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ORBIFOLDS, HIGHER DAGGER STRUCTURES, AND
IDEMPOTENTS

NILS CARQUEVILLE, TIM LUDERS

ABSTRACT. The orbifold/condensation completion procedure of defect topological quan-
tum field theories can be seen as carrying out a lattice or state sum model construction
internal to an ambient theory. In this paper, we propose a conceptual algebraic descrip-
tion of orbifolds/condensations for arbitrary tangential structures in terms of higher
dagger structures and higher idempotents. In particular, we obtain (oriented) orbifold
completion from (framed) condensation completion by using a general strictification
procedure for higher dagger structures which we describe explicitly in low dimensions;
we also discuss the spin and unoriented case. We provide several examples of higher
dagger categories, such as those associated to state sum models, (orbifolds of) Landau—
Ginzburg models, and truncated affine Rozansky—Witten models. We also explain how
their higher dagger structures are naturally induced from rigid symmetric monoidal
structures, recontextualizing and extending results from the literature.

1. Introduction

The study of topological quantum field theories has a plethora of applications in pure
mathematics and theoretical physics, and it has become a crucible for collaborations
and cross-pollination. The simplest non-trivial class of examples are lattice or state sum
models, which are generally expected to be fully extended TQF Ts whose targets are vanilla
categorifications of the category Vect of vector spaces. In two dimensions this is a theorem
for oriented theories: the non-extended state sum models of [24, 35] lift to extended TQFTs
with values in the 2-category of algebras, bimodules and intertwiners, see [50, 27]. In
three dimensions, the results of [19] strongly suggest that Turaev—Viro—Barrett—Westbury
models lift to fully extended TQFTs, with defects as described in [40, 10]. It is natural
to ask how this generalizes in various directions, including to tangential structures other
than orientations.

The standard state sum constructions can be formulated iteratively in the dimension,
as explained for example in [25] or [10, Section 1]. This can naturally be thought of as
internal to a specific defect TQFT which is trivial in the top dimension, and determined
by lower-dimensional state sum models on proper defects. We refer to this defect TQFT
as “trivial”. For example in dimension two, line defects of the trivial defect TQFT may be
arbitrary finite-dimensional vector spaces, and point defects are linear maps. In general
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dimension, the oriented state sum construction proceeds in four steps for every bordism M:
(1) choose a decomposition of M into submanifolds (such as the dual of a triangulation),
(2) choose a defect label A; for every j-dimensional submanifold that is compatible with
the chosen decomposition, (3) evaluate the thus-obtained defect bordism with the trivial
defect TQFT, and (4) take the colimit over all decomposition choices. The last step
imposes a finite number of defining conditions on the data A;.

In dimension one (where orientations and framings are equivalent), this amounts to
specifying an ordinary idempotent (in Vect) to describe one-dimensional closed state sum
models, and to the idempotent completion of Vect (which is Vect itself) to describe one-
dimensional defect state sum models. Similarly, in dimension two, the procedure leads to
the familiar algebraic input data of (A-)separable symmetric Frobenius algebras for closed
oriented state sum models, and to their pivotal Morita 2-category to describe defect state
sum models.

Depending on the relevant tangential structure and/or semantic conventions, the gen-
eralization of the state sum construction to arbitrary defect TQFTs (as introduced in
[14], and not just the above “trivial” ones) goes by the name of “orbifold completion”
[13, 14] or “condensation completion” [25, 30]. The former has been developed for ori-
ented non-extended TQFTs in arbitrary dimension (see |7] for a survey), while the latter
is motivated by framed fully extended TQFTs. In either case, the construction naturally
amounts to a categorification of idempotent completion, namely of n-categories (with ex-
tra structure), where n is the dimension of the ambient defect TQFT. The objects of
these completed n-categories are categorifications of idempotents themselves (for n = 2,
these are A-separable Frobenius algebras in the framed case, and A-separable symmetric
Frobenius algebras in the oriented case), while morphisms are appropriate bimodules and
their (higher) maps. In Section 3.1 we review more details for n =1 and n = 2.

It is natural to ask for a variant of the orbifold or condensation completion construction
for arbitrary tangential structures. Omne option to address this question is topological
and combinatorial in nature, namely to systematically study the interactions between
the allowed cell decompositions (such as dual triangulations) and the chosen tangential
structure. We do not pursue this direction here. Another option is purely algebraic and
suggested by the cobordism hypothesis of [37]: the categorical algebra pertaining to the
framed case is in some sense fundamental, and for any other tangential structure one
should take appropriate homotopy fixed points. This together with the work [21] on “G-
volutive n-categories” (the name draws from the fact that for G = O(1) they are closely
related to involutive structures, see below), and [59] suggesting a relation between state
sum models of tangential structure G' and “G-pivotal structures”, are three of our four
main inspirations for the present paper.

Our fourth inspiration is the fact that to an n-dimensional oriented defect TQFEFT one
expects to be able to associate a “pivotal n-category”. This is known to be true for n = 2
[18] and n = 3 8|, where in the latter case we take a pivotal 3-category to be something
that is equivalent to a Gray category with duals as introduced in [2]. On the other hand,
pivotal 2-categories can be understood as a strict version of “SO(2)-volutive” 2-categories,
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or SO(2)-dagger 2-categories, in a way made precise in Section 2.21 below, see also [43]
and [21, Example 5.10]. More generally, a “pivotal n-category” is expected to be a strict
version of an SO(n)-volutive n-category.

The cobordism hypothesis with singularities [37, Section 4.3] suggests the existence of
a canonical action O(n) — Aut(nCat,q;) on the category of n-categories with adjoints,
see [21, Conjecture 5.3|. Given a map G — O(n), a G-volutive n-category is defined to be
a homotopy fixed point with respect to the induced G-action on nCat,q;. At least in low
dimensions, it turns out that there is a natural notion of higher non-invertible morphisms
between G-volutive n-categories, leading to an (n + 1)-category nCat®"*. We expect
n-dimensional G-structured defect TQFTs (which have not yet been rigorously defined in
general) to give rise to strict! G-volutive n-categories, or G-dagger n-categories, which
in turn are the objects of the (n 4 1)-category nCat" whose rigorous (and more subtle)
construction is outlined in [21, Definition 2.6]. Instead of trying to directly construct a
completion procedure for nCat®", it seems more natural to work with nCat®" instead,
provided we are able to compare the two (n + 1)-categories nCat®" and nCat® ..

Thus we arrive at a program for how to systematically and algebraically approach
orbifold /condensation completion associated to a given tangential structure of type G.
We shall first give a broad sketch of this program, and then summarize to what extent we
implement it in the present paper. First, we expect there to be “trivial re-interpretation”
and “strictification®” (n + 1)-functors

Te: nCat®! —— nCat®™° | Sg: nCat® —— nCat“' (1.1)

such that S¢ is right adjoint to T, Tg 1 Sg. Next, we may ask for a “G-idempotent
completion” (n + 1)-functor

Ig: nCat®™° —— nCat®™! (1.2)

which endows the (framed!) idempotent completion of the underlying n-category of a
G-volutive n-category with a compatible G-volutive structure. This should itself satisfy a
universal property, namely that I is left adjoint to the functor that forgets idempotent
completeness of G-volutive n-categories, and in particular I o I = I5. Finally, we may
go full circle and consider the composition Sg o I o T, viewing it as a construction on
the G-dagger n-categories 24 associated to n-dimensional G-structured defect TQFTs 2.
In the oriented case with n < 3, both the TQFTs £ and their n-categories Z# can be
“orbifold completed” as well as “Euler completed” (see Definition 3.31), where the latter
amounts to twisting the pivotal structure of Z4. These are compatible in the sense that

'What we call G-dagger is also called flagged G-dagger [21] or G-pivotal [59]. Moreover, O(1)-dagger
categories are classically called dagger categories, O(1)-volutive categories are called anti-involutive [54],
SO(2)-dagger 2-categories are called pivotal, and we expect SO(3)-dagger 3-categories to be what is called
Gray categories with duals [2].

2As explained in Section 2, G-dagger higher categories have less coherent structure than G-volutive
higher categories. We understand S to be a strictification in this sense, but we do not expect T and
S¢ to be fully faithful in general.
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Dy, = (Dw)oy and Dy, = (D )ey holds. It is thus natural to ask how these completions

relate to Sqg, I, and Tg. In summary, we expect:

orbifold/condensation completion

() /T_G\

n-dim. G-structured L —s Do G-t G-vol
,,,,,,,,,,,,, N Ig & Igol
Sa

Euler completion

(1.3)
In the present paper we study this proposal mostly for n = 2, and for G being one
of the groups O(1), SO(2), O(2), Spin(2), and more generally the r-spin group Spin(2)”
(which is the r-fold cover of SO(2), thus recovering SO(2) and Spin(2) for » = 1 and

r = 2, respectively).
Before outlining our results, we summarize what is known about the case n = 1 and
G = O(1). An O(1)-volutive structure on a category % is a functor d: € — €°P together
with a natural isomorphism 7n: d°P o d = idy such that d(n,) = 77;(}1) for all @ € €. The
strict version is known as a dagger category, where d is the identity on objects, and 7
is equal to the identity. The 2-functors So(1), Toy of (1.1) were in this case constructed
and shown to participate in an adjunction Tony 4 Soay in [54]. A natural completion of

dagger categories (¢, d) was introduced as the d-Karoubi envelope (?d,d) in [51], and
may be identified with the completion situated on the left-hand side of (1.3). In Section
3.17 we construct a 2-functor Io(yy: Cat®Y — Cat®¥! which basically lifts an O(1)-
volutive structure on a l-category % to its (ordinary) idempotent completion I%. The
comparison is then made precise by showing (in Proposition 3.23) that there is a fully
faithful dagger functor

(@",d) — (Soq) © Ioq) © Tow)(%, d) . (1.4)

These results suggests that, while the d-Karoubi envelope is (in the sense of a universal
property) the “minimal” dagger idempotent completion, our construction usually leads
to a larger object; this is motivated by our interest in Euler and orbifold completion,
cf. (1.6). In other settings it is of interest to impose additional conditions or structure,
such as unitarity in the context of higher Hilbert spaces, see e.g. |16]. We also remark
that So(1) © lo(1) © Toa) naturally has the structure of a monad in %”omQCat(CatT, CatT),
but its multiplication need not be an equivalence.

For n = 2 and G one of the aforementioned groups we aim to obtain similarly clear
pictures based on the basic idea summarized in (1.3), which we achieve to varying levels
of completeness. For G = Spin(2)" for r € Z,, we propose complete definitions of the
3-categories 2CatPr@ "t and 20at3P@" vl 49 well as the 3-functors Sspin(2)7 > L Spin(2)r
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between them, which we prove (in Proposition 2.40) to be adjoint:

TSpin(2)7‘

T

2CatSPin@)"-1 i 2CatSpin()"-vel, (1.5)

\/

SSpin(Q)T

We do not construct the 3-functor Igpine)r in general, but we do define it object-wise,
i.e. to every 2-category Z with Spin(2)"-volutive structure S (reviewed in Section 2.21)
we construct an associated Spin(2)”-volutive structure S’ on the (framed) idempotent
completion 1%, and we set Ispino)yr(%,S5) = (I%,5’). For r = 1 we then show (in
Lemma 3.34 and Theorem 3.37) that the approach suggested in (1.3) recovers both the
Euler completion and the Euler completed orbifold completion in the sense that there are
equivalences

(Sso) © Tso)) (B, S) = (B,S)ew, (Ssow ©Isow) © Tsowe)(%,5) = (2, S)orb()eu)

1.6

for every SO(2)-dagger 2-category (4, 5), i.e. for every pivotal 2-category. Hence Sgo(g) ©

Tso(2) is an idempotent. We expect, but do not prove, that Igyin(2)- is also an idempotent

for any r. Moreover, we expect that analogues of (1.6) hold in arbitrary dimension and
for arbitrary tangential structures.

For n = 2 and G = O(1) or G = O(2) we similarly propose the main ingredients of
the associated 3-categories, and we describe the 3-functors S, T on (at least) object
level. We also prove (in Lemma 3.39 and Proposition 3.41) that O(1)- and O(2)-volutive
structures on 2-categories lift to their (framed) idempotent completions, thus defining the
3-functors Io1y and o) on objects (which again we expect to be weak idempotents).
While (1.6) arguably shows that Sso(2) © Iso(2) © Tso(2) is the construction most relevant
from a TQFT perspective, we do not expect Sg o I o Ty itself to be an idempotent in
general, see e.g. Remark 3.24.

Along the way of establishing the above results, we show how to produce G-volutive
2-categories from symmetric monoidal 2-categories with duals and adjoints. It was more
generally conjectured in |21, Statement 6.1] that any symmetric monoidal n-category
with duals on all levels admits a canonical O(n)-volutive structure. The canonical O(1)-
volutive structure based on the dualization functor was described before (see Example
2.12); the canonical SO(2)-volutive structure given by the Serre automorphism is described
in Example 2.30 and [43]. We further corroborate the general picture (1.3) by applying it
to several examples (obtained in this way), where we find agreement with results obtained
in the literature by other means.

The first examples we consider in Section 4.1 are two-dimensional state sum models,
where the underlying 2-category 4 is the delooping of the category of finite-dimensional
vector spaces. For G one of the groups SO(2), Spin(2)", O(2) we construct the G-dagger
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structures and compute the action of the operation Sg o Ig o T. In all cases we find
precise agreement with the literature, and a slight generalization in the case of O(2).
The other examples we consider in Section 4 are the 2-categories of bundles gerbes,
of Landau—Ginzburg models, and of truncated affine Rozansky-Witten models. In each
case we construct G-dagger structures directly from the general theory. In the case of
G = SO(2) for Landau-Ginzburg and Rozansky-Witten models, this recovers the previ-
ously established pivotal structures, while in the case of G = O(2) for Landau-Ginzburg
models we identify a 2-categorical interpretation of the results of |28] on orientifold branes.

Acknowledgements. We especially thank Lukas Miiller and Luuk Stehouwer for many
helpful discussion on higher dagger structures, as well as valuable feedback on an earlier
draft of this manuscript. We are also grateful to Lukas for collaboration on the rela-
tionship between Serre automorphisms and pivotal structures, summarized in Example
2.30, and to Aleksandar Ivanov for insightful discussions and comments. Tim Liiders is
supported by a scholarship of the Studienstiftung des deutschen Volkes e.V., while Nils
Carqueville acknowledges partial support from the German Science Fund DFG (Heisen-
berg Programme) and the Austrian Science Fund FWE (project no. P 37046).

Conventions. We refer to bicategories, pseudofunctors, etc. as 2-categories, 2-functors
etc., and we usually refer to equivalences in higher categories as isomorphisms. Occasion-
ally we call (monoidal, higher) categories with fixed choices of duals and adjoints on all
levels rigid. When filling pasting diagrams, we allow some flexibility in the labeling, see
Remark 2.45. For conventions on higher dagger structures see Footnote 1.

2. Dagger structures and their generalizations

In this section we review and introduce higher categories of 1- and 2-categories that
come from coherent actions of the groups O(1), SO(2), O(2), as well as spin groups.
In particular, we present (or: give a detailed sketch of) the 3-categories of “G-volutive
2-categories” and their stricter/dagger variants, where G is one of the aforementioned
groups. These dagger 2-categories carry structure that is not preserved under equivalences,
as in the case of dagger 1-categories. We also describe (in part conjectural) strictification
3-functors as right adjoints to forgetful 3-functors. Most examples are deferred to Section
4.

2.1. DAGGER CATEGORIES. In this section we review the 2-categories of dagger categories
and their non-strict variants called O(1)-volutive categories. Following [54], we also exhibit
an adjunction between them, given by trivially interpreting dagger categories as O(1)-
volutive categories, and “strictifying” the latter to the former.

Let € be a category. We denote by €°P the opposite category with the same objects
and morphisms given by homgor (@, b) = home (b, a) for a,b € €. We identify (¢°P)P = %.
If % is a 2-category, we denote by %P, %°P and ZB1?)P the 2-categories with the
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same objects and only 1-morphism, only 2-morphisms, and both 1- and 2-morphisms
reversed, respectively. Taking the opposite category then extends to a 2-functor ¥at —
“at>°P where Zat denotes the (strict) 2-category of categories, functors, and natural
transformations. For background on 2-categories we refer to [29, 36|, and for 3-categories
to [26].

2.2. DEFINITION. Let € be a category. A dagger structure on € is a functor d: € — €°P
such that d°® o d = idy and d(c) = ¢ for all objects ¢ € €. The pair (¢,d) is called a
dagger category.

The second condition of the functor d is often referred to as being identity-on-objects.
A morphism u: a — b in a dagger category (%,d) is an isometry if d(u) o u = id,. If
moreover u o d(u) = id, holds, we call u unitary. We also recall that, by definition, an
automorphism f: a — a in a dagger category (%, d) is self-adjoint if f = d(f). A self-
adjoint automorphism f is positive if there is another object b € ¥ and an isomorphism
g: a — b such that f = d(g) o g. This terminology comes from the following standard
example.

2.3. EXAMPLE. Let herm¢ be the category of finite-dimensional hermitian vector spaces
and linear maps. In particular, any object in herm¢ comes with a non-degenerate her-
mitian sesquilinear form (—, —). Taking the adjoint with respect to the pairings (—, —)
equips herm¢ with a dagger structure.

2.4. DEFINITION. Let (¢,d) and (¢',d’) be dagger categories. A dagger functor (¢,d) —
(€¢',d) is a functor F: € — €' that satisfies FP od =d o F.

2.5. DEFINITION. Let Fy, Fy: (¢,d) — (¢',d') be dagger functors. A dagger natural
transformation Fy — Fy is a natural transformation Fy, = F, whose components are
1sometries.

We denote the (strict) 2-category of dagger categories, dagger functors, and dagger
natural transformations by Cat'.

2.6. REMARK. As remarked in [54], the above notion of a dagger natural transformation
recovers the appropriate notion of equivalence between dagger categories [56]. Namely, a
dagger functor F' is part of an equivalence of dagger categories if and only if it is fully
faithful and surjective on objects up to unitaries.

From a categorical point of view, dagger categories are ill-behaved in the sense that,
given a dagger category (%, d) and an equivalence of categories € = %, the equivalence
does in general not induce a natural dagger structure on ¢”. There is a more coherent
version of dagger categories that adresses this problem, which we will now recall; see [54]
for more discussion.

