’ ] (A.2.9)
u—a,y—x,u —al’

a-91»—>9aRes[

other terms — 0 .

Lifting the isomorphism )

We define similarly
4

172[20@[21—)@1’?@, 1—1, 0, 061.
i=0
It is easy to see that
nod =don, mnoo =con

since o and o’ are equal and d and §’ are equal on 1 and 61, which are the only terms that
appear in this identity. The isomorphism making (A.2.8) commute in the up-direction is thus
given by

ri=n:1—1 0, 0. (A.2.10)
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Going back to the natural basis of TX

We have applied numerous basis changes in the above procedure, some changing only the
basis of X, some changing the basis of TX ® X. To get a representation of evy in the natural
basis of TX ® X, we need to apply the inverse of all these transformations to Eq. (A.2.9). In
its canonically ordered basis {e1, e, €3, €4}, the differential of X is given by

de — 0 u—v © 0 z—a'\
X7 \y—z 0 a—u 0 -

With respect to the canonically ordered basis {e3, e}, €%, €3} of TX and XT (see Lemma 1.3.28)
the differentials take the matrix form

U z—x
uv—a y—=

y—x ' —zx
a—v u—u

~
~

uW—u a—u
-z -y

—dyr = diy =
Xt X y—x a—u
¥—x u—u

Next, we write all the transformations of Eq. (A.2.2) as one large matrix. The domain of
this transformation matrix has the basis (note the use of the non-canonically ordered basis of
Notation 1.3.27)

(e]®er, el Rea, ..., e5 R ey)

and the codomain K (p; 2’ —x, 0, 0, 0) has the basis
1Ie1elel,1®1®1®0, ...,0 Q0:® 030, .

We find the transformation matrix

000 1[0000[0000O0[0O0O00O
~1-10 0/0 0 0 0/0 0 0 0J00O0 1
0000[0000O0[00O0=10000
000-10001(1100/0000

0 100000000 00[0000

0 0-10(0000/0000/0-100
000-10000[0100[0000
1000/0100/00-10[000-1

@ 1T 000000000000 000 (A.2.11)

001 0[0000[000O0-1000
0000[0000O0[10O0O0[0O0O0O
10001 000/0010/0000

0 0-100000[0000[0000
0000[000O0[00O0GO0[0O0-10
~1000/0 00000100000
0000[/00-10{0000/1000

for an arbitrary invertible a. Using Eq. (A.2.11), we can now rewrite Eq. (A.2.9):
0,001
0000 | dudydd
g uayau
evx(ge; ®e;j) = - Res gooe i (A.2.12)

u—a,y—z,u —a
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Evaluating the left Zorro move

To fix o and verify that we indeed have an adjunction between X and 'X, we need to evaluate
the Zorro map

Z=pxo(l®evy)o(coevy ®1)o Ay .

It is sufficient to evaluate Z on the basis {e;} of X, as the linearity of Z in a, a, x, and 2’
is easy to see. Furthermore, the matrix representations of )\;{1 and coevx consist only out
of —1, 0, and 1, and the residue operator of Eq. (A.2.12) fulfils Res(1) = 1. Thus, the Zorro
move reduces to a large, but conceptually easy matrix computation (best done on a computer
due to the appearance of 16 x 16 matrices). We find

Z(e) =a-e,

verifying that we indeed have an adjunction between X and X for a = 1.

Comparison to the general formula

We expect Eq. (A.2.12) to be consistent with the general evaluation map (2.3.7) constructed in
Chapter 2. It turns out that they are not equal, but homotopic. There is no single “canonical”
representative of evyx in its homotopy class — the method presented here singles out one
representative, and Eq. (2.3.7) singles out a different one. More details on the exact maps in
this spectrum and the explicit homotopy are discussed in Appendix A.3.3.
Constructing coevy
While we do not need it, we can also write ev)_(l =n: Iy — X ® X in both bases. We find

evyl = —(0x' ® 1) ocoevy: Iy — X o X
where dy: X — XT = (—1)"| is the pivotality isomorphism of Corollary 2.4.12. This pro-
cedure is therefore able to construct coevy and coevy as well. This was not used in this
thesis since the formulas (2.1.11) and (2.1.12) for coevx and coevy in LG generalise to the
relevant examples in MF; without need for modifications.
A.2.3 Constructing evy
The right adjoint is given by

X' 2a—d,z-go@ —az— 2]

where a change of basis was applied, and the variables of X' in X @ XT were relabelled. Now

XeoX'2u-vy—z]@rz—2,a—v|@a—t,z—g @ —az—2] |(1.3.46)
Yu—vy-z|Q@a-vr—2 @z -9, 40— [0 —a,x—2] |(1.3.24)
Yu—vy—2@a—u,0|@z—9, 04— ® [0 -,z — 1 | (1.3.27)
Yu—vy—2@a—u,0|@x—9,0—u] [0 —u,§—2] | (1.3.26)
Yu—d,y—x]@a—-v,0]xy—79,a—u]x[@ —u,§— 2 | L. 1.3.10
Flu-d,y-a@y-ga-uv]@i - 2" - g - a0
=1y @ K(u' —a; 0)
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We find 0,/(V —W) = u' —a, again showing a connection to Theorem 2.3.7 with the right
admissible variable 2/. The Koszul resolutions associated to X @ XT and 1y are constructed
analogously, with the isomorphisms

eda /

. / / A Al A / / A Al A
/:|'C[G/?xax?u?u?y?u?u?y]_>C[x7x7u7u7y7u7u7y]7

ﬂ::Res{
a—u

¢ =1 (C[l', xla u, U,, Y, ﬁa ﬁlﬁ g] — (C[Cl, z, xla u, U,, Y, ﬁa ﬁla g] )

and the lift

ada ) ) .
a0 A NGy {Res LHL/]HHA---AG% {fj}c{l,z 3}
else

After constructing the explicit transformation matrix, we find the following presentation of
évx in the basis {e;®e]}, which agrees with Eq. (2.3.0):

0 0 0 0
p Ou—0,r —0uByB,1 0uBy0,r+0,1 —0uBy—10ubys | 4o
~ o o) — oy 0 0 0 0
eVX(g 61 ® 6]) = ReS 1_91’/9u/ eyeu/ _ey eul i (A213)

a—u

The right Zorro move then fixes o = 1.