2.7. DEFINITION. Let € be a category. An O(1)-volution on € consists of a functor
d: € — €°° and a natural isomorphism n: d°® o d = idy such that d(n,) = 77;(2) for all
a € C. A category together with an O(1)-volution is called an O(1)-volutive category.
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2.8. REMARK. Another name for O(1)-volutive is anti-involutive. We prefer “O(1)-
volutive” to emphasize parallels between the coherent version of dagger structures dis-
cussed here and their (higher) variants in the subsequent subsections — as well as their
homotopy-theoretic origins, see Remark 2.11.

2.9. DEFINITION. Let (¢,d,n) and (¢',d',n') be O(1)-volutive categories. An O(1)-
volutive functor (¢,d,n) — (¢',d',n') consists of a functor F': € — €' and a natural
isomorphism a: F°P od = d' o F such that the following diagram commutes:

(d')P o FoP o =224 o oP o

idoaﬂ “id on (2.1)

(d)PodoF — F
n’oid
2.10. DEFINITION. Let (Fy,0n), (Fo,0): (€,d,n) — (¢',d',n") be O(1)-volutive func-
tors. An O(1)-volutive natural transformation is a natural transformation ¢: Fy = F,
such that the following diagram commutes:

FfpodédloFl

(POpoidv “id op (22)

F;pOda=2dloF2

O(1)-volutive categories, O(1)-volutive functors, and O(1)-volutive natural transfor-
mations form a 2-category [54], which we denote by Cat®® !,

2.11. REMARK. Upon forgetting non-invertible 2-morphisms, that is, by passing to the
underlying (2,1)-category, Cat®M ! hag a natural interpretation in terms of homotopy
fixed points. To review this, let G be a topological group and A a 2-category. A G-action
on A is a 3-functor

p: BllL(G) —— 2Cat such that p(x) = A (2.3)

where 2Cat is the 3-category of 2-categories, 2-functors, 2-transformations, and modifi-
cations, and BlIly(G) is the delooping of the fundamental 2-groupoid of G whose unique
object is denoted *. The 2-category of homotopy fixed points with respect to the G-action
p is then defined to be the 3-limit of p, which is expected to be A at(A, p) where A is
the constant 3-functor Blly(G) — 2Cat whose image is the trivial 2-category, and .4 at
is the 2-category of 3-transformations between two 3-functors. See |27, Section 2.2] for
more details.

In our present setting, we have G = O(1) acting on the (2,1)-category® of ¥at via
€ — E°P. As (2,1)-categories, the (2,1)-category of homotopy fixed points with respect
to this action is precisely Cat®® ' Similarly, as the group SO(1) is trivial, one could
define SO(1)-volutive categories to be ordinary categories.

3Note that it is necessary to restrict to the (2,1)-category because taking the opposite is contravariant
on 2-morphism level.
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2.12. EXAMPLE. Any symmetric monoidal category % with duals admits the struc-
ture of an O(1)-volutive category. Indeed, recall that any choice of dualization data
(a*,ev,, coev,) for objects a € € gives rise to a dualization functor (—)*: € — €°P which
assigns a to its chosen dual a*, and morphisms X: a — b to

X+ (b* coev,®id o ®a® b id X ®id
e _— —_—

a* ®b®b*ﬂ>a*). (2.4)
Recalling that any two choices of dualization data induce a natural isomorphism between
the associated dualization functors, the symmetric braiding § on % induces a natural
isomorphism x: ((—)*)°?o(—)* = idy. One then checks that ((—)*, x) is an O(1)-volutive
structure on €.

As shown in [53, Theorem 2.2.3|, the above construction is functorial:

2.13. PROPOSITION. The assignment described in Example 2.12 extends to a 2-functor
SymMonCat? —— CatO(1)-vol (2.5)

from the 2-category of symmetric monoidal categories with duals to the 2-category of O(1)-
volutive categories

This provides a large class of examples of O(1)-volutive categories, O(1)-volutive func-
tors, and O(1)-volutive natural transformations between them. The following is a subex-
ample.

2.14. EXAMPLE. Let vecty be the symmetric monoidal category of finite-dimensional
vector spaces over some field k. By Example 2.12, it admits an O(1)-volutive structure
whose underlying functor assigns each vector space V' to its dual V* = homy(V,k) and
each linear map f: V — W to the linear map f*: W* — V*, ¢ — ¢o f. The component of
the natural isomorphism 7 at V' is given by the canonical isomorphism V** = V' between
the double dual of V' and itself.

In general, a category may admit several (inequivalent) O(1)-volutive structures. One
way of constructing new O(1)-volutive structures from old ones is by composition with
compatible (covariant) involutions, as the following demonstrates, cf. |54, Example 3.2].

2.15. EXAMPLE. Consider vectc and the complex conjugation functor m: vecte —
vecte. The functor (—)* o (—): vecte — vectd together with the natural isomorphism
(=)o (=))®o((—)"o(—)) = id whose component at V' is given by

ko~ k% o

(VA= v N v

v, (2.6)
constitutes an O(1)-volutive structure on vectc.

In the remainder of this subsection, we briefly review the theory of [54] relating the
2-categories Cat! and Cat®M ! First, any dagger category (%, d) can be trivially rein-
terpreted as an O(1)-volutive category (%, d,id). This assignment is in fact functorial,
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i.e. it extends to a 2-functor
Towy: Cat! —— Cat®® -, (2.7)

Conversely, any O(1)-volutive category (€,d,n) gives rise to a dagger category (which
loosely speaking can be viewed as a “strictification” of (%,d,n)) as follows. Define a
category So1)¢ whose objects are pairs (a,f,) consisting of an object a« € ¢ and an
isomorphism 6,: a — d(a) satisfying

Naod(0,) " ob, =id,, (2.8)

and whose morphisms (a, 0,) — (b, 0,) are morphisms a — b in € without further proper-
ties. We define a dagger structure on So(1)€¢ by assigning a morphism X : (a, 6,) — (b, ;)
to the morphism (b, 6,) — (a,,) given by

d(X) 0!

d(b) d(a)
One checks that this really defines a dagger structure by using the naturality of n and our
assumptions on 6,,6,. This strictification® procedure in fact also extends to a 2-functor
[54, Lemma 3.13]

(2.9)

Soqy: Cat®W~! —~ Catl. (2.10)

2.16. EXAMPLE. The image of the O(1)-volutive category (vectc, (—) ) under the 2-
functor So() is the dagger category hermc described in Example 2.3. The O(1)-volutive
category obtained from the dagger category hermc¢ by applying T(;) has the same un-
derlying category hermc and the O(1)-volutive structure whose functor is given by the
dagger structure on herm¢ and whose natural isomorphism is trivial.

2.17. REMARK. The image of To (1) lies in the full sub-2-category
CatO(l)—volaﬁX C CatO(l)—vol

of those O(1)-volutive categories in which every object a admits a fixed point structure
as above, i.e. an isomorphism 6,: a — d(a) satisfying the coherence property (2.8). The
image of So(1) lies in the full sub-2-category Cat'”” c Cat' of those dagger categories, in
which every self-adjoint automorphism is positive.

2.18. THEOREM. [54, Theorem 4.9] Son) is right adjoint to Ton) in the 3-category of 2-
categories. Moreover, the respective restrictions of So1y and To1) induce an equivalence
of 2-categories

CatOM-vol™ ™ o 1P, (2.11

2.19. EXAMPLE. As a consequence of the theorem, we have (Son) o To())(herme) =
hermc.

4Note again that To() and So(1) are in general not fully faithful. We do not stress this point further.
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2.20. REMARK. Combining Proposition 2.13 with the 2-functor So(;), we obtain a 2-

functor
SymMonCat? —— Cat! (2.12)

assigning to each symmetric monoidal category with duals a dagger category. This 2-
functor is in fact symmetric monoidal with respect to the appropriate extensions of the
cartesian symmetric monoidal structure on %at.

2.21. Spin(2)"-DAGGER 2-CATEGORIES. In this section we follow a similar program to
the one in Section 2.1 with 1-categories replaced by 2-categories and O(1) replaced by
Spin(2)". More precisely, we introduce 3-categories of (both strict and non-strict versions
of) “Spin(2)"-volutive 2-categories”. We also describe an adjunction between both 3-
categories, given by “trivial re-interpretation” and “strictification”. Specific examples of
Spin(2)"-dagger 2-categories are discussed in Section 4.

VOLUTIVE CASE. O(1)-volutive categories can be interpreted as homotopy fixed points
of an O(1)-action, cf. Remark 2.11. Analogously, there should be a Spin(2)"-action on
the 3-category 2Cat,q; whose homotopy fixed points are Spin(2)"-volutive 2-categories.
Recalling that BII3(Spin(2)") is equivalent to the 4-groupoid with precisely one object *,
only identity 1-morphisms, and a Z’s worth of 2-morphisms, to define such an action
one in particular has to specify the image S of a generator of Z. This image should
be an invertible 3-transformation from the identity 3-functor on 2Cat,q; to itself. The
1-morphism component of this 3-transformation is generally expected to be the 2r-fold
power of the 2-functor (—)¥: & — 2(1:2°P which takes right adjoints of (2- and) 1-
morphisms of # € 2Cat,q;, see also [43].

2.22. REMARK. Recalling that B2Z = BSO(2) = CP*, in order to define a 4-functor
p: BII3(SO(2)) — 3Cat with p(x) = 2Cat,g; one also needs to specify the image of the
4-cell of CP>. If such a 4-functor is given, one may consider its homotopy fixed points,
i.e. the 4-limit of p which, similar to the discussion in Remark 2.11, is expected to be
N at(A, p) where A is the constant 4-functor BIl3(SO(2)) — 3Cat whose image is the
trivial 3-category, and .4 at is the 3-category of 4-transformations between two 4-functors.
In upcoming work, we will discuss the image of the 4-cell, as well as its consequences for
the definition of SO(2)-homotopy fixed points, which essentially amounts to the condition
that the dimension of S is trivial, see also [49, Section 18]. In particular, the proper notions
of Spin(2)"-volutive and O(2)-volutive 2-categories satisfy an additional condition, while
Spin(2)"-dagger and O(2)-dagger 2-categories are as described below. We will pick up
on this technical detail in future work, while for this paper we work with a conceptually
similar but preliminary version of Spin(2)"-volutive and O(2)-volutive 2-categories.

As the theory of 4-categories and 4-limits is not very well developed at the time of
this writing, the above comments are more of a guiding principle, rather than a recipe
for constructing the 3-category of Spin(2)"-volutive 2-categories. Motivated by examples,
such as those in Section 4, as well as we the work of [43, 21], we arrive at the following.
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2.23. DEFINITION. Let A be a 2-category with right adjoints, and let v € Z~;. A Spin(2)"-
volutive structure on B is an invertible 2-transformation S: idg = ((—)VV)". We call
the pair (#,5) a Spin(2)"-volutive 2-category.

2.24. REMARK. Since for » = 1 we have Spin(2)” = SO(2), we also speak of SO(2)-
volutive structures in this case. Similarly, for » = 2, we may speak of Spin(2)-volutive
structures.

2.25. DEFINITION. Let (4, S) and (%', S") be Spin(2)"-volutive 2-categories. A Spin(2)"-
volutive 2-functor (F,n): (#,S) — (#',S") consists of a 2-functor F: B — HB' and an
wwvertible modification

ez B B
B/ﬂAB FL /lF
: l (") j = & ke p (2.13)
F F
= s’
B/ B/ W
(()") A

Here we used the fact that every 2-functor automatically commutes with the adjunction
2-functor up to an invertible 2-transformation.

2.26. DEFINITION. Let (F,n), (F,7): (8,5) = (#',S") be Spin(2)"-volutive 2-functors.

A Spin(2)"-volutive 2-transformation a: (F,n) — (F,7) is a 2-transformation a: F = F
such that

Fo ((_)\/V)r Foidy gF o ((_)V\/)r é (( )\/V)r oF
idoS =
/ mn \ aoidﬂ %/ aoid“ = ﬂid ox
Foidg —z=idg oF ——=((=)"")"0 F' = poiq,2L fo (- )W) === ()W) o F
aoid id ocx id o
Foidy == idg oF ——=>((—)"") o F idg oF

(2.14)
Here we used the interchange law as well as the naturality of the 2-transformations ex-
pressing compatibility of arbitrary 2-functors with the adjunction 2-functor.

2.27. DEFINITION. Let o, 3: (F,n) — (F,7) be Spin(2)"-volutive 2-transformations. A
Spin(2)"-volutive modification §: o = [ is a modification §: o = .

Let (F,n): (%1,51) — ($Bo, S2) and (F',1'): (B2, S2) — (A3, Ss) be Spin(2)"-volutive
2-functors. The composition (F',n') o (F,n) consists of the 2-functor F' o F': ) — A
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and the invertible modification

F'oFo ((_)V\/)r é F'o ((_)\/\/)T oF

IR

"o Foidg, id g Onm o522 mn’oldF ((=)"Y) oF' oF.
= %
F'oidg, oF =——=idg, ol o F
(2.15)

The composition of Spin(2)"-volutive 2-transformations is the usual composition of 2-
transformations and similar for Spin(2)"-volutive modifications. It is straightforward to
check that the above structures comprise a 3-category (see e.g. [26] for background on
3-categories).

2.28. DEFINITION. The 3-category of Spin(2)"-volutive 2-categories, Spin(2)"-volutive 2-
functors, Spin(2)"-volutive 2-transformations, Spin(2)"-volutive modifications and compo-
sitions as above is denoted 2Cat>Pm2)" Vel

2.29. REMARK. We stress again that 2CatSP™®)" v ig only conjecturally the 3-category
of homotopy fixed points of a Spin(2)"-action on the 3-category 2Cat,q;. We do not claim
completeness of the definitions above. In particular, we emphasize that we have not
considered the 4-cell of BSpin(2)" as discussed in Remark 2.22; we believe that adding
the additional condition this imposes on object level is the only necessary modification to
our definitions.

2.30. EXAMPLE. Let % be a symmetric monoidal 2-category with duals (—)* and ad-
joints (—)V. For symmetric monoidal structures on 2-categories we refer to [50, 38|, while
for duals and adjoints in monoidal 2-categories we refer to [46] for more details. The Serre
automorphism of an object a € £ is the 1-automorphism

Sa = (id®eva) © (641,@ ® ld) © (id®ev(\1/): a——2a (216)

where § denotes the braiding. Extending results of [37] (restricting to the maximal sub-
groupoid of #) and [15] (assuming the presence of a pivotal structure), there is an in-
vertible 2-transformation S: idg = (—)YY whose 1-morphism components are given by
the Serre automorphisms (2.16). The construction of the 2-morphism components of S is
formally analogous to the graphical one in [15, Proposition 3.2] if one omits the pivotal
structure or the one given in |27, Proposition 4.9] if one omits the invertibility assumption
and keeps track of adjoints. Concretely, for every 1-morphism X : a — o the associated
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2-morphism component of S is

:XoS, —= SyoVVX  (2.17)

where x: 1, ®X* - X ® 14+ is the 2-isomorphism determined by the cusp isomorphism
which is part of the duality data of a’ € %, and we identify left and right duals thanks to
the braided structure. Here we employ the graphical calculus of [2] with the conventions
of [5]; in particular, we have Qx = Qy. for Q as in [5, Equation (2.24)]. Thus Sy is
manifestly invertible.

The (appropriately defined) r-th power of S gives rise to an invertible 2-transformation
S™: idg = ((—)YY)" whose 1-morphism components are given by the r-th powers of the
Serre automorphisms.

The following is a subexample of Example 2.30.

2.31. EXAMPLE. Recall that the category vecty is symmetric monoidal and rigid. In
consequence, B vecty also carries a symmetric monoidal structure; moreover, B vect, has
duals and adjoints. Here the former are trivial while the latter are given by the dual vector
space construction. Computing the invertible 2-transformation S described in Example
2.30 yields the following. Since there is only one object in B vecty, the 1-morphism
component of S is trivial. The 2-morphism component of S at a 1-morphism V': % — *
is given by the canonical isomorphism V' — V** from V to its double dual. Similarly,
the invertible 2-transformation S” has trivial 1-morphism components and 2-morphism
components given by iterated trivialization of the double dual. We note that the Spin(2)”-
volutive structure on B vecty described here is in fact strict in the sense of Definition 2.33.

2.32. REMARK. We expect that Example 2.30 can be extended to a 3-functor

SymMon 2Cat§}dj —— 2Cat ()" vl (2.18)

from the 3-category of symmetric monoidal 2-categories with duals and adjoints to the
3-category of Spin(2)"-volutive 2-categories. The compatibility of the 2-transformation S
with symmetric monoidal 2-functors is proved in [42, Proposition B.12| for the maximal
subgroupoid. An extension of this argument should then yield the assignment of the 3-
functor on 1-morphism level, while for the assignment on 2-morphism level one only has
to check a condition, and on 3-morphism level there is nothing to show.
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DAGGER CASE. In the following, we will introduce the appropriate strict versions of
Spin(2)"-volutive 2-categories and their higher morphisms, and relate them to pivotal
structures.

2.33. DEFINITION. Let A be a 2-category with right adjoints, and let v € Z~;. A Spin(2)"-
dagger structure on % is an invertible 2-transformation S: idg = ((—)"V)" whose 1-
morphism components are identities, i.e. S, = id,: a — a. We call the pair (A,S) a
Spin(2)"-dagger 2-category.

Note that the 2-morphism components of a Spin(2)"-dagger structure need not be iden-
tities. Any Spin(2)"-dagger 2-category (4, S) can be trivially reinterpreted as a Spin(2)’-
volutive 2-category (£,S). We will come back to this after defining appropriate notions
of (higher) morphisms between Spin(2)"-dagger 2-categories.

2.34. REMARK. There is another, equivalent way of thinking about Spin(2)"-dagger struc-
tures on a 2-category with right adjoints, namely, in terms of left adjoints. Let X:a — b
be a 1-morphism in a Spin(2)"-dagger 2-category (4,S). We can define the left adjoint
of X to be VX := ((—)V)*1(X) with left adjunction 2-morphisms

idoSy!

evy = (VX oX ((_)\/)Qr—l(X) o ((—)v)2T(X)M)ida> (2.19)

and
coevy = (idzowf((_)v)%()() o ((=)V)—1(X) _ Sxed |y oV x > (2.20)

where év and coev denote right evaluation and coevaluation maps, respectively. One
verifies that evy and coevy satisfy the Zorro moves. In the case r = 1 we have VX = XV,
hence an SO(2)-dagger structure is precisely the same as a pivotal structure on a 2-
category with right adjoints, see e.g. [10, Section 2.1] and [12, Section 2.3].