A.3 Constructing evyx using computer algebra systems

The presented method makes the following assumptions:
(i) V € Clz, w] and W € C[z, w| are polynomials of order 2,
(ii) X is a finite-rank matrix factorisation of V(z, w)— W (zx, w) over Clz, z, w],
(iii) All matrix elements of dx are polynomials of order 1 in {x, z, w}.

These assumptions hold for e.g. for X as defined in Eq. (A.2.1) and for g, 4, of Eq. (3.4.2).
The goal is to compute the spectrum of maps X ® X — 1y, to find a suitable candidate for
evy, and then to evaluate the Zorro move to verify the candidate.
A.3.1 Setup
We adapt the notation of the previous appendix with
XoX=A\N®_ R %), dixgox = dix +dx | ly=5¢5-0,,

diy = (W' —w)97 + (y — 2)1 + (a — )95 + (' — 2)V ,

dx = (u—u)9%5 + (y — 2)03 + (x — )0} + (& — v)Vy

diy, = (a—a)0; + (' — )0, .

The relation to the canonically ordered bases of X and X is as follows:

{e1, e, e3, ea} = {1, U304, U3, Va} , {e3, e1, €1, 5} = {1, V201, V1, U2} .
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Because R = S[u, y, v/] is an infinite-rank S-module, certain restrictions must be made to get
a finite problem that can be solved on a computer. The first step is to choose projections
P :={pu, Py, P} C S and then identify R with the expansion

R= @B Sivisis(u—pu)" (y—py) 2 —puw)”® (A.3.1)

(41,42,i3)ENG

with S;, 4,,i; = S. Setting p to zero is possible, but turns out to be a bad choice for the given
problem. We write

Y =XoX= @ Yiumil—p)"y—p)? W —p)®

L 3
(41,42,43)ENg

where we identify Y = R®'% and expand R as in Eq. (A.3.1), inducing an isomorphism
Yii izis = (Si17i27i3)®16-

A.3.2 The evaluation-like closed maps

For the types of matrix factorisations X considered in this appendix, the matrix elements of
the morphisms 1x, px, )\;(1, and coevy are order 0 polynomials: They either are already of
order 0, or they are given by divided differences of order 1 polynomials. Hence, all of these
morphisms map order zero polynomials in their domain to order zero polynomials in their
codomain. Therefore, demanding the Zorro map to be equal to 1x forces evyx to map certain
order zero polynomials to non-trivial order zero polynomials. We get no constraint on the
action of evyx on polynomials of order > 1 from the Zorro move. Let us therefore consider
the following ansatz:

Q- f{i17 77:k}1t du dy du,
U= Pu, Y — Py, U — Py

froa-0; .09, — Z Res

tC{a}
L(t)=k mod 2

(A.3.2)

The map f has 16 free coefficients, acts non-trivially on Yp o0, and acts trivially on Y3, 4, i,
for i1 +i9+143 > 1. For a fixed set of projections p, one can then evaluate

df =dsy, o f — fody =0

which is a system of linear equations for the {fg;, .. i.},¢}:

{F({fir. ipd) =0 i=1, ..., 16} (A-3.3)

This system of linear equations can be solved on a computer algebra system. To prevent
the computer from dividing by polynomials which are not invertible in .S, it is helpful to
expand each equation F; in coefficients of {a, a, x, 2’}, yielding a larger set of linear equations
whose solution does not contain any “illegal” quotients. Each solution of this system of linear
equations corresponds to a closed map of the form of Eq. (A.3.2).

This procedure does not provide a systematic way to derive the projections p. One could
use the projections from the method explained in Appendix A.2, or make an educated guess.
The latter can be guided by formally evaluating df with generic projections, looking at the
resulting terms involving {py, py, pu’}, and guessing which terms they might be able to cancel.
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In case of a bad guess the non-trivial maps in the spectrum will have infinitely many non-zero
matrix elements, hence f will be null-homotopic.
For the choice {py, py, pw} = {a, z, a} we find four generators of closed maps:

6,001 0000 9000 0010 (A.3.4)
0000

¢ € 0000/ {016,0) { Too0] 0000 .
0000 000 0 0000 0186, 0

A.3.3 Exact maps

The next step is to check which part of the spectrum found above is exact. Let us first analyse
the action of dy on the Yj, ;, ;,. By assumption, each matrix element of dy is an order 1
polynomial in the variables of R. We may therefore split the differential into the following
parts:

0,0,0 , 1,0,0
dY 2 Yiyin,is = Yiriogis dY Yy in,is = Yii41,in,is
0,1,0, 0,0,1,
dY 2 Yiin,is = Yiriot1,is dY 2 Yiyin,is = Yigioin+1 -
We make the following ansatz for a preimage of f under d:
. 0,0,0 1,0,0 , ,0,1,0 , 0,0,1 i1,i2,03 .
=g A g g g Yy i — Yo,0,0 (A.3.5)

Because f acts non-trivially only on Yy 9 0 and dy can change the expansion order by at most
1, no higher order terms are required. For the differential of g we find

dgly, o = (g"*0dyp™° + g® 100 + g% O ™) + dyyy, g 00 + g 000
R dy,, g" 00 + gt 004%00
dg|Yo,1,o = d]lwgo’l’o + gO,l,Od%O,o ’
dg|Y0,o,1 = dﬂwgo’o’l + g0,0,ld%O,o ’
Aol =0 foriy+ipg+iz>2.

11,192,113

By assumption, the matrix elements of d%%Y are order 1 polynomials, and the matrix elements
of all other parts of dy are order 0 polynomials. We find the following constraints for g:

0,0
Y

« We may set g*%9 to zero for the following reason: The closed generators of Eq. (A.3.4)
are matrices of order 0 polynomials, and dg®%° only contains order 1 polynomials, so
g% %9 cannot generate null-homotopies for the closed generators.

o The map f acts trivially on Y, ;, s, for i1 +i2+143 > 0 by construction, so in order to

!
construct null homotopies for any f, we demand dg]Yil it =0 for i1 +i2+i3=1.