2.35. DEFINITION. Let (A,S) and (#',5’) be Spin(2)"-dagger 2-categories. A Spin(2)"-
dagger 2-functor F': (%A,S) — (#',S") consists of a 2-functor F': BB — HB' such that

idg B ideg B
(=Y l = B id g/ B - (2.21)
Z F
!/
((=)vV)r B

B— Y
B/

NS
((=)vV)r
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2.36. DEFINITION. Let F, F': (2, S) = (#',5") be Spin(2)"-dagger 2-functors. A Spin(2)"-
dagger 2-transformation a: F' — F is a 2-transformation o: F' = F such that

Foidy =—=idg oF 224 ()W) o F Foidy 2L Fo((m)W) == (-)VV) o F

aoidﬂ %/ id Oaﬂ % ﬂid o = aoidﬂ % aoid“ ~ ﬂid oa

Foidyg — idg oF o (=)VV)ro F Foidy —_ Fo (—)VV)r — (=)YV)r o o
(2.22)

2.37. DEFINITION. Let o, 3: F' — F be Spin(2)"-dagger 2-transformations. A Spin(2)’-
dagger modification &: o — [ is a modification &: o = (.

One checks that the above structures together with ordinary compositions comprise a
3-category:

2.38. DEFINITION. The §-category of Spin(2)"-dagger 2-categories, Spin(2)"-dagger 2-
functors, Spin(2)"-dagger 2-transformations, and Spin(2)"-dagger modifications is denoted
2CatSPin)" -1,

STRICTIFICATION. Clearly, any Spin(2)"-dagger 2-category (%, S) can be trivially reinter-
preted as a Spin(2)"-volutive 2-category (4, S). Similarly, any Spin(2)"-dagger 2-functor
F' between Spin(2)"-dagger 2-categories can be reinterpreted as a Spin(2)"-volutive 2-
functor (F,id) in which the modification 7 is trivial. Extending this argument and recall-
ing our definition of the composition of Spin(2)"-volutive 2-functors, one finds that this
assignment is in fact functorial, i.e. it extends to a 3-functor

Tspin(zy 1 2Cat )1 2CatSPm3) ol (2.23)

Conversely, any Spin(2)"-volutive 2-category (4, S) gives rise to a Spin(2)"-dagger 2-
category as follows. Define a 2-category Sspin(2)r% whose objects are pairs (a, \,) where
a € #B and \,: S, — id, is a 2-isomorphism, whose 1-morphisms X : (a, \,) — (b, \p)
are l-morphisms X: a — b in %4, and whose 2-morphisms f: X — Y are 2-morphisms
in Z. We also define a Spin(2)"-dagger structure Sgpin(2)S 0n Sspin(2)r# as follows. The
2-morphism component of Sspin)rS at X : (a, A\q) — (b, \y) is given by the composition

i ~1 ol
XV e XWooid, e xW o g, X g o x 2O, ox & X (2.24)

One checks that this defines a Spin(2)"-dagger structure on Ssyin(2)r%. This is analogous
to the discussion leading up to (2.9), and analogously we have:

2.39. LEMMA. The assignment (%,S) — (Sspin(2)r %, Sspin(2)rS) extends to a 3-functor
Sspin(2)r : 2Cat3Pn@ Vel 9CatSPn"-1, (2.25)

between the 3-category of Spin(2)"-volutive 2-categories and the 3-category of Spin(2)"-
dagger 2-categories.
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PROOF. Let (F,n): (#,5) — (#',5’) be a Spin(2)"-volutive 2-functor. We construct a
Spin(2)"-dagger 2-functor Sspin(2yr F': (Sspin(2)r B, Sspin2)rS) = (Sspin(2)r B’ Sspin(2)rS’) by
sending an object (a, A,) to the object consisting of F(a) € %’ and the 2-isomorphism

F(Xa)

S e F(Sa) F(id,) = idp() (2.26)

and 1- and 2-morphisms to their images under F. To check that this is functorial, let
(Fyn): ($1,51) — ($Ba,S2) and (F',1): (S, S2) — (A3, S3) be Spin(2)"-volutive 2-
functors. Noting that we only have to consider the respective assignments on object level,
we compute

(Sspin(2)r F" © Sspin(2)r F) (a, Aa) = Sspin(2)r F'(F(a), F(A;) o)

/ ! -1 /—1 (2'27)
= (F'F(a), F'(F(X) o0, ") 01 pia))

and recognize that F”'(n, ') o n’}%a) is precisely the component of the modification defined

in (2.15) at a, which yields the claim. Describing the assignment on 2- and 3-morphism
level and proving functoriality there is simpler, and we omit the details. [

Recall that in order to describe an adjunction in a higher category, one has to give
unit and counit, as well as higher isomorphisms that trivialize the Zorro compositions of
unit and counit. In the following, the latter will be particularly simple, which allows us
to carry out the argument rigorously. (For adjunctions in higher categories we refer to
[47, Chapter 2|.)

2.40. PROPOSITION. Sspin(2)r 18 Tight adjoint to Tspinyr in the 4-category of 3-categories.

PrOOF. We divide the argument into four parts.
Step I: We start by constructing the unit of the adjunction, which is a 3-transformation

U: id2catSpin(2)r—T - Sspin(Q)r 9] TSpin(Q)r. (2.28)

As a 3-transformation, U has three layers of structure; we start by describing the 1-
morphism component of U at some strict Spin(2)"-volutive 2-category (%4, .S), which is
a Spin(2)"-dagger 2-functor (&, S) — (Sspin2)r © Tspin2)r) (£, S). Consider the 2-functor
Uwz,sy: B — (Sspin(2)r © Tspin(2yr)# with a — (a,idig,), X — X and f — f on objects, 1-
and 2-morphisms, respectively. We claim that this 2-functor is Spin(2)"-dagger. Indeed,
this is true because the Spin(2)"-dagger structure on (Sspin(2)r 07 spin(2)r )% has components
given by (2.24) which simplifies on the image of our 2-functor to the Spin(2)"-dagger
structure we started with.

Next, we want to describe the 2-morphism component of U at some Spin(2)"-dagger
2-functor F': (#,S5) — (#',S’), which is a Spin(2)"-dagger 2-transformation (Sspin(2)r ©
Tspin(2)r ) (F') 0 Uz,5) = U,y © F. To do so, we spell out the assignments of the source
and the target of our 2-transformation on object level. Explicitly, we have

(((Sspin(2)r © Tspin(2)r ) (F)) 0 U(z,5)) (@) = ((Sspin@yr © Tspin2)r) (F))(a, idia, ) = (F(a), idiaz,,)
(2.29)



880 NILS CARQUEVILLE, TIM LUDERS

and

(U(g/ﬁ/) o F)((L) = U(gg/ﬁ/)(F(a)) = (F(a), ididF(a))' (230)
This together with the fact that the assignments of the source and target on 1- and 2-
morphism level coincide by definition allows us to define the 2-transformation U ) to
be trivial, hence Spin(2)"-dagger. By a similar argument, we may set the 3-morphism
component of U also to be trivial. This finishes the construction of the unit of the
adjunction.

Step II: The next piece of the adjunction is the counit, which is a 3-transformation
K: TSpin(Q)T o} SSpin(Q)’" E—— idQCatspin(z)r_vol . (2.31)

Again, K has three levels of structure; we start by describing the 1-morphism com-
ponent of K at some Spin(2)"-volutive 2-category (#,S), which is a Spin(2)"-volutive
2-functor (Tspin(2)r © Sspin(2)) (%, S) — (£,S). Consider the 2-functor Kz s): (Tspin(2)r ©
Sspin(2)r)(HB) — P with (a,\s) — a, X — X and f — f. Spelling out the Spin(2)"-
volutive structure of (Tgpin(2)r © Sspin(2)r)(%,S), which has identity 1-morphism compo-
nents, we find that, in order to enhance K4 g) to a Spin(2)"-volutive 2-functor, we need
to provide natural 2-isomorphisms id, — S, for each (a,\s) € (Tspin(2)r © Sspin(2)r)(B).
The evident choice for such 2-isomorphisms is A;': id, — S,, which is in fact natural.
The functor Kz g) together with the invertible modification Az s) whose 2-morphism
component at (a, ;) is A; ! then forms a Spin(2)"-volutive 2-functor.

By a similar argument as in the construction of the unit of the adjunction, we find
that the 2- and 3-morphism component of K can be chosen to be trivial. This finishes
the construction of the counit of the adjunction.

Step III: We compute the Zorro compositions of counit and unit. Consider first the
composition
id oU Koid

TSpin(Q)’“ - TSpin(Q)r © SSpin(2)7" © TSpin(Q)" - TSpin(Q)r (232)
which is again a 3-transformation. As argued before, only the 1-morphism components
of this 3-transformation are of interest here. In particular, we wish to compute the 1-
morphism component of (K oid) e (idoU) at some Spin(2)"-dagger 2-category (B,S5),
where “o” denotes the horizontal composition of 3-transformations. This requires us to
study the composition of Spin(2)"-dagger 2-functors

T(Ua,s)) BTgpin(2)r (B.S)

TSpin(2)T ('%7 S)

(TSpin(Q)T o SSpin(Z)T © TSpin(Q)'“)(f@7 S)

Tspin(g)r (%, S)
(2.33)
On object level, we have (KTSpm@)r(%,S) o T(Uws)))(a) = KTspin(w(gg,S)(a,idida) = a,
while on 2- and 3-morphism level the assignment is again trivial. This shows that the
I-morphism component of the composition (K o id) e (idoU) and hence the whole 3-
transformation is trivial.
Consider now the second Zorro composition

SSpin(Q)’“ M) SSpin(Z)’“ © TSpin(Q)T © SSpin(2)T M’ SSpin(2)’" (234)



ORBIFOLDS, HIGHER DAGGER STRUCTURES, AND IDEMPOTENTS 881

of which we wish to compute the 1-morphism component at some Spin(2)"-volutive 2-
category (4, S). On object level, we have

(Sspin@)r (K(2.,5)) © Usginayr(#.9)) (@5 Aa) = (Sspin(2)yr (K(,5)))(@, Ao, idia, ) = (@, Aa)-

(2.35)
The second step requires slightly more elaboration. Namely, we note that the assignment
of the 1-morphism component of id oK on object level is given by (a, Ay, ¥,) — (a,1,0A,)
where A,: S, — id, and v,: id, = id(g»,) — id(»,) = id, are 2-isomorphisms. We
conclude that the 2-functor underlying the 1-morphism component of (idoK) e (U o id)
is trivial. It remains to check that the invertible modification underlying the 1-morphism
component of (id oK')e(Uoid) at (4, S) is also trivial. This is also true, by definition of the
invertible modification underlying the 1-morphism component of (id 0 K')(4 g restricted to
the image of Usy .. ,-(#,5), as well as the triviality of the invertible modification underlying
(U 0id)(#,s). This shows that the whole 3-transformation is trivial.

Step IV: Noting that both Zorro compositions are strictly trivial, we may complete the
given data to an adjunction in the 4-category of 3-category by chosing trivial higher
coherence morphisms. This finishes the proof. [

2.41. REMARK. Under the assumption that there is a 3-functor SymMon 2Cat‘aidj —
2Cat P2 vl 55 in Remark 2.32, post-composition with the 3-functor Sspin(2)r yields
a 3-functor

SymMon 2Catq,; — 2CatSPin(2)" -1 (2.36)

from the 3-category of symmetric monoidal 2-categories with duals and adjoints to the
3-category of Spin(2)"-dagger 2-categories.

2.42. REMARK. There is a natural notion of the full sub-3-category

T

QCatSpin(2) " vol 3 fix C 2CatSpin(2)’°—vol (237>

of those Spin(2)"-volutive 2-categories (4, S) which admit 2-isomorphisms \,: S, — id,

i T fix
for all objects a € Z. Clearly, the essential image of Tspin(o)- is contained in 9(ClatSpin(@)” vl X,
A coherent version of this is proposed in [21]. A notion of positivity in 2Cat3P™" -1 anal-

ogous to the O(1)-case is less obvious.

2.43. O(1)-DAGGER 2-CATEGORIES. In this section we follow a similar program to the
one in Section 2.21 with Spin(2)" replaced by O(1). We give some (but not all) details
on the associated 3-category of “O(1)-volutive 2-categories”, as well as the 3-category of
O(1)-dagger 2-categories, and on a strictification 3-functor between them; see also [54, 21].

VOLUTIVE CASE.
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2.44. DEFINITION. Let & be a 2-category. An O(1)-volution on A is a triple (d,n,T)
consisting of a 2-functor d: B — PB*°P, an invertible 2-transformation n: d*°Pod = id 4,
and an invertible modification 7: (n*°P)~1 o idy = idgon such that the following equality
of modifications holds:

noid oid dLOp od n dl—op od
L L id noidoi n
(ri-oP) ~Loid| =
id o(n*-°P)~loid .
idg
/

d-oP o d o d1-oP o d AP od =—t>1idy = d*Podod P od o~

id OTUJ / m: id oid o
idoid on dl—op od = dl—op od

d
A 2-category together with an O(1)-volution is called an O(1)-volutive 2-category.

(2.38)

2.45. REMARK. When filling pasting diagrams, we allow for some flexibility in the label-
ing, for instance, let X, Y : a — b be invertible 1-morphisms and f: X = Y a 2-morphism.
Then, we denote the following two 2-morphisms by the same symbol:

fooa. (2.39)

Of course, by the right-hand side diagram we mean the 2-morphism

I~ id o foid =
1 —f> Yfl oY o Xfl

y-! Y 1loXoX~

X1 (2.40)

2.46. EXAMPLE. Let (%, d,n) be an O(1)-volutive 1-category as in Definition 2.7. Con-
sidering € as a 2-category with only identity 2-morphisms, d as the induced 2-functor,
n as the induced 2-transformation, and the trivial modification yields an O(1)-volutive
2-category (%, d,n,id).

2.47. EXAMPLE. Let £ be a symmetric monoidal 2-category with duals and adjoints.
Given any choice of dualization data, consider the dualization 2-functor (—)*: & — AP
whose assignment on object and 1-morphism level is described in Example 2.12, and which
assigns to a 2-morphism f: X — Y the 2-morphism f*: X* — Y* defined via

b* coev,®id id @ X ®id id o®évy,
— > — = s

a* ®a®b* a*®b® b* a* (2.41)

Jid/ lid % lid / .

b* FRaRY —————a" QbR D —————=a
coove®id ®a id®Y ®id ®o& id o®6v;,

The rest of the data of the 2-functor (—)* can also be constructed from the dualization
data. As expected from the 1-categorical case discussed in Example 2.12, one may com-
plete the functor (—)* to an O(1)-volutive structure on . In particular, the invertible
2-transformation ((—)*)"°P o (—)* — idy is constructed from the symmetric braiding.
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2.48. DEFINITION. Let (#,d,n,7) and (#',d',n',7") be O(1)-volutive 2-categories. An
O(1)-volutive 2-functor (#,d,n,7) — (#',d',n',7") consists of a 2-functor F': B — A,
an invertible 2-transformation o: FY"°P od = d o F, and an invertible modification =
fitting into the diagram

(d/)l-op o F1op o (¢ % FodPod (2'42)
id oaﬂ / “id on
(d)Pod o F : F
n’oid

which satisfies a compatiblity condititon with T,7" that involves the threefold product of d,
namely,

l-opy—1 _: . . : 1-opy—1
Fdl—opddl—op % d’ 1-op Fl—opddl—op & d l—opledl—op ido(a ) d l—opd/d/ 1-op Fl—op
idoid o(n'°P)~! ‘doido(nl’op)f1
o =1-op
m UL id on’ 1-°Poid

m_rl-op

(a'°P)"toid id oavoid

Fdl-opddl—op —_— d 1—opF1—opdd1—op —lesaoe d’ 1—opd/Fd1—0p i

Fdl—op d 1—0pF1—op

(alor)—1

id onoi

do(aloP)~!

d l—opd/d/ l—opFl—op

llu n'~oidoj UJ n'~toidoj
= id omoi = a

Fdl-op d 1-opF1-op MT/ L-op

1-opy—1
o
( ) id on’ 1"°Poid

2.49. DEFINITION. Let (F,a, =), (F,o?,é): (#,d,n,7) — (#',d 7', 7") be O(1)-volutive
2-functors.  An O(1)-volutive 2-transformation (F,a,Z) — (F,&,Z) consists of a 2-
transformation B: F = F and an invertible modification ) fitting into the diagram

FlrPod=—=0=d o F (2.43)

Bl—opoidw \ “ld OIB

Fl'or’od:dloﬁ'
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which satisfies a compatibility condition with 2,2 that involves the twofold product of d,
namely

Fdiord Boid dl opP ]
1m d/l op fl- odedll opFl op ] ém
id oy id ox
7'~ loid QuJ n’oid
/1-0 / ! 1-0 /
dord' F — dord F
Fd-ord geid Fd-ord

B
! k %m %

dord F : d’ 1—opd/ﬁv

2.50. DEFINITION. Let (3,),(3,Q): (F,a,Z) — (F &, =) be O(1)-volutive 2-transform-
ations. An O(1)-volutive modification (,) — (3,9Q) is a modification A: B = J satis-
fying a compatibility condition with €2, €2, namely,

Flopod=dloF1 Flopoda=d,OFl
Blopoid ¢ idof >1doﬁ = Bt OPOId%1 B1-oPoid idof .
EyPod=—2-=d0oF, Pod=—=2=d0oF,
(2.44)

Let (F,a,Z): (#1,d1,m, 1) — (PBa, dz,m2, 72) and (F', o E) (B2, da, 2, 72) — (P,
d3,m3,73) be O(1)-volutive 2-functors. The composition (F',o/,Z") o (F,,Z) := (F,a, Z)
consists of the 2-functor F := F’ o F', the 2-transformation

_ <F/l-0poF1-opod id oy F/lopod OF%CZ OF'OF) (245>
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and the modification = obtained by filling the diagram

1-op id
1- Q@ ol 1- 1- -
F'Fd"d, dLoP fr1-oP plop g
Wpoid
o’ "°Poid oid
1-op 7n1-0
F'dy P Fiord

2 1 id 0id ocx

idom idoid oaﬂ id oax
1- 1-%Poidoid  41- 1-
FdoPdy F <2=2odeid glop prl-op g, 1o

F'F dsPds F'F

nzoid

(2.46)
Here, the left square is filled by =, the lower square is filled by =, the upper and right
triangles commute by definition, and the middle square commutes by the interchange law.
One checks that the coherence properties of = and =’ imply the correct coherence property
for = in the sense that we have an O(1)-volutive 2-functor (F,a,Z): (%1,d1,m,71) —
(As,ds,m3,73). The composition laws for O(1)-volutive 2-transformations and O(1)-
volutive modifications, respectively, are simpler and we omit the details.