The general ansatz for g is thus

gaﬁh'ﬁjkl—) Z Z th...ete(t)

i1,%2,1320 tC{a}
i1+i2+iz=1 £(t)+k=1 mod 2

. 1,102,103 /

' Res (’U, - pu)i1+17 (y - py)i2+17 (U,/ - pu/)ig-‘rl

(A.3.6)
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After solving dg|Y,1 20 for i1 +i2+143 = 1 in analogy to solving df < 0, we find the

7 ,i2,i3
following three linearly independent exact generators in the notation of Eq. (A.3.4):

00 (RETY (B

N 00 00 o

bij € 0-1-0,0) {1000) (0000 : (A.3.7)
00 00 0000 01640

A.3.4 The spectrum and Zorro move

Comparing the closed maps in Eq. (A.3.4) and the exact maps in Eq. (A.3.7), we find that the
first and second generator in Eq. (A.3.4) are homotopic and both non-trivial, and the third
and fourth are both null-homotopic. Furthermore, we have constructed the explicit homotopy
discussed at the end of Appendix A.2.2. Because we found a one-dimensional spectrum there
is only one candidate for evy. Now we have all the ingredients to evaluate the Zorro map
and determine the prefactor as shown in Appendix A.2.2.

A.3.5 The right Zorro move

The approach is identical to the left Zorro move, so only the results will be stated. We find a
system of 64 linear equations for the ansatz

a fri 1 da
FrX®XT 51y, a9, .0, —~ > Res { Jir, it ] (A.3.8)
’ G — Pq
tC{u,y,u'}
£(t)=k mod 2
with p, = u/, whose solution yields one closed generator
0 0 0 0
g OO —OuOO 0u0,0 0. —0,0y=1 0,0, ) g,
¢: - e ® e; —> ReS 170(191“ ey(e)ul 70924 03/ ij (A39)

a—u

which agrees with Eq. (A.2.13). The exact maps are constructed in an analogous way, and
we find no exact generators in the shape of f whose matrix elements are order 0 polynomials.
The right Zorro move is computed as explained above, showing that ¢ = evx for a =1.

A.4 Various examples

A.4.1 The dual of an infinite-rank matrix factorisation

The identity (X®@rY)¥V 2 YV @z X" of Lemma 1.3.29 only holds in a setting where X @ gV’
and YV ®p X" are finite-rank matrix factorisations, e.g. over k[z, y, z] for R = k[y]. Over
k[x, z], the set
I
{f; QY & ej}i,j;IENg(y) C YV QR X\/

is a (countably) infinite basis, hence the module is an infinite direct sum, while
(X R Y)v = Homk[a:,z}(@i,j k[:l}, Yy, Z], ]{7[:13, Z])

has the structure of an infinite direct product: A k[x, z|-linear form a: k[x, y, 2] — k[z, 2]
may assume non-zero values on an infinite number of basis elements y;" ...y, *. Thus, there is
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no obvious candidate for an isomorphism. An explicit counterexample can also be constructed:
Let W := (x; W) for some W € C[z], X :=Y := 1y, where we find

XeoY)[1]=0yoip) =1, 21y, YVexV)zil, ot 1] =1yl 21y .

A common way to work with the dual of an infinite-rank matrix factorisations is to use the
idempotent pushforward (Theorem 2.3.14), as can be seen in the proof of Theorem 2.4.9.

A.4.2 Associativity in other conventions

The box product on 2-morphisms in RW is defined by Eq. (1.5.8), and is strictly associative
by Lemma 1.5.6. We now compare ZX' (Y X' X) and (ZK'Y)X' X with — X' — defined by
Eq. (1.5.11):

ZR (YR X) = Z(2) © If () svagresm (o) © (V B X)(2)

= Z(Z) ® \z/;?; o)+Wi(e) ® Y(y7 Z) ® I, 7’%+V1(o z) ® X(y) )

ZXY)RN X =(ZK'Y)(y) ® [y7%+V1(o )W (=) ® X(y)

= Z(y) ®Iz7z +i(e) @Y (Y, 2) ® Iy7%+vl(. ) @ X(y) -

We find that both are related by the (non-trivial) isomorphism of Eq. (1.3.77), thus — X' —
not strictly associative. An analogous computation shows the same problem for Eq. (1.5.10),
while both (1.5.8) and (1.5.9) are strictly associative (up to the caveats discussed in Sec-
tion 1.3.5).

A.5 Different unitor conventions

A.5.1 Grade ambiguities in RW

In Section 1.5 we have constructed A\ (py) are as an equivalence between the 1-morphisms
W and 1IXW (WX1). As discussed in Lemma 1.4.8, such equivalences are not unique — grade-
shifting both (Aw, /\;Vl) yields another valid equivalence. In fact, as far as the equivalence
property is concerned, we are free to grade-shift both (Aw, Ay, ) and (pw, pW) independently
and by a different amount for every 1-morphism W:

Aws M) = Qwlsawl, A lsawl) s (ows ') = (owlsp.wl, oyt [sp,w])

for arbitrary sy w, sp,w € Zz. The other axioms of Definition 1.5.3 constrain this freedom,
which we will discuss in detail here.

Consider two 1-morphisms W, V': () — (y) and a 2-morphism X: W — V. Let us spell
out the naturality axiom (Definition 1.5.3 (v)) for the shifted Ay and pyw:

Avsav] ® (1, ®X) = (Ay @ (L, K X))[sxv] = (X @ Aw)[s\,v]
— (X X )\W[SA,W])[S)\,V — SA,W] g X® )\W[S)\,W] )

!

pw(spv] @ (X W 1y,) = (X @ pwls,w])[sp,v — spw] = X @ pwlsp,w] -
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We thus find the constraints

!

S\NV — SAW = Sp,V — Sp,W =0 mod?2 forall W, V:(x) = (y) . (A.5.1)

This implies that sy 1 and s,y are not allowed to depend on the specific 1-morphism W,
but only on the Hom-category W is contained in. The only quantitative difference between
different Hom-categories is the number of variables in their domain and codomain objects,
so the only data sy 1 and s, w may depend on are ¢(x) and ¢(y). On the other hand, the
constraints are automatically fulfilled if we set both shifts to be the same for all elements of
some Hom-category:

Lemma A.5.1. The naturality aziom implies that sx,w and s, w may only depend on {(x)
and L(y), i.e.

saw = sx(l(x), L(y)) , spw=s,(l(x), (y)) . (A.5.2)

for arbitrary functions sy, s,: ZxX L — Zy. In particular, sy w and s, w are independent of
all properties of W, including the number of surface variables of W.

Let us now consider the unity axiom (Definition 1.5.3 (vi)) for the shifted A and p applied
to W: (x) — (y) and V: (y) — (2):
!
Ty B Aw [sx,w] = (pv[s,,v] B 1w)[saw — sp,v] = pvls,v] Ky . (A.5.3)
We thus find '
saw — Sp,v = sx(l(x), L(y)) — s,(£(y), £(z)) =0 mod 2 (A.5.4)

for all W: (x) = (y), V: (y) = (2). It is apparent that sy cannot depend on ¢(x) and s,
cannot depend on ¢(z). All these results can be summarised as follows:

Theorem A.5.2. Let sy ,: Z — Zy be an arbitrary function, and let W € hRRW(x, y). Then
the most general grade shift which preserves the bicategory axioms is given by

s Aut) = (A [sx (L)), At [sn, ()]
(ow o) = (ow [sx,p (E@))], ot [52,p(U())]) -

Definition A.5.3. Let s: Z — Zy. We define RW; to be equal to RW with Ay and pw
grade-shifted by sy ,(n) := s(n) according to Eq. (A.5.5), and the rest of the tricategory data
of RW; adapted in the natural way from RW (see Definition A.5.10 for more details).

(A.5.5)

A.5.2 Adjunctions in RW,
The adjunction 2-morphisms of Definition 3.2.1 can also be adapted to RW;.

Definition A.5.4. Let W € RW,(x, y). We define the adjunction 2-morphisms in RWj by
evy == eviy[s(l(x))] , coevyy, = coevyy[s((y))] , (A.5.6)
relative to RW, implying

vy X evir[s(l(y))], coevyy, = coevyy[s(d(z))] . (A.5.7)
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Lemma A.5.5. Let T C RW be a pivotal tricategory with duals which is closed under grade
shifts of 2-morphisms. Then we may also consider T' C RWs which has the same objects and
morphisms as T, but grade-shifted unitor 2-morphisms as in Definition A.5.3. Then T' is
also a pivotal tricategory with duals with the adjunction 2-morphisms of Eq. (A.5.6).

Proof. Pivotality on T (x, y) does not depend on Ay and py, and neither do the 2-functors
WK — and —XW. All that remains to be checked is the Zorro movie (1.2.18), which acquires
a total grade shift of

2-sl(x))+2-s¢(y)) =0 mod 2. O
A.5.3 All RW; are equivalent

The obvious question to ask is whether the RWj describe fundamentally different structures
for different functions s: Z — Zo. It turns out that they are equivalent as tricategories for all
functions s, suggesting that the grade shifts of the unitor 2-morphisms have no fundamental
impact:

Theorem A.5.6. Let S C RW be a tricategory that is closed under grade shifts of matrix
factorisations. Then S is triequivalent to Ss C RWg for all s: Z — Zy. Furthermore, if S is
a pivotal tricategory with duals, then S = S, in the sense of Definition 1.2.27.

This section will present the details of the proof.

A.5.4 Proof setup

NoTATION A.5.7. To stay consistent with the notation of [82] we write [, r for the unitor
2-morphisms (i.e. the pseudonatural transformations) and A, p for the unitor 3-morphisms
(i.e. the unitors of the bicategories T (x, y)). For a l-morphism W: (z) — (y), lw = (W)
corresponds to the 2-morphism Ay of Definition 1.5.9.

NoOTATION A.5.8. Let S, T be bicategories.

e A 2-functor F': § — T will be written as I’ on every level, i.e. for objects W, V, 1-mor-
phisms X, Y: W — V| 2-morphisms ¢: X — Y, we write

FOW)eT, F(X)eT(F(W),F(V)), F(¢): F(X)— F(Y). (A.5.8)

The natural transformation which is part of the 2-functor data (see [82, Def. A.3.6.(iii)])
will be written as

(I)afl,Wg,Wg: ® (FW27W3 X FW17W2) - FW17W3® (A'5-9)
with 2-morphisms
Oy s (X2, X1): F(X2) ® F(X1) > F(X2 ® X1) (A.5.10)

e The identity 2-functor of S will be written as 1g: § — S.

e Let F,G: S — T be 2-functors and let f: F = G be a pseudonatural transformation.
For its components, we write

fw = FW): FOW) = GW) . fww(X): (V)@ F(X) = G(X)® f(W) . (A5.11)
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e The identity pseudonatural transformation will be written as

1" F=F, 1"W)=1w, 1 y(X)=py oAx.

NoOTATION A.5.9. All structure data of 7 are written with primes to distinguish them from
those of §. All non-primed structure data either belong to S or are identical in both S and

T.