2.51. REMARK. We expect that O(1)-volutive 2-categories, O(1)-volutive 2-functors, O(1)-
volutive 2-transformations, and O(1)-volutive modifications form a 3-category 2Cat®") !,
To prove this, one would have to check the necessary coherences a 3-category satisfies,
which is rather tedious. Extending Example 2.46, we then expect there to be an inclusion
3-functor

CatOW-vol o 9CatO)-vol (2.47)

where Cat®® ! js Cat®® ! thought of as a 3-category with only identity 3-morphisms,
which assigns to each O(1)-volutive category the O(1)-volutive 2-category described in
Example 2.46.

2.52. REMARK. Under the assumption that there is a 3-category 2Cat®®M ! we expect
there to be a 3-functor

SymMon 2Catg,; —> 2CatOM-vel (2.48)

assigning to each symmetric monoidal 2-category with duals and adjoints the O(1)-
volutive 2-category with the same underlying 2-category and the O(1)-volutive structure
indicated in Example 2.47.

DAGGER CASE.

2.53. DEFINITION. Let A be a 2-category. An O(1)-dagger structure on A is a pair
(d,n) consisting of an identity-on-objects 2-functor d: B — PB*°° and an invertible
2-transformation n: d"°° o d = idg whose I-morphism components are identities, and
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(nP)~t oidy = idgon holds. A 2-category together with an O(1)-dagger structure is
called an O(1)-dagger 2-category.

In the context of Q-system completions for C*-categories, O(1)-dagger 2-categories are
called “t 2-categories”, see e.g. [17]. Any O(1)-dagger 2-category (4, d,n) can be trivially
reinterpreted as an O(1)-volutive 2-category (#,d,n,id). We come back to this after
introducing (higher) morphisms between O(1)-dagger 2-categories.

2.54. DEFINITION. Let (#,d,n) and (#',d',n') be O(1)-dagger 2-categories. An O(1)-
dagger 2-functor (%,d,n) — (#',d',n') consists of a 2-functor F: B — A and an
invertible 2-transformation o: F1°Pod = d' o F whose 1-morphism components are iden-

tities, and (idon) @ (a'"°P oid) = (1 o id) e (id o) holds.

2.55. DEFINITION. Let (F, o), (F,&): (2, d,n) — (#',d',n') be O(1)-dagger 2-functors.
A O(1)-dagger 2-transformation (F,«a) — (F,&) is a 2-transformation 5: F = F such
that (idof) e ave (3P oid) = & holds.

2.56. DEFINITION. Let B,AB: (F,a) = (F,&) be O(1)-dagger 2-transformations. A O(1)-
dagger modification 8 — 3 is a modification A: = 3 satisfying id oA = AP oid.

2.57. REMARK. We expect O(1)-dagger 2-categories, O(1)-dagger 2-functors, O(1)-dagger
2-transformations, and O(1)-dagger modifications to form a 3-category 2Cat®M-1. To
prove this, one needs to describe the various compositions and coherences in this 3-
category, which is expected to be slightly easier than the corresponding discussion in
the volutive case.

It is clear that any O(1)-dagger 2-category (£, d,n) can be trivially reinterpreted as
an O(1)-volutive 2-category (4, d,n,id), and we expect that this assignment is functorial
in the sense that there is a 3-functor

oy : 2Cat®M T — 2CatOMvel, (2.49)
STRICTIFICATION. Conversely, any O(1)-volutive 2-category (£, d,n,T) gives rise to an
O(1)-dagger 2-category, which we will describe in the following. Let So(1)# be the 2-

category whose objects are tuples (c, 0., 11.) where ¢ € £ is an object, 0.: ¢ — d(c) is a
l-isomorphism, and II.: 1. o d(f.)"! 0 . = id. is a 2-isomorphism satisfying

d2(9 ) d2(9 )

SN, A A
/* A \““ w A

(2.50)
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A I-morphism (c, 0, 1.) = (¢, 0o,11) in So)% is a 1-morphism X: ¢ — ¢ in %, and
a 2-morphism X — Y Sp1)% is a 2-morphism f: X — Y in %. It is clear that So1)%#
defined in this way becomes a 2-category.

Next, we define an O(1)-dagger structure on So(1)%. The identity-on-objects 2-functor
Soq)d assigns to a l-morphism X: (a,6,,11,) = (b, 0, 11;) the 1-morphism (b, 6y, I1,) —
(a,0,,11,) given by

971

O d(a) ——>a (2.51)

b
and to a 2-morphism f: X — Y the 2-morphism So)d(X) — Somyd(Y") defined by

b ) — " g —
idt / lid T Lid ot Jid (2.52)
b o d(b) 7 d(a) = a.

One routinely checks that this defines a 2-functor by using the respective properties of d.
Next, we define the 2-transformation Soayn: Somyd" P o Sonyd = idsg - Its 1-
morphism components are identities. The 2-morphism component of this 2-transformation
at a 1-morphism X: (a,0,,I1,) — (b, 6,1I;) is given by
o
01 (0 0 X1 (6) " 00— 9=10(0,)d%(X ) d(6) b
(2.53)
One checks that this defines a 2-transformation by using the respective properties of 7.

It is also clear by construction that 7 is an invertible 2-transformation. One deduces
from (250) that (SO(I)n1-0p>_1 o idSO(l)d = idsou)d 050(1)7] holds.

I, 0id x oIt
_—

X =id, X id,

2.58. LEMMA. (Som)%, Som)d, Soyn) is an O(1)-dagger 2-category.

We expect that the assignment (%,d,n,7) — (Sow)%, Son)d, Son)yn) extends to a
3-functor
Soq): 2Cat®M el — 2CatOM-T, (2.54)

In the following, we will describe the action of the conjectural 3-functor So() on 1-
morphism level. Let (%,d,n,7) and (#',d',n',7") be O(1)-volutive 2-categories and let
(F,a,2): (B,d,n,7) = (#A',d,n',7') be an O(1)-volutive 2-functor. We construct an
O(1)-dagger 2-functor

(So(l)F, So(l)Oé) : SO(l)(%; d, n, T) — SO(l) (%/, d,, 77/, T/) (255)

as follows. The 2-functor So1)# — So1) %' assigns an object (c,0.,11;) to the tuple
consisting of the object F'(c), the 1-isomorphism fp (. defined as

F(6e)

O = ( F(e) = F(d(e) == d'(F(c)) ) (2.56)
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and the 2-isomorphism il F(c) Obtained by

' (Op(c))

/ - P(F(0) |
O TF(c)
F(c)i’izr(d(c)/ “ \ / ot WF(C)

idF(c)

(2.57)
where the unfilled diagrams commute by definition. One checks that the triple (F(c), 9~F
HF y) defines an object in Son)(#',d’, 7', ") by using the coherence condition of II. On
1- and 2-morphism level, the assignment of the 2-functor So1\# — So)#' is trivial.
Next, we describe the 2—transformation Somya: So(l)Fl'Op o Somd — So(l)d’ oSomF. Its
1-morphism components are identities. Its 2-morphism component at X: (a,,,11,) —
(b, 0y, I1}) is given by the 2-morphism
Ot A/ (F ()0 — X2 ) F(A(X)) 0, Oy = F (07 )F(d(X))F(6) = F(6;d(X)6y)

(2.58)
where we again used the definition of § in (2.56). One checks that this defines an invertible
2-transformation and moreover that the pair (Son)F, Soaya) defines an O(1)-dagger 2-
functor. Similarly, one describes the action of So(1) on 2- and 3-morphisms.

2.59. REMARK. We expect that the 3-functor So;) is right adjoint to Ty in the 4-
category of 3-categories.

2.60. REMARK. Let # be a symmetric monoidal 2-category with duals and adjoints.
Applying the construction described in Example 2.47 yields an O(1)-volutive 2-category
%, to which we may apply in turn Sp(), resulting in an O(1)-dagger 2-category . The
objects in the underlying 2-category are by definition objects a € % together with 1-
isomorphisms 6,: a — a* and 2-isomorphisms II,: 7, o (6;1)* 0 6, = id, satisfying a
coherence property involving the triple dual, cf. (2.50). We say that an object a € £ is
coherently self-dual if it admits such data.

2.61. O(2)-DAGGER 2-CATEGORIES. This section is analogous to Section 2.43, with O(1)
replaced by O(2). We propose the basic structure of 3-categories of O(2)-volutive 2-
categories, O(2)-dagger 2-categories, and we discuss strictification.

VOLUTIVE CASE. Analogously to the motivation given at the beginning of Section 2.21,
there should be an O(2)-action on the 3-category 2Cat,q; whose homotopy fixed points
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are O(2)-volutive 2-categories. To construct this action, it seems helpful to realize O(2)
as the semidirect product 2-group SO(2) x O(1), cf. [42, Appendix B.3]. The problem
of describing O(2)-actions then decomposes into a study of SO(2)-actions, O(1)-actions,
and their compatibility. Carrying out the details of this construction and computing the
homotopy fixed points is again difficult, and we propose instead the following definitions,
partially following [43]. As indicated, an O(2)-volutive structure should consist of an
O(1)-volutive structure, an SO(2)-volutive structure, and a compatibility between them.

Recall that if a 2-category 2 has right adjoints, then Z°P and %%*°P have left adjoints.
Moreover, recalling that the adjunction 2-functor (—)¥: 1P — %P is an equivalence,
one may translate between different conventions on which oppositization is used. The
following definition was originally proposed in [43].

2.62. DEFINITION. Let A be a 2-category with right adjoints. An O(2)-volutive structure
on B consists of an O(1)-volutive structure (d,n, ) on B, an SO(2)-volutive structure S
on A, and an invertible modification I fitting into the diagram

W(—)o d————do (=) (2.59)

SoIdd“ / ﬂldd 05-1

idggl—op Od ? d (@) ]d%)

which satisfies a compatibility condition with n, namely, the equality of modifications

(=)

idon~! idon~?! n~toid
(—)VV o dtor 0d 2L piop o g ddo5 ji-op 4 (—)VV (=)W od"Pod AP odo (=)
S d% 2 4
doP oV (=) od AP oWV () od
(2.60)

Here on the left-hand side the upper two diagrams are filled by the interchange law and
the lower two diagrams are filled employing I', whereas on the right-hand side we use the
naturality of the 2-transformation exchanging a 2-functor with the double adjoint 2-functor
with respect to 1.

2.63. EXAMPLE. Let # be a symmetric monoidal 2-category with duals and adjoints. As
explained in Examples 2.47 and 2.30, there is an O(1)-volutive structure on & given by
the dualization 2-functor and an SO(2)-structure on & given by the Serre automorphism.
These structures in fact combine to an O(2)-volutive structure. The 2-morphism compo-
nents of the invertible modification I' are described in [43], see also [42, Appendix B.3].
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Restricting to the maximal subgroupoid %, this O(2)-volutive structure is expected to
reduce to the canonical O(2)-action on %> induced by the cobordism hypothesis.

The following is a subexample of Example 2.63.

2.64. EXAMPLE. We consider again the symmetric monoidal 2-category B vecty, which
has duals and adjoints. By Example 2.63, B vecty carries an O(2)-volutive structure which
we now spell out. Since we already described the underlying SO(2)-dagger structure
in Example 2.31 (for r = 1), we now focus on the underlying O(1)-volutive structure.
Since the single object of Bvecty is self-dual with trivial evaluation and coevaluation
morphism, the 2-functor d: B vecty — Bvect1 °P is trivial. The higher coherence data n
and 7 belonging to the O(1)-volutive structure are trivial as well. Finally, we compute
the modification I to be trivial. We note that the O(2)-volutive structure described here
is strict in the sense of Definition 2.69 below.

Higher maps between between O(2)-volutive 2-categories have not been systemati-
cally constructed. The following definitions seem to be natural, but we take them to be
provisional:

2.65. DEFINITION. Let (#,d,n,7,5,1) and (#',d',n', 7,5, I") be O(2)-volutive 2-categ-
ories. An O(2)-volutive 2-functor (#,d,n,,S,I') — (#',d',n',7",5" 1) consists of a
2-functor F': BB — B’ together with an O(1)-volutive structure (o, =), an SO(2)-volutive
structure ¢ subject to the condition that the following two modifications are equal:

Jod oF —= . do WoF (2.61)
Sold oFﬂ / ﬂldd/ oS~ loldp
Tolda,.
and
W(=)od oF = do(=)"VoF (2.62)

R

W(—YoFod doFo(—)"
= a~lold

Fop oV\/ (_) o diFop o dO (_)\/V

Soldy oldp Id oS~ loldp

Id 0Sold IdoIdoS—1

FopodéFopod

« «

doF=———=doF

where the left and right diagrams are filled using ¢ and the interchange law, the upper
middle diagram is filled with the naturality data of the compatibility of 2-functors with
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(double) adjoints, the middle diagram is filled with 1dja,., oI, and the lower middle square
commutes trivially.

2.66. DEFINITION. Let (F,a,Z,(), (F,&,2,C): (B,d,n,7,5,T) =
O(2)-volutive 2-functors. An O(2)-volutive 2-transformation (F,«
consists of an O(1)-volutive 2-transformation (5,Q): (F,a,Z2) —
B: F — F is also an SO(2)-volutive 2-transformation.

2.67. DEFINITION. Let (/3,12), (5, Q) (F,a,=2,C¢) — (ﬁ:,@, é,f) be O(2)-volutive 2-trans-
formations. An O(2)-volutive modification (3,Q) — (5,Q) is an O(1)-volutive modifica-
tion.

Recalling our definition of the composition of O(1)-volutive 2-functors (see (2.45)
and (2.46)) as well as SO(2)-volutive 2-functors (see (2.15)), we immediately know how
to compose O(2)-volutive 2-functors.

2.68. REMARK. We expect that O(2)-volutive 2-categories, O(2)-volutive 2-functors, O(2)-
volutive 2-transformations, and O(2)-volutive modification form a 3-category 2Cat® !,
Moreover, we expect to find a 3-functor

SymMon 2Catgdj —— 2CatO®~vl (2.63)

assigning to each symmetric monoidal 2-category with duals and adjoints the O(2)-
volutive 2-category with the same underlying 2-category and the O(2)-volutive structure
indicated in Example 2.63.

DAGGER CASE.

2.69. DEFINITION. Let B be a 2-calegory with right adjoints. An O(2)-dagger structure
on B consists of an O(1)-dagger structure (d,n) and an SO(2)-dagger structure S on B
such that the diagram

W(—)o d——=—do (=) (2.64)

Solddﬂ/ “Idd 0S5—1

id g1-op 0 ————d 0 id

commutes.

We remark that here the 2-transformation ¥V(—)od = do (—)"" can always be cho-
sen to have identity 1-morphism components, which we will assume. We denote the 2-
morphism components generically by ex: d(XVY) — YVd(X). Any O(2)-dagger 2-category
(A,d,n,S) can be trivially reinterpreted as an O(2)-volutive 2-category (%, d, n,id, S,id);
we come back to this point after defining appropriate notions of (higher) morphism be-
tween O(2)-dagger 2-categories.

2.70. DEFINITION. Let (#,d,n,S) and (#',d',n',S") be O(2)-dagger 2-categories. An
O(2)-dagger 2-functor (#A,d,n,S) — (#',d',n',S") consists of a 2-functor F: B — B’
together with an O(1)-dagger structure a such that F is SO(2)-dagger.
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2.71. DEFINITION. Let (F,a),(F,a): (#,d,n,S) — (#.d,n,S") be O(2)-dagger 2-
functors. An O(2)-dagger 2-transformation (F,a) — (F,a) is a O(1)-dagger 2-trans-
formation 5: (F,a) — (F,&) such that  is SO(2)-dagger.

2.72. DEFINITION. Let 5133 (F,a),(F,a) be O(2)-dagger 2-transformations. A O(2)-
dagger modification 8 — [ is an O(1)-dagger modification.

It is expected that O(2)-dagger 2-categories, O(2)-dagger 2-functors, O(2)-dagger 2-
transformations, and O(2)-dagger modification form a 3-category, which we denote by
2CatO®-1,

It is clear that any O(2)-dagger 2-category (4,d,n,S) can be trivially reinterpreted
as an O(2)-volutive 2-category (4,d,n,id, S,id), and we expect that this assignment is
functorial in the sense that it extends to a 3-functor

Tog): 2Cat®® T —— 2CatO@ !, (2.65)

STRICTIFICATION. Conversely, any O(2)-volutive 2-category (#,d,n,7,5,I') gives rise
to an O(2)-dagger 2-category, which we describe in the following. TLet e denote the 2-
transformation ¥V (—)od = d o (—)vY, which in general may have non-trivial 1-morphism
components. Let So(2)% be the 2-category whose objects are tuples (c, ., I, A, ¢.) where
(c,0c,11;) is an object in So(1)%, (c, A;) is an object in Sso(2) %, and

de: 0 0e. 0" 0, — id, (2.66)

is a 2-isomorphism in 4 such that

(2.67)

We construct an O(2)-dagger structure on So2)#. First, the O(1)-dagger and SO(2)-
volutive structures (So()d, So2)n) and So(2)S on So2)# are constructed as for So1) %
and Sso(2) %, respectively. Next, note that the 2-transformation e: ¥V (—)od = do (—)"¥
induces a 2-transformation é: ¥V (—)oSo2)d = So@)do(—)"" with 1-morphism component
at (¢, 0., I, A, @) given by €. := 0. o€, 0"V . and 2-morphism component at X given
by

d(XvV) 9;1

) d(a)

b d(b a
e,,] / lgb / L / \ | (2.68)
b d(b :
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This 2-transformation in turn induces an 2-transformation So(2)€: V¥ (—)oSo2)d = So(2)do
(—)YY whose 1-morphism components are identities, and whose 2-morphism component
at X is given by

id, 0500 d(X V) 222 ¢, 0 Somd(X YY) —X= YV (Somd(X)) 0 & 2 VY (Somd(X)) o/id, .

(2.69)
Again, one shows that this defines a 2-transformation by using the respective properties
of é. Finally, one deduces (idSO(2>d 0S0(2)S™1) ® So(2)€ = So@)S © idsg ., a from (2.67).
2.73. LEMMA. (So2)%, So@2)d, So@)1, So2)S) is an O(2)-dagger 2-category.

We expect that the assignment (#,d,n,7,5,T") = (So@2) %, So@)d, So@2)1, So2)S) ex-
tends to a 3-functor
Sog): 2Cat®@ vl . 2CatO@-T, (2.70)

2.74. REMARK. Assuming that So) and Tp(o) are indeed 3-functors, we expect that
So(2) is right adjoint to To(9) in the 4-category of 3-categories.
2.75. REMARK. As indicated in Remark 2.68, there should be a 3-functor
SymMon 2Cat§dj — 2CatO@ vl
whose post-composition with So(2) should then yield a 3-functor

SymMon 2Catg,; — 2CatO®- T (2.71)

assigning to each symmetric monoidal 2-category with duals and adjoints an O(2)-dagger
2-category.

2.76. O(1)-VOLUTIVE CATEGORIES FROM O(2)-DAGGER 2-CATEGORIES. In this section
we show that every O(2)-dagger 2-category comes with a canonical and compatible O(1)-
volutive structure on its Hom categories.

2.77. DEFINITION. A bi-t structure (dy,ds, ) on a 2-category B consists of two 2-
functors dy: B — BP, dy: B — B*P and an invertible 2-transformation ¢: dy° o
dy = idg such that

e dy 15 identily on objects and 1-morphisms and strictly squares to the identity,
e d; 1s identity-on-objects,

e ¢ has identity 1-morphism components,

e there are equalities (¢"°P) ' oidy, = idg, 0¢ and dy°® o dy = d>°" o ds,

o ¢ is unitary with respect to dy, i.e. dy(px) = dx
A 2-category B together with a bi-T structure is called bi-t 2-category.

We note that the pair (dy, ¢) in the definition of a bi-T structure is precisely the data
of an O(1)-dagger structure on the 2-category %. In other words, a bi-t 2-category is an
O(1)-dagger 2-category whose Hom categories carry compatible dagger structures.
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2.78. REMARK. In [21, Definition 4.1]|, bi-} 2-categories are called bi-involutive bicat-
egories. A more coherent analogue of this definition, which in our terminology would
be called a bi-volutive 2-category, is called a fully dagger bicategory in loc. cit., and a

strictification procedure akin to the ones we present here is proposed in |21, Statement
4.5].

In the following, we will construct bi-{ 2-categories from O(2)-dagger 2-categories.
Let (#,d,n,S) be an O(2)-dagger 2-category. We claim that the Hom categories of
2 carry canonical O(1)-volutions. Indeed, let a,b € A be objects. Consider the functor
d :=do(—)": Homy(a,b) — Homy(a,b)* and the natural isomorphism 7: dPod = id
with component at X given by

it = (A0 () == e T ) L x), (2.72)

One checks that the pair (d,7) defines an O(1)-volution on s#omy(a,b). Consider the 2-
category % whose objects are those of % and whose Hom category at two objects a,b € B
is given by Son)#€omg(a,b), which by definition comes with a dagger structure So(l)cf.
One checks that this procedure, i.e. applying the strictification of O(1)-volutions locally,
indeed results in a 2-category. We further note that the dagger structures on the Hom
categories of B together form an identity-on-objects-and-1-morphisms functor ds: B —
BZ°P which strictly squares to the identity. It is straightforward to construct from the
O(1)-dagger structure (d,n) on Z an O(1)-dagger structure (dy, ¢) on B. Moreover, one
checks that d; and dy are compatible in the sense that (,@, dy,dy, @) is a bi-T 2-category.
We record this in the following.

2.79. LEMMA. Any O(2)-dagger 2-category (A,d,n,S) gives rise to a bi-T 2-category
(AB,dy,dy, @) as described in the previous paragraph.

2.80. REMARK. We expect that this assignment too will turn out to be functorial. De-
noting the conjectural 3-category of bi-t 2-categories by 2Cat" T, we summarize the chain
of conjectural 3-categories and 3-functors as follows:

So(2)

2CatO?)-1 Lemma 279 9Cathi-f,

(2.73)
In particular, from any symmetric monoidal 2-category with duals and adjoints one con-
structs a bi- 2-category in a canonical way.

SymMon 2Catgdj Remark 2.68 9 (1540(2) -vol

2.81. REMARK. One reason to study bi-f 2-categories is their proposed application to
the formulation of unitary 2-group representations; see e.g. [3], where bi- 2-categories
are called t-bicategories. Remark 2.80 then provides a method to study unitary 2-group
representations on any symmetric monoidal 2-category with duals and adjoints, or rather
its associated bi-f 2-category.

As explained above, the Hom categories of any O(2)-dagger 2-category carry canonical
O(1)-volutive structures. The following illustrates this construction.
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2.82. EXAMPLE. Let ¥ be any symmetric monoidal rigid category, for example ¥ =
vecty. Then, B% is symmetric monoidal with (trivial) duals and adjoints (given by the
duals in %) and hence carries an O(2)-volutive structure by Remark 2.68, which one
checks to be strict in the sense of Definition 2.69. The induced O(1)-volutive structure on
the single Hom category of B¢ coincides with the O(1)-volutive structure on ¢ induced
by the symmetric monoidal rigid structure as explained in Example 2.12.

3. Algebraic description of orbifolds

In this section we review, reformulate and propose several categorifications of idempotent
completion. In Section 3.1 we briefly recall the case for arbitrary 1-categories as well as
one categorification that applies to arbitrary 2-categories. Categorification is not unique,
and one expects different variants associated to different tangential structures. In Section
3.17 we review an idempotent completion for O(1)-volutive 1-categories, explain that
it restricts to the structure-preserving idempotent completion of dagger categories, and
show how it interacts with the adjoint 2-functors So() and To(1) of Section 2.1. Along
the same lines we describe idempotent completion of G-volutive 2-categories for G a spin
group and O(2) in Sections 3.25 and 3.38, respectively. For G = SO(2) we explain how
this systematic approach recovers (Euler completed) orbifold completion, while for O(2)
we thus produce a candidate for “(a generalization of Euler completed) O(2)-idempotent
completion”.

3.1. IDEMPOTENT COMPLETION. In Section 3.1 we recall the basic definitions and prop-
erties of idempotent completion of 1-categories. One particular categorification of idem-
potency and idempotent completion is reviewed in Section 3.1, namely the one believed
to correspond to 2-framings.

[IDEMPOTENT COMPLETION OF 1-CATEGORIES. Recall that an idempotent is an endo-
morphism that squares to itself.

3.2. DEFINITION. An idempotent e: a — a in a giwen category € splits if there is an
object b € € together with morphisms Y:a — b and Z: b — a such that e = Z oY and
id, =Y o Z. The triple (b,Y,Z) is called a splitting of e, with b the image of e. If every
idempotent in € splits then € is called idempotent complete.

There are several other useful charactizations of whether a splitting exists, see e.g. [4,
Proposition 6.5.4]:

3.3. LEMMA. Let e: a — a be an idempotent. The following are equivalent:
(i) The idempotent e splits ase =Z oY withY:a —b, Z:b— a, i.e. Y o Z = id,.
(i) The limit b of the diagram e: a — a exists, with structure map Z: b — a.

(11i) The colimit b of the diagram e: a — a exists, with structure map Y : a — b.
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Moreover, under these conditions we have that both the limit and colimit are absolute (i.e.,
they are preserved by all functors whose domain is the ambient category of e).

3.4. DEFINITION. Let € be a category. Its idempotent completion 1€ 1is the category
whose objects are pairs (a,e) where a € € and e: a — a is an idempotent in €, and whose
morphisms (a,e) — (b, f) are morphisms X: a — b in € such that foX =X = X oe.
The identity morphism on (a,e) is e, and composition in I€ is the one of €.

3.5. REMARK. [¥ is also called the Karoubi completion of €.

Idempotent completion satisfies the following universal property, see e.g. [20, Appendix
Al

3.6. LEMMA. The functor € — I€ given by a — (a,id,) on objects and by X — X
on morphisms is fully faithful. Moreover, I€ 1is idempotent complete, and every other

functor € — 2 with idempotent complete codomain factors (essentially uniquely) through
C — I€.

3.7. COROLLARY. We have I[I€ = I€ for any category € .

3.8. LEMMA. The assignment € — 1€ extends to a 2-functor
L: €at — Cat™ C Cat (3.1)

from the 2-category of categories to its full sub-2-category of idempotent complete cate-
gories. It is a completion in the sense that it is left adjoint to the forgetful functor, and
there 1s an equivalence 1117 = 1.

3.9. REMARK. Another way of characterizing the 2-functor I, : ¥at — €at'® is by iden-

tifying it as a left adjoint to the inclusion 2-functor ¢: €at’® — €at, cf. |20, Proposition
A.1.6]:

I

T

€ at 1 € atic (3.2)

\/

L

3.10. LEMMA. The 2-functor I, : € at — € at™ extends to a 2-functor
I &: SymMonCat? —— SymMonCat®" (3.3)

from the 2-category of symmetric monoidal categories with duals to its full sub-2-category
of idempotent complete symmetric monoidal categories with duals.
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[IDEMPOTENT COMPLETION OF 2-CATEGORIES. One dimension higher, a categorification
of idempotency and idempotent completion was introduced in [13] and [25], see also [22]
for a detailed analysis.

To prepare for Definition 3.11 below, we review some standard algebraic notions, see
e.g. [13, Section 4| for more details. An (associative unital) algebra in a 2-category %
is a l-endomorphism A: a — a in & together with 2-morphisms p: A ® A — A and
n: id, — A such that po (p®ida) = po (ida ®u) and po (n®ids) =ida = po (ids ®@n).
A right A-module is a 1-morphism X:a — a for some ad’ € A together with a 2-
morphism px 4: X ® A — X that is compatible with p and 7, and a left A-module
structure py x is defined analogously. If (a’, A, 1/, n) is also an algebra, then an A’-A-
bimodule is a 1-morphism X:a — a' together with a left A’- and a right A-module
structure that commute with one another. If X: a — a’ also comes with the structure of
an A’-A-bimodule, then an intertwiner X — X is a 2-morphism between the underlying
1-morphisms that commutes with the A- and A’-actions on X and X.

Dually, a (coassociative counital) coalgebra structure on A is given by 2-morphisms
A: A— A®Aand e: A — id, satisfying the coassociativity and counitality conditions. A
Frobenius algebra is an algebra (a, A, pt, 7) and simultaneously a coalgebra (a, A, A, €) with
the same underlying 1-morphism A such that (id4 ®p)o (A®ids) = (p®ida)o (ids @A).
A Frobenius algebra is A-separable if po A = ids. We often refer to (A-separable)
Frobenius algebras (a, A, 1, n, A, €) simply as A, and similarly for modules.

Given algebras (a, A, pu,n), (o', A" 1/, n), (a", A", 1", n") together with an A’-A-bi-
module Y and an A”-A’-bimodule X, the relative tensor product X ® 4 Y by definition
is the coequalizer of the two maps X ® A’ ® Y — X ® Y induced by the left A’-action
on X and the right A’-action on Y. If A" in fact comes with the structure of a A-separable
Frobenius algebra, then one checks that (where on the right we use the standard graphical
calculus)

exay = (pxa @ pay)o (idx ®(Aon) @idy ) = (3.4)
X Y

is an idempotent, and the relative tensor product exists iff ex 4.y splits, in which case
X ®4/Y is given by the image of ex 4/y. The A-action on Y and the A”-action on X
induce the structure of an A”-A-bimodule on X ®4 Y.

We are now in a position to consider our first categorification of ordinary idempotent
completion:

3.11. DEFINITION. Let & be a 2-category with idempotent complete Hom categories. Its
idempotent completion 1% is the 2-category consisting of the following data:

o objects in IR are pairs (a, A) with a € B and A € HB(a,a) with the structure of a
A-separable Frobenius algebra,
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1-morphisms (a, A) — (b, B) in I# are X € HB(a,b) with the structure of a B-A-
bimodule,

2-morphisms in 19 are 2-morphisms in B that are intertwiners,

the composition of 1-morphisms X : (a, A) — (b,B) and Y: (b, B) — (¢,C) is the
relative tensor product Y @p X : (a, A) — (¢, C), the composition of 2-morphisms is
that of A, and

unitors and associators are induced from the ones in A.

. REMARK.

Note that a (Frobenius) algebra A: a — a is a weaker version of an idempotent
in the sense that the self-composition A ® A need not be equal to A, but the two
are coherently related by the multiplication A ® A — A. This is a first indication
that idempotent completion of 2-categories is a categorification of the homonymous
notion for 1-categories.

In [13], [A is called the equivariant completion, while in [25] it is called the (co)unital
condensation completion of 8. While categorification of idempotent completion is
non-unique (as illustrated in the subsequent subsections), here we prefer the term
“idempotent completion” for 2-categories, as it emphasizes what is being categorified,
and because it appears to be the most basic categorification of ordinary idempotent
completion (as also illustrated in the subsequent subsections).

The assumption of idempotent complete Hom categories is made in Definition 3.11
so that the relative tensor product of bimodules exists, i.e. so that the idempotents
in (3.4) split. One can in fact show that every idempotent in Hom categories is
of this form. On the other hand, it is natural to ask for all Hom categories to be
idempotent complete; this is part of the induction step in a recursive definition of
idempotent completion of n-categories for all n > 1.

Any 2-category £ can locally be idempotent completed, i.e. applying the 2-functor
I; from Lemma 3.8 to each Hom category of & yields another 2-category with
idempotent complete Hom categories into which # can be included.

. REMARK.

There is a notion of a “splitting” of a A-separable Frobenius algebra that satisfies a
universal property akin to Lemma 3.6; see [20] and [10] for some details.

The Hom categories of 1% are again idempotent complete. The universal property
of 1% then implies that 112 = 1.9 for any 2-category # with idempotent complete
Hom categories.
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(iii) The 2-category I% descends from a double category via the construction in [52,
Corollary 6.12]. This fact simplifies proving that 12 inherits symmetric monoidal
structures, as well as duals, if 4 is equipped with such structures.

(iv) The assignment & — I% extends to a 3-functor
I,: 2Cat —— 2Cat™ (3.5)

from the 3-category of 2-categories to the full sub-3-category of idempotent complete
2-categories, cf. [20].

Let & be a 2-category with right adjoints XV for all 1-morphisms X, see e.g. [13,
Section 2| for details as well as our (standard) conventions. In the following, we want to
extend the results from the pivotal setting (which by definition involves an isomorphism
(—)YY = idg of 2-functors) obtained in [13, Section 4] to the non-pivotal setting. Recall
that if A € %(a,a) is a A-separable Frobenius algebra, then AY canonically also carries
the structure of a A-separable Frobenius algebra whose structure maps are the adjoints
of the structure maps of A. Moreover, note that for any B-A-bimodule X in %, the right
adjoint XV canonically carries the structure of an A-BYV-bimodule, with left and right

action given by
XV XV XV XV

AXVY AXVY X'BV X'BVY

3.14. DEFINITION. The (right) Nakayama map 74: A — AYY of a A-separable Frobenius
algebra A is

A\/\/
Ya = (6Vav ®idav)o (idav ®(AY onYVoeop))o(coevya ®ids) = A (3.7)

A

We comment on the relation between the above Nakayama map and the standard
“Nakayama automorphism” in Remark 3.26 below. Given this connection, the following
result comes with little surprise.

3.15. LEMMA. The Nakayama map V4 is an isomorphism of Frobenius algebras. More-
oy~
OVET, Y4 = 7YAVV.

PROOF. The arguments in the pivotal case, see e.g. [23], carry over to the non-pivotal
case if one makes sure that AV is not confused with A. n
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Let B, B’ be algebras, and let ¢: B" — B be an algebra isomorphism. Recall that
if Y comes with the structure of a right B-module, then the p-twisted right B’-module
Y, has the same underlying 1-morphism Y and its B’-action is the original B-action
pre-composed with idy ®¢.

3.16. LEMMA. Let £ be a 2-category with idempotent complete Hom categories and right
adjoints. Then 1A also has right adjoints. The right adjoint of a 1-morphism X : (a, A) —
(b,B) in IA is X* = (X")5,.

PROOF. The proof is formally analogous to the one in [13, Proposition 4.7| if one replaces
the Nakayama automorphism by the Nakayama map. [

The theory of left adjoints for morphisms in /.4 is analogous. We denote the respective
left Nakayama map A — YV A by the same symbol 74. It will always be clear from the
context which one is meant.

3.17. O(1)-IDEMPOTENT COMPLETION. In this section we recall a variant of idempotent
completion for dagger categories, lift it to O(1)-volutive categories, and work out how it
composes with the 2-functors So(1), To(1) of Section 2.1.

The following definitions were put forward in [51]. Let (¢, d) be a dagger category as
in Definition 2.2. A morphism e: a — a in % is called a d-idempotent if e o e = e and
d(e) = e holds.

3.18. DEFINITION. Let (€,d) be a dagger category. Let 7 C I be the full subcategory
whose objects are pairs (a,e) in which e: a — a is a d-idempotent. The category ?d

together with the dagger structure (denoted by the same symbol!) d: A (?d)(’p, (a,e) —
(a,e), X — d(X) is called the d-Karoubi envelope of (¢,d).

3.19. REMARK. The d-Karoubi envelope satisfies a universal property analogous to the
one in Lemma 3.6, where one replaces the notion of splitting of an idempotent by the
notion of a splitting of a d-idempotent.

We note that a dagger structure d on € does not necessarily induce a dagger structure

on %, which is why one restricts to the full subcategory 7" However, any dagger struc-
ture can also be reinterpreted as an O(1)-volutive structure with trivial higher coherence
via the 2-functor To1y in (2.7), and any O(1)-volutive structure on ¢ canonically induces
an O(1)-volutive structure on /%, which we describe in the following.

3.20. LEMMA. Let € be a category. Any O(1)-volutive structure (d,n) on € induces an
O(1)-volutive structure (d',n') on I1€. Moreover, the assignment (¢ ,d,n) — (I€,d',n')

extends to a 2-functor
Ioqy: CatOW vl s CatOW-vol, (3.8)
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PROOF. We have the functor d': 1€ — I€°P, (a,e) — (d(a),d(e)), X + d(X) which is
clearly well-defined. We define the component of the natural isomorphism n’: dYod’ — id
at (a,e) to be the morphism n, ) := e on,: (d*(a),d*(e)) — (a,e). This is well-defined
since by naturality of n we have e o7, = 1, o d*(e) and hence

eo(eon,) =eon, =n,0d*(e) =n,0d*(e)od*(e) = (eon,)od*(e). (3.9)

Naturality follows from the respective property of 1, and nzw) is invertible with inverse
given by 1, toe. It is also routine to check that the coherence condition of an O(1)-volution
is satisfied.