Definition A.5.10. We define the tricategory 7 to be the same as S up to the following
redefinitions:

e The pseudonatural transformations [ and r are changed as follows:

Iy € Homyp (g o) (I, ®W — W) == lw [s(£(y))] , (A.5.12)
’r‘{/V S HOHlT(m,y)(W X I/m — W) =Trw [s(ﬁ(m))] . (A.5.13)

o The 3-morphism [y, ;;(X) is defined by
Uy y(X): lylm] © (1, B X) = S[m] © Iy © (17, ® X) (A.5.14)

1@, '®1
—— Wym]®ly ® (1 ¥ X)

1®lv, v (X)
— o

A5.15

Iyml @ X ®ly A.5.16

wx®1

—— Xlymlely A5.17

( )
( )
( )
LOARmEY ¥ & 1y ] | (A.5.18)

with w of Definition 2.4.5 being the intersection between a shifted identity 2-morphism

and another 2-morphism. Writing m := s(£(y)) with U, V': (x) — (y), lj,7(X) corre-
sponds to the diagram

(A.5.19)

The definition of 7y, ;(X) is analogous.
o The modifications p/, N, and p’ are adapted in the obvious way.

o If § is a pivotal tricategory with duals, all adjunction 2-morphisms are grade-shifted
according to Definition A.5.4.

We now construct a triequivalence between S and 7.
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Theorem A.5.11. The following defines a triequivalence from S to T in the notation of [S2,
Def. A.4.3]:

o The function Fy: Obj(S) — Obj(T) is the identity.

o The 2-functors Fy y: S(x,y) = T (x,y) are identity 2-functors.

o The pseudonatural transformations Xz 4, - are identity 2-natural transformations.
o The invertible modifications wg, y, 2w are defined like in the identity 3-functor.

o The pseudonatural transformation iy, is defined as follows: We write {1, 11, 11,} for the
unit 2-category. Then we define W(a) :=a-(x—x'), m:={(x), and
ta: (Tpy@) =) Ip = Ip (= Foly)
ta(1) == Lw[m] = 1y [m] = I~ [m]:
I(1) = (a’; W(a)) = (F o I)(1) = (a; W(a)) ,
te(11) 7= A1) © Py (1) ® Iy g (11) = Tw[m] © 1w
— (Folz)(11) ®te(l) =1y @ Lyy[m] .

o The modification v is defined below in Eq. (A.5.24), and the modification 6 is defined
analogously.

Theorem A.5.11 implies Theorem A.5.6: Because the function Fy and the 2-functors Fj, 4
are identities, F is triessentially surjective. Furthermore, if S is pivotal, the F}, 4 are pivotal
because they are identities.

By [82, Def. A.4.3], the non-trivial statements of Theorem A.5.11 are the following:

e 1z is an adjoint equivalence,

o the two identities in [32, Def. A.4.3.(vi)] hold.

A.5.5 Verifying that ¢ is an adjoint equivalence
The following is required for ¢ to be an adjoint equivalence:
e 1z(11) is a natural transformation,
 the assumptions a) and b) of [82, Def. A.3.10] hold,

e g has an adjoint inverse 1 !.

The first of these four conditions is trivially fulfilled: The category {1i, 1;,} only has an
identity morphism, on which the defining relation of natural transformations is trivial. We
proceed with the second condition:

Lemma A.5.12. [82, Def. A.3.10 a)] holds for t4.
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Proof. We first write out the functors ®1 1 and ¥, ; which are part of the 2-functors G :=

I%‘O(m) - I:IIS and H = FOIm = I:/I: (SO @1,1 e \Ill,l):

D11 =pry = Ayt (1) @ (1) = 1w @ Ty

where the second equality is again up to homotopy. In the identity 2-category, there exists
only one pair of morphisms (1;: 1 — 1, 13: 1 — 1). We insert this pair into the condition and
find

te(11) 0 (1® p1y) = (p1yy ©1) 0 (1® ta(11)) © (te(11) © 1)1
]lw[m] QI 1y — 1w ® ]lw[m] .

This identity corresponds to the following diagram in 7, where we use the shifted identity
lines defined in Notation 2.4.3:

1
1
\ \ 1 w
\ AN r\\ +’\
gl > P b
s PN S (k)
~ ~ \ x (11
\ _ Y — —_ S
X — A e \‘ - = \‘ ~~. (A520)
‘p]lW ‘I \ ‘\\\ \ Sso
*’\\ I‘\\ \ AN \\ 1 \\
! \ ! \ N \ NSt \
1 \ 1 \ S \ N «(11) A
1 \ 1 \ -~ \ S~o \
m : \ m : \ m N 1 m s !

Any junction without a label is one of A, A1, p, p~!. As all points in these diagram are
unitors, we can easily argue that both diagrams are identical using either the bicategory
axioms of MFg, Remark 1.5.5, or a coherence argument. O

Lemma A.5.13. [82, Def. A.3.10 b)] holds for iy.
Proof. The morphisms ®; = ¥; which are part of the 2-functors G = H = I, are defined by
¢ = 1[3‘;—‘1’: ( ﬁ/ea/ = ]11’2(1)) - (I;(ll) = ﬁ/ea/) :

The 3-morphisms A and p are not spelled out in [82]. With these reintroduced, the condition
reads

!
tz(1y) 0 Pra() =21

(D) Iw[m] = 1w ® Lw[m] .

m m

which follows directly from the bicategory axioms (specifically, the property that py is an
isomorphism for all W). O

Lemma A.5.14. The pseudonatural transformation iy : I, — I., is self-adjoint (implying
that it is self-inverse), meaning that there are invertible modifications

Qg oty = 1, Bl = tg oty (A.5.21)
which fulfil the two Zorro moves (see Definition 1.2.15).
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Proof. The identity pseudonatural transformation of the 2-functor I, is given by

!’

Ve(1) =17 ) = Iw: I(1) = IL(1) ,
I _ ’
17(1) = Py 0 Ayt 1=(1) @ I(L) = 1w @ 1y
S IL(1) @ 1=(1) =1y @ 1y .
The modifications o and 8 map objects of the unit bicategory to 2-morphisms in 7 (x, )
(which are 3-morphisms in 7):
1]&(1) = ]l[:/‘3 =1w , a(l): ﬂw[m] &® ﬂw[m] — 1w,
tz(1) ® (1) = 1y [m] ® Ly [m] , B(1): 1w — lw[m] ® Ly [m] ,

which we define to be u and ! of Notation 2.4.3. The invertibility of a(1) and B(1) as well
as their Zorro moves are discussed in [22]. It only remains to be shown that a and /3 are
modifications. For o we find the condition

(1® (1)) o (te(l1) ®1) 0 (1® 1a(11)) = 117 (1) 0 (a(l) ® 1)
(1) ® ta(1) @ T (11) = Io(11) @ 11 (1)

which can be displayed as follows:

\\\ rrr';”HI L,’I
Il
S ‘JJ;KLL i
™m \ll ™m f‘ \% i
This again follows directly from Remark 1.5.5. The proof for 3 is analogous. O

REMARK A.5.15. It is noteworthy that there is no idempocy condition for ¢, (1), because in
general 14(1): I};(x) — F(I) cannot be composed with itself.