Next, let (F,«a): (61,d1,m) — (63,da,m2) be an O(1)-volutive functor. We construct
an O(1)-volutive functor (I61,d},n)) — ([62,d,,n5). As the underlying functor we take
IF: I%), — [%,, which assigns (a,e) — (F(a),F(e)) and X — F(X). The natural
isomorphism o’: TF°?od] = djo IF has as its 1-morphism component at (a,e) € [4] the
isomorphism «f, ., := d(F(€)) o a,. Finally, to an O(1)-volutive natural transformation
¢: (F,a) = (F, &) we assign the O(1)-volutive natural transformation (IF, /) — (IF, &)
given by Ip. One checks that this assignment indeed defines a 2-functor. ]

The following is a straightforward comparison of induced structures.

3.21. LEMMA. The diagram of 2-functors

I e

SymMonCat? SymMonCat?
l l (3.10)
CatO(l) -vol CatO(l) -vol
Io)

where the vertical 2-functors are the ones of Proposition 2.13 and the upper 2-functor is
the one obtained (in Lemma 3.10) by extending I to the 2-category of rigid symmetric
monoidal categories, s commutative.

3.22. LEMMA. There is an invertible 2-transformation Iony o Ioa) = Ioq).

PROOF. We describe the 1-morphism component of the 2-transformation at an O(1)-
volutive category (%¢,d,n). Consider the equivalence of categories [4¢ = I1% given on
object level by (a,e) — (a,e,e). We claim that this functor induces an O(1)-volutive
functor Ion)(€,d,n) = (Io1yloa))(€,d,n). Indeed, the natural isomorphism « in the
definition of an O(1)-volutive functor can here be taken to be trivial. We infer from [54,
Lemma 2.5| that this O(1)-volutive functor is then an equivalence in Cat®® !, The 2-
morphism component of the 2-transformation at an O(1)-volutive functor, which consists
of an O(1)-volutive natural transformation, can also be taken to be trivial. (]
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Recall the functor So(1y from (2.10) and consider the composition

To()
—_—

Cat' CatOWvol 100 a0 vol 200 it (3.11)
Given a dagger category (¢, d), we want to give an explicit description of the dagger cate-
gory (Som)oloa)oTon)) (€, d). First, we recall that the O(1)-volutive category To1) (€, d)
consists of the category ¢ together with the O(1)-volutive structure (d,id). Next, the
O(1)-volutive category (Io(1) © Ton))(€,d) consists of the category Io)¢ together with
the O(1)-volutive structure whose functor assigns (a,e) — (a,d(e)), X — d(X) and
whose natural isomorphism is again trivial, recalling that id .y = e. Lastly, the dag-
ger category (Soa) © Ioa) © Tow))(%,d) has as its underlying category the one whose
objects are triples (a,e,f0(,)) where a € ¢ is an object, e: @ — a is an idempotent,
and 0, (a,e) — (a,d(e)) is an isomorphism satisfying d(0(s,e)) ™" © 0(4,e) = id(q,e), and
whose morphisms X: (a,e,0c) — (b, f,00,5)) are morphisms X: a — b in ¢ satisfy-
ing foX = X = X oe. The associated dagger structure on this category assigns to a
morphism X: (a,e,0¢.) = (b, f,0,5) the morphism

6(’&%6) od(X)obup: (b, f,00,n) — (a,e,04). (3.12)

Given this explicit description of the dagger category (So(1) © Loy © To)) (€, d), we find
the following.

3.23. PROPOSITION. Let (¢,d) be a dagger category. There is a fully faithful dagger
functor

w1 (€",d) — (Soq © log) © Tow)(%,d). (3.13)

PROOF. We send an object (a,e) € Z" to the object (a,e,id(qe)) € (Soa)yoloayoTon))€
and a morphism X: (a,e) — (b, f) € Z" to the morphism X': (a, e,id(q.e)) — (b, f,idw,5))-
It is clear that this is well-defined, functorial, and fully faithful. Our explicit description of
the dagger structure on (SoyoloayoTon )CK shows that the functor is a dagger functor.m

3.24. REMARK. We claim that So(1y0lo )OTO . Cat" — Cat' allows for the structure of
a monoid in the 2-category . omyc,; (Cat', CatT). Indeed, the component of the unit at a
dagger category (€, d) is the inclusion dagger functor ¢: (¢, d) = SoyoloayoTon)(¥,d),

and the associative multiplication is given by

idOKo(l)Oid o~
So(1) © Loy © To) © So) © Loa) © To() So) © Loy © Loy © To) = So) © Loa) © Toq)

(3.14)
where K1) denotes the counit of the adjunction between Tt ) and So(1), and the last
equivalence is described in Lemma 3.22. In general, we do not expect the multiplication
map defined in this way to be an equivalence.
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3.25. Spin(2)"-IDEMPOTENT COMPLETION. In this section we lift Spin(2)"-volutive struc-
tures from 2-categories # to their idempotent completion, producing Spin(2)"-volutive
2-categories Igyin2)r%. The main result of this section then concerns the case r = 1:
we show that conjugating with the operations Sgo(2), Tso(2) of Section 2.21 recovers the
“Euler completed orbifold completion” of 2.

Throughout this section, let r € Z-o. We claim that any Spin(2)"-volutive struc-
ture S on a locally idempotent complete 2-category % with right adjoints extends to its
idempotent completion [Z of Definition 3.11. To see this, the following terminology will
be helpful. Let (a, A) € I%. The Nakayama" morphism of A is the Frobenius algebra
isomorphism

= T g1 0 ... 0qar A —= AV (3.15)

where 7,4 is the Nakayama map of (3.7).

3.26. REMARK. Consider a 2-category % with right adjoints and an SO(2)-dagger struc-
ture S: id = (—)YY (recall that this is equivalently a pivotal structure on %). Let
(a,A) € I#. The composition Sy 07: A — A is commonly known as the Nakayama
automorphism of A, see e.g. [13, Equation (4.3)]. In the general case, for r > 1 and a
Spin(2)"-dagger structure S: id = ((—)"")", we will call the composition Sy07,: A — A
the Nakayama™ automorphism of A.

The following result is obtained from the (graphical) definition of the Nakayama map.

3.27. LEMMA. Let (#,S) be an SO(2)-dagger 2-category and (a, A) € 1AB. Taking the r-
fold composition of S with itself, we obtain a Spin(2)"-dagger structure S”: id = ((—)"V)".
In this case, the Nakayama’™ automorphism of A is the r-fold power of the Nakayama
morphism of A, that is, S’y o7y = (Sao7})".

Recall from Lemma 3.16 that the idempotent completion I 2 of a 2-category £ with
right adjoints X also has right adjoints X™.

3.28. LEMMA. Let A be a locally idempotent complete 2-category with right adjoints. Any
Spin(2)"-volutive structure S on % induces a Spin(2)"-volutive structure S': id = ((—)**)"
on [A.

PROOF. We define the 1-morphism component of S” at an object (a, A) € 1% to be the
l-morphism Ary-1 ® S, with A-A-bimodule structure given by

id®sy! -
A ® (Aﬁz)—l ® Sa) ® A —A> A ® Aﬁz)*l ® A(\/V) ® Sa e Aﬁz)—l ® Sa (316)

where we used the canonical A-AMY)"-action on A@ry-1 in the last step. An inverse of
(a’ A) is given by the A-A-bimodule S;!' ® )-1A with bimodule actions constructed

similarly as for Sém A)-
In order to define the 2-morphism component of S’, we note that for any A-B-bimodule

X and any Frobenius algebra isomorphisms ¢: A” — A and ¢: B’ — B we have

(pXy)" = (XY )gvv (3.17)
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as B’-(A")¥V-bimodules; to see this, one may use the graphical definition in (3.6). Recall
further that the right adjoint in 14 is given by X* := (XV);, and that 7" = J4vv holds.
We define the 2-morphism component of S’ at X to be the 2-isomorphism

X ®4.80, 4) 275XV 5, ®a (Ag)- 1®8,) 25, XV ® 8, —> 5(% © X) = (Bgr)1 @ S) ©p X

(3.18)
which one checks to be an intertwiner of B-A-bimodules using the naturality of S. One
moreover checks that this defines an SO(2)-volutive structure on 1.4, using the respective
properties of S. [

3.29. REMARK. Recall from Example 2.30 that any symmetric monoidal 2-category %
with duals, adjoints, and idempotent complete Hom categories carries an SO(2)-volutive
structure given by the Serre automorphism S. By Lemma 3.28, 1% inherits an SO(2)-
volutive structure from 2. Its 1-morphism component at (a, A) € 1% is given by S, ) =
A(ﬁjlq)—l ®S,. Recalling Remark 3.26 and using the isomorphism described in |15, Equation
(4.11)], this reproduces the 1-morphism component of the Serre automorphism determined
in [15, Proposition 4.8] up to an erroneous appearence of “®@A”. We expect there to be
an analogous commutative diagram as in Lemma 3.21.

3.30. REMARK. We expect that the assignment (B, S) — (I14,S5’) extends to a 3-functor
Ispin(a)r : 2CatSPn@ el . 9CatSpin(2)"-vel (3.19)
This should then give a sequence of 3-functors

(it SPIn() -1 T5PIn@)T o  Spin(2)7 vol [T o Spin(2)7 vol Fein®)” o~ Spin(2)7 - (3.20)

In the remainder of this section, we investigate aspects of the composition (3.20).
Given a Spin(2)"-dagger structure S on a 2-category % with right adjoints and idem-
potent complete Hom categories, we want to compute the image of (%,S) under the
(conjectural) 3-functor Sgpin(2)r © Ispin(2)r © Tspin(2)r- First, the Spin(2)"-volutive 2-category
Tspin(2)r (%, S) has the same underlying 2-category and Spin(2)"-volutive structure. Sec-
ond, the 2-category underlying (Ispin(2)r © Tspin(2) )(% S) is I9. The Spin(2)"-volutive
structure S’ on 14 has 1-morphism components S = A(s,57,)-1, as shown in the proof
of Lemma 3.28. Finally, the 2-category under]ylng (SSpln r O ]Spln( 2yr © Tapin(2)) (4, S)
has objects given by triples (a, A, A4 4)) where (a, A) € 1% and a4yt Asagn)-1 — As
a 2-isomorphism in 1%, while 1- and 2-morphisms are those of L@ The Spln(2) -dagger
structure on this 2-category is then given by

d®aA,

X O o ()" @4 A A, B)®Bid

B X = X.
(3.21)

(a A)

—>X(** (814145147 )- 1—>B(S 1~r) 1®BX
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3.31. DEFINITION. Let (#,S) be an SO(2)-dagger 2-category. Its Euler completion
(B, S)ew consists of the 2-category whose objects are pairs (a,1,) where ¥, : id, — id, is
a 2-isomorphism in B, and whose 1- and 2-morphisms are those of A, and the SO(2)-
dagger structure given by

poid

idoyg X\/V o lda SX;. ldb oX —_— ldb OX = X (322)

XV~ XYWoid,
3.32. REMARK. This definition is closely related to the Euler completion of a pivotal
(i.e., SO(2)-dagger) 2-category (4, S) described in [10, Section 5.1.1] and coming from
[14]. Changing the pivotal structure according to our prescription and then computing
the left adjoints yields precisely the ones given in [10, Equation (5.1)]. The difference
between the procedures is that we do not change the right adjoints, whereas loc. cit.
does. This distinction is not crucial, for the following reason. Given two choices of
right adjunction data, there is an invertible 2-transformation x: (=) = (—)" whose
1-morphism components are identities. The composition

. S XOX YaY,

id —— (=)" = (=)"" (3.23)
is then again an SO(2)-dagger structure, which a priori might be different from S. How-
ever, if we change our right adjoints according to the prescription in |10, Equation (5.1)],

one computes that (—)"V = (=)¥V and hence the pivotal structure remains the same.

3.33. REMARK. Recall from [18] that any two-dimensional oriented defect TQFT %
gives rise to an SO(2)-dagger (i.e. pivotal) 2-category Dy. The Euler completion of
an SO(2)-dagger 2-category was introduced in order to describe the SO(2)-dagger 2-
category associated to the Euler completion 2, of the defect TQFT 2°; namely, one has
Dy, = (Dy)en; see [10, Section 5.

The following is obtained by comparison of definitions, explaining how the notion of
Euler completion fits into our picture. We note that our theory immediately suggests a
generalization to the case of r > 2.

3.34. LEMMA. Let (A,S) be an SO(2)-dagger 2-category. Then
(#,5)en = (Sso) © Tsow)) (%, S). (3.24)

Let (#,S) be an SO(2)-dagger 2-category with idempotent complete Hom categories.
Recall that a Frobenius algebra A is called symmetric if A = Ag, 5 or equivalently
Sao7} =idy, see |23, Definition 17] and [15, Equation (4.11)]. Recall also the idempotent
completion [Z of Definition 3.11, the induced Spin(2)"-volutive structure S’ on 1% of
Lemma 3.28 for a Spin(2)"-volutive 2-category (%4, S), and the equivalent description of
SO(2)-dagger (that is, pivotal) structures in Remark 2.34.

3.35. DEFINITION. [13] The orbifold completion (A, S)omn of (A,S) consists of the full
sub-2-category of 19 whose objects are pairs (a, A) with a € B and A € Bl(a,a) a A-
separable symmetric Frobenius algebra, as well as the SO(2)-dagger structure S" induced

from (A,5).
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3.36. REMARK. Consider again a two-dimensional oriented defect TQFT Z giving rise to
an SO(2)-dagger (i.e. pivotal) 2-category D#. The orbifold completion of an SO(2)-dagger
2-category was introduced in order to describe the SO(2)-dagger 2-category associated to

the orbifolded two-dimensional oriented defect TQFT Z,; namely, one has Dy , =
(D% )orp; see |7] and references therein.

We have the following comparison result, explaining how the orbifold completion fits
into our picture.

3.37. THEOREM. Let (#,S) be an SO(2)-dagger 2-category with idempotent complete
Hom categories. There is an equivalence of SO(2)-dagger 2-categories

(Sso2) © Iso@) © Tso@))(#,S) = (B, S)orb )eu (3.25)

between our construction and the Fuler completed orbifold completion.

PROOF. We define a 2-functor from the right-hand side to the left-hand side. Let (a, A,
Y(a,4)) be an object in (B )eu, i.6. a € B, A € Homgy(a,a) is a A-separable symmetric
Frobenius algebra, and v, 4y: A — A an invertible A-A-bimodule intertwiner. Since A
is symmetric, we have S, 07} = id4 and hence ¢, 4 gives a 2-isomorphism A(SAO:‘Y'}A)—I =
A — A. Thus we may send the triple (a, A,Y(q,4)) to (a, A, ¥4 4)). On 1- and 2-morphism
level the 2-functor is defined to be the identity. It is clear that this defines a 2-functor
which is SO(2)-dagger.

Conversely, if (a, A, A(q,4)) is an object in (Sso(2) © Iso) © Tso(2))(%4,S), then by
existence of A\, 4) the Frobenius algebra A is symmetric and A 4): A(SAoﬂ)_l =A—- A
is an invertible intertwiner of A-A-bimodules. Hence we may send the triple (a, A, A(q,4))
to (a, A, Ag,4)). The assignment on 1- and 2-morphism level is again trivial. This too is
an SO(2)-dagger 2-functor and clearly an inverse to the first SO(2)-dagger 2-functor. m

3.38. O(2)-IDEMPOTENT COMPLETION. In this section we lift O(1)- and O(2)-volutive
structures from 2-categories Z to their idempotent completion, producing O(1)- and O(2)-
volutive 2-categories Io(1)% and Io(2) %, respectively. We also work out what conjugating
Io(2) with the operations So2), To(2) of Section 2.61 does to O(2)-dagger 2-categories, thus
producing a candidate for “O(2)-idempotent completion”.

We start with an O(1)-variant of Lemma 3.28:

3.39. LEMMA. Let A be a locally idempotent complete 2-category. Any O(1)-volutive
structure (d,n, ) on A induces an O(1)-volutive structure (d',n',7") on 1A.

PROOF. We start by defining the 2-functor d': 1% — 19°°. On object level, it as-
signs (a,A) € 1A to the pair (d(a),d(A)) where d(A) becomes a A-separable Frobe-
nius algebra by applying d to the Frobenius algebra structure on A, e.g. d(A) ® d(A) =
d(A® A) — d(A) where we used d(u4) in the second step. On l-morphism level, we
assign to X: (a, A) — (b, B) the 1-morphism d(X): (d(b),d(B)) — (d(a),d(A)) where
d(X): d(b) — d(a) is equipped with the d(A)-d(B)-bimodule structure induced by the
one of X upon applying the 2-functor d. On 2-morphism level, we assign to f: X — Y
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the map d(f): d(X) — d(Y'). One checks that this assignment is well-defined and func-
torial due to the functoriality of d.

Next, we define the invertible 2-transformation n': d® o d’ = id. Its 1-morphism
component at (a, A) € 1.4 is given by the 1-morphism A ®n,: (d°°? od)(a) — a equipped
with the left A-module action induced by p4 and the right d?(A)-module action given by

iden;? pa®id

A®n, ® d*(A) AR AR, AR, (3.26)
One deduces from the associativity of pa that A®n, together with these actions becomes
an A-d*(A)-bimodule. An inverse of this bimodule is given by 7, ! ® A with actions defined

analogously. The 2-morphism component of " at X : (a, A) — (b, B) is defined as

~ ~ ~l®id
X @4 (AQ 1) —> X @ 0y =, @ d2(X) —> (n, @ d2(B)) @p d2(X) 2= (B @ ny) @p d2(X)

(3.27)
which one checks to be an intertwiner. Moreover, since 7 is an invertible 2-transformation,
so is 7. Lastly, the invertible modification 7/: (’*)~! o idgy = idg on’ has as its 2-
morphism component at (a, A) € 19 the intertwiner

Matany = Moy @ A(A) == d(na) ® d(A) = d(A @ 15) = d'(1ja,)- (3.28)
The coherence condition of 7/ follows from the respective coherence property of 7. [

3.40. REMARK. In the case that the O(1)-volutive structure is induced by a rigid sym-
metric monoidal structure as in Example 2.47, this construction is compatible with the
construction of [15, Section 4.1.4]. More specifically, loc. cit. describes duals on % in-
duced by duals in &, which yields an O(1)-volution on /% induced by the O(1)-volution
on % determined by the rigid symmetric monoidal structure on %. The O(1)-volution
induced on 4 in this way is then recovered by Lemma 3.39. We expect that this extends
to an analogue of Lemma 3.21.

Combining Lemmas 3.28 and 3.39 allows us to lift O(2)-volutive structures to the
idempotent completion:

3.41. PROPOSITION. Let A be a locally idempotent complete 2-category with right ad-

joints. Any O(2)-volutive structure (d,n,T,S,I') on A induces an O(2)-volutive structure
(d,n', 7', 8" T") on IA.

PROOF. The O(1)-volutive structure (d’,7n’,7') is described in Lemma 3.39 while the
SO(2)-volutive structure is described in Lemma 3.28, recalling that we have SO(2) =
Spin(2)" for » = 1. Next, we describe the invertible 2-transformation € : **(—) o d’ =
d' o (—)*. Tts 1-morphism component at (a, A) € [4 is given by d(AYY) ® ¢, with d(A)-
d(A)-bimodule actions constructed from the Nakayama map 74: A — AYY (and its left
analogue), and the 2-morphism component e4: d(AYY) ® €, — €, ® VVd(A) of € at the
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l-morphism A: (a, A) — (a, A). The 2-morphism component of € at X: (a, A) — (b, B)
is given by

A(X*) @ga) (A(AVY) @ €4) —= d(X V) @g(avv) d(AVY) @ € = d(XVY) @ € — > 6, @Y d(X)

o

& ®Y d(B) ®@vvap) "V d(X) = (6 @7 d(B)) ®ap) “d(X)

- (d(BYY) ® e,) ®@acpy **d(X).
EB 1

(3.29)
One checks that this defines an invertible 2-transformation using the respective properties
of €. Finally, we define the invertible modification I": (idg o(S")"!) e € = S oidy. Its
2-morphism component at (a, A) € I4 is given by

id®Iq

d(Sa—l ® A('ﬂ‘)_l) Ra(a) (d(AYY) ® €q) — d(A)('Yclz(A))_l & d(Sa_l) & €q — d(A)(ﬁ/é(A))q & Sd(a)
(3.30)

which one checks to be an invertible modification using the respective properties of T'.

The coherence condition for IV follows similarly. [

3.42. REMARK. We expect that the assignment (%,d,n, 7,5, T) — (IA,d,n, 7', 5" )
extends to a 3-functor

Iog): 2Cat®@ vl o 2CatO@ !, (3.31)

3.43. REMARK. Let (#,d,n,S) be an O(2)-dagger 2-category. We want to spell out the
O(2)-dagger 2-category (So) © lowe) © Tow))(#,d,n,S). The O(2)-volutive 2-category
Tow)(#,d,n,S) is (%,d,n,id, S,id), as explained in the paragraph containing (2.65).
Next, we describe the O(2)-volutive structure on (o) 0 To(2)) (4, d, 1, S). As we already
described the arising SO(2)-volutive structure on 14 in Section 3.25, it remains to describe
the O(1)-volutive structure as well as the modification I'. The 2-functor d': I8 — [P
assigns (a, A) — (a,d(A)), X — d(X), f + d(f). The invertible 2-transformation 7’ has
1-morphism component at (a, A) € 198 given by the A-d*(A)-bimodule A where the right
action is constructed using 74. The invertible modification 7’ is virtually trivial. Next,
the 1-morphism component of the invertible 2-transformation € at (a, A) € I9 is given
by the d(A)-d(A)-bimodule d(AYY). Finally, the 2-morphism component of the invertible
modification I at (a, A) € 14 is also virtually trivial.

We are now in a position to describe the O(2)-volutive 2-category (So) o o) ©
Tow)(%4,d,n,S). First, the underlying 2-category has objects given by tuples (a, A, §(4,4),
a4y, Aa,a); P(a,4)) Where (a, A) € IR, Oa,a): (a,A) — (a,d(A)) is a l-isomorphism in
1%, and

Mg,4): A ®qg2(a) d(@(a,A))_l ®q(a) 0,0y — A (3.32)

is a 2-isomorphism in /2 satisfying a coherence condition. Moreover, Aq,4): A(g,31)-1 —
Ais a 2-isomorphism in 1%, and ¢, ay: 9(_&1A) QA(AYY)®YY 04,4y — A is a 2-isomorphism
satisfying a coherence condition. The 1- and 2-morphisms of the underlying 2-category are
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the same as those of IZ. The O(2)-dagger structure on this 2-category is then obtained
by carrying out the construction described in Section 2.61.

We explained in Section 2.76 that the Hom categories of any O(2)-dagger 2-category
admit O(1)-volutions. Moreover, we were able to construct a new O(2)-dagger 2-category
whose Hom categories carry compatible O(1)-dagger structures (that is, dagger structures)
so that the arising 2-category carries a bi- structure. One may in particular apply
this construction to the O(2)-dagger 2-category (So(2) © lo2) © Tow))(%.d,n,S). The
objects of the resulting 2-category are the same as those of the 2-category underlying
(So(2) 2 lo@) o Tow)(#,d,n,S), while its 1-morphisms additionally carry 2-isomorphisms
enforcing compatibility with the O(2)-volutive structure as explained in Section 2.76.

3.44. REMARK. Recall that the 2-category 1% descends from a double category, meaning
in particular that any morphism of Frobenius algebras ¢: A — B canonically induces
an A-B-bimodule obtained by twisting the left action of the B-B-bimodule B along ¢.
In consequence, there may be objects and 1-morphisms in the 2-category underlying
(Soe) © o) © Tow))(%,d,n,S) of a particularly simple form; by that we mean that
for instance a l-isomorphism 64 4): (a, A) = (a,d(A)) in 1%, which is by definition an
invertible d(A)-A-bimodule, may come from an invertible Frobenius algebra morphism
A — d(A).

3.45. REMARK. Analogously to the oriented case described in Definition 3.31 and Lemma
3.34, we propose the composition So) © To(2) as a generalization of “two-dimensional
unoriented Euler’ completion”. To see that this is indeed a completion, it would be
sufficient to have a result analogous to Theorem 2.18 in the O(2)-case; if given such a
theorem, it would automatically follow that So2) © Io(2) © To(2) is complete with respect
to So(2) © To(2). We leave this for future work.

4. Examples and applications

In this section we study G-volutive and GG-dagger structures on several 2-categories, recov-
ering and generalizing several known results from the literature as well as producing new
ones. In Section 4.1, we show that our G-idempotent completion construction SgolgoTg
of Sections 2 and 3 for G € {SO(2), Spin(2)", O(2)} recovers the algebraic input data and
structural results for “G-type” state sum models (Section 4.1). In the remaining sections,
we study G-dagger structures on the 2-categories of bundle gerbes (Section 4.2), Landau—
Ginzburg models (Section 4.13), and truncated affine Rozansky—Witten models (Section
4.20).

4.1. STATE SUM MODELS. In this section we apply the theory developed in Sections 2
and 3 to the 2-category which is the delooping of finite-dimensional (super) vector spaces.

°In general, we expect (the TQFT analogue of) this generalization of “Euler” completion to add more
than the invariants constructed from the Euler characteristic; a more precise statement would require a
rigorous definition of unoriented two-dimensional defect TQFTs.
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We find that the arising examples of G-dagger categories reproduce the algebraic input
data of two-dimensional state sum models for G-tangential structure, for G € {SO(2),
Spin(2)",0(2)}. This is a non-trivial consistency check of the expectation that our higher
idempotent constructions actually give rise to TQFTs.

Recall the symmetric monoidal rigid category of finite-dimensional vector spaces vecty
over some field k. The delooping B vecty is a symmetric monoidal 2-category with duals
and adjoints. Its adjoints correspond to the dual objects of vecty, while the dual of the
unique object x € B vecty is trivially x.

We first note that by Example 2.31 and Example 2.64, B vecty carries both a Spin(2)”-
dagger structure S (with 2-morphism components Sy : V** — V the canonical isomor-
phisms for finite-dimensional vector spaces V') and an O(2)-dagger structure (d,n, S). We
stress that here d,n are trivial, hence below we write (id, id, S) for (d,n, S). Secondly, by
Proposition 3.41 and Lemma 3.28, the idempotent completion IB vect) then also carries
an O(2)-volutive structure and a Spin(2)"-volutive structure, see the respective proofs for
explicit details. Alternatively, this can be seen by noting that IB vecty too is symmetric
monoidal and has duals and adjoints. Hence we obtain the Spin(2)"-dagger 2-category

(SSpin(Z)’" @) ]Spin(Q)r e} TSpin(2)’“> (B vectk, S) (41)
and the O(2)-dagger 2-category
(SO(Q) o [0(2) o TO(Q)) (B vecty, id, id, S) (4.2)

We will subsequently compare both of these to the literature, starting with the former.

THE CASE OF SO(2). We first consider the special case of r = 1, that is, the case of an
SO(2)-dagger structure on Bvecty. Thanks to Theorem 3.37, we have (Sso(2) © Iso() ©
Ts0(2)) (B vecty, S) = ((Bvecty, S)ob)en- On the other hand, the right-hand side is equiv-
alent to the 2-category SepSymFrobAlg, of separable symmetric Frobenius algebras, cf.
[10, Section 5.1.1]. Thus we find

(SSO(Q) e} ISO(2) ©) Tso(2)> (B VeCt]k, S) = SepSymFrobAlgk (43)

This means that our construction specializes to precisely reproduce the symmetric monoidal
pivotal 2-category which governs two-dimensional oriented state sum models with defects,
see [24] for the closed case, [35] for the open-closed case, and [7] for the general defect
case.

THE CASE OF Spin(2)". We turn to the case of Spin(2)” with » > 2. As explained
in Section 3.25, the objects in (Sspin2)r © Ispin(2)r © Tspin(2)r)(B vecty, S) are separable
Frobenius k-algebras A for which the Nakayama” automorphism is trivial. More generally,
one may consider any symmetric monoidal rigid category ¢ rather than vecty, and carry
out the same construction; of particular interest here is ¥ = svecty, the category of
super vector spaces. Such algebras are closely related to the ones of [45, 44| describing
two-dimensional r-spin state sum models. The main difference to our approach is that
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our theory is set in the context of Spin(2)"-dagger 2-categories, generalizing the well-
understood pivotal (r=1) case, whereas the authors of [45, 44] study separable Frobenius
algebras in symmetric monoidal categories and ask the honest r-th power of the Nakayama
automorphism to be trivial; see [15, Remark 4.2| for a comparison of different conventions
of Nakayama automorphisms. Here we recall from Lemma 3.27 that in case the Spin(2)"-
dagger structure is induced from an SO(2)-dagger structure (which in turn is induced from
the symmetric monoidal structure on the category), the r-th power of the Nakayama
automorphism coincides with the Nakayama” automorphism. Hence our construction
precisely reproduces the algebraic input data of two-dimensional r-spin state sum models,
as expected.

THE CASE OF O(2). Finally, we consider the case of O(2). Considering the special
case of (Bvecty,id,id,S) in Remark 3.43, we find that the objects in (So(2) © Io() ©
To)) (B vecty,id,id, S) are essentially separable symmetric Frobenius algebras A that
additionally carry a (generalized) involution. We already explained why these Frobe-
nius algebras are separable and symmetric in the SO(2)-case, so it remains to discuss
the involution on A. First, we recall from Lemma 3.39 that the O(1)-volutive struc-
ture (id,id) on Bvecty induces an O(1)-volutive structure on IBvecty. The underly-
ing functor d: IBvect, — IB Vectﬂi'OP of this O(1)-volutive structure assigns an object
(%, A) € IBvecty to the object (x, A°P) € IB Vectﬂlg_(jp where A°P denotes the opposite alge-
bra of A; this can be seen either by spelling out the construction in Lemma 3.39 for the
case at hand or equivalently by combining Remark 3.40 with the explicit discussion of du-
als in the idempotent completion (there denoted by (—)eq) of an arbitrary rigid monoidal
2-category in [15, Section 4.1.4] and then again specializing to B vect,. We note that the
underlying 2-transformation n: d'"°? o d — id of the O(1)-volutive structure on IB vect
is trivial, since (A°P)°P = A.

A particular special case of the data 0, a), (4 4) described in Remark 3.43 for the case
at hand arises when 6, 4) is induced by an involutive isomorphism of Frobenius algebras
0: A — A (see Remark 3.44) such that 6> = id4 and II(, 4 is trivial, which is why we
speak of involutions. These algebraic structures are closely related to the stellar algebras
of [50], and to the ones of [55, 1| following [33], describing two-dimensional unoriented
state sum models. There are minor differences between our algebraic structures and those
of loc. cit., however below we shall explain that the latter are equivalent to a special case
of ours.

One difference between our construction and that of [1] is that the latter considers
special Frobenius algebras. Such algebras are always separable and hence included in our
setting. Moreover the involutions A — A°P of loc. cit. are algebra isomorphisms rather
than bimodules, which are included in our setting via Remark 3.44 and the discussion
above. We expect that our slightly more general definitions also carry physical meaning
in the sense that all objects of (So2) © Ioe) © To)) (B vecty, id, id, S) can be used as the
algebraic input data for unoriented closed TQFTs of state sum type. In fact it is natural to
expect that the whole of (So(2)0102)0T0(2))(B vecty, id, id, ) can be used as the algebraic
input data of an unoriented defect TQFT, analogously to the well-studied oriented case
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discussed above. In particular, our discussion of the O(1)-volutions on Hom categories in
Section 3.38 should yield the correct algebraic notion of unoriented line defects.

4.2. BUNDLE GERBES. In this section we discuss volutive structures on the 2-category of
bundle gerbes over a fixed manifold.

Let M be a smooth manifold. We consider the 2-category of bundle gerbes Grb(M)
over M described in [57]. Here we recall only some of the relevant definitions. Given
surjective submersions 7: Y — M and 7’: Y’ — M, we denote their fiber product by
Yoxo Y ={(y,y)|7(y) = 7'(y')}. We denote the k-fold fiber product of Y with itself
by

Y =V VXX Y (4.4)

4.3. DEFINITION. A bundle gerbe & over M consists of a surjective submersion m:Y —
M, a line bundle L over YP and an associative isomorphism pi : i L @ iy — 7L of
line bundles over YB!. Here associativity amounts to a coherence condition over Y4,

4.4. EXAMPLE. The trivial bundle gerbe .# over M consists of the surjective submersion
id: M — M, the line bundle M x C, and the isomorphism p induced by multiplication
of complex numbers.

4.5. REMARK. Ignoring the surjective submersion 7, it is helpful to think of bundle gerbes
as structures resembling algebras, which suggests natural notions of 1- and 2-morphisms
as bimodules and intertwiners, respectively. This leads to the construction of a 2-category
Grb(M), see [57] for a careful treatment of the involved structures.

The 2-category Grb(M) can be endowed with a symmetric monoidal structure such
that it is a categorification of the symmetric monoidal category VectBdl(M) of vector
bundles over M, i.e. Grb(M)(.#, %) = VectBdl(M). Moreover, one shows that Grb(M)
admits duals and adjoints. In particular, the dual of a bundle gerbe ¥ = (Y, m, L, 1) is
the bundle gerbe (Y, 7, L*, (1*)~!) where L* denotes the dual line bundle.

Again we refer to [57| and |34] for details. By Examples 2.63 and 2.30, the 2-category
Grb(M) hence admits an O(2)-volutive structure as well as a Spin(2)"-volutive structure
for any r € Z>o. We saw that the strictification procedures So(2) and Sgpin(2y- essentially
amount to finding certain trivializations of structures internal to Grb(M), such as the du-
als and (higher) powers of the Serre automorphism. In the following we want to determine
which objects admits such trivializations, that is, we wish to determine S (2) Grb(M) and
Sspin(2yr Grb(M), starting with the latter.

Let 4 = (Y, m, L, 1) be a bundle gerbe over M. The evaluation 1-morphism ev: ¥ ®
¢* — . is given by the trivial line bundle together with the line bundle isomorphism
which fiberwise reads Ly, 4,)®L¢,, .y — C. In other words, this 1-isomorphism is fiberwise
induced by the ordinary evaluation map for vector spaces. Here we have tacitly used the
canonical refinement along the diagonal map A: Y — Y. Since ev is invertible, we may
take its inverse to be its adjoint. The braiding Sy ¢: 9 ®¥Y — ¢4 ®¥ consists again of the

trivial line bundle together with the isomorphism constructed fiberwise from the braiding
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in the category of vector spaces, that is, ﬁL<y1,y2>vL(y1,yz> D Ly ) @ Ly n) = Liyy o) @ L(yy o)
Combining these structures, we find that the Serre automorphism of ¢ consists of the line
bundle L over Y, and the isomorphism of line bundles

id®evy Br,®id id®evy

L L®L®L” L®L®L”

L (4.5)

which is straightforwardly checked to be trivial too. Indeed, working fiberwise over a
chosen point, the amounts to the standard computation

—— <Zbi®b;‘> HZbi@@v@b;‘:Zbi@@(vi.bi)@b;&:Z(Ui.bi)@@bi@b;HZ(vi.bi):v

in vectc, where b; is a basis of the fiber of L over the chosen point. Hence:

4.6. LEMMA. The Serre automorphism of any object 4 € Grb(M) is trivializable.

Recall from [58, Theorem 2.5.4] that the automorphism 2-group of every bundle gerbe
9 € Grb(M) is equivalent to the groupoid LineBdl(M)* of line bundles over M. In
particular, trivializations of the Serre automorphism of ¢ are the same as automorphisms
of the trivial line bundle over M; in other words, these are smooth functions M — C*.

4.7. COROLLARY. For r € Zsq, any object 4 € Grb(M) gives rise to a fully extended
r-spin TQFT .
%y Bordyh )Y —— Grb(M). (4.6)

PROOF. This follows directly from the two-dimensional r-spin cobordism hypothesis proved
in [46, 27, 15] and Lemma 4.6. ]

4.8. REMARK. Every fully extended r-spin TQFT for » > 2 described in Corollary 4.7
is induced by a fully extended oriented TQFT, hence, cannot distinguish different spin
structures. We expect that, in passing from ordinary bundle gerbes to super bundle
gerbes, one obtains honest spin theories.