A.5.6 The remaining 3-functor axioms

Let us spell out the first axiom of [82, Def. A.4.3.(vi)] (the second axiom is analogous). Be-
cause § and T are strictly associative and x is the identity pseudonatural transformation,
the axiom simplifies to

I;W ! ey (A.5.22)
/ l % 3 yX / X : o
i ﬂ\fr T/%Z\T

T

We denote the composition of ty x1 and [ by f. Spelling out f involves the natural isomorphism

®Z7y,z . w7y7z w7y7z w7y7z
(V1,W),(Va,Wa),(V3,W3) * ® (x(Vz,WQ),(V&W@ X lX(VLWlL(VQ,Wz)) - x(Vth),(V37W3)®
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which is part of the data of the 2-functor X*¥:#: T (y, z) x T (x, y) — T (x, z). In particular,

X Y,z

= ¢(V1,W1),(V2,W2),(V3,W3)((Y27 X2), (Y1, X1)):
(Y2 X XQ) & (Y1 X Xl) — (Y2 ® 1/1) X (X2 ® Xl) (A.5.23)

is the isomorphism of Lemma, 1.5.8.
Now f has the following action on 1-morphisms:

f(V) = Z(V) & g(Ly, 117(w7y))(1, V) =ly® (]l[é[m] X ]lv)t I; XW —>W.
On a 2-morphism X: V — U, we find the action

fva(X)i f(U) & (@(IL X 1))(11, X) =ly® (l];[m] D ]lU) ® (]1]; @X)

1y @P
Oy @ X((1y[m]© 1), (Iv ® X))

Ly ®R(1y (11), px 0Ax)

lv ®@W((1gy, ® 1 [m]), (X @1y))

L)@~ !
——— v @ (1, ¥ X) ® (I [m] K 1y)

bv,u(X)®1g(y x 1) (V)

X®ly @ (1 [m]K1y)
= l7(@,y(X) @ f(V) .

We first realise that 1 I, [m]X1y =21 Iégv[m} is the grade-shifted identity matrix factorisation,
and the isomorphism looks like the identity map (the only difference between both expressions
is the grade-shifted ring to the left). Now we construct an invertible modification v: f =1’

Y(V): (V) =1y @ (g [m] B 1y) = I'(V) =ly[m] ,

W, 1®N
ly ® (]1[2/4 [m] X ]11/) =y ® ]].[{/gv[m] v ly[m] ® ly —4 ly[m] . (A.5.24)

In particular, v(V') is an isomorphism. It remains to be checked that v is a modification,
meaning that the following must hold for all X: V — U:

(Lx @7(V)) e fru(X) = ly(X) o (v(U) © 1y, mx):
lv®@ (1 m|K1y) @ (I BX) = X @ly[m] . (A.5.25)
We first show the following lemma in order to simplify fy 7 (X):
Lemma A.5.16. The identity
® o (1y(11) K (px o Ax)) 0 @ = w1, (A.5.26)
holds, where 1y, [m|W 1y = 1y mu[m] is used implicitly.

Proof sketch. While a bit arduous, the proof is ultimately straightforward. We first post-
compose both sides of Eq. (A.5.26) with the isomorphism (Aqp, X px)o®, yielding

(P1pm B Ax) © @ = (M) K px) 0 @ 0wy, e - (A.5.27)
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Next we write out both sides of the equation explicitly. After performing some non-trivial
cancellations and permutations, we find that both sides agree up to the following term:

- ?
Pror© (Ar®17) o (17 ® Ajgr) = pros:
—u Yy [ Yy —u/ yy'’ [y
I“() ® I ,)® ’f(y,g‘ ® I — I ® I @I - (A5.28)

~(u (u”) ~(u)

We post-compose both sides with the isomorphism prgr and with ma (see Definition 2.3.11
for the latter), yielding

?
a0 (Ar®1l)o(1® )\1®1) = TA O PIoI © Pro3:
IW(_) ® 1Y, ( ) '® I“((_,’)‘ ® Iy( ,3/) = klu, vy, y"]/(u—u", y—y") . (A.5.29)
It is easy to see that both sides project to f-order zero in all four identity matrix factorisations
and identify u = v’ = u”, y = vy = ¢”, hence Eq. (A.5.29) holds. Furthermore, by the

unique lifting theorem of [22, Section 4], post-composing with 7 is an isomorphism on the
homomorphisms, thus Eq. (A.5.29) implies Eq. (A.5.28). O

Using the formula of vy given in Eq. (A.5.24), the formula of l{/yU(X) given in Eq. (A.5.14),
and Lemma A.5.16, we can transform Eq. (A.5.25) into the following diagram identity:

(A.5.30)

This identity can be proven using the invertibility of A and the wiggly line calculus of Sec-
tion 2.4, concluding the proof of Theorem A.5.6.

A.6 Conventions in 3D N =2

A.6.1 Notation
We mostly follow the notation and conventions of [38] which we recall for convenience.
Spacetime Our (half-)spacetime is given by

M = {(2° 2%, 2%) | 2* <0}, (A.6.1)
with mostly-plus metric 7, = diag(—1, 1, 1). We most frequently use light-cone coordinates

et =20+ 22 2= %(wo + x9), ' =1 =t (A.6.2)
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where the metric reads
0 —30 » 0 -2
Nuy = —% oo), W = 702 8
0 01

01

—Oo o

) | (A.6.3)

The Levi-Civita symbol is defined by €y2 = —1, €’ = 1. In light-cone coordinates it is

€| = —%, et—L =2. It satisfies
A
cune” =10,6,7 —0,79,",

A6.4
€#p)\61jp>\ = _25“11‘ ( )

Spinors Spinors in 3D are SL(2, R) fundamental representations, i.e. two component spinors
Yo, @ € {1, 2} = {—, +}. Indices are raised and lowered by €.z, €*”, where ejo = —1, ¢!2 =1
according to the rule

W = ePihg o = eapth®. (A.6.5)

e (©)-(2) w)()

Indices that are contracted “from top to bottom” are omitted:

YX =Y %a =V x— + P x4 (A.6.7)

Note that x = x1. Since Hermitian conjugation flips the order of spinors without flipping
index position, we have that ¥y = —yx.
Some useful identities are given by

Pp = 29T,
PP’ = —L(ynp)e?, (A.6.8)
Yathp = 3(V1h)eas.

Explicitly, we have

Clifford algebra We use the real gamma matrices

Tog = (Vags Vags Yap) = (—1, 0", 0%). (A6.9)
In light-cone coordinates these read explicitly
Vs = (0 Yoo vas) = (3 %): (29), (28)). (A.6.10)

They are symmetric ;5 = 7}, real, and satisfy the Clifford algebra
(,YM,YV)O/B = 77“V5a6 + ijp(’}/ﬂ)ozﬁ' (A611)
A useful list of identities follows from these:

(Vu)aﬁ(’ylt)v& = €ay€sp + €ad€yps
(V7" )as = —(Vp)as; (A.6.12)
AP = 5(tr 4)8,° + Jtr(3,4) ()"

«
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We may map vectors to bispinors and vice versa by
Vap = —2YhgUus V= i’yﬁﬁvag. (A.6.13)

These imply in particular that

Uy = JU44,
vE = — Lo (A.6.14)
vl = V)] = —%wr_ = —§v*+.
Integration We fix the integration order/constants by
/d20 62 — 1, /d2§ 7= —1 and /d9+d§+§+9+ _1 (A.6.15)
i.e. adjacent symbols cancel in (0, 2)-integration. These together imply
1 — 1 o
/d29 _ §/d9_d9+, /d29 . §/d9+d9 , (A.6.16)
and .
/d49 =2 /d2e+d2e—, (A.6.17)

where we have defined

/ 4%0* = / dg=da™. (A.6.18)

A.6.2 Delta distributions on the boundary

The commutators of quantised operators involve some subtleties with respect to delta distri-
butions and boundaries. We define

[ f@)b@) = 10, (4.6.19)
(—00,0]

with the reasoning that we want the entire boundary to be part of the theory, thus anything
on the boundary is fully part of the system, and that if the J-distribution is to be understood
as a limit of functions gn(x) — 0(z) which fulfil [__ 5 gn(2) =1, then the above will follow

automatically. This results in one important subtlety: Switching from 6%5 (x—y) to —8%5 (z—
y) introduces a boundary term, specifically

[y [ daf@a) (ot ) + o — ) = £O)g00). (A6.20)
(—00,0](—0o0,0]

This, in turn, implies

~ [ duf@)aw) g3 — ) = ~FO)900) + [ dufw)g W), (A.6.21)
(—00,0] (—00,0]

[t @ewo—v = [ durwd o). (A.6.22)
(—00,0] (—00,0]

as both boundary terms cancel in the second equation.
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Supercharges and superderivatives The supercharges of 3D N = 2 supersymmetry in
terms of (z#, 0, 0)-coordinates are

50 +2i0 9_ —if 6&)

0
azia—i_ 0 8 —
Qe = gom +1070)e <39++219 To, i 8,

A.6.23
Q _ o ( ug) a _ —5—220 8 +20+8J_ ( )
a 65‘1 t ’Y arp —5—210+8++710 8J_
The covariant derivatives are
Da:%— ( “0) o — 220 8_"‘7/9 8J_
o M\ 2000, +i0 8,
. . (A.6.24)
__9 - _ipt
5 :—%—i—i(’y"ﬁ) 5. — a§,+220 o_—i870,
a o0 e —%+2i9+8+—i9_aL
They satisfy the known algebra
{Qa, Qp} = 2i7530,,  {Da, D} = —2in430,. (A.6.25)

A.7 Decomposition of 3D N =2 to 2D N = (0, 2)

A.7.1 Superspace and branching coordinates

We may constructively decompose 3D N = 2 superfields and operators into their (0, 2)-com-
ponents. To do so, we use the branching coordinate £€.'? It is chosen such that in superspace
with coordinates (€4, 0T, 67), the representations of the preserved supercharge operators Q
and Q commute with ~ and § . Then @, and Q. can be restricted to the sub-superspace
without 6~. Another property of the branching coordinate is that the preserved supercharge
operators do not contain or generate P .

If we want to preserve the (0, 2)-subalgebra generated by Q. , Q, one can easily check
that we need

¢ = (a2, et +i(6T0 —670")). (A.7.1)

Indeed, one can check that in terms of £# the operators (A.6.23), (A.6.24) take the following
form

: A+ ¢ ¢ S ¢ A+

Q+:ao%+2zé? ad sza%_me 8%_ 2i0 a?u

2 +_0 o D B - +

Q= 89 — 2i6 a§+’ Q_ = 00 2i0 6§_ + 210 gm (A7)
_ ) _ 7= _0 o

D+ = 69+ 2Z0 85"' + 219 85L7 Df = 807_ — 27/0 867_

> +0 - D — )

Dy = ——-- 420 — 2i0 8§i’ D_ = _aéi + 246 e

In particular, the Q+, Q. do not contain any 9, terms. The (0, 2)-covariant derivatives are
defined by

p\"? = _2_ _ 9ig*

90T 3£+7
OB _ e i (A.7.3)
=+ 8§+ 8§+7

19¢+ is also called “invariant coordinate” in [37, 36].
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so we have that

D, =D 4+ 2ip7 9,
A (A.7.4)
D+ :D_i_’ —229_8J_

We often drop the (0, 2)-label when the covariant derivative type is clear from context.
We may now simply perform a Taylor expansion of an A/ = 2 superfield X

X(z,0,0) =X, 07,07 +0-x09(, 07,07)
+ XM 0t 070 +070 XD, 0T,07). (AT.5)

It is clear that the (0, 2)-operators {Q, Q., Df’m, DSB’Z)} do not “mix” the coefficients of

different orders in =, 6 . In other words, the coefficients are exactly the (0, 2)-subrepresen-
tations of X (z, 0, 0).