4.9. REMARK. Having proved that any object in Grb(M) has trivializable Serre automor-
phism, we find that Grb(M) embeds into the 2-category underlying the Spin(2)"-dagger
2-category Sgpin(2)r Grb(M). In other words, Grb(M) admits a Spin(2)"-dagger structure.

Next, we wish to determine the self-dual objects in Grb(M), that is, those objects ¢ €
Grb(M) for which ¢ = ¢* holds. Recall that the dual bundle gerbe is automatically an
inverse; this follows essentially from the classification of bundle gerbes (up to isomorphism)
in terms of their Dixmier-Douady class DD(¥) € H?*(M,Z), see |41, Section 4.3]. We
conclude the following.

4.10. LEMMA. Every object in Soy Grb(M) has an underlying bundle gerbe & which is
2-torsion, i.e. Y QY = 7.

Determining which bundle gerbes are coherently self-dual in the sense of Remark 2.60 is
more difficult; we will leave this for future research. As explained in Section 2.76, the Hom
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categories in any O(2)-dagger 2-category carry O(1)-volutions. This holds in particular
for So(2) Grb(M), whose Hom categories are those of Grb(M). Recall further that there
is a fully faithful functor B VectBdl(M) — Grb(M) which sends the trivial object of the
delooping of the monoidal category of vector bundles over M to the trivial bundle gerbe
over M. This functor extends to a fully faithful functor B VectBdl(AM) — So(2) Grb(AM),
so that B VectBdl(M) inherits an O(1)-volutive structure from the O(2)-dagger structure
on So(2) Grb(M). The discussion in Example 2.82 implies the following.

4.11. PROPOSITION. The O(1)-volution on VectBdl(M) induced by the O(2)-dagger struc-
ture on So) Grb(M) according to the prescription in Section 2.76 coincides with the
O(1)-volution induced by Example 2.12.

4.12. REMARK. If one considers the O(1)-volution on VectBdl(M) obtained by combining
the one of Example 2.12 with the complex conjugation functor along the same lines as
Example 2.15, one can apply Sy to this O(1)-volutive category to obtain the dagger
category of hermitian vector bundles. This is analogous to the dagger structure on finite-
dimensional hermitian vector spaces, cf. Example 2.16.

4.13. LANDAU-GINZBURG MODELS. In this section we consider the 2-category Z%; of
Landau-Ginzburg models. We show that the standard pivotal structure of a certain full
sub-2-category can be recovered from the general theory of Section 2 by constructing the
SO(2)-dagger structure coming from the fully dualizable symmetric monoidal structure
of £%.. Analogously working out the O(1)-volutive structure connects to the physics
literature of orientifold branes.

We start by sketching the symmetric monoidal structure with duals and adjoints for
the 2-category £%; of Landau-Ginzburg models, see 9, 11] for details. Objects of L%
are pairs (k[xy,...,z,],W) where n € Z>y and W € k|[xy,...,x,] is a polynomial such
that the Jacobi algebra k[zy,...,2,]/(0,, W, ..., 0, W) is finite-dimensional over k. We
often abbreviate (k[xy,...,x,],W) to (klz], W) or just W. Given two objects (k[z], W),
(k[z], V'), the Hom category is

L%, ((kla], W), (K[2), V) = Tht(kfe, 2], V = W) (47)

where the right-hand side is the idempotent completion of the homotopy category of finite-
rank matrix factorizations (X, dx) of V. — W over k|[z, z]. This means that X = X°® X!
is a Z-graded free finite-rank k[z, z]-module together with an odd endomorphism dx such
that d% = (V—W)-id, while morphisms (X,dx) — (Y, dy) in hmf(k[z, z], V=) are even
cohomology classes of the differential on Homy, (X, Y) given by ® — dy® —(—1)/®1®dy.
The identity 1-morphism on (k[z], W) is denoted (Iw,dr,, ) and given by a deformation
of the Koszul complex associated to the differences x; — x} € k[z, 2'] for i < n.
The monoidal structure on -£%; is given on objects by

(klz], W) @ (k[2], V) := (klz, 2], W + V) (4.8)
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while on morphisms it is the tensor product over k. The monoidal unit is I = (k,0),
and the symmetric braiding is essentially given by identity and coherence morphisms.
The dual of an object (k[z], W) is (k[z], W)* := (k[zy,...,z,],—W). To describe ad-
joints of 1-morphisms X : (k[z1,...,2,], W) = (k[z1, ..., 2m], V), we first consider X# :=
Homy, (X, kz, z]) together with twisted differential given by dx«(p) = (—=1)¥*1¢ o dx
for homogenous ¢ € X#. The right and left adjoints then are XV = X7#[n| and
VX = X#[m] together with their shifted twisted differentials, where n and m are the
numbers of variables on which the source and target polynomials of X depend. In partic-

ular, every object in .£%, is fully dualizible.

Since .£% is symmetric monoidal with all duals and adjoints, Examples 2.63 and 2.30
imply that £%; carries an O(2)-volutive structure and a Spin(2)"-volutive structure for
any r € Zzo. We then obtain an O(2)-dagger 2-category So(2)-Z£"% and a Spin(2)"-dagger
2-category Sspin(2)r-£% for any r € Zo. In the rest of this section, we compare these
structures to the current literature on higher dagger structures in the context of Landau—
Ginzburg models, starting with the Spin(2)"-case.

First, it was determined in |9, Lemma 3.8] that the Serre automorphism of an object
satisfies Sz, ..z w) = Iw[n]; from this fact one deduces that the Serre automorphism
is trivializable if and only if n is even. In particular, the full sub-2-category .£¥4v" C
L%, whose objects depend on an even number of variables embeds into Sso(2)-£%: and
hence admits an SO(2)-dagger structure, that is, a pivotal structure. The SO(2)-dagger
structure on 294" depends on the embedding of Z% " into Sso(2)-L%, that is, on
the choice of trivialization of the Serre automorphism for a given object. Noticing that
the Serre automorphism is really trivial in the present case, we may choose the trivial
trivialization for each object, which yields the following comparison result, whose proof
consists of a translation between different conventions for SO(2)-dagger structures and
will be omitted here.

4.14. PROPOSITION. The SO(2)-dagger structure induced on LG as explained in the
previous paragraph coincides with the one described in [11, Section 7].

We remark that the 1-morphism Qp in [11, Section 7| is in fact the Serre automor-
phisms of (k[z], W). Regarding the case of r = 2, the 2-isomorphism py : Qu QQy — Iy
of loc. cit. is then a trivialization of the square of the Serre automorphism, which always
exists. In other words, the 2-category £%; embeds into Sspyin2)yrZ£%: for r = 2, hence
admits a Spin(2)"-dagger structure for r = 2. For general r € Z-;, we deduce from the
periodicity of the shift functor, [2] = id, that £%; admits a Spin(2)"-dagger structure if
and only if r is even and £%*" admits a Spin(2)"-dagger structure for any r. Again,
these structures depend on the respective chosen embeddings into Sspin(2)r -2 %

4.15. REMARK. We stress that the technical difficulties of determining the SO(2)-dagger
structure in [11, Section 7| are circumvented by our method. Indeed, we deduce the
existence of the SO(2)-dagger structure from the symmetric monoidal structure and the
explicit description of duals and adjoints in loc. cit. and [9]. Moreover, without any
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additional work, we obtain the respective results for » > 2, which have not been described
so far.

In the remainder of this section, we study the O(2)-dagger 2-category So(2)-L% as
well as the induced O(1)-volutions on its Hom categories, applying the general discussion
Section 2.76. It turns out that the latter are closely related to the constructions of [28].

Determining the objects in So2)-Z%; is a difficult problem in general, due to the
non-semisimplicity of the Hom categories of .£’%. There are however special objects of a
simpler form, which also naturally arise in the study of Landau-Ginzburg orientifolds in
[28]:

4.16. LEMMA. Let (k[z],W) € L% and let 7: klz] — k[z] be a ring isomorphism such
that 7(W) = =W and 7° = id. Then (kK[z], W) is self-dual, i.e. (klz], W) = (k[z], W)*.
Moreover, (klz],W) is coherently self-dual in the sense that the tuple ((k[z], W), T) can
be completed to an object So1)L %, see Remark 2.60.

PRrROOF. We work with the fibrant double category ((-Z%)o, (-£%)1) whose horizontal
2-category is L%, see [39] and [52] for details. We recall that morphisms (k[z], W) —
(k[z], V) in (L% ), are ring isomorphisms f: k[z] — k[z] satisfying f(IW) = V. Since
the double category ((-L%)o, (-Z£%)1) has companions, any morphism f: (k[z], W) —
(k[z], V) in (Z%)o induces a 1-morphism (k[z], W) — (k[z], V) in £%; by twisting the
identity 1-morphism (Iy,d;,) by f. In the situation at hand, 7: (k[z], W) — (k[z], =)

is an isomorphism in (.£%)o and hence induces a 1-isomorphism (k[z], W) — (k[z], =)

in Z%,, namely the companion of 7 given by the fibrant structure of the double category
(L% )0, (L% )1). The first claim follows directly from (k[z], W)* = (k[z], —=W). The sec-
ond claim follows from 72 = id by noting that the 1-isomorphism (k[z], W)** = (k[z], W),
which is part of the data of the O(1)-volutive structure on £%, is trivial. =

4.17. REMARK. In general, not every object in So(1)-£%; has to be of the form described
in Lemma 4.16. The restriction we made is that the structure expressing the coherent
self-duality of an object is induced by a morphism in ((£%)o, which is not the most
general case. However, determining whether an arbitrary object in .£%; admits coherent
self-duality data in the general sense is a difficult problem.

Combining the results of Lemma 4.16 and the discussion in the SO(2)-case, we obtain
the following.

4.18. THEOREM. The full sub-2-category % C XY, consisting of objects (K[xq, ..., xap],
W) depending on an even number of variables and admitting an isomorphism T as in
Lemma 4.16 embeds into So(2)-L%:, hence admits an O(2)-dagger structure.

By the discussion in Section 2.76, the Hom categories of So(2)-£% carry O(1)-volutions.
Given an object (klz], W,T) € So2)-L%: (here we have slightly shortended the notation
by omitting some of the trivialization data, cf. Section 2.61), we consider the category
MF (W) := Homsg,,, 74, (L, (k[z], W, 7)) for which we want to describe the O(1)-volutive
structure explicitly. Recalling our discussion of duals and adjoints in Z%;, we find the
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following (under some tacit identifications). First, the functor d: MF(W) — MF(W)°P
assigns a matrix factorization (X,dy) € MF(W) to the matrix factorization (X, dx)’
where (—), denotes the twisting by 7 (which amounts to changing the module action of
X by composition with 7 as explained in [39]), and (—)" denotes the right adjoint (which
amounts to considering the module X# = Homyp, (X, k[z]) with the corresponding dif-
ferential dy+ as explained above). Recalling that 72 = id, the component of the natural
isomorphism 7: d°® o d — id Mmrwy at (X, dx) is given by the canonical isomorphism
(XFH#, dyws) = (X, dx).

The O(1)-volutive structure on MF (W) we described in the previous paragraph co-
incides (up to conventions, e.g. application of the shift functor [1] described in [9]) with
the parity functor P described in |28, Equation (3.6)]. Moreover, the dagger category
So(l)(MF(W),aZ, 7)) is (again, up to conventions) the category MFs (W) given in [28,
Section 4.1] with dagger structure P described in |28, Equation (4.6)] for their case® of
€= +1, lLe. R

SO(l)(MF(W)7 d, ﬁ) = MF;;I(W) (49)

Finally, we note that the antibrane functor of |28, Section 3.2| is (up to conventions) the
shift functor [1] and objects in Sy (MF (W), d, 7)) are the invariant branes of [28].

We summarize this comparison by remarking that the dagger categories of invariant
branes constructed in [28] are essentially the O(1)-strictified Hom categories of the O(2)-
dagger 2-category So(2)-L%: extracted from the symmetric monoidal rigid 2-category
ZL%.. As such, our discussion reveals the 2-categorical origin of the constructions in
[28].

4.19. REMARK. Given the O(2)-dagger 2-category So(2)-£%, it would be interesting to
compare the discussion of Landau—Ginzburg orientifolds in [28, Sections 3.3 & 4.2] to the
structures contained in (So2)lo@2)To(2))(So@)-L%). In the framed/oriented-case, such a
comparison has been carried out in [13, Section 7|.

4.20. TRUNCATED AFFINE ROZANSKY-WITTEN MODELS. Recall from [32, 31, 6, 5| that
there is a’ symmetric monoidal 2-category €¢**W with duals and adjoints which can be
thought of as the homotopy 2-category of a 3-category of affine Rozansky—Witten models,
see |48]. Roughly, objects of this 2-category are (possibly empty) lists of variables z =
(21, ..., z,) corresponding to Rozansky—Witten models with target space T*C"™ for some
n € Zsg, 1-morphisms z — y are polynomials W € C[z,y, z] where z is an extra list of
variables, and 2-morphisms W — V' are isomorphism classes in the category hmf(V — W),
where we have omitted the lists of variables for readability, see Section 4.13. Vertical
composition in €*fWV is analogous to horizontal composition in -#%¢, while horizontal
composition in €*fWV is basically addition of polynomials. The monoidal structure on

6The case of ¢ = —1 considered in [28] is not covered by our theory; this would require a version of
our theory in the setting of linear categories. In [28; Section 4.1], € is an additional parameter appearing
in a strification procedure similar to the one we presented as So(1).

"More precisely, for simplicity here we consider the 2-category of loc. cit. “without R-charges”, i.e.
without extra Q-gradings.
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¢*™W amounts to concatenations of lists, addition of polynomials and tensor product

over € on the level of objects, 1- and 2-morphisms, respectively. For details we refer to
6, 5].

The main technical result relevant for us is that €*™ admits a (trivial) pivotal (i.e.
SO(2)-dagger) structure. The left and right adjoint of a 1-morphism W is simply —W
(which allows for a trivial map from W to its double adjoint), but the adjunction 2-
morphisms are non-trivial, see [5, Theorem 1.1 & Section 4.2.2]. In the present section,
we study Spin(2)"-dagger structure on €™ from the purely algebraic perspective of the
present paper. This reproduces and refines the results of [5], adding another consistency
check of our approach.

We start by considering the Spin(2)"-case, for r € Z-;. As an application of Ex-
ample 2.30, the 2-category €*™W carries a Spin(2)"-volutive structure, from which we
may construct the Spin(2)"-dagger 2-category Sspin2)-€**™™. By definition, the objects
in the latter are pairs consisting of an object z € €*®W together with a trivializations
Ag: S, — id, of the r-th power of the Serre automorphism. The Serre automorphism S,
allows precisely two trivializations for every object x, with one represented (up to unitor
2-morphisms, cf. the discussion around [6, (2.59)]) by the identity matrix factorization
Lia,, and the other by its Zy-shift Iiq,[1]; we remark that both these trivializations lead
to isomorphic fully extended oriented TQFTs, see [6, Theorem 3.4]. In particular, €*%W
embeds into the 2-category underlying Sspin2)-@**" and hence admits a Spin(2)"-dagger
structure. For the following result we restrict to » = 1 and choose the embedding that
assigns each object z € €%V to the pair (z,[Li4,]) € Sspin(2)y €.

4.21. PROPOSITION. Forr = 1, the SO(2)-dagger structure induced on €**WV as explained
in the previous paragraph coincides with the one described in [5, Theorem 1.1].

PROOF. It is straightforward to check that the 2-morphism components of the Serre
automorphism on €*fW are trivial by using the explicit description of right adjoints in
€*BW. One then translates our convention for SO(2)-dagger structures into the one of loc.
cit. by constructing left adjoints from the right adjoints and the SO(2)-dagger structure
as explained in Remark 2.34 for »r = 1. The claim then follows. [

4.22. REMARK. Proposition 4.21 illustrates the usefulness of our approach to SO(2)-
dagger structures: while in [5| the SO(2)-dagger structure was found by an educated
guess, our construction is canonical once the symmetric monoidal rigid structure on the
2-category €*fW with adjoints is established. Moreover, we deduce the coherences one
has to check directly from the properties of the Serre automorphism.

We note that our approach automatically provides us with a Spin(2)"-dagger structure
on ¢**W for r > 1, though in this particular case the latter contains essentially the same
information as the SO(2)-dagger structure, as every object has trivializable (first power
of the) Serre automorphism.

Having discussed the known higher dagger structures on €*®V, we now apply our

theory to the O(2)-case, which had not been considered previously. By Example 2.63,
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we obtain an O(2)-dagger 2-category So(2) €™ from the symmetric monoidal rigid 2-
category €**W. We claim that any object in €*fW can be completed into an object of
So) @™, Indeed, this follows essentially from the explicit description of duals in [5,
Section 4.2.3] implying that any object z € €*®W is self-dual, i.e. z* = 2. Combining
this with the discussion of the SO(2)-case, any object in €**V can be completed into an
object in the 2-category underlying So2)€**"W. Opposed to considering the O(2)-dagger
2-category So(2) €™ which keeps track of all trivialization data at once, one may also
consider the 2-category €*®W with a specific choice of trivialization data for each object,
equipping it with a (non-canonical) O(2)-dagger structure; this point of view is often taken
in the older literature on 2-categories with pivotal structures. Spelling this O(2)-dagger
structure out is a straightforward exercise and essentially amounts to spelling out the
Serre automorphism (as done previously) and the O(1)-dagger structure on €**V based
on the dualization 2-functor, whose action on object level is trivial while its action on
1- and 2-morphisms is described in [5, Section 4.2.3]. The higher coherence data of the
O(1)-dagger structure is trivial.

Finally, we recall from Section 2.76 that the Hom categories of So(2) @™ carry O(1)-
volutions, to which one may apply So(1) resulting in an O(2)-dagger 2-category whose
Hom categories carry compatible O(1)-dagger structures. Determining the objects in
Soq)##om(z,y) is more difficult than the previous discussion; a partial description can
be inferred from the discussion in Section 4.13, noticing that the Hom categories of €*FW
are closely related to the homotopy 1-category of .£%, on which we have discussed dagger
structures in Section 4.13.

4.23. REMARK. We stress that, while the SO(2)-dagger structure we reproduced in Propo-
sition 4.21 was previously known, the O(2)-dagger structure is described here for the first
time. This further illustrates the argument in Remark 4.22 on the usefulness of our
approach to higher dagger structures.
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