As an example, let us decompose the 3D chiral field (4.4.2) to its (0, 2)-submultiplets. In
terms of £ we find that

(yt, oy, yt) = (€F — 2070, & —2i070 ¢ +2i0707). (A.7.6)
The expansion of ®3p gives then
Dyp(z,0,0) =D&, 07,07)— 20070 0_B(&,07,07) + V20 (g, 07,07, (A.7.7)
where the chiral and Fermi multiplets are

D= ¢+ V20T, —2i0707 0,0,

L . . (A.7.8)
U =1 —V20TF — 2070 00 +2i0 0,¢— 2070 9,1,
in agreement with [92]. These satisfy
D,®=0, D;¥=—iV20,0. (A.7.9)

We can obtain the full expansion using (A.7.1) on the right-hand side of (A.7.7)

3p =D+ V20 U +i(070 —060 )0, d—2i070 0_d
—V2i0T070 0. U — 0t 070 02®, (A.7.10)

where now all (super-)functions depend on x.

A.7.2 Decomposition of supercurrent multiplets

We decompose the bulk multiplet S5 = —2755& using the branching coordinate ¢ according
to

Sas(@,0,8) = S(€, 07,8 +o78(c,0%,8) — 0 S (c.6%.07) +678 ST (c.07,87).
(A.7.11)
We obtain:
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(i) The +-direction

S — 45, —4i6F(Sy). — 40 (541) — 166076 Ty, (A.7.12a)
S = —4i(Sy ) — 2v2w, + 0 (400, jy + 4K, +4L,) — 4i0TY, (A71%)
180100, (S4)_, o

S = 8K, +8070,(Sy) —800,(S1)_ +8010_(S,) — 8670 (54)4
— 4\/519+8+@, — 4\/51:@4_84,&}, — 4\/§i9+aLW+ — 4\/§Z§+8L(D+
— 4010792 j, — 80100, Ly — 46070 (—20,0,5" + 0%j4).

(A.7.12c)
ii) The —-direction
(ii)
SO =4 — 40t (S_), — 40" (S_), +2v20 e N
- —r (A.7.13a)
—2v20" w_ — 80T K_,
SW = _4i(S_)_ — 46TV + 49T (K_ | +i0,j_ +iL_
i(S-)- — i (B +i01j- +iL-) (A.7.13b)

+80T07 0, (S_)_ +4v2i610" 0 @,
S® = 16T _ + 8010, (S_)_ +8070_(S_); —80T0_(5_)s — 8079, (S_)_
440107925 — 8010 O L — 46070 (—20_0"j, + 0%j_).

(A.7.13c)
(iii) The L-direction
S = —2j, +2i0%(S,); +2i0(S1); + V20w, (A7143)
B B 7.14a
V20w, + 40707 K,
SW = 12i(S)). — V2w — 201 (K| +id,jL +iL,)+2i0%Y
1 i(S1)- — V2w (K1 +i01j1 +ily) +2i07Y) (A.7.14D)

— 401070, (S1 ) — 2v2i0107 01wy — 2v/2i00 0w,
SP) = 44K | — 4070, (S1)- + 4070, (S.). —40T0_(S1)
4070 (S )4 +V2i0T0 @y +V2i0T 0w, +4018T0, L,  (A.T.14c)
+2070°0%j, — 40101 (0,07, — 16%5.).
where . )
Ky =210 — nwA — gewpH? = 2Ty — nuA — 3Cu, (A.7.15)
Ly = YeppFYP + €,0" j° — 10, + €0 5.

where we have also defined the brane currents C, = €,,,H” and C,, = €,,,F*". The de-
composition for the R-multiplet is found simply by setting the multiplet YV, > (wa, 4, Y},) to
ZEero.
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Explicit bulk components of S, for the 3D LG model

We may compute the components of the supercurrent multiplets for the 3D Landau—Ginzburg

model where o o
Sap = Da®3pDsP3p + Dg®3p Do P3p,

Xa = —%DQDﬁ((i):;D(I)gD), (A716)
Vo = —D?®3p D @3p.

according to the expansions (4.3.2). In other words, we are in the S-frame (cf. Section 4.3)
and we obtain:

R-“current” :*" GH = (hyHe), (A.7.17a)
supercurrent : Spa = V2V 1u10) 000 b — V2i(7,0) oW, (A.7.17Db)
lowest in xq : Ao = 2V2(1#10) 00 + 2V 2iW )4, (A.7.17¢)
lowest in YV, : Wa = AW, (A.7.17d)
EM tensor : Ty = (8p¢8l,q3—+ Oy $,0) - Mp(|0912 4+ [W'|%) (A7.170)

+ 301 ¥) — 5V 0pY),
irrelevant auxiliary : A= AW + iy — iy D), (A.7.17f)
{Q, S} 1-brane charge : Y, = 40,W, (A.7.17g)
{Q, S} 1-brane charge : HF = —2i0M (), (A.7.17h)
{Q, S} O-brane charge : €, F* = —de€ 0" 5" — 8ic ., 0" 0" ¢. (A.7.171)

Note that all (Hodge duals to) brane currents are ezact forms. This is to be expected, since
we are working on a trivial space, and it only shows local triviality in general backgrounds.
For example, if W is not a properly defined function, then Y* is not globally exact.

20This particular R-“current” is not conserved for most superpotentials. If we improve the multiplet to an
R-multiplet, this component of the multiplet is the conserved R-current.
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